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AN EXTENSION OF THE BEALE-KATO-MAJDA CRITERION
FOR THE 3D NAVIER-STOKES EQUATION WITH
HEREDITARY VISCOSITY

M. T. MOHAN

ABSTRACT. In this work, we consider the three dimensional Navier-Stokes equa-
tions on the whole space with a hereditary viscous term which depends on the
past history. We study a blow-up criterion of smooth solutions to such systems.
The existence and uniqueness of smooth solution is proved via a frequency trun-
cation method. We also give the example of Maxwell’s fluid flow equations, which
is a linear viscoelastic fluid flow model.

1. INTRODUCTION

The Navier-Stokes equation with hereditary viscosity models arise in the dy-
namics of non-Newtonian fluids and also as viscoelastic models for the dynamics
of turbulence statistics in Newtonian fluids (cf. [19, 20, 25]). The celebrated pa-
per [3] established that the maximum norm of the vorticity controls the breakdown
of smooth solutions of the 3D Euler equations. Many mathematicians extended
the work of Beale-Kato-Majda (see [3]) for the Euler and Navier-Stokes equations
(see for example [4,7-9,16,17], references therein). In this paper, we consider the
3D Navier-Stokes equations with hereditary viscosity (see [1]) and establish an ex-
tended version of the Beale-Kato-Majda blow-up criterion of smooth solutions using
a logarithmic Sobolev inequality. The local smooth solutions to such systems are
established via a frequency truncation method.

Using the following logarithmic Sobolev inequality: for f € H*(R?) with div f =0
(see [3,6))

(L1) VSl < C{U+ IV % flla + 19 x fll log, (e + [1f 1) }. s > 5/2;

the authors in [3] showed a regularity criterion for the smooth solution of the Euler
equation (u(-,-) is the velocity field, p(-,-) is the fluid pressure and f(-,-) is the
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external forcing):

WD) | (o) Fyutant) = ~p(e.t) + E(e.t) in B x (0,00),

(1.2) V-u(z,t) =0 in R® x (0,00),

u(z,0) = up(x) in R

in R3 on [0,7) in terms of the vorticity w = curl u = V x u. That is, a smooth
solution u is regular after ¢t > T, provided

(1.3) w € L([0, T]; 1L>).

Later [8](see Theorem 1) refined the estimate (1.1) to the Bounded Mean Oscil-
lation(BMO) spaces as

(1.4) Il < {1+ 11 fllmuo loge (e + 1 fllie) }. 5 > 3/2.
In (1.4), BMO is the space defined as a set of locally L!-functions f such that
1 _
[fllemMo = sup |f(y) = [Br(a)|dy < +o0,

R>0zer? IBR(T)| JB ()
where Br(z) is the ball of radius R centered at z, |Br(x)| is its volume and fBR(x)

1
— f(y)dy. Using the
‘BR| yEBR(z)
fact that the Riesz transforms are bounded in BMO, but not in L°°, the authors
in [8] extended the result (1.3) to the space

(1.5) w € LY([0,7]); BMO).

stands for the average of f over Br(x), i.e., ?BR =

The authors in [9] (see Theorem 2.1) obtained the logarithmic Sobolev inequality
in Besov spaces as: For f € H*(R?):

(16) Ve < O{L+ IV x Fllgy, _ (1+og (e [1Fllme)) } > 5/2

where BY,  is the homogeneous Besov space. In general, the homogeneous Besov

space Bf,’q, 1 < p,q < oo is defined as follows: Let S(R?) be the Schwartz class of
rapidly decreasing functions and S8’ be its dual, i.e., the space of tempered distri-
butions. By introducing the Littlewood-Paley dyadic partition of unity ¢;(z), for

1<p,qg <00, s €R, the homogeneous Besov space B;q is defined as
. 1/q
By =qf€2 gy, = | 2 2llesflL | <+o0p,

j=—o0

where Z’ can be identified by the quotient space of S’/P with the polynomial space
P (see [4,21,24] for more details). By the embedding of BMO C BY,  and using

(1.6), the authors in [9] extended the regularity criterion in (1.5) as
(17) w € Ll([())T]aBgo,oo)
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In [1], the three dimensional Navier-Stokes equations with hereditary viscosity
are rigorously studied and the finite speed propagation property of the vorticity
field is also established. With the above motivations, we try to examine a blow-
up criterion for the 3D Navier-Stokes equations with hereditary viscosity, which
easily covers linear viscoelastic fluid flow models like Maxwell’s fluid flow equations.
The solvability results and blow-up criterion of such models obtained in this work
suggests us that these models are more close to Euler equations rather than Navier-
Stokes equations.

