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Abstract

We consider a pressure-stabilized Lagrange—Galerkin scheme for the transient
Oseen problem with small viscosity. In the scheme we use the equal-order approxi-
mation of order k for both the velocity and pressure, and add a symmetric pressure
stabilization term. We show an error estimate for the velocity with a constant in-
dependent of the viscosity if the exact solution is sufficiently smooth. Numerical
examples show high accuracy of the scheme for problems with small viscosity.
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1 Introduction

We consider a finite element scheme for the transient Oseen problem, known as lin-
earizion of the Navier—Stokes problem, with small viscosity. In this paper we construct
a pressure-stabilized Lagrange—Galerkin (LG) scheme with higher-order elements, and
show an error estimate independent of the viscosity.

When the viscosity is small, the finite element method suffers from two kinds of
instabilities. We begin with the issue of the material derivative. In such case the
convection is dominated and it is important to put weight on information in the upwind
direction to make schemes stable. We here focus on the LG method, e.g. [25] [26], 28, 31,
[33], which is a combination of the characteristics method and the finite element method.
One of the advantages of it is that the resultant matrix is symmetric, which allows us to
use efficient linear solvers [3]. Recently a LG method with a locally linearized velocity
[34] has been developed [33] and convergence has been shown. The locally linearized
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velocity overcomes the difficulty in computing composite function term that appears in
LG schemes. In [33] inf-sup stable elements [6] were used.

Besides the inf-sup stable elements, P;/Pi-element with a pressure stabilization
term has been also used in LG methods, where Py /P; shows that we use the conforming
triangular or tetrahedral element of order k for the velocity and order [ for the pressure.
Notsu and Tabata have been proposed a LG scheme using the stabilization term of
Brezzi and Pitkéranta [8] for the Navier-Stokes problem [23| 24], and analyzed the
scheme for the Oseen problem and Navier—Stokes problem [25] 26]. Jia et al. [20] have
been proposed and analyzed a LG scheme using the stabilization term of Bochev et
al. [B].

Here we extend the P; /P pressure-stabilized LG scheme to higher-order elements.
Simple symmetric stabilization terms for higher-order elements have been presented
and applied to stationary problems in, e.g., [2, [7, [, [14] [30] and to the transient Stokes
problem in [10]. On the other hand, classical stabilization terms based on the residual
of the momentum equations also have been studied for stationary problems in, e.g.,
[15] 16l 19] and for the transient Stokes problem in [22]. These terms are, however,
rather complicated to implement compared to the symmetric stabilization especially
for transient problems.

Apart from the issue of the material derivative in the Oseen or Navier—Stokes prob-
lems, dependence on the viscosity appears even in the Stokes problems. Numerical
solutions of the velocities contain approximation errors of the pressures multiplied by
the inverse of the viscosity in standard finite element methods (e.g. [21]). The grad-div
stabilization [I7] is a choice to improve stability. Error analyses independent of the vis-
cosity were performed in [27] for the Stokes problem and in [I3] for the transient Oseen
problem relying on this term. In [4] a LG scheme was developed for the Navier—Stokes
problem with local projection stabilization that includes the grad-div term.

In this paper we use Py /Pg-element, k > 1, and pressure-stabilization in the LG
scheme for the transient Oseen problem, and show an error estimate independent of
the viscosity. In the scheme the symmetric pressure stabilization of Burman [9] is used
and symmetry of the LG method is inherited. Although a pressure stabilized scheme
for the transient Stokes problem has been analyzed by Burman and Fernandez [10],
we here pay attention to the constant of the stabilization term. We consider the case
where the viscosity v is small and the exact solution is sufficiently smooth. The error
bound presented here is of order At + h% + h¥ in the L?-norm for the velocity and for
v1/2 times the gradient of the velocity, with constants independent of v. Here, At is
a time increment, h is a spacial mesh size. This scheme is essentially unconditionally
stable, that is, we can take At and h independently. The grad-div stabilization is not
needed in our analysis. The technique used in our estimate is a projection of the exact
solution of the velocity with the error independent of v. A similar way was used by de
Frutos et al. [13].

This paper is organized as follows. In the next section, after preparing notation, we
state the Oseen problem and a pressure-stabilized LG scheme. In Section B we show an
error estimate with a constant independent of the viscosity and give a proof. In Section



[ we give some numerical results that show high accuracy for small viscosity and large
pressures, and additionally show results of the Navier—Stokes problem. In Section [B] we
give conclusions. In Appendix we recall some lemmas used in the LG methods.

2 A pressure-stabilized LG scheme for the Oseen problem

We prepare notation used throughout this paper, state the Oseen problem and then
introduce our scheme.

