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We study a problem from nonlinear optics that leads to an integro-differential
equation which can be written as the abstract bifurcation problem

Au = ALu + Vp(u). For such a type of equation, a general theorem on the
bifurcation of solutions from the essential spectrum is proved. The hypothesis that ¢
is non-negative (as is usually assumed) could be omitted and replaced by other
conditions that allow us to use the results for the particular example. We also
indicate applications to semilinear elliptic equations.

1. Introduction and main results

In modern optical data transmission devices, nonlinear methods are often used
with the intention of compensating loss in the fibre by means of suitable nonlinear
effects. The transmission of such an optical signal can be modelled by the nonlinear
Schrodinger equation

A, +d(2)Ay + c(2)|AI?PA =0 (1.1)

(cf. [7,9,13,15]). In (1.1), the complex-valued function A = A(z,t) describes the
envelope of the original electrical field, z € R is the longitudinal coordinate along the
fibre and ¢ denotes time. The dispersion d(z) = d(z) + (d) is periodic with mean
value (d) over one compensation period, whereas the function c¢(z) accounts for
signal power oscillations. In case of a ‘lossless’ model, this function is well approx-
imated by the choice ¢(z) = 1, as we will assume in the sequel. An important
feature of the dispersion d(z) (and hence also of the ‘local dispersion’ d(z)) is that
it is rapidly varying, thus resulting in rapid oscillations of, for example, the signal
pulse width. However, there is an additional (slow) scale in the problem on which
the solitary pulses just propagate according to some suitably averaged equation.
Several papers derive and take advantage of such an averaged equation (see, for
example, [4,5,12,14,16] and the references therein). For our purposes, we follow [4,5]
and introduce the ansatz

Az, t) = /Rq(z,w) exp[—iwt — iw?R(2)] dw,

with a new unknown function ¢ = ¢(z,w), where R(z) is chosen such that dR/dz = d
and (R) = 0. This transformation eliminates the rapidly oscillating part d(z) of d(z),
and a formal averaging of the resulting equation for ¢ yields, after some lengthy
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manipulation, the integro-differential equation

)

(d)a(z,w

— w wsin[u(w—wl)(w—wg)] z,w1)q(z,w2)q" (2, w1 +wo —w

[ [ o= =l e, e+ =)
(1.2)

ig.(z,w) =

for the unknown ¢(z,w) in the spectral domain (cf. [4,5]). Here, ¢* denotes the
complex conjugate of ¢, and the characteristic length parameter p > 0 is related
to the dispersion function d(z); in particular, the case y = 0 corresponds to d
being constant. This dispersion function d(z) has to be chosen as a step function
to make (1.2) a reasonable approximation (see [12]). Observe that, for u = 0,
equation (1.2) is just the nonlinear Schrodinger equation iv, = —(d)vy — |v|?v,
where 9(z,w) = ¢q(z,w) is the Fourier transform of v = v(z,t) with respect to .
Making in (1.2) the ansatz q(z,w) = u(w)e'**, with k € R and a real-valued ‘ground
state’ u, we finally arrive at the nonlinear eigenvalue problem

2 = widw Sin[u(w_wl)(w_wQ)]uw u(ws2 )u(w w2 — W
o) = [ ] donten SR S uteauton + o (1:;

It is the aim of the present paper to investigate the solvability of (1.3) (cf. the
corresponding discussion of a related problem in physical space (instead of Fourier
space) given in [18,19]). For simplicity, we take (d) = 1, set A = 1 — k and denote
the independent variable by z instead of w. Then (1.3) becomes

(14 z¥)u(z) = Mu(z) + D(u)(z), (1.4)

with

= xr14dx Sln[’u(x_xl)(x_xQ)]u 1)ulx2 )ulx o — X X
o) = [ [ anan 0t e u(anutes 42— ), ZR;)

Dividing by (1 + 22) in (1.4), it will be seen below that the resulting nonlinearity
is a potential operator (in a suitable space of functions) with potential

1 2,.2 .2 .9
= _|_ — —
e =2 [ [ [ [ aridesr,an, 2202250 - 20
4 /p/r/rIR (3p)(zf + 25 — 25 — 27)

X 0(x1 + g — w3 — xg)u(zy)u(z2)u(zs)u(ey). (1.6)

