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Abstract

We propose and analyze a discontinuous Galerkin approximation for the Stokes
problem. The finite element triangulation employed is not required to be conform-
ing and we use discontinuous pressures and velocities. No additional unknown
fields need to be introduced, but only suitable bilinear forms defined on the inter-
faces between the elements, involving the jumps of the velocity and the average of
the pressure. We consider hp approximations using Q-Qy velocity-pressure pairs
with ¥ = k + 2,k + 1, k. Our methods show better stability properties than the
corresponding conforming ones. We prove that our first two choices of velocity
spaces ensure uniform divergence stability with the respect to the mesh size h.
Numerical results show that they are uniformly stable with respect to the local
polynomial degree k, a property that has no analog in the conforming case. An
explicit bound in k& which is not sharp is also proven. Numerical results show that
if equal order approximation is chosen for the velocity and pressure, no spurious
pressure modes are present but the method is not uniformly stable either with re-
spect to h or k. We derive a priori error estimates generalizing the abstract theory
of mixed methods. Optimal error estimates in h are proven. As for discontinuous
Galerkin methods for scalar diffusive problems, half power of k is lost for p and hp
approximations independently of the divergence stability.

Keywords: Mixed problems, hp approximations, spectral elements, discon-
tinuous Galerkin approximations, non-conforming approximations
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1 Introduction

Discontinuous Galerkin (DG) methods have a long history and have recently
become more and more popular. They have been heavily tested and studied, and
they present considerable advantages for certain types of problems, especially
those modeling phenomena where convection is strong; see the monograph [15].

Their main idea relies in the choice of approximation spaces consisting of
piece-wise polynomial functions with no kind of continuity constraints across
the interface between the elements of a triangulation. Consistency and well-
posedness are achieved by introducing suitable bilinear forms defined on the
interface. In this respect they are closely related to finite volume methods as
they relies on the definition of numerical fluxes. As for conforming finite element
approximations, the corresponding discrete problem is given in terms of finite
dimensional subspaces and bilinear forms.

One of the main advantages of DG methods is that they allow a much greater
flexibility in the design of the mesh and in the choice of the approximation
spaces. Indeed, if one abandons the idea of a conforming approximation, one
may as well abandon the idea of a conforming triangulation. This was soon
realized and exploited in some DG methods; see, e.g., [19]. A mixed domain
decomposition approach is also natural where conforming approximations are
considered on single subdomains or patches, and DG interface terms are in-
troduced on the boundaries between the subdomains; see [27, 8, 30]. In order
to illustrate this point, we mention the problem of singularity and boundary
layer resolution as an example. Suitable meshes (radical for h, or geometric for
p version finite elements) are required for the approximation of edge and vertex
singularities. Due to the different types of these singularities, finding conform-
ing global triangulations without excessive overrefinement is not always an easy
task in practice; see, e.g., [3, 4] for h and [5, 22, 23, 31] for hp approximations.
A DG approach allows local independent refinement strategies and independent
polynomial degrees can be employed on different elements, thus allowing more
flexible hp adaptivity strategies.

DG methods however require a considerable increase in the number of de-
grees of freedom. If for instance trilinear elements on a uniform mesh on a
cube are employed, for one nodal value in a conforming approximation we have
eight degrees of freedom in a DG approach. Such increase can be prohibitively
expensive for h approximations of large, three dimensional, vector problems, un-
less there are other requirements, such as suitable refinement strategies or the
treating of convective terms. The situation is somewhat different for p and hp
approximations, where the additional degrees of freedom in a DG approximation
do not have the same order of magnitude as the number of degrees of freedom
of a conforming discretization. We also note that non-conforming meshes with
hanging nodes can be employed for p and hp finite element discretizations. Even
if multiply constrained nodes are possible in theory, they bring in considerable
complications in the implementation of practical codes, and often only simply
constrained nodes are treated. Such complications are removed in a DG ap-
proach.



We finally note that even if convection may be the dominant effect
of a problem, diffusive terms still need to be accounted for and correctly
discretized. In particular, the finite element approximation of the Oseen
or the incompressible Navier-Stokes equations require the introduction of
suitable velocity-pressure spaces that ensure stability and approximabil-
ity. If convective terms are properly treated, such properties only depend
on the diffusive part of the operator and can then be studied for the

simpler Stokes problem; see, e.g., [29, 17, 13, 21, 9]. This is indeed the purpose
of this paper.

We propose a DG approximation together with suitable finite element spaces
consisting of discontinuous velocities and pressures for the Stokes problem. We
aim to a method where no additional unknown fields are introduced, which
involves the same local bilinear forms on each element as those employed for
conforming approximations and only adds interface contributions on the in-
terelement boundaries. We believe that this approach can also be more easily
exploited in a domain decomposition framework.

One remarkable property of our method is that the corresponding modified
divergence bilinear form and the velocity-pressure pairs exhibit greater stabil-
ity than the corresponding conforming approximations. We believe that this is
related to the stabilizing effect obtained when Dirichlet conditions are imposed
weakly, as it can easily be seen in the case of one element Q = (—1,1)". If we
consider pressures in Qg (), i.e., polynomials of degree k in each variable, with
mean value zero, referring to [9, Th. 24.1], we see that the spurious pressure
modes p, which satisfy

b(v,p):f/QV~vpd:r:0, v e Qr()" N Hy ()",

are all related to the fact that the velocities vanish on 9. If Dirichlet conditions
are imposed weakly (see (17), with I';,; = @), spurious pressure modes satisfy

b(v,p):f/V~vpd:r+/ v~npdx:/v~Vpd:17:0, v e Qu(f)",
Q o0 Q

and thus vanish, as it can be seen by taking v = Vp. This remark only gives an
idea of the reason why greater stability is achieved with DG approximations and
is no proof that the case of more then one element is also stable. In addition,
quantifying the stability in terms of an explicit dependence on the mesh size and
the polynomial degree is not a trivial matter and a complete theory is beyond
the scope of this work. Here we show that the pairs Q. -Qg, ' = k+2,k+1, are
uniformly stable with respect to the mesh size h. Our tests show that the choice
Qk-Qg is also free from spurious pressure modes, but is not uniformly stable with
respect to h. Our numerical results show that the pairs Qg -Qp, k' = k+2,k+1,
are also uniformly stable with respect to k in two dimensions, while Qp-Qjy, is
not. In this paper we only prove an algebraic bound for the inf-sup constant
that decreases like k=% for the case of Qy1-Qy elements. For the pair Qg 2-Qx



a better bound, which is not sharp either, is obtained using a stability result
for conforming approximations. As is the case of DG approximations for scalar
second order problems, a loss of optimality for p approximations is also found
in our error analysis. Such loss is independent of the divergence stability of the
method and is related to the interface contributions involving the gradient of
the velocity.

