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Abstract

We counsider a class of (very) weak solutions to the Navier-Stokes-Fourier system describing the time
evolution of the density p, the absolute temperature 1}, and the macroscopic velocity u. It is shown
that a weak solution emanating from smooth initial data is regular as long as u and ¢ are bounded and
||div,u|lLe integrable in the existence interval (0,7"). Using the method of relative energy we first show
that any weak solution enjoying the above mentioned regularity coincides with a strong one as long as
the latter exists. In such a way, the proof reduces to showing that the life span of the strong solution can
be extended to the desired existence interval (0,7").
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1 Introduction

The time evolution of the mass density o = o(t, z), the absolute temperature ¥ = (¢, x), and the velocity
field u = u(t, x) of a compressible, viscous and heat conducting fluid can be described by the Navier-Stokes-
Fourier system of partial differential equations:

0o + divy(ou) =0, (1.1)
O¢(ou) + divy(pu ® u) + Vop(p,9) = divyS(Vzu), (1.2)
Cy [8,:(@19) + divg(evu)| + divy,q = S(Vzu) : Vyu — 0%divxu, (1.3)

where p = p(p, 1) is the pressure, S(V,u) the viscous stress tensor, ¢, denotes the specific heat at constant
volume, and q the heat flux. In addition, we suppose that S is given by Newton’s law

2
S(Vzu) = <un +Via— 3divxu]l> + ndivgul, p >0, n >0, (1.4)

while q obeys Fourier’s law

q=—k(¥)Vy0. (1.5)

The fluid is confined to a bounded physical domain © C R3, on the boundary of which

u-nlpg =0, q-nlpg =0. (1.6)



Furthermore, the velocity field u satisfies either the no-slip
u X n‘ag = 0, (1.7)

or the complete slip
(S(Vzu) -n) xn|po =0 (1.8)

boundary conditions.
The problem is completed by prescribing the initial conditions

0(0,-) = 0o, ¥(0,-) = Yo, u(0,-) = uy. (1.9)

Our goal is to study solvability of the Navier-Stokes-Fourier system (1.1-1.9) for sufficiently regular initial
data satisfying the physically relevant restriction

00 >0, 99 >0in Q. (1.10)

Our principal working hypothesis is that the specific heat at constant volume ¢, > 0 is constant, therefore
the associated specific internal energy reads

e(0,9) = ¢,¥ + P(p). (1.11)

Moreover, we suppose that the heat conductivity (1) is an increasing function of the absolute temperature,
while the viscosity coefficients g > 0 and 1 > 0 remain constant.

We consider the class of (very) weak solutions introduced in the monograph [Fei04], see Section 2 below.
Roughly speaking, these are distributional solutions of the equations (1.1), (1.2), while the thermal energy
balance (1.3) is replaced by two inequalities:

co |9y (00) + divy(ou ® u)} — AK(9) > S(Vyu) : Vou — ﬁap(a%ﬁ)divxu, (1.12)
with
9
K@) = / k(2) da,
0
and ) )
[ [y + eeton)] 9 ao < [ Lokl + (om0 (113

As shown in [Fei04, Chapter 4, Section 4.3.2], both (1.12) and (1.13) reduce to equalities as soon as the
corresponding weak solution is smooth enough.

Recently [FN09], an alternative approach has been developed based on the weak formulation of the
Navier-Stokes-Fourier system, where the thermal energy balance (1.3) is replaced by the entropy inequality

q- Vv
19 b

O(0s(0,)) + divg(es(o, ¥)u) + div, <%) =0, 0> % <S 1 Vpu— (1.14)
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where s = s(p,v) is the specific entropy determined through Gibbs’ relation

¥Ds(o,9) = De(p,9) + p(o,9)D (;) ) (1.15)

The relevant existence theory based on the entropy formulation (1.14), developed in [FN09, Chapter 3],
requires all transport coefficients u, 1, and k to depend effectively on the temperature, whereas the pressure
as well as the internal energy have to be augmented by a radiation component proportional to ¥* to avoid
the problem of temperature oscillations on the hypothetical vacuum zones. We note that yet another rather
different approach to weak solutions to the Navier-Stokes-Fourier system has been proposed by Bresch and
Desjardins [BD07], where the viscosity coefficients p and A are functions of the density o interrelated in a
specific way, and the pressure contains a singular component unbounded when ¢ approaches zero.

Although the weak formulation based on the entropy balance (1.14) rather than (1.3) is very convenient
from the purely theoretical point of view, giving rise to a number of interesting properties of the weak
solutions including the weak-strong uniquness (see [FN12]) and conditional regularity results (see [FNS14]),
the presence of the radiation terms as well as the explicit dependence of the transport coefficients on the
temperature makes it too complicated for possible numerical implementations.

Our interest in the weak formulation based on the inequalities (1.12), (1.13) is motivated by the recent
development of relevant numerical schemes based on a mixed discontinuous Galerkin method, see Karper
[Kar13] and [FKN14]. As shown in [FKN14], such a numerical scheme converges to a weak solution of the
Navier-Stokes-Fourier system specified through (1.12), (1.13). In particular, the conditional regularity based
on mere boundedness of the numerical solutions may lead to rigorous error estimates for the latter. Last
but not least, we point out that although the class of weak solutions is apparently larger, the regularity
criterion we obtain is considerably stronger than in [FNS14].

