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NONDISPERSIVE DECAY FOR THE CUBIC WAVE EQUATION

ROLAND DONNINGER AND ANIL ZENGINOGLU

We consider the hyperboloidal initial value problem for the cubic focusing wave equation
(=37 + D00 0) +0(,x)° =0, xR,

Without symmetry assumptions, we prove the existence of a codimension-4 Lipschitz manifold of initial
data that lead to global solutions in forward time which do not scatter to free waves. More precisely, for
any § € (0, 1), we construct solutions with the asymptotic behavior

1
-1y
lv— U0||L4(z,2z)L4(B(1,5)t> St

as t — 00, where vy (t, x) = «/i/t and B(j_s; :={x € R3: x| < (1 —8)r).

1. Introduction
We consider the cubic focusing wave equation
(=07 + Anv(t, x) +v(t, x)* =0 (1-1)
in three spatial dimensions. Equation (1-1) admits the conserved energy
EQ(t, ), vi(t,-)) = 310, ) vt D1 oy — 5 10E D e

and it is well-known that solutions with small H' x L2(R?)-norm exist globally and scatter to zero [Strauss
1981; Mochizuki and Motai 1985; 1987; Pecher 1988], whereas solutions with negative energy blow up in
finite time [Glassey 1973; Levine 1974]. There exists an explicit blowup solution v7 (f, x) = V2 /(T —1),
which describes a stable blowup regime [Donninger and Schorkhuber 2012b] and the blowup speed (but
not the profile) of any blowup solution [Merle and Zaag 2005]; see also [Bizofi et al. 2004] for numerical
work. By the time translation and reflection symmetries of (1-1) we obtain from vy the explicit solution
vo(t, x) = ~/2/t, which is now global for ¢ > 1 and decays in a nondispersive manner. However, in the
context of the standard Cauchy problem, where one prescribes data at t = #o for some fy and considers
the evolution for ¢ > fg, the role of vy for the study of global solutions is unclear because vy has infinite
energy. In the present paper we argue that this is not a defect of the solution v but rather a problem of
the usual viewpoint concerning the Cauchy problem. Consequently, we study a different type of initial
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value problem for (1-1) where we prescribe data on a spacelike hyperboloid. In this formulation there
exists a different “energy” which is finite for vy.

Hyperboloidal initial value formulations have many advantages over the standard Cauchy problem
and are well-known in numerical and mathematical relativity [Eardley and Smarr 1979; Friedrich 1983;
Frauendiener 2004; Zenginoglu 2008]. However, in the mathematical literature on wave equations in flat
spacetime, hyperboloidal initial value formulations are less common (with notable exceptions such as
[Christodoulou 1986]). We provide a thorough discussion of hyperboloidal methods in Section 2, where
we argue that the hyperboloidal initial value problem is natural for hyperbolic equations in view of the
underlying Minkowski geometry.

To state our main result, we consider a foliation of the future of the forward null cone emanating from
the origin by spacelike hyperboloids

— CIPUE S B S
ET._{(t,x)e[Rx[R.t_ 2T+ 4T2—|—|x| },

where T € (—o00, 0). Each X7 is parametrized by

CDTIB|T|CR3—>R4’ CDT(X)=(—T2_T|X|2, T2—X|X|2)’
where Bg :={X € R*: |X| < R} for R > 0. The ball Byr| shrinks in time as 7 — 0—, but its image under
®7 is an unbounded spacelike hypersurface in Minkowski space. The transformation (7', X) — ®7(X)
has also been used by Christodoulou [1986] to study semilinear wave equations and is known as the Kelvin
inversion [Tao 2008]. Note that in four-dimensional notation it can be written as X* — — X" /(X" X,)
(up to a sign in the zero component). To illustrate the resulting initial value problem, we plot the spacelike
hyperboloids X7 for various values of 7' € (—oo, 0) in a spacetime diagram (left panel) and in a Penrose
diagram (right panel) in Figure 1 along with a null surface emanating from the origin. In our formulation of
the initial value problem we prescribe data on the hypersurface ¥_; and consider the future development.
We refer the reader to Section 2 for a discussion on hyperboloidal foliations and their relation to wave
equations.
We define a differential operator V,, by

(Vav) o @r(X) _ . (o ®r)(X)
rP—xp TP xpP

which one should think of as the normal derivative to the surface X7 (although this is not quite correct
due to the additional factor 1/(T? —|X|%)). Explicitly, we have

Vau(t, x) = (6% 4 |x|%) 8,v(t, x) +2tx7 d;v(t, x) + 2tv(t, x).

On each leaf X1 we define the norms

2
1olPsy, = /
(Z7) By

2

vOCDT(X) dX (1_2)

T2 — |X|2

qu)T(X)

X T2—|X|2

2
dX. vl s, = f v
Bir|
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Figure 1. The spacelike hyperboloids X7 in a spacetime diagram (left panel) and a
Penrose diagram (right panel) together with the null surface emanating from the origin
(thick line with 45 degrees to the horizontal). Compare Figure 2.

and we write || - ||12LI]():T) = - ”2F11(>:T) +|7T72) - IIiz(ET). We emphasize that

2 _ 2
l)()O(DT(X) = ﬁ%,

and thus, [lvoll g1,y + 11 VavollL2(s,) = |T|_%. Finally, for any subset A C R* we denote its future domain
of dependence by DT (A). With this notation at hand, we state our main result.

Theorem 1.1. There exists a codimension-4 Lipschitz manifold M of functions in H'(X_1) x L>(Z_;)
with (0, 0) € M such that the following holds. For data (f, g) € M the hyperboloidal initial value problem

(=02 + Ap)v(t, x) +v(t, x)* =0,
U|>:,l = U0|>:,1 +/
an‘z_l = ano|2_1 +g
has a unique solution v defined on DV (X _)) such that
IT12 (0 = voll 112y + 1 Vv = Vavoll2gzp)) S 17127
forall T € [—1,0). As a consequence, for any 6 € (0, 1), we have
v = voll 24,2024 Ba_sy) S it
ast — 090, i.e., v converges to vy in a localized Strichartz sense.

Some remarks are in order.

e As usual, by a “solution” we mean a function which solves the equation in an appropriate weak
sense, not necessarily in the sense of classical derivatives.
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e The manifold /M can be represented as a graph of a Lipschitz function. More precisely, let
% := HY(Z_)) x L*(£_)) and denote by Br(0) the open ball of radius R > 0 around 0 in
#€. We prove that there exists a decomposition # = ¥; @ ¥, with dim ¥, = 4 and a function
F : %, NBs(0) — ¥, such that M = {u+ F () : u € 31 NBs(0)} provided § > 0 is chosen sufficiently
small. Furthermore, F satisfies

- . TR
I1F @) — F)llse < 82l — vllse

for all i, v € %; NB5(0) and F(0) = 0.

o The reason for the codimension-4 instability of the attractor vg is the invariance of (1-1) under time
translations and Lorentz transforms (combined with the Kelvin inversion). The Lorentz boosts do
not destroy the nondispersive character of the solution vy whereas the time translation does — see
the beginning of Section 4 below for a more detailed discussion. In this sense, one may say that
there exists a codimension-one manifold of data that lead to nondispersive solutions. However, if
one fixes vy, as we have done in our formulation, there are 4 unstable directions.

There was tremendous recent progress in the understanding of universal properties of global solutions
to nonlinear wave equations, in particular in the energy critical case; see, for example, [Duyckaerts et al.
2012; 2013; Cote et al. 2012; Kenig et al. 2013]. A guiding principle for all these studies is the soliton
resolution conjecture, that is, the idea that global solutions to nonlinear dispersive equations decouple into
solitons plus radiation as time tends to infinity. It is known that, in such a strict sense, soliton resolution
does not hold in most cases. One possible obstacle is the existence of global solutions which do not scatter.
Recently, the first author and Krieger constructed nonscattering solutions for the energy critical focusing
wave equation [Donninger and Krieger 2013]; see also [Ortoleva and Perelman 2013] for similar results in
the context of the nonlinear Schrodinger equation. These solutions are obtained by considering a rescaled
ground state soliton, the existence of which is typical for critical dispersive equations. The cubic wave
equation under consideration is energy subcritical and does not admit solitons. Consequently, our result
is of a completely different nature. Instead of considering moving solitons, we obtain the nonscattering
solutions by perturbing the self-similar solution vy(z, x) = ~/2/t. This can only be done in the framework
of a hyperboloidal initial value formulation because the standard energy for the self-similar solution vy is
infinite.

Another novel feature of our result is a precise description of the data which lead to solutions that
converge to vg: They lie on a Lipschitz manifold of codimension 4. In this respect we believe that our
result is also interesting from the perspective of infinite-dimensional dynamical systems theory for wave
equations, which is currently a very active field; see, for example, [Krieger et al. 2013a; 2013b; 2012].

