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OPTIMAL GEOMETRIC MULTIGRID PRECONDITIONERS FOR HDG-PO
SCHEMES FOR THE REACTION-DIFFUSION EQUATION AND THE
GENERALIZED STOKES EQUATIONS

GUOSHENG Fu® AND WENZHENG KUANG*

Abstract. We present the lowest-order hybridizable discontinuous Galerkin schemes with numerical
integration (quadrature), denoted as HDG-PO, for the reaction-diffusion equation and the generalized
Stokes equations on conforming simplicial meshes in two- and three-dimensions. Here by lowest order,
we mean that the (hybrid) finite element space for the global HDG facet degrees of freedom (DOFs) is
the space of piecewise constants on the mesh skeleton. A discontinuous piecewise linear space is used
for the approximation of the local primal unknowns. We give the optimal a priori error analysis of the
proposed HDG-P0 schemes, which hasn’t appeared in the literature yet for HDG discretizations as far as
numerical integration is concerned. Moreover, we propose optimal geometric multigrid preconditioners
for the statically condensed HDG-PO linear systems on conforming simplicial meshes. In both cases,
we first establish the equivalence of the statically condensed HDG system with a (slightly modified)
nonconforming Crouzeix—Raviart (CR) discretization, where the global (piecewise-constant) HDG finite
element space on the mesh skeleton has a natural one-to-one correspondence to the nonconforming CR
(piecewise-linear) finite element space that live on the whole mesh. This equivalence then allows us to
use the well-established nonconforming geometry multigrid theory to precondition the condensed HDG
system. Numerical results in two- and three-dimensions are presented to verify our theoretical findings.
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1. INTRODUCTION

Since their first unified introduction for the second order elliptic equation [26], hybridizable discontinuous
Galerkin (HDG) methods have been gaining popularity for numerically solving partial differential equations
(PDEs), and have been successfully applied in computational fluid dynamics [25, 58], wave propagation [28,
35] and continuum mechanics [37,52]. Besides succeeding attractive features from the discontinuous Galerkin
(DG) schemes including local conservation, allowing unstructured meshes with hanging nodes, and ease of hp-
adaptivity, linear systems of HDG schemes can be statically condensed such that only global DOFs on the
mesh skeleton remain, resulting in increased sparsity, decreased matrix size, and computational cost [24]. One
HDG technique, known as projected jumps ([46], Rem. 1.2.4), further reduces the size of the condensed HDG
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scheme by making the polynomial spaces of the facet unknowns one order lower than those of the primal
variables without loss of accuracy. Thus superconvergence is obtained for the primal variables from the point
of view of the globally coupled DOFs. The superconvergence result was rigorously proved for the primal HDG
schemes with projected jumps for diffusion and Stokes problems in [55,56], and also for the mixed HDG schemes
with projected jumps for linear elasticity [59], convection-diffusion [57], and incompressible Navier—Stokes [58].
However, no numerical integration effects were considered in these works.

Large-scale simulations based on HDG schemes still face the challenge of constructing scalable and efficient
solvers for the condensed linear systems, for which geometric multigrid techniques have been previously explored
as either linear system solvers or preconditioners for iterative methods [27,49]. The main difficulty in designing
geometric multigrid algorithms for HDG is the construction of intergrid transfer operators between the coarse
and fine meshes, since the spaces of global unknowns on hierarchical meshes live (only) on mesh skeletons and
are non-nested.

In the literature, two techniques have been used to overcome this difficulty. The first approach, which is in
the spirit of auxiliary space preconditioning [68], uses the conforming piecewise linear finite element method
on the same mesh as the coarse grid solver and applies the standard geometric multigrid for conforming finite
elements from then on. Hence, the difficulty of constructing integergrid transfer operators between global HDG
facet spaces on fine and coarse grids was completely bypassed as the coarse grid HDG space was never used in
the multigrid algorithm. This technique was first introduced for HDG schemes in [27] for the diffusion problem,
and similarly used in [3,21,22,32] for diffusion and other equations.

The second approach still keeps the HDG facet spaces on coarser meshes to construct the multigrid algorithms,
which is referred to as homogeneous multigrid in [49] since it uses the same HDG discretization scheme on all
mesh levels. Here the issue of stable intergrid transfer operators between coarse and fine grid HDG facet spaces
has to be addressed. Several “obvious” HDG prolongation operators were numerically tested in Tan’s 2009
PhD thesis [64], which, however, failed to be optimal. The work [67] proposed an intergrid transfer operator
based on Dirichlet-to-Neumann maps where operators on coarser levels were recursively changed for energy
preservation. Numerical results in [67] supported the robustness of their multigrid algorithm, but no theoretical
analysis was presented. More recently, a three-step procedure was used in [49] to construct a robust prolongation
operator: first, define a continuous extension operator from coarse grid HDG facet space to an H!-conforming
finite element space of the same degree on the same mesh by averaging; next, use the natural injection from
the coarse grid conforming finite element space to the fine grid conforming finite element space; lastly, restrict
the fine grid conforming finite elements data to the fine grid mesh skeleton to recover the fine grid HDG facet
data (see more details in [49]). The optimal convergence result of the standard V-cycle algorithm was proven
in [49] for an HDG scheme with stabilization parameter 7 = O(1/h) for polynomial degree k > 1 for the
diffusion problem, where h is the mesh size. Therein, taking stabilization parameter 7 = O(1/h) is crucial in
the optimal multigrid analysis in [49], which however is not usually preferred in practice as the resulting scheme
loses the important property of superconvergence due to too strong stabilization. Nevertheless, the numerical
results presented in [49] suggested the multigrid algorithm was still optimal when the stabilization parameter
7 = O(1), which has the superconvergence property. We note that in these cited works, the finite element
spaces in the HDG schemes use the same polynomial degree for all the variables. Intergrid operators based on
(superconvergent) post-processing and smoothing was also presented in [29,30] for the hybrid high-order (HHO)
methods. We finally note that the above cited works in the second approach only focus on the pure diffusion
problem.

In this study, we work on HDG discretizations for the reaction-diffusion equation and the generalized Stokes
equations on conforming simplicial meshes. Specifically, we construct lowest-order HDG schemes with projected
jumps and numerical integration, denoted as HDG-PO, for these two sets of equations and present their optimal
(superconvergent) a priori error analysis. We use the space of piecewise constants for the approximation of the
(global) hybrid facet unknowns, and piecewise linears for the (local) primal unknowns, and take stabilization
parameter 7 = O(1/h). Due to the use of piecewise linears for the element-wise primal unknowns and the
projected jumps in the stabilization, the proposed schemes still enjoy the superconvergence property. We further
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provide optimal multigrid preconditioners for the global HDG linear systems with easy-to-implement intergrid
transfer operators. The key of our optimal multigrid preconditioner is the establishment of the equivalence of the
condensed HDG-PO schemes with the (slightly modified) nonconforming CR discretizations. Such equivalence
enables us to build HDG multigrid preconditioners easily following the rich literature on nonconforming multigrid
theory for the reaction-diffusion equation [4,6,8,14,16,20,31] and the generalized Stokes equations [10, 12,60,
61,63,65]. We specifically note that equivalence of the lowest order Raviart—-Thomas mixed method with certain
nonconforming methods was well-known in the literature [1,50], and multigrid algorithms for hybrid-mixed
methods have been designed based on this fact [11,19]. Moreover, an equivalence between the lowest-order
primal HDG schemes with projected jumps and the nonconforming CR schemes for pure diffusion and Stokes
problems have already been established by Oikawa in [55,56]. Here we use the mixed HDG formulation with
projected jumps and establish the stronger equivalence of the two methods for reaction-diffusion and generalized
Stokes equations, which has application in time-dependent diffusion and time-dependent incompressible flow
problems. As far as the low-order terms are concerned, we find the mixed HDG formulation more robust to
formulate and easier to analyze compared with their primal HDG counterparts. In particular, our final algorithm
does not involve any (sufficiently large) tunable stabilization parameters. We note that our HDG-P0 multigrid
methods rely on conforming and shape-regular simplicial meshes, which can not handle hanging nodes. Besides,
the approach of building multigrid methods based on the equivalence to the CR discretizations is specific to
HDG-PO0, which can not be directly applied to higher order HDG schemes. However, it can be used as a building
block when constructing robust Ap-multigrid methods for higher order HDG schemes, which is our ongoing
research.

The rest of the paper is organized as follows. Basic notations and the finite element spaces to be applied in
HDG-PO are introduced in Section 2. In Section 3, we propose the HDG-P0 scheme for the mixed formulation
of the reaction-diffusion equation, give the optimal a priori error analysis, and present the optimal multigrid
preconditioner for the static condensed linear system. We then focus on the HDG-PO scheme for the generalized
Stokes equations in Section 4 and present the optimal a priori error estimates and multigrid preconditioner.
Numerical results in two- and three-dimensions are presented in Section 5 to verify the theoretical findings in
Sections 3, 4, and we conclude in Section 6.

2. NOTATIONS AND PRELIMINARIES

Let © Cc RY d € {2,3}, be a bounded polygonal/polyhedral domain with boundary 952. We denote T}, as
a conforming, shape-regular, and quasi-uniform simplicial triangulation of €. Let £, be the collection of the
facets (edges in 2D, faces in 3D) of the triangulation T}, which is also referred to as the mesh skeleton. We split
the mesh skeleton &, into the boundary contribution € := {F € €, : F C 99}, and the interior contribution
€9 := £,\&Y. For any simplex K € Tj, with boundary 9K, we denote the measure of K by |K|, the Ly-inner
product on K by (-, )k, and the Lo-inner product on 0K by (-, -}ox. We denote nj as the unit normal vector
on the element boundaries 0K pointing outwards. Furthermore, we denote hx as the mesh size of K defined
only on the facets 0K, whose restriction on a facet F' C 0K is given as hi|r := |K|/|F|, where |F| is the
measure of F', and set

h:= max max hg|p
KeT, FCOK

as the maximum mesh size of the triangulation Tj. To further simplify the notation, we define the discrete
La-inner product on the whole mesh as (-, )3, = > gcq, (- *)x and the Lo-inner product on all element
boundaries as (-, “)o7, = > _gcq, (- oK.

