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Abstract

We derive a new formulation of the 3D compressible Euler equations exhibiting
remarkable null structures and regularity properties. Our results hold for an arbi-
trary equation of state (which yields the pressure in terms of the density and the
entropy) in non-vacuum regions where the speed of sound is positive. Our work here
is an extension of our prior joint work with J. LUK, in which we derived a similar
new formulation in the special case of a barotropic fluid, that is, when the equation
of state depends only on the density. The new formulation comprises covariant
wave equations for the Cartesian components of the velocity and the logarithmic
density coupled to a transport equation for the specific vorticity (defined to be vor-
ticity divided by density), transport equations for the entropy and its gradient, and
some additional transport—divergence—curl-type equations involving special com-
binations of the derivatives of the solution variables. The good geometric structures
in the equations allow one to use the full power of the vectorfield method in treating
the “wave part” of the system. In a forthcoming application, we will use the new
formulation to give a sharp, constructive proof of finite-time shock formation, tied
to the intersection of acoustic “wave characteristics,” for solutions with nontrivial
vorticity and entropy at the singularity. In the present article, we derive the new
formulation and provide an overview of the central role that it plays in the proof of
shock formation. Although the equations are significantly more complicated than
they are in the barotropic case, they enjoy many of same remarkable features, in-
cluding: (i) all derivative-quadratic inhomogeneous terms are null forms relative
to the acoustical metric, which is the Lorentzian metric driving the propagation
of sound waves and (ii) the transport—divergence—curl-type equations allow one to
show that the entropy is one degree more differentiable than the velocity and that
the vorticity is exactly as differentiable as the velocity, assuming that the initial data
enjoy the same gain in regularity. This represents a gain of one derivative compared
to standard estimates. This gain of a derivative, which seems to be new for the
entropy, is essential for closing the energy estimates in our forthcoming proof of
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shock formation, since the second derivatives of the entropy and the first derivatives
of the vorticity appear as inhomogeneous terms in the wave equations.

1. Introduction and Summary of Main Results

Our main result in this article is Theorem 1, in which we provide a new formu-
lation of the compressible Euler equations with vorticity and dynamic entropy that
exhibits astoundingly good null structures and regularity properties. We consider
only the physically relevant case of three spatial dimensions, though similar results
hold in any number of spatial dimensions. Our results hold for an arbitrary equation
of state in non-vacuum regions where the speed of sound is positive. By “equation
of state,” we mean the function yielding the pressure in terms of the density and the
entropy. Our results are an extension of our previous joint work with J. Lux [21], in
which we derived a similar new formulation of the equations in the special case of
a barotropic fluid, that is, when the equation of state depends only on the density.
Our work [21] was in turn inspired by Christodoulou’s remarkable proofs [6,9] of
shock formation for small-data solutions to the compressible Euler equations in
irrotational (that is, vorticity-free) and isentropic (that is, with constant entropy)
regions as well as our prior work [28] on shock formation for general classes of
wave equations; we describe these works in more detail below.

A principal application of the new formulation is that it serves as the starting
point for our forthcoming work, in which we plan to give a sharp proof of finite-time
shock formation for an open set of initial conditions without making any symme-
try assumptions, irrotationality assumption, isentropic assumption, or barotropic
equation of state assumption. The forthcoming work will be an extension of our
recent work with J. LUK [22], in which we proved a similar shock formation result
for barotropic fluids in the case of two spatial dimensions.

Our new formulation of the compressible Euler equations comprises covariant
wave equations, transport equations, and transport—divergence—curl-type equations
involving special combinations of solution variables [see Def. 3]. As we mentioned
earlier, the inhomogeneous terms exhibit good null structures, which we character-
ize in our second main result, Theorem 2. Its proof is quite simple given Theorem 1.
As we mentioned above, in [21], we derived a similar new formulation of the equa-
tions under the assumption that the fluid is barotropic. The barotropic assumption,
though often made in astrophysics, cosmology, and meteorology, is generally un-
justified because it entails neglecting thermal dynamics and their effect on the fluid.
Compressible fluid models that are more physically realistic feature equations of
state that depend on the density and a second thermodynamic state-space variable,
such as the temperature, which satisfies an evolution equation that is coupled to
the other fluid equations. In the present article, we allow for an arbitrary physical
equation of state in which, for mathematical convenience, we have chosen the sec-
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ond thermodynamic variable to be the entropy per unit mass (which we refer to as
simply the “entropy” from now on).!

1.1. Paper Outline

In the remainder of Section 1, we summarize some of our notation, provide
some standard background material on the compressible Euler equations, define the
solution variables that we use in formulating our main results, roughly summarize
our main results, and provide some preliminary context. In Section 2, we define
some geometric objects that we use in formulating our main results and provide
some basic background on Lorentzian geometry and null forms. In Section 3, we
give precise statements of our main results, namely Theorems 1 and 2, and give the
simple proof of the latter. In Section 4, we provide an overview of our forthcoming
proof of shock formation, highlighting the roles that Theorems 1 and 2 will play.
In Section 5, we prove Theorem 1 via a series of calculations in which we observe
many important cancellations.

1.2. Notation

Throughout {x“}4=0,1,2,3 denotes a standard Cartesian coordinate system on
R!'*3 ~ R x R3.2 More precisely, x% € Ris the time coordinate and (x!, x2, x3) €

. . . a
R? are spatial coordinates. We use the notation 9, := -5 o denote the cor-

responding Cartesian coordinate partial derivative vectorﬁéclds. We often use the
alternate notation x* = 7 and 8y = 9;. Greek “spacetime” indices such as « vary
over 0, 1, 2, 3, while Latin “spatial” indices such as a vary over 1, 2, 3. We use
Einstein’s summation convention in that repeated indices are summed over their
respective ranges. X; denotes the usual flat hypersurface of constant Cartesian time
t.If V isavectorfield and f is a function, then V f := V%9, f denotes the derivative
of f in the direction V.

1.3. Background on the Compressible Euler Equations

In this subsection, we provide some basic background on the compressible
Euler equations and provide definitions that we will use throughout the article.

! For sufficiently regular solutions, there are many equivalently formulations of the com-
pressible Euler equations, depending on the state-space variables that one chooses as un-
knowns in the system.

2 In our forthcoming proof of shock formation, we will, for convenience, consider space-
times with topology R x X', where ¥ := R x T2 is the space manifold; see Section 4 for
an overview. In that context, {x*}4—0,1,2,3 denotes the usual Cartesian coordinate system
onR x X, where x0 € R is the time coordinate, x! is a standard spatial coordinate on R,
and x2 and x3 are standard (locally defined) coordinates on T2. Note that the vectorfields

d
{Ha = 97d } on T2 can be extended so as to be globally defined and smooth.
X Ja=23
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1.3.1. Equations of State We study the compressible Euler equations for a perfect
fluid in three spatial dimensions under any equation of state with positive sound
speed [see definition (1.3.9)]. The equation of state is the function (which we assume
to be given) that determines the pressure p in terms of the density o > 0 and the
entropy s € R:

p=rs). (1.3.1)

Given the equation of state, the compressible Euler equations can be formulated
as evolution equations for the velocity v : RT3 — R3, the density o : R!*3 —
[0, 00), and the entropy s : R'*3 — (—o00, 00).

1.3.2. Some Definitions We use the following notation for the Euclidean diver-
gence and curl of a X;—tangent vectorfield V with Cartesian components

(Vi az123:
divV :=9,V%  (curl V) := &;ap0, V. (1.3.2)

In (1.3.2) and throughout, ¢;; denotes the fully antisymmetric symbol normalized
by

e123 = L. (1.3.3)

The vorticity @ : R'"*3 — R is the vectorfield with the following Cartesian
components, (i = 1,2, 3):

o' = (curlv)’. (1.3.4)

Rather than formulating the equations in terms of the density and the vorticity,
we find it convenient to use the logarithmic density p and the specific vorticity §2;
some of the equations that we study take a simpler form when expressed in terms
of these variables.

To define these quantities, we first fix a constant “background density” ¢ such
that

o> 0. (1.3.5)
In applications, one may choose any convenient value of 5.*

Definition 1. (Logarithmic density and specific vorticity) We define the logarith-
mic density p, which is a scalar function, and the specific vorticity §2, which is a
Y, —tangent vectorfield, as follows:

0 w w
::1 -1, 2 = _— = . 136
P (é) (o/0) expp ( )

3 See Section 1.2 regarding our conventions for indices and implied summation.

4 For example, when studying solutions that are perturbations of non-vacuum constant
states, one can choose ¢ so that in terms of the variable p from (1.3.6), the constant state
corresponds to p = 0.
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We assume throughout that
o>0. (1.3.7)

In particular, the variable p is finite assuming (1.3.7).

In the study of shock formation, to obtain sufficient top-order regularity for the
entropy, it is important to work with the X, -tangent vectorfield S provided by the
next definition; see Remark 1 for further discussion.

Definition 2. (Entropy gradient vectorfield) We define the Cartesian components
of the X;-tangent entropy gradient vectorfield S as follows, (i = 1,2, 3):

St = 5818,s = 9;s. (1.3.8)

Remark 1. (The need for S and transport-div-curl estimates in controlling s) In
our forthcoming proof of shock formation, we will control the top-order deriva-
tives of s by combining estimates for transport equations with div-curl-type elliptic
estimates for S and its higher derivatives. At first glance, it might seem like the
div-curl elliptic estimates could be replaced with simpler elliptic estimates based
on controlling As, in view of the simple identity As = divS. Although this is
true for As itself, in our proof of shock formation, the Euclidean Laplacian A is
not compatible with the differential operators that we must use to commute the
equations when obtaining estimates for the solution’s higher derivatives. Specifi-
cally, like all prior works on shock formation in more than one spatial dimension,
our forthcoming proof is based on commuting the equations with geometric vec-
torfields (see Section 4.3 for an overview) that are adapted to the acoustic wave
characteristics of the compressible Euler equations.® The acoustic characteristics
have essentially no relation to the operator A. For this reason, the geometric vector-
fields exhibit very poor commutation properties with A and in fact, would generate
uncontrollable error terms if commuted with it. In contrast, in carrying out our
transport—divergence—curl-type estimates, we only have to commute the geometric
vectorfields through first-order operators, including a transport operator, div, and
curl; it turns out that commuting the geometric vectorfields through first-order op-
erators, as long as they are weighted with an appropriate geometric weight, leads to
controllable error terms, compatible with following the solution all the way to the
singularity.” We explain this issue in more detail in Steps 1 and 2 of Section 4.3.

Notation 11. (Differentiation with respect to state-space variables via semicolons)
If f = f(p,s) is a scalar function, then we use the following notation to denote

> We avoid discussing fluid dynamics in regions with vanishing density. The reason is that
the compressible Euler equations become degenerate along fluid-vacuum boundaries, and
the study of compressible fluid flow becomes much more difficult; see, for example, [12] for
more information.

6 We define these “wave characteristics,” denoted by Py, in Section 4.2.

7 Specifically, the weight is the inverse foliation density | of the acoustic characteristics;
see Def. 10.
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0 0
partial differentiation with respect to p and s: f., := a—f and f.s = a—f More-
P s
2
over, f.p.s 1= 3500 and we use similar notation for other higher-order partial
sdp

derivatives of f with respect to p and s.

1.3.3. Speed of Sound and an Assumption on the Equation of State The scalar
function ¢ > 0 defined by

c: \/_ ls = \/_ exp(—p)p;p (1.3.9)

is a fundamental quantity known as the speed of sound.® To obtain the last equality

ad 1 a
in (1.3.9), we used the chain rule identity 3 |y == exp(—p)a— | s. From now on,
p
we view c as a function of the logarithmic density and the entropy:
c=c(p,s). (1.3.10)

Assumption on the equation of state
We make the following physical assumption, which ensures the hyperbolicity of
the system when o > 0:

We assume that ¢ > 0 when ¢ > 0. Equivalently, we assume that ¢ > 0
whenever p € (—o0, 00).

1.3.4. A Standard First-order Formulation of the Compressible Euler Equa-
tions We now state a standard first-order formulation of the compressible Euler
equations; these equations form the starting point of our new formulation. Specif-
ically, relative to Cartesian coordinates, the compressible Euler equations can be
expressed as follows, where we again stress that p denotes the logarithmic density:”

Bp = —divv, (1.3.11a)

Bv' = —c?§"3,p — exp(—p)@si“aas, (1.3.11b)
7

Bs = 0. (1.3.11c)

Above and throughout, 89b denotes the standard Kronecker delta, and
B :=9; +v%9, (1.3.12)

denotes the material derivative vectorfield. We stress already that B plays a critical
role in the ensuing discussion. Readers can consult, for example, [9] for discussion
behind the physics of the equations and for a first-order formulation of them in
terms of o, {v’ }i=1.2.3, and s, which can easily seen to be equivalent to (1.3.11a)—
(1.3.11¢).

d
8 OnRHS (1.3.9), a—p | ¢ denotes the derivative of the equation of state with respect to the

(non-logarithmic) density o at fixed s.
9 Here we recall our notation from Section 1.2: if V is a vectorfield and f is a function,
then Vf := V%9, f denotes the derivative of f in the direction V.
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1.3.5. Modified Fluid Variables Although itisnot obvious, the quantities that we
provide in the following definition satisfy transport equations with a good structure;
see (3.1.3b) and (3.1.4a). When combined with elliptic estimates, the transport
equations allow one to prove that the specific vorticity and entropy are one degree
more differentiable than naive estimates would yield, assuming that these quantities
initially have the extra differentiability. This gain of regularity is essential in our
forthcoming proof of shock formation since it is needed to control some of the
source terms in the wave equations for the velocity, density, and entropy, specifically,
the first products on RHSs (3.1.1a)—(3.1.1c). In addition, the source terms in the
transport equations have a good null structure, which is also essential in the study
of shock formation. We discuss these issues in more detail in Section 4.

Definition 3. (Modified fluid variables) We define the Cartesian components of the
X,-tangent vectorfield C and the scalar function D as follows, (i = 1, 2, 3):

C' = exp(—p)(curl 2)' + exp(=3p)c 222 §99,01 — exp(—3p)c 2 E5 (9,091,
0 0

(1.3.13a)

D :=exp(—2p)divS — exp(—2p)S93,p. (1.3.13b)

1.4. A Brief Summary of Our Main Results

For the reader’s convenience, we now provide a brief, informal version of our
main results.

Summary of the main results. The compressible Euler equations (1.3.11a)—
(1.3.11c) can be reformulated as a system of covariant wave equations for the
Cartesian components {v'};—; 2 3 of the velocity and the logarithmic den-
sity p coupled to a transport equation for the entropy s, transport equations
for the Cartesian components {S'};— 2.3 of the entropy gradient, transport
equations for the Cartesian components {27}, 2.3 of the specific vorticity,
transport equations for the modified fluid variables of Def. 3, and identities
for div$2 and (curlS)’; see Theorem 1 for the equations,m Moreover, the
inhomogeneous terms exhibit remarkable structures, including good null
form structures tied to the acoustical metric g (which is the Lorentzian
metric corresponding to the propagation of sound waves, see Def. 4); see
Theorem 2 for the precise statement.

10 The entropy also solves the covariant wave equation (3.1.1c). However, in practice, one
might be interested in equation (3.1.1c) more for computational purposes than for analytical
purposes; one can derive estimates for the entropy using the transport equations (3.1.2b)—
(3.1.2¢) and the transport—divergence—curl system (3.1.4a)—(3.1.4b).
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1.5. Some Preliminary Context for the Main Results

In this subsection, we provide some preliminary context for our main results,
with a focus on the special null structures exhibited by the inhomogeneous terms
in our new formulation of the compressible Euler equations and their relevance
for the study of shock formation. The presence of special null structures in the
equations might seem surprising since they are often associated with equations
that admit global solutions; see, for example, Klainerman’s work [18] on small-
data global existence for wave equations satisfying his “classic” null condition.
However, as we explain below, the good null structures are in fact key to proving
that the shock forms. Several works have contributed to our understanding of the
important role that the null structures play in the proof of shock formation, including
[6,14,21,22,28]. Below we will review these works and some related ones and, for
the results in more than one spatial dimension, we will highlight the role that the
presence of good geo-analytic structures and null structures played in the proofs.

The famous work of RIEMANN [26], in which he invented the Riemann in-
variants, yielded the first general proof of shock formation for solutions to the
compressible Euler equations in one spatial dimension. More precisely, for such
solutions, the velocity and density remain bounded, even though their first-order
Cartesian coordinate partial derivatives blow up in finite time. This type of sin-
gularity formation is also known as wave breaking in the literature. The standard
proof of this phenomenon is elementary and is essentially based on identifying a
Riccati-type blowup-mechanism for the solution’s first derivatives; see Section 4.1
for a review of these ideas in the context of simple plane wave solutions.

In all prior proofs of shock formation in more than one spatial dimension,
there also was a Riccati-type mechanism that drove the blowup of the solution’s
derivatives. However, in the analysis, the authors encountered many new kinds of
error terms that are much more complicated than the ones encountered by Riemann.
A key aspect of the proofs was showing that the additional error terms do not
interfere with the Riccati-type blowup-mechanism. This is where the special null
structure mentioned above enters into play: terms that enjoy the special null structure
are weak compared to the Riccati-type terms that drive the singularity, at least near
the shock. In order to explain this in more detail, we now review some prior works
on shock formation in more than one spatial dimension.

Alinhac was the first [1-4] to prove shock formation results for quasilinear
hyperbolic PDEs in more than one spatial dimension.!! Specifically, in two and
three spatial dimensions, he proved shock formation results for scalar quasilinear
wave equations of the form

(e )P (00)d,05® =0 (1.5.1)

whenever the nonlinearities fail to satisfy Klainerman’s “classic” null condition
and the data are small, smooth, compactly supported, and verify a non-degeneracy

1 Alinhac’s equations were perturbations of the linear wave equation in the sense that
8ap(0® = 0) = Mg where m is the Minkowski metric, e.g. Mmep = diag(—1,1,1,1) in
three spatial dimensions.
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condition.!? We clarify that the classic null condition refers to structures adapted to
the Minkowski metric and thus is distinct from the good null structures appearing in
our new formulation of the compressible Euler equations; we refer to the good null
structures appearing in the new formulation as the “strong null condition” (relative
to the acoustical metric g) in Theorem 2.

