Superconvergence for finite element approximation of a
convection-diffusion equation using graded meshes *
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Abstract. In this paper we analyze the approximation of a model convection-diffusion equation
by standard bilinear finite elements using the graded meshes introduced in [5].

Our main goal is to prove superconvergence results of the type known for standard elliptic problems,
namely, that the difference between the finite element solution and the Lagrange interpolation of
the exact solution, in the e-weighted H'-norm, is of higher order than the error itself. The constant
in our estimate depends only weakly on the singular perturbation parameter.

As a consequence of the superconvergence result, we obtain optimal order error estimates in the
L?-norm. Also, we show how to obtain a higher order approximation by a local postprocessing of
the computed solution.
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1 Introduction

This paper deals with the approximation of a convection-diffusion problem by standard Q; rect-
angular finite elements. For convection dominated problems it is well known that standard finite
elements produce poor approximations unless very fine or appropriate meshes are used.

In some cases, for example in the model problem considered here, one can use known behavior of
the exact solution to design a priori adapted meshes to approximate well the boundary layer. A
lot of work has been done in this direction. Probably the most well known approximations of this
kind are those based on the so called Shishkin meshes. In particular, optimal order of convergence
have been proved when Shishkin meshes are used in combination with standard finite elements or
some stream line artificial diffusion methods (see for example [10, 1, 12]).

More recently, in [4, 5], the use of graded meshes for reaction-diffusion and convection-diffusion
problems was analyzed and almost optimal error estimates were obtained.

On the other hand, superconvergence for elliptic problems with smooth solutions has been de-
veloped in a lot of papers since the work of Zlamal [19] (see for example the book [16]). For
convection-diffusion and reaction-diffusion problems, superconvergence results for approximations
based on the use of Shishkin meshes have been proved in [8, 14, 17, 18].

In this paper we analyze whether similar results than those obtained for Shishkin type meshes
are valid for graded meshes. This kind of meshes have been introduced as an alternative to the
Shishkin ones. Numerical experiments with both kind of meshes seems to show a similar behavior
of the error. As we are going to show, superconvergence results are valid also for graded meshes.
Our results are slightly weaker than those obtained previously for Shishkin meshes because of
logarithmic factors of € involved in our estimates. However, the graded meshes have some desirable
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properties which the Shishkin meshes do not satisfy. Indeed, when one is approximating a singularly
perturbed problem with an a priori adapted mesh, it is natural to expect that a mesh designed for
some value of the perturbation parameter € work well also for larger values of it. It was shown in
[4] that this is the case for the meshes introduced in that paper but not for the Shishkin meshes.
We will present some numerical results showing that the same is true for superconvergence. This
fact can be important in problems where the diffusion parameter is not constant or, also, to treat
systems of equations in which different equations have singular perturbations of different orders.
Let us mention that, for this kind of systems, Shishkin type meshes have been used in [9] (see also
[15] where a similar method is used for initial value problems). In that paper, the authors modify
the classic two part Shishkin meshes dividing the domain in several parts and dividing uniformly
each one of these parts. One can see that in this way one obtains something intermediate between
the usual Shishkin meshes and the graded ones.

We will prove superconvergence error estimates for the standard Q; finite element approximation
of a model convection-diffusion problem when graded meshes are used. Precisely, if uj is the finite
element solution (where h is a parameter related with the definition of the meshes) and wu; is
the Lagrange interpolation of the exact solution u, we prove that ||ur — up||c is of higher order
than |lu — upllc, where ||.|- is the e-weighted H!'-norm associated with the symmetric part of
the differential equation. This result, combined with interpolation error estimates obtained in [5],
gives optimal order convergence in the L? norm. Both superconvergence in the ||.|c norm as well
as optimal order convergence in the L? norm are almost optimal, in the sense that the constants
depend only on the logarithm of the singular perturbation parameter. Our arguments combine
ideas of [5, 18, 19].

As an application of our superconvergence error estimate, we show how to obtain a higher order
approximation by a simple local postprocessing of the computed solution. Let us mention that
postprocessing procedures for convection-diffusion equations using Shishkin type meshes have been
given in [11, 14].

We consider the model problem,

—eAu+b-Vutcu=f in Q

(1.1)
u=0 on 0f)
where ¢ is a small positive parameter, and Q = [0,1]2. We assume that b = (by,bs), ¢ and f are
smooth on €2 and that
b; < —v, withy>0 fori=1,2.

Then, the solution will have a boundary layer of width O(e log(1/¢)) at the outflow boundary
{(z,y) € 02 :x =0 or y = 0} (see [12]). Moreover, we will make the usual assumption in order to
have coerciveness of the bilinear form associated with Problem 1.1, namely, there exists a constant
w such that

1
c— idiv(b) > > 0. (1.2)
In our proofs we will need some weighted a priori estimates for the solution u. To prove these
estimates we will use that u is sufficiently smooth on 2 and its derivatives satisfy some bounds.