1.1. Main results. The main results obtained in this paper are summarized as
follows:

Theorem 1.1. 1. Suppose the initial velocity ug € Vs, for s > 5/2 with ||Jugl|v, <
Ny, for some Ng > 0. Then there exists a time T depending only on Ny such that
the system (2.9) (see below) has a unique smooth solution in the class

(1.8) u e C([0,T]; V) N CH0,T;V,_»),

at least for T = T(Np).

2. For the solution u(-) of (2.9), suppose there are constants Ly and T* so that
on any interval [0,T] of existence of the solution in class (1.8), with T < T*, the
vorticity satisfies the a-priori estimate:

/ U Ol _de < Lo
Then the solution can be continued in the class
C([0,T]; Vs) N CH0, T V),
to the interval [0,T%].

1.2. Layout of the paper. The organization of the paper is as follows: In the next
section, we give the mathematical formulation of the 3D Navier-Stokes equations
with hereditary viscosity and describe properties of the kernel. The existence and
uniqueness of smooth solutions to the system via a frequency truncation method is
obtained in section 3. The Beale-Kato-Majda blow-up criterion of smooth solutions
in various spaces is established in section 4.

2. NAVIER-STOKES EQUATIONS WITH HEREDITARY VISCOSITY

In this section, we describe the three dimensional Navier-Stokes equations with
hereditary viscosity and discuss about the functional spaces needed to obtain the
unique local solvability results.

In the theory of viscoelastic fluids, one assumes that the stress tensor is rep-
resented as T = —pl + F(G(s)), where G(s) is the history of the strain tensor,
p:R3x [0,T] — R is the fluid pressure and I is the identity matrix. We use this
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constitutive relationship to obtain the momentum equation as

o) (V)= —Vp+ V- F(Gs) +f in B x (0,7),

V-u=0inR?x (0,7),

where u = (u1,uz,u3) : R x [0,7] — R3 is the fluid velocity and f = (f1, fa, f3)
is the external forcing. The functional F may be represented in terms of multiple
integrals over polynomials in the histories G (see [1]) and by restricting to the
representation to first order linear terms, we obtain

F(G)=2 /000 a(s)G(s)ds = /000 a(s)(Vyu(z,t — s) + (Veu(z, t — s))T)ds,

where the kernel a(-) has the properties given in (2.10) and (-)" denotes the trans-
pose. Thus we consider the system (2.1) in the form:

(2.2)

WD | ue,t)- V(e ) - / alt = s)Au(z, 5)ds = —Vp(x, 1) + £(z,1)

—0o0

in R x R,
V-u(z,t) = 0in R® x R,
u(z,s) = u’(z, s)
in R3 x (—o0,0),

u(z,0) = up(x) in R3.

Without loss of generality, we take u®(z,s) = 0 for all (z,s) € R? x (—o00,0) and
f(z,t) =0, for all (x,t) € R? x (0,00). We define the following function spaces:

(2.3) H = {ueM(R?’);v.u:o},
with the norm denoted by || - || and inner product by (-, -)m, and
V, = {u cH'R?):V u= 0},

with the Hilbertian norm |lully, = ||(I— A)*/?ul|g =: ||J*ul/g and the inner product
(0, v)y, = (J'u, Jv)y.

Remark 2.1. The following properties of the Sobolev space V4(R™) are used in the
paper frequently.

1. For s > g—l— k, the space V4(R") ¢ CF(R"), and || f|lcx < O f|lv,, where
HfHCk = Suﬂg {|f|7 ‘Vf|7 e 7|ka|}7 k= Oa 1727' R
TER™

2. For s > n/2, V4(R"™) is an algebra, i.e., ||fgllv. < || fllv.llgllv,, for s > n/2
and f,g € V4(R").

3. Sobolev interpolation inequality. For 0 < s’ < s and f € V4(R™), we have
1—g’ /
1 £llv, < Il A1
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2.1. Linear and nonlinear operators. Let us define the Stokes operator
(2.4) Au = —PyAu, for all u € D(A) = H*(R®) NV,

where Py is the the Helmholtz-Hodge orthogonal projection from IL? onto H (see [12]
for more details).

We define the bilinear operator B : D(B) C HxV; — H by B(u,v) = Pg(u-V)v,
with B(u) = B(u, u). Moreover, for any u,v,w € V;, we have

(2.5)

3
(B(u,v),w)y = Z / ui%wjdx = —(B(u,w),v)y and (B(u,v),v)y =0.
ig=1 R3 al‘l

Using Holder’s inequality, for u,v € V, and all w € H, we have

| (B(u,v), w)y | < [[B(w, v)|lullwllz < [zl Ve | wle,
and hence

IB(w, v)|la < [lul[a VL. < Cllullv,Iv]lv,, for s>5/2.

For more details and properties of the operators A and B(:), we refer the readers
to [23].

