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Abstract In this paper, we analyze vertex-centered finite volume method (FVM) of any
order for elliptic equations on rectangular meshes. The novelty is a unified proof of the inf-
sup condition, based on which, we show that the FVM approximation converges to the exact
solution with the optimal rate in the energy norm. Furthermore, we discuss superconvergence
property of the FVM solution. With the help of this superconvergence result, we find that
the FVM solution also converges to the exact solution with the optimal rate in the L2-norm.
Finally, we validate our theory with numerical experiments.
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1 Introduction

During the past several decades, the finite volume method (FVM) has attracted much attention.
We refer to [2,3,5,6,11,15,17,18,25,31,35,39] for an incomplete list of references. Due to
its local conservation of numerical fluxes and other advantages, the FVM is very popular
in scientific and engineering computations, especially in computational fluid dynamics, see,
e.g., [18,25,26] and [31-35]

Comparing to its wide applications, the mathematical theory of FVM (cf., [4,22,27,28])
has not been fully developed, at least, not as satisfactory as that for the finite element method
(FEM). Most works concentrate on lower-order FV schemes. In fact, a linear FV scheme can
be regarded as a small perturbation of its corresponding linear FE scheme, whose convergence
properties have been well studied, see e.g., [3,7,19,23]. On the other hand, higher-order
FV schemes depends heavily on the underlying meshes, the error analysis in the literature
was often done case-by-case. Since high-order FV schemes are substantially different from
their corresponding FE schemes, therefore only a few special high-order schemes have been
studied, see [8,10,11,29,34,36,39]. So far, we have not seen analysis for FV schemes of an
arbitrary order.

In this paper, we provide a unified analysis for vertex-centered FV schemes of any order
on rectangular meshes. We construct our FV schemes under the framework of the Petrov—
Galerkin method by letting the trial space be the Lagrange finite element space with the
interpolation points being the Lobatto points and by constructing control volumes with the
Gauss points in a rectangular element. Note that this idea of control volumes construction
was used on constructing quadratic FV schemes on rectangular meshes, see e.g., [30].

Stability analysis is a challenging task in error estimates for higher order FV schemes.
To accomplish this task, most earlier works (see, e.g., [11,28,29,39]) utilized element
stiffness matrix analysis, which often requires to calculate all eigenvalues of an element
stiffness matrix. This local result is stronger than a global one, but is difficult to be gen-
eralized to schemes of any order. Our new approach to prove stability is to establish a
global inf-sup condition, which is weaker than element-wise stability, however is suf-
ficient for optimal and superconvergent error estimates. Towards this end, a novel and
non-traditional global mapping from the trial space to the test space is introduced. This
special mapping avoids calculating eigenvalues of an element stiffness matrix and makes
the establishment of the global inf-sup condition for any order possible. Once the inf-
sup property has been established, the error analysis in the energy norm is then a routine
work.

Another work of the paper is the superconvergence analysis. We prove that the FV solution
up is super-close to the Lobatto interpolant u; of the exact solution, namely, |up —u;|; con-
verges one order higher than the optimal rate. The result simulates the counterpart result
in the FEM. A by-product of this superconvergence result is the optimal L2 error esti-
mate. Conventionally, the L? error estimate is accomplished by the duality argument or
the so-called Aubin—Nitsche trick. Unfortunately, this technique is very difficult to be used
in our case for higher-order FVM. The adoption of the superconvergence analysis avoids this
difficulty.

We organize the rest of the paper as follows. In Sect. 2 we present FV schemes of any
order for elliptic equations on rectangular meshes. In Sect. 3 we provide convergence analysis
and establish the optimal convergence rate in both H' and L? norms. The superconvergence
property of the FVM solution has also been studied in this section. Next, numerical examples
are provided in Sect. 4 to confirm our theory. And lastly, some concluding remarks are given
in Sect. 5.
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In the rest of this paper, “A < B” means that A can be bounded by B multiplied by a
constant which is independent of the parameters which A and B may depend on. “A ~ B”
means “A < B”and “B < A”.

2 FVM Schemes of Any Order

In this section, we present finite volume schemes of any order to solve the following second-
order elliptic boundary value problem

—v-(ayu) = f inQ, 2.1
u=0 onTl, 2.2)

where Q = [a, b] X [c, d] is arectangle, ' = 02, « € L* and it is bounded from below:
There exists a constant «g > 0 such that «(x) > «p for almost all x € 2, and f is a
real-valued function defined on 2.

We present our finite volume schemes under the framework of Petrov—Galerkin method.
We first construct the primal partition and the trial space. Let P be a partition of € which
consists a finite number of rectangles. We denote by N and &, respectively the set of all
vertices and all edges of P. Moreover, let N° = N\ 92, £° = £ \ 9L be the set of interior
vertices and internal edges of P, respectively.