In order to have these results it is enough to assume that f € C*(Q) and satisfies the following
compatibility conditions,

f(0,0) :f(la()) :f(O,].) :f(]-vl) =0,
ai—‘rjf
Oz OyI

Indeed, under these conditions it can be proved that Problem 1.1 has a classical solution u € C3(),
and for all (z,y) €  we have

(1,1)=0for 0 <i+4j <3,



‘M(z, y)’ <C (1 teTleTV®/E eI /E ¢ 57(i+j)€77m/6677y/5> (1.3)
ortoyI

for 0 < i+ j < 3. We refer to [11, Section 2] and [10] for details.

Here, and in the rest of the paper, the letter C' denotes a generic constant independent of € and of
the discretization parameter h.

The rest of the paper is organized as follows. In Section 2 we present the graded meshes and
some preliminary results. Section 3 contains our main results concerning the superconvergence
error estimates. In Section 4 we show how a higher order approximation can be obtained from
the computed solution by a simple local postprocessing, and finally, in Section 5 we present some
numerical results.

2 Finite element approximation on graded meshes

In this section we recall the graded meshes used in [5] and prove some preliminary results for our
error analysis.
For a domain D we use the standard notation for Sobolev spaces, norms and seminorms, namely,

1/2

1/2
2 2
[ulp =13 2 IPuliey ¢+ |ulpp = { > IIDC“UIle(m} :

a<m a=m

In particular ||ul|, ;, denotes the L*-norm of u. When D = Q, and no confusion can arise, we will
write ||ul|, instead of [[ully -

For a rectangle R, Pi(R) and Q(R) denote the spaces of polynomials of total degree less than or
equal to k and of degree less than or equal to k in each variable respectively, over R.

The standard weak formulation of Problem 1.1 is given by

B(u,v) = /vadx Yo € Hi(Q), (2.1)

where the bilinear form B is defined as

B(u,v) = / (eVu-Vv+b-Vuv+ cuv) dz. (2.2)
Q

We will work with the e-weighted H'-norm defined by
2 2 2
[0l = e IVollg + [lvllg -

It is well known that, under the hypothesis (1.2), the bilinear form B is coercive in the e-norm,
moreover, there exists § > 0, independent of €, such that

Blvll. < B(v,v) Vv e Hy(Q). (2.3)

However, the continuity of B is not uniform in €, and therefore, the standard theory based on Cea’s
lemma can not be applied to obtain error estimates valid uniformly in €.

In [5] an analysis for the approximation of Problem (1.1) by standard bilinear finite elements, using
appropriate graded meshes, was developed. Almost optimal order of convergence independent of
¢ was proved in that paper. Here we will prove superconvergence for the same approximation
considered in [5].



First let us recall the graded meshes used in [5]. Given the discretization parameter h, that we
suppose 0 < h < 1, consider the partition {&;}£, of the interval [0, 1] given by

& = 0
& = he
Civ1 = & +hEg for1<i<M-—2 (2.4)
v = 1

where M is such that &1 < land Eppo1 +hEy—1 > 1. 1 — &y < &1 — Epr—2 we modify
the definition of &y;—; taking &y—1 = (1 4+ &pr—2)/2. In this way we avoid the case in which the
last interval is smaller than the previous one.

Remark 2.1. In practice it is natural to take h; := & — £;_1 to be monotonically increasing. To
have this property one can modify the partition by taking h; = hy for i such that &_1 < € and
starting with the graded mesh after that. It is not difficult to check that all our arguments can be
extended to this case.

We define R;; = [§i—1,&] x [§j-1,&;], and the graded meshes Tj, = {Rij}%.:l on .
Associated with 7, we introduce the standard piecewise bilinear finite element space

Vi ={vel(Q):vlr,€ Q(Ry),1<ij< M},

and the finite element approximation u, € Vj given by

B(up,v) :/fvdx Yv € V.
Q

For the proof of our estimates, we will need to decompose 2 as 2 = 7 U Qs U Q3, where 21,29
and Qg are the closed sets with disjoint interiors defined by

0 = U{RU 1&im1 < crelog(l/e)}

Oy = U{Rij 1&im1 > cielog(l/e), €21 < cielog(l/e)}

Qg = J{Rij : &1 > crelog(1/e), €51 > crelog(1/e)}
where the constant c¢; is such that

0 tiu
OxiOyI

<Cfor0<i+j<3, ifz,y>cielog(l/e). (2.5)

Note that, in view of (1.3), it is enough to take ¢; > 3/7.
In the following lemma we give several weighted a priori estimates for the solution of Problem 1.1.
Some of these estimates were proved in [5] and all of them are consequences of (1.3).



Lemma 2.2. There exists a constant C' such that

e yﬁ@ , €% xﬁ@ <C for a+8>3/2,a>0,>-1/2 (2.6)
dy? 0,Q dz? 0,2
o yﬂgng G xﬂ% SO o akBzspaz0fsol2 (28)
e |1y’ 8?:;2 0,0 < ﬁ({?izgy 0,9 SO JorarpEBaz g 29
o xy(;zzgy . e my@i;qu o <C for a>1/2 (2.11)

Proof. Let us prove for example one of the inequalities given in (2.8). The other inequalities can
be obtained in a similar way.

