GLOBAL SOLUTIONS OF TWO DIMENSIONAL INCOMPRESSIBLE
VISCOELASTIC FLUID WITH DISCONTINUOUS INITIAL DATA

XIANPENG HU AND FANGHUA LIN

ABSTRACT. The global existence of weak solutions of the incompressible viscoelastic
flows in two spatial dimensions has been a long standing open problem, and it is studied
in this paper. We show the global existence if the initial deformation gradient is close
to the identity matrix in L? N L>, and the initial velocity is small in L? and bounded
in LP, for some p > 2. While the assumption on the initial deformation gradient is
automatically satisfied for the classical Oldroyd-B model, the additional assumption on
the initial velocity being bounded in LP for some p > 2 may due to techniques we
employed. The smallness assumption on the L? norm of the initial velocity is, however,
natural for the global well-posedness . One of the key observations in the paper is that the
velocity and the “effective viscous flux”G are sufficiently regular for positive time. The
regularity of G leads to a new approach for the pointwise estimate for the deformation
gradient without using L°° bounds on the velocity gradients in spatial variables.

1. INTRODUCTION

The flow of incompressible viscoelastic fluids can be described by the following equations
which are equivalent to the classical Oldroyd-B model (see [4, 5, 12, 14, 15]):

du+u-Vu— pAu+ VP =div(FF'),

O,F +u - VF = VuF, (1.1)

divu = 0,
where u € R? denotes the velocity of the fluid, F € M is the deformation gradient (M is
the set of 2 x 2 matricies with detF = 1), and P is the pressure of the fluid, which is a
Lagrangian multiplier due to the incompressibility of the fluid diva = 0. The viscosity u is

a positive constant, and will be assumed to be one throughout this paper for coneniences.
If solutions (u,F) to (1.1) are smooth, it was well-known facts, see [1, 12, 14] that

div(F")(t) = 0,

detF(t) =1
for all t > 0 whenever (1.2) holds initially. Beside conserved quantities described in (1.2),
it was also shown in [12, 19] that

(1.2)

Fi0z,Fij(t) = Fij00,Fir (1) (1.3)
for all t > 0 if (1.3) is valid initially.
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We consider here the Cauchy problem for the system (1.1), and the initial data will be
specified by

(0,F)|s=o = (up, Fo)(z) for all z € R% (1.4)

One can easily generalize discussions here to the case of the initial-boundary value problem
([16]) or the Cauchy problem on a period box. For classical solutions of (1.1)-(1.4) or
related Oldroyd-B models, authors in [1, 12, 14, 15, 5] have established various global
existence and well-posedness of solutions to (1.1)-(1.4), say in H?, whenever the initial
data is a H? small perturbation around the equilibrium (0, I), where I is the identity
matrix. We refer to readers also [10, 19, 20, 21, 17, 18, 5] and references therein for local
and global existence of solutions of closely related models. We shall point out in particular
the works [20, 21], in which the authors used the hyperbolic nature of the system (1.1)-
(1.4) when p = 0 to establish an interesting global existence result for classical solution in
a subspace of H® (s > 8) when the initial date is also a small perturbation in that space
of (0, I) provided the spatial dimension is 3 due to the dispersive structure (see [13] for an
almost global existence in dimension two). Note such a result is unknown for the Euler
equations (when the elastic effects are not present). For the global existence of strong
solutions near the equilibrium for compressible models of (1.1), we refer interested readers
to [10, 19] and the references therein. Numerical evidence for singularities was provided in
[23]. The regularity in terms of bounds on the elastic stress tensor was established in [2, 11].
In [6] authors proved global existence for small data with large gradients for Oldroyd-B.
Regularity for diffusive Oldroyd-B equations in dimension two for large data were obtained
in the creeping flow regime (coupling with the time independent Stokes equations, rather
than Navier-Stokes) in [7] and in general in [8]. We note also that for the Oldroyd-B
type models with a finite relaxation time the global existence of weak solutions with
natural initial data had been verified in [17] under the corotational assumption. Recently
a remarkable global existence result for weak solutions for the FENE dumbbell model with
suitable initial data has been constructed by Masmoudi in [18] through a detailed analysis
of the defect measure associated with the approximations. There is no such result for the
Oldroyd-B model. The main result in this paper can be viewed therefore as the first step
toward the solution of the corresponding problem for the Oldroyd-B model.

The construction of global solutions in [1, 12, 14, 15] depends crucially on various
conserved quantities, in particular, (1.2) and (1.3) (see also [6]). Unfortunately, when the
initial data are discontinuous, the proofs in [1, 6, 12, 14, 15] simply can not be made to
work. On the other hand, One wishes to construct global solutions with the initial data
in a natural functional space which can be read off from the basic energy law associated
with sufficiently regular solutions of (1.1)-(1.4)

1 t 1
5 (Il + IFI32) + /0 [Vu(s)[Fads = 5 (11uol= + Fol132 ).

Thus for the classical Oldroyd-B model in two spatial dimensions, the natural initial
velocity should be in L? and the deformation gradient can be chosen to be the identity (or
small perturbations in L? N L> of I). To prove global existence of weak solutions under
such initial conditions would therefore be of interest in theories of such fluids in both
physics and mathematical analysis. From this point of view, this paper made a further
step in understanding the system (1.1)-(1.4) with the constraints (1.2)-(1.3).
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To facilitate the presentation, we introduce the notations
g0 = ||Fo — |20 + /2 (IFo — I + Juo[?) (1 + |2|*)dz (1.5)
R

where the weight 1 + |z|? serves to compensate the growth of the fundamental solution of
the Laplacian at infinity (which is not needed when the spatial dimension is 3);

AT) = sup [ (i) + P t) = T+ o) Pue. 0 + o (0 P, ) ) do
T
2 .12 2 .12
+/0 /]1{2 (IVul]® + o(®)[a]* + o(t)*|VPul?) dudt, »

where 1 = 0yu + u - Vu is the material derivative of the velocity, o(t) = min{1,¢}, and
the operator P denotes the projection to the divergence free vector field; and

B(T) = |IF = I|[Toe m2x(0.77)- (1.7)

The key difficulty to show the convergence of approximating solutions is to show the
weak convergence of FF' at least in the sense of distributions, which requires a strong
convergence of F in L?(R?). To overcome this difficulty, we introduce a quantity which is
a suitable combination of effects from velocity and that of from the deformation gradient.
This quantity will be called effective viscous flur , and it is defined as

G =Vu— (—A)"'VPdiv(FF" —I).
One can easily check from the first equation in (1.1) that
AG = VPu.

