POINTWISE ERROR ESTIMATES OF FINITE ELEMENT
APPROXIMATIONS TO THE STOKES PROBLEM ON CONVEX
POLYHEDRA.

J. GUZMAN AND D. LEYKEKHMAN

ABSTRACT. The aim of the paper is to show the stability of the finite element
solution for the Stokes system in WL norm on general convex polyhedral
domain. In contrast to previously known results, W2 regularity for r > 3,
which does not hold for a general convex polyhedral domains, is not required.
The argument uses recently available sharp Holder pointwise estimates of the
corresponding Green’s matrix together with novel local energy error estimates,
which do not involve an error of the pressure in a weaker norm.

1. INTRODUCTION

Consider the following Stokes problem on a convex polyhedral domain Q C R3,

(1.1a) —AG+Vp=f, inQ,
(1.1b) V-4=0, infQ,
(1.1c) Z=0, on 9.

Here @ = (u1, us2,u3) represents the velocity of the fluid, p € L?() the pressure, and
f = (f1, f2, f3) is a smooth external force vector function. The solution p € L2()
is unique up to a constant. Our work is motivated by [I2], where the stability of
the finite element solution, namely

(1.2) V|| Loy + [Ipnll Lo (@) < CUIVE| Lo () + Pl 2 ()

was derived under the regularity assumptions @ € W?2(2)3 and p € W}(Q), for some
r > 3. This result was an important improvement from previous results where the
constant C' depended on |log hl; see [§] for instance.

However, the drawback of the result in [I2] is the assumption of W2(2)? regu-
larity for some r > 3. The standard regularity results (cf. [4]) for general convex
polyhedral domains only give @ € H?(2)? and p € H'(Q2), and in order to guaran-
tee @ € W2(Q)? and p € W}(Q), for some r > 3, one needs additional geometrical
restrictions on 2. More precisely, the dihedral angles must be less than 37w /4 (cf.
[20, sec. 5.5]). In [12], the authors argued that such condition on Q is essentially
consistent with (i7,p) € WL (Q)3 x L*(Q). The condition & € W2(2)3, for some
r > 3 does imply by Sobolev embedding theorem @ € W1 (Q)3. However, for a gen-
eral convex polyhedral domain (i, p) might not belong to W2(2)3 x W}1(Q) for any
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r > 3, but nevertheless Maz’ya and Rossmann [23] showed that (@, p) will always

belong to C1+7(Q)% x C7(12), where the Hélder exponent o depends on 2. We use

this important result to establish for general convex polyhedral domains 2.
A standard argument applied to the above stability result gives the best approx-

imation property:

(1.3)

IV (@—=in)| Lo @) +lp—PrllLec @) <€ min  ([[V(@=X)| L~ @)+ p—wlL=(o)-
(X,w)€Vh x My,

Such estimates have many applications. Besides the ones mentioned in [I2], we
would like to mention state constrained optimal control problems [5]. In such
problem the Lagrange multipliers are just measures and the pointwise stability
estimates are essential.

Our proof is based on the technique developed in the series of papers by Schatz
and Wahlbin (e.g. [30, B1, B2]) and is different from the global weighted technique
used in [8, 12]. Our argument uses dyadic decomposition of Q and requires local
energy estimates together with sharp pointwise estimates for the corresponding
components of the Green’s matrix. For smooth domains such a technique was
successfully used in [3] for mixed methods and [15] for discontinuous Galerkin (DG)
methods on smooth domains 2, where higher-order regularity results were used. In
the present paper we only assume C177(Q)3 x C7(Q) regularity. In order to prove
(1.2) only assuming (@, p) € C1+(2)3xC?(Q) we need to develop several new tools.
The first necessary ingredient is the new local energy estimates. Such estimates are
important and have independent interest. They show how the error depends locally
on the solution. Arnold and Liu [I] proved such estimates for subdomains away
from the boundary. Later, those estimates were used in [3] to show on smooth
domains. In [I5] such local energy estimates were extended up to the boundary for
DG methods. The common feature of those estimates is the presence of the discrete
pressure error term in some negative-order norm. Then by a duality argument the
pressure term in weaker norm can be handled separately. However, such duality
arguments require additional smoothness of the solution which for general convex
polyhedral domains do not hold. As a result, we can not use those results directly.
One of the main contributions of this paper is deriving new local energy estimates
that do not involve the pressure error term (cf. Sec. . The second necessary
ingredient is applying, in a careful way, sharp Holder pointwise estimates for the
components of the Green’s matrix which were recently derived by Rossmann [27],
(see also [I7, 23] for similar results).

We would like to mention that similar Holder type Green’s function estimates
were obtained in [I6] for the Laplace equation and allowed the authors to obtain
uniform stability of the Ritz projection for the Laplace equation on a general convex
polyhedral domain. This paper can be considered as an extension of [16] to the
Stokes problem (L.1). However, the Stokes problem is more technically challenging
and involved. The main difficulty comes from the presence of the pressure term
and the new local energy estimates for the Stokes problem will play a key role to
overcome this difficulty.

The rest of the paper is organized as follows. In section[2we list the finite element
assumptions and state the main result. Important analytical tools, local energy
estimates and the pointwise estimates for the Green’s matrix of the continuous
problem are given in sections 3| and [4] respectively. In section[5] we provide a proof
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of the main result. For technical reasons we first establish the stability for the
velocity and then for the pressure. Finally, in section [6] we comment on the possible
extensions and open problems.

2. ASSUMPTIONS AND THE MAIN RESULT

Before stating the main result we list our assumptions on the finite element
spaces.

