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L*°(L?) AND L°°(L*®) ERROR ESTIMATES FOR MIXED METHODS
FOR INTEGRO-DIFFERENTIAL EQUATIONS OF PARABOLIC TYPE

ZIWEN JIANG!

Abstract. Error estimates m L°(0,T,L*(Q)), L*=(0,T,L*(Q)?), L>(0,T,L>(R)), L=(0,T,
L>®(9)?%), Q m R?, are derived for a mixed finite element method for the mitial-boundary value problem
for integro-differential equation

t t
utzdlv{QVu—!—/MV'udT—}-/cud‘r}-l—f
0 0

based on the Raviart-Thomas space Vi x W, C H(div,Q) x L?*(Q) Optimal order estimates are
obtained for the approximation of u,u: m L*(0, T, L*(Q)) and the associated velocity p in L°°(0, T,
L3 ()%, divp i L=(0,T, L?(R2)) Quas1 optimal order estimates are obtamed for the approximation
of wn L*®(0,T, L°°(Q)) and p n L=(0, T, L*°(2)?)

Résumé. Les estimations d’erreur dans L*=(0,T, L*(Q)), L*(0,T, L*(Q)?), L*(0,T,L=(Q)) et
L*(0,T, L™= (Q)?) avec Q sous espace de R?, sont obtenues par une méthode mixte d’éléments finis 3
partir de la valeur ymmitiale du probleme sur la frontiére de I’équation intégro-differentielle

t t
utzdlv{aVu+/b1V'udT+/cudr}+f
0 0

basée sur ’espace de Raviart-Thomas V., x W, C H(div, ) x L?(Q2) Les estimations d’ordre optimal
sont obtenues & partir de ’approximation de u, u¢ dans L°°(0,T, L*(Q)), la vitesse associée p dans
L>=(0,T, L*(2)?%), divp dans L*°(0,T", L?(2)) Les estimations d’ordre quasi-optimal sont obtenues
partir de 'approximation de u dans L™ (0,7, L?(2)) et de p dans L*(0, T, L*=(Q)?)
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1. INTRODUCTION

Let 2 be a bounded domain in R? with Lipschitz continuous boundary 8. For fixed 0 < T' < co, we shall
consider the following integro-differential equation of parabolic type:

ue(x,t) = div{a(x, t) v u(x, t)t+ fot bi(x,t,7) 7 u(x,7)dr (x,t) € 2 x (0,71,

+ Jo e(x, t, Tu(x, 7)dr} + f(x,1), (1.1)
u(x,t) =0, (x,t) € 002 x [0,T],
u(x, 0) = ugp(x), x €9,

where u; denotes the time derivative of the function u, yu denotes the gradient of the function u, and divv
denotes the divergence of the vector function v; a, b1, ¢, f, and 4y are known functions.

Integro-differential equations can arise from many physical processes in which it is deficiency (the local
characteristic) of the usual diffusion equations (see, for example [1]). For linear or nonlinear integro-differential
equations, the standard finite element methods have received considerable attention and are well studied (see,
for example [1,2,6-8,15]). It is known that the mixed finite element method computes both the scalar (pressure)
and vector (flux) functions simultaneously with comparable accuracy, be it directly or through postprocessing.
Recently, mixed methods have been formulated by several authors and are well studied for second-order elliptic
problems, parabolic problems, and second-order hyperbolic problems (see, for example [3-5,9-14,16]). In this
paper, we shall study mixed methods to approximate the solution of the problems (1.1). In order to achieve this
aim, we assume that the problem (1.1) is uniquely solvable for any f € C1(0,T;L?(Q)) and uo € H*(2). For
the function a, we assume that there exist constants cg,c; > 0 such that 0 < ¢y < a < ¢;. We also assume that
the functions a, b1, and ¢ are smooth and bounded together with their derivatives. Here and in what follows, we
will not write the independent variables x,¢, 7 for any function unless it is necessary. Vectors will be expressed
in boldface.

For 1 < s < oo and k any nonnegative integer, let

Whs(Q)={feL*(Q) | DIfeL(Q) l|q <k}
denote the Sobolev spaces endowed with the norm

1/s

Ifllkse=| D 1D fll3e@

la[<k

(the subscript Q will always be omitted unless necessary to avoid ambiguity). Let H*(Q) = Wk?2(Q) with the
norm | - ||z = || - [|x,2 (the notation || - || will mean || - ||z2¢q) or |- ||z2(n)2). We shall denote by (-,-) the inner
product in either L*(Q2) or L*(Q2)?, that is (n,6) = [, nfdx or (v,w) = [, v - wdx.
Let V = H(div; Q) = {v € L?(Q)? | divv € L*(Q)} normed by ||v||v = ||v|| +]||divv], and let W = L?(Q).
Let x be a normed space with the norm || - [|,. L%(0,T; x) denote the space of the maps of [0,T] into x and
define the following norms for 1 < ¢ < oo and suitable functions v : [0,7] — x :