Let Q be a polygonal or polyhedral domain of R? (d = 2,3). We use the Sobolev
spaces W"P(Q) equipped with the norm |- ||, , and the semi-norm |- |, , for p € [1, o0]
and a non-negative integer m. We denote W%P(2) by LP(€). Wol’p(Q) is the subspace
of WLP(Q) consisting of functions whose traces vanish on the boundary of 2. When
p = 2, we denote W™2(Q) by H™(Q) and drop the subscript 2 in the corresponding
norm and semi-norm. For the vector-valued function w € W1H>(Q)¢ we define the

semi-norm |wly o by
Zd: ow; \ 212
axj

ij=1
The pair of parentheses (-, ) shows the L?()%-inner product for i = 1,d or dx d. L3(f)
is the space of functions ¢ € L?(Q) satisfying (g, 1) = 0. We also use the notation ||, x
and (-,-)g for the semi-norm and the inner product on a set K.

Let T > 0 be a time. For a Sobolev space X (), i = 1,d, we use the abbreviations
H™(X) = H™0,T; X(2)%) and C(X) = C([0,T]; X (22)?). We define the function space
Z™ by

0,00

Z™ .= {ve H0,T; H" 7 (Q)%; j=0,...,m,|jv|]zm < oo},

m 1/2
v zm = <Z HUH%{J'(QT;H’”J'(Q)d)) :

J=0

We also use the notation H™(t1,t2; X) and Z™(t1,ts) for spaces on a time interval

(t1,t2).
We consider the Oseen problem: find (u,p) : Q x (0,T) — R? x R such that
ou .
E—l—(w-V)u—uAu—i—Vp:f in Qx(0,7),

Vou=0 in Qx(0,7), (1)
u=0 on 092 x(0,T),
u(-,0) =u’ in Q,
where 0 represents the boundary of €2, the constant 0 < v < 1 represents a viscosity,

and w, f : Q x (0,T) = R? and u° : Q — R? are given functions.
We define the bilinear forms a on H}(Q)? x H}(Q)? and b on H}(Q)¢ x LE(Q) by

a(u,v) :=v(Vu, Vo), bv,q) :=—(V-v,q).



Then, we can write the weak form of () as follows: find (u,p) : (0,7) — Hg(Q)¥x L2(Q)
such that for ¢t € (0,7),

«%%+W*VWNWW)+awwwo+Mumww=uwxw, (2a)
Yo € H} ()4,
b(u(t)7Q) =0, Vqe L(Z)(Q)7 (2b)

with u(0) = u°.

We introduce time discretization. Let At > 0 be a time increment, Ny := |T/At]
the number of time steps, t" := nAt, and ¥" := (-, ¢") for a function ¢ defined in
Q2% (0,T). For a set of functions ¢ = {¢"}nNiO we use two norms || [|geo 2y and || - [|2(z2)
defined by

H¢||Z°°(L2) = maX{sz"Hmn = 0) o ,NT} )
Np 1/2

olews = (At 107
n=1

Let w be smooth. The characteristic curve X (¢;x, s) is defined by the solution of
the system of the ordinary differential equations,

ax
dt
X(s;x,8) =m.

(tiz,s) = w(X(tz,),t), t<s, (3)

Then, we can write the material derivative term % + (w - V)u as follows:

<% +(w- v)u> (X (t),t) = %u(X(t),t)-

For w* : Q — R? we define the mapping X (w*) : Q@ — R? by
(X1 (w"))(z) ==z — w*(x)At. (4)

Remark 1. The image of = by Xj(w(-,t)) is nothing but the approximate value of
X (t — At;z,t) obtained by solving (B]) by the backward Euler method.

Then, it holds that

ou™ n n ut—u" o Xy (wnY)

E + (w : V)u = Al
where the symbol o stands for the composition of functions, e.g., (go f)(x) := g(f(x)).
We next introduce spacial discretization. Let {7p}nj0 be a regular family of trian-
gulations of Q [I1], hx := diam(K) for an element K € Ty, and h := maxger;, hrc. For

a positive integer m, the finite element space of order m is defined by

+O(AY),

W™ = {, € CQ); Yk € Pm(K), VK € Th},
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where P, (K) is the set of polynomials on K whose degrees are equal to or less than m.

Let Hl(lm) :C(Q) — W,Em) be the Lagrange interpolation operator, which is naturally
extended to vector-valued functions.

We begin with a scheme using the standard Py /Pj_1-finite element, which is called
(generalized) Taylor-Hood element. Let

Vi x Qp o= (W) 0 1 @)Y x (WD 0 12(9) (5)

be the Py /Pj_;-finite element space for k > 2. The LG scheme with a locally linearized
velocity and this Taylor-Hood element for the Oseen problem (OsTH) is stated as
follows:

Scheme OsTH. Let u) € V}, be an approximation of «°. Find {(uZ,pZ)}nNil C VixQ,
such that
ul — un—l o X (H(l) n—1
h h (I, w™ )
( A

,vh> T a(uf vn)+b(vn, B

= (f",vh), Yoy, € Vp, (6&)

b(u;zl’ Qh) =0, Vg € ah’ (Gb)

When k£ = 2, this type of scheme for the Navier—Stokes problem has already been
introduced and analyzed in [33]. In the mapping X;(:), a locally linearized velocity

Hg)wn_1 is used instead of the original velocity w™!. If the original velocity is used,
it is difficult to evaluate the exact value of integration. The next proposition assures
that the scheme with the locally linearized velocity is exactly computable.

