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1. Introduction. The existence theory for the nonstationary
Navier-Stokes equations can be developed, by the method of Galerkin
approximation, using any of a wide variety of possible systems of
basis functions. The basis functions used in the papers of Hopf [8]
and of Kiselev and Ladyzhenskaya [10] are merely assumed to belong
to and be complete in certain function spaces. However, to obtain
refinements in the theory by the Galerkin method, particularly re-
garding the regularity and decay of solutions, it often appears
essential to choose as basis functions the eigenfunctions of the Stokes
operator; see Ito [9], Lions [12], Prodi [14], Foias [3], Ladyzhenskaya
[11], Temam [17], and Heywood [4, 5, 6].

In these and other works, the convergence of the Galerkin ap-
proximations is generally proved by a compactness argument, based
on a-priori bounds for the approximations. A notable exception is
the paper {3] of Foias, where (on page 324) the approximations
are shown to converge, uniformly over a time interval, in the
Dirichlet norm. Recently, Rautmann [15, 16] has drawn attention
to this type of result, and gone further, giving a systematic de-
velopment of error estimates, for the Galerkin approximations and
their time derivatives.

Rautmann’s error estimates (and also Foias’ convergence theorem)
are presented locally, valid on a finite interval determined by certain
norms of the data. At best, if one assumes the solution to be approxi-
mated is uniformly regular, for t€[0, =), the method yields an error
estimate which grows exponentially with time. And, without further
assumptions, this is the best that can be expected. However, if one
assumes, additionally, the solution to be approximated is stable, then
it is reasonable to expect an error estimate which is uniform in
time. This is what is done in the present paper. It is hoped the
result may prove suggestive for future developments in the Navier-
Stokes theory. It should be mentioned, however, the original reason
for undertaking this work arose in the author’s joint study [7] with
Rolf Rannacher, of finite element Galerkin approximations, a context
in which error estimates uniform in time have important implica-
tions for computations. While the present work served to fix some
ideas, in a simpler, purely theoretical context, it has turned out our
arguments in the finite element context are substantially different.
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334 JOHN G. HEYWOOD

We present here only the most basic result of its type. How-
ever, a number of elaborations seem possible, some of which are
being investigated with Rannacher in the numerical context. We
mention, the stability condition (A3) is formulated here in terms of
the Dirichlet norm, could be formulated in terms of the L*norm.
Also, our error estimate is given in the Dirichlet norm; it should be
possible to obtain an improved rate of convergence in the L’norm.
Finally, in some situations, there exist “stable” solutions which do
not possess all the spatial symmetry of the domain and external
forces. Of course, in such situations, there is only stability modulo
shifts in the spatial symmetry. The definition of stability we work
with, here, is too strict to allow for this possibility. We think it is
possible to weaken our definition of stability, to be neutral relative
to drifts with respect to the spatial symmetry, resulting in error
estimates modulo shifts in the symmetry. Similarly, if the boundary
values and forces are time independent, stability and error estimates
may be considered modulo drifts and shifts in time.

After a short preliminary §2, our result is stated in §3, and
proved in §§4 through 7.

2. Preliminaries. Let 2 C R*, n = 2 or 8, be 2 bounded domain
with smooth boundary 02. The function spaces customarily denoted
by LP(Q), H™(Q), Cy(2) are defined as usual, though we will not
distinguish in our notation between spaces of R and of R*-valued
functions, the distinction always being clear from the context.
The L* inner-product and norm are denoted by (-, ) and ||| respec-
tively, and the L” norm by ||-l|,- The following spaces of solenoidal
functions are, of course, R"-valued:

DQ) = {¢:6€C(2) and 7-¢ = 0},
J(2) is the completion of D(Q) in L*Q),
J.(2) is the completion of D(Q) in HY(2) .
We let P denote the orthogonal projection L*Q)— J(2), and let

4 = P4, where 4 is the Laplacean operator. We list, as lemmas,
some results which will be needed later.

LeMMAl. For we HY(Q), || Pully £ celiwin.

