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LOW REGULARITY SOLUTIONS OF TWO-DIMENSIONAL
COMPRESSIBLE EULER EQUATIONS WITH DYNAMIC
VORTICITY

HUALI ZHANG

ABSTRACT. By establishing a sharp Strichartz estimate for the velocity and
density, we prove the local well-posedness of solutions for the Cauchy problem
of two-dimensional compressible Euler equations, where the initial velocity,
density, and specific vorticity (vo, po, @o) € H*(R?)x H*(R?)x H?(R?), s > 2
Our strategy relies on Smith-Tataru’s work [41] for quasi-linear wave equations.

1. INTRODUCTION

1.1. Overview. We consider the Cauchy’s problem of the compressible Euler equa-
tions in € Rt x R2, of the form

{gt +div (ov) =0,

(1.1) vi+ (v V)v+1Vp(o) =0,

where the state function takes the general form

(1.2) p=p(0),
and the initial data is
(1-3) (Va Q)|t:0 = (VO, Qo)-

Above, v = (v!,v?), 0, and p denote the fluid velocity, density, and pressure re-
spectively, and A is a constant. In the theory of partial differential equations, local
well-posedness is the first question to ask. For compressible Euler equations, no
matter how smooth and small the initial data is, the solution of (1.1) will blow up
in finite time [10, 32, 39, 43]. So we can only study the well-posedness of (1.1)-
(1.3) in a local sense. In many problems of this type, one is interested not only
in local well-posedness in some Sobolev space H*(R?), but also in lowering the
exponent s as much as possible. Naturally, we ask the question: for which s,
the Cauchy problem (1.1)-(1.3) is well-posed if (vo, 00) € H*(R?)(s > s.) and ill-
posed if (vo, o) € H*(R?)(s < s.). This question has been well studied [6, 41, 31]
for incompressible Euler equations and irrotational Euler equations. However, for
(1.1)-(1.3) with non-zero vorticity, the corresponding problem remains open. Our
goal is to study the local well-posedness of low regularity solutions to (1.1)-(1.3)
and explore the sharp Sobolev exponent.
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1.2. Background. The compressible Euler equations is a classical system in physics
to describe the motion of an idea fluid. The phenomena displayed in the interior of
a fluid fall into two broad classes, the phenomena of acoustics waves and the phe-
nomena of vortex motion. The sound phenomena depend on the compressibility of
a fluid, while the vortex phenomena occur even in a regime where the fluid may be
considered to be incompressible.

For the Cauchy problem of n-D incompressible Euler equations:

vi+(v-V)v+Vp=0, (t,x)eRT xR",
(1.4) divv = 0,

V|t:0 = Vo,

Kato and Ponce [23] proved the local well-posedness of (1.4) if vg € H?(R"™),s >
1+ %. Chae [8] proved the local existence of solutions by setting vq in the critical
Triebel-Lizorkin space. On the opposite direction, the ill-posedness of solutions of
(1.1) was answered by Bourgain and Li [6, 7], who proved that the solution will blow
up instantaneously for some vo € H'*% (R"),n = 2,3. Very recently, Guo-Li in
[16] studied the continuous dependence of initial data in the critical Triebel-Lizorkin
space.

In the irrotational case, the compressible Euler equations can be reduced to a
special quasilinear wave equation. For general quasilinear wave equations, it can
be stated as

(1.5) { Oney¢ = a(dg,ds), (t,z) € RT xR",

Pli=0 = ¢0, 0t dli—0 = ¢1,

where ¢ is a scalar function, d = (9, 01,02, -+ ,0y), and h(¢) a Lorentzian metric
depending on ¢, and ¢ a quadratic term of d¢. Set the initial data (¢g, 1) €
H*(R™) x H*"1(R™). By using classical energy methods and Sobolev imbeddings,
Hughes-Kato-Marsden [18] proved the local well-posedness of the problem (1.5)
for s > % 4+ 1. Ifrim-Tataru [20] studied this reslut for quasilinear hyperbolic
equations by using the frequency envelope approach, where the frequency envelope
is introduced by Tao [48]. On the other side, Lindblad [31] constructed some
counterexamples for (1.5) when s = %,n =2or s = 2,n = 3. There is a gap
between the result [18] and [31]. To lower the regularity of the initial data, one
may seek a type of space-time estimates of d¢, namely, Strichartz estimates. Of
course there are several steps to obtain the sharp Strichartz estimates for (1.5).
The first natural idea is to consider the the wave equation with variable coefficients

(16) Dh(t,m)¢ =0,

and then exploit it to obtain the low regularity solutions of (1.5). Kapitanskij [24]
and Mockenhaupt-Seeger-Sogge [38] discussed the Strichartz estimates for (1.6)
with smooth coefficients h. With rough coefficients h € C?, the study of Strichartz
estimates for (1.6) in two or three dimensions was begin with Smith’s result [43]. At
the same time, counterexamples was constructed by Smith-Sogge [44], who showed
that for o < 2 there exist h € C'* for which the Strichartz estimates fail. Later, the
Strichartz estimates were established in all dimensions for h € C? in Tataru [50].
The next important work was independently achieved by Bahouri-Chemin [4] and
Tataru [49], who established the local well-posedness of (1.5) with s > Z2+2 n =2
or s > 2+ 3 n > 3. Shortly afterward, Tataru [51] relaxed the Sobolev indices
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s> 28 41 n > 3. At the same time, Smith-Tataru [42] showed that the & loss
is sharp for general variable coefficients h. Thus, to improve the above results, one
needs to exploit a new way or structure of Equation (1.5). Through introducing a
vector-field approach and a decomposition of the Ricci curvature, the 3D result of

[4, 49, 50, 51] was later improved by Klainerman-Rodnianski [26], who proved the

local well-posedness of (1.5) by introducing vector-field methods for s > 2 + %
Based on the vector-field methods, Geba [21] studied the local well-posedness of

(1.5) in two dimensions for s > I + 5%)‘/@. By using wave packets of a localization
to represent solutions to the linear equation, a sharp result was proved by Smith-
Tataru [41], who established the local well-posedness of (1.5) if s > %,n =2
ors >2n=3ors > "T“,él < n < 6. An alternative proof of the 3D case
was also obtained through vector-field approach by Wang [57]. Besides, we should
also mention substantial significant progress which has been made on low regularity
solutions of Einstein vacuum equations, membrane equations, due to Andersson and
Moncreif [3], Tataru [52], Ettinger and Lindblad [6], Klainerman and Rodnianski
[26], Klainerman-Rodnianski-Szefel [27], Wang [54], Allen-Andersson-Restuccia [2],
Speck [45] and so on.

In the general case, concerning to n-D compressible Euler equations, there are
several aspects on studying the Cauchy problem (1.1)-(1.3), i.e. shock formation
and local well-posedness. The first work on the formation of shocks was done by
Riemann in [39]. Riemann considered the case of isentropic flow with plane sym-
metry and introduced for such systems the so-called Riemann invariants, and then
proved that solutions will blow up in finite time even under smooth initial condi-
tions. Sideris [43] considered the three dimensional compressible Euler equations
and obtained the first general result on the formation of singularity. By extending
the basic idea of [39], Christodoulou-Miao [10] started from geometric aspects to
study the shock formation of irrotational and isentropic flow in 3D, and gave a
complete description of the maximal classical development. Yin in [59] constructed
a class of spherical data to discuss the formation of shock wave in three dimensions.
For multi-dimensional solutions with spherical symmetry, the blow-up phenomena
was obtained by Li-Wang [29]. Recently, Luk-Speck [32, 33, 46] first introduced a
wave-transport structure of the flow with dynamic vorticity and entropy, and de-
scribed the singularity formation in two or three dimensions. Abbrescia-Speck in [1]
studied some localized integral identities for 3D compressible Euler equations. We
should also mention substantial significant progress which has been made on self
similar solutions due to Merle-Raphael-Rodnianski-Szeftel [36], and free boundary
problems due to Coutand-Lindblad-Shkoller [11], Coutand-Shkoller [11, 13], Lei-
Du-Zhang [28], Li-Wang [30], Jang-Masmoudi [17], Ifrim-Tataru [19] and so on.

To the local well-posedness problem of (1.1)-(1.3), it’s well-posed if (vg, go) €
H?® s > 1+ % and the density is far away from vacuum, please refer Majda’s
book [35]. Very rencently, based on the wave-transport system proposed by Luk
and Speck [32, 33, 46], some researchers considered the well-posedness of rough
solutions for (1.1)-(1.3) by studying Strichartz estimates, which arises from dis-
persive equations. We refer the reader to Strichartz’s work [47]). The first work
about rough solutions of three-dimensional compressible Euler equations was ob-
tained by Disconzi-Luo-Mazzone-Speck [14] and Wang [58]. In [14], Disconzi-Luo-
Mazzone-Speck proved the well-posedness of solutions with dynamic vorticity and
entropy, where they assumed the initial entropy e, velocity v, logarithmic density
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p and specific vorticity w(it will be defined in Definition 1.2) in H3* x (H?7)3 and
curlw € C%9(0 < § < 1). Independently, Wang [58] proved the local well-posedness
by taking the initial data of (v, p,w) € H*(R3) x H*(R3) x H* (R3), 2 < ' < s.
The works [14] and [58] are based on vector-field approach. Later, Zhang-Andersson
[61] gave an alternative proof of [58] by using Smith-Tataru’s method [41]. However,
there is a few result with regard to low regularity solutions of the Cauchy prob-
lem of two-dimensional compressible Euler equations. Inspired by these historical
results, we wish to study the low regularity solutions of (1.1)-(1.3) by establishing
sharp Strichartz estimates of the velocity and density in two dimensions.

1.3. Motivation. In view of the aforementioned results we see that most stud-
ies are focusing on the behavior of solutions of 3D compressible Euler equations.
These historical results [14, 58] related to rough solutions in three dimensions suc-
cessfully exploited the vector-field method in the case of non-zero vorticity, where
the regularity of velocity and density are optimal. One may ask that what’s the
sharp Sobolev regularity of the initial data for 2D compressible Euler equations
if controlling it’s local well-posedness, and whether the vector-field method could
solve the 2D problem. In fact, the vector-field methods may not work very well
for 2D problem, for the conformal energy in 2D is not ideal. We persuade the
readers to Geba’s work [21]. But, we noticed that the sharp regularity problem of
2D quasilinear wave equations is included in Smith-Tataru [41]. Our starting point
is the result of Smith-Tataru [41], which, for generic nonlinear wave equations in
two dimensions, yields the sharp local well-posedness in H it However, this result
can not be directly applied in the case of compressible Euler equations unless the
fluid is assumed to be irrotational. Instead, in the general case, the compressible
Euler flow can be seen as a coupling of a wave equation and a transport equation
for the vorticity, which causes many difficulties. Let us explain the difficulty of the
problem and the difference between quasilinear wave equations and compressible
Euler equations.