We choose the trial space as the standard FEM space defined by

Up ={v e C(Q) :v|; € Qr,VT € P,v|yn =0},

where Q; is the set of all bi-polynomials of degree no more than r.
We next describe the dual partition and the test space. We begin with a description of Gauss
and Lobatto points in a rectangle T € P. Let T = [—1, 172 be the reference element. For all

Tt =0P P,P3Py € P,where P;,i =1, ..., 4 are four vertices of t, let F; : T — T be the
affine mapping satisfying F;(—1, —1) = Py, F: (1, —1) = P>, F;:(1,1) = P3, Fr(—1,1) =
Py4. Note that if we denote by (x;, y;),i = 1, ..., 4 the coordinates of P;,i =1, ..., 4, then

the F; maps a point (£, ) € T to a point (x, y) € T which satisfies

x=x1+aj(1+&),y=y1+Bi(1+n),

where o = 5% gr = M52 For a positive integer &, let Z; = {1,..., k} and 70 =
{0,1,...,k}. Let G,, i €72y be r Gauss points, i.e., zeros of the Legendre polynomial of rth
degree, on the interval [—1, 1]. Let

8 = Fe(Gi.G)).i.j €2y,

be all Gauss points in . We denote by G; = {gl j i, j € Zy}and G = U;cpG; the set of Gauss
points in 7 and that in the whole partition, respectively. Let {L,,|m € Z(r)} be r + 1 Lobatto
points of degree r in the interval [—1, 1], thatis, Lo = —1, L, = 1 and {L,,|m € Z,_1}
are the r — 1 zeros of the derivative of the Legendre polynomial of degree r in [—1, 1]. We
denote the set of Lobatto points in t as

N ={If;li j ez},

where l’/ = F:(L;, Lj). Let N, = UrepN; be the set of all Lobatto points. In Fig. 1, we
plot all Gauss and Lobatto points in a rectangular element for a simple case where r = 2 In
this figure, Gauss points are depicted with ‘o’ while Lobatto points are depicted with “x
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We are ready to present control volumes in the dual partition. Each control volume is a
rectangle surrounding a Lobatto point P € N, designed as follows. Let T € P be a rectangle
which contain the Lobatto point P. Then P can be represented as P = [7 j forsomei, j € Z0.
The contribution from 7 to the control volume Vp is the rectangle

. T T T T
Vep =018 i8i11,j8i+1,j+18i j+1

where the definition of Gauss point g; . has been generalized to all indices i, j € Z? +1 by
letting gi’j = F:(G;, Gj) with Gy =—1,G,4 = 1, see Fig. 2 for a simple case where
r = 2. Note that in this simple case, the generalized Gauss points g5, = ;. 839 =
T T T T T ’ ’ ’
2,00 833 = 4,2:802 = t0,2°

The whole control volume surrounding P is then defined as

Ve = Ver.
P

For the simple case r = 2, whole control volumes surrounding Lobatto points in a rectangular
element are plotted in Fig. 2. In this figure, each control volume is a rectangle surrounded by
dash lines.

The dual mesh P’ consists of all control volumes Vp, P € Nj. That is,

P ={Vp|P e N1}.
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The test space Vpr consists of the piecewise constants with respect to the partition P’
which vanishes on the boundary control volumes. Precisely, the test space

Vpr = Span{yry, |P € N7},

where N7 = N \ 99 is the set of all interior Lobatto points and 4 is the characteristic
function of some set A C 2. From the above construction, we have

dim ), = dim Vpr = #A7,

where #8S is the cardinality of some set S.
We are now ready to present our finite volume schemes. The finite volume solution of
(2.1) and (2.2) is a function up € L{; which satisfies the following conservation law

— / au—Pds_ / fdxdy 2.3)

aVp

on each control volume Vp, P € N7, where n is the unit outward normal on the boundary
aVp.Let wpr € Vpr, wpr can be written as

wpr = Z wPWVP
PeN}

where the coefficients wp, P € N7 are constants. Multiplying (2.3) with wp and then
summing up for all P € A7, we obtain

— Z wp/oz—ds_/pr/dxdy

PENO aVp

Defining the FVM bilinear form for all v € Ho1 (), wpr € Vpr as

ap(v.wp)=— > wp / 2.4)

PEN aVp
the finite volume method for solving Egs. (2.1) and (2.2) reads as: Find up € 1/173 such that

ap(up, wp) = (f, wp), Ywp € Vpr. (2.5

3 Error Analysis

The error analysis of FVM can also be done under the framework of Petrov—Galerkin methods,
see [3,28], and [39]. Following this approach, our FVMs error analysis requires the study of
the continuity (boundedness) and inf-sup property of the FVM bilinear form.

