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ANALYSIS OF THE DPG METHOD FOR THE POISSON EQUATION
L. DEMKOWICZ AND J. GOPALAKRISHNAN

ABSTRACT. We give an error analysis of the recently developed DPG method applied to
solve the Poisson equation and a convection-diffusion problem. We prove that the method
is quasioptimal. Error estimates in terms of both the mesh size h and the polynomial
degree p (for various element shapes) can be derived from our results. Results of extensive
numerical experiments are also presented.

1. INTRODUCTION

We present an analysis of a discontinuous Petrov-Galerkin (DPG) method for a simple
model problem involving the Poisson equation. Although DPG methods for the Poisson
equation have been in existence for long (e.g., [7]), we have in mind the new class of
DPG methods constructed by following the framework we developed in [13, 14, 15, 23].
These papers explored how one can achieve the best possible stability (or close to it) by
designing test spaces suitably.

Our first paper [13] gave an analysis of a DPG discretization of a simple transport
problem in two dimensions. In this simple case we had the benefit of being able to tweak
a hand-calculated test space that is “optimal” in terms of stability. With a view towards
applying the DPG methodology to more complicated problems in an automatic fashion,
we modified the DPG framework in [14], bringing it closer to the least-square Galerkin
methods such as in [3]. What distinguishes our methodology from other least square
methods is the possibility to locally compute a test space that is close to optimal. Our
remaining papers [14, 15, 23] gave numerical evidence of the extraordinary stability of the
resulting methods when applied to various problems. However, the theoretical analysis in
these papers, unlike [13], was restricted to problems in one space dimension. The purpose
of this paper is to give a few new techniques to analyze DPG methods for problems in
higher space dimensions.

Although the subject here is the Poisson equation, we are not advocating that one
should use the DPG method for the simple Poisson equation (for which many competitive
methods exist). Indeed, the real potential of the DPG methodology is clearly evident
only in high order simulation of more complex problems. What we aim for in this work is
more limited, but clear-cut: We want theoretical techniques that permit a fairly complete
analysis of the method for a simple elliptic multidimensional model problem. Since the
DPG method is fundamentally different from other standard methods, few tools were
available for its theoretical understanding. One of the techniques we introduce in this
paper is a decomposition of a discontinuous function into a (conforming) solution of
a mixed method and a (discontinuous) piecewise harmonic function. This leads to an

Key words and phrases. DPG method, discontinuous Galerkin, discontinuous Petrov-Galerkin,
Helmholtz decomposition, adaptive, hp, finite element method, convection-diffusion.
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inf-sup condition and facilitates the error analysis of the DPG method for the Poisson
equation. Such techniques may find applicability beyond the Poisson example. Another
unexpected example of the impact of the present theoretical study is that it indicates that
for optimal convergence rates, while the numerical fluxes may be approximated using the
same polynomial degrees as the interior variables, the DPG numerical traces need higher
degree polynomials. Such insights can be valuable when applying the DPG methodology
to more complex applications.

DPG methods fall into the general category of discontinuous Galerkin (DG) methods,
so let us review DG methods for elliptic problems. The literature in this area is vast, so
we will be brief and cite only works necessary to put this paper in broad perspective. One
of the first DG methods, called the interior penalty (IP) method [2], used a penalization
parameter. An inconvenient feature of this method is that for stability it required the
penalization parameter to be “sufficiently” large (practically unknown) number. This
was remedied by the LDG methods [6, 9] which also enjoyed the additional property that
fluxes can be eliminated locally. The IP and LDG methods, and indeed all the “older” DG
methods for the Poisson equation, have been reviewed thoroughly in [1]. They showed that
almost all the DG methods in existence at the time of their writing could be recast into a
system of two equations with specific prescriptions of the so-called “numerical trace” and
the “numerical flux” on element interfaces (see (14) below for more on the terminology).

The further developments in this area yielding “newer” DG methods, not covered by [1],
can be understood from various angles. To offer one perspective, many researchers con-
sidered the specific prescriptions of numerical traces and fluxes as adhoc and difficult to
generalize for complex problems. Shouldn’t a good method find the right numerical trace
automatically? A partial answer was provided by the recently developed hybridized DG
(HDG) method [8]. It lets the numerical trace be an unknown to be determined automat-
ically by the method, and yet maintains the local elimination and flexible stabilization
properties that endeared DG methods. Nonetheless, although the HDG method auto-
matically finds the “right” numerical trace, its numerical flurx must again be prescribed.
In this perspective, the next natural question is whether there are stable DG methods
which let both the numerical flux and the numerical trace to be unknowns (so that none
of these needs to prescribed adhoc). The DPG method analyzed in this paper answers
this question in the affirmative.

We begin by recalling a salient result for abstract DPG methods in Section 2. The
development of the bilinear and linear forms that constitute the DPG method appears in
Section 3. Next, in Section 4, we give an error analysis of the method. In Section 5 we
point out how the new techniques of analysis can be extended to a more general second
order elliptic problem. Finally, numerical experiments are presented in Section 6.

2. THE ABSTRACT DPG METHOD

In this section we summarize the DPG framework developed in [13, 14, 15, 23] and
state an abstract result which we will use for error analysis.

Let U (the “trial” space) and V' (the “test” space) be vector spaces over R and b(-,-) :
U x V — R be a bilinear form. Let U be a reflexive Banach space under the norm || - ||y.
We assume that V' is a Hilbert space under an inner product (-,-)y with a corresponding
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norm || - ||y We assume that

b(u,v)
v =su 1
” ||0pt,V well ||U||U ( )
is a norm on V. This is called the optimal test space norm for reasons explained in [23].
The norms [|v[| 1 and [v]ly are not equal in general.

The variational problem we wish to approximate is as follows.
{ Find u € U such that

b(u,v) =1l(v), YveV.

