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Abstract

We analyze the relativistic Euler equations of conservation laws of baryon number
and momentum with a general pressure law. The existence of global-in-time bounded
entropy solutions for the system is established by developing a compensated compact-
ness framework. The proof relies on a careful analysis of the entropy and entropy-flux
functions, which are represented by the fundamental solutions of the entropy and
entropy-flux equations for the relativistic Euler equations. Based on a careful entropy
analysis, we establish the compactness framework for sequences of both exact solu-
tions and approximate solutions of the relativistic Euler equations. Then we construct
approximate solutions via the vanishing viscosity method and employ our compactness
framework to deduce the global-in-time existence of entropy solutions. The compact-
ness of the solution operator is also established. Finally, we apply our techniques to
establish the convergence of the Newtonian limit from the entropy solutions of the
relativistic Euler equations to the classical Euler equations.
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1 Introduction

The isentropic relativistic Euler equations of conservation laws of baryon number and
momentum are a natural relativistic extension of the Euler equations for classical fluid
flow (i.e., in the setting of Newtonian mechanics). These equations describe the motion
of inviscid fluids in the Minkowski space-time (£, x) € R2 := R, x R in special
relativity, which are given by

8t(«/lfnuz/cz) +ax(«/1jzz/c2) =0, (1.1)
at((p+p/c2)u) + ax((p+p/cz)u2 + p) =0, .

1—u?/c? 1—u?/c?

where p and p represent the mass-energy density and pressure respectively, u is the
particle speed, n is the proper number density of baryons, and c is the light speed.
Henceforth, we write ¢ := }2 for notational convenience. We close the system by
imposing the equation of state of a barotropic gas: p = p(p).

The proper number density of baryons is determined by the first law of thermody-
namics:

d
ras— % _pLer
n n

dn,

where T is the temperature and S is the entropy per baryon. In particular, for a
barotropic fluid under consideration (i.e., S is constant),

dn dp

n  p4sp

so that
/‘ﬂ ds
n= l’l(,O) — noe*o s+ep(s) |

By rescaling the first equation in (1.1) if necessary, we may assume without loss of
generality that ng = 1. By way of comparison with the classical Euler equations, we
observe that, in the Newtonian limit as the light speed ¢ — oo (equivalently, &¢ — 0),
n(p) converges to p, locally uniformly.

Concerning the pressure, a typical example is: p(p) = «p?, the case of a polytropic
(or gamma-law) gas, with the adiabatic exponent y € (1, 3) and constant k = v 4)/1 )?
In this paper, we deal with a more general class of pressure laws, whose explicit
conditions will be given later in (1.5)—(1.6) and (1.9).

We focus on the Cauchy problem:

(s w)li=0 = (po(x), uo(x))  forx e R. (1.2)

Our approach to the relativistic Euler equations is motivated by the successful strate-
gies employed in resolving the Cauchy problem for the isentropic Euler equations
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in the classical setting. To motivate this comparison, we observe that, formally, in
the Newtonian limit (¢ — 00), system (1.1) reduces to the classical isentropic Euler
equations for compressible fluids:

9 p + dx(pu) =0,

N 1.3)

9 (pu) + 9 (pu” + p(p)) = 0.

This formal observation raises the question whether the limit here can be taken rigor-

ously: Do the global entropy solutions of the relativistic Euler equations (1.1) converge

to an entropy solution of the classical Euler equations (1.3) as ¢ — 00? One of the

main contributions of this paper is to give an affirmative answer to this question for

the general class of pressure laws including the polytropic case.

To place the relativistic Euler equations in the general framework of hyperbolic

systems of conservation laws, we introduce some additional notation. Denote

T 2 T
U=< n (p+8p(p))u>7 F(U)=< nu pu +p(p)>‘

Ve 11— e el )
Then system (1.1) takes the form: 4
U + 0, F(U) =0.
We assume throughout the conditions of strict hyperbolicity:
p'(p) >0  forp >0, (1.5)
and genuine nonlinearity:
op”(p) +2p'(p) >0  forp > 0. (1.6)

We remark that, strictly speaking, the condition of genuine nonlinearity for the
relativistic Euler system (1.1) reads

pp"(p) +2p'(p) +&(p(p)p" (p) —2P'(p)*) > 0 for p > 0. (1.7

In a relativistic fluid, the sound speed is given by the expression:

cs(p) = +/ p'(p).

Thus, to obey the usual laws of relativity, cs(p) must always be bounded by the light
speed:

1
cs(p) < %
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We define pf,,, such that cs(05,,) = \/ig if such a finite pj ,, exists, or oo otherwise.

The relativistic Euler system (1.1) was derived by Taub in [26], in which he also cal-
culated the Rankine-Hugoniot conditions across a shock for the system and discussed
possible pressure laws for relativistic gases. Further discussion on the pressure-density
relation may be found in the work of Thorne [27], who suggested that the pressure
should grow linearly with the density at high densities, while behaving as a gamma-law
gas near the vacuum.

The first global existence result for the relativistic Euler equations was obtained by
Smoller—Temple [24] in the case of an isothermal flow (y = 1) under the assumption
of bounded total variation of the initial data (1.2). In this setting, the Glimm scheme is
used to create a convergent sequence of approximate solutions by the random choice
method. Subsequently, Ding—Li [12, 13] again employed the Glimm scheme to obtain
the global existence of entropy solutions of the relativistic piston problem for the
isentropic Euler equations with initial data of small total variation, in which they were
also able to show that, in the Newtonian limit, the relativistic solutions converge to
the entropy solution of the classical piston problem for the Euler equations. Liang
[18] studied the formation of shocks and the structure of simple waves, based on the
work of Taub [26]. The existence of entropy solutions with large data was obtained
in Hsu-Lin—Makino [16] for a special class of pressure laws under the assumption of
sufficiently large speed of light (or equivalently, small data). Other large data results
were obtained by Chen-Li [6], showing the existence and stability of entropy solutions
of the Riemann problem for this system, and the same properties were shown for the
variant system of relativistic Euler equations (system (1.11) below) in [7]. For system
(1.11), Li-Feng—Wang [17] were also able to employ the Glimm scheme to show the
existence of entropy solutions for a class of large initial data. All of these results require
restrictions on the type of pressure laws that can be handled as well as, for many of
them, the conditions on the smallness of total variation. We significantly weaken these
requirements for the existence and compactness of entropy solutions in this paper,
leading to the following theorem, which is our first main result.

Theorem 1.1 (Existence and Compactness of Entropy Solutions to the Relativistic
Euler Equations) Let (pg, uo) be measurable and bounded initial data satisfying

1
luo(x)| = Mo < NG 0 <po(x) < pmy < Pmax~ foraexeR,  (1.8)
£

for some constants Mo > 0 and py, independent of €. Let the pressure function p(p)
satisfy (1.5)—(1.6) for p > 0 and

p(p) = kp? (1+ P(p)), 1P (p) < Cp?™ 1" for0<n<4, (19

for some y € (1, 3). Then there is ey > 0 such that, if ¢ < &g, there exists an entropy
solution (p, u) of (1.1) (in the sense of Definition 3.2 below) such that
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1
lut,x)] <M < 7 0<p(t,x)<pm < Phax

fora.e. (t,x) € RZ := [0, 00) x R, where the constants M and py; depend only on
My and pp,, independent of e. Furthermore, the solution operator determined by the

above is compact in L]’OC(R%F), 1 <r<oofort>0.

Remark 1.2 Condition (1.9) can be relaxed to the same condition as in Chen-LeFloch
[5]. For brevity, we focus on the class of pressure laws satisfying condition (1.9) in
this paper.

In addition, our analysis of the relativistic Euler equations is also sufficient to control
the convergence of a sequence of solutions of the relativistic Euler equations as ¢ — 0,
allowing us to prove our second main theorem.

Theorem 1.3 (Convergence of the Newtonian Limit) Let (pg, ug) € (L (R))? satisfy
(1.8) with Mo and pyy, independent of e. Let (p®, u®) for ¢ € (0, g9) be an entropy
solution of (1.1), determined by Theorem 1.1 above, with light speed ¢ = \/Lg and

initial data (pf, u) € (L™ (R))* with p§ > 0 such that

0 < ¢s(py(x)), lug(x)| < foralle € (0, g0) and a.e. x € R, (1.10)

1
JE
and (,08, uS) — (po, ug) a.e. as € — 0. Then there exist M > 0 and pyy, independent
of e, such that

1
(1, )| < M < 7 0 PO, X) < pu < Pax  Jorae. (1,x) € RY,
&

and, up to a subsequence, (p, u®) — (p,u) a.e. and in L{OC(Ri)for allr € [1, 00)
as ¢ — 0, where (p, u) is an entropy solution of the classical Euler equations (1.3)

with initial data (pg, uo) satisfying
u(t, x)| <M, 0<p(t,x)<py forae(x)eR].
We remark that an alternative 2 x 2 system of conservation laws in the theory of spe-

cial relativity (also sometimes called the relativistic Euler equations in the literature)
is the following system of conservation laws of energy and momentum:

B (p + SREDC) 4, (SH0) — 0, (L.11)
(p+ep)u (ptepu? = |
ar( ) + 0 ( +p(p)) =0.

1—eu 1—eu?

System (1.11) has the same eigenvalues and Riemann invariants as those for (1.1),
which implies that the governing entropy equation for system (1.11) is the same as
that for (1.1), so that our analysis of the entropy functions for (1.1) and the associated
compactness framework are also extended to the alternative system, (1.11). Therefore,
we also obtain the following theorem.
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Theorem 1.4 Let (po, ug) € (L>®°(R))? with po > 0, and let the pressure function
p(p) satisfy (1.5)—(1.6) for p > 0 and (1.9) for some y € (1, 3). Then the following
statements hold:

(i) Let (po, uo) satisfy (1.8). Then there is g9 > 0 such that, if ¢ < &, there exists
an entropy solution (p¢, u®) of (1.11) satisfying

1
u®(t, )] < M < 7 0 PE(EX) < M < Phax forae (1,x) € RE,
&

for some constants M and py depending only on the initial data, but independent
of . Furthermore, for any fixed ¢ > 0, the solution operator (p°, u®)(t,-),t > 0,
determined by the above is compact in Li_, (]R%_)for 1<r <o

(ii) Let (p%, u®) for ¢ € (0, &g) is an entropy solution of (1.1), determined by (i)
above, with light speed ¢ = JLE and initial data (p§, ug) € (L*®(R))? with
pg = 0 satisfying (1.10) such that (pf, ug) — (po, uo) a.e. as ¢ — 0. Then, up
to a subsequence, (0%, u®) — (p, u) a.e. and in Llroc(Ri)for allr € [1,00) as
e — 0, where (p, u) is an entropy solution of the classical Euler equations (1.3)

with initial data (pg, uo) satisfying
lu(t, x)| <M, 0<p(t,x)<pu forae (t,x)€R%

for some constants M and pyy.

Before we describe our approach for the proofs of these results, we recall the
situation for the classical Euler equations (1.3). DiPerna [14] first showed the existence
of entropy solutions of (1.3) for the case of a gamma-law gas with y = 1 + %, N
odd and N > 5, by developing the method of compensated compactness of Murat—
Tartar [21, 25]. The general case y € (1, %] for polytropic gases was first solved
in Chen [2] and Ding—Chen-Luo [11] by developing new techniques for entropy
analysis which involve fractional derivatives and the Hilbert transform, combined with
the compensated compactness argument. The case y > 3 was subsequently solved
by Lions—Perthame—Tadmor [19] through the introduction of the kinetic formulation,
before Lions—Perthame—Souganidis [20] solved the problem for the remaining interval
y € (%, 3), simplifying the proof for all y € (1, 3). Chen—LeFloch [4, 5] solved the
case of a more general pressure law, under the assumptions of strict hyperbolicity and
genuine nonlinearity away from the vacuum and an approximate gamma-law form
close to the vacuum; see [4, 5], as well as (1.9), for the precise assumptions on the
pressure law.

The procedure that we undertake to establish the existence of solutions to the rela-
tivistic Euler equations (1.1) is motivated by the works for the classical Euler equations
described above. We construct a sequence of approximate solutions to the equations
via a vanishing viscosity method and pass the viscosity to zero. As system (1.1) admits
an invariant region, we obtain the uniform bounds in L*° of the approximate solutions.
Passing to a weak-star limit in L®, we then associate a Young measure {v; .} to the
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sequence, characterizing the weak convergence. As is well known, such a weak con-
vergence is insufficient to pass to a limit in the nonlinear terms of the equations, and
hence we apply the compensated compactness argument to improve this convergence.

