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The arbitrary order mimetic finite difference
method for a diffusion equation with a
non-symmetric diffusion tensor

V. Gyrya, K. Lipnikov
July 14, 2017

Abstract

We present the arbitrary order mimetic finite difference (MFD) discretization for
the diffusion equation with non-symmetric tensorial diffusion coefficient in a mixed
formulation on general polygonal meshes. The diffusion tensor is assumed to be positive
definite. The asymmetry of the diffusion tensor requires changes to the standard MFD
construction. We present new approach for the construction that guarantees positive
definiteness of the non-symmetric mass matrix in the space of discrete velocities. The
numerically observed convergence rate for the scalar quantity matches the predicted
one in the case of the lowest order mimetic scheme. For higher orders schemes, we
observed super-convergence by one order for the scalar variable which is consistent
with the previously published result for a symmetric diffusion tensor. The new scheme
was also tested on a time-dependent problem modeling the Hall effect in the resistive
magnetohydrodynamics.

1 Introduction

The last decade has seen a development of a large number of discretization methods that
work on unstructured polytopal (polygonal or polyhedral) meshes. Such meshes are in
high demand in various engineering applications due to a critical flexibility they provide
for working with complex geometries (e.g. subsurface flows). They appear as a result
of mesh refinement, de-refinement, reconnection and other optimizations. They may also
appear in multi-physics applications as dual to simpler meshes (e.g. Voronoi mesh as dual to
a triangular mesh). In this time period, many discretization methods on polytopal meshes
were extended to higher order. Higher-order schemes reduce significantly numerical diffusion
which is critical for a number of multi-physics applications, e.g. for problems with dominated
vorticity.

In this paper we present a new arbitrary order mimetic finite difference (MFD) method
for diffusion problems with non-symmetric tensorial coefficients written in a mixed form.



This work revisits and extends the ideas developed in [14] for diffusion problems with sym-
metric tensors. The derivations are limited to polygonal meshes, although the underlying
construction can be readily adjusted to polyhedral meshes.

The MFD method mimics important properties of the mathematical and physical sys-
tems such as conservation laws, symmetries, and duality of first-order differential operators.
We refer readers to [14] for the discussion on the relationship between the MFD and other
recently developed methods that can also work on polygonal meshes, such as the polyg-
onal finite element (FE) methods [23, 20], hybrid high-order methods [5, 6], discontinuous
Galerkin methods [7, 4], weak Galerkin method [17, 24], virtual element method [1, 3], mixed
finite volume (FV) method [9, 8], hybrid FV method [11], discrete duality FV method [16],
and gradient schemes [10]. We also refer interested readers to a review article [18] for a com-
prehensive historical overview of the development of mimetic schemes from classical finite
differences to their present form.

Symmetry played a crucial role in the construction of the high-order mimetic schemes in
our previous work [14], as well as in all prior mimetic schemes [18]. However, no extension
to the case of a non-symmetric diffusion tensor has yet been done. This work addresses this
shortcoming by analyzing various strategies for including asymmetry in a discrete scheme.

Although in most diffusion problems the diffusion tensor is symmetric (even isotropic),
there exist a number of important applications that give rise to a non-symmetric diffusion
tensor, e.g. in magnetohydrodynamics [21, 22, 25] and in ocean modeling for representing
eddy-induced transport phenomena [12, 13]. In Section 5, we consider a mathematical model
of plasma with the Hall effect which could be cast as the diffusion problem with a non-
symmetric diffusion tensor. The asymmetry may also appear as the result of incorporating
an advection term into a diffusion one, see Section 2.3. In our numerical experiments, we
will consider elliptic and parabolic problems with a non-symmetric positive definite diffusion
tensor that is either independent from solution or has the anti-symmetric component that is
proportional to the solution.

The standard recipe for building mimetic schemes requires the mass matrix (in the space
of discrete velocities) to satisfy two conditions: (i) the polynomial consistency and (ii) the
spectral stability. Typically, one can write the cell-based mass matrix as a sum of two
terms. The first term satisfies the consistency condition, but is a generate matrix for a
general polytopal cell. The second term restores positive definiteness without breaking the
consistency condition. Moreover, it guarantees uniform spectral bounds on shape regular
meshes. This decomposition of the mass matrix can be viewed analogous to how a solution
of an under-determined system can be written as a sum of a particular solution plus a general
solution of the homogeneous system. The general solution is then selected in such a way to
satisfy additional conditions, the spectral stability on our case.

In the case of a non-symmetric diffusion tensor, one can write two (left and right) con-
sistency conditions, whereas in the symmetric case these conditions are identical. The right
consistency condition is related to scheme accuracy, or its ability to satisfy the patch test,
i.e. the scheme reproduces exactly polynomial solutions that belong to the approximation
space. The left consistency condition becomes important when we want to solve efficiently



both the primary and dual diffusion problems. In this paper, we compare schemes with one
and two consistence conditions. It appears that additional (the left) consistency condition
can further improve (sometimes significantly) accuracy of the higher order schemes.

Efficient numerical solution of a diffusion problem is based on the hybridization of the
mixed formulation. The hybridization procedure requires only inverse of the local mass
matrix. Regardless of the number of employed consistency conditions, we can directly build
the inverse of the mass matrix. The inverse matrix satisfies its own consistency conditions
that are similar to that for the mass matrix; hence, it is built as the sum of the respected
consistency and stability terms.

If for some reasons one needs a cell-based mass matrix, it can be easily build in a scheme
based on only one (the right) consistency condition. For the schemes with two consistency
conditions, we were unable to find a simple form for the stability term; hence, the construc-
tion of the inverse matrix has to be done first followed by its inversion.

The magnetohydrodynamics problem considered in Section 5 is the example of a problem
with non-standard boundary conditions. In this problem, value of the normal derivative is
specified on the boundary instead of a more conventional value of the flux which depends
on the diffusion tensor. We extended the mimetic discretization technology to support such
boundary conditions.

