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ABSTRACT. We study a finite element approximation for the consistent split-
ting scheme proposed in [I1] for the time dependent Navier-Stokes equations.
At each time step, we only need to solve a Poisson type equation for each com-
ponent of the velocity and the pressure. We cast the finite element approx-
imation in an abstract form using appropriately defined discrete differential
operators, and derive optimal error estimates for both velocity and pressure
under the inf-sup assumption.

1. Introduction. A main difficulty for the numerical simulation of incompressible
flows is caused by the incompressibility constraint which couples the velocity and
the pressure. Since Chorin @] and Temam [2§] introduced in the later sixties the
original projection method which provided a strategy to decouple the computation
of the pressure from that of the velocity, an enormous body of work has been devoted
to the analysis and the implementation of various versions of the projection type
method. For the up-to-date review on this subject, we refer to [9], where, the authors
classified various projection type schemes into three classes, namely the pressure-
correction (cf., for instance, [5, &, 3, 22, 25, 26, 27, 20]), the velocity correction (cf.
T2, 19, 2T, 24]) and the consistent splitting [Tl [I8] (which is equivalent, only in
semi-discretized form, to the gauge method [6 23]).

The consistent splitting schemes we consider in this paper were proposed by
Guermond and Shen in [I1]. The consistent splitting scheme is based on replac-
ing the divergence free condition in the time-dependent Stokes equations (@) by a
formally equivalent pressure Poisson equation

(Vp,Vq) = (f =V x V xu,Vq), Vg € H(Q). (1)

It updates the velocity through the momentum equation with an explicit treatment
for the pressure and then updates the pressure through (). Hence, it does not
involve a projection step, and consequently, the velocity approximation is never
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divergence free but the divergence is slow to converge to zero as the discretization
parameters tend to zero.

It is shown in [I1], by ample numerical results, that the consistent splitting
schemes are free of splitting errors and lead to optimal (in time) results for the
velocity as well as for the pressure. In this regard, the consistent splitting schemes
are more attractive than the corresponding pressure-correction [20, [[3] or velocity-
correction schemes [I9, [T2] which involve a projection step and the accuracy of the
pressure approximation is affected by a splitting error (see, for instance, [9] for a
recent review on this subject).

However, there are only very limited analytical results on the stability and error
analysis for the consistent splitting schemes. In [I1], the authors provided an a
priori estimate, which could be regarded as a proof of stability, for the semi-discrete
first-order consistent splitting scheme. In [IR], a normal mode analysis for a second-
order consistent splitting scheme was carried out for the case of a periodic channel.
In particular, how to prove the stability of the second-order consistent splitting
scheme (which is found to be unconditionally stable in practice) in the general
setting remains to be open. Hence, we shall concentrate in this paper on the first-
order consistent splitting scheme.

For the fully discrete case, the issues are further complicated by the fact that
there are two entirely different ways to discretize the consistent splitting scheme
(cf. [I0). Given a suitable set of approximation spaces X x M}, for the velocity
and the pressure, the first version of the first-order consistent splitting scheme for
the time dependent Stokes equations (@) is: find uZ € Xh,pﬁ € Mj, such that

wETT ok
(hTh’vh) + (VUZ+1’ V’Uh) - (p;c” V- vh) = (f(thrl)vvh)avvh € X, (2)

k+1

u _uk
(Vyt = pb + I,V - uf ™), Vag) = (M2, V), Yan € M, (3)

(where IIj, is a projection operator defined in ([22))) while the second version is: find
uﬁ S Xh,pfl € Mj, such that

wETT ok
(hTh’vh) + (VU‘ZJFI’ V’Uh) - (pga V. vh) = (f(thrl)vvh)avvh € th (4)
(vpz+1u th) = (f(tk+1)7 th) - fagz V x UZ+1 -V x Qh,VQh € My, (5)

It is argued in [II] (see also [9]) by some heuristic arguments that the inf-sup con-
dition for X} x Mj, is needed for the first version to achieve optimal error estimates
for both velocity and pressure while the inf-sup condition is not needed for the
second version. The main purpose of this paper is to carry out a rigorous stabil-
ity and error analysis for the finite-element approximation of the time-dependent
Stokes equation using the first version of the consistent splitting method. We shall
show that it indeed leads to optimal error estimates for both velocity and pressure
provided that the inf-sup condition is satisfied. The stability and error analysis for
the second version, with or without the inf-sup condition, remains to be a major
open problem.

