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ON HELMHOLTZ EQUATIONS AND COUNTEREXAMPLES TO
STRICHARTZ ESTIMATES IN HYPERBOLIC SPACE

JEAN-BAPTISTE CASTERAS AND RAINER MANDEL

ABSTRACT

In this paper, we study nonlinear Helmholtz equations
(N -1)°
4
where A~y denotes the Laplace-Beltrami operator in the hyperbolic space HY and
I' € L°°(HY) is chosen suitably. Using fixed point and variational techniques,
we find nontrivial solutions to (NLH]) for all A > 0 and p > 2. The oscillatory
behaviour and decay rates of radial solutions is analyzed, with possible extensions
to Cartan-Hadamard manifolds and Damek-Ricci spaces. Our results rely on a new
Limiting Absorption Principle for the Helmholtz operator in HY. As a byproduct,

we obtain simple counterexamples to certain Strichartz estimates.

(NLH) — Agnu — w—Nu=TuP %y nHY, N>2

1. INTRODUCTION

In this paper we are interested in nontrivial solutions of the Nonlinear Helmholtz
Equation (NLH)

(v —1)?
4
where A~ denotes the Laplace-Beltrami operator in hyperbolic space HY, N > 2
and I' € L®(HY). As in the Euclidean setting, linear and nonlinear Helmholtz
equations arise from a standing wave ansatz for the corresponding Schrodinger or
wave equations that have attracted much interest in the last years [5] [, [7], [ [10] 111
[15], 27 [33], 9], especially concerning Strichartz estimates. In order to motivate our
first result on the failure of Strichartz estimates in hyperbolic space and to provide

the link to Helmholtz equations, let us first review the situation in R¥.

(1.1) — Agvu — u— Nu=Tulf?u in HY

For the homogeneous Schrodinger equation, it was Strichartz himself who proved
the (global) Strichartz estimate

12) { iy —Ap=0 RN, p(0) =

for r = 2,p = q¢ = 2(N + 2)/N, see Corollary 1 [37]. The proof is based on
Fourier restriction theory for paraboloids, which in turn relies on the Stein-Tomas
theorem [42]. Since then, many generalizations of such estimates to more general
r,p,q and other dispersive PDEs have been found. The topic being quite vast
and intensively studied until today, we do not make any attempt to present a
comprehensive list of related results. For a detailed treatment of the Schrédinger
equation, we refer to Cazenave’s book [16]. Let us only mention that the scaling
invariance of the Schrédinger equation shows that in RY the estimate (L2) can
only hold if 2/p + N/q = N/r. Homogeneous Strichartz estimates (2] are known
to hold for certain ranges of exponents p,q with r € (1, 2], but, up to the authors’
knowledge, nothing is known for r > 2. For r > 2N/(N — 1), it follows from the
1

9] Le@;a@yy) < ClldollLr @y,
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2 JEAN-BAPTISTE CASTERAS AND RAINER MANDEL

theory of Helmholtz equations that no dispersive estimate and especially none of
the above estimates (except for p = 0o) can hold. Indeed, the method of stationary
phase shows that certain solutions to the Helmholtz equation —Awy — wipg = 0
for w > 0, namely Herglotz waves given by a sufficiently smooth density over the
sphere, decays exactly like |2|(*=N)/2 as |z| — 0o (Theorem 1la [29], Proposition 1
[31]). In particular, 1 (z,t) := e™!)y(z) is a solution of the NLS with initial datum
in L"(RY) precisely for » > 2N/(N — 1) that does not disperse as t — oo. We
believe that it is an interesting open question, whether or not Strichartz estimates
hold for initial data 1o € L"(RY) with 2 < r <2N/(N —1).

In hyperbolic space, homogeneous Strichartz estimates of the form

{iamAHm/;o in HY, ¥(0) =

(1.3)
19l e r;Lagany)y < Cllvboll - vy

hold for r = 2 and p € [2,00),¢ € [2,00] with % + % > & see Theorem 3.6 [A].
In particular, restricting the attention to the classical case r = 2, one sees that
Strichartz estimates hold for more exponents than in the Euclidean setting. Again,
nothing seems to be known for r > 2. Given the above considerations in RY, one
way of disproving the validity of Strichartz estimates is to determine the decay rate
of solutions of the linear homogeneous Helmholtz equation in HY. Since we will
prove that these solutions lie in L"(HY) for all 7 € (2, ], we infer the following.

Theorem 1.1. Let p € [1,00),q,7 € [1,00]. Then the homogeneous Strichartz
estimate for the Schrédinger equation in HYN (3] can only hold provided 1 < r < 2.

Remark 1.1. The analogous statement holds for the initial value problem for the
wave equation in HY and thereby complements the results on Strichartz estimates

Jrom [6] 133 35, 139].

