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GLOBAL EXISTENCE OF SMOOTH SOLUTIONS OF A 3D LOG-LOG
ENERGY-SUPERCRITICAL WAVE EQUATION

TRISTAN ROY

We prove global existence of smooth solutions of the 3D log-log energy-supercritical wave equation
Ot — Au = —u> log¢ (log(10 + u?))

with 0 < ¢ < 8/225 and smooth initial data (#(0) = ug, 6;u(0) =u,). First we control the L;‘L}f norm of
the solution on an arbitrary size time interval by an expression depending on the energy and an a priori
upper bound of its L H?(R?) norm, with H*(R?) := H*(R*) N H'(R?). The proof of this long time
estimate relies upon the use of some potential decay estimates and a modification of an argument by Tao.
Then we find an a posteriori upper bound of the L;’OI:I 2(R3) norm of the solution by combining the long
time estimate with an induction on time of the Strichartz estimates.

1. Introduction
We shall consider the defocusing log-log energy-supercritical wave equation
Ot — Au = — f(u) (1-1)

where u : R x R® — R is a real-valued scalar field and f (u) := u’g(u) with g(u) := log® (log(10 + u?)),
0 < ¢ < 8/225. Classical solutions of (1-1) are solutions that are infinitely differentiable and compactly
supported in space for each fixed time ¢. It is not difficult to see that classical solutions of (1-1) satisfy
the energy conservation law

E::l/ (6tu(t,x))2 dx—{—l/ |Vu(t,x)|2dx+/ F(u(t,x))dx (1-2)
2 R3 2 R3 R3

where F(u) := fou f()dv. Classical solutions of (1-1) enjoy three symmetry properties that we use
throughout this paper:

e time translation invariance: if u is a solution of (1-1) and ¢ is a fixed time then u (¢, x) :=u(t —ty, x)
is also a solution of (1-1);

e space translation invariance: if u is a solution of (1-1) and xo is a fixed point lying in R? then
u(t, x):=u(t, x —xp) is also a solution of (1-1);

e time reversal invariance: if u is a solution to (1-1) then & (#, x) := u(—t, x) is also a solution.

MSC2000: 35Q55.
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The defocusing log-log energy-supercritical wave equation (1-1) is closely related to the power-type
defocusing wave equations, namely,

Ouu — Au=—|ul”u. (1-3)

Solutions of (1-3) have an invariant scaling

) 1 t x
A o —_ — —_ -
u(t,x) — u*(t,x):= —/12/(p_1)u(/1, /1) (1-4)
and (1-3) is s.-critical, where s, := % — —pil . Thus the H* (R3) x H%*~1(R?) norm of (u(0), 3,u(0)) is

invariant under scaling, i.e.,

e O e sy = 11O g oy
181" O rse-1 gy = 10,1 O) | s -

If p =5, then s, = 1 and this is why the quintic defocusing cubic wave equation
Ot — Au = —u’ (1-5)

is called the energy-critical equation. If 1 < p < 5 then s, < 1 and (1-3) is energy-subcritical while if
p > 5 then s, > 1 and (1-3) is energy-supercritical. Notice that for every p > 5 there exists two positive
constant 4(p), 42(p) such that

APl < |f @) < Az(p) max (1, ul?). (1-6)

This is why (1-1) is said to belong to the group of barely supercritical equations. There is another way
to see that. Notice that a simple integration by part shows that

6
Flu) ~ =g(w), (1-7)

and consequently the nonlinear potential term of the energy fR3 F(u)dx~ fR3 u®g(u) dx just barely fails
to be controlled by the linear component, in contrast to (1-5).

The energy-critical wave equation (1-5) has received a great deal of attention. Grillakis [1990; 1992]
established global existence of smooth solutions (global regularity) of this equation with smooth initial
data u(0) = ug, 6;u(0) = u;. His work followed that of Rauch [1981, part I] for small data and that
of Struwe [1988] on the spherically symmetric case. Later Shatah and Struwe [1993] gave a simplified
proof of this result. Kapitanski [1994] and, independently, Shatah and Struwe [1994] proved global
existence of solutions with data (ug, u;) in the energy class.

We are interested in proving global regularity of (1-1) with smooth initial data (ug, u). By standard
persistence of regularity results it suffices to prove global existence of solutions

u€6(l0, T1, H*®)) ne' ([0, T1, H'(R%)),
with data (ug, u1) € H2(R?) x H'(R?). Here the following space

H*(R®) := H*[®R*) n H'(RY). (1-8)
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In view of the local well-posedness theory [Lindblad and Sogge 1995], standard limit arguments and the
finite speed of propagation it suffices to find an a priori upper bound of the form

| @(T), 8u(TN | oy @y < C1 (loll goays il @y, T) (1-9)

for all times T > 0 and for classical solutions u of (1-1) with smooth and compactly supported data
(ug, uy). Here Cy is a constant depending only on luoll gy 11 ll a1 (re) and the time 7.

The global behavior of the solutions of the supercritical wave equations is poorly understood, mostly
because of the lack of conservation laws in H2(R?). Nevertheless Tao [2007] was able to prove global
regularity for another barely supercritical equation, namely

Ot — Au = —u’ log (2 + u?), (1-10)
with radial data. The main result of this paper is:

Theorem 1. The solution of (1-1) with smooth data (ug, u\) exists for all time. Moreover there exists a
nonnegative constant My = M0(||uo||g2(R3), lu1ll g1 (m3y) depending only on ””0”192(R3) and |luy|l (w3
such that
||M||L;>oﬁz(RxR3) + ||5tu||L$°H1(RxR3) < M. (1-11)
We recall some basic properties and estimates. Let O be a function, let J be an interval and let o € J
be a fixed time. If u is a classical solution of the more general problem o;;,u — Au = Q then u satisfies
the Duhamel formula

M(t) = ul,to(t) + unl,t()(t)a te Ja (1_12)

with u; 4, u,; 4, denoting the linear part and the nonlinear part respectively of the solution starting from #y.

