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A TREE-COTREE SPLITTING FOR THE CONSTRUCTION OF
DIVERGENCE-FREE FINITE ELEMENTS: THE HIGH ORDER
CASE

ANA ALONSO RODRIGUEZ*, JESSIKA CAMANO!, EDUARDO DE LOS SANTOS!, AND
FRANCESCA RAPETTIS

Abstract. We extend, to Raviart-Thomas finite elements of any degree, two methods for the
construction of basis of the space of divergence-free functions that are well established in the case
of degree one. The first one computes directly a basis of the kernel of the divergence operator
whereas the second one computes a basis of the image of the curl operator that, if the boundary of
the domain is not connected, is completed with a basis of the second de Rham cohomology group
(namely, the space of divergence-free functions that are not curls). When using the lower order
Whitney elements on a tetrahedral mesh, the degrees of freedom are supported on the vertices, edges,
faces and tetrahedra of the mesh respectively and, from Stokes theorem, the matrices describing the
differential operators gradient, curl and divergence are the transposed of the connectivity matrices
of the mesh. This allows the use of a tree-cotree splitting of associated oriented graphs to efficiently
construct a basis of either the kernel of the divergence or the image of the curl operator. We prove
that these two properties hold true also for » > 0 when using as degrees of freedom a particular
realization, based on Berstein polynomials, of the moments. In this work we analyze in detail the
second method, the one based on the identification of a basis of the space of the curls of Nédélec
finite elements. (The first one has been analyzed in [5].)

Key words. High order Raviart—Thomas finite elements, divergence-free finite elements, span-
ning tree, oriented graph, incidence matrix

AMS subject classifications. 65N30, 05C05

1. Introduction. Two approaches for the construction of a basis of the diver-
gence-free Raviart—-Thomas finite element space, RTTQH, in a bounded polyhedral
domain, €, discretized by a tetrahedral mesh have been presented in the work [6], for
the lower order case r = 0. There are not restrictions on the topology of 2. In the
first approach, the authors compute directly a basis of the kernel of the divergence
operator. In the second one, the construction starts from a basis of the image of the
matrix associated with the curl operator. If the boundary of the domain has p + 1
connected components with p > 0, in this second approach it is necessary to complete
the previous set with p discrete representatives of a basis of the second de Rham
cohomology group (divergence-free functions that are not curls). These two methods
can be extended to the high order case r > 0. The extension of the first one has
been analyzed in [5]. In this work we analyze in detail the extension of the second
approach. However, for the sake of completeness we include in this introduction a
brief description of both methods in the high order case.

Let 7 be a tetrahedral mesh of a bounded polyhedral domain 2 C R3. We will
denote P, +lAk (T) the space of Whitney k-differential forms of degree r + 1 (see e.g.
[9]). They can be identified with L, 1, the Lagrange finite elements of degree r + 1, if
k =0, with N,1, the first family of Nédélec finite elements of degree r + 1, if k =1,
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2 A. ALONSO RODRIGUEZ, J. CAMANO, E. DE LOS SANTOS. F. RAPETTI

with RT, 1, the Raviart—-Thomas finite elements of degree r + 1, if £ = 2, and with
P,, the space of discontinuous piecewise polynomial functions of degree r, if k£ = 3.
When using the lower order Whitney elements on a simplicial complex, P; AR(T),
with & = 0,1,2,3, the degrees of freedom are supported on the vertices (V), edges
(E), faces (F) and tetrahedra (T) of the mesh respectively. It is well known (see
e.g. [12]) that given an orientation to edges, faces and tetrahedra of the mesh, the
matrices describing the differential operators d : P; A¥(T) — P; A¥*1(T) in terms of
the degrees of freedom are the transposed of the matrices of the boundary operators
0 : Cht1(T,Z) — Ci(T,Z) being Cy(T,Z) the group of k-chains in 7. Figure 1.1
represents de De Rham’s complex as in [11]. It summarizes these facts in both the
continuous and the discrete case. H* denotes the cohomology groups for k € {0, 1,2}
and M"Y denotes the set of degrees of freedom (moments) of the finite elements space

V.

Hl 5‘[0 Ll .'7‘[0 Vv
grad G cl}
H(curl) 9! N 2! E
curl C cT
H(div) > RT, H F

RT]
div D D'
2
L Py T

Fic. 1.1. The De Rham complex for the continuous spaces (left) and for Whitney differential
forms (right).

Since the boundary of an edge consists of two vertices, and any face belongs to
the boundary of one or two tetrahedra, from the point of view of graph theory we
observe that: i) the transposed of the matrix associated with the gradient, G, is
the all-nodes incidence matrix of a directed and connected graph having a node for
each vertex and an arc for each (oriented) edge of the mesh; ii) the matrix associated
with the divergence operator, D, is an incidence matrix of a directed and connected
graph having a node for each tetrahedron, plus an additional node associated with
the exterior of the domain, and an arc for each face. This fact is used in different
contexts as the tree-cotree gauge (see [3], [4], [18], [15]), the construction of bases of
the space of divergence-free Raviart—Thomas finite elements (see [8], [20], [6]) or the
construction of discrete potentials (see [22], [7]).

One of the goals of this paper is to emphasize that the duality between the
differential operators and the boundary operators in the discrete De Rham complex
is preserved to some extent when r > 0 if an appropriate set of degrees of freedom is
choosen. For instance the two properties i) and ii) hold true also for r > 0 when using
as degrees of freedom for u, € P, HAk (T) a particular realizations of the moments,

mg(up) = / Trs(up) An, 0 € Prik—dim sAM™57F(S),
s

being S any subsimplex of the mesh with dim S > k. (See e.g. [9].) We use Berstein
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polynomials to identify a basis of Py x_dim sAT™57F(S), following the approach in
[1]. (See also [2] where Berstein polynomials are used to express a set of basis of
P, A*(T).) In [5] we identify in this way a set of moments in P, and RT,; such
that the matrix associated with the divergence operator D, when considering cardinal
basis, is an incidence matrix of a directed and connected graph having a node for each
moment of P, plus an additional node associated with the exterior of the domain, and
an arc for each moment of RT,. 1. Proceeding in a similar way, we identify, in Section
3, a set of moments of N,.;1 and L,;1 such that, when considering cardinal basis, the
transposed of the matrix associated with the gradient operator, GT, is the all nodes
incidence matrix of a directed and connected graph having a node for each moment
of L,11 and an arc for each moment of N, .

