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Abstract. In this paper, we present and discuss the so-called hybridizable discontinuous
Galerkin (HDG) methods. The discontinuous Galerkin (DG) methods were originally
devised for numerically solving linear and then nonlinear hyperbolic problems. Their
success prompted their extension to the compressible Navier-Stokes equations — and hence
to second-order elliptic equations. The clash between the DG methods and decades-old,
well-established finite element methods resulted in the introduction of the HDG methods.
The HDG methods can be implemented more efficiently and are more accurate than
all previously known DG methods; they represent a competitive alternative to the well
established finite element methods. Here we show how to devise and implement the HDG
methods, argue why they work so well and prove optimal convergence properties in the
framework of diffusion and incompressible flow problems. We end by briefly describing
extensions to other continuum mechanics and fluid dynamics problems.
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1. Introduction

In this paper, we study a recently introduced family of methods for numerically
solving partial differential equations called the hybridizable discontinuous Galerkin
(HDG) method. To motivate the advent of these methods, let us place them into
a historical context.

DG methods for hyperbolic problems. The original discontinuous Galerkin
(DG) method was introduced in [47] back in 1973 for numerically solving the
neutron transport equation, a linear hyperbolic equation for a scalar variable. The
importance of the method was soon recognized and its first theoretical analysis
was carried out in 1974 in [35]. The method lay dormant until the 90’s, where
it was successfully extended to non-linear time-dependent hyperbolic systems of
conservation laws in a series of papers [27, 26, 25, 23, 28|.
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DG methods for convection-dominated problems. In 1997, prompted by
the success of the RKDG methods for purely convective problems, the method
was successfully extended [2] to the compressible Navier-Stokes equations. Soon
after, many DG methods appeared for discretizing second-order symmetric elliptic
problems and in 2002 a unifying framework for all of them was proposed in [1].
The new DG methods for second-order symmetric elliptic problems were then
compared with the well established finite element methods, namely, the mixed
methods of Raviart-Thomas (RT) [46] and Brezzi-Douglas-Marini (BDM [4], and
the continuous Galerkin (CG) method. A definite advantage of the DG methods
was their ability to handle adaptive algorithms, as they are able to easily work
with meshes with hanging nodes and approximations of varying polynomial de-
grees. However, when compared with the CG method, the new DG methods were
criticized for having too many degrees of freedom and for not being as easy to im-
plement. And when compared with the mixed methods, for providing less accurate
approximations and also for not being as efficiently implementable.

The HDG methods. As a response to these criticisms, the HDG methods were
introduced in [16] in the framework of diffusion problems. Therein, it was shown
that the RT and BDM mixed methods could be obtained as particular cases of
these new HDG methods. This suggested that HDG methods close to the RT
and BDM methods could be implemented as efficiently and could even share their
superior convergence properties while retaining the advantages typical of the DG
methods. It was soon proven that this was the case in [11, 22, 18].

This breakthrough opened the possibility of a new systematic approach to devis-
ing HDG methods geared towards efficient implementation and towards achieving
optimal order of convergence for all the unknowns as well as superconvergence of
some of them.

Organization of the paper. In this paper, we show how this approach is being
developed. Thus, in Section 2, we begin by revisiting the original DG method
for transport in order to display the features that will also be those of the HDG
methods for diffusion and incompressible flow problems. In Section 3, we consider
in detail the HDG methods for diffusion problems. Then in Section 4, we consider
the HDG methods for the Stokes equations of incompressible flow. We end in
Section 5 by briefly describing on the ongoing work on HDG methods for problems
arising in continuum mechanics and fluid flow.

A short bibliographical note. The reader interested in a detailed history of the
development of the DG methods up to 1999 is referred to [24]. More information
about the DG methods can be found in the 2001 review [29], the 2003 short essay
[7] and the 2004 article [8]. The subsequent work on DG methods is impossible
to cover in a few references. However, the reader might want to see the paper on
stabilization mechanisms of the DG methods [3], as well as the special issues on
DG methods in [30] and [31]. Finally, a short overview of the HDG methods can
be found in [40].
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2. The original DG method for transport

In this section, we revisit the original DG method [47] which was devised to nu-
merically solve the neutron transport equation,

cu+V-(au)=f inQ, (2.1a)
u=1up on 00)_, (2.1b)

where ¢ is a positive number, a a constant vector and 0€)_ the inflow boundary
of @ C RY, that is, 9Q_ = {x € 90 : a-n(x) < 0}. Here n(x) is the outward unit
normal at x. For simplicity, we assume that 2 is a bounded polyhedral domain.

Our intention is to present the features of the method which are also going to
be present in the HDG methods we consider in the following sections.

2.1. The method.

Discretization of the domain. We begin by discretizing the domain . We
consider disjoint open sets K called elements such that Q = Ugeq, K. Their
outward unit normal will be denoted by n. We denote by 2}, the collection of all
these elements and set 0Q), = {0K : K € Q}. We say that F' is an interior
face of the triangulation Qy, if there are two elements K and K~ in €, such that
F =0K"NOK™ . In this case, we denote by n* the outward unit normal of K+
at F'. The collection of all interior faces is denoted by £7. We say that F'is a
boundary face of the triangulation €2, if there is an element K in p such that
F = 0K noQ. The collection of all boundary faces is denoted by 5,? . The set
En=E&U 5,? is called the set of the faces of the triangulation .

Rewriting the equations. For each K € , the DG method is devised to
provide an approximation uy, to the restriction to K of the exact solution u as well
as an approximation a - nuy to the trace on 9K of the normal component of the
flux a - nu. Thus, to define these approximations, we need to rewrite the original
problem (2.1) in terms of those functions.

