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ABSTRACT. We construct the weakly nonlinear-dissipative approximate system for the general
compressible Navier-Stokes system in a periodic domain. It was shown in [11] that because
the Navier-Stokes system has an entropy structure, its approximate system will have Leray-like
global weak solutions. These solutions decompose into an incompressible part governed by an
incompressible Navier-Stokes system, and an acoustic part governed by a nonlocal quadratic
equation which couples it to the incompressible part. We obtain regularity results for the
acoustic part of the solution via a Littlewood-Paley decomposition that extend to this general
setting results found by Masmoudi [18] and Danchin [6] in the -law barotropic setting.

1. INTRODUCTION

We study the weakly nonlinear-dissipative approximation of the general compressible Navier-
Stokes system over a periodic domain. This approximation governs the long-time behavior of
small perturbations about a constant state when the dissipation is weak. The theory of such
approximations was developed in [11] for general hyperbolic-parabolic systems with an entropy
structure. There it was shown that the entropy structure of the original system endows the
approximate system with a natural Hilbert space structure within which a Leray-like existence
theory of global weak solutions can be established. Here this approximate system is constructed
for the general compressible Navier-Stokes system, in which case we call it the weakly compress-
ible Navier-Stokes system. Its solutions decompose into an incompressible part that is governed
by an incompressible Navier-Stokes system, and an acoustic part that is governed by nonlocal
quadratic equations which couples it to the incompressible part. The nonlocal nature of these
equations arises because they are derived by time-averaging over the fast acoustic dynamics.
We obtain regularity results for the acoustic part of the solution via a Littlewood-Paley decom-
position, which extend to this general setting results found by Masmoudi [18] and Danchin [6]
in the y-law barotropic setting. This regularity allows us to show that the uniqueness question
for weak solutions reduces to the question of uniqueness for their incompressible parts.

Our starting point is the general compressible Navier-Stokes system for a gas in D-dimensional
periodic spatial domain T”. The system is

Op + Ve (pu) =0,
(1.1) O(pu) + V- (pu @ u+ pl) = V,.- S,
O; (30lul® + pe) + Vi- (5plul*u + peu + pu) = V- (S - u — q) .

These equations express the local conservation of mass, momentum, and energy respectively.
Here I denotes the D x D identity matrix. We shall take as the basic dependent variables
the mass density p(t,z) > 0, the bulk velocity u(t,z) € R”, and the specific internal energy

Date: December 14, 2009.



2 NING JIANG AND C. DAVID LEVERMORE

e(t,z) > 0. The pressure p = p(p,¢e) is given by a thermodynamic equation of state. The
deviatoric stress tensor S and heat flux ¢ are given by the constitutive relations

(1.2) S =p[Vou+ (Vou)" = 2(Vew) | + MVew),  qg=—kV,0,

where the temperature § = 6(p,c) > 0 is given by a thermodynamic equation of state, while
the shear viscosity coefficient u = p(p, e) > 0, the bulk viscosity coefficient A = A(p,e) > 0, and
the thermal conductivity coefficient x = k(p,e) > 0 come either from some non-equilibrium
(kinetic) theory or from fits to experimental data.

Weakly nonlinear-dissipative approximations of the compressible Navier-Stokes system (1.1)
govern regimes in which the gas is near a global equilibrium and the coefficients of viscosity
and thermal conductivity are small. Because we have assumed that ¢ > 0 and x > 0, the only
global equilibria of (1.1) over a periodic domain are the constant states [11]. By a Galilean
transformation, any global equilibrium can then be put into the form (p, u,e) = (p°, 0,£°) where
p° and € are positive constants.

We apply the general theory developed in [11] to derive the averaged equation. For the
compressible Navier-Stokes system, the averaged system has fruitful structural features that
makes it amenable to analytic study. More specifically, let A be the acoustic operator, which
is the linearization of the Navier-Stokes system (1.1) neglecting dissipation about the constant
state (p°,0,e°),

ﬁ pOVx-ﬂ
N P~ Pl ~
1.3 A = | o Var+—5 Vel | |
(1.3) Y P> p
5 P g .4
pO

where the coefficients are evaluated at the constant state.
The acoustic operator A has nontrivial null space Null(A) which contains the incompress-
ibility and Boussinesq relations

(1.4) V=0,  pp+plE=0.

We call it the incompressible mode, while we call its orthogonal complement space Null(A)~+
the acoustic mode.

The projection of the avaeraged system on Null(.A) is the incompressible Navier-Stokes equa-
tions with Boussinesq relation, while on Null(A)* is a nonlocal quadratic system which is cou-
pled with the projection on incompressible mode and describes how the fast waves propagate.
This is the reason we call the weakly nonlinear-dissipative approximation of the compressible
Navier-Stokes system the weakly compressible Navier-Stokes system.

In the present paper, there are two key novelties. First, we study the fully general gas
dynamics. This means we consider the compressible Navier-Stokes system not only includes the
energy equation, but also without any unphysical restrictions on the pressure law and entropy.
In their studies of incompressible limits of the compressible Navier-Stokes equations, Masmoudi
[18] and Danchin [6] also derived the averaged system which describes the propagation of the
fast oscillation of the acoustic waves, inspired by the work of Schochet [20]. But they only
worked on the v-law barotropic gases, i.e. p = ap? in (1.1), so that no energy equation is
considered. Thus we generalize the results of Masmoudi and Danchin on the averaged system
from barotropic gases to general gases.
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Second, working in the general setting clarifies the central role played by the entropy, which
is used not only to define a natural Hilbert space in which we prove the global existence and
regularity of the averaged system, but also to illustrate the structure of the incompressible
and acoustic modes. In previous works on the low Mach number limits of y-law barotropic gas
dynamics, or in the work of Hoff-Zumbrun on the diffusion waves for the isentropic compressible
Navier-Stokes equations [9, 10] in which they also derived the averaged equations, the entropic
structure of the compressible Navier-Stokes was not illustrated.

