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A bounded numerical solution with a small mesh
size implies existence of a smooth solution to the
Navier—Stokes equations
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Abstract We prove that for a given smooth initial value, if a finite element
solution of the three-dimensional Navier—Stokes equations is bounded in a cer-
tain norm with a relatively small mesh size, then the solution of the Navier—
Stokes equations with this given initial value must be smooth and unique, and
is successfully approximated by the numerical solution.
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1 Introduction

The Navier—Stokes equations have wide applications in many scientific and en-
gineering fields, such as ocean currents, weather forecast, and air flow around
a wing. Regardless of the wide range of their applications, whether the Navier—
Stokes equations always admit a unique smooth solution is not known yet in
three-dimensional domains for general smooth initial data. Global existence of
weak solutions to the Navier—Stokes equations was proved by Leray and Hopf
[22,28]. Tt was recently shown in [5] that weak solutions with finite kinetic en-
ergy are not unique in general. Many recent efforts have been made in proving
global well-posedness for small initial data [10,25,26,27] and blowup examples
for some related equations [11,15,23,30,38].

Driven by the various applications, many numerical methods have been
proposed for solving the Navier—Stokes equations, such as the finite element

methods [20,21,32], finite difference methods [12], spectral methods [19,35],
the Lagrange—Galerkin method [3,24,31,37], and the projection method for
time discretization [13,14,34]. The convergence of numerical solutions to the
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Navier—Stokes equations in three-dimensional domains was all proved by as-
suming that the equations have a sufficiently smooth solution. A natural ques-
tion is, given a bounded numerical solution, what can we say about the smooth-
ness of the true solution of the Navier—Stokes equations?

We answer this question partially in this paper: for any given smooth ini-
tial value, if a numerical solution remains bounded in a certain norm for some
mesh size which is smaller than some positive constant (determined by the
bound of the numerical solution), then the Navier—Stokes equations have a
unique smooth solution and, simultaneously, the numerical solution success-
fully approximates the true solution. Note that only one numerical solution
is needed to draw the conclusion, instead of a sequence of numerical solu-
tions with mesh size tending to zero. To illustrate the idea, we consider the
Navier-Stokes equations

ou+u-Vu-—pAu+ Vp =0, (1)
V-u=0, (2)

in a convex polyhedron 2 C R? with the Dirichlet boundary condition u = 0
on 912 and a given initial condition u(z,0) = u’(z) (where g > 0 is the
viscosity constant), and focus on a simple linearized finite element method
for the discretization of the Navier—Stokes equations. As usual, we impose the
condition [, p(z,t)dz = 0 for the uniqueness of pressure.

In this paper, we only provide a theoretical result and a basic framework
to obtain such results. We hope that results that are useful in practical com-
putation can be obtained in the future by different analysis.

2 Notations and main results

For any nonnegative real number &, we denote by H* the conventional Sobolev
space of functions defined on {2, with abbreviation L? = HY, and denote by
H} the subspace of H! consisting of functions whose traces on the boundary
are zero; see [1]. We denote by L the subspace of L? consisting of functions
with vanishing integrals over 2. The following vector-valued spaces related to
incompressible flow will be used in this paper:

L? = (LP)®> and HF = (H*)3,
D={veCr)?:V -v=0}
L? = The completion of D in L2,
H' = The completion of D in H?,
H? =H'NH.
For the simplicity of notation, we denote by | - || z+ the norms of both H* and

H*, and denote by || - ||z» the norms of both L? and L”. We denote by H!
the dual space of H' and denote the norm of H™! by || - || g-:.



We denote by (-,+) the inner product of both L? and L2, and denote by
P : L? — L? the L*-orthogonal projection onto the divergence-free subspace.
Let D(A) =H? and let A = —PA : D(A) — L? be the operator defined by

Av,w) = (Vv,Vw) VveH? weH.
(

On a convex polyhedral domain {2 the regularity results of Stokes equations
in [0] imply that equation Av = f € L? has a unique solution v € H?. Then,
according to [41, Theorem in §1.15.3], the domain D(A%) coincides with the
complex interpolation space H® := (L2, Hz)[%] for s € [1,2].

Let the domain {2 be partitioned into quasi-uniform tetrahedra K;, j =
1,2,---,J, and denote by h = max; diam(K;) the spatial mesh size. We con-
sider a conforming finite element space Xy, x V;, € H} x L3 with the following
approximation properties:

inf ||v—villpe < CIVlgn kT vy e HYnHY (3)
viLEXp
for ] =0,1 and 2 < g < 6,
inf |lg—qnll> < Cllglarh VqeH', (4)
qn€Vh

satisfying the inf-sup condition

V'Vh7(Jh
lanllz < C sup 1V Vi, an)|

vieX,  [vallm
Vi

v an € th (5)

where C' is some positive constant independent of the mesh size h. In addition,
we assume that

V-vy, eV, for vy € Xh, (6)

which guarantees that the discrete divergence-free functions are divergence-
free pointwise, a desired property in the numerical solution of the Navier—
Stokes equations. Examples of finite element spaces satisfying properties (3)—
(6) include the Scott—Vogelius finite element space [18] and the conforming
divergence-free finite element space in [17].