Applying the method of compensated compactness with the uniform estimates of
the approximate solutions, we deduce the Tartar commutation relation:

(Vo mq2 — n2q1) = (V2 N1) (Ve q2) — (Ve xs m2){Ve x5 1)

for all weak entropy pairs (11, g1) and (12, ¢2) defined in Sect. 3 below. We then show
that this relation is sufficient to argue that the support of the probability measure v; x
reduces to a single point and hence deduce the strong convergence of the approximate
solutions a.e. and in L, .

To complete this reduction argument, we require a thorough understanding of the
entropy pairs for system (1.1). To this end, we establish the existence of fundamental
kernels generating the admissible entropy pairs. In order to do this, we make an ansatz
for the leading order behavior of the entropy kernels close to the vacuum and take
asymptotic expansions around the leading order terms. This leaves us with an equation
for the remainder that is then solved via a fixed point argument. We establish estimates
on both the leading terms and the remainder to demonstrate their respective regularity
properties. With the obtained expansions, we analyze the singularities of the kernels
and exploit properties of cancellation of singularities in the commutation relation to
conclude our arguments. As a by-product, we also obtain the compactness of the
solution operator in L] .

Finally, we exploit the relationship of the relativistic entropy kernels to the classical
entropy kernels to demonstrate the convergence of the Newtonian limit. Applying the
compactness framework developed for the classical Euler equations in [4, 5], we gain
the strong convergence of the relativistic solutions to the classical solutions of the
Euler equations.

The structure of the paper is as follows: In Sect. 2, we analyze some basic proper-
ties of the relativistic Euler equations. We then introduce the definitions of the entropy
and entropy-flux kernels, and state our main theorems concerning the existence and
regularity of these kernels in Sect. 3. The proofs of these theorems are provided in
Sects. 4-5. Moreover, these sections provide a detailed analysis of the asymptotics
of the kernels as the density approaches the vacuum state (i.e., p — 0), as well as
the singularities of their derivatives. After this, in Sect. 6, we establish a compactness
framework for approximate or exact solutions of both systems (1.1) and (1.11) via a
careful analysis of the Tartar commutation relation for the relativistic entropies con-
structed from the kernels, established in Sect. 3. This analysis exploits the properties of
cancellation of the singularities in the entropy and entropy-flux kernels, relying on the
expansions established in the earlier sections. In Sect. 7, we outline the construction
of the artificial viscosity solutions and demonstrate that they satisfy the compactness
framework. This allows us to conclude the first main theorem, Theorem 1.1, as well as
Theorem 1.4, in Sect. 8. Finally, in Sect. 9, we prove our second main theorem, Theo-
rem 1.3, concerning the Newtonian limit of a sequence of solutions of the relativistic
Euler equations to the classical Euler equations.
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2 Basic Properties

In this section, we analyze some basic properties of system (1.1). Writing U (p, u) as
in (1.4) for the conserved variables, we calculate

e(u?—pu n(l—euz)%
VuF(U) =V FWU)(V,nU) = 1—e2p/u? (o+ep)(1—& p'u?)
vFU) (o.u) ) (0.u) ) (P —ud)(p+ep)V1—eu®?  (2—ep'—eu)u

n(1—&2p'u?) 1—e2p'u?

2.1
where Vy and V, ,) denote the gradients in variables U and (p, u), respectively.
Then the eigenvalues of Vi F(U) are

_ p'(p) L NAD
== VEF =Y
1 —euy/p'(p) L+ euy/p'(p)

and the corresponding eigenvectors are

A

1 1
- = <<p+ep><uﬁ>>, ry = ((p+sp><u+ﬁ>> :
nv/1—eu? nv1—su?

The sound speed in the fluid is given by cs(p) = /p’(p), and we henceforth assume
that

S <c= %

As defined earlier, pZ . is such that cs(p,) = \/LE if a finite pf,, exists, or co
otherwise. Then, in the region:

1
{|u|<ﬁ, 0<p<,0fnax},

we see that Ay — A_ > 0 so that the system is strictly hyperbolic.
The Riemann invariants of the system are

where

v=ov(u) = 2.2)

(i)

k = k(p) := / RAORNN 2.3)

s+ 8p(s)

and
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Note that the mapping: # +— v(u) is a smooth, increasing bijection from (—\/lg, \/LE)
to R, and that p = k(p) is a smooth, increasing bijection from (0, pf,,.) onto its
image. For the inverse of v, we write u as

1

7 tanh(y/gv). 2.4)

As mentioned earlier, to close the system, we impose an equation of state, i.e., a
general pressure law, which satisfies conditions (1.5)—(1.6) for p > 0 and (1.9) close
to the vacuum.

We compare the nonlinear function k(p) to the equivalent function for the classical
Euler equations equipped with a gamma-law pressure (cf. [4]), for which k(p) = p?
with 6 = % With assumption (1.9) on the pressure, we observe the following
behavior of k(p) near the vacuum. For ease of reference, we state this as a lemma.

u(v) ;=

Lemma 2.1 As p — 0, the nonlinear function k(p) and its first derivative obey the
following asymptotics:

k(p) =p" +0(p*") asp— 0,

VP (p) 2.5)

K (p) = Srere) = 00 '+ 0" asp— 0.

Moreover, its derivatives k™ (p), for n = 2, 3, can be expanded as

K'(p) =600 —1)p’ 2+ 0(p¥™),
Ky =00 -0 -2p"3+00"3) asp—o0.

We define another exponent: A = 2(3;1/1) > 0 for the use in the next section. Note
that A is related to 0 by the relation: 2A0 = 1 — 0.

An analysis of system (1.11) shows that it has also the same eigenvalues A_ and
Ay, and the same Riemann invariants w = v(u) + k(p) and z = v(u) — k(p), as
defined above.

3 Entropy Pairs and Entropy Solutions

In order to analyze the limit of our approximate solutions of system (1.1) and prove
the strong convergence of the sequence, we first need to understand the structure and
behavior of entropy pairs of the system. Therefore, the purpose of this section is to
provide the basis and framework for this analysis.

Definition 3.1 An entropy pair (1, q) for system (1.1) is a pair of C! entropy and
entropy-flux functions satisfying the relation:

Vn(U)VFU) = Vq(U).
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A weak entropy 1 is an entropy that vanishes at the vacuum state: n|,—o = 0.

We observe that an equivalent characterization of the entropy pair in the Riemann
invariant coordinates (w, z) is given by

quw = Ay Ny, gz =A_1;. 3.D

In particular, as the eigenvalues and Riemann invariants of the two systems (1.1)
and (1.11) coincide, we deduce that the two systems share the same entropy and
entropy-flux functions. We therefore restrict our attention to system (1.1) in the sequel.

Definition 3.2 A pair of bounded, measurable functions (p, u) such that
1 &€
|u|<czﬁa 0§p<pmax

is an entropy solution of the Cauchy problem (1.1)—(1.2) provided that
(1) Forany ¢ € C (R ),

— Oy dxdt—i—/ —— ¢(0,x)dx =0,

n no
//Ri(«/l—suz V1 —eu? /1 — eu?

2
J[ (B g+ (LD 4y Javar
RZ —&u 1—c¢u

(,00 + &ep(po))uo

¢ (0, x)dx =0;
R 1— euy

(ii) For any nonnegative function¢ € C 01 (Ri) and C! weak entropy pair (1, g)(p, u)
with n convex with respect to U,

//Rz (n(p, w)d:p + q(p, u)dx9) dxdt+/Rn(po,uo)¢(0,X)dx >0,
2

where (, ¢)(p, u) ==, ¢)(U(p, u)).

An explicit entropy pair is given by

2,2
p+e pu (p+epu
U, u) = ———>—, ¢ Ulp,u)) = ——7—. (3.2)
1 —eu 1 —cu
Then
e(ptep) (p'+u +2ep'u®) _ e(ltepu
2 % _ n(l—eu?) V1—eu?
Vo' (U) = ao(p, u) e(tepu on (3.3)
Vi-eu? p+ep
252
with ag(p, u) = rﬁ%% > 0. In particular, n*(U) is a convex entropy.
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We remark that the entropy pair (3.2) is actually the first conservation law in the
alternative system (1.11).

We begin our analysis of the entropy functions of (1.1) by constructing a
fundamental solution of the entropy equation.

3.1 Entropy Equation

Let (1, g) be an entropy pair. Then it follows from (2.1) and Definition 3.1 that

u(l —ep') (1 —eu?)?p’
= + , 34
=T 2 T M o T ep) (1 — e2pu?) GH
p+ep u(l —ep')
qu = Mp 1= Szp/uz Nu 1= 82p/u2 . 3.5
Eliminating ¢ and changing the coordinate: u +— v, as in (2.2), yields
Nop — K (0)* 10w + A0, V)1, + eB(p, Vv, =0, (3.6)
where
2 "(p)(p+ep)
Ap,v) = 2p'(p) 1 —eu (1-~ é)P’[();o)gp )
’ p+ep(p) 1—¢&2p/'(p)u?
zup/(p) 1 — 8[?/(,0) _ P”(p)(P/-I-EP(P))
B(p,v) = ( e )
v(u)(p +ep(p))=(1 —ep'(p)u)
To simplify notation, we use the operator:
L =,y — k' (0)*3y0 + £A(p, v)d, + B(p, v)vd,. (3.7)

Definition 3.3 The entropy kernel x = x(p,v,s) is the unique solution of the
equation:

Lx = xpp — K (0)*Xov + €A(p, V) Xp + €B(p, )Yy =0,
Xlp=0 =0, (3.8)
Xplp=0 = 8y=s  fors € R.

We recall that (1.1) is invariant under the Lorentz transformations:

t—eTx X — Tt 1
) for|t] < —.

VI—¢et2 J1T—¢12 JE

Under this transformation, velocity u and the associated function v also transform as:

(t,x) = (', x") = (

/ u—t / /
u = , vVi=vW)=vu)—v(r).
1—ctu
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By the invariance of the equations under these transformations, the entropy equation
is also invariant under such Lorentz shifts. Thus, for s = v(7),

x(,v,8) =x(,v—1s5,0)=x(p,0,s —v),

so that it suffices to solve x in the case that s = 0. We therefore write x (o, v — s) =
x(p, v, s) henceforth in a slight abuse of notation.

The kernel provides a representation formula for weak entropies of system (1.1).
That is, any weak entropy function can be represented by convolution with a test
function v (s) as

n" (p,u) = /RX(,O, v(u) — $)Y(s)ds.

Before we continue, it is worth making an aside at this point to compare the situation
to the classical Euler equations (1.3). For system (1.3), the entropy equation is the
simpler equation:

Yoo =K (0) x5, = 0. (3.9)

6—1

For the gamma-law gas, k'(p) = 0p"~", and (3.9) has the fundamental solution:

x*(p.v) = My[p* — 0?1}, (3.10)

where A > 0 is defined as in Sect. 2 and M, > 0 is a constant depending only on A.
With this as a motivation, we make an ansatz for the entropy kernel of system (1.1)
in the form:

x(p,v) = a1(P)k(p)* — V1% + ax(p)k(p)* — V1 +g(p,v). (3.1

By the principle of finite propagation speed, we expect the remainder function g(p, v)
to have the same support as the first two terms.

In anticipation of the next theorem, we recall the definition of fractional derivatives:
For a function f = f(s) of compact support, the fractional derivative of order u > 0
is

—u—1
Mf =T f=*[s1", (3.12)

where I'(-) is the Gamma function.
Henceforth, we suppose that the density has a fixed upper bound: p < pjs so that
PM < Piax- The universal constant C > 0 is independent of p, but may depend on

PM-

Theorem 3.4 (Relativistic Entropy Kernel) The entropy kernel admits the expansion

x(p,v) = a1(p)k(p)* — vV} + az(p)lk(p)* — v +g(p,v),  (3.13)

where the coefficients a1 (p) and ax(p) are such that, when 0 < p < pyy,
a1(p) = cnk(p) K (p)"2e5P > 0, (3.14)
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and
ai(p) +lax(p)| < C, (3.15)
with ) k)
- & S
a(p) = 5/0 (— A(s, k(s)) + WB(S, k(s)))ds (3.16)

asdefinedin (4.2) below, and c,. ;. > 0 being a constant depending only on A. Moreover,
the remainder function g(p, v) and its derivatives Bffg(p, v) are Holder continuous
for0 < < A+ 2, and satisfy that, for0 < 8 < u,

108g(p, v)| < Cp' =240 [k (p)2 — 21 7F,

By definition, to each entropy function is associated a corresponding entropy-flux
function. These entropy-flux functions are generated by another kernel, the entropy-
flux kernel o (p, v, s).

Definition 3.5 The entropy-flux kernel is defined by

Lo :=0,, — K (p)20m + €A(p, v)o, +eB(p, v)voy, = F(p, v),

0lp=0 =0, (3.17)

_ u(l—ep))
Oplp=0 = 1—e2p/u2 Sv=s,

where F(p, v) is given explicitly later in (5.3).

