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STABLE ODE-TYPE BLOWUP FOR SOME QUASILINEAR WAVE EQUATIONS
WITH DERIVATIVE-QUADRATIC NONLINEARITIES

JARED SPECK

We prove a constructive stable ODE-type blowup-result for open sets of solutions to a family of quasilinear
wave equations in three spatial dimensions. The blowup is driven by a Riccati-type derivative-quadratic
semilinear term, and the singularity is more severe than a shock in that the solution itself blows up like
the log of the distance to the blowup-time. We assume that the quasilinear terms satisfy certain structural
assumptions, which in particular ensure that the “elliptic part” of the wave operator vanishes precisely
at the singular points. The initial data are compactly supported and can be small or large in L*> in an
absolute sense, but we assume that their spatial derivatives satisfy a nonlinear smallness condition relative
to the size of the time derivative. The first main idea of the proof is to construct a quasilinear integrating
factor, which allows us to reformulate the wave equation as a first-order system whose solutions remain
regular, all the way up to the singularity. Using the integrating factor, we construct quasilinear vector
fields adapted to the nonlinear flow. The second main idea is to exploit some crucial monotonic terms in
various estimates, especially the energy estimates, that feature the integrating factor. The availability of
the monotonicity is tied to our size assumptions on the initial data and on the structure of the nonlinear
terms. The third main idea is to propagate the relative smallness of the spatial derivatives all the way up
to the singularity so that the solution behaves, in many ways, like an ODE solution. As a corollary of our
main results, we show that there are quasilinear wave equations that exhibit two distinct kinds of blowup:
the formation of shocks for one nontrivial set of data, and ODE-type blowup for another nontrivial set.
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1. Introduction

A fundamental issue surrounding the study of solutions to nonlinear hyperbolic PDEs is that singularities
can form in finite time, starting from smooth initial data. For a given singularity-forming solution, perhaps
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the most basic question one can ask is whether or not the singularity formation is stable under perturbations
of its initial data. Our main result provides a constructive, affirmative answer to this question for some
solutions to a class of quasilinear wave equations. Specifically, in three spatial dimensions, we provide a
sharp proof of stable ODE-type blowup for solutions corresponding to an open set (in a suitable Sobolev
topology in which there are no radial weights in the norms) of initial data for a class of quasilinear wave
equations that are well-modeled by

1
— PO+ ———AD = —(0,D). 1.1
; +1+a,c1> (9, D) (1.1)

It is only for concreteness that we restrict our attention to three spatial dimensions; our approach can be
applied to any number of spatial dimensions, with only slight modifications needed. See Sections 1B
and 2A for a precise description of the class of equations that we treat, Section 1C1 for a summary of our
main results, and Section 7 for the detailed statement of our main theorem.

There are many results on stable breakdown for solutions to wave equations, some of which we review
in Section 1D. The “theory” of stable breakdown is quite fragmented in that the techniques that have been
employed vary wildly between different classes of equations. In particular, the techniques that have been
developed do not seem to apply to the equations that we study in this article. This will become more
clear after we describe the main ideas of our proof (see Section 1C) and review prior works on stable
breakdown. Although ODE-type blowup is arguably the simplest blowup scenario, there do not seem to be
any prior constructive stable blowup-results of this type for scalar wave equations with derivative-quadratic
nonlinearities, in any number of spatial dimensions. We mention, however, that in [Rodnianski and Speck
2018b], we proved, using rather different techniques specialized to Einstein’s equations, a singularity
formation result for Einstein’s equations that can be interpreted as a stable ODE-type blowup-result for
the first derivatives' of a solution to a quasilinear elliptic-hyperbolic system with derivative-quadratic
nonlinearities.

Our proof of stable blowup is based on constructing a dynamic integrating factor Z, depending on &,
that allows us to transform the problem of proving singularity formation into the problem of showing that a
certain renormalized first-order system (involving ® and 7) has regular solutions that exist for a sufficiently
long time. This strategy of “renormalizing” the problem has been employed in other contexts, such as
[Rodnianski and Sterbenz 2010; Raphaél and Rodnianski 2012] on stable blowup for equivariant wave
maps, [Collot 2018] on the existence of singularity-forming solutions to energy-supercritical semilinear
wave equations, and [Alinhac 1999a; 1999b; 2001; Christodoulou 2007; Christodoulou and Miao 2014;
Speck 2016; 2019a; 2019b; 2018; Speck et al. 2016; Miao and Yu 2017; Miao 2018; Luk and Speck
2016; 2018] on stable shock formation in multiple spatial dimensions; later we will further describe these
works. We stress that the issue of constructing an appropriately renormalized system lies at the heart of
the difficulty of understanding the singular dynamics, and that the details behind the renormalization vary
considerably between the different works. However, there is a common theme tying together many of

IFor the solutions studied in [Rodnianski and Speck 2018b], relative to a geometrically defined coordinate system, the second
fundamental form of the metric blows up, while the metric components do not; this can be viewed as the blowup of the first
derivatives of the metric.
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these singularity formation results (and also others that we describe in Section 1D): the idea of studying
the dynamics with the help of a modulation parameter, which solves a corresponding modulation equation.
Roughly, a modulation equation is an ODE-type equation that is coupled to the PDE of interest (i.e., an
ODE with “PDE source terms”), and the role of the modulation parameter is to describe the “singular
portion” of the PDE dynamics as being driven by the ODE-type equation (that is, the modulation equation).
In the present article, the modulation parameter is Z, and it solves a transport equation (see (1C.1)) that
allows us, in the renormalized system (see Proposition 2.5), to cancel the singularity-driving Riccati
term — (9, P)? on the right-hand side of (1.1).

As in works cited in the previous paragraph, in the present article, the renormalized system that
we construct becomes degenerate as @ blows up, and for this reason, it is difficult to close the energy
estimates. To achieve this, we crucially rely on some hidden monotonicity, which becomes active near the
singularity and whose availability is tied to the monotonicity of the background ODE solutions (whose
perturbations we study) and to our assumptions on the factor multiplying the Laplacian, e.g., 1/(1 + 9, D)
in the model equation (1.1).

For the solutions featured in our main results, ® itself blows up in L*°. As of present, there is no known
exhaustive classification of the kinds of singularities that can form in general solutions to quasilinear wave
equations. Thus, in principle, for a different set of initial data compared to the set treated in our main
theorem, other kinds of singularities could form in solutions to the equations under study. We highlight
that the blowup of ® is a much more drastic singularity compared to the formation of a shock, which for
wave equations whose quasilinear terms are of the form f(d®) - 3%® (asin (1.1)),is a particular kind of
singularity in which certain second-order derivatives of ® blow up in L*> due to the intersection of a
family of characteristic hypersurfaces, while ® and d® remain bounded in L°. The blowup of ® for the
solutions under study here is philosophically important because it dashes any hope of uniquely weakly
continuing the solution past the singularity, at least in a sense analogous to what might be achievable
in the case of shock singularities in multiple spatial dimensions; see Remark 1.5 for further discussion
on the blowup of ® and Section 1D for further discussion on the formation of shock singularities in the
context of multiple spatial dimensions and for discussion of the problem of (weakly) continuing? the
solution past a shock.

There are a variety of singularity formation results for semilinear wave equations (whose nonlinearities
satisfy appropriate assumptions) in which solutions exhibit a “universal blowup-profile” near the singularity,
which roughly means that the solutions @ (¢, x) are asymptotic to «(¢) f (A(t)(x — xo)) as ¢t approaches
the blowup-time, where f = f(x) is the universal profile, x is the spatial blowup-point, and « and
A are functions that blow up as the singular time is approached; see Section 1D for a discussion of
some of these results. In contrast, our proof does not rely on exhibiting a universal blowup-profile near

2The most significant weak continuation result in more than one spatial dimension is Christodoulou’s recent solution [2019]
of the restricted shock development problem in compressible fluid mechanics, which, roughly speaking, is a local well-posedness
result for weak solutions and their corresponding hypersurfaces of discontinuity, starting from the first shock, whose formation
from smooth initial conditions was described in detail in his breakthrough work for relativistic fluids [Christodoulou 2007] and in
the follow-up work [Christodoulou and Miao 2014] on nonrelativistic compressible fluids. The term “restricted” means that the
jump in entropy across the shock hypersurface was ignored. See Section 1D for further discussion.



96 JARED SPECK

singularities, and moreover, we expect that there should not be any such universal blow-up profile for the
set of singularity-forming solutions exhibited by our main theorem (although we do not prove this). Let
us briefly explain the reasons behind our expectation. Our proof is based on constructing the dynamic
function Z > 0 mentioned above, whose evolution equation is coupled to @, such that Z and Z9, ® remain
rather smooth all the way up to the singularity. To prove that a singularity develops, we show that 7
vanishes in finite time in a region where Zd,® is strictly positive; this shows that 9, ® blows up “like
F(x)/Z(t, x)”, where the regular function F is positive in regions where Z is small, while the blowup of
@ itself then follows from simple arguments given in Remark 1.5. Our proof allows for the possibility that
at the time of first blowup, Z and Z9,® (where Z0;® = F along the constant-time hypersurface of first
blowup) could be arbitrary smooth functions of the spatial variables, aside from the facts that 0,7 = —Z709, P
(see (1C.1)), that Zd,; P is nonzero at points where Z vanishes, and that the spatial derivatives of Z and
Z0;® are small (the latter two features are consequences of our assumptions on the initial data, which we
state in Section 3A); it is because of this arbitrariness that a universal blowup-profile is not featured in
our proofs. See the last point of Theorem 1.2 and Remark 1.4 for further discussion of these points. We
also remark that for related reasons, the proofs of the shock formation results described in Section 1D do
not make any reference to universal blowup-profiles; see the next two paragraphs for further discussion.

We expect that for the solutions treated by our main theorem, generically, the constant-time hypersurface
of first blowup will feature only isolated singularities; i.e., we expect that generic solutions have the
property that the zeros of Z within the constant-time hypersurface of first blowup are isolated.? For such
isolated singularities, it should be possible to provide a sharper description of the blowup (compared to the
description outlined in the previous paragraph) in a neighborhood of each singularity, essentially through
Taylor expansions of the smooth functions Z and Z9,® at each blowup-point. Although (for brevity) we
do not pursue this issue in the present article, deriving such a sharp description would be an important
precursor step to studying the boundary of the maximal development of the initial data; see also Remark 1.3.
This style of analysis (involving, in particular, Taylor expansions) was carried out in [Christodoulou 2007,
Chapter 15] in three spatial dimensions in his sharp proof of shock formation for the wave equations
of irrotational relativistic fluid mechanics, which are quasilinear. In particular, Christodoulou’s work
yielded a sharp description of a portion of the boundary of the maximal development in a neighborhood
of nondegenerate shock singularities, which is a class of shock singularities that includes many that are
isolated in the constant-time hypersurface of first blowup; see [Christodoulou 2007, Chapter 15] for the
detailed nondegeneracy assumptions made in his study of the boundary of the maximal development.
Christodoulou’s results substantially extended those of Alinhac [1999a; 1999b; 2001], who, for various
quasilinear wave equations in multiple spatial dimensions, gave a precise description of the formation of
nondegenerate shock singularities, but without uncovering the structure of the boundary of the maximal
development; see Section 1D for further discussion.

The arguments given in [Christodoulou 2007, Chapter 15] suggest (although they do not definitively
prove) that there should not be any universal blowup-profile that captures the asymptotics of solutions

3We believe this because Z, when viewed as a function of the spatial variables at fixed first blowup time, has a minimum
wherever it vanishes, and we believe that these minima should generically be nondegenerate critical points.
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to the wave equations that he studied near shock singularities, even singularities that are isolated in the
constant-time hypersurface of first blowup. The reason is that, much like in the present work, the blowup
of the solution was shown in [Christodoulou 2007] to occur precisely along the zero level set of a smooth
“dynamically constructed” function,* somewhat analogous to Z, and the arguments of [Christodoulou 2007,
Chapter 15] allowed for the possibility that the function is arbitrary (aside from satisfying Christodoulou’s
nondegeneracy assumptions, which one might expect to generically hold). It is interesting to contrast this
freedom against the rigidity that occurs in the study of blowup for semilinear heat equations with focusing
power-law nonlinearities in multiple spatial dimensions, i.e., 3,® = A® + |®|?~!® with p > 1: there
is a classical result [Merle and Zaag 1997] showing that, under suitable assumptions on p, there exists
an open set of initial data whose corresponding solutions form an isolated singularity in finite time and
exhibit a universal blowup-profile. This work can be viewed as an extension of [Bricmont and Kupiainen
1994], in which the authors constructed (without proving stability) an infinite number of families of
solutions containing isolated singularities within the constant-time hypersurface of first blowup such that
the solutions exhibit universal blowup-profiles near the singularities, where each family corresponds to a
distinct profile.

As a corollary of our main results, we show (see Section 1E) that there are quasilinear wave equations
that exhibit two distinct kinds of blowup: ODE-type blowup for one nontrivial (but not necessarily open)
set of initial data, and the formation of a shock for a different nontrivial set of data. We view this as a
parable highlighting two key phenomena that would have to be accounted for in any sufficiently broad
theory of singularity formation in solutions to quasilinear wave equations; i.e., in principle, a quasilinear
wave equation can admit radically different types of singularity-forming solutions. The phenomenon of
distinct types of singularities is well known for certain semilinear equations, but this issue has not been
substantially explored for quasilinear equations. For example, for the nonlinear Schrédinger equation
with a suitable L2-supercritical semilinear term, there is a stable regime of self-similar blowup [Merle
et al. 2010], while other radially symmetric solutions exhibit collapsing ring singularities [Merle et al.
2014]. In Section 1D, we describe some known results for semilinear wave equations exhibiting distinct
types of singularity-forming solutions, but we mention already that there can be type-I blowup, in which
the L°° norm of the solution itself blows up, as well as type-II blowup, in which the solution remains
bounded in an appropriate Sobolev norm. We also highlight that in the quasilinear case, the phenomenon
of distinct singularity types can be exhibited in the much simpler setting of quasilinear transport equations.
For example, the inhomogeneous Burgers equation 3, ¥ + W9, ¥ = W? admits the T-parametrized family
of spatially homogeneous singularity-forming solutions W opg).r := (T —1)~! as well as solutions that
form shocks, i.e., 3, W blows up but ¥ remains bounded (at least up to the singularity in 9, V).

The precise algebraic details of the weight 1/(1 4 9, ) in front of the Laplacian term in (1.1) are not
important for our proof. What is important is that the weight decays at an appropriate rate as 9, — oo,
that is, as the singularity forms; see Section 2A for our assumptions on the weight. As we will explain,

4The function appearing in [Christodoulou 2007], denoted by 1, measures the inverse density of a family of characteristic
hypersurfaces. It is a three-space-dimensional analog of the function, also denoted by w, that we use in Section 1E to study shock
formation in one spatial dimension.
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this decay yields a friction-type spacetime integral that is important for closing the energy estimates,
and it also helps us to prove that spatial derivative terms remain small relative to the time derivative
terms, up to the singularity. The problem of providing a sharp description of blowup for solutions to
derivative-quadratic semilinear wave equations, such as —92® + A® = —(3,®)?, remains open, even
though [John 1981] showed, via proof by contradiction, that all nontrivial, smooth, compactly supported
solutions to the equation —8,2d> + A® = —(9,®)? in three spatial dimensions blow up in finite time.

Our results show, in part due to the weight in front of the Laplacian, that the spatial-derivative-involving
nonlinearities in (1.1) (and the other equations that we study) exhibit a subcritical’® blowup-rate relative
to the pure time derivative terms. However, as we explain below, this subcritical behavior does not
seem detectable relative to the standard partial derivatives d,; to detect the behavior, we will use a
combination of “quasilinear vector field derivatives” Zd, and standard derivatives d,, where Z is the
“quasilinear integrating factor” mentioned above. As we have already alluded to above, our proof is based
on showing that 79, ® remains bounded up to the singularity and that the singularity formation coincides
with the vanishing of Z. In total, our approach allows us to treat the equations under study as quasilinear
perturbations of the Riccati ODE %QD = (% <I>)2. By “perturbation of the Riccati ODE”, we mean in
particular that the singularity formation is similar to the one that occurs in the following T -parametrized
family of ODE solutions to (1.1):

®opE).7(t) :=In((T —1)™h), (1.2)

where T € R is the blowup-time. Our methods are tailored to the quadratic term on the right-hand side of
(1.1) in that they do not apply, at least in their current form, to semilinear terms of type (9, ®)? for p # 2.
However, derivative-quadratic terms are of particular interest in view of the fact that they commonly
arise in nonlinear field theories (though the derivative-quadratic terms in such theories are often not
Riccati-type, like the one featured on the right-hand side of (1.1)).

1A. Paper outline. « In the remainder of Section 1, we summarize our results, outline their proofs, place
our work in context by discussing prior works on the breakdown of solutions, discuss a corollary (see
Section 1E) of our main results, and summarize our notation.

 In Section 2, we define the quantities that play a role in our analysis and derive various evolution
equations.

 In Section 3, we state our assumptions on the initial data and state bootstrap assumptions that are useful
for studying the solution.

« In Section 4, we derive energy identities.

« In Section 5, which is the main section of the article, we derive a priori estimates that in particular yield
strict improvements of the bootstrap assumptions.

SIn contrast, for the semilinear equation —812<D + AD = —(8,<I>)2, our approach suggests, but does not prove, that the
blowup-rate for the Laplacian term A® might be critical with respect to the expected blowup-rate for the other two terms in the
equation, i.e., that all terms might blow up at the same rate.
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« In Section 6, we state a standard local well-posedness result and continuation criteria for the equations
under study.

« In Section 7, we prove the main theorem.

1B. The class of wave equations under study. Our main theorem concerns the following Cauchy problem
for a quasilinear wave equation in three spatial dimensions:

2D+ H (3, D)AD = — (3, D), (1B.1a)
(3 D5y, 1 P|xy, 02®P|5y, 3PIx,) = (Wo, Uy, Wa, b3), (1B.1b)

where throughout, ¥, denotes the hypersurface of constant time . We assume that 0; 7 ;=0 W, for
i, j =1,2,3, which by Poincaré’s lemma is equivalent to the existence of a function & on R* such that
\ili =0; & fori = 1, 2, 3; see Remark 1.1. Our use of the notation “lila” for the data functions is tied to our
use of the “renormalized solutions variables” W, that we will use in studying solutions; see Definition 2.3.

Remark 1.1 (viewing (1B.1a) as an equation in d®). Since & itself is not featured in (1B.1a) (only its
derivatives appear), we only need to prescribe the first derivatives of @ along Xy (subject to the constraint
0; U j=0; \ili for i, j =1, 2, 3 mentioned above) in order to solve for {0y, ®}y—0, 1,23 This is relevant in
that we do not bother to derive estimates for ® itself (see, however, Remark 1.5).

In (1B.1a), A := 22:1 83 is the standard Euclidean Laplacian on R3 and # = # (3, P) is a nonlin-

ear “weight function” satisfying certain technical conditions stated below, specifically (2A.1)-(2A.5).
Prototypical examples of weights satisfying (2A.1)—(2A.5) are the functions

W (y) = or #(y)=——, 1B.2
() Ty () TS (1B.2)

where M > 1 is an integer, and the function
W (y) =exp(—y). (IB.3)

1C. Rough summary of the results and discussion of the proof.

1C1. Rough summary of the results. We now briefly summarize the main results; see Theorem 7.1 for
precise statements.

Theorem 1.2 (stable ODE-type blowup, rough version). Under suitable assumptions (stated in Section 2A)
on the weight W (0;P), there exists an open set of compactly supported initial data {\ila}a=0,1’23 (see
(1B.1b)) for (1B.1a), with \iJa e H>(R3), such that the solution blows up in finite time in a manner similar
to the ODE solutions ® opg).7 from (1.2). In particular, there exists a time 0 < T(Lifespan) < 0O such that
10; @l L)) and® | P Lo(x,) blow up as t * TLifespan). The data functions {\ila}a:()’lyzj are allowed to
be large or small as measured by a Sobolev norm without radial weights, but {lila}a= 12,3 V\ilo, and their
spatial derivatives up to top order must satisfy a nonlinear smallness condition relative to’ maxs, [\i10]+.

5More precisely, one can conclude that || ®|| Loo(x,) blows up at £ = T( jfespan) if the initial datum for & itself is prescribed;
Remark 1.1.
"Here and throughout, [ f]4+ := max{f, 0}.



100 JARED SPECK

Moreover, let the integrating factor T be the solution to the initial value problem

0L =-10,P, ZI|g,=1. (1C.1)
Then I, the variables
Y, :=70,9, (1C.2)

and their partial derivatives with respect to the Cartesian coordinates remain regular all the way up to
time T(Lifespan)» €xcept possibly at the top derivative level due to the vanishing of  (3; ®) (which appears
as a weight in the energies) as 0, ® 1 0co. Moreover,

Along T o> the set of points at which a singularity forms is exactly

Bl
T(Ij;::;fn) = {(T(Lifespan)v )_C) | I(T(Lifespan)a E) = 0}

More precisely, there exists a data-dependent function® F on R such that, for any real number
N <5, we have F € HN (R%), such that im 7.0 1120, R1(2, - ) — F |l gy sy = 0, and such that

min F > 0.

Blowup
T(Lifespan)
. L . . . Bl
In particular, in view of (1C.1), we see that, for spatial points x with (T(Lifespan),X) € ET(S:::Z]),

Z(t, x) vanishes linearly9 as t 1 TLifespan)> and 0; @ (¢, x) blows up like F (x) /Z(t, x) as t 1 T(Lifespan)-

Remark 1.3 (maximal development). We anticipate that the sharp results of Theorem 1.2 should be
useful for obtaining detailed information about the solution not just up to the first singular time, but also
up to the boundary of the maximal development.'® In the context of shock formation for irrotational
solutions to the compressible Euler equations, [Christodoulou 2007, Chapter 15] used similar sharp
estimates to follow the solution up to boundary. Broadly similar results were obtained in [Merle and Zaag
2012], in which, in the case of one spatial dimension, they gave a sharp description of the boundary of
the maximal development for any singularity-forming solution to the semilinear focusing wave equation
—Btz\IJ + 8)%\11 = —|W|”~'W with p > 1 and showed in particular that characteristic points on the boundary
are isolated. In related work [Merle and Zaag 2015], in n > 1 spatial dimensions, the authors studied
the focusing wave equation —83\11 + AV = —|W|?~'W with data (W|;—g, 3, ¥|;—0) € H! x L? in the
subconformal case, i.e., thecase ]l < pforn=1and 1 < p < ®m+3)/(n — 1) for n > 2. The authors

tll

showed that a subset'! of the noncharacteristic portion of the blowup-surface is open, C!, and stable

under perturbations of the data.

8In Theorem 7.1, we did not explicitly mention the function F, but the existence of F and its properties follow easily from the
results stated in the theorem, in particular from (7.6a) and (7.7).
9That is, for (T(Lifespan) X) € E?lLozvup , we have —00 < 8 Z(T(Lifespan)- X) < 0.

10The maximal development of th(eléaptd;)is, roughly, the largest possible classical solution that is uniquely determined by the
data. Readers can consult [Sbierski 2016; Wong 2013] for further discussion.