From (1.3) we have,
3
/x% ’81;
Q ox

and so, integrating first in the variable y and making the change of variable z = x /¢, we obtain

/ 26 |0u
Q 81‘3

and therefore, (2.8) follows easily from the conditions on a and . O

2 1 pl
dzdy < C’/ / P (1 + e e 272/%)du dy
0 0

2 o]
dedy < C (1 + 62575/ 2221z dz>
0

3 Error estimates

In this section we prove that the finite element approximation defined in the previous section is
superconvergent in the e-weighted H'-norm, i.e., the difference between the computed solution
and the Lagrange interpolation of the exact solution is of higher order than the error itself. In
particular, it follows from this result and previously known interpolation error estimates, that the
method is almost optimal convergent in the L?-norm.

Let z; = & and y; = &;. With each element R;; = [x;_1,%;] X [y;—1, ;] we associate the lengths of
its edges h; = & — &i—1,h; = & — -1, and we denote with (7;,7;) its barycenter, and with fz’j,
for k =1,2,3,4, its edges, as indicated in Figure 1. For a continuous function w, u; € V} denotes
the standard piecewise Q; Lagrange interpolation of u. We have dropped the dependence on h in
the notation u; to simplify notation.

We will use the following well known results. For w € H%(R;;), the interpolation satisfies the error
estimate (see for example [13]),

Nw—wll o)y, |2 e (3.1)
oz 0.Ry " Ox2 0,Rs; 7\ 0xoy 0.Rs; ' '
Given u € H3(R;;), there exists p € Py(R;;) such that
20, _ 3 3
F(u—p) <cln |2 i (3.2)
Ox? 0,Rs; ox3 0,Ri; 0z20y 0,Rs;




and
A3u
Ox0y>

93y

0*(u —p)
0z20y

0xdy

O,Rij O,Rij

indeed, we can take p as an averaged Taylor polynomial of u (see for example [2, 3]).

0,R;;

ij
63

ez‘f 4 |n

h;

Figure 1: General element

In the following lemma we bound the term corresponding to the diffusion part of the equation.
The proof uses an argument introduced by Zlamal in [19].

Lemma 3.1. Let u be the solution of (1.1). There exists a constant C such that, for any v € Vj,

(w—wur)-Vou dxdy‘ < Ch?||v|.

Proof. Let us prove for example,

0

I(u 1) Ov 2
E/QT—CZ dy’ < Ch v, - (3.4)

Clearly, analogous arguments apply to estimate the term involving derivatives with respect to y.
The key observation made in [19] is that, for p € Py(R;;) and v € Q;(R;;),

3(]0—1?1)@
/R S T dzx dy = 0.

o(p — pr)
ox

i i 0 .
vanishes over the segment joining the midpoints of ;7 and ¢5’, and a—v = ay + b with a,b € R.
x
Therefore, for all p € P2(R;;) and v € Q1(R;;), we have

O(u —uy) Qv
/RH or on W=

ij

Indeed, this follows easily integrating by the midpoint rule and using that € Pi(Rij),

Oz

I(u—p) = (u—p)1] Ov
/R o = dzxdy

ij

Ao 2
- or 0.Rs; ox 0.Rs; ’
and using (3.1) for w = u — p, we obtain
O(u —uy) Qv 0%(u — p) 82(u—
e St Y et < | R S .
/Rij O O dx dy < C hz 12 0.r, + h] 89381/ o.R 0.7,




Choosing now p € Pa(R;;) satisfying (3.2) and (3.3) we obtain,

O(u—uy) Qv
/R oz 87d zdy

ij

<C{n? O + hih; 0w +h? (3.5)
- 93 ||, . 0x20yllo 5’ axay &r 0., -
Let us now estimate the right hand side of (3.5) over each element accordlng to its position.
Since hy = ¢h, we have
5/ e ul)avdwdy’ <
Ri1 8I 8:5
3 3 3
SChQ O u _|_55/2 ﬂ _|_55/2 ﬂ 6 s .
923 0.R1s 0229y ||g g,, 0z0y? ||y g, ox 0.Rs
Now, for j > 2 and any (z,y) € R1; we have h; < hy, which together with hy = eh gives
O(u —uy) Ov
————~—dxd
E/le ox Oz Y
3 3 3
comfan| P el @ aefe @ Lo
O3 0.R1, 0x20y 0.R1, Oxdy 0.k, or 0.R1,
analogously, for i > 2, we obtain
O(u —ur) Ov
FU U 9Y 1 d
“Jr, 0z Oz y’
34 3 3
conzdarn|| 20 L e, Fu |l || OTu /2 || v ,
- ox3 0.R:, 85(:28y 0.Ri1 Ox0y? 0.1 or 0.Ris
Finally, for ¢, j > 2, using that for any (x,y) € R;;, h; < ha and h; < hy, we have
O(u —ur) Ov
QU U IY 4 d
“Jo, T 0w 0
3 3
< Ch?{eY? |z 28 u + /2 |lay 82u +el/2 yzaiu2 el v Vi, g > 2.
0x3 0,Rs; 9x20y ||y g, 9xdy* |y g, oz 0.R:,;

Therefore, summing over all indices ¢, j, and using the weighted inequalities (2.8), (2.11), and (2.9)
given in Lemma 2.2, we obtain (3.4). O

Our next goal is to give an estimate for the term corresponding to the convection. We want to apply
an argument similar to that used for the diffusion part. With this goal we define, for u € H3(R;;)
and v € Vp,,

_ O(u — uy) h?
sz(u,v)—/R‘Tvd dy—12< uaxQ vdy — /” vdy) (3.6)

i
In [7, 18] the authors give an explicit expression of Kjj(u,v) (see [18], identity (4.28)) which, in
particular, implies the result of our next lemma. We will give a more direct proof without making
use of that expression.