The outline of this paper is the following: in Section 2, we derive the formal averaged
system of the compressible Navier-Stokes-Fourier system, and describe the projections on the
incompressible mode Null(A) and acoustic mode Null(A)+. In Section 4, we use a Littlewood-
Paley decomposition to show that in the time interval of the existence of the regular solution
to the incompressible Navier-Stokes equations, the averaged system in the acoustic mode has
higher regularity.

2. PRELIMINARIES

We begin this section with a review of the framework that was developed in [11] for weakly
nonlinear-dissipative approximations of hyperbolic-parabolic systems with a strictly convex
entropy. We then characterize when the compressible Navier-Stokes system (1.1) fits into this
framework.

2.1. Weakly Nonlinear-Dissipative Approximations. In [11] we studied weakly nonlinear-
dissipative approximations for a class of hyperbolic-parabolic systems with entropy. These
systems have the form

(2.1) OU + V,-F(U) = V,-[D(U) - V,U]

where U is a vector of densities, F(U) is a twice continuously differentiable flux, and D(U) is
a continuously differentiable diffusion tensor. Moreover, they are assumed to possess a strictly
convex, thrice continuously differentiable, real-valued entropy density H(U) such that classical
solutions of (2.1) also satisfy

(2.2) OH(U) + V- J(U) = V- [Hy(U)D(U) - VU] — VU - Hyy(U)D(U) - V,U |

where the entropy flux J(U) satisfies Jy(U) = Hy(U)Fy(U) while the tensor Hyy(U)D(U) is
symmetric and nonnegative definite. Here Hy(U), Jy(U), and Fy(U) denote the derivatives
of H(U), J(U), and F(U) with respect to U while Hy(U) denotes the Hessian of H(U) with
respect to U.

Weakly nonlinear-dissipative approximations of (2.1) govern regimes in which U is close to
a constant state U° and the dissipation is small. If we express the densities U in terms of
any choice of dependent variables V' as U = U(V'), so that U° = U(V?), we then define the
matrix R° by R° = Uy (V°). The weakly nonlinear-dissipative approximation of (2.1) governs

the perturbation V of V about V° by the system

(2.3) oV + AV +Q(V,V) =DV,
where the operator A is formally defined by

(2.4) AV = (R°)'Fy(U°)R® -V, V |
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while the averaged operators Q and D are formally defined by

(2'5) L 1 T ~
DV = lim —/ eADe AV ds,

T—o0 _T

with the operators Q and D given by

Q(V,V) = Var [L(R) ™ Fuw (U”) (BV, ROV |
(2.6) N _
DV = V- |(R) ' D(U°)R* - Vi,V | .

The first two terms in (2.3) are the linearization of (2.1) with respect to V negelecting the
dissipation. The operator A thereby governs the fast dynamics. Nonlinearity and dissipation
will modify the dynamics on longer time scales because the perturbation V' is assumed to be
small while the dissipation is assumed to be weak. The operators QO and D are averages of Q
and D over the fast dynamics that attempt to capture these modifcations.

It was shown in [11] that the entropy structure (2.2) implies that the operator A is skew-
adjoint in the Hilbert space

(2.7) H:{vELQ(dx;RD“) ; /Ddezo} .
T
equipped with the natural inner product
(2.8) (12) = /TD (R°VA) " Hyy (U°) RV dx
The entropy structure implies moreover that Q formally satisfies the cyclic identity
(2.9) (V1. 9(Va15))+ (Vo @V, 1))+ (15, Q(1h.W2)) = 0.
and that D formally self-adjoint and satisfies the dissipation relation
(2.10) (f/,@f/)H <0.

It was also shown in [11] that over the periodic spatial domain TP these formal relations could
be made rigorous, and that whenever D is strictly dissipative, the weakly nonlinear-dissipative
approximation (2.3) has a Leray-like theory of global weak solutions for initial data in H.

Finally, as was noted in [11], had we made a different choice of dependent variables W, with
the densities U expressed as U = U'(W), so that U° = U’(W?), then the perturbation W of W
about W¢ is governed by the system

W + AW +Q (W, W) =DW,

where the operators A’, @/, and 5/, are related to the operators A, Q, and D appearing in

(2.3) through the tranformation matrix 7' = dy (U~*(U'(W))) }szo as

(2.11) A =T7rAT,  QW,W)=T"'"Q(TW,TW), D =T'Dr.
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2.2. Entropy Structure of Gas Dynanics. In this section we show that the compressible
Navier-Stokes system (1.1) is a hyperbolic-parabolic system of the form (2.1) with a strictly
convex entropy that satisfies (2.2). Indeed, it is clear that (1.1) has the form (2.1) with

p pu”
(2.12) U= pu , FU) = puu® + pl ,
Tplul® + pe tolulPu” + peut + pu”

and some four-tensor D(U) which we will not write down here. We therefore only have to verify
that the compressible Navier-Stokes system has a strictly convex entropy structure.

The equations-of-state for pressure and temperature, p = p(p,e) and 0 = (p, €), are assumed
to be given by twice continuously differentiable functions over (p,e) € R2 that satisfy the
Maxwell relation [4]

(2.13) Op. =pb.+ p*0,, for every p > 0 and € > 0.

In addition, these functions are assumed to satisfy the inequalities

(2.14) pp+%pe>0, Ppbe —0,p: >0, for every p >0 and e > 0.

