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REGULARITY AND ENERGY CONSERVATION FOR THE COMPRESSIBLE
EULER EQUATIONS

EDUARD FEIREISL, PIOTR GWIAZDA, AGNIESZKA SWIERCZEWSKA-GWIAZDA,
AND EMIL WIEDEMANN

ABSTRACT. We give sufficient conditions on the regularity of solutions to the inhomogeneous
incompressible Euler and the compressible isentropic Euler systems in order for the energy to be
conserved. Our strategy relies on commutator estimates similar to those employed by P. Constantin
et al. for the homogeneous incompressible Euler equations.

1. INTRODUCTION

We study in this paper the relationship between regularity and the conservation or dissipation of
energy for two models of fluid dynamics: We consider the inhomogeneous incompressible Euler
equations,

o (pu)+div(pu®@u)+Vp =0,
a,p +div(pu) =0, (1.1)
divu =0,

as well as the compressible isentropic Euler equations,

3/(pu) +div(pu®u) + Vp(p) =0,

1.2
atp +d1VpM:O ( )

In both systems, p > 0 is the scalar density of a fluid, u is its velocity, and p is the scalar pressure.
Note however that in the incompressible case p is an unknown, whereas in the compressible system
it is a constitutively given function of the density. We consider these equations in any space
dimension (it makes sense to study (1.1) in two or more space dimensions and (1.2) in one or
more space dimensions). While the compressible isentropic Euler equations are a well-accepted
model for compressible flows, the inhomogeneous incompressible Euler equations have received
somewhat less attention than its homogeneous special case (when p =1 in (1.1)). Nevertheless, a
number of results on (1.1) are available, among them [5,6, 11, 12].

Both systems have energies which are at least formally conserved. For (1.1) the energy density
is given by Jp|u|? and for (1.2) it is 3p|u|* + P(p), where P is the pressure potential associated
with p. In compressible fluid dynamics, it is well-known that shocks may form, giving rise to
energy dissipation. For incompressible fluids, the situation is more subtle, but it had been expected
for a long time that the energy in fully turbulent flow should dissipate with a rate independent of
viscosity and, accordingly, there should exist weak solutions of the incompressible Euler equations
which do not conserve energy. Such weak solutions were eventually constructed by Scheffer [14]
and Shnirelman [15].

A common feature of these energy-dissipating solutions is that they necessarily exhibit a certain
degree of irregularity. The question therefore is how much regularity is needed to guarantee the
conservation of energy. In the context of incompressible turbulence, this question is the subject

of a famous conjecture of Onsager [13], according to which energy should be conserved if the
1
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solution is Holder continuous with exponent greater than 1/3, while solutions with less regular-
ity possibly dissipate energy. The first part of this assertion was proved (for the homogeneous
incompressible Euler equations) in [3, 4, 8], while significant progress has recently been made in
constructing energy-dissipating solutions slightly below the Onsager regularity (the currently best
available results are [1,2]).

We give in this paper sufficient conditions on the regularity of p and u to ensure the conserva-
tion of energy. Our approach relies on the idea of Constantin et al. [4] to use suitable commutator
estimates. Accordingly our regularity assumptions are stated in terms of Besov spaces Bg’w simi-
larly to [4]. However, since we have now two unknowns p and u, it is possible to “trade” regularity
between the density and the velocity. In particular, if the velocity is sufficiently regular, then the
energy will be conserved even if the density is only of bounded variation.

The term d,(pu) is nonlinear in (p,u) and therefore requires a commutator estimate. In turn this
makes it necessary to make an assumption on Besov regularity also in time (for the homogeneous
incompressible Euler system this is not needed). One may circumvent this time regularity assump-
tion, as was done very recently in [11] for the system (1.1), by formulating the equations in terms
of the density and the momentum m = pu and obtaining the energy conservation by multiplication
of the momentum equation by (pu)¢/p¢ instead of uf, where the index € indicates a suitable reg-
ularization. Then however, (pu)¢/p¥? is no longer divergence-free, which requires a commutator
estimate involving the pressure; as a consequence, a regularity assumption on the pressure has to
be made. We choose to rather assume some time regularity, as this approach allows us to handle
vacuum states (meaning p = 0).

