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Abstract

We consider two-grid mixed-finite element schemes for the spatial discretiza-
tion of the incompressible Navier-Stokes equations. A standard mixed-finite
element method is applied over the coarse grid to approximate the nonlinear
Navier-Stokes equations while a linear evolutionary problem is solved over
the fine grid. The previously computed Galerkin approximation to the ve-
locity is used to linearize the convective term. For the analysis we take into
account the lack of regularity of the solutions of the Navier-Stokes equations
at the initial time in the absence of nonlocal compatibility conditions of the
data. Optimal error bounds are obtained.



1 Introduction

In this paper we study two-grid mixed finite-element (MFE) methods for
the spatial discretization of the incompressible Navier—Stokes equations

w—Dut(w VyutVp = . 1)
div(u) = 0,

in a bounded domain  C R? (d = 2,3) with a smooth boundary subject to
homogeneous Dirichlet boundary conditions v = 0 on 9Q. In (), u is the
velocity field, p the pressure, and f a given force field. As in [23], [24], [25]
we assume that the fluid density and viscosity have been normalized by an
adequate change of scale in space and time. We approximate the solution u
and p corresponding to a given initial condition

u(+,0) = up. (2)

Two-grid methods are a well established technique for nonlinear steady prob-
lems, see [34], [35]. The main idea in a two-level method involves the dis-
cretization of the equations over two meshes of different size. A nonlinear
system over the coarse mesh is solved in the first step of the method. In
a second step, a linearized equation based on the approximation over the
coarse mesh is solved on the fine mesh. In [28], [29] several two-level meth-
ods are considered to approximate the steady Navier-Stokes equations. In
these papers, depending on the algorithm, the second step is based on the
solution of a discrete Stokes problem, a linear Oseen problem or one step of
the Newton method over the fine mesh with the coarse mesh approximation
as initial guess.

Several two-level or two-grid schemes have also been considered in the lit-
erature to approximate the evolutionary nonlinear Navier-Stokes equations
(@)-@). Again, two approximations to the velocity (and correspondingly
two approximations to the pressure), are computed. One of them is defined
by a discretization of the nonlinear equations over a coarse mesh, uy, and
another one, 4y, is defined by an appropriate linearization over a fine mesh.
Different classes of algorithms can be seen as two level methods. In par-
ticular, although they were originally developed from different ideas, the so
called nonlinear Galerkin methods, postprocessed and dynamical postpro-
cessed methods, fall into this category.

Postprocessed Galerkin methods were first introduced for Fourier spec-
tral methods in [18], [19] (see also [31]) and later extended to finite element
methods in [7], [6], [14], [I5]. In all these works the main idea is the following:



one first compute the standard Galerkin approximation to the velocity and
pressure over a coarse mesh (up,ppy) of size H and then compute the post-
processed approximation in a finer mesh at selected times in which one wants
to obtain an improved approximation. More precisely, the postprocessed ap-
proximation (4, py) computed at a given time t* is an approximation in a
mesh of size h < H to the following (steady) Stokes problem:

~Ai+ Vp=f ~ gun(t?) = (un(t) - V)un ()|
div(@) = 0 B
=0, on 9.

Here, ug(t), t € (0,7}, is the standard MFE approximation computed in the
coarse mesh in a time interval (0,7] and t* € (0,7]. Note that the compu-
tation of (ug(t),pu(t)), t € (0,T], is completely independent of the compu-
tation of (@ (t*), pp(t*)) in the fine mesh. The postprocessed approximation
improves the rate of convergence of the standard Galerkin approximation
over the coarse mesh in the following sense. If the rate of convergence of
the Galerkin approximation to the velocity in the L?(Q)¢ (5 = 0) or H(Q)?
(7 = 1) norm is O(H"7) then the rate of convergence of the postprocessed
approximation to the velocity is O(H"+'=7 [log(H)|)4+O(h"7). Analogous
results are obtained for the pressure. For first order mixed finite element
methods the improvement in the rate of convergence of the velocity is only
achieved in the H'(2)% norm, [6]. Then, if one wants to achieve the opti-
mal accuracy of the fine level in the H'(€2)? norm, one can first compute
the Galerkin approximation on a coarse mesh of size H = h"~1/" and then
compute the postprocessed approximation over the fine mesh of size h at the
desired time levels. For example, one should take H = h'/2 and H = h2/3 for
linear and quadratic mixed finite elements, respectively. It can be expected
that the computational cost of the postprocessed approximation is smaller
than that of the Galerkin approximation on the same fine mesh, since in the
former method the time evolution is done on the coarse mesh, and only at
selected time levels are computations done on the fine mesh. This has been
confirmed by the numerical experiments in [7] (see also [16] and [18])

In [31] a related algorithm, the so-called dynamical postprocessing, is
introduced for the Fourier case. In this algorithm, the standard Galerkin
approximation, (ug,pg), is computed over a coarse mesh in the first level,
as before. For the second level an approximation to a linear evolutionary
problem, instead of the steady problem (B]), is computed. More precisely,
the dynamical postprocessing involves the approximation, at each time step,



over a mesh of size h < H of the problem:
d ~ ~ ~
L0 —A Vp=f— .
7l u+Vp=f (UH V)UH Q.
div(a) =0 (4)
u =0, on 0.

Note that in the dynamical postprocessing, the computation of (ug (¢), pr (t))
and (ap(t),pr(t)), t € [0,T], is coupled. The rate of convergence of the dy-
namical postprocessing scheme is proved in [31] to be the same as the rate of
convergence of the standard postprocessing. In the case of highly oscillatory
solutions the dynamical algorithm is shown to be more efficient than the
standard postprocessing in some one dimensional examples. The dynamical
postprocessing method is also considered in [33], named now as two-level
method, in the case of mixed finite elements. In [33], the author treats the
fully discrete case integrating in time with the backward Euler method. A
similar two-level scheme is also considered and analyzed in [2I] where the
author uses first order mixed finite elements in space, Crank-Nicolson ex-
trapolation for the time integration over the coarse mesh and the backward
Euler method for the time integration over the fine mesh.

The so-called nonlinear Galerkin methods are also two-level methods
that have been used to compute approximations to ()-(2). They were first
introduced for Fourier spectral methods [12], [32], and later extended to
mixed finite element methods in [5]. In this work the authors obtain the
rate of convergence of the nonlinear Galerkin method in the case of first or-
der elements. The rate of convergence is the same one of the postprocessed
method. The main difference between the nonlinear Galerkin methods and
the postprocessed or two-grid methods is that in the former the approxima-
tion on the coarse mesh takes into account the influence of the fine mesh,
whereas in the latter it is just the standard Galerkin method (i.e., computed
independently of the fine mesh).

