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Abstract

In this paper, a novel approximate inertial manifold for the two-dimensional Navier-
Stokes equations and its related postprocessing procedure are discussed. This new approx-
imate inertial manifold intends to seek some kind of approximate relationship between the
standard Galerkin approximate solution (approximate large eddies) and its residue (ap-
proximate small eddies). The result shows that this manifold can approximate the system
attractor up to a more accurate level than other approximate inertial manifolds we ever had
and its associated postprocessing procedure can get a more accurate approximate solution
at any given time with great savings in computing time.

1 Introduction

Despite the considerable increasing in the available computing power during the past few years,
numerically solving the partial differential equations, especially the integration of evolution
partial differential equations on large time intervals, and under physically realistic situations
still remains a difficult problem whose solution i1s not close at hand. We thereby intend to
solve dissipative evolution partial differential equations in dynamically nontrivial situations,
i.e., when the long-term behavior is not merely the convergency to a steady state. In this
case, the solution to be simulated remains time dependent and, as time goes to infinity, it
convergences to a set, the attractor, which can be a complicated set (a fractal). Studying the
complicated structure of this set which is reflected by the long term behavior of the solution to
some extend is of great importance to understand the nature of turbulent phenomena. That is
one of the main reason why people are so interested in the long-term behavior of the solution.

An important attempt in that direction is the theory of inertial manifold, which was intro-
duced by Foias, Sell and Temam [5]; Fabes, Luskin and Sell [3]; Temam[14]; Constantin et al.[2];
and the references therein. The idea is to imbed the attractor in a smooth finite-dimensional
manifold and to reduce all the dynamics to this manifold. Unfortunately, the existence of such
finite-dimensional manifold requires a very strict condition, the spectral gap condition, which
1s not valid for some important dissipative systems including the Navier-Stokes equations. A
more flexible and less restrictive idea 1s to look for a so-called approximate inertial manifold,
which should be a smooth finite-dimensional manifold approximating the attractor up to a
certain accuracy, and to build numerical schemes providing orbits lying on this manifold. This
manifold is in fact the graph of some smooth finite-dimensional mapping. From a physical point
of view, this kind of mappings can be viewed as approximate interactive laws between large
and small eddies.



For a given Hilbert space H in which the solutions of dissipative systems are sought, tradi-
tional construction of approximate inertial manifold is to seek some finite-dimensional mappings
from H,, (large eddy subspace) to H (small eddy subspace), where H,, is a finite-dimensional
linear space spanned by the first m functions of the Galerkin basis and H is the L? orthogonal
complement of H,, in H, so that people can use 1t to approximately describe the interactive
relation between large and small eddies. For example, we refer readers to [4], [11], [12], [9]
and etc. This leads to solving coupled systems of large and small eddy components at each
time step. As has been illustrated in [15], their associated numerical scheme, nonlinear Galerkin
method, is so computationally costly that it is generally less efficient than the standard Galerkin
method in spite of its higher accuracy. On the other hand, the standard Galerkin method can
provide us an approximation of the solution in H,,. According to the idea of approximate
inertial manifold, there should be some approximate interactive laws between large and small
eddies of the solution. Now that the standard Galerkin approximation in H,, is a reasonable
approximation of the large eddies, there is no reason to prevent us from seeking some similar
approximate relationship between this approximate large eddy components and the residue of
it which can be regarded as a reasonable approximation of small eddies. These consideration
leads to construction of a certain novel approximate inertial manifold which is the graph of
some finite-dimensional mapping from H,, to H. If this kind of approximate inertial manifold
could be constructed successfully, we can use it to get an approximation of the residue corre-
sponding to the standard Galerkin approximation and we expect that the standard Galerkin
approximation together with this kind of approximate residue can generate a more accurate
approximation of the solution. Because this kind of approximate inertial manifold is used
to describe an approximate interactive law between standard Galerkin approximation and its
residue, the related numerical scheme 1s expected to obtain a more suitable approximation of
the solution at any given time. That is the reason why we will call this related numerical
scheme the postprocessing procedure. Obviously, this procedure will lead to substantial savings
of the computing time. Those mentioned above are the goals of our paper. We will proceed
our investigation in the case of the two-dimensional Navier-Stokes equations. However, all the
results which will be obtained here can be extended to many other dissipative equations.

The goal of this paper is similar to that of [15]. That is we also want to get a more accurate
approximate solution at any given time by postprocessing the standard Galerkin solution. The
main differences are as following. The construction of the postprocessing procedure in [15] is
still based on the traditional construction of approximate inertial manifold, which is to get an
approximation of the real small eddy components in H (f]ﬁHm = ¢) from the approximate large
eddy components (Galerkin solution) in H,,. Of course the final accuracy is restricted by both
the accuracy of standard Galerkin solution in H,, and the accuracy of the approximate small
eddy components in H. The idea in this paper as we said just now is to get an approximation
of the residue in the whole space H from standard Galerkin solution. So the final accuracy only
depends on the approximation of the residue and may be better than the large eddy accuracy
of the standard Galerkin solution (accuracy in H,,). Our result shows that the H! error of our

3

postprocessing scheme is of order O(Ly,A,,3,) while it is of order O(L? A2t ) in [15]. Here

mtm+1
Ly, is of order O(1+4 +/In(1 4+ Ap,)). On the other hand, we also construct a novel approximate

inertial manifold which is the graph of a smooth mapping from H,, into H and can approximate

the system attractor up to order O(LmA;_%I_l). In fact, our postprocessing scheme is a direct
application of this new approximate inertial manifold.