Let us now recall the Kato-Ponce commutator estimate used in this paper.

Lemma 2.2 (Lemma XI, [6]). If s >0 and 1 < p < oo, then
(2.6) 19°(f9) = F(IPPle < Cp (IVFlleoe 13° g llw + 13°FllLrllg o) -

For p = 2, Lemma 2.2 implies
(2.7) 17° B(w, v)] = B(w, I*v) [z < C ([[Vullee< [V]lv, + [ullv, [[VV]Le) -
The divergence free condition yields (B (u,J*u),J*u)y = 0 and hence we have
(J°B(u,u), J*u)g = (J°B(u,u) — B(u, J*u), J°u)y
< [|7°B(u, w) = B(u, J*u)|ml|J*ulx
(2.8) < C||Vul|efulF, -

2.2. Abstract formulation. Under the above functional setting, the system (2.2)
(after taking the orthogonal projection Py) can be written in the abstract form as

du(t)

(2.9) g T B®) + (axAu)(t) =0,

¢
where (a x Au)(t) = / a(t — s)Au(s)ds. In this paper, we assume that the non-

constant kernel af(-) sagisﬁes the following conditions:

a € C3(R") N Cl0, 00),
(=D*a® () >0, forall t > 0,k = 0,1, 2.}
We also take ug € Vg, for all s > 5/2.

(2.10)
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2.3. Properties of the kernel. Let us define

(Lu)(t) == (axu)(t) = /0 a(t — s)u(s)ds.

A function a(-) is called positive kernel if the operator L is positive on L2([0, T; H)
for all T'. That is,

/O(L“ ))dt = / / (t - 5)(u(s), u(t))dsdt > 0,

for all u € H and every T > 0.
Let a(@) be the Laplace transform of a(t), i.e.,

a0) = / e~ a(r)dr, 0 € C.
0
Then, we have
Lemma 2.3 (Lemma 4.1, [2]). Let a € L>°(0,00) be such that
Rea(f) >0, if Ref > 0.
Then, a(t) defines a positive kernel.

Also, a(-) is said to be a strongly positive kernel if there exists constants € > 0
and a > 0 such that a(t) — ee™ is a positive kernel, that is

(2.11) / / (t—s)( dsdt>5/ / ,u(s))dsdt > 0,

for all u € L2(]0, T; H).
Lemma 2.4 (Proposition 4.1, [2]). Let a(t) satisfy the following conditions:
(i) a € C[0,00) N C?(0, 00),
(ii) (—1)k£a(t) >0, fort>0,k=0,1,2,
(ili) a(t) # constant.

Then a(t) is a strongly positive kernel.

We recall (see for e.g. Proposition 1.3.3, [18]) that this condition implies the
integral operator y + a % y is positive in the space L2(]0,T];X), where X is an
arbitrary real Hilbert space with the scalar product (-,-)x and the norm | - ||x.
More precisely, we have

T t
(2.12) /0 <y(t),/0 a(t — s)y(s)ds)xdt >0, for all y € L2([0, T); X).

Remark 2.5. 1. For any v € L2([0,7]; V), using integration by parts and bound-
ary conditions, it can be easily seen that

(2.13)

/OT <v(t), /Ota(t = S)AV(S)d3>Hdt _ /OT (Vv(t), /Ot a(t — s)Vv(s)ds>Hdt > 0.
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2. Even though we are assuming that a(-) is strongly positive (see (2.10)), we
only exploit (2.13) in the proofs and hence the results obtained in the paper are
also true for positive kernels.

2.4. The vorticity equation. Taking curl in the first equation in (2.1), we get
the vorticity w = V x u equation as
.- P 4 (uft) - w(0) ~ (1) - V)u() = (a s Aw)(),

w(0) = wo,

where wy = curl ug = V xug. Note that Vx Vp = 0 and since w = Vxu, V-w = 0.
The derivative of velocity u(-) is described by the vorticity w(-) through the singular
integral operator (Biot-Savart law) as

1

(215)  Vu=(-2)"'V(Vxw) or u(st)=_ /Rs . _|i)—xyfs(”’” dy.

Remark 2.6. There exists a constant C' independent of u such that
(216) Hqu]LP < CHWH]LIJ, 1 <p<oo.

The inequality (2.16) can be derived from the Biot-Savart law (see [11]) and the
bounds of the Riesz transforms on LP(1 < p < 00) (see [22]).