To lower the Sobolev exponent of Cauchy problem (1.1)-(1.3), the key is to prove
a type of Strichartz estimates. If the vorticity is zero, one could observe that there is

a type of Strichartz estimates ||dv, dpl|pape from Smith-Tataru’s result [41], where

the regularity s should be greater than %. With non-zero vorticity, what’s the
situation of Strichartz estimate. In particular, there are no Strichartz estimates for
the vorticity. Let us see the coupled system. Precisely, 0w is a source term in the

wave equation,
Ogv = 0w + Lo.t.

and w satisfies
Oyww+v-Vw =0.

By utilizing the method of proving Strichartz estimates for wave equations, we
know that the character is crucial. Although there is independent of @ for energy
estimates of v and p, but dw plays essential role for character. Hence, we need some
energy estimates of w. By classical commutator estimates, the condition 0w € L°
is essential for us to get the estimate of ||w| g, a € (1,2]. In Zhang’s first paper
[61], Zhang proved that the local solution is well-posed if the initial velocity, density
and specific vorticity (vo, po, @o) € H*(s > 1) and 9w € L. Inspired by [58], we
also hope to find some good structure of the vorticity and lower the regularity of
vorticity, i.e. remove the initial assumption on [|0w| . To be precise, by setting
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(vo, po,@o) € H® x H® x H?(s > %), we discuss the local existence, uniqueness and
continuous dependence of solutions of the Cauchy problem (1.1)-(1.3), where vy,
po, and wq describe the initial velocity, density, and specific vorticity respectively.

1.4. Statement of the result. Before stating our result, let us introduce some
following quantities and introduce a equivalent system of (1.1).

1.4.1. Some definitions. Let us first recall the classical Hadamard standard for
well-posedness.

Definition 1.1. [20] The problem (1.1)-(1.3) is locally well-posed in a Sobolev space
X if the following properties are satisfied:

(i) For each (vo,00) there exists some time T > 0 and a solution (v,p) €
C([Ov T]; X).

(ii) The above solution is unique.

(iii) The data to solution map is continuous from X into C([0,T]; X).

In the following, let us introduce the logarithmic density, specific vorticity, the
speed of sound, and the acoustic metric.

Definition 1.2. [32] Let p be a constant background density and p > 0. We denote
the logarithmic density p

(1.7) p:=In(p"'o),
and the specific vorticity w

(1.8) w = p te Pcurlv.
Definition 1.3. [32] We denote the speed of sound

(1.9) ¢s :=+/dp/dp.

In view of (1.7), we have

(1.10) cs = cs(0)
and
(1.11) co=d(p) = (ilcps

Definition 1.4. [32] We define the acoustical metric g and the inverse acoustical
1

metric g~ relative to the Cartesian coordinates as follows:
2
(1.12) g = —dt ®dt + c;> Z (dz® — vdt) ® (dx® — v®dt),
a=1
2
(1.13) 97" = (0 +1"0a) ® (0 +0°0) + 2 Y 0; @ 0.

i=1
Based on these definitions, let us introduce the system under new variables.

Lemma 1.1. [32] For 2D compressible Euler equations (1.1), it can be reduced to
the following equations:

(1.14)

Tv' = 260, p,
Tp = —divv,

where T =0, +v-V.
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To be simple, we give the notations d = (9;,0x,,0,)", Op, = O and 0 =
(0z,,02,)T. Set
7

(1.15) e (0,5 —7),

and )
(€ =(1+¢f)2, R
Denote by (9) the corresponding Bessel potential multiplier. We are now ready to
state the result in this paper.
1.4.2. Statement of Results.

Theorem 1.2. Lets > %. Consider the following Cauchy problem of two-dimensional
compressible Euler equations

Tv' = 26, p,
(1.16) Tp = —divv,

(v, p)lt=0 = (Vo, po)-
Assume the acoustical speed
(1.17) Cslt=0 > co > 0,

where ¢y is a positive constant. Let w be defined in (1.8) and My be any positive
constant. If

(1.18) Ivollzs + llpolles + ll=ollaz < Mo,

then there exists two positive constants Ty, = T(||vollzs, ||pollms=, ||@ol||g2) and M
such that the Cauchy problem (1.16) is locally well-posed. Precisely,

(1) there exists a unique solution (v,p) € C([0,T.], H3)NC*([0,T.], H: 1), w €
C([0,T.], H3)NnC ([0, T\], H}) and (dv,dp) € L‘["OVT*]LgO, and it satisfies the energy
estimate

v, pllze bz + 1106V, 0epll oo a1 + 1@l Lge 2 + 10v | ooy < M,
(2) the solution v and p satisfy the Strichartz estimate
dv,dpllLape < M.
(3) for any 1 <r < s+ 1, and for each ty € [0,T], the linear equation
1.19) { O,f=0,  (t,x) € [0,T] x R?, )
fto,") = fo € H'(R?), 9if(to,") = fr € H'H(R?),

admits a solution f € C([0,T),H") x C1([0,T], H"~') and the following estimates
hold:

(1.20) I legemry + N0 | oo pz—1 S Wfollar + W fill e
Additionally, the following estimates hold, provided k < r — %,

k
(1.21) 140" fllparee S WMol + Lfall e

(4) the map is continued from (vo, po,wo) € H® x H* x H? to (v,p,w)(t,") €
O([0,T); HS x H x H?).

Remark 1.1. The condition (1.17) is used to satisfy the hyperbolicity condition of
the system (1.16).
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Remark 1.2. For 2D compressible Euler equations, the classical result in [35]
requires s > 2 for the regularity of velocity and density. Our result lower the
regularity of the velocity and density by proving the space-time Strichartz estimates
of the velocity and density. Furthermore, if the vorticity is zero(the specific vorticity
is also zero), the Sobolev regularity in Theorem 1.2 is corresponding to the 2D sharp
result by Smith-Tataru [41].

Remark 1.3. Compared with the prior works for 3D compressible Euler equations,
i.e.[14, 58|, the situation in 2D is very different. And it’s very hard to use the
similar approach in [14, 58] to prove Theorem 1.2, even for the irrotational case in
2D. Because the conformal energy in 2D is worse than 3D, which give a sacrifice
on some reqularity loss on metrics, please refer Geba’s result [21].

Remark 1.4. The idea of deriving a good structure of T (Aw — Opdw) in the paper
is inspired by Wang [58], but our process is not trivial. Referring [58], the good
structure is benefit from curl(ef curlw), not Aw. For the structure of divw is very
good, but T(divw) gives us some regularity loss. Then, choosing some quantities
related to Aw may not work in three dimensions. Therefore, it’s not obvious to
choose the quantity Aw — dpdw in two dimensions.

Remark 1.5. Inspired by Andersson-Moncrief [3] and Ifrim-Tataru [20], we con-
sider the continuous dependence of solutions for (1.16). In [3], Andersson-Moncrief
studied the local well-posedness of a hyperbolic-elliptic system. In [20], Ifrim-Tataru
established the local well-posedness theory for general hyperbolic equations by using
the frequency envelope approach.

1.5. A sketch of the proof. In effect our discussion below is more based on the
idea of Smith-Tataru’s work [41]. We will adopt two classes of equivalent structure
of 2D compressible Euler equations: the hyperbolic system

AO(U)Ut + Al (U)Uml + AQ(U)Umz = 07 U= (va(p))Ta
and the wave-transport system

Ogv = 0w + quadratic terms,
Oyp = quadratic terms,
Tw =0,

where the hyperbolic system is used to consider some energy estimates, and the
wave-transport system is used to discuss the Strichartz estimate.

The first key point is how to obtain energy estimates when the Sobolev indices
of (vp,p) and wy is different. We use the hyperbolic system to derive the basic
energy

v, pllzs < Vo, pollms exp(l[dv, dpllrire), s = 0.
Concerning to the transport equation of specific vorticity Tw = 0, it looks impos-
sible for us to obtain some energy estimates if the regularity between vy and w are

different. By deriving the nonlinear transport equation of Aw — dpdw, we could
see a hope. That is,

TAw = Avdw + vd*w + Lo.t,
replaced by

(1.22) T(Aw — 0pdw) = Ovd*w + OvOpdw.
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In the first equation, one need the norm |[0w||z= to obtain energy estimates by
utilizing standard commutator estimates, and the regularity of velocity and vorticity
should be same. While, if we use the second equation (1.22), it allows us to close the
basic energy estimates of @ by using Strichartz estimates ||dv,dp|| 17 and some
lower-order norms of the velocity and density. Please see the proofs in Lemma 2.8,
Lemma 2.28, and Theorem 2.10 for details.

The second key point is to prove the Strichartz estimate. We first reduce the
problem to establish an existence result for small, supported initial data. Next, by
the continuity method, we can give a bootstrap argument on the regularity of the
solutions to the nonlinear equation. Then, by introducing null hypersurfaces, the
key is transformed to prove characteristic energy estimates of solutions along null
hypersurfaces, and the enough regularity of null hypersurfaces is crucial to prove the
Strichartz estimate. To establish characteristic energy estimates, we go back to see
the wave-transport system and hyperbolic system. We use the hyperbolic system
to get these characteristic energy estimates for (v, p), which is independent with
w. As for w, the characteristic energy estimate is very different. Let us explain it
as follows. On the Cauchy slice {t} x R?, we can use elliptic estimates to get the
energy estimate of all derivatives of w only by using @ and Aw. However, on the
characteristic hypersurface, these type of elliptic energy estimates don’t work. We
use Hodge decomposition and (1.22) to handle this difficulty. That is, operating
P;; on (1.22) giving rise to

(123) T [8}@w — Pij(0pdw)]| = P (0vd°w + Lo.t) + [Py, T|(Aw — dpdw).

Here, the Riesz operator Pij = 97;(—A)™",4,j = 1,2. From (1.23), we can get some
type of characteristic energy estimates for second derivatives of w, where we use
Sobolev imbedding to calculate the lower term

1Pi;(0p0w) 1y, < |Pij(0p0w) | L2me, @ > %
On the right hand side of (1.23), especially for the second one, we need some commu-
tator estimates, which is introduced in Lemma 2.6. Based on these observations,
we can recover some energy bounds for w along the characteristic hypersurface.
Please refer Lemma 6.8 for detials.

After obtaining enough regularity of null hypersurfaces and coefficients from null
frame, we can obtain the Strichartz estimate of a linear wave equation with the
acoustical metric g by using Smith-Tataru’s conclusion in [41]. Through Duhamel’s
principle, we can prove the Strichartz estimate ||dv, dpl| 4.

1.6. Notations. In the paper, the notation X <Y means X < CY, where C is
a universal constant. We use the notation X < Y to mean that X < CY with a
sufficiently large constant C.

We use four small parameters

(1.24) 63K 6K e K €gK 1.