Our goal is to show that any weak solution of the Navier-Stokes-Fourier system (1.1-1.8), originating
from sufficiently smooth initial data (1.9), (1.10), is regular in (0,7") x © as soon as

T
I(t,z) < D, |u(t,z)| <@ for aa. (t,z) € (0,T) x Q, / Idiv,u(, )| ey dt < I, (1.16)
0

where ¥, @, and L are positive constants.

In comparison with the standard blow up criteria applicable to strong solutions of the Navier-Stokes-
Fourier system (see [FJO10], [HLW13], among others), the problem of conditional regularity for weak solu-
tions features an additional difficulty that consists in showing that a weak and strong solution, starting from
the same initial data, coincide on their common existence interval. To this end, we adapt the method based
on the relative energy functional developed in [FN12]. As this approach relies on the entropy inequality
(1.14) rather than the thermal energy balance (1.12), we have to show that any weak solution that complies
with (1.12), (1.13), together with the extra regularity properties (1.16), necessarily satisfies also (1.14).

The remaining part of the proof of conditional regularity is then reduced to the class of strong solutions.
Here we show that the hypothesis (1.16) can be actually relaxed to

o(t,z) <o, I(t,x) <V, |u(t,z)| <u for any (t,z) € (0,T) x Q. (1.17)
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It is easy to see that (1.16) implies (1.17) and the result may be of independent interest as an alternative
to [HLW13].

The paper is organized as follows. In Section 2, we review the basic results of the existence theory
developed in [Fei04] and state our main result. In Section 3, we show that any weak solution enjoying the
extra regularity (1.16) satisfies also the entropy inequality (1.14) - a result that may be of independent
interest. To this end, we use a variant of the technique developed by Freshe et. al. [FMR10] in the context
of non-homogeneous fluids. Then we show the weak-uniqueness properties by means of a straightforward
application of the relative energy method. Finally, we complete the proof by showing a blow-up criterion
for strong solutions in Section 4. Here we follow the arguments of [SWZ11], and Wen and Zhu [WZ13].

2 Weak solutions, main results

We start by specifying the structural restrictions imposed on the thermodynamics functions. It follows from
our basic hypothesis (1.11) combined with the Gibbs’ relation (1.15) that the pressure p can be written in
the form

p(0,9) = pe(0) + Ipin(0), (2.1)

where p. denotes the elastic (cold) pressure and py, the thermal pressure component. To simplify the
presentation, we shall assume that

p(e,¥) = 0" + 0¥ (2.2)

In addition, the heat conductivity coefficient k is taken
K(9) = (1 + 9?). (2.3)

As a matter of fact, these assumptions are relevant only to establish the existence of weak solutions, whereas
the specific form of p and x does not play any role in the regularity criterion as (1.16) implies that both o
and ¢ must be bounded.

2.1 Weak solutions
Definition 2.1. We say that [p, Y, u] is a weak solution of the Navier-Stokes-Fourier system (1.1 - 1.9) if:

e The functions [p,Y,u] belong to the reqularity class:
020, 0€ Cuear([0, T L7(Q)), v > 1,
u e L0, T; Wh2(Q)),
(o) € Cyear ([0, T); L*/0FD (0 RY)),

olu|? € L>(0,T; L* (1)),



ulpq = 0 in the case of no-slip (1.7), u-n|sq in the case of complete slip (1.8)
¥ >0 a.a in (0,T) x QK9 € L'((0,T) x Q), o9 € L*((0,T) x Q).

e The equations (1.1-1.3) are replaced by the following integral identities:

t T2
/Qgso dxt / / [00rp + ou - Vo] dadt, 0(0,-) = oo, (2.4)
T1

for any 0 < 11 < 19 < T and any test function ¢ € C([0,T] x Q);

t=T
/ ou-p dx‘ = (2.5)
Q

t=71

™
/ / [ou- 0o+ pu®u: Ve + plo,0)divey — S(Vap) @ Vap] dz dt,
Q

ou(0, ) = gouy,

for any 0 <1 < 19 < T, and any test function p € C°([0,T] x £; R3) in the case of the no-slip (1.7),
© € C([0,T] x Q; R?), ¢ -nlgg = 0 in the case of the complete slip (1.8);

t T
cv/ oo da:t ’ / / ¢y (090 + pdu - V) — K(9)Ayp] dx dt (2.6)
Q =71
/ / [ : Vaup ﬁaqu(;g’ﬁ)divxugp] do dt

for a.a. 0 < 71 < 1o < T including 71 = 0, where 09(0,-) = 00¥, and for any test function
¢ € C([0,T] x Q), ¢ >0, Vagp - nfgo = 0;

/Q B"'“Q + @6(@,19)} (r,) de < /Q Bgoyuoﬁ + goe(go,ﬂo)] dz for a.a. 7€ [0,T].  (2.7)

The existence of global-in-time weak solutions was established in the monograph [Fei04, Chapter 7,
Theorem 7.1] under the hypotheses (2.2), (2.3) with

v >3, Q C R?®-abounded domain of class C*.

In addition, the temperature ¢ constructed in [Fei04] enjoys higher regularity outside the hypothetical
vacuum zone, namely

0¥ = 0¥, where 9, log(9) € L*(0,T; Wh2(Q)). (2.8)



Finally, the initial value of the temperature is attained in the following sense:

esslim; o4 [, 00(t, )¢ dz = [, 00¥o¢ di,
for any 0 < o < 1, (2.9)

essliminfy Loy [, 09%(t, ") dz > [, 0095¢ dz
and any ¢ € C°(Q), ¢ >0,

see [Fei04, Chapter 4].