2.5. Maxwell’s fluid flow. Let us now give an example, which motivated us to
consider the system like (2.9). A linear viscoelastic fluid with a finite discretely dis-
tributed relaxation times {\;} and retardation times {k,} is a fluid whose defining
(or rheological) equation, connecting the deviator of the stress tensor o and the
strain tensor D has the form:

L 8l M om
(2.17) (1 + ZAZ@H) o=2v (1 + Z Kmy_l@t’”) D, where v, Ap, Ky >0,
=1 m=1

and the numbers L and M are connected by the relation M =L -1, L =1,2,....
We call such fluid flows as the Mazwell’s fluid flow of order L. We assume that
the relaxation times {)\;} satisfy the following conditions: the roots {«a;} of the
polynomial

L
Qlp) =1+ \p'
=1

are distinct, i.e., Q'(oq) # 0, for all I = 1,..., L, real, negative: oy < 0, for all
I =1,...,L and, in addition, the relaxation times {\;}, the viscosity coefficient v,
and the delay times {r,,} satisfy the following conditions:

(2.18) a;=vP(a)[Q ()] >0, 1=1,...,L,

M
where for the Maxwell’s fluid, we have P(p) = 1+ Y &,v~1p™.
m=1
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Without loss of generality, we assume that o(z,t) = 0, for ¢ < 0 and we apply to
(2.17) the Laplace transform £ with respect to the variable ¢. Then we obtain

(2.19) o(x,t) = /0 G(t — 7)D(z, 7)dT,

and moreover

M
(2.20) G(t) = 2vL™t { (1 +) /-imu_lpm> Q—l(p)} .
m=1

From (2.19) and (2.20), under the conditions given in (2.18), we obtain that for
Maxwell’s fluids of order L = 1,2, ..., we have

L t
(2.21) o(@,t) = am / =D (2, 7)dr.
m=1 0

Introducing (2.21) into the equations of motion of a continuous incompressible
medium in the Cauchy form:

%—?—l—(u-V)u—i—Vp:V-o—i—f(x,t), divu=0,
we obtain the integrodifferential equations of the motion of Maxwell’s fluids of order

L as
ou

L t
= . _ am (t=7) = ‘u=
Y + (u-V)u n;am/o e (=T Au(r)dr + Vp=f, V-u=0.

The Maxwell fluid of order one can be written as
t
(2.22) ‘2‘; +(u-V)u—vy / e Au(r)dr + Vp=1f, V-u=0,
0

where v = 22 > 0 and § = } > 0 so that a(t) = ve . If we define v(t) :=

fg e~9(=5)u(s)ds, then the system (2.22) can be written as

0
8—u+(u-V)u—7Av+Vp:f,
(2.23) ¢ .
E—u—i—év:o, V-u=0.
For the kernel a(t) = ye™®, we know that
/0 a(t)dt = % and a(f) = 97? >0 for Re 6 >0,

and by Lemma 2.3, a(t) is a positive kernel. Hence, we have

T T
/ ((a+ A)ut), u(t))dt = / ((a* Va)(t), Va(t))dt > 0,
0 0
Also, we know that
a(t) =~ve™% > 0,d (t) = —vde ™ < 0 and a”(t) = 6%~ > 0,
and by thus Lemma 2.4, a(t) is a strongly positive kernel.
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3. LOCAL EXISTENCE AND UNIQUENESS

In this section, we establish the local existence and uniqueness of smooth solutions
to the system (2.2) using a frequency truncation method. Interested readers are
referred to see [5,12-15], etc for the local solvability of various systems using this
method. The local solvability results are already known due to [1], in which the
authors used a suitable intermediate m-accretive quantization of the nonlinear term
to get the local existence. The stochastic counter part of this problem is considered
in [14].

3.1. The truncated system. Let us define the Fourier truncation Sg (see Feffer-
man et.al. [5]) as follows:

Srf(€) = 1p,(6)f(6),

where Bp, a ball of radius R > 0 centered at the origin and 1p,(-) is the indicator
function. For s > 0, we have

1 k
Ief = fllv. < () 11,0

k k
(S5~ Sw) . scm{(;) () }Hfum

where C' is a generic constant independent of R. Let us consider the truncated (in
the frequency domain with cut off Sp) 3D Navier-Stokes equation with hereditary
viscosity in the whole space R? as

(3.1)

ouft(z, 1)

e + Sp(ul(z,t) - V)ul(z,t) — (a* AuR) (z,t) = =VpTi(z,1),

(3.2) vV -ufi(z,t) =0,

uR(x, O) = SRug(x),

for (z,t) € R? x [0, T]. By taking the truncated initial data, we ensure that u? lies
in the space

Hp = {f €V,: ]?is supporthed in BR}.

On the space .#%, we have Spu’® = uf* and it is easy to show that Sp ((uR . V) uR)
is locally Lipschitz in u*. Hence, by Picard’s theorem for infinite-dimensional ODEs
(see Theorem 3.1, [11]), there exists a solution u® in J#% to (3.2) for some time
interval [0, 7(R)]. The solution exists as long as ||uf||y, remains finite. We take
the orthogonal projection Py on (3.2) to find
R
(3.3) dudt(t) + SpB (u(t)) + (a x Auf)(t) = 0,
uR(O) = SRH(),
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where we also used the fact that the operators Sg and Py commute. Using the
divergence free condition, it can be easily seen that

(3.4) (SRB (uR) ,uR)]HI = (B (uR) ,SRuR)H = (B (uR) ,uR)H =0.