Proposition (|32, 33]). Let up, vy € (W}Em))d for a positive integer m. Suppose that
w* e Wy ()4 and @ At|lw*| 0 < 1, (7)

where . is the constant defined in (1) below. Then, [o(up o Xl(Hl(ll)w*)) - vpdz 1S
exactly computable.

With the assumption (7)) for w* = w™ ™! at each step n, (@) is exactly computable
thanks to Proposition. In [33] the authors have analyzed the scheme to show the
estimates

IV Cun = w)lles 2y, llpn = pllezre) < e(v™h)(AE+B?),
where the constant ¢ depends on v~! exponentially.

Here we use the equal-order element with pressure stabilization. Let

Vi x Q= (W) 0 HH@)h) < (Wi 0 L3(9)

be the equal-order Py /Pj-finite element space for k& > 1. We define a pressure sta-
bilization term Cj : Qp X @ — R, which enables us to use the equal-order element,
by

Ch(pn,qn) = Y h# > (Dpn, D°qn)k,
KEeTh  |al=k



where « is the multi-index and D® is the partial differential operator. We define the
corresponding semi-norm on @}, by

1/2

lanln = Culan,an)* = | D hilanlin | (8)
=n

Remark 2. The term Cj, introduced by Burman [9] is an extension of that by Brezzi and
Pitkéaranta [8] for the P1/Pj-element to higher order elements. For the stabilization
term, instead of Cj, we can also choose another positive semi-definite bilinear form
whose corresponding semi-norm is equivalent to (§). Examples include the terms in
[2, 14, [30], as pointed out in [9].

We are now in position to state a pressure-stabilized LG scheme for the Oseen

problem (OsPstab).

Scheme OsPstab. Let u) € Vj be an approximation of u’. Find {(uﬁ,pﬁ)}gil C

Vi, X @y, such that

n n—1 (1), n—1
- X (II
(uh uy, OAtl( h W ),Uh> + a(up,vp) + b(vy, py)
= (", vn). Von € Vi, (%)

b(uy,qn) — 60Ch(Ph,qn) =0, Vaqn € Qn, (9b)
where dg > 0 is a stabilization parameter.

With the assumption (7)) for w* = w""! at each step n, (@) is exactly computable
and has a unique solution (u},p}) thanks to Proposition and the stabilization term
Cp, [9]. The error introduce by the locally linearized velocity is properly estimated in
Theorem below.

Remark 3. 1. In Scheme OsPstab, the resultant matrix to be solved is symmetric,

which enables us to use efficient linear solvers [3].

2. When k = 1, Notsu and Tabata [25] proposed and analyzed a pressure-stabilized
LG scheme, where the locally linearized velocity was not introduced.

3. Burman and Ferndndez [10] proposed and analyzed a scheme for the transient
Stokes problem using a same type of pressure stabilization. Since in their choice
the stabilization parameter dy is proportional to 1/v, it seems to be difficult to
get error estimates independent of v, which we will show in the next section.

3 An error estimate focused on the viscosity for the Oseen
problem

Before stating the result we introduce hypotheses.



Hypothesis 1. The velocity w and the exact solution (u,p) of the Oseen problem ()
satisfies

we CWy™® NW2=)yn HY(L®), ue 22N H' (H*), p e C(HF).
Hypothesis 2. The time increment At satisfies 0 < At < Atg, where

1

Ato B ——
40z*|w|C(W1,oo)

)

and a is the constant defined in (1)) below.
Hypothesis 3 (Triangulation). Every element K € Tj, has at least one internal vertex.

Hypothesis 4 (Choice of the initial value). There exists a positive constant ¢ inde-
pendent of A such that
[up = w’llo < ch¥|u]y.

Remark 4. 1. Hypothesis [ implies that v € C(H**!) and u° € H*1(Q)4.

2. Under Hypotheses [ and 2], the property () for w* = w"~! at each step n is
clearly satisfied.

3. Hypothesis @l is satisfied if we take u% as the Lagrange interpolation of u?, for
example.

Theorem. Let V}, x Qj, be the Py /Py-finite element space for k > 1. Suppose Hypothe-
ses[IH4 Let (un,pp) == {(uﬁ,pﬁ)}nNio be the solution of Scheme OsPstab. Then there
exists a positive constant c, independent of v, h, At such that

lun = llgez2), VPNV (un = u)lle2(r2y < cu(AE+ h* + hF). (10)

Remark 5. 1. The constant ¢, depends on Sobolev norms of w,u and p, and the
stabilization parameter dy. Note also that we assumed that v < 1. The parameter
6o should not depend on v from the viewpoint of this estimate.