The entropy function generated by the convolution of a test function v (s) with the
entropy kernel has a corresponding entropy-flux given by

q(P,v)=AU(p,v,S)¢(S)dS-

As we have seen for the entropy equation, the equation in (3.17) is invariant under the
Lorentz transformation, but the initial conditions for the entropy flux kernel are not.

u(l—ep')

We therefore consider, instead of o, the difference o — =g

x. Writing it(p, v) =

u(l—ep’)
1—e2p'u?’

this difference satisfies the following initial value problem:

L(o —iix) = F(p, v),
(a—ﬁx)|p=0=0, (3.18)
(0 —ux)plp=0 =0,

with F(p, v) defined by
F(p.v) := F(p,v) — L(a).
Then problem (3.18) is Lorentzian invariant so that
(o —ux)(p,v,8) =(c —uy)(p,v—s5,0)=( —ux)(p,0,s —v).
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Therefore, it suffices to solve o — i x for the case: s = 0.

Theorem 3.6 (Relativistic Entropy-Flux Kernel) The entropy-flux kernel admits the
expansion:

(@ —iix)(p,v) = —v(b1(0)k(p)* —v T +b2(p)[k(p)* —v* ;) +h(p, v), (3.19)
where coefficients b1(p) and by (p) satisfy that, for 0 < p < pp,
bi(p) >0, bi(p) +|b2(p)] = C. (3.20)

Moreover, the remainder function h(p, v) and its derivatives A h(p, v) are Holder
continuous for 0 < u < A + 2 and satisfy that, for 0 < B < u,

108h(p, v)| < Cp' 24P [ ()2 — 24P

4 The Weak Entropy Kernel

This section is devoted to the proof of Theorem 3.4 to show the existence of the entropy
kernel and examine its regularity properties.

4.1 Roadmap for the Construction of the Entropy Kernel

In order to aid the comprehension of the reader, we first provide a summary of the
structure of the proof and construction of the entropy kernel contained in Sects. 4.2—
4.3. A similar structure holds for the construction of the entropy flux kernel in Sect.
5, as given in Theorem 3.6.

We begin by making an ansatz of form (3.13) for the structure of the entropy
kernel x (p, v). Substituting this ansatz into the equation in (3.8), we identify the most
singular terms resulting from this expansion. Enforcing the cancellation of these terms,
we derive an ordinary differential equation (ODE) for the first coefficient aj(p), the
solution for which is given in (4.1). This solution is normalized in order to satisfy the
initial condition x, |p=0 = §,=0. Arguing similarly for the next most singular terms
(using the chosen function aj (p)), we obtain a further ODE for a»(p), the solution for
which is given in (4.6).

The next step is to derive a suitable equation for the remainder term g(p, v). To
do this, we identify an operator L capturing the principal part of equation (3.8) but
with coefficients independent of v. Employing the Fourier transform with respect to
v, we obtain a formal equation for the remainder term g(p, &) in Proposition 4.2.
A key observation is that the choice of aj(p) and az(p) to cancel the leading order
singularities is manifested on the Fourier side by the cancellation of the most slowly
decaying terms in the equation for g(p, £) as § — =00. This leads to the higher order
Holder regularity of g(p, v) so that g(p, v) can be treated as a true remainder term.
Using the fundamental solutions of operator L in Lemma 4.3, we may employ the
variation of parameters to find a formal representation formula for g(p, &); see (4.10).
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In Theorem 4.5, we give a proof of the existence of a solution g(p, &) satisfying
the representation formula via a constructive fixed point argument, before proving the
higher regularity of the obtained fixed point in Theorem 4.7. It is then straightforward
to see that the obtained function g(p, v) from the inverse Fourier transform satisfies
the desired equation, which leads to the existence of the entropy kernel claimed in
Theorem 3.4.

The final stage is to quantify the difference between the entropy kernel y (p, v) and
the Newtonian entropy kernel x*(p, v) defined in (3.10) and the following equation.
This is done in Theorem 4.8, again by using the variation of parameters formula in
the Fourier space.

4.2 The Coefficients for the Entropy Kernel

As a preliminary observation, we note that, by the principle of finite speed of propaga-
tion, coefficients A and B may be redefined to be O outside the support of x (o, v —s),
which is the set {jv — s| < k(p)}. Moreover, as A and B are functions of v2, a simple
Taylor expansion around v> = k(p)? gives

Lemma 4.1 The coefficient functions A and B in equation (3.8) for the entropy kernel
can be written as:

A(p, v) = Ag(P)Ljpj<k(p) + eA1(P)K(P)? — V211 + &2 Ax(p, V)[k(p)* — v*12,
B(p, v) = Bo(0)1ju)<k(p) + £B1(p)[k(p)* — v*11 + &2 Ba(p, v)[k(p)* — v*12,

with
|[Ao(p)| + |A1(p)| + |A2(p, V)| + p(1Bo(p)| + | Bi(p)| + |B2(p, v)|) < Cp’ 2,

and 1y <k(p) = 1 when |v| < k(p) and 0 when |v| > k(p).

With the ansatz for the entropy kernel, we determine coefficients a;(p) and a;(p).
To do this, we substitute ansatz (3.11) into the entropy equation (3.8) and examine
the most singular terms. By choosing the coefficients such that these singular terms
vanish, we are able to solve the equation for the higher order remainder.

Denote

Gy(p,v) = [k(p)> — 1)2]"+ forv € R.
Then we have the following identities:

9,Gy(p,v) = 20k(p)K' (0)Gy—1(p,v), 3,Gy(p,v) =—=2vvG,_1(p, V).
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Substituting (3.11) into (3.8) and grouping the terms yields:

Xop — k' (0) xov + AX, + eBuxy
= Gi_1(p, v)(41kK'a} + 422k ay + 20kk"ay + 2xe Aokk'ay — 2ke Bok*ay)
+ Gi(p,v)(a] + 40 + DkK'ab +4(h + DK% az + 2(0 + DkK"ay
+ eAga) + 2xeBoar + 2(x + 1)eAokk'ar — 201 + 1)e Bok*ay
+2xe?Arkk'ay — 21e* Bik*ay)
+ Gis1(p, v)(@) + 20 + DeBoar + £(A — Ag)a) + 2xe> Agkk'ar + e Aod)
+2(A + D)e(A — Ag)kk'as + 2(A + 1)eBoay + 21&*Bia;
—22&’Byv?a; — 200 + 1)e(B — Bo)vaz)
+ 2op — K (p)?guy + €Ag, + £Bvg,.

Thus we see that, in order to cancel the highest order singularities, a; must solve

aj _ k" Ak/ EA i ek
o = T M Tt g
so that L
a1(p) = cxrk(p) K (p) "2, 4.1)
where the constant ¢, ), > 0 is determined to satisfy the initial conditions and

N L k(s)
a(p) = 2/0 ( s Y 0) K} )ds, “4.2)

as defined in (3.16). Defining a1 (p) := a;(p)k(p)***!, we obtain

“ _ k”+(,\+1)/ ‘ao+ kg 4.3)
a2k 20Ty PO '

Cancelling the next highest order singularities, we obtain the following equation for
ax(p):

k// / k 1 -
A+ 1)— + Ao

S —
“2+‘12(2k/ 2407 2% °> 400 + DK’

where ~
W = a| 4 eAoa} + 2xe%a; (kk' Ay — k> By) + 2AeBoay. (4.4)

Defining oz (p) := az(,o)k(,o)”‘H, we have

n (k” Gk 14 8k3)
ah + o — 4+ = ——
2Tk Kk T2 T a0 “5)

2 2 .
m(ozi’ + gAoa| — eBoar + 21e”ay (kk'A| — k*By)) =: Q
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We take the less singular solution to this singular differential equation given by

- 4 -
a2(p) = P k(p)* 2K ()2 f e k()2 (1)1 Q1) dr.
0

-3
From the observations in Lemma 2.1, we see that k(r)_)\_zk/(r)% Q(r) = O(tVT)
as T — 0, so that it is integrable. Then we conclude that

a(p) = Pk(p) K ()2 f " Oy () de
0 (4.6)

== ﬁea(p)k(p)_klk’(ﬂ))_% /Op e k()M (1) W () dr

is well defined, where W is defined in (4.4). Throughout the paper, we exploit the fact
that there exist C1 and C, depending on pys such that 0 < Cy < 4P < ) < 0.

4.3 Proof of the Existence and Regularity of the Entropy Kernel

As coefficients A and B of the first-order terms in the entropy equation depend on both
p and v, we isolate the principal part of the operator in order to exploit the Fourier
transform. For this purpose, we define an operator L by

L:= Opp — k/(p)zavv +&Ap(0)d, — B(p), 4.7
where
at (p) a;(p)
B(p) = +eAo(p)——,
ag(p) ay(p)
and

_g (P 1
Oln(p) = cpe 2 fO AO(S)dSk(p))n-‘rlk/(p) 2,
with constant ¢; > 0 to be chosen later. We observe that oy satisfies the equation:

o k' (O + DK
% __K r+1) _£A0

a2 k 2

By the asymptotics for k(p) given in Lemma 2.1, we find that 8(p) is 0(,07_3) as
p — 0.

With operator L, we work in the Fourier space. We therefore determine an equation
for the expression: F (I:g)(,o, &), where F denotes the Fourier transform in variable
v. To calculate the Fourier transform of function [k(p)? — v]%, we use the following
facts:
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For ease of notation, we write f(y) :=[1 — y2]f; so that

[k(p)* — v*T: = k(P)nf,\(%p))-

Recalling now from [15] that the Fourier transform of f; (y) is

Fu® = VAT G+ D230, @),

where J, is the Bessel function of first type of order v, we have

ko)

A3
£ ) Sy 1 k(0)8).

F(lk(p)? = v?1%) = k(o) F(k(p)E) = € (

We are therefore able to derive an equation for I:g in the Fourier space.

Proposition 4.2 The remainder function g(p, v) satisfies

FLg)(p, &) = F(S(@)(p, &)
= —F(e(A — Ap)g,) — F(eBugy) — B(p)E
+ Ho(p) fri1(k(p)E) + £2r(p, &),

where Ho(p) = 0(p~+*)as p — 0,andr (p, &) = 0(p~"*¥ (k(p)lg)) "1~ %)
as |§| — oo, for some o > 0. In particular, r(p,§) is asymptotically like
Srr14a(k(p)§) as § — oo.

Proof We write X! := a1 (p)[k(p)? — v]% and X? := az(ﬁ)[k(p)2 — v From
the considerations above, we find that F(X!) = o (p) fr(k(p)&) and F(X?) =
a2(p) for+1(k(p)E). Now, rearranging the entropy equation, we obtain

FLg)(p.&) =—1—11—F(As[k* —v*13 X)) — eF(A = Ap) X))
— F(3Bolk* — v* 130X} + e(B — Bo)vX?)
— F(e(A — Ap)gp) — F(eBugy) — B(p)g,

where

I:=F(X),) +k(p)?E*F(X") + F(e(Ao + e A1[k* — v ) X))
+ F(e(Bov + e B1[k* — v*];v) X))

and
11 :=F(X;,) + kK (0)°6*F(X?) + e Ao F (X}) + e F(Bou X}).
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As f;{(y) = —”‘y—“ﬁ + %ﬁ—l’ we calculate

I = ﬁ(ai/ + SA()OZ/I — eBoo1 + 2)\820“ (kk' Ay — szl))
+ frr1 (2410 k23 4 2067 Bikay ).

Similarly,

11 =~ fi(af +eAoa| — eBoort + 212y (kk' Ay — k> By))

+ ]‘;H (0/2’ + eApahy — eBoaz
20+ 3

2 2
m(a/{HAoag — eBoar; + 2062 (kK Ay — k Bl))>,

where we have used that coefficients o1 and o satisfy (4.3) and (4.5). Then we obtain

I1+11= ﬁ+l ((xé’ + SAQClé — eBoar + 82A10{/1k2)h+3 + 2)»8231/(20(1
20 +3
20+ 1)

(o +eAoai — 22+ DeBoan + 206201 (k' Ay = K2B1)) ).