2.1. Finite Element Approximation. For the finite element approximation of
the problem, let 7;,, 0 < h < 1, be a sequence of triangulations of Q, @ = Uy T,
with the elements T mutually disjoint. The partitions are face-to-face so that
simplices meet only in full lower-dimensional faces or not at all. The triangulations
are assumed to be quasi-uniform, i.e. (if necessary after a renormalization of h),
there exists a constant C' such that

diam T < h < C(meas T)Y?, VT €7T,.
The finite element velocity space is denoted by Vi, C [H(Q)]® and the pressure
space is denoted by M}, C L?(Q). We assume that V}, contains the space of piecewise
polynomials of degree k and is contained in the space of piecewise polynomials of

degree [. We assume that M}, contains the space of polynomials of degree k — 1.
The finite element approximation (i, prn) € (Vi X Mp) solves

(2.1a) (Viy, V) — (pn, V - 0) = (f,7), VT eV,
(2.1b) (¢, V-dp) =0, Vg€ My,

where (-,-) denotes the usual L?(Q) inner product. The approximation to the
pressure py, is unique up to a constant. We can for example require p, p, € LZ, i.e.
Jop(x)dz = [, pn(x)de = 0. Instead, we will require

(2.2) /Q p(2)p(x) di = /Q pu(@)é(x) dx = 0,

where ¢(x) is an infinitely differentiable function on € which vanishes in a neigh-
borhood of the edges and satisfies

(2.3) /ng(x)dx =1

Without loss of generality, we fix ¢ as above and assume p, py, satisfy (2.2). In other
words, we let p and p;, belong to the space

L3(Q) :={v e L*(Q): / v(x)p(z) de = 0}.

Q

2.2. Assumptions. In the analysis below in order to establish the main result,
we assume the existence of two projection operators P : H}(Q2)® — V,, and R :
L?(2) — M, with the following properties:

Assumption 1 (Stability). There exists a constant C independent of h such that
P71 ) < CllTllai), V7€ Hy(Q)*.
Assumption 2 (Preservation of divergence).

(2.4) (V- (@ —Pu),qn) =0, Vgn€ My,
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Assumption 3 (Approximation). Let Q C Qq C Q, with d > kh, for some fixed
K sufficiently large and Qq = {x € Q : dist(x,Q) < d}. For any v € H (Qq)? there
ezists C' independent of h and ¥ such that

(2.5a) |0 — PUHLz(Q) + h||7 — P17||H1(Q) < Ch”ﬁHHl(Qd)-
For any © € C*9(Qg) there exists C independent of h such that
(2.5b) lo— PﬁHW;(Q) < ChlJrgitHﬁHCHa(Qd), t=0,1,
where

. . |éi - (Vi(z) — Vil(y))|
2.5¢ Ul||c1+e = ||V||c1(g) + sup .
250 Fllese@ = Tl + s FEED

i€{1,2,3}

Similar approzimation properties we need for R. For any q¢ € H'(Qg) there exists
C independent of h and q such that

(2.5d) lg — Rqllr2(q) + hlla — Rallz (@) < Chllalla(@u)-
For any q € C7(Qq) there exists C independent of h such that
(2.5€) g = Rall=@) < Ch7lgllcr (@u)-

Assumption 4 (Superapproximation). Let w € C§°(Qq) be a smooth cut-off func-
tion such that w =1 on QQ and

(2.6a) |D°w| < Cd™®, s=0,1.

We assume,

(2.6b) IV (0?7 — P(w?d))||2(0) < Cd T 20> VT E Vi,
and

(2-6¢) lw?q = R(w?q)llz2() < Chd ™ lallr2(@a): V4 € M.

Assumption 5 (Inverse inequality). There is a constant C' independent of h such
that

(2.7a) 1dlmy < Ch Y dlr), Vo€ Vi,
(2.7b) lallzre) < Ch7'lallezq), Vg € My

In the proof of our pointwise estimates we will use the following energy error
estimates.

Proposition 2.1. Let (i, p) solve (L.1) and (@n,pr) solve (2.1)). Assume the above
assumptions are satisfied, then there exists a constant C' independent of h such that,
@ = Unllmr ) + [P = pallez) <€ min (@ = X[[g1@) + [P — w]L20))-

(X,w)EVi x M},
Remark 1. In some textbooks, (cf. [9, Prop. 4.14]), the proof assumes that p € L3,
however essentially the same proof holds for p € L;.

2.3. Examples of the subspaces. Several common finite element spaces for the
Stokes problem are known to satisfy the above assumptions. For example, MINI and
Taylor-Hood elements of degree greater or equal than three do satisfy. Operators
satisfying Assumptions were constructed in [I2] and [I3]. For low order MINI
elements one can verify the assumptions by following the ideas in [Il, Sec. 3].
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2.4. Main Result. The main result establishes the stability of the gradient of the
finite element velocity solution and the pressure in L°° norm.

Theorem 1. Let (4,p) and (dp,pn) satisfy (1.1) and (2.1)), respectively. If the
assumptions of section are met, then there exists a constant C' independent of

h such that
Vi || Lo ) + [Ipnll e (@) < CUIVEl| Lo () + Pl 2o ())-

Applying a standard argument we have the following best approximation prop-
erty.

Corollary 1. Under the assumptions of Theorem [l there exists a constant C

independent of h such that

IV (@—1ipn) || o () Fllp—Phl e (0) < C inf  ([[V(@—X) |l ) Fllp—wl L~ (@))-
(X,w)€EVR x M,

Proof. The proof of the corollary follows easily by taking ¢« — ¥ and p — w with

arbitrary ¥ € Vi, and w € Mj, instead of @ and p in the stability estimate of

Theorem and using that the Stokes projection is invariant on Vj, x Mj. ([

—

3. LocAL ENERGY ESTIMATES

Local energy estimates are essential to our proof. These estimates are important,
although technical, and show how error depends locally on the solution. Such esti-
mates take their origin from the Caccioppoli inequality for the continuous problem.
In the interior of the domain, Caccioppoli inequality says that if ¢’ is the solution
of with fz 0, then for any two concentric balls By and B, of radii d and 2d,
respectively, such that By €@ By € (), there exists a constant C independent of
and d such that (cf. [II, Thm. 1.1])

C
IVl 2B,y < E||77||L2(Bz)~
In the finite element setting such estimates are not known and the pressure term
usually in a weaker norm enters the estimates. First such interior local error esti-
mates were derived in [T, Lem. 5.1] on subdomains away from the boundary. More
precisely they state that for the discrete version of the homogeneous equation, i.e.
for functions v, and gy, satisfying

(3.1a) (V&h, VY) + (an, V- X) =0, VX € Va,

(31b) (V : z'f;uw) =0, Ywe My,

for any concentric balls By and By as above and for any nonnegative integer ¢
(32)  [IVOullze(my) + lanllzzz,y < Chd™ (V] 2s,) + lanllc2(s,))

+Cd™ (00l 5By + lanll g1 (By))-
By a covering argument (cf. [26, Thm. 5.1]) the above estimate can be extended
to any subdomains A; € Ay € €, with d = dist(A1,0A2) > kh for some fixed
sufficiently large constant x. Using (3.2]) the authors in [I] it further implies that
the error satisfies,
IV(T = )l L2a,) + lg = anll2cayy < CW 100 e az) + Pl (a0))
+d7 T = Tnlla-ra + 47 g = anll g (ay))-
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For details we refer to [I]. Similar local energy estimates were derived in [15] for
discontinuous Galerkin methods for the Stokes problem on smooth domains.