2.2 Main result

We are ready to state the main result of the present paper.

Theorem 2.1. Let Q C R? be a bounded domain of class C*t7. Suppose that p and k are given by
(2.2), (2.3), with
v > 3. (2.10)

Let the initial data |00, Vo, ug] satisfy (1.10),
00, Y9 € W2(Q), ug € W2(Q; R?), (2.11)

with the relevant compatibility conditions. Let [p,9,u] be a weak solution of the Navier-Stokes-Fourier
system (1.1 - 1.9) in (0,T) x Q satisfying (2.8) and enjoying the extra regularity (1.16).

Then [0,9,u] is a reqular (classical) solution belonging to the class

0,9 € C([0, T); W?(Q), u € C([0,T]; W**(Q; R%)), (2.12)
9 € L2(0,T; WH2(Q)), u € L2(0,T; W2(; R?)), (2.13)
o9 € L*(0,T; W22(Q), dyu € L0, T; W*(Q; R?)). (2.14)

The rest of the paper is devoted to the proof of Theorem 2.1. We note that the local-in-time strong
solutions to the Navier-Stokes-Fourier system in the class (2.12 - 2.14) were constructed by Valli [Val82a],
[Val82b], see also Valli and Zajaczkowski [VZ86]. Global-in-time solutions with the data close to an equi-
librium were obtained in the seminal papers by Matsumura and Nishida [MN83], [MN80]. Hoff [Hof12]
considered a simplified barotropic system supplemented by the complete slip conditions in a slightly weaker
framework than (2.12-2.14). Similar results for the full system were obtained by Cho et al. [CCKO04]. Finally,
in view of the standard parabolic regularity, it is easy to observe that all relevant derivatives of [p, ¥, u] are



continuous in the open set (0,77) x €; whence the solution belonging to the regularity class (2.12-2.14) is
classical smooth.

2.3 Additional regularity of weak solutions

We derive certain additional regularity properties of the weak solutions satisfying (1.16) that may be of
independent interest.

2.3.1 Uniform bounds on the density

Following DiPerna and Lions [DL89], we say that [, u] is a renormalized solution of the continuity equation
(1.1) if the integral identity

t T
/ ble)y t 2 / / 0)0¢p + b(o)u - Vo + (b(g) — b’(g)g) diV;Buga} dz dt (2.15)
Q =T1
holds for any 0 < 71 < 72 < T', any test function ¢ € C°([0,T] x ﬁ), and any continuously differentiable

function b with the derivative b’ vanishing outside a compact set.

Lemma 2.1. Let [p,u],
0 € L®(0,T; L'(Q)),

ue L20,T;WH(Q; R?)), u-nlsq =0, diveu € L(0,T; L°°(Q)), (2.16)

be a renormalized solution of the continuity equation (1.1) such that

b(0)(0,-) = b(0p), 0 < ess igf 00 < g < esssup gg < 0.
Q

Then .
essigf 00 €Xp (—/ [diveul| zoe () ds> < o(t,-) (2.17)
0

t
< esssup gg exp </ [divull e () ds>
Q 0
for any t € [0,T].

Proof. Step 1:

Although the proof seems obvious at the level of uniform bounds, the fact that the equation of continuity
is satisfied only in the renormalized form (2.15) requires certain effort. To begin, we take a spatially
homogenous ¢ in (2.15) to deduce that

/Qb(g)(T, ) dx < /Qb(go) dz + /OT/Q ‘b(g) — b’(g)g’ |div,u| dz dt (2.18)



for a.a. 7 € (0,T). Moreover, as the velocity satisfies (2.16), the validity of (2.18) can be extended to any b
with uniformly bounded derivative.

Step 2:
Now, we take
o% for 0 < p < m,

bm(0) =

m® + am® (o —m) for o > m.

It is easy to check that
[ (0) = n(e)e] < ca i)

for all o, a,m > 1, where the constant ¢ is independent of m and «a.
Thus, going back to (2.18), we may use the Gronwall’s inequality to deduce

/ bm(0)(T,") do < exp <ca/ ||divxu||Loo(Q)> / bm(00) dz;
Q 0 Q

whence, letting m — oo,

lo(r, Y e < exp ( /0 ||divxu||mm) leollzo=(o.

Since the previous estimate holds for any a > 0, we deduce that p is uniformly bounded in (0,7") x .
Thus, in particular, o € C([0,T]; L' (£2)) and the norm is bounded uniformly for all ¢.
To complete the proof, we make use of the regularizing procedure of DiPerna and Lions [DL89).

Step 3:
Using the regularization method of DiPerna and Lions [DL89], we deduce that

@B@+Aﬂwy+&%[3@+mﬂo)q (2.19)
+[ B0+ M(t)(o+ M(1) — Blo+ M(1)]divyu
:R@HWM@M@+M@MW>

for any sublinear B, where M is a Lipshitz spatially homogeneous function of time.

Step 4:
Taking

t
M (t) = —esssup gp exp </ [diveu||pee (o) ds)
Q 0

we observe that
@M@+M@®MO§Q
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whence the choice B(z) = 21 and integration (2.19) over € gives rise to the right inequality in (2.17). The
left inequality can be deduced in a similar fashion.
O

It follows from the hypothesis (2.10) and the regularity of the weak solutions considered in Theorem 2.1
that [0, u] is a renormalized solution of the equation of continuity (1.1). Consequently, under the hypotheses
of Theorem 2.1, we have that the density ¢ complies with the bounds (2.17). We note that no extra regularity
of 0N was needed in the proof.