A way to construct the moments of a basis of RT? ' 1, the divergence-free subspace
of RT,y1, is to identify a maximal invertible submatrix of the matrix D associated
with the divergence operator. Following the method proposed in [8] for a triangular
mesh in R?, this can be done by choosing the columns corresponding to the arcs
in a spanning tree of the associated tetrahedra-faces graph. If we decompose D =
[Dst, Det] being Dy the columns corresponding to the spanning tree and D,; those
of the co-tree, then Dy, is invertible. Let us set dp = dim P, and drpr = dim RT,41.
For any vector m.; € Rérr—dp solving Dgymy = —Dgmy,; the entries of the vector

[ rmnz } are the degrees of freedom of a discrete function that is divergence-free.
—D;'Dey
1
matrix in R(@rr—dp)x(drr—dr) are the degrees of freedom of the elements of a basis

of divergence-free Raviart—Thomas finite elements.

A different approach, that does not require to invert a matrix, is based on the
fact that, if the boundary of the domain is connected, the curls of the elements of
any basis of N, 11 generates the divergence-free subspace of RT, 1. However this set
is not linear independent because the kernel of the curl operator is not trivial. To
obtain a basis is necessary to disregard some elements of the basis of N,y 1, precisely,
those elements that generates the kernel of the curl operator. In other words, it is
possible to compute the degrees of freedom of the elements of a basis of RT° ' 1 by just
choosing a maximal linear independent set of the columns of the matrix associated
with the curl operator when considering a cardinal basis.

This is done in [20] (see also [19]), for the lower order case r = 0 and a simply
connected domain, by eliminating the elements of the cardinal basis of N,.; 1 associated
to edges in a spanning tree of the graph made up of vertices and edges of the mesh.
In this paper we prove that, if the degrees of freedom are the moments, it is possible,
to use a procedure analogous also for r > 0: the elements to be disregarded are those
corresponding to the moments in a belted tree (see e.g. [14], [18], [17]) of the graph
associated with G'T. If the domain is simply connected then the belted tree is in fact
a spanning tree. If the boundary of the domain has p+ 1 connected components with
p > 0, then it is necessary to complete the previous set with p discrete representatives
of a basis of the second de Rham cohomology group (divergence-free functions that
are not curls).

This paper is organized as follows. In Section 2 we introduce the notation and
recall some elementary results of graph theory. In Section 3 we choose the degrees
of freedom that will be used in the sequel. For this choice of degrees of freedom,
we compute the matrix associated with the gradient operator when using cardinal

Then it is easy to prove that the columns of [ ], being I the identity
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basis, and we see that it is the transposed of the all-nodes incidence matrix of a
directed graph M. The proof of this result can be found in the appendix. We
propose also an algorithm to construct a spanning tree of this graph. In Section 4 the
spanning tree is used to identify a maximal set of linearly independent curls of Nédélec
functions. (If €2 is not simply connected it is used, in fact, a belted tree). Then, if the
boundary of € is not connected, we complete this set with discrete representatives of
a basis of the second de Rham cohomology group (computed again using a tree-cotree
decomposition method) to obtain a basis of the subspace of divergence-free elements
of RT,,1. Section 5 contains some conclusions and remarks concerning the use of
this basis. In particular we notice that the cardinal basis can be constructed from
any basis of the polynomial space using a generalized Vandermonde matrix whose
entries are the degrees of freedom of the elements of the choosen basis. This is not
expensive from the computational point of view because the Vandermonde matrix for
the moments is the same for all the elements of the mesh.

2. Notation. Let T = (V, E, F,T) be a tetrahedral mesh of (2 where V is the set
of vertices, F is the set of edges, F' is the set of faces, and T is the set of tetrahedra
of T. If Ayg(T) denotes, for d = 0,1,2,3, the set of d-simplex of the mesh then
Ao(T)=V,A(T)=E, Ay(T) = F, and A3(T) =T. Let us fix an orientation on
each edge, face, and tetrahedron of 7. This can be done by choosing a total ordering
of the vertices in V' = {v;}¥; and by associating with each d-simplex of the mesh,
S € A4(T), an increasing function mg : {0,1,...,d} — {1,...,ny}: the oriented
d-simplex 8 is hence given by S = [V,(0),- - Vingay -

Analogously, if S € Ag(T) we denote by Ay(S), for £ = 0,...,d, the set of ¢-
subsimplices of S. If ¥ € Ay(S) with £ € {0,...,d — 1} then we can write ¥ =5 — o
being o the (oriented) (d — 1 — £)-subsimplex of S such that Ag(X) N Ag(c) = 0.
Moreover there exists a unique increasing map mg, : {0,...,¢} — {0,...,d} such
that, for each i € {0,...,£}, mx(i) = mg(mg(i)).

For any t € T we denote by n; the outward unit vector normal to the boundary of
(mem*me(o))X(me(z)*me(o))
(Vi £ (1) =V £ (0) X (Vi (2) =Vin £ (0))
Vs the unit vector normal to the boundary of f in the plane containing f and pointing
outward f. We define 75 :=ny x vys. For any e € E we define t, = petl—"mel0)

T Vme@) = Vme |’
For ¢, d € N let us set

t. For any f € F we define ny := i and we denote by

I(‘gad+1):{n:(n0a"'nd) 6Nd+1 : |77| :é}v

d
For ( € Z({ +1,d+1) and j € {0,1,...,d} we denote by ¢ — e; the vector in
Z%*1 with components (¢ — e;); = (; — d;4, for i € {0,1,...,d}, namely

being |n] := Y%, mi. The cardinality of Z(¢,d + 1) is equal to < 0+d )

(21) Coen={ &, 120

Note that ¢ —e; € Z(¢,d + 1) if and only if ; > 0. So we also consider the following
set of vectors in Z4+!:

J(,d+1) = {n € 2" : 5 = {(—e; for some ¢ € Z(¢+1,d+1) and j € {0,1,...,d}}.
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Clearly Z(¢,d+1) Cc J(¢,d+ 1). For each i € J(¢,d + 1) we define

i Y4 -
— = ~ iftneZ(l,d+1
am =4 T ,7;! ( n > n ( )

otherwise.
In this way for each ¢ € Z(£+ 1,d + 1) we have
(2.2) 0l = ((+Dace,,  JE{01,....d}.