LEMMA 2. For every weJ(2)N HYRQ), there exists a function
€ H*(Q) such that curl p = u, l0 =0, and 4|l = cfju].

LEMMA 3. For g€ LX), the unique solution v € J,(2), g€ L*(Q)/R
of the Stokes problem
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—d,+V, =g and V-v=01in 2, v,=0,

satisfies ||vlge + || qlluve < ¢l gll. Hence, also, ||v],2 < ¢l|dv! holds
for all veJ,(Q)n HAQ).

For proofs of Lemmas 1 and 3, see [17, p. 18] and [1], respec-
tively. In Lemma 2, if 2 is two-dimensional, it should be understood
that « is scalar valued and that curl.y = (04/0x, —04r/o0x,). The
proof in the more difficult three-dimensional case is as follows. By
a well-known construction [11, p. 25], u can be continued to all R’
as a solenoidal function u e H'(R? with compact support. Hence it
can be expressed as u = curlg, in terms of the vector potential

o(x) = (4n)‘1§(cur1 w)/r dy. Since (curl¢)-n=0 on 02, a scalar function
» can be defined on component 02, of 62 by setting p(x) = S é-ds,
c
where C is any curve lying in 02 joining = to a fixed point of 02,.
Since ¢ € H*Q), we have pec W Q20) and ¢-nec W;*(0R). It follows
that » can be continued into 2 as a function p e H*Q) satisfying
op/om = ¢-m on 082; see [13, p. 104]. Clearly F'p = ¢ on 02, and thus
Y = ¢ — Fp is a function with all the desired properties.

We denote by {a*(x)} and {\,} the eigenfunctions and eigenvalues
of the Stokes operator 4 defined in J,(2)N HXQ), i.e., of the problem
—dv+Vg=xwandV-v =0in 2, v|,o = 0. Thus —da* = na*. Some
well known results and elementary observations are collected in the
following lemma.

LEMMA 4. The etgenfunctions {a*} are orthogonal in the inner
products (u, v), Vu, Vv), and (Zu, Av), and complete in the spaces
J(Q), J(2) and J(2)N HNQ). If Si.c.a*eJ(Q), then

We list, in the following lemma, some Poincaré and Sobolev
inequalities that will be needed, sometimes combined with the results
of Lemmas 3 and 4. We will use only the three-dimensional versions
of Sobolev’s inequalities, these being, of course, also valid in bounded
two-dimensional domains.

LEMMA 5. IfweJ(Q) N HXQ), then || < M| Full < A dul],
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fuls S cllrull,  suplul cllduf, [ul < cllw]”[rul,

and 7w, < el du .

3. Statement of the result. Let u(x, t), p(x, t) be a solution
of the Navier-Stokes problem:

Uy — AJu + u-du +Vp = f and
(1) Veu=0 in 2 x(0, ),

Umy = @, e = 0.
We assume the data for problem (1) satisfies

A  aes(@NHY), suplfli<e, supllfil <,

and that the solution satisfies
(A2) Wru@)| <M, forall t=0.

We further assume u is conditionally exponentially stable, in the
sense of condition (A3), below. The stability condition concerns the
behaviour of perturbations of w. A function {(z, t), defined on some
interval ¢ = ¢, is called a perturbation of u, if { + % is a solution
of the Navier-Stokes equations, and if {|,, = 0. Thus, setting {, =
¢(-, t), ¢ is a solution of the initial-boundary value problem:

C— A +u-VE+C-Vu+C-V+Vg=0 and
(2) V=0 in QX (i, «),
Clt:to =&, C]aQ =0.
Our assumption, then, is:
(A3) There exist positive numbers a, A, 6 such that for every
t, =0, and every {,eJ,(2) N HX Q) with ||F{|| < &8, the perturbation
problem (2) is uniquely solvable and its solution satisfies ||[FL()|| <
AP e for all t = t,.
The nth spectral Galerkin approximation

Wz, 1) = 3} 0n(t)a(@)

to the solution of problem (1) is uniquely determined by the conditions

(ut, ") + Pu™, Vg") + (u"-ru’, ¢") = (f, ¢"), for ¢=0, and
(un(O) — a, ¢n) =0 ’

for all ¢* of the form ¢"(x) = S, d.a*(x).