Theorems 3.1 and 4.1 thus give energy conservation for (1.1) and (1.2), respectively, under
the assumption of Besov regularity in time and space. Theorem 4.3 states energy conservation
for (1.2) with no assumption on regularity in time, but under the assumption that p,u € BV NC in
space. Again, shocks provide an example that this result is optimal in the sense that the continuity
assumption cannot be dropped. For Theorem 4.3 we make use of a specific time regularization
that allows us to deduce some time regularity from the space regularity; such an argument was
already used in [10] and later in [9, 16].

Let us remark that statements similar to Theorems 3.1 and 4.1 could also be proved for the
Euler-Boussinesq equations

du+diviu®u)+Vp=20f,
2,0 +div(6u) =0,
divu=0

(without having to assume time regularity) and for Navier-Stokes systems (cf. [11]).
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2. BESOV SPACES

In this section we briefly discuss some properties of the Besov space Bg’w(Q), where Q =
(0,T) x T¢ or Q = T¢. The said Besov space comprises those functions w for which the norm

[w(-+¢) = wlwren@-¢)
Iwllgz=(a) = [WllLr(@) + sup
e e T HE
is finite (here Q — & = {x— & : x € Q}).
Letn € C(RY) for N = 1 +d or N = d (according to the choice of Q) be a standard mollifying
kernel and set

7=z (7).

2.1

With the notation w® = 1w for any function w, w? is well-defined on Qf = {x € Q : dist(x, Q) >
e}
It is then easy to check that the definition of the Besov spaces implies
¢ —wllooia < Cwllgaea) 2.2)
and
VW8l (@) < Ce® ! [[wllpe=(q)- (2.3)

Moreover, it is easy to see that (Bj” N L*)(Q) is an algebra, i.e. the product of two functions in
this space is again contained in the space.
Let BV ((0,T) x T%) denote the space of functions of bounded variation.

1 oo
Proposition 2.1. (BVNL*)(Q) C B} (Q) for every p € [1,+00].
Proof. Letw € (BV NL*)(Q). First observe that, trivially,

[w(-+&) = wl=(an@-g)) < 2[IwllL=.
Next, let (w,) be a sequence of smooth functions that converge strictly to w in BV (). This means
that w, — w in L'(Q), Vw, — Vw weakly-(*) in .#(Q), and, in addition, TV (w,) — TV (w),
where TV denotes the total variation. For each n, w, is in W!!(Q) and so we can estimate

1w (- +6) = wallzr@ni@-g)) < ISHIDWllLr = |GITV (wn)-

The left hand side converges to [|w(-+ &) —w||.1 because w, — w in L!, whereas the right hand
side converges to |£|TV (w) by the strict convergence.
Finally we interpolate between the L' and the L™ estimate to obtain

1 1-1
Iw(-+&) —wl@na-g) < ClIwllg! Iwlz=""" €17 < Cllwlgvec-l€]'7.

O

3. AN ONSAGER-TYPE STATEMENT FOR THE INHOMOGENEOUS INCOMPRESSIBLE EULER
EQUATIONS
Consider the inhomogeneous incompressible Euler system on (0,7) x T¢:
o (pu) +div(pu®u)+Vp =0,
a;p +div(pu) =0, (3.1)
divu =0.
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Theorem 3.1. Let p, u, p be a solution of (3.1) in the sense of distributions. Assume

ue BE((0,T)xT9), p,puecBE=((0,T)xT9), peLl ((0,T)xT) 3.2)
forsome 1 < p,q<ooand 0 < &, <1 such that

2 1 1 1

—+-=1, —+—=1, 2a+B>1. 3.3)

P 49 p p
Then the energy is locally conserved, i.e.

1 . 1
o <2p|u\2> +div [<2p|u\2+p) u] =0 3.4

in the sense of distributions on (0,T) x T¢.

Remark 3.2. (1) If p =1, then (3.1) reduces to the homogeneous incompressible Euler
equations, and the choice p = ¢ = 3 and a = 3 yields the classical result of Constantin et
al. [4] (except for the time regularity, which can be relaxed in this case).

