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CHARACTERIZATION OF LARGE ENERGY SOLUTIONS OF
THE EQUIVARIANT WAVE MAP PROBLEM: I

R. COTE, C. E. KENIG, A. LAWRIE, AND W. SCHLAG

ABSTRACT. We consider 1-equivariant wave maps from R1*t2 — S2. For wave
maps of topological degree zero we prove global existence and scattering for
energies below twice the energy of harmonic map, @, given by stereographic
projection. We deduce this result via the concentration compactness/rigidity
method developed by the second author and Merle. In particular, we establish
a classification of equivariant wave maps with trajectories that are pre-compact
in the energy space up to the scaling symmetry of the equation. Indeed, a wave
map of this type can only be either 0 or @ up to a rescaling. This gives a proof
in the equivariant case of a refined version of the threshold conjecture adapted
to the degree zero theory where the true threshold is 26(Q), not £(Q). The
aforementioned global existence and scattering statement can also be deduced
by considering the work of Sterbenz and Tataru in the equivariant setting.

For wave maps of topological degree one, we establish a classification of
solutions blowing up in finite time with energies less than three times the
energy of (). Under this restriction on the energy, we show that a blow-up
solution of degree one is essentially the sum of a rescaled @ plus a remainder
term of topological degree zero of energy less than twice the energy of Q). This
result reveals the universal character of the known blow-up constructions for
degree one, l-equivariant wave maps of Krieger, the fourth author, and Tataru
as well as Raphaél and Rodnianski.

1. INTRODUCTION

Wave maps are defined formally as critical points of the Lagrangian

1
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Here U : (R'*4 ) — (M, g) where n = diag(—1,1,...,1) is the Minkowski metric
on R and M is a Riemannian manifold with metric g. Critical points of £ satisfy
the Euler-Lagrange equation

1P D 03U = 0,
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where D is the pull-back covariant derivative on U*T' M. In local coordinates on
(M, g), the Cauchy problem for wave maps is given by

OU* = =T, (U)0.U'0sU7 (1.1)
(U7 at(])|t:0 = (U07 U1)7

where Ffj are the Christoffel symbols on T'M. Equivalently, we can consider the
extrinsic formulation for wave maps. If M < RY is embedded, critical points are
characterized by

OU L Ty M.
Here, the Cauchy problem becomes
OU = 9 S(U)(0,U, dsU)
(U, 0:U)lt=0 = (Uo, U1),

where S is the second fundamental form of the embedding. One should note that
harmonic maps from R? — M are wave maps that do not depend on time.
Wave maps exhibit a conserved energy,

E(U,O,U)(t) = /quatm_j + [VUL2) d = const.,

and are invariant under the scaling
(U(t,z), U (t,x)) — (UM, Axz), AOU (M, Ax)).

The scaling invariance implies that the Cauchy problem is H® x H*~'(R%) critical
for s = g, energy critical when d = 2, and energy supercritical for d > 2. For a
recent review of some of the main developments in the area we refer the reader to
Krieger’s survey [20].

1.1. Equivariant wave maps. In the presence of symmetries, such as when the
target manifold M is a surface of revolution, one often singles out a special class of
such maps called equivariant wave maps. As an example, for the sphere M = S§¢
one requires that U o p = p’ o U where the equivariance class, ¢, is a positive integer
and p € SO(d) acts on R? and on S? by rotation, in the latter case about a fixed
axis.

Here we consider energy critical equivariant wave maps. We restrict out attention
to the corotational case ¢ = 1, and study maps U : (R'T2,n) — (S%, g), where g is
the round metric on S2. In spherical coordinates,

(¥, w) — (sin 1) cos w, sin v sin w, cos v)),
on S?, the metric g is given by the matrix g = diag(1,sin?(¢)). In the l-equivariant
setting, we thus require our wave map, U, to have the form
U(t,r,w) = (¢(t,r),w) — (siny(t,r) cosw, sint(t,r)sinw, cosp(t,r)),

where (r,w) are polar coordinates on R?. In this case, the Cauchy problem (1.1)
reduces to

1 in(2¢)
wtt - djrr - ;1/}7‘ + SII;E‘Q )

(0, ¥t)li=0 = (Yo, ¥1).

=0 (1.2)
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We note that equivariant wave maps to surfaces of revolution such as the sphere
have been extensively studied, and we refer the reader to the works of Shatah [29],
Christodoulou, Tahvildar-Zadeh [9], Shatah, Tahvildar-Zadeh [32, 33], Struwe [37],
and the book by Shatah, Struwe [30] for a summary of these developments.

In this equivariant setting, the conservation of energy becomes

s} 2
EU,0,U)(t) = E(, ) () = /O (wf +2 + Sl“ﬂ(‘z’)) rdr = const.

Any 9(r,t) of finite energy and continuous dependence on t € I := (tg,t1) must
satisfy ¥(t,0) = mm and ¥(t,00) = nx for all ¢t € I, where m,n are fixed integers.
This requirement splits the energy space into disjoint classes according to this
topological condition. The wave map evolution preserves these classes.

In light of this discussion, the natural spaces in which to consider Cauchy data
for (1.2) are the energy classes

Honn = {(%0, Y1) | E(Wo,¥1) < oo and o(0) = mm, ¢o(c0) = nw}. (1.3)

We will mainly consider the spaces Ho , and we denote these by H,, := Ho. In
this case we refer to n as the degree of the map. We also define H = J,,c;, Hn to
be the full energy space.

In the analysis of 1-equivariant wave maps to the sphere, an important role is
played by the harmonic map, @, given by stereographic projection. In spherical
coordinates, @ is given by Q(r) = 2arctan(r) and is a solution to
Q’I'T + %Q7 = M

2r2

One can show via an explicit calculation that (@, 0) is an element of Hy, i.e., @ has
finite energy and sends the origin in R? to the north pole and spacial infinity to the
south pole. In fact, the energy £(Q) := £(Q,0) = 4 is minimal in H; and simple
phase space analysis shows that, up to a rescaling, (@, 0) is the unique, nontrivial,
1-equivariant harmonic map to the sphere in ;. Note the slight abuse of notation
above in that we will denote the energy of the element (@, 0) € H; by £(Q) rather
than £(Q,0).

It has long been understood that in the energy-critical setting, the geometry of
the target should play a decisive role in determining the asymptotic behavior of
wave maps. For equivariant wave maps, global well-posedness for all smooth data
was established by Struwe in [37] in the case where the target manifold does not
admit a non-constant finite energy harmonic sphere. This extended the results of
Shatah, Tahvildar-Zadeh [32], and Grillakis [15], where global well-posedness was
proved for targets satisfying a geodesic convexity condition. Recently, global well-
posedness, including scattering, has been established in the full (non-equivariant),
energy critical wave maps problem in a remarkable series of works [21], [35], [36],
[39], for targets that do not admit finite energy harmonic spheres, completing the
program developed in [40], [38].

However, finite-time blow-up can occur in the case of compact targets that admit
non-constant harmonic spheres. Because we are working in the equivariant, energy
critical setting, blow-up can only occur at the origin and in an energy concentration
scenario which amounts to a breakdown in regularity. Moreover, in [37], Struwe
showed that if a solution is C*° before a regularity breakdown occurs, then such a
scenario can only happen by the bubbling off of a non-constant harmonic map.
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In particular, Struwe showed that if a solution, ¥(¢,r), with smooth initial data
$(0) = (1(0),4(0)), breaks down at ¢ = 1, then the energy concentrates at the
origin and there is a sequence of times ¢t; /1 and scales A; > 0 with A\; < 1 —¢;
so that the rescaled sequence of wave maps

Bitsr) = (0t + Aty M), A (1 + Aty Agr))

converges locally to +Q(r/)\) in the space-time norm H} _((—1,1) x R%*S?) for
some Ao > 0. Further evidence of finite time blow up for equivariant wave maps
to the sphere was provided by the first author in [5]. Recently, explicit blow-
up solutions have been constructed in [27] for equivariance classes ¢ > 4 and in
the l-equivariant case in [22], [23] and [26]. In [22], Krieger, the fourth author,
and Tataru constructed explicit blow-up solutions with prescribed blow-up rates
A(t) = (1 = )" for v > % although it is believed that all rates with v > 0 are
possible as well. In [23], a similar result is given for the radial, energy critical Yang
Mills equation. In [26], Rodnianski and Raphaél give a description of stable blow-
up dynamics for equivariant wave maps and the radial, energy critical Yang Mills
equation in an open set about () in a stronger topology than the energy.

Our goal in this paper is twofold. On one hand, we study the asymptotic behavior
of solutions to (1.2) with data in the “zero” topological class, i.e., 1(0) € Ho, below
a sharp energy threshold, namely 2£(Q). Additionally, we seek to classify the
behavior of wave maps of topological degree one, i.e., those with data 1E € H,, that
blow up in finite time with energies below the threshold 36(Q). In particular, we
show that blow-up profiles exhibited in the works [22], [27] and [26] are universal
in this energy regime in a precise sense described below in Section 1.3.

1.2. Global existence and scattering for wave maps in Hy with energy
below 2£(Q). We begin with a description of our results in the degree zero case.
In [37], Struwe’s work implies that solutions ¢(t) to (1.2) with data ¢(0) € Ho
are global in time if £(¢(0)) < 2£(Q). This follows directly from the fact that
wave maps in Ho with energy below 2£(Q) stay bounded away from the south pole
and hence cannot converge, even locally, to a degree one rescaled harmonic map,
thus ruling out blow-up. Recently, the first two authors together with Merle, in
[6], extended this result to include scattering to zero in the regime, ¥(0) € Ho and
E(p) < E(Q) + 6 for small § > 0. It was conjectured in [6] that scattering should
also hold for all energies up to 26(Q). This conjecture is a refined version of what
is usually called threshold conjecture, adapted to the case of topologically trivial
equivariant data. It is implied by the recent work of Sterbenz and Tataru in [35],
[36] when one considers their results in the equivariant setting with topologically
trivial data. Here we give an alternate proof of this refined threshold conjecture in
the equivariant setting based on the concentration compactness/rigidity method of
the second author and Merle, [18], [19]. In particular, we prove the following:

Theorem 1.1 (Global Existence and Scattering in Hg below 2£(Q)). For any

smooth data {(0) € Ho with £(4(0)) < 26(Q), there exists a unique global evolution
1 € CO(R; Hog). Moreover, 1(t) scatters to zero in the sense that the energy of 1(t)
on any arbitrary, but fired compact region vanishes as t — oco. In other words, one
has

V() =@(t) +on(l) as t— oo (1.4)
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where @ € H solves the linearized version of (1.2), i.e.,
1 1
Pt — Prr — ;‘pr + ﬁ@ =0 (15)
Furthermore, this result is sharp in Ho in sense that 2E(Q) is a true threshold.
Indeed for all § > 0 there exists data ¥(0) € Ho with (V) < 26(Q) + 6, such that
zE blows up in finite time.

Remark 1. We note that a threshold result as in Theorem 1.1 only makes sense
in Hp. Indeed, all initial data in H; have enough energy to blow-up by bubbling
off a harmonic map in the sense of Struwe’s result in [37], since ) minimizes the
energy in H;. The same goes for all higher degrees. In Section 3.1 we construct a
degree zero wave map which blows up in finite time using the explicit degree one
blow up solutions of Krieger, the fourth author and Tataru. This example will also
help to illustrate why the twice the energy of the degree one map () gives the sharp
threshold for degree zero maps.

-,

Remark 2. Characterizing the possible dynamics at the threshold, 15 € Ho, EW) =

-,

2£(Q) and above (1) > 2£(Q), remain open questions.

Remark 3. We briefly remark that Theorem 1.1 holds with the same assumptions
and conclusions for data QE € Hn,n where H,, ,, is defined as in (1.3). Indeed, the
spaces Ho and H,, ,, are isomorphic via the map (v, 1) — (o +nm,11). Also, we
can replace the words “smooth finite energy data” in Theorem 1.1 with just “finite
energy data” using the well-posedness theory for (1.2), see for example [6].

As mentioned above, Theorem 1.1 is established by the concentration compact-
ness/rigidity method of the second author and Merle in [18] and [19]. The novel
aspect of our implementation of this method lies in the development of a robust
rigidity theory for wave maps ﬁ(t) with trajectories that are pre-compact in the
energy space up to certain time-dependent modulations. We note that the following
theorem is independent of both the topological class and the energy of the wave
map.

Theorem 1.2 (Rigidity). Let U(t,r,w) = ((¢(t,7),w), (¥(t,7),0)) € H be a solu-
tion to (1.2) and let Imax () = (T—(¥), Tt (v)) be the maximal interval of existence.
Suppose that there exists Ag > 0 and a continuous function X : Inax — [Ag,00)
such that the set

(0o g o)) e

s pre-compact in H! x L2(R2; S2). Then, Imax = R and either U =0 or U : R2 —
S? is an equivariant harmonic map, i.e., U(t,r,w) = (£Q(r/\),w) for some A > 0.

Remark 4. To establish Theorem 1.1 we only need a version of Theorem 1.2 that
deals with data in Ho below 2£(Q). This rigidity result in H is given in Theo-
rem 4.1 below, and states that any solution 1/_; € Ho with a pre-compact rescaled
trajectory must be identically zero. The full result in Theorem 1.2 is established for
its own interest. In fact, we use the conclusions of Theorem 1.1 in order to deduce
the full classification of pre-compact solutions given in Theorem 1.2. Alternatively,
we can prove Theorem 1.2 using the scattering result of [6, Theorem 1], and deduce
Theorem 4.1 as a corollary. We have chosen the former approach here to illustrate
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the independence of our stronger rigidity results from the variational arguments
given in [6, Lemma 7).

1.3. Classification of blow-up solutions in #; with energies below 3£(Q).
We now turn to the issue of describing blow-up for wave maps in Hq, i.e., those
maps 1/7(75) with ¢(¢,0) = 0 and ¢(t,00) = 7. From here on out, any wave map
that is assumed to blow-up will be also be assumed to do so at time t = 1. As
mentioned above, the recent works [22] and [26] construct explicit blow-up solutions
¥(t) € Hy. In [22], the blow up solutions constructed there exhibit a decomposition
of the form

P(t,r) = Q(r/A(t)) + €(t, r) (1.6)
where the concentration rate satisfies A(t) = (1 — ¢)'*” for v > 1, and €(t) € Ho
is small and regular. Here we consider the converse problem. Namely, if blow-up
does occur for a solution ﬁ(t) € Hi, in which energy regime, and in what sense
does such a decomposition always hold?

The works of Struwe, in [37] for the equivariant case, and Sterbenz, Tataru in
[36] for the full wave map problem, give a partial answer to this question. As
mentioned above, they show that if blow-up occurs, then along a sequence of times,
a sequence of rescaled versions of the original wave map converge locally to @ in
the space-time norm H! ((—1,1) x R%S?). However working locally removes any
knowledge of the topology of the wave map, which is determined by the behavior
of the map at spacial infinity. In this paper we seek to strengthen the results in
[37] and [36] in the equivariant setting by working globally in space in the energy
topology. Here we are forced to account for the topological restrictions of a degree
one wave map, and in fact we use these restrictions, along with our degree zero
theory, to our advantage.

In particular, we make the following observation. If a wave map % (t) € H; blows
up at ¢ = 1 then the local convergence results of Struwe in [37] allow us to extract
the blow up profile +Q», := £Q(-/\,,) at least along a sequence of times ¢, — 1.
If ¢ has energy below 3£(Q) the profile must be +Q(-/A,), and since Q € Hy as
well we thus have ¥(t,) — Qx, € Ho. Since this object should converge locally to
zero, the energy of the difference should be roughly the difference of the energies, at
least for large n. Hence, if ¥(t) has energy below 3£(Q) the difference ¥(t,) — Qx,,
is degree zero and has energy below 26(Q). By Theorem 1.1, we then suspect that
the blow-up profile already extracted is indeed universal in this regime and that a
decomposition of the form (1.6) should indeed hold, excluding the possibility of any
different dynamics, such as more bubbles forming. We prove the following result:

Theorem 1.3 (Classification of blow-up solutions in H; with energies below 3£(Q)).
Let ¢(t) € Hi be a smooth solution to (1.2) blowing up at time t = 1 with

E(W) = E(Q) +1 < 3E(Q).

Then, there exists a continuous function, X : [0,1) — (0,00) with A(t) =o(1—1t), a
map @ = (po, 1) € Ho with E(F) =1, and a decomposition

b(t) = ¢+ (Q (/) 0) + &) (L.7)
such that €(t) € Ho and €(t) — 0 in Ho ast — 1.
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Remark 5. In the companion work [7] we address the question of global solutions
Y(t) € Hy in the regime (1)) < 3(Q). We can show that in this case we have
a decomposition and convergence as in (1.7) with A(t) < ¢ as t — oco. This will
give us a complete classification of the possible dynamics in H; for energies below
3E(Q). Of course, our results do not give information about the precise rates A(t).
We also would like to mention the recent results of Bejenaru, Krieger, and Tataru
[2], regarding wave maps in H;, where they prove asymptotic orbital stability for
a co-dimension two class of initial data which is “close” to @ with respect to a
stronger topology than the energy.

Remark 6. Theorem 1.3 is reminiscent of the recent results proved by Duyckaerts,
the second author, and Merle in [10], [11], for the energy critical focusing semi-linear
wave equation in R'3. In fact, the techniques developed in these works provided
important ideas for the proof of Theorem 1.3. The situation for wave maps is
somewhat different, however, as the geometric nature of the problem provides some
key distinctions. The most notable of these distinctions is that the underlying linear
theory for wave maps of degree zero is not nearly as strong as that of a semi-linear
wave in RT3, which causes serious problems. Indeed, as demonstrated in [8], the
strong lower bound on the exterior energy in [10, Lemma 4.2] fails for general initial
data in even dimensions. This difficulty is overcome by the fact that there is no
self-similar blow-up for energy critical equivariant wave maps, see e.g., [30], which
can be shown directly due to the non-negativity of the energy density.

In addition, our degree zero result and the rigid topological restrictions of the
problem allow us to extend the conclusions of Theorem 1.3 all the way up to 3€(Q)
instead of just slightly above the energy of the harmonic map £(Q) + d, for § > 0
small, as is the case in [10], [11]. This large enegy result is similar in nature to the
results for the 3d semi-linear radial wave equation in [12], when, in the notation
from [12], Jo = 1.

Remark 7. The results in [10], [11] have recently been extended by Duyckaerts, the
second author, and Merle in [12] and [14]. In [14], a classification of solutions to the
radial, energy critical, focusing semi-linear wave equation in R**3 of all energies
is given in the sense that only three scenarios are shown to be possible; (1) type
I blow-up; (2) type II blow-up with the solution decomposing into a sum of blow-
up profiles arising from rescaled solitons plus a radiation term; or (3) the solution
is global and decomposes into a sum of rescaled solitons plus a radiation term as
t — oo.

