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Abstract. We propose a framework that allows us to analyze different variants of hybridizable
discontinuous Galerkin (HDG) methods for the static Maxwell equations using one simple analysis. It
reduces all the work to the construction of projections that best fit the structures of the approximation
spaces. As applications, we analyze four variants of HDG methods (denoted by B, £, B+, H+),
where two of them are known (variants $), B+) and the other two are new (variants $+, B). Under
certain regularity assumptions, we show that all four variants are optimally convergent and that
variants B+ and $+ achieve superconvergence without postprocessing. For the two known variants,
we prove their optimal convergence under weaker requirements of the meshes and the stabilization
functions thanks to the new analysis techniques being introduced. For solution with low-regularity,
we give an analysis to these methods and investigate the effect of different stabilization functions on
the convergence. At the end, we provide numerical experiments to support the analysis.
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1. Introduction. Maxwell equations describe the interaction between electric
and magnetic fields and play a central role in modern sciences and engineering. To
understand the solution of Maxwell equations in various application scenarios, numeri-
cal treatments are necessary. The finite element method is one of these numerical tools
and it has some nice features such as easy handling of complex geometry, exponential
rate of convergence by hp-refinements, etc.

Finite element methods can be divided into two categories—conforming and non-
conforming. For Maxwell equations, conforming elements usually refer to H (curl)-
conforming elements since H(curl) is used as the energy space for the solution of
Maxwell equations. H (curl)-conforming elements (also called edge elements) have
been widely studied since they were first proposed by Nédélec in [31, 32]; see, for
instance, [20, 22, 28, 29, 30, 37].

For nonconforming elements, one popular choice is the discontinuous Galerkin
(DG) finite element method (see [1] for a general introduction and see, for instance,
[4, 15, 19, 23, 35, 34] for DG methods for Maxwell equations). Since DG methods
allow the use of independent approximation spaces on each element, they possess
certain nice properties such as the flexibility of choosing local spaces, allowance of
triangulation with hanging nodes, high parallel efficiency, ease of implementation,
simple treatment of boundary conditions, etc. Despite their advantages, DG methods
in general use more degrees of freedom compared to the corresponding conforming
methods. To overcome this difficulty, the hybridizable discontinuous Galerkin (HDG)
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method was proposed [13]. By introducing a Lagrange multiplier on the skeleton of
the mesh and using the hybridization techniques, the HDG method allows the solution
of a much smaller system only involving the Lagrange multiplier and then recovering
locally the rest of the degrees of freedom on each element.

Recently, there has been considerable interest in developing HDG methods for
Maxwell equations and many variants [7, 8, 9, 26, 27, 33] of HDG methods have been
proposed and analyzed. However, to the best of our knowledge, there is no work
that provides a unified point of view of understanding these variants. This leads
to a possibility of repeated or unnecessary arguments being generated and a lack of
recognition of the connections among these variants. This motivates us to consider
a unified analysis. In this paper, we propose a framework that enables us to clearly
decouple the error analysis techniques into two groups—those related to the PDE and
those related to the HDG variants (namely, the choices of the approximation spaces
and stabilization functions). The benefits of doing so include the following:

e Recycling existing error analysis techniques. We demonstrate this by using
only one analysis to obtain the error estimates for four variants of HDG
methods. In this way, we can avoid introducing repeated arguments for each
variants.

e Providing guidelines for systematically discovering new optimal convergent
and superconvergent HDG methods. We discover two new HDG variants B
and $+ by using this framework, where variant $+ achieves superconvergence
in the sense of the degrees of freedom of the numerical trace (the discrete
electric field achieves O(h**2) convergence while its numerical trace only
lives in a proper subspace of Pxy1(F)! on each face F'; see the end of section
4.1 for a detailed discussion about this).

e Simple analysis of mixed type HDG methods where the local spaces and
stabilization functions vary from element to element. This is doable since we
use local projections to capture the features of the HDG variants (the main
part of which is how to choose local approximation spaces and stabilization
functions).

Let us mention two inspirations of this work. The first one is [14], where a
tailored projection is proposed to analyze a class of HDG methods in a unified way
under the setting of an elliptic problem (this is inspired by the celebrated Raviart—
Thomas (RT) and Brezzi-Douglas-Marini (BDM) projections). This approach to the
analysis is often referred to as “projection-based error analysis” (we refer to [17] for a
systematic introduction). The second one is our previous work about HDG methods
for elastic waves [18], in which we show that we can use projection-based error analysis
for those HDG methods whose approximation spaces do not admit M-decomposition
[10]. The work of this paper can be regarded as a generalization of the work in [18]
to the setting of Maxwell equations.

To proceed with the discussion, we shall now introduce the model problem. Let
Q C R3 be a bounded simply connected polyhedral domain with connected Lipschitz
boundary T' := 992. We consider the following static Maxwell equations in a mixed
form:

(1.1a) w—-Vxu=0 inQ,
(1.1b) Vxw+Vp=f inQ,
(1.1c) V-u=0 in{,
(1.1d) nxu=g onl,
(1.1e) p=0 onl.
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In the above, variables u and w are the electric and the magnetic fields respectively,
and p is a Lagrange multiplier introduced to have a better control of V - u (see [2, 3]).
Note that when f is divergence free, p admits trivial solution. We remark that (1.1)
with a different boundary condition is related to the Stokes equations with vorticity
formulations; see, for instance, [11, 12].

The rest of the paper is organized as follows. In section 2, we propose an HDG
framework with unspecified approximation spaces and stabilization functions; we then
give an analysis by using a projection satisfying certain criteria. In section 3, we review
some well-known projections and construct some new projections that we shall use
later. In section 4.1, we consider four variants of HDG methods for Maxwell equations
(denoted by B, 9, B+, H+). We give a unified analysis of the four variants by
using the abstract analysis setting established in section 2 combined with suitable
projections discussed in section 3. We show that all the variants are optimal and
variants B+, 9+ achieve superconvergence under a certain regularity assumption.
We then compare these four variants and discuss their connections. In section 4.2,
we give an analysis to these methods and also the standard HDG method for solution
with low-regularity, and we investigate the effect of different stabilization functions
on the convergence. Finally in section 5, we present some numerical tests to support
the analysis.

2. The framework.

2.1. Notation. We begin by introducing some notation that will be used exten-
sively in the paper. Let 7; be a conforming triangulation of €, where each element
K € Ty is a star-shaped polyhedron. Let £x and &, be the collections of all faces
of K and 7Ty, respectively. We use the standard notation hyx as the diameter of K
and denote by h := maxge7, hx the mesh size of 7,. For £ > 0, we denote by
Pi(O) the polynomial space of degree k supported on @, where O can be an element
in 7y, or a face in &,. Let Ny be a large integer. For any K € Tj, let W(K) and
V(K) be two subspaces of Py, (K)3, and let Q(K) be a subspace of Py, (K). For
any F € &, let N(F) be a subspace of Py, (F)! := {u € Py, (F)? : u-np = 0}
(for a vector field v supported on certain surface F, we denote by v! := np x v x
np the tangential component of the vector field), and let M (F) be a subspace of
Pn, (F). Denote by N(OK) = [[pce, N(F) and M(OK) := [[pee, M(F). Let
Py : L2(0K)? — N(0K) and Py : L?(0K) — M(9K) be the Ly projections to their
range spaces, respectively. We assume all the spaces introduced above are nonempty.
Define

Wh == H W(K)7 Vi == H V(K)’ Qn = H Q(K),

KeTn KeTh KeTh
Ny:= ] NF), My:= [ M(F).
Fe&p Fe&y

We use the following notation for the discrete inner products on 7, and 07p:
(r1,%2)7, = 3 (k)i (kke)om = D (%1, %2)ox,
KeTy KeTn

where (-, )k and (-, -)sx denote the Lo inner products on K and JK, respectively.

2.2. HDG methods. Depending on the choices of the approximation spaces
{W(K),V(K),Q(K)}ker, and {N(F), M(F)}res,, we obtain different variants of
HDG methods. We assume these spaces satisfy the following conditions:
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(2.2a) V xV(K)C W(K),
(2.20) V. V(K) C Q(K).
(2.2¢) Vx W(K)+ VQ((K) C V(K),
(2.24) nox x W(K) C N(OK),
(2.2e) vorx Q(K) + V(K) -ngx C M(0K).

