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Abstract

We design in this work a discrete de Rham complex on manifolds. This complex, written in the
framework of exterior calculus, is applicable on meshes on the manifold with generic elements, and
has the same cohomology as the continuous de Rham complex. Notions of local (full and trimmed)
polynomial spaces are developed, with compatibility requirements between polynomials on mesh
entities of various dimensions. Explicit examples of polynomials spaces are presented. The discrete
de Rham complex is then used to set up a scheme for the Maxwell equations on a 2D manifold
without boundary, and we show that a natural discrete version of the constraint linking the electric
field and the electric charge density is satisfied. Numerical examples are provided on the sphere and
the torus, based on a bespoke analytical solution and mesh design on each manifold.
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simulations

MSC2020. 65M50, 65M60, 35Q61, 78M10.

1 Introduction

The goal of this paper is to design a discrete version of the de Rham complex on manifolds, which
can be built on meshes made of generic elements and has the same cohomology as the continuous de
Rham complex. This complex can be used to design schemes for partial differential equations (PDEs)
which inherit some important stability properties from the continuous models (such as energy bounds
or constraint preservation).

Let Q be an n-dimensional compact Riemannian manifold. In the exterior calculus framework, the
continuous de Rham complex on Q is

=4y HARQ) —4y HARI(Q) —L . (D

where d is the exterior derivative and HA*(Q) is the space of L2-integrable k-forms whose exterior
derivative is also L2-integrable. For Q = R" with n = 2, 3, through vector proxies this complex is equiv-
alent to the usual grad-rot complex (in 2D) or grad—curl-div complex (in 3D). The complex property,
which reads d o d = 0, has important consequences for PDE models based on these operators, such
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as the preservation of the divergence constraint in Maxwell equations or the stability of magnetostatics
problems [23, Section 2]. Designing discrete versions of this complex is essential to ensure that the
resulting scheme also satisfy these properties.

Several approaches have been employed to achieve such a discretisation. One of the most suc-
cessful one is the Finite Element Exterior Calculus (FEEC), which provides a generic framework for
designing and analysing discrete complexes [2, 3]. Its design based on explicit locally polynomial and
globally conforming functions however makes it only applicable to certain meshes — mostly made of
triangles/tetrahedra or quadrangles/hexahedra. We also note the broader framework of Generalised Fi-
nite Element Systems [15], but whose analysis tools are currently limited to algebraic properties of the
discrete complexes, and does not provide explicit means to construct fully computable complexes on
generic meshes.

A recent new trend is that of polytopal methods, that is, numerical methods that are applicable on
meshes made of generic polygons/polyhedra (polytopes), and have an arbitrary degree of accuracy. The
Virtual Element Method (VEM) [6, 7] and Discrete De Rham (DDR) [20, 23] are two main examples
of approaches to building polytopal discrete complexes. Such complexes have benefits over FEEC ones:
the flexibility of polytopal meshes leads to seamless local mesh refinement (to better capture, e.g., stiff
solutions or complex geometries), and their high-level approach (which does not require globally con-
forming basis functions) may lead to leaner constructions using systematic processes in their design,
such as static condensation and serendipity; see [9, 11, 16, 19, 21] for examples of the efficiency of
discrete polytopal complexes.

The question of stability of discretisations of PDEs also applies to models set on manifolds, and
leads to the natural question of designing discrete version of the de Rham complex on such spaces. In
the finite element setting, most studies have been done on embedded manifolds — typically, a surface in
R3. An initial (extrinsic) approach is to approximate the surface by a piecewise linear surface, on which
a triangulations and finite element spaces can be easily constructed, and to numerically approximate
the PDE on that approximated surface, see, e.g., [17, 18] and [2] for FEEC (see also [25] for VEM).
The drawback of this simple — although completely computable — approach is its practical limitation
to low-order methods because the error committed by approximating the surface limits the accuracy of
the resulting scheme (unless we have an explicit knowledge — which is rare — of the distance function
in a tubular neighbourhood of the manifold). To mitigate this issue, a second (intrinsic) approach was
developed which consists in defining triangulations and finite element spaces directly on the manifold,
and to therefore discretise the PDE without the geometrical error created by approximating the manifold,
see [4] and reference therein. The challenge is then to define a notion of piecewise polynomial functions
on the triangulation of the manifold. One option to tackle this challenge is through the usage of an explicit
piecewise linear manifold, on which finite element triangulations and spaces can be trivially defined (the
notion of polynomials being obvious), and to transport these triangulations and spaces onto the physical
manifold. In [4], it is required that this approximate manifold be defined on a close neighbourhood of the
surface, such that each point of this neighbourhood has a unique orthogonal projection on the manifold;
this is actually not a requirement, as the mere existence of an homeomorphism between the physical
and piecewise linear manifolds is sufficient to transport all finite element spaces (H'-conforming, but
also H(curl)- or H(div)-conforming) through pull-back [30]. Another, strongly related, approach to
construct intrinsic triangulation and finite element spaces is to assume the existence of a global explicit
system of coordinates on the manifold; this system can then be used to represent the mesh and local
polynomial spaces (and amounts to the above-mentioned homeomorphism and pull-back approach).
This, however, has some limitations on the type of manifold that can be considered (a sphere, e.g.,
cannot be covered by a single chart). The reference [5] describes this approach in the context of VEM,
and highlights that the usage of a single chart on a sphere generates a loss of accuracy on the sphere due
to the singularity of this chart at a point (it is numerically shown that using two charts can mitigate this



issue, but the design of the method does not account for the usage of multiple charts).

In all cases, the existence of a global object to represent the manifold (piecewise linear manifold
approximating and/or homeomorphic to the physical manifold) can be established, but the explicit de-
scription of this object remains elusive except in special cases, which mainly restricts global approaches
to theoretical analysis (or requires to construct computable spaces that introduce an additional geo-
metrical error, the control of which requiring additional properties on the global object — e.g., that the
homeomorphism is close to an isometry); see the discussion in [30], which designs and analyses a FEEC
on manifolds.

The reason for the need of a global approach mostly lies in the requirement for finite element spaces
to be subspaces of the continuous spaces (conforming approximation). This is also visible in the abstract
construction of [30, Section 3-4] where, although the design of the polynomial spaces is done locally
through pullbacks, the continuity requirements of the smooth triangulation ultimately makes it non-
computable (except for trivial case); practical usage then require the introduction of an approximation
of the manifold.

Polytopal methods do not have such a requirement. Instead, their discrete spaces can be interpreted
as spaces of vectors of polynomial functions on mesh entities of various dimensions (elements, but
also faces, edges, vertices); these polynomial functions are completely unrelated with each other: for
example, polynomials on the faces do not have to be the traces of polynomials in the elements, see [8,
10] for both DDR and VEM. As a consequence, the restrictions — even on flat spaces — imposed on the
geometry of the mesh elements by finite element methods are lifted, and there is no issue in gluing local
constructions to form a global space (no global property on the space need to be imposed). The trade-off
is that notions of polynomials on faces and edges must be available. This is not in itself an issue even on
manifolds, as local coordinates can be used for this, but when considering complexes, some compatibility
conditions are necessary; in particular, traces on faces of polynomials in elements must be polynomial
on faces (which imposes a compatibility of the local coordinates used to define polynomials). Moreover,
trimmed local polynomial spaces play an important role in discrete complexes [2, 6, 10]; when going
to polytopal complexes on manifolds, such notions of spaces must therefore also be defined, which asks
questions on intrinsic Koszul operators in local coordinates and their compatibility conditions related
to traces (traces of trimmed polynomial spaces should remain trimmed polynomial spaces of the same
degree).

At this point, it is worthwhile to note other approaches to solving partial differential equations on
manifolds that have been developed, primarily by the General Relativity community. The oldest ap-
proach is the Regge calculus [26, 33, 36], which is a lattice based method for numerically solving the
Einstein equations. Related to the Regge calculus is the smooth lattice method developed in [14]. This
method offer significant improvements over the Regge calculus and has been used to solve the Ein-
stein equations on spacetime manifolds with compact spacial slices [12, 13]. In a different direction,
an approach to solving partial differential equations, in particular the Einstein equations, on spacetime
manifolds that is based on local discrete coordinate patches was developed in [35]. More recently, the
authors of the articles [31, 32, 37] developed a multi-cube decomposition method for solving partial
differential on compact manifolds and employed this method to construct numerical solutions of the
Einstein constraint equations on various compact three-manifolds. Finally, we mention the article [24],
which is most relevant to our results, where a discrete exterior calculus is employed to design a numerical
scheme for solving the Einstein equations. This approach has been used to find solutions to the Einstein
equations on spacetimes with compact spatial slices in [34]. All these methods, however, are limited to
meshes with elements having a specific shape (tetrahedral or cubic).