Here [(+) is a given real-valued continuous linear functional on V. The DPG approximation
of u € U is denoted by wuy. It lies in Uy, a subspace of U. We define the trial-to-test
operator T : U — V by

(2)

(Tu,v)y = b(u,v), Vv e V. (3)
Let V}, = T(Uy). The DPG approximation wu;, € Uy, satisfies
b(uh, Uh) = l(l}h) Yo, € Vj,. (4)

This is a Petrov-Galerkin type formulation as U, and V} are not generally identical.
Nonetheless, the resulting stiffness matrix is symmetric and positive definite. This and
other interesting properties are discussed in [14]. A basic convergence result for the
abstract method is proved in [23, Theorem 2.1]. Let us restate it here in a form convenient
for the current application.

Theorem 2.1. Suppose u and uy, satisfy (2) and (4), resp. Assume that

{weU: blw,v)=0, YveV}={0} (5)
and that there are positive constants C1,Cy such that
Cillolly < ollypy < Collvlly, Vo eV, (6)

Then

Cy
ol < 22 inf fu—wylp.
|u —unlly < o, o lu — wh|v

In the remainder, we wish to apply this theorem to the particular case of a DPG method
for the Poisson equation. To this end, we will develop an ultra-weak formulation for the
Poisson equation and verify the assumptions of Theorem 2.1.

3. APPLICATION TO THE POISSON EQUATION

In this section, we derive a DPG method for the Poisson equation and set up a suitable
functional framework. Let {2 be a bounded simply connected open subset of RV with
connected Lipschitz boundary, where N = 2 or 3. We assume that (2, is a disjoint
partitioning of {2 into open “elements” K, i.e., U{K : K € §2,} = . At this point,
we need not assume that elements are of any particular shape, but so as to apply trace
theorems later, we will assume their boundaries 0K are Lipschitz.

The boundary value problem targeted for approximation is

—V - (aVu) = f on (7a)
u=>0 on Of). (7b)
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Here «(7) is a given measurable coefficient function satisfying
0<ap<al@ <o, VI € (2. (8)

The load f is in L?(§2) (although it will be clear later that this can be relaxed).

3.1. The ultra-weak formulation. We will now develop a variational formulation of (7)
where v is only required to be in L?*(£2) and the “flux” of the solution, namely & = —aVu,
is also only required to be in L?(£2). Hence the name “ultra”’-weak formulation. (This
name was used in the same spirit in [20] for a different method.)

To motivate the derivation of this ultra-weak formulation, let us temporarily assume
that the solution and flux are smooth enough to allow integration by parts, i.e., we
reformulate (7) as the first order system

a~ '+ Vu =0, (9a)
V.-3=0, (9Db)

and integrate these equations by parts on one element K to get
(a3, %)k — (u,V - 7k + (u, 7 Mox = 0, V7 e H(div, K), (10a)
—(3,Vo)k + (.6 - Worx = (f,0)k, Yo € HY(K). (10Db)

Here 77 denotes the outward unit normal on K. The outward unit normal on any other
domain will also be generically denoted by 7 (the underlying domain will be clear from the
context). The notations (+,-)p and (-, -)g9p denote the L?(D) and L?(9D) inner products,
resp., on any domain D. Above and later, we use the standard notations for Sobolev
spaces, such as H'(D) and H (div, D). Additionally, note that the completion of compactly
supported smooth functions in the H!(D) and H(div, D)-norms will be denoted by Hj (D)
and Hy(div, D), resp.

We now replace the terms (u, 7 - ) sk and (v, & - M) s by (U, T - 71)1/2,0x and (v, 6,)1/2,0k »
resp., where @ and 6,, are new unknowns, and (-, £)1/2 s denotes the action of a functional
¢ in H~Y2(9K). This motivates the following ultra-weak formulation.

{Find (¢, u,,d,) € U such that an
b( (7, u,u,0,), (T,v))=I1(T,v), V(7,v) €V,
where the spaces are defined by
U = L2(02) x L*(£2) x HY*(962,) x H*(952,), (12)
V = H(div, 2,) x H*(§2;). (13)
The notations here are defined by

HY?(062,) = {n : Jw € H () such that n|ox = w|ox VK € 2},
H Y200, ={ne HH‘l/Q((‘?K) : 3¢ € H(div, 2) such that n|ox = ¢ - iilox VK € 2},
K

H(div, ) = {7: 7|x € H(div, K), VK € 2}
H1<Qh) = {U : 'UlK € HI(K), VK € Qh}
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Note that w|sk, ¢ - 7i|ox etc. are abbreviated notations for appropriate trace operators.
These traces are all well defined in the Sobolev spaces used above. The forms b and [
in (11) are defined by

b( (¢,u,1,6,), (T.v)) = (a3, F)g, — (u, V- P)g, + (6,7 - T)on,

- (527 V'U)_Qh + <U7 5-n>89ha
L(T,v) = (f,v)a,-
Note that the derivatives in the bilinear form are calculated element by element. Here

and throughout, for concise notation that reflects the element by element calculations, we
use

(r,8)a, = Y (r9)k, (w, Oog, = Y (w, 010k
KEQ}L KEQh

/2

We will also use ||r||g, to denote the norm (r, r)l The natural norms on the “broken”

spaces H'(§2,) and H(div, £2;) are defined by

H’UH%{l(Qh) = (v,v)0, + (Vv,Vv)g,

’|Cf“%{(div,9h) (7, Q)Q;L +(V-¢,V- J)Q;L-

They determine the || - ||y-norm for the space in (13).
The DPG solution of (11) consists of four components. While ¢ and u are simply called
the flux and the solution components, resp., the customary names for the other two are

numerical trace () and numerical flux (6,,). (14)

As indicated above, these lie in Hé/Q(aﬁh) and H~'/2(012,), resp. Note that these spaces
consist of functions (or functionals, resp.) that can be interpreted as “single-valued” on
element interfaces. They are normed by quotient norms, i.e.,

Ha”HS/Q(aQ , = inf {llwll (0 : Yw € Hy(£2) such that o = w|ox }, (15a)

Ha’n||H71/2(th inf {Hq | eraiv,2) © V¢ € H(div, §2) such that 6,]ox = ¢ - n|aK} (15b)
By standard arguments, we can conclude the existence of linear continuous liftings Fgyaq :
HY?(062,) — HE(2) and Egy : H=Y2(062,) — H(div, £2) such that

[ Egraati[ ) = lall 17205, ) | Eaivon |l m@iv.) = [0l g-17200,)- (16)

This completes the description of the ultra-weak formulation (11) and its associated spaces
and norms.

