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STATIONARY SOLUTIONS IN THERMODYNAMICS OF
STOCHASTICALLY FORCED FLUIDS

DOMINIC BREIT, EDUARD FEIREISL, AND MARTINA HOFMANOVA

ABSTRACT. We study the full Navier—Stokes—Fourier system governing the motion of a gen-
eral viscous, heat-conducting, and compressible fluid subject to stochastic perturbation.
The system is supplemented with non-homogeneous Neumann boundary conditions for the
temperature and hence energetically open. We show that, in contrast with the energetically
closed system, there exists a stationary solution. Our approach is based on new global-
in-time estimates which rely on the non-homogeneous boundary conditions combined with
estimates for the pressure.

1. INTRODUCTION

It is a common believe that the behaviour of turbulent fluid flows can be fully characterized
by a steady state of the system (driven by a suitable stochastic forcing to substitute for possible
perturbations due to changes in the boundary data), which is approached asymptotically for
large times. Mathematically speaking this gives rise to an invariant measure of the underlying
system. This is well-understood for the 2D incompressible stochastic Navier—Stokes equations,
cf. [10, 12, 19, 16], where uniqueness is well-known.

If uniqueness is not at hand, even the definition of an invariant measure becomes ambiguous,
and one rather studies stationary solutions of the dynamics: solutions with a probability law
which does not change in time. This law serves as a substitute for an invariant measure. The
existence of stationary solutions to the 3D incompressible stochastic Navier—Stokes equations
is a nowadays classical result from [11]. More recently a counterpart for the compressible
stochastic Navier—Stokes equations has been established in [4]. It is interesting to note that in
both cases stationarity provides a certain regularising effect on the solutions (see also [13] in
connection with this).

One may think that adding further physical principles such as the possibility of heat transfer
completes the picture. The stochastic Navier—Stokes—Fourier equations haven been studied in
[1] and the existence of weak martingale solutions has been shown. They describe the motion
of a general viscous, heat-conducting, and compressible fluid subject to stochastic perturbation
based on the Second Law of Thermodynamics via an entropy balance as in [8] (see also [20]
for an alternative approach based on the internal energy balance due to [7]). Supplemented
with homogeneous Neumann boundary conditions for the temperature this is an energetically
closed system. The mechanical energy which is lost as dissipation is transfered into heat and,
different to the incompressible or the isentropic Navier—Stokes equations, weak solutions are
known to satisfy an energy equality. The latter one shows that the noise is constantly adding
energy to the system such that it can never reach a steady state and, as shown in [1, Section
7], stationary solutions do not exist. Since this is physically not acceptable we are looking for
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a physical principle which can counteract the energy creation by the noise.

Different to [1] we consider in this paper an energetically open version of the stochastic
Navier—Stokes—Fourier equations, where heat can drain through the boundary, see (1.5) below.
The time evolution of the fluid in the reference physical domain Q C R? is governed by the
following set of equations:

(1.1a) do + div(pu)dt = 0,
(1.1b) d(ou) + [div(pu ® u) + Vp(p, )] dt = divS(d, Vu) dt + gF(p, 9, u) dW,
(1.1c) d(ge(0,9)) + [div(oe(o,9)u) + div q(9, VY)] dt

= [S(¥, Vu) : Vu — p(p,9) divu] dt,

where W is a cylindrical Wiener process and the diffusion coefficient F can be identified with
a sequence (Fp)i>1 satisfying a suitable Hilbert-Schmidt assumption, see Section 2 for the
precise definitions. Here ¢ denotes the density of the fluid, ¢ the absolute temperature and u
the velocity field. For the viscous stress tensor we suppose Newton’s rheological law

(1.2) S = S(9, Vu) = u(9) (Vu +vul - ; div uH) +(9) divul.

The internal energy (heat) flux is determined by Fourier’s law
0
(1.3) q=q(¥,V¥) = —k(I)VY =-VK(9), K@) = / k(z)dz.
0

The thermodynamic functions p and e are related to the (specific) entropy s = s(p, 1) through
Gibbs’ equation

1
(1.4) ¥Ds(p,9) = De(p,9) +p(g,19)D<§) for all o, > 0,

where D denotes the total derivative with respect to (9,9). We supplement (1.1)—(1.4) with
the boundary conditions (see also [9])

(1.5) ulag =0, q-1njsg = d(¥)(¥ — Op), and fix the total mass / odz = My,
Q

where ©g € L'(0Q) is strictly positive, My > 0 and we suppose that there are d,d > 0 such
that

(1.6) dY < d(xz,9) <d9 forall (x,9)€ dQ x [0,00).

In view of Gibb’s relation (1.4), the internal energy equation (1.1¢) can be rewritten in the
form of the entropy balance

(1.7) d(pes) + [div(gsu) + div (%)] dt = odt

with the entropy production rate

q- VY
)
In view of possible singularities, it is convenient to relax the equality sign in (1.8) to the
inequality

(1.8) a:%(S:Vu—

(1.9) o>

(S:Vu— q-ﬁVﬂ).

| =

The system is augmented by the total energy balance

(1.10) d/ [1gu2+ge} dx:/ g]F~udW+Z/ 1g|Fk|2d:cdt—/ d(9)(9—6¢) dH? dt,
QL2 Q Q2 2Q

k>1
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cf. [8, Chapter 2]. In case of a stationary solution applying expectations to (1.10) clearly yields

SE |

1
S olFif? dadr = E/ d(9)(9 — O0) dH? dt.,
= Je 0Q

meaning energy created by the stochastic forcing can leave through the boundary. The exis-
tence theory from [1], which leans on the analysis of the isentropic stochastic Navier—Stokes
equations from [5] and the deterministic Navier—Stokes—Fourier equations from [8], can be ap-
plied to (1.1)—(1.5) without essential differences. In case of the initial value problem an energy
estimate can be derived in terms of the initial data. Looking for stationary solutions, the
initial data is not known and one has to use stationarity instead. In [4] stationarity is used
in combination with pressure estimates to obtain a corresponding estimate for the isentropic
problem. When applying the same strategy to the non-isentropic problem (1.1)—(1.4), sup-
plemented with homogeneous boundary conditions for the temperature flux, the temperature
is deemed to grow unboundedly due to the irreversible transfer of the mechanical energy into
heat.