From this and (1.6), one can expect a bound of G in H! for positive time, which is better
than either components of G that appeared to be.

We give a precise formulation of our results. First, denoting F = (F1,F2) where F; and
Fy are columns of F, then the second equation in (1.1) can be written as

&gFj—i—u-VFj :Fj-Vu
for j = 1, 2. Since divF; = 0 due to divF " = 0, the equation for F; can be further rewritten
as
OF; + diV(Fj Ku—u® Fj) =0,

where (a ® b);; = a;b;. Next, we say that the pair (u,F) is a weak solution of (1.1)
with Cauchy data (1.4) provided that F,u, Vu € Lj, (R? x RT) and for all test functions
B,% € D(R? x RT) with divy) = 0 in D’(]R2 x RT)

/ (Fj)oﬁ(‘, O)d.CC + / / (Fjﬁt + (Fj MUu—u® Fj) : V/B)d.ivdt =0 (18)

R2 0o Jr2

for j =1,2, and

/uozb( dx—i—/ / u-9)+ (u@u—FF'): Vip|dedt

/ / Vu : Vypdzdt.
R2
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Now, we are ready to state the main theorem.

Theorem 1.1. Let ||ugl|zr < « for some p > 2, and assume that eg < 7y for a sufficiently
small v that may depend on a and p. The Cauchy problem (1.1)-(1.4) with constraints
(1.2)-(1.3) has a global weak solution (u,F) which is actually smooth for positive time.
Moreover, there exist a positive constant 0 that depends on p and a positive constant C
that may depend on p and a such that

A(t) < Ceb, and B(t) < Cel
for allt € RT.

Remark 1.1. In [7], authors verified that the incompressible Navier-Stokes equations in
dimension two forced by the divergence of a bounded stress have unique weak solutions,
and in particular the weak solution is Holder continuous after an initial transient time.
A new ingredient in our current work is to derive the L> bound for the elastic stress via
the trajectory. During the initial transient time, the Holder norms of the velocity will be
compensated by the weight o(t).

Remark 1.2. We shall prove the above theorem under the assumption that p = 4 for saving
some notations. It will be clear from the proofs presented below that the general case with
p > 2 follows in the exactly the same manner. It should be also clear the similar proofs
work also in dimension three. In the latter case, one needs to assume that the initial
velocity to be small in L3 and bounded in LP for some p > 3. We note that the smallness
of L? norm of the velocity is almost necessary even for the Navier-Stokes equations in
dimension three. We believe that such a global existence theorem is also true when the
initial data is small in a suitable Besov-space or a Lorentz space. For example, for the
above theorem to be true in dimension two, one just need that the velocity is small in the
Lorentz space L>!. But we do not prove the latter result in this paper partially because
that it would make the article much more technical and longer. One may also conjecture
that the above theorem is true when the velocity is small in L?. The latter would require
additional new ideas.

Theorem 1.1 will be established by passing to the limit as n — oo of a sequence of
approximating solutions (u",F™) which are global solutions of a modified system (1.1)
with a biharmonic regularization for the velocity, (—A)*u. This analysis then requires
then us to derive a great deal of technical and qualitative information about the structure
of these regularized flows. One is the need to find a mechanism in the solution operator
which enforces appropriate pointwise bounds on the deformation gradient F in the ab-
sence of information concerning VF. More precisely, it is both physically significant and
mathematically necessary to understand in detail precisely which quantities are smoothed
out in the flow, which are not. One of the important observations we make here is that
the gradient of the velocity, plus a suitable quantity relating the elastic stress, is in fact
continuous.

The rest of this paper is organized as follows. In Section 2, we apply standard energy
estimates to derive a bound for A (see Lemma 2.1). In Section 3, we introduce the effective
viscous flur and estimate A(t) in terms of g9, B (see Lemma 3.1). In Section 4, we derive
the pointwise bounds for F, and hence obtain a bound for B in terms of A (Lemma 3.1).
Section 5 is devoted to the proof of Theorem 1.1. Throughout this paper, M will denote
a generic positive constant which may depend on &gg.
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2. BAsic ENERGY ESTIMATE

In this section we derive certain a priori energy estimates for smooth solutions of (1.1).
To begin with, let (u,F) be a smooth solution of (1.1) which is defined up to a positive
time T and which satisfies the pointwise bounds

Fo,t) — 1] < =
2
Let g9 be as in (1.5), and we assume that 9, A(T), B(T) < 1.
The bound of A(T') can be stated as

T
A(T) §M(50+/ / J2|Vu|4dxdt>.
0 R2

Proof. The proof consists of three separate energy-type estimates.

Step One: The first step is the energy-balance law. To derive it, we multiply the first
equation and the second equation in (1.1) by u and F respectively, and then sum them
together to obtain

Lemma 2.1.

