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Gradient Schemes for Stokes problem

Jérome Droniou? Robert Eymard’ and Pierre Feron *

March 15, 2015

Abstract

The gradient scheme framework encompasses several conforming and non-conforming numerical
schemes for diffusion equations. We develop here this framework for the approximation of the steady
state and transient incompressible Stokes equations with homogeneous Dirichlet boundary conditions.
Using this framework, we establish generic convergence results — by error estimates in the case of
the steady problem, and by compactness arguments in the case of the transient problem — that
are applicable to both old and new schemes for Stokes’ equations. Three classical methods (MAC,
Taylor-Hood and Crouzeix—Raviart schemes) are shown to fit into the gradient schemes framework;
some of the convergence results obtained for those through the framework are new. We also show that
a Hybrid Mixed Mimetic scheme, extension of the Crouzeix—Raviart scheme to any polyhedral mesh,
can be designed within the gradient scheme framework; this scheme is new for Stokes’ equations, and
our abstract analysis establishes its convergence along with error estimates.

1 Introduction

The notion of gradient schemes was designed for linear and nonlinear elliptic and parabolic problems
[12, 14, 16, 21, 20]. Its purpose is to give an abstract unified analysis framework, which provides con-
vergence and error estimates results for a wide variety of numerical methods: finite element methods,
nonconforming and mixed finite element methods, hybrid and mixed mimetic finite difference methods,
etc. The underlying idea is to write a general discrete weak formulation of the model under which all
these methods can be recast; the discrete elements in this weak formulation form the gradient discretisa-
tion on which the scheme is built. Then, a few properties are identified on the gradient discretisation, to
enable the proof of convergence — along with error estimates in the linear case — of schemes cast in this
framework. The work required to prove the convergence of a scheme is then minimal, and solely consist
in checking those few properties that are model-independent.
The aim of this paper is to extend this framework to the steady and transient Stokes problems:
nmi—Au+Vp =f—div(G) inQ
divi =0 in Q (1)
u =0 on 0f)
where u represents the velocity field, p is the pressure, the domain €2 with boundary 0f2 is a bounded
open set in R%, d > 1, n € Rt, and f and G are two given functions defined on €, and

Oi— AT+Vp =f—div(G) inQx(0,7T)

divi =0 in Q x (0,7) )
u =0 on 00 x (0,T)
a(-,0) = Tip; a.e on 2,
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where functions @, p, f and G are now defined on  x (0,7") with T" > 0, and Uy is a given function
defined on .

Different numerical approximations of these models are commonly used in industrial applications. They
have been the object of separate analyses. Without exhaustivity, we can cite the following references.
In [3], a first error estimate is given for the Taylor-Hood approximation of the Stokes problem, further
improved in [32]. In [9], the authors establish an error estimate for the application of the P!-nonconforming
method for the velocity, along with piecewise P® approximation for the pressure, now known as the
Crouzeix—Raviart scheme. In the pioneering work [28], the author provides the first convergence proof
for the famous Marker-And-Cell (MAC) scheme [24, 29, 33], intensively used in the engineering and fluid
numerics frameworks.

All these studies are conducted independently of each other and, even though similar ideas can be found
in them, they do not provide a general setting under which schemes for Stokes’ equations can be designed
and analysed. If someone wants, say, to adapt the Hybrid Mimetic Mixed (HMM) method of [13], which
contains the edge-based Mimetic Finite Difference schemes [5], then they would have to (i) design the
scheme using ideas from the construction of HMM methods for diffusion equations, and (ii) perform the
complete convergence analysis of the scheme for both steady and transient models — probably by drawing
ideas from the references previously mentioned. The purpose of this article is to eliminate to an extent
this need for different analysis of numerical methods for Stokes’ equations. We achieve this result by
performing the following, which is the core idea of the gradient schemes framework:

1. We write a generic formulation of numerical approximations of (1) and (2), using a discrete weak
formulation of these models based on some choice of discrete spaces and operators;

2. We show that these generic numerical approximations converge to the continuous equations, under
a limited number of assumptions the discrete elements involved in the discrete weak formulation;

3. We prove that, for several numerical methods, we can find discrete elements such that the method
can be written as in Item 1, and that these discrete elements satisfy the assumptions required in
Ttem 2.

It must be noticed that the work required in Item 3 is much less than the work required to perform the
convergence analysis of a given method. Indeed, most of the work already done to establish that these
numerical methods are gradient schemes for diffusion equations can be re-used to show that they are
gradient schemes for Stokes’ equations (the assumptions in Item 2 are model-independent). For example,
as seen in the proof of Proposition 4.10, it only takes a few lines to show that the HMM method satisfies
all required properties in Item 2, and thus that all our generic convergence results — for steady or transient
models — apply to this numerical method.

As we show, the gradient schemes framework also applies to the well-known schemes mentioned above
for Stokes’ equations (the MAC scheme, the Crouzeix—Raviart scheme and the Taylor—-Hood scheme).
Convergence results on those schemes have been established in the aforementioned references, but it
seems nevertheless that some of the generic convergence results we establish in Item 2 are new even for
those methods. For example, for all these well-known schemes the uniform-in-time convergence result
under minimal regularity hypotheses (Theorem 3.13) is new to our knowledge. Another example can
be found in the error estimate for the steady MAC scheme; the estimate provided in [28] is given in 2D
under the regularity hypotheses u € H?(Q)?, curlw € H?(Q)?, p € H?(Q); the gradient scheme framework
enables us to obtain the order one convergence under the (mostly weaker) assumptions u € H3(Q)¢ and
p € H'(Q) (see Remark 4.4). The convergence results for the MAC scheme applied to the transient
Stokes’ problem also seem totally new.

Finally, another advantage of the generic framework we develop here is that it highlights key features
of the numerical methods that lead to robust convergence estimates. For example, [25] exhibits a par-
ticular modification of the Crouzeix—Raviart scheme, that has a particular property enabling pressure-
independent error estimates. Here, we understand in the gradient scheme framework how to state such



a property (see (14)) that enables such estimates. Since this is done not for a particular method but in
a generic context, this understanding can lead to the development of new robust schemes.

The paper is organised as follows. In Section 2 we detail the discrete space and operators used in gradient
discretisations for the Stokes problems, and we write the corresponding gradient schemes. We provide
the common properties on the gradient discretisations that are sufficient to establish convergence results
for the resulting gradient schemes. These results are stated in Section 3. They cover both the steady
and transient problems. For the steady equations, the convergence results are based on error estimates;
we first state a basic estimate under the most general hypotheses, and then improved estimates (not
depending on the inf-sup constant, or pressure-independent) under more restrictive assumptions on the
gradient discretisations. Convergence for the transient model is obtained via compactness techniques, and
contains a novel strong L>(0,T; L%(Q)?) convergence result on the velocity without additional regularity
assumption required on the data.

Section 4 is devoted to the proof that standard and new schemes fit the gradient scheme framework. The
MAC scheme is covered in Section 4.1; note that the extended version of the MAC scheme given in [7]
could also be included in the present framework. We show that the gradient discretisation coming from
the MAC scheme satisfies the required assumptions, by using discrete functional analysis tools (such as
the one developed in [17] for the study of finite volume schemes for elliptic problems). We then consider
in Section 4.2 the Taylor-Hood scheme, and the nonconforming Crouzeix—Raviart scheme in Section 4.3.
This latter scheme is useful in many industrial applications, due to the approximation of the velocity
at the centres of gravity of the faces. This allows for easy couplings with finite volume schemes, when
Stokes’ equations are coupled with hyperbolic models. In Section 4.4, we present a new scheme for
Stokes’ equations, which is an extension of the Crouzeix—Raviart scheme to generic polyhedral meshes.
This scheme is built from the Hybrid Mixed Mimetic (HMM) methods [13], that include in particular
the Mimetic Finite Difference schemes [5], and the SUSHI scheme [18]. It was proved in [14] that HMM
schemes for diffusion equations are gradient schemes. Minimal work is required to demonstrate that HMM
methods give rise to proper gradient discretisations for the steady and transient Stokes problems; the
theorems in Section 3 therefore apply immediately, and give new convergence results for HMM methods
on these models.

The proofs of the convergence results stated in Section 3 are provided in Section 5. Several of these proofs
are not straightforward, in particular for the transient problem. Appropriate compactness tools have to
be designed, which require the definition of suitable discrete norms. A few technical results and proofs
are gathered in an appendix (Section 6).

Notations. In the following, if F is a vector space we denote by F' the space F?. Thus, L*(Q) = L?(Q)¢
and H3(Q) = H(Q)? The space E(Q) is the space of fields v € H§(2) such that dive = 0. L3(Q) is
the space of functions in L?(§2) with a zero mean value over . Finally, H4;,(f2) is the space of fields
v € L*(Q) such that dive € L2(1).

2 Gradient discretisations

Gradient discretisations provide the foundations, in terms of discrete spaces, operators and properties,
upon which the gradient scheme framework is designed.

2.1 Space

Definition 2.1 (Gradient discretisation for the steady Stokes problem) Let ) be an open bounded
domain of R4, d > 1. A gradient discretisation D for the incompressible steady Stokes problem, with ho-
mogeneous Dirichlet’s boundary conditions, is defined by D = (Xp,0,1Ip,Vp,Yp, xp,divp), where:

1. Xp is the finite-dimensional vector space on R of discrete velocities;



2. Yp is the finite-dimensional vector space on R of discrete pressures;
3. The linear mapping Ilp : Xpo — L? (Q) is the reconstruction of the approximate velocity field;

4. The linear mapping xp : Yp — L?(Q) is the reconstruction of the approzimate pressure, and must
be chosen such that || xp - ||L2(q) is a norm on Yp. We then set Ypo = {q€ Yp : fQ xpgdz = 0};

5. The linear mapping Vp : Xpo — LQ(Q)”I is the discrete gradient operator. It must be chosen such
that || - |[p :== [V - [ L2(q)e i a norm on Xp o;

6. The linear mapping divp : Xpo — L*(Q) is the discrete divergence operator.

Remark 2.2 (Boundary conditions) Gradient discretisations adapted to other boundary conditions
than the homogeneous Dirichlet conditions can be easily designed, see [12].

The coercivity of a sequence of gradient discretisations ensures that a discrete Poincaré inequality, a
control of the discrete divergence and a discrete Ladyzenskaja-Babuka-Brezzi (LBB) conditions can be
established, all uniform along the sequence of discretisations.