The inf-sup condition (5) guarantees the existence, uniqueness and stability
of the finite element solution, but it will not be used explicitly in this paper
as we are not going to present error estimates for the pressure. The additional
condition (6) is not essential but convenient for error analysis in this paper as
it avoids some technical regularity estimates for the pressure in the case of H?2
initial data.

Let the time interval [0,T] be partitioned uniformly into 0 = ¢y < t; <
--- <ty =T, and denote 7 = t,;,41 — t,,. For any sequence of functions g,
g1, --- , gn, we define



For any given u} € X}, we look for (uZH,pZH) € X, x V, as the solution of
the following linearized finite element equations

(DTuZH,vh) — (uZ“,uZ . Vvh) + (;LVUZ'H,VV;L) — (pZ'H,V . vh) =0,

(7)
(V-up™an) =0, Vi € Xp and Vap € Vi, ®)

where uf is the Stokes-Ritz projection of u’ onto Xy, (see section 3.2 for the
definition of the Stokes—Ritz projection).

Since the discrete divergence-free subspace coincides with the divergence-
free subspace (as a result of (6)), it follows that V - u} = 0 and therefore

(uZ’H, up - VuZ“) = 0. As a result, for any given mesh sizes 7 > 0 and h > 0,

the linearized equations (7)-(8) have a unique finite element solution u)**,
n=0,1, ..., N — 1, which satisfy the discrete energy inequality
1 = 1
1 1
oo ok X Ve < )
o

For the solution u} given by (7)—(8), we define the piecewise constant
numerical solution

uy, - (z,t) =uj(x) for t € (t,_1,t,] and z € £2, (10)
and present our main result in the following theorem.

Theorem 1 For any M > 0 there exist positive constants Tar and hpr such
that when

T<T1Mm and h<hy (11)
if @ numerical solution uy, » defined by (10) satisfies
w0704 + 0|2 + 1 < M, (12)

then the Navier—Stokes equations (1)—(2) possess a unique solution with regu-
larity

ue L®(0,T;H?) and dyue L=(0,T;L?). (13)

The constants Tp; and hyy are decreasing functions of M, independent of u,
u’ and T, but may depend on L.

Remark 1 Theorem 1 states that, when solving the Navier—Stokes equations,
we do not need to assume existence, uniqueness or regularity of the solution.
Instead, if we have a initial data u® and a numerical solution uy, -, one can pick
up M satisfying (12) and refine the mesh according to (11). If the conditions
(11)—(12) are satisfied by one numerical solution, then one can say that for
the given initial value the Navier—Stokes equations have a unique solution with
regularity (13). In this paper we only prove the existence of constants 75, and



has such that (13) holds if one numerical solution with sufficiently small mesh
sizes 7 < Ty and h < hys satisfies condition (12). From the expression of
&(M) in the proof of Lemma 1 and the expression of 73y and hps in (58)—
(59) one can see that 7a7, har = exp(—Cp=897M99%) would be sufficient. This
estimate for 7, and hj; is not optimal and it has only theoretical value due
to the heavy dependence on p~' and M, especially for problems with small
viscosity (large Reynolds number) and large initial data. Nevertheless, there
is possibility that more useful estimates may be obtained by different analysis
or better error estimates.

Remark 2 From the proof of the theorem in the next section, one can see
that the numerical solution successfully approximates the exact solution in
the sense that

[unr = ullfw o702 < 2(r +h*2). (14)
Clearly, the order of this error estimate can be improved. The purpose of this
paper is to prove the existence of a smooth solution instead of optimal-order
error estimates.
Remark 8 The L>(0,T; L*) norm used in (12) may be replaced by some other
norms stronger than the critical norm of L>°(0,T; L?). The analysis can also

be extended to the case where the forcing term is not zero, provided that the
forcing term is sufficiently smooth in time. In this case, the condition

[, oo 0,758y + [0 g2 + 1 < M

in Theorem 1 should be replaced by

W, | Lo 0,704y + [[0°]] 122
+ Ifllz20,7;22) + [l 2o 0,102) + [10ef | 220, 7,02) +1 < M.

The three different norms on f are all needed as we require the constants C
in this paper to be independent of T

Remark 4 It is possible to extend Theorem 1 to other nonlinear time-evolution
equations for which global existence, uniqueness and regularity of the solution
are unknown but local existence, uniqueness and regularity are known for
smooth initial data. For such equations, the method could be used to prove
uniqueness and regularity of the solution as well as convergence of the numer-
ical solutions in an a posteriori way. This can be viewed as an improvement
of the traditional approach on error estimates of numerical solutions (which is
based on well-posedness assumptions that are not proved yet).