1.4. Remarks on the proofs of the main results. In addition to the methods
originating in [18], [19] and [10], [11], the work in this paper rests explicitly on
several developments in the field over the past two decades. Here we provide a
quick guide to the work on which our results lie:

1.4.1. Results used in the proof of Theorem 1.1.

e Theory of equivariant wave maps developed in the nineties in the works of
Shatah, Tahvildar-Zadeh, [32], [33], including the use of virial identities to
prove energy decay estimates.

e The concentration compactness decomposition of Bahouri-Gérard, [1].

e Lemma 2 in [6] which relates energy constraints to L estimates for equi-
variant wave maps. In particular, if a degree zero map has energy less
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than 2£(Q), then the evolution, (¢, ), is bounded uniformly below 7. In
addition, although only a weaker small data result such as [30, Theorem
8.1] is needed, we use the global existence and scattering result for degree
one wave maps with energy below £(Q) + § for small 6 > 0, which was
established in [8, Theorem 1].

e Hélein’s theorem on the regularity of harmonic maps which says that a
weakly harmonic map is, in fact, harmonic, [16].

1.4.2. Results used in the proof of Theorem 1.3.

e The virial identity and the corresponding energy decay estimates in [32].

e Struwe’s characterization of blow-up, [37, Theorem 2.2], which gives H, .
convergence along a sequence of times to @ if blow-up occurs. This allows
us, a priori, to identify and extract the blow-up profile @), along a sequence
of times, t,,, which is absolutely crucial in our argument since we can then
work with degree zero maps once ), has been subtracted from the degree
one maps ¥(t,).

e The concentration compactness decomposition of Bahouri-Gérard, [1].

e The new results on the free radial 4d wave equation established by the first,
second, and fourth authors in [8].

e The decomposition of degree one maps which have energy slightly above Q
and the stability of this decomposition under the wave map evolution for a
period of time inversely proportional to the proximity of the data to @ in
the energy space established by the first author in [5].

As we outline in the appendix, the proofs of Theorem 1.1, Theorem 1.2, and
Theorem 1.3 extend easily to energy critical 1-equivariant wave maps with more
general targets. In addition, the proofs of Theorem 1.2 and Theorem 1.1 apply
equally well to the equivariance classe ¢ = 2 and the 4d equivariant Yang-Mills
system after suitable modifications. One should also be able to deduce these results
for the equivariance classes ¢ > 3 once a suitable small data theory is established
for these equations, which are similar in nature to the even dimensional energy
critical semi-linear wave equations in high dimensions treated in [4] — the difficulty
here resides in the low fractional power in the nonlinearity.

However, the method we used to prove Theorem 1.3 only works, as developed
here, for odd equivariance classes, £ = 1,3,5,..., and does not work when one
considers even equivariance classes, £ = 2,4, 6, ..., or the 4d equivariant Yang-Mills
system in this context. This failure of our technique arises in the linear theory in [8]
for even dimensions, which provides favorable estimates for our proof scheme only
when ¢ is odd. Since the 4d equivariant Yang-Mills system corresponds roughly
to a 2-equivarant wave map, this falls outside the scope of our current method as
well. To be more specific, one can identify the linearized f-equivariant wave map
equation with the 2¢ 4+ 2-dimensional free radial wave equation. In the final stages
of the proof of Theorem 1.3, and in particular Corollary 5.8, we require the exterior
energy estimate

1£1 0 S SO Ol gry pamry forall £ 0

where S(t) is the the free radial wave evolution operator. In [8], this estimate is
shown to be true in even dimensions 4, 8,12, ..., and false in dimensions 2, 6, 10, . . ..
Without this estimate, our proof would show compactness of the error term in our
decomposition in a certain suitable Strichartz space but not in the energy space.
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Therefore, the full conclusion of Theorem 1.3 remains open for the 4d equivariant
Yang-Mills system and the f-equivariant wave map equation when £ is even.

1.5. Structure of the paper. The outline of the paper is as follows. In Section 2
we establish the necessary preliminaries needed for the rest of the work. We include
a brief review of the results of Shatah, Tahvildhar-Zadeh, [32] and Struwe [37]. We
also recall the concentration compactness decomposition of Bahouri, Gérard [1] and
adapt their theory to case of equivariant wave maps to the sphere. In particular,
we deduce a Pythagorean expansion of the nonlinear wave map energy of such
a decomposition at a fixed time. This type of result is crucial in the concentra-
tion compactness/rigidity method of [18], [19]. We also establish an appropriate
nonlinear profile decomposition.

In Section 3 we give a brief outline of the concentration compactness/rigidity
method that is used to prove Theorem 1.1. In Section 4 we prove Theorem 1.2,
which allows us to complete the proof of Theorem 1.1.

Finally, in Section 5 we establish Theorem 1.3, which relies crucially on the linear
theory developed in [8].

1.6. Notation and Conventions. We will interchangeably use the notation v, (¢, )
and 1/.1(t, r) to refer to the derivative with respect to the time variable ¢ of the func-
tion ¥(t,r).

The notation X < Y means that there exists a constant C' > 0 such that
X < CY. Similarly, X ~ Y means that there exist constants 0 < ¢ < C so that
cYy <X <COY.

2. PRELIMINARIES

We define the energy space
H={UecH xL*(R*S*)|Uop=pol, ¥peSO2)}.
‘H is endowed with the norm

ETO) = 10O oy = [, (O + VUL do.

As noted in the introduction, by our equivariance condition we can write U (t, 7, w) =
(¥(t,r),w) and the energy of a wave map becomes

EU,0U)(t) = EW, ) (t) = /000 (%2 + 92 + Smrz(w)> rdr = const. (2.1)

We also define the localized energy as follows: Let 1,79 € [0,00). Then we set

iy = [ (vt ut SmQW’)) v,

2
T1 r

Following Shatah and Struwe, [30], we set

v
G(¥) ::/0 Isin p| dp.
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Observe that for any (¢,0) € H,, and for any r1,ry € [0,00) we have

P(ra)
[ lsinel do
P(r1)

[ ntwe) vty ar

G (¢ (r2)) = Gy (1)) = (2.2)

1
< g
— 25’!‘1 (w70)

2.1. Properties of degree zero wave maps. As in [6], let o € [0,2€(Q)] and
define the set V(o) C Ho:

Vi(a) :={(o,¢1) € Ho |E(ho, Y1) < a}
We claim that for every a € [0,2£(Q)], V() is naturally endowed with the norm

oo w2
00 Bz = [ (024 )2+ 22 ) rar (2.3
To see this, we recall the following lemma proved in [6].

Lemma 2.1. [6, Lemma 2] There exists an increasing function K : [0,2£(Q)) —
[0,7) such that

()| S K(EW) <7 Vb eHo with E(¥)<28(Q)
Moreover, for each o € [0,2E(Q)] we have
EWo,v1) = 1Yo, Y1)l x>
for every (vo, 1) € V(a), with the constant above depending only on .

When considering Cauchy data for (1.2) in the class Hg the formulation in (1.2)
can be modified in order to take into account the strong repulsive potential term
that is hidden in the nonlinearity:

sin(2¢) ¢ sin(29) 20 Y 0@

22 2 2r2 o2 r2
Indeed, the presence of the strong repulsive potential T% indicates that the linearized
operator of (1.2) has more dispersion than the 2-dimensional wave equation. In
fact, it has the same dispersion as the 4-dimensional wave equation as the following
standard reduction shows.
Setting 1) = ru we are led to this equation for u:

3 sin(2ru) — 2ru
Ut = Upp = ZUp + g

1_[(0) = (uo,ul).
The nonlinearity above has the form N(u,7) = u3Z(ru) where Z is a smooth,

bounded, even function and the linear part is the radial d’Alembertian in R'*4.
The linearized version of (2.4) is just the free radial wave equation in R'** namely

=0 (2.4)

3
Vet = Urr = Uy = 0. (2.5)
Observe that for ¢(0) € Ho we have that

= = oo 2
E(W(0) < 19 pre = / (w? Lyg Y

r2

) rdr= / (u? + u?) r® dr. (2.6)
0
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If, in addition, we assume that £(1(0)) < 2£(Q) then, by Lemma 2.1 we also have
the opposite inequality

1@O) I 2 = I9O) e S E((0)). (2.7)

Therefore, when considering initial data (19, %1) € V() for a < 2£(Q) the Cauchy
problem (1.2) is equivalent to the Cauchy problem for (2.4) for radial initial data
(ripo, 1) =: @(0) € H' x L*(RY).

The following exterior energy estimates for the 4d free radial wave equation
established by the first, second, and fourth authors in [8] will play a key role in our
analysis:

Proposition 2.2. [8, Corollary 5] Let S(t) denote the free evolution operator for
the 4d radial wave equation, (2.5). There exists g > 0 such that for all t > 0 we
have

IS0 ooy = 0l (28)
for all radial data (f,0) € H' x L2

The point here is that this same result applies to the linearized version of the
wave map equation:

! + L o= 0 (2.9)
(Ptt (Prr r Sor 7’2 SO — .
with initial data @(0) = (¢0,0). Indeed we have the following:

Corollary 2.3. Let W(t) denote the linear evolution operator associated to (2.9).
Then there exists By > 0 such that for all t > 0 we have

W () (0, 0l rxr2(r>t) = Bollwollm (2.10)
for all radial initial data (¢g,0) € H x L2,

Proof. Let @(t) = W (t)(¢0,0) be the linear evolution of the smooth radial data
(¢0,0) € H x L?. Define #(t) by o(t,r) = rv(t,r). Then #(t) € H' x L*(R*) and
is a solution to (2.5) with initial data (vo,0) = (¥2,0). Next observe that for all
A > 0 we have

[e'e] 00 2
o sny = [ vEEmtar = [ @Mﬂ_ﬂwUT%T

A T r2
<2/l (> )

Similarly we can show that H(p(t)||fq(T2A) < 2|lv(®)]| Therefore using (2.8)

2
HY(r>A)"
on v(t) we obtain

H—»tQ >1 t2 >047(2) 2 _1(2) 2
BN z250) 2 50O 50 = SlolG = S lieolly

which proves (2.10) with Gy = %
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2.2. Properties of degree one wave maps. Now, suppose 77/7 = (¢o,vY1) € H;.
This means that ¥(0) = 0 and v¥)(c0) = 7. The H x L? norm of v is no longer
finite, but we do have the following comparison:

Lemma 2.4. Let ¢ = (19,0) € Hy be smooth and let ry € [0,00). Then there
exists a > 0 such that

(a) If &° (TE) < «a, then
||1/}H12‘I('r§m) 5 850 ('l;)

-,

(b) If 5?;( ) < a, then

19() = Tl T2y S Eny () (2.11)
Proof. We prove only the second estimate as the proof of the first is similar. Since
G(m) = 2, by (2.2) we have for all r € [rg,c0) that
e

Gu(r) — 2| < %5?(«/),0) <2

Since G is continuous and increasing this means that ¥ (r) € [1 — e(a), 7 + ()]
where (p) — 0 as p — 0. Hence for a small enough we have the estimate
sin®(y(r)) > 3 [v(r) — 7| for all 7 € [rg,00] and the estimate (2.11) follows by
integrating this. O

Let Q(r) := 2arctan(r). Note that (Q,0) € H; is the unique (up to scaling)
time-independent, solution to (1.2) in H;. Indeed, ) has minimal energy in H;
and £(Q,0) = 4. One way to see this is to note that @) satisfies rQ,(r) = sin(Q)
and hence for any 0 < a < b < oo we have

G(Q) - 6(Q(a)) = [ (@) Qulr) dr = 5€4(@.0)

Letting a — 0 and b — oo we obtain £(Q,0) = 2G(w) = 4. To see that £(Q,0) is
indeed minimal in H1, observe that we can factor the energy as follows:

o) oo . 2 00
5(¢,¢t)=/0 wfrdr+/0 (wr—ﬁnﬁw)) rdr+2/0 sin(¢), dr

oo o0 ~ 2 (o0)
= / Y2 rdr + / (%« - s1n7§77/1)> rdr+ 2/ sin(p) dp
0 0

¥(0)
Hence, in H1 we have

£, ) > /Om w?rdr+4=/0°° G rdr+ £(Q) (2.12)

We shall also require a decomposition from [5] which amounts to the coercivity
of the energy near to ground state @, up to the scaling symmetry.

Lemma 2.5. [5, Proposition 2.3] There exists a function 6 : (0,00) — (0,00) such
that 6(a) — 0 as o — 0 and such that the following holds: Let 1 = (¢,0) € H.
Define

a:=EF) - Q) >0
Then there exists A € (0,00) such that

[ = Q(/ M < é(a)
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Note that one can choose A > 0 so that E}() = EL(Q) = £(Q)/2.

We will also need the following consequence of Lemma 2.5 that is also proved
in [5].

Corollary 2.6. [5, Corollary 2.4] Let p,,0, — oo be two sequences such that
pn K opn. Let ¢, (t) € Hy be a sequence of wave maps defined on time intervals
[0, pn] and suppose that

”ﬁ@‘@@%mﬁ%:

n

Then

sup |[[¥n(t) = (Q,0)lrxz2 = 0n(1) as n— o0
te[0,pn]
Remark 8. We refer the reader to the proof of [5, Corollary 2.4] and the remark
immediately following it for a detailed proof of Corollary 2.6. We have phrased the
above result in terms of sequences of wave maps because this is the form in which
it will be applied in Section 5. Also, we note that in [5] the notation | - ||% is used
to denote the nonlinear energy, £(-), of a map, whereas here | - ||z is defined as in
(2.3). Both Lemma 2.5 and Corollary 2.6 hold with either definition.

2.3. Properties of blow-up solutions. Now let J(t) € H be a wave map with
maximal interval of existence Imax(¥) = (T_(¥), T4 () # R. By translating in
time, we can assume that 1", (1/7) = 1. We recall a few facts that we will need in our
argument. From the work of Shatah and Tahvildar-Zadeh [32], Jia and and second

author [17], and from Appendix B to this paper, we have the following results:

Lemma 2.7. [32, Lemma 2.2] Let ¢)(t) € H on the interval [0,1). For any X € (0,1]
we have

1-t i .2
i@ = [ (en v s D) a0 e 1o

Proof. Lemma 2.7 for smooth wave maps was proved in [32, Lemma 2.2], and in [17,
Lemma 2.1] for energy class solutions to the 6d focusing quadratic wave equation.
One may apply a nearly identical argument as the one in [17] to prove Lemma 2.7
here. Alternatively, see Appendix B for an alternative argument extending this
result to 9(t) € H. O
Lemma 2.8. [32, Corollary 2.2] Let 1(t) € H be a solution to (1.2) such that
Lmax (1) is a finite interval. Without loss of generality we can assume T () = 1.
Then we have
1 1 1-s
—/ / V2 (s,r)rdrds —0 as t—1
L=t Ji Jo

Proof. As above Lemma 2.7 for smooth wave maps was proved in [32, Lemma 2.3].
See Appendix B for an argument extending this result to ¢ (t) € H. ([l
As in [10], we can use Lemma 2.8 to establish the following result. The proof

is identical to the argument given in [10, Corollary 5.3] so we do not reproduce it
here.
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Corollary 2.9. [10, Corollary 5.3] Let ¥ (t) € H be a solution to (1.2) such that

-,

T, () = 1. Then, there exists a sequence of times {t,} /1 such that for every n
and for every o € (0,1 —t,,), we have
1 tn+o 1—t .
— / 2t ) rdrdt < (2.13)
0 Jt, 0

(2.14)

Sk 3=

1ty
/ wQ(tn,r)rdr <
0

Note that (2.14) follows from (2.13) by letting o — 0 in (2.13) and recalling the
continuity of the map ¢ — QL(t, -) from [0,1) — L2

We now recall a result of Struwe, [37], which will be essential in our argument
for degree 1.
Theorem 2.10. [37, Theorem 2.1] Let 1(t) € H be a smooth solution to (1.2) such
that Ty (1) = 1. Let {t,} /1 be defined as in Corollary 2.9. Then there exists a
sequence { A, } with A\, = o(1 — t,,) so that the following results hold: Let

Un(t,7) 1= (Y(tn + Aty A7)y AW (En + Ant, Ant)) (2.15)

be the wave map evolutions associated to the data Jn(r) = J(tn7 Ant). And denote
by Un(t,r,w) := (Wn(t,r),w) the full wave maps. Then,

Un(t,r,w) = Us(r,w) in Hlloc((—l, 1) x RQ;S2)

where Uy 18 a smooth, non-constant, 1-equivariant, time independent solution to
(1.1), and hence Us(r,w) = (£Q(r/Xo),w) for some Ao > 0. We further note
that after passing to a subsequence, U,(t,r,w) — Us(r,w) locally uniformly in
(—1,1) x (R* - {0}).

Moreover, with the times t,, and scales \,, as above, we have

1 tn+An 1—t .
/\—/ 2 (t,r) rdrdt = o,(1). (2.16)
n Jit, 0

Remark 9. We note that we have altered the selection procedure by which the
sequence of times t,, is chosen in the proof of Theorem 2.10. In [37], after defining
a scaling factor A(t), Struwe uses Lemma 2.8 to select a sequence of times ¢, via
an argument involving Vitali’s covering theorem, and he sets A, := A(¢,,). Here we
do something different. Given Lemma 2.8 we use the argument in [10, Corollary
5.3] to find a sequence ¢, — 1 so that (2.13) and (2.14) hold. Now we choose the
scales A(t) as in Struwe and for each n we set ¢ = A, := A(t,) and we establish
(2.16), which is exactly [37, Lemma 3.3]. The rest of the proof of Theorem 2.10
now proceeds exactly as in [37].