Assuming the non-homogeneous boundary conditions (1.5) instead we are able to derive new
global-in-time energy estimates, see (4.4). The main task is to control the radiation energy
given by a¥* without an information on the initial data. In the case of homogeneous boundary
conditions one can only obtain informations on the temperature gradient which is not enough
to even get estimates for ¥ in L'. For the non-homogeneous problem we benefit from the
boundary term in the energy balance (1.10). A suitable application of It6’s formula combined
with Sobolev’s embedding and an interpolation argument allows to control a higher power of
the temperature in terms of the energy, see (4.4). Finally, we derive some pressure estimate
by means of the Bogovskii operator in (4.6) and (4.16) to close the argument and to obtain
uniform-in-time estimates for the total energy. This leads to our main result which is the
existence of stationary martingale solutions to (1.1)—(1.5), see Theorem 2.1 for the precise
statement.

In order to make the ideas just explained rigorous one has to regularise the system by
adding artificial viscosity to the continuity equation (1.1a) (e-layer) and add a high power of
the pressure in the momentum equation (1.1b) (d-layer). The resulting system has been solved
in [1] by adding three additional layers. The same tedious strategy has been applied [4] in the
construction of stationary solutions to the isentropic system. Here, we follow a different strategy
with a much simpler proof. Namely, inspired by the approach due to It6-Nisio [17] which we
recently also applied to the isentropic system with hard sphere pressure [3], we construct
stationary solutions directly on the e-level. The first step is to show uniform-in-time estimates
for martingale solutions to the initial value problem. In a second step stationary solutions
can be constructed by the Krylov-Bogoliubov method as the narrow limit of time-averages. A
striking feature of this approach is that stationary solutions are sitting on the trajectory space
and are approached asymptotically in time by any solution starting with bounded initial data of
certain moments. With a stationary solution to the approximate system at hand one can prove
estimate (4.4) which is uniform in time, € and é. It has to be combined with pressure estimates
which differ on both levels, see (4.6) and (4.16), before one can pass to the limit (both limits
have to be done independently). The limit passage can be performed as in previous papers
and stationarity is preserved in the limit.

2. MATHEMATICAL FRAMEWORK AND THE MAIN RESULT
2.1. Stochastic forcing. The process W is a cylindrical Wiener process on a separable Hilbert
space U, that is, W(t) = >, Bi(t)ex with (8x)k>1 being mutually independent real-valued

standard Wiener processes relative to (§¢)i>0. Here (ex)r>1 denotes a complete orthonormal
system in . In addition, we introduce an auxiliary space Ly D 4 via

Uy = {v:Zakek; Z%E <oo}7

k>1 k>1
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endowed with the norm

HUHiO Z %2 v = Zak6k~

k>1 k>1
Note that the embedding &l — $ly is Hilbert-Schmidt. Moreover, trajectories of W are P-a.s.
in C(]0,T); Up) (see [6]).
Choosing 8 = ¢? we may identify the diffusion coefficients (Fey)r>1 with a sequence of real
functions (F)r>1,

oF (9,9, u)dW = Z oF i (z, 0,9,u)dbk.
k=1
We suppose that Fj are smooth in their arguments, specifically,
F). € C'(Q x [0,00)? x R%; R®),
where

(2.1) Esll oo + 1V, 00uF k|l < fir, D f7 < o0.
k=1

We easily deduce from (2.1) the following bound

loF (0, 9, ) lw—+2(q:ms) ~ | 0F k(0. 0, w11 (@) ~ fillellLie)

whenever k > % Accordingly, the stochastic integral

/ oFdW = Z/ oF (0, U, u) dBk
0 170

can be identified with an element of the Banach space space C([0,T]; W~%2(Q)),

( oF (0,9, u)dW - w) dx

Z/ (/ oFk(z,0,9,u) - ¢ dx) dBk, ¢ € Wk72(Q;R3), k> ;

2.2. Structural and constitutive assumptions. Besides Gibbs’ equation (1.4), we impose
several restrictions on the specific shape of the thermodynamic functions p = p(p, 9), e = e(p, 9)
and s = s(p,9). They are borrowed from [8, Chapter 1], to which we refer for the physical
background and the relevant discussion.

We consider the pressure p in the form

a
(2:2) p(0,9) = pm(o,9) + 5194, a>0, pu(o ) =0°/*P (193/2>
0 3pu(e9) _39°7° /0
2. = — ==
( 3) 6(@,?9) CM(Q,IQ) +a 0 ) 61\/1(@,19) 92 0 ) 0 (193/2)
4a 93 0
(2.4) s(0,9) = sp(0,9) + 3 sp(o,9) =S (W) ,
_ o 33P(Z)-ZP(2) -
(2.5) S=5(02), S'Z)= B 73 <0, Zh_r)r(le(Z) =0,
where
(2.6) P € C'0,00) N C?(0,00), P(0) =0, P'(Z) >0, for all Z >0,
SpP(Z)-ZP'(Z
(2.7) O<g?’ ()Z ()<c7f0rallZ>O,
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and

_ P(2)

As shown in [8, Section 3.2] the assumptions above imply that there is ¢ > 0 such that

(29) 0_105/3 S p]W(Q7 19) S 0(95/3 + 919)’
(2.10) 31)70095/3 + at* < ge(o,9),
(2.11) 0 <emlo¥) < c(0*?+9),

for all ¥, p > 0. Moreover, there is ss, > 0 such that
(2.12) 0 < sn(0,0) < soo(l + [log(e)| + [log(V)]*).
Finally, for ¥ > 0 we introduce ballistic free energy given by
Hy(0,9) = ¢ (e(0,9) — Is(e,9)) ,
which satisfies
(213)  —elo+ 1)+ 3 (eclo.9) + Tls(o.D)]) < Hylo,9) < ed” +9* +1)

on account of (2.11), (2.12) and [8, Prop. 3.2]. The viscosity coefficients p, n are continu-
ously differentiable functions of the absolute temperature 9, more precisely u, A € C[0, ),
satisfying

(2.14) 0 <p(l+9) <pu@@) <pl+7),

(2.15) sup (|w/' ()] + [N (9)]) < m,
Y€[0,00)

(2.16) 0<AW) <A1 +9).

The heat conductivity coefficient k € C[0, 00) satisfies
(2.17) 0 < k(1 +93) < r() <R +09%).
Finally, we introduce certain regularised versions of p, e, s and & for fixed 6 > 0:

ps(0,9) = p(o,9) + 6(0® + "),
em,s(0,9) = enm(o,9) + 89, es(o,9) = e(o,V) + 69,
(2.18) sae(9,0) = sm(9,0) +dlogd, s5(0,9) = s(e,9) + dlog(v),
1 9
ks(0) = K(9) + 5(19F + 5), Ks(9) = /0 Ks(2) d.

