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Abstract: Two numerical schemes are proposed and investigated for the Yang—Mills equations,
which can be seen as a nonlinear generalisation of the Maxwell equations set on Lie algebra-valued
functions, with similarities to certain formulations of General Relativity. Both schemes are built
on the Discrete de Rham (DDR) method, and inherit from its main features: an arbitrary order of
accuracy, and applicability to generic polyhedral meshes. They make use of the complex property of
the DDR, together with a Lagrange-multiplier approach, to preserve, at the discrete level, a nonlinear
constraint associated with the Yang—Mills equations. We also show that the schemes satisfy a discrete
energy dissipation (the dissipation coming solely from the implicit time stepping). Issues around
the practical implementations of the schemes are discussed; in particular, the assembly of the local
contributions in a way that minimises the price we pay in dealing with nonlinear terms, in conjunction
with the tensorisation coming from the Lie algebra. Numerical tests are provided using a manufactured
solution, and show that both schemes display a convergence in L?-norm of the potential and electrical
fields in O (h**!) (provided that the time step is of that order), where k is the polynomial degree chosen
for the DDR complex. We also numerically demonstrate the preservation of the constraint.

Keywords: discrete de Rham method; Yang—Mills equations; polytopal method; constraint-preserving
scheme; energy estimate; 3D numerical tests
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1. Introduction

In this paper we investigate two arbitrary-order numerical methods for the Yang—Mills equations
on general polyhedral meshes, based on the fully discrete serendipity Discrete de Rham (SDDR)
complex [1]. The first method was proposed (but not tested) in [2] for the non-serendipity version
of the Discrete de Rham (DDR) sequence, while the second method is novel to this paper. The two
discretisations differ in the treatment of one of the nonlinearities present in these equations. In contrast
to conforming methods, the discrete structure of the SDDR spaces means that there is no obvious
construction of the nonlinear terms, and this can be problematic when specific algebraic manipulations
need to be reproduced, for instance to prove consistency estimates. The implementation cost is another
important factor to the viability of each approach, which is explored with accompanying numerical
results on the convergence and discrete conservation properties of each scheme.

The classical Yang—Mills equations come from a class of non-abelian gauge theories, generalising
the abelian U(1) group of electromagnetism to certain non-abelian gauge groups. Once quantised, this
theory forms the foundation of the current Standard Model of particle physics. In the classical setting,
the non-commutativity of the group manifests as the appearance of nonlinear quantities in addition to
the linear Maxwell terms. Analogous to Maxwell, the Yang—Mills equations can be formulated as a set
of evolution equations preserving particular constraints (e.g., the conservation of charge), given that the
initial data satisfies these constraints. In the linear case, the preservation of these constraints is a direct
consequence of the calculus formula div curl = 0, which is linked to the complex property of the de
Rham sequence. Designing numerical methods that replicate this property is essential to maintaining
constraint preservation at the discrete level, and thus to obtaining stable schemes. Much work has
been done in the Finite Element framework to design discrete versions of the de Rham complex, see,
e.g., [3-8] and references therein. Finite Element methods are, however, limited to meshes made
of specific elements (mostly tetrahedra and hexahedra in 3D), which limits their flexibility in terms
of mesh refinement or agglomeration. Recently, discrete polytopal complexes — discrete versions of
continuous complexes, that are applicable on meshes made of generic polyhedra — have been introduced,
see, e.g., [9-12]. The discrete complex property enabled the design of stable and robust schemes, in
particular for magnetostatics [10, 13], plate problems [14—17], and the Stokes equations [18, 19]).

Given the importance, for the stability of schemes, of preserving constraints at the discrete level,
similar techniques have been explored for the Yang—Mills equations, using either Finite Element or
polytopal approaches [2,20,21]. For these equations, however, the nonlinearity has proven to be
troublesome, and required additional techniques (e.g., the introduction of Lagrange multipliers) beyond
a discrete version of the formula div curl = 0. The interest in developing our understanding of such
methods is in the application to numerical schemes for Einstein’s equations, where the absence of this
constraint propagation can cause disastrous error growth [22-24] in the numerical simulations. Current
techniques to control this error include constraint damping [22,23,25], where specific terms are added
to the evolution equations to suppress the growth of the constraint violations, but methods for exact
preservation remain limited. The link with the Yang—Mills equations is that in certain formulations of
General Relativity (GR), such as the Einstein-Bianchi system [26,27], these equations can resemble
greatly those of electromagnetism with additional nonlinear terms. Therefore it is natural to expect
that these ideas will aid in designing a constraint preserving scheme for GR based on the framework of
discrete polytopal complexes.
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An equally important aspect of the design of numerical methods is the feasibility of the
implementation and testing under real world conditions. We find more commonly, for the Yang—Mills
equations, numerical tests run in only low-order 2D settings [20,21]. Any increase in the dimension or
the order of the approximation generally leads to schemes that are vastly more expensive to run, and this
is compounded by the nonlinearity of the model. Hence working with spaces that are smaller and more
refined is an effective way to cut the cost of the simulations. The SDDR complex, introduced in [1],
is a variant of the DDR complex [11, 12], where the spaces have undergone a serendipity reduction,
eliminating many unknowns, while retaining the complex and consistency properties of the original
sequence. This enables the seamless transfer of any DDR scheme and results to the SDDR version,
with all the flexibility of the general-order polytopal method at a lower cost. Additionally, this can be
combined with other reduction techniques such as static condensation to further increase the efficiency.

The issue with the nonlinearity in the practical implementation is the computations involving ‘high
dimensional’ arrays that are required to deal with all the coefficients. This number grows exponentially
with the degree of the multilinearity, and thus takes up majority of the time in the assembly phase of
the runtime. For matrices (2-dimensional arrays), there exists many specialised algorithms to speed
up calculations, as well as efficient storage structures in the case that it is sparse. The libraries for
higher dimensional arrays are less advanced, and often incomplete in their features; as a consequence,
operations need to be done manually, introducing another source of possible inefficiencies. Simply
rearranging the order of calculations can lead to sizeable differences in the space and time complexities,
therefore finding the optimal trade-off is key to measuring the actual performance of the scheme.

The paper is organised as follows: In Section 2, we give a presentation of the SDDR complex
and its Lie algebra extension, that is independent of the DDR framework. Section 3 starts with the
constrained formulation of the continuous Yang—Mills equations. Based on that, we introduce the two
schemes that are considered in the paper and the differing approaches on the nonlinear terms. This is
followed by a proof of the preservation of a discrete constraint functional, as well as energy estimates.
Section 4 covers the major steps in the implementation of the scheme, showing the impact of Lie algebra
tensorisation on the physical data structures, and also highlighting how the trilinear and quadrilinear
forms and sums are managed in the tensorised situation. Numerical results for these implementations
are found in Section 5, where we test both the convergence and the discrete constraint preservation on
three different mesh families in the 3D setting. Expected convergence rates of k + 1 are mostly seen,
as well as the preservation of the initial constraint up to machine precision. We also report on the
differences in the results and runtimes, which turned out to be very minor between the two methods. A
brief conclusion is provided in Section 6.

2. Lie Algebra-valued serendipity Discrete de Rham complex

We present here the serendipity version of the arbitrary-order Lie Algebra-valued DDR complex,
originally sketched in [2, Section 6]. This complex consists in tensorising the SDDR complex of [1],
which is built in this reference from the (regular) DDR complex; such a presentation relies on a
complete description of the latter complex, together with “extension” and “reduction” maps that link
the two complexes. In the following, we adopt a stand-alone description of the SDDR complex, directly
translating the formulas resulting from the links with the DDR complex. For this reason, the notations
adopted below differ slightly from [1]: there, the serendipity spaces and operators are denoted using a
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hat (the non-hat version referring to the regular DDR spaces and operators, which are not needed here).