3.2. The optimal test norm. The optimal test norm was abstractly given in (1). For
this specific application, it is easy to calculate it.
- b( (¢,u,u,0,), (T,v))
175 0)lgpe,y = sup T
(¢u,t,6 )€U || (0-’ u,u, Un) ||U

~

(G, a7 = Vu)g, — (u,V - T)g, + (4,7 @og, + (0, 60)00,

= sup
(Gu,t1,6m)EU

. ) /
(131220 + Iy + 120172 00 + 10m0%12000)
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Elementary arguments then show that

IR = a2 a2
7,0y = a7 = Sl + 1971, + 77, + oy (17
where
7, & swp ATy (0T Don, (152)
" acHy*(952;) ”“HH(}/Q(th) weHL (1) [w| z1(02)
H[“ﬁmanh = sup (v, Gn) o =  sup (0.4 Wog, (18b)

GneH-1/2(052) ||&n||H*1/2(8.Qh) ger@iv,2) ||,

The last equalities in either case are a consequence of the definition of the spaces and
their quotient norms, as defined in (15). E.g., to prove the last equality in (18b), observe
that for every ¢ in H(div, £2), the trace 6,|ox = ¢ - 7|sx satisfies

<U7a-n>8!2h ><U7(T : ﬁ>89h

H&nHH—W(th) N ‘|§|’H(div,9)

due to (15b). Hence the first supremum in (18b) is greater than or equal to the second.
The reverse inequality also holds because for every &, in H~'/2(9(2,), there is a function
¢ in H(div, {2), namely ¢ = Eq4;v0,, (see (16)) such that ¢ - 7i|ox = 6, and || ¢ || a(aiv,.0) =
||CATn||H*1/2(th)-

The norms in (18) measure the size of “jumps”. Indeed, it is easy to see that when
applied to functions without jumps they are zero, specifically,

17 7| 5, = O Vp € H(div, 2), (19a)

e, = Vo € Hy(£2). (19b)

E.g., to prove (19a), consider the numerator (w, g’ - @)sg, in (18a) for some w in Hj(S2).
We first integrate by parts locally, and next globally, to get

-

(w, 7 - Woa, = (Vw,f)e, + (W, V- §)g,
= (Vw,p)a+ w, V- 7)o
= (w,p - M)an

which vanishes due to the global boundary condition of w in Hj(§2). Similarly, we can
prove (19b).

As shown abstractly in [14, 23], if one is able to compute the trial-to-test operator with
respect to the optimal test norm — i.e., use |||,y in place of || - [[y in (3) — then the
DPG solution would coincide with the best approximation from Uy in U-norm. However,
in most examples, including our current application, the optimal test norm is not easy to
compute with. The optimal norm given in (17) is inconvenient for practical computations,
due to the last two “jump” terms. These terms would make the trial-to-test computation
in (3) non-local.

Therefore, a fundamental ingredient in our analysis (in the next section) is the proof of
equivalence of the optimal norm in (17) with the simpler standard V-norm

I F 05 = 17 aiv. ) + 10l - (20)

This “broken” or “localizable” test space norm does not have any jump terms.
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4. ERROR ESTIMATES

The DPG method uses the ultra-weak formulation developed in § 3.1 together with a
(conforming) subspace Uy, of the space U in (12). This section is devoted to proving the
following results on bounds for the discretization error.

Theorem 4.1 (Quasioptimality). Suppose (&,u,@,6,) € U and (Gp, up, U, 0np) € Uy
are the exact and approzimate solutions, resp. Let the discretization error (Disc.Err.) and
the best approximation error (Proj.Err.) be denoted by

Disc.Err. = HE — 5h|’L2(Q) + Hu — uhHL2(Q) + Ha — ﬁh”Hé/Q(BQh) + Hé—n — 6—n,h ’H*1/2(89h)7

Proj.Err. = inf
(P’ hyWhs2h,Tin,n) EUR

(1= Fallzia + = il 4118 = 3l + 100 = inall-vsany )

Then there is a C(«) > 0 independent of the subspace Uy, and the partition (2, such that
Disc.Err. < C(«) Proj.Err.
The value of C(«) is an increasing function of oy and 1/ay.

The proof of Theorem 4.1 appears in § 4.4 below. Note that the discretization subspace
Uy, is unspecified in the theorem — the result holds for any U,. In this sense, the theorem
is comparable to Céa lemma (although the proof is much more involved). If we specify
any particular finite element subspace Uy, with specific finite element shapes (simplices,
quadrilaterals, etc.) whose best approximation properties are known, we can conclude
rates of convergence.

As an example, let us consider the case of a finite element space built on a tetrahe-
dral mesh. Let P,(D) denote the set of functions that are restrictions of (multivariate)
polynomials of degree at most p on a domain D. Let

Snp =101 Pl € Po(K)V}, Whp =A{v: vk € B(K)}.
Define the numerical trace and flux approximation spaces by

My, = {n: 3w € W, N Hy(£2) such that n|sx = w|ox VK € 24},

Qnp =A{n: nlg € P,(E), VY mesh faces E}.

We assume p > 1 so that M}, , is non-trivial.