(2) It may seem unnatural to impose regularity requirements on p, u, and pu at the same
time. By the fact that the spaces Bg’m N L™ are algebras, however, we may replace the
assumptions (3.2) by

ue (B¥NL7)((0,7)x T, pe (BF=NL*)((0,T)xT!), peLl ((0,T)xT)

loc

with exponents that satisfy (3.3) and, in addition, p > g and o > 8 (so that Bg"” C Bg ).
(3) The hypothesis concerning integrability of the pressure may be completely omitted as
soon as we are interested only in the total energy balance

d

1
gE(t) = 0 in the sense of distributions in (0,7), where E(¢) = 3 /d plul* dx.
T

Proof. We follow the strategy of [4] and mollify the momentum equation in time and space (with
a kernel and notation as in Section 2):

o (pu)® +div(pu®@u)®+Vp* =0.
Let ¢ € C2((0,T) x T?) be a test function. Multiplication with @u¢ and integration in time and
space gives

T T T
/ o, (pu)t - putdxdt —|—/ / div(pu@u) - pu®dxdt —I—/ / ou® - Vp&dxdt = 0.
0 Jrd 0 JT¢ 0 Jrd
(3.5)

Here we take £ > 0 small enough so that supp@ C (&,7 — &) x T¢. We can rewrite this equality,
using appropriate commutators, as

T T
/ / o (ptu®)- (pusdxdt+/ / div((pu)® @u®) - eutdxdt
0 Jrd 0 Jrd (3.6)

T
+/ / ou® - Vptdxdt = R} + RS,
0 Jr
where
T
R = / / o [pEu’ — (pu)f] - puldxd
0 Jrd
and

T
R = / /ddiv[(pu)£®u8 —(puu)e]- pudxd.
0 T
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The first integral on the left hand side of (3.6) equals

T 1 /7
/ / 00,p°|uf Pdxdt + - / / 0%yt Pdxd, 3.7)
0 Jr¢ 2Jo Jra
whereas for the second integral in (3.6) we use the mollified version of the continuity equation,
a,p¢ +div(pu)® =0,

to compute

T T
/ div((pu)® @) - Quldxdi = — / / o((pu)e ®u®) : Vuldxdi
0 JTd o J1d
T
—/ / u® - ((pu)® @u®)Veodxdt
0 Td
1 T
:—f/ / @(pu)€ - V|uf[*dxdt
2Jo Jra
T
f/ / u® - ((pu)® @u®)Vedxdt
0 Jr
LT . £(,,€2
:f/ / o div(pu)®|uf Pdxdi
2Jo Jrd
T
+ [ /{;w- (pu)¥ |2 = - ((pu)* @ uf )V pdxdt
0 J1e

1 T
:—f/ / 00, p° |uF [2dxdt
2Jo Jre

T
[ ]300 (o)l = (u - (pu))u - Vepdar
0 Jre 2
(3.8)

The third integral in (3.6) can be handled using the divergence-free condition on u:

T T
/ / ou® - Vpidxdt = —/ / Vo -ufptdxdt. (3.9
0 JTd 0 JTd

Thus, combining (3.7), (3.8), (3.9), and (3.6), we find

1 /T T 1
f/ 3 0p° |uf 2dxdt +/ / Vo | (uf - () — ~(pu)|uf |2+ pFut | dxdt
2Jo Jrd 0 Jrd 2
= —R{—RS.
To prove our claim, it suffices to show R{,R5 — 0 as € — 0. Indeed, the fact that this is sufficient
in order to prove the theorem follows from standard properties of mollifications together with our

assumptions (3.2).
For R}, we observe that

peu’ — (pu)* =(p* —p)(u° —u)

- /8 | nE (@ 8)(p(r = 7,x=&) = p () (ult = 7,x— &) —u(t,x))dEd~.
(3.10)
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The first part of R} therefore can be estimated by virtue of an integration by parts, (2.2), (2.3), and
our assumptions as

[ [, 0altof —p)a — )t anar

T T
< [ [ oot~ p)ut —u)-ulaxdi+ [ [ (o~ p)(u* ~u)- dusldixr
0 Td 0 Td
<CllgllcrePe? ] o llulzg +CllollceP e ] ol — 0

as € — 0.
For the second part of [ @R%dt according to (3.10), we estimate (using integration by parts,
Fubini, (2.1) and (2.3))

T €
| [ea ] [ "8t —rx=&)—ples)ulr — v.x— &)~ ule.x))déde - udva
0 JT —&JT

2 - 2
< CllgllciePellp | p.- ullza- +Cll@llcoe?e*e® P | o ual g — O

as € — 0.
The estimate for R is very similar. We write

(pu) @uf — (puu)® = ((pu)® —pu) @ (u® —u)
_/_88 | (@ E) (pult = 7,x = &) — pu(t,x)) @ (ult = 7,x = &) — u(t,x))dEdr.

