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Hybrid methods represent a classic discretization paradigm for elliptic equations. More recently, hybrid
methods have been formulated for convection-diffusion problems, in particular compressible fluid flow.
In Schiitz & May (2013), we have introduced a hybrid mixed method for the compressible Navier-Stokes
equations as a combination of a hybridized DG scheme for the convective terms, and an H(div,)-
method for the diffusive part. Since hybrid methods are based on Galerkin’s principle, the adjoint of a
given hybrid discretization may be used for PDE-constraint optimal control problems, or error estima-
tion, provided that the discretization is adjoint consistent. In the present paper, we extend the adjoint
consistency analysis, previously reported for many DG schemes to the more complex hybrid methods.
We prove adjoint consistency for a class of Hybrid Mixed schemes, which includes the hybridized DG
schemes proposed by Nguyen et al. (2009), as well as our recently proposed method (Schiitz & May
(2013)).

Keywords: Hybrid Mixed discretizations, Hybridized Discontinuous Galerkin discretizations, Adjoint
Consistency, compressible Navier-Stokes equations

1. Introduction

Recent years have seen tremendous development of solution strategies for high-order consistent dis-
cretization of the compressible Navier-Stokes equations, see Bassi & Rebay (1997); Hartmann (2006);
Peraire et al. (2010). Many well-known discretization methods are based on the Discontinuous Galerkin
(DG) paradigm, cf. Reed & Hill (1973); Cockburn & Shu (1991, 1988); Cockburn & Lin (1989); Cock-
burn et al. (1990); Cockburn & Shu (1998); Bassi & Rebay (1997); Baumann & Oden (2000); Arnold
et al. (2002). Such schemes achieve high order of consistency very easily by locally adding degrees
of freedom. One drawback of these methods is the high amount of storage that is often needed when
implicit methods are used for the computation of an approximate solution. One approach to reducing
the amount of unknowns is to not express the solution in a cell-based fashion, but rather on the edges
of the elements. This leads to hybrid methods, see, e.g., Brezzi et al. (1985); Schiitz & May (2013);
Cockburn et al. (2009); Nguyen et al. (2009).

Based on the work by Egger & Schoberl (2010), we have recently proposed a hybrid-mixed scheme
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for nonlinear convection-diffusion equations, including the compressible Navier-Stokes equations (Schiitz
& May (2013)). The scheme lies somewhere in-between a hybridized DG and a mixed method. In
Schiitz et al. (2012), we have shown similarities between our scheme and a previously developed hy-
bridized DG scheme by Nguyen et al. (2009). This is interesting from the point of view that we can
identify a class of Hybrid Mixed methods, containing a subset of the hybrid methods defined in Cock-
burn ez al. (2009), for which the analysis to be presented applies.

Let a (possibly nonlinear) partial differential equation be given in weak formulation as the task of
finding w € X, such that

N.(w;v)=0 YveX, (1.1)

where N, is a semi-linear form, and X is an appropriate function space. Let wy, be a numerical approx-
imation, obtained with a Galerkin method. In engineering applications, one is often interested in the
accuracy of a quantity J(wy,) rather than that of wy, itself, where J : X — R is a (nonlinear) functional on
the solution space X. Naturally, one important task is to estimate the difference J(w) — J(wy,). Applying
a first-order Taylor’s expansion yields

eni=J(w) —J(wp) =J (W) (w—wp) +O(|w—w|?). (1.2)

A reasonable approximation for e, is thus given by the quantity J'(wy,)(w — wy,). However, because
of the unavailability of w this expression is usually not directly computable. Nevertheless, it can be
approximated by a so-called adjoint procedure, see, e.g., Becker & Rannacher (2001); Jameson (1995).

Roughly speaking, the principle is as follows. Assume that, in addition to the solution of the original
(primal) problem (1.1), there exists an adjoint solution z, such that

N/ (w)(dw;z) =J (w)(dw) Vdw € X, (1.3)

where N,/(w)(dw;z) denotes the derivative of N,(-;-) with respect to the first argument in direction dw.
For dw := wj, — w, one can then easily obtain

J(wn) = (w) +O([[dw][?) = J'(w)(dw) = N'(w) (dwiz) = Ne(wpiz) + O([|dw]).

The essence of this is thus that the adjoint solution relates linearized changes in the functional to lin-
earized changes in the residual. This is at the root of the analytical process we pursue in the following.
There are two obvious ways of solving the adjoint problem:

e Discretizing the adjoint equations (1.3) independently with a method of choice. This is called
continuous adjoint procedure.

e Building the adjoint of the discretization that was used to obtain the approximate solution wy,.
This is called discrete adjoint procedure.