Although Alinhac’s work significantly advanced our understanding of singu-
larity formation in solutions to quasilinear wave equations, the most robust and
precise framework for proving shock formation in solutions to quasilinear wave
equations was developed by Christodoulou in his groundbreaking work [6]. More
precisely, CHRISTODOULOU [6] proved a small-data shock formation result for irro-
tational and isentropic solutions to the equations of compressible relativistic fluid
mechanics. In the irrotational and isentropic case, the equations are equivalent to
an Euler-Lagrange equation for a potential function @, which can be expressed
in the form (1.5.1). It turns out that for all fluid equations of state except for one,
the quasilinear wave equation for the potential function fails to satisfy the classic
null condition, leading to the presence of nonlinear terms that can drive finite-
time shock formation; the exceptional equation of state was identified in [6] in the
case of the relativistic Euler equations and in [9] in the case of the non-relativistic
compressible Euler equations. Christodoulou’s sharp geometric framework relied
on a reformulation of the wave equation (1.5.1) that exhibits good geo-analytic
structures [see equation (1.5.2)], and his approach yielded information that is not
accessible via Alinhac’s approach. In particular, Christodoulou’s framework is able
to reveal information about the structure of the maximal classical development of
the initial data, all the way up to the boundary, information that is essential for prop-
erly setting up the shock development problem in compressible fluid mechanics.!?
Roughly, the shock development problem is the problem of weakly continuing the
solution past the singularity under suitable jump conditions. We note that even if the
data are irrotational, vorticity can be generated to the future of the first singularity.
Thus, in the study of the shock development problem, one must consider the full
compressible Euler equations with vorticity and entropy. The shock development
problem remains open in full generality and is expected to be very difficult. How-
ever, Christodoulou-Lisibach recently made important progress: in [8], they solved
the problem in spherical symmetry in the relativistic case.

Christodoulou’s shock formation results for the irrotational and isentropic rel-
ativistic compressible Euler equations were extended to the non-relativistic irro-
tational and isentropic compressible Euler equations by Christodoulou—Miao in
[9], to general classes of wave equations [28] by the author, and to other solu-

12 Kiainerman formulated the “classic” null condition in three spatial dimensions [18],
while Alinhac formulated it in two spatial dimensions [3]. For equations of type (1.5.1),
the difference is that in three spatial dimensions, the definition of the classic null condition
involves only the structure of the quadratic part 09 - 92 of the nonlinearities (obtained by
Taylor expansion), while in two spatial dimensions, it also involves the cubic part 0@ - 9P -
9% o.

13 Roughly, the maximal classical development is the largest possible classical solution
that is uniquely determined by the data; see, for example, [27,30] for further discussion.
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tion regimes in [24,25,29]. In all cases, the formation of the shock singularity was
driven by the presence of Riccati-type interactions, similar in spirit to the ones
found in Riemann’s aforementioned work [26] in the case of one spatial dimension
and in the famous class of genuinely nonlinear hyperbolic systems. Readers can
consult the survey article [14] for an extended overview of some of these works.
We remark that a similar Riccati-type blowup-mechanism was also present in our
aforementioned proof of shock formation [22] for the compressible Euler equations
with vorticity under a barotropic equation of state, and that a similar mechanism
drives the blowup in our forthcoming proof of shock formation for general equa-
tions of state. Of the above works, the ones [6,9] are most relevant for the present
article. In those works, the authors proved small-data shock formation results for
the compressible Euler equations in irrotational and isentropic regions by studying
the wave equation for the potential function @. The wave equation can be written
in the (non-Euler—Lagrange) form (1.5.1) relative to Cartesian coordinates, where
the Cartesian components gy = gq5(d®P) are determined by the fluid equation
of state.'* In the context of fluid mechanics, the Lorentzian metric gin (1.5.1) s
known as the acoustical metric because it drives the propagation of sound waves.
We note that the acoustical metric also plays a fundamental role in the main results
of this article (see Def. 4), even when the vorticity and entropy are non-zero.

A simple — but essential — step in Christodoulou’s proof [6] of shock formation
was to differentiate the wave equation (1.5.1) with the Cartesian coordinate partial
derivative vectorfields d,,, which led to the following system of covariant wave
equations, (v =0, 1, 2, 3):

Oy % = 0. (1.5.2)

In (1.5.2), o= (Y, Y1, ¥, ¥3) is the array of scalar functions ¥, := 9, ®@ (with
9, denoting a Cartesian coordinate partial derivative), ¢ is a Lorentzian metric
conformal to g, Dg(@) is the covariant wave operator of g (see Def. 9), and ¥, is

treated as a scalar function under covariant differentiation in (1.5.2).15 A key feature
of the system (1.5.2) is that all of the terms that drive the shock formation are on the
left-hand side, hidden in the lower-order terms generated by the operator Dg(i/)-
That is, if one expands Dg(q;) Y, relative to the standard Cartesian coordinates, one

encounters Riccati-type terms of the schematic form 9V - 9 that fail to satisfy the
classic null condition and thus are able to drive the blowup of a certain tensorial
component of 9w, while ¥ itself remains uniformly bounded up to the singularity;
roughly, this is what it means for solutions to (1.5.2) to form a shock.!® Readers can
consult Section 4.1 for a more detailed description of how the Riccati-type terms

141 discussing [6], it would be better for us to call them “rectangular coordinates™ since
the equations there are introduced in the context of special relativity, and the Minkowski
metric takes the “rectangular” form diag(—1, 1, 1, 1) relative to these coordinates.

15 That is, § is a scalar function multiple of g.

16 1n reality, what blows up is a specific tensorial component of 9 ¥ the tensorial structure
in the problem is rather intricate.
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lead to blowup for simple isentropic plane wave solutions to the compressible Euler
equations.

The presence of a covariant wave operator on LHS (1.5.2) was crucial for
Christodoulou’s analysis. The reason is that he was able to construct, with the
help of an eikonal function (see Section 4.2), a collection of geometric, solution-
dependent vectorfields that enjoy good commutation properties with Dg((j,). He then
used the vectorfields to differentiate the wave equations and to obtain estimates for
the solution’s higher derivatives, much like in his celebrated proof [7], joint with
Klainerman, of the global nonlinear (dynamic) stability of Minkowski spacetime
as a solution to the Einstein-vacuum equations. Indeed, in more than one spatial
dimension, the main technical challenge in the proof of shock formation is to derive
sufficient energy estimates for the geometric vectorfield derivatives of the solution
that hold all the way up to the singularity. In the context of shock formation, this
step is exceptionally technical, and we discuss it in more detail in Section 4. It
is important to note that the standard Cartesian coordinate partial derivatives 9,
generate uncontrollable error terms when commuted through Dg@) and thus the
geometric vectorfields and their good commutation properties with the operator
D~(J,) are essential ingredients in the proof.

In [28], we showed that if one considers a general wave equation of type (1.5.1),
not necessarily of the Euler—Lagrange type considered by CHRISTODOULOU [6] and
Christodoulou—Miao [9], then upon differentiating it with 9,,, one does not generate
a system of type (1.5.2), but rather an inhomogeneous system of the form

O,y = £HQOV, 3%,), (1.5.3)

where f is smooth and £ is a standard null form relative to the acoustical metric
g; see Def. 8. We then showed that the null forms relative to g have precisely the
right structure such that they do not interfere with or prevent the shock formation
processes, at least for suitable data. The £ are canonical examples of terms that
enjoy the good null structure that we mentioned at the beginning of this subsection.
In particular, the term £ on RHS (1.5.3) is not strong enough to overcome derivative-
quadratic terms on LHS (1.5.3), which become visible upon expanding [ e @)
relative to the Cartesian coordinates and which, exceptional cases aside, do not
enjoy the same good null structure featured on RHS (1.5.3). More generally,
we refer to the good null structure on RHS (1.5.3) as the strong null condition; see
Def. 7 and Prop. 1. We stress that the full nonlinear structure of the null forms £ is
critically important. This is quite different from Klainerman’s classic null condition
(see Footnote 12), which he formulated in his study of wave equations in three
spatial dimensions that enjoy small-data global existence [18]; in Klainerman’s
classic null condition, the structure of cubic and higher order terms is not even taken
into consideration since, in the small-data regime that he studied, wave dispersion
causes the cubic terms to decay fast enough that their precise structure is typically
not important. The reason that the full nonlinear structure of the null forms 9 is
of critical importance in the study of shock formation is that they are adapted to
the acoustical metric g and enjoy the following key property: each £ is linear in
the tensorial component of AW that blows up. Therefore, near the singularity, Qis
small relative to the quadratic terms oY - d¥ that drive the singularity formation
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(which we again stress are hidden in the definition of [J 2(3) ¢,,). Roughly, this linear
dependence on the singular terms is the crux of the strong null condition. In contrast,
a typical quadratic inhomogeneous term 9 T ow ,if present on RHS (1.5.3), would
distort the dynamics near the singularity and could in principle prevent it from
forming or change its nature. Moreover, in tlge context of shock formation, cubic
or higher-order terms such as AW - 90U - OV are expected to become dominant
in regions where 0¥ is large and it is therefore critically important that there are
no such terms on RHS (1.5.3). These observations suggest that proofs of shock
formation are less stable under perturbations of the equations compared to more
familiar perturbative proofs of global existence.

The equations in our new formulation of the compressible Euler equations (see
Theorem 1) are drastically more complicated than the homogeneous wave equations
(1.5.2) that Christodoulou encountered in his study of irrotational and isentropic
compressible fluid mechanics and the inhomogeneous equations (1.5.3) that we
encountered in [28]. The equations of Theorem 1 are even considerably more com-
plicated than the equations we derived in [21] in our study of the barotropic fluids
with vorticity. However, the equations of Theorem 1 exhibit many of the same good
structures enjoyed by the equations of [21], as well as some remarkable new ones.
Specifically, in the present article, we derive geometric equations whose inhomo-
geneous terms are either null forms relative to the acoustical metric g, similar to the
ones on RHS (1.5.3), or less dangerous terms that are at most linear in the solution’s
derivatives. We find the presence of this null structure to be somewhat miraculous
in view of the sensitivity of proofs of shock formation under perturbations of the
equations, as we described in the previous paragraph. Moreover, in Theorem 1,
we also exhibit special combinations of the solution variables that solve equations
with good source terms, allowing, with the help of elliptic estimates, for a proof
that the vorticity is one degree more differentiable than one might expect, assuming
that the gain in differentiability is present in the initial data; see Def. 3 for the
special combinations, which we refer to as “modified fluid variables.”!” The gain
in differentiability for the vorticity has long been known relative to Lagrangian
coordinates, in particular because it has played an important role in proofs of lo-
cal well-posedness [10-12,15,16] for the compressible Euler equations for data
featuring a physical vacuum-fluid boundary. However, the gain in differentiability
for the vorticity with respect to arbitrary vectorfield differential operators (with
coefficients of sufficient regularity relative to the solution) seems to originate in
[21]. The freedom to gain the derivative relative to general vectorfield differen-
tial operators is important because Lagrangian coordinates are not adapted to the
wave characteristics, whose intersection corresponds to the formation of a shock.
Therefore, Lagrangian coordinates are not suitable for following the solution all
the way to the shock; instead, as we describe in Sections 4.2 and 4.3 , one needs a
system of geometric coordinates constructed with the help of an eikonal function,

17 To show the gain in regularity, one must use a combination of energy estimates and
elliptic estimates along hypersurfaces of constant time. In the present article, we do not
actually derive energy estimates and elliptic estimates, but rather only PDEs that one can
use to derive them.
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as well as the aforementioned geometric vectorfields, which are closely related to
the geometric coordinates. We remark that in the barotropic case [21], the “special
combinations” of solution variables were simpler than they are in the present article.
Specifically, in the barotropic case, the specific vorticity and its curl satisfied good
transport equations; compare this with the more complicated expression (1.3.13a).
Similarly, we can prove that the entropy is one degree more differentiable than one
might expect by studying a rescaled version of its Laplacian; see (1.3.13b).!3 To
the best of our knowledge, the gain in regularity for the entropy is a new result.

As we mentioned above, we exhibit the special null structure of the inhomo-
geneous terms in Theorem 2. Given Theorem 1, the proof of Theorem 2 is simple
and is essentially by observation. However, it is difficult to overstate its profound
importance in the study of shock formation since, as we described above, the good
null structures are essential for showing that the inhomogeneous terms are not
strong enough to interfere with the shock formation processes (at least for suitable
open sets of initial data). The gain of differentiability mentioned in the previous
paragraph is also essential for our forthcoming work on shock formation since we
need it to control some of the source terms in the wave equations.

2. Geometric Background and the Strong Null Condition

In this section, we define some geometric objects and concepts that we need in
order to precisely state our main results.

2.1. Geometric Tensorfields Associated to the Flow

Roughly, there are two kinds of motion associated to compressible Euler flow:
the transporting of vorticity and entropy and the propagation of sound waves. We
now discuss the tensorfields associated to these phenomena.

We start by recalling that the material derivative vectorfield B, defined in
(1.3.12), is associated to the transporting of vorticity and entropy; the equations
of Theorem 1 justify this remark.

We now define the Lorentzian metric g corresponding to the propagation of
sound waves; again, the equations of Theorem 1 justify this remark.

Definition 4. (The acoustical metric and its inverse) We define the acoustical metric
g and the inverse acoustical metric g~ relative to the Cartesian coordinates as
follows:!?
3
o —2 a a a a
g:=—dr ®dr +c Z(dx —v%df) ® (dx? — v?dr), (2.1.1a)

a=1

18 Actually, with our future study of shock formation in mind, we formulate a transport-
div-curl-type system for the gradient of the entropy; see equations (3.1.4a)—(3.1.4b) and
Remark 1.

19 Other authors have defined the acoustical metric to be c2g. We prefer our definition
because it implies that (g_l)oO = —1, which simplifies the presentation of many formulas.
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3
gl =—B®B+) 0, ® . (2.1.1b)

a=1

Remark 2. One can easily check that g’1 is the matrix inverse of g, that is, we

have (g7 ")*¥ gy, = 8, where 8! is the standard Kronecker delta.

The vectorfield B enjoys some simple but important geometric properties, which
we provide in the next lemma. We repeat the simple proof from [21] for the reader’s
convenience.

Lemma 1. (Basic geometric properties of B) B is g-timelike,”® future-directed,?"
g—orthogonal to X, and g-unit-length®*:

¢(B,B) = —1. (2.1.2)

Proof. Clearly B is future-directed. The identity (2.1.2) (which also implies that
B is g-timelike) follows from a simple calculation based on (1.3.12) and (2.1.1a).
Similarly, we compute that g(B, 9;) := g4 B* = 0 fori = 1, 2, 3, from which it
follows that B is g—orthogonal to X;. O

2.2. Decompositions Relative to Null Frames

The special null structures found in our new formulation of the compressible
Euler equations, which we briefly described in Section 1.5, are intimately connected
to the notion of a null frame.

Definition 5. (Standard g-Null frame) Let g be a Lorentzian?? metric on R1+3 .24
A standard g-null frame (“null frame” for short, when the metric is clear) at a point
q is a set of vectors

N :={L,L, ey, ez} (2.2.1)

belonging to the tangent space of R!*3 at ¢ such that

g(L,L)=g(L,L)=0, (2.2.2a)
g(L,L) =-2, (2.2.2b)
g(L,ea) =g(L,ea) =0, (A=1,2), (2.2.2¢)
glea,ep) = daB, (A,B=1,2), (2.2.2d)

where § 4 p is the standard Kronecker delta.

20 g-timelike vectorfields V are such that g(V, V) < 0.

21 A vectorfield V is future-directed if VO > 0, where V0 is the 0 Cartesian component.

2 Throughout we use the notation g(V, W) := gog V¥ wh.

23 By “Lorentzian,” we mean that the quadratic form corresponding to the 4 x 4 matrix of
components gqg has signature (—, +, +, +).

24 The topology of the spacetime manifold is not relevant for our discussion here.
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The following lemma is a straightforward consequence of Def. 5; we omit the
simple proof:

Lemma 2. (Decomposition of g~ relative to a standard g-null frame) Relative to

an arbitrary standard g—null frame, we have

2
1 1
-1 _
g7 =—3L ®L—§L®L+A§_lm ®ea. (2.2.3)

Definition 6. (Decomposition of a derivative-quadratic nonlinear term relative to
a null frame) Let

V= (p, o' 02035, 21, 22,23, 5!, 52, 5°) (2.2.4)

be the array of unknowns in tbe below system (3.1.1a)—(3.1.4b) (see Footnote 30).
We label the components of V' as follows:

V0=, V=0, vt i=s, VIT* = 2 and VITT .= §, fori =1,2,3.
(2.2.5)

Let N/ (\7, 0 \7) be a smooth nonlinear term that is quadratically nonlinear in d V.
That is, we assume that N(V, 8V) = f(V)‘;ﬁF(aaﬁv@)aﬁ VT, where (V)2 is
symmetric in ® and I" and is a smooth function of V (not necessarily vanishing at
0)fora, 3 =0,1,2,3and ®, " =0, 1, ..., 10.25 Given a standard g-null frame
A as defined in Def. 5, we denote

e/V = {61, e, e3 = L, eq = L}

Moreover, we let M(f denote the scalar functions corresponding to expanding the
Cartesian coordinate partial derivative vectorfield 9, at g relative to the null frame,
that is,

4
0y = M‘feA = ZM(feA.
A=1

Then
Ny = E(NG-MEME (eaV©)epVT (2.2.6)

denotes the nonlinear term obtained by expressing N (‘7 , 0 \7) in terms of the deriva-
tives of V with respect to the elements of /", that is, by expanding 9V as a linear
combination of the derivatives of V with respect to the elements of .4#” and substi-
tuting the expression for the factor 3V in A'(V, aV).

25 Here and below, we use Einstein’s summation convention, where uppercase Latin indices
such as A and B vary over 1, 2, 3, 4, lowercase Latin “spatial” indices such as a and b vary
over 1, 2, 3, uppercase Greek indices such as @ and I" vary over O, 1, ..., 10, and lowercase
Greek “spacetime” such as « and g indices vary over 0, 1, 2, 3.
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2.3. Strong Null Condition and Standard Null Forms

In Section 1.5, we roughly described the special null structure enjoyed by the
inhomogeneous terms in our new formulation of the compressible Euler equations.
We precisely define the special null structure in the next definition, which we recall
from [21].