In this paper we analyze two two-grid algorithms in the context of spatial
mixed finite element discretizations to approximate the solutions of (I)-(2]).
The two algorithms we consider are very similar to the dynamical postpro-
cessing method. The difference is the treatment of the nonlinearity in the
second level. In the dynamical postprocessing method the nonlinear con-
vective term of the fine level is approximated by the data (ug - V)up (see
the right-hand-side of (). In the two algorithms we consider in the present
paper, the approximation to the velocity of the coarse mesh uy is used to
linearize the nonlinear convective term of the fine level. In the first algo-
rithm, the linearized convective term of the fine level is (ug - V)uy. In the



second algorithm u is regarded as an initial guess to perform one Newton
step in the fine level. For the spatial discretization we consider mixed fi-
nite elements of first, second and third order. More precisely, we consider
the mini-element and the quadratic and cubic Hood-Taylor elements. The
analysis for other mixed finite elements of the same order is similar. As in
[24], [14] due to the lack of regularity at ¢t = 0 of the solution of (I)-(2) no
better than O(H?®) error bounds can be expected. For this reason we do not
analyze higher than cubic finite element discretizations. For the temporal
discretization we use the backward Euler method or the two-step backward
differentiation formula. The analysis of the fully discrete methods is similar
to the one appeared in [I5] and it is only briefly indicated in this paper.

This is not the first time these two algorithms have been considered. The
first algorithm was introduced in [20], where the authors analyze the semi-
discrete in space case for first order finite elements. In [2] the authors extend
this analysis to the fully discrete case and in [1] the second order Hood-Taylor
finite element is used for the spatial discretization and the two-step backward
differentiation formula for the time integration. In [27] the second algorithm
is analyzed for the Fourier spectral case while in [30] the analysis is extended
to the case of first order mixed finite elements considering the fully discrete
case coupled with the Crank-Nicolson scheme for the time integration. As
opposed to the above mentioned works on the same methods, in the present
paper we take into account the lack of regularity suffered by the solutions of
the Navier-Stokes equations at the initial time. Then, for the analysis in the
present paper we do not assume more than second-order spatial derivatives
bounded in L? up to initial time ¢ = 0, since demanding further regularity
requires the data to satisfy nonlocal compatibility conditions unlikely to be
fulfilled in practical situations [23], [24]. This is the first time these methods
are analyzed under realistic regularity assumptions. Also, this is the first
time the cubic case is considered and the first time the quadratic case is
considered for the second method.

There are some other improvements with respect to previous works. In
[ the authors get an error bound of order O(H? + h% + (At)?) for the
fine approximation to the velocity 4, in the H'(Q)¢ norm whenever the
following inequality is satisfied a1 H® < (At)? < asH?, oy and as being
constants independent of H and At. With the technique of this paper
an error bound of order O(|log(h)||log(H)|H* + h? + (At)?) for the same
fully discrete method in the H'(Q)? norm can be obtained for H and At
independently chosen. With the new error bound obtained in this paper one
can achieve the rate of convergence of the fine mesh in the H'(2)% norm by
taking H = h'/? instead of H = h2/3. This fact improves the efficiency of the



method compared with the (same order) standard Galerkin method over the
fine mesh. Also, the authors of [I] remark that they have observed the same
rate of convergence for the two-grid method with H = h'/2 and H = h2/3 in
the numerical tests they have carried out, which supports the improved rate
of convergence we obtain in this paper. We want to remark that in all the
numerical experiments of [27], [30] and [I] the two-grid algorithms improve
the efficiency of the standard Galerkin method in the sense that a given error
can be achieved with less computational cost with the new algorithms than
with the standard Galerkin method. In [27] a comparison in the Fourier case
between the standard postprocessing, the dynamical postprocessing and the
second two-grid algorithm is also included. Although the computational
cost of the two-grid approximation over the fine mesh is bigger than that of
the postprocessed approximations, the two-grid algorithm produces smaller
errors in the case of moderate to high Reynolds numbers. Finally, comparing
the two algorithms we analyze in this paper we remark that with the second
algorithm better error bounds are obtained in terms of H. Although this fact
could make the choice of the second algorithm preferable for computations,
it turns out in practice to be rather inefficient to solve the linear systems
accurately. For this reason, some authors suggest solving instead an Oseen
problem leading then to the first algorithm, see [28].

The rest of the paper is as follows. In Section 2 we introduce some
preliminaries and notations. In Section 3 we carry out the error analysis of
the first two-grid algorithm in the semi-discrete in space case. In Section
4 we consider the analysis of the second two-grid algorithm in the semi-
discrete in space case. Finally, in Section 5 we consider the fully discrete
case integrating in time with the backward Euler method or the two-step
backward differentiation formula.

2 Preliminaries and notations

We will assume that Q is a bounded domain in R, d = 2,3, not necessarily
convex and smooth enough. When dealing with linear elements (r = 2
below) 2 may also be a convex polygonal or polyhedral domain. We will
consider the Hilbert spaces

H={ue (L*()*] div(u) =0, u- Ny, = 0%,
V= {ue (Hy()? | div(u) = 0},

endowed with the inner product of L2(Q)¢ and H}(£2)?, respectively. For [ >
0 integer and 1 < ¢ < oo, we consider the standard Sobolev spaces WHe(Q)4



of functions with derivatives up to order [ in L9(f2), and H'(Q)¢ = Wh2(Q)?,
We will denote by || - ||; the norm in H/(Q)¢, and || - ||—; will represent the
norm of its dual space. We consider also the quotient spaces H'(2)/R with
norm [[pll 1/ = inf{[lp+ |, | ¢ € E}.

Let us recall the following Sobolev’s imbedding inequalities [4]: For ¢ €
[1,00), there exists a constant C' = C(£2, ¢) such that

>0, g<oo, wveW(Q)L

()

SRS
Ul »

1
ol @y < Cllolwsageys: = =

For ¢’ = oo, (B) holds with % <3
Let IT: L2(Q)? — H be the L%(Q)¢ projection onto H. We denote by
A the Stokes operator on €2:

A:D(A)CH-— H, A=-IIA, D(A)=H*Q)NV.
Applying Leray’s projector to ({I), the equations can be written in the form
ut + Au+ B(u,u) =1I1f in @,

where B(u,v) = II(u - V)v for u, v in H(Q)4.
We shall use the trilinear form b(-,-,-) defined by

b, v,w) = (F(u,0),w) Vu,v,w e H)(Q)",

where

1
F(u,v) = (u-V)v+ §(V cu)v Yu,v € Hi(Q)Y.
It is straightforward to verify that b enjoys the skew-symmetry property
b(u, v, w) = —b(u,w,v) Yu,v,w e HF Q)™ (6)

Let us observe that B(u,v) = ILF(u,v) for u € V, v € H}(Q)%.
We shall assume that

fu@®ll, < My, Ju@)lly <Mz, 0<t<T,
and, for k£ > 2 integer,
[(k—2)/2]

lk/2] -
OE?ETH@ fHk—1—2\_k/2J + ]2230 OiltlETH@ijk_Zj_z < +00,



so that, according to Theorems 2.4 and 2.5 in [23], there exist positive
constants M;, and K}, such that for k > 2

()l + lwe@llg—g + 1P g1 /p < My (£)/2 (7)

and for £ >3

| sl )t D) s ) e ) s < KR
)

where 7(t) = min(t,1) and o, = e~ *t=9)7"(s) for some a > 0. Observe
that, for t < T < oo, we can take 7(t) =t and o0,(s) = s". For simplicity,
we will take these values of 7 and o,,. We note that no further than £ < 6
will be needed in the present paper.