Denote

e2r(p. &) := F(— & (A2[k* —v*11 X)) — e(A — Ag) X
— &3 Bo[k* — v 13 vX) + e(B — Bo)X})

as a higher order term. Then we have

F(Lg)(p, &) = F(S(g) := —F(e(A — Ap)g,) — F(eBvgy)
— B(P)E — Ho(p) frs1(k(p)E) + &2r(p, &),

where

Hy(p) =Olé/ + EA()Oté — eBoay + 82A]k2)‘+3011 + 2)»8231](20!1
20 +3

2 2
m(ai’ + SA()Oti — A+ DeBooy + 21e“(kk'A1 — k B])Ol])

as required. We note that Hy(p) = O(,o_1+29) as p — 0 from the limiting forms of
k(p) givenin Lemma 2.1. Moreover, one can check that the remainder function r (p, &)
acts as the Fourier transform of the product of a smooth (even Schwartz) function with
fr+14q for some a > 0, so that

r(p.8) = 0(p ¥ k(p)E)TIT4E) asp 0.
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Recalling the definition of L and applying the Fourier transform with respect to v,
we obtain the following differential equation:

FLg)(p, &) i= 8pp(p, §) + K (0)*E%8(p, ) + A0(0)8p (0, &) — B(P)E(p, £)
= F(S()). (4.8)

We solve this equation by the method of variation of parameters. In order to do this,
we require the fundamental solutions of operator F (L -). These fundamental solutions
are, by definition, x* and X determined by

F(Lx®) =0,

5(\11|p=0 = 0, 5(\,g|p=0 = 1,
and ~
F(Lx") =0,

~ ~b

Xb|p=0 =1, Xplp=0=0,

respectively.

Lemma 4.3 The fundamental solutions of the Fourier transformed equations are

N _ R k _y
220, £) = €z (p) €k (0)) "y (EK (). Xb(P,S):aﬁ(P)(%) Y, (€k(p)).

4.9)
where v = A + %, Jy and Y, are the Bessel functions of order v of first and second
type respectively, and the constant cy > 0 in the definition of o (p) is chosen to satisfy
the initial conditions.

Proof This follows by a direct calculation from the identities:
/ v ! %
C,(») =Ca1(y) — ;Cv(y) =C,»=-Ciy+ ;Cu(y)

for C,(y) = Ju(y), Y, (y); also see [23].

We solve the differential equation (4.8) by the method of variation of parame-
ters. First, we calculate the Wronskian of the fundamental solutions. Note that the
Wronskian (cf. [23]):

2
w(s, &) 1= Yy (Ek(5)) I, (Ek(s)) — Ju (Ek(s) Y, (5k(5)) = =
Ek(s)

so that

W (s, &) == (X*(6k()8, X (5k(5)) — X (Ek(5)8s X7 (Ek(5))) = c2e™® o Ao@dr,
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The method of variation of parameters then gives that a particular solution of (4.8) is

F(Lg)(s, &) ds

_ P X0 OX (5, E) = X (s, O (p, E)
g(pss)_ Aﬁ ~b
0 X8, O)X°(s, &) — X5, )X (5, €)

(kKON s sy 7 s B Amdr (k)2 (4.10)
=(gy) e 0 [T K sspet i (5)

x F(S(g)(s. §)ds,

where

K(p,s:8) =Y, (Ek(p) ]y (Ek(s)) — Ju(Ek(p)) Yy (Ek(s)).

Define a new integral kernel K(p,s;€) by

> . o k(p) % k(s) % . —% [P Ap(r)dT
Kip.5:0 = (505) () Koo 800 @i

and look for a fixed point of

P
E(p,€)=/0 K(p,s,8)F(S(g))ds.

Then we show via a fixed point argument that such a function (o, &) exists in Theorem
4.5.

Before proving this theorem, we first make a few observations. To simplify the
notation and bounds later, we set

IyI= for |yl <1,
O+ (y) = _1
lylI72 for|y| > 1,
and
1 for |y] <1,
Ry =1 _, 7
[yl for |y| > 1.

Then |J,(y)| < CQ,(y) and |Y,(y)| < CQ_,(y) for y > 0. Thus, we may bound

K (p, ;6 < CQu(EK(P)) Qu(Ek(s) ™ R(EK(s)), (4.12)
where C > 0 is independent of (p, s, &) forO <s < p < pyr and £ € R.
The following lemma provides accurate estimates for various L? and weighted L”

norms of the kernel K (p, s; &). These are simple consequences of (4.12).
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Lemmad44d ForO<s <p <pyand& e R,

K(p,p;:€)=0, K(p,0;€)=0.
~ 0
IK(p,s: )2 < Cp'™2,

and, for0 < u < %
16K (o, 53 )l < Cp' ™7, (4.13)

bod _0_
HEVK (o, 5382 < Cpl=271, (4.14)

With these bounds in hand, we are now in a position to state and prove the main
theorem of this section. This theorem gives the existence of the remainder function
2(p, &), and hence the existence of the entropy kernel itself.

Theorem 4.5 (Existence of the Entropy Kernel) For all y € (1, 3), there exists
g€ L0, pu; L*(R))

that is a fixed point of

P
20.6) = /0 R (p. 5, 6)F(S(g))(s, &) ds. @.15)

The remainder function g(p, &) satisfies

/)29

o~ _~ 30 p~
180, M2 + 108p(p, M2 < Cp' T2 e, (4.16)

Proof To establish the existence of the kernel, we argue with a constructive fixed point
scheme. Given the nth approximation 2" (p, £), we construct g"*!(p, &) by setting

P
P00 = [ R OF(SE) s
P _~
~ [R5 (Ho9) Fo k)8 + 6715, 8)

— F(e(A = Ag)g) — eBvgl — Bs)g")) ds,

and begin the procedure with g°(p, §) = 0. To show that this scheme converges, we

estimate the increment: g"+t! —g”. Set G"+! := g"*t! —g”. By linearity of the Fourier

transform, we have
~ .
G (p.6) = / R(p.s:6)( = Fe(A - A)G! — eBuG} — B(5)G")) ds.
0
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We first apply integration by parts (recalling from Lemma 4.4 that K(p,0;€) =
K(p, p; £) = 0) to obtain

G (p,£)

_ /p R(p,s: E)(J—"(—s(A — A0)G" (5. 1)) — F(eB(s, )vG" (5, v)) — B(5)G" (5. v)) ds
0

Py
= /0 (K(p, 5:§)F (e(A — Ap)sG" — e(BvG")y + &(Bv), G" — B()G" (5, 1)) (s, §)

+ Ro(p, 51 )F(e(A = A0)GM)(5,6) ) ds.
4.17)
We recall that the Fourier transform of a product is the convolution of the Fourier
transforms. We therefore use the bounds of Lemma 4.4 and Young’s inequality for
convolutions to estimate, for a typical term,

po
| [ Ro.si 076 - a6 as

2
Lg

P
< [TIR s T A = A0+ FGlp ds

IA

P ~
/0 IK (o, 55 )l 2lleF((A = Ao)s) (s, I 21G" (s, )l 2 ds

IA

p 0 56~
082/ p' T2 TG (s, ) |2 ds,
0

where we have estimated the L> norm of F((A — Ag)s) by applying Plancherel’s
theorem and estimating with the bounds of Lemma 4.1 and the compact support of
the function to see

k(s)
le(A — Ao)sl3, < c/ e*s? O dv < Cets>0H
v —k(s)

Treating the other terms of (4.17) similarly, we find

-~ LY. -~
IG" (o, Iz < C/o (IIK(/LS; M2 IIF (A = Ap)s) (s, 211G (s, )l 2

+ 1R 0. 53 M 2 IF (A = Ag) s, 121G s, )l 2
+ 116K (0, 53§l | F(eBuG™) (s, )|l .2

+ 1R (9, 53 )= F @3 (BRGM ., )l 2

+ IR (o 53 ) BOIIG" s, )2 ) ds

L ) 56 —~
SCf (29178572 F L gpl=05 2430 4 52420V B0 (s |2 ds.
0
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In particular, we have obtained
—1 Antl P it —1,A
P NG (o, )2 < C/ s sTUG" (s, )2 ds, (4.18)
0

where C > 0 is independent of p.
Before estimating Gl(,o, &), we note that, for0 < s < p,

Jv1(5k(s5))
Ek(s))r!

= C(/om <@>2U a& + [ ko) k() 2112 de

k(s) 1
“f

| 016k (0) 0 ek ™ REEK )

Lg
1
k(o)™ k()™ Mg 2 dg )

k(p)
k(s)

1-6

<Cp7Zs~

[T .

(4.19)
It follows from Proposition 4.2 that

1K (0. 5:8)r(s.)ll 3 < CIK (. 5:6) Ho($) a1 k()8 3-

Then we use |Ho(p)| < Cp~ 72 from Proposition 4.2 and employ estimate (4.19)
to calculate

161 p e = €] (K2 [ koo (i ) (o) 2 RO

K o) KG) €kl
L[ . b0 | Do (6KG))
<ot [ |outekonoueron ™ Rekons | HET .
<cp! 2//) —1426 g
0
<cp'tE. (4.20)

Thus, combining (4.18) and (4.20), we may bound iteratively

P
p MG (o, Ol < / TG (1, ) 12 dsy

Sn— I
<C/ / f w5 T TG (s, )l 2 dsy - - dsy

<C’O2+2n0
]1_[1 39+2 0

C (29)'_ pZ T
n
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Hence, we obtain

~ 20)~"
16" . ©)l 3 < €20 pre ¥,
n.

In particular, g(p, &) = lim, 00 8" (0, &) = limy00 Y py ak(p, &) exists and
satisfies

o
- 20)~" 30 30 p¥
12, M2 =CY %p”f”"e =Cp'tre.
n=0 ’
Moreover, g is the desired fixed point. In an analogous argument, we can obtain the

estimate for pg,. This completes the proof.

Remark 4.6 A totally analogous argument yields that £g; € Lg with

24
I€2el 2 < Co' T T e

Theorem 4.7 (Regularity of g(p, v)) The remainder function g = g(p, v) is such
that 3! g is Hélder continuous in (p, v) for p > 0 for all p with0 < u < » + 2. In
addition, if 0 < B < p,

108g(p, v)| < Cp' 24P k()2 — 2] P

forall p with 0 < p < py and v € R.

Proof Recalling the definition of fractional derivatives in (3.12), we see that the
fractional derivative of order p of the remainder function g(p, v) may be bounded

by
[0k g(p,v)| < C/RISI“@(;O,E)ICE.

For0 < pu < %, we apply the same method as in the proof of Theorem 4.5 with the
bounds of Lemma 4.4 to obtain

fR E1[8(0. £)] d&
Jos1 (EK(5))

s
n -
schm /0 Ko, 5:6)(Ho(s) et
— F(e(4 = Ao)g — e Bug, — B(5)g) ) |dsds

Jo41(6k(s))
Ek(s)) !

+ 1BOIIRN 2 + el B, v) g (1812 + 163 12) ) ds

P -
scfo Jig1& (o, 5: )]

| Hos)

, T ell(A = Ao)slieeellgll,2
L2 ¢
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4 -
+C/ H|5|MK3(P,S§5)”L§||A—A0||L3°||g||L§dS
0
P
SC/ pl—g—ﬂe(s—2+2es1+29+%+8s—2+2051+29+%+s—1+%)ds
0

<CplHo-no .21

Moreover, we observe that, for 0 < u < %,

/]R|5|“|€§s(0,€)ld§ < Cp'tone,

To extend these inequalities to & > l, we note that, forall 0 < u < v + %,

o415k (5)) H
Ek)H e =

12018

g1~

Distributing the powers of & appropriately within the integral and estimating as (4.21)
in a straightforward way, we obtain

18k g(p, v)| < Cp'TP=H  forall0 < pu < A+ 2.
Similarly, we have

18,0 g(p, v)| < Cp M0 forall0 < u < A 4+ 2.

Thus, by the standard embedding of the weighted Sobolev space W,} P c Cg’“, we
obtain that 35 g(p, v) is Holder continuous.

To conclude the proof, we observe that [1 — zz] forz = k(p), is positive on the
support of g(p, v), and

102 g(p, v)I = k(p)"|0) g (p, V)I.
Moreover, by the Holder continuity above, we have
19 g| < sup|atglll — 215"
We then calculate that, for 0 < 8 < pu,

108 g(p, v)| =Ck(p) P13 g(p, v)|
<Cp~ (sup |9’ g(p. )1 — 2214 °
Z

< Cp—ﬁ0+1+0[1 _ ZZ]ifﬂ
< Cpl+(1—2pb+,3)9 [k(p)z _ UZ]i*ﬂ.

This completes the proof of Theorem 4.7, and hence Theorem 3.4.
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Theorem 4.8 As ¢ — 0, the relativistic entropy kernel x(p, v) converges uniformly
to the classical entropy kernel x*(p,v) on {p < pup}. In particular, in the (k, v)—
coordinates,

|x (k,v) — x*(k, v)| < Cex™(k, v),

where C depends only on py, which implies that, when ¢ is sufficiently small,
l *
X(k»U)ZEX (kav)>0

in the interior of its support {|v| < k}.

Proof 1t is clear that, as ¢ — 0,

/ p 7
k(p) = / VP ds — k*(p) := / P's) ds  uniformly in p € [0, pp].
s+ep(s) 0 s

Also, from the expressions given in Sect. 4.2, we see that coefficients a;, i = 1,2,
converge uniformly to their classical counterparts (a; and a;, in the notation of [4]).
Thus, it suffices to show that the remainder function g(p, v), determined in Sect. 4.3,
converges to the remainder function g, of the classical kernel.

