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FINITE-TIME BLOWUP FOR
A SUPERCRITICAL DEFOCUSING NONLINEAR WAVE SYSTEM

TERENCE TAO

We consider the global regularity problem for defocusing nonlinear wave systems

Ou = (Vgm F)(u)

on Minkowski spacetime R! ¢ with d’ Alembertian [:= —92+Y%_ 92, where the field u : R +7 — R™

is vector-valued, and F : R” — R is a smooth potential which is positive and homogeneous of order p + 1
outside of the unit ball for some p > 1. This generalises the scalar defocusing nonlinear wave (NLW)
equation, in which m = 1 and F(v) = 1/(p + 1)|v|?*!. It is well known that in the energy-subcritical
and energy-critical cases whend <2 ord >3 and p <1+44/(d —2), one has global existence of smooth
solutions from arbitrary smooth initial data u(0), d;u(0), at least for dimensions d < 7. We study the
supercritical case where d = 3 and p > 5. We show that in this case, there exists a smooth potential F
for some sufficiently large m (in fact we can take m = 40), positive and homogeneous of order p + 1
outside of the unit ball, and a smooth choice of initial data #(0), d;u(0) for which the solution develops a
finite-time singularity. In fact the solution is discretely self-similar in a backwards light cone. The basic
strategy is to first select the mass and energy densities of u, then u itself, and then finally design the
potential F in order to solve the required equation. The Nash embedding theorem is used in the second
step, explaining the need to take m relatively large.

1. Introduction

Let R™ be a Euclidean space, with the usual Euclidean norm v — ||v||grm and Euclidean inner product
v, w > (v, w)rm. A function F : R™ — R" is said to be homogeneous of order o for some real o if
we have

F(lv) =A%*F(v) (1-1)

for all A > 0 and v € R™. In particular, differentiating this at A = 1 we obtain Euler’s identity
(v, (Vem F)(0))pm = aF(v), (1-2)

where Vgm denotes the gradient in R, assuming of course that the gradient Vgm F of F exists at v.
When « is not an integer, it is not possible for such homogeneous functions to be smooth at the origin
unless they are identically zero (this can be seen by performing a Taylor expansion of F' around the
origin). To avoid this technical issue, we also introduce the notion of F being homogeneous of order o
outside of the unit ball, by which we mean that (1-1) holds for A > 1 and v € R™ with ||v||gm > 1.
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Define a potential to be a function F : R™ — R that is smooth away from the origin; if F is also
smooth at the origin, we call it a smooth potential. We say that the potential is defocusing if F' is positive
away from the origin, and focusing if F is negative away from the origin. In this paper we consider
nonlinear wave systems of the form

Ou = (Vrm F)(u), (1-3)

where the unknown field u : R'*¢ — R is assumed to be smooth, (I = 3% 3, = —07 + Zf-lzl 93, is the
d’ Alembertian operator on Minkowski spacetime

R = {(t,x1.....xg):t.x1,....xg €ER} ={(t,x) : t € R, x € RY}
with the usual Minkowski metric
Napx®xP = =12 £ x2 44 2

and the usual Einstein summation, raising, and lowering conventions, 1, d > 1 are integers, and F:R” — R
is a smooth potential. This is a Lagrangian field equation, in the sense that (1-3) is (formally, at least) the
Euler-Lagrange equations for the Lagrangian

/1+d (0%, dqu)gm + F(u) dn.
R

We will restrict attention to potentials F' which are homogeneous outside of the unit ball of order p + 1
for some exponent p > 1. The well-studied nonlinear wave equation (NLW) corresponds to the case
when m = 1 and F(v) = |v|?t1/(p + 1) (for the defocusing NLW) or F(v) = —|v|?T'/(p + 1) (for
the focusing NLW), with the caveat that one needs to restrict p to be an odd integer if one wants these
potentials to be smooth. Later in the paper we will restrict attention to the physical case d = 3, basically
to take advantage of a form of the sharp Huygens’ principle.

The natural initial value problem to study here is the Cauchy initial value problem, in which one
specifies a smooth initial position u¢ : R? — R™ and initial velocity uy : R? — R™ and asks for a
smooth solution u to (1-3) with #(0, x) = uy(x) and d;u(0, x) = u(x). Standard energy methods (see,
e.g., [Shatah and Struwe 1998]) show that for any choice of smooth initial data u, u#; : RY — R™,
one can construct a solution u to (1-3) in an open neighbourhood €2 in R+ of the initial time slice
{(0,x):x € Rd} with this initial data. Furthermore, either such a solution can be extended to be globally
defined in R'*¢, or else there is a solution u defined on some open neighbourhood €2 of {(0, x) : x € R¥}
that “blows up” in the sense that it cannot be smoothly continued to some boundary point (Z, x«) of Q.
The global regularity problem for a given choice of potential F asks if the latter situation does not occur,
that is to say that for every choice of smooth initial data there is a smooth global solution. Note that as
the equation (1-3) enjoys finite speed of propagation, there is no need to specify any decay hypotheses on
the initial data as this will not affect the answer to the global regularity problem.

For focusing potentials F, there are well-known blowup examples that show that global regularity fails.
For instance, if m = 1 and F' : R — R is given by

F(v) :=— e (1-4)

(p—1)?
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for all |v| > 1 (and extended arbitrarily in some smooth fashion to the region |v| < 1 while remaining
negative away from the origin), then F' is a focusing potential that is homogeneous of order p + 1 outside
of the unit ball, and the function u : {(¢, x) € R'T? :0 <¢ < 1} — R defined by

u(t, x) = 7T (1-5)

solves (1-3) but blows up at the boundary ¢ = 0; applying the time reversal symmetry (¢, x) — (1 —t¢, x),
we obtain a counterexample to global regularity for this choice of F. We will thus henceforth restrict
attention to defocusing potentials F, which excludes ODE-type blowup examples (1-5) in which u(z, x)
depends only on 7.

The energy (or Hamiltonian)

Elu(0)]:= /R 300 o+ SVt ) g + Fu(2, ) dx (1-6)

is (formally, at least) conserved by the flow (1-3). A dimensional analysis of this quantity then naturally
splits the range of parameters (d, p) into three cases:

o The energy-subcritical case when d <2, orwhend >3 and p <1+ ﬁ.
e The energy-critical case whend >3 and p =1+ ﬁ.
e The energy-supercritical case whend >3 and p > 1 + ﬁ

In the energy-subcritical and energy-critical cases one has global regularity for any defocusing NLW
system, at least when d < 7; see!l [Jorgens 1961] for the subcritical case, and [Grillakis 1990; 1992; Struwe
1988; Shatah and Struwe 1998] for the critical case. These results were also extended to the logarithmically
supercritical case (in which the potential F' grows faster than the energy-critical potential by a logarithmic
factor) in [Tao 2007; Roy 2009]. A major ingredient in the proof of global regularity in these cases is
the conservation of the energy (1-6), which is nonnegative in the defocusing case. In the energy-critical
(and logarithmically supercritical) case, one also takes advantage of Morawetz inequalities such as

/ / F@@.) 4 dr < CEwo)] (1-7)
R4 |x|

for any time interval [0, 7] on which the solution exists. These bounds can be deduced from the properties
of the stress-energy tensor

Typ = (Oqu, 0gu) — %naﬂ((ayu, dyu)pm + F(u))

and in particular in the divergence-free nature 9% Typ = 0 of this tensor.

It thus remains to address the energy-supercritical case for defocusing smooth potentials F'. In this
case it is known that the Cauchy problem is ill-posed in various technical senses at low regularities
[Lebeau 2001; 2005; Christ et al. 2003; Brenner and Kumlin 2000; Burq et al. 2007; Ibrahim et al. 2011],

I'Several of these references restrict attention to the scalar NLW or to three spatial dimensions, but the arguments extend
without difficulty to the energy-critical NLW systems considered here in the range 3 < d < 7. There are technical difficulties
establishing global regularity in extremely high dimension, even when the potential F and all of its derivatives are bounded,; see,
e.g., [Brenner and von Wahl 1981].
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despite the existence of global weak solutions [Segal 1963; Strauss 1989], as well as global smooth
solutions from sufficiently small initial data [Lindblad and Sogge 1996] (assuming that F vanishes to
sufficiently high order at the origin); see also [Zheng 1991] for a partial regularity result. However, to the
author’s knowledge, finite-time blowup of smooth solutions has not actually been demonstrated for such
equations. The main result of this paper is to establish such a finite-time blowup for at least some choices
of defocusing potential F' and parameters d, p, m:

Theorem 1.1 (finite-time blowup). Letd = 3,let p > 1 + ﬁ, and let

d+1D(d+6) (d+1)(d+4)
2 ’ 2

m=>2 max( + 5) +2

be an integer. Then there exists a defocusing smooth potential F : R™ — R that is homogeneous of
order p + 1 outside of the unit ball, and a smooth choice of initial data ugy,u1 : R? — R™ such that
there is no global smooth solution u : R4 — R™ 1o the nonlinear wave system (1-3) with initial data
u(0) = uo, 9ru(0) = u;.