The first part of RS can be estimated similarly as for R:

/T /d ediv[((pu)® — pu) @ (u® —u)] - u®dxdt
0o Jr

T
<lolles [ [, 10w~ pu) e () Vi

T
Hloler [ [ 1) = puy® (uf —w)u|dxas
< Clpllcoe el pul g+ Cll@llcr e e [p1l - 3 — 0.

Likewise, for the second part of RS we get

/OT/TddiV{/_i /Tdng(faé)(PM(I—TJ—é)—pu(t,x))®(u(t—r,x—é)—u(t,x))dgdf} - Qufdxdt

< Cllgllcoe’ee®  ||pull o - ulle = +Cll@lcreP el - lul 3o — O,

which completes the proof.
O

Although Theorem 3.1 implies that the energy E(t) = 1 [ru p|u|*dx is conserved in the sense of
distributions, it is still conceivable that it takes different values on a set of times of measure zero.
That this can in fact not occur under some further assumptions is the content of our next result:

Corollary 3.3. If; in addition to the assumptions of Theorem (3.1),
p,ueL?((0,7)x T,

[SB%‘]<HP‘|B§M(T£I) + HpuHBgr""(Td)) < o9,

and B > 0, then it follows that
P € Cyear ([0, T],L*(T?)), pu € Cyear ([0, T],L*(T RY)), (3.11)
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and, setting

2
E= [ PTya
p(t:)>0 P

we have E(s) = E(t) for all s,t € [0,T)].

Proof. The weak continuity (3.11) follows in a standard way from the equations, cf. e.g. Appen-

dix A in [7]. Moreover, by the Fréchet-Kolmogorov Theorem, Bg (T%) embeds compactly into

L'(T?). Therefore, if t € [0,T] and 1, — t, then p(t,) — p(¢) and pu(t,) — pu(t) strongly in L'.
Our aim is to prove strong continuity in L' of the energy density, i.e. as n — oo

lpul? ( lpul?

(t) inLY(TY), (3.12)

Lo(1,)>0 tn) = 1p(r)>0

Consider two sets: Fe = {x € T? : p(¢) > €} and T¢\ F.

Step 1. We begin with the set F,. From the strong convergence in L' we conclude that, up to
a subsequence (not relabeled), (p(t,))nen and (pu(t,))qen converge a.e. in Fe. By Egorov’s theo-
rem, for every § > 0 there exists a set Eg such that [T\ E5| < 8, where the sequence (p (t,))nen
converges uniformly. This allows to conclude that on the set Eg N F; for sufficiently large n also
p(t,) > 5. Since the function (p,u) — % is well defined and also continuous on [§,e0) x T¢,
we deduce (as 6 > 0 was arbitrary)

2 2
M(t,,) — ‘pg‘(t) a.e.inF;

as n — co. Since % is uniformly bounded in L*((0,T) x T¢), the sequence <%(tn)> N is
ne

equiintegrable in L' (F¢) and by Vitali’s theorem we conclude strong convergence in L' (F).

Step 2. On the set T4\ F, observe that since u is in L=((0,T) x T¢) and in the same way as in
the previous step we conclude that p(t,) is sufficiently small for n large enough, then p (t,)|u|?(t,)
converges to zero as € — 0. Thus (3.12) holds. ]

We end our discussion of the inhomogeneous incompressible Euler equations by recording a
special case of Theorem 3.1 which states that, if the velocity is sufficiently regular, we can ensure
energy conservation even when the density has jump discontinuities. More precisely, we have:

Corollary 3.4. Let p € (BVNL”)((0,T) x T¢) and u € (B3~ NL™)((0,T) x T?) be a solution
of (3.1), where o0 > % Then the energy is conserved.

Proof. Combine Proposition 2.1, Theorem 3.1 and Remark 3.2(2). ]

In fact we can go to the extreme and assume only p € L! and u to be Holder continuous with
exponent greater than 1/2, then still we have energy conservation.

