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Abstract

In this paper, a semidiscrete finite element Galerkin method for the equations of
motion arising in the 2D Oldroyd model of viscoelastic fluids of order one with the
forcing term independent of time or in L*° in time, is analyzed. A step-by-step proof
of the estimate in the Dirichlet norm for the velocity term which is uniform in time is
derived for non-smooth initial data. Further, new regularity results are obtained which
reflect the behavior of solutions as t — 0 and t — co. Optimal L>(L?) error estimates
for the velocity which is of order O(t~'/2h2) and for the pressure term which is of order
O(t‘l/ 2h) are proved for the spatial discretization using conforming elements, when the
initial data is divergence free and in H}. Moreover, compared to the results available in
the literature even for the Navier-Stokes equations, the singular behavior of the pressure
estimate as t — 0, is improved by an order 1/2, from ¢~' to t~'/2, when conforming
elements are used. Finally, under uniqueness condition, error estimates are shown to be
uniform in time.

Key Words. Viscoelastic fluids, Oldroyd fluid of order one, uniform a priori bound in
Dirichlet norm,regularity results, optimal error estimates, nonsmooth initial data, Stokes-
Volterra projection, uniqueness condition, uniform error bounds in time.

1 Introduction

In this paper, we consider semi-discrete Galerkin approximations to the following system of
equations of motion arising in the Oldroyd fluids (see, J. G. Oldroyd ([22])) of order one:

t
(1.1) gltl—ku-Vu—,uAu—/ Bt —m)Au(z,7)dr + Vp =f(z,t), z€Q, t>0
0

with incompressibility condition

(1.2) V-u=0, z€Q, t>0,

and initial and boundary conditions

(1.3) u(z,0) =up inQ, u=0, ondQ, t>0.

Here, Q is a bounded domain in R? with boundary 99Q, u = 2xA~! > 0 and the kernel
B(t) = yexp(—6t), where v = 2A71 (v — kA7!) > 0 and § = A~! > 0. For details of the
physical background and its mathematical modeling, we refer to [13], [22] and [23].



There is considerable amount of literature devoted to Oldroyd model by Russian math-
ematicians such as A.P.Oskolkov, A.A.Kotsiolis, A.N.Karzeeva, P.E.Sobolevskii etc, see
[23, 1, 8, 14, 17] and references, therein. Based on the analysis of Ladyzhenskaya [18] for
the Navier-Stokes equations, Oskolkov [23] has proved existence of a unique ’almost’ clas-
sical solution in finite time interval [0, 7] for the 2D problem (1.1)-(1.3). In the proof, the
constant appeared in a priori bounds depends exponentially on T and therefore, it is not
possible to extend the results for large time. Subsequently, Agranovich and Sobolevskii
[1] have extended the analysis of Oskolkov and have derived global existence of solutions
for all t+ > 0 when f € L?(L?) with smallness conditions on data for 3D problem. The
solvability on the semi-axis ¢ > 0, for the problem (1.1)-(1.3), is discussed in [17, 8] when
f.f, € Loo(RT;L2(Q)) in [17] and f,f;, € S?2(RT;L%(Q)) in [8], where S? is a subspace of
L? .. We observe that results in [17, 8] hold true only for finite time (7' < c0), that is, for
f,.f, € Loo(0,T;L?(Q)), with estimate depending on 7', but there seems to have some diffi-
culties in extending these results for all ¢ > 0, when f,f; € Lo.(R";L?(Q)). For example, in
[17], it is difficult to derive the estimate (20) from (17) on page 2780 by applying integral
version of the Gronwall Lemma and the estimate (12). Unfortunately, this is further carried
over to subsequent articles, see Theorem 2 of [8]. In the context of dynamical system gen-
erated by Oldroyd model when f € L>(L?), see, [14] and [16], it is not quite clear that the
conclusion of Theorem 1.2 of [14] for s = 1 or Theorem 1 of [16] for £ = 1 holds true. In fact
a more careful observation in both these articles demands an estimate of fol ||¢||2E1, which
is difficult to establish prior to this result. In the context of 2D Navier-Stokes equation, a
standard tool for deriving uniform Dirichlet norm for the velocity term is to apply uniform
Gronwall’s Lemma. Due to the presence of the integral term in (1.1), it is difficult to apply
uniform Gronwall’s Lemma (see Remark 3.3(7)). To be more precise, on the right-hand side
of (17) on page 2780 of [17], the estimate of fot Z{;l BZHAulH%,Qth is not available from
(12) (for notations, see [17]), which is crucial in applying uniform Gronwall’s Lemma. This
is exactly a similar problem faced in article [14] and [16].

In [29], Sobolevskii has examined the behavior of the solution as ¢ — oo under some
stabilization conditions like positivity of the first eigenvalue of a selfadjoint spectral problem
introduced therein and Hoélder continuity of the function ® = e%!(f(x,t) — foo(z)), where
foo = limy_,o £ and Jyp > 0, using energy arguments and positivity of the integral operator,
see also Kotsiolis and Oskolkov [15]. Recently, He et al. [10] have proved similar results
under milder conditions on f and weaker regularity assumptions on the initial data ug. In
fact, in their analysis, they have shown both the power and exponential convergence of the
solutions to a steady state solution, when ® € L°°(L?) only.

For the numerical approximations to the problem (1.1)-(1.3), we refer to Akhmatov and
Oskolkov [2], Cannon et al. [5], He et al. [11] and Pani et al. [27]. In [2], stable finite
difference schemes are discussed without any discussion on convergence. Cannon et al. [5]
have proposed a modified nonlinear Galerkin scheme for (1.1)-(1.3) with periodic boundary
condition using a spectral Galerkin method and have discussed convergence analysis while
keeping time variable continuous. In [11], local optimal error estimates for the velocity in
L>(H')-norm and the pressure in L°(L?)-norm are established. Moreover, these estimates
are shown to be uniform provided the given data satisfy a uniqueness condition. In [27],
optimal error bounds in L>°(L?) as well as in the L>°(H")-norms for the velocity and for the
pressure in the L>(L?)-norm are derived which are valid uniformly in time ¢ > 0 under the
condition that f = 0. In fact, Pani et al. [27] have obtained new regularity results, which
are valid for all time ¢ > 0, without nonlocal compatibility conditions. Based on Stokes-
Volterra projection and duality arguments, they have proved optimal error estimates, when



the initial data ug € H2 N J;. Subsequently in [28], a backward Euler method is used
to discretize in temporal direction and semi-group theoretic approach is then employed to
establish a priori error estimates.

Our present investigation is a continuation of [27]. In this paper, we obtain regularity re-
sults which are uniform in time under realistically assumed regularity on the exact solution,
when f # 0 with f,f; € L°°(L?). As is pointed out in [12] and [27], some of the regularity
results depend on the non-local compatibility conditions on the data at ¢ = 0, which are
either very hard to verify or difficult to meet in practice. We have, in this article, obtained
new regularity results under realistically assumed conditions on initial data so that we can
avoid non-local compatibility conditions. At this point, we would like to stress that for 2D
Oldroyd fluids of order one, a step-by-step proof of the Dirichlet norm estimate which is
uniform in time is missing in the literature. Following the analysis of 2D Navier-Stokes
equations, it is hard to apply the uniform Gronwall’s Lemma [31] or the proof techniques
of Ladyzhenskaya [18] for deriving uniform estimate in the Dirichlet norm for the velocity
term. Hence, we hope that, our present analysis will also fill this missing link.