Next we present our results for the Nonlinear Helmholtz Equation (L], which
has not been considered in the literature so far. For —A? replaced by +\2, results
on positive and sign-changing solutions can for instance be found in [21],22] [30]. We
stress that the techniques used in these papers are in spirit close to their Euclidean
counterparts and the latter change drastically according to the sign in front of A2. A
much more helpful reference are the papers by Gutiérrez [23], Evequoz, Weth [18, 20]
and [31] 32] where the Nonlinear Helmholtz Equation was studied in Euclidean
space. In this setting the operator —Ag~y — (N — 1)2/4 is replaced by the negative
Euclidean Laplacian so that 0 is again the bottom of the essential spectrum. Our
intention is to demonstrate that (II]) can be handled much more easily compared
to its Euclidean analogue, which is due to a stronger Limiting Absorption Principle
for the Helmholtz operator L — A? that we will prove in Section Using these
results we can follow the lines of [23] [3I] and prove the existence of uncountably
many small solutions via a fixed point argument.

Theorem 1.2. Let N > 2T € L¥(HN),A > 0 and p > 2. Then (LI) has
uncountably many small solutions lying in W2 (HN) for all r € (2, 00).

This result actually holds under much weaker assumptions on the nonlinearity.
In fact, in the proof we will replace I'|u[P~2u by any function f € C*(Ry x R)
satisfying | f(z, 2)| + |2]| f2 (z, 2)| < C|z|97! for some C > 0 and all x € HY,|z| < 1.
We mention that no upper bound for p is necessary. The solutions from the previous
theorem are parametrized by hyperbolic Herglotz waves and therefore can even be
shown to form a continuum in the above-mentioned Sobolev spaces as in [31]. Large
solutions of (ILI)) can be constructed using a dual variational approach as in [19] 20].
Note that classical variational approaches are not suitable since solutions are not
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expected to lie in L2(HY), as we will show further below. The dual variational
method yields the following.

Theorem 1.3. Let N > 2, A > 0,T € L>®(HY) satisfy ' > 0, Z0 and2 < p < 2*.
Then (L) has a nontrivial solution uw € W™ (HY) for all r € (2,00) provided

(i) T(x) > T where T'o = limg(g,4)—o00 I'().
Under the assumptions

(i) D(xz) = 0 as d(0,z) — oo or

(iii) T 4s radially symmetric about some point in HY
there is a sequence of nontrivial solutions u, € W2"(HY) for all r € (2,00) that is
unbounded in LP(HY). In the case (iii), the solutions are radial.

Here, 0 stands for the origin in hyperbolic space and d(z,y) denotes the geodesic
distance of two points x,y € HY. Radially symmetric functions only depend on
the geodesic distance to one particular point in H”, which we denote by r in the
following. Let us mention that the dual variational method is flexible enough to
treat also higher order problems as in [I3] or negative I" as in [32].

In our final result, we restrict our attention to radially symmetric solutions. One
motivation is our interest in exact pointwise decay properties of solutions to (I.TJ),
which do not seem to be availabe in general. Let us point out that, using the ideas
of Lemma 2.9 in [20], it is possible to prove that the solutions constructed in (L3)
decay at least like e1=N)"/2 a5 1 — oo provided that p > 4. Not being convinced
in the optimality of this result, we dispense with a proof. In the radial case we
can show with elementary means that the solutions decay exactly like e(1=N)7/2 a5
r — 0o and, in particular, do not lie in H!(H"). We show this to hold without any
restriction on p. As a consequence those solutions can not be found with classical
variational methods, as we mentioned above. Let us point out that finite energy
solutions of nonresonant problems in HY as in [30] decay faster, see Remark 3.8 in
that paper. Moreover, we prove that radial solutions oscillate. Another interesting
feature is that we can analyze radial solutions on manifolds M which are much
more general than HY such as Damek-Ricci spaces [4, 8 [35]. Indeed, it is known
that the radial part of the Laplace-Beltrami operator on such a manifold is given

by /
f'(r) o, i

f(r) 2

see (2.11) []. Here, m,k € N and the dimension of the manifold is m + k + 1.
The corresponding formula also holds in hyperbolic space (f(r) = sinh(r)¥~1) and
Euclidean space (f(r) = 7V~!) and even more general classes of rotationally sym-
metric Cartan-Hadamard manifolds. Each of these examples satisfies assumption
(H1) that we will need. The full set of conditions reads as follows:

(H1) f € CY(R) with f > 0 and such that log(f)'(r) — &, log(f)"(r) — 0 as
r — oo and (log(f)")? — k? is integrable near infinity for some x € [0, c0).
(H2) V € CL(R),V > 0 with V() = Vae > x2/4 and V' € L'(Ry)
(H3) T € CY(R),T > 0 with I'(r) = T'x >0 and |T’|/T € L'(Ry) or T = 0.
Under these conditions we prove the following:

Theorem 1.4. Assume (H1),(H2),(H3) and p > 2. Then the solution u~ of

—d" () — f(r)
"=

has infinitely many zeros and satisfies for all v > 0
Jus (1) + [ () < C(V(0)y* + TO) )1 + f(r)),
[ (1) 4 [y (1) * 2 e(V(0)7* +T(0) [y [P) (1 + f(r))

Opr + where f(r) = sinherk(g) cosh®(

u(r) = V(r)u =T () |ulP"2u on [0,00), u(0)=r, v/ (0)=0

(1.4)
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where ¢, C > 0 are independent of ~.

