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Abstract In this paper, we propose a local discontinuous Galerkin method for the discretiza-
tion of second-order curl-curl Maxwell’s equations. We develop a mixed approach using con-
forming Nédélec (for H (curl)) and Raviart-Thomas (for H (div)) finite elements for the electro-
magnetic field u, coupled with nodal Lagrange elements for the pressure multiplier p. We carry
out a complete hp-error analysis of this mixed scheme and introduce a novel technique to derive
explicit optimal error estimates in terms of the mesh size h. Numerical experiments are provided
to confirm the stability and accuracy of the proposed scheme.

1 Introduction

The discontinuous Galerkin method is one of the many numerical techniques for approximately
solving a variety of partial differential equations (PDEs). This method is based on spaces of dis-
continuous finite elements by considering discontinuities of the solution on the interfaces of the
element in mesh discretizations of the domain. The DG method is characterized by approximate
differential operators in the formulation ( curl, divergence, gradient) by some discrete derivative.

In recent years, many schemes of the discontinuous Galerkin method have been intensively
developed and widely studied to solve various boundary value problems arising from physics,
mechanics, chemistry, biology, etc. The schemes of the DG method are locally and globally
conservative.

The DG method has been used for many mathematical problems, for example, the reaction
diffusion problem [1], Navier-Stokes equations [2], Maxwell’s equations [3, 4, 5, 6] .. ., etc. For
Maxwell’s equations, the main feature of the method is to consider a stated scheme via approx-
imations of the unknown u and the flow vector p. For linear problems p can be deleted element
by element, from the scheme system. This manuscript is an extended and significantly im-
proved version of a full paper entitled "A Mixed Discontinuous Galerkin Scheme for Maxwell’s
Equations" presented at ICRAMI 2025 (Tunisia, November 2025). Compared to the conference
version, this paper includes a complete theoretical analysis of the proposed mixed discontinuous
Galerkin scheme, new convergence proofs, additional implementation details, and computational
efficiency of the proposed study [7].

In this paper, we will focus on the following model problem in three dimensions, which is
derived from Maxwell’s equations.

ou+Vx(p'Vxu)—eVp= f in Q
V-(eu)—ap= 0 in Q (1.1)
nxu=0 and p= 0 on 0Q
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Here, n is the outward normal unit vector to 9Q, f € [L?(Q]? is an external source field. o and o
are positive functions in L>(Q), . is the magnetic permeability and ¢ is the electric permittivity
of the medium and when o(z) = 0 for every x € Q, u is related to the electric field E as E(x,t)
is the real part of u(z)exp(iwt), where w # 0 is a given frequency.

We assume that p and e are smooth functions and there exist €,,, €as, tim, and pp; such that
0<enm<elr) <epyand 0 < py, < p(z) < pp for all z in Q. We introduce the Lagrange
multiplier p to control the divergence of the electric field F.

The aim of this paper is to propose and analyze a new DG method for solving Maxwell’s
equations. The rest of this paper is organized as follows. In Section 2, we introduce notations
and give the regularity results. In Section 3, we propose a DG method for the Maxwell model
problem (1.1). The stability analysis and convergence analysis for the proposed DG scheme are
given in Sections 4. Finally, In Section 5, we perform some numerical experiments to verify the
theoretical results.

2 Function spaces

In this section, we introduce some standard notation for Sobolev spaces. Henceforth, Q is a
bounded Lipschitz domain in R?, d = 2,3, we denote by LP(Q) the usual Sobolev spaces with
p > 0 equipped with the norm || - || .r(q). We denote, as usual, by H*() the Sobolev spaces
of real or complex functions with 1nteger or fractional exponent s > 0 endowed with the norm
|| - ||s.0 and write L?>(Q) = H%(Q). We denote by (-, -)q the standard inner product in [L?(Q)]°.
We also use the following spaces:

H(curl,Q) = {u € [L*(Q)]® : V x u € [L*(Q)]*},
Hy(curl,Q) = {u € H(curl,Q) :n x u=0ondQ},
H*(curl, Q) = {u € [H*(Q)]* : V x u € [H*(Q)]*},
H(div,Q) = {u € [L*(Q)]}: V-u e L*(Q)},
Hy(div, Q) = {u € H(div,Q) : V-u=0on0Q},
with n x u the tangential trace of u € H(curl,Q), n-u is the normal trace of u € H(div, Q) and

are both belong to H'/2(9Q).

