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THE STABILITY OF SIMPLE PLANE-SYMMETRIC SHOCK FORMATION
FOR THREE-DIMENSIONAL COMPRESSIBLE EULER FLOW
WITH VORTICITY AND ENTROPY

JONATHAN LUK AND JARED SPECK

Consider a one-dimensional simple small-amplitude solution (0 k). v(lbkg)) to the isentropic compressible
Euler equations which has smooth initial data, coincides with a constant state outside a compact set, and
forms a shock in finite time. Viewing (0 k). v(lbkg)) as a plane-symmetric solution to the full compressible
Euler equations in three dimensions, we prove that the shock-formation mechanism for the solution
(0ke)s v(lbkg)) is stable against all sufficiently small and compactly supported perturbations. In particular,
these perturbations are allowed to break the symmetry and have nontrivial vorticity and variable entropy.

Our approach reveals the full structure of the set of blowup-points at the first singular time: within
the constant-time hypersurface of first blowup, the solution’s first-order Cartesian coordinate partial
derivatives blow up precisely on the zero level set of a function that measures the inverse foliation density
of a family of characteristic hypersurfaces. Moreover, relative to a set of geometric coordinates constructed
out of an acoustic eikonal function, the fluid solution and the inverse foliation density function remain
smooth up to the shock; the blowup of the solution’s Cartesian coordinate partial derivatives is caused by
a degeneracy between the geometric and Cartesian coordinates, signified by the vanishing of the inverse
foliation density (i.e., the intersection of the characteristics).
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1. Introduction

It is classically known — going back to the work of Riemann — that the compressible Euler equations
admit solutions for which singularities develop from smooth initial data. Indeed, such examples can
already be found in the plane symmetric isentropic case. In this case, the compressible Euler equations
reduce to a 2 x 2 hyperbolic system in 1+ 1-dimensions, which can be analyzed using Riemann invariants.
In particular, it is easy to show that simple plane-symmetric solutions — solutions with one vanishing
Riemann invariant— obey a Burgers-type equation, and that a shock can form in finite time. By a shock,
we mean that the solution remains bounded but its first-order partial derivative with respect to the standard
spatial coordinate blows up, and that the blowup is tied to the intersection of the characteristics.

In this article, we prove that a class of simple plane-symmetric isentropic small-amplitude shock-
forming solutions to the compressible Euler equations are stable under small perturbations which break the
symmetry and admit variable vorticity and entropy. In particular, the perturbed solutions develop a shock
singularity in finite time. This provides the details of the argument sketched in [37; 52] and completes the
program that we have initiated (partly joint also with Gustav Holzegel and Willie Wai-Yeung Wong) in
[36; 37; 50; 52].

We will consider the spatial domain' ¥ =R x T? = R x (R/Z)? and a time interval 1. Our unknowns
are the density 0 : I x ¥ — R., the velocity v: I x & — R3, and the entropy s : I x & — R. Relative

2

to the standard Cartesian coordinates (¢, x', x2, x3) on I x R x T2, the compressible Euler equations can

be expressed as

(0; + v99,)0 = —o divu, (1-1)
(0, + v 9,0 = —ésf“aap, j=1,2,3, (1-2)
(0 +v99,)s =0, (1-3)

where (from now on) 8" denotes the Kronecker delta, divv = 3,v¢ is the Euclidean divergence of v,
repeated lowercase Latin indices are summed over i, j = 1, 2, 3, and the pressure p relates to ¢ and s by
a prescribed smooth equation of state p = p(o, s). In other words, the right-hand side of (1-2) can be
expressed as . : .

—58” 8ap = —Ep;g(sja aaQ — Ep;sgja Bas,

where p., denotes? the partial derivative of the equation of state with respect to the density at fixed s, and
analogously for p.;.
For the remainder of the paper:

(1) We fix a constant ¢ > 0 and a constant solution (o, v', s) = (g, 0, 0) to (1-1)—(1-3).
(2) We fix an equation of state p = p(o, s) such that> (3p/30)(5,0) = 1.

It is only for technical convenience that we chose the spatial topology R x T2. Similar results also hold, for instance, on R3.

2Later in the paper, we will take the partial derivative of various quantities with respect to the logarithmic density p. If f isa
function of the fluid unknowns, then f. , will denote the partial derivative of f* with respect to p when the other fluid variables
are held fixed. Similarly, f.; denotes the partial derivative of f with respect to s when the other fluid variables are held fixed.

3This normalization can always be achieved by a change of variables as long as (dp/d0)(0, 0) > 0; see [36, footnote 19].
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For notational convenience, we define the logarithmic density p = log(o/0) and the speed of sound
c(p, s) = +/dp/do(o, s). We will from now on think of ¢ as a function of (p, s).

We will study perturbations of a shock-forming background solution (o vkg). vébkg), S(bkg)) arising from
smooth initial data such that the following hold:

(1) The background solution is plane-symmetric and isentropic, i.e., v(zbkg) = vfbkg) = S(bkg) = 0, and
(0(vkg)» v(lbkg)) are functions only of ¢ and x .

(2) The background solution is simple, i.e., the Riemann invariant thik)g) , satisfies

P(bkg)
bk .
R g)—vgbkg)—fo c(p',0)dp’ =0.

(3) The background solution is initially compactly supported in an x'-interval of length < 26, i.e., outside
this interval, (O(bkg)» Vipig)» Sbke)) l1=0= (&, 0, 0).

(4) Attime O (and hence throughout the evolution), the Riemann invariant RE +)g) =y} (bke) T f p(bkg)c(p’ ,0)dp’
has small < & amplitude.
(bkg)

(+) uptothe third order* are bounded above pointwise

(5) Attime 0, the Cartesian spatial derivatives of R
by < §®ke) (where 5®k2) is not necessarily small).

(6) The quantity’ Sibkg) (where kabkg) is not necessarily small) that controls the blowup-time satisfies®

2bkg) . 1 [l{l% 1} (bkg)]
O _2528 ¢ cap(p(bk";)’o)Jr OR)], >0

and the solution forms a shock at time’ T((::g)) (Sibkg))*l.

The analysis for plane-symmetric solutions can be carried out easily using Riemann invariants. It is then
straightforward to check that there exists a large class of plane-symmetric solutions satisfying (1)—(6)
above.

We now provide a rough version of our main theorem; see Section 4B for a more precise statement.

Theorem 1.1 (main theorem, rough version). Consider a plane-symmetric, shock-forming background
solution (Q(vke), vébkg), S(bkg)) satisfying (1)—(6) above, where the parameter & from point (4) is small.
Consider a small perturbation of the initial data of this background solution satisfying the following
assumptions (see Section 4A for the precise assumptions):

4In the one-dimensional case, one only needs information about the data’s first derivative to close a proof of blowup for a
simple plane wave. However, when studying perturbations in three dimensions, we need estimates on these derivatives up to third
order in order to close the proof. For example, the proof of the bound (8-23c) relies on having control of up to these third-order
derivatives (as is provided by (8-20b)—(8-20c)), and we use the bound (8-23c¢) in the proof of Lemma 14.2 as well as in the proof
of the energy estimates in the Appendix.

5One can check that this rules out the Chaplygin gas, whose speed of sound (after normalization) is glven by c(p, s) =exp(—p).
One can also check that for any other equation of state, it is possible to choose ¢ appropriately so that 6 > 0.

SHere, [ - ]+ denotes the positive part.

"In the plane-symmetric, isentropic, 91mple case, ’RE &) satisfies the transport equation BIRE + (v(bk ) +c(Pbkg)) -
81RE +) &_ 0, and the blowup-time 0{ 817)1 1) can easily be computed exphc1tly by commuting thls transport equation with 9
to obtain a Riccati-type ODE in 9; R( ) along the integral curves of d; + (U(bk o +c(P(bkg)))01-
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o The perturbation is compactly supported in a region of x'-length < 26.

o The perturbation belongs to a high-order Sobolev space, where the required Sobolev regularity is
independent of the background solution and equation of state.

o The perturbation is small, where the smallness is captured by the small parameter 0 < € < 1, and
the required smallness depends on the order of the Sobolev space, the equation of state, and the
parameters of the background solution.

Then the corresponding unique perturbed solution satisfies the following:

(1) The solution is initially smooth, but it becomes singular at a time T(sing), which is a small perturbation

of the background blowup-time Pk -1

(2) Defining® R+ =v' + fop c(p’, s)dp’, we have the singular behavior

limsup sup [91R4)| = +o0. (1-4)
t—To  {}xE

(sing)

(3) Relative to a geometric coordinate system (t, u, x2, x3), where u is an eikonal function, the solution
remains smooth, all the way up to time Tsing). In particular, the partial derivatives of the solution with
respect to the geometric coordinates do not blow up.

(4) The blowup at time T(sing) is characterized by the vanishing of the inverse foliation density u (see
Definition 2.15) of a family of acoustically null hypersurfaces defined to be the level sets of u.

(5) In particular, the set of blowup-points at time T(sing) is characterized by

{(u,xz,x3)eRxT2: Jim sup |81R(+)|(f,12,)22,)23)=oo}

(F.0.52.5%) > (T

sing) s X2, x3)

= {(u, x%, x%) € Rx T? : W(T(sing), u, X%, x°) = 0},

2

where |81R(+)|(f, i, X2, %3) denotes the absolute value of the Cartesian partial derivative 01 R+ evalu-

ated at the point with geometric coordinates (i, i, 2, 53).

(6) At the same time, as T sing) is approached from below, the fluid variables o, vi, s all remain bounded,
as do the specific vorticity 2' = (curlv)' /(0/0) and the entropy gradient S = Vs.

The proof of Theorem 1.1 relies on two main ingredients: (i) Christodoulou’s geometric theory of shock
formation for irrotational and isentropic solutions, in which case the dynamics reduces to the study of
quasilinear wave equations and (ii) a (re-)formulation of the compressible Euler equations as a quasilinear
system of wave-transport equations, which was derived in [50], following the earlier works [36; 37] in the
barotropic® case. This formulation exhibits remarkable null structures and regularity properties, which in
total allow us to perturbatively control the vorticity and entropy gradient all the way up to the singular

8In higher dimensions or in the presence of dynamic entropy, R () is not a Riemann invariant because its dynamics is not
determined purely by a transport equation. Nonetheless, for comparison purposes, we continue to use the symbol R to denote
this quantity.

oA barotropic fluid is such that the equation of state for the pressure is a function of the density alone, as opposed to being a
function of the pressure and entropy.
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time — even though generically, their first-order Cartesian partial derivatives blow up at the singularity.
See Section 1A for further discussion of the proof.
Some remarks are in order.

Remark 1.2. Note that even though the rough Theorem 1.1 is formulated in terms of plane-symmetric
background solutions, we do not actually “subtract off a background” in the proof. See Theorem 4.3 for
the precise formulation.

Remark 1.3 (results building up towards Theorem 1.1).

o Concerning stability of simple plane-symmetric shock-forming solutions to the compressible Euler
equations, the first result was our joint work with G. Holzegel and W. Wong [52], which proved the analog'”
of Theorem 1.1 in the case!! where the perturbation is irrotational and isentropic (i.e., 2 =0, S = 0).

 In[36], we proved the first stable shock formation result without symmetry assumptions for the compress-
ible Euler equations for open sets of initial data that can have nontrivial specific vorticity §2. Specifically,
in [36], we treated the two-dimensional barotropic compressible Euler equations (see footnote 9). One
of the key points in [36] was our reformulation of equations into a system of quasilinear wave-transport
equations which has favorable nonlinear null structures. This allowed us to use the full power of the
geometric vectorfield method on the wave part of the system while treating the vorticity perturbatively.

 In [37], we considered three-dimensional barotropic compressible Euler flow and derived a similar
reformulation of the equations that allowed for nonzero vorticity. In contrast to the two-dimensional case,
the transport equation satisfied by the specific vorticity §2 featured vorticity-stretching source terms (of
the schematic form £2 - dv). In order to handle the vorticity-stretching source terms in the framework
of [36], we also showed in [37] that §2 satisfies a div-curl-transport system with source terms that are
favorable from the point of view of regularity and from the point of view of null structure. We refer to
Section 1A6 for further discussion of this point.

« To incorporate thermodynamic effects into compressible fluid flow, one must look beyond the family of
barotropic equations of state, e.g., consider equations of state in which the pressure depends on the density
and entropy.!? Fortunately, in [50], it was shown that a similar good reformulation of the compressible
Euler equations holds under an arbitrary equation of state (in which the pressure is a function of the
density and the entropy) in the presence of vorticity and variable entropy. In the present paper, we use
this reformulation to prove our main results; we recall it below as Theorem 5.1. The analysis in [50]
is substantially more complicated compared to the barotropic case, and the basic setup requires the

10We remark that while [52] only explicitly stated a theorem in two spatial dimensions, the analogous result in three (or
indeed higher) dimensions can be proved using similar arguments; see [52, Remarks 1.4,1.11].

'The main theorem in [52] is stated for general quasilinear wave equations. Particular applications to the relativistic
compressible Euler equations in the irrotational and isentropic regime can be found in [52, Appendix B]. It applies equally well
to the nonrelativistic case.

12Incorporating entropy into the analysis is expected to be especially important for studying weak solutions after the shock
(see Section 1B4 for further discussion), since formal calculations [16] suggest that the entropy (even if initially zero) should
jump across the shock hypersurface, which in turn should induce a jump in vorticity.
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observation of some new structures tied to elliptic estimates for £2 and S, such as good regularity and
null structures tied to the modified fluid variables from Definition 2.7.

This paper completes the program described above by giving the analytic details already sketched in
[37; 50]. Chief among the analytic novelties in the present paper are the elliptic estimates for £2 and S at
the top-order; see [37, Sections 1.3, 4.2.7], [50, Section 4.3] and Section 1A6. We also point out that
there are other related works, which we discuss in Section 1B.

Remark 1.4 (blowup and boundedness of quantities involving higher derivatives). For generic pertur-
bations, derivatives of fluid variables other than R (whose blowup was highlighted in (1-4)) can also
blow up. In particular, while the 9, and 93 derivatives of the fluid variables are identically O for the
plane-symmetric background solutions, for the perturbed solution, d,v’, say, is generically unbounded at
the singularity. This is because the perturbation changes the geometry of the solution, and the regular
directions no longer align with the Cartesian directions.

On the other hand, there are indeed higher derivatives of the fluid variables that remain bounded up to
the singular time. These include the specific vorticity and the entropy gradient that we already mentioned
explicitly in Theorem 1.1. Moreover, any null-hypersurface-tangential geometric derivatives (see further
discussions in Section 1A) of the fluid variables are also bounded up to the singular time. This is not just
a curiosity, but rather is a fundamental aspect of the proof.

Remarkably, there are additionally quantities, denoted by C and D (these variables were identified
in [50], see (2-5a)—(2-5b)), which are special combinations of up-to-second-order Cartesian coordinate
derivatives of the fluid variables, which remain uniformly bounded up to the singularity (as do their
derivatives in directions tangent to a family of null hypersurfaces); C and D are precisely the modified fluid
variables mentioned in Remark 1.3. The existence of such regular higher-order quantities is not only an
interesting fact, but is also quite helpful in controlling the solution up to the first singularity; see Section 1A.

Finally, as a comparison with our two-dimensional work [36], note that in the two-dimensional case,
we proved that the specific vorticity remains Lipschitz (in Cartesian coordinates) up to the first singular
time. This is no longer the case in three dimensions. Indeed, in the language of this paper, the improved
regularity for the specific vorticity in [36] stems from the fact that in two dimensions, the Cartesian
coordinate derivatives of the specific vorticity £2 coincide with C.

Remark 1.5 (additional information on subclasses of solutions). Within the solution regime we study, we
are able to derive additional information about the solution by making further assumptions on the data.
For instance, there are open subsets of data such that the vorticity/entropy gradient are nonvanishing at
the first singularity, and also open subsets of data such that the fluid variables remain Holder!'* C'/3 up to
the singularity. See Section 4B for details.

Remark 1.6 (the maximal smooth development). The approach we take here allows us to analyze the
solution up to the first singular time, and our main results yield a complete description of the set of
blowup-points at that time (see, for example, conclusions (4)—(5) of Theorem 1.1). However, since

13The Holder estimates hold only for an open subset of data satisfying certain nondegeneracy assumptions. They were not
announced in [37; 50]. We were instead inspired by [9; 11] to include such estimates.
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the compressible Euler equations are a hyperbolic system, it is desirable to go beyond our results by
deriving a full description of the maximal smooth development of the initial data, in analogy with [15].
Understanding the maximal smooth development is particularly important for the shock development
problem; see Section 1B4 below.

Our methods, at least on their own, are not enough to construct the maximal smooth development.'#
This is in part because our approach here relies on spatially global elliptic estimates on constant-¢
hypersurfaces; the point is that a full description of the smooth maximal development would require
spatially localized estimates. On the other hand, the recent preprint [1] discovered an integral identity
that allows the elliptic estimates to be localized, and thus gives hope that Theorem 1.1 can be extended to
derive the structure of the full maximal smooth development.

Remark 1.7 (no universal blowup-profile). One of the main advantages of our geometric framework is
that it works for many kinds of singular solutions, not just those exhibiting a specific blowup-profile. In
particular, the solutions featured in Theorem 1.1 do not exhibit a universal blowup-profile. Although we do
not rigorously study the full class of blowup-profiles exhibited by the solutions from Theorem 1.1, the full
class is likely quite complicated to describe. This can already be seen in model case of Burgers’ equation,
where there are a continuum of possible blowup-profiles and corresponding blowup-rates [27] (recall that
we work in the near plane-symmetric regime and our work includes, as special cases, plane-symmetric
solutions, which are analogs of Burgers’ equation solutions). A related issue is that at the time of first
singularity formation, the set of blowup-points can be complicated and/or of infinite cardinality (as one
can already see in the special case of plane-symmetric solutions, viewed as solutions in three dimensions
with symmetry).

Remark 1.8 (the relativistic case). While our present work treats only the nonrelativistic case, it is likely
that the relativistic case can also be treated in the same way. This is because the relativistic compressible
Euler equations also admit a similar reformulation as we consider here, and likewise the variables in the
reformulation also exhibit a very similar null structure [25].

In the remainder of the Introduction, we will first discuss the proof in Section 1A and then discuss some
related works in Section 1B. We will end the introduction with an outline of the remainder of the paper.

1A. Ideas of the proof.

1A1. The Christodoulou theory. The starting point of our proof is the work of Christodoulou [15] on
shock formation for quasilinear wave equations.'> Consider the following model quasilinear covariant
wave equation for the scalar function W: Ugy)W = 0, where the Cartesian component functions gqp are
given (nonlinear in general) functions of W, i.e., g4g = gap (V). Our study of compressible Euler flow in

14Notice that in our earlier result [36] for the isentropic Euler equations in two spatial dimensions, we also only solved the
equations up to the first singular time. However, there is an important difference. In the two-dimensional case, there does not
seem to be a philosophical obstruction in extending [36] to provide a complete description of the maximal smooth development.
In contrast, in the three-dimensional case it seems that ideas in [1] would be needed in a fundamental way.

15Strictly speaking, [15] is only concerned with the irrotational isentropic relativistic Euler equations. However, its methods
apply to much more general quasilinear wave equations; see further discussions in [30; 48].
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this paper essentially amounts to studying a system of similar equations with source terms and showing
that the source terms do not radically distort the dynamics. This is possible only because the source terms
have remarkable null structure, described below.

A key insight for studying the formation of shocks, going back to [15], is that it is advantageous to
study the shock formation via a system of geometric coordinates. The point is that when appropriately
constructed, such coordinates regularize the problem, which allows one to treat the problem of shock
formation as if it were a standard local existence problem. More precisely, one constructs geometric
coordinates, adapted to the flow, such that the solution remains regular relative to them.!® However,
the geometric coordinates degenerate relative to the Cartesian ones, and the blowup of the solution’s
first-order Cartesian coordinate partial derivatives can be derived as a consequence of this degeneracy.

To carry out this strategy, one must use the Lorentzian geometry associated to the acoustical metric g
(see Definition 2.9). The following geometric objects are of central importance in implementing this
program:

« A foliation by constant-u characteristic hypersurfaces F, (where g‘l(du, du) = 0; see (2-13)). The
function u is known as an “acoustic eikonal function”.

o The inverse foliation density (= —1/g ' (dt, du)), where u~! measures the density of F,, with respect
to the constant-t hypersurfaces.

o A frame of vectorfields {L, X, Y, Z}, where {L, Y, Z} are tangent to F,, (with L being its null generator)
and X is transversal to F,; see Figure 1, where we have suppressed the Z-direction.

e {L, X, Y, Z}is a frame that is “comparable” to the Cartesian frame {9,, 91, 92, 93}, by which we mean
the coefficients relating the frames to each other are size O(1).

o However, in the analysis, uniform boundedness estimates are generally available for the derivatives of
quantities with respect to only the rescaled frame elements {L, X =uX,Y, Z}.

The analysis simultaneously yields control of the derivatives of W with respect to the rescaled frame
and gives also quantitative estimates on the geometry. In this geometric picture, the blowup is completely
captured by pu — 0. The connection between the vanishing of p and the blowup of some Cartesian
coordinate partial derivative of W can be understood as follows: one proves an estimate of the form
|XW| ~ 1 (which is consistent with the uniform boundedness estimates mentioned above). In view of the
relation X = pX, this estimate implies that | X W| blows up like 1/p as p— 0.

We now give a more detailed description of the behavior of the solution, with a focus on how it behaves
at different derivative levels.

» As our discussion above suggested, at the lower derivative levels, derivatives of quantities with respect
to the rescaled frame are regular, e.g., LV, X v, YV, ZV, ..., L3XY W, etc. are uniformly bounded.

167t should be emphasized that it is only at the low derivative levels that the solution is regular. The high-order geometric
energies can still blow up, even though the low-order energies remain bounded. The possible growth of the high-order energies is
one of the central technical difficulties in the problem, and we will discuss it below in more detail.
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o As we highlighted above, the formation of the shock corresponds to L — 0 in finite time, and moreover,
the nonrescaled first-order derivative X\W blows up in finite time, exactly at points where | vanishes.

e The main difficulty in the proof is that the only known approach to the solution’s regularity theory
with respect to the rescaled frame derivatives that is able to avoid a loss of derivatives allows for the
following possible scenario: the energy estimates are such that the high-order geometric energies might
blow up when the shock forms. This leads to severe difficulties in the proof, especially considering that
one needs to show that the low-order derivatives of the solution remain bounded in order to derive the
singular high-order energy estimates.!”

In [15], Christodoulou showed that the maximum possible blowup-rate of the high-order energies is of
the form p.:zp (t), where P is a universal positive constant and (., (f) = min{l, miny, u}. To reconcile
this possible high-order energy blowup with the regular behavior at the lower derivative levels, one is
forced to derive a hierarchy of energy estimates of the form, where M, is a universal'® positive integer:

Eng, () S EWT81), By 1 () SER30), g 2(0) SER@), L, (155)

where Ey denotes the energy after N commutations and all energies are by assumption initially of small
size €2. In other words, the energy estimates become less singular by two powers of 1, for each descent
below the top derivative level. Importantly, despite the possible blowup at higher orders, all the sufficiently

low-order energies are bounded, which, by Sobolev embedding, is what allows one to show the uniform

pointwise boundedness of the solution’s lower-order derivatives:!°

Ntop_M*

> Enn) S E (1-6)

N=1

1A2. The nearly simple plane-symmetric regime. Christodoulou’s work [15] concerned compactly sup-

d20

ported?” initial data in R>, a regime in which dispersive effects dominate for a long time before the

singularity formation processes eventually take over. In a joint work with Holzegel and Wong [52], we
adapted the Christodoulou theory to the almost simple plane symmetric regime. The important point
is that the commutators {L, Y, Z}, in addition to being regular derivatives near the singularity, also
simultaneously capture the fact that the solution is “almost simple plane symmetric.” Moreover, the
following analytical considerations were fundamental to the philosophy of the proof in [52]:

17The possible high-order energy blowup has its origins in the presence of some difficult factors of 1/ in the top-order
energy identities, where one must work hard to avoid a loss of derivatives. To close the energy estimates, one commutes the
wave equation many times with the 7, -tangent subset {L, Y, Z} of the rescaled frame. The most difficult terms in the commuted
wave equation are top-order terms in which all the derivatives fall onto the components of {L, Y, Z}. It turns out that due to the
way the rescaled frame is constructed, the corresponding difficult error terms depend on the top-order derivatives of the eikonal
function u. In Proposition A.4, we identify these difficult commutator terms. To avoid the loss of derivatives, one must work
with modified quantities and use elliptic estimates. It is in this process that one creates difficult factors of 1/p.

180ur proof of the universality of M, in the presence of vorticity and entropy requires some new observations, described
below (1-11).

19The lowest-order energy Eu (¢) is excluded from this estimate because it is not of small size é
of 5( R(+) .

20More precisely, his work addressed compactly supported irrotational perturbations of constant, nonvacuum fluid solutions.

2 owing to the largeness
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« All energy estimates can be closed by commuting only with tangential derivatives {L, Y, Z} (and
without X). This is a slightly different strategy than we used in our paper [36] in the two-dimensional
case, in which we closed the energy estimates by commuting the equations with strings of tangential
derivatives {L, Y, Z}, as well as strings that contain up to one factor of X. In [36], we also could have
closed the energy estimates by commuting only with tangential derivatives {L, Y, Z}, but we would have
had to work with the modified fluid variable C (which, though fundamental in three dimensions, was not
needed in [36] due to the absence of the vorticity-stretching term) or to treat the Cartesian gradients 9, £2°
as independent unknowns.

« After being commuted with (at least one of) L, Y, Z, the wave equation solutions are small. In particular,
we can capture the smallness from “nearly simple plane-symmetric” data without explicitly subtracting
the simple plane-symmetric background solution; see also Remark 1.2.

1A3. The reformulation of the equations. In order to extend Christodoulou’s theory so that it can be
applied to the compressible Euler equations, a crucial first step is to reformulate the compressible Euler
equations as a system of quasilinear wave equations and transport equations. Here, the transport part of
the system refers to the vorticity and the entropy, and the intention is to handle them perturbatively.

As we mentioned earlier, the reformulation has been carried out in [36; 37; 50]. Here we highlight the
main features and philosophy of the reformulation, and explain how we derived it.

(1) To the extent possible, formulate compressible Euler flow as a perturbation of a system of quasilinear
wave equations.

(a) We compute [l,v', Ogp, and s, where [, is the covariant wave operator associated to the
acoustical metric (see (2-7)). Then using the compressible Euler equations (1-1)—(1-3), we eliminate
and re-express many terms.

(b) We find that v, p, and s do not exactly satisfy wave equations; instead, the right-hand sides contain
second derivatives of the fluid variables, which we will show to be perturbative, despite their
appearance of being principal order in terms of the number of derivatives.

(2) The “perturbative” terms mentioned above are equal to good transport variables that we identify,
specifically (£2, S, C, D). These variables behave better than what one might naively expect, from the
points of view of their regularity and their singularity strength.

(a) While both £2¢ = (curlv)’/(0/0) and S = Vs are derivatives of the fluid variables, they play a
distinguished role since they satisfy independent transport equations, and obey better bounds than
generic first derivatives of the fluid variables.

(b) We have introduced the modified fluid variables C' and D (see Definition 2.7), which, up to lower-
order correction terms, are equal to (curl £2)' and As = div S respectively. These quantities satisfy
better estimates than generic first derivatives of £2 and S, which is crucial for our proof.

1A4. The remarkable null structure of the reformulation. In the reformulation of compressible Euler
flow, we consider the unknowns to be all of (v?, p,s, 20,8, C', D). Note that these include not only the
fluid variables, but also higher-order variables which can be derived from the fluid variables.
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The equations satisfied by these variables take the following schematic form (see Theorem 5.1 for the

precise equations):2!
=]

Oe(v, p, $) = 3(v, p) - 8 (v, p) +(£2, 5) - 8(v, p) + (C, D), (1-7)
B($2,8)=(£2,5) -0, p), (1-8)
B(C,D)=0(,p)-0(8£2,5)+(£2,5)-0(v,p)-d(v,p)+S-S-9a(v, p). (1-9)

=JI =II

Here, U, is the covariant wave operator associated to the acoustical metric (see (2-7)) and B = 9; + v“9,
is the transport operator associated with the material derivative (cf. (1-1)—(1-3)).

Although it is not apparent from the way we have written it, the system of equations (1-7)—(1-9) has a
remarkable null structure! Importantly, the terms 7, /I and /1] are g-null forms: when decomposed in the
{L, X,Y, Z} frame, we do not have X, p)-X(vi, p) in I and /11, nor do we have X (v, p)- X (£2, S) in I1.

Because X (v', p) is the only derivative that blows up (while X (v', p) is bounded), it follows that given a
g-null form Q in the fluid variables (see Definition 8.1 concerning g-null forms), such as Q(dv’, dv/), the
quantity pQ(dv’, dv/) remains bounded up to the singularity, while a generic quadratic nonlinearity Qpaq
would be such that 1Qp,q(0 vi, dv/) blows up when p vanishes.

As is already observed in [48], a null form 7 on the right-hand side of the wave equation allows all the
wave estimates in Section 1A1 to be proved. As we will discuss below, the null forms /I and /II in (1-9)
will also be important for estimating the full system.

1AS. Estimates for the transported variables. To control solutions to the system (1-7)—(1-9), we in
particular need to estimate the transport variables (£2, S, C, D) and understand how they interact with
the wave variables (v, p, s) on the left-hand side of (1-7). Here, we will discuss the estimates at the low
derivative levels. We will discuss the difficult technical issues of a potential loss of derivatives and the
blowup of the higher-order energies in Sections 1A6 and 1A7 respectively.

We begin with two basic — but crucial — properties regarding the transport operator for the compressible
Euler system, which were already observed in [36]:

o The transport vectorfield B is transversal to the null hypersurfaces F,; see Figure 1, where some
integral curves of B are depicted. As a result, one gains a power of p by integrating along B; i.e., for
solutions ¢ to B¢ = §, we have ||@l=~ < ||uS] L.

e WB is a regular vectorfield in the (t,u, x*, x°) differential structure. Thus, if B¢ = § and pF has
bounded {L, Y, Z} derivatives, then ¢ also has bounded {L, Y, Z} derivatives.

We now apply these observations to (1-8) and (1-9):

» Even though 9 (v, p) blows up as the shock forms, nd (v, p) remains regular. This is because po can be
written as a linear combination of the rescaled frame vectorfields {1 X, L, Y, Z} (see Section 1A1) with

21Here, our notation above the brackets is such that 3 (v, p) - d(v, p) may contain all of dvidvs, 9v'dp and 9pdp. A similar
convention applies for other terms.
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Figure 1. The dynamic vectorfield frame at two distinct points on F,, with the Z-direction
suppressed, and the integral curves of the transport operator B for the specific vorticity
and entropy.

coefficients that are O(1) or O(u). Hence, the above observations imply that (§2, S) and their {L, Y, Z}
derivatives are bounded.

 The null structure and the bounds for the wave variables and (§2, §) together imply that the right-hand
side of (1-9) is O(u~1). Thus, C, D and their {L, Y, Z} derivatives are also bounded.

1A6. Elliptic estimates for the vorticity and the entropy gradient. Despite the favorable structure of
(1-7)—(1-9), there is apparently a potential loss of derivatives. To see this, consider the following simple
derivative count. Suppose we bound (v, p, s) with Ny, + 1 derivatives. Equation (1-7) dictates?? that
we should control (C, D) with Ny, derivatives. If we rely only on (1-8), then we can only bound Ny
derivatives of (£2, S). However, this is insufficient: plugging this into (1-9) and using only transport
estimates, we are only able to control Ny, — 1 derivatives of (C, D), which is not enough.

The key to handling this difficulty is the observation that in fact, C and D can be used in conjunction
with elliptic estimates to control one derivative of §2 and S. This is because up to lower-order terms,
C ~ curl £2 and D =~ div S, while at the same time, by the definitions of £2 and S — precisely that £2 is
almost a curl of a vectorfield and S = Vs is an exact gradient—div £2 and curl § are of lower order in
terms of the number of derivatives. It follows that we can control all first-order spatial derivatives of §2
and S, including C and D, using elliptic estimates.

1A7. L? estimates for the transport variables and the high-order blowup-rate. We end this section with
a few comments on the L2 energy estimates for the transport variables (§2, S) (and (C, D)), with a focus
on how to handle the degeneracies tied to the vanishing of L.

First, due to the eventual vanishing of p and the corresponding blowup of the wave variables, we need
to incorporate | weights into our analysis of the transport variables (§2, S) (and (C, D)). In particular, we

22We use here the fact that inverting the wave operator gains one derivative.
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need to incorporate 1 weights into the transport equations and energies so that the wave terms appearing
as inhomogeneous terms in the energy estimates for the transport variables are regular. Importantly,
despite the need to rely on p weights in some parts of the analysis, the “transport energy” that we
construct controls a nondegenerate energy flux (i.e., an energy flux without p weights) on constant-u
hypersurfaces F,,. That this energy flux is bounded can be thought of as another manifestation of the
transversality of the transport operator and F,. More precisely, with X, denoting constant-# hypersurfaces,
we have, roughly, L? estimates of the following form, where PV is an order-N differential operator
corresponding to repeated differentiation with respect to the F,-tangent vectorfields {L, Y, Z}:

sup [PV (2, )72, + sup [IPY(2, 972,
t'e[0,1) u'€[0,u) ‘

< data terms + regular wave terms —|—f . 1PN ($2, S)||%2(JT ) du’. (1-10)
i u
Here, the nondegenerate energy flux (i.e., the energy along F, on the left-hand side of (1-10), which does
not have a p-weight) allows one to absorb the last term on the right-hand side of (1-10) using Gronwall’s
inequality?® in u (as opposed to Gronwall’s inequality in # which has a loss in ). For the lower-order
energies, the “regular wave terms” are indeed bounded (see (1-6)), which in total allows us to prove that
the transport energies on the left-hand side of (1-10) are also bounded at the lower derivative levels.
Second, since the higher-order energies of the wave variables (v, p, s) can blow up as p,(#) — 0 (even
in the absence of inhomogeneous terms; see (1-5)), (1-10) allows for the possibility that the higher-order
energies of the transport variables (§2, S) (and (C, D)) might also blow up. Hence, one needs to verify that
there is consistency between the blowup-rates (with respect to powers of u ') associated to the different
kinds of solution variables. That is, using (1-10) and the wave energy blowup-rates from (1-5), one needs
to compute the expected blowup-rate of the transport variables and then plug these back into the energy
estimates for the wave variables to confirm that the transport terms have an expected singularity strength
that is consistent with wave energy blowup-rates. See, for example, the proof of Proposition 12.7.
Third, due to issues mentioned in Section 1A6, the transport estimates at the top-order are necessarily
coupled with elliptic estimates. By their nature, the elliptic estimates treat derivatives in all spatial
directions on the same footing. This clashes with the philosophy of bounding the solution with respect to
the rescaled frame (which would mean that derivatives in the Y and Z frame directions should be more
I To illustrate the
difficulties and our approach to overcoming them, we first note that, suppressing many error terms, we

regular than those in the X-direction), and it leads to estimates that are singular in p_

can derive a top-order inequality of the following form, with 9 denoting Cartesian spatial derivatives and
A denoting a constant depending on the equation of state:

/PN (2, )l 125,
t'=t

< CEPUTMRE (1) 4 A / w @) raPNr (2, ) as, i’ +- -+ . (1-11)
t'=0

Cu

B0ur analysis takes place in regions of bounded u width, so that factors of e“~* which arise in our Gronwall estimates can be

bounded by a constant.
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To apply Gronwall’s inequality to (1-11), one must quantitatively control the behavior of the crucial
“Gronwall factor” f,t,/:ot A/ (t")dt. A fundamental aspect of our analysis is that w,(¢) tends to 0
linearly®* in ¢ towards the blowup-time. It follows that one can at best prove an estimate of the form
ftt,/:ot u:l t)dt' < log(p:l)(t) (recall that p,(#) = min{1, miny, 1}, and see Proposition 8.11 for related
estimates). Using only this estimate and applying Gronwall’s inequality to (1-11), we find (ignoring the
error terms - - - ) that [|[9PNer (2, $) || 2(5,) S €71y max{O(A). 2M.:=2.8} 1y Notice that unless A is small,
the dominant blowup-rate in the problem would be the one corresponding to these elliptic estimates for
(£2, S), which could in principle be much larger than the blowup-rates corresponding to the irrotational
and isentropic case.”