4., ENERGY CONSERVATION FOR THE COMPRESSIBLE ISENTROPIC EULER EQUATIONS

We consider now the isentropic Euler equations,
(pu) +div(pu®u) +Vp(p) =0, @
a;p +div(pu) = 0. '

In contrast to the inhomogeneous incompressible system (3.1), the pressure p = p(p) is no longer
a Lagrange multiplier, but a constitutively given function of the density. We will make use of the
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so-called pressure potential defined by

D
p(r)
Pp)=p [ P dr
17
It turns out that we can prove a theorem on the compressible system that is similar to Theorem 3.1:

Theorem 4.1. Let p, u be a solution of (4.1) in the sense of distributions. Assume
ue BY”((0,T) xTY), p,pucBE=((0,T)xT9), 0<p<p<paa in(0,T)xT

for some constants p, p, and 0 < o, B < 1 such that

B>max{l—2a;1_2a}. 4.2)

Assume further that p € C*[p,p], and, in addition
p'(0) =0as soonas p =0. (4.3)

Then the energy is locally conserved, i.e.
1 _ 1
o, (3w +p(p) ) +av | (3ol +plo) +Plp) )| =0
in the sense of distributions on (0,T) x T¢.

Remark 4.2. (1) For the isentropic pressure law p(p) = kp?, ¥ > 1, our C?> assumption on
p is satisfied if either we exclude vacuum (i.e. we assume p > 0) or we choose y > 2.

(2) The conservation of total energy follows, under appropriatg additional assumptions, simi-
larly to Corollary 3.3.

(3) The conclusion of Corollary 3.4 remains true. This can be interpreted roughly as follows:
Energy dissipating shocks can not form exclusively in the density, but only in the density
and the velocity simultaneously.

(4) Shocks also provide examples that show that our assumptions are sharp: A shock solution
dissipates energy, but p and u are in BV N L™, which embeds (see Proposition (2.1)) into
B;/ 3 Hence such a solution satisfies (4.2) with equality but fails to satisfy the conclu-
sion. Besides, there are also (non-physical) BV weak solutions that produce energy.

(5) It is easy to check that under the hypotheses on the pressure p stated above, we have
PeC[p,p.

(6) The hy&)thesis on temporal regularity can be relaxed provided p > 0, meaning there is

(pu)®

no vacuum. Indeed, in this case Foe- can be used as a test function in the momentum

equation, cf. [11].

We state another result on the compressible system, where we do not need to require Besov
regularity in time:

Theorem 4.3. Assume that the pressure p satisfies
pE C2(07°°) ﬂC[O,oo)7 p(O) =0. (4.4)

Let p € L=((0,T) x T9), u € L=((0,T) x T¢) be a solution of (4.1) in the sense of distributions.
In addition, assume that

u(t) € BV NC(TY), p(t) € BVNC(TY) for a.a. t € [0, T]
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and

u, p € L7(0,T;C(T?)), Vu, Vp € Loy (0, T;.2(T?)). (4.5)

'weak—

Then the energy is locally conserved, i.e.

3, (3pluf+P(p) ) +aiv | (3pluf+ p(p)+Plp) )u] =0

in the sense of distributions on (0,T) x T¢.

Remark 4.4. Following the proof of Corollary 3.3, we observe that in the situation of Theo-
rem 4.3 the conservation of total energy holds for every time without any further assumptions.

4.1. Proof of Theorem 4.1. Just as in the previous section, we mollify the momentum equation,
multiply by @u? for a test function @, and integrate in time and space to obtain (3.5). We rewrite
this again using commutators to obtain

T T
/ / 8,(p8u8)'(pu8dxdt+/ / div((pu)® @u®) - eutdxdt
0 Jr¢ 0 Jr¢ (4.6)

T
+/ /d @uf - Vp(p®)dxdt = R + RS + RS,
0o JT

the only difference to (3.6) being the pressure term, for which we introduce the commutator

B= [ [ V00%) - p(p)) - pucata,

while R{ and Rj are defined as in the last section.