T 1/q
”'U”L'J(O,T;x):</0 %’U(t)llidt) -

Take C*(0,T; x) to be the space of k-times continuously differentiable maps of [0, 7] into x, and endowed with
the norms || - || La(o, 1) for 1 < g < co.
For ¢ = oo, the usual modification is made.
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To formulate the weak form of (1.1) appropriate for the mixed method, let

¢ ¢
p:—-aVu—/ blvudr~/ cudr,
0 0

and set
a(x,t) =a 1(x,t), b(x,t7)=a(x,t)b(x,t,71),
B(x,t,7) = — v b(x,t,7) + a(x, t)e(x, t, 7).
Then, the problem (1.1) can be written in the mixed form of the first order system:

ug + divp = f, in Qx (0,7},
ap + Ju + fot v(bu)dr + fot Pudr =0, in £ x (0,7, (1.2)
u=0, on 09 x[0,T], '
U,(O) = Uuo, in Q.
The weak form of (1.2) [or (1.1)] is obtained by seeking a solution {p,u}: [0,T] = V x W such that

(ug, w) + (divp,w) = (f,w), VweW, 0<t<T,

(ap,v) — (u+ [y budr,divv) + (f; Budr,v) =0, YveEV, 0<t<T, (1.3)

u(0) = up.

In order to define an adequate finite element approximation procedure for {p,u}, we consider the finite-
dimensional subspace V5 x Wy of V x W associated with a quasiuniform partition 75 of § into triangles
of diameter not greater than h (0 < h < 1). The boundary elements of 7; are allowed to have one curved
edge. We choose Vj, x Wj, as the Raviart-Thomas space [5,11,12] of index k > 0 and introduce the L2-
projection py : W — Wj, and the Raviart-Thomas projection 7 : H*(2)2 — V},, which have the following
useful commuting property:

diVO7Th:phOdiV:E[l(ﬂ)2 — Wh. (1.4)
These projections have the following approximation properties [5,11,12]:
lw — prw||—s < ch' ¥ |jwl|;, 0<l, s<k+1, (1.5)
lw - prwllo,g < ch'wlig,  0<I<k+1, 1<g< oo, (1.6)
. 1
IV =mhvlog S cbllivig, - <I<k+1, 1<q<+oo, (1.7)
|div(v — mpv)|| < ch!||divv];, 0<I<k+1. (1.8)

Our continuous-in-time mized finite element approzimation to (1.3) is defined by the determining of a pair
{pPh,un} : [0,T] = Vi x Wy such that

(uh:t!w) + (divph’w) =(f, ’lU), YVwe Wy, 0<t<T,
(@pn, V) = (up + [ bupdr, divv) + (fy Bupdr,v) =0, VveVy, 0<t<T, (1.9)
ph(O) = ﬁh(O), uh(o) = ﬁh(O),

where pp(0) and @4 (0) are defined in (3.1) for ¢t = 0.

We shall establish the existence and uniqueness of the solution of (1.9) in Section 2; moreover, we shall show
that the differences u — up, and p — py, are of optimal order in L>(0,T; L3(2)) and L*°(0,T’; L%(2)?), and are
of quasi-optimal order in L>(0,T; L>®(£)) and L*(0,T; L>°(2)?) in Section 4. In order to obtain the above
error estimates, we shall define a generalized mixed elliptic projection associated with our equations and study
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the error estimates of the generalized mixed elliptic projection in Section 3. In Section 4, we shall also show
the optimal order estimates in L>°(0,T; L%(2)) of div(p — px) and (u — up ).

In this paper, ¢ will be used to denote various positive constants and combinations of positive constants that
are independent of h and ¢ unless otherwise stated. In the remaining sections, r will be a fixed integer.

2. EXISTENCE AND UNIQUENESS

In this section, we shall demonstrate the existence and uniqueness of the solution of (1.9).
In fact, if V, = span{¥,,¥s,--- ,¥,,} and W}, = span{ei, 2, -+ ,¢n}, let

P, t) = Y (T, (0, unlx,t) = 3 BB (),
=1

=1

where o,(0),7 = 1,2,---,m, and 3,(0),7 = 1,2,--- ,n, are known by the solvability and uniqueness of (3.1)
which has been demonstrated in Section 3, and let

= (‘plh (P'L)a bk] = ((pk,div\Ifl), Cly (t) = (\I’l,a\IJ]): dlz(t,T) = (b(Pz;diV‘I}l) - (ﬂ‘Pu‘I’l):
£(t) = (F(), 1), (@), 00))s @) = (aa(t),- ,am(t)), B(t) = (Bi(t),- -+, Bult))s
A= (akz>nxn7 B = (bkj )nxm, C(t) = (Clg (t))mxm; D(t7 T) = (dlz(ta T))an-