The rest of paper is organized as follows. In section 2, we introduce notations
and present some preliminary results for the finite element approximations. In
Section 3, we prove a stability result as well as optimal error estimates for the first-
order consistent splitting scheme. In Section 4, we present some numerical results
confirming our analysis and conclude with a few remarks.
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2. Preliminaries. Since it is now well-known that a consistent treatment of non-
linear terms in the Navier-Stokes equations will not affect the formal accuracy of
a splitting scheme (cf. [9] [15]), we shall restrict ourselves to the time-dependent
Stokes problem:

%—VQquVp:f in Q x [0, 7],

divu=0 in Q x [0,T].

with initial and boundary conditions

(6)

Ulpmo =vo In Q, uloq =0. (7)

where f is the body force, {2 is an open bounded domain in R? (d = 2 or 3) with a
sufficiently smooth boundary.
We now introduce some notations. Let W5?(Q) and W*(Q2) denote the usual

Sobolev spaces equipped with the norm || - ||s, for 0 < s < 00,0 < p < c0. In
particular, we denote the Hilbert spaces W*2(Q) by H*(Q) (s = 0,%1,---) with
norm | - ||s and semi norm | - |s. The norm and inner product of L?(Q) = H(Q)

are denoted by || - ||o and (-, -) respectively.

We use d; and 0; to denote the derivative and partial derivative with respect to
time, respectively. Let 6¢ > 0 be the time step and set t* = két for 0 < k < K =
[T/6t]. For any function which is continuous in time, ¢(¢), we denote ¢* = ¢(t¥)
and define the difference operator § by 6¢* = ¢* —¢*~1. Let W be a Banach space,
we set LP(W) = LP(0,T;W). We denote by ¢7(W) the discrete LP space for the
vector {w = (w® wh, -+ wk),w* € W,0 < k < K} with norm:

=

K
I8llencury = <5t2 ||¢k||€v> 1Bl = maxociex (1651w) . (®)
k=0
We denote by ¢ a generic constant that is independent of h and ¢ but possibly
depends on the data and the solution. We shall use the expression A < B to say
that there is a generic constant such that A < ¢B.
We define the following Hilbert spaces

X = HUQ) = {ve Q) vloa =0}, (9)
Q) = {ael*@. [ a=0} (10)
Q = HYQ), M=LiQ)nH Q). (11)

Let ¥, = {J} be a quasi-uniform triangulation of the domain . We denote
by (Xp, Q) a suitable internal approximation to (X, Q) satisfying the following
approximation properties: there exists an integer [ > 0 such that

info, ex;, {[[v = vnllo + Allv — valli} S A" o]l
Yo e HHH Q)Y N HY ()7, r € ]0,1]. (12)
infy, e, {llg = anllo + 2llg — anlli} S A"llall- Vg € H™(Q), r € [1,1].
Setting My, = QN L3(£2), we also assume the pair X}, x M), satisfies the Babiiska-
Brezzi inf-sup condition (cf. [, B]):

(V- vn,qn)

> cllgnllo- (13)
IVonllo ’

Jde >0, infy, enr,sup,, ex,
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An example of such a pair is the Taylor-Hood element with [ > 2:
X, ={v, e C°QINX, wl;eP(J)LVI €Ly}, (14)
My, ={gn € C° (Y NM, qul;€P_1(J),¥J] €} (15)
In order to reformulate the finite element approximation of the consistent split-

ting scheme into a suitable operator form, we introduce several discrete differential
operators as in [I4].

e Discrete Laplacian operator: Ay, : X;, — X, such that
(Ahuh,vh) = (Vuh,Vvh), V(uh,vh) € Xp x Xy, (16)
where X, is the dual space of Xp; X is identical to X}, in term of vector

space but is equipped with the dual norm.

