NONSTANDARD NONCONFORMING APPROXIMATION OF
THE STOKES PROBLEM, I: PERIODIC BOUNDARY
CONDITIONS*

J.-L. GUERMOND?:#

ABSTRACT. This paper analyzes a nonstandard form of the Stokes problem
where the mass conservation equation is expressed in the form of a Poisson
equation for the pressure. This problem is shown to be wellposed in the d-
dimensional torus. A nonconforming approximation is proposed and, contrary
to what happens when using the standard saddle-point formulation, the pro-
posed setting is shown to yield optimal convergence for every pairs of approx-
imation spaces.

1. Intr oduction

Consider the Stokes equations in a bounded domain §2:
(1.1) i Au+rp=Ff;, ujga=0; r¢u=0.

The objective of the present work is to analyze the following nonstandard form of
the Stokes equations:

(1.2) i Au-+r p= f; ’U,j(')Q =0; Ap =r¢ f; 8npj3Q = (iI’E r£ u—l—f)(l’hjag.

The Poisson equation for the pressure is obtained formally by taking the divergence
of the momentum equation, and the Neumann boundary condition is obtained by
taking the normal component of the momentum equation at the boundary of the
domain and substituting j Au by rEr€  w since r¢ u is expected to be zero (recall
that | Au = jrr¢  w +rE rE w). This way of solving the Stokes (or Navier—
Stokes) equations seems to be standard in the literature dedicated to the analysis
of turbulence in the d-torus. It currently seems also to attract a growing interest
in the literature dealing with the approximation of the time-dependent Stokes (and
Navier—Stokes) equations. This form of the Stokes equations is one building block
of a splitting algorithm proposed by Orszag et al. [7] and Karniadakis et al. [6]. This
problem has also been shown to play an important role in a new type of splitting
algorithm proposed in [5]. A recurrent claim in the literature about this strange
form of the Stokes equations is that when discretized it does not require the velocity
and the pressure spaces to satisfy the so-called Babuska—Brezzi condition, i.e., there
are no spurious pressure modes. To the present time, this claim has never been
proved. The main reason for the lack of proof is that, mathematically speaking,
the problem (1.2) is far from being standard. Actually, this form of the problem is
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more prone to raise eyebrows of mathematically minded readers than to attract their
interest. Since the usual setting for this problem is to assume that f isin [H ~(Q)]4,
the velocity is in [H'(Q)]? and the pressure is in L?(£2). This type of regularity
is incompatible with the boundary condition d,pjoq = (fE€ rE u + f)Wjsq since
it is not legitimate to speak of the normal derivative of a function in L?(f2), nor
is it legitimate to speak of the normal component of a R%valued distribution in
[H-Y(Q)]1.

This work is an attempt at tackling the above issue. We first analyze a slightly
modified version of (1.2), (See problem (2.1)) and we show that this modified version
is wellposed. Although, we do not solve exactly (1.2), we think that the setting
used for the analysis of the modified problem gives hints of what should be used to
seriously tackle (1.2). Since the bothering issue in (1.2) is the boundary condition,
in the second part of this work we analyze (1.2) in the periodic d-torus. To the best
of our knowledge, the analysis of this problem using finite elements does not seem
to have been done yet. In this setting we are able to conduct a full analysis. We
propose a discrete formulation and we show that it is optimally convergent. The
main result of the paper is Theorem 3.1. The main conclusion of our analysis is
that, yes indeed, (1.2) in the d-torus yields an optimal approximation setting that
does not require the approximation spaces to satisfy the Babuska—Brezzi condition.

2. The continuous pr oblem

This section is composed of two subsections. First we consider a slightly modified
version of (1.2), which we prove to be wellposed. Second we analyze (1.2) adopting
periodic boundary conditions.

2.1. First formulation. The problem that we consider can be written formally in
the following form

(2.1) i Au+rp=Ff; ujso=0; Ar¢Cu=0; 09,r¢ujsn =0.

