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Abstract. The introduction of abstract Friedrichs operators in 2007—an operator-theoretic framework for studying
classical Friedrichs operators—has led to significant developments in the field, including results on well-posedness,
multiplicity, and classification. More recently, the von Neumann extension theory has been explored in this context,
along with connections between abstract Friedrichs operators and skew-symmetric operators.

In this paper, we show that all m—accretive extensions of abstract Friedrichs operators correspond precisely to those
satisfying (V)-boundary conditions. We also establish a connection between the m—accretive extensions of abstract
Friedrichs operators and their skew-symmetric components. Additionally, three equivalent formulations of boundary
conditions are unified within a single interpretive framework. To conclude, we discuss a constructive relation between
(V)- and (M)-boundary conditions and examine the multiplicity of the associated M-operators. We demonstrate our
results by two examples, namely, the first order ordinary differential equation on an interval, with various boundary
conditions, and the second-order elliptic partial differential equation with Dirichlet boundary conditions.
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1. Introduction

Ern, Guermond and Caplain [28] introduced the concept of abstract Friedrichs operators in 2007, in order
to provide a Hilbert space operator-theoretic approach to studying the classical Friedrichs operators, which
were introduced by Friedrichs [29] in 1958. Friedrichs’ primary motivation was to treat the equations that
change their type, like the Tricomi equation, which appear in the transonic fluid flow. The class of classical
Friedrichs operators encompasses a wide range of (semi)linear equations of mathematical physics (regardless
of their order), including classical elliptic, parabolic and hyperbolic equations, making it still attractive to
the community. A nice historical exposition of the classical Friedrichs’ theory (which was very active until
the 1970s) can be found in [33]. While we postpone the introduction of the precise definition of abstract
Friedrichs operators to the subsequent section (Definition 1), here we discuss the main ideas. Assume we
are given two densely defined linear operators Ty, Ty on a Hilbert space H such that 7p C 770* and T C Ty
(Ty denotes the adjoint operator of 7 and Ty € T; is understood in the standard way: domTy C dom Ty
and Ta‘l domTy = ]~"0). Now we seek for realisations (or extensions) T of Ty, i.e. To € T C 7~"g, such that
T : domT — H is bijective. Thus, if T represents a differential operator (e.g. a classical Friedrichs
operator), the associated problem Tu = f, for f € H, is well-posed, and the choice of realisation T
corresponds to the prescribed (initial-)boundary conditions. Since our focus is on further developing the
abstract theory, we begin with a brief overview of the existing framework.

e The authors introduced the concept of abstract Friedrichs operators in [28] and obtained a well-
posedness result within the operator-theoretic framework introduced for this purpose (see also [2]).
This is an immediate improvement over the classical theory, because no such satisfactory result was
previously available.
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* The renewed interest in Friedrichs systems arose from numerical analysis (see e.g. [32, 33]) based on
the need to apply (discontinuous) Galerkin finite element methods to partial differential equations of
various types. The abstract approach initiated a number of new investigations in various directions. For
example, studies of different representations of boundary conditions and the relation with classical
theory [2, 3, 5, 7, 11, 23], applications to diverse (initial-)boundary value problems of elliptic,
hyperbolic, and parabolic type [6, 14, 16, 22, 25, 35], and the development of different numerical
schemes [13, 17, 18, 19, 26, 27].

* Inthe classical setting, there were three different but equivalent ways to pose boundary conditions. One
was Friedrichs’ boundary condition formulated via matrix valued boundary fields [29], usually referred
to as (FM)-boundary conditions. The second was the Friedrichs-Lax (FX)-boundary conditions, also
called maximal boundary conditions [30]. The third approach, introduced in [39], is referred to as the
(FV)-boundary condition. In the abstract theory, there are analogous boundary conditions (M), (X)
and (V), respectively. The (V)-boundary condition is also referred to as the cone-formalism, which
was introduced in [28]. A discussion of the equivalence of these three types of boundary conditions
can be found in [28, 2]. We shall recall the definitions in the next section.

e In [7], the authors prove the existence and multiplicity of subspaces satisfying (V)-boundary condi-
tions. It was also established that Grubb’s universal extension theory [31] is applicable, leading to a
classification result.