All the HDG variants we will study in this paper satisfy (2.2) and we assume these
conditions hold throughout the paper. We now give the HDG scheme under this
general setting: Find (wp, up, pp, Up, Dr) € Wi X Vi X Qp X Nj, X M), such that

(2.3a) (Wi, t)7;, — (up, V X 1)1 — (Up, T X D)o7;, =
(2.3b) (V xwp, V)7 + (Pn(up —up), v)ar,
— (pn, V- V)75, + (Dn, v - Mo, = (£, V)7,

(2-3¢) (Vup, q)7, + (Tu(pr — Pn), @)or,, =0,

(2.3d) —(n x wp, + 7 (up, —Up), Mo \r =0,

(2.3¢) —(Up,mr = —(g x n,N)r,
(2.3f) —(up -0+ 7, (pr — Dr), o = 0,

(2.3g) ~{Ph, )r = 0,

for all (r,v,q,m,pu) € Wi x Vi, X Qp X Np x My, In the above equations (2.3), the two
stabilization functions 7, 7,, € HKeTh [Irce, Po(F) and we assume Tt‘aK, Tn |aK >0
for all K € Tj,.

ProrosiTioN 2.1. If 74,7, > 0 and
(2.4) {nxuxn: ueV(K), Vxu=0}C N(OK)

for all K € Ty, then (2.3) is uniquely solvable.

Proof. Tt is obvious that (2.3) is a square system. Letting f = 0 and g = 0,
we aim to show that the system only admits a trivial solution. By taking r = wy,
v =1uy, ¢ =pp in (2.32)—(2.3¢c), n = Uy, in (2.3d) and n = n X wy, + (Pyuy, — Uy)
n (2.3e), p = pp, in (2.3f), and g =up - n+ 7, (pr, — pp) in (2.3g), then adding up all
these equations, we obtain

(2.5) (Wh, wp)7, +H(r(Pyup—up), (Pyup—14)) o7, +(Tn(Pr—Dh)s (Ph—Pr))o7, = 0.
Since 14, 7, > 0, we have
(2.6) wp, =0, Pyu,—1u,=0, p,—Dpy,=0.

Equation (2.6) with (2.3b) implies (Vpp, V)7, = 0 for all v € V. This with (2.2¢)
implies pp, = cx on any K € T,. Now we use the fact that p, — p;, = 0 and obtain
pr = c on ), which with (2.3g) implies p;, = 0.

By (2.6), (2.3a), and (2.2d), we have

0= (PNuh — ﬁh,r X n>37‘h = (V X uh,r)Th Vr € Wh,.

The above equation with (2.2a) implies (Vx)|,.up = 0. Now, by (2.4), we have

)k

u;, = Pyuy, = ul. This with (Vx)| u, = 0 implies V x up = 0 on Q. On the

i
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other hand, by (2.3¢), (2.3f), (2.2e) and the fact that p, — pr = 0 (see (2.6)), we have
V -up =0 on Q. In conclusion, we have obtained

quh:O, V~uh:0, naQthZO.

This proves that uj, = 0 since we have assumed that 2 is a simply connected domain
with connected Lipschitz boundary. ]

Note that Proposition 2.1 gives a sufficient condition for the unique solvability
of a general class of HDG methods. However, this condition is not necessary if we
know more about the numerical scheme. For instance, if K € 7T} is a tetrahedron,
V(K) = P41(K)? and Q(K) = Pi(K), we can choose 7,, = 0 and still obtain unique
solvability. The proof of this fact will be similar to the proof of the unique solvability
of the BDM method.

2.3. Projections and remainders. The key in our analysis is finding projec-
tions satisfying the following Assumption 2.1. Here, under this general setting, we
shall just assume the projection exists and proceed with the analysis. We remark that
these projections are not unique in most cases and our target is to find the projections
that can well fit the structures of the approximation spaces and therefore give sharp
estimates.

Assumption 2.1 (projection assumption). For all K € Ty, there exists a projection
O : HY(K)? x HY(K)? x HY(K) - W(K) x V(K) x Q(K),
(W, uap) = (HKW7 HKu7 HKp)7

such that

(2.7a) (Mgw —w, VX Vv)g=(nxw-—Pxynxw),vigxg VveV(K),
(2.7b) (MIgu—u,v)g =0 VveVxWK)+VQK),

(2.7¢) (Mlgp—p,V-v)g =0 Vv eV(K).

Note that if we have ngx x V(K) X ngxg C N(9K), then (2.7a) becomes
(MIgw —w,VxVv)g =0 Vv e V(K).

In this case, Assumption 2.1 holds obviously as a result of (2.2a)—(2.2c), since the L?
projection to W(K) x V(K) x Q(K) satisfies (2.7). In addition, we have used IIxw,
Il u, and Ik p to represent the first, second, and third components of the projection
Ik, respectively. Hence IIxw can depend on u and p as well, and this clarification
works similarly for IIxu and IIgp.

For all the HDG variants we will study in this paper, Assumption 2.1 is satisfied.
Namely, we can explicitly construct projections that satisfy (2.7a)—(2.7¢). We will do
this in section 4.

We next define two operators associated to the projection ITg.

DEFINITION 2.1 (boundary remainders). For all K € Ty, we define two operators
as follows:

SUx L HY(K)? x HY(K)® — N(9K),

(2.8a) (w,u) » nxIIgw —Py(nxw)+ 7 (PyIIgu—Pyu),
o HYK)® x HY(K) — M(0K),
(2.8b) (u,p) = IIgu-n—Py(u-n) £+ 7,xp — Pyp).
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We call 51};‘1 the curl-curl boundary remainder and 52;2 the grad-div boundary
remainder.

By (2.2d) and (2.2e), it is easy to see that the above definition is valid. The
boundary remainder operators can be regarded as an indicator for how much the
projection IIx resembles an HDG projection or a mixed method projection. Consider
the grad-div boundary remainder 5HK If we let the second-third component of Ik,
namely (IIxu,IIgp), be replaced by ‘the HDG projection with stabilization function
7, then 6% = 0 (holds by definition; see [14]); if the second-third component is

replaced by the RT or BDM projections [6, 36] ([31, 32] by Nédélec for the R? case),
we have (5HK <o = 0. On the other hand, if the first-second component of IIx is replaced
by edge element associated projections (H(curl) projections [31, 32]), then we have
ouK = 0.

The following lemma gives two identities further relating the projection Ilx and
its associated two boundary remainders.

LEMMA 2.1 (weak-commutativity). For all K € T, denote by Jin = (ﬂft (w,u)
and 52? = 5im (u,p) for simplicity. Then

(2.9a)
(Vx (Igw—w),v)k + (1(PyIIgu —Pyu), vigx = <6£§,V>9K Vv € V(K),
(2.9b) (V- (Igu—u),q)x £ (7o(Ixp — Pup), @)ox = (615 ,q)ox Vg € Q(K).
Proof. First note that
(V X (HKW — W)7V)K + <Tt(PNHKu — PNu),v>3K
=mx (IIgw—w) Lt (PyIIgu—Ppyu),v)sx + Ixgw —w,V X v)g

for all v € V(K). Equation (2.9a) now follows by using (2.7a). Equation (2.9b) can
be similarly obtained by using (2.7b) and (2.2e). d

2.4. Estimates.

Energy estimates. To proceed with the analysis, we assume Assumption 2.1 is
satisfied so that we have a projection satisfying (2.7a)—(2.7¢) for each K € T,. We
next define the elementwise projections and associated boundary remainders:

(TTw, M, IIp) = H Mg (w,u,p), 62 = H Egk(w,u), 6? = H 5Ef(u,p).
KeTn KeTy KeTn

We also define the error terms to simplify notation:
ey =Iw —wy, e =Hu—uy, e} =Ip—pp, €, = Pyu—1y, & =Pyp— D
Note that

p U op
(e} € €, €y Er) € Wi X Vi X Qp X Np X My,

(oh, 08y e I NoK)x [ M@OK).