Definition 7. (Strong null condition) Let N 4 := f(V)‘gﬁrMOj‘Mg (eaV@)epV !
be as in Def. 6. We say that A/ (‘7, a ‘7) verifies the strong null condition relative to

g if the following condition holds: for every standard g-null frame J/J N_y can be
expressed in a form that depends linearly (or not at all) on LV and LV. That is, for

A,B=1,2,3,4and ®," = 0,1, ..., 10, there exist scalar functions fg?«(f/)
and f ‘2)113- (V), depending on the null frame, such that the following hold:

o (V) =Tor(V) =0, f5.(V)=ft%.(")=0, ©,r=0.1,...,10,
2.3.1)

and
= ® —=AB = 2
EOV) - MIM3(e3V eV =T r(V)(eaVPepV T,

. . (2.3.2)
f(V)O(;ﬁFM;‘Mg(mV@)mVF =fAB.(V)(eaV®)epV?.

Put differently, (2.3.1)~(2.3.2) state that A/ 4~ can be re-expressed in such a way
that terms proportional to (LV@)LV ! and (LV®)LV'T are completely absent.

Remark 3. (Some comments on the strong null condition) Equation (2.3.2) allows
for the possibility that one uses external PDEs?® to algebraically substitute for
terms on LHS (2.3.2), thereby generating the good terms on RHS (2.3.2), which
verify the essential condition (2.3.1). As our proof of Prop. 1 below shows, this
kind of substitution is not needed for null forms relative to the acoustical metric g,
which can directly be shown to exhibit the desired structure, without the help of
external PDEs. That is, for null forms £ relative to g, one can directly show that
f(V)gﬂFMSMg = f(?)gﬁFMSMg = 0. In the present article, the formulation of
the equations that we provide (see Theorem 1) is such that all derivative-quadratic
terms are null forms relative to g. Readers might then wonder why our definition of
the strong null condition allows for the more complicated scenario in which one uses
external PDEs for algebraic substitution to detect the good null structure. The reason
is that in our work [21] on the barotropic case, we encountered the inhomogeneous

terms &;4p {(Ba .Qd)ad v — (04 vd)ad.Qb}, which are not null forms. To show that
these terms had the desired null structure, we used the compressible Euler equations
for substitution and therefore relied on the full scope of Def. 7. In the present article,
we encounter the same terms, but we treat them in a different way and show that in
fact, g;4p { (0q4 .Qd)ad VP — (04 vd) ad:zb ] is equal to a null form plus other terms that
are either harmless or that can be incorporated into our definition of the modified
fluid variables from Def. 3; see the identity (5.1.14) and the calculations below it.

26 By “external PDEs,” we simply mean PDE:s satisfied by the elements of V.



A New Formulation of the 3D Compressible Euler Equations 1239

A key feature of our new formulation of the compressible Euler equations is
that all derivative-quadratic inhomogeneous terms are linear combinations of the
standard null forms relative to the acoustical metric g, which verify the strong null
condition relative to g (see Prop. 1). We now recall their standard definition.

Definition 8. (Standard null forms) The standard nulLforms Q@ (., ) (relative to
g) and Q(a,g)(-, 9, (0 <a < B < 3), act on pairs (¢, ¢) of scalar-valued functions
as follows:

Q9 B6, 9¢) == (¢~ H* (8.0, (2.3.32)
Qap) (30, 09) = (3a$) P — (0a$)p. (2.3.3b)

Proposition 1. (The standard null forms satisfy the strong null condition) Ler Q be
a standard null form relative to g and let ¢ and 5 be any two entries of the array
V Jfrom Def. 6. Let f=1 (V) be a smooth scalar-valued function of the entries of
V. Then f (V)Q(Bq) 8¢) verifies the strong null condition relative to g, as defined
in Def. 7.

Proof. In the case of the null form Q€ the proof is a direct consequence of the
identity (2.2.3).

In the case of the null form £ p) defined in (2.3.3b), we consider any g-null
frame (2.2.1), and we label its elements as follows: 4" := {ey, ey, e3 ;== L, e4 :=
L}. Since ./ spans the tangent space at each point where it is defined, there exist
scalar functions MO’;‘ such that the following identity holds for ¢ = 0, 1, 2, 3:

4
0y =Y Mies. (2.3.4)

From (2.3.3b) and (2.3.4), we deduce

4

Q06,08 = Y. |MEMF — MIM}] eapend.

A,B=1

The key point is that the terms in braces are antisymmetric in A and B. It fol-
lows that the sum does not contain any diagonal terms, that is, terms proportional
to (ea)e A$ (in the previous expression, we do not sum over A). In particular,
terms proportional to (Lq&)g; and (L(/))La are not present, which is the desired
result. O

3. Precise Statement of the Main Results

In this section, we precisely state our two main theorems and give the simple
proof of the second one. We start by recalling the standard definition of the covariant
wave operator L.
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Definition 9. (Covariant wave operator) Let g be a Lorentzian metric. The covari-
ant wave operator L, acts on scalar-valued functions ¢ as follows: 27

O = {\/|detg (g—l)“ﬁa,gq)} (3.0.1)

|dt

3.1. The New Formulation of the Compressible Euler Equations with Vorticity
and Entropy

Our first main result is Theorem 1, which provides the new formulation of the
compressible Euler equations. We postpone its lengthy proof until Section 5.

Remark 4. (Explanation of the different kinds of inhomogeneous terms) In the
equations of Theorem 1, there are many inhomogeneous terms that are denoted
by decorated versions of “.” These terms are linear combinations of standard
null forms relative to g that, in our forthcoming proof of shock formation, can
be controlled in the energy estimates without elliptic estimates. Similarly, in the
equations of Theorem 1, decorated versions of the symbol “£” denote terms that
are at most linear in the derivatives of the solution and that can be controlled in
the energy estimates without elliptic estimates. In our forthcoming proof of shock
formation, the Qs and £’s will be simple error terms. The equations of Theorem 1
also feature additional null form inhomogeneous terms depending on 952 and 9.,
which we explicitly display (i.e., we do not incorporate them into the “Q’°s”) because
one needs elliptic estimates along X to control them in the energy estimates. For
this reason, in the proof of shock formation, these terms are substantially more
difficult to control compared to the ’s and £’s. Similarly, terms that are linear in
052,98, C, or D can be controlled only with the help of elliptic estimates along X;.

Theorem 1. (The geometric wave-transport—divergence—curl formulation of the
compressible Euler equations) Let o > 0 be any constant background density [see
(1.3.5)], and assume that (p, vl 02,03, s)isa C3 solution to the compressible Euler
equations (1.3.11a)—(1.3.11c¢) in three spatial dimensions under an arbitrary equa-
tion of state (1.3.1) with positive sound speed c [see (1.3.9)].28 Let B be the material
derivative vectorfield defined in (1.3.12), let g be the acoustical metric from Def. 4,
and let C and D be the modified fluid variables from Def. 3. Then the scalar-valued
functions p and vi, 21 s, ST dive2, Ct, D, and (CurlS)i, (i =1,2,3), also solve
the following equations, where the Cartesian component functions v' are treated
as scalar-valued functions under covariant differentiation on LHS (3.1.1a):

27 The formula (3.0.1) holds relative to arbitrary coordinates, but in our proof of Theorem 1,
we will carry out computations using (3.0.1) in Cartesian coordinates, with g equal to the
acoustical metric from Def. 4; see Lemma 7.

28 We have made the C3 assumption only for convenience, i.e., so that all of the quantities
on the left- and right-hand sides of the equations of Theorem 1 are at least continuous. In
applications, one can make sense of the equations and solutions in a distributional sense
under weaker regularity assumptions (for example, in suitable Sobolev spaces).
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Covariant wave equations

Ogv' = —c?exp(2p)C’ + Q) + £, (3.1.1a)
Ogp = — eXp(p)%D + Q) + £ (3.1.1b)
Ogs = 2 exp(20)D + L(5)- (3.1.1¢)
Transport equations>’
BR' = £, (3.1.2a)
Bs =0, (3.1.2b)
BS' = g{s,. (3.1.2¢)

Transport-divergence—curl system for the specific vorticity

div2 = E(diVQ)’ (3.1.3a)
BC' = —28 j1iqb exp(—p) (007825 + £4jk exp(—p) (3,09, 2% (3.1.3b)

+exp(—3p)c 2B [(Bsa)aau" _ (Bvi)BaS“}
o

+exp(=3p)c 22 L (Bu)a, ' — (BSa |
0

+ Ql(c) + Sl(c).

Transport-divergence—curl system for the entropy gradient

BD =2exp(=20) | (00")05S” = (05" 3p0" | + exp(—p)dap(curl 2)° 5

+ QD). (3.1.42)
(curl )’ = 0. (3.1.4b)

Above, in), Qs DJ@, and Q(p) are the null forms relative to g defined by

=" {1 + C_lc;p} (8~ @up)dpv’, (3.1.52)
. —1 —1\ap a b b a

Qp) = =3¢ c;p(g7) (Bap)aﬁp+{(8av )pv” — (94v”)dpv } (3.1.5b)

Qic) = eXP(—3p)c*2%S" [@av" a0 — @050} (3.1.5¢)

+exp(—3p)c 2B b [(aav“)abv" _ (E)avi)abv“}
o

4 2exp(—3p)c 228 g {(aap)vi _ (aavi)Bp}
0

29 See the end of Section 1.2 regarding our notation for the differentiation of scalar-valued
functions with vectorfields.
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+2exp(=3p)c 3., L2 g {(aap)Bv" - (aavf)Bp}
0
+exp(=3p)c 2 P25 0,0 Bo — ) BV |
0
+exp(=3p)c 2 EEL ST {(Buh)d,0 — (Bp)d,v®)
0
+26xp(—3p)c_2psS’ [(Bp)dav® — (Bv)ap)
+ 2exp(=3p)c” 3c,,TS' {(Bp)dav® — (Bv")dap},
Q) = 2exp(—2p) S {(Bavb)abp — (Bap) 3 } . (3.1.5d)

In a.lddition, the terms E’(})), L)» S.l(s),. Loy Ls)» L(dive) and L),
which are at most linear in the derivatives of the unknowns, are defined as follows:

to) = 2exp(p)gian(Bv*) 2" — DS 298P (3.1.62)
0

1 .
- Eexp( p)p L NI

- 2exp<—p>c“c;p@<6p>si + exp(—p)%wmsi,

5
L) Z—ECXP( 0) SPS” dap — exp(—p) QYSS »S4SP, (3.1.6b)

L) 1= ¢7$0ap — CC‘pS Bap — cC.58apS S, (3.1.6¢)

lg) = 20,0" — exp(—2p)c” ?&ab(BUa)Sb (3.1.6d)

I 1= —S“Dav’ + eiap exp(p) 2757, (3.1.6¢)
Ldive) = —2%0p, (3.1.6)
o) = 2exp(—3p)c*3cm%(Bui)sabsasb (3.1.62)

— 2exp(=3p)c e, B, 5% (Bu?) S
0
+exp(—3p)e 2P s, (Bu) st s
0
— exp(=3p)c 258 (Byiys 598t
0

Remark 5. (Comparison to the results of [21]) For barotropic fluids, we have
p.s = 0, and consequently, the variables s and S do not influence the dynamics
of the remaining solution variables. For such fluids, one can check that equations
(3.1.1a)—(3.1.1b), (3.1.2a), and (3.1.3a)—(3.1.3b) are equivalent to the equations that
we derived in [21]. However, one needs some observations described in Remark 3
in order to see the equivalence.
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Remark 6. (The data for the system (3.1.1a)—(3.1.4b)) The “fundamental” initial
data for the compressible Euler equations (1.3.11a)—(1.3.11c) are p|;=0,
(v l/=0}i=1,2.3, and s|;=¢. On the other hand, to solve the Cauchy problem for the
system (3.1.1a)—(3.1.4b), one also needs the data 9, p|;=o, {80 l=0}i=1.2.3, 0rS|;=0,
{£27|,=0}i=1.2.3, and {S?|,=0}|;i=1.2.3. These data can be obtained by differentiating
the fundamental initial data with respect to the Cartesian coordinate spatial par-
tial derivative vectorfields {9;};=1,2,3 and by using equations (1.3.11a)—(1.3.11c) to
algebraically solve for time derivatives.

3.2. The Structure of the Inhomogeneous Terms

The next theorem is our second main result. In the theorem, we characterize
the structure of the inhomogeneous terms in the equations Theorem 1. The most
important part of the theorem is the null structure of the Type iii terms.

Theorem 2. (The structure of the inhomogeneous terms) Let
Vi= (oo 0% 0t 21, 2%, 23, 81, 8%, 8%)
1'30

denote the array of unknowns in the equations of Theorem The inhomogeneous
terms on the right-hand sides of equations (3.1.1a)—(3.1.4b) consist of three types:

i. Terms of the form f(j/"), where f is smooth and vanishes when S = §2 = 0.
ii. Terms of the form £(V )-9V where f is smooth, that is, terms that depend linearly
on the elements of dV.
iii. Terms of the form f(V)D(B(b, 35), where f is smooth, ¢ and 5 are elements
of V, and Q is a standard null form relative to the acoustical metric g from
Def. 8. By Prop. 1, these terms satisfy the strong null condition relative to g.

Proof. It is easy to see that Qév), Q) Qéc), and Q (p) are Type iii terms, and that
the same is true for the products on the first through third lines of RHS (3.1.3b) and
the terms in braces on the first line of RHS (3.1.4a). Similarly, it is easy to see that
2’@), L) Ls)» 2’@), S’&S), £dive) and Eic are sums of terms of type Type i and
Type ii, while the first product on RHS (3.1.1a), the first product on RHS (3.1.1b),
the first product on RHS (3.1.1c), and the second product on RHS (3.1.4a) are, in
view of Def. 3, Typeii. O

4. Overview of the Roles of Theorems 1 and 2 in Proving Shock Formation

As we mentioned in Section 1, in forthcoming work, we plan to use the results
of Theorems 1 and 2 as the starting point for a proof of finite-time shock formation
for an open set of solutions to the compressible Euler equations. In this section,
we provide an overview of the main ideas in the proof and highlight the role that

30 Here, we are not considering C' and D to be “unknowns.” The reason is that, in view of
Def. 3, we can express C' and D in terms of V and aV.
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Theorems 1 and 2 play. We plan to study a convenient open set of initial condi-
tions in three spatial dimensions whose solutions typically have non-zero vorticity
and non-constant entropy: perturbations (without symmetry assumptions) of sim-
ple isentropic (that is, constant entropy>!) plane waves.>?> We note that in our joint
work [29] on scalar wave equations in two spatial dimensions, we proved shock
formation for solutions corresponding to a similar set of nearly plane symmetric
initial data. The advantage of studying perturbations of simple isentropic plane
waves is that it allows us to focus our attention on the singularity formation without
having to confront additional evolutionary phenomena that are often found in solu-
tions to wave-like systems. For example, nearly plane symmetric solutions do not
exhibit wave dispersion because their dynamics are dominated by 1D-type wave
behavior.?? In particular, our forthcoming analysis will not feature time weights or
radial weights.

4.1. Blowup for Simple Isentropic Plane Waves

Simple isentropic plane waves are a subclass of plane symmetric solutions. By
“plane symmetric solutions,” we mean solutions that depend only on ¢ and x! and
such that v> = v> = 0. To further explain simple isentropic plane wave solutions,
we will present some standard material without providing proofs. Readers can
consult, for example, [5, 13] for additional details. We start by defining the Riemann
invariants:

Ry =vl + F(p). (4.1.1)

The function F in (4.1.1) solves the following initial value problem, where c is the
speed of sound (and we suppress the dependence of ¢ on s since s is constant by
assumption):

d
d—F(p) = c(p), F(p=0)=0, (4.1.2)
P

where F(p = 0) = 0 is a convenient normalization condition. In one spatial
dimension, in terms of R4, the compressible Euler equations (1.3.11a)—(1.3.11c)
with constant entropy are equivalent to the system

LR_ =0, LRy =0, (4.1.3)
where

L:=0;+ (v1 + ¢)dq, L =0+ (v1 — )01 4.1.4)

31 Note that the transport equation (1.3.11c) implies that the entropy is constant in the
maximal classical development of the data if it is constant along .

32 These simple plane waves have vanishing vorticity and constant entropy, though their
perturbations generally do not.

33 In one spatial dimension, wave equations are essentially transport equations and thus
their solutions do not experience dispersive decay.
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are null vectorfields relative to the acoustical metric of Def. 4. That is, one can
easily check that g(L, L) = g(L, L) = 0. The initial data are R4 |;—o (together
with the initial constant value of the entropy, which we suppress for the rest of
the discussion). A simple isentropic plane wave is a solution such that one of the
Riemann invariants, say R_, completely vanishes. Note that by the first equation
in (4.1.3), the condition R_ = 0 is propagated by the flow of the equations if it is
verified at time 0.

The simple isentropic plane wave solutions described in the previous paragraph
typically form a shock in finite time via the same mechanism that leads to singularity
formation in solutions to Burgers’ equation. For illustration, we now quickly sketch
the argument. We assume the simple isentropic plane wave condition R = 0,
which implies that the system (4.1.3) reduces to {d; + f(R+)91}R+ = 0, where
f is a smooth function determined by F'. It can be shown that f is not a constant-
valued function of R, except in the case of the equation of state of a Chaplygin

C
gas, which is p = p(0) = Cop — —1, where Cp € R and C; > 0. We now take
[

a 01 derivative of the evolution equation for R to deduce the equation {d; +
FROMNNR,: = —f'(Ry)(01R4)>. Since R is constant along the integral
curves of d; + f(R4)91 (which are also known as ““characteristics” in the present
context), the above equation can be viewed as a Riccati-type ODE for d; R+ along
the characteristics, specifically the ODE

d
TR = k(01R4)2, (4.1.5)

where the constant k is equal to — f/(R.1) evaluated at the point on the x ' -axis from
which the characteristic emanates. Thus, we can easily deduce that for initial data
such that 3; R4 and k have the same (non-zero) sign at some point along the x ! axis,
the solution 9;R+ to (4.1.5) will blow up in finite time along the corresponding
characteristic, even though R, remains bounded; this is essentially the crudest
picture of the formation of a shock singularity. Note that there is no blowup in the
case of the Chaplygin gas since f’ = 0 in that case; see Footnote 43 for related
remarks.