2. If Py /Pj_1-element is employed, we have an estimate of the same order At +h? +
hE, but it seems to be difficult to remove the dependence on the viscosity, which
is observed in the numerical experiments in Section Ml

3. The term h? appears in (I0) because of the introduction of the locally linearized
velocity.

4. Tt seems to be difficult to derive the estimate h¥+1 for the spacial discretization in
¢>°(L?) independent of the viscosity. Although another type of Stokes projection
yields an estimate of order h*t1, e.g. [25], the projection error contains the
dependence. de Frutos et al. [I3] derived the same order h* as ours independent
of the viscosity for the backward Euler method or the BDF2 formula with the
grad-div stabilization.



5. Here we do not discuss a estimate for the pressure. de Frutos et al. [13] used
inf-sup stable elements and show an estimate for the pressure independent of the
viscosity. However, further discussion seems to be necessary for the pressure-
stabilized method.

6. When k = 1, Notsu and Tabata [25] analyzed the pressure-stabilized LG scheme
without the locally linearized velocity. They derived the estimates

IV (u, = w)lle(r2)s 11P8 = Pllez(rzy < c(v™") (AL + h),

where the constant ¢ depends on v~ exponentially.

Before the proof we prepare some lemmas. First we recall a discrete version of the
Gronwall inequality.

Lemma 1 (discrete Gronwall inequality). Let ag and a1 be non-negative numbers,
At € (0, ﬁ] be a real number, and {z"}p>0,{y"}n>1 and {b"},>1 be non-negative
sequences. Suppose

n __ xn—l

At

T +y" < apz" + a1z L+ 0", Y > 1.

Then, it holds that

"+ At Zyi < exp[(2ap + a1)nAt] (mo + At Z bi> , Vn > 1.

i=1 i=1
Lemma [I] is shown by using the inequalities

— < 142apAt < 2a9At).
T aoit = + 2apAt < exp(2apAt)

In Lemmas 2H4] below, the constants ¢ are independent of h.

We recall the fundamental properties of Lagrange and Clément interpolations [11]
17].
Lemma 2. Suppose that {Tp}nio is a reqular family of triangulations of Q.
(i) Let Hﬁlm) :O(Q) — (W,&m))i, i = 1,d, be the Lagrange interpolation operator to

P,,.-finite element space for a positive integer m. Then there exist positive constants
ax > 1 and c independent of h such that

TV w se < 0ulw]1 oo, Y € WH2(Q)%, (11)

I — wllo.00 < ch2fw]a e, Y € W2R(Q)1,

™ w — wlo s < WP wlmsr i, VK € T, Yw € H™ LK) i = 1,d.



(ii) Let Hglmc) : L2(Q) — W,Em) be the Clément interpolation operator to P,-finite
element space for a positive integer m. Then there exists a positive constants ¢ such
that

L0 — 91 < eh™[lmir, Vi € H™H(Q),

1/2
( ) |H278w|;,K) <l W€ HMQ),

KeTy

When k£ > 2, we use the auxiliary Pj_;-pressure space @, defined in (), and
(Zn,7h) € Vi x @y, be the Stokes projection of (z,7) € H}(Q)? x LE(Q) for the fixed
viscosity v = 1 defined by

(V/Z\h, Vvh) — (V . Uh,;“\h) = (VZ, V?)h) — (V . Uh,V“), Yo, € Vp, (12&)
=V Zn, ) = =(V - 2,q), Vg, € Q. (12b)

Lemma 3. Suppose that {Ty}no is a regular family of triangulations of Q and Hypoth-
esis[3. Let Vj, x Q;, be the Py /Pr_1-finite element space for k > 2. Then, there exists
a positive constant ¢ such that

12n = 2|1, [IFh = llo < ch¥(|2[kg1 + |7]k), (13)

where (Z,,7h) € Vi x Qy, is the Stokes projection of (z,7) € (HL(Q)? N HF+1(Q)9) x
(LE(Q) N H*(Q)) defined in (I2).

This estimate is a direct consequence of the inf-sup stability for the P /Pj_1-element
[6]. Since in ([I2]) the fixed viscosity is used, we have the estimate of the projection
independent of the viscosity.