The barycentric coordinates of a point x € R? with respect to the vertices of
t € T are given by the unique set of scalars Ay (x) = (A,0(x), Ar,1(X), Ae.2(%), At 3(%))

satisfying
3

3
X = Z At (X) Vi, (j) and Z)\m-(x) =1.
3=0

§=0
For each i € {1,...,nv}, \; : 2 — R denotes the continuous function

N v Ai(x) ifx et and i = my(j) for some j € {0,1,2,3}
A x> Ailx) = { 0 otherwise;

and for S € Ay(T) and 9 € J(4,d+ 1), )\2 : O — R denotes the continuous function

. _ 4 Ay ()] i€ Z(l,d+1
)\g RN )\g(x) _ =0 [ S(J)(X)] 1rn (¢, d+1)
0 otherwise.
Foreach £ €N, S € Ay(T) andx € S

L

d
(2.3) 1= Xein® | = D agAl(x).
j=0

neZ(L,d+1)

Given n € Z(¢,d + 1), Bl := ay\? is a Berstein polynomial of degree ¢ associated
with S, (see, e.g., [1]). Clearly BY % =0 if n; = 0.

Fort e T, S € Ay(t), let us denote Vs[A,q(jyje] = s X V[ Ay )] X ns if d =2
and VS[)‘ms(jﬂt] = (tS : V[Ams(j”t]) ts if d = 1. Then, for any x € i

VsBi(x) = anVsAg(x) = Z?:o annj/\giej (¥)V s Ams () (%)
= |nl Z;'l:o An—e; )‘g_ej (X)VsAms(5)(x)
= [n X5 BE ¥ (X)Vehms () (X) -

It is worth noting that if x € S and S € Ay(7) with d = 2 or d = 1 then Vs Ams (i) (%)
is well defined because it is independent of the tetrahedron ¢ used to define it. More-
over, if x € S then we have Z?:o Ams()(X) =1 and Vs, 0) = — ijl Vs Ams()-

So we can write, for x € S,
(2.4) VsB3(x) = anVsAi(x) = |n| Z?zl [Bg_ej (x) = B3 (%) | VsAms(j) -

We denote Ry ; € Z¥*(4+1) the matrix obtained from the (d+4 1) x (d+1) identity
matrix omitting the j-th row. Clearly, if n € Z(¢,d+1) then, for each j € {0,1,...,d}
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such that n; = 0 we have Ry ;n € Z({,d) and ay, = ap, ;n- Notice that, if & € Ag_1(S5)
then X = S — [vy,,(5)] for a certain i € {0,1,...,d} and [A¢]|x, = 0 if 7; # 0, hence
BI)js = { BY with ' = Rqn € Z((,d) if n; =0
0 otherwise.

2.1. A drop of graph theory. We recall some basic definitions and results of
graph theory that will be used in the sequel. They can be found, for instance, in [21].

A graph M = (N, A) consists of two finite sets: a set N' = {n;}"_; of nodes and
a set A= {a;}2; of arcs. Each arc is identified with a pair of nodes. The two nodes
defining an arc need not be distinct. If the arc a; has the two points equal to the
node n; then it is called a self-loop at node n;. If the arcs of M are identified with
ordered pairs of nodes, then M is called a directed or an oriented graph. Otherwise
M is called an undirected or a nonoriented graph.

The following definitions concern both directed and undirected graphs.

A walk is a finite alternating sequence of nodes and arcs n;,, a;,, n;, aj,,
Niyyoooy Mige 1, Gje, Ny, such that for & € {1,..., K} the arc a;, is identified with
the pair of nodes n;, _,, n;, . This walk is usually called a n;, — n;,, walk with n;, and
n;, referred to as the end or terminal nodes of this walk. A walk is open if its end
nodes, n;,, n;, are distinct; otherwise it is closed. A walk is a trail if all its edges
are distinct. An open trail is a path if all its vertices are distinct. A closed trail is
a circuit if all its vertices except the end vertices are distinct. A graph is said to be
acyclic if it has no circuits.

Two nodes n;, n; are said to be connected in a graph M if there exists a n; —n;
path in M. A graph M is connected if there exists a path between every pair of
nodes in M.

Finally we recall the definition of spanning tree of a graph M = (N, A).

DEFINITION 1. A tree of a graph M = (N, A) is a connected acyclic subgraph of
M. A spanning tree S is a tree of M containing all its nodes.

It is worth noting that if S is a spanning tree of M = (N, A), then S = (N, B)
with B C A. Moreover B has exactly n — 1 arcs. If M is not connected then it has
not spanning trees.

We recall also the definition of the all-nodes incidence matrix of a directed graph.

DEFINITION 2. The all-nodes incidence matriz M¢ € Z™*™ of a directed graph
= (N, A), with n nodes N' = {n;}I*;, m arcs A= {a;}"™, and with no self-loop,
M=(WN,A ith des N A A i, and with If-1
is the matriz with entries

1 if a; is incident on n; and oriented away from it,
[M€];; =< —1 ifa; is incident on n; and oriented toward it,
0 if a; is not incident on n; .

An incidence matriz M of M is any submatriz of M¢ with n—1 rows and m columns.
The node that corresponds to the row of M€ that is not in M will be called the reference
node of M.