The continuous adjoint approach has advantages in some cases where either the adjoint equation
has a certain structure that can be exploited (see, e.g., Steiner & Noelle (2010)) or the method is not
based on Galerkin’s principle as for example in Li ef al. (2011). However, given a Galerkin method,
the discrete adjoint procedure offers the advantage that a significant amount of the data structure, which
may already be available in a numerical code to solve the primal problem, can often be re-used in the
computation of the adjoint solution z,.
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Nevertheless, it is not trivial that such a discrete adjoint approach is viable. Depending on the dis-
cretization of the primal problem, the adjoint equations produced in this manner may not be a consistent
approximation of the correctly posed adjoint differential equations. One quality measure of the dis-
cretization of the primal problem is thus adjoint consistency, which means precisely the property that
the discrete adjoint is automatically consistent with the adjoint PDE. In the context of DG schemes
approximating compressible flow problems, adjoint consistency has been discussed for example by Lu
(2005), Hartmann (2007), and Oliver & Darmofal (2008). Another very important aspect of adjoint
consistency is that it allows, under certain conditions, superconvergence of target functionals, as well as
optimal L?—norm convergence. Hence this property is also useful if one is not interested in the adjoint
solution.

In this paper, we show adjoint consistency of a class of hybrid mixed methods for nonlinear convection-
diffusion problems, including our newly-developed hybrid mixed scheme (Schiitz & May (2013)), and
the hybridized Discontinuous Galerkin scheme introduced by Nguyen et al. (2009).

The paper is outlined as follows. In Sec. 2, we introduce the governing equations, while Sec. 3
treats the associated adjoint equations. In Sec. 4, we briefly introduce a class of hybrid mixed methods
and give the underlying Ansatz spaces. Sec. 5, which is the main part of this work, shows that the given
class of hybrid mixed method is adjoint consistent. To make the ideas more transparent, these sections
are each subdivided into two parts, treating first the simple, scalar convection-diffusion equation, and
subsequently the more complex compressible Navier-Stokes equations. Sec. 6 offers conclusions.

2. Underlying Equations

The analysis presented in this paper is done first on the conceptually and technically simple case of the
scalar convection-diffusion equation, and is then extended to the compressible Navier-Stokes equations.

2.1 Convection-Diffusion Equation

Consider a scalar (nonlinear) convection-diffusion equation given on a domain  C R? with a smooth
boundary dQ. In primal form, this equation can be written as

V-f(w)—eAw=h VxeQ, 2.1
w=g VxedQ.

We assume that the functions f, g and & are smooth. The diffusion coefficient € € R™ is assumed to
be constant. Many hybridized discretization methods, including the recently proposed HDG methods
by Nguyen et al. (2009), and the DG/mixed method presented in Schiitz & May (2013), start from the
mixed form

oc—eVw=0 VxeQ,
V. (fw)—0)=h VYxeQ, 2.2)
w=g Vx€dQ.

This will be used as a prototype for the more complicated compressible Navier-Stokes equations.
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2.2 Navier-Stokes Equations

The compressible Navier-Stokes equations describe viscous, compressible flow in a domain Q C R2.
We write these equations as

c—filw,Vw)=0 VxeQ, 2.3)
V- (fw)—0o)=0 VxeQ,
subject to suitable boundary conditions, stated below. The state variable w is given by the vector of
conserved variables w = (p,pu,pv,E). Here p is the density, (u,v) is the velocity vector, and E is

the total specific energy. The functions f = (f1, f2) and f,(w, Vw) = (fy.1, fv2) are the convective and
diffusive fluxes, respectively, given as

fl = (Puap+P”2»Puva“(E+p))T7 f2 :(PV7P”V7P+PV27V(E+P))Ta
For = (0,711, 021, Tiu+ T2y +kT,)", fo2=(0,T12, T2, D21t + Toov + kT3, )

Using the ideal gas law, temperature T and pressure p can be related to the conserved variables as

_ My (E 1 5 L _ 1 p
T_k-Pr(p 1Y) C(r=Devp’

where Pr = “—;" is the Prandtl number, which for air at moderate conditions is constant, with a value
of Pr=10.72. The thermal conductivity coefficient is denoted by k, while ¢, and ¢, are specific heats
at constant pressure and constant volume, respectively. These are related via y = Z—C, where Y= 1.4 is
again a constant for air at moderate conditions. Given a Newtonian fluid and assuming that the Stokes

hypothesis holds, the viscous stress tensor T can be written as

T=u (V@+ (vw)T — i(VW)Id) ,

where we have set i := (u,v)” . The dynamic viscosity g is taken, using Sutherland’s law (cf. Sutherland
(1893)), as
C T3/2
‘LL =
T+C

with C; and G, that can, for air at moderate temperatures, assumed to be constant. The viscous fluxes f;,
are linear functions of Vw, and hence allow a decoupling as