The main common feature of the local error estimates in [I] and [15] is that they
contain the pressure term in some negative norm on the right hand side even if only
the velocity error is to be estimated. Such results are not sufficient in our setting
since handling such terms requires additional smoothness of the exact solution which
for general polyhedral domains we do not have. One significant contribution of our
local energy estimates is that we avoid the pressure term in the negative norm at
the expense of adding the original term on slightly bigger subdomain multiplied by
an arbitrary small number.

In order to state our result we consider (7, q) € H}(Q)? x L%(Q2) and (v, qn) €
Vi, x M, that satisfy the following orthogonality relation

(3.3a) (V(T— ), VX) + (¢ —aqn,V-X) =0, VY€V,
(3.3b) (V- (T=1h),w)=0, VYwe M,.

Theorem 2. Suppose (7,q) € HE(Q)? x L2(Q) and (Th,qn) € Vi x My, satisfy
(3.3). Then, there exists a constant C' such that for every pair of sets A; C A C 2
such that dist(Ay,0Ax\O) > d > k h (for some fized constant k sufficiently large)
the following bound holds

- L oo (O
V(T = Fn) L2y <CUIVE = POz az) + llg = Rallz2(az) + 110 = Pllz2(4,))

L c.. .
+ e[| V(T = n)| 22(a,) + QHU — Ul L2(4y)-

The first three terms are usually referred as approximation terms and the last
two are the pollution terms. Notice, that there is no pollution of the pressure term
in out estimates.

By a covering argument we will reduce the above result to the case A; = B, NS
for s = 1,2, where By, = Byg(), is a ball of radius sd centered at xo € Q. Before
proving Theorem 77, first we establish the following lemma.

Lemma 3.1. Let A; = B, N ) for s =1,2. Furthermore, assume that there exists
a ball B C Az, such that diam(A1) < d < p diam(B), where p is a fized constant
that only depends on Q. Then, there exists a constant C independent of Ay, Ao, d,
and h such that for any 0 < e < 1,

- L oo (O
IV (0 = )l z2an) <CUVT = P)llr2(az) + llg = Rallpzaz) + 10 = Pl 22(as))

L. c.. .
+ e[| V(U = Un)llL2(a,) + QHU — Ul L2(ay)-

Proof. Let w € C§°(As) be the cut-off function from Assumption [d]such that w = 1
on A;. Using the product rule

(3.4)
IV = 61134y, < 095 = 50) 22 = (V(F = 50), 029 (5 — 1)

= (V(@ = ), V(@[T = Tn))) = (V(T = Tn), V() @ (T~ T)),
where 4 ® U denotes a matrix with components w;v; for 4,j = 1,2, 3.

By the Cauchy-Schwarz inequality and the property |Vw| < Cd™!, we get

L L ¢ I -
,(V(v - Uh),V(w2) ® (U - ’Uh)) S EH&)V(U 7'Uh)||L2(Q)||'U - UhHL2(A2)-
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By the arithmetic-geometric mean inequality and (3.4)), we obtain
1 S o2 S o 2= = Co.
(3.5) §||WV(U - Uh)”Lz(Q) < (V(T = th), V(0 (0 = h))) + EHU - ”h||L2(A2)~

Adding and subtracting Pv we obtain,

The second term on the right hand side can be estimated as follows
(V(F = 5), V@2(F - PD) < ClwV (@ — )| 20y (IV(F = P2
+ 27~ Pilaca),
where we used that [Vw| < Cd~!. Therefore by (3.5)),
(3.6)
TV = 8y < (V@ ), VAR = ) + CIV(E ~ PO
T = P any + -l Tl
Put
(3.7) U = (P07 — ).
Adding and subtracting VPV, we have
(V@ — ),V (@*(PT— D)) = (V(T - T), V)
=(V(¥ = %), VPU) + (V(
Hence in view of ,
1 L L2 S ) C. . 112
ZHWV(U = Up) 72y < Ml + [L2| + CV(T = PO)[|7204,) + @HU — P|724,)
Ciz =2
+ EHU — UnlT2(a,)-

To estimate I we apply the Cauchy-Schwarz inequality and the superapproximation
Assumption [4] and the arithmetic-geometric mean inequality to obtain,

I <|V(T = )l 12(a) I V(T = PE)|| 124,

I C o -
SV (@ = )l 2245 7 [IPT = Tnll 22 (as)

L C o - -
<e|V(7— Uh)||2L2(A2) + ﬁ(”PU - v||%2(A2) + v - ”hH%?(AQ))»

for any 0 < e < 1. To estimate I; we use (3.3a), then add and subtract V - ¥ and
use the property of P from Assumption [2] to obtain

L=—(q—q.V-P¥)=—(q—qnV-9) - (q—Rq,V- (PO —0)):= I3+ I,.
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Next we estimate I,. Similar to the estimate for I, we use the superapproximation
property ([2.6b)) and the arithmetic-geometric mean inequality to obtain,

L <llg — Rl r2(ay) IV - (P — )| 2,
C
<llg = Rallzzaz) 7 1PV = vnllz2a)

C . S -
<lla = RallZaqay) + 55 (17 = Tll3aap) + 17— PFl3a(ay)) -

Hence, combining these results we have

1 I T
0V (@ =)L) < sl + V(T = Bn) T2 (ag) + llg = RallZ2(a,)

Lo C .. - cC .. .
+ V(T = PO)||72a,) + @HU — P72, + H?”U — Tnll72(ay)-

It remains to estimate I3. Adding and subtracting Rq, we have
Is=—(¢—qn,V-9) = —(Rq—qn,V-¥) — (¢—Rq, V- ) := I5 + I.

