An introduction to Hybrid High-Order methods

Daniele A. Di Pietro and Roberta Tittarelli

Abstract This chapter provides an introduction to Hybrid High-Order (HHO) meth-
ods. These are new generation numerical methods for PDEs with several advanta-
geous features: the support of arbitrary approximation orders on general polyhedral
meshes, the reproduction at the discrete level of relevant continuous properties, and
a reduced computational cost thanks to static condensation and compact stencil. Af-
ter establishing the discrete setting, we introduce the basics of HHO methods using
as a model problem the Poisson equation. We describe in detail the construction, and
prove a priori convergence results for various norms of the error as well as a posteri-
ori estimates for the energy norm. We then consider two applications: the discretiza-
tion of the nonlinear p-Laplace equation and of scalar diffusion-advection-reaction
problems. The former application is used to introduce compactness analysis tech-
niques to study the convergence to minimal regularity solution. The latter is used
to introduce the discretization of first-order operators and the weak enforcement of
boundary conditions. Numerical examples accompany the exposition.

1 Introduction

This chapter provides an introduction to Hybrid High-Order (HHO) methods. The
material is closely inspired by a series of lectures given by the first author at Institut
Henri Poincaré in September 2016 within the thematic quarter Numerical Methods
for PDEs (see http://tinyurl.com/IHP-quarter—-nmpdes).

HHO methods, introduced in [19,22], are discretization methods for Partial Dif-
ferential Equations (PDEs) with relevant features that set them apart from classical
Finite Elements or Finite Volumes schemes. These include, in particular:
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(i) The support of general polytopal meshes in arbitrary space dimension, paving
the way to a seamless treatment of complex geometric features and unified
1d-2d-3d implementations;

(i) The possibility to select the approximation order which, possibly combined
with adaptivity, leads to a reduction of the simulation cost for a given precision
or better precision for a given cost;

(iii)) The compliance with the physics, including robustness with respect to the vari-
ations of physical coefficients and reproduction at the discrete level of key
continuous properties such as local balances and flux continuity;

(iv) A reduced computational cost thanks to their compact stencil along with the
possibility to perform static condensation.

As of today, HHO methods have been successfully applied to the discretization
of several linear and nonlinear problems of engineering interest including: variable
diffusion [20, 22, 23], quasi incompressible linear elasticity [18, 19], locally degen-
erate diffusion-advection-reaction [15], poroelasticity [4], creeping flows [1] possi-
bly driven by volumetric forces with large irrotational part [24], electrostatics [27],
phase separation problems governed by the Cahn-Hilliard equation [8], Leray—
Lions type elliptic problems [13, 14]. More recent applications also include steady
incompressible flows governed by the Navier—Stokes equations [25] and nonlinear
elasticity [6]. Generalizations of HHO methods and comparisons with other (new
generation or classical) discretization methods for PDEs can be found in [5, 10]. Im-
plementation tools based on advanced programming techniques have been recently
discussed in [9].

For the sake of simplicity, the introduction provided in this chapter focuses on
scalar model problems. We start in Section 2 by presenting the discrete setting:
we introduce the notion of polytopal mesh (Section 2.1), formulate assumptions on
the way meshes are refined that are suitable to carry out a h-convergence analysis
(Section 2.2), introduce the local polynomial spaces (Section 2.3) and projectors
(Section 2.4) that lie at the heart of the HHO construction.

In Section 3 we present the basic principles of HHO methods using as a model
problem the Poisson equation. While the material in this section is mainly adapted
from [22], some results are new and the arguments have been shortened or made
more elegant. In Section 3.1 we introduce the local space of degrees of freedom
(DOFs) and discuss the main ingredients upon which HHO methods rely, namely:

(i) Reconstructions of relevant quantities obtained by solving small, embarass-
ingly parallel problems on each element;

(i) High-order stabilization terms obtained by penalizing cleverly designed resid-
uals.

In Section 3.2 we show how to combine these ingredients to formulate local con-
tributions, which are then assembled element-by-element as in standard Finite El-
ements. The construction is conceived so that only face-based DOFs are globally
coupled, which paves the way to efficient practical implementations where element-
based DOFs are statically condensed in a preliminary step. In Sections 3.3 and 3.4
we discuss, respectively, optimal a priori estimates for various norms and seminorms
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of the error, and residual-based a posteriori estimates for the energy-norm of the er-
ror. Finally, some numerical examples are provided in Section 3.5 to demonstrate
the theoretical results.

In Section 4 we consider the HHO discretization of the p-Laplace equation. The
material is inspired by [13, 14], where more general Leray—Lions operators are con-
sidered. When dealing with nonlinear problems, regularity for the exact solution is
often difficult to prove and can entail stringent assumptions on the data. For this
reason, the h-convergence analysis can be carried out in two steps: in a first step,
convergence to minimal regularity solutions is proved by a compactness argument;
in a second step, convergence rates are estimated for smooth solutions (and smooth
data). Convergence by compactness typically requires discrete counterparts of func-
tional analysis results relevant for the study of the continuous problem. In our case,
two sets of discrete functional analysis results are needed: discrete Sobolev embed-
dings (Section 4.1) and compactness for sequences of HHO functions uniformly
bounded in a W' P-like seminorm (Section 4.2). The interest of both results goes
beyond the specific method and problem considered here. As an example, in [25]
they are used for the analysis of a HHO discretization of the steady incompress-
ible Navier-Stokes equations. The HHO method for the p-Laplacian stated in Sec-
tion 4.3 is designed according to similar principles as for the Poisson problem. Con-
vergence results are stated in Section 4.4, and numerical examples are provided in
Section 4.5.

Following [15], in Section 5 we extend the HHO method to diffusion-advection-
reaction problems. In this context, a crucial property from the numerical point of
view is the robustness in the advection-dominated regime. In Section 5.1 we modify
the diffusive bilinear form introduced in Section 3.2 to incorporate weakly enforced
boundary conditions. The weak enforcement of boundary conditions typically im-
proves the behaviour of the method in the presence of boundary layers, since the
discrete solution is not constrained to a fixed value on the boundary. In Section 5.2
we introduce the HHO discretization of first-order terms based on two novel in-
gredients: a local advective derivative reconstruction and an upwind penalty term.
The former is used to formulate the consistency terms, while the role of the lat-
ter is to confer suitable stability properties to the advective-reactive bilinear form.
The HHO discretization is finally obtained in Section 5.3 combining the diffusive
and advective-reactive contributions, and its stability with respect to an energy-like
norm including an advective derivative contribution is studied. In Section 5.4 we
state an energy-norm error estimate which accounts for the dependence of the error
contribution of each mesh element on a local Péclet number. A numerical illustration
is provided in Section 5.5.

2 Discrete setting

Let Q C R, d € N*, denote a bounded connected open polyhedral domain with
Lipschitz boundary and outward normal n. We assume that £2 does not have cracks,
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i.e., it lies on one side of its boundary. In what follows, we introduce the notion of
polyhedral mesh of €, formulate assumptions on the way meshes are refined that
enable to prove useful geometric and functional results, and introduce functional
spaces and projectors that will be used in the construction and analysis of HHO
methods.

2.1 Polytopal mesh

The following definition enables the treatment of meshes as gencral as the ones
depicted in Fig. 1.

(a) Matching triangular  (b) Nonconforming (c) Polygonal (d) Agglomerated

Fig. 1: Examples of polytopal meshes in two and three space dimensions. The trian-
gular and nonconforming meshes are taken from the FVCAS benchmark [31], the
polygonal mesh family from [26, Section 4.2.3], and the agglomerated polyhedral
mesh from [27].

Definition 1 (Polytopal mesh). A polytopal mesh of Q is a couple .}, = (), %)
where:

(i) The set of mesh elements 7}, is a finite collection of nonempty disjoint open
polytopes T with boundary @7 and diameter iy such that the meshsize h satisfies
h = maxre 7, hr and it holds that Q@ = Urc 5 T

(ii) The set of mesh faces %, is a finite collection of disjoint subsets of Q
such that, for any F € .%,, F is an open subset of a hyperplane of RY, the
(d—1)-dimensional Hausdorff measure of F is strictly positive, and the (d — 1)-
dimensional Hausdorff measure of its relative interior F\F is zero. Moreover, (a) for
each F € .7, either there exist two distinct mesh elements 77,7> € 7, such that
F CdT1NIT, and F is called an interface or there exists one mesh element T € .7,
such that F C dT NdQ and F is called a boundary face; (b) the set of faces is a
partition of the mesh skeleton, i.e., Urc 5, 9T = Ure 7, F.

Interfaces are collected in the set y;l and boundary faces in 9,1’, so that %), =
F1U.ZP. For any mesh element T € 7,
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Fr={Fe€ % |FCdT}

denotes the set of faces contained in dT. Similarly, for any mesh face F € .7,
Ir={T €, |FCIT}

is the set of mesh elements sharing F'. Finally, for all F € %7, nyp is the unit normal
vector to F pointing out of 7.

Fig. 2: Treatment of a nonconforming junction (red) as multiple coplanar faces.
Gray elements are pentagons with two coplanar faces, white elements are squares.

Remark 1 (Nonconforming junctions). Meshes including nonconforming junctions
such as the one depicted in Fig. 2 are naturally supported provided that each face
containing hanging nodes is treated as multiple coplanar faces.

2.2 Regular mesh sequences

When studying the convergence of HHO methods with respect to the meshsize A,
one needs to make assumptions on how the mesh is refined. The ones provided here
are closely inspired by [17, Chapter 1], and refer to the case of isotropic meshes
with non-degenerate faces. Isotropic means here that we do not consider the case
of elements that become more and more stretched when refining. Non-degenerate
faces means, on the other hand, that the diameter of each mesh face is uniformly
comparable to that of the element(s) it belongs to; see (2) below.

Definition 2 (Matching simplicial submesh). Let .#), = (7,,.%},) be a polytopal
mesh of Q. We say that T, is a matching simplicial submesh of .7, if (i) T, is
a matching simplicial mesh; (ii) for all simplices T € T}, there is only one mesh
element T € .7, such that T C T;; (iii) for all o € §), the set collecting the simplicial
faces of ¥, there is at most one face F € .%), such that ¢ C F.
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If 7, itself is matching simplicial and .%), collects the corresponding simplicial
faces, we can simply take ¥, = .7}, so that §, = .%;,. The notion of regularity for
refined mesh sequences is made precise by the following

Definition 3 (Regular mesh sequence). Denote by % C R} a countable set of
meshsizes having 0 as its unique accumulation point. A sequence of refined meshes
(M) hesr is said to be regular if there exists a real number p € (0,1) such that,
for all h € J7, there exists a matching simplicial submesh ¥, of .}, and (i) for all
simplices 7T € T, of diameter A, and inradius 7, ph; < ry; (ii) for all mesh elements
T € 9, and all simplices T € ¥, suchthat t C T, phy < h.

