Well-posed variational formulations of
Friedrichs-type systems

Martin Berggren, Linus Hagg

Department of Computing Science, Umed University, Sweden

May 3, 2021

Abstract

All finite element methods, as well as much of the Hilbert-space theory for partial differential equa-
tions, rely on variational formulations, that is, problems of the type: find u € V such thata(v,u) = [(v)
for each v € L, where V, L are Sobolev spaces. However, for systems of Friedrichs type, there is a sharp
disparity between established well-posedness theories, which are not variational, and the very successful
discontinuous Galerkin methods that have been developed for such systems, which are variational. In an
attempt to override this dichotomy, we present, through three specific examples of increasing complex-
ity, well-posed variational formulations of boundary and initial-boundary-value problems of Friedrichs
type. The variational forms we introduce are generalizations of those used for discontinuous Galerkin
methods, in the sense that inhomogeneous boundary and initial conditions are enforced weakly through
integrals in the variational forms. In the variational forms we introduce, the solution space is defined as
a subspace V of the graph space associated with the differential operator in question, whereas the test
function space L is a tuple of 1.2 spaces that separately enforce the equation, boundary conditions of
characteristic type, and initial conditions.

1 Introduction

Many mathematical models in applications are most naturally derived and formulated as systems of
first-order partial differential equations, for instance the Maxwell equations and the linearized Euler equa-
tions of gas dynamics. To analyze broad classes of such systems, Friedrichs [11] introduced the concept
of symmetric, positive systems. One attractive aspect of this concept is that it defies the type classification
of equations as elliptic, parabolic, or hyperbolic. Indeed, the motivation for Friedrichs to develop his ap-
proach was to find a unified framework that encompasses equations that change type, such as the equations
of transonic flow. Friedrichs” approach has been developed and extended during the years, for instance by
Lax & Phillips [15] and Rauch [21].

More recently, as demonstrated for instance by Houston et al. [12] and by the extensive investigations in
Jensen’s Ph. D. thesis [13], there have been a renewed interest in the theory of Friedrichs systems, due to the
development of discontinuous Galerkin methods, which have emerged as particularly suitable numerical
methods for systems written in first-order form.

Of particular relevance for our contribution is the reformulation and abstraction of Friedrichs systems
due to Ern, Guermond, and Caplain (EGC) [8], which we now briefly review. Assume we want to solve a
system of differential equations

Tu = f, (1.1)

supplemented with suitable side conditions. EGC consider a real Hilbert space L, equipped with inner
product (-,+)z, and norm |-z, and a dense subspace Z of L. Typically, L will be an L? space and 2
smooth functions with compact support. In this theory, operator 7" is assumed to satisfy the bound

(T + Tl <Clol. Vo e 2, (1.2)
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where T is the formal adjoint of T with respect to L, that is, the operator satisfying

(T, V)L = (. TY)L Vo, y € 2. (1.3)

We may always write T = (T — T) /2+ (T + 7:) /2; that is, the operator can always be viewed as a sum
of a formally skew symmetric and a formally symmetric operator. Thus, condition (1.2) means that the
operators that are considered within this theory are those whose symmetric part is bounded in L. No such
requirement is assumed on the other part; in a sense, the operator is required to be “essentially” formally
skew-symmetric. An operator that satisfies condition (1.2) for L = L?(0,1) is 1 + 3y, and an operator
that does not is 1 — dxx. Thus, condition (1.2) is tailored for equations in first-order form.

Solutions to equation (1.1) are considered in a subspace V' of the graph space

W={uelL|Tuel}, (1.4)

chosen so that 7 : V' — L is an isomorphism. For boundary-value problems, the space V is directly
tied to the choice of boundary conditions. EGC introduce an abstract characterization of these, which is
then verified on a case by case basis as the theory is applied to various boundary-value problems. When
this framework, as well as the classical Friedrichs theory [21], is applied to specific boundary- or initial-
boundary-value problem, it leads to formulations involving what in the finite-element community are
known as essential, or strongly enforced boundary and initial conditions. That is, the boundary conditions
are build into the definition of the solution space V. Inhomogeneous conditions then need to be treated
by a lifting procedure, so that they will be incorporated in the right-hand side f.

A related but more comprehensive framework, in which skewness also is central, is the extensive
Hilbert space solution theory [19, Chapter 6], originating from the work of Picard [18], which consid-
ers so-called evo-systems of the form

;v + Au = f, (1.5a)
v= Mu, (1.5b)

where d; denotes the time derivative, A typically is a linear skew-selfadjoint spatial differential operator,
and M is a bounded linear operator. One of the merits of the theory for evo-systems is that it incorporates
broad classes of material laws (1.5b), and it allows generalizations to quite complicated initial-boundary-
value problems [20]. Moreover, similarly as the original theory for Friedrichs systems, this theory can
encompass equations of changing type, a property used by Franz et al. [10] to propose a numerical method
for an unsteady equation of changing type.

The theories outlined above are not variational in the sense of the standard Hilbert-space theory for
partial differential equations. In the variational framework, extensively used, for instance, in the book by
Wiloka [26], a linear boundary-value problem is reformulated into a problem of the following kind:

Find u € V such that

1.6

a(v,u) =1(v) Vv e L, (L6)

where a is a continuous bilinear form defined on a pair of suitable Sobolev spaces V and L, and / is a

bounded linear functional on L. The well-posedness of problem (1.6) is characterized by the conditions

of theorem 2.1 below. In the common case of L = V, sufficient conditions are given by the celebrated
Lax-Milgram lemma.

Remark 1.1. The historical use of the term “variational” comes from the calculus of variations, in which the
variational problem constitutes the Euler-Lagrange equations of stationarity of a functional. Here we use
the term in a wider sense, for all equations of the type (1.6), whether they are Euler-Lagrange equations
or not.

Remark 1.2. Note that we here position the test function as the first argument of the bilinear form, a
convention not shared by all authors.

The variational approach can also be generalized to time dependent problems. J. L. Lions general-
ized the Lax-Milgram lemma to make it applicable to parabolic initial-boundary-value problems [25,



Lemma 41.2]. Otherwise, in combination with Galerkin approximations or by using the semi-group ap-
proach, variational methods can also be used to provide well-posedness results for parabolic as well as for
second-order hyperbolic problems [5,26].

However, variational forms play a much more limited role in the classical theory for first-order par-
tial differential equations. A variational form involving the formal adjoint operator and a so-called semi-
admissible boundary operator is used by Jensen [13, Thm. 28] to establish existence of weak solutions to
Friedrichs systems. A similar procedure, but with strong enforcement of the semi-admissible boundary
conditions, was used already in the original contribution by Friedrichs [11]. Evans [9, § 7.3] also employs
a variational form in order to prove existence of a weak solution to the pure initial-value problem for a
symmetric hyperbolic system. However, in contrast to the variational theory for second-order problems,
uniqueness and continuous dependency of data do not follow from these variational formulations. These
remaining aspects of well-posedness of the problem need to be demonstrated separately.

The finite-element method always relies on variational techniques, which is why it was initially de-
veloped for partial differential equations that naturally are analyzed as variational problems, such as the
equations of linear elasticity. The discontinuous Galerkin method for Friedrichs-type systems is therefore
unusual, as it introduces a variational problem in the discrete setting, whose solution converges, when
the discretization is refined, to an exact solution that is not constructed using strictly variational means.
The main idea behind discontinuous Galerkin methods is to impose boundary conditions, homogeneous
or inhomogeneous, as well as interelement continuity weakly through integrals added to the variational
form. In contrast, in Friedrichs-type solution theory, boundary conditions, by necessity homogeneous,
are typically imposed in the definition of the solution space. In their article on discontinuous Galerkin
methods for Friedrichs systems, Ern & Guermond [7, § 2.3] show that the solution to the original prob-
lem, constructed by their non-variational approach nevertheless uniquely solves a variational problem of
the type (1.6) with L = V = W and for / given by /(v) = (f,v)r. However, as demonstrated below
in § 3.2, the variational problem, as given by the authors, will be ill posed due to violation of the inf-sup
condition (2.2). Note that this stability issue does not prevent well-posedness of the finite-dimensional dis-
continuous Galerkin problem. Nor does it prevent convergence to the exact solution as the discretization
is refined! The standard analysis technique only requires the weaker condition of consistency, that is, that
the solution to the original problem satisfies the discrete variational form for each discrete test function.

Through three increasingly complex examples of Friedrichs systems (§ 3-$ 5), the aim of our contri-
bution is to introduce well-posed variational formulations in the sense of (1.6), in which boundary and
initial conditions are imposed weakly, similarly as in discontinuous Galerkin methods. The first example,
steady advection, constitutes something of a blueprint for the other examples, which is why it is treated in
some detail. The analysis of the first example is facilitated by the fact that the solution in this case can be
defined directly in the graph space W, in contrast to the second example, an elliptic equation written as a
first order system, which requires a restricted solution space V. However, the analysis of the elliptic prob-
lem is simplified by the fact that the graph space can be characterized as a Cartesian product of standard
Sobolev spaces. This simplification is not available in the last and most complex example, the acoustic wave
equation, which involves inhomogeneous boundary as well as initial conditions. Moreover, in the first two
examples, the symmetric part of the operator satisfies, in addition to boundedness condition (1.2), also the
following coercivity condition in L,

cllglle <IT+ Dol Ve 2, (1.7)

for some ¢ > 0. This condition fails to hold in the last example.

Remark 1.3. Although our treatment, as well as our notation, is inspired by EGC [8], we use a slightly
different operator formalism, similar to the one used by Wloka [26], for instance. We consistently consider
weak differential operators; that is, a derivative is a distributional derivative that can be represented as
a locally integrable function, and we typically regard differential operators as bounded linear operators
between different spaces instead of as densely-defined unbounded operators. In practice this difference in
formalism is nonconsequential, as pointed out by Antonic and Burazin [1, § 2, p. 1697].