We can estimate Ig by using the Cauchy-Schwarz inequality, properties of w, |Vw| <
Cd~!, and the arithmetic-geometric mean and triangle inequalities to obtain,

1 Lo
Is <Cllg — Rqll72(a,) + §||WV(U — )72 (a,)

c . C .
+ V(T = PO T4y + 17 = POlTeay) + 17— BnllZzcany,

and hence,

1 I I
oV (@ =)L) < 5] + el V@ = )l + llg = RallZza,)

Lo C . C .
+ C|IV(v - PU)||2L2(A2) +—= ) (|7 PUHL2(A2) + - 2 |7 — vhH%%Az)'

To estimate I5 we note that ¥ vanishes on the boundary and as a result
(e, V-) =0.
for any constant ¢. Hence, for an arbitrary constant ¢ we have
Ii=—Rq—gn—¢,V-¥) = —(Rg—qy — ¢, V-’ (PT— )
=— (Rq—qn — ¢, (Vw?) - (PT— ) — (Rq — qn — ¢, w*V - (PT — ).
Setting
Vi=Rg—aqn—c
and using that (V - (PU — 03),x) = 0 for any x € M}, which follows from (3.3b)
and (2.1b)), we have
Is = (¢, (Vw?) - (PT = T)) + (W*, V - (PT = 7))
= (1, (Vw?) - (PT = Tp)) + (@) — R(w™), V - (PT = Tn)).

Using the superapproximation estimate (2.6c) and the inverse estimate (2.7al) we
can bound the second term as follows

Ch
(Wt = R(w), V- (PT — ) < 7 W le2an) IV(PT = T4)ll 242

< E||¢||L2(A2)||PU— Unll22(A,)-
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The first term is also bounded by the right hand side above and a result

¢ - c - -
I5 < 2l e2an IPT—Tull 2an) < llaan+ =z (IPF = Tl3acay) + 17— Tuliacay) ) -

Combining, we get

1 L S
gva(U — )20y <elllTz(ay) + el VT = 00)72(a,)

+Clla = Ralls(ay) + CIIV(T = PO)|[724,
C

Tz

R (T
v — P”H%?(AQ) + ﬁ”v - UhH2L2(A2)‘

We choose constant ¢ such that ¢ has a zero mean on A,. To estimate ||| 12(a,)
we require the following lemma.

Lemma 3.2. Assume the hypothesis of Lemma hold. Suppose the constant c
is such that v = Rq — qp, — ¢ has mean zero on As. Then, there exists a constant
C independent of As and 1, but that depends on p (see Lemma such that

llL2(ay) < CUIV(T = Tn)llL2(a,) + lg — Rallz2(ay))-

We postpone the proof of this result until the end of this section and finish the
proof of Lemma [3.1] Using the above lemma we obtain,

1 L S
gva(U — )[F20) < CellV(@ =)l 720a,) + Clla — Rall72a,)
C||V (v - P7)|2 C’HPH2 Ca—
+ C| V(T = PO)|| 720, + @”U — Pil|72(a,) + @”U = Unll7204,)-
This completes the proof after re-defining e. g
3.1. Proof of Lemma [3.2]

Proof. Define i € H}(A3) by

We can choose W so that the following bound exists

[@]l 1 a5) < CllYll L2 (as)-

By Lemma 3.1 of Chapter I11.3 in [I0], the constant C' is independent of ¢ and
depends only on the ratio of the diameter As and the radius of the largest ball that
can be inscribed into A, and hence by our hypothesis only depends on p. Let us
extend w on all of ) by zero outside of As. Thus,

19017200y =, 0) 2, = ($,V - @) 4, = (4, V - @)
(Rg—qn — ¢,V -0)
(
(

Rq —qi, V- @)
q—qn, V- W)+ (Rg—q,V-d).
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Using , the Cauchy-Schwarz inequality and the stability of P, we have
(¢ — qn,V - W) = (¢ — qn, V - PW) + (¢ — qn, V - (& — P))
— (V(5— ), VP) + (¢ — Rq, V - (i — P#))
< |IV(T = Un) | 2 (an) [IVPW| L2 (45) + 1 — Rall 22 () IV - (0 — PW)||L2(a,)
< (IV(V = Tn) |2 (a2) + g — Rall 2 (a) 19| 1 4,) »

Hence, we get
||¢H%2(A2) <([V(v = 6'h)||L2(AQ) +||Rg — (1||L2(A2))||U7||H1(A2)
<C(IV(T = th)llL2(a5) + IRG = qll L2 () 1Pl L2 (a)-
Therefore, dividing both sides by |[¢[|2(4,) We obtain the lemma. O

3.2. Proof of Theorem [2.

Proof. Let Ay C Ay C €, be such that dist(A;,0A42\0) > d > kh. It is not
difficult to construct a covering {G;}M, of A;, where G; = By (z;) N Q with the
following properties.
(1) A, cUM, G,.
(2) z; € Ay for each 1 <i < M.
(3) Let H; = Bgy(x;) N Q. There exists a fixed number L such that each point
x € UM H; is contained in at most L sets from {H, }
(4) There exists a p > 0 such that for each 1 < i < M there exists a ball
B C G; such that diam(G;) < pdiam(B).
Since dist(Ay, 0A2\09Q) > d, using (2) we have that UM, H; C As.
Applying Lemma and using (2) and (4) we have

IV (7 = n)l[72(a,) <ZHV o)l

1

< CUVE@=PO)lf2,) + la— Rq||L2H)+( V7 = PU%a (s,

-

Il
-

K2

Loy T
+ ()17 = BullZagary) + 21V E = )220,

Using (3) we have
IV(@ =) 1724,y < CL(IV(@ = PO)|[72(a,) + g — RallZ2(a,)
+ (=
ed
This completes the proof. ([

. ., 1 L .
(1T = P72 a,) + (;d)QHU — Tnll72(ay)) T LEXNV(T = )l F2(a,)-

4. MAXIMUM MODULUS ESTIMATES FOR THE GREEN’S MATRIX ON POLYHEDRAL
TYPE DOMAINS

The second important ingredient of our proof is the sharp pointwise Green’s
matrix estimates for the continuous problem, which we will introduce next.

