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Abstract

In this paper, a variant of nonlinear Galerkin method is proposed and analysed for equa-
tions of motions arising in a Kelvin-Voigt model of viscoelastic fluids. Some new a priori
bounds are obtained for the exact solution when the forcing function is independent of time
or belongs to L in time. As a consequence, existence of a global attractor is shown. For
the spectral Galerkin scheme, existence of a unique discrete solution to the semidiscrete
scheme is proved and again existence of a discrete global attractor is established. Further,
optimal error estimate in L>(L?) and L (H})-norms are proved. Finally, a modified non-
linear Galerkin method is developed and optimal error bounds are derived. It is observed
that optimum accuracy in L (H}) is achieved when N = O(n?), for dimension d = 2, and
N = O(n®/?), for d = 3. Moreover, for optimal accuracy in L (L?)-norm, it is noted that
N = O(n?/?), when dimension d = 2, and N = O(n°/%), in d = 3. It is further shown for
both methods that error estimates are valid uniformly in time under uniqueness condition.

Keywords: Viscoelastic fluids, Kelvin-Voigt model, nonlinear Galerkin method, spectral ap-
prozimations, a priori error bound, uniform convergence in time .
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1. Introduction. The motion of an incompressible fluid in a bounded domain  in R%
(d=2,3) is described as in Chorin and Marsden [3] and Joseph [8] by the following system
of partial differential equations:

88;1_’_(u.v>u—Vo'—|—Vp:F(:I},t), €N, t>0, (1.1)

and
V-u=0, z€Q,t>0, (1.2)

with appropriate initial and boundary conditions. Here o = (o) denotes the stress tensor
with tro = 0, u represents the velocity vector, p is the pressure of the fluid and F is the external
force. The defining relation between the stress tensor o and the tensor of deformation velocities
D= Dy) = %(uwk + uy, ), called the equation of state or sometimes rheological equation, in



fact establishes the type of fluid under consideration. In the fag end of the nineteenth century,
models of viscoelastic fluids have been proposed which take into consideration the prehistory
of the flow. One such model was proposed by Kelvin [11] and Voigt [19] and hence, this model
is named after them. In this case, see Oskolkov [14], the rheological relation is expressed by

0
o=2(l+ /w_la)D, v,k >0, (1.3)
where v is the kinematic coefficient of viscosity and « is the retardation time. On substitution
of (1.3) in (1.1)—(1.2), we now obtain the following equations of motion for a Kelvin-Voigt
fluid:

u; + (u-V)u— kAw —vAu+ Vp =F(z,t), 2€Q, t >0, (1.4)
and incompressibility condition
V-u=0, €Q,t>0, (1.5)
with initial and homogeneous Dirichlet boundary conditions
u(z,0) =up in 2, u=0o0n 9N, t>0. (1.6)

Here, (2 is a bounded domain in two or three dimensional Euclidean space R? (d = 2,3) with
smooth boundary 0€). For this particular setting, the Kelvin-Voigt fluid is characterized by the
fact that after instantaneous removal of the stresses, the velocity of the flow does not vanish
immediately, but fades out like exp(—#~'t) see Oskolkov [14].

In this paper, we first derive some a priori bounds for the solution of (1.4)—(1.6). Then we
apply spectral Galerkin method to discretize in the direction of space, keeping time variable
continuous and call it semi-discrete scheme. We establish optimal error estimates for the semi-
discrete scheme. Finally, a variant of nonlinear spectral Galerkin method is analyzed and
optimal error estimates in L>°(L?) as well as L°°(H')-norms are derived.

It is to be noted that the system can be thought of as a perturbation of the Navier-Stokes
equations in the sense that —kAuy is added to the NS equations. Therefore, we would like to
investigate ‘how far the results on spectral Galerkin analysis for the Navier-Stokes equations
(see, [17], [7]) can be carried over to the present case’.

Based on the analysis of Ladyzenskaya [12], Oskolkov [14] has proved global existence
of unique ‘almost’ classical solution in finite time interval for the initial and boundary value
problem (1.4)—(1.6).

Earlier,Rautmann [17] has discussed spectral Galerkin method for Navier-Stokes equations
and derived error estimates which may be thought of local in time in the sense that the
constants involved in error analysis depend exponentially on time. Subsequently, Heywood [7]
has analysed spectral Galerkin method for Navier-Stokes equations and established a prior:
error estimates in L°°(H')-norm which is valid for uniform in time under the assumption that
the exact solution is asymptotically stable. This analysis is further extended to the Kelvin-
Vight system (1.4)—(1.6) by Oskolkov [15] and again error estimate is proved for L>(H")-norm.