Thus (1.4) can be rewritten in the abstract (weak) form
u=ALu+ Vo(u), (Mu)€RxH, (1.7)

in some Hilbert space H, with a bounded linear operator L. There is a large lit-
erature on finding non-trivial solutions of problems of type (1.7) (see the survey
paper [11]). Since the self-adjoint (multiplication) operator Su = (1+?)u on L?(R)
in (1.4) has essential spectrum o,(S) = [1,00[ = ¢(S) (spectrum of S), a natural
attempt is to look for solutions when A < 1 and to decide whether A = 1, the low-
est point of the spectrum, is a bifurcation point of non-trivial solutions. However,
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the results known thus far for bifurcation from the lowest point of the spectrum
mainly deal with the situation that ¢(u) > 0 for u € H, i.e. a non-negative poten-
tial. For the particular problem introduced above, with potential given by (1.6), it
was nevertheless quite unclear that this assumption would be satisfied. Therefore,
the demand arose to relax the hypotheses on ¢ accordingly, and surprisingly this
could be achieved in sufficient generality to easily cover (1.7) without determining
whether ¢(u) > 0 for all w is indeed valid. The corresponding general theorem
will be formulated and proved in §2, whereas §3 contains the application to the
concrete problem. Thus we have shown that k£ = 0 is a bifurcation point to the
right for non-trivial solutions of (1.3), in agreement with known numerical results.
Moreover, in § 3, we will also verify that for every k > 0 a corresponding non-trivial
solution does indeed exist.

It later turned out, however, that ¢(u) > 0 for all w holds for the particular
potential ¢ from (1.6) (cf. §3.4). Nevertheless, since to validate this assertion it
is necessary to be quite familiar with the dispersion-managed optical fibre prob-
lems, although in the end our abstract result does not give something new here, it
can at least be considered a welcome simplification since it omits concentration—
compactness arguments.

A further important example to which general bifurcation results can be applied
are semilinear elliptic equations of the form

—Au+V(z)u = u+ a(@)|u’*u, zeRY, (1.8)

for certain potentials V such that the linearized equation —Au + V(z)u = 0 has
only essential spectrum. We then explain in §4, using the abstract result from §2,
how the usual assumption a(z) > 0, x € RY (guaranteeing the non-negativity of
the corresponding potential), can be modified to also cover some classes of sign-
changing functions a. It should be noted that several results on bifurcation from
the essential spectrum without sign-condition on a have already been obtained in
the one-dimensional case with V' =0, i.e.
—u” =M+ a(@)|uf ?u, lim u(z)=0, z€cR,
|| —o00

under various different sets of assumptions on a and p (see, for example, [1], improv-
ing on the earlier [8,10]).

2. An abstract bifurcation theorem

We discuss the existence of solutions to the equation
Au=ALu+ N(u), (A u)€ERxH, (2.1)

in a Hilbert space H whose norm and inner product are denoted by | - | and (-, ),
respectively. We assume v = 0 is a solution for all A € R, and we give conditions
that (A4,0) € R x H, with a certain A € R, is a bifurcation point from this trivial
solution. By definition, this means that there is a sequence (A, u,) € R x H of
solutions to (2.1) such that w, # 0, \,, — A and w, — 0 in H. We call (4,0) a
bifurcation point to the left in case that A,, < A for n € N. Moreover, we denote by
B(H) the bounded linear operators on H, and I stands for the identity on H.
Our hypotheses are as follows.
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(H1) AL € B(H), A*=A, L* = L and (Lu,u) > 0 for u # 0.

(H2) The ‘nonlinearity’ N : H — H satisfies N(u) = o(|u]) as |u| — 0, and there
exists ¢ € CY(H,R) such that Vo = N, that is, Vo(u)v = (N(u),v) for
u,v € H. Without loss of generality, we assume (0) = 0.

(H3) There exists A\g € R and v > 0 such that A — XL > v, i.e. ((A—XoL)u,u) >
v|u? foru € H.

(H4) ¢ is weakly sequentially continuous.
(H5) If p(u) > 0 and t > 1, then p(tu) = t2p(u).

(H6) Let
(Au,u)
(Lu, u)

Then A > X\g by (H3), and we assume the following.

A:inf{ :uEH,u;«EO}.

(H6a) There exists ro > 0 such that M(r) < $Ar? for r € ]0, o], where
M(r) =inf{J(u) :u € S(r)}, with S(r) = {u € H : (Lu,u) = r*}

and J(u) = $(Au,u) — p(u).

(H6b) There exists C > 0, n € Nand a; € [0,1[, b; = 1 —a;, 1 < i < n, such
that, for r € ]0, rg],

p(u) < CZ ((A — AL)u, u)™ (Lu, u)"
= C’Zn: (A — AL)u,u)*r?,  w e S(r).

Now we are ready to state the following.

THEOREM 2.1. Let conditions (H1)-(H6) hold. Then (A,0) is a bifurcation point to
the left. More precisely, for every r € 10,1q], there exists a solution (A, u,) € Rx H
of (2.1) such that u, € S(r) is a minimizer of J, that is, J(u,) = M(r). Moreover,
0<|u,| <Crand0< A— N\ <Clu| N (u)l.

