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ABSTRACT. The ergodic hypothesis is examined for energetically open fluid systems represented by
the barotropic Navier-Stokes equations with general inflow/outflow boundary conditions. We show
that any globally bounded trajectory generates a stationary statistical solution, which is interpreted
as a stochastic process with continuous trajectories supported by the family of weak solutions of the
problem. The abstract Birkhoff-Khinchin theorem is applied to obtain convergence (in expectation
and a.s.) of ergodic averages for any bounded Borel measurable function of state variables associated
to any stationary solution. Finally, we show that validity of the ergodic hypothesis is determined
by the behavior of entire solutions (i.e. a solution defined for any ¢ € R). In particular, the ergodic
averages converge for any trajectory provided its w—limit set in the trajectory space supports a
unique (in law) stationary solution.
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1. INTRODUCTION

One of the central open problems in statistical theories of hydrodynamic turbulence is the validity
of the so-called ergodic hypothesis, typically taken for granted by physicists and engineers, see e.g.
[1, Section 2.1]. Roughly speaking, the ergodic hypothesis states the following:

Time averages along trajectories of the flow converge, for large enough times, to an
ensemble average given by a certain probability measure.

Such a measure, if it exists, can be shown to be invariant for the dynamics. In other words,
the ergodic hypothesis postulates that, over the long haul, the system approaches its statistical
equilibrium and the statistics of fully developed turbulence can be completely described by means
of a single invariant measure. More detailed information on the mathematical theory of fluid
turbulence can be found in the survey paper by Constantin [10], Bercovici et al. [2], Constantin
and Procaccia [11], Foiag et al. [24], and in the references cited therein.

Another fundamental principle is the Second law of thermodynamics stated in its most flagrant
form by Clausius:

The energy of the world is constant; its entropy tends to a maximum.

Translating “world” as energetically closed system we conclude that its dynamics must approach the
state with maximal entropy that is necessarily an equilibrium. Note that this is perfectly compatible
with the ergodic hypothesis with the associated measure the Dirac mass sitting on the equilibrium
state. Accordingly, the genuine turbulence can persist in the long run only for energetically open
systems, where the coercive effect of dissipation is counterbalanced by the action of external forces.
Indeed, for energetically closed systems of real (dissipative) fluids, the entropy (energy) plays a
role of a Lyapunov function and the dynamics converge towards an equilibrium as predicted by the
Second law, see e.g. the discussion in [21]. To avoid such a boring scenario, a non—conservative
volume force is usually introduced in the literature, either deterministic or even of stochastic type
in the momentum equation. Although this is convenient from the mathematics point of view, the
natural volume force acting in the real world applications is a potential (conservative) gravity field.
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A truly open real fluid must interact with the outer world through the boundary of the physical
space.

Transforming the physically obvious statements in the language of rigorous mathematical theo-
rems is hampered by the fact that the associated mathematical models of fluids are still relatively
poorly understood. The iconic example is the incompressible Navier—Stokes system in the relevant
3D geometry, for which the fundamental questions of uniqueness and even existence of (smooth)
solutions are largely open, see Fefferman [16]. Still the undeniable success of the model in nu-
merical simulations of the real world problems indicates its sound physical background. Note that
well-posedness of the model in the mathematical sense is not fundamental when addressing the
properties of the system in the long run. The only necessary piece of information is the existence
of global-in—time solutions together with a kind of energy/entropy balance equation encoding the
Second law. Both are available in the framework of weak solutions used in the present paper.

Our goal is to investigate the ergodic structure and validity of the ergodic hypothesis in the
context of energetically open fluid systems modeled by the barotropic Navier—Stokes equations with
general outflow/inflow boundary conditions. To the best of our knowledge, this is the first work
addressing this question in such a physically relevant situation. The system describes the time
evolution of the mass density o = o(t, z) and the bulk velocity u = u(¢, x) of a general compressible
viscous fluid confined to a physical domain Q C R3:

0o + divy(ou) = 0,

(1.1) O(ou) + divy(pu @ u) + Vup(e) = div,S + og, (t,z) € (0,T) x Q,

where S is the viscous stress tensor given by Newton’s rheological law
2 1
(1.2) S(Dyu) = p <qu +Viu-— 3divgcu]l> + Adivyul, Dyu = B (qu + Vfgu),

and g a driving force. The system communicates with the outer world through the inflow/outflow
boundary conditions:

(1.3) u|39 =up, Uy = ub(w), x € 8@,
(1.4) olr,, = b, 0b = 0p(2), x € Ty, Tin = {:p €0Q ’ u,-n < 0} :

The system (1.1) can be seen as an evolutionary problem in terms of the conservative variables
[0, m], where m = pu is the linear momentum. Unlike its incompressible counterpart, the barotropic
Navier—Stokes system captures all essential features of problems in continuum fluid mechanics,
notably the “hyperbolic” character of the mass transport combined with the “parabolic” structure
of the momentum equation.

As the problem of well-posedness (in terms of the initial data) of (1.1)—(1.4) is still largely open,
we put forward a different point of view on the dynamical properties, which goes back to Sell [37]
and Mélek, Necas [34] in the context of the attractor theory, and It6, Nisio [28] in the framework
of SDE. The leading idea is to consider the whole trajectory as the “initial datum”, whereas the
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dynamics is represented by simple time shifts:
Srlo,ml(t,-) = [o(t +7,7), m(t+7,-)],7 >0 (1 € R).

Note that 7 < 0 is relevant for entire solutions defined for all t € R.

In fact, a similar strategy has recently been implemented by Foiag, Rosa and Temam [26, 27]
in studying convergence of time averages for the incompressible Navier—Stokes system driven by a
non—conservative volume force. The investigation of both those works strongly relied on the notion
of stationary statistical solution, which is closely related to the concept of invariant measure for
well-posed problems

Statistical solutions to problems in fluid mechanics have been introduced in the pioneering works
of Foiag [23] and Vishik, Fursikov [38] again in the context of incompressible fluid models. Roughly
speaking, they are measures supported by the solution trajectories of the underlying system of
PDE’s. See also [12] and [25] for related studies and additional details. When the measure is
invariant with respect to (positive) time shifts, the statistical solution is said stationary.

More recently, a new class of (dynamical) statistical solutions for the Navier—Stokes system (1.1)—
(1.4) was introduced in [15]. The statistical solutions are identified with the pushforward measure
associated to a semiflow selection among all possible (weak) solutions of the problem emanating from
fixed initial data. Inspired by [15], we advocate the alternative interpretation of a statistical solution
as a stochastic process with continuous paths supported by solutions of the problem. From this
perspective, statistical solutions to deterministic problems can be seen as a special case of solutions
of the related stochastic PDE (SPDE in brief) with a stochastic forcing term and random data, where
the stochastic forcing vanishes. Relevant global-in—time existence results for statistical solutions
can be therefore deduced from the SPDE theory, see e.g. Flandoli [22] for the incompressible case,
and [4, 8] for the compressible case (note, however, that those results concern energetically closed
systems only).

In accordance with the above delineated general strategy, a stationary statistical solution is simply
a stationary stochastic process supported by global-in—time (weak) solutions of the problem. More
precisely, the process is supported by entire solutions (defined for all ¢ € R) and invariant with
respect to the action of the time shift operators S; defined above. The probability law of this process
in the trajectory space is the stationary statistical solution in the sense of Vishik and Fursikov [3§]
(see also [27]). The standard Krylov—Bogolyubov theory gives rise to a particular class of stationary
solutions generated by “ergodic envelopes” of solutions [o, m] with globally bounded energy. The
construction relies on tightness of the family of probability measures

1 /7
(1.5) vp = T/o 05, [o,m)dT

and continuity of the shift operators in the trajectory space. Any accumulation point v for T,, — oo
of v, in the space of measures (sitting on the trajectory space) represents a law of a stationary
statistical solution. It can be shown that any such measure (stationary solution) is supported on
the w-limit set w[p, m| of [p, m] in the space of trajectories. As the w-limit set can be interpreted
as the largest region in the phase space visited by the solution [p, m| in the long run, the ergodic
hypothesis can be reformulated in the statement:
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The measure v is ergodic with respect to the shift transformation on w[o, m].

Here, ergodic means that for any shift invariant Borel subset B of w[gp, m] either v(B) = 1 or
v(B) = 0. Although the above definition is mathematically acceptable, its formulation is a bit
awkward referring to the concept of trajectory space, time shifts, w-limit set etc. We therefore
adopt a weaker form. To this end, we need to specify the phase space associated to the Navier—
Stokes system, meaning the function space H in which the solution [p, m] lives at any time instant,

[o(t,-),m(t,-)] € H for any t.
As the energy associated to the Navier—Stokes system reads

1 1 |m/? 1

m = ou, P'(p)o— P(0) = p(o),

the phase space H can be identified through suitable “energy” norm. Postponing the details, we
state our working definition of (pointwise) ergodic hypothesis for the Navier—Stokes system (1.1)—
(1.4):

Navier—Stokes system (1.1)—(1.4) complies with the ergodic hypothesis if for any so-

lution [p, m] defined on a time interval (T,00), T > —o0, the limit

T
(1.6) lim 1/0 Flolt,-),m(t,-)) dt

exists for any bounded continuous functional F' on H.

Loosely speaking, we may contrast the ergodic hypothesis for energetically open and closed system
as follows:

e Closed system.
For any global-in—time solution [g, m], the total energy fQ E(p,m|up) dzx is a Lyapunov
function, and

[0, m]|(t,-) — [0,m] as t — oo,

where [g, m] is an equilibrium state.
e Open system.
For any global-in—time solution [, m], the total energy [, oF (0, m|uy) dz remains bounded
as t — oo, and

1 T
T / Og,m)(t,) At =V as T'— oo, where V is a probability measure on H.
0

Our strategy can be delineated as follows. Having identified a suitable phase space H, the
trajectory space T is simply defined as the space T = Cloc(R; H) of continuous functions ranging
in H. Note that solutions defined on (7,00), 7 finite, can be identified with trajectories in 7 by
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extending them to be constant for ¢ < 7. Adopting this convention, we may define the w-limit set
associated to a solution [p, m] as

wlo,m] = {[r,w] eT ‘ [o,m|(- + Ty,) = [r,w] in T for some T,, — oo}

Next, we identify the class of solutions relevant for the long—time dynamics,
UE) = {[g, m|] ‘ [0, m] — entire solution, / E (g, m ‘ ub> (t,-) dz < E for all t € R} .
Q

Our first crucial observation is contained in the following result (see Theorem 3.1 for the precise
statement).

Theorem 1.1. Let [p, m] be a global-in—time solution of the Navier—Stokes system such that

limsup/ E (Q,m ‘ ub> (t,-) dz < E.
Q

t—o00
Then
o 0 #wlo,m] CU(E);

e the set U(E) is compact in T.

The above result can be rephrased in terms of sequential compactness of the time shifts of the
solution [, m], where actually the choice of the space H plays a marginal role. The crucial observa-
tion is that the bounds provided by the energy are sufficient to show that functions in the w-limit
set are again solutions of the nonlinear problem (1.1)—(1.4). This property is quite standard in the
class of purely “parabolic” problems, in particular the incompressible Navier—Stokes system, where
compactness is guaranteed by the presence of diffusion terms, and the problem boils down to a
simple modification of the arguments of the existence theory. As a matter of fact, the argument
of compactness in the existence theory for the compressible Navier—Stokes system is rather delicate
because of the density. Indeed the latter satisfies only the equation of continuity (1.1); that allows
for propagation of oscillations. Compactness relies on an ingenious argument of Lions [32] that
combines:

e compactness (strong convergence) of the sequence g, (0, -) of the initial data,;
e “weak continuity” of the effective viscous flux.