2.3. Martingale & stationary solutions. We start with a rigorous definition of (weak)
martingale solution to problem (1.1)—(1.5) as given in [1], where also the existence of a solution
to the corresponding initial value problem is proved.

Definition 2.1 (Martingale solution). Let Q C R? be a bounded domain of class C*TV, v > 0.
Then

(<Q7 ga (&t>7 P)7 o, 197 u, W)
is called (weak) martingale solution to problem (1.1)—(1.5) provided the following holds.

(a) (9,5, (8t),P) is a stochastic basis with a complete right-continuous filtration;
(b) W is an (§¢)-cylindrical Wiener process;
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(¢c) the random variables
0 € Lige([0,00); L(Q)), 9 € Lige([0,00); L1(Q)), u € Lie([0,00); Wy *(Q; B?))

are (§;)-progressively measurable’, o > 0, ¥ > 0 P-a.s.;
(d) the equation of continuity

(2.19) /OOO/Q [0040) + ou - V1] dadt = 0;

holds for all ¢ € C°((0,00) x R?) P-a.s.;
(e) the momentum equation

/ &,1/1/ ou- @ dadt
0 Q

oo T
(2.20) +/ ¢/ ouu: Ve dxdt—/ ¢/ S(¥,Vu) : Ve dzdt
0 Q

+/ zD/p(g,ﬁ)divcp dxdtJr/ ¢/ oF(0,9,u) - ¢ dadW = 0;
0 Q

holds for all ¢ € C°(0,00), ¢ € C(Q; R3) P-a.s.
(f) the entropy balance

—/oo/ [05(0,9)0t) + 0s(0,V)u - Vyy] dxdt

(2.21) / / S(0, V) : Vu + ()\vw}u)dxdt

K(9)V > d(v) 2
- : dzdt — = (9 —0p)dH?d
/0 /Q 5 Vi dzdt /0 a@w J (9 — ©g) dH?dt

holds for all ¢ € C°((0,00) x R?), 1 > 0 P-a.s.;
(g) the total energy balance

—/ 3tw</€g, u dx) dt:—/ooow a@d(ﬁ—@o)d}lzdt
222 +/0 L/J/QQF(Q,ﬂ, cudzdWdz + - / (/ng 0,9,u)? dx>

Qk>1
holds for any ¢ € C°(0,00) P-a.s. Here, we abbreviated

1
E(o. 0, ) = Solul* + ge(e, ).

In the following we are going to introduce the concept of stationary martingale solutions. We
start with a standard definition of stationarity for stochastic processes with values in Sobolev
spaces.

Definition 2.1 (Classical stationarity). Let . =
measurable stochastic process, where k € Ny and p
WHkP(Q) provided the joint laws

Lty +7),...,0(t, +7)), La(tr),...,a(t,))
on [WEP(Q)|" coincide for all T > 0, for all ty,. .., t, € [0,00).

As can be seen from Definition 2.1, the velocity u and the temperature ¥ are not stationary
in the sense of Definition 2.1 as they are only equivalence classes in time. Therefore we use
the following definition of stationarity which has been introduced in [4], and applies to random
variables ranging in the space L{ ([0, 00); WFP(Q)).

{a(t);t € [0,00)} be an W*P(Q)-valued
€ [1,00). We say that 0 is stationary on

IThe progressive measurability is understood in the sense of random distributions as introduced in [2, Section
2.2].
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Definition 2.2 (Weak stationarity). Let u be an L ([0,00); W*P(Q))-valued random vari-
able, where Let k € Ny and p,q € [1,00). Let S; be the time shift on the space of trajectories
given by S,a(t) = a(t+7). We say that 1 is stationary on L{ ([0,00); W*P(Q)) provided the

loc
laws L(S;1), L(@) on L _([0,00); WEP(Q)) coincide for all 7 > 0.

Definition 2.1 and Definition 2.2 are equivalent as soon as the stochastic process in question
is continuous in time; or alternatively, if it is weakly continuous and satisfies a suitable uniform
bound, cf. [4, Lemma A.2 and Corollary A.3]. Furthermore, it can be shown that both notions
of stationarity are stable under weak convergence as can be seen from the following two lemmas
(the proofs of which can be found in [4, Appendix]).

Lemma 2.1. Let k € Ny, p,q € [1,00) and let (@,,) be a sequence of random variables taking
values in L ([0,00); WEP(Q))). If, for all m € N, @, is stationary on L{ ([0,00); W*P(Q))

loc loc
in the sense of Definition 2.2 and

= S q
u, —~u mm L,

([0,00); WHP(Q))  P-a.s.,

then 1 is stationary on L ([0,00); W*P(Q)).

loc

Lemma 2.2. Let k € Ny, p € [1,00) and let (@,,) be a sequence of WP (Q)-valued stochastic
processes which are stationary on W*P(Q) in the sense of Definition 2.1. If for all T > 0

(2.23) sup E
meN

sup ||ﬁ7rb||Wk,p(Q)] < o0
t€[0,T]

and
Uy =0 in Cloe([0,00); (WFP(Q),w)) P-a.s.,
then @ is stationary on W*P(Q).
In the following we define a stationary martingale solution to (1.1)—(1.5).

Definition 2.3. A weak martingale solution [o,%,u, W] to (1.1)—(1.5) is called stationary
provided the joint law of the time shift [S;0,S:9,S;u,S;W — W(7)] on

Lige([0,00); LY(T?)) x L, ([0,00); WH2(Q)) X Ly ([0, 00); WH2(Q; R?)) x C([0, 00); £lo)
is independent of T > 0.

We now state our main result concerning the existence of a stationary martingale solution
to (1.1)—(1.5).

Theorem 2.1. Let My € (0,00) be given. Suppose that the structural assumptions (2.2)—
(2.17) are in force and that the diffusion coefficient satisfies F satisfies (2.1). Then problem
(1.1)~(1.5) admits a stationary martingale solution in the sense of Definition 2.3.

The proof of Theorem 2.1 is split into several parts. In the next section we study the
approximate system with regularisation parameters ¢ and §. The proof will be completed in
Section 4 after passing to the limit in € and §.

3. THE VISCOUS APPROXIMATION

In this section we study the viscous approximation to (1.1)-(1.5), where the continuity
equation contains an artificial diffusion (e-layer) and the pressure is stabilised by an artificial
high power to the density (d-layer). In addition to the common terms we add additional
stabilising quantities in the continuity equations as in [4], see (3.1) below.
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3.1. Martingale solutions. In this subsection we give a precise formulation of the approxi-
mated problem. For this purpose we introduce a cut-off function

1 for z <0,
x € C®(R), x(z) =4 X' (2)<0for0<z<1,
x(z) =0 for z > 1.