We will also need the following consequences of Theorem 2.10:

-

Lemma 2.11. Let ¢(t) € H be a solution to (1.2) such that T () = 1. Let
{tn} /1 and {\,} be chosen as in Theorem 2.10. Define ¢ (t,7), £Q(r/Xo) as
in (2.15). Then

U FQ(/X) =0 as n—oo in LZ((—1,1); Hpe) (2.17)
where H is defined as in (2.3).
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Proof. We prove the case where the convergence in Theorem 2.10 is to +Q(r/Xg).
Let Qa, (1) = Q(r/Xo). By Theorem 2.10, we know that

/]Rl+2 (‘atw”(t’ ’/‘)|2 + |87 (¢n (t, T) - Q/\o (7‘))|2) X(t, ’r) rdrdt

—|—/ [t (E,7) — Qx, (7’)|2 x(t,r)rdrdt — 0 as n— oo (2.18)
R1+2

for all x € C§°((—1,1) x R?), radial in space. Hence to prove (2.17), it suffices to
show that

5 x(t,r)rdrdt -0 as n— oo
”

/ [Wn(t, 1) — Qx, (r)]?
R1+2

for all y as above. Next, note that if for fixed 6 > 0, x(¢,r) satisfies supp(x(t,-)) C
[0, 00), we have

/ W (t,7) — Qxo ()|
R1+2 2

r

x(t,r)rdrdt

<62 ) Wt 1) — Qo (r)|* x(t,r) rdrdt — 0 as n— oo,
R1+2

with the convergence in the last line following from (2.18). Hence, from here out we
only need to consider x with suppx(¢,-) C [0,1]. Referring to Struwe’s argument in
[37, Proof of Theorem 2.1, (ii)], we note that by construction, A, and Xy are such
that

E () < e1, EHQx,) < €1

uniformly in |¢| < 1 and uniformly in n, where 1 > 0 is a fixed constant that we
can choose to be as small as we want. Recalling that for each ¢, ¥(¢,0) = Q(0) =0
and using (2.2), this implies that

1 1
Gl < 5e1, 1G(@ ()] < 5o
for all » € [0,1]. In particular, we can choose ;1 small enough so that
7r s
|wn(ta7ﬂ)| < ga |QA0(T)| < g

for all » € [0,1]. Using the above line we then can conclude that there exists ¢ > 0
such that

(wn(tv 7”) - Q(r/AO))(SiH(2¢n(tv 7’)) - Sin(QQ)\o (T))) > C(wn(ta T) - Q(T/)‘Owlg)
for all » € [0,1], and |¢| < 1. Consider the equation
sin(24, (t, 7)) — sin(2Qx, (1)) '

r2

(=00 + O 20, (U (8,7) = Qg (1) =

Now, let x € C5°((—1,1) x R?) satisfy supp(x(¢,-)) C [0,1]. Multiply the above
equation by (¥, (t,7) — Qx, (r))x(¢,7), and integrate over R!*2. Then, integrating
by parts and using the strong local convergence in (2.18) we can deduce that

/ (Sin(2¢n (2, 7)) = sin(2Qx, (1)) (W@n(t, 1) = Q(r/X0))
R1+2

r2

x(t,r)rdrdt—0

as n — o0o. The lemma then follows by combining the above line with (2.19). O
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Lemma 2.12. Let ¢(t) € H be a wave map that blows up at time t = 1. Then,
there exists a sequence of times t, — 1 and a sequence of points v, € [0,1 — ;)
such that

Y(tp,mn) > T as n— 00

Proof. If not, then there exists a dg > 0 such that for every time ¢ € [0,1) we have
[(t,r)| € R — [ — do,m + Jp] for all r € [0,1 —¢t). Now let ¢, A\, and ©,(¢,7)
and £, be as in Theorem 2.10 and Lemma 2.11. Choose 0 < Ry < Ry < o0
so that |Qx,(r)] > 7™ — %" for r € [Ry1, Ry] and choose N large enough so that
[AnR1, AnR2] C [0,1 —t, — A\p¢) for all t € [0,1] and for all n > N. This implies
that

5
[ (t,7) F Qx ()] > 50 Vn > N, Vre[Ry,Ry,

and for all ¢ € [0,1]. But this provides an immediate contradiction with the con-
vergence in (2.17). O

Corollary 2.13. Let ¥(t) € Hi be a wave map that blows up at time t = 1 such

that £(¢) < 3E(Q). Recall that (t) € Hy means that ¢(t,0) = 0,1 (t,00) = 7.
Then we have

U —Q(/X) =0 as n—oo in Lf((—l,l);Hloc),

with ¥, (t,7r), tn, and N, defined as in Theorem 2.10. In addition, there exists
another sequence of times t,, — 1 and a sequence of points r,, € [0,1—1t,) such that

Y(tn,rn) > T as n— o0

-

Proof. We use the energy bound (1) < 3€(Q) to eliminate the possibility that the
convergence in Theorem 2.10 is to —Q(r/ o) instead of to +Q(r/Ag). Suppose that
in fact we had in (2.17) that v, + Q(-/\,) — 0 in L?((—1,1); Hioe). Lemma 2.12
then gives a sequence of times £, — 1 and a sequence 7, € [0,1 — t,,) such that

Y(tn, ) — =T (2.20)

as n — co. Now recall that ¢(t) € #;. Using the above along with (2.2) we see
that

28(Q) =8+ 2|G((tn,mn)) — 2| < &7 (¥(tn), 0))
On the other hand, we can use (2.20) and (2.2) again to see that
E(Q) =4 2|G(¢(tn, mn))| < &5 (¥(En), 0)

-,

Putting this together we see that we must have £(v)) > 3€(Q) which contradicts
our initial assumption on the energy. O

2.4. Profile Decomposition. Another essential ingredient of our argument is the
profile decomposition of Bahouri and Gerard [1]. Here we restate the main results
of [1] and then adapt these results to the case of 2d equivariant wave maps to
the sphere of topological degree zero. In fact the results for the 4d wave equation
stated here first appeared in [3] as the decomposition in [1] was performed only in
dimension 3. In particular, we recall the following result:
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Theorem 2.14. [1, Main Theorem] [3, Theorem 1.1] Consider a sequence of data
@, € H' x L*(R*) such that ||u,|| g1y ;2 < C. Then, up to extracting a subsequence,

there exists a sequence of free 4d radial waves VE € H' x L2, a sequence of times
{t} C R, and sequence of scales {\,} C (0,00), such that for GF defined by

k
1 .
unp(r)=:j{:;Q*VZ(—ii/A%,T/A%)-+10§p(r) (2.21)
j=1"\n
_zk: LR IR K
Un1(r) = )2 L=t /M A) w1 (r)
— ()],

<
I

we have, for any j <k, that
Mkt M (M) 2wk (N M) =0 weakly in - H' x L2(R*). (2.22)

n-’n’ n-’n’

In addition, for any j # k we have
DYDY
n n _"_

N, A |t —th| |t — k]
DL YA N, A

n

— 00 as n — o0. (2.23)
Moreover, the errors Wk vanish asymptotically in the sense that if we let wth(t) €

H'x L? denote the free evolution, (i.e., solution to (2.5)), of the data wF € H' x L2,
we have

. k
h’I’ILILSng ||w"vLHL§°L§ﬁL§L2(RXR4) —+0 as k— oo (2.24)
Finally, we have the almost-orthogonality of the H' x L? norms of the decomposi-
tion:

[l % e = D VIt /X% g + 1055 o+ 0n(1) (2.25)
1<j<k

as n — oQ.

The norms appearing in (2.24) are dispersive and examples of Strichartz esti-
mates, see Lindblad, Sogge [25] and Sogge’s book [34] for more background and
details. For our purposes here, it will often be useful to rephrase the above decom-
position in the framework of the 2d linear wave equation (1.5). Using the right-most
equality in (2.6) together with the identifications

Un (T) = Tun(T)
O (=t N, N) = %vz’(—ﬁ;/v;,r/m

n
k k
Tn (7‘) =Trwy,
we see that Theorem 2.14 directly implies the following decomposition for sequences

Un € Ho with uniformly bounded H x L? norms. In particular, by (2.7), the
following corollary holds for all sequences i, € Ho with £(¢,) < C < 26(Q).

Corollary 2.15. Consider a sequence of data 7,/;” € Ho that is uniformly bounded
in H x L?. Then, up to extracting a subsequence, there exists a sequence of linear
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waves @, € Ho, (i-e., solutions to (1.5)), a sequence of times {t]} C R, and a
sequence of scales {\,} C (0, oo), such that for 7¥ defined by

wnO Z‘pL ar/)‘zz) +’77]§,0(T)

W |

d)nl : E

(=t /X0 7/ ML)+ (7)

we have, for any j < k, that
(YEOLE N ) MARN M) =0 weakly in H x L.

n’'n? n-'n’

In addition, for any j # k we have

NoOXE |tk th —th
£+€+!%\+|M!

n

— 00 as n— oo. (2.26)

Moreover, the errors 4% vanish asymptotically in the sense that if we let o L(t) €

Ho denote the linear evolution, (i.e., solution to (1.5)) of the data 7% € Hy, we
have

—0 as k— oo.
L LANL3LS (RxR4)

. 1
limsup || -* ,
n—oo ||T

Finally, we have the almost-orthogonality of the H x L? norms of the decomposition:

alzraze = D NG 8/ N irwze + 1T8 s +ou(l)  (227)

1<5<k
as n — oQ.

In order to apply the concentration-compactness/rigidity method developed by
the second author and Merle in [18], [19], we need the following “Pythagorean
decomposition” of the nonlinear energy (2.1):

Lemma 2.16. Consider a sequence 1;” € Ho and a decomposition as in Corol-
lary 2.15. Then this Pythagorean decomposition holds for the energy of the se-
quence:

k

E(n) = D E(PL(—t,/A)) + EGFR) + 0a(1)

j=1
as n — oQ.

Proof. By (2.27), it suffices to show for each k that

/ sin” dr_z/mm 7L tj//v))dr / deron(l)-

0

We will need the following simple inequality:

—2sin?(z) sin’(y) + % sin(2x) sin(2y)(2.28)

{sin2 (z +y) — sin®(x) — sin? (y)‘ =

S lef lyl
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Since at some point we will need to make use dispersive estimates for the 4d
linear wave equation the argument is clearer if, at this point, we pass back to the
4d formulation. Recall that this means we set

U (1) = Ty (r)
oL (—th /A /N =

() =

VLB /NN

Since we have fixed k, we can, by an approximation argument, assume that all of
the profiles V7(0, -) are smooth and supported in the same compact set, say B(0, R).
‘We seek to prove that

9l e rdr e ,
/Oo sin? (ru,,) dr — Zk:/‘x’ s (EVZ(_%/)\%’T/A%)) o /°° sin? (rwfl) i
0 0 0

r r

j=1
= o0,(1).

Using the inequality (2.28) k — 1 times, we can reduce our problem to showing the
following two estimates:

VL (=th/ X/ N

o |VE (=t /N /)
/ rdr=o,(1) fori#j (2.29)
0

(M) (AL)
o |V (—~th /N /3) |
/ . |wfl(7")| rdr=o0,(1) for j <k. (2.30)
0 (An)

From here the proof proceeds on a case by case basis where the cases are determined
by which pseudo-orthogonality condition is satisfied in (2.26).

Case 1: N}, ~ ).

In this case we may assume, without loss of generality, that \J, = A} = 1 for all
n. By (2.26) we then must have that |t/ — 7| — co as n — co. This means that
either |t4] or |t7|, or both tend to co as n — co. To prove (2.29) we rely on the

3
()~ 2 point-wise decay of free waves in R%. Indeed, we have

[ Vica.n| Vit-tin| rar
0

R+|tfm ) ) 2 H R+|tfl| . B 2
< / Vg(—tib,r)) rdr / |V£(—tﬁl,r)‘ rdr
0 0

< <t{1>71/2 <t;>71/2 =0,(1).

~

1
2
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Next we prove (2.30). First suppose that [t],| — co. Then we have

/(Joojvi(—tzm)’ k()] rdr < </OR+
X </0oo |wh (r)|” rdr>é

Sllwpllg (8) 2 = on(1)

where the second inequality follows from the point-wise decay of free waves in R*
and Hardy’s inequality. Finally consider the case where ’tﬁl| < C. Then we can
assume, after passing to a subsequence and translating the profile, that tJ, = 0 for
every n. In this case, then we know that w® — 0 weakly in H' and hence w® — 0

strongly in, e.g., L} (R*) as n — co. And we have
1
R . 3
/ |wﬁ(r)‘ r3dr
0

loc
< O(R)”’LUZHH(B(O,R)) = o,(1).

. 1
J 2
t’n

2
Vi (—t], 7’)‘ r dr)

-

Wi

S R 3
/0 ‘VLJ(O,T)“wﬁ(r)‘TdT§</O ‘VL(O,T)‘ dr)

.. i J i
Case 2: ,uﬁfz%:—)()and'f\—g—l—%g(jasn—)oo.
We can assume, by translating the profiles, that t{, = ¢/, = 0 for all n. We begin by
establishing (2.29).

Changing variables we have

/oo V2,230 v (o, /i)
0o W) ()

< ( /ORiVLj(O””)!Q d> ( /OR(W Vi i) Tdr)

Ryl ) 9 2
<C / \VE(0,7)|" rdr | =o0n(1),
0

where the last line follows from the fact that Ru% — 0 as n — oo. Next we prove
(2.30). Again, we change variables to obtain

o |V (45 /0 m/2)
/0 (X2)

<([tont! ) ([ trieton’ o) <o

where the last line tends to 0 as n — oo since (2.22) implies that A, wk (M) — 0

R
rdr:/ |Vj(0,r)’uif|Vi(0,ui’ljr)‘ rdr
0

N

R
|w7’§(r)| rdr :/ ’Vg(O,r)’ YA |wa()\ﬁLr)| rdr
0

T3 (TRd

in Lj .(R*).
ij Al t, t,

Cases 3: ptl == =0, 5 + 5 =
"X, M AL
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This remaining case can be handled by combining the techniques demonstrated in
Case 1 and Case 2 using either the point-wise decay of free waves or (2.22) when
applicable. We leave the details to the reader. O

We will state the remaining results in this section in the 4d setting for simplicity.
The transition back to the 2d setting is straight-forward and is omitted.

Next, we exhibit the existence of a non-linear profile decomposition as in [1].
We will employ the following notation: For a profile decomposition as in (2.21)
with profiles {V/} and parameters {t},, A} we will denote by {V7} the non-linear
profiles associated to {V7 (—tJ /M), Vi (—t],/M)}, i.e., the unique solution to (2.4)
such that for all —tJ /A, € I,ax(V7) we have

lim =
n— oo

(VI (—th/0) = Vi (—t,/7)

’Hl x L2
The existence of the non-linear profiles follows immediately from the local well-
posedness theory for (2.4) developed in [6] in the case that —tJ /A — 7 € R. If
—tJ /M), — 400 then the existence of the nonlinear profile follows from the existence
of wave operators for (2.4).

We will make use of the following result on several occasions.

Proposition 2.17. Let 4, € H' x L? be a uniformly bounded sequence with a
profile decomposition as in Theorem 2.14. Assume that the nonlinear profiles 1%
associated to the linear profiles Vi all exist globally and scatter in the sense that

ij||L§(R;L2) < 00.

Let i, (t) denote the solution of (2.4) with initial data i,,. Then, for n large enough,
Uy (t, 1) exists globally in time and scatters with

limsup |[un| L3 (r;ze) < o0
n—oo

Moreover, the following non-linear profile decomposition holds:

G R S
Un(t,r) = Z \ %% (" ) —l—wﬁ)L(t,r)—l—sz(t,r)

oA pYND YA
with wth(t,r) as in (2.24) and
lim limsup (HszHLsLa + ||5fLHLocgle2) =0. (2.31)
k—00 n—so0o t -z t

The proof of Proposition 2.17 is similar to the the proof of [10, Proposition
2.8] and we give a sketch of the argument below. In the current formulation, the
argument is easier than the one given in [10] since here we make the simplifying
assumption that all of the non-linear profiles exist globally and scatter. We also
refer the reader to [24, Proof of Proposition 3.1] where the essential elements of the
argument are carried out in an almost identical setting.

The main ingredient in the proof of Proposition 2.17 is the following non-linear
perturbation lemma which we will also make use of later as well. For the proof of
the perturbation lemma we refer the reader to [19, Theorem 2.20], and [24, Lemma
3.3]. In the latter reference a detailed proof in an almost identical setting is provided
which can be applied verbatim here.
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Lemma 2.18. [19, Theorem 2.20] [24, Lemma 3.3] There are continuous functions
€0,Cop : (0,00) — (0,00) such that the following holds: Let I C R be an open in-
terval, (possibly unbounded), u,v € CO(I; HY(R*)) N C*(I; L*(R*)) radial functions
satisfying for some A > 0

HﬁHLw(I;Hlxm) + W”Lm(z;f’;lxw) + ||U||L?(I;L2) <4

leq(u)ll L1 (r:ic2y + llea()l Larsz2) + llwollLsris) < € < €0(A)
where eq(u) = Ou + u?Z(ru) in the sense of distributions, and wy(t) := S(t —
to)(@— ) (to) with tg € I arbitrary, but fized and S denoting the free wave evolution
operator in R1T4. Then,

Hﬂ'f U — TEOHLfo(I;H1><L2) + ||U - U”Lng < CO(A)E
In particular, ||ul|ps(r;z6) < 0o.

Proof of Proposition 2.17. Set
k .
1 . (t—t, r
E _ } : J n
Un(t7r) - )\%V ( Aj ’ )\%>

We would like to apply Lemma 2.18 to u,, and v¥ for large n and we need to check
that the conditions of Lemma 2.18 are satisfied for these choices. First note that
eq(un) = 0. We claim that ||eq(vfl)||L%L§ is small for large n. To see this, observe
that '

k
eq(vf) = ZN (VI(t,r)) =N ZVTZ(t,T)

j=1

where we have used the notation VJ (¢,7) := )\1_7 Vi (t;fg" , /\L’> and N(v) = v3Z(rv)

as in (2.4). Using the simple inequality

sin(2ru) + sin(2rv) — sin(2r(u + v))
2r3
‘ 2sin(2ru) sin’(rv) + 2sin(2rv) sin? (ru)
2r3

<u? o]+t fu] (2.32)

together with the pseudo-orthogonality of the times and scales in (2.23) and arguing
as in the proof of Lemma 2.16 we obtain Heq(v,’j)HL}Li — 0 as n — oo for any fixed
k. Next it is essential that

k

lim sup ZVT{ <A< (2.33)

n—oo j:l 316
Lt LI
uniformly in k, which will follow from the small data theory together with (2.25).
The point here is that the sum can be split into one over 1 < j < jo and another
over jo < j < k . The splitting is performed in terms of the free energy, with jg
being chosen so that

limsup > [VE(=th /NGy 2 < 6

T jo<i<k
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where dg is chosen so that the small data theory applies. Using again (2.23) as well
as the small data scattering theory one now obtains

3

imsup | > VI = Y0 Ve

Jo<j<k Jo<j<k
L3LG

< C'lim sup Z IVE (=0 /N G 2

PO \jo<i<k

with an absolute constant C'. This implies (2.33). Now the desired result follows
directly from Lemma 2.18. O

In Section 5 we will require a few additional results from [8]. We restate these
results here for completeness. First, we note that for a profile decomposition as
in Theorem 2.14, the Pythagorean decompositions of the free energy remain valid
even after a space localization. In particular we have the following:

Proposition 2.19. [8, Corollary 8] Consider a sequence of radial data i, € H' x
L%(R*) such that ||un| g1y 2 < C, and a profile decomposition of this sequence as
in Theorem 2.14. Let {r,} C (0,00) be any sequence. Then we have

. S oo "
||’U,n||3_11 XL2(r>ry) = Z ||Vl"7(7t%/)\%’)Hi{1><L2(T‘ZT‘W,/>\Z,‘) + Hwn”?ﬁlle%vﬂZrn) + On(l)
1<j<k
as n — o0o.
Next, we will need a fact about solutions to the free 4d radial wave equation

that is also established in [8]. The following result is the analog of [10, Claim 2.11]
adapted to R%. In [10] it is proved in odd dimensions only.

Lemma 2.20. [8, Lemma 11] [10, Claim 2.11] Let @, (0) = (wn,0,wn,1) be a uni-
formly bounded sequence in H' x L*(R*) and let %, (t) € H' x L?>(R*) be the
corresponding sequence of radial 4d free waves. Suppose that

HwnHL?Lg —0

asn — oo. Let x € C§°(R*) be radial so that x =1 on |z| < 1 and suppx C {|z| <
2}. Let {\} C (0,00) and consider the truncated data

U,(0) == @(1/An)Wn (0),

where either ¢ = x or ¢ = 1 — x. Let ¥,(t) be the corresponding sequence of free
waves. Then

|vnllgzs =0 as n— oo.

3. OUTLINE OF THE PROOF OF THEOREM 1.1

The proof of Theorem 1.1 follows from the concentration-compactness/rigidity
method developed by the second author and Merle in [18], [19]. This method
provides a framework for establishing global existence and scattering results for a
large class of nonlinear dispersive equations. We begin with a brief outline of the
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argument adapted to our current situation. For data 1(0) € Ho denote by 4 (t) the

—

nonlinear evolution to (1.2) associated to 1(0). Define the set
S := {¥(0) € Ho | (t) exists globally and scatters to zero as t — 00}
Our goal is then to prove that
{(0) e Ho | E(W) < 26(Q)} C S

This will be accomplished by establishing the following three steps. First, we recall
the following global existence and scattering result proved in [6], for data in H,
with energy < £(Q).