To give sense to the above problem we introduce the spaces
(2.2)
X =[HyQ) M=L2(Q); Z=1¢2 HL;Ap2 L*(Q); udjon = 09,

where L2 (€) is composed of those functions in L?(Q2) whose mean-value is zero.
We equip X, M and Z with the following norms Kukx = kuki o, kpkar = kpko.q,
kgkz = Kgki o +kAgKg o, where K¢k, o denotes the norm in H*(£2). No notational
distinction is made between the norm of scalar-valued and vector-valued functions.
The product spaces X£ M and X£ Z are equipped with the norms K(u, p)Kxxar =
kukx +kpkys and K(u, p)kx xz = kukx +kpkz. All the above normed vector spaces
are clearly Hilbert spaces. We define the bilinear form

(2.3)

a: (XEME(XEZ)3 ((u,p), (v,9)) 7} (r u,r v)j (p,r¢ov)+ (r¢u,Ag) 2 R.

This bilinear form is clearly continuous.
The formal problem (2.1) can be reformulated as follows: For f 2 [H~1(Q)]4,
seek (u,p) 2 X£ M such that

(24) a((uap)v(vvq)) = hfvvifl,l.,ﬂa 8(an) 2 XE£ Za
where h¢¢i_; 1 o denotes the duality pairing between [H ~1(2)]¢ and [H} (2)]¢.
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Lemma 2.1. There is a > 0 such that

. a((u,p), (v,q))
i inf su Q.
W (wp) X x M (Uf)f%xz K(u, p)Kx x K (v, @)Kx xar *

(ii) 8(v.q)2 XEZ, (8(u,p)2 XEM, a((u,p),(v,9)) =0)) ((v,q)=(0,0)).
Proof. (1) Let (u,p) 2 X£ M, then

a((u,p), (u,0)) =kr uko qi (o, rew), kr ukgﬂ i 'ylkpkg,ﬂ i cykre ukg,g,

where 7, > 0 can be chosen as small as we want, and c,, is a constant that only
depends on ;. Define ¢ 2 Z solving Ag = r¢ u. Clearly, kgkz - ckr¢ uky . Then
we observe that

a((uup)v (07 Q)) = kr¢ Uk%,Q
Combining these two bounds we obtain
a((u,p), (u,¢5,q)) , Kr ukd i 71kpkj o

Now, using the fact that the linear mapping r¢ : X j! L{2=O(Q) is continuous and
surjective, we deduce form the Open Mapping Theorem that there is 8 > 0 such
that for all p 2 LJ2:0(Q) there is v 2 X verifying r¢é v =i p and Bkr vko o - kpko.q.
Then

a((u,p), (v,0)), ikr ukookr vk o + kpkaQ
i cpkr ukd o i gkr vkg o + kpkj g
i cakr ukgvg + %kpkg,g.
Set v1 = W= U 5o, and r = 71¢, then
a((u,p), (w,r)), Skr uk% atsg kpk
Using the bounds kgkz - ckr¢ uko o and Skr vko o - kpko o we infer

al(w0), (0,0)  ol(u,p) (w,1))

(s;g Ko ke * K@, knnz c(kr uko,o + kpko,o) = ck(u, p)kx < as.
(2) Assume now that (v,q) 2 X£ Z is such that a((u, p), (v,q)) = 0 for all (u,p) in
XE M. Using u = 0 yields (p,r¢ v) = 0 for all p in M; moreover, since r¢ v 2 M,
we infer r¢ v = 0. This in turn implies 0 = a((v, 0), (v, )) = kr vk0 o, meaning that
v is zero. Moreover, (Ag,r¢ u) =0 for all w 2 X. Since r¢ : X j! M is surjective
and Agq is in M, we infer that Ag = 0, meaning that ¢ is zero since 9,qjsgq =0. O

As consequence of the above lemma, we infer the following

Corollary 2.1. The problem (2.4) is wellposed and the couple (u,p) solves (1.1)
and (2.1).

Proof. Apply the Banach—Necas—Babuska (BNB) Theorem, see e.g., [1, Th. 3.6] or
[3, Th. 2.6]. |

We do not go any further in the analysis of (2.1) since it is not really the problem
we started with; however, we now show how (2.1) relates to (1.2).
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2.2. Second formulation with periodic boundary conditions. Using the fact
that u solves j Au-+r p = f, another way to reformulate (2.1) consists of observing
that

(2.5) 0=Ar¢u=r¢Au=r¢(r pi f)=Apj ref,

and using the equality rr¢ w =rEr£ w+r pj f, we infer

(2.6) 0=0,r¢Cu=nlr¢ u=nqrE r€ u+rpi f).

