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ABSTRACT. Our paper deals with three-dimensional nonsteady
Navier-Stokes equations for non-Newtonian compressible fluids. It con-
tains a derivation of the relative energy inequality for the weak solutions
to these equations. We show that the standard energy inequality implies
the relative energy inequality. Consequently, the relative energy inequality
allows us to achieve a weak-strong uniqueness result. In other words, we
present that the weak solution of the Navier-Stokes system coincides with
the strong solution emanated from the same initial conditions as long as
the strong solution exists. For this purpose, a new assumption on the co-
ercivity of the viscous stress tensor was introduced along with two natural
examples satisfying it.

1. INTRODUCTION

This paper deals with the analysis of solution to the system describing
a compressible non-Newtonian fluid — a fluid whose viscosity is non-constant,
namely it depends on the shear rate in our case.

The study of such system dates back to Mamontov [24, 25] who showed
the existence of a weak solution for an exponential growth of viscosity and
an isothermal pressure. The existence of the weak solution in more general
setting was provided by Zhikov and Pastukhova [27], nevertheless, their proof
is wrong as noted by Feireisl, Liao and Mdlek in [16]. The article [16] itself
deals with the existence of a weak solution, authors, however, had to assume
a viscosity with rather an artificial term.
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The viscosity which does not possess an exponential growth admits only
measure-valued solutions. This has been recently showed by Abbatiello, Fei-
reisl and Novotny in [1] for an isentropic pressure, and by Basarié¢ in [4] for
the isothermal pressure. Authors of the former article also gave a proof of the
relative energy and weak-strong uniqueness.

The existence of a strong solution was, up to now, showed in [21] where
authors used the LP — LY regularity approach to show the local-in-time well-
posedness of the system describing compressible non-Newtonian fluids.

The relative entropy inequality (and corresponding weak-strong unique-
ness) for the exponentially growing viscosity and isothermal pressure has not
been investigated up to now. This is the main aim of our paper — in particu-
lar, we derive a connection between results from [24, 25] (resp. also [4]) and
[21].

2. PRELIMINARIES

The motion of the non-Newtonian compressible fluid in a domain Q C R3
is described by its velocity u : Q — R3 and density p : Q — [0,00). The time
evolution of u and p is governed by the continuity and momentum equations
(2.1) Op + div (pu) = 0,

(2.2) O (pu) +div(pu®u) + Vp=div S+ pf in Q x (0,7),
where T" > 0, p stands for the pressure, S is the viscous stress tensor and f
represents the external forces [24].

Let us suppose that the fluid is isothermal and non-Newtonian. Namely,
we assume that (without the loss of generality)

S = P(Du))Du, p=p,

where conditions on P : [0,00) — [0, 00) are discussed later.
Equations (2.1) and (2.2) are supplemented with the no-slip boundary
conditions

up =0,

and initial conditions

p(-,0) = po, (pu)(-,0) = (pu)o in Q,

where pg is non-negative.
The weak formulation of the system (2.1), (2.2) endowed with presented
boundary and initial condition is

T
(2.3) / pop(-,0)dx + / / pOrp + pu- Vodadt =0,
Q 0o Ja
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and

/Q(pu)ow(-,O) dz +/0 /Q (pu- 0y + (pu®u) : DY + pdivey) dedt
(2.4)

T
:/ /(P(|Du|)Du:Dw—pf-¢) dadt,
0 Q

for any ¢ € C°(Q x (0,T)) and ¢ € C°(Q x (0,T); R?).
The weak solution is supposed to satisfy the standard energy inequality
expressed as [25]

1 T
/ <p|u|2—|—plnp> (-,T)dx+/ /P(|Du|)|Du|2dmdt
o \2 0 Ja

T 2
g/ /pf-udxdt+/ <|(p0u)0|—|—polnpo) dzx
0o Jo Q 2po

for almost all 7 € (0,T).

Let us define Young functions ®,(z) = (1 + 2)In" (1 + 2), v > 1. Func-
tions W., denote their convex conjugates. For a given Young function ¢
and its convex conjugate ¥, we employ a standard notation of Orlicz class
Lg(Q) and Orlicz space Lg(Q2). While v € Lg(Q) if [, ®(|v(z)]) dz < +oo,
v € Lg(Q) if sup,, fQ |v(x)w(z)|dz < 400, where the supremum is taken over
all functions w € Ly (€2) such that Jo ¥(|lw(z)])dz < 1. For further details
about Orlicz spaces we refer to [23].