(3)

THEOREM. There exist constants N and K depending only on
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the domain 2, the morms of the data referred to im (Al), and the
constants intrduced in (A2) and (A3), such that

(4) 17w —u)(@®) ] = Knir,

for all ¢t = 0, provided n = N.

4. Comparison of error with perturbations. Let u =
S e (t)a*(x) be the eigenfunction expansion of the solution u of
problem (1). Let »™ = >, ¢,(t)a*(x) be the nth partial sum of the
series for u. Let ¢" =wu — o", and let 7" = u™ — v, were u" is the
nth Galerkin approximation. Then u — " = e — 7",

LEMMA 6. The assumptions (Al), (A2) imply | du®)|, [|u.()],
t
and e\ e ||Pu,|’dc are wuniformly bounded, for t=0. Thus,
Zer(@) || < eni2 and ||e*(t)]] = ety for t = 0.

These a-priori estimates for w are proved in [7]; most of the
argument is repeated, in a slightly different context, in Lemma 8
below. The estimates for e¢” follow, using Lemma 4.

It remains to estimate %»". Observe that v" satisfies the linearized
equations

(5) vz, ") + Fo™, Vg™) + (w-Fu, ¢") = (f, ¢™) , for t=0,

for all ¢ of the form ¢"(x) = 37, d,a*(x). This is easily seen start-
ing with the weak Navier-Stokes equations for % and using the
orthogonality relations for the {a¢*}. Subtracting (5) from (3) gives

M, ¢") + T, Vo") = (u-Fu, ¢") — (u"-Fu", ¢")
= —(u-ry", ¢") — (q*-Vu", ¢")
+ (w-Ver, ¢") + (e*-Fu®, ¢")
= —(u-Vq", ¢") — ("-Fu, ¢") — "-V79", ¢7)
+ (p"-Fer, ") + (e*- V7", ¢")
+ (u-Ver, ¢") + (e"-Fv", ¢") .

(6)

This identity will be used, in §5, to get an a-priori estimate for
| 4p~(t)||. In order to compare 7" with a perturbation {, we must
rewrite (6) in a form valid for all test funections ¢(x) € J,(2) N HA(2).

Let P, and @, be the orthogonal projections of L*Q2) onto
Span {a,, ---, a,} and Span{a,,, @, ---}, respectively. Clearly P,
P, and Q, all commute, P = P, + Q,, ete. For ¢cJ(Q), let us write
6 =P+ Q.6 =9¢" + Q.. Then, for any we L¥Q),

(wy ¢n) = (in; ¢> - ’(w; ¢> - (an’ ¢) .
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Also, for ¢ e J,(2),
T, 7y = — (A", ) = — (A", ¢) = (P, 7g) -
Using such obvious identities, we rewrite (6) as
O, 6) + F0*, V9) + (w-V*, 6) + ("-Fu, ) + ("-F7", )
= @u[u-77), ¢) + @u[n"-Ful, ¢) + (@u[7"-77"], ¢)

+ (Pn-Ver], ¢) + (Pule"- 7], ¢)
+ (Pu-Ver], ¢) + (P.le"-Fv"], ¢) ,

which is valid for all ¢ J(2), and ¢ = 0. This is to be compared
with the weak form of (2), which is

(7)

(8) (&, o)+ L Vo) + (u-FE, 8) + (C-Fu, ¢) + (L-FE ¢) =0.
Let us denote the right side of (7) by (9", ¢), and let w = 7" — {.
Then, subtracting (8) from (7) gives

(9) " "

for all g€J(2), and ¢t = t,. The regularity of %»* and {, which is
implicitely assumed here and in Lemma 7 below, will be verified
later. Setting ¢ = —dw, we obtain

1d . e (o -~ ' ~
EEHVWH + [[dwl]* = (u-Fw, dw) + (w-Vu, dw)