3.1 Continuity

Let Ep be the set of interior edges of the dual partition P’. A simple calculation yields that
forall v € HO1 (RQ), wpr € Vpr,

a
ap.wp) = 3 Ll [ ads G.1)

EGEP/ E
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where [wp/]g = wpr|r, — wpr|y, across the common edge E = 11 N 12 of two rectangles
71, 72 € P’ and n denotes the normal vector on E pointing from t; to 5.

To study the continuity of ap (-, -) , we define a semi-norm in the test space Vp for all
wpr € Vpr by

|w7;w = Z hgl/[wp/]%ds R

Ee&pr E
where i g is the diameter of an edge E, and a semi-norm in the so-called broken H 2 space
HA(Q) = {ve C(Q):v|, € H*, VYt € P}
for all v € H3 () by
1
2
blp = (w20 )
TeP

where &, is the diameter of . Note that the mesh-dependent semi-norm | . |73 has been used
in the discontinuous Galerkin method (cf., [1]) and was introduced first into the FVM in [39].

Theorem 3.1 The finite volume bilinear form ap (-, -) is variationally exact: let u € H(} (2)
be the solution of (2.1) and (2.2), then

ap(u, wp) = (f, wp)Y wp € Vpr, 3.2)
and continuous: for all v € HO1 QN H%(Q), wp € Vpr,
lap (v, wp)| < M|vlp|lwp|p, (3.3)

where the constant M > 0 depends only on o and r.

Proof First, (3.2) follows by multiplying (2.1) with an arbitrary function wpr € Vpr and
then using Green’s formula in each control volume 7 € P’.

Secondly we prove (3.3). By the Cauchy—Schwartz inequality, for all v € HOl (2) and all
wpr € Vpr, there holds

1

v\
ap (v, wp) < |laflco|wpr|p Z hE/(ﬁ) &
E

EESP/

By the trace inequality and the shape regularity of P,

w\2 \

v

hE / (*) ds | S lvlie+helvlze
on

Ent
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where T € P and t N E # (. Since for any given E € Ep/, there are at most two elements
T € P such that t N E # ), we have

Nl

2 2012
ap,wp) Slwprlp [ D0 D Wi, +RE,
EcEpr teP,tNEH#Y
1

2

2 21,12

5|w73"|7>/(§ |v|1,r+h1|v|2,r) -
TeP

Then there exists a positive M which depends only on « and r such that (3.3) holds. O

3.2 Inf-sup Condition

This subsection is the core of the paper. The analysis here is technical, and yet, it is new and
no-traditional. A key step is the introduction of a global projection (3.6) based on the idea of
the Gauss quadrature.

We begin with some definitions and notations. We denote by A, j € Z, the weights of
the Gauss quadrature

Q:(F) =Y A;F(G))
j=1

for computing the integral
1
I(F)= / F(x)dx.
-1

It is well-known that Q. (F) = I(F) for all F € Py,_;(—1, 1). For any given t € P, we
denote by h}, h? the length of x- and y-directional edges of the rectangle v. We define
1

1 .

as the Gauss weights of x- and y-directions in 7, respectively.
For a test function wpr = Y p, N WP Yy, € Vpr, we define its jump at each Gauss point

8 as
LngiT.j = wfp/(llr,j) + w'])/(lf_lvj_]) — ’Ll_)fpr(lf_lj) — IUP/(ll:L:j_l), Vl,] € Zr.

The jump at Gauss points is related to the conventional jump across dual edges in Ep/. In
fact, since

EpNt=(E]]ieZ, e 7%} U (E[ i e 70, j ez,
where the segments Elr /v = m Ef /x = m, see Fig. 2. Since
[wP’]Ez-j" = wP’(l;j) - wP’(l,'ll,j)a [wP’]Ez*j‘ = wP’(le) - wP’(l,’T,jfl),
we have

Lng;_j = [wP/]E,Tf - [wP’]Ei’}'_l = [w’P’]Ei’_vf - [w’P/]Ei’f”, Vi,j€Z,. (34)
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Fig. 3 Gauss points in G°° + _ ‘Ji_ 'JF' _ _+_ _ch_ _ _4,_ _JF' _ _.4_

(depicted by ‘open circle’) and
G\ G°° (depicted by ‘star’)

We next define a subset of G whose cardinality equals to the dimension of the test space.
Note that the boundary 02 = E, U E; U E. U E; where

Eq={(a,y)lc=y=d}, Ep={b ylc=y=d}
and
E.={(x,0la=x =b}, Eq={(x,d)|la=x=b}
Moreover, fori = a, b, ¢, d, let
Pi ={r € Plt N E; # 0}
be the subset of boundary elements which are closed to the boundary E;. We define
Ga=18{ It €Puj €L}, Go=1g It €Poj e}
and
Ge =(8{,IT €Pevi €}, Ga=1{g],IT € Pa.i €Ly}

the four subsets of G which consists of Gauss points closing to E,, Ej, E., Eg4, respectively.
We define the subset

G° =G\ (GpUGy).

