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BLOWUP CRITERION FOR 3-DIMENSIONAL COMPRESSIBLE
NAVIER-STOKES EQUATIONS INVOLVING VELOCITY
DIVERGENCE*

LILI DUt AND YONGFU WANGH

Abstract. In this paper, we provide a sufficient condition, in terms of only velocity divergence,
for global regularity of strong solutions to the three-dimensional Navier-Stokes equations with vacuum
in the whole space, as well as for the case of a bounded domain with Dirichlet boundary conditions.
More precisely, we show that the weak solutions of the Cauchy problem or the Dirichlet initial-
boundary-value problem of the 3D compressible Navier-Stokes equations are indeed regular provided
that the L2(0,T; L>)-norm of the divergence of the velocity is bounded. Additionally, initial vacuum
states are allowed and the viscosity coefficients are only restricted by the physical conditions.
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1. Introduction and main results

The motion of a viscous compressible isentropic fluid is governed by the Navier-
Stokes equations in three-dimensional space,

Orp+div(pu) =0, in Qx(0,7),
(1.1)
O(pu) +div(pu@u) — pAu—(p+A)V(divu) + VP =0, in Qx(0,7),
together with the initial conditions,
(p(ﬂ?,t),u(l‘,t)”t:() = (po(l‘),ﬂo(m)) in Q. (12)

Here u, p, and P are the velocity, the density, and the scalar pressure of the fluid,
respectively, and Q is either R?® or a bounded domain in R3. x and X are the shear
viscosity and bulk viscosity coefficients, respectively, which satisfy the physical re-
strictions

2
©w>0 and )\+§M20.

The equation of state reads

p=p(p)=Ap”, (1.3)
for A>0 and y>1.

*Received: May 9, 2013; accepted (in revised form): October 9, 2013. Communicated by Song
Jiang.
This work is supported in part by NSFC grant 11171236, PCSIRT(IRT1273), and Fundamental
Research Funds for the Central Universities.

fDepartment of Mathematics, Sichuan University, Chengdu, 610064, P.R. China
(dulili@scu.edu.cn).

fCorresponding author, Department of Mathematics, Sichuan University, Chengdu, 610064, P.R.
China (wyf1247@Q163.com).

1427
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In this paper, we will consider the Cauchy problem for the system (1.1) with
initial condition (1.2) and the far-fields behavior

u(z,t) =0, plx,t)—=p>0 in |z|— oo, (1.4)
in weak sense. Moreover, the initial-boundary problem (1.1)-(1.2) with
u(z,t) =0, on JINx(0,T), (1.5)

will be also investigated.

It is well known that in absence of vacuum for the initial data, the smooth solution
exists globally in time provided that the initial data are close to an equilibrium (see
[15, 16, 26]). The question of global existence of the solutions to the compressible
Navier-Stokes equations with large data in three dimensions is a major and challenging
problem in applied analysis. The local existence and the uniqueness of the classical
solution without vacuum are shown in [27, 28] and for strong solution in [4, 5, 6],
where the initial density is allowed to vanish. The weak solutions are known to exist
globally in time for y>2 by Lions [25], 7> 3 by Feireisl et al. [10, 11] and v>1 by
Jiang and Zhang [13, 14] for symmetric case. However, the uniqueness, regularity,
and continuous dependence on initial data for weak solutions are still open problems.

Since Huang, Li, and Xin firstly introduced some sufficient conditions (called the
Beale-Kato-Majda (BKM) type criterion in [19] and Serrin type in [20]) for the blowup
of the 3D compressible Navier-Stokes equations, many articles were dedicated to this
subjects. Most recently, there has been some progress along this lines (see for example
[8,9, 17, 18, 22, 21, 23, 12, 30] and references therein) which states, roughly speaking,
that if 7" < oo is the maximal time for the existence of a strong (or classical) solution,
then

lim |[|Vul|£1(0,7;00) =00 (Beale-Kato-Majda type) (1.6)
T—T* 0
and
TILH%* <||divu||L1(0’T;Loo) + Hp%u’ LS(QT;U)) =00 (Serrin type), (1.7)
where
2 3
-+ -<1, 3<r<oo.
s T