As usual, we denote ||+ ||m,p,s and | - |m,p.s as the norm and semi-norm of the Sobolev spaces W™P?(S) for
the domain S C R, with p omitted when p = 2, and S omitted when S = Q is the whole domain. To this end,
we define some numerical integration rules that will be used in this work. Given a simplex K C R%, we define
the following two integration rules for the volume integral [, gda:

Q% (9) == |K|g(mk),
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d+1

_ K]
Qi (o) d+1z

where my is the barycenter of the element K, and m& is the barycenter of the i-th facet of K for i € [1,d+ 1].
The one-point integration rule QY% is exact for linear functions, while the (d + 1)-point integration rule Q% is
exact for linear functions when d = 3 and exact for quadratic functions when d = 2. We also define a one-point
quadrature rule for the facet integral |’ gds over a facet F' C RI-1:

Q¥(9) == |F|g(mp),

where mp is the barycenter of the facet F', which is exact for linear functions. Then we denote the numerical
integration on the element boundary 0K as

d+1 d+1
Qdx (g ZQFz —Z|F2|g(me)7
i=1

where {F7}% ] is the collection of facets of K with F? C 9K.
Moreover, we will use the following finite element spaces:

Wy, = {aqn € L2(Q) : an|x € P'(K), VK € Ty}, (1a)

- {qh cew, - /Qqhdx - 0}, (1b)

Vi i={vn € Ly(Q) : vn|k € PH(K), VK € Ty}, (
= {v, € V}, : vy is continuous at the barycenter mp of F, VF € £} }, (1d
VhCR,O = {Uh S VhCR : Uh(mp) = 0, VF € 8‘2}7 (
My, = {0 € La(Ep) : Tnlr € PO(F), VF € &}, (1f
(

3

M) .= {v, € My, : Uplp =0, VF C 0Q}. 1g
We use underline to denote the vector version of the spaces - := [- ]d’7 and double-underline to denote the
matrix version - :=[- ]dXd; eg, W, = [W3,]9%4 is the d x d tensor space of piecewise constant functions.

For two positive constants a and b, we denote a < b if there exists a positive constant C' independent of mesh
size and model parameters such that a < Cb. We denote a ~ b when a < b and b < a.

3. HDG-P0 FOR THE REACTION-DIFFUSION EQUATION

3.1. The model problem

Let f € La(2), o € CH(Q) and B € C°(Q). We assume there exist positive constants ag, oy and 3; with
a; < agp such that a3 > a > a9 > 0 and B, > 8 > 0. We consider the following model problem with a

~

homogeneous Dirichlet boundary condition:

V- (aVu)+pu=f inQ, (2)
u=0 on 0.
To define the HDG-P0 scheme, we shall reformulate equation (2) as the following first-order system by introducing
the flux ¢ := —aVu as a new variable:
ala+Vu=0 inQ, (3a)
V-eo+pu=f inQ, (3b)
u=0 on ON. (3¢)
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3.2. The HDG-P0O scheme

With the mesh and finite element spaces given in Section 2, we are ready to present the HDG-PO0 scheme for the
system (3). A defining feature of hybrid finite element schemes is the use of finite element spaces to approximate
the primal variable u both in the mesh T3 and on the mesh skeleton €. We use the (discontinuous) piecewise
linear finite element space V}, to approximate w in the mesh T, and the (discontinuous) piecewise constant
space M} to approximate u on the mesh skeleton &, where the homogeneous Dirichlet boundary condition has
been built-in to the space M ,?. For the flux variable o, we approximate it using the vectorial piecewise constant
function space W,,. Using these finite element spaces and the numerical integration rules introduced in Section 2,
the weak formulation of the HDG-P0 scheme is now given as follows: find (g, un, @) € W, x Vi x M} such
that:

Z (Q?{(aﬁlgh ‘) + QgK(ah Th 'ﬂK)) =0, (4a)
KeTy,
> (QSx (Tx (un = Tn)vn) + Qi (Bunvn)) = > Qi (fon), (4b)
KeTy KeTp
> (Q3k (- ngn) + QO (i (un — Wn)Bhn)) =0, (4c)

KeTy

for all (r;,, vn, Un) € W, X V3, % M,?, where a;l € W, is the Lo-projection of o' onto the piecewise constant

space W, and 17 = }(j—h is the stabilization parameter, with ay = (04,71)_1. Taking test functions r;, = g,
vp, = up, and Uy, = —uy, in (4), and adding, we have the following energy identity:

7 Q% (ap o) + Q9 (7rec (un — Tn)?) + Qk (Bud)) = > Qic(fun).

KeTy KeTy

We note that the quadratures used in (4) guarantees the scheme is locally mass-conservative with the numerical
flux defined as
0y g =0y g + 7o (un — Un),

where I is the Lo-projection onto the skeleton space My, since the equation (4c¢) is equivalent to
<§h'ﬂK7ﬁh>67h =0, Vo, EM;?.
See more discussion in Lemma 3.2 below.

3.3. An a priori error analysis for HDG-P0

To simplify the a priori error analysis in this subsection, we assume the exact solution (o,u) € H ! (Q) x
(H?(Q) N HE(£2)) for the model problem (3), together with the following full elliptic regularity result:

—1 2 1/2 1/2
Pl + (1 + 81%) ulle S creg o (5)

which holds when the domain 2 is convex.
To perform an a priori error analysis of the scheme (4) with numerical integration, we follow the standard
convention [23] by assuming the following stronger regularity for § and f:

BeWh>(Q), feWh>(Q).

We use the following approximation results of the quadrature rule Q% , which is adapted from Ciarlet ([23],
Thms. 4.1.4 and 4.1.5).
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Lemma 3.1. For any K € Ty, f,u € WH°(K), and v € P}(K), we have:

|(f, )k — QK (fv)| S K| fll1,00,x |V]]1, 5, (6a)
|(fu, v)k — Qi (fuv)| < hllf 1,00 ull1 x |v]|0,x- (6b)

We will compare the solution to (4) with the solution to a similar scheme with exact integration. To this end,
let (o}, up, U},) € W, x Vi x M} be the solution to the following system:

> (Q% (o3, gl - 11) + Q3k (W 1y - i) =0, (7a)
KeTy
> (Q3x (7 (uf, — @) on) + (Bup,vn) i) = Y (fron) s (7b)
KeTy, KeTy,

Z (Q%K (Q}L 'ﬂKﬁh) + Q%K (TK (U}L - a}L)ﬁh)) =0, (7c)

KeTy

for all (ry,, vn, On) € W), x V;, x M}. Note that the only difference between HDG-P0 (4) and the above system
(7) is in equations (4b) and (7b), where the former uses Q¥ as the volumetric numerical integration rule and
the latter uses exact volumetric integration. The following result shows that the scheme (7) is precisely the
lowest-order (mixed) HDG scheme with projected jumps (and exact integration) analyzed in [57,59] for linear

elasticity and convection-diffusion problems, hence its a priori error estimates can be readily adapted from
[57,59].

Lemma 3.2. Let (o} ,up, i) € W, x Vi x M be the solution to (7), then (o}, u}, 0} ) satisfies

(a_lgflp fh)g'h - (u}17,7 V- ih)‘jh, + <a}17,a Ty - EK>8‘T}L = 07 (83‘)
(V- Q}L,Uh)qh + (7rTlo (uj, — ﬂ;l,,),vh>mh + (Bupsvn)g, = (fron)7s (8b)
(an -1k + 7icTlo (up, — Uk ), 0 oy, =0, (8¢)

for all (r),, vn, ) € W, x Vj X M,?, where Iy is the Lo-projection onto piecewise constants on the mesh
skeleton.

Proof. Using the fact that o ,r), € W}, are constant functions on each element K, we have
(@7 'k, 1) ¢ = an(m) - 14 (mk) /K a”tdz = g (m) -1y (mic) g, K| = Qi (' - 14).-

Similarly, there holds
<ai1m Tp 'ﬂK>aK = QgK (afll Tp 'EK)-

Using the definition of the projection Il and the fact that the restriction of 7x on each facet F* C JK is a
constant (denoted as 7% ), we have

d+1

(il (up, — ﬂ,ll),vh>8K = ZT;(‘FZ’(U}l(mF) — 4y, (mp))op(mp) = Q9 (x (up, — Uy, ) vn)-
i=1

Combining these identities with the fact that V-r, = V-g} =0, we conclude that the systems (7) and (8) are
exactly the same. O

We have the following results on the a priori error estimates of the scheme (7), whose proof is omitted for
simplicity. We refer to the works [57,59] for a similar analysis.
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Corollary 3.1. Let (a,u) be the exact solution to the model problem (3). Let (o}, u},u}) € W, x Vi, x M} be
the solution to (7). Then there holds

Ha—l/z (o - Q}L)HO + Hﬁl/2 (u— ulll)Ho + HT}{/QHO(U}L —ay,) Ho,a‘rh Sho, (9a)
e =i llg £ 19 o= i)}y + || (k= 33) | < 0™ ?me, (9b)
where
©:=ag lal, + (1 + 41 %h ) ul, (9)
and ||¢llo,o7, = \/(P D) g, - Moreover, with the full elliptic reqularity assumed in (5), we have the following

optimal Ls-convergence for u,ll :
[|lu— u}LHO < Cregh®®. (9d)

Combining the results in this subsection, we are now ready to give the error estimates for the solution to the
HDG-PO scheme (4).

Theorem 3.1. Let (o,u) be the exact solution to the model problem (3). Let (o, upn,Up) € Wy, x Vi, x M} be
the solution to (4). Then there holds

Ha_1/2(g—gh)H + HTll{/2H0(’LLh —ﬁh)H < h(®+E), (10a)

0 0,074

= unlly S 190 = un)llo + B> (un = )| S ag™*n(© + ), (10b)
) h

where © is given in (9¢) and
- —1/2 —1/2 —-1/2
= 1= oy 2Bl (el + a5 /200 + a5 2B ] e
Moreover, assuming full elliptic reqularity (5), we have the following optimal Lo-convergence for wup,:
Ju— unllo S h?O, (10c)

where 12
Creg (¥ B1

0 L= 1Bl (O + B) + Y2 ag Y| £ — Bull1eo-
a”? + 51%h = 0 >

U = e (O + E) +

Proof. The proof of (10a) and (10b) follows from a standard energy argument, while that of (10c) follows from
a duality argument. Here we prove the energy estimates (10a), (10b), and postpone the (slightly more technical)
proof of (10c) to the Appendix below.

We denote the difference of the solution (o, s, us) to the system (4) and the solution (o} ,u}, ;) to the
system (7) as

- 1 - 1 7
=0p — Oy, €y ‘= Up — Uy, €q ‘= Up — Uy

Co

Subtracting equations (4) from (7) and using Lemma 3.2, we get the following error equation:

(a e, )7, — (€us Vo1y)g, + (€a, Ty - i)y, =0, (11a)

(V- epovn)g, + (tello(eu — €a), vn) oy, + > Qi (Bewvn) = Ti(vn) — Ta(va), (11b)
KeTy,
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(e, - nx + Tro(en — e@),@h>87h =0, (11c)
for all (ry,, vn, On) € W, X Vi, x M} where
Ty(va) : = (Bup,vn), — > Qi (Bujvn),
KeTy
Ta(vn) : = (f,vn)m, — Y Qi (fon).
KeTy
Using Lemma 3.1, we have
Ti(w) - o) Y B2 o i ) ol (12)

KeTy,

Taking test function r;, := Ve, in equation (11), by integration by parts, reordering terms, and applying the
Cauchy—Schwarz inequality and inverse inequality, we get

(Veu, Veu)y, = —(a”
< a51/2< N

< a61/2 <Ha_1/2€

12

Hence,

19l < 5 (o

1eU,Veu) +

(Tp(ey — €3), Ve 'ﬂK>a’Ih

|, ||Veu||0+h1/2H 12T (e — eq)
0,07

\Y% .
om, IVl

o,awh)'

||v6u||o,a¢,,b)
h

/25

o+ [t = e

_1/2§UH + H7'11</2H0(€u —eg)
0

Moreover, by the definition of Iy, the trace-inverse inequality and Poincaré inequality, we have

Hh’l_(l/2 (eu — €q)

0,07,
<

S IVeullg + B Mo e = ea)

< g ([Jo

< th_(1/2(€u - Hoeu)

;(1/2(€u — Poew)

+ |[pMoew — ex)

‘0,87;1 0,073

+ || Mo(ew — ea)

O,QT}L 0787}1,

0’87;1,) ’

0,07

Y e

where Py(e,) is the Lo-projection of e, onto the piecewise constant space Wj,. Combining the above two
inequalities with the discrete Poincaré inequality for piecewise H! functions ([15], Rem. 1.1), we get

. Ve, Hh—1/2 Cen —1/2 H ‘ H 120 w— €n ) 13
leullo S 1Veully + ea)||, g < a7 olew —ea)| ) (19)
Now taking test functions r;, = e, v, = ey, 0, = —eg in (11) and adding, we get
_ 2 1/2 2
Ha 12 0+HTK My (en — c) ‘Omh+Hﬁuzeuuo)h:Tl(eu)—Tz(eu)
< (a5 2180y + 02 (a2, |+ Mot = )],

where [|p||o,n =

Y ker, Qi (¢?). Combining the above inequality with the triangle inequality

lunllo < = llo + [lullo,

and the estimates (9a) and (9b) we get the energy estimate (10a). The estimate (10b) is a direct consequence

of (13), (9b), and (10a).