Finally, we mention that the present work is motivated by numerical investigations undertaken by
Bizon and the second author [Bizon and Zenginoglu 2009]. In particular, the conformal symmetry for
the cubic wave equation has been used in [Bizon and Zenginoglu 2009] to translate the (linear) stability
analysis for blowup to asymptotic results for decay. We exploit this idea in a similar way: If v solves
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(1-1) then u, defined by

(T. X) 1 T X vo ®r(X)
u s = vl — . = 5
T2—|X|2 T2—|X|2 T2—|X|2 T2—|X|2

solves (—8%+AX)M(T, X)4u(T, X)?> =0. The point is that the coordinate transformation (¢, x) — (T, X)
with
t X
T=—ryp' _ X=—->_
t2—|x|?’ t2—|x|?
maps the forward light cone {(z, x) : |x| < ¢, t > 0} to the backward light cone {(T, X) : |X| < —T, T <0}
and ¢ — oo translates into 7 — 0— (see Figure 1). Moreover,

1 ( T X ) ﬁ = uo(T, X)

= xPO\ " TP=XP =X ) T (-1)

and thus, we are led to the study of the stability of the self-similar blowup solution uq in the backward
light cone of the origin. In the context of radial symmetry, this problem was recently addressed by
Donninger and Schérkhuber [2012b]; see also [Donninger 2011; 2012; Donninger and Schorkhuber
2012a] for similar results in the context of wave maps, Yang—Mills equations, and supercritical wave
equations. However, in the present paper we do not assume any symmetry of the data and hence, we
develop a stability theory similar to [Donninger and Schérkhuber 2012b] but beyond the radial context.
Furthermore, the instabilities of ug have a different interpretation in the current setting and lead to the
codimension-4 condition in Theorem 1.1 whereas the blowup studied in [Donninger and Schorkhuber
2012b] is stable. The conformal symmetry, although convenient, does not seem crucial for our argument.
It appears that one can employ similar techniques to study nondispersive solutions for semilinear wave
equations (—8t2 + Av(t, x) +v(t, x)|v(t, x)|P~" = 0 with more general p > 3.

Notation. The arguments for functions defined on Minkowski space are numbered by 0, 1, 2, 3 and we
write 9, u € {0, 1, 2, 3}, for the respective derivatives. Our sign convention for the Minkowski metric
nis (—, +, +, +). We use the notation 9, for the derivative with respect to the variable y. We employ
Einstein’s summation convention throughout with Latin indices running from 1 to 3 and Greek indices
running from O to 3, unless otherwise stated. We denote by R(J{ the set of positive real numbers including 0.

The letter C (possibly with indices to indicate dependencies) denotes a generic positive constant which
may have a different value at each occurrence. The symbol a < b means a < Cb and we abbreviate
a<b<abya=x~b. We write f(x)~ g(x) for x - a if lim,_, f(x)/g(x) = 1.

For a closed linear operator L on a Banach space we denote its domain by @ (L), its spectrum by o (L),
and its point spectrum by o, (L). We write Ry (z) := (z — L)™' for z € p(L) = C\o (L). The space of
bounded operators on a Banach space ¥ is denoted by B(X).

2. Wave equations and geometry

In this section, we present the motivation for using hyperboloidal coordinates in our analysis and provide
some background. We discuss the main arguments and tools in a pedagogical manner to emphasize
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the relation between spacetime geometry and wave equations for readers not familiar with relativistic
terminology.

Geometric preliminaries. A spacetime (A, g) is a four-dimensional paracompact Hausdorff manifold
M with a time-oriented Lorentzian metric g. The cubic wave equation (1-1) is posed on the Minkowski
spacetime (R*, n). In standard time ¢ and Cartesian coordinates (x, v, z) the Minkowski metric reads

Minkowski spacetime is spherically symmetric, i.e., the group SO(3) acts nontrivially by isometry
on (R*, ). We introduce the quotient space 2 = R*/SO(3) and the area radius r : 2 — R such that the
group orbits of points p € 9 have area 4772(p). The area radius can be written as r = /x2 + y2 + 22
with respect to Cartesian coordinates. The flat metric can then be written as n = g +r2 do?, where g is a
rank-2 Lorentzian metric and do? is the standard metric on S%. Choosing the usual angular variables for
do?, we obtain the familiar form of the flat spacetime metric in spherical coordinates

n=—dt*+dr’ +r*d6* +sin’ 0 d¢?), (1,r,6,¢) R xR, x [0, 7] x [0, 27).

A codimension-one submanifold is called a hypersurface and a foliation is a one-parameter family of
nonintersecting spacelike hypersurfaces. A foliation can also be defined by a time function from J to the
real line R, whose level sets are the hypersurfaces of the foliation.

We can restrict our discussion of the interaction between hyperbolic equations and spacetime geometry
to spherical symmetry without loss of generality because the radial direction is sufficient for exploiting
the Lorentzian structure. Working in the two-dimensional quotient spacetime (2, ¢) also allows us to
illustrate the geometric definitions in two-dimensional plots.

Compactification and Penrose diagrams. It is useful to introduce Penrose diagrams to depict global
features of time foliations in spherically symmetric spacetimes. Penrose presented the construction of
the diagrams in his study of the asymptotic behavior of gravitational fields in 1963 [Penrose 2011]. A
beautiful exposition of Penrose diagrams has been given in [Dafermos and Rodnianski 2005]. As we are
working in Minkowski spacetime only, the main features of Penrose diagrams of interest to us are the
compactification and the preservation of the causal structure. See, for example, [Christodoulou 1986; Keel
and Tao 1998] for the application of Penrose compactification to study wave equations in flat spacetime.

The image of the Penrose diagram is a two-dimensional Minkowski spacetime with a bounded global
null coordinate system. Causal concepts extend through the boundary of the map. Consider the rank-2
Minkowski metric ¢ on the quotient manifold 9

q=—dt*+dr*, (t,r)eRxR}. (2-1)

To map this metric to a global, bounded, null coordinate system, define u =t —r and v =t +r for v > u,
and compactify by U = arctanu and V = arctan v. The quotient metric becomes
dvdU (—n/2<U<V <m/2).

1= cos2 VcostU
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Figure 2. The level sets of the standard time ¢ depicted in a spacetime diagram (left
panel) and a Penrose diagram (right panel) together with a characteristic line from the
origin. The boundary of the Penrose diagram includes the spatial origin and various
notions of infinity. Past and future timelike infinity are depicted by points i~ and i *. The
vertical line connecting i ~ and i is the spatial origin » = 0. Spatial infinity is denoted
by the point ;. Null curves reach past and future null infinity, denoted by .# ~ and .#*,
for infinite values of their affine parameter.

Points at infinity with respect to the original coordinates have finite values with respect to the compactifying
coordinates. The singular behavior of the metric in compactifying coordinates at the boundary can be
compensated by a conformal rescaling with the conformal factor €2 = cos V cos U, so that the rescaled
metric

§=Q%q=—-dUdv

is well defined on the domain (—n/2 < U <V <7 /2) including points that are at infinity with respect
to g. We say that g can be conformally extended beyond infinity.

The Penrose diagram is then drawn using time and space coordinates T = (V+4+U)/2and R=(V-U)/2
(see Figure 2). The resulting metric § = —dT? 4 d R? is flat. The combined Penrose map is given by

1 T+R T—R 1 T+R T—R
tr—>2(tan > + tan > ), r|—>2(tan 2 —tan > )

The boundary 39 = {T = £(r — R), R € [0, 7]} corresponds to points at infinity with respect to the
original Minkowski metric. Asymptotic behavior of fields on 2 can be studied using local differential
geometry near this boundary where the conformal factor 2 = cos T' + cos R vanishes. The part of the
boundary without the points at R =0, 7 is denoted by .# = {T = £(x — R), R € (0, 7)}. This part is
referred to as null infinity because null geodesics reach it for an infinite value of their affine parameter.
The differential of the conformal factor is nonvanishing at .#, dQ2| » # 0, and .# consists of two parts
#~ and ¥ referred to as past and future null infinity.
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Hyperboloidal coordinates and wave equations. Equipped with the tools above we now turn to the
interplay between wave equations and spacetime geometry. Consider the free wave equation

uy — Au=—n""9,9,u =0. (2-2)
Radial solutions for the rescaled field v := ru obey the two-dimensional free wave equation
Ut — Upp = 0, (2'3)

on (t,r) € [Ra' X [Rg with vanishing boundary condition at the origin. Initial data are specified on the t =0

hypersurface. The general solution to this system is such that the data propagate to infinity and leave

nothing behind due to the validity of Huygens’ principle. Intuitively, this behavior seems to contradict

two well-known properties of the free wave equation: conservation of energy and time reversibility.
The conserved energy for the free wave equation (2-3) reads

E(@) = /00 %(v,(t, )2 +v.(t, r)z) dr.
0

The conservation of energy is counterintuitive because the waves propagate to infinity leaving nothing
behind. One would expect a natural energy norm to decrease rapidly to zero with a nonpositive energy
flux at infinity. The conservation of energy, however, implies that at very late times the solution is in
some sense similar to the initial state [Tao 2008].

Another counterintuitive property of the free wave equation is its time reversibility, meaning that if
u(t, r) solves the equation, so does u(—t, r). Data on a Cauchy hypersurface determine the solution at
all future and past times in contrast to parabolic (dissipative) equations which are solvable only forward
in time due to loss of energy to the future.

Both of these counterintuitive properties depend on our description of the problem. We can choose
coordinates in which energy conservation and time reversibility are violated. Of course, it is always
possible to find coordinates which break symmetries or hide features of an equation. We argue below that
the hyperboloidal coordinates we employ emphasize the intuitive properties of the equation rather than
blur them.