Remark 2 (Role of the simplicial submesh). The simplicial submesh introduced in
Definition 3 is merely a theoretical tool, and needs not be constructed in practice.

Geometric bounds on regular mesh sequences can be proved as in [17, Section
1.4.2] (the definition of mesh face is slightly different therein since planarity is not
required, but the proofs are based on the matching simplicial submesh and one can
check that they carry out unchanged). We recall here, in particular, that the number
of faces of one mesh element is uniformly bounded: There is Ny > d + 1 such that

max max card(.Z7) <N,. 1
he# TET, ( T)_ ? M

Morevover, according to [17, Lemma 1.42], for all h € 57, all T € 7}, and all
F e tg‘\T
pth < hF < hT. (2)

Discrete functional analysis results on regular mesh sequences can be found in [17,
Chapter 1] and [13, 14].

2.3 Local and broken spaces

Throughout the rest of this chapter, for any X C Q, we denote by (-,-)x and ||-||x the
standard L?(X)-product and norm, with the convention that the subscript is omitted
whenever X = Q. The same notation is used for the vector-valued space L?(X)<.

Let now the set X be a mesh element or face. For an integer / > 0, we denote by
IP!(X) the space spanned by the restriction to X of scalar-valued, d-variate polynomi-
als of total degree /. We note the following trace inequality (see [17, Lemma 1.46]):
There is a real number C > 0 only depending on d, p, and / such that, for all h € 7,
allT € F, allv € P/(T), and all F € Fr,

—1
Ivlle < Chzvllr. 3)
At the global level, we define the broken polynomial space

P/(F,) = {vh e12(Q) |vyr €P(T) VT € yh}
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Functions in P(.7},) belong to the broken Sobolev space
Wh(Z) = {veL'(Q) vy eW"(T) VT € F}.

We denote by V,, : Wh1(.7,) — L'(2)¢ the usual broken gradient operator such
that, for all v € W1 (.7,),

(th)‘T = VV‘T VT € %

2.4 Projectors on local polynomial spaces

Projectors on local polynomial spaces play a key role in the design and analysis of
HHO methods.

2.4.1 [’-orthogonal projector

Let X denote a mesh element or face. The L?-orthogonal projector (in short, L>-
projector) n)(z’l : L'(X) — P/(X) is defined as follows: For all v € L' (X), n)(g’l is the
unique polynomial in P (X) that satisfies

(ng’lv—v,w)x =0 vw e P/(X). @

Existence and uniqueness of ng’lv follow from the Riesz representation theorem
in P!(X) for the standard L?(X)-inner product. Moreover, we have the following
characterization:
0l _ . 2
7y v =argmin |jw —v|y.
wePl(X)

In what follows, we will also need the vector-valued L?-projector denoted by n?(’l

and obtained by applying ng’l component-wise. The following H*-boundedness re-
sult is a special case of [13, Corollary 3.7]: For any s € {1,...,]+ 1}, there exists
a real number C > 0 depending only on d, p, [, and s such that, for all h € 7, all
T € 9, andallve H(T),

|7r%lv|H~‘(T) < CPlgs(r)- @)

At the global level, we denote by " : L'(Q) — P!(.7,) the L2-projector on the
broken polynomial space P!(.7,) such that, for all v € L (),

0,] 0,
(ﬂ:h7 V)‘T = TCT V‘T'
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2.4.2 Elliptic projector

For any mesh element T € .7, we also define the elliptic projector @' : W (T) —
IP!(T) as follows: For all v W1 (T), n:}’lv is the unique polynomial in P(T) that
satisfies

(V(zy'v—v),Vw)r =0  vweP(T). (6a)

By the Riesz representation theorem in VIP!(T) for the L*(T)?-inner product, this
relation defines a unique element Vn:;’lv, and thus a polynomial n}’lv up to an addi-
tive constant. This constant is fixed by writing

(my'v—v,1)r = 0. (6b)

Observing that (6a) is trivially verified when [ = 0, it follows from (6b) that 71" =
n:?"o. Finally, the following characterization holds:

I .
71?%’ v= argmin ||V(w—v)|\i2(T),,.

weP!(T), (w—v,1)7=0

2.4.3 Approximation properties

On regular mesh sequences, both n:g’l and n;’l have optimal approximation proper-
ties in IP/(T), as summarized by the following result (for a proof, see Theorem 1,
Theorem 2, and Lemma 13 in [13]): For any o« € {0,1} and s € {@,...,{+ 1}, there
exists a real number C > 0 depending only on d, p, I, «, and s such that, for all
he A, allT € F,, and allv e H(T),

v gy < Ch ™ Wlgsery  Ym € 40,5}, (7a)
and, if s > 1,
_m— 1
V= g7y SChy ™ 2 lgsry Ym e {0, s— 1}, (7b)

where H™(Fr) := {v € L*(dT) | vp € H"(F) VF € Fr}.

3 Basic principles of Hybrid High-Order methods

To fix the main ideas and notation, we study in this section the HHO discretization
of the Poisson problem: Find u : £ — R such that

—Au=f in Q, (8a)
u=0 on dQ, (8b)
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where f € L?() is a given volumetric source term. More general boundary condi-
tions can replace (8b), but we restrict the discussion to the homogeneous Dirichlet
case for the sake of simplicity. A detailed treatment of more general boundary con-
ditions including also variable diffusion coefficients can be found in [23].

The starting point to devise a HHO discretization is the following weak formula-
tion of problem (8): Find u € H} () such that

a(wy)=(f,v)  WEH(Q), ©)
where the bilinear form a : H'(Q) x H'(2) — R is such that
a(u,v) == (Vu,Vv). (10)

In what follows, the quantities u and —Vu will be referred to, respectively, as the
potential and the flux.

3.1 Local construction

Throughout this section, we fix a polynomial degree k > 0 and a mesh element T €
. We introduce the local ingredients underlying the HHO construction: the DOFs,
the potential reconstruction operator, and the discrete counterpart of the restriction
to T of the global bilinear form a defined by (10).

3.1.1 Computing the local elliptic projection from L>-projections

Consider a function v € H'(T). We note the following integration by parts formula,
valid for all w € C=(T):

(Vv,Vw)r = —(v,Aw)r + Z (v,Vwarrp)p. (11)

FeZr

Specializing (11) to w € PX*1(T), we obtain

(VA v Vw)r = —(mp* v, Aw)r + ) (2" v, Vwnre)r, (12a)
FeZr
where we have used (6) to insert n;’kﬂ into the left-hand side and (4) to insert

7% and 70* into the right-hand side after observing that Aw € PA1(T)) € PX(T)

and (Vw)p-nrp € IPX(F) for all F € .%7. Morcover, recalling (6b) and using defi-
nition (4) of the L?>-projector, we infer that

(v— 120, 1)7 = (gt y - gmax @61y, 1y, —o. (12b)
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The relations (12) show that computing the elliptic projection n}’kﬂv does not re-
quire a full knowledge of the function v. All that is required is

0,max(0,k—1)
T

@ =
Clearly, one could also choose n:%kv instead, which has the advantage of not
requiring a special treatment of the case k = 0;

(i) for all F € Fr, ng’kv‘ F» the L2-projection of the trace of v on F on the poly-
nomial space P¥(F).

v, the L2-projection of v on the polynomial space P™2*(0k=1)(T),

3.1.2 Local space of degrees of freedom

The remark at the end of the previous section motivates the introduction of the
following space of DOFs (see Fig. 3):

Feﬁr

Uk :=PH(T) x ( X ]P’k(F)>. (13)

Fig. 3: DOFs in Ql} for k € {0,1,2}. Internal DOFs (in grey) can be eliminated by
static condensation (see Section 3.2.4).

Observe that naming U’ ’; space of DOFs involves a shortcut: the actual DOFs
can be chosen in several equivalent ways (polynomial moments, point values, etc.),
and the specific choice does not affect the following discussion. For a generic vector
of DOFs in U%, we use the underlined notation y; = (vr, (vF)Fezy)- On Uk, we
define the H'-like seminorm ||-||1 7 such that, for all v, € U%.,

2 . 2 2 2. — 2
HZTHLT =|Vvrl7 + |2T|1,8T= |2T|1,9T = Z hFleF —vr||#, (14)
FeZr

where hr denotes the diameter of F'. The negative power of hr in the second term
ensures that both contributions have the same scaling. The DOFs corresponding to a
smooth function v € W!1(T) are obtained via the reduction map 1% : Wh1(T) — U%
such that

0,k 0,k
Ly = (12", (1" ) e 7y )- (15)
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3.1.3 Potential reconstruction operator

Inspired by formula (12), we introduce the potential reconstruction operator p’}“ :

UX — PEI(T) such that, for all v, € U%,

(Vpl;JrlyT,VW)T = —(VT,AW)T + Z (VF,VW~IITF)F Yw € ]P)k+l(T) (163.)

FeZr
and
(P vr —vr ) =0. (16b)

Notice that p’ﬁlyT is a polynomial function on 7 one degree higher than the

element-based DOFs v7. By definition, for all v € W' (T) it holds that

(P o L)y =mp*

) a7
i.e., the composition of the potential reconstruction operator with the reduction map
gives the elliptic projector on P¥*!(T). An immediate consequence of (17) together
with (7) is that p&™ o I% has optimal approximation properties in P¥*!(T).

