ANALYSIS OF THE PSPG STABILIZATION FOR THE
EVOLUTIONARY STOKES EQUATIONS AVOIDING TIME-STEP
RESTRICTIONS
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Abstract. Optimal error estimates for the pressure stabilized Petrov—Galerkin (PSPG) method
for the evolutionary Stokes equations are proved, in the case of regular solutions, without restriction
on the length of the time step. These results clarify the “instability of the discrete pressure for
small time steps” reported in the literature. First, the limit situation of the continuous-in-time
discretization is considered and second the numerical analysis for the backward Euler scheme is
carried out. The main results are applicable to higher order finite elements. The analytical results
are strongly based on an appropriate approach for computing the initial velocity, which is suggested
in this paper. Numerical studies confirm the theoretical results, showing in particular that this
instability does not occur for the proposed initial condition.
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1. Introduction. It is well known that stable mixed finite element approxima-
tions to the Stokes and Navier—-Stokes equations are required to satisfy a discrete
inf-sup condition. This condition prevents the use of many attractive mixed finite
elements, such as equal-order continuous elements. If these kinds of elements are
chosen, then one has to introduce some stabilization term to circumvent the inf-sup
condition. One of the most popular stabilization schemes is the pressure stabilized
Petrov—Galerkin (PSPG) method, which was first introduced in [7].

In this paper, the PSPG stabilization of the evolutionary Stokes problem

o —vAu+Vp = f in (0,7] x Q,
V-a = 0 in [0,7] x 9, (1)
@ =0 on [0,T] x A%, '
w(0,z) = ag(x) in €,

will be considered. In (1.1), @ C R?, d € {2,3}, is a bounded domain, (0,7 with
T < oo the time interval, w is the velocity field, ug the initial velocity, p the pressure,
and v is the kinematic viscosity.

Finite element error analysis of the PSPG method can be found already in the
literature. In [12], the PSPG method applied to a steady-state problem was analyzed.
The stability and convergence of the PSPG method applied to the evolutionary Stokes
equations have been already considered in [1, 3]. In [1], it is stated that if the time
step is sufficiently small, then the fully discrete problem necessarily leads to unsta-
ble pressure approximations. Similar conclusions were drawn in [3]. In this paper,
stability and optimal convergence were proved for the velocity for piecewise affine
approximations and the backward Euler method. For higher order polynomials, the
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results in [3] hold under the assumption At > h?/v. Concerning the pressure, the
condition At > h?/v is also required for piecewise affine approximations. The case of
higher order polynomials or the use of the Crank—Nicolson method remain open.

Our interest in the numerical analysis of the PSPG method arose from the re-
ported instabilities for small time steps. In this paper, firstly the limit case of small
time steps will be studied, which is the continuous-in-time problem. Any instabil-
ity for small time steps will be reflected in the analysis of the continuous-in-time
discretization. Secondly, an analysis of the PSPG method in combination with the
backward Euler scheme will be presented. In both cases, the derivation of the error
bounds relies on an appropriately chosen initial condition for the discrete velocity.

The main result for the continuous-in-time situation consists in the derivation of
optimal error bounds for both the velocity and pressure approximations, Theorem 4.5.
This result holds also for higher order finite element discretizations. Its derivation
assumes sufficient regularity of the solution and that for the finite element pressure
space it holds @, C H'(Q). The latter property is satisfied for commonly used
equal order discretizations. To obtain the estimates for the evolutionary problem,
in Section 3 error estimates for the PSPG method applied to a steady-state Stokes
problem will be proved. The error bounds for the pressure do not deteriorate for
small values of the viscosity parameter v. In addition to the main result, two error
estimates will be proved that apply for the P;/P; and affine Q1/Q1 pairs of finite
element spaces. The first estimate, Theorem 4.2, is similar to the main result but
it needs less regularity assumptions. In the second estimate, Theorem 4.7, the error
of the pressure in L2(0,T;L?) is considered. Finally, Theorems 4.10 and 4.11 are
analogous to Theorems 4.5 and 4.7 but in the particular case in which an appropriate
initial condition for the discrete velocity is chosen.

In the case of piecewise affine approximations, the error bound for the velocity
depends on the velocity approximation error at the initial time ¢t = 0, e.g., as in [3].
However, the error bound in the case of using higher order polynomials depends both
on the velocity and pressure approximation error at ¢t = 0. From our point of view,
this issue is a key point for the better understanding of the higher order polynomial
case. Whereas the initial velocity is part of the definition of the problem, the initial
pressure is not. However, following [5], the initial pressure can be defined as the
solution of an over-determined Poisson problem with Neumann boundary conditions.
It will be suggested in Remark 4.8 to consider as initial approximation for the velocity
the finite element function obtained by solving the corresponding steady-state Stokes
problem with right-hand side £(0) — 9,@(0) using the PSPG method. In practice, the
right-hand side is replaced by a finite element approximation of —vAtg+Vp(0), where
g and p(0) are the initial velocity and pressure. With this approach, it is proved
in Theorems 4.10 and 4.11 that error bounds can be obtained that depend only on
the velocity approximation error at ¢ = 0 but not on the pressure approximation
error at time ¢ = 0. These results are analogous to those obtained for the Galerkin
discretization using inf-sup stable elements, e.g., in [5, 6]. The difference is that in
the inf-sup stable case the results hold for any standard initial approximation to the
velocity at ¢ = 0 such as the interpolant of @y or the L? projection of .

After having worked out the key role of choosing the initial condition as described
above, the finite element error analysis for the backward Euler/PSPG method is
presented. It turns out that optimal estimates can be proved, for regular solutions,
without restrictions on the length of the time step in case of using the proposed initial
condition, Theorem 5.1. Special care has to be spend in analyzing the first time step.
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In the numerical simulations it will be shown that a pressure instability for small
time steps does not occur for the proposed choice of the discrete initial velocity.

The outline of the paper is as follows. In Section 2, preliminaries and notations are
stated. Section 3 studies finite element error estimates of the PSPG method for the
steady-state case. The numerical analysis for the continuous-in-time case is presented
in Section 4 and for the backward Euler/PSPG method in Section 5. Section 6 presents
numerical studies which discuss the instabilities reported in the literature and which
support the analytical results. The paper finishes with a summary in Section 7.

2. The PSPG Method for the Evolutionary Stokes Problem. For per-
forming the numerical analysis of (1.1), it is of advantage to apply the change of
variables (u,p) = e *'(u,p) with @ € Ry. A direct calculation shows that one
obtains with this transform a problem with a positive zeroth order term

ou—vAu+au+Vp = f in (0,7] x £,
V-u = 0 in [0,7] x £, (2.1)
u = 0 on [0,7] x 09, '

u(0,z) = wug(xz) in Q,

where f = e~ f. For problems with bounded time intervals, as they are studied
here, one can choose, e.g., « = 1/T. By construction, the error bounds for (@, p) are
the error bounds for (u,p) multiplied with the factor e**. Choosing oo = 1/T, this
factor is bounded by e.

Throughout the paper, standard notations are used for Sobolev spaces and corre-
sponding norms, see, e.g., [4]. In particular, given a measurable set w C R, the inner
product in L?(w) or L?(w)? is denoted by (-, -),, and the notation (-, -) is used instead
of (,+)o. The norm (semi norm) in W"*(w) will be denoted by || - [, ,o (| lm.p.w);
with the conventions || - ||lmw = || * Im.2.w and || - [lm = || - lm.2.0-

A variational formulation of (2.1) reads as follows: Find w : [0,T] — V = H}(Q)
and p : (0,T] — Q = L3(Q) such that for all (v,q) € V x Q

(Opu,v) + v(Vu, Vo) + a(u,v) — (V-v,p) + (V- u,q) = (f,v). (2.2)

In this paper, the analysis will be carried out for a family {7} }r~0 of uniform
triangulations. The consideration of uniform triangulations, instead of quasi-uniform
triangulations, serves for concentrating on the main topic of this paper without over-
burdening the error analysis with technical details. It will be assumed that the family
is regular in the sense of [4]. Let h = hx denote the diameter of a mesh cell K € Tp,.

On Ty, the fixed-in-time finite element spaces V3, C V and Q,, C L3(Q) N HY(Q)
are defined. The regularity assumption Q, C H*() will be needed in the analysis.