Tt?) " Tn
KeTy KeTn

For the following two propositions (Propositions 2.2 and 2.3), we put their proofs
in the appendix. Once the HDG variants are specified, we can immediately obtain
the L? error estimates of wy, and u, by using these two propositions.
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PROPOSITION 2.2 (energy identity). The following energy identity holds:

(2.10) (e}, &) 7 + (e(PNef —€4), Pnef —€p)oT, + (Talel, — EF), €l — E0)or,

i ~u i
= (Iw —w, e})7,, + (6, Pnel —€p)om. + (0r,,, € — Ep)om-
From the above identity, we can obtain an estimate for ||w;, — w||7, .

Duality estimates. To estimate uy, we consider the dual equations

(2.11a) w +Vxu =0 in{,
(2.11b) —-Vxw'—Vp* =60 inQ,
(2.11¢) —V-u"=0 inQ,
(2.11d) nxu* =0 onl,
(2.11e) p*=0 onT.

Assumption 2.2 (regularity assumption). The following inequality holds:
(2.12) W70 + [[0*[lry.0 + [IP7[lrs.0 < CregllO]la

for any 0 € L*(Q)3. Here rq,72 € (1/2,00), r3 > 1, and Cieg is a constant depending
only on ).

Let II} be another projection satisfying Assumption 2.1. Note that it is allowed
to choose 11}, = Ilx. Define

(H*W*7H*u*7]:[*p*) = H H*K(W*7u*7p*)’
KeTh
* 1175, * * * 1T, * *
Jrjn = H K (wrut), & = H O_X (u*,p*).
KeTy, KeTy

PROPOSITION 2.3 (duality identity). The following identity holds:

(2.13) (IIw — w,II"w*) 7, + <55,H*u* —Pyu)or, + (62’,1_[*10* —Pup)oT,

P _

= (IT'w* —w* Tlw — w,) 7, — (8 Pnej —&p)or, — (01, &b —&h)or,

+ (0, €})T,,-

Letting 6 = €} and proceed, we can obtain an estimate for ||u — up||7,. We will
do this in section 4 when the approximation spaces are specified.

3. Projections. In this section, we give a collection of projections which will
become the building blocks for constructing projections satisfying Assumption 2.1.
Some of these projections are well known, while some are newly devised. For those
known, we review their constructions and convergence properties. For those new,
we prove their optimal convergence under certain shape-regularity conditions of the
element. We categorize the projections into two groups: (1) projections for the poly-
hedral element and (2) projections for the simplex element.

3.1. Projections for polyhedral element. In this subsection, we focus on one
element K, which we assume to be a star-shaped polyhedron (we remark that K is
also allowed to be a simplex). We define the shape-regularity constant of K as any
constant v > 0 satisfying the following conditions (see [5, 16, 24]):
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e Chunkiness condition. K is star-shaped with respect to a ball with radius p
and hTK <.

e Simplex condition. K admits a simplex decomposition such that for any
simplex T, if hy is the diameter of T" and pr is the inradius, then Z—; <.

e Local quasi-uniformity. Let a™®* and ™™ be the areas of the largest and the

smallest faces of K, respectively, then o

T <
L? projection. For k > 0, the orthogonal projection (or L? projection)

I, : L3(K)? — Prp(K)3,

u+— Il;u,
is defined by solving
(3.1) (Mu—u,v)g =0 Vv e Pr(K)>
We have (see [16, 23])
(3.2) hid?|Tew = ok + ITeu =l < CAR kK,

where m € (1/2,k + 1] and C depends only on k and the shape-regularity of K.

Curl+4 projection. We denote by Py the homogeneous polynomial space of
degree k and denote by V the surface gradient on face F'. Define

NOK)= [] Pe(F) & VePria(F),

Fe€lk

and let Py : HY/?*¢(K) — N(OK) be the L? projection to N(0K). For k > 0, the
curl+ projection

1§ - HY2T(K)? — Py(K)?,
w = IIfw,
is defined by
=0 VreVxPuK) & (VxPr(K)*)"H,
=(mxw)—Py(nxw), vk

¥V € (Pr(K)? ® VPyya(K)) e,

(3.3a) (Ilyw — w,r)

K
(3.3b) (Ijw —w,V X v)g

where 1, means taking the orthogonal complement in P,,(K)3.

By (3.3a) and (3.3b), we obtain
(3.4) (Mw —w,VxV)g ={(nxw)—Pyxnxw),vigx YVvEPr(K)>

ThNis can be easily proved by decoanposing v = v + vg, where vi € Pr(K )3 @D
VPri2(K) and vy € (Pr(K)3? ® VPhyo(K))*++1. In addition, note that if k& > 1,
then

which can be derived easily from (3.3a).
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THEOREM 3.1. The projection IIf, is well defined and
(3.6) hy W — wllak + [ITTgw — Wl < CRE Wk,

where m € (1/2,k + 1] and C' depends only on k and the shape-regularity of K.
Proof. See the appendix. O

This projection will be the key in our analysis of the two HDG variants using
Lehrenfeld-Schéberl type stabilization (LS stabilization) function [25, 9] (variants
B+ and H+).

3.2. Projections for simplex element. In this subsection, we focus on one
simplex element K in R3.

HDG projection. Let Ry(9K) := [[pcg, Pr(F) to shorten notation. For
k > 0, the HDG projection (see [14])

e HY(K)? x H(K) = Pp(K)? x Pu(K),

k,TK
(u,p) ~ (I, 0, T p),

is defined by solving

(3.7a) (I u—ur)g =0 Vre P (K)?,
(3.7b) M .p—pv)k =0 Vo€ Pr_y1(K),
(370 (o —w)n+ 7k (T, p—p) whox =0 Yy € Ry(OK),

where 7k € [[peg, Po(F) and it satisfies either 0 # 7/ > 0 or 0 # 75 < 0.

H

k.r s WE have
;

THEOREM 3.2 (see [14]). For the projection II

(3.82a)

Ryl lla =T ulox + lu— T ullx < C(hic|uls x + TRl |plek),

S

h
(3.8b) hyl’llp — T pllox + llp — I _pllx < C (htK|p|t,K + K. u|s_1,K) :

max
TK

with s,t € [1,k + 1], where TR and 75¢¢ are the largest and the second largest values
of |Tk| on the faces of K, respectively.

BDM-H projection. For k& > 1, define

8. : HY(K)? = PL(K)3,

kT
u— HETKu,
by solving
(3.9a) (I7,,u—ur)g =0 VreN,_o(K),
(3.9b) ((HﬁTKu —u) - n+7x(Ilx_1p — p), ox =0 Yy € Re(OK),

where 7 € HFegK Po(F) satisfying either 7 > 0 or 7 < 0, and Ny_o(K) is the
Nédélec space Ny_o(K) := Pr_o(K)4@{u € Pp_1(K)? : um = 0} withm = (z,y, 2).
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PRrROPOSITION 3.1. For the projection HﬁTK, we have

(3.10) Wi I0E u—ullor + [TE, u =l < C (Wicluls x + 7™ Wiclpli.ic)

where s € [1,k+ 1], t € [1,k], TR® is the largest value of |7k |, and C' depends only
on k and the shape-regularity of K.

Proof. See the appendix. O

4. Unified error analysis. In this section, we specify those approximations spa-
ces and stabilization functions in the general setting proposed in section 2. Depending
on the choices of the approximations spaces and the types of meshes, we construct
different projections. All these projections satisfy Assumption 2.1 and therefore we
can easily obtain the error estimates of wy, and wuy, by using Propositions 2.2 and 2.3.

4.1. Estimates for solution with high-regularity. In this subsection, we
assume ;1 = 1 and 7o = 2 in Assumption 2.2. We remark that this holds if € is
assumed to be convex additionally (we have assumed that € is a simply connected
polyhedral domain with connected Lipschitz boundary). Its proof can be obtained by
using [21, Theorem 3.5] and then the identity Vx V xu = V(V-u) — Au to transform
the original formulation (2.11) to a Poisson’s equation. We will consider four variants
(see Table 2 for an overview) and prove that all the variants are optimal in Theorem
4.1.

We first introduce some notation. Let 7,° be the collection of all simplex elements
in 75 and let 77 = Tp\7; be those nonsimplex elements. We denote by 97 :=
UkeT{0K} with * € {s,p} the collections of the boundaries of the simplex and the
nonsimplex elements, respectively.

Variant B: W x VX QX N x M = P2 X P X Px X P{ 1y X Pry1. To
the best of our knowledge, this variant has not been considered before. We require
k>0.