For the first and second integral in (4.6) we find, as before, the relations (3.7) and (3.8), because
the corresponding computations did not require u® to be divergence-free. It is only the third in-
tegral which requires additional attention. For this we first need to observe that, due to the chain
rule and the mollified mass equation,

o P(p%) +VP(p)-uf+ P (pf)pfdivu® =S¢,
where we introduced the commutator

¢ = P'(p®)div(p®u® — (pu)*).
Observe also that, by definition of P,

peP'(p®) = P(p*) + p(p°).
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After these preparations, we can compute the third integral in (4.6) as

//(pu -Vp(p®)dxdt

:—/ Vo-u Ep(p® dxdt—/ / op(p®)divutdxds
0
T
= —/ dV(p-uep(pe)dxdt—/ / o[ptP (p?) — P(p®)]divu®dxdt
T

/ Vo u®p(p dxdt+/ / [0,P(p?)+ VP(p?)-u® + P(p®)divu®]dxdt
T

—/ /d ©Sédxdt
0 Jr

T T
== | [ vo-uperrdsar— [ [ app(pt)+Vo-P(ptutdxas
0 Td 0 Td

T
- / ©Sdxdt
0 Td

Putting everything together, we see that the theorem is proved once we have shown that R§ and
[ | ®S€dxdt tend to zero as € — 0. Indeed, the assumptions of Theorem 4.1 are stronger than
those of Theorem 3.1, so that our previous estimates for R} and RS hold a fortiori.

Consider first R. Let us observe that if p € C?([a,b]) then

|p(s) = p(s0) = p'(s0)(s = 50)| < C(s = s0)?
for every s,s0 € [a,b]. Note that the constant C can be chosen independently of s, sg. Therefore

Ip(p%(t,x)) — p(p(t,x)) — p'(p(1,)) (P (t,x) — p(t,x))| < C(p(t,x) — p*(t,x))?

and similarly

p(p(t,3) = p(p(t,x) = P'(p(t,2)(p(t,y) — p(1,2))| < Clp(t,x) —p(1,7))*.

Applying convolution w.r.t. y to the last inequality we get, after invoking Jensen’s inequality:

p(p)*(1.x) = p(p(t,x)) = P (p(1,%)) (P (r,x) — p(1,0))| < C(p(1,x) = p(r,))* %y M".

Therefore

p(p®(1,x)) = p(p)*(t,x)| < C((p(r,x) = p(1,%))* + (p(,%) — p(1,-))* %y M°.

‘We can thus estimate

R5| = / V(p(p®) = p(p)*) - Qu-dxdt
Td

g/ o(p(p9) — plp)" d1vu8|dxdt+/ / (p (p)E)u - Vo|dxdi
0 T
< Cllollcoe?Pe* 1HP||§;3 Hu||3“°°+CH§0HC182B||P||2B ||”HB§X‘°°_>O'

Finally, let us estimate [ [ @S¢dxdt. We use (3.10) to split S¢ into two parts, so that we can
estimate for the first part

[ odiio —p)u — ] (p)dxa
0 T

< /OT /m, Vo(p®—p)(uf - u)P'(PE)!dxdtJr/OT /Td |@(p® = p)(u® —u) - P"(p*)Vp®|dxdi

< CllgllcrePe|lp | oo ullp= +C @l coe” e %P~ ||P||§5.w||ullggﬁ°° —0



ENERGY CONSERVATION FOR COMPRESSIBLE EULER 11

as € — 0. The second part is estimated similarly, thus completing the proof.
0

4.2. Proof of Theorem 4.3. Regularization
Again we will regularize in space and time, but now with different parameters. Thus we con-
sider the regularization by spatial convolution

)= [ Gt

where 1€ is as in Section 2, and, following [10], by time convolution

Vi(t,x) = /OT xn(t —s)v(s,x) ds;

where

1
Xn = zl[%oy

Note that v enjoys lower time regularity than the standard regularization by smooth kernels.
Specifically, we identify

v(t+h)—v(t)
h

provided ¢ and ¢ 4 h are Lebesgue points of a function v € LllOC (0,7;X). In particular, the function
v is absolutely continuous in [h, T — k], with the derivative given by (4.7) for a.a. t € (h, T — h).
We use the notation

ve,h — (VS)h'
Regularizing (4.1); we get
0;p€ 4 div(pu)® =0, 9,p" +div(pu)e" =0 (4.8)

where the latter equation is satisfied in (h, T — h).
Similarly we have

3/(pu)* +div ((pu)f @ u) + V(p(p))* = div ((pu)* © uF) — div(pu @ )", 4.9)

o' = D¢ 4.7)

and
9 (p°ut)" +div ((pu)* @ uf)" +V(p(p))*"
= (div ((pu)® @ u®) —div (pu® u)e)h + 0, (ptuf — (pu))".
Total energy balance.
We multiply (4.10) by @ut”, where ¢ € C((h,T —h) x T¢), and integrate the resulting ex-

pression over (0,T) x T¢. Now, we proceed in several steps.
To handle the term containing the time derivative we use the identity (4.7) to obtain