The first two examples are similar to examples treated by Ern and Guermond [7] and Ern, Guermond &
Caplain [8], except that our theory is variational, which means, for instance, that inhomogeneous bound-
ary conditions are straightforward to handle. The third example below is addressed by Burazin & Erceg [4,



§ 3.3], who treat initial-boundary-value problems using the theory of Ern, Guermond & Caplain [8] for
the spatial operator together with the semigroup approach for the time evolution. Our treatment differs
in that it is variational, and in that we use a space-time formalism, in which time and space directions are
treated on an equal footing. Again, our variational approach makes it straightforward to handle inhomoge-
neous initial as well as inhomogeneous boundary conditions of characteristic type, also called impedance
boundary conditions, which are imposed weakly in the problem statement.

The contributions discussed above [8,11,13,21] aim for a general theory of Friedrichs systems, which is
not the intention here. Rather, we address specific (initial-)boundary-value problems for operators charac-
terized by property (1.2) and employ closely related variational formulations in order to specify precisely
in what sense the (initial-)boundary-value problem is set and to establish well-posedness in this sense.
We believe that having access to true variational formulations also of Friedrichs-type systems is in itself
of interest and closes a “gap” in the classical Hilbert-space approach to the analysis of partial differential
equations. Moreover, the variational forms presented below constitute variations of the ones used for dis-
continuous Galerkin discretizations, and may therefore serve as an inspiration for the development of new
numerical methods for Friedrichs systems.

2 Well-posedness of variational problems

The well-posedness of variational problem (1.6) is characterized by the following theorem, attributed
to Necas [17].

Theorem 2.1. For real Hilbert spaces V and L, let a be a continuous bilinear form on L x V and [ a
continuous linear functional on L. The variational problem to findu € V such thata(v,u) = [(v) Vv € L
has a unique solution satisfying

1
llull < =171l (2.1)
o
for some o > 0, if and only if the following two conditions hold:
(i) o > O such that, for eachu € V,

sup 200 5 . (22)
vel VIl
v#0
(ii) Ifv € L satisfies
a(v,u) =0 YueV (2.3)

thenv = 0.

The continuous bilinear form defines a bounded linear operator from V to the dual of L. Condi-
tion (2.2) implies that the operator has a trivial null space and a closed range, and condition (2.3) that it is
surjective. Ern and Guermond [6, Thm. 2.6] formulate and prove theorem 2.1 in the more general setting
of Banach spaces.

The analysis of variational problem (1.6) is simplified if L = V. In particular, a sufficient condition for
properties (2.2) and (2.3) is that the bilinear form is strongly coercive. The theorem for this case is known
as the Lax-Milgram lemma.

3 Example 1: steady advection

A standard model problem for first-order hyperbolic problems is the advection-reaction problem

B-Vu+pu=rf in Q, (3.1a)
u=g onl_, (3.1b)

posed on an open, bounded, and connected Lipschitz domain @ € R%, d = 2 or 3. We assume that
B € WH°(Q)? and, for simplicity of exposition, that V - § = 0 and that Vx € Q,

p(x) = po > 0. (3.2)



The boundary 92 comprises the parts

_={xe€dQ|n-B<0} (inflow), (3.3a)
'y ={xe€d|n-g>0} (outflow), (3.3b)
ly={xe€dQ|n-=0} (tangential flow). (3.3¢)

One way to generate a variational formulation of problem (3.1) is by a least-squares approach, through
which problem (3.1) essentially will be reformulated into an equivalent second-order, anisotropic diffusion
problem, as discussed, for instance in Azerad’s Ph. D. thesis [2, Ch. 5]. An analogous approach has also been
proposed by Bourhrara [3] for the neutron transport equation. However, our aim is to devise variational
formulations for the equations in their original Friedrichs-type form. For this, the starting point will be
the variational forms that are used within the framework of discontinuous Galerkin methods.

3.1 The Discontinuous Galerkin method

The Discontinuous Galerkin (DG) methods for hyperbolic equations was introduced by Reed & Hill [22]
and first analyzed by Lesaint & Raviart [16] for model problem (3.1). We will briefly discuss how the
method is constructed, since the variational formulation (3.4), from which the DG method can be devel-
oped, serves as the starting point also for our approach.

First, let V}, be a finite-dimensional space of weakly differentiable functions—the weak differentiability
will later be relaxed—and define the following variational problem.

Find uj, € Vj, such that

(3.4)
ao(vp,up) = lo(vp) Yy € Vi,
where
ao(vp, up) = /vh(ﬂ'VMh + pup) —/n'ﬂvhuh, (3.5a)
Q r_
lo(vp) =/vhf—/"'ﬂvhg- (3.5b)
Q r_

Remark 3.1. For integrals without “free” variables, like the ones in definitions (3.5), we will in this article
not include a measure symbol (such as dV or dS), since the type of measure will be clear from the domain
of integration.

Note that variational problem (3.4) is consistent, that is, ag(vy, u) = lo(vp), where u is a sufficiently
smooth solution (somehow obtained) of boundary-value problem (3.1). Moreover, note that boundary
condition (3.1b) is weakly imposed, that is, it is not incorporated in the definition of the space but assigned
in the variational expression on the same footing as the differential equation in the interior.

The system matrix resulting from problem (3.4) is positive definite since, by choosing v, = uj and
applying integration by parts,

ao(up, up) =/uh(ﬁ'Vuh+Puh)—/n'ﬂui

Q r—
1 2 2 2
=§/n-ﬂuh+/puh—[n-ﬂuh (36)
aQ Q r—
2, 1 2 2, 1 2
= puh—i—z |n - Bluj, > po uh+§ |n- Bluy >0 Yuy # 0.
Q Q2 Q Q2

It thus follows that system (3.4) is solvable for any data f € L?(Q), g € L?>(I'-).

In spite of the solvability, it turns out that the stability property (3.6) is too weak to obtain accurate
approximations. Therefore—and this is the basic feature of DG methods—the continuity of the functions
are relaxed to a space of piecewise polynomials defined on a triangulation of the domain. Through a bilinear



form apg, inter-element continuity over the edges of the mesh is imposed weakly in the same way as
boundary condition (3.1b) is assigned in variational problem (3.4). This procedure leads to the improved
stability property

1 1
avctunin) = [ +5 3 [ Bl + 5 [In- g, 6
Q r,

Keoy, 9K _

where .7}, is the set of elements in the mesh, dK_ the inflow (cf. definition (3.3a)) portion of the boundary
of element K, and [up] the local jump of u, over the element boundary.

An observation of relevance for what will follow is that the second term in the right-hand side of ex-
pression (3.7) can be interpreted as a replacement for the second term in the square of the graph norm

] = / pu® + / B - Vuy? (3.8)
Q Q

associated with operator 8 - V.
3.2 Anill-posed variational formulation

To set the stage for the later development, it is instructive to see what happens when naively generalizing
variational formulation (3.4) to the original, infinite-dimensional boundary-value problem (3.1). Thus,
define operator T = B - V + p and the graph space

W={uel*Q)|Tuel*Q)}. (3.9)

equipped with the norm

1/2
ullw = ( fﬂ (pu2+(ﬂ-Vu)2)) , (3.10)

which is equivalent to the graph norm for 7. As in the discrete case, we choose the space of test functions
also as W, which leads to the following variational problem.

Find u € W such that

ap(v,u) = lp(v) Yv e W. (3.11)

This variational problem is a particular example of a class of variational formulations discussed by Ern &
Guermond (7, Eq. (2.23)], for which they show, in their theorem 2.8, that the solution constructed with
their (nonvariational) method will be a unique solution to the variational problem. However, the problem
is that variational problem (3.11) in itself is not well posed; the operator defined by @ does not have a closed
range, which means that condition (2.2) will be violated, and the solution will not depend continuously on
data. Jensen [13,§ 1.9, BVP 2] introduces a similar variational form, with the difference that the space of test
functions is a subspace of H!(2). This formulation suffers from the same shortcoming as problem (3.11).

Remark 3.2. In their remark 2.3, Ern & Guermond allude to this problem by stressing that the variational
problem does not induce an isomorphism between W and W"'.

To demonstrate the ill-posedness of problem (3.11), consider the opposite to statement (2.2) applied
to ag. That is, for each o > 0, there is a u € W such that
ao(v, u)

vew Nvlw
v#£0

<afullw. (3.12)

We will construct such an element u € W. Let @ > 0 be given and let (u,),cz+ be a sequence in
H () C W. Then, using integration by parts and the Cauchy-Schwarz inequality, we find that there is a
constant C > 0 such that for each element u, in the sequence and for eachv € W,

ag(v,un):/ vﬁ-Vu,,—i—/ pvun:—/ unﬂ-Vv—i-/ PURV
Q Q Q Q

< NunllL2@lIB - Volz2) + 10 2unl 2@ 10 ?vllL2 @

< Cllunlz2eellvllw,

(3.13)



from which it follows that
ao(v,uy)

vew  llvlw
v

Now choose the sequence to be bounded in L?(£2) but unbounded in H;, (). From inequality (3.14) then
follows that thereisa N € Z* such that

ao(v,un)

vew  lvllw
v#0

< Cllunlz2@@) =< Csupllunlr2) < allunliw, (3.15)
n

where the last two inequalities follows from the boundedness and unboundedness of the sequence in
L?(R) and H| (2), respectively. The element u = uy thus satisfies inequality (3.12). An example of such
a sequence when €2 is the unit square and = (1, 0) is given by the elements u, (x, y) = sinnmx sinwy.