Lemma 3.2. Forp € P2(R;;) and v € Q1(R;;) we have,
Kij (pa U) =0

Proof. Take p € Pa(R;;) and v € Q1(R;;), and define e = p — p;. Then, %v is a polynomial of
degree two in x and of degree one in y which vanishes at the midpoints of €§’j and Eé’j . To simplify
notation we will write, for any function f, f; ; = f(zs,y;).

Using the Simpson rule in x and the trapezoidal rule in y we obtain,

/ %vdm‘d —hihj %U + §v + %v + %v
Ry, O Y= 12 0x )i or ), A R or ), 1 '

But, using again that % vanishes at the midpoints of fi’j and Zé’j , we have

Do\ (D) __(0e) (O _mie
or i’jfl_ Ox i,j_ ox ifl,j—l_ Ox ifl,j_ 2 2

and therefore,

as we wanted to show. O

In the next lemma we will use a standard trace theorem. For w € H'(R;;),

} (3.7)
0,Ri;

with r = 2,4. When v € Q;(R;;), the second term on the right hand side can be bounded by the
first one using an inverse inequality. Therefore, in that case we have,

ow

N —1/2 1/2
nwmﬂ;sc{m lwlo.r, + Al |22

—1/2
lellg, e < € {n; 2 0llo,,, | (3:8)

Lemma 3.3. Let u be the solution of (1.1). There exists a constant C' such that, for any v € Vy,

/ b-V(u—ur)vde dy‘ < Ch*log®(1/e) ||v]|.
Q

Proof. Let Pb be the piecewise constant approximation of b defined by Pb|g,; := b"/, where b7
denotes the value of b at the barycenter of R;;. We have

/b~V(u—uI)vdxdy:/(b—Pb)-V(u—ul)vdxdy—f—/Pb-V(u—uI)vdxdy (3.9)
Q Q Q

Let us estimate each term on the right-hand side. Since the derivatives of b are bounded we have
lb— Pb||, < Ch|b|1,« and so, for each element R;j;,

S Ch ||V(U - uI)HO,Ri]‘

|U||0,Ri_7»~

/ (b—Pb)-V(u—uj)vdedy
R

ij




Therefore, summing over all indices 7, j such that R;; C €, it follows that

(3.10)

/ (b= Pb) - V(u— ur)vds dy‘ < ChIIV(u—un)ga,
(o5

On the other hand, since v vanishes at the boundary of €2, it follows from Poincaré inequality that

ov

[0l.0, < Celog(1/e) |5

(3.11)

0,1

and therefore, using the estimate
2|V (u = ur)llg,q, < Ch,

which was proved in [5, Theorem 2.1], we obtain from (3.10),

/ (b—Pb)-V(u—ur)vde dy’ < Ch*log(1/e) ||v]|. -
951

Clearly, the same argument can be applied to obtain an analogous estimate over {25. Finally, for
R;; € Q3, we use (2.5) and a standard interpolation error estimate to obtain

[ = p0) V= wnvdsto| < 08 ol
Q3

Summing up we conclude that

/Q(b — Pb)-V(u—ur)vdx dy’ < Ch?log(1/e) ||v]. - (3.12)

Now we estimate the second term on the right hand side of (3.9). We have

/Pb V(u—wur)vdedy = Z/ bw — dedy+ Z/ bw — )Udmdy

i,j=1 i,j=1

and we will estimate the first term on the right hand side (clearly the second one can be handled
in an analogous way). From the definition of K;; (3.6) it follows that

Z/ b” )vda:dy

7,7=1

M .
i by h? 0%u 0%u
= Z bleij(’u,,’U) + Z T i @U dy — i w’l} dy .
2 4

ij=1 ij=1

(3.13)

Then, it is enough to bound the right hand side of (3.13). For the first term we write,

Kij (U, U) = Kl,ij (u, ’U) — K27ij (u, 1})

with
Ky 4(u U)_/ Mvdwd
1,37 ’ - Ry a.%' Y
and
Ky ;i(u,v) = i @vd - @vd
>4 12 ¢ Ox? Y ¢ O v



From Lemma 3.2 we know that, for any p € Pa(R;;),
K;j(u,v) = K;j(u —p,v) = K1 ;5(u — p,v) — Ko ;5(u — p,v).

Now, taking p € P2(R;;) satisfying (3.2) and (3.3) and using the interpolation error estimate (3.1)
for w = u — p we obtain,
} HU||07Rij'
0,R;j

On the other hand, using now (3.7) for w = %, (3.8), and again (3.2), we get

u
Oxdy?