The paper is organized as follows. In section 2, we give some functional settings of the two-
dimensional Navier-Stokes equations. In section 3, we investigate an approximate interactive
law between the standard Galerkin approximation and its residue for the solution of the steady
Navier-Stokes equations. Also a numerical scheme based on this law is presented together
with its error analysis and it demonstrates a great improvement of the convergence rate of the



standard Galerkin method. In section 4, we give the definition of our novel approximate inertial
manifold based upon the mapping derived in section 3. And some important properties of this
manifold are also studied in detail in this section too. It will show this approximate inertial
manifold can approximate the attractor up to a higher level than any other approximate inertial
manifolds we ever had. In the last section, a related postprocessing procedure is constructed
together with its error analysis.

2 Functional Settings

Let P be the classical L? orthogonal divergence free projection on L#(Q2)? and H be the Hilbert

1

space of the projection of L?(2)? by P with usual L? scalar product (-,-) and norm |-| = (-, -)=.
Here Q C R? is a bounded domain. We consider the following functional evolution Navier-
Stokes equations in H

dt

u(0) = a,
where u is the velocity, a € H the initial velocity, ¥ > 0 the viscosity parameter and f € H
the time independent external force. A = —PA is the Stokes operator which is known to be a
linear self-adjoint unbounded and positive closed operator in H with domain D(A). And A~!
is compact. We can then define the powers A® of A for s € R; A®* maps D(A?) into H and
D(A?) is a Hilbert space when equipped with nature scalar product (A*-, A*-) and norm |A® -|.
We set V' = D(A%) and denote by ((-,-)) the inner product in V associated with the norm
||| = |A2 -|. The nonlinear term B(u,u) = P[(u-V)u] defines a bilinear operator from V x V
into V' and we denote by b the following trilinear form on V' given by

{ d_u_|_yAu—|—B(U,U):fa (1)

b(u,v,w) =< B(u,v),w >y, Yu,v,we V.
Furthermore, we give some traditional properties of b(-, -, -)[14]:

= —b(u,w,v), Yu,v,weV,

< erlulp=]||v|||w], Yu € L*(Q)%veV,weH,

< cilul [AZv|pe|w], Yu,w e H, Azv e L™(Q)?, (2)
< er|ul ||| |wlpe, Yu € H,v€V,we L*®(Q)?
<

52

el|AFu||AE o] [AF .

51 so+1 53

The last estimation holds for any u € D(AZ ), v € D(A72 )and w € D(A7Z) with s;+s2+s3 >
1 and (s1, 82, s3) # (1,0,0),(0,1,0) and (0,0, 1).

The above settings apply in particular to the two-dimensional Navier-Stokes equations in a
bounded domain £ associated to the nonslip or space-periodic boundary condition.

To introduce the Galerkin approximation of (1), let us denote by wy, k € A" an orthonormal
basis of H consisting of the eigenvectors of Stokes operator A,

Awp = dpwi, 0< A <A< <X <--v =00 as k — o0

For any fixed m € N, we denote by P,, the L? orthogonal projection from H onto the space
H,, spanned by the first m eigenvectors wy, - -+, wy,. We also set @, = I — P,,. It 1s classical
that:

A Q] < ASTHIAR],  [AHPo] < MTOIAT], Va < g, v € D(AR), (3)

Furthermore, we give the following Brezis-Gallouet inequality[1] for any v € D(A):

|[Av|
[olzee < effof[(1 44 /In(1 + W))’



and especially, for v € H,;,, we have
[vlzee < Linllvll], (4)

where Ly, ~ 14+/In(1 4+ Ap). Now the standard Galerkin approximate equations of (1) admits:
find w, () € Hp, such that

duuy,
4 VAU + P B, ) = P f, %)
um (0) = Ppa.

As is said in the introduction, we are interested in the interaction between u,, and the
deference between u and w,, which will be denoted by

n=1U—Un

in the rest for the sake of convenience. So we can get the equations of n by substituting
U = um + 7 into (1). By noticing (5), we finally get

{ A Bl )+ B0 ) + B3 1) = Q] = Blum, un)l ©
1(0) = Qma.
As usual, we define the following bilinear form on V' x V:
a(u,v) = v((u,v)), Vu,veV.
It is very easy to verify that a(-,-) is symmetric continuous and positive on V' x V. In fact
a(u, w) = v||ul|*.

Then we can give the weak formulas of (1), (5) and (6) as

du

(E,v)—i—a(u,v)—l—b(u,u,v): (f,v), YveV, (7)
(dz—tm,v)—i—a(um,v)—i—b(um,um,v):(f,v), Vv € Hy,, (8)
(%a v) + a(na v) + b(uma 7, v) + b(na Um, v) + 5(77, 7, v) (9)

= (Q@m /[, v) = b(um, um, @mv), YveV.

The estimations of 5 are classical and we will not address them here. By using the methods
which are classical for these equations, for example see [T], we can check that the initial boundary
(or initial) value problems (1) and (5) have unique solutions v = u(t) and uy, = un(t) fort > 0.
Moreover, if we demand

a€ D(4), feH, (10)
there exist finite constants My, Ms, M., > 0 such that
sup ()] [l (8] < M1,
sup [Au(t)], [Aun(t)| < Mo, (11)
£>0

sup |u(t)|zee, [tm(t)|pe < Moo.
>0



It is well known that, for the above problem (1) and (5) (or (7) and (8)), regularity properties
hold under the condition (10). In particular, we can state the following results involving & and
Uy, 1N

Lemma 2.1 Under the condition (10}, we have

|d(t)|H2(Q)2, |dm(t)|H2(Q)2 < k(t), Vt>0,

where k(t) > 0 depends on (t,a, f) and is bounded on [tg,o0) for any ty > 0.
The above lemma can be proved, for example, by combining the techniques in Johnson et

al. [8] and Marion [10].