4.2. Fundamental Ingredients in the Proof of Shock Formation in More than One
Spatial Dimension

We can view the simple isentropic plane waves described in Section 4.1 as
solutions in three spatial dimension that have symmetry. In our forthcoming work
on shock formation in three spatial dimensions, we will study perturbations (with-
out symmetry assumptions) of simple isentropic plane waves, and we will prove
that the shock formation illustrated in Section 4.1 is stable. For technical conve-
nience, instead of considering data on R3, we will consider initial data on the spatial
manifold

Z‘:szTz,
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where the factor of T2 (equal to the two-dimensional torus) corresponds to pertur-
bations away from plane symmetry. This allows us to circumvent some technical
difficulties, such as the fact that non-trivial plane wave solutions have infinite energy
when viewed as solutions with symmetry on the spacetime R'*3.

Although the method of Riemann invariants allows for an easy proof of shock
formation for simple isentropic plane waves, the method is not available in more
than one spatial dimension. Another key feature of the study of shock formation in
more than one spatial dimension is that all known proofs rely on sharp estimates
that provide much more information compared to the proof of blowup for simple
plane waves from Section 4.1. Therefore, in our forthcoming proof of shock forma-
tion for perturbations of simple isentropic plane waves, we will use the geometric
formulation of the equations provided by Theorem 1.>* We will show that these
equations have the right structure such that they can be incorporated into an ex-
tended version of the paradigm for proving shock formation initiated by ALINHAC
[1-4] and significantly advanced by CHRISTODOULOU [6].

The most fundamental ingredient in the approaches of Alinhac and Christodoulou
is a system of geometric coordinates

(t,u, ', 0% 4.2.1)

that are dynamically adapted to the solution. We denote the corresponding partial
derivative vectorfields as follows:

a 9 0 il 42.2)
at’ du’ vl 9v2 |’ o

Here, ¢ is the standard Cartesian time function, while u is an eikonal function

adapted to the acoustical metric. That is, u solves the following fully nonlinear
hyperbolic PDE, known as the eikonal equation:

(&~ H (duu)dpu = 0, dqu >0, (4.2.32)
ulymo =1 —x. (4.2.3b)

Above and throughout the rest of the article, g is the acoustical metric from Def. 4.
We construct the geometric torus coordinates 4 by solving the transport equations

()P (Buu)d59* =0, (4.2.42)

im0 =27 9Pz =7, (4.2.4b)

where x? and x> are standard (locally defined) Cartesian coordinates on T?; see
Footnote 2 regarding the Cartesian coordinates in the present context. For various
reasons, when differentiating the equations to obtain estimates for the solution’s
derivatives, one needs to use geometric vectorfields, described below, rather than the

34 In applications, it is sometimes preferable to work with unknowns that are equal to
nonlinear functions of p and v, for example unknowns in the spirit of the Riemann invariants
that have proven to be useful in the 1D case. We will ignore this issue throughout the rest
of Section 4.
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partial derivative vectorfields in (4.2.2). For this reason, the coordinates @, v?)
play only a minor role in the analysis, and we will downplay their significance for
most of the remaining discussion.

Note that the Cartesian components g depend on the fluid variables p, v, ands
[see (2.1.1a)]. Therefore, the regularity properties of the eikonal function are tied to
that of the fluid solution; below we will further discuss this crucial issue. The initial
conditions (4.2.3b) are adapted to the approximate plane symmetry of the solutions
that we plan to study.> The level sets of u are known as the “characteristics,” the
“wave characteristics,” or the “acoustic characteristics,” and we denote them by
‘P... The P, are null hypersurfaces relative to the acoustical metric g. As we further
explain below, the intersection of the level sets of the function u (viewed as an
R-valued function of the Cartesian coordinates) corresponds to the formation of
a shock singularity and the blowup of the first-order Cartesian coordinate partial
derivatives of the density and velocity. As we will explain below, u can be viewed as
a “sharp coordinate” that is dynamically adapted to the fluid flow, that can be used to
reveal special structures in the equations, and that can be used to construct geometric
objects adapted to the characteristics. The price that one pays for the precision is
that the top-order regularity theory for u is very complicated and tensorial in nature.
As we later explain, the regularity theory is especially difficult near the shock and
leads to degenerate high-order energy estimates for the fluid.

The first use of an eikonal function in proving a global result for a nonlinear hy-
perbolic system occurred in the celebrated proof [ 7] of the stability of the Minkowski
spacetime as a solution to the Einstein-vacuum equations.*® Eikonal functions have
also played a central role in proofs of low-regularity well-posedness for quasilin-
ear hyperbolic equations, most notably the recent Klainerman—Rodnianski—Szeftel
proof of the bounded L? curvature conjecture [20].

The paradigm for proving shock formation originating in the works [1—4,6] can
be summarized as follows:

To the extent possible, prove “long-time-existence-type” estimates for the
solution relative to the geometric coordinates and then recover the for-
mation of the shock singularity as a degeneration between the geometric
coordinates and the Cartesian ones. In particular, prove that the solution re-
mains many times differentiable relative to the geometric coordinates, even
though the first-order Cartesian coordinate partial derivatives of the density
and velocity blow up.

The most important quantity in connection with the above paradigm for proving
shock formation is the inverse foliation density.

Definition 10. (Inverse foliation density of the P,) We define the inverse foliation
density i > O of the characteristics P, as follows:

—1
W

e m . (4.2.5)

35 For other applications, it might be necessary to choose different initial conditions for u.
36 Roughly, [7] is a small-data global existence result for the Einstein-vacuum equations.
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u near 0

Fig. 1. The vectorfield frame 2 at two distinct points in P, and the integral curves of B
(along which £2, s, and S are transported), with one spatial dimension suppressed

1. . i . .
— is a measure of the density of the characteristics P, relative to the constant-time

#ypersurfaces ;. When p vanishes, the density becomes infinite, the characteristics
intersect, and, as it turns out, the first-order Cartesian coordinate partial derivatives
of the density and velocity blow up in finite time. See Fig. 1 for a depiction of a
solution for which the characteristics have almost intersected. Note that by (2.1.1b),
(4.2.3a), and (4.2.3b), we have p|;—o =~ 1.37 Christodoulou was the first to introduce
W in the context of proving shock formation in more than one spatial dimension
[6]. However, before Christodoulou’s work, quantities in the spirit of . had been
used in one spatial dimension, for example, by John in his proof [17] of blowup
for solutions to a large class of quasilinear hyperbolic systems. In short, to prove
a shock formation result under Christodoulou’s approach, one must control the
solution all the way up until the time of first vanishing of .

4.3. Summary of the Proof of Shock Formation

Having introduced the geometric coordinates and the inverse foliation density,
we are now ready to summarize the main ideas in the proof of shock formation
for perturbations of simple isentropic plane wave solutions to the compressible
Euler equations in three spatial dimensions with spatial topology ¥ = R x T2,
For convenience, we will study solutions with very small initial data given along
a portion of the characteristic Py and “interesting” data (whose derivatives can be

37 W|;—o depends on the data for the fluid variables.
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large in directions transversal to the characteristics) along a portion of Xy ~ R xT?;
see Fig. 1 for a schematic depiction of the setup.

Given the structures revealed by Theorems 1 and 2, much of the proof is based
on frameworks developed in prior works, as we now quickly summarize. The bulk
of the framework originated in Christodoulou’s groundbreaking work [6] in the
irrotational case, with some key contributions (especially the idea to rely on an
eikonal function) coming from Alinhac’s earlier work [1-4] on scalar wave equa-
tions. The relevance of the strong null condition in the context of proving shock
formation was first recognized in [14,28]. The crucial new ideas needed to handle
the transport equations and the elliptic operators/estimates originated in [21,22].
Three key contributions of the present work are showing (i) that one can gain a
derivative for the entropy s, which is needed to ensure that all terms in our new
formulation of the compressible Euler equations have a consistent amount of reg-
ularity (see Step 8 below for further discussion); (ii) the inhomogeneous terms
generated by including s in our new formulation all have a good null structure; and
(iii) that in the context of shock formation, one needs to rely on transport-div-curl
estimates for the entropy gradient S in order to avoid uncontrollable error terms;
see Remark 1 and Step 2 below for further discussion on this last point.

We now summarize the main ideas behind our forthcoming proof of shock
formation. Most of the discussion will be at a rough, schematic level.

1. (Commutation vectorfields adapted to the characteristics). With the help of
the eikonal function u (see Section 4.2), construct a set of geometric vectorfields

P :={L,X,Y, Y2} (4.3.1)

that are adapted to the characteristics P, ; see Fig. 1. Readers can consult [14,
21,22] for details on how to use u to construct 2. Here, we only note some
basic properties of these vectorfields. The subset

P ={L,Y, Y} “4.3.2)

spans the tangent spaces of P,, while the vectorfield X is transversal to P,.
L is a g-null (that is, g(L, L) = 0) generator of P, normalized by Lt = 1,
o 0
while X = — + Error, where Error is a small vectorfield tangent to the co-
u
dimension-two tori P, N X;. The vectorfields {Y1, Y2} span the tangent spaces
of PM n El‘-
The elements of Z are designed to have good commutation properties with
each other and also, as we describe below, with . In particular, one can

show that we have the following schematic relations:®

(&, Z]~ 2. (4.3.3)

In the rest of the discussion, Z denotes a generic element of 2 and P denotes
a generic element of & or, more generally, a P, -tangent differential operator.

38 A more precise statement would indicate that the coefficients on RHS (4.3.3) depend on
the second derivatives of the eikonal function, but we suppress this issue here.
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It is straightforward to derive the following relationships, which are key to
understanding the shock formation, where o schematically denotes linear com-
binations of the Cartesian coordinate partial derivative vectorfields:’

P ~a, X ~ no. (4.3.4)
We also note the complementary schematic relation
wo ~ X + P, (4.3.5)

which we will refer to in Step 2. At the end of Step 5, we will clarify the role
of the second relation in (4.3.4) in tying the vanishing of the inverse foliation
density p (see Def. 10) to the blowup of the solution’s first-order Cartesian
coordinate partial derivatives. In the proof of shock formation, one uses the
elements of 2 to differentiate the equations and to obtain estimates for the
solution’s derivatives. The goal is to show that up to a sufficiently high order,
the Z’-derivatives of the solution remain uniformly bounded, all the way up
to the time of first vanishing of . Note that by (4.3.4), we have |P| = O(1),
while |)v( | = O(). The relation |)V( | = O() implies that deriving uniform
bounds for the solution’s X -derivatives is tantamount to having only very weak
estimates in regions where | is small (i.e., near the shock); one might think of
the boundedness of the solution’s X -derivatives as “degenerate estimates” for
the solution’s P,-transversal derivatives, consistent with an order-unity-length

1
transversal derivative of the solution blowing up like — as i — 0. In contrast,

the relation | P| = O(1) implies that uniform bounds for the derivatives of the
solution with respect to the elements of & yield non-degenerate estimates for

the P, -tangential derivatives of the solution. We will revisit these crucial issues

0 - 0
in Step 3. We now note that one can derive the relations L = Py X=—++

0
Error, Y4 = PEY +Error, A = 1, 2, where Error denotes small vectorfields that

are tangent to the tori P, N X;. Hence, deriving estimates for the 2 -derivatives of
the solution is equivalent to deriving estimates for the derivatives of the solution
relative to the geometric coordinates. The elements of (4.3.1) are replacements
for the geometric coordinate partial derivative vectorfields (4.2.2) that, as it turns
out, enjoy better regularity properties. Specifically, an important point, which

. . . B 0 0
is not at all obvious, is that the elements of { — , when commuted

du’ 99!’ 9v?
through the covariant wave operator [, from LHSs (3.1.1a)—=(3.1.1c), generate
error terms that lose a derivative and thus are uncontrollable at the top-order. In
contrast, the elements Z € 2 are adapted to the acoustical metric g in such a
way that the commutator operator [lL[,, Z] generates controllable error terms.
We note that one includes the factor of p in the previous commutator because it
leads to essential cancellations. Although achieving control of the commutator

39 Throughout, we use the notation @ ~ b to imprecisely indicate that a is well-
approximated by b.
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error terms at the top-order derivative level is possible, it is quite difficult and
in fact constitutes the main step in the proof. The difficulty is that the Cartesian
components of Z € 2 depend on the Cartesian coordinate partial derivatives
of u, which we can schematically depict as follows: Z* ~ du. Therefore, the
regularity of the vectorfields Z themselves depends on the regularity of the
fluid solution through the dependence of the eikonal equation (4.2.3a) on the
fluid variables. In fact, some of the commutator terms generated by [wllg, Z]
appear, at first glance, to suffer from the loss of a derivative. Fortunately, the
derivative loss can be overcome using ideas originating in [7,19] and, in the
context of shock formation, in [6]. However, as we explain in Step 7, one pays
a steep price in overcoming the loss of a derivative: the only known procedure
for gaining back the derivative leads to degenerate estimates in which the high-
order energies are allowed to blow up as u — 0. On the other hand, to close the
proof and show that the shock forms, one must prove that the low-order energies
remain bounded all the way up to the singularity. Establishing this hierarchy of
energy estimates is the main technical step in the proof.

2. (Multiple speeds and commuting geometric vectorfields through first-order
operators). The compressible Euler equations with vorticity and entropy fea-
ture two kinds of characteristics: the acoustic characteristics P, and the in-
tegral curves of the material derivative vectorfield B; see Fig. 1. That is, the
system features multiple characteristic speeds, which creates new difficulties
compared to the case of the scalar wave equations treated in the works [1—
4,6,9,21,22,25,29]. Another new difficulty compared to the scalar wave equa-
tion case is the presence of the operators div and curl in the equations of The-
orem 1. The first proof of shock formation for a quasilinear hyperbolic system
in more than one spatial dimension featuring multiple speeds and the operators
div and curl was our prior work [21,22] on the compressible Euler equations
in the barotropic case. We now review the main difficulties corresponding to
the presence multiple speeds and the operators div and curl. We will then ex-
plain how to overcome them; it turns out that essentially the same strategy can
be used to handle all of these first-order operators. Since the formation of a
shock is tied to the intersection of the wave characteristic P, (as we clarify
in Step 5), our construction of the geometric vectorfields Z € Z from Step
1 was, by necessity, adapted to g; indeed, this seems to be the only way to
ensure that the commutator terms [|LLg, Z] are controllable up to the shock.
This begs the question of what kind of commutation error terms are generated
upon commuting the Z through first-order operators such as B, div, and curl.
The resolution was provided by the following key insight from [21,22]: the
elements of 2 have just enough structure such that their commutator with an
appropriately weighted, but otherwise arbitrary, first-order differential opera-
tor produces controllable error terms, consistent with the solution remaining
bounded relative to the geometric coordinates at the lower derivative levels.*0

40 Here, by a “first-order differential operator,” we mean a differential operator equal to a
regular function times a Cartesian coordinate partial derivative.
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Specifically, one can show that we have the schematic commutation relation
(Mo, Z1~ X + P, (4.3.6)

which is suggested by the schematic relations (4.3.3) and (4.3.5). The important
1
point is that RHS (4.3.6) does not feature any singular factor of —.

The above discussion suggests the following strategy for treating ltlhe first-order
equations of Theorem 1: weight them with a factor of | so that the principal part
is of the schematic form pd. Then by (4.3.6), upon commuting the weighted
equation with elements of 2, we generate only commutator terms that do not

1
feature any damaging factor of —. We stress that the property (4.3.6) does not
generalize to typical second-order operators. That is, we have the schematic

relation [, 0, 2] ~ —2ZZ + -- -, which features uncontrollable factors
v

1

of —. This is the reason that in deriving elliptic estimates for the entropy s,
H :

we work the divergence and curl of the entropy gradient vectorfield S' = 9;s

instead of As (see also Remark 1); the div-curl formulation allows us to avoid
commuting the elements of % through the (second-order) flat Laplacian A and
therefore to avoid uncontrollable error terms.

3. (L*° bootstrap assumptions). Formulate appropriate uniform L° bootstrap
assumptions for the 2 -derivatives of the solution, up to order approximately
10, on a region on which the solution exists classically. In particular, these
Z -derivatives of the solution will not blow up, even as the shock forms. We
now describe some crucial implications of these uniform bounds. We start by
recalling the following facts, which we alluded to just below (4.3.5): the Carte-
sian components of the element X in & are of size O(), while the elements
L, Yy, Y, of the P,-tangent subset & of & have Cartesian components of size
O(1). This leads to the following point, which is central for all aspects of the
proof of shock formation:

Uniform L bounds for the solution’s &-derivatives imply that the
derivatives of the solution with respect to any order-unity-length vector-
field that is tangent to the acoustic characteristics P, remain uniformly
bounded all the way up to the shock.*! In contrast, a uniform L bound
for the solution’s X -derivative allows for the possibility that order-unity-
length derivatives of the solution in directions transversal to P, can blow
up like O(1/) as i — 0. This is in direct analogy to the behavior ex-
hibited by solutions to Burgers’ equation, in which the derivatives of
the solution in directions tangent to the characteristics remain bounded,
while the solution’s transversal derivatives can blow up.*
Just below equation (4.3.11g), we explain why the proof requires so many
derivatives. The bootstrap assumptions are tensorial in nature and involve sev-

41 Here, by the “length” of a vectorfield, we mean the size of its Cartesian components.
42 For Burgers’ equation solutions, the tangential derivatives in fact completely vanish.
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eral parameters measuring the size of various directional derivatives of the
solution. We will not discuss the bootstrap assumptions in detail here. Instead,
we simply note that they reflect our expectation that the solution remains a small
perturbation of a simple isentropic plane wave at the lower Z-derivative levels;
readers can consult [21,22] for more details on the bootstrap assumptions in the
barotropic case and keep in mind that in our forthcoming work, we will make
similar bootstrap assumptions, the new feature being smallness assumptions on
the derivatives of s.

. (The role of Theorem 2). We now clarify the importance of the good null
structures revealed by Theorem 2, thereby fleshing out the discussion from
Section 1.5. Let V denote the solution array (2.2.4).