1 The subset is the collection of noncharacteristic points on the boundary of the maximal development such that near that
point, the singularity-forming solution has the asymptotic profile of a Lorentz transform of a member of a certain family of

equilibria.
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Remark 1.4 (remarks on the set of points where blowup occurs). Theorem 1.2 shows in particular
that at time 7L ifespan) the singularity occurs precisely along the zero level set of the smooth'? function
Z(T Lifespan)> - ) ON R3. Since any closed subset of R? can be realized as the 0 level set of a smooth

function, Theorem 1.2 allows for the possibility that any compact'?

subset of X7y, could in principle
be the set of points at which some initially smooth solution first blows up. We conjecture that this is
in fact the case, that is, that, for any time T{yjfespan) € R and any compact subset & of T Litespan) there is
a solution W to (1B.1a) that is smooth in a slab of the form [T{vifespan) — &, T(Lifespan)) X R3 (for some
§ > 0) and that blows up along {7(Lifespan)} X K (Which is a subset of X7 ;....,).- One might approach
proving this conjecture by adopting a “backwards approach”, that is, by prescribing smooth initial data
(more precisely, initial data belonging to a sufficiently high-order Sobolev space) for Z and ¥, along
E T titespan SUCh that & = {x € R | Z(T(Lifespan)» X) = 0} and'* Wo (T Lifespany. ¥) > O for x € &, and then
trying to solve (2B.1) and the equations of Proposition 2.5 backwards, that is, for 7 < T(Lifespan). Such an
approach has successfully been employed in related contexts, for example in the construction of singular
solutions to the Einstein equations of general relativity [Beyer and LeFloch 2010]. We also recall the
aforementioned works [Bricmont and Kupiainen 1994; Merle and Zaag 1997] on focusing semilinear
heat equations, in which families of singular solutions (with, however, singularities that are isolated)
exhibiting prescribed asymptotic behavior were constructed.

Remark 1.5 (the blowup of ®). We now make some remarks on the blowup of @ itself since, as we
highlighted in Remark 1.1, one does not need to prescribe the initial datum of @ itself (and since in the
rest of the paper we do not assume that initial data for @ itself are prescribed). If one does prescribe its
initial data, then the results of Theorem 7.1 can easily be used to show that ® itself blows up at time
T{Lifespan) (such a result is not stated in Theorem 7.1). To deduce the blowup for @, one can first use (1C.1)
and the fundamental theorem of calculus to deduce that InZ (¢, x) + & (¢, x) = ©(0, x), where ®(0, -) is
a regular function that by assumption satisfies || ® (0, - )| L~ < 00. Since the singularity formation for 9,
yielded by Theorem 7.1 coincides with the vanishing of Z for the first time at # = T{Lifespan) it follows
that limy 4 7, SUPsef0.r) | Pl Lo(x,) = 00, as is claimed in Theorem 1.2.

1C2. The main ideas behind the proof of Theorem 7.1. The initial data that we consider are such that
the spatial derivatives of ® up to top order are initially small relative to d,®. We also assume that the
spatial derivatives of 9, up to top order are initially small. The smallness assumptions that we need to
close the proof are nonlinear in nature,'> for reasons described just below (1C.5); see Section 3C for our
precise smallness assumptions and Section 3D for a simple proof that such data exist. In our analysis, we
propagate certain aspects of this smallness all the way up to the singularity. As we mentioned earlier, this

2More precisely, in view of our assumptions on the initial data, we have Z(T(Lifespan), - ) — 1 € H 3(R3); see (7.6¢).

13Since we are assuming that the initial data for d @ are compact, it is easy to show that the zero level set of Z(T(Lifespan), )
is also compact; by virtue of finite speed of propagation for the wave equation satisfied by W, one can show that there exists a
compact subset K of R3 such that if ¢ € [0, T(Lifespan)] and x ¢ K, then Z(z, x) = 1.

14Note that by (1C.1)~(1C.2), this latter condition implies that 8; Z(T{Lifespan), X) < 0 for x € &.

1510 particular, our smallness assumptions on the data (1B.1b) are nor generally invariant under rescalings of the form
(P, Uy, ¥y, U3) > A (Bg, Wy, Wy, W3) if A is too large.
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allows us to effectively treat (1B.1a) as a perturbation of the Riccati ODE j—;dD = (% @)2. We again stress
that the vanishing of the coefficient # (9, ®) of the Laplacian term in (1B.1a) as the singularity forms is
important for our estimates, in particular for showing that spatial derivative terms remain relatively small.

A key point is that it does not seem possible to follow the solution all the way to the singularity
by studying the wave equation in the form (1B.1a). To caricature the situation, let us pretend that the
singularity occurs at + = 1. Our proof shows, roughly, that, for k > 1, [|0*®|| L>(x,) blows up like
cx(1 = 1)7% where ¢ is a data-dependent constant and 9% denotes k-th-order Cartesian coordinate partial
derivatives. This means, in particular, that commuting (1B.1a) with more and more spatial derivatives
makes the singularity strength of the nonlinear terms worse and worse, which is a serious obstacle to
closing nonlinear estimates. For this reason, as our statement of Theorem 1.2 already makes clear, our
proof is fundamentally based on the solution to (1C.1), that is, the integrating factor Z solving the transport
equation 0,2 = —Z0,P with initial conditions Z|x, = 1. We again stress that the finite-time blowup
9;® 1 oo would follow from the finite-time vanishing of Z and thus, to prove that a singularity forms,
we will show that T vanishes in finite time. Using Z, we are able to transform the wave equation into a
“renormalized system” that is equivalent to (1B.1a) up to the singularity. We then analyze the renormalized
system and show that the weighted derivatives {W,, :=Zdy P}y=0.1,2.3, Z, and the Cartesian spatial partial
derivatives of these quantities remain bounded, in appropriate norms (some with Z weights), all the way
up to the singularity. In particular, our proof relies on a combination of the derivatives {Z9, }4=0,1,2,3 and
{04 }e=0.1,2,3, where the weighted derivatives Zd, act first. Here and throughout, dp = d; and {9;};=12.3
are the standard Cartesian coordinate spatial partial derivatives.

In Proposition 2.5, we derive the renormalized system of equations satisfied by {Wy }y=0,1,2,3. Here we
only note that the system is first-order hyperbolic and that a seemingly dangerous factor of T~" appears
in the equations (recall that 7 vanishes at the singularity). However, the factor Z~! is multiplied by the
weight # = # (Z~'Wy) from (1B.1a), and due to our assumptions on #, we are able to show that the
product Z~'# (Z~'Wy) (which is equal to Z~'# (3, ®)) remains uniformly bounded up to the singularity.
Moreover, the spatial derivatives of the product Z=!%/ (Z~' W) also are controllable up to the singularity;
it is in this sense that the equations satisfied by {W,}y=0,1.2,3 can be viewed as a “renormalization” (i.e., a
“regularization”) of the original problem. The proof (see Lemma 5.6) of these bounds for the product
I (Z7'Wy) constitutes the most technical analysis of the article and is based on separately treating
regions where 7 is large and Z is small.

To prove that 9, ® blows up, we derive, in an appropriate localized region of spacetime, a pointwise
bound for ¥y of the form Wy = 1. In view of the evolution equation (1C.1) for Z, we see that such a bound
is strong enough to drive Z to O in finite time (note that the right-hand side of the evolution equation
in (1C.1) can be expressed as —Wy). To prove that W = 1, we of course rely on the size assumptions
described in the first paragraph of this subsubsection, which in particular include the assumption that
Yols, = 1 (in a localized region). If we caricature the situation by assuming the estimate'¢ ¥y ~ §
for some & > 0, then it follows from the evolution equation for Z that Z ~ 1 — 8¢, 9,® ~ (1 — 1)~
InZ + & ~ data, and thus ® ~ In(1 — 87)~! 4 data, where data is a smooth function determined by the

16Here we use the notation “A ~ B” to imprecisely indicate that A is well-approximated by B.
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initial data. Note that In(1 — 7)™ is one of the ODE blowup solutions (1.2). It is in this sense that our
results yield the stability of ODE-type blowup.

In reality, to close the proof sketch described above, we must overcome several major difficulties. The
first is that the blowup-time is not known in advance. However, we are able to make a good approximate
guess for it, which is sufficient for closing a bootstrap argument. We now describe what we mean by this.
The discussion in the previous paragraph suggests that the (future) blowup-time is approximately 1/ A,
where A* = maxzo[\ilo]+ (where A* > 0 by assumption). Indeed, if we set all spatial derivative terms
equal to zero in (1B.1a), then the blowup-time is precisely 1/ A.,. Our main theorem confirms that, for
data with small spatial derivatives, the blowup-time is a small perturbation of 1/ A,. This is conceptually
important in that it enables us to use a bootstrap argument in which we only aim to control the solution
for times less than 2/ A.,; the factor of 2 gives us a sufficient margin of error to show that the singularity
does form, and it allows us, in most cases, to soak factors of 1/ fi* into the constants “C” in our estimates;
see Section SA for further discussion on our conventions for constants.

The second and main difficulty that we encounter in our proof is that we need to derive energy estimates
for {Wy}e=0.1,2,3 that hold up to the singularity and, at the same time, to control the integrating factor Z;
most of our work in this paper is towards this goal. Our energies are roughly of the following form, where
V = Vo, Vi, Va, V3) should be thought of as some k-th Cartesian spatial derivative of (Wg, Wy, W;, W3):

3
{V02 + ZW(I—WO)V,}} dx. (1C.3)

a=1

E[VI=E[V]@E) = /
o
For the data under study, E[V'](0) is small. Since Z is small near the singularity and Wy is order-unity,
our assumptions on # imply that the factor #(Z~'Wy) on the right-hand side of (1C.3) is small near
the singularity; i.e., the energy provides only weak control over {V,},=123. This makes it difficult to
control certain terms in the energy identities, which arise from commutator error terms (that are generated
upon commuting the evolution equations for {W,}y=0,1,2,3 With spatial derivatives) and from the basic
integration by parts argument that we use to derive the energy identities. To control the most difficult
error integrals, we exploit the following spacetime integral, which also appears in the energy identities
(roughly it is generated when 9, falls on the weight % (Z~!Wy) on the right-hand side of (1C.3)):

3 t
win=3 [ [ @ wira s (1C4)
a=1Y5=0 %,

where #'(y) = dd—yV/ (y). A good model scenario to keep in mind is the case # = 1/(1 + 9;P) in regions
where 9;® is large (and thus the energy (1C.3) is weak), in which case 7' = —1/(1 + 9,®)2, and the
factor (Z~'Wo)2#'(Z~'Wy) on the right-hand side of (1C.4) can be expressed as —(8,P)?/(1 4 8, P)>.
In view of our assumptions on #/, the term #’(Z~' W) has a quantitatively negative sign in the difficult
regions where Z is small (which is equivalent to the largeness of d;,®). More precisely, (1C.4) has a
friction-type sign. This is important because the difficult error integrals mentioned above can be bounded
by < eJ[V](t), where, roughly, ¢ is the small L> size of the solution’s spatial derivatives. For this reason,
the integral (1C.4) can be used to absorb the difficult error integrals. In total, this allows us to prove
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a priori energy estimates, roughly of the form
E[VI](t) +T[V](t) < datax Cexp(Ct), (1C.5)

where “data” is, roughly, the small size of the spatial derivatives of the initial data. For our proof to
close, the right-hand side of (1C.5) must be sufficiently small. Thanks to our bootstrap assumption that
t<2/ A, it suffices to choose that initial data so that data x C exp(C/ Ay is sufficiently small. This is
one example of the nonlinear smallness of the spatial derivatives, relative to A, that we impose to close
the proof. In reality, to make this procedure work, we must separately treat regions where Z is small and
7 is large; see Proposition 5.8 and its proof for the details. We stress that absorbing the difficult error
integrals into the friction integral (1C.4) is crucial for showing that the energies remain bounded up to the
vanishing of T, which is in turn central for our approach. In the model case # (9, P) = 1/(1 + 9, D), if we
had instead tried to directly control the difficult error integrals by the energy, then we would have obtained
the inequality E[V](¥) < C fst:o 10; Pl Loz E[V1(s)ds + - --. Since ||0; P||L=(x,) goes to infinity at a
nonintegrable rate!” as the blowup-time is approached, this would have led to a priori energy estimates
allowing for the possibility that the energies blow up at the singularity, which would have completely
invalidated our philosophy of obtaining nonsingular estimates for the {¥,}y=0,1,2,3. We also highlight
that the regularity theory of Z is somewhat subtle at top order: our proof requires that we show that Z and
® have the same degree of differentiability and that the estimates for Z do not involve any dangerous
factors of Z~!; these features are not immediately apparent from (1C.1).

The circle of ideas tied to the “regularization approach” that we have taken here seems to be new in
the context of proving the stability of ODE-type blowup for a quasilinear wave equation. However, our
approach has some parallels with the known proofs of stable shock formation in multiple spatial dimensions,
which we describe in Section 1D. In those problems, the crux of the proofs also involves quasilinear
integrating factors that “hide” the singularity. In shock formation problems, the integrating factor (which,
earlier in the introduction, we referred to as a “modulation parameter”) is tied to nonlinear geometric
optics,'® and its top-order regularity theory is very difficult, at least in multiple spatial dimensions (much
more so than the top-order regularity theory of the integrating factor Z employed in the present article).
The proofs of shock formation also crucially rely on friction-type spacetime integrals, in analogy with
(1C.4), that are available because the integrating factor has a negative derivative (in an appropriate
direction) in regions near the singularity. However, in multidimensional shock formation problems, the
top-order energy identities feature dangerous terms, analogous to terms of strength Z~!, which lead to
a priori energy estimates allowing for the possibility that the high-order energies might blow up like Z=°
for some large universal constant P. This makes it difficult to derive the nonsingular estimates at the
lower derivative levels, which are central for closing the proof. In contrast, in our work here, the difficult
factors of Z~! are always multiplied by the term %/, which effectively ameliorates them, making it easier

7with a bit of additional effort, Theorem 7.1 could be sharpened to show that ||3; @ || Lo (x,) blows up like ¢/ (T{Lifespan) — )
where c is a positive data-dependent constant.

1811 the shock formation problems described in Section 1D, the integrating factor is the inverse foliation density of a family
of characteristic hypersurfaces, which are the level sets of an eikonal function. We also encounter the inverse foliation density
(which we denote by ) in Section 1E, where we derive a shock formation result in one spatial dimension.
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to close the energy estimates. On the other hand, the singularities that form in the solutions from our
main results are much more severe in that ® and 9, ® blow up; in contrast, in the shock formation results
(see Section 1D) for equations whose principal part is similar to that of (1.1), |®| and maxy—0,1,2,3 |04 P|
remain bounded up to the singularity, while maxy g—o,1,2,3 |09 P| blows up in finite time. Our approach
to proving Theorem 1.2 also has some parallels with Kichenassamy’s stable blowup-results [1996] for
semilinear wave equations with exponential nonlinearities, but we delay further discussion of this point
until the next subsection.

1D. Our results in the context of prior breakdown-results. There are many prior breakdown-results for
solutions to various hyperbolic equations, especially of wave type. Here we give a nonexhaustive account
of some of these works, which is meant to give the reader some feel for the kinds of results that are
known and how they compare with/contrast against our main results. In particular, we aim to expose how
the proof techniques vary considerably between different types of breakdown-results. We separate the
results into seven classes.

(1) (proofs of blowup by contradiction) For various hyperbolic systems, there are proofs of blowup by
contradiction, based on showing that, for smooth solutions, certain spatially averaged quantities satisfy
ordinary differential inequalities that force them to blow up in finite time, contradicting the assumed
smoothness. Notable contributions of this type are [John 1979; 1981] on several classes of nonlinear wave
equations with signed nonlinearities and Sideris’ proof [1984a] of blowup for various hyperbolic systems,
for semilinear wave equations in higher dimensions [Sideris 1984b] (which improved upon Kato’s result
[1980]), and for the compressible Euler equations in three spatial dimensions [Sideris 1985]. See also
[Guo and Tahvildar-Zadeh 1999] for similar results in the case of the relativistic Euler and Euler-Maxwell
equations. None of these results yield constructive information about the nature of the blowup, nor do
they apply to the wave equations under study here.

(2) (blowup for semilinear wave equations with power-law nonlinearities) There are many interesting
constructive blowup-results, in various spatial dimensions, for focusing semilinear wave equations of the
form 0,,® = —|®|?~®, where O,, := —3t2 + A is the wave operator of the Minkowski metric m. A
notable difference between these works and our work here is that these works relied on a careful analysis
of the spectrum of a linearized operator. We now discuss some specific examples.

In one spatial dimension, sharp results are known about the structure of singularities. For example,
[Merle and Zaag 2007] showed that, for p € (1, 0o), for general initial data, there is a one-parameter
family of functions that serve as the blowup-profiles relative to self-similar variables at noncharacteristic
points belonging to the boundary of the maximal development; see also Remark 1.3.

In more than one spatial dimension, much less is known. Under the assumption of radial symmetry, Don-
ninger [2010] proved the nonlinear stability of the ODE blowup solutions ® opE);7 := ¢, (T — )~/ (=1,
where'® p =3,5,7,.... More precisely, using “similarity coordinates”, he proved stability only in the
interior of the backward light cone emanating from the singularity. In three spatial dimensions, in the

19Actually, for convenience, Donninger [2010] considered the semilinear term —®”. However, as he noted there, his work
could be extended to apply to the term — || ~1o for p>1
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subcritical cases p € (1, 3], [Donninger and Schorkhuber 2012] proved an asymptotic stability result for
® opE); r under radially symmetric perturbations of the data in the energy space, again only in the interior
of the backward light cone emanating from the singularity. The result [Donninger and Schorkhuber 2012]
sharpened (in the near-ODE case) the works [Merle and Zaag 2003; 2005], which showed that all solutions
that form a singularity cannot blow up faster than the ODE rate (T — t)~%/?=D_ but which did not yield
any information about the profile of the solution near the singularity. Donninger and Schorkhuber [2014]
extended their stability results (still within radial symmetry) to the supercritical cases p > 3, but they
assumed additional regularity on the initial data (which they believed to be essential for closing the proof).
In [Donninger and Schérkhuber 2016], the authors proved results similar to those of [Donninger and
Schorkhuber 2014], but without the assumption of radial symmetry. See also [Chatzikaleas and Donninger
2019] for extensions of the results of [Donninger and Schorkhuber 2016] to the case of the cubic wave
equations in spatial dimensions belonging to the set {5, 7,9, 11, 13}. In [Donninger 2017], in three spatial
dimensions under the assumption of radial symmetry, Donninger established Strichartz estimates for
solutions to wave equations featuring a self-similar potential, and as an application, in the critical case
p =35, he showed the stability of the ODE blowup in the interior of the backward light cone emanating
from the singularity. In n > 1 spatial dimensions without symmetry assumptions, under the assumptions
l<pifn=landl <p<1+4/(n—1)if n > 2, [Merle and Zaag 2016] used similarity coordinates to
show that near a set of equilibria, solutions are either nonglobal, converge to 0, or converge to an explicit
equilibrium solution. The authors also tied the various possibilities to the nature of the boundary of the
maximal development (i.e., whether or not a certain point on the boundary is characteristic can affect
which of the possibilities can occur there).

In three spatial dimensions, in the critical case p = 5, there are many blowup-results tied to the
ground state solution W (r) := (14 r2/3)~!/2. For solutions with (conserved) energy below that of the
ground state, [Kenig and Merle 2008] established a sharp dichotomy showing that solutions blow up
in finite time to the past and future if || 415y > W]l 515, While they exist globally and scatter if
1PN g1z < IWlg1 (g, For the same equation, the authors of [Krieger et al. 2009] proved the existence
of radially symmetric “slow” type-II blowup solutions ®(z, r) = MW @)r) +w(t, r), where w is
a small error term, A(¢) :==¢7!7", v > %, and the singularity occurs at = 0. In this context, a type-II
singularity is such that the solution remains uniformly bounded in the energy space (which is critical) up to
the time of first blowup. The results were extended to v > 0 in [Krieger and Schlag 2014]. In [Donninger
et al. 2014], the results were extended to cases in which A () does not behave like a power law. Hillairet and
Raphaél [2012] constructed type-II blowup solutions for the critical focusing wave equation in four spatial
dimensions. Jendrej [2017] treated the case of five spatial dimensions. For the radial critical focusing wave
equation in three spatial dimensions, [Duyckaerts et al. 2011] yielded that if the blowup-time T is finite
and if the quantitative type-II condition sup, o 7{/l3;®lI7, sy T IV®|3, s} = IVWI|7, + no holds,
where W is the ground state and ng > 0 is a small constant, then the blowup asymptotics are of the type
exhibited by the solutions constructed in [Krieger et al. 2009]. The results were extended to the nonradial
case in three and five spatial dimensions in [Duyckaerts et al. 2012b]. Similar results were obtained in
the case of four spatial dimensions in [Cote et al. 2018] in the radial case. In [Duyckaerts et al. 2013], the
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authors gave a detailed description of the possible large-time behaviors of all finite-energy radial solutions
to the focusing critical wave equation in three spatial dimensions, extending the work [Duyckaerts et al.
2012a], where information along a sequence of times was obtained. For n € {3, 4, 5} spatial dimensions,
[Jendrej 2016] proved an upper bound for the blowup-rate A(¢) for type-II blowup solutions whose
asymptotics are ¢ (t,r) = MO D2PW(@)r) +w(t, ), assuming that w is sufficiently regular. In 11
or more spatial dimensions, [Collot 2018] considered a range of p-values that are energy-supercritical. For
each sufficiently large integer £, he constructed a codimension-(£—1) Lipschitz manifold of spherically
symmetric solutions that blow up like

1 r
32/ (=) (ﬂQ(m),

where Q(r) is the ground state profile, A ~ c¢(T — 1)%* and o > 2 is a constant that depends on p and
the number of spatial dimensions.

(3) (constructive blowup-results for wave maps) There are related blowup-results for some wave maps
whose targets admit a nontrivial harmonic map. For example, for the critical case of the wave maps
equation [, ® = O (|9, P|? — |VD|?), where @ : R'T2 — S2, under the equivariant symmetry assumption
D(t,r,0) = (k6, ¢(t,r)), where the first and second entries on the right-hand side are Euler angles
parametrizing S?and k € Z, there are blowup-results tied to the ground state Q(r) := 2 arctan(r¥).
Rodnianski and Sterbenz [2010] gave a sharp description of stable blowup when k > 4. They showed that
(under the symmetry assumptions) there is an open set of data, with energy slightly larger than the ground
state, such that the corresponding solutions blow up at a time 7" < co. Moreover, the asymptotics can be
described as ¢ (t,r) = Q(r/A(t)) +q(t,r), where A(t) > Oast 1+ T, A(t) = (T —1)/| In(T — 1)|'/*, and
(¢, 3q) is small in H' x L2. In particular, Q is the universal blowup-profile. As in the works cited above
involving A(¢), a key point of the proof is to derive and analyze an appropriate modulation equation,
that is, the ODE (which is coupled to the PDE) that governs the evolution of A(¢). The function X is
somewhat analogous to the integrating factor Z that we use in our work here. Raphaél and Rodnianski
[2012] extended the results to all cases k > 1, proving stable blowup with
—t
In(T — 1) 1/@=2)

ast 1 T in the cases k > 2, and, in the case k = 1, A(t) = (T —t)exp(—+/In|T —t|+O()) ast 1 T.
In [Krieger et al. 2008], in the case k = 1, the authors proved the existence of a continuum of related

A1) = cr(1+o(1))

solutions (believed to be nongeneric) exhibiting the blowup-rates A(t) = (T —t)", where v > % The
results were extended to v > 1 in [Gao and Krieger 2015]. In [Cote et al. 2015], in the equivariance class
k =1, the authors proved that within the subclass of degree-0 maps (i.e., in radial coordinates (¢, r), one
assumes ¢ (0, 0) = ¢ (0, o) = 0), there exist solutions with energy above but arbitrarily close to twice
the energy of the ground state that blow up in finite time. Within the subclass of degree-1 maps (i.e.,
¢(0,0)=0and ¢ (0, co) =), for maps with energy bigger than that of the ground state but less than three
times the energy of the ground state, the authors show that if a singularity forms, then the solution has
asymptotics whose blowup-profiles are the same as those from the works [Krieger et al. 2008; Rodnianski
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and Sterbenz 2010; Raphaél and Rodnianski 2012]. For equivariant wave maps ® : R x S — S2, in the
class k = 1, [Shahshahani 2016] proved the existence of a continuum of blowup solutions. In [Donninger
2011; Donninger et al. 2012], in the supercritical context of equivariant wave maps from R'*3 into S°,
the authors proved the stability of self-similar blowup solutions ¢ (¢, r) := 2 arctan(r /(T —r)). More
precisely, those results relied on some mode stability results that were later proved in [Costin et al. 2016];
see also [Costin et al. 2017] for similar results in a more general context.