T . € € A€ €
/0 Ad &t (peue)h_ue,h(p dXd[:/ » p (t+h)u (t+h) p (l)l/l (t) 'ue,h(p d)Cd[

h
-/ PE(t+ h)ue (4 h) — p* (u (1)
h

Td

// ul(t+h) —ut(t) ue,h(pdxdt+l// €0, ([ 2) @ dxdt
i h 2
p&(

€
/ 1 t+h —PH0) e uE(t+h)- ”’(pdxdt—i—z// p€0,([u*"*) ¢ dxdr
’]Tc

—// O,p=uf (t 4 h) - u® q)dxdt—i—z// p%0,(|ut"?) ¢ dxdt.

(4.10)

ut" @ dxdt
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Thus using the regularized equation of continuity
/ / O (p%ul)" - ut" @ dxdt
_ / div(pu)* (1 +h) - ul dadr + / / pE0, (JuE" ) @ dxdt

_/ (pu)" v (t+h)-u8’h(p) dxdt+f// p%0,(|ut")?) ¢ dxdt.
Td 2 R .JTd

Consequently, we may infer that

T h
//al(psug) ué" ¢ dxdt
—I—// (pu)é"-v ug(t+h)-u8h dxdt—f// (P2 @) [ut"|* dxdt
2// P |u£h\2<p) dxdt+// pu)e V( £(t+h) - u (p) dxdt

/ ) (pu)® (p|u'”'2 dxdt—f// pf|u" 20, dxdt
T

= R/poe|u£’h\28,(p dxdt

T2
+/ (pu)s’h‘V<u8(I+h)- dxdt—f/ / (p|u
R JTd
For further computations observe that the convective term reads

T
/ / div((pu)® @ u®)" - ut" ¢ dx dt = —// ((pu)8®u8)h:V(u8’h(p) dx dt.
o Jrd R JTd

In accordance with hypothesis (4.4), we may write the pressure as

) dxdr.
@.11)

p(P) =ps(p)+ (p(p) — ps(p)), with ps € C*[0,%0), ps(0) = p5(0) =0, |p—ps| < &
4.12)

for any 6 > 0. Accordingly, we get

T
| [ rso)tutto v

—— [ [ pstp)"divurtp dxdi— [ (ps(p))utt- Vo dvdi+ &(8)|p]c

//#’5 (&MY divut" o dxdr — // ps(p) MU -V @ dxdt
T

+ [, (pa0™) = (patp))®*) divucg dxdi+ (3) gl
(4.13)

Now, we rewrite the equation of continuity (4.1); as
O, p&" + div (ps’hue’h> =— diV(pu)E’h +div (pe’hu‘g’h) ;

whence, after renormalization,

Ps (p=") +div (Pg(ps’h)ug’h) +ps(pEM) divuth = — P} (pth) [div(pu)g’h —div (p&huf’hﬂ .
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(4.14)

where

P ps(z)

As a consequence of (4.12), we have Ps € C2[0,).
Thus going back to (4.13) we conclude that

[ [ penturroac= [* [ [arsioes) +an (pato )] g avas
—Ad(ps(P))”’us’hV(p dxdt
[, (pse®) = (pslp))® ) divuct dra
+ /R /TdPé<p£=”) [diV(Pu)87h—div (p&hu&h) <p} dxdi + 0(8)] 9|l
[ [P hag s~ [ [ PtV d
= [ (plp)etust -V dxas
[ [, (pse®) = (pslp))® ) divuct dra

+// Po(p®") |divipu)* — div (p*"ut") @] dxdr+ 0(8) |
R JT4
(4.15)