These inequalites insure the existence of a strictly convex entropy structure for the compressible
Navier-Stokes system (1.1). They thereby play a leading role in our analysis.
The Maxwell relation (2.13) implies there exists a function o(p, ) over R? such that

P 1
(215) O'pze—pz7 0'52—5.
This is equivalent to saying o satisfies the differential relation
p 1

We can thereby identify —o with the physical specific entropy [4]. The equations of state can
then be expressed in terms of o as

o,(p;€) 1
(2.17) p=p*-2L ’ = —
o:(p, ) o:(p, )
For example, for a polytropic v-law gas one has
(2.18) Uzlog( p1>, p=(—1Lpe, 0=(y—1,
g1

where the constant v > 1 is the adiabatic exponent. Equations (2.15) uniquely determine
o(p,e) up to an additive constant that is usually normalized to a reference state, but whose
value does not effect the equations of state (2.17).

Now define H(U) = po(p,e) where U is given by (2.12). It was shown in [8] that H(U) is
a strictly convex function of U if and only if the inequalities (2.14) hold. We will sketch the
argument here because some of its ingredients will be used later. We first introduce the vector
variable V' and matrix function R(V') by

P 1 0 O
(2.19) V=1ul|, R(V)=Uy(V) = u pl 0
£ HuPP+e pu® p
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A direct calculation [8] then shows that

1 Opp + % o, 0 O pe
(2.20) ~ RV Hyy(U)R(V) = 0 —o.d 0

P O pe 0 Oee
Because —o. = 1/6 > 0, it is clear that Hyy(U) is positive definite if and only if the matrix

2 2

Opp T 50p Ope) _ L (0p,—pb, p0, . . .
( o, 055) = _p2 7B 0, 20, is positive definite .

This will be the case if and only if

P Qpp _p‘gp 0 )
p
2.21 p = p? g :0( +—€)>0,
(2.21) < p) 0, 0. p Dp 2 D
p
and
Op, —pb, 0
——— 0] 0
(2.22) det p = — (ppb- —0,p:) >0,
0, 0. P

where the Maxwell relation (2.13) was used to evaluate the quantities in both (2.21) and (2.22).
Finally, it is clear that (2.21) and (2.22) are equivalent to the inequalities (2.14).
We can then show [11] that

(2.23)  Oy(po) + V,- (puo + g) = —g (Vou + (Vou)' — 31 Vz‘u|2 —AMVeul? — 5 |V,0).
Because g > 0, A\ > 0, and x > 0 the right-hand side above is nonpositive. Because H(U)
is strictly convex, we can see that (2.23) has the form (2.2). The compressible Navier-Stokes
system (1.1) is therfore a hyperbolic-parabolic system with a strictly convex entropy given by
H(U) to which the theory in [11] applies.

The inequalities (2.14) can be understood better by introducing some notation that is com-
mon in thermodynamics, but less so in mathematics [4]. Given any three differntiable quantities

Y(p,€), d(p,€), and n(p, ), we define
a_”lb> _ nswp - 77p¢5
n

2.24 :
2249 (&b NePp — NpP=

In other words, the subscripted parentheses denote that the enclosed derivative is to be taken
while holding the subscript quantity fixed. The inequalities in (2.14) can then be expressed as

). (o)
2.25 =) >0, =) >0.
(229) <3p o 9 Jg

Because the first quantity on the left is related to the sound speed ¢ by [4, §]
op p
2 _
(2.26) cs = <8_p>g =pp+ Fpe )

the compressible Euler system associated with (1.1) is hyperbolic if and only if the first in-
equality holds [8]. The second inequality insures that the only stationary solutions of the
compressible Navier-Stokes system (1.1) over T? are constant states [11].
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3. WEAKLY COMPRESSIBLE NAVIER-STOKES SYSTEM

In this section we compute the weakly compressible Navier-Stokes system. More precisely, we
will apply the general recipe for weakly nonlinear-dissipative approximations given by (2.3) to
the compressible Navier-Stokes system (1.1). We will take as our the constant state (p,u,e) =
(p°,0,e°) where p° and €° are positive. We will take as our dependent variables V' given by
(2.19). We also see from (2.19) that the matrix R° = R(V?°) = Uy (V°) and its inverse are

1 0 0 L [ 00
(3.1) R=|0 poI 0], (R)y'==|0 10
e 0 p° PP \=eo 0 1

The weakly nonlinear-dissipative approximation to the compressible Navier-Stokes system (1.1)
thereby has the form (2.3) where the operator A defined by (2.4) is given by

p° Ve-u

o~ Pl -
(3.2) AV = p—ivxijEan :

o

P v.a
pO

while the averaged operators Q and D are given by (2.5) with the operators Q and D defined
by (2.6) given by

o~ ~ ~ pr ~9 pZzs ~ ~ pga 2
_ ; -+ 1
Q(V,V)— V. <U® +(2p0 0 I P0€—|-2p8) ) :
Vx-(éﬁ—i— <p—5ﬁ—|——28~> ﬂ)
(3.3) g !
0
D—2
" o D—z O_|_)\O
- | L aas D s V.V,
po 080 po 9
K o0 [)o
LN AN

pO
All that remains to be done in order to obtain the weakly compressible Navier-Stokes system
are the two hardest steps — namely, to compute the averaged operators Q and D. That is
central task of this section.

3.1. Structure of the System. We first state the formal structure of the averaged system
(2.3).

Theorem 1. A solution V to system (2.3) with initial condition V™ = (p'*, u'®, )T can be
decomposed orthogonally to PV = (—;;—%ﬂ,w,ﬁ)T and PV = (&7 ,v, /ﬂg—ZﬂW)T, where (9, w)
P
satisfies the incompressible Navier-Stokes system
Vew=0,

(3.4) Ow +w - Vow + Vep = S A w,

p

B0 +w - V) = £ ALY

0
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with initial data (w,9)]i—g = (W™, ™), where w™ = [Mu™, and 9™ = —popg%pin +

PLV satisfies the non-local quadratic system

Py _in hil
e, while

PV + APV + Q0 (PV, PHV) + Qs (PLV, PLV) = APV,

3.5 .
( ) PLvlt:O — Plvln )

More explicitly, (m,v) satisfy the equations

4p

+ Q5 (PV.PHV) + Q5 (PHV, PHV) = il

(36) o + p°c®? V- v+ (}1 + pgo> w-V,m + %ﬁvx-v

and

0

(3.7) Opv + Vo + 52

0 cO

Vo(97) + Q4. (PV,PHV) + Q5. (P V, PHV) = il,v .
The details of the non-local terms in (3.6) and (3.7) will given later.