Let 7;, = (Tih, QS?)Z-G 1,, b > 0, be a family of partitions of suitable domains
Qp, where h is the maximum diameter of the elements 7/* € 7;, and ¢? are
the mappings of the reference simplex 79 onto Tih. We restrict ourselves to
quasi-uniform and regular meshes 7p,.

Let r > 2, we consider the finite-element spaces

Shr = {xn€C() | Xn| 7 ogl € P (m)},
She = {xn €COW) [ xnln 0ol € P7H(m0), xn(z) =0V €O},

where P"~!(7y) denotes the space of polynomials of degree at most r — 1 on
Tp. Since we are assuming that the meshes are quasi-uniform, the following
inverse inequality holds for each v, € (Sg’r)d (see, e.g., [10, Theorem 3.2.6])

—m—d(L -1
lonllywmagrye < CH ™MD o [y oy (9)

where 0 <1 <m <1,1<¢ <q< o0, and 7 is an element in the partition
Th-

We shall denote by (Xp,,Qpr—1) the so-called Hood-Taylor element
[8, 26], when r > 3, where

d
Xnr=(Sh,) s Qup—1=Snr—1NL*(Dp)/R, 1 >3,

and the so-called mini-element [9] when r = 2, where Q1 = Sh,gﬂL2(@h) /R,
and Xp 0 = (5272)d @ By,. Here, By, is spanned by the bubble functions b,
7 € Th, defined by b (x) = (d + 1)\ (@) -+ Agy1(2), if z € 7 and 0 else-
where, where Ai(z),...,Ag+1(x) denote the barycentric coordinates of z.



For these mixed elements a uniform inf-sup condition is satisfied (see [§]);
that is, there exists a constant 8 > 0 independent of the mesh grid size h
such that

(qh7 V . Uh)

inf sup ———— > (. 10
R L B oy P (19)

The approximate velocity belongs to the discretely divergence-free space

Vir = Xpr 0 {Xh € Hy(%) | (qn, V- xn) =0 Vg € Qh,r—l}-

We observe that, for the Hood-Taylor element, V}, , is not a subspace of V.
Let IIj, : L?(0)¢ — Vi be the discrete Leray’s projection defined by

(Hpu, xn) = (u, xn) VX0 € Vi

We will use the following well known bounds

(1 = Ty )ull; < CR* |lul, 1<i<r, j=0,1. (11)
Assuming that € is has a smooth enough boundary, we also have
|A™"2I(] — )|, < CRE™Omr=2 1yl 1<1<r, m=12
(12)

Since (Agl/Zth, vp) = (f, A;lﬂvh), for all vy, € V}, ., it follows that
14,21 fllo < C£ ]l (13)
Moreover it holds for f € L?(Q)¢, see [14]:

1A, fllo < CRY||fllo + |A™/2T0f o s =1,2. (14)

Let A denote either A = A or A = Aj. Notice that both are positive self-
adjoint operators with compact resolvent in H and V}, respectively. Let us
consider then for & € R and ¢t > 0 the operators A® and e~ *A, which are
defined by means of the spectral properties of A (see, e.g., [T}, p. 33], [17]).
An easy calculation shows that

HAae_tAHo < (oze_l)at_o‘, a>0,t>0, (15)

where, here and in what follows, ||-||, when applied to an operator denotes
the associated operator norm. Also, using the change of variables 7 = s/t,
it is easy to show that

/ts_1/2HA1/26_(t—s)AhH ds < LB 11 (16)
; h 07" = e \272)7

where B is the Beta function (see, e.g., [3]).



3 Semi-discretization in space. The first two-grid
algorithm.

In this section we carry out the error analysis of the first two-grid algorithm
for the Hood-Taylor mixed finite element with r = 3 or 4. At the end of
the section we include the results that can be obtained for the mini-element
with a similar but simpler analysis than the one showed along the section.

The first algorithm we consider is the following. Let us choose h < H
so that Vi, C Vj . Then, in the first level we compute the standard mixed
finite-element approximation to (I)—(2)). That is, given ug(0) = Iy (uop),
we compute ug(t) € Xg, and py(t) € Qur—1, t € (0,7, satisfying, for all
¢ € Xg, and Yy € QHr—1

(ur, o)+ (Vur,Vor) +b(um, um, ¢r) + (Vpm, o) = (f,¢u)  (17)
(V-up,yu) = 0. (18)

In the second level we solve a linearized problem on a finer grid and given
up(0) = Ilup we compute Up(t) € Xp, and pp(t) € Qpr—1, t € (0,T],
satisfying, for all ¢, € Xj,, and 9y, € Qpr—1

(i, ¢n) + (Viin, Von) + (ur - Vi, ¢n) + (Von, én) = (f, én) (19)
(V -, ) = 0. (20)

To obtain the error bounds for (ay,, pr,) we will follow the error analysis of [14]
and introduce an auxiliary approximation (see [14, Section 4.1]). For a u and
p solution of (d)—(2]) let us consider the approximations vy, : [0,7] — X,
and g, : [0,T] — Qp r—1, respectively, solutions of

(On, én) + (Vop, Vor) + (Van, on) = (f, ¢n) — b(u, u, ¢p) (21)
(V-op,9p) =0, (22)

for all ¢, € Xy, and ¢y, € Qpr—1, with initial condition v (0) = Ipug. We
will also use the following notation:

zp, = pu — vy, (23)

Next, we state some lemmas that are needed in the proof of the main theo-
rems. The first one summarizes previous results.

10



Lemma 1 Let (u,p) be the solution of (I)—2]). There exists a positive con-
stant C' such that the discrete velocity vy, defined by (211)-(22) and the Hood—
Taylor element approximation to w, up, satisfy the following bounds for
j=0,1, and t € (0,T]:

C .
lorr (8) —un(®)ll; < gy |log(H)H™9, 3 <r <4, (24)

= t(r-2)/2
< Y g oa<r< 2
fu(®) —u(D)l; < oH, 2<r<s (25)
t
/HuH(s)—u(s)H?ds < CH?G7), 3<r<4. (26)
0

Proof The bound (24]) is proved in Theorems 4.7 and 4.15 in [14]. The
case j = 0 in (20) is proved in [23, Theorem 3.1] and [24] Theorem 3.1].
The case j = 1 follows from the case j = 0 by applying (@) and (1), see
also Corollaries 4.8 and 4.16 in [I4]. Finally, (26]) is proved in Lemmas 5.1
and 5.2 in [24]. O

For the convenience of the reader, we will reproduce here the following two
Lemmas, the first one from [7] and the second one from [14].