Under the uniqueness condition (see, Section 5), we have shown uniform (in time) op-
timal error estimates for both velocity and pressure terms. This is an improvement over
the results obtained in [11], where the uniform error estimate for velocity is not optimal in
L>°(L?). We have also improved the error estimation of the pressure term, in the sense that,
the estimate now reads O(t~'/2h) instead of O(t~'h), which is again an improvement over
the results observed in [11] for nonsmooth data, i.e., ug € Jy and [27], when ug € J; N H2.
In [12], Heywood and Rannacher have noted that this singular behavior of the pressure
estimate for the Navier-Stokes problem is due to a difficulty which appears technical, but
which may be inherent to the problem. Therefore, our present analysis will improve the
result of Heywood and Rannacher [12] for the Navier-Stokes equations using conforming
elements.

The main contributions of the present article are as follows :
(i) step-by-step proof of uniform H'-bound for the velocity.

(ii) proof of regularity results for the solution which reflect the behavior as ¢ — 0 and as
t — oo when f, f; € L°(L?) and ug € J; (see, for definition, Section 2).

(iii) proof of optimal error L>°(L?) estimates for semidiscrete Galerkin approximations to
the velocity and pressure for non-smooth initial data ug, that is, ug € Jj.

(iv) proof of uniform optimal error estimates for both velocity and pressure terms under
the assumption of uniqueness condition.

(v) improvement in the singular behavior (as ¢t — 0) of the pressure estimate, i.e., ||(p —
)| < Kht='/? instead of Kht~'.

For related papers on finite element approximations to parabolic partial integro- differ-
ential equations, we may refer to [7, 19, 21, 24, 32] for smooth solutions and [20, 25, 26, 32]
for nonsmooth initial data. The smoothing properties proved via energy argument in [26]
will be useful for deriving the regularity results for the present problem without nonlocal
compatibility assumptions on the data at ¢ = 0.

The remaining part of this paper is organized as follows. In Section 2, we discuss some
notations, weak formulation, basic assumptions and statement of positivity and Gronwall’s
Lemma. Section 3 focuses on uniform estimates in L>°(L?) and L*°(H!)-norms and new



regularity results without nonlocal compatibility conditions. In Section 4, a semidiscrete
Galerkin method is discussed. Section 5 is devoted to optimal L>°(L?) error estimates of the
velocity term, for nonsmooth initial data. In Section 6, optimal error bound for the pressure
term is derived. It is also shown that under uniqueness assumption, uniform estimates in
time ¢ > 0 are also established. Finally, we summarize our results in the Section 7.

2 Preliminaries

For our subsequent use, we denote by bold face letters the R?-valued function space such as
Hp = [Hy (), L°=[L*(Q)]? and H™ = [H™(Q)],

where H™((2) is the standard Hilbert Sobolev space of order m. Note that H} is equipped

with a norm
) 1/2

9 1/2
Vvl = { D (95vi,050:) = (Z(V%V%’)> :
i,j=1 i=1

Further, we introduce some more function spaces for our future use:

J, = {¢cH:V-¢=0}
J={¢pecl?:V-¢ = 0 in Q¢ nlsgg =0 holds weakly},

where n is the outward normal to the boundary 992 and ¢ - n|sq = 0 should be understood
in the sense of trace in H~'/2(9Q), see [30]. Let H™/R be the quotient space consisting
of equivalence classes of elements of H™ differing by constants, which is equipped with

norm ||p|| gm/r = [[p + ¢|lm. For any Banach space X, let LP(0,T; X) denote the space of
measurable X -valued functions ¢ on (0,7") such that

T
/ ()% dt < 0o if 1<p< oo,
0

and for p = oo

ess sup ||@p(t)||lx < oo if p=o0.
0<t<T

Further, let P be the orthogonal projection of L? onto J. Through out this paper, we make
the following assumptions:

(A1). For g € L?, let the unique pair of solutions {v € J1,q € L?/R} for the steady state
Stokes problem

*AV‘FVC]:g,
V:v=0 in Q, vlgg=0,

satisfy the following regularity result

Ivll2 + llgllz/r < Cllgll-
(A2). The initial velocity ug and the external force f satisfy for positive constant My, and

for T with 0 < T < o0

w € Jy, £,6 € L°(0,T;L2) with |Juols < Mo, OsupT{Hf(.,t)H, Hft(.,t)H} < M.
<t<

4



Setting
~A=-PA:J;NnH2CJI—>J

as the Stokes operator, the condition (A1) implies

vl < C|Av| Vved nH?
IvI[? < ATYVVI? Wwedy,  |Vv)? < ATHAV]? Yy e I nH?,

where \; is the least positive eigenvalue of the Stokes operator —A, see [12].
Before going into the details, let us introduce the weak formulation of (1.1)-(1.3). Find a
pair of functions {u(t),p(t)}, ¢t > 0, such that

(u, @) + u(Vu, V) + (u-Vu,¢)+ /0 B(t — 5)(Vu(s), Veb) dis

(2.1) = (V- -¢)+(f,¢) Ve € Hy,
(V-u,x) = 0 VyelL?

Equivalently, find u(t) € J; such that

(2.2) (wy, )+p(Vu, Vé)+(u-Vu, ¢)+ /0 Bt—s)(Vu(s), Vo)ds = (£, ¢), Vo € 1, t > 0.

For our subsequent analysis, we use the positive property (see [21] for a definition) of the
kernel (3 associated with the integral operator in (1.1). This can be seen as a consequence of
the following lemma. For a proof, we refer the reader to Sobolevskii ([29], p.1601), McLean
and Thomeé [21].

Lemma 2.1. For arbitrary o > 0, t* > 0 and ¢ € L?(0,t*), the following positive definite

property holds . t
/o (/0 exp [~a(t = 5)]o(s) ds) o(t) dt > 0.

In order to deal with the integral term, we present the following Lemma. See [27].

Lemma 2.2. Let g € L'(0,t*) and ¢ € L?(0,t*) for some t* > 0. Then the following
estimate holds

o 5 2 1/2 ¢+ - 1/2
(/0 (/0 Q(S—T)QS(T)dT) ds) < (/0 |g(s)]ds> (/0 |¢(5)|2ds> ‘

Lemma 2.3 (Gronwall’s lemma). Let g,h,y be three locally integrable non-negative func-
tions on the time interval [0,00) such that for allt >0

y(t) + G(t) < C + /0 h(s) ds + /0 o(s)y(s) ds,

where G(t) is a non-negative function on [0,00) and C > 0 is a constant. Then,

y(t)+ G(t) < (C’ + /Ot h(s) ds) ea:p(/otg(s) ds).



3 A Priori Estimates

In this Section, we discuss a priori bounds for the solution {u,p} of (1.1)-(1.3). Here, we
present a step-by-step proof of uniform estimate (in time) in H', when d = 2. Below, we
derive a priori bounds following the proof techniques of [27].

Lemma 3.1. Let 0 < o < min (J, \1it), and let the assumption (A2) hold. Then, there is a
positive constant Ko = Ko(Moy, j1,0\1) such that the solution u of (2.2) satisfies, fort >0

¢ 1t t
3.1 u(®)|®> + / Vu(s)||?ds < ||u 2—1—/ £(s)||?ds < M2(1+ —),
B @I+ p [ 1906 Pds < ol + 5 g IPds < M3 (14 )

t
o —2« aT —2«
B2 0 + (=g [ TuPar < )P

(1 _ 6—2at)

SR — . = Ky.
20( A1 p — @) 11z (L?) 0
Moreover,

- IIinoo(Lz)
3.3 lim ||[Vu(t)] < —=2—2 _ g2
(3.3) Jim [Vu(t)]| < 2 01

Proof. We easily modify the proof of Lemma 4.1 in [27](pg 758) to derive estimates (3.1)-
(3.2). For the estimate (3.3), we again modify the technique of [27] to obtain

t t
()2 + pe2t [ T Vu(n)Pdr < e ugll? +2e 2 [ e |ur)|? dr
0 0

(3.4) €1z w2y (1 — e~2at)
. 20y e .