Let ¢(z) be an infinitely differentiable function in € which vanishes in a neigh-
borhood of the edges such that

(4.1) /Q¢(ac)dm =
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The matrix
(4.2) Glx,€) = (Gi(#,0); _,
is called Green’s matrix for the problem if the vector functions
G = (G1y, Gzys Gay)"

and the functions G4 ; for j = 1,2,3,4 are solutions of the problem

(4.3a)

—0, G (2, 6) + VoG j(x,6) =0(x — €) (814, 2, 0357, for z,& € Q,
(4.3b) ~Va - Gj(,6) =(5(z — &) — $(2))da;, for 2,6 € Q,
(4.3¢) éj(x,ﬁ) =0, for z € 092, £ € Q

and Gy ; satisfies the condition
(4.4) / Gaj(z,8)¢(x)de =0, for £€Q, j=1,234
Q

Here, §(x) is the delta function, and §; ; is the Kronecker delta symbol. In addition,
Gi,j(l',f) :Gj,i(fa‘r) for fE,fE Qa Za] = 1325374-

The following theorem, (cf. [2I), 22] and [I9, Thm. 4.5]) give us the existence and
uniqueness of such matrix.

Theorem 3. There exists a uniquely determined Green’s matriz G(x,€) such that
the vector functions

= ((2,6)(Cj(,€), Gu(,€))
belong to the space H(2)2 x L%(Q) for each & € Q and for every infinitely differ-
entiable function ((-,€) equal to zero in a neighborhood of the point x = &.

We will also need to consider the Stokes problem with non-zero divergence. Let
(i, p) € Hg(Q2) x L%(Q) solve

(4.5) —V-id=gq inQ,

for arbitrary fe H=1(Q)? and ¢ € L3(Q) with ¢ vanishing on the singular points
of ; see []. If ¢ € H*(Q) N L3() and vanishing on the edges of Q2 and f € L?(Q)3
we have the following elliptic regularity result [4],

(4.6) 4l 20y + Pl 21 ) < CUIfllz2) + lallar@))-

Furthermore, the components of (@, p) admit the following representation (cf. [28])
in terms of the Green’s matrix

3
(473“) ’LLi(’I') = ]ZlfﬂG%J(xvf)f](g) df + /Q Gl,4(xﬂ€)q(§) dga 1= 132737

@m0 =3 [ Guye 05O ds+ [ Guale.Oale) de
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Next we state maximum modulus estimates for the Green’s function in polyhedral
domains. The first estimate was established in papers of [19] 21 22] (see also [24],
Sec. 11.5]). The second sharper estimate was established recently in [27].

Theorem 4. Let Q C R? be a convex domain of polyhedral type. Then there exists
a constant C such that
(4.8a)

10207 Gy j(x,€)| < Cla — g7 1I=I8I=00 =000 - for |a < 1— 014, 18] < 1—0ja,

forx, £ € Q, x # ¢, and multi-indezes 0 < |al,|8] < 1.
Moreover, for polyhedral domain the Green’s matrix satisfy Holder type estimate,

0207 G j(2,€) — 0500 G (v, €))

|z —yl°

(4.8b) < C(Jx — g]~1-o=0sadua= 181l

+ |y _ £|*1*U*5j,4*5i.4*|5‘*|0“)7

forla| <1—20;4 and |B] <1—0;4. Here o is a sufficiently small positive number
which depends on the geometry of the domain.

Here and in the rest of the paper we adopt the standard multi-index notation.

Thus, for a multi-index a = (a1, ag, a3), we denote |a] = a; + as + ag and 9% =
alel
0z, 1 0x520z3° "

5. PROOF OF THE MAIN RESULT.

For technical reasons we split the proof of our main result, Theorem [I} into two
parts: stability of the gradient of the velocity and the stability of the pressure.
First we will deal with the velocity.

5.1. Part 1, Velocity. Let z be an arbitrary point of  and let T, € 7}, contain
z. We will estimate |0y, (i )i(2)|, where 1 <,j < 3 are arbitrary. The idea of the
proof is to represent the discrete solution in terms of the smooth Green’s function.
Then after some manipulations the problem is reduced to estimating the error of
the Green’s function in L'(€2) norm. To start we define a smooth delta function.
Let 07 (z) = 05, € C§(T%) be a smooth function such that

(5.1) r(z) = (r,6n)r, Vre PYT.),

where P!(T.) is the space of polynomials of degree at most [ defined on T, with
the properties

(5.2) I8n[lwx(ry < CRTF30TVD 1 < g < oo, k=0,1.

Thus in particular ||6,[|r1(r.) < C and ||Vé,||pz2(r.) < Ch™>/2. The explicit con-
struction of a such function is given in [32] Appendix].

Next, we define the approximate Green’s function (§,\) € Hg(Q)* x LZ(Q) to
be the solution of the following equation,

(5.3a) ~AG+ VA= (9,,00)é inQ,
(5.3b) V-Gg=0 inQ,
(5.3¢) G=0 on .

Here € is the i-th standard basis vector in R and will be fixed throughout the
paper. Again, A is unique up to a constant.
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In the course of the proof we will need to estimate ¢ and A in certain Holder
norms on subdomains away from the singular point z.

Lemma 5.1. Let D C Q be such that dist(D, z) > d. Then there exists a constant
C independent of d and D such that

IGllcr+e(py + Al ca(py < Cd™7°.

Proof. Using the Green’s function representation (4.7a)) with ¢ = 0 and recalling
that index ¢ in the definition of regularized Green’s function (g, A) in (5.3)) is fixed,
we have,

Bai () — By (y) = /Q (002G (,€) — 0,y €))0e (61 (€)) de

. / (0c0,Ci(,€) — 00, G sy, €))00(€) dE, ki =1,2,3.

z

Let x,y € D, x© # y, then using that 1 < i < 3 by (4.8b)),
0.5:(2) = 5w _ | 1060 Cia(:) — 060, Cia(y:€)

|z —ylo £ET: |z —yl°
< an%x(|x — Ty =€) < CdT 0, k=1,2,3.
e z

|
onllz1 (1)

In the last inequality we used that for any & € T,, |z — ¢|, |y — & > Cd, and
10n]lz1 (1) < C. Therefore, taking the supremum over k we can conclude,

Vg(x) — Vi(y)|

sup 0 < Od PO
z,yeD lz —yl
The proof for ||A||ce(py is very similar. O

Let (gn,A\n) € Vi, x Mj, be the corresponding finite element solution, i.e. the
unique solution that satisfies