We do this as follows. On each element K € €, we obtain u in terms of % on
OK _ by solving

cu+V-(au)=f in K, (2.2a)
u=u on 0K _. (2.2b)

In turn, the function 7 on QK is expressed in terms of u and up as follows:

(2.2¢)

. up(x) for £ € OK NN _,
u(x) =< .
lim.jo u(x — ea) otherwise.

Here 0K_ :={x € 0K : a-n(x) < 0}.
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The Galerkin formulation and the numerical trace. Now we discretize the
above equations by combining a Galerkin method with a suitable definition of the
numerical trace of the flux. So, on the element K, we take the approximation wuy,
in the finite dimensional space W (K) and determine it by requiring that it satisfy
a formulation we describe next. If we multiply the equation (2.2a) by a smooth
function w, integrate over K, integrate by parts and use equation (2.2b), we get
that
o(uw)g — (u,a-Vw)g + (a-ni,w) 5, = (f,w)k.

Here (u,w)g is the integral of ww over K and (w,v)gx the integral of wv over
OK. Thus, we require that

o (up, w)g — (un, @ - Vw)g + (@ - nup, w) 5, = (f,w)k, (2.3a)

for all w € W(K). On 0K, @y, is expressed in terms of uj, and up by

(2.3b)

. up(x) for x € OK NON_,
up(x) ==« . i
lim g up(z — ea) otherwise.

This completes the definition of the original DG method [47].

The discrete energy identity and the existence and uniqueness of the
approximation. Let us show that the method is well defined. To do that, we use
the following energy argument. We begin by noting that if we multiply the equation
(2.1a) by u, integrate over € and carry out some simple algebraic manipulations,
we obtain the following energy identity:

1
oflu— f/2<7||%2(9) + §<|a “nlu, u)so\a0_ = Y(f, ud),

where U(f,uq) := ﬁ”f“%z(g) + 3(la - nlup,up)oq_. A discrete version of this
identity can be obtained by taking w := uj, in the equation (2.3a), adding over all
the elements K € € and performing similar manipulations to get
1 ~
ollun = f/2072(q) + 3 la - mlun, un)oooa_ + Onlun —un) = ¥(f,up), (24)

where @h(uh — ﬁh) = % EKth,qa -n|(up — Un),up — Un)ox_ > 0.

Now, to prove that the DG method is well defined, we only have to show that
if we set f = 0 and up = 0, we obtain the trivial solution. But, by the energy
identity we immediately get that u; = 0 since o is a positive number. This proves
that the approximate solution exists and is unique.

Implementation. Note that, by construction, we have that

(o un, w)k — (un,a - Vw)g +(a - nup, )y o = (f,w)x — (@ nip,w)yp .

Thus we see that if %, on 0K _ is known, then uj, on K can be computed. This is
a remarkable property as it allows for an efficient implementation of the method.
One cannot praise enough the importance of a property like this in a numerical
method.
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2.2. The stabilization mechanism.

The relation between the residuals. Note that the DG method is actually
defined by imposing a linear relation between the residual in the interior of the
element K, Ry := oup + V- (auy) — f, and the residual on its boundary 0K,
RaK =a- n(uh — ib\h)

Indeed, in terms of these residuals, the first equation defining the DG method
(2.3a) reads

(R, w)k = (Rok, w)ox vV we W(K).

Since this implies that ||PW(K)RK||L2(K) < ChI_(I/QHRaKHIg(aK), where PW(K) is
the L2-projection into W (K), and since

|Rillz2 () < IPw )y Ricllz2 iy + |(Id = Py iy) Ric || 2 (k) s

we see that the size of the residual in the interior Rk is controlled by the residual
on the boundary Rsx and by the approximation properties of the L?—projection
into W(K). This means that the size of the residuals, and hence the quality of the
approximation, depend only on the size of the jumps |a - n|*/?(u; — 4y,) and on
the approximation properties of the space W (K).

Stabilization by the jumps. The discrete energy identity (2.4) suggests that,
since ©(up, — Up) > 0, the size of the jumps |a - n|Y2(uy, — Up,) remains bounded.

In fact,the quantity O (up—1uy) is a dissipative term that enhances the stability
properties of the method. Indeed, note that there is more dissipation if the size of
the jump wup —uy, is big. This happens, for example, whenever the exact solution is
discontinuous and consequently the interior residual is big. Thus, the DG method
has a built-in mechanism that transforms its potential inability to obtain a good
approximation into numerical dissipation and into improved stability properties.

The counterpart of this mechanism in finite difference and finite volume meth-
ods for scalar hyperbolic conservation laws is the one induced by the so-called
artificial viscosity term. One of the main problems for those methods is to de-
fine it in such a way that high-order accuracy can be attained. The stabilization
mechanism of the DG method has such highly valued property. Indeed, next we
show that optimal accuracy can be reached whenever the exact solution is smooth
enough.

2.3. Convergence properties. We end our review of the original DG
method by showing that optimal convergence properties of u; can be proven when
Q is a polyhedral domain and the triangulations 2;, are made of shape-regular
simplexes K satisfying two conditions: (i) Each simplex K has a unique a-outflow
face, F;, and (ii) each interior face is the a-inflow face of another simplex. We
say that the face F' is an a-outflow (inflow) face when a - n > (<) 0, where n is
the outward unit normal at F'.
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The auxiliary projection. Indeed, in this case, and when W (K) is the space of
polynomials of degree k on K, Py (K), for each K € p, we can find an auxiliary
projection II with which the error analysis is greatly simplified. It is defined as
follows. On the element K, the projection of the function v € HY(K), Ilu, is
defined as the element of Py (K) satisfying

(MMy — u,w)g =0 Vwe Pr_1(K),
(Hu—u,w>F; =0 VwePy(Fy).