The rest of the paper is organized as follows. In Section 2 we present the elliptic and
parabolic problems and write them in the mixed form. In Section 3 we present basic steps in
the construction of mimetic schemes leaving details of the inner product matrix construction
to Section 4. In Section 5 we present several numerical results that verify important proper-
ties of the mimetic schemes such as convergence rates and robustness on polygonal meshes.
In Section 6 we make several concluding remarks. In the Appendix we present additional
details that could help a reader with better understanding of some construction steps.

2 Problem statement

First, we consider a general elliptic problem and develop its mimetic discretization, since
it contains major discretization challenges. Then, we extend the construction to parabolic
problems by discretizing the accumulation term.

2.1 Elliptic problem

Consider a steady state diffusion problem in  C R? for a scalar variable p, referred to as
the potential, with a scalar forcing term f and a diffusion tensor K:

—div(KVp) = f in

subject to the boundary conditions on 92 = T'p U ['y:

p = ¢gp on FDa (1)
n-(KVp) = gy on Iy,



where n is a unit outward normal. We will also consider a variant of the Neumann boundary
condition of the form
n-Vp=gy on Iy. (2)

The Neumann boundary condition in (1) is the most natural choice, while condition (2)
appears less often in physical systems and requires a more detailed discussion.

The diffusion coefficient K may not be symmetric, yet it is assumed to be strongly elliptic,
i.e. there exists positive constants a, and o* such that

x| < x'Kx < of|x|? for any x € R

For the rest of the paper we will assume that d = 2; yet, the construction can be readily
adjusted to d = 3 like it is done in [14] for the case of a symmetric tensor.

We rewrite the original equation in a mixed form using an auxiliary variable u = —KVp,
referred to as the velocity or flux:
K'u = -Vp .
{ diviw) = f in Q. (3)

The boundary conditions (1) are naturally written as boundary conditions for p and u:
p=gp on I'p, and n-u=gy on I[yu.
The non-standard Neumann boundary condition (2) takes the following form:

n-K'u=gy on Iy.

2.2 Parabolic problem

Discretization for a parabolic problem is the natural extension of that of an elliptic problem.
Let
pe —div(KVp) = f in Q,

subject to boundary conditions (1) and the initial condition
p(0,x) = go(x) in €.
The mixed formulation of the parabolic problem is written as

Klu = -Vp .
{pt—l—div(u) _ in Q.

The boundary conditions for this formulation have the same form as in the elliptic case.



2.2.1 Time discretization of the parabolic system

Let us define velocity u"*? for an integer n and a parameter 6 € [0, 1] as the linear interpo-
lation of two adjacent (in time) velocities u™ and u™*':

ut = gu" 4 (1 - 9)u”,
The time discretization takes the following form:

—1,,n+60 _ n—+60
K™ u = —Vp",
n+1

g 1)
P P : n+0 — n+60 (
—xy + div(u"™) frre.

The value of # = 1 corresponds to the implicit Euler discretization; § = % corresponds to the
Crank-Nicolson discretization; = 0 corresponds to the explicit discretization.

2.3 Antisymmetric diffusion as advection

In this section we establish a link between the antisymmetric part of the diffusion tensor and
the advection operator. Let K, denote the antisymmetric part of K:

1 T\ O’ia
§(K_K)—|:—I{a 0}’

where k, may be spatially dependent. Consider the term

K, =

div(Kan) = Ra,zPy — RayPz = CU.I‘l(lia) : Vp‘

When &, is curl-free, the antisymmetric part of the diffusion tensor has no contribution to
the elliptic operator. In particular this is true for constant x,. For k, that is not curl-free
the antisymmetric part K, leads to a term that can be interpreted as the advection operator.
In this case curl(k,) can be interpreted as a velocity.

Remark 1. A converse of the above is also true. Any advection term that can be written in
the form curl(k,) - Vp can be rewritten as an antisymmetric part of the diffusion term and
discretized using the approach of this paper.

3 Mimetic finite difference method

Let us consider a sequence of shape-regular mesh partitions €, characterized by the mesh
size parameter h. On a mesh 2, we define discrete analogs py,, ¢, and f;, of scalar functions
p, ¢ and f, and discrete analogs uy, v of vector functions u, v. They will be introduced
formally in Section 3.2. We assume that p, and ¢, belong to the linear approximation space
()1, which is referred to as the space of scalar grid functions, and that u; and v;, belong to
the linear approximation space X, which is referred to as the space of flux grid functions.



We equip @)}, with the mimetic inner product [+, ]g, , see Section 3.4 for more details, and
X, with the bilinear form [-, -]y, , see Section 3.6. Due to asymmetry of K, the bilinear form
[-,-]x, is not an inner product. Instead, we will refer to it as the extended inner product,
since all conditions other than symmetry are satisfied by it. The construction of the extended
inner product is one of the main goals of this paper.

Let DIV : X;, — Q) be a discrete divergence operator which is introduced formally in

—_——

Section 3.5. It approximates the continuous operator div. Furthermore, let GRAD : Q;, —
X}, be a discrete gradient operator, see Section 3.8 for its construction. It approximates the
combined operator KV. In the mimetic framework, the discrete divergence and gradient
operators satisfy a discrete analogue of the Green formula.

Let X}, be a subspace of Xj, of functions that satisfy the Neumann boundary conditions.
The mixed MFD formulation for the elliptic system (3) reads: Find p, € Q) and u;, € X,
such that

u, = _g%ph7
DIV u, — fh~

3.1 Preliminary notations

We define P;(E) as the space of polynomials on mesh polygon F of degree at most [. The
dimension of the space P;(E) is equal to nf = (I+1)(l1+2)/2. Here [ is a generic integer and
in the formulation of the method it may take different values. Let M'(E) := {mp,}

be a set of nf scaled monomials forming a basis in P;(E),

=2\ (Y= Yer
P @ Y- beb) 5
e, ( hg ) ( hE ) ©)

where hg = |E \% scales like the diameter of cell E, (z.g,y.r) is its center of mass, and
(@, viy) is a multi-index such that o; , 4+, < [. We assume ascending alphabetic ordering
of the multi-index so that mgo = 1. The scaling in (5) simplifies enforcement of the spectral
stability conditions. It leads to a simple scaling relation between matrices built on elements
that can be obtained from one another by scaling, see Appendix B.