Since the triangulations are assumed to be regular, the following inverse inequality
holds for each vy, € V}, and each mesh cell K € Ty, e.g., see [4, Theorem 3.2.6],

(33 ,
lvnllm,q,x < Cinvhg lvallig,k, 0<I<m<1,1<q¢ <g<oo. (23)

Let g € [1,00] and let s € {0,1} with s <t <7+ 1. Then, I} denotes a bounded
linear interpolation operator I, : W%4(Q2) — Vj, that satisfies for all v € WH9(Q)
and all mesh cells K € T,

v — Invlsqx < Chtfgs|”|t,q,K7 (2.4)
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e.g., see [4]. This interpolation bound also holds for the pressure space @p. In this
case, the interpolation operator, denoted by J, with J, : WH4(Q2) — Qp, is acting
on scalar-valued functions instead of vector-valued functions.

The PSPG approximation of (2.1) that will be considered has the form: Find
up : [0,T] = Vi and pp, = (0,T] — Qp, satisfying for all (vy,qn) € Vi X Qp,

(Orun,vp) + v(Vun, Vo) + a(up,vp) — (V- vp,pn) + (V- un, qn) (2.5)
+u(V-up, Vo) = (f,vn) + Z o(f — Oyup + vAuy — aup, — Von, Van) i,
KeTy,

with an approximation up (0) of the initial velocity ug(x). The actual choice of up,(0)
will be discussed in Remark 4.8. The so-called grad-div term, the last term on the
left-hand side, is often used in combination with the PSPG method [2]. It is well
known that the majority of commonly used finite element methods does not give
divergence-free solutions and that the violation of the divergence constraint might be
even large [11]. The grad-div term is a penalty term with respect to the continuity
equation and it serves for improving the conservation of mass. It is included into the
error analysis just for completeness. The analysis can be carried out, with only slight
modifications, also without this term.

A common approach for performing a finite element error analysis of a transient
problem consists in incorporating steady-state problems and utilizing estimates for the
latter problems. This approach will be also applied here. To this end set g = f — dyu
and consider the following problem: Find (sp, z;,) such that for all (v, qn) € Vi X Qp

v(Vsp, Vog) + a(sn,vn) — (V-vn, 21) + (V- 8h,aqn) + (V- 85,V - v3)

= (g,vn) + Z 6(g +vAsy —asp, — Vzn, Van) k.- (2.6)
KeTh

The solution of the corresponding continuous problem is (u, p).
The result of the following lemma will be applied to bound the pressure error.
LEMMA 2.1. Let Ty, be a uniform triangulation and let q;, € Qp C HY(2). Then
it holds

7V -
lgnllo < Ch||Varllo + C sup (gn,V - wp)

(2.7)
v EV) ||'UhH1

Proof. The proof follows [3, Lemma 3]. Since Qn C L3(f2), it is well known
from the theory of saddle point problems that there is a unique v € V such that
~V-v = q, and [|[Vvllo < Cllgnllo- Let 7, denote the L?(£2) projection onto Vi,
having the following properties

[mhv —vllo < Chllvlly,  [mav]ly < Cllofy. (2.8)
Using these properties, integration by parts, and Poincaré’s inequality yields
lanlls = (gn, =V - v) = (Van, (v — 79)) = (gn, V - mh0)
< ChlIVanlollvlly = (gn, V - mhv)
< Ch|[Vanllollgnllo + |(gn, V - mo)] .
Applying the estimate of the pressure from below by the velocity, Poincaré’s inequality,
and the stability of the projection gives

|(qh7 v : 7Th'U)|

< C|(Qh,V )| A l(gn, V- )|
llgnllo

- Il [mnvlly
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such that

(gn, V - mpv)|

lanllo < Chl[Vanllo +C
[mnolly

Since mpv € Vj,, (2.7) follows. O

3. Finite Element Error Analysis for the Steady-State Problem. This
section presents a finite element error analysis of the PSPG method for the steady-
state Stokes problem with reactive term. Error bounds will be derived which will be
applied in the analysis of the transient problem. The numerical analysis keeps track
of the dependency of the error bounds on the coefficients of the problem v, a and
the parameters of the discretization §, pu. It turns out that the error bounds for the
pressure do not deteriorate for small values of the viscosity parameter v.

The strong form of the steady-state problems looks as follows

—vAs+as+Vz = g in
Vs = 0 in Q (3.1)
s = 0 on 0N

Here g is a given function. This problem will be discretized with the PSPG method
(2.6) giving the finite element solution (s, zp).

LeMMA 3.1, Let (s,z) € (H**1(Q))? x HFY(Q) with k > 1 and | > 0 and let
(8h,2n) € Vi X Qp, be the solution of (2.6). If Qn, C HY(Q) and if

Soh? < § < mi U (3.2)
mm-<E ——s—, — .
o == 8vC2 .~ da

with &g > 0, where Ci,y is the constant of the inverse inequality (2.3), then the
following error bound holds

liGs = sn,2 = ) llln < ORY (172 4 a2 + 52 + 85772 sl

+OR! (51/2 v h/fl/2> 2]t (3.3)
1/2
where |[|(v,g)l[[n = (VIVIE + allvllf + £V - oI5 + ol ValF) ™
Proof. Denote by Ips the Lagrange interpolant of s; in V,, and by Jyz the
Lagrange interpolant onto Qj. The errors are split in the usual way

s—s8p,=(s—1Ips)— (s, — Ips) = (s — Iys) — Ey,
z—zp = (2= Jpz) — (2n — Jpz) = (2 — Jnz) — Rp. (3.4)

Since the PSPG method is consistent, the solution (s,z) of (3.1) satisfies also
(2.6), i.e., a Galerkin orthogonality holds. Using this Galerkin orthogonality and
adding and subtracting Is and Jyz yields, with a straightforward calculation, an
error equation. Taking as test functions (vp,qr) = (Er, Rp) in this error equation
leads to

VIVELG + ol Ewllg + 1]V - Enl§ + 0V RIS

= Z 0(vAE, — aE,,VRy)k +v(V(s — Ips),VER) + a(s — Ips, Ep)
KE7-}L
+(V . Eh, JhZ — Z) + (V . (8 — Ih8)7 Rh) + u(V . (8 — Ih8)7 V- Eh) (35)
+ Z S(wA(Ips —s) —a(lps — 8) — V(Jpz — 2), VR ) k.-
KeTh
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Now, the terms on the right-hand side of (3.5) have to be bounded. The bounds will
be obtained for all terms individually, using always the Cauchy-Schwarz inequality
and Young’s inequality. For the first term, applying also the inverse inequality (2.3)
and the condition on the stabilization parameter (3.2), one obtains

> S(wAEL VRy)Kk <6 Y hwC
KeTh KeTh

1
<0 Y (MHPCRIVE + IV R ) <
KeTh

< 8||VEh||0 HVRhII?)-

Using again (3.2), one gets for the second term

1) «o 1)
> (@B Ru) < 007 Bully + VRIS < TIElS + 71V Ral3-
KeTn

The right-hand sides of these two estimates can be absorbed into the left-hand side
of (3.5). The remaining estimates will use the interpolation error estimates (2.4) and
they will contribute to the error bound. Straightforward calculations lead to

v(V(s = I48), VE4) < Covh®s|fi,, + ZIVEA|?,
4
a(s = Ins, En) < Cah®™ | s||2 ., + 7| Enll3,
(V-Ep, Jpz—2) < *HV Eh”o + Cﬂ_lhzl”HzHlH
The next estimate uses integration by parts, where Q; C H*(£2) is exploited,
_ 0
(V- (s = Ins), Rp) = —(s — Ins, VRy) < Co5 ' h?* |74y + IV EllG-
One obtains in a straightforward way
BV - (s~ Ins), VE) < Cuh™ sy + 29 - By,
Using the definition (3.2) of the stabilization parameter yields
0
> SwAs ). VR)x € Y (46v2||A<Ihs - 9B+ VR
KeTh KeTh
< Cvh*|slli + 45 ||VRh||o
> da(lns =), VRy)k < Cah®™ 2|l + o ||VBh||0
KeTh
Finally, one gets

> 8(V(Jnz = 2), VRy) K < Ch*||2]141 + 76 ||VRh||0
KeTy

Collecting all estimates, one obtains
1By Ballln < CHF (w12 402 + 6512 4 /2 |lsllsa (3.6)

+OR! (u‘1/2h+61/2) 21
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Now, (3.3) is proved by applying the triangle inequality to the splitting of the errors
given at the beginning of the proof and the interpolation estimates (2.4). O

REMARK 3.2. From the error estimate (3.3), an appropriate asymptotic value
for the stabilization parameter y can be derived. One has to take into consideration
that this parameter does not appear only on the right-hand side of (3.3), but also
in the definition of the norm on the left-hand side of (3.3). It turns out that for
obtaining an optimal order of convergence for ||V - (s — s3)||o, one has to choose u to
be independent of the mesh width.