The assumptions and the theorem are much the same as in [11, theorem 11}, up to
one important difference: we did not assume p(u) to be non-negative for all u € H
(cf. [11, hypothesis (K), p. 413]). As noted in the introduction, this hypothesis would
be in question for the particular example we have in mind. One motivation to have
@(u) = 0 is the following. Taking ¢ = 0 (corresponding to the linearized problem
Au = ALu), we find M,—o(r) = 1 Ar?, and thus M(r) < 2 Ar? for ¢ with ¢(u) > 0.
Whence the assumption M(r) < 4 Ar? comes naturally (see (b) in [11, theorem 11]).
However, in concrete examples, one might often have the chance to verify directly
the key estimate M(r) < $Ar? for small r > 0, since this only amounts to finding
some particular ug € S(r) with the property %(Auo, ug) < %AT‘Q + ©(up). We also
note that [11, hypothesis (K), p. 413] contained the condition (N (u),u) > 2p(u),
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which (for general @) is equivalent to op(tu) > t2p(u) for t > 1. This could be
relaxed to (H5), as is particularly satisfied for ¢ being homogeneous of degree
k > 2, without a condition on the sign of ¢.

Proof of theorem 2.1. The proof is along standard lines (see [11, theorem 11]), but
nevertheless we include some details to explain where and how the modified assump-
tions enter. First we need to show that J is bounded below on S(r), for every
r €10, 79]. We introduce the positive, linear and self-adjoint A=A— AL and esti-

mate
n

J(u) = %(Au,u) +24r® — CZ (Au,u)® 2

=1

for w € S(r) by (H6b). Due to a; € [0,1], the map z+— 32— C Y1 | 2%r?b is
bounded below for z € [0, co[, and hence M (r) is finite. Next we show that the infi-
mum is attained. Let (u,) C S(r) be a minimizing sequence, that is, J(u,) — M(r).
Set

J(w) = $(Au,u) = p(u) = J(u) = $A(Lu, u),
M(r) =inf{J(u) : u € S(r)} = M(r) — 3Ar2.

By (H6a), and since u,, € S(r) and J(u,) — M(r) < 1 Ar?, we may assume that
J(uyn) < 0 for all n € N. Next note that

we Sr), Juw) <o = vu’< CZTQbi/(l_‘“) + (A= Xo)r?. (2.2)

i=1
To see this, by (H3), for u € S(r), we have that

viul* < ((A = XoL)u,u) = (Au, u) + (A — Ao)r?
and, moreover, in case J(u) < 0, by (H6b),

(Au, u)" P2
1

LA u) < plu) < C

n
1=

~ —(1—a;
Hence, for some index 1 < ¢p < m, we must have 1/(2Cn) < (Au, u) (1=e O)r%io,

and this proves (2.2). Since J(u,) < 0, in particular, (u,) is bounded by (2.2), and
therefore, without loss of generality, u, — u. (weak convergence) in H, for some
uy, € H. Then

J(up) = %(Aunaun> —p(un) 2 %A<Lunaun> —p(un) = %ATQ —(un),

together with (H4) and (H6a), yields $Ar? > M(r) > $Ar? — (u.), and therefore
©(ux) > 0. Consequently, u, # 0 by (H2). In general, if P € B(H) is non-negative
and self-adjoint, then the Cauchy—Schwarz inequality shows that u — (Pu,u) is
convex, and hence lower semicontinuous for the weak topology as it is continuous
(see [6, theorem 4, p. 14]). This remark applies to both A and L, and hence, firstly,

0 < (Luy,uy) < liminf(Luy, u,) = r.

n—oo
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Thus r

t=——>1
(Lu*,u*>1/2

and tu, € S(r). Secondly, by (H4),
J(u.) < liminf J(u,) = liminf(J(u,) — $47%) = M(r) — 2 4r% = M(r).

n—oo n—oo 2

As we want to apply (H5) with w, and t > 1, it is now clear that this assumption
is needed only for u with ¢(u) > 0. It follows that

M(r) < J(tuy) = 23 (Aue, i) — o(tus)

< (3 (Aus, uy) — o(uy)) = 20 (u,) < 2M(7). (2.3)

Because M(r) = M(r) — 1A <0, we obtain that ¢t = 1, hence u. € S(r), and

thus, by (2.3), M(r)=M(r) + 2 Ar? = J(u.) + $Ar? = J(u.). Thus u, is a mini-

mizer. Since this argument applies to any r € |0, ], for each such r, we find A\, € R,
with

Au, = A\ Luy + N(uy), (2.4)

by the Lagrange multiplier rule. Therefore, (A, u,) is a solution to (2.1), and also

u, # 0 as a consequence of (Lu,., u,) = r?. Moreover, the construction of u, shows

o(uy) > 0, J(u,) = M(r) and J(u,) < M(r) < 0. Thus |u,| < Cr by (2.2), since
2b;/(1 — a;) = 2. From (2.4), we obtain