The reason behind the conservation of energy integrated along level sets of ¢ can be seen in the Penrose
diagram Figure 2. The outgoing characteristic line along which the wave propagates to infinity intersects
all leaves of the ¢-foliation. When the energy expression is integrated globally, the energy of the initial
wave will therefore still contribute to the result. The hyperboloidal T-foliation depicted in Figure 1,
however, allows for outgoing null rays to leave the leaves of the foliation. Therefore one would expect that
the energy flux through infinity is negative when integrated along the leaves of the hyperboloidal foliation.

The wave equation (2-3) has the same form in hyperboloidal coordinates:

wrr —wgr =0,

T R
w(T,R)=v TR TI_R)

where
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Figure 3. Comparison of the future (light gray) and past (dark gray) domains of depen-
dence for the Cauchy surface ¢+ = 0 (left) and the hyperboloidal surface T = —1 (right).

Energy conservation and time reversibility seem valid for this equation as well, but here we have the
shrinking, bounded spatial domain R € [0, —T') where T — O—. The energy integrated along the leaves
of this domain

-T
E(w) = / 2 (wr (T, B>+ wg(T, R)*)dR
0

decays in time. The energy flux reads

g—g = —L(wr (T, =T) —wg(T, -T))’ <0.

The energy flux through infinity vanishes only if the solution is constant or is propagating along future
null infinity. When the solution has an outgoing component through future null infinity, the energy decays
in time. This behavior is in accordance with physical intuition.

Consider the time reversibility. The equation in the new coordinates is time-reversible, but the
hyperboloidal initial value problem is not. Formally, this is again a consequence of the time dependence
of the spatial domain given by R < —T. Geometrically, we see in Figure 3 that the union of the past and
future domain of dependence of the hyperboloidal surface T = —1 covers only a portion of Minkowski
spacetime whereas for the Cauchy surface ¢ = 0 such a union gives the global spacetime.

In summary, the hyperboloidal foliation given by the Kelvin inversion captures quantitatively the
propagation of energy to infinity and leads to a time-irreversible wave propagation problem. Further, the
transformation translates asymptotic analysis for t — oo to local analysis for 7 — 0—.

3. Derivation of the equations and preliminaries

First-order formulation and similarity coordinates. We start from (—8% +Ax)u(T, X)+u(T, X)>=0
in the hyperboloidal coordinates 7 = —t/(t> — |x|?), X = x/(¢*> — |x|*) for the rescaled unknown
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(T. X) 1 T X
u(l, = vl — s .
T2—|X|2 T2—|X|2 T2—|X|2

As discussed in the introduction, the domain we are interested inis 7 € [—1,0) and | X| < |T|. Our
intention is to study the stability of the self-similar solution uy(7) = \/5/ (—T). Thus, it is natural to

introduce the similarity coordinates

t=—log(-T), &=_—5 (3-1)

with domain 7 > 0 and |§| < 1. The derivatives transform according to
Ir =€ (0 +&70),  Oxs =€ .

This implies
97 = €T (97 + 0y + 267 0,0, +E/EX 9,01 + 287 B5))

and 8XJ. dyj = P 8;/. 85 j. Consequently, for the function
U(r,§) :==u(—e ", e 7§)
we obtain from (—8% +0x; 0x)u(T, X) +u(T, X)? = 0 the equation
[07 + 0; + 28700, — (8 — &78") 0,1 01 +2670,)]1U (1, 6) = e > U (1, £)’.

To get rid of the time-dependent prefactor on the right-hand side, we rescale and set U(t, §) = e ¥ (7, &),
which yields

[07 + 30, + 28700, — (8% — £765) 0 g + 4870, +20Y (1. &) = (1, §)°. (3-2)
The fundamental self-similar solution is given by
Yo(r.£) = e Tup(—e ", e TTE) = V2.
Writing ¥ = /2 + ¢ we find the equation
[02 + 33, +2879,;9; — (87% — £7E5)8,, 0k + 4878 + 21 (1, &)
=6¢(7,£) +3v2¢ (1,6’ + (1, §)°. (3-3)

In summary, we have applied the coordinate transformation

5:

T =—log "

- X
_|x|2’ t

with inverse
, e’ etE
= —, x =
1—&2 1—&2
and ¢ (7, &) solves (3-3) for T > 0 and || < 1 if and only if
2 1 t
v(t, x) = V2 + ;¢(— log 5—— f) (3-4)

t 12— |x|2 ¢t
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solves (—32 + A )v(z, x) +v(t, x)*> = 0 for (¢, x) € DT (Z_)).
We have dru(T, X) = ¥ (9; + §j8§_/ + Dy (t, &) and thus, it is natural to use the variables ¢; = ¢,
¢ =P +E/D ¢ + ¢ in a first-order formulation. We obtain

dop1 = —E79;¢1 — 1 + b2,

. . (3-5)
dodr = 0,071 —&70,pr — 2000 + 601 + 3V 267 + ¢7.
For later reference we also note that (3-4) implies
212 [x/ 2+ |x|?
2
2o, x) =—vV2— ——— (=0, b, 3-6
where it is understood, of course, that ¢(z, £) and ¢, (7, &) are evaluated at T = — log ﬁ and

E=x/t.

Norms. Since our approach is perturbative in nature, the function space in which we study (3-5) should
be determined by the free version of (3-5), i.e.,

dop1 = —E79;¢1 — 1 + 2,
dopo = ;071 —E70;¢0 — 2¢2.

The natural choice for a norm is derived from the standard energy H' x L? of the free wave equation. In
the present formulation this translates into

llp1(z, ')H[-']l(B) + [|p2(7, ‘)”LZ(B),

where B = {£ € R : || < 1}. However, there is a slight technical problem since this is only a seminorm
(the point is that we are working on the bounded domain B). In order to go around this difficulty, let us
for the moment return to the radial context and consider the free wave equation in R'*+3

Upp — Upr — ;ur =0,

in the standard coordinates ¢ and » = |x|. Now we make the following observation. The conserved energy
is given by

1 oo
E(u) = E/o [utz—l—uf]r2 dr.
On the other hand, by setting v = ru, we obtain

Vi — VUpr =0

with conserved energy % fooo[vt2 + vf] dr, or, in terms of u,
/ 1 [F 202 2
E(u):E ; [r u; + (ru, +u)ldr.

The obvious question now is: how are E and E’ related? An integration by parts shows that £ and E’
are equivalent, up to a boundary term lim, _, o, 71 (r)> which may be ignored by assuming some decay at
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spatial infinity. However, if we consider the /ocal energy contained in a ball of radius R, the boundary
term can no longer be ignored and one has the identity

R

R
Egp(u) = % / [r2u? + (ru, +u)*1dr = %RM(R)Z + % f [u? + u?]r? dr.
0 0

The expression on the right-hand side is the standard energy with the term %Ru(R)2 added. This small
modification has important consequences because unlike the standard energy, this now defines a norm.
Furthermore, E’ (1) is bounded along the wave flow since it is the local version of a positive definite
conserved quantity.

In the nonradial context the above discussion suggests to take

lo1(, I g1 gy + 1D1(T, Dllr2@m) + I102(T, )l L2(8)-

This norm is not very handy, but fortunately we have equivalence to H'! x L*(B) as the following result
shows.

Lemma 3.1. We have'
N My = W sy + 1 2By

Proof. For x € R? we write r = |x| and w = x/|x|. With this notation we have f(x) = f(rw) and
1
112 = /0 fa ) |f (re)? do (w)r*dr,

where do denotes the surface measure on the sphere. First, we prove || |25 S I f gy + 1 f 2 @m)-
By density it suffices to consider f € C*°(B). The fundamental theorem of calculus and Cauchy—Schwarz
imply

. 1 1/2
rf(ro) =/ Os[sf(sw)]ds < (/ |8,[rf(rw)]|2dr> .
0 0

Expanding the square and integrating by parts yields

1 1 1 1
/ 0,1 f reo) |12 dr = f 19, f (ra)Pr dr + / F o Lf ro) ) dr + / ) dr
0 0 0 0

1
— 1 @P+ / 0, f reo) 22 dr
0
and thus,
1
Pl o)l < | f @)+ / /9, Fra)Pr dr.
0

Integrating this inequality over the ball B yields the desired estimate. In order to finish the proof, it
suffices to show that || fll.255) S | f | 1), but this is just the trace theorem (see, e.g., [Evans 1998,
p. 258, Theorem 1]). O

L A5 usual, AN L2(0B) has to be understood in the trace sense.
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4. Linear perturbation theory

The goal of this section is to develop a functional analytic framework for studying the Cauchy problem
for the linearized equation

dop1 = —E79,¢1 — 1 + ¢,
dopo = 9,071 —E73;2 — 2¢0 + 66b. (4-1)

The main difficulty lies with the fact that the differential operators involved are not self-adjoint. It is thus
natural to apply semigroup theory for studying (4-1). Before doing so, however, we commence with a
heuristic discussion on instabilities. The equation (—8% + Ax)u(T, X) +u(T, X)> =0 is invariant under
time translations T — T — a and the three Lorentz boosts for each direction X/

T +— T cosha— X/sinha,
X/ +— —Tsinha+ X/ cosha,
Xt = XE(k# ),
where a € R is a parameter (the rapidity in case of the Lorentz boost). In general, if u, is a one-parameter
family of solutions to a nonlinear equation F'(u,) = 0, one obtains (at least formally)

0=20,F(uy) = DF(uy)d,uq

and thus, d,u, is a solution of the linearization of F'(u) = 0 at u = u,. In our case we linearize around
the solution uo(T, X) = ~/2/(—T). The time translation symmetry yields the one-parameter family
uy (T, X) := ﬁ/(a — T) and we have 9,u,(T, X)|q=0 = —«/E/Tz. Taking into account the above
transformations that led from u to ¢, ¢, we obtain (after a suitable normalization) the functions