Let ¢ be a smooth function with support in the shell {¢ : 3 < [¢] < 2}. Here,
¢ denotes the variable of the spatial Fourier transform. Let ( also satisfy the
condition ), _, ¢(2%¢) = 1. We introduce the Littlewood-Palay operator P; with
the frequency 2%(k € Z), which satisfies

Rt = [ e fee
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We also set

f<i=5if= ZPkf-

k<j

1.7. Outline of the paper. The organization of the remainder of this paper is as
follows. In Section 2, we introduce the reductions of (1.16) and commutator esti-
mates, and also prove the total energy estimates and stability theorem. In Section
3, we reduce our problem to the case of smooth initial data by using compactness
methods. In the subsequent Section, using a physical localized technique, we reduce
the problem to the case of smooth, small, compacted supported initial data. In sec-
tion 5, we give a bootstrap argument based on continuous functional. In Section
6 we derive some characteristic energy estimates along null hypersurfaces, which is
used to prove the regularity of null hypersurfaces. Finally, in section 7, we prove
the Strichartz estimate and continuous dependence.

2. BASIC ENERGY ESTIMATES AND STABILITY THEOREM

In this part, our goal is to give energy estimates and stability theorem. Firstly,
we introduce a hyperbolic system and a wave-transport system of (1.16). We then
give some classical commutator estimates. After that, we derive new transport
equations for the specific vorticity. At last, we prove the energy estimates and
stability theorem.

2.1. The reduction to a hyperbolic system and a wave-transport system.
In the beginning, let us introduce a hyperbolic system of 2D compressible Euler
equations.

Lemma 2.1. [30] Let v and p be a solution of (1.16). Then (v,p) satisfies the
following symmetric hyperbolic system

(2 1) Ao(U)Ut + Aq (-U—)Ugg1 + AQ(-U—)UQC2 =0,
where U = (v, v2, p(p))T and
pe? 0 0 peful 0 1
Ay = 0 ﬁe” O , A= 0 peful 0 ,
0 - 1 0 vip~te=rc?

pepv 0
epv2 1
v2plerc?
)

Lemma 2.2. [32] Let (v, p) be a solution of (1.16) and w be defined in (1.8). Then
(v,p, @) satzsﬁes

0,0t = —lialeP 29w + Q' + EY,
(2:2) Ogp =D,
Tw = 0.
Above, Q°, E*, D are null forms relative to g, which are defined by
Q" = 2lia)c2wd’p,
E' =~ (1+c;'c)) g% 0apogv’,
D:= —30;10/590‘58ap8ﬁp +2 Z {8ava8bvb - 3avb3bva},

1<a<b<?2

(2.3)
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and
0, if i=a,
lia] =41, if i<a,
-1, if i>a.

We also define Q := (Q',Q*)T,E := (E', E?)T.

2.2. Commutator estimates. We first introduce a classical commutator esti-
marte.

Lemma 2.3. [23] Let A = (—A)2,s > 0. Then for any scalar function h, f, we
have
(2.4)

[AS(Rf) = (A°R) fllLz@ny S AT Al 2@y 10f || oo ey + 2]l L2 ey 1A® Fll 3 Ry
where % + % = %
Next, let us introduce some product estimates.

Lemma 2.4. [23] Let F(u) be a smooth function of u, F(0) =0 and v € LY. For
any s > 0, we have

(2.5) IE)lle S llwllms (14 [[ullLge)-

Lemma 2.5. [41] Suppose that 0 < r,7’ < & and r +1" > 5. Then
(2.6) 1P SN v -2 gy < Crr [Pl e @) [P v ey -
Moreover, if —r < 1" <r and r > %, then the following estimate
(2.7) ”hf“H?"’(Rn) < CTJ“’”h”HT(R")”h“HW(Rn)a
holds.

Lemma 2.6. Denote the Riesz operator R := 9*(—A)~'. For § € (0,s — I), then
IR, v VIfllrzre) S 10VIcsll fllrz@e)-
Proof. By using paraproduct decomposition, we have
AR, v-V]f = Z\kfj\SQAj [R(Agv - VSi_1f) — Agv - VRS 1 f]
+ E\k_j\QAj [R(Sk—1V - VALS) — Sg—1v - VRALf]
+ 2 ks 185 [R(ARV - VAL f) — Apv - VRA f]
= By + Ba + Bs,
where
By = E|k—j|§2Aj {R(Agv - VSk_1f) — Apv-VRS,_1f},
By = Z|k7j|§2Aj {R(Sk-1v-VALf) = Sp—1v - VRALf}
B3 = Eij—lAj {R(Apv - VALf) — Arv-VRALf}.

By Holder’s inequality and Bernstein’s inequality, we arrive at the bound

UBile2te S {Ziesica(IVRSe1 fllzz + 198k ) 18580l 22 }

J

(28) S {218 Auvlli (IRSk-1 fll a2 + 1Sk fl122) }

S VI,  (URfllzz + 1 fllz2) S 10vlies 1z

2
lj
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By Hoélder’s inequality, we see that
{||Bs||L§}z§ N {Zij—12k||AkV”L§° : 27k(||VAkf||L§ + ||VRAkf||L§)}z§
(2.9) < Ivlg,_IIFlez
S loviieslfllzz-
Note
By =3 i ji<2Di[R, Sp—1 v ] ALV £
By [37](Lemma 3.2), we get

{1B2liz e S {8 l@l s IV Skoav e 1858k fl12 }

2
lj

2.10) {1l VSVl 18,8 12 }

J
vl Iz
<10Vl 2.
Here, we use the fact that ® = 75722/ ¥(27x) and ¥ is in Schwartz space. Gathering

[

(2.8), (2.9) and (2.10) together, we have finished the proof of Lemma 2.6. O

2.3. New transport equations. We derive a new transport equation for deriva-
tives of Aw.

Lemma 2.7. Let (v, p) be a solution of (1.16) and w be defined in (1.8). Then
the quantities O;wo(i = 1,2) and Aw satisfy the transport equation:

(2.11) T(0;w) = — 00 0jww, i=1,2,
and

(2.12) T(Aw — 9pdw) = R,
where

2 2
(2.13) R=-2)"0'0;pdiww — (0" pw + 0" w@)dw — 2 0;v) 0}

i,j=1 t,5=1
Proof. Taking the spatial derivatives on Tw = 0, we first get
T@lw = —6ivj8jw, 1= 1, 2.

Taking the spatial derivative 9; again, one has

(2.14) TAw = —Av'd;w — 2Zi:1128ivk8%iw.

The Hodge’s decomposition implies that

(2.15) Av = ddivv + 9+t curlv, ot = (—0s, 81)T.
=

Substituting Tp = —divv and @ = e Pcurlv to (2.15), we get
Av = —0Tp + 0+ (e’ w)
=[T,9]p — TIp + 0+ (e’ w)
=-TOp+>,_,,0;v0ip+ e (0t pw + 0+ w).
Putting the above formula to (2.14), we obtain the transport equation:
TAw = T(9p)0w + Ry,
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where
Ry = —Ei,j:1,2ajviaj/’3iw — (0t pw + 0t w)dw — Ei:1,2aivkal%iw'
Using the fact
T(9p)0w = T(0pdw) — IpT(0w)
= T(0p0w) — 32, ,0;p05v" 0im,
we then prove

T(Aw — 9pdw) = R,

where
R :Rl — Ej:u@jp@jvi@iw,

9 2
= =2 00 0p0im — (0" pw + 0 @)0w — 2 DI .

i,j=1 4,J=1

2.4. Energy estimates.

Lemma 2.8. Let (v, p) be a solution of (1.16). Then for any a > 0, we have
¢
(2.16) llpllag + Ivllag < leolle + lIvollae) exp (/O ldv, dpllzdr), t€[0,T].

Proof. Let U = (v, p(p))T. Then
Ao(U)U; + A1(U)0,, U + A2(U)0,,U = 0.

A straightforward computation on the above equation using integration by parts
and classical commutator estimates in Lemma 2.3 yields

@.17) VOl < 10O exp ([ [aU] ).

As a result, we obtain

t
lollms + vl < ([lpollza + [[Vollma) exp (/ ldv,dpllzeedT), t€0,T).
0
O

Lemma 2.9. Let v and p be a solution of (1.16) and w be defined in (1.8). Then,
we have the 1—order energy estimates for the specific vorticity

t
(2.18) leol% < llwoll3n exp ( / 10|l dr).

Moreover, the following inequality

%(HAWH%g - 2/ dpdwAwdz)
(2.19) k2

2
S (1+10pllze +10viLe) (||V||2%+||p||2 +lwllZz)-

3
2
x

holds.
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Proof. By using Tw = 0 and Holder’s inequality, we get
d
(2.20) Lol < 10l I3,
By using (2.11) and Holder’s inequality, we arrive at the bound
d
(2.21) 10717z Slloviee |0z,

Adding (2.20) and (2.21) together yields
d

EHWH?{; S ||3V||L§°||W||12H;~
By Gronwall’s inequality, we can reach to
t
I3 < llwollF exp (/O 10v(7) ]| oo d).

It remains for us to prove (2.19). Multiplying Aw on (2.3) and taking inner product
on R?, we have

1
5%(HAWH%§ —2/ OpdwAwdx)
(2.22) R
< 8p8v8wAwd:z:+/ RAwd3:+/ diVV|Aw|2dIE.
R2 R2 R2

So we need to estimate the right hand side of (2.22) one by one. For the right one,
by Holder’s inequality, we could derive

0pdviwAwdx
R2

S 10pll e 10V e ([ Azl L2 || 0w]| L2

(2.23)
S (19p]l 1z + 10V 1) |2

For the second one, by using (6.43) and Holder’s inequality, we can show that

/2 RAwdz| < [|Aw]|zz (10l L + 10vILee) 10V oo 10z | 2
R

+[|Aw| 2 0w74 + [0V e | A ]| L2 |07 || 2

+ 10pll L 0V e[| A | L2 ]| 0 || L2

S @+ 10pllzz + 102V 5 +llol? 5 + lllF2)-
H? H

(2.24)

For the last term, by Holder’s inequality, we deduce

(2.25)

/ divv|Aw|?dx
R2

SN0v]re [l Fe.

Gathering (2.22), (2.23), (2.24), and (2.25), we can obtain (2.19). We have com-

pleted the proof of Theorem 2.8. O
Based on the above estimate, we can get the following energy estimates.

Theorem 2.10. (Total energy estimates) Assume s > 2. Let (v, p) be a solution
of (1.16) and w be defined as (1.8). Set

E(t) = I(v, Pl mg + Il a2 + 1069, Oep) | g+ + 110re0 | 1,

and
Eo = lpollaz + [[voll zs + |lwol| a2
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Then the following energy estimate
t
1
(2.26) E(t) < Eo(1+ EZ) exp (/ (1 + |dv, dp|| 1= )?dr),
0

hold.
Proof. By using (2.16), (2.18), (2.19), and Gronwall’s inequality, we have

ol + V13 + 1l + [ Asw]l32 — 2 / OpdmAwd

t
< (lwollze + llpoll s + lIvollZr) exp (/O (1 + lldv, dpl|re)*dr)

(227) + ||AWO||%2 + ‘/ 8p08w0Aw0d3:
R2
t
< (lwollF2 + llpoll7- + IvollZ-) exp (/ (1+ [|dv, dp| Le=)?dr)
0
+lollF2 + ool m l@oll2-
Note

(2.28)  [|Aw][Z: — 2/]Rz OpdwAwdr > ||Aw|Z: — C|0pl| 11 ||0w] La]| Aco| 2.
By Sobolev inequality, it implies that

(2.29) 19pll s 0l sl Awllzz < 10pll 4 19 3 |A®I 2.