e Discrete divergence operator: By : X, — My and discrete gradient operator
B} : M}, — X such that

(Bhon,pn) = —(V - vn, pr) = (v, Bhpn), V(on,pr) € Xp X My, (17)
We also define 7, : H~1(Q2)? — X}, such that
(mnfsvn) = (f,vn),vn € Xa. (18)

In the functional framework defined above, the mixed finite element approxima-
tion to the time-dependent Stokes problem (@) can be formulated as follows. For
fh(t) € Xllz and Vo,h € Xy, find (uh(t),ph(t)) € X, x My, such that

d
%+Ahuh+3m —fn, 0<t<T,
Bhuh = 0, (19)

Uh|t:0 = Vo,h-

Where fj, = m, f and v p, is a suitable approximation of vy in Xj,. It is well-known
that the problem has the unique solution (up(t),pn(t)), and the solution is stable
with respect to the data. Furthermore, because X, and M) are convergent and
stable approximations of H}(2)? and H'(Q)/R, the solution of () converges in
an appropriate sense to that of the continuous problem (@). For more details on
finite element approximations to the Stokes/Navier-Stokes equations, we refer to,
for instance, [1, [16, [I7].

In order to describe the consistent splitting scheme, we introduce the vector space
Yy, = X+ VM, and equip it with the norm of L?(Q)?. It is clear that X}, C Y. We
denote ip, : X;, — Y}, the natural injection of X} into Y}, and z‘,; the L? projection
of Y} in Xj. Obviously,

Yo € Vi, llipunllo < llvnllo- (20)
We define another discrete divergence operator C}, : Yy, — M}y and its transpose
C',tI : My — Yy by
(Chvn,an) = (vn, Van) = (v, Clan), Y(vn, qn) € Y X M. (21)
The following relationships between By, and C}, are proved in [T4]:

Lemma 2.1. C} is an extension of By, i.e., Cpip = By, zﬁlC}tL = B,tl. C’Z s the
restriction of V to My, i.e. Clqn = Van, Vqn € Mj,.

Finally, we define II;, as the orthogonal projector from L?(2) onto Qj, by
(IIh¢ — &, ¢n) =0, Vo, € Qn. (22)
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3. Stability and error estimates.

3.1. Stability analysis. The first step is to rewrite the FEM approximation to the
first-order consistent splitting scheme (@), which is in differential form, into the
following operator form using the discrete operators introduced in the last section:
find uﬁ € Xh,pﬁ € My, such that

ub Tt —
g A Bl = (23)
k+1 _ k
(CLEET = pl — Bubt),Clg) = (XM "M ot o) g e My, (24)

ot

where frth = m, f(tFH1).
With the above operator formulation, we are now in position to establish the
following a priori estimate :

Lemma 3.1. The solution of the scheme ([Z3)- [24) is bounded in the following
sense:

6w 1B + Gt B HZ + 56> S CLuk R < (o)l
k=1

+ 8¢l Brup ||* + 5tz 15£513)
k=0

Proof. The proof in [II]] for the semi-discretized consistent splitting scheme makes
essential use of the identity —Au =V x V x u— VV -u which is not well defined for
u € X},. Therefore, we consider Ahu—B}fLBhu as a discrete counterpart of VxV xu.
Then, the proof of this result can proceed essentially the same as in [T1].

Applying the operator ¢ to [E3) and adding a zero term to it, — B} Bhéuchrl +

B! Byou; ™, we find that
51/,3“ - 5u§
ot

where we have set ¥ = 6p¥ — Bu¥. Thanks to Lemma ] we have

+ Apdul ™t — Bl Boultt + BLBuubtt + Biyf =afftt, (25)

(Chovy ™, Cha) = ( ", Blq). (26)