We plot Gauss points in G°° and G \ G°° in Fig. 3 (r = 2). In this figure, Gauss points in G°°
are depicted by ‘o’ and Gauss points corresponding in G \ G°° are depicted by "x’.
We have the following relationship

#G° = #N7. (3.5)

In fact, let m = #P,(= #Pp) and n = #P.(= #P;). A straightforward calculation yields
that

#N7 = (mr — 1)(nr — 1).
Moreover, #G = mnr?, #G, = mr, #G4 = nr and #(G N Gy) = 1, then
#G°° = mnr’> —mr —nr +1 = (mr — )(nr — 1).

The equality (3.5) is valid.
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We are now in a perfect position to define our special mapping. Let IT be a mapping from
the the trial space Uy, to the test space Vpr defined by :

Mup = > (Mup)pyy, € Vpr, vp €Up, (3.6)
PeN}
where the coefficients (ITvp) pens are determined by the constraints

82
[Moply, = ALiAS gy 800, (3.7)
for all gl.fj € ge°.
Remark 3.2 We have defined a special projector from the trial to test space in [9] for one
dimensional FV scheme. Apparently, IT defined above is not a simple tensor-product of that

in [9].

Remark 3.3 By (3.5), the degree of freedom of [Tvp equals to the number of equations given
by (3.7). To explain that IT is well defined, we next explain how to successively calculate all
coefficients of ITvp by (3.7) with the following “lexicographic” ordering. We observe that
since [Tvp € Vpr, forall P € N N 32,

va =0inVp.

Let 71 be the unique element in P, N P, see Fig. 4. By (3.7), we have

3 vp
vl = AL AT 2= (8-

x, 1 %y,1 axa
By the definition of the jump of the test function, we have
1 1 T1 T1 'L’l T a UP
(HUP)(ZL1) + (HUP)(loyo) - (HUP)(lo’l) - (HUP)(ll,o) = x 1Ay 15y 3y (g )
Since [y € Eq N Ec, 11 € Ec, Iy € Eq and E,, Ec C 99, we have

(Mup) (L) = Mop)(F) = (Mup)(If'y) = 0.

Therefore, we obtain

9%y
(Mvp) = (Mop)(f) = AT AT ==L (g

Y 1axdy
We next explain how to calculate all coefficients (va)lfj for all lif j € N7.By (3.7) and the
definition of jump at Gauss points, we have

(TMup)(IF ;) = (Mup) (7 ;) + (Mup)(F_y ;) + (Mup) U7y ;1)
321)73

+A’T""A;’j73x8

This equation implies that when (va)(l i s (HUP)U; 1/) and (l'[vp)(lf 1j— 1), are
known, (l'va)(lr ) can be stralghtforwardly calculated. Since (va)lq and (ITvp)p, P €

8F)- (3.8)

NL NI are known all coefficients (TTvp)(I] ) can be successively calculated following
some given ordering such as that presented in F1g 4.

Actually, the definition of IT is independent of ordering, it depends only on the location of
the Gauss points. There are many different “lexicographic” orders, the ordering we provide
here is only one of them.
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Fig. 4 Order to calculate the I I D I I I
coefficients of ITvp ! i : i : i : i
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We next discuss properties of IT. First, we have
Lemma 3.4 Let vp € Up, the equality (3.7) holds for all Gauss points in G.
Proof Noticing G \ G°° = G, U G4, we only need to prove (3.7) for all Gauss points in
Ga, since (3.7) for Gauss points G, can be shown by the same arguments. We observe that

Ga = (g} It € Pa.i € Zj}.
Since vp = 0 on the boundary 9€2,

9
P ey = P (e, d) =0, Vx €la,bl.
0x

Then for any given xg € [a, b],

a%
/a (50, 3)dy = WP (o, d) 2 (39, ) = 0,

Let the segment E,, = {(x0,y)lc < y < d} and the subset of partition Pxo = {r €

Pl N Ey, # ?}. We write the coordinates of the Gauss point gi’j = (gx i gy ]) We now
choose xg = g;‘)l for some fixed 79 € Py and ip € Z Then for all T € P,,, we have

g iy = X0 Therefore, noting that in each v € Py,
r — 1 with respect to the second variable y, we have

;My P (xo, y) is a polynomial of degree

d
/8 20 0dy = 3 / G0,y

TEPXOE Nald
S ID WL E N
I 3xdy 8x.io 8.
re”PxO JEZ,
_ AT
Since A; i Ax i for all T € Py,, we have