- — 9wy 3U1 - — (OQus _ Oup Ouy _ Ouz Oup _
We note that, for d = 2,V x u = 5= and, ford =3,V xu= (33— 32, 5 — 52, 57
auz

Ouy. duy Buz
5)", nevertheless, V- u = G2 + + us

B
The norms for H(curl, Q) and H(dw Q) are the graph norms: |[ul|curo = (|[ullfq + IV x

ul[§.0)"/* and [Jul|giv.0 = ([ull§ o + IV - ul[§ o)'/? respectively.
We recall the integration by parts for vector functions below:

/Vu-vdx:—/uv-vdw—}—/ nu - v ds
Q Q oQ
/qu~vdx:/u~V><vdx+/ nxu-vds 2.1
Q Q oQ

/V~uvdx:—/u~Vvdx+/ n-uv ds
Q Q aQ

We denote by V' = Hy(curl, Q) and Q = H}(Q), the mixed weak formulation of the problem
(1.1)is to find w € V and p € @ satisfies

a(u,v) +b(v,p) =(f,v), forallveV,
b(u,v) — c(p,v) =0 forall ¢ € Q,
where the bilinear forms a(-, -
a(u,v
b(v,
c(p, ¥

,-) and ¢(-, -) are defined as follows

5

ep,V-v), forallveV, peqQ,

b(-
(0™ 'V xu,V xv), forallu,veV,
(-
(ap,tp) forall ¢ € Q.

)
)
p)
)
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3 Spaces of discontinuous finite elements

For the convenience of presentation, we first give some notations and functional spaces that
will be used throughout the paper. Let h be a positive parameter, let 7' be a polyhedron in
R?(d = 2,3) that is a basic finite element, more precisely, 7 is a triangle or square for d = 2, a
tetrahedron, cube, or prism for d = 3; let 7, be a triangulation of Q into finite elements of the
maximum diameter h. Denote by &, the set of all faces of the subdivision, 7}, then let 5,{ and 5,?
be the set of all interior/exterior faces of the subdivision of Q, respectively. Also, denote by hp
the diameter of 7" for all fixed T" € T}, and define as known h = maxpe7;, hr.

We use the standard notation H*(T') for the usual Sobolev space of order s. Now for s > 0,
let

H*(T;) :={v e L*(Q) : vy € H(T) VT €T}

and
H*(Vx,Tp) :={v e L*(Q) : v € H(T)*and V x (vjr) € H(T)*,V T € Tp}.
In particular, we note
V(h) =H'(Vx,T;) and Q(h) =H"(Ty),

for
V x u € Hyer, L2(0T)?

and
p € e, L? (o).

To define the finite element spaces, let Py (T") be the set of polynomials up to degree k on each
mesh element 7' € 7. Later, we will seek our discrete solution in the piece-wise polynomial
denoted by:

Pu(Th) = {v € L*(Q) : VT € Ty, vi7 € Pi(T)}.

In particular, let V), be the finite-dimensional space discretizing V' (h). Similarly, we define Qj,
as the finite-dimensional space of Q (/) which contains the discrete solution as follows:

Vi =Pi(Th)?,  Qn="Py_1(Th), fork > 1. (3.1)

Note that functions of P, (75) are discontinuous across element boundaries.

Now we introduce the definition of the trace operators. For e an element of £/ shared by the
two elements 7; and 7). We denote by n. the outward unit normal vector on e points from T; to
T;. Letuin Hs(ﬁ)3 a vector valued function, we denote by u;, u; the restrictions of u to T; and
T;. Then, we define respectively, the tangential, the normal jumps, and the average of u

ifGE(c/‘;IL, 6:8szaT] : [U}T = (uj|e_“i|e) X Ne,
[U]N = (uj|e - ui|e) s e,

{u} = wiuie + Wallj

ifec &P e=0T;NOQ: [ul; = —uje X ne,
[ul y = Uje * e,
{U} = Ule-

By the same way, and for a given p in H*(7}), we note p;, p, the restrictions of p to T; and T}.
therefore, we define respectively, the normal jump and the average of p as follow

ifec&l, e=0TiNdT;: [ply = (Pj) = Pije)nis

{p} = wipic +wopjy..,

ifec &l e=0T,NnoQ: Pl y = Plene,
{r} = ppe-
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where 0 < wy,w, < 1 such that w; + wy = 1.
Finally, we introduce a stabilization parameter 7 used later in the definition of numerical fluxes.
For a given k > 0, define 7 such that

x = nmin(hr,, hr,) for T; and T are two interior elements of 7y,

x = nhp for T is a boundary element of 7j,.

For more details about the construction of the stabilization parameter n, we refer to [8].

3.1 Some basic tools

Let us first give the following result.

Lemma 3.1. for all t € Tr(El) and ¢, ® € Tr(E)? we have the following identities:

T; (® x nr)ds = — gh{w}[qn]T ds+/g}{ []r{®} ds,
T;/ P - ds—/gi([CD]N{t}+[t]N{CID})der/SEt((I)-n)ds.