¢ A von-Neumann type decomposition of the graph space of abstract Friedrichs operators was proved
in [23]. In [24], it was recognised that abstract Friedrichs operators can be written as the sum of
skew-symmetric and a bounded, strictly positive definite self-adjoint operator. In the same paper, the
von-Neumann extension theory for abstract Friedrichs operators was studied.

The first main result of this paper is to prove the equivalence between the m—accretive extensions and the
(V)-boundary condition of abstract Friedrichs operators. To place this result in context, let us briefly recall
that the notions of accretive and m—accretive operators stem from the study of linear operators in Hilbert
spaces and their applications in differential equations and stability analysis. Early work in functional analysis
by researchers such as E. Hille and R. S. Phillips in the 1950s, who developed the theory of semigroups
of linear operators, laid the groundwork for understanding accretive operators as key tools in the analysis
of time-evolution problems. Over time, mathematicians such as H. Brézis and G. Minty expanded these
concepts to nonlinear operators, introducing the notion of maximal accretivity to ensure well-posedness in
various contexts.

Returning to abstract Friedrichs operators, in [14], the authors proved that any realisation satisfying
the (V)-boundary condition gives rise to a contractive Co—semigroup. A straightforward application of the
Lumer-Phillips theorem then shows that any such realisation is m—accretive. The main novelty of our result
lies in the converse; namely, that any m—accretive realisation of abstract Friedrichs operators is precisely
the realisation satisfying the (V)-boundary condition. In addition, we also prove that the skew-symmetric
part of abstract Friedrichs operators has m—accretive extensions on the same domains. The classification of
m—accretive extensions of skew-symmetric operators is well-studied (see [8, 40, 42, 43]). Thus, we can also
classify all m—accretive realisations (or, equivalently, realisations satisfying the (V)-boundary condition) of
abstract Friedrichs operators by applying the existing theory for skew-symmetric operators.

In the next section, we begin by fixing all definitions and notations. The result discussed above regarding
the connection between the (V)-boundary condition and m—accretive realisations is presented in Section
3. The fourth section offers an interpretation of the (M)-, (X)- and (V)-boundary conditions in terms of
m—accretive realisations. Finally, the paper concludes with some improved results on the classification of
(M)-boundary conditions in Section 5, illustrated with a second- order PDE example.
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2. Abstract Friedrichs operators

2.1. Definition and main properties

The abstract Hilbert space formalism for Friedrichs systems studied in this paper was introduced and
developed in [28, 2] for real vector spaces, while the required differences for complex vector spaces have
been supplemented more recently in [4]. Here we present the definition in the form given in [7, Definition
1].

Definition 1. A (densely defined) linear operator 7T on a complex Hilbert space H (a scalar product is
denoted by (- | -), which we take to be anti-linear in the second entry) is called an abstract Friedrichs
operator if there exists a (densely defined) linear operator 7y on H with the following properties:

(T1) Tp and Ty have a common domain D, i.e. dom Ty = dom Ty = D, which is dense in H, satisfying
(Top 1¢) = (e Toy), ¢y eD;
(T2) There is a constant A > 0 for which

I(To + To)ell < 2All¢ll, ¢ €D;

(T3) There exists a constant u > 0 such that
(Mo+To)e | @) > 2pullell’, ¢eD.

The pair (T, To) is referred to as a joint pair of abstract Friedrichs operators (the definition is indeed
symmetric in Ty and 7p).

Remark 1. Any pair of operators satisfying condition (T1), and consequently any pair of abstract Friedrichs
operators, can be viewed as a particular case of adjoint, dual or symmetric pairs. In the general framework,
however, it is not required that those two operators possess identical domains (see e.g. [9, 34] and [31,
Chapter 13]).

Before moving to the main topic of the paper, let us briefly recall the essential properties of (joint pairs
of) abstract Friedrichs operators, which we summarise in the form of a theorem. At the same time, we
introduce the notation that is used throughout the paper. The presentation consists of two steps: first, we
deal with the consequences of conditions (T1)—(T2), and then we highlight the additional structure implied
by condition (T3). A similar approach can be found in [15, Theorem 2.2].