As the information on compactness of the “initial data” is apparently missing for the time shifts of
global-in—time solutions, a more sophisticated argument must be used based on qualitative estimates
of the temporal decay rate of density oscillations.

Another interesting problem, largely open in the case of energetically open systems, is the exis-
tence of a bounded entire solution, namely if U(E) # () for some large E. Some sufficient conditions
guaranteeing this property are given in Section 3.2.

Theorem 1.1 is a cornerstone of our investigation, since it opens the road to all the subsequent
analysis. First of all, the existence of an entire solution with globally bounded energy, namely the
fact that the set U(F) is non—empty (for some E > 0), is enough to guarantee the existence of a
stationary statistical solution (see Theorem 5.5 below for details).
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Theorem 1.2. Let [o,m] be solution with globally bounded energy. Then there exists a stationary
statistical solution supported by the w—Ilimit set w[o,m| C U(FE).

The proof of Theorem 1.2 is performed via the standard Krylov—Bogolyubov’s argument based
on tightness of the probability measures (1.5) defined on the trajectory space 7. Any limit point v
(in the narrow topology) for a suitable 7,, — oo in (1.5) represents the desired law of a stationary
statistical solution. Note that this procedure allows us to avoid the use of generalized limits,
employed in [27], and to work directly with classical limits.

Moreover, it turns out that, with Theorem 1.1 at hand, the theory of dynamical systems becomes
accessible, even in the comfortable setting of dynamical systems with compact state space. Specifi-
cally, Theorems 1.1 and 1.2 together permit us to reformulate the problem as a measure—preserving
dynamical system generated by the action of time shifts on trajectories. The huge machinery of
dynamical systems thus applies (in a quite direct way) to our setting. In particular, we can show
that the collection of all w—limit sets supports all invariant measures. In addition, as a by—product
of Theorem 1.2, we show the existence of a recurrent solution belonging to its own w—limit set (see
Corollary 5.8 in this respect).

In the context outlined above, a remarkable feature of stationary statistical solutions, expressed
in terms of the celebrated Birkhoff-Khinchin theorem, is the convergence of the ergodic averages
(we refer to Theorem 6.1 and its extension Theorem 6.4 for the precise statements).

Theorem 1.3. Let [p, m| be a stationary statistical solution to the barotropic Navier—Stokes system,
and let F' be a bounded Borel functional on the state space H. Then the limit

T
(1.7) lim /0 F(o(t,),m(t,-))dt

exrists a.s.

At this point, it is tempting to immediately compare this result with the desired ergodic hypoth-
esis. Nonetheless, two different issues show that it does not give a satisfactory answer, yet.

On the one hand, the catch is in the fact that the limit exists only a.s.; in other words, Theorem 1.3
entails only trajectories, with the corresponding (initial) data, that belong to the support of the
stationary solution (measure) v. Note that speaking about “initial” data in this context is irrelevant,
as the choice of the “initial” time is irrelevant for the stationary solution. In addition, the set of
the corresponding data can be rather small for certain stationary solutions. In particular, if the
stationary solution is deterministically stationary, meaning the trajectory is independent of time,
then the piece of information hidden in (1.7) is trivial as the stationary measure reduces to a Dirac
mass.

On the other hand, Theorem 1.3 only gives a convergence to a random variable, and not to
an ensemble average. As it will be shown in Theorem 7.2, the limit (1.7) can be described by a
conditional expectation with respect to the o—algebra of shift invariant sets. Hence it becomes a
true expectation exactly when this oc—algebra is trivial for the law of the stationary solution [o, m],
in other words when the law is ergodic. It turns out that, based on Krein—-Milman’s theorem,
we are able to prove existence of such ergodic stationary statistical solutions. In addition, as a
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consequence of the so-called ergodic decomposition (see Theorem 7.3), we will show that the union
of the supports of all invariant measures coincides with the union of the supports of all ergodic
invariant measures, and that different ergodic invariant measures must be singular.

Thus our conclusion for the validity of ergodic hypothesis can be summarized in the following
statement.

Theorem 1.4. Let [p,m] be a global-in—time solution with uniformly bounded energy.

Then the limit (1.6) exists if the w—limit set w[p, m] supports a unique (ergodic) invariant measure,
i.e., a unique stationary statistical solution. Accordingly, the ergodic hypothesis, i.e., validity of
(1.6) for any trajectory, holds, provided all trajectories admit a uniform energy bound, and all
associated w—limit sets support a unique (ergodic) invariant measure.

To conclude the introductory discussion, we remark that our result offers only a partial affirmative
answer to the ergodic hypothesis. On the other hand, Theorem 1.4 points at a new direction of
investigation in order to get a better understanding of the ergodic hypothesis, suggesting that the
structure of the w—limit sets associated to entire solutions with globally bounded energy plays a
crucial role in all this matter.

2. PRELIMINARIES, MAIN HYPOTHESES, WEAK SOLUTIONS

We start by stating the precise structural restrictions imposed on the constitutive equations and
the data for the Navier—Stokes system (1.1)—(1.4). To begin, we suppose that the boundary velocity
u, admits an extension in (). Moreover, we extend the total energy,

2
35 w4 dolw P + Plo)] if 0 > 0,
E(Q,m’ub)z oo if p<0or p=0,m#0,

0if p—0, m =0,
to a convex, l.s.c. function of variables (o, m) € R*.

2.1. Boundary data. We proceed by a list of basic hypotheses to be imposed on the data as well as
the geometry of the spatial domain. They are probably not optimal but necessary for the available
mathematical theory. We focus on the physically relevant 3D setting, similar results can be shown
in the 2D case. We leave apart the 1D geometry, where better results are expected as the problem
is known to be well posed with respect to the initial data.

We suppose that @ C R? is a bounded domain of class C?, with a given vector field u, €
C1(0Q; R?). Accordingly, we decompose

0Q =Tin Ulgyt, Iin = {JJ €0Q ’ up(z) -n(z) < O} , Dout = {:c €0Q ‘ u(z) - n(x) > 0} ,

and assume
Lout is C? — manifold with boundary.
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Finally, we suppose
Cc(o inf 0
o € C(0Q), inf 0, >0,
and B
g€ C(Q; RY).
The pressure p = p(p) is a continuously differentiable function of the density satisfying
p € C[0,00) N C*(0,00), p(0) =0,

(2.1) 3
p'(0) > a0 for 0>0, p'(o) <@g’ ' for o>1, where v > 3

The hypothesis v > % is possibly technical, but so far indispensable both for the existence theory
and asymptotic compactness of bounded trajectories.

All hypotheses stated in this section will be tacitly assumed throughout the remaining part of
the paper.

2.2. Weak solutions. Extending u, in @, u, € C1(Q; R?), we are ready to introduce the class of
finite energy weak solutions to the Navier—Stokes system.

Definition 2.1 (Finite energy weak solution). We say that [p, m] is a finite energy weak solution
of the Navier—Stokes system (1.1), (1.2), with the boundary conditions (1.3), (1.4) in (7, 00), —o0 <
T < oo if the following holds:

e Regularity class.
0 € Cueakoc((7,00); L7(Q)) N Ly ((7,00); L7(9Q, [wy - n|dSy)), ¢ >0,
m € Cueattoe( (7,50 L7771 (Qs BY));
there exists a velocity field u such that m = pu a.a., and
(10— w) € Liye((r,00) Wy (Q3 1)),

e Equation of continuity.
The integral identity

(2.2) / / [Qatgo + ou - chp} dx dt = / / pouy -n dS, dt + / / wopup -n dS, dt
T Q T Tout T Tin

holds for any ¢ € C1((1,00) x Q). In addition, a renormalized version of (2.2)

(2.3) // 0)0ip + b(o)u- Vyp — (b/( )o—b(o ))lemU(p:| dzdt = // wb(op)up - n dS, dt

holds for any ¢ € C}((1,00) x (QUT}y,)), and any b € C[0,00), b € C,[0, c0).
¢ Momentum equation.
The integral identity

(2.4) / / [gu “Optou®u: Vep +p(o)divee — S(Dyu) : Vop + 0g - w} dzdt =0
r JQ
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holds for any ¢ € C}((1,00) x Q; R?).
e Total energy balance.
The total energy satisfies

—/Tooatw/QE(g,u‘ub) dxdt+/TOO@ZJ/QS(ID)xu):ID)xu da dt

+/ W P(o)up -n dS, dt+/ Qb/ P(op)up -n dS, dt
T Tout T Tin

(2.5) 00 00
1
< —/ 1/1/ [ou®@u+ p(o)I] : Dyuy dxdt—|—2/ 1/1/ ou -V |uw* dedt
T Q T Q
(e} (e}
+/ ¢/ S(Dyu) : Dyuy dazdt+/ 1/}/ 0g - (u—up) dedt
T Q T Q
for any ¢ € C}(1,00), ¥ > 0; in addition,
(2.6) limsup/ E (Q,u‘ub> dr < co.
t—=7+ Q

The solutions introduced in Definition 2.1 are defined on an open time interval (7, c0), including
the case 7 = —oo. In particular, the initial state of the system at the time 7, if finite, has not been
specified. On the other hand, as the energy at time 7 is bounded, cf. (2.6), it is easy to show that
[0, m] can be extended as

29
XS Cweak,loc([Ta OO); L’Y(Q)), mec Cweak,loc([Tv OO); LW':l (Qa RS));

whence the initial state is well defined. The total energy, being a convex l.s.c. function of [p, m], is
weakly l.s.c. on the associated phase space, and, in general,

/QE(Q(T, ~),m(7',-)‘ub> dazgliminf/QE(g(t, '),m(t,-)’ub> dz.

t—=7+

Hypothetically, the energy may experience an “initial jump”, meaning the solution
t— [Q(ta ')’ m(t7 )]

may not be (right) continuous at ¢ = 7 with respect to the strong topology of LY(Q) x Lo (Q; R3).
As we shall see below, such a scenario is excluded for the stationary statistical solutions a.s., see
Section 5.2.

The existence of finite energy weak solutions for 7 finite and given initial data has been estab-
lished by Chang, Jin, and Novotny [9], see also [15] for the necessary modification of the proof to
accommodate the “differential form” of the energy inequality (2.5).

2.2.1. Strong continuity of the density. The following result is an extension of [18, Proposition 4.3]
to the case of general boundary conditions.
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Proposition 2.2 (Strong time continuity of the density). Let [0, m] be a finite energy weak solution
defined in (T,00) and [t1,t2] C (1,00) be a time interval.
Then o € C([t1,t2]; LY(Q)).

Proof. To begin with, we take a smooth function 7" such that

o T € C*[0,00), T is increasing and concave on [0, c0),

27) T(z) =z for z€(0,1] and T(z) =2 for z>3.
For any integer k € N\ {0}, we introduce the cut-off functions T}, by the formula
(2.8) Ty(z) = kT(%) .

Then, for all ¢t € (7,00) and almost every x € @, we define by, as
Notice that the hypotheses formulated on 7" allow to use the renormalized continuity equation (2.3)
on Ty, for any k fixed. So, we infer that by = T} (o) solves (2.3).

Let now [t1,ts] C (7,00) be a compact time interval. As a consequence of our definitions, of the
properties of ¢ and of (2.3) for by = Ty (), for any k € N\ {0} we get

(2.9) b, € L°((t1,t2) X Q) and b, € Cyeak([t1,t2]; LI(Q)) for any 1< ¢ < 0.
Next, we observe that the following convergence property holds true, in the limit & — oo:

(2.10) b = Tk(o) — o strongly in  L®([t1, t2]; LY(Q)) .