10) + @ -Fw, dw) + (w-F¢, dw) — (g~, dw)
< ol Jull-|Fw|- || Fwl| + ol I |- [ 7wl || Fw|
+ el AL [rw - dw ]l + g™ |- | dw] ,
or

%HV’WIP + | dwl* < e(| dull® + || 27 |1* + 1 ACDIFwE + gl
and hence:

LemMMA 7. Let t, = 0 and CNbe as in~problem ~(2). Then, for w
and g as above, and B(t) = c(||du|]* + || 49™||* + || 4L]||®), there holds

(11) 1P| < St {irue e+ | l1o°lFac},
for all t = t,.

REMARK. It is well to point out, here, why we don’t assume
IE@® || < ALt ||e ™ in (A8), in place of the condition for the
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Dirichlet norm, and then try to use a continuous dependence theorem
in the L* norm, in place of (11). The difficulty is that we would
still need to estimate ||g*|| and hence || 47", and this does not seem
possible, in three-dimensions, starting with an estimate for ||w(¢)|.
But we can, starting with an estimate for |[Fw(t)||, because this
implies an estimate for ||[/7"||, which leads to an estimate for || 47" ].

5. A-priori estimate of | 47"(t)].

LeEMMA 8. Suppose ||F9"(t)|| < v holds on some interval 0 <t < t¥,
for some number v < 8. Then there also holds || 40"(¢) ||* < R(v* + Naiv),
for 0 t<t*, with a constant R dependent only on £, 0,

~ t . 3
Sup;=o || du(t) ||, sup,s, || u. () ||, and suptzoe"‘goer WWu,|l*dz, i.e., quantities

all bounded via Lemma 6 in terms of the assumptions (Al), (A2),
(A3).

Proof. What follows is based on the identity (6). Since the
Galerkin approximation %" does not appear, there will be no ambiguity
in setting 7 =%", e=e", v =", ¢ =¢". Setting ¢ = —47) in (6),
we obtain

%—%HW?HZ gl = | dull-| P | Ay | + el pplPE] dylP
+ ol dul[-n1E | dull- [ A7)

and hence

d, 2 T 112 T2 2 6 -1 R
(12) %IIMH“ + [0 |P = el du|P- |7l + el Py []° + enzia || du [ .
Multiplying (12) by e and integrating gives

ot S:eflu’?”zdr e Stef{fﬁ +oelldulFy + ot + enit]] dulde
0

(13) t
Zet S ece(Yt + niode .
Setting ¢ = 7, in (6), we obtain
7.0 = HZT’?H-NH?%H + cllzTulllenH;HmH + |l |- |17l
+ el dell- 1Py |-n.]l + el dull-I7ell- 7.1,
and hence

14) i < el dplP + el dulP- I 7plf + el Ayl (77| + exahll Jul* .

Multiplying by ¢ and integrating, and using (13), we get
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(15) ot elimrar = o | oot + stie

Now differentiating (6) with respect to ¢ and setting ¢ = 7,, we
obtain

?12%“%!!2 PP = = e P, 9) — (P, 1) — (-, 70)

— 0V, M) + (9-Ve, n,) + (7-Ve,, 7,)
+ (e, 7, n) + (u,-Ve, n,) + (w-Ve, 1,)
+ (e, Vv, 1) + (e Vv, N,)
< cllu -1 47| [|77:]] + el du |- (|71 |77, |
+ellrn il 217 17" + lwells- lells- [[77: ]
+ ¢l dull- e - 1177l ,

and hence

an (—%H%Hz = cllw - gl + el w7 P + el Fplll7. P
+ onahlllw 4+ |7 )| dw P+ enadall du P |7 |

Multiplying by ¢! and integrating, using (13), and (15), we get

t t
12401 = e 0@ + e || et + nstodr + enstie | erl|Puede -
From (14), it is clear ||7,(0)]]* < en;L, || da|*. Using this and the a-
priori estimates of Lemma 6, we get
(18) 1701 <el(r + Nt -