LEMMA 3.3. With the assumptions of Lemma 3.1, the L?(2) error of the pressure
is bounded as follows

2
== znllo < OR* (72 a2 4 /2 165772) sl

OB [(1/2 4+ hat /2 /2 46012 (82 4 b /2) b ellien. (37)

Proof. The splitting of the error (3.4) is applied again. With (2.7), one obtains

Ry, V-
[Rallo < C (thh”O + sup (h,Vvh)> |
vh€Vh vt

Using the definition of the stabilization parameter (3.2), one gets for the first term

h —-1/2
hIV Rpllo < m51/2\\VRhllo <5, 211 (B, Bl
To estimate the second term, ¢, = 0 is used in the error equation, giving with the
Cauchy—Schwarz and the Poincaré inequality

sup (Rh, V- ’Uh)

<C (w72 + a2 4 1) ||| (Bay B
vnevi  llvnlh

+Ch* v+ ah+ p)|sllk+1 + Chl+1||z||l+1.

Adding both estimates, using (3.6), and applying the triangle inequality gives the
statement of the lemma. O

REMARK 3.4. Considering the steady-state problem (3.1) with the right-hand
side 9;g, then the solution of this problem is (9;s, 0;z), thanks to the linearity of the
problem and the independency of time of the coefficients. Exactly the same analysis
leads then to error estimates for |||(0:(s — sr), 0:(z — z1))|||n and ||0:(z — z1)|lo, where
the error bounds depend on Sobolev norms of (9;s, 0:z).

4. Finite Element Error Analysis for the Evolutionary Problem. This
section will present several convergence results. In Theorem 4.2, an error bound is
derived whose proof uses a rather restrictive assumption such that the result applies
only for piecewise linear or affine bilinear finite element spaces. In this estimate, the
pressure appears only together with the time derivative of the velocity. The estimate
of Theorem 4.5 is valid for higher order elements and it bounds also the pressure error
in the norm appearing in ||| - |||5. The proof requires stronger regularity assumptions
and the bound involves a pressure error at the initial time. A way to handle this term,
by an appropriate choice of the initial condition for the discrete velocity, is described
in Remark 4.8. An estimate for the pressure error in L?(0,t; L?), again for piecewise
linear or affine bilinear finite element spaces, is presented in Theorem 4.7. Finally,
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it is shown in Theorems 4.10 and 4.11 that the initial pressure error can be removed
from the bounds if the proposed initial discrete velocity is used.

REMARK 4.1. For the finite element error analysis, the errors are split
u—up = (u—s8y)— (up — sp) = (u—s,) —ep,
p—pn=(p—zn) — (pn —2n) = (P — 2n) — Th,

where (sp, zp) is the solution of (2.6) with right-hand side g = f — d;u. Hence, the
solution of the corresponding continuous problem is (s, z) = (u,p) and the first terms
on the right-hand sides can be bounded with the estimates derived in Section 3.
THEOREM 4.2. Let (u,p) be the solution of (2.2) with
e u € L>(0,T; H*TY(Q)), uw € L2(0,t; H*1), dyu € L?(0,t; HF1),
e pc L=(0,T; HF(Q)), p € L2(0,t; H*Y), 9;p € L2(0,t; H*),
with k > 1,1> 0. Let (up,pr) be the solution obtained with the PSPG method (2.5),

let the stabilization parameter satisfy (3.2), and let § < 1/4. If the velocity finite
element space satisfies

Avp, =0 V K €T, Vv, €V, (41)
then the following error estimate holds for allt € (0,T)
l(w —un) (B)Ig + 3l V (w — wn) @[5 + 18|V - (w —wn) ()l
||V (u = un) L2042 + allw = unlZooz2) + HIV - (w = wn)Z2(0.422)
+0[|0:(w — un) + V(p — pr) | 22(0,152)
< O (|I(w —un)(0)[[5 + o[V (w — up) (0)[Ig + u8[|V - (u —un)(0)][5)
+C1h%F (v + RPa+p+65") + Coh® (5 + h2pt), (4.2)
with
Cr = Cr (6,078 [l grmeny, 1900l o ey IR 1, o141 )

Co = Co (85,07 b0 im0 oz IO s [9(0) 341 )

Proof. The proof starts by introducing the decomposition of the error given in
Remark 4.1. A straightforward calculation, subtracting (2.6) from (2.5), shows that
for all (vh,qh) € Vi X Qp

(Oren,vn) +v(Ven, Vo) + alen,vn) — (V-vn,rh) + (V- en,qn)
_|',u(V *€p, V- 'Uh) = (Ttra ’Uh) + 6(Ttra th) - Z 6(ateh7 VC]}L)K
KeTh
+ Z d(vAey, —aep, — Vrn, V) k, (4.3)
KeT,

with the truncation error Ty, = dyu — 9;8p,.
Arguing like in [3], one picks two sets of test functions in (4.3) and the resulting
equations are added. The first set is (v, qn) = (en,rn) which gives

1d
5§|Iehllﬁ +v|[Ver|§ +allenlld + ullV - enlls + 3(dren, Vrn) + 8] Vrall
= (Twr en) + 6(Te, Vrn) + > S(vAen — aen, Vry)k. (4.4)
KeTy
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Taking next (vy, qn) = (60:ep,0) and applying integration by parts, using that @, C
HY(9Q), leads to

vé d ad d uwo d
Sllovenlld + % SIVenld + 5 llenl +6@en Vi) + 5 S 19 - en3
= (T, Orep). (4.5)

Adding (4.4) and (4.5) and taking into account that
§||0cen + Vrill§ = 6l|0cenl|s + 26(0ren, Virn) + 0| Vra |3
yields
1,
2dt
+v|[Venlls + allenls + ullV - enll§ + dll0een + Vrallg

= (T, en) + (T, Orep + Vry) + Z o(vAe, — aep, Vry) k. (4.6)
KeTy

llenlls +vdl|Venl§ + adllenll§ + ndllV - exl)

By assumption (4.1), the viscous term vanishes. For the reactive term, one has

— Z 5(aeh,Vrh)K:— Z 5(aeh,8teh+Vrh)K+ Z S(th,ateh)[(

KeTy, KeTy, KeTy,
1 ad d
< ballenl|§ + 15”6:&6}1 + Vrpllg + 7@”6}1”%-

Using § < 1/4, inserting this estimate into (4.6), and estimating the other terms on
the right-hand side with standard arguments gives

Ld

2 dt
« 1) 1

+ATenlf + Glenll+ IV - enll + Fh0ren + Vrull < (5 +8) ITall. (47

lexll§ + ol Ve[l + nslIV - enll3)

Applying now Remark 3.4 in combination with estimate (3.3) yields
C _ -
ITwully < — [W* (v + ha + o+ 65 ) 0ulliss + 57 (6 + B0 wplli] - (48)
Inserting (4.8) into (4.7) and integrating between 0 and ¢ leads to
1
5 (len @15 +vol| Ver@Ig + pollV - en()5) + vIIVenlZzqL2)
o )
+§||eh||2L2(o,t;L2) +ullV - enlFago.4r2) + §||5teh + Vrall 22012
1
< 5 (len(O)Ig + [ Ven(0)g + #dl|V - e(0)5) (4.9)
1 46 _
+C (O{Q + a) |:h2k (V + h20{ + u+ (50 1) ||atu||%2(07t;Hk+1)
+hP (S + WPt ||0tp|\%‘z(o,t;m+1)}~

The final step of the proof consists in using the decomposition of the errors given in
Remark 4.1 and applying the triangle inequality. O
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REMARK 4.3. Assumption (4.1) restricts the analysis to V, = Pi, to the space
of unmapped @; finite elements (which are defined directly on K) or to mapped Q1
finite elements on grids consisting of mesh cells which are obtained by an affine trans-
formation of the reference cell [0,1]¢ or [~1,1]¢. Thus, estimate (4.2) is particularly
of interest for £ = [ = 1. If the initial condition is approximated sufficiently well, then
the terms on the right-hand side of (4.2) are of order O(h?). Thus, for all errors on
the left-hand side, a first order convergence was shown.