3 Finite-Dimensional Mapping: Steady State Case

Although we are interested in the long-term behavior of system (1) (or (7)) in dynamically
nontrivial situation, we also believe that the studying of the steady case will be very helpful
and may enlighten us when we consider the unsteady case.

In this section, we will study the relationship between u,, and 5 for the steady Navier-Stokes
equations. We want to construct a finite-dimensional mapping from H,, into V such that it
can reflect the interaction between the approximate large eddies and small eddies, namely, u,,
and 7. Then in the next section, we will show that this mapping is suitable to be applied to
unsteady case to generate a novel approximate inertial manifold which can approximate the
attractor with accuracy of order L,; /\;1_%'_1. Here we will not write down the steady equations
associated with (1), (5) and (6) (or (7)~(9)). Readers should keep in mind that we mean their
assoclated steady equations when we talk about these equations within this section.

As 1s said in the previous section, there is a natural decomposition of u when its standard
Galerkin approximation u,, is at hand, namely

U= Uy + 7). (12)
If we can get some mapping ® from H,, into V such that

1 (um) = nll = o(lInll),

the following function

U= U + P(um) (13)

is a more accurate approximation of u than u,,. Though the residue equations (6) can provide
us a manner to derive 7 exactly from wu,,, 1t 1s in fact to solve the Navier-Stokes equations
and has no practical meanings. On the other hand, when we consider the space derivatives,
B(n, um) + B(n,n) should be a higher order small quantity compared with vAn + B(um,n).
According to this observation,

vAG+ B(um, 1) = Qmlf — B(um, um)]

may be a reasonable approximation of (6). Noticing (2) and Lax-Milgram theorem, the following
property is obvious.
Lemma 3.1 The following problem

{ forany ¢ € Hy,, find ®(¢) € V such that
a(®(),v) +b(¢, ®(¢),v) = (Qm[f — B(¢,¢)],v), YveV

can determine a single value mapping from H,, into V.
By using this mapping, we will give our main result of this section in



Theorem 3.1 For f € H, we have
llu—all < eca(lnllnll + Lm|A™Znl),

where u is the solution of (7), 4 defined by (13) and ¢ is a positive constant.
To prove this theorem, we need a new estimation on the trilinear form b(-, -, -).

Lemma 3.2 For any v € D(A_%), w €V and ¢ € Hy,, there exists a constant ¢z > 0
independent of v, w ,¢ and m such that

b(v, 6, w) < el |47 70| [A]||u]|.
And if we suppose that w € D(A), we have

b(¢,w,v) < e3Lml|o|| [ Aw| |A7F0].

Proof. Let us recall the definition of b:
b(v,¢,w) = / (v-V)¢ - wde.
Q

We denote w = (wy,w2)? and ¢ = (¢1, ¢2)7 where w;, ¢;, i = 1,2, are scalar functions on .
By a simple calculation, it is easy to rewrite the kernel of the integration as

(v V)6 w=(w V) v
where w - V¢ := w1 V@1 + wa V. Therefore,
b(v,¢,w) = (w-V¢,v).
Meanwhile, we denote by D any space derivative on R?. Then
D(w Vé) = (Duw - Vé) + (w- VD).
For any ¢ € H, it yields
(D(w-V¢),¢) =(Dw -V, ¢) + (w- VD¢, ) = (- V)¢, Dw) + (¢ - V)D¢, w)
=b(¢, ¢, Dw) + b(¢, Do, w).
Noticing the estimations of b in (2), the Brezis-Gallouet inequality (4) and ¢ € H,,, we have
(D(w - V¢),¢) = b(th, ¢, Dw) — b(¢), w, D)
<er[g] [A% gllwll + el [[wl] [AZ 6o < 2e1 L] Ad][[w]][4]

Thus we have

ID(w- V)| < 2¢1 L |Ag] ||w]|-

Now let us return to our estimation of b.
b(v.,w) = (w- Vé,v) = (A% (w- Vo), A™7v) < |A%(w- Vo)| |4 7]
< [D(w- V)| |A™ 50| < 2¢1 L | A o] [A™F0.

Denote ¢3 = 3¢ and we can get the first estimation.



Similarly, we have
b6, w,v) =(ATB(¢ - V)w, A™70) < |A%(¢ - V)w|[A 7]
<[D((¢ - V)w)| |[A™50| < (|(Dé - V)w| + (¢ - V)Du|)| A 3],
For any ¢ € H
((Dg - V)w, ¥) =b(Do, w, ) = (Do, Prw, ) + b(Do, Quw, 1)
<er]|8]] |42 P[] + e1| AT 8] |AT Q| [¥]
<c1 L6l |1 Aw] [$] 4+ c1[g]| [Aw] [¢]
<21 L 16| | Aw] [,
(6 V)Dw,¥) = b(6, Dw, ) < 1 Ln||8]| | Aw] [1].

Combine the above three inequalities, we can get the second estimation. a
In the proof of lemma 3.2, we used a well known result that the semi-norm in V is equivalent
to the complete norm |A% - =1|-]]. To avoid having too many constants, we simply treated the
constant related to these two equivalent norms as unit and this will not cause any significant
difference.
Proof of Theorem 3.1. Noting (12) and (13), we have

u—a=1n—P(uy).