Next, we define a Young function M(z) = e* — z — 1 and we denote by
N its convex conjugate. Similarly as in [26], we assume that the function P
satisfies the following five conditions!

(2.5)

(2.6) /QP(|U\)|U| dsz/QMﬂU\)dx,
(2.7) /Q(P(|U|)U—P(|V|)V) (U= V)dz >0,
(2.8) P(2)|2|* is a convex function for z > 0,
(29) [ xepmhar< e (1+ [ arpa),
(2.10) P(U = AV)(U = AV) 2 p(lu)U, for A — 0,

for any U, V belonging to Orlicz class [y (€2)]3%3.

IHereinafter, we use the letter C' as an arbitrary positive constant which may vary
from line to line, nevertheless, it is always independent of g, u, U and V.
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Throughout this paper, we assume even stricter condition then (2.7).
Namely, we assume the existence of ¢ € (1,00) such that

(2.11) /Q(P(|U|)U —P(V)V): (U ~-V)da > C/Q U - V|?dz

for all U and V as above. Although this condition may seem artificial, we
present two natural choices for P satisfying it in Section 5.
We also define the following function spaces in accordance with [24]:

Y = {v|Dv € Ly (2 x (0,T))**®, v|pax(o.r) = 0},
X ={v|Dv € Ly (0)**%, v]ga =0}, [[vlx = |DV]L, -

First, our paper contains a derivation of the relative energy inequality for
the weak solution constructed by Mamontov in [24, 25]. This derivation is
described in Section 3. The relative energy inequality is the cornerstone for
further qualitative analysis of solutions as it allows to deduce various results
concerning long-time behavior, singular limits, dimension reduction and weak-
strong uniqueness result among others. The latter is performed in Section 4
— we present that all weak solutions constructed by Mamontov are equal to
the (unique) strong solution. Here, we would like to remind that the strong
solution for the system in question with the periodic boundary conditions
was constructed recently in [21]. Finally, Section 5 focuses on assumptions
imposed on the function P. In particular, we provide a more convenient
condition replacing (2.11).

3. RELATIVE ENERGY INEQUALITY
Let us define
1
H(p) =p/ Zdz=plnp.
1

Let us consider smooth functions r and U such that r is strictly positive and
U satisfies the no-slip boundary conditions. Following [15], relative entropy
E([p, u]|[r, U]) is defined as follows

ol 0) = [ (Gola =P+ H(p) ~ H) - H ()~ 1)) do

1
:/S)(2p|u—U|2+pln£—(p—r)> dzx.

We would like to point out that the function
po H(p) = H(r) = H'(r)(p—1), p.r>0

(3.1)

is strictly convex with minimum 0 attained at p = r. Therefore, for every
0 <r <r<T7T < oo there is a positive constant C' such that

(3.2) H(p)— H(r) = H'(r)(p—71) > C(p—r1)°



RELATIVE ENERGY INEQUALITY AND WEAK-STRONG UNIQUENESS 89

whenever p € (5,27), and
(33) H(p) — H(r) — H'(")(p— 1) > Clp—7]

whenever p € R*\ (5,27).

Similarly as in [17], a suitable weak solution to (2.1) and (2.2) is a couple
[p, u] satisfying (2.3)-(2.4), boundary and initial conditions, and the following
relative energy inequality for all » and U belonging to the class specified in
Theorem 3.1:

E([p,u]|[r, U])(r) + /OT /Q (P(|Dul)Du — P(|DU|)DU) : (Du — DU) dzdt

(3.4) < &(lpn,uol |01 UCOD + [ Ripu,rn U,
0
where the remainder R is defined as

R(p,u,r,U) = / p(0,U +uVU) - (U —u)dz
Q

+/QP(|DU|)DU:(DU—Du)dH/pr-(u—U)dw
+/Q((rp)a7ir Vrr (rU — )> dz

+ / divU(r — p) d.
Q

If we set r = rg = |[Q]~* fQ podx and U = 0, then following the definition
of the relative entropy (3.1), we arrive at

1
ol o) = [ (o + ptup = pturo ) da,
Q
1
&l 0) = [ (Goolaol? + oo = polnra )
Q

R(p,u,ro,0) :/pf~udx.
Q

Since [, (p—po) Inrodz =1Inry [,(p—po) dz = 0, (3.4) reduces to the standard
energy inequality (2.5). Thus, the relative energy inequality (3.4) implies the
standard energy inequality (2.5). In section 3.1, we show that this implication
holds also the other way round.