Of course, since d is set equal to 3, the conditions on p and m reduce to p > 5 and m > 40 respectively.
However, our restriction to the d = 3 case is largely for technical reasons (basically in order to exploit the
strong Huygens principle), and we believe the results should extend to higher values of ¢, with the indicated
constraints on d and p, though we will not pursue this matter here. The rather large value of m is due
to our use of the Nash embedding theorem (!) at one stage of the argument. It would of course be greatly
desirable to lower the number m of degrees of freedom down to 1, in order to establish blowup for the
scalar defocusing supercritical NLW, but our methods crucially need a large value of m in order to ensure
that a certain map from a (1+d)-dimensional space into the sphere S~ is embedded, which is where
the Nash embedding theorem comes in. Nevertheless, even though Theorem 1.1 does not directly show
that the scalar defocusing supercritical NLW exhibits finite-time blowup, it does demonstrate a significant
barrier to any attempt to prove global regularity for this equation, as such an attempt must necessarily
use some special property of the scalar equation that is not shared by the more general system (1-3).

We briefly discuss the methods used to prove Theorem 1.1. The singularity constructed is a discretely
self-similar blowup in a backwards light cone; see the reduction to Theorem 2.1 below. In particular, the
blowup is “locally of type II”” in the sense that scale-invariant norms inside the light cone stay bounded,
but not “globally of type II”, as a significant amount of energy (as measured using scale-invariant norms)
radiates out of the backwards light cone at all scales. This is compatible with the results in [Kenig and
Merle 2008; Killip and Visan 2011a; 2011b], which rule out “global” type II blowup, but not “local”
type II blowup. It would be natural to seek a continuously self-similar smooth blowup solution, but it
turns out? that these are ruled out; see Proposition 2.2 below. Hence we will not restrict attention to

20n the other hand, it is possible to use perturbative methods to create rough solutions to (1-3) that are continuously
self-similar: see [Planchon 2000; Ribaud and Youssfi 2002]. However, these methods do not seem to be adaptable to generate
smooth solutions, and indeed Proposition 2.2 suggests that there are strong obstacles in trying to create such an adaptation. The
negative result here also stands in contrast to the situation of high-dimensional wave maps into negatively curved targets, where
ODE methods were used in [Cazenave et al. 1998] to construct continuously self-similar blowup examples in seven and higher
spatial dimensions.
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continuously self-similar solutions. It also turns out to be convenient not to initially restrict attention to
spherically symmetric solutions, although we will eventually do so later in the argument.

Traditionally, one thinks of the potential F as being prescribed in advance, and the field u as the
unknown to be solved for. However, as we have the freedom to select F' in Theorem 1.1, it turns out to
be more convenient to prescribe u first, and only then design an F for which the equation (1-3) is obeyed.
This turns out to be possible as long as the map

u(t, x)
lu(t, x)|rm

has certain nondegeneracy properties, and if the stress-energy tensor 7,8 (which can be defined purely in

0:(t,x)—~

terms of u) is divergence-free; see the reduction to Theorem 3.2 below. The stress-energy tensor 7 (or
more precisely, some related fields which we call the mass density M and the energy tensor Eyg) can
be viewed as prescribing the metric geometry of the map 6, and the Nash embedding theorem can then
be used to locate a choice of 6 with the desired nondegeneracy properties and the prescribed metric, so
long as the fields M and E,g obey a number of conditions (one of which relates to the divergence-free
nature of the stress-energy tensor, and another to the positive definiteness of the Gram matrix of ). This
reduces the problem to a certain “semidefinite program” (see Theorem 4.1), in which one now only needs
to specify the fields M and E,g, rather than the original field u or the potential F.

It is at this point (after some additional technical reductions in which certain fields are allowed to
degenerate to zero) that it finally becomes convenient to make symmetry reductions, working with fields
M, E,p that are both continuously self-similar and spherically symmetric, and assuming that there are
no angular components to the energy tensor. In three spatial dimensions, this reduces the divergence-free
nature of the stress-energy tensor to a single transport equation for the null energy e (which, in terms
of the original field u, is given in polar coordinates by e = %H (0 + 0,)(ru) ||§1), in terms of a certain
“potential energy density” V' (which, in terms of the original data u and F, is given by V = rF(u)); see
Theorem 5.4 for a precise statement. The strategy is then to solve for these fields e,V first, and then
choose all the remaining unknown fields in such a way that the remaining requirements of the semidefinite
program are satisfied. This turns out to be possible if the fields e,V are chosen to concentrate close to
the boundary of the light cone.

2. Reduction to discretely self-similar solution

We begin the proof of Theorem 1.1.

We first observe that from finite speed of propagation and the symmetries of the equation, Theorem 1.1
follows from the claim below, in which the solution is restricted to a truncated light cone and is discretely
self-similar and the potential is now homogeneous everywhere (not just outside of the unit ball), but no
longer required to be smooth. This reduction does not use any of the hypotheses on m, d, p.

Theorem 2.1 (first reduction). Letd =3, let p > 1+ ﬁ, and let

(d+1)2(d+6)’(d+1)2(d+4)+5)+2

m > 2max(
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be an integer. Then there exists a defocusing potential F : R"™ — R which is homogeneous of order p + 1
and a smooth function u : Ty — R™\{0} on the light cone Ty := {(t,x) € R'"*4 : ¢ > 0; |x| <t} that
solves (1-3) on its domain and is nowhere vanishing, and also discretely self-similar in the sense that
there exists S > 0 such that
S, S\ — ,— 5218
uet,e®x)=e¢ r1°u(t,x) 2-1)

forall (t,x) € I'y.

A key point here is that u is smooth all the way up to the boundary of the light cone I'y, rather
2

than merely being smooth in the interior. The exponent —7=1 is mandated by dimensional analysis
considerations. It would be natural to consider solutions that are continuously self-similar in the sense
that (2-1) holds for all S € R, but as we shall shortly see, it will not be possible to generate such solutions
in the three-dimensional defocusing setting.

Let us assume Theorem 2.1 for the moment, and show how it implies Theorem 1.1. Let F', S, u be as
in Theorem 2.1. Since u is smooth and nonzero on the compact region {(¢,x) € Tz : e~ <t <1}, itis
bounded from below in this region. By replacing u with Cu and F with v+ C? F(v/C) for some large
constant C, we may thus assume that

”u(t’x)“[Rm >1

whenever (¢, x) € I'; with e S<r<l1. Using the discrete self-similarity property (2-1), we then have
this bound for all 0 < ¢ < 1; in fact we have a lower bound on |[u(¢, x)||gr= that goes to infinity as ¢ — 0,
ensuring in particular that # has no smooth extension to (0, 0).

Using a smooth cutoff function, one can find a smooth defocusing potential F:R™ — R that agrees with
F in the region {v € R” : ||v||gm > 1}. Then u solves (1-3) with this potential in the truncated light cone
{(t,x) e R4 .0 <1 <1;|x| <t} with F replaced by F. Choose smooth initial data vg, vy : RY — R™
such that

vo(x) =u(l,x)
and
v1(x) = —0:u(l, x)

for all |x| < 1 (where we use |x|:= ||x||gs to denote the magnitude of x € R4); such data exists from
standard smooth extension theorems (see, e.g., [Seeley 1964]) since the functions u(1, x), d;u(1, x) are
smooth on the closed ball {x : |x| < 1}. Suppose for contradiction that Theorem 1.1 failed (with F
replaced by F ); then we have a global smooth solution v : Rt 5 R™ o (1-3) (for F ) with initial data
v(0) = vy, d;v(0) = vy. The function # : (¢, x) — v(1 —¢, x) is then another global smooth solution
to (1-3) (for F) such that u(l,x) =u(l,x) and 9;u(1,x) = d;u(1,x) for all |x| < 1. Finite speed
of propagation (see, e.g., [Tao 2006, Proposition 3.3]) then shows that # and u agree in the region
{(t,x) e R4 .0 <1 < 1;|x| <t}; as @ is smoothly extendible to (0, 0), we know u is also, giving the
desired contradiction. This concludes the derivation of Theorem 1.1 from Theorem 2.1.

It remains to prove Theorem 2.1. This will be the focus of the remaining sections of the paper. For
now, let us show why continuously self-similar solutions are not available in the defocusing case, at
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least for some choices of parameters d, p. The point will be that continuous self-similarity gives a new
monotonicity formula for a certain quantity f (¢, r) (measuring a sort of “equipartition of energy”) that
can be used to derive a contradiction.

Proposition 2.2 (no self-similar defocusing solutions). Let d > 3 and p > 1 be such that 5= d— p —=7 <0,
let m be a natural number, and let F : R™ — R be a defocusing potential that is homogeneous of
order p + 1. Then there does not exist a smooth solution u : 'y — R™\{0} to (1-3) that is homogeneous
of order —%.

Note in particular that in the physical case d = 3, the condition % — % < 0 is automatic, and so

no self-similar defocusing solutions exist in this case. We do not know if this condition is necessary in
the above proposition.