Ours is not the first work on DG approximations of the Stokes problem. We
mention [7, 20], where an interior penalty approximation with discontinuous,
piece-wise divergence-free velocities and continuous pressures are employed for
the Stokes and incompressible Navier-Stokes equations, respectively. In [14] a
local DG approximation of the Stokes problem is proposed. There the introduc-
tion of the fluxes as additional unknowns appears to have a stabilizing effect,
and equal order flux, velocity, and pressure spaces can be chosen. Optimal error
estimates for h approximations are proved.

The work in [18] deserves particular mention. There an h approximation for
incompressible and nearly incompressible elasticity based on a DG method is
introduced and studied. Triangular and tetrahedral meshes are employed to-
gether with polynomial spaces of total degree k 4+ 1 and k for the velocity and
pressure, respectively. Optimal error estimates in h are proven for velocity and
pressure, which remain valid in the incompressible limit. We note that the in-
terface and modified divergence bilinear forms that we employ are basically the
same. Here we consider a positive-definite, non-symmetric velocity bilinear form
instead of an indefinite, symmetric one, which requires restrictions on the pe-
nalization coefficient. Our focus here is on hp approximations on quadrilateral
and hexahedral meshes with hanging nodes and on the stability properties of
some DG approximations also in terms of the order of the approximation. We
also note that the proof for the divergence stability in [18], which employs the
so called BDM spaces, does not seem to extend to our types of meshes. Here
we also present a proof for the a priori estimates since the standard theory of
mixed methods cannot be directly applied.

The rest of the paper is organized as follows:

In section 2 we introduce our continuous problem. Finite element spaces are
defined in section 3, while our DG methods are derived in section 4. In section 5
we present some numerical tests and estimate the stability constants for certain
h and p approximations, while we prove explicit theoretical bounds in section
6. Section 7 is devoted to the well-posedness and consistency of the discrete
problem, and a priori error estimates for the velocity and pressure are proven in
section 8. We conclude with some remarks on other choices of velocity-pressure
pairs in section 9.



2 Problem setting

Let € R™, n = 2,3, be a bounded polyhedral domain. Given two vectors
f e L2(Q)" and g € H'/2(0Q)", with

/ g -nds =0,
o

we consider the following system for a velocity u and a pressure p:

Uyg = 85
—vAu+Vp = f, inQ, (1)
V-u = 0, in®.

For a vector u, the tensor Vu is defined by

6ui

(Vu)ij = uyy; = prs

with u; the i-th component of u. If I is the identity matrix in R™, we can rewrite
the second of (1) in terms of the divergence of a stress tensor 7:

-V.1=-V-wVu-pl)=f, (2)
where
(V-7)i = ZTij/j-
j=1
For tensors 7 and €, and a vector v, we define the products
T -€= Z Tij€ij,
ij=1
(T : V)i = E TijUj-
j=1
Using the following Green formula,

/((V-T)-V—i—T-VV)dxz v-(r:n)ds, DCQ, (3)
D oD

we find the following variational formulation of Problem (1): find u € HY(Q)"
and p € L3(9), such that

Uy = 8
v(Vu,Vv)g — (p,V-v)a = (f,v)q, veV:=H} )", (4)
(V-u,q)o = 0, g€ M :=L3Q).



Here LZ(Q2) denotes the subspace of L?(£2) of functions with vanishing mean
value in Q and, for D C R"™, (u,v)p, (u,v)p, and (7,€)p denote the scalar
products in L?(D), L*(D)", and L*(D)"*", respectively, with ||u||p, |[u||p, and
|I7||> the corresponding norms. We denote the norm of H*(D) or H*(D)™, s € R,

by || - ||s,p- Analogous notations are employed for the corresponding seminorms
for s > 0. In case D = (2, we drop the subscript 2 and, in case s = 0, we also
drop the subscript 0. We recall that the seminorm |uly,q = ||[Vuljp,q is a norm

in Hi(Q)", the subspace of H(Q)" of vectors that vanish on 9.
We note that the second of (4) can also be written in terms of the stress
tensor 7, since

vWu-Vv—pV-v=wVu—pl)-Vv=r1-Vv.

The well-posedness of problem (4) is ensured by the two stability conditions

v(u,v) < wuly v, (5)
(V-wp) < [ufpl, (6)
the coercivity condition
v(Vu,Vu) > vjul?, uec H}(Q)", (7)
and the divergence stability condition
ap XD s perz@), 450 )

0AVEH ()" V|1

We refer to, e.g., [13, Ch. II] for a comprehensive analysis.

3 Finite element spaces

Given a shape-regular affine quadrilateral or hexahedral mesh 7 = T}, of max-
imum diameter h, and polynomial degrees k' and k, we consider the following
finite element spaces:

Vie = {uel?*Q)"| u,eQuk)" reT},

9
M, = {peLi)] p,cQl) reT}. ®)
Here Qi (k) is the space of polynomials of maximum degree k in each variable on
k. We note that we have considered discontinuous finite element spaces for the
velocity that do not vanish on 02, since we impose Dirichlet conditions weakly.
We still require that pressures have mean value zero in 2.

The mesh 7 is said to be conforming or reqular if the intersection between two
different elements is either empty, or a vertex, an edge, or face that is common
to both elements. Meshes that are not conforming are sometimes called irregular
and they contain hanging nodes; see, e.g., [23, 24]. We allow irregular meshes in



general, but suppose that the intersection between neighboring elements is either
a common vertex, or an entire edge, or an entire face of one of the two elements.
We also allow non quasi-uniform meshes, but assume that the diameters of
neighboring elements are not too different:

Assumption 3.1. There exist constants independent of T, such that
Chﬁ < hn f;(jhm, K,H/E 7:

if k and k' are distinct and they share an entire edge, if n = 2, or an entire
face, if n =3, of k or k'

We will make particular choices for the velocity and pressure spaces in the
next section.

We recall the following inverse estimates; see [26, Eqq. 4.6.4 and 4.6.5]. Let
q € My, then

2 k4 2
. < Cpsllali (10)

K

2< Ok—2 2 11
lallo, = Co=llallg.n (11)
K

where 7y is either Jk or one of its faces, and h, denotes the diameter of k € T.
Similar estimates hold for vector functions in Vj.
We will also need a multiplicative trace inequality:

lal3.0n < C (llallos [Vallon +htllalls,) . a € H' (r), (12)

with kK € T and C independent of h,; see [19]. An analogous estimate holds for
vector functions.

The following approximation property can be found in [6, 24].

Lemma 3.1. Let g € H"=(k), k € T. Then, there ezists Il,,q = I, xq € Qx(k)
and C, only depending on the shape—regularity of k , s, and ny, such that
h—®

kn,cfs

lg =Tl . < C lall,, ns 0<s<m, (13)

where m ;= min{k + 1,n,}.
It is possible to define a global operator 11, q on My, by
Hh’kqh = Hm,kq, k€T.

Similar operators and estimates hold for vector functions in Vj.