In order to see this, we start by remarking that, for any ¢ € [t1,t2] and any k € N\ {0}, by virtue

of the Chebyshev inequality we have
/ (ott )" da,
{z€Q] o(t,x) >k}

where we have denoted by L£(A) the Lebesgue measure of a set A C Q. Then, for any ¢t € [t1, 2],
after setting

c{er‘ g(t,x)Zk} < %

ay={zeQl| ot)zk},

we can estimate

/Q be(t, ) — oft, )] dx = /A bn(t) — oft ) dr < [ ) de s / oft, ) da

Ay, Ay,

2k £(A) + lott. Ve (£040))""

FOTD (24 et

where, in the last step, we have used Chebyshev inequality and the fact that v/7" = v — 1. Taking
the sup over [t1,t2] of both sides of the previous inequality completes the proof of (2.10).

Owing to the convergence property (2.10), the proof of the proposition boils down to showing
that by € C([t1,t2]; LY(Q)) for any k € N\ {0}. Note that the instantaneous values by (t,-) € L*(Q)

IN

IN
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are well defined for any ¢ by its weakly continuous representative. Since the next argument does
not depend on the value of £ > 1, for the rest of the proof we drop the index k£ from the notation
and simply write b = b(p) for by = br(0) = Tk(0).

So, let b enjoy properties (2.9), and consider its regularization b. = 6. x b by spatial convolution.
Standard properties of mollifying kernels and the same argument which led to (2.9) yield

b. € C([t1,t2]; LY(Q)) and
be(t,-) = b(t,-) € Ll

loc

2.11
(2.11) (Q) ase — 0, foranyte [t1,ta], 1 <g< 0.

It follows from the renormalized equation of continuity that
(2.12) Opbe + divy(bu) + 6. % f = 7. in (a,b) x O, O C O C Q,
for all € > 0 small enough, where
f=(t'(0)o—b(o))divyu € L%((t1,t2) x Q), 7= — 0in L"((t1,t2) x Q) whenever 1 <7 < 2,
cf. DiPerna and Lions [14]. Using the fact that b is bounded, we deduce from (2.12)
(2.13) OF (b2) + diva(F(b)w) + F'(b2)6 « f = F'(bo)re + (F(b.) — F'(b)b.) diveu
for any continuously differentiable convex function /. On the one hand, in view of (2.11),
F(be(t,-)) = F(b(t,-)) in L] (Q) for any t € [t1,ta].
On the other hand, in view of (2.13), we get (as done for (2.9) above) that
F(be) = F in Cyear([t1,t2]; LL (Q)).

loc
Necessarily, F' = F(b) € Cyeax([t1, t2]; LI (Q)) for any differentiable convex function. In particular,
we deduce that b* € Cyeak([t1,t2]; L

15c(@Q)); combining this property with (2.9), we infer that
be C([tl, tg]; L2 (Q)) s whence b€ C([tl, tg]; Llloc(Q)) .

loc

The time continuity with values in L'(Q) then follows by using the fact that b € L>®((t1,t2) x Q).
As already remarked, combining this fact together with (2.10), we finally deduce the time conti-
nuity of ¢ with values in L!(Q). O

2.3. Phase space, trajectory space, w—limit sets. We introduce the phase space
H = L'Q) x W(Q; RY),
the trajectory space
T={0w) |reC(rL'(Q), we CRW (@ R*)) |
and the metric on the trajectory space,

dr [ (ras ) (v, w )} _ i 1 supge—nan (e, wi)(t, ) = (r2, wa) () || 1 epy—re2
1, W1), ("2, W2 = v .
A 2M Lt superaran 1(r, wa) (8, ) = (r2, W) (8 ) e —n.2

Given regularity of the spatial domain Q, we have W"2(Q) —— C(Q) for k > % — a condition
assumed hereafter. It is standard to observe that
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e [T;dr] is a Polish space;
e if [o,m] is a finite energy weak solution in the sense of Definition 2.1, then the trajectory
[0, m], defined as

[6(t,-),m(t,)] = { [o(t,"),m(t,-)] if t >,

[Q(Tv ')7 m(T7 )] ift <,

belongs to 7 as soon as k > %

Next, we recall the definition of the space of bounded entire solutions,

U[E] = {[g, m]| ‘ [0, m] finite energy weak solution in R such that sup/ E (g, m ‘ub) dx < E} )
ter JQ

Finally, let [0, m] be a solution of the Navier—Stokes system in (0, c0) such that

(2.14) sup/ E (g,m‘ ub> (t,-) dz < E.
>0 .JQ

Extending
Q(tv ) = Q(Ov ')7 m(t7 ) = m(07 )

we may assume [, m] € 7. Note that the w—limit set
wlo,m] = {[r, wleT ’ there exists T,, — oo such that [p, m](- + T},) — (r,w) in T}

is a subset of the trajectory space 7 in contrast with a more conventional definition that identifies
the w—limit set with the set of all possible limits of [o(T},, ), m(T},,-)] in the phase space L'(Q) x
WR2(Q: R?).

3. GLOBAL SOLUTIONS WITH BOUNDED ENERGY

The main effect of general inflow/outflow boundary conditions (1.3) is that there may be energy
or mass exchanges between the system and the exterior. In particular, the energy of solutions may
not be globally bounded in time.

In the first part of this section, we prove a fundamental asymptotic compactness result for tra-
jectories having globally bounded energy. In Subsection 3.2, instead, we show that, under suitable
assumptions on the boundary data, such trajectories indeed exist.

3.1. Asymptotic compactness of bounded trajectories. The following result is absolutely
crucial for the existence of stationary statistical solutions generated by bounded trajectories. It is
new in the context of general inflow /outflow boundary conditions and as such may be of independent
interest. We point out that the proof cannot be done as a simple adaptation of the existence theory,
as the crucial information on compactness of initial densities is missing. Instead, the uniform
temporal decay of the density oscillation defect measure, first observed in [17], must be shown.
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Theorem 3.1 (Asymptotic compactness). Let {o,,my,} .| be a sequence of finite energy weak
solutions of the Navier—Stokes system in the sense of Definition 2.1 defined in (1,,,00) X Q, with

Tp = —00, Tp — —00 GS N — 00,

satisfying

ub> (t,-) de < E <oo forallt>1,, n=1,2,...

/ E (QTH mn
Q

Then there is a subsequence (not relabeled) such that the extended trajectories
on(t,x) = on(t,x), my(t,z) =my(t,z) fort > 1,
(3.1)
on(t, ) = on(Tn+, ), my(t,z) = my(r+,2) fort <7, ¥ €Q,
admit a limit in [T, dr], i.e. there exists [o,m] € [T,dy]| such that
[anmn] — [Qy m] in [T7 dT]'

In addition, [0, m] is a finite energy weak solution of the Navier—Stokes system in R x @, in the

sense of Definition 2.1, with [o,m] € U[E].

3.1.1. Proof of Theorem 3.1. This paragraph is devoted to the proof of the previous statement. We
proceed in several steps.

Step 1 (uniform bounds and convergence):
We assume that all the trajectories [g,, m,]| have been extended on R x @ by formula (3.1). As
the energy is uniformly bounded, we get immediately
m,, >

3.2 on(t, )|z~ +/
(3.2) lon(t, )L (@) 0 on

uniformly for ¢t € R, and, by means of Holder inequality,

. <
(33) et ), 2, g S

uniformly for t € R. As k > % we conclude there there is a compact set K C W52(Q) x
W=F2(Q; R3) such that

(3.4) [on(t, ), mu(t,-)] e Cforallte R, n=1,2,...
Next observe that the energy inequality (2.5) yields the uniform bounds

M M
(3.5) / / S(Dyuy) : Dy, do dt+/ / Plon) [up-n| dS, dt < C(M) for any 0 < M < —7,,
-MJQ —MJoQ

where we have set o, = g, on I'j, and n is sufficiently large so that 7,, < 0. Consequently, by means
of Korn—Poincaré inequality,

M
/M HunH%,VI,Q(Q;Rd) dt < c¢(M) for any 0 < M < —,,.
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Finally, it follows from the field equations (2.2), (2.4) that

d d
) — ne d — n - d
(3.6) 'dt/Qggo x dt/Qm p dz

and any test functions ¢ € C1(Q), ¢ € CH(Q; R?).
In view of (3.4), (3.6), the abstract Arzela—Ascoli Theorem, and the uniform bounds (3.2), (3.3),
we may infer that

On — 0 In Cweak([_M§ M];L’Y(Q)),

<c(M,p,p) forany 0 < M < —7,
L2(—M,M)

+
Loo (=M, M)

m,, — m in Cyeax([—M; M]; L7+1(Q; R’)), M > 0 arbitrary,

passing to a suitable subsequence as the case may be. In particular,
[Qn,mn] — [Qv 1’1’1] in [T7 dT]
Step 2 (velocity and the limit in the convective terms):

It remains to show that [o, m] is a weak solution of the Navier-Stokes system in R x Q. First
observe that ¢ > 0, being a (weak) limit of non—negative functions. Moreover, as the total energy

E(o,m|uy) is a convex l.s.c. function, we deduce

A)E(Q,m‘ub> (t,-) de < E for t € R.

In view of (3.7), we may suppose, extracting a suitable subsequence,
u,, — u weakly in L*(—M, M; W'2(Q; R%)), for any M > 0.
Moreover, as v > 3, we deduce from (3.7) that
(3.8) m = ou, g,u, ®u, — ou® u weakly in L*((—M; M) x Q; R¥*3) for some a > 1.

These and several other arguments used in what follows are nowadays quite well understood, and
we refer to [18, Chapter 4] for details.

Step 3 (equation of continuity):
With the previous estimates at hand, it is a routine matter to perform the limit in the equation
of continuity (2.2). Indeed the bound (3.5) yields, up to a subsequence,

on — 0 weakly in L7 ((—M; M) x 0Q; |up - n|dS,);

whence

// {gatgo—i-gu-vmcp} d:cdt—// poup - n dS, dt+// popup -n dS, dt
R Q R 1_‘out R Fin

for any ¢ € C}(R x Q).

Step 4 (equi—integrability of the pressure):
In order to perform the limit in the momentum and the energy balance, we need to establish
equi—integrability of the pressure and the pressure potential with respect to the space variable.
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This can be done exactly as in [15, Section 4] (see also [20, Section 6]) obtaining that the sequences
{p(on)}72 as well as {P(p,)}5>; are equi-integrable in (—M, M) x Q for any M > 0. In particular,
we may assume

(3.9) p(on) — p(0), P(on) — P(0) weakly in L'((—=M, M) x Q) for any M > 0.

Here and everywhere in the rest of this section, we use the symbol G() to denote a weak L!—limit
of a sequence {G(o,)}°

n=1"
Similarly, in view of (3.8), we have

(3.10) E (Qn,mn ub) =F (gn,un

ub) — (;g|u|2 —|—P(Q)) weakly in L*((—=M, M) x Q).