Definition 2.3 (Coercivity) Let D be a discretisation in the sense of Definition 2.1. Let Cp and Bp
be defined by

Cp = max Ipvl|lr2a) + max divpv| 2 3
D vexD,o,uvHD:lH pvllL2(q) e [divpv| 2, (3)

Bp min{ max / xpq divpvdz : q € Yp o such that || xpql|r2) = 1}. (4)
veXp,0,llvllp=1Jq

A sequence (Dy)men of gradient discretisation is coercive if there exist Cp > 0 and 8 > 0 such that
Cp,, <Cp and Bp,, > B, for allm € N.

The consistency of a sequence of gradient discretisations states that the discrete space and operators “fill
in” the continuous space as the discretisation is refined.

Definition 2.4 (Consistency) Let D be a gradient discretisation in the sense of Definition 2.1, and let
Sp : Hy(Q) — [0, +00) and Sp : L3(Q) — [0, 400) be defined by
Vo € HY(Q), Sp(p)= min (|Hpv-— ellrz) + IVov — Vol L2y + |[divpy — dive| 12 (a))

vEXp,o

and _
Vi € L3(Q)), Sp(y) = min Ixpz = ¥llL2(0)-
2€Yp.o

A sequence (Dy,)men of gradient discretisation is consistent if, for all o € H(Q), Sp,, (@) tends to 0
as m — oo and, for all ¢ € LE(2), Sp,, (1) tends to 0 as m — .

The discrete differential operators of a gradient discretisation may not satisfy an exact Green—Stokes
formula, since the discrete divergence and gradient may not be the continuous ones for non-conforming
methods. If the conformity defect (i.e. the amount by which the Green—Stokes formula is not satisfied)
of a sequence of gradient discretisations goes to 0, we say that the sequence is limit-conforming.

Definition 2.5 (Limit-conformity) Let D be a gradient discretisation in the sense of Definition 2.1
and let Wp = Z(Q) — [0, 400), with Z(Q) = {(¢,) € L*(Q)? x L*(Q) : divp— Ve € L*(Q)}, be defined
by

vEXp g
lellp=1

Y(p, ) € Z(Q), Whplp, 1) = max </Q [Vpv:p+pv- (dive — Vib) — 1pdiv po] dx) .



A sequence (Dy,)men of gradient discretisation is limit-conforming if, for all (p,) € Z(Q), Wp,, (v, 1)
tends to 0 as m — oo.

The next proposition provides an easy way to check the limit-conformity of a sequence of gradient
discretisations in the case where €2 is locally star-shaped (which is always the case in the cases considered
in Section 4, see Remark 4.2). The proof of this proposition is done in an appendix (Section 6.1).

Proposition 2.6 (Characterisation of limit-conformity) We assume that Q is a locally star-shaped
open bounded domain of R, If D is a gradient discretisation in the sense of Definition 2.1, we define

Vo € Hai ()%, Wp(p) = max (/Q (Vpv:p+Ilpv-divy) dx) (5)

v€Xp,o,|lv|[p=1

and

Vi € HY(Q), Wp(y) = max (/ (IIpv - VY + 9 div,:w)dx) .
Q

vEXp,0:[vllp=1

Let (Dy)men be a coercive sequence of gradient discretisation in the sense of Definition 2.3. Then
(Dim)men 18 limit-conforming in the sense of Definition 2.5 if and only if Wp, (¢) = 0 as m — oo for
all p € Hai ()%, and Wp,, (1) — 0 as m — oo and for all p € H*(Q).

m

Remark 2.7 As in [19, 12], the consistency of a coercive sequence of gradient discretisation only needs
to be checked on dense subspaces of H(QY) and LZ(Y). This is also true for limit-conformity, see the
proof of Proposition 2.6 in the appendiz.

2.2 Space-time

The notion of gradient discretisation for transient problems requires the addition of time steps and an
interpolation (not necessarily linear) of the initial condition.

Definition 2.8 (space—time gradient discretisation) Let Q be a bounded open set of R4, d > 1, and
let T > 0. A space—time gradient discretisation D for the transient Stokes problem, with homogeneous
Dirichlet boundary conditions, is defined by a family D = (Xp,0,1Ip,Vp,Yp, xp,divp, (t(”))nzo’wN, Jp)
where:

e D*=(Xpo,Up,Vp,Yp,xp,divp) a gradient discretisation of Q0 in the sense of Definition 2.1;
o Jp:L*(Q) — Xp,o an interpolation operator;
e 0 =0<tW <. <t =T

We define 573 = (D) _ y(n) forallm=0,...,N —1, and tp = max 1(575"*%).

n=0,...,N—

A sequence of space—time gradient discretisation (D, )men is coercive (resp. limit-conforming) if its spatial
component (Df)men is coercive (resp. limit-conforming). The consistency of a space-time gradient
discretisation imposes additional assumptions on the time stepping and the interpolation of the initial
conditions.

Definition 2.9 (space—time consistency) A sequence (Dp,)men of space—time gradient discretisations
in the sense of Definition 2.8 is consistent if

1. (D)) men is consistent in the sense of Definition 2.4;
2. For all ¢ € L*(Q), Tp,, Jp, ¢ — ¢ in L*(Q) as m — oo;

3. 0tp,, = 0 as m — oo.



3 Gradient schemes and main results

3.1 Steady Stokes problem
Our assumptions for the steady Stokes problem (1) are the following:

) is an open bounded Lipschitz domain of R¢ (d > 1), (©)
feL*Q),Ge L*()?and n € [0, +00).

Definition 3.1 (Weak solution of the steady Stokes problem) Under Hypotheses (6), (@,p) is a
weak solution of (1) if

u € Hy(Q), p e Lj(9),
ﬂ-ﬁdx+/Vﬂ:V@dx—/pdiv@dx:/(f-@JrG:Vﬁ)dx, Vo € Hy(Q),
Q Q Q

3

Q

/Q qdividz =0, Vg€ LE(9),

where “7” is the dot product on R and, for & = (& ;)ij=1...a € R and x = (Xi;)ij=1
Ex = ijzl &ijXi,5 18 the doubly contracted product on Rxd,

..........

Remark 3.2 Under Hypotheses (6), the existence and uniqueness of a weak solution (@,p) to Problem
(1) in the sense of Definition 3.1 follows from [31, Ch.I, Theorem 2.1].

The gradient scheme for the steady Stokes problem is based on a discretisation of the weak formulation
(7), in which the continuous spaces and operators are replaced with discrete ones. In (7), we wrote the
property “divu = 0” using test functions to make clearer this parallel between the weak formulation and
the gradient scheme. If D is a gradient discretisation in the sense of Definition 2.1, the corresponding
gradient scheme is given by:

u€ Xpo,p€¥Ypp,
77/HDu'HDvdm—i—/VDu:VDvdx—/XDp divpvdx
Q Q Q

:/(f~HDv+G:VDv)dx, Vv € Xp o, ®
Q

/ xpgdivpudz =0, Vqge&Ypy.
Q

Our main result on gradient schemes for steady Stokes problem is the following theorem.

Theorem 3.3 (Error estimates for the steady Stokes problem) Under Hypotheses (6), let (u,D)
be the unique solution of the incompressible steady Stokes problem (1) in the sense of Definition 3.1. Let
D be a gradient discretisation in the sense of Definition 2.1 such that Bp > 0 (see Definition 2.3). Then
there exists a unique (up,pp) € XpoXYp,o solution of the gradient scheme (8), and there exists C. > 0,
non-decreasing w.r.t. 7, Cp and ﬂ%’ such that

[@ —pupllr2(e) + Vi = Vpupl|r2 ) + IP — XppllL2(0)
<. (Wn(Vi-G.p) + So(@ + Sp(7)) - (9)

Remark 3.4 As a consequence, if (Dpm)men 1S a coercive, consistent and limit-conforming sequence
of gradient discretisations (see Definitions 2.3, 2.4 and 2.5), and if (Wm,pm) are the solutions to the
corresponding gradient schemes, then lim,, oo IIp, Uy = in L? (), limy, 00 Vp,, tUm = VU in LQ(Q)d,
and limy, 00 XD, Pm = P in L*(Q).



The constant C, in the preceding estimate may tend to infinity as Sp tends to zero. For some gradient
schemes, we can obtain an estimate on the velocity which is independent on the constant in the inf-sup
condition. If D is a gradient discretisation we define the discrete version of the space E({2) by

Ep = {’UEXD70 Vg €Ypyo, /qudiVDvdxzo}. (10)
Q

Theorem 3.5 (Error estimates on the velocity without inf-sup constant) Under the assumptions
of Theorem 3.3, we suppose that

Yve Xpyo, if / xpgqdivpvdz =0 for all ¢ € Yp o then divpv =0 a.e. in Q (1)
Q

(that is to say, Ep ={ve€ Xp, : divpv =0 a.e.}).
Then

HVE — VDUDHL2(Q)d < (T]CD + Q)SD,ED (ﬂ) JrWD(Vﬂ - G,TD) (12)
@ —Tpuplr2) < [Cp(nCp +1) + 1] Sp &, (@) + CoWp(Vu — G,p), (13)

where Sp. g, (W) = min,cg, (HHD’U = g2y + [IVpv — VHHLQ(Q)d).

Remark 3.6 Most classical schemes for Stokes problem satisfy (11), and have interpolants E(QY) — Ep
which ensure that Sp. g, (W) — 0 as the mesh size tend to 0. This is the case of all the schemes presented
in Section 4.

Estimates (12) and (13) on the discrete velocity still depend on the continuous pressure p. This means
that even in the case of purely irrotational forces, with the solution of the Stokes equations (@, p) = (0,7),
the pressure terms can lead to errors on the velocity [25]. For some gradient schemes, this dependency
on the pressure can be removed.

Theorem 3.7 (Pressure-independent error-estimates on the velocity) Under the assumptions of
Theorem 3.3, we suppose that

Yo e Ep, Yy e HY(Q), / Mpv - Vipdr = 0. (14)
Q

Then, if Vi — G € H g, () (which amounts to asking that p € HY(Q)), we have the following pressure-
independent estimates on the velocity:

VT — VDUD||L2(Q)d < (nCp +2)Sp.g, (@) + Wp(Vu — G) (15)
Hﬂ - HDUDHLQ(Q) < [CD(’I]CD + 1) + 1] SD,ED(E) + CDWD(VE— G), (16)

where Wp is defined by (5).

Remark 3.8 In case of purely irrotational forces (f,G) = (VV,0), then the solution to the Stokes problem
is (u,p) = (0,V) and Estimates (15) and (16) show that the velocity is exactly approximated. In other
words, for such irrotational forces, the discrete velocity provided by the scheme is zero.

Remark 3.9 Assumption (14) is clearly satisfied by some conforming methods (i.e. Xpgo C Hé(Q),
divp =div, IlIp = 1d, Yp o C L*(Q) and xp = 1d), provided that the divergences of the discrete velocities
lie in the space of the discrete pressures. This is in particular the case for the methods in [23, 34, 35],
but this is not true for the Taylor-Hood conforming scheme.