In this work, we tackle the question of designing a discrete complex on generic (not necessarily em-
bedded) manifolds, that supports meshes having generic element shapes. We define suitable notions of
local (complete and trimmed) polynomial spaces on a generic mesh of Q, tackling the issue of compat-



ibility of traces of polynomials. Like the abstract setting of [30], our construction relies on mappings
between subsets of R? and the manifold. However, our compatibility requirement between the mappings
is much milder. This added flexibility enables the construction of computable mappings. Our construc-
tion works even when several charts are used to represent the manifold, and does not require a global
homeomorphism between the manifold and a piecewise linear manifold; it is also purely local, and we
provide practical spaces on various polygonal elements. We then use these local polynomial spaces to de-
sign, following the construction in [10], a discrete version of the de Rham complex of differential forms
on the manifold. Some key properties this complex are stated, including the isomorphism of its coho-
mology with that of the de Rham complex. We then derive a 2+1 formulation of the Maxwell equations
on 2D manifolds, and use the DDR complex to design a scheme for these equations; the preservation of
constraint follows from the properties of the discrete complex. We numerically illustrate the behaviour
of the scheme on manufactured solutions on the sphere and the torus, designing for this suitable meshes
(based on two charts of each manifold) on which local polynomial spaces with compatibility conditions
can be constructed.

The paper is organised as follows. In Section 2, we introduce the setting required to define the DDR
complex on a manifold; in particular, we define a notion of polynomial spaces on a mesh of the manifold,
in such a way that restrictions of polynomials on lower-dimensional mesh entities are also polynomials
on these mesh entities. We construct trimmed polynomial spaces, that are then used in Section 3 to build
the discrete spaces and operators of the discrete de Rham complex of differential forms on the manifold,
following the design in [10]. We state the main properties (consistency, commutation, isomorphism
of cohomologies) of this DDR complex. Section 4 then tackles an application of this construction:
the electromagnetism equations on a manifold. Starting from the Maxwell equations written on a 3D
Lorentzian manifold, we perform the 2+1 splitting to obtain a model written in time-and-space formu-
lation in the language of differential forms. We then build a scheme for this model, use the properties of
the DDR complex to show that this scheme preserves a discrete version of the constraint on the electric
field, establish an energy estimate, and finally perform numerical tests on the 2-dimensional sphere and
torus. Two appendices conclude the paper: Appendix A details a practical construction of polynomial
spaces on a manifold mesh made of elements of various shapes, and Appendix B recalls important tensor
calculus constructions used in the derivation of the electromagnetism equations.

2 Setting
2.1 Mesh

We let M;, be a mesh made of a collection of submanifolds of dimensions d = 0, .. ., n that partition Q.
For such a d, the set Az(My},) collects all the submanifolds in M}, of dimension d, which we also call
d-cells, or cells when the dimension is not useful; “elements” refer to n-cells.

We assume the following properties (the first two explicitly re-state that M, partitions €2):

¢ The submanifolds cover Q: Ude[o,n] UfeAd(Mh) f=Q.
* The submanifolds are pairwise disjoint: Vf, f" € My, f # f" = fnf' =0.

* Boundaries of the submanifolds are submanifolds: Vd € [1,n], f € Aq(My),d" € [0,d-1], f" €
AgMp), f/0f#0 = f' caf.

The last property allows us to define the collection of cells on the boundary of f: Az (f) = {f" €
Aa(Mp) = [P Caf}.

Algebraic properties of the discrete de Rham complex designed in Section 3 do not require any mesh
regularity assumptions. However, analytical properties (such as the consistency of the complex, see
Section 3.3) do depend on the regularity of the mesh, a concept that we introduce now. In what follows,
the notation a < b stands for a < Cb with a constant C which does not depend on the parameter #, the
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dimension d < n, on the subcell f € Ayz(Mj) or on the forms considered on f. The notation a =~ b
stands for a < b and b < a. We say that a (flat) polytopal mesh M}, (as defined in [22, Definition 1.4])
is equivalent to My, if:

* Their same-dimensional cells can be put in bijection: V0 < d < n, there is a bijection @4 :
Aa(Mp) = Da(Mp).

* They are topologically equivalent: V1 < d < n,Vf € Ag(Mp), Pg-1(Ag-1(f)) = Ag-1(Pa(f)).

* Their geometry are equivalent: V1 < d < n,Vf € Ay(My), there is a diffeomorphism ¢ : f —
O, (f) satisfying:

1 _1
Vo5l ~ | det(Vo )& ~ (| det(Vo ) llw” ~ IV¢7 11" 2
* The geometry is regular on boundaries: V1 < d < n,Vf € Ag(Mp),Vf' € Aa-1(f),
IV sllco = IVl co- 3)

Above, [|[V¢ ¢|| denotes the L (f) norm of max; |9;¢ ¢|. Note that imposing, for example, that ||V ||
1

is comparable to || det(V¢ )||& amounts to enforcing a level of “isotropy” to f, and (2) is therefore an
assumption on the shape regularity of f.

Definition 1 (Regular mesh sequence). We say that a mesh sequence (M), is regular if there exists an
equivalent polytopal mesh sequence (Mj},);, which is regular in the sense of [22, Definition 1.9].

We define the characteristic size of a d-cell f as hy := |f| a. Noticing that

hy ~ IVl hay(r)s “4)

we can translate the geometric bounds on regularity polytopal mesh sequences into our setting. We
recall the main properties

* The size of neighbouring cells is comparable: V1 < d < n, Vf € Ag(Mp), Vf' € Ag-1(f),
hy =~ hy.

* The number of sub-cells in an cell boundary is bounded: V1 < d < n,Vf € Ag(Mp), |Aa-1(f)] <
1.

2.2 Discrete polynomial spaces

To build a DDR complex on M, we need a notion of “local exterior calculus polynomial space” on
the submanifolds in Mj,. This is not an easy concept to define as these spaces must satisfy a range of
compatibility properties with the exterior derivative, the trace, etc. In this section, we define the key
axioms that these spaces must satisfy, and infer further notions such as trimmed polynomial spaces.
The construction below mimics well-known properties of polynomial spaces, exterior derivative and
Koszul operator on flat spaces; we however have to check carefully that the key minimal properties we
require (the complex properties and Assumption 2) are indeed sufficient to deduce, in particular, the
decomposition of polynomial spaces which justify the definition of trimmed spaces.

Let0 < d < nand f € Ag(My). We consider spaces (P, Al (f))rez.cez such that P.AL(f) c
C'AL(f), and that form a complex for the exterior derivative d in the following way:

e = PANS) = P AT — 5)



We assume the existence of a graded map « (removing the index f when no confusion can arise),
playing the role of a Koszul operator in our setting, such that the following “reverse” sequence forms a
complex

== PN (f) = PraATH () — 6)
Assumption 2. We assume the following properties:

(A1) There is a graded decomposition of P, Al(f) := D,-, HyAL(f) such that, on each HyAL(f),
dk + kd acts as an homothetie: Vs, [, 31,; € R such that (dk +«d)p = A, p for all p € HAL(f).
For s < 0, HyA'(f) = {0} and we fix As; = Ag47.0, With Agyy0=0if s +1 < 0.

(A2) The eigenvalues of d« + «d identify the polynomial degree: forall d > 0 and 0 </ < d and all
5,8 20,451 =24y = s =s". Moreover, if s > 0 then A, ; = 0 if and only if (s, /) = (0, 0).

(A3) dH,A(f) # {0} whens >0and [/ < d.

Lemma 3. Forall 0 <[ < d, s € Z, the eigenvalues are related by the relation A5 = Ag41,0. Moreover

dHs A (f) € HNTH(f) and kH A (f) © Hoaa AN (f)

Proof. The case s < 0 being obvious by the choice in (A1), we only need to consider s > 0. Let us
first consider the case / = 0 and let us prove by induction on s € N that dH,,1A(f) ¢ HyA'(f) and
As.1 = Ag410. Let us consider s = 0. Using (A1) we have dH;A%(f) ¢ dPIA’(f) € PoAl(f) =
HoA'(f), which proves the first property for the base case. For the second property, by (A3), there is
p € HiA(f) such that dp # 0. Moreover kdp = A1 op — dkp. Thus we have

(dk + kd)dp = dkdp = A1 0dp — ddrdp,

and dp is an eigenvector of d« +«d associated with the eigenvalue 11 9. We note that dp € dH A (f) €
HoA'(f). Therefore, 191 = 11,0 and the case s = 0 is proved.

Let now s > 1 and assume that, for all 0 < k < s, dH 1 A(f) € HiAN(f) and Ax1 = Agy1.0-
We need to prove that A1 = Ag1,0. Let p € HyAY(f). If dp = O then clearly dp € H AL (f).
Otherwise, using the same arguments as for s = 0 we note that (d« + kd)dp = As41,0dp, and dp €
PA(f) = P <, H; A'(f). Since dp is an eigenvector of d« + «d (as it is not equal to 0), by (A2) it
belongs to an ‘Hk_Al (f) for some k such that A; 1 = A441,0. By induction hypothesis, if k < s we have
Ak,1 = Ak+1,0 # As+1,0, sSee (A2). Hence, k = s and A5 1 = As41,0. In passing, we have also proved that
dp € HyAL(f), so that dH, 1 A(f) € HyA'(f), and the induction is therefore complete.

Another induction on / concludes the proof that A ; = As41,0 for all s, [.

The fact that k maps eigenspaces into eigenspaces also follows from (A1) and similar arguments.
The details are left to the reader. O

Lemma 4. The following mappings are one-to-one:
d : kHA(f) = dHea AT € HA (f)
k o dHA () = kH A c HAL(S).