Taking the inner product of ([ZH) with 25t5u§+1 and using the identity 2(a—b, a) =
la|? — b2 + |a — b|?, we derive
5wk I — Nluhllf + 167y 13 + 208 Véup ™ |15 — 26¢| Brduy I3
U Bruk 3 — | Buik ) + 0t Buoul 2
+ 20t(Bhabk, dukth)
= 265t(5fF, sul ).
Then, take ¢ = 26t%yF in 20), we find
S (ICHUR TG = ICRenIIE) — t°ICLowR TG = 26t (Sup ™t — dupy, Biuy).  (28)
Next, we take ¢ = 26ty in ([2H) and replace k + 1 by k to obtain
2602 CLUL 2 = 200(5u, Byusk). (29)

(27)
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We take ¢ = 5t251/),’j+1 in ([28) again and use the Cauchy-Schwarz inequality to find
S| CROU I < [18%uy 3. (30)

Summing up @A)~@D), and noticing that || Byvpllg < [[Vorllg, Yon € Xy, we
obtain
16uh M I3 — l1uhlIf + ot ([ Buug ™ 1§ — 1 Buu 115)
+ 0 (| Chun I + IICRER 1) (31)
= 26t(8 M, Sup ™) < Stf|up TG + o6 £ IS
Finally, taking the sum of above relation from k = 0 to n < [T'/dt] — 1, we derive

6y 18 + 8t Buug H 1§ + 6t Y 6tllChuy I3

nk:l § (32)
SN6uRI§ + 3t Brup g + 6t Y llduy I + 6t Y 16415
k=0 k=0
We conclude ZH) by applying the discrete Gronwall Lemma to the above. O

3.2. Error estimates. In order to simplify the error analysis, instead of comparing
directly our numerical solution (uf,pF) with the exact solution (u(t*),p(t*)), we
shall compare (uf,pF) with (wp (%), gn(t*)) € X), x M), where (wy,(t), gn(t)) is the
mixed approximation of (u(t),p(t)) defined as follows:
(Vwn(t), Von) + (Bhan(t), vn) = (Vu(t), Vo) — (p(t), V - o), Yon € X,
(Bhwh(t),Th) =0, Vry, € My,.
It is well-known from the regularity properties of the Stokes problem that we have
the following error estimates (see, for instance, [ [I0]):
Lemma 3.2. If u¥) € L°(H*(Q)4) n HE(Q)?), p¥) € LA(HY(Q)) for 1 < < 00
and j =0,1,---, then

(33)

[u — wi? || Lo raaye + b (||u(j) —wi |l @) + I - qi(zj)HLB(L?(”)))
5 hH—l (Hu(j)HLB(HHl(Q)d) + ||p(j)||LB(Hl(Q))> :

Lemma 3.3. If u) € LP(H?(Q)¢ N HY(Q)?) and pV) € LA(HY(Q)) for all j =
0,1,---, and 1 < 3 < oco. Then,

0| Lo wo.s @anwrsyy + 1ChaS | Loz )

(4) (4) (35)
S\ pe a2 @)y + 10| Lo )
For convenience, we denote
wf = w,(t*),  qF = qu(t*), u* =u(th)
ez = wllz - u}}’c” EZ = qili _Plﬁa (36)

oF =ef — it — Bpek.
Let us assume
(H1)  Jlepllo S min (A1, 68320171, lepllo < 6th' T,
H2)  uY) e L2(HTYQ)Y), 0<5 <3, oW e LAH(L2Q)Y);
p9) e L2HY(Q)), j=1,2; pe L2HYQ).
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Remark 1. If we set u) = w)) and pY) = ¢), then the hypothesis (H1) is naturally
satisfied.

To simplify the analysis, we assume that the solution is sufficiently smooth as
specified in (H2). The assumption can be somewhat weakened at the expense of a
more complicated analysis.

The main result is the following:
Theorem 3.4. Assuming (H1-H2), we have

lu = unllezcar ey + 1P = prllee 2y S 6t + b

hlJrl (37)

lu = unllez(2(0)ye) S 0t +

The proof of this result will be carried out with the help of a sequence of lemmas
which we establish below.