In other words, (2.1) is formally equivalent to

(2.7) i Autrp=f; uoa=0; Ap=rCf; Onpioo=(IrfE TE u+t f)®jsq.
Then, we introduce the bilinear form

(2.8) b((u,p), (v,q)) = (r u,r v)i (p,r¢v)+(r p+rE rE u,r q).

Formally,(2.5)—(2.6) is equivalent to
(2'9) b((u,p),(v,q)) = (f,’U) + (far Q)’ 8uv,q.

To make this rigorous, we need to state the domain of b and the regularity we
expect for f. It is clear that if u and v are picked in X, (r u,r v) is well defined.
The term that poses difficulties is (r p + r€ r€ wu,r q). Actually (r p,r ¢) can
be rewritten i (p, Ag) if p is picked in M and ¢ is picked in Z; then this term is
well defined. The term that is really troublesome at this point is (fE r€ wu,r q).
Formally integrating by parts, it can be rewritten j faﬂ(rfl uEn)& g, but as far as
regularity is concerned this does not really help. At this point, it seems mandatory
to assume u be in H2(Q)? or at least rErf£  u be square integrable. Note however
that this difficulty does not arise if periodic boundary conditions are enforced since
in this case (r€ rE w,r q) is zero.
We henceforth assume that € is the d-torus in R?. We set

(2.10) Xy =fv2 [HY(Q)]% v periodic; [, v = 0g,

(2.11) My = L2,(9),

(2.12) Zy =192 H*(Q); djoq and 9,¢jaq periodic; / ¢ = 0g.
Q

Then we define

(2.13) c((u,p), (v,9) = (r w,r v) i (p,r¢v) +hrp,rgi_110.

Clearly c is bilinear and bounded on (X4£ My )£ (X4£ Zy). Furthermore, consider
the following problem: For f 2 [H~(Q)]%, seek (u,p) 2 X4£ My such that

(214) C((U,p), (an)) = (fa U) =+ hf7r ql —-1,1,9; S(UaQ) 2 X#E Z#

Lemma 2.2. The is o > 0 such that

(1) inf sup C((u,p), (U7 q))

(u,p)EX e X My (v, a)EX yxZy k(u,p)kXXMk(’U, Q)kXxZ *
u#0,p#0 v#£0,q#£0

(11) 8(U7Q)2 X#£ Z#’ (S(U,p)z X#£ M#’ C((u,p), (’U’ Q)) = 0)) ((U7Q) = (070))
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Proof. (1) Let (u,p) be a nonzero member of X4£ My. Let ¢ 2 Zy solve Ag =
ir¢ wu. Then

c((u;p), (u,q)) =kr ukg o i (p,r¢u)i (p,Aq) =Kkr ukj .

Since the linear mapping r¢ : Xy j! My is continuous and surjective, there
is 8 > 0 such that for all p 2 My there is v 2 Xy verifying r¢v = j p and
Bkr vko.q - kpko,o. Then

c((u,p), (v,0)), ik ukookr vko o + kpkj o
i cgkr uk%’Qi gkr vKo 0 + kpk%’Q
i cgkr ukgﬂ + %kpkag.

Set w =u + ﬁv, and r = g, then

C((mp), (wv 7")) s %kl’ Uk(Q),Q + ﬁkpkg,ﬁ
The rest of the proof is similar to that of Lemma 2.1. ([l

As a direct consequence of the BNB Theorem, the above lemma implies the
following

Corollary 2.2. The problem (2.14) is wellposed and the couple (u,p) solves (1.1)
and (2.1).

The rest of the paper is devoted to the analysis of nonconforming approximations
of (2.14).

3. Nonconf orming appr oximation to (2.14)

3.1. The discrete problem. Let fT ;0,>0 be a regular family of affine meshes.
For the sake of simplicity, we assume that the mesh family is quasi-uniform. We
denote by Fj, the set of interfaces of the mesh (including those that are on the
periodic boundary of §2). We define X;, ¥2 X4 to be a finite element space for
approximating the velocity, and we define M}, Y2 My to be a finite element space
for approximating the pressure.