4 Discrete problem

We now derive our DG formulation. The idea is to consider Problem (1) on
each element x € 7 and impose Dirichlet conditions weakly on the boundary
Ok using the value of the velocity on the boundary of the neighboring elements.
In addition, a suitable numerical flux needs to be chosen in order to approxi-
mate the flux 7 : n on Ok. Finally an interface term, penalizing the jumps of
the velocity, will be added as for similar DG approximations of second order
problems. This is a standard procedure in the derivation of DG formulations;
see, e.g., [19, 14, 18].

Here, the choice of flux 7 : n instead of ¥Vu : n seems most reasonable
and physically meaningful. As in [18], this will bring a modification of both the
bilinear form a(-,-) and b(-,-); see (19).

We consider Problem (1) on x € T, multiply the second equation (or, equiv-
alently, (2)) by a test velocity v, the third equation by a test pressure ¢, and

sum. We obtain
/(7V~T)~v+/V~uqu:/f~vdx.

By using the Green’s formula (3), we find

/(T~Vv+V-uq)dxf/ v~(T:nK)d5:/f~vdx,
K Ok K

where n, is the outward normal to Ok.

Let u®“ be the value of a velocity u on dx from the neighboring elements.
On 0k NON # 0, we set u®** = g, the Dirichlet data. In addition we define € as
the flux relative to the pair {v,¢}:

e=vVv—ql.

Assuming that u is continuous and equal to g on 9€), we can write

/(T-Vv—l—v-uq)dx—/ v-(r:ng)ds + p/ u-(e:n,)ds
K Ok Ok

:/f-vdx + p/ u®. (e:n,)ds,
K Ok

where p is equal to one on 9k N I and to one half elsewhere.

We now replace 7 : n, and € : n, with suitable numerical fluxes. In order to
do so, we first need to define some geometrical objects related to the partition
T. We denote by &+ the set of all open (n — 1)—dimensional intersections of
neighboring elements

(14)

Eint ={e| e=0rkNOK, K, k" €T, meas,_1(e) >0}

and I';,; their union, such that



Thanks to our assumptions on 7, these intersections are entire faces of elements
in T for, e.g., n = 3. For the sake of brevity we will refer to such intersections as
'faces’ in the following, even for n = 2. The boundary 0f) can also be partitioned
into contributions from single elements. We define

Eout ={e] e=0rkNIN, k€T, measy_1(e) >0}

and
&= Sint U Sint-

In the following, we generically refer to elements in &, as faces, even though
they may actually consist of union of element faces.

Given an interior face e € &, there are two elements k;, £, with, e.g.,
i > 7, that share this face. We define the jump [v] and the average < v > by

1
[U]e = ,Um‘e - U”J|e’ <V >e= §(Uf€i|e +,UK/]"E))

and n as the unit normal which points from x; to &;, i.e., n = n,,. We note
that if [v] = 0, then < v >.= Uri|, = Uy, - For e € &,,¢, we define

e =v,, <v>c=v,

and n as the unit outward normal to 9€Q2. Jumps and averages for vector functions
are defined component by component.
Our choice for the numerical fluxes is

<T:ng >, <e:ng>, on [ UOIQ.

Replacing the fluxes in (14) with the numerical fluxes, we obtain

/(T-Vv—i—v-uq)dx—/ v-<T:ing > ds + p/ u <e:n, > ds
K oK oK

:/f-vdw + p/ u. < e:n, > ds,
K Ok

or, equivalently,

/T~Vvdx7/ v-<T:n; > ds + p/ u < vVv:n, > ds,
K Ok Ok
:/f-vdac + p/ u. < yVvin, > ds (15)

f/V-uquan/ <q>(u~n,€)dspf <q> (u" n,)ds.
K 1}

oK K

Our derivation is concluded by summing over the elements. We start with the
second equation in (15) and find

—Z V-uqd:c—l—/<q>[u-n]ds+/u-nqu:/ g-ngds. (16)

K o0
RET i 59



We note that, by summing over the elements, the integral on an interface e =
Ok N Ok’ consists of two contributions, from k and &', and that p is equal to 1/2
on e.

Equation (16) motivates our choice for a modified divergence bilinear form:

b(v,p) = *Z(V'V,p),«ﬁr / <p>|[v-n]ds

KET TintUOQ (17)
= *Z(V'va)nJr/pV'nder/<p>[v~n]ds.
KET 50 o

Before considering the first equation in (15), we introduce a penalization
coefficient for the velocity space. Let og be a positive constant and o be the
function defined on I';,; U 02 by

k"
. :O'()l/h—, 665,
e

o

with h. the diameter of e and k' the polynomial order chosen for the approxi-
mation of the velocity; see below. Summing then over the elements and adding
penalization terms, we obtain

Z uVu-Vvd:c—i—/au-vds—i—/a[u]-[v]ds

RET T 89 ine
+ /(u~(z/Vv:n)f(z/Vu:n)~v)ds
o0

+ /([u]-<1/Vv:n>—<VVu:n>-[v]) ds (18)
Cint

+ b(v,p)

= Z f~vdx+/(og~v+g~(z/Vv:n)) ds,
KET VH a0

We note that the penalization terms vanish if u is continuous across the elements
and is equal to g on 0€2.



We then define the following velocity bilinear form:

a(u,v) = Z v(Vu,Vv), + / olu] - [v]ds

=€T L0 UOQ

+ / (u <vVv:n>—-<vVu:n> |v])ds
i UOQ

= Z v(Vu,Vv), + /ou -vds+ / ofu] - [v]ds
RET o0 Tt

+ /(u-(qu:n)—(uVu:n)-v) ds
o9

+ /([u]~<1/Vv:n>f<1/Vu:n>~[v])ds.
Lint

Given the pressure space My, k > 0, and a velocity space Vi, k' > k, (18)
and (16) define our discrete problem:
Find u € Vi and p € My, such that

a(u,v) +b(v,p) = (f,v)Q—l—/(ag-v—i—g-(qu:n)) ds, v € Vi,
o9
b(uaq) = / g~nqu, qEMk
[219]
(19)

We note that, by integrating by parts on each element, the bilinear form
b(-,-) can also be written as

b(v,p) = > (v, Vp)s — / [p] <v-n> ds. (20)

KET Tine

In particular we see that the b(u, 1) is identically zero for every u. Consequently
the second equation in (19) is satisfied for every u € Vi, and ¢ a constant
function on €2. As for conforming approximations, the pressure is determined
up to an additive constant and uniqueness is achieved by requiring a vanishing
mean value on Q.

We consider three choices of approximation spaces.

1. Method 1. We choose V12 and My, k > 0. This is a generalization of
the conforming Q42 — Q spaces with discontinuous pressure; see, e.g.,
[28].

2. Method 2. We take Vi1 and My, k > 0. This is a generalization of the
conforming Qg1 — Qg spaces with continuous pressures, also known as
Taylor-Hood elements; see, e.g., [12, 13].