Proof. We only need to prove that d is injective on kH;Al( f), the other case being similar. The case
[ = 01is trivial since

KHAL(f) = kPsA°(f) € Pen AL(f) € CTATL(f) = {0}. (7

We therefore assume that [ > 1 and take ¢ € kH;A!(f) such that dg = 0. We can write ¢ = «p for
some p € HyA'(f). By (A1), we have (dk + xd)p = A ;p. As dkp = dg = 0, we infer kdp = A, p
and A, jkp = kkdp = 0. By (A2), A5 # 0 (since (s,7) # (0,0)), and thus ¢ = kp = 0.



To conclude the proof, we note that the property dkH; Al (f) € dH, i A1 ( f) follows from Lemma
3ifl > 1, and from (7) if = 0.

]
Lemma 5. The following direct decompositions hold, for all r > 0:
PN (f) = PoA(f) @ kPr 1 A (f)
PN (f) = APra AT () @ kP N (F) ifL 21
Proof. We first prove that
HN (f) = dHa A7) @ kM AH(f) if (5,0 # (0,0). ®)

For p € H,A!'(f), the assumption (A1) yields (d« + kd)p = Ay ;p with As; # 0 since (s,1) # (0,0).
Hence,
p= d(/ls_jkp) + K(/l;}dp).

Noticing that kp € Hs1 AI71(f), dp € Hyo 1 AL(f), dHo AL f) € HAL(F) and kHg_1 AP (f) ©
HA'(f) by Lemma 3, this proves that Hy Al (f) = dHy s AL ) + kHs— 1 AFE(f). It remains to prove
that this sum is direct. If z € dH,_1 AN (f) N kH;1 AI71(f) then there exists p € H,_1 A+ (f) and
q € Hy1 A71(f) such that z = kp = dg, then dkp = ddg = 0. Lemma 4 then implies z = kp = 0
which concludes the proof of (8).

We now turn to the result in the lemma. If / # 0, we can take the direct sums of (8) to get

P () = EDHA(F)

S<r

= (P dHa N7 (F) @ kH 1 A (f)

= A Hen A7 (f) @ K D Hoa A ()

= AP ATH(f) @ kP AT ().
If [ = 0, we simply write

PA0(f) = HA(f) & €D HAY(f) = PoA’(F) @ € HA(f)

1<s<r l<s<r
and apply (8) with s € [1,r] and [ = 0, noting that dH.1 A1 (f) = {0}. o
Definition 6. The trimmed polynomial spaces are defined as: for all 7 > 0,
PrA(f) = PrA(f)
PrA(f) = dP AT @ kP AT (F) i1 > 1.

Remark 7. 1t follows directly from the direct decomposition of Lemma 5 that, for all r,/,d € Z, f €
Aa(Mp),
PN (f) € PLAN (f) € PraN ().

Assumption 8. We assume that traces of trimmed polynomials are trimmed polynomials, that is: for all
feAs(Mp)and d’ € [0,d],

trp PrAN(f) c PIANS) Y e Aa(f).



We show in Appendix A that local polynomial spaces satisfying Assumptions 2 and 8 can be de-
signed and explicitly constructed if we suppose that Assumption 9 below holds. This assumption relates
local charts of submanifolds and their boundaries.

For f € Ag(My) and f € Ag_1(f), we denote the inclusion of f’ into f by Sppr: ff— 7.

Assumption 9. For every 0 < d < nand f € Ay(My), there is a C?-diffeomorphism /7 from a
subset of R into f. Let J ¢ = (I)~!. We assume that, for all ' € Ay_1(My), the transformation
Tr.pr =JpoJf g ol from (a subset of) R41! to R is affine.

3 Discrete de Rham complex
3.1 Construction

Given a polynomial degree r > 0, the discrete counterpart X' ’r‘ ,, of the space HAK(Q),0 < k < n,is
defined as

xE, =X X FTIPIATR(), ©)

A generic w, € Xlr"h is denoted by w, = (Wf) rea,(My,), de[k,n] With wy € *_IP;Ad_k(f) for all
f € Mj. As commonly done in DDR constructions, we denote by w = (wyr)fre AL (f), drek.d] the
restriction of w,, to f € Ay(My,). The same convention (replacing an index i with f) will also be used
to denote restrictions of operators.

The interpolator 1 ’r‘ P COANF(Q) — X ’r‘ , 1s defined by projecting the traces on the polynomial

spaces: for all w € COAK(Q),
If o= (*_1”Z,f_k * 1 f W) Ferq(My).delkn] (10)

where nr_,’]il ko p2pd-k (f) — P AY%(f) is the L?-orthogonal projector on the trimmed space.

The main difference with the flat case developed in [10] is that the Hodge star operator * is a general
function, and does not preserve polynomials spaces. This leads us to consider a slightly different formu-
lation, including *~! in the definition (9) of the discrete space and adjusting accordingly the definitions
of the interpolator above, and of the local discrete exterior derivative and discrete potential below.

Definition 10 (Local discrete exterior derivative and discrete potential). Let f € A;z(Mj). The dis-
crete exterior derivative d'r‘ p X’r‘ F * 1P, A4=k=1( f) and discrete potential Pf r X ’r‘ F
* 1P, A4k ( f) are defined inductively on the dimension of f as follows.

e Ifd =k:
Pf,fgf = wyp e * 'P.AS). (11)
o Ifd > k+1:
o Yuy € PATTRL(P),
'/];dl:’fgf /\,Uf = (_1)k+14wf Adyf+LfPf,afgf /\trg)fﬂf, (12)

where we have denoted by Pf P the piecewise function on 0 f obtained patching the functions
Py pwp for f € Aaa (f).



O Yuyp € kP AK(f), vp € kPt AR,
(-1 /fPi‘,fgf A(duy+vy) = /fdf,fﬂf Apf = /af P} og@a N o by
+ (—1)k+1 /wf A Vf.
f

The global discrete differential is then obtained projecting the local discrete differential on the spaces
forming the component of the global discrete space (9): Qf’ n X f n— X ’r”hl is given by

(13)

—1_—.d-k-1
Qf,hgh = (x 17Tr,f * dl:,f'Qf)feAd(Mh),de[k+1,n]-

The discrete DDR sequence on M, is then

k-1 k k+1
gr,lz =r,h

ak
> XE, — XL (14)

To design numerical schemes based on this discrete complex, we need to define discrete L2-like
inner products.

Definition 11 (Discrete L2-like inner product). For w Wi, € X f ,» We define the discrete L?-like inner
product as

<Qh,/_lh>
n-1
— n-d _ ) k o , k
= feAZ(:M ) </fwf A*ﬂf+dz;<hf f/E;(f) é,(wf’ try Pr,fgf) /\*(,uf tre Pr,f/‘_lf) .
n h = d

3.2 Algebraic properties

The following results can be proved mimicking the proofs in [10].

Lemma 12 (Link between discrete exterior derivatives on submanifolds). Foralld > 2, f € Ag(My),
and wy € X'r‘ it holds

Ldf’fgf Nday = (_1)k+1 Lf dlr{,(')fgaf Atrasayg, Vay e Pr_+1Ad_k_2(f)-

Lemma 13 (Complex property). Forallk > 1,d > k, f € Aqg(Mp), [CFRS X]r"f, it holds

k k=1, _ 1k-1

Pr,f@r,f We = d, Wy, (15)
ko k=1, _

Qr,fgr,f Wy = 0.

Lemma 14. Foralld > 0, f € Ag(My), and w, € X¥ p it holds

-1_-,d-k k _
*x o *Pr,fo =wy

Theorem 15 (Commutation property). Forall k > 0, d > k, and f € Ag(Mp), it holds
df (I j0) = I} (dw) Yo € CTAN(S). (16)

Theorem 16 (Isomorphism of cohomologies). The DDR sequence (14) is a complex that has the same
cohomology as the continuous de Rham complex (1).



3.3 Consistency

In the usual construction of DDR, the initial consistency result for potentials and discrete differential are
written as exact polynomial consistency. However, on manifolds, the Hodge-star of polynomials are not
necessarily polynomials; for this reason it does not seem possible to obtain an exact polynomial consis-
tency of the reconstructed polynomial and exterior derivatives (see Remark 20 for more details). Instead,
we directly establish here the consistency in terms of approximation properties on smooth differential
forms (this is, in the usual construction, seen as a consequence of polynomial consistency, but we estab-
lish it here independently). We also use the shorthand ||| x to denote the L2-norm of u € L2AX(X).

As the DDR construction relies on the decompositions in Definition 6, we must ensure that the direct
sum does not degenerate as i goes to zero. We present in Section A a construction of local polynomial
spaces that satisfy the following assumption.

Assumption 17 (Local Poincaré inequality on Koszul complement, topological decomposition and dis-
crete trace). We assume the following bounds on the discrete spaces: For all k > 0, d > k and
f € Ag(Mp), we have

lullr < helldully, Vi€ kPryAR(F), (17)

lally+IB8lls < lla+Blly, Va € kP A(f), VB € dPraAL(f), (18)
_1

Itrar ullar < by lully, Vi e PrA(f). (19)

We assume that the discrete spaces have similar approximation properties as those of polynomials
in Euclidean space (see [22, Theorem 1.45]).