Lemma 2 For any f € C([0,T]; L>(®)%), the following estimate holds for
all t €10,T):

t
—(t—s)A
[ e =10 p0) s < 10w s, 10 o

Lemma 3 Let (u,p) be the solution of (I)—2]). Then, there exists a positive
constant C such that the error zp = pu — vy, in (23) satisfies the following
bound:

4 C _j .
”A§L 1+])/2Zh”0 S W}f’-ﬁ-l ‘7, ] = 07 1727 r 2 3. (27)

Lemma 4 For each o > 0 there exist positive constants K > 0 and hg
depending on « and My such that, for h < H < hg, hiy = hg = h or
{h1,ha} = {h,H}, and every wy, (-) € Vi, and ,w} (-) € Vi, satisfying
the threshold condition

[u(t) = wh, )] ; < ahy™, lu(t) = wi, ()], < @by, j=0,1, t€[0,T),
(28)
for wy(t) € HL(), t € [0,T), satisfying

lwn ()] < 2amax(ha, h2)* ™,

11



the following bounds hold:

IN

H}-(wh’w}%g)uo—i— H]:(wilu’wh)Ho KHwhHlv (29)

| F (wn, wi )|y + [|[Flwpyswn)||_, < K lwally, (30)

IN

HBh(wh7wf2L2)H0 + HBh(wflu?wh)HO K ”wh”l ’ (31)

1452 (B wn w )|, + (145 (B b, wn)) |

IN

K Jwnlly, (32)
where F(u,v) can be either (u-V)v+ (V- u)v or (u-V)v, and By, = I, F.

Proof The proof of the present lemma can be found in that of Lemma 4.4
n [14] for F(u,v) = (u-V)v+ (V- uw)v and wy, € Vj,,. With obvious
changes, the proof is also valid when F(u,v) = (u- V)v, as well as when
wp & Vi a

Remark 1 We will apply the above inequalities for w, = w,ll1 — wiz,

wp, = w,lll —u and wy, = wa2 —u. Let us also remark that the Lemma [ also

holds if either w,ll1 or wiz is replaced by u. In what follows we will apply
Lemma M to up and vy, both satisfying the threshold condition (28] for an
appropriate value of « (see [14, Remark 4.1]).

Lemma 5 For v € (H*(Q)Y NV there ewists a positive constant K =
K(||v|l2) such that w € H}(Q)? the following bound holds for e = v — w:

HA_lﬂ[}"(v,e) +.7-"(e,v)]H0 < Kljv — wl|-1, (33)
where F(u,v) can be either (u-V)v+ $(V - u)v or (u-V)v.

Proof The proof of this result when F(u,v) = (u-V)v + $(V - u)v can
be found as part of the proof of [7, Lemma 3.4]. With obvious changes, the
proof is also valid when F(u,v) = (u- V)v. O

Let us observe that the approximation over the finer grid 4; and the
recently defined vy, satisfy

Up + Apip + My (ug - Vi) =10, f,  up(0) = Hyug, (34)
O + Apvp + Hp(u- Vu) =10, f, vp(0) = Hhu, (35)
respectively. Then e, = v, — 1y, satisfies

én + Apen, + My (up - Vep) = Uypp m, en(0) =0, (36)

12



where
PhH = UH * VUi —u - Vu.

In the proof of Theorem [1l below we will use the following lemmas.

Lemma 6 Let (u,p) be the solution of (I)—(2). There exists a positive con-
stant C such that the following inequality holds for r = 3,4:

C
—1 r+1
147 Tpn nllo < =gzl log ()™, £ (0,71,

Proof Let us write pj, g = p}hH + piH, where

phar = ((ug —u) Vo), pi g = (u-V(vp —u)). (37)
By applying (I4]) we have
145 Ty, grllo < CR2|lpg, grllo + 1A oy, grllo, 5 =1,2.

To bound || p}z’ o let us recall Remark [l and apply (29) to get

1 Hr—l
lohrllo < Cllun = ully < C

NEE (38)

where we have applied (25]) from Lemma [ in the last inequality. Applying
([29) we also get

hr—l

P
loh.allo < Cllvp — ullr < CW’

(39)

where in the last inequality we have applied standard bounds for II; (see
(1)) together with the estimates (27 for z; in Lemmal[3l Let us next bound
|A= Ip} 4 lo. We will use the decomposition

pha = ((w—up) - V)(on —u) + ((u = ug) - V)u. (40)
Then, we obtain

A~ Tp} gllo = AT (((ug —w) - V) (op, — ) o
+ AT (((ug —w) - V)u) o (41)

To bound the second term in (@Il we apply B3] from Lemma [ to get

AL (((usr — ) - V)u) o < Cllug — ul| 1.

13



Applying then (24]) together with (I2) and (21) we get

IN

lug —vrllo + lve — ull -1

c r
W“Og(H)\H oy

ur —ull-1
C
t(r—2)/2

H™, (42)

IN

To bound the first term in ([I) we argue by duality, using (&), we get

AL (((ug — ) - V) (vh — ) o
= sup (((ug —u)-V)(op —u), A" 'Tg)

l¢llo=1

< sup Jlug — ulloflva — ull1[|AT ¢
ll¢llo=1

< ” Sﬁlp Cllug — ullollon, — ull |A™ g2 < Cllug — ullollvn — ulr.
ollo=1

Now, in view of the case r = 2 in (23] and using again (II]) and 27) we
conclude

C

—1 27r—1

AT I (((upr —u) - V) (v — ) [lo < WH R

Finally, to bound ||A_1Hp%7 llo we apply again ([B3) to bound this norm in
terms of ||v, —ul||_; which, as we shown in ([@2)), is bounded by Ct(2=7)/2pr+1,
(]

Lemma 7 Let (u,p) be the solution of (I)-2]). There exists a positive con-
stant C such that the following inequalities hold for r = 3,4:

C T C I8
”ph,H”—l < t(r_l)/2’10g(H)‘H i + t(r_g)/gh ) te (07T]7 (43)
C
lonall-1 < WH?)’ t€(0,77. (44)

Proof The proof is very similar to the one of the previous lemma. We will
prove (43) since the proof of (@) is completely analogous and yet easier.
We use the decomposition (7).

For p%’ y we apply (B0) to get

h?”

2
o all-1 < Cllon —ullo < CW’

14



where we have applied (1)) and (27) in the last inequality. For p}, 5 we will
use the decomposition ([@0)). For the first term in (40) using (B we have

I((ug —u) - V)(vp —u)||-1 = ||<§|1|lp1 ((ug —u) - V)(vp —u), d)
=
< sup |lug — ull2allvn — ull1 @l p2a/ a1
l¢ll1=1
Hr—l h2
< Cllug —ull1flvp —ulp <C

t(r=2)/2 41/2°

where we have applied ([25) and (II)) and ([27)) in the last inequality. Finally,
for the second term using (B, (1) and ([42) we obtain

I((urr —u) - Vull-1 = sup (((ur —u)- V)u,¢)
ll¢lli=1

< sup lug —ull-1[|¢Vullx
l¢lli=1

< sup ffust = ull-s (I9ulyraman ol
olli=1

+ I Vullclolh )

C  og(E)H ulls < o [log(H)|H"!
+r—2)/2 &) 3> 2108 :
[

Lemma 8 Let (u,p) be the solution of (I)—2)). Then there exists a posi-
tive constant C such that the discrete velocity vy, defined by (34) and the
approximation to u over the finer grid, Uy satisfy the following bound:

1AY2 (n () — an(®)]o < CHP, r>3, 1=0,1, te (0]