O
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3.4. Equivalence to a nonconforming discretization

We define an interpolation operator HSR : My, — VhCR from the piecewise constant facet space M}, to the
nonconforming (piecewise linear) CR space V,CF:

HgRﬁh(mF) = 5h(mp), Yo, € My, F € &, (14)

It is clear that HSR is an isomorphic map between these two spaces, which share the same set of DOFs (one
DOF per facet). The following result builds a link between the HDG-PO scheme (4) and a (slightly modified)
nonconforming CR discretization.

Theorem 3.2. Let USR € VhCR’0 be the solution to the following nonconforming scheme

> (Qk(nVu™ - Vo) + Qi (mBu™ ™)) = 3 Qi (wmfui™), wort e VI (15)
KeTy KeTh
where vy, == —*5—_ Then the solution (g}, un,Up) to the HDG-PO scheme (4) satisfies
an+ d+16
o), = —ap VISR Gy, (16a)
i i (i (hl}()2 i -
Uh(mK) :’}/h(mK) Uh(mK)—f—mf(mK) 5 Vl€{1,7d+ 1},VK€T}“ (16b)
ISR G, = uSR, (16¢)

where recall that m- is the barycenter of the i-th facet F' of the element K, and hi = |‘

Proof. By (4a) and the definition of II{® in (14), we have, for any r, € P°(K),
Q(;{ (a;lgh 'ﬂh) = _QgK (HSR@L Th '@K)
_<HgRah7zh : EK>8K
*(VHgRﬁhafh)K — (5%, V - 1,)

=0

K-

Hence,
-1 CR~
(o, "o + VL p, 1) =0,

which implies the identity (16a) thanks to the fact that aj|x € P°(K) and g,,, VIISRay, € [PO(K)]4.
Next, for 7 € {1 ,d + 1}, taking test function vy, in (4b) to be supported only on an element K, whose
values is 1 on mi, and zero on mY, for j # i, we get

i i ~ i i K| i K| i
7ic (un (mic) = @n (mic))|F'| + 57 B(mic)un (mic) = 577 f (mic).
Solving for the value uy(mf;) and using the definition of 7% and hg, ie., T = 7k and ht, = |‘1§1‘|\7 we

immediately get the equality (16b).
Finally, let us prove the identity (16¢). By the definition of II{® and (16a), (16b), we have

QgK(Qh ‘N Up) = <Qh 'EK7HSR5h>aK = (th VHSR%) = —QK (O‘hVHhRuhVHh Uh)

and

d+1

QY (T (un — Tn)0n) = Y _ | F'lric (un (myc) — n (mic) ) on (mx)
1=1
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d+1
K]

) (i ) + ) )
= _QK (’WLﬁHh U}LHSRah) + Q}( (vthSR?)h),

where we skipped the algebraic manipulation in the above second equality. Combining the above two identities
with (4¢), we get

Z (Qg( (ahVHSRﬂh : VHSR@\}I) + Q}( (vhﬂHSRﬁhHSRﬁh)) = Z Q}{ (’ythSRﬁh), (17)
KeTy, KeTp
for all ¥, € M, which implies the equivalence (16¢). O

Remark 3.1 (Equivalence between HDG-P0O and CR discretizations). Theorem 3.2 implies the equivalence
between the HDG-P0 scheme (4) and the slightly modified CR discretization (15) with numerical integration,
where the modification is the introduction of the scaling parameter ;. This result is motivated by the equivalence
of the lowest order Raviart—Thomas mixed method and the nonconforming CR method [1,50]. Note that, when
B # 0, the HDG-PO scheme (4) converges to the original CR discretization (with 7, set to 1 in (15)) in the
asymptotic limit as the mesh size h approaches zero. Moreover, for the pure diffusion case with 8 = 0, the scheme
(4) is always equivalent to the original CR, discretization for any choice of non-zero stabilization parameter 7 in
the sense that the equality (16¢) always holds.

Remark 3.2 (On HDG-PO solution procedure). In the practical implementation of the HDG-P0 scheme, we
first locally eliminate o, and uj from (4) to arrive at the global (condensed) linear system (17) for w@p. After
solving for w4y, in the system (17), we then recover g, and wy. The next subsection focuses on the efficient linear
system solver for (17) via geometric multigrid. Due to the algebraic equivalence between the condensed HDG
system (17) and the (modified) nonconforming system (15), we can simply use the rich multigrid theory for
nonconforming methods [4,6,8,14,16,20,31] to precondition the condensed HDG system (17).

3.5. Multigrid algorithm

In this subsection, we present the detailed multigrid algorithm for the condensed system (17), using the
nonconforming multigrid theory of Brenner [16].

We consider a set of hierarchical meshes for the multigrid algorithm. Let T7 be a conforming simplicial
triangulation of €2 and let T; be obtained by successive mesh refinements for | = 2,...,J, with the final mesh
T7 = Th. We denote h; as the maximum mesh size of the triangulation 7;. We assume the triangulation 7; is
conforming, shape-regular, and quasi-uniform on each level, and the difference of the mesh size between two
adjacent mesh levels is bounded, i.e., hy < hjy1. Let & be the mesh skeleton of T7;. Denote W, V,, VlCR as the
corresponding finite element spaces on the [-th level mesh T;, and M; as the corresponding piecewise constant
finite element space on the [-th level mesh skeleton €;. We define the following Ls-like inner product on the
space M;:

d+1
~ K @ (mi )9 (m
(@, oy = Y Q10 = 30 3 e (mi )i,
KeT; KeT; i=1
with its induced norm as | - [|o,;, where IIF® is the interpolation operator (14) from M; to V,°R. We define
At MY — M as the linear operator satisfying
(Alalai}\l)o’l = al(ﬁl,@m Vﬁl,ﬁl S Mlo, (18)
where qa; is the following bilinear form on the [-th level mesh:
ay(uy, ) == Z (Q?( (alVHlCRﬁl . VHlCRi)\l) + Q}( (ﬂlHlCRal H[CR@\[))’ Yy, v € Mlo, (19)

KeT;
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where o = (afl)*l with afl € W, being the Ly-projection of a~! onto the piecewise constant space W, and
B € V;, satisfies

ﬂl(m%) z’yl(mf;()ﬂ(mé(), Vie{l,...,d+1}, VK €1y,

oy
h2
K
OéH‘T_,_i B

with v, := and hg, being the mesh size of elements in J;. Further denoting f; € MlO such that

(f.0)0, = Y Qic(nSTRT), Vo, € MY,
KeT;

the operator form of the linear system (17) is simply to find @, € M9 such that
Agup = f;. (20)

A multigrid algorithm for the above system (20) needs two ingredients: an intergrid transfer I} | : M | — M}
operator that connects the spaces J\Jlo_1 and Ml0 on two consecutive mesh levels, and a smoothing operator
R, : MQ — M) that takes care of high-frequency errors. For the intergrid transfer operator, we use the
following well-known nonconforming averaging operator [4, 8]:

. (IR0 ) (mp), if F € &Y lies inside T;_1,
(L_101-1) (mp) = (21)

%((Hffi@l_lfr(mls) + (Hfﬁﬁl_l)_(mp)) if FFe 8? lies on €7 4,

where (ch_%ﬁl,l)‘*‘ and (ch_Piﬁl,l)_ are the values of ch_%ﬁl,l on two adjacent elements K, K~ € J;_; that
share the facet F'. We further denote the restriction operator I ll_l : ]\/.I'l0 — Ml(ll as the transpose of [ Ll with
respect to the inner product (-, -)o:

(119, @)o,l—l = (3, Illflﬁ}\)o,lv YO € M, € ML,

For the smoothing operator R;, we simply take it to be the classical Jacobi or Gauss—Seidel smoother for the
operator A;. The proof of multigrid convergence requires another operator Pll_1 : MY — M} |, which is the
transpose of ILl with respect to the bilinear form ay, i.e.,

I—1~ ~ ~ gl o~ ~ 0 ~ 0
al_l(Pl ul,vl_l) = al(ul,Il_lvl_l), Yu; € Ml , V-1 € Ml—l'

The operator Pll_1 is for multigrid analysis only, and never enters the actual multigrid algorithm.

We now follow ([16], Algorithm 2.1) to present the classical symmetric V-cycle algorithm for the system
Ay, = fl S MZO.
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Algorithm 1. The V-cycle algorithm for A;u; = f;.
The I-th level symmetric V-cycle algorithm produces MG 4, (I, fi,@W;, m) as an approximation solution for A;@; = f;
with initial guess @Y, where m denotes the number of pre-smoothing and post-smoothing steps.
if [ =1 then
MG, (I, fr) = (A) ™ fue

else

Perform the following three steps:
(1) pre-smoothing. For j =1,...,m, compute @] by

a =u] "+ Ry (fz - Aza{71)~
(2) Coarse grid correction. Let 71— = I} '(fi — Aia}") and compute @;" "' by
~m+1 __ ~m 1 ~
u; =u" 4+ I;_1MGya, ,(I—1,7-1,0,m).
(3) Post-smoothing. For j = m+2,...,2m + 1, compute ﬁ{ by
o ="+ R (5 - Ad ),

where R{ is the transpose of R; with respect to the inner product (-, -)o,;.
We then define MG, (I, fi, 4y, m) = a;™ .

By the algebraic equivalence of the nonconforming system (15) and the condensed HDG system (17), we
immediately have the following optimality result of the above multigrid algorithm from [16]. We note that both
the equivalence result in Theorem 3.2 and the optimal multigrid theory in [16] do not require the full elliptic
regularity assumption (5). Thus our proposed multigrid algorithm for the HDG-PO scheme is optimal in the
low-regularity case, where u € H'**(Q) N H}(Q) and s € (4, 1] is the regularity constant for the model problem
(3).