We define the projection operator IT¥ : L*(E) — Py(E) by the following conditions:

- E
1=1,...,m

/HlE(u)p dE:/updE for all p € P(FE).
E E
With a slight abuse of notation, we use the same symbol for the vector projection operator,
IF : (L*(E))* — (P(E))4, which is defined component-wise using the above formula.

For the mesh edge e and a non-negative integer number [, we take P,(e) to be the space
of polynomials on e of degree up to [. The dimension of the space P(e) is nf =1+ 1. Let
M(e) := {me,itiz1,..ne be aset of scaled monomials forming a basis in Pl(e):

Mei = Siila (6)



where s defines the local variable for edge e. It is equal to zero at the edge center and +1
at the edge end points
We define the projection operator II¢ : L?(e) — Pj(e) by the following conditions:

/Hf(u)p dE = /u pdE  forall p e Pie).

€ €

When working with square matrices we will often find a need to extract their symmetric
part. It will be convenient to introduce a shorthand notation for this

MS::%(M+MT),

where M7 is the transpose of M.

3.2 Degrees of freedom and local interpolation operators

Let k£ > 0 be an integer associated with the polynomial order of our scheme. For a cell FE,
the local approximation space Qg consists of nf” | DoF that are associated with the interior
of the cell, see Fig. 1. The local interpolation operator I : L*(E) — Qg is defined using
monomials (5) as follows

1
I _ g1 I _
E {pEvi}izl,...,nkE_l7 Pp; = E /Eme,i dE.

There is a one-to-one correspondence between Qp and the space of polynomials Py_1(FE).
The global approximation space @)y, is defined in terms of the local ones as

Qn={pn: prle € Qr}, (7)

where pp,|p is a restriction of p, to cell E. Note that this definition does not include any
boundary conditions.
For a cell F, the local approximation space X g consists of two groups of DoF's (see Fig. 1):

e (nf_, — 1) degrees of freedom, vy, associated with the interior of the cell;

e n¢ degrees of freedom, v! ,, associated with each edge e of the cell.

el7

The local interpolation operator I : L?(E) — Xp is defined separately for each group. For
the internal DoF's, we use scaled monomials (5) except for mpo = 1:

h

I E

. -Vmpg, dE. 8
Vg, = | El ), v mg (8)
For the edge DoF, we use monomials (6) and the fixed edge normal vector n.:

vl = €|/V n.) me,; de. (9)

The global approximation space Xj, collects all unique DoF introduced above. The space
X}, is the subspace of Xj that satisfies the Neumann boundary conditions discussed in
Section 3.7.



OO G

k=1: flux k=1: scalar k=2: flux k=2: scalar
- normal edge moments e - potential face moments
k=3: flux k=3: scalar k=4: flux k=4: scalar

Figure 1: Degrees of freedom for approximation spaces Qg and Xg for k=1,2,3.4.

3.3 Mesh regularity assumptions

A number of assumptions on the shape of mesh cells needs to be made for the numerical and
theoretical analysis of the proposed schemes.

(MRA1) There exists a mesh independent number p,, such that every cell E is star-shaped
(i.e. visible from) with respect to every point of a circle of radius p.hg.

(MRA2) There exists a mesh independent number N,, such that every cell £ can be
conformally partitioned into at most N, shape-regular triangles T, i.e.

p*hT S rr, (10)

where r¢ is the radius of the inscribed sphere in T and h is the diameter of T

3.4 Inner product on @

We start by defining the global inner product [-,-]g, as a sum of local contributions:

s @l = Y _lpns anlos

E
The local inner products [-,]g, satisfy the consistency condition
[Pl qklos = / pqdE forall p,q€Pr1(F). (11)
E

Due to the one-to-one correspondence between Qi and Pj_1(FE), the local and, hence, the
global inner products are well defined by (11). In the matrix form, the local inner product
-, -]op is represented by a symmetric positive definite matrix Mg, . The global inner product
is represented by the block-diagonal matrix M, with as many blocks as there are mesh cells.

8



3.5 DIV operator

Hereafter, we consider mostly a single cell E. For each edge e of this F, we assume that
n, is the exterior normal. Orientation of the edge normals is important for the assembly of
global operators and global matrices.

Let DIV g denote the discrete divergence operator restricted to cell E. This operator is
defined in such a way that it commutes with the interpolation operator, i.e. for any function
u and its interpolant uk, € Xz, we have

DIVpul, = (div u)k.
For any polynomial p € Py_1(E) and its interpolation pf, € Qg we have
[DIVpuk, phlo, = / (div u)p dE = —/ u-VpdE+ > [(u-n)p de. (12)
E E ecOE Y€

Since p is a polynomial, the right-hand side of (12) can be written in terms of the DoF of
ul. Thus, (12) defines the local (and hence the global) divergence operator uniquely.

3.6 Extended inner product on X,

We define the global extended inner product [, | x, as a sum of local extended inner products:

Vi, wilx, = Z[Vh|Ea 5] xp-
E

A key to the construction of an accurate local extended inner product lies in the consistency
conditions. Due to asymmetry of the tensor K, the extended inner products are no longer
symmetric. As a consequence, instead of a single consistency condition, like in the previous
mimetic schemes, we have two consistency conditions.

Consistency conditions: For all p € Pr.1(FE) and for all v such that divv € P,_1(F) and
v -n € Py(e) for all edges e € OF we have

(IEKTVp), vhx, = / Vp-v dE, (13)
vh (TEK Vp)]x, = / Vp-v dE. (14)

Hereafter (13) is referred to as the left and (14) as the right consistency conditions. Note
that the space of functions v above is sufficiently rich so that vi covers all of Xg. Also
note that the right-hand side in both conditions is the same and can be computed without
explicit knowledge of v inside cell £ using only its DoF":

/Vp-vdE:—/p(divv) dE+Z pv-nds. (15)
E E

ecOE v €



Thus, the right-hand side can be written as the dot products rz(p)? v with computable
vector rp depending on polynomial p.