2.1. Mesh notations

We use the same mesh and polynomial space notations as in [12]. Let U be a polygonal domain
of R3. A mesh M, = 7, U F, U &, UV, is a collection of polyhedral elements (gathered in 7, and
partitioning U), of polygonal faces (gathered in ), of edges (gathered in ;) and vertices (gathered in
V). Each P € M, is assumed to be topologically trivial (simply connected with connected boundary),
and we denote by /p the diameter of P; we set & = maxreg;, hr. When applicable, the sets Fp (resp. Ep,
resp. Vp) gather the faces (resp. edges, resp. vertices) of P. Each face F € ¥, is oriented by the choice
of a unit normal nr, and each edge E € &), is oriented by the choice of a unit tangent tg. If T € 7,
and F' € Fr, wrr is the relative orientation of F' with respect to T: wrr = +1 if np points outside 7,
wrr = —1 otherwise. For F € 7, and E € EF, wrg denotes the relative orientation of E with respect
to F: wrg = +1 if, along F, tg points counter-clockwise with respect to the orientation of F induced
by nr, and wrg = —1 otherwise; we also denote by npg the unit vector such that (¢g, npg, nr) defines
a right-handed system in R3. The final orientation is that of the vertices of each edge: for E € &), and
V € Vg, wgy = +1 if tg points towards V on E, and wgy = —1 otherwise.

We assume that 7, U 7, satisfies the regularity assumption of [28, Definition 1.9] with regularity
parameter o, and we write A < B when A < CB for some C depending only on U, o and the possible
polynomial degrees involved in A, B.

For any mesh face F' € ¥ and smooth enough function r : F — R, grad r is the gradient of r on
F and roty r its 2-dimensional vector curl (rotation of grady r by —x/2 in the plane spanned by F).
For a smooth function z on F' with values in the tangent plane of F, the divergence of z on F is divr z,
and its scalar curl (divergence of the rotated by —z/2 of z) is rotg z.

If P € My and £ > 0 is an integer, P*(P) denotes the space of restrictions to P of three-variate
polynomials on R3 of total degree < ¢, and P*(P) is its subspace of polynomials with vanishing
integral over P. We adopt the convention P{(P) = {0} if £ < 0. If T € 75, we set P(T) = PY(T)?
and, for F € 3, PL(F) is the subspace of P¢(F)? which take value in the tangent space of F. The
L?-orthogonal projector on P(P) is denoted by ﬂg,’P. Selecting, for each P € 7, U ¥, a point xp € P
such that P contains a ball centered at xp and of radius > hp, we recall the following decompositions
of vector-valued polynomial spaces: For all F' € 7,

PUF) =R F) @ R(F)  with  RY(F) = rotg P (F) and R (F) = (x —xp)P " (F)
and, for T € 7y,
PUT) = RYT) @ REU(T)  with  RYT) = curl PH(T) and RSU(T) = (x — x7)P (T,
PUT) =G (T) @ G““(T) with  GY(T) = grad P (T) and GU(T) = (x — x7) x PU(T),

(here and in the following, when used between two vectors or a vector and a space, X denotes the cross

. 3 2 . . . . £ c,l
product in R”). The L~-orthogonal projectors on these spaces are, with obvious notations, Mg > TR o
4 ¢t 4 c,t
e Agr Rgr and L

2.2. Serendipity DDR complex

For each element or face P € 7;, U ¥, we select on the boundary of the element (resp. face) a set
Bp of np > 2 faces (resp. edges) that are not pairwise coplanar (resp. aligned) and such that, for each
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b € Bp, P lies entirely on one side of the affine space spanned by b. From here on, we fix a polynomial
degree k > 0, measuring the accuracy of the discrete complex, and we set

te=k+1-np, YPeT,UF.

2.2.1. Spaces and serendipity operators

The SDDR versions of the H'(U), H(curl;U), H(div;U) and L*>(U) spaces appearing in the
continuous de Rham complex are the following spaces.

Xérad,h = {Qh = ((qr)rems (qF)Fess (qE)EcE,, (qVv)vey,) :
gr € PT(T) forall T € T, g € P (F) forall F € 7,

g € PYU(E) forall E € &, and qy € R forall V € (Vh},
X = {11 = (Or1 Ve Jrem, Ompo Ve res (E)ecs,)
vrr € R¥1(T) and v%’T e ROTH(T) forall T € 75,
vr.r € REY(F) and Ver € REFHL(F) for all F € F,

and vy € PX(E) forall E € 8;1},

X = {Wh = ((wg,r,wg )rems WF)Fes,)
Wgr € G 1(T) and w"gT e GSK(T) forall T € Ty,

and vp € PX(F) forall F € 7—71}
P (Th) = {"h e L*(U) : (riir € PK(T) forall T € 77,}

The interpolators on these spaces consist in projecting continuous scalar/vector fields (or some of their
traces) onto the polynomial components of the spaces. Specifically,

k
Igradh C(U) - Xgrad h’
—curl h C(U) —Clll'l h

and
k
—dth C(U) - Xleh

are defined as:

Ikrad 4a = ((xg} 77T (mg > FA)Fefs (g £ Ece, (q(xV))ve,), Vg € C(U),
Loy v = (v, ”;eg;ﬂ")k% (75, thF’ﬂ;fF vir)resi (Tp (v - tE))Ees,),  Wv € C(U),
Igw W= ((”g ™> ”g TW)TEW,’ (7T¢> r(W-ng))ees,), vw e C(U),

where v r = np X (v|r X np) is the tangential trace of v on F.
As usual in fully discrete complexes, we adopt the underlined notation for vectors of polynomial
components, and we replace the index & with P to denote the restriction of these spaces (and the
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operators defined on them) to a mesh entity P € 7, U ¥, U &, and its boundary entities. So, for example,
avectory, € l’c‘uﬂ,F corresponds to v . = (Vg F, v%,F, (VE)Eesr)-

The DDR spaces correspond to the spaces above with the choice £ = {7 = k—1 (thatis,nr = np = 2).
This implies in particular that, for kK = 0 (which forces {p < 0 for all P € 7;, U F3,), the standard and
serendipity DDR spaces are identical. However, as soon as k > 1, the SDDR spaces have lower
dimensions, while still encoding the same level of polynomial consistency as the DDR spaces. This
is due to the existence of two families of key operators, the serendipity gradient and curl operators.

Specifically, for P € 7; U 77, the role of the gradient serendipity operator S* grad p. X grad p— Pk (P)
is to reconstruct a consistent gradient, while the curl serendipity operator S* curlp | X lc‘m,l p— Pk (P)

reconstructs a consistent vector potential. The consistencies in questions are expressed by the following
relations (see [1, Proposition 18]):

Sgrad PLlorad,Ppd = grad; ¢q, Vg € PkH(P)

S v, vy € PE(P).

We do not present the precise definitions of these operators, which are not essential to describe the
SDDR complex, and refer the reader to [1].

k Vv =
curl, P—curl P

In the next three sections we define operators acting on these spaces, with values in full polynomial
spaces, mimicking the gradient, curl, and divergence. It should be noted that, in the original presentation
of the SDDR complex in [1], these operators were not explicitly defined — only the discrete operators
(projections on the complex spaces, see Section 2.2.5) and discrete inner products were detailed, based
on those of the DDR complex. The polynomial operators below correspond to those of the DDR
complex composed with the extension operators linking the DDR and SDDR complex; for ease of
reference, we indicate which formulas from [1] yield the definitions presented here.