As we alluded to above, before commuting the equations of Theorem 1 with
elements of 2, we first multiply the equations by a factor of . The main
point is that by Theorem 2, all derivative-quadratic inhomogeneous terms (more
precisely, the Type iii terms in theorem) in ju-weighted versions of the equations
of Theorem 1 can be decomposed in the following schematic form, where we
ignore the order-unity coefficients:

WV -9V = XV . PV +uPV.PV, (4.3.7)

where P is as in Step 1. The decomposition (4.3.7) is precisely what is afforded
by the strong null condition, which is available in view of Prop. 1. The reader
might have noticed that Def. 7 of the strong null condition is based on decom-
positions relative to standard g-null frames, while the terms on RHS (4.3.7)
are decomposed relative to the elements of 2. That is, one needs some minor
observations in order to translate the strong null condition into the statement
(4.3.7). The main idea is to consider the strong null condition under a null frame
(2.2.1) in which L is the vectorfield from (4.3.1) and the vectorfields {e;, e2}
have the same span as {Y7, Y2}, in which case both of the sets {L, e1, e>} and
{L, Y1, Y2} span the tangent spaces of P,. From these considerations, it is easy
to see that given any derivative-quadratic term verifying the strong null condi-
tion, we can decompose it into factors such that each factor contains at least one
P -tangent differentiation, which is precisely what is indicated on RHS (4.3.7).

In particular, on RHS (4.3.7), there are no terms proportional to Xv.Xx V

which, by signature considerations, would have to be multiplied by an uncon-

1
trollable factor of — that would blow up at the shock. Such a term, had it have

been present, would have completely obstructed the goal of obtaining regular
estimates for the solution’s low-level 2 -derivatives that hold all the way up to
the shock.

We have therefore explained the good structure of Type iii terms from Theo-
rem 2. The only other kind of inhomogeneous terms that one encounters in the
p-weighted equations of Theorem 1 are at most linear in 0 V, thatis, n-weighted
versions of the Type i and Type ii terms from Theorem 2. The linear terms 0 1%
can be decomposed (schematically) as

>

oV = XV +uPV, (4.3.8)
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1
the key point being that RHS (4.3.8) does not feature any singular factor of —.
v

For this reason, all linear terms uaf/ remain uniformly bounded all the way
up to the shock and are admissible within the scope of our approach. Similar
remarks of course apply to terms that depend on V butnot 9 V.

5. (Tying the singularity formation to the vanishing of |1). Derive the following

evolution equation for ., written in schematic form:*3

0 O 4B (4.3.9)
— ~ — ITOT. D,
ot du

Then, using the L°° bootstrap assumptions from Step 3, show that for data near

1

that of a simple plane wave, E)_U is negative and approximately constant in
u

time (relative to the geometric coordinates) and that Error is small in L°°, all the
way up to the shock. Thus, from (4.3.9), we deduce that p will vanish in finite

. . > 0 .
time. Moreover, since Xv! and 8—1)1 agree up to small error terms and since
u
a . . . . .
a—v1 is strictly non-zero at any point where | vanishes, it follows from the
u

. L. . .
second relation in (4.3.4) that ‘avl ‘ ~ — in a past neighborhood of any point
where | vanishes. In particular, some first-order Cartesian coordinate partial
derivative of v! must blow up like — at points where | vanishes.

6. (Pointwise estimates and sharp estimates for |L). Commute all of the equa-
tions of Theorem 1 up to top-order (i.e., up to approximately 20 times) with
the elements of 2, and similarly for the transport equations verified by p and
the Cartesian components L, (i=1,2, 3).44 For brevity, we do not provide
these transport equations in detail here [we schematically displayed the one
for p in (4.3.9)]. Instead, we only note that the inhomogeneous terms in the
transport equations exhibit structures similar to the ones enjoyed by the simple
Type i and type Type ii terms from Theorem 2. The reason that we must esti-
mate the derivatives of p and L’ is that they appear as source terms when we
commute the equations of Theorem 1 with the elements Z € 2 [see (4.3.1)].

43 It turns out that the coefficient of the “main term” on RHS (4.3.9), which we have

d
schematically depicted as “3—1}1,” vanishes precisely in the case of the Chaplygin gas
u

C
equation of state, which is p = p(0) = Co — —1, where Cp € R and C; > 0. Since the

“main term” is precisely the one that drives the vanishing of ., our proof of shock formation
does not apply for the Chaplygin gas. This is connected to the following well-known fact:
in one spatial dimension under the Chaplygin gas equation of state, the compressible Euler
equations form a fotally linearly degenerate PDE system, which is not expected to admit
shock-forming solutions; see [23] for additional discussion on totally linearly degenerate
PDEs.

4“4 Deriving estimates for p and the Lis essentially equivalent to deriving estimates for
the first derivatives of the eikonal function, that is, for the first derivatives of solutions to the
eikonal equation (4.2.3a). For ., this is apparent from equation (4.2.5).
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After commuting the equations, one uses the L°° bootstrap assumptions from
Step 3 to derive suitable pointwise estimates for all of the error terms and inho-
mogeneous terms in the equations up to top-order. A key point is that all good
null structures, such as the structure displayed in (4.3.7), are preserved under
differentiations of the equations with the elements of 2. Moreover, since the
elements Z € 2 are adapted to |L[]g, the commutator terms corresponding to
the operator [, Z] also exhibit a similar good null structure.

Another key step in the proof is to derive very sharp pointwise estimates for
L, capturing exactly how it vanishes. More precisely, through a detailed study

of equation (4.3.9), one can show that for the solutions under study, —tu is

quantitatively negative in regions where p is near 0, which implies that
vanishes linearly. It turns out that these facts are crucial for closing the energy
estimates.

. (Energy estimates). Using the pointwise estimates and the sharp estimates for
w from Step 6, derive energy estimates up to top-order. This is the main technical
step in the proof. Null structures such as (4.3.7) are again critically important
for the energy estimates, since our energies (described below) are designed to
control error integrals that are generated by special products of the form of
RHS (4.3.7) and their higher-order analogs. To control some of the terms in the
energy estimates, we also need elliptic estimates along X, which we describe
in Step 8. As a preliminary step, we now briefly describe, from the point of
view of regularity, why our proof fundamentally relies on the transport-div-
curl-type equations (3.1.3a)—(3.1.4b) and elliptic estimates. In reality, we need
elliptic estimates only to control the solution’s top-order derivatives, that is,
after commuting the equations many times with the elements of 2. However,
for convenience, here we ignore the need to commute the equations and instead
focus our discussion on how to derive a consistent amount of Sobolev regularity
for solutions to the non-commuted equations. In proving shock formation, we
are primarily interested in deriving estimates for solutions to the wave equations
(3.1.1a)—(3.1.1b); given suitable estimates for their solutions, the rest of the
proof of the formation of the shock is relatively easy. To proceed, we first note
that the inhomogeneous terms C and D (see Def. 3) on the right-hand sides of
the wave equations (3.1.1a)—(3.1.1b) are, from the point of view of regularity,
at the level of 02 and 9.5, plus easier terms that can be treated using energy
estimates for wave equations (and that we will therefore ignore in the present
discussion). On the other hand, the transport equations (3.1.2a) and (3.1.2¢)
for £2 and S have source terms that depend on dv and dp. Since solutions
to transport equations are typically only as regular as their source terms, this
falsely suggests that £2 and S have the same Sobolev regularity as dv and dp
(and therefore that 92 and 3S have the same Sobolev regularity as 3°v and
82p) which, from the point of view of regularity, would be inconsistent with
the presence of the inhomogeneous terms 92 and dS on the right-hand side
of the wave equations; the inconsistency would come from the fact that energy
estimates for the wave equations yield L2-control only over dv and dp and thus
dv and dp cannot have more L regularity than the wave equation source terms
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d52 and 9S. To circumvent this difficulty, one needs to rely on the transport-
div-curl-type equations (3.1.3a)—(3.1.4b) and elliptic estimates to control 952
and 8§ in L?(X,), using only that dv' and 9 p are in L?(X;). We further explain
this in Step 8. A key reason behind the viability of this approach is that even
though equations (3.1.3a)—(3.1.4b) are obtained by differentiating the transport
equations (3.1.2a) and (3.1.2c¢) (which feature inhomogeneous terms of the
schematic form dv), the inhomogeneous terms on RHSs (3.1.3a)—(3.1.4b) do
not feature the terms d*v or 3%p; this is a surprising structural feature of the
equations that is based on the observation of cancellations and that should not
be taken for granted.

The main technical difficulty that one encounters in the proof of shock formation
is that the best energy estimates that we know how to derive allow for the
possibility that the high-order energies might blow up as the shock forms.
This makes it difficult to justify the uniform (non-degenerate) L°° bootstrap
assumptions from Step 3, which play a crucial role in showing that the shock
forms and in deriving the pointwise estimates from Step 6. It turns out that the
maximum possible energy blowup-rates can be expressed in terms of negative
powers of*

(1) 1= min{1, ). (4.3.10)

Note that the formation of the shock corresponds to i, — 0. Just below, we
will roughly describe the hierarchy of energy estimates. The energy estimates
involve energies IE(w ) for the “wave variables” {p, vl 2, v3} as well as ener-
gies E(rransporr) for the “transport variables” {s, L, 2% 23,8, 82,83, ¢t
c%, 3, D}. We use the notation E(waye); Top to denote a wave energy that con-
trols the top-order 2 -derivatives*® of the wave variables (here we are not spe-
cific about how many derivatives correspond to top-order), E(wave); Top—1 de-
note a just-below-top-order wave energy, E(wque); miq denote a mid-order wave
energy (we also are not specific about how many derivatives correspond to mid-
order), E(waye):1 correspond to the energy after a single commutation,*’ and
similarly for the transport equation energies. The hierarchy of energy estimates
that one can derive roughly has the following structure, where K = 20 is a
universal constant (independent of the specific structure of the compressible
Euler equations) and ¢€ is a small parameter representing the size of a seminorm
that, roughly speaking, measures how far the initial data are from the data of a
simple isentropic plane wave:*8

]E(Wave);Top(t)’ E(Transport);Top (t) S EZH:K(I)a (431 la)

43 In practice, one needs to rely on a slightly different definition of v, one that is localized
along portions of X; and that is allowed to depend on u; we will ignore this issue here.

46 Actually, in practice, one can close the proof by deriving energy estimates only for the
Z-commuted equations, where & is defined in (4.3.2). We will ignore this technical detail
for the rest of the discussion.

47 1t turns out that we can avoid relying on energies corresponding to zero commutations.

4B In practice, the blowup-rate for E(7au5porr); Top (f) might not coincide with the blowup-
rate for E(wgye): 7op (1), but we have ignored this issue in (4.3.11a).
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IE(Wave);Top—l(l‘)v IE(Transport);Top—l(l‘) S EZM%_KO‘), (431 lb)
E(Wave);Top—Z(t)v ]E(Transport);Top—Z(t) ,S Ezui_K(t), (4311C)
- (4.3.11d)

E(Wave);Mid(t)a IE(Tmnspart);Mid(t) S 82’ (4.3.11e)

- (4.3.11f)

IE(Trcmsport);] (GBS &, (4.3.11g)

The difficult parts of the proof are controlling the maximum possible top-order
blowup-rate ;X (¢) as well as establishing the “descent scheme” showing
that the below-top-order energies become successively less degenerate until
one reaches the level (4.3.11e), below which the energies do not blow up.*
Descent schemes of this type originated in the works [1-4,6] of Alinhac and
Christodoulou and have played a key role in all prior works on shock formation
in more than one spatial dimension. From the non-degenerate energy estimates
(4.3.11e)—(4.3.11g), Sobolev embedding, and a smallness assumption on the
data-size parameter €, one can justify (that is, improve) the non-degenerate L>°
bootstrap assumptions from Step 3. To close the proof, we need the energies to
remain uniformly bounded (up to the singularity) starting at a level representing,
roughly, slightly more than half of the top-order number of derivatives. Conse-
quently, the proof requires a lot of regularity, and “top-order” corresponds to
commuting the equations roughly 20 times with the elements of 2 (see Foot-
note 46). The precise numerology behind the hierarchy (4.3.11a)-(4.3.11g) is
complicated, but the following two features seem fundamental: (i) The top-
order blowup-rate X (1), since, as we explain below, the blowup-exponent K
is tied to universal structural constants in the equations that are independent of
the number of times that we commute them. (ii) An improvement of precisely
uf(z‘) at each step in the descent, which is tied to the fact that . (z) vanishes
linearly (as we mentioned at the end of Step 6).

To construct energies that result in controllable error terms, we must weight var-
ious energy integrand terms with factors of ., a difficulty that lies at the heart
of the analysis. For example, the energies E(wqye) for the “wave variables”
¥ e {p,v',v?, v} are constructed®® so that, at the level of the undifferenti-
ated equations, we have, relative to the geometric coordinates (4.2.1) and the
vectorfields in (4.3.1), the following schematic relation:>!

Bovao 010~ [ {007 41 (0002 + )2 + (1) | av'do’a.
>y
(43.12)

49 Recall that py, — 0 corresponds to the formation of the shock.

50 The energies for solutions to the wave equations of Theorem 1 can be constructed with
the help of the vectorfield multiplier method, based on the energy-momentum tensor for
wave equations and the multiplier vectorfield (1 4+ 2n)L + 2X; see [21,22,29].

Sy reality, one must work with energies E(w qye) [¥] = E(wave) [W1(, u) that are local-
ized along portions of X that depend on the eikonal function u. We will suppress this issue
in our summary of the main ideas of the proof.
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The energy E(wave); 7op (t) on LHS (4.3.11a) schematically represents one of
the quantities E(wqye)[ ZVor W ](t), where N, & 20 is the maximum number
of times that we need to commute the equations in order to close the estimates.
The factor of . in (4.3.12) is chosen so that only controllable error terms are gen-
erated in the energy identities (it is true, though not obvious, that RHS (4.3.12)
has the right strength). Note that some components of the energies become very
weak near the shock (that is, in regions where p is small), namely the prod-
ucts on RHS (4.3.12) that are explicitly p-weighted. This makes it difficult to
control the dangerous non-p-weighted error terms that one encounters in the
energy identities. To control such “strong” error terms, one uses, in addition
to the energies (4.3.12), energies along P, (known as “null fluxes” or “charac-
teristic fluxes™) as well as a coercive friction-type spacetime integral, which is

available because — . is quantitatively negative in the difficult region where

v is small (as we described in Step 6). These aspects of the proof, though of
fundamental importance, are quite technical and have been well-understood
since Christodoulou’s work [6]. These issues are described in more detail in
[21,22,29], and we will not further discuss them here.

We must also derive energy estimates for the transport equations in Theorem 1.
Specifically, to control the transport variables @ € {s, RV, 02,023, 8! §2, 83,
C!,C?, C3, D}, we rely on energies with the following strength:>>

E(t ransporn [@1(1) ~ / we>dy'do’du. (4.3.13)
2

As in the case of the wave variable energies, the factor of . in (4.3.13) is chosen

so that only controllable error terms are generated in the energy identities.

We now sketch some of the most important steps in the proof of the degenerate

top-order energy estimate (4.3.11a). We will focus only on the wave equation

energy estimates since the transport equation energy estimates are much easier

to derive.’® The basic difficulty is that, on the basis of energy identities, the

following integral inequality is the best that we are able to obtain:

3

95 W

t
E(Wave);Tap(t) < Céz + A/ {sup
s=0

} IE(Wuve);Top(S) ds+---,

4.3.14)

s

where A is a universal positive constant that is independent of the equation
of state and the number of times that the equations are commuted, and

52 More precisely, the energy (4.3.13) is useful below the top derivative level, but it is
not adequate for controlling the top-order derivatives of the transport variables; at the top
derivative level, one must rely on the elliptic estimates that we describe in Step 8.

33 It turns out, however, that the g-timelike nature of the transport operator B (as shown
by Lemma 1) is important for the transport equation energy estimates; see [21] for further
discussion on this point.
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- denotes similar or less degenerate error terms. Below, we explain the ori-
a

shock forms), whose presence is tied to an issue that we highlighted earlier: the
required top-order regularity properties of the eikonal function are difficult to
derive. To apply Gronwall’s inequality to the inequality (4.3.14), we need the
following crucial estimate:

9

t
/ sup Js
s=0 X

v

H, (4.3.15)

ds ~ ’ln My

where |, is defined in (4.3.10). The estimate (4.3.15) can be derived with the
help the estimates

Wa(t) ~ 1 — 8,1, (4.3.16)

~ 8y, (4.3.17)

Loo(Xh)

stop where §,>0isa data-dependent parameter that, roughly speaking, mea-
0

sures the L™ size of the term 8—v1 on RHS (4.3.9). We note that to close
u

the proof, one needs to consider initial data such that € is small relative to é*
(though 8, might be small in an absolute sense). We also note that the estimates
(4.3.16)—(4.3.17) fall under the scope of the sharp estimates for . from Step 6.
Moreover, we point out that the aforementioned fact that ., vanishes linearly

is important for deriving (4.3.15). Finally, we note that (4.3.15) is just a quasi-
1

linear version of the estimate —ds < ln(t_l), in which s = 0 represents
S

=
the time of first vanishing of u: and s = 1 represents the “initial” data time.
After we have derived (4.3.14) and (4.3.15), we can apply Gronwall’s inequality
[ignoring the terms - - - on RHS (4.3.14)] to obtain the following bound:

E(Wave):Top(t) < CEPTA (). (4.3.18)

The bound (4.3.18) is essentially the top-order energy estimate (4.3.11a). How-
ever, in reality, the blowup-exponent K on RHS (4.3.11a) is larger than the
blowup-exponent A on RHS (4.3.18) because the correct estimate (4.3.11a) is
influenced by additional difficult error terms that we have ignored in deriving
(4.3.18).