The proof of Theorem [l partly generalizes and improves Theorem 1.2 [32] given
that we can allow for a quite large class of functions f and that the bounds on the
right hand side in (4] are more explicit. Moreover, though being similar, the proof
is much shorter. As in Theorem 1.2 or Theorem 2.10 in [32] the method of proof
is also suitable for more general nonlinearities, including I'|u[P~2u with negative
I'. Note that in this case one can show that radial solutions are unbounded if ||
is large and bounded for small || provided some mild additional assumptions on
f,V,T" are satisfied.

Let us give a short outline of this paper and comment on the notation that we
will employ. In Section [2] we will prove resolvent estimates for Helmholtz operators
in HY and use them for the proof of a Limiting Absorption Principle. This will
be used to prove (very quickly) Theorem [Tl in Section Bl and Theorem via a
fixed point argument in Section @ In Section [l we implement the dual variational
method following [20] in order to prove Theorem [[3l In the final section, we prove
Theorem[[4l In the following, C' denotes a generic constant that may change from
line to line. The N-dimensional hyperbolic space HY = {z € RY : zx > 0} is
considered in the half space model with geodesic distance d(x,y) = 2arcsin(|z —
y|/(2y/Znyn)) and volume element dV = z3*((dz’)? + da%;) = sinh(r)N 1 dr do.
Its Laplace-Beltrami operator is given by Agn 1= 2%,(07 +...+0%) — (N —2)znON.

2. RESOLVENT ESTIMATES

In this section we discuss resolvent estimates for the operators L — (X +iyu)? for

A>0,p# 0 and
(N - 1)?

T
It is well-known that the spectrum of L is given by o(L) = [0,00) so that the
resolvent of L —A? does not exist in the classical sense. However, as in the Euclidean
case, it is possible to prove a Limiting Absorption Principle which yields a solution
of the linear Helmholtz equation Lu—A?u = f for functions f that decay sufficiently
fast at infinity, see Theorem 1.4.2 [28]. In this approach the resolvents of L—(A+iu)?
are studied and function spaces are identified, in which the limits of the resolvent
operators persist as their imaginary parts tend to zero from the right respectively
from the left. These operators will in the following be denoted by (L — A? —40)~!
respectively (L—\2+i0)~!. In the Euclidean setting, estimates for (—A—\2—i0)~!
from weighted Lebesgue spaces L**(RY) to L>~*(RY) (s > 1) or even from B(RY)
to its dual B*(RY) are due to Ikebe and Saito [26] (Theorem 1.2) as well as Agmon
and Hormander, see Theorem 4.1 in [2], [I] and Theorem 3.1 in [3]. Here,

L>*RY) = {v e L, (RY) : |- [*v € L*(RM)},

loc

BRY) = {v e L2 (RV): iQ% (/{

The counterpart for the latter estimate in the hyperbolic case was proved by Perry,
see Theorem 5.1 in [34] or Theorem 1.4.2 in [28]. In Theorem 1.2 of [25] Huang
and Sogge proved that these operators may as well be defined as bounded linear
operators from LP(H") to L4(HY), where p, q satisfy

1 1 2 1 1, ,1 1 1

O I ¥ (S L S

p q N p 2V'q 2 2N
We stress that these restrictions are essentially due to the authors’ focus on uniform
estimates with respect to A within the range |[A\|> > 1. For our purposes such a

L= —Ag~y —

lu(z)|? dm) i < oo}.

2-1< o] <27}

)
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uniform behaviour is not needed, which allows us to modify and adapt some of the
ideas from [25] in order to obtain resolvent estimates for larger ranges of exponents.
This extension is based on recent results by Chen and Hassell [I7]. For o, > 0 given
by

2N 2(N + 1)
=2y N1 if 1<p< )
Jp P + 1 SpP> N+37
N-1 N-1 2(N +1)
= S AT oo,
=T, 2 " Nts =P

their result about the spectral resolution R 3 A — Ep()) of the selfadjoint operator
P := /L reads as follows.

Theorem 2.1 (Theorem 1.6 [I7]). Let N > 2 and 1 < p < 2. Then there a C > 0
such that the following estimate holds for all A > 0:

d

HJEP(A)|‘LP(HN)—>LP/(HN) <CON (O<A<1)
d a.
HJEPO‘>HLP(HN)—>LP/(HN) < CA% (A=1)

As we will show below, this estimate may be used in order to prove the resolvent
estimates along the lines of [25]. Before going on with this, we recall some useful
information about the Green’s function associated with the operator L — (X + iu)?
given by (z,y) — Gryin(d(z,y)). In other words, for all f € C§°(HY), we have

(L—A+ip)*) " f = Gagip x [ 1= /HN Gasip(d(z, ) f(y) dV (y).

For notational convenience, we will in the following assume g > 0. It is known ([41]
p.125) that there are complex constants ¢ # 0 such that, for odd space dimensions
N, we have

N—1
CN 1 0\ i\ —

2.1 Gryin(t) = —— — [(1 “)1,
(2.1) wein(?) iA— <sinht at) ‘
whereas in the case of even N we have

N

cN ° sinh s 1 0\2 T (e

22)  Gpinlt) = g [@ Mﬂd.
(22) wein(t) iA—p J; +/coshs — cosht (sinhs 58) ‘ i

The properties of the Green’s function are summarized in the following proposition.