3.3 A well-posed variational formulation

Thus, the bilinear form ay is not the right choice for a well-posed variational formulation of problem (3.1).
To arrive at another formulation, the first crucial observation from inspection of the original problem
is that it seems natural to provide the input data (f, g) in the Cartesian product space L = L?(R2) x
L*(T_;|n - B]). This choice suggests that we could identify L’ = L and use L also as the space of test
functions. We thus introduce the test function tuple v = (v,v_) € L and equip L with the norm

1/2 12
”v”L = (/Q /Ovz +/1: |n : ﬂ|vz) = (||P1/ZU||,%2(Q) + ”v—”iZ(r_;m.m)) : (3.16)

Moreover, following the framework laid out in § 1, we require the solution space V' to be a subspace
of the graph space W in definition (3.9). We will assign the boundary conditions weakly through an in-
tegral, similarly as in ag. Therefore, due to our choice of L, we need to require the solution space V' to
possess traces in L2(I'_; |n - B]). In general, continuous trace maps of functions in W can only be de-
fined into H~1/2(32). However, when dist(T_, I'; ) > 0, the trace is continuous into L2(32; |n - B]) [7,
Lemma 3.1]. Thus, for this example we will assume that dist(I'—, ') > 0, which means that we can
choose the space of solutions simplyas V = W.

The bilinear form and the linear functional will then become, for v = (v,v_) € L,u € V,

a(ﬁ,u)z/gvTu—/in-ﬁv_u, (D) =/Qvf—/r‘7n-ﬂv_g, (3.17)

where, as before, T = B - V + p. The variational formulation of boundary-value problem (3.1) can then

be stated as follows.
Findu € V = W such that

) . . (3.18)
a(v,u) =1(v) Vi e L.

The well-posedness proof of problem (3.18) will also refer to the formal adjoint operator Tu = —8 -
Vu + pu. We note that the graph space associated with 7" is also W. Complementary to L, we also define
the space L* = L?(2) x L?(T'y; |n - B]). Functions 9 = (v, v4) € L* are provided with the norm
. 1/2
Il = (10201220 + 1041220, mgp) (3.19)
The bilinear form
a*(0,u) =/ vT’u+/ n-Buiu (3.20)
Q Iy
is continuous on L* x V, and is the adjoint of @ in the sense that, for eachu,v € V,
a*(ft,v) =a(ﬁ,u), (3.21)

where I = (u,tr, u) and 9 = (v, tr_v), and where tr__ and tr_ are the trace maps into L*(T_;|n- B))
and L2(T'y; |n - B]), respectively, that is,

tr_ € Z(V.L*(T—: |n- B))), try € L(V,L*(T4:|n- B))). (3.22)

Now, we are prepared to establish the following well-posedness result.



Theorem 3.3. With a and [ as in definition (3.17), assuming bound (3.2) and that dist(I'_, I'y) > 0, the
variational problem to findu € V = W such that

a(®,u) =1(0) Vi eL (3.23)

has a unique solution satisfying
llull < 2[171]. (3.24)

Proof. Since dist(I'—, I'y) > 0, the trace maps (3.22) are well defined [7, lemma 3.1]. From the Cauchy-
Schwarz inequality follows then that the bilinear forms a, a* and the linear functional / are continuous.
Thus, in order to apply theorem 2.1, we need to show that conditions (2.2) and (2.3) are satisfied.

Condition (2.2): The condition is satisfied foru = 0. Foru € V\{0}, choose b = &1 = (u,tr—u) € L.
Integrating by parts, we then find

= [ s [ wpr=t [ g+t [l [ o
a(u,u)_/s;u[(ﬁ V)u + pu] [F_n Bu 2/39'" Blu +2/qu +2/qu (3.25)

> JlalLllp?ull 2

from which follows that Go)
a(b,u
sup ——— > [[p"%u| 12 (g (3.26)

serrioy 101lL

An analogous calculation (now choosing 0 = (u, try u) € L*) reveals the same bound for a*,

a*(,u)
sup

> [0 *ullL2(q)- (3.27)
ser\foy 10l )

Moreover, for each u € V such that Tu # 0, choosing w = (T'u,0) € L, we find that

a(d,u) - a(w, u)

—— > ——— = [|Tul|2)- (3.28)
veL\{0} o]l W]l

From bounds (3.26) and (3.28) it follows that for eachu € V' \ {0},
a(l,u)

1/2

2 sup > o “ullp2@) + 1Tull 2@ = llullv, (3.29)

serioy 1911z

We have thus verified condition (2.2) in theorem 2.1 with o = 1/2.
Condition (2.3): Let U = (v, v_) € L such that

a(ﬁ,u)z/ﬂv(ﬁ-Vu%—pu)—/ n-Bvu=0 Vuel. (3.30)
Choosing u = (¢, 0) in equation (3.30), where ¢ € C/ (2), we find that
/QUT¢ =0 V¢ eCiQ). (3.31)
That is, by the definition of weak derivative,

Tv =0, (3.32)

so that, in particular, v € W, which means that v admits L*(92) traces. We may therefore, for any
u € C'(Q), integrate expression (3.30) by parts to obtain

O:/S;v(ﬂ-Vuvau)—/F_n-ﬂv_u=/é;gn-ﬁvu+/;2uz2— F_n~ﬁv_u

=0 (3.33)
:/ |n-ﬂ|uv+/ |n-Blu(v_—v) =0.
r,. Ir—



Choosing u as functions whose trace on 92 has compact support in I'; and I'_, respectively, and by
density, we conclude that

tryv =0, (3.34a)
tr—v =v_. (3.34b)

Expressions (3.32) and (3.34a) substituted in definition (3.20) yield that a*(w,v) = 0 Vw € L*,which
means that v = 0 by inequality (3.27). Expression (3.34b) implies then that also v— = 0, which finally
shows that b = (v, v—) = 0, which verifies also condition (2.3) and thereby, by theorem 2.1, shows well-
posedness of variational problem (3.18). O

4 Example 2: an elliptic model problem

Our second example concerns the following boundary-value problem for a vector field # and a scalar
field p,

u+Vp=f, in €2, (4.1a)
p+V-u=1 in €, (4.1b)

1 1
E(l—a)p—i(l—i—a)n-u:g on 92, (4.1¢)

which constitutes a first-order-system formulation of the scalar second-order elliptic problem
—Ap+p=f in €, (4.2a)

1 1 d
“l—ap+ -+ —¢  ondQ. (4.2b)
2 2 on

We assume the domain €2 to be open, bounded, connected, and Lipschitz. Moreover, the function o €
L (0) is assumed to satisfy, for some s € [0, 1),

ess.ima C [—apr, ap]. (4.3)
That is, the interpolation in the Robin-type boundary condition (4.1c) is not allowed anywhere to reduce

to a pure Dirichlet (¢« = —1) or Neumann (o = 1) condition on p.

Remark 4.1. The reason for the restriction in « is that the inf-sup constant of the variational formulation
will in our proof turn out to be proportional to 1 — ay.

Remark 4.2. Homogeneous pure Dirichlet and Neumann conditions can be handled, due to the character-
ization in lemma 4.3 of the graph space, by incorporating these strongly in the components of the solution
vector. We choose to ignore this case for simplicity of exposition.

Equations (4.1a) and (4.1b) can be written in the block operator form

T =f (4.4)

_|§ _|r Vv _|f
S B N A ] @3

Note the blocking of the rows in § and f in a vector &, (in the sense of a first-order tensor of dimension
d = 2 or 3, the space dimension) and a scalar &. Consequently, the first column of matrix T contains
operators acting on vector fields and the second column operators that act on scalar fields.

Proceeding similarly as for the first example, we introduce the graph space associated with block op-
erator T from which a solution space will be extracted,

where

W= {g € L2(Q)%+! | T € L2(Q)4*! } (4.6)

However, for this particular example, there is a more elementary characterization of W.



Lemma 4.3. It holds that
W=le=[.60" c 2@ |§ e HAviQ). &b e H'(Q) | (4.7)
Proof. Definition (4.7) corresponds to the graph norm of A = [ 9 ¥ ]. Since T = I + A, the conclusion
follows from that the graph norm of A and I + A are equivalent. O
Characterization (4.7) enables the integration-by-parts formula

/nTTE =/[n1-<el+vsz>+n2<sz+vsl)]
= Q@ (4.8)

:(Vn’]lv&)‘i‘()’n&l’r]z)‘f‘/s;ETT" vn.EeW,

~, I -V
() "
is the formal adjoint of T, where (-, -) denotes the duality pairing on H~'/2(3Q) x H'/2(3Q), and where

VYn € Z(H(div, Q), H~/2(3Q)) is the continuous extension of the trace operator that for u € C!(2)¢
satisfies yput = n - u|,q,. In particular, for n = §, formula (4.8) reduces to

where

/sTTs =/|s|2+(ynsl,sz), VE € W, (4.10)
Q Q

Remark 4.4. The graph space corresponding to operator T is identical to W. That is, in addition to defini-
tion (4.6), it holds that

W= {g e L2(Q)4* | Tt e L2(Q)?+! } (4.11)

In order to generalize the approach of § 3.3 to system (4.1), we first notice that it seems reasonable to
provide data to system (4.1) as a tuple (£, g) of interior data f = [f,, f>] € L2(Q)?*! and boundary
data g € L2(0Q2). Consequently, we therefore define the space of test functions as the Cartesian product
space

L =L*>(Q)% x L2(3Q). (4.12)

For elements in L, we will use the same tuple notation as for the data, that is, = (1, nr), where n =
1. 72]7 € L2()4*! and 5y € L?(dR), and provide the norm

1/2
Iz = ( [me+a+ | |nR|2) . (4.13)
Q Q

Note that the first element 1 in the test-function tuple will have the same block structure as the elements
in W and correspond to the interior data vector f. The second element 7y in the test-function tuple cor-
respond to the scalar boundary data g. Associated with the boundary condition, we introduce the trace
map

1
tr, & = E[(l—a)éz—(l +a)n-£y]|yq (4.14)

defined for § € C1(Q)4*!. Forq4 = (1.ng) € Land & € V, where V C W is a suitable solution space,
below defined so that tr,, can be continuously extended to £ (V, L?(9R2)), we define

a§) = [ aTT5+ [ . (4.152)

l(ﬁ):/ 0+ ﬁ/ RG. (4.15b)
Q Q2

The issue is now to define a suitable space of solutions V' C W to render a well-posed variational
formulation. By characterization (4.7), we see that a restriction of &, is needed to admit traces try in

10



L2(dR2), since H(div; Q)-functions generally admits normal traces only in H~/2(32). Therefore, we
introduce the following strict subspace of H (div; 2)

U={uecHW{iv;Q) | yau € L*(09Q) }, (4.16)

equipped with the inner product

(u,v)y =/ (u-v+V-uV-v)+/ Ynll Ynv. (4.17)
Q r
To show that U, as well as the solution space of example 3 in § 5, is a Hilbert space, we will rely on the
following general result.