We denote by M, the unique solution to the equation 2¢z = x(z/My) which obviously satisfies
M. < My. Finally, the diffusion coefficients are regularised by replacing F by F,

IS
Fe = (Fk,a)k217 Fk,e(xa Qaﬁau) =X (Q - 1) (ll - ) Fk(m Qvﬁ Ll)

Let us start with a precise formulation of the problem.

¢ Regularized equation of continuity.

/ / [00rp + ou- V| dxdt
o JQ

:5/ /[VQ'V@72QQD} dxdt725/ /Msgo dx dt
0 Q 0 Q

for any ¢ € C°((0,00) x Q) P-a.s.
e Regularized momentum equation.

/ 6t1/)/ gu~gpda¢dt—|—/ ¢/ ou®u: Vo dxdt—i—/ w/pg(ﬂ,g)diwp dz dt
0

(3.2) —/ 1/1/8519Vu) Ve d;z:dt—s/ ¢/ ou- Ay dedt

725/ z/;/gu~g0dxdt: / ’L/)/QIF o,%,u) o de dW
0 Q

for any ¢ € C°((0,0)), p € C®(Q;R3) P-a.s.
e Regularized entropy balance.

- / h / loss(0, 0)00) + 0s5(0,9)u- Vo] o dadt

/ / S(d, V) : Vu + ()|V19|2+5 dedt

+/ w/ M-ch dxdt—/ 0 @w(ﬁ—(ao)d%ﬂdt
0 o U 0 o U
> )\ V
—e [T [ [(ssmsten - ewston) - 21ED) B2 vpasa
0 Q 0 )
+ (0 2 (B0" 7+ 2)|Vo|" +e———(0,9)[Vo|” —e¥” | pdxdt
0 o 29 oV 0o

o0 1 U
+/ w/ (—2e0+2eM.) = (1981\/[75(((_), 9) — enms(0,9) — ]M) pdxdt
0 Q % 0

for any 1 € C°((0,00)), p € C®(Q;R3) P-a.s.
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e Regularized total energy balance.

/Oooat¢</£5(g,19,u)dx> dt+/w¢/eﬁ5dt

or

+2€/ ¢/ [59 +ﬁg += Q|u|2} dxdt+/ 1/) dw Qo) dH? dt
0

(3.4) / /§2¢dxdt+/ weM. / (25Q+ o1 u|2> e dt
/ (/QZQ|st 0, 9,u)? dx)dt+/ w/QQFE(Q,Qg,u).udex

k>1

holds for any ¢ € C2°(0, 00) P-a.s., where we have set

1 1
& = ~olul? 9 5( - )
5 = golul” +ees(o,9) + 60 + g0
we have the following result.

Proposition 3.1. Lete,§ > 0 be given. Then there exists a weak martingale solution [0, Uc, uc]
o (3.1)=(3.4). In addition, for n € N and every ¢ € C°((0,00)), ¢ > 0, the following gener-
alized energy inequality holds true

(3.5)

_/OOO 8tw[/QEff9(g,19) dxrdt
+m9/ooc¢[/ E5 (0,9)(r, ") dx]nl/Qae,édxdt
+n/ooo¢[/QE”(g,z9)( ) dx]"_l/Qsﬂf’dt

+n/ooow[/QE;‘f(g,q9)(T,.) dx]nl/an(;)(ﬂ—ﬂ)(ﬂ—eo)dHth

_ 3 n-1 r 1
+ 25m9E/ 1/1[/ E?}ﬂ(g, 9)(T, ") dx} / [6@2 + LQF + Q|u|2} dz dt
0 o o r—1% "2

0 —= n 1 9
+25n/ w[/ E}i’,ﬁ(g,ﬁ / pM Q’ eM’i(?Q’ ) _ sas(o, 19)) dx dt
0
19 0

+n/0 1/1[/QE‘W(Q,19 / oF.( ~udW dz
+Z/OOO¢[/QE%9( 9)( (/ZQ|F/€E 0,9,u)? dx)dt

k>1

r 1
+nsM/ /E”g,ﬁ)( )dx] /<2ag+6gf‘1+|u|2> dz dt
o r—1 2

n—1
+ nde M. / / E(w (0,9)(r,") dx] / (pMé()g’ v) + eM’i(?& v) —sm.s(o, 19)) drdt
Q

+ - n(n_l / /E‘“9 7,") dx}nZi/: (/QQFk,e<Qv197u>'de)2dt'

k=1

Here we abbreviated

_1 . K(0) 2 0 r-1 2
0es = 7 [SW, Vu) : Vu+ Z 2|V + (9 )|v19| + 5192}
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€0 r—2 2 Opnr |VQ| 2
== 2 ZrM 1rer
55 (B0 " +2)[Vel” +e o0 (0,9) 9 T8 \V I

and E}Sﬁ = 1olul* + Hy(0,9) + 0(0* + w5 0"), where
(3.6) H;5(0,9) = 0 (es(0,9) — Uss(0,9)) = Hy(o,V) + 600 — Jolog(¥)
with Hg(p,0) introduced in (2.2).

Proof. Although there are some differences to system (4.24)—(4.27) from [1] the method still
applies (in particular, it is possible to allow an unbounded time interval by working with
spaces of the from L{ ([0,00); X) and Cioc([,0,00); X) for Banach spaces X) and we obtain
the existence of a weak martingale solution to (3.1)—(3.4). We remark, in particular, that the
solution in [1] is constructed with respect to some initial law which does not play any role in
our analysis. For simplicity we choose

Q0:17 190:17 uOZOa

which satisfies all the required assumptions.