Thus summing up (4.11), (4.13) and (4.15) we obtain

—;// P Ut 20, dxdr
// (pu)"- V ut(t+h) - ut"o dxdt—f// pu)® (p]u”’\2> dxdt
f/R/Td pu)® @u®) :V(ug’hq)) dxdt
- / / P(p®") 3, dxdi — / / P(p=")ut" - Vg dxd
RJTd RJT
= [ [ ep)) - v asar

[ [ (pslp™) = (ps(p))"* ) divuttp dras
R /T4

+ /R [ 25 (div(pu)®" —div (p**us") | ¢ dxar

_/R/Td <(diV((Pu)E(X)uE)_div(pu®u>€)h+at (peus_(pu)E)h> uEh e dxdt =

o (%)lellcr
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which may be rewritten as

/ / <1p8\u8’h\2+P(P£’h)> 0, dxdt
RJTd \ 2
+ / / (((pu)8®u8)h-u£7h—|—l(pu)‘g]u&h\z—(pu)g’h (ug(t—I—h)-ug’h))-V(pdxdt
RJTd 2

[ (Poe)+ (pp)) ) Vg dar = z 14059l
4.16)

where

El = Pu E7h.v uet+h .u (dedt—f S,/’l2 (Pdth
&,h ,
b R T[
- w® @ut)": V (u") @ dxd
W((p ) )
Een = //d ps(P*") — (ps (P))S’h> divu®" ¢ dxdt
T
E‘3 = P/ €h div(ou S,h_div g7hug.’h dth
&h s\p p p ®
’ R

Ef), = // d1V ((pu)® ®u®) —div(pu®@u)®) )-ug’h(pdxdt
Td

and

Eg,h = —/ / <<9z (pfu® — (pu)g)h) M dxdr.
R JTd

Estimating the errors
We perform the limit first € — 0 and second h — 0. We start with the last integral E5 rewriting
it as

£2= | [, (0% =(pu)*)") - ar(ut ) .

For h fixed, the term d; (u®" @) remains uniformly bounded as u belongs to L*. On the other hand,
by the same token

peu’ — (pu)® = 0in LP((0,7) x T) forany 1 < p < oo;

whence E? 2., vanishes for € — 0.
The next step is to rewrite E. e A5

E;, _// pu)é"(t —h) - Vut -uf"(t — h)@(t — h) dxdt
—i—/ (pu)e" - u (t +h) - Vut' ¢ dxdt
R JTd
f/ (pu) - Vut" - ut" @ dxdt
R.JT¢

—/ (pu)® @ué)" : Vut' ¢ dxdr
R JTd
At this stage we invoke the assumption that

ess sup ([|p(z.)llgvncere) + [u(t, )| pyacereryy) < oo
1€[0,T]
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Consequently,
(pu)e" — (pu)" in C([h,T —h] x T“;RY),
ut — in C([h,T —h] x T9;R%) as € — 0,
Vit = Vu in LYy (0.5 (TER)) as e — 0,
Vet 5 Vil in Cyeak— () ([, T — ;2 (TER)) as € — 0,
(pu)® — pu in L7(0,T;C(T%R?)),
u® = u in LP(0,7;C(T%RY)) forany 1 < p < e as & — 0.

Thus we may conclude that
El, > E :/ /d(pu)h(t —h)-Vu- it — h)p(t — h) dxdr
’ RJT

+// (pu)" - u(t+h) - Vu" @ dxdr
R JT4

—/ /d(pu)-Vuh-uhq) dxdt
RJT

—/ /d(pu®u)h Vi@ dxdt
RJT

as € — 0.
Now, observe that

V' = vin LP(0,T;X) for v € L™(0,T;X) and any 1 < p < oo,
and
v(-+h)—v—0inLP(0,T;X)ash— 0 forve L7(0,7;X) and any 1 < p < oo,

where X is a Banach space. Thus we may infer that that E,{ —0ash—0.
It is easy to observe that the limits in Eg2 n Eg_h can be performed in the same way.
Finally, we write Eg 5 as

3 _ ! ( ~EN eh eh eh

ELi=- [ [, VP5(p=") [(pu" ~ (put" )] dar
where

VPs(p") = P5 (p™")Vp©",

and apply the same arguments to conclude. As 6 > 0 in (4.16) can be taken arbitrarily small, the
desired conclusion follows. g
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