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GLOBAL EXISTENCE AND DECAY RATE OF
STRONG SOLUTION TO INCOMPRESSIBLE
OLDROYD TYPE MODEL EQUATIONS

BAOQUAN YUAN AND YUN LIU

ABSTRACT. This paper investigates the global existence
and the decay rate in time of a solution to the Cauchy prob-
lem for an incompressible Oldroyd model with a deformation
tensor damping term. There are three major results. The
first is the global existence of the solution for small initial
data. Second, we derive the sharp time decay of the solution
in L2-norm. Finally, the sharp time decay of the solution of
higher order Sobolev norms is obtained.

1. Introduction. In this paper, we consider the incompressible
Oldroyd model with a deformation tensor damping term

Ou — pAu+u-Vu+Vp=V . (FFT),
(1.1) OF +vF 4+u-VF = VuF,
divu =0

for any t > 0, € R3, where u = u(t, ) is the velocity of the flow,
> 0 the kinematic viscosity, ¥ > 0 a constant, p the scalar pressure
and F' the deformation tensor of the fluid. We define (V- F); = 0, F};
for the matrix F. When v = 0, equation (1.1) reduces to the classic
Oldroyd model which exhibits an incompressible non-Newtonian fluid.
Many hydrodynamic behaviors of complex fluids can be regarded as
a consequence of the interaction between fluid motions and internal
elastic properties. Physical background on this model may be found in
1, 4, 10].
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Supposing divET(0,x) = 0, it can be proven that divFT (t,x) = 0
almost everywhere for any time ¢ > 0. In fact, from the second equation
in (1.1), we have

(1.2) WV -FT)+ vV - FT 4u.-v(V-FT)=0.

Multiplying equation (1.2) by V - FT, integrating over R? and then
using the divergence-free condition of u yields:

d
FrA A FT||3s + 20|V - 7|72 =0,

which implies ||V - FT ||z 2 = 0 for any time ¢ > 0. Therefore, V- (FFT)
= (F; - V)F,, and system (1.1) can be written in an equivalent form

ou — pAu+u-Vu+Vp=F,;-VF,,
(1.3) 8tF.j+1/F.j+u-VF.j:F.j-Vu, j=1...,n,
divu =0, divFT =0.

If v = 0, (1.3) is the classical incompressible Oldroyd model equa-
tion. For this model equation, existence of the local or global solution
is a concern. Lin, Liu and Zhang [14] proved the local existence of
smooth solutions and the global existence of classical solutions with
small initial data in both the entire space and the periodic domain,
if the initial data is sufficiently close to the equilibrium state for the
global existence case. Later, Lei, Liu and Zhou [12] established a sim-
ilar existence result for both local and global smooth solutions to the
Cauchy problem of incompressible Oldroyd model equations, provided
that the initial data is sufficiently close to the equilibrium state.

Theorem A. For the divergence-free smooth initial data (ug, Fy) € H?
(R™) forn =2 or 3, there exists a positive time T = T(||uol| g2, | Follg2)
such that system (1.3) with v =0 and p > 0 possesses a unique smooth
solution on [0,T] with

w e L2([0,T]; H*(R™)) N L*([0,T]; H*(R™)),
F € L>™([0,T); H*(R™)).

Moreover, if T* is the maximal time of existence, then

-
|19l ds = +ox.
0
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In a bounded domain, Lin and Zhang [15] showed the local well-
posedness of the initial-boundary value problem of the Oldroyd model
with Dirichlet condition and the global well-posedness of the initial-
boundary value problem when the initial data is sufficiently close to
the equilibrium state. Qian [19] obtained the local existence of the
solution with initial data in the critical Besov space and discovered
that, if the initial data is sufficiently close to the equilibrium state in
the critical Besov, the solution is global in time. For more results on
the topic of the Oldroyd model, the reader is referred to [2, 5, 6, 11,
13, 16, 18, 22, 23, 25].