Let c1,c2 > 0 be two fixed constants. For each K € 7,?, we choose the stabilization
functions such that TnlaK < c1hg and clhl}l < Tt‘aK < CQh;(l. We choose the
projection

(4.1a) Mg (w,u,p):= (ka,HkB_H’Tnu, Ip),
(4.1b) Iy (w*,u*,p*) := (ka*,H,ilﬁmu*,ﬂkp*).
For each K € T, we choose the stabilization functions such that cihx < 7, ox S

coh and clhl}l < Tt|8K < czhl}l. We choose the projection

(4.2a) g (w,u,p) = (Iw, i u, gp),
(4.2b) Iy (w*,u™,p*) := (Iyw", I u™, Ip™).

It is easy to verify that the projections Ilx and IIj; satisfy Assumption 2.1 for all
K € T, by using (3.9a) and (3.1).

Variant $: W xV x Q x N x M = Pj X P3| X Pey1 X P}y X Prg1.
This variant has been considered in [7], where the scheme is shown to be optimal
if all K € 7T, are simplex and the stabilization functions satisfy Tt| ox X hf(l and
Tn| ox ~ hix. We here prove that the scheme is actually optimal for polyhedral
elements. For simplex elements, we show that a weaker condition on the stabilization
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function (7, | o1)°¢ S hic can provide optimal convergence, where (| or )
the second largest value of |7, | on the faces of K. We require k& > 0.

For each K € 7T,°, we choose the stabilization functions such that 7, # 0,
(TnlaK)sec < c1hg, and clhl}l < Tt‘aK < czhl}l. We choose the projection

represents

(4.3a) g (w,u,p) = (Iw, I, . w I p),
(4.3b) Iy (w*,u*,p*) := (ka*,HkHJrLanu*,HkHJrl’anp*).
For each K € T}?, we choose the stabilization functions such that cihg < 7, oK <

coh and clhl}1 < Tt|8K < 02h1_(1. We choose the projection

(4.4a) g (w,u,p) == (Iw, i p1u, g1 p),
(4.4b) Iy (w*,u*, p*) i= (Ipw", M 4u”, M1 p*).

It is easy to verify that the projections Ilx and IIj; satisfy Assumption 2.1 for all
K €T, by using (3.1), (3.7a), and (3.7b).

Variant B+: WXVXQXNXM = PEXPE, | X P X POV pPhyz X Pt
This variant has been analyzed in [9]. Compared to [9], we give estimates in a slightly
more general setting where the stabilization functions are allowed to be chosen more
freely depending on the types of elements (simplex or not simplex). We require k > 1.

For each K € 7,7, we choose the stabilization functions such that TnlaK < cihg

and ¢ hI_(1 < Tt|aK < Cth_(l. We choose the projection

(4'53‘) HK(W’ u’p) = (Hpw, H}{)B+1,T”u7 Hkp)7
(4.5b) I (w*,u*, p*) := ( zw*,HkBH’_Tnu*,Hkp*).

For each K € 7’,3”, we choose the stabilization functions such that cihg < 7, ox S

cohi and clhf_{1 < Tt|6K < czhi}l. We choose the projection
(4.6a) Mg (w,u,p) := (Tgw, 14, p),
(4.6b) Iy (w*,u*, p*) := (II{w™, i pu”, [gp*).

We can verify that the projections Il and 117, satisfy Assumption 2.1 for all K € 7},
by using (3.1), (3.4), and (3.9a).

Variant +: W XV X Q X N X M = P2 X P2, | X Pit1 X PL®V pPria X
Pr+1- To the best of our knowledge, this variant has not been considered before. We
require k£ > 1.

For each K € 7T,°, we choose the stabilization functions such that 7, # 0,
(7-n|aK)Sec < crhk, and ¢ hy! < Tt|aK < cohx'. We choose the projection
(4.7a) Mg (w,u,p):= (HiW,HkHH’Tnu,HkHH’Tnp),

(4.7b) M (w*,u*,p*) = (pw™, I, o u T ) p).
For each K € 7}?, we choose the stabilization functions such that cihg < Tn| ox
coh g and clhi}l < Tt‘aK < czhi}l. We choose the projection

(4.8a) O (w,u, p) := (IEw, Iy, gy 1p),
(4.8b) Iy (w*,u*, p*) == (IEw", M4 u”, i1 p*).
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We can verify that the projections Il and II}, satisfy Assumption 2.1 for all K € T
by using (3.1), (3.4), (3.7a), and (3.7b).
The following estimates hold simultaneously for all four variants B, 9, B+, H+.

PROPOSITION 4.1 (estimates of boundary remainders). If K € T,%, then

(4.9) gl — M

Tn —Tn

If K € TP, then

(4.10a) I 260 ok < C (R Huls e + hilplee)
(4.10b) 7 /2855 floxe < C (3 ic + hclp" o) -

—Tn

For all K € Ty, we have

(4.11a) 7 2805 |l age < C (B IW ] i + B uls i + Rl lple )
(4.11D) Iy 265 Joge < O (RRIW | + B3| i + Bl lp™lexc) -

—Tt

In the above estimates, m € [1,k + 1] and s,t € [1,k + 2] for variants $ and H+;
m,t € [1,k+ 1] and s € [1,k + 2] for variants B and B+. The constant C' depends
only on k, c1, co, and the shape-regularity of K.

Proof. Step 1: Estimates about 5HK and 5" K . First note that for all the variants,
P has fixed meaningthe L2 projection to M(@K) [lpee, N(F) = HFeSK

Pr41(F). We next show that 60x = 5?;(" =0if K € 7;7. For variants B and B+,
by (2.8b), (4.1a), and (4.5a) we have

5?;‘ = (HkBH,Tnu) ‘n—Py(u-n)+7,(Ip — Pyp).
Now by (3.9b) we have 6Ix = 0. By (4.1b) and (4.5b), we can similarly obtain
5H* = 0. For variants $) and $+, by (2.8b), (4.3a), and (4.7a) we have
S = (T, ) om— Pa(um) + (T, p— Pasp).

Hence 61% = 0 by (3.7¢). By (4.3b) and (4.7b), we can similarly obtain sk = 0.
Consider K € T/. By (2.8b), (4.2a), (4.4a), (4.6a), and (4.8a), we have

/250 _ { 7w 2 (Mesu-n - Pas(u-n) + /2 (Mp — Pagp)  for B, B+,

2 (-0 — Po(u-n)) + 7> (Wi ap — Pap)  for §,H+.
The above with the fact that Tn}aK ~ hg for all K € T” implies (4.10a). We can
similarly obtain (4.10b) by (2.8b), (4.2b), (4.4b), (4.6b), and (4.8b).

Step 2: Estimates concerning 62’( and 51}72 First note that N(0K) = [[pee,.
Pry1(F)* for variants B and $ while N(OK) = [[pce, Pr(F)' @ V pPrya(F) for
variants B+ and $+. Hence the projection Py—defined as the L? projection to
N(OK)—will change its meaning accordingly depending on which variant is consid-
ered. Now, by (2.8a), (4.1a), (4.2a), (4.3a), (4.4a), (4.5a), (4.6a), (4.7a), and (4.8a),

we have

Tt_1/2571:£K = Tt_l/QPNTl + Ttl/QPNTQ,
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TABLE 1
Values of TIK and T2K for variants B, $, B+, H4 on simpler and nonsimplex elements.

Simplex K Nonsimplex K
Variant TE TE TE TE
B nxIw—nxw HkB+1’7_nu u | nxIliw—nxw | Il;ju—u
9 nxIlliyw—-—nxw Hlirl,nu u | nxIjw—nxw | IIzju—u
B+ nXxIlfw—nxw HE+17Tnu—u nxIllfw—nxw | Illgju—u
H+ aniw—an Hﬁq_rnu u nXHZw—nxw IIyriu—u

where T and T4 are defined by the values in Table 1.
Recall that Tt| o = h;(l for all elements K € 7T, and all variants. From Table 1
and by (3.2) and (3.6), we obtain that
ITE lore < hR AWl ¥moe [1k+1].
Also from Table 1, and by (3.2), (3.10), and (3.8a), we have
175 Norc < B 2l + B ple e,

where s € [1, k+2] for all variants; ¢ € [1, k+1] for variants B and B+, and ¢ € [1, k+2]

for variants §) and $+. We can give a similar estimate to 512Kt by using (2.8a) (4.1b),
(4.2b), (4.3b), (4.4b), (4.5b), (4.6b), (4.7b), and (4.8b). This completes the proof. O

THEOREM 4.1 (L? estimates of wy, and uy). We have

2 ~u ~
(4.12) lw = will7; + I *Pw (el = E)llom, + 7/ (h — ED)llom
< Cy (W™ Wm0 + 1 ulso + h{pleg) -
If the regularity condition (2.12) holds (with 11 = 1 and ro = 2), then we have
(4.13) [ —wpl7 < Co (" W0 + B [ulso + 27 plio) -

Here, m € [1,k + 1] and s,t € [1,k + 2] for variants $ and H+; m,t € [1,k + 1] and
s € [1,k+2] for variants B and B+. The constant Cy depends only on k, ¢1, co and
the shape-regularity of Ty, while Cy depends additionally on Cleg.