Proof. Suppose for contradiction that such a u exists. Equation (1-3) in polar coordinates (¢, r, w) reads

g+ Opru+ L0+ LA = (V) W),

where A, is the Laplace—Beltrami operator on the sphere S¢~1. Making the substitution
o, r,w):= rd%lu(t, r,w), (2-2)
this becomes
016+ 0rr 9 — 5 (— 0o + LI NG = 5 () 23

for r > 0.
We introduce the scaling vector field S := td; + rd, and the Lorentz boost L := rd; + ¢d,. Observe
that L and S commute with

~8*+ L% = (1> = r?) (=311 + drr) (2-4)
and thus

—(S%¢p, L)pm + (L*¢, Lp)gm = (1> = 1) (—01:¢ + drrp, L) m.

As u is assumed homogeneous of order — !

we know ¢ is homogeneous of order d-1_ _2_ From

2
p—1’ 2 p—1

Euler’s identity (1-2) we thus have ¢ an eigenfunction of S,
1 2
and thus (by the commutativity of L and .S)
(L$. S>p)rm = (LS$. S¢)um = L[ S$llfm-
We also have
(L¢. L2¢)am = 7 LI L ||fm.

Putting all of these facts together, we conclude that

L(=315l&m + 31 LlEm) = (2 =r*)(=D1p + 37 . L )rm.
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A computation similar to (2-4) shows that

—[1S¢fom + 1 Lpllgm = (1% = r>)(=[13:¢ | om + 1197 | om)-

2

Since #2 — r? is annihilated by L, we conclude that

L(=518:9llzm + 319,¢Im) = (—B26 + 377, d)om.

By (2-3), the right-hand side is equal to

(d—1)(d-3)

(@ Lhen 1T (V)T 9). Loy

1
(Do, Lp)rm +
r
To deal with the angular Laplacian, we integrate over S 4=1 and then integrate by parts to conclude that

L Al + 110 1) do

1 (d—1)(d —3) =1 i
= [ 5ot g + g LIl +r T (V)G 9), L o,

where we use the fact that the Lorentz boost L. commutes with angular derivatives, and where dw denotes
surface measure on S¢~1.

From the chain and product rules, noting that Lr = ¢, we have
d—1

d—1 _d—1 t
Lo=r"2 LG~ T 9)+ 0
2 r

and thus (using (1-2))

(VE)r~ T ), L)m

d—1 d—1 d—1 d—1 d—1
rz (LF(V_2¢) + T;(r‘Trp, (VF)(r‘2¢))Rm)

d-D(p+11

d—1 _d—1
=r 2 (LF(r 2 @)+
2 r

o).
Putting all this together, we see that if we introduce the quantity

1 1 1
faryi= [ =310+ 5101 = 351 g

(d-=1)(d-3) _ _d—1
— gz NPl —r T T 9 do
then we have the formula
(d—1)(d —3)t
43

(d—-D(p—

- t ; 2 Dt g1, —ds1
Lf= /S Ve g + ol + LD it 4,

for any r > 0. In particular, f(cosh y, sinh y) is a strictly function of y for y > 0, since

dd—yf(cosh v, sinh y) = (Lf)(cosh y, sinh y) > 0
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with the strict positivity coming from the defocusing nature of F. On the other hand, when y — 0T, we
see from (2-2) that all the negative integrands in the definition of f(cosh y, sinh y) go to zero, and thus

lim f(cosh y,sinh y) > 0.
y—0+t

Combining these two facts, we conclude in particular that

lim f(cosh y,sinh y) > 0. (2-5)

y—>+o0
On the other hand, as ¢ is homogeneous of order % — % and F is homogeneous of order p + 1, we see
that the integrand in the definition of f(¢, r) is homogeneous of order 2(% — %) which is negative

by hypothesis. This implies that f(cosh y, sinh y) goes to zero as y — 400, contradicting (2-5). O

3. Eliminating the potential

We now exploit the freedom to select the defocusing potential F by eliminating it from the equations
of motion. To motivate this elimination, let us temporarily make the a priori assumption that we have a
solution u to (1-3) in the light cone I'y from Theorem 2.1 that is nowhere vanishing. Taking the inner
product of (1-3) with u and using (1-2) then gives an equation for F(u):

Fu) = u, du)gm. 3-1
(u) P ( )R (3-1
In particular, since F is defocusing and u is nowhere vanishing, we have the defocusing property
(u, Du)Rm >0 (3-2)
throughout I';. Next, if ¢ denotes one of the d + 1 derivative operators d;, dx,, . .., dx,, we have from

the chain rule that
o F(u) = (0qu, (VF)(u))gm

and hence from (1-3) and (3-1) we have the equation
o (u, Ou)pm = (p + 1)(gu, Ou)gm. (3-3)
Remark 3.1. One can rewrite the equation (3-3) in the more familiar form
P T =0,

where T, is the stress-energy tensor
1
Top = (Dt Dgu)m — naﬂ(%(ayu, Dy + Du)).

Now assume that u obeys the discrete self-similarity hypothesis (2-1). Let 6 := u/||u||gm denote the
direction vector of u; then  is smooth map from I'y to the unit sphere S~ ! := {v € R” : ||v||gm = 1}
of R™. From the discrete self-similarity (2-1) we see that 6 is invariant under the dilation action of the
multiplicative group eS% := {¢”S :n € Z} on Tz. Thus # descends to a smooth map 6: Iy/es? — sm—1
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on the compact quotient I'y /eSZ, which is a smooth surface with boundary (diffeomorphic to the product
of a d-dimensional closed ball and a circle). Under some nondegeneracy hypotheses on this map, we can
now eliminate the potential F, reducing Theorem 2.1 to the following claim:

Theorem 3.2 (second reduction). Letd = 3,let p > 1 + ﬁ, and let

d+1)(d+6) (d+1)d+4)
2 ' 2

m>2 max( + 5) +2

be an integer. Then there exists S > 0 and a smooth nowhere vanishing function u : T g — R"™\{0} which is
discretely self-similar in the sense of (2-1) and obeys the defocusing property (3-2) and the equations (3-3)
throughout T 3. Furthermore, the map 0 : Tz /A% — S™1 defined as above is injective, and immersed in
the sense that the d + 1 derivatives 0,0(t, x) fora =0, ..., d are linearly independent in R™ for each
(t,x)eTly,.

Let us assume Theorem 3.2 for now and see how it implies Theorem 2.1. As in the previous section,
our arguments here will not depend on our hypotheses on m,d, p.

Since the map 6: Iy/eS% — S$™1 is assumed to be injective and immersed, it is a smooth embedding
of the set 'y /eS% to S, so that 6 (Tz/e5%) = 6(T'y) is a smooth manifold with boundary contained
in S™~1. We define a function Fy : 6(I';) — R by the formula

At o) = e D0
’ (p + Dllue(t, x) I gm
for any (¢, x) € I';. As 6 is injective and u is nowhere vanishing and discretely self-similar, one verifies
that Fy is well-defined. As the map 6 is immersed, we also see that Fj is smooth. From (3-2) we see
that Fy is positive on 8(T";). Intuitively, Fy is going to be our choice for F on the set 8(T";) (this choice
is forced upon us by (3-1) and homogeneity).

We define an auxiliary function 7" : 6(T";) — R™ by the formula

u(t,x) . 1 B 1 )
r, )= e ) gz 1 B D) G

() o

for all (¢, x) € I';; geometrically, this is the orthogonal projection of (1/ ||u||§m)Du to the tangent plane
of ™ at u/||u||rm, and will be our choice for the S~ gradient

)i - )
Vs F)(nun Ve ) Gt )\l C* Nl ) o Tt

of Fatu/|u|gm.
As 0 is injective and u is nowhere vanishing and discretely self-similar, one verifies as before that

T is well-defined, and from the immersed nature of 8 we see that 7" is smooth. Clearly 7' (w) is also
orthogonal to w for any @ € 6(I'y). We also claim that 7" is an extension of the gradient Vg(r,) Fo of Fo
on #(I'y;), in the sense that

(v, Vo) Fo(w))rm = (v, T (®))gm (3-6)
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for any w € 8(T";) and tangent vectors v € T, 0(I'y) to 8(I'y) at w. To verify (3-6), we write

u(t,x)  u

lu@ ) Jjm ul

for some (¢, x) € I';; henceforth we suppress the explicit dependence on (¢, x) for brevity. The tangent
space to 6(I'y) at w is spanned by 94 (/| u]|) for 9o = 0¢, 0, ..., 0x,, so it suffices to show that

< @l oT Fol@ )> :< Tl T(“’)>

for each d,. But from the chain and product rules and (3-4), (3-3) and (3-5) we have

u
Vo F (a))> = 0y F, (—)
< af? T ™ O ]

1 1
= d M,DM m
Pl “(n i )

8 (M Du)Rm
|P+1

(u, O ut)gm
— —%(u, Du)Rm —+
|22 | gy (p+ Dllul
0 m Ogtt, Ju)pm
{u, datt)gem “;‘l"j (1, Oty + L0 D p_l:zR
[l || g [l || g

1 u
= (e (i)
|24 || g lullgm ] [gm
)
A llullgm /) [ gm

as desired, where in the final line comes from the orthogonality of 7"(u/||u||rm) with scalar multiples of u.
We now claim that we may find an open neighbourhood U of 6(I';) in S™~! and a smooth extension
F1:U — R of Fy, with the property that

Vsmfl Fl (a)) = T(C()) (3-7)
for all w € 8(I';). Indeed, we can define
Fi(ow+v) 1= Fo(o) + (v, T'(@))rm

for all w € 8(T'y) and sufficiently small v € R” orthogonal to the tangent space 7,6(I'y/eS%) with
w +v € S™~1; one can verify that this is well-defined as a smooth extension of Fy to a sufficiently small
normal neighbourhood of 8(T";) with the desired gradient property (3-7) (here we use (3-6) to deal with
tangential components of the gradient), and one may smoothly extend this to an open neighbourhood of
0(T'y) by Seeley’s theorem [1964].