REMARK 4.4. As it is well known, see [5], the required regularity for the solution
assumed in Theorem 4.2 (and the regularity that it will be assumed in Theorems 4.5,
4.7, 4.10, and 4.11 below) holds only in the presence of nonlocal compatibility condi-
tions of various orders. For example, if the norm ||0;u(t)||; remains bounded as t — 0,
then the nonlocal compatibility condition Vp(0) |sn= (vAug+ f(+,0)) |sq must hold,
where p(0) is the solution of an overdetermined Neumann problem, see (4.31) below.

In the case that the compatibility conditions are not assumed, as in [5], error
bounds can be obtained that contain negative powers of ¢, such that convergence is
achieved except at time ¢ = 0. The extension of the technique from [5] to get er-
ror bounds for the PSPG method, valid in the case in which nonlocal compatibility
conditions will not be assumed, is outside the scope of the present paper. In all numer-
ical studies presented in this paper, the analytical solution satisfies the compatibility
conditions.

The unsatisfactory aspects of Theorem 4.2 are that it does not provide an error
estimate for the pressure and that assumption (4.1) restricts the analysis to lowest
order pairs of finite element spaces, see Remark 4.3. The pressure occurs only in
combination with the temporal derivative of the velocity. In the sequel, error bounds
for the pressure and for higher order finite elements will be studied. The derivation of
these bounds requires, however, to assume higher regularity of the solution and one
obtains terms on the right-hand side which involve the pressure error at the initial
time. The last issue will be discussed below in Remark 4.8 and resolved for a special
choice of the discrete initial velocity in Theorems 4.10 and 4.11.

THEOREM 4.5. Let (u,p) be the solution of (2.2) with

e u € L>(0,T; H*1(Q)), w € L2(0,t; H**Y), dyu € L2(0,t; H* 1Y), dyu €
LQ(O, t: Hmax{l,krfl})}
o p € L®0,T;H(Q)), p € L0, H™), op € L*(0,t; H) dup €
LQ(O7 t; Hmax{l,l—l})7
with k > 1,1 > 0. Let (up,pr) be the solution obtained with the PSPG method (2.5),
let the stabilization parameter satisfy (3.2) and let

1 h?

mv

5(1+8a%8) <

Then the following error estimate holds for all t € (0, T

I = wn) (O + VIV (1 = wn) [z + 0l = wnl 2o ey
V- (= w0 2ty + 3190 = Pr) 320
< CJl(w = un) )3 + 6wV (u — wi) O)]

0V - (= wn) O3 + 821V (p = p) () ]

+COLIF (v + RPa+ p+ 65" + Coh® (5 + WPt (4.11)
10



with

Gy

(& (57 a, CY_17 M_17 ||U||%2(0¢;Hk+1), ||8tuH2L2(O,t;Hk+l)’ ||att’u’||%2(O’t;Hmax{l,kfl})7
(@175 lwolls1s ||5tu(0)||ilax{1,k_1}> ; (4.12)

Co

CQ (67 «, 04717 /J'717 ||p||%2(0,t;Hl+1)7 ||atpH%2(O,t;HH'1)7 ||6ttp||%/2(07t;Hm“X{1vl_1})’
1P 41 1200 41 10620 gy ) - (4.13)
Proof. Applying standard estimates to equation (4.4), like the Cauchy—Schwarz

inequality, Young’s inequality, the inverse inequality (2.3) and (3.2), and integration
in (0,¢) leads directly to

o
len )3+ VIVen Eansy + 2 lenlEaoers + IV - enlfa s (1.14)
1
+ 81V ey < Nen(OIZ + 4 (84 3 ) 1Tl 0+ 4000en o1y

The last term has to be bounded now. Using v, = §0;e;, and g5, = 0 in (4.3) leads to

s vd oy add
Slldnenl + 5 Zlenld + 55

= (Ttm 58t6h) + 5(V . 8teh, Th)

wo d

2 2
v
lenld + & 21V - enl

1
< 40||T w5 + Ellatehllg +16(V - Oren,rn)] - (4.15)

To estimate the terms on the right-hand side of (4.15), differentiate (4.3) with respect
to time, take v;, = 0 and g, = drp, as test functions to obtain

5(V . atE}“ Th) = 5(8tTtr, (5V7’h) + 5(—8tteh — a@teh — Vaﬂ'h, (SV’I’]—L)
+ > d(vAdsen, 5V k. (4.16)
KeTy

The first term on the right-hand side of (4.16) is bounded by adding and subtracting
00sep, and applying standard estimates

5(8tTtr, 5Vrh) = (3tTtr, 5(at€h + v’f‘h)) - 5(8tTm 5(9teh)
52 52 )
< S 10 Twl§ + S l10ren + Vrall§ + 40% | 0T |15 + 15 10eenll5:

For the second term on the right-hand side of (4.16), one also adds and subtracts
60 ey, to obtain
52(_6tteh — Oéat(ih — Vat’l“h, VT}L)
= 0%(—0; (Oren + Vi), Oren, + Vry) + 6% (Onen, + adrey, + VOiry, Orer,)
—52(a8teh, ey, + V)
d 0
< —52£H6teh + Vrall3 + EHatehH(Q) + 40283 0en + Va3 (4.17)

+6° [(O; (Orep, + aep, + V1), Oren)| -
11



Differentiating (4.3) with respect to time, applying the test functions v, = §20;es
and gp = 0, and using integration by parts yields for the last term on the right-hand
side of (4.17)

52(0; (Orep, + Vry, + aey,) , Orer)
= —(52l/||vat€h||g - 52MHV . atEh”g + 52(8tTtr,8teh)

1)
< —0%v||Vdsenls — 02 ullV - drenll + 46%(|0, Tw: 1§ + EH&%H%.

The last term on the right-hand side of (4.16) is bounded by using the Cauchy—
Schwarz inequality, the inverse inequality (2.3), the definition (3.2) of §, and Young’s
inequality

2
> d(vAden, 8VL) K < 5%%||ateh||0||wh||O
K€7_}L

*HatehHollV?"hHo < 16H5tehHo 6||V7“h||3~ (4.18)

A straightforward calculation with inserting the estimates leads to

11 9 ad d wo d 9
sedlaenll + 2 L IVenld + 5 el + 229 - el
52
2 dt||8teh+V7"h||0+521/\|V8teh||0+52u||V orenlld (4.19)

52 1)
< 46| T2 + > (14 80) [|0:Ts: |l + (14 8a26) |Orer, + Vryl||2 + 1*6||VTh||g'

52

2
For the next to last term, the triangle inequality and the upper bound (4.10) for the
stabilization parameter are applied

52
5 (148a%) e + Vrallg < 6 (1 + 8a) (Hatehllé +[IVrall3)

o
< 1 10wenlls + IIVThllo (4.20)
Absorbing the first term into the left-hand side of (4.19) gives

ad d wo d
~ IV - enllg

)
fanatehua 2 | Venl3 + % Lenfz + 2

2 dt
2

o ||5't€h + Vil + 0%v|[Vorenlls + *ullV - drenl3

52 0
< 48| TeeI§ + - (1+89) 18:T e 13 + §||Vrh||3~ (4.21)

Integrating (4.21) between 0 and ¢, applying an appropriate scaling, denoting unim-
portant constants by C', and restricting on the only important term on the left-hand
side gives

48)|0renl|7 20 1. 129

< C (18] Ver(0)|Ig + adllen(0) 13 + 1oV - en(0) 13 + 8% (dren + Vry) (0)I[3

46
+ 0| T Z20,0,22) +02(1 + 5)||atTtr||2L2(O,t;L2)> + gllwhlliz(o,t;my (4.22)
12



The last term on the right-hand side will be absorbed into the left-hand side of (4.14).
The first factor in front of ||8tTtr||%2(0,t;L2) can be estimated with (4.10) and then the
terms with || T 120,22y and ||0;T'w:||£2(0,4;1.2) are estimated with (4.8), noting that
(4.8) was derived without using assumption (4.1).