Recall that
sin (t —ty) D

u g, () = cos (t — to) Du(to) + D ou(to) (1-13)
and . /
i (1) = — / P owyar, (1-14)

with D the multiplier defined by 5?(5) =< |f(§). An explicit formula for ((sin (+ —¢")D)/D)Q(t")
andt #£1¢' is

sin(t —t")D

=5

For a proof see [Sogge 1995]. We recall that u; 4, satisfies

1
0| @) = —— (', ') dS(x). (1-15)
Ar |t — 1] Jx—xr)=jt—r]
Ol g — Dtg g =0, ups(to) =ulto), Orurq,(to) = Srulty),
while u,; 4, is the solution of
Ortlhnt g — Dtnty = @, Uniiy(t0) =0,  Othns 1y (t0) = 0.

We recall the Strichartz estimate [Ginibre and Velo 1995; Keel and Tao 1998; Lindblad and Sogge 1995;
Sogge 1995]

lull o1 ey S N0 22y + 1 Vi) 122 @)y + 1911112 ey (1-16)
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if (¢, r) is wave admissible, that is, (¢, r) € (2, oo] x [2, ool and 1/q +3/r =1/2.

We set some notation that appears throughout the paper. We write C = C(ay, ..., a,) if C only
depends on the parameters ay, ..., a,. We write A < B if there exists a universal nonnegative constant
C’ > Osuch that A < C'B. A= O(B) means A < B. More generally we write A S, 4, B if there
exists a nonnegative constant C' = C(ay, ..., a,) such that A < C’B. We say that C” is the constant
determined by <in A S, 4, B if C” is the smallest constant among the C’s such that A < C'B. We
write A <,,..q4, B if there exists a universal nonnegative small constant ¢ = c(ay, . .., a,) such that
A <c¢B. Similar notions are defined for A 2 B, A 24,.. 4, B and A > B. In particular we say that C” is
the constant determined by = in A 2 B if C” is the largest constant among the C’s such that A > C'B.
If x is number then x+ and x— are slight variations of x: x4+ := x + a€ and x— := x — fe for some
0>0,>0and0 <e<K1.

Let I' denote the forward light cone

F+:{([,X)Z[> |X|}, (1'17)
and if J = [a, b] is an interval, let ' (J) denote the light cone truncated to J, that is,
I (J):=T, N xR, (1-18)

Let e(r) denote the local energy, that is,
1 1
e(t) = 5/ (@u(t, x))?* dx + 5/ |Vu(t, x)|* dx +/ F(u(t, x))dx. (1-19)
x|<t lx|<t lx|<t

If u is a solution of (1-1) then by using the finite speed of propagation and the Strichartz estimates we

have
||u||L;1L;(F+(])) S ||V”(b)||L§(R3) + ||at”(b)||L§(R3) + |l Q||L}L§(r+(1)) (1-20)

if (¢, r) is wave admissible. If J; := [ay, az] and J, := [a3, a3] then we also have
lall o1 oy S IV @ 2y + 100 @3) 2@ + 1 Q1L 2 oy (1-21)
We recall also the well-known Sobolev embeddings. If & is a smooth function then
1l ooy S Il 2y (1-22)

and
121 s@wey S NV 2@3)- (1-23)

If u is the solution of (1-1) with data (ug, u;) € ﬁz(R3) x H'(R?), then we get from (1-22)

E S 0l gy max (1, l10]% e, € Qlt0l] 2 ss)- (1-24)

We shall use the Paley-Littlewood technology. Let ¢ (¢) be a bump function adapted to {& € R : |¢] <2}
and equal to one on {£ € R3: €| <1}). If (M, N) € 2? x 27 are dyadic numbers then the Paley—Littlewood
projection operators Py, Py and Psy are defined in the Fourier domain by

Pii = (0(5) - #(557))F O PT@ = 3 Pud@ PerT@i= X Puf @)

M M<N M>N
The inverse Sobolev inequality can be stated as follows:
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Proposition 2 (Inverse Sobolev inequality [Tao 2006]). Let g be a smooth function such that
gl gy SEVL IPangllisws) 21,

for some real number > 0 and for some dyadic number N > 0. Then there exists a ball B(x,r) C R>
with r = O(1/N) such that we have the mass concentration estimate

/ g Pdy > P E-V22. (1-25)
B(x,r)

We also recall a result that shows that the mass of solutions of (1-1) can be locally in time controlled.

Proposition 3 (Local mass is locally stable [Tao 2006]). Ler J be a time interval, let t, t' € J and let
B(x,r) be a ball. Let u be a solution of (1-1). Then

1/2 1/2
(/ |u(t’,y)|2dy) = (/ |u(t,y)|2dy) + O(E'?)t —1')). (1-26)
B(x,r) B(x,r)

This result, proved for (1-5) in [Tao 2006], is also true for (1-1). Indeed the proof relied upon the fact
that the L?(R?) norm of the velocity of the solution of (1-5) at time ¢ is bounded by the square root of
its energy, which is also true for the solution of (1-1) (by (1-2) and (1-7)).

Now we make some comments with respect to Theorem 1. If the function g were a positive constant,
it would be easy to prove that the solution of (1-1) with data (uo, u;) lies in H2(R?) x H'(R3), since we
have a good global theory for (1-5). Therefore we can hope to prove global well-posedness for g slowly
increasing to infinity, by extending the technology to prove global well-posedness for (1-5). Notice also
that Tao [2006] found that the solution u of (1-5) satisfies

el oo sy S EE (1-27)
with E the energy of u. The structure of g is a double log: it is, roughly speaking, the inverse function
of the towel exponential bound in (1-27).

Now we explain the main ideas of this paper.