Remark. An important feature of the averaged system (2.3) is that the projection on the
slow mode (incompressible Navier-Stokes equations) is completely decoupled from that on the
fast motion, so it can be solved separately. One solution is provided by Leray [15]. But the
equation on the fast mode is coupled with slow equation. The coefficient of the nonlocal term
Q5,(PV,PLV) depends on PV. A similar phenomena appears in many other problems related
to the motion of fast oscillating waves [1, 2, 3, 19, 16, 17, 20].

Remark. If we were to use temperature 6 rather than specific internal energy ¢ as the depen-
dent variable then the resulting system is related to the one computed here by (2.11) with T
given by
10 0\ "
T=|(0 I 0
g, 0 62

In the rest of this section, we give a detailed calculations to show Theorem 1. Our first step
will be to give the spectral decomposition of the operator A, which plays a central role in our
analysis. We will then compute the averaged dissipation operator D, followed by the more
complicated averaged quadratic operator Q.

3.2. Acoustic Operator. Because the operator A is the linearization of the compressible Euler
system about a constant state, the only dynamics associated with it is that of sound waves. It is
thereby called the acoustic operator. The weakly compressible Navier-Stokes system has a nice
structure that it gains because it is an average over the fast acoustic dynamics. Specifically, its
solutions can be decomposed into a so-called incompressible component that lies in Null(A), and
an acoustic component that lies in Range(.4). We will see that the incompressible component is
governed by an incompressible Navier-Stokes system, and thereby decouples from the acoustic
component. On the other hand, we will also see that the acoustic component is governed by a
quadratic acoustic system that couples to the incompressible component.
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It is clear from (3.2) that the range and null space of A are given by

p°B
Range(A) = Vep |+ pe Li(dx), ¢ € H (dw) p
e
(3.8) p
Py
Null(A) = w | ye€ L3(dr), we LA(dz;RP), Vorw =03
—Dy

where LZ(dz) denotes L? functions with mean zero.

Because A is skew-adjoint in the Hilbert space H, it follows that Range(A) = Null(A)*+,
where Null(A)+ is the orthognal complement of Null(.A) with respect to the the natural inner
product on H given by (2.8). For the weakly compressible Navier-Stokes system we have
H(U) = po(p,e) where U is given by (2.12), while the matrix R° is given by (3.1). Because by
(2.20)

. p"azp + 202 0 POUZE
(39) R° HUU<UO)RO = 0 —pOO'gI 0 s
P00 0 Pl

the natural inner product (2.8) becomes

(7T2), = [ [+ 20 i+ 703 (s + 2170)
TD

0o _0 ~ =~ o __0 ~ ~
+p Jgseleg—paeul-uﬂ dx .

(3.10)

For the notational simplicity, we henceforth denote this inner product by (-, -).
The spectral decomposition of A can be characterized in terms of the eigenfunctions of the
Laplacian. Let ¢° denote the speed of sound, which is given by

0 0 po 0
(3.11) c :,/pp—i—ﬁps.

Let ¢, be an eigenfunction of the Laplacian satifying

(3.12) N, b, = V20, over TP for some v > 0.
Then a direct calculation shows that
+ip°P, g, +ip°P,
(3.13) Al EVio, | = [ £ic?Vod, | = +icov | £V
Ligo,) \ zzo, LiLs,

We thereby see that if v? is a positive eigenvalue of —A, with eigenfunction ¢, then Ficv
is a conjugate pair of eigenvalues of A with eigenfunctions given above. Because the real and
imaginary parts of these eigenfunctions clearly span Range(.A) as given by (3.8), this must be
a complete list of eigenpairs with nonzero eigenvalues.

For periodic domains solutions of (3.12) are given by the Fourier modes. If T? = RP/L,
where L. C R? is some D-dimensional lattice then the Fourier modes are ¢?** where k € L*
and IL* is the dual lattice of IL, which is defined by the property that k-1 = 0 mod 27 for every
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k€ L*and [ € L. (So that L* = (27Z)” when L = ZP.) The Fourier mode e solves (3.12)
with v = |k|. By (3.13) we can thereby construct an eigenfunction basis for 4 in the form

o

p
H(z) = Oésg(k)%co ek
p°
pO
where k € L* and « is + or —, and the notation sg(k) stands for a generalized sign function on
RP\ {0} : its value is 1 if and only if the first nonzero component of k is positive, —1 elsewhere.
One can check that H(z) is the eigenvector of A with the eigenvalue ic’asg(k)|k|, with the

norm

(Hkak) 2po oo2_ao2002’

where a® = \/—2p°0?0.

Remark. The relation (3.13) between the spectral representation of the acoustic operator
A and the spectral representation of the Laplacian can be applied to more general bounded
domains. In that case, zero normal velocity boundary conditions for the acoustic operator
corresponds to Neumann boundary conditions for the Laplacian.