We now briefly explam the origin of the difficult error integral on RHS (4.3.14).
Let¥ : ={p,v N 3} denote the array of “wave variables,” and let ¥ denote
any element of l1/. The difficulty arises from the worst commutator error terms
that are generated when one commutes the elements of 2 [see (4.3.1)] through
the wave operator [, in the wave equation satisfied by ¥. To explain the
main ideas, we consider only the wave equation verified by YV ¥, where YV
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schematically denotes an order N differential operator corresponding to re-
peated differentiation with respect to elements of the set {Y7, Y»}; similar dif-
ficulties arise upon commuting pl, with other strings of vectorfields from
Z . Specifically, one can show that upon commuting any of the p-weighted
wave equations (3.1.1a)—(3.1.1b) with YV, we obtain an inhomogeneous wave
equation of the schematic form

nO YN = (X YNy +- - (4.3.19)

The term ¥ on RHS (4.3.19) is the null second fundamental form of the co-

dimension-two tori P, N X;, that is, the symmetric type (g) tensorfield on
d

Pu N X, whose components are X s o = g(Z_ s L ?), where 7 is

204 99 B A 0
the Levi—Civita connection of g. Moreover, tryx is the trace of x with respect

to the Riemannian metric ¢ induced on P, N X; by g. Geometrically, tryx is
the null mean curvature of P,. Analytically, YV tryy is a difficult commutator
term in which the maximum possible number of derivatives falls on the eikonal
function (recall that L ~ du and thus y ~ 92u). As we mentioned earlier, the
main difficulty is that a naive treatment of terms involving the maximum number
of derivatives of the eikonal function would lead to the loss of a derivative and
obstruct the closure of the top-order energy estimates. This difficulty is visible
directly from the evolution equation satisfied by Y~ try ¥, which can be derived
from geometric considerations>* and which takes the following schematic form
[recall that P schematically denotes elements of the P,-tangent set &2 defined
in (4.3.2)]:

%YNtrgx = AYNY + %PYN@ +loit, (4.3.20)
where A is the covariant Laplacian induced on P, N X; by ¢ and [.0.t. denotes
terms with an allowable amount of regularity, involving, for example, < N + 1
derivative of ¥.%5 The difficulty with equation (4.3.20) is that the two explic-
itly displayed terms on RHS (4.3.20) depend on N + 2 derivatives of &, which
is one more than we can control by energy estimates for the wave equation
(4.3.19). That is, the two terms on RHS (4.3.20) seem to lose a derivative. To

d -
overcome this difficulty for the second term 3 PYN@, we can simply bring it

0
over to the left so that equation (4.3.20) becomes 3 {Y tryx — py~N lI/} =

AYN ¥ + l.o.t. To handle the term AYN ¥, we can use a similar — but more
complicated — strategy, first employed in [19] in the context of low-regularity

54 The precise version of equation (4.3.20) that one needs in a detailed proof is essentially
Raychaudhuri’s equation for try X, an evolution equation whose main source termis the “LL”
component of the Ricci curvature of the acoustical metric g.

55 The precise version of (4.3.20) involves, in addition to the wave variables W, the entropy
s, since the computations involve the wave equation (3.1.1c) verified by s; we will ignore
this issue here.



A New Formulation of the 3D Compressible Euler Equations 1261

local well-posedness and later by CHRISTODOULOU [6] in the context of shock

formation: by decomposing the principal parts of the ¥ -commuted wave equa-

tions (3.1.1a)—(3.1.1b), we can obtain the following algebraic relation, writ-
0 [« > S

- {XYN!I/ n pLPYNlI/} + Lo.t., where

P € &. Bringing the perfect time derivative term % {5( YNG4 wPYN lj/}

over to LHS (4.3.20) as well, and accounting for the factor of p, we obtain

ten in schematic form: uAYN U=

a “ Ao -
- {MYNtrgx — XYV — uPYNlI/} —lLot. 4.3.21)
The key point is that all inhomogeneous terms on RHS (4.3.21) now feature
an allowable amount of regularity, which implies that we can gain back the
derivative by deriving estimates for a “modified” quantity with the following

schematic structure:56

wYVigx — XYV —ppryNe. (4.3.22)

‘We have therefore explained how to avoid the derivative loss that was threatened
by the term YV tryx on RHS (4.3.19). However, our approach comes with a large
price: the inhomogeneous term on RHS (4.3.19) involves the factor YV try X,
while (4.3.21) yields an evolution equation only for the modified version of
pyv tryx stated in (4.3.22); the discrepancy factor of | is what leads to the

dangerous factor of — on RHS (4.3.14). Moreover, from a careful analysis that

takes into account the evolution equation for p as well as the precise structure of
the factor X¥ on RHS (4.3.19) and the terms on LHS (4.3.21), one can deduce

0
the presence of the factor — . on RHS (4.3.14), whose precise form is important

for the proof of the estimates(4.3. 15). We have therefore explained the main ideas
behind the origin of the main error integral displayed on RHS (4.3.14).

Having provided an overview of the derivation of the top-order energy estimate
(4.3.11a), we now describe why the below-top-order energies become succes-
sively less singular as one descends below top-order, that is, how to imple-
ment the energy estimate descent scheme resulting in the estimates (4.3.11b)-
(4.3.11g); recall that the non-degenerate energy estimates (4.3.11e)—(4.3.11g)
are needed to improve, by Sobolev embedding and a small-data assumption, the
L° bootstrap assumptions from Step 2, which are central to the whole process.

56 In reality, in three or more spatial dimensions, there remain some additional terms on
RHS (4.3.21) that depend on the top-order derivatives of the eikonal function. These terms are
schematically of the form of the top-order derivatives of the trace-free part of ¥, traditionally
denoted by % (note that ¥ = 0 in two spatial dimensions). From the prior discussion, one
might think that these terms result in the loss of a derivative and obstruct the closure of
the energy estimates. However, it turns out that one can avoid the derivative loss for ¥ by
exploiting geometric Codazzi-type identities and elliptic estimates on the co-dimension-two
tori P, N X;. Such elliptic estimates for ¥ have been well-understood since [7] and, in the
context of shock formation, since [6]. For this reason, we do not further discuss this technical
issue here.
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A key ingredient in the energy estimate descent scheme is the following esti-
mate, valid for constants b > 0, which shows that integrating the singularity in
time reduces its strength:

t

/ W) ds <l + 1. (4.3.23)

5s=0
The estimate (4.3.23) is easy to obtain thanks to the sharp information that
we have about the linear vanishing rate of p, [see (4.3.16)]. We note that
(4.3.23) is just a quasilinear version of the estimate fslzl s7Pds < t'7P for
0 <t < 1, where s = Orepresents the vanishing of . A second key ingredient
in implementing the descent scheme is to exploit that below top-order, we
can estimate the difficult term YV tryx on RHS (4.3.19) in a different way;
recall that this term was the main driving force behind the degenerate top-
order energy estimates. Specifically, for N below top-order, we can directly
estimate YV tryx_by integrating the transport equation (4.3.20) in time, without
going through the procedure that led to equation (4.3.21) in the top-order case.
This approach results in a loss of one derivative (which is permissible below
top-order) caused by the two explicitly displayed terms on RHS (4.3.20) and
therefore couples the below-top-order energy estimates to the top-order ones.
However, the integration in time allows one to employ the estimate (4.3.23),
which implies that below top-order, ¥ tryx is less singular than RHS (4.3.20);
this is the crux of the descent scheme. We also note that this procedure allows
one to avoid the difficult factor of p, which in the top-order case appeared on
LHS (4.3.21) and which drove the blowup-rate of the top-order energies.
We have thus explained one step in the descent. One can continue the descent,
noting that at each stage, we can directly estimate the difficult term ¥ tryx by
integrating the transport equation (4.3.20) in time and allowing the loss of one
derivative coming from the terms on RHS (4.3.20). This procedure couples the
energy estimates at a given derivative level to the estimates for the (already
controlled) next-highest-energy, but it nonetheless allows one to derive the
desired improvement in the energy blowup-rate by downward induction, thanks
to the integration in time and the estimate (4.3.23).

8. (Elliptic estimates along X;). We now confront an important issue that we
ignored in Step 7: to close the energy estimates, we are forced to control some
of the inhomogeneous terms in the equations using elliptic estimates along
;. This major difficulty is not present in works on shock formation for wave
equations; it was encountered for the first time in our earlier work on shock
formation [21] for barotropic fluids with vorticity. A key aspect of the difficulty
is that elliptic estimates along X, necessarily involve controlling the derivatives
of the solution in a direction transversal to the acoustic characteristics P, that s,
in the singular direction. We need elliptic estimates to control the source terms
on RHSs (3.1.3b) and (3.1.4a) that depend on 92 and 9, where 9 denotes the
gradient with respect to the Cartesian spatial coordinates. More precisely, we
need the elliptic estimates only at the top derivative level, but we will ignore
that issue and instead focus on the main issue: the degeneracy of the elliptic
estimates with respect to ..
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The elliptic estimates can easily be derived relative to the Cartesian coordinates
and the Euclidean volume form dx 'dx2dx3 on X';. However, in order to compare
the strength of the elliptic estimates to that of the wave energies (4.3.12) and
the transport energies (4.3.13), we need to understand the relationship between
the Euclidean volume form and the volume form dud®!d9? featured in the
energies. Specifically, by studying the Jacobian of the change of variables map
between the geometric and the Cartesian coordinates, one can show that there
is an O(p) discrepancy factor between the two forms:

dx'dx?dx® ~ w dudo'do?. (4.3.24)

In the rest of this discussion, our notion of an L2(El) norm is in terms of the
volume form dud®!d®2. That 18, we set

||f||§2(2t) = / £, u, 0", 9?) dudo'do>. (4.3.25)

We now further explain some aspects of the elliptic estimates. For convenience,
we focus on the estimates for 95, where as before, 9 denotes the gradient
with respect to the Cartesian spatial coordinates. One also needs similar elliptic
estimates to obtain control over 92, but we omit those details; see [21] for an
overview of how to control 952 in the barotropic case. Our elliptic estimates
are essentially standard div-curl estimates of the form>’

/ |§S\2 dx'dx?dx’ 5/ |divS)? dx'dx?dx? +f lcurl S| dx'dx?dx’.
poN o 2y
(4.3.26)

With the help of (4.3.24) and (4.3.25), we can re-express (4.3.26) as follows:

VISl 25, S IWRdivSIl 2 s, + ll/iveurl Sl s, (4.3.27)

‘We now explain the role that (4.3.27) plays in closing the energy estimates. Our
main goal is to show how to derive the bound

IS 5,y S ERTO + -+, (4.3.28)

where G > 0 is a small constant and - - - denotes error terms that can be con-
trolled without elliptic estimates (for example, via the wave equation energies).
We stress that (4.3.28) is meant to be interpreted as representing the kind of
estimate that one needs at the top derivative level, since below top-order, one
can avoid using elliptic estimates.’® We also stress that, since (4.3.11a) implies

57 We clarify that the elliptic estimate (4.3.26) holds for solutions that are compactly
supported in space (and thus there are no boundary terms).

38 In fact, one should avoid using elliptic estimates below the top-order and instead control
the below-top-order derivatives of S using the transport equation (3.1.2¢); this is important
for implementing the descent scheme described above, in which, in particular, the mid-order-
and-below derivatives of S with respect to the geometric vectorfields are shown to remain
bounded.
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that the top-order wave energies can be very degenerate, some of the terms
in --- on RHS (4.3.28) can in fact blow up at a much worse rate than the
one u:a(t) that we have explicitly displayed. The point of writing the esti-
mate for ||faS||L2(E ) in the form (4.3.28) is that this form emphasizes the
following point: the self-interaction terms in the elliptic estimates are not the
ones driving the blowup rate of the top-order derivatives of S; instead, the
blowup-rate of ||,/wd EN R 1205) is driven by the blowup-rate of the top-order

derivatives of the wave variables {p, vl vz, v3}, which are hidden in the - - -
terms on RHS (4.3.28). It turns out that, as a consequence, the blowup-rates for
the top-order wave energies are exactly the same as they are in the irrotational
and isentropic case. That is, our approach to energy estimates yields the same
blowup-exponent K in the energy hierarchy (4.3.11a)—(4.3.11g) compared to
the exponent that our approach would yield in the irrotational and isentropic
case.

To explain how to derive (4.3.28), we start by discussing energy estimates for
the transport equation (3.1.4a) for D. We again remind the reader that the ellip-
tic estimate approach to deriving (4.3.28) is needed mainly at the top-order, but
for convenience, we discuss here only the non-differentiated equations. Specifi-
cally, by deriving standard transport equation energy estimates for the weighted
transport equation L x (3.1.4a), by using the L° bootstrap assumptions of Step
3 (which in particular can be used to derive the bound |[pd, V2| Loy S,
and taking into account definition (4.3.10), one can obtain the following integral
inequality:

t
2
”\/EID”LZ(Z}) S Y/: *(S)

In (4.3.29), - - - denotes simpler error terms that can be treated without elliptic
estimates and, by judicious use of Young’s inequality, it can be arranged that
y is a small positive constant.> Substituting the estimate (4.3.27) into (4.3.29)
and using equation (3.1.4b), we obtain

IVROSI17s 5, ds + -+ . (4.3.29)

t
AP sy =¥ [ SIS ds b, @330)
§=l

My (s)

where --- is as above. From the L° bootstrap assumptions of Step 3, one
can show that exp(2p) < 1. Thus, in view of definition (1.3.13b), we deduce

? y can be chosen to be small by using Young’s inequality in the form ab < ya2 +

—b? on the relevant error integrands. It turns out that the large-coefficient error integral,

1
which corresponds to the integrand —b? and which we have relegated to the terms - - -

on RHS (4.3.29), is much less degenerate than the one we have explicitly displayed on
RHS (4.3.29) and in particular, it does not contribute to the blowup-rate of the top-order
energies. A full discussion of this issue would involve a lengthy interlude in which we
describe the need to rely, in addition to energies along X, energies along the acoustic
characteristics Py, . For this reason, we avoid further discussing this technical detail here.
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||¢EdivS||i2(2S) < ||\/ED||i2(2S) + ..., where - - - denotes terms that can be
controlled without elliptic estimates, that is, via energy estimates for the wave
equations (3.1.1a)—(3.1.1b) and the transport equations (3.1.2a)—(3.1.2¢). From

these considerations and (4.3.30), we deduce

t

1
VDI 5, < ¥ / WPl ds 4 @33
where we again emphasize that y > 0 can be chosen to be a small constant.
Then from (4.3.16), (4.3.31), Gronwall’s inequality, and an appropriate O(¢)-
size small-data assumption, we deduce that

IVl 5,y S EwT@ + -+, (4.3.32)

where ¥ > 0 is a small constant whose smallness is controlled by y. Again
using (1.3.13b) and the bound exp(2p) < 1, we deduce from (4.3.32) that®

IV ST s,y S EwT @+ (43.33)

2
L2(Z)

directly from equation (3.1.4b).%" Then inserting these bounds into (4.3.27),
we finally obtain the desired bound (4.3.28). We have therefore presented the
main ideas behind the elliptic estimates. This completes our overview of our
forthcoming proof of shock formation.

One can obtain similar — but much simpler — estimates for || /fcurlS||

5. Proof of Theorem 1

In this section, we prove Theorem 1. The theorem is a conglomeration of Lem-
mas 3, 4, 5, 6, 8, 9, and 10, in which we separately derive the equations stated
in the theorem. Actually, to obtain Theorem 1 from the lemmas, one must slightly
reorganize the terms in the equations and relabel some of the indices; we omit those
minor details.

Throughout Section 5, we freely use the following identity [see (1.3.6)]:

o' =exp(p)2°. (5.0.1)

5.1. Deriving the Transport and Transport-div-curl Equations

In this subsection, we derive the transport and transport—divergence—curl equa-
tions in Theorem 1.

60 we again note that the smallness assumption guarantees, roughly, that the data are near
that of a simple isentropic plane wave solution.

61 The bound is completely trivial at the level of the undifferentiated equations since
curlS = 0. The needed bound is less trivial after one commutes equation (3.1.4b) with
the elements of 2 since one must control the commutator terms.
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5.1.1. Deriving the Transport Equations for {Q2'};_ 1,23 Wenow establish the
transport equations (3.1.2a) for the Cartesian components {§2'};=1 23.

Lemma 3. (Transport equations for £2/) For C? solutions of the compressible

Euler equations (1.3.11a)—(1.3.11c), the Cartesian components (21 }i=12.3 of the
specific vorticity vectorfield from Def. 1 verify the following transport equations:

BR' = 29,0 — exp(—2p)c 2P g1 (Bu®)SP. (5.1.1)
o
Proof. We first note the following chain rule identity, which follows easily from
1 . .
definitions (1.3.6) and (1.3.9): — exp(—p)d;p = 289, + exp(—p)@&’“aas. It
o o

. 1
follows that (RHS(1.3.11b))" = —— exp(—p)d; p. Hence, applying exp(—p)curl
Q

to (1.3.11b) and using definition (1.3.8), the antisymmetry of ¢ __, and the symmetry
property 9,0, p = 050, p, we deduce the following identity:

exp(—p) (curlRHS(1.3.1 1b))! = exp(—2p)@£,~ab(aa p)ps
[

= eXP(—zp)%Eiab(aap)Sb- (5.1.2)

Next, in view of the definition (1.3.6) of £2, we commute equation (1.3.11b) with the
operator exp(—p)curl and use equations (1.3.11a) and (1.3.12), the antisymmetry
of ¢, the identity €;4p€40p = 8idSue — Siedaa, and the identity (5.1.2) to deduce

i i p;
B2 = — exp(—p)&iap(0avH) 940" — exp(—p)(Bp)o' + €Xp(—2p)?s8iab(3a p)S”
(5.1.3)
d b a~ i D;s b
= —exp(—0)eiap (3 v?)dgv” + (3,092 +CXP(_29)?5iab(3ap)S
= —exp(—p)eiap (3 v?) (340" — 3pv) + (8,01 2
+ exp(—zp)%emb(aa p)S?
e d a i D;s b
= —€iab€dbeS2° (04V) 4+ (0,07) 82 +CXP(—20)?8iab(3ap)S
i P;
= iab€den 2 (9gv?) + (902" + exp(—Zp)?ss,-ab@a 0)S?

= (8idbae — 8ieaa)$2° v + (902" + exp(—zm%eiab(aamsb

= 2°0,0') + exp(—Zp)%smuaa 0)SP.

Next, we use equation (1.3.11b), the definition St = 9;s, and the antisymmetry
of .. to derive the identity &4 (3,p)S? = —c 2gjap(Bv®)SP. Substituting this
identity into the last product on RHS (5.1.3), we arrive at (5.1.1). O
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5.1.2. Deriving the Transport Equations for s and (s }i=12,3 We now estab-
lish the transport equations (3.1.2b)—(3.1.2¢) for s and the Cartesian components
{S}iz1,2,3.