Let us apply Theorem 4.1 with these as the trial spaces for each solution component.
Then, to obtain rates of convergence, we only need to examine how the best approximation
error converges in terms of A and p. It is well known that for s > 0,

H(02)5 (s<p+1). (21)

inf  |lu—w < Ch’p~?%lu
omf I wlle < CRp™|
A similar best approximation estimate obviously holds for ¢ as well.
The only best approximation terms that need further explanation are the flux terms.
Since the exact solution @ is the trace of v and the exact flux &, is the trace of the
interfacial normal components of &, we have

B 1830y S 1 Pl

ﬁn,irelcgh,p H&n - ﬁn,hHH*lﬂ(th) < HE - Hdiv(?HH(div,Q)a
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where Ilg,qu € Hy(82) and 14,6 € H(div, 2) are suitable projections, such that their
traces Iy aqu|p and Ig,0 - i on any mesh edge E is in P,(E).

Such conforming projectors providing approximation estimates with constants indepen-
dent of p are not easy to construct. However they are now available from recent results
in [11, 12, 16, 17, 18]. In [12, Corollaries 1 and 2], and later in the corrected version of
the results in [11, Theorem 5.3|, projectors Ily,q and Iy, satisfying

|u — Hgraatt|| i1y < C'n(p)? Kp~°|u| grss10), (s <p), (22a)
||6 - Hdivg”LQ(Q) < Cln(p) hsp_s|5 Hs+1(02)s (S < P+ 1) (22b)

were given under the assumption that s > 1/2 and the conjecture that a certain polyno-
mial extension operator exists. The latter conjecture was recently proved in [16, 17, 18]
and as a result, the estimates of (22) are finally proved.

Furthermore, let us now observe that /4, can be chosen to be either a projector into
Shp N H(div, 2) or a projector into the Raviart-Thomas space.! This is because the
normal traces of functions in both these spaces result in the same ) ,. Projectors Il
into both these spaces have been analyzed in [11]. Let II, denote the L?-orthogonal
projection into W}, ,. The projector into the former space satisfies the commutativity

property V - Il4,¢ = I, 1V - &, while the projector into the Raviart-Thomas space
satisfies V - 14,0 = 11,V - 0. Hence, for the latter,

IV - (G — Hayd)|| 1200 < CR*p~*|V - &) (s<p+1). (23)

Thus, although we could have used either projector for estimating best approximation
error for the numerical flux, it is preferable to use the projector into the Raviart-Thomas
space to get the best power of h.

Now, comparing the rates of convergence in (21), (22) and (23), we find that to obtain a
full O(hP*1) order of convergence, we must increase the polynomial degree of the numerical
trace space to p + 1. Combining these observations, we have the following corollary.

Corollary 4.1 (h and p convergence rates). Suppose (2, is a shape regular tetrahedral
finite element mesh and let h denote the maximum of the diameters of its elements. Set

Uh = Sh,p X Wh,p X Mh,p+1 X Qh,p'

Then there is a constant C' independent of h and p (but dependent on the shape reqularity
and «) such that

Disc.Err. < Cln(p)* h*p~*(||u|
forall1/2 <s<p+1.

aeri@) + 10 gst1(2)

In the same way, one can derive convergence rates for other element shapes and spaces
(triangles, hexahedra, etc.) from Theorem 4.1. In the remainder, we develop the results
needed to prove Theorem 4.1. The proof proceeds by applying the abstract result of
Theorem 2.1. Hence we must verify its assumptions. The injectivity assumption (5) is
verified in § 4.1. Most of the work is in proving one side of the two sided inequality of the
second assumption (6), which appears in § 4.3. The proof is completed in § 4.4.

IThe Raviart-Thomas space [22] consists of functions in H(div, {2), which when restricted to a mesh
tetrahedron, takes the form 7, + &'s, for some 7, € P,(K)N and s, € P,(K).
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4.1. Uniqueness. Let us verify the first assumption of Theorem 2.1, namely (5).
Lemma 4.1. With U and V' as set in (12) and (13), suppose (G, u,u,d,) € U satisfies
b( (&, u,a,6,), (T,v))=0 (24)

for all (T,v) € V. Then
,0p) = 0.

>

(O_:? u?

Proof. Eq. (24) implies that on every mesh element K,

13, )i — (u,V - )i + (G, 7 - )1 j2,06 =0 V7 e H(div, K)  (25)
—(@, V)i + (v,60)1 /20K =0 Yo e H'(K). (26)

(«

Choosing an infinitely smooth v compactly supported on K, we find that (26) implies

=

V-d=0 (27)
distributionally. Similarly, (25) implies the distributional gradient of u satisfies
Vu=—a"'d. (28)
We also have that

ulorx = Ulok, Onlox = 0 - 1ok (29)

This is obtained by integrating (25)—(26) by parts and using (27)—(28) to find that
(G —u, T M)1/29x = (On — 7 - 11,0)1/29x = 0. Collecting these observations, let us note
that (27) and (28) imply ¢ € H(div,K) and v € H'(K) for every mesh element K.
Furthermore, (29) then implies that v € H}(£2) and & € H(div, 2).

Due to this extra regularity of & and u, we may set 7 = ¢ and v = w in (25)—(26).
Summing these equations and canceling terms after integrating by parts, we find that

(04715", E)Qh — <u, o - ﬁ>agh + <ﬂ, g - ﬁ>a(gh + (u, 6'”>th =0. (30)
The last two boundary terms vanish (cf. (19)). Furthermore, (u, 0 - )sn, = (u, 0 - M)sn =
0 as u € H}(£2). Thus, (30) implies that & = 0. Consequently, by (28), u must be
constant. Since u € HE({2), this implies that u = 0. Since both ¢ and u vanishes,
by (29), the unknowns on the element boundary, @ and &, also vanish. 0]

4.2. A Poincaré inequality. Next, we give a Poincaré-type inequality for discontinuous
functions. Stronger results are available in [4] (under further conditions on mesh angles
— see e.g., [4, Cor. 6.3]), but we only need the following simple lemma, which holds with
no assumptions on the mesh. A simple proof is included for completeness.