Next, if we extend F; by zero to all of S”~! and define F, : S”~! — R to be the function F, :=
Y Fy +(1—) for some smooth function v : S™~! — [0, 1] supported in U that equals 1 on a neighbourhood
of §(I'y), then F, is a smooth extension of Fy to S™~! that is strictly positive, and which also obeys
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(3-7). If we then set F : R™ — R to be the function

F(Aw) := AP Fy(0)

forall A > 0 and @ € S™1, then F is a defocusing potential, homogeneous of order p + 1, which

extends Fy, and such that
Vsm—l F(a)) = T(a))

for w € 6(T';). By homogeneity (1-1), the radial derivative (@, Vgm F(®))grm is
(p+DF(@)=(p+1)Fo(w)
for such w, and hence for v = u/|u|| by (3-5) and (3-4) we have
Ven F(w) =T () + (p + 1) Fo(w)w

1 .0 1
= Du_<” fzu+ b +1(u,l:|u)i
leel? leel] 2 (p+ Dlul? ]
—_— 1 .
lull?

since Vgm F' is homogeneous of order p, this gives (1-3) as required.

It remains to establish Theorem 3.2. This will be the focus of the remaining sections of the paper.

4. Eliminating the field

Having eliminated the potential F from the problem, the next step is (perhaps surprisingly) to eliminate

the unknown field u, replacing it with quadratic data such as the mass density
M(t,x) = Jut.x)|fm

and the energy tensor
Eqp(t.x) := (0qu(t, x), dgu(t, x)).

(4-1)

(4-2)

If u has the discrete self-similarity property (2-1), then M and E similarly obey the discrete self-similarity

properties
M(eSl, eSx) = e_ﬁSM(l, X)
and

_20+D)
Eaﬂ(est, eSx) =e p1 SEa,g(t,x).

Next, observe from the product rule that
(u, Qu)gm = %DM — nﬂ”Eﬂy,
where 7 is the Minkowski metric. Thus, the defocusing property (3-2) can be rewritten as

1OM —nPEug > 0.

(4-3)

(4-4)

(4-5)

(4-6)
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In a similar spirit, we have
(dgu, Ou) = 3P Eyp— L0, (nPY Ep,)

and hence the equation (3-3) can be expressed in terms of M and E as

8o (30M — 0P Eg,) = (p + 1)(3 Eqp — 50" Egy)). @-7)
Finally, observe that the (2 + d) x (2 4+ d) Gram matrix
(M(Z,X),M(l,x))Rm (u(t,x),B,u([,x))Rm (u(t,x)’axdu(l"x))ﬂ%m
(et ), ut, g (et ), Dult, ) -+ (Deut, x), dgue(t, X)) m (4-8)
(axdu(t’x)a M(I,X»Rm (axdu(t,X), 3,u(t,x))Rm cee (axdu(t,x)’ axdu(lyx»[Rm

can be expressed in terms of E, M as

M(t, x) %8,M(l,x) %ade(t,x)
20 M(.x)  Eoolt.x) - Eoalt.x) +9)

$0x,M(t.X) Eqo(t,x) -+ Eqq(t,x)

In particular, the matrix (4-9) is positive semidefinite for every ¢, x.

It turns out that with the aid of the Nash embedding theorem and our hypothesis that m is large, we
can largely reverse the above observations, reducing Theorem 3.2 to the following claim that no longer
directly involves the field u (or the range dimension ).

Theorem 4.1 (third reduction). Let d = 3, and let p > 1 + ﬁ. Then there exists S > 0 and smooth
functions M : Ty —Rand Eqg:T'q — R fora, =0, ..., d which are discretely self-similar in the sense
of (4-3) and (4-4), obey the defocusing property (4-6) and the equation (4-7) on 'y foralla =0, ...,d,
and such that the matrix (4-9) is strictly positive definite on Iy (in particular, this forces M to be strictly
positive).

Let us assume Theorem 4.1 for the moment and show Theorem 3.2. Let d, p, S, M, E,g be as in
Theorem 4.1, and let m be as in Theorem 3.2. Our task is to obtain a function « : I'; — R™\{0} obeying
all the properties claimed in Theorem 3.2.

The idea is to build u in such a fashion that (4-1) and (4-2) are obeyed. Accordingly, we will use an

ansatz
u(t, x) := M(t, x)20(t, x) (4-10)

for some smooth 6 : I'; — S™! to be constructed shortly. As M is strictly positive, such a function u
will be smooth on I" and obey (4-1); differentiating, we see that

(U, dqu)rm = 3o M (4-11)
fora =0,...,d. If 8 obeys the discrete self-similarity property

0(eSt,eSx) = 0(t,x) (4-12)
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then u will obey (2-1). Thus we shall impose (4-12); that is to say we assume that 6 is lifted from a
smooth map 6 : [y /eS% — §™1,
From the product rule, (4-1) and (4-11) we have (after some calculation)

(000, 0g0)pm = M~ dqu, dgu)rm —M_z(ao,M)aﬂM.
Thus, if we wish for (4-2) to be obeyed, then the (1 + d) x (1 + d) Gram matrix

({000, 0g0)rm) o p=0,....d

must be equal to

M(Eqp—@uM)M ™ M), 4 4 (4-13)

The matrix in (4-13) is a Schur complement of the matrix in (4-9). Since the matrix in (4-9) is assumed
to be strictly positive definite, we conclude that (4-13) is also.
If we denote the matrix in (4-13) by g(¢, x), then from (4-3) and (4-4) we have the discrete self-similarity
property
g(eSt,eSx) = e_zsg(l,x). (4-14)

As g is a positive definite and symmetric (14 d) x (1 +d) matrix, we can view g as a smooth Riemannian
metric on ;. Given that the dilation operator (¢, x) — (eS¢, eSx) dilates tangent vectors to 'y by a
factor of e, we see that the metric g is lifted from a smooth Riemannian metric g on the quotient space
Iy/eS%.

The space (I'y/eSZ, §) is a smooth compact (14d)-dimensional Riemannian manifold with boundary;
it is easy to embed it in a smooth compact (1+d)-dimensional Riemannian manifold without boundary (for
instance by using the theorems in [Seeley 1964]). Applying the Nash embedding theorem (for instance in
the form in [Giinther 1991]), we can thus isometrically embed (I'y/ e57, %) in a Euclidean space RP? with

d+1)d+6) (d+1)d+4) +5)

D:= max( ,
2 2
The embedded copy of (I'y/eS%, §) is compact and is thus contained in a cube [-R, R]? for some
finite R. We use a generic® linear isometry from R? to RP*! to embed [-R, R]P to some com-
pact subset of RP+1. The image of this isometry is a generic hyperplane, which can be chosen to
avoid the lattice (1/+/2D +2)ZP+1, and thus we can embed [—R, R]? isometrically into the torus
RP+1/((1/+/D + 1)ZP*1), which is isometric to (1/+/D + 1)(S')P*1. But from Pythagoras’ theo-
rem, (1/+/D+1)(S")P+! is contained in S22+, which is in turn contained in S”~! by the largeness
hypothesis on m. Thus we have an isometric embedding 6:Ty /eS? — §™m=1 from (T'y/eS%, §) into
the round sphere S”~!. In particular, 0 is injective and immersed, and lifting 6 back to T'z, we obtain a
smoothmap 0 : 'y — S m=1 with Gram matrix (4-13) that is discretely self-similar in the sense of (4-12),
so that the function u defined by (4-10) obeys (2-1). Reversing the calculations that led to (4-13), we

3We thank Marc Nardmann for this argument, which improved the value of m from our previous argument by a factor of
approximately two.



FINITE-TIME BLOWUP FOR A SUPERCRITICAL DEFOCUSING NONLINEAR WAVE SYSTEM 2013

see that the Gram matrix (4-8) of u is given by (4-9). In particular, (4-2) holds. Reversing the derivation
of (4-6), we now obtain (3-2), while from reversing the derivation of (4-7), we obtain (3-3). We have
now obtained all the required properties claimed by Theorem 3.2, as desired.

It remains to establish Theorem 4.1. This will be the focus of the remaining sections of the paper.