2.2.2. Operators on the gradient space

For each edge E € &), we define the edge gradient Gk : X]g‘ra g P*(E) and potential
k+1 . yk
: X

reconstruction y Xorad e = P*1(E) by: For all 4, = =(qEe, (qv)vey,) € Xgrad £

/Glf;g rE =—‘/C]Erfg+ Z wpvqvre(xy), Vre € PX(E),
E E VeVg

k+1

"”q (xy) =qv VYV eVg and ﬂgDE(y q,) = 9qE-

The definition of G’ng, in which the derivative r, is taken in the direction ¢, mimics an integration-
by-parts formula; it can be checked that

G (,yk+1q )/.
For each F € ¥, combining [1, Eqs (4.2), (5 18) and (6.6)] together with divg rotr = 0 yields the

following definition of the face gradient Gk . XK — PK(F): For all q, € )

—grad,F “—grad,F’

/ Gig, - (Ww+7) = Z WFE / Vi 4, (W nrg)+ / Seradpdy, T VW, ) € RN(F) xR (F).
F - F -

EcEr
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Using this face gradient and [1, Eqgs (4.3) and (5.18)], the scalar potential reconstruction on F € ¥, is

then y&*! : X’g‘radF — P*1(F) defined by: For all q, € X’g‘rad -
/ijvﬂqF divpw = —/Gl}qF W+ Z CUFE/)’];jJrlC[E(W “NFE), Yw € ROF2(F).
F - F B EESF E -

Finally, for T € 7, we use [1, Eqgs (4.4), (5.32) and (6.6)] to write the element gradient G? :

X’g‘rad,T — PX(T) as: For all q, € X’g‘radj,

/TGigT (w+T) = Z pr/Fy]’é“gF(w “nrFR) + /ngrad,TZT -1, Y(w, 1) € RY(T) x RE*(T).
Fefr

. . k+1 . yk k+1 : . k
The potential reconstruction Pgra ar - Xgra ar 2P (T) is such that: For all 4, € Xgra ar

/P’g‘:aldqu divw = —/G§qT W+ E WrTF / ﬁ;’qu(w “nTF), Vw € REK2(T).
T = T~ Foo-
Fefr

Remark 1 (Approximation properties of the potential reconstructions in X ’g‘ raq ) As demonstrated

by [12, Theorem 6], the potential reconstructions on the space X ’g‘ radr N@ve optimal approximation
properties of degree k+1. This is however an exception to the rule of spaces and potential reconstructions
in the DDR complex; the reasons for this exception are better understood when translating this complex

in the language of differential forms (see [29], especially Remarks 7 and 18 therein).

2.2.3. Operators on the curl space

For F € ¥, using [1, Egs (4.6), (5.19) and (6.7)] we define the face curl Clli - XK — PK(F) by:

—curlL,F
k
Forally, € Xcurl’F,

/CféKFr:/vR,Frotpr— Z a)pE/vEr, Vr € PX(F).
F F

EESF E

This definition is actually identical to the face curl in the DDR complex and does not invoke S Iéurl, P
as the extension operators between the SDDR and DDR curl face space do not modify the components
on R*"'(F) and on X geer P k(E). The curl serendipity operator is however involved in the definition
of the component on REK (F) of the extension (see [1, Eq (5.19)]), and therefore in the vector potential

reconstruction yf X Iéurl P Pk (F) on F, defined as: For all v r€X ’c‘url P

k — k k .
Lyt,FKF'(rOtFr-l-T)_/FCFKFr-i_ Z a)FE/EvEr+ /FScurl,FKF T,

EESF
Y(r,t) € PO (F) x ROK(F).

Similar considerations apply to the element curl and vector potential. For T' € 7}, the element curl
C§ - Xk — PK(T) is defined by: For all v, € Xt

curl,T curl, 7’

/C;KT-W :/VR,T-curlw+ Z a)TF/'yfFKF-(wxnp), vw € PX(T).
T T F -

Fefr
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The vector potential PX . Xk — P*(T) is given by: For all vreX k

curl,7 * =curl,7 Zcurl, T’

k _ k k k
LPcurl,TKT ’ (curlw + T) - LCTKT "W Z wrFr '/i;yt,FKF ’ (W X nF) + /T Scurl,TKT T,

FeFr
Y(w, 1) € GSU(T) x REM(T).

2.2.4. Operators on the divergence space

The discrete divergence and potential on X’éivT, for T € 7, are identical to those of the DDR
complex since no serendipity reduction is actually possible on this space (see [1, Section 6.5]): D;E :
X’éiv] — P*(T) and Pgiv’T : X’éiv’T — P*(T) are such that, for all w, € X’éiv’T,

/TDéfmTq = —/T.Wg,T'gl‘adf]+ Z wTF/FWFq, Vg € PX(T),

Fefr

k _ k c
/TPdiV7TET-(gradr+T) —_/TDTET”"' Z “’TF/FWFV"'/TWQ,T'T’

FeFr
Y(r,7) € POR*1(T) x GSK(T).

2.2.5. Serendipity DDR complex
The serendipity DDR complex is

[k Gk Ck Dk

—grad,l}/ k n k =h k h k 0

R Xgrad,h ; lcurl,h 7 Xdiv,h > P (72) — {0},

where the discrete differential operators Q’i, Q’;l and D’,; are obtained projecting the edge/face/element

operators onto the proper spaces (dictated by the co-domains):

k . k=1pak clr+l ~k k-1 Ak clr+l Ak k
thh T ((HR’TGTQT’ HR,;: GTQT)TE(]Z’ (ﬂR’FGFgFa ﬂ-R,; GFZF)FGﬂ’ (GEQE)EESh)a

k . k—1pk ko ~k k

vy = ((”Q,TCTKT’ anJ"CTKT)TE‘E’ (CrYp)Fes,),
k . k

Dyw, = (DTKT)Te‘i;Z'

It was proved that this sequence is indeed a complex [11, 12], and has the same cohomology as the de
Rham complex [30].

2.2.6. Discrete L2-inner products

To design numerical schemes based on the SDDR complex, an essential ingredient, besides the
discrete differential operators, are consistent L-inner products on the spaces of the complex. A scheme
can then be designed by replacing, in the weak formulation of the PDE, the continuous differential
operators and L2-products by the discrete operators of the complex and the L?-inner products on its
spaces.

The design of these discrete L-inner products rely on the element potential reconstructions defined
in the previous sections. Specifically, if X ’f , 1s one of the space X ’g‘ rad i’ Xﬁuﬂ’ , Of Xﬁiv’ , and P’f’T is
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the associated potential in the element 7T, the discrete L2-product on X' f , 18 defined by

<%Mw:2@@pjmm@M%wﬁlﬂmdﬁgmﬂhgm
TeT

where the dot product in the integral is replaced by a multiplication if e = grad, and the stabilisation
term s, 7 penalises the difference between traces of the element potential and potential reconstructions
on the face/edges (where relevant). The precise definition of the stabilisation term therefore depends
on the space, and the available traces:

. k+1 k+1 k+1 k+1
Sgrad.7(r'7>q,) = Z hr /F (Pgrad,TKT ~ ¥ Tp) (Pgrad,TQT —YF QF)
FeFr

2 k+1 k+1 k+1 k+1 k
+ Z hEL (Pgrad,TET ~YE EE)(Pgrad,TQT ~—YE QE)» VET’ZT € Xorad 1>
Ec&Er

k k k k
Z hr /F (P curl,TW)LF = Yor¥r) - ((P cur, 7L = Yorr)
FeFr

2 k k k
+ Z hE /E (Pcurl,TmT lE - WE) (Pcurl,TKT “lg — VE)’ VET’KT € Xcurl,T’
E€8T

Scurl,7 (ET’ KT) :

. k k k
Sdiv,r (W, V) = E hF/ (Pdiv,TET “np — Wr) (PdiV,TKT ‘np—-vp), Ywp,v,€ Xagvr 2D
F
Fefr

An important property of the potential reconstruction on each mesh entity is their polynomial
consistency: Applied to interpolates of polynomials of the correct degree ¢ (¢ = k + 1 for the gradient
space, ¢ = k for the curl and divergence spaces), they return the polynomial itself. This translates into
the following polynomial consistency of the L?-inner products:

QZJJZghT=/}*& Vf.g € PLT).
T

2.3. Lie algebra-valued serendipity DDR complex

Since the Yang—Mills equations involve Lie algebra-valued functions, a Lie algebra-valued complex
is required to discretise them. This complex is simply obtained by tensorisation of the real-valued
complex, as in [2]: the spaces are made of Lie algebra-valued polynomials, and the operators of the
complex act component by component on the Lie algebra.