3.1.4 Local contribution

We approximate the restriction ap : H (T) x H'(T) — R to T of the continuous

bilinear form a defined by (10) by the discrete bilinear form ar : U% x UL — R
such that

ar(ur,vr) == (VP?IET,VPI%HZT)T +sr(ur,vr), (18)
where the first term in the right-hand side is the usual Galerkin contribution, while
the second is a stabilization contribution for which we consider the following design
conditions originally proposed in [5]:

Assumption 1 (Local stabilization bilinear form s7) The local stabilization bi-
linear form st : U x U% — R satisfies the following properties:

(S1) Symmetry and positivity. sy is symmetric and positive semidefinite;
(S2) Stability. There is a real number 11 > 0 independent of h and of T, but possibly
depending on d, p, and k, such that

N erlir < llvelir =ar@r,vr) <nlvrlliz - Yy €U (19)
(S3) Polynomial consistency. For all w € P**1(T) and all v; € U, it holds that
st (5w, vp) =0. (20)

These requirements suggest that sy can be obtained penalizing in a least square
sense residuals that vanish for reductions of polynomial functions in P¥+1(T).
Paradigmatic examples of such residuals are provided by the operators 5% U ’} —
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PX(T) and, for all F € %7, 8% : U% — P¥(F) such that, for all v, € U%,
6k A0k k1 _ 5/( 0k k1 _ \V/F tgz 21
rvr =7 Py vr —vr), TFYT =T (Pr Y7 —VF) € Zr. (21
To check that 6% vanishes when v, = I%w with w € P¥*1(T'), we observe that
J 7k 0k ¢ 17k 0.k 0/ 1k+1 0,k
OrLyw =" (pr' LIpw —aip"w) = (" w —w) = 177 (w —w) =0,

where we have used the definition of 6% in the first equality, the relation (17) to

replace pl}“[’} by n}’kﬂ and the fact that ng’kw € IPX(T) to cancel n?’k from the
second term in parentheses, and the fact that n}’kﬂ leaves polynomials of total
degree up to (k+ 1) unaltered as a projector to conclude. A similar argument shows
that 85 .I%w = 0 for all F € .#; whenever w € P**1(T).

Accounting for dimensional homogeneity with the Galerkin term, one possible

expression for sy is thus

ST(ZTaYT) = h;Z(S%ZTvyTCBT)T + Z h;1(5ITcFZTa5ITCFZT)F- (22)
FeZrp

This choice, inspired by the Virtual Element literature [3], differs from the original
HHO stabilization of [22], where the following expression is considered instead:

st(ur,vy) == Z hﬁl (S%FET - 57152% S%FET - 57]("YT)F' (23)
FE.gT

In this case, only quantities at faces are penalized. Both of the above expressions
match the design conditions (S1)—(S3). A detailed proof for sy as in (23) can be
found in [22, Lemma 4]. Yet another example of stabilization bilinear form used in
the context of HHO methods is provided by [1, Eq. (3.24)]. This expression results
from the hybridization of the Mixed High-Order method of [20].

Remark 3 (Original HDG stabilization). The following stabilization bilinear form is
used in the original Hybridizable Discontinuous Galerkin (HDG) method of [7,11]:

sr(urp,vr) =Y, hg'(up —ur,ve —vr)p.
FEQT

While this choice obviously satisfies the properties (S1)-(S2), it fails to satisfy (S3)
(it is only consistent for polynomials of degree up to k). As a result, up to one order
of convergence is lost with respect to the estimates of Theorems 1 and 2 below.
For a discussion including fixes that restore optimal orders of convergence in HDG
see [10].

3.1.5 Consistency properties of the stabilization for smooth functions

In the following proposition we study the consistency properties of sy when its
arguments are reductions of a smooth function. We give a detailed proof since this
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result is a new extension of the bound in [22, Theorem 8] (see, in particular, Eq. (45)
therein) to more general stabilization bilinear forms.

Proposition 1 (Consistency of sy). Let sy denote a stabilization bilinear form sat-
isfying assumptions (S1)—(S3). Then, there is a real number C > 0 independent of h,
but possibly depending on d, p, and k, such that, for all T € ), and all v € Hk“(T),
it holds that

St (Lo, ) < CHEF M| gesar- (24)

Proof. We set, for the sake of brevity, vr := n}’kHv and abridge as A < B the in-

equality A < ¢B with multiplicative constant ¢ > 0 having the same dependencies as
C in (24). Using (S2) and (S3) we infer that

st (Lov, Iv)"? = s (I (v =), I (v— 7)) 2 < | 15 (v —v7) |17 (25)

Recalling (14), we have that

15 (v = 7)1} r =

Ve v )3+ Y hp' | v —vr —m (v —vr)lF. (26)
Feﬁr

Using the H'!(T)-boundedness of n?’k resulting from (5) with [ =k, and s = 1 fol-
lowed by the optimal approximation properties (7a) of vy (with v = 1,1 =k+1,
s =k+2,and m = 1), it is inferred that

IV (v —vr)llr S IV —57)llr SEH V] gy 27

~

On the other hand, for all F € %7 it holds that

—1 « - _ « v
hy P (0 — v — 20— ) e Syt |y — v — 22 (v — ) I
SIVv=vr)|lr (28)

k
S hTH HVHHHZ(T)v

where we have used the L*(F)-boundedness of ng’k together with (2) and the
discrete trace inequality (3) in the first line, a local Poincaré inequality resulting
from (7a) with ¢ =0,/ =k, s =1, and m = 0 to pass to the second line, and the op-
timal approximation properties of vy expressed by (7a) withax =1,l =k, s =k+2,
and m = 1 to conclude. Plugging (27) and (28) into (26), recalling that card(%7) < 1
(see (1)), and using the resulting bound to estimate (25), (24) follows. O

3.2 Discrete problem

We now show how to formulate the discrete problem from the local contributions
introduced in the previous section.
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3.2.1 Global spaces of degrees of freedom

We define the following global space of DOFs with single-valued interface un-

knowns:
Uk .= ( X ]P’k(T)> X ( X ]P’k(F)>.
Teyh Feyh

Notice that single-valued means here that interface values match from one element
to the adjacent one. For a generic element vy, € U ﬁ, we use the underlined notation
v, = ((vr)rez,, (vr)Fez,) and, forall T € .7}, we denote by vy = (vr, (vr )rez;) €
U its restriction to T. We also define the broken polynomial function v;, € P*(.},)
such that

Vh|T ‘= VT VTE%.

The DOFs corresponding to a smooth function v € W'1(Q) are obtained via the
reduction map I¥ : W'!(Q) — U* such that

0.k 0.k
Ly = (") reg,, (2" Ve )Fes,)-

We define on Uf the seminorm ||| , such that, for all v, € U¥,

Yy %,h = Z HET”%,Tu
(vl
Teg,

with local seminorm ||-|| 1 7 defined by (14). To account for the homogeneous Dirich-
let boundary condition (8b) in a strong manner, we introduce the subspace

Q;O::{thQﬂvFEO VFE?}E}.

We recall the following discrete Poincaré inequality proved in [13, Proposition 5.4]:
There exists a real number Cp > 0 independent of £, but possibly depending on £2,
p, and k, such that, for all v, € U ,

[[vall < Cellvyll1.n- 29)

Proposition 2 (Norm ||-||; ). The map ||-||1 » defines a norm on Qlfl,o-

Proof. The seminorm property being evident, it suffices to prove that, for all v, €
Ujo» [allin =0 = v, = 0. Let v, € Uy, be such that [|v,[|1 , = 0. By (29),
we have ||vy|| = 0, hence vy =0 for all T € .. From the definition (14) of the
norm ||-||;1,7, we also have that ||[vg —vr||p =0 for all T € J, and all F € Zy,
hence vp = vy = 0. Since any mesh face belongs to the set .%7 for at least one mesh
element T € 7}, this concludes the proof. O
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3.2.2 Global bilinear form

We define the global bilinear forms a, : Qﬁ X Qﬁ — R and s : Qﬁ X Qﬁ — R by
element-by-element assembly setting, for all u;,,v, € U ﬁ,

an(uy,vy) = Z ar (ur,vr), su(uy,vy) = Z st (ur,vr). (30)
Teyh Tefyh

Lemma 1 (Properties of a;). The bilinear form a;, enjoys the following properties:

(i) Stability. For all y;, € Q];l o it holds with 1 as in (19) that

- 2 2 . 2
n l||Xh”1,h < wallap = an@psv,) < vl - (€29)

(ii) Consistency. There is a real number C > 0 independent of h, but possibly de-
pending on d, p, and k, such that, for all w € H} (Q) NH*2(Q),

sup  Ep(wivy) < CH wl e g (32)

v €UR gllvnllin=1

with linear form &,(w;-) : Q’;l — R representing the conformity error such that,
forally, € Qﬁ,

E(wivy) = —(Dw,vi) —ap(Liw,vy). (33)

Proof. (i) Stability. Summing inequalities (19) over T € 7}, (31) follows.

(ii) Consistency. Let v, € U 20 be such that ||v,||; , = 1. Throughout the proof,
we abridge as A < B the inequality A < ¢B with multiplicative constant ¢ > 0
having the same dependecies as C in (32). For the sake of brevity, we also let
Wr = p’}“[’}w = n}’kﬂw (cf. (17)) for all T € J},. Integrating by parts element-
by-element, we infer that

—(AW,V},): Z ((VW,VVT)T+ Z (VWJITF,VF—VT)F). (34)

T, FeZr

To insert vr into the second term in parentheses in (34), we have used the fact that
ve=0forall F € ﬂ}l’ while, for all F € .%; such that F C dT; N d7T5 for distinct
mesh elements 71,72 € F, (VW)|7, -y + (VW) g, nryr = 0 (since w € H2(Q)),
so that

Y ¥ Gwnrrvr)e= ¥ (L (F)pnrevir s ¥ (Twn )y =0

TeJ, FeJr Feg) TeIr Fegp

On the other hand, plugging the definition (18) of ar into (30), and expanding

p’}“ vy according to (16) with w = Wr, it is inferred that
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an(Lyw,v,) = Y ((VWLVVT)T + Y (Vbrmre,ve—vr)F +ST(Z§W,ZT)> -
T, FeJr
(35
Subtracting (35) from (34), using the definition (6) of n}’kﬂ to cancel the first terms
in parentheses, and taking absolute values, we get

| (w3 v,)| =

Y ( ) (V(W—VT/T)-HTF,VF—VT)F-FST(ll%WaXT))|

TeJ, \Fe%r

1/2
< [ )3 (hT||v<w—wT>|5T+sT<szw,£;w>)]
TeI,

1/2
X [ Y (IZTIiaTJrST(zT,yT))] :

T,

Using (7Tb) with ox = 1,l =k+1, s =k+2, and m = 1 together with (24) for the first
factor, and the seminorm equivalence (19) together with the fact that ||v,||; , = 1 for
the second, we infer the bound

|£}1(W,Z}l>| 5 hk+1 ||WHH1<+2(Q).