2
1 1 . .
§8t(\u|2 +[F[?) + Su V([ul? +[F[*) = ) div(Vuw) + [Vul]? + div(Pu) = 0, (FirFjru;).

i=1
(2.1)
1
Here |D| = (Z?Fl D%) * for any 2 x 2 matrix D. On the other hand, we deduce from
the second equation in (1.1) by taking the trace of the matrix
OitrF +u - VtrF = tr(VuF). (2.2)
Integrating (2.1) and (2.2) over R? and using the facts div(F') = divu = 0, one has
1d
5& IR2("[.1|2 + |F — I‘Q)dx + /R2 |vu‘2df1}' = O,

and hence

T
sup / (u|2+|F—1|2)d:c+2/ / |Vu|2da:dt:/ (o2 + [Fo — I[2)dz < co. (2.3)
0<t<T JR2 0 R2 R2

Step Two: We derive estimates for the terms o [p, [Vul[*dz and fOT Jg2 ola2dzdt
appearing in the definition of A. Applying the operator P to the first equation in (1.1),
and taking L? inner product of the resulting equation with o1, we obtain

t t
/ / ola|2dzds = / / (Au+7>div(FFT)) . oudzds
0 JR2 0 JR2

t
+ / Q(u-Vu) - oudzds
0 JR2
- Il + IQ + I37
where @ = Id — P. For I, we have

(2.4)

¢ o ) 1 min{1,t} )
b= [ [ otwsu Vo) dudeds == [ [vulde [ [Vuldz + 05,
0 R2 2 R2 2 0 R2
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where O3 denotes a finite sum of terms of the form ‘ I3 f oubujuydrds|.

We can split Iy as

t t
I, = / div(FF") - oudads — / div(FF") - 0Q(u - Vu)dads
0 JR2 0 JR2
= 121 + 122.

For I5,, we have, using div(F') =0

t
:// div(FF") - oudzds
0 JR2

_ /Ot /RZ div((F = D)F = D)7) - (oit)dads + /Ot /RQ div(F — I) - (ca)dads
_ /t /RQ F-DF DT : (oY + oV(u-Vu))deds

_ /t /RQ (F—1I): (0Vuy + oV (u- Vu)))dzds

:/ o(F—I)F—1)" Vud:c+//RzotF DEFE-1)T : Vudads

// F nE-N' :Vud:cdt/ / F—I)(F—-1)":0V(u-Vu)dzds
R2 0 JR2
t
/ U(FI):Vudaz+/ / Ut(FI):Vudxds+/ / o(F —1I); : Vudzds
R2 0 JR2 0 JR?

_ /t/ (F—=1I):0V(u-Vu))dzds.
0 JR?
(2.5)

Note that for the last two terms in the most right hand side of (2.5), using the second
equation of (1.1), we have, since divu =0

/Ot/RQU(F—I)t:Vudxds—/()t/R2(F_[);Uv(u,vu))dxds

:/Ot/R2a(—u-V(F—I)+VuF):Vud:nds—/ot/RQ(F—I):aV(u-Vu))d:Uds

t t
= —/ / (F—1I):o0VuVudzds + / / oVuF : Vudzds
0 JR2 0 JR2

t
< M/ |Vu|2dxds.
0 JR2
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Similarly, for the third term and the fourth term in the most right hand side of (2.5), we
have

/Ot /RQ o (F-1)FE-DT) : Vudeds - /Ot /R2(F _DE-DT :oV(u- Vu)dads
= _/t/ o(F =) F—-1)" : VuVudazds
0 JR2
+ /Ot /RQ o (VuF(F — D)7 + (F ~ 1)(VuF) ") : Vudeds

t
< M/ |Vul|?dzds,
0 JR2

Hence, from those two estimates, we have

min{1,t} t
I, | gM(a/ |Vu|\FI|d:c+/ / \Vu|]FI|dxds+/ |Vu\2d:pds>.
R2 0 R2 0 JR2

For I5,, we have, since Riesz operator VV(—A)~! is bounded in Hardy space H!
t
I, :/ / oFF' : VQ(u - Vu)dads
0 Jr2
t
< [ IFET ol Q- Vs
0
t . .
< M/ [FFT e [ V'V (— )~ (000571 ds
0
t
< M/ 10,00 |3 ds
0

t
< M/ Va2, ds.
0

Here, in the last inequality, we used the following estimate in [3]: if dive = 0, then
v-VweH and |jv-Vwly < M|v|p2||Vw| 2.

For I3, we have

I3 = /Ot . V(-A) tdivdiv(u @ u) - (o01)dzds
=— /0 t /R 2 (—=A)~tdivdiv(u ® u) - odivdiv(u ® u)dzds
<M /Ot ol|div(u ® u)|[7.ds (2.6)
< M/t/ ([ul* + o2|Vul*)dds
0 JR2

¢
<M(50—|—// 02|Vu]4dacds>,
0 JR2
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since for all ¢ € [0, T,

t t
/ u(t)[*deds < sup [[u(s)|% / IVu(s)|22ds < 2 < <.
0 JRr2 s€[0,t] 0

Summarizing those estimates for I, Iy and I3 together, we have

¢
G/ \Vu]de—i—// ola*dzds
2 Jp2 0 JR?

¢
§M<a/ \VuHF—I|dw+// o?|Vul*dzds + g
R2 0 JRr2

min{1,¢} t
+/ / |Vu\|F—I|dxds+/ / \Vu|2dxds+(’)3>.
0 R2 0 JR2

This, together with (2.3) and Young’s inequality, yields

T
sup (O’ |Vu]2da:> —|—/ / ola|*dzdt
0<t<T R2 0 Jr2

t T
<M (80 +/ / o?|Vul|*dzds + Z / / au;ufuzq’dxdtD .
0 JR?2 0 JRr2

T T
/ / oulufuldrds| < / / o|VulPdzdt
o Jrz 7 0 Jr2

T 3 /T 3
< </ |Vuy2dxdt> (/ / 02]Vu|4dxdt)
0 R2 0 R2
T
<M <60+/ / a2qu|4d:cdt),
0 R2

Since

one deduces from (2.7) that

T ¢
sup <O’ \Vu]%lx) +/ / olal*dedt < M (80 +/ / az\Vu]4dxds> . (2.8)
0<t<T R2 0o Jr2 0 JR?