The proof is based on the identities: a-c—b-d = §(a+b) - (c—d) + 5(a—b) - (c+d) and
a-(bxc)=det(a,b,c) = —det(b,a,c) Va,b,c,d € R3. We have

Z z/J (IJXans—/w (® x nr) ds+/ {y} [P

T€eTh

for two elements adjacent T; and T} shared by e in £/, we can write

i (Pi X i) + 1y - (P x my) = i - (Pi X i) — 1y - (P x i)

= 3(i +5) - (Ps = D)) x i) + 3 (¥ — 1y) - (Ps + P;) x ;)
1

=—{¢}-[@lr - E(q)i + @) - (i — ) x m)

=—{v} - [®lr +{P} - [¢]r,

S dyem Lo

by using the convention that

TETh
we deduce
1& (D xnr)ds=— [ {¢Y}@]rds+ | {P}H]r ds— {Y}P]r ds
> / . fo

(v} [® Tds+/{c1>} Iz ds.

En
In the same way, we can prove the second identity without difficulty.
Lemma 3.2. For T a d-simplex, we have the following inverse trace inequality:

Z’I’L’U

(7)* (3.2)

Consider the d-simplex

d
T — {(3717332,...,.1?(1) S.t. |.’L‘l| < 1,21;1 §2_d}7

i=1
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we have
Pk(T)d = span {x’llx? ... xild s.t. i, > 0, sz < p}
k
For a regular d-simplex 7', we have

hd [d+1 1 y
VOZd(T):Cﬁ\/Td’ and Volg—1(0T) = (d+ 1) gy 7=t

We shall loosely follow the work of T. Warburton [9]. We get

(k+1)(k+d) [Volg_,(0T)
d Vold(T)

llprllo, T

[[Pnllo,or <

we have

Voly 1(0T)  /d(d+1) ( 2d )1

to obtain the desired inequality with

1

Cins = Clkyd) = ([ (d+ 1)k + 1)k + d) <d2+d1) ‘

4 Families of DG-Schemes

By employing an integration by parts with Stokes formula (2.1), the variational formulation for
the Maxwell’s equation (1.1) is to find (u,p) € V(h) x Q(h) such that for all test functions v
and ¢ in V(h), Q(h) respectively, and on each element T' € T,

/auvdm—i—/N*I(Vxa).(va)dx—k/pV.gvdxf/ (ev -nr)pds
T T T oT
—/ U'((H_IVXU)XnT)dSZ/f~Uda: 4.1
orT T
and

f/TEU~V1/de7/To¢pwdaj+/ (eu-np)pds =0. 4.2)

oT

As is known for the discontinuous Galerkin method, the solutions « and p are discontinuous on

each element e € 5,{. Therefore, we introduce some numerical fluxes 1~V x u, £u, and p face
by face of the partition, to approximate their traces on the interfaces of triangulation. For the
curl-curl operator, we adapt the same reasoning in [10, 8] as follows: Let e € &£/ be an interior
face, and using the parameter 7, we define the numerical fluxes by

PV oxuw = {pm'V xu} —nlulr,
~ — feu} — ol @9
5 = {p} —nleuln

and for e € P, an exterior face of the triangulation by

p'Voxu = {pm'V xu} —qlulr,
gu = eu—n"pn, 4.4)
D = 0.
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The goal of introducing these stabilizing terms is to obtain a consistent scheme of (1.1), and this
is deduced from the conservative effect of the given numerical fluxes in the sense of [11].
Now, equations (4.1)-(4.2) can be easily modified to

/auvda:—l—/(/fleu)-(Vxv)dx+/pV~6vdx—/ (ev-nr)pds
T T T oT

—/ v (p'Vxu)xnp)ds= [ f-vdx (4.5)
ar T
and
—/ eu-Vipdr — / apwdx—i—/ (eu-n7)pds =0.
T T aT

After an integration by parts, the above equation, we get

/ wV-eudx—/ a;m/;dx—i—/ ((u —eu) - nr)pds = 0. (4.6)

T T T

In what follows, summing the equations (4.5), (4.6) over all elements T € 7}, one gets

/auvdx+/(/flv><u)~(V><v)dx+/pV~Evdx— Z/ (ev-nr)pds
Q Q Q oT

TE7-}L
- Z/ (p='V xu) xnp)ds= [ f-vde  (47)
TeTh Q
together with
/wV sud:r—/apwdx—i- Z / eu—eu) -nr)pds =0. 4.8)

T€eTh

To deal with the terms on the edges, we apply Lemma (3.1) and with the help of the definition
of the numerical fluxes, we obtain

Z/ (ev-nr ds-/}[sv]N{ﬁ}—i—[ﬂN{ev}d8+/D]3(av~n)ds

TeTh & En

- / levln ({p} — nleulw) ds,
SI

h

Z/ —Iqu)an)ds—/

W=V x u]p{v} ds — / {u='V x u}v]r ds
TET, &n &

= [ (719 x u} = alule) ol ds
gI

h

and,

Z w (Eu —eu) - nr)ds

TETh

= /l[éﬂ—su]N{w}—l— [w]N{Eﬁ—su}ds—i-/gD Y(eu —eu) - nds

&

— [ (Bl - )0} + Wl (G}~ (uhyds —n" [ upds
& &y

= —/gl[eu]N{w} ds—n~! /EI[Z/J]N[p]NdS»

h h
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since the jump of a continuous function is null and p vanishes on £P.
By using these three results above, we can obtain the following primal formulation of the DG
method and the expressions (4.7), (4.8) become