Assumption (14) is however not satisfied in general by non-conforming methods such as the Crouzeiz—
Raviart scheme, when Ilp is the “classical” reconstruction of function (see Section 4.3). The action
in these schemes of purely irrotational forces on the wvelocity may lead to poor mass conservation. As
suggested in [25], a way to satisfy (14) is to use the Raviart-Thomas reconstruction defined in Remark

4.7,

Remark 3.10 For most numerical methods cast in the gradient schemes framework, it is possible to find
explicit bounds on Sp, Sp, Wp, Wp and Wp. Estimates (9), (12), (13), (15) and (16) then give explicit
convergence rates for these methods. See Remarks 4.4, 4.6, 4.9 and 4.11.

3.2 Transient Stokes problem

We consider the transient Stokes problem (2) under the assumptions

Q) is an open bounded Lipschitz domain of R? (d > 1), T > 0,

s € L2(Q), f € L2(Q x (0,T)) and G € L*(Q x (0, T))". (17)

The solution of (2) is initially understood in the following weak sense, in which the pressure is eliminated
by the choice of divergence-free test functions. Existence and uniqueness of this solution is proved in [31,
Ch.ITI, Theorem 1.1].

Definition 3.11 Under Hypothesis (17), u is a weak solution of (2) if
u € L*(0,T,E(Q)),

/ /—u 8t<pdzdt+/uml (-, )d:c—|—/ /Vu Vdzdt (18)

/ / @+ G :Vo)dzdt, VYo =0w with§ € C°([0,T)) and w € E(QQ).

It can however be seen (see Section 6.2) that if uiy; € E(€2) and @ is the solution of (18), then there exists
a pressure P such that (@, p) is a solution of (2) in the following sense.

Proposition 3.12 Assume Hypotheses (17) and uini € E(Q). We let w be the solution of (18). Then
there exists p such that (u,p) satisfies:

€ L*0,T, BE(Q)NC([0,T]; L*(Q)), du € L*(0,T, H *(Q)), p € L*(0,T, L3(Q)),

/ / o, ¢ dxdt—i—/ /Vu Vgodxdt—/ /pdlvapdxdt
(19)

:/ / co+G:V)dzdt, Ve e L*(0,T; Hy(Q)),
o Ja

(-, 0) = Uin; a.e on ),
where (-,-) denotes the duality pairing between H () and Hy(Q).

Let D be a space—time gradient discretisation in the sense of Definition 2.8. With the notation



the implicit gradient scheme for (2) is based on the following approximation of (19):

up = (ugl))nzoj_“,N, Pp = (pgb))n:LMN s.t. ug) = Jpuin; and, for alln =0,..., N — 1,

U(DHH) € Xppo, ngH) €Ypo,

/ HD§Z+%UD -HDvd:v+/ VDugLH) : Vpudx — / XngLH)divadx
Q Q Q
¢(n+1)

1
:W/<) /Q(fHDU—i-GvD’U)dZL'dt, VUGXD)O,
t‘IL

(20)

/ divDugLH)Xqux =0, VgeYpp.
Q

It is common to use IIp and Vp to denote space-time functions the following way. If v = (v"),=0,... N €
Xp.o, the functions TIpv : Q% [0,7] — R, Vpv: Qx (0,T) — R>? and §pv : (0,T) — Xp o are defined
by

Mpv(-,0) =Hpv® and Vn =0,...,N — 1, Vt € (t(),t(*+D] vz € Q,

ntl 21
Mpu(z,t) = Mpo™ ) (z), Vpu(z,t) = Vv (), and spu(t) = 65 2. @)

Our first convergence result deals only with the velocity.

Theorem 3.13 (Convergence of the velocity for the transient Stokes problem)

Under Hypotheses (17), let u be the unique weak solution of the incompressible transient Stokes problem
(2) in the sense of Definition 8.11. We take (Dp,)men a sequence of space-time gradient discretisations
in the sense of Definition 2.8, that is space-time consistent, limit-conforming and coercive in the sense of
Definitions 2.9, 2.5 and 2.3. Then for any m there is a unique solution (up,, ,pp,,) to (20) with D = D,
and, as m — oo,

e Tlp, up, converges toa in L°(0,T; L*(Q)),

e Vp, up, convergesto Va in L*(Q x (0,T))%.

Remark 3.14 Since the functions (Ilp, up,, )men are piecewise constant in time, their convergence in
L>(0,T; L*(Q)) is actually a uniform-in-time convergence (not “uniform a.e. in time”).

Under slightly more restrictive (but usual) conditions on the initial data, we can also prove a convergence
result on the pressure.

Theorem 3.15 (Convergence of the pressure for the transient Stokes problem) Under the as-
sumptions and notations of Theorem 3.13, we suppose that G = 0, uin; € E(R), (||Jp,, Uinil|D,, )men s
bounded and, for all m € N, Jp_uin; € Ep,, (where Ep, is defined by (10) with D = D, the spatial
gradient discretisation corresponding to D,,). Then, as m — oo,

e Ilp, up, converges toa in L°(0,T; L*(Q)),
e Vp, up, convergesto Va in L*(Q x (0,T))4,
® Xp,.Pp,, weakly converges top in L*(Q x (0,T)),

where (u,P) is the weak solution of (2) in the sense (19).



Figure 1: A cell K in a polyhedral mesh

4 Examples of gradient discretisations

Although gradient schemes are not necessarily based on meshes, most numerical methods for Stokes’
equations are mesh-based. We give here the generic definition of a polyhedral mesh, following [14, 12].
We refer to Figure 1 for some notations.

Definition 4.1 (Polyhedral mesh of Q) Let Q be a polyhedral open bounded domain of RY, d > 1. A
polyhedral mesh of Q) is a triplet (M, E,P) where:

1. M is a finite family of non empty connected open disjoint subsets of Q (the “cells”) such that
Q =UgemK. For K € M we denote by 0K = K \ K the boundary of K, by |K| > 0 the measure
of K, and by hyi the diameter of K.

2. & = Einp U ot is a finite family of disjoint subsets of Q0 (the “edges” of the mesh — “faces” in 3D)
such that any o € & is a non-empty open subset of a hyperplane of R?. & is the set of edges
included in Q, and Eexy is the set of edges included in 0. The (d — 1)-dimensional measure and
the centre of gravity of o € £ are respectively denoted by |o| and T, .

We assume that, for all K € M, there exists a subset Ex of £ such that 0K = Uyecg,0. We then
set My = {K € M : 0 € Ex} and we assume that, for all o € £, either M, has ezactly one
element and 0 € Eext, or My has exactly two elements and o € Eyy. For all K € M and o € E,
we denote by nk , the unit vector normal to o outward to K.

3. P = (zx)xem is a family of points of Q indexed by M such that, for all K € M, K is strictly
star-shaped with respect to xx, meaning that for all x € K the segment [rx, x| is included in K.
We let di » be the signed distance between xx and o, that is:

dKJ: (SC*IL’K)~IIK7G, X € o. (22)

Note that (x — zk) - D, is constant for © € o, and that it is strictly positive due to K being
star-shaped with respect to xx .

The size of the polyhedral mesh is defined by hapq = max{hg : K € M}.

Remark 4.2 If Q has a polyhedral mesh, then ) is polyhedral and locally star-shaped. Otherwise, 2
would have a slit and there would exist edges in the polyhedral discretisation that simultaneously lie on
09 and have two neighbouring cells, which is prevented by Item 2.
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4.1 The MAC scheme

The Marker-And-Cell (MAC) scheme [24, 29, 33] can be easily defined on domains where the boundary
is composed of subparts parallel to the axes. Let us show that its basic version fits the gradient scheme
framework. For simplicity of presentation, we restrict the presentation to 2D domains and we further
assume that Q = (a,b) x (¢, d).

Uiyl
A
Yj+d
Uiyl
P:\j\ / 3]
—
Yj
Yj-i
Tist X Tigl

Figure 2: Mesh for the MAC method.

We introduce, for given N, M € N*, finite real sequences r1 = a < z;,1... < b =xy,1 and y1 =

2 2 2 2
c<yq1r... < d= Ynryt- We set g = a, z; = %(xi_% +xi+%) fori=1,...,N, zny1 = b, yo = ¢,
Yy; = %(yj,% + yj+%) for j = 1,...,M, ypy+1 = d. We then define a gradient discretisation D =
(XD70,YD,HD,XD,VD,diVD) as follows.

1. The space of the discrete velocities Xp (o is defined by

Xpo={u=((Uiy1;)i=0,.Nj=0,...M+1; (U j{ 1)i=0,...N+1,j=0,....M)

U1 €R w0 €R uy =y =u; 1 =u; 1 =0foralli,j}.

2. The space of the discrete pressures Yp is

Yp ={p = (pij)i=1,..Nj=1,...m : Pij € R}

3. Forallu € Xp, lIpu = (H%)u, H(DQ)u) € L?(Q)? with Hg)u piecewise constant equal to u;; 1 ; in
(i Tip1) ¥ (yjfé,yj#%) fori=0,...,Nand j=1,..., M, and H(Dz)u piecewise constant equal to

U1 in (z —%»%’4-%) X (yj,yj41) for i =1,...,N and j = 0,..., M (this definition accounts for

i
the boundary conditions on the velocity).

4. For all p € Yp, xpp is piecewise constant equal to p;; in (xifé,xpr%) X (yj7%>yj+%) for 1 =
1,...,Nand j=1,..., M.

5. Forallu e Xpo, Vpu = (Vg’b)u)a,bzl’g € L*(Q)* with Vg’b)u the piecewise constant approxima-
tion of the b-th derivative of the a-th component defined by:

(1), i+t T%-1
(a) Vp lu=—>"— 1
2

on (z;_1,x;
i+% i—

’L727 3

+%)><(yj7%,yj+%) fori=1,....Nand j=1,..., M,

u,

u, UL ) )
(b) Vg’Q)u: % on (;,xi41) X (Yj,yj+1) fori=0,...,N and j =0,...,M,
U, 1—U, 1
(c) Vg’l)u: W on (z;,zi41) X (yj,yj4+1) for i =0,...,N and j =0,..., M,
(d) V2D = Zd o gy ) x ( )fori=1,...,Nandj=1,...,M
b u= R on (z;_1,%;41 Yj—1:Yj41) fori=1,... ,Nand j=1,...,M.
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6. divpu = Tr(Vpu) = V(Dl’l)u—i— Vg’z)u (constant in (z;_1, ;1) X (y;_1,9;41) fori=1,....N
and j=1,...,M).