Lemma 3.5. We define

wy T —w
REH h ho_ g,uk+t,

Then, we have the following bounds:

IRullizzyey S Otlluellrzcrzy + B el pogaeny, (38)
I6Rw 22 yay S S(w® [ p2(r2y + Sth! ™ ugel| p2(areny, (39)
1% Rl zo@yny S 07w | L2re) + StA T [P Loy, (40)

Proof. We rewrite the residue as

tk+1 k41

REv = L By (wn (t) — u(t))dt W b e 41

Thanks to Lemma 2 and Cauchy-Schwarz inequality, we can derive [BY) from
the following two inequalities:

tk+1 tk+1
5tz 53 I /

i (wr, — w)dt[|§ < Z/ 10:(wn — w)[I3dt S R 2 (w32 gy

K k+1 k kTt
5t 30 I~ Bt = 5t2 I5 [, =ty
k=0 s (42)
< ot? Z / a3t S 66 ure 22
We can derive BY) and {0) by using a similar procedure. O
Lemma 3.6. We have the following estimates:
[0enllee(ragysy S 0t¥2 + Sth!*h, (43)
| Buenlles(r2yay S Ot + 6t/2RIFE, (44)
and
||62€h||£°°(L2(Q)d) <652 4 5tPR, (45)
| Brden g (r2(aysy S 687 + 6t3/ 2RIt (46)
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Proof. Rewriting [B3)) using the discrete operators and comparing with (@), we find
that (wp(t), qn(t)) satisfies at time ¢ = tF+1

wy, ™ — w k41 t k+1 k+1 | ph+l
——2 4+ Ay B = R
T A A (47)
Bhw,’iﬂ =
where
k+1 k
~ wpT —w
Ryt = W — mpOpu(th ). (48)
Subtracting the equation D) from ([Z3)), we find the error equation
eptt —ef k+1 ¢tk _ pk+l ¢ k41
T Aney ™ + Bieh = Ry + Bi(ar — a; ). (49)

On the other hand, by adding some zero terms to [24) and using Lemma BTl we
can rewrite Zd) as
k+1 _ _k

ey —e
(Cher ™ Cha) = (Chogy ™, Cha) + (F—5—", Bj.a). (50)
Applying the operator ¢ to the above two relations, we obtain
deptt — dep, k+1 k+1 k+1 t k
5t + Ah5€ BhBh5€ + BhBhe + B, Broy, (51)
=Ry — BL&% gyt
CLGEH, Chg) = (CLo%g ™, Clg) + (20 52
(CLody, ) = (Ch, 1) + ( 5t , Bra). (52)

Taking the inner product of (&Il) with 25t5ek+1 we get
I6e ™15 — 1€k 15 + 167 er™ 115 + 20t Ve |15 — 26t]| Budey ™ |15
+ 6t(|| Buey T IG — 1| Brenlld) + otl| Buoer (I3 (53)
+ 20L(Bhof, der ) = 26t(SRETE, Sep ™) — 26t(8%g) T, Brdef ™).
Taking ¢ = 20t2¢F in ([B2), we find
s(Char 18 — ICh ok lI) — st Chodi ™13
= 26t(dey ™, Bjgy) — 20t(def, Byoy) + 2087 (CLoqy ™, Chop).
Taking ¢ = 26t2¢2+1 in (&), and replacing k 4+ 1 by k, we derive
26¢°(|C, 0k 15 = 28t(Sef;, Bi, o) + 26t%(Cdqn, Choh). (55)
Applying § to ) and adding the term i5dw™ — izdw} to the right hand side,

we get

k+1 k
5657155%7 Bla). (56)

We now take g = (5karl Spk— BhéukH) in the above and use the Caughy-Schwarz
inequality to get

St2(|C(Opp " — Opj; — Buduy ™3 < [|6ep ™ — deri|[5- (57)
We then derive from the above that
SE(|CLOGITHIG < [16ep™ — dek 1§ + 68| CL% g 5. (58)

(Ch(5pk+1 5ph Bh(sukﬂ) Ch) (
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Summing up B3~ EH) and [ES) and dropping some unnecessary positive terms,
we obtain

6ex ™15 — 10eq 13 + dt(|| Brer ™ 15 — 1Brer 1) + 6tl| Buder |3
+02(|CLar T I — ICLeRIIG) + 208% (1 Chok I