Assumption 18 (Approximation properties). For all forall0 < k < d, f € Ay(Mp) and t € [0, r]

| %71 nfjfk *w=ollf  h M olgrgeg Yoe H™ AR ), (20)

where nf,}k is the L2A9~%( f)-projection on P A4~k (f).

To state the consistency result, we need a scaled norm that takes into account the regularity of dif-
ferential forms and their traces on sub-dimensional cells. For r € N, we define the space

H™ANf8) = {w e HPANS) - trpw e HPAN(F) Yf € Aw(f),Vd € [k,d-1]}

(note that the assumed regularity on f ensures the existence of traces on f/ € Az_1(f), and the assumed
regularity of these traces in turn ensure the existence of traces on f”’ € Ayz_2(f), etc.), and endow it
with the semi-norm

L d A1 pk
|(A)|r’f’A = Z th |trf/ w|Hr+1Ak(f/) Yo e H A (f7 A) (21)
d’'=k

Theorem 19 (Primal consistency). Forallk >0, d > k, f € Ag(My), it holds

||Pf’f!f’fw -olf < h}+1|w|r,f,A Yw € H”l/\k(f; A), (22)
14} AIF s = dwllf < K dwlr o Yo € CTAN(S) st do € HAR(f3A). (23)

Remark 20 (Polynomial consistency). Polynomial consistency is the property: P’r‘ f! ’r‘ 0 =w for all

w € P.AX(f). As shown in [10, Section 3.5], the initial step for proving this property for the DDR

complex on the Euclidean space consists in considering d = k and in writing *‘17tf‘fk *w =% kw = w;
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the removal of the L2-projector ¢ T k is justified since, when the metric is constant, w is a polynomial
form of the same degree as w. However in the context of DDR on a manifold, *w may no longer be
polynomial of the same degree as w since the *x operator involves the coefficients of the (non-constant)
metric. Hence, polynomial consistency for the DDR on a manifold does not seem readily accessible.
This does not prevent the method, however, from having optimal consistency estimates on smooth forms,
as demonstrated by Theorem 19.

Remark 21 (About the regularity requirement on w). The space H™*!AK(f; A), with its assumed regular-
ity of traces of functions on lower-dimensional cells, is the natural one to state the consistency estimates
in Theorem 19. Classical spaces of differential forms can easily be embedded into H"*1AK(f; A).

For example, letting C"*! AX(f) be the space of k-forms that are continuous over f along with all
their derivatives up to order r + 1, and considering the semi-norm

W|eri gk = max OYW|| 7wk
lwleriak(p) areNd,|a/\:r+1|| Lok (£)»

we have C"*'AX(f) ¢ H™*'AX(f;A) and
(wlr. g8 S LI lolerpr gy Yo € CTHARCS).

Likewise, repeated uses of the continuous trace inequality

_1 1 , , ,
trap mllop < o2 ety + Wl gias s Vi€ HUAS(E), Vf € A (M), Vd' € [k.d]

show that H"*1*4=kAK(£) ¢ H™*1AK(f; A) with

d-k
I(,L)Ir’f,A < Z ]’l;la)lHrHJriAk ) Yw € Hr+1+d_kAk (f)
i=0
Proof of Theorem 19. The proof if done by induction on d. If d = k, then both discrete and continuous
differential vanish, so (23) is trivially satisfied. The definition (11) of P’r‘ / combined with the assumed

approximation property (20) of the L2-projector on polynomial spaces readily gives (22).

Let us now take d > k + 1 and assume that the result holds for d — 1. Let f € Az(Mp). We
first prove a weaker (sub-optimal) version of (23), from which we deduce (22) which, finally, gives the
optimal estimate (23) itself.

The definitions (12) of the discrete exterior derivative and (10) of the interpolator yield, for all
Hr € PrAd_k_l(f)a

1 _—.d-k
/fdrflrfw/\’uf:(_l)kﬂ/f* 17Tr,f *a)/\d,uf+/afPf’af!f’afw/\traf,uf
:(—1)k+1/w/\d,uf+/ trorw Atrgr uy
f of
+/ (Pf’af!’r"afw—trgfw)/\traf,uf
of

:/dw/\'uf-i-‘/a (Pf’af!f’afw—trafw)/\trafuf (24)
f f ’

where, in the second equality, we have used the fact thatduy € P/ A47¥( ) together with the definition

of the orthogonal projector 7 f ¥ to remove 71 Jfl k

used the Stokes formula in the conclusion. Subtractlng
/dw Apg= /*_17rf}k_1 * dw A py
f f |

11

* (see [10, Lemma 1] for details), and we have



(the equality following from the definition of ﬂf }k ~! and the fact that u r€Pr A?=%=1(£)) to both sides
of (24) and using a Cauchy-Schwartz inequality then gives

/f (dy (I po ="l e dw) Ay S 1P o I3 o pw = trag wllorll tray uplloy
s Wi trap wlrapal trar psllas
S Welwlr palligllys (25)

where we have used the induction hypothesis (22) on all f* € df (the notation ||, 57 A stands for
2 frerg () I'lr.r7.a) and the conclusion follows from the discrete trace inequality (19) together with
the definition (21) of the scaled norm, which gives

|traf wlrapa S hyPlwle fa. (26)

With yf = d¥ f!’; fw—n;l}k—l*dw € P-AY"F1(f), the left-hand side of (25) is equal to [|d* fgf Jw=
1. d-k-1

* il *dw||?c. Simplifying, we therefore obtain

Iy p Ly o =+ txl 2w dolly S Rlwlr,pa.

Introducing +dw and using a triangle inequality together with the approximation property (20) (with
dw instead of w and t = r — 1 if r > 1; if r = 0, we simply use the L?( f)-boundedness of nf}k‘l), we
infer the following sub-optimal version of (23):

Idt 1* o - dolly < 1wl ga. @7

We can now prove (22). For all uy € kP, AK(f) and vi € kPr1AYTKL(f), we have from the
definitions (13) of P} , and (10) of I,

(-t /f P} I s A (dpy+vy)
k gk k gk k+1 -1_-,d-k
= ‘/fdr’f!r’fw Apg— prr,af!r,afw Atrgs g+ (1) /f* T kWA Yy
PrAdk
G (f)/da)/\/,lf—/ trafw/\trafuf+(—1)k+1/w/\Vf
f of f

_ /@f(PfﬁflIr{ﬁfw —trorw) Atrog pr + ‘/f(d]:’flf’fw —dw) Auy

= (_1)k+1 ‘/fa) A(dug+vye) - ‘Lf(Pf’aflf’afw —tror w) Atrog py
+ /f(d]r"f!f’fw —dw) Ay,

the conclusion following from the Stokes formula. A Cauchy-Schwartz inequality then gives

(1) /f (P 1Yy = ) A (dpty +7)

< ||Pf,af!f,afw —trarwllarlltrar urllor + ||dlf,f!lf,fw —dwllfllgrlly

< W trog wlro.all tror trllog + Bylwlr palluell s
S Welwlr allirllfs (28)
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where we have used (22) for d — 1 (induction hypothesis) together with (27) in the second inequality,
and the discrete trace inequality (19) together with (26) in the conclusion. By Lemma 5, we can take u ¢

and vy such that du s + vy = (—1)k+1(*Pf fI’r‘ W= nf‘fk * w), and (17) and (18) ensure that

-1

lurlly < hellduglly < hyll % PE Irfw ¢ *w||f hf”PrfIk w =% ﬂf*wllf (29)

The bound (28) then gives

||P’r< fIf W=k 17rffk *w||?c

= /f(P'r‘ fIlr‘ W = w) A(duy+vye)+ ‘/f(w - *_17rf’}k *w) A (dpyg+vy)
S Wlolr palluglly +llw = %7l K x wllplldus + vl ¢

(29),(20)

S Wl pall PE IS jw =7

7r g *a)||f

with the conclusion following from (29) and the approximation property (20) of ﬂf}k with ¢ = r. The
bound (22) follows then by invoking (20) with ¢ = r and the triangle inequality

-1 1 __d-k

k k k
”Prflrjw a)||f<||PrfI Fw—* 7r rf *w||f+||* Ty *w—wlr.

Finally, (23) follows by applying (22) to dw and & + 1 instead of w and k, and by using the commu-
tation property (16) and the link (15) (also with k + 1 instead of k) between potential reconstruction and
discrete exterior derivative. m]

4 Application

We present here a 2+1 model for Maxwell equations on a manifold written in the language of differential
forms, and use the DDR complex to design a scheme for this model. We refer the reader to the notations
recalled in Appendix B and used throughout this section.