Theorem 3.3 ([16], Thm. 5.2). There exist positive mesh-independent constants C' and m.. such that
~ C - ~ 0 .
IErmvlle < —lolhg, Vo€ M, 12 1,m 2m?,

where s € (%7 1] is the regularity constant such that the solution u to (2) satisfies

lullivs S NF-14ss

Il - 1 is the mesh-dependent norm induced by the linear operator A; (18), i.e., |[Ull1; := +/(Av,0)0,, and
Ejm : M — M} is the operator relating the initial error and the final error of the multigrid V -cycle algorithm,
i.e.,

El,m (ﬂl — ﬂ?) = ﬂl — MGAl (l, fl,a?,m).

Proof. This multigrid algorithm is algebraically equivalent to the V-cycle multigrid algorithm for the noncon-
forming CR scheme (15) with diffusion coefficient a; € W; and reaction coefficient 5; € V; in each level. It
is easy to verify that the assumptions (3.6)—(3.12) of [16] are satisfied for the space M and operators I} _,
and P/7'; see, e.g., Section 6 of [16] and [14]. Hence Theorem 3.3 is simply a restatement of Theorem 5.2
of [16]. O
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4. HDG-P0 FOR THE GENERALIZED STOKES EQUATIONS

We follow the same procedures as in the previous section to present the HDG-P0 scheme for the generalized
Stokes equations together with its optimal a priori error analysis, and the corresponding multigrid algorithms
for the condensed linear system.

4.1. The model problem

We consider the following model problem with a homogeneous Dirichlet boundary condition:

pu—V - (uVu)+Vp=f, inQ, (22a)
V-u=0, inQ, (22b)
u=0, on dN, (22¢)

where v is the velocity, p is the pressure, f € L2(Q) is the source term, p > 0 is the viscosity constant, and
B > 01is the low-order term constant, which typically represents the inverse of time step size in a implicit-in-time
discretization of the unsteady Stokes flow.

To present the HDG-PO scheme, we introduce the tensor L := —uVu as a new variable and rewrite the
equations (22) into a first-order system:

p 'L+ Vu=0, in Q, (23a)

V-L+pu+Vp=f, in Q, (23b)

V-u=0, in €, (23¢)

u = underline0, on O€). (23d)

4.2. The HDG-P0O scheme

The HDG-PO discretization for the system (23) reads as follows: find (L, , uy,, @y, pn) € W, x V, x MY x W)
such that

S (@ (n'L, G,) + @ (Gn,)) =0, (24a)
KeTy
Z (Q%K(TK(% —ay,) -v,) + Q}((ﬁ@h 'Qh)) = Z Q}((i'yh)v (24b)
KeTy KeTy
> QU (@, - nxcan) =0, (24c)
KeTy
> (@9 (L, + o) - Bn) + Qb (ricun, — ) -8,)) =0, (240)

KeTy,

for all (G v UhsOp, qn) € W, xV, x M9 x WP, where I is the unit diagonal matrix, and 7 = ﬁ is the
stablhzatlon parameter. Taklng test functions (G} S Ups Dy Qh) = (L y Uy, — Uy, Pp) in (24) and adding, we have
the following energy identity:

Z (Q(I)(( _1|7h\ )+QgK(TK(Hh_@h) )+QK Bui, ) Z Qk (f - uy)-
KeTy KeTy,
4.3. An a priori error analysis for HDG-P0
Similar to the reaction-diffusion case, to simplify the a priori error analysis in this subsection, we assume

(L,u,p) € H'(Q) x (H*(Q) N H(Q)) x (H(Q)\R), together with the following elliptic regularity result:

UL A 2l 4 (52 4 82 Dl S eregll o, (25)
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which holds when the domain 2 is convex. Furthermore, we assume the following stronger regularity of the
source term f to perform the a priori error analysis:

few (@),

and compare the solution to the HDG-PO scheme (24) with the solution to a similar HDG scheme with exact
integration. Let (éi,g}l,@,ll,pi) eEW, xV,x MY x W2 be the solution to the following scheme:

> (Q?( (/fléi 'Qh) +Qbk (th : @i)) =0, (26a)
KeTp
> (@re (e (wh = 88) -2 ) + (Bube wa) i) = D2 (£ w) (26b)
KeTy KeTn
Z Qdx (@}11 'ﬂK%) =0 (26¢)
KeT),
> (@5 (L) + phL) s ) + Qe (e (wh ~7) -2,) ) =0 (264)

KeTy

for all (G, , vy, Uy, qn) € W, XV, % M9 x W?. Note that in two dimension (d = 2), the above two schemes only
differ by the right hand side term as Q. is exact for quadratic polynomial integration, while in three dimensions
(d = 3) the quadrature scheme (24) further introduce numerical integration errors in the left hand side volume
term in (24b). We use the following lemma to link the above system (26) with the lowest order (mixed) HDG
scheme with projected jumps (and exact integration) that has been analyzed in [58] for the incompressible
Navier—Stokes equations. The proof procedure is similar to Lemma 3.2 and is omitted here for simplicity.

Lemma 4.1. Let (L1 ul T, ph) € W, xV, x M9 x WP be the solution to (26), then ( ,ub Ty, ph) satisfies

w (L, Qh) — (uh, v-gh)m e n>a:n =0, (27a)

(V- (L +p;11£)7 v ) . <TKE0 (uh — 1), o) oy, T O vy, = (s ), (27b)
—(ups Van)y, + <@;1L e qh>(m =0, (27c)

((Lp +PhL) g +7octly (wh — 3, @h>am =0, (27d)

for all (gh,yh,@h, qn) € Eh XV, x Mg x WP, where 11, is the Ly-projection on to the piecewise constant vector
on the mesh skeletons.

With Lemma 4.1, we adapt from [58] and get the following a priori error estimates for the HDG scheme (26)
with exact integration; see [58] for more details.

Corollary 4.1. Let (L,u,p) be the exact solution to the model problem (23). Let (éi,g}l,@}“p}b) eEW, xV, x
M) x W) be the solution to (26). Then there holds

o2 (2= ), + 2= b, o (s~ 5)

= whly S 119 (a— )y + || (k21

< h@l, (28&)

’0 ,0Th

H u2he,, (28b)
0 BTJ',L

where

O 1= 5 PA|Lly+ 5 2lpl + (/% + 80 . )
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Moreover, with the full elliptic reqularity assumed in (25), we have the optimal Lo-convergence for g}l :

|u—uhly S h?(creg®2 + luly), (30)
where
Og := p V2Ll + p 2 [ply + pt Pl (31)

Now we are ready to present the optimal convergence results of the HDG-P0 scheme (24). We note the proof
procedures are essentially the same as in Theorem 3.1 and the detailed proof is omitted here for simplicity.

Theorem 4.1. Let (L, u,p) be the exact solution to the model problem (23). Let (L, w,,u,) € W, x V,, x
M) x W) be the solution to (24). Then there holds

— 1/2 ~ —_
(e )], + e, <56+ 2
—1/2 ~ — —_
o= wnly S 197G = )l + || >, = )| S 07 /2R(1 4 2), (32b)

where ©1 is defined in (29) and

1,00

2= u‘”%(llulb - u‘1/2h91) +um R f
Moreover, assuming the full elliptic regularity in (25), we have the following optimal Ls-convergence of wy,:
lu —uplly S KV, (32c)

where

Creght Y23 _

o = = —3/2 = d/2—1, -1 _
= Creg(®2+‘—‘)+|g‘2+ u1/2+ﬁ1/2h‘—‘+”6H1100/1’ (61+“)+h M ||i 6@”17007

and ©4 is defined in (31).

Remark 4.1 (On pressure robustness). Corollary 4.1 and Theorem 4.1 implies the HDG velocity approximation
errors depend on the regularity of the pressure, which is not pressure-robust in the sense of [41]. A source
modification technique based on discrete Helmholtz decomposition was used in [7,47] for the nonconforming
CR discretization of the Stokes problem (8 = 0) to recover pressure-robust velocity approximations. When
B > 0, a further modification of the mass term using a BDM interpolation [48] was needed to recover pressure-
robustness. Due to the equivalence of the proposed HDG-P0 scheme (24) and a nonconforming CR. discretization
(see Thm. 4.2 below), similar modification can be used for the HDG-P0 scheme to render it pressure-robust by
changing the two volume integration terms in (24b) with the following:

Qk (f -v,) — Qk(f - LFPMuy,),

Qk (Buy, - v,) — Qi (BIFPM(IIF T, ) - IPMuy,),

<

where EEDM is the classical BDM interpolation into the space Vj, N H(div; ), and ESR is the interpolation
from M, to V™ given in (33) below. Optimal pressure-robust velocity error estimates can be obtained for this
modified HDG scheme following the work [7].
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4.4. Equivalence to CR discretization

Similar to the reaction-diffusion case, a bijective interpolation operator II{™ : M, — V® from the facet
space M, to the CR space V™ is defined such that:

HSR@L(WF) =y (mr), Yo, € My, F €& (33)

Then we have the following equivalence result between the HDG-P0 scheme (24) and a (slightly modified) CR
discretization for the generalized Stokes problem:

Theorem 4.2. Let (ugR7pgR) € KSR’O X W}B be the solution to the following nonconforming scheme:

> (Q% (uVug™ - Vo) + Qi (vBup™ - ui™) — Q% (pF"V - 1f™)) = Y Qk (wf - vf™), (34a)
KeTy, KeTp
> (Q% (V- ug™)) =0, (34b)
KeTy,

for all (v§®,qn) € KSR’O x WP, where 7, == . Then the solution (L, ,wy, Uy, pn) to the HDG-PO scheme

u+rflﬁ
(24) satisfies
L, = —pVISta,, (35a)
i i [ (i (hik)Q i :
w, (M) =y (M) gh(mK)eri(mK) , Yie{l,...,d+1},\VK € Ty, (35Db)
ISRG, = USR7 (35¢)
Ph = ph ) (35d)

where m's is the barycenter of the i-th facet F' of the element K, and h%; = ”Pﬂﬁ

Proof. The proof procedure is the same as in Theorem 3.2 and we only sketch the main steps here. By the
definition of ESR and integration by parts, we get from (24a), for all Qh ew,,

> (Qk(rLy-G,) + Qhu(Gune)) = 3 Qhc((17'Ly + VIS ) -G, )

KeTy KeTy,

= ('L, + VI*a,.G,) =0,
h

where we used the fact that QY is exact for P}(K) and QY is exact for P1(F) for all F € K. The identity
(35a) follows thanks to ( _1L + VIITRa,) € w,.
Next, for i € {1,...,d+ 1} taklng test functlon v, in (24b) to be supported only on an element K, whose

values are 1 on mlk and zero on m?% for j # i. By the definition of Q% and Q% we get

rhe wn (m) — B ke )) YL+ o omie () = 5L k).