The proof of (1) immediately follows the definition of the operator .A. The proof of part (2)
follows from (1) and the definition of the inner product associated with H. Suppose AV, = 0,
e V= (p1, 1, —i—gﬁl)T, while V,-4; = 0. Then (A‘Z, %) = 0 implies that us is a gradient
and &y = d’po, Where

go = PPo%p = P°PETy, — 2020,

p ps pg p ppO-gE
Again using the thermodynamical relation of the pressure p = —pQ%, we can verify the
identit
identity ]

&=L
IOO2 ’
Because the operator A is skew-adjoint, we have the following decomposition of H:

H=H, & Hs,,

where

H, = Null(4),  H, = Range(A) = Null(A)*
Every V € H has the unique decomposition
V=PV+4+PV,
where P and P+ are projections onto Null(A) and Null(A)+ with
P H— H, Pt H — H,,

defined by
ﬁ pfzigzﬁ - {);525 ﬁ Cogp-l- 6025
(3.14) Pla] = a , Plal| = (I —T)a ,
3 fzpp 3 52252p+ 521;5;25

where II is the usual Leray projection onto the space of divergence-free vector fields defined by
N=1-V,A'V,-
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The averaged system (2 3) can be represented in terms of the spectrum of A. Noticing that
the averaged operators @ and D are involved the exponential operators e**4, which do not
have any effect on the eigenspace associated with the eigenvalue 0, we are only interested in
the spectral space associated with the nontrivial eigenvalues.

We define that

P’y . Py _
pOQCOZp 6028 w= HU,

9= —

and
ﬂ:pZﬁ—l—pgé, v=(I-1Iu

Then we have the following orthogonal decomposition: for every Ve H,

N a2
V=PV+PV=| o |+ v
79 po€0027r

P~V can be represented by Hp:

We denote the coefficient of Hy' in the above representation of PLV as

(V, H?) 1 1 k- O
3.15 V= = T + 5oasg(k :
(815) C= g Hp) T oot e T

where f, denotes the Fourier coefficient of function f (x).

3.3. Averaged Dissipation Operator. Let ) be any eigenvector associated with eigenvalue
0. The exponential operator e** does not affect Null(.A). The inner product of PD with 7 is:

T
(5‘/, 77) = lim i/ (De_SAV, 77) ds

1 (7 1"
= lim — / (PDPV,n) ds + lim / (De™*4P+V,n) ds.

The first term is the resonant term which is independent of s, so is not affected by time
averaging. The second is non-resonant, which is filtered by time averaging. The following
Riemann-Lebesgue lemma, the proof of which can be found in [7], guarantees that this second
term vanishes. Thus we have

(5\/, 77) = (PDPV,n) .

Lemma 1. In the time averaging, the oscillatory integral

T
(3.16) lim —/ e AR p(s) ds

for any integrable function ¢(t) vanishes when A(k) # 0. The only nonzero contributions that
survive the averaging process are the resonance A(k) = 0. Here A(k) is any polynomial of k so
that (3.16) is integrable.
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Upon applying the above Lemma, we deduce that the projection of the averaged dissipation
operator on Null(A) is given by

ALY
ppp c"
(3.17) PDV =PDPV = [ & TA, T |
KA

pecy
where ¢; is the specific heat capacity at constant pressure, which is given by
) 80' Opo o_poo.o 602
== <ag)(p e?) =—0 509'2_ 5922 0o _ pogo’
P Uy, —Pp e DeVy = Pp Ve
Equilibrium thermodynamics demands that ¢, > 0.
The projection on Null(A)*+

(DV, Hg)

PLDYy = S A k) e
Z(H;?,H;?) g

a,k
where (DV, HY) is
T
(DV, Hy) = lim iT / (De AV, e *AH}) ds

T—o0 2 _T

(3.18)

I ,
- lim —/ ‘/zﬂefls(ﬁsg(l)m*aSg(k)‘k‘) (DHlﬁ7H]?> ds.

T—o0 2
Byl

Straightforward calculations imply that (DH lﬁ ,H ,‘j‘) is nonzero only when k£ = [. Note that in

this case, by Lemma 1, (3.18) is nonzero if and only if o = 3. Simple calculations show that
(DHR, Hy) = —f|k|* (HE, HE) -

Thus

(3.19) PIDV = —p Y |kPVOHE = G APV
a,k

where

- 285Le N o (p2)?

- 2,00 2po3co2

is always positive for physically meaningful models. Simple calculation shows that the averaged
diffusion term is strictly dissipated, in other words,

— (DV,V) = — (PDV,PV) — (P*DV,P+V)

2
_ H (-Bveva, JEVa Veva) |+ [PV
GollV ez

for some 9, > 0. Furthermore, (5‘/, V) = 0 if and only if V = 0.

Remark. The original dissipation operator D is only partially elliptic (dissipative). That is
one of the difficulties for the equations of compressible model because the equation of continuity
is just a transport equation, does not have dissipation. From our derivation, after taking time
averaging, the diffusion term in the averaged system is strictly dissipative. This averaged
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dissipation operator appeared in the work of Hoff and Zumbrun [9, 10]. They called it an
“artificial viscosity term 7, applied to the isentropic gas without energy equation. So our
averaged system, when we ignore the nonlinearity, is a natural generalization of the Hoff-
Zumbrun’s so-called “effective artificial viscosity system” [9, 10]. Actually, one of the main
motivation of Hoff-Zumbrun’s consideration is to modify the dissipative operator so that it has
strict parabolicity.

3.4. Averaged Quadratic Operator. By a similar approach, we can compute Q(V , V). For
any 7 € Null(A),

1 T
(Q(V.,V),n) = lim —/ (Qe™™V ,e*4V),n) d
T—o0 2T _T
(3.20) T
. 1
:,Il,ggoﬁ/T(Il_’_]Q—'—I?nn) d37
where

I =Q(PV,PV),
= Q(PV,e ™ PLV) + Q(e PV, PV),
Iy = Q(e PV, e*4PLV).
Direct calculations show that
I, = Z-Covkae—ismg i(k+1)-x

19 asg(k) (km) + Zay - (k+1)
) Lo (k1) ]k+[k (k-+1)] b,
p

X 19l(k:+l)—|—ozsg( I ,

Dyovsg(k)® (|kJ|rl) + (p vt ) w; - (k+1)
and .
13 _ %COQ‘/koz‘/lﬁe—isDZlﬁei(k—l-l)m
2 (asg(k)f + Bse() ﬁ) (k+1)
x | asg(k)Bsg() B L gk 7)) |
(5 + ) (asglh)i + Bsa()gr) - (k+0)
where
0F = asg(R)b], O3 = ¢ (asg(k)[K| + Bse )
o 1
a=- ( (ppp +ppgpoz) + (p5. +p€5p02)> ,
0 1 0,0 2p°ppe oe
C2:CE(pppp+ pP _|_Pp)7
and

w = g W™ U= E Vet
! !

with [ - a(l) = 0.
Using Lemma 1, in (3.20),
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Now we claim that we also have

1 (7
lim — I ds=0.
Tooo 2T / (I3, ) ds =0
By Lemma 1, the only non-trivial contribution is on the resonant set, ? w =0, le.