Step Three: We estimate the terms o2 [, |Pul?*dz and fg Jg2 2| VPu|?dzds appear-
ing in the definition of A. First of all, we apply the operator P to the first equation in

(1.1) to yield
Pit — Au = Pdiv(FF ).
Applying the operator 0; + u - V to the above equation gives

(P1) +u- VP = Aw, + div(Au @ u) + (Pdiv(FF ")), + div(Pdiv(FF ) ® u).
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Multiplying (2.9) by o?Pu and integrating over R? x (0,t), we obtain

¢ ¢
1‘72/ [Puf’de = / / oo’ |Pul*dzds +/ / a*Pu - (Aut + div(Au ® u))dmds
2 RQ 0 R2 0 RQ

n /0 t /R o*Pir. ((PdiV(FFT))t + div(Pdiv(FF ) ® u))d:cds

3
=>Jj

j=1
(2.10)

The estimate (2.8) can be used to control the first term on the right since |o/| <1 and

t
|J1]:‘// oo’ |Pul*dzds
0 JR2
¢
S// olal?dzds.
0 JR2

The second term Jy on the right hand side (2.10) can be written as

t
Jo = / / o2Pu - (Aut +div(Au® u))dxds
0 JR2

t
/ / o (VPu: Vu; + VPu : Au® u) dzds
R2

t
/ / o2 (VPu: (Vu; + V(u-Vu)) + VPia: (Au®u— V(u-Vu))) dzds.
0 Jr2
(2.11)
Note that

/ / o?VPu: (Vu, + V(u- Vu))drds = / / o?VPu : Vadads
RQ

= / / o?|VPulrdxds
0 JR2

t
// o?VPu: (Au®u— V(u-Vu))dzds
0 JR2

and integration by parts gives

t
—/ / o? ((u - V0, P1) - Oy u+ (O, u - VP) - Oy, u) dzxds
RQ
t
- / / 02 axlpu (Ou - V) + - Vo, u - axlpu) dzds
]RQ

/ / (O - VPI) - axlu+aml7>u-(amlu.vu))dxds,
RQ

since

/R2 ((u V0, P11) - Ogu+ 1 - VO u- axlpu) drds = 0
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due to divu = 0. Therefore, we deduce from (2.11) that
t
Jo = —/ / o?|VPulldzds + Oy,
0 JRr2

where Oy denotes any term dominated by ]\/[f(;e Jg2 o*[Vu?|VPul|dads.
The third term J3 on the right hand side of (2.10) can be written as

Jy = /0 t /R ] o*Pu - ((Pdiv(FFT))t + div(Pdiv(FF ") ® u))d:cds
= /t/ o?Pu - (Pdiv((FFT)t) + div(Pdiv(FF ") ® u))dmds
0 JR?
= /t/ o?Pu - (div((FFT)t) + div(Pdiv(FF ") ® u))dxds
0 JR?
— _/t/ o*VPu : ((FFT)t + Pdiv(FF ") ® u)dﬂsds
0 JR?
= /t/ o*VPu : ((FFT)t + div(FF") ® u) dxds
0 JR?

- / t / ) o?VPu: Qdiv(FF ') ® udzds
kT,
(From the second equation in (1.1), one has
O(FF') +u-V(FF') = VuFF' +FF' (Vu)',

Therefore, we can write J3, as, using integration by parts
t
J3, = —/ / o?VPu : ((FFT)t +div(FF) ® u) dxds
0 JR?
t
= —/ / o* VP : (— u-V(FF') +div(FF') ® u)dxds
0 JR?
t
- / / o2V P - (quFT n FFT(Vu)T)da:ds
0 JR2
! 2 T T
= /O /R2 o amjxk (Pu)l( — uk(FF )ij + (FF )ikuj)d:vds
t
+ / / 020y, (P); (FF )05, u;dzds
0 JR2
t
- / / o2V P : (quFT n FFT(vu)T)d:cds
0 JR2
t
= / / 028% (P0);(FF " )ix 0y, 0 dxds
0 JR2

t
—/ / o?VPu : (VuFFT —i—FFT(Vu)T)d:L'ds
0o Jr2

(2.12)
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since interchanging j and k yields

t
/ / 0281.% (Pu)z< — uk(FFT)ij + (FFT)ikuj)dxds =0.
0 Jr? !

Thus, it follows

t % t %
’J31’§M<// |Vu]2dacds> <// JQIVPI'JIdeds>

(2.13)
< Mgl </ / o?|VPu)? dxds)
On the other hand, one can write J3, as
t
3, = / / o?VPu: Qdiv(FF ') ® udzds
0 JR2
t
= / / o?VPu : V(—A) divdiv(FF ") @ udzds
R2
t
:/ / 028% (P1);0y,(—A) " divdiv(FF " )u,dzds
0 JR? (2.14)

t
—// 023%3301.(Pu)i(—A)fldivdiV(FFT)ujdazds
0 JR2
t
- / / 020y, (P);(—A)divdiv(FF " )0y, u;dzds
R2

/ / (—A) " divdiv(FF ")y, ujdzds
R2

since 9, (Pu); = div(Pu) = 0. Therefore, we can estimate Js, as
t
] < [ =) ivaiv(EE ) asoll 0, (P00,
t
SM/O o?[[[F[? ||z VP 2| Vul| p2ds