2
frilw) = Z Bjj(w)wy, =: B(w)Vw (2.4)
J=1

with matrices B;;(w) that depend nonlinearly on w.
Boundary conditions are imposed by setting Ur(w) = 0 Vx € dQ, where

u,v,n-VI)T boundary is adiabatic
Ur(w) = {( ) 4 2.5)

(u,v,T —T,yay)”  boundary is isothermal.
Let us note that the adiabatic boundary condition implies

(o-n)a=(filw,Vw)-n)s =0 Vxe Q. (2.6)
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3. The Adjoint Equations

In this section, we derive the adjoint equations for both the convection-diffusion and the Navier-Stokes
equations. This means essentially deriving a concrete expression of (1.3) for the weak formulation of
both these equations. This will then be used as the correctly posed adjoint problem with which we
require consistency when analyzing the discrete adjoint approach.

3.1 Adjoint Convection-Diffusion Equation

DEFINITION 3.1 (Functional of interest for the convection-diffusion equation) Let { € L>(2) and & €
LZ(B.Q). We define the functional of interest for the convection-diffusion equation, or target functional,
for short, as

J(w) ::/_QCde—F/aaé(ng.n)dc' (3.1

The goal in an adjoint computation is to relate the linearized residual to the linearized functional
error. This, however, is meaningful only for certain variations that respect the boundary conditions. To
place this in a more precise framework, let us make the following definition:

DEFINITION 3.2 (Suitable variations for the convection-diffusion equation.) Let w solve (2.1). We call
a function dw : 2 — R a suitable variation to w, if w+ dw fulfills the same boundary conditions as w
does. More precisely,

w(x) +dw(x) = g(x) Vxe€dQ,
which implies dw(x) =0 Vx € 9Q.

REMARK 3.1 Let us clarify the notion of suitable variations. In a variational formulation of (2.1) we
typically seek a solution w € Hy () := {f € H'(Q)|f = g on 9Q2}. If we consider variations dw to w,

we must ensure that w -+ dw is still in H; (), which is essentially the condition of suitable variations
as defined in Def. 3.2. The reason why we do not use the Sobolev spaces is the fact that for the
compressible Navier-Stokes equations, suitable spaces are not known any more. The generalization of
suitable variations is, however, straightforward.

With these preliminaries in mind, we can state the adjoint equations for the convection-diffusion
equation.

LEMMA 3.1 For J as given in (3.1), the adjoint equation to the convection-diffusion equation (2.1) is
given as

—fw)'Vz—eAz=¢, VxcQ (3.2)
z=-&, VxedQ.

Proof.  The proof is well-known. We merely repeat the most important facts: The derivative of the
convection-diffusion operator, i.e., the left-hand side of (2.1), with respect to w is given as Z’' (w) (dw) :=
V- (f'(w)dw) — eAdw. It is easy to check that the function z as defined in (3.2) fulfills
/ F' (w)dwzdx = J' (w)(dw)
Q

for all suitable variations dw in the sense of Def. 3.2. O
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REMARK 3.2 The proof of La. 3.1 reveals that, for this type of equation, the only suitable functionals
are precisely given as in (3.1).

3.2 Adjoint Navier-Stokes Equations

In this section, we give a short overview of the adjoint Navier-Stokes equations, only repeating those
details that are necessary for the adjoint consistency analysis. For a more thorough investigation, we
refer to the work of Hartmann (2007), Jameson (1988) and Schiitz (2011).

DEFINITION 3.3 (Functional of interest for the Navier-Stokes equations) Let B € R? be a given vector,
and 9 be the wall-boundary with normal n pointing into the wall. We define the functional of interest
for the Navier-Stokes equations (target functional) as

J(w):=

= pw)B-n— (1) -ndo. (3.3)
a0

REMARK 3.3 Note that upon choosing 3 as either

Bu = o (cos(@),sin(@))”,

=

B = o (= sin(@),cos(@)

the functional J(w) represents the drag and lift coefficient, respectively, of a body submerged in a flow
field. As usual, o denotes the angle of attack while C., is a normalized reference value defined as
Co = % (ypooMil ) . Here [ is a reference length, while p., and M., are reference values of pressure and
Mach number, respectively.

Before stating the adjoint Navier-Stokes equations, we have to adapt the notion of suitable variations
in the context of the Navier-Stokes equations:

DEFINITION 3.4 (Suitable variations for the Navier-Stokes equations) Let w solve the Navier-Stokes
equations (2.3). We call a function dw :  — R* a suitable variation to w, if w4 dw fulfills the linearized
version of the boundary conditions imposed on w. More precisely,

Up(w)dw=0 Vxe Q. (3.4)

LEMMA 3.2 Let dw = (dwy,dwa,dws,dwy) : Q — R*, and recall that w = (p, pu, pv,E). Then dw is a
suitable variation in the sense of Def. 3.4, iff it fulfills for all x € dQ:

0= dW2 = dW3
0! }pz (pn-Vdw, —En-Vdwi) adiabatic boundary
B - ;32 (—Edw; + pdwy) isothermal boundary.