Now, taking limit supremum as t — oo, the second term on the left-hand side (3.4) becomes

o pe-2at [ i Jo TIVu(n) | dr
G5)  Fmpe [ EvamPar = pfm 28
0

_ P 2
= o A [[Vu(®)ll,

and therefore, we find that

|7
B 2 I L= (L?)
— 1 Vu(®)||* < ———=~
2a P IVa@[” < 21
This completes the rest of the proof. O

Remark 3.1. We obtain the final result (3.3) by using L’Hospital rule in (3.5), under the

assumption that fg e2||Vul|?ds is not bounded as t — oo. This allows us to claim the uni-

form (in time) Dirichlet norm of u in the next lemma. On the contrary, if fg e2ot||Vul|?ds

is bounded for all time, then we can obtain uniform (in time) Dirichlet norm of u directly
using Gronwall’s Lemma in (3.8)(see, Lemma 3.2).



Lemma 3.2. Let 0 < o < min (d, \ip) and let assumption (A2) hold. Then there is a
positive constant Ms = Ms(a, u, A1, My) such that for all t >0

t
IVu()|? + 2ot /0 27| Au(r) |2 dr < M.

Proof. Using the Stokes operator A, we rewrite (2.2) as

(8, @) — (@) — p(At,¢) — [ B(t—7)e* 7 (Ad(r),¢) dr
(3.6) = —e %u-va, o)+ (f, ).
With ¢ = —Ad in (3.6), we note that

1d

(i, Ad) = 5 2 V@

Thus,
d 2 ~ 2 t ~ ~
IVal® + 2ulAd] +2/0 Bt — 1) (Aa(r), Aa(t)) dr
= —2a(4,Ad) 4+ 2¢7(a- Va, Aa) — 2(f, Aa).

On integration with respect to time and using Lemma 2.1 with definition of 3, it follows
for 0 < o < min (9, \ ) that

t t
IVa@I? + 2 / |Aa(r) [2dr < [|Vuo|? — 20 / (&, Ad) dr
0 0
t B t o
+ 2/ e‘“T(ﬁ-Vﬁ,Aﬁ)dT—Q/ (£, Ad) dr
0 0
(37) = ||Vu0\|2—|—Il+I2+13.

To estimate | /1| and |I3], we apply Cauchy-Schwarz inequality with ab < %ea2—|—§b2, a,b>0,
€ > 0 to obtain

o2 [t ) 1t t )
Bl+10 < S [ a@lPar+ L [ 1R P+ 2e [ 1Ba)Pr
0 0 0
To estimate Iy, a use of Holder’s inequality shows that
(@ Va, Ad)| < [|a]| g4 o) | Val| L [ Aal.
Now, we appeal to the following Sobolev inequality(d = 2)(see [30])

Illei) < 2411012V eI'2, 6 € Hy(e),

and, therefore,

|12

IA

t
¢ [ el 2 val | dal ar
0

IN

t t
C(e)/ e_4M||ﬁ|]2\|Vﬁ||4dT+e/ A dr.
0 0

7



Substituting the estimates of I, I and I3 in (3.7), we find that
t t
HVﬁ(t)HZJrM/O IAa(r)|*dr < HVUOH2+C(Q7NJ)/O (la(m)? + £ (r)[*) dr
t
(3.8) + C(M)/O [al?Vul*|Va|? dr.

Using Gronwall’s lemma, we arrive at
t t
VA +u [ 136 dr < {IVwlP + Cla [ (@I + 701 dr)

t
<exp (CGo [ [lP|val? dr).

Finally, we use Lemma 3.1 with condition (A2) to obtain the following integral inequality

t
V@)l + e [ Bu)Pr < (e MG + Clau) (Ko + M3))
0
t
% exp (Clu, Mo, Ko)(1+ 1—)).
A1p
This inequality along with limsup,_, . || Vul| < Kp; would lead us to the following conclusion

V()| < Ms t >0,

for some positive constant Ms. Now (3.8) along with this estimate of || Vu(t)|| would provide
us the desired result. O

Remark 3.2. Although Lemma 3.2 provides a uniform Dirichlet norm estimate in time, it
is difficult to obtain a precise bound for the estimate |Vul|| for all t > 0. We present below
another proof of the uniform estimate in LOO(H(I]) norm which enables us to obtain a precise
bound depending on the initial data, forcing term and the smoothness of the domain.

Lemma 3.3. (Uniform estimate in L2). Let the assumption (A2) hold. Then, for
0 < a < min (20, A\yp), the solution u of (2.2) satisfies the following estimates.

L Iy
(39) ()P + Vsl < e uol + —EE (1 - ) = My, >0,
and for fixred Ty > 0 and t > 0
t+To 25 M2T
(3.10) / <MHVu(3)H2 + 7Hvamﬁ) ds < My + =0 0 = My,
¢
where tg(t) = f(f B(t — s)u(s) ds.
Proof. With
t
(1) = [t = s)u(s) ds,
0
we rewrite the equation (2.2) as
(3.11) (ug, @) + pa(u, @) + (u-Vu, @) +a(ag, ¢) = (f,¢), Vo eJi, t>0.



Take ¢ = u in (3.11) and use ug; + dlg = yu, to obtain

d 1 26 1
3.12 —(llall® + =|Vag||?) + ul|Vul|? + =||Vagl||? < —||f||%.
(3.12) dt(H I 7|| sll7) + pl[Vul| 5 [Vag|® < /mH |

We use Poincaré inequality A1 |lu/|? < ||Vul|? and multiply (3.12) by e to find that

d at 2 1 ~ 2 1 at 2
— < — .
i (e Ul 5 19 )) ) < e

Now, integrate with respect to time and multiply by e~ to conclude (3.9). Next, we
integrate (3.12) from t to ¢t + Tp, for fixed Ty > 0 and use (3.9) to obtain (3.10). This
completes the rest of the proof. O

Lemma 3.4. (Uniform estimates in H').Let 0 < o < min (§, \12). Under assumption
(A2), there exists a positive constant Ms = Ms(a, p, A1, M) such that for Ty > 0 with
t € [Ty, ), the following estimates hold:

|Vu(t)|]> + = ||Aag||? < MZ, t>T,, VTp>0.

1
;|
and .

[Vu(t)|* + e_2at/0 7| Au(r)||?dr < M2, t>0.

Proof. Put ¢ = —Au in (3.11) and use ug, + dug = yu, to obtain

1d 1~ " 5 " "
(3.13) 5 (IVul* + ;HA%H?) + pllAul* + ;HA%W < [Ifl[l[Aull + |(u - Vu, —Au)|.

Recollecting the estimates of Iy, I3 of (3.7), we find that

- o« 3
(3.14) [£]l[|Aull < gHAuII2 + ;Hfll27
and
~ ~ 9
(3.15) [(u-Vu, -Au)| < %IIAHH2 + (@)3HUH2IIVUH4-

Using (3.14)-(3.15) in (3.13), we obtain

d 2 1 ~ 2 4/,6 ~ 2 25 ~ 2
(3.16) i (Ival?+ 218652 ) & 1Aul + 2 )

9/2

3
§—f2+ 3ul|?|Vul|*.
u” [ (M)H 17Vl

Note that } }
ao|[Vul* = ag(u, —Au) < agllul||Aul,

where ag > 0 is a constant to be chosen precisely at a later stage and then, we find that

" 3
(3.17) ao||Vul|* < %HAUH2 + @O%HUHQ-



Now, add (3.17) to (3.16) and use the inequality ||Aul||? > A\;||Vu||? to arrive at
d 1+ 9/2 2
2 (Ivul? + = | A 2) + (a0 + a2 = CEEP P Vu)?) [ Val? + = Adg
o (H I+~ 1At (=) alFival® ) ivall™ + =l Atg|
3 3
< SR+ =l
A+ g eallul

As |Ju|? £ M; from Lemma 3.1, and [ £l oo (z2) < Mo, we obtain

d 2 I 2 9 3 2 2 2 20 A (12
4 2JIA M — (— A
& (1vul+ 2iaasl) + a0+ n - o alPIoul?) IVul? + 2 a)

(3.18) < Ky(Mo, a0, My) = K.