(5.4a) (Vgn, VX) + (VA X) = (VG V) + (VAX). VX € Vi,

(5.4b) (V- gn,w)=0, Ywe My,

and Ay € L2(9).
We have,

=0y, (tn)i(2) = (tn, (Oz,;0n)€7) (by (.1))
— (i, —AF + TN (by (53)
= (Viip, V) + (idn, V) ( integration by parts)
— (Vin, V) + (@n, VAn) + (Vitn, V(i — 7)) (by ()
= (Viin, V) (by (B.4D))
= (V4,Vgn) + (V(p — pr), Gn) (by ([.1))
= (Vi,Vgn) + (Vp, gn) (by (B.41))
= (V& V(G — 9) + (V@. V) + (Vp, g —§) + (@ VA)  (by (LIB), (E3))
= (Vd,V(Gn — ) + (@, —AG+ V) + (§ — Gn, VD) (integration by parts)

o(u);

= (V@,V(gn = 9)) = (=5 =+0n) = (V- (7 = Gn), D)- (by (5.34))

J



14 GUZMAN AND LEYKEKHMAN

Taking supremum over all partial derivatives and using that |6z 1q) < C, we
obtain

IV <o) < (IVll=@) + Pl=() (C + IV(Gh — Dl (@)-

Thus, we in order to show the stability for the velocity, we only need establish the
following result.

Lemma 5.2. There exists a constant C' independent of h and g such that

V(G = gn)llLie) < C.

Proof. The proof is based on the ideas developed in papers by Schatz and Wahlbin,
e.g. [30, BT, [32]. We will break it down into four steps.

Step 1: Dyadic decomposition Without loss of generality we assume that
the diameter of €2 is less than 1. Put d; = 277 and consider a dyadic decomposition
of Q,

J
(5.5a) a=0"ulJa,
=0
where
(5.5b) Q ={zeQ:|z—2z| <Kh},
(55C) Qj :{.’EGQZderl < ‘.’E—Z‘ de},

where K is a sufficiently large constant to be chosen later and J is an integer such
that 2=/t < Kh < 277, In the analysis below the generic constants will be
denoted by C', but we will keep track on the explicit dependence of the constants
on K.

Using the diadic decomposition and the Cauchy-Schwarz inequality, we have

J
IV(G = )llzrey < CEY2R2|V(F — Gl rzian) + C Y d*IV(F — )l r2ay)-
Jj=0

We start with the first term on the right-hand side. Using the Cauchy-Schwarz
inequality, global a priori error estimates, Proposition (2.1)), approximation prop-

erties of P and R (2.5d)), (2.5a), H? regularity (4.6]), and (5.2)), we have
W2V (G = Gn)ll2ies) < CHY 2T (|Gl r20) + 1M () < CRY2||Von] L2y < C.

Thus, we have

J
(5.6) V(7= dn)llzr ) < CK¥? 4+ M;,  with M; := &2 IV(F Gl r2c0,)-
j=0

Step 2: Initial Estimate for M. Define the following sets:

Q) ={zeQ:dj<|r—2<dj},
Q;-/ = {iL’ eN: dj+3 < |£C — Z| < dj,Q}.
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Notice that Theorem 2] holds for A1 = Q; and Ay = Q) withd =d;, j =1,2,...,J.
Thus, by the local energy estimate, Theorem 2, and any 0 < ¢ < 1,

S L e 1. 5.
IV(G = Gu)llz2co,) <CUNV(T = PDlz2@y + 717 = Pdllzz(ap) + 1A = RAll L2 ()
J

S c .. .
+5||V(9*gh)||L2(Q;)+£||9*9h||L2(Q;)-
J

First we will treat the first two terms on the right hand side. By the Cauchy-
Schwarz inequality and the approximation result (2.5bf), we have,

IV(G =PIz +dj e H|T = Pl 2oy
< (IV(F - P~ + d; e G — Pil i~y
< Cd}*he (1 + hdj e ) |gllere or)-
Applying Lemma with D = Q, we obtain
(5.7) 9]l cr+e @y < Cd; .
Thus, we have shown that
V(7 = Pd)llz2er + d; e — PGllray) < C(1+ hdy ey > 7he.

Similarly, using the Cauchy-Schwarz inequality and the approximation estimate

(2.5¢]), we have
1A = RAl|z2 (@) < Cd3 %A = RA|| () < Cd32h7 | M e o).
Again applying Lemma with D = Q7, we have
(5.8) Nlee @ < Cd7>~7
and as a result
(5.9) IN = RA| () < Cd; /277 he.
To summarize,
M; < C (14 hd; &™) (h/d5)” + d*e ™17 = Gillacay) + o3 V(T = Gi)llzacer) ) -

Next, we will use a duality argument to estimate ||§ — thLz(Q;_).
Step 3: Duality argument. We have the following representation
1= Gnll2yy = sup  (§— G, 7).
FECE(9)
”'UHLQ(Q;_)Sl

For each such v, let W, ¢ be the solution of the following problem

(5.10a) —AW+ Ve =17, inf),
(5.10b) V@ =0, inQ,
(5.10c) =0, ondQ.
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Thus, using that (V- P, x) = 0 and (V- (§ — gn),x) = 0 for any y € M}, and
V -4 =0, we have

(V( ( )+ (V(F = Gn), VP@) — (¢ = Rep, V- (§ = Gn))
= (V(G = Gn), V(W = Pw)) = (A=A, V- P) — (¢ =R, V - (§ — i)
(V( ( ) = (A=RAV - (Pw — ) — (¢ =R, V- (§ = gn))

g
|
o)
g

We split J; into two terms as follows
J1 = (V(G = gn), V(W& — P))qy + (V(F — Gn), V(& — Pw))a\ar-

First we estimate (V(§ — gr), V(& — Pw))qr. By the Cauchy-Schwarz inequality,
the global a priori error estimate, and H? regularity we have

(V(F = gn), V(W = P)) g < [[V(F = Gn)ll 20 IV (@ — Pw)|| L2 (q)
< IV(F = gn)ll L2y ChlID| 120
< ChlIV(g = gn)llL2(ay)-
Next we estimate the second term of J;. By the Holder inequality and (2.5b)),
(V(F = ), V(& = Pi))ovar < V(G = Fn)llLr @I V(& = Pd)|| L= \07)
< V(G = gn)llLr @) CR7 [[d]| cr+e (or07)-