Proof. Explicitly computing the expression (3.4) with Ur as defined in (2.5) yields the desired result.
]
We state the adjoint Navier-Stokes equations in the following lemma:
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LEMMA 3.3 For J as defined in Def. (3.3), the corresponding adjoint Navier-Stokes equations are given
as

d r d r r
- % —B(w)V Vz—V-(B Vz) = Q .
dwf@@ z+<dw (w) w> z (B(w)'Vz) =0, Vxe (3.5
Ur(z,Vz) =0, VYx€dQ, (3.6)
where Uy is defined for an isothermal boundary as
Ur(z,Vz) = (22— B1,z3 — B2, 24)

and for an adiabatic boundary as

Ur(z,Vz) = (22— B1,23 — B2, Vza - n).

Proof. The above theorem is known, see, e.g., Jameson (1995); Hartmann (2007), and we leave out
some tedious details in the proof. For a detailed version, see Schiitz (2011).
The linearization of (3.3), i.e., % (w) dw, can be written as (recall that T = 7(w, Vw)!)

T (w)(dw) = /{m (diwp(w)dw) B -ndc—/(m diw(cﬁ ) dw — %(rﬁ n)Vdwdo. 3.7

We proceed with the linearized version of (the primal form of) (2.3), meaning that we consider the
directional derivative of equations (2.3) at point w in direction dw, which results in the term

V- (000w ) = (o) <V (oo fonTwvan). 68

avw
Integrating (3.8) versus a smooth test-function z, and equating the result to (3.7) leads to
' d d d
/ T
_ V. — \V4 — Vw)V .
J' (w)(dw) ./_Q z ( (dwf(w)dw dwfv(w7 w)dw def,,(w7 w) dw)) dx (3.9)

for all test functions dw not disturbing the boundary conditions in the sense of Def. 3.4. After integration
by parts and careful treatment of the boundary terms one can show that (3.9) is in fact fulfilled, provided
that z fulfills the adjoint Navier-Stokes equations as given in (3.5)-(3.6). [l

For our adjoint consistency analysis to be presented below, we need the following lemma, which is
due to the adjoint boundary conditions imposed on the adjoint energy variable z4:

LEMMA 3.4 Let ¢ : Q — R* be such that ¢, = @3 = 0 on the boundary, and —E¢; + p¢@; = 0 on an
isothermal boundary, where p and E are first and fourth component of w, respectively. Then, there holds

@ (Bw)"Vz)n=0.
Proof. A straightforward computation yields

@-(Bw)'Von=1¢- ((Bllexl + B3z 1+ (Bszle ‘*‘Bgzzn) n2)

—P—Vr%Vm-n
_ B i)y — B (@), +m2(22)x, +12(23)s, i
P mi(z2)s +m(es)s — %2 (22)x + %2 (23)x
%Vm-n
uy E uoy
A VP it =2 vy n(-E .
o Pr 24 n( p(P1+(P4> 02 Pr 2-n(—EQ+poy)
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For an adiabatic boundary, where Vzs -n = 0, the expression vanishes. Due to the requirements on ¢,
on an isothermal boundary, the expression vanishes also. g

4. Formulation of the Hybrid Mixed Method

In this section, we introduce both the discretization spaces and a class of Hybrid Mixed methods. The
analysis has been motivated by the method as defined in Schiitz & May (2013), however, it extends to
a broader class of methods which will be introduced in this section. We formulate the methods for both
the convection-diffusion equation and the Navier-Stokes equations.

4.1 Preliminaries

Our domain € is assumed to be regularly triangulated as {2 }2]:], where
N — J—
U=92, @«unQu=0 Vk#K.
k=1

As our method operates on the skeleton of the mesh, we also need some definitions regarding edges:
We define I as the set of both interior and boundary edges. Following standard nomenclature, we
define an interior edge e as an intersection of two neighboring element boundaries dQ; N d Qs having
a positive one-dimensional measure. A boundary edge e is defined as the intersection of an element
boundary dQ; with the physical boundary dQ. Let us furthermore define Iy C I' to be the set of all

internal edges. I =: {Fk}i\’:l , and the I} are equipped with an orientation given by a normal vector ry.

REMARK 4.1 Note that due to the definition of €2, we implicitly assume that the physical domain €2 is
such that the boundary edges align with the physical boundary 0, more precisely:

'\ =08.

We need this (rather standard) assumption in our analysis. However, as we allow arbitrary €2, this is no
restriction.