Step 5 (weak convergence):
With (3.9), (3.10) at hand, we may perform the limit in the remaining family of the field equations:

(3.11) / / b(0)dvp + b(o)u - Vg — (b’(g)g - b(g))divxu] da dt = / / ob(op)up - 0 dS, dt
R 1—‘in
for any ¢ € C}(R x (QUT}y,)), and any b € C[0,00), b’ € C.[0, 00);

/ / ou-Op+ouu: Vi + p(o)divee — S(Dyu) : Vo + 0g - cp} dxdt =0

for any ¢ € C}(R x Q; R3); and

/8751/1/ g,m‘ub da:dt—i—/ / D,u) : Dyu dedt

+/ ) P(Q)ub-ndSwdt—F/ 1/1/ P(op)up - n dS, dt

(312) R Fout - R Fin

—/w/ [gu@u—kp(g)]l} :Dyup dedt + = /w/ ou -V |uy|* dzdt
R Q

+/R¢/QS(]Dxu) : Dyuy dxdt+/Rw/QQg-(uub) da dt

for any ¢ € C}(1,00), ¥ > 0. Here, we have systematically used the symbol G(p,m) to denote a
weak L'—limit of a sequence {G(g,, m,)}2 ;, or, equivalently, the expected value of G with respect
to a Young measure associated to {gn, m,}>° ;. In general, such a process requires extracting a
subsequence if necessary.

Step 6 (a.e. convergence of density):

The next step of the proof is showing strong (a.a. pointwise) convergence of the sequence of
densities {0, }5° ;, or, equivalently, removing the upper bars over the nonlinearities in (3.11)—(3.12).
The key issue is to show that

(3.13) /Q (g log(o) — o log(g)) (t,z) de =0 for all t € R.
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Indeed, thanks to the strict convexity of the function ¢ — plog(g) on [0, 00), the previous property

would imply (see [18, Theorem 2.11]), up to a subsequence, the required a.e. convergence. In order

to obtain (3.13), one would like to use the function b(9) = plog(p) in the renormalized continuity

equation (2.3) for the limit density g, and compare this with (3.11). Unluckily, this strategy cannot

work directly, due to the lack of integrability of &' (9)o — b(0) = o, which does not allow to properly

define the product (b’ (0)o—0b( Q))divxu. Instead, one has to implement an approximation procedure.
To begin with, we recall the so—called Lions identity (cf. Lions [32]),

(3.14) P&~ (0 1) = (3 + 2720 ) (4@, - bafaiv.)

for any b € C1[0,00), b’ € C.[0, ), where d denotes the space dimension (recall that d = 3 for us).
As (3.14) is of local character, the proof “does not see” the boundary conditions and can be done
exactly as in [18, Chapter 6].

It follows form (3.14) that the oscillation defect measure introduced in [18, Chapter 6] is bounded:
specifically, after introducing the cut-off functions T}, as in (2.7)—(2.8), we have

(3.15) sup <limsup / A; /Q |Th(0n) — Tr (o)} dxdt> < ¢(M)

k>1 n—o00

for any M > 0. We refer to [18, Chapter 6] for details.

Relations (3.14), (3.15) can be used to show that the limit functions p, u satisfy the renormalized
equation of continuity (2.3). The original proof from [18, Chapter 6] has been adapted in a nontrivial
way to the inflow—outflow boundary conditions by Chang, Jin, and Novotny [9, Section 3.2]. We
may therefore conclude that

(3.16)
/ / 0)0rp +b(o)u-Vyp — go(b’( Yo —b(p ))dlvzu} dzdt = / / ©ob(op)up - 1 dS, dt,
for any ¢ € C}H(R x (QUTYyy,)), and any b € C[0,00), b € C,[0,0).
Now observe that validity of both (3.11) and (3.16) can be extended to the function
b(e) = Li(0). Li(0)o — Li(e) = Tk(e), Ti(e) = min{o, k},

that is a compactly supported perturbation of an affine function. Consequently, subtracting (3.16)
from (3.11) gives rise to

(3.17)
/ / Ly (o) k(Q)] Orp + [T(@) — Li(o)|u-Vap + ¢ [Tk(Q)diVacu — Tk(@)divqu dazdt =0

for any ¢ € C}(R x (QUT}y)).
Our next goal is to extend validity of (3.17) to spatially homogeneous test functions, meaning
© = (t), ¥ € CL(R). To this end, consider a sequence of test functions {¢,}°°; such that

on € C'CI(QUI‘m) 0< ¢, <1, ¢, =1ifdist[z,0Q] > —, |Voon| <n.
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Plugging ¢(t,x) = ¥ (t)dn(x) in (3.17) we easily observe that

/ / ~ Li(0)| Bvo, ddt / / Lil0) — Lu(o)] oo dedr,
//qun Tk(g)divmu—m} d:ndt—>//w Tk(g)divxu—m da dt
RJQ RJQ

by means of Lebesgue dominated convergence theorem. Finally, we write

/R/Qi/) [m—lzk(@)}lnggQﬁn dxdt:/R/le[Lk(@)—Lk(@)} (U — 1) Vo, dzdt
o [ o [5- a0 w-Tus, asar

As (u—w) € L (R; VVO1 (Q; R?)), we have

(u— ub)

diSt[‘, QQ] loc(R L2(Q))

Moreover, since Ly is a bounded perturbation of an affine function, the defect Li(0) — Lg (o) is
bounded for any fixed k, and we obtain

//w[Lk(g)—Lk(g) (u—wp) - Vyo, dzdt — 0 asn — oco.
RJQ

As for the last integral, given the assumed regularity of 0Q) and its component I'y, we introduce
the closest point mapping,

Pp,.(z) = ap € Dowt, |z —ap| = _inf |z — 1],
relout
and the distance function
z € Q — dist[z, Tjn] € WH™(Q),
with its gradient
x — Pr,,.(z)

Vedistle, Tou] = =5 0]

for a.a. z € Q.

Finally, we observe that if
PFout ("B) € int[FOUtL mea‘ning ub(PFout (l‘)) : n(PFout (:’C)) > 07

then
T — PFout (.%')

(3.18) v Pro(2)]

— VIdISt[x’ FOUt] = _n(PFout ('I))

Now, consider
¢n(x) = min {ndist[z, Ti,]; 1} € WH2(Q).
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cf. [19, Section 7.2] or Chang, Jin, and Novotny [9]. Accordingly, after setting

1 1
U (Fin, > = {l' €Q ‘ dist[z, ['in] < } ,
n n

we have
x — P out (:U)
| [5@) ~ 1@ - Vit az = | oo, [0~ D@ waa) - L e
B ¢~ P, (@)
—n /U o 000 - L)) (m(a) — wp(Pro (@) - 11— e
T N € PFout (x)
| oy [0 @]t - e

As uy is continuously differentiable in @, we have

1 1
() — w(Pro ()] S 5 for o € U (T ).

whence
n/ Li(0) = Li(0)] (wy(w) = w(Pr,., (2))) - T Pronl®) 4y 0 as s oo
U(an,%) ‘fL‘ - PFout (x)‘
Finally,
x— Pr,,(x)
n Li(0) — Lg(0) | up(Pr,,, (7))  —==—~ dx
iy [0 = B it =i
x— Pp,, (%)
=n Li(0) = Lr(0) | wp(Proy (@) - —— = da
/(J(ri,,,;)mU(ari,,,;) [ ] |z — Pro.. (z)]
x— Pp,,(x)
i [ 14(0) — Li(o)] m(Pr, () - = et
U(Tin, 2)NU(04, L) [ ] ' | — Pry (7)]
On one hand, as 9T, is a C'—curve and all quantities under the integral are bounded, we get
—_— x — Pr,,, (x) 1
n Li(o) — Li(0)| wp(Pr,, (7)) —=== do ~ —.
/U(rm,}l)mU(ann,i) [ (@) ( )} ( () |z — Pr,(2)] n

On the other hand, by virtue of (3.18) and convexity of L,

x— Pr, ., (x)
n Li(0) = Li(0) | up(Proy () - 5 =7
/IJ(Fin,i)ﬁUc(aFin,;)[ (o) ( )] (Frou () [z — Pr,, (z)]

= L) ~ Li(0)] up( e, (@) - n(Pr,., () d < 0.
U(Tin, 2)NU<(004y, L)

19
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Going back to (3.17) we deduce

(3.19) < [ [B0 - uto)] o+ /Q [Ti{o)div,u — Ti(o)diven] de <0

in D'(R).
Now, we use (3.14) to rewrite (3.19) in the form

% /Q [Lk(g)—Lk(g)} dz + do /Q [p(g)Tk(Q)—p(g) Tk(g)] da

(3.20)
+/Q (Ti(o) = Tr(0)) divou dz <0,

where we have set

2d—2 \ !
do=(>\+ d M) >0 (d=3).
Next, in view of (3.15),

/ (Tk(g) - T;AQ)) divyu dz — 0in LY(=M, M) as k — oo
Q

for any M > 0, see [18, Chapter 6]. Now, we are in the situation handled in [17, Section 2| or
[18, Chapter 6]. In view of assumptions (2.1) on the pressure function, arguing exactly as in [18,
Chapter 6, Section 6.6.2], we perform the limit k¥ — oo in (3.20) to conclude

% o [m_ Qlog(Q)] de +W¥ </Q [glog(g) - glog(g)] dx) <0 in D'(R),

where
¥ e C(R),¥(0)=0, ¥(2)Z >0 for Z #0.

As the function
t | [o1o80) - elos(o)] ¢) a

is non—negative and uniformly bounded on R, we conclude
/ [Qlog(g) - Qlog(g)] (t,-) dz =0 for all t € R,
Q

which yields the a.e. convergence of {0,}5° ;.

Step 7 (strong compactness of the density):
Revisiting Step 6 we observe that we have actually proved that

on — o strongly in L] (R; LY(Q)), 1< q <.

loc

Seeing that, in view of Proposition 2.2, 0,, 0 € Cle(R; L'(Q)), we show a stronger statement,
namely

0n = 0 € Cloc(R; L1(Q)).
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In particular, we prove that
on — 0 in C([—M, M]; L*(Q)) for any M > 0.
To this end, consider the cut-off operators
Ti(0) = min{g, k}.
Now, pick M > 0 and keep it fixed. As g,, ¢ are uniformly bounded in LY(Q), we get
lon — Ti(on)ll 21 (@) + Il — T(0) |l 11(g) — 0 as k — oo uniformly for ¢ € [—M, M].
Consequently, it is enough to show
Ti(0n) — Ti(0) in C(—M; M; L'(Q)) as n — oo

for any fixed k.
Similarly to the proof of Proposition 2.2, we consider

b(Qn) = Tk(Qn)a T]?(Qn)

in the renormalized equation of continuity. In view of density compactness established in Step 6
of the proof of Theorem 3.1, we may use the renormalized equation of continuity to show

(3.21)  Ti(on) = Ti(0) in Cyear((=M, M]; L*(Q)), T (on) = T (0) in Cyear([—M, M]; LY(Q)).
Seeing that

T (on) — Ti (0) = 2Tk(0) (Tk(en) — Ti(0)) + [T(0n) — Ti(0)[*,
we observe it is enough to show

(3.22) Ti(0) (T (on) — Ti(0)) — 0 in Cyear([—M, M]; L'(Q)).

As the limit density is strongly continuous in L'(Q), the image of the compact set [—M, M| under
the mapping

t€[0,7] — Tx(o)(t,-) € LY(Q) is compact for arbitrary 1 < ¢ < co.

In particular, the curve t — Tj(0)(t) can be uniformly approximated by a piecewise constant
function ranging in L’Y/(Q). In particular,

Ti(0)(T(0n) — T(0)) = Z 17, (twi(z) (Te(on) — Th(0)),  Uili = [-M, M],w; € LY (Q);

whence (3.22) follows from (3.21).
Theorem 3.1 is now proved.
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3.2. Existence of trajectories having globally bounded energy. The goal of this subsection
is to give sufficient (non—trivial) conditions on the boundary data uy, which guarantee the existence
of trajectories with globally bounded energy. For the sake of simplicity, we focus on the physically
relevant case of a potential external force,

(3.23) g= V.G, GeCYQ).