Recently [24], we established a local well-posedness result in H*®(R?)
for s > 3/2 for the classical incompressible Oldroyd model equations by
virtue of a new commutator estimate proven by Fefferman, et al. [3],
that is:

Theorem B. Assume ug, Fy € H*(R®) with s > 3/2. Then, there ex-
ists a time T = T(|luo|lms, || Follms) > 0 such that equations (1.3)
with v = 0 and p > 0 have a unique strong solution (u,F) with
u, F e C([0,T]; H*(R?)).

This paper is dedicated to the study of the Cauchy problem for
system (1.3) with the initial condition
(1.4) (u, F)(0,2) = (ug(x), Fo(x)) € H™(R®) for m > 3.
The purpose of this paper is to obtain the global existence of a small
initial datum and the decay rate of the smooth solution for model (1.3).
For system (1.3) with v = 0, the local in-time existence and uniqueness
of solution in H® for s > 3/2 is derived. However, the global existence
of the small initial data solution is an open problem. If we have a
deformation tensor term F' in the second equation of system (1.3),
the local existence of a strong solution in H™ for m > 3 still holds,
formulated in the following theorem.

Theorem C. Assume ug, Fy € H*(R?) with s > 1+ 3/2. Then,
there exists a time T = T(||luo|lms, || Follzs) > 0 such that equations
(1.3) with v > 0 and p > 0 have a unique strong solution (u, F') with
u, F € C([0,T); H*(R?)). Moreover, the local solution (u,F) satisfies
the following estimate

t
(15)  ul Ol + ()1 +/0 1E G ) + 1Vl 7). dr

< Cillluolls + 1 Follzy-)  for any t € [0,T].
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Remark 1.1. In Theorem C, if we only require s > 3/2, the local
existence of the strong solution also holds. In order to have the a priori
estimate (1.5), the condition s > 1 + 3/2 is required.

Towards this end, we state our main results as follows:

Theorem 1.2. Let m > 3 be an integer and v > 0, > 0. Assume
that (ug, Fo) € H™(R?) and the initial data satisfies

wollzrm + [ Follzm < do

for a small constant 69 > 0. Then, there exists a unique, globally
smooth solution (u, F) to the Cauchy problem (1.3) and (1.4) satisfying

t
(s ) (o) [[Fm +/0 IV, D)l + 1EC, )7 d7 < Cillug, Foll
for all t > 0.

Theorem 1.3. Under the assumptions of Theorem 1.2, if, in addition,
(ug, Fo) € LYR3)NH™(R3) for m > 3, then the smooth solution (u, F)
has the following optimal decay rate:

lu(®)1Z2 + 1FE@®)]72 < Ot +1)72,

The decay rate of the higher order derivative of the solution also
holds.

Theorem 1.4. Under the assumptions of Theorem 1.3, for any integer
7 > 0, there exists a Ty such that the small global in-time solution
satisfies

IV u(@)l72 + VI E@#)]72 < Ot +1)7%/27

for allt > Ty, where C is a constant which depends upon j and the ini-
tial data.

This paper is organized as follows. In Section 2, we briefly recall
some lemmas which will be used in our proof. In Section 3, we prove
global existence of the smooth solution by the local existence result
and the a priori estimate. Section 4 is devoted to the proof of Theorem
1.3 by the classical Fourier splitting method first used by Schonbek in
[20]. In Section 5, an induction argument will be applied to obtain the
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optimal decay estimate of higher order derivative of the solution in the
L? norm.

Throughout this paper, C denotes a generic positive constant which
may be different in each occurrence. Since the specific values of the
constants > 0 and v > 0 are not important for our arguments, in the
following sections, we take p =v = 1.

2. Preliminaries. In this section, we present some lemmata which
will be used in the proof.

In the following sections, we will apply the following commutator
estimate and the product estimate of two functions; for details, readers
may refer to Kato and Ponce [8] and Kenig, Ponce and Vega [9] or
Majda and Bertozzi [17].

Lemma 2.1. Let 1 <p < oo and 0 < s. Then, there exists an abstract
constant C' such that

21 A, Aglle < CUV fllo 1A gllzes + A fllzrs 9]l 2os)
for f e WhPr N WSPs and g € W= 1P2 ) LPa;
(2.2) [A*(f9)llee < CUIfllLr[[A%gllLe2 + |A° flles [l gl Lra)

for f e LPrN Weps, g€ WsP2 N LPs and 1 < P2, p3 < 00, such that
1 1 1 1 1
—+—=—+ —,
b1 P2 P3 D4

=
where [A*, flg = A°(fg) — fA°g and A = (=A)Y/2.