The following result, that joins Theorem 6.9 and Theorem 6.12 in [21], is crucial
in the tree-cotree decompositions.

THEOREM 2.1. Let M = (N, A) be a directed connected graph with no self-loop
and M € Z=DX™ an incidence matriz of M. Let S = (N,B) be a spanning tree
of M and Mg the submatriz of order n — 1 of M given by the columns of M that
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correspond to the arcs in B. Then My, is invertible and the nonzero elements in each
row of M_" are either all 1 or all —1.

3. Moments. For a Whitney k-form u;, € P,_ +1Ak(7—) the moments are defined
in the following way:

ms(up) = / Trs(up) Am, 0 € Prik—dim sAT™57F(S),
s

being S any subsimplex of the mesh with dim S > k. (See e.g. [9].)
If kK = 3 then it must be dim S = 3 and a very natural set of moments in P,
(namely, in P, A3(T)) is
o M} (up) = [,un B, teT and ae(r,3).
If, in particular up = divz, with z; € RT,,1, then using Stokes theorem we have

Mtl’ja(diVZh):/diVZth:/ zh-nth‘—/zh~VBf‘
t ot t

Let us consider the following set of moments in RT, 11 (namely, in P ;A?(7)):
o M{i(z1) = [;2zn-nyBf fe€F andae€I(r2);
. Mt{%ﬁT(zh) :rftzh-BEV)\mt(i) teT, peI(r—1,2)andiec{1,2,3}.
Then it is easy to check that the matrix associated with the divergence operator when
using cardinal basis for these moments has all its entries in the set {0,1,—1}. It can
be proved (see [5]) that it is the incidence matrix of an oriented connected graph that
has a node for each moment of P, plus a node corresponding to R3\  and an arc for
each moment in RT,4q.
Similarly, taking in particular z; = curlu;, with u;, € N,1; and applying Stokes
theorem it is easy to check that a set of moments in N,y1 (namely, in P AY(T))
that leads to a matrix associated with the curl operator with all its entries belonging
to {0,1,—1} are
o MJ (up) = [ up-t. B, for each ¢ € E and o € I(r,2).
o My, ,i(up) = (-1)'r ff(uh xnf)~B?Vf)\mf(j) foreach f e F, B € Z(r—1,3)
and 7 € {1,2}. Here j € {1,2} and j # i.

o MY, (up) = (=1)%r(r = 1) [yun - BV, ) X VA, k) for each t € T, v €
Z(r—2,4) and ¢ € {1,2,3}. Here j,k € {1,2,3}, j < k, i € {j, k}. Moreover
s = 0 if the tetrahedra ¢ is positive oriented, namely, if t., - (te, X te;) > 0,
being e; = [Vin, (0), Vim, ()] for @ € {1,2,3}, and s = 1 otherwise.

Remark 3.1. We recall that

|f7[vm (")]l |t7[vm (")]l
Vidme () = =2 V=m0 A VA, () = =5 Dt vn, )]
Hence we have for 4,j € {1,2} and i # j
(un xnp) - Vidn ) = un (np X Vidn, )
[Vin £ 0) s Vin - ()]
= W (M X V) 0V )

NV £ 0)Vin s ()]
1)t f f .
= (-1 2171 up t[vmf(o>7vmfu)]’

and for ¢,5,k € {1,2,3}, j < k and i & {j, k}

_ =l [t= [V, ()]l
VAm,) X VAm, k) = 3 et [van, 0] X a3l et [V, )]
s |t7[vmt(j)” ‘tf[vmt(k)]l

= (_1) 37t 3¢ [Ving (0)sVimg ()] *
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These two results are mainly Proposition 3 and Proposition 4 in [10].
It is worth noting that Mév i reads information in the direction of the edge

[Vin; (0) Vim ()] and MY, . in the direction of the edge (Vi (0) Vime (5)]-

v¥,t,t
If up, = Vg, with ¢, € L,41, using Stokes theorem, we can rewrite the moments
of Vyy, in terms of ¢, and, in this way, to identify appropriate moments in L, 1 to
obtain a matrix associated with D with all its entries in the set {O, 1,—1}.
We consider the following moments in L, 41 (namely, in P A°(T)):
o ML (¢n) = (on Bg)(v), for each v € V and a € Z(r, 1) (note that B (v) =
1)
o Mj (¢n) = e|f<phBe,foreacheEEandﬁel(r—l 2);
o M (pn) = 2\f\ ffcpth, for each f € F and v € Z(r — 2,3);

o M{\(on) = %ﬁ opB?, for each t € T and § € Z(r — 3,4);

or, in a more compact way,

1

< " ) / on B2, for each S € Ay(T) and n € Z(r—d,d+1).
s

Remark 3.2. Tt is well known (see [16] Proposition 3.5) that for any S € Ay(T)
andmeZ(l,d+1)

d! TS ;!
2 AT = |§] =0

hence then Lagrange moments of a constant function ¢; = ¢ are equal to that con-
stant. In fact, from (3.1) and recalling that, for any S € Ag(7T) and i € Z(r—d, d+1),

BT =ayA\l = ( T;d )Ag,wehave

M#’S(C)_|;|(Z)CLQ"AQ_C;<2>(Tn >|S H 077J

We extend the definition of M} ¢(¢n) to J(r —d,d+ 1) in the following way. For
any n € J(r —d,d+1) \I(r—d d + 1) there exits a unique j € {0,1,...,d} such
that 7, = —land {:=n+e; € Z(r —d+1,d+1). We define

M??,s(éﬁh) = MgL—ej,s(@h) = M}%d,jc,S—[vam](SDh) .