By interpolation formula, we have

(230) 104113 < 19711,102 1

Using (2.30) and Young’s inequality, we can update (2.31) by

1
(2.31) 10pllLsllOw| sl Awll Lz < ||P||23 10wl + 1og /1= 7z-

2
Eg

We also note that

1
(2.32) |7 + [|Aw]7, > 5||W||§13-
Gathering (2.27), (2.28), (2.31), and (2.32), we get

(233)  lpllag + IVllaz + Iwllmz S Eo(1 + Eg ) exp (/Ot(l +|ldv, dpl| L )*dr).

By using (1.16) and Tw = 0, we can carry out

@30) 0l + 10l g + 19l S Iollis + ¥l + .

By (2.33) and (2.34), we can obtain (2.26). O
We are now ready to give the stability theorem.

Theorem 2.11. (Stability theorem) Assume % < s < 2. Let (v,p) be a solution of
(1.16) and w be defined in (1.8), where the corresponding initial data (vo, po, o) €
H*xH*xH?. Then, there exists a positive number Ty = Ty(||vo| m=, || pol &+, |0l 2)
such that (v,p) € C([0,T1], HS) N CH([0,Ty], H:™ x H:71), w € C([0,T], H2) N
C'([0,T1], Hy), and (dv,dp) € L, 7 L3>
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Let (h,v) be another solution to (1.16) and V = pe~¥curlh. And the corre-
sponding initial data (hg, o, Vo) is in H® x H® x H?. Then, there exists a posi-
tive number To = To(||ho|| s, ||¢oll s, Vol m2) such that (h,y) € C([0, T3], HE) N
CH(0,T), H: ™), V € C(0,To), H2) N C'([0,To], HY) and dh,di € L}, L.
Therefore, for t € [0, min{Ty,T>}], the following estimate

(2.35)
[(v=h,p =)t ) ger + (@ = V)t ) a2 S (Vo —ho, po — o)

holds.

e+ ||@wo — Vol g

Proof. Let U = (v,p(p))T and B = (h,p(¢))*. For t € [0, min{T},T2}], we can
derive that

2
Ap(U)a, U+~ A;i(U)d,, U =0,
1=1
2
Ap(B)9:B + Y Ai(B)d,, B =0.
=1

As a result, U — B satisfies

Ap(U)3,(U = B) + Y _ A;(U)0,,(U - B) =F,

=1

where
2

F=-) (4(U)- 4(B)).,B.
i=0
By using the commutator estimates in Lemma 2.3, we could show

d
ZlU =Bl < Cup (14U, dBl 2 |[U = Bll g+ + U = Bllus [dBll 1)

where C'y g depends on the L$° norm of (U, B). By using (v, p, h, ) € C([0, min{T1,T2}], H:)N
CH([0,min{T1, T>}], H:~') and dv,dp,dh,dy € L?O,min{Tl,Tg}]L;o’ we then have

(U =B) ()l gz < 1T =B)O, )|z
— | (vo — bo, po — o) | -
By Lemma 2.4, we further obtain
(2.36) [(v—h,p =)t ) g2 S (Vo — o, po — o) [ -
On the other hand, w and V satisfy
Ow+v-Vw =0,

and
oV +h-VV =0.

So we get

(2.37) O(w—-=V)+v -Viw—-V)=—(v—-h)VV.
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By using standard energy estimates for (2.37), we get
(2.38)
t
I = V)t Mz <@ = VIO + v = el 3 IVl exp | [ovlzzar)
<Ov (Il(@ = V)(0, )m2 + (v = ) (0, ) z+) ,
for t € [0,min{T1,72}]. Combining (2.37) and (2.38), we complete the proof of
(2.35). O

Corollary 2.12. (Uniqueness of the solution) Assume % < 8 < 2. Suppose (v,p)
and (h, 1) to be solutions of (1.16) with the same initial data (vo, po) € H® x H®.
We assume the initial specific vorticity wo = pefocurlvg € H2. Then there exists
a constant T > 0 such that (v,p,h,v) € C([0,T],HS) N CLY([0,T],H:™ '), @w €
C([0,T], HH)nCY([0,T), H}) and dv,dp, dh, dyp € L?OVT]L(;O. Furthermore, we have

v=h, p=7.
3. REDUCTION TO THE CASE OF SMOOTH INITIAL DATA

In this part, we will reduce Theorem 1.2 to the case of smooth initial data by
compactness arguments.

Proposition 3.1. For each R > 0, there exist constants T, M and C such that,
for each smooth initial data (v, po) satisfies

(3.1) [vollzs + llpoll s + llwollm> < R,
where
wo = p te Pcurlvy.

Then there exists a smooth solution (v, p,w) to

Oyt = —lialeP20°w + Q' + E7,

Ugp =D,
(3.2) Tw = 0.

(v, p,@)|t=0 = (Vo, po, @o),

(0¢v,0¢p)|t=0 = (=0 - Vvo + 2V po, —vo - Vo — divvy),
on [=T,T] x R?, which satisfies
(3.3) 10vs p)llag + 1106V, Bep) | g + NIl sz + (|Osew ]|y < M.

Here, the quantities Q°, D and E' are defined in Lemma 2.2. Furthermore, the
solution satisfies the condition
(1) the dispersive estimate for v and p

(3.4) ldv. dpllpscs < M,
(2) for 1 <r < s+ 1, the linear equation
D =
(3.5) af =0
(fa atf)|t:0 = (foa fl)

is well-posed in H™ x H™ ™1, and the following estimates

3
(36) 140)" Fllzsee < Wollar + I fallgr-r, k<r =7,
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and

(3.7) 1fllLse by + 110ef | oo grr—2 S W follar + L fall s,
holds.

In the following, we will use Proposition 3.1 to prove Theorem 1.2.

proof of Theorem 1.2 by Proposition 3.1. Consider arbitrary initial data (vg, po, wo) €
H*® x H® x H? satisfying
[vollzrs + llpoll s + [[@ol[ 2 < R.
Let {(vok, pok, @ok) tren+ be a sequence of smooth data which satisfies
lim vox =vo, lim pox = po, in H”,
k—o0 k—o0
wok = pe Pkcurlver,  lim wop = @y, in HZ.
k—o0
By Proposition 3.1, for each k, there exist the corresponding solution (v, px, @)
0 (3.2). Also
(Vi Pk k) |t=0 = (VOk,POk,WOk)T-

Notice that the solutions of (3.2) also satisfy the symmetric hyperbolic system (2.1).
Set

Uy, = (vik, vak, p(px)), k€ N*.
For j,1 € NT, we could derive
Ap(U;)0.U; + A1(Uk) 0., U + A2(U;)0,,U; = 0,
Ap(U)o:U; 4+ A1(U))0,, U, + A2(U;)0,,U; = 0.
The standard energy estimates imply that

d
=0~ Uil g1 < Cu, o, (14U, UL 22 [0 = Utll g2 + U = Utll e [0 1)

where C'y, u, depends on the L2° norm of Uy, U;. By using Strichartz estimates
(3.4) for dvy,dpy, k € NT and the energy estimates (3.3) for vy, px, k € NT, we can

derive that

(U = U) () s S (U5 = U0, )] s
(3.8)

S N (voj = vor, poj — por)| = -

Thus, the sequence {(v, pi) } 32, is a Cauchy sequence in C([—T, T; H*~!). Denote
(v, p) to be the limit. We therefore have
(3.9) Jim (vi, pr) = (v, p) € C(=T, T|; H*Y).
Consider the transport equation
Oy +vi - Voo, =0, ke NT.

It’s direct to get

O(w; — )+ v, -V(wj —w) = (vj —v;) Vo, j,l €N,
By Sobolev equality and energy estimates, we have
(3.10)

t
@k — @illge—r S (l@ok — @oillgs—r + 1V = Vill poo -2 V@l L0 112) exp{/ 10Vl Ledr}.
0
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For {wok}ren+ and {vg}ren+ being two Cauchy sequence in H*® and L HS™1
respectively, then {w}}ren+ is a Cauchy sequence in C([-T,T]; H*~1). We denote
the limit

(3.11) lim wy = w e C([-T,T); H*™1).

k—o0

Since (vy, px, ") is uniformly bounded in L{°H2 x LY HS x L H?. Noting the
convergence (3.9) and (3.11), we can deduce that

(3.12) (v,p, k) € L°HE x LPHE x L°HZ.
Also, for (v, p,w) satisfying (3.2) and (3.2) being equivalent with (1.16), we get
(3.13) (Orv, 04p, Oywo) € LPHS ™ x LPHE ™ x LY HJ.

On the other hand, using Proposition 3.1, (dv,dpx) is uniformly bounded in
LA([-T,T]; C2). As a result, we have

(3.14) (dvig,dpr) = (dv,dp), in L*([-T,T]; L°).

lim
k—o0
It remains for us to prove (1.20) and (1.21) in Theorem 1.2. For 1 <r < s+ 1, by
Proposition 3.1, we have that there exists solutions f; satisfying

ngfk =0
(315) { (fkaatfk)ltzo = (anfl).

Here the metric g; has the same formula as in Definition 1.4, and whose velocity
and density should be replaced by vy, and py. Using (3.6) and (3.7), we have

o 3
(3.16) 140)" fell e < Nfollere + M frllar—ss @ <r =7,
and
(3.17) 1 fellge g + [0efill oo grr—r S W follm + [1f1ll =

From (3.17), we obtain that there exists a subsequence such that there is a limit f
satisfying

(3.18) 1 loge g +10ef Nl Lo gz S W follzr + [ fallzm-r-

Utilizing (3.16), we have

a 3
(3.19) 140)" fllzre S follmr + I frller—ss o <r =

Also, taking limit to (3.15), then the limit f satisfies
D =

(3.20) af =0
(fa atf)|t:0 = (f07 fl)

Combining (3.12)-(3.14), and (3.18)-(3.20), we have finished the proof of Theorem
1.2. O
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4. REDUCTION TO EXISTENCE FOR SMALL, SMOOTH, COMPACTLY SUPPORTED
DATA

In this section, our goal is to give a reduction of Proposition 3.1 to the exis-
tence for small, smooth, compactly supported data by using physical localization
arguments.