We immediately get the equality (35b) by solving for the value wy, (le) and using the definition of 7x and hg.
Finally, by the definition of EER, QY and QL the identities (35a) and (35b), and integration by parts, we
have:

ng(<£h +ph£>ﬂK .§h> - ((éh +ph£)’VHgR@h)K
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= —Qk (pVI" T, - VI, ) + Q% (pr VI T,),
QgK(TK(@h —Up) - 0y) = —QK (’YhﬂHCRA HCRA ) + QK (’Yhf Hh Uh)
Qo (U, - ngeqn) = <Eh Uy, - Mgy Gh) o
= Q(I)( (th : HﬁR@h),
where we used the fact that Q(}( is exact for P°(K) and Q% is exact for PL(F) for all F' € OK. By plugging the
above identities into (24c) and (24d), we get the condensed HDG-P0 scheme:

Z (Q% (nVIRG), - VIIE",) + Qf (v B Wy, - 11373,

KeTy
Q% (pnV-1I57T,)) = Y Qi (s -5 Ty), (36a)
KeTy
> (Q% (V- 1I7R7,)) =0, (36b)
KeTh
for all (Ty,,qn) € My x W}, which implies the result (35¢) and (35d). O

Same as in Section 3.4 for the reaction-diffusion equation, the above result demonstrates the equivalence
between the condensed linear system of HDG-PO for the generalized Stokes equations (36) and a slightly modified
CR discretization (34) with numerical integration, where the modification is introduced by the scaling parameter
Yn- In practice we first locally eliminate L, and w, from the linear system of HDG-PO (24) to arrive at the
condensed system (36), and then recover these local variables after solving for u;, and pp from (36).

Remark 4.2 (On multigrid algorithm for (36)). The saddle-point structure (36) creates extra difficulty in
design robust multigrid solvers for the system. In the literature, there are three approaches to construct a
robust geometric multigrid algorithm for the nonconforming scheme (34), which is equivalent to the condensed
system (36). The first approach [10, 63, 65] explores the fact that the CR discretization produces a cell-wise
divergence free velocity approximation

Re gORO {gh e VRO V.y,|x =0,VK € Th},

and applies multigrid algorithms for the positive definite system on the divergence-free kernel space Z SR’O. This
approach is restricted to two dimensions only, which is closely related to multigrid for the nonconforming Morley
scheme for the Biharmonic equation [9]. Its extension to three dimensions is highly nontrivial due to the need of
constructing (highly complex) intergrid transfer operators between these divergence-free subspaces. The second
approach proposed by Brenner [12,13] directly works with the saddle point system (with a penalty term), which,
however, cannot be applied to the positive definite Schur complement subsystem. The third approach proposed
by Schéberl [60,61] also works with a penalty formulation of the saddle point system, where a multigrid theory
was applied to the positive definite subsystem for the velocity approximation. The key ingredients in [60,61] are
(i) a robust intergrid transfer operator that transfers coarse-grid divergence-free functions to fine-grid (nearly)
divergence-free functions, and (ii) a robust block-smoother capturing the divergence free basis functions. This
approach is attractive in three dimensions as the intergrid transfer operator does not need to directly work with
the divergence-free kernel space, and is much easier to realize in practice than the first approach. Schéberl’s
approach was originally introduced for the P?/P° discretization on triangles, it has been applied to other finite
element schemes in two- and three-dimensions by other researchers; see, e.g., [33, 34, 39,42, 45]. In addition
to the aforementioned geometric multigrid methods, Notay [53,54] applied algebraic multigrid methods to
an algebraically transformed saddle-point structure where the diagonal blocks dominate. Sharp and robust
eigenvalue bounds for the two-grid cases were obtained requiring only mild assumptions.
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In the next subsection, we follow the Schoberl’s geometric multigrid theory to provide a robust geometric
multigrid algorithm for the system (36) in combination with an augmented Lagrangian Uzawa iteration method
[36, 66].

4.5. Multigrid-based augmented Lagrangian Uzawa iteration

We use the same notations for the hierarchical meshes and finite element spaces as in Section 3.5. With slight
abuse of notations, we define the following Lo-like inner product on the vector facet space M;:

d+1

CRy [R5 |K‘ a (mi j
@, )y = Y, Qi Gy, I ZZ ) By(m),
KeT; KeT, i=1
with the induced norm || - |jo;, where I : M, — V™ is the interpolation operator (33) on I-th mesh level.

The pressure space W; is equipped with the standard Ls-norm, which we denote as

i alo, = Y Q%(mia) Vo, € Wi
KeT;

We define the following linear operators A4; : M, ? — M ?, and B, : M, ? — W

(A, 0oy - = oW, vy), Yy, € My,
[El@laql]o’l L= Ql(@laql)7 v@l S M?Jll S Wl07

where g;, b, are the following bilinear forms on the [-th mesh level:

Ql(@n@l) = Z (QK (MVHCRA VHCRU[) + QK (BlHlCR@l 'HFR@)), Vi, v, € M?,
KeT,;

bl(@hql) L= Z Q%(QZV HZCR@l)a v@l S M?;QZ S VVl7
KeT,

with (; (m’K) = (m}()ﬁ(m}() for all K € 7;. Further denoting B} : W; — Mlo as the transpose of B; with
respect to the Lo-inner products:

(Ezkph@l)m = [plaﬁl@l]o’U Vo € Wi, € M?,

and f, € M) such that
(4 2),, = X Qklnf 0f"D), vEr e M.

’ KeT,
Then the operator form of the system (36) is to find (@, ps) € MY x W9 satisfying:
Ajuy+Bips = [, (37a)
B, = 0. (37b)
Similar to [39,44], we apply the augmented Lagrangian Uzawa iteration method [36,66] to the above saddle-

point system (37), which solves the following (equivalent) augmented Lagrangian formulation of (37) iteratively
using the Uzawa method

(A;+€¢'ByB;) U, +Bips = [

A5

= (38a)
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B,i, =0. (38b)

The Uzawa method for (38) with damping parameter e~! > 1 reads as follows: Start with p% = 0, for k =
1,2,---, find (@, pk) € MY x W9 such that

A5a5=f, - Bk, (39a)

ph=p5" - _1BIUI (39b)
Here the singularly perturbed operator A5 is associated with the bilinear form

a; (U, 9)) = a1, ) + Z Q?{(E_IV'ElCR@l V'EFR§1)~
KeT;

We quote a convergence result from Lemma 2.1 of [44] for the above Uzawa method (39).

Lemma 4.2 ([44], Lem. 2.1). Let (i,,ps) € MG x W9 be the solution of (37), and let (@5, p%) be the k-th
Uzawa iteration solution to (39). Then the following estimate holds:

k
”UJ—UJH <\[||pJ pJHO ~ \ﬁ(ﬁ_:/m) ||PJ||0,

where g is the minimal eigenvalue of the Schur complement S; = EJAjlﬁj}, which is independent of the mesh
size.

Remark 4.3 (On practical choice of €). The first step Uzawa iteration solution (@}, p}) is simply the penalty
method applied to (37) where a small mass term [ep;, ¢i]o,; is subtracted from the continuity equation (37b).
The above convergence result indicates to take 0 < e < 1 for faster convergence in terms of Uzawa iteration
counts. However, taking e extremely small will leads to round-off issues as the non-zero matrix entries in A is
of O(1) while that of e 1B} B is of O(e~1). In our numerical experiments, the machine precision is 10716, and
we use € = 1078 and perform one Uzawa iteration.

Since the pressure space W is a discontinuous piecewise constant space, there is no equation solve needed
for (39b). Hence the major computational cost of a Uzawa iteration is in solving velocity from (39a), for which
we use a multigrid following [60,61]. As mentioned in Remark 4.2, two key ingredients of a robust multigrid
algorithm for the system (39a) are a robust intergrid transfer operator and a robust block smoother.

It turns out that a vectorial version of the averaging intergrid transfer operator, denoted as I’ f_l, used in (21)
is not robust for € < 1. Here we stabilize this averaging operator with a local correction using discrete harmonic
extensions [60], which takes care of the coarse-grid divergence. Denoting M, l‘?T as the local subspace of M} whose

DOFs vanishes on the (I — 1)-th level mesh skeleton &;_1, the integer grid transfer operator 25—1 : M?_l — M?
is defined as follows:

g = (zd PAC)IZ . (40)
where id is the identity operator and the local projection lee c MY — M ?’T satisfies
of (Phey, 7 ) = a (@, 87 ), vy € MY, 3] e MYy, (41)
which can be solved element-by-element on the coarse mesh T;_;.

A robust smoother for (39a) needs to take care of the discretely divergence-free kernel space. Here the classical
block smoothers for H(div)-elliptic problems from Arnold, Falk and Winther are used [2]. In particular, we use



1572 G. FU AND W. KUANG

vertex-patch based damped block Jacobi or block Gauss-Seidel smoother!. For completeness, we formulate the
vertex-patch damped block Jacobi smoother below. Denoting V; as the set of vertices of the triangulation T;.
We define the subset of facets &; , meeting at the vertex v € V; as

(Q,l,v = U F,

Feé&,,veF

and decompose the finite element space M ? into overlapping subspaces with support on & ,:

M) =Y M), = {9 €M : suppd, C &}
veEV, vEV;

Further defining B”Ale c M) - M RU as the local projection onto the subspace M ?’" with respect to the bilinear
form aj such that:

~ o~ ~ o~ ~ 0 -~ 0
aj (EJA;M, Ql,i) =ai (W, vy,), Yy eM], 1, €M, veV,
the damped block Jacobi smoother is then given as:

Ryi=q ) Py (4) (42)

veEV)

where ¢ is the damping parameter that is small enough (independent of €) to ensure the operator (id — R, A7)
is a positive definite contraction.

With these two ingredients ready, we are ready to present the W-cycle and variable V-cycle multigrid algo-
rithms for the linear system Ajy; =g, € MY as below:

The analysis of the above multigrid algorithm follows directly from Schéberl’s work [60,61], which is based
on classical multigrid theories [5,6,38], and boils down to the verification of three properties of the underlying
operators. To perform the analysis, we denote the following parameter-dependent Lo-like norm || - ||c; on M ?:

@117, = @5, + e 3|V - TG ||, + e 2|1, (v - IR, )|,

where H}/Kl is the Lo-projection onto the piecewise constant space W;_1 on the (I — 1)-th level mesh. We define
Il Ag = /(4] -, -), and denote Efq_lel c MY — MY,

as the transpose of 2571 with respect to the bilinear form aj such that:

A¢ as the norm induced by the SPD operator Aj, i.e., || -|

-1~ ~ ~ ql ~ ~ 0 ~ 0
fol(BA; u, QH) =g (yu QHQH) Vu, € My, 9y € My,
We quote the abstract multigrid convergence result from Theorem 3.7 of [61].