In the following, we consider a Lie algebra g, that is, a finite-dimensional vector space endowed
with a bilinear bracket [-, -] : g X g — g and an inner product (-, -) : g X g — R which satisfy the Jacobi
identity

la, [b,c]] + b, [c,a]] + [c,[a,b]] =0, Va,b,ceg

and the Ad-invariance property, which implies
(la,b],c) ={a,[b,c]), Va,b,ceg.
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We denote the Lie algebra-valued SDDR spaces by appending an exponent g after the degree k. So,
for example, the gradient space in the LASDDR (Lie algebra SDDR) complex is

kg . -
Xgrgd,h = (X]gcrad,h ®g) = {Qh = ((g1)re7» (qF)Fer,» (qE)EEE),, (qvIvev,) :
gr e PT(T) @ gforallT € Ty, qr € PF(F) @ g forall F € 7,

ge € PV (E)® gforall E € &, and gy e R@ gforall V € (Vh}.

We note that, selecting a basis (e;); of g, for any P € M, we have
P(P) @ g =P (P:g) = {#es : ¢ € P'(P)).

Here and in the following we use the implicit summation convention so, for example, ¢'e; = 3, ¢'e;.
For a general space X, an element v € X ® g can be uniquely decomposed as v = v/ ® e;. Any linear
operator L : X — Y acting between two SDDR spaces X,Y (or an SDDR space and a polynomial
space) — such as a discrete differential operator, a potential reconstruction, etc. — then gives rise to the
corresponding LASDDR operator L8 : X ® g — Y ® g defined as L8(v) = (L(v!)) ® e; € Y ® g; this
definition is independent of the choice of the basis in g. With these notations, the LASDDR complex is

lk,g Gk,g Ck’g Dk,g
Zgrad, k.9 Zh k,g ~h k,g h k 0
Reg ’ Xorad > Xeurln > Xiivn > PE(T) @9 > {0}

In each space an inner product is obtained by tensorising the inner product of the corresponding SDDR
space and of the Lie algebra. So, if e € {grad, curl, div},

I J I k, J k,
('Eh, Xh).,g,h = ('Eh’ Xh).’h<el’ €j>, V‘Eh = 'Eh ® ey € X.,?I ’ vzh = )—)h ® ey € X.’g'

Practical implementations of the LASDDR complex and related schemes can be easily done, in principle,
by tensorising the operators and inner products of an SDDR implementation. Early tensorisation can
however lead to unduly expensive calculations, especially when nonlinear terms are involved. We
discuss in Section 4 the main considerations that must be taken into account to limit the assembly cost
in implementations of LASDDR-based schemes.

3. Two DDR-based schemes for the Yang—Mills equations

We propose two schemes for the Yang—Mills equations, which only differ in the handling of the
nonlinear terms appearing in the equations. The first was introduced at the lowest order in [2], in which
a discrete ‘bracket’ was constructed to approximate the value in the Xglg , space. This term is used in
the discrete L2-products, and the exact preservation of a discrete constraint, as well as energy estimates,
are proven. Numerical tests in [2] however only considered the lowest-order k = O of the method.

The second method we present here is new, and leverages instead the continuous L?-product and
nonlinear bracket, as well as the elemental potential reconstructions, to achieve the same goal.
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3.1. Weak constrained form of the equations

Deriving from the bracket on the Lie algebra, the following two bilinear maps are defined:

[]: (X(U) ®g) x (C*(U) ® g) = X(U) @3, [v.q] —»v'q’ ® [er.e], 3.1)
*[,-]  (X(U) @ g) x (X(U)®g) — ¥(U) ® g, *[v,w] — v xwyelenes]l.  (32)

We use in the discretisation a weak constrained formulation of the Yang—Mills equations, appearing
previously in [20]: Find (A, E, 1) : [0,T] — (H(curl;U) ® g)> x (H'(U) ® g) such that

A= —-E, (3.3a)
/(6,E,v>+/(grad/l+ [A,1],v) :/(curlA,curlv)+/(curlA,*[A,v])
U U U U

1
+/<§*[A,A],curlv+*[A,v]>, Vv € H(curl; U) ® g, (3.3b)
U

/(G,E,gradq +[A,q]) =0, Vg e H'(U) ® g. (3.3¢)
U

Note that the right-hand side of (3.3b) is equal to /U(B ,curlv + x[ A, v]), where the magnetic field is
defined as B := curl A + %*[A, A]. We have developed this expression as it will drive different choices
of discretisations. Solutions to these equations preserve the quantity

/(E,gradq +[A,q]), Vg € HI(U) ®g. (3.4)
U

The use of this particular constrained form facilitates the preservation of a discrete counterpart in the
numerical scheme; discussions on the derivation and implications of these continuous equations can be
found in [2, 20].

3.2. Schemes
We consider a time discretisation 0 = t* < t! < ... <" =T of [0, 7] and denote the step in time
1 . n+l_.,n
between n and n + 1 as 6t"*2 := ™! — ", Then define for a family v = (v"),, 6"y = V+—+1V
"2

Starting from initial conditions (A, E' ) € (X )2, the constrained scheme based on (3.3) is:

—curl,/

Find families (A}),, (E})n, (4}), such that for all n, (A}, E}, A)) € (X url, h)2 x (X grad, ) and
5?”&;1 _ —EZH, (3.52)
O E, v eurtgn + (G340 v ) eurtgn + /U< [Pear i A7 Pgadcidi 1 P V)
= (C}SAL CYo aivgn + R(AL ATy, W, € llccu%'l h (3.5b)
(6”+1Eh’Gh q )curlgh+/<Pcur1h(5?+lgh)’[ curlhAn g:;dgh q,1) =
vq, € Xgrad h (3-5¢)
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We refer the reader to [2, Section 4] for a discussion on the choice of the initial conditions (AO, E 2),
and also for alternative choices to the fully implicit time stepping selected here.