The right consistency condition is necessary and sufficient for scheme convergence. The
left consistency condition is necessary when the primal and dual problems have to be solved
simultaneously. Our numerical experiments indicate that it also improves significantly ac-
curacy of the primal problem. We also observed a slightly higher convergence rate. The
construction of the extended inner product is done in Section 4.

In addition to the consistency conditions, we require the stability conditions, which is
formulated in terms of the matrix Mg corresponding to the local extended inner product
[11][5, V]IE]XE'

Stability conditions: There exists two positive constants oy and oy such that for any cell
E and any vector V' € Xp these two conditions are satisfied [19]:

awlE||VI* < VIMEV, (16)
IMEV|| < au| EJ|[V]], (17)

where ||V indicates the Euclidean norm of V.

Remark 2. Note that condition (17) implies
VIMEV] < s | B[V (18)

but not the other way around, i.e. (17) is stronger than (18). The conditions (16) and (18)
are both conditions on the symmetric part of the generalized inner product matriz Mg, while
(17) also bounds the asymmetric part of M.

3.7 Neumann boundary conditions

Typically, the Neumann boundary condition specifies the flux on the domain boundary. How-
ever, in some applications (e.g., see the resistive MHD problem in Section 5.2), the normal
gradient of the solution may be specified. On the discrete level, in all cases the Neumann
boundary conditions prescribe values to some DoF of u,, hence effecting the definition of
the approximation space. For the conventional Neumann conditions, we prescribe the given
flux values directly to the DoF:

)?h:{uh: uh‘EEXE andforeGFN Ue7a:/gNma dS, CKZO,...,]{}- (19)

e

To approximate the non-standard Neumann boundary conditions, we need a local ap-
proximation of the gradient, i.e. — K !'u. This approximation will be defined on each near-

boundary cell as a linear map
LE : XE — XE7

such that for any ug, vp € Xg we have
[uE, VE]XE = [[uE7 LEVEHXE- (20)

10



Here [[-, -]]x, is the inner product built the same way as the extended inner product [, -|x,,
but the tensor K is replaced with the identity tensor. Thus, [[ul, vL]]x, approximates
S v dE. Let I\\7[[XE be the matrix of the new inner product. Then, the linear map L is
defined uniquely by (20) as

Lg = My Mx,.
For each e € I'y and the attached cell E, the non-standard Neumann boundary condition is
written as

(Lpug)ea = /QN Mmq ds, a=0,.... k.

This equation can be used to eliminate the DoF corresponding to boundary edges from the
final system. Formally, the global approximation space for the flux is defined as

X, = {uh: uy|p € Xg, foree'y,e € OF (Lpug)ea = /gNma ds, a =0,... 7/{}. (21)
Remark 3. Definition (21) reduces to definition (19) when we replace Lp with the identity
matrix. This framework can be generalized to any boundary conditions of the form TVp-n =
gn where T is a positive definite tensor.

e~ —

3.8 GRAD operator and Dirichlet boundary conditions

We define operator GRAD : @), — X, via a discrete version of the Green formula. This
operator is the dual to operator DZV when the homogeneous Dirichlet boundary conditions
are imposed on I'p. Recall that for a function v with zero normal component on I'y, we
have

/QV‘Kl(KVp) dQ:—/Q(divv)p dQ+/FD(V~n)p ds.

Consider the interpolant vi € X;. Then for any pj, € Qp, we consider the following discrete
Green formula:

[vi, g%ph] —[DIV V], prlo, + Z / v-n)Il;(gp) ds. (22)

BEFD

The projection operator in the integrals over edges corresponding to the Dirichlet boundary
conditions allows us to express them in terms of DoF of vI see (9).

3.9 The forcing term f;

The forcing term fj, is approximated on each cell E by taking its orthogonal projection onto
polynomials of order £—1. For any piecewise polynomial function ¢ such that ¢|p € Pr_1(FE),
we have the following identity

[fns @) Z/H qu:Z/Efqu.
B

11



4 Extended inner product on space Xpg

Recall that the extended inner product [-,-]x, is represented by matrix Mx,. To simplify
the notations, we shorten or drop completely the subscript, i.e. we write either Mg or M.

Let us first rewrite the left-hand sides of (13) and (14) as vector-matrix-vector products
and the right-hands sides as dot products of two vectors using (15). Since vg is the arbitrary
vector, we can cancel it to obtain the following matrix equations:

NfM = R7T, (23)
MN, = R. (24)

The columns of rectangular matrices N; and N,. consist of DoF of L?-projections I1Z (K" Vp;)
and I1Z(KVp;), respectively, where p; = hg mp,, i > 1:

Nl — NlJ? L. ’vankEJrl*l] and Nr = |:Nr,17 .

9 Nr,nkE,‘+171 )

The scaling coefficient hgy makes matrices N; and N, scale-invariant, see the Appendix for
more details. The columns of R are vectors R; = rp(p;i1):

R:[Rl,...RE (25)

) nk+1—1] .

It is important for subsequent derivations that matrix R does not depend on the diffusion
tensor K.

Lemma 1. The matrices in the left and right consistency conditions (23) and (24) satisfy
N/R =R”N, = K. (26)

Moreover, K is the positive definite matriz.

Proof. Let p,q € Pry1(E). Using the matrix form of the consistency conditions and defini-

tions (13)-(14), we have

Nlj,;Rj ¥ /EHkE(KTvPiJrl)VCIj+l dE:/E(KTVpiJrl)'VQjJrl db,

RlTNT’j = / sz’—H . HkE(quJ+1) dE = / Vpiﬂ . (K quH) dE,
E E

where we used properties of the L?( E)-projector in the last steps. The last integrals in both
formulas are identical. Recall that the tensor K is positive definite, the basis functions p;
are linearly independent and their span does not contain a constant function. Using the
argument by contradiction, we can easily show that the matrix K is positive definite. This
concludes the proof. O

12



Next we present two approaches to the construction of the inner product matrix M.
In the first approach, see Section 4.1, the inner product matrix satisfies only the right
consistency condition (24) and in general does not satisfy the left consistency condition (23).
In the second approach, see Section 4.2, the inner product matrix satisfies both consistency
conditions. In Appendix A, we show that in the intuitive extension of the construction
procedure from a symmetric tensor K to a non-symmetric one, it is difficult to enforce
positive definiteness of M. Instead, we will show how to construct a positive definite matrix
W := M~!. Recall that positive definiteness of W implies that of M.