1T, &) =e", ¢o(r,§) =2e", (4-2)

and a simple calculation shows that (4-2) indeed solve (4-1). Thus, there exists a growing solution of
(4-1). Similarly, for the Lorentz boosts we consider

V2

ug, (T, X)=——
a.j( ) X/ sinha — T cosha

and thus, d,uy (T, X)|a=0 = —(\/i/ T?)X/. By recalling that X/ /(=T) =&/, this yields the functions

¢i1(r,6) =&, ¢a(r,§) =287, (4-3)

and it is straightforward to check that (4-3) indeed solve (4-1). This time the solution (4-3) is not growing
in T but it is not decaying either. It is important to emphasize that in our context, the time translation
symmetry leads to a real instability. The reason is that u, (T, X) = ~/2/(a — T) yields the solution

1 V2o V2
Pox? gy L r+a@—|x)
t2—|x|2

va(t, x) =
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of the original problem. This solution is part of a two-parameter family conjectured to describe generic
radial solutions of the focusing cubic wave equation [Bizon and Zenginoglu 2009]. If a # 0, v, (¢, x)
decays like 172 as t — oo for each fixed x € R3. This is the generic (dispersive) decay. On the other
hand, the Lorentz transforms lead to apparent instabilities since the function u, ; yields the solution
Vg, j(t,x) = V2/(t cosha+x/ sinha) of the original problem which still displays the nondispersive decay.
Consequently, we expect a codimension-one manifold of initial data that lead to nondispersive decay, as
mentioned in the introduction. Since we are working with a fixed ug, however, there is a four-dimensional
unstable subspace of the linearized operator (to be defined below). This observation eventually leads
to the codimension-4 statement in our Theorem 1.1. Note that other symmetries of the equation such
as scaling, space translations, and space rotations do not play a role in this context as the solution u is
invariant under these.

A semigroup formulation for the free evolution. We start the rigorous treatment by considering the free
wave equation in similarity coordinates given by the system

dop1 = —E79;¢1 — 1 + b2,
dopo = ;971 —E70;¢0 — 2¢02. (4-4)

From (4-4) we read off the generator

iou@):( —E0u1(€) — u (§) + ua(8) )

9;87u1(§) — &78,u2(8) — 2ux(§)
acting on functions in @(Lo) := H2(B)NC2(B\{0}) x H'(B)NC'(B\{0}). With this notation we rewrite
(4-4) as an ODE
4 o1y = Lod(2).
dt
The appropriate framework for studying such a problem is provided by semigroup theory, i.e., our goal is

to find a suitable Hilbert space # such that there exists a map Sp : [0, 00) — B(H) satisfying
* So(0) =idy,
e So(7)So(0) = So(t+0) forall 7,0 =0,
o lim;— o+ So(v)u = u for all u € ¥,
o lim;— o4+ (1/7)[So(r)u — u] = Lou for all u € @(Ly), where Ly is the closure of i,o.
Given such an Sy, the function ®(t) = Sy(t)P(0) solves d®(7)/dt = Lyd (7).

Motivated by the above discussion we define a sesquilinear form on JH:=H' (B)NC'(B)x L*(B)NC(B)
by

(u|v) 1=/B8ju1(§)3jv1(5)dé+/a ul(w)vl(a))d(f(w)Jr/Buz(E)vz(S)dé-

B

Lemma 3.1 implies that (- | -) is an inner product on %, and as usual we denote the induced norm by || - .
Furthermore, we write # for the completion of ¢ with respect to || - ||. We remark that € is equivalent to
H'(B) x L*(B) as a Banach space by Lemma 3.1.
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Proposition 4.1. The operator Lo : % (Lo) C % — % is closable and its closure, denoted by Ly, generates
a strongly continuous semigroup Sy : [0, 00) — B(HK) satisfying || So(r)|| < e37 forall T > 0. In
particular, we have o (Lg) C{z€ C:Rez < —%}.

The proof of Proposition 4.1 requires the following technical lemma.

Lemma 4.2. Let f € L?>(B) and & > 0 be arbitrary. Then there exists a function u € H>(B) N C?(B\{0})
such that g € L*>(B) N C(B\{0}), defined by

g(&) = — (87" —ETEN Y Bu(E) + 587 3;u(€) + Lu(®), (4-5)

satisfies || f — gll2py < &

Proof. Since C*®(B) C L*(B) is dense, we can find a § € C*°(B) such that || f — g|l;25) < &/2. We
consider the equation

— (87 — 67650, 0,u(8) + 587 0,u() + Fu(§) = §(®). (4-6)
In order to solve (4-6) we define p(£) = ||, w(§) = £/|&| and note that

=0, )0 )

5.
pE)=w;E), ") =" )

Thus, interpreting p and w as new coordinates, we obtain

E79ju(€) = pdyulpw),
ETER0;0ku(8) = &1 0 [E* 0peu(§)] — £/ 0ju (&) = p*0 u(pw)

as well as

d—1 8k — wlw

399 :u(pw) = [a2+ 3, + a1
J P 0 p pz

k
0 Ok — pe wjawj]u(pa)),

where d = 3 is the spatial dimension. Consequently, (4-6) can be written as

[—(1 . %ap 4508, + 14—5 - %Asz}u(pa)) = 3 (o), @-7)
where —Ag is the Laplace—Beltrami operator on S2. The operator —A g is self-adjoint on L?(S?)
and we have 0 (—Ag) =0,(—Ag) = {€(£ + 1) : £ € Np}. The eigenspace to the eigenvalue £(£ + 1)
is (2¢ + 1)-dimensional and spanned by the spherical harmonics {Y; , : m € Z, —¢ < m < £} which
are obtained by restricting harmonic homogeneous polynomials in R? to the two-sphere S?; see, for
example, [Atkinson and Han 2012] for an up-to-date account of this classical subject. We may expand g
according to

g(pw) = Z 8e,m (/O)Yé,m (w),

Lm
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where )7, is shorthand for )72 St __, and for any fixed p € [0, 1], the sum converges in L2(S2);
see [Atkinson and Han 2012, p. 66, Theorem 2.34]. The expansion coefficient g, ,,(0) is given by

gé,m(p) = (g(p -) I YZ,m)LZ(SZ) = /;2 g(pa))Yl,m(w) dO’(a))

and by dominated convergence it follows that g;,, € C*[0, 1]. Furthermore, by using the identity
Yom =14+ D1! (—Ag2)Yy ;, and the self-adjointness of —Ag2 on L?(S?), we obtain
1 ~
m(g(/o | (=As2)Yem) 252,
1
S L(e+1)
Consequently, by iterating this argument we see that the smoothness of g implies the pointwise decay
lgemllLe0.1) < Cayrt™™ for any M € N and all £ € N. Now we set

ge.m(p) =

((_Asz)g(/) ) | YZ,M)LZ(SZ)'

N
an®) =3 gen (DY (57)
Lm

and note that [[gn(p-) — g(0 )l 2(s2y = 0 as N — oo. Furthermore, by [lge.mllz>0,1) S 272 for all
£ € N we infer

sup llgn(o-) — 8o Hlirzs2y S1
pe(0,1)
for all N € N and dominated convergence yields

1
lew =2z = [ len (o) = 30y o7 dp — 0
0

as N — oo. Thus, we may choose N so large that || gy — gll 25y < €/2.
By making the ansatz u(pw) = Zév m Uem(P)Ye m(w) we derive from (4-7) the (decoupled) system

[—(1—/)2)32_—3 +5pdp+ 1 +Wp“)} tem(P) = gom(p) (4-8)

for £ € Ny, £ < N, and —¢ < m < £. Equation (4-8) has regular singular points at p = 0 and p = 1 with
Frobenius indices {£, —¢ — 1} and {0, —%}, respectively. In fact, solutions to (4-8) can be given in terms
of hypergeometric functions. In order to see this, define a new variable vy, by us ,(p) = pevg, m(p?).
Then, (4-8) with g, , = 0 is equivalent to

(1 =2)v) , (2) +[c = (a+ b+ Dzlvy , (2) — abvg m(z) =0 (4-9)

with a = %(% + E), b=a-+ %, c= % +¢,and z = p?. We immediately obtain the two solutions

3+2¢ 5+2¢ 3+4+2¢ 3+2¢ 5+42¢ 3
¢o,e(Z)=2F1( + + + ;Z), ¢1,2(Z)=2F1( + + )

4 0 4 2 i 4 T

where ; F is the standard hypergeometric function; see [Olver et al. 2010; Kristensson 2010]. For later
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reference we also state a third solution, q~51, ¢, given by

4 0 4 2 (4-10)

~ _1 3420 1422 1
re@)=(1-2) 22F1( toe A=l z)-
Note that ¢ ¢ is analytic around z = 0 whereas ¢ ¢ is analytic around z = 1. As a matter of fact, ¢; ,
can be represented in terms of elementary functions and we have

b1.0(2) = A=VT=0) 7 —(14+/1=2)""3]; (4-11)