Here ®(u,,) is the solution of

find ®(uy) €V such that (15)
a(®(tm), v) + b(tm, ®(um), v) = (@m[f = B(um, um)],v), Vv eV
Denoting e = n — ®(uy, ) and subtracting the above equations from (9), we have
ale,v) + b(um, e,v) = =b(n, um, v) — b(n, n, v).
Taking v = e and using lemma 3.2 and (2), we can get
vllell* <Ib(n, wm, €)] + [b(n,n,€)] < csLin |A™Z ] [Aum| |le]] + cilnl3][e]
<es L [Aum| [ATZn] |le]| + creglnl 1n]] le]]
Here we used the following Sobolev interpolation inequality
81y < coll l9ll, Vo€ V. (16)
Then by noticing (11),
C3 _1 clcg
llell < —=Lm M| A™Zn] + —[n| [1n]].
v v
Denote )
M
¢2 = max{ 22 0y
v
we can get the result. ad

From the result of theorem 3.1, we know that || — ®(uy,)|| is a higher order small quantity
compared with |[n]|. Then we can construct the following postprocessing procedure for (8).
Postprocessing Procedure 1



(Step 1) Solve (8) to get tm;
(Step 2) Solve (15) to get ®(up, );
(Step 3) Form the postprocessed solution @ = up, + P (up,).

The result of theorem 3.1 indicates that this postprocessing procedure can produce a more
accuracy approximate solution of (7).

4 Approximate Inertial Manifold

In this section, we will show that the finite dimensional mapping ® derived in last section is
applicable to generate a kind of novel approximate inertial manifold for system (1). First of all,
we want to do a little modification on ®.

We recall that the Navier-Stokes equations (1) has a compact absorbing set B C V. TFor
any initial value a, there must be some positive time ¢, such that u(¢) will enter this compact
set B and can not escape from it since t > t,. For convenience, we define

B={veV, | <2M).

Here we used the constant M, appeared in (11) to denote the radius of B. Generally speaking,
M, appeared in (11) is dependent on the initial value a. Concerning the absorbing property,
if we give M; in advance such that B is still an absorbing set of the system, there must be a
finite ¢4 > 0 such that w(t) € B when t > t, for any a € D(A). Without loss of generality, we
will always assume a € B.

Now, we introduce a smooth function

0(s) € C=(RT)
with the following properties
o) €10,1], 10/(s)| <2 O(s) = L¥s€[0,1], O(s) = 0,Vs € [2,+0).

And we do a little modification of (14) by using f(s).

{ for any ¢ € Hy,, find ®(¢) € V' such that (17)

a(®(¢),v) + 0(Llyb(p, d(0),v) = 0L (Qulf — B(4,6)],v), VveV.

Because of the same argument of lemma 3.1, (17) can determine a single value mapping ® from
H,, into V.

Theorem 4.1 The finite dimensional mapping ® defined by (17} have the following prop-
erties:

i) ®(¢) =0 for any ¢ &€ B;

i) For any ¢ € Hp,

SO < esmArnis 2 pm. (18)
[AR(6)] < ~{er glzpm +e1 Mgz +17), (19)
where cg = v=H(|f|/Lm + 4c1 M?). Moreover, if we assume f € V, we have
AD(9)] < calZAnEy 2 fm, (20)
|A3®(g)| < %(chleﬁm + s My AG| Lon + || F11) 2 Lonfim, (21)



where cg = v (eres My +||f||/ L2, +csM1]|A¢|/L). Obuviously, pm will tend to zero as m tends
to 0o and pp, is bounded if we suppose ¢ € BN D(A).
it1) @ is a global Lipschitz smooth mapping. There exists some constant l,, > 0 such that

[2(¢1) — ©(@2)|| < lmllpr — G2ll, Vé1,02€ V. (22)

And l,, — 0 when m — 4.
iv} If we denote
M = Graph®,

for any given initial value a € D(A) and external force f € V of the system (1), there exists a
positive constant t, such that

distis, (u(t), M)y < calmAny, (23)

where ¢4 > 0 1s independent of m and t.
Proof. i) ¢ ¢ B means ||¢|| > 2M;. Then, (17) becomes

a(®(¢),v) =0, VYvel.

Obviously, we have ®(¢) = 0.
ii) For ¢ € B N Hpy,, the result is obvious because of i).
Now let us consider ¢ € BN Hy,. Take v = ®(¢) in (17) and notice (2), we have

V@)1 <I(f, @u®(@))| + [b(¢, ¢, Qn®(¢))] < If11@m®()| + c1llre][@]] [QmP(6)]

2NN + 1 LA SIS < A2y (1F] + 4er L M2)][0(8))].

Denote cg = v=(|f|/Lm + 4c1 M?) and pp, = CSLm/\;fl_l, we can get (18).
Again, by taking v = A®(¢) in (17), we have

v[AR(9)* <Ib(¢, B(0), AD(¢))] + [(QmlS — B(¢,9)], AD(¢))]
<e1|le=|[@(9)] |AR(9)] + (If] + er|@| =] [AD()]-

By using the result we just got, we can get the estimation (19).

Now we consider the further regularity result of ®(¢) for f € V. First of all, we can get
a rigorous estimation on |A®(¢)|. In fact, following the proceeding estimation procedure and
noticing lemma 3.2, we have

VIADB($)[2 <e1 My Linpm | AD(9)] + A2, I £l 1AD(0)] + Ay, | A% B(6, 6)| | AD(6)]
<er My L | AD(9)| + Ay 2 (1] + 3L My AG)) | AD(9) .
If we denote

1 R _1
(cresMy + || fI1/ L7, + eaM1|Ag|/ L) and pp = coL2, A3, (24)

Cg = —
14

we can get (20). Of course, if we suppose ¢ € BN D(A), we know that g, — 0 as m — +o0.
For the estimation of |42 ®(¢)|, we have

V[AZD(9)] < [b(9, B(9), A°B(9))| + |(Qm S, A®())| + |(QmB(9, ), A°®(9))].