Setting

(3.19) (1) = min {ag + s — (o) [ulP[Vul?, 25
24 ’

we obtain from (3.18) with E(t) = [|[Vu|* + %HAﬁgHQ,

d
ZE() +h(t)E() < K.

Hence, for 0 < s < t, we find that

%(efst h(T) dTE(t)) < Klefst h(7) dr

On integrating with respect to time over 0 to ¢, we arrive at
t
(3.20) B(t) < e 80 7|2 + K / e~ Jinn)dr g
0

Now, from (3.19), we note, for some Ty > 0 that

9

t+To 5 t+To 5 5
/ h(s) ds = min { (ag + A1) Ty — (5, / lu(s)|2Vu(s)|? ds, 20Ty }.
t t

A use of Lemma 3.1 yields

9
24

(

t+To CM; t+To CK,
? / Ju(s) I Vu)lds < 5 / IVu(e) [ ds < <00 = Ko

Therefore, we obtain

t+To
/ h(s) ds > min {(ao + pA1)To — Ko, 25T0}.
t

Now, choose agTy = Ko to arrive at

t+To
(3.21) / h(s)ds > Tp min{uAi, 20} > oTp.
t

10



Given s and t with 0 < s < t, we choose two positive integers k and [ such that
KTp < s < (k+ 1Ty, 1Ty <t<(I+1)Tp.

Then, from (3.21) and —h(t) > —26 ¢ > 0 using (3.19), we find that

¢ (1+1)To s (1+1)Tp
/ h(t)dr / h(r)dr — / h(r)dr — / h(r)dr
s k k t

To To
(1+1—k)aTy — 20Ty — 20T
(t — s)a — 497Tp.

(AVARAY]

Hence,

—/¢Mﬂd7§4ﬂb—@—sm.

Now, without loss of generality, we have assumed that s < (k + 1)Ty < Ty < t (with one
of these < is strict inequality to preserve the fact that 0 < s < t). All other possible cases
will simplify the present situation and hence, we skip the related analysis.

From (3.20), we obtain

t
B) < ¢ TVl Ky [ et ds T
0
K
S e A e )
(@
K
< M7 (IIVuoH2 + —1) = M2.
«

This establishes the first estimate of Lemma 3.4. Use it in (3.8) to obtain the second
estimate, and this completes the rest of the proof. O

Remark 3.3. (i) It is difficult to apply the uniform Gronwall’s Lemma to (3.16) to obtain
the desired result as we do not have an estimate of

t+To 1 -
(3.22) / (I a(s)|* + | Aig(s) ) ds < Ma, - Ty >0,
t

where My is some positive constant independent of t. Note that from Lemma 3.1, we only
obtain the estimate

t+To
p [ IvuGs) s < e
t
(i) Instead of the assumption (A2), if we make the following assumption
t
[ e ieiPar < an, and [Vuol? < b
0

then a simple modification of the above Lemmas yields
HVU(t)” < C(aalu7 67 )\lyMl)e_at vt > 07
and

t
| e ldum P dr < Ol M) V>0,
0

11



Note that we have the exponential decay property for the gradient of u(t) in L°(L?)-norm.
(iii) Following the arguments of Sobolevskii [29], it is possible to obtain similar asymptotic
behavior for some 0 < §y < min(d, \yu) provided

sup (e™'[|f(t)[]) < M

0<t<oo

for some positive constant M. With some changes in the proof of the above Lemmas like
setting o = dp + g with 0 < g < min{d — dp, u\1 — do }, it is easy to derive the exponential
decay proper for the solution now replacing o by dg. In fact, the above asymptotic behavior
holds true, when £ =0, see Pani et al. [27].

(iv) A priori bounds in above Lemmas are useful for proving existence of a unique global
strong solutions to (1.1)-(1.3) by employing Faedo-Galerkin method, see Temam [30], La-
dyzhenskaya [18] for similar analysis in case of Navier-Stokes equation.

We present below, regularity results for non-smooth uyg, i.e., when ug € Jj.

Theorem 3.1. Suppose the assumptions (A1) and (A2) hold. Then, there is a constant
K = K(My, M3, a, i, 6,v) > 0 such that for 0 < a < min(d, A\1pu) the following estimate

sup (7)) {lull2 + [lue]| + ol /r} < K
0<t<oo

holds, where 7*(t) = min{t, 1}.

Proof. Following the proof of Theorem 2.1 in (][27], page 760), we arrive at
t
(3.23) ezm/ 2% ||y (s)||* ds < C(Ms3).
0

Next, we differentiating the equation (2.2) with respect to time, to obtain

(3.24)(ugs, ) — pa(ur, ¢) — B(0)a / Bu(t — s)a(u(s), ) ds
= ut Vu+u- Vut,¢)+(ft,q§), Voed;.

Form an L? -inner product between the above equation and o(t)u;, where o(t) = 7*(t)e?™
and with the notation ¢ = e®¢, rewrite the resulting equation to find that

e2at t 3
%%(a(t)llut!\% - (+aa(t))uutu2+ua(t)\|vut12—a(t)/o@(t_s)(Au(s),ut)ds

= B0)o(t)(Au,uy) — 75 (t)e (™ uy - Vi, e uy) + 77 (1) (e, e uy).

Observe that ||u||? < %||Vut|]2. Now we use Holder’s inequality for the nonlinear term on
the right-hand side to obtain

1d e 1 9 <
SOOI+ (= )OIVl < el + ofe) | Aul ]

+ T (t)e” atlleo‘tut\lm(g)-HVUH + o (0)][f|[[[u]

| Aa(s)|[le ul| ds.
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As usual, we can estimate the third term (say I;) on the right-hand side as follows

I < eo.o ()| Vue|* + 5o ()™ |Ju ||V,

2¢€0
for some positive €.

d

ZE@lul®) + 2(u - %)cf(t)IIVutH2 < o(t)|[ue]? + o (t) | Aul?

+ 20 o<>||Vut||2 Lo (0) el (e + e > va?)
2
+ ol + T /5 e =2 Aa(s)| ds)’.

With ¢y = %(M — %), and o(t) < e?@ for all t > 0, we integrate with respect to time in the
interval 0 < ¢ <t < oo and use (A2) to obtain

a t
cOlu@? + (i) [ o) Vus))? ds
A e
t t ~
< o@lul@)? + Clu o At M) / &2 [uy(s)[1? ds + / &% Au(s)|? ds

(3.25) " /:a<s>||ft< )2 ds+ - / /ﬁST I Aa(r)]| dr ) ds.

Note that the first term on the right-hand side may not be finite as € — 0 and hence, there
can be some problem in integrating directly from 0 to ¢. Now, by (3.23), we find that

t
| el as < camye
0

Therefore, there exists a sequence of positive real numbers &, — 0 such that
en{e?®n ||ug(en)]?} — 0, as n — oo.