Since yj, is arbitrary, this yields (32). O

3.2.3 Discrete problem and well-posedness

The discrete problem reads: Find u;, € U Zo such that

an(wy,vy) = (fovn) Vv, €Ul (36)

Lemma 2 (Well-posedness). Problem (36) is well-posed, and we have the following
a priori bound for the unique discrete solution u;, € U 2’0:

][0 < MCell£]]-

Proof. We check the assumptions of the Lax—Milgram lemma [33]. Clearly, U’ 20
equipped with the norm ||-||; 4 is a Hilbert space. The bilinear form aj, is coercive
and continuous owing to (31) with coercivity constant equal to 7~ !. The linear form
v, — (f,vs) is continuous owing to (29) with continuity constant equal to Cp. O

3.2.4 Implementation

Let a basis %), for the space U ﬁ.o be fixed such that every basis function is supported
by only one mesh element or face. For a generic element y;, € U ﬁ o> denote by V
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the corresponding vector of coefficients in ), partitioned as

where the subvectors V # and V #, collect the coefficients associated to element-
based and face-based DOFs, respectively. Denote by A; the matrix representation
of the bilinear form a, and by By, the vector representation of the linear form
v, — (f,vn), both partitioned in a similar way. The algebraic problem corresponding
to (36) reads

o e B e I e a7
T = .
Agz i Az, | | Vg 0z,
Ah Uh Bh

The submatrix Ag 7 is block-diagonal and symmetric positive definite, and is
therefore inexpensive to invert. In the practical implementation, this remark can be
exploited by solving the linear system (37) in two steps (see, e.g., [10, Section 2.4]):

(i) First, element-based coefficients in U 4 are expressed in terms of B, and U #,
by the inexpensive solution of the first block equation:

Uz =A%z (B —Az5Us,) . (382)

This step is referred to as static condensation in the Finite Element literature;
(ii) Second, face-based coefficients in U #, are obtained solving the global skeletal
(i.e., involving unknowns attached to the mesh skeleton) problem

T —1 _ AT —1
(A5~ AL 5 AL 5 AZ5 ) Us, = A 5 AL B (38D)

This computationally more intensive step requires to invert the matrix in paren-
theses in the above expression. This symmetric positive definite matrix, whose
stencil is the same as that of A g, 7, and only involves neighbours through
faces, has size Ngor X Ngof With

(38¢)

; k+d—1
Ngof = card(.F),) X ( + )

k

3.2.5 Local conservation and flux continuity

At the continuous level, the solution of problem (9) satisfies the following local
balance for all T € ., and all vy € P¥(T):

(Vu,Vvr)r — Y. (Vunrr,vr)r = (fivr)r, (39a)
Feﬁr
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and the normal flux traces are continuous in the sense that, for all F € f,i such
that F C dT; N dT» with distinct mesh elements 71,7 € .7, it holds (see, e.g., [17,
Lemma 4.3])

(Vu)m ‘nrr+ (VM)\TZ'HTZF =0. (39b)

We show in this section that a discrete counterpart of the relations (39) holds for the
discrete solution. This property is relevant both from the engineering and mathe-
matical points of view, and it can be exploited to derive a posteriori error estimators
by flux equilibration. It was originally highlighted in [18] and, using different tech-
niques, in [10] for the stabilization bilinear form sy defined by (23). Here, using yet
a different approach, we extend these results to more general stabilization bilinear
forms.
Let a mesh element 7' € .9}, be fixed. We define the space

DY = X PNF), (40)

FeJr

askwell as the boundary difference operator A’ ST U ’} — QST such that, for all y; €
ur k k
Arvr = (Arpvr)Fesy = (VF — VT |F)Fesy- (41)

A useful remark is that, for all v; € U’ k., it holds

vp —Lovy = (v — 1y vr, (vp — 11 ) pesy) = (0,45, v7),  (42)

where the conclusion follows observing that, for all T € ), and all F € Jr,
n?’va =y and ng’va‘F =vr|F since vy € P¥(T) and vr|F € PX(F).

We show in the next proposition that any stabilization bilinear form with a suit-
able dependence on its arguments can be reformulated in terms of boundary differ-
ences.

Proposition 3 (Reformulation of the stabilization bilinear form). Let T € .9,
and assume that st is a stabilization bilinear form that satisfies assumptions (S1)—
(S3) and that depends on its arguments only through the residuals defined by (21).
Then, it holds for all uy,vy € Ql% that

st(up,vy) = s7((0,A5uz),(0,45,v7)). (43)
Proof. Tt suffices to show that, for all v, € U%,
5]T<YT = 5% (OvégTET)a 5]T<FZT = 5]T<F (OaASTYT) VF € Zr.

Let us start by 85. Since vy € PX(T), p&' thvr = " vy = vr. Hence,
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ko 0k k+1
Orvy = 7" (pr' vy —vr)

= (P vy — P vy
0,k
=77 P]%H(XT _ZI%VT) = 87]("(05é§T£T)5

where we have used the linearity of p’}“ to pass to the third line and (42) to con-

clude. Let now F € %7 and consider S%F. We have

k _ 0k, k+1
Orpvr = g (Pp' vy —VF)

0k ket k1 gk
=nz (pr vy —pr Ipvr +vr —vr)

0,k
=Ty (1’];+1(OvégT2T) _A;{"FKT) = SITCF (OaASTXT)a

where we have introduced vy — p&™ I5vr = 0 in the second line, used the linearity

of pl}H together with (42) and the definition (40) of é’éT in the third line, and
concluded recalling the definition (21) of 8f,. O

Define the boundary residual operator RY.. : U% — D% such that, for all v, € U%,
R vy = (Rypvy)re 7y satisfies for all @yr = (07 )resy € Dy

— Y (RSpvr,orr)r = s7((0,A57v7), (0, 257)). (44)

FeZr

Problem (44) is well-posed, and computing R’; FYr Tequires to invert the boundary
mass matrix.

Lemma 3 (Local balance and flux continuity). Under the assumptions of
Proposition 3, denote by u;, € U’ ﬁ o the unique solution of problem (36) and,
forall T € 9, and all F € Fr, define the numerical trace of the flux

Srr(ur) == —Vpyur nrr + Ry puy

with RIIQF defined by (44). Then, for all T € J, we have the following discrete
counterpart of the local balance (39a): For all vy € PX(T),

(Vo ur, Vor)r + Y, (Srr(ur),vr)r = (f,ve)r, (45a)
Fer

and, for any interface F € F} such that F C 9Ty N 9T, with distinct mesh
elements T\, T, € 9, the numerical fluxes are continuous in the sense that
(compare with (39b)):

St (ug,) +Styr (ug,) = 0. (45b)
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Proof. Lety, € Q’;LO. Plugging the definition (18) of ar into (30), using for all T €
T, the definition of pAv; with w = p&'u;., and recalling the reformulation (43)

of s together with the definition (44) of BET to write

st(ur,vp)=— Y. (Rypur,ve —vr)r VT € G, (46)

FeJr

we infer from the discrete problem (36) that

Z (VP]%HH%VVT)T + Z (VP];HET'HTF _RIYC"FﬂTvvF —vr)r | = (f,vn)-
T, FeZr

Selecting v, such that vz spans P¥(T) for a selected mesh element 7' € .7, while
vpr =0 forall T € 9, \{T} and vp = 0 for all F € .%;,, we obtain (45a). On the
other hand, selecting v;, such that vy =0 forall T € .7}, vp spans Pk (F) for a selected
interface F € 35;1 such that F C dTy N dT> for distinct mesh elements T7,T> € 7},
and vy = 0 for all F/ € %, \ {F} yields (45b).

Remark 4 (Interpretation of the discrete problem). Lemma 3 and its proof provide
further insight into the structure of the discrete problem (36), which consists of
the local balances (45a) (corresponding to the local block equations (38a)) and a
global transmission condition enforcing the continuity (45b) of numerical fluxes
(corresponding to the global skeletal problem (38b)).

3.3 A priori error analysis

Having proved that the discrete problem (36) is well-posed, it remains to determine
the convergence of the discrete solution towards the exact solution, which is pre-
cisely the goal of this section.

3.3.1 Energy error estimate

We start by deriving a basic convergence results. The error is measured as the differ-
ence between the exact solution and the global reconstruction obtained from the dis-

crete solution through the operator p];l“ U ﬁ — P*1(.7,) such that, for all v, € U ﬁ,

(p]}(1+12h)\T = p vy VT € 9. (47)

Theorem 1 (Energy error estimate). Let a polynomial degree k > 0 be fixed.
Let u € H}(Q) denote the unique solution to (9), for which we assume the



An introduction to Hybrid High-Order methods 21

additional regularity u € H**2(Q). Let u, € U 1570 denote the unique solution
to (36) with stabilization bilinear form st in (18) satisfying assumptions (S1)-
(S3) for all T € J},. Then, there exists a real number C > 0 independent of h,
but possibly depending on d, p, and k, such that

IVa(pyt wy — )] + |y |s o < CHH! [l g2 (@) (48)

where |-|s j, is the seminorm defined by the bilinear form s, on U~

Proof. Let, for the sake of brevity, i), := l’;lu and iy, 1= pﬁ“@h. We abridge as A < B
the inequality A < c¢B with multiplicative constant ¢ > 0 having the same dependen-
cies as C in (48). Using the triangle and Cauchy—Schwarz inequalities, it is readily
inferred that

1/2
k+1 ~ M 2 A2
IVa(py gy — ) || + g ls.p < llwg — g llan + (||Vh(“h —u)||*+ |£h|s,h-) - (49

% ¥

We have that
T = ay (uy, uy, — ) — 2y, (8w, — )
= (fsun —n) — an (b, uy, — ) = (w3 1y, — ),

where we have used the definition (31) of the ||-||, ,-norm together with the linear-
ity of a; in its first argument in the first line, the discrete problem (36) to pass to
the second line, and the definition (33) of the conformity error to conclude. As a
consequence, assuming u;, 7 i, (the other case is trivial), we have that

ﬂd§&<”_&;&;>S”W@(w_g;ﬁ_>swﬁ sup (),

Mt = pllan o = aallin ) T eut e

where we have used the linearity of &}, (u;-), the first bound in (31), and a passage to
the supremum to conclude. Recalling (32), we arrive at

%1 | S H ull gz ) - (50)
On the other hand, using the approximation properties (7a) of iy with . = 1,1 =
k+1,s=k+2,and m = 1 together with the approximation properties (24) of sr, it
is inferred for the second term

1Ta| S H ull oz ) - (51)

Using (50) and (51) to bound the right-hand side of (49), (48) follows. 0O
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3.3.2 Convergence of the jumps

Functions in H'(.7,) are in H} () if their jumps vanish a.e. at interfaces and their
trace is zero a.e. on d€2; see, e.g., [17, Lemma 1.23]. Thus, a measure of the non-
conformity is provided by the jump seminorm |-|; , such that, for all v € H'(.7},),

1.0k
Vin= Y hptllme velE, (52)

FeZy,

where [-]F denotes the usual jump operator such that, for all faces F € %}, and all
functions v : Ure 5, T — R smooth enough,

VTV VF € 3‘\7“1 ﬁchTz, 53

W {v VF € Fp. ©3)

A natural question is whether the jump seminorm of pﬁ“ u;, convergences to zero.