For the errors at time ¢ = 0, the crucial term is the last one. First, the triangle
inequality is applied. Taking in (4.3) v, = 60;e, and ¢, = 0, and using (3.2) and
(4.10), one gets

Slldvenl < C (vIIVenl3 + 5a2llenld + dIVrall? + ullV - enlld + SITuli3) . (4.23)
Using this estimate for ¢ = 0 yields

5| (Bren + Vrn) (0)]3 (4.24)
< G (v[|Ven(0)Ig + 5a* | en(0)Ig + IV - en(0)[[§ + Sl T e (0)I[5 + 6l Vra(0)]3) -
Inserting (4.24) into (4.22), then inserting the result into (4.14), applying (4.8) in
combination with (4.10) to estimate 62, the triangle inequality, (3.3), and noting that

da < 1/4 gives the statement of the theorem. O
REMARK 4.6. With assumption (4.1) it is not necessary to perform the estimate
(4.18) such that the last term on the right-hand side of (4.19) does not appear. Also,
the term on the left-hand side of (4.20) can be estimated in a different way. Integrating
(4.19) between 0 and ¢t and applying (4.10) yields
6%||0cen + Va2
< 6] Ven(O)]12 + abllen(O)]2 + uol|V - en(0)12 + 6%/ (Buen + Vra) (O)]1

1)
+85”Ttr”%2(0,t;L2) +8°(1+ 85)||3tTtr||2L2(o,t;L2) + E\I&eh + v7”h||2L2(o,t;L2)~

Now, the last term on the right-hand side can be bounded by (4.9). This alternative
way leads to an estimate of form (4.22) without the last term on the right-hand side.

THEOREM 4.7. Let all assumptions of Theorem 4.5 be satisfied and assume more-
over that (4.1) holds, then

lp = prllZ2 0,02y < C{H(u = un) (0)[§ + VIV (w — un)(0)[3

V- (w = un)(0)]5 + IV (p — ph)(O)ll(ﬂ
+C1h%F (v + RPa+ p+65") + Cah® (5 + h2u™t), (4.25)

with
Gi=0 <||“||2L2<o,t;Hk+1)v 10022 0 1; 00y 190l 72 0 40
() [1Z415 [lollf41, |\5tu(0)||§1ax{1,k71}) ; (4.26)

Cy =04 (||p||%2(0,t;Hl+1)v ”atp‘li?(O,t;H“rl)’ ||attp||%2(o,t;Hmax{lyl})a
PO 1, 2O 1741 1062(0) lmax (1,013 ) - (4.27)

All constants depend on v, 9, 5071,a,04*1,,u,/¢’1, but not on mnegative powers of v
and d.
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Proof. Using (2.7) and (3.2) gives

Irallo < C85 V2622 Wrallo + C sup Y ZaTh)

4.28
e (4.28)

From (4.3) with ¢, = 0, one obtains

v.
sup (rn, V- vp)

< [|9cenllo + v[[Venrllo + allenllo + wllV - enllo + [| Tl
vREVR thlll

Inserting this estimate into (4.28) and integrating in (0,7") yields

a2, < C (5 0V 220,002 + V2 IVenla0,02)
+a?llenllZa(o,u02) + 1V - enllieqo e
HIT 320,002 + I19renlao iz ) -
Applying (4.14) leads to
||7"h||2L2(0,t;L2)
< Cmax(35 v (s + (34 2 ) Il nn) + S10hen 0 |
+C (I3 0.:22) + 10venlF2oriz) )

1
<0 (lenIB+ (3 5 +1) ITuulsean + (04 OenlEann) )

where the constant in the last line depends on max{d, Y v,a,u}. To conclude the
proof, one needs to bound ||8teh||2L2(o,t;L2)~ This term was estimated already in (4.22),
where one has to take into account that with assumption (4.1) the last term on the
right-hand side of (4.22) vanishes, cf., Remark 4.6. Now the proof finishes as the
proof of Theorem 4.5. O

REMARK 4.8. In the bounds (4.11) and (4.25) an error of the initial pressure
(p — pr)(0) is contained. Whereas the initial velocity is part of the definition of the
problem, an initial pressure is not given. However, there are temporal discretizations
which require an initial pressure, like higher order Runge-Kutta schemes, e.g., see
[10], such that this issue does not appear only in the analysis presented in this paper.
Next, a way for computing an initial approximation to the velocity will be described
that has the advantage that the error of the initial pressure on the right-hand side of
(4.11) and (4.25) disappears from the bounds.

As approximation for the initial velocity it is suggested to take u(0) = s,(0).
From the definition of s, see (2.6), it follows that a steady-state Stokes problem at
the initial time has to be solved with the PSPG method. More precisely, the problem
consists in computing (sx(0), z,(0)) € Vj, x Qp, such that for all (vp,qn) € Vi, X Qp,

v(Vsn(0), Vop) + a(sn(0),v) — (V- vp, 21,(0)) + (V - 8,(0), qn)

+u(V - s,(0),V - vp) (4.29)
= (£(0) — 9¢u(0),vn)

+ > 5(£(0) — 9yu(0) + vAsy(0) — asp(0) — Vz4(0), Van) k-

KeTh
14



Since dyu(0) is generally not known, the term £(0) — d;u(0) is replaced by the limit
of the momentum balance equation for ¢ — 0

f(0) — 0:u(0) = —vAug + aug + Vp(0), (4.30)

where p(0) is the pressure at time ¢ = 0. Following [5], the initial pressure p(0) is the
solution of the problem

Ap(0) = V- £(0) in Q,

PO Aug+ F(0)-m on (4:31)

where n is the outward pointing unit normal vector. Problem (4.31) defines a unique
pressure up to a constant, which is however not important if the pressure is inserted
into (4.30). The solution of (4.31) can be approximated by solving a discrete problem.

It will be proved in Theorems 4.10 and 4.11 that choosing as initial discrete
velocity up,(0) = s5(0) has the advantage that error bounds of form (4.11) and (4.25)
can be obtained where the bounds depend only on the initial error of the velocity but
not on the initial error of the pressure.

REMARK 4.9. It should be noted that if any other discrete initial velocity is
considered, the so far presented error analysis can also be applied. However, the error
bounds will depend on the error of the pressure at the initial time.

THEOREM 4.10. Let the assumptions of Theorem 4.5 be satisfied and assume
moreover that up(0) = s5,(0) then

I = un) () + V1V (0 = ) [Fe0cz) + @l — wnllego ey
11l - (2 = wn) [Fa.s52) + 190 = ) 20,0122

< C|ll(w = wn)O)I3 + vV (u — wn) O + 6ul ¥ - (u —wn)(0)]3]
+COLF (v + RPa+ p+ 65" + Cah® (5 + WP, (4.32)

where the constants’ dependencies are the same as given in (4.12) and (4.13).

Proof. With the initial condition uy(0) = s5,(0), the term ||(Orepn, + Vrp)(0)]]o can
be estimated in a different way as in the proof of Theorem 4.5.

Using u;,(0) = s,,(0) and considering (2.5) with ¢ = 0 at time ¢ = 0 yields

v(Vsp(0), Vop,) + a(sn(0),vh) + (Vpr(0),vp) + (V- s1(0), V - vy)
= (£(0) = Opun(0),vp). (4.33)
Similarly, one obtains from (4.29) with g, = 0
v(Vsp(0), Vo) + a(s,(0),vs) + (Vzr(0),v) + (V- 8,(0),V - vy,)
= (£(0) — Oru(0), vp). (4.34)
Subtracting (4.34) from (4.33) leads to
(Vpr(0) + 0yup(0),vy) = (Vz,(0) + 0;u(0),vy). (4.35)
Considering again (2.5) at time ¢ = 0 with vy, = 0 gives
(V- 51(0),qn) (4.36)

= ) 5(F(0) — dun(0) + vAsH(0) — as(0) — Vpr(0), Van) k-
KeTn
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Likewise (4.29) with v, = 0 yields

(V- 5(0), qn) (4.37)
= Z 5(£(0) — 9yu(0) + vAs,(0) — asp(0) — Vz,(0), Van )k,
KeTn

such that the difference of (4.37) and (4.36) is
(Vpr(0) + 0run(0), Var) = (Vz1,(0) + 9,u(0), Vay). (4.38)
Adding (4.35) and (4.38), and then adding and subtracting d;s,(0) gives
((Oren + Vrp)(0),vn + Var) = (9;u(0) — 9¢sn(0), va + Van)
for all (vp, qn). Choosing v;, = d;e,(0) and g, = r1,(0), one obtains
1(Oeen + Vra)(0)]lo < |18:u(0) = 8:81(0)llo = [T (0)lo- (4.39)

Now, one can follow the steps of the proof of Theorem 4.5 until (4.22). Instead of
the estimate used in Theorem 4.5 to bound 62||(dren + Vr1,)(0)]|o, one applies (4.39)
together with (4.10) and then (4.32) follows immediately. O

THEOREM 4.11. Let all assumptions of Theorem 4.10 be satisfied and assume
moreover that (4.1) holds, then

lp = pullZz0,1:02) < C[ll(u = un) (0)[§ + VIV (w — un)(0)IF + ul|V - (u — uh)(O)H(Q)}
+C1h?* (v + R+ p+ 65 ) + Coh® (5 + h2u™t)

where the constants posses the same dependencies as given in (4.26) and (4.27) and all

constants depend on v, 9, 60_1, a,a  pu, u”t, but not on negative powers of v and 6.
Proof. The proof follows the steps of the proof of Theorem 4.7 with the only

difference that one now applies (4.39) to estimate §2(|(0;ep, + V) (0)]|o in (4.22). O

5. Fully discrete case with backward Euler scheme. This section transfers
the results of Theorem 4.5 to the fully discrete situation, where the backward Euler
scheme is used as time integrator. It turns out that the analysis of the first time
step needs special care and that again the use of the initial condition as proposed in
Remark 4.8 is important to derive the desired results.