Then it can be proved (see Appendix) that

MI(Von) = —(Mg o, o(on) — Mg o, (#n))
(3.3) Mg, i(Ven) = —(Mg_q, ¢(on) = M5_o, ¢(on))
MY i(Ven) = (1) (My_e, i(on) = My o, 1(#n)) -

PROPOSITION 3.3. Let us set dy = dim N,.11 and dp, = dim L, 1. If we denote
G € RXdL the matriz that computes, from the moments of o, the moments of
Vo then G is the all-nodes incidence matriz of a directed graph M with a node
for each Lagrange moment and an arc for each Nédélec moment: MY = (MY, MN).
This graph is connected.
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Proof. From (3.3) it follows that the matrix G € R¥¥*9L has, on each row, two
elements different from zero, one equal 1 and one equal —1, hence G is the all-nodes
incidence matrix of a directed graph M = (M~ MY).

The fact that it is connected is quite clear using the visualization of the graph
illustrated in Figure 3.1 for a single tetrahedron ¢ in the case r = 2. As usually the
moments in L,,q, that are the nodes of the graph, are the points of the principal
lattice of t of order r + 1. The moments in N,;, namely the arcs of the graph,
are associated with some of the (small) edges connecting the adjacent points in the
principal lattice (see [16]). On each face f the graph has only (small) edges parallels
t0 [Vin;(0)s Vi, ()] for 4 € {1,2}. In the interior of each tetrahedron there are only
(small) edges parallels to [V, 0y, Vi, ()] for 4 € {1,2,3}. For a rigorous proof of the
fact that the graph M = (M, M) is connected (see [13]). d

The following algorithm constructs a spanning tree of the graph MS.

1. Initialization:
Construction of a spanning tree 7 of the graph (V, E)
Loop over the edges e € £

set macrotree(e) = .false.
set eVisited(e) = .false.
if (e € 7 ) then

set macrotree(e) = .true.
end if

end Loop over the edges e € E
Loop over the faces f € F

set fVisited(f) = .false.
end Loop over the faces f € F'

2. Construction of a spanning tree Ts of the fictitious mesh
Loop over the tetra ¢t € T let t = [v1,v2, v3, v4]
Loop over the faces f € F(t): let f = [v;, v}, vg]
if ( fVisited(f) = .true. ) cycle Loop over the faces f € F(t)

Loop over the edges e € E(f): let e = [vg, vp]
if (eVisited(e) = .true. ) cycle Loop on the edges e € E(f)
if ( macrotree(e) = .true. ) then
add to 75 the edge moments Méxe for all o
else
add to 75 the edge moments Méxe for the r — 1 first! indices «
end if
set eVisited(e) = .true.
end Loop on the edges e € E(f)

Loop over the layers ss =7 —1: —1: 2 internal to f
add to 75 the face moments Mé\jf,l for the ss — 1 firstt indices 8
end Loop over the layers ss internal to f
set fVisited(f) = .true.
end Loop over the faces f € F(t)

Loop over the layers £ =r —1: —1: 3 internal to t
Loop over the layers k = £ —1: —1: 2 internal to the layer £
add to 75 the volume moments MNt ; for the k —1 first™ indices ¥
end Loop over the layers k internal to £
end Loop over the layers £ internal to ¢
end Loop over the tetrahedra t € T

first’ is always intended in the reversed lexicographical order

It induces a numeration of the moments of N,y; (an analogous numeration can
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be used for the moments of L,;1) and can be also useful to understand the structure
of the graph. The construction is based on a spanning tree of the graph given by
vertices and edges of the mesh (the so-called global spanning tree). Then a loop by
elements enriches this initial spanning tree with arcs corresponding to face moments
(only those faces of the tetrahedra that have not been visited previously) and with
the arcs corresponding to the volume moments (see Figure 3.2). Figure 3.3 shows the
spanning tree in two tetrahedra of the mesh.

Fic. 3.1. On the left the decomposition of an element induced by the principal lattice. On
the right, the arcs of the graph MS in red (in thick line), on a fragmented visualization of the
decomposition. In this example r = 2.

FIG. 3.2. The spanning tree of the graph MG = (MZE, MPN) on a tetrahedron. On the left the
subgraph corresponding to edge and face moments of a particular face and the corresponding part
of the spanning tree. The red arcs (in very thick line) belong to the spanning tree if and only if
its mesh edge belongs to the global spanning tree. The green arcs (less thick but still in thick line)
always belong to the spanning tree. On the left the volume moments belonging to the spanning are
visualized. In this example r = 4.

4. A basis of the finite element space RT) ,. We denote H’(div;Q) :=
{u e H(div; Q) : divu =0} and RT?,, := RT, 1 N H'(div; Q).

In general dim RT?,, = dy — (d — 1) — g+ p, being g = B1(€?) first Betti number
of 2, namely the number of handles of €2, and p = [2(2) the second Betti number of
Q, namely, the number of connected components of the boundary of 2 minus one.

Let {MN}N be the set of Nédélec moments and {®;}~, be a cardinal basis for
those moments. Let S = (M%, SV) be a spanning tree of M. We consider the set
of elements of the cardinal basis corresponding to Nédélec moments that are not in



A TREE-COTREE SPLITTING FOR DIVERGENCE-FREE FEM 11

F1G. 3.3. The spanning tree in two tetrahedra of a mesh (r =4). In blue (long quite thick line)
the arcs of the global spanning tree, in green (in less thick line) and red (in thick line, close to the
vertices) the arcs of the spanning tree of the graph MEC = (ML, MN). It is worth noting that the
red arcs in this figure correspond to the red arcs in Figure 3.2 belonging to an edge of the global
spanning tree

the spannig tree S, namely, the set {®;};cx being K = {i € N,1 <i <dy : MN ¢
SN}, Clearly, denoting df the number of elements in K, one has d = dy — (dr, —1).
PROPOSITION 4.1. If Q is simply connected then the set {curl®;};ex C RTS_,_1
is linearly independent. Moreover, if we assume also that 0) is connected then it is
a basis of RT?, ;.
Proof. Let A € RINXIN he the matrix with entries

Ay = / curl ®@; - curl ®;
Q

and A° € RIx*dx the submatrix of A obtained choosing those rows and columns
of A that correspond to indices in K. We will proof that A° is non singular. If
K ={k(1),...,kdx)} C{1,...,dn}, given a vector ¢ € R with components ¢; we
denote cj = Z?’;l ¢j®p ;). If A’c =0 then

c'A% = / curlcy, - curlep, =0
Q

and, being (2 simply connected, follows that ¢, = V¢, for some ¢, € L,11. Since the
Nédélec moments of ¢;, = V¢y, in a spanning tree of M are equal to zero, hence, from
(3.3), all the moments of ¢, are equal to the same constant. Due to the unisolvence
of the moments, follows that ¢, is constant and then c;, = V¢, = 0. Since the set of
functions {®; }?2 , is linearly independent then ¢ = 0.