3. Method 3. We consider equal polynomial degrees for the velocity and
pressure: Vi and My, k > 1.

10



Methods 1, 2, and 3 correspond to the choices k' = k+2, k+1, k, respectively,
for the velocity space Vi in problem (19). Our numerical results show however
that an inf-sup condition holds for Method 3 with a constant that decreases as
Chk~'/2. Method 3 is stable but not uniformly in A and k, and thus unsuitable
both for A and p-version approximations.

Given a velocity space Vj, a pressure space My, k', k > 0, and g € HY/?(99),
we define the space

Z(g)Zk',k(g){UGVk'| b(uMI):/ g'Hst,quk}CVku
o

and Z = Z(0). For elements in Vi, we employ a discrete norm defined by

=Y jits [ ollas= Ytk [olase [ ofuas

k€T T UOQ k€T o0 Tine

5 Numerical investigation of the divergence sta-
bility

The stability and accuracy of the discrete mixed problem depend on the a

discrete inf-sup condition for the bilinear form b(-,-) and the approximation

spaces of velocities and pressures:

b(v,
sup 2P ol pe My v, (21)

O#VEVk/ |V|h

for ¢ = 1, 2,3, corresponding to the choices ¥’ =k + 2,k + 1,k.

In this section we show some estimates of the inf-sup constant of Methods
1, 2, and 3. We only consider two dimensional problems on the unit square
Q = (0,1)? and uniform triangulations consisting of n x n square elements.

5.1 Numerical results for the h-version

For the results in this section, we fix the degree k and only consider the de-
pendence on the mesh-size h. Figure 1 shows the estimated inf-sup conditions
for Methods 1 and 2, as functions of the mesh size h = 1/n, for k = 0,1,2,3.
The results plotted on the left for k¥’ = k + 2 are well-known since in this case
our pressure space coincides with that of the standard Qg2-Qj elements but
with a larger (discontinuous) velocity space. In this case the inf-sup constant
can only improve. Our results are consistent with a stability constant which is
independent of h, as stated in Lemma 6.1.

The results plotted on the right however cannot be deduced from the corre-
sponding ones for the Q41-Q Taylor-Hood elements with continuous pressure.
Indeed Qg41-Qr elements with discontinuous pressure and continuous velocity
may show spurious pressure modes; see, e.g., [13]. On the other hand, our DG
method employing Qp4+1-Qp elements with discontinuous pressure and velocity

11



does not have any spurious pressure modes and our results are consistent with
a stability constant which is independent of h, as stated in Lemma 6.3. We also
note that the Q;-Qq elements are stable. This case is not covered by Lemma
6.3.

Q(k+2)-Q(K) spaces Q(k+1)-Q(k) spaces

Inf Sup constant
5 5 & =
R
Inf Sup constant
3, 3, 3, o
& s ©,
d T

Figure 1: Estimated inf-sup conditions for Method 1 (left) and 2 (right), as
functions of the mesh size h = 1/n for different values of k

Figure 2 shows the estimated inf-sup conditions for Method 3, as functions
of the mesh size h = 1/n for k = 1,2,3,4. We note that Q-Qy elements
with discontinuous pressure and continuous velocity can show spurious pressure
modes. Our results show that our DG method with discontinuous pressure and
velocity does not have spurious pressure modes. However the stability constant
decreases with h, thus making Method 3 not suitable for h approximations. Our
results are consistent with a linear dependence

V3= Ch7

with ¢ depending on k. The error of the exact solution is then suboptimal of at
least one power of h.

5.2 Numerical results for the p-version

The numerical tests presented in the previous section for the h version show
that our DG methods exhibits better stability properties than the corresponding
conforming approximations. It is natural to ask then if this is also the case for
p-approximations and if, in particular, the stability constants of our methods
exhibit a weaker dependence on the polynomial degree k.

Figure 3 shows the estimated inf-sup conditions for Methods 1 (left) and
2 (right), as functions of the polynomial degree k, for different uniform tri-
angulations of Q = (0,1)2. We have also shown results for the corresponding
conforming approximations on a 3 x 3 mesh: Qg42-Qp with discontinuous pres-
sure on the left, and Q1-Qx Taylor-Hood elements with continuous pressure
on the right.

12



Qk-Q(k) spaces

Figure 2: Estimated inf-sup conditions for Method 3, as functions of the mesh
size h = 1/n for different values of k

For the plot on the left, we first remark the typical behavior of conforming
approximations, where the decrease of the stability constant as ck~'/2 is only
observed for large k. Our results for the corresponding DG approximation show
that such dependence is removed when the velocity space is made discontinuous
and the divergence bilinear form suitably modified: the stability constants tend
to a constant value when k becomes large.

What is remarkable is that exactly the same pattern is observed if we de-
crease the velocity space by one order (see Figure 3, right). We are unaware of
any theoretical bound for p approximations using Taylor-Hood elements. Our
results for conforming approximations show that the constants decrease like
ck='/2 in two dimensions; see also Figure 3 in [2]. However such dependence
is removed if velocities and pressures are made discontinuous. We also note
that there is no appreciable difference when switching from a DG approxima-
tion based on Qg2-Qy elements to one based on Qp4+1-Qf elements. Indeed the
constants are only slightly smaller.

DG approximations using Qx1-Qx appear particularly attractive since they
exhibit a stability constant that does not depend on k with only a gap of one
order between the velocity and the pressure. We note however that half a power
of k is lost in our error estimates; see Lemmas 8.1 and 8.2. This loss is typical
of p-version DG finite elements for second order problems; see, e.g., [19].

We now consider Method 3. Figure 4 shows the estimated inf-sup conditions
as functions of the polynomial degree k, for different uniform triangulations.
It is clear that choosing finite element spaces of equal order removes the uni-
form stability with respect to k as well as h. Our results are consistent with a
dependence

Y3 = chk™1/?

for the inf-sup condition. This dependence on h and k is likely to be removed
if suitable stabilization procedures, as those in [16], are employed, but this gen-
eralization is beyond the scope of this paper. We will not consider Method 3 in
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Q(k+1)-Q(K) spaces
T

Q(k+2)-Q(K) spaces
T

Inf Sup constant
Inf Sup constant

Conforming, n=3 Conforming, n=3

. .
10° 10' 10'
K K

Figure 3: Estimated inf-sup conditions for Method 1 (left) and 2 (right), as
functions of k for different values of the mesh-size.

our analysis.

Q(k)-Ql(k) spaces
T

Inf Sup constant

Figure 4: Estimated inf-sup conditions for Method 3, as functions of k for dif-
ferent values of the mesh-size.

We summarize the evidence found by our numerical results for two dimen-
sional problems in the following remarks.
Remark 1 (Method 1). There exists a constant 1, independent of h and k,
such that, for k >0,
b(v,p)
——— znlpll, p€Mp, >0 (22)
0£veViye |Vin

Remark 2 (Method 2). There exists a constant 2, independent of h and k,
such that, for k >0,

b(v,
sup (v.p) >ylpll, p€ Mg, ~2>0. (23)
0#AVEVL 11 |V|h
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Remark 3 (Method 3). There exists a constant c, independent of h and k,
such that, for k > 1,

b
sup (v,p)

> |lpll = chk™ 2 |Ipll,  p € M. (24)
0#£vEeV, |V|h

6 Divergence stability for the hp version

This section is devoted to the divergence stability for the hp version of Methods
1 and 2. In view of the numerical results presented in the previous section, the
dependence on h in our bounds is sharp, but that on k is not.