Ar? = MLuy, uy) < (Aup,ur) = Aor? 4+ (N (uy), uy),
and therefore (A — A\.)r? < (N(u,),u,). By (H5),
o(uy + cuy) — @(uy) = (26 + e2)p(u,) for e > 0.
Dividing by € and letting € tend to zero we conclude
(N (ur),ur) = Vop(ur)ur = 20(ur).
From (H6a) and (2.4), it then follows that
247 > M(r) = J(u,) = 2N0% + (N (), up) — o(u,) = 2A,0%
Therefore, )\, < A, and (/1—)\7,)|ur|2 < C?*(A—N\)r? < C?*(N(u,),u,) finally yields
A=A < Clup| ' |N(uy)| — 0 as r — 0F. O
3. Existence of ground states

In this section we consider (1.3) from §1 in the form (1.4). We wish to prove the
existence of solutions to (1.4) for all A < 1, corresponding to k =1— XA >0 for
the original problem (1.3). Furthermore, we want to show that A = 1 is a bifur-
cation point to the left from the trivial solution v = 0 in (1.4). The restriction to
A < 1 comes from the fact that the multiplication operator (Su)(z) = (1 + 22)u(z)
on L?(R) has purely continuous spectrum [1,00[ (see [17]). We do not know
whether there are solutions over the continuous spectrum, but the numerical
observations (e.g. in [12]) suggest that this is not the case. Note also that
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S:D(S)={ueL?R):(1+2*)ueL?*R)} - L*R) is non-negative, unbounded
and self-adjoint. To deal with such problems, a weak solution approach often is most
convenient. Following the reduction in [11, §3] (see also the references therein),
equation (1.4) should be considered on the ‘form domain’ D(S'/?), which is here,
up to equivalence of norms,

Li=L}R) = {u €L*: |u|i% = /(1 + 2?)u(z) da < oo} .

When no domain of integration is indicated, it is always understood that the integral
is taken over R, and we often abbreviate L? = LP(R). The space H = L? is a Hilbert
space with inner product

) = [+ auta)ete) de,
and L? is isomorphic to W?(R) through Fourier transform. The weak formulation

of (1.4) then is

1 1

w=Au+ N(@u), (Lu)(z)= 1_|_362u(30) and N(u)(z) = 1+ 22

(3.1)
In §3.2, we will prove that (3.1) has a solution for all A < 1. Then § 3.3 contains the
application of theorem 2.1 to show that A = 1 is a bifurcation point from the left.
We start with a preliminary section containing some technical results concerning
L? and the properties of @ and N; in particular, it will be seen that N is a potential
operator.

3.1. Some technical preliminaries

LEMMA 3.1. We have the embedding L3 C LP for p € ]3,2].
Proof. Fix p € ]%, 2[. By Holder’s inequality, with exponents (2/p) and 2/(2 — p),

y [ Ol
ulfy = [ o p (o)l da

Since 2p/(2 — p) > 1, this gives the claim. O

Next we show that the best ‘Sobolev constant’ of the embedding L? C L equals
unity, which is the lowest point of the essential spectrum of S.

LEMMA 3.2. Let
A =inf{lulpz/|ulz: s u € L2 u#0}.
Then A = 1.

Proof. Clearly, A > 1. On the other hand, for u = 1_. , we find

A< ulpz/lulp: = V1432 =1, & —0.
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LEMMA 3.3. The interpolation inequality

fules < Clul Sl we L,
holds, with C = 2v/2.

Proof. Let M = |u|rz2/|u|z2. Then, by Hélder’s inequality,

M 1/2
_ (14 2z%)
|u| _/_M |u(x)|dx+/|rl>Mm|u(x)|dx

dz 1/2
< (2M)Y?u), . + (/ —) w2
t joj>m 1+ 22 Ll

< (2M)Jul gz + (2/M)? ul 3.
This completes the proof. O

Next we are going to show that ¢ from (1.6) is a potential for N. Recall from (3.1)
that

N(w)(z) = == 2(u)(),
hence
(Nu,v) = /@(u)(x)v(x)dx, u,v € L2, (3.2)

with @ from (1.5).

LEMMA 3.4. We have that ¢ € CY(L? R), with
Vo(u)v = / O(u)(z)v(z)dz = (N(u),v), u,ve L.