5. Reduction to a self-similar (141)-dimensional problem

In reducing Theorem 1.1 to Theorem 4.1, we have achieved the somewhat remarkable feat of converting a
nonlinear PDE problem to a convex (or positive semidefinite) PDE problem, in that all of the constraints*
on the remaining unknowns M, E,g are linear equalities and inequalities, or assertions that certain
matrices are positive definite. Among other things, this shows that if one has a given solution M, Eyg to
Theorem 4.1, and then one averages that solution over some compact symmetry group that acts on the space
of such solutions, then the average will also be a solution to Theorem 4.1. In particular, one can then reduce
without any loss of generality to considering solutions that are invariant with respect to that symmetry.

For instance, given that M, E,g are already discretely self-similar by (4-3) and (4-4), the space of
solutions has an action of the compact dilation group R /eSZ, with (the quotient representative of) any
real number A > 0 acting on M, E,g by the action

1
(h-M)(t,x):= M_LM(%)XC)

1 t x
(- Eap)(t.%) 1= WEaﬂ(X, =):
EIVEED)

and

this is initially an action of the multiplicative group R, but descends to an action of RT /eSZ thanks

to (4-3) and (4-4). By the preceding discussion, we may restrict without loss of generality to the case

when M, Eyg are invariant with respect to this R* /eSZ, or equivalently that M, Eyp are homogeneous
4 2(p+1)

p—1 p—1

may be discarded.

of order — and respectively. With this restriction, the parameter S' no longer plays a role and

Remark 5.1. This reduction may seem at first glance to be in conflict with the negative result in
Proposition 2.2. However, the requirement that the mass density M and the energy tensor Eyg be
homogeneous is strictly weaker than the hypothesis that the field u itself is homogeneous. For instance,
one could imagine a “twisted self-similar” solution in which the homogeneity condition (1-1) on u is
replaced with a more general condition of the form

u(ht, hx) = A~ 7T exp(J log M)u(z, x)

for all (¢,x) € I'; and A > 0, where J : R™ — R is a fixed skew-adjoint linear transformation. (To be
compatible with (1-3), one would also wish to require that the potential F is invariant with respect to the
orthogonal transformations exp(sJ) for s € R.) Such solutions # would not be homogeneous, but the
associated densities M, Eg would still be homogeneous of the order specified above.

4Compare with the “kernel trick” in machine learning, or with semidefinite relaxation in optimization.
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We may similarly apply the above reductions to the orthogonal group O(d), which acts on the scalar
field M and on the 2-tensor Eyg in the usual fashion; thus
(UM)(t,x):= M(t,U ')
and

(UE)qp(t, X)(Uv)*(Uv)? = Eqpt, U~ x)v%f

for all (t,x) € Ty, U € O(d), and v € R'+9, where U acts on R T4 by (7, x) — (¢, Ux). This allows us
to reduce to fields M, E,g which are O(d)-invariant; thus M is spherically symmetric, and E,g takes

the form?
Eoo = E, -1
Xi
Eoi = Eio=—"Eur. (5-2)
XiXj
Eij = %(Err — Evw) +6ij Evw (5-3)
fori, j =1,...,d and some spherically symmetric scalar functions E;;, E¢r, Err, Eqe, Where r := | x|

is the radial variable and J;; is the Kronecker delta. Observe that if E;;, £y, Ege : I't — R are smooth
even functions and E;, : I'{ — R is a smooth odd function on the (141)-dimensional light cone

M= {0reRT i r>0—r<r<n}

with E;, — Ey e vanishing to second order at r = 0, then the above equations define a smooth field Eyg
on I';, which will be homogeneous of order —% if E¢t, Ety, Err, Egpe are.
Using polar coordinates, we have

1 1 d—1
EDM - n'ByEﬂy = 5(_8ttM + 0, M + TM> —(Eu+E+(d—-1)Epw):

thus the condition (4-6) is now

1 d—1
S (<0 M + 0, M+ M) = (= Eve + Epr +(d = DEow) > 0, (5-4)
By rotating x to be of the form x = re;, we see that the matrix (4-9) is conjugate to
M 39M 3,M 0 - 0 \
10¢M Ey  Ey 0 0
30,M Ey Ep 0 oo 0
0 O O Ea)a) e 0
\ 0 0 0 0 - Epo )
3To see that E g must be of this form, rotate the spatial variable x to equal x = req, then use the orthogonal transformation
(X1, X2, Xg) > (X1, —X2,..., —X,), which preserves rey, to see that Ey; = Eq; =0foralli =2,..., d; further use of
orthogonal transformations preserving re; can be then used to show that E;; = 0 and E;; = Ej;j for2 <i < j < d (basically

because the only matrices that commute with all orthogonal transformations are scalar multiples of the identity). This places
Eyp in the desired form in the x = req case, and the general case follows from rotation.
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so the positive definiteness of (4-9) is equivalent to the positive definiteness of the 3 x 3 matrix

M oM 19,.M
%%M Eyu  Egr (5-5)
30-M  Eir  Epy

together with the positivity of E,,,. It will be convenient to isolate the r = 0 case of this condition (in order
to degenerate E,, to zero at r = 0 later in the argument). In this case, the odd functions d, M and E;,
vanish, and E,, is equal to E, so the condition reduces to the positive definiteness of the 2 x 2 matrix

M oM
) (5-6)
10:M  Ey

together with the aforementioned positivity of E .

Finally, we turn to the condition (4-7). Again, we can rotate the position x to be of the form x =rey. In
the angular cases « =2, ..., d, both sides of (4-7) automatically vanish, basically because dy f(re1) =0
for any spherically symmetric f (and because E,g vanishes to second order for any B # o). So the only
nontrivial cases of (4-7) are « = 0 and o = 1. Applying (5-1), (5-2), and (5-3), we can write these cases
of (4-7) as

B[ 3 (=0 M + 00 M+ TN )~ (Eui + Ery + (0= D Eo) |

d—1

1
=(p+ 1)[_81Ett + 0, Etr + ——Etr — 531(—E1t + Err+(d— I)Eww)] (5-7)

and
e[ 3 (<00eM 00 M+ LU ) — (<B4 Epy 4+ (d = ) Eo) |
r 2 tt rr r tt rr ww
= (0 D[ <0 Eur + 0 Ery + N Ery — Euw) = 200 (~Eui+ Erp + (d = DEow)| (58)
respectively.

To summarise, we have reduced Theorem 4.1 to

Theorem 5.2 (fourth reduction). Let d = 3, and let p > 1 + ﬁ. Then there exist smooth even functions
M, E¢s, Evy, Ege - 't = R and a smooth odd function E;p : T'y — R, with M homogeneous of
order —% and E¢¢, E¢r, Evr, Epew homogeneous of order —%, and with E,, — E 4 vanishes to
second order at r = 0, obeying the defocusing property (5-4) and the equations (5-7) and (5-8) on I'y,

such that
Epw >0 (5-9)

and the 3 x 3 matrix (5-5) is strictly positive definite on Ty with r # 0, and the 2 x 2 matrix (5-6) is
positive definite when r = 0.
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It remains to prove Theorem 5.2. To do so, we make a few technical relaxations. Firstly, we claim that
we may relax the strict conditions (5-4) and (5-9) to their nonstrict counterparts

1 d—1
E(_attM + 0, M + TM) —(—Eu+E+(d—-1)Epw) =0 (5-10)
and
Epw > 0. (5-11)

To see this, suppose that M, E;;, E¢y, E,r, Eype obey the conclusions of Theorem 5.2 with the conditions
(5-4), (5-9) replaced by (5-10), (5-11). We let € > 0 be a small quantity to be chosen later, and define new
fields M€, E¢,, EX,, EE,, ES by the formulae®

tr>

. __4
M®:=M —cst T,

2(p41)
Ef, = E;—(d+ Det™ 1,
Efr = Etr,
_2(p+D
E;, :=E, +et” » T,
_2(p+1D)
E;, =Epw+et™ =T
where c is the constant such that
4 3 1
¢ 4 pts —Qd+1)= r+l
2p—1p—1 2

ES

rr>

Clearly these new fields M?, Ef;, E7

tr>
and E7, odd, with M ® homogeneous of order —

E¢ , are still smooth, with M¢, Ef,, E?,,
>47 and Ef,, Ef,, E5,,

2(;'"1) with E¢, — E , vanishing to second order at ¥ = 0. A calculation using the definition of ¢
shows that the equatlons (5-7) and (5-8) continue to be obeyed when the fields M, Es, E¢r, Err, Egpo
are replaced by M¢, E¢,, Ef,, Ef,, Ef ,. With this replacement, the left-hand side of (5-10) increases by

p+1 gt_Z(ppj_ll)’
2
and so (5-4) now holds. The remaining task is to show that with these new fields M?, E},, Ef,, Ef,,