However, we can prove a better result: we can show that the blowup-rates are not dominated by the top-
order elliptic estimates for the transport variables, but rather by the blowup-rates for the wave variables.?
The key to showing this is to replace the estimate (1-11) with a related L? estimate that features weights in
the eikonal function u; see Proposition 11.4. Thanks to the u weights, the corresponding constant A in this
analog of (1-11) can be chosen to be arbitrarily small, and thus the main contribution to the blowup-rate
comes from the wave variables error terms, which are present in the ““- - -’ on the right-hand side of (1-11).
That this can be done is related to the fact that we have good flux estimates for top derivatives of C and D
on F,. We refer to Propositions 11.2, 11.10, and 11.11 for the details.

1B. Related works.

1B1. Shock formation in one spatial dimension. One-dimensional shock formation has a long tradition
starting from [45]. See the works of Lax [34], John [31], Liu [35], and Christodoulou and Raoul Perez
[20], as well as the surveys [12; 24] for details.

1B2. Multidimensional shock formation for quasilinear wave equations. Multidimensional shock for-
mation for quasilinear wave equations was first proven in Alinhac’s groundbreaking papers [3; 4; 5].
Alinhac’s methods allowed him to prove the formation of nondegenerate shock singularities which, roughly
speaking, are shock singularities that are isolated within the constant-time hypersurface of first blowup.
The problem was revisited in Christodoulou’s monumental book [15], which concerned the quasilinear
wave equations of irrotational and isentropic relativistic fluid mechanics. In this book, Christodoulou
introduced methods that apply to a more general class of shock singularities than the nondegenerate ones
treated by Alinhac and, for a large open subset of these solutions, are able to yield a complete description
of the maximal smooth development, up to the boundary. This was the starting point of his follow-up
breakthrough monograph [16] on the restricted shock development problem.

24The linear vanishing rate is crucial for the proof of Proposition 8.11 and for the Gronwall-type estimates for the energies
that we carry out in Proposition 12.7 and in the Appendix. See (14-1) for a precise description of how i, goes to 0.

B1n principle, the largeness of A would not be an obstruction to closing the estimates. It would just mean that the number of
derivatives needed to close the problem would increase in the presence of vorticity and entropy. We refer readers to the technical
estimates in Section A9 for clarification on the role that the sizes of various constants play in determining the blowup-rates in the
problem, as well as the number of derivatives needed to close the proof.

26T other words, our approach yields the same maximum possible high-order energy blowup-rates for the wave variables in
the general case as it does for irrotational and isentropic solutions.
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For quasilinear wave equations, there are many extensions, variations, and simplifications of [15],
some of which adapted Christodoulou’s geometric framework to other solution regimes. See, for instance,
[14; 18; 19; 30; 41; 42; 48; 52].
1B3. Multidimensional shock formation for the compressible Euler equations. Multidimensional singu-
larity formation for the compressible Euler equations without symmetry assumptions was first discovered
by Sideris [47] via an indirect argument. A constructive proof of stable shock formation in a symmetry-
reduced regime for which multidimensional phenomena (such as dispersion and vorticity) are present was
given by Alinhac in [2]. See also [10; 11].

All the works in Section 1B2 on quasilinear wave equations can be used to obtain an analogous
result for the compressible Euler equations in the irrotational and isentropic regime, where the dynamics
reduces to a single, scalar quasilinear wave equation for a potential function. The regime of small,
compact, irrotational perturbations of nonvacuum constant fluid states was treated in Christodoulou’s
aforementioned breakthrough work [15] in the relativistic case, and later in [19] in the nonrelativistic case.

Shock formation beyond the irrotational and isentropic regime was first proven in [36; 37; 50]. These
are already discussed above; see Remark 1.3.

In very interesting recent works [10; 11], Buckmaster, Shkoller and Vicol provided a philosophically
new proof of stable singularity formation without symmetry assumptions in three dimensions under
adiabatic equations of state in a solution regime with vorticity and/or dynamic entropy for initial data such
that precisely one singular point forms at the first singular time; these are analogs of the nondegenerate
singularities that Alinhac studied [3; 4; 5] in the case of quasilinear wave equations. Moreover, in their
regime (compare with Remark 1.7), they proved that the singularity is a perturbation of a self-similar
Burgers shock. See also the two-dimensional precursor work [9] in symmetry, and the recent work [7],
which, in two dimensions in azimuthal symmetry, constructed a set of shock-forming solutions whose
cusp-like spatial behavior at the singularity is unstable (nongeneric).

1B4. Shock development problem. In the one-dimensional case, the theory of global solutions of small
bounded variation (BV) norms [6; 28] allows one to study solutions that form shocks, as well as the
subsequent interactions of the shocks in the corresponding weak solutions. In higher dimensions, the
compressible Euler equations are ill-posed in BV spaces [44]. Nonetheless, in two or three dimensions,
one still hopes to develop a theory that allows one to uniquely extend the solution as a piecewise smooth
weak solution beyond the first shock singularity and to prove that the resulting solution has a propagating
shock hypersurface. This is known as the shock development problem.

Even though the shock development problem for the compressible Euler equations in its full generality
is open in higher dimensions, it has been solved under spherical symmetry in three dimensions, or in
azimuthal symmetry in two dimensions. See [18; 55] and, most recently, [8].

In the irrotational and isentropic regime, the restricted shock development problem was solved in
the recent monumental work [16] of Christodoulou without any symmetry assumptions. Here, the word
“restricted” means that the approach of [16] does not exactly construct a weak solution to the compressible
Euler equations, but instead yields a weak solution to a closely related hyperbolic PDE system such
that the solution was “forced” to remain irrotational and isentropic. Nonetheless, this gives hope that
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under an arbitrary equation of state for the compressible Euler equations in three dimensions, one could
construct a unique weak solution with a propagating shock hypersurface, starting from the first singular
time exhibited in Theorem 1.1. To solve this problem would in particular require extending the ideas in
[16] beyond the irrotational and isentropic regime. This is an outstanding open problem.

1BS. Other singularities for the compressible Euler equations. It has been known since [29; 46] that the
compressible Euler equations admit self-similar solutions. Recently, this has been revisited by Merle,
Raphaél, Rodnianski and Szeftel [39] to show that singularities more severe than shocks can arise in three
dimensions starting from smooth initial data. See also [40; 38] for some spectacular applications.

1B6. Singularity formation in related models. For shock formation results concerning some other multi-
speed hyperbolic problems, see [49; 51] by the second author.

Interestingly, there are also nonhyperbolic models with stable self-similar blowup-profiles modeled on
a self-similar Burgers shock. Examples include the Burgers equation with transverse viscosity [23], the
Burgers—Hilbert equations [54], and the fractal Burgers equation [13], as well as general dispersive or
dissipative perturbations of the Burgers equation [43]. See also [21; 22].

1B7. Other works. The framework we introduced in [36; 37; 50] is useful in other low-regularity settings.
See for example results on improved regularity for vorticity/entropy in [25], and results on local existence
with rough data in [26; 53; 56].

1C. Structure of the paper. The remainder of the paper is structured as follows.

Sections 2—4 are introductory sections. We introduce the basic setup in Section 2, and we define the
norms and energies in Section 3. The setup is similar to the setups in [36; 52]. Then in Section 4, we
state our precise assumptions on the initial data and give a precise statement of our main results, which
we split into several theorems and corollaries.

In Section 5, we recall the results of [50] on the reformulation of the equations, which is important for
the remainder of the paper.

The bulk of paper is devoted to proving the main a priori estimates, which we state in Section 6 as
Theorem 6.3. The proof of Theorem 6.3, which we provide in Section 14, relies on a set of bootstrap
assumptions that we also state in Section 6. Next, after an easy (but crucial) finite-speed-of-propagation
argument in Section 7, in Section 8, we cite various straightforward pointwise and L*° estimates for
geometric quantities found in [52], and we complement these results with a few related ones that allow us
to handle the transport variables.

We then turn to the main estimates in this paper. In Section 9, we carry out the transport estimates,
specifically L estimates and energy estimates, for §2, S and their derivatives. In Section 10, we prove
analogous transport estimates for C, D, and their derivatives, except we delay the proof of the top-order
estimates until the next section. In Section 11, we derive the top-order estimates for C and D, which, as
we described in Section 1A7, requires elliptic estimates in addition to transport estimates. In total, these
estimates for the transport variables can be viewed as the main new contribution of the paper.

Next, in Section 12, we derive energy estimates for the fluid wave variables. For convenience,
we have organized the wave equation estimates so that they rely on an auxiliary proposition, namely
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Proposition 12.1, that provides estimates for solutions to the fluid wave equations in terms of various
norms of their inhomogeneous terms, which for purposes of the proposition, we simply denote by &. To
prove the final a priori energy estimates for the wave equations, which are located in Proposition 12.7,
we must use the bounds for & that we obtained in the previous sections, including the bounds for the
transport variables. Since the auxiliary result Proposition 12.1 does not rely on the precise structure
of &, it can be proved using essentially same arguments that have been used in previous works on shock
formation for wave equations. For this reason, and to aid the flow of the paper, we delay the proof of
Proposition 12.1 until the Appendix.

Next, in Section 13, we use the energy estimates to derive L estimates for the wave variables. In
particular, these estimates yield improvements of the L bootstrap assumptions that we made in Section 6.

In Section 14, we combine the results of the previous sections to provide the proof of the main a priori
estimates as well as the main theorems and their corollaries.

Finally, in the Appendix, we provide the details behind the proof of the auxiliary result Proposition 12.1.
The proof relies on small modifications to the proofs of [36; 52] that account for the third spatial dimension
(note that three dimensions wave equations were also handled in [15; 48]), as well as the presence of the
inhomogeneous terms & in the wave equations.

2. Geometric setup

In this section, we construct most of the geometric objects that we use to study shock formation and
exhibit their basic properties.

2A. Notational conventions and remarks on constants. The precise definitions of some of the concepts
referred to here are provided later in the article.

o Lowercase Greek spacetime indices «, 8, etc. correspond to the Cartesian spacetime coordinates (see
Section 2C) and vary over 0, 1, 2, 3. Lowercase Latin spatial indices a,b, etc. correspond to the Cartesian
spatial coordinates and vary over 1, 2, 3. Uppercase Latin spatial indices A,B, etc. correspond to the
coordinates on ¢; , and vary over 2, 3. All lowercase Greek indices are lowered and raised with the

1

acoustical metric g and its inverse g, and not with the Minkowski metric. We use Einstein’s summation

convention in that repeated indices are summed.

e By “-” we denote the natural contraction between two tensors. For example, if & is a spacetime one-form
and V is a spacetime vectorfield, then & -V = £,V

 If £ is an ¢; ,-tangent one-form (as defined in Section 2J), then £# denotes its g-dual vectorfield, where g
is the Riemannian metric induced on €, , by g. Similarly, if £ is a symmetric type-(J) ¢ ,-tangent tensor,
then & denotes the type—(}) £, ,-tangent tensor formed by raising one index with g_l and & denotes
the type- (é) £, ,-tangent tensor formed by raising both indices with g_l.

o If V is an ¢, ,-tangent vectorfield, then V;, denotes its g-dual one-form.

o If V and W are vectorfields, then Vyy = VW, = gogV* we.
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o If & is a one-form and V is a vectorfield, then &y = &,V We use similar notation when contracting
higher-order tensorfields against vectorfields. For example, if & is a type-(g) tensorfield and V and W are
vectorfields, then &y = Eqp VWP,

o Unless otherwise indicated, all quantities in our estimates that are not explicitly under an integral are
viewed as functions of the geometric coordinates (¢, u, x%, x*). Unless otherwise indicated, integrands
have the functional dependence established below in Definition 3.1.

e [01, O2]1= 0102 — Q>0 denotes the commutator of the operators O and Q5.

¢« A < B means that there exists C > 0 such that A < CB. A~ B means that A < B and B < A.
A = O(B) means that |A| < |B].

o The constants C are free to vary from line to line. These constants, and implicit constants as well, are
allowed to depend on the equation of state, the background 0, the maximum number of times Ny that we
commute the equations, and the parameters &, d and 5, ' from Section 4A.

o Constants C, are also allowed to vary from line to line, but unlike C, the C, are only allowed to depend
on the equation of state and the background .

 In the Appendix, there appear absolute constants M,,s, which can be chosen to be independent of the
equation of state and all other parameters in the problem.

« For our proof to close, the high-order energy blowup-rate parameter M, needs to be chosen to be large
in a manner that depends only on M,s; hence, M, can also be chosen to be an absolute constant.

o The integer Ny, denotes the maximum number of times we need to commute the equations to close
the estimates. For our proof to close, Ny, needs to be chosen to be large in a manner that depends only
on M,. Ny, could be chosen to be an absolute constant, but we choose to think of it as a parameter that
we are free to adjust so that we can study solutions with arbitrary sufficiently large regularity.

« For our proof to close, the data-size parameters & and € must be chosen to be sufficiently small, where
the required smallness is clarified in Theorem 6.3. We always assume that &!/2 < &.

e A <, B means that A < C, B, with C, as above. Similarly, A = O,(B) means that |A| < C,|B]|.

« For example, 5.2 = O(1), 2+ &+ &2 = O,(1), && = O(&), C,&* = O,(&), N!'& = O(¢), and
C& = O(1). Some of these examples are nonoptimal; e.g., we actually have &€& = O, (€).

e | -] and [ -] respectively denote the standard floor and ceiling functions.

2B. Caveats on citations. Before we introduce our geometric setup, we should say that our setup is
essentially the same as that in [36; 52], except for some small differences. We will therefore cite whenever
possible the computations in [36; 52], except we will need to take into account the following differences:

o The work [52] allows for very general metrics, while in the present paper, we are only concerned with
the acoustical metric for the compressible Euler equations. In citing [52], we sometimes adjust formulas
to take into account the explicit form of the Cartesian metric components g,g stated in Definition 2.9.



THE STABILITY OF SIMPLE PLANE-SYMMETRIC SHOCK FORMATION 849

» The papers [36; 52] concern two spatial dimensions (with ambient manifold ¥ = R x T), while in the
present paper, we are concerned with three spatial dimensions (with & = R x T?).

e In [52], the metric components g,s were functions of a scalar function W, as opposed to the array 7
(defined in (2-3)). For this reason, we must make minor adjustments to many of the formulas from [52]
to account for the fact that in the present article, W is an array.

In all cases, our minor adjustments can easily be verified by examining the proof in [52].

2C. Basic setup and ambient manifold. We recall again the setup from the Introduction. We will work
on the spacetime manifold 7 x ¥ (with / C R a time interval and ¥ = R x T? the spatial domain). We fix
a standard Cartesian coordinate system {x*}y—0 12,3 on I x X, where t = x¥ € I is the time coordinate
and x = (x', x2, x3) € R x T? are the spatial coordinates.2” We use the notation {0a}a=0.1,2,3 (Or 3; = 09p)
to denote the Cartesian coordinate partial derivative vectorfields.

In this coordinate system, the plane-symmetric solutions are exactly those whose fluid variables are
independent of (x2, x3).

2D. Fluid variables and new variables useful for the reformulation. As we already discussed in
Section 1A3, at the heart of our approach is a reformulation of the compressible Euler equations in terms
of new variables. We introduce these new variables in this subsection; see Definitions 2.3 and 2.7.

The basic fluid variables are (o, v', s) (see the Introduction). We fix an equation of state p = p(o, )
and a constant 0 > 0 such that p.,(0,0) = 1.

Definition 2.1. Define the logarithmic density p and the speed of sound c(p, s) by

0
p:log(§>, c(p.$) =/ L0, 5).
0 do

Remark 2.2. As is suggested by our notation, we will consider c(p, s) as a function of (p, s). The
normalization of p., that we stated above is equivalent to

c(0,0)=1. (2-1)
Definition 2.3 (the fluid variables arrays).

(1) Define the almost Riemann invariants®® R+, as follows (recall Definition 2.1):

P
Ry =v' £ F(p, ), F(p,S)i/ c(p’,s)dp'. (2-2)
0

2TWhile the coordinates x2, x3 on T2 are only locally defined, the corresponding partial derivative vectorfields d,, d3 can be

extended so as to form a global smooth frame on T2. Similar remarks apply to the one-forms dx?, dx3 These simple observations
2 x3 themselves are never directly
relevant; what matters are estimates for the components of various tensorfields with respect to the frame {9, d1, 9>, 93} and the
basis dual coframe {dt, dx!, dx2, dx3}, which are everywhere smooth.

ZSR(i) coincide with the well-known Riemann invariants in the plane-symmetric isentropic case. Even though they are no

are relevant for this paper because when we derive estimates, the coordinate functions x

longer “invariant” in our case, they are useful in capturing smallness.
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(2) Define the array of wave variables:*°
U= (W), W, W3, Wy, Ws) = (Rep), Ry, 07,07, 9), (2-3)

Remark 2.4. We sometimes use the simpler notation W in place of U when there is no danger of
confusion. At other times, we use the notation W to denote a generic element of W. The precise meaning
of the symbol W will be clear from context.

Remark 2.5 (clarification on our approach to estimating p and v'). Recall that we have introduced R«
to allow us to capture the fact that our solutions are perturbations of simple plane waves (for which
only R(4) is nonvanishing). In the one-dimensional isentropic case, {R(4), R(-)} can be taken to be
the unknowns in place of {p, v!}. A similar remark holds in the present three-dimensional case as well,
provided we take into account the entropy. Specifically, from (2-1) and Definition 2.3, it follows that
vl = %(R(H +R(-)), and that when p, v!, and s are sufficiently small (as is captured by the smallness
parameters & and € described at the beginning of Section 4A), we have (via the implicit function theorem)
P=MR4) —R))- F (R —R(~), 5), where F is a smooth function. This allows us to control p and v'
in terms of R(4), R(~), and s. Throughout the article, we use this observation without explicitly pointing
it out. In particular, even though many of the equations we cite explicitly involve p and v', it should be
understood that we always estimate these quantities in terms of the wave variables Ry, R(-), and s,
which are featured in the array (2-3).

Definition 2.6 (Euclidean divergence and curl). Denote by>? div and curl the Euclidean spatial divergence
and curl operator. That is, given a X,-tangent vectorfield V = V49, define

divV =9,V (curl V) = €0, V?, 2-4)
where €;4, is the fully antisymmetric symbol normalized by €23 = 1.
Definition 2.7 (the higher-order variables).
(1) Define the specific vorticity to be the X,-tangent vectorfield with the Cartesian spatial components
i . (curl v)’  (curl v)’

0/6  exp(p)
(2) Define the entropy gradient to be the X,-tangent vectorfield with the Cartesian spatial components

2

ST = 9;s.
(3) Define the modified fluid variables by

2 P:s

= exp(—p) (curl Q) +exp(—3p)c 22 899,0" — exp(—3p)c*2 Pis
o

K
D =exp(—2p) div S — exp(—2p)S“9,p. (2-5b)

(9,04 S, (2-5a)

We think of C as a X;-tangent vectorfield with Cartesian spatial components given by (2-5a).

29Thr0ugh0ut, we consider U as an array of scalar functions; we will not attribute any tensorial structure to the labeling
index 1 of W, besides simple contractions, denoted by ¢, corresponding to the chain rule; see Definition 2.13.
30This is in contrast to djv; see Definition 2.33.
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2E. The acoustical metric and related objects in Cartesian coordinates. Hidden within compressible
Euler flow lies a geometric structure captured by the acoustical metric, which governs the dynamics of
the sound waves. We introduce in this subsection the acoustical metric g in Cartesian coordinates.

Definition 2.8 (material derivative vectorfield). We define the material derivative vectorfield as follows
relative to the Cartesian coordinates:

B =0, +v90,. (2-6)

Definition 2.9 (the acoustical metric). Define the acoustical metric g (in Cartesian coordinates) by

3
g= —dt®dt+c_22(dx“ —v?dt) ® (dx* — v dt). 2-7)

a=1

The following lemma follows from straightforward computations.

Lemma 2.10 (the inverse acoustical metric). The inverse of the acoustical metric g from (2-7) can be
expressed as

3
¢ =—BeB+Y 0,04, (2-8)

a=1
Remark 2.11 (closeness to the Minkowski metric). In our analysis, v and ¢ — 1 will be small, where
the smallness is captured by the parameters & and € described at the beginning of Section 4A. Recalling
(2-7), we see that g will be L*°-close to the Minkowski metric. It is therefore convenient to introduce the
decomposition

2up(0) =mop + g5 (W), mgp =diag(—1,1,1,1), (2-9)
where m is the Minkowski metric and g(small)(\ll) is a smooth function of ¥ such that
g (U =0)= (2-10)
Definition 2.12 (\fl—derivatives of gug). Fora, B =0,...,3and1=1,...,5, we define

G;,,g(\foia%gaﬁ@), Gap = Gap(W) = (GLg(D), G25(D), Gi4(D), Gag(D), Gop(D)). (2-11)

For each fixed 1 € {1, ..., 5}, we think of {G? ﬂ}a B=0
tensorfield. Slmllarly, we think of {Gaﬁ}a B=0

3, as the Cartesian components of a spacetime

.....

3 as the Cartesian components of an array-valued

.....

spacetime tensorfield.

Definition 2.13 (operators involving \fl). Let Uy, Uy, V be vectorfields. We define

5
VU = (VU V8, VU3, VU, V), Gup,o V8 =Y Gl UtUS VY, (2-12)
1=1
We use similar notation with other differential operators in place of vectorfield differentiation. For
example, éUl U, © 4&\_19 = lezl Gfx,s Uy UfA\II, (where A is defined in Definition 2.33).
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2F. The acoustic eikonal function and related constructions. To control the solution up to the shock,
we will crucially rely on an eikonal function for the acoustical metric.

Definition 2.14 (acoustic eikonal function). The acoustic eikonal function (eikonal function for short) u
solves the eikonal equation initial value problem

(g )Pogudgu =0, du>0, ul—o=6—x" (2-13)
where & > 0 is the constant controlling the initial support (recall Theorem 1.1).

Definition 2.15 (inverse foliation density). Define the inverse foliation density p by
-1

= h 214
R T T 19

Note that 1/p measures the density of the level sets of u relative to the constant-time hypersurfaces ;.
For the data that we will consider, we have p [y~ 1. When p vanishes, the level sets of u intersect and,
as it turns out, maxy=0,1,2,3 |0 #| and maxy—o,1,2.3 |04 R(+)|, blow up.

The following quantities, tied to W, play an important role in our description of the singular behavior
of our high-order energies.

Definition 2.16. Define W, (¢, 1) and . (¢) by31
W, (f, u) imin{l,min p.(t,u/)}, (1) imin{l,min u}.
u'<u ¥

2G. Subsets of spacetimes.

Definition 2.17 (subsets of spacetime). For 0 < ¢’ and 0 </, define

Yo ={(t,x) eRx (RxT? |r=1}, (2-15a)

SY={(1,x) ERx RxT?) |t=1, 0<u(t,x) <u'}, (2-15b)

Fo={t,x) e Rx (RxT?) |u(t,x)=u'}, (2-15¢)

FLo={t,x) eRx RxTH|0<t<t, ut,x)=u}, (2-15d)

Crw =F NS ={(t,x) eRx RxT?) |t =1, u(t,x) =u'}, (2-15¢)

Mew= | Fin{t.x) eRx RxT}) 0=t <1}, (2-15f)
uel0,u’]

LR I3

We refer to the X, and X} as “constant time slices,” the F, and F; as “null hyperplanes,” “null

characteristics,” or “acoustic characteristics,” and the ¢; , as “tori.” Note that M, , is

LR N3

hypersurfaces,
“open-at-the-top” by construction.

31By definition, p. (7, u) > p,(¢) for all u € R. Note that by the localization lemma (Lemma 7.1) we prove below, we have
W (1) = 1 (2, Ug). In most of the proof, it suffices to consider the function . (¢) without considering w4 (¢, u). The more refined
definition for (¢, #) will only be referred to in the Appendix, so that the formulas take the same forms as their counterparts in
[36; 52].
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—>

1

x eR

Figure 2. The spacetime region and various subsets. The (unlabeled and uncolored) flat
front and back surfaces should be identified.

2H. Important vectorfields, the rescaled frame, and the nonrescaled frame.
Definition 2.18 (important vectorfields). (1) Define the geodesic null vectorfield by
L{Geoy = —(87")" dqu. (2-16)
(2) Define the rescale null vectorfield (recall the definition of p in (2-14)) by
L = puL (Geo)- (2-17)
(3) Define X to be the unique vectorfield that is X,-tangent, g-orthogonal to the ¢; ,, and normalized by
g(L,X)=—L (2-18)
Define the “rescaled” vectorfield X by
X = pX. (2-19)

(4) Define Y and Z respectively to be the g-orthogonal projection®? of the Cartesian partial derivative
vectorfields d, and 93 to the tangent space of ¢, ,, i.e.,

Y =0,—g(0, X)X, Z=0;—g(33, X)X. (2-20)

(5) We will use vectorfields in & = {L, Y, Z} for commutation, and we therefore refer to them as
commutation vectorfields. An element of & will often be denoted schematically by P (see also
Definition 3.4).

We collect some basic properties of these vectorfields; see [52, (2.12), (2.13) and Lemma 2.1] for
proofs.

3270 see that Y and Z are tangent to £ ,, one can use (2-18), (2-23), the fact that B is g-orthogonal to X, and the fact that 9;
is tangent to X;. Alternatively, see (2-30b).
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Lemma 2.19 (basic properties of the vectorfields).
(1) L(Geo) is geodesic and null, i.e.,
8(L(Geo)> L(Geo)) =0, DL Geo) L(Geo) = 0,
where 2 is the Levi-Civita connection associated to g.

(2) The following identities hold:

Lu=0, Lt=L1"=1, Xu=1, Xr=X"=0, (2-21)

gX,X)=1, ¢X, =1 gL X)=-1, gL X)=—p (2-22)

(3) The vectorfield B (see (2-0)) is future-directed, g-orthogonal to ¥, and is normalized by g(B,B)=—1.
Moreover,

B=0+v'9, =L+ X, (2-23)

B, =8, (2-24)

where 85 is the Kronecker delta.
21. Transformations. Having introduced various vectorfields in Section 2H, we now derive some related
transformation formulas that we will use later on.

Definition 2.20 (coordinate vectorfields in geometric (¢, u, x*, x*)-coordinates). Define (7, #,,, #2, #3)
to be the coordinate partial derivative vectorfields in the geometric (¢, u, x2, x3)-coordinate system.

Definition 2.21 (Cartesian components of geometric vectorfields).

(1) Define L’ and X' to be the Cartesian i-th components of L and X respectively. (Note L' 4+ X' —v =0;
see (2-23).)

(2) Define®® L (smany and X smary by

1 . 1 2 . 2 3 . 3

L(small) =L —1, L(small) =L L(small) =L, (2-253)
1 . 1 2 - yv2 3 . w3

Xsmamy =X +1, Xigmany = X7 Xigmany = X+ (2-25b)

Lemma 2.22 (relations between {0y }o=012,3 and {L, X, Y, Z}). The following identities hold:

& ==L+ X —v',, (2-26a)
_ X2 X3

=c 2X1X—FY—FZ, (2-26b)

Hh=Y+C32XHX, »=Z+(CX>X. (2-26¢)

Proof. Equation (2-26a) is simply a restatement of (2-23), and (2-26¢) follows from (2-20) and g(94, X) =
c72X4 for A =2, 3 (see (2-7)). Finally, to obtain (2-26b), we write X = X“d, and use (2-26c¢) to obtain
3

1 X?
0= 71— () + XX = 7Y = S5 7.
This then implies (2-26b) since 3> _, (X%)2 = ¢? by g(X, X) = 1 (see (2-22)) and (2-7). O

33The notation is suggestive of the fact that these quantities are of size O(&) (and hence small).
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Lemma 2.23 (relation between {d,} and {L, X, Y, Z}). The following identities hold, where repeated
capital Latin indices are summed over A = 2, 3:

L=4+L"a, X =#u+uX 4, (2-27a)

Y =(1—-c (X))t — XX, Z=(1—-c@X))iI— XX (2-27b)
Proof. Equation (2-27a) is an immediate consequence of (2-21) (and (2-19)).

To derive the first equation in (2-27b), simply note that Yx> =1 — ¢ 2(X?)?> and Yx3 = —cX?X> by

(2-26¢), and that Yt = Yu = O since Y is ¢, ,-tangent. The second equation in (2-27b) follows from
similar reasoning. ]

Lemma 2.24 (relation®* between {d,}4—1.2.3, {#u» 72, #3}, and (X,Y, Z}). The following identities hold:

2 2 3
J, = %al = X — uc? (;)2 Y — uc? (;)zz, (2-282)
X2 X2\2 x2x3
az=32—F81:{1+<F> }Y+Wz, (2-28b)
X3 X2X3 X3 2
a3=a3_Fa‘=(XWY+{H(F) }Z. (2-28¢)

Proof. 1t suffices to derive the identities

pe? X2 X3
X XU
it is straightforward to see that the first identities in each of (2-28a)—(2-28c) follow from (2-29); the second

identities in (2-28a)—(2-28c) then follow from the first ones and Lemma 2.22. To prove (2-29), we invert
(2-27b) to obtain (with the help of the identity ZZ: (X )2 = ¢2, which follows from (2-22) and (2-7)):

2 x3\? x2x3 x2x3 c? X2\?
a2={<x1>2 B (F) }” xpl B <X1>2Y+{<X1>2 B (F) }Z

On the other hand, by (2-26¢), Yx! = —¢72X2X! and Zx' = —c72X>X". Hence,

Jux' = (2-29)

X? X3
aQXI:_F’ 83x1=——-
Plugging back into the second identity in (2-27a), we obtain

3

3
Jux' =pX' = uxax' =px'+ )
A=2 A=2

(XA)2 HCZ
XU T xU

where we again used Z?:l (X2 = 2. O

34We could also obtain #; = d; + (L' + (X2L2 + X3L3) /X1)07. Since this will not be explicitly needed, we will not prove it.
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2J. Projection tensorfields, é(frame), and projected Lie derivatives.

Definition 2.25 (projection tensorfields). We define the ¥, projection tensorfield® IT and the ¢, , projec-
tion tensorfield I relative to Cartesian coordinates as

HVM = SUM + BvBM = (SVM - SVOLM - 8UOXM’ (2—303)
WA =8r+X,L*F+L,(L*+X*)=86"—8"L"H+ L, X" (2-30b)

In (2-30a)—(2-30b), 8,/ is the standard Kronecker delta. The last equalities in (2-30a) and (2-30b) follow
from (2-23)—(2-24).

Definition 2.26 (projections of tensorfields). Given any type- ('r': ) spacetime tensorfield &, we define its
3, projection 1§ and its £; , projection JI§ as

Sl T fm 1V Vn g B jl
(OEfm = [ O I I ER 0, (2-31a)
W1t = T M1 " v D, e R
(ME' ull---unm —_ ﬁl P 17[,;2”:” \)]1 e Unn é’ﬁl,.,"}’nm« (2—31b)

We say that a spacetime tensorfield & is X,-tangent (respectively ¢, ,-tangent) if [1& = & (respectively
if 1§ = &). Alternatively, we say that & is a X, tensor (respectively ¢, , tensor).

Definition 2.27 (¢, , projection notation). If & is a spacetime tensor, then ¢ = JIE.
If & is a symmetric type—(g) spacetime tensor and V is a spacetime vectorfield, then ¢, = J(&y),
where &y is the spacetime one-form with Cartesian components &,, V¢, (v =0, 1, 2, 3).

Remark 2.28 (clarification of the symbols (d,, @, @, #3)). We caution that the coordinate partial deriva-
tive vectorfields (d;, @, @2, #3) from Definition 2.20 are not ¢, ,, projections of other vectorfields; i.e., for
(@:, @4, #2, #3), we are not using the “slash conventions” of Definition 2.27.

Throughout, Ly & denotes the Lie derivative of the tensorfield & with respect to the vectorfield V. We
often use the Lie bracket notation [V, W] = Ly W when V and W are vectorfields.

Definition 2.29 (3;- and ¢; ,-projected Lie derivatives). If  is a tensorfield and V is a vectorfield, we
define the X;-projected Lie derivative Ly & and the ¢; ,-projected Lie derivative £y as

LvE=NLyE, Ly&E=TLyE. (2-32)
Definition 2.30 (components of G relative to the nonrescaled frame). We define
G trame) = (G11. Grx. Gxx. Gy . Gy . G). (2-33)
where éaﬁ is defined in (2-11).

Our convention is that derivatives of é(frame) form a new array consisting of the differentiated compo-
nents. For example,

£:G (irame) = {L(G L), L(G L), ... £, G},

35 (2-30a), we have corrected a sign error that occurred in [52, Definition 2.8].
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where .
L(Gr) ={L(G};), L(G3,), ..., L(G3 )},
L1(Gy) = LB, L (G, - £ (G},
etc.

2K. First and second fundamental forms and covariant differential operators.

Definition 2.31 (first fundamental forms). Let IT and 1 be as in Definition 2.27. We define the first
fundamental form 8 of ¥, and the first fundamental form ¢ of ¢, , as

g=1IHg, g=TIg. (2-34)
We define the inverse first fundamental forms by raising the indices with g~
@™ =@ e ) gap. @M =@ (e s (2-35)

where 8 is the Riemannian metric on X, induced by g, while ¢ is the Riemannian metric on ¢, ,, induced
by g. Simple calculations imply that (g~')** g, = IT, and (g~ g =T

2

Lemma 2.32 (identities for induced metrics). In the (¢, u, x*, x>)-coordinate system, we have

2.2

wle x4 > XAXB
g:wd”@du—}lz (X1)2 (dxA®du+du®dxA)+g, g: Z C_2(8AB+ (X1)2 )dxA®d)CB.
A=2 A,B=2
Moreover,

3
g = Z (848 — X" XP)Js @ ¥ 5.
A,B=2
Proof. The identities for g and g follow easily from Lemma 2.24 and the fact that g;; = c_zf),-j in Cartesian
coordinates (see (2-7)). The identity for g‘l follows from inverting the matrix_(g Ap)A.B=2,3 and using
the identity Z?:l (X% = ¢2, which follows from the first identity in (2-22) and (2-7). [l

Definition 2.33 (differential operators associated to the metrics).
* 2 denotes the Levi-Civita connection of the acoustical metric g.
« Y denotes the Levi-Civita connection of g.

o If f is a scalar function on ¢, ,, then df =V f = 12 f, where Z f is the gradient one-form associated
to f.
o If & is an ¢, ,-tangent one-form, then djv¢§ is the scalar function djvé, = gfl -VE.

o Similarly, if V is an ¢, ,-tangent vectorfield, then dWV = g_l - YV,, where V, is the one-form g-dual
to V.

o If & is a symmetric type- (g) £, ,-tangent tensorfield, then djvé is the £, ,-tangent one-form djvé = g‘l VE,
where the two contraction indices in Y ¢, correspond to the operator ¥ and the first index of &,

e A= g_] - ¥? denotes the covariant Laplacian corresponding to ¢.
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2L. Ricci coefficients.
Definition 2.34 (Ricci coefficients).
(1) Define the second fundamental form k of ¥, and the null second fundamental form x of £, , as
k=3Lpg. X=3fig (2-36)
(2) Define  to be the ¢, ,-tangent one-form whose components are given by
C@a) =g(Zy,L, X) = 'g(2,L, X), A=2,3. (2-37)
(3) Given any symmetric type-(g) ¢, 4-tangent tensorfield &, define its trace by
try &= (¢~ P 4.

Lemma 2.35 (useful identities for the Ricci coefficients). The following identities hold:®

X = 2as@LY ® x)) + 3G o LY + 140 @ G, — LG, @47, (2-38a)
try X = garg AL @ (@)} + 171 Go LY, (2-38b)
F=lu ' Go XU+ LGo LY — 13 @d¥— i &G — L3y @d¥ - LgT &Gy, (2380)
(=—tu'G o XU+ LGy o LU —1G x o d¥ — LGyx o dV. (2-38d)

Proof. This is the same as [52, Lemmas 2.13, 2.15] except for small modifications incorporating the third
dimension. ]

2M. Pointwise norms. We always measure the magnitude of ¢, , tensors®’ using g

Definition 2.36 (pointwise norms). For any type- ( ) £, tensor ‘Em v, we define

6= Ry, R, @ e e b, 239

2N. Transport equations for the eikonal function quantities. The next lemma provides the transport
equations that, in conjunction with (2-38b), we use to estimate the eikonal function quantities p, Lésma“),

and try X below top order.

Lemma 2.37 ([52, Lemma 2.12] the transport equations satisfied by p and Lésmall)). The following

transport equations hold:

%é LOX\_I}—lMéLLOL\_I}—MéLXoL\_I}, (2—40)
LL =1G1 o (LW)X — G o (L) dx' +1G 10 (@) dx'. (2-41)

- 0 o o
36Here, G @4V = 2?21 @; ®d¥,, and similarly for the other terms involving ®.
37Note that in contrast, for ¥; tensors, we measure their magnitude using the Euclidean metric or an equivalent norm; see, for
example, Definition 11.1.
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20. Calculations connected to the failure of the null condition. Many important estimates are tied to
the coefficients G L. In the next two lemmas, we derive expressions for G 11 and %é LL < XW. This
presence of the latter term on the right-hand side (2-40) is tied to the failure of Klainerman’s null condition
[32] and thus one expects that the product must be nonzero for shocks to form; this is explained in more
detail in the survey article [30] in a slightly different context.