We take inner product with uf(-) in (3.3) and integrate it from 0 to ¢ to obtain
t

(3.5) [ (@®)1E = u”(0)|[ — /0 ((ax Au™) (s),ut(s))y ds.

Using (2.13), (3.4) and (3.1), we get |[u®(t)||m < ||uo||m, for all £ € [0,7]. The next
proposition gives a higher order a-priori estimate for the system (3.3).

Proposition 3.1. Given initial data uy € Vg with s > 5/2, there exists a time T

such that ||[uf(t)||v, is bounded uniformly on [0, T] and the bound is independent of
R.

Proof. Let us apply J® on (3.3) to get
dJsufi(t)
dt

since J® and Sk commute (see [12]). We now take inner product with J*uf*(:) in
(3.6) and integrate it from 0 to ¢ to obtain

t
(3.7) l®(@®)%, = (07, —/O (SrB (ufi(s)) ,u’(s)),, ds

s

(3.6) + SrI*B (uf(t)) + J*(a x Au®)(t) = 0,

t
- /0 ((ax* Au®)(s), uR(s))VS ds.
Using the Cauchy-Schwarz inequality and (2.8), we have
(3.8) (8B (u) ,uf),, | < CIIVaR o= uf]3, < Clufl,
for s > 5/2. Now we use (2.13), (3.1) and (3.8) in (3.7) to get
t
(3.9) (@)%, < luoll?, +C/O ()%, ds.

Let us set Y(t) = HuR(t)H%,S and Y(0) = |Jug||3,, so that from (3.9), we obtain

vV Y(0)
(3.10) VY () < L= CrAT)

for all t € [0,T]. If we choose T < —A—, then we have

/Y (0)
up|I? CTV
(3.1) sup. [la®(D)ly, < —M0olbee oy molle.CT
te[0,7] 1 - CTlluolv, 1= CT|uolv,

and hence ||uf|)y, is bounded uniformly on [0,7] and the bound is independent of
R. O

Proposition 3.2. The family {u®()} of solutions of (3.3) are Cauchy (as R — o)
in L°([0, T); H).
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Proof. We consider the equation (3.3) and take the difference between the equations
for R and R’ to obtain (R’ > R)

(3.12)

d
" @) =0.

Let us take inner product with u® —uf in (3.12) and then integrate from 0 to ¢ to
obtain

I —u™) @)1 = [I(u® — "))

(3.13) - 2/0 ((SrB(u'i(s)) — SpB(u'

/

(u —a") (1) + (SpB(u"(t)) — SpB(u" (¢))) + (a * A(u® — u”

/

(), (0 = u)(s))uds

/

- 2/ ((a* A(u® — uf))(s), @ — uf)(s))uds.
0
For 0 < e < 1, we use (3.1) to find

/ C C
(3.14) I = u™)(0) ][ = [|(Sr — Sr)uol < gz lwollv. < #lluollv. .
A rearrangement gives us

(SpB(uf) — SpB(uf), uft — uf)y
= ((Sg — Sp/)B(uf),uf — ) + (Sg/(B(uf) — B(u®
R

(3.15) = ((Sg — Sp/)B(uf), uf? — uf )y + (SpB(uf! — u¥ uf’), uf — uf

/))7 uR - uR/)H
/

)Hv

since (SpB(uf, uf® — uf?) uf — u”)y = 0. Let us take the first term from the
right hand side of the inequality in (3.15) and use the Cauchy-Schwarz inequality,
(3.1) and (2.8) to obtain

((Sr — Sr)B(uf), uf — u)y| < [|(Sk — Sp)B(u?)|u[[uf — uf ||z

C /
< 2B v =l

C /
gll(uR - V)ully, fuf —u g

C

!
< =l 190y, Ju® = u
C ,
(3.16) < EHURH%}SHHR . [

for0<e<1l<s—1ands>5/2. In (3.16), we have also used the fact that Vy is
an algebra for s > 3/2. We estimate the second term in the right hand side of the
inequality (3.15) using (3.1), Cauchy-Schwarz and Holder’s inequalities as

/

(SrBu —u uf),uf —u®)y| < |Bu" -, u)|ulu” - o |x
< C|Vu e Ju — u®

(3.17) < Clufllv, u® —uiE,
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for s > 5/2. Combining (3.16) and (3.17), substituting in (3.13), and then using
(2.13), Young’s inequality and Proposition 3.1, we obtain