Since
~ L7yl = —20, ) = 285, 1) < L2 F | + 2] 7.0,

(12) implies
19) A= | + el JulP- 77| + e 177]° + onghi || Ju |l .
Clearly (18), (19) and the assumption ||[F7|| < v < § imply
(20) 1) [[F < e(r* + M3t) -

6. A-priori estimate of ||g"|l. The forcing term on the right
side of (7) is

9" = Q. [u-Fy*] + Q.p"-Ful + Q.[7"-Fy"]
+ P,[y"-Ve*] + P,le"-Fy°] + P,Ju-Ve"] + P,le"-Fv"] .
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LEMMA 9. Whenever || A9t)|> < R(6* + N, there holds
(21) lg" @1 = o) || 477 | + ozt

with 6(n) a function satisfying 6(n) —0 as n — co. NThe fumnction
6 and constant v depend only on 6, R, Q and sup,., | dul.

To prove Lemma 9, we need:

LemmA 10. For any wvector field we HY(Q), there holds
(22) 1Q.w|* = G(n)||w |,

with 0(n) a function satisfying G(n) —0 as n— . The function
O(n) depends only on 2.

To prove Lemma 10, we need:

LEMMA 11. For every 0 <e <1, there exists a continuously
differentiable, piecewise twice differentiable “cut-off” function \.(s),
defined for s = 0, such that \(0) =1, N(0) =0, N(s) =0 for s =c¢,
and such that everywhere |\.(s)| = min {g/s, 1}, [\i(s)| = min {¢/s, CJ},
and |N(s)] = C., with constants C, dependent only on e.

The construction of \.(s) is well-known; see [2]. We only remark,
it is probably easiest to start with the function

Ne(8) = S:%(l — —Z—)da =¢(loge — logs) + (s —¢),

defined for 0 < s < ¢. Observing that |X.(s)| < ¢/s, |N.(s)| < ¢/s, and
N'(s) = ¢/s?, it is clear how to proceed to construet \.(s).

Proof of Lemma 10. Let M. (x) = \.(s), where A\(s) is as in
Lemma 11 and s = distance (x, 02). For sufficiently small ¢, this is
well-defined and the estimates for the derivatives of \.(s) are valid
for (@), i.e., [Fa(x)] = [A(s)| and | Din(2)| = e(IN/(8)] + [N($)D).

Choose a vector field «, in accordance with Lemmas 1 and 2,
such that curly = Pw, ;0 =0, and ||y |lx < || Pwl|;m S cljw .
Clearly,

(28) Pw — curl (V) € J,(2), curl (\.p) € LX) .
We have the following estimates:

HP’W — curl (7\’6"#) ”Hl = HPw - )"st - (77\&) X "/f‘HHi
(24) S Gl Pwllur + [N X ]l + DAy || 4+ 1A ]
SC|Pw|m = Cllwg,
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lleurl (vey) | = 17N X ap | + ([N curl 4 |

(25) < (|, 1efsrlyrdn)” + (| 17ylde)
= cellyllmn + cellPllm = cellwllm .
In (25) we have set Q.= {xe:dist(x, 02) <e} and wused the
inequality
| seisds = 4| @e)ds,

valid if ¢(0) = 0, and also the inequality || ¢|l.2w., = cel|@|luiw, valid
for ¢ € H'(Q2). Finally, using Lemma 4 and (23), (24), (25), we have

1wl = [|Q.P,]
= [ Qu[Pw — curl (vy)] || + [ @ curl (hyr) |
< Nt Pw — curl (ug) | + [leurl vy |
= MG wlm + cellwlp ,

which clearly implies the result.