Proposition 4.1. Assuming I < s <2, (1.15), and (1.24) hold. Let the initial
data (vo, po, @) be smooth, supported in B(0,c+ 2) such that
(4.1) Ivollzs + llpoll z= + llwollm> < es.
and
wo = pe” Peurlvg.
Then the Cauchy problem (3.2) admits a unique, smooth solution (v,p,w) on

[—1,1] x R2, which has the following properties:
(1) energy estimate

(4.2) (v, o)l Lgoms + ||(5tv,3tp)||L§oH;71 +ll@llLeomz + |0i@ || Lo < €2
(2) dispersive estimate for v and p
(4.3) dv,dpllLacs < €2,

(3) dispersive estimate for the linear equation
for 1 <r < s+ 1, the linear equation

Oy =0
(4.4) { (f,0cf)]i=0 = (fo, f1)

is well-posed in H" x H™ =1, and the following estimates

3
(4.5) 140)° fllzsese S Wollme + 1 fallerrrs b<r =3,
and
(4.6) £l + 100 f o -+ < Ioll e + 1 allzr-
holds.

proof of Proposition 3.1 by Proposition 4.1. To achieve the goal, we will firstly re-
duce Proposition 3.1 to small data by scaling and physical localization, and then
using the conclusion in Proposition 4.1 to prove Proposition 3.1.

Step 1. Scaling. The the initial data in Proposition 3.1 satisfies

(4.7) Ivollzs + llpollzs + llollm2 < R.
By scaling
v(t,z) =v(Tt,Tx), pt,x)=p(Tt,Tz), w(t,z)=w(TtTx),

we get

%0l g7 + Poll gr- < RT*7,

[ oll g2 < RT.
Let €3 be stated in (1.24). Choose sufficiently small T such that

RT* ! < es.
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We then derive that
[P0l 7= + 1Poll gr= + [I0ll 2 < €s.

The above homogeneous norm is not enough for us to use Proposition 4.1. We then
need to reduce the data in a further step.

Step 2. Localization. Let ¢ be the largest speed of propagation of (3.2). Set
X be a smooth function supported in B(0, ¢+ 2), and which equals 1 in B(0,c+ 1).
For any given y € R?, we define the localized initial data near y:

vi = x(@ =) (vo —vo(y)),

(@ =) (po = po(y)) -
Then the initial specific vorticity should be given by

— 5~ 1,—08 y
=p e Pocurlvy.

Since s € (,2], it is not difficult for us to verify

(4.8) 1v8, po) ez + lwg Lz < 1Ivo, poll g« + llwoll g2 S €s.
Step 3. Using Proposition 4.1. By Proposition 4.1, there is a smooth
solution (v¥, p¥, @¥) on [—1, 1] x R? satisfying the following Cauchy problem
Oyv° = —lialeP 29w + Q' + E*,
Dgp = D7
(4.9) Tw = 0.
(V7 12 w)|t:0 = (Vg7 pgu wg)u

(Orv,01p) |0 = (—V§ - Vv + 2V pY, —vl - Vp§ — divvy),

where Q', E' and D are stated as (2.3). As a result, v¥ 4+ vo(y), p¥ + po(y), @? also
solves (4.9), and its initial data coincides with (v, po, @) in B(y, ¢+ 1). Besides,
the Strichartz estimate

(4.10) ldv’, dpllsp < €.
also holds. Consider the restriction, for y € R?,

(v' +vo®)) kv, (Y 4+ po(y)) kv, @[k,
where
Vi={(t,x):ct+ |z —y| <c+1,]t| < 1}.

Then this restrictions solve (4.9) on KY. By finite speed of propagation and the
uniqueness of solutions of (3.2), a smooth solution (v,p,w) satisfying (3.2) in
[—1,1] x R? could be set by

v(t,x) =v¥(t, ) +vo(y), (t )€K,
p(t,x) = p’(t,x) + poly), (t,x) € KY,
@(t,x) = w’(t, ), (t,z) € KY.
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For the problem (3.2) is equivalent with (1.16), using Theorem 2.10, we have for
te[-1,1]

(v D)l + 1wl 2z + 11(8ev, Bep) || gz + [10rw0 | 1y
=0 0 mg + leo? |l 1z + 110w, 0ep?) | g1 + [10r0” || 112

(4.11) t
<C (1v8, k)l 1z + gl r2) exp{/o (14 [|dv¥, dpY|| = )*d7}

<M.
By (4.10), we can directly get
(4.12) v, dpll sz < Clav?, dp|l o < M.

It remains for us to prove (3.6) and (3.7). Let the cartesian grid 27272 be in R2,
and a corresponding smooth partition of unity be

> -y =1,
ye2~372
such that the function v is supported in the unit ball. Consider the solution f¥ for
(4.13) { Hav /7 =10,
fYi=0 =¥ — ) fo, Orf¥|t=0 = Y(z —y)f1,
where g¥ has the same formulation as in (1.4) with the velocity v¥ and p¥. Thus,
(4.14) ¢y =g, (t,z)eK".
By finite speed of propagation, for (¢,z) € KY, we can conclude that
fr=1r (to).
Write f as
Flt2) = 5,y bl — )P ),
Using (4.5) and (4.6), for k < r — 3, we could get
1O e <C 3 e 1) O (@ b)ds,
ye2~372
(4.15) <C Z Il (z —y)(fo, f) | b s
ye2"372
S Cfos Fll e e

and
(4.16)
Il fllLgerrs + ||atf||Lg°H;*1 <C Z (lv(z —y) fo(¢, lﬂ)HLgOH;*l + [[¢(z - y)atfy”L,?OH;*l)
ye2~372
SHCfos SOl xr-1,

Therefore, by (4.11), (4.12), (4.15), and (4.16), we have finished the proof of Propo-
sition 4.1. O
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5. A BOOTSTRAP ARGUMENT

Let m®” be a standard Minkowski metric satisfying
m” =-1, mY=6Y, ij=12
Taking v =0 and p = 0 in g, the inverse matrix of the metric g is

-1 0 0
gl O)y=| 0 c0) o0

S

0 0 20

By a linear change of coordinates which preserves dt, we may assume that ¢®%(0) =
m®?. Let y be a smooth cut-off function supported in the region B(0,3 + 2¢) x
[—3, 3], which equals to 1 in the region B(0,2 + 2¢) x [—1,1]. Set
(5.1) g = x(t z)(g — 9(0)) + 9(0),
where g is denoted in (1.4). Consider the following Cauchy problem

Ogv’ = —[ialePc?d"w + Q' + E7,

Dgp = D7
(5.2) Tw = 0.

(V, 12 w)'tZO = (V07 Lo, wo)a

((%v, 8tp)|t:0 = (—VO . VVO + Cgvpo, —Vo - Vpo - diVV())7
where, g is defined in (5.1). We denote by H the family of smooth solutions (v, p, @)
o (5.2) for t € [—2,2], with initial data (vg, po, wo) supported in B(0, 2+ ¢), where

1

wo =p e Pcurlvy,

and for which

(5.3) [vollzrs + llpoll s + [[@ol[ 2 < es,

(5.4)

(v, D)llLgemrz + 106, Oep)| oo ra—r + @l Loz + 0rw@ || Lgemrr + lldv, dpl| pacs < 2eo.
Then, the bootstrap argument can be stated as follows:

Proposition 5.1. Let (1.24) hold. Then there is a continuous functional G : H —
R*, satisfying G(0) = 0, so that for each (v, p,@) € H satisfying G(v, p) < 2¢; the
following hold:

(1) The function (v, p,w) satisfies

(5.5) G(v,p) < e
(2) The following estimate holds,
(5.6)

1V, D)otz + 100, 00} e g1 + [z + 1100 oy + v, dpl s < e

(3) For1 <r < s+1, the equation (3.5) endowed with the metric g is well-posed
in H" x H™~'. Moreover, the following estimates

3
(5.7) 140)" Fllzere < M follar + I fallr—rs k<=3,
and
(5.8) £l g + 10 f Lo+ S Wollar + Iz

hold.
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proof of Proposition 4.1 by Proposition 5.1. The initial data in Proposition 4.1 sat-
isfies

[vollzrs + llpoll s + 1ol 2 < €.
We denote by A the subset of those v € [0, 1] such that the equation (5.2) admits
a smooth solution u” having the initial data

v7(0) =vyvy,
p7(0) =vpo,
@y (0) =pe=" Ocurlvy,
and such that G(v7,p") <€ and (5.6) hold.
If v = 0, then

(v, p",@")(t,x) = (0,0,0).
is a smooth solution of 5.2 with initial data
(v, p",w")(0,2) = (0,0,0).
Thus, the set A is not empty. If we can prove that A = [0,1], then 1 € A. As a
result, the Proposition 4.1 holds. It suffices for us to prove that A is both open and
closed in [0, 1].
(1) Ais open. Let v € A. Then (v7, p7,w?) is a smooth solution to (5.2), where
@) = pe~" curlv?.
Let 3 be close to . By the continuity of G, it follows that
G(Vﬁapﬁ) S 2617
and also (5.4) holds. Using Proposition 5.1, we have
G(Vﬁapﬁ) S €1,

and (5.6). Thus, we have showed that 5 € A.
(2) A is closed. Let v, € A,k € NT and limy_ oo v = 7. Then there exists a
sequence {(v, p7k wY )} e+ is smooth solutions to (5.2) and

1%, 0™l 1 + 1@V, Drp ™) | e g
@™ g mz + 0™ Lo m + |V, dp™ || acs < €.
Then there exists some subsequence such that there is a limit (v7, p7, w?) satisfying
IV P g g +11(0ev Y, 007 ) oo a2 @ | Lgo 2 + 10 || Lge iy + AV, dp™ || Lacs < €2,

and G(v,p) < €. Therefore, v € A. We could conclude that A = [0,1]. So we
complete the proof of Proposition 4.1.
O

6. REGULARITY OF THE CHARACTERISTIC HYPERSURFACE

Recalling Proposition 5.1, the Strichartz estimate (5.7) plays a crucial role and
it is a class of Fourier restriction estimate [47]. So we need to find a background
hypersurface to work. In this section, we will define the characteristic hypersurface
and discuss it’s regularity.

Let (v,p,w) € H, and the corresponding metric g which equals the Minkowski
metric for ¢ € [—1, —3]. Let T'y be the flowout of this section under the Hamiltonian
flow of g. For each 6, the null Lagrangian manifold I'y is the graph of a null covector

field given by drg, where 7¢ is a smooth extension of 8- x —t, and that the level sets
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of rg are small perturbations of the level sets of the function 6 - x — ¢ in a certain
norm captured by G. We also let £y, for r € R denote the level sets of r9. The
characteristic hypersurface ¥, is thus the flow out of the set § - x = r — 2 along
with the null geodesic flow in the direction 6 at t = —1.

Let us introduce an orthonormal set of coordinates on R? by setting zg = 6 - x.
Let zj be given orthonormal coordinates on the hyperplane perpendicular to 6,
which then define coordinates on R? by projection along 6. Then (t,z)) induces
the coordinate on ¥¢ ,, where ¥g , is given by

EG,T = {(t,fb) Ty — ¢9,’I" = 0}

for a smooth function ¢g (¢, zj). We now introduce two norms for functions defined
on [—1,1] x R?,

lulloco = sup  sup (|0fult,-)||m2-s(z2),
~1<1<10<5<1

1 : 1
lellze = (sup [ 107t ooy t)
SIS -

The same notation applies for functions defined on [—1,1] x R2. Denote

A ll2,2,50, =l f 1,0 ll2,2:

where the right-hand side is the norm of the restriction of f to X ,, taken over the
(t, z) variables used to parametrise Xg . Besides, the notation

Il e (0.,

denotes the H~!(R) norm of f restricted to the time ¢ slice of ¥y, using the zj,
coordinates on X .
We now set

(6.1) G(v,p) = Sup ldge,r — dt[]l2,2,5,., -

Proposition 6.1. Let (v,p,w) € H so that G(v, p) < 2¢1. Then
(6.2)  [lg*” —m*llazx,, + IM& - &3"),dg3” A 0dgy I,z
Proposition 6.2. Let (v,p,w) € H so that G(v, p) < 2¢1. Then

< €9.