Accordingly, the associated term in the energy inequality (2.5) rewrites as

d
/gu'VxG dx:E oG dx—i—/ QGub-ndSJ;+/ opGuy - n dSy,
Q Q FDut I

in

and, similarly,

d
/ ou - Vm|ub|2 dz = dt/ Q|ub]2 dz +/ Q|ub|2ub -n dS, +/ gb|ub|2ub -n dS,,
Q Q ou

t in
Consequently, going back to the energy inequality (2.5), we deduce

d 1
— [ |E — ~Juy)? D,u) : D
= Q[ (o ufw) 9<G+2!ub!> dx—i—/QS( L) : Dyu de

(3.24)
< —/ [ou @ u+ p(o)]] : Dyuy dx—/ oV.G-up dz + K,
Q Q

in D'(,,, 00), with a positive constant K depending solely on the data up, 05, G. We see immediately
that the crucial term is the first integral on the right as it is proportional to the total energy. We
therefore choose a “cheap” solution supposing that D,up(x) is a positively semi—definite matrix.
Moreover, we shall assume even more, namely that infg divu, > 0. Under these circumstances, we
claim the following result.

Proposition 3.2 (Bounded trajectories). Let the driving force g satisfy (3.23), and let w, admit
an extension satisfying
(3.25) D,u, > 0, div,up > a > 0 in Q.

Suppose that [p, m] is a finite energy weak solution of the Navier—Stokes system in (1,00), T > —00
in the sense of Definition 2.1.
Then there is a constant E, depending solely on the data, such that

limsup/ E (Q,u’ub> (t,-) dz < E.
Q

t—o0
Proof. Under the hypothesis (3.25), we may rewrite the energy inequality (3.24) in the form
d 1
(3.26) / E (g,u‘ub> — 0| G+ Z|w)? dz + a/ p(o) dz +/ S(Dyu) : Dyu doe < K
dt Jo 2 2 /o o

in D'(7,00), with a constant K, possibly different from its counterpart in (3.24) but still depending
only on the data.
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The first observation is that whenever

O‘/ p(0) dx+/ S(D,u) : Dyu dz < K +1 for g € L7(Q), ue WH(Q; R%), ulog = w,
Q Q

2
/Q {E <9’“‘“b> —e <G+ ;!uﬁ)] dz < A(K).

Going back to (3.26), we deduce for any interval [T,T + 1], T > 7, the following dichotomy: (i)
either there exists ¢ty € (7,7 + 1) such that

(3.27) / 2 (o) <2 (64 )| (t0.) o< AK)

to a Lebesgue point of
1
/ [E (Q,u‘ub> -0 <G + \ub|2>} dz;
Q 2

/Q [E (Q,U‘Ub) -0 (G + ;|ub|2> (T + 1)_)] de
< /Q [E (Q,u‘ub) —0 (G - ;Iub\2> (T+)] dz — 1.

From the above, we deduce that there exists ¢y > 7 such that (3.27) holds. Moreover, as the

modified energy
/ [E <g,u‘ub> -0 (G + 1|ub2>] dx
Q 2

is bounded from below, there is a sequence t,, — oo such that (3.27) holds for ty = t,, and [t;,—tp4+1] <
L. Finally, revisiting the energy inequality (3.26) we deduce that

then

(ii) or one has

1
/ [E (g,u‘ub) -0 (G + 2\ub\2>} (t,-) de < A(K)+ LK for any t > to,
Q
which yields the desired uniform bound on the energy. O

4. DYNAMICAL SYSTEM GENERATED BY SHIFTS ON TRAJECTORIES
Consider the action of the shift operator on the trajectory space 7:
Sy(r,w)(:) = (r,w)(-+ 1), T € R.
It is easy to show that:

e S, : T — T is a continuous linear operator for any 7 € R;
e (S;)rer defines a group of operators on 7, i.e., Sy = Id, Sy, 45, = S7, 085, for any 7,7 € R.
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We say that a set A C T is shift invariant provided S, A C A for any 7 € R. Note that since the
operators (S;);cr form a group, shift invariance implies that S;A = A for any 7 € R.

Recall from Section 2.3 that U[E] denotes the set of all global solutions with energy uniformly
bounded by E. Note, however, that U[E] may be empty, unless some conditions are imposed on the
boundary data (see Subsection 3.2 above for details). As a consequence of Theorem 3.1, we obtain

in particular the desired compactness of the set of solutions U[E].

Proposition 4.1. The set U[E] is a compact shift invariant subset of [T;dr].

Proof. The shift invariance is an immediate consequence of Definition 2.1. It follows from Theo-

rem 3.1 that U[E] is compact. O

In view of the above, restriction of the translation semigroup (S-);>0 to the set U[E] together
with its Borel o-algebra defines a (topological) dynamical system on a compact Polish space. Then
the notion of w—limit set w[p, m] of a finite energy weak solution [g, m] in (0, 00) with uniformly
bounded energy (see Section 2.3) corresponds to the usual definition of w—limit set within this

dynamical system. Due to compactness of U[E], we obtain the following result.

Corollary 4.2. Let [o,m] be a finite energy weak solution in (0,00) satisfying
/ E (g,m‘ub> (t,-) do < E for all t > 0.
Q

Then the set w[p, m| enjoys the following properties:
e w(p,m]| is non-empty;
wlo, m] is a closed subset of U[E], in particular it is a compact subset of [T;dr];
w(o, m] is shift invariant;
w(o, m] is connected.

Proof. The fact that the set w[p, m| is a non-empty closed subset of U[E] follows from Theorem 3.1.
The rest of the proof can be done by classical arguments from the theory of dynamical systems. [

4.1. Non-wandering solutions. With the above description of our model in the language of dy-
namical systems, we may deduce existence of solutions whose neighborhoods are revisited infinitely
often.

Corollary 4.3. Assume that [0, m] is a global weak solution to the Navier-Stokes system, with
[o,m] € U(E). Then there exists a non-wandering solution [r,w] € U[E], meaning, for every
e-neighborhood Belr,w] of [r,w] in T and every T > 0, there exists T > T so that B:[r,w] N

S;Belr,w] # (.

Proof. The result is a simple consequence of Corollary 4.2 together with the fact that every point
in w(p, m] is non-wandering. O

Once we prove the existence of an invariant measure in the following section, we are able to
deduce a stronger result than Corollary 4.3, namely, existence of the so-called recurrent solution,

5

see Section 5.3
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5. INVARIANT MEASURES - STATIONARY SOLUTIONS ON THE SPACE OF TRAJECTORIES
We adopt the approach to statistical solutions via the theory of stochastic processes. Let
{Q,B,P}
be a measurable space, with the o-algebra of measurable sets 9, and a (complete) probability
measure P. Let us first recall some basic definitions and facts.

e A (stochastic) process [p, m] ranging in a separable Banach space H is a mapping
[oom]: Qx R— H
satisfying
lo(t,-),m(t,")] : Q— H

is B-measurable for any ¢t € R.
e A (stochastic) process [p, m] ranging in H is called measurable provided the mapping

[oom]: Qx R— H

is B ® B(R)-measurable where B(R) denotes the Borel set in R.
e For a measurable (stochastic) process [o, m] ranging in H the path

t€ R~ [o(t,w), m(t,w)]

is measurable for a.a. w € Q.
e A measurable (stochastic) process [p, m] ranging in H is called continuous provided the
path

t € Rw— Jo(t,w), m(t,w)] € C(R; H) for a.a. w € Q.

Alternatively, we may define a continuous (measurable, stochastic) process [0, m| as a measurable
mapping
[o,m]: Q — Cloc(R; H).

Note that this is equivalent to the previous definition as the measurability of the process follows
from the continuity of paths. Indeed, approximate [p, m] by a process with piecewise constant
paths, e.g.,

[07 m]n(wﬂt) = [Qa m](w,tﬁ) if t € [ Z? Z—i—l)v

where {t7; k € Z} is a suitable partition of R with vanishing mesh size as n — co. Then [p, m],, is
a measurable process converging pointwise to [0, m|. Hence [p, m] is measurable.

It is not always convenient to work with stochastic processes as collections of random variables.
Therefore, for the purposes of this paper, we make use of the last definition above, i.e., a stochastic
process is a random variable taking values in the corresponding path space.

Let us now proceed with the definition of statistical solution and stationary statistical solution
to the Navier—Stokes system.
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Definition 5.1 (Statistical solution). A continuous stochastic process [p, m| ranging in L'(Q) x
W=F2(Q; R3) is a statistical solution of the Navier—Stokes system if

[0, m] is a finite energy weak solution of the Navier—Stokes system in R X @

P—a.s.

The probability space on which a statistical solution is defined does not play any particular
role for us, since the Navier—Stokes system is deterministic. Therefore, we tacitly consider the
probability space as part of the solution. Strictly speaking, a statistical solution is then a probability
space together with a process satisfying the requirements of Definition 5.1. Statistical solutions are
therefore conveniently described by their laws. In particular, every statistical solution [p, m] gives
rise to a Borel probability measure on T, i.e. its probability law, which is given as the pushforward
measure of the mapping [0, m] : Q — 7. We denote by B(7) the set of Borel probability measures
on 7 and for a continuous stochastic process [p, m|, we denote by L], m] its probability law, i.e.,
the Borel probability measure on 7 satisfying

L[o,m|(B) =P ([o,m] € B) for any B C T Borel.

Conversely, statistical solutions in the sense of Definition 5.1 can be obtained from Borel proba-
bility measures supported in the set of finite energy weak solutions to the Navier—Stokes system.

Lemma 5.2. Let v € B(T) be such that
supp v C {[g, m] | [0, m] is a finite energy weak solution of the Navier—Stokes system in R X Q}.

Then there exists a statistical solution [p, m] such that Lo, m] = v.

Proof. Let Q := T be equipped with its Borel o-algebra and the probability measure P := v. Then
the canonical process
[o,m](w,t) :=w(t), we N teR,

is a statistical solution in the sense of Definition 5.1 whose law under P is v. O

Remark 5.3 (Connection to Markov statistical solutions from [15]). Another notion of statistical
solution was introduced in [15]. There, a statistical solution is family of Markov operators { M }+>o
acting on the set of probability measures (D) where D is the corresponding set of input data, i.e.,
initial and boundary conditions. Since uniqueness for the Navier—Stokes system is an open problem,
the two notions of solution are not equivalent. More precisely, the Markov statistical solution in the
sense of [15] was constructed by means of a selection procedure in the spirit of Krylov [30], see also
[3, 5, 6] for related results on Markov and semiflow selections. Every such solution gives rise to a
statistical solution in the sense of Definition 5.1 through the procedure by Da Prato and Zabczyk [13,
Section 2.2]. On the other hand, not every statistical solution in the sense of Definition 5.1 satisfies
the corresponding Markov property as this is a priori a property of systems with uniqueness, or
alternatively it stems from a suitable selection.

As the next step, we define stationary statistical solution which is the main object of interest of
this paper. The notion is similar to the corresponding SPDE setting, see [7]. In the sequel, we use
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the same notation £(X) for the probability law of a general random variable X : Q@ — X taking
values in the target space X'. In our setting X will always be a Polish space.