1
2e4+1D/1—2 [
see [Olver et al. 2010]. This immediately shows that |¢; ,(z)| — oo as z — 04 which implies that ¢ ¢
and ¢, ¢ are linearly independent. Transforming back, we obtain the two solutions v/; ¢(p) = ote i, «(p?),
j=0,1, of (4-8) with g, ,, = 0. By differentiating the Wronskian W (o.¢, ¥1,¢) = 1//0’“0176 — 1//6’“01,@
and inserting the equation, we infer

3 2
W(@o,e, ¥1,0) (p) = (1 _pp2 - ;) W (W, ¥1.0)(0)s

which implies
Ce

W Wo,e, Y1,00(0) = ———— (4-12)
P2 (1 —p?)2
for some constant c¢y. In order to determine the precise value of ¢;, we first note that
¥ () =201 (0P + 0" B0 (07).
For the following we recall the differentiation formula [Olver et al. 2010]
d . ab .
Ezﬂ(a,b, c; Z)=?2F1(a+1,b+l,c+l,z), (4-13)

which is a direct consequence of the series representation of the hypergeometric function. Furthermore,
by the formula [Olver et al. 2010]

' e)'(a+b—c)

. __ _\a+b—c . — -
Z1_13}1_[(1 2) 2Fi(a, b, c; 2)] FOTh) (4-14)
valid for Re (a +b — ¢) > 0, we obtain
. ! F(3)r(; 4!
Jim [(1=2) 0, (] = — 5 20y it = 26+3 (4-15)

as well as
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where we used the identity I'(x)["(x + %) = n%2]_2xF(2x). This yields
ce = pP(1 = PP W (o0 ¥1.0(p)
= p2(1 = p?)2 plo.e (P20 (02 + 0" b1 0 (pD)]
— 02 (1= P2 p 1. (PDI2 B (0P + €0 o6 (0]
=2 lim (1= p*)39{,(0%)

— _ott3

By the variation of constants formula, a solution to (4-8) is given by

Y1.e(s) 8e.m(s) ds— v (p)/p Yo.0(s) 8em(s)
Voo, ¥1.0)(s) 1—s2 PO o W o wr10)(s) 1—s2

We claim that uy ,, € Cc%(0, 1]. By formally differentiating (4-16) we find

1
ugm(p) =—vo, (p)/ ds. (4-16)
l 0, , W(

ge.m(p)
1—p2

uy p(p) =— — Vo0 1.e(p) =¥ 1 (0)o.e(p),

where I;,, j = 0,1, denote the respective integrals in (4-16). This implies uy,, € C%(0, 1) but
u’e”m(,o) has an apparent singularity at p = 1. We have the asymptotics W6t€(p)11,g(p) ~(1—p)!
and ¥’ ,(p)o,¢(p) > 1 as p — 1—. Thus, a necessary condition for lim,—,1— uy,, (p) to exist is

ae = lim (1= PG (P I1e(0)] = —gem(D).
This limit can be computed by I’Hopital’s rule, i.e., we write

I .¢(p)

m = li
o = A= 29 (o]
: 11/,[(,0)
= lim " - B) p )
P= 1= —[(1 = p2) ¥ (2L = p2) Wy (p) = 20V 4 (0)]
We have

1 1 m 1

lim [(1— 024 1] ()] = —— Tim [0y c(p)gem(p)] = — S
ad cp p—>1— e

and thus it suffices to show that

= lim 1 5
e e=Im (1= p)2 = Py (P P71 [ = P29, (0))°
Note that

L, (1= )Y (p) =20V, (P) . (1= P79 () — 201 — P2 39, (p)

(4-17)

Vi (p) = 4029 ,(0%) + lower order derivatives,

Wé?g (p) =8p'*? d)((fz (0?) 4 lower order derivatives.
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Consequently, from the definition of ¢¢ , and equations (4-13) and (4-14), we infer
. 5 . 5
plmll [(1—p*) 29 ()] = 4 lll}l [(1 —2)2¢g ()] = =3¢y,
—1— 7—>1—

Jim (1= p?) gy ()] =8 lim [(1 -3¢ )] = ~15¢r,

which proves (4-17). We have g; ,, € C*°[0, 1] and thus, in order to prove the claim uy ,, € C?(0, 1], it
suffices to show that p — (1 — pz)ilf(’)iz(p)ll’g(p) belongs to C'(0, 1]. We write the integrand in /7 ¢ as

Vi1,0(s) gem(s)

W Wo.e, ¥1.0)(s) 1—s2

where in the following, O(1) stands for a suitable function in C*°(0, 1]. Consequently, we infer

I.e(p) = (1 — p)> O(1). We have o0 = gy ¢ + a1, where 1 ¢(p) := p'd1,¢(p*) — see (4-10) —
and ay, a, € C are suitable constants. This yields

W (o) = (1= p)20(1) + O(1)

5
and thus, (1 — p*)¥ () 11.e(p) = O(1) 4+ (1 — p)2 O(1). Consequently, p = (1 — p*) ¥ ,(0)I1.¢(p)
belongs to C'(0, 1] and by I’Hopital’s rule we infer uy ,, € C2(0, 1] as claimed.
Next, we turn to the endpoint p = 0. The integrand of 7; ; is bounded by C;p~¢*! and thus, we obtain

= (1—-5)20(1),

11 e(p)] S 1 for ¢ € {0, 1},
[112(p)| S llog pl,
1.0(0) Sp~ 2 foreN,3<C<N,

for all p € (0, 1]. The integrand of Iy, is bounded by C¢p“*? and this implies |1 ¢(p)| < pt*3 for all
p €[0,1]and £ € Ny, £ < N. Thus, we obtain for all p € (0, 1] and k € {0, 1, 2} the estimates

k
us (0] < 1,

k _
Y, ()] S PO,

(4-18)
S ()| < p*Fllog pl + p*7*,
u (0) S p** foreN,3<C<N.
Now we define the function u : B \{0} - C by
- 3
u(§) = Z”E,mﬂé}_DY&m(E)- (4-19)
Lm

From the bounds (4-18) we obtain® [9;du ()| < |£]~! which implies u € H*(B) N C?(B\{0}) and by
construction, u satisfies

—(8F —ETEM) 3 0ku(E) + 567 d;u(E) + Lu(®) = gn (8),

2 Note that Yg (@) = 1/+/47.
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where || f —gnllr2g) < I1f — &ll2) + 118 — gnll2s) <€ O
Proof of Proposition 4.1. First note that Ly is densely defined. Furthermore, we claim that

Re (Lou |u) < —3|ul? (4-20)
forall u € @(io). We write [iou]A for the A-th component of iou, where A € {1, 2}. Then we have

W[ Loul (€) = —£7 8011 (£) — 201 (€) + dua (€).
By noting that
Re [0 0191011 = §0; (kw101 ],
§19;1(6) = 81187 F ()] =3[ &),

we infer
Re [£/9;0ku1 (§)0%u1 (§)] = 30 (67 dur (€)3%u1 (€)] — 3y (€)3Fuy (£),

and the divergence theorem implies
Re / oc[Loul1 () 8% u1(8) dg
B

=—%f akm(w)akul(w)da(w)—%f o1 (&) 0Fuy (B) dE +Re/ Btz (£) OFuy (8) dE.
0B B B

Furthermore, we have

/ajaful(é)uz@)dé:/a wfajul(w)m(w)do(w)—/ 811 (€) T ur €) di
B B B

and
Re/éjajuz(é)uz(é)dé=%f |u2(w)|2d0(w)—%/ lua (€)1 d,
B B B
which yields
Re [ [Louh )@ e

=Re / ®'dju1(@)uz(@) do (@) = 5lu2ll72 5 — Re / 0ju1(§)d/uz(§) dé — 3 lluall3s -
dB B
In summary, we infer
Re (Lo | ) =~y g, = Szl + [ At)do)
with
A@) = =5 u1 (@) = Jlui(@)]* = 3| Vui (@) = S luz ()

—Re [0/ dju; (®)u; (®)] + Re [0’ 3u1 (w)uz(w)] + Re [uz(w)u; (w)]

1 2
< —3lur(@)|,
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where we have used the inequality
Re (ab) +Re (ac) —Re (be) < (lal* + |b]* +|c[*), a,b,ceC
which follows from 0 < |a — b — ¢|?. This proves (4-20).
The estimate (4-20) implies
~ 2 ~ ~ 2
|2 = (Lo + Dlu|” = 2% ul* —2aRe (Lo + Hu | u) + [|(Lo + Du]
> 2 |u|?

for all A > 0 and u € @(Ly). Thus, in view of the Lumer—Phillips theorem [Engel and Nagel 2000,
p. 83, Theorem 3.15] it suffices to prove density of the range of A — L for some A > —%. Let f e
and ¢ > 0 be arbitrary. We consider the equation (A — Lo)u = f. From the first component we infer

ury =£79 ju1 + (A + Duy — f1 and inserting this in the second component we arrive at the degenerate
elliptic problem

—(07 —&7890;u(&) + 200 +2)878;u®) + G+ DO+ 2u@) = (&) (4-21)

foru =u; and f(§) := Ejajfl &)+ (A+2)f1(§) + f2(£). Note that by assumption we have f € L*(B).
Setting A = % we infer from Lemma 4.2 the existence of functions u € H*(B)N CZ(E\{O}) and g € L*(B)
such that

_((gjk _g:jgk)ajaku@) +5$j3ju(§) + %u(é) =g(§)

and || f — glli2) < e Weset uy = u, ur(§) = EIDju(E) + 3u — fi. g = fi, and g(§) =
g(&)—&73; fi(§) — 3 fi(£). Then we have u € (L), g € %,

If—gll= I f2—82llz2ey = 1 f —gllizp) <€

and by construction, (% - io)u = g. Since f € 9 and ¢ > 0 were arbitrary, this shows that rg (% - f,o)
is dense in ¥, which finishes the proof. U

Well-posedness for the linearized problem. Next, we include the potential term and consider the system

dop1 = —E'3;¢1 — 1 + 2,
dopr = 3,07 Pp1 —&70;¢r — 2¢2 + 6¢1.