Choosing ¢ = ¢, in (3.25) and passing the limit as n — oo, and using Lemma 3.1, (A42),
(3.23) and the estimate (for a proof see [27])

= o s — 1) Ad(r)| dr)2 ds
I = /0</Oﬂ< )ea=D|| Ad(r)] dr)2 d

Ty t At(s)||? ds
(3.26) < GEo? [ 1AawPas
we conclude that
* 2 o — ! 2
(3.27) 7 (1) [Jue (2) | +(u—71)0 1(t)/o o(s)[[Vae(s)]|” ds < K.

To estimate ||Au(t)||, we proceed as in the proof of Theorem 2.1 in [27] to obtain

pIBa)P < O]l + )| Vull + £}
t - 2
) ([ O Bage)) as)
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The integral term can be estimated as

< Oy, ) /0 ¢~ 2-0)(=9) gg) /0 |Aa(s)|? ds) < C(y. . 0) /0 |Ad(s)||? ds.

Note that if we majorize the exponential term by 1, then the right-hand side depends on
time. For the sake of brevity, in the rest of the paper, similar integrals are estimated by
constants independent of time, skipping the explicit calculations.

Using the assumption (A2) and Lemma 3.2, we now arrive at

1Au(t)> < Cly, . 8, m){|[we]|* + Mg + Mg + M3}
Now, multiply by 7*(¢) and use the fact 7*(¢) < 1 and (3.27) to find that
(3.28) ™ (t)||Au|]® < K.

For the pressure term, we again appeal to the equation (1.1) and with the help of the results
in Theorem 3.1, namely; (3.27) and (3.28), we complete the rest of the proof. O

Theorem 3.2. Under the assumptions of the Theorem 2.1, there is a constant K > 0 such
that the pair of solutions {u,p} satisfies the following estimates for 0 < a < min {0, \u}

t
swp o71(0) [ olulfds <K sup r (0wl < K.
0 <

0<t<oo t<oo

where 7*(t) = min{t, 1}. Moreover,

t
sup ¢~ 20 / o1(3) (I1will3 + lhweel2 + lpell3s ) ds < K
0<t<oo 0

where o1(t) = (7%)?(t)e2t.

Proof. First estimate clearly follows from (3.27). For the second one, we follow the proof
of Theorem 2.2 in ([27], page 763), except that, we use o1(t) in place of o(t). We obtain as
earlier
d ~ -
S ®IValP?) + por @) dwl? < Cluy)o’ (0)(|1Au)? + 1£]2)

+ ol,t<t>||Vutu2+c<u>(stggf*@)HAu(t)||2)a<t>||Vut||2

2 . ~
T 2252 (T*(t))2</0 e_(‘s_a)(t—S)H(Aﬁ(s)H ds)Q.

We integrate with respect to time in the interval 0 < € < ¢ < oo and using (3.27), we can
pass the limit as ¢ — 0 and then using the estimates (3.27), (3.26) and Lemma 3.2, we
arrive at

t
(T*(t))QIIVut|2+M€_M/OUI(S)IIAU::H2 < K

Next, form an inner product between (3.24) and o (t)uy () and proceed in a similar fashion
to obtain

[ o @l as < ) |

and the required estimate for uy now follows by multiplying e 2% and by using previously
obtained estimates. Similar analysis, using the equation (1.1), would result in the estimate
of the pressure term. ]

t
o (5) (13wl + | Aue |2 + 1] + | Vue[[2) ds,

2
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Remark 3.4. As in ([27]), we can easily modify our analysis to derive regularity results,
when ug € J; NH? .

4 Semidiscrete Galerkin Approximations

From now on, we denote h with 0 < h < 1 by a real positive discretization parameter
tending to zero. Let Hy, and Ly, 0 < h < 1 be two family of finite dimensional subspaces of
H} and L?, respectively, approximating velocity vector and the pressure. Assume that the
following approximation properties are satisfied for the spaces Hy, and Ly:

(B1) For each w € H N H? and ¢ € H!'/R there exist approximations ipw € Hy, and
Jnq € Ly, such that

Iw —ipwl| + hl[V(w —ipw)|| < Koh?| w2, [lg = jnall2/r < Kohllgllm g
Further, suppose that the following inverse hypothesis holds for wj, € Hj,
VWl < EKoh™[[wl.
For defining the Galerkin approximations, set for v, w, ¢ € H{,
a(v,¢) = (Vv, Vo)

and

b(v,w,p) = %(V -Vw, @) — %(v Vo, w).

Note that the operator b(-, -, -) preserves the antisymmetric property of the original nonlinear
term, that is,
b(Vh, Wh, Wp) =0 Vi, Wy, € Hp.

The discrete analogue of the weak formulation (2.1) now reads as: Find up(t) € Hy, and
pr(t) € Ly such that up(0) = ugp and for ¢t > 0

(uhta ¢h) + HG(Uh, ¢h) + b(Uh, up, ¢h) - (pha V- ¢h) = (fv ¢h)
t
(4.1) - /0 B(t — S)a(u(s), y)ds Ve, € Hy,
(V-up,xn) = 0 Yxp € Ly,

where ug, € Hy, is a suitable approximation of ug € Jj.
In order to consider a discrete space analogous to J;, we impose the discrete incompress-
ibility condition on Hj, and call it as J;,. Thus, we define Jj,, as

Jn = {Uh e Hy, : (Xh,v-’uh) =0 VXh ELh}.

Note that Jj, is not a subspace of J;. With J; as above, we now introduce an equivalent
Galerkin formulation as: Find uy(t) € Jj, such that uy,(0) = ugy, and for ¢ > 0

t
(unes bn) + pa(un, dp)  + /O B(t — s)a(un(s), ) ds
(4.2) = —b(up,up, @) + (£,0,) Ve, €Jp.
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Since Jj is finite dimensional, the problem (4.2) leads to a system of nonlinear integro-
differential equations. For global existence of a solution pair of (4.2), we refer to [27].
Uniqueness is obtained on the quotient space Ly, /Nj, where

Nn={an € Ly : (qn,V - ¢p,) = 0,Vep,, € Hp}.

The norm on Ly, /Nh is given by
= inf + .
HQh||L2/Nh xheNthh Xnll

For continuous dependence of the discrete pressure py,(t) € Ly/N}, on the discrete velocity
up(t) € Jp, we assume the following discrete inf-sup (LBB) condition for the finite dimen-
sional spaces Hy, and Ly:

(B2') For every qp, € Ly, there exists a non-trivial function ¢;, € Hy, and a positive constant
Ky, independent of h, such that

|(qn: V- @)1 = Kol Vélllanll L2/, -

Moreover, we also assume that the following approximation property holds true for Jy,.
(B2) For every w € J1 N H?, there exists an approximation 7,w € Jy, such that

[w — rpwl|| + h||[ V(W — rpw)|| < K5h?||wl2.

This is a less restrictive condition than (B2’) and it has been used to derive the following
properties of the L? projection P, : L? — J;. We now state without proof these results.
For a proof, see [12]. For ¢ € J}, note that

(4.3) ¢ — Puopll + bV PLo|| < Ch|IV @,

and for ¢ € J; N H?,

(4.4) |6 = Puoll + V(6 — Prg)|| < Ch?||Ag).

We now define the discrete operator Ay, : Hy, +— Hp, through the bilinear form af(-,-) as
(4.5) a(Vh, @p) = (=Apvp, @) Vi, @y € Hp.