Proof. An elementary calculation shows

/@(u) z)v(z)dx
_ o1 dipo g SH(Z3 — 1) (@3 — 22))]
_/// derdezdzs M(333—331)(333—332)
u(z1)u(z2)u(z1 + 22 — 23)v(73)

1 2 2 2 2
= _|_ — —

([ [ [ anstrsgan, 200 oo

4 (2#)(3514'352_353_354)

X 0(x1 4+ z2 — 3 — x4)
X [v(z)u(xe)u(xs)u(xy) + ulzy)v(zs)u(zs)u(zy)

+ u(z1)u(z2)v(xs)u(zs) + u(xl)u(xg)u(xg)v(m)]) ,
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since all four terms equal [ @(u)(z)v(z) dz. A straightforward estimate then yields,
for fixed u € L2,

([ulZs [ol7s + ulpi o2+ ola)

olu+v) —o(u) — / P(u)(z)v(z)dx| < C
< C()(1 + lolzz)?lof2.

by lemma 3.1. Hence
V(u)v = /@(u)(x)v(x)dx = (N(u),v).

To show that the derivative Vo : L? — B(L?) is continuous, we note that, for
w,u,v € L2,

_ _ 2 _
IVo(u)v — Vo(u)v] < 2lulp|ulpzlu —al vl 2 + Julfu —alp2|v]-

<
2 _
< C|“|L§|u - U|L§ |U|L§-

Hence |[Vip(u) —V(u)| < C|u|i§ |lu — a|L§, that is, Vi is even locally Lipschitz. [

REMARK 3.5. For later reference, we note that op(tu) = tip(u) for t € R and
u € L3, and therefore also Vo (u)u = 4p(u).

The next lemma discusses the behaviour of @ and ¢, respectively, with respect
to weak convergence.

LEMMA 3.6. If u, — u in L2, then ®(u,) — ®(u) in L? and @(u,) — o(u).

Proof. For the first claim let v € L? and define

= xsin[,u(x—xl)(x—xg)]u 1+ x2 —x)v(T Z1,T 2
wn(or, o) = [ ar BREIE T gy — o), (o1,02) € B2

Since |sin(z)/z| < 1, we obtain |wy (21, 22)| < |un| 2|v] 2 < Clv], 2 and, moreover,

for )

sin[p(ze — z)(x1 — )]
@z — x)(z1 — )

p(x) =

v(r1 + 2 — ),
we have ¢ € L2. As, in particular, u,, — u in L2, we obtain w,(z1,22) — w(x, z2)
a.e. in R?, with w defined analogously to w,,, having u in place of w,,. Let

w(x1, T2)
(L+a)t/2(1 4 23)1/2

wy (71, T2)
(1 +af)t/2(1 4 23)1/2

W (21, T2) = and W(z1,x2) =

Then @, (71, x2) — w(x1, z2) a.e. in R? and

1

[ (w1, 5) — @1, 22) < C(L+2}) " (1+23)" € L'(R?).

Hence the dominated convergence theorem yields @, — @ strongly in L?(R?).

Define
1/2 1/2

Un(z) = (1+2%) “up(r) and a(x) = (14 22) “u(z),
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and we also introduce U,, (1, T2) = 1 (1)t (22) as well as U (21, 22) = @z, )a(zs).
Then u,, — u in L? implies @, — 4 in L?, and this in turn shows U,, — U in L?(R?).
To verify the last statement, it is enough to remark that the convergence only has
to be tested on functions ¢ in D(R?). As finite linear combinations of separating
functions of type ¢(z1,22) = ¢1(x1)P2(x2), ¢1, 02 € D(R), are dense in D(R?), we
indeed obtain U,, — U in L?(R?). But then

/@(un)(x)v(x)dx = / / dzidzs wy(T1, T2)u, (1) Uy (22)
= / / daydas Wy, (1, 22)Up (21, 72)
i / / dl‘ldl‘g @(xl,l‘g)ﬁ(xl,l‘g)
= /@(u)(x)v(x) dx
as n — 00. The second claim ¢(u,) — ¢(u) is verified similarly. a
We also need an estimate on ¢.
LEmMMA 3.7. We have that
lp(u)] < Clulfzful s < Clulyz, we L.

Proof. By definition of ¢ in (1.6), we obtain

1
ol < 3 [ [ [ andeades e lutellute: +2 - )] < dHul ol

hence lemma 3.3 gives the first estimate, whereas the second follows from lemma 3.1.

O
Next we show that the nonlinearity N in (3.1) is of higher order near u = 0.
LEMMA 3.8. We have that
[N ()2 < C|u|i§, u€ LY.
Proof. First note that, for a.e. x € R,
2@ < [ [ desdesuen) e e = al)l = (Gl ol «Ju(-) D),

(3.3)
with u(—-)(z) = u(—x). Thus by Young’s inequality (see, for example, [3, p. 205]),

2 3
|¢(U)|Lm < |u|L1||u| * |u(_')||Loo < |U|L1 |U|L2 < C|U|L§a

the latter by lemma 3.1. Therefore,

[N ()7 =/ 14_1x2(45(u)(33))2dx< Clul$s,

as required. O
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COROLLARY 3.9. The estimate
()l < Clulls, e L2,
holds.
Proof. We apply Young’s inequality twice in (3.3) and obtain
D)2 < [ful * Jul * [u(=)llz2 < Julgasllul* u(=)llpas < ulpaslulZs-
Thus we can use lemma 3.1. O

Finally, we derive an estimate that will be needed in the sequel to establish, on
the one hand, hypothesis (H6a), and, on the other hand, to show that a certain
functional possesses a ‘mountain-pass geometry’.