ISlince Q\QY is separated from Q) by at least d;, for z,y € Q\Q/, using (4.8b)), we
ave

[z =yl ~ oy [z =yl
(.11) < Ol — 1y =€) | e

J

—2—o 13/2) - -1/2—0 o
SCdj dj ||’UHL2(Q;) SCdj , fork=1,23.
Hence,
HU7||01+U(Q\Q;’) é Cdj_l/2—07

which implies

(V(F = G), V(@ = P@)nay < Ch7d; > 7 |V(G = Gin) | 11 o-
Hence,
(5.12) Ji < Ch7d; PV (G = Gl + CRIV(G = G2

Similarly we can split J3 into two terms

Js=—(¢—=Rp,V-(§—Gn))ay — (¢ =R, V- (5= Fn))avay-
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By the Cauchy-Schwarz inequality, the global a priori error estimate, and H? reg-
ularity we have

(¢ =Rp, V(7= Gn)ay < llo = RellL2@) V(G — Gn)ll 20y

< ChlIVollL2 @) IV(F = gn)llL2 @)
< ChlIV(G = gn)llL2(ay)-

Next we estimate the second term of J3. By the Holder inequality and ,

(¢ =R, V- (7= gn))eney < llo = Rl @an V(G — gl

< Ch7leller @ V(G = Gn)llLr@)-

Since Q\QY is separated from (2} by at least d;, we have for z,y € Q\Q/, using

(14.8b))

e ae

lo(z) — p(y)] </ |Gai(z,8) — Gai(y,§)
[z —yl” T Jay |z —y|”

< O €] + Iy~ €) > / 15(6) e

2
< Cd;2_0d§/2||77||m(99) < Cdj_lm_a-
Hence,
leller@ar) < Cdj_l/z_ov
which implies that
(e =R, V- (7= gn))aray < Ch"d;l/Zf‘TllV(g*— gn)lli)-
Hence,
(5.13) Js < Ch7d; 277V (G = Gu)llna o) + CRIIV(G = Ga)ll 2o
Thus, it remains to estimates .J,. Similar to above we split it into two terms,
Jo=—A=-R\V . (0 - PU_}))Q;’ —(A=R\ V- (W - Pw))Q\Q;/.
By the Cauchy-Schwarz inequality, the global a priori error estimate, and H? reg-
ularity we have
(514)  (A\—RAV- (@ - Pi))oy < |A =R 120 [ V(@ = P) | 120
< ML) Il 20y < CRIM 2 -

Using and that dist(Q;,T) = O(d;) we have
3
615 M0 =Y [ G )05 dg
k=1"T=

- / 0 Clas (2, )91 (€) dE < O ™Syl oy < O,
T,
Thus,
[AllL2(0r) < cd;

and
(A= R\, V- (@ — Pi))q < Chd; .
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The second term in Jo by the Holder inequality and (2.5¢]), we can estimate as
(A = RA, V(@ = P))orar < [|A = RA|[ 10| V(@ — PW)| L (\07)
< Ch7 || ere )

In the last step we used [|A — RA||L1(q) < C, which we will establish in Section
Il Since

— —1/2—0
Hw||c1+o(Q\Q;/) < Cd] / ,

we have
(A= R\, V- (@ — Pi))opr < Ch7d; /?77,
and as a result,
(5.16) Jo < Chd;** + Chod; 1?77
Therefore, estimates for Jy, Ja, and Js, (5.12)), (5.16)) and (5.13)), respectively, give
G~ Gullay < Chds'e™ + Chod; 7™ + Chod; e |V — Gl ey
+Chdy* e |[V(G — )l 2.

To summarize,
M; < C((L+e7")(h/dy)” + (h/dj)e™t + (h/d;)7e V(g — gn)ll 1@
+ (hd*e™ +2)| V(g = gn) | L2e))-

Step 4: Double kick-back argument. Summing over j we obtain

J
C(l+e )y Cet Cet
M; < i—3
;0 S e T e IV @l

J
h _ L
+ C (djé‘ 1 —+ 8) Z d;’/QHV(g — gh)”LQ(Q;,)’

j=0
where we have used that
J J
> (hd;') <h7> 207 <Cho2°) <CK ™7 and d;' <d;".
j=0 j=0
Clearly,
J J
3/2 — — - N
S dPIVG -Gl < CY M+ CER)Y2(V(G - G2
7=0 =0
J
< CY M;+CK*?
j=0

Thus, using that h/d; < K~!, and taking K large enough and & small enough, we
have
J

Ce b _ .
> M; < Ck.+ ?HV(Q = )l e)-
§=0
Therefore, if we plug this result into (5.6 we get

Cet
Ko’

V(7= gn)llzr o) < Cke+ V(G — gn)llLr @)
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Again by choosing K large enough we can conclude
IV(G = gn)llzr o) < Cke-
Thus the proof of Lemma is complete. O
5.1.1. Estimate of ||A — RA| 11(q). In this section we prove the following result.
Lemma 5.3. There exists a constant C' independent of h and A such that
[A=RA[| 1) <C.

Proof. Using the dyadic decomposition defined in (5.5) and the Cauchy-Schwarz
inequality, we have

J
1A= RAp1gy < CE2h32|A = RA|| 20 + C > d7 A = RA|l 22,
=0

Using the approximation property of R (2.5d)), H?-regularity (4.6)), and (5.2)), we
have

W2 IX = Rl p2(+) < CR*2 PV L2(q) < CRY2|[Vop 12y < C.
In (5.9) we already established that
1A =R 20,y < Cd; > ~7he,
hence,
J
IA=RA[| 1) < CK32+CY d;7h? < Ck.