Proposition 2.1. Let N € N,N > 2 and let Gxyiy be given by 1) for odd N
and by 22) for even N. Then for all A > 0 there is a constant C' > 0 such that

|Gxin(t)] < Cmax{t*~, [ log(t)|} (It < 1),

1-N

|Gasin(t)] < e bt (It} = 1)
for all X € [A=Y,A] and p € [-A,A]\ {0}.

We shall also use the formula from (4.4) in [25] that allows to write the convo-
lution G4y * f in a different way. It reads

L [T o
A=t cos(tP) f dt
- /0 e cos(tP)f
where the function cos(¢P) is defined via functional calculus. Note that this formula
is a consequence of the fact that for any given test function f the function u(t) :=

(2.3) (L= +ip)*) 7' f =~
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cos(tP)f is the unique solutions of the initial value problem dy;u+ P?u = 0, u(0) =
f, 0;u(0) = 0. So L = P? yields

(L —(N+ip)?) (M 1_ n /Ooo A=t cos(tP) f dt)

1

S T (P2 - (4 ip)P)ult) di
T e i

_ 1 Ooe(iA—H)t _ 9 i — )%

a i)\—u/o (=Oru(t) + (A — p)*u(t)) dt
DY 1_ . {e(uw)t( — Opu(t) + (IA — M)U(t))}
=u(0) = f.

With these preparations, we can now prove the resolvent estimates for L.

o0

0

Theorem 2.2. Let N > 2 and A > 0. Then there exists a constant C such that
(L= (A +iw)*) " fllpaany < ClFllean)

forallx € [A=Y,A] and p € [—A, A]\{0} provided that 1 < p < 2 < q and %—

with (p, q) # (1, 55), (5,00).

Proof. As above we only discuss the case u > 0. Let 8 € C§°((1/2,2)) be a
nonnegative function such that >, ., 3(27%¢) =1 for all ¢ > 0 and set

1 2
(SN

Br(t) == BE7F) (k>1),  Bo(t):=1-Y B(t).
k=1

In particular, we have By(t) = 1 for ¢t € [0,1], Bo(t) = 0 for ¢ > 2 and the () are
supported on annuli with inner resp. outer radius 2¢~1, 25+1. Recalling 1) and
[22), we define, for all k € Ny and odd space dimensions N, the function

N-—1
CN 1 8 2 oy
5u0) = OV T et ],
k() IA— (sinht@t) Br(t)e
For even N the corresponding definition is
cN & sinh s 1 0 S

Si(t) = =) [Buls)et 7] as.
W= ) Voo — oot <sinhsas) Pr(s)e 8

These definitions and Proposition 2 give >, Sk = G4y so that we have to
estimate the integrals Sy, * f for f € LP(HY).

We start with the estimates for Sp* f. By definition of 8y, Sy and Proposition 2]
we have

So(t) =0 fort>2, |So(t)] < Cmax{t>~"N,|log(t)|} for0<t<2.

v|Z

So Sp € L'(HN) for 1 <r < %5 as well as Sp € L™ (HN) if N > 3. Using the
Weak Young Inequality in HY (see Theorem 6.2.3 [36] and the following remarks)
we obtain

So * f € LYHY) if1+l:
q

In other words, we have

+

S

—1 1<r< r=——,1< <
or 0.
) —_ z\r 2 z\r 27 p5q

1 1 2 1 1 2
SO*fELq(HN) fo<-—-<—or ———=—,1<p,qg<o0.
p q¢ N p qa N
Since these conditions are satisfied by our assumptions on p, ¢, it remains to estimate
the integrals Sy * f for k > 1.
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Next, we are going to show that, for £ > 1,
1Sk * fll Loy < C27F|| £l Loy

First, we prove the corresponding inequality for p = 1,¢ = co. In (4.14) [25] it is
shown that for any given M > 0 there is a C'yy > 0 such that

(2.4) 1Sk * fll poe vy < Caa27 "M Fll pr -

This is a consequence of the uniform pointwise exponential decay of G4, at in-

finity, see Proposition 2.1l In order to prove the inequality for all ¢ > 2 and p = 2,
we make use the formula

Spx f= Z./\Cf p / B (t)eA =Wt cos(tP) f dt
0

from p.4655 [25] (which can be proved just as [2.3)). We define

s = /R Bre(£)e =1t cos(ts) di

= 37 (B0 4 (e 7Y (9

where F denotes the one-dimensional Fourier transform. For any given r > 2 we
choose M € N such that o,» < 2M. We then obtain for all £k € N

15k * £z,

= H/ﬁk )elA=t cos(t P) dtf‘
P2,

= [ W) aEr o)1)

L2(HN)

</ |wk<s>|2||iEp<s>f||U<HN>||f||LT/<HN>ds
< [T OP (PLo(s) + 5 U (9) 11,
< CUF I - / () 2(s2 + ...+ 82M) ds
= Oy [ IF ) G 44 [ H0) )P s
R
B O g, - /Ooo]%(ﬂ(2k8)e(““>)+ L (Bt [ as

< C||f||iT/(HN) -/0 (5(2*’@3)2 B(M ) —2us g
< C2M|Bllg ) 1117, oy

Taking the square root of this estimate we obtain by duality (note that f — Sk * f
is symmetric)

(26) ||Sk—*f||L7‘(HN) S CQk/2||f||L2(HN)
(This is an improved version of (4.13) in [25].)
Interpolating now (26]) and [24]) we get

1S # fllpaquyy < C2XO5 MO fl Ly g = s r > 2,
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So for any given p € (1,2),q > ﬁ we can choose r > 2 as in the previous line and
take M sufficiently large to get
1Sk * fll Launy < C27%|| fllLogny, provided p € (1,2), ¢ > % > 2.