2.3.2 Renormalization of the thermal energy inequality

Multiplying equation (1.3) on x/(¢), X’ > 0 and passing, formally, to the weak formulation, we obtain a
renormalized modification of the thermal energy inequality (2.6):

t=To

Cv/ ox(9)p dw‘ (2.20)
Q

t=71

> / k / ey (oX(9)Dhp + oX(9)1 - Vo) + X' (D)5(0) V0V asp] dar dlt
T1 Q

T2
+/ / [X'(ﬂ)S(Vmu) s Veup — /{(19))(”(19)]Vﬂ9|2g0 - Qﬂxl(ﬁ)divxugp} dx dt
1 Q
for any ¢ € C°([0,7] x Q), ¢ > 0.
Lemma 2.2. Suppose that

uc L2(0,T; WH2(Q; R?)) N L>®((0,T) x Q; R3),
(2.21)
u-nlpg =0, divyu € L1(0,T; L>=()),

and
0, ¥ € L>®((0,T) x Q), essinf o > 0, ¥ € L*(0,T; WH?(Q)) (2.22)

satisfy the weak form of the continuity equation (2.4), together with the thermal energy inequality (2.6).
Then the renormalized thermal energy inequality (2.20) holds for any continuously differentiable function
X-

Proof. To begin, we note that, in accordance with the hypothesis (2.22), any composition b(¢}) with a
continuously differentiable b belongs to the class

b(¥) € L®((0,T) x Q) N L*(0, T; W2 (Q)).

Next, we introduce the space Wo_l’p(Q) as the dual to Wl”’/(Q), + L =1

1
p P
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Step 1:
It follows from the equation of continuity (2.4) and the hypotheses (2.21), (2.22) that

o € L*(0,T; ng’p(Q)) for any 1 < p < o0, (2.23)

in particular, the density g itself can be interpreted as a Lipschitz mapping of ¢ ranging in the Banach space
_17p
WO (Q)7

lo(t.) — (s My 1oy (2:24)
= sup / (g(t, ) — ofs, ))@ de < L|t —s|, t,s €[0,T].
PeWLr'(Q) /R
Step 2:
In accordance with the variational inequality (2.6), we may extend
ov(t,-) = esstli][(l)nJr oVU(t,-) for all 7 <0, p¥(r,-) = esstligr} 0Y(t,-) for all 7 > 0, (2.25)

setting, finally,
09/ 0o for 7 <0,
19(7—, ) =
0d/o(T,-) for 7 > T.

Here, relation (2.25) is understood in the weak sense. We note that, thanks to the regularity properties
(2.21), (2.22), and the fact that g, u satisfy the renormalized equation of continuity, the mapping t — o(t, )
is (strongly) continuous in LP(2) for any finite p.

Accordingly, we define a regularization [v]s by

[v]s(t,") = hs xv = /Oo hs(t — s)v(s,-) ds,

—0o0

where {hs = hs(t)}s>o is a standard family of regularizing kernels in the time variable supported in a
d—neighborhood of zero.

Step 3:
We take the quantity [ox/([9]5)]5, ¢ € C((0,T) x Q), ¢, X' >0, as a test function in (2.6) to obtain

T
_/0 /ch <Q798t [SOX/(Mé)](; + odu -V, [cpx'([ﬂ](;)]é) dx dt (2.26)
T
_/0 /Q"@(ﬁ)vzﬁ'vx [ox/([9]5)] 5 da dt
T
= /0 /Q [/ S(Vgu) : Veu [@X/(W]é)]g — o¥divzu [cpx/([ﬁ](;)]g] dr dt

11



as soon as 4 is small enough. Note that this step can be fully justified by means of a density argument.
Thus, letting 6 — 0 in (2.26), we deduce

T
_%ii%/o /chgﬁﬁt [cpx’([ﬁ]g)]é dz dt (2.27)

T
[ [ e Vi (X @) + R ON )V V]

T
2 /0 /Q [/S(qu)  Vaux' (9)p — k(9)x"(9)| V202 — oddivyux' (9)e| de dt.

Step 4:
It remains to identify the limit

T T
lim /0 | 2901 [ex (019 o dt = Jim /0 | 1950, (o (1919) o

T
_ —lim/o /Qat 109]; X ([9)s) der dl.

6—0

To this end, we estimate the commutator

Oy [979]5 — 0 (0[V]s) -

Assume, for a moment, that we can show
Oc[09)5 — 01 (els) — 0 in L7(0,T; Wy "*(9)). (2.28)

Taking (2.28) for granted and with (2.23) in mind, we deduce

T T
lim/o /Qat [09]5 X ([9]s)p dz dt = lim/o /Qat (o[9]5) X' ([9]s) dz dt

6—0 6—0
T T
= / / ou-V, (9x'(9)p) dz dt / / ou- Vg (x(¥)) dz dt
0 Q 0 Q

:/()T/qu.vx, (X' (0)e) dw+/0T/QQx(19)6tso dz di|

v [ [ [ g o at

:/OT/QQu-vx (9¥(9)) dJ:—i—/OT/ng(ﬁ)ﬁtgo dz dt

12



_/oT /OT/QQU -V (x(9)yp) dz dt,

which, combined with (2.27), yields the desired conclusion (2.20), at least for a.a. 0 < 7 < 7o < T'. Finally,
under present circumstances, the relations (2.9) imply strong continuity of the temperature at the time
t = 0; whence 71 = 0 may be included by standard arguments.