The gradient scheme (8) stemming from such a gradient discretisation is identical to the standard MAC
scheme, classically written using finite differences. Setting hp = max; ; (xH% — T 1YL~ y;%), we
have the following result.

Proposition 4.3 (Properties of the MAC gradient discretisation)

For any m € N we define a gradient discretisation D,, as above, from some finite sequences (%Jré)i:O,...,Nm
and (yﬁ_ .M, such that hp,, tends to 0 as m — co. Then (Dp,)men is coercive, consistent and
limit- conformmg in the sense of Definitions 2.8, 2.4 and 2.5.

Proof

We drop the indices m for legibility.

COERCIVITY: Since the definition of V corresponds to the discrete gradient of a finite volume scheme
on a mesh satisfying the usual orthogonality property, the bound on C'p is a consequence of the discrete
Poincaré inequality [17, Lemma 9.1 p 765]. Note that the control of divp by Vp is straightforward from
its definition. The lower bound on fp is a consequence of Necas’ result [27, 4]. Indeed, for any g € Yp o
we can find w € H(Q) such that divw = xpq and wll e < CllxpallL2(q)- The lower bound on Sp
is obtained by considering v € Xp ¢ defined by averaging this function w on all edges, and by applying
[17, Lemma 9.4 p 776].

CONSISTENCY: The consistency for the pressure stems from the fact that, given a family of meshes whose
size tend to 0, any L? function can be approximated by sequences of piecewise constant functions on the
meshes. The consistency for the velocity is equally immediate, since Taylor expansions show that for a
regular ¢ the interpolation u € Xp o defined by u; 1 ; = gp(xH%,yj) and u; ;1 = <p(a:i,yj+%) has a
reconstruction IIpu and a discrete gradient V pu close respectively to ¢ and Ve if the mesh size 1s small.
LIMIT-CONFORMITY: Since in this case the domain is locally star-shaped, we use Proposition 2.6 and
Remark 2.7. We start by taking ¢ € C*(Q)? and we show that Wp(p) — 0 as hp — 0. The study is
simplified by considering each component of the gradient separately. For u € Xp ¢ we have

1) (@, y)

/v“) Pt dedy = Z / _— fx 1 dedy

,,,,, T 1%y 1)X(Y; 109,1) Titl i1
= Z (Wit ;= im1 )i (Wipr — Yj-1) (23)
e

where ; ; is the average of o1 on (xifé,xH%) X (yjfé,y]#%). Using a discrete integration by parts
and the Dirichlet boundary conditions, we may write

Pit+1,5 — Pi,
Do (g~ g )i Wiy —Ym3) == D0 Mgy Wy Yoy @y — wiy)
i=1,...,N i=1,...,N 'Ti"r% ‘ri—g
j=1,...,M j=1,....M
= —/ 11 w0V dady + Rp, (24)
Q

where |Rp| < Chp|lul|p with C only depending on ¢ and Cp from (3). We used the fact that ¢; ; =
P (@i y5) + O((@ig gy = @i ) (Y544 — - 1), which implies 28 = 9D (24, ;) + Oy, —
2

3217%

yj_1) = MY 1 O(hp) on (x4, xi41) ¥ (¥j-1,¥;41). Combining (23) and (24), we get

'/ (V%’l)u AR Hg)ua(l)go(l’l))dxdy’ < Chpllu||p-
Q
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Using the same idea for each component of V p, we conclude that Wp(p) — 0 as m — co.

We now have to prove that Wp(w) — 0 for all ¢p € C°°(2). Since divp = Vg’l) + V(DQ’Q), defining
p € C®(0)? by o) = 22 = ¢ and 12 = D = 0 we see that Wp(w) = Wp(p). Since we
already established that Wp () — 0, this completes the proof. [

Remark 4.4 Following the above proof, we see that for v € H*(), ¢ € HY(), ¢ € H*(Q)¢ and
1 € H?(Q), the quantities Wp (), WD(q), Sp(v) and Sp(¥) are all of order O(hp). If (w,p) € H*(Q) x
H(Q), the rates of convergence provided for the MAC method by the theorems in Section 3.1 are therefore
of order one (see Remark 3.10).

4.2 Conforming Taylor-Hood scheme

We assume here that € is a polyhedral bounded open domain of R?, d = 2 or 3, and we take a simplicial
mesh of 2, that is a mesh (M, &, P) in the sense of Definition 4.1 such that for each cell K we have
Card(Ex) = d+ 1. Each cell is therefore a simplex (triangles in 2D, tetrahedra in 3D), and the mesh
does not have any hanging node: two neighbouring cells meet along an entire edge/face of each of them.
The set of vertices of the mesh, that is the non-empty intersections of the closures of two edges (in 2D) or
3 faces or more (in 3D), is denoted by V. We define O = inf{g—g : K € M}, where £k is the diameter
of the largest ball included in K.

The Taylor-Hood scheme [30] on such a simplicial mesh can be seen as the gradient scheme corresponding
to the gradient discretisation D = (Xp o, Yp,IIp, xp, Vp,divp) defined as follows.

1. The space of the discrete velocities is Xp o = {(vs)sev@ : vs € R4}, where VR =V U {z, : 0 €
Ex} is the set of nodes of the P? finite element discretisation on the simplicial mesh.

2. The space of the discrete pressures is Yp = {(ps)scv) : ps € R}, where V(1) =V is the set of
nodes of the P! finite element discretisation on the mesh.

3. For all v € Xp, lIpv = ZS€V(2> vsgpgz), where <pg2) is the scalar P? finite element basis function

associated with the node s.

4. For all p € Yp, xpp = > ,cv ) ps<p§1), where <p§1) is the scalar P! finite element basis function

associated with the node s.
5. For allv € Xp o, Vpv = V(Ilpv).
6. For all v € Xp g, divpv = div(Ilpv).

Proposition 4.5 (Properties of the Taylor—Hood gradient discretisation)

Let (M, Em, Pm)men be a sequence of simplicial meshes of ) such that (Oam,, )men remains bounded,
and that haq,, — 0 as m — oco. We assume that every cell of every mesh in the sequence has at least d
edges in Q. Let Dy, be the gradient discretisation defined as above for (M, P,E) = (M, Pm,Em). Then
(Dim)men is coercive, consistent and limit-conforming in the sense of Definitions 2.3, 2.4 and 2.5.

Proof

CoERCIVITY: Since Ip, (Xp,, o) is the set of continuous and piecewise P? functions, it is a subset
of Hj(Q). The Poincaré inequality [|IIp,, ullz2q) < diam(Q)||V(Ilp, u)||r>q)e is therefore satisfied.
Applying [15, Lemma 4.24] to estimate p, , we obtain the coercivity of (D, )men.

CONSISTENCY: The consistency is proved in [8, Theorem 3.1.6] in the general case of P* finite element,
thus we just apply this result with £ = 2 for the discrete velocity and k = 1 for the discrete pressure.

LIMIT-CONFORMITY: Because of the definition of Vp,_ and divp, , Wp, , Wp, and WDm) are identically
null. O
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Remark 4.6 The consistency in [8, Theorem 3.1.6] gives an O(h%,) estimate on Sp for functions in
H3(Q). Hence, since there is no defect of conformity for the Taylor—Hood method, the rates of convergence
provided for this scheme by the theorems in Section 3.1 are therefore of order two (see Remark 3.10).

4.3 The Crouzeix—Raviart scheme

As for the Taylor-Hood method, we consider a simplicial mesh (M, &, P) of a bounded polyhedral domain
Q. We still set G = inf {g—g : K € M}, where £k is the diameter of the largest ball included in K. The
Crouzeix—Raviart scheme [9] can be seen as a gradient scheme with the gradient discretisation defined as
follows.

1. The space of the discrete velocities is Xp o= {v = (v5)ses : Vo € R, v, =0 for all 0 € Eoxs }-
2. The space of the discrete pressures is Yp = {p = (px)xem : Pk € R}.

3. The linear mapping IIp : Xpo — Lz(Q) is the nonconforming piecewise affine reconstruction of
each component of the velocity defined by

Yo € XD,O» Ilpv = Z VsPos (25)
oe€

where ¢, is the non-conforming P! basis function associated with the face o.
4. The linear mapping xp : Yp — L2() is defined by: for p € Yp and K € M, xpp = px on K.
5. The linear mapping Vp : Xp g — LQ(Q)d is the piecewise constant “broken gradient”:

Yv € XD,07 VK e M, (VD’U)‘K = (V(HDU))|K (26)
6. The linear mapping divp : Xp o — L*() is defined by

1
YVoe Xpo, VK e M, divpy = X Z lo|vs - ng . = (div(Ilpv))k- (27)

oelk
Remark 4.7 Definition (25) leads to the standard Crouzeix-Raviart scheme. It could be replaced by

Yv € XD,Oa 1—IDU = Z Vo - nU@URT7 (28)
oef

where n, is a selected normal vector to the face o and pFT is the H iy (Q) conforming Raviart-Thomas

basis function associated with the face o oriented by n,. As mentioned in Remark 3.9, we then recover
Property (14).

Proposition 4.8 (Properties of the Crouzeix—Raviart gradient discretisation)

Let (Mo, Emy Pim)men be a sequence of simplicial meshes of Q, such that (Oam,, )men Temains bounded
and hp,, — 0 as m — oco. We define Dy, as above for (M,E,P) = (Mm,Em,Pm). Then (Dp)men is
coercive, consistent and limit-conforming in the sense of Definitions 2.3, 2.4 and 2.5.

Proof
COERCIVITY: Direct consequence of [15, Lemmas 4.30 and 4.31].

CONSISTENCY: The consistency of the operators related to the velocity is shown in [22, Theorem 2.1].
The consistency for the interpolation of the pressure is straightforward since, as haq,, — 0, any function
can be approximated in L?(£2) by piecewise constant functions on M,,.
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LIMIT-CONFORMITY: Any polyhedral domain is locally star-shaped, we can this use Proposition 2.6 to
establish the limit-conformity through Wp, and Wp_ instead of Wp_ . Since smooth functions are dense
in H g;,(2)% and in H(9), we only need to study the convergence of Wp, _ and WDm on smooth functions
(see Remark 2.7).