Lemma 4. Suppose that z € H*1(Q)? satisfies V -z =0, {Th}nio is a reqular family
of triangulations of Q and Hypothesis[3. Let Vj, x Qy, be the Py, /Py-finite element space
for k > 1. Let z, € Vi be the Lagrange interpolation of z when k = 1, or the first
component of the Stokes projection of (z,0) defined in (I2)) when k > 2. Then, there
exists a positive constant c such that

b(zh, qn) < ch¥|zlis1lanln, Yan € Qn, (14)

where the semi-norm | - |1, is defined in (8]

Proof. When k = 1, by using V - z = 0, the integration by part and Lemma 2 we get
the estimate (I4]) as follows:

b(zn, qn) = b(zn — z,qn) = (2n — 2, Van) < ¢ > hiclzla k| Vanllox
KeTy,

< chlz|2|qn|n-



When k > 2, it holds that from (I2h) and Lemma

b(zn,qy) = b(2,q,) =0, Vg, € Q,, and
1/2

—(k—1 k—1
lan =T Vanllo < llan -1 Vallo < e | S 0lanlin |
KeTy

where ﬁﬁlk_l)qh € Q, is the Lagrange interpolation of ¢, with the correction of the

constant so that ﬁ%kil)qh € L3(Q). By Lemma [3 we get the estimate (I4]) as follows:

1)

R krf
b(zn, qn) = b(zn, qn — H% an)

—(k—1
<V - (2 = 2)llollgn — Ty Vanllo < ch¥ |2l lgnln-

O

We now begin the proof of Theorem, where we also refer to Lemmas[6-9in Appendix
for properties of the mapping X;(+).

Proof of Theorem. Here we simply write X{Lh_l = Xl(Hg)wn_l). We use ¢ to represent
a generic positive constant that is independent of v, At and h but depends on Sobolev
norms [[ullog1y and [|[w|| w2y, and may take a different value at each occurrence.

Let z;(t) € V3, be, as in Lemmald] the Lagrange interpolation of u(t) when k = 1, or
the first component of the Stokes projection of (u(t),0) defined in (I2]) when k£ > 2, and
let 71,(t) € Qp, be the Clément interpolation of p(t) with the correction of the constant
so that rj,(t) € L3(2). We define the error terms by

(en,en) := (up, — 255 P — 13), N(t) == w(t) — 2n(t).

From (Qal), (2a) with ¢ = t" and v = vy, and (Qh]), we have an error equations in (e}, }):

em — en—l oXn—l
( - b 1 ,Uh) + CL(BZ,’Uh) + b(’l}h,62)

At
= (R",v) + a(n™,vy) + b(vp, " — 1), Yoy, € Vi, (15a)
b(er,an) — 00Ch(eh,an) = —b(zy, qn) + 00Ch (T, an), Yan € Qn, (15b)

forn=1,..., Ny, where R" := R + R} + RY,

ou” u™ — unfl o )(1 (wnfl)
R} = — + (" - V)u" — ,
ot At
unfl o Xn—l . unfl OXl(wnfl)
2 At ’ (16)
— —1
RE = il 10X?h .
3 At

10



Substituting (v, qn) = (e, €7) in (I5) and using the identity (a — b)a = 1/2(a® — b* +
(a — b)?) yields

2At(lleh\lo —[ley™ o X7 DI + llef — en™ o XTHIE) + vlIVeRlls + dolehln
= (an eh) + a(77 .en) + b(ezvpn - T;LL) + b(zy,, 82) - 500}1(7“;;, Eh)-
We now estimate the terms in (I7)). With Hypothesis 2l and the properties
TVt e WhO) and TV w" oAl < w1 0oAt <174,  (18)
we use Lemma [6] in Appendix to have

lep ™" o X755 < (1 + cA) ey~ 5. (19)

After applying Schwarz’s inequality to (R",e}), we estimate ||R}'[|o, i = 1,2,3. By
Lemma [7in Appendix,

n ow
182l < oAt (Jullzosn + |51

L2(t"_1 ,t”;L‘X’)>

By Lemma []lin Appendix with ¢ =2, p =00, p' =1, wi = Hg)wn_l, wy = w" ! and
v=u""!, and by Lemma [

IR lo < eI w1t — w1 g0 < ch?. (21)

By Lemma [0 in Appendix with v =7 and w* = H%l)w"_l, and by Lemma 2] or [3],

Zailla
At at LQ(t"_l,t";LQ)

< ch® <||UH >
1(¢n—1 n.gk+1 .
N H1(gn—1 gn [Tk+1)

An estimate for a is easily obtained by Lemma [2 or [Bt

1725 ]lo <

n |rwumn1,tn;p>)

a(n”,ey) < —an 15 + —HvehHO < Cth’un’kJrl + 3 HVehHo, (23)

where we note that we assumed v < 1. The integration by part and Lemma [2}(ii) yields

1 1
blep,p" —rp) = (e, V(p" — 1)) < —HeZH% + §HV(P” — Mo
1 (24)
§||€h||o + ch?*p" 7.