1
1 t 2
< Meg (// 02|V731'1]2dxds>
0 JR2

Substituting (2.13) and (2.14) back to (2.12) gives

1
1 t 2
|J3| < Meg <// 02|V7?1'1|2d:cds>
0 JR2

Summarizing estimates for J; (j=1,2,3) in (2.10) and using Young’s inequality, one
obtains

t t
02/ |Pu|?dx +/ / o?|VPal*drds < M (z—:o +/ / JQIVu\4d:vds) .
R? 0 JR2 0 Jr?
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It then follows easily that

T T
sup o2 [ |Pul’dx +/ / o?|VPul*dzds < M (60 —i—/ / J2Vu|4d:cds> :
0<t<T  JR2 o Jr? 0o Jr2

O
3. EFFECTIVE VISCOUS FLUX AND ESTIMATE FOR A(t)
Let us define effective viscous flux as
G =Vu— (—A)"'VPdiv(FF" — 1),
and its variant
6 =Vu+F-1TI
The condition divF " = 0 implies that
Pdiv(F — I) =div(F — I), (3.1)

and hence, in view of the identity
A = Vdiv — curleurl,
one has
AG = A(G+ (~A) ' VPdiv(FFT — 1) +F ~ 1)
_ A(g 4 (A TIVPAiv((F — I)F — D7) + (—A)curleurl(F — 1)) (3.2)
= AG — VPdiv((F — I)(F —I)") — curlcurl(F — I).
JFrom the first equation in (1.1), we have
Au+div(F —I) =Pa— Pdiv(F - I)(F-1)"),

and thus one has, using (3.1)

(VPdiv((F—I)(F—1)"),A®)

- (VPdiv((F ~DF -7, V(Au + div(F — 1)))

| o | e (33)
= (VPdiv((F - 1)(F —1)7), VPir) - HVPdlv((F “DF-TI) )‘ ;
1 , 2l
<= ~ - - .
< 5 |[vPaiv(E - DE-DT)||, + 5 1VPulz:
On the other hand, it also holds
(curlcurl(F — I), A®) = —(curlcurl(F — I), curlcurl®) (3.4

= —||curleurl(F — I)||3,.
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(From (3.2), (3.3), and (3.4), one deduces that

2
IA®B|2, + [|eurleurl(F — 1], + HVPdiv((F _I)(F - I)T))

12
< M(|1AG]: + [ VPu3: ) (35)
< M| VP,

since AG = VPu. Similarly, it also holds

IVS| L2 < M[Pu|7..

Those inequalities imply that the quantity & has the same regularity as the quantity G.
We are now in a position to obtain the required bounds for the terms fg ng UQ\Vu|4d:L'ds
appearing in the statement of Lemma 2.1

Lemma 3.1. There is a global positive constant 6 such that
1Mﬂgﬂd%+A@V+BHY)
Proof. jFrom the definition of ® and the second equation in (1.1), we have that
jt(F IN4+F—-1=06F—(F-I)(F—-1I).
Multiplying by 4(F — I)|F — I|2, we obtain
%w—fﬁ+qF—n4gq@wmuJP+4w—ﬂi
and hence, the bound ||F — ||z < 1 implies that
%|F—I\4+ F—1)* < M|&|*. (3.6)
Multiplying by o2 and integrating along the trajectory yields
(T F(a(T),T) — 1"+ fﬁmm<>>n%
min{l,T}
<v [ . |%+M/ )&,

Integrating over R? and using the fact det F = 1, one obtains

/i/ (t)|F(x,t) — I|*dxdt
R2

min{1,T} T
< M/ |F(z,1) —I|4dxdt+M/ / o?(t) & dadt
R2 0 R2

<M@B+M/ (t)®dt.
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The definition of G implies

T
/ / o?|Vu|*dzdt
0 R2
T T
gM(/ / 02\g|4dxdt+/ / 02\(—A)—1v7>div(FFT—1)|4d:cdt)
0 R2 0 R2
T T
SM(/ / az\g]4dxdt+/ U2HFFT—I|y§4dt)
0 R2 0

< M(/OT/]RQ 02[|g\4 - ®|4}da:dt+€oB>.

Note that
T T
/ / a2g4dxdt§/ o? </ g%)( |Vg|2dx> dt
0 JR2 0 R2 R2
T
< sup [(o’/ g%m)]/ / o|VG|*dzdt
t R2 0 JRr2?

However, from the definition of G,
o G¥dz<M U |F — I|*dx + 0/ \Vu|2d:c}
RQ RQ RQ
< M(e’fo + A(T))
Also, since AG = VP,
/ IVG|2dx < M/ |Pa|?dz.
R2 R2
Applying these bounds, we obtain that
T
/ / oGt < M(e5 + A(T)?),
0 JRr2
and similarly
T
/ / o264 < M(S2 + A(T)2).
0o JRr?
Hence
T
/ / o?|\Vul*dzdt < M (el + A(T)* + B(T)?).
0o JRr2
O

In the following lemma we derive an estimate for the weighted L2-norm of u(-,t) for
0<t<LI.

Lemma 3.2. Under the same condition of Theorem 1.1, it holds

sup / (1 + |z[*)|u(x, t)|*de < M(T)eo.
R2

0<t<T
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Proof. Taking the inner product of the first equation of (1.1) with (1 + |z|?)u, one obtains

1 t t
/ (1+\x|2)|u|2d:r‘ +/ / (1 + |2]?)|Vul2dzds
2 R2 0 0 R2

—/0 /R2 [w -VIu|? - Qdiv(uyy) - (1 + |z[H)u — [u’z - u+ (1 + |z[*)u - div(F - I)
+Pdiv((F - I)(F - 1)T) - u(l + |x|2)} dzds
- /t/ [x -Vu? + 2(-A) " Hdivdiv(u @ u)z - u — |u’z - u
0 JR2
+(1+ |z)u-div(F — I) + Pdiv(F - I)F - 1)7) - u(l + W)] dzds.