As far as the energy inequality is concerned, the required version can be derived on the basic
approximate level (even with equality) and it is preserved in the limit. In fact, one can argue
as in [1, Section 4.1] to derive the version for n = 1, while the case n > 2 follows easily from
Itd’s formula. It is worth to point out that this procedure to test the continuity equation (3.1)
with 1|u|? and 250 + F5F1 o' gives rise to the terms

[ 5 n—1 T 1
25m9]E/ w[/ ESY (0,9)(r,") dx} / {5@2+Qr+g|u2} dz dt
0 o o r—1 2

n—1 T 1
neM, / /Eé19 0,9)(7,") dx} / (26Q+5QF_1 +u2> dx dt
o T—1 2

in (3.5) which are new in comparison to [1]. Also, the term

nde M. / / 7 (0,9)(7,") dxr_l/g <pMéf;’19) + eM*‘;éQ’ﬂ) sM,,;(g,ﬂ)> dz dt,

which arises due to the last line in (3.3), does not appear in [1]. Finally, as in (1.10) we have
the boundary term due to non-homogeneous boundary conditions being incorporated already

n (3.3). O

and

3.2. Uniform-in-time estimates. The first step is now to derive estimates which are uniform
in time.

Proposition 3.2. Let (9,9,u) be a weak martingale solution to (3.1)~(3.4). Assume that

(3.7) esslimsupE[/ ES (0, 9)(t, ) dx]” < 00
t—04 Q
for some n € N. Then for any ¥ > 0 and ¢ < &g there is Eoo = Eoo(n,e,6,9) such that
(3.8) E[/ B3 (0,9)(1,") dx} < B,
Q
as well as

(3.9) E/OT [/QEgﬂ(g’ﬂ)(T,.) dz]n_l(/Qas,g dx+/Qa95 d:c> dt < Eoxo(1+7)

for any T > 0.
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Proof. The energy inequality in (3.5) yields for any 0 < 71 < 75
(3.10)

/Eéﬂ Qa 7—2a ) d / /E(519 97 T, :| /Us,édx
/ /E” 0,9)(, d} B (/er +/ d(v )(19 19)(19—(90)d’}-12>dt
Q o
n—1
+28m9E/ /E‘h9 (0,9 dac] / [592+Mgr+g|u|2] dx dt
o r—1¢ "2
5.0 ”_1/ pum(0,9) | ems(0.9)
vaen [ [ B @) dx} R e ) L
- [ B o) dx}
Q
T2 n—1 9
+n5/ [/ E‘W(Qa T dx} /;( +Qa§24(g,19)>Vg'V19dmdt
519 " 1 1) 4
+n/ / (0,9)(, / 7—!—51919 dx dt
Q
n 1
+n/ [/ E‘m(g, T, /QQFE -udW dx
n 1
/ /EM 0,9 </ Z 0|Fkc(0,9,u) )2 dm)dt

k>1

or
+eM, n/ [/ E‘W(Q,ﬁ)( 7,) da:} /Q(25Q+I‘IQF_1+2|U|2) dz dt

n—1
sy m9/ / EM (0,0 dx] / <PM(Q7 J) N ems(09) - 19)> A dt

— 1 n—2 2
+— n(n / /E‘m dx} Z (/ QFk7€(g,19,u)-udx> dt
Q

k=1
= (I)+ () + -+ (VIII).

Let us first consider the terms on the left-hand side. We have

n—1 o
/ / B3 (0,9 dx} / @(ﬁ—ﬂ)(ﬁ—Go)dHth
o U
n—1 n—1
>n/ /E(w 0,1 dx] 192d7-£2dt—cn/ /E‘s19 0,1 dx]
T o0Q
n—1
>n / [/ E%(0,9)(,) dz} / 92 dH2 dt
T1 Q 0Q

/<m/ [/QE;‘f(g,ﬁ)(T,-) dmrdt—cﬁ(m—n)

for all kK > 0 as well as

" 3 n—1 6T 1
/ [/ Egﬂ(gaﬁ)(ﬂ') dz] / [5924- ——o" + ~plu]?| dxdt
T1 Q Q -1 2
> Q/ [/ E?f(g, 9)(T,) dw] dt — (e — 1)
T1 Q

—c/: [/QE;‘;?(Q,ﬁ)(T,.) dx]"_l/Q (9* + Dolog(¥)) dt
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>c/ /E‘s19 0,9)(T,") dx]ndt—cn(Tg—ﬁ)

—m/ﬁ [/QE”(Q,ﬂ)( ) dx}n_l/cg(eﬁ5+592+51913) dt

due to (2.13). Finally, due to (2.9)—(2.12),

pum(0,9) | oens(0,9)

9+ 3 — 0ss,m(0,9)

is bounded from below by a negative constant, such that the corresponding term can be
bounded from below by —c(m2 — 71).
Using (2.1), [, 0dz = M. < Mo and (2.13) the terms (V) and (VIII) can be bounded by

/ /Eiﬁ(é”ﬁ)(”) dz]’ / /E” 0,9)(,") dxr2/QQu|2dxdt
<C/T1 /E” 0,9 )dx] F (s — )
o[ B o) dx}"‘l/Qﬁglogw)dt
/ﬁ /EM (0,9)(7,) da]” +ex(ra = 7)
+’<ﬂ/ﬁ [/ By (0,0)(r, ) dxr_l/Q<€195+5g +5193)

where k > 0 is arbitrary. Clearly, (IV) vanishes after taking expectations. On account of
(2.9)—(2.12) we have

02/3
9

pr(0,9) N ea,s(0,9)

11

gngr+m—+cn

_SM,(;(Qaqg) 5 1+ 93

Consequently, the estimate for (V1) is analogous to one for (V') and (VIII) above. We quote
from [8, equ. (3.107)]

0 ;
(IT) < e /ﬂzleM(MH %\\vgnvmdx

<;/Q [5(19“2 )|W|2 5(FQF 2 2)|vg|2] dz

provided we choose € = £(d§) > 0 small enough. Finally, we clearly have

(I11) < n/ /E” (0,9)(7,) dxr_l/Q (5195—&-6193)
/ /E” 0,9)(r, ") dx}nildt
/-@/ﬁ [/QEif(g,ﬂ)(T,.) dx}”l/Q(eﬁMaﬁg)dxdt

11/:2 [/QEg}ﬂ(g,ﬂ)(T,-) dxrdt—kcﬁ(m—ﬁ).

1

(3.12)

IN

+
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Combing everything and choosing « small enough and noticing that ¢ % < 0.5 yields

E[/QEgﬁ(w9)(Tz7-) dx]n—kDE/nTQ [/QEgﬁ(g,ﬁ)(T,-) dx]”_l/QaE,5dx

(3.13) +DIE/:2 [/QEgﬁ(g,ﬁ)(T,.) dx}”_l(/Qeﬁf’ dx+/8Q 92 d’H2> dt
< E[/QEgﬂ(gﬁ)(ﬁ,-) dx]”+c(72 — )

for all 0 < 77 < 7o with some D > 0. We obtain in particular

E{/QE}i’,ﬁ(g,ﬂ)(Tg,-) dxr+D/:21E[/QE§;9(Q,19)(T,.) dz|” do
< ]E{/QEijﬂ(g,ﬂ)(Tl,~) d.’E}n-‘rC(TQ — 7).