321)7) 3 vp

70 T 'L'() T T T

Ax»ioAy?r 8x8y 8io, f) Z Z Ax loAy J ox 3y( 00, J)
T€Px jELy, glwggd
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By the fact that (3.7) holds for all Gauss points in G°°, we obtain
AL AT 7< o)== 20 2. Ml
T€Py jle,giTOVj¢gd

On the other hand, by (3.4) and the fact that [Tvp =0int € P. U Py,

2. 2 UMvplg, =0

T€Px JELr
Then,
n = — — ATO N ]
Moplgo == 2, > Mply = AT AD, <,0,>
T€Px, jeZ,,g,-’Ovj¢gd

In other words, (3.7) holds for the Gauss point gfé)’r. Since ig € Z,, 19 € G4 are arbitrary, the
Eq. (3.7) holds for all Gauss points in G4. By the same reasoning, (3.7) holds for all Gauss
points in Gp,. The statement of the lemma is proved. O

In the next lemma, we show that IT is a bounded operator from the trial space to the test
space. Tothisend, weleta =xp <x] < - - <x, =b, c=yo<y1 <--- <y, =dbe
distinct pointsin [a, b] and [c, d] suchthat P = {7y ;|k € Z,,, | € bZ,} where the rectangular
element 73;; = [xg—1, xk] X [yi—1, yi].

Lemma 3.5 [If P is shape regular, then for any vp € UZ,
Mvplp < lvpli, (3.9)
where the hidden constant depends only on r.

Proof By the definition of the semi-norm | - |p/, we have

Muplp =D D> hg! / [Mvp]% ds. (3.10)

TeP E€Ep ENTAD  ghp

Therefore, to prove (3.9), we only to prove that for all T € P,

> Mpli S lvplt .. (3.11)
E€Ep, ENTA)
2
Noticing gx'f]; € Qr—1(7) for T = 1, we have
52 o2
Up vp
ZLHvPJgij = AI y.Jj Z gy Ay T ) = A;J / axdy (x, g;’j)dx
€7y i€Zy

Xk—1

. dvp dvp
_AV/a (xk, 8y, ;) — »,3 (xklgH)

On the other hand, by (3.4), we have

D Mvplg = Mol — [Moplger.

1€y
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Then,

av v
Ty OVP Tl ATt 9VP Tl
},,.,W(x;c, 8yj) —A (-1, 8,7)- (3.12)

[HUP]EEI#J - [HUP]E(Z%}I~X =A Y gy

‘We note that for all k,

[(Mvp] w100 = [TTop] wx,
EY Eyf;

Moreover since 22 is continuous across the edge of T N Tk—1.7, We have
Dy g , .

dvp 7 7, OUP

Th—1.1 k—10\ _
A Wuk,gy’j )= Ay’jiay (xk, &

Tk,1
y.J )

. Jj’

Then (3.12) can be rewritten as

9 el ’
ATkl VP (g, ™) — A”‘"’E(xkfla gy (3.13)

[HUP]ES{ch.LX — [HU’P]E;{C}I*X = v.j ay 28y, y.j ay y.j

Since vp = 0 and ITvp = 0 on 92, we have

dvp Tkl Tkl
W(gx,r+l’ 8y ) = 0, [HUP]E;/;I~«V =0.

Then by (3.13), forallt =1 ; € P, j € Z,, we have

31)73
(Muplgg: = 4775 (85083, (3.14)

Therefore, by the inverse inequality and shape regularity of P, and the fact that A;y i he,
we have

dvp
‘[HUP]E@X, She|——C.87)
" dy g FASTER
ov
Sheh)72 [ L (gl )
dy L2 (xg—1.x%)
i L
Shr 7(‘7 gy’/') .
dy © L2 (o)
Fori € Z,,
1
[Moplgrs = [Mup]ger + Z}anpjg;_j
1=
i 2
d vp
= ol 45, 3 AL G
i'=1
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and by the inverse inequality and the fact that AT ; ~ h,

i

9%vp 9%vp
AT ,,7(g.r, ) Shr‘ —(, gT )
ﬂ; Xl 8x8y v 8x8y y-J L (Xg—1.%%)
182
Shi 5Pl
dxdy L2 (x—1,%%)
dvp
= hr —C, g;_j) s
dy L2 (1%
Therefore for all i € Z?, there holds
1 31)7)
’[HUP]EI-.X < he Ha('»g;,]’) .
! y L2 (xk—1,X%)
Consequently,
Xk )
2 ad
S [moptg [ s b [ 520 )] e (3.15)
i dy Vi
iez) X1
Since fm | (6”7’ (x, )) dx is a polynomial (w.r.t y) of degree less than 2r — 1, we have
/ ad ad 0
> AE,J-/( O (67 ) ) dx = / / (ﬂ@ n)) dédy H al I
JELr —1 Vi—1 Xg—1 L@
Noticing (3.15) and the fact that A;’ i h;, we obtain
2 avp |?
Z ([HUP]E}-.X) < oy .
i€z, jel, N Y 2@
Similarly,
3U7>
> ([nw] £ H :
ieZ, . jer? ; L2(v)
Recall Epr N T = {El.r’jy|i €Z,jeZ}U{ fﬂl €70, j € Z,}, we obtain
> (Mvple)* < lvpli ..
Eégp/ﬂ‘[
That is, (3.11) is verified. The inequality (3.9) then follows. ]