Lemma 2.38 (formula for %é LL < X \f!). Let F be the smooth function of (p, s) from (2-2), and let F.
denote its partial derivative with respect to s at fixed p. For solutions to (1-1)—(1-3), we have
1G o XW =1 e e+ DIXRe — XR)) — tue 2X LR (1) + LR())

—ue (XL + XL — el e XOS due T e T e + DFG XS, (2-42)
Proof. This is the same as [36, Lemmas 2.45, 2.46], except for minor modifications incorporating the
third dimension and the entropy (via the c.;-dependent and F.-dependent products). ]

3. Volume forms and energies

In this section, we first define geometric integration forms and corresponding integrals. We then define
the energies and null fluxes which we will use in the remainder of the paper to derive a priori L-type
estimates.

3A. Geometric forms and related integrals. We define our geometric integrals in terms of area and
volume forms that remain nondegenerate relative to the geometric coordinates throughout the evolution
(i.e., all the way up to the shock).

Definition 3.1 (geometric forms and related integrals). Define the area form dA4 on ¢;,, the area

form dw on XY, the area form d@ on F, and the volume form deo on M, , as follows (relative to the

(¢, u, x2, x3)-coordinates):

dx*dx?
clX'’

dw =dw@ (', u, x*, x) =d (' u, x*, ¥} dt',  do =do (' ,u',x* x3) =dA\(t' o', x%, x¥)du' dt’.

dhg =dNg(t,u, x*, x°) = do =dw (t,u,x*, x) =dAg(t,u', x*, x>) du',

It is understood that unless we explicitly indicate otherwise, all integrals are defined with respect to

the forms of Definition 3.1. Moreover, in our notation, we often suppress the variables with respect to

2

which we integrate; i.e., we write fi, fdhg= f(x2 e f @ u, x2, x3) dAg(t, u, x%, x3), etc.

The following lemma clarifies the geometric and analytic significance of the forms from Definition 3.1.
Lemma 3.2 (identities concerning the forms).
(1) dAy is the volume measure induced by g on ¢; .
(2) ndw is the volume measure induced by g on X'.
(3) Let dx be the standard Euclidean volume measure on ¥}, i.e., dx = dx' dx?dx3 relative to the

Cartesian spatial coordinates. Then

dx = uc’ dw. (3-1
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Proof. A computation based on Lemma 2.32 and the identity 22:1 (X%)? = ¢? (which follows from
(2-22) and (2-7)) yields that det ¢ = 1/(c*(X1)?). Since dAy = +/det ¢ dx* dx>, we thus obtain (1).
Next, we again use Lemma 2.32 and the identity ZZZI(X “)2 = ¢? to compute that relative to the
(u, x2, x3)-coordinates, we have det 8= 12 / (c2(X1H?). Taking the square root, we see that the volume mea-
sure induced by gon >/ is given in the (u, x2, x3)-coordinates by w/(c|X'|) du dx? dx3, which gives (2).
Finally, we obtain (3) from (2) via (2-7), which implies that relative to the Cartesian spatial coordinates,
the canonical volume form induced by g on % is c3dx'dx? dx’. U

3B. The definitions of the energies and null fluxes.
3B1. Forms and conventions.

Definition 3.3 (volume forms for L? norms). For p € {1, 2}, we define L? norms with respect to the volume
forms introduced in Definition 3.1. That is, for scalar functions or ¢; ,-tangent tensorfields &, we define

1/p 1/p
IENLr e = (/K |5|pd7\g> o NEllLrEy = (fp IEI”dﬁ) ,
tu l/p i l/p
&N Lr(sey = (/ Hi dg) o NElLrs) = (f HE dg) ’
2:‘ Z[
1/p
NEN e, ) = (/ Iélpdw) )
M[,M

Definition 3.4 (conventions with variable arrays and differentiated quantities).

(1) Given the fluid variable array U in Definition 2.3, define

[W|=|¥|= Hllaxsl‘l’ll-
=1,...,
We also set

2] = max [£29],
2

a=1,2,3
and similarly for the other X,-tangent tensorfields such as S and C that correspond to the transport
variables. For p =2 or p = 0o, define also

.....

and similarly for L?(X}'), LP(%;), L?(F}), and L?(M,,). Similarly, we set
2 = 2 ,
18211 Lr e, ) nax, 12%N e e, )
and we analogously define L? norms of other ¥;-tangent tensorfields that correspond to the transport

variables, such as S and C.

(2) When estimating multiple solution variables simultaneously, we use the following convention (for
p=2o0r p=o00):
1082, )l =max{l|$21Lre, s 1SNLre,.n}s

and similarly for L? (X)), LP(%;), LP(F}), and L? (M, ).
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(3) Let & ={L, Y, Z} be the set of commutation vectorfields and
PN = (PPy...Py|P; e P forl<i<N).
For any smooth scalar function ¢, define

N .
|PP¢l=  max [Pi---Pyno|.
Piyee, PNEPWN)

For p =2 or p = 0o, the L? norms are defined similarly, with

N . N
1P bllre,.) =P blliLre,.), ete.

Moreover, we let PV §2 denote the X;-tangent vectorfield with Cartesian spatial components PV 27, and
we define

IPVQ2|= max  max |P;---Py2Y,
Py-Pye2rMN) a=1,2,3

N . N
1P 2N e, =P 2re,.), et

and similarly for other X;-tangent tensorfields that correspond to the transport variables, such as S and C.

(4) Similarly, we let # = {Y, Z} be the set of ¢; ,-tangent commutation vectorfields and define

PN = (PP Pn | Pi€ # for 1 <i <NJ,
1PN = max 0 [P1---Pnol|, etc.

The importance of distinguishing the subset of ¢, ,-tangent commutation vectorfields from the full set &
will be made clear in the Appendix.’®

(5) We use the following conventions for sums:
N
PIRlp = Y PNl PNl = PONIg),
N'=N,
N>

[Pl = Y 1Pl [Pl = PNy,

N'=N;

(6) We will combine the above conventions. For instance,

PY(@2.91=  max max{[Py---Py2, [P PySI),
1 NE{/

[PYW|= max  max |Py--- Pyl
1=1,...,5P .. Pyepr®™

3B2. Definitions of the energies. We are now ready to introduce the main energies we use to control the
solution.

38As in the two-dimensional case, the most difficult error terms in the wave equation energy estimates are commutator terms
involving the pure ¢; ;-tangent derivatives of the null mean curvature of the ¢; ;.
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Wave energies:

En(t,u) = sup (IXPNWI2, 50 + IVEPY W7, 50), (3-22)
t'€[0,1] ! d

Fn(,uw) = sup (ILPNWI3s 0 ) + IVRAPY W72 5 ), (3-2b)
u'€[0,u] u u

I}QN (l, u) = ”dPNlIJ ”iz(/\/lt_uﬂ{ufl/“})’ (3'2C)

Qu (1, u) = By (1, u) +Fy (2, u), (3-2d)

Wi (2, u) = En (0, u) +F (1, 1) + K (1, ). (3-2¢)

Specific vorticity energies:

Nt = sip IVAPY 2172 g, + S IPY 2Lz (3-3a)
Cn(t,u) = sup [|VEPYClI s zuy+ sup IPVCIT - (3-3b)
t'e€[0,t] r u'€[0,u] u

Entropy gradient energies:

Sn(t,w) = sup [VEPYSITogu)+ sup [IPYSITo ), (3-4a)
'€[0,7] ! u'€l0,u] "

Dy(t,u) = sup [|V/EPY D720y + sup IPVDITs 50 - (3-4b)
t'e€[0,1] ! u'e€[0,u] u

Definition 3.5 (important conventions for energies).

(1) We define the following convention for sums (cf. Definition 3.4(3)):

N N
En(tou)= Y En(tw), Euwou)= Y Eni(t,u),

N'=0 N'=1
and similarly for other energies.

(2) Abusing notation slightly, if we write an energy as a function of only ¢ (instead of a function of (¢, u)),
then it is understood that we take supremum in «, e.g.,

En(t) = sup Ey (¢, u).

uelR
4. Assumptions on the data and statement of the main theorems
4A. Assumptions on the data of the fluid variables. We now introduce the assumptions on the data for

our main theorem. We have five parameters (see Theorem 1.1), denoted by &, S*, S, & and é:

« & measures the size of the initial support in x .

. b, gives a lower bound on the quantity that controls the blowup, and in particular determines the time
interval for which we need to control our solution before a singularity forms.
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e 5, &and ¢ are parameters that control the sizes of various norms of the solution. The parameter § mea-
sures the L size of the transversal derivatives of R (4, and it can be large, while & limits the size of the am-
plitude of the fluid variables, is small depending on the equation of state and the background density o > 0,
and is used to control basic features of the Lorentzian geometry. The parameter € is small depending on the
equation of state and all the other parameters. In particular, € controls the size of solution in “directions that
break the simple plane symmetry,” and it provides the most crucial smallness that we exploit in the analysis.

o We assume that /2 < &.

Here are the assumptions on the initial data.>

In what follows, Ny, and M, denote large positive integers that are constrained in particular by
Niop = 2M .+ 10. In our proof of Proposition 12.1, we will show that our estimates close with M, chosen
to be a universal positive integer. The restriction Nyop > 2M, + 10 is further explained in Remark 6.1.

See also the discussion in Section 2A.

Compact support assumptions:

If |x!| > &, then (p, v, 5) = (0, 0, 0). (4-1)

By (2-13), when t = 0, the data are supported on the set where u € [0, 26]. This explains why in some of
the data assumptions stated below, we only consider regions in which u € [0, 26 ].

Lower bound for the quantity that controls the blowup-time:*°

by = sup 3[c™ (¢ ep + DXR(1))]4 > 0. (4-2)
o

Remark 4.1 (nondegeneracy assumption on the factor c (! ¢.p+1)). Recall the factor (™! c.o+1)
in (4-2) can be viewed as a function of (p, s). For the solutions under study, we are assuming that
¢! (cflc;p + 1) is nonvanishing when evaluated at the trivial background solution (p, s) = (0, 0) (recall
that this background corresponds to a state with constant density o = ¢ > 0). One can check that for any
smooth equation of state except that of a Chaplygin gas, there are always open sets of o > 0 such that the
nonvanishing condition holds; see the end of [36, Section 2.16] for further discussion. We also point out
that for the Chaplygin gas, it is not expected that shocks will form.

Assumptions on the amplitude and transversal derivatives of the wave variables:

IR I Lo(zy) < &, (4-3a)
IXM3IR 4y ez < 8, (4-3b)

IX= Ry, v3 08 )iz < &, (4-3¢)
ILXX XV | 1oo(s,) < €. (4-3d)

30f course, we are only allowed to prescribe (o, v, 5) without explicitly specifying their derivatives transversal to X.
Nevertheless, using (1-1)—(1-3), we can compute the traces of all derivatives on X(. The derivative assumptions that we specify
here are to be understood in this sense. Notice that all the assumptions are satisfied by the data of exactly simple plane-symmetric
solutions with € = 0. Thus, they are also satisfied by small perturbations of them.

40Here, Z4+ = max{z, 0}.
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Smallness assumptions for good derivatives of the wave variables:

1, Niop— M, —2 1,Nop—M,—4] v 12lv v
||t Niep W | ooy, [P Now IXW sy, IPHAXX W o5y,

1 op — M 1, Niop+1 1, Ny, v 2
sup PN Mg o0 PNt g PNl XU s < € (4-4)
uel0,26]

Smallness assumptions for the specific vorticity and entropy gradient:

[P=Ner M2 8)llLozgy, sup 1PN ™M, ) 1240, IPNP(2, )25, < &7 (4-5)
uel0,26]

Smallness assumptions for the modified fluid variables:

PN =3, DY ez, sup PN THC D)2y, PP C D125y <EV2 (4-6)
uel0,26]
4B. Statement of the main theorem. We are now ready to give a precise statement of Theorem 1.1 (see
Theorems 4.2 and 4.3 below), as well as the corollaries in interesting subregimes of solutions discussed
in Remark 1.5 (see Corollaries 4.4 and 4.5).

We first discuss Theorem 1.1. It will be convenient to think of Theorem 1.1 as two theorems. The first,
which is the much harder theorem, is a regularity statement, stating — with precise estimates — that in
the region under study, the only possible singularity is that of a shock, i.e., one that is associated with the
vanishing of p. This is the content of Theorem 4.2. Once Theorem 4.2 has been proved, the proof that a
shock indeed occurs is much easier. This is the content of Theorem 4.3.

Theorem 4.2 (regularity unless shock occurs). Let G, S, 6* > 0. There exists a large integer M, that is
absolute in the sense that it is independent of the equation of state, 0, G, 8, and 8;1 such that the following
hold. Assume that:

o The integer Nyop satisfies Niop > 2M, + 10 (see Remark 6.1 regarding the size of Nigp).
o & > 0 is sufficiently small in a manner that depends only on the equation of state and Q.

o &> 0 satisfies*! €'/ < & and is sufficiently small in a manner that depends only on the equation of
state, Niop, 0, 0, S, and 5;1.

e The initial data satisfy the support-size and norm-size assumptions** (4-1)—(4-6).

2 03, 5) to the compressible Euler equations (1-1)—(1-3) exhibits

Then the corresponding solution (o, v', v
the following properties.

Suppose T € (0, 25;1], and assume that there is a smooth solution such that the following two conditions
hold:

2 2

o The change of variables map (t, u, x ,x3) — (t, x!, x2, x3) from geometric to Cartesian coordinates is

a diffeomorphism from [0, T) x R x T? onto [0, T) x X.
e u>0in[0,T) x X.

4The assumption &l/2 < & allows us to simplify the presentation of various estimates, for example, by allowing us to write
O(&) instead of O(&'/2) + O(&).
4ZNote that our plane-symmetric background solutions satisfy these assumptions with é = 0.
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Then the following estimates hold for every t € [0, T), where the implicit constants in <, depend only on
the equation of state and o, while the implicit constants in S depend only on the equation of state, Niqp, 0
&, 8, and S;l (in particular, all implicit constants are independent of t and T).

(1) The following energy estimates hold (where the energies are defined in (3-2a)—(3-4b) and . (t) is as

in Definition 2.16):

Wy (1) < e2max{l, i, 2N 2N 8 0y for 1 < N < Nigp (4-Ta)

2M,+2Niop—2N+2.8

V(). Sy (1) S & max{l, p, (1)} for0 <N < Nip, (4-7b)
Ch (1), Dy () S Emax{l, w, N2V 0801 for0 < N < Np. (4-7c)
(2) The following L° estimates hold:

[P =M oy, PN MW S8, (4-82)
IR o) Se b 1Ry, 0207, ) llLe(s) S &, (4-8b)
IXR ) llzoes) <28, [1X(Ry, 02 v )z, S &, (4-8¢)

PN M2 R 8) | ooy, 1P Ner™M730(C D) || oo s
PN X (2. 8) 1oz SEVZ (4-8d)

In addition, the solution can be smoothly extended to [0, T x R x T2 as a function of the geometric
coordinates (t,u, x*, x3).

Finally, if inf;ci0,1) W () > 0O, then the solution can be smoothly extended to a Cartesian slab
[0, T +€] x X for some € > 0 such that the map (¢, u, x2, x3) — (t, xNx? xdisa diffeomorphism from
[0,T+e]lxRxT2ont0[0, T +€]x . In particular, on the extended region, the solution is a smooth
function of the geometric coordinates and the Cartesian coordinates.

Theorem 4.3 (complete description of the shock formation at the first singular time). Under the assump-
tions of Theorem 4.2 — perhaps taking & and & smaller in a manner that depends on the same quantities
stated in the theorem — there exists T(sing) € [0, 25*_]] satisfying the estimate™®

Tising = {1+ 04(8) +0(&)}5;" (4-9)
such that the following hold:
(1) The solution variables are smooth functions of the Cartesian coordinates (t, x Ux2 x3)in|o0, Tising)) X 2.

(2) The solution variables extend as smooth functions of the geometric coordinates (t,u, x>, x>) to
[0, Tising)] X R x T2,

(3) The inverse foliation density tends to zero at Tsing), i.e., lim inflﬂ(_ ) w, (1) =0.
sing
4) 0 Ry blowsup ast 1 T

sing)» I-€-» 1Im SUP475,,, SUPE, |01 R ()| = 00.

43See Section 2A regarding our use of the notation O, (- ), O(-), etc.
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(5) Moreover, let**

Ftowup = { (u, X%, x¥) e Rx T lim sup 101 R |7, i, ¥, ¥) = 00},

(71,52, 53> (T G-

Fvanish = {(u, 2, x%) € R x T2 1 (W(T(singy, 4, x%, x°) = 0},

u,x2,x3)

and
Fregular = {(u, x2, x3) € R x T2 : all solution variables extend to be C? functions of
the geometric and Cartesian coordinates in a neighborhood
of the point with geometric coordinates (T sing), U, x2, x3),
intersected with the half-space{t < T(Sing)}}.

Then Hlowup and Fyanish are nonempty, and
2
A blowup = Fyanish = R x T \csﬂregular-

The proofs of both Theorems 4.2 and 4.3 are located in Section 14B.
The next two corollaries concern some refined conclusions one can make with additional assumptions
on the initial data.

Corollary 4.4 (nonvanishing of the vorticity and entropy at the blowup-points). Assume the hypotheses
and conclusions of Theorem 4.2, but perhaps taking & and € smaller in a manner that depends on the
same quantities stated in the theorem. Assume in addition that,® for all (x*, x3) € T2,

He M e e + DXRE) It =0, u, x%, x%) < 1871 when |u— &+38," > 3&5; ", (4-10)
and

02

E<Qt=0,ux*x) <&, 1&<IS¢=0,ux*x) <& when|u—38 <&/2 (411

=

Then $2 and S are nonvanishing near the singular set; i.e., for any (u, x%,x3) € Folowup (as in
Theorem 4.3), we have $2 (T(sing), U, x2, x3) # 0 and S(Tsing), u, x2, x3) #0.

The proof of Corollary 4.4 is located in Section 14C.

Corollary 4.5 (the spatial Holder regularity of the solution relative to the Cartesian coordinates). Let
[3 > 0 be a constant, and assume that the following hold:

(1) For all u such that |u — &| > &/4 and all (x?, x>) € T?, we have
e e e+ DX R+ =0, u, x%, x%) < 13,
(2) For all*® u € [6/2,36/2] and all (x*, x*) € T?,
IXX{(c oo+ DXR)IE =0, u, x%, x%) < =38, <0. (4-12)

#For definiteness, in the definition of the subset tegular» We have made statements only about the boundedness of the
solution’s C! norm. However, our proof shows that on #egylar, the solution inherits the full regularity enjoyed by the initial data.

4SRecall the initial condition (2-13) for u, which shows that u I2o=06— xl.

4This is a nondegeneracy condition in the sense that it guarantees that for every 2, x3 ) € T2, the quantity
(cflc;p + 1)(5( R(4)) 55> when viewed as a one-variable function of u, has a nondegenerate maximum. (Note also that

(cfl cpt 1)(;( R(4)) I'5, is related to the quantity in (4-2), whose reciprocal controls the blowup-time.)
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Also assume the hypotheses and conclusions of Theorems 4.2 and 4.3, but perhaps taking & and €
smaller in a manner that depends on [3 and the same quantities stated in Theorem 4.2. Then the spatial
C'3 norms (i.e., the standard C'3 Hélder norms with respect to the Cartesian spatial coordinates) of all
of the fluid variables and higher-order variables p, v, 2', S', C' and D are uniformly bounded up to the
first singular time.

The proof of Corollary 4.5 is located in Section 14D.

5. Reformulation of the equations and the remarkable null structure

We recall in this section the main result in [50], which is of crucial importance for our analysis.

Theorem 5.1 (the geometric wave-transport-divergence-curl formulation of the compressible Euler
equations). Consider a smooth solution to the compressible Euler equations (1-1)—(1-3) under an equation
of state p = p(o, s) and constant o0 > 0 such that the normalization condition (2-1) holds. Then the
scalar-valued functions v, R, i s, S, div$2, C, D, and (curl S)}, i =1, 2, 3, (see Definitions 2.3
and 2.7) obey the following system of equations (where the Cartesian component functions v' are treated
as scalar-valued functions under covariant differentiation on the left-hand side of (5-1a)):

Covariant wave equations:

g0 = —c”exp(2p)C + Q) + £, (5-1a)
O,R) = —c*exp(2p)C' + {F;scz exp(2p) — ¢ exp(p)% }D + Q@) + L@, (5-1b)
Ogs = c* exp(2p)D + £y). (5-1c)
Transport equations:

B = 2’(9), (5-2a)
Bs =0, (5-2b)
BS' =g, (5-2¢)

Transport-divergence-curl system for the specific vorticity:
div 2 = S(div ) (5—33)
BC' =M, + Qe + Lie)- (5-3b)

Transport-divergence-curl system for the entropy gradient:
BD =Mp) + Qp), (5-4a)
(curl )i =0. (5-4b)

Above, the main terms in the transport equations for the modified fluid variables take the form

Mic) = —28jk€iab exp(—P) (9av!) 2" +€qji exp(—p) (3,0") 0 2°

+exp<—3p>c—2%{(BS“)aav"—wv")aasa}+exp<—3p)c—2%{(Bv“)aasi—@av“)BS"}, (5-5a)
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M p) = 2exp(—2p){(8,v") 3 S” — (0,073, S }4-exp(—p)Sp (curl £2)* SP. (5-5b)
The terms in), Q). Q’@, and Q py are the null forms relative to g defined by
B B (CRDRACHL T (5-6a)
Q) = Q) F20:0(8™ ) 0apdpp £ c{ (3,0 (3p0") — (B,v") 30", (5-6b)
Qi) = exp(—3p)c > st S0 — (B0 9p1")
—2P s

20,0 SP 00" — (899,00) 00"}
_2ps

+exp(—3p)c

+2exp(—3p)c > =2{(S*9,p) BY' — (Bp)S“9,v')

+2exp(=3p)c” CpT{(Sa 3.p)Bv' — (Bp)S“9,v'}
+exp<—3p)c—2%{<8p>saaav — (§3,p) Bv'}

+exp(=3p)e 2250 §i By a,0 — (8,0%) Bp)
o

_2D:s

+2exp(—3p)c 2 2 8'{(3,v")Bp — (Bv*)d,p}

+ 2exp<—3p>c*3c;pgsf{@av“)Bp — (Bv")dap}, (5-6¢)

Q(p) = 2exp(—2p){ (S v")dpp — (3,v*) S0P} (5-6d)
In addition, the terms 2’@, Lty L) 2’@), Sés), Ldiv @), and 2’@, which are at most linear in the
derivatives of the unknowns, are defined as

£l = 2exp(p)eiap(Bv) 2" — %eiabmsb Lexp(—p) 222

$99,v'
D:s:p

—2exp(—p)c c;pg’(Bp)S%Lexp(—p) (Bp)S', (5-7a)

S = Ly £ Ll F %cexp(—p)%saaap +2c%,,§40,p

Tcexp(—p) 2255, pSeSt + F.i.oc?8,,5°SP, (5-7b)
0
L) = c28%8,p — cc.p S Bup — cC.s8ap S S?, (5-7¢)
(o) = Q%00 — eXP(—2p)c‘2%eiab(Bv“)S” : (5-7d)
Llg) = =S80V’ + €iap exp(p)2°5”, (5-7e)
S(dlv.(?) = _Qaaapa (5'7f)
Lle) =2exp(=3p)c ¢, ST(BU N8 ap S SP — 2exp(—3p)c_3c-s%8 »S4(BVD) S

2P s (Bu)SPST. (5-7g)

+exp( 3p)c 22 g S (Bu')8a 5 S — exp(—3p)e

Proof. The equations are copied from [50, Theorem 1], except we have replaced the wave equations for
p, v! from [50, Theorem 1] with equivalent wave equations for R4, with the help of the identity

O Ry = Oov' £ {c Oy p+c.p(g NP 8pdpp +2¢%.s59up + Foyis?8ap S*S? + F. Oy 5},
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which follows from (2-2), the chain rule, the expression (2-8) for g, and the transport equation Bs =0,

ie., (1-3). ]

6. The bootstrap assumptions and statement of the main a priori estimates

We prove our theorem with a bootstrap argument. In this section, we state the precise bootstrap assumptions,
as well as a theorem that features our main a priori estimates. The proof of the theorem occupies
Sections 7-14A.

6A. Bootstrap assumptions. We now introduce our bootstrap assumptions. In the context of Theorem 6.3
below, we assume that the bootstrap assumptions in the next two subsubsections hold for ¢ € [0, T(Boot) ),
where T(goor) € [0, 25; Nisa “bootstrap time.”

6A1. Soft bootstrap assumptions.

(1) We assume that the change-of-variables map (¢, u, x%,x3) = (¢, x", x2, x3) from geometric to
Cartesian coordinates is a C! diffeomorphism from [0, T(oor)) X R x T2 onto [0, T(goor) X Z.

(2) We assume that i > 0 on [0, T(goor) X R x T2.

The first of these “soft bootstrap assumptions” allows us, in particular, to switch back and forth between
viewing tensorfields as a function of the geometric coordinates (which is the dominant view we take
throughout the analysis) and the Cartesian coordinates. The second soft bootstrap assumption guarantees
that there are no shocks present in the bootstrap region (though it allows for the possibility that a shock
will form precisely at time T(goor) ).

6A2. Quantitative bootstrap assumptions. Let M, € N be the absolute constant appearing in the statements
of Theorem 4.2 above and Proposition 12.1 below. Moreover, as we stated already in Section 4A, Ny,
denotes any fixed positive integer satisfying Niop > 2M,, + 10.

Remark 6.1 (rationale behind our choice Ny, > 2M,+10). Later on, our assumption Ny, > 2M,+10 and
the bootstrap assumptions will allow us to control < Ny, derivatives of nonlinear products by bounding
all terms in L except perhaps the one factor hit by the most derivatives. Roughly,*’ the reason is that
our derivative count will be such that any factor that is hit by < Ny, — M, — 4 or fewer derivatives is
bounded in L, We will often avoid explicitly pointing out this aspect of our derivative count.

L? bootstrap assumptions for the wave variables: For Nip =My +1<N < Ntop,48 we assume the fol-
lowing bounds, where the energies Wy are defined in Section 3B2 and p,(¢) is defined in Definition 2.16:

Wy (1) < & 22V gy (6-1)

Forl1 <N < Niop — M,
Wy (1) < €. (6-2)
4T reality, the different solution variables that we have to track, such as W, ol s Li, u, etc., exhibit slightly different amounts

of L regularity.

48Equivalently, for0 < K < My — 1, we have WN‘OP,K(I) < épIZM*+2K+1'8(t).
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L bootstrap assumptions for the wave variables:

IR llees) < &2, I1XRepllLecz,) < 39, (6-3)

R 2 3 )?R 2 3 <ol/2 6—4
(R=y, v, 07, $)lresy, 1X(R-), v, 07, 8) =) < €77, (6-4)

| PN =Me=21g || ooy < €12 PN Ml X | o5 ) < €172 (6-5)

L bootstrap assumptions for the specific vorticity:

IP=Ner =2 oy + PN MR 2 oy < & (6-6)

L°° bootstrap assumptions for the entropy gradient:

[P=Ner =28 oy + PN MK S o, < & ©-7)

L bootstrap assumptions for the modified fluid variables:

|P=Noo=M=3(C D)|| poo(s,) < €. (6-8)

Remark 6.2 (the main large quantity in the problem). From the discussion of the parameters at the
beginning of Section 4A and (6-3)—(6-8) we see that the main large quantity in the problem is X R all
other terms exhibit smallness that is controlled by & and €. This, of course, is tied to the kind of initial
data we treat here.

6B. Statement of the main a priori estimates. We now state the theorem that yields our main a priori
estimates. Its proof will be the content of Sections 7-14A.

Theorem 6.3 (the main a priori estimates). Let T(goor) € [0, 28; 1. Suppose that:

(1) The assumptions on the initial data stated in Section 4A hold. (Note that these assumptions involve
Nt0p7 M*v (")—’ 6*7 69 &’ and é)

(2) The bootstrap assumptions (6-1)—(6-8) all hold for all t € [0, Toor)) (Where we recall that in the
bootstrap assumptions, Ny is any integer satisfying Niop > 2M, + 10, where M, € N is the absolute

constant appearing in the statements of Theorem 4.2 and Proposition 12.1).

(3) In (6-3), the parameter & is sufficiently small in a manner that depends only on the equation of state
and .

(4) The parameter € > 0 in (6-1)—(6-8) satisfies eV2 < &andis sufficiently small in a manner that depends
only on the equation of state, Np, 0, 0, 8, and 8;1.

(5) The soft bootstrap assumptions stated in Section 6A1 hold (including p > 0 in [0, Tgooy) X R X T2).

Then there exists a constant C, > 0 depending only on the equation of state and o, and a constant
C > 0 depending on the equation of state, Nip, 0, G, 8, and 5; U such that the following holds for all
1 € [0, Tgoor)):
(1) (6-1) and (6-2) hold with & replaced by C &>.
(2) The two inequalities in (6-3) hold with &'/? replaced by Cy& and 3% replaced by 26 respectively.
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(3) The inequalities in (6-4) and (6-5) hold with &'/* replaced by Cé.
(4) The inequalities (6-6)—(6-8) all hold with & replaced by C &3/,

Sections 7-13 will be devoted to the proof of Theorem 6.3. See Section 14A for the conclusion of the
proof.
From now on, we will use the conventions for constants stated in Section 2A and Theorem 6.3.

7. A localization lemma via finite speed of propagation
We work under the assumptions of Theorem 6.3.
Lemma 7.1 (a localization lemma). Let Uy =26 + 45;1. Then, forallt € [0, TBoor)),
(p,v,5)=1(0,0,0), wheneveru ¢ (0, Up).

Proof. Recall that we have normalized (see (2-1)) ¢(0, 0) = 1, and (by (4-1)) the data are compactly
supported in the region where |x!'| < &. Hence, by a standard finite speed of propagation argument,
we see that (p, v, s) = (0, 0, 0) whenever |x'| > &+ ¢. More precisely, this can be proved by applying
standard energy methods to the first-order formulation of the compressible Euler equations provided by
[16, equation (1.201)], where the relevant energy identities can be obtained with the help of the “energy
current” vectorfields defined by [16, equations (1.204), (1.205)]. Since ¢ < T(Boot) < 28;1,

solution is trivial here

{(t.x) €10, Tgooy) x T 1t —x' = 6+45,"} S {(t, x) € [0, Tipooy) x T:x' < —&—1}.

In particular, this implies

(p,v,5)=1(0,0,0) unless —6 <7 —x! < é’r—|—45;1. (7-1)

Observe now that since u [;—oy= & — x1, in the set {(, x) € [0, TBooy) X = : |x!| > &+ ¢} (where
the solution is trivial), we have u = ¢+ & —x!. In particular, {u =0} = {r — x!'=—6}and {u =Uy} =
{t—x'=6+ 45;] }. The conclusion thus follows from (7-1). U

For the rest of the paper, Uy > 0 denotes the constant appearing in the statement of Lemma 7.1.

8. Estimates for the geometric quantities associated to the acoustical metric

We continue to work under the assumptions of Theorem 6.3.

In this section, we collect some estimates of the geometric quantities L, Lismall) (see Definition 2.21),
under the bootstrap assumptions on the fluid variables. These estimates are the same as those appearing
in [36; 52]. Our analysis will therefore be somewhat brief in some spots, and we will refer the reader to
[36; 52] for detalils.

We highlight the following point, which is crucial for the subsequent analysis: the bounds for u,
Lésman) and the wave variables W control all the other geometric quantities, including the transformation

coefficients between different sets of vectorfields, as well as the commutators of vectorfields.
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8A. Some preliminary geoanalytic identities. In this section, we provide some geoanalytic identities
that we will use throughout our analysis.

We start by recalling the definition of a null form with respect to the acoustical metric (“g-null form’
for short).

Definition 8.1 (g-null forms). Let ¢V and ¢® be scalar functions. We use the notation Q® (3¢"), 3¢
to denote any derivative-quadratic term of the form
QW (@¢M, 39?) = f(L', W) (g™ a9V, (8-1)

where f(-) is a smooth function.
We use the notation Qaﬁ(&b(]), d¢?) to denote any derivative-quadratic term of the form

Qup(39, 89 = (L', W) {3,050 — 959V 0,4), (8-2)
where f(-) is a smooth function.

Lemma 8.2 (crucial structural properties of null forms). Let Q3¢ 3¢p®) be a g-null form of type
(8-1) or (8-2). Then there exist smooth functions, all schematically denoted by f (and which are different
from the f in Definition 8.1), such that the following identity holds:

1@V, 3p@) = (L', w)XpV . Pp@ + (L', W) Xp@ - PV + uf(LT, w)yPpV - Pp@ . (8-3)

In particular, decomposing all differentiations in the null form with respect to the {L, X, Y, Z} frame
leads to the absence of all X¢V - X¢Pterms on the right-hand side of (8-3).

Proof. For null forms of type (8-2), (8-3) follows from Lemma 2.22 and the fact that the Cartesian
component functions X', X2, X3 are smooth functions of the L’ and W (see (2-23)). For null forms of
type (8-1), (8-3) follows from the basic identity g_1 =—LQ®L—-—(LIX+XQL)+ g‘l (see, e.g., [52,
(2.40b)]) and Lemma 2.32. U
Lemma 8.3 (expressions for the transversal derivatives of the transport variables in terms of tangential

derivatives). There exist smooth functions, all schematically denoted by “f”, such that the following
identities hold:

XQ = —uL2' +(2,8) - f(V, L', u, XU, PW), (8-4)
XS =—pLS +(2,8) -f(¥, L', u, XV, PW), (8-5)
XC' = —uLC +(£2,S,P2,PS) - (¥, L', u, XV, PW), (8-6)
XD = —uLD + (82,8, PR, PS)-f(V, L, u, XV, PW). (8-7)

Proof. Equations (8-4) and (8-5) follow from the transport equations (5-2a) and (5-2c¢), (2-23) (which
implies that uB = X+ pnL), and Lemma 2.22.

Equations (8-6) and (8-7) follow from a similar argument based the transport equations (5-3b) and
(5-4a), where we use Lemma 8.2 to decompose the null form source terms and (8-4)—(8-5) to re-express
all X derivatives of (£2, S). ]
Lemma 8.4 (identity for XL ). There exist smooth functions, all schematically denoted by f, such that

XL =f(V, LHYXW + uf(V, LHYPY + (¥, L')Pp. (8-8)
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Proof. This was proved as [52, (2.71)] (which holds in the present context with obvious modifications
such as replacing G L XU with G1p o XU, etc.), where we have used that the Cartesian component
functions X!, X2, X3 are smooth functions of the L? and W (see (2-23)). O

Lemma 8.5 (simple commutator identities). For each pair Py, Pr € {L, Y, Z}, there exist smooth functions,
all schematically denoted by “f”, such that the following identity holds:

[P1, Pol = (L', W, PL}, PW)Y + (L), ¥, PL}, PV)Z. (8-9)

Moreover, for each’P € {L, Y, Z}, there exist smooth functions, all schematically denoted by “f”, such
that the following identity holds:

[P, X]=f(u, L', ¥, Pu, XV, PV)Y +f(uL, ¥, Py, X, PW)Z. (8-10)

Proof. We first prove (8-10). Lemma 2.23 implies that [P, X]is ¢, ,-tangent, i.., that [P, X]t =[P, Xu =
0. Hence, (2-28b)—(2-28c) imply that this commutator can be written as a linear combination of Y, Z.
Since the Cartesian component functions X I X2 X3 are smooth functions of the L’ and W (see (2-23)),
the same holds for the component functions P°, P!, P% P3 (this is obvious for P = L, while see
Lemmas 2.23-2.24 for P =Y, Z). Also using that X' = uX', we conclude (8-10) by computing relative
to the Cartesian coordinates, using Lemma 2.22 to express Cartesian coordinate partial derivatives in
terms of derivatives with respect to Y, Z (the X- and L-derivative components of the commutator must
vanish since [P, X 1 is ¢; ,-tangent), and using (8-8) to substitute for XL factors.

The identity (8-9) can be proved through similar but simpler arguments that do not involve factors of p
or X differentiations. U

8B. The easy L estimates.

Proposition 8.6 (1> estimates for the acoustical geometry). The following estimates hold for all t €
[07 T(Boot)):

' . 21/2
Iz + Loy S 1 (Lo Se & 1Yl + 120,y S €177,

P Now =M= oy - [|PE N =ML oy S €12,

Proof. These can be proved using the transport equations (2-40) and (2-41) (commuted with PN), the initial
data size-assumptions (4-3a)—(4-4), and the bootstrap assumptions (6-3)—(6-5). See [52, Proposition 8.10]
for details of this argument. We note these estimates lose a slight amount of regularity compared to W
because the transport equations (2-40) and (2-41) depend on the derivatives of W. ]

Our analysis also relies on the following L™ estimates.