Proof. By (2.10) and (4.9) we have

1/2 o~ ~
ekl + i7" (Prvets = &lloms + /> (eh — €Dl

—1/2 _
SIw — w7, + [l 205 o7, + /205 || o7

Note that IIw = IIj;w for variants 8 and $), and lIw = II{w for variants B+ and
$H+. We next use (4.10a), (4.11a), (3.2), and (3.6). Then (4.12) is obtained.

We next consider (4.13). Let 8 = e} in the dual equations (2.11). By (2.13),
(3.5), and (4.9) we have

(414)  epll7, < Tw* —w?|

wp — w7, + |Ow — w7, ||[w* — Tpw™|
7 (T = Py o,

T T T
—1/2 ¢I1
+ 7200 o

+ 287 Noge I (D" — Parp™) o7

—1/2 * 1/2 ~
+ 28 o Im P (P el — E)llom
+ 28 (o7 722 (D — ED)lore-
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Note that in the above inequality, we have [T*w* = Il w* for variants B and §), and
I*w* =g w* for variants B+ and $+. Therefore, by (3.2) and (3.6) we have

[TT*w™ — w7, + [|[w* —ow"||7;, < |lwW*|1,0-

Recall that for all variants Tt|K ~ h;(1 for all K € T;, and Tn|8K ~ hg for all K € 7',3’
These with (3.2), (3.8a), and (3.10) imply

(0w = Pyu)om, + |7/ 209" = Parp®)loze < hlllallz0 + 1271 0)-
By (4.10b) and (4.11b) we have

—1/2 ¢I1 *
728" o, + 7 /201

lorr S h( Q)
Therefore, by the regularity assumption (2.12) (with r; = 1 and ro = 2), we have

| —1/251'[

lerllz < h(lwn = wliz, + 1w — w7 + | lo7s, + lI7., /267, llo7e

+lIm 2P rer = Emllom, + Ima/(eh = EDloe)-

Combing the above with (4.12), (4.10a), (4.11a), (3.2), and (3.6), we obtain (4.13).
This completes the proof. 0

Now we summarize the results obtained in this subsection. Table 2 gives an
overview of the choices of the approximation spaces and stabilization functions for
the four variants we have analyzed.

We have proved that for all four HDG variants, wj, and uy are optimally conver-
gent in L2 norms. From Table 2, we observe that the variants B+ and $4, compared
with 28 and $), use smaller trace spaces N while achieving the same rate of conver-
gence. Actually, by (4.12), we have ||, /QA“H@Th ST I/QPNa}iHm—h (for smooth
enough exact solutions). Assuming 7}, is quasi-uniform for simplicity, and then using
(4.13) and the fact that 7, ~ h~!, we have |7}/ *Pne||lo7, < hF+1. Therefore

1/2
(4.15) [Pyu—dpllp = < S (Pyu— ﬁh)l%;<>
KeTh
—1/2~u
(4.16) ~ |m e o, & blln P8 lom, S BFT2
TABLE 2

Approximation spaces and stabilization functions of variants B, £, B+, H+. For all four
variants, W = ’Pg, V= Pg+1’ M = Pii1, and 7¢ = h%l

Variant k Q N Tn
B k>0 P Pltc+1 i Zﬁi ; E T
B E>0 | Pryr Pl 0¢Tn§§: s e gg%{»
B+ k>1 Pk Pl o VFﬁIH-Q 2 Zi ; g T
a9+ k21| Pyt | PLOVePiegs | ° ? Tnéf: s e g g %‘g’
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Since N (F) is a proper subspace of Py1(F)! for variants B+ and $H+, we say Pyu—
U, achieves superconvergence. These superconvergence properties are due to the
LS stabilization functions [25, 9] used in their formulations. Correspondingly, our
analysis of variants B+ and $H+ involve using the projection defined by (3.3), which
we construct especially for this situation. We also observe that for variants $ and
$H+, only the second largest values of 7,, on the four faces of the simplex elements
affect the convergence. This suggests that we can send one face value of 7,, to infinity
for simplex elements K and this will have no effect on the convergence of wj, and uy,.
This feature holds as a result of the convergence properties of the HDG projection
(3.8a) and we will verify this feature in the numerical experiments.

4.2. Estimates for solution with low-regularity. In this subsection, we
study the convergence of the four variants for solution with low-regularity (w,u €
H*(Ty)? with s € (1/2,1]). To compare, we also include the standard HDG method
[33], namely, W x V x Q x N x M =P} x P x Py, x Pi x Py. For the four variants,
we choose their projections as defined in (4.2), (4.4), (4.6), (4.8). For the standard
HDG method, we simply use L? projections:

(4.17a) g (w,u,p) := (Iw, i, Ip),
(4.17b) Iy (w*,u*, p*) = (Ilw*, [u*, Ip*).

Apparently these projections satisfy Assumption 2.1. We let the stabilization func-
tions be 1, = h% and 7, = h% so that their effect on the convergence can be better
observed. We remark that all estimates in this subsection are for general polyhedral
meshes. For more specific types of meshes (tetrahedral meshes, for instance), it is
possible to construct more tailored projections, instead of L? projections, to obtain
sharper estimates. This will be the aim of future work.

The following theorem holds for all four variants and the standard HDG method.

THEOREM 4.2. We have

(4.18) lwn, — w|

7, < CT1,  |lup —ul

7, < CTYT) + hov

u|5u;7_h Y
where

Ty := how—1/2 max{hl/z, h_ﬁ/2}|W|Sw77’h + pu1/2 max{hﬂ/Q, h_“/2}|u|su77—h

+ h1/2+a/2|p|1,77n

Ty := "2~ Y2 max{hP/? h=o/2} 4 po/2+1/2 L pri=1/2 max {1/ n=F/2},

Here, s, s, € (1/2,1], the indexes r1,79 appear in (2.12), and C is independent of h.

Proof. First note that we have only used the L? projection and the projection de-
fined by (3.3) for the five methods (the four variants and the standard HDG method).
By (3.2), (3.6), (2.8a), and (2.8b), we have

(4.19) 7208 g S B3 Pl i+ B2 TP L,
(4.20) 7280 s S BT wlg, e + BT

where Sy, Sy, 8p € (1/2,1]. Now by (2.10) we have

— —1/2 ¢I1
Wi =Wz, S T = wll7; + |7, /260 o, + I /%60 o7

which gives the estimate for ||w;, — w||7,.
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On the other hand, by (2.13) we obtain an inequality similar to (4.14) (replacing
all 7;” by Ty), from which we have

Hé:zH%’h 5 T (hr1—1/2 max{hl/z,h_ﬂ/2}|w*|n7g + ha/2+1/2|p*|1,9
2 max (2, 02 a0 ) S TiTaeql,

where (2.12) is used for the last inequality sign. This completes the proof. ]

Suppose f is divergence-free, then p = 0. If we choose a = 8 = 0, then (4.18)
gives

(4.21a)
[wi, — w7, S B 2w, 7 4+ B5 Pl 7
(4.21D)

lun =l S ma (b2 K012 02 (0 2wl o, )

+ R

uls,, 7,

In this case, wy and uj converge but not necessarily optimally. In addition, up
converges faster than wj, with an additional order, which depends on the values of rq
and 7o (see (2.2)). For instance, if ri,79 > 1, then up converges optimally. On the
other hand, if we choose @ = —1, then

(4.22)
Wi — w7, S h% =2 max{h'/? b2 Y wl,, 75, 4+ o2 max{h?? 02 s, 7

Therefore, depending on the a priori information about w and u, we can adjust
7, = hP to achieve a better convergence rate. For instance, if w = 0, then we can
choose =1 and then ||wy — w7, < h%.