3 Proof of Theorem 1

It is well known that a solution with the regularity (13) is unique and smooth
for t € (0,T]. We shall prove existence of a solution with this regularity up
to time 7'. In the rest part of this paper, we denote by C, p,.....p,. & generic
positive constant which may depend on the parameters p1,ps, ..., pym and p,
but is independent of n, k, 7, h, T and pu.
Recall that P : L2 — L2 is the L?-orthogonal projection onto the divergence-

free subspace. In particular, for any v € L? we have Pv = v—Vg¢, with ¢ € H!
being the weak solution of

Ag=V-v in 2,
Vg-n=v-n on 9.

The H2-regularity estimate of linear Stokes equations in [] implies that
|||z < C||PAV|| > for v e H2. (15)
The Navier—Stokes equations can be written as

dpu+ P(u-Vu) — PAu=0. (16)

3.1 Local existence and estimates
In this subsection, we prove the following lemma, which is used in the next
subsection to prove Theorem 1.

Lemma 1 There exists a decreasing function ¢ : R, — Ry and an increasing
function @ : Ry — R, with &(s) > s, such that if u® € H? and the solution of
(1)—(2) has the regularity (13) up to time T, then the solution can be extended
to time T+ p(|[ul| oo 0,r;.4) + [|0° || 2) with the same regularity, satisfying the
following quantitative estimate:
1Beeatll 22 0,7+ o (lull o 0.4y + 100l 2 )57-1)
F 1000l oo 0,7+l oo (0.2 HII0O | g2 )i E2)
+ 100l 20,74+ (lul oo (0, 4y HlIuO 2 )i 1)
+ 1l 220,746 (ull oo (0.1 14y + 10Ol 2):E2)
F [[all oo 0,1 o1l oo (0.0 +IIWO | g2):H2)
Pl Lo .+l oo 0.0y 1001 g2):H)
< @([ullpoe o,y + [0°]| 12),

where the functions ¢ and @ do not depend on u or T.

Remark 5 The property @(s) > s is not necessarily needed. It is used only to
simplify the notation in the proof of Theorem 1.



Proof In order to prove Lemma 1, we introduce some lemmas below.

Lemma 2 In a three-dimensional convexr domain 2, there exists a positive
constant Cy such that

vllLe < Collv] e V1<p<6 Vv eH!
1-6 0 ) 1—-6 6 1 1

IVlize < Gollvliz="lIVvllze  with p € [2,6] and —— §=» Vv e H}
1 3

vliLs < Collvllf2MIVVI {2 Vv e H}

1 3

Vvl < Col| Vvl LIVl 2 Vv e H?
1 1

VIl < Collvl Z: IV e Vv e H?

Lemma 3 There exists an increasing function S : Ry — Ry such that if
u’ € H? and if the Navier-Stokes equations (1)~(2) has a weak solution u €
L>(0,T; Hl), then the solution has regularity (13) and satisfies the following
quantitative estimate:

||attuHL2(o,T;H—1) + ||8tu||L°°(O,T;L2) + HatuHLZ(O,T;Hl)
+l[allz20,7m2) + [l oo 0,522y + 1Pl oo (0,751
< B(llall g 0,154y + [0°] 1r2),

where the function B does not depend on u or T.

Lemma 4 There exists a decreasing function o : Ry — Ry such that if
u’ € H?, then the Navier—Stokes equations (1)—(2) have a unique strong solu-
tion with regularity (13) up to time T' = a(||[u®|| =), satisfying the following
quantitative estimate:

[all < 0,a(uoll,2):1) < 0|l +1,
where the function a does not depend on u or T.

Remark 6 The first four inequalities in Lemma 2 are consequences of the
Sobolev embedding inequality [1, p. 102, Theorem 4.31] and the Sobolev inter-
polation inequality [1, p. 139, Theorem 5.8]. The last inequality in Lemma 2
is Agmon’s inequality. The proof of Agmon’s inequality in a bounded smooth
domain can be found in [8, Lemma 4.10]. In a general bounded Lipschitz
domain, there exists a linear extension operator E : L'(2) — L'(R?), e.g.,
Stein’s extension operator in [36, p. 181, Theorem 5], which satisfies that

1. Ev=v a.e. in {2

2. Ev is supported in a ball B containing {2 (this can be ensured by multi-
plying the extended functions with a common smooth cut-off function that
is equal to 1 on §2 and equal to 0 outside B).

3.Forall k> 0and 1 < p < oo, if v.e WrP(R2) then ||Ev|yesgs) <
Ck,p||V||Wk>p(Q)-



As a result,

||V||L°°(!2) < ||EV||L°°(B) < C”EV”El(B)HEV”]Zz(B) < C”V”zl(g)”"”zz(gy

This verifies that Agmon’s inequality holds on general bounded Lipschitz do-
mains.
Based on the proof of Lemmas 3—4 below, one can choose

1
[Cip=2 + Ciu= 7 [Co + (Co + 1)s]°]2

als) =

and
8(s) = Cop? + Cop ™51,

where C; and C} are some positive constants independent of u and 7T'.