Theorem 3.1. [6, Theorem 1 and Corollary 1] There exists a small § > 0 with the
following property. Let 1¥(0) = (¢o,¢1) € Ho be such that E() < E(Q) + 6. Then,

there exists a unique global evolution 1/7 € C°(R;Ho) to (1.2) which scatters to zero
in the sense of (1.4).

This shows that S is not empty. We remark that Theorem 3.1 gives more than
what is needed for the rest of the argument. A small data global existence and
scattering result such as [6, Theorem 2] would suffice to show that S is not empty.
In fact, the proof of Theorem 1.1, and in particular Theorem 4.1 provide an inde-
pendent alternative to the proof of scattering below £(Q) + d given in [6].

Next, we argue by contradiction. Assume that Thereom 1.1 fails and suppose
that £(Q) < £&* < 2£(Q) is the minimal energy level at which a failure to the
conclusions of Theorem 1.1 occurs. We then combine the concentration compact-
ness decomposition given in Corollary 2.15, the nonlinear perturbation theory in
Lemma 2.18, and the nonlinear profile decomposition in Proposition 2.17 to extract
a so-called critical element, i.e., a nonzero solution 1, € C°(Inax (1 ): Ho) to (1.2)
whose trajectory in Hg is pre-compact up to certain time—depende_pt scaling factors

arising due to the scaling symmetry of the equation. Here I;ax(¢)) is the maximal
interval of existence of ¥,. To be specific, we can deduce the following proposition:

Proposition 3.2. [6, Proposition 2 and Proposition 3] Suppose that Theorem 1 fails
and let £* be defined as above. Then, there exists a monzero solution 1/_); (t) € Ho
o (1.2), (referred to as a the critical element), defined on its mazimal interval of
ezistence Imax(zﬁ*) > 0, with

E(,) = &£ < 26(Q)

Moreover, there exists Ag > 0, and a continuous function A : Iynax — [Ag, 00) such

that the set
(o) o) o]

is pre-compact in H x L?.

—

Remark 10. As noted above, the Cauchy problem (1.2), for data ¢(0) € V(«) with
a < 28(Q) is equivalent to the Cauchy problem for the 4d nonlinear radial wave
equation, (2.4), via the identification ru = 1. Hence, it suffices to carry out the
small data global existence and scattering argument, as well as the concentration
compactness decomposition and the extraction of a critical element on the the level
of the 4d equation (2.4) for u. We remark that in this setting, scattering in the sense
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of (1.4) is equivalent to [|ul|yg1+4) < oo where X is a suitably chosen Strichartz
norm. For example, X = L? LS will do.

—

Remark 11. In the proof of Theorem 1.1, the requirement that £(1(0)) < 2£(Q)
arises in the concentration compactness procedure. Indeed, in order to ensure
that the critical element 1/_;* described in Proposition 3.2 lies in Hy one needs to
require that any sequence of data {77/;'” (0)} with energies converging from below to
the minimal energy level &, also have uniformly bounded H x L? norms. This
is only guaranteed when &, < 2£(Q) by Lemma 2.1. In this case, one obtains a
sequence of data i, (0), via the identification ru,, = 1, that is uniformly bounded
in A' x L?(R*) and on which one is free to perform the concentration compactness
decomposition as in [1] and extract a critical element @, as in [19], [6]. We can then
define 15* = 7 Uy.

Remark 12. For the proof that the function A(¢) described in Proposition 3.2 can
be taken to be continuous, we refer the reader to [19, Lemma 4.6] and [18, Remark
5.4]. The fact that we can assume that A is bounded from below follows verbatim
from the arguments given in [10, Section 6, Step 3]. See also, [19, Proof of Theorem
7.1] and [18, Proof of Theorem 5.1].

The final step, referred to as the rigidity argument, consists of showing any solu-
tion LZ_; (t) € Ho with the aforementioned compactness properties must be identically
zero, which provides the contradiction. This part of the concentration compact-
ness/rigidity method is what allows us to extend the result in [6] to all energies
below 2€(Q) and we will thus carry out the proof in detail in the next section.

3.1. Sharpness of Theorem 1.1 in H,. Before we begin the rigidity argument,
we first show that Theorem 1.1 is indeed sharp in Hy by demonstrating the following
claim: for all § > 0 there exist data ¥(0) € Ho with (1) < 26(Q) + 8, such that
the corresponding wave map evolution, 1(t), blows up in finite time. This follows
easily from the blow-up constructions of [22] or [26].

Fix 6o > 0. By [22] or [26] we can choose data @(0) € H; such that
E(u(0)) <EQ)+6, 6K

such that the corresponding wave map evolution wu(t) € H; blows up at time
t = 1. In other words, the energy of (t) concentrates in the backwards light
cone, K(1,0) := {(t,r) € [0,1] x [0,1] | r < 1 — ¢}, emanating from the point
(1,0) € R x [0, 00], i.e.,

lim £7"((t) = £(Q)

b _ b2 2, sin®(u) 7 .
where E)(u,v) = [ (u? +v* + =) rdr. Now define (0) € H as follows:

r

~Ju(0,r) if r <2
w(o’r)_{w—Q()\r) if r>2

where A > 0 is chosen so that 7 — Q(2A) = u(0,2). We note that the existence of
such a A follows form the fact that we can ensure that u(0,r) > 0 for » > 1. To see
this, observe that since @(¢) blows up at time ¢ = 1 and thus must concentrate at
least £(Q) inside the light cone we can deduce by the monotonicity of the energy
that £X(@(0)) > £(Q). Now choose § < £(Q). If we have u(0,r) < 0 for any
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r > 1 we would need at least £2°(u(0),0) > £(Q) to ensure that (0, 00) = 7. This
follows from the minimality of £(Q) in H;. However £2°(u(0),0) < < £(Q).
Now observe that

E((0)) = & (@(0)) + &5 (m — Q) < E(@) + E(Q) < 26(Q) +7.

Let (t) denote the wave map evolution of the data $(0). By the finite speed of
propagation, we have that 1 (t,r) = @(t,r) for all (¢,7) € K(0,1) and hence

}i}q&f (1) = hm€ "(a(t)) = £(Q)

which means that $(t) blows up at ¢ = 1 as desired. Note that if one wishes
to construct blow-up data in H, that maintains the smoothness of «(0), one can
simply smooth out 1;(0,7“) in a small neighborhood of the point r = 2 using an
arbitrarily small amount of energy.

We again remark that the questions of determining the possible dynamics at the
threshold, £(¥) = 26(Q), and above it, £(¢) > 2£(Q), are not addressed here and
remain open.

4. RIGIDITY

In this section we prove Theorem 1.2 and complete the proof of Theorem 1.1.
We begin by establishing a rigidity theory in Ho which will allow us to deduce
Theorem 1.1. We then use the conclusions of Theorem 1.1 together with the proof
of Theorem 4.1 to establish Theorem 1.2.

Theorem 4.1 (Rigidity in Ho). Let (t) € Ho be a solution to (1.2) and let
Imax(¥) = (T-(¥), T (v)) be the mazimal interval of existence. Suppose that there
exist Ag > 0 and a continuous function X : Iax — [Ag, 00) such that the set

(o) it i) e} o

is pre-compact in H x L?. Then, Imax =R and ¥ = 0.
We begin by recalling the following virial identity:

Lemma 4.2. Let xr(r) = x(r/R) € C5°(R) satisfy x(r) = 1 on [-1,1] with
supp(x) C [—2,2]. Suppose that 1 is a solution to (1.2) on some interval I > 0.
Then, for all T € I we have

<><Rw|m/)r = / / )? rdrdt+/ o€ t))) dt. (4.2)
Proof. Since v is a solution to (1.2) we have
% <XR¢ | ”/Jr> = <XR12} \ 7”1/)T> + <XR1/.} \ T¢r>

= <XR(7/}7“T + 17/}7“ - SH;(TQ;Z))) ‘“/’r> + <XR¢ | 7’1/'}74>

/ z/;zrdr—i—/ (1 — xgr)?rdr

2
_ §/0 (¢ + 2 — sin (1/))) Xpr?dr.
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Observe that

-,

S ER (V).

/00(1 — XR)@Z}Zrdr
0

Finally, noting that x;(r) = %x'(r/R), we obtain

[e§] X 102
/0 3 (W +17 - Smrz,(w) > X2 dr

2R . -2,1/} , -
5/ <w2+w3+5mr§ )> %x (%)rdTSER( ).

R

Hence we can conclude that
d . oo .
G (ardlrosy == [ drar + o(ez o))
0
An integration from 0 to T proves the lemma. O

With the virial identity (4.2), we can begin the proof of Theorem 4.1. This will
be done in several steps and is inspired by the arguments in [10, Proof of Theorem
2]. To begin, we recall from [19] that any wave map with a pre-compact trajectory
in H x L? as in (4.1) that blows up in finite time is supported on the backwards
light cone.

Lemma 4.3. [19, Lemma 4.7 and Lemma 4.8] Let 0 (t) € Ho be a solution to (1.2)
such that Ina.x (W) is a finite interval. Without loss of generality we can assume
T, (v) = 1. Suppose there exists a continuous function A : Iymax — (0,00) so that
K, as defined in (4.1), is pre-compact in H x L*>. Then

Co(K)

— < X(t).

0< B <)

And, for every t € [0,1) we have

supp(¢(t)) € [0,1 —1).

We can now begin the proof of Theorem 4.1.
Proof of Theorem 4.1.
Step 1:

First we show that L.y (1)) = R. Assume that T, (¢) < oo and we proceed by

-,

contradiction. Without loss of generality, we may assume that 74 (¢) = 1. By
Lemma 4.3, we can deduce that 0 < % < A(t) and supp(¢(t)) € [0,1 —¢t). In
addition, we know, by Lemma 2.7, (see [37] or the argument in [33, Lemma 2.2]),
that self similar blow-up for 2d wave maps is ruled out; note that the argument
in [33] applies only to smooth wave maps. See Appendix B for how to extend this
result to solutions in Hy. This implies that there exists a sequence {7,,} C (0,1)
with 7,, — 1 such that

<1 as n— oo.



28 R. COTE, C. E. KENIG, A. LAWRIE, AND W. SCHLAG

Hence, we can extract a further subsequence {t,} — 1 and apply Corollary 2.9
with o = ﬁ to obtain, for every n, the bound

tnt }n o 1
)\(tn)/ o / YAt r)rdrdt < —. (4.3)
¢ 0 n

n

Note that above we have used the fact that supp(i(t)) € [0,1 — t). Next, with ,,
as above, define a sequence in Hgy by setting

0 = 68 = (v (10 555 ) 5y (1 57 )

The nonlinear evolutions associated to our sequence

Un(t) := <1/J <tn + /\(in)’ A(Zn)) ’ )\(;)d} (t” " ﬁ A(;L)))

are then solutions to (1.2) with £(1,) = £(1)). Observe that

1 e}
/ / Y2(t,r)rdrdt -0 as n— oco. (4.4)
o Jo

Indeed, by (4.3) we have that

tnt sy [0
// V2 rdrdt = Nt )/ ™ )/ P2t r)rdrdt — 0 as n — oo.
t 0

n

We now proceed as follows. By the compactness of K we can find 1/700(0) =
(W9, vL) € Ho and a subsequence of {1),,(0)} such that we have strong convergence

JR(O) — Jm(O) as m— 0o
in H x L?. Note that this also implies strong convergence in the energy topology,
e, ¥,(0) = Yoo (0) in Hp. In particular, we have

E(fe (0)) = E(0(0)) = E(D). (45)

Now, let 1o (t) € Ho denote the forward solution to (1.2) with initial data s (0)
on its maximal interval of existence [0,7 (¢s)). Choose Ty € (0,74 (¢o0)) with
T < 1.

Using Lemma 2.18 for the equivalent 4-dimensional wave equation (2.4), the
strong convergence of ﬁn(O) to 1/;00(0) in H x L? implies that for large n, the

nonlinear evolutions 1, (¢) and s (t) remain uniformly close in H x L? for t €
[0, Tp]. Indeed, we have

sup [¢hn () = Goo (t)l|x 22 = 0n(1)- (4.6)

t€[0,T0]

Hence, combining (4.4) with (4.6) we have

1 [e%s) To oo
Oe// ﬁi(t,r)rdrdtz/ / V2 (t,r)rdrdt
o Jo o Jo
T() oo .
:/ / V2 (t,r)rdrdt + o0,(1).
o Jo

Therefore we have 1/.100 = 0 on [0,Tp]. Since ¥ = 0 is the unique harmonic map in
Ho we necessarily have that 9., = 0. But, by (4.5) we then have 0 = £(¢¥) =
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& (Jn) =& (1/7) Hence ¢ = 0, which contradicts our assumption that 1 # 0 blows
up at time ¢t = 1.

Step 2: By Step 1, we have reduced the proof of Theorem 4.1 to the case I .« = R,
and hence A : R — [Ag, 00). By time symmetry we can, without loss of generality,
work with nonnegative times only and thus consider () : [0, 00) — [Ag, 00).

First note that since K is pre-compact in H x L? and since A\(t) > Ay we have
that for all € > 0 there exists an R = R(e) such that for every ¢ € [0, c0)

—

Also, observe that for all T' > 0 we have

(b o) || < REC) (1.7

-

Now, fix ¢ > 0 and fix R large enough so that sup,~, €’ (¢)) < ¢. Then, Lemma 4.2
together with (4.7) implies that for all T' € [0, c0) we have

1/T/OO1/}2frdrdt< Ee(zﬂ)Jre
T O O ~ T ’
This shows that

1 T oo .
T/o /0 Yp2rdrdt -0 as T — oo. (4.8)

Next, we claim that there exists a sequence {t,} with ¢, — oo such that

tn++n o
lim /\(tn)/ e </ ¢2rdr> dt = 0. (4.9)
n— o0 t, 0

To see this, we begin by defining a sequence 7, as follows. Set

1 1
7—0—0, Tn+1.—7_n+m—;)m.

First we establish that 7, — 0o as n — oo. If not, then up to a subsequence we
would have 7,, — 7o, < co. This would imply that

>©1
Too = < 00
2 3w

which means that lim
k—o0 (Tk)

by the continuity of .
Now, suppose that (4.9) fails for all subsequences {t,,} C {7,,}. Then there exists
€ > 0 such that for all &,

Th41 o) . 1
/T}c (/0 P rdr) dtzei)\(Tk).

Summing both sides above from 1 to n gives

Tn+1 oo . n 1
¢2 rdr) dt > ¢ = &7y
/o </ 2 M)~

which contradicts (4.8). Hence there exists a sequence {¢,} such that (4.9) holds.
Moreover, since A(t) > Ag > 0 for all ¢ > 0 we can extract a further subsequence,

= (0. But this is impossible since A(1x) = A(7o0) < 00
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still denoted by {¢,}, such that (4.9) holds and all the intervals [t,,,t, + ﬁ] are
disjoint.
Next, with ¢, as above, define a sequence in Hg by setting

The nonlinear evolutions associated to our sequence

- t r 1 . t r
dutty= (o (i 55 567) 57 (0 5750
are then global solutions to (1.2) with £(¢,) = £(¢). Observe that

1 00
/ / Y2(t,r)rdrdt —0 as n— oo. (4.10)
o Jo

Indeed, by (4.9) we have that

1 poo tnt sy S
/ / ¢,2errdt:/\(tn)/ (/ ¢2rdr> dt -0 as n— oo.
0o Jo tn 0

We now proceed as follows. By the pre-compactness of K we can find ¥ (0) =
(%, L) € Ho and a subsequence of {1),,(0)} such that we have strong convergence

1/_1'”(0)%1/_1‘00(0) as n — 0o

in H x L?. Note that this also implies strong convergence in the energy topology,
i.e., ¥n(0) = ¥ (0) in Hp. In particular, we have

E(1ho(0)) = E(Pn(0)) = E(&). (4.11)

Now, let o0 (t) € Hg denote the forward solution to (1.2) with initial data 1 (0)
on its maximal interval of existence [0, (%s)). Choose Ty € (0,14 (t)oo)) with
Ty < 1.

Using Lemma 2.18 for the 4-dimensional wave equation (2.4), the strong conver-
gence of 9, (0) t0 a0 (0) in H x L? implies that for large n the nonlinear evolutions
z/_;n(t) and Joo(t) remain uniformly close in H x L? in t € [0,7Tp]. Indeed, we have

sup ”ﬁn(t) - ,[EOO(t)”HXLQ = On(l) (412)
te[0,To)

Hence, combining (4.10) with (4.12) we have

1 [e%s) To oo
0<—// 1/},21(t,r)rdrdt2/ / V2 (t,r)rdrdt
o Jo o Jo
To oo .
:/ / V2 (t,r)rdrdt + o0,(1).
o Jo

Therefore we have 1/}00 = 0 on [0,Tp]. Since ¥ = 0 is the unique harmonic map in
Ho we necessarily have that 1o, = 0. But, by (4.11) we then have 0 = £(¢s, 0) =
E(n) = E(Y). Hence ¢ = 0 as desired. O

We can now complete the proof of Theorem 1.1.
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Proof of Theorem 1.1. Suppose that Theorem 1.1 fails. Then by Proposition 3.2
there would exist a nonzero critical element 1, that satisfies the assumptions of
Theorem 4.1. But by Theorem 4.1, 1, = 0, which is a contradiction. ]

To conclude, we prove Theorem 1.2.

Proof of Theorem 1.2.

—

Step 1: First we show that I, (U) = R. We argue by contradiction. Assume that

T, (U) < co. Without loss of generality, we may assume that T’y () = 1.
Applying the exact same argument as in Step 1 of the proof of Theorem 4.1 up to
(4.4) we can construct a sequence of solutions U, (t) € H' x L*(R?;5?%) to (1.2)
such that

1
/ QU2 (t)drdt =0 as n — oo. (4.13)
o Jre

From this we obtain the following conclusions:
(i) Extracting a subsequence we have U,, — Uy, weakly in H. ([0, 1] x R?; S?)
and hence U, (t) is a weak solution to (1.2) on [0,1].
(ii) By the pre-compactness of K we can, in fact, ensure that U, (0) — Us(0)
strongly in H' x L?(R?;§?). This implies that
E(Ux) = E(U,) = £(U) (4.14)
(iii) By (4.13) we can deduce that Us, = 0 on [0, 1].
Putting this all together, we have a time independent weak solution Uw € H
o (1.2) for t € [0,1]. By Hélein’s Theorem [16, Theorem 1] we know that Uy
is, in fact, harmonic. Since U = 0 and U = (£Q,w) are the unique harmonic
maps up to scaling in ‘H we necessarily have that either Uy, = 0 or U'oo(r,w) =
(Q(\-),w) for some A > 0. Hence, by (4.14), we can deduce that either £(U) = 0
or £(U) = £(Q,0). The former case implies that U = 0. If the latter case occurs,
then U(t) can either be an element of Hy, Hi, or of H_; since all the higher
topological classes, H,, for |n| > 1, require more energy. If U(t) € Hy then it is
global in time and scatters by Theorem 1.1. If U(t) € H; or H_; then we have
Ult,r,w) = (£Q(Ar),w) for some A > 0 since (Q, 0), respectively (—@Q,0), uniquely
minimizes the the energy in Hi, respectively H_;. In either case, this provides a
contradiction to our assumption that I, # R.