Applying the Gronwall lemma from [3, Lemma 3.1] and recalling hypothesis (3.7) we obtain

E[/QEzﬂ(g, 9)(T,-) dm}n < exp(—Dt) (]E{/QE%?(Q’ 9)(0,-) dxr _ g) +%

< Eoo

uniformly in 7 > 0. Using this in (3.13) shows

o = n—1
E/ [/ ES (0, 0)(T,") d:c] (/ 05,5dx+/ sz?sdx+/ 192(17{2) dt < Eoo(1+7)
0 Q Q Q oQ

by possibly enlarging F.. O

3.3. Stationary solutions. Based on Proposition 3.2 the method from [17] becomes available
and we can construct a stationary solution to (3.1)—(3.4) following the ideas from [3] to which
we refer for further details. Different to Section 2.3 we consider stationary solutions sitting on
the space of trajectories that are defined on the real line R rather than the interval [0, c0). We
will call them entire stationary solutions. This construction is clearly stronger and hence we
obtain also stationary solutions in the sense of Definitions 2.1.

Clearly, Definition 2.1 can be easily modified for solutions ((Q,S, F)i>—1,P), 0,9, u, W)
being defined on [—T, c0) for some T > 0. An entire solution is than an object

(%3, (Fe)ier, P), 0,9,u, W)

which is a solution on [T, 00) for any T > 0. It takes values in the trajectory space

T ="Tox Ty xTaxTw,

To = (L2.(R; WH(Q; RY)), w) N Cueatoc (R; LT (Q)),

To = (Line(B; WH(@; RY)), w) N (Lise (B; LY(Q)), w*)

Ta= (L BW Qi RD)w) . Tiv = Clocio(Rs o),
where Cloc0 denotes the space of continuous functions vanishing at 0. We denote by B(7) the
set of Borel probability measures on 7.

We say that an entire solution to (3.1)-(3.4) of the problem (3.1)-(3.4) is stationary if its
law L7[o,9,u, W] is shift invariant in the trajectory space T, meaning

L7 [S-[0,9,u,W]| = LT[0, ¥, u, W] for any T € R,
with the time shift operator

S-lo, 9, u, W|(t) = [o(t + 7), 0t +7),u(t +7),W({t+71)—W(r)], t € R, T €R.
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Proposition 3.3. Let the assumptions of Theorem 2.1 be valid and let € < gy and 69 > 0 be
given. Let
((Q7 S; (St)tZOa P)a 0, 19a u, W)

be a dissipative martingale solution of the problem (3.1)—(3.4) (in the sense of Definition 2.1
with the obvious modifications) such that

(3.14) esslimsupE [E}Sﬁ(t)ﬂ < 0.
t—0+
Then there is a sequence T,, — oo and an entire stationary solution

((Qa %7 (@t)t€R7 IED)7 év 197 ﬁv W)
such that

T ~ -
TL/ L7 [St[0,9,u,W]] dt — Ly [@, a,d, W] narrowly as n — oo.
n Jo

Proof. Let [p,u, W] be a dissipative martingale solution on [0, c0) defined on some stochastic
basis (€2, §, (§¢)i>0, P) and satisfying (3.14). We define the probability measures

1 S
(3.15) vs =g /O L7 (Silo, 0w, W]) dt € B(T).

We tacitly regard functions defined on time intervals [—t, o) as trajectories on R by extending
them to s < —t by the value at —t. As in [3, Prop. 5.1] we can show that the family of
measures {vg; S > 0} is tight on 7. In fact, Proposition 3.2 yields

E| sup &(s+t)|+E

s€[-T,T)

T

This gives the same bounds on ¢ and u as in [3] and we control additionally

m T
E| sup (/ e dx) (s +1) / / |VI|* (s +t) da
se[-T, 71 \JQ —Tv—tJQ

which implies tightness of & fOS L7(S¢[9]) dt. Note also that we have control of Vg due toe > 0
which is different from [3].
Due to [3, Lemma 5.2], if the narrow limit of
1[5
Vr.S, = Sf ‘C(St—i-‘r[@v u, WD de
n Jo
in P(7) as n — oo exists for some 7 = 79 € R then it exists for all 7 € R and is independent
of the choice of 7. Applying Jakubowski-Skorokhod’s theorem [18], we infer the existence of
a sequence S, — oo and v € P(T) so that vy g, — v narrowly in P(7) as well as v, 5, — v
narrowly for all 7 € R. Accordingly, the limit measure v is shift invariant in the sense that
for every G € BC(T) and every 7 € R we have v(G o S;) = v(G). To conclude the proof of
Theorem 3.3, it remains to show that v is a law of an entire solution to (3.1)—(3.4).
First of all, we can argue as in [3, Prop. 5.3] to show that for any S > 0

+E

s
vg = %/0 L(S¢lo,u, W])dt € B(T)

is a dissipative martingale solution on (=7, 00), provided (g, 9, u, W) is a dissipative martingale
solution on (-7, 00) defined on some probability space (€2, F,P). The idea is to use that (3.1),
(3.2) and (3.4) can be written as measurable mappings on the paths space (see the proof of
[3, Prop. 5.3] for how to include the stochastic integral). Unfortunately, this is not true for
the quantities hidden in o, ;5 appearing in(3.4) and (3.13). However, they are measurable on
a subset, where the laws L£(S:[o,u, W]) are supported. Recall from (3.9) that o. s belongs
a.s. to L' in space and locally in time for any solution. This is enough to arrive at the same
conclusion.
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To finish the proof we argue that the limit v is the law of an entire solution to (3.1)—(3.4).
Now we consider the measures v, g,_-, n = 1,2,..., and 7 > 0. According to the previous
considerations, v; g, _, is a dissipative martingale solution to (3.1)—(3.4) on [—7,00) and the
narrow limit as n — oo exists and equals to v. Now we take a sequence 7,,, — 0o and choose a
diagonal sequence such that

— vV as m — OQ.