With the help of I, we obtain a bilinear form ap (-, I1-) which is defined only on the
trial space Uj,. We next show the coercivity of ap (-, I1-). An essential idea in the proof is to
express ap (-, [1-) as a Gauss quadrature of some finite element bilinear form.

Theorem 3.6 If « is piecewise constant with respect to P, then

ap(vp, Tup) > aolvpl], Yup € Up. (3.16)
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Proof We define two functions for all (x, y) € Q by

y X

vl(x,y)z/a(x y) (x ydy', vz(x,y)z/cx(x y) (x y)dx'.

c a

A straightforward calculation yields that

ap(op, Tlop) == > > [Moply (v'(7) + 0287 ) -

tePi,jEl,
Noticing that (3.7) holds for all gl € G, we obtain
ap(vp, Mvp) = 1) + I,
where
S ID I SRR
t€Pi,jELy
and
=T > AL AT el vl ).
y J iJ iJ
te€Pi,jeLy dx 8

We next estimate /;. To this end, for all T = 74 ; € P, i € Z,, we denote by

d%vp ?vp
EWF/ " (gT i (gl y)dy — Zamamww%ﬁm
Z

dxady

Vi-1 JELy

2
the error of the Gauss quadrature of the function %;g;
[yi—1, y1]. Moreover, let

Res = Z Z A% Erre;.
teP i€,

With this notation,

8 vp
Z Z / (gx i y)v (gx i»y)dy + Res

teP i€l

Since « is a constant in each T € P, and for any given y € [y—1, y11,

32
W( G y) € Pora (-1, xk])

Then
Xk 32
= / oxdy P (x, v (x, y)dx.

Xk—1

> A Pvp
“toxa

1€l

(g;yi, ~)v1(g;’i, -) in the interval
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Consequently,

Yoo Xk
32
n==% [ [ 552w dxdy + Res

TE€PY | Xk

d b
82
_// UP(Ly)UI(x,y)dxderRes
c a

axdy

d b
2
://ot(x,y) (%’—xp(x,y)) dydx + Res, (3.17)

where we have used integration by parts in the last equality.
We next estimate Res. Using the fact that « is a constant 7, we have

321)72
dxdy

(8. (8L ) € Por(Lyi—1, yi]).

Then forall y € [y;_1, y;],

%) (9vp
ay@) (Bxay

1 r )
(gL (gl .)) =a@n)!——az; > 0.

where a;; is the leading coefficient of the polynomial ‘%U;i (g;y ;» ) in . Consequently,
Err:; > 0,Vt € P,i € Z,
and thus
Res > 0.

In summary,

b d 5 5
I zao//(%(x,y)) dydx. (3.18)

a ¢

By the same arguments,

d b 3 5
I Zoeo// (aL;(x,y)) dxdy. (3.19)
c a

Combining (3.18) and (3.19), the inequality (3.16) follows.

o1l a2

Remark 3.7 We can extend the above result to the case that ¢ = (a o
21 022

[m}

) is a positive

definite matrix where o;;, 1 <7, j < 2 are piecewise constants with respect to 7. In fact, in

this case, we have

ap(up, Top) = = > > (Muplg, (v'67 ) + 02l ) = I+ o,
t€Pi,jEL,
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with

y
dvp avp

vl(x,y)z/ a1 — +apn—— ) (x, y)dy',
ax dy

c

and

X
ov ov
vi(x,y) = / (aZ] 3—: + azza—;) &', y)dx'.

a

By the same arguments in the proofs of Theorem 3.6, we obtain

d b 32
= —// P o (x, y)dxdy
dxdy
c a
" ] ] ad
v v v
:/\/‘773 011177)4-()(]277D dxdy.
by ax ay
c a
Similarly,
d b 5 5
122//2(0121 L +a227)dxd
y a a
c a
Consequently,

b 2
ap(vp, Mvp) Z//(VUP)TdVdexdy
C

a

The inequality (3.16) follows from the positive definitness of «.
Summarizing the above two lemmas, we obtain the following inf-sup property.