Step 2:

Again we apply the exact same argument given in Step 2 of the proof of Theo-
rem 4.1 and we construct a sequence of solutions U, (t) € H! x L?(R?;S?) to (1.2)
such that

r
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with £(U,) = £(U) and
1
/ QU (t)drdt -0 as n — oo. (4.15)
0 R2

We thus obtain the following conclusions:
(i) Extracting a subsequence we have U,, — U, weakly in H. ([0, 1] x R?; S?)
and hence U (t) is a weak solution to (1.2) on [0, 1].
(ii) By the pre-compactness of K we can extract a further subsequence with
Un(0) = Uno(0) strongly in H' x L2(R2; $2). This implies that

E(U) = E(U,) = £(U) (4.16)

(iii) By (4.15) we can deduce that Us, = 0 on [0, 1].

Putting this all together, we have a time independent weak solution Us € H to
(1.2) for t € [0,1]. By Hélein’s Theorem [16, Theorem 1] we know that Uy is, in
fact, harmonic. Since U = 0 and U = (+Q, w) are the unique harmonic maps up to
scaling in H we necessarily have that either Us, = 0 or Uso (r,w) = (£Q(A-),w) for
some A > 0. Hence by (4.16) we can deduce that either £(U) = 0 or £(U) = £(Q,0).
The former case implies that U = 0. Arguing as in the conclusion to Step 1, the
latter case implies that either U(t) € Hg or U(t) € Hyy. If U(t) € Hy1, then
U(t,r,w) = (£Q(Mr),w) for some A > 0. If U(t) € Ho with E(T) = £(Q), then
Theorem 1.1 shows that Tj(t) is global in time and scatters to 0 as ¢ — oo in
H' x L%(R2;52) in the sense that the energy of U(t) goes to 0 as t — oo on any
fixed but compact set V' C R2. Finally, we observe that the pre-compactness of K
renders such a scattering result impossible.

We thus conclude that either U = 0 or U(t, r,w) = (+Q(Ar),w) for some A > 0
proving Theorem 1.2. 0

5. UNIVERSALITY OF THE BLOW-UP PROFILE FOR DEGREE ONE WAVE MAPS
WITH ENERCY BELOW 3£(Q)

In this section we prove Theorem 1.3. We start by first deducing the conclusions
of Theorem 1.3 along a sequence of times. To be specific, we establish the following
proposition:

Proposition 5.1. Let ¢(t) € Hy be a solution to (1.2) blowing up at time t = 1
with

E(W) = E(Q) +1 < 3E(Q)

Then there exists a sequence of times t,, — 1, a sequence of scales A, = o(1 — t,,),
a map G = (o, 1) € Ho, and a decomposition

(0t D000) = onnon) + (@ (1 )10) + ) (5.1)

such that &(t,) € Ho and (t,) — 0 in H x L? as n — oo.

Most of this section will be devoted to the proof of Proposition 5.1. We will
proceed in several steps, the first being the extraction of the radiation term.
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Tn r

[
g

FIGURE 1. The solid line represents the graph of the function
@2 (-) for fixed n, defined in (5.3). The dotted line is the piece of
the function (¢, -) that is chopped at r = r,, in order to linearly
connect to m, which ensures that 571 € Hi.

5.1. Extraction of the radiation term. In this subsection we construct what
we will call the radiation term, @ = (g, ¢1), in the decomposition (5.1).

Lemma 5.2. There exists ¢ € Ho with E(F) < n < 26(Q) so that the following
holds: Denote by @(t) the wave map evolution of 3. Then G(t) € Ho is global in
time and scatters to zero as t — *oo and we have

—

Bt,r)+m =t r) V(tr)e{(tr)|tel0,1),re (l-too)} (5.2)

Proof. To begin, let t,, — 1 and r,, € (0,1 —¢,] be chosen as in Corollary 2.13. We
make the following definition:

T (tn,rn) .
Ty jf < r<r
Pp(r) = { " " (5.3)

Y(tp,r) if 1 <r<oo

0 if 0<r<r,
Pn(r) =1 " :
Y(tp,r) if 7, <r<oo

We claim that $n = (4%, ¢L) forms a bounded sequence in the energy space H-in

no

fact, the sequence is in #; ;1 which is defined in (1.3). To see this we start with the
claim that

EX2(Sn) = EX($(En)) < n+ 0n(1). (5-4)

Indeed, since ¥(t,,r,) — 7 we have G(¥(tn,mm)) — 2 = 2E(Q) as n — oo.
Therefore, by (2.2) have

5(?)% (w(t_n)70) > 2G(1/J(Zmrn)) >E(Q) - On(l)

for large n which proves (5.4) since £2° ((tn)) = E° (U (En)) — EF (U(En)).
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We can also directly compute &5 (¢2,0). Indeed,

o [ (T 2 ry sin? (Z=2lnrn)
& g,o):/ (” Z”f"’”)) rdr—i—/ (= )dr
0 n 0

T

< Clr=¢(tp, ) =0 as n— oo.

Hence E(¢y) < 1+ 0,(1). This means that for large enough n we have the uniform
estimates &(¢n) < C < 26(Q). Therefore, by Theorem 1.1, (which holds with
exactly the same statement in #; 1 as in Ho = Ho,0), we have that the wave map
evolution q_b)n(t) € Hi,1 with initial data (;3;1 is global in time and scatters to 7 as
t — 400, We define ¢ = (¢, ¢1) € H1.1 by

m if r=0
Polr) := {%(1 —tar) i 7> 2(1—F)

0 if r=0
(bl (’I“) = . _ . _
dn(1 —t,,r) if r>2(1—1,)
We need to check first that d; is well-defined. First recall that by definition
(;;n(r) = J(fn, ry Yr>1-—1,

since r,, < 1 —t,. Using the finite speed of propagation of the wave map flow, see
e.g., [30], we can then deduce that for all ¢t € [0,1) we have

Gt — a7 ) P(t,r) Vr>1—1, + [t — )
Now let m > n and thus ¢,, > t,,. The above implies that
n(Em — ) = J( b 7) = Gm(r) V1 21 =Ly + [ —
Therefore, using the finite speed of propagation again we can conclude that
(L —F0,7) = Gl —Fm,7) Vr>2(1—1,)
proving that q; is well-defined. Next we claim that
£(d) <n (5.5)

Indeed, observe that by monotonicity of the energy on light cones, see e.g. [30], we
have

E5G 1) (0) = €17y (Bn(1 = 1)) < E7 (6n(0)) < E(6n(0)) < 1+ 0n(1)

and then (5.5) follows by taking n — oo above. Now, let ¢(t) € H; 1 denote the
wave map evolution of ¢. Since ¢ € Hy1 and £(¢) < 1 < 26(Q) we can deduce

by Theorem 1.1 that ¢(t) is global in time and scatters as ¢ — +oco. Our final
observation regarding ¢(t) is that for all ¢ € [0,1) we have

ot,r)=(t,r) Vr>1—t

This follows immediately from the definition of q; and the finite speed of propaga-
tion. To be specific, fix ¢y € [0,1) and rg > 1 —t. Since ¢, — 1 we can choose n



LARGE ENERGY SOLUTIONS OF THE EQUIVARIANT WAVE MAP PROBLEM: I 35

large enough so that rg > 2(1 —¢,) + 1 — to. Then observe that by finite speed of
propagation and the fact that ¢(r) = ¢, (1 —t,,7) for all r > 2(1 — £,,) we have

— —

QS(to,T') = ¢n(t0 — En,’f') = ¢(t0,7’) VT > To > 2(1 - En) + ]. — to

and in particular for r = rq.
Finally, we define our radiation term & = (g, p1) € Ho by setting

wo(r) :=¢g—m

p1(r) := ¢1.
We denote by @(t) € Ho the global wave map evolution of . O
Now define
at,r) = o(t,r) — @(t,r). (5.6)

We use Lemma 5.2 to show that d@(¢) has the following properties:
Lemma 5.3. Let d@(t) be defined as in (5.6). Then a(t) € Hy for allt €[0,1) and

supp(a,(t),a(t)) € [0,1 —¢t). (5.7)
Moreover we have
lim £(a(t)) = £(¥) — £(9). (5.8)

Proof. First observe that (5.7) follows immediately from (5.2). Next we prove (5.8).
First observe since @(t) € Hy is a global wave map with £(F) < 2£(Q) we have

sup [|Gt)|axr2(r<sy =0 as d =0,
te[0,1]

which implies in particular that
IO axr2@r<ity =0 (5.9)
as t — 1. Next we see that

r

e sin? —
e@0) = [ (100 = w0 +10n(0) - ortof 4 PG ZEON) gy

1—t
— e () + / (—200(8) () — 20y (pr(8)) v
ey g [ S0 — pl0) — WD)
+/0 (G2(t) + 2(1)) rd +/0 d

r

=& W(1) + CEDNGH) I mxra(rer—) + CINEO N Frx 2 (rer—)
= EMW) +o(1) as t— 1,
where on the last line two lines we used (5.9) and the fact that
|sin?(z + y) — sin(z)| < 2|sin(z)| [y +2[y|*- (5.10)
Finally, by Lemma 5.2 we observe that for all ¢ € [0,1) we have

—

EXZ(P(1) = E72,(A(1))-

Hence,
E(@(t)) = EW(1) = EX2,(F(1)) +o(1) as t— 1,
which completes the proof. O
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5.2. Extraction of the blow-up profile. Next, we use Struwe’s result, Theo-
rem 2.10, to extract a sequence of properly rescaled harmonic maps. At this point
we note that we can, after a suitable rescaling and time translation, assume, with-
out loss of generality, that the scale Ag in Theorem 2.10 satisfies \y = 1. We prove
the following result:

Proposition 5.4. Let a(t) € Hy be defined as in (5.6). There exists a sequence o,
with o, — 00, a sequence of times 7, — 1 and a sequence of scales A, = o(1 — 73,)
and ap,N, < 1 — 71, such that
(a) Asn — oo we have
o 1
/ a*(Tp,r)rdr < —. (5.11)
0

n

(b) Asn — co we have

[

(¢) Asn — oo we also have

E(a(n) = (Q(-/An),0)) <1+ on(1), (5.13)

which implies that for large enough n we have
E(a@(rn) — (Q(-/An),0)) < C < 28(Q).

Proof. We begin by establishing (5.11) and (5.12). The basis for the argument is
Theorem 2.10. Indeed, by Theorem 2.10 and Corollary 2.13 there exists a sequence
of times ¢, — 0 and a sequence of scales A\,, = o(1 — t,,) such that for any B > 0
we have

Qr(r/Mn) |
An

[e78 (Tna T) -

n

N la(7n,T) TQQ(T//\n)|2> rdr < l (5.12)

tntAn Lt
—/ G2ty r)rdrdt — 0

/t nFAn /B)\ (
as n — oo. Next observe that since @(t) € Hy is a global wave map with £(F) <
2€(Q), we can use the monotonicity of the energy on light cones to deduce that

U (t,r) — rdrdt — 0

Qulr/n )|, ) - Q(T//\n)|2>
r2

TL

sup ETHP(H) =0 as n— oo.
1

n>b>

The above then implies that

) s<utpil NG| rxr2(r<1i—t) =+ 0 as n — oo. (5.14)
By , Lemma 5.3 we then have
1 tnt+An tht+An  pl— t 9
—/ / 2(t,r)rdrdt = —/ / U(t,r) —@(t,r)| rdrdt
1 tn+An -
g)\— wz(t r)rdrdt

thr)\n 1—t
Jr*/ / t r)rdrdt — 0.
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Using (5.14) it is also immediate that

/t ntAn /B)\ ( Qr(r//\n)

An
Now, define

1 tn+An 0o
= 7/ / a*(t,r)rdrdt
An J, 0
tntAn  BAn 2 _ 2
+ )\i/ / (a t,r @r(r/An) + jatt,r) g)(r/)\nﬂ ) rdrdt.
n Jt, 0 "

An
We know that for all B > 0 we have s(B,n) — 0 as n — oo. Let a,, — o0.
Then there exists a subsequence o(n) such that s(a,,o(n)) — 0 as n — oo with
AnAg(n) < 1 —1ts(n). To see this let N(B,§) be defined so that for n > N(B,4) we
have s(B,n) < ¢ and then set o(n) := N(a,,1/n). Note that we necessarily have
AnAo(n) < 1 —=tg(n). Then we can extract 7,(,) € [to(n), to(n) + Ao(n)] SO that after
relabeling we have

/ a* (1, ) rdr
0

QanAn
/
0

for every n which proves (5.11) and (5.12).
Lastly, we establish (5.13). To see this, let 7, and A, be as in (5.11) and (5.12).
Observe that

+ 51 e (@(n) = (Q(-/An), 0))
+ &2, (A@(m) = (Q(/An), 0)).
First, observe that (5.11) and (5.12) directly imply that
5" (@(7a) = (Q(-/An), 0)) = 0a(1)
as n — o0o. Next we observe that
Eann(Q(/An)) = €50 (Q) = on(1). (5.15)

Using (5.15) and the fact that @(7,,r) = (7,0) for every r € [1 — 7,,00), we have
that

5 2
+ laft.r) _rg(r/A"” > rdrdt — 0.

1
n

ar(Tp, 1) —

CHUEY | latn) - 2@<r/An>|2> rdr <

&2, (A7) = (Q(-/An),0)) = &2, ((m,0) = (Q(-/An), 0))
<€, (Q(/An)) = on(1).
Hence it suffices to show that
Ep(@(7a) = (Q(-/An),0)) < 1+ 0a(1). (5.16)
Applying (5.15) again we see that the above reduces to showing that

Ea T (@(ma)) < n+0n(1).
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Now combine the following two facts. One the one hand, for large n, (5.8) implies
that

-,

E(d(rn)) < E()) + on(1).
On the other hand, (5.11) and (5.12) give that 3" (@(r,)) = £(Q) — on(1).
Putting this all together we obtain (5.16). O

In the next section we will also need the following consequence of Proposition 5.4.

Lemma 5.5. Let ay,, Ay, and 1, be defined as in Proposition 5.4. Let 5, — oo be
any other sequence such that B, < coay, for all n, for some co < 1. Then for every

0 < ¢1 < Cy such that Cocy < 1 there exists 3, with ¢18, < Bn < (O3, such that
U(Tn, Bndn) = 7 as n— o0 (5.17)
Proof. We first observe that we can combine (5.12) and (5.9) to conclude that

19(70) = (Q(-/An), )l rrx L2 (r <) = 0 (5.18)

as n — oo. Now, suppose (5.17) fails. Then there exists 9 > 0, 5, — oo with
Bn < cpay, and ¢y < Cy, and a subsequence so that

Yn (T, Anr) € [m — 8o, ™ + 00] V1 € [€18n, C2n]
Now, since 3,, — oo we can choose n large enough so that
Q(r) € [m—b0/2,m) Vr € [c18n, Cafin]
Putting this together we have that
/02’3” [ M) = QI (Cz - cl>2 52
1B r 1

But this directly contradicts (5.18) since Cy/3,, < a, for every n. O

5.3. Compactness of the error. For the remainder of this section, «,, 7, and
An will all be defined by Proposition 5.4. Next, we define b,, € H as follows:

bn,o(r) = a(tn, ) — Q(1/An) (5.19)
bn1(r) = a(rn,7) = 0,(1) in L2 (5.20)

Our goal in this section is to complete the proof of Proposition 5.1 by showing
that b, — 0 in the energy space. Indeed we prove the following result:

Proposition 5.6. Define b, = (by.0,bn.1) as in (5.19), (5.20). Then
1Bl 2 = 0
as n — 00.
To begin, we observe that by Proposition 5.4 we have
E(bn) < C < 26(Q)

for n large enough. Denote by l;n(t) € Hy the wave map evolution with data
by, € Ho. Since E(b,) < C < 2£(Q) for large n, we know from Theorem 1.1 that
b (t) € Mo is global and scatters to zero as ¢ — +o0.

The proof of Proposition 5.6 proceeds in several steps. We give a brief outline
of the approach below to give the reader a general sense of the strategy.
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e The first step in the proof of Proposition 5.6 is to show that the sequence by
does not contain any nonzero profiles. The proof of this step is reminiscent
of an argument given in [10, Section 5] and in particular [10, Proposition
5.1]. Here the situation has been simplified as we have already extracted the
large profile Q(-/A,) by means of Struwe’s theorem. This result is achieved
in Proposition 5.7 below.

e Next, we proceed by contradiction. If we assume that the conclusion of
Proposition 5.6 fails, then up to extracting a subsequence we have

B2 rrx 22 > o

As we have shown in the first step that by, has no nonzero profiles, the non-
linear wave map evolution En (t) is well approximated by the corresponding
linear flow with the same initial data, which we denote by b, 1(t). Using
the exterior linear estimates, Corollary 2.3, we can then deduce that the
wave map flow b, (t) maintains a fixed amount of energy exterior to the
light cone, viz. (5.24).

e The final step is to show that (5.24) forces the original wave map, 9(t) to
concentrate energy on the boundary of the cone before the blow-up time
t = 1. This is of course impossible, both by equivariance — the only con-
centration point can be r = 0 — and by our assumptions that the map
blows up at time t = 1. The proof is a delicate argument that is based
on showing that the backwards evolutions of ¥(r,) and b, remain close
on an exterior region. Several technical difficulties arise from the fact that
a Bahouri-Gerard type nonlinear profile decomposition cannot be directly
applied, since z/j(Tn) € H,, and not in Hy. The pieces of the decomposition
must then be evolved separately, in two different steps, and we rely on finite
speed of propagation, as well as on Corollary 2.6 to show that 1/_;(7'n +t)
and gn(t) remain close throughout this process near the boundary of the
cone. In particular, the nonzero amount of energy that En(t) maintains on
the exterior cone forces J(Tn +1t) to concentrate energy there as well, which
will give us a contradiction.

We now begin with the proof.

Proposition 5.7. Let b, € Ho and the corresponding global wave map gn(t) € Ho
be defined as above. Then there exists a decomposition

bu(t,7) = bu,n(t,7) + O, (t, 1)
where gn,L(t,r) satisfies the linear wave equation
Ostbn, 1 — Orrby 1 — %&me + r%me =0 (5.21)
with initial data l_)'n,L(O,r) = (bn,0,0). Moreover, b, 1 and 9_;1 satisfy

1
Hrb"’L —0 (5.22)

L (R; L (R))

—0 (5.23)

. 1
10nll Loe (i x L2) + H9n
T lL3®;Le (rY))

as n — 0.
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Before beginning the proof of Proposition 5.7 we deduce the following corollary
which will be an essential ingredient in the proof of Proposition 5.6.