This projection is well defined and, for smooth functions w, it provides optimal
approximation properties, that is,

||Hu - u”Lz(K) < C | (% |Hk-+1(K) hk+1.

Estimate of the projection of the error. The main reason for considering the
projection of the error, &, := II(u — uy), is that the projection II is tailored to the
structure of the numerical trace of the method. Indeed, for x € &, \ 9Q_, we have,
by construction, that

a-nPyulx)=a-n lifgﬂu(m —ca)

a-nuy(x)=a-n limu,(z — ca),
el0
and we see that a - n (Py,u — Up)(x) = a-n &,(x). As a consequence, €, is the
solution of

0 (cu, W)k — (Eu,a - Vw)g +(a-néy,w) e =0 (Mu —u,w)g Vwe W(K),

where £, = 0 on 9Q2_. We immediately see that the projection of the error must
depend only on Ilu — u. In particular, by following the process used to obtain the
discrete energy identity, we get

1 N o
ollew — §(HU - u)||2L2(Q) + Onleuw —€u) = ZHHU - U||2L2(Q)>

and we can deduce that,

lu — unll 2@y + 07202 (eu — &) < C'lulmriqy)

hFFL

This result is optimal in both regularity and order of convergence; see more general
results in [10, 9]. For arbitrary meshes, there is a loss in the order of convergence of
1/2; see [33]. Although in practice this loss is hard to observe, it has been proven
to actually occur in [45] and [48].

Postprocessing. Finally, we show how to postprocess the approximate solution
in order to get an optimally convergent approximation of d,u := a - Vu. We
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Rectangles P1,Ax =Ay = 1/480

Figure 1. Euler equations of gas dynamics: Double Mach reflection problem. Isolines of
the density around the double Mach stems. Linear polynomials on squares Az = Ay =

ﬁ (top); and quadratic polynomials on squares Ax = Ay = ﬁ (bottom).

proceed as follows. First, for each simplex K, we define the approximation g, of
the flux au as the element of Py (K) + x P (K) that is the solution of

(qn — aup,v)g =0, Vv e Pr1(K)
((gy, — aup) - n,w)p =0, YV w € Pr(F), for all faces F' of K.

Here Py (K) := [P(K)]%. Then, if we set qu} := V- qy, it is easy to show [10, 9]
that dquj — Pw(k)(0au) = o(Pwkyu — up) on each simplex K € Qj, and to
conclude that

|10ati), — Oati]| 2,y < Cllulare ) + |0aul gre (q,)) B

2.4. The RKDG methods. Let us briefly point out that the extension
of the orignal DG method to nonlinear hyperbolic conservation laws, called the
Runge-Kutta discontinuous Galerkin (RKDG) methods, [27, 26, 25, 23, 28], shares
with the original DG method many of the above-mentioned properties since it uses
DG method to discretize the equations in space. To discretize the equations in
time, a special type of ezplicit Runge-Kutta time marching methods is used. The
distinctive feature of these Runge-Kutta methods is that their stability follows from
the stability of a single Euler-forward step. A crucial component of the method is
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an operator (the so-called slope limiter) used to enforce the stability of the Euler-
forward step and, as argued in [6], to ensure the convergence to the physically
relevant solution. A rigorous convergence proof, however, remains a challenging
open problem even for the scalar hyperbolic conservaton law. See [20] for rigorous
error estimates for an implicit, shock-capturing DG method for that equation.

In practice, however, the methods turned out to be optimally convergent as
well as able to capture very well the discontinuities of the solution. For example,
consider the classical double-Mach reflection problem for the Euler equations of gas
dynamics. In Fig. 1, obtained in [28], details of the approximation of the density
are shown. The strong shocks are very well resolved by the RKDG solution using
piecewise linear and piecewise quadratic polynomials defined on squares. Note that
there is a remarkable improvement in the approximation of the density near the
contacts when going from linear to quadratic polynomials.

3. HDG methods for diffusion

In this section, we consider HDG methods to numerically solve the diffusion model
problem

cq+Vu=0 in Q, (3.1a)
V-g=f in Q, (3.1b)
u=up on 0. (3.1¢)

Here ¢ is a matrix-valued function which is symmetric and uniformly positive
definite on €.

We are going to show that despite the fact that the nature of this problem is
radically different from the one just considered, we can devise HDG methods by
using a very similar approach. Most of the material for this section is contained
in [16, 11, 22, 18].

3.1. The HDG methods.

Rewriting the equations. For each K € ), the methods provide an approxi-
mation to the restriction of (g, u) to K as well as an approximation to the traces
(@ -m,u) on K. We are thus going to rewrite the original equations in terms
of those functions in order to be able to define the HDG methods by discretizing
them.

Thus, if for each K € Qy, we assume that we know the trace & on 0K, we can
obtain (g, u) inside K as the solution of

cg+Vu=0 in K,
V-g=f in K,

u=1u on 0K.
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The function # can now be determined as the solution, on each F € &, of the
equations

[g-n]=0 if Fe&,
i=up ifFecé&.

Here we are using the notation [g-n]:=¢" - nt+q -n".

The Galerkin formulation and the numerical traces. Now we discretize
these equations by using a Galerkin method together with a suitable approxima-
tion of the traces. First, we take (g, un) on the element K € € in the finite
dimensional space V(K) x W(K) and u;, on the face F' € £ in the finite dimen-
sional space M (F').