Theorem 3.8 Let P be a shape regular and quasi-uniform partition with the meshsize h. If
the coefficient o is piecewise constant with respect to P, then the inf-sup property

. a v wpr
inf  sup GPWPWR) o (3.20)
vpeUp wp eV, VP 1w |pr

holds for all h. If a is piecewise continuous with respect to P, then (3.20) holds when the
meshsize h is sufficiently small.

Proof When « is piecewise constant, by (3.16) and (3.9), for any vp € Uy,

ap(p, wp) _ ap(vp, Mup) _ aolvpl]
sup > >

> > Z lvplr.
wpreVp WP lpr [MTvp|pr [MTvp|p

The inf-sup condition (3.20) is proved.
When « is only piecewise continuous, let

1
a(x,y) = m/a(x, yv)dxdy, V(x,y)eteP
T
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and denote the piecewise modulus of continuity of « by
mp(a, h) = sup{‘a(xl) —oz(xz)’ : |x1 - xz‘ <h, Vx;,xo€r1, V1€ P}.

The fact that « is piecewise continuous implies that mp (o, k) converges to O when & goes
to 0. Since « is piecewise constant, by Lemma 3.6,

ap(p. Mup) = > [nvp]/&g—sds > aglvpl?.
EcEp z
On the other hand, by the same arguments in Theorem 3.1, we have
lap (vp, Mvp) — ap(vp, Mup)| S mp(a, h)vpli,
Then when 4 is sufficiently small,
ap(vp. Mup) = (a0 — emp (e h) |vp[} o = T [op ] o

The inf-sup condition (3.20) is proved. O

3.3 H! Error Estimate

We begin with some preparations. First, by the inverse inequality,
|v7>|73 ~ !v'p}l, Yup € Up.
With this equivalence, we deduce from the inf-sup condition (3.20) that

inf sup M > co, (3.21)

vPeUp wp eV (VPP IWpr [P

where the constant ¢y = co(r) depends only on r.
Letu; € Ug be the interpolation of u that satisfies

ur(P) =u(P), VP e NyL.

Note that similar interpolations have been used in the literature for superconvergence analysis,
see, €.g., [41,42] for the one-dimensional situation.
We are now ready to present our main result.

Theorem 3.9 Letu € Hj(Q) N H3(Q) be the solution of (2.1) and (2.2), up the solution
of (2.5). Then for sufficiently small h,

M
lu—up|, < EUPIQ{@'”_”P‘P' (322

Consequently, ifu € Ht1(Q),
lu —uply S h"lulrsr, (3.23)

where the hidden constant is independent of the mesh size h.

Proof By (3.2), (3.3) and the inf-sup condition (3.21), for all vp € Up, there holds

M
‘u —up|P < ’u —v7>|73+ |v7> —up|,P <{14+— |u—v7:|73.
co
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Using a technique in Xu and Zikatanov [38], the constant 1 + % in the above inequality can

be reduced to % That is, (3.22) holds.
We conclude from the definition of | - |» and (3.22) that

lu—upli <|lu—uplp S inf |u—vp|p.
v»peU;,

Note that

inf fu—vplp <|u—urli +hlu—upl,
UPEU;)

where uj is the Lagrange interpolation of u at the Lobatto points in the trial space Uf. By
the standard approximation theory, we obtain the estimate (3.23). O

3.4 Superconvergence and L? Error Estimates

We first present a superconvergence result and then use it to establish our L? error estimate.

Theorem 3.10 Assume that u € H} (Q) N H () is the solution of (2.1)~(2.2), and up
is the solution of the FV scheme (2.5). Then for all wp: € Vpr,

1
lap = up, wp)l S Al plwerlpr, (3.24)
1
2
where |ul,42.p = (Zre'P |u|3+27t) . Consequently,

lup —uply S 0 ulryop. (3.25)

Proof We can derive the following inequality by the standard superconvergence argument,
see, e.g., [43], forall T € P, i, j € Zp,

A —uy) o(u —uy)
— &) =) S W lulsa1 e
X Loo[g;_jvg;ﬁj+|] y Lm[g;i’g;’.i+]]
(3.26)
It follows from (3.1) that
1
du—up?
lap @ —ur, wp)| < llelloolwply [ D] hE/ (T ds
Eeg)y E
SH wplplulrsa,p,
1
where in the last step we have used (3.26) and the fact |u|,42,1,- S h2|u|, 42,1
We next show (3.25). By the inf-sup condition (3.20),
lur —uplt < sup —ap(up — 1, wp) = sup 7%(” 1 p)
wyeV) |wp|p wyeV), |wp|p
Combining the above inequality with (3.24), we derive (3.25). O

As a direct consequence of the superconvergence result (3.25), we have the following L?
estimate.