(318) " —u)(O)I < g u0ll}, + /Hu 912 1w — u®)(s) lads
+wvjﬁ\hﬁ%sﬂwguuﬂ-—uRd<$uﬁds

1 M?T
§C<WJW%JFRE>
+CM (1 + ) / I(u )(s)][5ds,
for ¢ € [0, 7], where we used

(3.19) sup [[u”(t)lv, < M.
te[0,7]

For 0 < e < 1, an application of Gronwall’s inequality in (3.18) yields
(3.20)

/ 1 sz M -~
s;;pﬂ ||(uR —uf IE < C (R%HHOH%’S + e > exp <C’M <1 + R5> T> ,
telo,

and the right-hand side tends to zero as R, R’ — oo, as required. O

Proposition 3.3. The family {u ()} of solutzons of (5.3) are Cauchy (as R — o)
in L°([0,T); Vy), for any 0 < s’ < s, and u® — u strongly in L°([0,T); V).

Proof. Tt follows from Proposition 3.2 that uff — u strongly in L>°([0, T]; H). For
0 < s’ < s, by using the Sobolev interpolation inequality, and Propositions 3.1 and
3.2, we also have

/ 1—s’/s / s'/s
sup [|(uf —uf)(#)lv, < sup [[(uf —u)(@)5" sup [[(uf — )83
t€[0,T te[0,T7] t€[0,T]
(3.21) <2M*/* sup uf —uf |7 =0,
te[0,T]
as R, R’ — co. Thus u®® — u strongly in L([0,T]; V), for 0 < s’ < s. O

By the divergence free condition and the algebra property of the V¥ -norm, we
also have

3.22)  [[(w-V)vlv,_, =[IV-(uev)lv,_, <Cludv|vy < Clully,|vlv,,
for s > 5/2.
Proposition 3.4. For 0 < s’ < s, we have

(3.23) sup ||SrB(uf(t)) — B(u())|lv,_, =0, as R — oco.
te[0,T7]
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Proof. Using (2.7), (3.1), (3.22), Propositions 3.2 and 3.3, for 0 < ¢ < 1, we have
sup ||SgB(u’(¢)) — B(u(t))llv,_,

te€[0,T]
< sup [[SpB(u"(t), (u —w)(®)|lv, , + sup [SeB((u —u)(t),u(®))llv,
te[0,T) t€[0,7]
+ sup [|SeB(u(t)) = B(u(t))llv,_,
t€[0,T]

/ c
<20 sup [[u(@)]lv, sup [ —u)t)v, + =

7 s B, ..

t€[0,T] t€[0,T] t€[0,T]

(3.24)

/ CM?
<20M sup [|(u” —u®)(B)|lv, + 7 =0,
te[0,7) R

as R — oc. O

Proposition 3.5. For 0 < s’ < s, we have

(3.25) sup [[(ax A® —w)(B)]y, , 0, as R oo

te[0,7)

Proof. Using Proposition 3.3, we have

(3.26) sup [|(ax A(u® —w)(®)|lv,_, < C(T) sup || —w)(t)llv, =0,

te[0,T] t€[0,1]
as R — oo. O

For the initial data convergence, by using (3.1), we obtain
C
(3.27) |Srup — wllv, < EHU—OHVS/“ <
as R — oo. Now it remains to show the convergence of the time derivative. From
(3.3), using (3.22), we have

= laollv, =0,

duR(t) R R
sup || —— < sup [[SpB(u™(t))[lv,_, + sup_[[(a* Au™)(t)[lv,_,
t€(0,T] Vs—2  t€[0,T] t€(0,T]
< C sup [u®®)|3,_, +C(T) sup [[a®()]v,
te[0,T] t€[0,T]
(3.28) < C(M) < +oo.

Thus, we can extract a subsequence R™ — 400 such that

duf®™ ,+« du ~
— in L°°([0,T]; V,_a).
g — gr in ([0,T); Vs_2)

Theorem 3.6 (Local Existence and Uniqueness). Suppose the initial velocity ug €
Vs for s > 5/2 with ||ug|lv, < No, for some Ny > 0. Then there exists a time T
depending only on Ny such that the system (2.9) has a unique solution in the class

(3.30) ue C([0,7];V,) N CY0,T;V,_5),

(3.29)
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at least for T = T(Np).