~

(6.3) G(v,p) S

Furthermore, for each t, we have

(6.4) l[d¢o,r(t,) — dtlcrs S €2+ sup [|dg(t, )l s (re)-
- i

6.1. Energy estimates on the characteristic hypersurface. Let (v, p,w) €
‘H. Then the following estimates hold:

(6.5) ldv, dpllrscs + IV, plls.co + ll@ll2.00 < €2

It suffices for us to prove Proposition 6.1 and Proposition 6.2 for § = (0,1) and
r = 0. We fix this choice, and suppress 6 and r in our notation. We use (z2,2’)
instead of (zg,2}). Then X is defined by

Y= {2 — ¢(t,2) = 0}.
The hypothesis G < 2¢; implies that
(6.6) lldeo.r(t, ) — dtfls,22 < 26
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According to Sobolev imbeddings, the following estimate holds:

(6.7) 1o (¢, 2") = dtll pace + [10:de(t @)l cs, S €1
Lemma 6.3. [41] Assume s € (£,2]. Let h(t,z) = h(t,a’,xo + ¢(t,2')). Then we
have
alls,co S Malls.cos  Ndhllspoe S lldh]pares,
and
IRllzs < MRllme, 0 <a<2.
Proof. O

Lemma 6.4. [41] For r > 1 we have
1B f 2,5 < Mallr2,sf 2,5

Lemma 6.5. Assume s € (%, 2]. Suppose U to satisfy the hyperbolic system

2
(6.8) A(U)U, + ) Ai(U)U,, =F.
i=1
Then
(69 I S Ul (1400 sers + IOl a + 1Fll gz ) -

Proof. Choosing the change of coordinates zo — x5 — ¢(t, 2’) and setting U(t, z) =

U(t, o', za+¢(t,2")), F(t,z) = F(t,2', z2+¢(t, 2')), the system (6.8) is transformed
to
(6.10)

2
Ap(U)8,U + A1(0)0:, U + A42(0)0,, U = —8,69,U — Y A;(U)0,,¢0,U + F.

i=0
Multiplying U on (6.10) and integrating it by parts on [—1,1] x R2, we get
IO 2.5 S 14Ul L3 1< | Ollzz + 1 Ullz2 [ Fll £y 2

where we use the fact that ¢ is independent of x2. Using Lemma 6.3, (6.6), and
(6.7), we may bound the above expression by

(6.11) U113 2.5 S 1Ulzz2z (14U Lsnse + I nerz + 1Pz ) -

Taking the derivative of Af,, |3] = s on (6.10) and integrating it on [—1,1] x R?,
we could arrive at the bound

(612)  [AZ0)2, < 10 112 SOl 12 + AT o 2 |ASF 3z + 1.

where

2
I=-3 /[ AD (Ai(0)0,,00,0) - AL, Udwdr.
=0

—1,1]xR2
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Rewrite I as

I:—Z/

(Afj, (Ai(0)8,,$0,0) — Ai(ﬂ)am¢8i82Af,I~J) - AP, Udxdr
o /- 1,1]xR2

2

i=0 [—1,1]xR2
= Il + 127
where
2 -~ ~ ~
Li=Y / (A2, A;(0)9;¢9,]U - A2, Udadr,
i—0 Y [-1,1]xR?
2 i ~ -~
I = Z/ Ai(U)0z, 902 (Af/U) . Af/Udade.
i=0 [—1,1]xR2

By commutator estimates, we get
(6.13)

PEIDS (||ABU||L50L§||5d¢||L$Lgo + S(;lp ||A§’d¢||L2(Ee,T)||dU||L?L;°) ) ||AﬂU||L§L§
and
6.14)  |L| S (140|202 106l 1220 + 1Ol 250 10°¢l| 1220 ) - AU Ze s
Due to (6.13), (6.14), Lemma 6.3, (6.6) and (6.7), we obtain
6.15) AL U o0 S 1Ulsgoms (140 gz + O lnge + 1Ty ) -

Using Ap(U)0,U = —A;(U)U,, — A2(U)U,, and Lemma 6.7, we can easily carry
out

197012105 S IR 1o sHOUNIZ 1 25
< WUl (10U sz + N0zt + 1Byt )

Therefore, we can conclude the proof of Lemma 6.5 by using (6.11), (6.15), and
(6.16). O

(6.16)

Based on Lemma 6.5, we get

Corollary 6.6. Let (v,p,w) € H. Then

(6.17) v, plls 2. < €

Lemma 6.7. Suppose f to satisfy the linear equation

(6.18) Tf=G.

Then

(6.19) A0S 2.5 S NGHLzeallfllee + 10V Lsree 1 f Il Lgorz-
If w € H satisfies

(6.20) Tw =0,

then we have

(6.21) lwwllo2s < e
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Proof. Choosing the change of coordinates zo — x2 — ¢(¢, '), then the equation
(6.18) is transformed to
Wf+v -Vf=G—0¢- 02f — 0900 f.
Taking the inner product with f on [—1,1] x R2, it gives
(6.22) 1£172 S NG L2me I fllee +10vILiell ez + I+ I,
where

1
I = _/ o - Oof - fdadr,

—1JR
1

I =— / / 70,00 f - fdadr.
-1 Rz

For ¢ is independent of o, we have

1
(6.23) I = —/ D20y - | f|?dxdr = 0,
-1 R2

and
1.t . .
|Iz|=§\/ / 820°0;¢ - | f|* dadr|
71 ]R2

S ||3V||L;%Lgo||f||2Lg||8¢||L§Lgo-

Using (6.33), we get

(6.24) 1| S ellovlinyre 1172 < oVl fIZz-
By (6.22), (6.23), and (6.24), we can obtain (6.19). If G = 0, using (6.19), we can
conclude (6.21). O

Lemma 6.8. Let (v,p,w) € H. Let s € (£,2]. Then we have
(6.25) lIlls 2. + llwllzes + 10*@llo2x + 0wl 2z < e

Proof. The proof is separated into several steps.
Step 1: ||0w]]o,2,5- Recall

TOw = Jvdw.
By changing coordinates zo — x2 — ¢(t, '), we have
(Oh + 01002) 0w + '+ (8; + 01¢02) 0 = (D + Do)V - (9 + DpDs) 5,

where * denotes the function under new coordinates. Multiplying 9 on the above
equation, we derive that

101525 < Nldvliparee 1+ lldol L, ) 10wl 2 < €5

Taking square of the above expression, we conclude that

(6.26) 10w llo,2.2 < €2
Step 2: [[|0?@||o.2.x. We find Aw satisfying
(6.27) T(Aw — 0pdw) = R,

where R is defined in (6.43). Denote the operator P;; by
(6.28) Pi;j =05 (—A)"\
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Then

(6.29) Oyw=PyAw, i,j=1,2.

Operating P;; on (6.27), we then get

(6.30) T {P;j(Aw — 9pdw)} = Pi; R+ [P, T](Aw — dpdw).
Inserting (6.29) into (6.30), we have

(6.31) T (8;,@ — Pi;(9p0w)) = K.

Above, we define
(6.32) K=P;;R+ [Pij, T](Aw — 8p8w).

Choosing the change of coordinates o — xo — ¢(t, ') and setting @(t, z’, x2) =
w(t, 1,22 — ¢(t,2')), then the term 97w is transformed to
077 — 070yt — ;03,50 — 0,003, % + 0;00;¢05, % + 0,003, $02%0.
Under the change of coordinates, we see the term P;;(0pdw) and K as a whole
part,i.e,
[Pij(0p0w)] = [Pij(0p0w)] (t, 21, 22 — $(t,27)),

K = K(ta Ty, T2 — ¢(t5 I/))a
As a result, the left side of (6.31) becomes

e~

T (02& — 02,6005 — 0,008, — 0:00%,& + 0:00; 008, + 0i603,002% — [Pi;(9p0)] )
where _ _
T = (0¢ + 0:p02) + 0°(0; + 0;902).

Organizing it in order, the expression of (6.27) could be
(6.33) (8; + 9'0;) B + (8yp + ©'0;0)02 B = K,
where

) B :=0}@ — 07,0000 — 0;¢05,% — 0;003,%
(6.34 g

+ 80,0003, + 0,003,025 — [Py (0pdw)].

If we set
(6.35) B = 8},@w — Pi;(9p0w),
then B is transformed to B under changing of coordinates zo — x — ¢(t,z').
Multiplying B on (6.33) and integrating it on [—1, 1] x R?, one has

1B < | / 1 / K - Bdadr| + ||dvl| s | B2
(6.36) o
+|/_1 /Rz(étqﬂ—{)i ;)82 B - Bdadr|.

On the left side, we see that

(6.37) 1Bl Z2s) = 1Blslp222, (5) = IBIE 2.5-

Let us estimate the right hand of (6.36) as follows. By using Lemma 6.3, we have
(6.38) 18122 < IBlZ:-



TWO-DIMENSIONAL COMPRESSIBLE EULER EQUATIONS 29

By Holder’s inequality and ¢ independent with x5, we arrive at the bound
1 1
[ [ @+ 500005 Basdr| = | [ [ 0010+ 50.0)|B o
-1 JRr2 -1 JRr2

1
(6.39) —| / / 1057 - 10,6]| B dadr]
_1 Rz

< ||5V||L§Lg°||5¢||Lg°Lg°||B||L§°Lg
<0vllLieell0@l e ree | Bl Loerz -

We note that there is a Riesz operator in K, we then pull the coordinate back by
the transform xs — ¢(¢,2’) — x2. Then, we have

1
| / K - Bdadr|
-1 R2

KN izl Bllzgrs-

1
| / & - Bdudr]
(6.40) —1JRr2

IN

Combining (6.36)-(6.39) yields

IBIIE 2.2 S N0Vl 100 g ree 1Bl e rz +dvilLipoe 1Bl 72 + 11 K | 2 | Bll e 2.
By (5.4) and (6.7), we have

(6.41) B3 2,5 < €+ 1K lliz2 1Bllogrz-

It remains for us to bound [[K||1172. Recalling (6.32), we can obtain

(6.42) [Klrrz < Py Rl iz + [I[Pij, T/ (Aw — 9pdw) | i1z

Using P;;, a Riesz operator, we can show that by Holder’s inequality

(6.43)
IPijRllpice S IRl Liz2

IS ||3V||L;%Lg°||3p||L;?°L§ + ||ep||L;?°Lg°(||3P||L;%Lgo||w||L:°Lg + ||3w||L}Lg)

+ ||3V||L;%Lg°||82w||L;?°Lg + ||3V||L;%Lg;°||3P||L;?°Lg||8w||Lg°Lg

< (10v.0pllaree + 10VILare<10pllLaree ) 1@l Lo mz + ol oo mrs)
< 6.
By Lemma 2.6, we see that
(6.44) [[Psj, T)(Aw — 9p0w)||pir2 < |0V Lics||Aw — Opdw||peerz -
On the other hand, by using (5.4), we have

|Aw — 0pOw| 212 < [[Aw|[L2r2 + [|0p0w| L2z
(6.45) < |@llemz + 10pl Laree 0@ o2

< e+ e% < €.