Proof Let us consider yp(t) = Aﬁl/zeh(t). From (36 it follows that

t t
yh(t) = / 6_(t_s)AhA2/2Hh((uH . V)eh) ds —l—/ 6_(t_S)AhA2/2thh’H(S) ds.
0 0

Applying (I5)), and taking into account that as a consequence of (29) and
B2]) we have ||A —H02 I ((up - V)ep)|lo < C||Alh/2€h||0, it follows that

¢ C t A 1/2
t < d _(t S) h’A/ H d
lyn(®)llg < /0 T SHthO 5+ H/o e n Hppn,m(s)ds

15




so that a generalized Gronwall lemma [22], pp. 188-189] allow us to write

t
—(— 1/2
s (0 < € guax | [ eI AL L (s)ds| - (45)
0<t<T 0 0<t<7|| Jo h o
Using (I6) we obtain
11 1/2] A (=14+1)/2
aax lyn(t)llo < OB ( 5,5 ) max s |4}, hnpn,ml|o- (46)

To conclude we apply (I3]) and (44]) from Lemma [7] in the case | = 0, and
B8)) and ([B9) in the case | = 1. O

Lemma 9 Let (u,p) be the solution of (I)—(2)). Then, there exists a pos-
itive constant C' such that the discrete velocity vy, defined by (33) and the
approzimation to u over the finer grid, Uy satisfy the following bound:

14,2 (wn (8) — @ ()]0 < C|log(H)|H*, r>3, te(0,T).

Proof The proof follows the steps of the proof of Lemma 4.6 in [14]. Let
us consider yp(t) = A;l/ %en (t). From (30)) it follows that

t t
yn(t) = / e_(t_s)AhAgl/zl_[h((uH-V)eh) ds+/ e_(t_s)AhA,_Ll/2thh7H(s) ds.
0 0

Applying (I3 we have that

@l < [~ 47 G -9 s

t
/ e_(t_s)AhA;1/2thh,H(3) ds
0

_l’_

(47)
0

Let us now bound HA,_Lth((uH . V)eh)HO. We will argue as in the proof of
[14, (4.23) Lemma 4.4]. Let us first observe that h?|lep||; < C|]A;l/2ehH0.
Using (I4]) we get

| A, T ((us - V)en) ||, CI||(ur - Vepllo + AT ((up - Ven)llo
Ch?|lenll + |A™ II((ur - V)en)llo

Cll A Penllo + A (s - V)en)lo-

IN A

IN

16



Let us now bound the second term on the right hand side above. We write
AT ((usr - Ven)llo < JATTI(((wrr — ) - V)en) o + AT TI((w - V)en)llo.
For the first term arguing by duality we get

AT TI(((upr = w) - V)en)llo < Cllum — ullollenlly < CH?|lep]|r-

For the second one, arguing again by duality and integrating by parts, we
get
[ A~ TI((u - V)en)llo < Cllenl|l-1llullz < Cliynllo-

We finally obtain
|45 T ((ur - Ven)|y < Cllunllo + CH?|lep]lr (48)

Going back to (A1) we obtain

t ¢ b
@l < [ S lndads | [ e 21005 s
+OP2H? e ()], (19

so that a generalized Gronwall lemma [22, pp. 188-189] allow us to write

t
/ e~ (t=5)An A;1/2thh,H ds
0

< 2 .
qax lyn(®)llo < C<01§a<xT 0+ H max HehHl)

Using (I6) we obtain

11 1/2 1
s @l < ©( B (55 ) s, o245 upn 52 g el )
(50)
where, by applying Lemmas [6] and [8 the proof is finished. O

The proof of the following theorem follows the steps of the proof of [14
Theorem 4.7].

Theorem 1 Let (u,p) be the solution of (I)—(2). There exists a positive
constant C' such that the discrete velocity vy, defined by (33) and the approz-
imation to u over the finer grid, uy, satisfy the following bound:

[on(t) — an(®)]lo < 1/2|10g( )| (|log(H)|HY), te(0,1], r=3.
(51)

17



Proof Let us consider y,(t) = t'/%e;(t). From (36) and an easy calculation
we get

1
9n + Anyn + 2Ty (ugr - Vey) =t/ Tpn i + S71/2¢h
Then,

t
yn(t) :/ e~ A=) V2T, (uyr - Vey,) ds
0

t 1
+/ e~ An(t=s) < 1/2HhPhH+ 1/2 ) ds.
0

Applying ([B2]) we get
14,21 (urr - V)en)llo < Cllenllo- (52)

Then, using (I3 we obtain

t
SC/ lynllo o
0 0 t—s

Applying a generalized Gronwall lemma [22, pp. 188-189], it follows that

t
/ e A=) /27T, 0 s
0 0

t
—Ah(t—s) h d ) 53
(& .
/0 1/2 o ( )

Applying now Lemma [2] and (I6]) we have
max |yn(t)lo <C(log(h)] max [ls"24; Tapn i (5)]|

0<t<T
1 ~1/2
#8(3) sl o)l

where Lemmas [6] and [ finish the proof. O

t
/ e~ A=) U2, (up - Vey) ds
0

<
s, (@l < (g

4+ max
0<s<t

Theorem 2 Let (u,p) be the solution of (I)—). There exists a positive
constant C' such that the discrete velocity vy, defined by (33) and the approz-
imation to u over the finer grid, uy, satisfy the following bound for r > 3

Jon(t) — a0 < & Nlos(m)] (Jlos(HH* + TY2) |t € (0.7).
(54)

18



Proof Let us define y,(t) = tA,l/2eh(t), where ey, (t) = vp(t) — Up(t). Ar-
guing exactly as in the proof of Theorem [I] instead of (B3] we now arrive
at

t
By < ~An=) s AP, o, gy d
éggwwxﬂb_0<£g§(ée s Mhonr ds)
t
+ Ogltag% / e—Ah(t—s)A}/?eh ds >
Ss 0

0

Applying now Lemma [2] we get

—1/2 —1/2 H
<
g5 W0l < CPos(o) (g o T, + g i ] ).

where Lemmas [ and [ finish the proof. O

Lemma 10 Let (u,p) be the solution of (I)—(2). Then there exists a pos-
itive constant C' such that the discrete velocity vy, defined by (33) and the
approzimation to u over the finer grid, Uy satisfy the following bound:

14, (o (t) — an(®)]lo < CH®, >4, te(0,T).