In (3.5b), M € {1, N>} is one of the following two discretisations of the nonlinear terms in the
right-hand side of (3.3b):

n+i i
Ri(Af AT v,) = (CrS AR+ (AL, v, 1% )iy g
1 . )
+ (5*[AZ+1’AZ+I]dIV,k,h’gk gvh + *[An+2,zh]dlv,k,h) , (36)
div,g,h

(A, Ay, = /<CZ’QAZ+1’*[PICC£'I hAZ+2 P]c(u%'lh vl

1 k n+l pk n+l k, k, n+s pk,
+/U<2*[P AL PR AT CEty k[P AL PES, v 1), BD)

curl,h— curl,h— h

1
Above, we have set AnJr = ;(A" + A"”) Moreover, in Jt;, we have made use of the discrete
version /-, -]4iv-K/ - (X X, h)z , of the map (3.2), defined forally,,w, € X cugrl , through its

components by:
(*l2ow) ]98) = by (xlyi Sy yidw el - ne) € PP ®9, VFeFi  (8a)
(*leow J94) = md ([P oy P wrl) € 64 (D@0, VT eTh (38D)

. C

(*[zh,mh]d””‘”’)g =g (KPR Pl ws] ) €6 (N @g, VT ETi  (380)

In 9, we have used the global piecewise polynomial curl Ci’g defined by patching the element curls:
(Cz’gkh)w = C?’ggT forallT € 7, andy, € X~

—curl,iz’
Remark 2 (Motivation for the discretisation of the nonlinear terms). The nonlinear terms in the right-
hand side of (3.3b) are

/(curlA,*[A,v])+/<%*[A,A],curlv+*[A,v]>. (3.9
U U

When discretising these terms, the continuous fields A, v € H(curl; U)®g are replaced by fully discrete

objects A,,v, € Xk Xearl i and we have to give meaning to the terms in (3.9) after this substitution —

which is not straightforward since X g L is not a subspace of H(curl; U) ® g.
Applying the standard DDR procedure on (3.9), we build these terms by replacing the inner product
/U(-, -y and differential curl by the corresponding discrete notions found in the LASDDR complex.

The only missing element is a discrete version of the bracket x[-, -] on X k. %1 b

consistent discrete approximations in Xﬁi’i" ,- This is what (3.8) provides, and this approach leads to R;.

Another approach to discretising (3.9) is in a sense more straightforward (but only works because
none of these terms, in the weak formulation, comes from integrating-by-parts the strong form of the
model): Since we can reconstruct piecewise polynomial reconstructions and curls from elements in
X*8  we can decide to simply substitute all the terms A, v by these polynomial reconstruction based

—curl,»’
on A,,v, and keep the other elements (integrals, brackets) exactly the same. This idea leads to 9.

x X*8 which produces
—curl,/
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Remark 3 (Discretisation of the linear terms). The same way we used, in 3, the piecewise polynomial
potentials and element curl, we could consider replacing, in (3.5b), the term (g’;’gé’,;“,g’;gg h)div,g,h
with fU(Cz’gA’ZH , Ci’gg h>' This would however not lead to a suitable scheme, for the following reason.

Consider the pure Maxwell model, discretised using a linear unconstrained scheme (that is, (3.5a)—
(3.5b) without the terms involving 4,, without the nonlinear terms and with g = R with the trivial Lie
bracket):

6;1+léh — _En*'l’ (3.10a)
(G E v eantgn = (CLPAR, CHOY i (-100)

Using the results in [12, Section 6] it can easily be shown that, for a smooth enough potential A, solution
of the continuous model, the consistency error (as defined in [31]) of the scheme satisfies

EnAsy,) < Ca(6t+h") (Il lleurtgn + 15V, i) (3.11)

where ||||carl,g,» and ||-||giv,g,» denote the norms respectively associated with the inner products
(*s eurt.g.n and (-, *)div.g.n- The scheme (3.10) is stable for the norm ||||curt.g.1 + ||g£'||div,g,h, so (3.11)
and the 3rd Strang Lemma [31] provide an O (6t + h**!) error estimate.

However, replacing (g’;;gé’;“ , gz’gzh)div,g’h with fU (CZ’QAZ” , Ci’ggh) in (3.10b) results in a scheme
that is stable for the weaker norm ||-||curl,g,n + ||Cfl’g “ |l 2(y (which does not control, in particular, the
face curls). On the other hand, the consistency estimate remains (3.11), in the stronger norm. As
a consequence, this estimate and the weaker stability cannot be combined together to obtain error
estimates on the scheme. As a matter of fact, numerical tests (not reported in this paper) show that,
on some mesh families, this alternative scheme does not converge as the mesh size and time step are
refined.

3.3. Discrete energy and constraint preservation

We define the discrete conserved quantity through the constraint functional €” : gri dh — R

k, k, k1,
(g, = (E},G h "q )C“rlgh+/<Pcu?rl W Bl [P n Al Pg:adghq D

k.g
Vgh € Xgrad,h :

(3.12)

Proposition 4 (Constraint preservation). For any choice of W, if (A}, E}, A7) solve (3.5) then, for all

q, € x~ the quantity €" (zh) is independent of n.

grad n
Proof. We note that the proof for the preservation of constraint in [2, Proposition 7] is in fact independent
of the discretisation of the second equation (3.5b), and also applies in the case for general k (see [2,
Section 6.2]). O

To state the energy dissipation property, we introduce the discrete magnetic fields based on B. Their
nature depends on the chosen discretisation of the nonlinear terms in (3.3b). If 9t = 9N, exploiting the

discrete bracket |-, -]4"* we can define the discrete magnetic field as an element of X ]cclﬁ*l P

curl,z’

1
1 _CkQAn+2*[An An]dehGng
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If ! = Ny, the nonlinear terms being discretised as piecewise polynomial functions, the discrete
magnetic field has the same nature:

1*[P Al e PX(Th) ® g (3.13)

B!, =C%A" +
h,2 2

n
curl, hAh’ Pcurl h=—

Proposition 5 (Energy dissipation). If the initial conditions (A%, E 2) are such that €° = 0, then we
have the decay of energy in the sense that, for all n,

||EZ+1 ||curl ,0,h + }B’H—l < _”E ||curl ,8,h + %n’ (314)
where .
5”52,1 ”giv,g,h if N=N,
B" =
Ligr Ck8A" Ccr9an f N=N
|| 2||L2(U)®g Esdiv,h(—h A;.CmAY) if = Ji,

where s3 div.h is the stabilisation form involved in the definition of the inner product (-, -)div,q,n (that is,
the tensorisation of Sdiv.» defined by (2.1)).

Proof. The proof for 9t = M, is identical to the one for k = 0 done in [2, Proposition 8] (see
also [2, Section 6.2]).
. . . . 1
Let us consider the case :t = Ny. Choosing v, = E Z” in (3.5b) and multiplying by 67"*2, the first
term in the LHS is
1
(EZ+1 EZ’ EZH)Curl,g,h = §||£Z+1||curlgh ||E ||curlgh + _”EZ-'—I ||curlgh7
while the remaining two form the constraint (S””(/_l’;l“), that vanishes by Proposition 4 and the
assumption that €° = 0
. . . . 1
On the RHS, we use (3.5a) to substitute instead y, = —6;’” A,, noting the cancellation of 6¢"*2
after multiplying. Expanding the discrete L2-product by its definition and invoking [12, Proposition 7]

(which can easily be extended to the SDDR complex using [1, Eq (2.2)]) to write P](; f}' W ke = Cz’g, the
first term is

(CE9Am1 CR9( A7 — AT )iy g

/(Ck gAn+1 Ck g(An An+1)> + sdwh(ck gAn /Z,Q(AZ _AZH))-

el
Combining with the integrals in 9 (see (3.7)), expanding A} > = 1(A? + AI*!), recalling the
definition (3.13) of By, then using the symmetry and bilinearity of the bracket (3.2), the RHS
becomes

(CEOAT, CRO(AL — AT )iy g + T (AL, AT AL — A

Zh =

= [ (i s - g i S APl 4 - 431
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g kg gn+l kg, qan n+l
+s4, (€ AT, C R (A, —AYT))

1
:/<Bg+l,cz’gég+—*[P AL PeS
U

1
2 curl, hAn] - CZ’QAZH - _*[Pk . An+1 Pk ) An+1]>

2 curl,h— curlLh=—h

k, n+l1 k, n n+1
S 1 (P ART, €0 (AL — AT)