If wp =3 ) ¢jeurl ®; = 0 then, for any i € K we have

0= / curl ®; - wy, = Z cj/ curl ®; - curl ®; = Z A = (A%); .
Q Q

JEK JjEK
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This means that A% = 0. Since A° is not singular follows that ¢ = 0 hence the set
{curl ®;};ex C RT? ',1 is linearly independent. If Q is simply connected and 0f2 is
connected then dim RT?, ; = dy — (d, — 1) = dg, so {curl ®,},ck is a basis. O

If 2 is not simply connected then its first Betti number 3, (Q2) = g is not zero. If

{o; };’:1 is a set of 1-cycles representing a basis of H1(€2; Z) then any curl-free function

with fav u, =0for j=1,...,gis a gradient. Our aim is to extend to the high order
J

case the notion of belted tree (see e.g. [14], [18], [L7]). To this end we assume to know a
set of g polygonal loops in T, {c; }§=1a mutually disjoint and without self-intersection,
representing a basis of H#1(€;Z). For each j € {1,...,g}, 0; is a 1-cycle of the form
0j =Y .cpalie with al € {—1,0,1}. We denote supp(c;) = {e € E : al # 0}. Then,
using (2.3) we have

faj Up = ZeGSHPP(Oj) al fe Un ™ Te

(41) = ZEESupp(gj) ai Zael’(rﬂ) fe up - TeBg

7 N
ZeGsupp(oj) e ZOLGI(T,Z) Ma,e :

We associate with each 1-cycle o; in T a circuit §; of the graph M in the
following natural way

g;= Ueesupp(ﬂj)g: :

Each G; is a circuit because ¢; has not self-intersections.
For each j € {1,..., g}, we choose an arc Mév o= of G;. The new trail Qj_ obtained
3’73

from the circuit G; removing the arc M. . is a path. Since the cycles {aj}?zl are
3’73 “
mutually disjoint, the subgraph given by the union of the paths Q; has g acyclic
connected components, hence it is acyclic. So it is possible to construct a spanning
tree S¢ = (M, SN) of MY that contains it. We will refer to the subgraph of M

given by BY = (M*, BY) with BN = SN U{MJ. ..,... ME. ..} as a belted tree.

g€y
PROPOSITION 4.2. The set {curl®;};cx- being K* = {j € N,1 < j < dn

MY ¢ BN} is linearly independent. Moreover if we assume that 9) is connected then
it is a basis of RT?, .

Proof. The proof is similar to the one of Proposition 4.1. Let A%* € Réx**dx* the
submatrix of A obtained by choosing those rows and columns of A that correspond
to indices in K*. (Hence, dg~ denotes the number of elements of the set K*.) It
is easy to verify that A%* is non singular. In fact, given ¢ € R%<* and denoting
ch =D jex ¢, if A%"c =0 then

¢ A% ¢ = / curley, - curle, =0,
Q

Hence curl ¢, = 0. Moreover since the moments of ¢;, in K* are equal zero, from (4.1)
we have ﬁfﬁ c,=0forall j €{1,...,9}, soc, = V¢, for some ¢}, € L, 1. Now the
result follows as in Proposition 4.1.

If O is connected then dim RT?,; = dy — (d, — 1) — g. On the other hand the
number of elements in a belted tree is equal to the number of elements in a tree plus
¢ hence the number of elements in K* is equal to dy — (d, — 1+ g) = dim RTTOJrl SO
{curl ®;};c k- is a basis. |
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Remark 4.3. Let us denote by C' € R?r7X4N the matrix that from the moments
of up € N,41 computes the moments of curlu;, € RT,1,. It is worth noting that if
{®; }?21 is a cardinal basis for the moments in N,;1 then for any j € {1,...,dyx} the
moments of curl ®; are the elements of column j of matrix C. Hence the moments
of a basis of RT? 1 are give by the submatrix of C corresponding to the columns of
indices j € K*.

If 09 has p + 1 connected components with p > 0, the space of divergence-free
Raviart—-Thomas finite elements that are not the curl of Nédélec finite elements is not
trivial and has dimension p. To obtain a basis it is necessary to complete the set
{curl ®;};cx~ by adding, for each n =1,...,p, a function 2z, € RT,; such that

(4.2) { divzy, =0 in Q

Jioqy, Zhn Mo =001 1=1....p,

where (09), for I € {0,1,...,p} are the connected components of 9Q being (9)¢
the external one. Note that, for any choice of zj ,, the set {zj,}"_, is linearly
independent. A solution of (4.2) can be computed, for instance, as indicated in [5].
Let us consider the graph MP that has dp + (p + 1) nodes, one for each moment of
P, and one for each connected component of 92, and dgr arcs, one for each moments
of RT,,1 and for which the divergence matrix is the incidence matrix with reference
node the one corresponding to the external connected component of 9. If we choose
a spanning tree of this graph for n € {1,...,p} the corresponding column of the
matrix By in [5] contains the moments of the unique solution of (4.2) that has all the
moments corresponding to the arcs of the cotree equal to zero. This solution can be
computed using a very efficient elimination procedure.