Substituting (6.45) to (6.44) and using (5.4), we could get the bound
(6.46) [|[Pij, T|(Aw — 0pdw)| 1112 S €2
Adding (6.46) and (6.43), one has
(6.47) [K[irz < IPijRllLizz + [|[Pij, T (Aw — 0p0w)|| L1z S €2,
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which when inserted into (6.41) yields the inequality
(6.48) IBIIG 2,5 < €5 + €2l Bllpger2-
Recalling (6.35) and using (5.4), we have
IBllzerz < [10*@ — Pij(0p0w)l| Lo r2
< N0*@ | Loz + [Pij (0p0w) | e 12
< ||0*@|peor2 + 10p0w|| oo 12
S @l nz (L4 110pl Lo yz—1) S €2,
which combing with (6.48) give us
(6.49) 1Bllo,2,x < e
Using (6.35) again, we derive that
(6.50) I1Bllo,2,z = [10*@ — Py;(9pdw)lo,2,%
> [10°®]lo,2,2 = [[Ps(8pdw)lllo,2,5-

It remains for us to estimate [|P;;(0p0w)||o,2,5. For the 1—codimension of ¥ in
R* x R2, by Sobolev imbedding, we have

IPi;(0p0w)lllg 5 5. = IIPij(Op0@)l| 212,

051 < [Py (@p0)l gy 0> 3,
< ||5P5w||L§Hg
< 0ol 2z 10wl L2mr S €.
Combining (6.50) and (6.51), we derive
(6.52) 0% g 2.5 < 10*@llg 2.5 + IPi;(9p0) g 2.5
Step 3: ||0w||1,2,5. We also note
00w + v - Vow = 0v - Ow.
By (6.54) and Sobolev imbedding, we see that

10:0w|lo,2,5 < [[v - VOw(lo,2,5 + [0V - 00,2,

< €9.

~

1
< IVlieg lo*@loom + 10V - 0l iz, a> 3,

< Vllzz ms 0% @llo,2,s + 110V oo g1 10| Lo 11

(6.53)

S €9.
For any function f, the term J,/ f can be calculated by
az’f = Vf . (de))Ta

where * denotes the function expressed in the new coordinates and f (t,x) = f(t, o', xa+
o(t,z")). We then have

102 flllo.2.2 < (1 + [[ddl L= IO llo.2.5-
Based on this fact, we can deduce
(6.54) 1020w llo.2.5 < (1 +[|dgl| L= )[0(0@)lo25 < (1 +e1)ea S 2.
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Gathering (6.26), (6.54), and (6.53), we get
(6.55) 10w ll1,2,5 < €2
Step 4: ||w|||z2,2,5- Note
Tw = 0.
By changing of coordinates xo — x2 — ¢(t,2’), we can get
(0r + 0;pa) T + 0'(8; + ;Do) = 0.

Multiplying W and integrating it on the whole space-time, we have

112 5.5 < dvilapee (1 + Nl Mliolie e S €,

which when taken square yields

(6.56) o,z < e
By using
(6.57) Op = V- (1,dp)",

we thus have
0% = 0 (Vw) - (1,dp)T + Vi - (0,0,dp)T.

Combining (6.7), (6.26), (6.54), and (6.59), we see that
107 @ o2,z < 102 (Vo) llo,2,2lI(1, dd) " |zze ,
+ ||Vw||L;?°L§/(E)|||(0a 3z'd¢)T|||L§L;?(E)

(6.58) S €261 + ||w||LmHg (2)”|(0’ az/d(b)T'”L?Li‘?(E)
t x!
S @6+ ||@llz.2.5(lde — dill 2 a:, s
< ezer + e[ @22,

Above, we use the trace theorem

(6.59) gl < lwllz.2,5-

LEHE ()
Operating 9; on (6.57), we get
18:02 o2, < 18:(Ve)lllo,2, - (1, de) [l e,

+ ||VW||L;>°L§,(2) : |||(078td¢)T|”LfL;‘3(Z)

T
(6.60) S €261+ Hw”Lthf,(z) €0, 0z de) "Ml s £ ()
S @6+ |[@llzes - 1100, 00de) "l s Los (v
S 61 +e|olz,2,s-

Adding (6.58), (6.56), and (6.60) can give us
llwllz,2s < €261 + exf|wl2,2,=-
For ¢; is sufficiently small, we can see
(6.61) l[@ll22.2 < €261 S e
By using s € (Z,2], we have

(6.62) lIewlls.2.2 < flwll22.s < €-

31
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Combining (6.54), (6.55), (6.62), and (6.62), we complete the proof of Lemma
6.8. O

Lemma 6.9. Let U be stated in Lemma 6.5. Then
(6.63)  [[2/(U — P;U),dS,U,277ddS;U||s-1,22 S |Ullpgms + [dU| sz

Proof. Let P be a standard multiplier of order 0 on R?, such that P is additionally
bounded on L°(R?). Clearly,

2
Ao(U)(PU); + A1(U)(PU)y, + A2(U)(PU),, = - Y [P, 4,(U))0,, U,
i=0
By Lemma 6.5, this implies that
(6.64) IPUls.2.2 S AUl psree + [ Ullzgmg + 1Fll L1 g1

To control the norm of 2/(U — P;U), we write
(U - PjU) Z O P U

where Py, satisfies the above conditions for P. Using (6.64), we get
12U = PU)ls-1.2.2 S [UllLger; + 1dU| 3 oo -
Finally, applying (6.64) to P = S; and P = 27795, can give us
1dS;Ulls-1.2.5 + 1277d0S; Ullls—12.5 S 1 Ullzgomrz + AU papze.-

Therefore, the proof of Lemma 6.9 is completed. O

As a direct corollary, we can see

Lemma 6.10. Let (v,p,w) € H and J = (v,p)T. Then

(6.65) [I27(J — P;J),dS;3,277d0S;||s-12,5 S IV, pllrsems + lldv,dpllpapee S eo
We are now ready to give a proof of Proposition 6.1.

proof of Proposition 6.1. For (v,p,w) € H, then (v, p,w) is the solution of (5.2).
Using Lemma 6.10, it suffices for us to verify that

llg*” — m?||s25,, Se

~

By Corollary 6.6, one has

sup [Vl 2.5, + sup loll 2, S ez

7T 7T

Using the expression of g, and using Lemma 6.7, we arrive at the bound

lg®” —m*lls2z,, S WVlls2zo, + V- Vils2z,, + (o) = EO)ls25.,
S €9.

Consequently, the conclusion of Proposition 6.1 holds. O
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6.2. The null frame. We introduce a null frame along ¥ as follows. Let
V = (dr)",

where r is the defining function of the foliation X, and where * denotes the iden-
tification of covectors and vectors induced by g. Then V is the null geodesic flow
field tangent to ¥. Let

(6.66) o =dt(V), l=0"'V.

Thus [ is the g-normal field to ¥ normalized so that dt(l) = 1, hence
(6.67) I = (dt, dzy — de); " (dzy — dg)” .

So the coefficients 17 are smooth functions of v, p and d¢. Conversely,
(6.68) dry — dop = (1,00,)5 1",

so that d¢ is a smooth function of v, p and the coefficients of [.

Next, we introduce the vector fields e; tangent to the fixed-time slice ¥ of ¥.
We do this by applying Grahm-Schmidt orthogonalization in the metric g to the
Yt-tangent vector fields 0y, + Oz, ¢Os,.

Finally, we let

L=1+420;.
It follows that {I,l,e;} form a null frame in the sense that
<la£>g:27 <617€1>g:15

(L0 = LDy =0, (Le, = (Ler)y =0.

The coefficient of each of the fields is a smooth function of (v, p) and d¢, and by
assumption, we also have the pointwise bound

lex = 0oy [ + 11 = (0 + O, + |1 = (=0: + 8a,)| S €1

After that, we can state the following lemma concerning the decomposition of the
Ricci curvature tensor.

Corollary 6.11. Let R be the Riemann curvature tensor of the metric g. Let
eg=1. Then

(6.69) Ry =1U(f2) + f1,
where | f1] < [0w] + |dgl*, |f2| < |dg],

(6.70) ||f2HL§H;71(z) + HleLgH;,*l(z) S €2,
and for any t € [0, T,
(6.71) 1F2(t; les, (st S lldglles @e)-

Proof. By using the remarkable decomposition in Klainerman-Rodianiski [26], we
have

1
Ry =1(f2) - jalﬁDggaﬂ + H,
where |H| < |dg|? and
1
2 =1g"%0s80 — Ego‘ﬁl(gag).
According to (2.2), we derive that
1l S 10w + |dgl. | fo| < |dg-
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Due to Lemma 6.5 and Lemma 6.7, we get
||f2||L§H;71(z) + ||f1||LgH;71(z) S €.

It’s clear that the estimate (6.71) can be obtained directly from Sobolev embed-
dings. Thus, the proof is completed. ([

6.3. The estimate of connection coefficients. Define
1
X = (De,l,e1)g l(ln0)=§<DlLl>g.

For o, we set the initial data ¢ = 1 at the time —2. Thanks to Proposition 6.1, we
have

(6.72) ||X||L§H;71(2) + ||l(1n0)||L§H;‘71(2) S e

In a similar way, if we expand [ = [?*@, in the tangent frame 0;,d,s on X, then
(6.73) =1, [[I"s-125 S e

Lemma 6.12. Let x be defined as before. Then

(6.74) ||X||L§H;71(z) < €.

Furthermore, for any t € [0,T],

(6.75) Ixlles, 50 < €2+ lldgllcsre)-

Proof. The famous transport equation for y along null hypersurfaces (see references
[25] and [41]) can be described as

1(x) = (R(l,e1)l e1)g — x* = I(Ino)x.