- / (BB = BY) (€A1, €0 4] - A

Ckgén CkgA)

n+1 n
- ”Bh Bh||L2(U)®g dlv h(—h

n+l
= (1B g = 1B 122000
k.9 4 n+l k,g 4 n+l g k,g 4 n+l k.g 4n kg 4n+l kg 4n
_Sdiv,h(gh A,.CCA )_Sdiv,h(gh A, —C AL C AT -G Ah))’

where the conclusion follows by applying the relation b (x, y X) = %b(y, y)— %b(x, x)— %b( y—X,y—X)
to the symmetric bilinear forms b = (-, *);2(y)gq and b = d1

Finally arranging both side of the equation, moving the pure n + 1 terms to the left and the rest to
the right, we get

1 n+l n+l n
§||Eh ||cur1gh"‘23 _”E ”curlgh+%
~ SIE ~ B} 518}~ B
Zhnllcurl,g,h 2 h hML2(U)®g
o k,g 4 n+l k.g xn kg 4n+l k.g 4n
_Esdiv,h(gh Ah _gh éh’gh Ah _gh Ah)’
roving the statement, since the norm and s are both positive semidefinite. O
p g the stat th ddvh both posit definit

4. Implementation

We cover in this section the broad mechanisms of how the schemes are implemented. For our
numerical simulations, this implementation was done in the HArDCore3D library (see https://
github.com/jdroniou/HArDCore) starting from the serendipity DDR spaces and operators described
in Section 2. This library contains a fully automated construction of these objects, including the
computation of the degree depletions {p defined at the start of Section 2.2.

We first eliminate A”*' by using the first equation (3.5a) to write A"*' = A" — St E "*1. Denoting
the resulting equation by F(X"*!) = b, where X™*! represents the combined vector of E ZH , /171“, we
then employ the iterative Newton method to find a solution up to an accuracy of €. The quantity AZH’
which is required at the next time step, is finally recovered via back substitution.

At asingle time step n, the most costly part of this process lies in the repeated assembly and resolution
of the linear Newton problem: Find vectors (X"*1*1),y such that

IFXh Bl
112

D Fynoi (X" - xm 0y — p — p(X™1) until
Although the derivative matrix D Fyn.1.i is simple to determine because F' is multilinear, it must be
rebuilt at every iteration, with terms stemming from bilinear, trilinear, and even quadrilinear forms (see

the product of bilinear brackets in the last terms of (3.6) and (3.7)). In the rest of this section, we
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discuss how to perform these calculations without it becoming too expensive in either memory space
or computational time.

The other major expense is resolving the linear system, for which we use the Intel MKL PARADISO
library (see https://software.intel.com/en-us/mkl), which provides a multi-threaded direct
solver. An efficient technique to reduce this solver cost is to apply to the linear systems the static
condensation process, which eliminates all elemental unknowns of the system prior to solving. This is
made possible by the specific stencil resulting from a hybrid method like (S)DDR, which couples the
unknowns inside one element only with the unknowns on the faces, edges and vertices of that element
(inter-element unknowns are never directly coupled). We emphasize here the difference between static
condensation and the serendipity DDR process. Both reduce the number of degrees of freedom, but the
SDDR spaces and operators are leaner from the start; as a result, any scheme built from it will see an
improved performance in every aspect of the implementation at no additional cost. In contrast, static
condensation reduces the number of unknowns only after all contributions are assembled, and thus its
effect is more limited as it only reduces the cost of solving the global system, not the cost of assembling
that system. Additionally, it must be repeated every iteration, with some overhead (solving a smaller
linear system in each element) each time. Finally, we should highlight that, since static condensation
only eliminates unknowns in the elements while serendipity also eliminates degrees of freedom on
the edges/faces, the linear systems resulting from a statically condensed DDR scheme remain larger in
general than the linear systems resulting from a statically condensed SDDR scheme.

4.1. LASDDR tensorisation

The numerical construction of the LASDDR complex primarily consists of wrapping a layer of
matrix tensorisation around the existing SDDR code. For a code like HArDCore3D based on the Eigen3
library (see http://eigen.tuxfamily.org), this is easily achieved using the KroneckerProduct
functionality.

Fixing a basis (e;); of the d-dimensional Lie algebra g, each Lie algebra-valued degree of freedom
can by expressed by d real values. In other words, we can think of an element of an LASDDR space as
being made up of d SDDR vectors, one for each basis ej; ie., v, = 32 ® e;. Fixing an ordering that
combines everything into a single vector fixes the physical interpretation of all the remaining operators.
We choose to store the values associated to each mesh entity (vertex, edge, face, element) sequentially,
but for ease of distinguishing the significance of each entry, they are doubly indexed: (KZ)I . The
lowercase letter numbers the mesh entity it originates from, and the capital letter labels the Lie algebra
basis it is attached to. As an example, if d = 3, we have the following structures:

()] [(v;)]
(v))? (v))' (v2)!
v, = | @) = @)L = @)
(v2)! (v))’ (v

Then, considering a linear LASDDR operator L8, the matrix representation LS must by definition
actas L%(v,) = L(g{l) ® ey, where L is the corresponding SDDR matrix operator. From some basic
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arithmetic, we can conclude that L® has the form

Liilg Lioly
LS=L®l; = |Lala Lola

where I, is the d X d identity matrix. For bilinear operators such as the discrete inner products (-, -)e g 7
and the bracket terms which we deal with in the next section, the idea is very much the same; the
difference lies in the usage of a more general d X d matrix M in place of l;, indicating an interaction of
the Lie algebra bases. For example, denoting the LASDDR (resp. SDDR) product matrix by B9 (resp.
B), with action previously defined as (v,)"B%(w,) = ((v])"B(w;)){er, e;), the M becomes evidently
the mass matrix of the Lie algebra:

(e1,e1) (er,e2) --- B 1M B;p)M
(e2,€1) (e2,e2) , BS=B®M=|BaM ByM , (4.1)

4.2. Bracket terms

The nonlinear terms in both schemes create operators which can not be encoded by a single matrix,
but rather (local or global) 3 or 4-dimensional arrays:

k+1,9
/<PcurlT curl T Pgrad,T']>’

O O R P (€ R Rt B L WP

k.3 k.g k.g
/<C * curlT ? PcurlT ]> /<* curlT ? curlT ] *[Pcurl,T.’Pcurl,T']>'

The tools available in Eigen3 for dealing with these objects are not nearly as developed as the ones for
matrices. In most cases, the multidimensional storage is done using the Boost.MultiArray library
(see https://www.boost.org/doc/libs/1_61_0/1ibs/multi_array/doc/index.html), but
the Eigen: :Map function is used to interpret the data, so that we can still perform the usual matrix
operations.

These generic objects are independent of time, so seemingly the most time efficient method would
be to pre-compute them once and for all, and recall them when necessary. Unfortunately, the extra
dimensionalities mean these operators are much larger than the (bi)linear ones appearing in LASDDR;
in fact the memory usage to store these terms grows exponentially with the number of entries. The
Lie algebra tensorisation only exacerbates this problem, even accounting for the many symmetries that
could be exploited. This memory issue is particularly sensitive in an implementation — such as ours
(which follows the HArDCore general strategy) — that assumes that each element can have its own
geometry, which forces the local arrays to be computed/stored independently for each element (in a
situation where the mesh elements can be classified using a few reference elements, all memory issues
disappear as only local multilinear maps in reference elements need to be stored). In this context, the
immense amount of memory required to store just a single one of these global maps means that there is
no choice but to recalculate them at each time step and locally (mesh entity by mesh entity) as needed.
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Another important effect on the runtime lies in the order in which some tensorisation-related
computations are performed. Taking the sum of smaller matrices multiple times is sometimes preferable
to doing it once with larger matrices (which often have lots of zeros). Therefore, delaying the
tensorisation until after the vectors have been evaluated can improve both the memory usage and
the speed, even though some calculations and the tensorisation have to be repeated.