Then for 0 <t < T, (1.9) can be written as
AB'(t) + Ba(t) = £(t), @2.1)
C(t)a(t) — BTB(t) — fo VB(T)dr =

where A and C(¢),0 < ¢ < T are positive definite matrices. It is easy to see that (2.1) is actually a system of
integro-differential equation of Volterra type. From the positive definiteness of A and C(t).0 < t < T, we see
that the system (2.1) with the initial value a(0) and 3(0) possesses a unique solution {c(t), 5(t)}. Consequently,
the existence and uniqueness of the solution of (1.9) has been demonstrated.

3. A GENERALIZED MIXED ELLIPTIC PROJECTION

In the study of mixed methods for parabolic problems, we usually introduce a mixed elliptic projection
associated with our equations. Modifying this idea according to our integro-differential equations, we define a
map {Pn,Un} : [0,T] = Vj x W), such that

{ (div(p — pn),w) =0, Yw e Wy, 0<t<T,
| (a(p — Br), V) — (u—an + [ b(u — ap)dr, divv) + (fJ B(u — @n)d7,v) =0, YveVy 0<t<T.
(3.1)

Before collecting the results of the error analysis of 4, and Py, let us demonstrate the existence and uniqueness
of the solution of (3.1). Since (3.1) is linear, it suffices to show that the associated homogeneous system has
only the trivial solution, which is

{ (din)h, w) =0, Yw € Wh) 0<t< T; (32)

(aBh, V) — (i + [ bapdr, divy) + (f§ fandr,v) =0, Vv eV, 0<t<T.

Choosing w = divpy, and v = Py, in (3.2), then we have divp, = 0 and

erMIprl? < (abr, Pr) = (f Bipdr, Ph) < 0/ s || d7|Dnll,
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which implies that
t
IBall < ¢ / |- (3.3)
0

On the other hand, from [12] we know for Vj, x W), that there exists a positive constant ¢ independent A such
that

funl < e sup BV g (3.4)
vnevi  IVellv
Hence from (3.4) and (3.2) we have
. U, divv . Lo
Jnl < e sup TS < i+ [ fanan). (3.5)
vrevy,  Vallv 0
Combining (3.3) with (3.5),
t
fanl < [ lan]dr. (36)
0

Using Gronwall’s lemma, we have from (3.6) and (3.3) that ||@s|| = 0, and ||pn|| = 0. Hence @, = 0 and pp, = 0.
So, the existence and uniqueness of the solution of (3.1) has been demonstrated and {Pp, @} in (3.1) is well
defined.

Now, let us study some properties of {Ps, in}. Let p1 = p — Pr, U1 = Pru — Up, and us = u — ppu.
First, we consider the properties of { Py, %in} when b = b(t, 7) in (3.1). Note that b = b(t, 7) and py(bu) = bpru,
then we rewrite (3.1) as

{ (divp1,w) =0, Yw e Wy, 0<t<T,

(ap1,v) — (u1 + fot buidT, divv) + (f(f Bur + ug)dr,v) =0, YveVy, 0<t<T. (3.7)

Lemma 3.1. If p1,u1, and ug satisfy the relation (3 7), and assume that Q s 2-regqular (see the definition of

2-reqularity wn [5], p. 42), then for all 0 <t < T, there exists a constant ¢ > 0, independent of h and t, such
that

[urff < C{h”PlH + R0 ||divp, || + /t(hﬂuzll + ||u2||—1)d7} ;
where for k=0, k0 = 1; k > 1, dx0 = 0. ’
Proof. For v € L2(Q), let ¢ € H*(2) N HE(Q) be the solution of
divevd) =% in Q, ¢—=0 on Q. (3.8)
Then we have ||¢||2 < ¢||¥||. For 0 <t < T, using (1.4) and (3.7),

(u1,9) = (w1, div(a v ) = (u1,div(ma(a v ¢)))

= (op1+ f! Blus + u2)dr, mh(a v ) — (Ji burdr, div(ma(a v 6))). (3-9)

Noting that @ = a~* and (1.6-1.7) together with (3.7)