With this in mind, we can define our Ansatz spaces:
Hy:={t € L*(Q)* |1q, € Hioe() Yk=1,...N}
Vii={@ €L*(Q) [0, € Vioc() Vk=1,..N}
My:={ueLl*I) |w, €Myc(e) Veel}!
Xy = Hp X Vi x My,

where the local spaces differ for different methods. The spaces are needed as follows:

e The approximate solution wy, is a function in Vj,.

e The approximate viscous flux o, is a function in Hj,.

e The hybrid variable 4;, which is an approximation of w on I', is a function in Mj,.

Note that the definition of the spaces depends on the dimension of the system. We have d = 1 for the
scalar convection-diffusion equation and d = 4 for the two-dimensional compressible Navier-Stokes
equations.
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REMARK 4.2 We wish to comment on the choices of the local spaces. Hybridized DG methods as
presented by Nguyen et al. (2009) use

Vloc(-Qk) = Hp(Qk)> Hloc(Qk) = Hp(-Qk)za Mloc(e) = Hp(e)
while the method in Schiitz & May (2013) relies on the choice
Vloc('Qk) = Hp(Qk)> Hloc('Qk) =t (*Qk)27 Mloc(e) =t (e)

I1? denotes the space of polynomials up to degree p. Yet another method is obtained if one chooses, as
in Egger & Schoberl (2010),

Vloc(Qk) = Hp(-Qk)a Hloc('Qk) ::RTP('Qk)7 Ml()c'(e) = Hp(e>'

where RT), is the Raviart-Thomas space of order p (Raviart & Thomas (1977)).
A last definition is concerned with the use of discontinuous functions on the edges:

DEFINITION 4.1 Let x € I} and v be a function in V), or H,. We define

v(x)E == lim v(x+1tny),
=0+
and average and jump operators
vy _
pr="2 Bl=v v

We define v()c)jE on d £ equivalently, however, instead of ny, we then choose the outward facing unit
normal.

4.2 Convection-Diffusion Equation

In Nguyen et al. (2009); Schiitz & May (2013), Hybrid Mixed methods were proposed for the convection-
diffusion equation. The starting point of these methods is the mixed formulation (2.2). We define a
unified formulation of a hybrid-mixed method as follows:

DEFINITION 4.2 (Hybrid Mixed Method for the convection-diffusion equation) Let x;, := (o, wy, A) €
X, and y;, := (T, @, ) € Xj,. We define a unified hybrid mixed method for eq. (2.2) as the task of
finding x;, € X}, such that

N(xn:y5) :/Qh(phdx Yy, € Xy, 4.1)
where

N(xp;¥5) == Ni (x; 7)) + Na (x5 0p) + Na (x5 ),
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and

N
N.(xh;‘rh) :Z</ Gh-Th+8WhV-Tth7S/

M, -ndcfs/

gT, -n dG)
o0nan’ ! ’

22,\02

N (x1; 0n) < / fwn) -V dx+/ (Ph ‘n—a(ly—wy)) do

+/()kaag¢;:(f(8)'n—(lh—g)) dc—/QkV'O'h(Phdx),

N3 (%55 ) ::/F (0 -n—opf -n+ a2, —w;, —w))) dG+/F\F (A, —g)do.
<10 K 0

REMARK 4.3 (Meaning of N;) N; and N, are direct discretizations of (2.2). The third line ensures that
the combined numerical flux f(A;)-n— (A, —w, ) — 0, -n is continuous over the element boundaries.

REMARK 4.4 (Choice of &) The choice of the parameter & depends on the method at hand. For the
method as defined in Schiitz & May (2013), it denotes a Lax-Friedrichs-type coefficient, while for the
method proposed in Nguyen et al. (2009), it denotes the sum of a Lax-Friedrichs-type coefficient and an
LDG-stabilization parameter stemming from the viscous discretization, see Arnold et al. (2002). While
we treat it as constant, we note in Remark 5.2 that the analysis is not substantially changed if ¢ depends
on, for example, A;,.

REMARK 4.5 Note that in the third row, the term —(A;, — g) was not present in the original formulation
in Schiitz & May (2013). However, due to the fact that the last equation enforces A, = g weakly on
the boundary, this term does not change the original method. It is, however, needed for the adjoint
consistency analysis.

4.3 Navier-Stokes Equations

Similar to the previous subsection, we merely state the definition of the method for the compressible
Navier-Stokes equations (2.3). In Peraire et al. (2010), the authors have extended their scheme for the
convection-diffusion problem, presented in Nguyen et al. (2009), to the compressible Navier-Stokes
equations. The variable o is defined there as 6 = Vw, while we define 6 = f,(w,Vw) (cf. eq. 2.3).
However, using our unified formulation with the hybridized DG spaces, results in a hybridized DG
scheme for the Navier-Stokes equations, very similar to that proposed in Peraire et al. (2010). It should
be pointed out that adjoint consistency does not depend on this choice. An analysis very similar to that
shown below can be used to show adjoint consistency for a unified formulation defining ¢ = Vw.