&
E; , even

s E{ , homogeneous of order

E¢ ., (5-5) is positive definite when r # 0 and (5-6) is positive definite when r = 0. By the scale
invariance it suffices to verify these latter properties when ¢ = 1. The positive definiteness of (5-6) when
r = 0 then follows by continuity for ¢ small enough. For (5-5), we have to take a little care because the

condition 7 # 0 is noncompact. We need to ensure the positive definiteness of

M—cs 8M+p € %a,M
18 M+ 8 Ett—(d+1)8 Etr
éarM Eyr Eyr+e

6The ability to freely manipulate the fields M, Ess, E¢r, Err, Eg in this fashion is a major advantage of the formulation of
Theorem 5.2. It would be very difficult to perform analogous manipulations if the original field « or the potential F were still
present.
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when ¢ = 1 and r # 0 for & small enough. Continuity will ensure this if |r| is bounded away from zero
(independently of ¢), so we may assume that r is in a small neighbourhood of the origin (independent
of ). Given that the above matrix is already positive definite when ¢ = 0, it suffices by a continuity
argument to show that the above matrix has positive determinant for sufficiently small ¢; by the hypothesis
(5-5) and the fundamental theorem of calculus, it thus suffices to show that

J M —ce 8 M + 518 %8,M
%det %8;M+%8 Ett—(d—l-])é‘ E:r >0
%arM Eyy Eyr+e

for r near zero and sufficiently small e. But since d, M, E;,, E,, vanish at » = 0, we can use cofactor
expansion to write the left-hand side as

( M(1,0) 1o, M(1,0)

19,M(1,0)  E;(1,0) ) +0(r) + 0C)

and the claim then follows from the hypothesis (5-5). This concludes the relaxation of the conditions
(5-4), (5-9) to (5-10), (5-11).

Now that we allow equality in (5-11), we sacrifice some generality by restricting to the special case
E, o = 0 (which basically corresponds to considering spherically symmetric blowup solutions). While
this gives up some flexibility, this will simplify our calculations a bit as we now only have four fields M,
E, E4r, E,y to deal with, rather than five.

Until now we have avoided using the hypothesis d = 3. Now we will embrace this hypothesis. In
Proposition 2.2 it was convenient to make the change of variables ¢ =r 54 = ru to eliminate lower-order
terms such as (d 1 )Bru; this change of variables is particularly pleasant in the three-dimensional case
as the lower-order term involving the coefficient %(d — 1)(d — 3) vanishes completely (this vanishing is
closely tied to the strong Huygens principle in three dimensions). The corresponding change of variables
in this setting, aimed at eliminating the lower-order terms (d 1)E +r and ( )E rr 10 (5-7) and (5-8), is
to replace the fields M, Es;, Esy, E, by the fields M Ett, Etr, Er, I'y - R™ defined by

M :=r*M,
Ett::rzEtt»

2 1 _ .2 1. =~
Etr.—l" Etr+§r8tM—r Etr—J’-ZatM,

Err:=r2Err+rarM+M=r2Err+%arM_L2M‘
r

Observe that if M , E tt E rr are smooth and even, and E ¢r 18 0dd, with M , E ¢+ vanishing to second
order at r = 0,
Epp— i, i
2r

vanishing to third order, and
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to fourth order, then these fields determine smooth fields M, E;;, E;y, E,, with M, E;;, E,, even E;:r

odd, and E rr vanishing to second order at r = 0 Furthermore, if M is homogeneous of order 2 p 6 and
E tts E trs E rr are homogeneous of order — p —=71- then we know M will be homogeneous of order —ﬁ

and E;s, Esy, E,r will be homogeneous of order _2(;__—1—11).
If we introduce the quantity
1 1 ~ ~ ~ ~
= 7 (3l iy 1) + By~ ) (5-12)
then a brief calculation shows that
r? 2
= m((_attM + 0 M + ;M) —(—Eu + Err))
and so the condition (5-10) is equivalent to
vV =0. (5-13)

The equations (5-7) and (5-8) can now be expressed as

1 2 1
a’[,,_zv] =—0/Ey +0,E¢r + ;Etr - zat(_Ett +E;)

and

1 2 1
81’ [r_zv] = _81‘Etr + 8rErr + ;Err - zar(_Ett + Err)’

which rearrange as an energy conservation law

1 2
3t( Ett+2Err+ V) :arEtr+;Etr

and a momentum conservation law
1 1 1 2
8tEtr = 8r(_Ett + S En— _2V) +=E;
2 2 r r
multiplying these equations by r2 and writing Eys, E¢y, Eyp in terms of E,,, Etr, Err and M one
obtains (after some calculation, as well as (5-12) in the case of (5-15)) the slightly simpler equations

3(SEw+iE, +V)=0,E, (5-14)

and

0 Eyy=0,(LE+LE., —V)- V. (5-15)

The expressions in (5-14) are even, while the expressions in (5-15) are odd. Thus we may combine these

equations into a single equation by adding them together, which after some rearranging becomes the
transport-type equation

p—

v

1
(0r —0r)eq + (3 +0,)V =— v, (5-16)

where e is the null energy density

= %Et'i‘%grr'i‘gtr- (5-17)
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Remark 5.3. It may be instructive to derive these equations in the specific context of a solution # : I'3 — R
to the scalar defocusing NLW

Ou = |u|?u,
which in polar coordinates becomes
2 _
—0pt 4+ 0ppu + U= lu|?u.

Making the change of variables ¢p = ru, this becomes

p—1
_att¢+arr¢ - |¢| ¢

Introducing the null energy
et = 119.¢ + 0,9
and the potential energy

_ 1 gpt!
p+1opp-l

as well as the additional densities
M :=|¢|*, Eu:=10:¢>. Err:=10,¢. Eir:=03:40r9.

one can readily verify the identities (5-12), (5-16), and (5-17). It is similar for the other properties of M ,
E tts E rre E ¢r 1dentified in this section.

Finally, we translate the posmve definiteness of (5-5) (when r # 0) and (5-6) (when r = 0) into
conditions involving the fields M E tts E rr E ¢r. From the identity

M Lo.m la,m 1ooy [ M 39M 39,M\ 191
1M En En |=r*|l010])|L0:M En En ||010].
~ 1
3M Ey  Ep VAN )9 P A
we see (for r # 0) that (5-5) is strictly positive definite if and only if the matrix
M Lo.m la,m
300M  Ey Ey (5-18)
30-M  Eiy Epy

is strictly positive definite. Now we turn to (5-6) when r = 0. By homogeneity, it suffices to verify
this condition when (¢,7) = (1,0). From (1-1), we have d; M (1,0) = —%M(l,O), so the positive
definiteness of (5-6) is equivalent to the condition

2

EMOPKPI)MO®>O



2020 TERENCE TAO

which in terms of £ tt M becomes

~ 2 ~
8,y E1r(1,0) > (%) 3,y M (1,0) > 0. (5-19)
Summarising the above discussion, we now see that Theorem 5.2 is a consequence of the following:

Theorem 5.4 (fifth reduction). Let p > 5. Then there exist smooth even functions M , E tts E e 1 =R
and a smooth odd function E;, : I'y — R, with M homogeneous of order 2;__16 and E¢, E¢r, Eyy
homogeneous of order —%, with M, E; vanishing to second order atr = 0,

Eop— -0,

vanishing to third order, and . .
Err - _arM + _2M

r r

to fourth order. Furthermore, if one defines the fields V,e4 : I'y — R by (5-12) and (5-17), we have the
weak defocusing property (5-13) and the null transport equation (5-16). Finally, the matrix (5-18) is
strictly positive definite for r # 0, and for r = 0 one has the condition (5-19).

It remains to establish Theorem 5.4. This will be the focus of the final section of the paper.

6. Constructing the mass and energy fields

Fix p > 5. We will need a large constant A > 1 depending only on p, and then sufficiently small parameter
8 > 0 (depending on p, A) to be chosen later. We use the notation X <Y, Y = X,or X = O(Y) to
denote an estimate of the form |X| < CY, where C can depend on p but is independent of §, 4.

We need to construct smooth fields M. , E tts E e E tr - I't = R which generate some further fields
V, e+ : 't = R, which are all required to obey a certain number of constraints. The problem is rather
underdetermined, and so there will be some flexibility in selecting these fields; most of these fields will
end up being concentrated in the region {(¢,7) € I’y : r = (+1 4 O(8))t} near the boundary of the light
cone. Given that the constraint (5-16) only involves the two fields V' and e, it is natural to proceed by
constructing V' and e first. In fact we will proceed as follows.

Selection of e 4 in the left half of the cone. We begin by making a choice for the function e : I'y - R
in the left half Fll :={(t,r) €I'1 : r <0} of the cone. When ¢ = 1, we choose ¢4 (1, r) to be a smooth
function with the following properties:

e One has .
ex(1,ry=>0+4r)y r1 (6-1)
for—14+6 <r <0.
¢ One has .
er(1,r) = (1471)77T (6-2)

for —1 + %8 <r < —1+§. Furthermore, one has

—148 .
/ er(1,r)dr > A8V 7T, (6-3)
—1+46
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¢ One has
57T <ey(l,r) < ASTT (6-4)
and
d _bp+3
'—e_,_(l, r)| < As p1 (6-5)
dr

for—1 <r <-—1+46.