Lemma 4.2. There is a constant Cp independent of 2y, such that for all v in H'(§2},),

]| 0, < Chp <||§U||Qh + H[”ﬁmagh> :



10 L. DEMKOWICZ AND J. GOPALAKRISHNAN

Proof. Let ¢ in HJ(£2) solve the Dirichlet problem —A¢ = v. Then, by the weak formu-
lation for ¢, we obviously have |V = (v, ¢)q,. Hence

L )
Joll3 = (v, ~A0)a = (Fo, Fo)a, + 0, 2am,
< [0l [Volla + ( (0. V6 Roa, )nwumdiv,m
|V &l (aiv, o)

= 1/2 (0,7 - M)an 1/2
<[Vole, |(v ¢)a,] +( sup ~—W)<I<v,¢>nh|+\\vr\éh) -
JeH (div,0) Hq HH(dlv,Q)

Applying the standard Poincaré inequality in HZ(£2) for ¢ to bound ||¢|le < C||[Vl|e,
and performing obvious estimations using the arithmetic-geometric mean inequality, we
obtain the result. U

4.3. An inf-sup condition. Next, we prove that the inf-sup condition

ClFE ol < sp G0, (7v))
(&u,8,6n) €U | (&, u,u,0,) |lu

(31)

holds with a constant '} independent of 2;,. Note that the supremum on the right hand
side is the same as the optimal test norm. Hence, this inf-sup condition is the same as
the lower bound in the assumption (6) of Theorem 2.1.

The idea is to decompose v into two parts vy and v;. The function vy is continuous
across elements and solves a mixed problem with nonzero source in general (precisely
described in Lemma 4.4). On the other hand, vy is harmonic (in the a = 1 case) on each

element but discontinuous across elements. That Vv, can be controlled solely by the jump
terms is the content of the next lemma. Let ||F]|, = (a7 ,7)g, and |7 ]|1/0 = (a7'7,7) g0, .
From now on, we will use C' to denote a generic constant independent of (2.

Lemma 4.3. Let 7y in H(div, £2,) and vy in H'($2,) satisfy
a7 — Vg = 0, on K, (32a)
V-7, =0 on K, (32b)

for every element K in §2,. Then

[l = ¥l < € ([ 7] 50, V1700 + [ 65, V1) (3)

Proof. Let us consider the three dimensional case first. We need the weighted Helmholtz
decomposition

h=aVi+V x 7 (34)
for some 9 in H}({2) and Z in H(curl, 2). To obtain this decomposition, we first find the
Y € Hi(£2) by solving

(VY. Vo)a = (70, Ve)a,, Ve € Hy(92). (35)

Then, since the distributional divergence V - (To — aﬁw) = 0, by a well-known exact
sequence property implied by our topological assumptions on {2, we can find a 2 in
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H(curl, £2) such that V x Z = 7 — aV, which gives (34). By construction, the two
components aV and V x Z are orthogonal in (a~!-,-)-inner product and
IV > 2l + IVYIE = 17015 /a- (36)
Using (35), let us estimate 7 as follows.
||%H%/a - (05_17_—6’7_—6) - (01_17_—6,0461# + 6 X E)Qh
= (7, Vi)a, + (Voo V x Z)e,
= _<§ ' 7:67w>ﬂh + <w77_—6 : ﬁ>8Qh + <U07ﬁ : 6 X Z>a!2h>
One of the terms vanishes by (32b). Hence,
H%H%/a = <w77__2] ’ ﬁ>89h + <U0>ﬁ : ﬁ X Z>8(Zh7

(1, 7 - Mo, (0,7 -V X Daa,

= ———|Vllm) + —=—— IV x 2120
] m (2) W9 x | (aiv,2) )
waf'ﬁa(zl U,ﬁ'iag =, .
S ( sup @) ||77ZJ||H1(_Q) —+ ( sup w)# )HV X Z||L2(Q)
werri(e)  [wllae) ger(div.) T m@iv,2)

It now follows from (36) and the standard Poincaré inequality ||¢||%, < C||Vi||% that

Vi+C
NG

1701150 < (1170 - 7| o, 170/l /a0 + [0 || o, vEr [Tl

which proves the lemma.
In the two dimensional case, the same argument works if the vector potential 2" is

replaced by a scalar potential z and V x Z by the rotated gradient VA z = (—Oaz,012). O

Lemma 4.4. Let G € L2(2)N and F € L*(2). There is a 7, in H(div, 2) and v, in
H} () satisfying

a7 —Vu, =G, on (2, (37a)
V-7,=F on 12, (37h)

and
[fillo + I¥uila < € (14 anidila+ (1+ 2 ) IFla). 9

Proof. 1t 71 and v; satisfy (37), then they form the unique solution of the following well-
known mixed weak formulation: Find 7, in H(div, 2) and v in L?(§2) such that

(7', 7)o+ (0, V- f)a = (G, 7)o Vj € H(div, ) (39a)

(V- 7,w)g = (F,w)g Yw € L*(12). (39b)

Uniqueness and stability of solutions for this formulation are well-known [5]. These follow

by verifying the conditions of the Babuska-Brezzi theory, namely

1o =

o 171% < (079, F)e < ag ' 17 .. Vp' € Ho(div, £2),

V.-j
sup (Ua p)!?

V)2 s G, Vo € L3(12).
pEHy(div,2) HPHH(div,Q)
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where Cy, is a constant depending only on (2. Hence by [5, Ch. II, Prop. 1.3], the solution
of (37) satisfies
-1 —1
. = o +a
171l aiv.e) < eal|Glle + %HFIIQ (40)
[ple3}

Clearly, (40) and (37a) also imply that
IVuille < Gl +ag ' [7lle < (a1 + DIIGlle + Ca(l + ar/ag)|| F |-

Together, they prove the lemma. 0
Theorem 4.2 (The inf-sup condition). The inequality (31) holds, i.e., with ||(7,v)|| v
and |[(T,v)||v as in (17) and (20), resp., the inequality

(7, 0)[lv < Co |I(7, U)Hopt,V’ (41)

holds for all 7 € H(div,(2,) and v € H'(§2,). Here C, is independent of §2, and is an
increasing function of a; and 1/cy.