Proof of Lemma 9. Using Lemmas 4,5 and 10 we dotain:
1Qu[u-P7[* = 0(n) | w-P7" |3

=< Om)(Junz |* + w2 | + fug |
= Omy(lwgz P+ 7w |2 P {5 + Jwns |
< ch(n) || du ||| 4 |1
Q" Ful PP < 0(n) |9 Fu|jin
=< 00n) ([, I + s [1® + {9 % 1)
< ch(m) || du ||| 4y,

1QuIy"- P71 < G(n) || 97y |3
< Al |+ ezl + 1)
< cB(n) || dn* |,

1P[g-rerl|f < ||77-Fe | < el dg |- ||7er | = onats || u | ||~477)"H2 ,
IP.fem-7p 1 < llem-rr | < elle |- || 7y I} = onadal| Du ||| 47|
[PJu-rerl| < [lu-Fer|* < clldulP-|[Fer | < enzhi | duf
[Per-Por][F < llem-Pom | < elle - [|Pom [ < enaal[ Ju -

7. Proof of Main Result. An a-priori estimate, similar to
Lemma 6, will be needed for solutions { of (2). If ||[F{(¢,)] < o, (A3)
ensures that ||[F(t)|| < A5, for all ¢t = ¢,. So v =u + { is a solution
of the Navier-Stokes equations with |[Fv(t)|| < M + Aé, for ¢ = t,.
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Also, in view of Lemma 6, || dv(t,)| < || Ju(t,) || + || 4¢(t,) || is bounded
if ||4Z(t)|| is bounded. Hence the a-priori estimates for solutions
of the Navier-Stokes equations, already appealed to in Lemma 6,
imply || 4%(¢)|| is bounded, for all t > t,, in terms of || 4Z(t,) || and the
constants and norms of assumptions (Al), (A2), (A3). In summary:

LemMMA 12. For perturbations { (i.e., solutions of (2)) which
satisfy imitially ||FC(t)|| < 6 and || L) < R(3* + N[, there holds
142 || < ¢, for all t = t, where ¢ is a constant dependent only on
R, 6, 2 and the bounds assumed for various norms in conditions
(A1), (A2), (A3).

Now consider the expression 8(¢) = c(|| du(t) || + || 49" | + || 4L@®)|]®)
appearing in Lemma 7. In view of Lemmas 6, 8 and 12, there
exists a constant B bounding all possible values of B(f) in any
interval ¢, < ¢t < t* for which it is known

(26) W@ <a,
provided we restrict our considerations to perturbations { satisfying
(27) [PCE) ]| <6 and || 4L(t)]* < R + A .

Consider, also, the forcing term g" appearing in Lemma 7. Together,
Lemmas 8 and 9 imply

(28) L") [P = 0R( + Nh) + vk

on any interval 0 < ¢ < t* for which it is known

(29) 1o @) <, with v=4.
We now chosse T sufficiently large that

(30) Ao < % ,

with « and A as in (A3), and then choose N sufficiently large that

(31) e TH)R < %
and
(32) v, =V 8T TOn)R + v)" \ilf < 0

hold for n = N. Here, we have defined v, in such a way that, in
the presence of (31), there holds

(33) T TO(M)R(YE + Aty + va L] < %vi ,
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as may be easily checked.
For n = N, we claim

(34) 7@ <v., forall t=0.

If not, that is, if (34) fails for some n = N, let t* be the first value
of ¢ for which ||[F%"(t*)|| = v,. To show it is impossible that t* < T,
consider Lemma 7 with ¢, = 0 and { = 0. The implication, in view
of (28) and (33), and remembering %»"(0) = 0, is that

P = 17|

< TTOM)R(: + Nty + vagl] < 7}73 ,
which contradicts our supposition about ¢*. On the other hand, if
t* > T, then [|[F7"(t* — T)|| < v, and of course |47 "(t* — T)| <
R(6* + \"), by Lemma 8. So, considering Lemma 7 again, but with
to=1t*—Tand {¢* — T) = p*(t* — T), we find

(35) 1Pr@) = L@ [P = e TIOm) RO + Nt + vagt]
1
< '2n .
= ~4 7

In addition, in view of (80), the assumption (A3) implies
(e >1<\<1u g 1
(36) Tl = Ewh(t - < 5

Together, (35) and (36) imply ||[F9"(t*)] < v., again contradicting our
supposition about ¢*. So (34) must hold, and combined with Lemma
6, it implies the theorem of §3.
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