The fully discrete approximation reads as follows: Find (u},p}) € Vi, x Qp, such
that for all vy, € Vi, qn € Qn, C HY(Q)

n n—1
(“h —u

- 7'Uh> + V(V’U,Z'7 V’Uh) + a(u;Lvah) - (v : ’UhapZ) =+ (v ' u27qh)

+u(V - up, V- vy)

n n—1
n n u, —u n n n
= (f",vn) + E d <f gt il d . h L vAU) — aul — Vph,th) . (5.0)
KeTy, K

Here, uj = up(t,) and 7 denotes the length of the equidistant time step.
Derivation of an error equation. The error is decomposed in the following way

u(tn) —up = (u(tn) = s3) — (uj, — s3) = (u(tn) — si) — ey,
p(tn) = ph = (p(tn) — 21) — (Ph — 21) = (p(tn) — 21) — 73, (5.2)
16



where (s}, r}) is the PSPG solution to (2.6) with right-hand side g = f(t,,) —du(t,).
Using (2.6), one finds readily that

)
s" n—1
(’IT’I vh) +V(Vs7, Vou) + a(si, vn) = (V- vn, 2) + (V- 87, an)

+ (V- sy, Vo) = (F" vn) + (=137, va) (5.3)
n—1
n Z 5 (f" _Sh—Sh + vAs) —as) — Vz,Z‘,th) Z (-1, Van) k
KETh T K KeTy
where the truncation error is given by
_ on—1 _ on—1
TR = dulty) - AP0 — (Bu(t,) — Bys}) + (ats;; - s'hsh) . (54)
T T

The backward difference between values of functions at subsequent time steps will be
denoted with the subscript 7, e.g., e}, . = (e}, — e’ !)/7. Subtracting (5.3) from (5.1)
yields the error equation
(eh,r vn) +v(Vey, Vo) + aley,vy) — (V- v, 1) + (V- €}, qn)
(V- e, V- vp) (5.5)

= (T, vn) + 6(T3, Van) — (ef ., Van) + > d(vAey —aep — Vrii, Van)k
KeT

Inserting the error as test function. Taking v;, = e}l and ¢, = r} in (5.5) gives
(ez,‘r’ 62) + V(VeZa VGZ) + 06(62'7 62) - (v . 627 r;zl) + (v . 62’7 T}?)
+u(V - €}, V- ef) (5.6)

= (T3, ep) + 6(T3, Vi) = dleq . Vi) + > d(vAep — aef — Vi, Vi) i
KeTs

With the Cauchy—Schwarz inequality, the inverse estimate, Young’s inequality, and
(3.2), one obtains

3v @ )
(e, e + 22 Ve 3 + S lef3 + ulV - ef 3 + 193
1
< (20 3 ) ITIR + 281 1B

Taking into account that (e} . ey) = (|lef|2 — [lef'[I3 + llej — e "[I3)/(27) and
summing up from j =1 to n, one gets

37
[y ZVIIVehIIOJr*ZH6h||o+2wZIIV eh||o+T5ZIIV7‘hHo

Jj=1 j=1 Jj=1 j=1
n

1 ; N
< efl+ 2r (20 ) L ITAIE + 4783 el I3 6.7

j=1 j=1

Estimate of the last term on right-hand side of (5.7) for n > 2. Using v, = dej, .
and g, = 0 in (5.5) leads to

5”62,7”3 + V&(VEZ, Ve;LL,T) + a6<627 eZ,T) + /Lé(V : 62’ V- 62,7)

5 n n n
+ ek ll5 +16(V - eh - 7h)]- (5-8)

< 01T + —
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Now, one needs to estimate the last term on the right-hand side of (5.8). Taking first
v, = 0 in (5.5) yields

(V-en,qn) = (T, Van) — d(ey, . + aey +Vry,Va,) + 96 Z (vAey,Van)k. (5.9)
KeTh

The same equation is considered for ¢,,_1, both equations are subtracted, the result
is divided by 7, and g, = dr}; is taken. Denoting 2} = e} _ gives for n > 2

5(v eh T Th) - 5( tr T 5vr}7'7:) - 5(’22,7' + an,T + er,T? 5VT}TLL)

+ Y dvAep 0V K. (5.10)
KeT

Note that with the initial conditions proposed in Remark 4.8, one has e% = 0. The
first term on the right-hand side of (5.10) is bounded by adding and subtracting dey, -
and applying the Cauchy—Schwarz inequality and Young’s inequality

6( tr,7> 6vrh) = 6( tr,7> 6(6277 + VTITIL)) - 6( tr, T756h 'r) (511)
< *IITH,TH% + 5 llens + Vril§ +40° |1 T3 A5 + = lleh -3
2 2 16
For the second term on the right-hand side of (5.10), one also adds and subtracts
den - in the second argument and uses the definition of 2z}
752 (ZZ,T + Oée;Ll,'r + VTZ,T7 VT;LL)
_ 52 n n n n i n 2 223,17 n||2
< =0°((zh + Vry)r, 2z + V) + 16 len -6 +4a”d°|lep, . + Vs  (5.12)
+62((ez,7 + aez + VTZ)T’ eZ,T)'
Subtracting equation (5.5) with ¢, = 0 for ¢,_; from the same equation for t,,, and
dividing the result by 7 yields
(zh 7 vn) +v(Vey ., Von) +alef, -, vn)
(Vv 1) + VeV o) = (T2, vn). (5.13)

Choosing vy, = 5262,7_ in (5.13) and applying integration by parts gives

(€], + Vi +ael)r, )
6
5+ Elleh,fllﬁ- (5.14)

The last term on the right-hand side of (5.10) is bounded by using the Cauchy—Schwarz
inequality, the inverse inequality, the definition (3.2) §, and Young’s inequality

< =8|V L II§ — 0%l V - ey LII5 + 46° | T

n n CIQIIV
> S(Aef . 6Vr)ic < 8v=2 el ol Vil < 1
KeTy

Inserting (5.10), (5.11), (5.12), (5.14), and (5.15) into (5.8) leads to

2+ 2 IEIR. (515)

11
T66||EZ,TH(2) + Vé(veﬁ,‘m ve’g) + aé(ez,‘r’ 62) + ué(V . 62,77 V. e;zl)
+0%((ef r + Vri)r, eh - + Vi) + 6% Ve, 15+ 6°ullV - ef .15 (5.16)

n & n & n n g n
<A\ TIG + 5 (1+160) | T A [IF + % (14 8a)llefy , + Vi 5 + T6||VTh||g~
18



The next to last term is bounded by applying the triangle inequality and (4.10)

5(1 + 8a26)|‘eh,‘r + Vg < T6||eh,f||g + E‘lvthg'
Absorbing the first term into the left-hand side of (5.16) gives

5
“lleh I3+ vO(Vef ., VeR) + ad(e] . ef) + ud(V - e} .,V - ef)

+0%((ef - + Vri)r, € - + Vi) + 80| Vep I3 + 0%V - e L[5

r

52 )
< AT G + 5 (14 160) | T3 15 + S IVrz G- (5.17)

Summing up from j = 2 to n, observing that, e.g.,

n n

. . 1 . - 1 .
D CAC o > (bl — lles, I5) = 5= (lleklls — llexlld), (5.18)
=2 =2

applying an appropriate scaling, and restricting on the important term on the left-
hand side gives

467 llef, 13 < C<V5|Vei|3 +ad]ex]|§ + nol|V - e 5 (5.19)
j=2
+0|leh, , + Vrillg +8 ) TITLIE +8%(1 +6) ZTIITé,TH%) +> + 7IVrls.
j=2 j=2 j=2

The last term on the right-hand side of (5.19) will be absorbed into the left-hand side
of (5.7).