Set the discrete analogue of the Stokes operator A = PA as A, = P,Aj,. Using Sobolev
imbedding and Sobolev inequality, it is easy to prove the following Lemma

Lemma 4.1. Suppose conditions (A1),(B1),(B2) and (B2') are satisfied. Then there
exists a positive constant C such that for v € J1 N H? and ¢, € in Hy,

b(v. ¢, )| + [b(¢, v, &) < C||VV |2 Av|V2| Ve |I€]],
and for ¢, € Jp, and £, x € Hy,

b(én, & X)| < CIVe,II 21 Anen |21 VEN [Ix]I-

Examples of subspaces Hy, and Lj, satisfying assumptions (B1), (B2'), and (B2) can be
found in [9, 4, 3]. For nonconforming finite elements, we would like to refer to [12]. The
error estimate, presented in this paper, would also go through for nonconforming finite
elements with appropriate incorporation of the boundary terms. These terms along with
their estimates can be found in [12] in the context of Navier-Stokes equations.
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5 A priori Error Estimates for the Velocity

Since Jy, is not a subspace of J1, the weak solution u satisfies

(ue, @p,) + pa(u, ¢y) / B(t — s)a(u(s), ¢,) ds = —b(u, u, ¢y,)
+ ¢h) (p, V- (:bh) V¢h e Jy.

In this Section, we discuss optimal error estimates for the error e = u — uy,. By intro-
ducing an intermediate solution v; which is a finite element Galerkin approximation to a
linearized Oldroyd equation, that is, v, satisfies

(5.1)

(5:2) (Vht7¢h)+ﬂa(vhv¢h)+/0 Bt=s)a(va(s), ¢p) ds = (f, ¢p)—b(u, u, ¢p,) Vb, € Jn,

we split e as
e=u—u,=(Uu—vy)+ (v —up) =&+n.

Note that £ is the error committed by approximating a linearized Oldroyd equation and n
represents the error due to the presence of non-linearity in the equation. Below, we derive
some estimates of €. Subtracting (5.2) from (5.1), the equation in & is written as

(53)  (Epdn) + palé, dp) + /0 B(t — 5)a(€(s), &) ds = (0, V - d), i € i

Lemma 5.1. Let vy, (t) € Jy be a solution of (5.2) with initial condition v, (0) = Pyug and
u be a weak solution of (1.1) with initial condition ug € J1. Then, £ satisfies

t
/ eZaTHE(T)HQdT < Ke*™pt t>0.
0

For a proof, see [27]. Note that the estimate involving the pressure term can easily
be obtained using the equation (1.1), (3.23) and Lemma 3.2 in Section 3. For optimal
error estimates of &€ in L°°(L?) and L>°(H!)-norms, we recall the Stokes-Volterra projection
Vpu @ [0,00) — Jp, which is introduced in [27], satisfying,

54) pata Vi gy) + [ 9t = Saluls) ~ Vin(s).9,)ds = (.Y 6,). @, € I
Now, we decompose the error € as follows:

E=(u—-Vyu)+(Vau—vy)=¢+86.
First of all, we derive optimal error bounds for the error { = u — Vju.

Lemma 5.2. Assume that the conditions (A1), (B1) and (B2) are satisfied. Suppose u is
a weak solution of (1.1) with initial condition ug € J1. Then there is a positive constant C
such that
t
(a0 — Vi) ()]|? + 2| V(u— Vau)(t))* < Ch? (ICQ(t) + ezat/ e IC2(s) ds)
0

where

K(t) = max {1, (|Au(®)| + Vo)) }.

17



Moreover, the following estimate holds:
¢
Ia = Vi 6)[P + Bl = Vi) < Cht (K20 + K30 +-e200 | 2o (s)ds).
0
where .
Ku(t) = max {1, (1w (0)] + [ Vo (0] }.

Proof. We again refer to [27] for a proof of the first estimate involving ¢ = u — V,u.
For estimate involving ¢, we differentiate (5.4) with respect to the temporal variable ¢ to
find that, for ¢, € J,

(55 palCodn) + BO)a(C(L), dr) /m_s (5), ) ds = (pr, V- ).

Choose ¢, = €' P,(,, use discrete incompressibility condition, H}-stability of P, for the
term on the right-hand side and approximation properties to obtain

e Ve N? = pa(e®e,, e (g — Pouy)) — ,lya(&a Py(e*¢y))

#8 [ 50— ) DalE(s), (e ) s
(e e = Jn(ep), V - Pr(e'¢y))
< Clese[mleraad + VeI + [ 1986 ds-+ b7
Now, with the help of estimate of ||V((t)|| we complete the proof of the estimate ||V (,]|.

Finally, for the estimation of ¢, in L2-norm, we appeal to Aubin-Nitsche duality argument.
For fixed h, let {w,q} be a pair of unique solution of the following steady state Stokes

system

(5.6) —pAW +Vq = e*¢, inQ
V-w = 0 inQ
W’ag = 0.

From assumption (A1), the following regularity result for the problem (5.6)
(5.7) Iwll2 + llallg1/r < Clle™¢,ll,
holds. Form L2-inner-product with e**¢, to obtain
e ¢l = pa(e™' ¢y, w — Paw) = (€™'V - Gy q) + pa(e*'Cy, Puw).
From (5.5) with ¢, = P,w and a use of discrete incompressibility condition now leads to

le*¢, 12 ua( YW — Pyw) — (e (w — Pyuy), V) — (V- Pr(e™¢y),q — th)

*Hpy — jnpe), V- (Paw — w)) — B(0)a(C, Pyw — w) + B(0)(¢, —Aw)
/Bt—s a(=9)g(¢(s), Pyw — wds—/ﬂt—s) (=9)(&(s), ~ Aw) ds.

+ o+
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Using Cauchy-Schwarz inequality, properties of Pj, and regularity results, we note that

Il < Clu,0) [ (18wl + [ Vpil) + (VS + V]

- </0 Ilv&<s>||2d8> 5| e (”C” e </o ‘&(S)”%) W) |

On substituting various known estimates of ¢, we obtain the required result for ¢, in L2-
norm and this completes the rest of the proof. O

Remark 5.1. Lemmas 5.1 and 5.2 are still valid for ug € J; N H2.

Now we are in a position to estimate & in L°°(L?) and L*(H})-norms. Since & = ¢ + 6
and estimates of ¢ are known from the previous Lemma, it is sufficient to estimate 6. From
(5.3) and (5.4), the equation in 8 becomes

t
(5.8) (01, Pp) + pa(8, ¢p) +/0 B(t —5)a(0(s), o) ds = =(Cp, dp) Vo, € I

Note that for estimation of ||{,|| in (5.8), it is essential to introduce o(t) term, as in [27],
so that we can avoid nonlocal compatibility conditions. However, a direct use of o(t) as
in Heywood and Rannacher [12] forced us to apply Gronwall’s Lemma. This is mainly due
to the presence of the integral term in (5.8). Therefore, as in Pani and Sinha [26], we first
introduce

and shall derive an improved estimate for

t
/ 1| V8 (s)||2 ds.
0
This, in turn, helps us to introduce o(t) and then we derive estimates of 8 without using
Gronwall’s Lemma.

Lemma 5.3. There is a positive constant K such that for ug € J1, &€ satisfies, for t > 0,
the following estimate

€@+ RIVEs)| < R,
Proof. Following the proof of Lemma 5.3 in [27](page 772), we obtain

2at (7 2 -~ ! 20519 P 2 1 Lo 2
OO + (= 5) [ IR < s [ e s

t
(5.9) < COhnt / 2 K2 (5) ds.
0
Now, choosing ¢, = o(t)@ in (5.8), it now follows that
ld 2 2 1 2
537 COIOIF) +uo@)VOI° = —o(t)(¢r,0) + 50:(1)]]]

(5.10) / B(t — 7)a(6(), 0) dr
o (DI + ( 2 4oy (1) 10(0)|1” + 1.