Proposition 8.7 (L*° estimates for other geometric quantities). The following estimates hold for all
t € [0, T(Boot)), Where c denotes the speed of sound:

1/2 2 1/2
2, lle = Ul zoocs,) Se &2,

o1/2
lellpse(s, S &V2

”Xésmall) ”LOO(ZI) 50 &

||’7)[1sNtop_M*_3]Xi /2’ ||7)[1yNtop_M*_2

o1
oz S €
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Proof. The estimates for X smany follow from (2-25a)—(2-25b), (2-26a), the bootstrap assumptions (6-3)—
(6-5), and Proposition 8.6.

The estimates for ¢ follow from the bootstrap assumptions (6-3)—(6-5) and the fact that ¢ is a smooth
function of p and s with ¢(0, 0) = 1 (see (2-1)). O

The estimates in Propositions 8.6 and 8.7 also imply the following bounds for the commutators.

Proposition 8.8 (pointwise bounds for vectorfield commutators). All the commutators [L, X 1, [L, Y],
(L, Z),[X,Y], (X, Z) and [Y, Z] are {; ,-tangent.
Moreover, if ¢ is a scalar function, then for 0 < N < Ny, iterated commutators can be bounded

pointwise as follows:

L. PNl S &P Mgl S PRI wy[ PRy,

Ni+N><N+1
N o= (8-11)
X PYIpl S IPUMgl Y (PRI L wy P Mg Y PN plt ),
Ni+N,<N+1 Ni+N<N
Ny, No<N Ni<N-1
In particular,
L, PM1gl S €2 PUNIgl if 0 <N < Nigp — M, —3, 512

X, PVg| < [P1Ng) if0< N < Nygp— M, — 4.

Proof. All the commutators can be read off from Lemma 2.23 (and using that coordinate vectorfields
commute). In particular, since the coefficient of §, in L and the coefficient of g, in X both are equal to 1,
all the stated commutators are ¢, ,-tangent.

We first prove (8-11) for |[L, PV ]¢|. By Lemma 2.23 and the fact L' + X' — v’ = 0 (by (2-26a)),

N
L, Pl <y Y PM@L W P, W) [P g (8-13)
k=2 Ni+-+Ne=N-+1 -
<Ny <N =)

By (6-3)—(6-5), Propositions 8.6, 8.7 (and N < Np), either |PYi (L', W)| < &'/2 for1 < j <k—1 (in
which case (%) < &12|plNlg)), or else there is exactly one factor |PNi (L!, ¥)| with N; > Niop— My —3
not bounded by < &'/2, in which case

®S Y PRV wplhNg),

Ni+N,<N+1
Ny, Np<N

Hence, (8-13) is bounded above by the right-hand side of the first inequality in (8-11).
To bound [f( , PN 1o, we note that according to Lemma 2.23, there is, in addition to (8-13), the terms®’

N
oY P wyl PN W [PV XL, W) [P, (8-14)
k=2 Ni+---+N=N
Ni1=N-1
1<Ny<N

491mportantly, one checks from Lemma 2.23 that there are no terms of the form |PNe-1 X p!
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N
S Pyl PN, Wy [PV [P, (8-15)
k=2 Ni+-+Ny=N+1

1<Ny<N

Hence, with the help of (8-8), we can substitute for the terms XL on the right-hand side of (8-14), and
thus the right-hand side of (8-14) can be bounded above by the right-hand side of (8-13) plus (8-15) and

N
o> PN wl P, W) PN X PN g (8-16)
k=2 Ni+-+Ng=N
Ni_1=N—1
1<N.<N
both of which, by arguments similar to the ones we used to prove (8-13), can be bounded above by the
right-hand side of the second inequality in (8-11).

To get from (8-11) to (8-12), we use the L bounds in (6-3)—(6-5) and Propositions 8.6 and 8.7, which
are applicable in the sense that they control a sufficient number of derivatives of all relevant quantities
in L™, ]

In the rest of the paper, we will often silently use the following simple lemma.

Lemma 8.9 (the norm of the ¢; ,-tangent commutator vectorfields and simple comparison estimates).
The ¢, ,-tangent commutator vectorfields {Y, Z} satisfy the following pointwise bounds on Mt v,

YISl 1ZIS 1 (8-17)
Moreover, for any {, ,-tangent tensorfield & the following pointwise bounds hold on Mt v,:

IVE| ~ |VyEl+ |V ZE|. (8-18)

Proof. To prove (8-17), we use Lemmas 2.23 and 2.32 and the fact that the Cartesian component functions
X!, X2, X3 are smooth functions of the L’ and ¥ (see (2-23)) to deduce that |V |> = gABYA YB=f(L', 0),
where f is a smooth function. Similar remarks hold for | Z|?. The desired estimates in (8-17) therefore
follow from the bootstrap assumptions (6-3)—(6-4) and Proposition 8.6.

To prove (8-18), we note that the g-Cauchy—Schwarz inequality and (8-17) imply that [V y&|+ |V z&| <
|V E|. We will show how to obtain the reverse inequality when &, is a scalar function; the case of an
arbitrary ¢, ,-tangent tensorfield can be handled using the same arguments, which will complete the
proof. To proceed, we note that for scalar functions & we have |YE|* = (¢ =) A8 (#4E)(FE). We now use
Lemmas 2.24 and 2.32 and the fact that X!, X2 X3 are smooth functions of L’ and W (as noted above) to
deduce that there exist smooth functions, all schematically denoted by f, such that (g_l)AB (@a&)(@BE) =
f(LT, W)(YE)2 + (LT, W)(YE)(ZE) +f(LF, W)(ZE)?. Also using the bootstrap assumptions (6-3)—(6-4),
Young’s inequality, and Proposition 8.6, we conclude that |V&|? < |YE]> + |ZE)?> = |VyE]> + |V &) as
desired. O

8C. L estimates involving higher transversal derivatives. Some aspects of our main results rely on
having L*° estimates for the higher transversal derivatives of various solution variables. We provide these
estimates in the next proposition. The proofs are similar to the proofs of related estimates in [52].
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Proposition 8.10 (L™ estimates involving higher transversal derivatives). The following estimates hold>°

forallt € [0, Tgoor)) and u € [0, Up], where in (8-22b), Pely, Z):

L estimates involving two or three transversal derivatives of the wave variables:

ILP=2X X W[, < CEV2,
IPMAX X oo,y < CEV2,
IXXR )l < IXX R llecsy) + CE2,
IXX (R, v, 0%, 9o,y < CE2,
ILXXX W%, < CEV2,
IXXXR )l < IXXXR&lle(sy + CEV2,
IXXX (R, v', v 9z, < CEV2

L estimates involving one or two transversal derivatives of L:

ILX ull e, < SIX(Grr o X) || poe(sg) + CEV2,
Xl 2o < IX Ml Locmg + 851X (GLr 0 X U)oz + CEV2,
ILXPullzom,,) ILXP 1L, < CEV2,
IXPullzom,. 1 XPHullLeom,,) < CEY2,
ILLX X | o,y < CE'2,
ILX Xl zo(am,,) < SIXX(Grp o X)Lz, + CE2,
XXt oo, < IX Xl oo (zg) + 87 IX X (G o XW) |1 (xy) + CEV2

L estimates involving one or two transversal derivatives of L':

P Moo= MK L | Lo, ) < CE,
IXL ||z, < C,
ILPXXL || oo, < CEY2,
IPXXL | Lo,y < CEV2,
IXXL ||z, < C.

L estimates involving transversal derivatives of the transported variables:

IP= X182, $)lom,) + IPZ2XX (82, )z, )+ 1X =22, )l 22 (0, )

(8-19a)
(8-19b)
(8-19¢)
(8-19d)
(8-20a)
(8-20b)
(8-20¢)

(8-21a)
(8-21b)
(8-22a)
(8-22b)
(8-23a)
(8-23b)
(8-23c¢)

(8-24a)
(8-24b)
(8-25a)
(8-25b)
(8-25¢)

+IP=2X=HC, DYl (w0 + IXZ2C, DI,y < CE (8-26)

50Based on our assumptions on the data (see Section 4A), we could obtain L° control over additional F;,-tangential
derivatives of the quantities stated in the proposition — but not! additional X differentiations. However, for convenience, in the
proposition, we have only derived control of a sufficient number of derivatives so that the estimates close and so that we can use

the results in our proof of Lemma 14.2 and in the Appendix.
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Finally,

we can permute the vectorfield operators on the left-hand sides of (8-19a)—(8-25c¢)
up to error terms of L™ size O(&?), (8-27)

and on the left-hand side of (8-26) up to error terms of L™ size O(€). (8-28)

Proof. To prove the lemma, we make the “new bootstrap assumption” that the estimates in (8-26) hold
for ¢ € [0, T(Boor)) With the Cé-term on the right-hand side replaced by &1/2 and also that (8-28) holds
with O(é) replaced by &!/2_ Given this new bootstrap assumption, to obtain (8-19a)—(8-25¢) and (8-27),
we can simply repeat’! the proof of [52, Lemma 9.3], which relies on transport-type estimates that
lose derivatives (in particular, one uses the transport equations (2-40)—(2-41) and also treats the wave
equation as a derivative-losing transport equation LXV = by using (13-13)). The only difference
between the estimates derived in [52, Lemma 9.3] and the estimates we need to derive is that our wave
equations (5-1a)—(5-1c), when weighted with a factor of u (so that the decomposition (13-13) of pll, can
be employed), feature some new inhomogeneous terms compared to [52, Lemma 9.3], specifically, some
of the ones depending on (C, D, §2, S) and the first derivatives of (§2, S). The key point is that our new
bootstrap assumption implies that the new inhomogeneous terms are all bounded in L™ by < &!/2, which
is compatible with the O(&'/?)-size bounds that one is aiming to prove; i.e., our new O(&'/?)-sized error
terms are harmless in the context of the proof. From this logic, it follows that the estimates (8-19a)—(8-25c)
and (8-27) hold for all # € [0, T(goor)). We clarify that the estimates (8-23a) and (8-25a) were not explicitly
stated in [52, Lemma 9.3]. However (8-23a) follows from commuting the transport equation (2-40)
with LX X via Lemma 8.5 and bounding the resulting algebraic expression for LLXXp using the fact
that the Cartesian component functions X I X2 X3 are smooth functions of the L’ and W (see (2-23)),
the bootstrap assumptions (6-3)—(6-7), Proposition 8.6, and the estimates in (8-19a)—(8-25c) and (8-27)
besides (8-23a) and (8-25a) . Similarly, (8-25a) follows from commuting the transport equation (2-41)
with PXX.

To complete the proof, it only remains for us to prove (8-26) and (8-28) (with the help of the already
established bounds (8-19a)—(8-25¢) and (8-27)); for if € is sufficiently small, this yields a strict improve-
ment of the new bootstrap assumption mentioned at the beginning of the proof, and the conclusions of the
proposition then follow from a standard continuity argument. We start by noting that the bounds in (8-26)
for the pure F,-tangential derivatives of (§2, S) are included in the bootstrap assumptions (6-6)—(6-7), as
are the bounds

IP=3X (82, $)ll om0 S & (8-29)

Next, we use Lemma 8.5, the bootstrap assumptions (6-3)—(6-7), Proposition 8.6, the estimates (8-19a)—
(8-25¢) and (8-27), and the bounds (8-29) to deduce that the estimate (8-29) also holds for all permutations
of the vectorfield operators on the left-hand side.

Shwe clarify that the bootstrap parameter “c” from [52] should be identified with the quantity & 172 in our bootstrap assumptions
(6-4)—(6-8).
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We next show that
IP=2XX (2, )llzeam, 0 S €. (8-30)

This estimate follows from differentiating the identities (8-4)—(8-5) with P=2X and using the bootstrap
assumptions (6-3)—(6-7), Proposition 8.6, the estimates (8-19a)—(8-25¢) and (8-27), the estimate (8-29),
and the analog of (8-29) for all permutations of the vectorfield operators on the left-hand side. (Notice that
we can indeed prove (8-30) with a strict improvement of our new bootstrap assumptions because the terms
arising from differentiating (8-4)—(8-5) by P=2X contain at least one factor of (£2, S) differentiated with
at most one X derivative, and such factors have already been shown to bounded in the norm || - || oo M)
by < é.) Again using Lemma 8.5 to commute vectorfield derivatives, we also deduce that the estimate
(8-30) also holds for all permutations of the vectorfield operators on the left-hand side.
We next show that
IXXX (82, )llzeom,.) S & (8-31)
This estimate follows from differentiating the identities (8-4)—(8-5) with XX and using the bootstrap
assumptions (6-3)—(6-7), Proposition 8.6, the estimates (8-19a)—(8-25c) and (8-27), the estimates (8-29)-
(8-30), and the analogs of (8-29)—(8-30) for all permutations of the vectorfield operators on the left-hand
sides.
Similarly, we can first prove
IP=2X=C. D)l om0 S € (8-32)
and then
IX=2(C. D)l S € (8-33)
(and that (8-32) holds for all permutations of the vectorfield operators on the left-hand side all permutations
of the vectorfield operators on the left-hand side) by using the identities (8-6)—(8-7) and arguing as above,
using in addition the bootstrap assumption (6-8) and the already proven estimates for (£2, §).
We have therefore established (8-26) and (8-28), which completes the proof of the proposition. [

8D. Sharp estimates for n,. Recall the definition of p,(¢) in Definition 2.16. In this subsection, in
Propositions 8.11 and 8.12, we provide some estimates for (..(¢) that were proved in [52]. We will
simply cite the relevant estimates, noting that their proof relies only on the L* bounds for (lower-order
derivatives of) the wave variables and the geometric quantities that we have already established. Moreover,
we remark that these estimates capture that . (¢) tends to O linearly, a fact that is crucial for bounding
the maximum possible singularity strength of our high-order geometric energies (i.e., for controlling the
blowup-rate of the energies in, for example, (6-1)).

Thanks to our bootstrap assumptions and the estimates of Proposition 8.6, the following estimates for
1, (t) can be proved exactly as in [52, (10.36), (10.39)]:

Proposition 8.11 (control of integrals of w,). Let M, € N be the absolute constant appearing in the
statements of Theorem 4.2 and Proposition 12.1 below. For 1 < b < 100M,, the quantities W (t, u) and
W (1) from Definition 2.16 obey the following estimates for every (t, u) € [0, TBoor)) X [0, Upl:

t'=t

t'=t
bt < _L Y b by < 1\ —pet ]
/t,zo b dr S (14 5 ) ), /t/zo W@ ar S (14 =7 w0, (8:34)
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Moreover, forall t € [0, TBoor))-

t'=t t'=t
/ w0 wydr' <1, / w0 dr S 1 (8-35)
t'=0 t'=0

Thanks to our bootstrap assumptions and the estimates of Proposition 8.6, the following “almost-
monotonicity” of ., can be proved as in [52, (10.23)]:

Proposition 8.12 (the approximate monotonicity of ). For 0 <s; <52 < T(Boot)>
w s < 2u  (s2).

8E. L? estimates for the geometric quantities. We start with a simple lemma that provides L? estimates
for solutions to transport equations along the integral curves of L.

Lemma 8.13 (L? estimate for solutions to L-transport equations). Let F and f be smooth scalar
Sunctions on [0, Tgoor)) X% [0, Up] X T2. Assume that LF(t,u, x2, x3) = f(t, u, x2, x3) with initial data
F(0,u, x2, x3)for every (t, u, x2, x%) €0, TBoor) x [0, Up] x T2. Then the following estimate holds for
every (t,u) € [0, TBoor)) % [0, Up]:

t'=t
IF |2y < (14 CEVAFll gz + (14 CE'?) / 1f N2z di'. (8-36)
'=0 !

Proof. Thanks to our bootstrap assumptions and the estimates of Proposition 8.6, (8-36) can be proved using
essentially the same arguments used in the proof of [52, Lemmas 12.2, 12.3, 13.2]. The only differences
are that we have to use the bootstrap assumptions (6-3)—(6-8) in place of the similar bootstrap assumptions
from [52], and that different coordinates along ¢, , were used in [52] (this is irrelevant in the sense that
the estimate (8-36) is independent of the coordinates on ¢, ,). We clarify that the bootstrap parameter “¢”
from [52] should be identified with the quantity &'/2 in our bootstrap assumptions (6-3)—(6-8). ]

Proposition 8.14 (easy L? estimates for the acoustical geometry). For 1 < N < Nyp, the following
estimates hold for all t € [0, Toor)):

2M+2Nop—2N+2.8

1PN g0 1P NILA D ) S Emax{l, g O}

Proof. In an identical manner as [52, Lemma 14.3], based on the transport equations (2-40)—(2-41) and
(8-36), we obtain

. anl/2
. s=t W (S)
o 1,N
1PNl 2s,y, IPUNIL o,y S €+ f e
s=0 /7 (s)

(Recall our notation in Definition 3.4, (3-2e) and Definition 3.5.) Also using our bootstrap assumptions
(6-1) and (6-2) and Proposition 8.11, we arrive at the desired conclusion. O

In the next proposition, with the help of Proposition 8.14, we derive L? estimates for commutators.
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Proposition 8.15 (L? estimates for commutator terms). Let ¢ be a scalar function. For 1 < N < Niop, the
following estimates hold for all (t, u) € [0, T(Boor)) X [0, Upl:

”[L, PN]¢||iz(Z:t), ”[Xv, PN]‘p”iz(th«)’ ||[HB, PN]¢”%2(2;4)
. —2M,+2N;op—2N+2.8 CMa—

SIPU ML ) + Emax{l, p, " OYP! Moo= MG 7 sy (8-37)

Moreover, we also have
y . —2My+2Nigp—2N+1.8
1PV X W72 gy S Emax(l, p, ' )}. (8-38)

Proof. Recall the pointwise estimate (8-11). For each of the sums in (8-11), either N, > Ny, in which
case by (6-5) and Proposition 8.6, we have |PRN(u, L W), IP[Z’N”)?M < 1; orelse Ny < Ny, in
which case (since N < Niop) [Pl < |plh-Nep=Me=31g | Hence,

L, PM1gl, I[X, PV]g|
S PN+ { PN, L, @) 4 PN X g Pl Mop =M=l
SIPUN| 4+ (PN, L W) | + [ X PN U 4 [ X, PN L plh Ve =M-=Slg| - (8-39)

We first apply (8-39) to ¢ = . Taking the Lz(E;‘) norm and introducing an induction argument in N
which uses (6-1)-(6-5) and Proposition 8.14, we obtain

2M,A2Nigp—2N+2.8

X, PYIWIT s sy S Emax{ L, by (1)} (8-40)

Taking the LZ(E;‘) norm in (8-39), plugging in the estimate (8-40), and using (6-1), (6-2), and
Proposition 8.14, we deduce the desired estimates in (8-37) for [L, PV ]¢ and [)V( , PN1o.
To obtain the [uB, PV ]¢ estimate in (8-37), we first note that, by (2-23),

[uB, PV1p = u[L, PV 1p + [, PV 1Lp + (X, PV16.

The first and last terms can be controlled by combining the commutator estimates we just established with
the simple bound ||| L~(x,) S 1 from Proposition 8.6, while the second term can be controlled simply
using the product rule and Propositions 8.6 and 8.14. We have therefore established (8-37).

Finally, we have (8-38) thanks to (6-1), (6-2) and (8-40). [l

9. Transport estimates for the specific vorticity and the entropy gradient

We continue to work under the assumptions of Theorem 6.3.

In this section, we use the transport equations (5-2a) and (5-2¢) to bound PV £2 and PV S for N < Niop.
We clarify that the “true” top-order estimates for the vorticity and entropy are found in Section 11; those
estimates are more involved and rely on the modified fluid variables as well as elliptic estimates.

We will start by deriving energy estimates for general transport equations (which will also be useful in
the next section). In particular, this will reduce the derivation of the energy estimates for P2 and PV S
to controlling the inhomogeneous terms in the transport equations and their derivatives, which we will
carry out in Section 9B. The final estimates for P £2 and PV S are located in Section 9C.
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9A. Estimates for general transport equations.

Proposition 9.1 (L? estimates for solutions to B-transport equations). Let ¢ be a scalar function satisfying
HB¢ =7,

with both ¢ and § being compactly supported in [0, Ug] x T? for every t € [0, TBoor)).
Then the following estimate holds for every (t, u) € [0, Toor)) X [0, Up]:

up /A lzcsgy P 19153z, S Iy + 1810,

t'€[0,1)

Proof. In an identical manner as [36, Proposition 3.5], we have, for any (¢, u") € [0, 1) x [0, u), the
identity

//u¢2dg+//¢2d5=/ ,u¢2dg+/,¢2d5 +f (205 + (Lu+uty f)¢*} do. (9-1)
Elu/ }—L’/ g ]:(; Mt’,u’

—_——
0 by support assumptions

Using (2-38c¢), (2-40), Lemma 2.32, (6-3)—(6-5), and Propositions 8.6 and 8.7, we have |Lp|, |utrg k<1
Thus, applying also the Cauchy—Schwarz inequality to the 2¢§ term, we have

sup /i35 + S ||¢||L2(ft S VI 25 + / Ip 72 ey du’ + 172 0n, -
t'e€l0,1) u'=0 u ’
The conclusion follows from applying Gronwall’s inequality in u. (Il

Proposition 9.2 (higher-order L? estimates for solutions to transport equations). Let ¢ be a scalar function
satisfying
uB¢ =g,

with both ¢ and § being compactly supported in [0, Ug] x T? for every t € [0, TBoor))-
Then the following estimate holds for every (t, u) € [0, T(Booy)) X [0, Upl and 0 < N < Nigp:

sup ”\/_7) ¢||L2(E”)+ sup ”7) ¢||L2(]-"
t'€[0,1) u'e[0,u)

N N —2M,+2Niop—2N+3.8
< ”P< ¢”L2(Zo) + ||7)< S”[}(M )+ emax{l u* v

ONPEN =T, -
Proof. Take 0 < N’ < N. We write
uBPY ¢ =PV 5+ [uB, PV 1¢.
Therefore, by Proposition 9.1,
sup || IPY @lazn) + sup 1PV Gl

t'€[0,1) u' €[0,u)
SIPY @1 s + 1PV B 520, )+ IB PV DT,y (9-2)
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Using Proposition 8.15 and then Proposition 8.11, we obtain

N’ 2
” [HB7 P ]¢||L2(M,_M)

t'=t
t

/:0
t'=t
LN a2 o 1L N MaS] 1 12 —2M.+2Nop—2N'+2.8
SIPIY 1 g o+ PN g [ a1, ) g
' ’ t'=0
u'=u
N 12 o —2My+2Nyop—2N'+3.8 1, Neop—Ms—35 1112
5 / ||7)S ¢I|L2(]:’) du'—l—emax{l, Mo o (t)}”P[ P ¢I|L°°(M,u)' (9'3)
u'=0 u ,

Plugging (9-3) into (9-2) and summing over all 0 < N’ < N, we obtain

N 112 N 112
Sup I|\/I‘_’L7)S ¢||L2():“,) + Sup ||7)S ¢||L2(]:t,)
t'€[0,t) ! u'e[0,u) u

u'=u

SIP=NIT 5y + IP=NF2 0, ) + / IP=N N2 ) di

u'=0
. —2M+2Nip—2N+3.8 —M,—
+ &max({l, p, o OMPHNoe= M7y, e (9-4)
Applying Gronwall’s inequality in u, we arrive at the desired estimate. ]

9B. Controlling the inhomogeneous terms.

Proposition 9.3 (estimates tied to the inhomogeneous terms in the transport equations for £2 and S). For
0 < N < Niop, the following hold for every (t, u) € [0, T(Boor)) X [0, Up]:

IPY(WB)NI72 0y, )+ IPY (MBS 0,
u'=u

< Emax(l, g NN gy / (Vo (t, )+ Sen(t, u'))d’ (9-5)
u'=0

and

1PN 2)PN (WB2) 11, + 1PN PN (WBS) I 11 (um,.0)
=u
< & max(l, NN gy f (Ven(t,u') +Sen(t,u))du'. (9-6)
u'=0
Proof. Step 1: basic pointwise estimates. We claim that the derivatives of the n-weighted inhomogeneous
terms u,Si ) and uf,i 5)» Which are defined respectively in (5-7d) and (5-7e), obey the following pointwise
bounds:
PN (i)l + 1PN (ug(s)l
SIPEN @2, )1+ equp M |+ PEXw) + PPV, L W)l (9-7)

=] =1l =111

Since this is the first instance of these kind of estimates (and we will derive similar estimates later), we
give some details on how to obtain (9-7).
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(1) By Lemma 2.22 and the fact that the Cartesian component functions X!, X2, X* are smooth functions
of the L’ and W (see (2-23)), the weighted Cartesian coordinate vectorfield p1d; and the transport vectorfield
1B can be decomposed regularly (i.e., with coefficients being smooth functions of w, L’ and W) in terms
of X, uY, uZ and pL.

(2) Therefore, PN (uSiQ)) and PN ( uﬂé 5)) can be bounded as follows:

PV (L€ o) IHIPY (uels))l

N
S > AHPY (, LT W) ) - (PN, LT, W) ) x [P™(82, $)[ x| P (WP W, X W)
k=0 Ni+--+Ni+n+n=N
N
= ZEITOI‘NI ,,,,, Ni,ni,na- (9-8)
k=0
We now bound the right-hand side of (9-8).
(3) If Ny, ..., Ny < Nyop — M, — 5 and np < Nyop — M, — 5, we bound the terms (1 + |PNi(u, L, ¥)|)

(forall j =1,...,k) and |[P"2(uPW, XW)|in L® by < 1 using (6-3)—(6-5) and Proposition 8.6, which
yields
Errory, . N n S 1PN (82, S)). (9-9)

(4) If Nj > Nyop — M, — 5 for some’? j, then all the terms (1 + [PY7'(u, LY, W)|), when j’ # j, and
[P (WP, X W)| can be bounded in L™ by < 1 using (6-3)—(6-5) and Proposition 8.6. Moreover, since
it must also hold that n; < Nyop — M, — 5, we also have [P"1(£2, )| < € by the bootstrap assumptions
(6-6) and (6-7). Hence, we have
Nenm S (L PRI, LT, W) [P="1(2, 9)]

SIPEN (@2, 91+ PPN, LT w)). (9-10)

,,,,,

(5) When ny > N, — M, — 5, we can argue as above to see that (1 + [PNi(u, LT, W)|) <1 forall j, and
|P" (82, S)| < €. Notice further that since ny > Niop — My — 5, by (6-5) and Proposition 8.6 we have

[P (WPW)| S (WP | 4 [P0 4 [Py,
Hence, we have

N S PN T 4 | PN | 4 pUNIX @ | 4 | pl2mdy)y, (9-11)

,,,,,

Finally, it is easy to check that (9-9)—(9-11) are all bounded above by the right-hand side of (9-7).

Step 2: proof of (9-5). To derive (9-5), we control each term in (9-7) in the LQ(M,, x) horm.
We begin with the term 7 in (9-7), which we estimate using the definition of the V- and S<y energies
(see Section 3B2):

u'=

IP=N (82, ) 2200g,) S / W+ Sl ) e o

u'=0

52ZNote that there can be at most one such Jj-
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We control term /I in (9-7) by the Efj 57 norm, and use the bootstrap assumptions (6-1), (6-2), the
bound (8-38), and Proposition 8.11 to obtain

02 2,N+1 2 02 I,N]y 2
E PPN Z, o+ PV IX |,

t'=t
o o —2M+2Niop—2N+1.8
5 62/ [[E[LN]([/)+€2 max{l, My i (l/)}] dr’
t'=0

(Mt,u)

< & max{l, p, MM 2NE2S y (9-13)

Finally, for the term III, we use the control for IKj; y—i7 and Fp; xy—17 provided by the bootstrap
assumptions (6-1) and (6-2), the bounds in Proposition 8.14, and Proposition 8.11 to obtain

EPEM W, L, w3,

(Me,u)
u'=u =t COM 42Ny —2N+2.8
< &K v_n(t, u)-l-éz/ [F[l,N—l]([’u/)du/+é3/ max{l, u, " “(hydr'
u’'=0 t'=0
. —OM+2Nipy—2N+3.8
< & max{l, p, e TENES gyy (9-14)

Combining (9-7) with (9-12)—(9-14), we arrive at the desired bound (9-5).

Step 3: proof of (9-6). The estimate (9-6) follows as a simple consequence of the already obtained bound
(9-5) and the Cauchy—Schwarz inequality. O

9C. Putting everything together.

Proposition 9.4 (estimates for the specific vorticity and entropy gradient). For 0 < N < Ny, the following
holds for all t € [0, TBoor)) * [0, Upl:

Vi () + Sy(r, 1) S & max(1, 2N gy
Proof. Using Proposition 9.2 for ¢ = 2/, S, the initial data size assumptions in (4-5), the bootstrap
assumptions (6-6)—(6-7), and the inhomogeneous term estimates in Proposition 9.3 for the terms on
right-hand sides of the transport equations (5-2a) and (5-2c), we deduce

u'=u

Von(t, 1) + Sey(t, u) < & max(1, N2V 828 4y 4 / (Vay(t,u') + Sy (t, u')) du'.

u'=0

The desired estimate now follows from applying Gronwall’s inequality in u. ]

10. Lower-order transport estimates for the modified fluid variables

We continue to work under the assumptions of Theorem 6.3.

In this section, we derive the energy estimates for the modified fluid variables C and D except for the
top-order. (We will derive the top-order estimates in the next section.) Thanks to Proposition 9.2, to
obtain the desired estimates, it remains only for us to bound the inhomogeneous terms in the transport
equations (5-3b) and (5-4a). Before we estimate the inhomogeneous terms, we will first control the X
derivative of £2 and S in Section 10A, and give general bounds for null forms in Section 10B. (The
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null forms will also be useful later on, in Section 12.) We will combine these results to control the
inhomogeneous terms in Section 10C. We provide the final estimate in Section 10D.

10A. Preliminaries. A priori, the norms Vy and Sy do not control the X derivatives of £ or S. Nonethe-
less, we can obtain such control in terms of the norms Vy and Sy by using the transport equations (5-2a)
and (5-2c¢).

Proposition 10.1 (L? control of the transversal derivatives of the £2 and S). For 1 < N < Niop, the
following holds for all (t, u) € [0, Tgoor)) X [0, Upl:
IPNTIX(2, )220,y S & max{l, TS g
Proof. Recalling (2-23), we have
PVIXQ2 =PV ' (uBR2) — PV '(uL2), PY'XS=P¥ '(uBS)—P¥L(uLS). (10-1)
The terms PV~ (uB£2) and PV~ (1B S) can be bounded as follows using (9-5) and Proposition 9.4:

—2M,+2Niop—2N+2.8 o). (10-2)

IPY = (WBD N 20,y + 1PV MBS T2, ) S € max(l,

By (6-6), (6-7), Propositions 8.6, 8.12, 8.14, and 9.4, we have
1PV UL T2, )+ IPY T RLOT 0,

SIP=N 2, )liz2p, )+ ENP M2 0,

t'=t

u
5/ [Voy +Sn1(t, u') du’ + é3/ max{1, p, RN 2N gy gy
0 '=0
< & max(l, p, MmN 4y (10-3)
Therefore, combining (10-1)—(10-3), we obtain the desired conclusion. O

10B. General estimates for null forms.
Lemma 10.2 (pointwise estimates for null forms). Suppose
, is a g-null form, as in Definition 8.1; an
(1) Q09D 3p@) is a g-null in Definition 8.1; and
2) ¢V and @ obey the following L™ estimates for some 9bD>0(1.2) 92D>52.2) for all t €0, T(Boon):
[P=N =X W sy < 2D,
”7)[1leop_M*_5]¢(l) ||LC>O 5, E ‘O(lsz),
. = (10-4)
[P=Nop= M3 X || o5,y <D,
||’P[1leop_M*_5]¢(2) Il ooz, < 222
Then, for any 0 < N < Ny, the following pointwise estimate holds on [0, T(gooy)) X X:
P [Q@¢", 39|

§0(2’1)|P[1’N+1]¢(1)|+D(2’2)|P[1'N]X¢(l)|+D(1’1)|P“'N+1]¢(2)|+D(1'2)|P[1’N]X¢(2)|
+max{p- D@2 D@Dy pN G 1T W) (10-5)
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and, for any 1 < N < Nyop, we have

PNkQ@e ™, 9¢™)]|
50(2’1)|P[2’N+1]¢(1)|+0(2’2)|77[1’N]X¢(1)|+D(1’1)|P[2’N+1]¢(2)|+0(1’2)|73[1’N]5(¢(2)|
—|—é1/2(0(2’1)|73¢(1)|+D(1’1)|P¢(2)|)+0(2’2)|77d)(1)|+D(1’2)|'P¢(2)|

=of =9
+ max{o"Do@?2 oD@ Dy PN L )| (10-6)

Proof. Throughout this proof, f(-) denotes a smooth function of its arguments that is free to vary from
line to line. By (8-3), we need to control

PNIE(L, )P (PpH1,  PNIE(L, ©) (P (Xp@)],  PNIE(L, w)(XpD)(PpP)].

=] =11 =111

We first prove (10-5). Consider term /1. Arguing as in the proof of (9-7) and then using (10-4), we obtain

[PYIECLY, W, (P D) (X))
< |P[17Nl0p7M*75]¢(1)| |73[1,N])2¢(2)| + |7)[1,N+1]¢(1)| |'P§Nmp*M**5)u(¢(2)|
+ |PSNKQP_M*_5¢(1)| |fPSNmp—M*—5f(¢(2)| |P[2,N](u, Li, )|
< 0(1,2)|p[1,N]X¢(2)| +D(2’1)|’P[1’N+1](]§(1)| +D(1’2)D(2’1)|P[2’N](H, Li, )|,

which is bounded from above by the right-hand side of (10-5).

Next, we observe that the term /// can be handled just like term /1, after we interchange the roles
of ¢ and ¢®. Moreover, the term I is even easier to handle because 9" > 9U-2 and 9@D > 92,

We finally turn to the proof of (10-6), in which we need to show an improvement compared to (10-5)
using the fact that on the left-hand side of the estimate, the p-weighted null form is differentiated
by at least one P. More precisely, we need to improve 2D [PILN+1g @) and 92| pll-NI X @) o
oD PN+ H @) and D(I’Z)IP[Z’N]X¢(2)|, at the expense of incurring terms of the type </ and £
in (10-6).

It is straightforward to use the arguments given in the previous paragraph to confirm that if N > 2,
then oD PN+ | and 92| PLNIX @] on the right-hand side of (10-5) can be replaced by
(LD PN+ )| apd 92 IP[Z’N]X¢(2)|. We are thus only concerned with the following terms in the
case when N = 1:

[PEL, ©)W1PeD) (PP,  [PEL, WPV (Xp@), [PHRL, ¥)1(XpV)(Pp?).

=1 =]II =1r

Next, we observe that for the terms /I’ and III’, when the P derivative falls on f(L!, ¥), (6-5) and
Proposition 8.6 yield a smallness factor of &€'/2. Thus, II’ and III' can be bounded by <. Finally, to
handle the term I/, we can control either P¢pD or Pp® in L, which allows us to bound I’ by 2. [
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10C. Estimates of the inhomogeneous terms in the transport equations for C and D.

Proposition 10.3 (below-top-order estimates for the main inhomogeneous terms in the transport equations
for the modified fluid variables). For®> 0 < N < Niop — 1, the main terms M € {Sﬁic), My} (see
(5-5a)—(5-5b)) can be estimated as follows for every (t, u) € [0, Tgoor)) X [0, Up]:

—2M,+2Nop—2N+0.8
i

1PN ()2, ) S & max{l, ). (10-7)

Proof. Note that smt@ consists of null forms (see Definition 8.1) Q(dW, d§2), Q(dW, 35). Therefore, by
Lemma 10.2 (with ¢V = 27, 8, ¢@ =@, oD =02 = ¢ 922 = &l/2 and 9@V = O(1) by virtue
of the bootstrap assumptions (6-3)—(6-7)),>* we have

[PV (M)l S EPHPEN (2, ) HPNX (2, 9)]
T PRI P MR 4 PR L W)L (10-8)
=J1 =111
We recall the expression for 91(p) given by (5-5b). The term 2 exp(—2p){(9, v, SP — (8,07) 0S4} is
a null form of type Q(dV, 95). Thus, using the same arguments we gave when handling Dﬁ’@, we can
pointwise bound its PV (i -) derivatives by the right-hand side of (10-8).

Moreover, using the same arguments given below (9-7), we see that the PV derivatives of the term
Lexp(—p)dup(curl )28’ can be pointwise bounded by the right-hand side of (10-8). From now on, it
therefore suffices to consider the terms on the right-hand side of (10-8).