Theorem 4.5. Let X, Y, and Z be Banach spaces such that Y C Z with continuous embedding, and let
A : X — Z be a bounded linear operator. Then the space

Xy ={xeX|AxeY}, (4.18)

with norm 12
lxllxy = (lxl% + 14x]F) ", (4.19)

is a Banach space continuously embedded in X .

Proof. Since ||x|lx < |x|xy, Xy embeds continuously into X. It remains to show that Xy is complete.
Let the sequence (x,), <7+ be Cauchy in Xy. By the continuous embedding, (x,),cz+ is Cauchy also in
X, so there is an x* such that x, — x* in X. Moreover, (Ax,),cz+ is Cauchyin ¥, so thereisay* € ¥
such that Ax, — y* in Y. Thus, Xy will be complete if Ax* = y. By the continuous embedding Y C Z,
Ax, — y*alsoin Z. Since also Ax, — Ax™ in Z, by continuity of A, uniqueness of limits yields that
Ax* = y and Xy is thus complete. O

Choosing X = H(div; ), Y = L%2(Q), Z = H_1/2(8$2), Xy = U,and A = y,, theorem 4.5
implies following result.

Lemma 4.6. The space U is a Hilbert space continuously embedded in H (div; Q).

Now we are ready to define the solution space as the Hilbert space

V={g=(E.0)eW|E U}, (4.20)
equipped with norm

1/2
€l = (Nl + IvaEilZ20)) - (4.21)

Since y, maps functions in U into L2(dL2), integration-by-parts formula (4.8) can, in the particular case
of n € W, & € V be simplified and written

T _ T
/Qn TE—(Vnnl,Ez)Jr/aQynEszr/Qs Ty, (4.22)

and, in particular, for § € V,

/QETTE =/Q|s|2+/m Yuk 6. (423)

The variational problem corresponding to boundary-value problem (4.1) can then be formulated in

standard form.
Find &€ € V such that

a(h.§) =1(H)  VvaeL.

We will also utilize the bilinear form

(4.24)

*a _ Tm *
’ (n,E)—an Te+/asz TR, (4.25)

11



where the trace operator

iy = —[(l—&b+ (1 +a)n-& ][, (4.26)

5l
V2
also extends continuously to a bounded operator from V into L2?(3S2). The form a* is adjoint to a in the
sense that for§ € Vandy € V,

a(h.g) = a” (&) (4.27)
where .
A= (n.trgm), £ = (k.trgk). (4.28)

To prove the inf-sup condition (2.2), we first establish the following bounds.

Lemma 4.7. Foreach § € V, it holds that

am.§) _ 1—oay 2 ) 1/2
sup R > (1817 2@yt + I7aé11320y) - (429)
desvoy [l 2 L@+t T 1Sz ee)
a*(.§) _ 1—oam ( ) ) 1/2
2 H + Imkil200) - (4290)
sesvioy Ml 2 L@+t TS L2 09)

Proof. Due to the bilinearity of @ and a*, the conditions hold for ¢ = 0. Thus, let ¢ € V' be nonzero and
define

£ =(E.tro§) e L. (4.30)

The conclusion (4.29a) then follows from the calculation
~ 1
a0 = [T+ [ [@—m) (-8 - +oms)]
1
= [P+ [ gt [ [0-08+ 0 oo [ e

2, 1—om 2 2
= [P+ 52 [ (&4 0e?)
1 (4.31)

[l L] [+ 22 o]

[/ R [ (y,,a)zr [ i=me [ %(sz—ynsl)zf

1/2 .
2 (I 2 gyans + IvmalZaq)) €L

v

| V

where the second equality follows from integration-by-parts formula (4.23), the first inequality from the
bound (4.3) on &, and where in the second inequality, we have neglected £ in the first factor and used

((a=b)*+ (a+b)?) > %(a —b)? (4.32)

N =

a’ + b =

fora = & and b = y,&, in the second factor. The dual conclusion (4.29b) follows by an analogous
calculation on a* using test function

£=(E.tp€)eL. (4.33)
O

With the help of lemma 4.7, the required inf-sup condition is straightforward to show.
Lemma 4.8. Foreach & € V, it holds that

i 1
sup a(nA £ _

M
e (IS (4.34)
dervioy M
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Proof. Let§ € V. If T = 0, then the conclusion follows from lemma 4.7. We may thus assume that
TE # 0. Define ) = (T€,0) € L. Then

iz = ITE L2(@ya+1 (4.35)

and
a@6) = [ (T TE = ITE g (436)

which implies that

a(i.§) _ a(i.®)

N e e L (437

Inequalities (4.29a) and (4.37) imply that
( 2y 1) sup (”':]”'” = (IE12aqgpenn + Irmdi1220g)) - + ITElL2gpes -

> lgllv.
from which the conclusion follows. O
What is now left is to show surjectivity.
Lemma4.9. IfY € L such that

a(h, &) =0 VE eV, (4.39)

then = 0.

Proof. By definition (4.15a), condition (4.39) reads § = (n, nr) € L, where n = [, n2], such that

/nTTg +/ MRirgE =0  VE=[£,.6]T eV, (4.40)
Q 0Q
from which it follows that
T _ 1ro\d+1.
/ 1 Tg =0 Vo € Cy () ; (4.41)
Q
that is, 5
Tn =0 (4.42)

by the definition of weak derivative. We conclude thus that, trivially, y € W (Remark 4.4), which means
that we may integrate the first term in equation (4.40) by parts, using formula (4.22), to obtain

1
(Vay. E2)yg, + /m Vb1 2+ E/m me((1— )6 — (1 + 0)yaby) =0 Vg 6T € V. (443)

In particular, for §; =0, &, € H'(Q), we find that

-«
(Vn'll + 5 y&) =0 V& e HYQ), (4.44)
where y is the trace map of H'($2) onto H'/2(d2). Since y is surjective, it follows that
L (4.45)
Y \/E R =Y, .

and, in particular, that y, 7, € L*(92) (since g is in L?(92)).
Choosing &, =0, &, € C”(Q)d in equation (4.43), we find that

|l +o _ oo raNd
| mti(m =) =0 e e =@, (1.46)
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from which it follows that

(4.47)

N2 — 7 e = 0.
Multiplying expressions (4.45) and (4.47) with (1 4+ «) and (1 — «), respectively, and adding, it follows

that
1

2

Due to expressions (4.42) and (4.48), and by definition (4.25), we see that a*(é, 1) = O for each

0 L. Property (4.29b) then implies that n = 0. Finally, equation (4.47) yields that also 7y vanishes;
hencey = 0. O

[(1+a)yan; + A —a)p2] =trfm =0. (4.48)

With these results, well-posedness of the variational problem is straightforward to show.

Theorem 4.10. With a and [ as in definitions (4.15), where function o satisfies bound (4.3), with space V' as
in definition (4.20), and with L = L*>(Q)?*! x L?(3R), the variational problem to find § € V such that

a(h.§) =I1m) VaelL (4.49)

has a unique solution satisfying
3

1—OtM

gl <

21 (4.50)

Proof. By the Cauchy-Schwarz inequality, @ and [ are continuous on L x V and L, respectively. Well-
posedness then follows from theorem 2.1 together with lemmas 4.8 and 4.9. O

5 Example 3: the acoustic wave equation

Here we consider the equations of linear acoustics in a still, ideal gas under isentropic conditions. The
two previous examples were idealized model problem, templates for basic hyperbolic and elliptic equations,
respectively, without the inclusion of appropriate dimensional coefficients that would occur in applications.
In contrast, the equations and the spaces discussed here will be presented in a form that respects relevant
physical units.

The gaseous medium is characterized by its static density pp and speed of sound ¢g. In simple situations,
the static density and the speed of sound are constant, but in the presence of temperature gradients in the
gas, the density and speed of sound will vary spatially. However, typically the mediumss static pressure as
well as the quantity poc2, can be regarded as constant, also in the presence of temperature gradients. The
constancy of these quantities follows from the linearization of the Euler equations of gas dynamics in the
case when body forces acting on the system can be neglected. Motivations for these assumptions and more
details on the modeling are given by Rienstra & Hirschberg [23, § 2.4].