Lemma 4. (Transport equations for s and S?) For C? solutions of the compressible
Euler equations (1.3.11a)—(1.3.11c), the entropy s and the Cartesian components
{S%}i=1.2.3 of the entropy gradient vectorfield defined in (1.3.8) verify the following
transport equations:

Bs =0, (5.1.4a)
BS' = —599,v" 4 exp(p)eiaps2°SP. (5.1.4b)
Proof. Equation (5.1.4a) is just a restatement of (1.3.11c).

To derive (5.1.4b), we first commute equation (5.1.4a) with 9; and use definition
(1.3.12), the definition S* = 9;s, and the identity (5.0.1) to obtain

BS' = —8,5(8;v")S? (5.1.5)
= —8ab(Ba0")S? + 84 (050" — Bv*)S?
= —599,0" + eqij’ $°
= —S%9,v" + exp(p)g,,,-j.QjS”.

Equation (5.1.4b) now follows from (5.1.5) and the antisymmetry of ¢ . O

5.1.3. Deriving the Transport-Divergence—Curl Equations for
D and {(curlS)'};=123 We now establish the transport—divergenge—curl equa-
tions (3.1.4a)—(3.1.4b) for D and the Cartesian components {(curlS)'};=1.2,3.

Lemma 5. (Transport—divergence—curl equations for D and curl §?) For C3 solu-
tions of the compressible Euler equations (1.3.11a)—(1.3.11c), the modified fluid
variable D defined in (1.3.13b) and the Cartesian components {(curlS)’ }i=12.3 of
the curl of the entropy gradient vectorfield defined in (1.3.8) verify the following
transport—divergence—curl equations:

BD = 2exp(—2p) |(aav“)absb _ (aavb)a,,sa}

+2exp(~29) { 500" — (05 05
+ exp(—p)Sap (curl 2)%S?, (5.1.62)
(curlS)’ = 0. (5.1.6b)
Proof. Equation (5.1.6b) is a simple consequence of the fact that S is a (spatial)
gradient vectorfield.

To derive (5.1.6a), we first commute the already established equation (5.1.4b)
with 9; and use definition (1.3.12) and to deduce

BdivS = —2(3,v")3,5% — §98,divv + exp(p)&iap(d; p) 2 S”
+ exp(p)eian (3 2°)S? + exp(p)eiap2°8; SP. (5.1.7)
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From equation (5.1.6b), we see that the last product on RHS (5.1.7) vanishes. Also
noting that &;,5,(3; 2¢) = (curl2)?, we deduce from (5.1.7) that
BdivS = —5%9,divv — 2(3,v°)0,S? + exp(p)eiap (3;p) 2 S”
+ exp(p)Sab(curl.Q)“Sb. (5.1.8)

Next, using equation (1.3.11a) to substitute for the term divv on RHS (5.1.8) and
using equation (1.3.12), we find that

BdivS = $%9,(Bp) — 2(3,0”)955% + exp(p)€iap (i p) 2% 5P

+ exp(p)dap (curl )¢ S°
= B(S“840) + S“(3,0")3pp — (BS“)dup — 2(3407) 3 S
+ exp(p)&ian (3; 0) 29 5P + exp(p)8ap (curl 2)*8°. (5.1.9)

Using equation (5.1.4b) to substitute for the factor BS* on RHS (5.1.9), we deduce

BdivS = B(S5%04p) — 2(04v”)3p 5% + 25%(8,0”) 0 p + exp(p)Sap (curl $2)¢ S°.
(5.1.10)

Bringing the term B(S%9,p) on RHS (5.1.10) over to the left and then commuting
the equation with exp(—2p), we obtain

B {exp(—2p)divS — exp(—2p)S“dup}
=-2 exp(—2p)(8avb)3;,S“ — 2exp(—2p)(Bp)divS
+ 2exp(—20) S (9av")3pp + 2 exp(—2p) (Bp) S*du p
+ exp(—p)8ap (curl £2)4 8% (5.1.11)
Finally, using equation (1.3.11a) to substitute for the two factors of Bp on RHS

(5.1.11) and referring to definition (1.3.13b), we arrive at the desired equation
(5.1.6a). O

5.1.4. Deriving the Transport-Divergence-Curl Equations for divs2 and
{C'}i=12,3 We now establish the transport—divergence—curl equations (3.1.3a)—
(3.1.3b) for div§2 and the Cartesian components {C'}; =1 2.3.

Lemma 6. (Transport—divergence—curl equations for div§2 and C*) For C? solu-
tions of the compressible Euler equations (1.3.11a)—(1.3.11c), the Cartesian com-
ponents {C"},-:Lz,g of the modified fluid variable defined in (1.3.13a) and the di-
vergence of the specific vorticity vectorfield defined in (1.3.6) verify the following
transport—divergence—curl equations:

dive2 = —2%,p, (5.1.12a)

BC' = —28 jsiap exp(—p) (3av7)8p 25 + £4ji exp(—p) (94v")9; 2* (5.1.12b)

2 Pis [(BS“)Bavi - (B”i)a“sa}

+exp(=3p)c 22
o
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+exp(=3p)c 22 { (B3, 8 = (0,0)BS'}

0
-i-exp(—3p)c_2 p_s {(Bav )Opv? — (9,v*)dpv }
+exp(—3p)c—2”‘ {(a V) St — S (3,000 }

0
+2exp(=3p)e2 B {S“(aap)Bvi - (Bp)s”aau"}

0

+ 2€Xp(—3p)c_36;p% [S“(Bu 0)Bv — (Bp)S”Buvi]
+exp(—3p)c2Eisie {(Bp)Saaavi — 5%, p)vi]

0

+exp(—3p)c 2 2L g {(Bu®)a,p — (Bp)dav®}
o

+ 2exp(—3 p)c_2 P_s
o

S {(Bp)aav — (Bv)up)
F2exp(=300c e TS (BRI — (Bv)ao)

+2exp(=3p)c 3. B2 (Bu)8,5 878 — 2exp(=3p)c 3.y 226,89 (BuP) S
0 0

+exp(—3p)c™? Pisis 8ap(Bv)SPST — exp(—3p)c
0

—2Pisis (poiys, L sash.
0

Proof. Equation (5.1.12a) follows easily from applying the operator div to equation
(5.0.1) and noting that since w = curlv, we have divw = 0.

We now derive (5.1.12b). First, commuting the already established equation
(5.1.1) with the operator curl and using definitions (1.3.8) and (1.3.12) and equation
(5.0.1), we compute that

B(curl Q) = 298,00 + €iap(0,29)050° — €iap (85070427

_2pS‘(B ])Sk}
Q

= (exp p)$2°042" + (exp p)2' 2“0,4p
+ 81ab (322990 — £1ap (34004 2°
72p N

— Eiab€bjkOa {GXP(—ZP)C

+ 28iap€pjx (3ap) {GXP(—ZD)C (Bv’)Sk}
+ 2¢iap€njk (3ap) {exp(—zmc—%;pngf )Sk}
+ 2¢iab€pjr S {exp(—zp)c—%;s%(Bv-")sk}
— Siapepjk (3ap) {exp(—zmc—z%wvhsk}

,zpvr

— Eiab€bjk S” {CXP(—ZP)C —=(Bv ’)Sk}
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-2 P; i
— Eiab€njk | €Xp(—2p)c Z?S(aavd)(advnsk}
— Eiab€bjk exp(—zp)c*@waavhsk}

_ p
— iabepjk | exp(—2p)c 2=

(vi)a Sk} (5.1.13)

Next, using the identity &;4p€jap = 06;j6aa — diadaj and the antisymmetry of
e..., we rewrite the third and fourth terms on RHS (5.1.13) as follows:
€iab (322340 — iap(3av7) 322"
= —28 jkeiap(3v7)3p 2"
+ £1ap (3229 (340" — 3pv9) + €14 (0v7) (9529 — 3452°)
—28 jkiab (3av))3p 25 + eiane jap(3a 2w’ + eiape jpa(dav?) (curl 2)
—28 jk€iab (307 3p 2% + exp(p)(dive2) 2 — exp(p) 299, 2
+ (curl2)*9,v" — (9,v%) (curl$2)’. (5.1.14)

Substituting RHS (5.1.14) for the third and fourth terms on RHS (5.1.13),
using equation (5.1.12a) for substitution, and using the identities (curl£2)9,v" =
eajk(auvl)aj.Qk and &;qp€pjk = 8;jSak — dikdaj, we compute that

B(curl$2)’
= 28 jk8iab (307025 — (3,v) (curl 2)7 + 44 (350")d; 25

-2 p : S“ (84p) BV" — 2 exp(— 2p)c_2 Pis

+ 2exp(—2p)c (Bv™")(3,p)S"

+2€xp(—2p)c_ c;pT’S“(E)ap)Bv —Zexp(—2p)c_3c;p+(3v )(8ap)Si
o 0

+2exp(—20)c 3y B2 (Bu)5,,898P — 2 exp(—20)c ey L2 54,59 (BUP) ST
o 0

+exp(—2p)c 2 B2 (By) (3,0)ST — exp(—2p)c 2 L2 59(9,0) By
o o

texp(—2p)c 2 P58 5 (But) S ST — exp(—20)c 2 PSS (Bl )8, 598P
0 0
T exp(-2p)c‘2@(aavb)(abv“)si - exp(—2p)c_2@5“(8avb)8hvi

—2p _2P

+exp(—2p)e 2 =L (B3, v") S — exp(—2p)c 2289 Ba,v
+ exp(—2p)c_ T"(Bv“)aaS’ — exp(—2p)c‘2p > (Bv')9,8°. (5.1.15)
Q Q
We now bring the terms exp(—2p)c*2p 2 (Ba,v")S" — exp(— 2p)c*2p S?Ba,v!

from the next-to-last line of RHS (5.1.15) over to the left under the transport operator
B, which generates some additional commutator terms on the RHS (note that by
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(1.3.11c), the additional terms that feature a factor of Bs completely vanish). In
total, we obtain

B {(curl[))i + exp(—2p)c‘2@5“8av" — exp(—2p)c_2$(8av“)S"}
o o

= —(9,v") (curl )’
— 28 jkiab (307 3p 2% + £4ji (94v")0; 28

—2€Xp(—2p)c_2p (Bp)S 8,0 — 2exp(—2p)c e, %(Bp)S“&avi

+ exp(—2p>c—2%<3p)saaav

_2ps

+ exp(—2p)c (BS") 9,0

+2 exp(—Zp)c_2 p u

(Bp)(0,v")S" + 2 exp(— 20)c 3¢ p%(Bp)(aava)Si
- exp(—%)c*%w 0) (3, v")S'

— exp(—2p)c_2%(8a v)BS!

n 2exp(—2p)c—2@5“(aa o) Bu — 2 exp(—2p)c_2@(3va)(3a oS

+ 2exp(=2p)c ¢ sa(aa p)Bv' — 2exp(— zp)c—*c p?(Bu“)(aap)si

+ 2€xp(—2p)c_3c;s+(Bv )8apSeS? — 2exp(—2p)c e,y Pis 5059 (Bu?)S!
0 0

+exp(—2p)c 2 B2 (By) (8,0)ST — exp(—2p)c 2 L2 59(9, 0) B
o %

+exp(—20)c 2 P58 5 (Bu)SPST — exp(=2p)c 2 S (Bui)s 57 5P
0 0

+exp(—20)c 225 (9,07) (9pv9) ST — exp(—2p)e 22 54 (8,00) 30"
0 0
+exp(—20)c 225 (Bu®)a, 8T — exp(—2p)c 2P (Bui)d, 59 (5.1.16)
0 0
) P s ) P s

Z2 (0,vY) 8P apv' + exp(—2p)e

to the first line of RHS (5.1.16), subtract the same terms on a different line, use
equation (1.3.11a) to substitute d,v¢ with — Bp for some factors, and rearrange the
terms to deduce

Next, we add — exp(—2p)c 2 (30928

B {(cur].Q)i + exp(—2p)c_2@5“8avi — exp(—Zp)c_zg(Bav“)Si}
Q 0

(Bp){(curl.Q)’ +exp(—2p)c 2P gay yi —exp(—zp)czﬁ(aav“)sf}
0 0

2‘” *ZPY(BU )9, 8¢

+ exp(—2p)c~ (BS%)3,v" — exp(—2p)c
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+exp(—20)c 225 (Bu®)a, ST — exp(—2p)c 2 (9,0 BS
0 0

— 28 jkiab (307 3p 2% + £4jk (94v")0; 28

+exp(—2p)c 2 ‘(a W) (@) ST — exp(—zp)cfzp S (9,028
7217 b —2Pis qa b
+ exp(—2p)c == (9,v%)S Bbv —exp(—2p)c” =80,V )Bbv
0

+ 2exp(—2p)c—2+sa(aa p)Bv' —2 exp(—2p)c_2@(B 0)S¢ 9,0
0

+2exp(=2p)c e p—S“(Sap)Bv —2exp(—=2p)c” 3cpT(Bp)S’la vl

+ exp(—zp)c*ZM(B 0)S48,0" — exp(—zp)c*ZMS"(aa 0)Bv'
0 0

+ exp<—2p>c—2%<3v“>(aa p)Si — exp(—zmc—z%w 0) (3,1 S'

_2Pv _2Ps

+ 2exp(—2p)c™“—=(Bp) (9, v St — 2 exp(—2p)c (Bv*)(34p)S"

+ 2exp(—zp)c*c;p+(Bp)(aav“)si - 2exp<—2p>c*3c;p+(8v“>(aa p)S'
Q 0

F2exp(=20)c 3e.s B2 (Bui)8upS9SP — 2exp(—20)c .y B84, 59 (BuP) ST
Q Q

+exp(—2p)c 2 P2

Sup(Bv)SPST — exp(—20)c 2258 (Byi)8,,595°.
0
(5.1.17)

We now multiply both sides of (5.1.17) by exp(—p) and bring the factor of
exp(—p) under the operator B on the LHS. The commutator term (B exp(—p)) X - -
completely cancels the first line of RHS (5.1.17), which therefore yields

_2P _2P

B {exp(—p)(curl.Q)i + exp(—3p)c S49,v" — exp(—3p)c 22 (8, va)S’}

= —26 jkiab exp(—p) (3, )0 2* +ea,~k exp(—p)(94v >a-rz"

+exp(—3p)c—2ps(355’)a v — exp(— 3p)c—2p*(3v )3, S°

+ exp(—3p)c_ T"(Bv“)aaS’ - exp(—Sp)c_2T"(8av”)BSl
o o

+ exp(— 3p)c*2—(a V) (8v") ST — exp(— 3p)c*2 S (@02 S!

,217? 72pY

+ exp(—3p)e 2 =2 (0,01 SPapv’ — exp(—=3p)c 22289 (9,07) 00"
0

*zpssa(aap)Bu —2exp(=3p)e 222 (Bp) ST,
o o

+ 2 exp(—3p)c

-3 Pis ca i -3 P:s a i

+2exp(=3p)c "¢, p—==8(3,p) Bv' — 2exp(—=3p)c 7 c,p—=(Bp)S*0,v
Q Q

+exp(=3p)c 2 22 (B)$99,0" — exp(—3p)c 2 P22 545, 0) By
o o
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+exp(=3p)c 2 P22 (Bya) (9,0) S — exp(—3p)c 2 LEL (Bp) (9,07 S
0 o
-2 Pss -2 Pss
0 0
+ Zexp(—3p)c_3c;p%(8 0) (v S' — 2exp(—3p)c—3qp%(3va)(aa 0)S

+ 2 exp(—3p)c (Bp)(9,v")S" — 2exp(—3p)c (Bv*)(3,0)S"

+ 2exp(—3p)c 3y S (Bu)8,5 8988 — 2exp(—3p)c ey L2 5,59 (Bub) ST
0 0

+exp(=3p)c 2258 1 (Bu)SPST — exp(=3p)e 2 P8 (Bui)s,, 575
o o

(5.1.18)

From equation (5.1.18) and definition (1.3.13a), we conclude the desired equation
(5.1.12b). O

5.2. Deriving the Covariant Wave Equations

In this subsection, we derive the covariant wave equations in Theorem 1.

5.2.1. An Explicit Expression for the Covariant Wave Operator in Cartesian
Coordinates Recall that the covariant wave operator [, is defined in Def. 9. In
the next lemma, we provide an explicit expression for [g¢ that holds relative to
the Cartesian coordinates.

Lemma 7. (L, relative to the Cartesian coordinates) Let g be the acoustical metric
from Def. 4. The covariant wave operator U, acts on scalar functions ¢ via the
following identity, where RHS (5.2.1) is expressed in Cartesian coordinates:

Ogp = —BB¢ + 280,05 (5.2.1)
+2¢7 e, (Bp)Bp — (3,v) B — ¢ L.y (g7 )P (30 0) 500
—cc.s S0, + 3c_lc;s(Bs)B¢.

Proof. It is straightforward to compute using equations (2.1.1a)—(2.1.1b) that rel-
ative to Cartesian coordinates, we have

detg = —¢© (5.2.2)

and hence
3

Videtglg™ = —cB@B+c' Y 8, ® da (5.2.3)

a=1

Using definition (1.3.8) and equations (3.0.1), (5.2.2), and (5.2.3), we compute that
Ogp = — (B“Ba(c_3)) BFopp — (9, B*)B g — (B0, B opgp  (5.24)
— BYBP 3,85 + 280,05 — cc. 8% (340)Bpp — cC.5 S Duch.

Finally, from (5.2.4), the expression (1.3.12) for B, the expression (2.1.1b) for g’l,

and simple calculations, we arrive at (5.2.1). O
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5.2.2. Deriving the Covariant Wave Equation for p In the next lemma, we
derive the covariant wave equation (3.1.1b) for p.

Lemma 8. (Covariant wave equation for p) For C? solutions of the compressible
Euler equations (1.3.11a)—(1.3.11c¢), the logarithmic density variable p from Def. 1
verifies the following covariant wave equation, where on RHS (5.2.5), D is the
modified fluid variable from Def. 3:

Oep = —exp(p)%D — 3¢ e, (87 (0up) g0 + {(aav“)abvb — @)y |
(5.2.5)

5
— S exp(—p) ”sa 8ap — exp(—p) éj’s pS°S".