For each term on the right hand side of the above inequality, we have
1b(6, D(8), A°®())] < caLnl[6]| |AD ()] |AZB()| < caMy L prm | A2 B(8)],

(@, A20(0))| < |I£]] |AZ ®(0)],
(QnB(,6), A%®(¢))| < |[AZB(¢, )| [AZ®(¢)| < c3L Mi|Ag] [AZD()].

Combine these estimations and we can get the regularity result (21).
iii) For any ¢1, ¢2 € Hy,, we denote

llo1]|
M,y

162l

=Q(¢1), wr=P(¢2), 01 =0(—F— M,

)s 02 =0(5).

Moreover, we introduce

Pe = 1 — P2, We=1w1 —wWa, Oc=0 —0.
Then we have

(wea )+€1[ (¢€a wla U) + b(¢2a wea U)] + geb(¢2a wza U)

(25)
:ge(mea U) + 61 [b(¢ea ¢1a va) + b(¢2a ¢€a va)] + geb(¢2a ¢2a va)
For ¢1, ¢o & BN H,y,, we have wy = we = 0 by i) and (22) is valid for this case.
For the case of ¢1, ¢p2 € BN Hy,y, we take v = we in (25).
V||we||2+91b(¢eawlawe) +6€b(¢2)w2)w6) (26)

:ge(mea we) + 61 [b(¢ea ¢1a Qmwe) + b(¢2a ¢€a Qmwe)] + geb(¢2a ¢2a Qmwe)~

To estimate each term in (26), we must estimate f. in advance. From the definition of ¢, it is
easy to know that
|||¢1|| — ll¢2
My

/ . 2
|6c] < 16°()] < 319l (27)

lleall o4 Nlo2ll

where £ is a constant between . Noticing ii) and (27), we majorize the estimation
My

of each term in (26) as follows.
010(¢e, w1, we) <[b(e, wi, we)| < er][@el| [Jwi]] [Jwe]]

et
<ec1pm||@ell [|well < 12|| ll? + ="l I,

261

2
0cb(@2, wa, we) Sqplidell o912, wa, we)| < rlloc]Hloaf| o]l [lwell

12¢2p2,
24 2 g 7,

<2¢1pm||el| || we |we

I< &l

2N
0. (Qun fwe) < ||¢ /] 1Q@mwe| < ’”“ |f|||</> || el

v 2 |f2;1{|-1 9
<qglhoell + el

10



glb(¢ea¢1anwe) §|b(¢ea¢1anwe)| S Cl|¢e|L°"||¢1|| |Qmwe|

SAME LA e
14

<oy My Lon A3 e [we] < [§

" 3T ML
v

=l N ([

61 (¢2a¢€anw€) < ClMlL ATn-l—1||¢> || ||w€|| =12

2c _1
0cb(¢2, @2, Qmwe) Sﬁillfﬁell |@a|poe|| @2 |@nwe| < 2e1 M1 Lin A 34 ||| |wel|

1202]\42L2 AL
mm—+1
I1” + 6]l

v
<—||we
12

Combining the above estimations with (26), we can finally get (22) with

m m+1

1 7 5 oy _
= — 24| FI2PMy A 2]\42L2 A
v \/3061pm + |f| +1 + 3661

We know that l,, — 0 when m — oo from the definition of p,,, which is the expected result.

At last, we consider that one of ¢ and ¢» is not in BN H,, and the other one is inside this
set. Without loss of generality, we assume ¢1 € BN Hy,,. Then we have 6; = 0. Again, by
taking v = we in (26), we have

V||we||2 + Heb(¢2, waz, we) = He(me, we) + Heb(¢>2, ¢2, Qmwe)~

Noticing (27) and the estimations we just did, we have

v 6cip2,
6eb(@2, w3, we) < 21 pml[dell lwell < Zllwell” + == llec]”,

2|f|Am+1 s 6L/ A%, e
96 m b) €
(Qu fywe) < lldell el < 6|| I + M2 ll6ell?,
_1 v 6e2MEL2 ALY
0cb(62, 62, Qmwe) < 261 M1 Lin ATy [[gellllwell < Gllwell® + ———"=E o] .

Combining the above estimations, we can get (22) again with

23 _1
= v |f| /\m+1 +61M1Lm/\m-2|—1)’

lm — (Clpm

and it is obvious that [,, — 0 when m — oco. Then we can draw our conclusion.
iv) As we said before, for any given initial value a € D(A), we can choose t, > 0 such that

u(t) € BAD(A), Yt >t,.

In fact, this ¢, can be determined easily if one notices the classical energy estimation of u(t).
To simplify our presentation, we denote

p(t) = Pmu(t)’ Q(t) = Qmu(t)

and

For any t > t,, we know that
u = p(t) + ¢p(t) € M.

11



If we denote
e=u(t) —u(t) = q(t) — ¢p(1),
we have

distese, (u(t), M)y < |lel.

Because of u(t) € B, we have p(t) € BN Hy,. Therefore H(HP(t)H) = 1. Equations (17) now
1
become
a(¢p, v) + b(p, dp,v) = (Qm[f — B(p,p)],v), VveV. (28)
And ¢(t) satisfies
d
(d—z, v) +alq,v) +b(p,q,v) +b(g,p,v) + b(g,¢,v) = (f = Blp,p),v), YveQmV. (29

On the other hand, we decompose ¢ as

€:Pm€—|—Qmeé€p—|—€q.