Proof. Using the strong convergences discussed in Propositions 3.3, 3.4, and 3.5,
we know that the time derivative converges strongly in L*([0,T]; Vy_5) and u(-)
solves (2.9) as an equality in L®([0,7T]; Vy_), for 0 < s’ < s. We also know that
LOO([O,f];VS) & Ll(O,TV; V_s), and Ll(O,TV; V_g) is separable. Using the energy
estimates in Proposition 3.2, and along with the Banach-Alaoglu theorem, we can
extract a subsequence such that

(3.31) " S w in Lo([0, T V),

which guarantees that the limit satisfies u € L ([0, T]; V). Also u € Cy([0,T); V),
that is, u is continuous in the weak topology of Vs. This can be proved in the
following way. Let (¢, u)y__ .y, denote the duality pairing of V_s and V; through
the H-inner product. Since uf® — u in L‘X’([O,f];VS/), for any 0 < s’ < s, it
follows that <¢, uR>V75/XvS/ — (o, u>V_s/XVs/ uniformly on [0, 77, for any ¢ € V_.
Using (3.19) and the fact that V_g is dense in V_g for s’ < s, by means of an £/3

argument (see [10]), we have (¢, uft), o — (¢,u)y . uniformly on [0,T] for

any ¢ € V_,. Thus, we have u € Cy([0,T]; V). Uniqueness follows easily, since we
have (2.13) and

(3.32) |(B(u1) — B(uz), u1 — uz)g| < O Vuy|ree Jur — |

Let now prove u € C([O,Tl; Vs) N CH0,T;V,_5). We first prove that u €

C([0,T]; V). Since u € Cy([0,T]; Vy), it suffices to show that the norm ||u(t)]]y, is
a continuous function of time. A similar calculation as in Proposition 3.1 yields

luo||2, CT
(3.33) sup [[u(®)llv, — [[uollv, < —————.
re[0,7] 1= CT|uollv,

From the fact that u € Cy, ([0, T]; V), we have lim iEf”u(t)HVS > ||ugl|v,. Estimate
t—0

(3.33) gives limsup||u(t)|lv, < |lug|lv, also. In particular, lim |u(-,s)||v, = ||uo|lv.
t—0+ t—0t

This gives us strong right continuity at ¢ = 0, and arguing similarly as in [11](see
Theorem 3. 5, page 109-112), we finally obtain u € C([0,7T];Vs). An estimate
similar to (3.28) yields

du(t
(3.34) sup du(t) <C(M) < 400,
te[0,T] dt ly, ,
and this gives u € C1(0,T;V,_y). O

Remark 3.7. In order to obtain the pressure estimate, let us take divergence on
the first equation in (2.2) and using the divergence free condition to find

e 5 (32) (3) - e

ij=1
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For s > 5/2, using the algebra property of H%-norm, we estimate HApHLOO(
as

[0,7];Hs~1)

sup [[Ap(t)|lgs—1 = sup [[(Vu())(Vu(t)) [lg— < C sup ||Vu(t)|f.
te[0,7 te[0,7 te[0,7]
< C sup Hu(t)H%HIS < CM?,
te[0,7)

and hence p € L ([0, T]; HS ).

4. BEALE-KATO-MAJDA BLOW-UP CRITERION AND ITS EXTENSION

The following theorem implies that if the solution fails to be regular past a certain
time, then the vorticity must necessarily be unbounded.

Theorem 4.1 (Beale-Kato-Majda). Let u(-) be the solution of Navier-Stokes equa-
tions with hereditary viscosity (2.9), and suppose that there exists a time T* such
that the solution cannot be continued in the class (3.30) to T = T*. Assume also
that T is the first such time. Then

T*
/|Mwmm=m
0

and in particular
lim sup [Jw(t)] L= = oc.
T

Corollary 4.2. For the solution u(-) of the Navier-Stokes equations with hereditary
viscosity (2.9), suppose there are constants Ko and T™* so that on any interval [0, T]
of existence of the solution in class (3.50), with T < T*, the vorticity satisfies the
a-priort estimate:

T*
/ lw(t)||Ledt < K.
0

Then the solution can be continued in the class (3.30) to the interval [0,T™].

Proof of Theorem 4.1. We first claim that
(4.1) limsup ||u(t)||y, = oco.
1T

If (4.1) is not true, then we have |[u(t)|v, < Cp for some Cp and all 0 < ¢ < T™*.
Then by the local existence and uniqueness theorem (see Theorem 3.6), we can start
a solution at any time t; with initial value u(t;), and this solution will be regular
for t; <t <t + Tp(Cp), with T independent of ¢;. If t; > T — Tp, then we have
extended the original solution past time 7™, which is a contradiction to the choice
of T™*.