(ap1,mh(a v ¢)) = (ap1,Th(a V ¢) — a V ¢) + (P1,VP)
= (ap1,mh(aV ¢) — a v ¢) + (divpy, pad — ¢)
<c|pillima(a v ¢) — a v ¢l + l[divps|llpag — ¢
< c(hllpa + h*~%|divpi )] 2
< c(h|pa1 || + B>~ %% ||divpy [|) |- (3.10)
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([ ustrmaaw ) < [ Busdriimtay 9
<c [ fuldr(im(ev 8) ~av 6 + lav ol)
<e [ ualar(hl 7 ol + 117 61
<c [ Tuslarlyl (3.11)
([ pracr,mna v ) = ([ uatrma(a v 9) =09 9) + ([ puadrav 9
< [/ sl + -l &
< [/l + laal-arlyl (312)
——([)t buydr, div(mp(a v ¢))) = ——(/Ot buqdt, pr(div(a 7 ¢)))
<cf el @ 6l

<e / s a1 (3.13)

Combining (3.9-3.13), we have for 0 <t < T that

(ula ’%b)

fluall sup
wer2(),p20 1Yl

- c{hllplﬂ+h2_6"°l|diVP1“+/ (hllu2||+|lu2|l—1)d7}+c/0 [l ||dr.

A

¢
0
Using Gronwall’s lemma, we have
¢
luall < c{mlloll + 225 Yivpal + [ (sl + [nall )i} 0 < £ <.
0
The proof is complete. a

Using Lemma 3.1, we have the following theorem:

Theorem 3.2. Let {p,u} be the solution of (1.3) and {Pn,ur} be that of (8.1). Assume that {p,u} is suf-
ficiently smooth and that Q is 2-regular. Then for 0 < t < T, there exist constants ¢ > 0, independent of h
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and t, such that

t
v = < e Lol + [ ullar}, 1<r<k+l,
0
[div(p — Br)ll < ch"|[plr+1, 0<r<k+1,
t p—
lp — Pl < Ch"{“plll + fogllplll + [|ull1)d7}, k=0, 2<r<k-+1,
ch”{llpll- + [oUIpllr—1 + lull-)dr}, k>1,
t —
I B T e S L Y
ch™{[[pllr—1 + llullr + fy llull-—2d7}, &>1,
t
l|lw — @nllo,c0 < ch” {lelr + llullr,co +/ ||u||rdT} , k=21, 2<r<k+1
0
Proof. For 0 <t < T, the proof proceeds in three steps:
(i) We consider the estimate ||div(p — Ps)||. Noting that (3.7),
(divpy,divp1) = (divps,div(p — map))
< |ldivp|l[ldiv(p — msp)l|,
then we have from (1.8) that
[div(p — Ba)l| = [|divp1|| < ch”[ip[lr+1, O0<7<k+1. (3.14)

(ii) We consider the estimates ||ppu — @n|| and ||p — Pr||- Choosing v = m,p — P, and w = divv in (3.7), and
noting that (1.4), we have div(m,p — Pr) = 0 at first. Hence

citlmnp = Bull®> < (a(mwp — Br), TP — Pn)

t
- (/0 B(uy + uz)d7 + a(p — ThP), ThP — ﬁh)

t
< ( [ sl + el + ||p~7rhpll> Imnp — Bl
0

Noting that (1.6-1.7), we have

t t
||7fhp—f>h||SC{hr(|lP||r+ [ tean + [ ||u1||df}, L<r<k+l,
0 0

and so

t t
np—ﬁhn@{hr (npnr+ / ||u!|rd7>+ / nulndf}, I<r<k+l. (3.15)
0 0

Combining Lemma 3.1 and (1.5) together with (3.14-3.15), and using Gronwall’s lemma, we have

- t
lphu — | = [lua]] < ch™+1 =% (Hpm+ / Munrdf)’ 1<r<k+1, (3.16)
0

. eb{lpll + (el + Jul)ar), k=0,
— i = < i 0 )
o= ol ”"1”—{ch’"{npnr+f5(||pm_1+||u|;r>dr},k21,stsm.
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(iii) Now we consider the estimates |ju — %] and ||u — @ llo,00-
When k = 0, we have from (1.6) and (3.16) that

lbu— @l < llu — prufl + ]| < ch (upm Tl + /0 i|u|11dr) .

When k > 1, we have from (1.6) and (3.16) that,

t
fu—all < " (Jull+ Iplooa+ [ uladr), 257 <kt
0
We now use the following ”inverse estimates”: For 2 < v <8,
- 2_2 -
lpru — @rllo,0 < ch? ™ ¥ [|pru — Gnllo,u- (3.17)

Then we have from (1.6) and (3.16-3.17) that,

i
l[w = @nllo,c0 < ch” (IIUIlr,oo + [Ipll- +/ IIUIITdT> » 2<r<k+1, k2L
0

The proof is complete. ]