The answer is provided by the following lemma.

Lemma 4 (Convergence of the jumps). Under the assumptions and notations of
Theorem 1, and further supposing, for the sake of simplicity, that the local stabiliza-
tion bilinear form st is given by (22), there is a real number C > 0 independent of
h, but possibly depending on d, p, and k, such that

1P upls s < CHlul| e ). (54)

Proof. Inserting uy inside the jump and using the triangle inequality for every inter-
face F € %, and recalling that vy = 0 on every boundary face F € .%, }'L’, itis inferred
that

1.0k —11..0.k
Y, hptllmp oy wlellF <2 Y Y kel (08w — ) |
Fe%, FeZ,TeIr

1Ok, k 2 2
<2 Z Z hFl||7fF (pT+lﬂT_uF)HF§2|Hh|s,h'
TeIFer

Using (48) to bound the right-hand side yields (54).

3.3.3 L%-error estimate

To close this section, we state a result concerning the convergence of the error in the
L?-norm. Optimal error estimates require in this context further regularity for the
continuous operator. More precisely, we assume that, for all g € L>(Q), the unique
solution of the problem: Find z € H} () such that

a(z,v) = (g,v) Vv € Hy (2)

satisfies the a priori estimate
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Izl g2 ) < Cligll,

with real number C depending only on 2. Elliptic regularity holds when the domain
Q is convex; see, e.g., [30]. The following result, whose detailed proof is omitted,
can be obtained using the arguments of [22, Theorem 10] and [1, Corollary 4.6].

Theorem 2 (L>-error estimate). Under the assumptions and notations of
Theorem 1, and further assuming elliptic regularity and that f € H'(Q) if
k=0, f € H*(Q) ifk > 1, there exists a real number C > 0 independent of h,
but possibly depending on Q, d, p, and k, such that

CR||fllg (o) ifk=0,

: (55)
ChHk+2 (||u||Hk+2(Q) + ||f||Hk(Q)) ifk>1.

k1
g gy —ul| < {

Remark 5 (Supercloseness of element DOFs). An intermediate step in the proof of
the estimate (55) (see [22, Theorem 10]) consists in showing that the element DOFs
are superclose to the L2-projection of the exact solution on P¥(.7},):

Cr||f ifk =0,
7% — | < k-|i2 e . (56)
2 (|l sz ) + 1 F ) ik 1.

This is done adapting to the HHO framework the classical Aubin—Nitsche technique.

3.4 A posteriori error analysis

For smooth enough exact solutions, it is classically expected that increasing the
polynomial degree k will reduce the computational time required to achieve a de-
sired precision; see, e.g., the numerical test in Section 3.5.2 below and, in particular,
Fig. 6. However, when the regularity requirements detailed in Theorems 1 and 2 are
not met, the order of convergence is limited by the regularity of the solution instead
of the polynomial degree. sTo restore optimal orders of convergence, local mesh
adaptation is required. This is typically done using a posteriori error estimators to
mark the elements where the error is larger, and locally refine the computational
mesh based on this information. Here, we present energy-norm upper and lower
bounds for the HHO method (36) inspired by the residual-based approach of [27].
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3.4.1 Error upper bound

We start by proving an upper bound of the discretization error in terms of quantities
whose computation does not require the knowledge of the exact solution. We will
need the following local Poincaré and Friedrichs inequalities, valid for all T € .9,
and all ¢ € H(T):

o — 207 < Corhr||Vollr, (57)
lp —000llar < LIV ollr. (58)

In (57), Cpr is a constant equal to n~Vif T is convex [2,36], and for which upper
bounds on nonconvex elements can be found in [38]. In (58), Cr 7 is a constant
which, if T is a simplex, can be estimated as Cg 7 = Cp 7 (hr19Tla-1/|7|,)(2/d 4+ Cp 1)
(see [17, Section 5.6.2.2]).

Theorem 3 (A posteriori error upper bound). Let u € Hy (22) and w, € Uy,
denote the unique solutions to problems (9) and (36), respectively, with local
stabilization bilinear form st satisfying the assumptions of Proposition 3 for
all T € ). Let u}; be an arbitrary function in H} (). Then, it holds that

1/2
||Vh(pl;l+lﬂh _u)” < [ Z (nr%c,T_F(nres,T+nsta7T)2)‘| 5 (59)
T,

with local nonconformity, residual, and stabilization estimators such that, for
allT € 9,

e, = ||V(P5 ur —uj) |7, (60a)
Nres,7 := Cp,rhr || (f+ Apljcj»lﬂT) - ”%0 (f+ Apljcj»lﬂT) ||T7 (60b)
1/2
Toar = c;{;h;”( y nR';FuTn%) , o
FeZp

where, for all F € 7, the boundary residual R’; r 18 defined by (44).

Remark 6 (Nonconformity estimator). To compute the estimator 1,c 7, we can ob-
tain a H(% (£2)-conforming function u; by applying a node-averaging operator to
p];l*l uy,. Let an integer [ > 1 be fixed. When .7}, is a matching simplicial mesh
and .7, is the corresponding set of simplicial faces, the node-averaging operator
I PHT,) — PH(Z,) NH(Q) is defined by setting for each (Lagrange) interpo-
lation node N



An introduction to Hybrid High-Order methods 25

WZTeyN(Vh)\T(N) ifNeQ,

Flv,(N) =
(V) {0 ifN €9,

where the set Iy C 7}, collects the simplices to which N belongs. We then set
w = S pktly, (61)

The generalization to polytopal meshes can be realized applying the node averaging
operator to p];lH u;, on a simplicial submesh of .7}, (whose existence is guaranteed

for regular mesh sequences, see Definition 3).

Proof. Let the equation residual % € H~'(£) be such that, for all ¢ € H} (L),
(#,0)_11:=(f,0) — (Vhpﬁﬂgh,V(p). The following abstract error estimate de-
scends from [17, Lemma 5.44] and is valid for any function u} € Hj (Q):

2
IIVh(p’li“zh—u)IzSIIVh(p’li“zh—uZ)ller( sup <9?a<P>1,1> . (62)
PEH}(Q),]|IVe| =1

Denote by ¥ and ¥, the addends in the right-hand side of (62).
(i) Bound of ¥|. Recalling the definition (60a) of the nonconformity estimator,
it is readily inferred that

T=Y nkr (63)
TeI,

(ii) Bound of ¥,. We bound the argument of the supremum in ¥, for a generic
function ¢ € H(} (). Using an element-by-element integration by parts, we obtain

(Z,0) 11 = Z <(f+AP]%+1£T7<P)T— Z (Vp];-HET'nTFa(P)F)- (64)
=T FeZr

Letnow @, < QZO be such that @7 = g,oq) forall T € 9, and @p = ng’k(p‘p for all
F € F,. We have that

Y (@O + A0 ur),0)r = Y (AP up, or)r

Te9, T,
- Z (aT(ZTaET)+ Z (VP];HZT'HTF,‘PT)F)
T, FeZr
= Z (ST(ET7£T)+ Z (Vpl;+lﬂT'nTFa(p)F>7
T, FeZr

(65)
where we have used definition (4) of ng’o in the first line, the discrete problem (36)
with v, = ¢, and an element-by-element integration by parts together with the fact
that Vo7 = 0 for all T € .7}, in the second line. In order to pass to the third line,
we have expanded ar according to its definition (18) and used (16a) with y; = [
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and w = pl}ﬂ uy for the consistency term (in the boundary integral, we can write ¢
instead of @r using the definition (4) of ng’k).
Summing (65) and (64), and rearranging the terms, we obtain

(%Z,0) 11="Y, ((f+ APST =m0 (f + APk ur), 0 - (PT)T+ST(ZT=£T)) :

Te,

(66)
where we have used the definition (4) of ng’o to insert @7 into the first term. Let
us estimate the addends inside the summation, hereafter denoted by > 1(7) and
%52(T). Using the Cauchy—Schwarz and local Poincaré (57) inequalities, and re-
calling the definition (60b) of the residual estimator, we readily infer, for all T € .7},
that

|S2,1(T)| < nres,T”V(PHT- (67)

On the other hand, recalling the reformulation (46) of the local stabilization bilinear
form s we have, forall T € .7,

2T =| Y Rbpur,0—0r)r| < NwarllVollr, (68)

FeZr

where we have used the fact that @ = 7@ and Rk ,u; € P*(F) together with the
definition (4) of ng’k to write ¢ instead of @ inside the boundary term, and the
Cauchy—Schwarz and local Friedrichs (58) inequalities followed by definition (60c)
of the stability estimator to conclude. Using (67) and (68) to estimate the right-hand
side of (66) followed by a Cauchy—Schwarz inequality, and plugging the resulting
bound inside the supremum in %, we arrive at

$2 < Z (Tlres,T + nsta,T)z- (69)
Te,

(iii)) Conclusion. Plugging (63) and (69) into (62), the conclusion follows. O

3.4.2 Error lower bound

In practice, one wants to make sure that the error estimators are able to correctly
localize the error (for use, e.g., in adaptive mesh refinement) and that they do not
unduly overestimate it. We prove in this section that the error estimators defined in
Theorem 3 are locally efficient, i.e., they are locally controlled by the error. This
shows that they are suitable to drive mesh refinement. Moreover, they are also glob-
ally efficient, i.e., the right-hand side of (59) is (uniformly) controlled by the dis-
cretization error, so that it cannot depart from it.