Tao [2006] was able to bound on arbitrary long time intervals the L;}L!? norm of solutions of the
energy-critical equation (1-5) by a quantity that depends exponentially on their energy. This estimate
can be viewed as a long time estimate. Unfortunately we cannot expect to prove a similar result for (1-1)
since we are not in the energy-critical regime. However we shall prove the following proposition:

Proposition 4 (Long time estimate). Let J = [t1, 2] be a time interval. Let u be a classical solution of
(1-1). Assume that

el oo oy sy = M (1-28)
for some M > 0. Then there exist three constants Cp o > 0, Cr.1 > 0and Cp 5 > 0 such that
e IfEK gl/zl—(M) (small energy regime) then
Il 12 gy < CL0: (1-29)
o if E 2 % (large energy regime) then

CL,Z(E193/4+8225/8+(M))

Il 512 ) ey < (CLa(Eg(M))) (1-30)
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This proposition shows that we can control the LfL}CZ(J x R?) norm of solutions of (1-1) by their
energy and an a priori bound of their L H?(J x R?) norm. We would like to control the pointwise-
in-time H2(R3) x H'(R3) norm of u on an interval [0, T], with 7' arbitrarily large. This is done by an
induction on time. We assume that this norm is controlled on [0, 7] by a number M. Then by continuity
we can find a slightly larger interval [0, 7’] such that this norm is bounded by (say) 2Mj on [0, T']. This
is our a priori bound. We subdivide [0, 7] into subintervals where the L;‘L )1(2 norm of u is small and we
control the pointwise-in-time H2(R>) x H'(R?) norm of u on each of these subintervals (see Lemma 6).
Since g varies slowly we can estimate the number of intervals of this partition by using Proposition 4
and we can prove a posteriori that ||u(¢) ||F12(R3) + ||0;u(t) ||F1.(R3) is bounded on [0, T'] by My, provided
that My is large enough; see Section 2.

The proof of Proposition 4 is a modification of the argument used in [Tao 2006] to establish a tower-
exponential bound of the L# L!?(J x R*) norm of v, the solution of (1-5). We divide J into subintervals J;
where the L}L )162 norm of u, the solution of (1-1), is “substantial””. Then by using the Strichartz estimates
and the Sobolev embedding (1-22) we notice that the LfoLg (J; x R?) norm of u is also substantial, more
precisely, we find a lower bound that depends on the energy E and g(M). Then by Proposition 2 we
can localize a bubble where the mass concentrates and we prove that the size of these subintervals is
also substantially large. Tao [2006] used the mass concentration to construct a solution o of (1-5) that
has a smaller energy than » and that coincides with v outside a cone. The idea behind that is to use an
induction on the levels of energy, due to Bourgain [1999], and the small energy theory following from
the Strichartz estimates in order to control the L} L!? norm of v outside a cone. Unfortunately it seems
almost impossible to apply this procedure to our problem. Indeed the energy of the constructed solution
u is smaller than the energy E of u by an amount that depends on E but also on g(M) and therefore an
induction on the levels of the energy is possible if the L° H?%(J x R?) norm of ii can be controlled by M,
which is far from being trivial. It turns out that we do not need to use the Bourgain induction method.
Indeed since we know that the size of the subintervals J; s is substantially large and since we have a good
control of the L#L!? norm on these subintervals it suffices to find an upper bound of the size of their
union in order to conclude. To this end we divide a cone containing the ball where the mass concentrates
and the J;s into truncated-in-time cones where the LfL )162 norm of u is substantial. Let J 1,j2, ... be the
sequence of time intervals resulting from this partition. The mass concentration helps us to control the
size of the first time interval J;. By using an asymptotic stability result we can prove, roughly speaking,
that if we consider two successive subintervals J s J j+1 resulting from this partition of the cone then the
size of J j+1 can be controlled by the size of J;; see (3-34). But a potential energy decay estimate shows
that if the size of the union of the J; s is too large then we can find a large subinterval [z{, ;] such that
the LfL}f norm of u on the cone truncated to [#{, #;] is small. Therefore [#{, ;] cannot be covered by
many J ;s and one of them is very large in comparison with its predecessor, which contradicts (3-34). At
the end of the process we can find an upper bound of the size of the union of the subintervals J; s and
consequently we can control the L#L!? norm of u on the interval J.

Remark 5. We will frequently use the x+ and x— notations. Indeed the point (2, c0) is not wave
admissible. Therefore we will work with the point (2+, co—): see (5-6) and (7-9). This generates
slight variations of many quantities throughout this paper. Sometimes we might deal with quantities like
7 :=x+/y—. We cannot conclude directly that z = (x/y)+. In this case we create a variation of y so
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small (compared to that of x) that we have z = (x/y)+. These details have been omitted for the sake of
readability. We strongly recommend that the reader ignores these slight variations at the first reading.

2. Proof of Theorem 1

The proof relies upon Proposition 4 and the following lemma, which we prove on page 268.

Lemma 6 (Local boundedness). Let J = [t1, t2] be an interval. Assume that u is a classical solution of
(1-1). Let Z(t) := ||(u(2), 6;u(t)) ||F12(R3)xH1(R3)' There exists 0 < € < constant such that if

||M||L;‘L;2(JXR3) = ma (2-1)
then there exists C; > 0 such that
Z(t) <2C1Z(t)) fortel. (2-2)
We claim that the set
F:={T €0, 00): ,:[ISPT]H(”(I)’ du())|| ) H @) S Mo} (2-3)

is equal to [0, oo) for some constant My := M0(||u0||ﬁ2(R3), lu1ll 1 (r3)) large enough. Indeed, 0 € F
(this is clear); & is closed, by continuity; and & is open. To see this last fact, let 7 € ¥. Then by
continuity there exists ¢ > 0 such that

sup || (?), Oru (D) | 2wy x 11 v2y < 2Mo (2-4)
1€10,7"]

for every T’ € [0, T + 0). By (1-29) and (1-30) we have

) < max (Cp.0, (Cp1 E g(2Mp))Cr2EX 70 M)y (2-5)