Now let us estimate ¢, and ¢, respectively. It is obvious that ¢, = —F,,¢,. Taking v = ¢, in
(28) and noticing the regularity result in ii), we have,

_z
v|epll” < 16(p, Qmép, p)] < calplre|Qmeplllepll < 1Moo Linpm A3 llep]].
Thus
ClMoo

looll < 55 L (30)

Because |Au| < Mo, it is easy to verify that g, is bounded. And for €, by restricting (28) on
QmV and subtracting it from (29), we have

d
Cl(Eq,U) + b(p,E,U) = _(d_zav) - b(Qapa U) - b(QaQav)a VU S va

Since we consider t > t, > 0, we know x(¢) in lemma 2.1 is bounded and we will use  to denote
this time independent bound. Taking v = ¢, in the last equation and noticing (3), it yields

dq
VHE(]HZ §|b(pa 61?an)| + |(E’€q)| + |b(qapa €q)| + b(QaQaEq”
A3 LA™ %] |A 2
Serlplreelepllegl + 1A= [ lleqll + esLm AT = ql |Ap] [leqll + e1lgl1 lleqll

(Moo A, T llepll + 5250 + CBMzsz/\;zi + ClMZZ/\;@-El—l)HGqH'

Combining this inequality with (30), we know there must exist some constant ¢4 > 0 indepen-
dent of ¢ and m such that .
lell < ealmA, 3y
O
This theorem indicates that @ is a smooth Lipschitz mapping from H,, into V and the
associated manifold M is bounded and the attractor of the system (1) is in the Lm/\;q-%u
neighborhood of it.

12



5 Postprocessing Algorithm

The finite dimensional mapping ® and its associated inertial manifold M provide us some kind of
relationship between the large and small eddies of the long-term behavior of the solution of (1).
In fact, they reflect the relation between the approximate large eddies (the standard Galerkin
approximation) and the approximate small eddies (the associated residue). The theorem 4.1

indicates that all of the solutions of (1) will enter a Lm/\;z-%u neighborhood of M after a short
time period ¢, > 0. So, we could use this kind of relation, namely ®, to improve the accuracy
of the standard Galerkin approximation and get a more suitable approximation at any time
t > t,. That is the problem we will address in this section.

To avoid the contradiction in regularity, we assume

(H) the initial value a of system (1) is the evolution result of another initial value a’ € D(A)
given at t = —t,, where ¢, is a positive constant such that the constant «(¢) in lemma
2.1 1s bounded for ¢ > 0 just like what we demanded in the proof of theorem 4.1. And we
still denote this bound by x which depends on ¢, and a.

Under this assumption, we give our postprocessing procedure based on @ in the following three
steps.
postprocessing Procedure 2

(Step 1) Solve (8) to get the standard Galerkin approximate solution wuy, (t);

(Step 2) At any time when you want to get a more accurate approximate solution, please
solve the following linear equations in V'

{ find ®(un,(t)) € V such that
a(®(up (1)), v) + b(um (t), @(um(t)), v) = (@mlf — Blun(t), um ()], v), YveV;

(Step 3) Get a more accurate approximation of u at time ¢
(1) = (1) + D(un(0).

Notice that we did not use the function # in (Step 2) as what has been done in (28). The
reason is that § = 1 because of the estimations in (11). Therefore, we know @ in (Step 3) is on
the approximate inertial manifold M.

Before we give the error estimation of this postprocessing procedure, we need some estima-
tion on 7(¢). We denote

E=Qm7, em= Pnn.

Then from the residue equations (6) and assumption (H), we have

den, .
% + vAem + P [B(tm,n) + B(tum,em + €) + Blem + €, )

+ B, i) + Blem +6,1) + B, e + )] =0 31
em (0) = 0.

Lemma 5.1 Under the assumption (H), we have
_3
|A_%em| < m(t)Lm(/\mj_l + |||A_%77|||t), for any given t < oo,
where |||A™3q||[; = sup |A™2n(s)|, and k1(t) > 0 is independent of m.
0<s<t

Proof. The proof of this lemma is quite simple and we only sketch it in the following.

13



Multiplying the both sides of (31) with A~'e,, and integrating them on €, we have

LA e < i A7 )+ [t 0, A )
b A7) bt A )] (e, A )
b i A7 )]+ b1 A )|+ (2,1 A )|
OO e, A7 ) 4 0, A )]

Now we need to estimate each term on the right hand side of the last inequality by using (2)
and lemma 3.2. The estimation of each term can be obtained without difficulty if one notice
the rigorous estimation of b in lemma 3.2. Here we only give the final result.

d|A_%6m| Cs. . _1 Cq _1 cr _3
G2 2oml &)yt 14+ Cp Ay + DL AR
el < i 4 L b+ L,

where ¢5 = e5(My) > 0, ¢6 = c(M1,%) > 0 and ¢7 = e7(My,k) > 0 are time independent
constants. Now by integrating the above differential inequality of |A_%em|, we can get the

result with n
cg+er e
k1(t) := ETT
[62:3

O
By using this lemma, we can get an error estimation of our postprocessing procedure 2.
Firstly, we denote

E(t) = u(t) —u(t) = n(t) — ®(um(t))-
Theorem 5.1 Under the assumption (H) and choosing m large enough such that

Am+1 Z 4C%M020V_2a
we have
LB < 5o Lk + Il lall + 1A= 0lll),  for any given ¢ < +ox,

where k2(t) > 0 is independent of m.
Proof. Subtracting the equations of (Step 2) from (9), we have

a(E,v) + b(um, E,v) = —(0,v) — b(n, um,v) — b(n,n,v), YveV. (32)

We decompose E as
E=P,E+QunEZ2E, +E.
Taking v = Fy, in (32) and by using (3) and (16), we have