Let a mesh element T € .7, be fixed and define the following sets of faces and
elements sharing at least one node with 7'

ﬁ/y,T::{FeﬁHfﬂ&T;é(b}, Q/V’TI:{T/E%JT/QT#@}.
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Let an integer [ > 1 be fixed. The following result is proved in [32] for standard
meshes: There is a real number C > 0 independent of A, but possibly depending on
d, p, and I, such that, for all v, € P/(.7;,) and all T € .%,,

v —ZgvullF <C Y, hellvalel7 (70)
FeZ 41

with jump operator defined by (53). Following [17, Section 5.5.2], (70) still holds on
regular polyhedral meshes when the nodal interpolator is defined on the matching
simplicial submesh of Definition 3. We also note the following technical result:

Proposition 4 (Estimate of boundary oscillations). Let an integer | > 0 be fixed.
There is a real number C > 0 independent of h, but possibly depending on d, p, and
1, such that, for all mesh elements T € .7, and all functions @ € H' (T),

he Pl — 72l ollr < C||[Vollr. (7

Proof. We abridge as A < B the inequality A < ¢B with multiplicative constant ¢ > 0
having the same dependencies as C in (71). Let F € %7 and observe that

o —mp'ollr < o — a7 ollr + || m2' (" 0 — )| F

(72)
0.,] 1
<2)lp - ollr SV,

where we have inserted iﬂ:?’l(p and used the triangle inequality to infer the first
bound, we have used the L?(F)-boundedness of ng’l to infer the second, and in-

voked (7b) with & = 0, m = 0, and s = 1 to conclude. Using the fact that iy /hp < 1
owing to (2) gives the desired result. O

Theorem 4 (A posteriori error lower bound). Under the assumptions of
Theorem 3, and further assuming, for the sake of simplicity, (i) that the lo-
cal stabilization bilinear form st is given by (22) for all T € 9}, (ii) that uj,
is obtained applying the node-averaging operator to pflﬂ u, on J if I is
matching simplicial or on the simplicial submesh of Definition 3 if this is not
the case, and (iii) that f € P¥*1(.9,), it holds for all T € 7},

Mher < C (Il wy—w)lrr +lls, v ), (730)
Mres.7 < ClIV (P ur —u 1), (73b)
Nsta,r < Cluz|s.T, (73¢)

where C > 0 is a real number possibly depending on d, p, and on k but inde-
pendent of both h and T. For all T € ), ||-||.x r denotes the L*-norm on the
union of the elements in 7y 7 and we have set
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)1/2’ |Eh|§7W7T = Z |ET|§,T"
T'eTy 1

|HT |s,T =Sr (!T yUr

Proof. Let a mesh element T € .7}, be fixed. In the proof, we abridge as A < B the
inequality A < ¢B with multiplicative constant ¢ > 0 having the same dependencies
as C in (73).

(i) Bound (73a) on the nonconformity estimator. Using a local inverse inequality
(see, e.g., [17, Lemma 1.44]) and the relation (70), we infer from (60a) that

Moer She? P ur —will7 S Y b lof wlr |7, (74)
FeZ yr

where we have used the fact that, owing to mesh regularity, hp < hy for all F €

F_y 1. Using the fact [u]r = 0 for all F € %, (see, e.g., [17, Lemma 4.3]) to write

[pﬁ“gh — ulF instead of [pﬁ“gh]p, inserting ng’k[p’;l“gh]p — ng’k[p’;l“zh —ulp=0

inside the norm, and using the triangle inequality, we have for all F € .Z 4 7,

0,k 0.k
Iy wlelle < oy w, — ulr — 22" 0wy — ulre || F + |7 [P) wy] eIl

0.k 0.k
< Y N ur —u) — e (P — )|+ 1|7 [P e N s
TeIr

where we have expanded the jump according to its definition (53) and used a triangle
inequality to pass to the second line. Plugging the above bound into (74), and using

multiple times (71) with ¢ = p’}“ ur —uforT € Ty r, we arrive at

10k
Moot SV ur =2 7+ Y kel (g w7
FeZ y 1

To conclude, we proceed as in the proof of Lemma 4 to prove that the last term is
bounded by | gh|3 _y 7 Up to a constant independent of 4.

(i1)) Bound (73b) on the residual estimator. We use classical bubble function
techniques, see e.g. [37]. For the sake of brevity, we let rr := fir + Ap’}“gT.
Denote by ¥, the simplicial submesh of .7, introduced in Definition 3, and let
T :={1€ T, | T CT}, the set of simplices contained in T. For all T € T7, we
denote by b; € H(% (1) the element bubble function equal to the product of barycen-
tric coordinates of 7 and rescaled so as to take the value 1 at the center of gravity of
7. Letting y; := b.rr for all T € Tr, the following properties hold [37]:

we=00n07, (750 |rrl2 S (7, we)e, (750)  [lyelle S llrrlee (750)

We have that
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lrrli7 = Y lrrlz S Y (o we)e

€T Te¥T
= Z (V(”_P];HZT)aVWr)r
€% 7
" (76)
< |V(u—piur)|r ( Y hﬂll%l%)
Te¥T

- k+1
N hTIHV(”_PTJr ET)”TH”THT,

where we have used property (75b) in the first line, the fact that f = —Au to-
gether with an integration by parts and property (75a) to pass to the second line, the
Cauchy-Schwarz inequality together with a local inverse inequality (see, e.g., [17,
Lemma 1.44]) to pass to the third line, and (75c) together with the fact that
h.' < (phr) ! for all T € Tr (see Definition 3) to conclude. Recalling the def-
inition (60b) of the residual estimator, observing that ||ry — n?’OrTHT <|rrllr as
a result of the triangle inequality followed by the L*(T')-boundedness of n:g’o, and
using (76), the bound (73b) follows.

(iii) Bound (73c) on the stabilization estimator. Using the definition (44) of the
boundary residual operator I_QST withvy =up and 0y = —hTI_QSTgT = (—hTRI%FHT)Feﬂp
the stabilization estimator (60c) can be bounded as follows:

nszta,T = Crrsr(ur, (0, _hTBSTZT)) < lurls (0, _hTBSTZT)ls-,T' (77)

On the other hand, from property (S2) in Assumption 1, the relation (2), and the
definition (60c) of Nsa,r, it is inferred that

1/2

_ _ —1

(0, ~hr RS ur)lsr < n'? ( Y gt IIhTR’%FuTII%> <n'"pCh Maar
FE.gT

Using this estimate to bound the right-hand side of (77), (73c) follows. 0O

Corollary 1 (Global lower bound). Under the assumptions of Theorem 4, there
exists a constant C independent of h, but possibly depending on d, p and k, such
that

1/2
Y (s + (s + nm,nz)] < (IIVa (P = )| + gl
TeI,

3.5 Numerical examples

We illustrate the numerical performance of the HHO method on a set of model
problems.
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3.5.1 Two-dimensional test case

The first test case, taken from [22], aims at demonstrating the estimated orders of
convergence in two space dimensions. We solve the Dirichlet problem in the unit
square Q = (0,1)? with

u(x) = sin(mx; ) sin(7x;), (78)

and corresponding right-hand side f(x) = 272 sin(7tx;) sin(7x,) on the the triangu-
lar and polygonal meshes of Fig. 1a and 1c. Fig. 4 displays convergence results for
both mesh families and polynomial degrees up to 4. Recalling (50) and (56), we
measure the energy- and L2-errors by the quantities || I5u — u,||,., and Hir}? *u—uy),
respectively. In all cases, the numerical results show asymptotic convergence rates
that match those predicted by the theory.

|—o—k:0+k:1+k:2—*—k:3—o—k:4|

100 |

\\
j

105 .
10-6|- R
5 1077 = 5 -
4 1
107 34 3
2 1079 2
1 1
1 1
10! ! ! ! 10" e ! ! ! ! ! [
1072,5 1072 10715 10724 10722 1072 10713 1071,5 10714 10712
(a) ||[’;Lu — uy||an Vs. h, triangular mesh (b) ||[’;Lu — ty||a,n vs. h polygonal mesh
T T T T T T T T T T
1072 | b
1073 | b
1075 | 8
10 b
10 8 :
s s
i 10 9 3 -
11 m 3
10! 3 2
1 10712 1 1 B
10*]4 L L L L L L L L L L
10725 10 2 1071.5 10 24 10 22 10 2 10 1.8 10716 10 1.4 10 12
0,k . 0,k
() ||, u—up|| vs. h, triangular mesh (d) || 7, " u— uy|| vs. h, polygonal mesh

Fig. 4: Error vs. h for the test case of Section 3.5.1.
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3.5.2 Three-dimensional test case

The second test case, taken from [27], demonstrates the orders of convergence in
three space dimensions. We solve the Dirichlet problem in the unit cube Q = (0,1)?
with

u(x) = sin(7x;) sin(7x, ) sin(7wx3),

and corresponding right-hand side f(x) = 372 sin(7x; ) sin(7x2) sin(7tx3) on a match-
ing simplicial mesh family for polynomial degrees up to 3. The numerical results
displayed in Fig. 5 show asymptotic convergence rates that match those predicted
by (48) and (55). In Fig. 6 we display the error versus the total computational time
tot (including the pre-processing, solution, and post-processing). It can be seen that
the energy- and L2-errors optimally scale as tt(gr V4 and tt(gr 2/ (with d = 3), respec-
tively.

|—o—k:0+k:1+k:2—*—k:3 |

100F T T T T T LE T T T T T E

1072

10! / E B ]
; E 103 E
1072 E| § 1
i ] 1074 E
b 1 F s
-3 B F 1

10k : :

I 3

>

1

10 3

10 6

4
s
2
1

1

1078 £ L L L L E| 10775 L L L IE|
JTURLE (VR (VR 107! 1008 10706 10" 1074 j0-12 107! 10708 10706

(a) ||Vh(p]h‘“gh—u)H vs. h (b) Hp/}‘l“gh—uH vs. h

Fig. 5: Error vs. h for the test case of Section 3.5.2.

3.5.3 Three-dimensional case with adaptive mesh refinement

The third test case, known as Fichera corner benchmark, is taken from [27] and is
based on the exact solution of [29] on the etched three-dimensional domain Q2 =

(—1,1)3\[0,1]*
u(x) = \/x3+x3+x3,

with right-hand side f(x) = —3/4(x +x3 +x%)~7*. In this case, the gradient of the
solution has a singularity in the origin which prevents the method from attaining
optimal convergence rates even for k = 0. In Fig. 7 we show a computation compar-
ing the numerical error versus Ngof (cf. (38c)) for the Fichera problem on uniformly
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|—0—k:0+k:1+k:2—*—k:3
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Fig. 6: Error vs. total computational time for the test case of Section 3.5.2.

and adaptively refined mesh sequences for polynomial degrees up to 3. Clearly, the
order of convergence is limited by the solution regularity when using uniformly
refined meshes, while using adaptively refined meshes we recover optimal orders
of convergence of N((jko?)/ ¢ and Nék(;z)/ ¢ (with d = 3) for the energy- and L>-errors,

respectively.

-@-k=0un—e—k=0ad-m- k=lun-—m—k=1ad-e® k=2un—e—k=2ad

10!