Theorem 3.11 Assume that u € H(} (Q) N H't2(Q) is the solution of 2.1)—(2.2), and up
is the solution of the FV scheme (2.5), then there holds

lu —uplio < A" ully+o. (3.27)
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Fig.5 r=2 10°

Proof By the triangle inequality,
lu —upllo < llu—uzllo + llup — uzllo

where u; is the interpolation of u given in the previous subsection.
Since u; = up = 0 on 92, we have by the Poincaré inequality that

1
lup —urllo S lup —urly S A ulryo.

~

Moreover,
1 1
e —urllo S A ullrrr < Bl rgo.

Then we have (3.27). O

Remark 3.12 1In the above L? error estimate, we do not need to use the so-called Aubin—
Nitsche techniques.

Remark 3.13 Comparing with most results in the literature for lower-order FVM, our concern
here is higher-order method. To the best of our knowledge, the superconvergence result and
even optimal convergence result for the arbitrary order of the FVM in our paper has not
been reported in the literature. Apparently, some regularity assumption has to be made in
order to realize the high-order convergence rate. Of course, the restrictive global regularity
assumption makes the method less practical. However, it is a common practice to apply local
mesh refinement and adaptive procedure to overcome this difficulty.

Remark 3.14 Regarding the Remark 3.7, all the results in Theorems 3.8-3.11 can be extended
to the general case that « is a positive definite piecewise continuous matrix.

4 Numerical Results

In this section, we present a numerical example to validate the theoretical results proved
in previous sections. We consider (2.1)—(2.2) with « = 1 and Q = [0, 11%2. We choose the
right-hand side function

flx,y)= 272 sinx sinry, (x,y) € [0, 1]2
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Fig.6 r=3 10°
107
10"
10°
10°
-10
1074 ,
10 10
Fig.7 r =4 10°
10°
10"
10°
10°
107
-12
107" ,
10 10
Fig.8 r=5 10°
10°
10
10°
10°
107
107"
_14 N
1075 0 2
10 10 10

which allows the exact solution
u(x,y) =sinzxsinzy, (x,y) €0, 1]%

Weuse FV schemes (2.5) withr = 2, 3, 4, 5 tocompute FVM approximate solutions of u. The
partition P;, j =1, ..., 6, are obtained by uniformly refining the unite square [0, 1]2. For
simplicity, we write u ;, instead of up ;> as the finite volume solution up; € U{,j. Moreover,
we denote by /; the meshsize of P;.

The numerical results are demonstrated in Figs. 5, 6, 7, and 8, respectively. In these figures,
the horizontal coordinate always indicate the quantity —log / ;, while the vertical coordinate
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present the logarithm of errors. We depict 4'; by the solid curve with ‘0]’ and depict Rt
by the dash line. We depict |u — u j| 51 by the solid curve with ‘°, [lu — u ||, 2 by the solid
curve with ‘A’, and |u; — uj|g1 by the solid curve with ‘+’. We observe that |u — u |y
decays with the convergence rate h; which supports our theory (3.23). We also observe that

both |lu — ujll;2 and |u; — u |y decay with h;”l) which support our L? estimate (3.27)
and superconvergene result (3.25), respectively.

5 Conclusions and Future Works

The design and analysis of high-order FV schemes are challenging tasks. This paper is the
second one in its series that attempts to set up a mathematical foundation for a family of high
order FV schemes. In a previous work [9], we studied convergence and superconvergence
properties of FV schemes of any order for the one-dimensional elliptic equations. In this
article, we only report our results for rectangular meshes. In a forthcoming paper [40], we
extend our results for the rectangular mesh to general quadrilateral meshes with rather loose
mesh conditions.

The higher dimensional case is fundamentally different from, and much more complicated
than the one dimensional case. We would like to stress that the proof in the current paper is
not a simple generalization of the one dimensional situation. The traditional tensor-product
does not apply.

We also would like to mention that the emphases of the rectangular mesh and general arbi-
trary quadrilateral mesh papers are different. In the current rectangular paper, the emphasis
is on arbitrary order instead of a case-by-case study for quadratic, cubic, etc.; in the quadri-
lateral paper, the emphasis is on the nearly arbitrary mesh. The main difficulty is that for
unstructured meshes, we are unable to determine the ordering, and the situation is much more
complicated. The analysis involves a lot of tedious topological and geometrical discussions.
Moreover, for an arbitrary quadrilateral mesh, the transformation from the reference square
to an arbitrary quadrilateral is no longer an affine mapping. As a consequence, the integrand
in the transferred bilinear form are not polynomials anymore. We have to take into account
of residual of the numerical quadrature. Special care and new design must be taken for the
analysis of FVM on a general arbitrary quadrilateral mesh.

Acknowledgments The authors would like to thank a Ph.D. student, Waixiang Cao for her assistance in the
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