We define an operator L’, acting on ¥, by
0
L = )
u(®) <6u1>
Then we may rewrite (4-22) as an ODE
d

.20 = (Lo +LH®(r)

(4-22)

for a function @ : [0, c0) — .
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Lemma 4.3. The operator L := Lo+ L’ :%(Lg) C % — ¥ generates a strongly continuous one-parameter
semigroup S : [0, 00) — B(HK) satisfying |S(T)|| <e =2 FIL T, Furthermore, for the spectrum of the
generator we have o (L)\o (Lo) = o, (L).

Proof. The first assertion is an immediate consequence of the bounded perturbation theorem of semigroup
theory; see [Engel and Nagel 2000, p. 158, Theorem 1.3]. In order to prove the claim about the
spectrum, we note that the operator L' : % — % is compact by the compactness of the embedding
H'(B) — L?(B) (Rellich—-Kondrachov) and Lemma 3.1. Assume that A € o (L) and A ¢ o (L¢). Then we
may write A— L =[1—L'Ry,(1)](A— Lo). Observe that the operator L' Ry, (A) is compact. Furthermore,
1 € o (LR, (1)) since otherwise we would have A € p(L), a contradiction to our assumption. By the
spectral theorem for compact operators we infer 1 € o,(L'Rr,(1)) which shows that there exists a
nontrivial f € ¥ such that [1 — L'Ry,(1)]f = 0. Thus, by setting u := Ry (1) f, we infer u € B(Ly),
u #0,and (A — L)u = 0 which implies A € 0},(L). O

Spectral analysis of the generator. In order to improve the rough growth bound for § given in Lemma 4.3,
we need more information on the spectrum of L. Thanks to Lemma 4.3 we are only concerned with point
spectrum. To begin with, we need the following result concerning % (Lg).

Lemma4.4. Let§ € (0,1) and u € 9(Lg). Then
ulp, , € H*(Bi_s) x H'(B1_s),
where Bi_s := {6 e R3: || < 1 —8).

Proof. Letu € 9(Lg). By definition of the closure there exists a sequence (u,,) C Qb(io) such that u,, —> u
and Lou, — Lou in % as n — 0o. We set fui= Lou,, and note that fue H(B)NCY(B) x L>(B)NC(B)
for all n € N by the definition of % (Lo). We obtain us, (§) = éjajuln(é) +u1, (&) + fin(€) and

— (87 — €788 0u1n (§) + 487811, (§) + 211, (§) = fu (&), (4-23)

where f,(§) := —Efajfln(é) — 2 f1n (&) — f2,(§); compare (4-21). By assumption we have f, — f in
L?(B) for some f € L?(B). Since

@ =&l ne = I = [EP > = Sl

forall £ € Bj_sp and all n € R3, we see that the differential operator in (4-23) is uniformly elliptic on
Bi_s/2. Thus, by standard elliptic regularity theory (see [Evans 1998, p. 309, Theorem 1]) we obtain the
estimate

”uln”Hz(B],g) S C(S(”Mlﬂ”Lz(Bl,a/z) + ”fn”Lz(Bl,(;/g)) (4_24)

and since u,, — u in ¥ implies u;, — u; in L?*(B), we infer uilp,_; € H?(Bi_s). Finally, from
U (§) = §70u1,(§) +u1n () + f1a(§) we conclude us|p, , € H'(B1_s). O
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The next result allows us to obtain information on the spectrum of L by studying an ODE. For the
following we define the space Hrgd (a, b) by

b b
150 i = / () *p? dp + / |f (o) 0% dp.
ra ’ a a

Lemma 4.5. Let A € 0,(L). Then there exists an £ € Ny and a nonzero functionu € C*(0, )N Hrlad(O, 1)
such that

~(1= P (0) = 2 (0) + 20+ D (p) + [0+ D +2) = 6lutp) + o) =0 (4-25)

forall p € (0, 1).

Proof. Let u € 9(L) = 9(L) be an eigenvector associated to the eigenvalue A € o,(L). The spectral
equation (A — L)u = 0 implies u,(§) = Sjajul(é) 4+ A4+ Du;(€) and

— (87" ~ 7619 0u1(§) + 200+ 2)&78;u1 (§) + [+ 1D (3 +2) — 6lu1 (§) =0 (4-26)

(compare (4-21)), but this time the derivatives have to be interpreted in the weak sense since a priori we
merely have u;| € H?*(Bi_s)NH'(B) and u, € H'(B;_s) N L*(B) by Lemma 4.4. However, by invoking
elliptic regularity theory [Evans 1998, p. 316, Theorem 3] we see that in fact u; € C*°(B) N H!(B). As
always, we write p = |£| and w = &/|£€|. We expand u; in spherical harmonics, i.e.,

o.¢]

w1 (pw) =Y e m(p)Yem(®) (4-27)

Lm

with ug , (0) = (u1(p -)|Ye,m)12(s2) and for each fixed p € (0, 1), the sum converges in L2(5?). By
dominated convergence and u; € C*°(B) it follows that uy ,, € C*°(0, 1). Similarly, we may expand
dpu1(pw) in spherical harmonics. The corresponding expansion coefficients are given by

@pu1(0 ) [ Yem) 252y = 0p (o) [ Yem) 12(s2) = Opttem(p)

where we used dominated convergence and the smoothness of u; to pull out the derivative 9, of the inner
product. In other words, we may interchange the operator d, with the sum in (4-27). Analogously, we
may expand Agu;(p -) and the corresponding expansion coefficients are

(Agaur(p ) | Yem)asry = wi(p-) | As2Yem)r2(s2) = =€+ Dugm(p).

Thus, the operator Ag> commutes with the sum in (4-27). All differential operators that appear in (4-26)
are composed of d, and A and it is therefore a consequence of (4-26) that each u, ,, satisfies (4-25)
for all p € (0, 1). Since at least one u, ,, is nonzero, we obtain the desired function u € C*°(0, 1). To
complete the proof, it remains to show that u, ,, € Hrlad (0, 1). We have

le.m (P = [@1(p ) | Yem)r2sm| < llur(o )l z2es
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and thus,

/0 im0 dp < /0 - W52y 0” dp = llur 132 5.
Similarly, by dominated convergence,
1Btte,m(P)| = [@put1(0 ) | Yeu) 25| S 1Vu1(p )l 252y
and thus, 1
/0 g (P07 dp S VULl 7a -
Consequently, u; € H'(B) implies Upm € Hr;d(O, 1). O
Proposition 4.6. For the spectrum of L we have
o(L) C{zeC:Rez<—3}U{0, 1}.

Furthermore, {0, 1} C 0,(L) and the (geometric) eigenspace of the eigenvalue 1 is one-dimensional and

w1y = (;)

whereas the (geometric) eigenspace of the eigenvalue 0 is three-dimensional and spanned by

o (& :
Proof. First of all, it is a simple exercise to check that Lu(§; 1) =u(§; 1) and Lu ;(§;0)=0for j =1, 2, 3.
Since obviously u(-; 1), u;(-;0) € QD(I:O), this implies {0, 1} C o, (L).
In order to prove the first assertion, let A € o (L) and assume Re A > —%. By Proposition 4.1 we

spanned by

have A ¢ o (L) and thus, Lemma 4.3 implies A € 0,,(L). From Lemma 4.5 we infer the existence of a
nonzero u € C*°(0, 1) N Hlad(O, 1) satisfying (4-25) for p € (0, 1). As before, we reduce (4-25) to the

T

hypergeometric differential equation by setting u(p) = pv(p?). This yields
Z(1—2)v"(2) +[c—(a+ b+ 1)z]V'(z) —abv(z) =0, (4-28)

witha = S(=1+€+X),b=3@4+L+1),c=3+¢ and z = p°. A fundamental system of (4-28) is
given by’

$1e(z;2) =2F1(a,b,a+b+1—c;1—-2),

$re(z ) =1 =) 2Fi(c—a,c—b,c—a—b+1;1-2)
and thus, there exist constants ¢, (1) and ¢, (1) such that

V() = ceW)p1,e(z3 )+ ()P e(z; 1.