/o*uvdx—f—/,uileuVdex—/
Q Q &l

+/va.gvdx—/gi[gv]N{p}ds+n/gi[€v]N[5u]Nds:/Qf-vdx, 4.9)

e~V x u} ds + 1 / ol [ulr ds

&

together with
/Qz/)V ceudr — /Qozpz/de — /55 [eu] v {1}ds — 7~ /5£ [pln[¥]n ds = 0. (4.10)

In the literature, the primal week formulation using the DG method is approximated by piecewise
polynomials that are discontinuous across each edge, which leads to non-uniqueness of solutions,
lack of coercivity in bilinear forms, and in general poor stability. To address these issues, we can
introduce additional constraints, such as a penalty term that penalizes the jump in the solution,
ensuring numerical stability and optimal convergence. We add the penalization term:

~J(u,v) : — /gl[u]T{,u*IV x v}ds,

h

since for the exact solution u we have [u]r = 0in &/ and n x u = 0 in £F. We note that this
term is added to symmetrize the principal bilinear form A of the formulation.
To enhance the coercivity of the bilinear form A, we can add the second term:

r/(V - (eu) — ap)(V - (ev) — ap)dz  withr >0, 4.11)
Q

although it may not be necessary to use it over the entire discrete space. It is sufficient to
ensure the coercivity of the bilinear form .4 on the kernel of B only. Since, from (1.1) we
have V - eu — ap = 0 in Q. And expression (4.11) can be modified to

T/Vqufvda:fra/pV'evdx, (4.12)
Q Q

Remark 4.1. We note that the first term of (4.12) is added to the bilinear form A, whereas the
second term is added to 5. In this case, and by identifying with (4.10), we have

1—ra=1, 4.13)

and so, we discuss if & = 0, we can add the term of penalization (r # 0). If a # 0, necessarily
we must have r = 0.

To lead to our DG scheme, let us define the following bilinear forms
Au,v) == alu,v) — T (u,v) — T (v,u),

with,

a(u,v) ::/Qmwdx—i—/g,ufl(v xu) - (V xv) dx+77/ [u]r[v]T ds

&l
+77/$I[6u]N[6v]Nds+r/Q(V-eu)(V~6v)dx,
B(v,p) ::/Qprvdx—/gl[sv]N{p}ds
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and

Clp,9) = /Q oppdz + ! / (Pl ] ds.

En

Referred to the mixed discontinuous Galerkin method and using these definitions, the Maxwell’s
problem (1.1) becomes: find (u,p) € V(h) x Q(h) such as

{ A(u,v) + B(v,p) = L(v), Vv € V(h), (4.14)

B(u,¢) — C(p,1) =0, V¢ € Q(h).

4.1 Stability of the discrete scheme

To define the discrete DG finite element scheme for system (1.1), we will approach spaces Q(h)

and V' (h) by the finite-dimensional spaces Qj, and V,, respectively. Let us emphasize that the

fact of using this discretization brings us back to rewrite (4.14) as

A(up,v) + B(v,pr) = L(v), Vv € Vp, 4.15)
B(uhaw)_c(phaw)zoa vd)egh .

with (upn,pr) € Vi, X Qp, be the discrete solution of the formulation.

We start by introducing two norms dependent on the mesh discretization. Therefore, V;, and O,
are equipped with appropriate norms, which will be defined to ensure stability and convergence
of the discrete problem

1 _1
lullf; ;== lozull§ o +1ln72V xull§ o + 7V - eul§ o + 77||[€U]NH§75)§
(4.16)
+nlllulrllfe, + 0 {u™'V x u}|§ e, forallue Vy,
and
Ipll: == lpl5.a + 0 ' IpInlGe, +n ' I{p}IGe, forallpe Q. (4.17)

When o # 0, it easy to prove that the above quantities define two norms on the spaces V}, and
Oy, respectively. the case where o = 0 we have /f%V x u = 0 coupled with V - eu = 0 admits
0 as a solution. We note that if ¢ = 0 and r = 0, quantity (4.16) is a semi-norm.

The discontinuous Galerkin finite element scheme (4.15) is well posed and consistent, indeed
consistency, can be obtained from the derivation of the DG scheme (4.15) since the exact solution
(u,p) is in Hy(Vx,Q) N H(V.-,Q) x H}(Q), and after some integration by parts we can see
that the exact solution of (1.1) verify (4.15).