O3y

0x20y

d3u

ox3

2
J

+ hlh]
O,Ri]‘

|K1ij(u—p,v)| <C {h?
0,Ry;

0u 03u
Kyii(u—p,v)| <CLR2||=— hih; || =———
| 2, J(u p U)| — { (2 8553 0.Rs; + J ax28y O’Rij} ||U| 0,Ri;
In conclusion we have,
03u 3u 03u
Kii(u,v)| < C{ h? ||=— hih; || == 2 3.14
| J(u ’U)| = { il 93 0.5, + J 8x23y 0.1, j axayg 0.1, HU”(LR” ( )

Now we are ready to estimate the first term on the right hand side of (3.13). Setting

L= Y b0/Kijuv), s=1,23,
i,j:Ri]'CQS
we have
M ..
Z bzl’JKij(’U,, 1}) =1+ 1+ Is.
ij=1

From (3.14), using the Cauchy-Schwarz inequality we obtain,

2 2

2
3u A3u Bu ||
L] <C hill 5= + hih? iloas [v]lo,e
iwjilgj:cﬂl Oa? 0,R;; ’ || 9220y 0,R;; ? || 9z0y? 0,Rij 1
and therefore, using now the Poincaré inequality (3.11),
1
3
Pul? Pu |? PPu |2 1
|I:] < Clog(1/e) eh? || -= +ehih3 +¢eh] €2
i,j:lgj:cﬂl 11023 lo, g, C 0220y | g, 11020y o .,
Now, for R;; C Q1 we have h; < ¢iehlog(1/e) and hy = eh, then
&Bu|? »Bu |? »Bu |
chd|| S renzn? || 2L pent|[ 20
O’ 0,Ri1 812831 0,R;1 aIanQ 0,Ri1
Ou? Pu |I? Bu |
< Ch*log*(1/e) | €° || == P Gl | .
Ox? 0,Ri1 aany 0,Ri1 8m8y2 0,Ri1

If R;j C Oy, with j > 2, we use that h; < ciehlog(l/e) and that h; < hy for all (z,y) € R;j,
obtaining

2 2 2

ent| 2] enze | 2 g
* | OB 0.Rs; ¢ 0220y 0.Ri; 7| Oz dy? 0.Rs;
»ul? Bu |I? Bu |?
< Chtlog*(1/e) | &° || == + &3y —&-s‘yQ .
923 o g, 9229y (o g, 9z0y? ||y g,

10

2]
or

0,923



Therefore,

Ou|? u |2
|| < Ch2log’(1/e){e® || = N
ox3 0.0 0z20y 0.0,
E 1/2
Sl o%u | s, 0% ? 283 ? /5% o
ddy? ||y g, Y oa20y 0.0, Y Dxoy? 9z llo0,”

and consequently, using the weighted estimates (2.8), (2.9), and (2.10), we obtain
L] < Ch?log’(1/e) |lv]|. -

An analogous argument can be used to estimate Iy. Finally, for I5, using (2.5) and (3.14), we

arrive at
[Is| < Ch? [[vllg.q, -

Therefore, we conclude that

M
> b7 Kij(u,v)| < Ch?log?(1/e) [|u]. .
ij=1
To finish the proof it remains only to estimate the second term in (3.13). Observe that, for
1<i¢< M —1, we have {57 = KZH’] and fei,j %v dy = feéw,j %v dy = 0. Therefore,

Mo
by’ h? 0%u 0?u
Z 12 ¢ 922" vdy = g 922" dy

i,j=1
M i M
bl’th b Jh2 a U 82u b ’Jh2
vdy d —vdy d
Z{ oL 8332 +Z gird az2 YT givd o2 % /M: 8332v Y

Jj=1
M M-1 4572 i+1,572 2

B b hy — by hi 0%u

= g 2vdy
j=1 i=1 ¢ 0%

(3.15)
From the definition of the mesh, we know that hy > ho, so for ¢ = 1 we have:

; - 0%
(b17h2 — b%ﬂhg) a2 ——vdy| < Chi /1]/ o < ) (t,y)dt dy
3u 0%u Ov
< Ch? — ——|dxd
- 1/31], 8$3U+8x28x v
A3u 0%u ov
<Chi ||| += — —
- ! < Ox? 0,R1; HU”O’RU * Hawz 0,R1; Oz o,le>
We call Q; = U]M:1 R,;. Since hy = €h, we obtain
M
; ; 0%u 0%u ov
(b17h2 — bz’fh2)/ udy| < Ch2 H H —
j; v T o1s Ox? 0 le Ox? 0,R1, ox 0,Ry,
03 0? 0
SChQ 2 71; HU||0§1+€3/2 71; v
ox 0.8, ’ ox 0.8, Ox 0.8,

11



Since v vanishes at the boundary of €, it follows from Poincaré inequality that

ov
||U||0)Q < Che 2zl = (3.16)
0,01
and then
= 1, 2, 0?%u u 9%u v
Z(bl’]h? - b1’jh5)/ a3 dy| < Ch? £5/2 3 4 g3/2 — el
5=l Z;’] ou Oz 0, Oz 0, 8:49 0,