Let us handle Wp,, first. To simplify the notations, we drop the index m. We also only consider one
component of the discrete velocity v € Xp o; we therefore treat IIpv as a scalar function and Vpv as a
function with values in R?%. Let ¢ € C*°(Q). Since Vpv = V(IIpv) on each K € M, we have

/(VDU~¢+HDUdivga)dx: Z /(V(Hpv)-tp—i-ﬂpvdivcp)dx: Z /gp-[HDv nj,dy(z) (29)
Q KeMy, VK 0€Em 7

where 7 is the (d—1)-dimensional measure on o, and [IIpv n], = Dgvng +I v ng , with {K,L} = M,
and v = (Ilpv)|g. For any = € o we have Ilxv(z) = Hgv(Ty)+Vgv-(2—T,) where Vigv = (Vpv) k.
Since g v(Z,) = I v(T,) we deduce from (29) that

/Q(VD’U - + I pvdivy)de = Z / ¢ [n® Vpul,(x — T, )dy(x). (30)

[ea
0EE&int

The smoothness of ¢ gives, for any = € o, |¢p(z) — ¢(To)| < ||[V@|loohi. Moreover, since [n ® Vpvl, is
constant over o and T, is the centre of gravity of o,

/ ¢(To) - 0@ Vpu]o(z = To)dy(z) = ¢(To) - [0 ® Vpuo /(x — T )dy(z) = 0.

Introducing ¢(Z,) into (30) and using the bound on O to write hi|o| < C|K| with C not depending
on K € M or o € £k, we infer that

/(VDv~s0+HDvdivs0)dw < Velle Y lol(hk|Vkv| + ki |VL])
Q o€E&int
< ClVellshm, Y, IVkvl Y |K]|
KeM,, oc€lk

(d+1)C[Vellcoh,,

VDUHLI(Q).

This shows that Wp, (@) — 0 as m — oco. The convergence of ,WDM is a consequence of the convergence
of Wp,,, as in the proof of limit-conformity of the MAC gradient discretisation. If 1) € C°°(2) we let
o € C*(Q)? be defined as the diagonal tensor with 1 in each of its diagonal elements. In each cell
K € M we have divpv = div(Ilpv) = Tr(V(lIpv)) = Tr(Vpv) where Tr is the trace of matrices. A
simple inspection thus shows that WD(w) = Wp(yp). Hence, by the convergence established for Wp_ we
see that WDm (¥)) — 0 as m — 0 and the proof is complete. O

Remark 4.9 As in Remark 4.4, following the above proof shows for smooth functions estimates O(hpq)

on Wp, WD, Sp and §D, and the theorems in Section 3.1 thus give order one convergence rates on the
Crouzeiz—Raviart scheme if (@,p) € H*(Q) x H'(Q).

4.4 The HMM extension of the Crouzeix—Raviart scheme

We now turn to a natural extension of the Crouzeix—Raviart scheme to any polyhedral mesh, namely the
“Hybrid Mimetic Mixed” (HMM) scheme [13]. A version of this method was developed and studied for
Navier—Stokes equations in [10], but with a less efficient stabilisation and with convergence results less
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detailed than the ones in Section 3. The HMM family of schemes contains the Mimetic Finite Difference
method of [5]. We note that these mimetic schemes are different from the ones described in [1, 2], where
both scalar edge and vector vertex unknowns are used for the velocity. After static condensation to
eliminate cell unknowns, the method we present here only uses vector edge unknowns for the velocity
and therefore leads to a smaller linear system.

Let (M, E,P) be a polyhedral mesh of €2 in the sense of Definition 4.1. For all K € M and o € £k, we
denote by Dy, the cone with vertex xx and basis o, that is Dg , = {tzx + (1 —t)y : t € (0,1), y € o}.
The HMM gradient discretisation is defined as follows.

1.

6.

The space of the discrete velocities is Xp o = {v = ((vK)kem, (Vo)oce) : Vi € R0, € RY, v, =
0 for all o € Euxt }-

. The space of the discrete pressures is Yp = {p = (px)kem : pr € R}.

. The linear mapping IIp : Xp o — L?(Q) is the nonconforming piecewise constant reconstruction in

the control volumes of each component of the velocity, defined by

Yv e Xpo, VK € M, llpv = vg on K. (31)

. The linear mapping xp : Yp — L?(Q) is defined, as for the Crouzeix—Raviart gradient discretisation,

by
VpeYp, VK €e M, xpp =pk on K. (32)

. The piecewise constant gradient Vp : Xp o — L*(2)? is defined by

d
VK € M Vo € £k ,Vx € Dk, Vpv(z) = Vv + d\f

> (AxRi (VK)o @ N o, (33)

where:
o Vv = ﬁ Yoty 01(Ve —vK) @ nE 4,
L VK = (UU - UK)UGfK S (Rd)SK = (RSK)da

o Ry : (RE)4 5 (REx)? s defined component-wise by Ry (€)@ = R (W) for i = 1,...,d,
where Ry : RE% — REX is the linear mapping Rx (£) = (Rk.o(€))oce, With

RK7U(€> = ga - (ul( Z |UI|§U’HK,U’> : (Eo - mK)

o'efk
o Ag : (R¥x)4 — (R®x)? is defined component-wise for all i = 1,...,d by Ag (&)@ = A(I? (£D)
with Aﬁ? an isomorphism of the vector space Im(Ry) C Rfx.
The linear mapping divp : Xp o — L?(Q) is the discrete divergence operator, defined by

1 1
Yve Xpo, VK € M, divpy = m Z lo|vs -k o = @/ Tr(Vpv)dz on K. (34)
oelk K

The last equality in (34) is a consequence of [14, Eq. (5.11)] that shows that the average over K of
Vpvis V.
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We define 6p > 0 as the smallest § > 0 such that

di hi
max max 7 max <40 (35)
0€Ein, K, LEM, df, o KEM,0€EK dK &
and

Vi=1,...,d, VK € M, V¢ € R°x

p
% :E: |l)k:a| ]%Kla(g)‘ f; jg: ‘I)Kﬂal

d
celK Ko

(AD R (6)),

p
<40 Dk »
dk@a o ZE: | K7|

c€€K

Rk, (£) ‘p (36)
dkfa ’

)

c€EK

As noticed in [14, Remark 5.4], the choice A(I? = B%)Idlm(RK) for some B%) € [4,0] ensures (36). This
choice corresponds to the SUSHI method of [18].

We recall that, when using this gradient discretisation in (8), the values ug can be locally eliminated.
This is done by taking in (8) the test function v € Xp o such that v%) =1foralli=1,...,d, and all other
degrees of freedom equal to 0. This enables to compute ug in terms of (uy)scg,. The global resulting
system therefore involves only the velocity unknowns at the faces of the mesh. The HMM methods
contain the Mimetic Finite Difference schemes which, for triangular meshes and particular choices of 5;?,
are algebraically identical to the lowest order Raviart—-Thomas method [26]. The hybridisation of this
method gives the same matrix on the edge unknowns as the Crouzeix—Raviart scheme [6]. Since HMM
methods are precisely hybrid schemes (with main unknowns on the edges), we can conclude that HMM
is indeed an extension to general polyhedral meshes of the Crouzeix—Raviart scheme.

Proposition 4.10 (Coercivity, consistency and limit-conformity)

Let (M, Em, Pr)men be polyhedral meshes of Q in the sense of Definition 4.1, and let (Dp,)men be the
corresponding gradient discretisations, defined as above. We assume that (0p,,)men remains bounded and
that hpaq,, — 0 as m — 0o0. Then (Dy)men 18 coercive, consistent and limit-conforming in the sense of
Definitions 2.3, 2.4 and 2.5.

Proof

CoERCIVITY: The upper bound on (Cp,, )men is an immediate consequence of [14, Lemma 5.3] (to
estimate IIp_ v) and of the last equality of (34) (to estimate divp,,v).

A lower bound on (8p,, )men can be obtained as for the MAC and the Crouzeix—Raviart schemes from
Necas’ result [27, 4]. It suffices to interpolate in Xp o by edge averages a field w € H(IJ(Q) such that
divw = xpq and [[w| my0) < Clixpdllr2(o)-

CONSISTENCY: The consistency for the operators related to the velocity is shown in [14, Lemma 5.5]. The
consistency for the interpolation of the pressure is similar to that of the MAC and the Crouzeix—Raviart
schemes.

LIMIT-CONFORMITY: Since {2 is locally star-shaped, we can use Proposition 2.6. The convergence to 0
of Wp,, is proved in [14, Lemma 5.4]. The convergence of Wp_ follows in a similar way as for the MAC
and Crouzeix—Raviart schemes, by expressing divpv in terms of Tr(V pv) through (34). If » € HY(Q)
and ¢ is the d x d diagonal tensor with ¢ on the diagonal, we have ¥Tr(T) = ¢ : T for any tensor T
Hence, denoting by [f]am the piecewise constant function equal on K to ﬁ Jx fdz, we have

/qudivadz = /QIZJTY([VDU]M)dxi /Qsa : [Vpv)pmdz :/[ga]M : Vpudz.

Q

Since Vo) = divep, this shows that Wp (1) < Wp (@) + || — [¢]ml|L2 ()¢, and the convergence of Wp (1))
to 0 follows from the convergence of Wp () to 0 and the fact that [p]a — ¢ in L*(Q)%. O

17



Remark 4.11 Similarly to Remarks 4.4 and 4.9, this proof gives estimates on Wp, WD, Sp and Sp
that show that the theorems in Section 3.1 provide, for the HMM method, O(hn) error estimates if
(w,p) € H*(Q) x H'(Q).

5 Proof of the convergence results

5.1 Steady problem

Proof of Theorem 3.3

Once established, Estimate (9) shows that if the right-hand of the linear system (8) on (up,pp) is
zero (i.e. if f =0, G = 0, which implies @ = 0 and p = 0), then the solution (up,pp) is also zero.
Hence, this square system is invertible, which ensures the existence and uniqueness of its solution for
any right-hand side. We now have to show Estimate (9). Under the hypotheses of the theorem, since
div(Va) — VP = —f +div(G) + 77 in the distribution sense, we get div(Va — G) — Vi = nu — f € L*(Q).
Using this relation in W p(Vu — G,p) we write

Wp(Vu—G,p) = max [Vpv: (Vu—G)+1lpv- (nu— f) —pdivpv]dz.
vl 2t

Invoking the gradient scheme (8) to replace / —(IIpv- f+ Vpv: G)dz, we can write for any v € Xp o
Q

/ (n(ﬂ— HDUD) -Mpv+ (Vﬂ— VD’LLD) :Vpuv+ (XDpD —ﬁ) diVDU)de' < WD(VE— G,T))HUHD (37)
Q

Let us define Iy : HY () — Xp o and Ip : L2(Q) — Yp o by
Ipp = areg)?lin (ITpv = ¢llL2 (@) + Vv = Vol L2 (0ye + [[divpy — dive| 2(q)) »
v€Xp,o

Ipt) = argmin XDz = ¥llL2(0)-

2€Yp0
We also set ep (@, p) = Wp(Va — G,B) + Sp(@) + Sp(p). From (37) we may write
/Q(n(HDIDﬂ— Hpup)-Upv+ (Vplpu — Vpup) : Vpv)dz
+ /Q(XDPD — xpIpp) divpvde < (14 (14 n)Cp)ep(@,p)||vllp. (39)
Thanks to Definition 2.3 we can take v € Xp ¢ such that ||v||p =1 and
/QXD(pD — Ipp) divpvde > Bpllxp(pp — Ipp)llr2()-