(4) (blowup for semilinear wave equations with exponential nonlinearities) For the focusing semilinear
wave equation [J,,® = —e® in three spatial dimensions, [Kichenassamy 1996] proved that the singular
solution In(2/¢?) is stable under perturbations of the data along the constant-time hypersurface {t = —1}.
Moreover, he showed that the blowup-surface is of the form {r = f(x)}, where f(x) loses Sobolev
regularity compared to the initial data. It would be interesting to see if our main results could be extended
to show a similar result for the equations under study here. More precisely, we conjecture that a portion
of the blowup-surface (which would be a subset of the boundary of the maximal development mentioned
in Remark 1.3) is {Z = 0} for the solutions under study here. Kichenassamy’s work has one key feature
in common with ours: he devised a reformulation of the wave equation in which no singularity was
visible, in his case by constructing a singular change of coordinates adapted to the singularity; this is
broadly similar to the approach taken by authors who have proved shock formation results, as we describe
just below. However, unlike the “forwards approach” that we take in this article, Kichenassamy used a
“backwards approach” in which he first solved problems in which the singularity was prescribed along
blowup-surfaces and then showed that the map from the singularity to the Cauchy data along {t = —1} is
invertible; see also Remark 1.4 concerning backwards approaches. His proof of the invertibility of the
map from the singularity data to the Cauchy data was based on studying appropriately linearized versions
of the equations and on using Fuchsian techniques. The linearized equations exhibited derivative loss,
and Kichenassamy used a Nash—-Moser approach to handle the loss.

(5) (shock formation for quasilinear equations) Roughly speaking, a shock singularity is a “mild” type of
singularity such that the solution remains bounded but one of its derivatives blows up. More precisely,
shock singularities are tied to the intersection of a family of characteristics (which, in one spatial dimension,
are curves), and the blowup occurs only for derivatives of the solution in directions transversal to the
characteristics. There are many classical shock formation results in one spatial dimension, based on the
method of characteristics, with important contributions coming from [Riemann 1860; Lax 1964; 1972;
1973; John 1974], among others. Even in one spatial dimension, the field is still active, as is evidenced by
the recent work [Christodoulou and Perez 2016], which significantly sharpened [John 1974], giving a
complete description of shock formation for electromagnetic plane waves in nonlinear crystals.

Shock singularities are of interest in particular because, at least for systems with suitable structure,
there is hope of uniquely continuing the solution past the shock in a weak sense, subject to appropriate
selection criteria (typically tied to Rankine—-Hugoniot jump conditions across the shock curve, that is,
the curve across which the solution exhibits a jump discontinuity). In one spatial dimension, there
is an adequate rigorous mathematical theory, at least for strictly hyperbolic quasilinear PDE systems,
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that is able to accommodate the formation of shocks, the evolution of the solution after shocks, and
subsequent interactions of the shocks. We stress that the one-dimensional theory fundamentally relies
on the availability of PDE estimates in the space of functions of bounded variation. We refer readers to
the comprehensive work [Dafermos 2000] for a detailed discussion of the theory of shock waves in one
spatial dimension.

We now turn our attention to the case of more than one spatial dimension. As of the present, in more
than one spatial dimension, there is no broad, rigorous well-posedness theory for solutions to quasilinear
hyperbolic PDE systems that is able to accommodate the formation of shocks, the evolution of the
solution after shocks, and subsequent interactions of the shocks. The main difficulty is that, in view of
the fundamental result [Rauch 1986], bounded variation estimates typically fail for quasilinear hyperbolic
systems. This prevents one from being able to directly extend the theory described in the previous
paragraph to the case of multiple spatial dimensions. For this reason, in multiple spatial dimensions, it
seems that one is forced to work with Sobolev spaces and to derive energy estimates up to top order, a
task that has proven to be exceptionally difficult in the neighborhood of a shock singularity. Although in
multiple spatial dimensions the theory of what happens after shocks form is in its infancy,?” the rigorous
theory of the formation of a shock, starting from smooth initial conditions, has undergone dramatic
advancements in recent years. We refer readers to the survey article [Holzegel et al. 2016] for discussion
concerning the history of the subject and for an overview of some recent shock formation results in the
context of quasilinear wave equations in three spatial dimensions.

In more than one spatial dimension, the basic picture of what a shock singularity is remains unchanged
from the case of one spatial dimension: it is a singularity such that the solution remains bounded but one of
its derivatives blows up, and the blowup is tied to the intersection of a family of characteristic hypersurfaces,
as in the case of one spatial dimension. In the case of more than one spatial dimension, the characteristic
hypersurfaces are levels sets of a solution u to the eikonal equation, which is a (typically) fully nonlinear
transport-type equation in u whose coefficients depend on the solution to the original PDE of interest; see
the next paragraph for further discussion on eikonal functions in the context of quasilinear wave equations.
The use of eikonal functions to analyze solutions to quasilinear hyperbolic PDEs is tantamount to the
implementation of nonlinear geometric optics; again, we refer the reader to [Holzegel et al. 2016] for
further discussion of eikonal functions and their role in the study of quasilinear wave equations.

We now summarize some important results in the theory of shock formation in more than one spatial
dimension. Alinhac [1999a; 1999b; 2001] obtained the first results on shock formation without symmetry
assumptions in more than one spatial dimension. The main new difficulty compared to the case of one
spatial dimension is that the method of characteristics (implemented via eikonal functions) must be
supplemented with energy estimates, which leads to enormous technical complications. Alinhac’s work

20We mention, however, that Majda [1981; 1983a; 1983b] has solved, in appropriate Sobolev spaces, the shock front problem.
That is, he proved a local existence result starting from an initial discontinuity given across a smooth hypersurface contained in
the Cauchy hypersurface. The data must satisfy suitable jump conditions, entropy conditions, and higher-order compatibility
conditions. This is different than [Christodoulou 2019] on the restricted shock development problem, which we describe below.
A key difference is that [Christodoulou 2007; 2019] together describe the emergence of the shock hypersurface from an initially
smooth solution, whereas Majda prescribed the initial singularity.
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applied to small-data solutions to a class of scalar quasilinear wave equations of the form
(g (30)d,05P =0 (ID.1)

that fail to satisfy the null condition. In (1D.1), g = g(d®) is a Lorentzian metric that depends on the
solution. Alinhac showed that, for a set of “nondegenerate” small data, ® and d® remain bounded, while
d2® blows up in finite time due to the intersection of the characteristics. As we alluded to above, his
proof fundamentally relied on nonlinear geometric optics, that is, on an eikonal function, which in the
case of scalar quasilinear wave equations is a solution to the eikonal equation

()P (9 D)dudpu =0, (1D.2)

supplemented with appropriate initial data. The level sets of u are characteristic hypersurfaces! for (1D.1).
As it turns out, the intersection of the level sets of u is tied to the formation of a singularity in the solution
to (1D.1), just as in the case of one spatial dimension. Much like in the present work, the main estimates in
Alinhac’s proof did not concern singularities; the crux of his proof was to construct a system of geometric
coordinates, one of which is #, and to prove that relative to them, the solution remains very smooth, except
possibly at the very high derivative levels. He then showed that a singularity forms in the standard second-
order derivatives 3>® as a consequence of a finite-time degeneracy between the geometric coordinates
and the standard coordinates; roughly, the level sets of u intersect and cause the blowup, much like in the
classical example of the blowup of solutions to Burgers’ equation. The main challenge in the proof is that
to derive energy estimates relative to the geometric coordinates, one must control the eikonal function,
whose top-order regularity properties are difficult to obtain; naive estimates lead to the loss of a derivative.

The intricate regularity properties of eikonal functions had previously been understood in certain
problems for quasilinear wave equations in which singularities did not form. For example, the first
quasilinear wave problem in which the regularity properties of eikonal functions were fully exploited
was the celebrated proof [Christodoulou and Klainerman 1993] of the stability of Minkowski spacetime
as a solution to the Einstein vacuum equations. Eikonal functions have also played a central role in
proofs of low-regularity well-posedness for quasilinear wave equations [Klainerman and Rodnianski
2003; 2005; Smith and Tataru 2005; Klainerman et al. 2015]. However, unlike in these problems, in
the problem of shock formation, the top-order geometric energy estimates feature a degenerate weight
that vanishes as the shock forms, which leads to a priori estimates allowing for the possibility that the
high-order energies might blow up; note that this possible geometric energy blowup is distinct from the
formation of the shock, which happens at the low derivative levels relative to the standard coordinates. The
“degenerate weight” mentioned above is the inverse foliation density?? of the level sets of u. The inverse
foliation density vanishes when the characteristics intersect, and it is in some ways analogous to the
integrating factor Z that we use in our work here. Alinhac closed his singular top-order energy estimates
with a Nash—Moser iteration scheme that was adapted to the singularity and that handled the issue of

211y the context of wave equations, characteristic hypersurfaces are often referred to as “null hypersurfaces” due to their
intimate connection to the Lorentzian notion of a null vector field.

221 Section 1E, we encounter the inverse foliation density (we denote it by w), although we do not need to derive energy
estimates in that subsection since we consider only the case of one spatial dimension there.
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the regularity theory of « in a different way than [Christodoulou and Klainerman 1993; Klainerman
and Rodnianski 2003; 2005; Smith and Tataru 2005; Klainerman et al. 2015]. He then used a “descent
scheme” to show that the top-order geometric energy blowup does not propagate down too far to the
lower derivative levels. Consequently, the solution remains highly differentiable relative to the geometric
coordinates. The solution’s high degree of smoothness relative to the geometric coordinates is not just an
interesting artifact of the approach, but rather is fundamental to all aspects of the proof.

Due to his reliance on the Nash—Moser iteration scheme, Alinhac’s proof applied only to “nondegenerate”
initial data such that the first singularity is isolated in the constant-time hypersurface of first blowup, and
his framework breaks down precisely at the time of first blowup. For this reason, his approach is inadequate
for following the solution to the boundary of the maximal development of the data (see footnote 10),
which intersects the future of the first singular time. The breakthrough work [Christodoulou 2007]
overcame this drawback and significantly sharpened Alinhac’s results for the subset of quasilinear wave
equations that arise in the study of irrotational relativistic fluid mechanics. More precisely, Christodoulou’s
proof yielded a sharp description of the solution up to the boundary of the maximal development. This
information was essential even for setting up the shock development problem, which, roughly speaking, is
the problem of uniquely extending the solution past the singularity in a weak sense, subject to appropriate
jump conditions. We note that the shock development problem in relativistic fluid mechanics was
solved in spherical symmetry in [Christodoulou and Lisibach 2016] and, in the recent breakthrough
work [Christodoulou 2019] for the nonrelativistic compressible Euler equations and the relativistic Euler
equations without symmetry assumptions in a restricted case (known as the restricted shock development
problem) such that the jump in entropy across the shock hypersurface is ignored.

The wave equations studied in [Christodoulou 2007] form a subclass of the ones (1D.1) studied by
Alinhac. They enjoy special properties that Christodoulou used in his proofs, notably an Euler-Lagrange
formulation such that the Lagrangian is invariant under a symmetry group. The main technical improvement
afforded by Christodoulou’s framework is that in closing the energy estimates, he avoided using a Nash—
Moser iteration scheme and instead used an approach similar to the one employed in the aforementioned
works [Christodoulou and Klainerman 1993; Klainerman and Rodnianski 2003]. This approach is more
robust and is capable of accommodating solutions such that the blowup occurs along a hypersurface,
which, in the problem of shock formation, is what typically occurs along a portion of the boundary of the
maximal development.?® Christodoulou’s results have since been extended in many directions, including
to apply to other wave equations [Christodoulou and Miao 2014; Speck 2016], different sets of initial
data [Speck et al. 2016; Miao and Yu 2017; Miao 2018], the compressible Euler equations with nonzero
vorticity [Luk and Speck 2016; 2018; Speck 2019b], systems of wave equations with multiple speeds
[Speck 2018], and quasilinear systems in which a solution to a transport equation forms a shock [Speck
2019a]. Some of the earlier extensions are explained in detail in the survey article [Holzegel et al. 2016].

(6) (breakdown-results for Einstein’s equations) The Einstein equations of general relativity have many
remarkable properties and as such, it is not surprising that there are stable breakdown-results that are

23Roughly, a portion of the boundary is equal to the zero level set of the inverse foliation density.
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specialized to these equations. Here we simply highlight the following constructive results in three spatial
dimensions without symmetry assumptions: Christodoulou’s breakthrough results [2009] on the formation
of trapped surfaces and the stable singularity formation results [Rodnianski and Speck 2018a; 2018b; Luk
2018]. The work [Rodnianski and Speck 2018b] can be viewed as a stable ODE-type blowup-result for
Einstein’s equations in which the wave speed became infinite at the singularity. Note that in contrast, for
(1B.1a), the wave speed vanishes when 9, ® blows up.

(7) (finite-time degeneration of hyperbolicity) In [Speck 2017], we studied the wave equations
—32 W+ (1+W)PAY =0

in three spatial dimensions for P = 1, 2. We showed that there exists an open set of initial data such that
W is initially small but 1 + W vanishes in finite time, corresponding to a breakdown in the hyperbolicity
of the equation, but without any singularity forming. The difficult part of the proof is closing the energy
estimates in regions where 1 + W is small. The proof has some features in common with the proof of
the main results of this paper. For example, the proof relies on monotonicity tied to the sign of 9, ¥ and
the small size of VW. In particular, this leads to the availability of a friction-type integral in the energy
identities, analogous to the one (1C.4), which is crucially important for controlling certain error terms.

1E. Different kinds of singularity formation within the same quasilinear hyperbolic system. In this
subsection, we show that there are quasilinear wave equations, closely related to the wave equation
(1B.1a), that can exhibit two distinct kinds of blowup: ODE-type blowup for one set of data, and the
formation of shocks for another set. The ODE-type blowup is provided by our main results, so in this
subsection, most of the discussion is centered on shock formation. Our discussion is based on ideas and
techniques found in [Christodoulou 2007; Speck 2016].

To initiate the discussion, we define

D := 9, D. (1E.1)

For convenience, we will restrict our discussion to the specific weight

1 1
W = = ,
140, 14+
though similar results hold for any weight that satisfies the assumptions of Section 2A. To proceed, we
differentiate (1B.1a) with 0, to obtain the following closed equation in ®g:

92D Ady = @ Do) + 205 @y + 3 9, @ (1E.2)
0T e T YT g Y Ty Ty Y '

In the remainder of our discussion of shock formation, we will only consider plane-symmetric solutions,
that is, solutions that depend only on ¢ and x!. Note that in (1E.2), A = 812 for plane-symmetric solutions.
To study plane-symmetric solutions to (1E.2), we will use the characteristic vector fields

1 1

= —31.
V14 Py

L:=0+———=9;, L:=0
t ml = t

(1IE.3)
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We next define the characteristic coordinate u to be the solution to the following initial value problem for
a transport equation:

Lu=0, ulg,=1-—x' (1E.4)

Above and throughout, Xf := X%9, f denotes the derivative of the scalar function f in the direction
of the vector field X. Our choice of the vector field L in (1E.4) is adapted to the problem of detecting
“right-moving” shock formation. Similar results could be proved in the “left-moving” case; one could
analyze such solutions by constructing a characteristic coordinate u that solves Lu = 0. We view u as a
new coordinate adapted to the characteristics, and we will use the “geometric” coordinate system (¢, u)
when analyzing solutions. In particular, the level sets of u are characteristic for (1E.2). In fact, it is not
difficult to see that as a consequence of (1E.4), u is a solution to the eikonal equation (1D.2), where the
inverse metric (g~")*” is determined by the principal-order coefficients in the wave equation (1E.2).

We now define E;’/, relative to the geometric coordinates, to be the subset Z,”/ ={{t,u)|0<u<ul.
Note that Eé can be identified with an orientation-reversed version of the unit x! interval [0, 1]. Associated
to u, we define the inverse foliation density u > 0 by

ni=—-: (1E.5)
osu
Then 1/ is a measure of the density of the level sets of u#, and p = 0 corresponds to the intersection of the
characteristics, that is, the formation of a shock. From (1E.4), it follows that u|x, = T+ Pg=14+0(dp)
(for @( small). One can check that from the above definitions, we have, in addition to (1E.4), the identities
Lt =1, uLt = u, and uLu = 2. In particular, L = % along the integral curves of L and uL = de—u
along the integral curves of L.
Next, we differentiate (1B.1a) and (1E.4) with d; and carry out tedious but straightforward calculations
to obtain the following system in ®g and wu:

L(MLCDO)=—;(LCDO)(MLCDO)-HLﬂ{1+§<Do}L<I>o+ 2o {14+3®0} (uL Do), (IE.6a)
= 2(1+Dy) = 1+®p 2 1+®g 2 = '
H 2

LLdy=—————(LDg) > —————(LDPo)(uL P
WLL®D 4(1+<I>o)( 0) 4(1+q>0)( 0)(uL Do)

0 {143 Do} LOo+ o {14+3®0} (uL Do), (IE.6b)

1+®g 2 1+®o 2 =
Lip=———pL®g+—-——(uL D). 1E.6
jz 4(1+®0)M o+4(1+¢0)(u_ 0) (IE.6¢)

For convenience, we will prove shock formation only for a restricted class of initial data supported
in Eé; as can easily be inferred from our proof, the shock-forming solutions that we will construct are
stable under plane-symmetric perturbations, and our approach could be applied to a much larger set of
plane-symmetric initial data. Specifically, we will prove shock formation for solutions corresponding to
initial data such that

sup [Po| =€, LPoly, =0, sup|LPo|=4, (1E.7)
% %



114 JARED SPECK

such that L&y ! is negative at some maximum of |L®,| on X!, and such that ¢ is small. The negativity
of L®q will drive the vanishing of w. To show the existence of such data, it is convenient to refer to the
Cartesian coordinate x'. Specifically, we fix a smooth nontrivial function f = f(x') supported in Zé and
set <I>0|2(1) xh = Kf(kxl), where « and A are real parameters. Note that 9; g5, xh = K)»f/(kxl). We
then set

1
9, B 51 = — 3, D1,
' %o vV 1+<D0|Eé %o
which implies that L®o|5 = 0 and
1
L®|5) (x") = =26 A~ f'(0x).

ST+ kf(xh

We now choose || sufficiently small and A sufficiently large, which allows us to achieve (1E.7) with
e > 0 arbitrarily small. Moreover, by adjusting the sign of x, we can ensure that L®g|s, ! is negative at
some maximum of |L®g| on 26. We also note that from domain of dependence considerations, it follows
that in terms of the geometric coordinates, solutions with data supported in Eé vanish when # <0, and
that the level set {# = 0} can be described in Cartesian coordinates as {(¢, x!) | 1 —x! 47 = 0}.

To derive estimates, we make the following bootstrap assumptions on any region of classical existence
suchthat0 <r <2and0<u <1:

0<pn<3, |P<+e, [LPo<+e, |LDo|<5. (1E.8)

Note also that the solution satisfies ®o (¢, u = 0) = 0 and that the assumptions (1E.8) are consistent with
the initial data when ¢ is small.
We now derive estimates. In the rest of the subsection, we will silently assume that & > 0 is sufficiently
small. We define
o, u) = sup  {|Dol(t', u") + |LDol(t', u')}. (1E.9)
(t',u")el0,t]1x[0,u]

Note that Q(0, u) < &, while our data-support assumptions and finite speed of propagation imply that
Q(t,0) = 0. Using the evolution equation (1E.6b), the bootstrap assumptions, the fact that L = %
along the integral curves of L, and the fact that uL = 2% along the integral curves of uL, we deduce
O(t,u) < CQO0,u) + cf:,:O Q@' uydt' + ¢ [,_, O(t,u")du’. From this estimate and Gronwall’s
inequality (in two variables), we deduce that there are constants C > 0 and ¢’ > ¢ such that, for 0 <7 <2

and 0 <u <1, we have
O(t,u) <CQO, u)e e < CQO,u)e™ <Ce*'c <e. (1E.10)

Using the estimate (1E.10) and the bootstrap assumptions for © and pL ®q to control the terms on
the right-hand side of (1E.6a), we deduce |L(uL®o)| < €. Integrating this estimate along the integral
curves of L and using that ©(0,u) = 14 O(¢), we find that, for 0 <t <2 and 0 < u < 1, we have
[LLDo](t, u) = [LLDPo](0, u) + O(e) = LDy (0, u) + O(e). Inserting this information into (1E.6¢c) and
using (1E.10), we deduce L = % L®g(0, u) + O(¢). Integrating in time and using the initial condition
(0, u) = 1+ O(e), we deduce that u(t, u) = 1 + JLP(0, u)t + O(e) = 1 + L Pol(t, w)t + O(e).
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We now note that if ¢ is sufficiently small, then the above estimates yield strict improvements of the
bootstrap assumptions (1E.8). By a standard continuity argument in ¢ and u, this justifies the bootstrap
assumptions and shows that the solution exists on regions of the form 0 <f <2 and 0 <u <1, as long as
w1 remains positive; the positivity of n and the above estimates guarantee that |®g| + max,—o,1 |94 Po|
is finite. Moreover, since (by construction) supy |L®g| =4 and since there is a value u, € (0, 1) such
that L®((0, u,) = —4, the above estimates for uL Py and p guarantee that minztl uw=1+0()—1tand
that at points (¢, u) € [0, 2] x [0, 1] of classical existence with p(t, u) < %, we have uL®g(t, u) < —1. 1t
follows that miny, 1 j4 cannot remain positive for times larger than 14 O(e) and that

minp <3 = sup|Ldo| > — :
z! 5] ming: 44
In total, these arguments yield that Supy! |L®g| blows up at some time #(shock) = 1 + O(¢), while [Py
and |L®g| remain uniformly bounded by < e. We have thus shown that a shock forms. Readers can
consult [Holzegel et al. 2016] for further discussion of the style of proof of shock formation given here
and extensions to the case of more than one spatial dimension.