LIL12([0,T"1xR3) —

Let N > 1 and let Z(0) := max (Z(0), 1). Without loss of generality we can assume that C; > 1 so
that 2C;Z(0) > 1 and log® (2C1 Z (0)) > 1. We have, by the elementary rules of the logarithm and the
inequality log®(2nx) <log®((2n)*) for n > 1 and x > 1:

N 4 N 4

N
€ €
;g(@Cz)”Zo)Z log® (log((2C1)>* 2% (0) + 10)) ~ Z“log 2n10g(2CzZ(0)))

n=1 n=1

N

1 1 1 N+l
> )P Ja=—t
log (2C,Z(0)) &= log“(2n) ™~ log® (2€,2(0)) Ji  log*(21)

1 N+1 1/2
2 —dt 2 —— . 2.6
™ log® (2€12(0)) /1 V27 ™ log” (2€1Z(0)) (2-6)
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By Lemma 6, (2-5) and (2-6) we can construct a partition (J,)1<,<y of [0, T'] such that
lul ‘
u =
HLEOE) = g1 (2C1y Zo)
€
u < s
Il ”Lf‘L}CZ(JNXIW) —= g1/4 ((ZC[)NZ())

l1<n<N,

Z(t) = (2C)"Z(0),
fort e J1U---UJ, and
Nk (CLo. (CutE g2y CuE ) (2-7)
log®(2C, Z(0)) ’ ’
Since ¢ < 8/225 we have by (1-24)
log N < log®(2C;Z(0)) +1og (Cr.0)
+Cp L E13/DF 10g@35¢/8F 100 (1044 M2) log (Cp1E log* log(10+4M§))

- 10g<10g (Mo/Z(0)) )

log (2C)) &9

if My = M0(||M0||g2(R3), lu1ll g1 wy) is large enough. To prove the last inequality in (2-8) it is enough,
by using (1-24), to notice that limy, . f(Mo) =0 with

log®(2C, Z(0))+ log (Cp 0)+Cp 2 EM/D+ 10g?5¢/8 00 (10 + 4M2) log (Cy. 1 E log® log(10+4M2))

f(My) :=
log (Mo/Z(0))
log ( glog ?2c,) )
(2-9)
Therefore we conclude that
sup [ (1), G ()| 2oy ey < RCHN Z(0) < M. (2-10)

t€[0,T7]

Proof of Lemma 6. By the Strichartz estimates (1-16), the Sobolev embeddings (1-22) and (1-23) and
the elementary estimate |1V (g(u)) | < |u*Vug(u)|, we have

Z(0) S Z0) + 1w’ g @)l 11 12 1 1y + 11 Vug @ g1 22 oy ey + 1867V 1112 1y 1y

SZ@t)+ ||u58(14)||L)L§([,1,[]ang3) + ||u4Vug(u)||L;L§([ZI,I]XR3)

4 _
S Z@) + Nl ps gy, s 1l e rsnnxm) 8 Ul Lo oo i nxm) 2-11)

+ ||M ||4L?L/1(2([l‘| LIIXR3) || Vu ||L?OLE([11,I]><R3)g(”u ” L?OLio([ll,l]XR3))
S Z() + 1l sy o) 2O (Z(0)).
Let C; be the constant determined by the last inequality in (2-11). From (2-1), (2-11) and a continuity
argument, we have (2-2). Il
3. Proof of Proposition 4

The proof relies upon five lemmas, which we state here and then prove in subsequent sections, after
seeing how they imply the proposition.
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Lemma 7 (Long time estimate if energy small). Let J = [t1, 2] be a time interval. Let u be a classical
solution of (1-1). Assume that (1-28) holds. If

EK (3-1)

g'A(M)’
then

||u||LfL}2(JXR3) < 1. (3-2)
Lemma 8 (If ||u|| LALI2(IxRY) is nonnegligible a mass concentration bubble exists and the size of J is
bounded from below). Let u be a classical solution of (1-1). Let J be a time interval. Assume that (1-28)
holds. Let n be a positive number such that

El/12
n= 24 (M)’ (3-3)
If||u||L?LJ]C2(J><R3) >n, then
t x( )

Moreover, there exist a point x € R3, atime ty € J and a positive number r such that we have the mass
concentration estimate in the ball B(xg, r)

/ luto, ) dy 2 n*FE~Dr2, (3-5)
B(x0,7)
and the following lower bound on the size of J:

|1 2 n*E7r (3-6)

Lemma 9 (Potential energy decay estimate). Let u be a classical solution of (1-1). Let [a, b] be an
interval. Then we have the potential energy decay estimate

/ F(u(b,x))dx < % (e(a) +e'*(a)) +e(b) —e(a) + (e(b) — e(a)) ' . (3-7)
|x|<b

Lemma 10 (L?L )162 norm of u is small on a large truncation of the forward light cone). Let J =[#1, t2] be
an interval. Let u be a classical solution of (1-1). Assume that (1-28) holds. Let n be a positive number
such that

1/4 1=5/18 EY2
n< min(E s BT, —) (3-8)
g5/24 (M)
Assume also that there exists Co > 1 such that
[tl, (CZE10+’1_(36+))4C2E10+,’—(36+) tl] - ] (3_9)
Then there exists a subinterval J' = [t], t}] such that |t,/t]| ~ E'%*n=C%") and
||u||L;‘L)162(I“+(‘]’)) =7. (3-10)

Lemma 11 (Asymptotic stability). Let J = [t1, 1] be a time interval. Let J' = [t{, t;}] C J and let
te J/J'. Let u be a classical solution of (1-1). Assume that (1-28) holds. Then

