A SYMMETRIC ERROR ESTIMATE FOR GALERKIN
APPROXIMATIONS OF TIME-DEPENDENT NAVIER-STOKES
EQUATIONS IN TWO DIMENSIONS
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ABSTRACT. A symmetric error estimate for Galerkin approximation of solu-
tions of the Navier-Stokes equations in two space dimensions plus time is given.
The finite dimensional function spaces are taken to be divergence free. The
estimate is similar to known results for scalar parabolic equations. An appli-
cation of the result is given for mixed method formulations.

1. INTRODUCTION

A symmetric error estimate for an numerical method is a statement that, in a
certain norm, the error for the approximation produced by that method is best
possible, up to a constant factor; i.e.,

llerror| < C||best approximation error|.

For second order elliptic problems, the basic error estimate for the Galerkin approx-
imations is a symmetric estimate in the H'-norm. Some symmetric error estimates
for parabolic equations can be found in [3, 4, 1, 5].

In this paper, we examine Galerkin approximations of solutions of the time-
dependent two-dimensional Navier-Stokes equations on a bounded domain with
zero boundary conditions. We consider the case in which the approximate solution
is required to be divergence free. We prove stability for the Galerkin approximation
on a finite time interval in a norm that is then used in the symmetric error estimate.
In [2] an error estimate is given for the Stokes equation (see section 12.3) that is
symmetric if one restricts to divergence-free spaces. In section 2, we introduce
the boundary value problem and define some notion. In section 3, we define the
Galerkin approximation and give a bound for it. In section 4, we state and prove
the symmetric error estimate. In section 5, we show that the estimate applies to
certain mixed method approximations of the same problem.

2. THE PROBLEM AND NOTATION

We are interested in approximating smooth solutions of the Navier-Stokes equa-
tions. Let 2 be a bounded domain in R?. Let for some ¢ fina > 0, J = (0, final)
and take Q = QxJ. Suppose that w: Q — R?, p: @ — R are smooth functions
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such that on Q
1
(2.1) ﬂt+ﬂ-VH+;Vp—KAﬂ:F,

(2.2) V.m=0,

where V is the spatial gradient operator and A is Laplacian and F is a function in
L?(Q)?. Here, p and K are positive constants, the density and kinematic viscosity,
respectively. We suppose that @ vanishes on the boundary of 2, 0.

Let X be a norm space with norm || - |x and suppose that f : J — X For
sufficiently nice functions f define for 1 < p < c©

[f1lzexy = HLFOllxllze -

Let (+,-)q denote the L?(Q) inner product. We use this notation also for the in-
ner product on L%(Q)2. For nonnegative integers k, we use the notation || f|x =
|l fll %2y and we use the same notation for scalar or vector-valued functions. For
k =0, we use || - ||. For M a subspace of Hi(2)? and f € L?(Q)?, we define the

following semi-norm:

(faU)Q
fllg-1 = sup .
Wl = 232 ol

A norm that plays a central role here is defined for (sufficiently nice) functions
f mapping Q into R?
LR = 113wy + 1 3aqary o) + 122y

This norm depends on M of course.

3. GALERKIN APPROXIMATION AND A BOUND

Let
a(w,v) zK/ VwVu,
Q

c(w; s,v) = / (w-Vs) v,
Q
and note that for divergence-free functions ¢ € H{ ()2,

(31) (Eta ¢)Q + C(ﬂ7 u, ¢) + a(ﬂa ¢) = (Fa ¢)Qv te Ja
Let M be a finite-dimensional subspace of the set of divergence-free functions in

H}(2)2. Define a function U mapping J into M by
(3.2) (@(0) = T(0),¢)o =0, €M,

(33) (Uta ¢)Q + C(Ua Ua ¢) + G(U, ¢) = (Fv ¢)Qa ¢ € Ma te Ja

where we identify U(t) with U(-,-,t). If n is the dimension of M then (3.3) gives
a system of n ordinary differential equations that define the evolution of U. The
condition (3.2) defines U(0) as the L?(Q) projection of %(0) into M. The existence
of U on the entire interval follows if U is bounded on the interval where it is defined.
We give such a bound here.