While there are substantial literature available on nonlinear spectral Galerkin method
applied to the Navier-Stokes system, see, He et al. [4]-[6] and in the context of Oldroyd model,
see Cannon et al.[2], there is hardly any literature devoted to the system (1.4)-(1.6). Thus,
the present investigation is a step towards achieving this. In this article, we not only discuss
the optimal error estimates in L2 for the spectral Galerkin method, but also derive optimal



a priori estimates for the nonlinear Galerkin method which is valid uniformly in time under
uniqueness assumption. which is discussed in Section 3. We now summarise our major results
in this article as follow:

e New regularity results for the system (1.4)—(1.6) are derived by using a change of
variable 1 = e¢“u to take care of the forcing function which may be independent of
time or may be L in time. As a consequence, existence of a global attractor is derived.

e For the spectral Galerkin method, existence of a unique discrete solution is proved us-
ing a priori estimates for the discrete problem and again as a remark existence of a
global discrete attractor is shown. Further, optimal error estimates in L°°(L?) and
L>®(H})-norms are established. It is also observed that super-convergence phenomenon
in L>°(H})-norm is derived, when spectral Galerkin approximation say us¢ is compared
with the N*'-trucation say uy of the spectral series. Under the assumption of unique-
ness, error estimates are valid uniformly in time. Analogous results were proved for
Navier-Stokes Equation for Galerkin method by Archilla [1] and non linear
Galerkin method by Novo [13].

e Finally, a modified nonlinear Galerkin method is applied to (1.4)—(1.6). It is observed
that optimum accuracy in L*(H}) is achieved when N = O(n?3), for dimension d = 2,
and N = O(n®/?), for d = 3. Moreover, for optimal accuracy in L>(L?)-norm, it is noted
that N = O(n??), when dimension d = 2, and N = O(n®*), in d = 3. Like spectral
Galerkin method, here also superconvergence phenomenon is observed.

Through out this article, C' is considered as a generic positive constant which varies from time
to time.

2. Preliminaries and A priori Bounds. In the first part of this Section, we present
some preliminaries to be used in our subsequent analysis. Then we formulate the problem and
discuss a priori bounds.

Let H™(2) be standard Hilbert Sobolev spaces with norm || - ||,. Let LP(£2), 1 < p < o
be usual Lebesque measurable spaces with norm || - ||»(). When p = 2, we denote the norm
on L?(Q) simply as || - || and inner-product as (-,-). Further, let Hi(Q) : {¢ € HY(Q) : ¢ =
0 on 9}. On H(Q), the seminorm ||V¢|| is in fact a norm which is equivalent to H'-norm
due to Poincaré inequality. We shall also use the following function spaces for the vector valued
functions. Define

D() = {p € (CF(Q)': V-¢=0in O},

H := the closure of D(Q) in (L?(Q))? — space

and
V := the closure of D(Q) in (Ha(R2))* — space.

Note that since €2 is a bounded and some regularity assumptions on the boundary 9f2, it is
possible to characterize V as

V:={pc(HXQ)?: V-¢=0in Q}.

The spaces of vector functions will be indicated with boldface letters, for instance H} =
H}(Q) = (H}(92))4. The inner-product on H will be denoted by

d

(Vo,Vw) =Y (Vs V)

i=1



and norm

N

IVl = Zuww

Using Poincaré inequality, it can be shown that the norm on Hj is equivalent to H! =
(H'(2))% norm. Let P denote the orthogonal projection of L%(Q) (= (L?(22))?) onto V.
Now the orthogonal complement V+ of V in L?(Q) consists of functions ¢ such that ¢ = Vq
for some g € H'(Q2)/R. For more details, we refere to [18].

We denote by A = P(—A) = —PA, the Stokes operator which is a self-adjoint, positive
definite, and a closed linear operator on V with domain H? (V. Note that A has a compact
inverse. Let {\x} be the sequence of eigenvalues with 0 < A\; < A < ... < A < ..., Ay = 0
as k — oo, and let {¢k} be the corresponding eigenvectors of the Stokes operator A, i.e.,
A¢pF = \@*. Tt is easy to check that {¢"} forms an orthogonal set in H, V and H?NV.
Since A is positive definite, A5/2 is defined on ’D(As/2) D H?NV, 0 < s < 2. Note that for all
v € D(A%?), ||v|s and ||A%/?v| are equivalent, again refer to [18]

Since \; is the first eigenvalue of the Stokes operator, we have the following form of the
Poincaré inequality: For ¢ € H2V,

_1
ol < A2 1Al < A A - (2.1)

Following Temam [18], we rewrite the equations (1.1)—(1.3) in an abstract form as: Find
u(t) € V such that for t € (0, 00)

u; + kAw, + vAu + B(u,u) = f (2.2)

u(0) = uy, (2.3)

where B(u,v) =P((u-V)v) and f = PF.
In the sequel, we shall use the following estimate (see Temam [18]): For u,v,w € V, we
have |(B(u,v),w)| < |[AY2u]|||AY2v||||AY?w|; so, there exist a positive constant M such
e (Blu,v),w)
u,v),w
M := su . .
wvwev [AV2u[ AV [[AT2w]

(2.4)

2.1 A Priori Bounds.
In this subsection, we discuss some a priori bounds for the exact solution u of (2.2)-(2.3).

Lemma 2.1 Assume that f € L>°(0,00,L2(f2)), and ug € V. Then, for 0 < a <
solution u of (2.2)-(2.3) satisfies

W the

t
[u@®|P? + &l[AY2u@)|? + 28 / e 29| A1 2u(s) |2 ds < €72 |[[ug | + Al |4/ 2u 2]