We shall use the following L? estimate of the Fourier transform of
the initial datum in a ball, which can be proved by the Hausdorff-Young
theorem. Readers may also refer to [7, Proposition 3.3], [21].

Lemma 2.2. Let ug € LP(R3), 1 < p < 2. Then:

(23 | 1Fu(oPds < e+ e,
S(t)
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where S(t) = {£ € R® : |€] < g(t)} is a ball with

g(t) = (tzl)lé

Here, v > 0 is a constant which will be determined later and C' is a con-
stant which depends upon ~ and the LP norm of ug.

Proof. Let Ff denote the Fourier transform of a function f. For
1 < p < 2, by the Hausdorff-Young inequality, F is a bounded map
from LP — L9 and

(2.4) | Fuollza < Clluollre, 1/p+1/g=1.

Hence, the Holder inequality yields

2/q 1-2/q
2.5 Fugl?d _( F qd) < d) .
(2.5) /S@ up|2de < /S(t)| wol7de /S(t) ¢

Combining (2.4) and (2.5), we have

1-2/q
/ |fuo|2dfsc(/ de) ,
S(t) S(t)

which implies estimate (2.3), and this completes the proof of Lemma
2.2. O

3. Proof of global existence. In order to prove the global exis-
tence of a smooth solution, we first prove the following a priori estimate.

Lemma 3.1. For an integer m > 3, if there exists a small number
0 > 0 such that

(3.1) sup |u(,t)l|gm + [[F () am <0,
0<t<T
then, for any t € [0,T], there exists a constant Cy > 1 such that

t
[l ) Zm + 1EC O Em +/0 1) Em + [V, 7) [ Fm dT

< |I(uo, Fo)l[3m-
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Proof. We divide the a priori estimate into three steps.

Step 1. L%?-norms of u, F. Taking the L? inner product of the equa-
tions (1.3) with v and F, then summing, we obtain that

1d
2dt
where we have used (u-Vu,u) =0, (u-VF-j,F-j)=0, (Vp,u)=0
and (F.;- VF,;,u)+ (F,;-Vu, F.j) = 0 by the divergence free conditions
of v and F;.

Step 2. L%-norms of V™u, V™F. Applying the operator V™ to
both sides of (1.3) and taking the L? inner product of the resulting
equations with V™u and V™F;, respectively, adding and then inte-
grating over R? by parts, we have

(3.2) (lullZ> + I1F1Z2) + 1F 172 + [ Vullz: =0,

1 d m m m m
5 37 UV ullZe + IV FIZ) + IV F (7 + [Vl
<— | V™u-Vu) V™udz+ V™F,; -VFE;) - V"udx
(3.3) RS RS

— Vm(UVFJ) 'VmF.j dr + Vm(F.j Vu) 'vaj dx
R3 R3

(1>
o)

In what follows, we estimate each term on the right-hand side of the
above equation separately. For the term I, we obtain

L=—[ V™u-Vu) V™udz

R3

- Z C’fn/ (Vi - V™= IVau) - V™ dz
R3

0<i<m

IN

> CLINV'uNY™ 'Vl poss [ V™ ull Lo da
0<I<m

For 0 <[ < [m/2], applying the Gagliardo-Nirenberg inequality leads
to

ViUV ™ || o5 <C||Viul| s || V™ | 12

<O Al I | Tl I ] < OOl 2,
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where « satisfies
I 1 a 1 l m+1 1 l
— === x([1=-—)4+|————=] x —
3 3 3 2 m 3 2 m

a—im_% € 01
C2(m—1) 2]

However, for [m/2] + 1 <1 < m, we have

with

| ViuNV™ V| 16/
< V'l 2 V™ s

1—-1/(m+1 m l/(m+1 a nlt/(m+1 m 1—-1/(m+1
< O35/ D gty | YLD | A | D g Ly ()