Al <lems )|+ 1600, o, Eon)| + 16000, Enn)| + b0t B, E)|
~ _%em m C3Lim _%77 Um C1Co N (1 m C1|Um|Loe m Z
<|A Bl + esLiml A7 2| [Aun | [|1E]| + cxcgnl [Inll | Eml| + c1lwm |Los || Em|| |2]
<A™ Zem| + eaMaLin |A™ 2| + crcf[n] [In]] + e Moo A3 LN Bl

Thus
| Emll < v (AT 2 en| + esMa L |A 3] + excdlnl [lnl] + e1 Moo A3 L E). (33)
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Taking v = E in (32), it admits
VBN <I(e, B)| + 160, tm, B)] + 1600, 1, E)| + [b(ttm, i, )|

<|AT=e| || BNl + esLm ATl |Aum | | Bl + cocglnl IInlHIEN + exlwm] Lo || B[ 2]

<(Apgs + esMa L A~ 59+ crcd ] [nl] + e Moo A T 1 Em DI
Therefore, we have
IE] < v (AT + esMa Lon|A™ E) + exed ] nll + €1 Meo Ay 24 | E] ). (34)
Combining (33)~(34) and demanding
Amg1 > 4 M2 v™2
we can get

1B]] <20~ (kA 2y + |A™ Fep | + 263 Mo Ly |A™ 5] + 26162 |[]])

1, K -2
<t O) A

+ 207 (23 M + 51 (8) Ln ||| A™ 20|l + 40~ er 2] |In]-

If we denote .
Ka(t) = 21 max{L— + k1(t), K1(t) + 2e3 Mo, 2¢i¢3},

m
the result can be achieved. O
Remark 1. It is classical that

Il < CWOAG51s Il < COXGL-
And from the appendix we know that there also holds
|A_%77| < C(t)/\;zj-r
Then the result of theorem 5.1 tells us that
IEI < CL(t) Lm A 3s -

Of course, the postprocessing procedure 2 can greatly tmprove the convergence rate of standard

_1 3

Galerkin approzimation from A%, to LmA, 5, at any time 1, especially for large m. The

substantial saving of the computing time is then obvious because we should solve the standard

Galerkin appromimate equations in a larger finite dimensional subspace Hpy with M ~ m? to
3

get an approrimate solution of order /\;fl_l.

Remark 2. As is sard before, @, which is used to generate the novel approrimate inertial
manifold and to construct the postprocessing procedures in our context, is a finite dimenstonal
mapping from Hy, into V. Then for (Step 2) in both postprocessing procedure 1 and 2, we must
solve the linear problem in the whole space V. But, a simple investigation of ® will show that
this mapping is in fact a finite dimensional mapping from H,, to some subspace of V.

First of all, we will construct a new projection Py, from H onto H,, based upon the solution
of (5). For this purpose, we introduce some new symbols:

L(w,v) :=a(w,v) +blu,w,v), Yw,veV,

15



Ln(w,v) = a(w,v) + b(um, w,v), Yw,veV,
where u and u,, are the solutions of (7) and (8) respectively.

Obviously, both L(-,-) and Ln(-,-) are continuous on V x V and positive if we notice (2)
and (11). Then by Lax-Milgram theorem, the following variational problem

{ find w € H,, such that

[fm(wav) =<g,v >vr, VUEHma (35)

has a unique solution for any given g € V'. Now let us give the definition of our new projection.

{ for any given w € H, find P,w € H,, such that

Li(w —Prw,v) =0, Vv & Hp,. (36)

Because (35) is well-posed for any given g € V', (36} can really define a projection from H
onto H,, and we denote by Q,, = I — P,,. Now for any vector in H, we have the following
decomposition

w=Ppw+ w, with W = Q,,w.
And (36) indicates that @ is orthogonal with Hy, in the sense of Li(-, ). Similarly, we can
decompose space V' as

V=H,®V, withV=0,V.
It is obvious that ®(uy,) € V because we have
a(®(um), v) + b(tm, P(um),v) =0, Vv € Hp,.

So, to get the solution of (Step 2) in our postprocessing procedures, we only need to solve the
linear problem in V, a subspace of V. Unfortunately, the construction of V is also a time
consuming procedure. And for the unsteady case, the structure of V s dependent on time t.
Concerning about these facts, we still prefer to solve this linear problem in whole space V unless
we can find a simple construction off/ or at least its approrimation.

In practice, the second step of postprocessing procedure 2 must be accomplished in some
finite dimensional subspace of V' whose dimension should be much larger than m. That is, for
some N € N with N > m, we should restrict (Step 2) and (Step 3) on Vi:

Step 2’ find ®n(um) € Va such that
( v ) a(q)N(um)’ U) + b(um’ q)N(Um)’ U) = (Qm[f - B(Uma Um)]a v)a Yo € VN

(Step 37) an(t) = um(t) + O (um (1)).

Then the error of the practical postprocessing procedure (Step 1), (Step 2’) and (Step 3)
satisfies

[lu(t) = dn ()] < |lu(t) = @Bl + 1@ (um (1)) = P (um ()] = [[E@)] + || E@D])

where E(t) =a(t) —an(t) = ®(um(t)) — P (um(t)). Now we give the error estimate of this
practical postprocessing procedure as following corollary. Because the proof is quite simple, we
will omit 1t and only state the result.

Corollary 5.1 Under the conditions of theorem 5.1, the error of the scheme (Step 1), (Step
2’) and (Step 3°) admits

[u(t) = an (DI < Cr(t) L A3y + CaAyy,

where Cy > 0 is a constant independent of t, m and N.