5. Numerical tests.

5.1. Solution with high-regularity. In this subsection, we provide some nu-
merical experiments for variant $+ and variant B for smooth exact solution. Note
that the corresponding experiments for variants $) and B+ have appeared in [7, 9].
We consider a cubic domain 2 = [0, 1]? uniformly discretized by tetrahedral elements
and choose the exact solutions as the following;:

u(z,y, 2) = (sin (7z) sin (ry) sin (72) , cos (rz) cos (ry) sin (72) , 2° + y°)

p(z,y,z) = sin(wz) sin(7ry) sin(7z),

where w and the data f, g are chosen such that (1.1) are satisfied.
Tests for variant $+. We conduct three error tests (denoted by A, B, and C).
For Test A, we choose TtyaK = h;(l and TnyaK = hg. For Test B, we choose the same

value of 7; as Test A, but we set 7, on one face of K to be %5 and the rest to be
K
0. Note that both the choices of the stabilization functions for Tests A and B satisfy
the requirement of variant $+ (see Table 2). We finally consider Test C, where we
_ 5 . . . .

choose Tt|8K =h Kl and Tn| oKk = %. This choice of 7,, violates the requirement of
variant -+ (see Table 2).

From Tables 3 and 4, we observe that both wj, and uj converge at optimal order

for Tests A and B. We also observe that the discrete solutions in Test B converge
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TABLE 3
Test A: Tt|8K = hgl, Tn|3K = hg.

k h wn —wll7, lup, —ull7,
Error Order Error Order
1 | 1.41e4+00 | 1.76e+00 - 2.21e4-00 -

7.07e-01 5.38e-01 1.71 3.42e-01 2.69
3.54e-01 1.36e-01 1.98 4.49e-02 2.93
1.77e-01 3.49e-02 1.96 5.88e-03 2.93
2 | 1.41e400 | 7.30e-01 - 1.11e+4-00 -
7.07e-01 1.10e-01 2.73 8.49e-02 3.71
3.54e-01 1.50e-02 2.87 5.26e-03 4.01
1.77e-01 1.96e-03 2.94 3.06e-04 4.10
3 | 1.41e+00 | 2.50e-01 - 3.91e-01 -
7.07e-01 2.27e-02 3.46 1.82e-02 4.43
3.54e-01 1.62e-03 3.81 5.95e-04 4.93
1.77e-01 1.07e-04 3.92 1.92e-05 4.95

TABLE 4
max. — % and (‘rn}aK)SeC = 0. Recall that we denote by
(Tn‘aK)max and (7'n|8K)Sec the largest and the second largest values of T, on OK, respectively.

Test B: Tt|aK = h;{l, (Tn‘aK)

k h wr —wll7, lup, —ull7,
Error Order Error Order
1 | 1.41e4+00 | 1.77e+00 - 2.02e+-00 -
7.07e-01 5.37e-01 1.72 2.85e-01 2.83
3.54e-01 1.36e-01 1.99 3.67e-02 2.95
1.77e-01 3.47e-02 1.96 4.91e-03 2.90
2 | 1.41e+00 | 7.43e-01 - 9.80e-01 -
7.07e-01 1.09e-01 2.76 6.72e-02 3.87
3.54e-01 1.48e-02 2.89 4.01e-03 4.07
1.77e-01 1.92e-03 2.95 2.22e-04 4.17
3 1.41e+400 2.53e-01 - 3.44e-01 -
7.07e-01 2.26e-02 3.49 1.43e-02 4.58
3.54e-01 1.59e-03 3.83 4.43e-04 5.02
1.77e-01 1.04e-04 3.93 1.42e-05 4.96

TABLE 5

Test C: ¢ :h_l,r :@‘
f|aK K "‘aK h2.
k h wn —wll7, lup, —ull7,
Error Order Error Order
1 1.41e+00 1.76e+00 2.10e+4-04

7.07e-01 5.42e-01 1.70 4.07e+04 | -0.96
3.54e-01 1.38e-01 1.98 1.58e4-04 1.37
1.77e-01 3.51e-02 1.97 4.31e+03 1.88
2 | 1.41e400 | 7.18e-01 - 8.71e4-03 -
7.07e-01 1.11e-01 2.69 2.85e+03 1.61
3.54e-01 1.52e-02 2.88 5.13e+02 2.48
3 | 1.41e+00 | 2.51e-01 - 1.25e+-03 -
7.07e-01 2.29e-02 3.46 3.01e+02 2.06
3.54e-01 1.64e-03 3.80 1.98e+-01 3.93

slightly faster than those in Test A. This is consistent with our analysis (we remark
that the choice of the stabilization functions of Test B minimizes the HDG projection
errors (see (3.8)) compared to Test A). From Table 5, we observe that the discrete
solutions in Test C lose the optimal convergence rate. This to some degree supports
the sharpness of our estimates.
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TABLE 6
Test D: Tt|8K = hgl, Tn|aK =hg.

k h wn —wll7, lup, —ull7,
Error Order Error Order
0 | 1.41e+00 | 2.86e+00 - 3.30e4-00 -
7.07e-01 2.07e+00 0.47 1.35e4-00 1.29
3.54e-01 1.09e+00 0.92 3.60e-01 1.90
1.77e-01 5.22e-01 1.07 8.92e-02 2.01
1 | 1.41e4+00 | 1.73e+00 - 2.16e+4-00 -
7.07e-01 5.36e-01 1.69 3.75e-01 2.52
3.54e-01 1.37e-01 1.97 5.01e-02 2.90
1.77e-01 3.53e-02 1.96 6.43e-03 2.96
2 1.41e+00 7.27e-01 - 1.14e+00 -
7.07e-01 1.10e-01 2.72 9.27e-02 3.63
3.54e-01 1.51e-02 2.87 6.06e-03 3.93
1.77e-01 1.97e-03 2.94 3.73e-04 4.02

TABLE 7
Test E: Tt|aK = h;(l, Tn|aK =0.

k h Iwr —wllz, lup, —ull7,
Error Order Error Order
0 | 1.41e+00 | 2.88e+00 - 2.96e+-00 -
7.07e-01 2.05e+00 0.49 1.01e4-00 1.56
3.54e-01 1.07e+00 0.94 2.32e-01 2.12
1.77e-01 5.03e-01 1.09 5.07e-02 2.19
1 1.41e+00 1.74e+00 - 1.82e+00 -
7.07e-01 5.36e-01 1.70 2.73e-01 2.74
3.54e-01 1.36e-01 1.98 3.52e-02 2.95
1.77e-01 3.50e-02 1.96 4.70e-03 2.90
2 | 1.41e+00 | 7.44e-01 - 9.26e-01 -
7.07e-01 1.09e-01 2.77 6.47e-02 3.84
3.54e-01 1.47e-02 2.90 3.87e-03 4.06
1.77e-01 1.89¢-03 2.96 2.15e-04 4.17

Tests for variant B. We test two cases for variant 8 (denoted by Tests D and
E). For Test D, we choose Tt|8K = hy' and Tn’aK = hg. For Test E, we choose
Tt’ oK = hl}l and Tn| ox = 0. Both cases satisfy the requirements of the stabilization
functions for variant B (see Table 2). From Tables 6 and 7, we observe optimal
convergence rate of wy and uy in both tests. We also observe that the numerical
solutions in Test E converge slightly faster than those in Test D. This is consistent
with our analysis (notice that by (3.10), we know the choice of the stabilization
functions in Test E minimizes the BDM-H projection errors compared to Test D).