%0 )\ s [F e ) (1 = €72%) = Ko(t) < Koo0,

where 3 = (% alk + i) > 0 and Ko,co = SUP4¢[o,00) Ko(t)-
Proof. Set i = ¢“u in (2.2) to obtain

e uy + ket Auy + vAG + e B(a,0) = f. (2.5)



Taking the inner-product with (2.5) and 4, we observe that (B(a, ), a) = 0, and hence,
we obtain

1dy,. . . . . 5.
5 g7 1l /[ A202) — ([l + | AY8l?) +v]IAY>a)? = (F0). (2.6)
Since [|a]|? < )\%HAI/QﬁHZ, it follows by using the Young’s inequality that
(.0) < [[EIlIal] < — ] | AY2a] < ——f]2 + 24" 2l (2.7)
7 o RY2S! N 2 ) .

On substituting (2.7) in (2.6), we arrive at
A (a2 AL2412 oY _ 1 A1/2A2<if2 2.8
g B+ mllATZa[7) + 2(5 = als 4+ )l 7alm < il (2.8)
Choose a > 0 such that (§ — a(x + /\%)) = [ >0, that is,

AV
0 < — .
<as 2(1 + H)\l)

Then integrate (2.8) with respect to time from 0 to ¢, to obtain
t
HmP+WAWmP-%ﬁAeﬂwﬂwmﬂwmﬁwSe*“me+mmV%wﬂ

1 2at/t 2as 2
S v A O (2.9)

and from which we conclude that
[l + ] A2l < e[| 2 + 4] [AY 2o

1

+ 2a\ v

€[00 12y (1 — €72,
This completes the rest of the proof. |
Remark 2.1 As a consequence of the above Lemma 2.1, we obtain from (2.8) with a =0
D (a2 + rll A 2u2) + 2| AY2u)2 < i (2.10)
dt - \v ' '

Integrating in time from t to t + T, and using Lemma 2.1, we now arrive at for a fired T > 0
and for all t > 0, the following estimate:

t+T 1/2 9 T )
[ 1A ds < Ko(t) + 1l g (2.11)

Remark 2.2 When f € L?(0,00;L%(Q)), then integrating (2.10) with respect to time from 0
to t, we find that

/t 1AV 2u(s)|? ds < Kolt) (2.12)
0



Lemma 2.2 Under the weaker assumption on f, that is, f € L>®(0,00;V*), the following a

priori bound holds for 0 < a < 2(1)J‘r1:)\l)

t
(I + /A a2+ 28 [ e 20 A 2u(s)|2ds < e[ ol + #l| A w0 ]
0

1 2 —2aty __
+ m—nyHLw(V*)(l—e ) = Ko(t),

where |[v|[v- = ||A~2v||, and = (§ —a(s+ &) > 0.

Proof. we now estimate the right had side of (2.6) as:

(£, 8) < [[f]lv-

1, 4 v
allv < —|[F]|2. + =||AY2a ]2 2.1
qu_QVH I +2H ul| (2.13)

Now substitute (2.13) in (2.6). Then use kickback argument and integrate with respect to
time to complete the proof. [ |

Using the above a priori bounds and applying Bubnov-Galerkin procedure, it is possible
to prove the global existence of a unique solution u of (1.4)—(1.6) in (0,00). We note that
Oskolkov [14] has proved existence of a unique solution to (1.4)—(1.6) for finite time. However,
the result in [14] can not be extended to prove global existence for ¢ € (0,00) as the constant
in the a priori bound tends to oo as t — co. Subsequently, Karazeeva et al. [10] have proved
uniform bound, see (2.4) in page 97 under the condition that f € L!(0, 0o; L%(Q2)) not for the
case f € L>(0, 00; L?(2)) as claimed in Theorem 2.1.

Note that taking limit superior as time tends to infinity, we obtain:

1
. 2 1/2 2 2
timsup ([[a(®)]f2 + w14 20(O)]2) < 5 FlE v (214)

Moreover, we would like to obtain a slightly different estimate corresponding to (2.14), which
will be used in Sections 3 and 4. Now again after substituting (2.13) in (2.6), we rewrite it
as

dy. . . . . . 1,4
S(RIP + RlAY2R) ][40 < a8l + sl AV2R) + 1 (215)
v
Integrate (2.15) with respect to time from 0 to ¢, then multiply by =2 to obtain
2 1/2, 112 —2at [ 2as 1/2. 112 —2at 2 /2. 12
[[ull™ 4+ sl AT 5al[7) 4+ ve™ | e[ AV P ds < e {{luo[|” + K[|AT w0l
—2at ¢ 2as 2 1/2..112 1 —2at ¢ 2as 2
+ 2ae /Oe (Il + wll A2l 2) + ~e /06 I1£]12- ds. (2.16)

Now taking limit superior in (2.16) as t — oo, we arrive at

Voo, 1/2 2 1 2
%htrrifgopHA u(t)|| SQOT/HfHLOO(V*)’

and hence,

. 1
limsup [|[AY2u(t)|| < = |[[f]|eeve)- (2.17)
t—00 v

As a consequence of (2.14), we obtain below the following result.