We now construct a nonconforming approximation of Zy by using M} to ap-
proximate function in Zx; that is, we set Z), = M),. Let g5, be a function in M}
and let F' be an interface in F;. Let K; and K3 be the two elements in T;, such
that F' is the interface between K7 and K. We denote by gx1, qno the restriction
of g, to K7 and K, respectively. The unit outward normal to K7, K5 is denoted
by n1, ns, respectively. We define the jump of ¢; across F to be

lgn] = grin1 + gnano.
We introduce the following norm
(3.1) thk%,h = thkg,Q + Z kr Qhk(z),K + Z hﬁlk[[Qh]]kg,F
KeTy, FeFi

Owing to the quasi-uniformity property, the following inverse inequality holds:
There is ¢; > 0 independent of h such that

(3.2) 8qn 2 M, kgnkip - cih™'kgnko o
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To approximate the bilinear form (j Ag,p), we introduce a bilinear mapping Iy, :
(Mp+Z4)E My, i! R that we assume to be coercive in the following sense: There
is ¢; > 0 independent of h such that

(3.3) 8qn2 My,  In(qn,an), ciKgnk? .

We assume also that the following boundedness property holds: There is ¢y, > 0
such that

(3.4) 8¢n, Yn 2 My, In(én,n) - crkorki nkynk p.
We define
l ;
(3.5) 8qn 2 My, kqrka,n = sup W
vrEM Yrko,o

Since KgrKe,n , cikgrKi p, the mapping k ¢k p, : My, i! Ry is clearly a norm. We
now define product norms as follows

(3.6) K(un, pr)Kx, xa, = Kr upkoo + Kprkoo = K(un, pr)Kx xm
(3.7) K(vn, qn)Kx, x z, = Kr vpkoq +Kgnka p.
We define the bilinear form
(3.8) ch((un, pn), (Vn,qn)) = (F un,r vn) i (Pa, ¢ va) + In(qn, pn)-
We now consider discrete counterparts of (2.14). We introduce the linear form
frn: Zn i! R that we assume to be uniformly continuous with respect to the

kK ¢ky p,-norm and consistent with f in the sense that there exists a constant c
independent of h such that for all p 2 My

ifnlan) i tn(psan)i .
3.9 . f kpi ko 0.
(3.9) qfélﬁh Karkon ¢, nf kpi Yrko,o

Then, we consider the following problem: Seek the couple (up,pr) 2 XpE Mj such
that for all (v, qn) in X4£ Z)

(3.10) cn((un, pn), (n, qn)) = bf,vpi —11.0 + falan).

FEzample 3.1.

(i) If f is only in [H~1(2)]¢, we denote by 7, : [H~1(2)]? j! X}, the projection
such that (7 f,vn) = hf,vpi_11,0. Then fi(¢n) can be defined to be equal to
i (r¢ (ﬂ—hf)’ qh)'

(ii) If £ is in [L2(Q)]¢ and M is H'-conforming, then one can set fi,(qn) =
(f.r qn).

(iii) If My, is H'-conforming, I}, can be simply defined by I}, (qgn, pr) = (* qn,T pn).
If fisin [L2(Q)]? and fy(qn) = (f,r qn), then u 2 [H?()]? and p 2 H' () and

fulan)i (p,qn) = (i Au+r p,rgn)i (r p,rgn) =0.

3.2. Error analysis. The error analysis is performed using the second Strang
Lemma. For this purpose we go through a series of Lemma establishing stabil-
ity, continuity, and consistency.

Lemma 3.1 (Stability). There is « > 0 independent of h such that

(3.11) inf sup cn((un, pn)s (vn, qn)) L

nopR)EX3 XMy (o e x, <, K(Un, D)Ko, x v, K(0n, n)Kx, x 2
up#0,pp #0 v}, #0,q), #0
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Proof. We proceed similarly to the proof of Lemma 2.2.

(1) Let (up,pn) be a nonzero member of X,£ My,. Let g, 2 Z), solve Iy (qp, ¥n) =
(r¢ wp,, vy,) for all ¥, in Mp; note that a solution to this problem exists since I, is
coercive. Then

cn((un, pn), (U, qn)) = K unkd o i (pr, 1€ un) + Un(qn, pn) = K& unks o
We now use the fact that there is 8 > 0 such that for all p, 2 M}, %2 My there is
v 2 Xy verifying r¢v = j p, and Skr vko o - kppkoo. Let Cpv be the Clément
interpolant of v or any other H'-stable interpolant with the following local inter-
polation properties [2]:
1
kChUi ’Uk07K - chgkr Uk07AK7 kChvi Uk07F . Ch;(kr ’Uk07AF7