THEOREM 3.1. Let p and u be the weak solution specified in (2.3),
(2.4) and (2.5). For some p > 1 and v > 1, let U € Y be such that
DU € Ly (2 x (0,7))° and 8,U € LP(0,T; Ly ()3, Let us further sup-
pose that £ € LP(0,T; Ly (Q))* and r : Q x (0,T) — (0,00) is such that r €
L>(0,T; Le. (), ¢ Inr € LY(0,T; Ly, (Q)) and VInr € LP(0,T; Ly_(Q))*.
Then the pairs [p,u] and [r, U] satisfy the relative entropy inequality (3.4).
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3.1. Proof of Theorem 38.1. First, we take %|U|2’(/J, Y = X(0,r) as a test
function in (2.3) — this is possible although % is not sufficiently regular as
it suffices to take smooth approximations of ¢ ensuring the validity of the
following equalities for almost all 7 € (0,7T"). We infer

1 T
5/pOUQ(-,O) dx+/ /(pU~8tU+puVU~U) dadt
Q 0 Q

=5 [ U

using the identity 9;(U;U;) = 2U;0;U;. Second, we test (2.4) by Uy (with
the same remark as above) to arrive at

(3.5)

/(pu)oU(-7 0)dz + /T / (pu-0,U + (pu®u) : DU + pdivU
+ pf - U — P(|Du|)Du: DU) dzdt = / pu(-, 7)U(, 7) dz.
Q

In the third step, we use Inr as a test function in (2.3) to obtain

/Polnr d:r+/ /( atr V:) dzdt
:/Qp(-,T)lnT(-,T)dl‘.

We multiply (3.5) by —1 and sum it up with (3.6), (3.7) and the standard
energy inequality (2.5) to deduce

(3.7)

1
/ <2p|u—UI2 +plnp—plar —p> (-, 7)dx
Q

+/0 /Q (P(|Du|)Du — P(|DU|)DU) : (Du — DU) dadt

1
S/( poluo — U(, )|2+P01HP0—POIH7"(‘70)—P0) dz

(3.5) .
/ / (6,U+uVU)- (U —u)dxdt—i—/ /pf~(u—U)dxdt
0 Ja
+/ /P(|DU|)DU:(DU—Du)dxdt
0o Ja
- / / (pa” fou- Ty pdivU> dadt.
0 Q T T
We add

/{f(~,7')d$—/ﬂ?”(~,0)d$—/OT/QGtrdxdt
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to get

£([p,ul[r, U])+/OT/Q(P(Du|)Du _ P(|DU|)DU) : (Du — DU) dadt

< &([po, uol|[r(-,0),U(-,0)]) + /T/ p(0,U+uVU) - (U —u)dzdt
(3.9) 0%

+/OT/pr- (u—U)dadt +/OT/Q P(|DU|)DU : (DU — Du) dzdt

+// ((T_p>8t7a_pu~w—pdiVU) dxdt.
0Ja r r

Finally, the boundary condition for U yields

/ (U-Vr+rdivU)de = / div(rU) de = / (rU) -ndS =0,

Q Q a0

and thus we can add the term [,(U - Vr + rdivU) dz to the right-hand side
of (3.9) which gives the demanded inequality.

4. WEAK-STRONG UNIQUENESS

The relative entropy inequality can be used to prove the weak-strong
uniqueness principle. In other words, it enables us to show that weak and
strong solutions of (2.1)-(2.2) with the same boundary and initial conditions
coincide as long as the strong solution exists.

THEOREM 4.1. Let p, @t be a strong solution to (2.1) and (2.2) satisfying
the Dirichlet boundary condition and p(x,t) > C, C € RT. If P satisfies
(2.6)—(2.11), then every weak solution p, u emanating from the same initial
data p(-,0) and u(-,0) is equal to p and .

REMARK 4.2. We assume the strong solution satisfies (2.1), (2.2) point-
wisely and all terms in this formulation are well defined. In particular,
0 € CHQ x(0,T)) and & € CHQ x (0,T))? with V,u € C(Q x (0,T))3*3.
It is worth to mention that the proof presented below works also for weak
solutions with sufficient regularity.

4.1. Proof of Theorem 4.1. Let us consider r = p and U = u, where [, Q]
is the strong solution of (2.1)-(2.2) and p > C, C' € RT. The idea of the proof
is to show that all terms in (3.5) can be bounded by the means of the left-
hand side of (3.4) in order to use a Gronwall type argument. Recall that the
assumptions on the strong solution imply that there is not any vacuum region,
i.e., it holds that 0 < r < p < T < oo for appropriately chosen constants r
and 7.