Step 5:

To conclude the proof, we have to show (2.28). To this end, we employ the arguments similar to those
for the so-called Friedrichs lemma. Note that similar strategy was employed by Frehse et al. [FMR10] in
a slightly different context. Seeing that (2.28) obviously holds for a dense set of (smooth) functions ¥ in
L2(0,T; W12(Q)), it is enough to establish the estimate

101 109]; — 0 (@l015)] 20 raw2(cy < () 9]l 20 7120 - (2.29)

We write

/oT/Q (at [00]5 — O (QW](S))(I)(CC) da dt

= /()T/Q@(m) /_Z (g(s,x) — olt, x))ﬁ(s,w)hg(t —s) ds dz dt

i[vamwmwa

Using (2.23) and taking the supremum of the last integral over ® belonging to a unit ball in W2(Q) we
observe that this term complies with (2.29). Finally, writing

/OT/QQJ(JS) /_: (Q(S,w) — of(t, $)>19(S,$)hf;(t — ) ds dz dt

T * o(s,x) — T
:/ /@(m)/ 0s:2) = 0h2) g0 (s — )b(t — s) ds d dt
0 Q —00

s—t

we use (2.24) to conclude the proof of (2.29).

We remark that, similarly to Lemma 2.1, no regularity properties of 9€) were needed in the proof.

3 Entropy and relative energy inequality

We start by deriving the standard entropy inequality from (2.20). To this end, we first show that, under
the hypotheses of Theorem 2.1, the temperature remains bounded below away from zero.
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Lemma 3.1. Let [p,9,u] be a weak solution of the Navier-Stokes-Fourier system in (0,T) x Q belonging to
the class (1.16). Suppose that
ess igf Jo > 0.

Then there exists a constant ¥ > 0, depending only on the quantities ¥, L from (1.16) and on T, such
that
I(t,-) >0 >0 for a.a. t € [0,T]. (3.1)

Proof. As shown in Lemma 2.2, the solution [, ¥, u] satisfies the renormalized thermal energy balance (2.20).
Taking

1

in (2.20), we deduce that

1 1 — (7 1
. () dz< dx+a29/ / div,u|———— dz dt
/Qw+6>a( ) /Qwow)a A

for a.a. 7 € [0,T7.
Consequently, applying Gronwall’s lemma and letting § — 0, we obtain

Sup 4 ess sup < 00,
a>1 7€(0,T) Le ()

which yields the desired lower bound for J.

*(7—7 )

9

O]

In view of the results obtained in Lemmas 2.1 - 3.1 we may infer that, under the hypotheses of Theorem
2.1,
0<o<o(tz) <o 0<¥<Itx) <9 foraa. (t,z) € (0,T) x Q. (3.2)

3.1 Entropy inequality
The temperature being bounded below, we can take x () = log(¥) in (2.20) to obtain the entropy inequality

t=72
| este.0)e daf (3.3)
Q t=71
" k()
T1 Q

2 1 0
+/ / = {S(Va;u) s Vaup + K;()\szﬂzgo} dz dt
T JQ v v

for any ¢ € C2°([0,T] x ), ¢ > 0, where
s(0,9) = ¢, log(¥) — log(o).
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3.2 Relative energy (entropy)

Having collected all the necessary tools we are able to use the technique of relative entropies adapted to the
Navier-Stokes-Fourier system as in [FN12]. We introduce the relative energy functional

1 H,
€ (Qa 19’11 ‘ r’@vU> :/ 7Q|u_U|2 +H@(Qa 29) - 0 G(T,G) - H@(T7®) dxa
o2 o0

where

e
Hg(0,7) = oe(p,9) — 00s(p,9) = cy0U + 0P(p) — 00 log ( . > :

Now, exactly as in [FN12] we may deduce the relative energy inequality in the form:
t=T7 T [0O 9) |V 02

r,@,U)} +/ / (S(Vmu) L Vpu + W) da dt (3.4)
t=0 0 Q 9 9

< / / (g(U ) QU+ o(U —u)@u: V,U — p(o,9)div,U + S(Vyu) : V$U> de dt
0 Q

[5 (g, 9, u

- /OT/Q (Q(S(Q719) —s(r, @))815@ + Q(S(g, ¥) — s(r, @))u - Vx@> dx dt

+/ /W.vz@d$dt
0 JQ Y

+/OT/Q ((1 - f) Oyp(r, ©) — gu : Vzp(n@)) dz dt

for any trio of sufficiently regular test functions [r, ©, U], where U satisfies the same boundary conditions as
u. Note that, in contrast with [FN12], the weak solution [, ¥, u] satisfying the hypotheses of Theorem 2.1 is
already quite regular, in particular bounded, so that the class of test functions can be extended considerably.
As a matter of fact, we only need [r, ©, U] to be bounded with first derivatives square integrable.