Lemma 1 assumes that the solution is a strong solution with regularity
(13), ie, u € L>(0,T;H2) N Wh>(0,T;L?). For s € (2,2) the following

29
interpolation inequality ([11, p. 59, Theorem (f)]) is known:

Ja(t) = w7, < Clhu(e) = u(@)], * u) = w5,

_= 1-2 2
< Clt =15l e ey [0l e s

which implies that L>(0,T;H?) N W1>°(0,T;L?) — C([0,T]; H?) for s €
(2,2). Hence, u(-,T) € H°. Since H® < L™ for s € (2,2), based on Tay-
lor’s result [39, Proposition 1.1], the solution can be furthermore extended to
C([0,T + €; H*) < L>(0,T + ¢; LS). This satisfies Serrin’s regularity condi-
tion (cf. [33, section 3, (15)—(16)]) in the time interval (0,7 + ¢). In this case,
the solution is qualitatively C*°(2x x [£,T]) on any subset {25 such that
D C §2; cf. [33, section 3, (15)—(16)]. In particular,

a(, Dl 20w < Clalleqz a2 < Clullpeorp2(0),

where the right-hand side is bounded due to the assumption in Lemma 1 that
the solution has regularity (13). Since the right-hand side above is independent
of the subset 2, it follows that u(-,T) € H2. Then Lemma 4 implies that the
solution can be furthermore extended to time T + a(|ju(-,T)| g2), satisfying
the qualitative regularity

ue L0, T+ a(u(, T) | a2); H?) N WH2(0,T + a(|u(-, T)|| u2); L?)
and the quantitative estimate:
all oo 0,7+ a(u(- ) o)) < @l Loe 0,750y + 1.

Since a(-) is a decreasing function and |[u(-, T)|| g2 < [[ul| e (0,7;m2), it follows
that T+ a(Jull p<o,z:12)) < T + a(ul-, T)] ). Henee

ue L=0,T+ O‘(”“HL"O(O,T;HQ));HQ)



and
[ull oo 0,7+ adllull oo o o2y < 1l o081y + 1.

By considering the solution in the time interval (0,7") in Lemma 3, we
obtain

[all o 0,712y < Bl Lo 0,79y + [0 12)-
By considering the solution in the time interval (0,7 + a(|[ul|ze(o,7;#2))) in
Lemma 3, we obtain
19e ]l 20,7+ el oo gy -1) T+ 1060 L0 074 a(llull o 0,2, ):22)
F 100l 2201740 (ull oo 0.2y )i F 102200, 740l e 0,023 )
+ [l o 0.7+ alull oo o rp2))sE2) T 1Pl L 0.+ alul oo 0,0 pr2)):H1)
< B[l oo 0.7+ atull oo o poprzy)iE4) + [0 ]12r2)
< B(Collull 0.7+ alull oo o posrzy):E) + 100 [122),

where Cy is the constant in Lemma 2. The last three estimates imply Lemma
1 with
w(s) = a(B(s)) and &(s) = B(CoB(s) + Co + s).

It remains to prove Lemma 3 and Lemma 4.
Proof (Proof of Lemma &) Under the conditions of Lemma 3 we have u €
L>®(0,T; H') — L>*(0,T; L"), which satisfies Serrin’s regularity condition (cf.
[33, section 3, (15)—(16)]). In this case, the solution to the Navier—Stokes equa-
tions is qualitatively smooth in the domain 2 x (0,7). In the following, we
present quantitative estimates for the solution with all the positive constants

independent of u and T'.
First, integrating (1) against u yields the basic energy estimate

1 1
sl o722y + #lIVlZ20,:12) < 510007 (17)
Second, integrating (1) against d;u yields
d 1 1
ol + g (517ulE: ) < Sl Vule + 1ol
which can be reduced to

d
ol + 3 (Va3 < -Vl

From (16) we furthermore derive that

p?|PAu|Z, < 2[|0ml|7s + 2| P(u- V)7
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d
<afu-ulf: - (209l ).
The sum of the last two estimates gives

Jorul -+ 1P ul: + 5 (sulul )
< 53|Vl

< Ol v all ull

< Ol Vul 7, (u | P Aull )

< Cp Sl Vs + P A,

where we have used Lemma 2 in the third to last inequality and (15) in the
second to last inequality. Replacing ||[PAu||?, by C|lul|3. on the left-hand
side and integrating the result in time, we obtain

||3tu||2L2(0,T;L2) + CNQHUHQL?(O,T;H?) + 3lu||vu||%°°(0,T;L2)

< 3ul|VuP(|7: + CU_6||U||8L°°(O,T;L4)||VUH%2(O,T;L2)

< 3ul[Vu®||Fe + Cn”"lullg o 70 10|72

< Cp+ Cp~"([ull 0,130y + 1)l 222) ", (18)
where we have used (17) in obtaining the second to last inequality and again,
Young’s inequality in deriving the last inequality.