We now revisit the solutions from our main results under the weight % (9;®) :=1/(1 + 9;P). Notice
that, for such solutions, ®¢ also solves (1E.2) but is such that |®g| blows up at the singularity. This is
different blowup behavior compared to the shock-forming solutions to (1E.2) constructed above, in which
|®o| remained bounded. Notice also that our main theorem requires, roughly, that ®|x, should not be
too small, which is in contrast to the initial data for the shock-forming formation solutions described
above. To close this subsection, we clarify that it could be, in principle, that the ODE-type blowup
solutions that we have constructed are unstable when viewed as solutions to (1E.2), even though they
are stable solutions of the original wave equation (1B.1a). The key point is that to solve (1E.2) (viewed
as a wave equation for @), we need to prescribe the data functions ®g|x, and 9, Po|x,, whereas for
the ODE-type blowup solutions we have constructed, we can freely prescribe (in plane symmetry) only
®y|x,; the quantity 9; Pg|x, is not “free”, but rather is uniquely determined from ®g|x, and 0P|y, via
the wave equation (1B.1a). Put differently, the ODE-type blowup solutions that we have constructed yield
“special” solutions to (1E.2) that are constrained by the fact that @y is the time derivative of a solution to
the original wave equation (1B.1a). In contrast, we expect that the methods of [Speck et al. 2016] could
be used to show that the plane-symmetric shock-forming solutions to (1E.2) that we constructed in this
subsection are stable under perturbations that break the plane symmetry.

1F. Notation. In this subsection, we summarize some notation that we use throughout.

o {x*}4=0.1,2,3 are the standard Cartesian coordinates on R!*3 =RxR3and 9, := 3%& are the corresponding
coordinate partial derivative vector fields; x% € R is the time coordinate and X = (x!, x2, x3) e R3 are
the spatial coordinates.

« We often use the alternative notation x° = ¢ and 9y = 9,.

e ¥, :={(t, x) | x € R3} is the standard flat hypersurface of constant time.
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» Greek “spacetime” indices such as « vary over 0, 1, 2, 3, while Latin “spatial” indices such as a vary
over 1, 2, 3. We use primed indices, such as a’, in the same way that we use their nonprimed counterparts.
We use Einstein’s summation convention in that repeated indices are summed over their respective ranges.

» We sometimes omit the arguments of functions appearing in pointwise inequalities. For example, we
sometimes write | f| < C¢ instead of | f (¢, x)| < Cé€.

o VKXW denotes the array comprising all k-th-order derivatives of W with respect to the Cartesian spatial
coordinate vector fields. We often use the alternative notation VW in place of V!W. For example,
VIV =V = (0¥, ¥, ;30).

o VW= S8 IVE W)
o VIOl = 30 (VK.

o HN(Z,) denotes the standard Sobolev space of functions on X,. If N > 0 is an integer, then the
corresponding norm 1is

1/2
||f||HN<z,):={ > /3|af‘a§28§’3f(t,)_c>|2da_c} .
xeR

aj+ax+az<N
In the case N = 0, we use the standard notation “L?” in place of “H”.
« Above and throughout, dx := dx! dx? dx> denotes standard Lebesgue measure on ;.

o L>°(%;) denotes the standard Lebesgue space of functions on X, with corresponding norm || f ||z (x,) 1=
ess Sup, g | £ (1, 1)|.
o If A and B are two quantities, then we often write A < B to indicate that “there exists a constant C > 0
such that A < CB”.

o We sometimes write A = O(B) to signify that there exists a constant C > 0 such that |[A| < C|B|.

» Explicit and implicit constants are allowed to depend on the data-size parameters A and fi; ! from
Section 3A, in a manner that we more fully explain in Section 5A.

2. Mathematical setup and the evolution equations

In this section, we state our assumptions on the nonlinearities, define the quantities that we will study in
the rest of the paper, and derive evolution equations.

2A. Assumptions on the weight. Let # be the scalar function from (1B.1a). We assume that there are
constants Cj, > 0 such that

#(y) >0, ye (-3, 00), (2A.1)
7 (0) =1, 2A.2)
#'(y) <0, yel0,00), 2A.3)

k
{a+w i ianronsc. o<k=s ye(-100). (2A4)
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We also assume that there is a constant o > 0 such that
P <al?’ WMV yell, o). (2A.5)
Note that (2A.1), (2A.3), and (2A.5) imply in particular that
#'(y) <0, yell,o0). (2A.6)
2B. The integrating factor and the renormalized solution variables.

2B1. Definitions. As we described in Section 1C2, our analysis fundamentally relies on the following
integrating factor.

Definition 2.1 (the integrating factor). Let ® be the solution to the wave equation (1B.1a). We define
I =1(t, x) to be the solution to the transport equation

0L=-10,®, I|g,=1. (2B.1)
Moreover, we define
Z.(t) = n%in 7. (2B.2)

Remark 2.2 (the vanishing of 7 implies singularity formation). It is straightforward to see from (2B.1)
that if Z(T, x) = 0 for some T > 0 and for one or more x € R?, then at such values of x we have
lim 7 SUP; (o 1) 3 P (s, x) = 0o. In fact, it follows that [_, |3, ® (s, x)| ds = co.

Most of our effort will go towards analyzing the following “renormalized” solution variables. We will
show that they remain regular up to the singularity.

Definition 2.3 (renormalized solution variables). Let @ be the solution to the wave equation (1B.1a) and
let Z be as in Definition 2.1. For « =0, 1, 2, 3, we define

W, =70, P. (2B.3)

2B2. A crucial identity for T and the T-weighted evolution equations. Our main goal in this subsubsection
is to derive evolution equations for the renormalized solution variables; see Proposition 2.5. As a
preliminary step, we first provide a lemma that shows that 9;Z can be controlled in terms W; and the
initial data, and that no singular factors of Z~! appear in the relationship. Though simple, the lemma is
crucial for the top-order regularity theory of Z.

Lemma 2.4 (identity for the spatial derivatives of the integrating factor). The following identity holds for
i=1,2,3, where {\ila}azl,z,3 are the wave equation initial data from (1B.1b):

0T = -V, +TV;. (2B.4)

Proof. Dividing (2B.1) by Z and then applying 9;, we compute that

8T 4+ W,
at{+} =0. (2B.5)
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Integrating (2B.5) with respect to time and using the initial conditions Z |5, = 1 and V¥;|x, = \ili, we arrive

at (2B.4). ]
We now derive the main evolution equations that we will study in the remainder of the paper.

Proposition 2.5 (the renormalized first-order system: Z-weighted evolution equations). For solutions to
(1B.1a)—(1B.1b), the renormalized solution variables of Definition 2.3 satisfy the system

3 3 3
O Wo =W/ (I"'W0) Y 8, Wa+ T ' W (T W) ) (W)’ = # (T W) ) _WuWa,  (2B.6a)
a=1 a=1 a=1
Wi = 9;Wo — ;W (2B.6b)

Proof. We first prove (2B.6a). From (1B.1a) and (2B.1), we deduce

3 3
(T3, ) =TH (B P)AD =W (9 D) Y 0a(T0,®) — ¥ (3,D) Y _(3T)3P.
a=1 a=1
Using (2B.4) to substitute for 9,7 and appealing to Definition 2.3, we arrive at the desired (2B.6a).
To prove (2B.6b), we first use Definition 2.3 and the symmetry property 9;0; ® = 9;0,P to obtain
W = (8, InT)W; + 9; ¥y — (3; InZ)W,. Using (2B.1) to replace 9; InZ with —Z~'¥; and (2B.4) to
replace —0; InZ with 7'y, — \if,-, we arrive at (2B.6b). O

3. Assumptions on the initial data and bootstrap assumptions

In this section, we state our size assumptions on the initial data for the wave equation (1B.1a), i.e.,
for (0;®@|x,, 01P|xy, 02P|x,, B Plx,) = (\i'o, \ifl, \ifg, li’3), and formulate bootstrap assumptions that are
convenient for studying the solution. We also precisely describe the smallness assumptions that we need
to close our estimates and show the existence of initial data that satisfy the smallness assumptions.

3A. Assumptions on the initial data. We assume that the initial data are compactly supported and satisfy
the following size assumptions for i =1, 2, 3:

V=20 oo sy + V100 [l oo sy + 1l s sy + €721V 0l L2050y + 1V W0l 3csy < €, (BA.1a)

ol (s < A, (3A.1b)
1 8
-7 =< rrélon W, (3A.1¢)

where € > 0 and A > 0 are two data-size parameters that we will discuss below (roughly, é will have to
be small for our proofs to close). Roughly, in our analysis, we will propagate the above size assumptions
during the solution’s classical lifespan, except for the top-order spatial derivatives of W;; we are not able
to control these top-order derivatives uniformly in the norm || - || ;2(x,) because of the presence of the
weight 7 in our energy, which can go to 0 as the singularity forms (see Definition 4.2).

We now introduce the crucial parameter A, that controls the time of first blowup; our analysis shows
that, for € sufficiently small, the time of first blowup is {1 + O(é)}ﬁ; I: see also Remark 3.2.
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Definition 3.1 (the parameter that controls the time of first blowup). We define the data-dependent
parameter fi* as follows:
fi* = r%ax[\ilo]+, (BA.2)
0

where [\ilo]+ = max{\ilo, 0}.

Our main results concern solutions such that A* > 0, so we will assume in the rest of the article that
this is the case.

Remark 3.2 (the relevance of /i*). The solutions that we study are such that?* 9,7 = —W, and 9, ¥y ~ 0
(throughout the evolution). Hence, by the fundamental theorem of calculus, we have Wy (¢, x) ~ \ilo (x)
and Z(t,x) ~1— t\ilo (x). From this last expression, we see that Z is expected to vanish for the first time
! which, since 8,7 = —Z9, P, implies the blowup of 9;® (see Remark 2.2). See
Lemmas 5.1 and 5.2 for the precise statements.

at approximately ¢ = A

*

3B. Bootstrap assumptions. To prove our main results, we find it convenient to rely on a set of bootstrap
assumptions, which we provide in this subsection.

o The size of TBoor). We assume that T(goor) 1S a bootstrap time with

0 < Tgooyy < 241, (3B.1)
where A > 0 is the data-size parameter from Definition 3.1. The assumption (3B.1) gives us a sufficient
margin of error to prove that finite-time blowup occurs (see Remark 3.2).

o Blowup has not yet occurred. Recall that, for the solutions under study, the vanishing of Z will coincide
with the formation of a singularity in 9, ®. For this reason, we assume that, for ¢ € [0, T(Boor)), We have

Z,(1) > 0, (3B.2)
where Z, is defined in (2B.2).

e The solution is contained in the regime of hyperbolicity.>> We assume that, for (¢, x) € [0, T(Boor) X R3,

lI‘I()(l‘? -lC) 1
T0.2) >3 (3B.3)

o Smallness of T implies largeness of Wo. We assume that, for (¢, x) € [0, TBoor)) X R3,
I(tx) <t = W@, x> LA, (3B.4)
o L™ bootstrap assumptions. We assume that, for ¢ € [0, T(oor)), We have
1oll=(s,) < A+e, (3B.5a)

VI3 | ooz, < e, (3B.5b)

2Here “A ~ B” imprecisely indicates that A is well-approximated by B.
BIn particular, the assumptions of Section 2A guarantee that "//(Iil\l'o) > 0 whenever (3B.3) holds. This inequality is
needed in order to guarantee that (1B.1a) is a wave equation.



120 JARED SPECK

V=2 [l (s, < e, (3B.5¢)
I Zll oo, < 1+2A1A + ¢, (3B.5d)

where ¢ > 0 is a small bootstrap parameter; we describe our smallness assumptions in the next subsection.

Remark 3.3 (the solution remains compactly supported in space). From the bootstrap assumptions and
the assumptions of Section 2A on %/, we see that the wave speed {# (Z~'W)}'/? associated to (1B.1a)
remains uniformly bounded from above by a positive constant on the slab (¢, x) € [0, TBoot)) X R3. 1t
follows that there exists a large, data-dependent ball B C R* such that W, (¢, x) and Z — 1 vanish for
(t, x) € [0, T(Boor) X B.

3C. Smallness assumptions. For the rest of the article, when we say that “A is small relative to B”, we
mean that B > 0 and that there exists a continuous increasing function f : (0, co) — (0, co) such that
A < f(B). For brevity, we typically do not specify the form of f.

In the rest of the article, we make the following relative smallness assumptions. We continually adjust
the required smallness in order to close the estimates.

» The bootstrap parameter ¢ from Section 3B is small relative to 1 (i.e., in an absolute sense, without
regard for the other parameters).

o ¢ is small relative to A, where A is the data-size parameter from (3A.1b).
« ¢ is small relative to the data-size parameter A* from (3A.2).

¢ We assume that

et <e <, (3C.1)

where € is the data-smallness parameter from (3A.1a).

The first two of the above assumptions will allow us to control error terms that, roughly speaking, are of
size e A¥ for some integer k > 0. The third assumption is relevant because the expected blowup-time is
approximately AO; I (see Remark 3.2); the assumption will allow us to show that various error products,
specifically ones featuring a small factor &, remain small for t < 25;1, which is plenty of time for us to
show that Z vanishes and 9, ® blows up. (3C.1) is convenient for closing our bootstrap argument.

3D. Existence of initial data satisfying the smallness assumptions. It is easy to construct initial data
such that the parameters €, A, and A, satisfy the size assumptions stated in Section 3C. For example,
we can start with any smooth compactly supported data (\ifo, \ifl, \ilz, li'3) such that maxsy, \ilo > 0 and
—% < miny, \iJO. We then consider the one-parameter family (for i =1, 2, 3)

M), P @) == (Bo(x), A1 ().

It is straightforward to check that, for A > 0 sufficiently large, all of the size assumptions of Section 3C
are satisfied by the rescaled data (where, roughly speaking, the role of € is played by A7), as is (3A.1c).



STABLE ODE-TYPE BLOWUP FOR SOME QUASILINEAR WAVE EQUATIONS 121

The proof relies on the simple scaling identities
VF ) = 27K (TR 0 ),
VI () = 27 (VR ),
IVF ol 2 = 232 IVE B 2

(A) ° _ °
IVE Wil 2 50) = A7 IR 2205y -
4. Energy identities

In this section, we define the energies that we use to control the solution in L? up to top order. We then
derive energy identities.

4A. Definitions. The following energy functional serves as a building block for our energies.

Definition 4.1 (basic energy functional). To any array-valued function V = V (¢, x) := (W, V1, V2, V3),
we associate the following energy, where Z is as in Definition 2.1 and Wy is as in Definition 2.3:

3
{VOZ-I—ZW(I_]\PO)(VQ)Z} dx. (4A.1)

a=1

E[VI=E[VIQ®) :=/

%

We now define @¢)(¢), which is the main L2-type quantity that we use to control the solution up to
top order.

Definition 4.2 (the L2-controlling quantity). Let &€ > 0 be the data-size parameter from Section 3A. We
define the L2-controlling quantity Q) as follows:

5 3
Qo)1) = Z/ {|V"%|2+ZW(I1%)|V"%|2} dx
k=2 =

a=1 3

4
+> i |vkwa|2d;_c+é3/2{|vwo|2+2(wa)2}d;_c. (4A.2)
k=1 ! a=1

Remark 4.3 (the é-weight in the definition of Q). Our main a priori energy estimate shows that
Qe (#) < € up to the singularity. The small coefficient of &€ in front of the last integral on the right-hand
side of (4A.2) is needed to ensure the O(€?) smallness of Q). However, the small coefficient of &3
implies that Q) (¢) provides only weak L?-control of VW, and W,; i.e., their L? norms can be as large
as O(&~Y?%). We clarify that the possible oY 2)—lalrgeness of V¥ is consistent with the construction
of initial data described in Section 3D, where the largeness comes from the scaling identity

M) e S
IV Woll 250 = 272NV W01l L2 (5

and the large parameter A can be viewed, roughly, as a size-O(é~!) quantity. Despite the possible
O(&~1/?)-largeness of VW, and W, in the norm || - | 12(x,)» We will nonetheless be able to show, through
a separate argument, the following crucial bounds: VW, and W, are bounded in the norm || - ||z (x,) by
< €, up to the singularity; see Proposition 5.8.
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4B. Basic energy identity. We aim to derive an energy identity for the L2-controlling quantity Q)
defined in (4A.2). As a preliminary step, in this subsection, we derive a standard energy identity for the
building-block energy defined in (4A.1).

Lemma 4.4 (basic energy identity). Let Z be as in Definition 2.1, and assume that {Wy}q=0.123 is a
solution to (2B.6a)—(2B.6b) with initial data {\i’a}a=0,1’2,3. Let E[V](t) be the building-block energy
defined in (4A.1). Let {Fy}y—0.1.2.3 be scalar functions. Then for spatially compactly supported solutions

V = Wy, Vi, Vo, V3) to the inhomogeneous linear PDE system
3

Vo= W (T 'W0)d,Va+ Fo, (4B.1a)
a=1
0, Vi =0; Vo + Fi, (4B.1b)

the following energy identity holds:

3
%E[V](r) =Y | @)W (T W) (Va) dx
a=17%

3 3
+ XY [ T @ @) Vi da
a=1 b=1 !

3 3
2.2, /E 72 (@ o) (T o) (Wa) (Vi) dx

a=1 b=1

3 3
_ZZf I @ o) (T W)W, W, (V)2 dx
a=1b=1" 2

3

—2Zf 7w (T W) (8, W) Vi Vo dx
a=1 Z
3

2> f I 2Wo W (T~ " Wo) W, V, Vo dx
a=1 i

3
+2Zf I (T W)W, V, Vo dx
a=1 %

3
+2/ VoFodx+2) | /(X "Wo)V,F, dx. (4B.2)
A 1V

Proof. First, using (2B.1) and (2B.6a), we compute that
W T o)y =T (T W) (8, Wo) + (T W) (T W)

3 3
=Y T @)W (T W0) @) + Y T (T W) (T W) (W)

=1 =1
a 3 a

- Zz—‘ W (T W) (T W)V, + (T W) ? (T ' Wy). (4B.3)

a=1
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Next, taking the time derivative of (4A.1), using (4B.3), and using (4B.1a)—(4B.1b) to substitute for 9, V,
we obtain

3
d
—E[V](@) =2 E (T Vo) Voda Va + W (T W) Vada Vo) dx
dt i

3
+2/ {voFo+ ZW(I“%)VQ&} dx
% a=1

33
+ XY [ T @ @) Vi) da
a=1 b=l !

3 3
2.2, /2 72 (@ o) (T o) (Wa)* (Vi) dx

a=1 b=1

3 3
“Y Y [T a o @ b, 0 da
a=1b=1"%

3
+3 | @) W (T W) (V) dix. (4B.4)
a=1 z

Integrating by parts in the first integral on the right-hand side of (4B.4) and using the identity (2B.4), we
obtain

3
23 | @ W) Voda Vi + # (T W) Vady Vo) dx
a=1 T
3
=—2Z/ I (T "W0) (8, Vo) Vu Vo dx
a=1 P

3 3
—22/ I‘Z\DOW/(I_I\IJO)\IJaVaVOd)_c—|—22/ I o' (T W), V, Vodx. (4B.5)
a=17% a=1"2

Using (4B.5) to substitute for the first integral on the right-hand side of (4B.4), we arrive at (4B.2). [

4C. Integral identity for the fundamental L*-controlling quantity. With the help of Lemma 4.4, we
now derive an energy identity for the controlling quantity Q).

Lemma 4.5 (integral identity for the L’-controlling quantity). Consider the following inhomogeneous
PDE system, obtained by commuting (2B.6a)—(2B.6b) with the k-th-order spatial derivative operator V*
(where T is as in Definition 2.1 and the precise form of the inhomogeneous terms Fé") in (4C.1a)—(4C.1b)
is not important for the purposes of this lemma):

3
3V W = (T W) Y 0,VF W, + Y, (4C.1a)

a=1

39, Vi W, = 3;VFw, + FY. (4C.1b)
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Then for solutions {Wy}y=0.1,2.3 to (2B.6a)—(2B.6b), the Lz—controlling quantity Q) of Definition 4.2
satisfies the following integral identity:

5 3
20 =060+Y Y [

t
k=2 a=1"Y5=

/ T ") 2w (T W) VR, | dx ds
0 J 3

5 3 3
220 f B /E T2 @ ) (T W) (00 W) IV Wy dx s

k=2 a=1 b=1"Y5=

5 3 3
>0 f . fz 720 (T o)y # (T W) (W,)? | VE W, |2 dx ds

k=2 a=1 b=1 -
5 3 3
—ZZZ/ /I—IW/(I—I%)W(I—I%)%%|v’<qz,,|2dgds
k=2 a=1 b=1V5=0 /X
5 3 L
—222/ / 7' (T W) (0, Vo) VFW, - VRW, dx ds
k=2 a=1Y3=0 %
5 3 L
—222/ / T2 (T W)W, VW, - VFW, dx ds
k=2 a=1Y5=0 Y%
5 3 L
+2ZZf / I (T W), VAW, - VRW, dx ds
k=2 a=1Y5=0 %
4 3 L
+2ZZ/ / VAW, - 9, VFWy dx ds
k=1 a=1Y5=0 %
5 5 3 L
+2Z/ /V"\IJO-FO(")d)_cderzZZ/ /W(I—lqjo)vkqja-Fg“dgds
k=2 s=0J X k=2 a=1 s=0J X
4 3 t
+2ZZ/ / Vi, - F® dx ds
k=1 a=1Y5=0 %

3 ' '
+2€32/ / V/(I_llllo)V\Ifo-aaVlIJadgds+2€3/ / V- FV dx ds
a=1 =0JX s=0J Xy

3 ' 3 '
+2€3Z/ / W, 9, Vo dx ds—2€32/ / VoW, W, dx ds. (4C.2)
a=1 s=0J Xy a=1 s=0J Xy

Proof. We take the time derivative of both sides of (4A.2). The time derivative of the first line of
the right-hand side of (4A.2) is given by (4B.2), where the role of (Vy, V1, V2, V3) in (4B.2) is played
by (VKW,, VKW, VAW, VAWs3) and the role of the inhomogeneous terms F, on the right-hand side
of (4B.2) is played by the terms F.") from (4C.1a)~(4C.1b). Moreover, with the help of (2B.6b) and
(4C.1a)-(4C.1b), we compute that the time derivatives of the terms on the second line of the right-hand
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side of (4A.2) are equal to
4 3 4 3
2y Zf VAW, -9, ViWdx +2) Z/ Vi, . F® dx
b — b

k=1 a=1 k=1 a=1 !

3
+2¢* Z/ (7 (T W) VW - 8, VW, + VW0 - Fy ) + W0, W0 — WoW, W} dix.
a=1"7%

Combining these calculations, we deduce that

5 3
d —1\qy 2y (7—1 kg 12
E@@(r):ZZ/&(I Wo)* W/ (T~ W) | VAW, | dx

k=2 a=1
5 3 3

FLE Y [T s @ w0 @)V d
k=2 a=1b=1"%

5 3 3
+Y 3> /2 T30 (T o)W (T Wo) (W) | VR, |2 dx

k=2 a=1 b=1

5 3 3
S XY [ T @ b 9 ds
%

k=2 a=1 b=1

5 3
—222/ 7' (T W) (0, Wo) VAW, - VAW, dx
k=2 a=1" %

5 3
-2 > /2 I 22U (T~ o)W, ViU, - VAW, dx

k=2 a=1
5 3

+2ZZ/ T o (T W), VR, - VEU, dx
k=2 a=1" >

3
+2 Z/ Vi B dx +23 " | @ o) Vi, - FR dx +(4C.3).
k=2 ¥ > a=1"%

Integrating (4C.4) from time O to time ¢, we arrive at the desired identity (4C.2).