3.3 Weak-strong uniqueness

Following further [FN12|, we suppose that r = g, ¢ = ¥, U = 1 is a strong solution of the Navier-Stokes-
Fourier system emanating from the same initial data. After some manipulation, making use of the bounds

already obtained, we arrive at
t=1

[5 <g,19, u)@,@,@)}tzo (3.5)

+/OT/Q <§—1> <S(qu):vxu+ W) dz dt

+/OT/Q (s(vxu) _S(Vxﬁ)> : (qu— Vxﬁ) d dt

15



// v19 Vﬁ)dxdt

‘amH 1908 sy + 2%

‘L“(Q;Pﬁ)

</, |

- HvxéHme;RS) 1V o o) | X

o=ttty + 0= 9, ) + o= |
+/OT/Q§(s(é,1§) —8(9,19)) (atmﬁ-vl,@) da dt

[ (o)~ pio )i, o
+/OT/Q <1 - g) <5tp(§, ) + 10 Vap(a, 5)) da dt

where the constant depends only on the L —norms of both the strong and the weak solution considered.
Next, we observe that the above inequality keeps the same form if we replace

s(0.9) —s(2.0) = P80 (g gy 1 B ¢y ),

pe0) — pla.d) = 2D (g 2Dy ),

Using the fact that [g, 19, 1] solves the equations we can reduce (3.5) to the following inequality:

[5 <.Q,19, u)@,&, ﬁ)r:T (3.6)

t=0

(g ) SV u) : qu+W> dz dt

<g_ > (S ﬁ):VIﬁJrW) dz dt

+/OT/Q (5(Vaw) = 8(V,)) + (Vou - Voit) da

T (Mﬁ)v 9 K(O)VI
]

) (Vot = V.0) da at
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<c [ o], + 100ty + [ 77

1928l e ey + IVl e sy X

2
X [HQ - @H%Q(Q) + Hﬁ - 19‘ L2(Q)

=l |

Finally, eliminating the terms with transport coefficients on the left hand side of (3.6) in the same way
as in [FNS14, Section 6], we may infer that

t=1

[5 <g,19, u)@,@, ﬁ)L:O (3.7)

< C/OT [H@/@HLW(Q) + 1040 oo (0 r3) + Hvﬂﬂ§

1Vl e ey + V08 e sy € (09, 0)6,9, ) .

‘L‘X’(Q;Pﬁ)

Applying Gronwall’s lemma we obtain the desired conclusion ¢ = g, ¥ =9, u = u.
We have proved the following result:

Lemma 3.2. Under the hypotheses of Theorem 2.1, let [p,¥,u] be a weak solution enjoying the extra

reqularity properties (1.16), and [p,V, 0] a strong solution to the Navier-Stokes-Fourier system belonging to
the class (2.12 - 2.14) and such that

Q(07 ) = @(0, ')7 19(07 ) = 19(07 ‘)7 u(07 ) = ﬁ(07 )

Then .
0=0, ¥=9, u=1
on their joint interval of existence.
Remark 3.1. Lemma 5.2 is not a standard weak-strong uniqueness result in the spirit of [FNS14] as the

weak solution is required to satisfy (1.16). As we shall see below such a weak solution is in fact strong as
claimed in Theorem 2.1.

Remark 3.2. As a matter of fact, the relative entropy inequality (3.7) requires very mild assumptions

concerning the strong solution 9,9, 0], namely

5, 9 € L®((0,T) x Q), V40, Va0 € L'(0,T; L®(Q; R3)) N L((0,T) x Q; R3),

0 € L' (0,T; L=(Q))
ue LX((0,T) x Q; R?), gu € LY(0,T; L>°(Q; RY)),

Vi € L0, T; L°(Q; R33)) N L2((0,T) x Q; R3*3).
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4 Conditional regularity of smooth solutions

Our ultimate goal is to show that the weak solution [g, 1, u] enjoys the regularity claimed in (2.12 - 2.14).
In view of the weak-strong uniqueness result established in Lemma 3.2, it is enough to work with the (local-
in-time) strong solution of the same problem, the existence of which was established by Valli [Val82b], and
Valli and Zajaczkowski [VZ86]. We follow step by step the arguments of [FNS14], preforming the necessary
modifications using the ideas of [SWZ11], and Wen and Zhu [WZ13]. In what follows, [, 9, u] will denote
the local-in-time strong solution emanating from the regular initial data (2.11).

We claim the following blow-up criterion that may be of independent interest.

Theorem 4.1. Let Q C R? be a bounded domain of class C*1V, and let [p,9,u] be a strong solution of
the Navier-Stokes-Fourier system (1.1 - 1.9) in (0,T) x Q, 0 < T < T satisfying (1.17) in (0,T).

Then [p, VY, u] can be extended beyond T'. More speciﬁcally,_the solution can be extended to a time interval
[0,T + &), where § > 0 depends only on the constants 9, 9, U, the initial data oo, Yo, g, and on T.

Obviously, Theorem 4.1, together with Lemma 3.2, complete the proof of Theorem 2.1. The remaining
part of this section is devoted to the proof of Theorem 4.1. Our goal is to show that (1.17) forces the strong
solution to remain bounded in the spaces specified through (2.12 - 2.14). For definiteness, we focus on the
case of the no-slip boundary conditions (1.6), (1.7) noticing that the complete slip conditions (1.6), (1.8)
can be treated in a similar way by obvious modifications.