Recall that g is defined as the fixed point of

o
fg\(p,é):/o K(p,s:6)F(S(@)(s, §)ds,

where K is defined in (4.11), S is defined in Proposition 4.2, and g* is defined as the
fixed point of

~ po
g*(p,é)=/0 K*(p, s;£)F(S*(g")(s, ) ds,

where K* and S* can be foung in [5]. ~ _
From the expressions for K* and S* in [5], we see that the difference, K — K*,
satisfies

1K (p, ;&) — K*(p, s-s>|

k(o) \} [ k(s) |
< Ce(305) (k/()) Qv (Ek(0) Oy (Ek(s) ' R(EK(5))

for0 <s < p and £ € R. Similarly,

IF(S(g) — S* (g < Cel far1(Ek(o)]p~ 2 + &2ir(p, £)].
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Using

—~ P
T0.6) — (p. &) = /0 R(p.5: ©)F(S(9)(s, &) ds
po_
—/0 K*(p, 5: €)F(S*(g)(s, &) ds
P -
- /0 (R — K¥)(p. 5: 6)F(S(2))(s. £) ds

po_
+/0 K*(p. 5: HHF(S(g) — 5*(g")(s. £) ds,

we may argue as in the proof of Theorem 4.7 to conclude the bound we want.

5 The Weak Entropy-Flux Kernel

With Theorem 3.4, thereby demonstrating the existence of the entropy kernel, we now
move on to the entropy-flux kernel and Theorem 3.6.
To this end, we consider the expressions derived for general entropy pairs:

_u(l—ep’) N p'(1 —eu?)?
Ty T U=yt ep) ™
p+ep u(l —ep')

qu = 1 —&2pu Np 1 —&2p'u? Mu-

2 7
Changing the variables to (p, v) and setting (5, i) := (‘2 JT_’; )2<[17;§” ), '1498;;{; ) yield

qp = unp, + :5k/277vv Gv = pnp + uny.
Lemma5.1 p(p, v) and ii(p, v) can be expanded as

A(p, v) = po(p) + ep1(p)(k(p)? — v?) + &2 pa(p, V) (k(p)* — v*)2, (5.1)
ii(p, v) = v(uo(p) + eur () (k(p)? — v?) + 2uar(p, v)(k(p)* — vH?),  (5.2)

with

_ (ptep)( —eu®)?) u()(1 — ep”)

po(p) 1— Szp/u(k)z ’ uolp) = IC(ITP/M(IC)Z)’

and

lp1 ()| + 1p2(0, V)| < C(p +ep(p)). |u1(p)| + luz(p,v)| < C,

where C > 0 is independent of ¢ > 0.
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The proof of this lemma is the same as that of Lemma 4.1, by taking a Taylor
expansion in vZ around k(p)?.

We now need to derive an equation for the entropy-flux kernel. We recall the
operator:

L =8y, — k"?8,, + €40, + ¢ Bvd,

~ - ~ 2=
and observe that, by definition (see (3.6)), €A = p"ﬁu" and eBv = %. We may
therefore calculate

L(o —iix) =0, — k?0yy + eAc, + e Bvoy — 2iipXp — it Xpp + 2K i1y X0
+ K i xpy — e Ay, — e Bviy, — L(iD) x
= —dipxp + 2K pxw + K Boxo — K Buxp + Kl x
+8AK?pxy + eBvpx, — L(i)x
=2K'K" B xv + 2k fpxv — 2k puxp — Lii) x
=:F(p,v), (5.3)

as claimed in (3.18). Defining F(p, v) := I:“(,o, v) + L(it ), we derive (3.17).

5.1 The Coefficients for the Entropy-Flux Kernel
As with the entropy kernel in Sect. 4.2, we now derive the expressions for the
coefficients of the entropy-flux kernel, b1 (o) and bz (p).

Expanding F(p, v) in the coefficients of G, (p,v) (recall from Sect. 4.2 that
G(p,v) = [k(p)* — v?]}), we find

L(o —iix)(p,v) = —4rvk'(K' po)'a1G—1(p, v)
— 4G (p, v)((h + DK (k' po) az + rek' (K p1)'ar

2 / 1 F

— ek pra) + Za)m) +vf(p,v), (54)

where
w(p) = ugy + e Aougy + e Bouo + dekk'u + 2¢(4k'* + kk" + e Aokk' — & Bok*)u1,
and f(p, v) is a more regular term satisfying the bound:
|f(p, )| < Cp* G

Moreover, we note from the asymptotics for k(p) in Lemma 2.1 and the bounds for
ai(p) and ay(p) in Theorem 3.4 that the coefficients of G, _1(p, v) and G, (p, v) also

satisfy the bounds of form Cp??—2.
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We are now looking for the entropy-flux kernel in the form:

(@ —ix)(p,v) = =v(b1(P)Gi(p, v) + b2(P)Grt1(p, V) + h(p, V).

We write b; (p) = W;(p)ai(p), i = 1,2, below to emphasize the relation between
coefficients b; (p) and a; (p). Applying operator L to this ansatz, we have

Lo —uy)
= —4rvark' (kW) G;—1(p, v)

/

+ Gu(p, v)v(— W/a; — 2W{aj — 4L + Dkk'ax(W; + %Wz)
+ (Wo — Wpa] — eAgWia1 — eBoWias + eAg(Wa2 — Wi)d)
+2xeBo(Wa — W)ay — 2xe2kk’ Aray (W) — Wa)
+20e2 (Wi — Wa) Bia1k?)

+ Gay1(p, V)V(— Wyar — 2Wiah — Wady — 2xe’ Ay Wiarkk'

+ 2283 Bov* Wiay — e(A — Ag)Wiay — e(A — Ag)Wid]
—2(h + De(A — Ag) Waaskk’ — 21e(B — Bo)Wiaj
+2(A + De(B — Bo)v*Waay — e AW)ay — e AWaa)h
— eBWaar — 2(A + 1)e ByWaas)
+L(h). (5.5)

Matching the coefficients in the terms of G, _1(p, v) in (5.4) and (5.5), W (p) must
solve

kW1)'(p) = (K'po) (p).

This has the solution ,

_ K
k(p)

For coefficient W5, comparing the next most singular terms yields

Wi(p) po(p)- (5.6)

k' (p) Wa(p) — W(p) Wa(p) = Q(p)

W3(p) + :
2(7) k(p) 4(A + Dk(p)K'(p)az(p) 4(A + Dk(p)K'(p)az(p)

where W (p) is defined as in (4.4), and Q is given by

Q= —W/a; —2Wjd} — W\W — eAgW|a; — eBoWa
+ 4\ + DK (K po) ay + 4rek’ (K p1) ay — 4ek”? pra) + way. (5.7)

Using the expressions for~( Wi, u, p)in (5.6) and Lemma 5.1, and applying once again
Lemma 2.1, we see that Q(p) = O (p*72).
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From (4.6) and the expression for a;(p), we have

W(p) d
40h + Dk(p)K' (p)az(p) d,O

(1og / e*ﬁ“)k(r)*k’(r)*%mr)dr).

Now we define an integrating factor:

I(p) = exp (/ <Il€</((ss)) + — (10g/ e k() kK (r)_i W(7) dr)) )

=k(p) fp e Ok (1) "I W (1) d.
0

One may check I(p) = O(p?)as p — 0. Thus, ml(p) O(p~'1%)
as p — 0, and hence is integrable. Therefore, we obtain
P Q
W. =1(p)~! ——(s)I(s) ds. 5.8
2(p) = 1(p) /0 T s (5.8)

It is simple to verify that |W;(p)| < C, where C depends only on pyy.

5.2 Proof of the Existence and Regularity of the Entropy-Flux Kernel

As for the remainder function in the expansion of the entropy kernel, we derive an
equation for LA, where L is defined as in (4.7).

Proposition 5.2 The remainder function h(p, v) satisfies

F(Lh)(p, &) = F(T(9)(p, &)
= —F(e(A — Ag)gp) — F(eBugy)

— B(p)& + Hi(p)k(p)E frsa(k(p)E) + &2 (p, &),

where Hy(p) = 0(p~ ") as p — Oand #(p, €) = 0(p™ " (k(p)|g) 71771
as & — oo, for some a > 0.

In particular, 7 (p, &) acts asymptotically like ]‘;+ 1+a (k(p)E) as & — oo. As the proof
is very similar to that of Proposition 4.2, we omit it.
Observe that

ifk(p)|g] =< 1,

_ C
k k 3
(P)I§ frr2(k(p)§)] < Clk(p)E| ™72 ifk(p)lg| > 1,

so that k(p)& ﬁ+2(k(p)§) satisfies the same bound as ﬁH(k(,o)“g‘). We may prove
the following theorem analogously to Theorems 4.5 and 4.7-4.8.
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Theorem 5.3 (Existence and Regularity of the Entropy-Flux Kernel) Fory € (1, 3),
there exists h € L®(0, par; L*(R)) that is a fixed point of

~ po_
hp. &) = fo R(p. s YF(T()(s. £) ds (59

such that iz\(,o, &) satisfies

3 ¥
2

1R, M2 + 1ok (p, Y2 < Cp' T2 e (5.10)

The remainder function h = h(p, v) is such that ok h is Holder continuous in (p, v)
for p > 0 forall uwith) < pu < X+ 2. In addition, if 0 < 8 < u,

88h(p, v)| < Cp M=+ [k (p)? — w214 F.

Finally, as ¢ — 0, o(p,v,s) — o*(p,v,s) locally uniformly, where c* is the
classical entropy-flux kernel as in [4, 5]. In particular,

lo(p,-, ) —a*(p, - lreqo<p<pn) < Ce.

In what follows, especially in Sect. 6, we require not only an expansion for o — i x,
but also for o — A+ x, where Ay are the eigenvalues of the system defined in Sect. 2.

Corollary 5.4 o — A x satisfy the following expansions:

(G - )\iX)(IO, v, S)

/

k
=( —Axx)(p,v—15,0) = (Fk — (v — S))po;x(p, v—s)+ Re(p,v—y5),
where |[Ri(p, v — )| < Clk(p)? — (v — 5)*x(p, v — 3).
Proof We begin by recalling
A =i £ K (p).

To show that ¢ — A1 x remain invariant under the Lorentzian transformation, it suffices
to check that the functions and their derivatives with respect to p at p = 0 remain
invariant. However, this follows from the simple fact that

(ﬁk/(p)x (p,v— s))p — 0 in the sense of measures as p — 0.
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Considering the case for s = 0 without loss of generality, we use expansions (3.11)
and (3.19) for x (p, v) and (6 — ) (p, v) to obtain

k/
(0 = rxx)(p,v,0) = (Fk — v)po;al[k2 -0’1
— (£ prartk’ £ pa(k* — vD)ark’ £ park’ + vby)[k* — v
F ok'g(p, v) +h(p,v),

from which the desired conclusion follows directly.

In the reduction argument of the next section, we require an accurate analysis of the
singularities of the entropy and entropy-flux kernels constructed above. To this end,
we now provide explicit formulae for the singularities in the fractional derivatives of
order A + 1.

Proposition 5.5 (Explicit Singularities of the Entropy Kernels) The two distributions
83"'1)( and 33}“0 satisfy

_1 &
Ty = K (p) 72" P Y KESy—gr(o) + €' (0. V),
+
~ _ o
0yt (o —iix) = —vpo(p)k(p) 'K (p) 7"y " Ky + €' (0, v),

+
(5.11)

where K* are constants, and e' and e'! are Hélder continuous functions in the interior
of the support of the kernels such that

le' (0. V)| < Ck(p) " [k(p)* — v* 177, (5.12)
e (p. v)| < Ck(p)"*[k(p)* — v*]}* (5.13)
forall o € (0, 1].

Proof The identities for the fractional derivatives 83‘“ G, and aé‘G » may be found in
[4, Proof of Proposition 2.4]. The desired representations then follow from expansions
(3.11) and (3.19), exactly as in that proof.

Finally, we record a property of the coefficients to be required in the sequel.

Proposition 5.6 We define a coefficient D = D(p) as

D(p) := a1(p)b1(p) — 2k(p)*(a1(p)b2(p) — a2(p)b1(p))-

Then there exists ey > 0 such that, for all ¢ € (0, &y), D(p) > 0 forany p € (0, pp).

Proof This follows from the formulae and bounds given for the coefficients above in
Theorems 3.4 and 3.6. Indeed, a calculation shows

_ al(P)2 1 / y—1
D(p) = G Do) (0P"(p) +2p"(p) + O(ep? ™).
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6 Compactness Framework

Now that the entropy and entropy-flux kernels have been constructed, we apply them
to analyze the compactness properties of a sequence of solutions or approximate
solutions of system (1.1). Therefore, the principal aim of this section is to show that
a uniformly bounded sequence of functions satisfying the ngcl compactness of the
entropy dissipation measures (see (6.1) below) can be shown to converge not only

weakly, but also strongly in L ..