The dual version of this is

1Sk * fllLa@yy < 02_k|‘f”Lp(HN), provided 2 < ¢ < 1% < 00

and interpolating both yields
1Sk * fll aguny < 02_k||f||Lp(HN), provided p € (1,2), ¢ > 2.
The remaining case p = 1,¢ > 2 may again be obtained by interpolation with (Z4])

and we are done. O

Having established locally uniform bounds and taking into account Theorem 1.4.2 [28§]
we may define

(2.7) Ry +i€y = (L — XN —i0)" = lim (L — (A, +ip)*) !

pn—0+

where A\, := /A2 + u2 as bounded linear operators on Lebegue spaces in HY. The
main properties of these operators are summarized in the following result.

Corollary 2.1. The operators R, EA LP(HN) — L4(HN) are linear and bounded
provided that 1 < p < 2 < q and * —% < £ with (p,q) # (1,7%5), (5, 0).
Moreover, we have the representatzon formula Raf = G * f for all f € Cg°(HY)

where the Green’s function G(t) := lim,,_,o+ Re(Gxyiu(t)) satisfies
|G| < Cmax{|t]*, [log(t)[} (|t] < 1),
G(t)] < Cell=N2 (11> 1)

For all f € LP(HY) the function Rf is a strong solution of L — \2¢ = f in HY
and Exf solves Lap — N> = 0 in HY. Finally, we have the identities

(2.8)

A,
09 [ s@ow=Zuag. [ iRagav = [ L2 g
for all f,g € LP(HYN) with 1 < p < 2 where Ay : LP(HY) — L (HN) is given by
(210) Ay i= LB = (F) D) FoND = (Fo())) Fo(n))

dX
for the bounded linear operators ]-'éi)(/\) : LP(HY) — L2RN-Y) and féi)()\)*
L2(RN=Y) — LP'(HN) defined in (1.4.2),(1.4.10) [28].

Proof. The asymptotics of G follows from Proposition 21l Since the boundedness

of Ry, & result from Theorem Z2 we next prove [ZI) for f,g € C°(HY). Let
h(s) := (f, Asg). Then we have

f(L—=X%—i0)"tgdV = lim f(L— (N +ip)?) tgdV

HN pn—0t Ju~

1 .
D 4 <f, —- / e(PMu=t cos(tP)g dt>
0

p—0+

i\
3 Jm (1 / - <Mr#>t( /R cos(ts)dEp(s)g) dt>
/ Au—p)t cos(ts) dt) d{f,Ep(s)g)

= —— 1im_(f
z)\u—>o+/
_ 1 m/ i +ip)

1

3 O pin 2 A Br(9)g)
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1
— i . U},E
jo0t Jp N2 — 82 + 2iph,, (. Br(s)9)
h(s)

= — i ————d
,U.i)%lJr r A2 — 524+ 2ipA, ’

i ) h(s) — h(\)
=T h) = 1 _ms) Z )
o) — lim, /R N2 — 52+ 2iph,

_im h(s)
= ﬁh()\) + p.v./R SR ds.

This computation and the definition (Z7) yield (23] by density of the test functions.
Moreover, for all f € C5°(HY), we get from (Z9) and (1.4.3) [28] the identity

(FoA) = 2 (L= =0 = (L =N 4007 £.5) = [FE ) g

for the operators féi)()\) defined in (I.4.2) |28]. Hence, since Ay is a symmetric
operator, we deduce

(f, Arg) = (FSE N L FE N 2wy

for all test functions f, g and (ZI0) follows. Finally, since £ : LP(HN) — L¥' (HN)
is bounded, the operators féi)()\)* and féi)()\) are bounded as well. O

The functions Fy(\)*g with g € L?(RV 1) actually represent the totality of solu-
tions of the homogeneous Helmholtz equation by Theorem 1.4.3 [28]. They are the
counterparts of Euclidean Hergoltz waves that are defined as the images of L?(S))-
densities under the adjoint of the Fourier restriction operator f > f ls,, where
Sy C RY denotes the sphere of radius A\. While hyperbolic Herglotz waves Fo()\)*g
lie in LP(HY) for all p > 2, the optimal L decay rate of Euclidean Herglotz waves is

given by the Stein-Tomas Theorem saying that p > 2N+ Better decay properties

N—1
of the latter, namely pointwise decay like |z|("=™)/2 at infinity, can be obtained for
densities of higher regularity via the method of stationary phase. Whether L?(R™)
can be reached in the optimal range p > ]\2[—& only by assuming stronger integra-
bility assumptions on the density, is a delicate question related to the Restriction
Conjecture which is still unsolved for N > 3. So we see that hyperbolic Herglotz
waves have much better integrability properties than their Euclidean counterparts.
This will allow us to adopt a fixed point approach that is decidedly simpler than its
Euclidean analogue |23, [3T] where Helmholtz equations of the form (1) can only

be discussed for a restricted set of exponents p.