The criteria (1.6) and (1.7) are motivated by the well-known Beale-Kato-Majda
criterion [1] for 3D ideal incompressible flows and Serrin criterion [29] for 3D in-
compressible viscous flows, respectively. The BKM criterion (1.6) implies that the
boundedness of |Vu| guarantees the global regularity of the 3D compressible isen-
tropic Navier-Stokes equations. The Serrin type criterion (1.7) indicates that the
divergence of both velocity and some norm of pl/ 24 can control the global regularity
of the solution to the 3D compressible Navier-Stokes equations. However, the two
criteria can not show whether or not only the boundedness of the divu can guarantee
the global regularity of the system (1.1) in three dimensions. Recently, in [3] Cao and
Titi provided sufficient conditions, only in terms of one entry of the velocity gradi-
ent tensor, to guarantee the global regularity of the 3D incompressible Navier-Stokes
equations. Motivated by these works, we try to establish the criterion only in terms
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of velocity divergence for 3D compressible barotropic flows and show that the singu-
larity can develop only if the size of the velocity divergence becomes sufficiently large,
instead of the velocity gradient tensor in this paper.

On the other side, mathematically, one can easily to show that the bound for divu
immediately implies the upper bound of the density. So, it is strongly expected to
improve the criteria (1.6) and (1.7), and only the bound of divu is enough to control
the blow-up of strong solutions to the 3D compressible Navier-Stokes equations, as it
has been shown in [32] for the 2D case.

We denote by LP(2) and H*(Q) the standard Sobolev spaces, respectively, and
denote the Sobolev spaces by

DR ={u€ Liyo () [[VFull oy <00}, lullpre =[IVFul Lo,
D"=DF?  Dj={ue L% Q) | |Vullrzq)<oo and (1.4) or (1.5) holds }.
Next, we give the definition of the strong solution and the local existence and

uniqueness of the strong solution.

DEFINITION 1.1. (Strong solution) (p,u) is called a strong solution to (1.1) in
Qx (0,7, if for some qo € (3,6],

p>0, p—peC(0,TWH), p,eC(0,T];L®),
we C([0,T]; DN D?) N L2 (0,T; D>), (1.8)
u € L (0,T;L*)NL*(0,T;D}),

and (p,u) satisfies (1.1) a.e. in Qx (0,T).

THEOREM 1.2.  (Local existence and uniqueness of strong solutions in [4]) If the
initial data pg and ug satisfy

po >0, p()—ﬁGleWI’q, U()GD80D2, (19)

for some q € (3,00), and the compatibility condition

—pAug — (A4 p)Vdivug + Vp(po) = pg 9. (1.10)

for some g€ L*(Q), then there exists a positive time Ty € (0,00) and a unique strong
solution (p,u) to the initial value problem (1.1), (1.2) with either (1.4) or (1.5) in
Qx (O,Tl]

In this paper, we give the blowup mechanism only in terms of the velocity di-
vergence for the Cauchy problem and the initial-boundary value problem. The main
results in this paper are stated as follows.

THEOREM 1.3.  Suppose that the initial data (po,uo) satisfy (1.9) and compatibility
condition (1.10), and (p,u) be a strong solution to the Cauchy problem (1.1), (1.2)
with (1.4) or the initial-boundary value problem (1.1), (1.2), and (1.5) satisfying (1.8)
in Qx(0,T). If T* <oo is the maximal time of existence, then

Tll{r']l“*”d“} UHL2(0,T;L°°):OO- (111)
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REMARK 1.1. For the global regularity (in [2]) of the solution of the three-
dimensional incompressible Homogeneous Navier-Stokes equations, we only need to
control the regularity of the scalar pressure to guarantee the global regularity of the
Leray-Hopf weak solution. Compared with the corresponding results for incompress-
ible viscous flows, the results in this paper seem to be reasonable.

REMARK 1.2.  We would like to mention the blowup criteria for the 3D full com-
pressible Navier-Stokes equations. In absence of vacuum, a BKM criterion has been
established in [9] and [31] with the additional condition A < 7u. Recently, these re-
sults have been improved by removing the stringent condition A\ <7u and allowing
initial vacuum states in [22]. They established the following Serrin type criterion as

hm (HdiquLl(O,T;Lw) + HU,| LS(O,T;L7')) =0.