6.1 Method 1

The stability for the choice of spaces of Method 1 is a direct consequence of
the corresponding property for conforming approximations using Qpio — Qg
elements. We refer to [28]; in particular, see [23] and [31] for the case of non-
conforming meshes with hanging nodes in two and three dimensions, respec-
tively. Indeed, the pressure space is the same and the space of velocities that
are continuous across the elements and vanish on 0f is contained in Vj4o. Fi-
nally, the integral contributions on I'j,¢ U 02 in the definitions of b(-,-) and |- |
vanish for continuous velocities. We thus have the following lemma

Lemma 6.1 (Method 1). There exists a constant ¢ > 0, independent of h and
k, such that, for k >0,

b(v,p)

0#AVEVL 12 |V|h

> mllpll = k2 pll, p e My (25)

We remark that, even though this bound is not sharp with respect to k,
thanks to [23] and [31] the inf-sup constant -, is independent of the aspect ratio
of suitable boundary layer meshes.

6.2 Method 2

For the choice corresponding to Method 2, the proof proposed in [18] for simpli-
cial meshes, employing the so called BDM spaces, does not seem to extend to
our case. However stability can be proven in the same way as for the conforming
Taylor-Hood elements Q41 — Qk consisting of continuous velocities and pres-
sures, despite the fact that we consider here discontinuous pressures; see [12].
In addition, using some properties of the Legendre polynomials we are able to
track down the dependence on k as well; for some crucial steps of our analysis
we rely on [25]. We are unaware of a proof for the Taylor-Hood elements which
gives an explicit dependence on the polynomial degree k: numerical evidence
however shows that the inf-sup constant does depend on k; see, e.g., [2].

Even if our bound is not sharp, we have chosen to present the proof here for
various reasons:

15



It is indeed a proof of an algebraic bound in k. For p- and hp-approximations
of problems with piecewise analytic data, exponential convergence is ensured
in case the solution of the continuous problem can be properly characterized;
see, e.g., [24, Sect. 4.5] for more details. In addition our proof is the same as
for Taylor-Hood elements and can be carried out exactly in the same way for
conforming approximations with continuous pressure, thus giving an algebraic
bound for them as well. Even for conforming approximations this bound does
not appear to be sharp, but is sufficient to ensure exponential convergence. Our
argument is dimension-independent and remains valid in the case of meshes with
hanging nodes.

We finally note that a bound for Method 2 gives also a bound for Method
1. For Method 1 however a better bound, even if not sharp, is given in Lemma
6.1.

We first need some additional notations and results. Given an integer k > 1,
we denote by GGL(k) the set of Gauss-Lobatto points {a;; 0 < i < k} on
I =(—1,1) in increasing order and by {w; > 0} the corresponding weights; see,
e.g., [21, Ch. 4]. For the square (—1,1)? we set GGL(k)? = {ai; = (a;,a;); 0 <
i,j < k} and denote by {w;; = w,w; > 0} the corresponding weights. These
definitions carry on in the three-dimensional case with the obvious modifications.
We recall that the quadrature formula based on GGL(k) has order 2k — 1 and
that

k
1
ol < S oplar s (24 3) Inls peQuns  (20)
=0

see [21, Eq. 4.4.16]. In the following, we use the same notation for the mapped
Gauss-Lobatto nodes and corresponding weights for an element x € 7. Similar
estimates as (26) hold in two and three dimensions and for affinely mapped
elements.

We also need the following lemma.

Lemma 6.2. Let S =1%, I = (—1,1), and q € Q(S) such that

/ q(z,y) dedy = 0.
S

If k> 1, then

2

L

2 < 2
lalls < [ ((1 )| 28

Analogous estimates hold in three dimensions for I°.

dq 2
01 ) dudy < 4K?)|ql12 .

Proof. We only give the proof for the two-dimensional case. Since ¢ € Q(.5)
has mean value zero, it can be written as

k k
a(z,y) =D g Li(z)L;(y),

i=0 j=0

16



with goo = 0. Here {L;} are the Legendre polynomials; see [9, Sect. 3].
We can write

2 k k
(1-2?) = > > Gigom (1= 2*)L(2) L, (2)) (L;(y) L (y)) -

1,n=1 j3,m=0

94
ox

Using the conditions, see [9],

1
/ Li(2) Lo () dz = | Li]2.; b1

-1
1

/ (1= &) Li(@) L (&) d = i3 + 1) / Li(@) L () da,

-1 -1

we find

94

/5(1 - ) g:z:

Using similar arguments for the dq/dy, we find

/S<(1—x2) 0 2) dxdy

94
ox
E K

ai; G+ DILG AL NGr+ >0 a6+ DILllg L5131
i=0 j=1

2 k k
dedy = Y a3 i(i+1)| L

i=1 j=0

3,I||Lj| 3,1-

2

i)
+(1-y%) a_Z

I
M=
B

.
= |l
—_
.
=
o

Y

G 1LlI3 A 1L515, 0 = Nlallf -

-
Il

=)
Il

o

J
The upper bound can be found in a similar way. O
We are now ready to prove the following lemma.

Lemma 6.3 (Method 2). There exists a constant ¢ > 0, independent of h and
k, such that, for k > 1,

b(v,p)

0#AVEVL 11 |V|h

> %lpl = ck™lpll,  p € M. (27)

Proof. The proof is similar to [12, Th. 3.1 and 3.2]. We also refer to [11] where
similar ideas where first employed. Here, we only consider the two-dimensional
case and find an explicit dependence on k of the constants. The extension to
three dimensions is straightforward.

Given p € My, we first decompose it as

p=rpo+ (p—po) =po+p, (28)
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with po € My the L? projection of p. If we set p,, = P, & € T, we have

/pﬁdxzo.

Thanks to [28, Th. 5.1], there exists vo € Vo N H} ()2, such that

b(vo,po) = / V-vopodz = [poll®, [voln = Ivolr.a < Collpol, (29)
Q

with a constant Cy that is independent of h and k. If hanging nodes are present
(29) is a consequence of [23, Th. 4.9] (see [31, Lem. 7.3] for the three dimensional
case).