On each element K € Qp,, the function (g, up) is expressed in terms of (up, f)
by using a Galerkin method. Since

(cq,v)k — (u, V- v)g + {U,v-n)sx = 0,
_(qavw)K + <a : ’I’L,U}>3K = (f7 w)K7

for all sufficiently smooth functions (v, w), we determine (g;,, up) in terms of (uy, f)
as the solution of

(cqp,v)K — (un, V- v) Kk + (Up,v - n)ox =0, (3.2a)
_(qhﬂ Vw)K + <ah "n, w>8K = (fa w)K7 (3-2b)

for all (v,w) € V(K) x W(K), where the numerical trace g, -n is assumed to have
the following simple form:

gy -n=gq;, n+7(up—Up) on 0K. (3.2¢)

Then the function @y, is determined by enforcing weakly the single-valuedness of
the normal component of the numerical trace @, and by capturing the Dirichlet
boundary condition. Thus, for each face F' € &, we require that

(i, [@n, -n)p =0 Vpe M(F), (3.2d)
Up =up if Fe&p. (3.2¢)

This completes the definition of the HDG methods. Note that equation (3.2d)
is a condition on the single-valuedness of the normal component of g, on &7.
Indeed, if the restriction of [g;, -n] to F lies in M (F) for all F' € £2, we have that
[gy - n] = 0 on & and the normal component of g, is single valued. Studies of
the importance of this property can be found in [22, 21].
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The discrete energy identity and the existence and uniqueness of the
approximation. The HDG methods are well defined under some very mild con-
ditions, as we see in the next result.

Proposition 3.1. The HDG method is well defined if (i) 7 > 0 on 9y, and if
(ii) for any element K € Qy,, Vw € V(K) for allw € W(K).

We can prove this result by using an energy argument. If we multiply the first
two equations (3.1) defining the exact solution by g and w, respectively, integrate
over §) and add the equations, we obtain the following energy identity

(cq,q)a = (f,u)a — (up,q - n)sq.

If we now apply a similar procedure to the HDG method, we get a discrete energy
identity. So, taking (v,w) := (g, upn) in the first two equations defining the
HDG method, adding over all the elements K € {2, and then adding the resulting
equations, we get

(can,an)a + O (up —up) = (f,un)a — (up, qy - n)oq- (3.3)

where @T(Uh - ﬂh) = ZKEQ;L <T(uh - ﬁh),uh — ﬂh>3K.

To prove Proposition 3.1, we only have to show that if we set f = 0 and
up = 0, the only solution is the trivial one. But, by the discrete energy identity
and condition (i) of Proposition 3.1, we have that g, = 0 on Q} and that u, =y,
on &,. Now, by equation (3.2a), this implies that (Vup,v)gk =0 Vv € V(K),
and by conditon (ii), we conclude that uy, is a constant on Q. Since up = up = 0
on 0f), we see that up, = 0 on Q; and hence that u;, = 0 on &,. The proof of
Proposition 3.1 is complete.

Implementation. To describe the implementation of the HDG methods, we need
to introduce some notation. We denote by (Q(up, f),U(ay, f)) the linear mapping
(see equations (3.2a), (3.2b) and (3.2c)) that associates (up, f) to (g, un) and set

(Qahvuah) = (Q(ahv O)au(aha 0))7
(@, uf) := (Q(0, £),U(0, f)).

We also introduce the space My, := {u € L*(E,) : plp € M(F) F € £} and set

Mp(C) :={p € My : plog = (}
With this notation, we can characterize the approximate solution given by the
HDG method as follows.

Proposition 3.2. We have that (q;,un) = (QU ,U™) + (QF,UT), where ), €
My (up) is the solution of

an(Un, p) = bn(p)  Vp € Mp(0).

Here, an(i1,n) = Yreeq, (€@ @Mk + (T(U* — u),U" = n)or), and by(p) =
(f;UM)q, for any p,m € M.
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Note that the formulation characterizing uy, is a rewriting of equations (3.2d)
and (3.2e).

We can thus see that the HDG method can be implemented as a typical finite
element method. Once the function %y is computed, we can readily compute
(g, un). For details of the implementation, see [34], where the HDG methods
are shown to be more efficient than the CG method for high-degree polynomial
approximations.

3.2. The stabilization mechanism.

The relation between the residuals. Note that, also for diffusion problems, the
HDG method is defined by imposing a linear relation between the residuals in the
interior of the element K, R} := cq), +Vuy and RY := V-q;, — f, and the residuals
on its boundary K, Ry = uj, — U, and R, := (g, — ) -1 = —7 (up, — Up).

Indeed, in terms of these residuals, the first two equations defining the HDG
method read

(Ri,v)k = (R, v-n)ox YV veV(K),
(R?(’w)K = <RgKa'w>3K V we W(K)

Since this implies that

1Py R 20y < C hi | RNl 2 o),

—1/2
IPw )Rl L2(x) < Chy / | RSk | L2 (ok)

where Py (k) and Py () are the L2-projections into V (K) and W (K), respectively,
we see that the quality of the approximation depends only on uj; — 4y, 7 and on
the approximation properties of the spaces V(K) and W (K).

Stabilization by the jumps. The discrete energy identity (3.3) indicates that
we can control the jumps wup — Uy if we take 7 to be strictly positive. In this
case, ©,(up, — Up) becomes a dissipative term which enhances the stability of the
numerical method, just as for the original DG method. That this stabilization
does not affect in a negative manner the accuracy of the method is shown next.

3.3. Convergence properties. Here we discuss the convergence proper-
ties of the method when 2 is a polyhedral domain, the triangulations 2, are made
of shape-regular simplexes K, and when we take V(K)x W (K) := P (K)x Py (K).
For simplicity, we assume that the stabilization function 7 is constant on each 0K.