Proof Let us consider yp(t) = Agleh(t). From (36 it follows that
¢ t

yh(t) = / e_(t_s)AhAglﬂh((uH . V)eh) ds +/ 6_(t_S)AhA;1thh’H(S) ds.
0 0

We first observe that arguing exactly as in the proof of [I4, Lemma 4.13] we
get

~ 1 1 _
e mton -, <0 (7 ) i

H3
+C%H€h‘|1- (55)

Then,

lon®lo < C /0 (%*%) lyn(s)llo ds

t
/ e~ (t=9)An A,_Lthphﬂ(s) ds
0

£1/2 g3
+ +C Joax, llen(s)llx

19



Applying now [14, Lemma 4.9] we get

t
t < —(t—s)AhA—ll—I d
Olélta;%”yh()”o —Co?%’% /Oe n Whpnn(s)ds

3
+CH” max e ()] (56)

For the second term on the right-hand-side above we apply Lemma [§. For
the first one we use the decomposition

PhH = P}L,H + p%L,H7 p:flL,H = ((ug —u) - V(vp —u)) + ((ug —u) - Vu),

We now argue exactly as in [14] (4.60) in Lemma 4.14], replacing one of the
occurrences of z there by v — uy and making use of ([20) and (20) with A
replaced by H. This will allow us to obtain

t
/e_(t_s)AhA}Zthph,H(s)ds < CHP,

0

max
0<t<T

which concludes the proof. O

Theorem 3 Let (u,p) be the solution of (I)—(2). There exists a positive
constant C' such that the discrete velocity vy, defined by (33) and the approz-
imation to u over the finer grid, uy, satisfy the following bound:

o) = (1)l < 1 log()| (loa()|H?) . te (0.7), >4 (57)

Proof Let us define yp,(t) = tep(t), where ex(t) = vp(t) — up(t). Arguing
as in the proof of Theorem [I instead of (53]) we now arrive at

max |lyn(t)|lo §C< max

¢
e~ An (t_s)sthhﬂ ds
0<t<T 0<t<T|| Jo

t
/ |e=4n(t=5)e), ds )
0 0

As in the proof of Theorem 2], applying now Lemma 2] to both terms on the
right-hand side above we get

0

+ max
0<t<T

e [lyn(t)lo < C|log(h)| <0§§ng 4% e+ pma. HA;lehHo) -

where now Lemmas [6] and [IQ] finish the proof. O
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Lemma 11 Let (u,p) be the solution of (I)—(2). Then there exists a pos-
itive constant C' such that the discrete velocity vy, defined by (33) and the
approzimation to u over the finer grid, Uy satisfy the following bound:

C

m!log(h)]HE’, r>4, te(0,T].

145, 2 (o (t) — an(®)llo <

Proof Setting y,(t) = tl/zA,_leeh(t) and arguing exactly as in the proof
of Lemma [9] instead of (49]) we now obtain

t
/ e_(t_s)Ah31/2A,:1/2Hh,0h,H(8) ds
0

t
C
ol < | < —lumlods +

t
—(t—s)Ap —1/2€h(8) 2 1/2
/0 e A ds| o OH? o o1 (9)

0

+

so that a generalized Gronwall lemma [22], pp. 188-189] allow us to write

t
/ e~ (t=5)An 31/2A21/2thh71{(3) ds
0

max [lyn(t)ll, <C max

0<t<T 0<t<T 0
t
_ epls
+ max / e~ (=) An g o112 n3) sl 4 oH? max 12| len ()]]1.-
0<t<T| Jo 2512 7|, 0<t<T

Using (I6]) we obtain

11 -1 -1
< i
oax [lyn )l < CB <272> <Oglsa<XTHsAh npn.pllo + max A %Ho)

+CH? max t'/2||ep]|1.
0<t<T

For the first two terms on the right-hand-side above we apply Lemmas
and [I0 respectively. For the last term we observe that denoting by yp(t) =

1/ QA;L/ 2eh and arguing as in Theorem [ we get

—1/2
max [lyn(¢)]lp <C (| log (k)] max |24, Ly pn. o

0<t<T
11
B <§= 5) s llenll).

so that applying now (I3]) and ([44)) to bound the first term on the right-hand
side above, and the case [ = 0 in Lemma [§ for the second one, the proof is
completed. O
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Theorem 4 Let (u,p) be the solution of (I)—). There exists a positive
constant C' such that the discrete velocity vy, defined by (33) and the approz-
imation to u over the ﬁner grid, Uy, satisfy the following bound for r > 4:

H’Uh(t) — ﬁh(t)”l t3/2 ’ log( )’ (’ 10g(h)’H5 + T1/2h4> , te (O,T].
(58)

Proof Let y,(t) = t3/2A}/2eh and argue as in the proof of Theorem [2] to
get

: R e

om0 < Cltog0)] (gm 247 D + g, 67247 %),
for t € (0,7). To bound the first term on the right-hand side above we
apply (I3) and ([@3]), and for the second one we apply Lemma [I1] O

We now summarize the main results of the section in the following theorem.

Theorem 5 Let (u,p) be the solution of (I)—(2). There exists a positive
constant C such that the approzimation to u over the finer grid, uy, satisfy
the following bounds for r = 3,4 and t € (0,T):

~ C r+1 C r
Ju(t) — (1)l < g o) | og (B 71 4

~ C r+1 1/2¢r c r—1
lut) = @ (Ol <571 og(h)| (log(W)|H™ +T21") + b,
where in the last inequality we can replace the second |log(h)| by |log(H)]
in the case r = 3.

Proof We use the decomposition u — 4, = (u — vp) + (v, — @p). To
bound the first term we apply ([Il) and (27) while for the second we apply
Theorems [TH4] O

Now, we get the error bounds for the pressure. We begin with some
error estimates for the time derivative of vy, — 1y,.

Lemma 12 Let (u,p) be the solution of (I)—(2). Then there exists a pos-
itive constant C' such that the discrete velocity vy, defined by (33) and the
approzimation to u over the finer grid, uy satisfy the following bound for

r=3,4:
: < c r+1 r
1on() = an(®)ll-1 < =575 1 los(W)] (|log (M) H™" + A7), t € (0, (59)
In the case r = 3 the second log(h) can be replaced by log(H).
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Proof Using (B6]) and taking into account that ||és||—1 < C\\A;l/zéhﬂo we
obtain

. 1/2 —1/2
lenll-r < 1A %enllo + 1A, /2T ((usr - V)en + pna) llo
—1/2
llenllr + Cllenllo + 1145 Tz o,

IN

after using (52)) in the last inequality. Applying now Theorems [IHl together
with (I3) and ([@3) we reach (B9). O

The following Lemma is proved in [I4, Corollary 4.19] and Proposi-
tion 3.1 in [23] and [24] (see also [6] and [15]).

Lemma 13 Let (u,p) be the solution of (I)—(2) and let (up,pr) and (vp, gr)

the approzimations defined in (17)-(18) and (21)-(22), respectively. Then,
the following bound holds for r = 2,3,4

c .

P (t) — ()|l L2/r < Wh Lote(0,1), (60)
C .

lgn(t) — p()|[L2/r < Wh L te(0,T]. (61)

Theorem 6 Let (u,p) be the solution of (I)—(2)). There exists a positive
constant C' such that the approzimation to p over the finer grid, py, satisfies
the following bound for t € (0,T] and r = 3,4:

= 9 r—1 9 r+1 r
1P () — ()|l L2/m < Wh + W’ log(h)| (| log(h)[H"™™ + ") .
In the case r = 3 the second log(h) can be replaced by log(H).