By Lemma ]

0
bzptseh) < eh¥u” g lefln < 5—h2k| "t |6Z|i- (25)

11



By using stability of Clément interpolation (Lemma [2}(ii)),
50 50 050 50
— C(rf ) < dlrfalehls < et + 2iepiz < Dnpz + L (26)
Gathering the estimates (I9)—(26), from (7)) we get
-1 v -1
lenlls = leh ™" 118) + 5 1Verlls < ellen™ 116 + colle 13

5 )

b of At (s + | 5
h_% 2 h4 h2k 1 571 n|2 1 5 n|2
+ g Nl = s rieny + B7 R+ 80 ) [[u”[ja + (14 G0l k] ¢

1
2At(|
2

LQ(tn—l ’tn;Loo)

where the positive constant g has been chosen so that Aty < ﬁ. We now apply the

discrete Gronwall’s inequality (Lemma[I]) to get for 1 < n < Np

leRlIz +vAeY Ve ls
j=1
/ 9 ok, a4y ||OW ’
<cexp{cnAt}(At* + h*" 4+ h*) wn

+ [l 2 (0,m) + lullFpn o gmspresny
L2(0,tn;Lo°)

n n
+ (146 ALY 7y + (1 +80) AL 1P 7y + [ul74 ]
j=1 j=1
where we have used Hypothesis 4] for the initial value. We have the conclusion by the
triangle inequalities,
|un — ullgeo(z2) < llenlleso 2y + IMlleee (22
< |lenlleoo L2y + Chk”“”zw(HkH),
IV (un — w22y < [Venllez 2y + [[Vnlle2 L2y
< I Venllez(z2) + ch¥||ull o grey.-
O

Remark 6. Our analysis need that @, is Py-finite element space in the estimate (24])
to have O(h*) in H'-norm.

4 Numerical results

We consider test problems given by manufactured solutions in d = 2. We compare
Schemes OsTH and OsPstab with & = 2 for the Oseen problem () to show higher
accuracy of Scheme OsPstab for small viscosity and large pressures. We additionally
show numerical results of the Navier—Stokes problem, which is given by replacing w by
the unknown u in (). The corresponding Schemes NSTH and NSPstab are given by
replacing w1 by uzfl in Schemes OsTH and OsPstab.

12



Figure 1: The triangulation of Q for N = 16 used in Examples [[l and 2

Scheme NSTH. Let ug € Vj, be an approximation of u°. Find {(ug,p}) nNil C VixQy,
such that

up — qul o X1 (Hg)uzfl)
At

7Uh> + a(up, vn)+b(vn, pp)
= (fn,vh), Vvh e Vi,
b(u27 qh) = 07 vqh S @h'
Nt

Scheme NSPstab. Let u) € Vj, be an approximation of u’. Find {(ul,p?)}, X, C
Vi, X @y, such that

" n—1 1) n—1
uy —u OX H U
( v —uy Atl( h Uh )7vh> + a(up,vp) + b(vn, pp)
= (f",vn), Yo € Vi,

b(uy, qn) — 60Ch(ph,qn) =0, Vg, € Q.

In the four schemes we set the initial value as u% = Hl(f)uo, where Hf) is the
interpolation operator to the Po-element.

Example 1. We consider the Oseen problem and the Navier—Stokes problem. Let
Q= (0,1)2, T = 1. The functions f and u" are defined so that the exact solution is

ul(xat) = ¢($1,$2,t>,
’U,Q(I’,t) = _(b(anxlat)? (28)
p(x,t) = Cpsin(m(z + 2x2) + 1+ 1),

where

#(a,b,t) = —sin(mra)? sin(wb){sin(r(a + t)) + 3sin(w(a + 2b + 1))}
For the Oseen problem we set w := u. We consider the four cases v = 1072, 1074,
C, =1, 10.

13



Table 1: Symbols used in Example [

¢ u u p
X (L) P(Hg) (L)

TH A ° |

Pstab A o} ]

For triangulations of domains FreeFem++ [I§] is used. Let N = 16,23,32,45 and
64 be the division number of each side of 2, and we set h = 1/N. Figure [l shows
the triangulation of Q when N = 16. The time increment At is set to be At = h? so
that we can observe the convergence behavior of order h?. The purpose of the choice
At = O(h?) is to examine the theoretical convergence order, but it is not based on the
stability condition. We set the stabilization parameter 6y = 10~! for Schemes OsPstab
and NSPstab.

The relative error Ex is defined by

H(m) _
EX((b) = H h (i) ¢hHX
1T, ¢l x

for ¢ = u in X = (*°(L?) and ¢*(H}) with m = 2, and for ¢ = p in X = (?(L?) with
m = [ when Ps/P-element is used. Here H%m) is the Lagrange interpolation operator
to the P,,-finite element space. Table [Ilshows the symbols used in graphs. Since every
graph of the relative error Ex versus h is depicted in the logarithmic scale, the slope

corresponds to the convergence order.