Definition 5.4 (Stationary statistical solution). A statistical solution [o, m] of the Navier—Stokes
system is stationary if it is a stationary process, meaning the joint laws

L ([Q(tlv ')’ m(tlv )]7 R [Q(tm ')) m(tnv )]) )
L ([Q(tl + 7, ')7 m<t1 + 7, )]7 SRR [Q(tn +7, ')7 m<tn + 7, )])
coincide for any ¢; < --- < t, and any 7 € R. Equivalently, we may say that the law on trajectories

L[o,m] € P(T) is shift invariant, meaning, Lo, m| = L(S[o, m]) for all 7 € R.

Note that £ ([o(t1,-), m(t1,-)], ..., [o(tn, ), m(ty,-)]) is the pushforward measure of the random
vector

([Q(th ')7 m(th )]7 R [Q(tm ')7 m(tm )])
which takes values in [L'(Q) x W~%2(Q; R)]", and it is necessary to include an arbitrary number
of times t1,...,t, in the definition. On the other hand, L[p, m] is the pushforward measure of the

whole process [p,m] : © — T. The equivalence of the two above formulations of stationarity was
proved in [4, Section 2.11], see in particular Lemma 2.11.7 and Lemma 2.11.5.

We also remark that, in the language of dynamical systems, a stationary statistical solution [g, m]
generates a measure—preserving dynamical system through

(T7 %[7—]7 (S’T)TER7 E[Qv m])

In other words, the probability measure £[p, m] is invariant under the transformations (Sr)rer.

5.1. Existence of stationary statistical solutions. The next result asserts the existence of at
least one stationary statistical solution provided the Navier—Stokes system admits a global solution
with bounded energy.

Theorem 5.5 (Existence of stationary statistical solution). Let A C U[E] C T be a non-empty
shift invariant set of trajectories.
Then there exists a stationary statistical solution [o, m] such that

lo,m] € A CU[E] a.s.

In particular, for any finite energy weak solution [g,m] in (0,00) such that
limsup/ E (@,rh‘ub> (t,-) dz < o0,
t—o0 Q
there exists a stationary statistical solution [0, m] such that
[0, m] € w[g,m] a.s.

Proof. The second statement is a consequence of the first one with A = w[g, m|. Indeed, according
to Corollary 4.2, the w-limit set w[g, M| is non-empty, closed and shift invariant. In order to prove

the first statement, we observe that in view of Lemma 5.2, it is sufficient to find a shift invariant
probability measure v € B(7) which is supported by A. Due to the compactness of the set A, the
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existence of such a measure follows immediately from Markov—Kakutani’s fixed point theorem [36,
Theorem V.20]. Nevertheless, let us present a constructive proof based on the so-called Krylov—
Bogolyubov argument, which gives more insight into the properties of the measure.

By virtue of Proposition 3.1, the set A C U[FE] is a compact shift invariant subset of the Polish
space 7. Thus we may define a family of probability measures

1 T
(5.1) Tw— vp = T/(; 5St(§7n‘11) dt € m(T)

for an arbitrary (g,m) € A. Due to shift invariance of A, the approximate measures (5.1) are
all supported in the compact subset A of the Polish space 7. Hence the family is tight and by
Prokhorov’s theorem there is a subsequence T,, — oo and a probability measure v € B(7T) such
that

Ty
vy, = Ti 03, (5,m) dt — v narrowly in PB(7),
n JO0
meaning
I
(5.2) = G(§(~+t),rh(-—|—t))dt—>/ G, w)dv(r, w)
n JO T

for any G € BC(T). B

Moreover, since the approximate sequence was supported in A, also the limit measure v is sup-
ported on A. Indeed, the narrow convergence vy, — v is equivalent to

limsup vy, (C) < v(C) for any closed set C C 7.
n— o0

And taking C = A implies v(A) = 1.

Let us show that v is shift invariant. To this end, let G € BC(T) and 7 € R. According to the
continuity of the translation operator S. : T — T we deduce that G o S, € BC(T). Hence

I
/ Go S;(r,w)dv(r,w) = lim — Glo(-+7+t),m(-+7+¢))dt
1 T+T, ~ ~
=l g [ Gat+ s) e+ ) ds
1
~ tin [ G+ )+ ) ds
T+Th T
+ li_)m T [/ G(o(-+s),m(-+s))ds — / G(o(-+s),m(-+s))ds| .
n—oo n . 0

By boundedness of G, the last line above vanishes. Therefore in view of (5.2) we deduce that

/T G o S, (r, w)dv(r, w) = / G (r,w) du(r, w)

-
so v is shift invariant.
As suggested at the beginning of the proof, we may conclude by the application of Lemma 5.2. [
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5.2. Continuity of the total energy. The total energy

/QE<Q,m‘ub) dz

is a Borel measurable function on the Banach space L'(Q) x W~%2(Q; R?) and as such an observable
quantity of any statistical solution. Similarly, for a statistical solution [p,m] we introduce the
quantities

t

1 L ([l ) )
5(t+):Tl_i>%1+% tm </QE<Q(S,-),m(s, ) dx) ds
and

g(t):/QE(g(t,-),m(t,-))ub) da.

As [p, m] satisfies the energy inequality (2.5), all the above quantities are a.s. well defined for any
t € R, and according to weak lower semicontinuity of the total energy, it holds a.s.

(5.3) E(t) < lim_i?fé’(s) for all t € R,
S
hence a.s.
(5.4) E(t) <E(t+), E(t) < E(t—) for all t € R.

Note that here the corresponding set of full probability does not depend on ¢ as it is precisely the
set of full probability where [p, m] solves the Navier—Stokes system. We recall that equality in both
inequalities in (5.4) implies continuity of the solution [p, m] at the time ¢ in the strong topology of

the space L7(Q) x Lo (Q; R3). The following result shows that for a stationary solution (5.4) this
holds a.s. for any fixed t € R.

Theorem 5.6 (Strong continuity of stationary statistical solution). Let [p,m] be a stationary
statistical solution of the Navier—Stokes system.
Then for any t € R we have a.s.

E(t) = E(t+) = E(t-).

Proof. Let us first assume that E[£(0)] < oo which by stationarity implies E[E(t)] < oo for all ¢ € R.
Given t € R, consider the random variable

1 1 t+7

Lis(4) + (=) — £(t) = 1im / / B (omlu) dr)ds—£()>0as
2 T—0+ 27_ t—r Q

Passing to expectations and using stationarity, we deduce

E ;[€(t+)+€(t—)]—€(t)] — lim 1/tt+TE[/QE<g,m’ub) dx] ds — E[E(t)] = 0.

=0+ 27 Ji_,
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This implies that
[E(t+) +E(t—)] = E(t) as.

N | =

and the claim follows due to (5.4).
If the total energy is not in L(£2), we include a suitable cut-off function. Namely, let 3 : [0, 00) —
[0, 00) be a strictly increasing, smooth and bounded function such that 5(0) = 0. Then (5.3) implies

BE()) < lilsn_i?fﬂ(g(s)) for all t € R,

and defining analogously

pE(t—)) = lim 1 BE(s))ds,  BE(t+)) = lim : +T6(5(8))d8

T=0+ T J4_f =0+ 7T J4

we deduce that a.s.

BE()) < B(E(t+)), B(E(t)) < B(E(t—)) for all t € R.
Hence, repeating the above with & replaced by §(€) completes the proof. O

Remark 5.7. Note that the set of zero probability in the statement of Theorem 5.6 possibly
depends on t. In other words, while at every time ¢ the energy is a.s. continuous, it does not follow
that a.e. trajectory is continuous.

5.3. Recurrent solutions. With the existence of an invariant measure at hand, we are able to
deduce existence of a recurrent solution.

Corollary 5.8. Assume there exists a solution [o, m] with uniformly bounded energy. Then there
exists a recurrent solution [r,w] € wlo,m], meaning, [r,w] belongs to its own w-limit set, i.e.,
[r,w] € w[r,w]. In particular, for every e > 0 there exists T > 0 such that

dr|[r,w](-+T);[r,w](-)| <e.

Proof. A simple reduction to the discrete time setting permits to apply Poincaré’s recurrence the-
orem [33, Theorem 1.2.3]. It yields that for every invariant measure v the set of recurrent points is
of full measure. Since by Theorem 5.5 there exists an invariant measure supported on the w-limit
set w[o, m] whenever [p, m] is a finite energy weak solution with (2.14), it follows that every w[g, m]
contains at least one recurrent solution [r, w]. U

6. ERCODIC THEORY, APPLICATION OF BIRKHOFF—KHINCHIN THEOREM

At this level, it is convenient to work in the abstract setting. Recall that a stationary statistical
solution [p, m] can be identified with a stationary process ranging in H with continuous paths,
or, equivalently with its law L[p,m], a shift invariant Borel probability measure on the space of
trajectories [T, dr].
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6.1. Birkhoff-Khinchin theorem. For a stationary statistical solution [p, m], we consider the
ergodic limit

1T

where F' : H — R is a bounded Borel measurable function. The following result is a straightforward
application of Birkhoff-Khinchin ergodic theorem.

Theorem 6.1 (Ergodic property). Let [p, m] be a stationary statistical solution of the Navier—Stokes
system, and let F' be a bounded Borel measurable function on H.
Then there is an observable' function F such that

17 —
T/ F(o(t,"),m(t,))dt - F as T — oo a.s.
0

In particular,

E H; /OT Flolt, ), m(t,-)) dt —FH 0 as T — oo

Proof. The first statement concerning the a.s. convergence of the ergodic averages is the version
of Birkhoff-Khinchin’s ergodic theorem for stochastic processes proved by Kolmogorov [29, Chap-
ter 39]. Next, since

E H,} / " Pl ->,m<t,->>H at < E[|F(0(0, ), m(0, )| < IFlz~(an,

dominated convergence and stationarity imply the convergence in L!(2). O

Remark 6.2. As we have seen in Theorem 5.5, there are stationary solutions supported by U[E].

The total energy
& —/ E (Q,m‘ub> dx
Q

is then a bounded Borel measurable function to which the conclusion of Theorem 6.1 applies.

Theorem 6.1 can be extended to more general functions F. We proceed through an auxiliary
lemma, whose main idea is due to Kolmogorov [29, Chapter 39].

Lemma 6.3. Let U : Q2 x [0,00) — R be a measurable stationary stochastic process such that
E[|U(0)|] < 0o and U € Li..[0,00) a.s.
Then
17 —
lim T/ U(t)dt = U a.s. and in L*(Q).
0

T—o0

LA measurable function F : Q — R is called observable.
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Proof. Splitting U into its positive and negative part, we observe that it is enough to show the
result for non-negative U. The integral averages

n+1
Un:/ Ut) dt, n=0,1,...

are well defined and represent a stationary discrete process in the sense of Krylov [31, Chapter 4,
Section 6, Definition 1]. Thus applying the discrete version of Birkhoff-Khinchin’s Theorem [31,
Chapter 4, Section 6, Theorem 11] we obtain the existence of U : Q — R such that for N — oo
where N takes only discrete values N =1,2,...,

! _U ! NWQ&%U din LY(Q)

— = — a.s. and in .

N "N Jo

Finally, denoting by [T] the largest integer less than or equal to T and using non-negativity of

U, we get

_ F]l/m 1/T T]+1 1 /m“ _
L < — <
U + T 1 J, U(t) dt_T ; U(t) dt < T 1), U(t) dt — U,
in the limit for for 7' — oc. O

With this result in hand, we are able to prove the generalization of Theorem 6.1.