Then, differentiating (1) with respect to ¢, we have

Opu — pAdu+Vop = -V - (iu®u) — V- (u® du). (19)

Then, integrating the equation above against pd;u, we obtain
d

2
= (Slowli3) + w2 Vormllis < 210 @ ulfs + 5 Vol

and therefore
d rp 2 I 2 2
= (Sloml:) + - 1vol. < 200m @ ul:
< C)9rullf ul}:
1 3
< O 9rull . | 9rul o ull
1 3
< CJ9rull 3 | VOl 7l
2
- p
< O ullf|9rulfs + - 9 oulls,

where we have used the Sobolev embedding H' — LS in the second to last
inequality. After absorbing the last term of the inequality above by its left-
hand side, integrating the result in time yields

2N||8tu||2Loo(0,T;L2) + HQHV@tu”%?(O,T;L?)
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< 2p)[0pu®|72 + CM_(SHHH%OO(O,T;UI)HatuHQL?(QT;LQ)
< 2u[u® - Vu® — pAu®|3,  (here we used du’ = P[u’ - Vu® — pAu’))
+ CM_6||u||%°Q(O,T;L4)[C/~L + Cp ([l oo 0,7524) + [0°] 12) "]
< Cu+Cpu~ B (||ullpoe om0y + [[0°[|2) ", (20)
where we have used (18) in estimating ||8,gu||2L2(O r.12)- Substituting (20) into
(19) and using the duality argument (testing the equation by a function in
H'), we can obtain that
10eull 20,y -1) < Cull VOl L2(0,7;02) + Cll0ru @ ul|p2(0,7;12)
1 _13
< Cp? +Cp™ = (||ullpeo,7;0) + [ z2)°. (21)
Next, from (1) and the basic H? estimate of Stokes equations we know
that
HuHLw(O,T;H?)
< C|PAu[rs(0,7;12)
< Cp 0wl 0,7522) + CpHlu- V| oo 0,712
< Cpu 0wl L o,7:L2) + O Hlullpoe 0,755 IV e 0,722
1 1
< CMAH@tUHLw(o,T;m) + C/flHu||foo(o,T;H1)||uH12,°°(0,T;H2)||VU||LOO(0,T;L2)

_ _ 1
< OuMl8pall Lo 0,7;22) + Cr 2 VU Foc 0,7, 2) + §H11||L°°(0,T;H2),

where we have used the last inequality of Lemma 2 (Agmon’s inequality) in
deriving the second to last inequality. The inequality above implies
[all Lo 0,12 < O H|0rull Lo 0,7502) + Cu 2 (VU7 0. .12
< Cp™t 4 Cp3(ul oo 0,7,y + [0°]|2)°
+Cp % + O™ (ull g 0,7500) + [0l )
< Ou™ + Cu= Y (llullpoo 0,700y + [[0°[2)™°, (22)
where we have used (18) and (20) in estimating || Vul| Lo (0, 7;12) and || 0su|| o (0,7;12)

respectively. With the above estimates of ||0sul| 0,712, U~ VLo 0,7;2)
and [[u||ze(o,7;m2), from (1) we also derive that

[Pl o 0,750y < Cu™t A+ Cu™ B (||ul oo 0,7 10) + [[0°]]2) ™. (23)
Finally, the inequalities (18) and (20)—(23) imply Lemma 3 with
Bls) = Cip2 + Crp~ s (24)

where C] is some positive constant independent of u and 7. Without loss of
generality, we can choose the constant C to be bigger than 1 so that 5(s) > s
for s > 0.
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Proof of Lemma 4.  Let s € (3,2) be a fixed number. Then H? «— H5 «— L°°.
In this case, Taylor’s local existence result [39, Proposition 1.1] says that for a
given initial value u® € H? < HS, there exists Ty > 0 such that the Navier—
Stokes equations have a unique weak solution in C([0, Tp); HS) We denote by
T, the supremum of such Ty, namely,

ue C(0,To); H®) YTy € (0,T,) and u¢ C([0,T.];H?).

If we denote by t. the supremum of time ¢ > 0 such that the Navier—
Stokes equations with initial value u’ have a weak solution u € L>(0,¢; H!)
satisfying

[l oo 0,81y < 0l + 1,
then |[ul|pe(r..m1) < Ju|lg2 +1 and u € L>°(0,t,; H') is a weak solution

satisfying the conditions of Lemma 3, which implies that the regularity of the
solution can be furthermore picked up to

u € L0, ty; H2) N W0, t,; L2) (25)
N C([O,t*];HS) for s € (%,2).