4.1 Electromagnetism in 2 + 1 dimensions

Following [27, 28], we foliate a 3-dimensional space-time manifold M by level sets of a time function
t. Letting! g = g, dx* ® dx” denote a Lorentzian metric on M, we perform a 2 + 1 decomposition on
g via

-N 2 + |,3 |2 ﬁ J

(g,uv) = ( ) Y ) s
Bi Yij

where y = y; jdxi ® dx/ is the induced metric on the ¢ = constant spatial surfaces, N is the lapse,
B = Bidx' is the shift, and we use (x?) to denote spatial coordinates on the spatial surfaces. We define a
future pointing unit normal to the spatial surfaces by

n:= (—th)#, (30)

and in the followmg, we distinguish geometric objects associated to the spatial surface with a tilde; for
example, vol and # are the volume form and § operator associated with the spatial metric y, respectively,
on the spatial surfaces. Further, we introduce the vector field 9, via

8, = Nn +

IThroughout this section, we use lower case Greek letters, e.g. u, v,y to label space-time coordinate indices that run over
0, 1, 2 while lower case Latin letters, e.g. i, j, k, will label spatial coordinate indices that run over 1, 2.
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and note that for any adapted coordinate system (, x"), i.e. which satisfies Lg,x’ = 0, the vector field ;
will coincide with the coordinate vector field d; associated to the coordinate system (¢, x*).

Letting F' = %F uvdxt A dx” denote the electromagnetic field tensor, Maxwell’s equations can be
expressed in terms of F' as [28, Section 18.2]

dF =0, (31a)

dxF=¢'*/, (31b)

where j is the electric 3-current and € is the permittivity of the medium, supposed constant here. Fol-

lowing the usual convention in 3 + 1 dimension, we define the electric field £ and the magnetic field B
by

E = —i,F, (32)

B =i, (xF). (33)

Notice that, in 2 + 1 dimensions, the magnetic field is a scalar field. Below, we will use E to denote the
restriction of E to the spatial surfaces, that is, E(7) = 7 E where ¢ is the inclusion map of the spatial
surface t = 7. If E is expressed in terms of the adapted coordinate (z,x') as E = Eodt + E;dx", then
E =E;dx' and E = Eodt + E.

In the following lemmas, we show how the electromagnetic field tensor and its Hodge dual can be
recovered from the electric and magnetic fields.

Lemma 22. We can recover F from E and B by the relation

F=n"AE+Bi,vol. (34)

Proof. Noting from (33) that B = ~ detg “ﬁyFaBny, we can, with the help of (59), express B i,,vol as

—det
(B iyvol), = ; ge"ﬁyFaBn”n’le,wy
det
= — nge"BVe/w,,nyn Fop
D (35)
= - —5/153n7n/1Faﬁ

By _ B¢ a B, A
—§Qﬁ@$—6ﬁﬁnnﬂzﬂw —yﬁ”nﬂzﬂw

Next, from the definition (32) of E, we observe that E, = —nf Fgo = 6§n’1F op- This allows us to
express the following terms which appear in the last line of (35) in terms of E A n” via the calculations:

5“”Rw$KMF=—@ww¢V —~(E A",

Pl b (36)
6 n Faﬁéﬂvny = E(,ny = (E AR )y,
where we have used (62) in the second equality in each line. Moreover, since n2 = —1 and F antisym-
metric, we have
8 nyn 6 E Fop = 2nam Fyy = —2F,,. (37)
Plugging (36) and (37) into (35) gives B i,vol = E A n” + F. |
Lemma 23. The Hodge star of F is given by
*F = igginvol — n’B. (38)
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Proof. To establish the stated formula, we apply the Hodge star operator to each term of (34) individually.
For the term involving E, we have:

©0),(62) V—detg

2

\—det
= geaﬁ# (n®EP —nPE®)

=+/—det geaﬁ#n“Eﬁ

= (iEginvol)# ® (iEHinV(ﬂ)’u’

(*(n® AE)), e 508 noEp

while for the term involving B, we have:

\—det
(xB ipvol), —ge“ﬁ#Bnﬂ\/— det g€ap

2
det g

2

]_ ’
— Bu' A
== quu"sgﬁf{ n"B

g'uﬂfe“ﬁ” eaﬁ,m’lB

1 ,
= = 52l an'B
= —nyB.
Adding the above two expression yields the desired formula. |

In order to present Maxwell’s equation in their simplest form, we will restrict our attention to folia-
tions for which 8 = 0. In the next lemma, we derive 2 + 1 decompositions for dF and d x F, which will
be used below to perform a 2 + 1 decomposition of Maxwell’s equations.

Lemma 24. If B =0, then
dF = di & [A(NE) + Lo, (B voD)] (39)

d% F = d%E +dt A [Lat (*E) - H(NB)] . (40)

Proof. We infer from (63) with 8 = 0 that i,,vol = vol. Replacing n° by its definition (30) in (34) gives
F=-Ndt ANE+Bvol=-Ndt AE + B vol, 41)

where in deriving the second equality, we used the fact that £ = E+Eodr. Next, we apply the differential
to each term in (41) to obtain:

d(~dr A NE) = dt Ad(NE) = dt A d(NE),
d(B vol) = 8,B dt A vol + dB#~vol + B dt A d,vol +-B-dvol.

Since 0y (B\’/‘oil) =Ly, (B\rf‘oil), (39) follow from adding the above two expressions.

Noting that .
(iggvol); = det yE'€;; = v/det ye' E; = (XE);,

where the indices are raised with the spatial metric y, we can express (38) as *xF' = *E +BNdt. Formula
(40) is then readily obtained from applying the differential to this expression and employing the identity
d%E = d%E + dt A Ly, (XE). o
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The last 2+ 1 decomposition that we will need is for the electric 3-current j, which we will represent

in terms the electric charge density p := —j(n), and electric current density J_:: N(j —nPp).
Lemma 25. The electric 3-current appearing in (31b) is decomposed as follows
*j = p vol—dt AR (42)

Proof. From the formula (60) for the Hodge star operator, we have

(kJ)pv = V—det g €’ vj
Ju 2
= y=detg (0012 - (00512 - 895127
while we infer from (64) and the definition of p, recalling that we have set 8 = 0 for simplicity, that

o V—detg
—detg j —Tp— dety p

and thus /—det g j 06}3, = ( p\;a) uv- Moreover, we have

V—det g 5}31]" Ni"\/dety €au = (iNl.ﬁ\’/‘c;l)#,
and hence .
V—detg (626}121, - 69,6}3[)]“ = (dt A ingvol),,y.

We also have

dr Aiy iﬁéo“l = dt Adjgvol +dt Ainpnvol = dt Ad ol

where the last equality holds by (63) and the assumption 5 = 0, which show that i pnb\’/‘Odl = Npi,iyvol =
0. We also observe from (64) with V = J, noticing that J(n) = N(j(n) — np) = N(j(n) — j(n)) = 0,
that J# = J¥, and consequently, that i Ju\’/:)il = %J. Putting everything together, we deduce that xj =
Jo, vol — dt A %J. O

We denote the spatial codifferential on k-forms by 6= (—1)"1_15;. We now use the 2+ 1 decom-
positions established above to derive a 2 + 1 formulation of Maxwell’s equations.

Theorem 26. If 8 = 0 then the Maxwell equations (31) are equivalent to the system

A(NE) = — 8,(Bvol),
s=_ P
—0E = —
< (43)

5(NBvol) = ;' J +% ' 0,(*E).

Proof. The result follows dlrectly from (39), (40) and (42) ) by noticing that % Y9%E = —6E since E is
a 1-form, and that * d(NB) d(*volNB) 6(NBV01) O

For the numerical tests, we will consider the case where the metric does not depend on the time
coordinate, and where N = c is constant. The system (43) then reduces to the more familiar form

dE = - §,B, (44a)
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—0E = =, (44b)
€0

6B = ,u0J+ 5: (44c)
where B’ = %B\;El and pg = CQIEO
geometric units and take thus ¢ = ¢g = 1.
We note that the following compatibility condition (from hereon assumed) on the source terms,
following from the property 6 52 =0:

. To simplify, we will also work in

6J=—-8,0E = d,p. (45)
We assume that the manifold € has no boundary. Denoting by (-, -) the L?-inner product on spatial
k-forms (for any k), recalling that & is the adjoint of d for this inner product, and assuming that the
constraint (44b) holds at time 7 = 0, a weak formulation of (44) is: find (E, B) € C*([0,T]; A}Y(Q)) X
C([0,T]; A*(Q)) such that, for all (v}, v?) € AN (Q) x A%(Q),
(E,v*) = = (8B, V?), (462)
(B, dv'y = (Jv1) + (B E, ). (46b)
We note that the constraint (44b) has been dropped from this formulation as it can be recovered by
selecting a generic (time-independent) v € A°(Q) and setting v! = dv" in (46b), to see that
(6,0E,v°) = (0,E, v°) = (B, d*30) — (J, dv°) = —(67,v°) = —(9,p,°),
showing that 8; (SE +p, v°) = 0 and thus, since we assumed that SE+p = O atz = 0, that (5E +p, v°) = 0
at all time.
4.2 Discrete scheme

We describe here a numerical scheme based on the discrete de Rham complex for the system (44). This
scheme is of arbitrary order of accuracy, applicable to polygonal meshes on the chosen 2D manifold,
and naturally preserves the constraint (44b) at the discrete level.

Recalling the definition of the discrete L?-like inner product (Definition 11), the (semi-discrete)
scheme is then built on the product space Xj, := Xi’h xlf’h and reads: find (E,, B)) € CY([0,T]; X»)
such that for all (v;,v7) € X and all 7 € (0,7),

(dy hEy (0.v3) = = (0B, (1).v}). (47a)
(B},(1),d} i) =L}, J(0),v}) + (O.E, (1), v}). (47b)

We note that, in the context of the DDR complex, the discrete spatial exterior derivatives Q’r‘ , are denoted
without a tilde.