Proof. Let F' = V-7Fand G =a 17— ﬁv, where as before, the derivatives are calculated
element by element. Clearly F' € L*(2) and G € L?*(2)N. Let (7,v) in H(div, £2) x
H;(£2) be the solution of (37) with this F and G. Then by Lemma 4.4,

- = = «
ITille + Voo < C ((1 +a)]|Glle + (1 + —al) HFHQ> : (42)
0

Let 7o = 7 — 7 and vy = v — v;. Then, the pair (7, vg) obviously satisfies (32), so by
Lemma 4.3,
- = a1 S ay _,
T Vv <C — )|l70 - 7 a1 + — ) ||[von . (43
Ille+ 19l < € (L2 + 2o )G g, + {01+ 22 )il ) - 43
With these observations, we now proceed to prove the theorem.
Since 7 = 7y + 71 and v = vy + vy, by triangle inequality,

I7le < lolle +17le < ra(lGlle + IFlle + [[7o - ]|, + llvofil]l,g, ), (44a)
IVollg, < IVwlla, + IVule < ka(IGlle + [ Flle + (|7 - @]l g, + lvofil]l,q, ) (44b)

where K, is an increasing function of a; and 1/ag. Now, observe that by (19), the terms
H[ﬁ)ﬁ]Hth and ||[vo7l can be replaced by ||[7-7 and || [v7 resp. Recalling
from (17) that

Wae, e, e,

. = L2 112
17 0) oty = GG, + IFIS, + 117 A5, + 1075,
we conclude that (44) implies
17l + IVlla, < Chia (T, 0) oy, -

Therefore, to complete the proof of (41), we only need to bound the remaining terms
that compose the norm ||(7,v)||y;. The needed bounds follow from
IV Tlla, = 1 Flla,
CHUHQh < va“ﬂh + H[Uﬁ]Hth
The first statement above is obvious, while the second follows from Lemma 4.2. [l
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4.4. Proof of Theorem 4.1. We apply Theorem 2.1. Accordingly, we verify its assump-
tions. Assumption (5) is verified by Lemma 4.1, so we only need to verify (6). The lower
bound of (6) is already verified by Theorem 4.2 with Cy = 1/C,,, so let us prove the upper
bound [[(7, ) oy < Cll(7. )l

To this end, we consider each of the terms in the optimal norm in (17), beginning with
the jump terms. Integrating by parts locally and applying Cauchy-Schwarz inequality,
<w,7_"-7_i>a_(zh - (Vw,?)gh—i-(w,V'F)

[7 - 7] = sup sup
|| Hth weH&(Q) HwHHl(Q) wGH&(Q) H@UHHI(Q)

02, —
“ <7 #r div,2) -

A similar argument proves that

|| [Uﬁ]Hagh < ||U||H1(Qh)'

The remaining terms are handled obviously:

1

la™'7 = Vollg, < ag ' |7l mv,on + lvllm@,)

IV - 7lla, < 171 m@iv.0)-

Combining these estimates for each of the terms in the optimal norm, the upper bound
is proved. The result now follows from the abstract conclusion of Theorem 2.1. 0]

5. AN EXTENSION

To show the potential of generalizing the above described technique of analysis to other
problems, we now quickly describe the modifications needed to analyze the convection-
diffusion problem. One of the major considerations in schemes for the convection-diffusion
problem is “robustness” with respect to vanishing diffusion. While we have addressed
this for the one-dimensional convection-diffusion problem in [14], the question of showing
robustness of the DPG method remains open in higher dimensions. Nonetheless, below we
will indicate how to show well-posedness and stability of the DPG scheme with diffusion-
dependent constants. Even this is by no means obvious as we must prove an inf-sup
condition with a mesh independent constant.

The boundary value problem under consideration now, in place of (7), is

—V-(aVu) = F-Vu=f on {2 (45a)
u=0 on 012, (45b)

where « is as before, and E : 2 — RY represents the convection vector field satisfying
V-3 = 0. We can write it as a first order system similar to (9): Eq. (9a) remains the
same, while (9b) is replaced by V-(3— fu) = 0. From this, a DPG ultra-weak formulation
can be derived as before. It reads the same as (11), with the same spaces U and V', but
with the modified forms

—]1 = = —,

b( (¢, u,u,0,), (T,v) )= (a0, T)a, — (u,V-T)g, + (4, T M)aq,

- (O_: - 6“’7 61})(@ + <U7 5-77,>8Qh7
l(ﬁ U) = (f> U)-Qh'
Now &, represents an approximation of the total flux (¢ — Bu) .71 across element interfaces.

Note that the stiffness matrix of the DPG scheme is symmetric and positive definite [14,
§ II] even though the original convection-diffusion operator is not.
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With this setting we wish to apply the abstract result of Theorem 2.1. The first step
is to prove uniqueness, i.e., verify the first assumption (5). This proceeds very much like
the proof of Lemma 4.1, so we omit the details. To verify the second assumption (6), we
need the optimal test norm, which is easy to calculate:

IF )y = o727 = Vol + IV - (F = Bo) I3, + |7 7|, + [[vAl]5,

The proof of the upper bound in the assumption (6) proceeds very similarly to the Poisson
case. The only major difference in the entire analysis is the proof of the lower bound, i.e.,
the inf-sup condition.

The proof of the inf-sup condition will proceed as in Theorem 4.2 provided we have
analogues of Lemmas 4.3 and 4.4. We develop these below. From now on we use C, 3 to

denote a generic constant independent of (2, but dependent on « and 5 . Its value may
differ at different occurrences.