LEMMA 3.10. There exists €9 > 0 such that, for ¢ € ]0,e0],
w(eg) = %53, where eq = 1_. o
Proof. Fix fy > 0 such that S(2) = sin[uz]/uz > & for |2| < Bo. Since
22 a4 a? — (x4 ay —x3)” = 2ws — x1) (g — T3),

we may rewrite
1 € € €
plef) = 1 / / / dridrodrs S((z3 — 21)(23 — 22)) 1 —c o) (21 + 22 — 3).

Let gg = — Bo. For £ €0, 9] and 1, 2, 235 € [—¢, €], we then obtain

(23 — 1) (23 — 22)| < 4e® < By

and thus
1 (% % [°
25/ / / dr1drodrs Ly, 40— 2y 4aste) (T3)-
—eJ—egvd—¢
Now .
/ da3lizmc o) (23) = Ljj<2c) (2)(2 = |2]),
—E&
whence

/ / dzidzs (26 — |21 + 32|) = (85 —/ / dzidzo |x1+x2|>
—edJ_—¢ —eJ—¢

8.3

Since the latter integral may be evaluated as s¢”, the proof is complete. O

3.2. Existence of solutions for all A < 1

In this section we will show that for every A < A = 1 fixed there exists a non-
trivial solution to (3.1). Define

I(u) = %|u|i§ — %A(Lu,u) —op(u), ue Ll

Then I € C'(L% R), and the critical points of I are the solutions to (3.1), by
lemma 3.4. The first step is to prove that I has a strict local minimum at u = 0.
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LEMMA 3.11. There exist constants dg,d1 > 0 such that I(u) > 51|u|i§ for |u|L§ <
do-

Proof. Since (Lu,u) = |u|32, we obtain from lemmas 3.2 and 3.7 that
2 2 4 2 2
I(u) 2 %|U|L§ - %)\|U|L§ - C|U|L§ = (%(1 —A) - C|U|L§)|U|L§-
As X < 1, the claim is obvious. O
Next we show that I attains negative values outside large balls.

LEMMA 3.12. Fiz some ¢ € 0,¢9] and define ug = e (cf. lemma 3.10). Then
I(pug) — —o0 for p — oo.

Proof. By remark 3.5 and lemma 3.10, we can estimate
2 2 2 2
I(puo) = %PQ(|UO|L§ — Auo|g2) = phe(ug) < %PQ(|UO|L§ = Auolz2) — pao,
with ag = 2¢% > 0. Therefore, I(pug) — —o0 as p — oc. O

Since I(0) = 0, lemmas 3.11 and 3.12 can be summarized as saying that the
functional I has a ‘mountain-pass geometry’. According to [2, theorem 1.1.4], there
exists a sequence (u,) C L? such that

I(uy) = ¢>0, VI(u, —0, n— oo, (3.4)

with ¢ = infgep sup,eq(jo,1) L (v), where I' is the class of continuous paths g :
[0,1] — L? connecting u = 0 to u = poug. Here, py > 0 is chosen such that
I(poug) < 0. Using remark 3.5, we obtain VI(u)u = |u|iz — )\|u|iz — 4p(u) for
u € L?. From this it follows, by the definition of I, that, on the one hand,

1V I(uyu = $[21(w) + 2p(w)] — 2(u) = I(w) — p(u). (3.5)
On the other hand,
VI(u)u = |u|i§ — )\|u|iz +41(u) — 2|u|i§ + 2)\|u|iz =4](u) — |u|i§ + )\|u|iz.
Using the latter relation we can estimate
(1- )\)|un|i§ < |un|i§ - )\|un|iz =41 (un) — VI(up)uy < 4(c+1) + |un|L§

for large n. Consequently, (uy,) is bounded and therefore, without loss of generality,
Uy — u for some u € L?. We show that u # 0 and that u is a critical point of I.
Firstly, by (3.4), (3.5) and lemma 3.6,

2¢=2¢— 0« 2I(u,) — VI(up)u, = 2¢(u,) = 2¢(u), n — oo.
Whence ¢p(u) = ¢ > 0 excludes the possibility u = 0. Moreover, for v € L? C L?,

we find (Lu,,v) = (u,, Lv) — (u, Lv) = (Lu,v), since, in particular, Lv € L?. In
addition,

(N (up),v) = /@(un)(x)v(x)dx — /@(u)(x)v(x)dx = (N(u),v)
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by (3.2) and lemma 3.6. Consequently,
0 — VI(up)v = (up,v) — A Lup,v) — (N(uy),v) — (u,v) — MLu,v) — (N(u),v),
and hence VI(u) = 0, that is, v is a non-trivial critical point of I. Thus we have
shown the following result.
THEOREM 3.13. For every A < 1, there exists a non-trivial solution u € L? of (3.1).