Corollary 2.1 There exists a bounded absorbing set
Br:{veV:(|v]*+xs|AY>v|*)Y? < R},

for the problem (2.2)-(2.8), that is, there exists R > 0 such that for any uy € V, there is
t* = t*((Jlug||®> + K||AY?ug||>)Y/?) such that for all t > t*, the solution u(t) of the problem
(2.2)-(2.3) satisfies u(t) € Bg.

In fact R can be chosen as 1

R i= — |y,

where a may be chosen as % Note that following the analysis of [10] or [9], we can show
existence of a global attractor say A C V.
Below, we discuss a priori estimate for | Au| and ||AY/?ul.

Lemma 2.3 Assume, in addition to the hypotheses in Lemma 2.1, that ug € D(A). Then,
there exists a positive constant C' which may depend on the constant in Sobolev inequality and
Sobolev imbedding such that the solution u satisfies the following a priori bound

t
[ A2+ sl Au(O]+ 8 [ e 20| Au()]2ds < 20! A2 2 + ] Avol ]

Kgoo 1 2 —2at
+ <C 2ak3 + @HfHL‘X’(LQ))(l —¢ ) = K1(t) < K1 o,

where Koo and B are as in Lemma 2.1 and K1 0 = Supse,o0) K1 (1)

Proof. Form an inner-product between (2.5) and At to obtain
1d

2dt(HAl/zﬁlH?+mHAﬁl|!2) — o]l AV — kallAd)? + v]|Ad?

= (f,A0) + (e"™B(1, 1), An). (2.18)

For the nonlinear term on the right-hand side of (2.18), an application of Holder’s inequality
with Ladyzhenskaya inequality

1AY2@l|Ls < Cs||A20]| /2] A"/

yields
(B0, @), A)| < [|al|s | AY*al|s]| Aa]| < C(Cs, Cr)|| A ?al*?|| Aa|*/?,

where C7 is a positive constant in the Sobolev imbedding theorem. Thus, using Young’s
inequality, we obtain

(e (B,0), AR)| < C(Cs, Cre™ ™| A" ?a|® 4 2| Aal”.

Note that
P 14 v
f, Aa)| < —||f]|? + - ||Aq) >
(], Ad)| < o JF)? + 2 q)
Altogether, we now arrive at

Ld

N N N I 4o N
5 5 (1A + k][ Aa)?) + B Aa|* < —|1f]]* + Ce™™|| A 2a] . (2.19)

7



With 0 < a < 2(>\ +1), the coefficient § of the second term on the left-hand side of (2.19)
becomes nonnegative and hence, we obtain

d . . A 2 _da .
£(||A1/2u|\2 ]| A0)|?) + 5| Aa? < S ]2 + et AV 20|, (2.20)
We integrate (2.20) with respect to time from 0 to ¢ and use Lemma 2.1 to arrive at
t
|42 + sl Au@)]? + 8 [ e 0 Aus)|* ds < =24V + ] Aug]
0
t 2 t
+ Ce—Qat/ 82a5||A1/2u||6d5+;€—2at/ eQastHQdS
0 0

< 2| AV 2ug|? + | Aug 2]

3
+ (C’KO’Oo + iHf|| co(T.2 )(1 — e~ 2at)
ak3 au " L) '

This completes the rest of the proof. |

Remark 2.3 If f = 0 or if [|e®*f(t)[l 2) < C, for some ag > 0 and for all t > 0, we

have exponential decay property for |||, ||AY?u|| and ||Aul|, that is, for t > 0 and 0 < o <
: AV
min(53y - o)
la@)ll, A 2u(@)ll, [[Au(®)] = O(e=*). (2.21)

3. Semidiscrete Spectral Galerkin Method. In this section, we discuss a spectral
Galerkin method and derive some a priori error estimates which are useful for our next section.

Let {¢;}2, be an orthogonal basis of V consisting of eigenvectors of A where {\;}:2; is
the set of the correspondmg eigenvalues. For N € N consider Vy =Span{¢,, ¢, ..., o5} CV
and let P be the orthogonal projection of V onto V. Then the following estimates hold
true for Py. For a proof, see Rautmann [17], [ Lemmas 2.1, 2.3, 2.4].

Lemma 3.1 Forv € V, we have
1
v —Pyv|* < ——[AV2v|.
AN+1

Moreover, if v.e H>(V, then

1
v =Pyv|?* < — |AY2(v = Pyv)|? < lAv]®.
N+1

N+1

Now, the standard Spectral Galerkin Method consists of determining an approximation ugg(t) €
V n such that

d d
%usg + HAd ugg + vAugg + PNB(ugg, ugg) = Puyf (3.1)
usg(0) = Ppyuy. (3.2)

Note that (3.1)-(3.2) can be written equivalently as

d d
(dtuSG’ )+H(A1/2$USG7A1/2V) + v(AY?ugq, AY?v) + (B(usg, usc), v)
(f,v) Vv eV, (3.3)
(us(0),v) = (Pnug,v) Vv E Vy. (3.4)



Lemma 3.2 For a given usg(0) € Vy, exists a unique solution ugg(t) € Vi, for allt >0
satisfying (3.3)-(3.4).