We next consider k € T, of diameter h,, and construct a velocity v, € @i 11

in k. We first note that it is enough to assign the values of each component at
the (k + 2)? nodes GGL(k + 1)%. We set

Vi(aij) = h2 Vp(ai;)
at all the k2 internal nodes. In addition, we define

vi(a;;) -n=0,

vie(aij) x n = hil Vp(ay) x n,

on all the nodes on Jk (ie., a;; withi =0, =0,i=k+1,0orj=k+1)
and v, = 0 at the four vertices of k. These nodal values are then interpolated
in order to obtain a polynomial in Q% 11 We note in particular that the normal
component of v, vanishes on Ok.
A global function v € Vi1 can be defined by

\7‘” = Vg.
We remark that v has a vanishing, and thus continuous, normal component on
I';nt, but that its tangential component is in general discontinuous. In addition
its normal component vanishes on 0.

Since each component of v, belongs to Qk1, using the inverse estimate (10)
and (26), we find, for k € T,

V3. < CERPIVIG . < R D [W(ai)Pwiy.

0<i,j<k+1

Since the values of v at the nodes GLL(k + 1)? are either equal to h2Vp, or
vanish and the weights w;; are positive, we can write

Y [Wlag)Pwy kR Y [Vplai)Pwi; = K2 BIT .,

0<i,j<k+1 0<i,j<k+1

18



where for the last equality we have used the fact that [Vp|? belongs to Qf and
the quadrature formula on GLL(k + 1)? is thus exact. Using these last two
estimates and the inverse inequality (10) we find

D19 < Cullbllg = Gk B3, (30)
KET

with C; independent of h and k.

We next consider the interface contributions. Let e € &;,;. Since each com-
ponent of the jump [v] belongs to Q41 on e, using (26) and the definition of
o, we find

[olPas <cent 3 fw(a))us
€ 0<i<k+1

where the sum is taken over the nodes GLL(k + 1) on e. Proceeding as before
and noting that the normal component of v vanishes on e, we can write

2
hot Y IF@)]Pw < KR Y

0<i<k+1 0<i<k+1

e ¥ |(48) (@] = R AR, < CR%h, [ s

0<i<k+1
where ¢ is the arc length along e and for the last inequality we have employed
the inverse inequality (10). Combining these last two estimates and noting that
a similar argument can be employed for e € £,,;, we obtain

Z/amﬁczs < CZkﬁhe/[ﬁ]st. (32)

ecgVE ec€

(31)

Combining (30) and (32), and using the inverse inequality (11), we find
¥1n < C2 l1Bllo = Cok™|[llo. (33)

We next consider b(v, p). We first note that thanks to (20) and the fact that
the normal component of v vanishes on I';,;, we have

b(¥,p) = [ V- Vpda.

KET U F

Since v - Vp belongs to Qo1 in each element k € T, we have

/v-v;sdx

> Wlaij) - Vilaij) wi

0<i,j<k+1 \ , (34)
op 9p
= hy Z ‘%(%‘) wij + h; Z 9y ()| Wi
1<i<k 0<i<ktl
0<j<k+1 1<j<k

19



We now assume for simplicity that

L —hy
7272 )

the more general case of an affinely mapped element can be dealt with in a
similar way. Since

—hg/2=ap < a1 < - <ap <agr1 = hg/2,
for the first term on the right hand side of (34) we find

p
h? Z ‘@(%‘)

2
Wi

%
>
[N

- 20,1' 2 (9]3

pd Z <1< ))‘%(%‘)
0<i<kt1

0<j<k+1

! (1(23:)2
SONKE

where p(z,9) = p(a(2),y(4)) and [z(Z),y(§)] maps the reference square into k.
We note that, since p € Qy, the function

22\ ° ap
1- (2= 4
< (hﬁ> ) 5 & Y)
belongs to Qo and the quadrature formula based on GGL(k + 1)? is exact.

Using similar arguments for the second term on the right hand side of (34) and
Lemma 6.2, we find a constant C5, independent of A and k, such that

/ . Vpde > Cy |52 (35)

We next define
vV =vg+ 0V,

with § > 0 to be specified later.
We first note that

v, Do) Z/V v podz + / [V-n] <py> ds=0, (36)
w€T T 1UOQ
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since pg is constant on each element and v - n vanishes on I';,; U 92. We also
have, thanks to (29),

Z V -vopdx

KET Y F

< Clvolillp —pollo < Cllpollo llp — pollo, (37)

and, since vq is continuous and vanishes on 0f2,
[vo-n] <p>ds=0. (38)
T UOQ
Combining (37) and (38) yields
[b(vo, )| < Callpollo lp = pollo, (39)

with Cy4 independent of h and k. Using (29), (35), (36), and (39), we can write

2

1 C
b0v,9) 2 lalf+Ca lp—polli~Cillnl =l > 3 1aoli+ (3¢ — 52 ) -l

and thus )
b(v,p) > =|pl3,

with the choice § = (1 + C%)/(2Cs3). Finally (29) and (33) give
[VIn < (Co + 6Cs)|[pllo-

The last two estimates thus give

O

We remark that the proof of the previous lemma is valid for general meshes
with hanging nodes. It also carries out in exactly the same way for the case of
conforming Taylor-Hood elements with hanging nodes.

7 Stability and consistency of the discrete prob-
lem

Throughout this and the following section, we assume that discrete inf-sup con-
ditions hold for Methods 1 and 2; see Lemmas 6.1 and 6.3, or, for p and hp ap-

proximations, Remarks 1 and 2. The following two corollaries are consequences
of these discrete inf-sup conditions; see [13, Pr. 1.2, Pg. 39].
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Theorem 7.1. Let k' be equal to k +2 or k+ 1. If p € My, satisfies

b(V,p) = 05 v E Vk/a

then p = 0.
Theorem 7.2. For i = 1,2, corresponding to the choices k' =k +2,k+1, we
have ;
v
sup (v, q) > inf |v+zlp, veEV.
ge;, Il 2eZ

Before proceeding, we note that our discrete bilinear forms a(-,-) and b(-,-)
are not continuous on the original spaces H!(Q)™ and L3(2), due to the interface
contributions. This makes the analysis more complicated. However two weaker
continuity properties hold.

We need to define two suitable stronger norms. For a velocity V we set

vk'? v?
IVIE = VE+Y [SoviPas+ Y [ vvEas

ecé e KETBN

We note however that, in case v € Vi, the inverse estimate (11) and the defini-
tion of o ensure that

Vin < |[IVlllo < Clvln, (40)

with a constant C' that only depends on oy.
We have the following continuity property.

Lemma 7.1. Let V € L?(Q)", such that V € H?*(k)", fork € T, and w € V.
Then there exist constants independent of V, w, h, and k' such that

la(V,w)| < af[[V][lo [w]n,

and, in case V € Vi,
[a(V,w)| < [V]y [w]p.

Proof. The proof is the same as that of [19, Lem. 4.3] which can be adapted to
the vector case in a straightforward way. The second bound is a consequence of
(40). O

Analogously, we define a stronger norm for the pressure:

1
lQIE = QI+ Y [ 5 @ds

KET g,
In case ¢ € My, the inverse estimate (11) yields

0,9 (41)

lallo.o < llalll, < Cllgl

with a constant that depends on o and v.
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Lemma 7.2. Let Q € L3(Q) and v € L*(Q)", such that Q € H'(x) and
v € HY(k)", for k € T. Then there exist constants independent of Q, v, h, k,
and k', such that

b(v, Q)| < BIvIn [[1Q]p,

and, in case Q € My,

b(v, Q)| < BIvIn 1Qllo-
Proof. We have

b(v, Q) < [D (V- v, Q)u|+

RET

/<Q>[v-n]ds+ /Qv-nds = L +1+15.