It is quite clear that, to balance the two error terms in the corollary, we should take N
3

large enough such that N ~ Zl—z In other words, the result of the postprocessing procedure is
m

equivalent to solve the equation (1) in a very large finite subspace V. This obviously leads to

significantly saving of the CPU time.
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Appendix

In this section, we will present a further property of 7, the estimate of |A_%77|.
First of all, let us decompose 7 as

A
U:PmU+Qm77:P+Q~ (37)

Noticing (6), it is easy to know that p satisfies

d
{ d_f +VAp + PnB(um, p+q) + P B(p+ ¢, um) + P B(p + ¢,p+q) =0, (38)
p(O) :0.

On the other hand, it 1s well known that Stokes operator A can generate an analytic semigroup
{74} >0 on H with (see [6])

||AOC6_VAt||L:(H7H) < Clo(Vt)_ae_Vét, t>0, a>0, (39)

where § > 0 is only dependent on A and e19 > 0 is a constant depending only on «.
By using the semi-group presentation, we can rewrite (38) as

t
p(?) :_/ e~V AU=) P LB (um, p) + B(p, um) + B(p,p) + B(p, q) + Blq, p)
0
+ B(tm,q) + B(q,um) + B(q,q) }ds
t t
:‘/ VA= P By (p)ds — / e VAP By (g)ds,
0 0

where
Bi(p) = B(um,p) + B(p,um) + B(p,p) + B(p,q) + B(g,p),
Bs(q) = B(um, q) + B(q, um) + Blq, q).

Then by using (39), we have

t t
|A—%p(t)|g/ |A—%e—vA<t—8>PmBl(p)|ds+/ |A=7e A3 P, By(q)|ds
0 0

t t
:/ |A%e—VA<t—8>A—1PmBl(p)|ds+/ |AZ e A=) A= P, By (q)|ds
0 0

1

t
S [ (1= 973 A B () ds
0

t
+ 6101/_% / (t— 5)_%e_é(t_s)|A_1PmBz(q)|ds
0

Let us estimate each term of |A=1 By (p)| and |A=! B2(q)|. First of all, we consider each term
of |[A71 By (p)|. For example, consider |A~! P, B(um, p)|. To do this, we need following property
of trilinear form b(-, -, -) whose proof is almost the same as lemma 3.2.

Proposition For any v € D(A), w € D(A%) and ¢ € D(A_%), we have

1b(6, v, w)| < sl A739] [Av| [ATw], (40)

|b(w, v, 8)| < ealATw| |Av]|A7 3], (41)
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where 3 1s a positive constant which has the same meaning as in lemma 3.2.
Now let us continue our estimation. From (41), we have for any v € H,,

b (2t py A™0)| = bty A0, p)| < es| AT ] [A72p] [o].

Thus we have

| AT P B, p)| < e3| ATup| [A77p). (42)
Similarly, we can derive , .
| AT P B(p,p)| < es|ATul |[A77p], (43)
| A7 P B(g,p)| < es| ATul|A™7p. (44)
For the other two terms, we will use (40) to cope with them. For any v € H,
[b(p. tm, AT 0)| = [b(p, A7 0, )| < 5| AT | [A7Fp] o],
So we get , .
A= P B(p, )| < 3] A% ][4 Fp]. (45)
By doing this to the last term in the same way, we have
| A7 P B(p, 9)] < es| ATul |A77p. (46)
Combining (42)~(46), we derive the first estimation
| AT Py Bi(p)] < Bes(ll|ATul|| + [ AT um ) |A™=p], (47)
where ||| - ||| = sup,5q | - ()] and we will also denote ||| - |||¢ = supy< <, | - (s)] in the following.

For the estimation of |[A=!P,, B2(q)|, the method is completely the same as the above one.
We can use (41) to deal with B(um,¢) + B(g,¢) and (40) to deal with B(q, um). So we just

give the result in the following
| AT P Ba(q)] < 2es(ll|ATull] + [[|AT uml )| A7 7).

Obviously,

¢
sup/ (t—s)_%e_é(t_s)ds <%y < 400
t>0 Jo 2

where

’Ya:/ sT%'ds =T (-1 — a).
0

By introducing the following constants

c11 = 210038 Ty (ATl + AT wn ), er2 = 3eroes (AT ull] + [ AT wn ),

we can get a new inequality about |A_%p|. That is

t
[AT=p(0)] < crov™3 / (t = 5)"2e AT T plds + ey 7 ||| AT 2g] ||
0

Set

and we have

t
o) < o He LAt + et [ -9 Hglo)ds,
0

18
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To give the estimation of g, we must introduce an inequality. Many inequalities of this type
can be found in Henry[6]. The following special version, lemma A.1, was proven in [13].

Lemma A.1 LetT, o, B and 0 be positive constants, 0 < 8 < 1. Then for any continuous
funetion f:[0,7T] — [0, 400) that satisfies

t
ft) <ot [ (=9 f(5)ds. 0<1<T
0
we have
f(t) < daexp{p/ =0y, 0<t<T,

with a positive constant ¢’ that depends only on 6.
Now by using lemma A.1, we can immediately obtain

a(t) < ene'v™ 5 exple’clyr™ || A7 3]l
Denoting by T3 (t) > 0 the constant c11¢’ exp{c’e?,v=1} + v%, we have
[A7Zp(0)| < (w72 Ta(t) = DIIIAT=qll]e- (49)

Now we summarize the above deducing into the following
Theorem A.1 For any given data a € D(A) and f € H, we know the Navier-Stokes
equations (1) and its Galerkin approzimate equations (5) have unique solutions

u(t) € L= (R, D(A)), um(t) € L®(RY, D(A)).
Then for anyt > 0, we have

ATl < v L T O]
Proof From [7] and (49), the result can be obtained immediately. O
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