3. PrRooOF oF THEOREM [I.1]

Given the results of the previous section, the proof is quite simple. Let g €
L2(RV~1) be nontrivial. Then Corollary EZT] implies v := F\ 7 (A)*g € LT (HN)
for all r > 2 and ¥ (z,t) := e™9g(z) solves (L3J), but 1 ¢ LP(R, LI(HY)), since 9
is periodic in time. This proves the result. O

4. PROOF OF THEOREM

In this section we prove Theorem with the aid of the Contraction Mapping
Principle and the estimates for the operators Fo(\)*), Ry from Corollary 21l As
in [3I] we use a smooth function y € C*°(R) such that x(z) = z for [z < 1,
x(2) =1 for |z| > 1 and define, for any given g € L>(RY~1), the operator

Ty(u) = F§ (N g + Ra(f (- x ()
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As mentioned in the introduction we use the assumption |f(z, z)| + |z||f.(z, 2)| <
C|z|771. The operator T}, is well-defined as a map from L*(H") to L*(HY) provided
we choose s according to max{2, w, g—1—-06} <s<2(qg—1-90) for some

d € (0,q — 2). Indeed, under this assumption Corollary 2T applies and we obtain

1Ty (@)l e avy < IFST V) lleqeany + IRAC G x (@)l e v
< C(lgl 2 + 1FC XD 5 o)

lgllzav—1) + IIXEIH i )

< C(
< Ol a1 + NxIT 1 iy o)
< Cllgll 2@y + lullE- gy
So we conclude that T}, is a selfmap on any given sufficiently small ball in L®(HY)
provided g € L?(RN 1) is chosen small enough. Similarly, using | f.(x, z)| < C|z|972
for |z] < 1 we obtain that Ty is a contraction on small balls. Hence, by the
Contraction Mapping Principle, for every given small enough g € L?2(RV~1) the
operator T, has a unique fixed point in a small ball and thus a solution v € Ls(HN)
of Lu — M?u = f(x,x(u)). Elliptic LP-estimates imply u € L>(HY) N L*(HY) and
using the mapping properties of .7-'0(+)()\)*,R,\ from Corollary 21 iteratively, we
actually find v € L"(HY) for all » € (2,00]. Applying global LP-estimates from
from Theorem A [40] we find v € W27 (HY) for all r € (2, 00). Moreover, choosing
g sufficiently small, we may choose the ball and hence the L*(H~)-norm of u so
small that [[u||feemyy < Cllullps@yy < 1 holds. But then we have y(u) = u and u
is the solution of the nonlinear Helmholtz equation (L)) we were looking for. We

*

finally mention that different ¢ yield different solutions since féﬂ()\) is injective,
see Corollary 1.4.6 [28]. O

5. PROOF OF THEOREM [[3]
In this section we prove the existence of nontrivial solutions to
Lu— Nu=Tlu/Pu in HY

under the assumptions of Theorem [[L3] using dual variational methods. In the con-
text of the nonlinear Helmholtz equation, this approach was introduced by Evequoz
and Weth in order to treat the corresponding equation in RY for N > 3 [20] or
N = 2 [18]. We show that many of their ideas carry over to the Euclidean set-
ting. It actually turns out that the main difficulty in their approach, namely the
verification of the "Nonvanishing Property”, is much simpler due to a variant of the
Stein-Kunze phenomenon, as we will show later. Given that the fundamental ideas
are all present in the literature, we keep the presentation short. Following [20] the
dual variational method works as follows. Using that I is nonnegative, we may set
v = DY |u|P=2y € LP (HV) so that the task is to find nontrivial solutions of (1)
by solving the integral equation

(5.1) TYPRA(CYP0) = [u|P ~2w.
Notice that the mapping properties of Ry from Corollary 2Tl ensure that this equa-
tion makes sense for v € LP (HY) as long as 2 < p < 2*. Since R is symmetric,
solutions of (&) are critical points of the functional J € C1(LF' (HY),R) defined
by

1 , 1 1 Y
(5.2) J(v) == [v|P dV — = LY/PoRA(TPv) dV.

HN 2 Jgn~

p/
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In the proof of our statements (i),(ii),(iii), we will apply Critical Point Theory to
prove the existence of one respectively infinitely many nontrivial critical points of
J. For the same reasons as in the previous section, these solutions are actually
strong solutions and belong to W27 (HY) for all € (2, 00).

Proof of (i): We only prove the claim for constant I'. Note that the proof in this
special case requires the verification of the "Nonvanishing property” from [20] so
that the claim in the general case ' > T’y = lim,_, o I'(z) > 0 follows precisely as in
Theorem 4.3 [19]. So from now on we assume w.l.o.g. I' = 1 so that J(u) = J(uoT)
for all hyperbolic tranlations 7.

As in Lemma 4.2 (i) [20] one finds that J has the mountain pass geometry and
that there is a Palais-Smale sequence (v,) in L (HY) at its Mountain Pass level
¢ > 0 given by

5.3 = inf J(v(1) > 0.
(5.3) ¢= inf max (v(®))

In other words,

lonl? "2vp — G x v, — 0 in LP(HYN),

1 / 1
E/HN |v [P dV*§/Han(G>kvn)dV%c.