4.1 Satisfying right consistency condition only

Following closely to the conventional construction procedure [14], we build the inner product
matrix M as the sum of the consistency, Me.,s, and stability, Mg, terms:

M = I\\Alcons + Mstab7 Mcons =R K_lRT‘ (27>

Using Lemma 1, it is straightforward to verify that the consistency term satisfies the right
consistency condition:

M N, =RK RN, =REK 'K =R.

The same lemma helps us to verify that M.,s also satisfies the left consistency condition.

The consistent term is only semi-positive definite, even for a triangular cell F. Its null
space consists of vectors orthogonal to columns of R. The stability term Mg, fixes this
problem without breaking the consistency condition. The later means that

Mgap N, = 0. (28)
This orthogonality condition can be satisfied by writing the stability term as
Miap = DS DY, D, =1 N.(N'N,)7'NJ, (29)

where S is a positive definite matrix and D, is the orthogonal compliment to N, i.e. DI N, =
0 and square matrix [D,, N,| has full rank.

Let us show that the resulting matrix M is positive definite. Using expressions (27) and
(29) and orthogonality condition (28), we obtain

VIMYV = VI MeonsV + ViMyu,V = VIRK RTV + VD, SDTV.

Both terms are semi-positive definite due to properties of matrices K and S. The stability
term is zero only when DTV = 0; hence, V' = N, V;. The consistency term is zero only when
RTV = 0; hence, RT' N, V; = 0. Lemma 1 implies that V; = 0 and positive definiteness of
the inner product matrix follows.

13



4.2 Satisfying both consistency conditions

Although matrix M., constructed in the previous section satisfies both consistency con-
ditions the resulting matrix M in (27) is guarantied to satisfy only the right consistency
condition due to the form of the stability term Mg,,. In the Appendix A we demonstrate
that using the general form of the stability term My, that preserves both consistency condi-
tions, it is not clear how to guaranty positive definiteness of the resulting matrix M. Hence,
there is a need for an alternative approach presented in this section.

We will perform the construction on an element with unit area. To obtain the matrix on
a general element E one can first rescale the element, build the mass matrix on the rescaled
element and multiply it by |F|. This construction is similar to the FE construction on a
reference element and immediately implies independence of the condition number from the
size of the element.

Let us rewrite consistency conditions (23)-(24) as the conditions for the inverse of the
inner product matrix W = M~

RTW = N/, (30)
WR = N,. (31)

As before, we build matrix W as the sum of the consistency and stability terms:
W = Wcons + Wstab7 Wcons = Nr Kil NlT and Wstab - RL Z R{a (32)

where Z is a positive definite matrix, and R, is the orthonormal compliment to R, i.e.
RTR, = 0, square matrix [R,R ] has full rank, and RTR; = I. Note that the consistency
term may not be positive definite in general. However, it is positive definite on the range of
matrix R, since RT W, R = K.

Using Lemma 1, it is straightforward to verify that matrix W satisfies both consistency
conditions (30) and (31). Indeed, by the construction, the columns on R form the null space
of the stability term:

RTW = RTW,, =R'N, K N =N7,
WR = WeR=N,K 'N'R=N,.
Remark 4. The advantage of (32) versus a similar construction done for matriz M in
Appendix A lies in the form of the stability term. In the construction for M, it is difficult to

enforce positive semi-definiteness of stability term (52) because Dy # D, in general, whereas
in (32) positive semi-definiteness of W,y is easy to control.

Next, we will focus on satisfying the spectral stability conditions (and, in particular,
positive definiteness) through a proper choice of the parameter matrix Z. Consider a generic
vector V' and its decomposition into two orthogonal components:

V:RVR‘FRLVRL-

14



Then, we have

VIWV = Vg (R"WeonsR) Ve + Vi, (R] Wtap R1) Vi, +

(33)
+ Vﬂg (RTWCOHSRL) VRL + V]R?l (RKWCOHSR) VR + Vv]RTL (RiwconsRL) VRL-

The first two terms in (33) are non-negative by construction:
Vi (R"WeonsR) Ve = VE KVe >0 and  VE| (RyWyapR1) Ve, =V, ZVi, >0. (34)
The last three terms could be developed as follows
Ve R Weons R1) Ve, = Vi (N[Ry) Ve,
Ve, RIWeoms R) Ve = VE (RIN,) Vg, (35)
——1
Vi, (RTWeonsR 1) Ve, = Vg (RIN)K  (N/Ry) Vg, .
Note that only the term (34) depends on the choice of the parameter matrix Z, while three
terms in (35) do not depend on the choice of Z. Yet, the later three terms could be negative.
In order to make the whole expression (33) positive, we should offset possible negative values

using a stronger (in the spectral sense) matrix Z.
We can rewrite (33) using (34) and (35) as

T bva T
Vr K Nl Ry [ VR }
VIwWwVy = ~ , 36
{ VR, } RTN, 7 VR, (36)
where 4 L
Z=7+ (RIN,)K ~(NFR,). (37)

Thus, positivity of (33) is equivalent to showing that the square matrix in the right-hand
side of (36) is positive definite. Positive definiteness of potentially non-symmetric matrix
(36) is equivalent to positive definiteness of its symmetric part (we will choose Z in such a
way that Z is symmetric):

K, B
BT 7

— = =T
K, = %(K+K )

. 1 (38)
B=N'R,, N,:=LN+N,).

Recall the following linear algebra result for the Schur complement, see e.g. [2]. The
symmetric matrix (38) is positive definite if and only if the first block K, and its Schur
complement

H:=7-B"K, B (39)

are both positive definite matrices. The matrix K, is positive definite by Lemma 1. The
Schur complement H can be made positive definite by choosing Z and, hence, Z appropriately.

15



In fact we can choose H, which will imply the choice of the parameter matrix Z through
formulas (39) and (37):

Z=H+BK, B- RIN,)K (N'R,) =

) - (40)
—H+ (RIN,) K, (N'R,) — (RIN,) K (N/R,).