5.2. Solution with low-regularity. In this subsection, we consider an L-shape
domain

Q= ([-1,1\[-1,0%) x [0,1],

uniformly discretized by tetrahedral elements. We use the following exact solution:

u(z,y,z) = (6;5 <r2/3 sin (i@)) , Oy (1"2/3 sin <§0>> 7O) , plx,y,2) =0,

where w and the data f,g are chosen such that (1.1) are satisfied. Note that u €

H?/3(Q) and w = V x u = 0. Similar experiment settings have appeared in [8, 23].
We test the convergence of wj, and uy, in L? norms for the standard HDG method

(Table 8), the variant B (Table 9), and the variant $+ (Table 10). For the first set
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of tests, we choose 7 = 7, =1 (o = 8 = 0). By (4.21), we expect wy, to converge at
least in O(h?/3~1/2) and wy, to converge faster with an additional order. From Tables
8, 9, and 10, we observe that u; converges faster than wy,, which is consistent with
the analysis. We also observe that wy, converges faster than the estimate O(h?/31/2)
and uy, converges almost in optimal order. For the second set of tests, we modify the
stabilization functions to 7. = hx and 7, = i Since w = 0, by (4.22), wy, should
converge at least in order O(h?/3). From Tables 8, 9, and 10, we observe that wy,
converges in about O(h), which is faster than the first set of tests when a = 8 = 0.
This agrees with our analysis.

TABLE 8
Convergence of the standard HDG (k = 0) for solution with low-regularity.

T h wr —wllp, llup, — ull7,

Error Order Error Order
=1, m™m =1 1.41e+00 | 1.84e-01 - 2.82e-01 -
7.07e-01 1.60e-01 0.20 1.91e-01 0.56
3.54e-01 1.31e-01 0.29 1.25e-01 0.61
1.77e-01 1.02e-01 0.36 8.10e-02 0.63
8.84e-02 | 7.85e-02 0.38 5.22e-02 0.63

T =hic, To = 7= | 1416400 | 2.24e-01 - 2.83e-01 .

7.07e-01 | 1.25e-01 | 0.85 | 1.89e-01 | 0.58
3.54e-01 | 5.38¢-02 | 1.21 | 1.23e-01 | 0.62
1.77e-01 | 2.14e-02 | 1.33 | 7.91e-02 | 0.64
8.84e-02 | 1.00e-02 | 1.10 | 5.04e-02 | 0.65

TABLE 9
Convergence of variant B (k = 0) for solution with low-regularity.

T h lwr —wllr, llup, — ulfl7,
Error Order Error Order
=1, Th =1 1.41e+00 | 6.07e-02 - 1.61e-01

7.07e-01 5.03e-02 0.27 1.03e-01 0.63
3.54e-01 3.63e-02 0.47 6.62e-02 0.64
1.77e-01 2.55e-02 0.51 4.20e-02 0.65

7t =hg, Th = +— | 1.41e4+00 | 7.60e-02 - 1.61e-01 -
7.07e-01 | 3.79e-02 | 1.01 | 1.03e-01 | 0.64

3.54e-01 1.52e-02 1.32 6.61e-02 0.64
1.77e-01 8.05e-03 0.92 4.20e-02 0.65

TABLE 10
Convergence of variant H+ (k = 0) for solution with low-regularity.

T h wr —wllp, llup, — ull7,
Error Order Error Order
=1 ™ =1 1.41e+00 | 7.79e-02 - 1.68e-01 -

7.07e-01 6.48e-02 0.27 1.06e-01 0.66
3.54e-01 | 4.66e-02 0.48 6.74e-02 0.66
1.77e-01 3.28e-02 0.51 4.26e-02 0.66

7t =hg, Th = +— | 1.41e4+00 | 9.81e-02 1.69e-01

7.07e-01 4.87e-02 1.01 1.06e-01 0.68
3.54e-01 1.91e-02 1.35 6.74e-02 0.65
1.77e-01 9.44e-03 1.01 4.27e-02 0.66
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Conclusions. We have proposed a framework that enables us to analyze different
variants of HDG methods for the static Maxwell equations in one analysis. The
analysis is as simple and concise as the well-known projection-based error analysis of
the mixed finite element and the HDG methods, while being more general, thanks
to the introduction of the boundary remainders. We use the framework to analyze
four variants of HDG methods. For the two known variants 8+ and §), we recover
the existing optimal estimates and relax the conditions on the types of meshes and
stabilization functions. We also propose two new variants B and £+ and compare
these four variants. For solution with low-regularity, we give an analysis of the four
variants and the standard HDG method on general polyhedral meshes and investigate
the effect of different stabilization functions. The numerical experiments are consistent
with our estimates.

Note that we have assumed the constant permittivity and permeability, which is
apparently a simplification of the real case. The main reason for this simplification
is that we have used various types of projections as tools of our analysis. However,
many of these projections were constructed for elliptic diffusion and they assume the
solution satisfying at least H' regularity. But for Maxwell’s equations with non-
constant material parameters, we can only expect the solution to belong to the space
H?(Q) where s can be even less than % [3]. Therefore, generalizing the analysis to the
case of nonconstant material parameters requires first restudying these projections for
functions with low-regularity. In section 4.2, we have briefly explored the application
of the unified analysis framework to the low-regularity regime. Unlike the analysis
in the high-regularity regime in section 4.1 where schemes-tailored projections have
been used, we have mostly used L? projections in section 4.2 since their properties
are better understood for solution with low-regularity. Another benefit of using L?
projections is that they allow the analysis to hold for general polyhedral meshes.
However, a major disadvantage is that L? projections do not use any specific structures
of the approximation spaces or the stabilization functions (compared with Nédélec,
RT, BDM, or HDG projections). Therefore, they often do not provide the sharpest
estimates. Naturally, studying schemes-tailored projections that work in the low-
regularity regime constitutes one aspect future work.

From the energy identity (2.10), we obtain that the convergence of wy, is controlled
by the convergence of the projection IIw and the convergence of the two boundary
remainders, namely 62 and 5Tnn. We have explored the direction of choosing suitable
projections such that 52 = 0. This allows us to have a quite flexible choice of 7,
as is demonstrated in section 4.1; see also Table 2. More importantly, a vanishing
boundary remainder excludes the case of suboptimal convergence. This corresponds
to the effort of M-decompositions. However, we have not much explored the direction
of choosing projections such that §,, = 0 but this seems necessary when the solution
has low-regularity. When the solution has high-regularity (section 4.1), it is possible
to adjust the stabilization function (for instance, we have chosen 7, = hl}l) to achieve
optimal convergence (variant B and $) and even superconvergence (variant 6+ and
$H+) by using the LS stabilization functions. However, when the solution has only
low-regularity, this approach does not seem to work. To more clearly deliver this
observation, we refer again to the energy identity (2.10), from which we can control
the error by a summation of terms, among which a vital one is

7 260 = 77 x Tiw — Py (n x w)) + 7,2 (PyTIu — Pyu).

If u has higher regularity than w (for instance, u € H*™1(Q)? and w € H*(Q)3),
we can increase 7; (for instance, 7y = hl_(l) and obtain an optimal estimate for wy,.
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Similarly, if w has higher regularity, we can decrease 7, to achieve a faster conver-
gence (for instance, see the arguments following (4.22) and the corresponding numer-
ical experiments in section 5.2). However, when w and u have similar regularity, say,
H*(T3)3, then the optimal choice of 7 is 1, and we can only conclude that this remain-
der term converges in O(h®~1/2), unless we can prove the existence of a projection
rendering 62 = 0 or at least 62 = O(h*). Thus, for the cases when w and u have

similar low-regularity, it seems necessary to seek suitable combinations of the space
curl

triplet W-V-N such that there exists a projection II1°"! rendering 52 vanishing or
small enough. This constitutes another aspect of future work.

Appendix A. Proofs.

A.1. Proofs in section 2.4. We here aim to prove Propositions 2.2 and 2.3.
We begin by proving the following three lemmas.

LEMMA A.1. We have

(A.1a) (Mw,r)7, — (T, V x 1)1, — (Pyu,r x n)g7;, = (Ow —w, )7,
(A.1Db) (V x IIw,v)7, + (Py(Ilu — Pyu), v)or,

—(Up, V- V)7, + (Pup, v -m)or, = (£,v)7, + (85, V)oT.
(A1) (V- T, )7 + (a(TTp — Pagp) ahorm, = (6 a)orn.
(A.1d) —(n x IIw + 7 (TTu — Pyu), n)or\r = —(52, M aT\T>
(A.le) —(Pyu,m)r = —(g x n,m)r,
(A.1f) — (M - 0+ 7, (Tp = Parp), pognr = — (00, oTinrs
(A.lg) —(Pmp, p)r =0,

for all (r,v,q,m, 1) € Wi, X Vi, X Qp X Np X Mp,.