ES/6gV/5(M)

- 7 3-11
dist'/?(z, J) -0

et (1) — g 0 (D) Lo @y S
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We are ready to prove Proposition 4. We assume that we have an a priori bound M of the L{® H?(JxR?)
norm of the solution u. There are two steps:

« If E <« 1/g"2(M), then we know from Lemma 7 that (1-29) holds.
» Therefore we assume that the energy is large, that is,
1

E > W (3-12)
We can assume without loss of generality that
EV/12
”u”[‘;‘L;z(‘]xR-?) = W (3-13)
From (3-13) we can partition J into subintervals Jyi, ..., J; such thatfori =1,...,1—1,
El/12 El/12
Nl psp i <oy = W and Nl pap 2 xmey < W. (3-14)
Before moving forward we say that an interval J; is exceptional if
1
(3-15)

llur,1, ||L§‘L}.2(J,-><R3) + ””l,tz ||L?L)][2(J,’><R3) = (C3Eg(M))C4(E(193/4)+g(225/3)+(M)) >

for some C3 > 1, C4 > 1 to be chosen later. (The numbers 193/4 and 225/8 will play an important role
in (3-44).) Otherwise J; is unexceptional. Let € denote the set of J/ s that are exceptional and let &
denote the set of nonempty sequences of consecutive unexceptional intervals J;. By (1-16), (3-12) and
(3-15),

card (€) S E2[0(Eg(M))]0E™ TP 00) < [0 (Eg(M))]0E M 0m — (3.16)

Since card (¢¢) < card (€) we have

ol S [0 (Eg(by)) o™ s mman) (

L;*L)IKZ(]XR?O + sup ||u||i;¥L"1(2(KXR3))' (3_17)

3
g5/6 (M) K€

Let K = J;,U---U J;, be a sequence of consecutive unexceptional intervals. If N(K) is the number of
J; s making K then by (3-12), (3-14) and (3-17) we have

sy S (50 N(K)) 10 (Eg(M))1”
Keéc

E(]93/4)+g(225/8)+ (M)) )

(3-18)

Therefore it suffices to estimate N (K) for every K = J;,U---U J;,. We will do that by first determining
a lower bound for the size of the elements J;s and then by estimating the size of K. By (3-12), (3-14)
and Lemma 8, there exists for i € [ig, ...i1]a (¢, r;, Xx;) € (Ji x (0, 00) X [R3) such that

i , E-G/2)
? B lu(ti, Y)I°dy 2 () (3-19)
and Ry
il 2 l
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. . . 1
Let k € [ig, ..., i1] be such that ry = min, g i let f(t,r,x):= ) fB(x’r) lu(t, v)|>dy; let Cs be

the constant determined by (3-19); and let ro = ro(M) be defined by

Cs E-(G/24)

I‘()M2 =

4gC/O+(M)

Since f(t,r, x) <rM? we have
CsE~(G/29)
ft,ro,x) < W-

Theset A:={(t,r,x):t€K, ro<r<ry, X € R3} is connected. Therefore its image is connected by f
and there exists (7, 7, ¥) € K X [ro, ri] x R such that f(7, 7, ¥) = (CsE~(G/21)) /(2gC/HH(M)) . In
other words we have the following mass concentration

- CsE—G/2H)
2

— u“(t,x)dx = ————. (3-21)

72 )i 2g0/9+ (M)

Moreover we have the useful lower bound for the size of J;,! i <i <iy:
—-1/3
o> _

lJ’|Nrg5/6(M)' (3-22)

At this point we need to use the following lemma, which gives information about the size of K.

Lemma 12. Let K be a sequence of unexceptional intervals. Assume there exist t € K, ¥ € R® and

r € (0, 00) such that

= W (@, y)dy 2 EZ DD (), (3-23)
= JB(@,7)

Then there exist two constants C¢ > 1, C7 > 1 such that

K| = (CoEg(M))TF™ a0 (3-24)

If we combine the lemma with (3-22) we can estimate N (K). More precisely, by Lemma 12, (3-22)
and (3-12) we have

(C6Eg(M))C7E“93/4)+g<225/8)+(M)f
~ E-(/3)
"8y

) O(E193/9+g(25/8)+(ppy)

N(K) < < (0(Eg(M)) (3-25)

Plugging this upper bound for N (K) into (3-18) we get (1-30), completing the proof of the proposition
(modulo the lemmas).

Proof of Lemma 12. By using the space translation invariance of (1-1) we can reduce to the case where

% vanishes.” By using the time reversal invariance and the time translation invariance? it suffices to

4

estimate |K N [z, 00)|. By using the time translation invariance again® we can assume that f = 7 and

INotice that we have the lower bound 7 > C sE —-(G/2+) /(4M 2g(s/ Yt m )). One might think that the presence of 7 in
(3-22) is annoying since this lower bound is crude. However we will see that 7 disappears at the end of the process: see (3-25).
Therefore a sharp lower bound is not required.

2We consider the function u 1(t, x) = u(t, x — x) and we abuse notation in the sequel by writing u for u.

3We consider the function uy(t, x) ;= u(2f — t, x) and we abuse notation in the sequel by writing u5 for u.