Owing to the properties of the DDR complex, this scheme preserves a discrete version of the con-
straint.

Proposition 27 (Discrete constraint preservation). Let p, € C'([0,T]; X' 2’ ,) be the discrete electric
charge density defined by

t
(pn(1).vp) = —(E,(0),dY ,v0) + / (I}, J(s),d% % ds Ve [0,T],Vy) e X, (48)
0

If (E,, B)) is a solution to (47), then

(E,(0).d) ,v5) = ~(pn(0),vp) Ve €[0,T],Vv) € X) . (49)
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Remark 28 (On the discrete constraint preservation). By the Riesz representation theorem, (48) uniquely
defines the discrete electric charge density pj(t) € X (r), 4 This definition only depends on the data of
the model: initial value of the electric field, and electric current density and, given the relation (45),
provides a consistent discrete version of the continuous electric charge density.

Letting Q}’h be the adjoint of Qi’h, the relation (49) can be recast as Qi’hEh(t) = —pp(t), which is a
coherent discrete version of the continuous constraint (44b) (recall that €y = 1 here).

Proof. Let 22 e X 9’ , and set g}l = QB, hg% in (47b). Since Q} hgg, » = 0 by complex property of the
DDR sequence, we obtain

(OE, (1), d0 ,20) = ~(I1, T(6),d° ,v0) = ~(@,pn (), 12),
where the second equality follows differentiating the definition (48) of p;, with respect to ¢. Since 22
does not depend on ¢, this shows that the derivative of C () := (E, (1), QE’ hg%) + (on(1), 32) vanishes.
Since C(0) = 0 by (48), we infer that C = 0 on [0, T], which proves (49). O

Lemma 29 (Energy preservation). In the absence of a current density, the solution (E,, B}) of (47)
satisfies
(G.E,.E,)+(0:B),B)) = 0. (50)

Proof. The result readily follows evaluating (47a) and (47b) with K}z =E, and ﬁl =B,. m|

Remark 30 (Discrete energy preservation). When using a time discretisation scheme preserving quadratic
invariants, such as the Crank—Nicolson time stepping, a discrete version of (50) can be established and
shows that the total energy of the system (E,, E,) + (B’,, B’, ) remains constant in time. Dissipative
time-stepping, such as the implicit Euler method, lead to a decrease of the total energy. In both cases,
the preservation or decrease of energy establishes the stability and well-posedness of the scheme for this
linear model.

4.3 Test case

We verify the scheme on a manufactured solution, using a Crank—Nicolson time-stepping for the time
discretisation. We consider an unit sphere with an atlas consisting of the north and south stereographic
projections, and endowed with the induced metric from R3. In each map, this induced metric is given
by

2 10 1= 4
=M 1) T @ex2ere?
where X, Y are the coordinates in the map. Writing E = ExdX + EydY, we have
-~ 1 — _— 1 —  —
dE = z(axEy — ayEx)VOI, —0F = Z(BXEX + ayEy), 5(BV01) = 5deX - adeY.
The solution in the north map is given by

B =[(X*+Y*=1)cos(t) + X>+Y? + 1 - 2X sin(t)|dX A dY,

E=Y((2-X*-Y?%sin(r) — 2X cos(t))/4dX
+X((X?+Y? - 2)sin(r) + (3X? + Y% = 3) cos()) /4dY,
p =0,
J=[Y(3(X*+Y?)?/2(1 +cos(t) + (X* +Y?)(3 + 5/4 cos(t)) + 1/2 — cos(1))
— XY(2X? +2Y? + 5/2) sin(r) | dX
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+[ = X(3(X? +Y%?/2(1 + cos(t)) + (X* + Y?)(3 +5/4 cos(1)) + 1/2 — cos(t))
+(10X* + 12X%Y? + 15X* + 2Y* + 5Y2 — 1) /4 sin(r) | dY
and in the south map by
B =[(X*+Y?-1)cos(t) - X* = ¥Y? - 1 +2X sin(r) |dX A dY,
E=Y((2-X?-Y?%sin(t) + 2X cos(r)) /4dX
+X((X?+Y? - 2)sin(r) - (3X%+Y? - 3) cos(1)) /4dY,
p=0,
J=[-Y(3(X*+Y?)?/2(1 - cos(t)) + (X* +Y?)(3 = 5/4 cos(t)) + 1/2 + cos(1))
+ XY (2X? +2Y% +5/2) sin(r) | dX
+[X(3(X* +Y%)?/2(1 - cos(t)) + (X? + Y?)(3 = 5/4 cos(1)) + 1/2 + cos(1))
— (10X* +12X%Y? + 15X% + 2v* + 5Y% - 1) /4sin(r)|dY.

We have also verified the scheme on a flat torus, in order to compare our results with a case featuring a
trivial metric. The reference solution is given in coordinates (X,Y) € [0, 1]? by

B = (2+d>(X,Y,1)dX A dY,
E =dy(X,0.5,1)dY,
p=0,
J = (2Y — 1)dX,
where da(X,Y,t) = ||(X,Y) — (£,0.5)||? is the euclidean distance on the torus.
4.4 Building the mesh

Meshing manifolds while preserving the requirements of A is not trivial, and to our knowledge, there
is no available software producing the required data. Therefore, we had to build the meshes for the test
cases manually. The meshing of the flat torus is a Cartesian grid on [0, 1)? using four charts to correctly
match the boundary. The meshing of the sphere is more interesting, and is described in this section.

We restrict the two charts of the atlas to the north and south hemispheres; these charts do not overlap
on an open set, as their transition occurs on a closed 1-dimensional interface (the equator), but that is
sufficient to build a mesh and the associated polynomial spaces for the entire sphere. Each chart maps an
hemisphere into the unit disk of R?, and coincide on the equator (that they map onto the unit circle). We
therefore only have to discretise this unit disk to get the mesh on the whole sphere. In order to correctly
discretise to boundary circle, we chose to use one layer of curved cell, and then to map the inside of the
disk using arbitrary flat cells.

We devised an automated mesh generation algorithm. Starting from a chosen radius rg, we cut the
outer circle into | 27(1 — rg)/rg] segment, each of the same length Aa. Then, we used the construction
A.2.2 with

’

2tr
7 11
I]_(t) = Ra_ 7r72Aa/ ( 1+(12IV)2) . 1t e [_—

V1+(2tr)2 2°2
n-8Aa
where r = Z:é,r—_gmi, « is the angle between E4 and the line x = 0 in the plane, and R ,_z-so the
z=3ha .
rotation of angle @ — & _2A“. The connected cell ensuring the transition between the curved boundary

and flat interior is the cone given by the mapping

xg _p+r(1-p)r
B | XB 2
1+(2tyB)

11
If(t,p):Ra_n—TAa P+(1—I7)r s t e |:——,—:|,p€ [0,1],

2°2
/1+(2z§—g)2
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(c) Finer meshing of the disk.

(d) Embedding of the finer mesh into R3.

Figure 1: Visualization of the mesh

where

Then, we divide the interior with concentric circles of radius 1

- A - A
a), xB=0.8(:os(ﬂ a),

- A -A
yT:sin(¥), yB:sin(ﬂ 5 cx) and r=./y% + (2ixp)2.

x7 = cos(

the vertices of these circle to their nearest neighbor. The resulting mapping is given in Figure 1.

4.5 Results

We present here the results of the numerical tests. The scheme has been implemented in the Manicore
C++ framework (see https://mlhanot.github.io/Manicore/), using linear algebra facilities from
the Eigen3 library (see https://eigen.tuxfamily. org). Although the framework has been reimple-
mented from scratch, its design borrows from the HArDCore C++ framework implementing the DDR
complexes on flat spaces (see https://github.com/jdroniou/HArDCore). From classical results
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on flat spaces, we expect to see a convergence in space of order r + 1 for the L% norm of E and B. In
order to neglect the error originated from the time discretisation, we first used a time step of At = 107°.
Then we compared the results with ones obtained using a larger time step of At = 1072 and saw only a
negligible difference (a relative difference of order 10~%), showing that the error from the space discreti-
sation fully dominate. Therefore, we conducted all the tests using this larger time step. The simulation
are computed for 0 < ¢ < 2, and the error is the L? error over time and space

27
\// (I* E-E, I°,E-E,).
t=0 ? ’

The error on E and B is given in Figure 2. We do not expect and have not noticed a convergence of the
error on dE, since the model (and thus the scheme) does not have any natural stability with respect to this
quantity (the energy estimate is only on the L?-norms of E and B). Because the proposed exact solution
is not smooth, we do no necessarily expect an optimal convergence rate of order »+ 1. On the sphere, we
however note a rate of convergence of order 1 when r = 0 and order 2 when r > 1. For the torus, the rates
seem to stagnate at 1. However, in both cases, the error is reduced by almost an order of convergence
when going from the lowest-order case to the case r > 1; such a phenomenon (improvement of the ratio
cost/accuracy when using a slightly higher-order method, even when the solution is not smooth) has
already been qualitatively observed in several other numerical schemes for different models [1, 29].