Clearly we can find a smooth function r — e4 (1, 7) on [—1, 0] with these properties. We then extend e
to the entire left half Fll of the cone by requiring it to be homogeneous of order —ﬁ; thus
4

e (t,r) = z‘Fe+(1, ?) (6-6)

In particular, e is smooth on this half of the cone, and we have
er(t,r)=(0+ r)_ﬁ
for —(1=96)t <r <0.

The properties (6-1)—(6-5) are largely used to ensure that the potential energy V' that we will construct
below is nonnegative.

Selection of V in the left half of the cone. Once e has been selected on '/, we construct V on Fll by
solving (5-16), or more explicitly by the formula

0
Vi) = = [ 1517 (@ = e )t — 1 +5.5) ds 67)
Ao ),

for —¢t <r < 0. Note that as (d; — 9, )e+ vanishes for —(1 —§)t < r < 0, the potential energy V vanishes
on this region also, and so one can smoothly extend V' to all of I‘ll. It is easy to see that V' is homogeneous
of order —ﬁ. From the fundamental theorem of calculus and the chain rule, we have

0 +0-)(Ir[P~'V) = [r|P71 (0, — 9y et

for —t <r < 0, and hence by the product rule we see that (5-16) is obeyed for —¢ < r < 0, and hence to
all of Fll by smoothness. We have already seen that V' vanishes in the region —(1 —§)¢t <r < 0. In the
region —¢ <r < —(1—§)t, we have the following estimate and nonnegativity property:

Proposition 6.1. For —t <r <—(1—46)t, we have
__4_p=S
0<V(t,r) S At p=15pT,
We remark that to get the lower bound V (¢, r), the supercriticality hypothesis p > 5 will be crucial.

Proof. By homogeneity we may assume that f —r = 2, so that = 1 — O(8) and r = —1 4+ O(§), and it
will suffice to show that

0<V(t,r)< ASH. (6-8)
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Write e (¢,r) = (t + r)_ﬁ + f(¢, r); then from (6-7) we have

1 0
Vit,r)= — / Is|P~1((0; — 3,) f)(2 + 5. 5) ds. (6-9)
2r|p=1 J;
The function f is homogeneous of order —ﬁ; hence by (1-2)
4
(td; +10y) f =—— f.
p—1

From the identity
t+r 2
8; - 8,« = ——(8; + 8r) + —(Iat + lar)
t—r t—r

and the chain rule, we thus have
d 4
(@i=0) N +5.5) = =(1+5) [ Q4 5.5) == [ +5.9).

Inserting this into (6-9) and integrating by parts, we conclude that

1 1 0 g , 4
Vitr) = S+ 5oy [ ) @ ) sl 2 @ s d,

2|r|
which by the product rule is equal to

0
V(t,r)=l%f(t,r)+2lr|%/ |s|P~! f(2+s,5)ds. (6-10)

-5 -+
[p L =1 S)]
-1 S
Note that (2 + s,s) is only nonzero when s = —1 4+ O(6), in which case it is of size O(Aé_ﬁ)
thanks to (6-2) and (6-4). This gives the upper bound in (6-8). Now we turn to the lower bound. First
suppose that —(1 — %5)1 <r;then f is nonnegative in all of its appearances in (6-10). As we are in the

supercritical case p > 5, the factor
p—5 (p—D(+5)
_|_
p—1 N

is positive (indeed it is = 1) for § small enough, and the claim follows in this case.
It remains to consider the case when — <r < —( — %8)[. In this case we can use the lower bound

ft.r)=—(t+r)7s

-5
and conclude that the term %(1 +r)f(t,r) is at least —0(8%). A similar argument shows that the
contribution to (6-10) coming from those s with

—(2+4s5)<s<—(1-38)2+5)
-5
is at least —0(85:71). On the other hand, from (6-3), the contribution of those s with
s>—(1-18)2+s)

-5
is 2 (4A— 0(1))8%. As A is assumed to be large, the claim follows. O
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On the support of V in r! , we see from (6-5) and (6-6) that
(3 —dr)es = (A7 1677°T)
and hence by (5-16) and Proposition 6.1,
B, +9,)V = O(Ar— 7187 7T), 6-11)

Selection of V in the right half of the cone. Once V has been constructed in the left half F{ of the light
cone, we extend it to the right half I' := {(z,r) € 'y : r = 0} by even extension; thus

Vit r)y=V({,—r)

for all (z,r) € I'[. Since V' vanished for —(1 —§)t < r <0, we see that V' is smooth on all of I';, and
vanishing in the interior cone {(¢,r) € I'y : |r| < (1 —5)¢}. It also obeys the nonnegativity property (5-13).
From reflecting (6-11) and Proposition 6.1 we have the bounds

V = O(Ar 7-185-1) (6-12)
and
B, —3,)V = O(A1~h1 87 7°T) (6-13)
when (1=68)t <r <t.

Selection of e + in the right half of the cone. Thus far, V' has been defined on all of I';, and e+ defined
on Fll . We now extend e to I'{ by solving (5-16), or more precisely by setting

eq(t,r):= e+(t+r,0)—|—/ ((Bt—{—8,)V)(t+r—s,s)—|—pT_lV(t+r—s,s)ds (6-14)
0

for 0 < <1t; note that the integral is well-defined since V' vanishes near the time axis. One easily checks
that ey (¢,7) = (¢ + r)_ﬁ for 0 <r < (1 —40)t, and so e4 extends smoothly to all of I'; and is equal
to (£ +r) »—1 in the interior cone {(¢,7) € 'y : |[r| =< (1 —§)¢}. It is also clear from construction that
e+ is homogeneous of order —ﬁ. From the fundamental theorem of calculus we see that e and V
obey (5-16) on I'7, and hence on all of T'y. From (6-12) and (6-13) we see that the integrand is of size
O(At_%S_ﬁ) when r = (1 — O(8))t, and vanishes otherwise, which leads (for § small enough) to

the crude upper and lower bounds

_Dp+3 _pT>
1t Seq(t,r) St rm (6-15)

=

throughout I'T.

Selection of e— and E, tr- We reflect the function e around the time axis to create a new function
e—: ' = R:
e_(t,r):=ey(t,r).
__4 .
Like e, the function e_ is smooth and homogeneous of order —ﬁ. It equals (¢t —r)™ »—T in the interior

cone {(t,r) €'y : |r| < (1—=48)t}. On 1"11 it obeys the crude upper and lower bounds

_p+3 _bpt3
t T <e_(t,r) St p1 (6-16)
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and in the region (1 — )¢ <r <t we have the bounds
(6)7 7T Se (t.r) S AG) T (6-17)

thanks to (6-4).
Recall from (5-17) that the field ey is intended to ultimately be of the form %E i+ %E rr+ E¢r.
Similarly, e— is intended to be of the form

e-=3Eu+3E; —Eir. (6-18)

Esp = 7 (6-19)

This is clearly smooth, odd, and homogeneous of order —ﬁ. We also see that the quantity E i+ E rr
is now specified:

En+E;p=eq+e_. (6-20)

We are left with two remaining unknown scalar fields to specify: the mass density M and the energy
equipartition —E i+ E rr, which determines the fields E ¢+ and E rr by (6-20). The requirements needed
for Theorem 5.4 that have not already been verified are as follows:

2p—6

T and —E;; + E,, is smooth, even, and

e M is smooth, even, and homogeneous of order

_4
p—1

. Z\Z, Ett vanish to second order at = 0, Et, — %8,]\2 vanishes to third order, and Er, — %8,1\2 +
rLzM to fourth order.

¢ One has the equations (5-12) and (5-17) (and hence also (6-18)).

homogeneous of order —

e The matrix (5-18) is strictly positive definite for  # 0, and for r = 0 one has the condition (5-19).

As there is only one equation (beyond homogeneity and reflection symmetry) constraining M and
—E i+ E rr —namely, (5-12) —the problem of selecting these two fields is underdetermined, and thus
subject to a certain amount of arbitrary choices. We will select these fields first in the exterior region
{(l, ryel:|r|> %}, and then fill in the interior using a different method.

Selection of M, —E4 + E,y away from the time axis. In the exterior region {(t, ryel:|r|> %}, we
shall simply select the field M to be a small but otherwise rather arbitrary field, and then use (5-12) to
determine —Ett + Err.