Case (a) Let C, =1 in (28). We consider the Oseen problem and compare Schemes
OsTH and OsPstab.

Figure 2 shows the graphs of the errors Eyeo(r2y(u) (A,A), EZQ(HOI)(U) (®,0) and
Ep2(12)(p) (M,0) versus h. When v = 1072, all convergence orders are almost two and
there are no significant differences in both schemes.

When v = 107, the convergence orders of Eyeo(r2y(u) (A,4) are almost two in both
schemes and there are no significant differences. The values of them are almost 1.5
times larger than those for v = 1072, We also get results for v = 1076, whose graph is
omitted here, to observe that increases of the errors compared to v = 10™* are less than
two percent. The convergence order of Ep g1 (u) in Scheme OsTH (®) is less than two,
while the convergence order is almost two in OsPstab (0) and the value for N = 64 is
four times smaller than that in Scheme OsTH. In order to obtain the convergence order
two in Scheme OsTH, finer meshes seem to be necessary. The convergence order of the
error Ep(r2)(p) (B,0) is almost two in both schemes and the values are almost same as
those for v = 10~*. However, we do not have theoretical estimates for p independent
of the viscosity.

We observe that, although in Case (a) there are no significant differences between

14
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64 32 16 64 32 16
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Figure 2: Case (a). Relative errors versus h for v = 1072 (left) and v = 10~ (right).

the both schemes in the errors Eye(72)(u) (A,4), Scheme OsPstab shows higher accu-
racy for v = 107% in the errors Ez2(Hé)(u) (0).
We consider the problem where the pressure value is larger.

Case (b) Let C), = 10in (28). We consider the Oseen problem and compare Schemes
OsTH and OsPstab.

Figure B shows the graphs of the errors. When v = 1072, the values of Epoo Lz)(u)
(A,2) are almost same as Case (a). We observe differences in Epzg1y(u) in the two
schemes. The values of errors in Scheme OsTH (®) are about 1.5 times as large as
those in Scheme OsPstab (0), and the values in the both schemes are about two to
three times as large as in Case (a). The values of relative errors Fp(r2)(p) (B,0) are,
conversely, smaller than those in Case (a).

When v = 1074, differences of the schemes appear more clearly in FEyoo(r2y(u) and
Epg1y(u) than Case (a). The values of Eyeo(r2)(u) in Scheme OsTH (A) are almost
two to three times as large as those in Scheme OsPstab (A). The values in Scheme
OsPstab (A) are almost 1.5 times larger than those for v = 1072, We also get results for
v = 1079, whose graph is omitted here, to observe that increases of the errors compared
to v = 107* are less than 15 percent. For N = 16 and 23 the values of E£2(H%)(’LL) in
Scheme OsTH (®) are too large to be plotted in the graph, and for N = 32,45 and 64
the values are almost four to seven times as large as those in Scheme OsPstab (0). The
values of relative errors Ep Lz)(p) (M,0) are, conversely, smaller than those in Case
(a).

We additionally consider the Navier—Stokes problems.
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64 32 16 64 32 16
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Figure 3: Case (b). Relative errors versus h for v = 1072 (left) and v = 10~* (right).

Case (c¢) Let C, =1 in ([28). We consider the Navier-Stokes problem and compare
Schemes NSTH and NSPstab.

Although in [33] numerical results of Scheme NSTH have already shown, we display
them for the sake of completeness. Figure M shows the graphs of the errors. We observe
the almost same behavior of the errors Fyeo(z2)(u) (A,A) and Bz g1y (u) (®,0) as in
Case (a) while the values of Epr2)(p) (M) are almost 1.5 to 2 times as large as in
Case (a).

Case (d) Let Cp =10 in (28). We consider the Navier-Stokes problem and compare
Schemes NSTH and NSPstab.

Figure [l shows the graphs of the errors. When v = 1072, we observe the almost
same behavior as in Case (b). When v = 107%, the values of Eyeo(r2y(u) (A,4) and
Epr2)(p) (B,0) are almost two to four times as large as in Case (b), while the values
of Eg2(H%)(u) (®,0) are almost same as in Case (b).

Example 2. In the Navier—Stokes problem we set
Q=(0,1)% T=40, v=10""% f(z,t) = (0,10sin(27z2))", u’ =0,
and compare Schemes NSTH and NSPstab.

We can easily check that the solution is (u, p)(x,t) = (0, —2 cos(2mz2)). We use the
mesh shown in Fig. Mand take At = 0.01. We set the stabilization parameter dy = 1073
for Scheme NSPstab.