< CO|IV™ T | 12,

where « satisfies
m—Il+1 1 a 1 l m+1 1 l
_— = === + —— Ix([1-——
3 3 3 2 m+1 3 2 m+1
with
a—m+1€ 11
2l 27|

In both cases, we obtain

Il S C5||Vm+1u||%z

For the term I, an application of estimate (2.2) and integration by
parts directly yields

R3

= —/ V"N E,;-VF;) - V™" da
R3
SNEill= IV E | 2|V | 2
F IV | s [V Eil s [V | 2
< O5(IV™Hhul|Fe + V™ Fil72)-
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For the term I3, we obtain

13 = — Vm(uVF])VmF] dx
R3

= —/ Vm(uVF])VmF] dl‘—f—/ (UV)VMFJ 'VmF.j dx
R3 R3

= —/ ([Vm,’U,V]FJ)va] dz
R3

< (IVull e V™ Fjl 2 + IV ull Lo [V || 23) [V Fj] L2
< Co(IV™H ullLs + V™ FilZ2),

where use has been made of the fact

/RS(U . V)va] . vaj dz =0

and the commutator estimate (2.1).

For the last term, by means of the estimate (2.2), it yields
I, = / V™(F;-Vu) - V"F;dx
R3

< CUIF L= V™ ullze + [V Fy [ 2|Vl o) [ V7™ Fj | 2
< OOVl Ze + IV Fy[72)-

Substituting the estimates I1—I4 into (3.3), the key estimate is obtained
by choosing ¢ small enough.

d m m m m
34) UV ullfe + [VTFIL) + IV Fl7e + [V e < 0.
Step 3. Conclusion. Summing up (3.2) and (3.4), we thereby obtain

d
3 (Il + 1 Fm) + [ F 1l + [[VullFm <0,
Integrating the above inequality directly in time leads to

[, )l[Fm + 1EC Ol Fm
t
+/0 1 G + VG, ) [ dr < I (w0, Fo) |-

We thus finish the proof of Lemma 3.1. O
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Combining the local existence Theorem 1.2 and the a priori estimate
Lemma 3.1, we will complete the proof of the global existence of the
smooth solution by a continuous extension argument.

Proof of Theorem 1.2. Assume

(35) Ey = HUOHHm + ||F0||Hm < (S/\/ Cl,

where § is defined in Lemma 3.1. By choosing 6y = §/1/C1, we can
prove that there exists a global-in-time solution to system (1.3). Since
the initial data satisfies Ey < §/y/C1, then, according to Theorem C,
there exists a positive constant 77 > 0 such that the smooth solution
of (1.3) and (1.4) exists on [0,77], and the following holds:

t
() Fm + IEC Ol Fm +/0 I G ) + IV, ) [ Fmdr < CLEG

for ¢ € [0, T1], which implies

Eyi= sup [[(u, F)(,8)]lsm < v/CrBo < 0.
0<t<Ty

For
(3.6) Ey:= sup |[(u,F)(,t)|lgm < /C1Eg <6,

0<t<kT)
Lemma 3.1 and (3.5) yield Ey, < Ey < §/+/Ch.
Considering (u, F')(x, kT1) as the initial data, Theorem C admits
t
[, )Fm + 1EC O Fm + /kT I ) + e, ) e dr
1
< Crlllut, KT + 1F G T 1),
for t € [kT1, (k + 1)T1]. Taking into account (3.6), we obtain
sup (w, BY( ) | gm < A/C1E) <4,

kT <t<(k+1)T)
and thus,
Eppr:=  sup  |[(u, F)(-,0)[lum < Eo <6/ Ch.
0<t<(k+1)T1

By the bootstrap argument, the proof of Theorem 1.2 is complete. [
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4. Proof of Theorem 1.3. In this section, we prove the decay rate
of the smooth solution to equations (1.3) in the L? space. For ease of
presentation, we denote the Fourier transform of f by Ff or fin the
subsequences.

In Section 3, we have already obtained
d 2 2 2 2
(4.1) g lellze + IFIL2) + [Vulze + 1 Fz2 = 0.