DEFINITION 4.3 (Hybrid Mixed Method for the Navier-Stokes equations) Let xj, := (0j,, wp, A) € Xy,
and y;, := (T, @n, Up) € Xj,. We define a unified hybrid mixed method for the compressible Navier-
Stokes equations (2.3) as

N(xp;yp) =0 Vy, € Xp. 4.2)
where

N(xp;yp) = Ni(xXn;Th) + Na(xn5 @) + N3 (xn; ),
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with
Ni(xp:7h) 1:/9 G- Ty dX+/Q WhV'(B(Wh)TTh)dX*/F/Ih'[[B(Wh)TTh]]dG
<10
= [ o) (B0 wndo
0
Na(iign) i=— [ fou) Vg dr— [ V-0r01ds
+/ — 1) () -ndo - / o (@ —wp)) + i (@l —w))) do
[0 (FOvaa(hn))-n—al—waq(w;)) do
L
N3(X/1;[,Lh) Z:+/FHha(211,7W57W;)+/Fllh(G;'nfG;r-n)dG
<1o v10
+ [ o= waa(w))do+ [ oy -n=0sa(c;) n)do.
Jrn Jrn

The boundary operators wyo = woq(w), ) and 6o = 050(0, ) are defined for adiabatic boundary
conditions as

woo (W/’l) =Won ((p/’h PhuhvpthaEh)) = (p/’h Oa 07E/1)7
05a(0n) -n=(0,02n,0,3n,0),
while for isothermal boundary conditions, one defines

WoQ (Wh) = Wa.Q((PhaphuhaPth;Eh)) = (670507E\>7
650(0n)-n=(0,0p2-n,0,3-n,0p4-n),

where p and E are such that T = T(p, E ) = Tyaui» thereby incorporating the isothermal boundary con-
ditions.

5. Adjoint Consistency Analysis

In this section, we show that the class of Hybrid Mixed methods as defined in Sec. 4 is in fact ad-
joint consistent. Before briefly introducing the concept of adjoint consistency, we note the following
definition regarding consistent functionals:

DEFINITION 5.1 A functional Jj, is consistent with a functional J, if

for the solution vector x = (o, w,w|r).

In a straightforward manner, as we have seen in the introduction, we formulate the discrete adjoint,
as in the continuous case, just replacing the weak formulation by the discrete Galerkin formulation.
This procedure yields the discrete adjoint equations. The definition of discrete adjoint is independent
of whether one discretizes Navier-Stokes or convection-diffusion equations.

DEFINITION 5.2 (Discrete Adjoint Equations) The discrete adjoint equations for the hybrid mixed meth-
ods as given in (4.1) and (4.2), respectively, is the solution zz = (7, 95, 1j) € X, such that

N’ () (dyp;2f) = Jp(x4) (dyy,)  Vdy, € X, (5.1)
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where Jj, is a functional that is consistent with J, and x;, = (o5, w;,A;) is the approximate solution
computed in the primal problem ((4.1) or (4.2), respectively)

The tuple x;, = (0}, wp,, Aj,) represents the approximation to the viscous flux o, the unknown solution
w and the unknown solution on the edges of the triangulation w)r. The tuple zZ := (7}, 5, 1) denotes
approximations to quantities related to the adjoint solution z. Our analysis will show that they are,
provided that (5.1) is well-posed, approximations to (—Vz,z,zr).

Adjoint Consistency is defined in a way similar to "normal’ consistency: Substituting the exact so-
lutions into (5.1), meaning to substitute x;, by x := (o, w,w|r), and substituting Zbyz:= (=Vz,2,7r),
(5.1) should be fulfilled:

DEFINITION 5.3 A method N is said to be adjoint consistent if
N'(x)(dyy:2) = J(x)(dy,) - Vdy;, € Xy, (5.2)

for a functional J;, consistent with J. Here, we have defined

X = (G7W7W\F)7 = (_VZ7Z72\F)‘ (53)

REMARK 5.1 Computing not only w as in a standard DG scheme, but also derived quantities ¢ and A,
makes it not so obvious which quantities related to the adjoint solution z are approximated by the discrete
adjoint approach (5.1). This is why for the convection-diffusion case, we start with the expression

N'(x)(dyy;2) = J;(x) (dyy,) (5.4)

for a generic z := (7, ¢, i) and derive conditions on the quantites 7, ¢ and y, such that (5.4) holds for
all quantities dy,, € X,,. This will then justify the choice of z in (5.3).

The section is subdivided in the usual way, treating the conceptually simple convection-diffusion
equation first, and then extending the analysis to the compressible Navier-Stokes equations.