A Construction of local polynomial spaces on manifolds
A.1 Generic procedure

The notion of polynomial depends on the choice of coordinates. In general, we cannot cover a manifold
with a single chart. Therefore, if we wish to define polynomial spaces on a manifold, the definition need
to be coherent with (some) change of coordinates. We only need our polynomial spaces to be locally
defined on d-cells, but we also need to ensure that restrictions of polynomials to the boundary of d-cells
are polynomials on (d — 1)-cells (of the same or lower degree), foralld = 1,...,n.

In this appendix, we show that Assumption 9 is sufficient in principle to construct suitable local
polynomial spaces, and we detail in Section A.2 how to practically construct such spaces in dimension
n = 2 and for various cell shapes.

In the following, we denote by P, A!(R?), the set of I-forms with coefficients that are polynomial
on R of degree at most r, and H, Al (R?) the corresponding space of homogeneous polynomial forms
of degree r. We also define X, the identity vector field on R4, that is, Xy (x) =x,forallx € R4, We
will often take the pullback of these object with functions that are not surjective on R¢ (which is not an
issue).

Definition 31. Under Assumption 9, we define the polynomial space on f by:

H A (f) = T H A (R, (51)
PrA(f) = D H AP, (52)
Kf = ix;, with Xf = (If)*Xd. (53)

In particular, we also have P, Al (f) = J}Pr/\l (RY).

Let us check that this construction satisfies Assumption 2 and 8. Moreover, if we assume that the
diffeomorphisms J ¢ are regular, then this construction also satisfies Assumption 17.

Lemma 32. Assumption 2 holds.
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Figure 2: Absolute error L? integrated over time and space vs. mesh size.
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Proof. We first prove that, for these polynomial spaces, (5) and (6) are well-defined complexes. Since
the exterior derivative d commutes with pullbacks, (51) and Lemma 3 give, for any (s, /),

AHA'(f) = ATH A (RY) = TdH A (RY) € TpH A (RY) = H i A(f).

By taking the sum over s < r on both sides and recalling (52), we infer that the spaces (P AL( Nrez.iez
form a complex for d.
If g is a diffeomorphism and v a vector field, then it holds that

l'(g—l)*vg>k =g*iv. (54)

Applying this result to a generic J}a € P, AL(f), with @ € P, Al (RY), and recalling the definition (53)
of ky gives

kplpa =iag.x,(Jpa) = Tp(ix,) € JpPra AU RY) = Pra AH(S). (55)

This shows that the spaces (PrAl (f))rez,iez form a complex for « 7.
Let us show that the graded decomposition P, Al (f) = P, < H, AL (f) satisfies Assumption (A1).
For any p € HyAl(f), there is @ € H,A (R?) such that J}ia/ = p, and we have

(dKf + de)p = (dKf + de)J;}a/ = J;(dixd + ixdd)a = J;(ﬂs,l 01) = /ls,lp,

where we have used (55) (with @ and da) together with the commutation of pull-back and exterior
derivative to write the second equality, and the fact that HA! (Rd ) is the eigenspace associated with the
eigenvalue A := s + [ for dix, +ix,d for the second equality. Hence, H;Al(f) is an eigenspace of
dk ¢ + k ¢d for this eigenvalue Ay ;.

As we just saw, the eigenvalues (As)s,; are the same as the eigenvalues on the flat space R4, for
which we know that Assumption (A2) holds.

Finally, let (s, ) with s > O and [ < d. Thereis @ € H;A!(R9) such that der # 0. Moreover, it holds
that dJ;a = J;da/, and because J¢ is an isomorphism, J;daf # 0. Thus, Assumption (A3) holds. m]

Lemma 33. Forall f' € Ag_1(f), it holds trp P, AL (f) € PrAL(f).

Proof. A polynomial form n € P,.Al(f) is written as n = J;a/ for some & € P.Al(R?). Then, noting
that
JfoSf,f’:JfOSf,f'oIf' OJf/ :7}’]0/0]](-/, (56)

Sf,f’n = Sf’f,]f(l = Jf/ (7}"f/a’) .

By assumption 7 s is affine, so Dy, 7¢ ¢ is constant. Therefore 7}* Q@ is polynomial of degree at
most 7, and belongs in P, Al (R¢4~1). Hence, I gl e J},PrAl(Rd‘l). o
Lemma 34. Assumption 8 holds.

Proof. Let f' € Ay_1(f). We need to prove that trs PoALS) ¢ PTAN(S). Since PrANS) =
Pr_1AL(f) + kpPr_1 AL (f) by Lemma 5 and Definition 6, and trp P,_1AL(f) © Pr_1AL(f7) by
Lemma 33, we only need to show that tr ¢ KfPr_lAl”(f) c P A(f) + Kf/Pr_lAl” f.

By assumption 77, s is affine, so there is a constant C € RY, such that for all x € Jp(f’) ¢ R471,

Tr.5(x) = De(T7 51 )x + C,
Xa(Tr, 51 (x)) = Dx (T, p1) Xa-1(x) + C.
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For any o € P,_1 A1 (R9), any point xy € f’, and any [-uplet of vectors (v, ...) € (Tx,, fHE by (54),
(55) and (56), we have

(I i, (@) (s ) = (B Ty @)y (v, )

—_—
Ry

= a7y (1 (xp)) Xa (T, (T (X)) Dy (30 (T5, ) Dx po T v, )

= a7, (1 (xp)) Dy (Tp, ) Xa-1 (T (x£)), Dy (xp) (T7,£) Dy J v, )

+07. (1) (€D () (T7 D v, )
= (7}*’f,a)Jf,(xf,) (Xa-1(Jp (x)), Dxp Iy, o) + J*.,‘i}*’f,icaxf, (v,...)
= J;,ixd_ll;,S},f,J;axf, (v,...)+ S}’f,J;-icaxf, (v,...)

= ix, S;’f,J;a/xf, (v,...)+3}’f/J;icaxf,(v,...).
——
:Kf’

Hence,
tr g J;Zoz = Kp trp J;’Za/ +trp J;‘Zica.

Since C is a constant, we have ica € P,_1 A (R?), and Lemma 33 yields tr g J;iica/ € Pr_lAl(f’) and
trp Jha € Pr_1 AFL(F). o

Lemma 35. If the diffeomorphisms J ¢ satisfy (2), then Assumption 17 holds.
1
Proof. The main idea is to use the general bound |[¢*u|; < IVallX Il det(V¢_1)||§o||u||f foru €

L2AK(f). We infer from the regularity assumption (2) that, forall 1 < d < n, all f € Ag(Mp),
and all p € P.A*(R), we have

* k- 4
Ieplly = IV gl 2 llPlss)- (57)
Moreover, (55) and the fact that the pullback commutes with the differential give, for all z, £ € N
kPN (f) = TP AC(RY),  APAC(f) = TP AC(RD), (58)

Let us now prove (17). For all u € kP,_1AX(f), the relation (58) shows that u = J;}p and du = J;idp

for some p € kP, _1 Ak (Rd), and since (17) is valid in R (see, e.g., [20, Lemma 9] for d = 3 in vector
proxies), we therefore have

(57) k-4
lelly = VT flleo 2 llPlascr)

k-4
S IVIflleo 2happlldplls, )

) k-4+1
2 |[Virlleo 2 hplldplls, )

(57)
~ hylldully.

We now turn to (18). For all u = J;i.p € kPr_ 1A (f) and v = ];i.q € dP,.A*"1(f) with p,q in
the corresponding spaces on R¢ instead of f, we have

(57) k-4 k-4 (57)
Nl + il = 1V flleo 2 Al llascry + lallapcr) = 1V plle 2o +4gllapcry = vy
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where the second equality follows from the fact that (18) is valid on f = R¢, see [20, Lemma 2].
Finally, we have to prove (19), which is done in a similar way. For all u = J; p € P.A*(f) and all

f" € df, we have, using the discrete trace inequality in R?,

(57 k-451
ltrp plly = 1VIplle * [l trp pllag ()

-t}
< ||V‘If'||o<> th,(f/)“PHJf(f)

3),(57) _1
<Ry o

A.2 Constructions in dimension n = 2

In this section, we provide a few examples of construction that satisfy Assumption 9 for various topolo-
gies. They can be used where a curved boundary is required and combined with flat cells elsewhere.

The idea is to apply a hierarchical construction of the spaces, starting from 1-cells (the edges) and
defining the space on a face f € As(Mj,) from those of A{(f).

When a cell is flat in a chart, we can simply restrict this chart to get a suitable /¢ verifying Assumption
9. Therefore, our method is really a generalization of the polynomials on R4, and we only need to create
more exotic spaces on curved cells. While there is no fully generic way to construct /¢, we give below
some possible constructions in several cases.

In practice, we work in coordinates, and therefore start from a given chart J;)C : f — R%. When
we mention the injection of an edge E € A;(f), we are actually speaking about the composition J? o

3¢,k o Ig. Likewise, we will not directly build maps from f to R2, but rather some diffeomorphism J f
between two subsets of R?. The actual map that verifies Assumption 9 is (J rolJ ?)_1.