Applying Plancherel’s theorem to (4.1) yields

[ ()P +1F©R a = —/ (EP[EP + [F(©)P) dé.

& R3 R3

By decomposing the frequency domain into two time-dependent sub-
sets, we obtain

3 [ (EOF + [F©P) d
Ra
< / o(t)2[a(6) Pdé — / €2 [a(e) e — / F(e)2e
[€1>9(t) [€1<g(t) R3
. / o(t)2[a(6) e + / ot)?a(€)2de — / F(o)lde,
R?’

R? 1€1<g(t)

where g(t) is defined in Lemma 2.2 and + is a constant to be determined
later. There exists a time 7y > 0 such that, when t > Tj, we have

d [ . = ~ =
@) 5 [BOF +IF@Pe+ 11 [ @OF + 1F)Pa
R3 R3

<ih [ R+ F©Pe.
1€1<g(t)
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Multiplying (4.2) by the integrating factor (¢ + 1)7, it follows that

(4.3) %((t + 17 (Jlu®)llZz + I1FOZ2)

<AHt+1)71 / ([@(€)1* + |F(&)]*) de.
|€1<g(t)

In order to finish the proof, we prove the estimates of |u(¢)| and
|F(&)| as follows.

Lemma 4.1. Let (u, F) be a smooth solution to the Cauchy problem
(1.3) with the small initial data (ug, Fo) € L* N H™, m > 3. Then,
there exist

~ g 1
(1.4) e 1) < C<|Uo(§)| n |ﬂ)
and
(4.5) |E(&,6)] < C(Fo(€)] + [€]).

Proof. Taking the Fourier transform of equations (1.3), we have

(4.6) @ (&, t) + [E[7a(e, t) = H(E 1),
where H(&,t) = —u - Vu(é,t) — Vp(€,t) + F - VE,(€,t) and
(4.7) Fy(&,t) + F(&,1) = G(&,1),

where G(&,t) = —u/~V\F(£,t) + m(f,t). Multiplying (4.6) and
(4.7) by the integrating factors elé’t and e?, respectively, we have

(48) el ) < (e 1)
and
(49) (e Ble.t) < e,

Integrating (4.8) and (4.9) in time from 0 to ¢ yields

t
(4.10) u(§,t) < e"g'ZtﬂB(&t)*/ e D H(E, T) dr
0
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and

t
Flet) < e 'Fo(6, 1) + / = G(E 7 dr.

Now, we derive the estimates for H(&,t) and G(&,t). Taking the
divergence operator from the first equation of (1.3) and using the
divergence free condition of u and F', we have

Ap=-V-diviu®@u)+ V- -div(F @ F).

Since the Fourier transform is a bounded map from L' to L*, this
leads to

(4.11)  |Vp(& )] < [ElIFEE O < €l (lu(u(®)]w + | FEF @) 1)
< CIEI(lu®Z> + [F@)I72)-

Similarly, for the convective terms, we also have

(4.12) [ Vu(g, )] < Clelu(t)|f3:

and

(4.13) [F-VE(E,1)] < CIEl|F@)]2,

as well as the following estimates

(4.14) - VE(E, )] < Clel(Jut)|22 + | (L)1)
and

(4.15) |F V(e )] < Clel(lu®)|2e + [ F(0)]22).

Combining the estimates (4.11)—(4.13) together, we get

(4.16) [H ()] < Clel(lu®) 72 + IF(®)]172)-

Combining the estimates (4.14)—(4.15), we obtain
G(&,1)] < Clel(lu®) 7 + IF(B)I72)-

Inserting |H (€, t)| into (4.10) and using the boundedness of L? norms
of the solution, we deduce

(€, )] < I%(§)|+|€C|(IluO||2L2+||Fo||2L2)(1—e'E'zt) < C(IEB(@H;)-
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Using a similar argument, we have
[P 0] < [Fo(©)] + ClEl(luoll 2 + 1 FollZ2) (1 — ™) < CUF(E)] + €]
We thus derive the estimates of |G(£)| and |F(€)]. O