The simplest choice for H is a scalar matrix, H = a I, with the appropriate value for parameter
a. On one hand, a should be large enough so that 7Z is positive definite. On the other hand,
the spectrum of W should be comparable to the spectrum of W,,s. Taking

a=(1+ B)HWS H, where 5 > 0 (41)

cons

guaranties positive definiteness of W. In Lemma 2 we will show uniform lower and upper
bounds for this matrix which in turn lead to stability conditions (see Theorem 1). In fact, in
our experiments taking § = 0 in (41) proved to be sufficient which could be also seen from
Fig. 2.

Note that from (32), the expression (40) for Z with H = al, and the orthonormality of
columns of Z, , we can rewrite Wy, as follows

W, = R ZRT = (R,RT) (a]I +(N,KO'ND) - (N, K '\ )) (R.RT). (42
Note that (R, R7T) here is a projection operator that can be defined entirely in terms of R as

(R.RT) =1 - R(RTR)'R”. (43)

Lemma 2. There exist two constants 31 > [y > 0 such that for any element with unit area

UTWU > Go||U]P?, (44)
AUl = [[WUJ. (45)

We present a non-constructive proof that simply demonstrates existence of such constants
B1 > By > 0 without giving an estimate of their values. Some estimate of these values could
be obtained from Fig. 2 and the result of Theorem 1.

Proof. Consider the set &, of elements E centered at the origin, with n vertices ordered
counter clockwise and unit area. Any such element can be identified with a vector in R?".
Abusing notations we will consider &, to be a subset of R?". Define the distance between
any two elements as the distance between the corresponding vectors in R,

The mesh regularity assumptions (MRA1) and (MRA2) of section 3.3 imply that all
corresponding vectors belong to a finite ball. Moreover, the set &, is closed, i.e. any limit
point of &, is in &,,. Indeed, within any sequence E; convergent to E there is a sub-sequence
that in order to satisfy the mesh regularity assumptions uses (i) disks with convergent
centers to satisfy star-shape regularity assumption (MRA1) and (%) topologically the same

16
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Figure 2: Estimates of the stability constants o and «; in (16) and (17) on various perturbed
quadrilaterals in the example of Section 5.1. The constant «ay is estimated by taking the
smallest eigenvalues (shown in red) of the symmetric part of the scaled matrix |E|~! Mg for
all cells E. The constant «; is estimated by taking the norm of the scaled matrix |E|™! Mg
for all cells E. For each k = 1,...,4, the plots show the two extreme observed values, the
median and the standard deviation over 400 mesh cells.

triangular partition to satisfy (MRA2). Since both mesh regularity assumptions use non-
strict inequalities, the limiting cell £ naturally satisfies these assumptions with the limiting
disk and partitions from (i) and (%) above.

Since &, is closed and bounded subset of R?", it is compact, i.e. any infinite sequence
contains a convergent sub-sequence.

Consider two functions as functions of E:

Bo(E) = min {U"wWeU}, (46)

Bi(E) = [Wg]. (47)

Both functions are defined on &, and are positive as was shown in the construction of Wg
above. Also note that fy(E) and 1 (FE) are continuous functions of £. This can be verified
by following the construction of Wg to see that all matrices involved in the construction
depend continuously on the coordinates of the cell vertices. Indeed, these matrices are R,
N;, N,, K, and H. The later one is a scalar matrix dependent on a defined in (41) and hence
is continuous. Note that we were able to eliminate dependence of W, on R, by using
expressions (42) and (43).

Let us take 8} and ] to be the lower and and upper bounds, respectively, for all cells
in &,:

By = inf {Gy(E)} and By = sup {Go(E)}. (48)

Eec&, Ee&,

17



From the compactness of &,, continuity of fy(-) and £i(-), and positivity of Gy(E) for a
general element F satisfying the mesh regularity assumptions, we conclude that 0 < 3 and
Bt < oo.

Let us take the minimum of 3} and the maximum of 57 over n < N, where N depends
only on N, introduced in assumption (MRA2):

p1 = max {67} and Bo := n:nSnnN {6y}

=0,y

Since N is finite, we conclude that 5, < oo and [y > 0. This completes the proof. O

Theorem 1. Consider element with the unit area and set M = W~t. This matriz satisfies
the stability conditions (16)-(17) with
_bo 1

and o

T B N

Proof. Take U = MV, hence, V = WU and rewrite conditions (16)-(17) in terms of W and
U. The condition (17) states

Qo

IU]l < au|[[WU.
The next inequality follows immediately from (44):
BllUlI* <U*WU < Ul [WU.

Hence, oy = 1/0,.
The condition (16) states
||WU|? <UTWU.

The next inequality follows from consecutive application of (45) and (44):
2 22— Biyor
[WUI* < BHIUIF < Z-UTWU.

Hence ag = fy/B%. This proves the theorem. m

5 Numerical results

We consider two types of problems in this section. First, in Section 5.1, we consider the
Poisson equation and estimate the convergence rates for various orders of approximation
k=1,...,4. Then, in Section 5.2, we consider a nonlinear parabolic problem discretized with
a second-order time integration scheme and the lowest order (k = 1) spatial discretization.

18



5.1 Poisson equation and convergence rates

Consider the stationary elliptic problem

div(KVp)=f in Q= [—%,%] X [—

N[

]

N =

Y

subject to the Dirichlet boundary conditions p = g on 0€2. The non-symmetric diffusion

tensor and the exact solution (see Fig. 3) are given by

B 1+ 2%  sin(mx)y

Ku Kip | _
—sin(mz)y 14+ 3y* |”

K(z,y) = { P

exact solution p(x,y)

p(z,y) = sin(mz)y”.

05 -05

K12($>y)

Figure 3: Illustration of the exact solution and diffusion tensor component Kis(z,y).

We ran simulations on perturbed square meshes, see Fig. 4.
Each internal vertex is shifted along z- and y-axis by a uniform
random variable taking values in the interval [—2,4]. To re-
duce impact of the random variable on the calculated error, we
perform ten simulations for each value of k = 1,2, 3,4 and each
value of the mesh resolution parameter h. The calculated error
is averaged and plotted on Fig. 5 and 6. The error values and
standard deviations as well as the averaged values are shown
in Tables 1 and 2.