5. A priori estimates

125

4C.3)

4C4)

In this section, we use the data-size and bootstrap assumptions of Section 3 and the energy identities

of Section 4 to derive a priori estimates for solutions to (2B.1) and to the renormalized equations of

Proposition 2.5.

5A. Conventions for constants. In our estimates, the explicit constants C > 0 and ¢ > 0 are free to

vary from line to line. These explicit constants, and implicit ones as well, are allowed to depend on the

data-size parameters A and A*_l from Section 3A. However, the constants can be chosen to be independent
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of the parameters € and & whenever € and ¢ are sufficiently small relative to A~'and A, in the sense
described in Section 3C. For example, under our conventions, we have fi*_zs = O(e).

5B. Pointwise estimates tied to the integrating factor. In this subsection, we derive pointwise estimates
that are important for analyzing 7.

We start by deriving sharp estimates for Wy. The proof is based on separately considering regions
where 7 is small and 7 is large. In Lemma 5.2, we will use these estimates to derive further information
about the behavior of Wy in regions where Z is small (i.e., near the singularity), which is crucial for
closing the energy estimates.

Lemma 5.1 (pointwise estimates for Wy). Under the data-size assumptions of Section 3A, the bootstrap
assumptions of Section 3B, and the smallness assumptions of Section 3C, the following pointwise estimates
hold for (t, x) € [0, Tooy) x R*:

Wo(r, x) = Yo (x) + O(e), (5B.1)

where Wo(x) = Wy (0, x).
In addition,

Sl

< n%in Y. (5B.2)
Proof. We first prove (5B.1). We will show that |9, Wy (¢, x)| < &. Then from this estimate and the fundamen-
tal theorem of calculus, we obtain the desired bound (5B.1). To prove the bound |3, Wy(z, x)| < e, we first
consider points (¢, x) such that Z(¢, x) > % Then all factors of Z~! in the evolution equation (2B.6a) can
be bounded by < 1. For this reason, the desired bound follows as a straightforward consequence of (2B.6a),
the bootstrap assumptions, the data-size assumptions (3A.1a), and the assumptions of Section 2A on 7.

To finish the proof of (5B.1), it remains to show that |9, Wy(z, x)| < e at points (¢, x) such that
0<Z(t,x) < % From the bootstrap assumption (3B.4), we deduce that 1 < Wy(¢, x) at such points.
From this bound, the bootstrap assumptions, the data-size assumptions (3A.1a), and the assumptions of
Section 2A on #, we deduce the following bound for some factors on the right-hand side of (2B.6a) at

the spacetime points under consideration:
7@ o) = Wy @ W) (T )| S 1T o) (T W)l S 1.

With the help of this bound, the desired estimate |3, Wy (¢, x)| < € follows as a straightforward conse-
quence of (2B.6a), the bootstrap assumptions, the data-size assumptions (3A.1a), and the assumptions
of Section 2A on #. We have therefore proved (5B.1).

The bound (5B.2) then follows from (3A.1c) and (5B.1). O

In the next lemma, we derive sharp estimates for Z. The estimates are important for closing the energy
estimates up to the singularity and for precisely tying the vanishing of Z to the blowup of 9, .

Lemma 5.2 (crucial estimates for the integrating factor). Under the data-size assumptions of Section 3A,
the bootstrap assumptions of Section 3B, and the smallness assumptions of Section 3C, the following
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estimates hold for (¢, x) € [0, TBoor)) X R3:
I(t, x) = 1 =ty (x) + O(e), (5B.3a)
T,(t) =1 —tA, + O(), (5B.3b)

where \ilo (x) =Wo(0, x), Z, is defined in (2B.2), and A* > 0 is the data-size parameter from Definition 3.1.
Moreover, the following implications hold for (t, x) € [0, T(Boot)) X R3:

T(t, x) < L min{1, 4,} Yolt, %) (5B.4a)
o T I(t,x) ~ ‘
I, x) <3 = W, x) > A (5B.4b)
Finally, the following implications hold for (t, x) € [0, T(Boor)) X R3:
Wo(7, x) 3
U(,x) <0 = I, x)>1—-Ce and U(,x) <0 = 7. 0) > —3- (5B.5)
» X

Remark 5.3 (improvement of a bootstrap assumption). Note in particular that the estimate (5B.4b)
provides a strict improvement of the bootstrap assumption (3B.4).

Remark 5.4 (the significance of (5B.5)). Note that (5B.5) is a strict improvement of the bootstrap
assumption (3B.3) and that (5B.5) implies that —% <0, P(t, x) for (t, x) € [0, T(Boot)) X R3. In view of the
assumption (2A.1) for #, we conclude that on (¢, x) € [0, TBoor)) X R3, the wave speed {# (Z7 1wy} 1/?
is positive and uniformly bounded from above by a positive constant. In the rest of article, we often
silently use this fact. Note, however, that from (2A.4) with k = 0, it follows that the wave speed vanishes
when 9, ® — 0.

Proof. From (2B.1) and the estimate (5B.1), we deduce 9,Z(¢, x) = —\ilo()_c) + O(e). Integrating in time
and using the initial condition (2B.1), we find that Z(z, x) = 1 — t\i!o(g) + O(¢), which is (5B.3a).

Equation (5B.3b) follows as a simple consequence of (5B.3a) and definitions (2B.2) and (3A.2).

To prove (5B.4a), we first consider the case /i* > 1. From (5B.3a) and (5B.1), we deduce that
Z(t, x) = 1 —tWo(t, x) +O(e). It follows that if Z(z, x) < 1, then tWy(r, x) > 1. Since 0 <1 <24;' <2,
we deduce that Wy (¢, x)/Z(¢, x) > 1, which is the desired conclusion. Next, we consider the case A* < 1.
Using (5B.3a) and (5B.1), we deduce that Z(¢, x) =1 —tWy(¢, x) + O(¢e). It follows that if Z(¢, x) < }—‘fi*,

then tWo(t,x) > 1 — %/i*. Since 0 <t < 215*_1, we deduce that

\IIO(t’E) - 2{1 _

Al =2—A4,,
I(t,x) — /) *

which, in view of our assumption A, <1,is > 1. This completes our proof of (5B.4a).

The implication (5B.4b) can be proved using arguments similar to the ones that we used to prove
(5B.4a), and we therefore omit the details.

Next, we note that when Wy (¢, x) <0, the estimate Z(¢, x) = 1 —t Wy (t, x) + O(¢e) proved above implies
that Z(¢, x) > 1 — Ce, which yields the first implication stated in (5B.5). To obtain the second implication
stated in (5B.5), we use the first implication and the estimate (5B.2). [l
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In the next lemma, we derive some simple pointwise estimates showing that the spatial derivatives of
7 up to top order can be controlled in terms of the spatial derivatives of {W,},=1.2 3.

Lemma 5.5 (estimates for the derivatives of the integrating factor). Under the data-size assumptions of
Section 3A, the bootstrap assumptions of Section 3B, and the smallness assumptions of Section 3C, the
following pointwise estimates hold for (t, x) € [0, T(Boor)) X R3:

3 3
IVII S Y 1Wal + Y 1l (5B.6a)
a=1 a=1
Moreover, for2 < k < 6, the following estimate holds:

3 3 3
VKIS Y IV [+ 0 VI 46 Y (. (5B.6b)
a=1

a=1 a=1

Finally, the following estimate holds for t € [0, TBoor)):
IVIIT )| s, Se. (5B.7)

Proof. The estimate (5B.6a) is straightforward consequence of (2B.4) and the bootstrap assumptions.
Similarly, the estimate (5B.6b) is straightforward to derive via induction in k with the help of (2B.4), the
bootstrap assumptions, the data-size assumptions (3A.1a), and (3C.1). Inequality (5B.7) then follows
from (5B.6a)-(5B.6b), the bootstrap assumptions, the data-size assumptions (3A.1a), and (3C.1). ]

5C. Pointwise estimates involving the weight. In the next lemma, we derive precise pointwise estimates
for quantities that involve the weight function #. The detailed information is important for closing
the energy estimates and for showing that the spatial derivatives of # = #/(3,®) = # (I~' W) are
controllable. Some of the analysis is delicate in that 9, ® and its derivatives are allowed to be arbitrarily
large (i.e., the estimates hold uniformly, arbitrarily close to the singularity).

Lemma 5.6 (pointwise estimates involving the weight #'). Let 1 (0<T=(1/4) min{1, 4.} be the characteristic
function of the spacetime subset {(t, X) | 0<Z(t,x) < % min{1, A*}}. Under the data-size assumptions
of Section 3A, the bootstrap assumptions of Section 3B, and the smallness assumptions of Section 3C, the
following pointwise estimates hold for (t, x) € [0, T(Boot)) X R3:

7T W) S, (5C.1a)
IV @ YN S e _z= 1 aymingr AT 1V @ WOV + (/@ )} (5C.1b)
<e. (5C.1¢)

In addition, for2 <k <5, the following estimates hold:
3 3
IV (@ o)} S IV 4+ Y IV, 4 T vER, . (5C2)

a=1 a=1
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Furthermore, the following estimates hold:

' (T "W0) S Vg2 yaymingt AT 17 (T W)} 4+ (7 (T W)} V2 (5C.3a)
<. (5C.3b)

Moreover, for 1 <k <5, the following estimates hold.:

3 3
IVHZ ' @ W)} S IV 4 Y VR, 4 T vER, (5C.4)

a=1 a=1
Finally, for 0 < P <2, the following estimates hold:
2720 (T W0) + Vg ezt jayming1. Ay 17 T W) || S #/(T7 1 Wy, (5C.52)
Z= P (@ ') < 1. (5C.5b)

Proof. Throughout this proof, we set

B Wt x)
y=y(t, x):= IG.x)

Also, we silently use the observations of Remark 5.4.

Proof of (5C.1a): This bound is a trivial consequence of our assumption (2A.4) on 7.

Proof of (5C.1b) and (5C.1c): We first prove (5C.1b) at spacetime points (¢, x) such that Z(¢, x) >

}1 min{1, A,}. This is the easy case because Z~' < 4 max{l, fi;l} < C, and we therefore do not have to

concern ourselves with the possibility of small denominators. Specifically, using the identity (2B.4), the
bootstrap assumptions, the data-size assumptions (3A.1a), and the assumptions of Section 2A, we deduce
that when Z(¢, x) > ‘—ltmin{l, fi*}, we have

3 3
IV (T W) S IVl + ) [Wal + ) 1| Se. (5C.6)
a=1 a=1
Next, we use the bootstrap assumptions and the assumptions of Section 2A on 7, including the uniform
positivity and boundedness of % (y) on intervals of the form y € [—%, C ], to obtain

-1 -1 12
L7 yayming1 Ay <~ 7 (T Vo) ST W)} /2,

It follows that the right-hand side of (5C.6) is < the second term on the right-hand side of (5C.1b) as
desired.

We now prove (5C.1b) at points (¢, x) such that 0 < Z(z, x) < %min{l, ALl Along the way, we will
prove some additional estimates that we will use later on. We start by defining the following weighted
differential operator, which acts on functions f = f(y): Dy f := yZ% f. Note that the chain rule implies

VH# (y) =—Dy# (V. (5C.7)
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We therefore inductively deduce that, for 1 <k <5, we have

k n
|W<y>|,§Z|DW<y>|{ > H|ka<y—‘>|}. (5C.8)
n=1 >0 ki=k i=1
ki>1

The case k = 1 in (5C.8) yields |[V# (Z~'W)| < (Z~'Wo)>|#"(Z~"Wp)||V{ZW¥,'}|. Also using the
identity (2B.4), the bootstrap assumptions, the data-size assumptions (3A.1a), (3C.1), the assumptions of
Section 2A, and the crucially important estimate (5B.4b) (which implies that W’ ! < 1), we deduce that
when Z(¢, x) < %min{l, /i*}, we have |V{I\IIO_1}| < ¢ and thus

IV (T W0)| S 6@ W) |7 (T Wo)| S el(@ ' Wo)? 17T W) |}/

Selz 2@ g2, (5C.9)
which is < the first term on the right-hand side of (5C.1b) as desired. This finishes the proof of (5C.1b).
We clarify that to derive the next-to-last inequality in (5C.9), in which we bounded (Z~'Wg)?|#"(Z~'Wy)|
by its square root, we used (2A.4) to deduce y?|#"'(y)| < 1.

We now prove (5C.1c). From Remark 5.4, the assumptions of Section 2A on #/, and (5B.4b), we
deduce that

2 —1 1/2 2.2 —1 1/2
1{0<1§(1/4)min{1,/i*}}{z 7' (Z™ o)} ?s 1{0<I§(1/4)min{1,fi*}}{(z ‘I’o)V//(I o)} /
1 (5C.10)

AN

and that {# (Z~'Wg)}!/? < 1. That is, the non-¢ factors on the right-hand side of (5C.1b) are < 1. This
yields (5C.1c).

Proof of (5C.2): The proof is similar to that of (5C.1b), but slightly simpler. Note that k € [2, 5] by
assumption in this estimate. We first prove the estimate at points (¢, x) such that Z(z, x) > %min{l, fi*}.
This is the easy case because 77! < 4 max{1, fi;]} < C, and we therefore do not have to concern
ourselves with the possibility of small denominators. Specifically, using the identity (2B.4), the bootstrap
assumptions, the data-size assumptions (3A.1a), (3C.1), and the assumptions of Section 2A, we deduce
that when Z(¢, x) > }1 min{1, fi*}, we have

3 3
(VR (@ Wo)) | S IV 4+ IV, [+ DIV, (5C.11)
a=1 a=1
which is < the right-hand side of (5C.2) as desired.

It remains for us to prove (5C.2) at points (¢, x) such that 0 < Z(¢, x) < }l min{1, fi*}. Note that the
estimate (5C.8) holds and that by (2A.4) and Remark 5.4, we have the following bound?® for the factors
of Dy# (y) on the right-hand side of (5C.8): | Dy 7/ (y)| < 1. From this bound, (5C.8), the bootstrap
assumptions, and the data-size assumptions (3A.1a), we see that the desired bound (5C.2) will follow

261 obtaining this bound, it is helpful to note that Dy f = — d% f, where z:=1/y.
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once we show that the following bound holds when 2 < k <5 and Z(t, x) < }L min{1, /i*}:

3 3
VKGOS IV 4+ Y IVl |+ ) 0 [V, (5C.12)
a=1 a=1
To prove (5C.12), we first note that (5B.4b) implies that 1 < Wy (¢, x) in the present context. Thus, the
left-hand side of (5C.11), which is equal to V(T /Wo)|, is the k-th derivative of a ratio with a denominator
uniformly bounded from below away from 0, and the desired estimate (5C.2) follows as a straightforward
consequence of the identity (2B.4), the data-size assumptions (3A.1a), and the bootstrap assumptions.

Proof of (5C.3a), (5C.3b), and (5C.4): These estimates can be proved using arguments similar to the ones

we used to prove (5C.1b) and (5C.2), based on separately considering the cases Z(¢, x) > }f min{1, fi*} and
0<Z(t,x)< ‘l‘ min{1, A*} and using the assumptions of Section 2A. We omit the details, noting only that
we can write Z~ '/ (271 = 12y 1y7/ (y) and that the assumptions of Section 2A (especially (2A.5)),
(5B.4a), (5B.4b), and Remark 5.4 imply that we have the following key estimates, relevant for the more
difficult case 0 < Z(t, x) < 1 min{1, A,}:

-1 2 1/2
1{0<I§(1/4) min{l,;‘i*}}{qj() YW()’)} S 1{0<I§(1/4) min{l,,&*}}{y |W/(y)|} /
-2 1/2
S Vocr</mymngt AptZ 17" DM / (5C.13)
and, forn <5, |[D}(y# (y))| S 1 (footnote 26 is also relevant for obtaining this latter bound).

Proof of (5C.5a): We first note that by (2A.6) and (5B.4a), we have %’ (') <0 at points (¢, x) such
that Z(t, x) < }‘min{l, fi*}. From this fact and the identity 1 = 1{I>(1/4) min{1.A,}) + 1{0<I§(1/4) min{1.4,))°
it follows that

LHS (5C.52) = 17 (1 /gy ming1. T (T 0)]
1 r—1
S ymmini g7 @ 9ol (5C.14)

Also using the bound |#(y)| < 1, which is a simple consequence of (2A.4), we find that the left-hand side
of (5C.52) is S 1;7. (1 /4y min(1.4,))- Next, we recall the estimate 1,7 1 14y min(1.4,)) W (I~1W) that we
derived in our proof of (5C.1b). Combining the above estimates, we conclude the desired bound (5C.5a).

Proof of (5C.5b): We first prove (5C.5b) at points (¢, x) such that Z(z, x) > ‘l‘min{l, fi*}. Using the
bootstrap assumptions and the assumptions of Section 2A on #/, we deduce, in view of Remark 5.4, that
IZ=Pw (T W) | < |7 (Z7'Wy)| < 1 as desired.

It remains for us to prove (5C.5b) at points (¢, x) such that 0 < Z(z, x) < 3—1 min{1, /i*}. Using (5B.4b),
we see that 1 < Wy (¢, x) at such points, and it follows that |Z=F %/ (Z= W) | < (7' W}/ (T Wy)|.
Using the assumptions of Section 2A on #  and the assumption P € [0, 2], we deduce, in view of
Remark 5.4, that the right-hand side of the previous expression is < 1 as desired. This finishes the proof
of (5C.5b) and completes the proof of the lemma. ]

5D. Pointwise estimates for the inhomogeneous terms in the commuted evolution equations. With the
estimates of Lemma 5.6 in hand, we are now ready to derive pointwise estimates for the inhomogeneous
terms in the V¥-commuted evolution equations.
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Lemma 5.7 (pointwise estimates for the inhomogeneous terms in the V¥-commuted evolution equations).
Let T be as in Definition 2.1, and let {V,}y=0.1,2.3 be a solution to the system (2B.6a)—(2B.6b). Consider
the following inhomogeneous PDE system,>” obtained by commuting (2B.6a)—(2B.6b) with V*:

3
3V W = (T W) Y 0, VF W, + Y, (5D.1a)
a=1
3, VEW; = 3, VEwy + FY. (5D.1b)

Under the data-size assumptions of Section 3A, the bootstrap assumptions of Section 3B, and the smallness
assumptions of Section 3C, fork =2,3,4,5 and (t, x) € [0, TBoot)) X R3, the following estimate holds:
3
k — _
Fs 1 S el VPG + e 7y mingr. Ay D L1 (T o) )2 VR, |

a=1
3 3 3 3
e ) (@ W)Y VIR + ) IV, 462 T, 4+ ) D [VER,L. (5D.2)
a=1 a=1 a=1 a=1

Moreover, fork =0,1, 2,3, 4, the following estimate holds:

3 3 3 3
|Fo” SelVERwo + 3 VI 62 ) Wl + e Y [Wal + ) IV (5D.3)
absent ifk <1 a=l a=1 a=1 a=1

absent if k =0 absent ifk =0  absent ifk > 1
Finally, fork =0, 1,2, 3,4, 5, the following estimate holds:

3 3
Y IERIS VP + ) 1 vERG, . (5D.4)
a=l1 absent if k =0, 1 a=1

Proof. The estimate (5D.4) follows in a straightforward fashion from commuting (2B.6b) with Vk and
using the bootstrap assumptions, the data-size assumptions (3A.1a), and (3C.1).

To prove (5D.2), we first commute (2B.6a) with V¥ to obtain (5D.1a). The only products in Fo(k) that are
difficult to bound are those that feature a factor in which k total derivatives fall on ¥,, specifically the prod-
ucts Y2 (VI# (T W)}, VE 1, SO T (T W)W, VA, and Y _, # (T W) b, ViU,
To bound the first of these, we use the estimate (5C.1b), which implies that the product is bounded by the
sum of the second and third terms on the right-hand side of (5D.2) as desired. To handle the second and
third products, we use (5C.1a), (5C.3a), the bootstrap assumptions, the data-size assumptions (3A.1a),
and (3C.1) to bound them in magnitude by

3 3

S eligzemnt dn DT 2 @ WAV e Yo @ 0} VR

a=1 a=1
which is in turn bounded by the sum of the second and third terms on the right-hand side of (5D.2) as
desired. The remaining terms in Fék) feature < k — 1 derivatives of W,. These terms can easily seen to

2TWe do not bother to state the precise form of the inhomogeneous terms Fo(,k) here.
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be < the right-hand side of (5D.2) with the help of the estimates (5C.1a), (5C.1c), (5C.2), (5C.3b), and
(5C.4), the bootstrap assumptions, the data-size assumptions (3A.1a), and (3C.1).

The estimate (5D.3) is easier to prove and can be obtained in a similar fashion with the help of the
estimates (5C.1a), (5C.1c), (5C.2), (5C.3b), (5C.4), the bootstrap assumptions, the data-size assumptions
(3A.1a), and (3C.1). [l

5E. The main a priori estimates. We now derive the main result of this section: a priori estimates that
hold up to top order and that in particular yield a strict improvement of the bootstrap assumptions. These
are the main ingredients in the proof of our main theorem.

Proposition 5.8 (the main a priori estimates). Let Z be the integrating factor from Definition 2.1, and let
1 {0<T<(1/4) min{1, 4, }} be the characteristic function of the spacetime subset

{(t,x) |0 <Z(t, x) < L min{1, A,}}.

There exists a constant C > 0 such that under the data-size assumptions of Section 3A, the bootstrap
assumptions of Section 3B, and the smallness assumptions of Section 3C, for solutions {W,}y=0.1,2.3 to the
system (2B.6a)—(2B.6b), the L>-controlling quantity Qe) of Definition 4.2 satisfies the following estimate

fort [0, T(Boot)):

5 3
Qe () + %ﬁii Z Z/

k=2a=1""

WAL @ W) Vi, P dxds < C&. (SE.D)

t

1 - .
o ‘/;:x {0<Z<(1/4) min
In addition the following estimates hold for t € [0, Tgoor)) andi =1, 2, 3:

&l Yol 725, + IV Woll 335, < CE, (SE.2a)
ENB Wil T2 g, + 1V Wil 5, < CE. (SE.2b)

Moreover, 1 satisfies the following estimate for t € [0, T(Boor)):

ENVIIag, + IV g,
t
+/ O/Z Loz aymingt i Z 17 @' Wo)[ VoI dx ds < C€. (SE.3)
§= s

Finally, we have the following estimates for t € [0, T(Boot)), Which in particular yield strict improvements
of the bootstrap assumptions (3B.5a)—(3B.5d) whenever C¢é < ¢:

Wl (s, < A + Cé€, (5E.4a)
IV || s,y < CE, (SE.4b)
V=20 || oo,y < CE, (5E.4c)
IZll s,y < 14241 A4 Cé, (5E.4d)

VI3 oo (s, < CE. (5E.4e)
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Proof. Proof of (SE.1): The main step is to derive the following estimate:

5 3
@(é)(t)"'l_leAiZZ/ 0/2 1{0<I§(1/4)min{l,,&*}}I_zlyﬂ/(I_l\IJO)l|vklpa|2d)—C ds
§= s

k=2 a=1
5 3
5C82+C822/ 0_/2 1{0<I§(1/4)min{l,ﬁ*}}z_zwﬂ/(z_l‘%”|Vk\pa|2d)—6ds
k=2 a=1"3=0 Y %s !
+C Qe (s)ds. (SE.S5)
s=0

Once we have shown (5E.5), we can absorb the second term on the right-hand side of (5E.5) into the
second term on the left-hand side of (5E.5), which, for ¢ sufficiently small, at most reduces the coefficient
of %Ai in front of the second term on the left to the value of %ﬁi, as is stated on the left-hand side of
(5E.1). We then use Gronwall’s inequality and the assumption O <t < T(Boot) < Zfi;l to conclude that
the left-hand side of (SE.1) is < C exp(Ct)é> < C exp(Cfi;l)é2 < Cé&? as desired.