The boundary-value problem under consideration here will be

9
,008—1; YVp=f inQ =Qx(0,17), (5.1a)
P 4 0oc2V u = inQ =Qx (0 b
o TPaVeu=r in Q0 =Qx(0,7), (5.1b)
1
5(p—pocom - u) = S(p + pocon -u) = g on T = 30 x (0, 7), (5.10)
u=u P = ps on Qo= x{0}. (5.1d)

The unknown quantities are the acoustic velocity and pressure fields # and p, and data to the system is
provided through the right-hand forcing in equations (5.1a), (5.1b), boundary condition (5.1c), and initial
conditions (5.1d). The system (5.1a), (5.1b) constitutes a first-order-systems formulation of the scalar wave
equation

?p 2 .
W—V-COszf in Q2 x (0, 7). (5.2)

We assume the domain 2 to be open, bounded, and connected with a smooth boundary 02, and that the
domain locally is located on one side of its boundary.

14



Remark 5.1. The smoothness property that is assumed of 92 in the analysis below is that it is C!, due to
theorem 5.10, with a normal field n that is is Lipschitz, due to the application of the Kirszbraun theorem.

As can be noted already in the formulation (5.1), we adopt a “space-time” formalism: the function
spaces will be defined on the space-time cylinder Q, a Lipschitz domain whose boundary dQ is naturally
partitioned as

90 =X U QyU Q;. (5.3)
Moreover, the interpolation function @ € L°(X) in boundary condition (5.1c¢) is assumed, analogously
asin § 4, to satisfy, for some aps € [0, 1),

ess.ima C [—opr, apr]. (5.4)

Remark 5.2. Note that restriction (5.4) means that boundary condition (5.1c) cannot reduce to a pure
Dirichlet condition on p or n - u.

Exploiting that poc? is constant and that media properties pg and co have no time dependency, equa-
tions (5.1a) and (5.1b) can be rewritten in the block operator form

Tg =f, (5.5)

£ PoColt 9:1  coV cof1
= = N T = ) f = N 56
g [52 )4 Veo- ¢ S (5.6)
with the same blocking of the d + 1 rows of & and fas in § 4. The Cartesian components of operator T in
d = 3are

in which

] 9
kn 0 0 Com
0 9 0 Conl
[T] = ot 0xa | (5.7)
0 0 9 Co=
ER 0%9x3
b 3 b
€0 T 0 T

The formal adjoint of T is T = —T.
Under the assumptions discussed above, equation (5.5) holds also for a spatially varying speed of sound
o, generated by temperature gradients in the medium. However, from now on, in order to simplify the
analysis, we will assume that ¢y is constant and positive. The graph space associated with block operator
T will be
w={geL2(Q)"" | Tg e L2(Q)"}. (53)

equipped with norm

1/2
81w = (18122 0ye i1 + 2 ITEZ 2 gy ) - (5.9)

and we note that the graph space associated with T is also W. Note that we scale the velocity unknowns so
that all components of § will have the same dimension (pressure). Moreover, by the inclusion of constants
¢o and t in the definition of T and the norm on W, all terms that are summed will possess the same
dimension. Consequently, in this section, it will be convenient also to equip H ! (Q) with the dimensionally
consistent norm

lullr o = (1412200 + 72 (10011 20y + lc0VulE20))] - (5.10)
By the inequality
|§1” + 22| TE> = |§]* + 2%19:&1 + coVE|> + T2|9:62 + V - cof4 |? (5.11)
< &> + 27 [10:&,1 + [coVE* + 19:621* + |coVE, ]
we conclude that
I&llw < V20Elm10ya+1- (5.12)
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and thus that H'(Q)¢*! C W. However, in this case, as opposed to the elliptic case of § 4, there is no
characterization of W as simple as in lemma 4.3.

To introduce a variational formulation of system (5.1), we will proceed similarly as in previous sections
and consider data to the problem as being given in the form of the tuple

(f.g.8,) € L*(Q)?T! x L3(Z) x L*(Qo)* ™, (5.13)

where f = [f, f>]T and &, = [us, p,]7. This form of the data suggests a space of test functions of the
same form,
i = (n.g.m) € LAQ)TH x L3(2) x L2(Qo)!*! = L, (5.14)

which we equip with the norm

N 1/2
1l = (In22egpast + sl + tlnglZzop) ' (5.15)

The components of the test function tuple will be used to enforce the equation system, the boundary con-
ditions, and the initial conditions, respectively.
Associated with the boundary and initial conditions, we introduce the trace maps

g § = \/g(éz tn-£y)|g o E=E|y. tro E=E[, . (5.16)

defined for § € C'(Q)¢*!. For#j € L and & € V, where below we will define V' C W so that the ranges
of the trace operators (5.16) continuously extend into L? spaces, we define

a(ﬁ,s>=/QnTTs+/EnE (trge—atr;s)+[g 07 (irg, ). (5.17)
l(ﬁ)=/Qan+\/2_coLngg+/Q e, (5.17b)

We also define, complementary to the space L, the space L* = L?>(Q9*') x L%(Z) x L3(Q-),
equipped with norm

lillzs = (Inl22gyas1 + TlnslZags) + Tz ). (5.18)
and the adjoint bilinear form, to be used in the surjectivity proof,
a*(i.§) = —anTTs +/E’72 (rf§ —atgE) +/an;’"(trgfs), (5.19)
which satisfies a*(é, n) =a(i.t)forn. £ € C'(Q)¢*! and
A = (n.trg M. troy M), = (&.try &.trg, §). (5.20)

The basic integration-by-parts formula for operator T, repeatedly used in the following, is as follows.
Letn, £ € C'(Q)4*!. Then

Tre _ 0:&1 +coVE
/Qn TE—/Q[m,nz] [at&ﬂrv,%gl}

= /Q(Th -0:&1 4 cony - Vé + n20:E2 + cona2V - &)

:/TnTE—/QOnTE+Aco(n-n1§2+n2n.£l)+/Q§T Eﬂ

=—Tn
=f nTTve—/ g7 T,
00 o
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where r
co[néz,n-‘;‘l] on X,

T8 = ¢ on 0., (5.22)
—£ on Q.

As proven by Jensen [13, Thm. 4], for instance, the following density property holds for domains (like
Q) that possess the segment property.

Theorem 5.3. The space C®(0) 1 is dense in W.

Due to this property, we show next that the basic integration-by-parts formula (5.21) extends to n €
H'(Q)4*!'and§ e W.

Lemma 5.4. Assume that Q is a space-time cylinder satisfying the segment property. The trace map Ty,
defined in expression (5.22) for functions § € C! (0)2+), extends continuously to .Z(W, H_1/2(8Q)d+1),
and integration-by-parts formula (5.21) extends ton € H'(0) ' and & € W, so that

/ W TE = (Tok. yn)g129gya+1 — / g7, (5.23)
Qo Q
where y € .L”(H 1), H 1/Z(BQ)) denotes the boundary trace map. Moreover, the bound

4
(TvE. V) g1/290ya+1 < ;”V*””‘l’”Hlﬂ(aQ)d'H € llw (5.24)

holds for§ € W and¥ € H'200)4*1, and where y, € & (H1/2(8Q)d+1, Hl(Q)dH) denotes a right
inverse of y.

Remark 5.5. Analogously asin § 4, (-, ) ;71,250 denotes the duality pairing on H~/2(0Q) x H'/2(3Q).

Proof. Let§ € C'(Q)4*!. By density of C1(Q)?*!in H'(Q)?*, continuity of the H'(Q)?*! bound-

ary trace, and estimate (5.12), we find that integration-by-parts formula (5.21) extends ton € H'(Q)4*!,
so that
[amrs= [ owTn- [ &7, (5.29
Qo 90 Qo
from which it follows that
T T T 2 4
) T = | v Te+ [ & Tn < —Ilnllwlglw = —Inllgi e+ lIElw. (5.26)
0 Q Q T T

using inequality (5.12) in the last step.
Let ¢ € H'/2(3Q)%*! and y. a continuous right inverse of y. Then inequality (5.26) gives that

[wwm =[Q(V*¢)TTE +/QsTT(y*x|r>

y A (5.27)
= Zlvs¥la o+ lElw = Iy« ll¥llm/2@o)a+1 1§ ]w-
By inequality (5.27), we find that
fa "fTTvs 4
ITlgro0gest = swp i€ < gl (529)

weH!/2(30)d+1 I 1l zr1/250)a+1
¥#0

By density theorem 5.3, it follows that T, extends continuously to £ (W, H y 2(E)Q)dﬁ”). Integration-
by-parts formula (5.25) therefore extends to formula (5.23) and bound (5.27) to bound (5.24). O
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The following technical lemma will be used in the trace theorems below. We suspect this lemma or
variants thereof to be known. However, we have failed to find a suitable reference and therefore provide a
proof in the appendix.

Lemma 5.6. Let h € C%*(39Q)" be a Holder continuous function with exponent 1 € (1/2,1]. Then there
is a constant C such that for any u € H'Y2(30),

||hu||H1/2(3Q)n =< C||u||H1/2(3Q). (5.29)

More precisely, lemma 5.6 will be applied with 2 = hy. € Lip(dQ)¢*! defined by

1 Ny
hy = \/TTO |::|:1] , (5.30)

where n, denotes the Lipschitz extension to dQ of the normal field n on X, which exists due to the
Kirszbraun theorem [14, Thm. 5.2.2]. Note that the multiplier h.t is defined so that, for ¢ € C'(Q)?*!,
hIT,& = trf & on X (recall definitions (5.22) and (5.16)).