4We consider the function usz(t, x) :=u(t + (f —7), x) and we abuse notation in the sequel by writing u3 for u.
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therefore r € K. Let Ky := K N[r, 00). We are interested in estimating |K|. We would like to use
Lemma 10. Therefore, we consider the set I' (K,). We have
1 ) E-(G/2)4)
= u(r, dy 2 ———. 3-26
Therefore by Proposition 3 and (3-26) we have
E-(G/2H)52
(e, NP dy 2 —smmro (3-27)
/B(O,F) gB/H* (M)

if (t —F)EY? < (coE~ G/ D5 g5/ (M) for some ¢y < 1. Therefore by Holder there exists 0 < ¢; < 1
small enough such that

Jul oo B (3-28)
u o ) >Cl————- -
L2 (F+ ([f,f+7‘°g%/§(fﬁ);;r ])) g»/3%(M)
E-(17/16)
Suppose first that [[ul sz 12, x,y) < clm. In this case we get from (3-28)
.  E-GH); 12
el ) 329
and, using also (3-12), we get (3-24).
. E-((17/16)+)
Now suppose instead that [lull 4,2, (k) = €1 PETEEE Define
¢ E-W710)+
71 — Zm’ (3_30)
and divide I' (K ) into consecutive cone truncations I'y (J}), . .., I'+ (Ji) such that, for j=1, ..., k—1,
el irp e,y =1 (3-31)
and
[|u ”LfL)l}(l"_,_(JNk)) <1. (3-32)
We get from (3-28)
- coE~(G/HDf
he|rr+ e | (3-33)
gG/ (M)
Result 13. If j € [1, ...,k — 1] we either have
i1l S 1l ES gt (m) (3-34)
or
|j]| > (C6Eg(]V[))C7E(l93/4)+g(225/8)+(M)’7 (3_35)

for some constants Cq > 1, C7 > 1.
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Proof. We get from (1-21), (3-12) and (3-30)

llu — Uit ||L?L)1C2(F+(jj)) S ||”58(u)||L;L§(p+(jjwj~+l))
Sl gusrap g @lle s, gume” )
< GEY0g0(M)
<. (3-36)

with Jj = [t 1, 7;]. Therefore by (3-31) we have [lur,;;,, Il 41121, (j,y) ~ 71- This implies that

Mty = Nl a2 7 (3-37)
or
”ul,tz ”LfL‘LZ(er(JNj)) Z 77 (3-38)

Case 1. |luy;,, — ”l,tz”L;‘L;Z(n(ii)) 2 7. By Lemma 11 and Holder we have

7. l/4
”ul,t_H_] - ul,tz||L;‘Li2(F+(jj)) S |J]| / I|ul,l_/+1 - ul,tz”LtOOL)l(Z(FJr(jj))

< | J: |4 _ 1/2 i _ 1/2 ~
~ |‘]]| ”ul,l_,'_H ul’tz||L?CL$°(F+(JJ'))”MI’[-/+I Ml’tzllLtooLg(r+(Jj))

- |jj|1/4E2/3g1/12(M)

N = (3-39)
|Jjnl4

We get (3-34) from (3-37) and (3-39).

Case 2. ||uipll s, () 2 7 In this case Jurgll 4,0, 2 7. Recall that K is a subinterval of
K = J;,U---UJ;, sequence of unexceptional intervals J;, iop <i <i;. Consequently there are at least
~n(C3Eg(M ))C4E(193/4)+g(225/8)+(M ) intervals J ; that cover J;. Therefore we get (3-35) from (3-22) and
(3-12). O

Using Result 13 and Lemma 10 we can get an upper bound on the size |K 4 |:
Result 14. We have
K4 < (CoEg(M)) <m0y, (3-40)
Proof. Let B := (CoEg(M))C7E" V7)) - Agsume that (3-40) fails. Let J;, be the first interval
for which |J;U---U fj1| exceeds Br. Then j; # 1, |fj1| < |fj1_1|ﬁ_4E8/3g1/3(M) and we have

C‘1E75/417 n
g(5/8)(M)

if [T1, Ta] := JoU---U J; _1. Therefore by (3-12) and (3-41) we have

=T+ (T, — )i *E*3g" 3 (M) 2 | 1|+ -~ +1J,| = BF, (3-41)

7t E-®/3) Br
g3 (M)

Moreover T} <7 + (c1 E~(/HN5) /(gO/8+(M)). Therefore by (3-12) we have

h—T 2 (3-42)

Ti = O(F). (3-43)
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By (3-42) and (3-43) we have

T 71\ —(36-H)\ 4CL E'0F (77/4)~ G
rz(eE (@) ) , (-4
1

with C; defined in Lemma 10, provided that C¢, C7 > max (ci, C3). Therefore we can apply Lemma

: I 7 7. : 174l 0 10+ 36+ >
10 and find a subinterval [7{, 1,] C Jo,U---U J;, | with ‘tz/ﬁ’ E*¥Tq (36+) and ||”||L;‘L}2([t{,z§]) <n/4.
This means that [ti, té] C [Ty, T»] is covered by at most two consecutive intervals. It is convenient to
introduce [7{, #;1,, the geometric mean of ¢| and #,. We have [z, #}], ~ 7 BE> t{. There are two cases.

Case 1. [1{, 1] is covered by one interval jjv =[a;, b;], 2 < j < ji—1. Then |J}-| > ﬁ_(36+)E10+t{ and
|J5_1| < 1. Therefore |J5| 2 7P E'0F|J;_,|. Contradiction with (3-12) and (3-34).

Case 2. [}, t;] is covered by two intervals fj =laj, bj]l and J~J--Jrl =lajy, by ] for some 2 < j<j—2.
Then there are two subcases.

Case 2a. b; < [1],1}],. In this case |J7, | = 7~ @D E'T1{ and | J;| < 7~ 8D ES*1{. Therefore by
(3-12) we have |J5, | 2 78D ES*| J7|. Contradiction with (3-12) and (3-34).

Case 2b. bj > [t{,1}],. In this case by (3-12) |J~Jf| > 7~ BHDEt and |j]_1| < t{. Therefore
| 751 2 7~ 8P EF|J;_, |. Contradiction with (3-12) and (3-34).