To prove (5E.5), we must bound the terms on the right-hand side of (4C.2). As a first step, we note
the following bound for the first term on the right-hand side of (4C.2): Q) (0) < C €2, an estimate that
follows as a straightforward consequence of definition (4A.2), the data-size assumptions (3A.1a)—(3A.1c),
the initial condition Z|x, = 1 stated in (2B.1), and the assumptions of Section 2A on #'.

Next, we treat the spacetime integral on the first line of the right-hand side of (4C.2). Using (5B.4b),
(5C.5a), and the bootstrap assumption (3B.5a) for || W[ L= (x,), we can express the integral as the negative

integral
5 3

t
_ZZ_/ 0/2 1{0<I§(1/4)min{l,fi*}}(I_I‘IIO)ZW///(I_I\IJ())||Vk\11a|2d)_cds,
k=2 a=1"75=07%s

which is bounded from above by the negative “favorable integral”

1 82 —2 —1 k 2
_EA*ZZ/ OL Locz=q/mming. a7 @ WIIV W, [P dx ds,
k=2 a=1 §= s

plus an error integral that is bounded in magnitude by

t

5 3
522/ W (T~ W) | VEW, |2 dx ds.

k=2 a=1"Y5=0%s

We can therefore bring the favorable integral over to the left-hand side of (5E.5), where it appears with a
“4” sign. Moreover, from Definition 4.2, we deduce that the error integral is bounded by the last term on
the right-hand side of (5E.5) as desired.

We now bound the spacetime integrals on lines two to four of the right-hand side of (4C.2). Using
the estimate (5C.5b), the bootstrap assumptions, the data-size assumptions (3A.1a), and (3C.1), we
deduce that all three integrands are bounded in magnitude by < Y7_, S0 _, #/(Z~' W) | V¥ W, |2. From
Definition 4.2, we conclude that the corresponding error integrals are bounded by the last term on the
right-hand side of (5E.5) as desired. Using similar reasoning and Young’s inequality, we bound the last
two spacetime integrals on the right-hand side of (4C.2) by < the right-hand side of (SE.5) as desired.
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We now bound the spacetime integrals on lines five to seven of the right-hand side of (4C.2). Using
the estimates (5C.5a) and (5C.5b), the bootstrap assumptions, the data-size assumptions (3A.1a), (3C.1),
and Young’s inequality, we deduce that all three integrands are bounded in magnitude by

5 3 5 3 5
Selzeqmmint Ay 2 DL W @ W) [VEW P e Y S (T W) | VAW, P4 ) VR
k=2 a=1 k=2 a=1 k=2
Appealing to Definition 4.2, we conclude that the corresponding error integrals are bounded in magnitude
by < the right-hand side of (5E.5) as desired.

We now bound the spacetime integral on line eight of the right-hand side of (4C.2), in which the
integrand is 222 1 ZZ 1Vk - 8, VKW,. Using Young’s inequality, we bound this integrand by
S|V 2 4373 vty |2 From Definition 4.2, we conclude that the integral of the right-hand
side of this express1on over the spacetime domain (s, x) € [0, ] x R3 is bounded by the last term on the
right-hand side of (5E.5) as desired.

We now bound the first spacetime integral on line nine of the right-hand side of (4C.2), in which the
integrand is 2 2222 Vi, - Fo(k). Using Young’s inequality, (5D.2), and (3C.1), we pointwise bound this
integrand in magnitude by

3
SIVEINGP 4616 sy aymingr oy DL 17 @ W)l V2, P

a=1

+ ZV/(I o) V2, 2 + Z (VI 12 4 &3 Z W, |2 + Z V=34, 2. (5E.6)

a=1 a=1 a=1
From Definition 4.2 and the data-size assumptions (3A.1a), we conclude that the integral of the right-hand
side of (5E.6) over the spacetime domain (s, x) € [0, ¢] x R3 is < the right-hand side of (SE.5) as desired.

We now bound the second spacetime integral on line nine of the right-hand side of (4C.2), in which
the integrand is 2 3"3_, S°3_, #/ (T~ W) V¥, - FM. Using Young’s inequality, (5C.1a), and (5D.4),
we pointwise bound this integrand in magnitude by < |V[Z31Wg|? 4+ 22:1 W (I~ W) | V2T, |2 +
22:1 V=3 li’a|2. From Definition 4.2 and the data-size assumptions (3A.1a), we conclude that the
integral of the right-hand side of this expression over the spacetime domain (s, x) € [0, 1] x R3 is < the
right-hand side of (5E.5) as desired.

We now bound the spacetime integral on line ten of the right-hand side of (4C.2), in which the integrand
is 2 Zi 1 Zz 1 vkw, . F, @ Using Young’s inequality and (5D.4), we pointwise bound this integrand in
magnitude by < |VIZ24y,|2 + Za LIV, 124 Z V<4\P |. From Definition 4.2 and the data-size
assumptions (3A.1a), we conclude that the integral of the right-hand side of this expression over the
spacetime domain (s, x) € [0, ] x R3 is < the right-hand side of (5E.5) as desired.

We now bound the first spacetime integral on line eleven of the right-hand side of (4C.2), in which the
integrand is 2&3%/ (' W) VW, - Y2 _, 9,V¥,. Using the estimate (5C.1a) and Young’s inequality, we
bound this integrand by < &3|VWy|? + 22:1 |V2W,|2. From Definition 4.2, we conclude that the integral
of the right-hand side of this expression over the spacetime domain (s, x) € [0, ] x R? is bounded by the
last term on the right-hand side of (SE.5) as desired.
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Finally, we bound the second spacetime integral on line eleven of the right-hand side of (4C.2), in
which the integrand is 23V - Fél). Using Young’s inequality and (5D.3), we pointwise bound this
integrand in magnitude by

3 3 3
SEVHL+ DIV +E D WP+ > [V, (5E.7)

a=1 a=1 a=1

From Definition 4.2 and the data-size assumptions (3A.1a), we conclude that the integral of the right-hand
side of (SE.7) over the spacetime domain (s, x) € [0, #] x R? is < the right-hand side of (5E.5) as desired.
This completes our proof of (5E.5) and therefore finishes the proof of (SE.1).

Proof of (5E.4b) and (5E.4c): In view of Definition 4.2, we see that the estimates ||V[2’3] Yollros) S €
and || VIN2, | Lo (s,) < € follow from (5E.1) and Sobolev embedding H?(R?) — L*(R?). To bound
(VW L(x,), we first use (5SD.1a), the bootstrap assumptions, the data-size assumptions (3A.1a), the
estimates (5C.1a) and (5D.3), inequality (3C.1), and the already-proven bound | VL2, lLo(s,) S € to
obtain |9, VWp| < g24¢ +Zc31=l |VIL2hy, | < é. From this bound, the fundamental theorem of calculus, and
the data-size assumptions (3A.1a), we find that |[VWg| < € +f;=0 éds S é. This implies ||VWo| o) SE,
which completes the proof of (5E.4b). Similarly, from (2B.6b), the bootstrap assumptions, the data-size
assumptions (3A.la), and the already-proven bound [|[VW¥||r=(x,) < €, we deduce Z?;:l [0, W, < €.
From this bound, the fundamental theorem of calculus, and the data-size assumption (3A.1a), we find
that 22:1 |V, | < é, which implies 22:1 [WallL(s,) S €, thereby completing the proof of (S5E.4c).

Proof of (5E.4a): We first use (2B.6a), the estimates (5C.1a) and (5C.3b), the bootstrap assumptions, the
data-size assumptions (3A.1a), and the already-proven bound || V='W || 1 (x,) < € to obtain |3, Wy| < €.

From this bound, the fundamental theorem of calculus, the data-size assumption (3A.1b), and the fact that
0 <1 <2A!, we find that | W | s,y < [[Woll Lo (x,) +CE < A + CE, which is the desired bound (5E.4a).

Proof of (5E.4d) and (5E.4e): We repeat the proof of (5B.3a), but using the bootstrap assumption (3B.5d)
and the estimates (5SE.4a)—(5E.4c) instead of using the full set of bootstrap assumptions. We find that
I, x)=1— t‘i’o(gc) + O(é). From this estimate, the fact that 0 <7 < 214;1, and the data-size assumption
(3A.1b), we conclude the desired bound (5E.4d). Similarly, to prove (S5E.4e), we repeat the proof of
(5B.7), but using the estimates (5E.4a)—(5E.4d) instead of the bootstrap assumptions.

Proof of (5E.3): The estimate (5E.3) follows as a straightforward consequence of the pointwise estimates
(5B.6a)—(5B.6b), the weight estimate (5C.5b), the energy estimate (5E.1), and the data-size assumptions
(3A.1a).

Proof of (5E.2a) and (5E.2b): To prove (5E.2a), we first use (5D.1a) and the estimate (5C.1a) to deduce
that

o 2 2
€ ||8t\p0||L2(Et) + ” vatlpo ||H3(E,)

5 3 3 4
_ o 0 k
SO Y M @Y PV s+ D IVl FENF sy + D N 22y, (SE8)
k=2 a=1 a=1 k=1
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Next, we recall that the already-proven estimates (SE.4a)—(5E.4d) imply that the bootstrap assumptions
(3B.52)—(3B.5d) hold with Cé€ in place of ¢. It follows that the pointwise estimate (5D.3) holds with Cé
in place of . From this fact, Definition 4.2, the energy estimate (5E.1), and the data-size assumptions
(3A.1a), we deduce that the right-hand side of (5E.8) is < €2, which is the desired bound (5E.2a).

The estimate (SE.2b) can be proved using similar arguments based on the evolution equation (5D.1b)
and the pointwise estimate (5D.4), and we omit the details. O

6. Local well-posedness and continuation criteria

In this section, we provide a proposition that yields standard well-posedness results and continuation
criteria pertaining to the quantities {dy P}y=0.1,2.3, Z, and {¥y}4=0.1,2.3-

Proposition 6.1. Let N > 3 be an integer and let (3;®|s,, 3 ®|x,, 2 P|x5,, 03P|5,) = (Wo, ¥y, ¥a, U3)
be initial data for the wave equation (1B.1a) satisfying \ifa e HY(R?),a =0, 1,2, 3, and with d; \ilj =9; \ili
fori, j=1,2,3 (see Remark 1.1). Let H := (—% oo) denote the regime of hyperbolicity, and note that
the following holds: (1B.1a) is a nondegenerate®® wave equation at points (¢, x) such that 9, ®(t, x) € H
(see (2A.1) for justification of this assertion). Assume that \ilo([R{3 ) is contained in a compact subset K
of H. Let T, I,, and {Wy}o=0.1,2.3 be the quantities defined in Definitions 2.1 and 2.3. Then there exist a
compact set R of H containing R in its interior and a time T > 0, depending on K and ZZ:O A HN
such that a unique® classical solution to (1B.1a) exists on [0, T) x R3, such that 3,®([0, T) x R?) C &,
and such that the following regularity properties hold for« =0, 1, 2, 3:

3, ® € C(0,T), HM). (6.1)

In addition, the solution depends continuously on the data.

Let T(Lifespan) be the supremum of all times T > O such that the classical solution to (1B.1a) exists on
[0, T) x R3 and satisfies the above properties. Then either T(Lifespan) = 00, 0F T(Lifespan) < 00 and one of
the following two breakdown scenarios must occur:

(1) There exists a sequence of points {(t,, Xn)}oo | C [0, T(Lifespan)) X R3 such that 3, (1,, Xn) escapes

n=1
every compact subset of H as n — o0.

) 1imlTT(Lifespan) SUD (0,1 Zz:() [l 0 a,CDHLOO(ZS) = 00.
Moreover, on [0, T(Lifespan)) X R3, 7 and {\, }a=0.1,2.3 are classical solutions to (2B.1) and (2B.6a)—
(2B.6b) such that
T —1€C(0, Twitespan))- HNT'RY), Wy € C0, Tititespan) HY (RY)). (6.2)
Finally, the quantity T, defined in (2B.2) satisfies the following estimates:

0 <Z,(t) <o fort €0, TiLifespan))- (6.3)

28By nondegenerate, we mean that relative to the Cartesian coordinates, the 4 x 4 matrix of components g,g has signature
(=, +,+, +), where g := —dt? + 1/(# (3; D)) 22:1 (dx%)? is the metric corresponding to (1B.1a).

29More precisely, @ is uniquely determined only up to a constant when only its first derivatives along ¥ are prescribed; see
Remark 1.1.
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Proof. The statements concerning ® are standard and can be proved using the ideas found, for example,
in [Speck 2008].

Next, we note that the evolution equation plus the initial condition for Z stated in (2B.1), the fact that
Z(t,-) — 1 is compactly supported in space (see Remark 3.3), and the fact that

& D € C([0, TiLitespan))s H" (R*)) C C ([0, T(tifespan))> C' (R))

(i.e., (6.1)) can be used to deduce (6.3). Similarly, from (2B.1), the identity (2B.4), the definition
W, := 70, P (see Definition 2.3), (6.1), and the standard Sobolev—Moser calculus, it is straightforward to
deduce (6.2). O

7. The main theorem

In this section, we state and prove our main stable blowup-result.

Theorem 7.1 (stable ODE-type blowup). Assume that the weight function W appearing in the wave
equation (1B.1a) satisfies the assumptions stated in Section 2A. Consider compactly supported initial data
(3 D5y, 1 Pxy, 2P|xy, B3P 5,) = (o, Uy, Uy, W3) for the wave equation (1B.1a) with ;¥; = 3,
fori, j=1,2,3 (see Remark 1.1) that satisfy the data-size assumptions (3A.1a)—(3A.1c) involving the
parameters € and fi, and let A* be the data-size parameter defined in (3A.2). Let Z, I, and {Vy}a=0.1.2.3
be the quantities defined in Definitions 2.1 and 2.3. We define

T(Lifespan) := sup{t > 0| {0, P}o=0,1,2,3 exist classically on [0, 1) x R3}. (7.1)

Ifé >0, A> 0, and fi* > 0, and if € is small relative to A and fi* in the sense explained in Section 3C,
then the following conclusions hold.

o Characterization of the solution’s classical lifespan: The solution’s classical lifespan is characterized
by Z, as follows:

T(Lifespan) = sup{t > 0 | dnf Z.(s) > 0}. (7.2)
Moreover,
Z(t,x) > 0 for (t,x) € [0, Tiwitespan) X R, (7.32)
lim Z.(t) =0. (7.3b)
11 T Lifespan)
In addition, the following estimate holds:
Tititespany = Ay {1+ O()). (7.4)

* Regularity properties of Wy and I on [0, T(Lifespan)) X R3: On the slab [0, T{Lifespan)) X R3, the solution

satisfies the energy bounds (SE.1)—(5E.3), the L™ estimates (SE.4a)—(SE.4e), (5B.1)-(5B.2), and (5B.3a)-

(5B.5) (with Cé€ on the right-hand side in place of ¢ in these equations). Moreover, {Wy}y—0.12.3 and
enjoy the following regularity:

Wo € C([0, Titespan))s H(®) N LX((0, Titespan)), H (RY)), (7.52)

W; € C(I0, Tawitespan), H(R*) N LO([0, Tiwitespany), H* (R)), (7.5b)

T —1¢€C0, Twitespan)> H°(R?) N LP([0, Tiwitespany), H> (R)). (7.5¢)
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* Regularity properties of Wy and T on [0, T(ifespan)] X R3: W, and T do not blow up at time T(Lifespan)»
but rather continuously extend to [0, T(Lifespan)| ¥ R3 as functions that enjoy the following regularity,
where N is any real number with N < 5:

Wy € L0, Tiwitespam 1, H> (RY)) N C ([0, TiLitespany 1, HY (R)), (7.62)
W; € C([0, Tiwitespany]> H*(R?)), (7.6b)
T —1 € C([0, Tifespan 1, H>(R?)). (7.6¢)

e Description of the vanishing of T and the blowup of 3;®: For (t, x) € [0, TLifespan)) X R3, we have

A,
I(t,x)<i = 8o, x)> . 7.7
(t,x) <z P ( _)_4I(t,)_c) (7.7)
Let
Bl
ET(S:::;) = {(T(Lifespan)7 x)|Z (T(Lifespan)a x) = 0}. (7.8)
. Bl
Then lf (T(Lifespan), X ) S ZT(S:::E“), we have30
lim 0,®(¢, x) = oo. (7.9)
IT T(Lifespan)

Finally, if (T(Lifespan), X) ¢ E?:S:ii)’ then there exists an open ball B, C R3 centered at x such that,

fora=0,1,2,3, we have 3, P € C([0, TLifespan)], HS(BE)).
Proof. Let C, > 1 be a constant; we will enlarge C, as needed throughout the proof. Let Tinmax) be the
supremum of the set of real numbers T with 0 < T < 215;1 such that the following properties hold:

e {0y P}y=0.1.2.3 1s a classical solution to (1B.1a) on [0, T') x R3 (see Remark 1.1) satisfying the properties
stated in Proposition 6.1 (with N =5 in the proposition).

« 7 is a classical solution to (2B.1) on [0, T') x R? satisfying the properties stated in Proposition 6.1 (with
N =5 in the proposition).

e {Wy}y=0.1,23 are classical solutions to (2B.6a)—(2B.6b) for (¢, x) € [0, T) x R3 such that the properties
stated in Proposition 6.1 hold (with N =5 in the proposition).

« The bootstrap assumptions (3B.3) and (3B.4) hold for (¢, x) € [0, T) x R>.
o The L bootstrap assumptions (3B.5a)—(3B.5d) hold for # € [0, T) with ¢ := C,é€.

o inf{Z,(t) | t € [0, T)} > 0, where Z, is defined in (2B.2). Note that this implies that the bootstrap
assumption (3B.2) holds for ¢ € [0, T').

Throughout the rest of the proof, we will assume that € is sufficiently small and that C, is sufficiently
large without explicitly mentioning it every time. Next, we note that the hypotheses of Proposition 6.1
hold with N = 5. Hence, by Proposition 6.1 and Sobolev embedding, we have T(mvax) > 0.

30See also Remark 1.5 concerning the blowup of @ itself, if initial data for & itself are prescribed.
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We will now show that Tivax) = T(Lifespan)> Where T{Lifespan) 1 defined by (7.1). We first note that
clearly, Timax) < T{(Lifespan)- T0 proceed, we assume for the sake of deriving a contradiction that

inf  Z,(s) > 0. (7.10)

s€[0, Timax))

Then, in view of Definitions 2.1 and 2.3, (2B.6a)—(2B.6b), the bootstrap assumptions, the assumptions of
Section 2A on #, the data-size assumptions (3A.1a), and (3C.1), we see that (7.10) implies

3
lim  sup {HatCDHLw():X) +) ||aaath||L°C(ZX)} < o0.
M Tmax) 5€0,1) s

Also taking into account Remark 5.4, we see that neither of the two breakdown scenarios of Proposition 6.1
occur on [0, Tovay) X R Moreover, by Proposition 5.8, if C, is large enough, then the bootstrap
assumption inequalities (3B.5a)—(3B.5d) hold in a strict sense (that is, with “<” replaced by “<’’) on
[0, Timax)) X R3. Moreover, all estimates proved prior to Proposition 5.8 hold with ¢ replaced by Cé,
and we will use this fact in the rest of the proof without mentioning it again. Furthermore, (5B.5)
and (5B.4b) respectively yield strict improvements of the bootstrap assumptions (3B.3) and (3B.4) for
(,x) € [0, Tomax) X R3. Next, we note that the estimate (5B.3b) implies that Z,(¢) cannot remain
positive for ¢ larger than fi;l{l + O(é)}. From this fact, it follows that Tipax) < 215;1. Combining these
facts and appealing to Proposition 6.1, we deduce that {0y, ®}y=0,1.2.3, {Ws}e=01,2.3, and Z extend as
classical solutions to a region of the form [0, Tmax) + A) X R3 for some A > 0 with Tovax) + A < 215;1
(on which these variables enjoy the regularity properties guaranteed by Proposition 6.1), such that
infse(0, Toyuy+4) Z«(s) > 0, and such that the bootstrap assumptions (3B.3)—(3B.5d) hold for (7, x) €
[0, Tmax) + A) x R3. In total, this contradicts the definition of Tmax). Therefore, (7.10) is impossible,
and it follows that

Tovax) = sup{t > 0| inf Z,(s) > 0}, (7.11)
s€[0,1)
that
inf  Z,(s) =0, (7.12)
s€[0, TiMax))

and that the estimates (5E.1)—(5E.3) and (5E.4a)—(5E.4e) hold for ¢ € [0, TiMmax))-

Next, we note that the estimate (7.7) follows from (5B.4b). Then, using (7.7) and (7.12), we see that
1imy 4 7y SUPse(0.1) 110: Pl Lo,y = 00, that is, that 9, @ blows up at time T(max). We have therefore shown
that Tmax) = T(Lifespan) and that T(pifespan) 18 characterized by (7.2). Moreover, from the estimate (5B.3b),
we find that Z, vanishes for the first time at T(Lifespan) = fi; 1{14-0(&)}, which in total yields (7.3a) and (7.4).

In the rest of this proof, we sometimes silently use that Wo € L°°([0, T(Lifespan))» L*R*)andZ—1¢€
L([0, T(Lifespan)) L?(R3)). These facts do not follow from the energy estimates (SE.1) and (SE.3),
but instead follow from (5E.4a), (5E.4d), and the compactly supported (in space) nature of Wy and
Z — 1. Next, we easily conclude from the definition (4A.2) of Q)(¢) and the fact that the esti-
mate (SE.1) holds on [0, T(Lifespan)) that Wy € L*®([0, T(Lifespan))> H>(R?)) (as is stated in (7.5a)) and
that W; € L*([0, T(Lifespan))» H 4(R?)) (as is stated in (7.5b)). The same reasoning yields that Wy €
L>([0, Tvifespan) ], H 3(R3)) (as is stated in (7.6a)), where the open time interval is replaced with
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[0, T{Lifespan)]- The fact that W, € C([0, T(ifespan))> H>(R?)) (as is stated in (7.5a)~(7.5b)) is a standard
result that can be proved using energy-based arguments (similar to the ones we used to prove (5E.1)) and
standard facts from functional analysis. We omit the details and instead refer the reader to [Speck 2008,
Section 2.7.5]. We clarify that in proving this “soft result”, it is important that, for fixed 7 € [0, T(Lifespan))
we have mingg ;g3 Z > 0, which, in view of Remark 5.4, implies in particular that the weight %’ (Z7 ")
on the right-hand side of (4A.2) is bounded from above and from below by 7-dependent positive constants
on [0, t] x R? (and thus the energy estimates are nondegenerate away from T itespany ). Through similar
reasoning based on (2B.1) (which states that 3,7 = —Wy), the identity (2B.4), and the estimate (5E.3), we
deduce that Z — 1 € C ([0, TiLifespan))> HO(R?)) N L>®([0, T(tifespan)), H> (R?)). We have therefore proved
(7.5a)—(7.5¢).