First, we introduce a decomposition of a general function G = G(p) into
the essential and residual part, namely,

G= Gess + Gres;
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where

G — G onpe (%g,??)
571 0 otherwise.

Due to the convexity of H one can deduce the following coercivity properties
(see also (3.2) and (3.3)):

1) &(p,ull[p,u]) = C/Q (plu =8+ [p = plZ + Lres + pres) da.
According to (3.5), it holds that

Rip,u, j, ii) = / p(Dyfi + uVii — £) - (@ — u) de
Q

+ /Q P(|Da|)Di : (Dii - Du) da

[ (6-0% 4 i) ) o

+/ divia(p — p) dz.
Q

Since [p, 0] is a strong solution of (2.1)-(2.2), we can rearrange the mo-
mentum equation (2.2) as follows:

. i
(60, + 04T+ div ()T + HTVE) — £ = ~div (P(IDi) D) - Vﬁ’),

il =

which by the means of the continuity equation (2.1) reduces into
1 .
2,5+ GV — £ = ~div (P(DT|) D) - Vo

Hence, the first term in (4.2) can be rewritten as

/p(@tﬁJrﬁVﬁff)(ﬁfu)der/p(ufﬁ)VfL(ﬁfu)dx
Q Q

(4.3) = /Q P div (P(|D@|)Da) - (@ — u) dz — /Q pzﬁ (@i — u)dz
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which leads to (using the identity [, Dv : Dwdz = — [, div(Dv) - w da):

R(p,u,p,a) = /Qp(u —a)Va- (2 —u)dz

+ [ 20— pydiv (PUDE)DR) - (11— w) d
+/Q(ﬁ—p)(8;p~+ﬁ-vﬁﬁ) da
+/Qdivﬁ(f)—p) da.

With respect to the continuity equation (2.1), the last two terms in (4.4)
cancel each other out, because

o ) 1
9 5. Y0 | divii= £ (0,5 + - Vi + pdivid)
p p p
1
= = (07 + div(7) = 0.
Thus
Rip.u.p.5) = [ pla=@)Va @ u)ds
(4.5) ¢

+ [ S(0= v (PDE) D7) - (6~ w .

Concerning the first term of the remainder (4.5), we have (recall that Va
is a bounded function)

L 2
gC/Q§p|u—u| dz
< C&([p, u]|[p, u]).

/Qp(u—ﬁ)Vﬁ- (—u)dx

Regarding the second term in (4.5) we decompose it into two parts and we
use the regularity of the strong solution to get

[ 2o piiv(P(DE)DR) - (3 - w s
QP

SC’/ |ﬁ—p|ess\ﬁ—u|dx—|—C/|ﬁ—p|res|ﬁ—u|dx:h+12.
Q Q

Next,

1
Ilgo/iﬁ_p|ss pﬁ—u|dx

<o [1p-pkadot [ pli-uPar) < ceol. (i)
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according to (4.1). We split I once again as
I=C p=plla—uldz+C p = plla —uldz,
Qn{p>27} Qn{p<sr}

where the first integral may be treated in the same way as I; and second
integral is estimated with the help of the Korn inequality as follows

/ |ﬁ—p||ﬁ—u|dm§0/|ﬁ—u|dx
Qn{p<3ip} Q
(4.6) gc/ 1;1;de+5/ [0 —u|?dx

Q Q

< C€([p,u],[ﬁ,ﬁ])+5/ \Dii — Dul? da,
Q

where ¢’ = % and § > 0 might be as small as needed — in particular, we

choose ¢ such that (using (2.11))
5/ |Du — Du|?dx < %/(P(\DﬁDDﬁ — P(|Du|)Du) : (Da — Du)dz
Q Q

so the last term of (4.6) can be absorbed in the left hand side of (3.4). Sum-
ming up, (3.4) yields

E([p, ulllp,u])(r) < C/OTS([p, ul[[p, u])(s) ds

and, consequently,
E([pul|[p,u]) = 0.

5. ASSUMPTIONS ON P

The most restrictive assumption on P is (2.11) which is not needed in
the proof of the existence given by Mamontov. This assumption is discussed
throughout this section. First, we show that a natural choice of P satisfies
the condition (2.11). Next, we formulate a replacement assumption which is
more convenient than (2.11).

5.1. P(z) = % M(z). Let us consider a function

P(z) = { ME | for 2 £0,

0, for z =0.