Proof We use the decomposition

15n = pllze/r < 1P — gnllz2/r + llgn — pllL2/m-

To bound the second term on the right-hand-side above we apply (&I]). For
the first one subtracting (2I)) from (I9) and applying the inf-sup condition
(I0) we obtain

Blon = gnllze/r < lan — vnlls + [(um - Venll-1 + llpn,all-1 + [|én][-1-

We first observe that applying (B0) we get |[(um - V)ep||—1 < C|lenllo. To
bound ||pp g||-1 we apply [@3). Now, the proof concludes applying Theo-
rems [[H4] together with (5J). O
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We state in the following theorem the results that can be obtained for the
mini-element.

Theorem 7 Let (u,p) be the solution of (I)—(2)). There exists a positive
constant C' such that the approximations over the finer grid computed using
the mini-element, (un,pp), satisfy the following bounds for t € (0,T]:

—u(t)llo < CH?+CR,
—u(t)|y < C|log(h)|H? + Ch,
< Cllog(h)|H? 4 Ch.

4 Semi-discretization in space. The second two-
grid algorithm.

As in the previous section we will concentrate on the approximations ob-
tained with the Hood-Taylor mixed finite element and r = 3 or r = 4 and
we will state at the end of the section the results that can be obtained for
the mini-element method with a much simpler analysis.

In the second algorithm we consider, the first level, as before, is given
by the standard mixed finite-element approximation to (I)—(2)), that is, the
solution of (I7)-(I8) with initial condition ug(0) = 5 (up). In the second
level we solve a linearized problem on a finer grid and given uy(0) = I up,
we compute Gp(t) € Xp, and py(t) € Qpr—1, t € (0,T], satisfying, for all
¢n € Xpy and Y, € Qpr1

(i, ¢n) + (Viin, Vo) + blup, din, ¢n) + b(in, wi, ¢n) + (Vin, dn) =
(f,én) + b(um, um, én), (62)

(V- ap,hn) = 0. (63)

Observe that the approximation g is the result of one step of Newton’s
method for the Galerkin (up,ps) approximation in X, x Qp,—1 (equa-
tions (I7)—(8) with H replaced by h) with (ug,pr) as initial approxima-
tion. For this reason, in this section we study the error e;, = up — uy,.

It is easy to obtain that

én + Apen + B(um, en) + Bplen, un) = Hppp o, (64)
where

pna = —F(en m,enm),

24



where, here and in the sequel,
€h,H = Ug — Up.

The analysis in this section is closely related to that in the previous
section. However, some extra results are needed. We shall use the following
two bounds,

I6nl pearany < C |l HA}/Q(?hHé/z, Von € Vi, (65)
Inllze < CllAY 200l || Andnlle®, Vo € Viry  (66)

which follow from Corollary 4.4 and Lemma 4.4 in [23]. Also we shall use
the following two bounds

||A}:1/2Bh(€h,Ha enm)llo < C'HGh,HH(l)/zHEh,Hﬁ/Q, (67)

| A, By (enaryenm)lo < C'Hﬁh,HHOHEh,H

17

with C' independent of h, and where here and in the sequel By (vp,wp) =
11, F (up, wy). Both are easily obtained by duality arguments, the first one
from (63) and the second one from (66). Notice also that as a conse-
quence of (GB)-([G6) and (I5]) we have that He_tAthhHLoo < Ct=3/* | onll,
and He_tAhA,leqzbhHLZd/(d,l) < Ot3/4 llonlly so that by using duality argu-
ments together with these two inequalities the following two bounds easily
follow

e =% By (en,u, en) | Sm“fhﬂ“o“ehﬂ“r (69)

He—(t—s)Ah A}L/2Bh(€h,H7 €h,H) Ho S (

2
& spralienall (70)

Lemma 14 There exists a positive constant C' = C'(Ms) such that
e = wpl| e < CHY2.

Proof We will use the fact that, due to Lemma 4.3 and 4.4 in [23], and
Corollary 4.4 in [23],
VI ul| e < C'[|Aully (71)

We write w — uyp = (I — Hg)u + (IIgu — ug). Applying (@), we have
IMgu— g0 < CH™3?||Mpu —uyll, < CHY?, where in the last in-
equality we have applied (III) and (25]). On the other hand, applying [23]
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(4.43)]

1/2
< (T = g)ully (IVull g6 + |V Tyl 16) 2.

(I = T oo < C (I =T )ul| Ve IV (I = gl )

Now, where, in the last inequality we have applied (B]) and [23] Lemma 4.4].
Furthermore, applying (1), (B) and (7)) the proof is finished. O

Lemma 15 Let (u,p) be the solution of (I)—(2]). Then there exists a positive
constant C' such that the approximations up and @y to the velocity u over
the fine mesh satisfy the following bound:

IAY2 (up(8) — @ (0)]lo < CHT?7L » >3, 1=0,1, te(0,T]. (72)

Proof Follow the arguments in the proof of Lemma[§ to obtain (46)). Now,
for I = 1 we write s'/2 M pnully < Cs'/? lln, izl oo ll€n,mll{» so that apply-
ing Lemma [I4] and (25) the proof of the case [ = 1 is finished. For [ = 0,
applying (G7) we have

—1/2 1/2 3/9
s1/2 HAh / thh’HHO < COsl/? Heh,HHO/ len |l /

1/2 1/2
/ h,

:C(HemHHOHGh,HH HS

so that applying (25) the proof is finished. O

Lemma 16 Let (u,p) be the solution of (I)—(2]). Then there exists a positive
constant C' such that the approximations up and @y to the velocity u over
the fine mesh satisfy the following bound:

145 (un(t) — an(®))llo < CH®, r>3, te(0,T).

Proof Follow the arguments in the proof of Lemma [I0, but notice that
now due to the terms (ep, - V)ug and (V - ug)eq, instead of (55 we have

He_(t—S)AhAEIHh((UH . V)eh)H > A €h||0

<\/— .
c(ﬁuehuwﬁuehuo).

Thus, instead of (B6) we arrive at

t
< —= A 40
qax {lyn(t)llo <C max /0 e n Unpn,w(s)ds

C(H? )y + H? t)lo)-
+ ( Oréltag%Heh( M+ 01%1%3%,”%( )HO)
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Thanks to Lemma [I5] we have that the last two terms on the right-hand side
above are bounded by CH'Y/2. For the first one, applying first (68) and
then (26]) we conclude that it is also bounded by C H. O

Lemma 17 Let (u,p) be the solution of (I)—(2). Then there exists a positive
constant C' such that the approximations up and @y to the velocity u over
the fine mesh satisfy the following bound:
_ _ C
142 ) = anO)lo < 5 HY r23, e (0T (1)

Proof Let y,(t) = tl/QA_l/zeh( t) and follow the arguments in the proof of
Lemma [0 so that instead of (7)) we now have

lun(@®lly < / \/—HA Ls/2( Bh(eh,uH)JrBh(uH,eh)HO ds

t
+ e_(t_s)AhAgl/ Hhsl/zph,H(s) ds

)

0

H —(t sAhS—1/2A 1/2 (s)ds

. (74)
0
Now observe that by using [lug(s) —u(s)l; < CH3=7/s'/2, instead of (@R)
we now have

HAﬁlsl/z(Bh(eha ugr) + Br(ug, eh)HO < C(Hyh(s)HoJrH?’ llenlly+H? lenlly >

Thus, instead of (B0)) we now get

1 -1

a0l <CB(2 2) (s sll47 Tagn iy + o 47 e (s) )
2

+C(H? Orgtaé\leh\llJrH Ogt%\lehllo)- (75)