T—T*
The ideas in this paper will also used for the 3D full compressible Navier-Stokes
equations and establish the blowup criterion in terms of the velocity divergence and
the temperature in the forthcoming work [7].

REMARK 1.3. Generally, we would not expect better regularity of Lion’s weak so-
lutions to the 3D compressible Navier-Stokes equations, due to the significant works
of Xin [33] and Xin-Yan [34], who showed that any classical solutions to 3D full
Navier-Stokes equations will develop finite-time singularity with a nontrivial com-
pactly supported initial density. Hence, the investigation of the blowup mechanism
and structure of the possible singularity in this paper seems reasonable.

2. Proof of the main results

For the remainder of this paper, without loss of generality, we assume that p=0.
Let (p,u) be a strong solution to the Navier-Stokes equations as in Definition 1.1. The
usual energy inequality associated with the system (1.1) can be written as

T
ol )+ [ IVulb@dtsCo o 0sT<T (20)

L2
2
P U)L2(Q)

sup <‘
0<t<T

where C( depends only on the initial data. This inequality can be established for
smooth solutions of (1.1) by multiplying the momentum equations by u and integrat-
ing in Q x[0,7].

Suppose, contrary to the conclusion of Theorem 1.3, that there exists a positive
constant My >0, such that

I i ooy < M, 2.2
TLI%*Hdlvu”Lz(O’T’L y < Mo, (2.2)

for Cauchy problem and initial-boundary value problem.

The condition (2.2) implies that

T
. o _
TILH%*/O [divee] poe (o) dt < Mo, (2:3)

for Q=R? or QCR® be a bounded domain. It follows from the estimate (2.3) and
the continuity equation that we obtain the following upper bound of the density

||p(-,t)||Lp(Q)§C, for 0<t<T", (2.4)
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and 1 <p<cc.
In [20], Theorem 1.1 gives the Serrin type criterion that

= 2.5
L3(07T;Lr)) & ( )

for % + % <1, 3<r <o, provided that the maximal existence time T is finite. Hence,
due to the estimate (2.3), to show the results in this paper it suffices to show that
there exists a positive constant C, which depends only on u, A\, A, v, My, T™, and
the initial data (pg,ug), such that

. . 1/2
. (1wl oo+

sup /p|u|4dx§0, (2.6)
0<t<TJQ

which implies immediately

<C

1/2 ’
Hp b LB(0,T5L4) —

This together with the blowup criterion (2.5), gives the result in this paper.
In fact, multiplying the momentum equations by u; and integrating by parts yield
that

1d
/p|ut|2dx+f—/M|Vu|2+(u+A)(divu)2da::—/pu~Vu~utdx+/Pdivutd:v
Q 2dt Jq ) Q
—L+1,. (2.7)

Young’s inequality gives
Ilg/p|u||VuHut\dx§€/p|ut|2dx+C(€)/ (2| Vaul2da. (2.8)
Q Q Q

For the second term in the right hand side of (2.7), one has

I, = i Pdivudx — | Pidivudx

dt Jo Q (2.9)
= | Pdivude+ / div(Pu)divu + (y — 1) P(divu)?dz,
Q Q

where we have used the fact that
P, +div(Pu) + (y—1)Pdivu =0,

which follows from the continuity equation and the y-Law (1.3).
Furthermore, for the second term on the right hand side of (2.9), integrating by
part yields that

L=2 / Pdivuda — / Pu-V(divu)dz+(y—1) / P(divu)*dz

gi/Pdivudx—/Pu-V(divu)dx—i—CHVuH%z.
dt 0 Q

It follows from the momentum equations that we have the elliptic systems

AG=div(pu), pAw=V X (pi), (2.11)
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where
d=ur+u-Vu, G=Q2u+A)divu—P, w=Vxu

are the material derivative of u, the effective viscous flux, and the vorticity of the
flows, respectively.
The standard LP-estimate for the elliptic system (2.11) gives

VGl Lr @) +1IVwllLe @) < Cllpill Ly o), (2.12)

1
for any p € [2,6]. Because divu= 3 (G+ P), for the second term in the right hand