K=, asg(B)[k] + Bsg(D)l] = 0.

On this resonant set, it is easy to see that the first and the last component in I3 can factor out
the term asg(k)|k| + Bsg(l)]l], which is zero, and the second component of I3 can factor out
the term e'**)7j(k +[) which is a gradient form. So after time averaging, I3 is in Null(A). So
its inner product with 7 is zero. Thus PQ(V ,V) = PQ(PV,PV). A direct calculation yields

pfw V.0
(3.21) POPV,PV)=| w-Vuw
w - Vi
The projection on the acoustic mode PLQ(V , V) is
1 A T £ 0 Sq
002002 Z (v, v), ZTIEEO oT / (Iy + Iy, e~ isosstmlml 0 ) {0 ¢

o,m
= er(PV, PHV) + Qs (PHV, PV,

where Q,, and O3, denote the averaged quadratic operator over the two-wave and three-wave
resonant sets respectively. Note that Q. depends on both the incompressible and acoustic
modes, while Q3. depends only on the acoustic modes.

3.4.1. Two-wave resonant term. Applying Lemma 1 again, we derive

(3.22) Qo (PV,PV) =Y N, - imH),(z),

where

1 . o o2k-m k o m
)\fn = — Z Vi [cgwl — plo? 2 w; + 041915 sg(m )? — c{p°o; 0, 0sg(m)—1,
a asg(k)=0dsg(m) | H ‘ | | m|

k+l=m
|k[=|m|
where
0 1 03 _o 0,0 02 o 02 o
63200_2(p30-90+2pp0-p6+p U€5+2p2 )+(p0-65+p20- )7
o 1 2/ 02 o 0 _o 0 _o 02 o
0425(_5_%@ QUpp+2pUp+pUp)+p2a +p055)'

Using the Maxwell relation, we can simplify ¢§ and ¢} as

(

1 (o}
¢ = go(p +p?) , c¢;=0.
Thus,

L T

a°2? 2 2 po :
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Then

1 po ~ k-m ~ (1 m
(3.23) ern = Vi {(— + == ) W + 7w + o0 sg(m)—
asg(k)g(;sg(m) ’ 2 2/)0 |k’ |m| 2 |m’

k+l=m

|k[=[ml|

To express the components in (3.22) explicitly, we plug (3.15) into (3.23). In the component
of density, the following two terms can factor out local terms:

1 = (1 e 0 _im-x
Z Z on(co)Qﬂ'k <2 + 2p0> wq Zmp e

om asg(k)=6sg(m)

k+l=m
_ 1
T o2 <

|k[=m]|

)w Vﬂ'—z Z W%}C(%—f—fs)wl Zmpoelmaz

o,m asg(k)=0sg(m)
k+l=m
|| #|m]

and

Z Z %CY Sg(/f)%%ﬁlé Sg(m)vmn_‘ . impoeim-x
om asg(k)=dsg(m)

k+l=m
|k|=|m/|

:/fci?ﬁvxv — Z Z Q_ioa Sg(k?) k|k§|k éﬁlésg(m)% . impoeim-z .
o,m asg(k)=4sg(m)

k+l=m
|k|#|m]

In the component of velocity, the following term can factor out a local term:

S Y ki disg(m) @ - imsg(m) e
5m. asg(k)=0sg(m)

k+Il=m

|k|=|m|

4:ICOV (Im) Z Z ka 21958g( )% imd sg(m )‘m‘coe’mx

o,m asg(k)=4dsg(m)
k+l=m
|| #|m]|

Thus, the density component of Q,, (PV, PLV) can be written as

(3.24) - (%1 + ) w - Vo + 530V, 0+ 2505, (PV, PHV)

where CO%Q;FT (PV, PLV) inludes all the other non-local terms in the density component of
Qo (PV, PLV). Similarly, the velocity component of Q,, (PV, PLV) can be written as

(3.25) v, (97) + Q. (PV, PLV)

4p°c°

where Q3 (PV, PV includes all the non-local terms in the velocity component of Qy, (PV, P+V).
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3.4.2. Three-wave resonant term. The 3-wave interaction term Qs, (PLV, PLV) can be written
as

Qu (PLV.PHV) =i 3 >

k+l=m

o,m

asg(k)|k|+Bsg(D)[l|=0 sg(m)|m|
k-m [-m

VeV | = eottssmiiml + ¢ (ass) S + s )

2(k-m)(l-m)] s
RIlTm }H“”'

We apply basically Masmoudi’s arguments [18] to analyze the structure of the resonant set.
The resonance condition between (k,a), (I, 3), (m,d), namely (Hg, Hlﬁ, H?) is

(3.26) E+1l=m, asg(k)|k] + Bsg(l)|l| = dsg(m)|m].

— p’olasg(k) Bsg(l)d sg(m)

Hence, 2k - | = 2asg(k) Bsg(l)|k||l|, which means that k is parallel to [, so is parallel to m,
i.e., all the vectors in a 3-waves resonant set are parallel to each other. Rewriting this product
again and using that k is parallel to [, we deduce that k - I = sg(k)sg(l)|k||l|. This yields that
we have o = 3 and then we can see easily that (3.26) is equivalent to

kel=m,  sg(R)lk]+ssll] =sg(m)m|, a=p=3.