< Ch* v,

For i > 2, it follows from the definition of the mesh (and the assumption h < 1) that h?,; — h? =
hzhi(l‘i_l + xi), hi+1 < 2h;, and z;_1 + x; < 3x;_1, then

bi’jh2 b”l ]h72+1‘ < Ch?hizi_1,

and
M M-1 ,jhg _ bz+1 ]hQ 82 M M-1 2
i+1 U 2 u
ZZ ) gw@vdy Sczzhhixiq o D22 dy
j=1 i=2 2 j=1 i=2
M M-1 2u
<CY N BPhimig ozl ol s
j=1 i=2 7
Using the inequalities (3.7) and (3.8) we obtain,
iM*I(bZ;jhf b”“hfﬂ) Pu
a.20aYy
J=1 i=2 12 51 5 J 8£E2
M M-1
_ 0%u 172 ||03u 1/2
< Ch? el o I B o]
jgl i=2 ( Oz 0,Rqj; Oz’ 0,Ri; Ot
M M-1 9w
<o Y a (H o >|v||o,Rij.
j=1 i=2 0,Rij

Now, for R;; C Ql\ﬁl, using the Cauchy-Schwarz inequality, the Poincaré inequality (3.11) and
the weighted inequalities (2.6) and (2.8), we have
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@
ox

>oooa O%u + hy ou (o]
B 2 N 93 0B 0,R;j;
R;j Cﬂl\Q ” bt
2y 1/2
3
<cC i
03 || g..
R, CQ \Oy i
o2 o 0"
<c! 3 (aslog(t/e))? (Ha“ +eto(1/o) | 38 ) clog(1/¢)
Ri;C\ 0.Rij “ 0.Rij
) , 2y 1/2
< C'log®(1/¢) Z €3 O7u +£7/2 9u v
- 2 N Ox3 y Oz
Ri; CQ1\ 0, Rij 0,Ri; 0,81
2 3
< Clog®(1/e) | €3/? 8—1; + £5/2 871; et/ Ov
ox 0. Ox 0. Oz 0.
< Clog’(1/e) |Jv]. -
For Q5 U Q3, using (2.5) we have
Bu
<H a ) ol n,, < ol
Ry CQzUQg 0, Ry
Collecting all the estimates we obtain
M M 2u
ZmehQ / 8x2vdy p BxQUdy < Ch*log®(1/e) ||v]|.
i=1 j=1 7
concluding the proof of the lemma. O

In the next lemma we give an estimate for the reaction term of the equation. This estimate follows
immediately from results in [5].

Lemma 3.4. Let u be the solution of (1.1). There exists a constant C such that, for any v € V},

/ c(u — ul)vdxdy‘ < Ch?|v]|,
Q

Proof. From [5, Theorem 2.1] we know that |u — url|y o < Ch?, hence

/Qc(u —ur)vdz dy’ < Clu—urllyq ||v||07Q
< CR? |[vllgq < CH? o] -
O

We can now state and prove our main result which says that, the e-norm of the difference between
the interpolation of the exact solution u; and the finite element approximation uy, is of higher
order than the e-norm of the error u — uy.

13

0,92



Theorem 3.5. Let u be the solution of (1.1), u, € V}, its finite element approzimation and ur € V,
its Lagrange interpolation. There exists a constant C such that,

Jun — urll, < Ch?log*(1/¢)
Proof. From (2.3) and the error equation B(u — up,up —ur) = 0, we have
B lup — u1||z < B(up, —ur,up —ur) = B(u — ur, up, — urg).
But, from Lemmas 3.1, 3.3 and 3.4, we have
B(u — ur,up —uy) < Clog®(1/)h? |luy, — url|.
and therefore the theorem is proved. O

An immediate consequence of the theorem combined with the interpolation results proved in [5] is
the optimal order convergence in the L?-norm.

Corollary 3.6. Let u be the solution of (1.1) and uy, € V}, its finite element approxzimation. There
exists a constant C such that,
lu = unllg.q < Clog?(1/e)h?

Proof. The result follows immediately from the interpolation error estimate |ju — us||, o < Ch?
proved in [5, Theorem 2.1] and the estimate given in Theorem 3.5. O

We end this section giving error estimates in terms of the number of nodes.

Corollary 3.7. Let u be the solution of (1.1) and up € V}, its finite element approzimation. If N
is the number of nodes in Ty then, there exists a constant C such that,

log”(1/e)

un —urlle <C ~

and

log”(1/e)
Ju = unlloq < 02,

Proof. The results follow from Theorem 3.5, Corollary 3.6 and the estimate

n < cloel/e)

VN

which was proved in [5, Corollary 2.3]. O

4 A higher order approximation by postprocessing

As it is known, superconvergence results of the type of Theorem 3.5 can be used to improve the
numerical approximation by some local postprocessing. In this section we construct a higher order
approximation u} of the solution of (1.1), obtained from the computed finite element approximation
up, € Vi, by a simple local procedure. We follow the approach given in [6].