To begin, we observe that smooth solutions to the Navier-Stokes-Fourier system satisfy the total energy
balance

O(oF) + divg(ouFE) + divz(p(e, 9)u) — divy(S(Vzu)u) + diveq = 0, (4.1)

where
-1
o

1
E:§]u|2+cv19+7_1

4.1 First energy bounds for the velocity and temperature

We claim that the hypothesis (1.17) implies

IVaullr2o0,myxsrsx3y + IVa?| 20,1y x0sr8) < € (4.2)

where ¢ denotes a generic constant depending only on the parameters g, ¥, @, the initial data gg, 99, ug, and
the time T as the case may be. Indeed the estimate (4.2) follows by multiplying (1.3) by 1 and ¥ respectively
and integrating by parts over the space-time cylinder (0,7) x .
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4.2 Decomposition of u and elliptic estimates

For every fixed t € [0,T] we solve the following Lamé system for v
div,S(V,v) = Vup(o,9) in Q, v]gg = 0.
According to the elliptic estimates and the hypothesis (1.17), we have

HVHWl»q(Q;RS) < C(Q)”pHLq(Q) <cg,

[Vllw2a:rs) < IPllwra) < (1 + Vel ars) + 1Vl Lairs))

for any 1 < ¢ < oo.
We then define

wW=u-—Vv,
the so-called effective viscous flux, satisfying
div,S(Vew) = pdiu + pu - Vyu, wisgg = 0.
Again by elliptic estimates we have
[Wllw22(;rs) < clledu+ ou- Vyul|p2(o;ps)
< ¢ (vedmll 20 rs) + IVl 20, rx3)) -
Finally, we note that 0;v satisfies

dlvxS(antV) = antpa 8tV|8Q = 0.

4.3 Second energy bounds for the velocity

Rewrite the momentum equation (1.2) in the form

00 + div,S(Vzu) = —pu - Vou — Vip(o,9),
Taking the scalar product with d;u of both sides of (4.8) and integrating on 2, we find

1d
/ olopu(t,z)> dz + = — [ S(V,u) : Vyu dz
o 2dt Jq,

< c/ |V u(t, z)|? da —/ V.p(t,x) - Opu(t, z) da.
Q Q

Moreover,
—/ Vep(t,x) - Opu(t, x) doe = / poidivyu do = d / pdiv,u do — / O¢gpdivzu dux,
Q Q dt Jo Q
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where we have

—/ Op divgu dz = —/ O¢p divyv dor — / O¢p div,w dzx.
Q Q Q

It follows from (4.7) that

—/ Ogpdiv,v dx = / v-Vop dx = / v - div,S(V,0v) dx (4.11)
Q Q Q
1d
=— [ Vov:S(0/Vyv)de = ——— [ S(Vpv): Vv da.
Seeing that
/ Oyp divyw do = / Orodiv,w do —I—/ O(09)div,w dex, (4.12)
Q Q Q
we may use the relations 9,07 = —div,(0"u) — (v — 1)0"div,u and divyu = div,v + div,w to handle the
first integral
/ 00" divyw dx < c/ |V divew]| + |divyu divyw| dz (4.13)
Q Q

< c(e) (1 + Hvqu%Q(Q)) + €HV:2¢WH%2(Q;R27)7

where ¢ is a small positive number to be determined below.
Next, using the argument of Wen and Zhu [WZ13], we calculate the second integral in (4.12):

cv/ Or(e¥)div,w dx
0

1 1
= / O (oE)div,w dx — / A (o|ul?)div,w dz — / oo div,w dzx,
Q 2 Ja v—=1Ja

where we may use the total energy balance (4.1) to obtain
/&g(@E)diva dz (4.14)
Q

< ofe) (1+ IVaul 3 mons) + IVatl32qumny) ) + €I VEW a0 mr)-

Furthermore,

1 1
—/8t(g|u2)divxw da::—/f)tg|u]2divxw da:—/ ou - dyudiv,w dx (4.15)
2 Ja 2 Ja Q

1
= / div,(ou)|u|*div,w dz — / ou - Ou divyw dx
2 Ja Q
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1
< e(e) (1+ IVaullfequpscs) ) + 5 Ivedeulizg e + I V2w 2 g ey

Substituting (4.11)-(4.15) in (4.9) and (4.10) and taking e small to absorb the constant appearing in
(4.6), we may infer, by Gronwall’s argument, that

T T
sup ([t N + | IVEOIa ey dt < s [ Wl < (4.16)
t€(0,T) 0 0
Thus, by Sobolev’s embedding theorem and (4.4), we get
T
/0 |lu(t, -)||124/1,q(Q;R3) < cforany 1 <¢q<6. (4.17)

4.4 Second energy bounds for the temperature and better regularity of the effective
viscous flux

We denote f = d,f + u- V,f the material derivative of f. To begin, we use the arguments of [SWZ11],
[WZ13], together with (4.16) to control ||quH%2(Q:R3X3)), to obtain

T Q[u‘Q dz —I—/ IVouf? do < C( + vau”L4(9 g3yt [[Az K (D )||L2(Q)> (4.18)

We recall that K () = foﬁ k(z)dz,
00 — AK(9) = S(V,u) : Vyu — pddiv,u. (4.19)

In particular, by means of the standard elliptic estimates,

IV2K0) 22y < ¢ (1+ 18 K@) (4.20)

¢ (14 11VadI2 ) + Vot aqmsns)) -
Therefore we get from (4.18) that

d

G [ el dos [ Ve do < e (1+ 1Vl + Ve ) (4.21)

On the other hand, multiplying the equation (4.19) by /1(19)29 and integrating over (), we get

d/ VLK (9)? d:n~|—/ oR(D)[I]2 dz

c/ |Veul? + |V, 0)? dx+/ Kk(19)S(Vu) : Vyud d:c+/ K()AK(D)u - V0 de,
Q Q Q
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where A, K () appearing in the last integral can be absorbed by the left-hand side by means of (4.20). More
specifically, we may use similar arguments to [WZ13, formula (4.50)] to deduce that

d .
/ |V K (0)? d:c—i—/ ok(0) |9 da (4.22)
dt Jo Q
< c/ V.02 + |Veul]? + |Voul? + |Veul* + | Veu|| V| de
Q

S C(€) (1 + HVmQﬂ‘%Q(Q) + HVmUH%A(Q;RSxB)) + gHvrﬁH%2(Q;R3x3)-

Remark 4.1. As a matter of fact, the argument in the present situation is considerably simpler than in
[WZ13] as we assume a uniform bound on the velocity field.