We will now prove (7.6a)—(7.6c). We first note that the estimates (5E.1) and (5E.2a)-(5E.2b) and
(2B.1) imply that 3, W, € L([0, TLifespan)) H*(R?)) and 8,7 € L*®([0, T(Lifespan)), H>(R?)). Hence,
from the fundamental theorem of calculus, the initial conditions (2B.1) and (3A.1a)—(3A.1b), and the
completeness of the Sobolev spaces HY (R?), we obtain W, € C([0, T(Lifespan ], H*(R¥)) and Z — 1 €
C ([0, Twifespany ], H S(R?). In particular, we have shown (7.6b)—(7.6¢). Moreover, (7.6¢) and Sobolev
embedding together yield that 7 € C([0, T(Lifespan) ], C (R?)) and thus Z, € C([0, T{Lifespan) 1, [0, 00)). Since
we have already shown that T(gifespan) 15 €qual to the right-hand side of (7.11) and shown (7.12), it follows
that 7, (T(Lifespan)) = 0 and that limmT(Ufespan) Z,(t) =0, that is, that (7.3b) holds. To obtain that, for any real
number N < 5, we have Wy € C([0, T(Lifespan)], H N (R?)) (as is stated in (7.6a)), we interpolate between’!
L? and H? and use the already-shown facts Wy € L ([0, T(vifespan) ], H S(R3))NC(O, T{Litespan) ], H 4(R3)).
We have therefore proved (7.6a).

The desired localized blowup-result (7.9) for points in E?(ISEZSZE") (where E%ﬁ:ﬁgﬂ) is defined in (7.8))
now follows from (7.7) and the continuous extension property Z € C ([0, T(Lifespan) ], C (R?)) mentioned
in the previous paragraph.

Finally, we will show that if (T{Lifespan), X) ¢ E%ﬁ:ifm, then there exists an open ball B, C R3
centered at x such that, for « = 0, 1, 2, 3, we have 0,® € C([0, T(Lifespan)], H S(Bz))- To proceed,

Blowup

we first note that if (T(Lifespan), X) ¢ = then the results proved above imply that there exist a

T(Lifespan)’
8y > 0 and a radius r, > O such that, \(;;tﬁ )Bz:g C R3 denoting the open ball of radius r, centered
at x, we have Z(¢, 2) > 0 for (¢, X) € [T(Lifespan) — Ox» T(Lifespan)] X Ez;r,,x (where Ez;rg denotes the
closure of Bz;rg) and such that, for 7 € [T(Lifespan) — Ox, T(Lifespan))» We have || Wy || H5({t)x Byr,) < OO and
IZ — 1l (1)< B,.,,) < ©0- Hence, since the wave speed of the system is uniformly bounded from above
on [T{Lifespan) —;S; » T(Lifespan) | X B xir, (see Remark 3.3), since 7 is uniformly bounded from above and
from below by positive (x-dependent) constants on [T(Lifespan) — x» T (Lifespan)] X Ez;w and since the
estimates (7.5a)—(7.5¢) and (7.6a)—(7.6c) hold, we can derive Sobolev estimates (using energy-based

arguments) similar to the ones that we derived three paragraphs above, but localized in space,’? for

31Here, we mean the followilng standard inequality: if f € H S(Et) and 0 < N < 5, then there exists a constant Cy > 0
- =
sueh that 1 57vz,) = O Il 1 b, |
For example, for o > 0 chosen sufficiently large, for # near T(f jfespan), and for s € [#, T(Lifespan) ], One can view the state of
the solution on {r} x By, as an “initial” condition and use energy identities to obtain Sobolev estimates on {s} X By, _¢5 C Zs.
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(2B.1) and (2B.6a)—(2B.6b), starting from initial conditions on {t} x B,., for some ¢ sufficiently close
to T(Lifespan)- This yields the existence of an open ball B, C By, centered at x such that the following
regularity properties hold: W, € C([0, T(Lifespan) ], H S(Bz)) and 7 — 1 € C([0, T ifespan) |, H 6(BX)). We
clarify that in deriving these spatially localized energy estimates on the closed time interval [0, T(Lifespan) s
we have exploited the following crucially important consequence of the bounds noted above and the
assumptions of Section 2A on #: the weight # (Z~'Wy) (which appears, for example, on the right-hand
side of (4A.2)) is strictly positive on the domain [T(Lifespan) —0x» T(Lifespan) ] X B x- Finally, from the regularity
properties of {W,}y—0,1,2,3 and Z mentioned above, the positivity of Z on [T(Lifespan) — Ox» T(Lifespan)] X B x>
and the standard Sobolev—Moser calculus, we conclude, in view of Definition 2.3, the desired result
e ® € C([0, Tifespan) I, H 5 (By)). We have therefore proved the theorem. O

References

[Alinhac 1999a] S. Alinhac, “Blowup of small data solutions for a class of quasilinear wave equations in two space dimensions,
117, Acta Math. 182:1 (1999), 1-23. MR Zbl

[Alinhac 1999b] S. Alinhac, “Blowup of small data solutions for a quasilinear wave equation in two space dimensions”, Ann. of
Math. (2) 149:1 (1999), 97-127. MR Zbl

[Alinhac 2001] S. Alinhac, “The null condition for quasilinear wave equations in two space dimensions, 11, Amer. J. Math.
123:6 (2001), 1071-1101. MR Zbl

[Beyer and LeFloch 2010] F. Beyer and P. G. LeFloch, “Second-order hyperbolic Fuchsian systems and applications”, Classical
Quantum Gravity 27:24 (2010), art. id. 245012. MR Zbl

[Bricmont and Kupiainen 1994] J. Bricmont and A. Kupiainen, “Universality in blow-up for nonlinear heat equations”,
Nonlinearity 7:2 (1994), 539-575. MR Zbl

[Chatzikaleas and Donninger 2019] A. Chatzikaleas and R. Donninger, “Stable blowup for the cubic wave equation in higher
dimensions”, J. Differential Equations 266:10 (2019), 6809-6865. MR Zbl

[Christodoulou 2007] D. Christodoulou, The formation of shocks in 3-dimensional fluids, Eur. Math. Soc., Ziirich, 2007. MR
Zbl

[Christodoulou 2009] D. Christodoulou, The formation of black holes in general relativity, Eur. Math. Soc., Ziirich, 2009. MR
Zbl

[Christodoulou 2019] D. Christodoulou, The shock development problem, EMS Monographs in Math. 8, Eur. Math. Soc., Ziirich,
2019. Zbl

[Christodoulou and Klainerman 1993] D. Christodoulou and S. Klainerman, The global nonlinear stability of the Minkowski
space, Princeton Math. Series 41, Princeton Univ. Press, 1993. MR Zbl

[Christodoulou and Lisibach 2016] D. Christodoulou and A. Lisibach, “Shock development in spherical symmetry”, Ann. PDE
2:1 (2016), art. id. 3. MR Zbl

[Christodoulou and Miao 2014] D. Christodoulou and S. Miao, Compressible flow and Euler’s equations, Surveys of Modern
Math. 9, Int. Press, Somerville, MA, 2014. MR Zbl

[Christodoulou and Perez 2016] D. Christodoulou and D. R. Perez, “On the formation of shocks of electromagnetic plane waves
in non-linear crystals”, J. Math. Phys. 57:8 (2016), art. id. 081506. MR Zbl

[Collot 2018] C. Collot, Type Il blow up manifolds for the energy supercritical semilinear wave equation, Mem. Amer. Math.
Soc. 1205, Amer. Math. Soc., Providence, RI, 2018. MR Zbl

[Costin et al. 2016] O. Costin, R. Donninger, and X. Xia, “A proof for the mode stability of a self-similar wave map”, Nonlinearity
29:8 (2016), 2451-2473. MR Zbl

[Costin et al. 2017] O. Costin, R. Donninger, and 1. Glogi¢, “Mode stability of self-similar wave maps in higher dimensions”,
Comm. Math. Phys. 351:3 (2017), 959-972. MR Zbl

[Cote et al. 2015] R. Céte, C. E. Kenig, A. Lawrie, and W. Schlag, “Characterization of large energy solutions of the equivariant
wave map problem, I, Amer. J. Math. 137:1 (2015), 139-207. MR Zbl


http://dx.doi.org/10.1007/BF02392822
http://dx.doi.org/10.1007/BF02392822
http://msp.org/idx/mr/1687180
http://msp.org/idx/zbl/0973.35135
http://dx.doi.org/10.2307/121020
http://msp.org/idx/mr/1680539
http://msp.org/idx/zbl/1080.35043
http://dx.doi.org/10.1353/ajm.2001.0037
http://msp.org/idx/mr/1867312
http://msp.org/idx/zbl/1112.35342
http://dx.doi.org/10.1088/0264-9381/27/24/245012
http://msp.org/idx/mr/2739968
http://msp.org/idx/zbl/1206.83025
http://dx.doi.org/10.1088/0951-7715/7/2/011
http://msp.org/idx/mr/1267701
http://msp.org/idx/zbl/0857.35018
http://dx.doi.org/10.1016/j.jde.2018.11.016
http://dx.doi.org/10.1016/j.jde.2018.11.016
http://msp.org/idx/mr/3926085
http://msp.org/idx/zbl/07036321
http://dx.doi.org/10.4171/031
http://msp.org/idx/mr/2284927
http://msp.org/idx/zbl/1138.35060
http://dx.doi.org/10.4171/068
http://msp.org/idx/mr/2488976
http://msp.org/idx/zbl/1197.83004
http://msp.org/idx/zbl/06997766
https://www.jstor.org/stable/j.ctt7zthns
https://www.jstor.org/stable/j.ctt7zthns
http://msp.org/idx/mr/1316662
http://msp.org/idx/zbl/0827.53055
http://dx.doi.org/10.1007/s40818-016-0009-1
http://msp.org/idx/mr/3489205
http://msp.org/idx/zbl/1402.35172
http://msp.org/idx/mr/3288725
http://msp.org/idx/zbl/1329.76002
http://dx.doi.org/10.1063/1.4960044
http://dx.doi.org/10.1063/1.4960044
http://msp.org/idx/mr/3535685
http://msp.org/idx/zbl/1348.78014
http://dx.doi.org/10.1090/memo/1205
http://msp.org/idx/mr/3778126
http://msp.org/idx/zbl/1406.35064
http://dx.doi.org/10.1088/0951-7715/29/8/2451
http://msp.org/idx/mr/3538419
http://msp.org/idx/zbl/1353.35209
http://dx.doi.org/10.1007/s00220-016-2776-7
http://msp.org/idx/mr/3623242
http://msp.org/idx/zbl/1362.35188
http://dx.doi.org/10.1353/ajm.2015.0002
http://dx.doi.org/10.1353/ajm.2015.0002
http://msp.org/idx/mr/3318089
http://msp.org/idx/zbl/1315.35130

STABLE ODE-TYPE BLOWUP FOR SOME QUASILINEAR WAVE EQUATIONS 143

[Cote et al. 2018] R. Céte, C. E. Kenig, A. Lawrie, and W. Schlag, “Profiles for the radial focusing 4d energy-critical wave
equation”, Comm. Math. Phys. 357:3 (2018), 943-1008. MR Zbl

[Dafermos 2000] C. M. Dafermos, Hyperbolic conservation laws in continuum physics, Grundlehren der Math. Wissenschaften
325, Springer, 2000. MR Zbl

[Donninger 2010] R. Donninger, “Nonlinear stability of self-similar solutions for semilinear wave equations”, Comm. Partial
Differential Equations 35:4 (2010), 669-684. MR Zbl

[Donninger 2011] R. Donninger, “On stable self-similar blowup for equivariant wave maps”, Comm. Pure Appl. Math. 64:8
(2011), 1095-1147. MR Zbl

[Donninger 2017] R. Donninger, “Strichartz estimates in similarity coordinates and stable blowup for the critical wave equation”,
Duke Math. J. 166:9 (2017), 1627-1683. MR Zbl

[Donninger and Schorkhuber 2012] R. Donninger and B. Schorkhuber, “Stable self-similar blow up for energy subcritical wave
equations”, Dyn. Partial Differ. Equ. 9:1 (2012), 63-87. MR Zbl

[Donninger and Schorkhuber 2014] R. Donninger and B. Schorkhuber, “Stable blow up dynamics for energy supercritical wave
equations”, Trans. Amer. Math. Soc. 366:4 (2014), 2167-2189. MR Zbl

[Donninger and Schorkhuber 2016] R. Donninger and B. Schorkhuber, “On blowup in supercritical wave equations”, Comm.
Math. Phys. 346:3 (2016), 907-943. MR Zbl

[Donninger et al. 2012] R. Donninger, B. Schorkhuber, and P. C. Aichelburg, “On stable self-similar blow up for equivariant
wave maps: the linearized problem”, Ann. Henri Poincaré 13:1 (2012), 103—-144. MR Zbl

[Donninger et al. 2014] R. Donninger, M. Huang, J. Krieger, and W. Schlag, “Exotic blowup solutions for the u’ focusing wave
equation in R3», Michigan Math. J. 63:3 (2014), 451-501. MR Zbl

[Duyckaerts et al. 2011] T. Duyckaerts, C. Kenig, and F. Merle, “Universality of blow-up profile for small radial type II blow-up
solutions of the energy-critical wave equation”, J. Eur. Math. Soc. 13:3 (2011), 533-599. MR Zbl

[Duyckaerts et al. 2012a] T. Duyckaerts, C. Kenig, and F. Merle, “Profiles of bounded radial solutions of the focusing,
energy-critical wave equation”, Geom. Funct. Anal. 22:3 (2012), 639-698. MR Zbl

[Duyckaerts et al. 2012b] T. Duyckaerts, C. Kenig, and F. Merle, “Universality of the blow-up profile for small type II blow-up
solutions of the energy-critical wave equation: the nonradial case”, J. Eur. Math. Soc. 14:5 (2012), 1389-1454. MR Zbl

[Duyckaerts et al. 2013] T. Duyckaerts, C. Kenig, and F. Merle, “Classification of radial solutions of the focusing, energy-critical
wave equation”, Camb. J. Math. 1:1 (2013), 75-144. MR Zbl

[Gao and Krieger 2015] C. Gao and J. Krieger, “Optimal polynomial blow up range for critical wave maps”, Comm. Pure Appl.
Anal. 14:5 (2015), 1705-1741. MR Zbl

[Guo and Tahvildar-Zadeh 1999] Y. Guo and A. S. Tahvildar-Zadeh, “Formation of singularities in relativistic fluid dynamics
and in spherically symmetric plasma dynamics”, pp. 151-161 in Nonlinear partial differential equations (Evanston, IL, 1998),
edited by G.-Q. Chen and E. DiBenedetto, Contemp. Math. 238, Amer. Math. Soc., Providence, RI, 1999. MR Zbl

[Hillairet and Raphaél 2012] M. Hillairet and P. Raphaél, “Smooth type II blow-up solutions to the four-dimensional energy-
critical wave equation”, Anal. PDE 5:4 (2012), 777-829. MR Zbl

[Holzegel et al. 2016] G. Holzegel, S. Klainerman, J. Speck, and W. W.-Y. Wong, “Small-data shock formation in solutions to
3D quasilinear wave equations: an overview”, J. Hyperbolic Differ. Equ. 13:1 (2016), 1-105. MR Zbl

[Jendrej 2016] J. Jendrej, “Bounds on the speed of type II blow-up for the energy critical wave equation in the radial case”, Int.
Math. Res. Not. 2016:21 (2016), 6656-6688. MR Zbl

[Jendrej 2017] J. Jendrej, “Construction of type II blow-up solutions for the energy-critical wave equation in dimension 57,
J. Funct. Anal. 272:3 (2017), 866-917. MR Zbl

[John 1974] F. John, “Formation of singularities in one-dimensional nonlinear wave propagation”, Comm. Pure Appl. Math. 27
(1974), 377-405. MR Zbl

[John 1979] E. John, “Blow-up of solutions of nonlinear wave equations in three space dimensions”, Manuscripta Math. 28:1-3
(1979), 235-268. MR Zbl

[John 1981] E. John, “Blow-up for quasilinear wave equations in three space dimensions”, Comm. Pure Appl. Math. 34:1 (1981),
29-51. MR

[Kato 1980] T. Kato, “Blow-up of solutions of some nonlinear hyperbolic equations”, Comm. Pure Appl. Math. 33:4 (1980),
501-505. MR Zbl


http://dx.doi.org/10.1007/s00220-017-3043-2
http://dx.doi.org/10.1007/s00220-017-3043-2
http://msp.org/idx/mr/3769743
http://msp.org/idx/zbl/1404.35294
http://dx.doi.org/10.1007/3-540-29089-3_14
http://msp.org/idx/mr/1763936
http://msp.org/idx/zbl/0940.35002
http://dx.doi.org/10.1080/03605300903575857
http://msp.org/idx/mr/2753616
http://msp.org/idx/zbl/1201.35141
http://dx.doi.org/10.1002/cpa.20366
http://msp.org/idx/mr/2839272
http://msp.org/idx/zbl/1232.58021
http://dx.doi.org/10.1215/00127094-0000009X
http://msp.org/idx/mr/3662440
http://msp.org/idx/zbl/1378.35050
http://dx.doi.org/10.4310/DPDE.2012.v9.n1.a3
http://dx.doi.org/10.4310/DPDE.2012.v9.n1.a3
http://msp.org/idx/mr/2909934
http://msp.org/idx/zbl/1259.35044
http://dx.doi.org/10.1090/S0002-9947-2013-06038-2
http://dx.doi.org/10.1090/S0002-9947-2013-06038-2
http://msp.org/idx/mr/3152726
http://msp.org/idx/zbl/1286.35049
http://dx.doi.org/10.1007/s00220-016-2610-2
http://msp.org/idx/mr/3537340
http://msp.org/idx/zbl/1361.35112
http://dx.doi.org/10.1007/s00023-011-0125-0
http://dx.doi.org/10.1007/s00023-011-0125-0
http://msp.org/idx/mr/2881965
http://msp.org/idx/zbl/1245.58014
http://dx.doi.org/10.1307/mmj/1409932630
http://dx.doi.org/10.1307/mmj/1409932630
http://msp.org/idx/mr/3255688
http://msp.org/idx/zbl/1310.35170
http://dx.doi.org/10.4171/JEMS/261
http://dx.doi.org/10.4171/JEMS/261
http://msp.org/idx/mr/2781926
http://msp.org/idx/zbl/1230.35067
http://dx.doi.org/10.1007/s00039-012-0174-7
http://dx.doi.org/10.1007/s00039-012-0174-7
http://msp.org/idx/mr/2972605
http://msp.org/idx/zbl/1258.35148
http://dx.doi.org/10.4171/JEMS/336
http://dx.doi.org/10.4171/JEMS/336
http://msp.org/idx/mr/2966655
http://msp.org/idx/zbl/1282.35088
http://dx.doi.org/10.4310/CJM.2013.v1.n1.a3
http://dx.doi.org/10.4310/CJM.2013.v1.n1.a3
http://msp.org/idx/mr/3272053
http://msp.org/idx/zbl/1308.35143
http://dx.doi.org/10.3934/cpaa.2015.14.1705
http://msp.org/idx/mr/3359541
http://msp.org/idx/zbl/1330.35047
http://dx.doi.org/10.1090/conm/238/03545
http://dx.doi.org/10.1090/conm/238/03545
http://msp.org/idx/mr/1724661
http://msp.org/idx/zbl/0973.76100
http://dx.doi.org/10.2140/apde.2012.5.777
http://dx.doi.org/10.2140/apde.2012.5.777
http://msp.org/idx/mr/3006642
http://msp.org/idx/zbl/1329.35207
http://dx.doi.org/10.1142/S0219891616500016
http://dx.doi.org/10.1142/S0219891616500016
http://msp.org/idx/mr/3474069
http://msp.org/idx/zbl/1346.35005
http://dx.doi.org/10.1093/imrn/rnv365
http://msp.org/idx/mr/3579975
http://msp.org/idx/zbl/1404.35296
http://dx.doi.org/10.1016/j.jfa.2016.10.019
http://msp.org/idx/mr/3579128
http://msp.org/idx/zbl/1361.35115
http://dx.doi.org/10.1002/cpa.3160270307
http://msp.org/idx/mr/0369934
http://msp.org/idx/zbl/0302.35064
http://dx.doi.org/10.1007/BF01647974
http://msp.org/idx/mr/535704
http://msp.org/idx/zbl/0397.35046
http://dx.doi.org/10.1002/cpa.3160340103
http://msp.org/idx/mr/600571
http://dx.doi.org/10.1002/cpa.3160330403
http://msp.org/idx/mr/575735
http://msp.org/idx/zbl/0421.35053

144 JARED SPECK

[Kenig and Merle 2008] C. E. Kenig and F. Merle, “Global well-posedness, scattering and blow-up for the energy-critical
focusing non-linear wave equation”, Acta Math. 201:2 (2008), 147-212. MR Zbl

[Kichenassamy 1996] S. Kichenassamy, “The blow-up problem for exponential nonlinearities”, Comm. Partial Differential
Equations 21:1-2 (1996), 125-162. MR Zbl

[Klainerman and Rodnianski 2003] S. Klainerman and I. Rodnianski, “Improved local well-posedness for quasilinear wave
equations in dimension three”, Duke Math. J. 117:1 (2003), 1-124. MR Zbl

[Klainerman and Rodnianski 2005] S. Klainerman and I. Rodnianski, “Rough solutions of the Einstein-vacuum equations”, Ann.
of Math. (2) 161:3 (2005), 1143-1193. MR Zbl

[Klainerman et al. 2015] S. Klainerman, I. Rodnianski, and J. Szeftel, “The bounded L2 curvature conjecture”, Invent. Math.
202:1 (2015), 91-216. MR Zbl

[Krieger and Schlag 2014] J. Krieger and W. Schlag, “Full range of blow up exponents for the quintic wave equation in three
dimensions”, J. Math. Pures Appl. (9) 101:6 (2014), 873-900. MR Zbl

[Krieger et al. 2008] J. Krieger, W. Schlag, and D. Tataru, “Renormalization and blow up for charge one equivariant critical
wave maps”, Invent. Math. 171:3 (2008), 543-615. MR Zbl

[Krieger et al. 2009] J. Krieger, W. Schlag, and D. Tataru, “Slow blow-up solutions for the H L(R3) critical focusing semilinear
wave equation”, Duke Math. J. 147:1 (2009), 1-53. MR Zbl

[Lax 1964] P.D. Lax, “Development of singularities of solutions of nonlinear hyperbolic partial differential equations”, J. Math.
Phys. 5 (1964), 611-613. MR Zbl
[Lax 1972] P. D. Lax, “The formation and decay of shock waves”, Amer. Math. Monthly 79:3 (1972), 227-241. MR Zbl