Proof. First, using (5.2.1) with ¢ = p, equation (1.3.11a), and equation (1.3.11c)
(which implies that the last product on RHS (5.2.1) vanishes), we compute that

Ogp = —BBp + 289,05 + 2¢ . (Bp)? + (8,0%)> (5.2.6)

—c ey (87 (0up)dpp — cs S 0ap.
Next, we use definitions (1.3.8) and (1.3.12), equations (1.3.11a)—(1.3.11c), the
chain rule identity 2cc.; = (c2);5 = (é exp(—p)p;p = exp(—p)%, and the

KX

identity p.,.s = ps;p to compute that
BBp = —,(Bv®) + (9,0°) 0"
— 2893,y + 8 (8,13 p + B0 {exp(—p)%(S“bBbs} + (30") 307
= 269,05 p + exp(— p) 2259, + 2cc. 18P (8,0) 0 p

+ 2ce.s 8% (aamabs—exp( o s Z 22590 (3,0)8ps

pAA

+exp(—p) 220 Q”’S“”(aap)abwexp( 0) 22 8% (3,5)ps + (94v7)Dpv*

— 2599,8,0 + exp(—p)@divs + 206. 58 (34 0)pp + (8a07) 00"

+2exp(-p Lot

dap — exp(— p)—saaap+exp< oy Zisit s, 5ash
o
(5.2.7)

Finally, using (5.2.7) to substitute for the term —B Bp on RHS (5.2.6), using the
identity (Bp)Bp —c28%(8,0)3pp = — (g~ )P (3,0)3p p [see (2.1.1b)], using defi-
nition (1.3.13b) to algebraically substitute for the factor of div.S on RHS (5.2.7), and
using the aforementioned chain rule identity to express the last term —cc.; 549, p on
RHS (5.2.6) as —% exp(—p) %S“ 94 p, we arrive at the desired expression (5.2.5).

O
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5.2.3. Deriving the Covariant Wave Equations for {v'};—; .3 Inthe nextlemma,
we derive the covariant wave equations (3.1.1a) verified by the Cartesian component
functions {v'};=1.2,3.

Lemma 9. (Covariant wave equations for v}z 1.2,3) For C? solutions of the com-
pressible Euler equations (1.3.11a)—(1.3.11c), the scalar-valued Cartesian com-
ponent functions {v'};—1 2.3 verify the following covariant wave equations, where
on RHS (5.2.8), {C}i—1.2.3 denotes the Cartesian components of the modified fluid
variable from Def. 3:

Oev’ = —2exp2p)Ci — {1 4 c—lc/} (8% (8,0) 00"

+2exp(p)eian(Bv) 20 — %siabﬂ“s”
1 > )
— ~exp(—p) B2 5,0
2 0
—2exp(—p)c e, pT(Bp)S' +exp(—p) 22 (Bp)ST. (528)
0
Proof. First, we use equation (5.2.1) with ¢ = vl definition (1.3.8), equation

(1.3.11b), and equation (1.3.11c) (which implies that the last product on RHS (5.2.1)
vanishes), to compute

ngi = —BBv' + ¢*8%3,0p0" — 2cc;p(Bp)8i“Bap — Zexp(—p)c_lc;p@(Bp)Si
Q
(5.2.9)
— (0,0 BV' — ¢ e ) (g H P (8, p)0p0" — cc.5SB,0"

Next, we use definitions (1.3.8) and (1.3.12), equations (1.3.11a)—(1.3.11c), and
the already established equation (5.1.4b) to compute that

BBv' = —c*8"B,p — 2cc.o(Bp)8a,p (5.2.10)

+exp<—p>%(3p)si —exp(—p) 2 St B)S - exp(—p)%BSi

= —c%8"9,(Bp) + ¢*8"(0,0°)0pp — 2¢c. o (Bp)8'“ Dy p
P:.

+exp(—p>?‘(3p)8’ — exp(— p)7<Bp>Sl

+ eXP(—p)%SaE)aU Elab?gusb
= 2819550, (0pv?) — 88 (3,0°) Bv?

— exp(—p)@affaab(ajv“)sb — 2¢c.,(Bp)8"d,p

+ exp(— p)—(Bp)S’ — exp(—p) 220 z =L (Bp)S'

+ exp(— p) 59 §90,0" — giap 2 295
0
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= 289,050 + *8198, (97 — 94v)
— (Bu")d,v" + (Bv) (8,0 — d;v%)
+ exp(— p)—S”(B vh = 9;v%) — 2ce. p(Bp)b‘“‘a o

+ exp(— p)—(Bp)S'—exp( ) Q"(B )su?smbmsb

Next, we use definitions (1.3.4) and (1.3.8), the identity (5.0.1), equation (1.3.11b),
and the antisymmetry of ¢... to derive the identities

2819, (3,0 — 95v%) = eigpda@” = Feurlw
=c? exp(p)curlQi +c? exp(p)siabﬂhaap
=c? exp(p)curl.Qi — exp(p)aiab(Bv“).Qb

4 By 008t (5.2.11)
0

exp(— p)—S“(a vl — vy = Dsg, isa0b = P qagh, (5.2.12)
0 o

(Bv“)(aav — 3;v") = exp(p)epai (Bv)2° = — exp(p)eiap (Bv*) 2°.
(5.2.13)

Substituting the RHSs of (5.2.11)—(5.2.13) for the relevant terms on RHS (5.2.10),
we obtain

BBv = 2% 9,850 + 2 exp(p)curl 21 — 2 exp(p)eias (Bv®)2° + LS g0, 27 5P
0

— (Bu*")d,v" — 2cc.,(Bp)8™d,p
+exp(— p)—(Bp)S‘ —exp(—p) {;p(Bp)S’ (5.2.14)

Next, substituting —RHS (5.2.14) for the term —BBv’ on RHS (5.2.9), and using
p; p s

1 1/1 1
the chain rule identity cc.; = —(c2).5 =~ | zexp(—p)p;p = —exp(—p)
’ 2 ’ 2 \o ) 2

we compute that
i 2 i ayob _ Pis a b
ng = —c”exp(p)(curl$2)" + 2exp(p)€iap(Bv*)2° — ¢4 2“8
o
+ {(Bv”)aav" — (aav“)Bv"] —cle (g7 H (8, p) 050
1 . .
— 5 exp(—p) T2 59,0
2 0
1. Dis i P:s i
— 2exp(—p)c C;p?(Bp)S —eXP(—p)?(Bp)S

+ eXP(—P)%(BP)Si- (5.2.15)
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‘We now rewrite the terms in braces on RHS (5.2.15). Specifically, we use definitions
(1.3.8) and (2.1.1b) and equations (1.3.11a)—(1.3.11b) to obtain

(Bu") 30" — (3,0%) Bv' = —c28% (3p0)8av’ — exp(—p) 22 S99,0" + (Bp) Bv'
0

(5.2.16)
= —eXp(—p)%Saaavi — (™) () 950",
Next, substituting (5.2.16) into (5.2.15), we deduce that
ngi =—c? exp(p)(curl.{Z)[ - {1 + c_lcgp} (g_l)“ﬁ(aap)aﬂvi
+ 2 exp(p)eiar(Bv*) 2" — %eiabﬂasb
o . 1 . .
- exp(—p)@S“Bav’ - — exp(—p)—p’_p’s §99,0"
0 2 0
-1, Dis i P;s i
— 2exp(—p)c c;p?(Bp)S - eXp(—p)?(Bp)S
+ exp(—p)%w p)S". (52.17)

Finally, we use equation (1.3.13a) to algebraically substitute for the term (curl £2)’

onRHS (5.2.17) and equation (1.3.11a) toreplace the term — exp(—3 p)c*2 Q (9,v%)
0

—2Pss

S" on RHS (1.3.13a) with exp(—3p)c” “—=(Bp) S, which in total yields the desired
Q

equation (5.2.8). O

5.2.4. Deriving the Covariant Wave Equation for s In the next lemma, we
derive the covariant wave equation (3.1.1c) for s, thereby completing the proof of
Theorem 1.

Lemma 10. (Covariant wave equation for s) For C? solutions of the compressible
Euler equations (1.3.11a)—(1.3.11c), the entropy variable s verifies the following
covariant wave equation, where on RHS (5.2.18), D is the modified fluid variable
from Def. 3:

Ogs = c2exp(20)D 4 28,0 — cc.p S Bap — cC.s8apS* S (5.2.18)

Proof. First, we use equation (5.2.1) with ¢ = s, definition (1.3.8), the expression
(2.1.1b), and equation (1.3.11c) (which in particular implies that many products on
RHS (5.2.1) vanish) to compute

Ogs = c2divS — cc.pS*8up — cc.s8apS* . (5.2.19)

We then use equation (1.3.13b) to algebraically substitute for the factor of divS on
RHS (5.2.19), which immediately yields the desired equation (5.2.18). O



1278 JARED SPECK

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Compliance with Ethical Standards

Funding This work was funded in parts by NSF Grant # DMS-1162211, by NSF CAREER
Grant # DMS-1454419, by a Sloan Research Fellowship provided by the ALFRED P. SLOAN
foundation, and by a SoLoMON BucHSBAUM Grant administered by the Massachusetts In-
stitute of Technology.

Conflict of interest The author declares that he has no conflict of interest.

References

1. ALINHAC, S.: Blowup of small data solutions for a class of quasilinear wave equations
in two space dimensions, II. Acta Math. 182(no. 1), 1-23, 1999
2. ALINHAC, S.: Blowup of small data solutions for a quasilinear wave equation in two
space dimensions. Ann. Math. (2) 149(no. 1), 97-127, 1999
3. ALINHAC, S.: The null condition for quasilinear wave equations in two space dimen-
sions, II. Am. J. Math 123(no. 6), 1071-1101, 2001
4. ALINHAC, S.: A minicourse on global existence and blowup of classical solutions
to multidimensional quasilinear wave equations. Journées “Equations aux Dérivées
Fartielles” (Forges-les-Eaux, 2002). Exp. No. I, 33, 2002. https://doi.org/10.5802/
jedp.599
5. CHEN, G.-Q., WANG, D.: The Cauchy problem for the Euler equations for compress-
ible fluids. Handbook of Mathematical Fluid Dynamics, vol. 1, pp. 421-543. North-
Holland, Amsterdam 2002
6. CHRISTODOULOU, D.: The Formation of Shocks in 3-Dimensional Fluids. EMS Mono-
graphs in MathematicsEuropean Mathematical Society (EMS), Ziirich 2007
7. CHRISTODOULOU, D., KLAINERMAN, S.: The Global Nonlinear Stability of the
Minkowski Space, vol. 41. Princeton Mathematical SeriesPrinceton University Press,
Princeton 1993
8. CHRISTODOULOU, D., LISIBACH, A.: Shock development in spherical symmetry. Ann.
PDE 2(no. 1), 1-246, 2016
9. CHristopOULOU, D., MI1Ao, S.: Compressible Flow and Euler’s Equations, vol. 9.
Surveys of Modern MathematicsInternational Press, Somerville 2014
10. CoutanD,D., LINDBLAD, H., SHKOLLER, S.: A priori estimates for the free-boundary
3D compressible Euler equations in physical vacuum. Commun. Math. Phys. 296(no.
2), 559-587, 2010
11. CouTAaND, D., SHKOLLER, S.: Well-posedness in smooth function spaces for moving-
boundary 1-D compressible Euler equations in physical vacuum. Commun. Pure Appl.
Math. 64(no. 3), 328-366, 2011
12. CoutanD, D., SHKOLLER, S.: Well-posedness in smooth function spaces for the
moving-boundary three-dimensional compressible Euler equations in physical vac-
uum. Arch. Ration. Mech. Anal. 206(no. 2), 515-616, 2012
13. DAFErRMOS, C., CONSTANTINE, M.: Hyperbolic Conservation Laws in Continuum
Physics, vol. 325. Third, Grundlehren der Mathematischen Wissenschaften [Funda-
mental Principles of Mathematical Sciences]Springer, Berlin 2010
14. HoLzEGEL, G., KLAINERMAN, S., SPECK, J., WONG, W. W.-Y.: Smalldata shock for-
mation in solutions to 3d quasilinear wave equations: an overview. J. Hyperbolic Dif-
fer. Equ. 13 no. 01, 1-105, 2016. Available at http://www.worldscientific.com/doi/
pdf/ https://doi.org/10.1142/S0219891616500016


https://doi.org/10.5802/jedp.599
https://doi.org/10.5802/jedp.599
http://www.worldscientific.com/doi/pdf/
http://www.worldscientific.com/doi/pdf/
https://doi.org/10.1142/S0219891616500016

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

A New Formulation of the 3D Compressible Euler Equations 1279

. JANG, J., MasmouDi, N.: Well-posedness for compressible Euler equations with phys-

ical vacuum singularity. Commun. Pure Appl. Math. 62(no. 10), 1327-1385, 2009
JANG, J., MasmouDl, N.: Vacuum in gas and fluid dynamics. Nonlinear Conservation
Laws and Applications, pp. 315-329. Springer, Berlin 2011

. JonN, F.: Formation of singularities in one-dimensional nonlinear wave propagation.

Commun. Pure Appl. Math. 27, 377-405, 1974

. KLAINERMAN, S.: Long time behaviour of solutions to nonlinear wave equations. Pro-

ceedings of the International Congress of Mathematicians. Vol. 1 2 (Warsaw, 1983),
pp- 1209-1215, 1984

KLAINERMAN, S., RODNIANSKI, I.: Improved local well-posedness for quasilinear wave
equations in dimension three. Duke Math. J. 117(no. 1), 1-124, 2003

KLAINERMAN, S., RODNIANSKI, I., SZEFTEL, J.: The bounded L2 curvature conjecture.
Invent. Math. 202(no. 1), 91-216, 2015

Luk, J., SPECK, J.: The hidden null structure of the compressible Euler equations and a
prelude to applications. ArXiv e-prints. Available at https://arxiv.org/pdf/1610.00743.
pdf, October 2016

LUk, J., SPECK, J.: Shock formation in solutions to the 2D compressible Euler equations
in the presence of non-zero vorticity. Invent. Math. 214(no. 1), 1-169, 2018

Maipa, A.: Compressible Fluid Flow and Systems of Conservation Laws in Several
Space Variables, vol. 53. Applied Mathematical SciencesSpringer, New York 1984
Miao, S.: On the formation of shock for quasilinear wave equations with weak intensity
pulse. Ann. PDE. 4(no. 1), Art. 10, 140, 2018

Miao, S., Yu, P.: On the formation of shocks for quasilinear wave equations. Invent.
Math. 207(no. 2), 697-831, 2017

RiEMANN, B.: Uber die Fortpflanzung ebener Luftwellen von endlicher
Schwingungsweite. Abh. K. Ges. Wiss.Gott. 8, 43-66, 1860

SBIERSKI, J.: On the existence of a maximal Cauchy development for the Einstein
equations: a dezornification. Ann. Henri Poincaré 17(no. 2), 301-329, 2016

SPECK, J.: Shock Formation in Small-Data Solutions to 3D Quasilinear Wave Equa-
tions. Mathematical Surveys and Monographs, American Mathematical Society, Prov-
idence 2016

SPECK, J., HOLZEGEL, G., LUK, J., WONG, W.: Stable shock formation for nearly simple
outgoing plane symmetric waves. Ann. PDE 2(no. 2), 1-198, 2016

WoNG, W. W.-Y.: A comment on the construction of the maximal globally hyperbolic
Cauchy development. J. Math. Phys. 54(no. 11), 113511, 8, 2013

JARED SPECK
Massachusetts Institute of Technology,
77 Massachusetts Ave,

Bldg. 2 Rm. 265,
Cambridge,

MA,

02139-4307 USA.
e-mail: jspeck @math.mit.edu

(Received June 21, 2017 / Accepted June 22, 2019)
Published online July 16, 2019

© Springer-Verlag GmbH Germany, part of Springer Nature (2019)


https://arxiv.org/pdf/1610.00743.pdf
https://arxiv.org/pdf/1610.00743.pdf

	A New Formulation of the 3D  Compressible Euler Equations with Dynamic Entropy: Remarkable Null Structures and Regularity Properties
	Abstract
	1 Introduction and Summary of Main Results
	1.1 Paper Outline
	1.2 Notation
	1.3 Background on the Compressible Euler Equations
	1.3.1 Equations of State
	1.3.2 Some Definitions
	1.3.3 Speed of Sound and an Assumption on the Equation of State
	1.3.4 A Standard First-order Formulation of the Compressible Euler Equations
	1.3.5 Modified Fluid Variables

	1.4 A Brief Summary of Our Main Results
	1.5 Some Preliminary Context for the Main Results

	2 Geometric Background and the Strong Null Condition
	2.1 Geometric Tensorfields Associated to the Flow
	2.2 Decompositions Relative to Null Frames
	2.3 Strong Null Condition and Standard Null Forms

	3 Precise Statement of the Main Results
	3.1 The New Formulation of the Compressible Euler Equations with Vorticity and Entropy
	3.2 The Structure of the Inhomogeneous Terms

	4 Overview of the Roles of Theorems 1 and 2 in Proving Shock Formation
	4.1 Blowup for Simple Isentropic Plane Waves
	4.2 Fundamental Ingredients in the Proof of Shock Formation in More than One Spatial Dimension
	4.3 Summary of the Proof of Shock Formation

	5 Proof of Theorem 1
	5.1 Deriving the Transport and Transport-div-curl Equations
	5.1.1 Deriving the Transport Equations for "4266308 i "5267309 i=1,2,3
	5.1.2 Deriving the Transport Equations for s and "4266308 Si "5267309 i=1,2,3
	5.1.3 Deriving the Transport–Divergence–Curl Equations for  mathcalD and "4266308 (curlS)i "5267309 i=1,2,3
	5.1.4 Deriving the Transport–Divergence–Curl Equations for div  and  "4266308 mathcalCi "5267309 i=1,2,3

	5.2 Deriving the Covariant Wave Equations
	5.2.1 An Explicit Expression for the Covariant Wave Operator in Cartesian Coordinates
	5.2.2 Deriving the Covariant Wave Equation for 
	5.2.3 Deriving the Covariant Wave Equations for "4266308 vi "5267309 i=1,2,3
	5.2.4 Deriving the Covariant Wave Equation for s


	References