Estimate the terms for the first time step. The other terms on the right-hand side
of (5.19) and the term

46

4o7llen - [I6 = —llexlls (5.20)

from (5.7), where €) = 0 has been used, have to be bounded.
Considering (5.5) for n = 1, v;, = e}, and ¢, = 0, and applying integration by
parts yields

5
—llenlls + ovVenll§ + dallenll§ + oullV - enll§ = 8(Ti, er) — d(es, V). (5.21)

With the Cauchy—Schwarz inequality and Young’s inequality, one gets for the terms
from (5.19) and (5.20)

46
—llehli +C(v61Vehl + adllerll3 + udllV - ehlF) < C (6T + o7 Vrili) -
(5.22)
Then, from (5.19) and (5.22), apart from the truncation errors, one needs to bound

or[Vryllg,  6%llen - + Vrallg. (5.23)
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For n = 1, and using € = 0 one obtains from (5.6)
1
—llenlls + vIIVerlls + allells + £V - enll§ + a1 Vrals
0
= (T} e) + (T, Vry) — —(e}, Vi) + ) d(vAe;, —ae}, Vi)
T

KeTn
From (5.5) with v, = 0 and ¢ = 0r}, one gets

(5.24)

2

5(V-e},rh) = 6*(T, tr,Vrh)—é—(eh,Vrh Z 52 (vAe} —ae), —Vr;, Vi) k. (5.25)
KeTh

Inserting (5.25) into (5.24) gives

1
—llenlls + vIIVerlls + allells + £V - enllg + a1 Vrals

52
= (The}) +0(T5, V) + —(T5, Vi) + D d(vAej, — aej, V)
KeTy,

62
+ Z I/Aeh — e}, Vi) K = (e} +7Vr,Vr}).

(5.26)
KeTn

The last term can be expanded in the form

52 52 el
T( +Vh,—+v >+72<T”+VT}L,e}L>.
The first term goes to the left-hand side of (5.26).

grn = 0 and applying integration by parts gives

52 (e} 5v Pa 52 52
L (24 vrhed) = ~ZH1vebl - Shehl - ZEI7 - ehlf + Sz e

Inserting the last terms into (5.26) and multiplying with 7 leads to

Choosing in (5.5) v, = f—ie}l,

||6;11H3+TVHV6711H3+m||e;1l||§+TM||V'€}L||3+T5||VTH|3
? a 52 u
HV LG+ - ||e;11||(2)+T||V'€1 5

nllo
=7(T}. e}) + T6(Th, Vi) + Y 76(vAe}, — aej}, Vr})
KeTy

el
+62 Z (vAey, — e}, V) + 6°( tr,—h—er}l).
KeTy,

+62

(5.27)

The terms on the right-hand side of (5.27) are bounded with the Cauchy—Schwarz
inequality, Young’s inequality, and (3.2):

T Ta
T(Th ep) < *||Tt1r||3 + *Hefllﬂg,
T0(T, Vry) < 2768|| T |I5 + *”V%Hm

276C2 12 TV T
> mo(vAe;, Vry) < —— || Ve, ||§ + gllVT}lH% < 7 IVenls + SVl
KeTn

T Ta T
To(aey, Vry) < 2700 |len I+ L IVrallg < - llenlls + 5 IVrals,
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263C2 12 T 5%v a0
Y P(vAe;,, Vry) < =2 | Ve 1§ + —[IVrills < —IIVerll§ + = IIV7Ale,
Th 8 4T 8
KeTy,
26302 70 5 oT
(e}, Vi) < 2 leblg + S IVrkIR < S bl + S IVl
1 52 1 2
A(Th, 2+ Vrk) <PITLIR + 5 |22 + Vi
T 4 || T 0

Inserting these bounds into (5.27) yields

3 TQ 376
lenlls + ZTVW%H% + jlleiﬂg +7ullV - e ld + ?llwiﬂg

2

362 || e, 36%v 5a 5
e -+, 0+ i IIVeiII3+§HeiII%+THV-e%LH%
-
< TG + (2r6 + %) T (5.28)

The right-hand side of (5.28) is bounded following [9, (5.30)]. One obtains

C _
ITH < = [W 0+ h2a+ i 05 ) 100l g 0

+h2l(5 —+ h2M_1)||atp||%°°(0,t1;Hl+1)] + CTHattSh||%2(07tl;L2)

C _
< = (W% (v + B+ o+ 37 0l g ey (5.29)

+h2(5 + hQM_l)||‘9tp||2Loo(o,t1;Hl+1)] + CTQHattshH%OC(O,tl;L?)'

In this way, the terms in (5.23) are bounded, since both appear on the left-hand side
of (5.28).

Estimates of the truncation errors. The truncation errors in (5.7) and (5.19) have
still to be bounded. One obtains, again following [9, (5.30)]

. . 2
n ] n ) S] _ S]—l
D orITElE <2 7 [ 0iu(ty) — dusn(t)|I§ + ||Ors, — —L— —
j=1 j=1 0
C _
< = ([ @ + B2+ 4 0 )0l 0., 101y (5.30)

120 + 2O e 0411y | )+ O NPuan 00,2

where 7n < T'. Using the definition (5.4) of T} | leads to the decomposition

Tgr‘,T = <atu<tj) _Tatu(tjil) — 3ttu(tj)) + (O (u — sp)(t5))

PR P + sl 72
+ (@tsh(tj) —Zh h 5 h .

T

The first and second term can be bounded as before and the third one is an O(r)
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approximation to 0y sp(t;). Hence, one gets with (4.10)

n ] C -
Z T(S?HT{ZJI“,T”% S E (TTL |:h2k(V + h2a + /J/ + 50 1)||attu||%oo(O’tn;Hmax{l,kfl})
j=2

1284 12Ol 0 i) )

+C6%7? (\\5’tttu||2L2(0,tn;L2) + HatttshH%%O,tn:LQ)) '

Final step of the proof. To obtain the error estimate, the decomposition (5.2) is
used, the triangle inequality is applied and norms of wu(t,) — s} and p(t,) — 2} are
estimated with (3.3). Note that (s, z) = (u,p).

THEOREM 5.1. Let (u,p) be the solution of (2.2) with

o u,dyu € L=(0,t,, H*(Q)), dyu € L>®(0,t,; H*>{LE=1}(Q)),
Optu € L? (O, tn; L? (Q)),
® 048n,0tSn € LQ(O;tmLZ(Q)), Ousp € LOO(O,t1§L2(Q)), k>1,
e 0, 0;p € L=(0,t,, H(Q)), Oup € LX(0,t,; H>{LI=1H) 1 >0,
Let (u}, py) be the solution computed with the backward Euler — PSPG method (5.1),
let the stabilization parameter satisfy (3.2) and (4.10) and let the initial conditions be
computed as proposed in Remark 4.8, then the following error estimate holds

n n
w(tn) — upllg +7v Y IV (u(ty) —wp)[I§ +7a > lu(t;) —uillf
j=1 =1

T Y IV (ulty) = u)lI§ + 78 > IV (t;) — p)I
j=1
< C (h?* + 1?4+ 72),
where

C = C((S, a, Oé_l, ||u||%oo(0)t”;Hk+1)7 ||atu||%oo(07tn;Hk+1)7 ||8ttu||%oo(O’tn;Hmax{l,k—l})?

||3ttt“\|%2(o,tn;L2)a Hatt3h||%2(o,tn;L2)a |Oresn |2L°°(0,t1;L2)7 ||3ttt3h||2L2(o,t,,;L2)>

||p|\%oo (0,ty; HIA1Ys Hatp||%oo(07tn;Hz+1), HattpH%oo (O,tn;Hmax(l,l—l})> .

Note that the norms with s, can be estimated with norms of (u,p) = (s, 2) by
applying the triangle inequality and using (3.3). At the initial time, there is only an
error between ug and 32.

6. Numerical Studies. This section studies first two examples for which “in-
stabilities” for small time steps were reported in the literature. It is shown that with
the choice of the initial condition proposed in Remark 4.8, these “instabilities” do not
arise. It is also discussed that for other initial conditions, the results for small time
steps are not instable in the sense that the error explodes. Finally, an example is pre-
sented that supports the analytical results of Section 4. We also checked the analytical
results of Section 5 numerically, but for the sake of brevity, we omit their presentation.
All numerical studies were performed with the research code MOONMD |[8].