This exhausts all cases. Thus we have proved Result 14 and so also Lemma 12. (|

Remark 15. It seems likely that we can find a better upper bound for | K| than (3-40) by exploiting
Lemma 11 in a better way. For instance we can consider k successive time intervals Jj 1, ..., Jj1k,
k > 1 and prove an estimate like

|Tjstl + - [kl ST E3 B¢ 3 (M. (3-45)

This estimate is stronger than (3-34). We can probably find a smaller B such that (3-44) holds with
7 substituted for something like k# and, by modifying the argument above, find a contradiction with
(3-45). At the end of the process we can probably prove global existence of smooth solutions to (1-1)
for 0 < ¢ < ¢p, with ¢g > 8/225 to be determined. We will not pursue these matters.

4. Proof of Lemma 7
Applying the Strichartz estimates and the Holder inequality,
Null 212 ey S E'?+ ||M4||L}L§(JX[R3)||ugl/6(u)||L?°Lg(JxR3)||85/6(u)||L,°°L;C(Jx[R<3)
SEV+EVg O (M)|ull; (@-1)

LILR2(JxR3)

Hence (3-2) by (3-1) and a continuity argument.
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5. Proof of Lemma 8

Let J' = [t{, ;] C J be such that lull 4112(y g3y = #- Then by (1-22) and (3-3)

1F GO 12wy S Mg @l oo rrms) 1 s o oo 187 @ e Lo rrxme) .
< E1/6174g5/6(M) < EV2.

It is slightly unfortunate that (2, co) is not wave admissible. Therefore we consider the admissible pair
(2+¢, 6(24+¢)/€) with € <« 1. By the Strichartz estimates and (5-1), we have

el 2ve 6@rnve gy S IVUADI 2y + D 2y + 1L @ 122 sy S EV2. (5-2)
Let N be a frequency to be chosen later. By the Bernstein inequality and (1-7) we have
1P nullpspcregsy S NVHIN Hlull oo poremsy S NVHINVHEYS, (5-3)

Therefore
IP<nullpspigregsy S 11VANVAEVC. (5-4)

Let ¢, < 1. Then if N = ¢3(*/(1J'| E*/?)) we have

[ P=null p2p12(rxmey Zn and Nl p2prer sy ~ IP=nullp2p12rxmey- (5-5)
By (5-2) and (5-5) we have

N~ I1P=nullpspi<rs)

(2+€)/4 1-(2+€)/4
S ”PZNM||L12+5L§6(2+e))/e(J/XR3)||PZNM”L$°L§(J/><R3)

1-((2 4
S BB Poyull (5-6)

Therefore we conclude that || P>yl zoz6 (s xr3) > >+ E=-((1/24)  Applying Proposition 2 we get (3-5).

6. Proof of Lemma 9

Bahouri and Gerard [1999, page 171] used arguments from Grillakis [1990; 1992] and Shatah—Struwe
[1993] to derive an a priori estimate of the solution u to the 3D quintic defocusing wave equation, that
is, 6;,u — Au+u> = 0. More precisely they were able to prove

/ b, )1° dx S % @@+ @) +2(6) — o(@) + @) — o))", 6-1)
|x|<b
with . . |
~ e _ 2 - 2 - 6 _
e(t) = 3 AIS (G;u)” dx + 3 /x|§t |Vul|“dx + G /|x|§z u dx. (6-2)

Since we apply their ideas to the potential f we just sketch the proof. Given the cone I'y ([a, b]) we
denote by oT'; ([a, b]) the mantle of the cone I', ([a, b]), that is,

0T+ (la, b)) :={(t',x) € [a,b] x B3, 1 = |x|}. (6-3)
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The local energy identity

1 S |
e(b) —e(a) = ——= + —/ F(u) (6-4)
272 aT 4 ([a,b]) V2 ol ([a,b])
results from the integration of the identity 6,u (6;;u — Au+ f (1)) = 0 on the cone I';([a, b]). We have
[Shatah and Struwe 1998]

X0
t

+Vu

t t
Oy (5(6,u)2 + §|Vu|2 + (x.Vu)ou +tF(u) + u@,u)
|Vu|*x n (6,u)x

— diV(tVuatu + (x.Vu)Vu — —xF(u)+ uVu) 4+uf(u)—4F@u)=0. (6-5)

2 2
Integrating this identity on I'; ([a, b]), we have
X®b)—X(@a)+Y(a,b) :/ 4F (u) —uf (u), (6-6)
Iy ([a,b])
with
t t
X(1):= / —(Gu)* + =|Vul® + (x.Vu)ou + 1 F () + udu (6-7)
i<t 2 2
and
Y(a,b):=
1 t t Vu. Vul?
T (—(atu)2 + = |Vul? + (x.Vu)osu + 1t F(u) + udu +t - xatu + . Vul
V2 Jor, (a,pn \2 2 x| x|
Vul|? du)?|x Vu.x
—u|x|+w—|x|F(u)+u . (6-8)
2 2 x|
In fact we have [Shatah and Struwe 1993]
1 1 2 2
X (1) = / z[—(a,u)2 + —(w ¥ “—xz‘ ] O Vi + 1) + 1 F () —/ o (69
x| <t 2 2 |X| |x|=t 2
Since ¢t = |x| on 0"y ([a, b]) we have
1 Vu)? V.
Y(a,b)=——— Ix1(B;u)? + 2(x.Vu)dpu + udu + (x-Vu) +u ux’ (6-10)
V2 Jor, qap | x| x|
and after some computations [Shatah and Struwe 1993], we get
1 1 u? u?
Y(a,b)=——— —(t6u+(Vu.x)+u)2+/ ——/ —. (6-11)
V2 Jorsqasn t wi=b 2 Jixj=a 2
Therefore, if
1 5 1 ux |2
H(t):= t[—(atu) +—|Vu+—2‘ ]—i—@tu(x.Vu—l-u)—HF(u), (6-12)
<t L2 2 x|

then

H(b)— H(a) = L/ l(tateru.eru)er/ AF () — uf (). (6-13)
V2 Jor (abn Iy (ja.b])
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We estimate H (), following [Bahouri and Gérard 1999]. We have

t 2 2
[O;u(x.Vu+u)| < —((&u)2 + ‘Vu + ﬂ‘ ) < t((&tu)2 + |Vul® + u_) (6-14)
2 |x? |x|?
Therefore by (6-14), the Holder inequality and (1-7), we have
u? 6\'/3 1/3
H(t) < t(e(t) + —2) <tle)+ (/ " ) S t(e) +e3(0). (6-15)
x| <t |X] Jx| <t