IEdge-patch based block smoother can also be used in three dimensions [2] to reduce memory consumption.
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Algorithm 2. The multigrid algorithm for Aju;, = g,

The [-th level multigrid algorithm produces MG a¢ (l,gl,@?, m(l),q) as an approximation solution for Aju, = g, with

initial guess @?, where m(l) denotes the number of pre-smoothing and post-smoothing steps on the I-th mesh level,

and ¢ € {1,2}. Here ¢ = 1 corresponding to the V-cycle algorithm, and ¢ = 2 corresponding to the W-cycle algorithm

in which constant smoothing steps m(1) = --- = m(l) = m is used.
if l =1 then

MGALE (laglaﬂla m(l)7 q) = (Ale)ilgl'
else

Perform the following three steps:
(1) Pre-smoothing. For j =1,...,m(l), compute @ by

~j _ ~j—1 e~j—1
u; =y +El (31 — A4,u )

(2) Coarse grid correction. Let 5@?71 =0and7,_, = Q;_l(gl - Af@;n(l)). For k=1,...,q,
compute (ng_l by
Su; y =MGua: | (l — 1,7, 0w, m(l — 1)).
Then we get @;"(”H = @lm(l) +386ul |, where 31 : M? — MY | is the restriction operator
satisfying
=1~ ~ ~ gl AT ~ 0 ~ 0
(21 Uy, 21_1)0 1 = (Qn Ql_lyl )Ol7 vﬂl € M[> V1 € M1_1~

(3) Post-smoothing. For j = m(l) + 2,...,2m(l) + 1, compute @f by

~j _ ~j—1 T e~j—1
w =u  +R (g — Ay )

1

where E;'F is the transpose of R, with respect to the inner product (-, -)o.
We then define MG 4, (17917@?’ m(l),q) = @?m(l)ﬁ*l.

Theorem 4.3 ([61], Thm. 3.7). Let the multigrid procedure be as defined in Algorithm 2. Assume there hold
the following properties:
— (A0) Scaling property. The spectrum of id — R, Aj is in the interval (0,1).
- (A1) Approzimation property. There exists a positive constant C independent of mesh size and the parameter
€ such that:

— (A2) Smoothing property. There exists a positive constant C independent of mesh size h; and the parameter
€ such that:

(ia-2_ Pt )i | < Omlwl

i~ 0
Afy Vﬂl GM1~

|Ga - rar" g

o SCmOT R G,V € M.

£
Then the following multigrid methods lead to optimal solvers:

— The W -cycle multigrid algorithm with sufficiently many smoothing steps leads to a convergent method. That
is, there exists positive constants m, and C independent of mesh size h; and parameter €, such that with
g=2 and m(1) = --- = m(l) = m in Algorithm 2 we have:

HEl,mﬁA Af < Cm71/4HQl‘ A Vo, € M?’ =1, m=m,,

where E; ,, : M? — M? is the operator relating the initial error and the final error of the multigrid W -cycle
algorithm, 1.e.,

El,'rn (@l - @?) = @l - MGAZE (Lgla@?a m, 2) .
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— The variable V -cycle algorithm leads to a robust preconditioner. That is, with ¢ =1 and Som(l) < m(l—1) <
Bim(l) in Algorithm 2 (1 < By < (1), there exists positive constant C' independent of mesh size h; and
parameter € such that

£ (Bimy ) < 1+ Cm(t) /4,

where k is the condition number, and B; .,y : MY — M) is the preconditioning operator relating the residual
to the correction of the variable V -cycle algorithm with a zero initial guess, i.e.,

Bl,m(l)@l = MGA; (1,2,,0,m(l),1), Vy, € M?

Remark 4.4 (Verifications of the assumptions in Theorem 4.3). Assumption (A0) is satisfied by taking the
damping parameter ¢ sufficiently small, which only depends on the (bounded) number of overlapping blocks [2].
Note that if a block Gauss—Seidel smoother is used, there is no need to add damping.

We note that the approximation property (A1), the smoothing property (A2), and thus our proposed multigrid
method for the HDG-PO scheme for the generalized Stokes equations require full elliptic regularity assumed in
(25). The verification of the approximation property (A1) essentially follows from Section 4.4 of [61] (see also
[60], Sect. 5), which establishes a stable decomposition result for the coarse grid operator id — Qﬁ_lﬂl}l, where
the analysis was performed on an equivalent mixed formulation. Here a key step in the proof is to show the
averaging operator [ ﬁ_l preserves the divergence on the coarse-grid:

/ Y 'HlC—Rl@l—ldm :/ Uy - ngds :/ 15—1@—1 “npds
K oK 0K
s S
o~ CR7l =~
= Z/ _ll—1ﬂl—1 ng;ds = Z _ V-4 de,
=1 oK K

for all K € T;_1, where the elements K’ are children of K such that K = Uj—zlf_(j. Hence, the coarse-grid
divergence correction only need to be locally performed on the bubble spaces Ml?T in (41).

The verification of the smoothing property (A2) follows from Section 6 of [60], where a key step is to establish
the following bound of the interpolation norm ([60], Lem. 7)

@1 1Ipg, a5 S 81 lle, (43)

where 4, ; € 2% = {5, e M?: V. -IO°RG|x =0, VK € T;} is a discretely divergence-free function, || - | p; is
the additive Schwarz norm expressed by

||@lH22le = infu:zv up v, U0 €M, Z Hulﬂ) QA?

veEV,;

and || - [|[ps a¢) is the interpolation norm between || - ||ps and || - [|a;. The proof of (43) relies on the explicit
characterization of discretely divergence-free functions in Z? using the nonconforming Stokes complex [17,40],
which can be expressed as the discrete curl of the Morley finite element [51] when d = 2, and the discrete curl
of the H(grad curl)-nonconforming finite element [40,69] when d = 3. Using such explicit characterization, one
can prove

@1 lltp; a5 S @y < e,
see similar derivation in Lemma 9 of [39].
5. NUMERICAL EXPERIMENTS

In this section, we present numerical experiments to verify the optimal convergence rates of the HDG-PO
schemes and the optimality of the multigrid algorithms. We tested the proposed multigrid algorithms both as
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TABLE 1. Estimated convergence rates of the HDG-PO scheme in Example 5.1.1.

Level d=2 d=3

[un —ullo  BOC g, —allo  EOC flun —ufle  EOC g, —ollo EOC
1 117e—1  \ 829e—1  \ 1.67e—2  \ 1.72e—1
2 2.96e—2 1.98 4.22e—1 0.97 4.25e—3 1.97 9.22e—2 0.90
3 7.44e—3 1.99 2.12e—1 0.99 1.07e—3 1.99 4.68e—2 0.98
4 1.86e—3 2.00 1.06e—1 1.00 2.66e—4 2.00 2.35e—2 1.00
5 4.66e—4 2.00 5.31le—2 1.00 6.64e—5 2.00 1.17e—2 1.00

the iteration solvers and as the preconditioners for the preconditioned conjugate gradient (PCG) method to
solve the condensed systems (20) and (39a), with a relative tolerance of 1078 used as the stopping criterion.
The bisection algorithm is used for (local) mesh refinements. All results are obtained by using the NGSolve
software [62]. Source code is available at https://github.com/WZKuang/MG4HDG-PO.git.

5.1. Reaction-diffusion equation

5.1.1. Manufactured solution

We first verify the optimal convergence rates of the HDG-PO scheme (4) for the reaction-diffusion equation with
known solution. We set the domain as a unit square/cube Q = [0, 1]? with homogeneous Dirichlet boundary
conditions on all sides. We let the coefficients a = 8 = 1+ }sin(z)sin(y) when d = 2, and o = 8 = 1 +
1 sin(z) sin(y) sin(z) when d = 3. The exact solution is set as:

_ (x—x2) (y—yQ), when d = 2,
“= { (:E—:cQ)(y—yQ)(z—ZQ), when d = 3.

Table 1 reports the estimated order of convergence (EOC) of the Ly norms |jup, — ullo and |jo, — allo of the
HDG-PO scheme (4), and optimal convergence rates are obtained as expected.

Standard V-cycle multigrid in Algorithm 1 is tested both as the iteration solver and as the preconditioner for
the PCG algorithm for the the condensed HDG-PO scheme (17). The coarsest mesh is a triangulation of Q with
the maximum element diameter less than 1/4 in both two-dimensional and three-dimensional cases, followed
by uniform refinements. The iteration counts of the multigrid iteration and the PCG method are reported
respectively in Tables 2 and 3 with different smoothers and smoothing steps in the multigrid algorithms, where
we denote P-JAC as the damped point Jacobi smoother with damping parameter set as 0.5, and P-GS as the
point Gauss—Seidel smoother. For the multigrid iteration solver, we find that the standard V-cycle fails when
the smoothing steps are not large enough. The needed smoothing steps to make the multigrid iteration converge
in three-dimensional cases are larger than those in two-dimensional cases. For the PCG method, the iteration
counts and condition numbers are bounded independent of the mesh size in two dimensions for all cases. There
is a very mild iteration count growth in three dimensions when we only performing one or two smoothing steps,
where the situation is further improved when we take 4 smoothing steps.

5.1.2. Non-convex domain and jump diffusion coefficients on the coarsest mesh

In this example, we consider the reaction-diffusion equation with jump diffusion coefficients on the coarsest
mesh in a non-convex domain. When d = 2, we denote 22 as the domain formed by connecting points
(0.5,0.15), (0.65,0.3), (0.5,0.45), and (0.35,0.3) in order. We then define Q3P := ([0, 1] x [0, 0.6])\Q2P, and
Q3P :=[0.2, 0.8] x [0.6, 0.8]. The domain 2 consists of these three subdomains, i.e., Q = Q3P U Q3P U Q2P
as illustrated in the left panel of Figure 1. When d = 3, Q3P := Q3P x [0.225, 0.375], Q3P := Q3P x [0, 0.6],
Q30 .= 02P x 0.2, 0.4], and Q = Q3P U Q3P U Q3P. The diffusion coefficient « differs in different subdomains,
which is set as 10 in Q2P /03P 1 in Q2P /Q3P, and 1000 in Q2P /Q3P. The source term f = 1 in the center
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TABLE 2. Iteration counts of V-cycle multigrid iteration solver with different smoothers and
smoothing steps in Example 5.1.1.

d=2
Parameters P-JAC P-GS
m=1 m=2 m=4 m=1 m=2 m=4

J  Facet DOFs Iteration count

2 2.20e2 43 23 13 20 10 7

3  8.48e2 97 25 14 22 12 8

4 3.33e3 N/A 29 16 25 15 9

5 1.32e4 N/A 33 17 29 17 10

6  5.25e4 N/A 37 18 34 19 11

7 2.09e5 N/A 42 18 43 21 11

8 8.37eb N/A 50 19 56 23 12

d=3
m=1 m=4 m=8 m=1 m=4 m=38

2 3.45e3 160 21 13 39 9 6

3  1.05e4 N/A 30 17 63 11 7

4 3.02e4 N/A 62 21 N/A 13 8

5 8.42e4 N/A 80 23 N/A 15 9

6  2.26e5 N/A N/A 36 N/A 22 10

7 6.0led N/A N/A 48 N/A 30 11

8  1.54e6 N/A N/A 62 N/A 33 11

TABLE 3. PCG iteration counts for V-cycle multigrid preconditioner with different smoothers
and smoothing steps in Example 5.1.1.