For simplicity we consider now the meshes defined as indicated in Remark 2.1. In this way the
lengths in each direction of neighbor elements are comparable and this simplifies the analysis.
We define the postprocessed solution uj as in [6, 14]. We repeat the construction given in those
papers for the sake of completeness. Assume that the mesh 7}, is a refinement of a coarser mesh
formed by elements S;; which are as in Figure 2 (note that we assume that 7} contains an even
number of elements). We define uj = Iyup, where Iuy, is the biquadratic interpolation of up on
Sij, over the nine nodes indicated in Figure 2, i.e., the vertices of the elements of the original mesh.
We want to show that u is a higher order approximation in the e-norm. We will need the following
estimates for the biquadratic interpolation.

14



Ri—1; | Ri

Figure 2: Reference element for the @QQo-interpolation and region S;;

Lemma 4.1. Let u be the solution of (1.1) and Iyu the piecewise biquadratic interpolation of u
on the mesh made with the elements S;; and using the nodes corresponding to the vertices of the
original mesh (as indicated in Figure 2). There exists a constant C such that

|u — Iul|. < Ch? (4.1)

Proof. The inequality is an easy consequence of the a priori estimates given in Lemma 2.2 and the
following error estimates for the interpolation operator I>. Let H; and H; be the lengths of the
element S;; along the directions of the x and y axis respectively. Then, for v € H?(S;;), we have

v 93v
||'U7]2'U||L2 Sii § C HE ~ +H3 -y y (42)
() O’ L2(Si5) ’lloy? L2(Sij)
0(v — Iv) 5 || 030 5| v
L2(Si5) L2(Siy) Y L2(Siy)
and
O(v — Iyv) o || v 5 || O3
Y L2(Siy) Yy L2(Si5) Y L2(Si5)

where the constant C' is independent of the element S;; and v. For the standard biquadratic
interpolation, these inequalities are proved in [1, Theorem 2.7]. The only difference between our
case and that considered in [1], is that we are not using the usual interpolation nodes. Indeed, our
interpolation nodes on S;; are (£;,&), with k =i —2,i —1,iand l = j — 2,5 — 1, j, i.e., we have
moved a little bit the nodes usually located at edge mid-points and barycenter of the elements.
However, it follows from the definition of the meshes 7, that the ratios (§; — &—1)/(&i—1 — &i—2)
are uniformly bounded from below and above. Using this fact, it is not difficult to see that the
arguments used in [1] can be adapted to our case.

Let us now prove (4.1). Since Hy < Che, using (4.3) for the element S1; we obtain

2
L2(511)} '

Now, for S;1,4 > 1, using now Hy; < Che and H; < Chz for all (z,y) € Si1, we have

2 2
< Ch? .
L2(S;1) L2(S;1)

Analogously, for Sy;,j > 1, we use that H; < Che and K; < Chy for all (z,y) € S1; to obtain

2
LQ(Slj)} .

2 2

u
Ox0y>

ox3

Hé)(u — Ihu) 4

ox

go#{&

L2(S11) L2(S11)

2

d3u

2 0%u _u_
Oz 0y>?

ox3

T 4

H 3(u — Iru)
or

L2 (Sil)

2

o
ox3

, Ou
Y 2
0zxdy

O(u — Ihu)
Ox

2 ‘

< Ch? {64

LQ(Slj) L2(Slj)
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Figure 3: Interpolation points for Q12 on S;;

Finally, for ¢, > 1, we have H; < Chx and H; < Chy for all (x,y) € S;;, and so,

2 2
< Ch! ‘ :
L2(Si;) L2(Sij)

Therefore, multiplying by €, summing up, and using the a priori estimates (2.8) and (2.9), we
obtain

2
2 aSU

Ox3

2 83u

* 4 0x0y?

O(u — Iyu)
Ox

L2(Si;) ‘

O(u — Iu)
Ox

=

< Ch2.
L2(Q)

e

In a similar way, using now (4.4) and (4.2), we can prove

O(u — Iyu)
dy

N

9

<Ch*> and  |v— Lw|peq) < Ch2
L2(Q)

Therefore, (4.1) holds. O
Lemma 4.2. There exists a constant C' such that, for any v € Vp,
[T2v]|e < Clvl|e (4.5)

Proof. Tt is easy to see that the Lagrange basis functions corresponding to I are bounded inde-
pendently of h. Indeed, this follows from the fact that the ratios h;/h;_1 are uniformly bounded.
Consequently we have

HIQUHLOO(Sij) < C||U||L°°(Sij)'

Therefore, using the Schwarz inequality and the inverse inequality

c
[l Lo s,y) < g vllo.si;

R
we obtain
”121) 0,Si; < C”'UHO,Sq‘,j'
On the other hand, for v € V},, 8(81?) can be seen as a Lagrange type interpolation of g—;. Indeed,
6(12’0)

=52 is the unique polynomial in Q12 (the space of polynomials of degree one in the = variable

and two in the y variable) such that
ov ~ 0(Iyv)
%(a]) - or

where the points «; are those indicated in Figure 3. Then, using again that h;/h;_, are uniformly
bounded and an inverse inequality, we obtain

H 0(Iv)

(a])? ]:1776

v
or

or

=|

0,S:; 0,S5;
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Analogously, we can prove
Ov

ay

8(]21))
dy

SC’

0,5 0,5

and so, the lemma is proved. O
We can now give the main result of this section.