A.2.1 Triangle with two curved edges

Let f € A2(M),) be a face with 3 edges. Assume that, in a given chart on f, the injection of the edges
are given by

I (1) = (h1(2), 81(2))
I5(t) = (h2(2), g2(1))
I3(1) = (0,1),

where ¢ € [0, 1] and h;, g; are C2. See Figure 3 for an illustration (in which each I, corresponds to E,.).
Moreover assume that, for i € {1,2}, h;(0) = 0, h;(1) = 1, and 4; is strictly increasing, and that
g1(0)=0,g1(1) =0, g2(0) =1, and go(1) = 0. Let G;(x) := gi(hi_l(x)), i €{1,2}.

Lemma 36. If the function

Jr(x,y) = (y = G1(x0)h3 ' (x) + (Ga(x) - y)hfl(x))

Ga(x) — G1(x) (v = G1(x))(1 = hy' (x))
is a C? diffeomorphism, then it verifies Assumption 9.

Proof. We need to check the compatibility with the injections. Notice that, by definition, G;(h;(¢)) =
gi(1). For E7, we have

Jr(I1(2) = T (h1(2), 81(2))
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Figure 3: f with three edges, one of which being straight in a chosen chart.

_ 1 ((gl(f) —g1(M)hy (i (D) + (G2 (h (1)) = g1 ()1
Ga(hy(1)) — 81(1) (g1(t) = g1(0) (1 = hy' (h1 (1))

_ 1 ((G2(h1(f)) - g1(2))t
Ga(hi(1)) — g1(2) 0

For E5, we have

Jr(I2(2)) = Jr (h2(2), g2(1))
1 ((gz(t) — G1(h2(0))t + (82(1) — g2(1)) by ' (h2(1))

" g2(0) - G1(ha(1)) (g2(t) = G1(ha (1)) (1 = 1)

-(,L)

Finally, for E3, noticing that hl.‘1 (0) =0, we have G1(0) = 0 and G2(0) = 1 and thus

Jr(I3(1)) = J£(0,1)

= ; ((t - GI(O))hz_l(O) +(G2(0) — f)hII(O)
G2(0) = G1(0) (t—G1(0)(1 - h51(0))

A.2.2 Cone section with a curved edge

Let f € Ao(My,) be a face with 4 edges. Assume that, when expressed in polar coordinates (r, 8) on
the chart of f, the injections of the edges are given by

I1(t) = (g1(1), h(1)),
Ir(t) = (t+1,61),

I3(1) = (83(1), h(2)),
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Ii(t) = (t(a - 1) +1,62),
where ¢ € [0, 1], and the functions 4, g1, g3 are C? and satisfy

h(0) =61, h(1) =06,
21(0)=2, g1(1) =a,
g3(0) =1, g3(1) =1

See Figure 4 for an illustration.

E1

(2,62)
(2,61)

E> E4

(1,61)%; 7 (1,62)

7 (0,0)

Figure 4: f with four edges, corresponding to a section of cone with a curved edge.

Moreover, assume that / is strictly increasing with a derivative bounded from below, and that g1 — g3
is strictly positive (meaning that £ and E3 do not intersect).

Lemma 37. The function Iy : [0, 112 — f defined by

1t p) = (pgl(t) +}Eb)— p)gs(t)) ,

satisfies Assumption 9.
Proof. Since h is a C2-diffeomorphism and g; — g3 > 0, it can easily be verified that / risa Cc2-

isomorphism with inverse
4 a—gs (h™1) (b))
(b) — | g1(h™1 (b)) ~gs(h~1 (b)) |

h' (b)

In order to show the compatibility with the trace, we exhibit some explicit affine function 7;, such that
Iy oT; = I;. This will give J o I; = T;. For this, we simply readily check that

17(1.0) = (g,j((f))) = I5(0),
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g1(1)

1wy = (500 = no.
10 = (P10~ ) +g3(0)) - (1’ ;11) - 1y(0).
11, p) = (P& —Z,’?l()l)) +g3(1)) _ (p(a —021) + 1) L.

so that T1(z, p) = (2,0), Ta(1, p) = (1, 1), T3(z, p) = (0, p) and Ty(z, p) = (1, p). 0

A.2.3 Quadrilateral with four curved edges

Let f € Aa(M}y) be a face with 4 edges. Assume that, in a given chart on f, the injections of the edges

are given by

Ii (1) = (hi(1), (1)),

ie{l1,2,3,4},

where ¢ € [0, 1]. Moreover assume that the functions #;, g; are C? and that

(h1(0), g1(0)) = (0,0),
(h2(0), g2(0)) = (1,0),
(h3(0), g3(0)) = (0,1),
(h4(0), g4(0)) = (0,0),

This situation is illustrated in Figure 5. Let

(h1(1), g1(1)) = (1,0),
(ha(1),82(1)) = (a. D),
(h3(1),83(1)) = (a. D),
(ha(1),84(1)) = (0,1).

(a,b)
(0,1) E;
E4 E2
(0,0) Eq (1,0)

Figure 5: f with four curved edges.

a

If(t7p) =

(P42 + (1= ) (1) ha(p) + (1= (P42 + (1 = p)ha (1)) ha(p) |
(12202 4 (1= 1)ga(p))gs(t) + (1 - (12222 4 (1= 1)g4(p))) g1 (1)

Lemma 38. If I is bijective and det(D1y) # O then the function J 5 := I;l verifies Assumption 9.

Proof. Since J is defined as the inverse of I, we will exhibit some explicit affine functions R — R?



that give I; when composed with /7. For E7, we have

=1
— /—’\

(0255 4+ (1~ 0y (1)) ha(0) +(1 - (0”3(”+<1—O>h1(t)> ) ha(0)

0= 08200 0o+ (1- 2L - £10))n()
—_——

h1(f)
gl(f) '

\,_/ -0 \/_/
=0 =0

For E5, we have

If(l,l): (t) '
(540 1 (1= 1ga(0) go(D) +(1 - (204 (1= Dga()) ga() | &2
—— N
=b =0

For E3, we have

=a
— /—/\

(B2l 4 (1= 1)y (1)) ho(1) +(1 - (h3<’>+<1 Dhy (1)) ha(1)

h(t)
Ip(t,1) = g2(1)
(1= +(1

) ga(D))gs () + (1— (¢ 8 ”+(1—r)g4<1>) a1 (1) g3<r>'

——
—— -1 V
=1 =1

For E4, we have

=0 =0

—_ 2L T2(0)
250 s @) + (- 02 w1 - @)t

15(0.1) = ’“4(”)

(05412 + (1~ 0)gu(1) g3(0) +(1 — 022 + (1= 0)gu(e)) ga(0) | &)

S~ SN~
=1 =0

=1 - =1
(t s (1 )+(1—t)f ~ (¢ 1) -
1(D))ha(n) + (1= (1 == +(1 0 (D)) hz<t>)

B Tensor calculus identities

Let g = (guy) denote the metric on the tangent bundle of an n-dimensional Lorentzian manifold, and
let (g#”) :=( gw)‘l. Assuming det g < 0, the volume form is given in coordinates by

(VOl)a'l ..... =V~ det g 6(11 ..... (59)

where €;,._;, denotes the Levi—Civita symbol. Given a 1-form a := a,dx* and a vector field b := b*9,,,
we define the sharp § and flat b operator to raise and lower indices by:

(afﬁ)" =g ay, (bb)v = gyubt.

We use the Hodge star operator * to identify k-forms with (n — k)-forms. In index notation, it is defined
point wise on the linear basis of k-forms by

i1 ix V_detg i1...0x Jk+1 J
*(dx A Adx )2: WE T ke Jndx A Ady/n (60)
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where
i

i1...0k | L e— ollJ1 ikji 0. .
€ Jk+1---Jn *— 8 ---8 E]1~~~Jn'

In general, the product of two € is given by
i1 .in _ —1 gi1-wein
e'ling;, . =det(g )6;11;’1, 61)
where & i.ll '.‘.'.i’.‘n is the generalized Kronecker delta (equal to 1 if i . . . i, is an even permutation of j; ... jj,,
—1 if it is an odd permutation and O otherwise). The generalized Kronecker delta can also be used
to compute wedge products in index notation. The wedge product of two 1-forms a = «,dx* and
B = B,dx” is given by

1 ’5,0
aAf= Eaﬁyv @ Byt A dx”. (62)
Specialising to the case of 2 + 1 dimensions, let
(8uv) = (_N2 +1BL5 ﬂf)
e Bi Yij)’

for some 2 by 2 symmetric and positive definite matrix y, and let
n = (-Nd)#.
The inverse matrix of g is given by
. _L Br
— 2 2
g =(g")= ,é\] ij f BiBj |
Nz Y N2

i
2

and n = %8, - %ﬁia[. The determinant of g and y are related by \/ —detg=N \/det y.

Lemma 39. The contraction of the volume form with n is given by

invol = vol +di A i gvol (63)

where vol is the spatial volume form (associated with 7).

Proof. An explicit computation gives

i vol = i, = detg df A dil A di? = Y-8 (dx1 A di? +df A [pldx? —Bdel]) .

N
O
Lemma 40. For any 1-form V, denoting by V the restriction of V on a time slice, we have
Vi = VH —nV(n). (64)
We readily infer the following corollary from (64) and the identity i,i, = O:
Tyain = iggin. (65)
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