Equation (39) then leads to

oo~ ToPluaey < D) + LI ), (10)

Choosing v = Ipu — up in (39) and using fQ divpup xpg =0 for all ¢ € Yp o, we can write

|[Ipu — upl? +/ xo(pp — Ipp) divpIpudz < (1 + (1 + n)Cp)ep (@, p)|IpT — up||p,
Q
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which implies, since divu = 0,
1 1pT —up|} < (1+ (1 +1)Cp)ep(@P)|IpT — upllp + Sp @)X (@0 — IpD)|L2(9)-

Thanks to (40) and to the Young inequality ab < $a® + $b%, the above estimate yields the existence of
(4, non-decreasing w.r.t. 1/8p, Cp and 7, such that ||Ip@ —up||p < Ciep(@,p). The conclusion follows
from the definitions of Ipu, Ipp and Cp, from the triangle inequality, and from (40). O

Proof of Theorem 3.5 The proof follows the same idea as the proof of Theorem 3.3, but considering
only functions v € Ep. For such functions, owing to (11), Equation (37) can be written

/ (@ — Tpup) - Tpo + (Vi — Vpup) : Vpv)de < Wp(Va — G, p)llv]l . (41)
Q

We define Ip g, : E(QY) = Ep by Ip g,p = argrj?in (IMpv — @llz2) + [Vov — Vel 2(q)a). From (41)
vELlp
and by definition of Sp g, we deduce

/Q(n(HDIDEDH —Ipup) -llpv+ (VpIp g,u— Vpup) : VDv)d:r
< [(0Cp +1)Sp .k, (@) + Wp(Va - G,p)] |[v]| p-
Choosing v = Ip g,u — up € Ep leads to
IVpIp g, = Vpupllr2e < (Cp +1)Sp,g, (@) + Wp(Vi - G,p) (42)

and the proof of (12) is complete since ||V pIp g u— Vil g2(qye < Sp g, (0). Estimate (13) follows from
the definition of Cp, (42) and |[lIpIp k,u — 1l g2(0)e < Sp,E,(W). O

Proof of Theorem 3.7
The proof starts from the definition of W (Proposition 2.6). Since Vu—G € H 4;,(Q) and div(Vu—G) =
VD + nu — f we can write for any v € Ep

/Q(VDU (VT — G) + po- (Vp+ i — f))de < Wp(Va - G)|lo] .

Owing to Assumption (14) and since v € Ep, we can remove the term Vp. Using the gradient scheme
(8) to replace the terms involving f and G, we deduce

/ (Vv : (VT — Vpu) + llpo - (T — Tpu)) dz < Wn(VE — G o] .
Q

Hence, (41) is satisfied with Wp(Vu — G) instead of W p(Vu — G,p), and the conclusion follows as in
the proof of Theorem 3.5. [
5.2 Transient problem

The existence and uniqueness of the solution of the gradient scheme for the transient Stokes problem is
a straightforward consequence of the study of the gradient scheme for the steady problem.

Lemma 5.1 (Existence and uniqueness of the discrete solution) Under Hypothesis (17), let D
be a space—time discretisation in the sense of Definition 2.8. Then there exists a unique solution (up,pp)
to the gradient scheme (20).
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Proof The equation on (u(™*1 p("*+1)) in (20) is the gradient scheme (8) for the steady Stokes problem,
with n = §t"tz and a right-hand side depending on (™). Existence and uniqueness of the solution
therefore follows from Theorem 3.3. [

Let us now establish some a priori estimates on the solution of the scheme.

Lemma 5.2 (Estimates) Under Hypotheses (17), let D be a space—time discretisation in the sense of
Definition 2.8 and let (up,pp) be the solution of Scheme (20). Then, for allm =0,..., N,

J

t(”’”)

2 L (m) |2 OIE
/|VDuD| dxdt+§/ ’HDuD ‘ — ‘HDuD ‘ dz <
Q Q

£(m)
/0

Moreover, there exist a universal constant Cy > 0 such that

/(f -Hpup + G : Vpup)dzdt. (43)
Q

IMpupllLee(0,7,L2(0)) + IVDUD| L2 (0% (0,72
< Co(Cp|Ifllzaxo.ry) + 1G]l L2@x 0.1 + ITpu® || p2)).  (44)

Proof Putting v = §t”+%u(g+1) and g = ng_l) in (20) we get

/ (HDU([;L+1) — HDugL)) -HDugLH)dx-i-/
Q t

¢(n+1)

/ |VDugL+1) |*dzdt =
(n) )

¢(n+1)

/(f : HDu(;H) +G: Vpug+1))dxdt.
Q

t<")
Using the inequality (a — b) - @ > £(|a|? — [b]?) (valid for any a,b € R?) on the first term, it comes

1 o e Hnt1)
5/ “HDU(DH)) — ’HDu(D)‘ }dx—i—
t

/ |VD’U/§;1+1) |2dzdt <
Q (n) Q

£(nt1)
/(f . HDuSgH) +G: VDugLH))dxdt.
t(n) Q
The proof of (43) is complete by summing this estimate over n = 0,...,m — 1. Estimate (44) is a

straightforward consequence of the definition of C'p and Young’s inequality applied to (43). O
Definition 5.3 (Dual semi-norm on Xp o) The semi-norm |- |« p is defined on Xp o by
lwlep = sup{/ Mpw-Mpvde :v € Ep,||v||p = 1} ,
Q

where we recall that Ep is given by (10).

Lemma 5.4 (Estimates on [dpupl.,p) Under Hypotheses (17), let D be a space-time discretisation
in the sense of Definition 2.8, and let (up,pp) be the solution of Scheme (20). We take Cs greater than
Cp and ||HDu(O)HL2(Q), Then there exist Cy > 0 only depending on ), d, Cs, f, and G such that

T
/0 |5DUD|3’Ddt S 04. (45)
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Proof Taking a generic v € Ep such that ||v|]|p = 1 in Scheme (20) and using the definition of | - |, p
gives an estimate

H(nt1)

+1 n 1
105 uplep < C‘|VDU(IJ+1)||L2(Q)d + W/ ) (CpllfDlL2() + |Gl L2 (0 )dt.

t(n

Squaring this estimate, using Jensen’s inequality on the time integral, multiplying by §t"tz and summing
over n gives (45) thanks to (44). O

We can now prove the first convergence result of gradient schemes for the transient Stokes problem.

Proof of Theorem 3.13

Step 1: existence of a weak limit of a subsequence of approximations.

Estimate (44) gives the existence of @ € L>(0,T; L*(Q)) and ¢ € L*(Q x (0,T))? such that, up to a
subsequence still indexed by m, Ip, up, — @ weakly-* in L>(0,T; L*(Q)) and Vp, up, — ¢ weakly

in L*(Q x (0,7))% Let ¢ € C®°(Q)% and § € C>°(0,T). Foralln =0,...,N —1 and all ¢ € (t("),¢t(»+1)
we have

/ Vo, ulp ™ o 0(t) + p, ult ™ - dive 0(t)dz < Wp,, (,0)0(t)||V b, up, || 2(q)e-
Q

Integrating this over ¢ € (¢, ¢(*+1), summing on n = 0,..., N — 1 and using (44), we find C5 not
depending on m such that

T
/ / va’qu : (p9 + HD,,LUD,,L -dive Odxdt < C5WDm (QD,O)
0 Q

We pass to the supremum limit as m — oo thanks to the limit-conformity, and we apply the resulting
inequality to £¢. This gives

T
/ / C:(p0)+u-div(ph)dedt = 0.
0o Ja

With ¢ € C°(Q)? this relation first shows that ¢ = V@, and therefore that @ € L?(0,T; H'(f2)). Taking
then ¢ which does not vanish on 0f2, we also infer that the trace of @ on 0N is zero and therefore that
T e L2(0,T; Hy(R)).

Let us now prove that u is divergence-free. From Estimate (44) and the coercivity of the sequence of
gradient discretisations, we see that (divp, up,, )men (with the same space-time notations as in (21)) is

m m

bounded in L*(Q x (0,T)). Taking ¢ € H'(Q) with zero mean value and § € C*°(0,7T) we have, for any
n=0,...,N—1andany t € (¢t ¢+,

/ p, uly ™ - Wy o(t) + divp, ul ™y 0(t)de < W, (0,9) 60|V b, up,, || 120y
Q
As above, we integrate this over ¢ € (t("),¢(»*D) and sum over n to find

T
/ / HDmu -V 0+ diVDmqu P Odxdt < CGWD,,L (O, ’(/J)
0 Q

with Cg not depending on m. Using the last equation in the gradient scheme (20), we can introduce
XD,,Ip,, ¥ in the second term of the left-hand side (where Ip, _ is defined by (38)) and we get

T
/ / Ip,, u- Vi odedt < ||divp,, up,, [|z2@x 0.1)IXDm IDn® — ¥llL2()l10]| L20.7) + CsW b, (0, %))
0 Q
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We pass to the supremum limit m — oo thanks to the limit-conformity and consistency of the gradient
discretisations, and to the bound on (divp,, up,, )men in L2(2x (0,7T)). Applying the resulting inequality

to &1, we deduce that fOT Jo @ - VipOdadt = 0. This relation is true for any ¢» € H'(Q) with zero mean
value, and hence also for any function in H'(Q). The shows that divu = 0.

Step 2: W is the solution of (18).

To simplify notations, we drop the indices m. Let § € C°([0,7)) and w € E(£). As (w,0) is the
solution of the incompressible steady Stokes problem (Problem (1)) with f = nw and G = Vw, we can
find wp € Xp o such that fQ xpgdivpwp =0 for all ¢ € Yp o, [Ipwp — w in LQ(Q) and Vpwp — Vw
in L2(Q)? (Theorem 3.3 and Remark 3.4). We take v = §¢("+2)0(t(")wp as test function in Scheme (20)
and we sum the resulting equation on n =0, ..., N — 1 to get T} + 15 + T35 = T, with

N-1
Tl = Z 5tn+%9(t(n))/ HD(S(TLJF%)UD -HDwa(ﬂ,
Q

N—-1
T, = Zatn+zot<n> /vDu("+> V pwpdz,
n=0

Ty = — Z 5t"+%9(t("))/ XngH_l)diVDwaa?,
Q

e

L(nt1)

Ty /(f~HDwD+G:VDwD)dxdt.
Q

First, we remark that 753 = 0 since fQ xpqdivpwp = 0 for all ¢ € Yp . Using discrete integration by
(n+1)
parts and writing 6(¢t(*+1)) — 9(¢t()) = tt(") ¢, we find

T
T1 :—/ /H/HDUD-HDU)Dd.’Edt—H(O)/HDU(D) HDwax
Q Q

Recall that u(DO) = Jpuini, so that the space-time consistency (Definition 2.9) gives HDu(g) — Ujp; 1IN

L?(Q) as m — co. Thus, by strong convergence in L*(Q2) of Hpwp to w,

T
T, — —/ / 0'u - wdzdt — 0(0)/ Tin; - wdz.
0o Ja Q

Using the regularity of # and the weak convergence of Vpup to Va in L? (2 x (0,7))%, it easily comes

T T
15 —>/ 9/ Vu: Vwdzdt and Ty —>/ 0/(f~w+G s Vw)dzdt.
0 Q 0 Q

Passing to the limit in 77 4+ T3 + T3 = T concludes the proof that @ satisfies (18), and thus also (55).