Figures [0l and [7] show the stereographs of the solutions (uj,p}) at ¢t = 40 by the
both schemes. In Scheme NSTH, oscillation is clearly observed for both components
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Figure 5: Case (d). Relative errors versus h for v = 1072 (left) and v = 10~* (right).
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Figure 6: Example2l Stereographs of u}, (top) and uj, (bottom) at ¢" = 40 by Scheme
NSTH (left) and Scheme NSPstab (right).
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Figure 7: Example[l Stereographs of pj at t" = 40 by Scheme NSTH (left) and Scheme
NSPstab (right).
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of the velocity and they are far from the constant zero, while in Scheme NSPstab
the velocity is almost zero although small ruggedness is observed. For the pressure,
difference between the two schemes is small compared to the velocity but the solution
by Scheme NSPstab is better.

5 Concluding remarks

We constructed a pressure-stabilized Lagrange—Galerkin scheme for the Oseen problem
with high-order elements, and showed an error estimate with the constant independent
of the viscosity. The numerical examples showed the scheme has higher accuracy than
the scheme with Taylor-Hood element especially for problems with small viscosity and
large pressures. (i) Choice of the stabilization parameter in the pressure stabilization
term, (ii) extension of the discussion to the Navier—Stokes problems, and (iii) numerical
experiments of physically relevant problems will be future works.
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A Estimates for LG schemes

Lemma [0l is shown in [33, Lemma 5.7].

Lemma 5. Let w* € WH°(Q)4 and X1 (w*) be the mapping defined in [@). Under the
condition At|w*|1 . < 1/4, the estimate

1 < det 78)(1(10 ) < 3
2 Ox 2
holds, where det(0X1(w*)/0x) is the Jacobian of X1(w*).
Lemma [0 is shown in [29, Lemma 1].

Lemma 6. Let w* € Wol’oo(Q)d and X1 (w*) be the mapping defined in (). Under the
condition At|w*|1 o < 1/4, there exists a positive constant ¢ independent of At such
that for v € L?(Q)?

lvo X1 (w)§ < (1 + clw |10 AL)[][5.

We now show an estimate for R} in Lemmal7l or tools for estimating Ry and RY in
Lemmas § and @ where R}, i = 1,2,3, are defined in (I6]). Although these estimates

are frequently used in the analysis of the LG method, e.g. [25], 33], we show proofs of
Lemmas [ and [@ for completeness.
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Lemma 7. Suppose that u € Z2, w € C(WOI’OO) NHY(L>) and Atjw|cgyiey < 1/4.
Then

2,0 e ow
VR e+ Dz + |

Proof. We estimate ||R}|o by dividing

IR ]lo < VAt IVu"lo]| -

L2 (tn—l ,t";L‘X’)

u — unfl o Xl(wnfl)
At

a n
R = (% + (W V) —

=: Ry + Ry

) + (" V)u™ — (W™t V)u™)

For R, by setting
y(z,s) =z — sw" H(z)At, t(s) :=t" — sAt,
we use Taylor’s theorem to get

("o X1 (w" ) (x) = u"(z) — At <% + (w1t V)u") ()
1 ) - 2
+ At2/0 (1—1s) (E +w"(2) - V) u(y(zx, s),t(s))ds.
We then have

2

n ' 9 |
IRl < At [ 0= (#0109 ututnt(o)
< VABVEH( " o + Dl -1,y

ds
0

where we have used the transformation of independent variables from x to y and s to
t, and the estimate |det(dz/0y)| < 2 by virtue of Lemma[5l It is easy to show

[V {lo-

ow
[Risllo < VAt H_Gt
L2(tn717tn;Loo)

Combining the two estimate, we have the conclusion. O
Lemma [ is a direct consequence of [I, Lemma 4.5] and Lemma [B

Lemma 8. Let 1 < g <00, 1<p<oo, 1/p+1/p/ =1 and w; € Wy ()%, i =1,2.
Under the condition At|w;|y 0o < 1/4, it holds that, for v € WhaP' (Q)?,

[v o X1 (wi) — v o X1(w2)llog < 2PV At]wy — walopgl Vollo,gp s

where X1(-) is defined in ().

21



Lemma 9. Suppose that v € H'(H'), w* € WOI’OO(Q)d, and Atlw*|10 < 1/4. Then

ov

[o" ="t o Xa(w?)]] < W(‘ ot

+wmm@wwquﬂﬂﬂ,
L2 (tnfl 7tn ;LQ)

where X1 (+) is defined in ({H).
Proof. Similarly to the proof of Lemma [7l by defining
y(x,s) =z — sw*(x)At, t(s) :=t" — sAt,

we have the estimate

ds.

1
Hv” —v"lo Xl(w*)HO < At/
0 0

(35 + @ 0 9)) oo 60

The conclusion follows from the transformation of independent variables from x to y
and s to ¢, and the estimate |det(0z/0y)| < 2 by virtue of Lemma [5
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