Corollary 5.8. Let gn(t) be defined as in Proposition 5.7. Suppose that there exists
a constant 6y and a subsequence inn so that ||by oz > do. Then there exists ag > 0
such that for allt > 0 and all n large enough we have

Hgn(t)”HxL?(th) > agdy (5.24)

Proof. First note that since En 1, satisfies the linear wave equation (5.21) with initial
data gmL(O) = (bn,0,0) we know by Corollary 2.3 that there exists a constant Sy > 0
so that for each ¢ > 0 we have

on, L (Ol Erx 22 (r>¢) = Bollbnoll e
On the other hand, by Proposition 5.7 we know that

1B (8) = B (Dl s p2(rzy < 100 ()l rrxzz = 0a(1)
Putting these two facts together gives

B0 (Ol 22 r5t) > bn 2 (B[ 225ty — 0n(1)
> Bollbr,ollg — on(1)

This yields (5.24) by passing to a suitable subsequence and taking n large enough.
O

To prove Proposition 5.7 we will first pass to the standard 4d representation
in order to perform a profile decomposition on the sequence l;n Up to extracting
a subsequence, b, € Ho forms a uniformly bounded sequence with & (l;n) <C<
26(Q). By Lemma 2.1 and the right-most equality in (2.6), the sequence 4, =
(Un,0,Un 1) defined by

Un,o(r) = L’?A(T)
U (r) = L’;(’") =o0,(1) in L*RY)

is uniformly bounded in H! x L?(R*). By Theorem 2.14 we can perform the fol-
lowing profile decomposition on the sequence ,,:

Uno(r) =3 Ly (_t% - ) +wk o (0,7) (5.25)

Lyi (T
S PN

1 .. (=t r
Up 1 (r) = — VI —n — ) 4wk (0, 5.26
)= 30 Vi (S 5) + ka0 (5.20
where each VLJ is a free radial wave in 4d and where we have for j # k:
Ny Ak N |ts, — tk | N |ti, —tk|
XX Al N
Moreover, if we denote by u’)’g 1 (t) the free evolution of w¥ we have for j < k that
(Mwk LM, (M)20k (M, M) = 0e H x L* as n — o(5.27)

n n? n n’'n?

— 00 as n — oo

lim sup ||w§7L||L§Lg -0 as k— o0 (5.28)
n— oo
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()

oY
It is also convenient to rephrase the above profile decomposition in the 2d formu-
lation. We have

Finally,
2

Nl =D

J<k

. @5 (0) 1%, 2 +0n(1)  (5.29)
HlxL?

A ,Aj)ﬂs,o(r)

i<k

1 . —t{ T
bn,l(r) :ZFQOJL ( )\JL7>\]) +fYn 1( )

i<k

; —t{l T T —t{l T
YL <j? j> = 7VLJ <j7 j>
)\TL )\n )\n )\?’L )\71
(1) = 1wy, o(r).

and similarly for the time derivatives.
We make the following crucial observation about the scales A/,. By Proposi-
tion 5.4 we have as n — oo that

£ (b0, 0) — 0, (5.30)
£ (b0, 0) — 0. (5.31)

where

Note that we also have that if 8, — oo is any other sequence with §,, < a,, then
EB (b 0,0) — 0.

We can combine (5.30) and (5.31) with Proposition 2.19 to conclude that for each
scale M corresponding to a nonzero profile ¢/ we have

Ay <N <1—1, (5.32)
at least for n large. In particular,
M —0 as n— oo foreveryj.

The proof of Proposition 5.7 will consist of a sequence of steps designed to show
that each of the profiles Vj (or equivalently the q;j ) must be identically zero.

Our first goal is to show that all of the time sequences {t, ;} can be taken to be
= 0 and that then the initial velocities of the profiles vanish, i.e., V7 (0,7) = 0 for
each j. This is an easy consequence of the following lemma:

Lemma 5.9. In the decomposition (5.25), (5.26) we must have

i
lim sup | =
n—oo

<o VjeN

n

Corollary 5.10. In the decomposition (5.25), (5.26) we can assume, without loss
of generality, that tJ, = 0 for every n and for every j. And, in addition we then
have

VLj(Om) =0 for every j.
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Proof of Corollary 5.10. Since all of the sequences tJ, /N, are bounded, we can as-
sume (by translating the profiles) that ¢ = 0 for all j and for all n. In the case
when tJ, = 0 for all j, it is easy to see that, besides (5.29) the following Pythagorean
expansion also holds

2
0n(1) = llunalF: = 3 [VZO)|| , + ks @ +0u (D), (5.33)
J<k
from which it is immediate that V; := Vg(O) = 0 for every j. O

We now move to the proof of Lemma 5.9. We follow closely the argument in [13],
however since there are a few technical differences, we reproduce the proof here.

Note that one way of viewing Corollary 5.10 is that, under the hypothesis, one
has ability to pass from (5.29) to (5.33). For a profile decomposition of a general
sequence (U0, Un.1) in H' x L2(RY) with ||v,1 12 = 0,(1) this is not possible due
to the following example: Let Vi (t) be any nonzero free wave and let s,, — oo be
any sequence of times. Let vy, 0 := 2V (s,) and v, ;1 = 0. Then

Uno = Vi(=s,) + VE(=57), vn1=0
where
VL) = VL(t), sy = —sn,  VE():= VL(=t), 55 = sn
is a profile decomposition which does not satisfy
0= [lunall72 # IVE(=si) 122 + IVE(=sp)lIZ2 + 0n (D).

With this example in mind, the first step towards proving Lemma 5.9 is to show
that such time-symmetric profiles are the only type that can arise with diverging
parameters t/, /), — 400, for a sequence (vy, 0, Un 1) in H' x L2(R*) with ||v, 1]/ 22 =
on(1).

We begin by establishing the following claim. Denote by S (t) the free wave
propagator in R+ i.e., for data (f,g) we set

S0)(£.9) = costiv =)y + UL

Claim 5.11. [13, Claim 2] Let {fn,gn} be a bounded sequence of radial functions
in H* x L*(R*) and let A,, > 0 be any sequence so that

HgnHLQ(TZA") —0 as n — oo.
Let t,, be a time sequence so that |t,| /A, — 00 as n — co. If
S(=ta)(fus 9n) = (Vo, V1) € H' x L,
then,

5_:(tn)(fmgn) - (Vo,-W1) € H' x L.
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Proof. The proof follows closely the argument given in [13], but here we crucially
use [8, Theorem 4] in place of [10, Lemma 4.1]. Denote by (:,-) 1, > the inner

product in H* x L2. Given any radial (ho,h) € C§° x C3°(R*) we have
(S(=ta) (s ga)s (hos k) = (s ga)s S(ta) (o, 1)

= ((fas=ga). St)(ho, b)) +on(1) as n— oo

We note that the last inequality above is due our assumptions on g,. Indeed, by [8,
Theorem 4] (which says roughly that radial free waves radiate most of their energy
near the light cone) and since |t,| /A, — oo, we have

<(0,9n), g(tn)(ho,h1)>Hle2 =o0,(1) as n — oo.

Using the fact that for any data (f,g) we have
S(=0(f,~9) = (SO, 9), =S (1)(.9))

>Hl><L2

we obtain
<§(_tn)(fnagn)’ (ho’h1)>H1xL2 = <§(—tn)(fn, —Gn), (ho,h1)>Hle2 + 0,(1)
= <§(tn)(fn,9n), (ho, _h1)>Hle2 +0,(1) as n — oo,
which completes the proof. [

Claim 5.12. Let (vn,0,0n,1) be a bounded sequence of radial functions in H! x
L?(R*) such that

lvn1llz = 0 as n— oo. (5.34)

Then, after passing to a subsequence, there exists a profile decomposition with free
waves Vi and parameters {ti M} so that for any fived j € N we have either

n? n

th =0, ¥Yn and Vi(0)=0,

or
J
~ —d00 as n— o0 (5.35)
n
and there exists k # j so that
VE@) = Vi(~t) and Ynti =tk A=\, (5.36)

Proof. Fix and j € N. Recall from [1] that the profile V{ with parameters {t},, M}
is defined by the weak limit

S(8/3) Nyvn0 (M), (M) *on1 (M) = VE(0) € H' x L*. (5.37)

Now, we can assume without loss of generality that either ¢/ = 0 for all n or
that (5.35) holds. If ¢, ; = 0 then (5.34) and (5.37) show that 0,V7(0) = 0. In the
latter case, we can use Claim 5.11 to extract the weak limit

S(—th /M) Moo (M), ()01 (M) = (VE (0), —0,V3 (0) € H* x L.
This gives us the existence of the kth profile V¥ precisely as in (5.36). O

We can now prove Lemma 5.9.
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Proof of Lemma 5.9. We argue by contradiction. Passing to the 2d formulation,
assume that there exists a jo > 1 so that ¢} # 0 and —t/°/\° — +o0o. By
Claim 5.12 and after reordering the profiles we can assume that

Pt = (1) and EH = —, i =\

Recall that in Proposition 5.4 the time sequence 7,, was chosen so that for every n
we have

> 1
/ a*(tp,r)rdr < —.
0 n

Our first observation is that there is considerable flexibility in the choice of 7, in
Proposition 5.4. In fact, we claim that there exists a number 7y € (0, 1] so that

/ a*(Tp + Morg,r)rdr =0 as n — oc. (5.38)
0

To prove (5.38), we first show that there exists a sequence €, — 0 so that

Tn+AJO
t r)rdrdt =e,.
/\%0 T

Recalling that @(t) = ¥(t) — @(t) and using the global regularity of ¢ we see that
it suffices to show that
1 Ta+XO 21—t
. B
W (t,r)rdrdt =o0,(1) as n — oco.
Note from the proof of Proposition 5.4 that 7, € [tn,tn + An], Where ¢, is as in
Corollary 2.9. We also have 7, + AJ° < 1. From this we infer that

T + N0 <t +min{l — ¢, A + A\, }.
Setting o, = min{1 — t,,, M + \,,} we see that
1 Tn A0 a1t

. 1 [taton .
P2(t,r)rdrdt < ?/ 2 (t,r)rdrdt
)\n tn 0

)\7%0 T 0
1 [finton pl=t
< — 2 (t, ) rdrdt = 0, (1),
On Jt, 0
where we have used Corollary 2.9 and (5.32) in the last line.
Next, let
E, = {7‘ €[0,1] | / a* (T + Mo, r)rdr > 5%}
0
We have
7'71"1‘A 0 .
En / / 2(t,r)rdrdt = / / 2(1p + Mot ) rdr dt.
)\Jo
> |E,| e

This implies that |E,| — 0 as n — oco. Passing to a subsequence, we can assume
that |E,| <272 so that

N —

U En| <
n>0
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It follows that 50% of all 79 € (0, 1] satisty (5.38). Choosing any such 7y proves (5.38).
Now, recall the from the definition of b, we have

B(T) = Q/An) + E(1a) + Y @1, ,(0) + 7 (5.39)

i<k

where we write @, for the modulated linear profiles, i.e.,

: S (t—tl 1 . (t—t r
= (o (58 ) s (58-)
At =\ ) v U

Using (5.30), (5.32) and [10, Appendix B], choose a sequence ), — 0 such that

An € Wdny Ap K Ay K A0
An <M oor M <\, Vj>1.
Set 3,, = % — 0o and we note that 8, < a,, and A, = 8, \,. Therefore, up to

replacing f3,, by a sequence By, ~ B,, and A, by in := BnAn, we have by Lemma 5.5
and a slight abuse of notation that

V(Tn, Ap) > 7 as n — oco.
We define the set
Tae =121 X < M}

Note that by construction jo € Jk;.
Next, with A, as above we define (f,, o, f,, 1) as follows:

T ()= i 7”7’”({"5")7“ if 0<r<M,
mON O(1p,r) if Ay <7

Fua(r) =1(70,7)
Then (f,.0,fn1) € Hi1,1. Now let x € C§° be defined so that x(r) = 1 for all
7 € [2,00) and supp(x) C [1,00). We define ¥,, = (¢,,9,%,,.1) € Ho as follows:

En,() = X(2T//N\n)(?n,0(7') —)
En,l = X(zr/xn)?n,l(r)

By construction for n large enough we have £(1,) < C < 2£(Q) (for a proof of
this fact we refer the reader to the proof of Lemma 5.13 for a similar arguement
which applies verbatim here). It follows from Theorem 1.1 that for each n, the

wave map evolution v,,(t) € Ho of the data v, is global in time and scatters to
zero as t — +o0o. And by the finite speed of propagation, it is immediate that for
all ¢t such that 0 < 7,, +t < 1 we have

—

G, (6,7) + (1,0) = (10 + £,7) Vr > Ap + 2] (5.40)
We also define

—k -
A, (0,7) == X(QT/)\n)’Ys,L(OvT)
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Now observe that we can combine (5.39) and Proposition 2.19 to obtain the follow-
ing decomposition:

= . i :k
() =F(Tmr)+ Y FLn(0)+7, 0(0,7) + on(1)
JE€T o s J<k

where the 0,,(1) above is in the sense of H x L. Using Proposition 2.17, Lemma 2.18,
and Lemma 2.16 we can find a corresponding nonlinear profile decomposition

—k

Untir) = @ +t0)+ S Bt r) + 7 1 (0.7) + 0, (t7) (5.41)

F€T e 13<k

—

where
_k

0, =0

Lo (HxL2)

lim lim sup
k=00 nooo

For the precise details on how to deduce (5.41) we again refer to the proof of
Lemma 5.13.
Next, we evaluate (5.41) at the time ¢ = \°7g note that one can extract a linear

=] _; 5 = .
profile decomposition (V,,, )\i) from the sequence 1 (A\°7y) where the parameters
are given by

o _ o v
tn - tn - )‘n 70, )‘n

=\

Note that the profiles corresponding to the indices jo and jo + 1 are precisely
PPt = @ (t) and TP (1) = @tH(t) = ¢I°(—t). In addition to this we note
that by (5.40

—

D, (No70,7) 4 (,0) = (70 + MO70,7) V7 > Ay + NO7p.
Next we apply Claim 5.11 with A,, = X\, /M + 75 and t,, = 19 /\J° and
(frs gn) = (P70, An'), 55 0 (M’ 70, A7)
By our choice of \,, we see that |t,| /A, — oo and hence
weak — nhango 5(1&{3//\3'10)(]“", gn) = weak — nlggo g(TO)g(leo/Xilo)(fna gn)
= (1 (0), O’ (10))
as well as
weak — lim §(—t° /X°)(f,, gn) = weak — lim §(70)SE T /N (£, gn)
n— o0 n—o0
= (@ (), 08 (1)) = (0 (~0), ~0ul (=70)
But the above implies that
P(t) = (L + 2m0).

Since @'JL is a solution to the linear wave equation the above implies that @? can
only be identically 0, which contradicts the assumption that ¢7° is nonzero. [
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Now, using Corollary 5.10 we can rewrite our profile decomposition in the 2d
formulation as follows.

bro(r) =3 @ (0. )+ (5.42)
0 ;@( )\n> v
bun(r) = on(1) in L2,

j A T r
4 (0’ Az;) = (0’ A%)

(1) = 1wy o(r).

where

Note that in addition to the Pythagorean expansions given in (5.29) we also have
the following almost-orthogonal decomposition of the nonlinear energy given by
Lemma 2.16:

Ebn) =D E(¢7(0),0) + E(5,0) + on(1). (5.43)
J<k

Note that ¢/, v € Hq for every j, for every n, and for every k. Using the fact that

-

E(b,) < C < 28(Q), (5.43) and Theorem 1.1 imply that, for every j, the nonlinear
wave map evolution of the data (¢7(0,7/M,),0) given by

i St r 1 ./t r
Paltr) = (*”J (A/\) BVad (/\/\)>

is global in time and scatters as t — +00. Moreover we have the following nonlinear
profile decomposition given by Proposition 2.17:

bu(t,r) =Y @ (t 1) + 78 1 (t,7) + 05 (t,7) (5.44)
J<k

where by (t,7) are the global wave map evolutions of the data b, and ’75 L(t,r) is
the linear evolution of (vX,0). Finally, by (2.31), we have

1
lim sup (lé?rﬂLf"(HxLQ) + HTHZ

n—r oo

—0 as k—oo. (5.45)
LE(R;L§ (R1))

Now, recall that our goal is to prove that ¢/ = 0 for every j. Let ko be the index
corresponding to the first nonzero profile p*o. Without loss of generality, we can
assume that kg = 1. Using (5.30), (5.32) and [10, Appendix B], we can find a
sequence 5\" — 0 such that

An < anAn

An € A € AL

Ao <M oor Mo« A, Vj> 1.
Now define

/Bn =

— 0

ke
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and we note that 3, < «a, and A = BnAn. Therefore, up to replacing 3, by a

sequence Bn ~ B, and \, by Ap = Bn)\n, we have by Lemma 5.5 and a slight abuse
of notation that
U(Tn, An) = 7 as 0 — oo, (5.46)
We define the set
Jext = {7 > 1| A < N}

Note that by construction 1 € Jext. The next step consists of establishing the
following claim:

Lemma 5.13. Let ', AL be defined as above. Then for all e > 0 we have
2

5 / / o (t,r) + f'y,}j L) rdrdt= ofl (5.47)
An Antt Jejm J<k ,

where lim limsup ofb = 0. Also, for all j > 1 and for all € > 0 we have

k—00 n—oo

L / / (@2)2(t,r)rdrdt — 0 as n — oco. (5.48)
A}z AL+t

Note that (5.47) and (5.48) together directly imply the following result:
Corollary 5.14. Let o' be as in Lemma 5.13. Then for all € > 0 we have

)\1
)\1 / ’gpntr +7nL(t 7“)| rdrdt—o
AL+t

where lim limsup of = 0.
k=00 nooo

Proof of Lemma 5.13. We begin by proving (5.47). First recall that by the defini-
tion of b, we have the following decomposition

P(7,7) = (Q(r/An),0) + @7, 1) + > (7 (0,7/X),0) + 75 1 (0,7) (5.49)
<k

Next, with A, as above we define ﬁ = (fn,0, fn,1) as follows:
Foolr) = wfwr if 0<r<2M\,
mo (T, 1) it Ao <1
faa(r) = P(1p,7)
Then f,, € Hi1. Now let x € C5° be defined so that x(r) = 1 for all r € [2,00)
and supp(x) C [1,00). We define 1/;” = (1/~Jn,0,1/~)n,1) € Ho as follows:
7J}n,O = X(QT/S‘H)(JCH,O(T) - 77)
Una = x(2r/An) faa(r)

We claim that for n large enough we have £(¢,) < C' < 2E(Q). To see this, observe
that

— ~

E(dn) = E) (Bn) +E (B(7a). (5.50)
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Using (5.46) and (2.2), we note that we have 505‘" ((10)) > £(Q) — 0n(1) which in
turn implies that

ES\O: (7;(7%)) <n+op(1).

We can again use the fact that ¢(7,,, \,) — 7 and (5.30) to deduce that 55’:\:/2(1/?”) =
on(1). Putting these facts into (5.50) we obtain the claim since, by assumption,
n<226(Q). .

Now, since 1, € Ho satisfies 5(_‘1[)“) < C<28(Q), Theo_1:em 1.1 implies that for

each n, the wave map evolution 1/~Jn(t) € Ho of the data 1/~1n is global in time and
scatters to zero as t — +0o. And by the finite speed of propagation, it is immediate
that for all ¢ such that 0 < 7, +t < 1 we have

Un(t,7) + (1,0) = (10 + t,7)  Vr > el + ¢ (5.51)
as long as n is large enough to ensure that A < eAl. We also define

%,L(Oa r) = X(27"/5\n)7§,L(0> 7)

Now observe that we can combine (5.49) and Proposition 2.19 to to obtain the
following decomposition:

-

Un(r) = @rar)+ D> (@(0,7/X),0)+ 35 (0,7) +on(1)  (5.52)
JE€EText » I<k

where the 0, (1) above is in the sense of H x L?. By Lemma 2.20 we have that

—0 as k— o0
LILG (R1F4)

lim sup
n—oo

1y
’T’Yn,L

since if the above did not hold we could find subsequences n, and k, such that for
all £ we have

1y,

; ng,L

>¢ and lim =0

0—
LILE(RMH4) >

— ke
T ne, L 376 (R1+4
L7LS (R*)

which would directly contradict Lemma 2.20. Hence, if we ignore the o,(1) term,
the right-hand side of (5.52) is a profile decomposition in the sense of Corollary 2.15.