We furnish these ideas with an example for the nonlinear terms of the form

k+1,9
/<PcurlT ’ curlTvT’ Pgrad,T']>’

. . . . . ’g . . . . . .
in which v, is a given vector in X arl. 7" This term is represented by a coefficient matrix with entries

(doubly indexed by ((i, ), (k, K))) given by:

J Pk 0 (Pl Pty )k,

where the rows and columns range over the basis vectors, that are defined as (¢;); = ¢; ® ey (resp.
(Wi )k) where (¢;); is a basis for X* r (resp. (¥ )k a basis of Xk 7)- Pulling the vector out (recall

curl, “—grad,
that we use implicit summation), and using the definition of the L?-product, this can be viewed as

N k+1
(KJT) (/ curlT¢l curlT¢J Pg:ad ka <€1, [e.]’ eK]>’
— _\Jr
vector

trilinear form M(; 1), (;,J),(k,K)

where M is indeed a trilinear form (indices ((i, ) (j,J), (k,K))), represented by a 3-dimension block
of d* x (dim(X rl )X (dim( X rl 7)) X (dim(X* ora d’T)) coefficients. As mentioned, although M would
be useful to calculate in itself, since it can then be used to find other terms in the scheme, performing
the contraction with each vector v, is actually quite slow because of the large matrix sums.

Instead we do something less intuitive, by combining the vector with the integral portion of the
product first:

(K;")J (/ curl, T¢l Pcurl T¢] Pgrad Tl/’k <€[, [ef’ eK]> . 4.2)
—_————
NiJ .k
M/

i,k

(P (Pk+1 ) .
curl,7’ curl, 7’ grad,T /°
this term is first combined (through the sum over j) with the vector (KT)J , before performing the
tensorisation with Ny j x (on (7, I), (k, K)), and finally taking the much shorter matrix sum over J. This

delay in combining the Lie algebra indices initially seems like extra work, as this MZ.J , Sum is unique

These integral coeflicients represent the smaller SDDR trilinear form /T(P

to each vector (KT)J , and so the tensorisation must be re-done each time, but testing showed that the
tradeoff for smaller matrix sums is worth it in this case.

The x|, -] bracket is dealt with differently because it can appear twice in a single product. In this
double bracket case, if we use the same summation methods as in (4.2), then we have the appearance
of quadrilinear forms instead of trilinear forms, that would require the computation of a 4-dimensional
array. To avoid the extra dimension, we treat the bracket terms as independent objects, that can be
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manipulated separately to the product matrix. For example, in the first discretisation 9t described
in (3.6), two terms involve this bracket, which we compute the following way (underbrace denotes the
dimension of the array representation with the implied transposition, and we write formal products to
show how the calculation could be decomposed in the code):

(*[Kh’ ']dlv’k’h, *[mh’ ']dlv’k’h)div,g,h *[Kh’ ']dlv,k,h (', ')div,g,h *[Eh’ ']dlv,k,h, (43)

—_—  — —o
matrix matrix matrix

(*[Kh’ mh]dlv,kﬂ’ *[" ']dlv’k’h)div,g,h = *[Kh’ mh]dlv’k’h (" ')div,g,h *[" ']dlv’k’h . (44)
—_— Y
vector matrix 3-dim array

We note that the map [ -, -]4v-k# . (x*:8 cunl. D)E o Xﬁl’s , is bilinear, but requires an extra dimension in the
] div,k,h
h

corresponding array to represent the output in X Iglg ,- Thus the terms [y, J9VE and *[w,
are indeed represented by matrices, calculated using the same principle (described in (4.2)) of avoiding
the tensorisation until the last step. The order of operations is also crucial in (4.4); the vector-matrix
multiplication must come first, to ensure that the 3-dimensional array is only contracted with a vector.
We stress again however, that the full set of x[-, -]div’k’h coefficients is never constructed, and all
calculations are done in the way of (4.2).

The same idea is implemented in the second discretisation 9, (see (3.7)), by introducing a basis for
P2k(T), and working with the map

k.9 k.9 2 2k
*[Pcurl,T" Pcurl,T'] (Xcurl T) - P (T) ® g.

The numerical decomposition of the term analogous to (4.3) is

k, k,
*[Pcu%'lT— curlT (/< >) curlTw Pcug'lT] (45)

matrix matrix
matrix

where the integral is realised by the tensorisation of the mass matrix of the basis on P2k(T), and the
mass matrix of the Lie algebra (see (4.1)). With orthonormal choices of bases of P2k (T') and g (which
is the default in the HArDCore library), the calculations here are greatly simplified; the components
of *[Pcurl T ’P]c(lﬂl,T'] can be found using only the triple integrals of the bases of P*(T) and P (T)
(without requiring to solve a linear system afterwards), and the integral in (4.5) is just given by the
identity matrix

li2k+1) = bi+1 ® la.
5. Numerical tests

We present a numerical comparison of the convergence of the two schemes, as well as the exact
constraint preservation that is expected. The tests were performed on a Dell Precision 5820 desktop
with a 14-core Intel Xeon processor (W-2275) clocked at 3.3 GHz and equipped with 128 GB of DDR4
RAM, running Ubuntu 22.04.1 LTS. The discretisation setting is identical to that of [2, Section 5],
which only contained tests for k = 0 of the scheme pertaining to 9t;. Here we expand on these results
for higher orders (k = 0, 1, 2), and also consider the performance in relation to the second discretisation.
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Let us recall the setting of these tests. The Lie algebra is g = su(2), with basis

_ifo 1 o i _ift oo
=750 ol 2T 72 ol T 7200 -1

The time interval is [0, 1] and the space domain is the unit cube (0, 1)3; the spatial discretisation is
based on three families of Voronoi, tetrahedral, and cubic cell meshes. For each mesh of size /, the
time interval is uniformly divided into max{10, [5 / hk”h time steps; given that we use an implicit time
discretisation, the expected rate of convergence is in 6t + h**!, and the choice of time step is designed
so that, when plotted against , the errors should decay as #**!. To set non-zero initial conditions, and
to assess the convergence properties of the schemes, we select a manufactured solution based on

—0.5 cos(t) sin(zx) cos(my) cos(nz)
A(r) = cos(t) cos(mx) sin(my) cos(mz) | ® ey
—0.5 cos(t) cos(mx) cos(my) sin(xz)
[—0.5 sin(¢) sin(7rx) cos(my) cos(nz)
+ | sin(¢) cos(mx) sin(mry) cos(nz) ® e (5.1)
| —0.5sin(#) cos(mx) cos(rmry) sin(rz)
[—0.5sin(7) sin?(7y)
+| cos(t)cos?(nz) |®es,
|—0.5 sin(#) cos?(mx)

from which E (¢) is calculated using (3.3a). Then for all tests in this section, the initial conditions are
assumed to be A% = 19 4(0), E0 = I%% | E(0).

“curl,h ~ =curl,h
Remark 6 (Convergence results for 4,). Although the fields A, E of a solution to the constrained
formulation (3.3) solve the Yang—Mills equations, there is no proof that the A obtained is unique.
Testing performed in [2, Section 5] suggest indeed that there are infinitely many solutions; the values
obtained for A} are therefore not very instructive, and have been omitted from the graphs. Discussion
around the solvability of the linear system deriving from such a scheme can also be found in the cited
section; we experienced a similar success, with a worst residual for the linear solver of the order 1e—09.