Note that the standard deviation values do not indicate
uncertainty in our calculations, but rather variations in the
error as a function of the mesh variability. As can be seen from

05 0 05

Figure 4: Sample mesh.

Tables 1 and 2, the standard deviation values are typically less than 10% of the calculated

error, although at times could be as large as 20% — 25%, e.g. for k =4 and h = 272,273,
The convergence rate for the flux exhibits small variations and closely follows h**! for-

mula. The convergence rate for the scalar variable, on the other hand, looks more interesting.
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Error for P
T

10 10

1041 104+
Y Y
3 R
IN Iy
S 10°f S0
~ ~
N N

108 108

k=3 / k=4
1072 10° 1072 107" h 10°
Both consistencies Only right consistency

Figure 5: The L2-error and convergence rates for the scalar variable p. Left panel: both
consistency conditions are satisfied. Right panel: only the right consistency condition is
satisfied.

Error forv
Error for v

Both consistencies Only right consistency

Figure 6: The discrete error and convergence rates for the flux variable u. Left panel: both
consistency conditions are satisfied. Right panel: only the right consistency condition is
satisfied.

On one hand, it exhibits ultra-convergence for k > 2, with error of A**2. On the other hand,
fluctuations in the error for scalar variable as a function of mesh are about 2-2.5 times larger
than for the flux.

Finally, we observe that schemes with two consistency conditions lead to much more
accurate solution, especially for the flux variable, for k£ > 2.
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Table 1: The L? error, ||pn — pl.eillq,, for the scalar variable p, and the convergence rates
estimated based on the first and last simulation for a particular value of k£ =1, 2, 3, 4.

h=2"1 h=2"2 h=2"3 h=2"14 h=2°5 h =29 | rate
k=1 3.08 x 10~ 3 1.28 x 1073 3.13 x 10~ 17 8.04 x 10~° 1.98 x 10—° 5.02x 10~ % | 1.85
+6.65 x 1074 | +£2.72 x 10~ +3.95 x 102 +1.38 x 10~6 +1.55 x 10~7 +2.15 x 10~8
k=2 3.12x 1073 1.27 x 101 7.53 x 10~ 6 4.97 x 107 3.13x 108 2.00x 1079 | 4.11
+1.46 x 1074 | +1.69 x 10~° +7.68 x 107 +3.81 x 10~8 +1.02 x 1079 | £2.46 x 10~ 11
k=3 3.57 x 10~ 17 9.35 x 10~ 6 2.90 x 10~ 7 8.72 x 1077 2.83x 10~ 10 — | 5.07
+3.67 x 107° | +1.36 x 10~6 +2.51 x 1078 | £3.12 x 10710 | £3.97 x 1012 -
k=4 3.56 x 10~° 5.63 x 107 8.49 x 1077 1.37 x 10~ 10 = - |6
+3.39 x 1076 | £4.75 x 1078 | £5.19 x 10710 | +6.82 x 1012 - -
Table 2: Error ||v, — vl _.|lx, for the flux variable and the convergence rates estimated
based on the first and last simulation for a particular value of £ =1, 2, 3, 4.
h=2"1 h=22 h=2"3 h=2"4 h=2°5 h =29 ] rate
k=1 8.57 x 10~2 2.45 x 1072 6.22 x 10~ 3 1.56 x 10=3 3.85 x 10~% 9.58 x 107° | 1.96
+1.50 x 1073 | £1.84x 1073 | £1.61 x 10=% | £1.36 x 1075 | £2.74 x 10~6 | £3.13 x 107
k=2 4.25 x 1072 5.00 x 10~ 3 6.36 x 107 8.00 x 10~ 9.79 x 10~6 1.22 x 1075 | 3.02
+1.24 x 1073 | £4.15x 1074 | £2.95 x 107°% | £1.39 x 1076 | +£6.38 x 10~8 | £3.04 x 10~?
k=3 6.25 x 10~3 3.93 x 10~ 1 2.48 x 10~° 1.52 x 10~ 6 9.70 x 10~ 8 — [ 3.99
+4.79 x 10~% | £2.69 x 1075 | £1.20 x 1076 | £3.39 x 1078 | +1.35 x 10~? —
k=4 1.00 x 103 3.08 x 10~° 1.06 x 10~ 6 3.45 x 10~8 — — [ 494
+1.42 x 1074 | £2.09 x 1076 | +6.34 x 1078 | +1.13 x 10~? = —

5.2 Hall effect

In this section we consider the resistive magnetohydrodynamics problem with the Hall effect
presented in [15]. For completeness of the presentation, we repeat the problem formulation.
Let B be the z-component of the magnetic field that satisfies the following equation:

1
Bt - — le
Ho

curl lBVB =0

i in Q,
|QE|M0 n

1
VB -
o

subject to the initial and boundary conditions:

B(0) = By in Q = [—.5, .52,
B = Btop on I"copa
n-VB = 0 on Ichft U Fbottom U Frighta

where I, 'hottom, Iright and I'yop, indicate the left, bottom, right and top sides of the square
domain €. After the following non-dimensionalization,

A = cty,
2\ —1/2
t . -1 _ nr|q6| .
r=w, = | —— , where w, is the plasma frequency,
EoMe
m
B, = _67
|Gt

21



and change of variables, p := B/B,, the original equation reduces to
pe — div(K(p)Vp) =0 in (0,7) x £, Q=[-11] x[-311], (49)

with the solution-dependent diffusion tensor

T L R

—Bp « o’ n

We chose to consider the time interval from 0 to 7' = 0.5¢,. The initial condition is

0 y<0
-1 y>0

p(t =10) =po = {
and the boundary conditions are

p=—1 on Iy,
Vp -n=20 on F]eft U Fright U Fbottom'

The spatially dependent material parameters are taken to be

1072 for x <0, 107t for x <0,
a(z) = { 1073 for z > 0, Blz) = { 10~° for z > 0. (51)

The material parameter « indicates stronger diffusion in the left half of the computational
domain. The jump in the antisymmetry parameter [ is ultimately responsible for the for-
mation of the spike along the material interface in the solution, see Fig. 7. This spike would
form even if the parameter o was constant throughout the whole domain and did not expe-
rience discontinuity at the interface x = 0. The formation of the spike is known as the Hall
effect.