More precisely, let M (1, r) be a smooth even function on the region {r : % <|r| < 1} obeying the
following properties:

e For % < |}"| < %, one has
~ 2p—=6 2p—6
M(1r)=8((1+r) =0 +(1=r)7T). 6-2)

(This condition will not be used directly in this part of the construction, but is needed for compatibility
with the next part.)
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¢ For % <|r| <1, one has the bounds

§<M(1,r)<$ (6-22)
and
d d?
d—M(l r) M(l r) = 0($). (6-23)
It is clear that one can select such a functlon We then extend M to {(t ryely:|rl> 2} by requiring
that M be homogeneous of order 2 p 6 . Then M is smooth and even, and one has the bounds
St < M (t,r) <8671, (6-24)
d d
d—M(z r), M(t r)= 0(5tv 1) (6-25)
d? d
o 2M(z r) M(l r) = O(8t r- 1) (6-26)
in the region {(l, ryely: |r ;}

We then define —E;; + E,, on this region by enforcing (5-12); thus
—Et+ Epr = 5(=0uM + 3, M) — (p+ DV. (6-27)

Combining this with (6-20), this defines E ¢+t and E rr- It is easy to see that these fields are smooth, even
and homogeneous of order —ﬁ on{(r,r)ely:|r|=%}.
We now claim that the matrix (5-18) is strictly positive definite in the region {(Z, ryel’y:|r| = %}

By homogeneity and reflection symmetry, it suffices to verify this when # = 1 and % <r = 1. Using the

identity
M 1@erd)M L0081 1 o0\ ( M YoM 30,8\ /19
1@ +0)M ey —Eu+E, |=|0 11||i0,M E. E. 01 —1]1,
2@0:—9)M —Eu+E,,  2e- 011/ \lom E, E,)\01 1
it suffices to show that the matrix
M 3@ +0,)M 33, —0,)M
%(8; +9,)M 2eq —Eu+ Eyy
1@ —8,)M —E;+E,, e_

is strictly positive definite.

If r < 1—4, then all off-diagonal terms are O(8) thanks to (6-23) and (6-27), while the diagonal terms
are 2 8, = 1, and = 1 respectively, and the positive definiteness is easily verified, since the associated
quadratic form is at least

2 8x7 453 + x5 — O@|x1l1x2]) — OGlx1llx3]) — OB lxallx3),

which is easily seen to be positive for § small enough. If » < 1 —§, then the off-diagonal terms are O(§)
p—5
in the top row and left column, and O(A§7=1) in the bottom right minor by (6-12), while the diagonal
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terms are > §, > 1, and > S_ﬁ by (6-22), (6-15) and (6-17), so the associated quadratic form is

__4 p—5
> 8x2 4 x2 487 7-Tx2 — O(8|x;|x2]) — O(8|x1||x3]) — O(A8 7= |x3]|x3]),

p=5s .
which is again positive definite (note that A5 »—1T can be chosen to be much smaller than the geometric
_ 4
mean of § and §~ »—T).

Selection of M, E, tts E rr Near the time axis. Now we restrict attention to the interior region F{ =
{(t, ryel:|r|< %}, all identities and estimates here are understood to be on this region unless otherwise
specified.

We will now reverse the Gram matrix reduction from previous sections, and construct M , E tts E rrin
F{ from an (infinite-dimensional) vector-valued solution to the (free, (14 1)-dimensional) wave equation.
Let H be a Hilbert space and let # — f(¢) be a family of vectors f(¢) in H smoothly parmeterised by a
parameter ¢ € (0, +00) (so that all derivatives in ¢ exist in the strong sense and are continuous); we will
select this family more precisely later. We introduce the smooth vector-valued field ¢ : F{ — H by the
formula

¢ r):=ft+r)—ft—r)
and we will define M, E,,, Err : F{ — R by the formulae

M (t,r) = (p(t,r), (6, ) m,
Ett(t’r) = (0:p(t,7),0:9(t. 7)) A,
Err(t,r) = (0,¢(t.7),0,¢(t,7))H.

Since ¢ is smooth and odd in r, these functions are smooth and even in r. If we impose the additional
hypothesis that the Gram matrix ( f(s), f(¢)) g has the scaling symmetry

2p—6
(fs), JAO)) g =221 (f(s), f(D)) (6-28)
for s,¢,A > 0, then M will be homogeneous of order 215’__16; furthermore, by differentiating (6-28) with
respect to both s and ¢ we see that
__4
(f' ), ff O i =277 (f'(s), [/ () 1 (6-29)
(where f” denotes the derivative of /') and so E t E rr Will be homogeneous of order —%.

Observe that _ _
YE(+ Er +(0:4.0,¢)m = 3103 +09,)0l %

=2/l /"t + 1)l
and similarly

YEu+1E —(0:4,0,0) 1 =2]11(t —1)||%-

Thus, if we impose the additional normalisation

I e = (6-30)

1
V2
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and hence by (6-29),

|
If' Ol = Et P, (6-31)

we see from the identities ey (¢,7) = (¢ + r)_ﬁ in F{ that
%Ett =+ %Err +(0:4,0,) g = e+.
In particular, (6-20) holds, and from (6-19) one has
Eip=(0:9.9,9)n-

We also obtain the equations (5-17) and (6-18).
Next, it is clear that ¢ solves the wave equation

_8tt¢ + 8rr¢ = 0,
so in particular
(¢, _att¢ + arr¢>H =0,
which implies in particular (cf. (4-5)) that
%(—8,;1\2 + arrﬂ) + Ett - Err =0.

Since V vanishes on I'y, we conclude that (5-12) holds.
Next, from differentiating the formula for M , one has

10, M =($,3:9) 1
and
10, M = (¢, 0:¢)

and so the quadratic form associated with (5-18) factorises as
X1 + X200 + X309, 913

This is clearly positive semidefinite at least; to make it positive definite for  # 0, it will suffice to enforce
the condition

f(s), £(@), f'(s), f'(¢t) linearly independent (6-32)

for all distinct s, ¢ > 0.
Suppose we assume the long-range orthogonality condition

(f(), f@O))r =0 (6-33)

whenever £ > 1.1 or $ > 1.1. Then in the region {(¢,r) € 'l : |r| = £} away from the time axis, we have
from Pythagoras’ theorem that

M@, r) = £+ )5+ 1, =r)-
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In particular, if we also impose the normalisation
/Dl =8 (6-34)
then (from (6-28)) we have
M) =8((+1) 7T +(—r)rt)

in the region {(l r) e F’ [r| > } In particular from (6-21) and homogeneity we see that M on I"
joins up smoothly with its counterpart in the exterior region {(z ryel|r| = 2} by (5 12) we see
that Et, + Er, does too. By (6-20) and (6-19) we now see that all of the fields M, E;,, E,r, Etr are
smooth on all of I'y.

Now we study the vanishing properties of the various fields constructed at r = 0 for a fixed value of 7.
From Taylor expansion we have

¢(t,r)=2rf"(t)+ 3> " () + O(r[’)

as r — 0 (where the error term denotes a quantity in / of norm O(|r|®), and the implied constant can
depend on ¢ and ¢). Furthermore, these asymptotics behave in the expected fashion with respect to
differentiation in time or space; thus for instance

0 p(t,r) =21"() +r2 f" (1) + O(r|*),
dip(t.r) =20 f"(0) + 37 Y0 + O(Ir ).
Taking inner products, we conclude the asymptotics
M(t,r) =4r2 /' O3 + 54O, £ O)m + O(r|®),
E(t,r) =4r2| /" 03 + 0(Ir|4),
Eve.r)=4r(f'@). f"O)ir + O(r ),
Err =411/ Ol + 47>/, S @) + O(Ir ().
The asymptotic for M behaves well with respect to derivatives; thus for instance
3, M (1,r) =8 (f' (1), 1" O) i + O(r|*),
0 M (c.r) =8¢l SO + 53 @O SO+ O(r ).
Among other things, this shows (using (6-30)) that the condition (5-19) reduces to
N PE—— (6-35)
pP—1v2

It is also clear from these asymptotics that Eand E ¢+ vanish to second order, and E r— %8 ,1\2 vanishes
to third order; a brief calculation also shows that E rr— %B,M + rizM vanishes to fourth order.

To summarise: in order to conclude all the required properties for Theorem 5.4, it suffices to locate a
smooth curve ¢ — f(¢) in a Hilbert space H which obeys the hypotheses (6-28), (6-30), (6-32), (6-33),
(6-34) and (6-35).
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We take the Hilbert space H to be the space L?(R) of square-integrable real-valued functions on R
with Lebesgue measure. The functions f(¢) € H will take the form

FOx) = 15Ty (x —log?),

where ¥ : R — R is a bump function whose (closed) support is precisely [0, 0.01] (that is to say, the
set {1/ # 0} is a dense subset of [0,0.01]) depending on § and p to be chosen shortly. It is clear from
construction that (6-28) and (6-33) hold. The condition (6-34) becomes

/ v(x)*dx =36,
R
while the condition (6-30) becomes

/Rl///(x)z dx =1

It is easy to see that we can select ¥ with closed support precisely [0, 0.01] with both of these normalisations,
basically because the Dirichlet form (¢, ') is unbounded on L2 ([0, 0.01]).
Now we verify the linear independence claim (6-32). We may assume without loss of generality that
s =1and7 > 1. Then we have a linear dependence between v and ¥’ in a neighbourhood of 0; since ¥, ¥’
vanish to the left of 0, the Picard uniqueness theorem for ODEs then implies that i vanishes a little to
the right of 0 also, contradicting the hypothesis that ¥ has closed support containing 0. This gives (6-32).
A similar argument shows that f’(1) and f”(1) are linearly independent. Squaring and differentiating
(6-31) att =1 gives 5
/ 1
(/D). ) = |
and (6-35) then follows from (6-30) and the Cauchy—Schwarz inequality, using the linear independence

N —

to get the strict inequality. This (finally) completes the proof of Theorem 5.4 and hence Theorem 1.1.
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