It satisfies all conditions (2.6)-(2.10) and it satisfies also (2.11) with ¢ = 2.
Indeed, recall that
2 3 o0 i

z z z z
P = — J— JR— e -
Gr=5+Ftaut ;(Hl)!
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and therefore we may write P(z)z = F’'(z) + G'(z) where F(z) = %2 and

Gz = | b e ds

Further, we have
0
P(|Dul)Du = P(|Duf)| Dul - ‘D = gp (FIDu)) + G(1Dul)).
Hence,
(P(|Du|)Du — P(|Dv|)Dv) : (Du — Dv)

9 8

(5.1) (aD (|Dul) — |Dv|)) . (Du— Dv)

+ (8?) (|Du|) — aG(|Dv|)> : (Du— Dv).

Since F' complies with the As-condition, we can apply [11, Lemma 21] and
deduce a lower bound for the first term in (5.1) as follows:

0 3
(55FDu) = 55FIDV) )+ (Du - Dv)
> CF”(|Du| + |Dv|)|Du — Dv|* > C|Du — Dv|*.

(5.2)

The second term in (5.1) is non-negative. This follows since Du : Dv <
1|Du| + %|Dv| and thus

0 0
(556004 - 55610V )+ (Du - Dv)

(4B, S0

— D :(Du—-D
) ") (Du = Dv)

_ G’(|DUI) . G'(|Du]) ,
G’(|DV|) G'(|Dv])
————~Dv:Du+ ——=Dv:Dv
|Dv] |Dv|
1G'(|Dul), 1o 1G’(|DU\)
D
LG'(IDv]) 2, 1 G’(IDVI) 2
~ 3 Dy P Tpa 1PV
1 (G'(|[Du])  G'(|Dv]) 2 2
== — - >
9 ( |Du| Dv]| (IDuf* - [Dv]*) >0

where we used the fact that G’(z)/z is non-negative and increasing for z > 0.
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5.2. Further note on (2.11). In general, we claim that (2.11) is fulfilled
whenever P is a non-decreasing function satisfying

P'(z) > 0 and there exists C' > 0 such that P(z) > Cz®

(5.3) for all z > 0 and some a > 0.

In order to prove that (5.3) implies (2.11) we start with a generalization of
[10, Sect 1.4., Lemma 4.4, p. 14]. The following holds for every U,V € R3*3:

(P(UNU = P(V)V) - (U = V)

- (/0 L P(sU + (1= sVI)(sU + (1= 5)V)] d8> U -V)

:/OlP(sU+(1—s)V|)|U—V|2 ds
1 P'(|sU + (1 —s)V])
+/0 15U + (1= )V]

|(sU 4+ (1 —s)V): (U—=V)]* ds
1
z/ P(|sU+ (1 —s)V)|U =V|? ds = (I).
0
Now, let us assume for a while that |[U| > |U — V|. Then
1
(1):/ PU + (1= s)(V = D))|U = V2 ds
0
1
> [ P(I0I- =9V -UI DIV - VP ds
0
1
2/ P(s|U = V)|U = V]2 ds
0
U-v|
= |U—V|/ P(z) dz > C|U — V|*T=.
0

On the other hand, if |U| < |U — V|, we deduce that

! S — S S — S 2

ds = (II).
i U+ (- s)VE s =)

Since

|sSU+(1=s)VP=|U4+1-s)(V-U)?><(2-5)?>V-U]?
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we derive

2 LP(|sU + (1 = s)V])|sU + (1 — s)V|?
an=v-ve [ Bl TP ds

1
> i/ P(IsU + (1= $)V|)[sU + (1 — s)V]2 ds
0

> C/O Q(IsU + (1 — s)V*)|sU + (1 — s)V|? ds = (I1I),

where Q(z) = z%/2. Since G = 2'7%/2 is a convex and non-decreasing func-
tion, we can use Jensen’s inequality to deduce

(II1) > CG (/01 |sU + (1 —s)V|? ds)

_ca @(UF VP 4T V)> — (V).

Further,
U <|U-V]2=2U:V <|V|?
leads to

U+ |V2P+U:V

9 9 6 1 1 2
= |UP+=|VP+-U:V+ U+ =|V?-=U:V
10|‘+10||+5 +10‘|+10|| 10
9 2 6 2 2 2 1 2
> — - — —2U : > —|U - .
> 10IVI 10\V\ + —=(U]" +|V]| Uu:Vv)=> 10|U V|

Consequently,

1
7o¢

(IV)>CG(C|U-V|*) =C|U - V|**e.

We combine the two previous estimates to deduce that (5.3) implies (2.11)
with ¢ =2 + «.
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