5.1. Convergence tests

In addition, appropriate boundary conditions and forcing terms are introduced to balance the
equations (see [2, Section 5.1] for details). The errors for both schemes are measured by calculating
the difference || E' ’;l“ —I'% E (Dllcurt,g,n (resp. AZ“, A) at the final time, and dividing by the norm

—curl,/
of E 2*1 (resp. AZH)- These relative errors are plotted in Figure 1 for E, and Figure 2 for A.

We remark immediately that for A, the errors are indistinguishable from the figure alone. The
precise difference for the Voronoi and cubic sequences are calculated in Table 1, with the trend applying
identically to the tetrahedral family. As either k increases or h decreases, the difference between the
errors shrink accordingly, and this is seen also in the errors for E for k = 1,2. However for the electric
field, there is a more visible separation when k = 0, with the 9t;-based discretisation performing slightly
better. These tests seem to indicate that, overall, both choices 9t;, ), lead to acceptable and similar
results.
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The schemes converge on the Voronoi and cubic meshes at the expected rate of k + 1 for both E
and A, but this behaviour was not as stable for E on the tetrahedral line, where we see a rate that
jumps around 3 for every k. This might be due to the asymptotic regime not been reached yet on these
meshes (we note that, for £ = 0 for example, the simulation on the finest mesh seem to indicate that
the convergence rate slows down). The magnitude of these errors are still ordered in the expected way,
except for the coarsest cubic mesh in Figure 1, where it is corrected after the first refinement.

——E MR, k=0);-«- EQ,k=1); » E Ry, k=2);
——E W, k=0);-0- E(Wp, k=1); ¢ E Ny, k =2);

1071 | E 1 | 1
; ] 1077 ¢ 1
1072} E I 1
B 1 1072 g ]
1073 E i |
Ll | | | | | | | |
10—0.8 ]0—0.6 10—0.4 10—0.2 ]0—0.6 10—0.5 10—0.4 10—0.3
(a) “Voro-small-0” mesh (b) “Tetgen-Cube-0" mesh
100
107! F €
1072 ¢ i
1073 F |
bl L L1
107! 100

(c¢) “Cubic-Cells” mesh

Figure 1. Relative errors on E for 9t; and ,: Voronoi, tetrahedral and cubic meshes.
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—— AN, k=0 A, k=1); ~ Ay, k=2);
—-A M, k=0);-0- ANy, k=1); ¢ Ao, k =2);

| [T T T T i
10 10t .// E
] r ,J// 1
X e . o
107 E 1072 F ,,—”'// * E
. . E
- 3
L o ; %f 4
1073 | E ° 1
L ! ! ! ] 10_3 E 1 ! ! ! E
]0—048 1070‘6 10—0.4 10—0.2 1070.6 1070.5 10—0.4 ]0—043
(a) “Voro-small-0” mesh (b) “Tetgen-Cube-0" mesh
—
107" 1
1072
107 ¢ ,
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107! 10°

(c¢) “Cubic-Cells” mesh

Figure 2. Relative errors on A for 9t; and ,: Voronoi, tetrahedral and cubic meshes.

Table 1. Difference between the errors of A (9t;) and A (N,) for various degrees k on the
Voronoi and Cubic meshes.

Voronoi mesh Cubic mesh
1 2 3 4 5 1 2 3 4
k=0 436e-3 598e-4 5.02e-4 1.67e-5 1.43e-5 1.05¢-2 997e-4 898e-5 1.1le-5
k=1 14le-3 8.93e-5 147e-5 623e-6 257e-6 9.99-4 1.05¢-4 7.04e-6 4.35¢-7
k=2 9.16e-5 3.46e-6 3.4e-7 6e-8 - 1.0le-4 4.97e-6 1.96e-7 -

5.2. Constraint preservation

The tests for the preservation of constraint are run with the same initial conditions as the convergence
tests. For proper solutions to the Yang—Mills equations, and for Proposition 5, it is expected that these
discrete fields prescribe a small or vanishing initial constraint €°. This can be achieved by projecting
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the initial conditions (see [2]), however for the purpose of testing Proposition 4, which does not depend
on the initial values, it suffices to measure the maximum change in the functional €" — €0 over all
times. The differences are presented in Table 2 for selected meshes from each sequence. We see for
both methods that the constraint is stationary up to machine precision, with the small drift coming from
rounding errors present at each iteration.

For reference, we also provide in Table 3 a comparison of the runtimes for the two different choices
of discretisation of the nonlinear tests. The performances of both schemes are very comparable on a
variety of meshes and degrees k, with the exception of a 10% difference in favour of N; for k =2 on
the Tetrahedral meshes, that shows up consistently through our tests. This difference is likely due to the
nontrivial calculation attached to each face component (3.8a) in the definition of the discrete bracket
of M;. These calculations are necessary because the face values also contribute to the L?-product,
but they result in a larger dependency of the runtime on the number of faces in a particular mesh. In
comparison, the N, discretisation is less affected by the shape of the elements; numerically, an extra
face only represents an increase in size of the SDDR operators (which equally affects 9t;) used in the
integrals. This is supported by the results for the Voronoi sequence, that has a higher face to element
ratio than the tetrahedral sequence, where N, starts to slightly outperform ;.

Table 2. Maximum over # of the difference €” — €° measured in the dual norm.

Voronoi mesh Tetrahedral mesh Cubic mesh
N1 1 3 2 4 1 3
k=0 8.47329-15 3.05676e-14 2.06362e-14 4.75412e-14 3.52318e-15 2.16527e-14
k=1 14144e-13 8.93075e-13 3.67781e-13 1.81426e-12 2.33678e-14 6.44019¢-13
k=2 3.69918e-12 1.18207e-10 3.82037e-12 2.77407e-11 4.45312e-14 6.48608e-12
N, 1 3 2 4 1 3
k=0 8.16124e-15 3.13617e-14 2.01667e-14 4.77633e-14 4.22851e-15 2.11083e-14
k=1 9.8531e-14 8.83056e-13 3.69107e-13 1.81787e-12 2.52977e-14 6.48934e-13
k=2 4.16428e-12 7.99416e-11 3.81537e-12 2.77391e-11 4.51672e-14 6.48285e-12
Table 3. Total runtime for each test in seconds.
Voronoi mesh Tetrahedral mesh Cubic mesh
Ny 1 3 2 4 1 3
k=0 5.00865 145.77 4.70017 21.1378 0.564665 35.2541
k=1 35.9231 2836.36 50.997 360.943 3.58296 588.679
k=2 198.435 43303.9 578.499 5732.1 14.6638 14337 .4
N, 1 3 2 4 1 3
k=0 4.57515 135.231 4.16998 19.7708 0.53204 32.879
k=1 34.2036 2814.14 51.3249 340.817 3.62877 631.546
k=2 190.447 42083.9 634.162 6421.87 13.8524 14414.9
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6. Conclusions

We designed two schemes for the Yang—Mills equations based on the DDR method, both displaying
arbitrary orders of accuracy and applications on generic polyhedral meshes. Thanks to the complex
property of DDR and to the usage of a Lagrange multiplier, both schemes also preserve a discrete
nonlinear constraint deriving from the Yang—Mills equations, and satisfy energy bounds. The schemes
only differ in their treatment of the nonlinearity akin to a cross product combined with the Lie bracket for
Lie algebra-valued vector functions. The first scheme reconstructs a discrete version of the continuous
product bracket, that can then be used in the discrete L?-products of the DDR complex. The second
scheme uses the DDR potential reconstructions to get polynomials in each element, on which the
continuous product bracket can be applied. We show how a clever ordering of the algebraic operations
in the assembly of the schemes can help keep the computational cost at a reasonable level, despite
needing to deal with multidimensional arrays and high system sizes due to the Lie algebra components.
Numerical results are presented which show a good behaviour and an expected rate of convergence,
with respect to the mesh size, in 2+,
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