Theorem 4.3. Let u be the solution of (1.1), up, € Vj, its finite element approximation and
uj, = Iquy. There exists a constant C' such that,

lu — ||, < Clog®(1/e)h.
Proof. Since Iyu; = I>u, we have
|u —upll, < llu—Loull, + [[L2(ur — un)ll.

and therefore, using (4.1), (4.5) and Theorem 3.5, we conclude the proof. O

5 Numerical Experiments
We end the paper with some numerical results. We consider problem (1.1) with
b=(1-2)(-1,-1), c=2(1-¢),
and the right hand side given by
l1—e ¢ 1—e ¢ -
o=~ () e (e
1—e"¢ 1—e"¢
In this case the exact solution is
1—e % 1—e ¢ -
= [( 2) - =
1—e"= 1—e" =

In Tables 1 and 2 we present the results for ¢ = 1073 and ¢ = 107 respectively. Recall that N
denotes the number of nodes.

N b [ u—unlle [ o= wall, | s —uall, [ Tu—1]
625 0.375000 0.011851 0.142881 0.020495 0.040664
841 0.320000 0.007778 0.121252 0.012387 0.027535
1089 | 0.275000 0.006511 0.104864 0.009772 0.021133
1681 | 0.215000 0.004717 0.082466 0.006485 0.013545
2601 | 0.170000 0.002924 0.065163 0.003068 0.007807
3969 | 0.135000 0.002113 0.051935 0.002022 0.005047
5929 | 0.110000 0.001349 0.042269 0.001863 0.003686
16129 | 0.065000 0.000538 0.025071 0.000995 0.001581
22201 | 0.055000 0.000400 0.021228 0.000661 0.001089

Table 1: e = 1073
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N b [ u—unle [ u—wall, | s —uall, [ Tu—1]
2025 | 0.390000 0.013595 0.148975 0.023704 0.045450
2601 | 0.340000 0.009248 0.128921 0.015445 0.032214
3249 | 0.300000 0.006961 0.113833 0.010700 0.024212
5625 | 0.220000 0.004565 0.084096 0.006050 0.013562
10201 | 0.160000 0.002444 0.061215 0.002998 0.007048
16129 | 0.125000 0.001728 0.047970 0.002055 0.004523
20449 | 0.110000 0.001407 0.042271 0.001372 0.003378
29929 | 0.090000 0.001031 0.034640 0.001019 0.002348
37249 | 0.080000 0.000903 0.030837 0.000694 0.001795

Table 2: ¢ = 1076.

With these numerical results we have computed the order of the different errors in terms of N.
The computed orders, for the case € = 1073, are shown in Figure 4. The picture in the left shows
the order of the errors ||u — up|| ;> and ||u — up||,, and that in the right the different errors in the
e-norm.

Observe that, the order of ||u — up|| ;2 is -0.9104, which essentially agrees with that predicted by
the theory which is —1. Similarly, the orders shown in the second picture agree with the theoretical
ones.

10° ! ! 10° ! !
A llu-uls o lu-ul,
o lu-ul, m oy -yl

[lu=ull,

.
10° 10° 10* 10° 10° 10° 10* 10°
Number of elements Number of elements

Figure 4: Numerical orders, ¢ = 1073.

Next we show analogous pictures for the case ¢ = 1076 in Figure 5. Again, the estimated orders
agree with those given by the theory.
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; ;
A llu-u: o llu-ul,
o byl m -l

flu-u'l, |

. . . .
10° 10* 10° 10° 10* 10°
Number of elements Number of elements

Figure 5: Numerical orders, ¢ = 1076.

As mentioned in the introduction, an advantage of the graded meshes over the Shishkin type
meshes is that, for the first ones, the meshes generated for some value of £ work well also for larger
values. This fact was observed in [5], where numerical results comparing the errors with both kind
of meshes were presented. Our numerical experiments show that a similar behavior is observed for
superconvergence. In Table 3 we give the values of ||u; — up||. for several values of ¢ using both
kind of meshes with the same number of nodes (11236 elements) generated for the case ¢ = 1076.

€ Graded mesh | Shishkin mesh
1071 0.003109 0.002021
1072 0.002438 0.194888
1073 0.002107 1.010498
1077 0.002049 0.972038
107° 0.002042 0.390427
10 0.002254 0.002250

Table 3: ||u; — upl|c for both kind of meshes.

Finally, using a sequence of graded meshes designed for e = 107, with different number of nodes,
we have computed the order in terms of 1/N of the different errors for the computed solutions and
its postprocessed ones, for several values of £ > 1076. The results are shown in Table 4. As it is
seen, the superconvergence order for ||u; —us|, ans |[u —uj || is obtained for all the values of €
considered.
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e | llu—unlle | lur —wuall. | [lu—ujll,
1071 | 0.50683 0.99225 1.0294
1072 | 0.51433 0.89524 1.0021
1073 | 0.51409 0.96446 1.0294

107% ] 0.51397 0.99008 1.039
1075 | 0.51426 0.9934 1.0403
1076 [ 0.54049 1.0694 1.0724

Table 4: Errors for different values of ¢ with meshes generated for € = 107°.
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