The auxiliary projection. To do this, we follow what was done for the original
DG method and define an auxiliary projection. On any simplex K, the projection
of the function (q,u) € H'(K) x HY(K), II(q,u) := (IIg,TIu) is the element of
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P (K) x Pr(K) which solves the equations
(quv)K = (q,'U)K Vove Pk_l(K)7
(Mu, w) g = (u, w) g YV w e P_1(K),
(g -n+7Hu, u)r =(q-n+7u,m)r V p€ Pu(F),

for all faces F' of the simplex K. This projection is well defined, as we see in the
next result.

Theorem 3.3. Suppose that T := 7|k is positive. Then (Ilq,TIu) is well defined
for any k > 0. Furthermore, there is a constant C independent of K and T such
that

ITg — qllx < ChY |almess i) + C R 7ic [ul s (169,
k+1
||Hu — u||K < Ch];;rl |U‘H"‘+1(K) +C 7]_(7 ‘V : Q|Hk(K).

Estimate of the projection of the errors. This projection is fitted to the
structure of the numerical trace g, because, if we consider the projection of the
errors (gq,¢,) := (IIg — g, ITu — uy, ), we see that we have, by the last property of
the projection,

Py, (g-n) =I1q-n+ 7(Ilu — Py, u) on OK.
Comparing this expression with the definition of the numerical trace gy, (3.2¢),

g, -n=q, n+7(u,—Up) on 0K,

we obtain that eg-n := eg-n+7(e, —e5) on 0K, provided we set eg := Pyp, u—1up,
and €5 - n := Pu, (g, - m) — gy, - », where Py, is the L2-projection into the space
Myp,. This implies that the equations satisfied by the projection of the errors are
the following. For each simplex K € Q,

(ceq, )k — (6w, V- V) g + (€3,v - n)ox = (c(IIg — q),v)k,
—(eq, VW) K + (€5 - M, w)ox = 0,

for all (v,w) € V(K) x W(K). Moreover, for each face F' € &,
(1, [eg-ml)rp=0 Vype M),
eg=0 ifFe&

We thus see that the projections of the error solely depend on IIg—gq. In particular,
the discrete energy identity for these equations is

(C5qa5q)9 + GT(eu - Eﬂ) = (C (Hq - q)a 6q)Qa

and we can estimate the projection of error in the flux and in the jumps. In fact,
we have the following result.
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Theorem 3.4. For k > 0, we have that
leqllz2o) + 0Y%(e, —eg) < C|TIq — qllz2(0)-

Moreover, if the elliptic regularity estimate ||ul| g2y < C ||V - (cVu)||p2(q) holds
when v =0 on 0N, we have that

leullz20) < C Cr R ™1 | TIq — q |20,

where Cr = maxgeq, {1, hxTK}.

We can now conclude that, whenever the exact solution (g, u) is smooth enough,
and the stabilization function 7 is of order one, we have that

leglizz@) < CRMYand ey |lp2i) < CRFFITmRIRLL

and so,

lg — apllzz@) < CRE and  lu — upll2i) < CRFF
Postprocessing. We can take advantage of the superconvergence of the projec-
tion of the error €, for £ > 1 to define a better approximation uj to u. The
approximation uj is defined on the simplex K € )5, as the unique function in

Pri1(K) satisfying

(Vuy, Vw)g = — (cqp, Vw)k for all w € Wyy1(K),
(up, w) g =(up, w)K for all w € Pj_1(K).
Here Wi 1(K) denotes the L?(K)-orthogonal complement of Py_1(K) in Py 1 (K).
This projection is a modification of the projection proposed in [51, 32, 52].
Theorem 3.5. We have that

lu— uj || 20y < CCr RN TIq — q || 12() + C B2 [u | q,),

for any k > 0 where C; = maxgeq, {1, hx Tk}

We thus conclude that, when the exact solution (g, u) is smooth enough, the
stabilization function 7 is of order one and k > 1, we have that

lu—uj |2 < ChFH2.
3.4. Comparison with other finite element methods.

Finite element methods fitting the HDG formulation. Many finite element
methods fit the formulation (3.2); the main examples are displayed in Table 1. In
fact, the RT and BDM mixed methods can be viewed as particular cases of the
HDG methods and the CG method can be considered as a limiting case. This
suggests that we could consider that the HDG methods are between the RT and
BDM mixed methods and the CG method.
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Table 1. Methods fitting the formulation (3.2) for triangulations Q of simplexes.

Method V(K) W(K) M(F) T
RT Pr(K)+xPr(K) Pr(K) Pu(F) 0
BDM Pr(K) Pr-1(K)  Pr(F) 0
HDG Pi(K) Pe(K)  Pr(F) (0,00
CG Pr-1(K) Pr(K) Pp(F) o0

Boundary residuals and accuracy. To further elaborate this idea, we compare
in Table 2 how these methods deal with the residuals at the boundary of the
elements and how this is reflected in their convergence properties.

We see, on the one hand, that the RT and BDM methods force the residual
R, == (g, — 4j) - to be equal to zero and obtain the orders of convergence of
kE+1 and k + 2 for q;, and uj, respectively. On the other hand, the CG method
forces the residual R%, := up — U to be equal to zero and obtain the orders of
convergence of only k and k + 1 for g, and uj}, respectively. (For a comparison
between the RT and CG methods, see [19].) However, unlike these methods, the
HDG method does not force any of these two residuals to be zero. Instead, it
plays with the stabilization function 7 to balance their relative sizes so that the
approximation error is optimal. As we see in Table 2, this happens when both
residuals have a similar weight, that is, when the stabilization function 7 is of
order one. Note that we would expect, from Table 1, that taking 7 small or big
enough would guarantee that the convergence properties of the HDG method are
closer to those of the RT and BDM methods or to the CG method, respectively.
The results displayed in Table 2 actually confirm this. A rigorous explanation of
this fact can be found in [22, 18].

Table 2. Residuals, stabilization and order of accuracy (for k > 1).