Theorem 6.4. Let [p,m] by a stationary statistical solution of the Navier—Stokes system and F :
H — R Borel measurable such that

E[IP(0(0, ), m(0, )] < oc.
Then there is an observable function F such that
I _
T/ F(o(t,"),m(t,-)) dt - F as T — oo a.s. and in L'(€).
0

Proof. The proof follows from Lemma 6.3 as long as we observe that t — F'(o(t,-), m(t,-)) is locally
integrable a.s. To see this, write

M M
EU |F(o(t, ), m(t, )] dt]= [ EIF(o(t. ) m(t, )] e < 2ME[F(0(0,). m(0, )] < .
-M -M

Hence, we deduce that

M
73{/ |F(o(t, ), m(t,))| dt < oo} =1forany M =1,2,...,
-M

and consequently

P{F(e(t. ) m(t. ) € LR} =P§ {/M [F(o(t. ), m(t,")) dt<oo} -1,

M=12,. /M

which completes the proof. O
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Remark 6.5. Beware that the set of probability zero in Theorem 6.4 in general depends on F'.

7. ERGODIC STATIONARY SOLUTIONS

Of essential interest in turbulence theory is the so—called ergodic hypothesis, which is usually
assumed by physicists and engineers, based on some empirical evidences. Roughly speaking, it
assures that time averages along solution trajectories coincide with ensemble averages with respect
to a putative probability measure. This measure can then be shown to be invariant for the dynamics.

In our context, since the energetically open Navier—Stokes system may admit multiple equilibrium
states, hence multiple invariant measures, the limit in the ergodic hypothesis necessarily depends on
the chosen trajectory [p, m]. For instance, in the simplest case when u, = 0 and g = 0, then there
exists infinitely many deterministic stationary (i.e. time independent) solutions, given by m = 0
and ¢ = o, for every gy € [0,00). Every such solution generates a stationary statistical solution in
the sense of Definition 5.4 and its law L[p, m] is given by the Dirac mass supported on [g, m].

Therefore, we formulate the ergodic hypothesis as follows: for an finite energy weak solution
[0, m] with globally bounded energy, the limit of time averages

1 (T
(71) lim — F(Q(t¢ ')7 m(tv )) de
T—o0 T’ 0
exists for any bounded continuous function F' : H — R. Note that the quantity in (7.1) then defines
a probability measure on H which is invariant for the dynamics.

It will be seen below that the convergence of the ergodic averages (7.1) corresponds to the

ergodicity property of the corresponding invariant measure. This motivates our next definition.

Definition 7.1 (Ergodic stationary statistical solution). A stationary statistical solution [g, m], or
its law L[p, m] on T, is called ergodic, if the o-field of shift invariant sets is trivial, specifically,

Llo,m|(B) =1 or L[p, m|(B) = 0 for any shift invariant Borel set B € B[T].

As a direct consequence of Theorem 6.1 and Theorem 6.4, we get the following result for ergodic
stationary statistical solutions.

Theorem 7.2 (Ergodicity). Let [p,m] be an ergodic stationary statistical solution of the Navier—
Stokes system. Let F: H — R be a Borel measurable function such that

E||F(0(0,-), m(0, -))\] < 0.
Then
1 T
T/O F(o(t,"),m(t,)) dt — E[F((0,-),m(0,-))] as T — o0 a.s.

Proof. Let us first prove the claim for the case of the the canonical process on T, i.e.,
(Q,8,P) = (T,B[T],L[o,m]), [o,m](t,w)=w(t), forte R, weT.

Let us show that the limit of the ergodic averages given by Theorem 6.1 satisfies

(72 F = E[F(e(0,),m(0,)|Bs(7]]
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where Bg[T] is the o-algebra of shift invariant sets in 7. To this end, we first observe that as an
immediate consequence of Theorem 6.4 together with the shift invariance of L[o, m|, we obtain

F € Ll(Q)a E [F] =E [F(Q(O> ')7 l’n(O, ))] :
Next, we prove that F is invariant with respect to time shifts S, 7 € R. Indeed, if F is bounded
then

T T
FoS-_hml/ F@H@nﬁuﬁdh:#mll Flo(t, ), m(t, ) dt =

—oo T’

by the same argument as when proving the shift invariance of the limiting measure v in the proof
of Theorem 5.5. If F is not bounded but only F € L'(H, £[o(0,-), m(0, -)]) by the assumption, then
F can be approximated in L'(H, £L[(0,-),m(0,-)]) by bounded functions F,. Let F,, denote the
associated limits of ergodic averages. Then we have

E[|Fn —F|]<EHF —/ o(t,-), m(t, ))dtH

-@H;Aszt) t—/ tﬁMﬂ

+E H; /OT F(o(t,"),m(t,-))dt — F ] .

For every n, the first term vanishes as 7" — oo, by stationarity the second term vanishes as n — oo
uniformly in 7', and the last term is small for T — co. Therefore, we deduce that F,, — F in L*(Q).
Since all approximations F,, are shift invariant, the same remains valid for F.

As a consequence of the shift invariance, F' is measurable with respect to Bg[T]. Moreover, if
S;A = A for all 7 € R then

1 T
E[Fla] = lim /0 E[F(o(t,-), m(t,-))La] dt = E[F(e(0,-), m(0,))1L4] .

T—o0

Thus, (7.2) follows. By the assumption of ergodicity of the measure L[p, m], all the sets in Bg[T]
are of zero or full measure. Hence we deduce that

E [F(0(0,), m(0,))|Bs[T]] = EIF(2(0,), m(0,)],

which proves the claim.
Assume now that the stationary statistical solution [, m] is defined on some general probability
space (€2,8,P). Then the law of the ergodic average

T
(7.3) = /0 Flolt, ), m(t, ) dt

under P coincides with the law of the ergodic average of the canonical process [r, w| under L[o, m].
According to the previous part of the proof, it therefore follows that the ergodic averages (7.3)
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converge in law to the constant given by
(7.4 | Fr0.).3(0.) dlo.mi(r.w) = B{P(e(0.). m(0. )]
Therefore, the a.s. limit of (7.3) is also given by (7.4) and the proof is complete. O

7.1. Existence of ergodic solutions and ergodic decomposition. As a consequence of The-
orem 7.2, the ergodic hypothesis is valid for ergodic stationary statistical solutions. As the next
step, we prove existence of such an ergodic solution and investigate the ergodic structure of the set
of all stationary statistical solutions.

For a shift invariant Borel set A C U[E], we denote by Z(A) the set of all invariant probability
measures for the group (S;)-er on A. According to Lemma 5.2, the set Z(A) can be identified with
the set of stationary statistical solutions in the sense of Definition 5.1.

Theorem 7.3. Let A C U[E] be a shift invariant set of trajectories.

(1) There exists an ergodic stationary statistical solution in Z(A).

(2) The law of every stationary statistical solution in Z(A) is the barycenter of a probability

measure supported on the set I.(A) of ergodic stationary solutions in Z(A).

Proof. By Theorem 5.5, the set Z(.A) is non-empty. Moreover, it is easy to check that it is convex and
compact with respect to the weak convergence of probability measures. Hence according to Krein—

Milman’s theorem, there exists at least one extremal point of Z(A). It is classical to show that the
extremal points are exactly the ergodic invariant measures in Z(.A), see e.g. [35, Proposition 12.4].
So the first statement is proved.

Let v € Z(A). By Choquet’s version of Krein-Milman’s theorem [35, Section 3], v is the barycen-

ter of a probability measure m supported by the extremal points of Z(A), i.e., by the ergodic
measures on 4. Thus, we can write

(7.5) y = /I A,

where Z.(A) denotes the set of all ergodic measures on A. O

Alternatively to the second statement in Theorem 7.3, one may say that every invariant measure
in Z(A) is approximated by finite convex combinations of ergodic measures in Z(A). We call (7.5)
the ergodic decomposition of v.

Recall that the pointwise ergodic theorem, Theorem 6.1, yields a.s. convergence of the ergodic
averages for every stationary statistical solution. This is not fully satisfactory as the example at
the beginning of this section shows. Indeed, in a certain setting, the time independent solutions
0 = oo > 0, m = 0 generate invariant measures J, ;) Whose support is a singleton. Accordingly,
Theorem 6.1 does not bring any interesting information. However, it can be observed that these
trivial invariant measures are ergodic and further invariant measures are obtained by their convex
combinations.

As a consequence of the ergodic decomposition, we obtain the following result on the structure
of the support of all the invariant measures.
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Corollary 7.4. Let A C U[E] be a shift invariant set of trajectories. Then
(7.6) U{suppy; VGI(X)} :U{suppv; I/GIE(Z)}.

Moreover, two distinct ergodic invariant measures are singular.

Proof. Since Z.(A) C Z(.A), the right hand side of (7.6) is a subset of the left hand side. To show
the converse inclusion, we recall that, by the ergodic decomposition (7.5), if a point [, m] belongs
to the support of some invariant measure v then it belongs to the support of at least one ergodic
invariant measure, hence (7.6) follows.

It remains to show that any two different ergodic invariant measures are singular. Indeed, if there
are two distinct invariant measures v, p, then there exists a Borel set B C A such that v(B) # u(B).
According to Theorem 6.1 and Theorem 7.2 applied to the canonical process on T and F' = 15, it
follows that the ergodic averages converge v-a.s. to v(B) and p-a.s. to u(B). If the two measures
are not singular, there exists a Borel set C C A such that v(C) > 0, u(C) > 0 and we obtain a
contradiction. g

7.2. Minimality and ergodicity. Recall that Theorem 5.5 can be applied on an arbitrary shift
invariant set A C U[E]. Due to Proposition 4.1, the whole set U[E] is one possibility and in view
of Corollary 4.2, another natural possibility is any w—limit set w[p, m]. Since all these examples are
non-empty closed subsets of the compact set U[E], we may consider a partial ordering given by the
relation C. A non-empty, closed and shift invariant set A C U[E] is called minimal provided it does
not contain any proper subset, which is also non-empty closed and shift invariant. It turns out that

the minimal elements are intimately related to ergodic invariant measures.

Proposition 7.5. The following statements hold true:

(1) every non-empty closed and shift invariant set A C U[E] contains a minimal set;
(2) any two minimal sets are disjoint;

(3) if A CU[E] is minimal then there is at most one invariant measure on A and it is ergodic.

Proof. The first point is a consequence of Zorn’s lemma, whereas the second one is an immediate
consequence of minimality. From minimality we know that if £ C A is closed and shift invariant
then either £ = () or E = A. As a consequence, every invariant measure on A is ergodic. If
there were two different ergodic invariant measures, then their strict convex combination cannot be
ergodic as it is not an extremal point. Hence we get a contradiction and there is only one invariant
measure which is ergodic. O

The above lemma gives a recipe for the construction of ergodic invariant measures by restricting
to minimal sets. Let us conclude this section with a result describing the structure of the minimal
sets. The proof is not complicated and can be found in the literature on dynamical systems. To
formulate the result, we recall that the set {S;[o, m];7 € R} is called orbit of [o, m] € U[E].

Lemma 7.6. Let A C U[E] be non-empty, closed and shift invariant. Then the following are
equivalent:

(1) A is minimal;
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(2) A is the orbit closure of every one of its points;
(3) A is the w-limit of every one of its points.

8. VALIDITY OF ERGODIC HYPOTHESIS

To summarize our investigations, by Corollary 4.2 and Theorem 5.5, every finite energy weak
solution [o,m] with a uniformly bounded energy converges (for a sequence of time shifts) to a
solution [r,w| € w[p, m] which belongs to the support of some invariant measure. According to
Corollary 7.4, this solution [r, w] belongs to the support of at least one ergodic invariant measure
and Theorem 7.2 provides the description of the limit of the corresponding ergodic averages.