IN
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For I;, we follow the arguments of [27] to obtain

t

t t
[ nlas < o [ e ivaeas+f [ oivec) s

On integrating (5.10) with respect to time and substituting the above estimate in the
resulting equation, it follows that

t t
OO + [ oWIveE)tas < ¢ [ Sl ds
t
0 [ e(loes)IP + T8I ds
0
t
< C/O (@ (AP + (€1 + [CI1P) + e2*°[[VO(s)|*) ds
t
< Ch4{62°‘t + / (€2°K2(s) + o1 (s)K2(s)) ds},
0
where we have used Lemmas 5.1-5.2 and the estimate (5.9). Now, Theorem 3.2 yields
t
16412 + a_l(t)/ o(s)|VO(s)|2ds < ChtL.
0

An use of triangle inequality and inverse hypothesis finally completes the rest of the proof.
O

Below, we discuss one of the main theorems of this Section.

Theorem 5.1. Let Q be a convex polygon and let the conditions (Al)-(A2) and (B1')-
(B4) be satisfied. Further, let the discrete initial velocity ugp, € Jp, with ugp, = Ppug, where
ug € Ji. Then, there exists a positive constant C' such that for 0 < T < oo with t € (0,7

1w —wn) (O + AV (u —up)(B)]] < Ce“nPe 2,

Proof. Since e =u—uy = (u—vy) + (v, — up) = € +n and the estimate of £ is known, it
is enough to estimate ||n||. From (4.2) and (5.2), the equation in n becomes

t
(nh ¢h) + :U’a’(n7 ¢h) + /0 ﬂ(t - 5)“("7(5)7 ¢h) ds = b(uha up, ¢h) - b(u’ u, ¢h)’ d)h € Jh-

Choose ¢}, = €2°'n) to obtain

1 d ~ A A t o(t—s A -~ 6 2
5 1Al = ol + VAl + [ A = et ali(s). 7) ds = <A (@),
where
Ah(¢h) = b(U.h, Up, ¢)h) - b(u7 u, ¢h)
Note that

e A () = —e “'[b(é, Vi, 7)) + b(11, €, 7)].

Using discrete Sobolev inequality

ol < ClIVeyll, ¢ € Hy
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and Holder’s inequality, we obtain from Lemma 4.1
e[ An(@)] < ClelVAal([vallLe + [[VValiLs) + CI V]| Au] | V4]€].
Using inverse hypothesis and approximation properties, it is easy to check that

IvhlLe + [[Vvalies < ClIVul 2] Aul/? + Kh!/2,

Therefore,
An@] < Clell[Vall(IVul | Aul? + Kn'2) + O Va2 Aul 2|V €]
Cllel + €NVl /2| Au) /2 + Kn' 2 ] | Vi
< e vall? + ce) {(lell + 1€Vl Aull + plie)?}

< e val? + o) (Ivallldul + k) (7l + 1E]2).

With € = §(u — %), we obtain

d . . o R t oltes) 7 n R
(5.11) al!nHQJr(M— )\*1)||V77H2 + 2/0 B(t — )e*a(i(s), A(t)) ds
< Clp, M)Vl Aull|7]* + C(K, w)|1€]J.

On integrating with respect to time from 0 to ¢ and using positivity of the integral operator,
we arrive at

t
Il 4+ ez / IValZds < e 2|n(0)]?

t t
woe e ds+ 0o [ I9alllulln? ds

Note that ugy, = Ppug, so that n(0) = 0.
An application of Gronwall’s Lemma along with Lemma 5.1 yields

t t ~
mlf? + &2 /0 IVl ds < C(K, w)h exp (Ow /0 ||Vu|HAurds).

Since n € J,, we use inverse hypothesis to obtain an estimate for ||[Vn||. A use of triangle
inequality with Lemma 5.3 completes the rest of the proof. O

Remark 5.2. (i) If uy and f are sufficiently small with respect to the norms in the as-
sumption (A2), then from (4.7), it is possible to show that for small h

. ~
(1 — N C(p, M) |[Vull[|[ Aul]) > 0.

Thus, on integrating with respect to t, we obtain
|l < CR?,

where C' is independent of time. Therefore, the estimates remain uniformly bounded as
t — 00.
(i) When d =2 and £ € H(0, 00, L%(Q)), then it is straight forward to check that

t
/ |Aul?ds < oco.
0
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Thus, the error estimates holds for all time t > 0.
(iii) For ug € J1NH?, based on the analysis of [27], we can easily obtain the following error
estimate for the velocity term

l(u—wp)(8)]| < CH2eSt, 1 € [0, 7],
Below, we derive uniform (in time) error estimate for the velocity term under the as-
sumption of the uniqueness condition, that is,
N b(u,v,w)
(512) 7HfHLoo 0.00:L2()) < 1 and N = sup ,
p2 IR (eeit A @ IVull[VvlVw]

u,v,weH]}

where v = pu + 7.

Below, we state without proof some estimates of uy. The proof proceeds along the lines
of proof of Lemmas 3.3—3.4 and Theorem 3.1 using the definition of discrete Stokes operator
(see (4.5)).

Lemma 5.4. The semi-discrete Galerkin approximation uy, of the velocity u satisfies
(5.13) IVun ()] + )2 Apun ()| < K, >0,
where K depends only on the given data. In particular, K is independent of h.

Theorem 5.2. Under the assumptions of Theorem 5.1 and the uniqueness condition (5.12),
there exists a positive constant C, independent of time and h, such that for allt > 0

1w —wp) ()] < CRP¢12,

Proof. We note that, in Lemma 5.3, it is shown that estimates of £ are uniform in time, for
all time away from zero. As e = £ + 7, uniform estimates of 1 would give us the desired
result. In Theorem 5.1, we apply Gronwall’s Lemma, and hence, the constant depends on
exponential in time. In order to have estimates which are uniformly valid for all £ > 0, we
need a different estimate of the nonlinear term Ay (7)) with the help of uniqueness condition.
We rewrite

(514) Ah(n) = _[b(év uhﬂ?) + b(nv uhﬂ?) + b(ua'Sv 77)]
Using uniqueness condition, we find that
(5.15) [b(n, up, m)| < N[ Va?[[Vuy].
As V -u = 0, we obtain
(5.16) b(w, &,m)| = [((u- V)n,&)| < Cllu||'/?|Au]?|[Va]|||£]]
Finally, we recall that
1

&l = 5 (€ V)unm) + (€ V), un)

(5.17) < ClglIVanl gsllmlizs + ClEN VIl w2 (| Au 2.

Substitute (5.15)-(5.17) in (5.14) and use Lemmas 3.1, 3.2, Theorem 3.1 and Lemmas 5.3, 5.4
to find that

(5.18) [An(m)] < N{IVl* Vg + CR2[r+] =4[V
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Using the estimate (5.18) of Ay(n), we modify (5.11) in the proof of Theorem 5.1 as

d,. ~ ! a(t—s ~ ~
(5:19)  —[Al* + 20 = NI[Vua[DIVAl* + 2/0 Bt — 5)eVa(f(s), 7(t)) ds
< 2a||f|? + CR*[r+] =12 | V).

Integrate (5.19) with respect to time from 0 to ¢ and multiply by e=2% to arrive at
I+ e [ 2 NITu) DIVt s
+ 272 Ot e2os /OS B(s —1)a(n(r),n(s)) drds
< e n )17+ 20 [ P ds O [ o) (s ds]

Take t — oo and use the following results from [11]

t—00 ad

i 202 [ [ (s = rya((r). pts))drds = T T (V000

t@ IVun ()17 < v IE ]| oo (0,00:12(02))
and
Jim (7)) =1

to find that
1

Nvl|e N Em [vn®)2 < € fm jvn
o= N e o) + 5| L [9n(0)| < = T [ Vn(o)]|

Therefore, we obtain

1 _ —
L1 Nv 2| o eaaiey) T [Vm(1)] < OR2
From (5.12), we conclude that o

Jim [|Vn(t)] < Ch?.