Dint N

We consider each one of the three terms. We clearly have

It < (ZIV-VI

RET

) 101 < CIvE QIR 2)

We next consider e € &;,;, with e = 9k N Jk’. Using the definition of o, we find
2
/<Q> [v-n]ds S/O‘_l <Q>? ds/a[v-n]2ds.

In a similar way, for e € £,,¢, we find

2
/Qv-nds §/0_1Q2d5/0|v-n|2d3.

€ e

The proof of the first bound is concluded by summing over e C I';;,; U 02 and
combining the result with (42). The second bound is a consequence of (41). O

We finally recall that the bilinear form a(-,-) is coercive, i.e.,
a(u,u) = [u?, ue€ V. (43)

Existence and uniqueness of the discrete problem (19) are ensured by (43),
the continuity properties in Lemmas 7.1 and 7.2, and the discrete inf-sup con-
ditions; see [13, Th. 1.1, Sect. II.1.1].

Lemma 7.3. Let k > 0. Then problem (19) has a unique solution {u,p} €
Vir X My, for the two choices k' = k+ 2,k + 1, corresponding to Methods 1 and
2.

As is the case for DG approximations, consistency is ensured under some
more stringent regularity assumptions on the exact solution. In order to prove
this property, we need some preliminary results.
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For D C Q, we define H(div, D) as the space of tensors 7 € L?(£2)"*", such
that V-7 € L?(Q)", equipped with the graph norm

(Il + 1197 7l13)
If e C 9D has non-vanishing (n — 1)-dimensional measure, we define the space
Hgolm(e)" as the dual of HééQ(e)”, the space of vectors of H'Y/2(9D)" that
vanish on 9D \ e. In case e = 9D, we have HO_Ol/2(e)” = HY%(e)".

The following result can be proved using analogous techniques as those for
spaces of vectors; see Sections II1.1.1 and III.1.2 in [13].

Lemma 7.4. Let D C Q and e C 9D with positive measure.

1. There exists a continuous trace operator from H(div,D) onto HO_Ol/Q(e)"
that coincides with

T iy,
for T € C>®(Q)"*".

2. The Green’s formula (3) holds for T € H(div,D) and v € H' (D)™, where
the integral on the right hand side is to be understood as the duality pairing
between HY?(9D)" and H=/?(dD)".

3. Let Q; C Q, i = 1,2, two open disjoint subsets with outward normals
n;, such that the union of their closures coincides with Q. Given 1; €

H(div, ), the tensor in Q defined by

T|Q¢ =T;

belongs to H(div, Q) if and only if
T1 N1 = —T2 Ny = T2 1171, in H0701/2(691 08(22)".

We are now ready to prove the consistency of our methods.

Lemma 7.5. Let {U, P} € H'(Q)" x L(Q) be the solution of the continuous
problem (4). If U € H?(k)" and P € H'(k), for k € T, then {U, P} satisfies
the discrete problem

a(U,v)+b(v,P) = (f,V)gz+/(Jg'V+g'(VVV:II)) ds, veVy,
o0
b(UaQ) = g'nqua quka
a0
(44)

with k' =k+2,k+1,k and k> 0.
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Proof. We first note that, if T is the stress tensor of the exact solution, we have

VAU 4+ VP =-V-(WU-PI)=-V-T feL2(Q)",
V.U = o0

Then T € H(div,Q) and Lemma 7.4 holds. In particular, the normal component
T : n is well defined and continuous across every e € ;.
We will show that the residual

R(v,q) = (f,v)g—i—/(ag-v—i-g-(VVv:n)) ds—/é‘ﬂg-nqu
89

— a(u,v) —b(v,P)+b(U,q)

vanishes for every v € Vi and ¢ € Mj,.
Using the fact that [U] = 0 on every e € £;,+ and that U = g on 992, we can
write

Rv,q) = > [ (f-v—vVU-Vv+V-vP -V Ug) dx
k€T Y
+ /<1/VU:n>-[v]dsf/<P>-[v~n]d5
Cint Cint
+ /(uVU:n)-vds—/Pv-nds.
o9 o)

Taking into account the identities
V-vP=(PI):Vv, <P>:v-n]=<(PI):n>-v,

and the definition of T', we obtain

R(v.q) = Y [ v-T -Vv-V Ug)dx
KRET VF
+ /<T:n>~[v]ds+/(T:n)~vds
Lint o0
= Z(/(f.vT~VVV~Uq)dx+/ <T:n>~[v]d5).
RET N F Ok

Since T : n is continuous across the interelement boundaries, and thus equal to
< T :n >, and the Green’s formula (3) can be applied, we find

R(v,q)zz (f+V-T)-v—V-Ug) dz.
KRET Y F

The proof is concluded by using the differential equation (1). O
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8 A priori error estimates

This section is devoted to the proof of a priori error estimates. We proceed
similarly as in [13]; see Section I1.2.2, Propositions 2.4, 2.6, 2.7. However our
proofs are more involved due to the lack of continuity of the bilinear forms in
the continuous spaces; see Lemmas 7.1 and 7.2.

The next lemma gives a bound for the velocity.

Lemma 8.1. Let the ezact solution {U, P} € H*(Q)" x L3(Q) be in H™= (k)™ x
H™(k), k € T, with my; > 2 and n,, > 1. Then for i = 1,2, corresponding to
the choices k' = k+ 2,k + 1, there exists a constant C, independent of h and k,
but depending on v and og, such that

U-u,<C Ly M p 45
U —ul, < »;T %W' |m,c,n+knm| nr | 5 (45)

with 1 < s, < min{k’ + 1,my}, 1 < rg < min{k + 1,n.}, and v; the inf-sup
constant of Method i.

Proof. We consider a vector w € Z(g). We have
lw—uli =a(w—-u,w—u)=aw-Uw-—u)+aU—uw-—nu).
Using Lemma 7.5 and (19), we can write
lw—ul? =a(w—-U,w—u) —b(w—u, P —p).