3Strictly speaking, this is only true for c —a — b = —A # 0. In the case A = 0 there exists a solution q~)1’ ¢ which behaves like
log(l—2z)asz— 1—.
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The function ¢; ¢(z; A) is analytic around z = 1 whereas (Igl‘g(Z; X))~ (1—z)"*as z — 1— provided A # 0.
In the case A =0 we have él,g(z; A) ~log(l —z)asz— 1—. Since u € Hrlad(O, 1) implies v € H' (%, 1)
and we assume Re A > —%, it follows that ¢¢(A) = 0. Another fundamental system of (4-28) is given by
$0,¢(z; 1) =2F1(a, b, ¢; 2),

ng,z(z; MN=z"%Flla—c+1,b—c+1,2—¢;2),

=3 as z — 04, we see that the function p — p‘Zng,o(pz) does not belong to
Hrlad(O, %). As a consequence, we must have v(z) = dy(A)¢o ¢(z; A) for some suitable dy(A) € C. In
summary, we conclude that the functions ¢g ¢(-; A) and ¢ ¢(-; 1) are linearly dependent and in view of

and since qgo,g(z; A~z

the connection formula [Olver et al. 2010]

_ rd—ol@+b+1- C)¢0,e(Z; )+ MNe—Dlr'(@a+b+1- C)<i~)0,z(2; )
Fa+1—c)'b+1—c) I'(a)T (D)

this is possible only if @ or b is a pole of the I'-function. This yields —a € Ny or —b € Ny and thus,

%(1 —L—X) eNor —%(44—@—1—)») € Np. The latter condition is not satisfied for any £ € Ny and the former

one is satisfied only if (¢, 1) = (0, 1) or (£, 1) = (1, 0), which proves o (L) C {z € Rez < —%} U {0, 1}.

Furthermore, the above argument and the derivation in the proof of Lemma 4.5 also show that the

¢1,0(z; 1)

geometric eigenspaces of the eigenvalues 0 and 1 are at most three- and one-dimensional, respectively. [

Remark 4.7. According to the discussion at the beginning of Section 4, the two unstable eigenvalues 1
and 0 emerge from the time translation and Lorentz invariance of the wave equation.

Spectral projections. In order to force convergence to the attractor, we need to “remove” the eigenvalues
0 and 1 from the spectrum of L. This is achieved by the spectral projection

1
P:= —,/(Z—L)—ldz, (4-29)
27 y

where the contour y is given by the curve y (s) = % + %62” is s € [0, 1]. By Proposition 4.6 it follows
that y (s) € p(L) for all s € [0, 1] and thus, the integral in (4-29) is well-defined as a Riemann integral
over a continuous function (with values in a Banach space, though). Furthermore, the contour y encloses
the two unstable eigenvalues 0 and 1. The operator L decomposes into two parts:

L,:tgPNYL)—>r1ghl, L,u=Lu,
L;:kerPN%(L) —> kerP, Lsu=Lu,

and for the spectra we have o (L,) = {0, 1} as well as o (Ly) = o (L)\{0, 1}. We also emphasize the
crucial fact that P commutes with the semigroup S(r) and thus, the subspaces rg P and ker P of ¥
are invariant under the linearized flow. We refer to [Kato 1995] and [Engel and Nagel 2000] for these
standard facts. However, it is important to keep in mind that P is not an orthogonal projection since L is
not self-adjoint. Consequently, the following statement on the dimension of rg P is not trivial.

Lemma 4.8. The algebraic multiplicities of the eigenvalues 0, 1 € o,,(L) equal their geometric multiplici-
ties. In particular, we have dimrg P = 4.
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Proof. We define the two spectral projections Py and P; by

P, = L z—L)y'dz, ne{0,1)
2ri J,,
where y(s) = 3™ and y1 (s) = 1+ 2¢>™' for s € [0, 1]. Note that P = Py+ P and PyP; = P, Py =0;
see [Kato 1995]. By definition, the algebraic multiplicity of the eigenvalue n € 0,(L) equals dimrg P,.
First, we exclude the possibility dimrg P,, = co. Suppose this is true. Then n belongs to the essential
spectrum of L, i.e., n — L fails to be semi-Fredholm [Kato 1995, p. 239, Theorem 5.28]. Since the essential
spectrum is invariant under compact perturbations (see [Kato 1995, p. 244, Theorem 5.35]), we infer
n € o(Lyp), which contradicts the spectral statement in Proposition 4.1. Consequently, dimrg P, < oo.
We conclude that the operators L ;) := L] p,na (L) are in fact finite-dimensional and o (L)) = {n}. This
implies that n — L, is nilpotent and thus, there exist m, € N such that (n — L,))"" = 0. We assume
m,, to be minimal with this property. If m,, = 1 we are done. Thus, assume m, > 2. We first consider
L o). Since ker L is spanned by {u;(-;0): j =1, 2, 3} by Proposition 4.6, it follows that there exists a
u € rg PyNP(L) and constants ¢y, ¢z, c3 € C, not all of them zero, such that
3 £
Lou® =Lu@) =Y cju;(&; 0) = (ch ) .

O chsj

This implies uy(§) = $j8ju1($) +ui(§) +cj$j and thus,

1
—( — 740,000 ) + 480100 ) — €)= ~5¢,8T =181 3 En¥im(157):

m=—1
As before in the proof of Lemma 4.5, we expand u; as
o0
i) =Y uenEDYen(i55)
L,m
and find
—(1=pHuf ,(p) — %ui,m(p) +4puy ,, (p) —du1m(p) + %Ml,m(p) =Cmp- (4-30)

For at least one m € {—1, 0, 1} we have ¢,, # 0 and by normalizing u , accordingly, we may assume
¢m = 1. Of course, (4-30) with ¢,, = 0 is nothing but the spectral equation (4-25) with £ = 1 and
A =0. An explicit solution is therefore given by 1/ (p) = p which may of course also be easily checked
directly. Another solution is ¥ (p) := ¥,1(p; 0) = péo,1(p?; 0), where ¢y o( - ; 0) is the hypergeometric
function from the proof of Proposition 4.6. We have the asymptotic behavior V(p)~p2asp— 0+
and | (p)| =~ | log(1 — p)| as p — 1—. By the variation of constants formula we infer that Uy, must be
of the form

B - P y(s) s - P Y(s) s )
ul,mm)—cw<p>+cw<p>+w<p>/po o T ds w(m/pl oo @
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for suitable constants ¢, ¢ € C, pg, p1 € [0, 1] and

~ d
W(p) =W, ¥)(p) = 2= p7)

where d € R\{0}. Recall that u; € H 1(B) implies uy , € HrLd(O, 1) and by considering the behavior of
(4-31) as p — 0+, we see that necessarily

~_/0 Y(s) s
c= ds,
o W(s)1—s2

~ P s [PV
ul,m(p) =cy(p)+v¥(p) \/;;0 W(s) 1 — 52 ds w(p)/(; Wis) 1 — 52

which leaves us with

Next, we consider the behavior as p — 1—. Since

/pM s ds'<1
o0 W(s)1—s2 ~

0

forall p € (0,1) and ¥ ¢ H!

rad(%, 1), we must have

P
lim vis) s ds =0.
p—>1=Jo W(S) 1—s2

This, however, is impossible since

=—s
W)l —s2 d

Thus, we arrive at a contradiction and our initial assumption mg > 2 must be wrong. Consequently, from

w(s) s 1 1

Proposition 4.6 we infer dimrg Py = dimker L = 3 as claimed. By exactly the same type of argument
one proves that dimrg P; = 1. O

Resolvent estimates. Our next goal is to obtain existence of the resolvent Ry, (1) € B(9) for L € H_ 1
{zeC:Rez > —% + €} and |)| large.

+€ =

Lemma 4.9. Fix € > 0. Then there exists a constant C > 0 such that Ry (1) exists as a bounded operator

on # forall A € H_%Jre with |A| > C.

Proof. From Proposition 4.1 we know that Ry, (1) € B(F) forall A € H_ |

e with the bound (see [Engel
and Nagel 2000, p. 55, Theorem 1.10])

R, (V)| < —.
IR, (M)l Rei+ 1

Furthermore, recall the identity Ry (A) = Ry, (A\)[1 — L'Rr,(A)]~". By definition of L’ we have

/ B 0
LRy, (M) f = (6[RLO(A)f]1) ’
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where we use the notation [g] for the k-th component of the vector g. Set u = Ry ,(A) f for a given f € .
Then we have u € @(Ly) and (A — Lo)u = f, which implies u,(§) = §j8ju1(§) + X+ Dui(€) — f1(é),
or, equivalently,

1 .
[Re, ) SN(E) = 5| ~&70/[Re, 00 F1 ) + Ry (S 1) + i6) |

Consequently, we infer

1
I[RL, (M) flill2s) S m[ll[RLo()»)f]l a1 egy + IRLy (M) f 12l 28y + 1 f1 ||L2(B)]
N
~ A1
which yields ||[L'Rr,(A)|| S1/|A+1| forall A € H_%Jré. We conclude that the Neumann series
o
[1—L'R, (W1 =) [L' R, )T
k=0
converges in norm provided |A| is sufficiently large. This yields the desired result. O

Estimates for the linearized evolution. Finally, we obtain improved growth estimates for the semigroup S
from Lemma 4.3 which governs the linearized evolution.

Proposition 4.10. Fix € > 0. Then the semigroup S from Lemma 4.3 satisfies the estimates

IS(0)(1 = P)fl| < CeS2F97 (1= P) £,
IS()Pf|| < Ce™ | P,

forallt > 0and f € .