This implies ¢, < T. _ )
The regularity u € C([0,t,]; H?) < C([0,t.]; H') and the definition of ¢,
imply
[0l +1= Lo (0,2, ;11
By using the Newton-Leibnitz formula and the estimate of ||0;u||z2(0,¢,;51) in
(20), we derive that

[ullgr +1= llallLoo 0., ;1)

1/2
< [l + 19l 20,0,y 8/

_1 _1s 1/2
< [l + [CF a2 + Ciu™ % (ull e 0,0.520) + [0l] )]t
15
El

o 1 - 1/2
<[l + [CTp % + Cip™ % (Collull 0,0,y + [0 a2)°112,

which implies

1

[Cin™% + Cp™ % (Co + Collu®|| g1 + [[u0]] 22)%]2
1

> 1 15 :
[Cip=2 + Ciu™ 2 [Co + (Co + 1)|[u 42]°)

b 2

In view of (25) and the above lower bound of ¢,, Lemma 4 holds with

1
[Ciu=2 + Ciu= 7 [Co + (Co + 1)8]9)2

as) =
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3.2 Existence and estimates based on a numerical solution

We introduce the Stokes—Ritz projection operator (Rp, Pp,) : H} x L? — X, x
Vi by
(V(W - Rh(w7p))v vvh) - (p - Ph(wap)v \E Vh) = 07 vvh € Xh»

(26)
(V'Rh(wap)aqh) :Oa VQh thv

and impose the condition [, (p— Py (w, p))dz = 0 for uniqueness. This Stokes—
Ritz projection has the following approximation property:

h2 =4 (|w — Ry(w,p)|lLa + hllw — Ru(w,p) || + hllp — Pau(w,p)]|12
< CHHY(|Wll g + |lpllee), 1=0,1, 2<q<6, V(w,p) € H2 x H',
(27)

see [12] for the proof of the case ¢ = 2; the case 2 < ¢ < 6 can be obtained by
using the inverse inequality and the Bramble-Hilbert lemma.

Let X} be the divergence-free subspace of X, which coincides with the
discrete divergence-free subspace of X, under condition (6). Then the Ritz
projection defined in (26) satisfies that Ry, (w,p) € X; and P,(w,p) € Vi,
and

(V(W = Rp(w,p)),Vvy) =0, Vv, € X,

(p — Py(w,p),V - Vh) = (V(W — Ry (w,p)), Vvh), Vv € Xp, (28)

Therefore, the operators Ry, and P, are decoupled. In this case, Rp(w,p) is
independent of p and therefore error estimate (27) can be changed to

he =4 |w — Ry (w,p)| s + hllw — Ry, (w,p)|
< ChTH\wWgsr, 1=0,1, 2<q¢<6, V(w,p)e H* xH'. (29

For the simplicity of notation, we denote Rpu = Ry (u,p) (as it is indepen-
dent of p) and

(We,n, Psn) = (Rpu, Pr(u,p)) (30)

in the rest of this paper. The error bound in (28) implies that

3_

R0 Ju — wepllze + hllu — wopllg < CRHYulges, 1=0,1, 2< ¢ <6.
(31)

This approximation property, together with the inverse inequality

3 _ 3 41
th”Wl,qz S Cha @ H 1||VhHle‘117 vvh S Xh7 1 S q1 S q2 S oo, l= Oa 17

(32)

will be used in the following analysis. We also need the following version of
discrete Gronwall’s inequality (cf. [21]).
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Lemma 5 Let 7, B and am, by, Cm, Ym, for integers k > 0, be nonnegative
numbers such that

n n n
an+1+Tme+1STZ’Ymam-FTZCerl—l—B, for n>0.

m=0 m=0 m=0
Then
Ap41 + 7T Z bm+1 < exp ( Z T'ym> (T Z Crmt1 +B> , for n>0.
m=0 m=0 m=0

To prove existence of a strong solution up to time 7', we use mathematical
induction on k by assuming that
problem (1)—(2) with initial value u® has a unique strong solution
u € L>®(0,t; Hz) N W0, tg; L?) satisfying lun,- —ullpe(0,t,;4) < 1.
(33)
In the following, we prove that if (33) holds for some nonnegative integer

0 <k < N —1, then it also holds when ¢ is replaced by tg11.
To simplify the notation, we denote

M = |lup || poeo,r;04) + 1+ [[u® || g

Since M > 1 and the function ¢ in Lemma 1 satisfies (M) > M, it follows
that
S(M) > 1.

Since u) is the Stokes-Ritz projection of u’, we have [uf — u®(|pa <
Cy||u®|| 2 h®/* for some positive constant Cy. Thus our assumption holds for
k = 0 when

h < (CoM) ™5 < (Gl ). (34)

The induction assumption (33) implies [[ul| zoc (0,¢,;24) < U7 || Loe (0,¢504)+
1 and therefore,
[l o (0,6 24) + 0’| 72 < M.