d=2
Parameters P-JAC P-GS
m=1 m =2 m=4 m=1 m =2 m=4
J Facet DOFs # It & #1t =k #It & #It k #1It =k #It =k
2 2.20e2 19 4.9 13 26 9 1.5 12 22 8 1.3 6 1.1
3  8.48e2 22 71 14 3.4 10 1.8 13 28 9 1.5 6 1.1
4 3.33e3 23 8.0 15 3.8 11 21 14 32 9 1.7 7 1.2
5 1.32e4 25 11 16 4.7 11 23 14 3.5 10 1.8 7 1.2
6  5.25e4 26 12 16 49 11 2.3 15 3.7 10 19 7 1.3
7 2.09eb 26 12 16 51 11 24 15 4.0 10 20 7 1.3
8 8.37e5 26 12 16 51 11 2.5 15 4.1 10 20 7 1.3
d=3
2 3.45e3 26 9.7 18 4.6 13 2.4 18 4.7 11 1.8 7 1.2
3 1.05e4 37 19 25 8.2 17 4.2 23 7.3 14 2.8 9 1.6
4 3.02e4 38 22 26 10 18 4.8 25 10 15 3.4 10 1.7
5 8.42e4 44 25 29 12 20 5.5 29 14 16 4.0 10 1.9
6  2.26e5 46 29 30 13 21 6.3 31 16 18 4.7 11 2.1
7 6.01leb 49 35 32 18 22 8.6 35 22 19 6.2 12 2.7
8  1.54e6 50 35 32 17 22 8.1 36 23 19 7.0 12 2.8
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FIGURE 1. The domain of reaction-diffusion equation with jump diffusion coefficients on the
coarsest mesh in Example 5.1.2 (left), and the top-level adaptively refined mesh in two dimen-
sions with 8 = 0 (right).

subdomain Q2P /03P and f = 0 elsewhere. We assume a homogeneous Dirichlet boundary condition on the
bottom and homogeneous Neumann boundary conditions on all other boundaries. We use the standard V-cycle
multigrid algorithms with point Gauss—Seidel as smoother to precondition the conjugate gradient solver. The
coarsest mesh is a triangulation of Q2 respecting the subdomain boundaries, with the maximum element diameter
not exceeding 1/4 in both two-dimensional and three-dimensional cases.

We first test the algorithms under uniform mesh refinements, and Table 4 reports the PCG iteration counts
with different mesh levels J, reaction coefficient 3, and smoothing steps m in both two-dimensional and three-
dimensional cases. As observed from the results when d = 3, one-step and two-step Gauss—Seidel smoother are
not enough to let Theorem 3.3 hold, and the iteration counts grow with increasing facet DOFs. Other results
verify the robustness of our preconditioner with respect to mesh size and mesh levels when the smoothing step m
is large enough in the low-regularity cases. The iteration counts remain almost unchanged as (3 varies. We note
that when smoothing steps are the same, the iteration counts here with jump coefficients in the reaction-diffusion
equation are obviously larger than in the previous case with mildly changing coefficients.

We next test with 8 = 0 on adaptively refined mesh using a recovery-based error estimator [18]. All other
settings are the same. The right panel of Figure 1 demonstrates the finest two-dimensional mesh. Figure 2 reports
the obtained PCG iteration counts, and similar results as those on uniformly-refined meshes are observed.

5.1.8. Jump diffusion coefficient on the finest mesh

We consider a reaction-diffusion equation with jump diffusion coefficient on the finest mesh level. For sim-
plicity, we limit ourselves to the two-dimensional case and set the domain as a unit square Q = [0,1]? with
homogeneous Dirichlet boundary conditions on all sides. The source term is set as f = 1. The coarsest mesh is
a structured triangulation of the domain Q with A = 1/4 and the hierarchical meshes are obtained by successive
uniform refinement. We let the reaction coefficient 5 = 1, and the diffusion coefficient o changes alternatively on
the finest mesh level T; between the minimum value o (ap = 1) and the maximum value a;, as demonstrated
in the left panel of Figure 3. We define the ratio p := a; /ap. We note that the a; ! in the HDG-PO scheme (4)
requires the projection of a~! onto piecewise constant space W; on each mesh level, therefore in this numerical
experiment a;l becomes global constant on coarser mesh levels for [ =1,...,J — 1 and equals 2/(p + 1).

We use the standard V-cycle multigrid algorithms with two-step point Gauss—Seidel as smoother to precondi-
tion the conjugate gradient solver, and Table 5 reports the PCG iteration counts and the condition number with
different ratio p and different mesh levels J. The robustness of our proposed multigrid method with respect to
mesh size and mesh levels is observed. However, as the ratio p increases, the iteration counts and the conditioner
numbers grow and are not bounded. We refer to [43,70] for further studies on multigrid for CR discretization
with jump coefficients, where conforming piecewise linear finite element was used as the auxiliary space to
construct multigrid methods.
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TABLE 4. PCG iteration counts for V-cycle multigrid preconditioner with Gauss—Seidel
smoother and uniform mesh refinement for the reaction-diffusion equation with jump coeffi-
cients in Example 5.1.2.

d=2
G = 1000 6=1 68=0
Parameters m=1 m=2 m=4 m=1 m=2 m=4 m=1 m=2 m=4

J  Facet DOFs Iteration count
2 2.03e2 19 11 8 21 13 10 21 14 10
3 7.78e2 28 17 10 34 19 11 34 19 11
4 3.04e3 42 24 11 44 27 13 44 27 13
5 1.20e4 59 28 12 61 31 14 61 31 14
6  4.794 67 28 12 72 31 14 72 31 14
7 1.91e5 69 28 12 73 31 14 73 31 14
8 7.63eb 69 28 11 72 31 14 73 31 14

d=3
2 1.20e3 16 10 7 24 14 10 24 14 10
3  3.73e3 22 12 8 29 16 11 29 16 11
4  1.10e4 30 16 10 38 21 13 38 21 13
5  3.04e4 45 24 14 55 29 16 54 28 16
6  8.10e4 66 30 14 73 34 17 73 34 17
7 2.14eb5 89 39 18 98 44 20 98 44 20
8 5.43eb 107 42 16 117 47 19 119 46 19

TABLE 5. PCG iteration counts and condition numbers for V-cycle multigrid preconditioner
with Gauss—Seidel smoother for the reaction-diffusion equation with jump coefficients on the
finest mesh level in Example 5.1.3.

P
Parameters %) Tol T2 Tod Te6
J # It k #It k #1It & #1It =k #It k
2 9 1.6 16 38 22  3.lel 32  26e3 37  24e5
3 10 1.7 17 41 28 33l 39  28e3 49  2.4c5
4 10 1.8 17 43 31  35c1 47  3.1e3 58 245
5 11 1.8 17 43 31  35¢1 54 323 69  2.5¢5
6 11 18 17 43 31 351 56 323 71  2.5¢5
7 11 1.8 17 43 31  35c1 56  34e3 72  2.5¢5
8 11 1.8 17 43 31  35¢1 56  34e3 73  2.5¢5

5.2. Generalized Stokes equations

5.2.1. Manufactured solution

We first verify the optimal convergence rates of the HDG-P0 scheme (24) for the generalized Stokes equations
with known solutions. We set the coefficients u = 1, § = 10 and the exact solution

up = 2(z —1)*2y(1 —y)(2y — 1)
uy = y*(y — 1)?2z(z — 1)(2z — 1) » when d = 2,
p =z(1-z)(1-y)-1/12
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FiGUurRE 2. PCG iteration counts for V-cycle multigrid preconditioner with Gauss—Seidel
smoother and adaptive mesh refinement for the reaction-diffusion equation with jump coef-
ficients in Example 5.1.2.

FIGURE 3. The diffusion coefficient on the finest mesh level in Example 5.1.3 (left), and the
numerical solution with J = 3 and p = le4 (right).

and

uy = z?(z — 1)%(2y — 6y + 4y3) (22 — 622 + 42°)

uy =y (y — 1)%(2z — 62% + 423) (22 — 62% + 427)

u, = —22%(z — 1)?(2z — 622 + 42%) (2y — 6> + 4y%)
p =xz(1—z)(1—-y)(1—2)—1/24

when d = 3,
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TABLE 6. Estimated convergence rates of the HDG-P0O scheme solved by one-step augmented
Lagrangian Uzawa iteration in Example 5.2.1.

Level d=2
lu, —uls EOC V- u,o BOC L, —LJ; FOC
1 5.87e—3 \ 1.76e—2 \ 3.37e—2 \
2 1.67e—3 1.81 9.56e—3 0.88 1.94e—2 0.79
3 4.42e—4 1.92 4.94e—3 0.95 1.02e—2 0.93
4 1.13e—4 1.97 2.49e—3 0.99 5.19e—3 0.98
5 2.83e—5 1.99 1.25e—3 1.00 2.61e—3 0.99
d=3
1 1.74e—3 \ 6.53e—3 \ 1.34e—2 \
2 5.03e—4 1.79 3.20e—3 1.03 8.05e—3 0.74
3 1.35e—4 1.90 1.59¢—3 1.01 4.29e—3 0.91
4 3.45e—5 1.96 7.94e—4 1.00 2.19e—3 0.97
5 8.69e—6 1.99 3.97e—4 1.00 1.10e—3 0.99

with all other settings the same as in Example 5.1.1. Table 6 reports the values and the corresponding EOC
of the discrete Ly norms [lup, — ullo, [V - wyllo, and | Ly — Lllo. Optimal convergence rates of w;, and L, are
observed. Since the divergence-free constraint on velocity is imposed weakly in the HDG-P0 scheme, and the
normal components of up are not necessarily continuous across mesh facets, the obtained wuy is not exactly
divergence-free and the divergence error has first order convergence rate.

We have also tested the W-cycle multigrid method in Algorithm 2 as the iteration solver for the problem.
The coarsest mesh is a triangulation of € with the maximum element diameter less than 1/4 when d = 2 and
less than 1/2 when d = 3, followed by uniform refinement. Table 7 reports the obtained iteration counts with
different smothers and smoothing steps in the multigrid algorithm, where we denote B-JAC as the damped
vertex-block Jacobi smoother with the damping parameter set as 0.4, and B-GS as the vertex-block Gauss—
Seidel smoother. As observed from the results, when the smoothing steps are not large enough, the operator
E, ,, in Theorem 4.3 is no longer a reducer, and the needed smoothing steps in three dimensions for the W-cycle
iteration to converge are larger than those in two dimensions. Other results verify the robustness of the W-cycle
iteration solver with respect to the mesh size and mesh level.

5.2.2. Lid-driven cavity

In this example, we test the robustness of the proposed multigrid preconditioners for the the lid-driven cavity
problem, where the computational domain is a unit square/cube Q = [0,1]¢. We assume an inhomogeneous
Dirichlet boundary condition u = [4z(1 — ), 0]T when d = 2, or u = [162(1 — 2)y(1 — ), 0, 0]T when
d = 3 on the top side, and no-slip boundary conditions on the remaining domain boundaries. The source term
f = 0. We use the PCG method preconditioned by W-cycle and variable V-cycle multigrid (with smoothing
steps m(l) = 277tm(J)) in Algorithm 2 to solve the augmented Lagrangian Uzawa iteration for the condensed
HDG-P0 scheme (39a). We use vertex-patched block Gauss—Seidel as smoothers in multigrid algorithms to avoid
damping parameters. The coarsest mesh is a triangulation of 2 with the maximum element diameter less than
1/4 when d = 2, or less than 1/2 when d = 3.