In a similar way, we find from the second equation of (1.1) that

1
2/ (1 + laf)[F — 1Pde]|

//R F— 10 2 — div((F = D)F = 1)7) - u(l + |2]?)
— (14 [z[?)u- div(F — 1) — 2(F — I)(F — I) - u®x—2(F—I):u®x]dmds.

Adding them together, we thus obtain

/(1—|—|x|)[|u|2 IF — 1\2 dx // + |2[?)|Vu|2dzds

—/ / F—I%u-z+2-V|u]® - Qdiv(uy;) - (1 + |z[*)u - [u*z - u
0 JR?
—2F-DNF-1):u@z—2F—-1):u®«x
— Qdiv((F — I)(F— 1)) -u(l + |x\2)}dxds (3.7)
- /t/ []F —IPu-z+42z-Vu]? +2(-A) tdivdiv(u @ u)z - u — |[u’z - u
RQ
—2F—-0)F—-I):u®@zxz—2(F-I1):u®x
— 2(—A)"tdivdiv((F — I)(F — I) T )u - x] dzds.

The right hand side of (3.7) is controlled by

1 t t
/ / (1+|m|2)|Vu|2dxds+M/ / (1+|x|2)[\u|2+|F—I|2}d:vds
2 0 JR2 0 JR2

t
+/ lu|*dzds.
0o Jr2

The last term above is bounded by

t ) } 1
M/ ( |u[2dx> </ Vu|2dx) dt < Megtz.
0 \JRr2 R?
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Thus, we deduce from (3.7) that

/ (1+ [22)(Juf* + F — I)da
RQ

t
< M[sot% +/ / (14 |z[*)(Ju* + |F — I|*)dzds]|.
0 JRr2
An easy application of Gronwall’s inequality then completes the proof. O
In the following lemma we derive an estimate for ||u(t)|| s as 0 <t < 1.

Lemma 3.3. Assume that ug € L*. Then

T
sup / |u|4dx+/ / [ul?|Vul*dzdt
0<t<T JR2 0o Jr2
< M(T)[/ \u0]4dx+€0B]
R2

Proof. Taking the inner product of the first equation of (1.1) with |u|?u, one obtains
1 t ! 1
- ]u\4dx‘ +/ / P[V\uﬂZ—l— \Vu]z\uﬂdxds
4 R2 0 0 JR2 2

= /t/ [Qdiv(uuj) + div(F —I) + Pdiv((F — I)(F — I)T)} - |ul?udzds
0o JRr2 (3.8)

/t /}R2 [(—A)_ldivdiv(u @u)u-Vu]?+ (F—-1I): V(u/*u)

+ (=A)Leurldiv(F - I)(F=1)") : curl(]u\2u)} dxds.
Since
V(Juf*u)| < M[Vulu?,
the right hand side of (3.8) is controlled by

1/t t ¢
/ / |Vu|2|u|2dxds—|—M/ g(s) (/ |u4dx> ds—i—M/ IF — I|*dzds
2Jo Jre 0 R? 0 JRr2

with
g(s) =1 —I—/ |Vul?dz € LY(0,1).
R2
The last term above is bounded by MeoB(t). Thus, we deduce from (3.8) that

- lu|*de < M[/Otg(S) </}R2 |u|4da:> ds + 50B(t)].

An easy application of Gronwall’s inequality then completes the proof. O

We conclude this section with a result concerning the Holder continuity of u. The the
standard notation for Holder norms will be adapted
<w>a = sup |w($) — w(y)‘

x,y€R? |':E - y|a
TFY

for a € (0,1).
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Lemma 3.4. For allt € (0,1], it holds

1—«a a
2 2 1-a a
<so+/ |Vu|2dx> X (/ |731'1|2dx> +e,° B(t)2
R2 R2

Proof. For any p > 2, Sobolev’s embedding theorem implies
() < M|Vl o)

(u(- )" <M

for a € (0,1).

witha =1 — %. Therefore, it holds

(e, ) < M |S]ls + |F = Iz, (3.9)

Since
l1—a o
|F—I||» < Mey? B(t)z,

and

p—2

1
P 2p
H@HLPSM</ (’52dx> (/ ]V@]%x)
R2 R2

1—2a %
§M<50+/ |Vu]2dm> </ ymy%m) .
R2 R2

Substituting these estimates back in (3.9) gives the desired.

4. POINTWISE BOUNDS FOR F AND ESTIMATE FOR B(T)

In this section we derive pointwise bounds for the deformation gradient F in terms of
A. First we show that F remains bounded for large time in terms of B(1) and A(T'). Then
in the next step, we obtain pointwise bounds for F near ¢ = 0; a rather delicate analysis is
required here, owing to the degradation of the smoothness estimates for u near the initial
layer. All the assumptions and notations described in the previous section will continue
to hold throughout this section.

With aid of (3.5), the pointwise L* bound of F — I can be stated as

Lemma 4.1. Under the same assumption as Theorem 1.1, we have
B(T) < M(e§ + A(T) + B(T)?).

Proof. Step One: T > 1. Integrating (3.6) along particle trajectories for ¢ € [1,7T] yields

T
IF — Il|700 () < [IFo — I]|7(1) +M/1 187~ ds. (4.1)
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We estimate the last term here as follows.
4 4
|G| Lee < M[B]ljy1a

gM[/ 054da:+/ |V®|4dx}
R2

<M \vesde/ ®2dm—|—/ |AS| da:/ V& |2da

< MA(T [/ |Pulda +/ VP dx} .
Since t > 1, it follows from above that

T T
/ Hes||4mdngA(T)/ /(|771'1|2+|V791'1|2)d:c
1 1 R2
< M(e§+ A(T)?).