Method RY, R2,. T an up u}

RT - 0 0 E+1 k+1 k42
BDM — 0 0 kE+1 k kE+2
HDG — = 01) k41 k+1 k+2
HDG - - O0/h)  k  k+1 k+1

CG 0 — 00 k k+1 k+1
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4. HDG methods for incompressible fluid flow

In this section, we extend the HDG methods to the more involved Stokes equations
of incompressible fluid flow,

—vAu+Vp=f on (, (4.1a)
V-u=0 on €, (4.1b)
u=up on 0f, (4.1¢c)

(p. 1) =0, (4.1d)

where (up - n,1)gq = 0. Most of the material for this section is contained in
[43, 17].

4.1. The HDG methods.

Rewriting the equations. For each K € Qj, the method provides an approxi-
mation to the restriction of (L, u,p) to K, where L is the gradient of the velocity
u, as well as to the traces (—uin +pn,u) on K. So, we first rewrite the Stokes
equations in a manner that will be suitable to defining the HDG methods.

If we assume that we know the trace of the velocity on K, u, as well as the
average of the pressure on K, p, we can obtain (L, w, p) inside K as the solution of

L-Vu=0 in K,
vV -L+Vp=Ff in K,
1
Viu=+—(W n,1)sx inK,
K|
u=1u on 0K,
1
e Dk =P
K|

The functions @ and P can now be obtained as the solution of

[-vLn +pn] =0 for all F € &y,
(w-n,1)ox =0 for all K € Qy,,
u=up on 99,
(P, Do =0.

The Galerkin method and the numerical traces. We now discretize the
equations by using a Galerkin method together with a suitable approximation of
the traces. On the element K € Q, we take (Lp,wpn,pp) in the space G(K) x
V(K) x Q(K), and on the face F' € &£7, we take Uy, in the space M (F).
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On each element K € Q, the function (Lp,wp,pp) is expressed in terms of
(Un, Dy, f) as follows. Since

(L7 G)K + (U,V . G)K - <1/I,G’n>aK =0,
(WL, V)i — (p, V- 0) — (VLn — pn, v)ox = (£,v)k,
_(uv VQ)K + <a ‘n,q — q)aK - 07

for smooth emough (G, v,q), we determine (Lp,wp,pp) in terms of (up, Dy, f) as
the solution of

(Lh7G)K+(uh,V-G)K — <ah7G’I’L>3K =0, (4.23.)
(WL, V)i — (0, V - 0)k — (Wlan — P, v)ox = (£, )k, (4.2b)
—(un, Va)a, + (Un -n,q —ghax =0, (4.2c)
1 _
m(phm 1)K = Ppn> (42d)

for all (G, v, q) € G(K) x V(K) x P,(K), where the numerical trace —vLyn+pyn
is assumed to be given by

fz/ihn +ppn=—vlpn+pn+vT(up —uy) on OK. (4.2¢)

Then we determine (up,p,) by enforcing the remaining equations, that is, by
requiring that

([~vLpn+pnn], m)p =0 Vue M(F) VFe&, (4.2f)
(" -n, 1) =0 VK € Qp, (4.2g)

Uy =up on 04, (4.2h)

(B, e = 0. (4.2i)

This completes the definition of the HDG methods.

The discrete energy identity and the existence and uniqueness of the
approximation. These methods are well defined under very mild conditions, as
we see in the next result.

Proposition 4.1. The HDG method is well defined if (i) the stabilization function
T is strictly positive on 0, (i1) Vv € G(K) for any v € V(K), and if (iit)
Vg e V(K) for all g € Q(K).

To prove this result, we begin by establishing an energy identity. Note that for
the exact solution we have

(L,L)o = (f,u)a + (~vLn + pn,up)aq,
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and so we should have a similar energy identity for the solution of the HDG method.
Indeed, it is not difficult to obtain

(L, Ln)a + O, (wp — @n) = (f, un)a + (—vLi + Pn D, up)aq, (4.3)

where O, (up, — up) := ZKth (T(up —ap), up — Un)ok-

Once again, to prove Proposition 4.1, we only have to show that when if we
set f =0 and up = 0, the only solution is the trivial one. By the discrete energy
identity, we see that in this case we have that L;, = 0 on €, and that u; = 4} on
En. By equation (4.2a), this implies that

(Vu,G)x =0 VG e G(K),

and by condition (ii), we conclude that uy, is constant on Q. Since up = 4y = 0 on
09, we see that up, = 0 on € and, as a consequence, that u, = 0 on &,. Finally,
by equation (4.2b),

(Vph,'v)K =0 VYwve V(K),

and by condition (iii), we have that pj is a constant on 2. By equations (4.2d)
and (4.2i), we conclude that p, = p, = 0 on Q. This completes the proof of
Proposition 4.1.

Implementation. To describe the implementation of the HDG methods, we need
to introduce some notation. We denote by (L£,U, P) the linear mapping (given by
equations (4.2a) to (4.2e)) that associates (up, Py, f) to (L, up, pn), and set

(L8 YBr PErY = (L, U, P) (T, 0,0),
(LPr UP, PPr) = (L,U, P)(0, Py, 0),
(cf Ul PPy = (£,U,P)(0,0, ).
We also introduce the spaces
M, ={pecL*&): plrcM(F) VFecé&},
Pp:=1{G,€L*(): G, €Po(K) VKe,},

and set M, (¢) :={pn e M: plag=C_}
With this notation, we can characterize the approximate solution given by the

HDG method as follows.
Theorem 4.2. We have that

(L, wh, pp) = (L%, U™ PU0) 4 (L0 UPr, PPr) + (L U7 PT),
where (tn,py,) is the only element in My (up) x Py, such that

ah(aha“)+bh(ﬁh7u> :£h<l~l’)7 VIJ’EM’L<O)7
bh(67ﬁh) :07 quﬁha
(T?iwl)ﬂ =0.
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Here the forms are given by

an(mp) = Y (VLT L)k + (rr (U7 —n), (U* = p)) o)

KeQy,

bh(qay‘):_ Z <§7H'n>axv

KeQy,

‘eh(u’) = (fvu”)Qa
forallme My, u € My, and G € Py,

Note that the first equation of the formulation characterizing (up,p,) is a
rewriting of equation (4.2f) whereas the second is a rewriting of equation (4.2g).