Proof. Since Vy is finite dimensional, (3.3)-(3.4) leads to a system of nonlinear ordinary
differential equations with given initial condition. Using Picard’s Theorem, there exists a
unique solution ugg(t) in t € (0,¢ty5) for some 0 < ¢y. In order to continue for all time, we
need to establish an a priori bound for ugg(t). Choose v = ugg in (3.3) and then proceed
exactly as in the proof of Lemma 2.1 to obtain

lusa (@) + £l A 2use @) < e 2 usa(0)|? + k[ A 2use(0)|?]
1
2@/\11/

" 12 g2y (1 — 2. (3.5)
Since ugg(0) = Pyu(0) then , |use(0)| and [|A/?usg(0)|| are bounded by || AY?u(0)]|. Thus,
usi(t) is bounded for all ¢ > 0 and this completes the existence of a unique solution for all
t > 0. This completes existence of a unique global solution to the problem (3.3)-(3.4). [

As a consequence of (3.5), there exists a bounded absorbing set
Br, : {usc € Viv : (Jusc|® + sl A" *usc|*)!/? < Ru},

for the problem (3.3)-(3.4), that is, there exists R; > 0 such that for any ugsg(0) € Vy, there
is t* == t*((lusg(0)||> + || A?usq(0)]|?)'/?) such that for all ¢ > t**, the solution ugg(t) of
the problem (3.3)-(3.4) satisfies ugg(t) € Br,. Now, set R; so that

1
2 | 2
Ry = JHfHLW(V*)a

v
where a may be chosen as STt

Therefore, we obtain easily the following result.

Lemma 3.3 There exists a global attractor Ay C Vi to the discrete problem (3.3)-(3.4),
which attracts bounded sets in V.

We shall not pursue issues related to the dimension of global attractor (see, [9]), and conver-
gence of discrete attractors etc. here as this is not the main purpose of this article.

For our future use, we discuss below the boundedness of Augg. Note that following the
proof technique of Lemma 2.2, we can easily obtain:

Ld

. . N 1 _ .
5 dt(||A1/2uSG||2 +#lAtsall”) + Bl Atse|® < o [PNf]* + Ce ot A asqll°.

Then integrating with respect to ¢ from 0 to ¢, and using (3.5), we obtain

t
A use ol + mlause+ 8 [ e ausas)* ds

IN

K3

Kjo 1
ClIA w0l + sl Auo|”] + (C=25 + — |12 ).

IN

This completes the boundedness of || Augg||.

—2« KSOO 1 —2«a
e 2| AP yuo|? + K| APy uo|?] + (C—25% 4+ — [PwE|f o rz) ) (1 — €72

(3.6)



3.1 FErrors Estimates.

In this subsection, we discuss the error analysis of the semidiscrete spectral Galerkin approxi-
mation ugg.

Theorem 3.1 Let u be the solution of (2.2) and ugg be the semi-discrete Galerkin approzi-
mation of u satisfying (3.1). Then, there is a positive constant C depending on ||Au(0)|| and
[£[|Lo0(1.2) such that for 0 < a < % and for fired T > 0 with t € (0,T) the following
estimate holds

C
et

lu(t) —usc®)] < (3.7)
N+1
Moreover, under the uniqueness assumption:
M
Szl vy <1, (3.8)
where M is given as in (2.4),the following uniform in time estimate holds fort >0 :
C
[u(®) —usa®)] < — (3.9)
N+1
Proof. Using the definition of Py, we write
u—-usg = (u—Ppyu)+(Pyu-usq)

= (u-Pyu)+ Esg,

where Esc = Pyu — ugg. Since the estimates of u — Pyu are known from Lemma 3.1, it is
enough to estimate ||Eg¢q|. From (2.2) and (3.1), we obtain the following expression for the
difference Egg

d d
(5;Bsav) + H(AW%ES(;,AV%) + (A2 Egq, AVv) = A(v), (3.10)
where A(v) = —(B(u, u) — B(ugg, ugg),v).

Choose v = e>*Egq(t) in the (3.10) and set Egq(t) = e*Egg(t) to obtain

1d/ -~ . . N .
§$(HESGH2 + K‘|A1/2ESGH2) _aHESGH2 _ HOZHAUQESG”P + VHAl/QESGHQ
= AEsg).  (3.11)
Note that
A(eatESG) = _e_at [(B((ﬁ - PNﬁ)v ﬁ)a ESG) + (B(ESG, ﬁ), ESG)

+ (B(ugg,u—Pyn), ESG) + (B(tsg, ES(;), Esg)} . (3.12)

Here, the last term on the right-hand side of (3.12) is zero. To estimate the first term on the
right-hand side of (3.12), we use Holders inequality and Sobolev inequality to obtain

(B(& = Pyi, 1), Esc)| < Clla—Pyaf|| A2l Bscl|vs
< Clla—Pyal|fAa] A *Esq|,

10



and hence, using the Young’s inequality, we arrive at

~

_ - A - N . « € -
e |(B(a—Pya,a),Esq)| < Cle)e 2O“fHu—PNllellx‘hlller5!\141/21350!!2-