The well-posedness of the DG method follows from the fact that the linear scheme (4.15) in
finite-dimensional space admits a unique solution. To establish this, it suffices to show that if
L = 0then (Uhaph) = (0, 0)

5 Estimate of the scheme’s accuracy

To derive the error estimate for the scheme (4.15), we need at first to show some properties for
the three bilinear forms A, B, and C. Let us briefly discuss the continuity of these forms. From
the introduced mesh-dependent norm (4.16) and (4.17), the definition of A, B, and C and together
with the Cauchy Schwarz inequality. The continuity of the bilinear forms .4, 3, and C on spaces
Vi X Vi, Vi X Qp, and Qp, X Qy,, respectively, follows.

The coercivity of the bilinear form A on the space V}, x V), is given in the following proposition.

Proposition 5.1 (Discrete coercivity). The bilinear form A satisfies.
A(u,u) > apllul|7, forall u € Vy,

m

provided r > Cip, (1 + ul ), with g < 1 is a constant independent of h.
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We have
A(u,u) = a(u,u) =27 (u,u) = |lullj, =~ {p~'V x u}

|%,5;L - zj(u’ U)

Let us first estimate the term 7 (u, u) by applying the Cauchy-Schwarz inequality followed by
Young’s inequality

Tl = [ el xubds < [fudrloeg 1~V x ublogg

h
g 2 |- —1 2
< inII[U]Tllo,g;l tag eV xujllger, V6 >0
and the fact that  is bounded, we obtain
g 2 1 —1 -1 2
J (u,u) < 577||[U]T||o,g£ + mﬂ [{n2V x u}”o,géa

it follows by using the inverse inequality (3.2) and the fact that V x V), is included in V},

inv

)
T (w,u) < Salllulrl ¢ + 0wV x ulff g, for every > 0

2h0
therefore
2 2 2 Cinvn_] 1 1 2
Al w) = allully 2(1 = o) [ulfy = Sl o — =" (1+ =)}tV % ulg
, fim
PR Cinv7771 -1 2
>(1—a)llo?ullgo+ (1 —a— (I+ —))lIlu"2V xulgq
h Opm,
+r(1 = )IV-eullg o + (1 = a)nlleulnllg e + (1 —a = )nlllulrle,
_ _1
+ (1 =) {p 2V x u}|Ge,
We note that nh =  and the term 1 — o — %(1 ty) =1 —a— Gl 4 o) s

independent of h. If k > C, there exists > 0 such that 0 < 5;1”
have 1 — 2= (1 4 g1-) > 0, and there exists o < 1 — <22 (1 4 51-), we take ap < a.

To ensure the existence of § > 0, we have § > (,{7(017"”‘ with 6 < 1 — «. This is true if

< &= — 1. In this case, we

(K_glm < 1 — a. This means 1 — (r@—g’zﬁ > 0 yields to £ > Cipy (1 + ;%m) This ends
the proof.

5.1 Discrete Inf-sup condition

Now, we will give a discrete inf-sup condition satisfied by the second bilinear form B on Qp, X V},.
To do this, we need to consider an operator Ry, presented in the following lemma.

Lemma 5.2. For all v € H'(T},)?, there exists an interpolant Ry, € Qy, such that

/ th'(E’U*Rh(U))dI:O, Y qp GP](T), VYT €T,
T

/(EU — Rp(v))ds =0, Veeké,.

To prove this lemma, we follow the steps of Theorem 1 in [12]. Such that, forallv € H'(T3)?
and for a given ¢ sufficiently smooth, we have v is in H'(7,)3.
Straightforward, we give the following inf-sup condition for 5.

Proposition 5.3. The following stability result of B holds

inf sup Mi .
9€@r\ 0} yev,\{0} [vllallglln

with (3 is a positive constant, independent of h.
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Using the inverse inequality (3.2) and the fact that h = %, we get for all ¢ € Qp,

1 1 1
”CIH%,Q > gHQHaQ + §||QH%,Q + §||(J||(2),Q

Lo 1 2 1 2
> = Cll— Cl|l—
> ?qHOQ +C| \/ﬁ[Q]Hoﬁsh +C| W{Q}Ho,sh
> gHQH?J,Q+C77_l||[QH|(2>,sh +Cn {a} G e,
> Cllqllf-

Let gj, in Qp,, we can find 7, in H'(Q)? satisfying V - £v), = ¢, with

[n 1,2 < Cllgnllo.q-

By setting v, = Ry, (v) and using Lemma 5.2, we write B(vy,, q5) as follow
Bowa) = > [ aV-ma@) = Y [ 09 <0 = lalBa > Clal.
TeTi T TeTi T

Since the operator Ry, is continuous, we have ||vs||n = || Ra(0n)|ln < Cl[tnlie < Cllanllo.e <
C|gn |- This completes the proof.

5.2 Error equations

Now we are ready to start the error estimate for our scheme in the next section. For & > 1,
let us consider the Nédélec-Raviart-Thomas (NRT) interpolant ZY &7 for the velocity u onto
the discrete space V;, = P} N Hoy(curl) N H(div) and T, the Lagrange interpolation of p onto
Qp = Pr1 N HY(Q).