Theorem 6.1 (Compactness of Approximate Solutions) Let (p°, u’) € (L""(Ri))2
with p® > 0 be a function sequence for 8 € (0, 1) such that

1
(e, )] < M < 7 0 PO (1, %) < M < Phax forae (t,x) € R

for ¢ € (0, g9] with some g9 > 0 defined as in Proposition 5.6, and M and py
independent of § > 0. Suppose that the sequence of entropy dissipation measures

n(p‘s, u‘s), + q(p‘s, u‘s)x is compact in ngcl (Ri) 6.1)

foranyweak entropy pair (1), q). Then there exist a subsequence (still denoted) (p°, u®)
and measurable functions (p, u) such that

lu(t,x)| <M, 0<p(t,x)<py forae (t,x)eR%,

and (p°, u®) converges strongly to (p, u) as § — 0 in LfOC(Ri)for allr € [1, 00).

The proof of this theorem rests on two main ingredients: the div-curl lemma
of Murat-Tartar [21, 25], and the following reduction result for Young measures
constrained by the Tartar commutation relation whose proof is temporarily postponed.

Theorem 6.2 (Reduction of Support of the Young Measure) Suppose that v(p, v) is
a Young measure (probability measure) with bounded support contained in {|v| <
v(M),0 < p < pu} satisfying the commutation relation:

n1q2 — M2q1 =N1492 — N24q1 6.2)

for any two weak entropy pairs (1, q1) and (n2, q2), where we have denoted

fi= / f(p,v)dv(p,v)  for any continuous function f(p, v).

Then either v is supported in the vacuum line {p = 0} or the support of v is a single
point.

Proof of Theorem 6.1 For convenience, we work in the (o, v)—coordinates. As the func-
tion sequence (,05, v%) with v¥ = v(@?) is uniformly bounded in L°°(R2+), we may
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extract a weakly-star convergent subsequence (still labelled as) (p°, v‘s)—*\(p, v) in
L°°(]R3_). By the fundamental theorem of Young measures (cf. [1]), we may asso-
ciate, for a.e. (t,x) € R2, a probability measure v, such that, for a.e. (¢, x),
suppvy,x C {|v] < v(M),0 < p < py} and

FO 0.0 x) = Ftx) = fR L o) dvc(o.v) i LORY)

for any continuous function f : Ri_ — R.

We take any two weak entropy pairs (11, q1) and (12, g2) and, for simplicity of
notation, we define nf = r)i(p‘s(t,x), ¥, x)) and qf = q,-(,o‘s(t,x), v, x)) for
i = 1, 2. Then, by definition of the Young measure, we have

*

n g5 —ndq! — Mg —mqi  inL®[Ri)ass — 0.

On the other hand, by the H~!-compactness assumption (6.1), we may apply the
div-curl lemma (cf. [21, 25]) to sequences w‘lS = (77(13, qf) and wg = (qg, —ng) to
obtain

r]‘]S qg - 773 qf —N1g2—1n291 in the sense of distributions on Ri asé — 0.

Thus, by uniqueness of weak limits, for a.e. (¢, x), we have the Tartar commutation
relation:

nq2 — n2q1 =N1q2 = N2q1
for any two weak entropy pairs (11, q1) and (12, g2).

We conclude by applying Theorem 6.2 to show that, for a.e. (¢, x), v; x is either
constrained to a point, so that v, x = 8(s(¢,x),v(z,x))» OF Vy,x is supported in the vacuum
line: supp v, x C {0 = 0}. In either case, changing back to the conserved variables U
implies that the Young measure v; . is a point mass a.e.. Then we conclude the strong
convergence as claimed.

The rest of this section is devoted to the proof of Theorem 6.2. As a preliminary step,
we extend a result of DiPerna [14] for the classical Euler equations to the relativistic
case. This lemma tells us that, in the (w, z)—plane, the smallest triangle containing the
support of the Young measure v; , (considered as a measure in (w, z)) must have its
vertex in the support of v, .. Note that the vacuum line {p = 0} corresponds to line
{w =z}

Lemma 6.3 Let v be a probability measure on set {w > z} with non-trivial support
away from the vacuum line, i.e., suppv N {w > z} # 0, and let v further satisfy the
commutation relation (6.2) for all weak entropy pairs (n1, q1) and (12, q2). Let

{(w,2) : Zmin <2 X W < Wmax}

be the smallest triangle containing the support of v in the (w, z)-plane. Then its vertex
(Wmax, Zmin) belongs to supp v.
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Proof We argue by contradiction. Suppose that there exists ¢ > 0 such that

suppv N ([wmax — o, Wmax] X [Zmins Zmin + 05]) = 0.

From the commutation relation (6.2) (dropping the test functions and working directly
with the kernels), we have

X(s1)0(s2) — x(s2)o(s1) _ ols2)  olsn)
x (1) x(s2) x(s2)  x(s1)
forsy, sp € R such that x(s1) x(s2) # 0, (6.3)

Wherex(_sj) = f x(p,v,s5;)dv(p,v), j =1,2. Setting s_ := Zmin and s4 1= Wmax,
we consider s; and 52 suchthat 0 < sy —s» < o and 0 < s1 — s < «. As
supp x (s) = suppo(s) = {z < s < w}, we see that (w, z) € supp(x(s1)o(s2))
implies that (w, z) ¢ supp v. Arguing in the same way for y (s2)o (s1), we see that the
left-hand side of (6.3) vanishes.

We recall from Corollary 5.4 that

/

k
(@ =2e)(p,v=5) = (Fhk=@=9))po7x(p.v =)+ Re(p,v =),

where [Ru(p, v — $)| < Clk(p)* = (v = $)*|x (p, v — s). Then

o) _ rax(©) G G $)) 0% x (5) R0
X6 x@) x(5) x(@)

(6.4)

We define the probability trace measures 4 and p_ by

1x(2) = (4, f(Wmax, ) = _/ J (Wmax, 2) A4 (2) as 52 = S+
x (52)
DD s fzmn) = [ F i) ass s
x(s1)

for any continuous function f = f(w, z). Itis now standard to see that these measures
are well defined (cf. [14]). We note that

(—k — (v —52))po % x (52)
— <C max lw—s2] >0  assy — 54,
X (s2) (w,z)€supp v N{w>s7}

k—(—s oE S1

( ( Npo7 x(s1) <C max |z—s1]— 0 ass; — s_.
x(s1) (w,z)€supp v N{z<s1}
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Moreover,
Ri(s
() <C max [k*— (v —s)z]Jr <Cmax |lw—s2|lz—s51| > 0
x(s) (w,z)€ supp v supp v

as either s — s4 or s — s_. Thus, we deduce from (6.4) that

Mgy Aq) = (-, 2-) =0. (6.5)

Now suppose that (wmax, 21) and (w3, Zmin) are the points on the edges of the triangle
with the coordinates given by z; = v; — k(p1) and wy = v2 + k(p2). Observe that
necessarily v; > vy with equality only at the vertex of the triangle. Now we calculate

At (Wmax, 21) — A— (W2, Zmin)
_ i —u)(+ey/p' eV () + (VP (01) + VP (02) (A — suiuz)
(1 —eury/p' (o)) (1 — euz/p' (2))

as either u; > up or u; = up and p; = p2 > 0. As both 4 and p_ are probability
measures, this gives the desired contradiction to (6.5).

O,

To prove Theorem 6.2, we exploit the existence of an imbalance of regularity in
the commutation relation (6.2), following the approach as developed in [4, 20] (also
see [14]).

We write P; := 8?/,“, Jj = 2,3, for the fractional derivative operators, and define
xj = x(p,v—ysj), j = 2,3, and similarly for the other terms. Then distributions
P;x(sj), j = 2,3, are defined as acting on test functions ¥ € CZ°(R) by

(Pix(sj), ¥) = —/Rasij(s]')d/’(sj)dsj forj =2, 3.

We choose standard (but distinct) mollifiers ¢; € C°(R), j = 2, 3,sothat¢;(s;) > 0,
fR ¢j(sj)ds; =1, and supp¢;(s;) C (-1, 1), and set qbf(sj) = é—l?qﬁj(%) for o > 0.

The strategy of the proof is first to apply operators P, and P3 to the commutation
relation (6.2) and then to mollify them. To make clear the claimed imbalance of
regularity, we make use of the fact that the limit of a mollified product of a measure
with a BV function depends on the choice of mollifiers used (cf. [10]). Mollifying the
entropy and entropy-flux kernels and taking s», s3 — s1, we obtain the expressions of
form:

S1

P v w0l = | vt a (LT g P

iXj = ij*¢j(sl)—/ast(s])?¢j( 0 ) ds; forj=2,3. (6.6)
Once we have differentiated and mollified the commutation relation (6.2), we pass
o — 0, relying on the properties of cancellation of singularities of the entropy and
entropy-flux kernels to obtain a limit depending on ¢, and ¢3. These properties are
stated in the following lemma.
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Lemma 6.4 (Cancellation of singularities) As ¢ — 0, we have the following
convergence properties:

(1) For j = 2,3, functions x1 Pjof —o1Pj Xf are Holder continuous in (p, v, s1) and
uniformly in 0. Moreover, there exists a continuous function X1 = X(p, v, s1),
independent of the choice of mollifying sequence, such that x1 P; of —o1P; XJQ —
X1 uniformly in (p, v, s1) when ¢ — 0.

i) P ng P3oéQ — P X3Q onzg are uniformly bounded measures such that, as ¢ — 0,

Pyx§ P30y — Pyx§ Paog — Y (2, $3)M (p)D(p) D _(K*)*85; k()
+
weakly-star in measures in s1 and uniformly in (p, v), where
1 pl
Van = [ [ (030 =5 = 10020 = 260 = = D) dr s,
- S

M@)= O+ l)c;ik(p)”‘ for p > 0, and D(p) is as in Proposition 5.6.
The proof of this lemma is analogous to [4, Lemma 4.2—4.3]. For the sake of
completeness, we include a proof here in the relativistic setting. It is based on the

structure of the fractional derivatives of the kernels given in Proposition 5.5.

Proof of Lemma 6.4(i) Since we only require the fine properties of the leading order
term in each of the two expansions, we set

g(p,v—s1) =a2(p)Grti1(p, v —51) + g(p, v —s1),
h(p,v—s1) =— (@ —s)b2(p)Gay1(p, v — 51) + h(p, v —s51).

With this notation, recalling that b1 (p) = po(p) %a 1(p), we employ the expansions

of Theorems 3.4-3.6 to write the product as
xiPjof — Pixfor = El¢ 4 EThe  glTTe,
where
ET = aipok ™ K2e%G1 Y KE((s) = 5108y —ut) * 8,
+
EM0 = pok™ K2y K*31((s) — 51)85=0k) * 8
+
s Z K*hy8y;—px * ¢,
+

EM = @G+ gnel « ¢ — ((s1 = v)b1Goi + hi)ef ¢
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Using the bounds given by Lemma 2.1 for k(p) and k’(p), we bound E’-€ by

A

10 10 A A
[EZC(p,v,81)| < Cp 2 [k — (v—s)Iilk+ (v—sDI}
x Y KElst—v F kg1 — v F h)

+

10 _ Ss1—VFk
Cp T Y K*si —vFkl"o ‘@(T)
+

IA

10 5
<Cp2p*—0

locally uniformly in (p, v, 51), as ¢ — 0, where we have used the fact that supp ¢; C

(-1, 1).
Next, for E 1.0 we make the bound:

1-6 1-6
B (o, v —s)l < Cp 2 K = w=s)’T{ ) ¢fGs1 —vFh) < Cp 2 " — 0.
+

Finally, we consider the remainder term, E///-¢(p, v — s1). Using bounds (5.12)—
(5.13), we observe

—0

1
Isi —vllet (o, v—sD]+let (o, v—s1)| < Cp 2 T?*°G_o(p,v—s1) fore € (0, 1).

Clearly, this is not Holder continuous up to the boundary of its support. However, in
the region {Ik2 — (v —151)2] < A} for A > 0, we may bound

1-0 1-6 _
|EMe(p, v —51)] < Cp 7 P29G, _q(p,v—51) < pP 2 T20AM

which may be made arbitrarily small by taking 0 < @ < min{l, A} and A small. On the
other hand, in the complement region, {|k> — (v —s1)?| > A} so that we conclude that
G, e§ ,and e!! are all uniformly Holder continuous, and hence E’//-¢ converges to a
Holder continuous limit on this set, independent of the choice of mollifying sequence.

The proof of Lemma 6.4(ii) rests on the observation of [19] (and of [10] in greater
generality) that the limit of a regularized product of a function of bounded variation
with a measure depends on the choice of regularization. In particular, for the case of
the product of a Heaviside function and a Dirac mass, we use the following lemma.