Hence, taking into account Proposition 4.2, we obtain the following result that
holds for any polyhedral Lipschitz domain:

THEOREM 4.4. The set {curl ®;};ep« U{zpn}h_, is a basis of RTY, 4

Proof. We have already proved that both {curl ®;};ex~ and {zs,},_, are lin-
early independent. Hence to see that this set is linearly independent it is enough to
see that the functions zp, are not the curl of any function in H(curl; ). This is
clear since f(ﬁﬂ)z Zp.n - Do 7 0 for a connected component (992),, of 9 while for any

u € H(curl;Q) and I € {0,1,...,p} f(BQ)L curlu-ng = 0. In fact let ¢, € H*() be
such that (¢1)|00),. = 61,m- Then

/ curlu-nQ:/ cur1u~nQ¢l:/curluV¢l:—/ uxngVe, =0
(89, e} Q e}

because (V¢;)joq = 0.
The considered set is thus a basis of RT), ; because dim RT?, | = dy — (d, —1) —
g+p=dg~-+p. 0

In Figure 4.1, we summarizes the situation. Due to the property that curl(grad)
is zero, we cannot construct a divergence-free basis of RT) "1 starting from the curl
of a basis of N, 1 because they are not linear independent. However, the spanning
(eventually belted) tree for the gradient of function L, ; allows to identify the set
(associated with the corresponding co-tree) K* of columns in G that will provide
a part of this basis, once we apply on them the curl operator (see Proposition 3). If
p > 0, the basis has to be completed by hands, by adding the generators of H? (see
Proposition 7), namely the solution of problem (4.2), for each n =1, ..., p.
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Ly+r Vs
G GT
BN K
Nyt —————— Eg
SN K
C [el}
72
RT ;¢ 2 Fs
D D'
P0+r Ts

Fic. 4.1. A graphical summary of the structure of the basis of RTEJrl and its construction.

5. Conclusions. We have proved that, for a particular choice of degrees of free-
dom in the spaces N,;1 and L, with » > 0, the matrix associated with the gradient
operator is the transposed of the all-nodes incidence matrix of a directed and con-
nected graph. This fact, that was well known when r = 0, allows to extend to high
order finite elements the construction of a basis of the space of divergence-free finite
elements of degree one analyzed in [20] and [6].

This method uses the canonical basis for the chosen degrees of freedom of N,
that, for » > 0, is not explicitly known. However, on each tetrahedron of the mesh,
the elements of the canonical basis are related with the elements of a more natural
basis by a generalized Vandermonde matrix that is independent of the tetrahedron
up to its orientation.

The typical setting in which is convenient to use divergence-free Raviart—Thomas
finite elements is the following mixed problem: find (z;,pp) € RT,4+1 X P, such that

fQZh~Wh+prhdiVWh:fo-Wh Y wp, ERTT+1
Jodivzag, =0 Yqn € P,.

It is clear that z, € RT,,, and satisfies

/Zh-Wh:/f~Wh VWhERTBJrl.
Q Q

If 52(Q2) = 0 we have proved that a basis of RT?, , is given by {curl ®;};c k- being
{@i}?gl a cardinal basis of N, 1 and K* the set of indices of the moments associated
with arcs not belonging to a given belted tree of the graph of the curl operator. The
mass matrix corresponding to this basis of the divergence-free subspace of RT,; is
then the matrix with entries fQ curl @; - curl ®; for 4, j € K*. So it is a submatrix of
the stiffness matrix of the cardinal basis of NV, 1, the one corresponding to the rows
and columns of indices in K*.

The stiffness matrix for the cardinal basis is computed, as usually, by assembling
the elementary matrices A%, , € R**® with entries [Al, Jpe = [, curl @} - curl &,
r+4

2
elements of the local cardinal basis {®}}2_, is not known. A basis of P, ;Al(¢) is

being n = (r + 1) ( ) the dimension of P, ;A'(t). The explicit form of the
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given by (see for example [16])
(5.1) {)\?(el)wez ce' € Ay(t) and n(e’) € I (r,4)}

being Z¢ (r,4) = {n € Z(r,4) : n; = 0ifi < m!,(0)}. It is worth noting that the
number of elements in Z¢ (7, 4) is equal to the number of elements in Z(r, 4 —m, (0)).
We denote by {¢;}*_, the elements of this basis and by {M""}2_ the set of local
Nédélec moments.

Since {¢;}]_; is a basis, for each k € {1,...,n} there are n coefficients ¢;; (and
they are unique) such that ®; = >} | ¢x,¢;. Moreover

n

MM @) =6 = ch,lMiN’t(Cz)~
=1

Following [10], we introduce the generalized Vandermonde matrix: V € R*** with
entries V;; = MP/(¢;). Since {®]}2_, is the local cardinal basis with respects to the
moments introduced in Section 3, we have

n n

MY @) = 0i =Y eraM 7 (C) =D eraVia = [VC ik,
1=1 =1

being C' € R*** the matrix with entries ¢ ;. This means that VCT = I and then
CT =V~ So, it is possible to compute A’ ,; from the elementary matrices A* €
R**® with entries [A'];; = [, curl¢; - curl¢; because they are linked by V' in the
following way.
Al =CA'CT =v-TAty -1,
Moreover it is enough to compute V for the reference element because it is, in

fact, independent of the physical element. (See [13]. See also [10] Property 1.)

Appendix A. Moments of Vg, € N,;1 being ¢, € L, ;1.
Let us recall the set of moments that we are considering in the space N,1:
o MY . (up) = [ up-t. B, for each e € E and o € Z(r,2);
o MY, () = (—1)'r [;(wpxnp)- BYV Ay, ;) for each f € F, B € T(r—1,3),
i,j7€{1,2} and i # j.
° M,]Y\{t7i(uh) = (=1)°r(r — 1)j1tuh . B?V)\mt(j) X VA, (k) for each t € T,
yeZL(r—2,4), 4,5,k e{1,2,3}, i € {j,k} and j < k.
If uy, = Vi, with ¢, € L,41 we obtain
o MY . (Ven) :/wh -t. B

e
= ‘ph(vme(l))Bea(Vme(l)) - wh(vme(O))BS(vme(O)) — /Qoh gradeBg te
(ince grad, BE b, = 17, ) (BE— — BE-))

= n (Vi (1) BE (Vi (1) = @1 (V. (0)) BE (Vin. (0))
—rgrad, A, (1) - te [, on (B~ — BX*)

(using that VA, (1) - te = %)

el

= 0n(Vin, (1) BE (Vin. (1)) = €0 (Vi (0)) BE (Vin. (0))
—151 Lo on BE® = [, on BE™] .
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Summing up

~on(Vin, ) + 15 [oen BE7 if a = (r,0)
Mé\’,e(v%) =< enVim.)) — Tel J.on B& if = (0,r)
_|Le‘ Ue on BE — [ on B?_eo} otherwise

1 ifaizo

0 otherwise for i,1 € {0,1} and

where we have used that A& (v, 1)) = {
i #1.
o My :(Von) = (*1)ir/(V<Ph xnp) - BEV A, )

f
(with 4,j € {1,2} and i # j)

(—1)2:+1T ff(ngh X vf)‘mf(j)) ‘ny B?