< 28t(SRyTE, Sl Ty — 26t(6%g) T, Bdeh ) (59)
+ 26t3(CL 8%y, ClLok) + 265t3(CLoql, CLok)
+ 0871 CLO% g 15

We now estimate the terms on the right hand side by using Lemma Bl and
Cauchy-Schwarz inequality,

25t(GRIT, def ) = 26t (SR, Sef ) < St||SRIT|12 4 ot ||oef |12, (60)
26t(5%qF 1, Brder ™) < ot 62T Y|2 + ot|| Broe T2, (61)
20¢%(CLo%qy, Choh) < 5t2IICZ¢ZII%+5t2IICZ<52 [ (62)
2063 (Choqy ™, CLoy) S 5t2||Ch¢h||o+5t2||0h5qk+1||0- (63)

Plugging the above estimates in (B3), we find

15e5 ™ 11§ — 16eR 115 + 5t (| Buer, 13 — | Brekll3) + s> (ICHe 1 — IChekIIE) (64)
< SSRGS + 6tl16%as 1§ + 662 CLO%an TG + 6t | Chdar 1.
Thanks to Lemma B3 and (H2), we derive easily that
> (@t0%gHIE + 6t* O IE + 017 Choay T [15) < ot
k=1

Summing up the above for k from 1 to n < [T'/dt] — 1, we infer from Lemmas

and B3 that
16ep ™IS + 6t Brep 15 + 66| Chen 15 (65)
< |16ep I + 0tl| Buenllg + 6t* | ChLaIIG + 68° + 6£7R%1H2.

In order to estimate the first three terms on the right hand side, we take the
inner product of @) at k = 0 with 26te},, and take ¢ = 26t>C} ¢}, in B0 at k = 0.
Summing up the two relations, we find

lexll§ + 10er 13 + 26t][Vey 1 + 26t Crén I
= [leplI§ + 26t(Ry,, e},) — 26t(Bi,8q4, €5,) — 26t(Bhe), e3,) (66)
+ 20t*(CLdq}, Chby) + 26t(e}, — €5, Bl ép).
By the hypothesis (H1), we have
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251(R}, e}) < 5 ek + 2 R R,
251(Bidal ) < 5l + 607 BLoal
251%(Chiah, Choh) S 56 ICHOLIE + 52 Choah R, (&7
251(5eh, Bl.oh) < 3007 BLoAIR + 2 ek i,
€013 < 672,

20t(BLeY e}) < ot Vep ||2 + 63212,

Notice that Lemma Pl implies that || B}, ¢n|| < Cj én|| for all ¢, € My, we can then
conclude E3) and E) from the above and (G3).

By applying the operator § again and repeating the same procedure as above,
we can establish #D]) and (EH). O

For the next estimate, we need to use the discrete inverse Stokes operator :
Sh, + Xj, — X which is defined in such a way that for all v, € Xy, (Sp(vn),7n) €
(Xh, M},) is the solution of the following discrete stokes system:

A} Sn(vn) + Bjyyn = vn, )
BhSh(Uh) =0.
We recall (cf. [I0]) that there exists a constant ¢; > 0, s.t.
[1Sh(on)ll1 + [7ello < exllonll-1, (69)

1
and that the linear form X, — (vp, Sn(vp))?2 induces a semi-norm on V4, which we
denote by ||on|lx = (vn, Sh(vr))2, and we have

[15n(on)llx < cllonlls- (70)

Lemma 3.7. The following estimates hold:
lenlle2(@yey S 8t + A, (71)
||5€h||£2(L2((2)d) ,S 5t2 + 5thl+l. (72)

Proof. Taking the inner product of () with 25tSh(eZ+1) and noticing that
By Sh(ef™) =0 and
(Aney ™ Snler ™)) = (er ™ AL Su(er™) = lles ™ lo — (va, Brey, ™).
we obtain
lei M 1% — Nenlls + 1oep ™ 11Z + 26tle ™ |15 — 28t (yn, Buep )

(73)
= 20t(RETY, Sy (el ).
From Lemmas BH Bf and (63),
26t('7hth€Z+1) < 25t||’7h||0||Bh€Z+1”0
< 18tk |1 Brek o (74)

1
< §5t||e’,§+1 13 4 0t + ot2 2+,
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204 (R, Sy ™) < 26t]1Sn(er ™Il 1R |- )
1 75
S 5 0tlle I + otll =i

Taking the summation of ([[@3) for k = 0 to n < [T'/dt] — 1, Thanks to the above two
inequalities, Lemma BH and (H1), we obtain

k k
llep ™1 + Z 1ger 1Z + 5152 lex 113

<ot + 5th2l+2 + llenll? + ||Rh||z2(L2(Q)d)
< 512 1 pH2,
which implies in particular ([ZI)).