Theorem 3.3. Under the conditions of Theorem 8.2. Then for 0 < t < T, there exist constants ¢ > 0,
independent of h and t, such that

|[div(p — Pr)¢|| < ch”||pellr+1, O0< 7 <k+1,

1o — Bl < 4 Bllipell+ lully + il + (el + flul)dr}, k=0,
=\ o Ll + lull, + lplls + LDl + lull)dr}, k21, 2<r<k+1
t
ol < { SO+ Bk + s+ Dol + ol +fallar), k=0
T e {pellr + el + fulle + ol + fSUleos + ul)dr), k21, 2<r<k+1
Proof. We differentiate (3.1) to obtain
(le(p - ﬁh)t:w) = 07 Yw € Wh, 0 <t< T,

(a(P — Pr)e, V) = ((u ~ )¢, divv) = (b(u — @3) + [y be(u — @ )dr, divy)
—(B(u — an) + fot Be(u — Gp)dT + (P — Pr),v), YW EVy, 0<t<T.

(3.18)
Choosing w = div(mpp — Pr): in (3.18) and using (1.4), we have
l|div(map — Br)e|* = (div(p — Br)e, div(map — Pr)i) = 0,
hence
div(mpp — Pr): =0 (3.19)
and
ldiv(p — Ba)ell = [div(p — mup)ell < B lIpelless, 0 <7 <+ 1. (3.20)

Noting that (3.18-3.19) and using the € inequality, similar to the estimate of ||mpp — Prll in the proof of
Theorem 3.2, we have

t
[(p—Ba)ell <c (H(p = 7Pl + [lu — @nll + / llw — @nlld7 + |lp — f)hl!) : (3.21)
0
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Let v € L%(R2) and ¢ € H2(2) N H} () satisfy the relation (3.8), then ||¢||2 < c||¢|| and

((u = @n)e, ¥) = ((Pau = @n)e, div(a v ¢)) + ((u — prw)s, ¥). (3.22)
Noting that (1.4), (3.18), and (3.21-3.22), similar to the proof of Lemma 3.1, we can also have

I(w —@n)ell < c{ll(w—paw)ell + 1|(p — maB):l + [P — Pall

: il - 3.23
+ilu — @ +fg |luw — g ||dT}- ( )
Combining (1.6-1.7) with Theorem 3.2, we have from (3.21) and (3.23) that
(P — Bn)ell < ch{[[pellx + flully + [Pl + fo(llplll + llull1)dr}, k=0,
= b {IIpelle + llle + ol + Sy (IPllr—1 + [lull-)dr}, k>1, 2<r<k+1,
(w— @n)ell < ch{|[pells + lluells + llully + Iplls + f5 (Ipllx + [|uli)dr}, k=0,
= b {lIpelle + el + lull, + Ipllr + fo(IPllr—1 + llull)dr}, E>1, 2<r<k+1.
The proof is complete. O

Differentiating (3.18), similar to the proof of Theorem 3.3, we can also show by the results of Theorem
(3.2-3.3) that the following theorem holds and we omut its proof.

Theorem 3.4. Under the conditions of Theorem 3.2. Then for 0 < t < T, there exist constants ¢ > 0,
wndependent of h and t, such that

[div(p — Pr)ull < ch"[|petllrs1, 0<r<k+1,

) Ch7{||ptt||l +Ipell + fluells + ol + llwl + f5 (el + lluf)dr}, k=0,
[(p —Br)ull < ch™{lIpsell- + IPellr + [Juellr + [Pl + llwll»
+ fpllr—1 + lull)dr}y,  k>1,2<r<k+1,

. : )
Ch;[Hptthl +llueelly + [pella + lluell + Il + fulle+ fo(Ipll + ull)dr}, & =0,
l(w—an)ell < < ch™{[[pecllr + lusell- + llPell- + I|Ut||rt+ Ipllr + llull
+ foUpllr—1 + llull-)dr},  k>1, 2<r<k+1.

Secondly, we consider the properties of {Pn,un} when b= b(x,t,7) m (3.1) and have the following Theorem.

Theorem 3.5. Assume that b = b(x,t,7) and that the conditrons of Theorem 3.2 hold. Then for 0 <t < T,
there exist constants ¢ > 0, independent of h and t, such that

"leD](p ph)'l < ChT”D pHT+17 J= O; 1a2$

where 0 <r<k+1l,and fork>1,2<r<k+1,
t
lu—nl < o {npnr_l +lude+ | ||uur_1df} ,
0

[Di(u—an)| < ch {

ch{

t
([ Dplir + [ Diull-) +/0 (pllr—1 + IIUIIr)dT} ,1=12,

M~ m

1D (p — Pa)ll

IN

71 t
IDpll-+ ) I Dyl + / (Ilpllr—1 + |!u[i,.)d7} »1=0,1,2,
4]