Now we are ready to prove that trace maps (5.16) are well defined also for arguments in W. Each of
these traces turns out to be definable with ranges in the dual of the so-called Lions—-Magenes space [24, § 33]

HOI({Z(F), where I" is Qg, Q¢, or X. This space can be defined as follows. For g € L?(T), denote by g
the extension by zero of g to all of dQ. Then

Hyy>(T) = {g € L*(T) | 3u € H'(Q) such that yu = g, }, (5.31)
provided with the quotient norm

el g2y = ue;f(g)nuuf,l(g). (5.32)
YVU=8&x

It holds that Holé 2(1") C H'2(T"), with continuous embedding. The typical use case for this space is, like
here, to characterize boundary conditions on I' as residing in the dual space Holg 2Ty

Lemma 5.7. The trace maps tr, , try, , and try, defined in expression (5.16) for § € C'! (0)4+1, extend

continuously to £ (W, (H(}({Z(Qo)d“)’), LW, (Holéz(Qr)d'H)’), and £ (W, HOI({2(E)’), respectively.
Moreover,

(i) for& € W and ¥ € HI*(00)4 !,
(troo 8. W) y12 gyat1 = (Tv€. —Wa) 12 gye+1. (5.33)

where, W, € H'2(0Q)?+! denotes the extension by zero of r, y the trace map of H'(Q) onto H'/2(3Q)
and ys a continuous right inverse of y.

(ii) forg € W and ¥ € HI2(0,)4+,
(tro, &, ll’)111/2(Qr)d+1 = (Tvg"l’*>H1/2(3Q)d+l’ (5.34)

00

where ¥, € H'Y2(3Q)4* denotes the extension by zero of .
(iii) for& € W and ¢ € Hy)*(2),

(tr% E’ w>H(%2(2) = (Tvg» h:I:W*)Hl/2(3Q)d+1 s (5.35)

where Y. € H'Y2(0Q) denotes the extension by zero of ¥, and hy € Lip(3Q)?*1 is defined in expres-
sion (5.30).
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Proof. (i): Let ¥ € H1/2(Q0)d+1, andlet ¥, € H/2(9Q)?+! be its extension by zero. Then there exist
positive constants C; = 4|y« ||/t and C; such that, for § € C1(Q)?+!,

0 v trg, & = —/BQ VITE < CLlW.g12@oye+t IEIlw = CillWllg12e00ya+1 IEllw
0

= C2||¢||H(%2(Q0)d+l ”E ”Wv

where definition (5.22) is used in the first equality, the bound (5.24) in the first inequality, and the contin-
uous embedding Holéz(Qo)d+1 C H'Y2(Q0)?*! in the last. Inequality (5.36) implies that

f Qg
||trQ0§||(H1/2(QO)d+I)/ = sup QO— < GllE]lw. (5.37)
00

‘vEH()léz(QO)d+l ||l'f ||H010/2(Q0)(1+]
0

from which it follows that trg,, extends to £ (W (H, l Z(Qo)d 1y ) by density theorem 5.3, and thus that
the first equality in expression (5.36) extends to 1dent1ty (5.33).

(ii): The conclusions follows by analogous arguments as in (i) by considering ¥ € H, 1 2(Q,)d +1

(iii): Let ¢ € HI/Z(E) and let ¥, € H'/2(3Q) be its extension by zero. By lemma 5.6, h4 v, €
H'2(3Q)?*1 and there exists a constant Cy, such that ||h . lm1200)a+1 < Cull¥«llg1/230)> where

hi € Lip(3Q)?*! is defined by expression (5.30) so that, for € € cl(Q)¢+1, hiTvE = trﬂE:E on X.
Then there are positive constants C; = 4| y«||/7, C2, and Cs such that, for ¢ € C'(Q)4+!,

/Exvtrés =/BQ (b )" Tok < Cillhatull g12gya+1 & lIw

= Collv 200 Elw = ColV 2 [Elw < Collvl g g W,

(5.38)

where the bound (5.24) is used in the first inequality, lemma (5.6) in the second, and, in the last inequality,
the continuous embedding Holg 2(2) € HY2(Z). Inequality (5.38), together with the definition of the

dual norm and density theorem 5.3 implies that trZ extends to £ (W H, 1/ 2(2)/ ), which in turn implies
that the first equality in expression (5.38) extends to identity (5.35). O

Since L*(Qy) C (H, 1/2(Qo)) and L2(X) C (H, 1/2(2)) lemma 5.7 implies that the space
- {g €W |tro, & € L2(Q0) " and ti5 & € L3(%) } (5.39)
equipped with the norm

_ 1/2
&l = (1§13 + Tltrs 122y + Tltroo §122¢0,) " (5.40)

is well defined. Note that the norm also can be written

_ 1/2
&l = (1. trs £ trop B3 + T2 ITEIZ2 gyar1) . (5.41)

a form that will be utilized in the proof of the inf-sup condition of a. We will see that V' is a suitable
solution space. First we establish that /' is a Hilbert space.

Lemma 5.8. The space V is a Hilbert space continuously embedded in W .

Proof. Since the norm (5.40) can be derived from a inner product, it remains just to show that V' is com-
plete. In order to use theorem 4.5, we identify X = W, Y = L?(X) x L?*(Qo), Z = (H(}gz(E)dH)/
1/2(Q0)’ Xy = V,and A = try xtrg,. Lemma 5.7 shows the required properties of A, and the fact

that HI/Z(I‘) C HY2(I') ¢ L3(I), for T = X or Qy, with continuous embeddings, implies by duality
the continuous embedding ¥ C Z. Completeness then follows from theorem 4.5. O
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The proof of the “extended” trace property in lemma 5.11 below uses density theorem 5.10, whose
proof in turn relies on the following density theorem due to Rauch [21, Theorem 8].

Theorem 5.9.
(i) The space Cl (Ot ' NVyisa dense subspace of Vo = {E eW |trg, 8 =0and trg§ = O}.
(ii) The space cl(0)¥+'n Vi is a dense subspace ofl70 = {E e W |trg, § =0and tr;E = 0}.

A prerequisite for theorem 5.9 is that X is a characteristic surface of constant multiplicity; that is, the
dimension of {n € R4*! | T,(x)n = 0} is independent of x on %, which is true for T, in expres-
sion (5.22).

Theorem 5.10. The space C'(Q)?*+' is a dense subspace of V..

Proof. Bylemma 5.8, V' is a Hilbert space. The inner product generating the norm (5.40) is, for n, & € V,

0.8y = 00w+ [ wsnust e[ ook, (542)

where

mow = [ w75+ [ a1 (5.43)
Q Qo
The space C'(Q)?*1! is dense in V' if and only if the only § € V that satisfies
(.8)y =0 forally € C'(Q)4*! (5.44)

is§ = 0. Let us therefore assume that § € V' satisfies equation (5.44) and demonstrate that § = 0. In
particular, equation (5.44) implies that for all ¢ € C (0)4+ c cl(Q)?+,

0= @8y = @.ow = [ ¢Tg+ e [ x)TTE, (5.45)
0 o
which by the definition of weak derivatives implies that § satisfies the equation
§E—°T?’6§ =0 inQ. (5.46)
The next step is to determine, in addition to equation (5.46), the space-time boundary conditions that §
must satisfy. Equation (5.46) shows that tT§ € W (since § € L?(Q)¢*!). Multiplying equation (5.46)

with n” € H'(Q)?*!, integrating, and applying integration-by-parts formula (5.23) (in which we sub-
stitute § with 2T§), we obtain

0= /Q a7 (& - T2%) = /Q W7 + 2 [Q (Tn)TTE — 7(Ty TE. yn) 1/20300 4

= . 8)w — T(TVTE. YN y1/2¢9gya+1  forally € H'(Q)*F1.

(5.47)

Since C'(Q)%*! is a dense subspace of H'(Q)?*+! and the boundary trace operator y on H'(Q)?+!
is continuous, equation (5.44) can be extended so that

0= (nsE)V

- (5.48)
=m.&)w —i—r/ztrzntrEE + th (trg, )T tro, & forally € H'(Q)4+!.
0
Note that fory € H'(Q)?*! the trace maps are given by
co
trgn = Vo rmtn-ym)lg, troom=ynlg, tro M =ynlg . (5.49)
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Subtracting equation (5.47) from equation (5.48), we find that
(T, Tk, YN H1200)d+1 = —r/ trymtry & — r/ (trg, mn? tro, & (5.50)
= Qo

forally € H'(Q)4*!. To reveal the space—time boundary conditions satisfied by & on dQ from equa-
tion (5.50), we proceed similarly as in the proof of lemma 5.7. We start with the boundary conditions on X.