We can derive ([[2) in a similar fashion by applying the operator § to (@) and
taking the inner product with with Sy, (def™). O

Proof of Theorem[5) Since we rewrite the error equations of ) and ([E0) as a
discrete non-homogeneous stokes system for (e QH ek) € X5 x M,

k+1 k

k+1 k+1 k k41 €h T 6
A eh +Bh€h_R +B;‘L(qh_qh )_ 6t Ll (77)

BhekJrl Bheh

Now, the standard result for the discrete non-homogeneous Stokes system leads
to

k k k
llei I + llerllo < HR e+ 1Bh(ah = ai -

(78)
Sl = ekll-1 + 1 Bue o,
Thanks to Lemmas B3 B3, Bd and B we have the following bounds:
IRnllizca-1 )0y S I1Rrllizpzye) S 0t + R
IBLoanlliz(r-1(0y2) S IVanllizcr2 o)) < 6t
h ( () (™) (79)
5tz (1/68%||ef ™ — ek |12) < 0t + h2+2.

Then the proof is complete by summing up [§) and using Lemma O

4. Concluding remarks. In [I1], ample numerical results, with sufficiently fine
spatial discretization such that the errors are dominated by that of the time dis-
cretization, are presented to show that the consistent splitting schemes lead to
optimal error estimates in time for both velocity and pressure. The results in the
last section show that the first-order consistent splitting scheme also leads to op-
timal error estimates in space for both velocity and pressure, provided that the
inf-sup condition is satisfied.
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FIGURE 1. Convergence rates using P»/P; finite elements

Now, we present some numerical experiments to verify our error estimates. We
set the exact solution of (@) to be

u(z,y) = sint (7 sin(27y) sin’(rx), —7 sin(27z) sin?(7y))’,
p(x,y) = sint cos(rz) sin(my). (80)

and we choose dt sufficiently small so that the errors are dominated by the spatial
discretization error. In Figure[ll we plot the errors of the scheme ) with Py/P;
finite elements for various mesh size h. Second-order convergence rates are observed
for the H'-errors of the velocity and for L2-errors of the pressure, while third-order
convergence rates are observed for the L2-errors of the velocity. There results are
in full agreement with Theorem B4 for | = 2.

Although we presented our analysis using the finite element framework, we can
also carry out the same procedure for a spectral or spectral element method as
long as the strong (with ¢ independent of h in ([[3))) inf-sup condition is satisfied.
We recall that there are at least two pairs of spectral approximation spaces that
satisfy the strong inf-sup condition (@) (cf. [2]). However, the most popular pair
Pn x Py_2 (N plays the role of 1/h) only satisfies a “weaker” inf-sup condition
with

: (V -vn,qn)
quhEMhsupthXh, vahH ZCh”qhno- (81)
0
with ¢, := By = N-5" % 0as N — oo (d = 2 or 3 is the dimension; see, for

instance, [2]). The stability analysis in Section 3.1 will still carry through with this
“weaker” inf-sup condition, however, an error analysis by using the same procedure
as in Section 3.2 will lead to error estimates of the form

ek llez o2y + enllarllezrzyay S et (0t + ). (82)



ERROR ESTIMATES FOR THE CONSISTENT SPLITTING SCHEMES 675

We recall that numerical results in [I1] seem to indicate that the term c,;l should
not be present in the above estimate. Thus, how to remove the term cgl in B2) is
still an open problem.

Acknowledgment. The authors would like to thank Professor Jean-Luc Guer-
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results.
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