Lemma 6.5 For any my, m3 € R,
(Hszzmz * ¢§) (553:m3 * ¢3Q) _\Q¢2'¢3 (ma, m3)8s1=m3

weak-star in measures as ¢ — 0, where

0 ifmy > m3,
Q% (my,m3) = [1, [ ot —s — Des()drds  ifmp = m,
1 ifmy < m3.
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Proof of Lemma 6.4(ii) We employ the expansions of Theorems 3.4 and 3.6 to obtain

Pyx(p,v—s2)P30(p,v,s3) — P3x(p,v—s3)P20(p, v, 52)
= PyyaP3(03 —lix3) — P3x3Pa(0o2 — i x2)
= (@1 P2Gy2+axP2Gyy12 + P2g2)
x ((s3 = v)(B1 P3G;. 3 + baP3Gyy13) + Pshs + (h + Db19},G). 3
+ (4 + D23y, Gir1.3)
— (a1 P3Gy 3 +ay P3Gyy1,3 + P3g3)
x ((s2 = V)01 P1Gra 4+ baPaGy12) + Poha + O+ 113}, G
+ (04 D523}, Gor1.2)
— EI—G—E”—i—EI”,

where we have decomposed the expression as

E! = (s3 — s2)a1by P>G; 2 P3Gy 3,
E' :=a1 PG o((53 = 002 P3Gagr 3 + (b + Db19], G 3)

§3
— a1 P3G 3((s2 = Vb2 PaGry12 + (A + Db13],Gy2)
+ azbi (P2Gyq1,2(53 — V) P3Gy 3 — P3Gg1,3(s2 — v) P2G) 2),

and E'!! is the remainder.
We now take mollification for the mollifiers defined above. This yields

Prx3 P30y — Psx§ Paoy = (E + EM + EMT) x 95 « 5.

We recall that, as our mollified expressions are evaluated at s; (compare (6.6)), this is
now a function of (p, v, s1) only. From symmetry considerations, the limit of E///-¢
is 0 as o — O, since this term contains only the products of measures with Holder
continuous functions and more regular products. This convergence is uniformly in
(p, v) and weak-star in measures in .

We consider next the most singular terms, arising in E/¢ = E x ¢3 x ¢3. From
Proposition 5.5, we see that this expression involves products of measures, products
of measures with L? functions, and products of L? functions. Again, by symmetry
considerations, the last group of these terms vanishes in the limit as o — 0, so that
we focus only on the first two. Observe first that a typical product of measures is of
the form:

(53 — 52)a1b1k' (p) 1P P8, ii(p) Bsymvti(p) * B * B5 -
If both Dirac masses are based at the same point s, = s3 = v & k(p), then the factor

(s3 — s2) leads the expression to vanish. Then it suffices to consider the case that
they are based at different points. The action of this measure on a continuous function
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¥ (s1) is then
abre® k' (p)™! / (w — 2)¢3 (s1 — )P (s1 — )Y (s1) dsy.
Hence, we bound
€7 [ w2686 - weken - s as|

< C(w —z)!™ / ¢35 (51 — w3 (s1 — 2)|Y (s1)] dsy

— 1 —
< () [ gatsnan(sv+ P+ gsnlds
Y -1 @

< Co? — 0,

where we have used supp ¢3 C (—1, 1). Arguing similarly for the other terms, we
obtain

El¢ 50 asp—0

weak-star in measures in s and uniformly in (p, v).

We now come to the most significant term: E//-¢ = E'! x ¢3 % ¢3. Replacing s,
and s3 with s gives a remainder equipped with good factors of form s; — s1, which
may be shown to converge to 0 as above. Taking account of cancellations, we therefore
consider the expression:

E'0 = (1 + Darbi (P2G).20},Gr3 — P3G1.305Ga2) * @5 * 5
+ (s1 — v)(a1by — a2b1) (PG 2 P3Gry1,3 — P3G 3P2Gig12) * §5 * §5.

Observe that

NH'Grpi(p.v =)
=[k* — (v = )’1:0; T Ga(p, v — 5) =200 + (s = v)3; Gi(p, v — 5),

and that the contributions from the first of these terms may be seen to converge to 0.
Thus, it suffices to consider the contribution from
A+ 1)albl(P2Gk,285A3 G3— P3Gx,33s)“2Gx,2) * B3 * 3
=20+ D(s1 — v)*(@1b2 — a2b1) (P2G1.20},G13 — P3G).30}, G.2) * b3 * ¢5
= (v + D(a1b) — 2k*(a1by — azb1)) (P2G .20}, G 3 — P3G1.305 G 2) % 65 % ¢
+ Gerror,
where Geor also converges to 0. Applying now the expansions for the explicit

singularities calculated in Proposition 5.5 and Lemma 6.5, we conclude the result
expected.
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With the above results, the proof of Theorem 6.2 follows the same strategy as the
proof of [4, Theorem 4.2], included here for completeness.

Proof of Theorem 6.2 We begin by applying the commutation relation (6.2) with the
weak entropy pairs generated by test functions ¥ and ¥, and use the density of
test functions to derive the commutation relation directly for the entropy kernels
themselves:

x (510 (52) — x(s2)0(s1) = x(s1) 0 (52) — x(52) 0 (51)

for any 51,52 € R, as in the proof of Lemma 6.3, where, for example, m =
f x(p,v,s1)dv(p, v). We choose s1, 52,53 € R and apply this identity to each of
the pairs (s2, 53), (53, 51), and (s1, s2). Multiplying these identities by m, m,
and x (s3), respectively, and summing them together, we see that the right-hand side
vanishes (by an obvious symmetry), which leads to

x(s1) x(s2)0(s3) — x(s3)0(s2) + x(52) x(s3)0(s1) — x(s1)0(53)
+ x(s3) x(s1)o(s2) — x(s2)0(s1) = 0.

Applying now operators P, and P; defined above, we obtain

X (1) Pax(s2) P30 (s3) — P3x(s3) P20 (s2) + Pax (s2) P3x(s3)o(s1) — x(s1) P30 (s3)
+ P3x(s3) x(s1) P20 (s2) — P2x(s2)o(s1) =0

distributionally in (s, 52, 53).
We mollify this expression with mollifiers ¢» and ¢3 as described above to obtain

X1 Paxs P30y — P3x3 Paoy + Paxs Pix5o1 — xi1 P05 + P3x3y xi1Paoy — Pax3o1 =0

6.7)

with obvious notation. Passing now ¢ — 0, we recall that, as Pjy; is a bounded
measure in s; with coefficients uniformly bounded in (o, v), we may pass

Pix{ = Pixi

weak-star with respect to measures in s; and uniformly with respect to (p, v).
Therefore, we have

Pixj = Pixi

weak-star in measures in s7.
Considering now the last two terms of (6.7), we may combine this convergence
with the uniform convergence of Lemma 6.4(i) to deduce

Prx3 Psx3o1 — x1P3o5 + Psxs x1Poy — Paxjor — Pixi X1 — Pixi X1 =0,
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weak-star in measures in s1. On the other hand, we may apply Lemma 6.4(ii) to deduce
that the first term of (6.7) converges weak-star in measures in s to

x(s1) Y ($2. $3)M (p) D(p) ;miﬂasl:vﬂ(m,
so that, for any test function ¥ (s1),
Y (¢2. ¢3) ;miﬂ / x (W Ek(p)M(p)D(p)¥ (v £ k(p)) dv(p, v) = 0.
By assumption, we take Y (¢, ¢3) # 0 so that
; / X Ek(0)M(p)D(p) dv(p, v) = 0.

As M(p)D(p) > 0 for p > 0 by Proposition 5.6 (recall that ¢ < &), we deduce
suppv N {(p, u) : zZmin < 2(p, u) < w(p,u) < wmax} =,

since, for all s € (Zmin, Wmax), X (s) (considered in the (w, z)-coordinates) con-

tains point (Wmax, Zmin) in the interior of its support and, by Lemma 6.3, point

(Wmax, Zmin) € supp v so that x(s) > O for all s € (Zmin, Wmax)- Thus, the support of
v must be contained in the vacuum line V and point (Wmax, Zmin). Writing

V=Vy + wa(wmaximin)’

where vy is supported in the vacuum state V and w € [0, 1], we deduce from the
commutation relation that, for all sy, sp € R,

2
(0 —ow )(X (Wmax» Zmin»> $1)0 (Wmax, Zmin» 52)

— X (Wmax,> Zmin» $2)0 (Wmax» Zmin> Sl)) =0.

Choosing s; and s> such that the second factor is non-zero, we deduce that w = 0 or
w=1.

Then the proof of Theorem 6.1 directly follows from Theorem 6.2.

7 Global Viscosity Solutions
In this section, we demonstrate a method for the construction of a sequence of approxi-

mate solutions satisfying the compactness framework above. We address this problem
via the introduction of artificial viscosity by considering the system:
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W Fm) o ) = e () @)
2 2y,2 5 .
Bz((";tzxcg") + 3x((pltzit/zc/c?2u + p) = 53”(%)7

where § > 0 is the viscosity parameter. As with the classical Euler equations, the
viscosity system admits an invariant region, which is one of the conditions we require
to apply our compactness framework.

Before we state the theorem for the existence of the solutions to this system, a few
remarks on the end-point states are in order. To allow for the possibility that the density
and velocity do not vanish at infinity, we impose the end-point states (p+, 4+ ) such that
p+ > 0and |us| < c for the approximate solutions. We introduce smooth, monotone
functions (p(x), u(x)) such that (o(x), u(x)) = (p+,u+) for £x > 1 and require
that the approximate initial data functions satisfy (pg - P, ug — i) € CFR). The
existence and uniform bounds of solutions for this system are given in the following
theorem.

Theorem 7.1 Let (,08, ug) be approximate initial data functions such that
(0 — by ug — i) € CZ(R)
and, for some My > 0 independent of § > 0,

1

Then there exist global solutions Ul = U(pa, u®) of system (7.1) such that
(0, ) = pu’t,) —iy e C' N H'
and

1
Wt ) <M< —, 0<p’(t.x) < pu < phy  Sforall (t,x) e RE,

JE
where M and py are independent of § > 0.

The proof is by now standard. The uniform bounds on p and u follow from the
following lemma, whose proofis a standard argument based on the parabolic maximum
principle for the Riemann invariants. Throughout this section, we drop the explicit
dependence of the functions on § > 0, which is assumed to be fixed.

Lemma 7.2 Any C11 solution (p(t, x), u(t, x)) to system (7.1) admits the following
bounds:

Ik (p), vl oo @2y = Cli(wo, 20}l 22ow),

where wo(x) = w(po(x), ug(x)), zo(x) = z(po(x), ug(x)), and C > 0 is independent
of 8 and &, which implies that there exist M and py depending on ||(wo, 20) || Lo R),
but independent of €, such that
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1
lut, )| <M < —=, 0=<p =< pm < Ppa-

G

To apply the compactness framework in Sect. 6, we require the ngcl compactness
of the entropy dissipation measures n(U 5, + qU 8y .. This compactness requires the
uniform estimates of ( pﬁ, ufc) in§ > 0. We obtain this via the relative entropy method.

We recall the physical entropy pair (n*, ¢*) from (3.2). Writing U = U (p, u) and
U = U(p, it), we define a modified entropy pair (designed via the relative entropy
method) by

7*(U) = n*(U) —n*(U) = Vn*(U) - (U = U) = 0. (71.2)

As n* is convex, we see that n*(U) > 0 and V2p*(U) = VZp*(U).

Lemma 7.3 Suppose that

/RF(U(POa u0))(x) dx < oo.

Then there exists C > 0, independent of §, such that any solution U(p, u) of (7.1)
satisfies

T
sup fF(U(p,u»(r,x)dxH[ /(UNV%*(U)UX drdr < C.
te[0,T] /R 0 R

In particular,
T
8 / / (0”2 1px I + plux|?) dxdr < C. (7.3)
0 R

The proof is by now standard. When y < 2, this suffices to deduce the desired
compactness of the entropy dissipation measures. However, when y > 2, this bound
is insufficient. The following lemma provides the necessary improved control.

Lemma7.4 Let A € (0, %), and let K C R be compact. Then any solution (p, u) of
(7.1) satisfies

T A2 4
2 Y
5/ / lpx|“dxdt <CA+C—+CA™?
0 KN{p<A} 1)

for some C > 0 independent of § > 0.

Proof We denote N = \/% so that the first equation in (7.1) becomes

Ni 4+ (Nu)x = SNy,

For A € (0, %) to be determined later, we set

%Nz forN < A,

N) =
o) IA2 4+ AN — A) forN > A.
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Observe now that ¢'(N) = NIya + Aly>a = min{N, A} and ¢"(N) = Iy<a.
Multiplying the first equation in (7.1) by ¢/ (N)w?(x), where w € C(R) is a spatial
test function such that w =1 on K and w > 0,

@ (N)?); + ¢ (N)(Nu)yw? = 8¢'(N)Nyyw?.