1021
- 173

103 E
B 1
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(a) Energy-error vs. Nyof (b) L2-error vs. Nyof

Fig. 7: Error vs. Nyof for the test case of Section 3.5.3.
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4 A nonlinear example: The p-Laplace equation

We consider in this section an extension of the HHO method to the p-Laplace equa-
tion. This problem will be used to introduce the techniques for the discretization
and analysis of nonlinear operators, as well as a set of functional analysis results of
independent interest. An additional interesting point is that the p-Laplace problem
is naturally posed in a non-Hilbertian setting. This will require to emulate a Sobolev
structure at the discrete level.
Let p € (1,+o0) be fixed, and set p’ := p%l. The p-Laplace problem reads: Find
u: 2 — R such that _
V- (o(Vu))=f in Q, (79)
u=20

on dQ,

where f e LV () is a volumetric source term and the function o : R? — R is such
that
o(t) = |7’ % (80)

The p-Laplace equation is a generalization of the Poisson problem considered in
Section 3, which corresponds to the choice p = 2.
Classically, the weak formulation of problem (79) reads: Find u € WO1 7(Q) such

that, for all v € W, 7 (),
a(u,v) = /ﬂf(x)v(x)dx7 (81)
where the function a : W7 (Q) x W»() — R is such that
a(u,v) = /Q & (Vu(x))-Vv(x)dx. (82)

From this point on, to alleviate the notation, we omit both the dependence of the
integrand on x and the differential from integrals.

4.1 Discrete W'-P-norms and Sobolev embeddings

In Section 3, the discrete space U} , and the norm ||-||1;, have played the role of the
Hilbert space H} (£2) and of the seminorm |-[ ;1 (@)- respectively (notice that |-[ 1 q)
is a norm on Hé () by virtue of the continuous Poincaré inequality). For the p-

Laplace equation, U’ Z‘O will replace at the discrete level the Sobolev space WO1 P,
A good candidate for the role of the corresponding seminorm ||y 1., (@) 1s the map

||“[[1,p, such that, for all v, € U,

allf =Y, lerll? 7 (83)
Teg,
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where, for all T € .7,

1—
el r = IV e+ X, e =il (34
FeZrp

The power of i in the second term ensures that both contributions have the same
scaling.

The following discrete Sobolev embeddings are proved in [13, Proposition 5.4].
The proof hinges on the results of [16, Theorem 6.1] for broken polynomial spaces
(based, in turn, on the techniques originally developed in [28] in the context of Finite
Volume methods). Their role in the analysis of HHO methods for problem (81) is
discussed in Remark 9.

Theorem 5 (Discrete Sobolev embeddings). Let a polynomial degree k > 0
and an index p € (1,+o00) be fixed. Let (M}) e denote a regular sequence
of meshes in the sense of Definition 3. Let 1 < g < ddfpp if1l<p<dand
1 < g < 4o if p > d. Then, there exists a real number C > 0 only depending
on 2, p, I, p, and q such that, for all v, € Qﬁ,o’

IVillza@) < Cllvall1,p.p- (85)

Remark 7 (Discrete Poincaré inequality). The discrete Poincaré inequality (29) is a
special case of Theorem 5 corresponding to p = g = 2 (this choice is possible in any
space dimension).

4.2 Discrete gradient and compactness

The analysis of numerical methods for linear problems is usually carried out in
the spirit of the Lax—Richtmyer equivalence theorem: “For a consistent numerical
method, stability is equivalent to convergence”; see for instance [12] for a rigorous
proof in the case of linear Cauchy problems. When dealing with nonlinear problems,
however, some form of compactness is also required; cf. Remark 10 for further
insight into this point. In order to achieve it for problem (81), we need to introduce
a local gradient reconstruction slightly richer than V p’}“; see (16).

Let a mesh element T € .7, be fixed. By the principles illustrated in Section 3.1.1,
we define the local gradient reconstruction G : U% — PX(T)4 such that, for all
vr € US,

(Givr, 0)r =—(vr,V-O)r+ Y, (vr.tmrp)r VT EPN(T)" (86)
Feﬁr
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Notice that here we reverted to the L?-product notation instead of using integrals to
emphasize the fact that the definition of G% is inherently L?-based.

Remark 8 (Relation between G and pi™). Taking © = Vw with w € P¥+1(T)
in (86) and comparing with (16a), it is readily inferred that

(Ghvy —VpEFy V) =0 Yw e PFI(T), (87)

ie., Vpktly, is the L2-projection of GXv; on VP¥H!(T)  P¥(T)4. In passing,
we observe that for k = 0, using the fact that VP!(T) = P°(T)¢, (87) implies that
Gyvr = Vprvr.

Choosing a larger arrival space for Gl} has the effect of modifying the commuting
property as follows (compare with (17)): For all v € W1 (T),

(Gh o 15y = 05 (Ww). (88)

At the global level, we define the operator G5 : Uk — P¥(Z,)? such that, for all
v, € Qlfu

(Gjwy)r =Gy VT €, (89)

The commuting property (88) is used in conjunction with the properties of the L2-

projector to prove the following lemma, which states the compactness of sequences
of HHO functions uniformly bounded in a discrete Sobolev norm.

Lemma 5 (Discrete compactness). Let a polynomial degree k > 0 and an
index p € (1,400) be fixed. Let (M}, e denote a regular sequence of meshes
in the sense of Definition 3. Let (v )hen € (Qﬁ,o)h&%” be a sequence for which
there exists a real number C > 0 independent of h such that

[vallipn <C  Vhe A
Then, there exists v € WO1 P () such that, up to a subsequence, as h — 0,
(i) v, — vandpffl\_)h — v strongly in L1(Q) forall 1 < g < d—df’; ifl<p<d

and1 < g < +ifp>d;
(ii) Gky,, — Vv weakly in LP(Q)“.

4.3 Discrete problem and well-posedness

The discrete counterpart of the function a defined by (82) is the function aj : U’ ﬁ X
U% — R such that, for all uy,,v;, € U%,
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ay (U, vy) = /Q o(Gyu)-Gy,+ Y sr(ur,vyr). (90)
T,

Here, forall T € 9, st : Q’} x U’ I; — R is a local stabilization function which can
be obtained, e.g., by generalizing (23) to the non-Hilbertian setting:

sr(ur,vy) =

Y i " [ (8keur — Sl (Sfrur — Shur) 8y — Sfur). O
Feﬂr

The discrete problem reads: Find u;, € U 20 such that

an(in, vy) = /Q Fon YUk, 92)

The following result summarizes [13, Theorem 4.5, Remark 4.7, and Proposi-
tion 6.1].

Lemma 6 (Well-posedness). Problem (92) admits a unique solution, and there ex-
ists a real number C > 0 independent of h, but possibly depending on Q, d, p, and
k, such that, denoting by p’ := % the dual exponent of p, it holds that

1
laallvpn < CUFI L ) 93)

Remark 9 (Role of the discrete Sobolev embeddings). The discrete Sobolev embed-
ding (85) with g = p is used in the proof of the a priori bound (93) to estimate
the right-hand side of the discrete problem (92) after selecting v, = u; and using
Holder’s inequality:

L £ <11 )l < 1) N1

4.4 Convergence and error analysis

The following theorem states the convergence of the sequence of solutions to prob-
lem (92) on a regular mesh sequence. Notice that convergence is proved for exact
solutions that display only the minimal regularity u € Wol’p (Q) required by the weak
formulation (81). This is an important point when dealing with nonlinear problems,
for which further regularity can be hard to prove, and possibly requires assumptions
on the data too strong to be matched in practical situations.
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Theorem 6 (Convergence). Let a polynomial degree k > 0 and an index p €
(1,4o0) be fixed. Let (Mp) e denote a regular sequence of meshes in the
sense of Definition 3. Let u € WO1 P(Q) denote the unique solution to (81),
and denote by (u)nenw € (U 2,0)h€  the sequence of solutions to (92) on
(91 nesw- Then, as h — 0, it holds

(i) up, — uandpﬁ“gh — u strongly in L1(Q) forall 1 < g < d—”% ifl1<p<

dand1 < g<+eifp>d;
(ii) Gkuy, — Vu strongly in LP(Q)?.

37

Remark 10 (Role of compactness). The first step in the proof of Theorem 6 consists
in proving the existence of a limit for the sequence of discrete solutions. This is
done using the compactness result of Lemma 5 in conjunction with the a priori
bound (93). The following steps consist in showing that this limit solves (81) (which
is done adapting the techniques of [34,35]) and in proving the strong convergence

of the gradient.

When dealing with high-order methods, it is also important to determine the con-
vergence rates attained when the solution is regular enough (or when adaptive mesh
refinement is used, cf. Section 3.5.3). The answer to this question is provided by the

following result, proved in [14, Theorem 7 and Corollary 10].

Theorem 7 (Energy error estimate). Under the assumptions and notations
of Theorem 6, and further assuming the regularity u € Wt2P(Q) and
o (Vu) € WKL (@) with pl = 555, there exists a real number C > 0 inde-
pendent of h such that the following holds: If p > 2,

IVa (P s — )|yt + talsn <
k1 L L
(o |:hk+l |M|Wk+2,p(g) +he T <|u ‘f;/kiﬁ,p(g) + |G(Vu)|;/kl+1,p/(g)d):| ’ (943)
while, if p < 2,

k1
||Vh(17hJr Uy — M)HLP(Q)d + luplsn <

c (h(k+1)(”*1)|u|€v_ki2'p(m +hk+1|G(V“)|Wk+1,p/(_Q)d) ; (94b)

where, recalling the definition (91) of the local stabilization function, we
have introduced the seminorm on Q’;L such that, for all v, € Qﬁ,

ZTEZ, st (vr,vr).-

Zh|€,h =
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Remark 11 (Order of convergence). The asymptotic scaling for the approximation
error in the left-hand side of (94) is determined by the leading terms in the right-
hand side. Using the Bachmann-Landau notation,

k+1

O(hr 1) if p>2,

OMENP-1Y if p < 2. ©2)

VAPl g, = )| o gya + s = {

For a discussion of these orders of convergence and a comparison with other meth-
ods studied in the literature, we refer the reader to [14, Remark 3.3].

4.5 Numerical example

To illustrate the performance of the HHO method, we solve the p-Laplace problem
corresponding to the exact solution

u(x) = exp(x; + 7mxy)

for p € {7/4,4}. This test is taken from [13, Section 4.4] and [14, Section 3.5]. The
domain is again the unit square Q = (0,1)?, and the volumetric source term f is
inferred from (79). The convergence results for the same triangular and polygonal
mesh families of Section 3.5.1 (see Fig. 1a and 1c) are displayed in Fig. 8. Here,
the error is measured by the quantity ||I¥u — w, || .4, for which analogous estimates
as those in Theorem 7 hold. The error estimate seem sharp for p = 7/4, and the
asymptotic orders of convergence match the one predicted by the theory. For p =4,
better orders of convergence than the asymptotic ones in (95) are observed. One
possible explanation is that the lowest-order terms in the right-hand side of (94) are
not yet dominant for the specific problem data and mesh. Another possibility is that
compensations occur among terms that are separately estimated in the proof.