Theorem 3.1. There is a constant C that depends on K, ||(0)|, ||F||L2(H;41), and
Q, such that
vl < c.
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Proof. If for each t we replace ¢ in (3.2) by U(t) we get easily that

1d — — — — 1 — 1
4) == |UIP+K 2= (F,U) < ||F|,- < -K 2 —||F)3 -
(3.4) 5 TP+ KIVON = (0) < [Flly s IVT) < S KIVTIP+ 5 FIZ
From this, it follows that for each t € J
. t 1t _
(35) DI+ & [ IVOIP < & [ 171 + [wOl,
0 0 M
Thus

”UH%N(L?(Q)) + HU||2L2(H1(Q)) <C
where C' depends on K, ||@(0)]l, ||F||L2(H;11), and .
Take ¢ € M such that ||[V¢| =1 and HUt”H;} = (U¢, ¢)o. Then

— (TU",Vé)a — K(VT,Vé)a + (F, d)a,

— —T
where U is viewed as a column vector and U is its transpose. To be completely
clear, we will write U = (U, Uz)T and ¢ = (¢1,$2), and note that

—T

T, V) = /Q U261 0 + UrUsdry + UrUsdae + Ulday
< [ (O + 2003+ UDH @+ 6h, + 03 + 02,
< / (U2 + U2 V4]

L
<( / T = T2,

Since (see appendix)
U240y < CITIIVUY,

it follows that HUtHH;Al is in L?(J) in time with a bound that depends only on
[z(0)]|, K, and ||F||L2(H;41). Hence ||U]|| is bounded. O

4. SYMMETRIC ERROR ESTIMATE

Let Uy = (-, -,t) be the solution of equations (2.1)-(2.2) and Uy = Us(-, -, t) the
Galerkin approximation. Define for any B > 0

Sp = {(1,92) : l0jllL=@) < B, IV@jllL=) < B,j =1,2}.

We assume for a suitable B that Uy € Sg.

Take Us to be any smooth function from J into M N Sp. Our claim is that if
Uj is close to Uy then Us is also close to Uy. That is, if the space M is sufficiently
rich that we can approximate the solution of the Navier-Stokes equations well, then
the Galerkin solution does a good job of approximating it. Here, we do not expect
to use the minimum B such that U; € Sg, so the constraint on Us is rather weak.
We are not assuming that the Galerkin solution Us takes values in Sp. The generic
constants that arise in the estimates below are allowed to depend on B. The use
of constrained approximation for symmetric error estimates was introduced in [4]
for nonlinear parabolic equations.
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We adopt the addition notation
—ij — —
(4.1) U’ =U;-U;.

Theorem 4.1. There is a C' that depends on B, K, and Q, but not on M, such
that

(4.2) Uy = T2l < UL - Usl -
Proof. Using (3.1) and (3.3) we see that for any ¢ € M,
(4.3)

—23 — —23 —23 —13 - — - — —13
(T 0)atcUa,TU 1 6)+a(T 1 6) = (T, )at+c(U1, U1, ¢)—c(Ua, Us, ¢)+a(U . ).
Taking ¢ = T and using the fact that C(U27U23,U23) = 0 gives
1d
2dt
Note that

Uy - VU, ~Uy VU3 =0 -VU  +T " -VU3 - U -VUs.
Since U,VU; and VU3 are bounded by B,
— - — — 23 — —13,, 1723 —13
(Ur- VUL = Uy - VU3, U ol <[|Usl|e<[[VU([[U] + IU
—23 — —23
+ T IVUs )= U
—23 —23 —13
<e|[VU |+ CIT™|1* + C|IVT |12
where C' depends on B and on e. The bounds
—13 —23 —13 —23
(T, U )al < CNIU, (-2 + 11U
M

1T IP+K VT2 = @, T )+ (0 VT1 -T2 VT3, T o+ K (VT VT )a.