2=0

I
<)
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for k=0,

t
fu—nl < ch{zips&1+nuzll+ / uu|;1df},
0

ID(u~an)l| < Ch{ (IDtpllx + 1 Dully) + /Ot(lﬁplll + IIUEh)dT} ,J=12,

1=

j j—1 t
IDI(p - Bu)ll < ch{}:!ID:p|I1+ZEID2u§!1+f(IIpth!ulh)dv},jzo,l,z.
i=0 i=0 0

Proof. We know the results of Theorem 3.3-3.4 hold in the case of b = b(t,7) by the results of Theorem 3.2
and (3.1), then for Theorem 3.5 it suffices to prove the results Theorem 3.2 hold in the case b = b{x,¢,7). In
fact, (3.1) can be rewritten as

i =0, v , 0<t<T,
{ o =0 wew, o 20

(ap1,v) — (u1 + fot buydr + fot bugdr, divv) + (fot Blur +uz)dr,v) =0, ¥YWweV, 0<t<T.

If we take v = mpp — Pp and w = divv in (3.24) and (3.7), noting that div(mpp — Pr) = 0, then (3.24) is the
same with (3.7). From the proof of Theorem 3.2 we need only prove the result of Lemma 3.1 holds in the case
b=b(x,t,1).

Comparing (3.24) with (3.7) we can find the difference of (3.24) and (3.7) only in the term ( fot bugdT, divv),
so the right hand side of (3.9) has another term ( f; buzdT, div(mh(a 7 ¢))). Since

/ bugdr, div(mh(a 7 ¢)) = é (b — PO b)usdr, div(mh(a 7 ¢)) + Z ( / (P2b)ugdr, div(ry(a v ¢)))

JO J ecTh \v 0

/ (b — pQb)usdr, div(ma(a v 6)),

where p9b is the interpolation of b and a piecewise constant function on the elements of 7. Then we have by
the properties of the operators pY, pn and 7, that

/ busdr, div(ma(a v 6)) < ch / uz |l dr]| ]2 (3.25)
0 0

(3.25) together with the proof of Lemma 3.1 imply the result of Lemma 3.1 holds in the case b = b(x,t,7). The
proof is complete. =

4. CONTINUOUS-IN-TIME MIXED FINITE ELEMENT APPROXIMATION

In this section, we will first use the generalized mixed elliptic projection {Pp,@n} to derive the optimal
L°°(L?) error estimates and then use the projection {Pn,%n} together with the regularized Green’s functions
defined by Wang in [16] to derive the quasi-optimal L°°(L°°) error estimates for the continuous-in-time mixed
finite element approximation.

Theorem 4.1. Let {p,u} be the solution of (1.3) and {pn,un} be that of (1.9). Assume that for 1 < r <
k+1,p € L®0,T; H(Q)?),p; € L%(0,T; H"(Q)?), u,us € L2(0,T; H"(Q)) and that Q is 2-regular. Then for
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0 <t < T, there exists a constant ¢ > 0 independent of h and t such that

t 1/2
lp—pull <ch” {I\pl\r + (/0 (luel? + el + lull2 + 1\p\l3)d8> } :

Moreover, if in addition w € L*°(0,T; H™(R)). Then
t 1/2
Il — unlf < ch” {HUIIT +lpll- + </O (lluell? + lpell? + lull? + !lpilf)dS) } '

Proof. Let u—up = (u—up) + (n — un) = uz +uq and p — pr, = (p — Pr) + (Pr — Pr) = P3 + P4. Then for
0<t<T,form (1.3) and (1.9) together with (3.1), we see that

{ (uat, w) + (divps, w) = —(ust, w), Yw € Wh,

1
(ap4,v) — (uq + fot bugdr, divv) + (f(;t BugdT,v) =0, YvE Vp. (4.1)

With the choices v = ps and w = ug + fot pr(bug)dr in (4.1), we see that

t t t
(U4,t,u4 +/ ph(bu4)d'r> + (CYP4 +/ BuadrT, p4> = - (u3,t7u4 +/ Ph(bu4)d7') . (4.2)
0 0 0

% (U4,/Otph(bu4)d7-> = (u4,t,/0tph(bu4)d7'> + (U4,ph(bU4) + /Otph(btU4)dT) , (4.3)

we have from (4.2-4.3) that

Since

1d _ 1d
=—llual® + ¢ pal? < §H_t“u4“2 + (apa, Pa)

2dt
d t t
= -3 (u4,/ ph(bu4)d'r> + <U4,ph(bu4)+/ ph(btu4)d'r)
0 0

t t
- (/ /Bu4d7-7 p4) - <u3,t7 Uy +/ ph(bu4)d7—>
0 0
d ‘ ' -
< g5 (v [ ontouaar) e (fual+ [ ular + fusl?) + e ol
0 0

Integrating with respect to ¢t from 0 to ¢ and noting that u4(0) = 0, then we have

1 i t s 2
Sllual> < = (ua, [ pr(bua)dr ) +c luall + [ Nualldr + ljua.ell ) ds
2 0 0 0

fhuall + e [ Qluall + fua,gP)es.