5 Diffusion-advection-reaction

In this section we extend the HHO method to the scalar diffusion-advection-reaction
problem: Find u : Q — R such that

V- (—xVu+Bu)+pu=f in Q,
u=0 on 002,

where (i) k¥ : Q — R is the diffusion coefficient, which we assume piecewise
constant on a fixed partition of the domain Po = {®w} and uniformly elliptic;
(i) B € Lip(2)¢ (hence, in particular, B € W!=(Q)9) is the advective veloc-
ity field, for which we additionally assume, for the sake of simplicity, V- = 0;
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Fig. 8: |[Iu — uy|1,p.n vs. h for the test case of Section 4.5.

(iii) u € L=(2) is the reaction coefficient such that g > oy > 0 a.e. in 2 for some
real number Uy; (iv) f € LZ(Q) is the volumetric source term.
Having assumed x uniformly elliptic, the following weak formulation classically

holds: Find u € H} () such that
axpu(,v)=(f,v)  WweH(Q), 97)
where the bilinear form a,. g ,, : H' () x H' () — R is such that
ag g u(u,v) = ax(u,v) +ag ,(u,v),

and the diffusive and advective-reactive contributions are respectively defined by

ax(u,v) := (kVu, Vv), ag i (u,v) = 1(B-Vu,v) — & (u, B-Vv) + (Hu,v).
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The first novel ingredient introduced in this section is the robust HHO discretiza-
tion of first-order terms. Problem (97) is characterized by the presence of spatially
varying coefficients, which can give rise to different regimes in different regions of
the domain. In practice, one is typically interested in numerical methods that handle
in a robust way locally dominant advection, corresponding to large values of a local
Péclet number. As pointed out in [21], this requires that the discrete counterpart of
the bilinear form ag ,, satisfies a stability condition that guarantees well-posedness
even in the absence of diffusion. This is realized here combining a reconstruction
of the advective derivative obtained in the HHO spirit with an upwind stabilization
that penalizes the differences between face- and element-based DOFs.

The second novelty introduced in this section is a formulation of diffusive terms
with weakly enforced boundary conditions. A relevant feature of problem (97) is
that boundary layers can appear in the vicinity of the outflow portion of dQ when
the diffusion coefficient takes small values. To improve the numerical approximation
in this situation, one can resort to weakly enforced boundary conditions, which do
not constrain the numerical solution to a fixed boundary value.

The following material is closely inspired by [15], where locally vanishing dif-
fusion is treated (see Remark 14), and more general formulations for the advective
stabilization term are considered.

5.1 Discretization of diffusive terms with weakly enforced
boundary conditions

To avoid dealing with jumps of the diffusion coefficient inside mesh elements when
writing the HHO discretization of problem (97) on a mesh .}, = (.7,,-%;,), we make
the following

Assumption 2 (Compatible mesh) The mesh 4, = (9, ) is compatible with
the diffusion coefficient, i.e., for all T € 9, there exists a unique subdomain ® € Pg
such that T C @. For all T € ), we set, for the sake of brevity, Kr := K|r.

Letting { > 0 denote a user-dependent boundary penalty parameter, we define
the discrete diffusive bilinear form a,.j, : U ﬁ xU ﬁ — R such that

an(Uy,vy) 1= Z krar (uz,vy)
Teg,

(98)

K
+ Z {—(KTFVPI}:IMT,VF)F + (ur, KTFVPIE:IET)F + Ch fr (MF,VF)F} ,
FeF? F

where, for all mesh elements T € .7, ar is the local diffusive bilinear form defined
by (18) and, for all boundary faces F € 3“}5’, Tr denotes the unique mesh element
such that F C dTp. The terms in the second line of (98) are responsible for the weak
enforcement of boundary conditions a la Nitsche.

Define the diffusion-weighted norm on U% such that, for all v, € U,



An introduction to Hybrid High-Order methods 41

2 . 2 KT, 2
Illen =Y xrllvrllar+ Y _hF”VFHFa
Te'gh FGK’;}IJ F

with seminorm ||-||o,7 defined by (19). It is a simple matter to check that, for all
¢ > 1, we have the following coercivity property for a, ,: For all v, € U ﬁ,

Ivallzn < axn(vy,v,)- (99)

5.2 Discretization of advective terms with upwind stabilization

We introduce the ingredients for the discretization of first-order terms: a local ad-
vective derivative reconstruction and an upwind stabilization term penalizing the
differences between face- and element-based DOFs.

5.2.1 Local contribution

Let a mesh element T € .7, be fixed. By the principles illustrated in Section 3.1.1,
we define the local discrete advective derivative reconstruction G’;}‘T :U% — PK(T)

such that, for all v, € U ’;,

(G]E,TYTaW)T =—(r.BVw)r+ Y ((Bngp)ve,w)p YwePHT).
FeZr

The local advective-reactive bilinear form ag , 7 : U K x UL — R is defined as fol-
lows:

1 1
ag .7 (ur,vy) == E(GIB,TZT’VT)T - E(uTaG’[;,TET)T + (uur,vr)r + g 7(ur,vy),
(100)
where the bilinear form
1
sg.r(ur,vy) =35 ), (|B-nrr|(ur —ur),ve —vr)r, (101)
FeZrp

can be interpreted as an upwind stabilization term.

Remark 12 (Element-face upwind stabilization). Upwinding is realized here by pe-
nalizing the difference between face- and element-based DOFs. This is a relevant
difference with respect to Finite Volume and Discontinuous Galerkin methods,
where jumps of element-based DOFs are considered instead. With the choice (101)
for the stabilization term, the stencil remains the same as for a pure diffusion prob-
lem, and static condensation of element-based DOFs in the spirit of Section 3.2.4
remains possible.
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To express the stability properties of ag ,, 7, we define the local seminorm such that,
for all vy € Q’},

1 .
[ =3 Y 1Bnrel " (ve —vo)lF + 2 vr |7,
FeJr

where, letting Lg 7 :=maxi <j<q ||V Bil| ;= ()¢, we have introduced the reference time

tr 1= {max(|| /|7y, Lp,r)} "

Notice that the map ||-||g , 7 is actually a norm on U% provided that Br-nrr is

nonzero a.e. on each F € Fp. For all vy € Q’}, letting u; = vy in (100), t can be
easily checked that the following coercivity property holds:

min(1, 2 o) vy [l o < g (vrsvy). (102)

5.2.2 Global advective-reactive bilinear form

The global advective-reactive bilinear form is given by

1
ag wa(wnv) = Y, apurur,vr)+5 Y (IBnjur,ve)e,  (103)

Ted), FeZP

where the first term results from the assembly of elementary contributions, while

the second term is responsible for the enforcement of the boundary condition on the

inflow portion of dQ. Define the global advective-reactive norm such that, for all
k

vy €Uy,

1
lealf s = X lerlfur+5 X 1180 vellE
2
T€<7h Feﬂ,i’

The following coercivity result for ag ,, ; follows from (102): For all v, € U, ﬁ

1 2 2
min (1, 7 ko) 1%allp . < .40 (2> i) (104)

5.3 Global problem and inf-sup stability

We can now define the global bilincar form a, g, 5 : U] ];l xU ];l — R combining the
diffusive and advective-reactive contributions defined above:

ak,ﬁ,uﬂh(ﬂhayh) = arc,/z(ﬂm‘.’;,) +aﬁ7u,h(uh72h)-

The HHO approximation of (97) then reads: Find u;, € U’ ﬁ such that, for all vy, € U’ ﬁ,
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aK,ﬁ,uﬁh(Ehazh) = (fa Vh)' (105)

Let us examine stability. In view of (99) and (104), the bilinear form a, g ,,  is
clearly coercive with respect to the norm

1w ll35 1= Nl n + 124l oo

which guarantees that problem (105) has a unique solution. This norm, however,
does not convey any information on the discrete advective derivative. A stronger
stability result is stated in the following lemma, where we consider the augmented
norm

2 . 2 A i~k 2
”Kh”t,h = ||Eh||b,h+ Z hr B HGﬁMTHTv
T€Z,Br#0

with B, := || B 1=(r)¢ denoting the reference velocity on 7',

Lemma 7 (Inf-sup stability of a,. g , ;). Assume that ¢ > 1 and that, forall T € },

hrmax(Lg 7, to) < By (106)

Then, there exists a real number C > 0, independent of h,x, B and [, but possibly
depending on d, p, and k such that, for all w;, € Qﬁ,

. N akﬁﬁ,h(whazh)
€ pin (1, 7o)y s < sup  —EELELZS
< wevho Il

Remark 13 (Condition (106)). Condition (106) means (i) that the advective field is
well-resolved by the mesh and (ii) that reaction is not dominant.

5.4 Convergence

For each mesh element T € .7}, we introduce the local Péclet number such that

_ hel|Birnrel =(r)
Per := max
FeZr Kr

3

where kr := miny¢ g, kr. For the mesh elements where diffusion dominates we
have Per < hy, for those where advection dominates we have Pey > 1, while inter-
mediate regimes correspond to Pey € (hr,1).

The following error estimate accounts for the variation of the convergence rate
according to the value of the local Péclet number, showing that diffusion-dominated
elements contribute with a term in ﬁ(h’}“) (as for a pure diffusion problem),
whereas convection-dominated elements contribute with a term in & (hl;Jr v 2) (as for
a pure advection problem).
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Theorem 8 (Energy error estimate). Let u solve (97) and u;, solve (105).
Under the assumptions of Lemma 7, and further assuming the regularity ujr €

H2(T) for all T € ), there exists a real number C > 0 independent of
h, K, B, and W, but possibly depending on p,d, and k, such that

. A N A 2(k+1
C min (1, 2rpto) iy — wyllzn < 4 Y [(KTnunzm(T)+rT1||u||§,k+1(T))hT( )
Te, TeF,

l/z
+ﬁTmin(lvpeT)||u||12qk+1(T)h%“k+l] } o

Remark 14 (Extension to locally vanishing diffusion). It has been showed in [15]
that the error estimate of Theorem 8 extends to locally vanishing diffusion provied
that we conventionally set Pe; = +oo for any element 7 € .7, such that kr = 0 for
some F € .

5.5 Numerical example

To illustrate the performance of the HHO method, we solve in the unit square Q =
(0,1)? the Dirichlet problem corresponding to the solution (78) with B(x) = (1/2—
X2,x1 —1/2), u = 1, and a uniform diffusion coefficient x taking values in {1,1-
1073,0}. We take triangular and predominantly hexagonal meshes, as depicted in
Figures la and 1c respectively. The convergence results are depicted in Figure 5.5.
We observe that the convergence rate decreases with k, slightly less than the half
order predicted by the error estimate of Theorem 8.
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