Similarly for the second term on the right-hand side of (3.12), we find that
A oA _ ~ . € A
e~ |(B(Esg, 1), Esq)| < Ce™|Esc|?|Aq|? + §||A1/2ESG||2-

For the third term on the right-hand side of (3.12), we note that

~ ~

(B(tsg, 0 —Py1),Esg) = (B(tsg, Esg), 0 — Py1),

and hence, using Sobolev inequality with Holders inequality, we obtain

A

le*"(B(ts@, . — Pyu), Egq)| Ce | AV ?agq || /?]| Adse || 2| A2 Bse | |6 — Pyl

_ “ N “ “ g ~
< Cle)e *||AV?ageq| || Abse]||[a — Pyal? + §|!A1/2ESG|!2-

IN

Thus,

. 3e
AeBse) < T

A2+ O Bsg] 2] AV 24
+ Ce(|| Al + A *asql| | Adse]) @ - Pyal.
On substituting in (3.11), we arrive at

1d ., - .
5@(!\ESGH2 + k|| AV Egq|?)

3« -
(—ho+v— S = E)"Al/QESGHQ

+
< Cle)e AV 0P| Escl?
+ C(lAul? + A Pusc]| [ Ause])|@ - Pyal?. (3.13)

Choose € = v/3 in (3.13) and then use a prior: bounds from Lemmas 2.1-2.3 to obtain

d

. . 1 .
—(IBsal?> + w]AV?Esc]?) + (v - 2a(+ + 1)) [ A *Esc]?
dt M

IN

C ([l Aul? + A 2usc] [ Ausc]) [ — Pyal? + ClAY2ul?|Esq|
C(KO,om Kl,om "771)

32 14a]* + C|| A *u*|[Bscl . (3.14)
N+1

Integrating (3.14) with respect to time and choosing 0 < o < % we find that

t
|Esc|? + | AY?Esc)? < C(Ko oo, Kooyt 0) +C/O |AY?u|?|Esq|® ds

2
)‘N—H

again

t
|Esc|? + | AY?Escl? < C(Ko oo, K100, ) +C/O |AY a2 (||Esc|® + k|| AY*Esc||?) ds

2
)‘N+1

as Egg(0) = 0.
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Using Gronwall’s lemma, it now follows that

C(KO,OO’ Kl,ooa 5_1

2
)‘N+l

t
Bso(t)]f < Lexp(c [ 14V2ulds)

A use of triangle inequality with Lemma 2.2 and Lemma 3.1 completes the proof of the estimate
(3.7).
To derive (3.9), we note from the property of Py and Lemma 2.2 that

C C
[ut) — Pyu(t)|| < ———[[Au(t)[| < : (3.15)
AN+1 AN+1

which is valid for all £ > 0. Therefore, it is now enough to obtain an uniform in time estimate
for Egg. We now estimate the nonlinear term (3.12) as folows:

A(eatESG>

—e=|(B((@ —~ Pyi), @), Bsq) + (B(Bse, 1), Es) + (Blisq, @ — Pyi), Bsg)|
Ce!la — Pyl (|| Aal + A 2ase| /2| Adsql/2) AV Bl
Me= | AV a]| |AV*Egq .

IN

_l’_

Note that for the third term on the right hand side of the nonlinear term (3.12), we have used
the property (2.4). Now using the property of Py, Lemmas 2.1-2.2 ans Lemma 3.1, we arrive
at

. 1 . .
A Bsq) < 05— | Aul] | AY2Bgg] + M| A" ul] | 4 Bsg (3.16)
N+1
On substituting (3.16)in (3.11), we then integrate from 0 to ¢ to obtain

t
(IEscl® + slAY2Bsol?) +2¢720 [ e2(u — M|jA"2ul) | 4 2Eso|* ds

t
< 20e7%0 [ ([Boo|* + w4 Escl) ds

1 t
b O et / 2| Au|| | AV?Esq|| ds. (3.17)
AN+1 0

Taking limit superior as ¢ — oo in (3.17) and using (2.17), we arrive at

1

1%

1 .
limsup | A2 Egq ()|,

N+1 t—o0

(1= My~ £loeve)) limsup | A 2B (0)]* < O
t—ro0

and hence, from the uniqueness condition (3.8), we now obtain

1
limsup ||AY?Egq(t)|| < C :
t—00 )\N+1
Thus,
. 1
limsup [|[Es¢(t)]| < C ,
t—o0 >\N+1
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and

1
lim sup [[u(t) — use ()] < C~—.
t—ro0 AN+1
This completes the rest of the proof. |

As consequence of the Theorem 3.1, we obtain a super-convergence result for || AY/?Egq(t)||
and we now derive easily the following estimate.

Corollary 3.1 Under hypotheses of Theorem 3.1, there exists a positive constant C such that

C
1A (u = un) ()] < 75 (3.18)
AN
Remark 3.4 We now note that the estimate (3.7) in Theorem 3.1 is valid for finite T > 0,
otherwise it blows up as t — oco. When £ = 0, then the uniqueness condition (3.8) is satisfied
and the uniform-in-time estimate (3.9) holds. Moreover, it is easy to see from the proof of the

Theorem 3.1 and the a priori bounds in Section 2 that

Cxlﬂlan}(anﬁ_l)
AN+1

(= un) (@) < et 0.