In fact, we have found LZ-solutions of (1.4), and hence of the original prob-
lem (1.3).

COROLLARY 3.14. The solutions from theorem 3.13 satisfy (1.4) in L.

Proof. Since (3.1) holds, we have (1 + 2?)u(x) = Au(z) + @(u)(z) a.e. in R. Due
to corollary 3.9, ®(u) € L? and therefore \u + ®(u) € L2. Hence also (1 + z?)u
in L2 O

3.3. Bifurcation from the lowest point of the essential spectrum

To apply theorem 2.1 to (3.1), we first note that (H1) holds, with A = I.
Moreover, by lemmas 3.8 and 3.4, hypothesis (H2) is satisfied as well. Since
(Lu,u) = |u|iz (see (3.1)), we can choose, for example, \y = 0 and v = 1 to
get (H3). Next, hypothesis (H4) is part of the assertion of lemma 3.6, whereas (H5)
is clear from the fact that ¢ is homogeneous of degree four (see remark 3.5). To
verify (H6a), let 7o = v/2g¢ > 0, with &g from lemma 3.10. As A = 1 by lemma 3.2,
the remarks following theorem 2.1 show that it suffices to prove u( € S(r) and

2
Hupl® < 3 + o(up),  with uf = ef * = 112229
(cf. lemma 3.10). For this, we have |uf|3. = 7% and
r?/2
lug|2 :/ (1+2%) de = 7>+ 5%
! —r2/2

Hence lemma 3.10 yields

L2+ o(ug) = 3P+ 2(3r°)° =3P+ 510 > 1P + &%) = %|u5|i%,

and therefore (H6a) holds. Finally, concerning (H6b), we have |¢(u)
for u € L? by lemma 3.7. Next observe that

(u,u)l/Q(Lu,m?’/2
= [{(I = Lyu,u) + (Lu, u)]"? (Lu, u)®/?
< (I - L)u,u)l/Q(Lu,w?’/2 + (Lu, u)?.

3
< ClulSalul 2

3
|u|L2 |u|L§

Thus we may set n = 2, a; = %, by = %, az = 0 and by = 2 to obtain (H6b).
Therefore, theorem 2.1 indeed applies.

THEOREM 3.15. With A = 1, the point (A,0) € R X H is a bifurcation point to
the left for (8.1). There exists ro > 0 and, for each r € ]0,7¢], a solution (Ar,u,)
of (8.1) such that 0 < |ur|L% <Crand0<1-—X\.<COr?
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Note that the last estimate follows from theorem 2.1 and lemma 3.8. Analogously

to corollary 3.14, the (A, u,) are solutions to (1.4).

3.4. Positivity of ¢

As mentioned in the introduction, in fact ¢(u) > 0 for all u € L? is satisfied for

inl(L 2 2 2 2
= + _ _
plu) = = / / / / dwldwdwgdwfm[fﬁ)(‘;l w3 204)]
4 Jr/rIRIR () (w? + wi —w? —w?)

X (w1 4 we — w3 — wa)u(wr)u(wz)u(ws)u(ws).

We sketch a (formal) argument, which was explained to us by V. Zharnitsky. Let
T'(t) be the solution operator to

ivg + d(t)vge = 0,

ie. v(t,x) = [T(t)vo](z), with d(t) the dispersion function, which is assumed to be
1-periodic. We have the representation

T(ola) = 2o [

dwe_iwx—isz(f)/ dy eV (y),
& R

where (dR/dt)(t) = d(t). For a prescribed real-valued u, we choose vy such that

ulw) = (@2m)"! /R dy Vg (y)

and calculate

/0 at /R dz [T (t)vo)(2)]"

1
:/ dt/dx////dw1dw2dw3dw4ei(“’1+”2_“’3_“’4)rei(“’l+“’2_“’3_“’4)R(t)
0 R JRIRIR/R

X u(wr )u(wsz)u(ws)u(ws). (3.6)
To evaluate the dz-integral, we use
/ T do = 2w (w),
R
and for the dt-integral, one observes

1 L
/ eWRM) gt = —Sln[l( z))
0 (5#)“
for a certain p > 0 related to d(t), if d(¢) is chosen to be a step function of type
d(t) = dy in [0,1] and d(t) = do in [, 1] (cf. [12]). Thus (3.6) yields

0< / at /R da [T (t)wo(@)]* = 2mp(u),

as desired.
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4. Applications to semilinear elliptic equations

In this section we indicate how theorem 2.1 can be used to prove the bifurcation
of solutions from the lowest point of the essential spectrum for semilinear elliptic
equations with a nonlinearity that may change sign.