A

IN

Using Gronwall’s lemma, we have from Theorem 3.5 that

+ 1/2 : 1 ‘ 1/2
s e [ uselias) < ( / Z(%éDiuilfHéDipiIi)ds) . (4.)
0 0 =0
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In order to estimate ||p4l|, we differentiate the second equation of (4.1) to obtain
t t
(apayt + @:pa,v) — <u4,t + bug + / byugdr, divv) + <[3U4 —%/ Bruqadr, v) =0, VvEVy. (4.5)
0 0

Taking v = pq in (4.5) and w = ug¢ + pr(bus) + fot pr(biug)dT in the first equation of (4.1), then similar to the
estimate of ||u4l|, we have

1/2

t 1/2 t 1
[pal < ¢ (fo ”u3,t"2d5> < ch" (/0 > _(IDpulf? + EEDipllf)dS> : (4.6)
=0
Theorem 3.5, (4.4) and (4.6) complete the proof of Theorem 4.1. 0
Theorem 4.2. Let {p,u} be the solution of (1.3) and {pn,un} be that of (1.9). Assume that for 1 < r <

k+ 1,{p,u}, {ps,ut} € L=(0,T; H"(2)?) x L>(0,T; H™(R)), {ptt,urs} € L?(0,T; H"()?) x L%(0,T; H"())
and that ) is 2-reqular. Then for 0 <t < T, there exists a constant ¢ > 0 independent of h and t such that

1
l(w—un)ell < ch” {Z(HDiUllr + [ Dipllr + [ Diu(0)[- + | Dip(0)||-)
=0

. 2 1/2
+ ( | apii+ uDan’f)ds> } :
2=0
Moreover, if in addition divp € L>(0,T; H™(Q2)),p € L*(0,T; H"(Q)?). Then

1
l[div(p —pr)l| < ch” {Z(IIDMIT + |1 Dipllr+1-. + 1 D7u(0) |- + | Dip(0)]l-)

=0

2=0

. 2 1/2
+(/ Z(IIDZUIler!ID%PIl?)dJ ¥
\JU / J

Proof. We differentiate (4.1) to obtain

(Ut w) + (divpa,e, w) = —(us,et, w), Yw € Wy,
{ (0Pas + e, v) — (wae + bua + f; beuadr, divw) (Bua+ f; fruadr,v) =0, Vv € Vi, (4.7)
where p4(0) = 0 and w4 4(0) satisfies the following relations
(ua,(0),w) = —(u3:(0), w), Vw € Wh. (4.8)
Taking w = u4+(0) in (4.8), then we have
llua,t(0)]] < llus,e(0)]. (4.9)

Now, let us choosing w = w4 + pr(bug) + fot pr(bsug)dr and v = divps, in (4.7). Noting that us(0) = 0 and
(4.9), similar to the estimate of ||u4||, we have from Theorem 3.5, (4.4), and (4.6) that

1 : 2 1/2
l[ug,ell < cb” <> (IIDju(0) + | Dip(O)1-) + </0 > (IDLull? + ilDipllf)d8> : (4.10)
2=0

=0
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From (4.1), (4.10), and Theorem 3.5, we have

[divpal| < Hu‘x,t!ljllus,tll .
< ChT{go(llDiuur+'{nDiPHTH E_Zo(lf, u(0)|- + (| Dip(0) )

= (4.11)
L2 1/2
+(J5 S0z + 1Dipl2as ) } ~
1=
Theorem 3.5, (4.11) and (4.10) complete the proof of Theorem 4.2. a

We now consider the L*°(L>) error estimates. For this purpose we first introduce two pairs of regularized
Green’s functions at z € Q by (see [16])

Gi+vyAa = 0 in 9,
divG; = & in Q, (4.12)
A1 = 0 on 01,
and
aGe+ YA = (53 in Q,
divG, =0 in Q, (4.13)
A2 = 0 on 09,

where 67 and 6% are the regularized Dirac functions at z € Q satisfying
(w,8") = w(z), VYwe W, (v,88) =v(z), VYveEVy.
Choosing right point z respectively can yield (see Eq. (3.4) in [16])

[wllo,c0 < 2[(w, &), (4.14)
[Vllo,00 < 2[(v,63)]- (4.15)

Let {G?, !} € V), x W}, be the mixed finite element approximation of {G1, A1} and {G%, A} € Vi x W}, be
that of {G2, A2}. Wang proved that (see Egs. (3.14, 3.20, 3.12b, 5.44) in [16])

|G < c|Inh|?, (4.16)
|G3lo,1 < ¢[Inhl, (4.17)
P2 =3 <, (4.18)
o] <c(1+|Inhl?). (4.19)
From (4.18-4.19), we have
[A3]] < e + |nh|?). (4.20)