Clearly,
T ()] < CA.

This, with uniform estimate of £ from Lemma 5.3, leads to

Jim le(t)]| < Ch2t=1/2,

Note that the constant C' is valid uniformly for all ¢ > 0, and this completes the rest of the
proof. O
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6 A priori Error Estimates for the Pressure

In this Section, we derive optimal error estimates for the Galerkin approximation py of the
pressure p. The main theorem of this Section is stated as follows.

Theorem 6.1. In addition to the hypotheses of Theorem 5.1, assume that (B2') holds.
Then, there exists a positive constant C such that for 0 <t < T and for ug € Jq,

(0 = pn) (t)ll 12/, < Cetht™1/2,

Now, we prove Theorem 6.1 with the help of a series of Lemmas.
As in [27], we obtain the following result.

Lemma 6.1. The semi-discrete Galerkin approzimation py of the pressure satisfies for all
tel0,T)

(6.1) Np=pr)®llr2/n, < [Cll\et\l\1;h+(K+C\|ellL3)IIVe!+/O Bt = s)[[Ve(s)|l ds |,

where
<8g, ¢h >

IV
From Theorem 5.1, the estimate ||Ve|| is known and using Sobolev imbedding Theorem for

d = 2, the estimate ||e||ps < C||Ve| < K. In order to complete the proof of Theorem 6.1,
we need to estimate |||e¢]||—1. in (6.1). Since H;, C HJ, we note that

Il -1 = sup { . by €My by £ 0},

<eta¢h>
lletll-sn = sup{=LPh=1 @ € Hy, ¢y # 0}
Vel ™" "

<et7¢>
SUP{Wa ONS Hcl)a ¢7é0}7

supremum being taken over a bigger set. Therefore, we obtain

IN

lletlll-1n < llee) -1
Lemma 6.2. The error e = u — uy, in approximating the velocity satisfies for 0 <t <T
lex(t)l—1 < CeCth(r ()2,
where 7*(t) = min{¢, 1}.

Proof. From (4.2) and (5.1), we write the equation in e as

t
(6.2) (e, pn) + pale, éy) +/0 Bt = s)ale(s), @p) ds = An(@p) + (P, V- @), Yy, € I,

where
Ah(¢h) = b(Uh, Up, ¢h) - b(u7 u, ¢h)
Since P, : L? — Jy, then, for any ¢ € H{, we obtain using (6.2),

(6.3) (e, ¥) = (e, ¥ — Puip) + (er, Pryp)
= (e, ¥ — Ppp) — pale, Ppap) — /0 B(t — s)a(e(s), Pyap) ds
AR (Pap) + (V- Prip).
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Using discrete incompressibility condition, we write

(p, V- Pptp) = (p = jnp, V- Pr¥p)
and hence, H'-stability of P, yields
(6.4) ((p, V- Pyap)| < CH|IVp||[|[ V3.

We now rewrite
An(Pptp) = —b(e, up, Pripy) — be, u, Pyap)
and hence, using the Cauchy-Schwarz inequality and H!-stability of P, we obtain

(6.5) [An(Brtp)| < [[ Vel ([[Vup|| + [[Vul)[[Vep]].

Using approximation property of Py, we find that

(6.6) (e, % — Putp) = (uy, 9 — Ppep) < Chljuyf[[[Vep]].
Substitute (6.4)-(6.6) in (6.3) and use the boundedness of a(-,-) to obtain

t

() = {Chljwl + C Vel + [ 5t - )| Te(s)] ds
0

+Vell(IVus] + [Vul) + Ch Vol } T3l

and therefore,

< €, ¢ >
IVl

t
Chilw| + C|[Ve|| + /0 B(t — 5)|[Ve(s)| ds
HIVel|(IVus] + [Vul)) + Ch|Vp]|-

(6.7) et = sup{ L ¢ € HY, ¢, 40}

IN

From Lemma 5.4, we find that
IVu®)l <K, ¢ 0.

Now, using Theorem 3.1 and 5.1, we obtain from (6.7)

(6.8) ledl-1 < Ceoth(T*(t))_l/QJr/O Bt = s)[[Ve(s)]| ds

IN

CeCth(T*(t))_l/Q{l + ft(T*(s))—l/2 ds}
0
< Ceh(rr (1)

and this completes the rest of the proof. O

Proof of Theorem 6.1. Use (6.8) in (6.1) to obtain
. t
(6.9) [I(p=pr) ()|l z2/n, < [060%(7*(@)_1/2+(K+CH6||L3)HV9H+/0 B(t—=s)[[Ve(s)| ds.
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The last term involving integral can be estimated as in (6.8). From Theorem 5.1, we find
that
IVell < Ce“*h(r*(1))~"/?

lellLs < Cl[Vell < Ce“h(r*(¢) "1/,

Now, plugging these estimates in (6.9), we obtain

1(p = pr) (D)l L2/, < Ce“*h(r(1))1/2,
and this completes the rest of the proof. ]

Remark 6.1. Under the uniqueness condition (5.12), we establish error estimate for pres-
sure, which is valid for all time t > 0. From the proof of Theorem 5.2 and using the inverse
inequality along with the triangle inequality, we easily arrive at

Vel < Ch(r*(t) "2,

where generic constant C' is independent of time. As the estimates in Theorem 3.1 are
uniform in time, we obtain from Lemma 6.2

letl|-1 < Ch(r* ()",
Finally, an appeal to (6.1) yields

1P = pr) ()l 2/, < Ch(T*(1)) 7,

and we obtain optimat error estimate for the pressure term, which is uniform in time.

7 Conclusion

In this paper, we have discussed optimal error estimates of the velocity and the pressure
terms in L>°(L?) and L>°(L?), respectively, for the semidiscrete finite element approxima-
tions to the equations of motion arising in the 2D Oldroyd fluids of order one. We have
also established uniform in time error estimates under uniqueness assumption. All these
results are proved when forcing term f in L>°(L2) and initial velocity ug in J;. Optimal
error estimates are also proved in [27], when f = 0 and ug in J1 N H?2. The main difficulty
we encounter here, in proving a priori estimate in H(l), which is uniform in time, is due to
nonzero f, with f,f, € L>°(L?). Although a vast amount of literature is devoted to the
problem (1.1)-(1.3) (mainly Oskolkov and his pupil, Sobolevskii and recently Lin et.al), to
the best of our knowledge, a direct proof of uniform estimate in Dirichlet norm is missing
in the literature. Therefore, in the first part of this article, we have discussed a step-by-step
proof of this estimate, which is uniform in time, in Section 3. All the regularity results are
obtained without the nonlocal compatibility conditions. In [11], authors have considered
assumptions (A1)-(A2) and derived error estimate which is optimal in L>(H'), but sub-
optimal in L>(L?) of the velocity. We, in this paper, have improved their results in [11]
and obtain optimal error estimate for the velocity in L>°(L?)-norm. Under the uniqueness
condition, uniform error estimates in time, for both velocity and pressure are also obtained.

We have also managed to improve the pressure estimate in the following sense. For
ug € Jy, we obtain ||[p—pu|| < Kht~/2, which exhibits similar singular behavior (as t — 0)
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as that of velocity estimate. In earlier articles (e.g. [27], [11]), this singularity is of order 1,
ie. |lp—pul < Kht™'.

Finally, we would like to comment that, although Lemmas 3.1 and 3.2 yield estimates
in Dirichlet norm which is uniform in time, they do not provide us with a concrete bound
for the norm. Lemma 3.4 gives us a concrete bound, which in turn will be useful in the
study of global attractors for the Oldroyd model of order one.
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