Therefore, by Proposition 2.17, and Lemma 2.18, we can find éﬁ(u r) with

ok
Hn(t,r)’ Lo(HxL?)

lim lim Sup’
k—oo nooo

such that the following nonlinear profile decomposition holds:

-

Unltr) = @lrn+ 1)+ S B +TE (L) +OE (L) (5.53)

J€Text , J<k

To be precise, (5.53) is proved as follows: Define

—

Un(r) =Gy + D (@ (0,7/X,),0) + 7% 1(0,7)
JE€Text , <k
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As mentioned above, this is a profile decomposition in the sense of Corollary 2.15
and & (1[)”) < C <2&(Q). By Proposition 2.17 we then have the following nonlinear

profile decomposition for the wave maps evolutions 9y, (¢, -) € Ho:

'Jjn (t,r) =G(Ta+t,r) + Z 9531 (t,r)+ §§,L(ta )+ éﬁ(tv r)
JE€Text , <k

5,’3@,@” —0

lim lim sup Lo (Hx L)
t

—00 n—oo

Now, by our perturbation theory, i.e., Lemma 2.18, we can deduce (5.53) since

||7Zn(0) - J)n(O)HHxB = 0, (1).
Next, we combine (5.53) with (5.51) to conclude that

J(Tn +1, T) - (71—’ 0) - (E(Tn +1, T) = Z (,53'1(15, 7") + VfL,L(t’ 7") + éﬁ(t7 T)
JE€Text, i<k

forallt+7, <1andr > 5)\; + t for n large enough so that 5\n < EA}L. Using the
above we can finally conclude that

2

T/ / E QL (t, )+ A% L (t,r)| rdrdt
)‘n 0 eAL+t '

JE€EText i<k

1 )\i [e.¢]
g—l/ / a* (1 +t,7) rdrdt + of
>‘n 0 eAl+t

S—l/ / dz(Tn—&—t,r)rdrdt—&—oﬁ
n J0 0

1 T,L+)\1L oo
:)\T/ /o a*(t,r)rdrdt+ of
n J1n
¢

1 [retAn gt
< )\—1/ P2(t,r) rdrdt + sup 5&7t(¢'(t))+oﬁ = o".
n J, 0 t>Tn

To justify the last line above we need to show that

1 T7,+A$L 1—t .
—1/ wz(t,r)rdrdt = 0,(1)
)‘n Tn 0

On the one hand, by our construction in the proof of Proposition 5.4 we have
Tn € [tn,tn + An] where ¢, is as in Corollary 2.9 and Theorem 2.10. On the other
hand, note that 7, + AL < 1. Putting these facts together we infer that

Tn + Ab <ty +min{l — t,, Al + A}
Therefore, if we define o := min{1 — ¢,,, AL + \,,} we have

1 AL plet 1 [teto =t
/ VA(t, ) rdrdt < )\T/t ; P2 (t,r) rdrdt

A’}L Tn 0 n Jin
1 fieto -t
S 7/ 2(t,r) rdrdt = o0,(1)
g Ji, 0

where the last line above follows from Corollary 2.9. Note that we have used the
fact that A, < AL in the second inequality above. This proves (5.47).
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Next we prove (5.48). Recall that for j # 1 we have either uj, := i—; — 0 or

w) — oco. Suppose the former occurs. Then

1 Moo 1> 1 ot 7
NS 512 (t,r rdrdt:—/ / () 2() rdrdt
A%L/o /0 (n)"(57) AoJoo Jo ()\%)2(@) PYADVA
1o Lt
= 5NV =7 | rdrdt
k/o /0 e ()\% )

1 /L; %) .
= —/ / (¢9)2 (t,r) rdrdt
uh Jo o Jo

—>/ (¢7)2 (0,7) rdrdt = 0
0

Now suppose that g/, — co. Then, changing variables as above, we have

1 )\31 9] ) 1 p,ib 9] )
T / / (@I2(t, ) rdrdt = — / ) ()2 (t,r) rdrdt (5.54)
n J0 AL+t Hn JO e+t

Now note that by monotonicity of the energy on exterior cones we have that for all
0 > 0 there exists M > 0 such that for all ¢ € [0, c0) we have

0 .
/ ()2 (t,r) rdr <9
M+t

This implies that the right-hand side of (5.54) tends to 0 as n — oco. O

We can now conclude the proof Proposition 5.7.

Proof of Proposition 5.7. We first show that all of the profiles ¢/ in the decomposi-
tion (5.42) must be identically 0. We argue by contradiction. As above we assume
that ¢! # 0. By Corollary 5.14 we know that for all € > 0 we have

1 [ [ 2
NS / / ’gb,ll(t, r) + ﬁs’L(t, 7“)| rdrdt = ofL
)‘n 0 eAl+t

as n — oo for any k > 1. Changing variables this implies that
1 0o
/ / Q1 (t, ) + ALAE L (ALt AL 2 dredt = of (5.55)
0 Jet+t '
Now consider the mapping H x L? — R defined by

1
(fo, f1) '—>/0 /+t O (t, ) f(t,r)rdrdt

—

where f(t,r) is the solution to the linear wave equation

1 1
fie = frr—=fr+5f=0
r r

with initial data (fo, fi). This is a continuous linear functional on H x L2. Now,
by (5.27) we have

('y’;yL()\},),)\,ll’yﬁ_’L(/\}f)) —~0in HxIL? as n—
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Hence, for all ¢ > 0 we have

lim / / Y, r )\n'yn LY ALY rdrdt =0
+t

n—oo

Combining the above line with (5.55) we conclude that for all € > 0 we have

/ / tr rdrdt—()
+t

Letting € tend to 0 we obtain

/ / rdrdt—O

Therefore ¢t (t,r) =0 if r > ¢ and ¢t € [0, 1]. Let Q denote the region in [0, 1] x R?
exterior to the light cone

O ={(t,z) €[0,1] x R?| |z| > t}

If we let Ul(t,z) = (¢'(¢,7),w) denote the full equivariant wave map (here z =
(r,w) in polar coordinates on R?) then we have (t,z) € Q = Ul(t,z) = U}(x).
Hence U} (z) is a finite energy equivariant harmonic map on R? — {0}. By Sacks-
Uhlenbeck [28] we can extend Uj to a smooth equivariant harmonic map from
R? — S?. But since ¢! € Ho, U} must be identically equal to 0, since 0 is the
unique harmonic map in the topological class Hg. But this contradicts the fact that
we assumed ¢! # 0.

To complete the proof of Proposition 5.7 we note that we have now concluded
that all the profiles in the decomposition (5.42) must be identically zero. Hence,
we have % (r) = bno(r), 75 | = bz, and 0% = @, and we can rewrite (5.44) as
follows:

bu(t,7) = bu,n(t,7) + O, (t, 1)
Finally, (5.22) and (5.23) are satisfied because of (5.28) and (5.45). O
We can now prove Proposition 5.6.

Proof of Proposition 5.6. Assume that Proposition 5.6 fails. Then up to extracting
a subsequence, we can find dy > 0 so that

[[br0llzr > do (5.56)

for every n.

We will show that this implies a concentration of energy at some point ro > 0
and time ¢t = 1 — rg < 1, which is a contradiction with our assumed blow-up time
as well as with the fact that equivariance prevents concentration away from r = 0.

The key idea is to use that the wave map evolution gn(t) actually maintains a
fixed amount of energy outside the light cone, as shown in Corollary 5.8. We then
prove that this forces 1/7 to concentrate energy on the boundary of the cone. For this,
we proceed in two steps, both requiring evolving a nonlinear profile decomposition
backwards in time. First, we show that the evolutions of b, and 1Z(Tn) remain
close on an exterior region during a time-scale on which we can control the rescaled
harmonic map — in the sense of Corollary 2.6 and Proposition 2.17.

At this point, we focus the analysis outside the light cone: we need to evolve the
decomposition past the time-scale on which we can control the harmonic map, but
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fortunately this large profile does not contribute in this exterior region. In fact,
we evolve the profile decomposition with the harmonic map removed for all time
exterior to the cone, and infer that some energy remains outside the light cone — in
fact it concentrates on the boundary. As En(t) actually maintains a fixed amount of
energy outside the light cone, this means that 1/_1'(7'” + 1) concentrates energy there
as well, and gives us a contradiction.

We now begin with the details of the proof. It is convenient to carry out the
argument in rescaled coordinates. Set

Pyp— An
Hn =79 —Tn

Since A\, = o(1 — 7,) we have p,, — 0 as n — co. Now define the rescaled wave
maps

gn(t,r) = (1 + (1 — m)t, (1 — 7)7)
ho(t, 1) == o(mn + (1 — 1)t (1 — 1))

Then g,(t) € H1 is a wave map defined on the interval [—72—, 1), and hn(t) € Ho
is global in time and scatters to 0. We then have

a(tn + (1 — 1)t (1 —1)7) = gn(t, 1) — ha(t, 7).
Similarly, define
r
(r) := (1 = 7)bn 1 ((1 = 70)r)
and the corresponding rescaled wave map evolutions
b (t,7) := by (1 — p)t, (1 — 7,)7)
Obu(t,7) == (1 — 7)by (1 = 7)), (1 — 7)1).

Observe that we have the decomposition

Bn,O( ) = bn,O((l - Tn)T)
En,l

r

ml0.0) = 0.1+ @ (-
gn(0,7) = hn((),r) + l~)n71(r).

Note that by (5.7) we have b, g = 7 — Q(-/ps) on [1,00) and hence
B0l zz(r>1) — 0 (5.58)

) + Bn,O(r) (557)

as n — o0o.
Now, observe that the regularity properties of ¢(¢) imply that

limn sup || (0) | 22 <p/(1-7,) = O (5.59)

Hence, for fixed large K, (to be chosen precisely later), we can find 7o > 0 so that

> 6
sup Hh"(O)HHxL?(rg 3rg y < 2 (5.60)

) — K’

where dg is as in (5.56). Now, recall that a,, — oo has been fixed. Using Lemma 5.5
we can choose v, — oo with

Tn K Qp
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such that
In(0,Ynpin) =T as n— oo
Now define 6,, — 0 by
|9n(0, Ynfin) — 7| =2 6 —= 0
Finally we choose 3,, — oo so that
B < min{y/F, 6,12, v/}
9n(0, Bnitn/2) > T as n — oo (5.61)

We make the following claims:

(i) As n — oo we have

||§n(_f8nﬂn/2) - (Q(/Pm)v O)||H><L2(r§,8npn) —0 (5'62)

(#4) For each n, on the interval r € [B, un, 00) we have

— ﬁn/ln 7 571#71 7 5n/ln
gn<— 5 ,T)—(W,O)—hn<— 5 ,7“)+bn<— 5 ,r) (5.63)

+ én (_Bn;‘n ’ 7") 7

HG'nHL?"(HxLQ) —0

We first prove (5.62). Note that by Proposition 5.4 we have

- - 1
|00, b, )l Erx L2 (r<anpn) < — — 0. (5.64)
n

Using (5.59) together with a, A\, <1— 7, — 0 as well as (5.64) and the decompo-
sition (5.57) we can then deduce that

o 2
192 (0) = (QC-/pn), Ol rx2(r <mpin) < - = 0-

Unscale the above by setting g, (¢,7) = gn(tnt, pnr) and observe that,

~ - 2
||(gn(0)7atgn(0)) - (Q(')ﬂO)HHXL?(TS’Yn) < n —0.
Now using Corollary 2.6 and the finite speed of propagation we claim that we have
1(Gn(=Bn/2), 0egn(—Bn/2)) = (Q(), )l xL2(r<p,) = 0n(1). (5.65)
To see this, we need to show that Corollary 2.6 applies. Indeed define

m if r> 2y,
Gno(r) = q w4+ RO (r 99 if 4, <17 <2y,
gn(0,7) if r<n~,

~ atgn(ovr) lf T S ’Yn
gn,l("‘) = .
0 if r>~v,

Then, by construction we have §n € H,, and since

”gﬂ - (7T, O)HHxL2(%§r§2%) S C(Sn
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we then can conclude that

19 = (@02 < 11dn = (@ Ol L2r<) + G0 = (7, 0) [ 22 (0 <r<24,0)
+ 110, 0) = (Q, 0) [ rrx £2(r>,)

SC(1+%+vﬁ>
n

Now, given our choice of 3, (5.65) follows from Corollary 2.6 and the finite speed
of propagation. Rescaling (5.65) we have

1(gn(=Bntin/2), Orgn(=Bniin/2)) = (Q(/ttn), Ol trxL2(r<ppi) = O-

This proves (5.62). Also note that by monotonicity of the energy on interior cones
and the comparability of the energy and the H x L? in H, for small energies, we
see that (5.64) implies that

||(6n(_5n/‘n/2)7 8t5n(_ﬁn/$n/2))HHxLZ(réﬁnun) =0 (5.66)
Next we prove (5.63). First we define

o) = { S R ETTTY.
- 9n(0,7) if 7> Bopin/2
gn1(r) = gn(0,7)
Then, let x € C*°(]0,00)) be defined so that x(r) = 1 on the interval [2,00) and
suppx C [1,00). Define

gn(r) = X(47"/Bnlun)(.‘5n(7’) — (m,0))

gn (7“) = X(4r/6nﬂn)gn (7‘)

and observe that we have the following decomposition

Gu(r) = o (0,7) + b () + 0n(1).

where the 0,(1) is in the sense of H x L? — here we also have used that 8,\, — 0
together with (5.59). Moreover, the right-hand side above, without the o0, (1) term,
is a profile decomposition in the sense of Corollary 2.15 because of Proposition 5.7
and Lemma 2.20. We can then consider the nonlinear profiles. Note that by
construction we have g, € Ho and as usual, we can use (5.61) to show that £(g,) <
C < 2£(Q) for large n. The corresponding wave map evolution gn(t) € Hy is thus
glo_pal in time and scatters as ¢ — 00 by Theorem 1.1. We also need to check that

E(b,) < C < 26(Q). Note that by construction and the definition of b,, we have

5@”<5@0+0< wé”guﬁuw@mm%“ffw”m>

0 n,Op’n

L /B”“" SiHQ(X(4T/6nMn>bn,O((1 — T")T)) dr
B

nbn /2 r

BnAn b2
n)+0 / n,O(r) dr
Burn/2 T

= E(by) + 0n(1) < C < 26(Q),

I

S

<&(
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' - I

hy(0) + b,(0)

|

t=0 " ~ 1 r
% \\\ // % Oln,un
\\\ Bn/J/n ,’/
t= _5"% o
Q(-/pn) hn(—%) —H;n(—ﬁ”%)

FIGURE 2. A schematic depiction of the evolution of the de-
composition (5.57) from time ¢ = 0 up to ¢t = —%. At time
t= —5"'% the decomposition (5.67) holds.

where the last line follows from Proposition 5.4 and the definition of b, ¢, since
Bn < Qp-

Arguing as in the proof of (5.53), we can use Proposition 5.7, Proposition 2.17
and Lemma 2.18 to obtain the following nonlinear profile decomposition

Gt 1) = o (6, 7) + by (1) + O (1, 7)
||9:'n||L§°(H><L2) —0
Finally observe that by construction and the finite speed of propagation we have
Gu(t,r) = Galt,r) =7
(8, 7) = by (t,7)

o

forall t € [-7,/(1 —7,),1) and r € [Bppin/2 + |t|, 00). Therefore, in particular we
have

G(—Butin/2,7) — (1,0) = i (—Bufin/2,) + b (—Buptn/2,7) + O (Bufin/2,7)

for all 7 € [Byin, 00) which proves (5.63).
We can combine (5.62), (5.63), (5.66), and (5.59) together with the monotonicity
of the energy on interior cones to obtain the decomposition

gn(_ﬁnﬂ'n/2; T') = (Q(T/Mn)7 O) + }_in(_ﬂn;un/Qv T) (567)

+ Bn(_ﬁnﬂn/za T) + én(r)
16| L2 — 0

Now define
70

1—7,"
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The next step is to prove the following decomposition at time s,,:

G(sn,7) — (7,0) = hp(sn,7) + gn(sn,r) +Cu(r) Vr e [|sn],00)  (5.68)
1Cnllrxzz = 0 (5.69)

We proceed as in the proof of (5.63). By (5.62) we can argue as in the proof of
Lemma 5.5 and find p,, — oo with p,, < B, so that

gn(_ﬁnﬂn/z pn/ln) — T as n— oo (570)
Define

. T — W_gn(_ﬁnltn/27pnﬂn)r it r<
fro(r) = { Prbin S Pnfin

Fr1(r) = Gn(=Bupin/2,7)
Let x € C* be as above and set

—

Fa(r) == X(2r/ putin) (fa(r) = (7,0))

2

bn (r) = X(2r/ prpin)bn (=B pin/2,7)

Observe that we have the following decomposition:

f;l(r) = f_in(—ﬁn,un/lr) + l:;n(r) + 0,(1).

where the 0,,(1) above is in the sense of H x L?. Moreover, the right-hand side above,
without the o,(1) term, is a profile decomposition in the sense of Corollary 2.15
because of Proposition 5.7 and Lemma 2.20. We can then consider the nonlinear
profiles. Note that by construction we have f; € Hy and, as usual, we can use
(5.70) to show that £(f,) < C < 2£(Q) for large n. The corresponding wave map
evolution f;,(t) € H is thus global in time and scatters as ¢ — 00 by Theorem 1.1.

As in the proof of (5.63) it is also easy to show that £(b,) < C < 2£(Q) where
here we use (5.66) instead of Proposition 5.4.

Arguing as in the proof of (5.53) we can use Proposition 2.17 and Lemma 2.18
to obtain the following nonlinear profile decomposition

-

Fr(t,r) = T (=Bppin/2 4+ t,7) + by (t,7) + Cu(E,7)
||C~n||Lt°°(H><L2) —0
In particular, for
Vp = Sp + Brfin/2
we have
ﬁL(Vn,T) = En(sn,r) =+ l;n(VnaT) =+ gn(anr)-

By the finite speed of propagation we have that
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Vi . o (52) + b (50)

Prfin + |Vn‘

FIGURE 3. A schematic depiction of the evolution of the de-
composition (5.67) up to time s,. On the interval [|s,|, +00), the
decomposition (5.68) holds.

as long as r > pppin + |Vn|. Using the fact that p, < B, we have that |s,| >
Pnlin + |Vn| and hence,

Gn(Sn,7) — (7,0) = l_in(sn,r) + Bn(sn,r) + <~n(l/n,7“) Vr € [|sn], 00).