ExAMPLE 6.1. First, the motivating computational experiment of [1] will be
studied. In [1], problem (2.1) with Q = (0,1)%, v = 1, and « = 0 was considered with
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a steady-state solution, whose P;/P; finite element approximation computed with
the PSPG method (2.5) with g = 0 will be denoted by (wp,pp). Simulations were
performed on uniform grids and different levels of refinement. Starting with the L?(Q)
projection of ug as initial finite element velocity, it was observed that for small time
steps, after the first time step, the finite element pressure p; does not resemble py,. We
repeated this study with different initial conditions. Using the Lagrangian interpolant
of ug as up(0), we could observe the same behavior as in [1]. With u,(0) = s5,(0),
see Remark 4.8, we obtained (uj,p}) = (un,pp) for all considered refinement levels
and time steps, with At € [10719 107 !]. Performing simulations in a longer time
interval, it could be observed for the Lagrangian interpolant as initial condition and
for all time steps and refinement levels a fast convergence of the computed solution
to (up,pr). This behavior corresponds to the analytical results derived in Section 4.

In [1, p. 581] it is stated “after one time step, the unsteady approximation (u,ll,p}b)
should be an O(At) perturbation of the steady-state solution (wp,pp)”. We think that
this expectation is not justified if the L?(2) projection or the Lagrangian interpolant
of the steady-state solution is used as initial condition. Neither the first nor the second
choice fulfills the discrete equations together with ps. Thus, the corresponding finite
element pressure at the initial time is not known. In the first time step, one expects
that the initial velocity does not change much (as it was always observed), but the
result of this step will not yet give the steady-state solution. In particular, after the
first time step, a finite element pressure p} is computed such that the approximation
of the continuity equation by the PSPG method is satisfied. For small time steps,
one expects an approximation of the pressure which accompanies the chosen initial
velocity u(0). In fact, we could not observe an instability in the sense that ||p—p} o
explodes as At — 0. In our simulations, this error was bounded and the values of the
error seem to converge, see Figure 6.1. This behavior indicates that p; converges to
some (unknown) function as At — 0.

[¢] (@] [e)
12 o)
100
-
=8 o
1
3
a 6
at
2 O
. . . . . . (o] o
10" 10°  10® 107 10°  10°  10*  10°

length of the time step

FIG. 6.1. Ezample 6.1, P1/P1, h = /2/64, backward Euler scheme, § = h?/4. Error of the
pressure in L2(Q) after the first time step.

In [1], the instability of the pressure for small time steps was not observed by
solving the equations with the Galerkin discretization using (inf-sup stable) Taylor—
Hood finite elements. The analysis for inf-sup stable mixed finite elements can be
found, e.g., in [5, 6], where error bounds for mixed finite element approximations to the
Navier—Stokes equations were obtained without assuming that non-local compatibility
conditions are satisfied. In contrast to considering non inf-sup stable elements, the
error bounds depend only on the initial approximation of the velocity and not on
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the initial approximation of the pressure. The analysis is performed by projecting
the equations into the space of discretely divergence-free functions, getting an error
estimate for the velocity in this space and then using the discrete inf-sup condition
to get the error bound for the pressure. From our point of view, the absence of the
error for the pressure at the initial time is the basic difference between the case of inf-
sup stable finite elements and the case in which an appropriate initial approximation
to the velocity is chosen (Theorems 4.10 and 4.11) and the estimates of the pressure
errors in Theorems 4.5 and 4.7 for an standard general initial velocity approximation.

EXAMPLE 6.2. This example is taken from [3] (note that there is a misprint in
the definition of the velocity field). The domain is = (0,1)? and the prescribed
solution has the form

B sin(ma — 0.7) sin(wy + 0.2)
u = cos(?) <COS(7T:L‘ —0.7) cos(my +0.2) )’

p = cos(t)(sin(x) cos(y) + (cos(1) — 1) sin(1)).

Appropriate Dirichlet boundary conditions were applied. The viscosity was set to be
v =1 (there is no value given for v in [3]) and a = 0 was used.

In [3], an instability of the velocity field was observed for very small time steps
and the P;/P; finite element method. We tried to reproduce this result. To this end,
a uniform triangular mesh with diagonals form lower left to upper right was used with
h = \/2/16. The mesh resulted in 4802 degrees of freedom for the velocity (including
Dirichlet nodes) and 2401 degrees of freedom for the pressure. The Crank-Nicolson
scheme was applied as temporal discretization and the PSPG method was used with
§ = 0.005h% /v = 0.005h2. The grad-div stabilization was not applied.

Results after having performed 50 steps (like in [3]) with At = 1078 with the La-
grange interpolation of ug as initial velocity as well as with the solution (sp(0), z5(0))
of (2.6), see Remark 4.8, as initial velocity are presented in Figure 6.2. In contrast
to [3], there are absolutely no instabilities. Also for long term simulations, e.g., with
100 000 time steps, we could not observe instabilities. However, we like to note that
for larger stabilization parameters, e.g., 6 = h?, the time stepping scheme diverged
quickly in our studies. But according to [3], also in this paper small values of the
stabilization parameter were tested.

P A NS~

I
'

Fic. 6.2. Ezample 6.2. Simulations with At = 108 and P3/Ps finite elements, h = v/2/16,
velocity after 50 time steps, left: with Lagrange interpolant as initial velocity, right: with solution
of steady-state PSPG problem at t = 0 as initial velocity.

Next, the effect of different discrete initial velocities on the discrete pressure after
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the first time step will be illustrated, see Figure 6.3. Using the Lagrange interpolant,
then after a very short time step, the pressure is quite different from the actual solu-
tion. As explained in Example 6.1, this effect comes from the fact that the Lagrange
interpolant is not related to the PSPG discretization of the problem. Using instead
(s1(0), 2,(0)) as initial solution, the discrete pressure at t = 10~ is an approximation
of the continuous pressure which is as good as the underlying grid admits.

pressure pressure

0.337 0.454+ 04

o

N
o
[¥]

o
o

Lo ETTRARTI IR
)
N

s I,
o
N

-0.385- -0.387-

FIG. 6.3. Ezample 6.2. Simulations with At = 108 and P3/Ps finite elements, h = v/2/16,
pressure after the first time step, left: with Lagrange interpolant as initial velocity, right: with
solution of steady-state PSPG problem at t = 0 as initial velocity.

Altogether, the behavior of the discrete solutions observed here is in agreement
with the analytical results from Section 4.

ExaMPLE 6.3. Finally, an example will be presented which serves for supporting
the analytical results with respect to the order of convergence. Again, the solution
from Example 6.2 will be considered. For the sake of brevity, only results for the
P,/ P, finite element and v = 1 will be shown. Simulations were performed in the
interval [0, 5] and the initial velocity suggested in Remark 4.8 was used. The PSPG
stabilization parameter was set to be § = 0.01h2. In one series of simulations, o = 1 =
0 was used and in a second series a = 0.2 and p = 1. As temporal discretization, the
Crank-Nicolson scheme was applied with the small time step At = 5-107°. With this
length of the time step, the spatial errors dominate. Level 3 of the mesh refinement
has a mesh width of h = v/2/8 (578 velocity degrees of freedom, 289 pressure degrees
of freedom) and all other meshes were obtained with a uniform red refinement.

Results for different errors are presented in Figure 6.4. Most of the errors converge
of second order, exactly as the theory predicts. The errors that involve the L?(2) norm
of the velocity are even of third order convergent. It is well known that this higher
order of convergence cannot be proved within the framework of the energy argument
used in the analysis of Section 4.

7. Summary. The finite element error analysis of the PSPG stabilization for the
evolutionary Stokes equations was studied. An optimal error estimate was derived in
the time-continuous case under the assumption of a regular solution, which holds
also for higher order finite elements. An important feature of this estimate is the
appearance of the pressure error in L?(f2) at the initial time. The construction of a
discrete initial velocity was suggested that allows to remove this error from the bound.
For this discrete initial velocity, an optimal estimate for the fully discrete case with the
backward Euler scheme as time integrator was derived. Using the proposed discrete
initial velocity, no instabilities of the pressure for small time steps were observed in
the numerical simulations. The observations reported in the literature were explained
on the basis of the derived error estimates. The analytically predicted results were
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FIG. 6.4. Ezample 6.3. Simulations with Pa/Py, At = 5-107°, § = 0.01h%. Convergence of

several errors, left: o = 0,u =0, right: « = 0.2, p = 1.

confirmed in numerical studies.
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