We see that the HDG method can be implemented as a typical mixed method.
In fact, an augmented lagrangian algorithm can be used to further improve its
implementation; see [43].

4.2. The stabilization mechanism.

The relation between the residuals. Note that also for The Stokes problem,
the HDG method is defined by imposing a linear relation between the residuals in
the interior of the element K, R} := L — Vup, RI}}’p =V (=vLp+prI) - f,
and Ry := V- uy, and the residuals on its boundary 0K, R¥y := (@ —un) ®n
and Ry = (—vLpn +pp n) — (—vLpn + by n) = —v 7 (wy, — p).

Indeed, the equations of the Galerkin method defining the HDG method can
be rewritten as follows:

(R%, Gk = (Ryk, Glax

(RI[A(’pa U)K = <R15’}§7 v>6K7

(thu, Q)K - <tTR:’:)LK7 Q>6K

Since this implies that

—1/2
IPac) RE 22y < C it/ RS |2 (o)
—1/2
IPv o) REP || 26y < Chi P RS2 2ok
u —1/2 u
1P BY 22y < C i [[trR e | L2 oxc)-

we see that the quality of the approximation depends only on u — 4, 7 and on
the approximation properties of the spaces G(K), V(K) and Q(K).

Stabilization by the jumps. By the energy identity (4.3), we see that we can
control the jumps uy, —uy, if we require the stabilization function 7 to be positive on
0Qy,. Next, we show that this stabilization mechanism does not spoil the accuracy
of the method.
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4.3. Convergence properties. Here we discuss the convergence proper-
ties of the method when €2 is a polyhedral domain, the triangulations §2;, are made
of shape-regular simplexes K, and when we take

G(K) x V(K) x W(K) := Pg(K) x Py(K) x Py(K).

Here Py (K) is the space of matrix-valued functions whose components belong to
P, (K). Once again, for simplicity, we assume that the stabilization function 7 is
constant on each 0K.

The auxiliary projection. Given a simplex K € Q and a function (L, u,p) in
H'(K) x H'(K) x H'(K), we define its projection IT(L,w,p) := (IIL, ITu, ITp)
as the element of G, x V', x P, that solves the equations

ML, Gk = (L,G)k VG ePr1(K),

(ITu,v)g = (u,v)K Ve Pr1(K),

(IIp, )k = (P, Q)& Vg€ Pr1(K),
(trIIL,q)x = (tr L, ¢)x Y q € Pr(K),
(WlLn—Opn —vrHlu,pu)r = WLn —pn —vru,u)r YV p € Pir(F),

for all faces F' of the simplex K. This projection is actually well defined.
Theorem 4.3. Suppose that Tk := 7|k is a positivie constant on OK. Then the
projection II is well defined. Moreover, on each element K € Qy, we have that
||H’LL — ’LLHK < Chk+1 (|U|H’9+1(K) + TK_1|'U'|H79+2(K)) s
||Z/HL — VLHK S Ohk+11/ (|u|Hk+2(K) + TK‘U|HI«+1(K)) s
1Tp = pllx < Ch5F |plssr xc) + C [IPITL — L .

We have assumed that tr L = 0 for the last two inequalities and that V -u =0 in
the last one.

Estimates of the projection of the errors. This projection is fitted to the
structure of the numerical trace —vLn + pn in the following sense. Consider the
projection of the errors (E;,e,,¢,) := (IIL — Ly, ITu — uy, [Ip — pp). Then, by
the last equation defining this projection, we have that

Py, (—vLn +pn) = —vIILn+ Hpn+vr(ITu — Py, u),

where P, is the L?-projection into M. Comparing this with the definition of
the numerical trace

—Vﬁhn —|—ﬁhn =—vlpn+pymn+vrt (uh — ﬁh),

we get that —vern+epn = —vEn+e,n+7(e, —€4) provided —vegn +e5n =
Pr(—vLn 4 pn) — (—vLyn + ppn) and €, == Py (u — @).
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The equations satisfied by the projection of the errors are then the following.
For each simplex K € Qp,

(Er, Gk + (6., V- G)g —(€4,Gn)ox = I L—-L,G)k,
—(V-(VEL),v)k + (Ve,,v)k + (vT (e, —€4), )oK =0,
—(€uw; V@)K +(€a,qn)ox =0,

for all (G,v,q) in G(K) x V(K) x Q(K). Moreover,

(—vEn+en+vr(e, —€a),m)p=0 Ypue M(F)VF €&y,
0

(Ep, 1)Q = (Hp —p, 1)9.

We thus see that the projection of the errors only depend on IIL — L and on
(IIp — p,1)q, the latter quantity being equal to zero for k > 1.
In particular, the discrete energe identity for the equations is

(ELaEL)Q + eT(Eu - Ea) = (HL - L7EL)Q7

and we immediately obtain an estimate of the projection of the error in the gradient
and in the jumps of the velocity. In fact, we can prove the following result.