Then integrating by parts yields
. T
/ ¢ (N)ow? dx|, — / / ¢" (N)Ny Nuw” dx dt
upp @ 0 supp w

S
T
—f f 2¢'(N)Nuwywdx dt
0 supp w

T T
=5 f / ¢"(N)N2w? dx dr — 28 / / ¢ (N)Nywywdx dr.
0 Jsuppw 0 Jsuppw

Rearranging this equation and recalling the expressions for ¢'(N) and ¢” (N) above,
we see

T
8/ / N2w? dx dr
0 supp wN{N <A}
T
:/ ¢(N)w2dx|§+f / N, Nuw? dx dr
supp w 0 supp wN{N <A}
T T
+ 2/ / min{N, A}Nuw,wdx dt — 28/ / NN, wywdx dt
0 supp w 0 supp wN{N <A}

T
— 28/ / AN,wywdx dt.
0 supp w

Recall now that there is a uniform bound on (N, u) from Lemma 7.2, as well as on
(w, wy). We therefore note that ¢ (N) < A and apply the Holder inequality to obtain

T
) / / N2w? dx dr
0 supp wN{N <A}

T 1 .
SCA—l—CA(/ / No?dvdr)’ +CVEAT,
0 supp wN{N <A}
where we have used
T
5[ / Ty=aA’N2w? dxdr < CA*Y,
0 supp @

Thus
2

T _ A 4y
5/ f Nw dxdth(A—l———i—AZ).
0 JKN{N<A)} )
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_ pxn(p) enuy
Note that Ny, = iR + Teu?) 2" Then

N7

(e;"nuux)2 I, 2
—p; — CNpuy,

2T a3 T 2

v

where we have used that n'(p) = ﬁ, the uniform bound on u, and n(p) < Cp.

Thus, applying again the energy estimate of Lemma 7.3, we have

r A? 4
2 2 i 4
5/ / PLw dxdth(A+—+A2>,
0 JKN{N<A} 8

which is the desired conclusion since there exists a constant C > 0 such that C~! p =<
N < Cp.

We also use the following fact, verified by direct calculation from the representation
formula of Theorem 3.4.

Lemma 7.5 For any weak entropy pair (n, q), the ordering
V2l < CV2n.

holds with matrices ordered in the usual way.

We prove the ngcl compactness of the entropy dissipation measures in the following
lemma.

Proposition 7.6 Let U’ = U (p®, u®) be a sequence of solutions of (7.1) with initial

data Ug satisfying the assumptions of Theorem 7.1 and Lemma 7.3. Then, for any
weak entropy pair (1, q), the sequence of entropy dissipation measures

n(U%), +qU%y s compact in H ) (R%). (7.4)

Proof Throughout the proof, we write (7%, ¢°) := (n(U?%), ¢(U?)). Multiplying the
equation:

Ul + F(U%), =8U2,

by Vn(U‘S), we find
g +q0 =ond, —8(UHTVIUL. (15)

By Lemmas 7.3 and 7.5, we may bound the last term in LIIOC(R%_) by observing that,
for any compact K C R,

T T
/ / lsUudHTviPu? dxdtg/ / |8UH TV iU dxdr < C,
0 K 0 K
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independent of § > 0. Applying the compact embedding of L!(K) into W14 (K)
with 1 < g < 2, we find that this term is compact in ngcl 1 forg < 2.
For the first term Snf . on the right-hand side of (7.5), we note that

3l < €101+ (097) + plul]).
Now, for 1 < y < 2, Lemma 7.3 implies that
s I 22
NG n% is uniformly bounded in L~ (R?),
so that
snd. is compact in ngcl’z(Ri).

In the case that y > 2, we apply the estimate of Lemma 7.4 to deduce that, on a
compact set K C R,

T T
52/ f|n;§|2dxdt5c52/ /(|p§§|2+p5|u;§|2)dxdt
0 K 0 K
T
<c#? f / (102 + 1o ) + Pl ) dx
0 K
2 iy 2—y
SC(BA+ A" +8A™2 +3A°7Y +9),

where A > 0 is to be chosen now. In fact, choosing A = §% witha € (0, ﬁ) implies
that this expression converges to 0. Hence, we see that

snd is compact in ngcl’z(R%r).
We have therefore shown that the sequence of entropy dissipation measures
) 8 : : —Lg m2
n; +4qy is compact in W,_."* (R7}) for some g € (1, 2).

On the other hand, since the approximate solutions (,0‘5, u5) are uniformly bounded,
we also have

n? 4+¢°  is bounded uniformly in Wy, "> (R%).

Applying now the compensated compactness interpolation theorem (cf. [3]), we see
that

n’ +q° is compact in ngcl’z(Ri),

as desired.

It is an easy exercise to see that the same arguments apply also to the vanishing
viscosity approximation to the alternative system (1.11).
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8 Proof of the Main Theorem

For clarity, we restate the main theorem of this paper here.

Theorem 8.1 (Existence of Entropy Solutions) Let (pg, ug) be measurable and
bounded initial data function satisfying

1
lup(x)| < My < 7 0<po(x) < pmy < Prax  Joraex eR,

for some My and py,, and let the pressure function p(p) satisfy p’(p) > 0, (1.6),
and (1.9). Then there exists 9 > 0 such that the following holds: There exists a
sequence (p°, u®) of the viscosity solutions to the approximate equations (7.1) such
that, if ¢ < g, then sequence (,08, u%) converges to an entropy solution (p, u) of (1.1)
in the sense of Definition 3.2 such that

|
lu(t, x)| < M < NG 0<p(t,x) < pM < Phay  Jorae (t,x) e R%,

for some M and py depending only on Mo and py,, where the convergence is a.e.
and strong in LY (Ri)for all p € [1, c0).

loc

To prove the theorem, we begin by constructing approximate initial data satisfying
the assumptions of Theorem 7.1 and Lemma 7.3. For each § > 0, we cut off the initial
data outside interval (—8_1 L8671 ), mollify with a standard Friedrichs mollifier, and add
a small positive constant 5° > 0 to the approximate density. This gives us the initial
data (,og, u%) satisfying the desired assumptions such that (pg, ug) — (po, ug) a.e.
and in Ll”OC (R). Then Theorem 7.1 gives the existence of the approximate solutions,
and the results of Sect. 7 then imply that these approximate solutions are uniformly

bounded and satisfy the condition:
n(U®; +qU?®,  are compact in ngcl (Ri)

for all weak entropy pairs (7, g).

The uniform bound on the approximate solutions gives a constant py; > 0 indepen-
dent of § such that p® < py, for all 8. Taking &g > 0 as in Proposition 5.6 then implies
that the sequence of approximate solutions (p°, u®) satisfies the assumptions of the
compactness framework of Sect. 6. Thus Theorem 6.1 gives the strong convergence
of the approximate solutions (?, u®) > (p,u) in LfOC(RzL) for all € [1, 00). We
can see that the obtained limit is an entropy solution of (1.1).

Finally, we remark that the proof of the existence part of Theorem 1.4 is similar.

9 Newtonian Limit

The final section of this paper is devoted to the proof of our second main result,
Theorem 1.3, concerning the Newtonian limit. We first introduce some notation to
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make the explicit dependence of the quantities on ¢ in this section. For ¢ € (0, 1), we
rewrite (1.1) as
9, U® 4+ 3, F*(U®) =0, 9.1

& £ & & T
where U¢(p%, uf) = (\/1”('0() = ( ;re:}flxz)g)u ) and F¢ is the associated flux. We
—& ME _

recall the definition of v¥ = v® (1) from §2:

¥ b =

1 | (1—}-\/5148)
(0] .
26 e\ Jeue

We write the Euler equations (1.3) as

hU+ 0, F(U) =0, 9.2)

where U = (p, m) ", F(U) is the associated flux, and F = (m, mTf + p(,o))T.

9.1 Proof of Theorem 1.3

By assumption, (¢, v®) is a uniformly bounded sequence in L°°. Then we may extract
a subsequence such that

(%, v%) A (p,v)  weakly-starin L.

To this sequence, we associate a Young measure v; . Our aim now is to show that
we may apply a reduction argument analogous to that of Theorem 6.2. However, we
observe that Theorem 6.2 holds only for fixed ¢ > 0, not for a sequence. We therefore
recall the following theorem from [4, 5].

Theorem 9.1 (Theorem 4.2, [4]) Let v(p, v) be a probability measure with bounded
supportin {p > 0, v € R} such that

(v, X (103 (52) = Xs(52)0%(51)) = (v, Y (1)) (v, 0% (52)) — (v, X (52))(V, O3 (51))
for any s1, s2 € R, where x. and o, are the entropy and entropy-flux kernels of the

classical Euler equations (1.3). Then the support of v is either a single point or a
subset of the vacuum line, {p = 0}.

Defining m® := p®v®, we show that
n(p®.m®); +q(p°.m*)x  is compact in Hy.

for any weak entropy pair of (1, g) of system (9.2), and hence argue by using the
div-curl lemma as in the proof of Theorem 6.1 to deduce the commutation relation:

(U, xx (5104 (52) = Xx(52)0%(51)) = (U, Y+ (51}, 0% (52)) — (v, X5 (52)) (v, 0 (51)).
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We may then apply Theorem 9.1 to deduce the strong convergence of the sequence
(0%, v).

It remains to prove the H ! compactness of the entropy dissipation measures. In a
slight abuse of notation, we simply write the argument of (1, ¢) as U®. Then

NS +qU)y = (W) =0 U9), +(9U) =" (U))  +1° (U +4° UF)s,

9.3)

where (1, ¢) and (n?, ¢°) are weak entropy pairs generated by the same test function

by convolution with the weak entropy and entropy-flux kernels associated to systems
(9.2) and (9.1), respectively.

Since, for each ¢, U? is an entropy solution of (9.1), we know that, for any convex
weak entropy pairs (n°, g°),

" (U +4°(U")x <0.

Moreover, n¢(U?); + ¢®(U?), is uniformly bounded in ngcl since U? is uniformly
bounded. Then Murat’s lemma [22] indicates that the injection of the positive cone
in H Vinto W—14,1 < q < 2, is compact, which implies that the convex entropy

dissipation measure sequence n°(U?®); + ¢®(U¥?), is compact in ngcl 1 for any g €
[1, 2). Likewise, for any concave entropy pair (1, ¢), we have

e (U®); +q°(U®),  is compact in ngcl’q forany ¢ < 2.

On the other hand, this expression is clearly bounded in ngcl **° by the uniform bounds
on U¢. Then the interpolation compactness theorem of [3, 11] yields that

n°(U®); + q°(U®)y is compact in ngcl’z

for any convex or concave entropy.
Considering now the first term on the right-hand side of (9.3),

(nU®) —n*(U®)), + (qWU*) — ¢*(U")

we apply the bounds of Theorems 4.8 and 5.3 to estimate the difference between the
relativistic and classical entropies generated by the same test function v (s) by

In(o, v) —n°(p, v)| S/ » )Ilﬁ(S)IIX*(p,U—S)—XE(,O,U—S)IdS
v—s|<k(p

scs/ 1 (s)] ds,
[v—s|<k(p)

where x° is the relativistic entropy kernel of Theorem 3.4. Similarly, |g(p, v) —
q°(p,v)| < Ce.
Thus, for any set K € R2 , we have

9.4)

MU®) =0 U)) + (qU) —¢*(U*)x >0  inH '(K)ase > 0. (9.5)
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Therefore, the sequence of weak entropy dissipation measures in (9.3) is compact

in 1;31. We have therefore shown the compactness of the weak entropy dissipation

measures (9.3) such that the entropy functions are either convex or concave. Applying
the div-curl lemma in the standard way, as in the proof of Theorem 6.1, we deduce the
commutation relation

(v, n1q2 — n2q1) = (v, n1){v, g2) — (v, m2){v, q1)

for all such weak entropy pairs.

We recall now that a weak entropy for the classical Euler equations (9.2) is convex
(respectively concave) if the generating test function is also convex (respectively con-
cave). As the linear span of convex functions and concave functions is dense in our
space of test functions, we argue by density to conclude that the commutation relation
also holds for the kernels themselves:

(U, xx(51)0%(52) = Xx(52)0%(51)) = (U, Y (51)) (v, 0% (52)) — (v, x5 (52))(V, 0% (51))

for any 51, sp € R. We therefore apply Theorem 9.1 to deduce the strong convergence

of sequence (p?, v¥) a.e. and in Ll’oc(Ri) for all r € [1, 00). Then the proof of

Theorem 1.3 is concluded in the usual way.
The proof of the Newtonian limit of Theorem 1.4(ii) is similar.
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