Moreover by (6-4), the Holder inequality and (1-7), we have

1 1 2 b (Vu-x

2] u’
— —(tou+Vux+u) S ——= +8u> —I——/ —
V2 Jor. qapy t (ro ) 2V2 Jor (app N 1 ' 22 Jor. qapy 1

X 2 1 1/3
<b —ou+V — 6
- /am([a,b])‘f “ u‘ +2«/§</ar+<[a,m>u )
S b((e(b) —e(@) + (e(b) —e(a)'?). (6-16)
We get from (1-7)
4F (u) —uf(u) <0. (6-17)
By (6-13), and (6-15)-(6-17), we have
1 1 2
H(a)+— — (tou+Vu.x +
[ rwsTPs O A Y
x| <b b b
< 5 @+ @) +e(b) — @) + (e(b) — e(@))"”. (6-18)

7. Proof of Lemma 10

The proof relies upon two results that we prove in the subsections.
Result 16. Let u be a classical solution of (1-1). Assume that (1-28) holds. Let n be a positive number
such that (3-3) holds. If \ull 4 12(r, (sy) = 71 then

lull oo e, oy 2 n*FE~ D), (7-1)

Result 17. Let u be a smooth solution to (1-1). Assume that (1-28) holds. Let n be a positive number
such that
n <min(1, E'/18). (7-2)

Let J = [t1,12] be an interval such that [t1, t1(En~'8)*F" "] C J. Then there exists a subinterval
J' =1}, 1] such that |t} /t|| = En~'® and

Nl oo s r oy S 1 (7-3)
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Let Cy be the constant determined by 2 in (7-1). Let Cig be the constant determined by < in (7-3).
We get from (3-9):

Con*tE-(1/2+ —18
o (p(CE

if C, > max (Co, Cy0). Therefore, since (Con>t E~(1/24)) /(2C ) satisfies (7-2) by (3-8), we can use
Result 17 and show that there exists a subinterval J' = [t{, ;] such that |t} /t]| ~ E 10+,=36+) and

ConPt E-/D+
T Cas i

—18
) _ 104 ,,—(36+)

cJ, (7-4)

Con**E-1/2D Y, Pt E-1/24)
o0 "y < < . 7-5
lullzoors(r, (ry) < 2Cio <Gy 5 (7-5)

Now we claim that ||”||L;‘L12(r+(1/)) < 5. If not by (3-8) and Result 16 we have
el oo, gy = Con® E-2D). (7-6)

Contradiction with (7-5).

Proof of Result 16. We substitute J' for I';.(J') in (5-1) to get
LF@ L2,y S E2. (7-7)
By the Strichartz estimates (1-20) on the truncated cone I'; (J’) we have
il e o, gy S EV2 (7-8)

after following similar steps to prove (5-2). Therefore

_ (2+e)/4 1=(2+€)/4) (2+¢€)/8 1-(2+€)/4) _
’7 - ||u||L7‘L1¥2(F+(‘/)) 5 ||u”L’2+€Lf{6(2+€))/e(r+(1/))||u||L[OOL§(r+(‘I/)) 5 E ||u||L,°OL‘;(1"+(J’)) (7 9)

Therefore (7-1) holds. O

Proof of Result 17. By (7-2) we have En~'® > 1. Let n be the largest integer such that 2n < 4E»~'8.
This implies that n > E#~!8. Let A := Ey~'%. Now we consider the interval [¢;, A%'t;] C J. We write
[t1, A1 =[t1, A’H]U---U[A2=Dy, A%11]. We have
n
> e(A¥n) —e(A* V) <2E, (7-10)

i=1
and by the pigeonhole principle there exists ig € [1, n] such that
e(A%01)) — e(A200= D) < '8, (7-11)

Now we choose a := A200=Dy and b € [AZo— 11, A%07]. Let 1= A2o=Dyg, th = A%~z and
J' = [t{, t;]. We apply (3-7) and (7-2) to get

lull oo, @, apy S NF@ieriw, qop g S E 0" E+EV) + 4" + 40 < n. =
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Proof of Lemma 11

We have after computation of the derivative of e(r)

ore(t) > / F(u)dSs, (7-12)
|x|=t
and integrating with respect of time
// g)u(’',x"ydsdr <E. (7-13)
I J|x|<t

By using the space and time translation invariance

/ / g)u(’',x"dsdr <E. (7-14)
J J|x —x|=[t'—t1]

Therefore (1-15), (1-22), (7-14) and the Holder inequality give us

in(t—t)D 1
/ D A |t —t'| i —x|=|t'—1]

1 6 5/6 1/6
u®g(u)dsS / u)ds dt’
[I’|[—I/|(/|x/—x|:|t’—t #u) ) ( Ix/—x|:|t’—f|g( ) )

1 5/6
< 1/6M/—(/ uS g (u ds) dt’
Ng ( ) ]/|t_t/|2/3 \x’fx|=|z’7;| g( )

g’ g0 (u) dSdt’

A

1 \ls E>/®
< 60 E5/6(/ ) < Oy ——— (7-15)
SRS yle—=t)* ~e )distl/z(t,J’)
Notice that
Psin(t—1t)D
wty =, - [ DR wgwuy ar, (7-16)
I
fori =1,2. We get (3-11) from (7-15) and (7-16).
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