where A is the collection of all the element having a nonzero intersection with K
and A is that of those elements that have a nonzero intersection with F. Since
Chrv and v are continuous across interfaces, we have

i (pr,T¢ (Chv)) =i (P, 1€ (Croi v)) + kprk
= kphk%,g + Z / (Crvi v)Crpg i Z /[[ph]]ﬂ(chvi v)
KTy U K Fer, ¥

kphkg,gi Z KCrvi vko,x Kr prko ki Z Klprlko,rkCrv i vKo

KeTy FeFn
1
. kpnkS o i Y chikr vkoa, KM prkos i Y hiK[palko rKr vko A,
KeTh FeFn

s kphk%,g i chkr vko.okprki p , kphk%,g i cBhkprko,akprKi b

skonkG o i ¢ hPkpuks ).

Let v > 0 be a, yet arbitrary, positive real number. Then, using the above bound
cn((un,pn), (Cho,vh°pn)) . iKr unkookr Crukogo

i (P, 1€ (Chv)) + YR*Uh(phy p1)
i Clkr uhk07gkr ’Uko7Q

+ %kpk%)ﬂ i 02h2kphk?,h + 03’yh2kphkih
i cokr ukd o i Zkr vkoo + tkpk3 o
+ (csvi c2)h’kprk? ),
i cgkr ukg,ﬂ + %kpkaﬂ + (esvi C2)h2kphk?7h.

B

We now choose v = 2¢q/c3. We set wy, = up, + %ﬁchv and 74, = g, + vh%pn. Then,

cn((unspn), (n,rn)) . 5KE unks o + 5o kpkg o

It is clear that kr wpko,o - ckr upko.o+kprKo o. Furthermore, using the definition
of ¢y, together with (3.4) and (3.2), we infer

(T, Un) In(qn, ¥n)
krpke, = sup —————% = sup —-——=< + ckppk
e whegfh kKo, 0 aphez\prh KiprKo,o Prro s

kr¢ uhko’Q + Ckphkoﬂ.
Then (3.11) follows readily. O
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Figure 1. One pressure spurious mode for the P;—IP; periodic setting.

Lemma 3.2 (Continuity). There is ¢ > 0 independent of h such that
Ch((wa 71)7 (vhv qh))

(3.12) sup sup e
(w,r)€(Xgp+Xp) X (Mg +Mp) (vp,ap)EXp X Zp k(w7’r)kX><Mk(Uh7qh)kX;LXZ;L
up, #0,pp, #0 vp, #0,qp #0

Proof. Clearly
cn((w, ), (vn, qn)) - Kr wko okr vike o + ckrko okr vpko o + kgnka nkrko o.
Then the conclusion follows readily. O

Lemma 3.3 (Consistency). Let (u,p) 2 Xx£ My solve (1.1), then
(3.13)
sup ihfovni—ia,0 + fulan) i en((wsp), (v, an))i

(v ap)EXp X Z), k(vhv(Ih)thXZh
vp#0,ap#0

Proof. Clearly,
hf,vni 11,0 + fulan) i cn((w,p), (v, qn)) = fulan) i In(p,qn)-

The conclusion is a consequence of the consistency hypothesis (3.9). 0

c inf Kpij ko o
o, kP ko,

We are now in measure to state the main theorem of this paper.

Theorem 3.1. Under the above assumptions, there is are constants ci, co inde-

pendent of h such that

(3.14) kui upkio+kpi prkoo: e inf Kui vpkio-+co inf Kpi 9nkon.
vhE€Xp YrE€EMp

Proof. This is a simple consequence of Lemma 3.1, Lemma 3.2, Lemma 3.3 together

with the second Strang Lemma. 0

Remark 3.1.

(i) One striking property of the above approximation method is that convergence
is ensured for all pairs of spaces X}, Mj,. In other words, these spaces do not need
be compatible, i.e. they do not need satisfy the so-called Babuska-Brezzi condition.
Note that this property is not due to the fact that we have adopted periodic bound-
ary conditions, since, as shown in Figure 1, the usual saddle-point P;—P; setting
has spurious modes even if periodic boundary conditions are adopted.

(ii) Note that the solution method (3.10) is not a stabilized method, i.e., there
is no tunable coefficient entering in the formulation, see e.g., [4, 8].
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