5.1 Convection-Diffusion Equation

Noting that 6 := €Vw, a consistent discretization of (3.1) is
Tn(x) ::/ z;w,,dx+/ £(oy-n)do, 5.5)
Q 90
with the derivative

Tt (%) (dyy) :/Q Cdwdx+ /(mé(dcrn)dc, (5.6)

where dy, := (do,dw,dA) € X,,. Adjoint consistency means that we have to show that (5.4) holds for
all dy,, for a suitable choice of z := (7, @, i), meaning that

Jy(x)(dy,) = N'(x)(dy,:z)  Vdy, € X, (5.7

where 7, ¢ and u should in some way relate to the exact adjoint z as given implicitly by (3.2). We
will derive conditions on these quantities in the course of the analysis. Let us begin with a very first
assumption, which is present in all adjoint consistency analysis: We assume that w, 7, ¢ and u are
smooth.
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THEOREM 5.4 The hybrid mixed method as defined in Def. 4.2 is adjoint consistent.

Proof. To show (5.7), we note that it is proved as soon as

N'(x)(dy;;2)

N'(x)(do,0,0;z)+N'(x)(0,dw,0;z)+N'(x)(0,0,dA; z) (5.8)
=J;(x)(d0,0,0)  +J;(x)(0,dw,0) +0,

holds, which clearly follows from the linearity of the derivative.
We start with the terms in (5.8) that correspond to do, yielding

N’(x)(dG,0,0;z):/ dc-rdx—/ V-dcgodx—i—/ uldo]do
Jo ro) JIy

:/Qd6~(”L'+V(p) dxf/H)[[d('i]](pddf/I_\B(dG-n)(pdGJr/Fo,u[[dG]]dG

:/Qdcr-(T+V(p)dx—/r\ro(dcrn)(pdcr—i-/ro(u—¢)[d6ﬂd6

We assume that 7= —V@, o, = it and Q90 =290 (= —&). Under this assumption, we can conclude
N'(x)(do,0,0;z) = J;(x)(do,0,0).

We continue with the terms depending on dw, exploiting the assumptions we have already made:

N
N’(x)(O,dw,O;z):/Q—sde-V(p—f’(w)dw~V(pd)c-i—Z/a!2 Ocqodw’do—/r ap(dw™ +dwh)do
k=1 0

1 \0Q

:/ dw (—eAp — f'(w)T Vo) dx+/‘ a(@—u)(dw™ +dwh)dx
Q i

:/de(fsA(pff’(W)TV(p) dx.

We assume that ¢ = z. Together with the previous assumptions, this yields the identities T = —Vz and
M = zr. With this, we can conclude

N’ (%)(0,dw, 0;2) — /Q dw & dx = J,(x)(0,dw,0),

which is due to the definition of the adjoint equation (3.2). The last part involves those terms containing

dA:

N
N'(x)(0,0,dA;z) = e/ dAVz-n+z(f (w)-ndA — add dcrf/ dldc)
(o) 2 kz‘l( 9Q\0Q o Z(f (w)-n ) agkmagz
+/ 2zadA do + zdAdo
In) I

_ / dA[Vz-n] +dA[f (w) 2] — 202d2 do — / dAdo
Ip

\Ip

+/ 2zadA do + zdAdo
Ip I'\I

=0
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This, together with (5.8) proves that the method is adjoint consistent. We have thus proven that (5.7)
holds with 7, @, u as defined by the assumptions. To summarize, we have proved that

J(x)(dyy,) = N'(x)(dy,:z)  Vdy, € X, (5.9)

with z:= (=Vz,z,7r). O

REMARK 5.2 Usually, o is not a constant, but a nonlinear function of A;. (For the method defined
in Schiitz & May (2013), it is a Lax-Friedrichs-type constant, and could therefore be defined as o =
max{|c|}, where c is an eigenvalue of f’(4;)-n.) Such a choice does not destroy the adjoint consistency
property. This can be easily seen when considering those terms in (4.1) where o appears, i.e. terms of the
form (A, —w,, ). Upon differentiation, and using the product rule, one obtains a'(A, —w,) 4+ ot(A, —
w,;)’ . The second term has been treated in our analysis, and the first term is zero, if one substitutes the
exact solution for A;, and wy,. The same observation holds true for the discretization of the Navier-Stokes
equations.

5.2 Navier-Stokes Equations

A consistent modification of the target functional given in (3.3) is achieved by considering

Jh(xh) = ‘/3!2 p(Wa_Q (lh))ﬁ n— (Gh72-n,6h,3 Ifl)ﬁ do. (5.10)

THEOREM 5.5 The hybrid mixed method as defined in Def. 4.3 is adjoint consistent.