Step 3: convergence in L (0,T; L*(Q)).

The proof of the uniform-in-time convergence follows the same idea as in [11]. Using Lemma 5.5 below
and the generalised Ascoli-Arzela theorem [11, Theorem 6.2], we see that for any ¢ € E(f2) the se-
quence ((IlIp, up, (+),¥)12)men is relatively compact in L>°(0,T"). Since this sequence already converges
weakly in L2(0,T) towards (7(-), )2 (because IIp up  — @ weakly in L*(Q x (0,T))), we deduce that
(IIp,, up,, (+),¢)r2 = (G(-), @) > uniformly with respect to ¢t as m — oco.
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Let ¢ € L*() and ¢ € E(Q). By Estimate (44) we have for any t € [0, T
[(Ip,, up,, (t),¥) Lz = (@(t), ¥) 2| < [(p, up,, (1), p)r> — (@), p) 2| + Cll = Yl|L2 ()

where C does not depend on m, ¢, ¢ or 1. Assuming that ¢) can be approximated in L? (Q) by functions in
E(£2) (see [31, Ch. I, Theorem 1.4] for a characterisation of such functions 1), the preceding estimate and
the uniform-in-time convergence of ((Ilp, up,, (+),¥)r2)men show that (IIp_up, (-),¥)p2 — @(-),¥) 2
uniformly-in-time as m — oo. As seen in Proposition 6.2 in the appendix, it is known that for any
Ty € [0, T] the function %(Tp) can be approximated in L?(Q) by functions in E(Q); hence, we can apply
the preceding result to ¢ = u(Tp). This allows us to see that for any (s,,)men converging to Tp

[T By = lim (w(sm),T(To)) g2 = lim (Lo, up, (s),G(To))zo. (46)
Here, we used the continuity of @ : [0, 7] — L?*(Q) given by (55). Thus, it comes
7T}z < limin 1L, up, (s0) | z2(0)- (47)

Let k(m) such that s, € (t*m)=1 k)] where (#); are the time steps of the discretisation. Definition

(21) gives IIp, up,, (sm) =11 Dmu%“im)). The discrete energy estimate (43) therefore leads to

1 1
5 [ Mo, 0, (s Pdo < 5 [ Mip, ulf) o [
Q Q 0

)

We notice, by weak convergence in L*(Q x (0,T))? of Vp, up,, to V@ and strong convergence in L*(€ x
(0,7))4 of 19,4 (k(m1 VU toward 1o 7V (due to t(k(m) 5 Ty), where 14 is the characteristic function

of A,
T
/ / l[O,TO]Vﬂ : Vudadt
0 Q

To
/ / |Va|*dzdt
0 Q
T
= lim/ /1[O’t(k(m))]Vﬂ:VDmqudl‘dt
0 Q

$(k(m))
/ |V p,, up,, |*dzdt
Q

$(k(m))
/(f . HDmqu +G: vaqu)d.’Edt. (48)
Q

m—0o0
= lir?ii?of("1““("‘“””1va"L?(Qx(o,TW 110,160 V ., 00, L2(9x<o,T>>d)
= |10, V7l ‘LQ(QX(O,T))(! li,ﬂiggf Hl[O,ﬂ’“(m))]va“Dm | ‘LQ(QX(O,T))d :
Hence
To $(k(m))
/ / |Va|*dadt < lim inf / |V, up,, |*dedt

and we can pass to the limit superior in (48) thanks to the weak convergences of Ilp,_ up, and Vp_up, .
This gives

. 1
lim sup 3 |Mp,, up,, (Sm)||2L2(Q)
m—0o0
1 " v
gf/ mini'de_/ /szdde/ /(f.a+G:vmdxdt. (49)
2 9] 0 Q 0 a2
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Plugging ¢ = U1y 1, in Problem (55) and integrating by parts, we obtain the continuous energy estimate

1 1 To To
L E @) 2 :7/ |ﬂini|2dx—/ /|Vﬂ|2dzdt+/ /(f~ﬂ+G:Vﬂ)d:cdt. (50)
2 @2 /g o Ja 0o Jo

Combined with (49) this leads to limsup,,_, ., ||HDmqu(sm)||L2 @ < ja( TO)HLQ(Q Using (47) we
deduce lim,, o0 |[IIp,, up,, (Sm)HLz(Q ||u(T0)||L2 () Together with the convergence (46) this allows
us to see that ||IIp, up,, (Sm) — H(TO)HL2 @ 0 (just develop the square). Since @ : [0,T] — L*(f) is
continuous we can apply [11, Lemma 5.1] and we conclude that TIp_up  — @ in L*(R2) uniformly-in-time.
Step 4: strong convergence of Vp,  up,,.

We write the discrete energy estimate (43) with t(™ = T and use the convergence in L*(Q)? of
Ip, up,, (T) to u(T) to see that

1 T
limsup||Vp,, UDmHL2(Q><(o Ty < _5/(|E(T)|2 — [tini |*)da +/ /(fﬂ"‘ G : Vu)dzdt.
Q 0o Ja

m— 00

The energy estimate (50) with Ty = T then shows that

hm_fuPHVD quHL2 @x(0,7)d = HV“||L2(Q><(0 T))d-

This allows us to conclude that the weak convergence of Vp up  to V@ in L*( x (0,7)) is in fact
strong. UJ

The following lemma was the initial key to obtain the uniform-in-time convergence result in the previous
proof (Step 3).

Lemma 5.5 Under the assumptions and notations in Theorem 3.13, for all ¢ € E(S) the sequence of
functions t — (Ilp,_up, (t), )2 satisfies the following quasi-equi-continuity property: there exist C7 not
depending on m, and a sequence of real numbers (wy. p,, )men converging to 0 such that for allt,s € [0,T]

(Ip, up,, (t) —p, up, (s),¢) 2| < Crlt — 52 +w,,p,,.

Proof We drop the index m as in the proof of Theorem 3.13. Let ¢ € E(£2) and consider the solution
©p to the steady gradient scheme (8) with f = n¢ and G = Vy. Then IIpp — ¢ in L*(Q) and
Vpep — Ve in L2(Q)d. We write Hpup(t) — Ipup(s) as the sum of the jumps of Il pu between ¢ and
s. Since ¢p € Ep, the definition 5.3 of | - |+ p gives

) 1
‘(HDUD(t) —HD’ILD(S),HDQPD>L2‘ _ Z 5t(n+§) / HD(SE-MUD -Mpppdx
n s.t. Q
s<t(m) <y
a1 +3
< Y st 2 upl. pllenllp-
s;ﬁs"f)‘gt

Since Vpop — Ve in L*(Q)?, ||¢p|lp is bounded and so by the Cauchy-Schwarz inequality we may
write

2

T
‘<HD’LLD(t) — HDUD(S)7HD(,DD>L2‘ S C (/ (5DuD|iDdt> (lt - S| + (St)é
0
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with C not depending on D. Thanks to Lemma 5.4 we infer

|Mpup(t) —Hpup(s), Upypp)rz| < C (|t — 5[ +61)2 .
Using Estimate (44) we then write
|(Ipup(t) = Mpup(s), ¢ 2| < [(Mpup(t) —Mpup(s), ¢ —pyp)r|
+ [(Hpup(t) = Mpup(s),lpep) |

< Clleg —Ipepllp2a) + C (|t — s| +dt)2

< Oylt — 5|2 + C8t2 + Clle — Upypp| L2
The limit-conformity of the sequence of gradient discretisations ensures that wy, p := Cétz + C lle —
pepllL2(a) tends to 0, and the proof is complete. [
Let us now turn to the proof of the convergence of the pressure (Theorem 3.15).
Lemma 5.6 (Estimates on discrete time-derivative of velocity) Under the assumptions of The-

orem 3.15, let (up,pp) be the solution of Scheme (20). Let Cs be greater than Cp and || Jpuini|l|p. Then
there exists Cg > 0 only depending on 2, d, Cs, and f such that

n+3
IIpdp *upllL2(ax(o,r)) < Co- (51)
Proof P _ 5t — plntl) . 0 _ 7 —
ut v =46, 2up and ¢ = pj, in Scheme (20). Since up’ = JpTin; € Ep we have v € Ep even

if n = 0 and therefore the term involving divpwv disappears. Recalling that G = 0 here this leads to

H(nt1)

1 n 1 1 1
||HD5$+2UD”%2(Q) + ‘/Q VDU(D+1) : VD6g+2'Ude-T = m /Qf . HD5Z+2uDd:Cdt. (52)
t

(n)

On the other hand, using a : (a — b) = (|a|® — [b]?) + 3|a — b> > 3(|a|? — |b[?) for any tensors a, b,

/ VDugH_l) : VD(;?;EuDd:z: > / UVDU(ISH_I)F — |VDugL)|2} dz.
Q Q

25"+ 3
Plugging this into (52) and multiplying by §t"F2 | it comes
H(nt1)

n+1 1 n n
[ o8y Fuplegdte 5 [ [I9ou P - VoulPlas < [
tin Q

t(n)

H(nt1)

/ FIpn 2 updadt.
Q

Wesumonn=0,...,N —1 to get

T n+i 1 T n+1i
/ “HD5D+QUD||2L2(Q)dt < 5/ ‘VD“%J)de +/ / f- HD5D+2uDdxdt.
0 Q o Ja
The Cauchy-Schwarz’ and Young’s inequalities conclude the proof. [J

Lemma 5.7 (Estimates on the discrete pressure) Under the assumptions of Theorem 3.15, we let
(up,pp) be the solution of Scheme (20). Let Cio be greater than Cp, ||Jpuii||p and 651. Then there
exists C11 > 0 only depending on 2, d, Cyg, and f such that