§=0
O

5.2. Part 2, Stability for Pressure. Our goal is to show that there exists a
constant C independent of p and h such that

(5.17) IpnllLe=@) < C (Ipll L) + VAl L= (0)) -
Let z € T, be such that |pp| =) = [pn(2)]. Let d5 be a smooth delta function
defined in (5.1). Define a pair (6,%) € HL(Q)3 x Li(Q) by the equation

~AB+ VY = in Q,
(5.18) V-0=6,—0¢ in €,
6= on 0f).
Note that implies that [, (6, () — ¢(x)) dz = 0. Then,
(5.19) pr(2) = (Ph,6n) = (Pr 0n — @) + (Ph: @)

The second term on the right hand side of can be estimated by using the
Cauchy-Schwarz inequality and the a-priori error estimate from Proposition as
(P, @) =(pn — p,9) + (P, )
<C(llp = prlz2(0) + lIpllL2@)l1@l 22 (2)
<C(|VidllL2 o) + Pl z2(0))
<C(| V][ oo ) + [Pl Lo (02))-
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To estimates the first term on the right hand side of (5.19)) we use (5.18)), property
of P, namely (2.4)), to obtain

(s 0n = ¢) = (pr, V - ©) = (pn, V - P6)
= (p,V-PO) + (py —p,V-PO) =1 + I.
Using , the Holder inequality, and the properties of ¢ and §;, we have,
L=, V-(P6—6))+(p,V-6)
= (p,V- (PO - 6)) + (p,6n — ¢)
< lplz@) (IV(PE = &)1 o) + 6l + 181110 )
< Ipllz=co) (IV(PE = 6)|l o) +C)
To estimates Is we use orthogonality of @ — i}, and to obtain,
I = (V(i — @), VPO) = (V(ii — i), VO) + (V (i — i), V(PO — 0))
= —(, V- (@i — iin)) + (V(i — iin), V(PO — 6))
—(X=RX, V- (4 — 1)) + (V(u — 1p), V(PO — 9))
< 9@ = @n)ll= @) (IV(PO = 6)ll1a) + 5 = RE|1(0))

Since we have already estimated ||V (i — i1, )|| (), to obtain the desired estimate
of the error for the pressure we need to establish

Lemma 5.4.
V(PO — O)|L1q) + | —RE|[ 1) < C.
Proof. Using the dyadic decomposition ([5.5)) and the triangle inequality we have
IV(PE — 6)|l11 (o) + ”E_RE”U(Q < |V(PE - 0)|110.) + = - RE[|1(0.)

(5.20) +ZHV PO - 6)|Li(e, + I - RE|L1q

By the Cauchy- Schwarz inequality, approximation properties (2.5d|) and (2.5a)), and
H? regularity (4.6) we have

IV(P6 - é)HLl(Q*) +I2 = RYE|z1(q.)
< CK*2h*2(|V(P6O — O)||12(0) + £ — RE||12(0)
< CK3PR32TH(||6)] g2 () + 1210 o)
< CK* PRI ([16n] 1 () + 0]l () < C.

To estimate the terms over {1; we use the Holder inequality and the approximation
theory to obtain

V(PO )||L1 o) 121 = RE | a
< Cd(|V(PO - 6)|c(a,) + I — Rl c(q,))
< Chd3(|1Ollcr+e(ay) + I1Ellce(ay))-
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By the Green’s matrix representation (4.7a)) and (4.7b)), and using (4.4)), we have
(6)() = [ Gialw On(ede, 1 =123
Q
and
S(e) = [ Guale. (e
Q
Using the above representation, (4.8b)), and the fact that dist(T,;) = O(d;) we

obtain
9:(0)i(x) — 9,(6)i(y) /‘&ngaf%@x%ﬁ
T,

lz —yl|o |z —yl|°

6(¢) d¢

< _ ¢|—3—0 _ ¢|—3—0 < f3—o.
_Clgleag(lx q +ly —¢| ) < Cd;

Similarly,

S(z) - X(y) Gaa(z,8) — Gaa(y,§)
lz—ylo /} |z —y|” o(¢) dt

< _ ¢|—3—0 _ ¢|—3—0 < '—3—0'
_Crgleajzc(\w 3 +ly—=¢7777) <04

Hence the sum in (5.20) can be bound as

Z V(P HLl(Q ) H1E = RE|| L1 (q, ))
j=1

J J
< CZhgd? (||@||01+U(Qj) + ||E||CG(QJ.)> < CZhUdj_U <C.
Jj=1 j=1
Thus we have established Lemma (5.17), and as a result Theorem O

6. EXTENSIONS AND OPEN PROBLEMS.

In this section we comment briefly on possible extensions and some open prob-
lems.

6.1. Localized estimates. In [29], pointwise error estimates having a sharply lo-
cal character for scalar second order elliptic equations were proved. In the following
publications such localized estimates were established for mixed methods [6], discon-
tinuous Galerkin methods [2] [14], parabolic problems [I8], and the Stokes problem
on smooth domains [3, [I5]. The main result in [3] essentially says that when 0Q
is smooth and certain assumptions are satisfied, then for any z € €2, the following
estimate holds,

(6.1)  [V(u—1n)(2)] + |(p — pr)(2)| < Cly min 1z = Xllwr ©),0.
(X,w)€(Vh,Mp)

+ Hp - wHL°°(Q),O’,S)7
where || - (w1 (Q),0,s and || - [[L>~(0),0,s are weighted Sobolev norms with weight
S
function o(y) = (ﬁ) . Here 0 < s < k and ¢}, 5 is a logarithmic factor which

is needed when s = k. In [10] it was remarked that similar localized estimates
hold for convex polyhedral domains for second-order problems as well, except that
the allowed range of s above is restricted by the maximum interior angle of 92
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as well as by the polynomial degree k. It is possible to prove a similar result
here. In particular, holds for a similar range of s. The proof of for
convex polyhedra may be accomplished by following the current proof with factoring
the weight function from the terms in the dyadic decomposition and a careful
bookkeeping.

6.2. Graded meshes. Our result, like in most results on finite element estimates
in maximum norm, assumes that the mesh is quasi-uniform. However, in [7] the
stability of the Ritz projection in W1 norm was established for more general graded
meshes, that hold in most adaptive codes. The essential part of the proof was
interior error estimates in W1 norm. Such interior error estimates were established
for the second order elliptic equations for quasi-uniform meshes away from the
boundary in [32], but for the Stokes problems such estimates are not known. The
only result in this direction is [25], which establishes maximum-norm interior error
estimates for stable finite element approximations of the Stokes equations in the
case of translation invariant meshes.

Acknowledgements: We are indebted to Jirgen Rossmann for many discus-
sions on Green’s function estimates. We would also like to thank Alan Demlow and
Hongjie Dong for valuable discussions.
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