The term I can be controlled using Propositions 9.4 and 10.1 so that

—2M,+2Nop—2N+0.8
[

1PN, )20,y + 1PN X2, D2, ) S € max(l, 0} (10-9)

For the term /I in (10-8), we use the bootstrap assumptions (6-1), (6-2), and (6-5) and the estimates of
Propositions 8.12 and 8.15 to obtain

o2 2,N+1 2 0?2 1,N] v 2
PNy, &P X ),

(My.u)
u'=u r=t —2M,+2Np—2N+1.8
Sézkn,m(auﬁéz/ Fu,m(t,u’>du’+é2/ Ep (s w) dr'+ Emax (L, T ()
u'=0 t'=0
o —2M+2Nop—2 1.8
< & max(l, p, NV oy (10-10)

The term 111 in (10-8) is the same as the term /// in (9-7), and can be bounded as in the proof

of Proposition 9.3, which, when combined with Proposition 9.4, implies that it is bounded by

o —2M,4+2Niop—2N+1.8
< Emax(l, p, e gy

Combining the above estimates, we conclude the desired estimate (10-7). O

53Note that in the case N = Ntop, the error terms on the right-hand side involving V<y 41 and S<y41 have not been
estimated in Section 9A. It is for this reason that we only consider 0 < N < Niop — 1 at this point.
S4Note that by Lemma 10.2, there is also a term €|PW¥|, which we bound by < &3/2 using (6-5).
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Proposition 10.4 (L? control of some null forms in the modified fluid variable transport equations).
For 0 < N < Nyop, the terms Q € {fl’@, Npy} (see (5-6¢)—(5-6d)) can be estimated as follows for all
(1, u) € [0, T(Boor)) X [0, Upl:

1PN ()22, S & max{l, p, 22 ) (10-11)

Proof. The £ terms can all be expressed as S multiplied by a null form Q(dW, 9W). We control the null
form using (10-5) with 9(-D | 9(1.2) 92D 522 <1 (justified by (6-3)—(6-5)) so that

PV S D 1PN, )P 4 PN w4 PPN, L))

Ni+N><N
SIPEN @2, )|+ (PPN | 4 | PUVIX W) + €PN (1, L, W), (10-12)
=] =II =111

where in the last line, we used the L estimates (6-6), (6-7) for (£2, S) if N; < Nyp — My — 5, and
otherwise, we used the L™ estimates (6-3)—(6-5) and Proposition 8.6 for ¥, u, and L.

Next, we observe that the terms /1 and /11 are exactly the same as /1 and /11 in (10-8) in Proposition 10.3.

2
Lz(Mt,u)
(t)}. Notice in particular that while Proposition 10.3 was only

We can therefore argue exactly as in Proposition 10.3 to show that these terms in || - || are bounded

above by &3 max{l, u:ZM*+2N‘°p_2N+1'8
stated for 0 < N < Ny — 1, the bounds for these two terms in fact also hold (and can be proved in the
same way) for N = Nip.

It thus remains to consider the term / in (10-12). Importantly, notice that term [ in (10-12) is better
than the corresponding term / in (10-8) because it has up to N, as opposed to N + 1 derivatives. We

control this term using the definition of V<, S<y and Proposition 9.4 as follows:

u'=u . —2M42Nop—2N+2.8
1PN (2, )220y, ) S / Ve +S<n1(t, 1) du’ < & max{l, ’ )}
’ u'=0

Combining the above estimates, we conclude the proposition. O

Proposition 10.5 (L? control of some easy terms in the transport equation for C). For0 < N < Niop, the
term 2’@ (see (5-7g)) can be estimated as follows for all (¢, u) € [0, Tooy) X [0, Upl:

j o —2M+2Niop—2N+0.8
IPY (W€ l20m,,) S € max{l, uy o ).

Proof. We begin with the pointwise estimate
P=" (uLie)| < EP=N (82, )|+ E(PEN |+ P MX W) + P2 M, LY,

which can be derived by using the same arguments we used to obtain (9-7). Notice that all the above
terms can be bounded above by the right-hand of (10-12). They can therefore be bounded in the norm
Il - Ilz2(n, ) Via exactly the same arguments we used in the proof of Proposition 10.4. This yields the
desired conclusion. U
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10D. Below top-order estimates for C and D.

Proposition 10.6 (below top-order estimates for the modified fluid variables). For 0 < N < N, — 1, the
following holds for (t, u) € [0, TBoor)) X [0, Upl:

Cw(t 1) + Dy (. ) S & max(1, N2V 08y
Proof. This follows from combining Proposition 9.2 for ¢ = C’, D' with the initial data size assumptions in
(4-6), the bootstrap assumptions (6-8), and the inhomogeneous term estimates (in Propositions 10.3-10.5)
for the terms on the right-hand sides of the transport equations (5-3b) and (5-4a). (Il

11. Top-order transport and elliptic estimates for the specific vorticity and the entropy gradient

We continue to work under the assumptions of Theorem 6.3.

In this section, we derive top-order estimates for the modified fluid variables C and D. The key
difference with the lower-order estimates (which we derived in Proposition 10.6) is that we cannot bound
the top-order derivatives of £2 and S using the V and S norms; that approach would lead to a loss of a
derivative, which is not permissible at the top-order. To avoid losing a derivative, we rely on the following
additional ingredient: weighted elliptic estimates for the specific vorticity and entropy gradient (recall
Sections 1A6, 1A7).

In Section 11A, we derive top-order transport estimates. The estimates are similar to the ones we
derived in Section 10, except there are some top-order inhomogeneous terms. We derive the elliptic
estimates in Sections 11B and 11C. For the final estimate, see Section 11D.

In our analysis, we rely on elliptic estimates relative to the Cartesian spatial coordinates. In deriving
these estimates, we will use the “Cartesian pointwise norms” from the following definition.

Definition 11.1. Denote by 9 the gradient with respect to the Cartesian spatial coordinates. For a scalar
function f and a one-form ¢, define respectively

3 3
DFP=D 10 S 10617 = ) 10,1
i=1 ij=1
11A. Top-order transport estimates for Cy,,, and Dy, .

Proposition 11.2 (preliminary top-order L? estimates for the modified fluid variables). Let ¢ € (0, 1].
There exists a constant C > 0 independent of ¢ and a constant c. > 0 (depending on <) such that whenever
¢ > ¢ the following estimate holds for every (t, u) € [0, Tgoo)) X [0, Upl (with u" denoting the u-value of
the integrand):

el o [p—
le™ /2 JuPNen (€. D) 725y, + ™ 2PNen (€, DY a5y, + 5l 2PN (€. D)2,

t'=t
< CEPMAOS () 4 ¢ L e 2 fiaphen (@, §) |20 g df’. (11-1)
=0 H*(t) ( t’)

Proof. Let ¢’, ¢ > 0 be constants to be specified later. It is crucial that all explicit constants C > 0 and
implicit constants in this proof are independent of ¢’ and ¢. At the end of the proof, there will be a large
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constant C such that we will choose ¢’ to satisfy ¢ = C¢’, where ¢ > 0 is the constant from the statement
of the proposition.

Step 1: transport estimate in the weighted norms. Since pBu = 1 by (2-21), (2-23), we have

wB (e~ “/2pNony = —%e‘“”/ZPNmPC + e~ w2y (PN, (11-2)

wB (e~ “/2pNeov Dy = —%e““/ZPN“’PD + e~ 2 B(PNev D). (11-3)

Starting with (11-2) and (11-3), we now argue using the identity (9-1) with ¢ = (ct, D), except now,
unlike in the proof of Proposition 9.1, we do not use Gronwall’s inequality but instead take advantage of
the good terms associated with the terms —(c¢/2)e™*/>PNerC and —(¢/2)e~“/>PNerD on the right-hand
sides (11-2)—(11-3). We thus obtain, for any ¢’ > 0 (here, u’ denotes the u-value of the integrand),

' N 5 —al /2 . 2 —cu' /2 Nio 2
le™ 2 SUPNrCI[ Lo gy + e PPYRCY T, oy +clle™ 2PN
—a')2 /=N y[2 —cu' /2 Nuop 7|2 —a'/2pNop |2
+ e 2PN D Lo )+l PPYRD| T 1+ clle™ PPN T

S e 2P € D) sy + e PPN C. D),
+lle=“2PNer (€, D)l 2, le ™ PBPY(C, DY 1200,

S ||e—cu//2ﬂPNtOP (C, D)“iz(zg) =+ (1 + (g/)—l)||e_Cu//2PNtoP (C’ D) ”%2(/\/{,‘”)

+¢ e 2PN, D)2, (11-4)

(Mt.u)‘

Step 2: estimating the easy terms. We now consider the terms on the right-hand side of (11-4). First, the
assumptions (4-6) on the initial data and the simple bound ||| (5, < 1 from Proposition 8.6 give

le= 2 JuPNee (€, D)1 gy S E. (11-5)

Recalling the transport equations (5-3b), (5-4a), we notice that the terms ||e_““'/ 2uBPNeC|| 12(M, ) and
[|e—cu'/2 uBPNwPDHLz(MM) have essentially been estimated in Propositions 10.3-10.5 (using e~ W/2 < ).
Crucially, however, unlike in Proposition 10.3, we have not yet bounded the following terms in (10-9):

e~ 2PN+l (. S)”iZ(M/,L,) e 2PN X (02, S)”iz(M,,y)

(since this is one more derivative than Vy, = and Sy,,, control). In other words, simply repeating the
argument in Propositions 10.3-10.5 and separating the error terms that depend on Ny, + 1 derivatives of
(£2, S), we obtain

le™ PuBPNerC| T 0+ e PuBPY DT

(M)
5 é3p.:2M*+0'8(t) + ||e—c”’/27)Ntop+1(Q’ S)”iZ(Mlu) + ”e—cu’/ZPNme'(Q’ S)”iz(/\/l,'“)' (11_6)

Step 3: controlling the top-order terms. We now consider the terms on the right-hand side of (11-6).
First, using the commutator estimates (8-37), Proposition 9.4, and the bootstrap assumptions (6-6)—(6-7)
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to control [PNer, )v(](.Q, S) (and using e—cu'/2 < 1), we see that

e PPN (R, ) T2 p, T e PPN X (2, )20,

S EWM) 1 e PPN (2, )72 p, ) F Nl LN (2, )17
+lle= 2y PNen (2, 9)I17

(M)

oy F e PZPY (2, 9117

S é3 H:ZM*—FZ.S(Z,) + ”e—m’/zBPNmp (Q’ S)”iZ(M,’u) + ”e—cu /ZQPNmP(Q’ S)”L2

(M)

(M)’ (11-7)

where we have replaced LPNer (2, S) = BPNer (2, S) — XPNer (82, S) (by (2-23)) and also used Lem-
mas 2.23 and 2.24 to express (X, Y, Z) in terms of the Cartesian coordinate spatial partial derivative
vectorfields, and Propositions 8.6 and 8.7 to bound the coefficients in the expressions by < 1. More-
over, using the commutator identity BPNer (2, §) = u~'PNoe[uB(£2, S)] + u~ ' [uB, PNer](£2, S), the
commutator estimates of Proposition 8.15 with ¢ = (£27, §), the bootstrap assumptions (6-6)—(6-7),
Proposition 9.4, the estimate (9 5), and Proposition 8.11, we deduce (also using /2 < 1) that
le=<«'/2BPNor (2, S)”LZ(M ) < 3u:2M*+O 8(t). Combining the above results, we deduce

le= PPNt (2, )7,y + e PPN X (2, S>lliz

(Miu)
3 2M,+0.8 r=t
< & Mo (t)+/ (ﬂ)

Step 4: putting everything together. Using (11-5), (11-6) and (11-8) to control the terms on the right-hand
side of (11-4), we see that there is a C > 0 such that

(M)

le="'/2 JuaPNer (£2, S)||L2(2”)dt/' (11-8)

lle= /2 SuPNerC| 2, g + ™ /27’N‘°”C||iz(f;) +elle2PNene T 0
+ e 2 JuPNO DI, gy + e PPYRDYT, o+ clle” PPN DY,
< CA+NEWH¥ D)+ CA+ () Dlle™ 2PN (C, D) s, )

t'=t
o
+C¢’ /ﬂ_o oLk RPN (2, )2 gy i (119)

,u)

Finally, relabeling the coefficients C¢’ on the right-hand side of (11-9) by setting ¢ = C¢’, bounding
the data term C(1 + ¢/) &3y, M08 —2M,+0.8

¢ € (0, 1], taking ¢ sufficiently large (depending on ¢) so that

(t) by a new constant C times &>, (t) via the assumption

’ C ’
CAU+ (&) e PP D)y, <5 [ e TPNnCP + YD e
' Mr,u

now allowing ¢ to be any constant such that ¢ > c., and subtracting (c/2) [ M, e[| PNerc)? +
|PVor D|?] deo from both sides of (11-9), we obtain the desired inequality (11-1). O

11B. General elliptic estimates on R x T2. We begin with a standard weighted Euclidean elliptic estimate
on R x T2 in Proposition 11.3. We then apply this in our geometric setting for general one-forms in
Proposition 11.4.
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Proposition 11.3 (weighted Euclidean elliptic estimates). Let w : R x T2 — R.q be a smooth, strictly
positive, bounded weight function.
The following inequality holds for all one-forms ¢ = ¢,dx® € CE(R x T?):

IV WIS 2 gy ax)
< 4V w eurl @172 gycp2 gy + VWAV I T2 g2 gy + 313108 WIIT o o) IV WA T 2 e )

where 9 is as in Definition 11.1, ”‘i”iz(u‘@xw 40 = foW |E,|gdx for tensorfields &, |E|. denotes the

standard Euclidean pointwise norm of &, and dx = dx'dx?dx3,

Proof. Integrating by parts and using Holder’s inequality, we find that
IV WIS 2 gscr.ax)

3
— Z/ w(d;¢j)* dx

2
ij=1 RxT

3
=- Z{/ w¢,-(a,%~¢,-)dx+/
RxT?2 R

ij=1

3 3
=-> / we;df¢idx+ Y / we;; (3¢ — i) dx —
RxT?2 ij=l RxT?2

i,j=1

Tz(31‘11))<I5j(8i¢j) dx}

X

3
> / (0 w)¢; (3 ;) dx
RxT?2

i j=1

3 3
— Z /R . w(0;¢;) (i) dx — Z/{R w(;9;) (3, — 0i¢;) dx
i j=17RxT?

2
i, j=178xT

3
> / (0 w)¢; (3 ¢)) dx
RxT?2

i,j=1 i,j=1

3 3
+3 [ @we@enar- Y [ @@ - o dx-
RxT? ij=1 RxT?
< [W/w div ¢||iz(RX-|]—2’dx) + IVw 3Bl L2 @ T2,0) IV curl @l 12Rxt2 ax)
+ 118 1og |l Lo @x12) IV WP L2512, 00 LIVW iV Bl L2 @512,00) + VW curl @l 12 @xr2,ax)}
+ 119 10g Wl o @12 IV WA 2R T2 ) IV W 3D 2R T2, 0 - (11-10)
Using |ab| < a®/4 + b?, we find that

VW37 2 12 axy < 31V 3BT 2 g2 gy + 2080 AV DU 12 1)
20w eurl ¢l g gy 312108 WIIZ oo o p) VWO T2 12 gy (11-11)
The conclusion of the lemma follows from subtracting %Hﬂ Qq&lliz RxT2.dx) from both sides of
(11-11). O

Proposition 11.4 (Euclidean elliptic estimates with u-weights). Let ¢ = ¢p,dx* be a smooth compactly
supported one-form on X;. Then for each ¢ > 0 and each t € [0, Toor)), the following elliptic estimate
holds, where the implicit constants are independent of ¢:

le™ /2 Jddll2cs,) S e 2 /idiv @l 2cs,)+lle ™™ 2 /Reurl @l 2(x,) +epy (O lle™ 21l 2 x,)-
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Proof. In this proof, the implicit constants in < are independent of c.
We apply Proposition 11.3 with w = ¢~ By Lemma 2.22, (2-21), and Proposition 8.7, we have
19 log wl oo mxt2) S ek ' (). Hence,

—cu/? —cu/2 1- —cu/2 1 2
le™ 23l 125, av) S lle™ ™ div @l 2z, .ax + lle™ /2 curl @ll2x, ax) + ity Olle™ ™ @l 12¢5, .ax)-

The conclusion thus follows from the fact that the volume measures ndx and dw are comparable,
which in turn follows from (3-1) and Proposition 8.7. ]

11C. Top-order elliptic estimates for 2 and S. In this section, we derive top-order elliptic estimates for
£2 and S.

There are four main steps. Ultimately, our goal is to exploit the preliminary energy inequality for
(PN w(, PNerD) that we derived in Proposition 11.2, and to do this, we have to control the integrand term

e~/ 2\/_ aPNee (2, 5| 12(xe) ON the right-hand side of (11-1) with the help of elliptic estimates. To
achleve this, we first commute ‘the top-order operators PNer through the Euclidean operators div and curl.
To avoid uncontrollable commutator terms, we introduce a L weight into the commutators. In the second
step, we have to control (div PVer 2, div PVer §) and (curl PVer 2, curl PVer §) in terms of the modified
fluid variables (PNerC, PNr D) from (2-5a)—(2-5b) plus simpler error terms. The first and second steps
are carried out in Lemmas 11.6-11.9.

Next, in Proposition 11.10, we use the weighted elliptic estimates on X, provided by Proposition 11.4
and the results of the first two steps to obtain

=2 n@PNr 2, 9PN )17 5, ) S e 2P NrC, PYD) Ty 4

where ““- - -7 denotes simpler error terms for which we already have an independent bound. Finally, in
Proposition 11.11, we combine all of these results to obtain our main L? estimate’ for (PNerC, PN ©p D),

11C1. Controlling curl PMer 2 and div PMer 2. We start with a simple commutation lemma.

Lemma 11.5 (commuting geometric vectorfields with p-weighted Cartesian vectorfields). Let ¢ be a
smooth function such that

Noo —M.—5 o Niop—M—5 v &
| P=Nor™ P foo(p,y < €, [|PTVRTETIX G foo(s,) < €

forallt € [0, Toor))-
Then, for 0 < N < Ny, the following holds in Mt v,:

[dy, PN Ip| < [P M)+ [P=NT1X ) + (1P M (e, L, )] + [PV W),

Proof. We first use Lemma 2.22 to express pLo; in terms of the geometric vectorfields and then argue as in
Proposition 8.8. O

Swe clarify that although the estimate for (PNerc, PNorD)  and  the aforementioned —estimates
lle=4/2 Ju(@PNor 2, aPprS) ||2 S lle= /2 supNere, pNor ) ||2 12z, + " together imply a top-order L? esti-
mate for (9PNor 2, 9PNer §), we do not exphcltly state such an estimate in the paper because we do not need it for our main
results.
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Lemma 11.6 (L? estimates for the Euclidean curl of the derivatives of §2 in terms of the derivatives
of C). Let ¢ > 0 be a real number. The following estimate holds for all t € [0, Tgoor)), where the implicit
constants are independent of ¢:

le™“/2 /i curl PN 27, < EuMA0 (1) 4 flem 2PN .

Proof. We first compute the commutator [ curl, PNop] using Lemma 11.5 and the bootstrap assump-
tion (6-6):

[ curl, PVer] 2| < |P=Nov | 4 [PVl X 2| 4 &(|P2Neel (u, LT, W)| 4 [P N X W), (11-12)

On the other hand, by (2-5a), Lemma 2.22, the bootstrap assumptions (6-3)—(6-8), and Propositions 8.6
and 8.7, we have

_zp

|PNer (u curl )] = ‘PN‘W{ [exp(p)C—exp( 2p)c; 22289, + exp(— 2p)c—2’“(a v“)S]H

S u|PNere] + [p=Ner~le| + IPSN‘°PS|
+ €PNl (u, L] 4 PNt - P Nerl ) 4 PNl X)) (11-13)

We stress that on the right-hand side of (11-13), it is important that the top-order terms P™erC and
PNt are accompanied by a factor of .

We can therefore use (11-12) and (11-13) (to write p curl PVor 2 = curl, PNer]12+PNer (1 curl £2)),
multiply by e~“/>u=1/2, take the L?(X,) norm, and then use e ~%/? < 1 to obtain

lle™ ieurd (PNer 2) 125,

S e ymPNC s,y + 1 O IVEP=NTIC s,y + 1 O IVIPENer (2, 92,
+ 1 OIVIP=N T X 2] a5y + € 2O IPP Nl (w, LYo,
+ (VPN | 2y A+ 2ONPE N XU sy 4 1 @) | /EPE NI 5 )
S e P SwPNC s, + € M0 @), (11-14)

where we have used Proposition 10.6 to bound u:l(t)llﬁPSN‘OP_IC lz2(x,),» Proposition 9.4 to
bound ;' (1)[|/HP=Ner (82, S)|l 12(x,), Proposition 10.1 to bound wy!'(1)| /RPN~ X 2]l 25,
1/z(t)IIP[z’N‘OP](u, Li)||L2(21), and the bootstrap assumptions (6-1),
(6-2), and (8-38) to estimate all the remaining terms. (We remark that the worst terms are
u O IIP=N1C s,y mT O NYEP=N (2, ) 11205, 17 O J/IP=NM 1 X 2]|125,). and

w2 Pl Nl X | L2(s,)> Which determine the blowup-exponent —M, + 0.4 for p, on the right-hand
s1de of (11-14)). Squaring (11-14), we arrive at the desired result. O

Proposition 8.14 to bound é,

Lemma 11.7 (L? estimates for the Euclidean divergence of the derivatives of £2). Let ¢ > 0 be a real
number. The following estimate holds for all t € [0, T(goor)), where the implicit constant is independent of c:

ot /2\/_dlv ,PNme ”LZ(Z VS €3 },L:ZM*+O'8(I).
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Proof. The commutator [pdiv, PVr]$2 can be computed exactly as (11-12). Thus, we have
[ div, PNer] 82| < the right-hand side of (11-12). (11-15)

We also use Lemma 2.22, the fact that the Cartesian component functions X I X2, X3 are smooth functions
of the L' and W (see (2-23)), (5-3a), and the L> bounds in (6-3)—(6-6) and Proposition 8.6 to deduce

[PMer ( div 2)] = [P (12°040)]
S |7)§Nmp9| + é(l’])[zsNtop]Fq + HlPNt0p+l\IJ| + |7)[27N10p]\l]| + |P[17N10p]XlI]|). (11-16)

Notice that every term on the right-hand side of (11-16) has already appeared on the right-hand sides
of (11-12) and (11-13). Hence, with the help of the simple identity

wdiv PNer 2 = PNer (udiv £2) + [ div, PVr]2

and the estimates obtained above, we can argue exactly as in Lemma 11.6 to obtain the same estimate.

(Note that here there are no C terms and so we do not have the term [le~*/2 /i Phenc2, =) O
11C2. Controlling curl PNer S and div PNer S,

Lemma 11.8 (L? estimates for the Euclidean curl of the derivatives of S). Let ¢ > 0 be a real number.
The following estimate holds for all t € [0, TBoor)), where the implicit constant is independent of c:

le™ 2 Jicurl PNrS|12, o S & M08 (),
Proof. By (5-4b), curl § = 0. Hence, using Lemma 11.5 and the bootstrap assumption (6-7),
lwcurl PMer §| = |[1 curl, PNer] S|
S [P=Ner S| 4 (PNl X §| 4 (PNl (p, LT, W)| + | PN =l X)), (11-17)

The only new terms here compared to (11-12) and (11-13) are [P=Ner S| and |P=Nor—! )V(Sl, which can
be handled using Propositions 9.4 and 10.1 in the same way that we handled the corresponding terms
w /PN 21| 125,y and || /EP=Nv =1 X 2]| 25, in the proof of Lemma 11.6. O

Lemma 11.9 (L? estimates for the Euclidean divergence of the derivatives of S in terms of the derivatives
of D). Let ¢ > 0 be a real number. The following estimate holds for all t € [0, T(oor)), Where the implicit
constants are independent of c:

le™ 2 idivPYer S| 7, ) S Ep A0S 4 e 2 PN DY T,
Proof. Using Lemma 11.5 and the bootstrap assumption (6-7), we find that
I[ndiv, PMer]S| < the right-hand side of (11-17).

Therefore, we can therefore handle |[w div, PVer]S| by using the same arguments we gave in the proof
of Lemma 11.8.
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We then express div S in terms of D using (2-5b) and use Lemma 2.22, the fact that the Cartesian
component functions X!, X 2 X3 are smooth functions of the L and W (see (2-23)), and the L> bounds
in (6-3)—(6-5), (6-7), (6-8), and Proposition 8.6 to deduce
[Per (u div $)| < [PYr (Lexp(2p)D)| + [PNer (exp(2p) S 94 )]

S WPYeD| 4 [P=Ner D] 4 [p=Ner )

+ (P Nerl(, L) | 4 PNt | 4 P Ner | U Nenl g,
The new terms here compared to (11-12) and (11-13) are |P=Ne» §|, which we handled just below (11-17),
and p|PNeD| and |P=Ne~1D|, which can be treated using the same arguments we used to handle the
terms p|PNerC| and [P=Ner=1C| in our proof of Lemma 11.6. Hence, the weighted, squared L?(X,) norms
corresponding to these new terms are bounded above by &uy M A08 ||e_‘“// 2 JH PprDHiz =) O
11C3. Proving the elliptic estimates. We now combine Lemmas 11.6-11.9 and the elliptic estimates in
Proposition 11.4 to obtain the following proposition.

Proposition 11.10 (preliminary top-order elliptic estimates for £2 and S). Lef ¢ > 0 be a real number.
The following estimates hold for all t € [0, T(oor)), Where the implicit constants are independent of c:

le™2 JuaPNr 2175, S €A+ AUHTON@) + [l 2 uPYRC s, (11-18)
le™2 JuaPNr S| 75, ) S A+ AT @) + le™ 2 /PN DY Ty . (11-19)

Proof. Applying first Proposition 11.4, and then Lemmas 11.6, 11.7, Proposition 9.4 (and using e~/ < 1),
we obtain

le™2 JHaPYr 217,

Slle™2idiv PY 2|75 Hle ™2 i eurl PYr 2|7, 5 02 (0 e PP 217

23 2y —2M,+0.8 —cu/2 Neop 12

SEU+A, O+le™ 2 JuPNec| Ty 5,
which proves (11-18). The proof of (11-19) is similar, except we use Lemmas 11.8, 11.9 instead of
Lemmas 11.6, 11.7. (]
11D. Putting everything together.
Proposition 11.11 (the main top-order estimates for the modified fluid variables). The following estimate
holds for every (t, u) € [0, TBoor)) x [0, Upl:

Ci, (8, 1) + Dy, (8, 1) S Ep 208,

Proof. Step 1: controlling ||~/ ZﬁQPNtOP (£2, S)||i2 =) via Gronwall-type argument. Given ¢ > 0, we

first apply Proposition 11.10 and then use>® Proposition 11.2 (for’” u = Up) to deduce that if ¢ > 0 is

S%Here, we again relabeled the ¢ from Proposition 11.2
57Note that in view of the fact that £2, S are compactly supported in u € [0, Uy] (by Lemma 7.1), it follows that the integral

on EIU 9 is the same as the integral on %;.
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sufficiently large (depending on ¢), then the following estimate holds, where the constants C > 0 and
C, > 0 are independent of ¢ and ¢:

lle™/2/maPYer (2, )| 725,

< CE(1 + A MH03(p) 4 Clle=2 /PN C, D) |12,

) (=)
t'=t 1

< CEA+ N4 [
r=0 H(t')

We clarify that it is only for notational convenience for the argument in (11-21)—(11-23) below that we

”e—cu/Z\/ﬁszNmp(.Q’ S)H%Z(E,/) dt’. (11-20)

have used the symbol C, > 0 to denote the fixed constant on the last line of (11-20).
We now argue by a continuity argument to show that, after choosing ¢ smaller and ¢ larger if necessary,
(11-20) implies the estimate

le™ 2PN (82, ) s, < 207 (14 )2 08). (11-21)

If it is not the case that (11-21) holds on [0, T(oor)), then by continuity, there exists T, € [0, T(Boot))
such that (11-21) holds for all ¢ € [0, T] and such that

le™ 2 /RPN (2, )75, ) = 208 (L4 A2 H08(T), (11-22)

(Z7)

However, plugging the estimate (11-21) (which by assumption holds for ¢ € [0, 7,]) into the integral
in (11-20), using Proposition 8.11 (and M, > 1) to integrate away a negative power of L,, and finally
choosing ¢ sufficiently small, we obtain that for ¢ € [0, 7, ], we have

le™2Y/BIPN (2, (5, < FCE 1+ TOR0), (11-23)

which obviously contradicts (11-22) when t = T,. It therefore follows that our desired estimate (11-21)
holds for all ¢ € [0, T(Boor))-

Step 2: deducing the estimates for C Nip (£, ) and Dy, (2, u). At this point, we can fix the constants ¢, ¢,
which we will absorb into the ensuring generic constants C. Moreover, since u € [0, Up] on the support
of 2 and S (by Lemma 7.1), we will also absorb the weights e~/2

(11-21) into the right-hand side of (11-1) and then using Proposition 8.11, we obtain

into the constants. Hence, plugging

t'=t

Chy (8, 1) + Dy, (1, 1) S & p2MH08(p) 4 f ,
r=0 H(t)
t'=t
g éSu:ZM*+O.8(t) _|_ éS/ H:ZM*fo.Z(t/) dt/ S é?)u:ZM*‘H).g(t)’ (11_24)
t'=0

as desired. O

o™ JiaP"er (2. ) 5, A1

12. Wave estimates for the fluid variables

We continue to work under the assumptions of Theorem 6.3.
In this section, we derive a priori energy estimates for the wave variables, which will in particular yield
strict improvements of the bootstrap assumptions (6-1)—(6-2). In Section 12A, we start by providing a
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somewhat general®® “auxiliary” proposition, which yields energy estimates for solutions to inhomogeneous
quasilinear wave equations in terms of norms of the inhomogeneity. The difficult aspect of the proof is
that we have to close the estimates even though L can be tending towards 0, that is, even though the shock
may be forming. We delay discussing the proof of the auxiliary proposition until the Appendix; as we
will explain, modulo small modifications based on established techniques, the proposition was proved
as [36, Proposition 14.1] (see also [52, Proposition 14.1]). Then, in Section 12B, we bound the specific
inhomogeneous terms that are relevant for our main results, that is, the inhomogeneous terms on the
right-hand sides of the fluid wave equations (5-1a)—(5-1c). Finally, in Section 12C, we prove the final
a priori energy estimates.

12A. The main estimates for inhomogeneous covariant wave equations. In this section, we state the
“auxiliary” Proposition 12.1, which yields energy estimates for solutions to the fluid wave equations.
In this section, we ignore the precise structure of the inhomogeneous terms and simply denote them
by &. That is, we state the estimates of Proposition 12.1 in terms of various norms of &. Later on, in
Proposition 12.7, we will control the relevant norms of & to obtain our final a priori energy estimates for
the wave variables. Proposition 12.1 is of independent interest in the sense that with small modifications,
it could be used to study shock formation for compressible Euler flow with given smooth forcing terms.

Proposition 12.1 (the main estimates for the inhomogeneous geometric wave equations). Let U=
(W1, W2, W3, Wy, ¥s) = (R, R—)s vZ, 03, 5), as in (2-3). Recall that the V, are solutions to the
inhomogeneous covariant wave system

}’Ll:l \Ijl:®l7

g(b)

where & = (81, By, B3, By, &) is the array whose entries are the product of W and the inhomogeneous
terms on the right-hand sides of the five scalar wave equations (5-1a)—(5-1c). Assume that the following
smallness bound holds:>°

[ P=MNee/ 2G| oo, ) < &2 (12-1)

Then there exists an absolute constant M, € N, independent of the equation of state and all other
parameters in the problem, such that the following hold. As in Theorem 6.3, let Toor) € [0, 28;1], and
assume that:

(1) The bootstrap assumptions (6-1)—(6-8) all hold for all t € [0, T(Boor)), Where we recall that in the
bootstrap assumptions, Ny is any integer satisfying Nyop > 2M, + 10.

(2) In (6-3), the parameter & is sufficiently small in a manner only on the equation of state and o.

58Using a slight reorganization of the paper, these estimates could be upgraded so that they are “black box” estimates for
inhomogeneous wave equations. Given the setup of this paper, they are not quite black box estimates because the proofs rely
on the estimates of Section 8, some of which (e.g., some of the estimates in Proposition 8.10) depend on the structure of the
inhomogeneous terms in the wave equations.

59we clarify that in our main results, in the proof of Proposition 12.7, we will show that the smallness assumption (12-1) is
satisfied for the particular inhomogeneous terms & stated in the hypotheses of the proposition. However, for the purposes of
proving Proposition 12.1, the precise structure of & is not important.



THE STABILITY OF SIMPLE PLANE-SYMMETRIC SHOCK FORMATION 899

(3) The parameter & > 0 in (6-1)—(6-8) satisfies &€'/? < & and is sufficiently small in a manner that depends
only on the equation of state, Nop, 0, g, 6 and 5;1.

(4) The soft bootstrap assumptions stated in Section 6A1 hold (including p > 0 in [0, Tooy)) X R X ).

Then the following estimates hold for every (t,u) € [0, TBoor)) X [0, Upl, where W, is defined in
Definition 2.16:

(1) The top- and penultimate-order wave energies defined in (3-2¢) obey the estimates

2M,—1.8 7 - 2M,—3.8 7 -
sup g (1)W1, N1 (7, 1) + sup (W1 Ngp—11(T, 1)
7el0,1] 7€l0,1]

s=t’ 2
5 é2—|— sup HEM*—I.S(Z’C) I"L:’j/z(t/){f ||’P[1’N‘°P]®||L2(E?) dS} dr
ief0,1] =0 $=0

+ sup M@ (LU Neolw| | X PUNenl gy P Nerl G| 1
£e[0,t]

+ sup pM 3@ LPE Ve g | | PN =gy PN =G |1y (12-2)
fel0,1] '

)

(2) For 1 < N < Nyp — 1, the lower-order wave energies Wy yy defined in (3-2c) obey the estimates

\ —2M,+2Nip—2N+1.8 . 2M,—2Niop+2N+0.2
Wi v (t, u) S &%+ max{l, p, o ()}( sup minfl, p, . ()}Qp1n+11(5))
s€[0,1]

HIALPEN | 4 X PN ) PENIS| 1, (12-3)

Remark 12.2. The proof of Proposition 12.1 follows from almost exactly the same arguments used in
the proof of [36, Proposition 14.1]. The only differences are the following two changes:

(1) We have to track the influence of the inhomogeneous terms & on the estimates.

(2) Inthree dimensions, the second fundamental form of the null hypersurfaces of the acoustical metric has
three (as opposed to one) independent components. This necessitates an additional elliptic estimate that was
not needed in the two-dimensional case treated in [36]. This elliptic estimate is standard; see [15; 17; 33].

These differences necessitate minor modifications to the proof of [36, Proposition 14.1]. We will sketch
them in the Appendix.

Remark 12.3 (additional term in the top-order estimate). In Proposition 12.1, the inhomogeneous term &
makes an additional appearance in the top- and penultimate-order estimates as compared to the estimates
of all the lower orders. By “additional appearance,” we are referring to the double time integral, which
comes from a difficult top-order commutator term that depends on the acoustic geometry; this difficult term
has to be controlled by first integrating a transport equation, which explains the double time-integration;
see the Appendix.