Due to Lemma [I5 we have that the last two terms on the right-hand side
of (T5) are o(H?), and due to Lemma [[f] the second one is O(H?®). Finally
due to (68]) the first one can be bounded by C’Hsl/2eh HH Hsl/2eh HHl, which,
due to (Z5) is also O(H®). O

Theorem 8 Let (u,p) be the solution of (I)—(2)). Then there exists a pos-
itive constant C' such that the approximations up and Uy to the velocity u
over the fine mesh satisfy the following bound:

. C
lun(t) = an@llo < TH, te(O.T], =3 (76)
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Proof Let yp,(t) = tey(t) and argue as in the proof of Theorem [ so that
similarly to (53] we now get

t
/ e‘Ah(t_s)Sthhﬂ ds
0

t
/ e~ Ant=s)e, s >
0 0

Using (69) to bound the first term on the right-hand side above, and (I6)
for the second one, we get

<
Orgta<x Ith( )HO —C<01£ta§)§“ 0

+ max
0<t<T

mas [l (0]l <C(T* ma 1" (0)]|o|*enm (0]

0<t<T
11 1/2 4172,
+B <§ 5) s 11243 Pen)])
so that applying (25]) and Lemma [I7] the proof is finished. O

Theorem 9 Let (u,p) be the solution of (I)—2)). Then there exists a pos-
itive constant C' such that the approximations uy and y to the velocity u
over the fine mesh satisfy the following bound:

i C .
funt) ()l < BT tEO.T) r=84 (7D

Proof Let yx(t) = t(T’_l)/QAfll/zeh(t) and follow the arguments in the proof
of Lemma [8 so that now, instead of ([45]) we get

t
/ e =) An =12 42T, () ds

o om0l <C (o
0

0<t<T 0<t<T

L e2D)

0

0>. (78)

Applying (70) to bound the first term on the right-hand side above and (I6])
for the second one, we have

t
/ e_(t_s)Ahs(’"_?’)/2A}/2eh(8) ds
0

ma. lun(t)llg <C (T4 mae [ (O] 17~ en, 1 (1)

0<t<T 1

+08 (53) g e~ e, 79)

Due to (20 the first term on the right-hand side above is bounded by
CH?H"™ ' = CH™!. For r = 4, the second one is bounded in Theorem [
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When r = 3, we may write ||t'/2e,(t)]|, = Hteh(t)Hél)/2 Heh(t)Hg)/z so that ap-

plying Theorem [§ and Lemma [I5] the second term on the right-hand side
of ([T9) is bounded by CH/2H7/* = o( H*) O

Remark 2 For r = 3 it is possible to prove the bound
i C (gor 17/4 _
lun(t) = an (@)l < — (27 [log(h)| + H ,  te(0,1], r=3.

To do so, apply Lemma[2 and (67) to bound the first term on the right-hand
side of (78] and the same bound as before for the second term.

Finally, repeating (with obvious changes) the analysis in Section [ for
the pressure, the following result is easily proved

Theorem 10 Let (u,p) be the solution of (I)—-(2). There exists a positive
constant C such that the approximation to p over the finer grid, pn, satisfy
the following bound for t € (0,T] and r = 3, 4:

_ c r
151 (t) — pr()]|L2/r < WH i te (0,7 (80)

We now summarize the main results of the section in the following theorem.

Theorem 11 Let (u,p) be the solution of (I)—-(2). There exists a positive
constant C' such that the approximations (up, pr) satisfy the following bounds
forr=3,4 and t € (0,T]:

_ C s ¢ ..
[[u(t) — an(t)lo s H t(r—2)/2h :

- C r+1 c r—1
lu(t) — n(t)||1 Sooord Tt Wh ’

~ C r+1 C r—1
15n(t) — p(D) Il L2 /- SWH + t(,,_Q)/Qh

Proof We use the decomposition u — @ = (u — up) + (up, — @) and apply
[25) to bound the first term and Theorems [§ and [ for the second. For the
pressure, using the decomposition p —pp = (p—pp) + (pr — Pr) and applying
(60) and Theorem [0 the proof is finished. O

Finally, with a much simpler analysis, that we do not detail here for brevity,
the following result can be proved
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Theorem 12 Let (u,p) be the solution of (I)—(2). There exists a positive
constant C' such that the approximations over the finer grid computed using
the mini-element, (un,pp), satisfy the following bounds for t € (0,T]:

l@n(t) — u(t)lo < CH®+Ch?,
lan(t) —u®)|h < CH?+Ch,
1Pn(t) — POl r2/m < CH? + Ch.

5 Fully discrete case.

In this section we consider the fully discrete case. Let us assume that we
integrate in time equations (I'THIR) and (I9H20]) for the first method or equa-
tions (I'THI8]) and (G2H63]) for the second method using the backward Euler
method or the two-step backward differentiation formula (BDF). In the case
of the two-step BDF method the first step is carried out using the backward
Euler method. We will denote by (U, Pyy) the fully discrete Galerkin ap-
proximations to the velocity and pressure at the time level ¢, = nk for
0 <n < Nand k= At = T/N. We will denote by (ﬁfl‘,ﬁﬁ) the fully
discrete approximations to the velocity and pressure over the finer grid at
the time level ¢,,.

Let us denote by e}; = ug(tn) — Uf and by €} = ay(t,) — ﬁ}? the
temporal errors in the approximations U, and ﬁ}? respectively. Let us
denote by 7} = pr(t,) — Py and by 7' = pp(tn) — 15}:‘ the temporal errors
in the approximations Pj; and ]3}} respectively. In [I5] we have proved the
following error bounds. There exist constants Cj, and kg such that for £ < kg
the temporal errors of the Galerkin approximation satisfy the following error
bounds

Ko Ko
leFrllo + tnllAmefllo < Ciy T |75l L2 @)m < Czoit(%_l)/y l<n<N,
n

where [y = 1 for the Euler method and [y = 2 for the two-step BDF. Let
us remark that using |le}|1 < C’HA}J/ze’ﬁHO < C’He%||(1)/2HAHe%H(l)/2 error

bounds in the H' norm are also obtained in a straightforward manner.
Using the same technique developed in [I5] it can also be proved that

analogous error bounds hold for the approximations over the finer grid. More

precisely, for both the first and second algorithms there exist constants Cj,

and kg such that for k < kg the temporal errors of the two-grid approxima-
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tion satisfy the following error bounds
lo klo
1<n<N,

[€nllo + tallAnérllo < Clotlo——l’ 1711l L2)m < Ci NETsSITEN
n n

where [y = 1 for the Euler method and Iy = 2 for the two-step BDF.
Finally, using the decompositions
u(tn) — [7}7 = (u(tn) — an(tn)) + €p,
p(tn) — Py = (p(tn) — Dnltn)) + 7,

the error bounds of the fully discrete approximations are obtained as the
sum of the spatial errors (the errors in the semi-discrete approximations we

have already bounded in the previous sections) plus the temporal errors.
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