The above relations mean that we can only get resonances between the triplet (H,", H,", H,')
and (H, , H, , H,,) separately. As Masmoudi mentioned in [18], that is the reason why we have
introduced the notation sg(k). Applying the above analysis of the resonant sets, we can rewrite
Q5. (PHV, PLV) as

(3.27) Qs (PHV,PLV) =) X, - imH(x),

where
m
Xm = C° > ViVitasg(m)—,
a,k,l |m|
k+l=m
sg(k)|k|+sg(l)[l|=sg(m)|m|
where C° = 2¢3 — c¢§p°02 — 2p°c?. This is a very simple form.
Different with the two-wave resonant term, we can not factor out local terms from three-wave

resonant terms. All terms in Qs,.(PLV,PLV) are non-local. we denote its density component
by = QF,.(P+V, P-V), while the velocity component is denoted by Q% (P+V, P+V).

4. EXISTENCE AND REGULARITY FOR THE AVERAGED SYSTEM

4.1. Global Weak Solutions. The existence of global weak solutions theory to the averaged
system (2.3) is a direct consequence of that of general hyperbolic-parabolic system developed in
[11]. Because of the structure of (3.5), it is natural to define weak solutions in the sense of (3.4)
in [11]. The quadratic terms Q,, and Qs do not contribute in energy estimate, see [11]. The
dissipative term in (3.5) is ©A,, automatically satisfies the structure assumption in Leray-type
global weak solutions to the averaged system of the general hyperbolic-parabolic system with
entropy. As a corollary of Theorem 1 of [11], we state global existence of weak solutions to the
averaged system (3.5).
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Theorem 2. For any given initial data U™ € L2, first we solve the incompressible Navier-
Stokes equation (3.4). Using a Leray solution to (3.4), we can find a global weak solution to
(3.5), and the energy inequality holds:

t
PV + a / IV PV @R < LRV

Remark. In their consideration of compressible incompressible limit of Navier-Stokes equations
for barotropic fluid, Masmoudi [18] and Danchin [6] derived the averaged equations of fast waves,
which are very similar to (3.4) (without equations for temperature) and (3.5). Next, we state
the higher regularity of (3.5) with generalization to the full Navier-Stokes equations.

In this section, we investigate the global well-posedness of the averaged system (3.5) in the
general Sobolev spaces H*(TP) and the Besov spaces B*(T?). We introduce the Littlewood-
Paley decomposition to characterize these spaces.

4.2. Littlewood-Paley Decomposition. First, we introduce a couple of smooth radial func-
tions (x, ) such that x is supported in the ball {k € RP |k] < 6/5} supported in {k €
RP 5/6 < |k| < 12/5} and such that

x(k) + Z@(Q_qk:) =1 forevery k € RP.
qeN
Denoting
(4.1) hy(z) = Z o(2-U) et
kezZN
one can then define the periodic dyadic blocks as

Au = Z ©(279) Uy, ™"

kezN

1

=] ). he(y) u(z —y)dy,

and the low-frequency cut-off by
Syu = Z X(279K) Ty ™"
kezZN

Obviously, A,u = 0 for negative enough p (depending on the periodic box TV) and u =
Uy + Y, Aqu in S'(TV). The dyadic blocks A u are no longer orthogonal in L?(T?) but they
still have some properties of quasi-orthogonality: with our choice of ¢, we have

A Au=0 if |k—¢q|>2 and Ap(S,cudu) =0 if |k—gql >4.

The Sobolev spaces and Besov spaces can be characterized by means of Littlewood-Paley de-
composition:

[V

H* = Ju €S (TY) : ||ull: £ (\@o!2+z2zsq!\AqU|liz> < o0,

qEZL

Bg’l = {u € S’(’JI‘N) : Hu”Bi1 £ || + ZQS(I”AqUHLP < —l—oo} .

qEZ

In the rest of this paper, for notational simplicity, we use B*® denote to B3 ;.
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We will use the energy methods to the averaged equation which is localized in dyadic Fourier
variables according to Littlewood-Paley decomposition. When taking an integrating in time,
we get estimates in space L"(0,7 ; L?) for each dyadic block. This leads to the definition of the
following spaces first introduced by Chemin and Lerner in [5].

Li(H*) = ueS'([0,T] x TN : |u

1
2
e £ (Hao”%;(m) + ZQQSQHAQUH%TT(L%) < +00

qEZ

Note that L&.(H*) coincides with L7(0,T; H?) if r = 2. We further denote C(X) = L (X) N
C([0,7]; X), and the spaces where solutions of the averaged system belong to

Fo= {v e Cr(H" ) : V e Z;(Hsﬂ)} .

4.3. Higher Regularity. The results of this section closely follow the work of Masmoudi [18]
and Danchin [6]. In the last section, we proved global existence in the sense of Leray to the
averaged system

(4.2) 0PV + Qo (PV , PHV) + Q5. (PHV , PHV) = GA, PV,

for a fixed PV = (—%:19, w, ) and (w, J) is a global weak solution to the incompressible Navier-

Stokes system (3.4).
To prove the global well-posedness of solutions to the averaged system , we need the following
a priori estimates.

Lemma 2. For all s > 0, we have the identities

(4.3) (QQT(PV , PLV) ,PLV)HS =0.
and
(4.4) (AqQQT(PV , PLV), AqPLV) 2 =0.