We consider (1.8) from the introduction, i.e.

—Au(z) + V(z)u(z) = Mu(z) + a(@)|u()|P *u(z), =eRV.
The corresponding weak formulation can be cast in the form of (3.1), in the Hilbert
space H = H' = HY(RY). Here,
(Au,v) /{V (z) + Vu(z) - Vo(z)} dx,
(Lu,v) = / u(z)v(z) dz,

and

1 P
PORE [ e@u@r az

(see [11, p. 401 and §6]). In this section, integrals with no domain of integration
indicated are taken over RY. The main purpose here is to exemplify that the non-
negativity condition usually imposed on a(x) can be relaxed. As we want to discuss
only the simplest case, we make the following assumptions.

(A1) V € L=(RY).
(A2) |z*V € L*(RY) and

N -2

|V_|LN/2(RN) < m,

with V_(z) = max{0, -V (z)}.

A3 >3and2<p<2+4/N —27/N, with 7 from (A6) below.

) N

A4) a € L®(RY).

A5) esssup{la(z)|: || = n} — 0asn — oo.
)

(
(
(
(A6) Let RY = {x € RN : 21 > 0}. Then there exist 7 € [0,2[ and o € |7,p + N|
such that

a(z) > Kilz|™", z€RY, and |a(2)| < Kolz|™7, zeRN\RY
for some constants K1, Ko > 0.

Condition (A6) was only designed to allow for an easy example of how the relaxed
conditions on a(z) might look like; there is broad scope for modifications and vari-
ants. The assumption NV > 3 was included to avoid distinguishing cases for N = 1,2
or N > 3. Note also that, by (A3), we ensure that p < 2+4/N < 2* = 2N/(N —2).
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THEOREM 4.1. Assume (A1)-(A6) holds. Then (u,\) = (0,0) € H x R is a bifur-
cation point to the left for (1.8).

Proof. Hypotheses (H1) and (H2) of theorem 2.1 are satisfied. Moreover, hypothe-
sis (H3) holds for any Ag < inf V, with v = min{1,inf V —Xg} > 0 (cf. [11, p. 427]).
Using (A3), (A4) and (Ab), it is possible to verify (H4), as p is subcritical (cf. [11,
p- 430]). Since ¢ is homogeneous of degree p, hypothesis (H5), in particular, is valid.
Due to (A1) and (A2), it is found that A = 0, and (A1), (A2) and (A3) show (H6b)
holds, as is explained in [11, p. 429]. So it remains to check (H6a). This amounts
to finding, for all » > 0 small, an uyg € H (that may depend on r) with

lugl, 2 =r and %(Auo,u(ﬁ < p(up). (4.1)

For this we consider, following [11], for a > 0, the family of functions u,(z) = v(ax),
r € RY, where v(y) = |yle ¥l. Then |uq|3 = Cra™ and |Vus|3 = Coa®> N for
appropriate constants C1,Cy > 0. In addition, by (A2),

/V(x)ui(x)dx < C/ 2| 2|v(az)|? dz < C3a~N

for some C3 > 0. Therefore,
L Aug, ua) < Cpa® N, (4.2)

To derive a lower bound on ¢(u,,), we obtain from (A6)

1 P l axuxpx
o) = [ a@l@Par g [ a@hara

K . K .

> B[ e el ae - 22 [ e ae
D JRY D JRM\RY

=Cs5a” N — Cga” Y, (4.3)

by setting y = ax and observing x € Rf if and only if y € Rf.

Let 7 > 0 be fixed and define ug = tou,, with t, = rC7/2a™/2 and o > 0 still
to be chosen. Then |ug|y = to|uq|y, = r and, according to (4.2) and (4.3), it follows
that

o(ug) — %(Auo,u0> = tho(uqa) — %ti<Auaaua>
> tﬂ(C%aT_N - CgaU_N) - %C4tia2_N
2 C77‘paT_N+Np/2 _ CgT‘an_N+Np/2 _ 097,2a2
_ aT—N+Np/2(C77,p _ C’grpa”_T _ 097,2a2—'r+N—Np/2)
for all > 0. Due to (A6), o > 7, and (A3) implies 2— 7+ N — 1 Np > 0. Thus we
can fix a > 0 sufficiently small to see that (4.1) is satisfied for the corresponding

ug. Consequently, hypothesis (H6a) holds, and theorem 2.1 applies to yield the
claim. 0O
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