The time discretization was done using both the Crank-Nicolson (0 = %) and the back-
ward Euler (0 = 1) schemes (see formula (4)) with no visible effect on the final discrete
solution. In all cases, the value of the diffusion coefficient K(p) was computed using so-
lution p at the last known time step. The spatial discretization step was taken to be
Az = Ay =279=1/64. The temporal discretization step was taken to be At = 0.01t,.

In the left (x < 0) and right (x > 0) parts of the computational domain, we observe
diffusion of the initial step-function profile (50), with the diffusion being faster in the left
part (see values of a(z)). At the material interface (z = 0) we observe the Hall effect, i.e.
advance of the high gradient values along the interface. The numerical solution captures this
effect and is visually identical to the reference solution obtained in [15].

We also performed the same numerical experiment on the unstructured Voronoi mesh
adapted to the solution, see Fig. 8. The polygonal mesh contains 8196 vertices, 12292 edges
and 4097 polygonal cells. More precisely, the mesh contains 1 triangle, 22 quadrilaterals,
379 pentagons, 3475 hexagons, 204 heptagons, and 16 octagons. Note that the number of
mesh cells in this experiment is close to that in the previous experiment.
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Figure 7: The side and top views of the numerical solution to problem (49)-(51) at time
T = 0.5¢, on a 64 x 64 mesh.
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Figure 8: The adaptive unstructured Voronoi mesh (left panel) and the numerical solution
(right panel).

6 Conclusions

We extended the mimetic finite difference method to elliptic problems with non-symmetric
diffusion tensors. More specifically, we developed arbitrary order mimetic schemes that
enforce one or two consistency conditions. For the case of two consistency conditions, we
developed the new algorithm for building positive definite inner product matrices.

The numerical experiments demonstrated that enforcing only one consistency condition

23



was sufficient for convergence of the mimetic schemes. However, comparison with the schemes
that enforce two consistency conditions had shown interesting phenomena. There was no
difference in convergence rates for the lowest order discretizations. For higher order dis-
cretizations, the scheme with both consistency conditions resulted in a much smaller error.
An extensive theoretical analysis is required to explain this behavior.

We tested the new schemes on both elliptic and parabolic problems. The parabolic
problem was taken from the resistive magnetohydrodynamics with the Hall effect. We were
able to capture this effect using the lowest-order spatial discretization (k = 1) and both the
backward Euler and Crank-Nicolson time integration schemes.
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A Conventional approach to constructing the inner
product matrix

In this section, we discuss problems with the conventional approach (see Section 4.1) to the
construction of the extended inner product matrix that satisfy the left and right consistency
conditions. Let us try to build this matrix as the sum of the consistency and stability
terms, like in formula (27). Ultimately, this approach does not work due to difficulties with
enforcing positive definiteness of the matrix, which is the valuable insight in our opinion.
The consistency term Mgy is built the same way as in (27) and satisfies both consistency
conditions (23) and (24). To ensure non-interference with both consistency conditions, the
stability term must be both the right-orthogonal to N, and the left-orthogonal to N, i.e.

N?Mstab =0 and MstabNr = 0.
Hence, the general form of this term is (compare with (29))
Mstab - Dl S DZJ (52)

where D; and D, are orthogonal compliments to N; and N,., respectively, i.e. DIN, =0 =
DTN, and square matrices [D;,N;] and [D,,N,] have full ranks. The square matrix S must
be chosen wisely to guarantee positive definiteness of the inner product matrix M. Take an
arbitrary vector V' and consider its decomposition of the form

V=RVa+R, Va,. (53)
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Using the expressions for Ml.o,s and M., we have

VIMV = VIR Vi + V(R D)'S (DY R) Vi
+ Vg (R"Dy) S (D Ry) Ve, + Vi, (RTD) S (DF R)Ve + Vi, (RT D) S(DI R, ) Vg, -

The first term is always non-negative. Unfortunately, it is not clear how to enforce positivity
of the remaining terms.

Remark 5. Although the consistency conditions (30)-(31) for W = M~! look similar to the
consistency conditions (23)-(24) for M, the difference in the structure of the stability terms
18 critical:

Mitap = Iy SDZ; Witay = Ro ZR{

The stability term W g4, is semi-positive definite by design when 7 is positive definite.

B Scaling considerations

Consider two polygonal cells £ and E;, where |E| = h?, |E;| = 1 and E) is obtained by
isotropic scaling of E. Let p; and v; be a scalar and a vector functions, respectively, defined
on Fi. Define function p and v on E by

s = (50). v v (52) o

That is, if one was to plot these functions, the plots for p and v would look like plots for p;
and vy scaled in z- and y-directions by a factor of h.

Let us study how the local interpolants of these functions as well as various integrals are
related to one another. We start with the following observations:

i o G ()7 et f premaeay
and
/ a() s ds = / mila(s) 5™ ds. (56)
We also have
3 [o@v (5)" (1) deay = [ (@)Y () g dady (57)

Formulas (55)—(57) imply that the DoF for spaces @), and X}, do not depend on the rescaling
operator £; — FE.
Now let us consider the following integrals:

[Ep(fc,y)Q(fv,y) drdy = h2/ pi(r,y)q(z,y) dedy

Eq
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and

/EV(JS,y)-U(x,y) drdy = h2/ vi(z,y) - wi(z,y) drdy.

Ey

Thus, we have Mg, = h* Mg, and My, = h*My, . Since

1 T

. (2% y Qy ]_ . a0ty
7 Edlv(v(x,y)) (E) (E) dxdyzﬁ Eldlv(v(:v,y))x Yy dxdy,

we have Mg, DIVy = %MQE1 DIV g, . This operator appears in the discrete formulation of
both elliptic and parabolic problems (3) and (4).
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