Proof. The proof employ the symmetry of Q,,(PV ,P+V). Noticing that HY = ﬁa_k and that
Vk.a - Va_k

(Qe(PV,PHV), PV) .
. ayss 2s | (@i - m)(k - m) 1 1pe o
_zz Z Vave | m| { ol tlg 2 0 Wy -m

o,m k+l=m
asg(k)=dsg(m)

|k[=[m]|

— Ep°02h0 Sg(m)\mll :
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In above summation, exchange a and 9, and change k& to —m and change m to —k. Notice that
under this changing index, the relation [ = m — k is invariant, so

(Qe(PV,PHV), PV) .
B ayso poores| _ (@em)(k-m) (1 TpZy
=iy Y VRV, |m] { ol 2T ) Ok

o,m k+l=m
asg(k)=dsg(m)

[k[=m]

+ & potho sg(k:)lk@ :
Notice that u is divergence-free, so w; - m = w; - k, then
(Q(PVPV), PV),. == (Qu(PV,PV),PV),. .

Then (Qo (PV ,P+V),PV),,. = 0. The proof of the identity (4.4) is similar, so we omit it
here. O

We already know that (Qs,(P+V ,P+V),P+V) =0, but for general s > 0,
(Qs(PTV,PHV) , PV, #0.
However, we have the following key estimate for Qs,..

Lemma 3. For every V,W € Null(A)*,

(4.5) (Qar (VW) W) S (W 22[WH 3 [V ][ 11
and
(4.6) 1Qar (V. W)lus SNV L W s + (W 1 IV s

The proof of this technical lemma is in [6], inspired by [18]. Based on these a priori esti-
mates, we can prove the following global well-posedness (in the sense that solution PV to the
incompressible Navier-Stokes equation is fixed.)

Theorem 3. Let s > 1, T € (0,+oc], Vo € H¥ 'NNull(A)L and (w,9) € F3 is a fived solution
to the incompressible Navier-Stokes system. Then the averaged system (4.2) has a solution V €
F% which remains in Null(A)* for all time, and uniqueness holds in C([0,T); L*)NL*(0,T; H*).
The solution V' satisfies the energy estimates

t
(@.7) HAVOIR: + 5 [ V.V dr < HValE:.
0
and
_ [IVoll?
(43) IV sy + BV iy < IValFyes exp(C2).

Proof. Given the above technical lemma, the proof of the theorem is standard. We first prove
the a priori estimates, i.e, any solutions V € Fj satisfies the energy estimates (4.7) and
(4.8). Take the H*"! inner product of the averaged system with V. Since, according to (4.3),
(Qor(PU, V), V) ys-r = 0, we obtain

1d
2dt
If s =1, the last term vanishes, so one time integration yields (4.7).

(4.9) IV s + VeV s + (Qur (V. V), V) s = 0.
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When s > 1, the inequality (4.6) and Young inequality and embedding H' — B3 yield
[(Qsr (V. V) V) groms | < BV + S IV IV =

Plug this above inequality into (4.9) and take integration in time, we get
K g 2 2 c [t 2
VO + 5 [ 19V dr < 3l + 5 [ V@RV

The Gronwell inequality yields

i [T
HV Ol + 5 [ 19V

Once the a priori estimates (4.7) and (4.8) have been proved, we can use the classical type of
regularization, for instance, one can use a Galerkin approximation method as we did in the last
section when we proved the global Leray-type solution, to get the existence of a solution to the
averaged system (4.2) in C'([0,T]; H¥~') N L*(0,T; H®).

Next, we show that any solution V' € C([0,T]; H5~') N L?*(0,T; H*) satisfies the estimate
(4.8) which includes the bounds for the L' norm in time. Applying the A, to (4.2), taking the
L? product with A,V yields

4o dr.

¢ 2
2 dr < 3 [Vpl3msen 1V

thHA VHL2 +5 vaAqVH%Q + (A Qs (V, V)7AQV)L2 =0.

Taking integral in time, then multiplying by 296=1 yields
21V AV || e z2) + 27V AV ([ 32y < 2907V [[AVD |2 + 2707V 80 Qs (V. V) I 1322y »
Taking summation in ¢, we have
VI ey + RNV, ey < 2 (IVol3s + 1@V VI, )
From (4.6), and noticing the embedding LL(H*™) < L}(H*) and H' < B2, we have
1Qar (V. V)l 23 -1y S WV Iz IV I 22 ¢ar) -
Thus we proved (4.8). O

4.4. Uniqueness of Weak Solutions. Let us now consider the uniqueness of the weak so-
lutions to averaged system in C'([0,T]; L*) N L*(0,T; H'). The property is not known for the
incompressible Navier-Stokes equations for dimension D > 3. This means weak solutions to the
averaged system in Null(A)* have better properties.

Proof. Let Vi and V, be two weak solutions of the averaged system (4.2) in C([0,T]; L?) N
L*(0,T; H'). Then 6V = V) — Vj satisfies

00V — LASV + Qon(PV, V) = — Qs (Vi + Vo, 5V).

Take inner product for the above equation with 0V, and notice the identity for Q,,, we obtain

thHéVHLz + Al Va0 V[Z2 = (Qar(Vi + V2, 6V),0V) .

Now apply the inequality (4.5) and Young inequality, we have
[ (Qar (Vi + V5,0V),6V) | < S IVi + Va3 [0V [[72 + Al Vad V|72 -

Then the Gronwell inequality ensures that V' = 0. Thus we prove the uniqueness. ([
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We state the well-posedness of the averaged system in Besov space B®. The proof is similar
as for the Sobolev space, thus we omit the proof here.

Theorem 4. Let s > 1, T € (0,+0cc], Vo € B~ N Null(A)* and (u,9) € L*([0,T]; B**) N
C([0,T]; B5Y) is a fized solution to the incompressible Navier-Stokes equation. Then the aver-
aged system (4.2) has a unique solution V € L*([0,T]; BsT') N C([0,T); B¥™') which remains
in Null(A)* for all time. The solution V satisfies the energy estimate

Vo2,

IV OllE + callVILy 5oy < Vol Bsr exp(C=72).
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