Setting C, := C(vn) we obtain (5.68) and (5.69). Now, combine (5.69), (5.60), and
the monotonicity of the energy on light cones for the evolution of h,,, we obtain:
Cdo

G (50) = (7, 0) = by (50) | rrx L2 (|5 | <r<2]sn]) < a (5.71)

for n large enough. By Corollary 5.8 and (5.56), there exists Sy > 0 so that for all
t € R we have

100 ()]l L2141y = Bodo

By (5.58) and the monotonicity of the energy on cones we have

||En(t)||HxL2(r2|t\+1) -0

as n — 00. Therefore we have

= Bodo
1on ()l zrx L2 qiel<r<11e) 2 =5

for n large enough and for all t € R. Hence setting ¢t = s,, we see that the above
and (5.71) imply in particular that

_ Bodo
G (8n) — (7770)||H><L2(|sn\§r§1+\sn\) > I >0

for n, K large enough. Un-scaling this we obtain

o Bod
||1/J(Tn - 7“0) - (7770)||H><L2(ro§r§rg+(177n)) > % > 0.
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However this contradicts the fact the ¢ (¢,r) cannot concentrate any energy at
the point (1 — ro,79) € [0,1) x [0,00) with r9 > 0. This concludes the proof of
Propostion 5.6 and hence of Proposition 5.1 as well. (]

We can now finish the proof of Theorem 1.3.

Proof of Theorem 1.3. Let d(t) be defined as in (5.6). Recall that by Lemma 5.3
we have

lim £(a(1)) = £(v) — £(9) (5.72)

Over the course of the proof of Proposition 5.1 we have found a sequence of times
T, — 1 so that

E(a(m)) = €(Q)

as n — oo. Since £(¢) = £(Q) + n this implies that £(F) = n since the right hand
side of (5.72) is independent of ¢. This then implies that

lim £(a(?)) = €(Q)

We now use the variational characterization of @) to show that in fact ||a(¢)||z — 0
as t — 1. To see this observe that since a(t) € H; we can deduce by (2.12) that

£(Q) « E(alt), alt)) > / T2t ) rdr 4 £(Q)

Next observe that the decomposition in Lemma 2.5 provides us with a function
A:(0,00) = (0,00) such that

lla(t,-) = QC/AW)IlE < 6(E(a(t),0) — £(Q)) — 0
This also implies that
E(a(t) — (Q(/A()),0)) =0 (5.73)

as t — 1. Since t — a(t) is continuous in H for ¢ € [0, 1) it follows from Lemma 2.5
that A(t) is continuous on [0,1). Therefore we have established that

O(t) — 3t) — (Q(-/A(1)),0) >0 in HxL> as t—1

It remains to show that A(t) = o(1 —t). This follows immediately from the support
properties of V, ,a and from (5.73). To see this observe that a(t,r) — Q(r/A(t)) =
7 —Q(r/A(t)) on [1 —t,00). Thus,

£ (Q) = &7%(r — Q(/A(1)) < £(a(t) — (Q(/A(1)),0) — 0.

But this then implies that % — 00 as t — 1. This completes the proof. (I

APPENDIX A. HIGHER EQUIVARIANCE CLASSES AND MORE GENERAL TARGETS

A.1. 1-equivariant wave maps to more general targets. Theorem 1.1, The-
orem 1.2, and Theorem 1.3 can be extended to a larger class of equations, namely
equivariant wave maps to general, rotationally symmetric compact targets. To be
specific, each of these theorems holds in the case that the target manifold M is a
surface of revolution with the metric given in polar coordinates, (p,w) € [0,00) x S*,
by ds? = dp? + g?(p)dw? where g : R — R is a smooth, odd, function with g(0) = 0,
¢'(0) = 1. In addition, in order to ensure the existence of stationary solutions to
the corresponding equivariant wave map equation we need to require that there



60 R. COTE, C. E. KENIG, A. LAWRIE, AND W. SCHLAG

exists C' > 0 such such that g(C) = 0 and we let C* be minimal with this property.
We also assume that ¢’(C*) = —1 and that g is periodic with period 2C*. In this
case, the nonlinear wave equation of interest is given by

wtt - wr'r' - 1¢r + f(qf)
r r

(¥, ¥)]t=0 = (%o, 1)
where f(v) = g(1)g’(1)). The conserved energy for this problem is given by

ety = [~ (s+vz+ £

r2

To see how this extension works, we note that the small data well-posedness
theory for (A.1) is given in [6, Theorem 2]. One then needs replacements for the
estimates involving the sin function in the proof of the orthogonality of the nonlin-
ear energy, the proof of the nonlinear perturbation theory, and later in estimates
involving the energy of @(t), namely (2.28), (2.32), and (5.10). But, the same type
of estimates for g are easily established using the assumptions we have made on g
and its derivatives and simple calculus.

For more details regarding more general metrics we refer the reader to [6]. Note
that since we do not rely on [6, Lemma 7] we are able to eliminate their condition [6,

(A3)].

=0 (A1)

) rdr = const.

A.2. Higher equivariance classes and the 4d-equivariant Yang-Mills sys-
tem. We can also consider higher equivariance classes, £ > 1. Restricting our
attention again to the case g(p) = sin(p), the Cauchy problem for ¢ equivariant
wave maps reduces to

sin(2¢)

212

wtt - wrr - %wr + 82 - O (A2)
(¢, ) |t=0 = (o, 1)

For /-equivariant wave maps of topological degree zero we can, as in the 1-equivariant
case, consider the reduction ¢ =: ru and we obtain the following Cauchy problem

for w:
Wt — Uy — %: Ly = a2/ 7 () (A.3)
with
Z(p) = ﬁsin@p) —2p

2 p1+2/1€

a bounded function. In [6, Theorem 2] a suitable local well-posedness/small data
theory for such a nonlinearity is addressed when £ = 2 and thus Theorem 1.1 follows
from the same arguments in this paper. For ¢ > 2, one would need to develop a
suitable well-posedness theory for (A.3). This presents some difficulties due the
fractional power, 1+ 2/¢, in the nonlinearity.

One can also consider the 4d equivariant Yang-Mills system:

Faﬁ = aaAg — agAa —+ [Aa, Aﬁ}
DpFP +[Ap, F*¥) =0, a,8=0,...,3
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for the connection form A, and the curvature F,3. After, making the equivariant
ansatz:

i i i s l—v(tn)
43 = (0t — slat)— 500
one obtains the following equation for ):
1 29p(1 — o2
wttfdjrr**wr* (72 ):0
r r
which can be written in the form
1
Vet — Yry — ;¢r + 02 Lfff) =0 (A.4)

(¥, ¥¢)|t=0 = (20, v1)

for f(p) = g(p)g’(p) and g(p) = 1/2(1 — p?) and ¢ = 2. This equation is of
the same form as (A.2) with £ = 2 and a more general metric g. The local well-
posedness/small data scattering theory for (A.4) is addressed in [6, Theorem 2]. The
proof and conclusions of Theorem 1.1 thus hold for solutions of this equation with
suitable modifications as in the case of l-equivariant wave maps to more general
targets addressed above.

As we mentioned in the introduction, modulo a suitable local well-posedness/small
data theory, one should be able to apply our methods to prove the analog of The-
orem 1.3 for the odd higher equivariance classes, £ = 3,5,7,...,. The reason is
that if ¢ is odd, the linearized version of equation (A.2) is a 2¢ + 2 dimensional free
radial wave equation with 2¢ + 2 = 0 mod 4 for £ odd, and in these dimensions
Proposition 2.2 holds, see [8, Corollary 5].

However, as demonstrated in [8], Proposition 2.2 fails for £ = 2,4,6, ..., since
20+ 2 =2 mod 4 for ¢ even. Therefore it is impossible to prove Corollary 5.8 in
these cases and our contradiction argument for the compactness of the error term l;n
does not go through. So our method is not suited to prove the complete conclusions
of Theorem 1.3 for either the even equivariance classes or the 4d Yang-Mills system,
which corresponds roughly to the case ¢ = 2. However, the rest of the argument
preceding the proof of Proposition 5.1 should go through and in particular one
should be able to deduce Proposition 5.7. This would allow one to conclude that
the error terms b, contain no profiles and converge to zero in a Strichartz norm
adapted to the nonlinearity in (A.2). This is a slightly weaker result than showing
that the by,’s vanish in the energy space, but on its own, it is already quite strong.

APPENDIX B. SHATAH AND TAHVILDAR-ZADEH’S THEOREM IN H:
AN APPENDIX BY JACEK JENDREJ

In this section we prove that a self-similar blow-up rate is impossible for wave
maps QE(t) € H, i.e., we prove Lemma 2.7 for maps in the energy class. This section
was not included in the published version of this paper. This gap was pointed out
to the authors by Jacek Jendrej, who also suggested the following proof. We also
note that a direct analog of the results proved in this section were established by
Jia and the second author in [17, Lemma 2.1] via an alternative argument.

We restate the goals of this section.
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Proposition B.1. Let)(t) € H be a solution to (1.2) on the time interval [0, T (1))
with Ty < oco. Let A € (0,1). Then,
Ty —t 2 0 (t
lim (wf(t) +r(t) + M) rdr=0
t—Ty ATy —t) T
We will also prove the following corollary.

-

Corollary B.2. Let 9(t) € H be a solution to (1.2) on the time interval [0, Ty (1))
with T < co. Then

lim / / Y2 r)rdrdt’ =0
¢ Jo

t—=T4 T+ —t

The proof below will use an approximation argument. However, it is not enough
to simply combine the scheme from [32, Proof of Lemma 2.2] with an approximating
sequence Jn(t) of smooth wave maps, since several of the crucial estimates from [32]
would not be uniform in n. We thus give a different argument below. We note that
we do make use of some key ingredients from the argument in [32], such as (B.1).

Let 4, (0) be a sequence of smooth functions in H with

n(0) = 4(0)
strongly in H. Let ¢, (t) denote the unique solution to (1.2) with data 1, (0). Note
that

lim inf T () > T ()

n— oo

and thus (passing to a subsequence) we may assume the above holds element-wise

-,

and below we will write T} = T (¢). By the local Cauchy theory for (1.2) (i.e.,
continuous dependence) we see that the proof of Proposition B.1 reduces to proving
the following lemma.

Lemma B.3. Fix A > 0 and let TEH be as above. Then for any € > 0 there exists a
time 7 = 7(€) < T4 () such that for allt € [1,T1) we have

T, —t .2
lim inf / (@n(®)? + @i (8))* + Smrﬁ) rdr<e
A

n— 00 (Ty—1)

where we emphasize that T is independent of n.

To prove Lemma B.3 we introduce some notation from [33]. Denote

in?
enlt.r) 1= £ (B (0)? + Bruin(t)? + D)
mn(t> ’I“) = 3:&1% (t)ar"/]n
Ai(t,r) =r(en(t,r) + my(t, 1)), Bi(t,r) = r(en(t,r) — my(t,r))

We also denote by e, m, A%, B? the corresponding quantities for z;(t)
We begin with the following key lemma.

Lemma B.4 (Uniformity of the flux decay). For any e > 0 there exists 7 = 7(€) <
Ty such that if T <t; <ty < T4, then,
to
limsup [ B%(t, T, —t)dt <e.

n— 00 t1
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Proof of Lemma B./4. From the energy-flux identity we know that for each n, and

t1 <ty < T+,
Ty—t1 Ty —t2
/ en(ty,r)rdr > / en(ta,r) rdr
0 0

Taking the limit as n — co we obtain,

Ty—t Ty —ta
/ e(ty,r)rdr > / e(ta,r)rdr
0 0

In other words, the function,

Ty—t
t— / e(t,r)rdr
0

is decreasing, and thus it has a limit,
T, —t

& = tgr%r ; e(t,r)rdr

Now, fix € > 0 and let 7 = 7(€) be such that

Ty —7(€) 1
/ e(r(e),r)rdr < &+ 3¢
0

Next, consider any 7(¢) < t; < to < Ty. For large enough n we can invoke the
local Cauchy theory to deduce that

Ty—t1 2
/ en(tl,r)rdrgé’o—i—ge
0

T+—t2 1
/ en(te,r)rdr> & — ¢
0 3

By the energy-flux identity and the above we conclude that

to Ty —ty Ty —ts
/ BZ(t,T+—t)dt=/ en(tl,r)rdr—/ en(ta,r)rdr <e
t1 0 0
as desired. O
Before stating the next lemma, we first introduce null coordinates,
n=Ty—t)—r, =Ty —1)+r
A computation in [32, p. 954] shows that
1 1
10cAn| S =B, and 9,8, S A, (B.1)
r r

where the implicit constants above are universal (in particular independent of n).
Define

~ 1—-A
Ai=— <
14+ A
Lemma B.5. For any e > 0 there exists & > 0 such that if £ < & then,
N3
lim sup A2(n, &) dn <e.

n—oo Jo

1
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Next, let 0 < £y < 1 to be determined below and consider £ with 0 < £ < &, < 1.
For all & with £ < & < & we define
A
ha(€,€) = [ AR, &) dnf
0
With this notation, Lemma B.5 is the statement that limsup,,_, . hn(£,€) — 0 as
& — 0. The first ingredient in the proof of Lemma B.5 is the following claim.

Claim B.6. For any fized 0 < § < 1, we have
lim sup h, (€0,€) = 0 as £€—0

n—oo

Proof of Claim B.6. The proof is similar in spirit to the proof of Lemma B.4. Let
&o be fixed and consider any 0 < & < &. Consider in (1 + 1)-dimensions, the
triangle with vertices A = (0,&), Be = (5\5,50), and C¢ = (0,& + :\f) Note that
while boundary of this triangle does not correspond to a truncated light cone in the
original (¢, z) variables, it does correspond to a surface made up of constant ¢-slices
and null hypersurfaces. Indeed, for each § < & the line segments connecting Be¢
to C¢ correspond to constant ¢-slices in the original coordinates. The line segment
joining A to Cf is a piece of the backwards light cone emanating from (77, 0), i.e,
it is a constant-n = 0 slice. And the line segment joining A to B¢ is also manifestly
null, i.e, it is a constant-§ = &, slice. It follows from finite speed of propagation
that for any & < & < & we have

/ en(t,r)rdr < / en(t,r)rdr
[Be;,Ce] [Bey:Ce,]

where [Bg, C¢| denotes the line segment connecting B to C¢. Passing to the limit

as n — oo yields,
/ e(t,r)rdr < / e(t,r)rdr
[Bﬁl 7051] [BEQ’CEQ]

Hence the energy over these slices is decreasing as £ — 0 and thus there exists a
limit,

&, = lim e(t,r)rdr.
© £=0 [Bg,Ce]

In fact, &, = 0 for any & > 0 since any positive limit would correspond to a
blow-up via concentration of energy before the time T'y. Thus for any fixed € > 0
we can find & = & (€) small enough so that for any £ < & we have

1
/ e(t,r)rdr < —e
[Be:Cel 2

Thus for large enough n we can ensure that

/ en(t,r)rdr <e (B.2)
[B§,0§]

for all £ < &;. Finally, the positive fluxes along the segments joining C¢ to A and
joining B¢ to A are given by

§0+5\§ :\f
/ B2(0,€)de,  hn (6o, €) = /0 A2 (1 €) dnf
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Since the latter flux above is precisely h,,(£o, &) we have by (B.2) that
hn(€07 6) S €

for all n large enough, as desired. O

Proving Lemma B.5 requires showing that limsup,, h, (&, ) is small. So we try
to propagate the smallness given by Claim B.6 from &, all the way down to &
using (B.1) and an argument based on Grownwall’s inequality.

Claim B.7. For any € > 0 there exists &y,&1, with 0 < & < & < 1 such that if
€ <&, then for all 0 < £ < & < & we have

EO hn //? 1
i) < e Cn [P ag

for all n large enough. Above C > 0 is a universal constant (which may depend on
A) and from now on, given £ we set

=X

Proof of Claim B.7. Given &y, which will be fixed below, find & with & < & small
enough so that by Claim B.6 we have

hn(€07§) <e

for all £ < &. Now fix any such £ < & and let 5 := A¢. By (B.1), for £ < & < &

we have
/ ! K ]‘ / / / / /
|hn (€] < ; gAn(mE)Bn(mE)dn
where h], means the derivative in the first slot, i.e., in &. We have used above

that in the region r > A(T4 — t) we have £ < r, with a constant depending on A.
Integrating back to &y yields,

€ rnq
(€. <60+ C [ [ S €80 &) ag”
&0 (B.3)

n o |
(60 +C [ [T A B0 ¢ ae”
o Je
We pause for a moment and consider for a given £ the quantity
o )
gn(’?/af/a&) = /5/ Bn(nlvg//) dfﬁ

Again using (B.1), and writing g,(n") = g» (7', £, &) for simplicity, we deduce that

EO 1
400 5 [ a8 ) 0"

< </:0 (;,,)QAi(n’,f”)df”) gn(n)
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It follows that for 7/ < n = A¢ we have

Vgu (1) < V/9n(0) +C/On, (/:D (;,,) A2 (n" 5")d£”>2 dn”
V+Q/<nguvﬁV%U%02M”

ﬁﬂhf(/ / 5,, A2 (n", rS”)dn/’dé”);

D=

€o , 12
<Vau(0) + Cyn (/5' (F) hn(fll,g)dg/)
Now, applying Cauchy-Schwarz to the right-hand-side of (B.3) and applying the
above we obtain,

h(€,€) < hn(€0, €)
o a200.6 )\ © hae.0) )\ )
+C/( E”) df) (JgT—I—Cf(/&l L dg) )dn

which after another application of Cauchy-Schwarz becomes

hn(€/7£) < hn({Oag)

@ ha(e”.6) )\ @ h(e”6) L\
+C\/ﬁ</£/ WGE) (\/MJFC\/??(/E/ (E”)2d£> )

where we note above that C' is independent of n and depends only on A\. Now, note
that g,(0) = g,(0,&', &) is part of the flux controlled by Lemma B.4 and hence we
can choose (and fix) &, small enough so that for all ¢’ > 0 we have

1
limsup g,,(0) < —e
n— 00 2
Now that we have fixed & we can now find & > 0 small enough so that for any
& <& we have by Claim B.6

limsup b, (€0, €) < >

n—oQ

Inserting these estimates above completes the proof of the claim. (|

To conclude we show how Lemma B.5 follows from Claim B.7 together with
Grownwall’s inequality, which we recall below.

Lemma B.8 (Gronwall's inequality). Suppose f,g are continuous non-negative
functions on the interval [zo,x] and for all ' € [xg, ] we have

’
T

f@) < e+ / o(e") (") da”
Then,

xT T

f@ ere [ gen( [ g a)ar

Zxo x
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Proof of Lemma B.5. By Claim B.7 and Gronwall with fE&Y =h,(g,8 and g(¢) =
Cn(¢")~2, recalling that n = A¢ we have

e e [ o ([ Ghac

<,e€

~

for all n large enough. This completes the proof. (I
We can now sketch the proofs of Proposition B.1 and Corollary B.2.

Sketch of the proof of Proposition B.1. The proposition is a consequence of the stan-
dard energy-flux identify over the triangle (in (n,£) coordinates) with vertices,
A= (£,0), B=(X), C = (£+ A, 0). Note that the line segment connecting B
to C' is precisely the constant ¢ slice between r = A\(T —t) and r = T —¢. The
flux energy computation yields

T, —t -
A en(t,r)rdr < ho(6,€) + gu(0,€,€ + X6).

(T4 —t)
We now conclude that the right-hand-side above can be made small uniformly
in n using Lemma B.4 and Lemma B.5. This proves Lemma B.3 and thus also
Proposition B.1. [

Sketch of the proof of Corollary B.2. This follows by invoking the corresponding
proof in Shatah, Tahvildar-Zadeh, i.e, [32, Proof of Corollary 2.3] for the approxi-
mating sequence ¥, (t) together with Proposition B.1 and the uniform decay of the
flux from Lemma B.4. d
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