Thus, for T' > 1, it holds

B(T) <M [eo +B(1) + A(T)] .

Step Two: T < 1.
Let I" be the fundamental solution for the Laplace operator

1
I(z) = glnm.

Denoting the element in the reference coordinate by X, and the flow map is given by

%x(t,X) =u(x(t,X),t), with 2(0,X)=X.
;From the definition of F, it holds

aXi = Fpy 83:m

Since AG = V'Pu, along the trajectory, it holds, after changing variables

~—

®F(x(3)v 3) =I'x VPuZ(, S)(.%'(S, X))F(;U(S, X)? s
+ (=A) teurleurl(F — I)(2(s, X), s)F(z(s, X), 5)
+ (=A)IVPdiv((F — I)(F — 1) ")(x(s, X), s)F(2(s, X ), 5)

3
:ZN
n=1

(4.2)
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Note that the ij entry of N1 can be written as
(N1)ij =T % Vg, Pa(-, s)(x(s, X))Fm;(z(s, X), s)

_ /R T(a(s,X) = 9)Vy, Py, 8)dyFons (0(5, X), 5

= R2 mer(w(s, X) - y),Pl.li(y’ S)dyij(w(Sv X), s)

=/, Vx,;T(x(s, X) — y)Pi,(y, s)dy

= dis ( Vx,T((s, X) = y)uily, s)dy)
L
g

ZN

=1

R

mk (T —y) (w(2(s, X), 8) —wi(y, s)) iy, s)dyFm;(x(s, X), 5)
—y)Q(u- Vu)(y, s)dyFm;(z(s, X), )

Tom -

Observe that, since
Vi, T xu(-,8) = T x i (-, 8)Fpj(2(s, X), ),

one obtains

19,0 % (8l <MD % il 8)l|

(4.3)
< M|llullzr + [[uf s

for any p € [1,2) (see for example (1.32) in [9]). From Lemma 3.2, we have

P

2, gM/ 1+ [2l?) 51+ o) JulPde

- :
gM(/u+uﬁv%) (/u+wﬂwwﬁ
R2 R2
P
< Me;

if p is chosen sufficiently close to 2. In addition, since t < T < 1,

1 2 1
lullzs < Ml [[ul|fs < Meg.

Substituting these estimates back into (4.3), we then find that I'; u;(-, s) can be bounded
as

HVX],F*ui(s)HLoongg forall 0<s<1,

t
/ thS
0

and hence

< Meg.
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Let ¢(y, s) be the integrand of Ny,. Then since |T',,x(z)| < C for |z| > 1,

t
/ / 16y, )|dy|Famj (s, X), 8)|ds < Mep.
0 Jla(s)—yl>1

On the other hand, for o € (%, 1),
t
I 16(y )Idy[Fons (s, X)) ds
0 Jlz(s)—yl<1
¢
< [ty [ fals) -yl olduds
0 lz(s)—y|<t
3
T ga—2) 4 t
<M </ 3 rdr) sup ||u(-,s)HL4/ (u(-, s))%ds
0<s<t 0

<M/ ))“ds

by Lemma 3.3. Applying Lemma 3.4, we then obtain that
t
L[ totm syl als, ). s)ids
0 Jlz(s)-yl<1
1—a [e3
< M502 B(t)z + M/ <50 / |Vu|d:z:> : </ ]7311]2dx> ’ ds
50&
< My + B(t) + M (/ _o‘ds> <€o+/ / |Vu|2>
0 R2
t bl
X </ / s|731'1|2d:xds>
0 JR?

< M(c+ B(t) + A(t)2).
For Ny, from the definition of Q, it holds

(4.4)

Niy == [ Tla(s) = )@ V) )dyFon o5, X))

_ /R Don((s) — )0 (~A) div(u - V), 5)dyFons (a(s, X), 5
T(a(s) — y)div(u - V) (g, s)dyFony (@ (s, X), )
im(2(s) = y)ui(y, s)um(y, s)dyFm;(z(s, X), s)

Fim(x(s) - y)(ui(y7 3) - U—i(x(s)? S))um(y7 s)dyij(a:(s, X)7 3)7

[ I
=

since

w(@()5) [ Tinals) = 9)un(y.5)dy =0
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due to divu = 0. Hence, one can proceed as the argument for Nj, to obtain

t
/ ngds
0

< /Ot |(—=A)teurleurl(F — I)(z(s), s)|| o ds

< M(<+ B(t) + A(t)2).

For N5, one has

t
/ NQdS
0

t 1 1
< M/ |F — I||;2llcurleurl(F — I)(z(s), s)| ;-ds
0

t 1
<At [ VPl
0

t, \i /[t i
(/ s_3ds> </ HsVPﬁH%zds)
0 0

el

< MA()

SIS

< MA(t)3.

t
/ Ngds
0

Combining all these estimates, we then obtain that

/0 t BF(z(s), s)ds

On the other hand, from the second equation of (1.1) and the definition of &, one has
a
ds

Integrating this identity along the trajectory and using (4.5), it follows

Similarly, one can bound N3 as

< MA(t)z.

N[

< M(E% + B(t) + A(t)?). (4.5)

(F(x(s),8) = I) + (F(x(s), ) = [F(x(s), 5) = GF(x(s), 5)-

t
s=0

¢ 1
< M/ [F — I|ds + M (e + B(t) + A(t)2).
0

This further implies
t
F(z(t),t) — I| < M/ IF — I|ds + M(ef + B(t) + A(t)2).
0

Applying Gronwall’s inequality gives,

sup |IF — I}~ < M |sf+ A(T) + B(T)?],
0<t<T

as required. O
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5. PROOF OF THEOREM 1.1

In this section we apply the a priori estimates of Section 2 and Section 3 to complete
the proof of Theorem 1.1 stated in Introduction.
To begin with, we consider an approximating system to (1.1)

ou+u-Vu— pAu+ §(—A)?u+ VP = div(FF "),
OF +u - VF = VuF,

divu = 0,

(u(z,0),F(z,0)) = (uo,Fo),

where § > 0 is the parameter. Note that constraints (1.2) and (1.3) still hold true since
their verification only involves the equation of F. Thanks to the higher order diffusion
term, 0(—A)?u, the flow map is smooth and the trajectory is well defined for initial data
(ug,Fo) € L*(R?). Moreover the global existence of solutions to (5.1) can be established
through a standard energy method.