VTTVL »Sn (m)~Tm

Applying Jakubowski—Skorokhod’s theorem, we obtain a sequence of approximate processes
[0, U, Wm] converging a.s. to a process [9,Q, W] in the topology of 7. Moreover, the law
Of [Gm, Wy Win] 38 v7,,.5, )~ and necessarily the law of [g,1, W] is v. By [2, Thm. 2.9.1]
it follows that equations (3.1)—(3.4) as well as (3.5) also hold on the new probability space.
The limit procedure on this level is quite easy due to the artificial viscosity: By definition of
7T, the sequence g, is compact on L. Moreover, the strong convergence of U, can be proved
exactly as in the deterministic existence theory (see [8, Sec. 3.5.3]). This is enough to pass to
the limit in all nonlinearities in (3.1), (3.2) and (3.4). The terms in (3.3) and (3.5) which are
not compact (those related to the quantity o. s5) are convex functions and hence can be dealt
with by lower-semicontinuity. O

4. ASYMPTOTIC LIMIT

In this section we pass to the limit and the artificial viscosity and the artificial pressure
respectively. They crucial point is a uniform-in-time estimate, see (4.7) and (4.8) below, which
preserves stationarity in the limit. It has to be combined with pressure estimates which differ on
both levels. The key ingredient for estimates (4.7) and (4.8) is the non-homogeneous boundary
condition for the temperature, cf. (1.5).

4.1. The vanishing viscosity limit. In this section we start with a stationary solution
(0,9,u) to (3.1)—(3.4) existence of which is guaranteed by Proposition 3.3. We prove uniform-
in-time estimates and pass subsequently to the limits in € and §.

The entropy balance (3.3) yields after taking expectations and using stationarity

1 K (V) 2 1
E | - : 92
/Qﬁ[sw,vll) Vu+ 9o 15| do
<E ( —2e0+ 2<€M5)5 (T +enrs(0,9) — Isprs(0, 19)) pda
Q

d(
+]E/ 5194dx+E/ Q(ﬁ — Q) dH?.
Q oQ ¥
On account of (3.11) the first two terms can be bounded by
1 1
F — R—
CE[/Q5Q do+1] + 4E/Q(5193 da.
The estimate is independent of § if we choose € < §. Similarly, we obtain

d(?) 2
E/BQﬂ(ﬂ—@o)dH < cJE/aQ (9+|V9)) + ¢

1
ch[/ 9t dx+1} +—E/ w5 0) G912 da
Q Q

4 )

using (1.6) and the trace theorem. In conclusion,

R§ (19)
Y

1
E/ f[S(ﬁ7Vu):Vu+
oV

1
VO + 0| do 5 JE[/ (00" + %) de +1
(4.1) @

§]E[/QE}§19(Q,19) de| +1
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independently of € and § recalling also (2.13) and fQ ode < M. < My. By (2.13) this implies
for any £ >0

]E[/QEi’,ﬂ(g,ﬂ) dx]

IN

c]E[/ (60" + 03 + 9* + 50| log(¥)]) dx+1}

Q

CE{/ (60" + 0°/® +9%) dm} +§E[/ oL dx} +c
Q Q ¥ ¢

c]E[/ ((5QF+Q5/3+194) dx} —l—cfE{/ Ei}g(g,ﬁ) dx} + ce
Q Q

IA

IN

such that
(4.2) ]E[/ B3 (0,9) dx} 51E[/ (50" + 0% + 0 dx] +1
Q Q

independently of ¢ and .
In (3.5) we choose n = 2, apply expectations and use stationarity to obtain

QﬂE{/Q (9,19)(7,~) dx} /QO’E,(; dx
+21E[/QE§;9(9,19)(T,.) dx}/Qsﬁf’d:v

—|—4€IE[/ E?f (0,9 dz}/ (
Q
3 J denm
(4.3) gzgﬂ«:{/ B3 (0,9 dx}/ - )+ 0—L(0,9) | Vo- VI da
0 92 do
+]E{/ E}?(g, (/ Z oFkc (0,0, 0)? dx)
Q k>1
or 1
+ 2e M, E[/Q (0, 9)(7.) dfv /Q(Q@Jr ﬁgrfl + 2ul2> dz
+25M65]E[/ E”(g, . / ( (f;’ﬁ) —35(9,19)) dx
Q

+ZE</ oF (0,0, u) - udz)

=) +{IH+ I+ IV)+ (V).

Arguing as in the proof of Proposition 3.2 but paying attention to the e- and §-dependence we

have
IE[/ E}?(Q,ﬁ)(r,-) dx}/aagdx,
Q Q

(1) < cB[ | B0 ) aa],

(1) <

o~ =

(Hl)gaﬁE[/QEff(g,ﬂ)(r,-) da:]/@[ég +F5F1g] dz

+ CIE{/QEzﬁ(g,ﬁ)(T,-) dx] +411E[/QE2}19(9’79)(T") dx} /QUs,é dz,
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V)< eok| [ E? d = d
(IV)<e W (0,7) :U Q T+c
Q

+iE[/Q 519(9,19)(7’,) dx} /Qae,g dz,
(V) < cE[/QEgﬂ(g,ﬁ)(T,.) dx]

Again these estimates are also uniform in 4 if we choose € small enough compared to §. Recalling
(2.13) and fQ odx < M. < M, we thus obtain

Vs ) \Gopde+ [ o2 anz,
0l 00

E [ /Q 5 (0.9, w) d$||19|L6<Q>] RE[I10130)I19llz0@] — E 9]l z0@)]

> E [I191307(g)| —E [I¥ll20@)] -
This, inserted in left-hand side of (4.3) yields

B (19137 ) +B | [ £87(0.00) do [ o pa]
51@{/ B3 (0.9) da] +1
Q
independently of € and ¢ using also (4.1).

In order to close the estimate why apply pressure estimates which now can depend on §.
Let us introduce the so—called Bogovskii operator B enjoying the following properties:

< <
191 s (@) ~ I19llwre@) ~ 1+

(4.4)

B:LiQ) = {fELq(Q) ) /Qfdx:0} — Wy UQ,RY), 1< q < oo,
45) div B[] = f.

IBIf]ll @) < lgllLr@:ray if f=dive, g -nlag =0, 1 <7< oo,

see [14, Chapter 3] or [15]. Arguing as in [4, Section 5] (but replacing VA~! by the Bogovskii
operator BB) we obtain

B[ [ [pe.e+ g asl
— (o) | [ (vte.0)+ 5o aa]

—EUQ (gu@u—%g|u|2]l) VB(o - )d:v]
+E UQ (guw)mw)) divu o d:cdt} +E UQ ou - Bdiv(ou) dx]

+2E {/Q 0su. - Blo. — M.] dx} +¢E {/Q 02 divu, d:z:]
= (I)+{I)+ L)+ {IV)+(V)+ (VI).