Letiy = y«hav € HY(Q)4*!, where ¥ € H'/2(dQ) is the extension by zero of some ¥ € HOI({Z(E),
and hy is defined by expression (5.30). Then, by expressions (5.49), trs ) = —V, try ), = 0, and
tro, A+ = 0. Moreover, by identity (5.35) (with T2T§ € W in place of §), t*(T, T§, YL H1/200)d+1 =
t2(tr§ TE. v), 2y Substituting these equalities into equation (5.50) with § = f)_ and #j , respectively,
we find that

1/2

(trs; & — T try; TE, W)H(%z(z) =0 forally € Hyy"(2), (5.51)
(rf Tk, V)i =0 forally e Hyl*(2). (5.52)
That is,
try(§ —tTE) =0 onX, (5.53)
try T7T§ =0 onX. (5.54)

Analogously, by letting, in equation (5.50), 1 = y«¥, € H! (0)4+!, where ¥, € H/2(0Q)?+! is the

extension by zeros of some ¥ € Hol({ 2(Qo)dﬂ, and recalling identity (5.33) (with T§ in place of §), we

find that
tro,(§ —tTE) =0 on Qo, (5.55)

while § = y¥r, € HY(Q)4*!, where ¥, € HY2(dQ)?*! is the extension by zero of some ¥ €
Holéz(Qr)d *1,in equation (5.50) implies (recall identity (5.34)) that

tro, T7TE =0 on Q. (5.56)
Let idw denote the identity operator on W, that is, idw ¥ = ¥ for any ¥ € W. Note that
(idw +7T)(idw —tT)E = & — t>TE, (5.57)

so by introducing ¥ = (idw —tT)E = &€ —tT¢ € W, we may reformulate the 2nd-order problem formed
by equation (5.46) and conditions (5.53), (5.54), (5.55), and (5.56) as the coupled 1st-order system

¥ +Ty =0 in Q, (5.58a)
trs ¥ =0 on X, (5.58b)
tro, ¥ =0 on Qy, (5.58¢)
and
§—tT¢=¢ inQ, (5.59a)
tr;:' tTe =0 on X, (5.59b)
tro, TTE =0 on Q7. (5.59¢)

Recall that §, 7T, and ¥ belong to W. Thus, by applying try; to equation (5.59a) and invoking bound-
ary condition (5.59b), we find that

try E =trf(TE +¥) =trf{¥ onX. (5.60)
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Analogously, by applying trg, to equation (5.59a) and invoking final condition (5.59¢), we find that

tro, § =tro, (tTE +¥) =trg ¥ on Q. (5.61)
Thus, system (5.59) translates to the system
E—tTE=1 in Q, (5.62a)
try g =ty on %, (5.62b)
tro, £ =tro, ¥ on Q7. (5.62¢)

Note that ¥ € Vj, so by theorem 5.9 there exists (Vy )xez+, where ¥ = [¥y 4, Vo)l € CH(Q)4F!
such that trg ¥, = 0, trg, ¥, = 0, and ||V — ¥|lw — O when k — oo. Integration-by-parts
formula (5.21) yields

[ wirmee=5 [ wiTow,

T T
=——/ [tro, ‘lfk|2+—/ |tro, ‘l’k|2+ff con Vi1V
2 Jo, 2 Jo., =

(5.63)
T T T _
=5 [ tmevi P [ o v G [ (v - s v )
0 ——— T ———
=0 =0
> 0.
where identity
2 (2
2ap = U2 ; (@ —b) (5.64)
witha = \/co/2n - ¥ and b = \/co/2 Y 5 is used in the third equality. Thus,
a2 gpass = /Q el < /Q WO+ TT¥) < Cl + Tyt (5:69)

where the bound (5.63) is used in the first inequality, and second inequality follows from the Cauchy-
Schwarz inequality and by choosing a constant C such that || ¢ [|;2(gya+1 < C forallk € Z*. Passingto
the limit in estimate (5.65), recalling that ¥ satisfies equation (5.58a), demonstrates that {¢ = 0. Therefore,
problem (5.62) reads

E—1tTE=0 in Q, (5.66a)
tr;’:' £E=0 on X, (5.66b)
tro, £ =0 on Q7. (5.66¢)

Proceeding similarly as for ¥ above, we note that § € Vo, so by theorem 5.9 there exists (£, )<+, where
g, = [Ek,l,fk,z]T e Cl(Q)it! suchthattr; g, =0,tro, £, = 0,and ||§; —&|lw — Owhenk — oc.
Integration-by-parts formula (5.21) yields

- [ gerec= =5 [ elma

T T T _
=3[ twou kil =3 [ wo s Pod [ (ufsP-lusel) G
Qo O«

N — ) ~——

=0 =0
2 07

where also here identity (5.64) is used to obtain the last term after the second equality. Thus, similarly as
in expression (5.65), also here we arrive at the analogous bound

84122 g1 = /Q 84 < /Q 67 (6 — TTE0) < CllEx — TTEkl2gpasr.  (5:68)
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where constant C is such that [|§ [|,2(g)a+1 < C forallk € Z*. Passing to the limit in estimate (5.68),
recalling that § satisfies equation (5.66a), finally demonstrates that § = 0. O

Although only trace operators trg,, and try, are involved in the definition of the space V/, it turns out
that the remaining trace operators also map continuously into L? spaces.

Lemma 5.11. The trace operators trg, and trs, defined in expression (5.16) for functions in C1(Q)4+1,
extend continuously to X(V, LZ(Q,)‘H]) and .i”(V, LZ(E)), respectively.

Proof. Integration-by-parts formula (5.21) implies that for ¢ € C1(Q)?*1,
T 1 21 2
£ Tk 3 ltro. E| 3 ltroo §I" +co | n-§,6
Qo 1032 Qo z
1 1 c
3 | o875 [ o, + L [[E+ng7 - @-n-5))] 569
2Jo. 2 Joo 4 Js
1 1 1 _
3 ) twoctl =3 [ oy [ wter - wz 2]
2 Jo. 2 /oo 2)s
again using identity (5.64) in the second equality, which implies that
r/ |trQI§|2+r/(tr;§)2 = r/ |trQ0§|2+r/(trg§)2+2z/ g7 TE
(o3 = Qo = 19)

sr/QOnrQOsP+r/z(trgs)2+/Q|s|2+r2fQ|Ts|2 — &I

by definition (5.40) of the norm on V, from which the conclusion follows by density theorem 5.10. O

(5.70)

By lemma 5.11, we conclude that bilinear forms a and a™* are well defined for &€ € V, and we are ready
to show well-posedness for the variational problem in standard form:

Find & € V such that

N N N (5.71)
a(.§) =I1(n)  VnelL.
The first step to acquire the inf-sup condition is the following bounds.
Lemma 5.12. Foreach§ €V,
a(,§) A
sup 28D > g (5.720)
feL [z
A7#0
a*(,\’ ) L%
p o £ > BlE Iz~ (5.72b)
ders [z
A7#0
where .
= —(1—am),
P = el —em) (5.73)

§=(E.tr5k.trg,8). & = (5.ufE. tro, §)

Proof. Due to density theorem 5.10, it is enough to show the inequalities for § € C( 0)4*1. Since the
statements are immediate for § = 0,1let & € C1(Q)?*! be nonzero, define

= ("8, e/ g & trg, £), (5.74)

and note that )
9l = e gL (5.75)
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Choosing #§ = 7 in definition (5.17a), we find that

a(i.6) = /Q /7T TE 4 /E /7 g E(rg & — otk ) + [Q trooE2.  (5.76)

Applying integration-by-parts formula (5.21), the first term in expression (5.76) can be written

—t/t TT — —t/t TT\J _ TT —t/t , .
/QeEE/aQeE s/Qs (/%) (5.77)

from which it follows, after substituting the identity

—t/t

T(e_t/”;') = e_t/rTE _¢

g, (5.78)

that

/Qe"/’ETTE%/ "/’eTTs+—[ eI
—f ItrQrEIZ——/ ltroq &I + f /rcon-§1§2+%/Qe_th|§|2,

where definition (5.22) is used in the second equality. Substituting equality (5.79) into expression (5.76),

we find that
a@t) =5 [ P+ o [ wootP [ o8P
27 0 2e 0 v 2 Qo 0

1 1
—i——/ e_’/’con—§1§2+—/e_’/rtrgﬁ(trgﬁ—atrgg).
2 s 2 s

(5.79)

(5.80)

Now, since

1
con-§182 =[G +n-5)7 G -n-5)7] =S[00’ — @59 68D

the last two integrals in expression (5.80) can be written as

1 1
3 L an it [ s a (s —ong)
2 )] 2 x

= l[ —t/t [(tr+ £)2 — (trs; €) ] ; / o/t try E(trg £ atrg E) (5.82)

1-— —
aM [ —t/t tr E 4aM / (e—[/l’ trE E)z
z

where the first inequality follows from setting @ = tr5; &, b = tr{. & and observing that

% (b* —a?) + a (a —ab) = (a + b —20ab) > % (a® + b* — 20p1|ab) 55
> i(az—l—bz—aM (a®> +57)) = I_#az. .
Substituting inequality (5.82) into equality (5.80), we arrive at the bound
a8z 5 [ 1R+ [ (@) g | o P
0 (5.84)

1 - A
> 4—(1 —am) W7 = BIRILIENL,
T
where the last inequality follows from bound (5.75). Dividing by ||%]|z and taking supremum yields in-

equality (5.72a).
Inequality (5.72b) is shown analogously. O
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Remark 5.13. The use of the exponential weighting in time for the test functions, introduced in expres-
sion (5.74), is crucial to obtain the “L-coercivity” property (5.72a), and compensates for the lack of prop-
erty (1.7) in this example. An alternative would be to employ an exponentially weighted Hilbert space in
time, as done by Franz et al. [10].

With the help of lemma 5.12, the inf-sup condition is straightforward to achieve.

Lemma 5.14. Foreach§ €V,

a(y,
A5 > Lhgiy. (5.85)
neL iz 2
150
Proof. For T& = 0, the conclusion follows from lemma 5.12. Thus, assume T§ # 0andlety = (T§,0,0).

Then R _
ai.b) _ a(i.§)
ez Il — IWlc
A#0

Writing the norm on V' as in expression (5.41), we reach the conclusion from the estimates

= | T&llz2(gya+1- (5.86)

_ 1/2
&l = (1. trs & tro, OIF + ITE 2 gyas1)

_ 1 a(m,§) _2a(n,§) (5.87)
< Itz 6. tr0, Bl + el Telzgyorn = (i ) sup S < ZEAE &
e me B ) ser Il = B Il
A#0
where the second inequality follows from lemma 5.12 and bound (5.86), and the third since 78 < 1. O
Surjectivity is shown in a manner very similar to the previous two examples.