[Lax 1973] P. D. Lax, Hyperbolic systems of conservation laws and the mathematical theory of shock waves, CBMS Regional
Conf. Series Appl. Math. 11, Soc. Indust. Appl. Math., Philadelphia, 1973. MR Zbl

[Luk 2018] J. Luk, “Weak null singularities in general relativity”, J. Amer. Math. Soc. 31:1 (2018), 1-63. MR Zbl

[Luk and Speck 2016] J. Luk and J. Speck, “The hidden null structure of the compressible Euler equations and a prelude to
applications”, 2016. To appear in J. Hyperbolic Differ. Equ. arXiv

[Luk and Speck 2018] J. Luk and J. Speck, “Shock formation in solutions to the 2D compressible Euler equations in the presence
of non-zero vorticity”, Invent. Math. 214:1 (2018), 1-169. MR Zbl

[Majda 1981] A. Majda, “The existence and stability of multidimensional shock fronts”, Bull. Amer. Math. Soc. (N.S.) 4:3
(1981), 342-344. MR Zbl

[Majda 1983a] A. Majda, The existence of multidimensional shock fronts, Mem. Amer. Math. Soc. 281, Amer. Math. Soc.,
Providence, RI, 1983. MR Zbl

[Majda 1983b] A. Majda, The stability of multidimensional shock fronts, Mem. Amer. Math. Soc. 275, Amer. Math. Soc.,
Providence, RI, 1983. MR Zbl

[Merle and Zaag 1997] F. Merle and H. Zaag, “Stability of the blow-up profile for equations of the type u; = Au + |u|P Ly,
Duke Math. J. 86:1 (1997), 143-195. MR Zbl

[Merle and Zaag 2003] F. Merle and H. Zaag, “Determination of the blow-up rate for the semilinear wave equation”, Amer. J.
Math. 125:5 (2003), 1147-1164. MR Zbl

[Merle and Zaag 2005] F. Merle and H. Zaag, “Determination of the blow-up rate for a critical semilinear wave equation”, Math.
Ann. 331:2 (2005), 395-416. MR Zbl

[Merle and Zaag 2007] F. Merle and H. Zaag, “Existence and universality of the blow-up profile for the semilinear wave equation
in one space dimension”, J. Funct. Anal. 253:1 (2007), 43—-121. MR Zbl

[Merle and Zaag 2012] F. Merle and H. Zaag, “Isolatedness of characteristic points at blowup for a 1-dimensional semilinear
wave equation”, Duke Math. J. 161:15 (2012), 2837-2908. MR Zbl

[Merle and Zaag 2015] F. Merle and H. Zaag, “On the stability of the notion of non-characteristic point and blow-up profile for
semilinear wave equations”, Comm. Math. Phys. 333:3 (2015), 1529-1562. MR Zbl

[Merle and Zaag 2016] F. Merle and H. Zaag, “Dynamics near explicit stationary solutions in similarity variables for solutions
of a semilinear wave equation in higher dimensions”, Trans. Amer. Math. Soc. 368:1 (2016), 27-87. MR Zbl

[Merle et al. 2010] F. Merle, P. Raphaél, and J. Szeftel, “Stable self-similar blow-up dynamics for slightly L? super-critical NLS
equations”, Geom. Funct. Anal. 20:4 (2010), 1028-1071. MR Zbl


http://dx.doi.org/10.1007/s11511-008-0031-6
http://dx.doi.org/10.1007/s11511-008-0031-6
http://msp.org/idx/mr/2461508
http://msp.org/idx/zbl/1183.35202
http://dx.doi.org/10.1080/03605309608821177
http://msp.org/idx/mr/1373767
http://msp.org/idx/zbl/0846.35083
http://dx.doi.org/10.1215/S0012-7094-03-11711-1
http://dx.doi.org/10.1215/S0012-7094-03-11711-1
http://msp.org/idx/mr/1962783
http://msp.org/idx/zbl/1031.35091
http://dx.doi.org/10.4007/annals.2005.161.1143
http://msp.org/idx/mr/2180400
http://msp.org/idx/zbl/1089.83006
http://dx.doi.org/10.1007/s00222-014-0567-3
http://msp.org/idx/mr/3402797
http://msp.org/idx/zbl/1330.53089
http://dx.doi.org/10.1016/j.matpur.2013.10.008
http://dx.doi.org/10.1016/j.matpur.2013.10.008
http://msp.org/idx/mr/3205646
http://msp.org/idx/zbl/1320.35096
http://dx.doi.org/10.1007/s00222-007-0089-3
http://dx.doi.org/10.1007/s00222-007-0089-3
http://msp.org/idx/mr/2372807
http://msp.org/idx/zbl/1139.35021
http://dx.doi.org/10.1215/00127094-2009-005
http://dx.doi.org/10.1215/00127094-2009-005
http://msp.org/idx/mr/2494455
http://msp.org/idx/zbl/1170.35066
http://dx.doi.org/10.1063/1.1704154
http://msp.org/idx/mr/0165243
http://msp.org/idx/zbl/0135.15101
http://dx.doi.org/10.2307/2316618
http://msp.org/idx/mr/0298252
http://msp.org/idx/zbl/0228.35019
http://msp.org/idx/mr/0350216
http://msp.org/idx/zbl/0268.35062
http://dx.doi.org/10.1090/jams/888
http://msp.org/idx/mr/3718450
http://msp.org/idx/zbl/1377.83062
http://msp.org/idx/arx/1610.00743
http://dx.doi.org/10.1007/s00222-018-0799-8
http://dx.doi.org/10.1007/s00222-018-0799-8
http://msp.org/idx/mr/3858399
http://msp.org/idx/zbl/06955476
http://dx.doi.org/10.1090/S0273-0979-1981-14908-9
http://msp.org/idx/mr/609047
http://msp.org/idx/zbl/0465.76061
http://dx.doi.org/10.1090/memo/0281
http://msp.org/idx/mr/699241
http://msp.org/idx/zbl/0517.76068
http://dx.doi.org/10.1090/memo/0275
http://msp.org/idx/mr/683422
http://msp.org/idx/zbl/0506.76075
http://dx.doi.org/10.1215/S0012-7094-97-08605-1
http://msp.org/idx/mr/1427848
http://msp.org/idx/zbl/0872.35049
http://dx.doi.org/10.1353/ajm.2003.0033
http://msp.org/idx/mr/2004432
http://msp.org/idx/zbl/1052.35043
http://dx.doi.org/10.1007/s00208-004-0587-1
http://msp.org/idx/mr/2115461
http://msp.org/idx/zbl/1136.35055
http://dx.doi.org/10.1016/j.jfa.2007.03.007
http://dx.doi.org/10.1016/j.jfa.2007.03.007
http://msp.org/idx/mr/2362418
http://msp.org/idx/zbl/1133.35070
http://dx.doi.org/10.1215/00127094-1902040
http://dx.doi.org/10.1215/00127094-1902040
http://msp.org/idx/mr/2999314
http://msp.org/idx/zbl/1270.35320
http://dx.doi.org/10.1007/s00220-014-2132-8
http://dx.doi.org/10.1007/s00220-014-2132-8
http://msp.org/idx/mr/3302641
http://msp.org/idx/zbl/1315.35134
http://dx.doi.org/10.1090/tran/6450
http://dx.doi.org/10.1090/tran/6450
http://msp.org/idx/mr/3413856
http://msp.org/idx/zbl/1339.35062
http://dx.doi.org/10.1007/s00039-010-0081-8
http://dx.doi.org/10.1007/s00039-010-0081-8
http://msp.org/idx/mr/2729284
http://msp.org/idx/zbl/1204.35153

STABLE ODE-TYPE BLOWUP FOR SOME QUASILINEAR WAVE EQUATIONS 145

[Merle et al. 2014] E. Merle, P. Raphaél, and J. Szeftel, “On collapsing ring blow-up solutions to the mass supercritical nonlinear
Schrodinger equation”, Duke Math. J. 163:2 (2014), 369-431. MR Zbl

[Miao 2018] S. Miao, “On the formation of shock for quasilinear wave equations with weak intensity pulse”, Ann. PDE 4:1
(2018), art. id. 10. MR Zbl

[Miao and Yu 2017] S. Miao and P. Yu, “On the formation of shocks for quasilinear wave equations”, Invent. Math. 207:2 (2017),
697-831. MR Zbl

[Raphaél and Rodnianski 2012] P. Rapha¢l and I. Rodnianski, “Stable blow up dynamics for the critical co-rotational wave maps
and equivariant Yang—Mills problems”, Publ. Math. Inst. Hautes Etudes Sci. 115 (2012), 1-122. MR Zbl

[Rauch 1986] J. Rauch, “BV estimates fail for most quasilinear hyperbolic systems in dimensions greater than one”, Comm.
Math. Phys. 106:3 (1986), 481-484. MR Zbl

[Riemann 1860] B. Riemann, “Uber die Fortpflanzung ebener Luftwellen von endlicher Schwingungsweite”, Abh. Konig. Ges.
Wiss. Gottengen 8 (1860), 43-66.

[Rodnianski and Speck 2018a] I. Rodnianski and J. Speck, “A regime of linear stability for the Einstein-scalar field system with
applications to nonlinear big bang formation”, Ann. of Math. (2) 187:1 (2018), 65-156. MR Zbl

[Rodnianski and Speck 2018b] 1. Rodnianski and J. Speck, “Stable big bang formation in near-FLRW solutions to the Einstein-
scalar field and Einstein-stiff fluid systems”, Selecta Math. (N.S.) 24:5 (2018), 4293-4459. MR Zbl

[Rodnianski and Sterbenz 2010] I. Rodnianski and J. Sterbenz, “On the formation of singularities in the critical O(3) o-model”,
Ann. of Math. (2) 172:1 (2010), 187-242. MR Zbl

[Sbierski 2016] J. Sbierski, “On the existence of a maximal Cauchy development for the Einstein equations: a dezornification”,
Ann. Henri Poincaré 17:2 (2016), 301-329. MR Zbl

[Shahshahani 2016] S. Shahshahani, “Renormalization and blow-up for wave maps from 52 x R to §27, Trans. Amer. Math. Soc.
368:8 (2016), 5621-5654. MR Zbl

[Sideris 1984a] T. C. Sideris, “Formation of singularities in solutions to nonlinear hyperbolic equations”, Arch. Rational Mech.
Anal. 86:4 (1984), 369-381. MR Zbl

[Sideris 1984b] T. C. Sideris, “Nonexistence of global solutions to semilinear wave equations in high dimensions”, J. Differential
Equations 52:3 (1984), 378-406. MR Zbl

[Sideris 1985] T. C. Sideris, “Formation of singularities in three-dimensional compressible fluids”, Comm. Math. Phys. 101:4
(1985), 475-485. MR Zbl

[Smith and Tataru 2005] H. F. Smith and D. Tataru, “Sharp local well-posedness results for the nonlinear wave equation”, Ann.
of Math. (2) 162:1 (2005), 291-366. MR Zbl

[Speck 2008] J. R. Speck, On the questions of local and global well-posedness for the hyperbolic PDEs occurring in some
relativistic theories of gravity and electromagnetism, Ph.D. thesis, Rutgers University, 2008, available at https:/tinyurl.com/
speckphd.

[Speck 2016] J. Speck, Shock formation in small-data solutions to 3D quasilinear wave equations, Math. Surveys and Mono-
graphs 214, Amer. Math. Soc., Providence, RI, 2016. MR Zbl

[Speck 2017] J. Speck, “Finite-time degeneration of hyperbolicity without blowup for quasilinear wave equations”, Anal. PDE
10:8 (2017), 2001-2030. MR Zbl

[Speck 2018] J. Speck, “Shock formation for 2D quasilinear wave systems featuring multiple speeds: blowup for the fastest
wave, with non-trivial interactions up to the singularity”, Ann. PDE 4:1 (2018), art. id. 6. MR Zbl

[Speck 2019a] J. Speck, “Multidimensional nonlinear geometric optics for transport operators with applications to stable shock
formation”, Pure Appl. Anal. 1:3 (2019), 447-514. MR Zbl

[Speck 2019b] J. Speck, “A new formulation of the 3D compressible Euler equations with dynamic entropy: remarkable null
structures and regularity properties”, Arch. Ration. Mech. Anal. 234:3 (2019), 1223-1279. MR Zbl

[Speck et al. 2016] J. Speck, G. Holzegel, J. Luk, and W. Wong, “Stable shock formation for nearly simple outgoing plane
symmetric waves”’, Ann. PDE 2:2 (2016), art. id. 10. MR Zbl

[Wong 2013] W. W.-Y. Wong, “A comment on the construction of the maximal globally hyperbolic Cauchy development”,
J. Math. Phys. 54:11 (2013), art. id. 113511. MR Zbl


http://dx.doi.org/10.1215/00127094-2430477
http://dx.doi.org/10.1215/00127094-2430477
http://msp.org/idx/mr/3161317
http://msp.org/idx/zbl/1292.35283
http://dx.doi.org/10.1007/s40818-018-0046-z
http://msp.org/idx/mr/3780823
http://msp.org/idx/zbl/1400.35181
http://dx.doi.org/10.1007/s00222-016-0676-2
http://msp.org/idx/mr/3595936
http://msp.org/idx/zbl/1362.35248
http://dx.doi.org/10.1007/s10240-011-0037-z
http://dx.doi.org/10.1007/s10240-011-0037-z
http://msp.org/idx/mr/2929728
http://msp.org/idx/zbl/1284.35358
http://dx.doi.org/10.1007/BF01207258
http://msp.org/idx/mr/859822
http://msp.org/idx/zbl/0619.35073
http://eudml.org/doc/135717
http://dx.doi.org/10.4007/annals.2018.187.1.2
http://dx.doi.org/10.4007/annals.2018.187.1.2
http://msp.org/idx/mr/3739229
http://msp.org/idx/zbl/1384.83005
http://dx.doi.org/10.1007/s00029-018-0437-8
http://dx.doi.org/10.1007/s00029-018-0437-8
http://msp.org/idx/mr/3874696
http://msp.org/idx/zbl/1402.83120
http://dx.doi.org/10.4007/annals.2010.172.187
http://msp.org/idx/mr/2680419
http://msp.org/idx/zbl/1213.35392
http://dx.doi.org/10.1007/s00023-015-0401-5
http://msp.org/idx/mr/3447847
http://msp.org/idx/zbl/1335.83009
http://dx.doi.org/10.1090/tran/6524
http://msp.org/idx/mr/3458393
http://msp.org/idx/zbl/1339.35063
http://dx.doi.org/10.1007/BF00280033
http://msp.org/idx/mr/759769
http://msp.org/idx/zbl/0564.35070
http://dx.doi.org/10.1016/0022-0396(84)90169-4
http://msp.org/idx/mr/744303
http://msp.org/idx/zbl/0555.35091
http://dx.doi.org/10.1007/BF01210741
http://msp.org/idx/mr/815196
http://msp.org/idx/zbl/0606.76088
http://dx.doi.org/10.4007/annals.2005.162.291
http://msp.org/idx/mr/2178963
http://msp.org/idx/zbl/1098.35113
https://tinyurl.com/speckphd
https://tinyurl.com/speckphd
http://msp.org/idx/mr/3561670
http://msp.org/idx/zbl/1373.35005
http://dx.doi.org/10.2140/apde.2017.10.2001
http://msp.org/idx/mr/3694013
http://msp.org/idx/zbl/1382.35168
http://dx.doi.org/10.1007/s40818-017-0042-8
http://dx.doi.org/10.1007/s40818-017-0042-8
http://msp.org/idx/mr/3740634
http://msp.org/idx/zbl/1400.35182
http://dx.doi.org/10.2140/paa.2019.1.447
http://dx.doi.org/10.2140/paa.2019.1.447
http://msp.org/idx/mr/3985091
http://msp.org/idx/zbl/07114664
http://dx.doi.org/10.1007/s00205-019-01411-7
http://dx.doi.org/10.1007/s00205-019-01411-7
http://msp.org/idx/mr/4011696
http://msp.org/idx/zbl/07114393
http://dx.doi.org/10.1007/s40818-016-0014-4
http://dx.doi.org/10.1007/s40818-016-0014-4
http://msp.org/idx/mr/3595456
http://msp.org/idx/zbl/1402.35173
http://dx.doi.org/10.1063/1.4833375
http://msp.org/idx/mr/3154377
http://msp.org/idx/zbl/1288.83009

146 JARED SPECK

Received 16 Nov 2017. Revised 9 Dec 2018. Accepted 12 Feb 2019.

JARED SPECK: jared.speck@vanderbilt.edu
Vanderbilt University, Nashville, TN, United States

:'msp

mathematical sciences publishers


mailto:jared.speck@vanderbilt.edu
http://msp.org

Analysis & PDE
msp.org/apde

EDITORS

EDITOR-IN-CHIEF
Patrick Gérard
patrick.gerard @math.u-psud.fr

Université Paris Sud XI
Orsay, France

BOARD OF EDITORS

Massimiliano Berti ~ Scuola Intern. Sup. di Studi Avanzati, Italy Gilles Pisier  Texas A&M University, and Paris 6

Michael Christ

Charles Fefferman

Ursula Hamenstaedt

Vadim Kaloshin

Herbert Koch

Izabella Laba

Richard B. Melrose

Frank Merle

William Minicozzi IT

Clément Mouhot

‘Werner Miiller

berti @sissa.it

University of California, Berkeley, USA
mchrist@math.berkeley.edu
Princeton University, USA
cf@math.princeton.edu

Universitdt Bonn, Germany
ursula@math.uni-bonn.de

University of Maryland, USA
vadim.kaloshin @gmail.com
Universitit Bonn, Germany
koch@math.uni-bonn.de

University of British Columbia, Canada
ilaba@math.ubc.ca

Massachussets Inst. of Tech., USA
rbm@math.mit.edu

Université de Cergy-Pontoise, France
Frank.Merle @u-cergy.fr

Johns Hopkins University, USA
minicozz@math.jhu.edu

Cambridge University, UK
c.mouhot@dpmms.cam.ac.uk
Universitit Bonn, Germany

mueller @math.uni-bonn.de

Tristan Riviere

Igor Rodnianski

Yum-Tong Siu

Terence Tao

Michael E. Taylor

Gunther Uhlmann

Andrds Vasy

Dan Virgil Voiculescu

Steven Zelditch

Maciej Zworski

PRODUCTION
production @msp.org

Silvio Levy, Scientific Editor

pisier@math.tamu.edu

ETH, Switzerland

riviere @math.ethz.ch

Princeton University, USA

irod @math.princeton.edu

Harvard University, USA
siu@math.harvard.edu

University of California, Los Angeles, USA
tao @math.ucla.edu

Univ. of North Carolina, Chapel Hill, USA
met@math.unc.edu

University of Washington, USA

gunther @math.washington.edu
Stanford University, USA

andras @math.stanford.edu

University of California, Berkeley, USA
dvv@math.berkeley.edu

Northwestern University, USA
zelditch@math.northwestern.edu
University of California, Berkeley, USA
zworski @math.berkeley.edu

See inside back cover or msp.org/apde for submission instructions.

The subscription price for 2020 is US $340/year for the electronic version, and $550/year (+$60, if shipping outside the US) for print and
electronic. Subscriptions, requests for back issues from the last three years and changes of subscriber address should be sent to MSP.

Analysis & PDE (ISSN 1948-206X electronic, 2157-5045 printed) at Mathematical Sciences Publishers, 798 Evans Hall #3840, c/o Uni-
versity of California, Berkeley, CA 94720-3840, is published continuously online. Periodical rate postage paid at Berkeley, CA 94704, and
additional mailing offices.

APDE peer review and production are managed by EditFlow® from MSP.

PUBLISHED BY
:I mathematical sciences publishers
nonprofit scientific publishing

http://msp.org/
© 2020 Mathematical Sciences Publishers


http://msp.org/apde
mailto:patrick.gerard@math.u-psud.fr
mailto:berti@sissa.it
mailto:mchrist@math.berkeley.edu
mailto:cf@math.princeton.edu
mailto:ursula@math.uni-bonn.de
mailto:vadim.kaloshin@gmail.com
mailto:koch@math.uni-bonn.de
mailto:ilaba@math.ubc.ca
mailto:rbm@math.mit.edu
mailto:Frank.Merle@u-cergy.fr
mailto:minicozz@math.jhu.edu
mailto:c.mouhot@dpmms.cam.ac.uk
mailto:mueller@math.uni-bonn.de
mailto:pisier@math.tamu.edu
mailto:riviere@math.ethz.ch
mailto:irod@math.princeton.edu
mailto:siu@math.harvard.edu
mailto:tao@math.ucla.edu
mailto:met@math.unc.edu
mailto:gunther@math.washington.edu
mailto:andras@math.stanford.edu
mailto:dvv@math.berkeley.edu
mailto:zelditch@math.northwestern.edu
mailto:zworski@math.berkeley.edu
mailto:production@msp.org
http://msp.org/apde
http://msp.org/
http://msp.org/

ANALYSIS & PDE

Volume 13 No.1 2020

Absence of Cartan subalgebras for right-angled Hecke von Neumann algebras 1
MARTIN CASPERS

A vector field method for radiating black hole spacetimes 29
JESUS OLIVER and JACOB STERBENZ

Stable ODE-type blowup for some quasilinear wave equations with derivative-quadratic non- 93

linearities
JARED SPECK

Asymptotic expansions of fundamental solutions in parabolic homogenization 147
JUN GENG and ZHONGWEI SHEN

Capillary surfaces arising in singular perturbation problems 171
ARAM L. KARAKHANYAN

A spiral interface with positive Alt—Caffarelli-Friedman limit at the origin 201
MARK ALLEN and DENNIS KRIVENTSOV

Infinite-time blow-up for the 3-dimensional energy-critical heat equation 215
MANUEL DEL PINO, MONICA MUSSO and JUNCHENG WEI

A well-posedness result for viscous compressible fluids with only bounded density 275
RAPHAEL DANCHIN, FRANCESCO FANELLI and MARIUS PAICU



	1. Introduction
	1A. Paper outline
	1B. The class of wave equations under study
	1C. Rough summary of the results and discussion of the proof
	1C1. Rough summary of the results
	1C2. The main ideas behind the proof of Theorem 7.1

	1D. Our results in the context of prior breakdown-results
	1E. Different kinds of singularity formation within the same quasilinear hyperbolic system
	1F. Notation

	2. Mathematical setup and the evolution equations
	2A. Assumptions on the weight
	2B. The integrating factor and the renormalized solution variables
	2B1. Definitions
	2B2. A crucial identity for I and the I-weighted evolution equations


	3. Assumptions on the initial data and bootstrap assumptions
	3A. Assumptions on the initial data
	3B. Bootstrap assumptions
	3C. Smallness assumptions
	3D. Existence of initial data satisfying the smallness assumptions

	4. Energy identities
	4A. Definitions
	4B. Basic energy identity
	4C. Integral identity for the fundamental L^2-controlling quantity

	5. A priori estimates
	5A. Conventions for constants
	5B. Pointwise estimates tied to the integrating factor
	5C. Pointwise estimates involving the weight
	5D. Pointwise estimates for the inhomogeneous terms in the commuted evolution equations
	5E. The main a priori estimates

	6. Local well-posedness and continuation criteria
	7. The main theorem
	References
	
	