When the stepsize 7 satisfies
T < (M), (35)

the induction assumption (33) and Lemma 1 together imply that the strong
solution u € L>(0,t,; H2) N W1°(0,¢1; L?) can be extended to time t +71 =
tk+1, i.e.,

problem (1)—(2) with initial value u® has a unique strong solution

u e L0, ty1; H) N WH(0, 4 1; L),
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satisfying the following quantitative estimate:

||attuHL2(o,tk+l;H—1) + 10eall Lo (0,t141:22) + 1002 (0,4 1510
+lallz2(0,t541:12) + [0l (0,t500:2) + [P L0(0,8440:51)

< B(|[ul| oo (0,8504) + [[0°[|r2)

< ®(M). (37)

Under this regularity, the solution u satisfies the variational equations

(D.,-un+1, Vh) _ (un—‘rl, u” - Vvh)
+ ﬂ(Vu"H,Vvh) — (p"'H,V . vh) = (E"+1,Vh) + (Fn+17VVh)» (38)

(V-u" q,) =0, (39)
forn=0,1,--- ,k, where

E""! = D u"! — gun Tt (40)

Fn+1 _ un-i—l ® (un+1 _ un)7 (41)

are the truncation errors of temporal discretization, satisfying

k k

DoTIE G+ D TIET

n=0 n=0

< ClID,u ! — fu ! ||22(0 ot + Ol =) @ T
< C7'2||8ttu||2Lz 0,tiy1;H - + C'7'2||6tu||1;2(0 tk+1,L4)Hu||L°°(O try1iL4)

< C(P(M)* + o(M)")r .

< CP(M)*72., (42)
where the last inequality uses the property @(M) > 1 (to simplify the expres-

sion).
Let eZ“ = uZ“ ul‘;l and n”“ = pZH ple, where u" and p’
are the Stokes—Ritz projection defined in (30). The difference between (7)- (8)

and (38)—(39) gives the following two error equations:

+1 n+1

(DTeZ'H,vh) (eZ'|r1 uZ~Vvh) +u(VeZ+1,Vvh) ( ntl . vh)
—(E"+1, Vh) — (F"J'_l, VVh)
+ (DTu’”'1 -D uf*,;l),vh)
— (u”Jrl — u:”gl,uh Vvh)
+ (un+1, €y - VVh)
+(

utl, (uf, —u")- Vvh)

= Z]j(vh) Vv € Xp, (43)

Jj=1
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(V : eZ"’l,qh) =0 Yaqn € V. (44)

Substituting v, = e}'*" into (43) and using (44) with g5 = n;'t!, we obtain

D(|e"“||Lz)+u||Ve”“||Lz ZI n) (45)
where
R ™) = —(B 1) — (1, 7e)
< OBl + [P 112) 765
< OpM B, + ) + L v 2,

L(ept!) = (Dyu™™ — R, D,u™ ), ef ™)
< Ch|| D™ | flef |2
< Ch|| D™ g [ Ve | 2

< Cu 'R Dra 3 + 4Vl e,

Iafef™) = — (™ - wlp uf - vept)
<t = al el s [ VeR |2
< O™t —al e[l s [ Veh | 2
< Ch\lu”“HH’zlluhllLsHVeZHHm

< Cpm P2 el lafl7s + 5 ||Ven+1||L2

< Cp= R e [ | Vg 2 + EHVeZHH%z,

Ii(ep™) = (u"*! el - Ve ™)

< Ju s lleqll s Ver ™ )

< CHVU"HIILZ||eh||Lz||eh||Le||Ve e

< CIVW 2 ef I Ve 22 Ve 1o

- 1 1

< Op~HIVu ™ glleq 172 + EIIVGZH% + E\IVGZ“H%%
I (eZ,+1) ( n+1 (uf,h _ n) . veZ—i-l)

< el — 0 s ([ VeR | 2

< OV |2 flul, — w2

< O va™ Y| e hfa” || g2 || Ver | 2

< O™ W2V e + 1 IVeR 3
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Substituting the estimates of I; (eZ‘H), j=1,...,5, into (45), we obtain

1 n n
D, (Gl IE:) + ulve 13
< Cop (B H[% -y + [[F"FH72)
+ Cop DA 3+ o B Vg B + o+ Va1 22)
- n n O i en B g an
+ Cop [V 1a e |72 + T6||veh+1”%2 + EIIVehII%m (46)
By using (37) and (42), we have

k
Do rID G < Clowl T,y < CEM)?,
n=0
k
Do rUEE L + |F T [7e) < Co(M)*7,
n=0

Do TG [ VuR(ize + o e | Vu ) 2s)

n=0
-k

< Z (IVuy |32 + ||vun+1||2L2)} HUH%"O(OJHUHQ)