Due to Corollary 6.11, we write the above equation as

(6.76) l(x = f2) = fi —x* = l(lno)x,
where
(6.77) ol a1y + L llpime 1 (m) S €2

and for any t € [0,7],

(6.78) 1F2(t; les, sty < lldglles @e)-

Let A be the fractional derivative operator in the ' variables. We thus have
or O ez S A0 )l

+ A (fL = x* = l(lno)x) ||L§L§/(2t)-

A direct calculation shows that
(6.80)

1A (fr = x* = U0 o)x) [lz1zz, (=) S illpeme 1o + ||X||2Lstfl(E‘)
Fxll 2 pre 1 ey - 0O 2 o1 (520

where we use the fact that H2 '(3!) is an algebra.
We next bound

”[As_la l](X - f2)HLi,(Zf) < ”@ala(x - f2)(t7 ')”Hijl(zt)
AP0, 1910 = f2) (&)l 22, (0)-
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By Kato-Ponce commutator estimate and Sobolev embeddings, the above could be
bounded by

(6.81) ||ll(ta')IIH;,fl(zt)HAS*l(X— fz)(ta')HLi,(Et)-

Gathering (6.72), (6.73), (6.77), (6.79), (6.80), and (6.81) together, we thus prove
that

Sl:p 1(x = f2)(¢, ')HHifl(zt) S €.
From (6.76), we can see
652 - follos, S Willoses, + I nses, + o)l s,

Using the Sobolev imbedding H'(R) < C°(R) and Gronwall’s inequality, we can
derive that

Ixlles, 50 S €2+ lldgllcsw2)-

6.4. The proof of Proposition 6.2. We first recall that
G(v,p) = lldg(t, 2") — dt||s.2,5-

Using (6.68) and the estimate of ||g —m||s,2,» in Proposition 6.1, then the estimate
(6.3) follows from the bound

7= (0 = Oz:)lls 22 S €2,

where it is understood that one takes the norm of the coefficients of | — (9, — 9y,)
in the standard frame on R?*!. The geodesic equation, together with the bound
for Christoffel symbols [|I'g, [[Laze < [|dgl[Laze < €2, imply that

11— (0 = On, )l 3=, S €2,

tx "

so it suffices to bound the tangential derivatives of the coefficients of I — (9; — 0y,)
in the norm L?H?,!(¥). By Proposition 6.1, we can estimate Christoffel symbols

||ng||L$H;71(2t) S €2
Note that H? !(¥?) is a algebra. We then have
T 1N oot () S €2
We are now in a position to establish the following bound,
[ (De, !, e1) ||L§H;71(2t) + 11 (De, 1, 1) ||L§H;71(2t) + [ {(Dul, D) ||L§H;71(gt) < e

The first term is y, which has estimated in Lemma 6.12. For the second term,
noting
<De1lvl> = <De1lv 2at> =2 <Delatal> )

then it can be bounded by using Proposition 6.1. Similarly, we can control the last
term by proposition 6.1. It remains for us to show that

do(t,2') = dt] s gy S 2 + gt )losie.
To do that, it suffices to establish
06 ) = @1 = Do)l sy S €2+ 1t Ve
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The coefficients of e; are small in O, (3?) perturbations of their constant-coefficient
analogs, so it suffices to show that

[ {De,le1) (t )l es, sy + ([ {Der D) (&)l es, 50y S €2+ [|dg(E, )l cs )
Above, the first term is bounded by Lemma 6.12, and the second by using
[ {(Dey0c, 1) (8 )| o5, sy S Mg (ts )l s re)-

Consequently, we complete the proof of Proposition 6.2.

7. PROOF OF PROPOSITION 5.1 AND CONTINUOUS DEPENDENCE

7.1. Proof of Proposition 5.1. To prove Proposition 5.1, let us first give a type of
Stricharz estimates. In the above sections, we obtain characteristic energy estimates
of solutions and get enough regularity of hypersurfaces. By using the result of Smith
and Tataru([41], Proposition 7.1, page 36), we can directly obtain the following

Proposition 7.1. Suppose that (v, p,w) € H and G(v,p) < 2€;. Forl <r < s+1,
then the linear equation Ogf = 0 is well-posed with the initial data in H™ x H™~!.
Moreover, the following estimates

k 3
140)" Flleere S Wollar + N fuller-r, k<=7,

and
[l by + 110ef | Lo gz S I follar + I fallgr—1,
hold.

Proposition 7.2. Suppose that (v,p,w) € H and G(v,p) < 2¢1. Then (v,p) of
(5.2) satisfies the Strichartz estimate

(7.1) ldv, dpl[Lscs < €2
Proof. Note (5.2). Using Duhamel’s principle, we can get
ldv,dpllrics < CU10@| L1 gs—r + QI L1 pgz—1 + 1Bl L3 gz + Dl grz—1)
< 4C||aw||L;?°H; +C1 - (—1)]%||dv, dP”L;*LgO |dv, dPHL;wH;*l
< Clllpollas + [vollrs + [9wol|12) exp (1 + [ldv, dpl| s z.)*
< Cez < €3,

where we use (5.3) and Lemma 6.5. O

Proof of Proposition 5.1. By using Proposition 6.2, we know that (5.5) holds. By
using Proposition 7.1, we obtain (5.7) and (5.8). Using (2.10) and (7.1), we have

(v, o)l Loe s + ||(3tv,8tp)||L?oH;71 + |l pee 2 + (|0 Loo
1

(712)  <ea(l+d)exp( / +ef)
SEQ.

The estimate (7.2) combining (7.1) can yield (5.6). Therefore, we complete the
proof of Proposition 5.1. O
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7.2. Continuous dependence. We will discuss the continuous dependence by
referring Ifrim-Tataru’s paper [20].

Corollary 7.3 (Continuous dependence on data). If (vo;, poj, @o;) is a sequence
of initial data converging to (vo, po, o) in space H® x H® x H?, then the associated
solutions (vj, p;j,w;) of (5.2) converge uniformly to (v,p,w) on [0,T] in € HS X
H x H2. Moreover,

1(v; =V)Ollmz + (05 = L) D1z + || (= — @) (0] a2

7.3
(7:3) Slivos = vollas + llpoj — pollas + llwo; — @oll a2

Before we prove it, let us introduce a frequency envelope in [20, 48].

Definition 7.1. We say that {c;}rent € 2 is a frequency envelope for a function
fin H® if we have the following two properties:
(1) Energy bound:

(7.4) [P fll e S cx,
(2) Slowly varying:
(7.5) Gk < 98lizkl j ke NT.
Cj
We call such envelopes sharp, if

F 17 = D e

k>0

proof of Corollary 7.3. We divide the proof into three steps.
Step 1: the convergence in a weaker space. By using Theorem 2.11, it yields

[(vi = v,p5 = p)(t, M g1 + (@ — @) (& )l S 1(Voj — Vo, poj — po)llms + llwoj — @ol| e
Taking j — oo, we obtain
lim (v, pj) — (v,p) in HE ™1, lim w; — @ in H;.
Jj—oo Jj—o0
By interpolation formula, we then have
s—o 1+o0—s

1(vi=v,pi=p)llag SINvi=v, 0= 2 (Vi =vopj=p)l” ", s—1<0 <s.

and
2 —

-1
s — @l oy — w57 s — @z, 1<y <2

As a result, we get
lim (v;,p;) = (v,p) in H], 0<o0<s,
j—o0
and
lim w; 2w in H], 0<y<2.
j—o0
Step 2: the construction of smooth solutions. Consider the initial data vy =
(v§,v3) and py € H®. We set Uy = (v},v3,p0). By [20], there exists a sharp
frequency envelope for v$,vZ, and p respectively. Let {c,(;)}kzo(i = 1,2,3) be a

sharp frequency envelope for v, v3, po in H*. Set Cj, = (cg), cgf), cgf)). We choose
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a family of regularizations U}l = (vi,v3", pl) € H> = N H* at frequencies

< 2" where h is a dyadic frequency parameter. Denote

h _ —1_—ph h
o =p e Pocurlvy.

Then we have wh € H®. At the same time, there exists a sharp frequency for wl,

we record it {c,(:l)} k>0- Also, the function vi", v3", pl, wh, and @ has the following

properties:
(i) uniform bounds

1P | S ei= 1,2, |Pesbllae S ¢y IPvpllne S s
(ii) high frequency bounds
gt llmrers S 2000 = 1,2, pflmess S 20, Nlwf e S 27,
(iii) difference bounds

o™ = vl S27 e, = 1,2

) 3

_ 3 — 4
ot = plllce S 270, it — whllLe S 2720,
(iv) limit
Uo = lim U}  in H®,
7.6
(7.6) wy = hm wg in H.
h—o00

Taking the smooth initial data (v3”,v3", pf,wl), we obtain a family of smooth

solutions (v'" v2h pt ") satisfying (5.2). Based on the existence of (5.2), this

yields a time interval [0, 7] where all these solutions (vl? v?" ph ") exists, and

T depends only on the size of ||vo| zs + [|pol|#s + ||@o| g2. Furthermore, we have:
(i) high frequency bounds

~

77 Mg S 20, g S 20D, @ s S 2706},

(ii) difference bounds
(7.8)

i(ht1) i, 252 sh (1) h+1_ph”Lz < 275%23)7 Hwhﬂ_wh”Lz < 272%24)_

[[o lp

Taking the convergence h — oo on (7.8), we get
v —v"lz S27°", o=l S27°", Nl —@"|2 277,
= (ylh y2h

where v ). By using

o
>
m=h

we obtain

1
lp = p"llars S ) o= (D [e272) 2.

Similarly, we also have

. . : 4
o — o™i S B o= p"lla: S, oo — @ mz S .
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Step 3: the convergence. Based on these facts above, we deduce that
(7.9)
(v = V)l SI" =™ @)z + (@ = o) Oz + (0" = v)) O]z
17" =) Oz + 1@ =0 (O l1z + (07" =03 (@) 11z

and

(7.10) (s = P) Dl SN = ")z + 110" = )z + (0 = 23) (D)1 112
and
(7.11)

(e — @) ()2 Sl(@) = =" (O)llaz + [[(@" = @) ()| z + (@] — @) (1) a2

Now, let us first estimate (7.10). Taking the limit for j — oo, this leads to

(7.12) [(p" = p)(#)|l: — 0, j— oo, for fixed h,
and
(7.13) 10} = pi)()llzrz = 0, j — oo,

Let {c,(f)j}kzo be frequency envelopes for the initial data véj in H%, 1 = 1,2. Let

{c,(f’)j}kzo be frequency envelopes for the initial data po; in H®. Let {c,(:l)j}kzo be
frequency envelopes for the initial data wo; in H%. By (7.12) and (7.13), we can
update (7.10) by

(7.14) 1o = PY(O) 111z <16} = ") (Ol + S + <5
On the other hand, we know

(7.15) po; = Py in HY, 0< 0 < oo.

By using a similar way in Step 1, we can derive that

(7.16) p?—>ph in H], 0 <o < o0.

From (7.15), it yields

(7.17) c,(:’) — C;C ), j — 0.

Therefore, using (7.15), (7.16), (7.17), and passing to the limit j — oo for (7.14),
we have

(7.18) lim [(p; — p)(®)| 1z S S

Jj—o0
Taking h — oo in (7.18), we derive

(7.19) lim_ {[(p; = p)(®)]l 11z = O

j—
In a similar process, we can also obtain
lim [|(v; = v)(®)lla; =0, lim [|(; — w)(#)l| 2 = 0.
Jj—o0

At this stage, we have finished the proof of Theorem 1.2.
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