The terms (IT) and (IV)—(VI) can be estimated as in [4] (note that they don’t contain ). In
fact, we have by (2.13) and the continuity of VB

(1) S Elly/ul 2 [ul s VeV B(e — M)l s
<]E/EH (0,9, 0) dz|Vull2: +E||/aVB(o — M.) |2
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< 1+IE/ EX (0,9, 0) da
Q

provided T is large enough. Furthermore, we obtain for some « € (0,1)

(IV) SEleuliz S EllelZs lullZe < Ellelis |Vl

~

2(1— 2(1—
SElel3llel2Ivul3s S Ellell7y |Vl
SE [ B (0.9, w s Vulf; +EIVul;

5,0
< 1+]E/ E37(0,9,u) dx

Q

using again (2.13), fQ odzx < M, < My, (4.4) as well as (4.1). We can estimate (V') and (V1)
along the same lines. Using (2.14) and (2.16) we have for I large enough

(III) <E [/ (0" + o' + |Vul?) dx} SE [1 + (/ Ei}g(g,ﬁ,u) dx)}
due to (2.13) (4.1). Obv?ously7 the same estimate holds for (I)quch that we can conclude
(4.6) E {/ (" + %0+ 0*|uf?) dx} SE {1 +/ (0" +9* + olu?) dx] ,
using also (4.2). QObviously, we have ’

/Q(QFJ'_194) dl’g g/Q(QF+1 _"_1930/7) dx—l—c(f),

E UQ olu)? dx} <R U 0%|ul? da:} +c(é [/ |Vul? dx}
<¢E UQ 0%[ul? dx} +c(£)/@(gr+ﬂ4+1) dz

for any &,€ > 0 using again (4.1). Consequently, all terms can be absorbed in the left-hand
side and we end up with

(4.7) E UQ {g”l + o+ 93T 4 g2|u|2} dx} <ec
as well as

(4.8) K/ E‘h9 (0,9,u dx)/@owsdx} <c
using (4.1).

Estimates (4.7) and (4.8) are sufficient to pass to the limit in (3.1)—(3.4) arguing as in [1,
Section 5] (in fact, one has to combine ideas from [2] and [8]). In the limit € — 0, we obtain
the following system.

e Equation of continuity.
(4.9) / / [00ip + pu- V] dxdt =0
0 Q

for any ¢ € C°((0,00) x Q) P-a.s.
e Momentum equation.
(4.10)

/ 8&/}/ ou- dxdtJr/ 1/)/ oukRu: Ve dxdtJr/ w/pg(ﬁ,g)divcp dx dt
0 Q 0 Q

—/ w/Sg(ﬁ,Vu):ch dedt = — / 1/)/ oF(g,9,u) - do dW
0 Q
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for any ¢ € C°((0,0)), ¢ € C°(Q;R3) P-a.s.
e Entropy balance.

_ / /Q L35 (0,9)0vib + 055(0, O)u - Vo] ¢ dadt
0

(4.11) >/OO/QII9[S5(197vu);vu ks (9 )WWJr5 dedt
0

+/ /M-wdxdp/ o [ Lw— ey dna
o Jo Y o Jag¥

for any 1 € C2°((0,00)), p € C®(Q;R3) P-a.s.
e Total energy balance.

/ aﬂp(/&; 0,9,u )dt+/oo1/) d(¥ — 0g) dH? dt
/55 00,0, ) d;v+/ /1921/)da:dt
/ (/ ;Q\Fk 0,9,u)|? dx>dt

+/ @ZJ/ oF(o0,9,u) - udWdz
0 Q

for any ¢ € C°(0,00) P-a.s.

(4.12)

To summarize, we deduce the following.

Proposition 4.1. Let § > 0 be given. Then there exists a stationary weak martingale solution
[0s, Vs, u5] to (4.9)—(4.12). Moreover, we have the estimates

(4.13) E[\|z9||ig{,37@)} +E[/Q B (0,9, ) dm/@agdx}
SJE[/ B (0,9) de| +1
Q

(4.14) IE/ osdr < 1+E/ E% (0,9, 1) da,
Q Q

uniformly in &, where

%{S(ﬂ,Vu) Vu+ﬁ|w|2 (ﬁF 1y >|V19|2+5

7= 192}
Corollary 4.1. The solution from Proposition j.1 satisfies the equation of continuity in the
renormalised sense.

4.2. The vanishing artificial pressure limit. Though (4.13) and (4.14) are uniform in §,
the final estimates (4.7) and (4.8) are not. Again we have to close the estimate by some pressure
bounds. Let (o,%,u) be a stationary solution to (4.9)—(4.12) as obtained in Proposition 4.1.
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Arguing as in [4, Section 6] (replacing again VA~! by the Bogovskii operator B) we have

]EUQ [ps(gyﬁ)g +9”“Iu|2} dw]

(o) (2| [ [Getul + poton) as] 1)

(4.15) +E /Q@MW)JFTIW)) divu ¢* dx}

1
+E / (Qu®u—3g|u|2]l) : VB [o%] dx}
L/Q

+E /Q ou - B[div(p“u) + (o — 1)p* div u] dm}

= I+ {II)+ (III)+ (IV),
where a > 0 will be chosen sufficiently small. As in the proof of [4, Prop. 6.1] we obtain
(1) + (IT1) + (IV) S E [/ E57(0,0,u) dx/ Vul? dm} +E U E37(0,9,u) dx} +1
Q Q Q
Also we see that

(U[)g]EUQVuFdx] +JEUQ (97+194)da:} +1

gm{/ Vu|2dx] +1EU E% (0,9, 1) dx] +1
Q Q

choosing « small enough and using (2.14) and (2.16). Combining these estimate with (4.13)
and (4.14) we conclude

E|:/ (5QF+Q+QV+04+194Q@+Q1+a‘u|2) dx:|

(4.16) @

§E[1+/ (60" + 07 +9* + olul?) dx],
Q

recalling also (4.2). As in the proof of (4.7) and (4.8) we deduce

(4.17) E / [g7+1+z94g+1930/7+92|u\2] dx} <e
LJa

(4.18) E (/ E% (0,9, 1) dx)/ |Vu|2dx} <ec
(4.19) E (/ E% (0,9, dx)/a(;dx} < e,

using (4.14). With estimates (4.17) and (4.18) at hand we can follow the lines of [1, Section 6]
to pass to the limit 6 — 0 in (4.9) and (4.10). The limit in (4.9) and (4.10) can be performed
as in [1, Section 7] due to (4.17) and (4.19). This finishes the proof of Theorem 2.1.
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