From this one infers that (v,,) is bounded in L¥' (HV) and

(5.5) (% - %) /HN on(G % o) dV > c.

Next we show that after some hyperbolic translations (v,,) converges to some non-
trivial critical point v € L? (HN) of J.

(5.4)

The Stein-Kunze estimate from Lemma 4.1 [6] yields

1 1
(17 — 5) /HN Un |:(1[%,R]CG) * ’Un:| dV‘

< ||UnHLp’(HN)||(1[§,R]CG) * UnHLP(HN)

1/R ) 2/p
< Clonl2 ey (/ + /R <sinhr>N-1<1+r>e-<N-1>T/2|G<r>|P/2dr>

IA
oo

for all n € N provided R is large enough. Here we used the boundedness of (v,,) in
L (HV), the asymptotics of G from (ZX) and 2 < p < 2*. So we have

1y, .
Next let (Q;)ien be a family of disjoint geodesic balls of radius R the centers of

which have the geodesic distance R/2 and that cover the whole HYY. Denoting by
2@Q); the ball with the same center but doubled radius we get for almost all n

c 1 1
1< (;7 —~ 5) /HN n [(1[%&]0) *vn} %

(oo}

A </1/R<d<$,y><3'G(d(f’y»”vn(xmvn(yndv<y>> V()

N O

=1

<€ e S [ ([ @@l o) ave
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</2Ql |vn ()] dV(z)>2
! (/QQL [on ()] dV(m)) 2/

¢ (s [ T W) o li [ @ avi

meN

IN

NE

C

1

IN

[M]¢

C

IN

) 2/p'—1
<C <sup /2Q |’Un(1')|p dV(:C)) . an”Lp’(HN)

meN

) 2/p’—1
<c(sw [ n@r o)
meN J2q,,

Here we used that the balls 2Q,,, cover HY only a finite number of times because HV
has bounded geometry. The latter estimate implies that there are centers =, € HV
such that

(5.6) lim inf / lun|P" dV > 0.
n—o00 Bog(an)

Denoting by 7., the hyperbolic translation with 7., 0 = x,,, we obtain that w, (z) :=
Un (T2, ) is another Palais-Smale sequence of .J. Given that it is bounded as well, it
converges weakly to some w € LP (HV). Combining the first line of (5.4) with local
LP-estimates, we infer that w,, is bounded in W2?(B,r(0)) and hences converges
in L¥' (Byg(0)) to its weak limit w so that (5.8) implies w # 0. Moreover, one
checks that w is a critical point of J at the mountain pass level and the proof is
finished. 0

Proof of (ii): Using the formula (Z3) we may verify the assumptions of the
Symmetric Mountain Pass Theorem as in Lemma 3.2 [32]. Indeed, for every m € N,
we can choose radially symmetric functions 1, ..., 1, € C§°(R+) with mutually
disjoint supports contained in the exterior of the ball of radius A. Then {z1,..., 2}
is a linearly independent set if we set

zj = max{T V7 §} - ;(P)h

for some fixed h € C§°(HY) and sufficiently small § > 0. Indeed, due to (Z3)
these functions are even mutually orthogonal and we have J(tz;) — —o0 as t — 00
because of

P , +2
_ p
J(tz;) = o [E2]

Ny T g /HN DHYP 2RI P25) dV

' ’ 2
< Sl gy = T L, 0 PIRA,(PIR) 4V

@ B[P EBr @RI

= e TPV sT— A2
i 2R, d

_ ||P _ J _

— ?”Z]HLP/(HN) TP Ry (h, dsEp(s)h) ds
Y t’ Vi(9) | ) y2

= 1l = 7 E 176 (Al ey ds,
pr VL N Ty supp(ihy) 2 _\2Mo L2(RN=1)

which tends to —oo if h is chosen suitably. From I'(x) — 0 as  — oo one deduces
as in Lemma 5.2 [20] that the Palais-Smale condition holds so that the existence
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of an unbounded sequence of solutions follows from the Symmetric Mountain Pass
Theorem, see Theorem 6.5 [38] for the Euclidean version. O

Proof of (iii): We show that under the assumptions of part (iii) the functional .J
restricted to Lf; 4(HY) satisfies again the assumptions of the Symmetric Mountain
Pass Theorem. First, the functions z1, ..., z, from above are radial if h is radial,
so it remains to verify the Palais-Smale condition. A Palais-Smale sequence (vy,)
in Lf; 4(HY) is bounded and hence without loss of generality weakly convergent
to some v € Lf; 4(HYN). Since Lf; 4(HY) is a uniformly convex Banach space, the
convergence v, — v in Lf;d(HN) is proved once we show [[vp | 1o xy = 0]l Lo (),
see Proposition 3.32 [14]. In view of (&4)) this holds once we show that ¢, := G*v,
has a convergent subsequence in L? (HY). This is checked as follows. Corollary 2]
implies that v, := G *xv, = Rv, is bounded in Lmd(HN) forall 2 < g < ﬁ

because v,, is bounded in Lmd(HN). Then Lip, + k%, = (K* + N + v, €
L (HY) —I—Lfa 4(HY) and the LP-estimates from Theorem A [40] show that (¢/,,) is

rad

bounded in W% (HN)+W 3P P (HY). By Theorem 2 in [24] (see also Theorem 3.1 [12]
for a more elementary proof of a related result), this space imbeds compactly into