We point out that the regularity exponent s > 1 stems from the embedding

Ho(curl, Q) N H(div, Q) — H*(Q)?

The lowest order H (curl, Q)-conforming edge elements of the first family due to Nédélec, that
is

Vi = {un € Ho(curl, Q) s.t. uyp(x) = ar + by X x, ap, by € R} zeTVT e Tn}

It is well established that the finite element interpolation operators Z,, and Z,, are well-defined
and have the following approximation properties, similar to results given in Lemma 3.1 in [13]

Lemma 5.4. Let T;, be a quasi-uniform partition of Q, if u € H**'(T;,)? and p € H*(T;,) with
s,k > 1. Then the interpolant I,, and I,, possess the optimal approximation properties:

(@) |lu—Thullo+ h||V x (u—Tyu)llo < ChmmEFL Dy |y,
(b)  |lu—Thullo+ AV - (u — Zpu)|lo < CRmMETLS [y |y,

and ||n X (u — Ihu)Ho)ag = 0,
(c) |lp=Tupllo + RV (p — Zpp)|lo < CR™™ES)|[p||

and Zpp = 0on 0Q.
Now, we decompose the errors as follows:
e:=u—up=u—ZLpu— (up —Ipu) =0 —n

e =p—ph=p—Twp— (ph —Inp) =0"— 10

{qulhu {9’:pIhp
and

with

n=un—ZIhu n' = pn —Inp
By subtracting the discrete problem (4.15) from the continuous one (4.14), we get
A(e,v) + B(v,e') =0, Vv €V,
B(eﬂl)) _C(G/Jﬁ) = 0» Vi/i S Qh
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Proposition 5.5. We have the error equations
A(n,v) + B(v,n') = A(,v) + B(v,0") = Lo(v), Vv € Vy,
{B(ﬂﬂl)) —Cn',v) =B(0,v) —C(0', ) = L1(v), VY € Qn
with Lo(v) = A(0,v) + B(v,0") and L1(1p) = B(6,) — C(#', %)
We claim to obtain the bound ||n||n, + [|7||ln < C(||0]|n + ||0']|n). The system (5.1) is

a saddle-point problem for (n,7%'), to bound its solution, we use the standard Brezzi-Babuska
theory, which garantees the stability of the discrete problem (5.1)

5.1

[l + 110lln < CUILollvr, +11£111e7,); (5.2)
where || - ||y, denotes the dual norm.
We now need to bound ||Lo||y, and ||£;]|or, - By definition
Lo(v L
ol = sp W g i, = sup IO
vevi\{o} |[vl[n vean{oy [¥lln

From the definition of £y and £;, and by the continuity of A, B, and C, applying the triangle
inequality to obtain

[1Lollvr,. < C(1011n + 116']1n), and [[L1]ler, < C(101]n + [16]]5)
substituting into (5.2) gives ||n||n + ||7'[|n < C(|10]|n + [16'||1)-

Lemma 5.6. (Trace Inequality) Let T}, be a partition of the domain Q into polygons in 2d or
polyhedra in 3d. Then there exists a constant C such that for any T € T;, and edge or face
e € JT, we have the inverse inequality

ull.e < C(hz'l[ul[§p + hrl|Vul[§ ;) forallue H'(T) (5.3)

See identities (A 18) in [14].
In the following, we give an apriori error estimation result.

Theorem 5.7. Let (u, p) be the weak solution of (1.1) and (up, pp) be the solution of (4.15), we
assume that (u,p) € H**(T,)? x H*(Ty) for some s > 1 and (up,, pr) € Pr(Tn)? X Pri1(Th)
for k > 1 then, for all small h we have the following error estimates:

[ —unlln + p = palln < CR™™ ) (lull g1 + p]ls) s
with a positive constant C' independent of h.

Using the triangle inequality, we have

lw = unlln + lp = prlln = 1160 = nlln + 16" = 1'[|n
< 16lln + Imlln + 1010 + 17 |0
< C(10]ln + 116'M1n)

Let us bound the interpolation errors ||6||; and ||0'||;,. To estimate ||6]||, = ||u — Ipu||n, we must
bound each term in the definition of the energy norm (4.16):

1 1
1017, = No20l5.q + 1u2V x 0l§ o + IV - 201 o + (0N [ ¢

+nlll0lzllG e, + 0~ ™'V < 0},

The volume terms ||O'%0H079, |2V x Ollo,@ and 7|V - €8]|o.o are bounded directly by the
interpolation estimates (a) and (b) from lemma 5.4, yielding a factor of A™"(:)||4)|,,, more
precisely we have:

o050 < CR*™M 2 w2, < CRP™E lu]]Z for b < 1,
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pHVxO5 e < CRP™ME Va2 < CH2™ ) [u]2,, and 7| V-e0]* < CRZ™ ) flul |7, ;.
The boundary terms are bounded using trace inequality (5.3), since n = kh™!, we get
llleblnl.er < C (h21161IG o + [IVOllo.0)
< € (R0 a2, + B2 |V 2)
< OR™ ) ((lulZyy + |ullis)
< R

Since u € H*"'(7;,)? implies V x u € H*(T)3. Nédélec interpolant commutes with the curl
operator via Raviart-Thomas interpolant 77T, such as:

V x INu=I"V x u,
the last term is bounded as follows

1 ™'V < 0}ie, < C(IV x 05+ R2IVIV x 0)]5.)