12B. Estimates for the inhomogeneous terms. We start by controlling the null forms in the wave
equations.
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Proposition 12.4 (control of wave equation error terms involving null forms). For Q € {in), Qb))
(see (5-6a), (5-6b)) and 1 < N < Nyqp, the following hold for all (t, u) € [0, Tgooy) X [0, Up] and for all
¢ € (0, 1], where the implicit constants are independent of ¢

I LPEN | 4 | X PN PN (19) | 11, o)

S éz max{]’ u:ZM*-i-ZNmp—ZN-i-l.S(t)} / t/ t
u'=u =
+§K[1,N](ta”)+(1+§_l)</ Fri,n (2, u') du/+/ Epi, vy (2, M)dt'> (12-4)
w'=0 '=0
and
t'=t s=t’ 2
f u:3/2(t/){ / 1P ()2 s ds} di'
=0 5=0

t'=t s=t’ 2
S e @) + f uﬁ”(r’){ / u*”z(s)[EE(?Nmp](s)ds} dr'. (12-5)
t'=0 s=0

Proof. Step 1: proof of (12-4). To bound the left-hand side of (12-4), we use the Cauchy—Schwarz and
the Young inequalities to obtain, for any ¢ > 0,

I LPEN| 4 | X PN PN (D) |11,

u'=u t'=t
S+ g“)( / Fri v (2, u') du’ + f Epi, vy (', 1) dr/) + 1PN W) 175 0y ) (12-6)
u'=0 t'=0 ’
By inspection, it can be checked that £ is a g-null form (see Definition 8.1) that is quadratic in the
wave variables. Hence, applying (10-6) with ¢V, @ =w, 9D @D <1 902 522 < &1/2 (which
is justified by the bootstrap assumptions (6-3)—(6-5)), we obtain

PN ()| < P2 w4 e 2PENX W)+ [P + PPN, LD)]). (12-7)

To bound (12-7) in LZ(MW), we control | P2 N1 | by the energies (3-2a)—(3-2c), control |pLLN] )?Wl
by (8-38), bound [PW| by (6-5), and |P>N(u, L)| by Proposition 8.14. We thus obtain the following
bound for any ¢ € (0, 1], where the implicit constants are independent of ¢:

/

uw'=u t'=t

SIPH MU 7 2 0y, S §{K[1,N](t, u)-l-f Fri v, u') d”/"‘/
u

t'=0

[E[I,N](t/» u) dl‘/}
'=0

t'=t

o —2M+2Niop—2N+1.8 o

+ &2 f max{1, p, o () dt' + &
t'=0

22 —2M,+2Niop—2N+1.8
< é“max{l, u,

+§{|K[1,N](f, u)+/
u

where in the last line, we have used Proposition 8.12.
Putting (12-6)—(12-8) together, we obtain (12-4).

(1)}
[F[I,N](t, I/t/) du' + /

t'=0

’

u'=u t'=t

Epv (@', w) dt’}, (12-8)

'=0

Step 2: proof of (12-5). We begin with (12-7) when N = Ny,p. Notice that unlike in Step 1, we now have
to control |PZN+1y| only with the E (but not F and ) energy (since we need an estimate on a fixed-¢
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hypersurface). This gives a ., 172 degeneration. The other terms can be controlled by using arguments
similar to the ones we used in Step 1. In total, for 0 <s <1t’ <t, we have

1PN () 2y S by POE] 1 () + Emax{1, p MO0 ()) (12:9)
Finally, integrating with respect to time and using Proposition 8.11, we obtain (12-5). ]

Next, we control the easy linear terms in the wave equations.

Proposition 12.5 (control of wave equation error terms involving easy linear inhomogeneous terms).
For £ € {Sév), Ly, L} (see (5-Ta), (5-7b), (5-7¢c)) and 1 < N =< Nyop, the following holds for all
(t7 u) € [07 T(BOOI)) X [0’ UO]

IQLPE N | 4+ | X PN PN (W) || 1 0y, ) S the right-hand side of (12-4), (12-10)
and

t'=t s=t’ 2
f u:3/2(t/){ f [P Nerl ()| Lz(zg)ds} dt’ < the right-hand side of (12-5). (12-11)
t'=0 K

Proof. We first pointwise bound p£ € {pS(v), uL+y, nL)} in a similar manner® to (12-7):
|PIENM(ue)) < PN (82, S)| + terms already in (12-7). (12-12)

Proof of (12-10). The terms in (12-12) that are already in (12-7) can of course be controlled as in
Proposition 12.4. We therefore focus on |[P="(£2, S)|, for which we have the following estimate using

the Cauchy—Schwarz and Holder inequalities and Proposition 9.4:
IALPE M|+ X PN PN (2, 9111 g,

u
SILPUMZ, KPR, / 1PN (2, )l i

2M*+2Nmp+2N+2 8(l)}, (12_13)

SILPUMT, o IXPUNMIWE, 0 & max(], i
which can indeed be bounded above by the right-hand side of (12-4) as claimed.

Proof of (12-11). Again, we only focus on the |P=Ner(£2, §)| term in (12-12). Using the definitions of
the V and S norms and Propositions 8.11 and 9.4, we deduce

t'=t s=t’ :
/ p:3/2(t’){/ IP=Ner (2, $) 12z ds} dt’
t s=0

=0

/

t'=t s=t 2
< / u:”(r/){ / 1 POV, () +§;/§m<s)]ds} dr’
t s

=0 5=0
t'=t s=t 2
,S é3/ u:3/2(t/){-/. u:M*+0.9(s) ds} dt/
=0 =0
< & max{l, u 233 (1)) < €2 max {1, u M (1)), (12-14)
which can indeed be bounded above by the right-hand side of (12-5) as claimed. (Il

601 fact, we can even do better than terms in (12-7) because of the extra smallness in € we have from the bootstrap
assumptions. However, we do not need this improvement for our proof.
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Finally, we consider the linear terms involving C and D.

Proposition 12.6 (control of wave equation error terms involving C and D). For
M e {c2 exp(2p)C', ¢ exp(p)@D, c? exp(2p)D, F;Sc2 exp(2p)D}
0

(¢f. main terms in (5-1a)—(5-1c)) and 1 < N < Nyop, the following hold for all (¢, u) € [0, T(Booy) X [0, Up]:
ILPY N | 4 | X PN PN (W) || 11 vy, ) S the right-hand side of (12-4),  (12-15)

t'=t s=t’ 2
f u;”(z’){ / [V (TiusY FRT ds} dt’ < the right-hand side of (12-5).  (12-16)
t'=0 s=0 ’

Proof. We first use the bootstrap assumptions (6-3)—(6-5) and (6-8) and Proposition 8.6 to deduce
1PN (um)| < wPY @, D) +|P=N"1(C, D)| + terms already in (12-7). (12-17)

=] =1

Step 1: proof of (12-15). The terms already in (12-7) were handled in the proof of (12-4), so we only
have to handle 7 and I/ in (12-17). We will use slightly different arguments for each of these two terms.
For I, we have®! by the Cauchy—Schwarz inequality, Propositions 10.6, 11.11, the bootstrap assumptions
(6-1), (6-2), and Propositions 8.6 and 8.11 that

IALPE M| 4+ | X PN PPN €, D) 11, )

!—t

t'=t
5/ Eyf vt Ly + DI wydr’
t'=0

max{1, u, (t")}max{1, u,

t'=t

o o —My~+Niop—N+0.9 —My+Niop—N+0.4

5 €1/2€3/2/ * top ™ top™ (t )}dt/
t'=0

< &2 max(l, p, TN TN 4y (12-18)

For II in (12-17), we use Cauchy—Schwarz and Proposition 10.6 to obtain

1L |+ | X PN PN DY |1,
SILPUMWT, 0+ IXPENIIL, o+ IPENTHE, DG, )

u=u
SILPUMWT, o+ IXPUNIE, / [Can—1+Day-1](t, u') du’

—2M+2Nop—2N+2.8

< |Lpt N]xanz(M )+||X73“ N]\Iflle(M )+e max{1, p, "} (12-19)

Finally, we observe that the right-hand side of (12-18) and the right-hand side of (12-19) are less than
or equal to the right-hand side of (12-4). We have therefore proved (12-15).

Step 2: proof of (12-16). Returning to (12-17), we again note that we only have to consider terms not
already controlled in Proposition 12.4. Applying Propositions 8.6, 8.11, 10.6, and 11.11, we have

1 Note that it is only at the top N = Niop level that C_/ / 2 and IDl/ is only bounded by 1, Mt Niop=N+0. 4(t ). For N < Niop,

we have the stronger estimates in Proposition 10.6, Wthh in prmmple would allow us to avoid controlling the term [ separately.
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t'=t s=t
[l [
t'=0 s=0

t'=t 5= 2
/ u:”(z/){ / [@i/,it Dy 1) + —— 1/2 [CLh, 1 TDN,, 1](s)ds} dr’
'=0 5=0 W' (s) v

!

2
[IuP=Ner (€, D)l 2, + 1PN 1€, D) 123, ] ds} dr

AN

’ !

= s=t 2
S é3f H':3/2(1,/){/ M:M*+O'4(S) ds} dt/ 5 é3u:2M*+2.3(t) S €2u* 2M.+1. S(I)
t'=0 s=0

which is therefore bounded above by the right-hand side of (12-5). ]

12C. Putting everything together.

Proposition 12.7 (main L? estimates for the wave variables). For 1 < N < Niop, the following holds for
all (t, u) € [0, T®ooy) X [0, Upl:

2M*+2Nmp —2N+1.8

W[] N](l u) < ¢ max{l 0}. (12-20)

Proof. We first use the pointwise bounds (12-7), (12-12), (12-17), the bootstrap assumptions (6-5)—(6-8),
and Proposition 8.6 to deduce that the assumption (12-1) in Proposition 12.1 on the inhomogeneous
terms (;5, i.e., the terms on the right-hand sides of (5-1a)—(5-1c), is satisfied. Hence, the results of
Proposition 12.1 are valid, and we will use them throughout the rest of this proof. We will also silently
use the basic fact that (¢, u) <1 and w,(¢) < 1; see Definition 2.16.

Step 1: N = Nyop. By the top- and penultimate-order general wave estimates (12-2) in Proposition 12.1,
the initial data assumptions in (4-1), (4-3a)—(4-4), and the bounds for the inhomogeneous terms in
Propositions 12.4-12.6, we obtain the following bound for any ¢ € (0, 1] (with implicit constants that are
independent of ¢):

sup M IS @) (Eq Nyt (Fr ) +HF 1 Ny Fo )1, N1 (Fo 1))

7€[0,1] M. —3.8 A N A A
+ sup wPM @) (Ep ngp—11F )+ Ngp—11(F 1) 1 Ngy—11(F 1)
fel0,1]
t'=t

s=t’ 2
S &+ sup W) u:3/2(t’){ / ||7>“’va]®|m<zs>ds} dr’
s=0

i€l0,1] =0
+ sup M@ (LRIl | XN g UG,
7€[0,1]

+ sup p2M38 () | LPU Moo= g XU Moo= gy LN =1 4

~ tu
te(0,7]

s=t
< &4 sup M ‘8(1)/ w2, u){f
fel0,1] s=0
+ sup LLZM* IS(I){SK[I,NK,P]G, u) "
7el0,t] 4 r= w'=u ., )
+(1+§ )(/ [E[1 Nmp](l‘ Lt)dl +/ U:[l’Nlop](l‘,M )du)}
=0 u'=0

+ sup ;M 38(1){§K[1,Nmp—1](f, u)

7€[0,1] t'=t w'=u
+(1+§1)(/ [E[I,Ntop—l](t/, u)dt/—l—/ ”:[I,Ntop—l](tv”/)d”,)}- (12—21)
t/

u'=0

/

2
_]/2(s)[E1/2 (s)ds}
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We now argue as follows using (12-21):

» We choose ¢ > 0 sufficiently small and absorb the terms

187 - 38,7 A
¢ sup M IS OK N1 (1), ¢ sup uIM TSR N, —11(FLu)
fel0,] iel0,1]

appearing on the right-hand side by the terms

M, 187 - 2M, 387 A
sup (DK, N1 (T, 1), sup W (O, Ny —11 (7, 1)
fe[0,1] fef0,1]

on the left-hand side.

e We then apply Proposition 8.12 (using that the exponents 2M, — 1.8 and 2M, — 3.8 are positive) and
Gronwall’s inequality to handle the terms involving the integrals of E and F.

This leads to the following estimate (where on the left-hand side, we have dropped the below-top-order
energies):

sup H%M*_I'S(f)([E[l,Nmp](fA, ) + Fr1, Ny (5 1) + K1 v (7, 1))
Fel0,1]

t'=t s=t’ 2
< &4 sup p2M18(h w32 u){ / uy O] N () ds} dt’. (12-22)
1€[0,1] =0 s=0 P

We will now apply a further Gronwall-type argument to (12-22). Define

() = exp( / T ds),
s=0

and, for a large € > 0 to be chosen later,

H(t) = sup 25O p™ S EE, vy (-
7€[0,¢]

From the definitions of Epj, Nigpls bs and H, the fact that ¢ is increasing, and the estimate (12-22), we find
that there exists a constant®? C,, > 0 independent of € > 0 so that

t'=t s=t' 2
H(t)<C,. <e + sup P27y 26(;)/ w32 ){/ w2 )E ], ](s)ds} dt’). (12-23)
7€[0,1] s=0 TP
Before we proceed, note that for n = 1, 2 an easy change of variables gives
s=t' ) yzf;::(;‘, Ty 049(.[) drt
/ ) 00 () ds = f "V dy < —= "% ). (12-24)
s=0 y=0
Fix t € [0, T(Boor)) and 1 €[0, t]. Since "% is decreasing and (L, is almost decreasing by Proposition 8.12,

we have, using (12-24) and the estimate (12-23) for H, the following bound for the terms under the sup

62We call the constant C « SO as to make the notation clearer later in the proof.
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on right-hand side of (12-23):

!

t'=f s=t 2
_ AL ~ _ — 1/2
WML 2%)/ u*3/2(t/){/ u*”z(s)[E[]/,pr](s)ds} dr’
t'=0 s=0

s=t'

<t siey [ o [ :
= - x [LQ(S)}‘L:OQ(S)][L*Q(S)H* *70'9(s)[E[11/,2Nmp] (S)] dS} dt’

t'=t
522M*2.6HEM*I.S(i‘)LZQ(i‘)/ u*ZM*+1.l(t/){f
t'=0 K

=0

S=

t 2
t¢(s)u*0‘9(s)H1/2(s)ds} dr’

/

=f =t 2
< 22Ma=26, 2M— L8 7y =287y (1) TR () { f Esu () ds} dr’
t'=0 s=0

. 18 2o HO 1 - - ,
5 22M* 2.6HEM* I.S(t)l. 2€(t) Q:z / [LZQ(I/)LL* O.Q(t/)]u* 2M*+2([ )dt/
t'=0

4M—4.6, 02, —2¢,~ H () o= 2€ 1y —0.9 0 N gt
<2 (1) (l)? (@), () de
t'=0
_ ~ H(t) _<H()
524M* 5.6u2.2(t) Q:3 524M* 5.6 Q:3 . (12_25)
Plugging (12-25) into (12-23), we obtain
H(t
H(@) < C**{éz + 24M*—5-6%}. (12-26)

Choosing ¢ > 0 sufficiently large such that 24M+=36/¢3 < %, we immediately infer from (12-26) that
H(t) < 2C,,&2. From this estimate, (12-25) the definition of ¢(7), and the estimate (8-35), we find that
the right-hand side of (12-22) is at most C &2, where C is allowed to depend on €. From this estimate and
the definition of Wy y)(, u), we conclude (12-20) in the case N = Nyop.

Step 2: 1 <N < Nigp— 1. Let 1 < N < Nyop — 1. Arguing like we did at the beginning of Step 1, except
for using (12-3) instead of (12-2), we obtain

Epr,a (@, u) 4+ Frooag (2, w) + I v (2, w)

. —2M,+2Niop—2N+1.8
< &max{l,p,

®)}
+ max{1, u:ZM*HN“’p_ZNH'S(t)}( sup min{1,
s€[0,1]

[E[]yN](l‘/, u) dl,+/

u'=0

2M,~2Nigp+2N+0.2
Ly

()IQp,v411(5))

/

t'=t u'=u

+§K[1,N]+(1+§_1)(/ [F[I,N](ta”/)du/>
=0
< & max(l, H:ZM*+2NLOP—2N+1.8(t)}

—2M,+2Nop—2N+1.8

2M,~2Niop+2N+0.2
+ max({1, p, e T

()}( sup min{l,

[0,£] (NQin113(s)),  (12-27)

where to obtain the last inequality, we first took ¢ to be sufficiently small to absorb ¢, »7, and then
used Gronwall’s inequality.
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Using (12-27), we easily obtain (12-20) by induction in decreasing N. Notice in particular that the
base case N = Nyp has already been proven in Step 1. (I

13. Proving the L° estimates

We continue to work under the assumptions of Theorem 6.3.

In this section, we derive L™ estimates that in particular yield an improvement over the bootstrap
assumptions we made in Section 6A. This is the final section in which we derive PDE estimates that are
needed for the proof of Theorem 6.3; aside from the Appendix, the rest of the paper (i.e., Section 14)
entails deriving consequences of the estimates and assembling the logic of the proof.

We first bound (in Propositions 13.2, 13.3) the L® norm of the fluid variables, specific vorticity,
entropy gradient and modified fluid variables and their P derivatives using the energy estimates we have
already obtained and Sobolev embedding (Lemma 13.1). Then, in Propositions 13.3 and 13.4, we control
derivatives of these variables that involve one factor of X by combining the just-obtained L°°-estimates
for P-derivatives with the (wave or transport) equations.

Lemma 13.1 (Sobolev embedding estimates). Suppose ¢ is a smooth function with u-support in [0, Up].
Then, for everyt € [0, Tgoor)), we have the estimate

2 2
o) S sup 1P= @l 2, + sup ILP= @l 25 (13-1)
uel0,Uo] uel0,Uo]

Proof. First, using standard Sobolev embedding on T2, using (2-28b)—(2-28c¢) to express #,, #3 in terms
of derivatives with respect to {Y, Z}, comparing the volume forms using Definition 3.1, and using the
estimates of Proposition 8.7, we deduce

1 1
2
Il S Y. < / |5 ¥ 1 dx dx) 5( / |P52¢|2d>»g) = 1P=*¢ll2,,).  (13-2)

i+j<2
To complete the proof of (13-1), it remains only for us to control the right-hand side of (13-2) by showing
that for any smooth function ¢ (where the role of ¢ will be played by P=2¢), we have

lollzze,.,) = Cllellize,,) + CIILell 2 - (13-3)
To prove (13-3), we start by using the identity #, = L — LAJ, (see (2-27a)) to deduce that

% 0% dx? dx’ :2/ 0¥, dx? dx’ :2/ ¢L¢dx2dx3—2/ LA Jag dx? dx’
Et,u Zt.u Z1‘,14 Et.u

= 2/ oL dx?dx’ +/ Q> (ALY dx? dx3, (13-4)
et u tu
where in the last step, we integrated the geometric coordinate partial derivatives g4 by parts (and we

recall that capital Latin indices vary over 2, 3). Again using (2-28b)—(2-28c¢) to express d,, #3 in terms
of derivatives with respect to {Y, Z}, and using the estimates of Propositions 8.6 and 8.7, we find that
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|aALA| < C. From this estimate, (13-4), and Young’s inequality, we deduce that

a
—/ p*dx*dx?
ot Je,,

§C/ |L<p|2dx2dx3+C/ p*dx*dx>. (13-5)
b4 Lru

Integrating (13-5) with respect to time, using the fundamental theorem of calculus, and then applying
Gronwall’s inequality, we find that

/ ¢2dx2dx3§C/ (pzdedx3+C/ / |Lo|?dx*dx>dt’. (13-6)
Zt.u eo.u t'=0 I

u

Again comparing the volume forms using Definition 3.1 and using the estimates of Proposition 8.7, we
arrive at the desired bound (13-3). O

Proposition 13.2. The following L™ estimates hold for all t € [0, T(goot)):
P N2 o5y S €, (13-7)
[P=Ner =M 22, )z, + PN, D)z, S 2 (13-8)

Proof. These two estimates follow as immediate consequences of the energy estimates (respectively
for (V, S), (C, D) and W) in Propositions 9.4, 10.6, and 12.7, Lemma 13.1, and the initial data size-
assumptions (4-4)—(4-6). [l

Proposition 13.3. The following L* estimates hold for all t € [0, Tgoor)):

IRy Se & IRy, 07 0% 9l S &, (13-9a)
IXRen sy <28, IX (R, 0%, 0% )iz S & (13-9b)
||7)[1leop_M*_4]}?\IJ”LOO(E[) 5 . (13-9¢)

Proof. Step 1: proof of (13-9a). Since Lt =1, we can apply the fundamental theorem of calculus along
the integral curves of L to deduce that for any scalar function ¢, we have

t

Il < Il s + / 1Ll s,y . (13-10)
=0

[/
By Proposition 13.2, we have ||LW||1~(x,) < €. From this estimate, the data assumptions (4-3a) and
(4-3c¢), and (13-10) with ¢ = W, we conclude the desired bounds in (13-9a).

Step 2: an auxiliary estimate for try X. We need an auxiliary estimate before proving (13-9b). To start,
we note that the same arguments used to prove Proposition 8.6, based on the transport equation® (2-41),
but now with the estimate (13-7) in place of the L> bootstrap assumptions for || P!1Ner=M=2ly | Lo(3,)
in (4-4), yield the estimate

[P N M3 oo,y S €. (13-11)

We next use Lemmas 2.23 and 2.32, and the fact that the Cartesian component functions X!, X2 X3 are
smooth functions of the L’ and W (see (2-23)) to write the identity (2-38b) in the following form, where f

63Note importantly that the right-hand side of (2-41) does not contain an XU term!
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schematically denotes smooth functions: try X = f(L}, W)PL! 4 f(L', ¥)PW. From this equation, the
estimates of Proposition 13.2, (13-9a), and (13-11), we obtain the desired auxiliary estimate:

| P=Noo =M=ty ¥l ooy S €. (13-12)
Step 3: controlling P=Nop=M:~4] X, By [52, Proposition 2.16], the wave operator is given by®*

WO,y f = —LULf +2X )+ uAf — iy xX f — g kLf = 2u”-df. (13-13)

Consider now the wave equations (5-1a)—(5-1c). We will now bound the inhomogeneous terms in these
equations. For Q € {Qév), 1), Qs ), we first apply (10-5) with ¢V, ¢ =, oD, @D <1 1.2,
@2 < € (which is justified by Proposition 13.2 and the bootstrap assumptions (6-3)—(6-5)), and then

use (6-3)—(6-5) and Propositions 8.6 and 13.2 to obtain
| p=Nen=Me=4 () | S [P Mo M3 |- g P N~ Mot x| P Moo= Moy 11} S &0 (13-14)

For £ € {ﬂiv), ,S(i), 2(5)} and
M e {c2 exp(2p)C', ¢ exp(p)@D, 2 exp(Zp)D},
Q

we use the pointwise bounds (12-12), (12-17) together with (6-3)—(6-8) and Propositions 8.6 and 13.2 to
obtain
|P=Nee= MR ()| o PN | S & (13-15)

Combining (13-14) and (13-15), we thus obtain
|7)§Ntop*M*74(HDg \Ij)| 5 é (13-16)

We now use (13-16) together with (13-13) to control P=Nee=M-=4 X\, The key point is that every
term in P=Ner—M+=4(13.13) except for PSN‘°P_M*_4(—2L)?\P) is already known to be bounded in L™
by O(€). More precisely, we express the Ricci coefficients on the right-hand side of (13-13) using
(2-38b)—(2-38d) and A using Lemmas 2.24 and 2.32. We also use the transport equation (2-40) to
express® the factor of Lyt on the right-hand side of (13-13) as the right-hand side of (2-40). Then using
Propositions 8.6, 8.7, and 13.2, the estimates (13-9a) and (13-11)—(13-12), and the bootstrap assumptions
(6-3)—(6-5) (to control all X W-involving products on the right-hand side of (13-13) except —2LX ), we
obtain [P=Ne~Mi~41 X\| < &. Also using the first commutator estimate in (8-12) with ¢ = X W and the
bootstrap assumption (6-5), we further deduce that

ILP=Neor =M X Q|| oy S [P=Neon=Memd L X | 4 @ 1/2 Pl N =M= | < g (13-17)

Step 4: proof of (13-9b) and (13-9¢c). We finally conclude (13-9b) and (13-9c) using (13-10) and (13-17),
together with the initial data bounds (4-3b), (4-3c) and (4-4). [l

64 Here, A is the Laplace—Beltrami operator on £ ,, which can be expressed as a second order differential operator in ¥ and
Z with regular coefficients.

65This step is needed to avoid having to control Niop — My — 3 P-derivatives of i in L®°, since Proposition 8.6 does not
yield L control of that many derivatives of L.
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Proposition 13.4. The following L™ estimates hold for all t € [0, Tgoor)):
IP=Nep ==X (2, 8) Lo, ) S €2

Proof. We apply P=Nor=M:=4 (5 (8-4)—(8-5) and then bound all terms on the right-hand side in L using
Propositions 8.6, 13.2, and 13.3. |

14. Putting everything together

This is the concluding section. First, in Section 14A, we use the estimates derived in Sections 7-13 to
conclude our main a priori estimates, i.e., to prove Theorem 6.3.

With the help of Theorem 6.3, all of the main results stated in Section 4B are quite easy to prove. We
will prove Theorems 4.2 and 4.3 in Section 14B, Corollary 4.4 in Section 14C, and finally, Corollary 4.5
in Section 14D.

14A. Proof of the main a priori estimates.
Proof of Theorem 6.3. We prove each of the four conclusions asserted by Theorem 6.3.

(1) By Proposition 12.7, for 1 < N < Nyp, the following wave estimates hold:

o —2M+2Niop—2N+1.8
Wy (1) < & max{l, w, T @),

Hence, the inequalities in (6-1)—(6-2) hold with & replaced by C &>.
(2) By (13-9a)—(13-9b), the inequalities in (6-3) hold with &!/2 replaced by C,& and 3 replaced by 25.
(3) By (13-7) and (13-9a)—(13-9c), the inequalities in (6-4)—(6-5) hold with gl2 replaced by Cé.
(4) By (13-8) and Proposition 13.4, the inequalities (6-6)—(6-8) hold with & replaced by C &%/ O

14B. Proof of the main theorems.

Proof of the regularity theorem (Theorem 4.2). By the main a priori estimates (Theorem 6.3) and a
standard continuity argument, all the estimates established in the proof of Theorem 6.3 hold on [0, T') x X.
As a consequence, the energy estimates (4-7a), (4-7b) and (4-7c) follow from Propositions 12.7, 9.4, 10.6,
and 11.11. As for the L estimates, (4-8a) holds thanks to (13-7) and (13-9c¢); (4-8b) and (4-8c) hold
thanks to (13-9a) and (13-9b) respectively; and (4-8d) holds thanks to (13-8) and Proposition 13.4.

Moreover, Lemma 2.24, the identity J, = L — LA3, (see (2-27a)), and the L™ estimates mentioned
above, together with those of Propositions 8.6, 8.7, and 8.10, imply that the solution can be smoothly
extended® to [0, T] x R x T2 as a function of the geometric coordinates (¢, u, x2, x3).

It remains for us to show that the solution can be extended as a smooth solution of both the geometric and
the Cartesian coordinates as long as inf;¢jo, ) 14 (f) > 0. Now the estimates (4-8a)—(4-8c), Lemma 2.22, and
the assumed lower bound on p, together imply that the fluid variables and their first partial derivatives with
respect to the Cartesian coordinates remain bounded. Standard local existence results/continuation criteria

56Note that these estimates imply that the @; derivatives of many geometric coordinate partial derivatives of the solution are
uniformly bounded on [0, 7] x R x T2, which leads to their extendibility to [0, T'] x R x T2.
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then imply that the solution can be smoothly extended in the Cartesian coordinates to a Cartesian slab
[0, T +€] x X for some € > 0. Finally, within this Cartesian slab, one can solve the eikonal equation (2-13)
such that the map (¢, u, x2 x> ¢, x, x%, xY) is a diffeomorphism from [0, T 4+ €] x R x T2 onto
[0, T 4 €] x X; the diffeomorphism property of this map follows easily from the identity #,x! = pc?/X!
(see (2-28a)) and the fact that pc?/ X! < 0in [0, T + €] x R x T? whenever ¢ is small enough, thanks to
i > 0, (2-25b), and the estimates of Proposition 8.7 for X ésmall) and ¢ — 1. This implies that the solution
can also be smoothly extended in the geometric coordinates (z, u, x2, x3). O

Proof of the shock formation theorem (Theorem 4.3). Step 1: vanishing of p,. First, we will show that
(1) = 1+ Oy(&) + O(&) — byt (14-1)

To prove (14-1), we start by using (2-40), (2-42), and the L estimates established in Propositions 8.6
and 8.7 and Theorem 4.2 to deduce that

Lu=—3c"(c ey + DXRG) +O(8) (14-2)
and
1 —1,.—1 _ 9 1 —1,.—1 o . 0
L{Zc (e + D} =0, L{ze (¢ lep+ DXRG = 0(8). (14-3)

Moreover, from (2-13), (2-14), and our data assumptions (4-3a) and (4-3c), we have the following initial
condition estimate for

5= 1+ O0y(&) + O(&). (14-4)

From (14-2)—(14-4), (4-2), and the fundamental theorem of calculus along the integral curves of L (and
recalling that Lt = 1), we conclude (14-1).

Step 2: proof of (1), (2), and (3). Define
T(sing) = sup{T € [0, 25;1] : a smooth solutions exists with w > 0 on [0, T) x X}. (14-5)

From Theorem 4.2, it follows that either T sig) = 28; !or liminf, ST M (t)=0.

Using (14-2), we infer that w, () first vanishes at a time equal to {1 + O, (&) + O(&)}5; . From this
fact, the definition of T(si,s), and the above discussion, it follows that this time of first vanishing of . (¢)
is equal to T(sing), Which implies (4-9). Using Theorem 4.2 again, we have therefore proved parts (1), (2)
and (3) of Theorem 4.3.

Step 3: proof of (4). In the next step, we will show that the vanishing of p, along X7, = coincides with
the blowup of [3;R(+,| at one or more points in X7, ; that will show that T(sing) is indeed the time of
first singularity formation and in particular yields the conclusion (4) stated in Theorem 4.3.

Step 4: proof of (5). We now prove that #jowup = #vanish- This in particular also implies the blowup-
claim in conclusion (4) of Theorem 4.3. We first prove Hiowup S Fvanish- It (u, x2, x3) ¢ Pyanish, then
u has a lower bound away from O near (T(sing), U, x2, x3) and thus the estimates in Theorem 4.2 (and
Lemma 2.22) imply that the fluid variables are C! functions of the geometric coordinates and the Cartesian
coordinates near the point with geometric coordinates (T(sing), U, x2, x3), i.e., (u, x2, x3) & Solowup-
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To show Aowup =2 -Pvanish» SUppose (u, x2, x3) € Fanish. Let B(t) denote the ¢-parametrized integral
curve of L emanating from (T sing), 4, x2 x3). Note in particular that po B (T(sing)) = W(T sing), U, x%x3) =0,
and recall that Lt = 1. We next use (14-2)—(14-4), (4-2), (4-9), and the fundamental theorem of calculus
along the integral curve B(z) to deduce that, for 0 <7 < T{sing), We have

He™ e esp+ DIo B0) x [XR 4l 0 (1) = 138,

(for otherwise, wo B(T(sing)) = 0 would not be possible). Also using (2-26b), Propositions 8.6, 8.7, and
the L°° estimates of Theorem 6.3, we find that the following estimate holds for 0 < ¢ < Tsing):

3le @ esp + Do BO) X [ndi Rl 0 B(1) = 30
In particular, also considering Remark 4.1, we deduce that
5. . 1
3 limsup ——— =0
(C C,p+1)|013(0) ”«T(;ng) Hoﬂ(f)

limsup [31R4))| 0 B(1) >
T 2e

sing)

Hence (u, x%, x3) € “blowup> Which finishes the proof that Ajowup = Fvanish-

Finally, we prove that A nish = R X T? \ Stegular- The direction C holds since -#yanish = Zblowup and
obviously Fiowup S R X T? \ Stegular- We now show the direction 2. Suppose that (u, x2, x3) & Solowups
ie., W(Tsing), U, x2, x3) > 0. Then the estimates with respect to the geometric vectorfields established
in Theorem 4.2 and Lemma 2.22 imply that in a neighborhood of (7(sing), u, x2, x3) intersected with
{t < T(sing)}, the fluid variables remain C ! functions of the geometric coordinates and Cartesian coordinates.
We have therefore proved part (5) of Theorem 4.3, which completes its proof. ]

14C. Nontriviality of 2 and S (Proof of Corollary 4.4).

Proof of Corollary 4.4. Using equations (14-2)—(14-4), we deduce (recalling that &'/ < & by assumption)
that along any ¢-parametrized integral curve S(¢) of L emanating from X (i.e., ,BO(O) = 0, where 8¢
denotes the Cartesian components of ), we have pog(f) =1— %z‘[c‘1 (¢! c.pt+ I)JV(R(JF)] 0 B(0)+ O, (&).
From this bound, (4-9) (which implies that 0 < ¢ < T(sing) = {1 + O(&) + (’)((‘3:)}5; 1, (4-2), and the
assumption (4-10), we see that if |u o B(0) — &+ 67| > 3&5.! (where u o B(0) is the value of the
u-coordinate at 5(0)), then po B(¢) > % for 0 <t < T(sing) (assuming that & and € are sufficiently small).

Now fix any (u,, xf, xfj) € Hvanish (that is, W(T{sing), U, xf, x:) = 0). We will show that under the
assumptions of the corollary, there is a constant C > 1 such that

C7'& < |S(Tising)s s, x2, x| < C&,  CT'& < |2(T(sing)» s, x2, x7)| < C&% (14-6)

Clearly, the bounds (14-6) imply the desired conclusion of the corollary.

To initiate the proof of (14-6), we let Bsing)(f) denote the z-parametrized integral curve of L pass-
ing through (T sing), t+, xf,
along Bsing) (and thus u o B(sing)(0) = u), the results derived two paragraphs above guarantee that
luy — 6+ S; 1| < 3&5; I In particular, in view of the initial condition (2-13) for u along Xy, we see that

1B in 00— 5.1 <3&b !, where Blsin NOE x "0 Bsing) (0) is the x'-coordinate of the point Bsing) (0) € Zo.

3). Then since (2-21) implies that the coordinate function u is constant

Xx



912 JONATHAN LUK AND JARED SPECK

Then, since Proposition 8.6 yields that (d/dt)f' = Lp' = L' =1+ L! )= 1+ O, (&), we can integrate

(small
in time and use (4-9) to deduce that

B (Tising) = B(0) + Tising) + Oy (8) Tising) = —5 1 + Tsing) + O4(6) Tising) = Oy (5087

That is, the x'-coordinate of the singular point (T(sing), U+, xf, x;:) is of size O,(&)S; L

Let now Ysing) be the integral curve of B passing through the singular point (7 sing), tx, x2,x2) as
above. Since (2-23) and (4-8b) imply that B = 9, + O,(&)d, we can integrate with respect to time along
Y(sing) and use (4-9) and the bound on the x!-coordinate of the singular point (T(sing), U+, xf, x;z) proved
above to deduce that y(sne) intersects Xy at a point ¢ with x!-coordinate ¢' of size ¢! = O.(&)S*_l. In
view of the initial condition (2-13) for u along X, we see that the u-coordinate of ¢!, which we denote
by uly, satisfies |u|, — 6| = O.(&)S;l. From this bound and the assumption (4-11), we see that

<Ry <& & <S8 (14-7)

To complete the proof, we need to use (14-7) to prove (14-6). To this end, we find it convenient
to parametrize y(sing) by the eikonal function. Since (2-23) and (2-21) guarantee that pBu = 1, this
is equivalent to studying integral curves of uwB. That is, we slightly abuse notation by denoting the
reparametrized integral curve by the same symbol y(sing); i.€., V(sing) SOlves the integral curve ODE
(d/du)y(sing)(u) = WB o Y(sing) (). To proceed, we multiply the transport equations (5-2a) and (5-2¢)
by u and use (2-23), (2-21), Lemma 2.22, Propositions 8.6, 8.7, and the L estimates of Theorem 6.3
to deduce that along y(sing), (5-2a) and (5-2¢) imply the following evolution equations, expressed in
schematic form:

d

d_uQ © V(sing)(”) =0()K2o V(sing)(”) +O()So V(sing)(”), (14-8)
d

ES © V(sing)(”) =0(1)So V(sing) (). (14-9)

From the evolution equations (14-8)—(14-9), the initial conditions (14-7), and the fact that 0 < u < Uy
in the support of the solution (see Section 7), we conclude that if € is sufficiently small, then there is a
C > 1 such that (14-6) holds. ]

14D. Holder estimates (proof of Corollary 4.5). Throughout this section, we work under the assumptions
of Corollary 4.5.

Lemma 14.1 (a simple calculus lemma). Let J C R be an interval. Suppose f :J — R is a C3 function
such that:

(1) f isincreasing, i.e., f' > 0.
(2) There exists b > 0 such that 3y > b for every y € J, where £ denotes the third derivative of f.

Then for any y1, y2 € J, the following estimate holds:

FOD = FOI= 2y =P
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Proof. First, note that the assumption on f® implies that f” is strictly increasing. In particular, f” can
at most change sign once.

Without loss of generality, assume y; # y,. We consider three cases: the first two are such that f”(y)
and f”(y) are of the same sign, while the third is such that they have opposite sign.

Case 1: y; < yp and f"(y1) < f”(y2) <0. By Taylor’s theorem,

FOU=102)— ) —y)+ %f”(yz)(yz —y)?

1 o
= 50— [ A= O Gt v =y dr = £ = §a =)'

where we have used f7(y2) >0, f”(y») <0 and f®(y) > b.
Therefore,

1F O = FO = FO) — FO1) = 23— y)°.