Theorem 4.4. We have
I Ex |20 + OF2(w — 6p) < C||TIL = L 20,
lellr2@) < [(Ip —p, Dl (2|72 + C/Cr v [T L = L|| 12(0).

where C; = maxgeq, {1, 7k hx}. Moreover, if the elliptic reqularity estimate
vlull g2 < Cll — vAu + Vpl|L2(q) holds whenever uw =0 on 99, we have that

|| Eu HLZ(Q) <CC; hmin{k’l} || IIL-L ||L2(Q)~

We can now conclude that, whenever the exact solution (g, u) is smooth enough,
and the stabilization function 7 is of order one, we have that

V|EpllLz@) + lepllrz) < CRFTY and  [|ey|r2(q) < € RFFITmintk L
and so,

V||L7Lh||L2(Q) + ||p*thL2(Q) < Chk+1 and ||'U,7Uh||L2(Q) < Cthrl.

Postprocessing. Here we show how to obtain a new approximate velocity which
is exactly divergence-free, H (div)-conforming, and converges with an additional
order for £k > 1. We only describe the three dimensional case, as the two dimen-
sional case is much simpler. We quote [17] almost verbatim.
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In the three dimensional case we define the postprocessed approximate velocity
u} on the tetrahedron K € €, as the element of Pj1(K) such that

(uf, —up) -n,pu)p =0 Ve Pp(F),
(nx V)(up-n)—nx ({Li}n),(nx V)u)p =0 Ve Pe(F)*,

for all faces F' of K, and such that

(up —up, Vuw)xk =0 Vw e Pr(K),
(VXuj, —wp, ((VXv)Bg)gk =0 VoveS(K).

Here Ppy1(F)* = {u € Pry1(F) : (u,m)r = 0, Vi € Pu(F)}, n x V is the
tangential gradient rotated 7/2 in the positive sense (from the point of view of the
normal vector) and the function {L! } is the single-valued function on &, equal to
(LE)T+(LY)7)/2 on the set £,\09 and equal to L}, on 9. In the last equation, we
have that wy, := (LA, — LA LA —18 12 —Lh,) is the approximation to the vorticity
and By := Z?:o Ar—3Ai—2Xe—1 VA ® Vg is the so-called symmetric bubble matriz
introduced in [15]. Here the \;s are the barycentric coordinates associated with the
tetrahedron K, the subindices being counted modulo 4. Finally, to define Sy (K),
recall the Nédélec space of the first kind [36], defined by Nj, = Pj_1(K) & Sk,
where S, is the space of vector-valued homogeneous polynomials v of degree ¢
such that v - = 0. Then, define S;(K) := {p € Ni : (p,Vo)x = 0 for all
6 € Py (K)}.

Theorem 4.5. We have that u}, € H(div,Q) and that V-u} = 0 on Q. Moreover,
uh — ullr20) < C P2 u|prense gy + C Cr K™ ™E D IIL — L|| 2 (q).

We thus conclude that, when the exact solution (L, u, p) is smooth enough, the
stabilization function 7 is of order one and k > 1, we have that

[w—uj L2 ) < CH*2

5. Conclusion and ongoing work

The described approach to devise HDG methods has proven to be very powerful
for the model problems considered in the previous sections. We believe that it can
be used in a systematic manner to obtain efficiently implementable and accurate
HDG methods for a wide variety of problems of practical interest. In fact, many
HDG methods have already been defined and numerically tested on a variety of
problems; their analyses constitute the subject of ongoing research. To end this
paper, we describe them and briefly discuss their main convergence properties.
HDG methods have been devised for linear, steady-state convection-diffusion
problems in [13], and for time-dependent linear and nonlinear convection-diffusion
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Figure 2. a) deformed shape using P, b) deformed shape using P3, ¢) closeup view of
Figure a), d) closeup view of Figure b).

problems in [41] and [42], respectively. The convergence properties for HDG meth-
ods for the purely diffusive case seem to carry over to all these problems in the
diffusion-dominated regime.

HDG methods for linear and nonlinear elasticity have been devised in [50] and
[49] with very good results. Indeed, by using polynomial approximations of degree
k for all the components of the stress and displacement, the order of convergence
of K+ 1 for £ > 0 in all variables is obtained. Moreover, by means of a local
postprocessing, a new approximation of the displacement can be computed which
converges with order k + 2 for £k > 2. In Fig. 2, we show the approximate
displacement of the borders of the elements for a nonlinear elasticity problem; see
[49] for a detailed description. The approximation with polynomials of degree one
is not as good as the approximation using polynomials of degree three. In full
agreement with the properties of the HDG methods, this is reflected in the fact
that the jumps for the former are highly visible whereas those of the latter are not.

HDG methods for Timoshenko beams have been developed in [5] with optimal
convergence results. Indeed, if polynomials of degree k are used to approximate
the displacement, rotation angle, bending moment and shear stress, numerical
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experiments suggest that all of these variables converge with order k + 1 for k >
0. For biharmonic problems [12], the HDG methods provide the optimal order
of convergence of k + 1 for the scalar variable and its gradient. However, the
approximation of the laplacian is only of order k + 1/2 and that of its gradient
of only order k — 1/2. On the other hand, on strict subdomains, the order is
the optimal k + 1 for all these variables. Further analysis of this phenomenon is
required to obtain an optimally convergent HDG method on the the whole domain.

HDG methods for vorticity-velocity-pressure formulations of the Stokes equa-
tions have been proposed in [14] and later numerically compared with other HDG
methods in [38]. The results indicate that the HDG method considered in the
previous section performs better. Extensions of this HDG method for the incom-
pressible Navier-Stokes has been recently proposed in [39, 37]. Once again, all the
convergence properties of the HDG methods seem to carry over to these equations.

Finally, we would like to report that the HDG methods for both the Euler equa-
tions of gas dynamics and the compressible Navier-Stokes equations been devised
in [44] seem to provide approximations with optimally convergent properties.
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