A
side of (2.10) we have

/ Pu-V(divu)dz
Q

/ Pu-V(G+P)dx
Q

= ! /Pu-Vde—l—/PwVPdm
Q Q

1
= /Pu~VGda:ff/P2divud:17

<[ VG220 +C(E) / pluf?dzz +C | divul| 2 | P12

gg||va||32+0(5)/p|u|2dx+cHVu\|L2. (2.13)
Q
By the estimate (2.12), we have

IVGI3: <C o 2w

2
+O/ [ul?|Vu|*dz. (2.14)
L2 O
Combining with (2.7), (2.8), (2.10), (2.13), and (2.14) and choosing ¢ sufficiently
small yield that

d A 1
0t Q<A2L|VU|2+N;(divu)2Pdivu> da:+§/ﬂpufdx

§C||Vu||2L2+C’1/ \u|2|vu|2dx+c/ pluf2dz+ C |Vl

Q Q

30||Vu||i2+01/ (2| Vul2dz +C, (2.15)
Q

where we have used the energy estimate (2.1) and the interpolation inequality.
Next, we will deal with the key term / |u|?|Vu|?dz. Multiplying 4|u|?u into the

Q
momentum equations and integrating in €2 yield that

d
4 p|u|4d:l:—|—4u/ |u|2|Vu|2dx+4(u+)\)/(divu)Q\u|2dx+8u/ IV [l | 2dz
dt Jo Q Q Q

:74(u+x\)/divu(u~V|u|2)dI+4/ div (Jul?u) Pdz
Q Q
=Ji+Js. (216)
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Furthermore, by the estimate (2.4) and Young’s inequality, we have
J2=4/ |u\2Pdivudx+8/u-Vu-uPda:
Q Q
SC’/ |u|?|Vu| Pdx
Q
SC’/ plul?|Vuldz
Q
<C||Vul)32 +C/ plu|*dz, (2.17)
Q
and
J1 :—8(,u+)\)/ divu(u-Vu-u)dz
Q
gC/ |diva [u)?|Vu|dz
Q
Se/ |u|2|Vu|2dJ;+O(6)/(divu)2|u|2dx,
Q Q
where we have used a vector identity as follows:

1 1
§V|u|2: §V(u-u)=(u~V)u+ux (V xu).

If Q=R3, by Hélder inequality, the interpolation inequality, and Sobolev’s in-
equality in [24], we obtain

J1 Ss/ [ul?|Vu|?dz +C(e) (/ |divu3dx> [
Q Q
< [ uP|VuPdo C|dival sVl
Q
gs/ | Vul2de + C (||divul2e + [|dival22) | Va2
Q

< s/ [ul?|Vul|*dz + C||divul|2 | Vu| 22 +C||Vul 1. (2.18)
Q

If QCR? is a bounded domain, Young’s inequality and Poincaré inequality yield
that

J1 §5/ |u|2|Vu|2dx+C(5)||divu||%oo/|u|2d1‘
Q Q

gs/ 2|V + | dive] | | V] 2. (2.19)
Q

Combining (2.16), (2.17), (2.18), and (2.19), and choosing e sufficiently small
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yields that
d
— p|u|4dx+2u/ |u|2|Vu|2dx+4(u+)\)/(divu)z\u|2dx+8u/ |V ||| |u|?da
dt Jo Q Q Q
c/ plul* do+C|ldivul2m | Vul22 + C[Vul|Ls, for Q=F,
< Q

c/ plul* dz+C||divu||? < ||Vul|2: +C||[Vu|%2, for Q be a bounded domain.
Q
(2.20)
C
Multiplying (2.20) by 271 and adding (2.15) yield that

4
dt J,,

c/ pluf* dz+C|divul% e [|Vul% +C|| V|22 +C,
Q

15 2, O g A .
Lt -p
(2 |Vul|*+ 2up|u| + 5 (divu) d1vu> dx

for Q=R3,

IN

C/ plul* dz+C||divul| « || Vul|2: +C||Vu|2: +C,
Q

for 2 be a bounded domain.

It follows from Gronwall’s inequality, the energy inequality (2.1), and the condi-
tions (2.2) and (2.4) that

C A
sup /<M|Vu|2+1p|u4—|—'u+(divu)z—Pdivu)dx<C.
o<t<TJo \ 2 2p 2

Note that

Pdivu< g IVl +C(p) P2,

which yields the claim (2.6). This completes the proof of Theorem 1.3.
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