Lemma 5.15. If§ € L such that
a(h.§) =0  VgeV, (5.88)

thenn = 0.
Proof. Letn = (m,nz,n,) € L satisfy

a(ﬁ,s)=[QnTTs+[Enz<trgs—atr;a+/Q W (o, 8) =0 VEeV.  (589)

We will show that all components of the tuple # then vanish. The strategy is to choose various subspaces
of V for € in equation (5.89) in order to uncover information of 3.
First, from equation (5.89) it follows that

. ) = fQ WTe=0 Vel (5.90)

and thus that 5

by the definition of weak derivative. Hence, trivially, € W. Applying integration-by-parts-formula (5.23),
with§ € H'(Q)?+! C V andy € W, to equation (5.89), we obtain

a(ﬁ,s>=—/QsTTn+(Tun,ys)H1/z(3Q)d+1+/Enz(trge—atrés)+/QonZ(trQos)
= (Ton. V&) g1/2(50)a +1 +/Enz(trzt—atr§§)+/Q n! (trg, §) = 0. (5.92)

As before, we denote by y the trace operator from H'(Q) onto H 1/2(30) and by v« a continuous right

inverse of y. Let &, € H(}({Z(Qt)d“, and let &, € H'Y2(30)4*1 be its extension by zero. Then
Vs € H'(Q)¥H! and, since £, vanishes on = U Qy, by equation (5.92) and identity (5.34), we find

a(ﬁv V*Er*) = <Tv7], Er*)Hl/Z(aQ)d+l = (trQr n, Er)Hléz(Qt)d+1 =0 (5.93)

0!
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forany g, € Holgz(Qr)d"'l, that is,
tro, n = 0. (5.94)

An analogous procedure (recall identity (5.33)) shows that, for any §, € H(}({ 2(Qo)“”rl,

a(ﬁ’_y*EO*) = (Tvn»_EO*>H1/2(3Q)d+l - /;0 “sTEO (5'95)

= (trg, m — s, EO)H(}({Q(QO)dH =0,
and thus that
tro,n —n, =0, (5.96)
which means, in particular, that trg, n € L2(Q¢)?*!. Finally, let ¢ € H(}({Z(E), Ve € HY2(3Q) its

extension by zero, and define £ = y.y.hy, where hy. € Lip(dQ)?*! is defined by expression (5.30). By
lemma 5.6, we have that £ € H'(Q)?*!. Moreover, expressions (5.49) reveal that trp, £ = tro, £3 =

tr% E% = 0and trﬂzE E% = . Thus, by equation (5.92) and identity (5.35), for any ¢ € HOI({Z(Z),

a(i.§x) = (Tun, ¥E5)y120y+1 + /z netrg €y

(5.97)
= (trg n — s, W)H(%z(z) =0,
and
(i 65) = (T e L)y gy — [ msoreet &5 -
= (tr"z' n—uans, W>H(}(§2(E) =0,
that is,
trsn —ns =0, (5.99)
try n —oany =0. (5.100)
In particular, expressions (5.99) and (5.100) demonstrate that tr% 1 € L%(X), and that
tr;n —oatrgn =0. (5.101)

Properties (5.91), (5.94), and (5.101) imply that a*(é, n) =0 V0 € L*, and thus, by lemma 5.12, that
n = 0. Since 1 vanishes, also 75 and n, vanish, due to expressions (5.99) and (5.96), which finally proves
the claim. O

We then finally arrive at the well-posedness result for our variational formulation of initial-boundary-
value problem (5.21).

Theorem 5.16. With a and [ as in definitions (5.17), where function o satisfies bound (5.4), with space V
as in definition (5.39), and with L = L*(Q)?+! x L2(Z) x L*>(Q0)¢ ™", the variational problem to find
&€ € V such that
a(h.§) =1m) VvVael (5.102)
has a unique solution satisfying
8te

gl <

Proof. By the Cauchy-Schwarz inequality and trace lemma 5.11, a and / are continuouson L x V and L,
respectively. Theorem 2.1 together with lemmas 5.14 and 5.15 then yields well-posedness of variational
problem (5.102) and the bound (5.103). O

1 1. (5.103)
—p
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Appendix

The proof of lemma 5.6

Lemma 5.6. Let h € C%*(39Q)" be a Holder continuous function with exponent u € (1/2,1]. Then there
is a constant C such that foranyu € H 12(30),

lhullg1/2p0) = Cllullgizpe)- (A.104)

Proof. Recalling the definition of the norm on H'/2(dQ)" (note that 0 € R4*+1), we have that

|h(x)u(x) = h(y)u(y)?
oy = [ 1+ [ . (4.105)
H/2(30) 20 3000 |x — y|d+1
The inequality
[ Ce)u(x) —h(y)u(y)|® = [h(x)u(x) = h(y)u(x) + h(y)u(x) —h(y)u(y)l? (A.106)
<2 (ju@@)Plhx) = k()P + () Plu(x) —u(y)?)
implies that
h(y)|?|u(x) —u(y)|?
”hu”z]/Z(aQ)n E/ |h7/l|2+2/ | (y)| | ( )d (y)|
20 80x00 |x — y[dH!
) ) (A.107)
lu(x)|"h(x) —h(y)l
+2 P
80x30 lx — yld+
Since 0Q is compact (closed and bounded) and & is (Holder) continuous, there is a h such that
|[h| <h ondQ, (A.108)
which substituted into inequality (A.107) yields that
- - u(x) —u(y)?
”hu”ill/Z(aQ)n S h”u”§11/2(aQ) + h _ d+1
soxao X — |
) ) (A.109)
[u(x)"h(x) —h(y)]|
+2 yE
30x30 |x — yldt
Note that, if 7 : 9Q — R, defined by
lh(x) —h(y)?
I(x) = 2/ ——dS,, (A.110)
0 lx—ylatt
is essentially bounded, the conclusion follows by Fubini’s theorem.
By assumption, there is a constant Cj, and some p € (1/2, 1] such that
|h(x) —h(y)| < Cplx —y|* forallx,y € d0. (A.111)
Thus,
I(x) < 2ch2/ |x — y[?#=971ds,,. (A.112)
00
By assumption, 0Q C R4+ is bounded, so
|x — y| < diam dQ < oo, (A.113)

forany x,y € 00.

We will estimate the integral on the right side of inequality (A.112) by dividing dQ into two parts,
inside and outside a § neighborhood of x, respectively. For this, since Q lies locally on one side of its
Lipschitz continuous boundary dQ, there are § > 0 and L such that, for any x € dQ, we have the bound

|x —y| =8 foranyy € 00 \ Bs(x), (A.114)
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where Bs(x) C R4*! denotes the open ball with radius § centered at x. Moreover, there is a local coor-

dinate system and an L-Lipschitz continuous map 6 : @ L { xeR | x|l <1/ 2} — R such that
each point on dQ N Bg(x) has a coordinate representation (x, (x)) for some y € w, and

d 2
—d— g 20
[ x—ypritas, < [ 1000000 - oGP 1+ Y (a—(x)) dx (A1)
d0NBs(x) w im1 Xi
in which (x’, 0(x’)), x’ € w is the coordinate representation of x in the local coordinate system.
Now, considering first y € dQ \ Bs(x), by the bounds (A.113) and (A.114), it follows that
|x — y|* < max{diam dQ, 1/8}*, (A.116)
for any A € R, which implies that

/ x — P91 ds, < 9Q| max{diam 9Q, 1/8}** ™" < oo, (A.117)
O\Bs(x)

where |0Q| denotes the surface area (measure) of Q.
In the case complementary to bound (A.117), we need to estimate the right side of inequality (A.115).
Since 6 is L-Lipschitz, it holds that

d
) (_(X)) < VitdL2, (A.118)

ayi

for almost any x € w, and

X = xl < VX' = xP+16(x) =001 < V1+L2[x - xl. (A.119)
forany y € w. Since v/1 4+ L? > 1, the bound (A.119) implies that

A
600 — (0000 = Vi = 2P +1000) — 0P < VI+ 2210~ x/*. (A120)

forany A € R and y € w. By introducing the bounds (A.118) and (A.120) into expression (A.115), we
find that

[ ey pritas, < Cag [ - X ax
90N B (x) ®
=< Cd,u,L[ X — xIP dy
[x'—xl<1
1
= Cd,u,L/ s2Hd1 4,591 ds (A.121)
0

1
= Cd,M,LAd/ SZM_2 dS
0

1
= Cd,p,,LAd 2/L < 00,

—1

—d—
where Cg,, 1 = VT+dL2JV1 + L22u 1, Ay denotes the surface area of the d-dimensional Eu-

clidean unit ball, we used thatw C {)( eRY | |x'—x| < 1} in the second inequality, and that . € (1/2, 1]
in the last inequality.
Introducing the bounds (A.121) and (A.117) into expression (A.112), we find that

I(x) < 2C} /aQ lx — y[2=9-14ds,

267 [ xepprittas,eacz [ epPitias, i)
d0NBs(x) 90\ Bs(x)

CyprA c
<2c? (% + 100 | max{diam 90, 1/8}2+~4~ 1) 2L Capniag < 00,
u
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for any x € 0Q; that is, I is bounded on dQ. We may therefore apply Fubini’s theorem to the second
integral in inequality (A.109), invoke the bound (A.122) (recall definition (A.110)), and conclude that

2 T, 112 T |u(x)—u(y)|2
Mulzr12 90y = Al 2p0) + A /agxaQ Cle—

lu(x)?|h(x) — h(y)|?
2
* [agxag |x — y|d+1

- ) () — u(y)P? (A.123)
< hllullz /250y + h[;,QX;,Q Cx -yl

+Cd,u,h,BQ[ u(x)|?
a0

= (l'_l + max {I’_l’ Cd,,u,,h,aQ}) ”u”iyl/Z(aQ)-
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