Moreover, f € L2(0,00;L2(R)), then the result (3.9) of the Theorem 3.1 is valid for all t > 0

without the uniqueness assumption (3.8).

4. Nonlinear Galerkin Method. Let V,, = Span{¢i,---,¢,} and consider P, :
H — V,, be the orthogonal projection and Q, = I — P, be the orthogonal complement.
Consider the split u = p + q where p = P,u € V,, corresponds to the small eigenvalues, i.e.,
represents the large eddies of the flow and q = Q,u € H\V,, corresponds to large eigenvalues,
represents the small eddies of the flow.

Apply P,, and Q,, respectively, to the abstract equations (2.2) to obtain

d d

dlz +nAd—I;+VAp+PnB(p+q,p+q) =P,f, (4.1)
and J J

L+ KA+ vAG+ QuB(P+ 4P+ ) = Quf. (4.2)

From the properties of the orthogonal projections and Lemma 3.1, we note that
1 C(Ko,00 K1,00)
lal[ = [|( = Pp)ul| < |[Au|| < ——=—=5, t >0
An+1 An+1

and hence, q(t) carries a small part of the kinetic energy. Thus, it is reasonable to approximate
the term Q,B(p +q,p +q) as

Q.B(p+4a,p+a)~ Qu(B(p,p) + B(p,aq) + B(a,p)). (4.3)

The entire process leads to the following modified Nonlinear Galerkin Method: Find (y, z)

such that
dy

d
I + HA% +vAy + P, B(y + 2,y + z) = P,f, (4.4)
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and
d d
aTj + HA£ +vAz + Q,[B(y + z,y) + B(y,z)] = Q.f. (4.5)

Since z(t) € H\ V,,, the equation (4.5) represents an infinite dimensional system. Thus, we
have to approximate z.

Consider Vi = span{1, 92, ..., Pn, Pntl,---,pnN}. Let the finite dimensional approxi-
mation again called it as z(t) € Vy \ V,, and y(t) € V,, satisfy

d d
% —i—/fAd—i’ +vAy + P,B(y + 2,y +z) = P,f, (4.6)
and p p
5 +11Ad—j +vAz + QY [B(y+z,y) +B(y,z)} =Qlf (4.7)

with y(0) = P,ug and z(0) = QYug, where N > n, and QY = Py — P, = Q, — Qn. Note
that for simplicity of notation, we still represent y(t) as the approximation of large eddies and
z(t) as the approximate of small eddies. Thus, uyg(t) = y(t) + z(t) is an approximation of
u(t).

Following the arguments leading to the a priori bounds in (3.5) and (3.6), we easily obtain
the following estimates for the discrete solution up;g of (4.6)-(4.7): There exists a positive
constant C' such that

@) + KA une®? < C[luO)]? + £[A2u(0)|?] (4.8)

1
5o fliea)

and

t
142 @ + wllduc]? +8 [ e Ana(s)|? ds
3

KOoo 1
< ClIAY | + k]l Auo|?] + (C=0F + —lfllieqs) ). (49)

Remark 4.5 Note that since ‘fl—? 1s also small, it is possible to drop it. However, the term A‘fl—?

may not be small, therefore, we prefer to keep both the time derivative terms in the modified
nonlinear Galerkin method.

4.1 A Priori Error Estimates .

In this subsection, we discuss a priori optimal error estimates for the modified nonlinear
Galerkin scheme (4.6)-(4.7).
Using the projection Py, we now split

€MG(t) = ll(t) - uMG(t)
= (u(t) ~ Pyu(®)) + (Pyu(t) - wa(r))
= (u(t) - Pyu(t)) +Encl(t).

Using the properties of P,, and QY , we may rewrite whenever required in our analysis the
term Ey¢ as Eng = PrEyve + QYEume. Note that Epe(0) = 0.

14



Theorem 4.1 Let u be the solution of (2.2) and upyg =y + z be the semi-discrete nonlin-
ear Galerkin approximation of u satisfying (4.6)-(4.7). Then, there is a positive constant C
depending on ||Awgl|| and [|f||y 2y such that for 0 < a < % and for fized T > 0 with
t € (0,T) the following estimate holds

1 1
() — ume(®)] < O oty )ecT. (4.10)
n+1

where r = 3/2, if d =2 and r = 5/4, when d = 3. Moreover, under the uniqueness assumption
(3.8) the following uniform in time estimate holds fort >0 :

() - wpa ()| < C()\Nlﬂ + X}H)_ (4.11)

Proof. Since the estimate of u(t) — Pyu(¢) is known from Lemma 3.1, it is enough to derive
the estimate of Ejsg. From (2.2) and (4.6)-(4.7), we easily obtain

(%EMg, V) + H(Al/Z%EMg, A1/2V> + V(Al/QEMG, AI/QV) = A(V), (4.12)

where
A(v) = —(PNB(u,u) — QflVB(y + z,y+z),v) — (B(er z,y) + B(y, z),v).