Case 2: y» < yr and f”(y1) > f”(y2) > 0. This can be treated in the same way as Case 1 so that we have

[fOD)—fO=fO1) — f) = ZZ(y1 - ).

Case 3: y; < y2, f"(y1) <0< f”(y2). Since f” is strictly increasing, there exists a unique z € (y1, y2)
such that f”(z) = 0. Therefore, using Case 1 (for y; and z) and Case 2 (for y, and z), we have
b b
FON = FODI=F02) = f@+F@=FO) = gy —z +Iy =2l = 5502 =),

where in the very last inequality we have used y; — y; < 2max{|y; — z|, |y —zl}.
Combining all three cases, we conclude the desired inequality. O

Lemma 14.2 (quantitative negativity of 8zx1). Under the assumptions of Corollary 4.5, the following
holds at all points such that (t, u) € [3T(sing)/4, Tising)) *x [6/2,36/2]:

3 o
auxl <-B.

Proof. In this proof, we will silently use the fact that the Cartesian component functions X!, X2, X? are
smooth functions of the L’ and W (see (2-23)) and the fact that ¢ is a smooth function of W.

By (2-29), to prove the lemma, we need to estimate aft = ai(pcz /X 1. To proceed, we use (2-28a)
(in particular, the fact that #,, — X is ¢, 4-tangent) and the L*° estimates of Propositions 8.6, 8.7, and 8.10

and Theorem 6.3 to deduce that
2

5o UC .
Pxl = XX(F) +0(@). (14-10)

We will now estimate the term X X (nc? /X" on the right-hand side of (14-10). We start by not-
ing that the L*° estimates of Propositions 8.6, 8.7, and 8.10 and Theorem 6.3 together imply that
|LL}? X (uc?/ X" = O(&). Therefore, letting y (¢) be any integral curve of L parametrized by Cartesian
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time ¢ (with y (0) € ¥¢) and recalling that Lt = 1, we integrate this estimate twice in time to deduce that
for ¢ € [0, T(sing)), we have

2 2 2
o« (uc o« (e 5 o
Xx (%) oy () = [XX (;—1)} 0y (0) +I[Lxx(%)] 0y (0) + O(&)
o o uc? oo [ uc? .
where to deduce the last equality, we used in particular (8-27).

Next, using the transport equation (2-40), (2-42), the fact that X [x,= —cd; (by (2-7), (2-13), (2-26b),
and the normalization condition g(X, X) = 1), and the L™ estimates mentioned above, we deduce that

o« (uc? .. c?
|:XXL<F)i| oy(0) = [XX{(Lu)F” oy (0)+0O(€)
= JIXX((ep + DEARG oy O +0@).  (1412)

Next, using that X [y,= —cd;, and using that u [x,= 1/c (this follows from the initial condition in
(2-13) and the fact that (2-21) implies that Xu = 1/u), we deduce

v o pcz ¢ o
XX > Iso=—XX(1)=0. (14-13)
Combining (14-11)—(14-13), we find that
2
oo HC I oo > o
XX(F) oy(t) = 5[XX{(c 1c;p +DXR)Hoy(0)+0(é). (14-14)

From (14-14) and our assumption (4-12), we deduce that at any point whose corresponding #-coordinate®’
satisfies u € [6/2, 36/2], we have

2
xx(%) oy (1) < =2t5.p+ O(8). (14-15)

In particular, for points whose corresponding u- and z-coordinates satisfy, respectively, u € [6/2, 36/2]
and ¢ € [3T(sing)/4, T(sing))> We have, in view of (4-9), the estimate

) o
. - 3 o o
XX(%)oy(t) 5—76—%(’).(&)6*[5—#0(@:). (14-16)
Combining (14-10) and (14-16), we conclude the lemma. O
Lemma 14.3 (the main Holder estimate for the eikonal function). Under the assumptions of Corollary 4.5,
the following holds for t € [3T(sing)/4, T(sing)):

“w lu(p1) —u(p2)| <5p-13,

prpress, prps disteuc(p1, p2)1/3 —
u(p;)el6/2,36/2]

Above, u(p;) denotes the value of the eikonal function at p;, x(p;) denotes the Cartesian spatial coordi-
nates of p;, and distgyc(p1, p2) denotes the Euclidean distance in X, between p and p;.

67Recall that u Igp=6— x! and the u-value is constant along the integral curves of L by virtue of the first equation in (2-21).
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Proof. Step 1: estimating min,(p;)—,, distgyc(p1, p2) by carefully choosing two points. Consider two
distinct values u1, u, which obey u; € [6/2,36/2]. By compactness of the constant-u hypersurfaces
in X, there exist points py, p> € ; with u(p;) = u; and distguc(p1, p2) = miny(p,)=y, distgwc(p1, p2). In
particular, p; and p; are connected by a Euclidean straight line L, ,, which is Euclidean-perpendicular
to {# = u;} at the point p; fori =1, 2.

Now by Lemma 2.22 and (2-21), the Euclidean gradient of u satisfies

wou =c2X, i=1,2,3. (14-17)

Recalling (by Proposition 8.7 and conclusions (2) and (3) of Theorem 6.3) that X' =—1+ 0,(&),
c2X?, c72X? = 0,(&), we deduce from (14-17) that L, p, makes a Euclidean angle of O,(&) with
respect to d;. Therefore, using (14-17) again (which implies that constant-u hypersurfaces in ¥; make an
angle O(&) with constant-x! planes), we infer that there exist®® p;, p, such that:

(1) ulpi) =u;.

(2) 0; is tangent to the Euclidean line £ connecting p; and p;.

(3) miny (p)—; disteuc (p1, p2) = disteuc(P1, P2) = 5 disteuc(P1, p2) = 51" (p1) —x' (02)]-
We fix such a choice of (p1, p) for any given (u1, up) (with uy # uy).

Step 2: estimating |x1(p1) — xl(pg)l. By (2-29), Proposition 8.7, and conclusions (2) and (3) of
Theorem 6.3, we have
Jux' = 1W(=1+0,(&).

Hence, for every fixed (xz, x3), xlisa strictly decreasing function in u. Moreover, by Lemma 14.2,
aixl < —[03. Hence, we are exactly in the setting to apply Lemma 14.1 (for the one-variable function
f(u) = —x'(u), where (x2, x3) is fixed, and b = f3) to obtain

B
) —x ()| = ol — ol (14-18)
In view of our choice of p; and p, in Step 1, we conclude from (14-18) that
lu(p1) —u(p2)| lur — us|
sup - 173 = sup - : 1/3
p1.p2e5e pi#ps diStEuc(P1, p2) w#wy  06p pes, u(pn=u; disteuc(p1, p2)
u(pi)el6/2,36/2] u; €[8/2,36/2]
<23 swp el ggiag-1s < spo1s, O

ppreSep#py X1 P1) —xt(p) |13
u(p;)€[6/2,36/2]

We are now ready to conclude the proof of Corollary 4.5.

Proof of Corollary 4.5. Our starting point is the observation that the estimates in Theorem 4.2 guarantee
that, for at each fixed r with 0 <7 < T sjyg), the fluid variables and higher-order variables p, vi, 21 8L C
and D are all uniformly Lipschitz when viewed as functions of the (u, x>, x3)-coordinates. Therefore, the
key to proving Corollary 4.5 is to understand the regularity of the map (x!, x2, x3) — (u, x2, x3).

68We can, for instance, take p1 = p1 and let p, be the unique point in both the level set {# = u,} and the line passing through
p1 with tangent vector everywhere equal to 9.
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To this end, we first note that by the assumption (1) in Corollary 4.5, the equations (14-2)—(14-4), (4-9),
and the arguments given in the proof of Corollary 4.4, it follows that away from u € [36/4, 5G6/4], we
have | > % From this lower bound, Lemma 2.22, and the estimates of Proposition 8.7, we see that when
u ¢ [36/4,56/4], the map (x!, %2, x3) > (u, x2, x3) remains uniformly Lipschitz (in fact, we could
prove that it is even more regular). Combined with the aforementioned fact that p, vi, 21, §', ¢ and D
are uniformly Lipschitz in the (u, x2, x3)-coordinates, we see that at each fixed 7, with 0 <7 < Tising)»
p, vi, 21, S, ¢, and D are also uniformly Lipschitz in the (x!, x2, x3)-coordinates away from u €
[36/4,56/4]. Moreover, (14-1) guarantees that in the region {0 < ¢t < 3T (sne)/4}, we have p > %.
Thus, for the same reasons given above, the map (!, x2, x3) = (u, x2%, x3) is uniformly Lipschitz in
{0 <t < 3T(ing)/4}, and thus p, v', 27, ', C', and D also remain uniformly Lipschitz in the (x!, x2, x%)-
coordinates in this region.

It remains for us to consider the difficult region in which u € [36/4,56/4] € [6/2,36/2] and t €
[3Tsing) /4, T(sing))- Using Lemma 14.3, we see that the map (x!, x2, 23 > (u, x2, x3) is uniformly ci3
in this difficult region. Hence, p, v, £2!, %, C!, and D all have uniformly bounded Cartesian spatial C'/3
norms in this region as well. ]

Appendix: Proof of the wave estimates

In this appendix, we sketch the proof of the wave equation estimates, that is, of Proposition 12.1. As we
already discussed in Section 12A, although the wave equation estimates that we need are almost identical
to the ones derived in [36], there are two differences:

(1) The wave equations in Proposition 12.1 feature the inhomogeneous terms &, and we need to track
the influence of these inhomogeneous terms on the estimates. Recall that the precise inhomogeneous
terms are located on the right-hand sides of (5-1a)—(5-1c), but for purposes of proving Proposition 12.1,
we do not need to know their precise structure.

(2) Recall that our commutation vectorfields {L, Y, Z} are constructed out of the acoustic eikonal
function u, and hence the commuted wave equations feature error terms that depend on the acoustic
geometry. In three dimensions, some additional arguments are needed (compared to the two-dimensional
case treated in [36]) to control the top-order derivatives of some of these error terms.

The issue (2) is tied to the fact that the null second fundamental form of null hypersurfaces in 1+3
dimensions has now three independent components, which stands in contrast to the case of 1+2 dimensions,
where it has only a single component (i.e., it is trace-free in 142 dimensions). This issue is by now
very well-understood, and it can be resolved by using an elliptic estimate. For completeness, we will
nonetheless sketch the main points needed for the argument in this appendix.

We now further discuss the issue (2). In 142 dimensions, try X satisfies a transport equation known as
the Raychaudhuri equation69 (see [52, (6.2.5)]):

ML try X = (L) try X — u(try )* — pRicr, (A-1)

%Note that this is a purely differential geometric identity that is independent of the compressible Euler equations.
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where Ric is the Ricci curvature of the acoustical metric g and Ricz; =Ricqg LYLA. In contrast, in 143 di-
mensions, the right-hand side of (A-1) features some additional terms. Specifically, in 143 dimensions,
the Raychaudhuri equation takes the following form (see [48, (11.23)]):

ML try X = (L) try X — uix|® — pRicz = (Lp) try X — u(try ) — pI%I* — pRicre, (A-2)
where X is the traceless part of , i.e., it can be defined by imposing the identity x =X + %(trg X)¢. In
other words, (A-2) has an additional —p|%|? term compared to (A-1), and this additional term cannot
be bounded using the only the transport equation (A-2), (since the left-hand side of (A-2) features a
transport operator acting only on the component try X, as opposed to the full second fundamental form ).
The saving grace, however, as already noticed in [15] (see also [17; 33]), is that one can use geometric
identities (specifically, the famous Codazzi equation) and elliptic estimates to control Yy in terms of
d try X plus simpler error terms. A top-order version of this kind of argument allows one to control the
difficult top-order derivatives of the term —1|X|? on the right-hand side of (A-2); see Section A5 for the
details. We remark that for the solutions under study, the —u|{|? term is quadratically small and, as it
turns out, it does not have much effect on the dynamics.

Al. Running assumptions in the appendix and the dependence of constants and parameters. Through-
out the entire appendix, we work in the setting of Proposition 12.1. In particular, we make the same
assumptions as we did in Theorem 6.3 (which provides the main a priori estimates), as well as the
smallness assumption (12-1) for the inhomogeneous terms &.

Our analysis involves various constants and parameters that play distinct roles in the proof. We have
already introduced these quantities earlier in the article. For the reader’s convenience, we again provide a
brief description of these quantities in order to help the reader understand their role in our subsequent
arguments in the appendix.

°

 The background density constant ¢ > 0 was fixed at the beginning of the paper. The parameters &, 0.,
8, & and & measure the size of the x!-support and various norms of the initial data; see Section 4A.

* As in the rest of the paper, the positive integer Ny, denotes the maximum number of times that we
commute the equations for the purpose of obtaining L>-type energy estimates.

e My denotes an absolute constant, that is, a constant that can be chosen to be independent of Ny, the
equation of state, o, G, §, and S; I aslong as & and & are sufficiently small. The constants M, arise as nu-
merical coefficients that multiply the borderline energy error integrals; see in particular the right-hand side
of (A-37). The universality of the My, is crucial since, as the next two points clarify, they drive the blowup-
rate of the top-order energies, which in turn controls the size of largeness of Ny, needed to close the proof.

» As in the rest of the paper, the positive integer M, controls the blowup-rate of the high-order energies.
The following point is crucial: for the proof to close we need to choose M, to be sufficiently large in a
manner that depends only on the absolute constants M. In particular, M does not depend on Nyp.

* Once M, has been chosen to be sufficiently large (as described in the previous point), for the proof
to close we need to choose Ny to be sufficiently large in a manner that depends only on the integer M

fixed in the previous step.
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» Once Ny has been chosen to be sufficiently large (as described in the previous point), to close the
proof, we must choose € to be sufficiently small in a manner that is allowed to depend on all other
parameters and constants. We must also choose & to be sufficiently small in a manner that depends only

on the equation of state and 6. We always assume that &'/? < &.

o In contrast to M, the constants C” are less delicate and are allowed to depend on the equation of state,
0, 6, 8, and 8; I We use the notation C’ to emphasize that these constants multiply difficult, borderline
energy estimate error terms, but we could have just as well denoted these constants by C (where C has
the properties described in the next point), and the proof would go through.

o Unless otherwise stated, “general” constants C are allowed to depend on Nyop, Maps, the equation
of state, o, &, 0, and 6;1. When we write A < B, it means that there exists a C > 0 with the above
dependence properties such that A < C B. Moreover, A ~ B means that A < B and B < A.

A2. An outline of the rest of the appendix. In Sections A3-A8, we will derive the estimates we need to
prove Proposition 12.1. The conclusion of the proof of Proposition 12.1 is located in Section A9.

Proposition 12.1 is an analog of the similar result [36, Proposition 14.1]. In fact, in our proof of the
proposition, we will exactly follow the strategy from [36]. For this reason, we will only focus on terms
which did not already appear in [36]. We begin by identifying the most difficult wave equation error
terms in Section A3. As in [36; 52], these hardest terms are commutator terms involving the top-order
derivatives of try X, which we control using the following steps:

» In Section A4, we write down the transport equations satisfied by the important modified quantities.
The modified quantities are special combinations of solution variables involving try x. With the help of
the Raychaudhuri equation (A-2), the modified quantities will allow us to avoid the loss of a derivative at
the top order and/or allow us to avoid fatal borderline error integrals.

o In Section A5, we use elliptic estimates on ¢, , to control the top-order derivatives of X in terms of the
modified quantities.

 In Section A6, we define partial energies, which are similar to the energies we defined in Section 3B,
but they control all wave variables except for the “difficult” one R4, (which is such that [0;R (4| blows
up as the shock forms). As in [36], the partial energies play an important role in allowing us to close the
proof using a universal number of derivatives, that is, a number Ny, that is independent of the equation of
state and all parameters in the problem; the role of these partial energies will be made clear in Section A9.

 In Section A7, we use the transport equations in Section A4 and the estimates in Section AS to obtain
the bounds for the top-order derivatives of try X.

At this point in the proof, we will have obtained all of the main new estimates we need to prove
Proposition 12.1. In Section A8, we use our estimates for the top-order derivatives of try X to derive
preliminary energy integral inequalities for the wave equation solutions. These are the same integral
inequalities that were derived in [36, Proposition 14.3], except they include the new terms generated by
the inhomogeneous terms & featured in the statement of Proposition 12.1. Finally, in Section A9, we
use these integral inequalities and a slightly modified version of the Gronwall-type argument used in the
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proof of [36, Proposition 14.1], carefully tracking the different kinds of constants, thereby obtaining a
priori estimates for the energies and concluding the proof of Proposition 12.1.

We close this section with three remarks to help the reader understand how we use cite/use results that
were proved in [36].

Remark A.1 (implicit reliance on results we have already proved). The estimates in this appendix rely,
in addition to the bootstrap assumptions, on many of the estimates that we independently derived in
Section 8, such as the results of Propositions 8.6, 8.7, 8.10, 8.11, 8.12, and 8.14. Many of the results that
we cite from [36] rely on these propositions, and we will not always explicitly indicate the dependence of
the results of [36] on these propositions.

Remark A.2 (¢ vs. €'/2). The bootstrap smallness parameter ¢ from [36] should be identified with
the quantity eY2 in our bootstrap assumptions (6-4)—(6-8). For this reason, various error terms from
[36] reappear in the present paper, but with the factors of ¢ replaced by &!/2. This minor point has no
substantial effect on our analysis, and we will often avoid explicitly pointing out that the error terms from

[36] need to be modified as such.

Remark A.3 (vorticity terms have been absorbed into Qg). Many error terms in the estimates of [36]
involve vorticity terms that are generated by the vorticity terms on the right-hand side of the wave
equations. However, in this appendix, we have absorbed these error terms into our definition of the
inhomogeneous terms & in Proposition 12.1. For this reason, it is to be understood that many of the
estimates cited from [36] have to be modified so that these vorticity terms are absent and are instead
replaced with analogous error terms that depend on & (where throughout the appendix, we carefully
explain how the term & appears in various estimates).

A3. The top-order commutator terms that require the modified quantities. To begin, we recall that
{Y, Z} denotes the commutation vectorfields tangent to ¢; ,, and that we use the notation P to denote a
generic element of this set. In the following proposition, we identify the most difficult error terms in the
top-order commuted wave equations.

Proposition A.4 (identifying the most difficult commutator terms). Let & denote the inhomogeneous terms
in the wave equations from Proposition 12.1. Then solutions to the wave equations of Proposition 12.1
satisfy the following top-order wave equations (which identify the most difficult commutator terms):

p, (7PN‘°P71L\IJ) = (dﬁ\IJ)(pd7/jN‘°pfl try X) + PN~ L& + Harmless, (A-3)

nOg (PY~ Y W) = (XW) @YY 30 + ¢ X @) (ud P g x)

Niop—1 y New—1 + PN~y & + Harmless, (A-4)
uDg (7P o Z\IJ)=(X‘IJ)(7P P ZtrgX)

+ 2P (ud PV g x) + PN 28 + Harmiless. (A-5)

top

Above, the terms “Harmless” are precisely the Harmless(W o) ferms defined in [36, Definition 13.1], except
=N
(WJV’Z,)

because we have absorbed these terms into our definition of the wave equation inhomogeneous term ®.

here we do not need to allow for the presence of vorticity-involving terms in the definition of Harmless
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Moreover, for any other top-order operator PNev (i.e., a top-order operator featuring at least two
copies of L or featuring only a single L but in an order different from (A-3)), there are no difficult
commutator terms in the sense that the following equation holds:

n, (mep v) = PN @ + Harmless. (A-6)

Proof. This is exactly the same as [36, Proposition 13.2] with the obvious modifications: we have {L, Y, Z}
(as opposed to just {L, Y}) as commutation vectorfields, and we have accounted for the presence of the
inhomogeneous terms ¢. We stress that even in three spatial dimensions, the top-order derivatives of x
that appear on the right-hand sides of (A-3)-(A-5) only involve its trace-part trg X, as opposed to involving
the full tensor x. Roughly speaking, this follows from three basic facts: all of these top-order terms are
generated when all Ny, + 1 derivatives (including the two coming from [, ) on the left-hand sides fall on
the components P! (where P € {L, Y, Z}); all P’ can be expressed as functions ¥ and L', L2, L3 and
Lemma 2.19 and (13-13) with f = u together imply that ulJ, u = — try X. Hence, considering also (2-14),
we have, schematically, that L, Ju = —9 try X+ - -, where “- - - denotes terms that involve lower-order
derivatives (i.e., up to second-order derivatives) of the eikonal function u# and/or derivatives of W. Thus,
(2-14), (2-16), (2-17) imply that the scalar functions P’ satisfy, schematically,70 DgPi =0dtrgx+---. U

Remark A.5. Notice that in [36, Proposition 13.2], there is an additional difficult commutator term
coming from (in the language of the present paper) the commutation with X. Since in this paper, we
use only the subset of energy estimates in [36] that avoid commutations with X, an added benefit of our
approach here is that we do not need to handle these additional terms.”!

Ad4. The modified quantities and the additional terms in the transport equations. In order to control the
top-order commutator terms from Proposition A.4, the idea from [15] is to introduce modified quantities,
which are corrected versions of try X. The “fully modified quantities” solve transport equations with
source terms that enjoy improved regularity, thus allowing us to avoid a loss of regularity at the top order.
The “partially modified quantities” lead to cancellations in the energy identities that allow us to avoid
error integrals whose singularity strength would have been too severe for us to control.

Definition A.6 (modified versions of the derivatives of try X). We define, for every’? fixed string of
order-N commutators PN € 2N, the fully modified quantity P2 as

P2 = PNy x + PVX, (A-7a)
X=—GrLoXW -ty GoL¥ — Gy o LU +udy od. (A-7b)

700f course, careful geometric decompositions are needed to obtain the precise form of the terms on the right-hand sides of
(A-3)—~(A-5); here we are simply emphasizing that the dependence of the top-order terms is through the derivatives of try X.

710f course, even if these terms had been present in our work here, we could have handled them in the same way they were
handled in [36].

721 practice, we need these quantities only to handle the difficult terms from Proposition A 4, which involve purely
{; y-tangential derivatives of try X. Put differently, in practice, we only need to use the quantities @" e
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We define, for every’? fixed string of order PV € 2™, the partially modified quantity PV as
PV~ ~ pN trg X + (PN):%’ (A-8a)
PYE = L, GoLPVU + G ogPV . (A-8b)

Proposition A.7 (transport equations satisfied by the modified quantities). The fully modified quantities
solve the following modified version of equation [36, (6.9)], where & denotes the array of inhomogeneous
terms in the wave equations from Proposition 12.1:

LP" g — <2%L — 2, x) (PHmgr
= non-vorticity-involving terms in [36, (6.9)] — PNer (u|%|?) + %PN‘UP(GLL 3 55). (A-9)
Moreover, the partially modified quantities solve the following modified version of equation [36, (6.10)]:
LP D9 = terms in [36, (6.10)] — PV~ 1 ([32). (A-10)

Remark A.8. We clarify that the vorticity-involving terms in [36, (6.9)] are absent from the right-hand side
of (A-9) because we have absorbed these terms into our definition of the wave equation inhomogeneous
term &.

Proof of Proposition A.7. The key point is that the derivations of both [36, (6.9), (6.10)] used the
Raychaudhuri transport equation satisfied by trg X, and thus we need to take into account the additional
—p|X|? term in (A-2) as compared to (A-1).

The derivation of [36, (6.9)] consists of two steps. First, in [36, Lemma 6.1], one expresses [t Ricyy in
terms of a sum of two terms: one term is a total L derivative, and the other term is of lower order; see [36,
(6.1)]. Step 1 in particular uses the wave equations p [ 2y Ye="---.In the second step, one combines
the result of [36, Lemma 6.1] with the 142-dimensional Raychaudhuri equation (A-1) and then commutes
the resulting equation to obtain [36, (6.9)]. In our setting, each step requires a small modification.

« In the first step, instead of pulJ 2(9) Y, =-..., we have pn[] 2(9) W, = &,. Thus, we get an additional term
1PNer (G, o ) on the right-hand side of (A-9).

« In the second step, we need to use the 143-dimensional Raychaudhuri equation (A-2) instead of (A-1)
and get the extra term —P™er (u||?) on the right-hand side of (A-9).

We thus obtain (A-9).

The derivation of [36, (6.10)] is simpler because its proof relies only on the 1+2-dimensional Ray-
chaudhuri equation (A-1) (in particular, it does not rely on the wave equations ] 208 Y, =...). Thus,
to obtain (A-10), we simply replace the application of (A-1) from [36, (6.10)] by an application of (A-2).
The additional term in (A-10) is a result of the extra —u|X|> term in (A-2) compared to (A-1). U

= a2 . . N\ ~
73 As in footnote 72, in practice, we only need to use the quantities P77
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AS5. Control of the geometry of L, , and the elliptic estimates for X. The following elliptic estimate is
standard; see [15, Lemma 8.8].

Lemma A.9 (elliptic estimate for symmetric, trace-free tensorfields). Let (Ma, ¥) be a closed, orientable
Riemannian manifold, and let |1 be a nonnegative function on My. Then the following estimate holds for
all trace-free symmetric covariant 2-tensorfields & belonging to W2(M,, Y):

[ e 2 i) an, <3 [ paienan,+3 [ wdieiaa, oo
Ms Mo Ma

where Y, d,fv},, Ry and dAy are respectively the Levi-Civita connection, divergence operator, Gaussian
curvature and induced area measure associated with y.

In order to use Lemma A.9, we need an L™ estimate for the Gaussian curvature of the tori (¢; ,, ).
We provide this basic estimate in the following proposition.

Proposition A.10. The Gaussian curvature Ry of (¢, 4, §) satisfies the following estimate for every
(t, u) € [0, TBoor) x [0, Upl:

01/2
1Rl oo v, S €72

Proof. 1t is a standard fact that at fixed (7, u), Ry can be expressed in terms of the components of ¢, g_l
with respect to the coordinate system (x2, x*) on £, and their first and second partial derivatives with
respect to the geometric coordinate vectorfields @,, #3. Schematically, we have

Ry=g g7 Pty g g g 0y

_1. _1.

where § € {#>, #3}.
Recalling the expression for the induced metric ¢ in Lemma 2.32 and the relations between the
vectorfields in Lemma 2.24, we see that the desired estimate for &4 follows from Proposition 8.7.  [J

We now apply the elliptic estimate in Lemma A.9 to control the top-order derivatives of X in terms of
the top-order pure ¢, ,-tangential derivatives of try X.

Proposition A.11. The following estimate holds for'* the Niop-th £; y-tangential derivatives of X for
every (t,u) € [0, T(gooy) X [0, Upl:

A No o —M, .
L)Vl 2y S IWP™M try Xl 2z + €20 M0 0).

Proof. Step O: preliminaries. Throughout the proof, we will silently use the following observations, valid
forPe€{L,Y,Z}and P € {Y, Z}, where f(-) denotes a generic smooth function of its arguments that is
allowed to vary from line to line.

 The component functions X', X 2 X3 are smooth functions of the L’ and W; see (2-23). The same
holds for the component functions PO Pl P2 P3: this is obvious for P = L, while see Lemma 2.23
1\AB
)

for P =Y, Z. Similarly, the geometric coordinate component functions ¢, . and (g~ are smooth

functions of the L’ and W; see Lemma 2.32.

74Recall that [Zp denotes Lie differentiation with respect to elements P € {Y, Z}, followed by projection onto ¢; .
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e For J € {#5, #3}, we have the following schematic identity: § =f(L’, ¥)Y +f(L’, W)Z; see Lemma 2.24.

 For ¢, ,-tangent one-forms &, we have |§| =~ ZA:Z,B [Eal = |Ey| + &2 = |EY)]| + |E(Z)]; this
follows from the discussion in the previous two points, the bootstrap assumptions (6-3)—(6-5), and
the L estimates for Lismall) from Proposition 8.6. In particular, for scalar functions ¢, we have

Vo~ A=23 |dagp| ~ |YP|+ | Z¢p|. Analogous estimates hold for ¢, ,-tangent tensorfields of any order.

« For type- (2) tensorfields, we have the following covariant identity, expressed schematically: [V, Lp]& =
(VLpg)-E&. 1tis straightforward to check that £p¢ is in fact equal to the ¢, ,-projection of the deformation
tensor of P (the deformation tensor itself is equal to Lpg, where g is the acoustical metric).

» Relative to the geometric coordinates (¢, u, x2, x%), we have [pg =f(L', U)(PL!, PW) (where the
‘P’s on the left- and right-hand sides can be different).

« For ¢, ,-tangent tensorfields &, we have the following schematic identity, valid relative to the geometric
coordinates, where § € {#,, #3}: Y& — J& =1(L!, W)E - (PL!, PW); this follows from expressing Y in
terms of geometric coordinate partial derivatives and the Christoffel symbols of ¢ and then expressing
g =f(L', ¥)P on the right-hand side.

« For ¢, ,-tangent tensorfields &, we have the following schematic identity, valid relative to the geometric
coordinates, where 3 € {#2, #3}: Lp& = P E + (L, W)E - (PL, PW) (where the P’s on the left-
and right-hand sides can be different); this formula is straightforward to verify relative to the geometric
coordinates.

« For ¢, ,-tangent tensorfields &, we have the following schematic identity, valid relative to the geometric
coordinates, where § € {#, #3}: Yp& — Lp& = (L, \TJ)E,- (PL!, PW) (where the P’s on the left- and
right-hand sides can be different); this formula is straightforward to verify relative to the geometric
coordinates.

o If f is a scalar function, then Lpd f = dP f, where ¢ denotes ¢, ,-gradient of f; this formula is
straightforward to verify relative to the geometric coordinates.

Step 1: Codazzi equation.”> We compute (ﬁp)NwP_lvAXB 4 by differentiating (2-38a) with the operator
([:p)Nmp_ld,ng and treating all capital Latin indices as tensorial indices, while treating all lowercase
Latin indices as corresponding to scalar functions. We clarify that the tensor on the left-hand sides of
(2-38a) is symmetric, while the first, third, and fourth products on the right-hand side of (2-38a) are not.
Hence, for clarity, we emphasize that when we write “differentiating (2-38a) with (Kp)NmP_lWAX BAs
it is to be understood that the corresponding first term on the right-hand side is an ¢, ,-tangent one-
form with index B whose top-order part (in the sense of the number of derivatives that fall on L%)
is (Lp)Mer ™ (gap (gAY cd L) @ Fax?)) = (Lp)Nor ™ (gup (gAY 5 L) ® FaxP)), where to
obtain the last equality, we used the commutation identity YcdpL? = Y gdcL?, which is a consequence
of the torsion-free property of Y and the fact that we are viewing the Cartesian components L? as scalar

functions. Notice that unless all the Ny, derivatives fall on the factor d L% in the first product on the

TSWe use the phrase “Codazzi equation” because the equations we use in this analysis are closely related to the classical
Codazzi equation, which links divy, ¥ trg X, and the curvature components of the acoustical metric.
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right-hand side of (2-38a), the expression involves at most Ny, derivatives on L and W, and we can
control such terms using the bounds we have obtained thus far. In total, using the symmetry property
XBA = XAB, isolating the terms featuring the top-order derivatives of the components L¢ and estimating
the remaining terms with (6-1)—(6-5) and Propositions 8.6 and 8.14, we obtain

In(Lp)Ner = YAy 4 g — H(f’p)Nmp_l{gab(g_l)AC(VcaBLa)(anb)}||L2(E“)
S PNt | sy 4 PN (LT ) 25y S €2 M 000, (A-12)

We then compute (KZD)N“’P*(} B try X in a similar manner using (2-38b) to obtain
()Mo~ g try x — n(Lp) Vo {gan (g™ (VI LY Bax")M sy S €720 400 (). (A-13)

In view of the commutation identity ¥ ¢@ 5 L% = Y pdc L* mentioned above (which implies that the second
terms on left-hand sides of (A-12) and (A-13) coincide), we can use (A-12), (A-13), and the triangle
inequality to obtain

_ A _ _
L) MY X apll 20z S Ip) V™ T try X 2 (s + €20 0% )

NP tr Xl 2y + €720 00 o), (A-14)

where to obtain the last line, we used the commutation identity (LIp)N‘“P_l 75 try X = d BPNmp_l trg X (in
which we are thinking of both sides as ¢; ,-tangent one-forms with components corresponding to the
index B), the schematic identity = f(Li, )Y + f(Li, W) Z, and Proposition 8.6.

Now since (divyR) s = (divyx)p — 3¥p try X = YA%ap — 3 try X, we deuce from the estimate (A-14)
that

(e Mer~ v Rl 2 gery S RPN try Xl 2 + &2 400 ). (A-15)
Step 2: commuting div, with £ derivatives. We now deduce from (A-15) an estimate for div, (Lp)Ner—1%.

For this, we simply note that the commutator [div,, (Lp)Ner~11% can be controlled by up to Nip P
derivatives of ¥ and L'. Hence, by (A-15), (6-1)—(6-5), and Propositions 8.6 and 8.14, we have

ludivg (Lp)Mer 'Rl 2wy S ICEp) M~ divg Rl 2 + RPN (0 L) 2 s
S Pty X2y + &2 M0 0. (A-16)
Step 3: bounding the trace-part of (£p)Mr=!%. By definition, try X = 0. Note that the commutator

F4 ! (£¢)N top™ X can be controlled by up to Nyop —1 P derivatives of ¥ and L’. Hence, this commutator
can be treated in the same way we treated the commutator term in Step 2, which yields the bound

I trg(f?)N“’p_lA||L2(z“) Shg™h (Lp)Ne! K2 S 2 M09ty (A-17)

Moreover, we can take a further P-derivative of try (K7;>)N mp_lf(, and the resulting term can be controlled
by up to Niop P derivatives of W and L'. Therefore, using (6-1)—(6-5) and Propositions 8.6 and 8.14, we
obtain

1Y (trg (L) V™ 0N 2y S PN (W, LY || 2y S &2 M09 ), (A-18)
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Step 4: elliptic estimates. Define & to be the g-trace-free part of ([¢)N1°P_])A(, ie.,
Eap = Lp)N 2 Rap — 3¢, Lp) V'R (A-19)

The term (£7>)N‘°P_1)A(A g on the right-hand side of (A-19) can be written using (2-38a), (2-38b) as
an expression of up to Ny, P derivatives of W and L. Hence, by (2-38a), (2-38b), (6-1)—(6-5), and
Propositions 8.6 and 8.14, we obtain

1LV Rl L2y S IPU N (W, LY 2y S €20 M09 (). (A-20)

Combining (A-20) with (A-17), we find that

2 1/2

&l 2z S &2 M0 0). (A-21)

Moreover, in view of the algebraic relation
divgE = divy (Lp)Nr 'R — 3V (ty (Lp) V™' R)
and the estimates (A-16) and (A-18), we have
A Ell 2y S TP trg Xl 2wy + €207 M 0% (1), (A-22)

Therefore, applying the elliptic estimates in Lemma A.9 on ¢, , with & as in (A-19) and u = H,
integrating over u € [0, Up], and using (A-18), (A-20), (A-21), and (A-22), as well as the Gauss curvature
estimate in Proposition A.10 and the estimates of Proposition 8.6 (including the bound |V | < &!/2 that
it implies), we obtain

L) VPRl 2 sy S IV (Lp)Ner™ 1x||Lz<zu> + nLp) M R L2 s
SIUYEN 2y + €2u M%)

S lpdivgEll p2ese + (||Rg||Loo(2t) F Yl ) IEN 2 sy + &2 M09

1/2,,—M,+0. 9(t)

< [lup™er try Xl 22y + €771,

which is what we wanted to prove. O

AG6. The partial energies. To derive our top-order energy estimates for the wave equations, we will use
the approach of [36], which relies on distinguishing the “full energies” featured in definitions (3-2a)—(3-2e)
(which control all wave variables) from the “partial energies,” which are captured by the next definition.
The main point is that the partial energies do not control the difficult almost Riemann invariant R4 (it is
difficult in the sense that the shock formation is driven by the relative largeness of |X R(+)1), and it turns
out that this leads to easier error terms in the corresponding energy identities. Importantly, we need to
distinguish the partial energies from the full energies in order to close the proof using a uniform number
of derivatives’® Niop, that is, a number derivatives that does not depend on the equation of state or any
parameters in the problem; see the arguments in Section A9 for clarification on the role played by the

T6We could close the proof without introducing the partial energies, but those simpler, less precise arguments would allow for
the possibility that the number of derivatives needed to close the estimates might depend on the equation of state, 0, G, 6 and 0y I
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partial energies in allowing us to close the proof using a number of derivatives that is independent of the
equation of state and all parameters in the problem.

Definition A.12 (the partial energies). At the top-order, we define the partial energy by

(Partial) . X PN [ (|2 Noo 1 2
B s 3 (KP4 VIR I )
t'el t)\IJE{'R 02,035}
(Pamal)

Similarly, we separate the contribution of R4 from that of other components of W and define [, ,

Kf,:::lal) @(Pamal) in an analogous way, that is, as in Section 3B, but without the R (4)-involving terms

A7. L? estimates for the top-order derivatives of try X tied to the modified quantities.