Lemma 5.1 (Modification of Lemma 4.3). Let 7y € H(div, §2,) and vy € H'($2},) satisfy
a7 — Vg = 0, on K, (46a)
V- (7 — Bug) =0 on K, (46b)

for every element K in §2,. Then
7olle + 1 ¥v0lla, < Cas ([[Fo Ml + oo, ) (47)

Proof. We consider only the three-dimensional case (as the two-dimensional one is sim-
pler). Instead of the Helmholtz decomposition (appearing in the proof of Lemma 4.3), we
now use the following decomposition:

To=(aV + By) + V x Z (48)
for a ¢ in H}(£2) and Z in H(curl, 2).
To see that such a decomposition exists, we first find ¢ in H}(£2) satisfying
(aV9, Voo + (58, Vo)a = (10, Vd)a, Vo € Hy(£2), (49)

Let us check that there is a unique solution to this variational equation. By integration by

parts, (8¢, Vé) o = —(6 : (5¢), d)o = —(E¢>, 6@9, hence (3¢, ﬁqﬁ)g must vanish. Hence
(aVe, Vo + (5, Voo = IVl

so the bilinear form in (49) is coercive. Therefore, by the Lax-Milgram lemma, (49) is
uniquely solvable and moreover,

[0l (2) < CapllTolle (50)

To complete the proof of the existence of the decomposition (48), it suffices to note
that (49) implies that the distributional divergence V- (aVi — 51¢) —75) = 0, hence there
exists [19] a Zin H (curl, 2) such that V x Z' = (aVy — ¢) — 75, and

IV x zlle < |aVe = 5¢llo + [[Tolle < CapsllFolle: (51)

where we have used (50). Thus the decomposition in (48) exists and is stable.
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Next, let us use (48) to bound 7.

17130 = (@770, (@VY + BY) + V x 2)g by (48)
= (70, V (VU075¢)Qh + (Vuo, V x 2)g by (46a)
= —(V - (7o = Bvo), ©) gy + (0, T - o, + (00,7 -V X Dag,

by local integration by parts. The first term on the right hand side vanishes by (46b).
The remaining two can be handled in exactly the same way as in the proof of Lemma 4.3.
The only difference is that we must now use (50) and (51) in place of (36). O

B To,

(a
Vi),

Lemma 5.2 (Modification of Lemma 4.4). Let G € L2(2)N and F € L*(£2). There is a
7 in H(div, 2) and vy in Hl(Q) satisfying

—

— Vo, =G, on (2, (52a)
ﬁ ( — fu) =F on §2, (52b)

and
17ille + 1¥uille < Cas (IGlo + 1Flla) (53)

Proof. By the same argument as in proof of Lemma 5.1 (cf. (49)), there is a unique v, in
H} () satisfying

(aﬁvl,ﬁw)g - (gvl,ﬁw)g = —(aé, ﬁw)g —(F,w), Yw € HS(Q).

Setting 7 = aﬁvl +a@ it is easy to see that 77 and v; satisfies (52). The same argument
leading to (50) gives the bound

[or]l e 2) < Cap(l[Glle + [1F]l2)-
The norm ||71]|¢; is also bounded by the same because of (52a). O

With these modified lemmas, an analogue of Theorem 4.1 for the DPG approximation
of the convection-diffusion problem can be easily proved along the lines of § 4.4.

6. NUMERICAL EXPERIMENTS

We conducted numerical experiments using a code built with modules from an existing
software package [10]. Partly to be able to fit into the input paramaters of the software,
we modified the previously presented DPG method. (All modifications are listed below.)
We now report the performance of this modified method under h and p refinements. Since
our eventual goal is to apply the DPG method with fully automatic hp-adaptivity to more
complex problems, we will also report results from an hp-adaptive algorithm (although a
convergence theory for this adaptive algorithm is yet to be developed).

6.1. Practical settings. For all our experiments, we will consider two-dimensional do-
mains (2 subdivided into either fully geometrically conforming or 1-irregular quadrilateral
meshes. Let (2, denote the collection of mesh elements as before, while &, denote the col-
lection of mesh edges. An element edge with a hanging node is considered as two separate
edges. To each mesh element K is associated a polynomial degree px > 1 and to each
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mesh edge E the degree pg. The practical trial space U, is set to U, = S, x Wy, X My, X Qp,
where

Wi ={v: 0|k € Qpypi (K), VK € (24}, (54a)
S = Wy x W, (54b)
My ={p: ple € Bpp(E), VE € &, and plsq = 0}, (54c)
Qn=1{n:nlg € Pp(E), VE € &}, (54d)

where Q;,,,(K) is the space of bivariate polynomials which are of degree at most [ in x
and at most m in y.

At this point, we should note some discrepancies between the method we theoretically
analyzed and the method we practically implement.

(1) The first “variational crime” we commit in our implementation is to let one of the
component spaces in Uy be a nonconforming subspace of U-component. Clearly,
the M}, in (54c) contains functions that are discontinuous globally on UxdK and

hence M}, ¢ Hé/ ?(892,). We chose the above defined M, solely to fit within the
available parameters of the software package [10].

(2) The polynomial degree used for Mj, and @}, are the same, although Corollary 4.1
suggests we should use one less degree in (). Again, this is done only to fit within
the input parameters of the software.

(3) Recall that the test space is determined by 7', defined by (3). In implementations,
in place of T, we use T : U — V defined by

(T, d)y =b(u,v), VieV,
where V is the finite dimensional subspace of V defined by
V={(7v): Tlx € Qg and v|x € Qpp(K)}  and  px = px + dp.

We set thef; enrichment degree dp to be the same for all mesh elements. Here,
QIV(K) o Qui10 X Q1 is a well known subspace of H(div, K), often called a
Nédélec space of the first kind [21] or the Raviart-Thomas space [22] on squares.

In our earlier numerical experience [14, 15] on various equations, we found that dp = 2 is
sufficient to obtain good results, so this will form our default choice. But below we will
also report results with other choices.