We then note that, since (w —u) € Z, the discrete pressure p can be replaced
by any function ¢ € M. We have

lw—ul? =a(w—-U,w—u) —bw—u,P —q),
and using Lemmas 7.2 and 7.1
(W —ulp <alllw =Ulll, + BlIlP = dqlll,, weZ(g), qe M. (46)
A bound for the error is obtained using the triangle inequality
U —ulp <|U—-wlp+alllw=Ulll, + BllIP = qlllp, weZ(g), ¢ M. (47)

Our second step is to find bounds that involve an arbitrary function of Vi
instead of Z(g). In order to do so, given v € Vi, we consider the problem of
finding a z(v) € Vi, such that

b(Z(V),q):b(U*V,q% qEMk-

Thanks to Corollary 7.2 and [13, Pr. 1.2, Pg. 39], we can find a solution z € Vj,
such that

= sp Ao < U ()

i |Z2(v)|n < sup
geM, lldll qenn

b(Z, Q) b(U -V, q)
lql
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Since
b(z(v) +v,q) = b(U, q) = / g-nqds, q€ My,
[219]
we have
w(v) =z(v)+v e Z(g).
We next go back to (47), and take w = w(v), with v € V3

U —ulp < U= vln+[z(v)[n+alllv=Ulll, +all[2(v)[[|o + Bl P = glllp, (49)

where we have used a triangle inequality for ||| - |||.
Using (48), (49), and (41), we find

C
U —ul, < ;IU*VIh +BIIP = glllp + al[[U = v, (50)

where we have assumed that ; < 1. Here C' is independent of h, k, and v, but
depends on og.
We finally make a particular choice for v and p. We choose

v=IppV, q=I;P.

We bound the single terms in the | - |, and ||| - ||| norms. They consists of
integrals over elements or part of the element boundaries. We start with the
pressure terms:

Thanks to the definition of ||| - |||, and o, and the trace inequality (12), we can
write

h
lIP=dll? < clp-da+c S (3517
KET

1
o IP = dlus + 1P =4l )

and, using Lemma 3.1 with s =0, 1,

p2re
1P =dalll; < C D 15 Pl e (51)

KET

We next consider the velocity contributions. Using the trace estimate (12) and
the shape-regularity of 7, we find

k/2 ) k/2 k/2 ,
e;a—ouh—e [U=v]]?ds < C ; h—n||U—v||07,€|U—v|17,€+h—i||U—v||07,€ ,

and, using Lemma 3.1 with s =0, 1,

hisn_Q
ZU/HU VPds <O Y TETJUP, (52)

eeE RET
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Similarly, for the gradient contributions Lemma 3.1 yields

2s -2

Z /|v 7v|2d5<CZk2m —[U[Z, .. (53)

I{ET KET
Combining (52) and (53) with the definitions of ||| - |||+, | - |», and o, we obtain

, 25
U-vii<llU-vlli<C > kz2m~—3| A (54)
KET

The proof is concluded by combining (50), (51), and (54). O

A bound for the pressure is given in the following lemma.

Lemma 8.2. Let the ezact solution {U, P} € HY(Q)" x L3(Q) be in H™= (k)™ x
H™(k), k € T, with my; > 2 and n,, > 1. Then for i = 1,2, corresponding to
the choices k' = k+ 2,k + 1, there exists a constant C, independent of h and k,
but depending on v and og, such that

1 ! 1 Ay
||Pp||osc;<7—gm|wm,n+ o lPloci).

with 1 < s, < min{k’ + 1,my}, 1 < ro < min{k + 1,n.}, and v; the inf-sup
constant of Method i.

Proof. Let ¢ = II, P € Mj. Using the discrete inf-sup conditions for b(,-),
Lemmas 7.5, 7.1, and 7.2, we find find

1 b(v,q — 1 b(v,q — P) +b(v,P —
lg—p| < — sup bv.g—p) _ 1 sup (v.q— P)+b(v,P —p)
Vi 0AVEV, |V|h Vi 0#VEV,, |V|h
_ 1 sup b(v,q—P)—a(U—u,v) (55)
Vi 0FAVEV, [vin

15} «@
< =P =4q|ll, + =]|[U = ulll.
Z111P = glll,+ 10 - ul|

A bound for the velocity contribution can be found using the triangle inequality
and (40). Let v = IIj V. We have

O —ufll, < U= vllly + [[[la=v[ll, < [[[U =[], + Clu—=v]s
< U =vllfo + CJU —ufp + CJU = v|p (56)
< C(IU = vl + U —ulp).
Since

1P —pll < 1P —qll + llg — I,

the proof is concluded by combining (55) and (56), with the error estimates
(51), (54), and (45). O
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We note the loss of optimality of half a power of k in the estimates of Lemmas
8.1 and 8.2, typical of DG approximations of second order problems; see [19].

Remark 4. We note that, if we assume that an inf-sup condition also holds
for Method 3, as stated in Remark 3, then Lemma 7.3 and the error estimates
in Lemmas 8.1 and 8.2 are also valid for Method 8 (i = 3). Lemma 7.5 is valid
for an arbitrary k' > 0.

We conclude with some comments on the optimality of the methods pro-
posed. We assume that the exact solution satisfies

Pec H™(k), UcH™ )" keT.
We then consider Lemmas 8.1 and 8.2 with
ne >k, mg=n,+1>k+1, r.=k s.=k—+1.

For the h-version, Lemmas 6.1 and 6.3 ensure that the given error estimates for
Methods 1 and 2 are optimal:

U-ulp < C X 0 (U1 + |Pli) s
KET

[P—pl < C ZThﬁ (I00k41.5 + [Plrr) -
KE

A

We note that the two methods have the same rate of convergence. Since the
pressure spaces are the same, the increase in the velocity space of Method 1
does not present any advantage. Error estimates for Method 3 are suboptimal:
half a power of h is lost for the velocity, and one full power for the pressure; see
Remark 3.

We now consider p-approximations in two dimensions. Remarks 1 and 2
ensure

|U - u|h < Ck/’_(n"_lp) Z (lUlnk-‘rl,ﬁ + |P|77/k7'€)’
RET

HP*Z’H < Cki(nnil/?) ZT(|U|nk+1,n+|P|nkJ€)v
KE

where half a power of k is lost both for the velocity and the pressure. We note
that for the case of conforming Q2-Qp approximations we have

U—ulp, < Ck~(n==1/2) > (Ulngt1,m + [Plags)
RET

|P—pl| < Ck=(=D ZT(IUInkH,nJrIPInk,H)a
KE

since the inf-sup constant decreases as k~/2. Conforming Taylor-Hood Qj1-
Qg elements in two dimensions appear to satisfy the same error estimate, since
numerical results show the same behavior for the inf-sup constant; see Figure 3
and Figure 3 in [2].
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9 Extensions to other velocity-pressure pairs

As already noted for Lemma 6.1, stability results for approximations using con-
tinuous velocities and discontinuous pressures give lower bounds for the inf-sup
condition of the corresponding DG approximations employing discontinuous ve-
locities. In particular, we can choose for velocities and pressures

Vier,  {a€ L5 g, €Pr(k), s €T},

with P (k) the space of polynomials of total degree k in k. Alternatively, we can
employ
Vk7 M[)\k] s

with [Ak] the integer part of Ak, with 0 < A < 1, and k — Ak > 2. Uniform diver-
gence stability is ensured by the results in [10] for the corresponding conforming
approximations. We also refer to [1] for additional choices of velocity-pressure
pairs.
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