— —23
IVUs||lL= Ul

and
(EVT " VT )o| < e VT2 + C VT 1.
then imply (with e = K/4) that

—23H2 —23”2

U712 + K|VU 772

—13 —13
< OO N5 1T+ IVT 7)),

2l
dt
Now, Gronwall’s inequality and the fact that ||U23 ) < ||U13 (0)|| vield
—23 —23 —13
1T 20y + KIIVU Nl72q) < CIU I

To complete the proof we need only bound the negative index semi-norm of Ufg.
Take ¢ such that ||[V¢| = 1. From (4.3), we have

(Ufga ¢)Q = (Uigv ¢)Q+(U1VU1 _UQ'VUZ% ¢)Q+Q(U23a ¢)_C(U27 U23a ¢)_G(U137 ¢)
This gives
(T, 0)al <IT,, d)al + (T - VT, = Ts - VUs, p)a| + |K(VT, V)
+|(Ts - VTUas,0)a| + |K(VT ", Vo)al.
Using
(T, - VU, = Ts - Vs, d)a| < CUNVT | + 1T | + [TVl

we get

—23 —23 —13 —13 —13 —23 — —23
(T2, #al < C (INT )+ 1Ty + INT 1+ 1T+ 1T71) V6] T2 VT, d)al.
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All of the terms in the big parenthesis are in L?(J). The last term on the right
hand side can be bounded as follows:

— —23 =23 =223 |
(T2 - VT, d)al < (1T NIT 11 ITAT2)) 21V )l-

The last inequality follows a similar argument that was used in section 3. If u(t) =

=23, 723 - - 1
UTINT U1 U2[1)2, we have

—23 — —23 —
/J 12dt < [T by | Tall =iy / s NuAR

—23 — —23 —

<NU Nz ) U2l oo (221U 2y 1021 L2 (e
—23 —23

<CNT oo (z2y + 1T N0y

Thus we have that ||Ufg||L2(HX41) < C|||U13|||~ O

5. APPLICATION TO MIXED METHODS

Suppose that Vj, C H}(Q)? and 1T, C L?(2) are finite dimensional spaces. Define

b(w, z) = — /Q(div w)z.

Then a mixed formulation approximation can be defined by requiring that for each
tedJ

(Us,v)q +c(U;U,v) +a(U,v) + b(v, P) = (F,v)q, v€E Vi,
b(Uv q) = 07 qc Hh7

where U : J — Vj, and P : J — IIj,. The initial conditions U(0) and P(0) are taken
such that

(U(0) —u(0),v)q + b(v, P(0)) =0, v €V,

b(U(O)v q) =0, qell.
Now suppose that V}, and II;, have been chosen so that the set
M={w eV :b(w,q) =0 for all ¢ € TI;,}

contains only divergence-free functions. Not all reasonable mixed method spaces
will have this property, but examples do exist, for example, I, = div Vj,. With this
assumption, U : J — M, and, on J, U satisfies

(Ug,v)q + c(U;U,v) + a(U,v) = (F,v)q, veE M.
Also the initial value U(0) is in M and satisfies
(U(0) —u(0),v)o =0, veE M.

Hence the symmetric error estimate applies to U.
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APPENDIX A. BOUND ON L* NORM
Lemma A.1. Ifv € H}(Q) where Q is a bounded domain in R? then
1
IollZa0) < lollPllozllllvyll < Sl [Vol.

Proof. Without loss of generality, we can assume that v € C$°(Q2) is extended by
zero to R?. Suppose that g has compact support on R. Then it is elementary that

max g% < /|gg’|dx.

Now,
//v4dxdy < /[mfxu%x,y)/ﬁdm]dy
< (max [ 2(o.g)do)( [ maxe(z)dy)
< (f mx o2, g)do)( [ maxe? ., )dy).
Hence

ol e < ( / / fvwy |dydz)( / / v dady) < [[o]]? oy o]

1 1
< ol - 5o+ l1oal?) = 5 ol Vol
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