On the other hand, since also the set U[FE] is compact, we could apply the Krylov—Bogolyubov
procedure as in the proof of Theorem 5.5 directly to the family of measures

1 T
T T/(; 5St(g,m)dt'

In other words, for every finite energy weak solution [o, m] with uniformly bounded energy, the
ergodic averages converge — up to a subsequence — and define an invariant measure. The principle
question of convergence of the whole sequence remains open in general. However, we may formulate
the following ergodic localization principle, which permits to reduce the problem of validity of the
ergodic hypothesis to investigation of the structure of the w-limit sets.

Theorem 8.1. Let [p, m] be a finite energy weak solution with uniformly bounded energy and assume
that there is a unique invariant measure v on its w—limit set w[o, m] C U(E) C T. Then the ergodic
hypothesis holds for [0, m].

In particular, for every bounded continuous function F': H — R, one has

1 T
/ F(g(t,-),m(t,.))dt%/ Fdyy as T — oo,
T Jo H

where vy = v o 7r0_1 is the pushforward measure on H generated by the projection my : T — H at
time t = 0.

Proof. By Krylov—Bogolyubov’s argument, there is a sequence of times 7;, — oo and a measure

v € P(U[E]) such that

1 Tn . —_—

7/ 95,(0,m) At — v narrowly in P(U[L]).
Next, we claim that supp v C w[g, m]. If [r, w] € supp v, then for every £ > 0 it holds v(B¢[r,w]) >
0, where B.[r,w] is the open e-neighborhood of [r,w] in 7. Since B.[r,w] is open, the narrow
convergence implies

1 [
lim inf / 05, (0,m)(Be[r, w]) dt > v(B:[r,w]) > 0,
0

n—0o0 n
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hence
Th

lim inf 35, (,m) (Be[r, w]) dt = oo.
0

n—o0

The integrand only takes values 0,1 and therefore there is an arbitrarily large time 7. > 0 so that
[0, m](- + 7.) € B:[r,w].

In other words, [r, w| € w[o, m].
Since there is at most one invariant measure on w[g, m] by our assumption, v is this measure and
we get the convergence of the whole sequence

1 /7 ‘ _
T/O 05,(o,m)dt — v narrowly in P(U[L]).

Accordingly, for every bounded continuous function G € BC(T) it holds

1 /7
(8.1) T/ Glol- +1),m(- + 1)) dt — / G, w) du(r,w) as T — cc.
0 T
At this point, if ' € BC(H) then taking G = F o mg in (8.1) completes the proof. O
REFERENCES

[1] G. K. Batchelor. The theory of homogeneous turbulence. Cambridge University Press, Cambridge-New York, 1982.
Reprint, Cambridge Science Classics.
[2] H. Bercovici, P. Constantin, C. Foiag, and O. P. Manley. Exponential decay of the power spectrum of turbulence.
J. Statist. Phys., 80(3-4):579-602, 1995.
[3] D. Breit, E. Feireisl, and M. Hofmanova. Markov selection for the stochastic compressible Navier—Stokes system.
arxiv preprint No. 1809.07265, 2018. To appear in Annals of Applied Probability.
[4] D. Breit, E. Feireisl, and M. Hofmanové. Stochastically forced compressible fluid flows. De Gruyter Series in
Applied and Numerical Mathematics 3. De Gruyter, Berlin, 2018.
[5] D. Breit, E. Feireisl, and M. Hofmanova. Dissipative solutions and semiflow selection for the complete Euler
system. Arzive Preprint Series, arXiv 1904.00622, 2019. To appear in Commun. Math. Phys.
[6] D. Breit, E. Feireisl, and M. Hofmanova. Solution semiflow to the isentropic Euler system. Arch. Ration. Mech.
Anal., 235(1):167-194, 2020.
[7] D. Breit, E. Feireisl, M. Hofmanové, and B. Maslowski. Stationary solutions to the compressible Navier-Stokes
system driven by stochastic forces. Probab. Theory Related Fields, 174(3-4):981-1032, 2019.
[8] D. Breit and M. Hofmanov4. Stochastic Navier-Stokes equations for compressible fluids. Indiana Univ. Math. J.,
65:1183-1250, 2016.
[9] T. Chang, B. J. Jin, and A. Novotny. Compressible Navier-Stokes system with general inflow-outflow boundary
data. SIAM J. Math. Anal., 51(2):1238-1278, 2019.
[10] P. Constantin. Euler equations, Navier-Stokes equations and turbulence. In Mathematical foundation of turbulent
viscous flows, volume 1871 of Lecture Notes in Math., pages 1-43. Springer, Berlin, 2006.
[11] P. Constantin and I. Procaccia. Scaling in fluid turbulence: a geometric theory. Phys. Rev. E (8), 47(5):3307-3315,
1993.
[12] P. Constantin and J. Wu. Statistical solutions of the Navier-Stokes equations on the phase space of vorticity and
the inviscid limits. J. Math. Phys., 38(6):3031-3045, 1997.
[13] G. Da Prato and J. Zabczyk. Ergodicity for infinite-dimensional systems, volume 229 of London Mathematical
Society Lecture Note Series. Cambridge University Press, Cambridge, 1996.



[14]
[15]
[16]
17)

[18]
[19]

[20]
21]

[22]

[30]
31]
32]

[33]

[34]
[35]

[36]

ERGODIC THEORY FOR ENERGETICALLY OPEN COMPRESSIBLE FLUID FLOWS 39

R.J. DiPerna and P.-L. Lions. Ordinary differential equations, transport theory and Sobolev spaces. Invent.
Math., 98:511-547, 1989.

F. Fanelli and E. Feireisl. Statistical solutions to the barotropic Navier—Stokes system. arxiv preprint No.
2003.04431, 2020. To appear in J. Statist. Phys.

C. L. Fefferman. Existence and smoothness of the Navier-Stokes equation. In The millennium prize problems,
pages 57—67. Clay Math. Inst., Cambridge, MA, 2006.

E. Feireisl. Propagation of oscillations, complete trajectories and attractors for compressible flows. NoDFEA,
10:33-55, 2003.

E. Feireisl. Dynamics of viscous compressible fluids. Oxford University Press, Oxford, 2004.

E. Feireisl and A. Novotny. Stationary solutions to the compressible Navier-Stokes system with general boundary
conditions. Ann. Inst. H. Poincaré Anal. Non Linéaire, 35(6):1457-1475, 2018.

E. Feireisl and H. Petzeltova. Large-time behaviour of solutions to the Navier-Stokes equations of compressible
flow. Arch. Rational Mech. Anal., 150:77-96, 1999.

E. Feireisl and H. Petzeltovd. On the long time behaviour of solutions to the Navier-Stokes-Fourier system with
a time dependent driving force. J. Dynamics Differential Equations, 2006. To appear.

F. Flandoli. Random perturbation of PDEs and fluid dynamic models, volume 2015 of Lecture Notes in Mathe-
matics. Springer, Heidelberg, 2011. Lectures from the 40th Probability Summer School held in Saint-Flour, 2010,
Ecole d’Eté de Probabilités de Saint-Flour. [Saint-Flour Probability Summer School].

C. Foiag. Statistical study of Navier-Stokes equations. I, II. Rend. Sem. Mat. Univ. Padova, 48:219-348 (1973);
ibid. 49 (1973), 9-123, 1972.

C. Foiag, O. Manley, R. Rosa, and R. Temam. Navier-Stokes equations and turbulence, volume 83 of Encyclopedia
of Mathematics and its Applications. Cambridge University Press, Cambridge, 2001.

C. Foiag, R. M. S. Rosa, and R. Temam. Properties of time-dependent statistical solutions of the three-dimensional
Navier-Stokes equations. Ann. Inst. Fourier (Grenoble), 63(6):2515-2573, 2013.

C. Foiag, R. M. S. Rosa, and R. M. Temam. Convergence of time averages of weak solutions of the three-
dimensional Navier-Stokes equations. J. Stat. Phys., 160(3):519-531, 2015.

C. Foiag, R. M. S. Rosa, and R. M. Temam. Properties of stationary statistical solutions of the three-dimensional
Navier-Stokes equations. J. Dynam. Differential Equations, 31(3):1689-1741, 2019.

K. It6 and M. Nisio. On stationary solutions of a stochastic differential equation. J. Math. Kyoto Univ., 4:1-75,
1964.

A. N. Kolmogorov. Selected works of A. N. Kolmogorov. Vol. I, volume 25 of Mathematics and its Applications
(Soviet Series). Kluwer Academic Publishers Group, Dordrecht, 1991. Mathematics and mechanics, With com-
mentaries by V. I. Arnol’d, V. A. Skvortsov, P. L. Ul'yanov et al, Translated from the Russian original by V. M.
Volosov, Edited and with a preface, foreword and brief biography by V. M. Tikhomirov.

N. V. Krylov. The selection of a Markov process from a Markov system of processes, and the construction of
quasidiffusion processes. Izv. Akad. Nauk SSSR Ser. Mat., 37:691-708, 1973.

N. V. Krylov. Introduction to the theory of random processes, volume 43 of Graduate Studies in Mathematics.
American Mathematical Society, Providence, RI, 2002.

P.-L. Lions. Mathematical topics in fluid dynamics, Vol.2, Compressible models. Oxford Science Publication,
Oxford, 1998.

R. Maifié. Ergodic theory and differentiable dynamics, volume 8 of Ergebnisse der Mathematik und ihrer Gren-
zgebiete (3) [Results in Mathematics and Related Areas (3)]. Springer-Verlag, Berlin, 1987. Translated from the
Portuguese by Silvio Levy.

J. Malek and J. Necas. A finite-dimensional attractor for the three dimensional flow of incompressible fluid. J.
Differential. Equations, 127:498-518, 1996.

R. R. Phelps. Lectures on Choquet’s theorem, volume 1757 of Lecture Notes in Mathematics. Springer-Verlag,
Berlin, second edition, 2001.

M. Reed and B. Simon. Methods of modern mathematical physics. I. Academic Press, Inc. [Harcourt Brace
Jovanovich, Publishers], New York, second edition, 1980. Functional analysis.



40 FRANCESCO FANELLI, EDUARD FEIREISL, AND MARTINA HOFMANOVA

[37] G. R. Sell. Global attractors for the three-dimensional Navier-Stokes equations. J. Dynamics Differential Equa-
tions, 8(1):1-33, 1996.

[38] M. J. Vishik and A. V. Fursikov. Mathematical problems of statistical hydromechanics, volume 9 of Mathematics
and its Applications (Soviet Series). Kluwer Academic Publishers Group, Dordrecht, 1988. Translated from the
1980 Russian original | MR0591678] by D. A. Leites.

(F. Fanelli) Un1v. LyoN, UNIVERSITE CLAUDE BERNARD LyoN 1, CNRS UMR 5208, INSTITUT CAMILLE JOR-
DAN, F-69622 VILLEURBANNE, FRANCE
E-mail address: fanelli@math.univ-lyonl.fr

(E.Feireisl) INSTITUTE OF MATHEMATICS AS CR, ZITNA 25, 115 67 PRAHA 1, CZECH REPUBLIC AND INSTITUTE
OF MATHEMATICS, TU BERLIN, STRASSE DES 17.JUNI, BERLIN, GERMANY
E-mail address: feireisl@math.cas.cz

(M. Hofmanovd) FAKULTAT FUR MATHEMATIK, UNIVERSITAT BIELEFELD, D-33501 BIELEFELD, GERMANY
E-mail address: hofmanova@math.uni-bielefeld.de


http://www.tcpdf.org