We now divide (4.21) by 5- and add the resulting expression to (4.22) to absorb the term H\/@9H%Q(Q)

Next, choosing ¢ = ﬁ to control ||Vx1'1H%2(Q,R3X3), we arrive at
d 2 - 12 512 - 12
@ /s V. K(9)]* + olu|* dz + A ok(D)|Y)* + |Va|* do (4.23)

<c (1 + Va2 0. ey + ||quH%4(Q;R3x3)> :

Finally note that
HVg;u|!i4(9) < C(”V&?VH4L4(Q;R3><3) + HvﬁWHi4(Q;R3X3))

< (1 +||VaW| L1 (g.psxs))
<c(l+ HVZWH%Q(Q;R?’Xi”)Hv?cWHiQ(Q;R”))
<c(l+ ||V§W||2L2(Q;R27)||\@ﬁ||%2(Q;R3)))

:lvhere we have used (4.6) to control ||VZW||%2(Q;R27) by |]\/§1'1||%2(Q;R3). Moreover, according to (4.16), we
ave

T
2112
/O IVewl][72q)dt < c.
Thus we deduce from (4.23) by Gronwall’s inequality that

<c

||\/§il||%oo(0’T;L2(Q;R3)) + Hvxﬁ||%2(0’T;L2(Q;R3><3))
(4.24)

vaﬁHQOO(O,T;LZ(Q;Rﬁ)) + ”\/@87519”%2(0’71;[/2(9)) <6

whence by Sobolev’s embedding theorem
9eull 20,1160 r3Y) < €
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Next, by virtue of (4.5) and elliptic estimates,

HW”L2(0,T;W2v6(Q;R3)) <c (4.25)

Again by elliptic estimates, we also find

IVZE ()| 20,7502 (05m0))) < €

which, together with the Gagliardo-Nirenberg inequality,

Ve f s ursy < el @I Va2 @)
gives rise to
VoK (9) | 24 0,7;08(0;r3)) < ¢ yielding ||V a0 1040ir%)) < ¢,
and

||V?:79HL2(0,T;L2(Q;R9)) <ec (4.26)

Remark 4.2. As already pointed out, the main idea of this part comes from [WZ13]. If we replace upper
bound on o by the stipulation fOT |[diveul| oo (ydt < L as in (1.16), we get immediately the upper and lower
bounds on . In this case, the argument of this subsection can be considerably simplified, see [SWZ11].

4.5 Estimates of the derivatives of p

With the previous estimates at hand, in particular (4.25) and (4.26), we can proceed exactly as in [SWZ11,
Section 5] to obtain

10¢0ll oo 0,7;28() + I VwollLooo,m518(0sr%)) < c. (4.27)
Going back to the momentum equation (1.2) we then deduce a bound for the second order derivatives of u,
specifically,

T
/ [ullfy2.a(qupe) dt < e, 1< g <6. (4.28)
0

In particular, relation (4.28) implies boundedness of div,u in L'(0,T;L%(2)), and, accordingly, a lower
bound for p,
o(t,z) > o> 0 for all ¢, .

4.6 Holder continuity of the temperature

Since the principal part of the thermal energy balance (1.3) is non-linear, the higher order estimates of
require a refined technique based on the LP maximal regularity. To this end, we show that 1 is Holder
continuous. We remark that o enjoys Holder regularity as a consequence of (4.27).
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We rewrite the thermal energy balance in the form
Y 0
coByl + (cvu - “(Q)ng) V0 — div, </€()qu9> (4.29)
Y 4%
1 .
= —S(V,u) : Vyu — ddivyu
o
that can be viewed as a linear parabolic equation with non-constant coefficients.
Now, by virtue of (4.4), (4.25), and (4.27), we have

Zg(vxu) . Veu — ddiveu € L2(0,T; L3(Q)), o € L0, T; WH5(Q)); (4.30)

whence the nowadays standard parabolic theory (see e.g. Ladyzhenskaya et al. [LSUG68]) yields

¥ Holder continuous in [0, 7] x €. (4.31)

4.7 LP — L7 parabolic estimates

Seeing that both ¢ and ¢ are Holder continuous, we are ready to apply the machinery of the LP — L4
estimates, specifically Denk, Hieber, and Priiss [DHP07, Theorem 2.3] (see also Amann [Ama93|, Krylov
[Kry07]) to the parabolic problems (4.8) and (4.29).

First, in accordance with (4.30), (4.31), we obtain

9 € LP(0, T; W*3(Q)), 8y € LP(0,T; L*()), for any 1 < p < o0

in particular,
V.0 € LP(0,T; LY(Q; R?)) for all 1 < p,q < oo. (4.32)

Now, using (4.32) and applying the same treatment to (4.8), we deduce
u € LP(0, T; W2%(Q; R?)), dyu € LP(0,T; L°(Q)) for all 1 < p < 0. (4.33)
Finally, since (4.33) implies
Veu e L((0,T) x Q), (4.34)

we are in the situation treated in [FNS14]. Thus the proof of Theorem 4.1 is completed by the same
arguments as in [FNS14, Section 4.6].
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