Table 8 reports the PCG iteration counts on uniformly refined meshes with different domain dimensions d,
mesh levels J, the low order term coefficient 3, and the smoothing step on the finest mesh m(J). As observed
from the results, when d = 2 and 3 = 1000, the solver preconditioned by the W-cycle algorithm with m(J) = 2
fails. This is due to the fact that the linear operator of the W-cycle multigrid with only two smoothing steps on
each level becomes indefinite and cannot be used as a preconditioner, see Section 4 of [6]. On the other hand,
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TABLE 7. Iteration counts of W-cycle multigrid iteration solver with different smoothers and
smoothing steps in Example 5.2.1.

d=2
Parameters B-JAC B-GS
m=1 m=2 m=4 m=1 m=2 m=4

J  Facet DOFs Iteration count

2 3.76e2 53 29 20 27 17 12

3 1.57e3 22 20 17 17 13 11

4  6.40e3 46 36 25 30 16 11

5  2.59e4 N/A 62 31 26 14 11

6  1.04e5 N/A 78 36 33 15 10

7  4.17e5 N/A 72 31 30 11 8

8 1.67e6 N/A 86 24 21 11 7

d=3
m=1 m=4 m=8 m=1 m=4 m=38

2 1.41e3 N/A 23 9 10 5 4

3  4.61e3 N/A 8 6 64 5 4

4 1.44e4 N/A 18 9 N/A 7 6

5  3.89¢4 N/A 8 6 N/A 6 6

6 1.06e5 N/A 13 7 N/A 7 6

7 2.74eb5 N/A 9 6 N/A 6 5

8  7.00e5 N/A 14 6 N/A 6 5

variable V-cycle multigrid is more robust and works with m(J) = 1. Other results verify the robustness of our
multigrid preconditioner with respect to mesh size and mesh levels.

5.2.3. Backward-facing step flow

Finally we test the robustness of the proposed multigrid preconditioners for the backward-facing step flow
problem, with the non-convex L-shaped domain Q = ([0.5,5] x [0,0.5]) U ([0,5] x [0.5,1]) when d = 2, or
Q = (([0.5,5] x [0,0.5]) U ([0, 5] x [0.5,1])) x [0, 1] when d = 3. We assume an inhomogeneous Dirichlet boundary
condition u = [16(1 —y)(y — 0.5), 0]T when d = 2, or u = [64(1 — y)(y — 0.5)2(1 — 2), 0, 0]T when d = 3 for the
inlet flow on {x = 0}, with do-nothing boundary condition on {z = 5} and no-slip boundary conditions on the
remaining sides. The maximum element diameter is less than 1/2 in both two-dimensional and three-dimensional
cases. Other settings are the same as in Example 5.2.2.

Table 9 reports the PCG iteration counts under uniform mesh refinements. Similar results are observed as in
the previous example. In particular, variable V-cycle algorithm with m(J) = 1 leads to a robust preconditioner.
Next we test with 3 = 0 on adaptively refined meshes using a recovery-based error estimator as in Example 5.1.2.
Figure 4 reports the obtained PCG iteration counts, and similar results as those on the uniformly-refined meshes
are observed. We note that although the multigrid analysis in Theorem 4.3 requires full elliptic regularity, our
proposed multigrid method works well in this low-regularity case.

6. CONCLUSION

In this study, we present the lowest order HDG schemes with projected jumps and numerical integration
(HDG-PO0) for the reaction-diffusion equation and the generalized Stokes equations, prove their optimal a priori
error analysis, and construct optimal multigrid algorithms for the condensed HDG-P0 schemes for the two sets of
equations on conforming simplicial meshes. The key idea of constructing the optimal multigrid is the equivalence
between the condensed HDG-PO scheme and the (slightly modified) CR discretization, which enables us to follow
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TABLE 8. Iteration counts of the preconditioned conjugate gradient solver for the generalized
Stokes equations in lid-driven cavity problems in Example 5.2.2.

d=2
Multigrid Variable V' cycle W cycle
164 1000 1 0 1000 1 0

m(J) 1 2 1 2 1 2 2 4 2 4 2 4
J  Facet DOFs Iteration counts
2 3.76e2 13 10 12 10 12 10 N/A 38 10 8 10 8
3  1.57e3 18 14 15 12 15 12 N/A 12 10 9 10 9
4 6.40e3 20 16 17 13 17 13 N/A 11 11 9 11 9
5 2.594 20 15 18 14 18 14 N/A 9 1 10 11 10
6 1.04e5 20 15 19 15 19 15 N/A 9 11 9 1 9
7 4.17e5 20 15 20 15 20 15 N/A 9 1 9 1 9
8 1.67e6 21 15 21 15 21 15 N/A 9 1 9 1 9

d=3

2  1l41e3 10 7 11 8 11 8 7 5 8 6 8 6
3 4.61e3 1 9 1 9 1 9 8 7 8 7 8 7
4 1.44e4 12 10 12 9 12 9 9 8 9 8 9 8
5 3.89%4 13 11 12 10 12 10 8 8 8 7 8 7
6 1.06e5 14 12 12 10 13 10 8 8 8 7 8 7
7 2.74e5 14 12 12 10 12 10 8 7 8 7 8 7
8  7.00e5 14 12 13 10 13 10 8 8 9 7 9 7

TABLE 9. Iteration counts of the preconditioned conjugate gradient solver for the general-
ized Stokes equations in backward-facing step flow problems with uniformly refined mesh in
Example 5.2.3.

d=2
Multigrid Variable V cycle W cycle
8 1000 1 0 1000 1 0

m(J) 1 2 1 2 1 2 4 6 4 6 4 6
J  Facet DOFs Iteration counts
2 3.92e2 9 7 9 7 9 7 N/A 4 6 5 6 6
3 1.65e3 13 10 10 8 10 8 N/A 7 6 6 6 6
4  6.75e3 6 13 11 8 11 8 N/A 10 6 6 6 6
5 2.73e4 18 14 11 9 11 9 N/A 7 6 6 6 6
6 1.10e5 17 12 12 9 12 9 N/A 6 6 6 6 6
7 4.41eb 5 11 12 9 12 9 N/A 6 6 6 6 6
8 1.77e6 13 10 12 9 12 9 N/A 6 6 6 6 6

d=3

2 3.02e3 7 5 6 5 6 5 4 3 4 4 4 4
3 8.55e3 7 6 6 5 6 5 5 4 5 4 5 4
4 247e4 8 7 8 6 8 6 6 5 5 5 5 5
5 6.88e4 9 7 7 6 7 6 6 5 5 5 5 5
6 1.82€5 10 8 8 7 8 7 6 6 5 5 5 5
7 4.78e5 10 8 8 7 8 7 6 6 5 5 5 5
8 1.22e6 10 9 8 7 8 7 5 5 5 5 5 5
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FIGURE 4. Iteration counts of the preconditioned conjugate gradient solver for the general-
ized Stokes equations in backward-facing step flow problems with adaptively refined mesh in
Example 5.2.3.

the rich literature on multigrid algorithms for CR discretizations to design robust multigrid schemes for HDG-
PO. Numerical experiments are presented with the proposed multigrid algorithms as both iterative solvers and
preconditioners to solve the condensed HDG-PO0 schemes, where optimal Lo norm convergence rates are obtained,
and the condition number of the preconditioned operators are bounded independent of mesh level and mesh
size. We further note that the proposed h-multigrid algorithms for the condensed HDG-PO0 schemes in this study
can be used as a building block to construct robust preconditioners for higher-order HDG schemes using the
auxiliary space preconditioning technique [68], which will be our forthcoming research.

ApPPENDIX A. PROOF OF (10c)

Let (¥,9) € HY(Q) x (H*(Q) N H}(Q)) be the solution to the following dual problem together with the
regularity assumption as in (5):

a 'Y+ Ve=0, V-¢+Bp=¢e, inQ. (A1)

We define Iy, and Iy as Lo-projection onto the finite element space V)0 and W,,. To further simplify notation,
we denote

on =1y ¢,  Yp = Uw.

Moreover, by continuity of the Lo-projection and the continuous dependency result on ¢, there holds:

Inllin < 19l < aglleulo, (A.2)



1584 G. FU AND W. KUANG

where the norm ||¢p|1,5 := \/ZKG% ||¢h||37K + [|[Vnl|2
Using the definition of the dual problem (A.1), we have, for any ﬁh € W, and ¢p, € V},

lealls = (ew, V- ¥+ 80),
= (ew V- (2-9,)), +(ewB6 =g, + (enV-1,)  + (Beudn)s,.

Taking r;, = ¢, in (1la), we get

(e“’v ' %h) T - (a_lgf” gh)‘rh + <e"’ i *K>airh
- (Oflg"’ i Q) Tn (e5s V&), + <€a, (yh B ﬂ) .QK>8‘J'h’

where we used the first equation in (A.1), single-valuedness of e on the interior mesh skeleton £¢ and eg|so =0
in the second step. Taking v, = ¢y, in (11b), we have

(ﬂeuagbh) (66u7¢h Z QK ﬂeugbh)

KeTy
=T3(¢n)
+ (€5s Vn)g, — (€5 g + Tro(€w — €a); Pn) gy, + T1(dn) — To(dn)
= (€5, Von)g, — (€ g + Trlo(eu — €a), on — &) oy, + T1(dn) — To(dn) + T5(¢n),

where in the second step we used the single-valuedness of e, - ny + 7 Ilo(e, — e7) on the interior mesh skeleton
&2 and ¢|gn = 0. Combing the above three equalities and simplifying, we get

leulld = —(a™ ey + Veu, ¥ =9, ), + <eu —eu, (¥ —1,) '@K>mh + (Bew +V e, 6 — o0,

=1 =T =13

+ (txo(eu — €u), (0 — n)) o, +T1(0n) — Ta(én) + T5(dn).

=14

Using approximation properties of the La-projections and (A.2), we can bound each of the above right hand
side terms by the following;:

1< (IVeully + g /%o 2

o) e =] = a0zl

—-1/2 ~ 1/2 1 2
I 5 il P ew =)y [0 (2= )]y, <00 PRI,
I5 S (Billewllo + 1V - ollo) 16 = dlly S (mneuno +a1/2 =) ¢la,
1/2 -~ 1/2 1/2—=
15 [l toten —2a)| 2@ =), S ai2Rol,
Ts(0n) < allénllo S oW Eleullo.

T1(¢n) —T2(n) - U}L||17h||¢h||o h1+d/2||f — Bull1,00llénll1
< (1811500572126 + B+ | = Bulls o ) eullo

Combining these inequalities with the regularity assumption (5), we finally get

lelld S n22(ag Il + a1 oll2) + (81 02O +2) + h2 G ] = Bullioe ) h2 lullo
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—1/2
Creg ¥ ﬂl —_

—3/2 - 1
Coeg80_TLE 4Bl 0ot 2O + 5) + W2 ag | — Bullyeo | P leulo.
o' 4+ 6 h

S| Creg= +

The estimate (10c) now following from the above inequality and (9d) by the triangle inequality. This completes
the proof of (10c). 0
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