The degree of polynomials approximating the numerical fluxes as well as numerical
traces are, by default, set by the maximum rule. To describe this, first note that a while
mesh edge can be shared by at most two mesh element in conforming meshes, on 1-
irregular meshes, we consider edges split by a hanging node as shared by three adjacent
mesh elements. For any edge F, let pp denote the maximum of the degrees px for the
two or the three adjacent elements K. When using the maximum rule we typically set pg
in (54) to pg, but to investigate the dependence of the errors with edge degrees, we will
conduct experiments with

pE = PE + 0pF (55)

for some choices of integers dpr (set equal for all edges F).
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We will often report the energy norm of the error, in addition to the L?-norm of the
error. The energy norm [14] in the DPG framework is
I p—LCl}
vev  vllv
It is easy to see [23] that whenever (6) holds, Ci|lully < |lullg < Col|ully. We will verify
the practical manifestation of this equivalence by comparing the errors in the energy norm
and the L?-norm.

Finally, in all our adaptive schemes, we use (an approximation of) the energy norm of
the error as the error indicator. To describe how we compute it, first define the error
representation function € € V by é = T'(u — uy,). Since (T'(u — up), 0)y = b(u — up, 0) =
[(D) — b(up, 0), the error representation function can be computed element by element by
solving

(&,0)y = 1(d) — blup, ), VieV.
The energy norm of the error is then approximated by
lu = unlle = 1T (u = un)llv ~ | T(w = un)llv = [€]lv- (56)

The contribution to ||€||?- from each element forms the element error indicator. Note that
for the Poisson example, € represents the error in all the four variables (u, &, 4 and ).

6.2. Numerical Examples. We consider the following two-dimensional examples. The
first example is on the unit square i.e., we set 2 = (0,1) x (0,1) and solve

—Au=f, on {2,
{ u=0, ond2,

with f = 27%sin(7x) sin(my), so that the exact solution u = sin(mz) sin(ry) is infinitely
smooth. Initially, {2, is a uniform mesh of four congruent square elements with px = 2
for all K € (2.

The second example involves an L-shaped domain, a classical test domain for adaptivity,
namely 2 = (—1,1) x (—1,1) \ [-1,0] x [-1,0]. We solve

—Au =0, on {2,
u =20, on the edges of 92 along x and y axes,
ou

e g, on the remainder of the boundary 0f2.
n

The Neumann data g is set so that the exact solution is
2/3 i (2 7T
u(r,0) = r*°sin (5(9 + 5))

The derivatives of solution u are singular at the origin. It is well known that the solution
wis in H'™(Q) for all s < 2/3. The initial mesh (2, consists of three congruent squares
with px = 2 for all three elements.
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Square: Convergence under uniform h-refinement L—shape: Convergence under uniform h-refinement
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FIGURE 1. h-convergence rates for the two examples

6.3. Convergence rates in h and p. The observed rates of convergence under uniform
mesh refinement, holding the degree p fixed to 2 for all elements, is reported in Figure 1.
The L? and energy norms of the errors versus degrees of freedom are plotted in these
figures. When we report the “L?-norm” of the error, we only include ||u — up| 12y and
|6 — Fhll22(2)- We do not include the errors in numerical flux or trace.

Under uniform h-refinement, the number of degrees of freedom N is O(h™2). Thus,
from Figure 1(a), we find that the observed h-convergence rates for the square domain
are O(N~19) = O(h?) = O(hP™) when dpr = 1, while it reduces to O(N~10) = O(h?) =
O(h?) when dprp = 0. This is indeed in accordance with Theorem 4.1 and the well-
known best approximation rates for the square elements we used. In particular, it seems
necessary, both theoretically and practically, to use higher order polynomials for numerical
traces for optimal convergence rates.

Results from the L-shaped domain are in Figure 1(b). Here, we observe that the
convergence rate under uniform h-refinement is ~ O(N~/?) = O(h??). This is also in
accordance with Theorem 4.1. The observed rates are the same for dpr = 0 and dpr = 1
due to the limited regularity of the solution.

To study p-convergence, we increased the polynomial degree uniformly on all elements,
holding the mesh fixed (to the initial mesh). The results are in Figure 2. While the
exponential convergence rate is evident (Figure 2(a)) for the infinitely smooth solution on
the square, the p-convergence rate is limited (Figure 2(b)) for the less regular solution on
the L-shaped domain.

6.4. Results from the adaptive scheme. We used the standard “greedy” strategy for
h-adaptive refinements, i.e., all elements which contribute within 25% of the maximum
element contribution to the square of total error in energy norm, are marked for the
refinement. For hp-refinements, we have used Mark Ainsworth’s flagging strategy: all
elements adjacent to the origin (the singularity) are h-refined, while the remaining ones
are p-refined. The error estimator, in both cases, is the previously mentioned energy error
— see (56).

The results are in Figure 3. The first graph in Figure 3(a) compares the error reduc-
tion obtained by uniform h-refinement, adaptive h-refinement, and the above mentioned
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o Square: Convergence under uniform p-refinement o L—shape: Convergence under uniform p-refinement
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FIGURE 2. p-convergence rates for the two examples

adaptive hp-refinement. Clearly, the hp-adaptive strategy is superior. As expected, h-
adaptivity restores the optimal rate of convergence for quadratic elements (N~1%) while
the hp-adaptive strategy delivers exponential convergence despite the singularity of the
solution.

In Figure 3(b), we examine the effectiveness of the error indicator. Comparing the
energy error with the L2-error, we find the two curves follow each other with a ratio
between them close to unity. Note that the same behavior was also seen in Figures 1(a),
1(b), 2(b) and 2(a).

Next, we consider secondary effect of approximation of optimal test functions. The
effect of approximating 7' by T can be studied by varying the enrichment degree dp.
Results from the h-adaptive algorithm applied to the L-shaped domain with varying dp
are presented in Figure 3(c). The curves are practically identical for dp = 2,3, and 4.

We also report the effect of varying the degrees of numerical fluxes and traces, as
measured by dpg, in the context of the same h-adaptive example. Figure 3(d) shows that
when dpr = 0, the energy error indicator seems to deviate from the optimal curve as the
number of degrees of freedom increase.

Finally, as an illustration, Figure 4 shows the optimal hp mesh obtained after 15 re-
finements with the relative L?-error less than 0.016%. This includes the error in u and its
derivatives. The computed function u is also shown in the figure.
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