Choose v = e?*E ;¢ = e™Ej¢ in (4.12) and rewrite the resulting equation as

1d/, - . . . .
57 (1Bara]? + #l| A Enigl2) — a(|IEcl? + #llA"?Bargl ) +vI| A s
e A(Erg), (4.13)

To estimate the term on the right-hand side of (4.13), we first rewrite it as
e "ANEye) = —e_o‘t[(B(EMG,ﬁ),EMG) + <B<ﬁMGa (I - PN)ﬁ),EMG)
+ (BT —Py)a,a), Buc) + (B(2,2), Q4Bu)]. (4.14)

As in the proof of Theorem 3.1, we now estimate the terms on the right-hand side of (4.14) as
follows. Note that using standard Holders inequality, Sobolev imbedding theorem and Sobolev
inequality, we obtain easily

_ - AN T _ - - € -
(BB, ), Bug)l < Cle)e |40l [Bugl P + 5114V Byel?.  (115)
Similarly, the second and third terms on the right-hand side of (4.14) can be estimated as

=t ||(Blawe, (I = Pn)i), Byg)| + |(B((I - Pr)a, ), Barg ) |
_9%a - . . 15 S
< O@)e ™ (I14a] + | Adul) (7 = Pyl + S|4 Eye]
Cl(e)

S e
)‘N—H

— ~ ~ £ A~
e 2 (|l AG) + | Adc ) + 5114 *Ear] .

(4.16)
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For the fourth term on the right hand side of (4.14), we estimates it depending on d. When
d = 2, we now estimate using generalized Holder’s inequality and Ladyzhenskaya inequality

vl () < C|v||V? | AV 20| M2, itd = 2,

as
e (B(2,2), QBac)| < Cem(z)s | AV g
< Cemo|a [|AY20z] | AV By
Ce) o .
< SEemaai i Sl ByGl?. @)
)‘n+1

When d = 3, use again generalized Holder’s inequality and Ladyzhenskaya inequality

oll sy < Clloll /2 | AY20) /2, ifd = 3,

as
e (B(22), QkBug)| < Ce ] a |42 [Basg o
< Cemal|'? A0z ||P | AV PE ]|
C( ) —2Q A
< e lAalt + HAl/QEMGHZ- (4.18)
n+1

Substituting (4.14)-(4.18) appropriately in (4.13) and then with ¢ = v/3, we obtain after
integration with respect to time from 0 to ¢, and multiplying by e 2% with use of a priori
bounds of Lemmas 2.1-2.2, Lemma 4.1 the following:

1 1
[Basc(O)IF + KA By O < C(Komes Kooo) (57— + 13)
N+1 n+1

t
+ 0 [ lAul? Byl ds, (419)
0

where 7 = 3/2, when d = 2 and r = 5/4, if d = 3. An application of Gronwall’s Lemma with
approximation property of Py and triangle inequality yields the estimate (4.10).

In order to estimate (4.11), we again follow the proof technique of the second part of
Theorem 3.1. Since the estimate of |[u—Pyul is known from Lemma 3.1 which is valid for all
t > 0, it is, therefore, sufficient to obtain an uniform in time estimate for E;¢. For nonlinear
term (4.14), except for the first term on the right hand side, we estimate the remaining terms
as in (4.16)-(4.17). For the first term, we estimate as follows:

e (B(Bua, w), Bne)| < Me 2| A2 | AV Eyql® (4.20)

We now estimate the nonlinear term (4.14) as folows:

1

A Byg) < Ce*at(v—i- ) lAal] |4 B
n+1
+ Me ™ ||AV2q) || AV E el (4.21)
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On substituting (4.21)in (4.13), we then integrate from 0 to ¢ to obtain

t
(IBacl? + #IA42Basc]?) +2¢720" [ e5(v = M| AY2u]) | AY2 B ds

t
< 2007 [ ([Baral + x4 Barg?) ds
0
1 1 t
¢ 72%/ 2% Aul| |A"*Eprgl| ds. 4.22
i (>‘N+1 —1—)\;“)@ 0 ° | Aull ] el ds (4.22)

Taking limit superior as ¢ — oo in (4.22) and using (2.17), we arrive at

1 B . 1 1oy,
~(1 = My 2|[f|[oo (y+)) limsup A2 E (1)) < c(A + T) lim sup || AY2E 61|,
v t—o0 N+1 n+1’ t—o0

and hence, from the uniqueness condition (3.8), we now obtain

1 1
lim sup || A2 (1) < C( + 55— )-

t—> )\N+1 Z+1
Thus,
s [Bua)] < (5 + 5.
and
limsup |[u(t) — upa(t)|| < C(A L 4 an )
t—00 N+1 n+1
This completes the rest of the proof. ]

As consequence of Theorem 4.1, we obtain the following error estimate.

Corollary 4.1 Under hypothese of Theorem 4.1, there exists a positive constant C' such that

1 1
|42 (= une) )] < (75 + 55— ), (4.23)
/\A{+1 A1

where r = 3/2, if d = 2, and r = 5/4, when d = 3.
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