< O (Rm )|V s a2+ WV (V xou = 1TV x )3 o)
< C (R0 s w2 4+ B0 2T o u2)

< CpPmin) a2,

this ends the proof.

6 Numerical experiments

In this section, we present numerical examples to demonstrate our theoretical results obtained for
the problem (1.1). All numerical tests are programmed in Python 3.11. The resulting system
consists of only the unknowns u;, and py in scheme (4.15). Note that the numerical scheme
(4.15) contains two parameters  and r. The constant » may be chosen from every non negative
real number without restriction. For the constant «, it should be considered large to ensure the
coercivity of A, but it should not be too large, otherwise the principal matrix associated with the
bilinear form .A becomes ill-conditioned. From proposition 5.1 we have:

2d |1 1
d+1)4(1+u—m) 6.1)

k> J(d 1)+ 1)k +d)(

where d is the dimension of the space and k is the polynomial degree.

For simplicity, we restrict ourselves to two-dimensional model problems, additionally assume
that e and y are constant and equal to one, we also assume that o(z) = 1, a(z), and r € {0, 1}
in Q. Using (6.1) with d = 2 and p,, = % we have:

Fork=1: k> 13.68,
Fork=2: k>19.34,
Fork=3: k>24.97.
Following Remark 4.13, we consider two illustrative examples depending on the penalization

term given by (4.12):

(i) Example 1: We take (o, 7) = (0, 1); in this case, the penalization term (4.12) is added to
the bilinear form A.

(ii) Example 2: We take (a,7) = (1,0); here, no penalization term is added to the bilinear
form A.
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Finally, the domain € is the unit square, defined as Q =]0,1[>C R?, with boundary 9Q =
[0,1] x {0,1} U {0, 1} x [0, 1], see Figure 1.

0.0 0.2 0.4 0.6 0.8 1.0

Figure 1. The mesh with i = ¥2.

6.1 Example 1.

In this first example, we take (o, 7) = (0, 1) so that the analytical solution to the two-dimensional
system (1.1) is given by the field u™ = (u$*, u$*)” and p*™ are given by:

u? = (y(y = et ale = 1)e”)" , p™ = ay(e — 1)(y — e, 62)
and the force term £ = (f*, f5*)7, is given by:

1

(cyly—1)— (W +3y) e — yly—1) 2z — 1+ z(z—1)y)e™

f(z,y) =
2 T T
(ca(x—1)— (2> +3z)) e® — z(z—1) 2y — 1 +ay(y — 1)) e™
1.0
1.04 - R A A A A A A A 06 0.08
A AV A A A A
N, Josor e 05 0.8 0.07
0847 © © ¥~ s s S o
e, - 0.06
kkkk - 0.4
064 ~ - 0.6 0.05
,,,,,, -
T s 0.3 0.04
-~ -y v o
04d_ _ . 0.4
vy ;- 0.03
~ e ee s,y yoso 02
N R 0.0
R A A A A 02
0.1
L (4
P 0.01
A A A A A A
0.0 Vo boae
- - L - 0.0 0.0 0.00
0.0 02 0.4 0.6 0.8 10 0.0 02 0.4 0.6 0.8 1.0

Figure 2. The computed solution (up, py,), example 1.

In table 1, we obtain the following numerical results related to the computed solution (uy, pp)
for example 1, illustrated in Figure 2.

6.2 Example 2.

Here, we considered (a,r) = (1,0) and a current density f so that the exact solution of (1.1)
together with the boundary conditions u®™ = (u$*,u$*)” and p*™ are given by:

u™ = (y(y — 1) cos(z(z — 1)), z(z — eos(y(y — 1) , p* =V-u*  (6.3)
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v — unlln P = palln
h Error Rate Error Rate
3.54e-01 5.11e-01 - 4.61e-02 -
1.77e-01  2.57e-01 0.99316 2.30e-02  1.00389
P\P, 8.84e-02 1.28e-01 1.00529 1.15e-02  0.99440
4.42¢-02 6.37e-02 1.00520 5.79¢-03  0.99432
2.21e-02  3.18e-02 1.00330 2.90e-03  0.99640
3.54e-01 4.34e-02 - 3.01e-03 -
1.77e-01  1.11e-02 1.96942 7.17e-04  2.07105
P\P; 8.84e-02 2.80e-03 1.98707 1.73e-04  2.05024
4.42e-02 7.02e-04 1.99412 4.24e-05 2.02998
2.21e-02 1.76e-04 1.99721 1.05e-05 2.01642
3.54e-01 2.15e-03 - 1.12e-04 -
1.77e-01  2.73e-04 2.97800 1.36e-05 3.03154
P;\Ps 8.84e-02 3.44e-05 2.99170 1.67e-06  3.03279
4.42e-02 4.31e-06 2.99652 2.05e-07 3.02213
2.21e-02  5.39e-07 2.99843 2.54e-08 3.01281

Table 1. History of errors and rate of convergence, for example 1.