Theorem 4.3. Let {p,u} be the solution of (1.3) and {phn,ur} be that of (1.9). Assume that for 1 < r <
k+1,{p,u} € L*°(0,T; H™(Q)?) x L*°(0, T; W™>°(2)), {pt, us}, {Pss, uee} € L2(0,T; H™(2)?) x L2(0,T; H"(Q))
and that Q s 2-reqular. Then for 0 <t < T and 0 < h < 1/3, there exists a constant ¢ > 0 independent of h
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and t such that

llu — ual

t 1/2
000 < ch”| Inhl} {nunm T lipls + ( T el + el + ul o + np||2>ds) }
. 0
Moreover, if in addition {ps,us} € L0, T; H™(2)?) x L>=(0,T; H™(R)), p € L>®(0,T; W">(Q)2). Then

r 3 |
[P —Prllo,e < ch|Inhlz {IIUtllr + IPellr + lullro0 + 1Pllroo + lue(O)lr + [[Pe(0) |- + [u(0)]l- + [[P(O)]|-

: 1/2
+ (/0 (lueell + 1peell? + Nluell? + [[pell? + [JllZ o0 + Ilpllf,m)dS) }

Proof. For 0 <t <T, we have from (4.12) and (4.1) that

t
<u4+/ ph(b'u,4)d7‘,5¥>
0

Il

t
(u4+/ ph(bU4)dT,diVG1>
0
t
= (u4+ / ph(bu4)dr,div(;’f>
0
¢
(U4+/ buadr, leG’f)
0
t
= (ops, GY) + (/ Busdr, Gi‘)
0

t
¢ ( Ipall + / nu4udr) e

IN

which, combining with (4.14), yields

t t
wt [ ontouar| <c(ipali+ [ fuslor) et
0 0,00 0
hence
t 1
lualloo < u4+/ph(bu4)dT + /Ph(bu‘l)dT

1] 0,00 0 0,00

<

t t
c <Hp4ll + nu4ndr) j&ti+e [l

Using Gronwall’s lemma, we have

t
luallo.co Sc(upuw / ||u4||dT) Teas (4.21)
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Noting that divG} = 0, we have from (4.13) and (4.1) that

(P4,6%) = (Pa,0Gz+V)2)
= (ps,a(Gz2 — GH)) + (aps, GH) + (Pa, VX2)

t
— _(divpa,A2) - ( | s, Gg)
0
t
= ((u— uh)t,/\g) — (/ BuydT, Gg)
0
t
< ofl(u—un)ell[ MR + ¢ / luallocodr | G201,
which, combining with (4.15) and (4.21), yields
¢ h
Ipalloe < c{u(u —un)e NS + / (lpell + ||u4||>druc:§‘||uc:2no,l} -

On the other hand, (3.1) can be rewritten as

(diV(TI‘hp - f’h)a w) =0, ’ Yw € Wy,
(a(p — Pr), V) — (phu — Up + fot bugdr, divv) + (f(;' Busdr, v) =0, Vv eV

Similar to the proof of (4.21) and (4.22), we can also have from (4.23) that

t t
o,ooSC{<|lp—f>h||+ / ||u3||d7> e+ [ nu—phuuo,oodT},

t
I7ap = Brlloo < ¢ <|IP — ThPllo,00 +/ “u3”0,ood'r) 1GZllo,1-
0

lpnu — @n

Noting that (4.21, 4.4, 4.6, 4.16), we have

t 1/2
lluallo,00 < ch"|In k|2 (/(; (el + llull? + [lpellZ + IIPllf)dT)

Combining (4.22) with (4.4, 4.6, 4.16-4.17, 4.20), and Theorem 4.2, we have

1 - .
Ipaloce < (14 |Inhl} +|Inhld) {,zo (IDiull, + |1 Diplls
i i t & i i 1
D5}l + [ Dip(O)]) + (fo > (IDjul? + nDtpnz) ar)} }

Combining (4.24) with Theorem 3.5, (4.16), and (1.6), we have

lusloco < ™ (Ilullroo + fo lullroodr) + e’ AlE (pllr + fo(lulle + lIpl)dr) -

Combining (4.25) with (4.28), (4.17), and (1.7), we have

Ipslloce < e (Ipllnoo + 11l (IDlleo + f¢ ullroodr) + [Inhl3 fE(lull, + [1pll-)dr).

545

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)
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(4.26-4.29) complete the proof of Theorem 4.3. (]

The author thanks the referees for some useful and helpful suggestions.
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