Proof. Equation (A.la) holds as a result of (2.7b) and (2.2d). We obtain (A.1b)
by using (2.9a), (2.7¢), and (2.2e). We obtain (A.1lc) by using (2.9b). Equations
(A.1d) and (A.1f) hold by the definitions of the two boundary remainders (2.8a) and
(2.8b), and also (2.2d) and (2.2e). Equations (A.le) and (A.1lg) are obviously true. O

LEMMA A.2. The following error equations hold:

(A.2a) (er,1)7, — (€, V X 1)75, — (€}, T X n)o7;, = (Iw — w,1)7;,
(A.2b) (V x ey, v)7 + (PN (e} —€4), V)T,

—(eh, V- V) 7, + (&, v -m)o, = (87, V)T,
(A.2¢) (V-eits @) + (Taleh — E1),@)om = (0n,, @)oT.
(A.2d) —(m x el + (el — 1) Mornr = — (00, MaTiT
(A.2e) —(Ehmr =0,
(A.2f) — (el -+ Tu(eh = EF), moinr = —(0r s WoTr
(A.2g) —(&, mr =0,

for all (x,v,q,m,pu) € Wi, x Vi X Qp, X Np, X Mj,.

Proof. We obtain the error equations by taking the difference between equations
(A.1) and equations (2.3). 0
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LEMMA A.3. We have

(A.3a)

(I*w*,r)7, + (IT*u*,V x )7, + (Pyu*,r x n)op, = (II'w* —w",r)7,
(A.3D)

—(VxII'w*,v)7, + (Py(IT*u* — Pyu®), visr,

+ (H*p*, V- V)Th - <PMp*7V : n>3Th = (07v)771 - <6E:tvv>37h7

(A3c)  —(V-TI'u*,q)7, + (r(I*p* — Pup*), @)or, = — (6", , @)om.,
(A.3d) (n x I'w" — 7(IT"u* = Pyu’), m)ozr = (80, morr,
(A.3e) (Pyu*,m)r =0,
(A.3f) (Mu* - n — 7, (IT°p" = Pasp®), womnr = (62, mamrs
(A.3g) (Pamp, pr =0,
for all (v,v,q,m,pu) € Wi, X Vi X Qp, X Np, X Mj,.
Proof. The proof here is similar to the proof of (A.1). d
Proof of Proposition 2.2. By (A.2d), (A.2e), (A.2f), and (A.2g) we have
—(n x el +7i(efs — ) ER)om, = (07, Eh)oT,
—(Iu-n+7,(ch —&7),&7)om, = —(07,. &7)or
Now adding the above two equations with (A.2a)—(A. ) with test functions r =

e, v=e}, and ¢ = e}, we obtain the energy identity. ]
Proof of Proposition 2.3. Taking r = II*w*, v = II*u*, ¢ = II*p* in (A.2a)-
(A.2¢), and then combining (A.2d), (A.3e), (A.2f), and (A.3g), we have

(A.4a)
(e, II*'w*) 7, — (e, V x II*W*) 15, — <sh,H*w x n)or, = (Ow — w, IT"w*) 1, |
(A.4D) (V x ey, II"u") 7, + (P (e) — &), II"u")s
— (e}, V- II"u") 7, + (&), IT"u" - n>aTh (07, T*u*) o7,
P)
)
)

=

(A'4C) (V Ezvn* *) T+ <T77 (Eh ) * oTn — <5 H*p*>3Thv
(A.4d) —(n x g}l +7(e}f —€)),Pnu)ar <571,PNu*>37-h,
(A4e) <€h n+ Tn(Eh - Eh) PMp OTn — _<§TH7PMp>6Th.

On the other hand, taking r = e}, v = €}, ¢ = £} in (A.3a)—(A.3c), and then
combining (A.3d), (A.2e), (A.3f), and (A.2g), we have

(A.ba)
(IT*'w*, el ), + (IT*u*, V x g )7, + (Pyu”, e x n)or;, = (I'w* —w* €))7,
(A.5b)

—(V xII"*w*, e})7;, + <TtPN(H*u* —Pyu*), e >8Th

+(ITp*, V- e) 7 — (Pup™ € - 0o, = (0,€0)7, — (0" e)om..

(Asc)  —(V-T'u*,eh) 7, + (m(*p* — Pap®), eh)or, = — (0", . eh)or,
(A.5d) (n x I*w* — 7 (IT"u* — Pyu*), €)o7, = <5§;,§Z>37’h,
(A.5e) (Ilu* - n — 7, (IT*p" — Parp®), EN)or, = (0 L E0)or..
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Note that the left of equations (A.4) is the permutation of the left of equations (A.5).
This completes the proof. 0

A.2. Proofs in section 3.

Proof of Theorem 3.1. We first prove IIf is well defined. Note that dimV x
Pr(K)? = dim Py(K)? — dim VPg11(K). Denote by dr = dim Py(K) and we have
dim V x Py (K)? = 3dy, — (dg+1 — 1). Similarly we obtain dim(V x Ppyq(K)3)*+r =
3di — 3dj41 + diso — 1. Finally note that dim(Py(K)? ® VP (K))L++1 = 3djiq —
3dy — (dg12—dg+1). Adding up the dimensions we know that the number of equations
is equal to 3dj and therefore (3.3) is a square system. Assuming w = 0, it remains to
show the following system about wg € Py (K)? only admits a trivial solution:

(A6a) (WK,I‘)K =0 VreVx Pk(K)g,
(A.6b) (Wi, t)g =0 Vr € (V x Pry1(K)3)LE,
(A.6c) (W, VX V)g =0 Yv € (Pp(K)? @ VPpo(K))trt.

Note that (A.6a) implies (Wx,V x v)gx = 0 for all v € Py(K)3 & VPyi2(K). This
with (A.6¢) gives (Wg,V X Pri1(K)?)x = 0, which with (A.6b) implies wx = 0.
Therefore IIj, is well defined.

We next prove (3.6). Define g}’ := IIfw — IIw. By (3.3) we obtain

(A.7a)
(¥ r)g =0 VreVxPLK)?® (VX Pry1(K)3)Le,
(A.7b)
(¥, Vxv)g =((nx w) = Py(n x W), Vigx Vv € (Pe(K)? @ VPiya(K))rt.

From (A.7a) we have (%, V x v)g = 0 for all v € Pr(K)? @ VP 2(K). Also note
that (P(K)3 ® VPria(K))! € N(OK). Therefore we have
(A.8) (¥, VxVv)g ={((nxw)=Pyxnxw),vigx YvEPri(K)>

Since €V € Py(K)?, we can decompose € = e}, + €2, where €; € V X Pgi1(K)>

and €2 € (V x Pyy1(K)3)*. Let vi € Pyy1(K)? such that ef = V x v;. Choose any
D € Prt2(K). Substituting v = v; + Vp in (A.8) and using (A.7a), we have

le¥ 1% = (e, V x (vi+ Vp) + )k = (n x W) = Py(n X W), vi + Vp)ox.
Therefore

lefl% < h'?l(nx w) = Py(nx w)ox _inf  |lvi + Vplx
PEPky2(K)

S hP(mx w) = Pa(n x w)|lax ||V x vi
< hl?(nx w) = Py (nx w)lox el | x-
Finally note that

Inx w—Py(nx w)llox <2[nxw—nxITwlox < bW,

with m € (3,k + 1], where we use (3.2) for the last inequality sign. This completes
the proof. 0
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Proof of Proposition 3.1. Let TIEPM : H1(K)3 — Py(K)? be the classical BDM
projection (see [32]) and define &} := HﬁTKu —IIBPMy. Then we have

(A9a) (EE,I‘)K =0 Vre Nk;_Q(K),
(A.9D) (e n+7xk(Ig_1p — p), wox =0 Vu € Ri(OK).

Choosing p = €} - n in (A.9b), then we have ||e} - n|jgx < TR*||Ix—1p — pllox- By
(A.9a) we know e} is the BDM lifting of €}! - n and therefore ||e}!||x < h}(/sz}j .
nllox < TR*RE|P|m,x with m € [1,k]. Finally we use the well-known convergence
properties about the classical BDM projection, namely |[IIPPMu — u| g < hi|uls x
with s € [1,k + 1], and the proof is thus completed.
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