Proof. In order to show adjoint consistency, we have to show that the following statement is true:
N'(x)(dyy;2) =J4(dyy) - Vdy;, € X5, (5.11)

for x = (o, w,w|r) and z = (—Vz,z,zr). The procedure is similar to that in the previous section, so let
us begin with the expression

N’(x)(dG,0,0;z):—/ dGVzdx—/ V-do zdx+/ z[do]do
Q Q Io

‘ d
+ zdo-n—z-—(0,02-n,03-n,(0y0)s-n)dodo
JI\I do

do
=J;,(x)(do,0,0)

d
:_/ z-—(0,0%-n,03-n,(0y0)s-n)dodo
I'\Ip

Note that the term z4(0,q )4 - 1 is always zero, as either (0yq )4 - n = 0 (adiabatic boundary) or z4 = 0
(isothermal boundary). The remaining steps follow from the boundary conditions imposed on z.
To simplify matters, we split

N'(x)(0,dw,0;2) = N (x)(0,dw, 0:2) + Nr-(x) (0, dw, 0;2)

into two parts, one consisting of all volume integrals, and one consisting of all face integrals. For
the volume part, there holds
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Ny (x)(0,dw, 0;2) / dwV - (B(w)T V2)dx — /Q WV ( d‘iVB(w)waVz)dxf /Q F(w)dwVzdx
= [ aw ((WB(www) V2 V- (5087 V:) () V2 s
- /ro w <(%B(W)wa* - %B(W)waJr) Vzn) do — /F\FO w <%B(W)TdWVZn> do
__ /FU w ((%B(W)wa* - %B(W)waJr) Vzn) do — /F\FO W <%B(W)TdWVzn> do,

while the face part can be written as

NI’-(x)(O,dw,O;z):/Iﬂow<%3(w)TdW77% (w)Tdw )Vznd6+ /\Fo T B(w)TdwVz)ndo
+/ za(dw’-&-dw*)dcr—«—/ zawh o (w)dwdo
Iy '\l
7/ Za(dw7+dw+)d0'7/ zawhy o (w)dwdo
JIy I'\I
=/ w iB(W)waffi Bw)Tdw' |V nd6+/ d B(w)TdwVz)ndo
g dw dw ¢ \To dw ¢

Summarizing, one obtains
N'(x)(0,dw,0;z) = N (0,dw,0;z) + Ni-(0,dw, 0;2) = 0 = J; (x)(0,dw,0).

The remaining term is N'(x)(0,0,dA;z). To simplify the notational workload, let us note that due to the
(assumed) smoothness of the quantities z and w, both B(w™)Vz~ —B(w')Vz" and z~ —z" vanish. This
leaves us with

N'(x)(0,0,d2:2) = / —2adAzdo+ | ze2didx+ | —adizdo+ [ zadAdx
iy ry I [

/ d
+/F\FO wag(w)dl'(B(W)TVz)ndG+/F\F02%f(wag(w>)"d/ld(7

d
= 72— (0, p(waq(W))n1, p(woq(w))n2,0)dA do
r\r, dw

=J;,(x)(0,0,d4)
We have thus shown that
N'(x)(dyy;2) = J,(x)(dy,)  Vdy, € Xy,

which is clearly the adjoint consistency property. ([
The second to last step in the proof requires some explanation:

e The quantity f(wygo(w)) is, for all w, equal to the expression (0, pny, pny,0), which is due to the
fact that wyq (W) = wyo(w)s = 0. Evaluating boundary fluxes in this manner is a modification
that has already been done by Lu (2005) and Hartmann (2007). (The quantity p is of course
evaluated with the discrete quantities wygo (w).)
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e Adiabatic boundary: Due to La. 3.4, the quantity ¢ - (B(w) Vz)n is zero given that ¢ = @3 = 0.
It is easily seen that setting @ = w’ , (w)dA fulfills this claim.

e Isothermal boundary: The quantity ¢ = w’,, (w)dA still fulfills ¢, = @3 = 0. Furthermore, due to
the fact that T (wyq (w)) = T,yqi; as claimed in Sec. 4.3, one easily computes

0= %T(Wcm(W)WL =T'(wga (W)who(W)dA =T'(waq (W)@

o= —(—L£ 001
=T (W)(P_ cv( pzvovovp)(P

S0=—E@Q+ ¢4.

As stated in La. 3.4, for isothermal walls this is precisely the condition for @ - (B(w)T Vz)n = 0.

6. Conclusions

We have presented an adjoint consistency analysis for a class of Hybrid Mixed methods, including the
Hybridized Discontinuous Galerkin method presented in Nguyen et al. (2009) and the method developed
in Schiitz & May (2013). In contrast to Hartmann (2007), we do not need to include additional terms in
the functional to make the method adjoint consistent.

Adjoint methods are standard tools in the context of Discontinuous Galerkin methods. Future work
should show that adjoint methods in the context of Hybrid Mixed methods work equally well in practice.
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