Placing (4.4) and (4.5) into the right-hand side of (4.3) and applying
Lemma 2.2, we obtain

d

2+ D (u@®lZ= + I1F®)]72))

<cery [ (@ + FOPR) de
l€1<g(t)
1
+Ct+1)" / e d+Co@t+1)t / |€]% d¢
l€l<g(t) l€l<g(t)
<CH+1)I32 Lo+ 1) Y2 L 0@+ 1) 52,
Integrating the above inequality in time from 0 to ¢ leads to
lu(®)lIZ= + | F @)1
<C((tE+D) T+t + )32 ot+ 1) V240 +1)72).
By choosing v > 1/2, we obtain
(4.17) [u(®)|Z: + IF@)]7 < Ct+1)712

Again inserting the above estimate (4.17) of |lu(t)||2. + ||F(¢)]|2. into
estimate (4.16), it follows that

t R t
[ e e niar <clel [ (1 ar
0 0
(4.18) < ClEl(t+ 12 -1))
<C@t+1) V2 (t+1)V?) <o,

if €] is in the ball S(t) defined in Lemma 2.2. Putting (4.18) into
(4.10), we get [u(&,t)] < C(Jug(€)] + 1). Arguing similarly, we obtain
|F(&,8)] < C’(|j:'\0(£)\+1). Inserting these estimates of 4(¢, t) and F(&, 1)
into (4.3) and, by Lemma 2.2, we have

%((f +1)7(lu(®) 72 + I F(O)]72)) < 7+ 1)+ 1)~
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Integrating the above estimate in time and choosing v > 3/2 leads to
lu(®)ll72 + | F@)][72 < Ot +1)7%2,
which completes the proof of Theorem 1.3. O
5. Proof of Theorem 1.4. This section is devoted to showing the

higher order derivative’s optimal decay estimate of a smooth solution
to equations (1.3) in the L? norm.

Proof. As is standard, we denote S(t) = {£ € R3 : [¢| < f(¢)}, with
f(t) = (v/(t 4+ 1))*/2, where 7 is a constant to be determined later. For
the order m + 1 derivative term, again by the Fourier-splitting method,
it is deduced as

A7t = [ lePIFA™ u(e, g
R3

> / €I FA™u(, 1) Pde
1> F(¢)
> PO |A™ul2s — (1) / FA™u(E, £)2de

5(t)

> PIA™ )2 — () / FA™Lu(e, 1) 2de,
R3

(5.1)

where m > 1 is an integer.

Inserting estimate (5.1) into (3.4), it follows that, for ¢ > Ty with
some Ty > 0,

(5.2)
SNl + A7 FIE) + Lo IA™ IS + e OIA™
2
< (727) A ulls + 1A )
If m = 1, multiplying both sides of inequality (5.2) by (¢t + 1)7 yields

(5:3) %((t + 1)V (|AulZe + [IAF]Z2) < (8 + 1) 2 (fullZ> + [F]Z2)

<O@t+1)"26/2),
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Integrating inequality (5.3) from Tj to ¢, we have

(t+ 1) (IAuls + AF)3:)
< (To + 17 (IAulTy)|3 + [AF(T)[22) + C(t + 1717972

Therefore, we can obtain, by choosing v > 5/2,

(5.4) JAul2: + [AF|2. < C(t+1)=3/271,

In order to finish the proof of Theorem 1.4, we use the argument of
induction by m. Assume that

(5.5) AT |2, + AR, < Cpooy(E+1)73/27m L

After inserting (5.5) into (5.2), and multiplying (¢ + 1)7 on both sides
of the resulting inequality, we derive

d
(D (A ] Fo + AT FIF2)) < 42 Cona (b4 1)772/27m 7172,

Integrating the above inequality in time from Tj to ¢, we get

(t+ )7 (A ulZ + [A™FIZ2)
< (To + 1)V ([IA™u(To) |72 + [[A™ F(To) 1 72)
+ 7207”_1(15 + 1)773/27m7171.

Similarly, by choosing v > 3/2 + m, we obtain
IA™ul[F2 + AT F[|F2 < Cra(t+1) 7327,

We thus have completed the proof of Theorem 1.4. O
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