P1/P2 Elements

P2/P3 Elements

P3/P4 Elements

== llp=palln
—o— llu=unlln

Error norm

|7

=== [lp=palln
o= llu=unlln

=

—u= llp=pulln

=34 o= llu=unlln

=

10°¢
107

107t
Mesh size (h)

1071 107
Mesh size (h) Mesh size (h)

Figure 3. : h-convergence of the errors in (4.16)-(4.17) with P, \[Py finite elements for

k=1,23.
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Figure 4. The computed solution (up, py,), example 2.

0.032

0.024

0.016

0.008

0.000

—0.008

—0.016

—0.024

—0.032

1.0

Table 2 presents the numerical results associated with the computed solution (uy, py) for
Example 2, as illustrated in Figure 4.
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lu — un||n lp — pulln
h Error Rate Error Rate
3.54e-01 2.85e-02 - 9.17e-03 -

1.77e-01 1.45e-02 0.97491 4.85e-03 0.91894
Pi\P, 8.84e-02 7.70e-03 0.91164 2.54e-03 093164
4.42e-02 3.95e-03 0.96301 1.29e-03  0.97746
2.21e-02 1.98e-03 0.99635 6.48e-04 0.99331
3.54e-01 4.10e-03 - 2.10e-03 -
1.77e-01  1.15e-03  1.83399 5.90e-04 1.83160
P)\IP3  8.84e-02 3.05e-04 1.91163 1.55e-04 1.92531
4.42e-02 7.95e-05 1.93978 3.95e-05 1.97234
2.21e-02 2.05e-05 1.95533 9.90e-06 1.99635
3.54e-01 4.10e-04 - 3.06e-04 -
1.77e-01  5.85e-05 2.80912 4.35e-05 2.81444
P3\PPs 8.84e-02 7.65e-06 2.93013 5.65e-06  2.93990
4.42e-02  9.80e-07 2.96461 7.16e-07 2.98022
2.21e-02 1.25e-07 2.97085 9.02¢-08 2.98876

Table 2. DG errors and convergence rates in the discrete norm || - ||, for k = 1, for example 2.

P1/P2 Elements P2/P3 Elements P3/P4 Elements

= llp=pelln —#= |lp=palln —a= lp=pnlln
llu = ulln 1lu = unlln llu = unlln

77,

Error norm

107! 107! 107!
Mesh size (h) Mesh size (h) Mesh size (h)

Figure 5. : h-convergence of the errors in (4.16)-(4.17) with IP;\P, finite elements for example
2.

It can be observed from tables 1 and table 2 that the convergence rates of ||u — u"||;, goes to
k. It confirms the theoretical results given in Theorem 5.7. Moreover, the convergence rate of
lp — p" || is around k, these results are also shown in Figures 3 and 5, and our theoretical results
are numerically confirmed.

7 Conclusion remarks

In this work, we have developed and analyzed a mixed discontinuous Galerkin method for the
second-order curl-curl Maxwell problem. The proposed scheme combines conforming Nédélec
and Raviart-Thomas elements for the electromagnetic field with nodal Lagrange elements for the
Lagrange multiplier, achieving a stable and accurate discretization.

The main contributions of this paper are threefold:

(i) We introduced a novel mixed DG formulation that properly handles the curl-curl operator
while ensuring divergence control through a Lagrange multiplier approach.

(i) We established rigorous a priori error estimates in mesh-dependent norms, proving optimal
convergence rates under appropriate regularity assumptions. Our analysis demonstrates that
the scheme achieves O(h*) convergence for both the field variable and the multiplier when
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using polynomial degrees k and k + 1, respectively.

(iii)) Numerical experiments confirmed the theoretical predictions, showing the expected con-
vergence rates and demonstrating the practical effectiveness of the method for both smooth
and non-smooth solutions.

The mixed finite element framework presented here offers several advantages: it naturally
enforces the divergence condition, provides better stability properties compared to non-mixed
approaches, and allows for flexible hp-adaptivity. Future work will focus on extending this ap-
proach to time-dependent Maxwell problems, developing efficient preconditioners for the result-
ing linear systems, and exploring applications in computational electromagnetics with complex
geometries and material interfaces.
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