Proof. The operator L, is the generator of the subspace semigroup Ss defined by S;(7) := S(7)|ker P-
We have o(Ly) C {z € C:Rez < —%} and the resolvent Ry (1) is the restriction of Ry (A) to ker P.
Consequently, by Lemma 4.9 we infer |Ry (1)|| S 1foralli e H_ Lie and thus, the Gearhart—Priiss—
Greiner theorem (see [Engel and Nagel 2000, p. 302, Theorem 1.11]) yields the semigroup decay
I1Ss(D)] < ¢(=2797_ The estimate for S (t) P follows from the fact that rg P is spanned by eigenfunctions

of L with eigenvalues 0 and 1 (Proposition 4.6 and Lemma 4.8). 0
5. Nonlinear perturbation theory
In this section we consider the full problem (3-5),

dop1 = —£0;01 — ¢1 + 2,

. . 5-1
dopa = 8,871 — 702 — 200 + 661 4 3V 267 + $7, G-b
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with prescribed initial data at t = 0. An operator formulation of (5-1) is obtained by defining the
nonlinearity

0
N := <3ﬁu$+u§) :

It is an immediate consequence of the Sobolev embedding H (B)— L?(B), pe[l,6],that N : % — %
and we have the estimate

IN@)—N@I| < lle—vllul+lvi) (5-2)
for all u, v € ¥ with ||u||, ||v|| < 1. The Cauchy problem for (5-1) is formally equivalent to

d _
Ecp(f) =L®(1)+ N(®(7)),
®0) =u,

(5-3)

for a strongly differentiable function ® : [0, oo) — # where u are the prescribed data. In fact, we shall
consider the weak version of (5-3) which reads

(1) = S(D)u + fr S(t — )N (®(0)) do. (5-4)
0

Since the semigroup S is unstable, one cannot expect to obtain a global solution of (5-4) for general data
u € #. However, on the subspace ker P, the semigroup S is stable (Proposition 4.10). In order to isolate
the instability in the nonlinear context, we formally project (5-4) to the unstable subspace rg P which
yields

T
Po(t) =S(r)Pu —1—/ S(t—0)PN(P(0))do.
0
This suggests to subtract the “bad” term
o
S(t)Pu + / S(t—0)PN(®P(0))do
0
from (5-4) in order to force decay. We obtain the equation

P(r)=S)(1—-P)u —i—/r S(t—0)N(P(0))do — /00 S(t—0)PN(P(0))do. (5-5)
0 0

First, we solve (5-5) and then we relate solutions of (5-5) to solutions of (5-4).

Solution of the modified equation. We solve (5-5) by a fixed point argument. To this end we define

o0

T
K,(®)(r) :=S()(1—-P)u +/ S(t—0)N(P(0))do —/ S(t—0)PN(®(0))do
0 0
and show that K, defines a contraction mapping on (a closed subset of) the Banach space ¥, given by

%= {cb € C([0, 00), %) : sup e =7 (1)|| < 00}

>0
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with norm
1Dl = sup GO | D (1),

>0

where € € (0, %) is arbitrary but fixed. We further write
As ={Pel:||Plx =<3}
for the closed ball of radius § > 0 in ¥.

Proposition 5.1. Let § > 0 be sufficiently small and suppose u € ¥ with ||u| < 82. Then K, maps %s to
*s and we have the estimate

[ Ku(P) — Ku (W)l < CO[| P — Wy
forall ®, ¥ € ¥s.

Proof. First observe that K, : 5 — C([0, 00), %) since | N(®(1))| < e =129 for any ® € ¥s5. We
have

PK,(®)(t)=— /oo S(t—0)PN(®(0))do, (5-6)
which yields
| PIKu(®)(7) — Ku (W) (]| £ f e (o) — V()P + ¥ (o)) do

o
SN® = Wl (@l + ¥ la)e” / o220 4o
T

<87 D — Wy

for all ®, W € %5 by Proposition 4.10. On the stable subspace we have
(1-P)K,(DP)(t)=S(t)(1 — P)u+ /Or S(t—0)(1—P)N(P(0))do
and thus,
(1= P)[Ky(@)(1) — Ky (¥)(D)]]| S /0 C B (o) — (o) (Ie@)ll + 1 (0)) do

T
<@ — Wgse 2t / 197 g
0

S 8O0 — Wiy
again by Proposition 4.10. We conclude that
[ Ku(P) — Ku (W) Iz < 811D — Wi

for all ®, ¥ € ¥. By a slight modification of the above argument one similarly proves || K, (®)||¢ < é for
all ® € X5 (here ||u| < 82 is used). O

Now we can conclude the existence of a solution to (5-5) by invoking the contraction mapping principle.
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Lemma 5.2. Let 8 > 0 be sufficiently small. Then, for any u € ¥ with ||u| < 82, there exists a unique
solution ®, € X5 to (5-5).
Proof. By Proposition 5.1 we may choose § > 0 so small that
I Ku(®) — Ku (W) [lg < 31| P — Wiy

for all , ¥ € &; and thus, the contraction mapping principle implies the existence of a unique &, € ¥s
with &, = K,,(®,). By the definition of K, ®, is a solution to (5-5). Il

Solution of (5-4). Recall that rg P is spanned by eigenfunctions of L with eigenvalues O and 1; see
Lemma 4.8. As in the proof of Lemma 4.8 we write P = Py + P, where P,, n € {0, 1}, projects
to the geometric eigenspace of L associated to the eigenvalue n € o,(L). Consequently, we infer
S(t) P, = ¢"* P,. This shows that the “bad” term we subtracted from (5-4) may be written as

S(t)Pu + /oo S(t—0)PN(®y(0))do = S(v)[Pu— F(u)],
0
where F is given by
Fu):=-P /00 N(®,(0))do — Py /00 e °N(®,(0))do.
0 0

According to Lemma 5.2, the function F is well-defined on By :={u € ¥ : ||u|| < 82} with values
in rg P and this shows that we have effectively modified the initial data by adding an element of the
four-dimensional subspace rg P of ¥#. Note, however, that the modification depends on the solution
itself. Consequently, if the initial data for (5-4) are of the form u + F (u) for u € ker P, (5-4) and (5-5)
are equivalent and Lemma 5.2 yields the desired solution of (5-4). We also remark that F (0) = 0. The
following result implies that the graph

fu+Fu):uckerP, |u| < 82} CkerP®rgP =%
defines a Lipschitz manifold of codimension 4.
Lemma 5.3. Let § > 0 be sufficiently small. Then the function F : B — rg P C ¥ satisfies
[F(u)—F@)| <Cdlu—v.

Proof. First, we claim that u — &, : B2 — X5 C & is Lipschitz-continuous. Indeed, since ¢, = K, ()
we infer

[Py — Pyllze < | Ku(Pu) = Ku(Po) Iz + | Ku(Py) — Ko (Do) [l
SOlPu — Polly + llu — v

by Proposition 5.1 and the fact that
1
1Ky (P0)(7) — Ky (@) (D) [ = 1S()(1 = P)(u —v) || S e 2" Ju— .

The claim now follows from ||N(u) — N(@)|| < |lu — v||(le| + ||v]). Il
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We summarize our results in a theorem.

Theorem 5.4. Let § > 0 be sufficiently small. There exists a codimension-4 Lipschitz manifold M C
with 0 € M such that for any u € M, (5-4) has a solution ® € X5. Moreover, ® is unique in C ([0, 00), ¥).
If, in addition, u € 9(L) then ® € C'([0, 00), #) and ® solves (5-3) with (0) = u.

Proof. The last statement follows from standard results of semigroup theory. Uniqueness in C([0, 00), %)

is a simple exercise. 0

Proof of Theorem 1.1. Theorem 1.1 is now a consequence of Theorem 5.4: (3-4) implies

o @7 (X)—voodr(X) _ 1
—IXP? (=T)

#(~ 1021, 25 (5-7)

and thus,

= =17 (-1 )
17" lv—voll 2(2;) = T b1 og(— )|T| 2B

= IT172 |1 (= log(=T). )| 2.3,

SITIS

Similarly, we obtain

UO(DT(X) l)()OCI)T(X)

X
9 a (—1 T )
XJ |X|2 ¢1 Og( ) ( T)
which yields
T Hv ( log(~T )‘ <|TI.
lv—voll g1z, = é1 og(—=T1), 71 | 2cmpy ™ |

For the time derivative we infer
vo®r(X)—voo®r(X) 1
X2 R
1

=72 (_log( D, (XT))

T

(a W+ 1 T)a ¢+¢)(—1og(—r), %)

and hence,

SITIS.
L2(Bjr))

V20 = Vavolliacyy = T2 2~ log(=T). 7 )|

Finally, we turn to the Strichartz estimate. First, note that the modulus of the determinant of the
Jacobian of (T, X) > (¢, x) is (T2 — | X|*)~*. This is easily seen by considering the transformation

X~
Xp' = yp, = — s
XoX°
which has the same Jacobian determinant (up to a sign) since t = —y° and x/ = y/. We obtain

X, X78," —2X, X"
(XoX7)?

81})’“ =
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and hence,

Ay yHa, vt = &
O T X X0
which yields |det(d,y*)| = (X5 X°)~* = (T? — | X|*)~*. Furthermore, note that s € [¢, 2¢] and x € B(1_sy,
imply
§.— _ s - t )
' s2—|x2~ 22— |x2— t’
2t 1
S< ———— < ——.
T 42— |x|2 T 2t

Consequently, by (5-7) and Sobolev embedding we infer

1 4
, % vo ®s(X) —vpo Ps(X)
lv— v0||L4(t,2t)L4(B(175)z) = '/;c(g »/;3(15)5 S2 — |X|2 xds
< o S|~ 1 aly
— _ _S s _>
~ /—fa 151 H¢< 0g(=5) IS1/ L4 (Bis)

t
1

= [ 157 o 102=8). ) L 5

&
t

< = -1 4
S RN ICa UG RD] M

t

1
T2
S[ |S|1_4edS2t_2+4E

3§
+
as claimed.
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