LP (HY) if ¢ is chosen smaller than but sufficiently close to p € (2,2*). So ()

rad
has a convergent subsequence in LF (H") and J restricted to L ,(H") satisfies
the Palais-Smale condition. As above, we obtain an unbounded sequence of critical
points of J, which finishes the proof. O

6. PrROOF OoF THEOREM [I.4]

For the proof we have to analyze the unique solution of the ODE initial value
problem

_u//_fl(r)u/_ M = T | ulP2u u = u’ =
(6.1 P V=T, ) =7, 7 (0) =0

where v will be assumed to be positive without loss of generality. The first step is
to find suitable bounds for u,u’,u”. To this end we introduce the positive function

1 1 1
(6.2) Z(r) = §u'(r)2 + §V(T)U(T)2 + =T(r)|u(r)P.
p
From f’ > 0 and (H2),(H3) we get that there is an integrable function m such that

7)) B ) (" (r) + ()U(T)+F(T)IU(7‘)I’”’QU(7“))

V) + T ()
(6.3)
D L) |2 £V + ()
< m(r)Z(r)
and thus
(6.4) 2(r) < Z(0) exp (/OOO m(s) ds) for all 1 > 0,

Since I' is nonnegative and V' is positive we deduce that u, v, u” exist globally.
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Next we show that u has an unbounded sequence of zeros. Indeed, the function
v(r) := f(r)"/?u(r) satisfies
v"(r) + e(r)v(r) =0, where
_p) S0P
2f(r) ~ 4f(r)?

= TP + V() - 5 los(f)"(r) — 1

65 ) =TOREP+V()

(log(f)'(r))*

From I" > 0, (H1), (H2) we deduce

(2
liminf ¢(r) > Voo — — > 0.

r—»00 4

Hence, the function c is uniformly positive near infinity so that Sturm’s oscillation
theorem implies that v and hence u has an unbounded sequence of zeros.

Next we prove the estimates (IL4]). To this end we define

(6.6) 0(r) = 5002 + 1) (V02 + TP )

where V(r) := V(r) — %2. Differentiation yields
1~ 1
1/}/ — ' + f/ <—Vu2 + —F|u|p>
2 p
1~/ 2 1 /1, |P ( / p—2 /
+f §V u” + 1—)F |ulP + (Vu + TlulP~“u)u
B _ + fu' (Vu + TlulP~%u)
1~ 1 1 1
+ f (—Vu2 + —F|u|p) +f <—V’u2 + —F/|u|p)
2 p 2 p
1 .
= —cvv’ + (fl/Qv’ — §f’f1/2v) (Vu + T|ulP%u)
1~ 1 1 1
+ f (—Vu2 + —F|u|p) +f (—V’u2 + —I"|u|p)
2 p 2 p
X 7 -2 ! 1 1 U 1 /1,2 1 !
:(—c+V+F|u|p )vv +(]—j—§)fF|u|p+f §Vu +;F|u|p

:(f_”_ﬂ_fﬁ)m,f

1 1.7 1 1

+ (= =) ET|uff2+ V' + —F’|u|p2) v,
<(p 2) f 2 p

To prove the upper bounds in (4] we prove an upper bound for ¢ as follows. From

the previous identity we get on the interval [R, 0o) for large R

1 "2 2 2 N\2 V/| 1 - 1

,<f_7(f)71€_1}+(’0)+ | - <—V+—F p—2>2

—|2f  4f? 4 2 min(p o) V' AV D u !
f// (f/)? H2

of 452 4

(8

1
< - + |V’ +7n) .
min{1, minig o) V'} ( Vil v

Here we used p > 2, f' > 0,I' > 0 and ming V > 0 for sufficiently large R by
(H2). Since the prefactor is integrable over [R, 00) and 1) is positive on this interval,
we infer from Gronwall’s inequality that

U(r) < CY(R) forallr > R
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where C' is independent of v. Combining this inequality, the simple inequality

J'(R)? )
v <2 (1) + ) 2y
and ([G4) we get for some A > 0 independent of ~
Z(r) + |(r)| < AZ(0) = A(V(0)y* +T(0)|y[?)  for all > 0.

This proves the upper estimate in ([L4)). This upper estimate may be used in the
proof of the lower estimate. Indeed, |u(r)| < C, (1 4 f(r))~'/? implies

P R ) . v
' | = B T TI d 2  UC R L B,
1 I (f/)2 K2 —2 ¢l p—p/2 )
- — (5= — 2 — | T eC PR LV + :
~ min{l, ming o) V'} (‘Qf 412 4 ITlloC5 1 Vildm ) v

Again, the prefactor is integrable over [R, c0) and we obtain
P(r) > c(R) for all r > R

where ¢ only depends on the L'-norm of this prefactor. Since u oscillates, we may
choose R such that additionally u(R)u'(R) = 0 holds. For such R one has the
simple inequality ¥)(R) > f(R)Z(R) so that the differential inequality for Z’ finally
yields a positive number B > 0 independent of v such that

Y(r) > BZ(0) = B(V(0)y* +T(0)|y[?)  for all » > 0.
This finishes the proof of (4. O
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