Let (ug,Fo) be initial data as described in Theorem 1.1, and let (u™,F"™) be the solution
of (5.1) with 0 = % The a priori estimates as in Lemma 2.2 and Lemma 3.1 then can be
obtained as

(5.1)

A(T) < M(ag AT + B(T)2)
and
B(T) < M(sh+ A(T) + B(T)?)

for all T' < oo, where A and B are now as in (1.6) and (1.7), but with (u, F) being replaced
by (u™,F"). Using the fact that A and B are continuous in ¢ and the hypothesis that e
is small, we may then conclude that

A(T) + B(T) < C&,

for some universial positive constant C.
Based on this bound, up to a subsequence, we can assume that for an arbitrary 7' > 0

u" —u weak® in L™(0,T; L*(R*)) n L*(0,T; H' (R?))
and
F" - F weak in L%*(0,T; L*(R?)) N L>((0,T) x R?).
Then it is a routine argument to get (see for example [22]) that as n — oo
1
~Au" -0 in D'(R" x R?)
n

u"-Vu" - u-Vu in D'(RT x R?)
and
Frou"—u"@F' 2 F@u—u®F in D/(RT x R?).
Taking the limit as n — oo in the momentum equation of (1.1), one has

du+u-Vu—Au+ VP =div(FFT —I) in D'(R" x R?), (5.2)

where the notation f means the weak limit in L? of {f"}.
It is only left to show the strong convergence of the deformation gradient in L2.

Lemma 5.1. F* — [ — F — I converges strongly in L*(R?).
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Proof. Multiplying the second equation in (1.1) by (F" — I), we have, using div(F") "

1 1 ¢
/ F"(t) — I*dx — / |Fi — I%dx = / vu : (F*(FY)" — Idxds;
2 R2 2 R2 0 R2

and similarly

1 1 K
/ F(t) — I|?dx — / |Fo — I*dx = / Vu: (FF' — I)dxds;
2 R2 2 R2 0 R2

23
=0

(5.3)

(5.4)

On the other hand, taking the inner product of the momentum equation with u™ gives

¢
/ Vu" : (F(F") " — I)dzds
0 JR2

1 1 ¢
== |u”(t)|2dac+/ |ug|2dx/ / |Vu"|2dads;
2 R2 2 R2 0 R2

while the inner product of (5.2) with u gives

t
/ Yu:FF! — Idxds
0 JR2

1 1 t
_ 1 |u(t)|2dm+/ |uo|2dx—// Vul2dzds.
2 R2 2 R2 0 R2

Due to the convexity of o + 22, it can be deduced from (5.5) and (5.6) that

t t
lim sup/ Vu" : (F(F") " — I)dzds < / Vu : FF| — Idxds,
0 JR? 0 JR2

n—oo

(5.5)

and hence this in turn, according to (5.3)-(5.4) and the strong convergence of Fjj , implies

that ) .
- yF(t)—I|2dx§/ |F — I|%dz + R
2 Jre 2 Jre

with . .
R = / Vu:FF! — Idxds — / Vu: (FF' — I)dxds.
R2 0 JR2

Next we claim that
R=0.
Indeed, observing that

¢
/ Yu:FF' — Idxds
0 Jr2

t
= lim Vu: (FYF")T — I)dzds

n—oo R2
= lim Vu: + (F" = )(F" — 1) ")dads
n—oo R2
= / Vu: (F—I)dzxds + lim Vu: — D)(F" — I) " dads
0 JR? oo R?2

TLHOO

(5.7)

t
:/ Vu: (F— I)dxds—kf lim / Vu+ (Vu) ] D (F" — I)(F" — I) " dxds.
0 JR2 R2

(5.8)
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Since Vu+(Vu) " € L?(R?) is symmetric, there exists a complex-valued matrix S € L*(R?)
such that

Vu+ (Vu)' =88'.

Thus the last term in (5.8) takes the form

2 n—oo

1 t
// ST(F — I)2duds.
2 0 ]R2

Therefore, (5.8) further implies that

= hm IST(F" — I)|*dzds,
R2

which is bigger than

t t
/ Vu:FF| — Idzds > / Vu: (FF' — I)dxds, (5.9)
0 JR2 0 JR2

and it follows
R > 0.

A similar argument as from (5.8) to (5.9) with Vu being replaced by —Vu gives
t t
/ Vu :FFT — Idzds < / Vu: (FF' — I)dxds,
0 JR2 0 JR2

and it follows
R <O0.

Combining those two inequalities together gives the desired claim.
(5.7) now implies that

1 —_— 1
L e = 1P < / IF — 12z
2 Jo 2 Joo

Since [F(t) — I|2 > |F —I|? almost everywhere because of the convexity of the map z — 22,
it follows that

1 _— 1

= [F(t) — I|?dx = / |F — I|*dz.

2 R2 2 R2
This, combining with the weak convergence of F* — I in L?(R?), implies F*(t) — I converges
to F(t) — I strongly in L?(R?) for almost all ¢ > 0. O

With the strong convergence of F* — I in L? and its uniform bound in L>, constraints
(1.2) and (1.3) are preserved for the limit function F.
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