IxpPDllL2(0x (0,7)) < C11- (53)
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Proof Let v € Xp o be such that ||jv]|p = 1 and BDHXDp(DnH)HLz(Q) < Jq XngLH)divada: (see the
definition of Sp in Definition 2.3). Using v in Scheme (20) we obtain

1
Bolxopy Iz
(1)

n+1 n 1
< /HD(SDJréuD-HDvdx—i—/V u( .y vdx—il/ /f-HDvdxdt .
Q Q T2 i Q

By the Cauchy-Schwarz inequality and the definition of Cp we deduce

{1

1 1
Bolxop8 2@ < Collpop 2 up | g2 + 48+ ]b + ST /( ) Collfllz2(odt-
tn

We take the square of this estimate, multiply the result by §t"*t2 and sum over n. Estimate (44) and
(51) then show that (53) holds. O

Proof of Theorem 3.15

We first apply Theorem 3.13 to get the strong convergence of Ilp up  to @ in L*( x (0,T)) and of
Vp,, up,, to Vi in L*(Q x (0,T))%. We recall that @ € L?(0,T; E(2)). Thanks to Estimate (53), we
can find a function p € L?(0,T, L3(f2)) such that up to a subsequence xp,, pp, converges weakly to p
in L2(Q x (0,T)). We then take 6 € C°([0,T)), w € H() and use v = 5t 2)9(t0) I w as a test
function in Scheme (20), were I is defined by (38). Since Ilp, Ip, w — win L*(Q), Vp,_ Ip, w — Vw in
L*(Q)? and divp, Ip, w — div(w) in L?(Q) as m — oo, we can pass to the limit in all terms 71, .., Tj.
Note that T3 is no longer equal to 0, but it converges thanks to the weak convergence of xp, pp,, to D.
We then see that (u,p) satisfy

we L2(0,T, E()), p € L*(0,T; L3(Q)

/ /fu 8t<pd1:dt+/um1 (- daer/ /Vu Vdzdt (54)

7/ /ﬁdivgpdxdt = / / f - pdadt, Yo = w with € C([0,T)), w € H(Q).
0 Q 0 Q

The density for the C'(2 x [0,7])-norm of tensorial functions in C°(Q x (0,T)) ensures that this
relation is also satisfied for any ¢ € C(2 x (0,7)). Since all the terms in the equality except the
first one are continuous w.r.t. ¢ € CX(Q x (0,T)) for the L*(0,T; H}(Q)) norm, this shows that
Oy € L2(0,T; H1(Q)). Since @ € L?(0,T; H(Q)) we deduce that u € C([0,T]; L*(Q)). This regularity
of @ then allows to perform an integration by parts in order to see that (54) is equivalent to (19). O

6 Appendix
6.1 Proof of Proposition 2.6
Let us first establish a density result, and then use it to prove Proposition 2.6.

Lemma 6.1 Let Q be a locally star-shaped open bounded domain in R, and let Z(Q) as in Definition
2.5. The set C*(Q)* x C>(Q) is dense in Z(Q) for the topology defined by ||(¢, V)| z() = ll¢llL2@) +

[l L2 @) + ldive — Vi L2 (q)

Proof The proof follows the ideas of [31, Ch.1, Theorem 1.1, (iii)]. If U is an open set of R%, we define
L: L*(U)¢ x L>(U) — D'(U)* by L(f,g) = divf — Vg. We have Z(U) = {(f,g) € L*(U)* x L*(U) :
L(f,9) € L*(U)} and [|(£, 9)llz( U) = |[fllz2@ya + llgllzz@) + 1L(f, 9l 2 @)
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Step 1: Stability of Z(U) by localisation.

Let § € C=(U) and (f,g) € Z(U). Then L(f,0g) = div(6f) — V(0g) = OL(f,g) + fVO + gVl € L*(U)
and therefore (0f,0g) € Z(U). Here, f is considered here as a matrix and fV#@ is therefore a matrix-
vector product, whereas gV is a scalar-vector product. We also see from this formula for L(6f,0g) that
(f,9) — (0f,09) is continuous Z(U) — Z(U).

Step 2: Stability of Z(-) by dilatation.

Let A > 1 and define for h € L?(U) the function hy € L2(AU) by hy(z) = h(%). Let (f,g) € Z(U). We
have L(fx, gx) = divfx — Vogx = 5 L(f,9)(3) € L*(WU).

It is also well-known that if U is star-shaped with respect to 0 (which implies U C AU for all A > 1), for
any h € L*(U) we have (hy)|y — h in L*>(U) as A — 1. Hence, the previous formula for L(fx,gx) shows
that (fa,,9xz0) — (f,9) in Z(U) as A — 1.

Step 3: If U is star-shaped with respect to 0, approximation of elements in Z(U) by elements in Z(R%).
Let A > 1. Since U is star-shaped with respect to 0 we have U CC AU and therefore we can find
v € CX(A\U) such that v = 1 on a neighborhood of U. By combining Steps 1 and 2 we see that
(vfx,vgx) € Z(AU). Since v has a compact support in AU, extending these functions to 0 outside \U

gives (7fx,791) € Z(RY).
Since v = 1 on U, Step 1 shows that L(vfx,vg9x) = L(fr,gx) on U. Hence, if A is close to 1 then

(vfx;79x)u is close to (f, g) in Z(U).

Step 4: Approximation by smooth functions in Z(R%).

Let (f,g) € Z(R?) and p € C2°(R?) be such that p > 0 and [, pdz = 1. For n € N, let p,, denote the
function & — n?p(nz). Then (f % pn, g * pn) € CP(RH) x C°(R?) and || f * pp — fllp2@aye + g% pn —
9gllL2(ray — 0 as n — oo. Moreover,

L(f * pn, g % pn) = div(f * pp) — V(g * pp) = div(f) * pn — Vg * pp = L(f, g) * pp.

Hence, L(f * pn, g * pn) — L(f,g) in L*(R%) and therefore (f * pn, g * pn) — (f,g) in Z(R%) as n — oo.

Step 5: Conclusion.

Now, let (p,%) € Z(2) and (O;)jes be an open cover of Q such that for all j € J the open set QN O;
is star-shaped with respect to some point s;. Let us consider a partition of unity (6,),cs subordinated
to this cover: #; € C°(O;) and 1 =37, ;6; on Q. We have ¢ =3, ;0;0 and ¢ = > . ;0;1. Let us
define, for n € N and A > 1,

Pn A = Z(GJSD))\ * Pn and d}n,)\ = Z(ejw)/\ * Pn-
jeJ jeJ

Here, (-) denotes for each j € J the dilatation with respect to s;. The four previous steps show that
(Pnsn) — (¢,%) in Z() as n — 0o, and the proof is complete since (p,,1,) € C®(Q)4 x C>(Q). O

Proof of Proposition 2.6. .
We assume that Wp, (¢) — 0 and Wp,, () — 0 for any (p,7) € Iiiiv(ﬂ)d x HY(Q). Let (p,1) € Z(Q2)
and let us prove that Wp_ (¢,%) — 0. We recall the definition of Wp,_:

m*

Wh,, (p,1) = max (/ [Vp, v:p+1p, v (divpg — Vi) —divp,, v] da:) .
vEXp, 0o Q
ol p,, =1

Using Lemma 6.1, we can find (,¢) € C*(Q)¢ x C>(Q) and € > 0 such that ||[(¢ — 3,¥ — )| z(0) < &
Thanks to the coercivity of the sequence of gradient discretisations, we may write

W, (0,0) <Wp, (@,9) +e(1+2Cp).
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Moreover, @ and v are regular enough to split divig — V# in the definition of Wp_ (¢,), which gives

Wo, (¢,4) < Wp, (@) + Wb, () + O(e).

Passing to the supremum limit m — oo and the limit € — 0 shows that WDWL% ) — 0 as m — oo.
The converse is trivial since for all ¢ € H 45, () we have (¢,0) € Z(Q) with Wp, (p,0) = Wp, (¢), and

for all ¢» € H*(Q) we have (0,%) € Z(Q2) with Wp, (0,4) = Wp, (¢). O

m

6.2 About the solution of the transient Stokes problem

The theoretical study of the transient Stokes problem, and in particular of the notion of pressure in this
model, is significantly more complex than for the steady problem. The initial sense of weak solution for
(2) given by Definition 3.11 only involves the velocity unknown as the pressure has been eliminated by the
choice of divergence-free test functions. The interest of this formulation is that it provides an existence
and uniqueness result based on classical variational arguments [31, Ch.III, Theorem 1.1].

An equivalent and useful formulation of (18) is the following:

7€ L2(0,T; E(Q))NC([0,T); L*(Q)), o € L*(0,T; E(Q)),
T

T
/ (Oyu, )ydt + / Vu : Vpdzdt
0 " 0o Jo T
:/ /f-cpda:dt—i—/ /G:Vg&dxdt, Yo € L*(0,T; E(Q)),
0 Q 9 0 Q
ﬂ(~, O) = Ujy; in L (Q),

where (-,-) denotes the duality pairing between E(Q)" and E(Q). See for example the discussion at the
end of the proof of Theorem 3.15 on the equivalence between (54) and (19).

A pressure can be recovered in a very weak sense. Proposition 1.1 in [31, Ch.ITI] establishes the existence
of a distribution p on 2 x (0,T) such that if @ is the solution of (55) then (u,p) satisfies the PDEs in
(2) in the sense of distributions. Additional regularity results on P can be obtained if we assume that
Uini € E(Q)

Proposition 6.2 (Regularity result) Let us assume Hypothesis (17), and that T, € E(Q). We de-
note by H the closure of {p € C(Q)¢ : div(p) = 0} in L*(Q). Then the weak solution (T,p) to (2) in
the sense of Definition 8.11 (and P as in the discussion above) satisfies: w € L*(0,T, E(Q))NC([0,T); H),
o € L*(0,T,E(Q)) and p € L*(0,T, L3(%)).

Proof This is essentially contained in the proof of [31, Ch.III, Theorem 1.1 and Proposition 1.2]. Propo-
sition 1.2 in this reference is proved under more regularity assumption on 2 and the right-hand side,
namely G must not be present and f must be divergence-free. This is actually useful just to recover
higher regularity on the solution, that is H2 on u and H'! on p. Under our assumptions, the proof of [31,
Ch.ITI, Proposition 1.2] gives Proposition 6.2. [

These additional regularity results on (u,p) make the proof of Proposition 3.12 obvious. Indeed, testing
ou — Au + Vp = f — div(G) (that is satisfied in the sense of distributions, see above) against ¢ €
C2(0,T) x Q) and using the regularity of (@,p), we see that the equation in (19) holds for any smooth
¢ with compact support. The general case is deduced by density of these functions in L?(0,T; H (1)(9))
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