-n=0

- k
< |Cud3. + CZT||VU”+1||%2:|¢(M)2 (here (9) is used)

n=0

< |ClIe° e + ClIVUlZa 0, 1002y + CTAON U2 (00, 12y | P(M)?
< Co(M)*,

where we have used the expression

1 tnil 1 tnt1
vu't! = —/ Vu(t)dt + 7/ (s — t,)0:Vu(s)ds
t t

T T

n n

in estimating Y _ 7|[Vu™*t1|2,. By using the last three estimates and sum-
ming up (46) for n =0,1,--- ,m (with 0 < m < k), we obtain

1 [ —
Sler 2 + 53 7l vep 2

n=0

1 - )
< llefllzz + 15 IVehlz: + Cu'e(M)'(r* + 17

+ Tt YTl Vur | e e 7. (47)

n=0
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Since uY is the Stokes-Ritz projection of u’, it follows that the initial error
satisfies

lepllz + TulVepll: < Cla’|g2h + Cllul|| g2 < CO(M)(T + h)
< CH(M)*(1 + h),

where we have used @(M) > 1 in the last inequality. Furthermore, (37) implies
V" Ze < flullfe o,y smy < PM)? for 0<n <k

By using the last two estimates, (47) can be reduced to

f|| e, + £ ZTHVe”“HLz

n=0
< Cp ' (M) (7% + B%) + Cap™ ' O(M)* Y || Va2 lef |72 (48)
n=0

Then, using the expression Vu" ! = 1 ::'“ Vu(t)dt+21 ft"“ (s—ty)0Vu(s)ds
we have

k

o rIvVa e < 20VulFe s, yine) + 27100Vl 20 40y
n=0

< CIVUla(o 40,01y + CT N0Vl 20, 0y
< Co(M)?, (49)

where the last inequality is again due to (37). Applying Gronwall’s inequality
to (48) and using the inequality above, we obtain

k
22 < —1 2 n+1 22 -1 40 2 2
Omangeh 7. <exp <Cu (M) ;THVU Iz ) Cp= " &(M)* (7 + 17)
< exp(Cu PO B (7 + 1)
< exp(Cap™ ' B(M)*) (7% + h?). (50)

Then, substituting the estimate above into (48), we obtain the following error
estimate:

Jmax, |e”+1HL2 + Z 7||Ver 72 < exp(Cop™ ' @(M)*)(r* + h?).  (51)

By using the inverse inequality [e} ™|« < Ch=3/4|le} ™| ;> and the

Sobolev embedding inequality ||e} ™|« < C||Ve} ™| 12, we have

e ze < min(Ch™ 3/4He”+1\|Lz,OHVeZ“HB).
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Let ey, ,(x,t) = e} (x) for ¢t € (t,—1,tn], as defined in (10). Then, by using the
inequality above, from (51) we derive that

+1 +112
omax, [l —u
_ n+12
= jax fleh™ |ILs

< . —3/2 n+112 n+1/2
< min(Ceh™" max [le;™ |7, Cs max Ve, ™ |[72)

0<n<k

k
< Gy min<h3/2,rl>( max el |2 + ZTIIVeZ“IIiz)

n=0
< Cg exp(Cop™ " B(M)*) (1 + 1'/?). (52)
For any t € (t,,tn+1]) and n=0,...,k, we have
+1 2
welpax e —ul )l
<2l -tk max 2t (ol
1
< 2 -+ e 2 = uC s

< Cla™ 3= + 2700 T oy

< C||uH%°°(0,tk+l§H2)h2 + CTQ||atu||2L°°(07tk+1;Hl)
< CO(M)*(r* + h?)

< Op~'O(M)*(r? + h?)

< exp(Cru~'B(M)*) (7% + h?). (53)
Combining the two estimates above and using the triangle inequality, we obtain
s = Wl oy 1oze) < xp(Cop BN (7 + 52 (54)
for some positive constant Cg. When
7+ B2 < exp(—Cap B(M)?), (55)
we have
anr —ullzee o, 4;29) < 1. (56)

Since the right-hand side of (55) is independent of k (depending only on M),
the existence of strong solution in (36) and estimate (56) together complete
the mathematical induction on (33).

Overall, if the mesh conditions (34)—(35) and (55) are satisfied, then by
mathematical induction on k in (33) for k = 1,..., N, we have proved the
existence of a unique strong solution u € L*(0, T} H2) N W10, T; LQ), sat-
isfying

ullzeo,7324) < U7 llo i) + 1. (57)
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Therefore, Theorem 1 is proved with

Ta = min <LP(M),;€XP(—C8,U,1@(M)4)) (58)
and
=min [ ——~ 1ex — -1 4
b = min (e Gexa(~Con” (0" ). (59

Remark 7 Clearly, we can choose C's > (5 in the analysis above. In this case,
(51) and (55) imply an error estimate:

[anr = ulZeo,7;22) < 27+ h/2). (60)
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