Proposition A.13 (L? estimates for the top-order derivatives of try X tied to the fully modified quantities).
There exists an absolute positive constant My € N, a positive constant C' € N, and a constant C > 0
(each having the properties described in Section Al) such that the following estimates (whose right-hand
sides involve the wave energies (3-2a)—(3-2e) as well as the partial energies of Definition A.12) holds for
every (t,u) € [0, TBoor)) % [0, Up]:

ICXR) P trg Xl 125
< non-vorticity-involving terms on the right-hand side of [36, (14.27)]
with the boxed constants replaced by and the constant C, replaced by

t'=t
+Ceu M@0 +opt o) f 1PNl 2y dt’, (A-23)
=0 !

and

Nio
[P try Xl L2 (20

< non-vorticity-involving terms on the right-hand side of [36, (14.28)]
=t
+€H*M 1 9(t)+/ ”7)[1,Nlop]®||L2(2u/) dt/. (A-24)
'=0 !

Remark A.14. We clarify that in the proofs of [36, (14.27)] and [36, (14.28)], the vorticity-involving
inhomogeneous terms in the wave equations led to error integrals on the right-hand sides of [36, (14.27)]
and [36, (14.28)] that involved the vorticity energies; in contrast, on the right-hand sides of (A-23)—(A-24),
the vorticity-involving terms are not explicitly indicated because we have absorbed them into our definition
of the wave equation inhomogeneous term &.

Proof. The proofs of both estimates are similar. We first discuss the proof of (A-24) in Steps 1-2. In
Step 3, we describe the changes we need in order to obtain (A-23). Throughout this proof, we freely use
the observations made in Step O of the proof of Proposition A.11.

Following [36; 52], in order to bound u?PN “P try X, we first control the fully modified quantity (recall
the definition in (A-7a)), and then bound the difference of uZPN“’P try X and the fully modified quantity.
See the corresponding estimates in [36, Lemma 13.9, Proposition 13.11, Lemma 14.14].
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Step 1: controlling the inhomogeneous terms in (A-9). We first estimate the two new terms on the
right-hand sides of (A-9) in the following norms (recall that here we are assuming that in (A-9), PVer is
equal to a pure ¢, ,-tangential operator PN oP):

t'=t
Nig, >
/ P p(H|X|2)”L2(Et“,) dar’, /
t/

t'=0

t'=t

1PN (G i o )l 2z, dt. (A-25)

Step 1(a): the 7PN‘°P(u|)2|2) term. For the first term in (A-25), the most (and indeed only) difficult
contribution arises when all operators ?N“’p fall on one factor of ¥. For the lower-order terms, we use the
identities (2-38a), (2-38b), and Xap = XaB — % #ap g Xo (6-3)—(6-5), and Proposition 8.6 to obtain the
pointwise estimates

PV (IR — 20k (Lp) Ve S &P Nl (0, L ). (A-26)
From (6-1), (6-2) and Proposition 8.14, and the estimate (A-26), we see that
1PN IR = 208 (Lp) 0 R gy S &P (W, L Wl gy S @) (A27)

On the other hand, the top-order derivative (1(£p)¥ can be bounded using Proposition A.11, while
the low-order factor ¥** can be bounded in L by < &!/2 by virtue of the bootstrap assumptions (6-3)—
(6-5) and the estimates of Proposition 8.6. Therefore, combining (A-27) and Proposition A.11, and then
using Proposition 8.11, we bound the first term in (A-25) as

t'=t t
/ 1PN (WK 2 gy dt’ S €2 /
v !

t'=0

—¢ t'=t
Nio o —M,+0.
Pty Xy e+ & [0
t'=0

t'=t
<l f WP g X 12 sy dt’ + Eu M0 (). (A-28)
t'=0

Step 1(b): the 7PN‘°P(6 LL < (75) term. To handle the second term in (A-25), we simply use Holder’s
inequality together with (6-1)—(6-5), Propositions 8.6, 8.14, the assumption (12-1), and Proposition 8.11
to obtain the bound

t'=t
-
f 1PN (G 0 &)l 2o di’
=0 !

t'=t
2, No j <[Niop/2] 1, Niop] v
< f PPNl (0, L] 2w 1PN TS oo s,y + 1PV S 250y | dt

t'=0 ! t

=t

o —My+14 1, Nopl 35

gf feu M4 + 1PN S o) ) !
t'=0

t'=t
Seu 0+ [ PNIE gy (A-29)
t'=0

Step 2: bounding the fully modified quantity. The fully modified quantity P"")2" satisfies the transport
equation (A-9) in the L-direction. We use the arguments given in [36, Proposition 13.11] to integrate the
transport equation to obtain a pointwise estimate for (P")2" On the right-hand side of the pointwise
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estimate there appears, in particular, the time integral of the new terms PN (1|X|?) and %7PN top (é LLC (75)
on the right-hand side of (A-9). We then take the LZ(E;’) norm of the resulting pointwise inequality, as
in the proof of [36, Lemma 14.14]. This yields an LZ(E,") estimate for UPMGP)&V . We next use (A-7a) to
algebraically express pPN“’P try X in terms of PNy plus a remainder term, and then use the triangle
inequality to obtain an LZ(E;‘) estimate for uPNmp try X. One of the remainder terms is PN‘OP.'{, and it
can be estimated exactly as in [36, Lemma 14.14]. In total, we find that

PN try X L2 )
Nto
SUP™2 N 2egey + 1PV X L2050
< terms on the right-hand side of [36, (14.28)]
t'=t
+ / 1PN (IR L2 sy dt’ + /
t

t'=

=t
1\,0 - >
[P (GLL o ®) (RIS dr'

=0 1'=0
< terms on the right-hand side of [36, (14.28)]
t'=t t'=t
e M) el / Pty Xl 2y i’ + f PN S sy i’
t'=0 t'=0

!

t'=t
< terms on the right-hand side of [36, (14.28)] + &u, ™ F19(1) + / IIP[I’N“’P]@lle(Eu/) dt’,
=0 !
where to obtain the next-to-last line, we used the estimates (A-28) and (A-29), and to obtain the last line,
we used Gronwall’s inequality to eliminate the factor &'/2 [ 7| uper try Xl 2(s) dt” on the right-hand
side. We have therefore proved (A-24).

Step 3: proof of (A-23). Estimate (A-23) can be proved using arguments that are very similar to the
ones we used in the proof of (A-24), except that we need to keep track of the constants in the borderline
terms, i.e., the absolute constant M, (Whose precise value we do not bother to estimate here) and the
parameter-dependent constant C’. This can be done exactly as in the proof of [36, (14.27)]. The only
terms which are not already present in [36, (14.27)] are exactly those we encountered already in Steps 1-2.
These new terms can be treated exactly as in the proof of (A-24), since we do not have to keep track of
the sharp constants for these new terms (we instead allow a general constant C). ([l

Proposition A.15 (L? estimates for the partially modified quantities). There exists an absolute positive
constant My, € N, a positive constant C' € N, and a constant C > 0 (each having the properties described
in Section Al) such that the partially modified quantity PN 7 obeys the following estimates (Whose
right-hand sides involve the wave energies (3-2a)—(3-2e) as well as the partial energies of Definition A.12)
forevery (t,u) € [0, Toor) x [0, Upl:

1 v ﬁNmpfl) ~
—— (XR4)L" 2

LX(Z})
< terms on the right-hand side of [36, (14.32a)] with the boxed constants replaced by
and the constant Cy replaced by + Céu:M*+O'9 (), (A-30)
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LX(Z)
< terms on the right-hand side of [36, (14.32b)] with the boxed constants replaced by
and the constant Cy replaced by + Céu:M*+l'9 (), (A-31)

NL P D% 2y S terms in [36, (14.33a)] + &, 140, (A-32)

1P DG 2y S terms in [36, (14.33b)] + &y M +24 (). (A-33)

Proof. To control L®"* 17", we bound the terms on the right-hand side of the transport equation (A-10).
Note that for this estimate, the only term not already found in [36] is the term —pNer—l (%1%). Compared
to the estimates for the fully modified quantity that we derived in Proposition A.13, the estimates for the
partially modified quantity is simpler in two ways: the transport equation (A-10) does not feature the
wave equation inhomogeneous term (75 and the additional term only has up to Ny, — 1 derivatives of ¥,
and thus elliptic estimates are not necessary to control this term.

We now estimate —?N“’P_l (%1%). By (2-38a), (6-1)—(6-5), and Propositions 8.6 and 8.14, we have

1PN RPN 2y S 72 IPU N (@, L) | 2y S &y M4 (). (A-34)

We now recall (A-10). The terms that are already in terms in [36, (6.10)] can be treated using the same
arguments that were used to prove [36, (14.32a)] and [36, (14.33a)], except here we do not bother to
estimate the absolute constant M, that arises in the arguments, and we have renamed the constant C,
as u From this fact, the estimate (A-34), and the bootstrap assumption (6-3) for X R ), we deduce
(A-30) and (A-32).

To obtain (A-33), we use the transport equation estimate provided by Lemma 8.13, the estimate (A-32)
for the source term, Proposition 8.11, and the initial data bound || " 27(0, -)|| 12(s S € obtained in
the proof of [36, (14.33b)].

Similarly, (A-31) can be proved using the same arguments used in the proof of [36, (14.32b)]. The
estimate is based on integrating the transport equation (A-10) along the integral curves of L and using
Lemma 8.13. The only new term we have to handle comes from the —PVer~1(|%|?) term on the right-
hand side of (A-10), and by Lemma 8.13, this term leads to the following additional term that has to be

controlled:
t'=t

1 -
m”XR(—‘r)”L"“(E )/ 1PNt (1%1? M2y dr'.

'=0

In view of the bootstrap assumption (6-3), the estimate (A-34), and Proposition 8.11, we bound this addi-

tional term by <, M+19 (t), which is less than or equal to the right-hand side of (A-31) as desired. [

A8. The main integral inequalities for the energies. Our main goal in this section is to prove
Proposition A.17, which provides integral inequalities for the various wave energies at various derivative
levels. Most of the analysis is the same as in [36]. In the next definition, we highlight the error terms in
the energy estimates that are new in the present paper compared to [36]. The new terms stem from the
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inhomogeneous term & in the wave equations as well as the —|¥|? term on the right-hand side of the
three-dimensional Raychaudhuri equation (A-2).

(p)

Definition A.16 (new energy estimate error terms). We use the notation NewError,, *" (¢, u) to denote

any term that obeys the following bound for every (¢, u) € [0, T(Boor)) x [0, Upl:
t'=t s=t' . 2
NewError f” (t,u) < CEu M+ 4 / uﬁ/z(r’){ / 1PN G 250, ds} dr’
'=0 s=0
+ [ (LN Noelg| 4 | XPH-Nowhg | pLNenl @ 1 00 (A-35)

where C > 0 is a constant of the type described in Section Al.
Similarly, we use the notation NewErrorE\]?flfw_TOP ) (t, u) to denote any term that obeys the following

bound for every (¢, u) € [0, T(Boor)) % [0, Up]:
NewErrorly ™ " (1, u) < CII(ILPUN 1| 4 | XPUN gy NG 0 (A-36)

Proposition A.17 (the main integral inequalities for the energies). Let Qpy, n1(t, u), K1, N1 (f, u) be the
wave energies from Section 3B2, and let @E?Ir\}i]al) (t, u) K[(f?;;i]al) (t, u) be the partial wave energies from
Section A6. There exist an absolute constant My,s € N and a constant C' € N depending on the equation
of state, 0, G, § and S; U such that the following estimate, which is a modified version of [36, (14.3)], hold

forevery (t,u) € [0, Tgoor) x [0, Upl:

max{ Q1 N1 (¢, u), K1 3,1 (2, 1)}

L [ 27 ¥Y B 36500
S e R

W (t', u)
U=t ILp]-llL= st S=UL ] =Nl ooz
+|\M R — () t — =2 /0 ,u)ds dt’
f -0 W (t', ) 1. i) 1 u)/ L (s, u) VUL Ny (5, 10) ds
ILl oo (o5 ) t'=t
+ 1/2 V @[1 Niop] (t Ll) 1/2(1’/ vV @[l Niopl (t u) dt
Il LH]—HL“)(E[) 0 @(Partial) ’ dt’
+ o —p*(l‘/ v 1, Nigp] (t u) [1, Niop ](f ,u)dt
U=t |[[Lp)- |l Loe (st =L = Nl ooz Partial
+ C’/ ————/Qu.n,, 1, u)/ —_— (ama)( u)ds dt’
TR e ooy Y N
Ll oo rze ) t'=t 1 7
+c S e () 1) ————/ QN wy dr’
W (7, u)1/2 L1, Niop] v=o W2, ) Q1 Ny

+ the error terms Error( p) (t, u) defined by [36, (14.4)]
+ the error terms NewErrorNOP) (t, u) defined by (A-35). (A-37)
The set ™ E[”;t appearing on the right-hand side of (A-37) is defined in’’ [36, Definition 10.4].

7TWe have no need to state its precise definition here; later, we will simply quote the relevant estimates from [36] that are tied
to this set.
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Moreover, the partial wave energies obey the following estimate, which is a modified version of

[36, (14.5)]:

max{@[ N ¢, w), KN (1, w)} < the error terms Brrory ™ (1, u) defined by [36, (14.4)]
+ the error terms NewErroer:) (t, u) defined by (A-35). (A-38)

Finally, we have the following below-top-order estimate, which is a modified version’® of [36, (14.6)]:

max{Qp y—1(t, u), K, n—11(, M)}

t
EC/ 1/2 \/m(t u) 1/2 \/M(s u)dsdt’
t

=0 W (', u s=0 W, (s,

Below—T
+ the error terms Error( ¢ OW op)

(t, u) defined by [36, (14.7)]

+ the error terms NewError(Below TP) (¢, u) defined by (A-36). (A-39)

Proof. Step 1: proof of (A-39). We begin with (A-39), which is the easier estimate since it is be-
low top-order. Here, we use that [36, (14.6)] is proved by differentiating the wave equation L[] 2(8)
W =... with PV, Computing the commutator [pl] 2() PN, multiplying the commuted equation by
1+ Zu)LPN W + XPV'W, and then integrating (with respect to the volume form dw Definition 3.1) by
parts over the spacetime region M, , (for 1 <N’ < N —1). Hence, to prove (A-39), we repeat the argument
in [36], except that here we simply denote all of the inhomogeneous terms in the wave equations as &.
That is, we start with the wave equations U] 2 Vi = &, and commute them to obtain the wave equations
L) PNy, = [uO 2(8) PN 10, +PN'®,. The main point is that for the below-top-order estimates, all
commutator terms [ ] 2() PN 10, can be handled exactly as in [36]. These commutator terms lead to the
presence of the first term on the right-hand side of (A-39), as well as the error term Errorﬁ\}?ilf w=Top) (t,u)
on the right-hand side of (A-39). We clarify that in the proof of [36, (14.6)], the vorticity-involving
inhomogeneous terms in the wave equation led to error integrals on the right-hand side of [36, (14.6)]
that involved the vorticity energies; in contrast, on the right-hand side of (A-39), the vorticity-involving
terms are not explicitly indicated because we have absorbed them into our definition of &,. Thus, to
complete the proof of (A-39), we only have to discuss the contribution of the inhomogeneous term &,.
From the above discussion, it follows that we only have to show that the following energy identity error
integrals are bounded above in magnitude by the right-hand side of (A-39) when 1 < N' < N — 1 and
(t,u) €0, T(Boot)) x [0, Upl:

/ (A +2WLPY Y + XPV PV & dw.

78Note that the lower-order estimate [36, (14.6)] is easier and has fewer additional terms. This is because to obtain the
top-order estimates [36, (14.3), (14.5)], one needs to bound all of the commutator terms, including the difficult ones identified in
Proposition A.4, without losing derivatives. In contrast, to obtain the lower-order estimates [36, (14.6)], one is allowed to lose a
derivative, as is manifested by the double-time-integral term on the right-hand side of (A-39). This double-time-integral will
eventually be responsible for the coupling between the energies of different orders; see in particular the estimates (12-3) in the
statement of Proposition 12.1.
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The desired estimate is simple; in view of the L> estimates for p provided by Proposition 8.6, we see that
these error integrals are all bounded by C||(|LP!N 1| 4 | XPUN-1y)|plN-1g)| LM, .)» Which
are exactly the error terms we have defined in (A-36).

Step 2: proof of (A-37).

Step 2(a): preliminaries. As in our proof of (A-39), to prove (A-37), the only new step compared to [36]
is tracking the contribution of the wave equation inhomogeneous terms &, to the energy estimates. As in
Step 1, one way in which this inhomogeneous term contributes to the energy estimates is through the error
terms C || (|LP1-Norl | | X P Nool @ ) [PU- Mool ) |1 M, ..)» Which are found on the right-hand side of
(A-35). However, in the top-order case, there is a second way in which &, contributes to the top-order
energy estimates. To explain this contribution, we first note that, as in the proof of [36, (14.3)], we have
to handle some additional difficult top-order commutator terms involving the top-order derivatives of try X.
Specifically, these difficult top-order commutator terms are explicitly listed on the right-hand sides of
(A-3)—(A-5). Recalling that we multiply the wave equation by (1 +2)LPY W + XPN'W to derive the
wave equation energy estimates at level N’, we see that up to harmless factors that are O(1) by virtue
of the estimates of Proposition 8.7, these difficult commutator terms lead to the following three error
integrals in the top-order energy estimates:
(XPNeow) (X )PV try x d oo,
My
{1+ 2w LPVr W) (X W) PN try x d oo,

tu

(1 +20) LPYor 4 XPYen b} (PU) P 11, x d.

tu

We will control these three terms, respectively, in Steps 2(b)—(d) below.

Step 2(b): contributions from f M ()v( PNop lI/)(f( W)?N‘”P try X dor. We first consider the case W =R 4,
which is by far the most difficult case. Using Holder’s inequality and the estimate (A-23) in Proposition A.13,
we deduce that

‘ / (XPYOR (1)) (XR(4) PV try x dow
M[,H

t'=t

v v NO

< f IXPYPR ol 2 (X R)P tty Xl 12 i’
'=0 !

< terms on the right-hand sides of [36, (14.3)] with the boxed constants replaced by

Vet and the constant C, replaced by

€ [ IRPNIR G gz 00
1 !

=1 =II

!

=t
- C/ w  ONXPYPR G 2 i/
1'=0 ! s=0

We clarify that Remark A.14 also applies to the terms on the right-hand sides of [36, (14.3)] (some of
which also appear on the right-hand side of (A-40)).

Ss=

t/
1PN S 1250, ds} dr' . (A-40)
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To handle the term I in (A-40), we use Cauchy—Schwarz inequality in 7’ and Proposition 8.11 to deduce

t'=t
v No, o —M,+0.9
[ RPN R sy O
t'=0

t'=t

t'=t
S / by PONXPYO R 1750 dE + € / L2230 gy
r=0 ! '=0

=t
S [ POIRPY R g e+ ET ), (A-41)
'=0 !
For the term II in (A-40), we apply first the Cauchy—Schwarz inequality in ¢/ and then Young’s
inequality to obtain

t'=t s=t’
/ PL*l(t)”XPprRH)||L2<z?,){f [P & ds} “
t'=0 K

t'=t t'=t s=t' 2
< / e PONXPYIR 172 g0 ' + / u:”(r/){ / 1P Nerl& |l 5 ds} dr'. (A-42)
t'=0 t =0 =0 K

Notice that the term
t'=t
/ W PONXPYR 12 g At
t/:() r
appearing on the right-hand sides of both (A-41) and (A-42) is bounded above by

t'=t
/ w2 ) Qu,, (¢, w) dt
t'=0

which is among the error terms Errorg:)f ) (t, u) defined by [36, (14.4)]. Therefore, combining (A-40)—
(A-42) and taking into account (A-35), we obtain that

I ()?PNtopR(+))()?R(+))?N‘°p trg Xl L1om, 0 < the right-hand side of (A-37) (A-43)
as desired.
We also need to bound the integral

/ (XPNoo W) (X W) PV tr, x do
Mt.u

in the remaining cases W € {R(_), v, v, 5}. As we further explain below in Step 3, a similar argument
allows us to bound these error integrals by exploiting one crucial simplifying feature: these error integrals
are bounded by the right-hand side of (A-37), but without the difficult boxed-constant-involving integrals
on the right-hand side. The difference is that we can take advantage of the smallness of the factor
[ XW| 1oz, < &2 (valid for ¥ € {R(_), v%, v°, s}—but not for R4,!), which is provided by the
bootstrap assumption (6-4); this allows us to avoid the error terms with large boxed constants and thus
allows us to relegate the contribution of these error integrals to the error term Errorggf )(t, u) on the
right-hand side of (A-37); we refer to [36, pg. 154] for further details.

Step 2(c): contributions from f M, {(14+2p) LPNew \11}()? W)?N“’P try X doo. We first consider the case W =
R(+), which is by far the most difficult case. Unlike the error integral we controlled in Step 2(b), as in [36],
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this error integral can be controlled by first using the definition (A-8a) of the partially modified quantities
to algebraically replace the factor Pl try X with a P derivative of PN g7 plus remainder terms (that
one controls separately), and then using integration by parts to swap the L and P derivatives. Notice that by
Proposition A.15, the partially modified quantity obeys the same bounds as in [36, Lemma 14.19], except
S Mt 4(t) on the right-hand sides,
which can be handled using arguments of the type we used to control the error term (A-41). In particular,

the estimates of Proposition A.15 feature é-multiplied terms such as C €,

the right-hand sides of the estimates in Proposition A.15 do not involve the wave equation inhomogeneity &.
Hence, the error integral f M {ad +2u)LPNI°PR(+)}()V( R(+))ZDN‘°*’ try X dor can be bounded using exactly
the same arguments given in [36, Lemma 14.17] and [52, Lemma 14.12], except with the boxed constants
from [36] replaced by and the constant C, from [36] replaced by . As a consequence, the error
integral under consideration is bounded above in magnitude by the right-hand side of (A-37).

To bound the integral

{1+ 2p) LPNor W} (X W) PV try x dow

in the remaining cases ¥ € {R(_), v?, v3, s}, we can again (as in Step 2(b)) take advantage of the
smallness ||)V(\P||Loo(zt) < &1/2 (valid for ¥ € {R(_), v, v*, s} —but not for R4,!), which is provided
by the bootstrap assumption (6-4). This again allows us to relegate the contribution of these integrals
to the error term ErrorN o) (t, u) on the right-hand side of (A-37); see [36, p. 154] for further details.

Step 2(d): contrlbutlons from f M, {1 + 20 LPNoew + X PNtop\lJ}(ZDlIJ)LLPNmP try Xxdow. This error

integral is similar to the one we treated in Step 2(b), but easier. Here are the differences:

e There is an additional u factor.

e There is a LPNer W term, in addition to a XPNoo W term.

« There is a factor of PV instead of X W.
Notice that due to the additional factor of p, we can control the LZ(E;‘) norm of \/ﬁLPNIOP\IJ by the
Q Nigp CNEIZY (recall the definition (3-2a) for the energy). Moreover, comparing (6-5) with (6-3), we see
that the factor PW gives an additional &'/ L>°-smallness factor compared to X R(+). Therefore, we can

use Holder’s inequality, (6-5), the L°° bound for p in Proposition 8.6, (A-24) in Proposition A.13, and
Proposition 8.11 and argue as in Step 2(b) (taking into account (A-35)) to obtain

‘/ (42 LPYrw 4 XPNoow) (PUYP e try x deo
Mt u

t'=t

o — v Ny

<$e? / w2 ) (IX PN W L2y + IHLPN W L2 ) ) | WP g X L2
t'=0

t'=t
5(‘-’:‘/2/ w2 w) Qv (1, w) di’ + &2 M43 1)
t'=0

t'=t s=t' 2
+el/2 / w2 u){/ 1PN & | 2 5 ds} dr’
=0 5=0 :
< non-boxed-constant-involving terms on the right-hand side of (A-37).

Combining Steps 2(a)-2(d), we arrive at the desired bound (A-37).
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Step 3: proof of (A-38). In this step, we only have to derive top-order energy estimates for Ry, v?, v3, s

This is in contrast to Step 2, in which we also had to derive energy estimates for R 4. The proof of (A-38)
is the same as the proof of [36, (14.5)], except we have to account for the contribution of the inhomogeneous
terms &, in the wave equations satisfied by e (R, vZ, 03, s}. For the same reason as in Step 2, these in-
homogeneous terms lead to error integrals that are controlled by the terms NewErrorgl::) (t, u) on the right-
hand side of (A-38). We clarify that the proof of (A-38) requires that we control the difficult error integrals

/ XPNr ) (X TPV try x dew,

{1+ 2p) LPNer B (X TPV try x d oo,
MI u

/ (A + 2w LPYer T + XPNor G Y PO PN try x doo,

tu

as in Step 2. In Step 2, the first two of these error integrals led to error terms that are controlled by the boxed-
constant-involving terms on the right-hand side of (A-37). However, in Step 3, we can take advantage
of the smallness of the factors XU in these integrals. That is, we can exploit the smallness estimate
||)2'{IVJ||Loo(>:t) < &1/2 (valid for Ve (R, v2, v3, s} —but not for R+ !), which is provided by the boot-
strap assumption (6-4); this allows us to avoid the error terms with large boxed constants (which are found
on the right-hand of (A-37)), and allow us to relegate the contribution of the corresponding error integrals
to the error term Error( p) (t, u) on the right-hand side of (A-38). See [36, p. 154] for further details. [

A9. Sketch of the proof of Proposition 12.1. The argument here is the same as in the proof of [36,
Proposition 14.1], except we have to handle the additional terms in Proposition A.17.

Sketch of proof of Proposition 12.1. Step 1: the top- and penultimate- orders (proof of (12-2)). It turns out
that the top-order energies are heavily coupled to the penultimate-order energies. In turn, this forces us
to perform a Gronwall-type argument that simultaneously handles the top- and penultimate-order energy
estimates at the same time. For these reasons, we follow the notation of [36, Proposition 14.1] and define”®

Ft,wy=  sup o (7 @) max{@p w1 (Fy @), 1, v (F, @), (A-44)
(t,0)€[0,£]1x[0,u]
. —1,~ A Partial) , ~ P 1 A~
G(t,u)z(f ) [soug ; ]Lcl(z,u)max{@flfvf;])(t, ), KN, )}, (A-45)
,u)€el0,1]x[0,u
Ht,w = sup o (G max{Qu ng-11F @), Kpi -1, @), (A-46)
(t,u)€[0,1]x[0,u]
where
r=t 1 2M,.+1.8
t1(t)i/ T—t/dt’, et u) = (1, u) = p M3 (DG (e e,
t'=0 (Boot) —
t'=t
() = / w00 dr, L (2, ) = g 238 () ()5 (1) e e,
t'=0

79For easy comparisons with the proof of [36, Proposition 14.1], we are using the notation F, G, and H here. The reader
should be careful to distinguish these functions from the different functions F' and G in Definitions 2.3 and 2.12.
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Following exactly the same®” argument®!

[36, (14.64)—(14.66)]), but taking into account the additional terms in Proposition A.17, we can choose
M, € N and ¢ > 0 sufficiently large depending on the absolute constant M,,s in Proposition A.17 so that
the following hold®? for every (t, %) €0, t] x [0, ul:

used in the proof of [36, Proposition 14.1] (see in particular

F(f,0) < C& 4o F(t,u) + coH(t, u) + 3G (t, u)
t'=f
+CuN (i) I LP!Nerhg | 4 | x P Noohy |y pL-Neel g || 5 dt!
1'=0 !

t'=i s=t' 2
+er G0 / S {/ PNl 25 ds} dr’, (A-47)
t'=0 s=0
G(f, 1) <C& +PB1F(t,u)+ BaH(t, u)
t'=t
||(|L7D[1,N[op]1p| + |X73[1,Nlop]\lj|)P[1,Ntop]®”Ll(Eu/) dt’

+Ci5'(t, i)
t'=0

’

'=t s=t 2
+Cigl @, i) / ujm(/){ / ||7>“’prlc5||Lz@;,)ds} dr, (A-48)
t'=0 s=0

H(i, i) < C& 4+ F(t,u) +y2H(t, u)
t'=t
+Cig Gy | LP N XU N Nee ||y g it (A-49)
t'=0 t

where C > 0 is a constant, while o[, &2, &3, 31, P2, Y1 and 'y, are constants that obey the following
smallness conditions (as long as M, € N and ¢ > 0 are sufficiently large):

o +400y1 + o3P +H4asBryr < 1,
Y2 < 3. (A-50)

At this point we fix ¢ > 0 and M, € N. From now on, we allow the general constants C > 0 to depend
on these particular fixed choices of ¢ and M,.

For each of the three integrals on the right-hand sides of (A-47)~(A-49), we absorb ¢ (7 )¢5 (7 Ye<l ectl
into the general constant C, and then take the supremum with respect to 7. For instance, for the first

80Here we note one minor difference compared to [36, Proposition 14.1]: that proposition was more precise with respect
to u in the sense that it yielded a priori estimates in terms of powers of W, (f, u), rather than w,(r) (see Definition 2.16). For this
reason, in the proof [36, Proposition 14.1], the definition of the analog of ¢, involved (L, (¢, u), and similarly for the p,-dependent
factors on the right-hand sides of the analogs of ¢, t, and ¢ 7. The change we have made in this paper has no substantial effect
on the analysis; at the relevant points in the proof of [36, Proposition 14.1], all of the needed estimates hold true with i, (¢) in
place of (¢, u).

81The detailed argument relies on some extensions and sharpened versions of the estimates of Proposition 8.11. Given the
estimates of Section 8, such as Propositions 8.6, 8.7, and 8.10, the needed estimates can be proved using the same arguments
given in [36].

82The inequality [36, (14.64)] featured a term C F 172 (t, u)Gl/ 2 (t, u) on the right-hand side. We used Young’s inequality to
bound this term by < aF (¢, u) + «3G(t, u), where a3 = C 2 /a and we have chosen a to be small, which allows us to absorb
aF (t, u) into the term o] F (¢, u).
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integral on the right-hand side of (A-47), we deduce that for (t, 1) € [0, t] x [0, u], we have

t'=f

e i) / LPt ey 4 | XU Neohy LNl |15 dt’
= t'=t'
< sup M@ | P e XU Nl g PNl G 1 5 d

7/€[0,1] 1'=0 '
We perform the same operation on the other integrals. Since we have taken a supremum, the right-hand
sides are independent of (7, 7). We then take supremum over (7, 1) € [0, t] x [0, u] on the left-hand sides
of (A-47)—(A-49) to obtain, with the same constants o, &, &3, 31, B2, Y1 and y,, but with a different
constant C, the inequalities

F(t,u) < C&+o F(t,u)+onH(t, u)+03G(t, u)
t'=t
+C sup M) 1 LP Mool g || X PH-Norlgs |y pUNer IS | 4 ) d
fe[0,1] =0 !

t'=f s=t' 2
+C sup p2M15Gh) / u:3/2(t’){ / IIP[I’N“’P](’5||L2(>:%)CIS} ar, (A-51)
fel0,1] 1'=0 s=0 ’
G(t,u) < CE+PF(t,u)+PB2H (¢, u)
t'=f
+C sup M8 () 1 LPUNew g | PO Ve PNl B )
7€[0,1] t'=0 '

t'=t s=t’ 2
+C sup M) / u:3/2(t’){ / ||7>“’pr]®||Lz(zg)ds} dr, (A-52)
7e[0,t] 1'=0 s=0 ‘

H(t,u) < CE 4y F(t,u)+y2H (1, 1)

’

t =t
+C sup W38 [ LN XU Moo g PN G |y gy dt (A-53)
£€l0,t] t'=0 t

The main point is the smallness conditions (A-50) on the constants «;, ..., Y2 allow us to solve the
inequalities (A-51)—(A-53) using a reductive approach. More precisely, using that y, < %, we absorb
the v, H (¢, u) term on the right-hand side of (A-53) back into the left-hand side to isolate H (¢, u), at
the expense of enlarging C and replacing y; with 4y;. We then insert this estimate for H (¢, u) into the
right-hand side of (A-52) to obtain an estimate for G (¢, #), and then insert these estimates for H (¢, u)

and G (¢, u) into the right-hand side of (A-51) to obtain the inequality

F(t,u)
< C&+{o+4xy +oaB1+4oaBayi} F(t, u)

t'=f
+C sup (@) / I LPNer | X P Nerl @y PNl G ||y ) d”
fe[0,1] 1'=0

!

t'=t s=t' 2
+C sup MR u:”(/){ / ||P“’N‘°v]c’5||Lz<zg>ds} dr’
re[0,1] t'=0 s=0

t'=f
+C sup p2M38(7) / [(ILP oo =ty | x Pt N =g [ypth-Nee=U g || 1 50y dt'. (A-54)
£€[0,t] t'=0 '
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From the smallness condition | + 40y + x31 +4ax3p32y1 < 1 featured in (A-50), it follows that we
can absorb the terms {o; + 40y + 331 +4x3PB2v1}F (¢, u) on the right-hand side of (A-54) back into
the left-hand side of (A-54) to isolate F (¢, u), at the expense of increasing the constant C. We therefore
deduce the inequality

t'=t
F(t,u) S &+ sup p715(7) f (LN g X PHNer g PNl S |1 ) dt”
Fel0,1] 1'=0 !

IIIIA s=t’ 2
+ sup A (@) f uﬁ”(r/){ f ||P“’Nl°p]®||Lz(zy)ds} dt’
fel0,1] 1'=0 5=0

_2

+ sup P38y [ | Lpt e g X plE- N =g ) pll- N“’P_I]@IILl(z”)df (A-55)
te[O t] t'=0

Then from (A-55) and the arguments given above, we deduce that G (¢, u) and H (¢, u) are also bounded
above by the right-hand side of (A-55) (where we enlarge C if necessary).

Recalling the definitions of F,G, and H in (A-44)-(A-46), we see that (A-55) and the similar bounds
for G(t, u) and H (¢, u) collectively imply (12-2).

Step 2: the lower orders (proof of (12-3)). To prove the lower-order energy estimates, we start by
considering the energy inequality given by the below-top-order estimate from Proposition A.17, i.e., the
estimate (A-39), which features the additional term (A-36) compared to [36, (14.6)].

Observe that on the right-hand side of (A-39), except for
Q'

1/2
=t [1N () sr@{N](s 2y
=0 Ly (t/, u) 5=0 (s u)
every other term can be treated directly by Gronwall’s 1nequa11ty (using Proposition 8.11), as in [36]. It

thus follows that
sup max{Qp y_11(t', u), K v, u)}

rel0.] 1/2 1/2
=t Q @', u) s=t' () (s, u)

§Cé2+C/ [111721] {f [1N]
'=0 (t',u) 5=0 p,* (s, u)

+CIALPIN | X PNy ) pEN=US |y 0L (A-56)

ds} dt’

To proceed, we analyze the double time-integral term on the right-hand side of (A-56). For any ¢ > 0,

we have
172

iy 1)2 , oy

/t_t Qi vy 1(fv“){f C QW s}a’t/
W NE

'=0 (', u) s=0 (s, u)

< ( sup @[1 vo1(t )) X ( sup min{l, uiw* N‘°p+N_O'9(s)}@El/2N](s))

t'€[0,1] s€[0,7]
=t =" max({l, p, Mot Moo= N+09(s)} ,
X T/ ]/2 ds t dt
=0 W' (") U/s=0 (s)

—2M,+2Nop—2N+3.8

<¢ sup Qpun—1;(t)
t'€[0,¢]

2M,—2Nipp+2N—1.8
+ Cc ' max{l, , oo

(#)}( sup min{1, p,
s€[0,¢]

()Qr.ni(s),  (A-57)
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where to obtain the last inequality, we have used Young’s inequality and the following estimate, which
follows from Proposition 8.11:
—M+Nigp—N+0.9 ~M+Nigp—N+1.4

/t/_t 1 {/s—t’ max{1, . ()} ds} di' < ftl_t max{l, p, )} dr’
v=o 2@ Lso W s) ~ Ji=o w2 (@)

—My+Niop—N+1.9
Smax{l, TN @),

Inserting (A-57) into (A-56) and fixing ¢ > O to be sufficiently small, we can absorb the term
Cs(supycpo. Qui.n-1 (#")) back into the left-hand side of (A-56). Thus, for this fixed value of ¢, we obtain

sup max{Qp y_11(t', u), K v, u)}

1'€[0,7]
. —2M+2Ngp—2N+3.8 . 2M,~2Nigp+2N—1.8
< &2 fmax{l, p, e (O} sup minfl, p, P ()}Qp1,3)(5))
s€[0,7]
F LA 4 X PN PN IS 1 0, -
After changing the index N to N + 1, we conclude the estimate (12-3). O
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