In order to prove the theorem, we assume that

T*
(4.2) / loo(t)|[Leedt < Ko < +00,
0
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and show that
(4.3) lu®)|lv, < Co, 0 <t <T™,

for some Cj contradicting (4.1). Let us now estimate the H-norm of w(¢) by multi-
plying (2.14) with w(t). We have

(4.4) %%I\W(t)llﬁn + ((ut) - V)w(®),w(t))y = (w(t) - V)u(t),w(t)y

+ ((ax Aw)(t), w(t))g -

Since V- u = 0, we have ((u- V)w,w)y = 0. Using the Cauchy-Schwarz inequality,
Holder’s inequality and (2.16), we easily have

(4.5) |(w - VIu,w)g| < || (@ - V) ullgllwlz < [Vallelwllie lwl < Clwllwe lwl
Let us integrate (4.4) from 0 to ¢ and use (4.5) to find

t t
(4.6) Jlw(®)lIE < llwollz + C/O ||W(7“)|!L°°||W(7“)||12md7“+/0 ((a % Aw)(r), w(r))g dr.

Using (2.13), we obtain

¢
(4.7) (@)1 < llwollf + C/O oo () l[oe fleo (r) || dr
An application of Gronwall’s inequality in (4.7) yields

t
(4.8) lwo(®)I[Fr < flwollf: exp (C/O HW(T)ILoodT) :
and hence
(4.9) lw(®)[ler < Killwolls,

for all 0 < t < T*, where K; = exp(CK)).

Now we operate with J* in the system (2.9) and then taking inner product with
J*u(-) to obtain

1d
(@10) 5 SR, = — B, un)y, - (@ Au)), ulb)y,
Cauchy-Schwarz inequality and (2.8) gives us
(4.11) |(B(u),u)y, | < CVule|ulff,.

Integrating the equality (4.10) from 0 to t and using (4.11) to obtain
(4.12)

@I, < luollf, + C/O IVa(r) Lo u(r)[f, ds —/0 ((ax Au)(r), u(r))y, dr.

We use (2.13) in (4.12) to find

t
@)1, < ol +C/O IVa(r) Lo [u(r)|IF, dr,
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and an application of Gronwall’s inequality yields

(4.13) @I, < lluollf, exp (C /Ot HVU(T)l!LoodT‘) :

From the estimate (1.1), we infer that

(4.14) IVulLe < C{l + [[wllLes log, (lullv, +€) }

for s > 5/2. Let us define y(t) = log, (|[u(t)|lv, + ¢) and use (4.14) in (4.13) to find
(415) o0) <40 +C [ 1+ ) mptr)lar

An application of Gronwall’s inequality in (4.15) yields

(4.16) log, (Jlu(®)]lv, +€) < (log. (luollv, + €) + Ct) exp(CKo),

for all t € [0, 77) and (4.3) follows. O

Theorem 4.3 (BMO space extension). For the solution u(-) of the system (2.9),
suppose there are constants My, My and T* so that on any interval [0, T| of existence
of the solution in class (3.50), with T < T*, the vorticity satisfies the a-priori
estimate:

T*
/ () syodt < Mo,
0

or the deformation tensor Du = % (Vu + (Vu)T) satisfies the a-priori estimate:

T*
/ |Du(t)|sBmodt < M;.
0
Then the solution can be continued in the class (3.30) to the interval [0,T™].

Proof. The proof follows by combining (1.4) and (4.13), and arguing similarly in
the previous theorem. By the boundedness of Riesz transforms in BMO (see [8]),
there holds ||Vu||pmo < C||Du||gmo. Thus by using (1.4), we also have

(4.17) [Vl < C (14 [[Duf[pymo log. (e + [ullv,)) -

Hence we obtain the required result by combining (4.17) and (4.13) as in the previous
theorem. (]

Theorem 4.4 (Besov space extension). For the solution u(-) of the system (2.9),
suppose there are constants Ly and T* so that on any interval [0,T)] of existence of
the solution in class (3.30), with T < T*, the vorticity satisfies the a-priori estimate:

T*
| lett)lsy e < Lo
0 00,00
Then the solution can be continued in the class (3.30) to the interval [0,T™].

Proof. The proof follows by combining (1.6) and (4.13), and arguing similarly in
the Theorem 4.1. O
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Remark 4.5. 1. The constants My, M and Ly appearing in Theorems 4.3 and 4.4
depend on s also.

2. The authors in [1] remarked that “in fact the developments of this paper
seem to indicate that the mathematical structure of the Navier-Stokes equation
with hereditary viscosity is in some sense in between that of the Euler equation and
the conventional Navier-Stokes equation.” Thus one can expect that the blow-up
criterion for the Navier-Stokes equation with hereditary viscosity will be in some
sense “weaker” than that of the Euler equations. But the analysis in this paper
(see Theorems 4.1, 4.3 and 4.4) shows that the blow-up criterion is the same as that
of Euler equations ( [3,7-9]). This clearly shows that the Navier-Stokes equation
with hereditary viscosity is more close to the Euler equations than Navier-Stokes
equations. This is also due to the lack of some global estimates, compared to the
case of Navier-Stokes equations, even though the hereditary term is positive.
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