(—1 H_l?”f din (pth)\mf () X Ilf) B'B

= (=1)"*r [f&f OnV A, (5) X ny) - l/fB

—ff OnV fAm, () X 0y) ~gradeﬂ

e S (1 055y (78

2
)™+t Z (ViAm,5) x ny) 'fo—vl/f on[BY) r—v,

=0 Vi

2
—(r =1 (Vhms ) X 05) - VA ) /f on (B — Bjﬁ_e‘))]
k=1

(recalling that VA, ) = —lf;‘[;]l”’/flff[vmfm])

i 2 2
=(=D"r [— >0 |fl{r|l| (V Ay Gy X)) Sy, 0B p—v,
7(7' - 1) Zi:l(vf)‘mf(j) X nf) : vf)‘mf(lc) ff Ph (Bﬁiek - Bﬁie(])] s

2|f]
= HL (VAo iy X 0p) - V(i {
( ) ( ! £0) f) ! 1@ |f V0| f—vo

2| f] AR
| f sph[B"?]lfvl—(’r—l)/f(ph (B"? e _B? eO):|

Ph [B?]\f—vo

_|f*Vz‘\

(using that (VAm, (i) X ViAm, () -0y = (1) 5l0)

- [|612| felz Sﬁh hel? \ewl fem SDh B ]\GOJ
B—e; B—
— 571 Sy on (Bf “ - B 90)} :
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Summing up

r B T B
oo Jews 9B e = 0,7 Joo, #1(By e,
if (o =0and 8; =0

r(r—1) B—
IeOJ| feo] (,Oh ]‘601 + 2| f] ff L‘Oth eo

r( B—e;
sl Jeu, 908 ]lm - 2|f| ff onB "
1f50_0andﬂﬁéo

T2T|f\1) ff ©n (BB e; Bﬁ eo)
otherwise.

M;Ja\{f,i(v%) =

Finally we recall that if e = f — [v,, ;)] then

[Bﬁ] _ Bfwﬁ ifp=0
flle 0 otherwise.

o« M2,(Ven) = (<1°r(r = 1) [, Vn - BYV A,y X Ve (with i,k €
{1, 3}, < k,and i & {j,k})
— (=1)*r(r = 1) [, 20 BY Vi) X VAagh) - Mt
= Jyon div (BIVAm, ) X VA, ))]
= (=1)*r(r = 1) [fo, 0 BY VA, () X VA, (k) - 1
= Joen VB - (V) X Vi, i) ]
(since VB = (r — 2) Z?Zl VA, (B~ = BF ™))
= (170 = 1) | seantny VAme) X VAmacey - Beis Jy o0 [B7])g

7(7” - 2)2?=1V)‘mf(l (VA’rth(J) X v>\7rzt(k))ft <Ph( ’7 ° B;keo)}
(denoting f; =t —vy)
= (=1 = 1) | 0 V) X V) 1tz J, 0 [B7 )

~(r =2V (VAmi(i) X VAmw) Jyon (B =B)]

(recalling that nyy, = \J“f\ V)
o3It
= (-1 r(r=1) > - WWW D V() X Vi) /f B,
l

LI=0
~(r =2V - (VAmi() X VAmu) /Sﬁh (By~® - BQ’QO)}
t

. [ o3t
= (—1) r(r — 1) | |V>\mt 'V/\mt(j) X V/\mt(k)/ ©h [B;Y]\fo
3‘ | L |f0‘ fo
t
‘f|Wmt<z) VAm. () Xka)/f on [BY )1,

_(7“ — Q)V)\mt(z) . (V)‘mt(j) X V)‘mt(k)) /t@h (B;Y—ei _ Bt'y—eo):l
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(since V/\mt(O) - Zn 1 mt n))

= (=1)r(r—1)
3l
|fil

3|t]
71 VA ) - VAm, () X VAmtuc)/ on (B £
| fol fo

T V) - Vo) XWm,m/f n (B,

_(’f’ - Q)V)‘mt(i) . (V)‘mt(j) X V)‘mt(k)) /t(ph (B;Y_ei _ B;y—eo):|

t
= (=1°r(r = DV, (i) - VA, () X VA, () {If ||/ on [BY] £
3t| —€; [=Th)
T [ entBtl = =) [ (B - 57

i

(using that (71)SV/\mt(i) . (V)‘mt(j) X V/\mt(k)) = (71)7‘.+1ﬁ)

— z+1r(r_1) [3|t 2% _% 2%
VG [T o B = g, e 270

—(r—2) /wh (B~ — B?‘e")} :
t
Summing up M., Z(V<ph)
) 1
(_1)zr(r _ 1) (_72‘]0123' ff123 (Ph[B;Y]\flzg + 72‘f0)jk| ffﬂjk ‘Ph[BZ]\foJ‘k)
ifyo=0andy =0

(=17 = 1) (37 Sy, 0B o — 5 Sy 0BT
_ ifyv#0and v =0

(_1)%‘7,.(7, - 1) (_m ff123 (ph[B?]\flm + % ft (phB;y*ei)
if yg=0and ~; #0

(—1)° % J; on <B7 e B?fe°> otherwise.
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