Theorem 1. Let a pair of linear operators (T, To) on H satisfy (T1) and (T2). Then the following holds:

G) Ty C Ta‘ =:T and T() c TO* =: ﬁ where Tg and Tg are adjoints of ﬁ) and Ty, respectively.
(ii) The pair of closures (T, fo) satisfies (T1)—(T2) with the same constant A.
(iii) domT( = dom fo =: Wy and domT; = dom7; =: W.

(iv) The graphnorms || -7, == |- I+ Ty - |l and || - I3, := || - | + 1T - || are equivalent, OV, || - |Iz;) is a
Hilbert space (the graph space) and W, is a closed subspace in it containing D.

(v) The linear operator Ty + Tb is everywhere defined, bounded and self-adjoint on H that coincides on
W with Ty + Tj.

(vi) The expression _
wA Du,vyhw = (Tw|v)y—{u|Tv), wu,veW,

defines a bounded linear operator D € L(W;W’) called the boundary operator as ker D = W. The
boundary form
[ulv]:=wlDu,viw, uvew,
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defines an indefinite inner product on W (cf. [12]) and we have W'*! = Wy and W(gl] =W, where
the [ - | - |-orthogonal complement of a set X C W is defined by

x4 ={ueW:(WweX) [u|v]=0}

and it is closed in W. Moreover, X! 1I-1 = X if and only if X is closed in W and W, C X.

For future reference, let us define

Wr={ueW:[ul|u] >0} a
}

W_:z{ueVV:[uM]SO

Note that X € X1 implies X c WH nW-.

Assume, in addition, (T3), i.e. (Tp, To) isa Jjoint pair of abstract Friedrichs operators. Then

(vii)
(viii)

(ix)

x)

(xi)

(xii)

(xiii)

(To, Tg) satisfies (T3) with the same constant (.

A lower bound for Ty + Ty is 2u > 0.

We have _
W = Wy + kerT; + kerTj,

where the sums are direct, Wy + kerT) € W=, Wy + kerfl C W* and all spaces on the right-hand
side are pairwise [ - | - |-orthogonal. Moreover, the linear projections

px: W —kerTy and pg:W — ker7~"1
are continuous as maps (W, || - lr,) = (H, || - |I), i.e. px, pg € LOW, H).
Let V be a subspace of the graph space W such that Wy €'V C W* (see (1)). Then
VueV) Tl > pllull.

In particular, ran(Ty|y,) = ran T |y,.
Analogously, lff} is a subspace of W such that Wy C YV C W, then \Tiv| = ulvll, v e V, and
ran(7~"1|9) = ran7~‘1lg.

Let'V €W be a closed subspace (in VW) containing Wy. Then, for a subspace y of W, the operators
Thly and Ti|5; are mutually adjoint, i.e. (T1|y)* = Ti|3; and (T1|;)* = Thly, if and only if V = pLl,

Let V C W be a closed subspace containing Wy such that V < W* and VL ¢ W= Then
Tily 1V = Hand Ty - VI — U are bijective, i.e. isomorphisms when we equip their domains
with the graph topology, and for every u € V the following estimate holds:

1
lullz, < (1+ = 1Tl
u
The same estimate holds for T} and V'* replacing T1 and V), respectively.

These bijective realisations of Ty and Ty are called bijective realisations with a signed boundary map.

Let YV C W be a closed subspace containing Wy. Then Ti|y : V — H is bijective if and only if
V+ kerT) = W.

The statements i)—iv), vii) and viii) follow easily from the corresponding assumptions (cf. [7, 28]). The
claims v), x) and xii) are already argued in the first paper on abstract Friedrichs operators [28] for real vector
spaces (see Sections 2 and 3 therein), while in [4] the arguments are repeated in the complex setting. The
same applies for vi), with a remark that for a further structure of indefinite inner product space (W, [- | -])
we refer to [2]. The decomposition given in ix) is derived in [23, Theorem 3.1], while for additional claims
on projectors we refer to the proof of Lemma 3.5 in the aforementioned reference. In the same reference, one
can find the proof of part xiii) (Lemma 3.10 therein). Finally, a characterisation of mutual self-adjointness,
xi), is obtained in [7, Theorem 9].
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Remark 2. In this paper, we use the term realisation to denote operators T that lie between the minimal
(e.g. Tp) and the maximal (e.g. T7) operators, i.e. To € T € T7. Moreover, in our context, it coincides with
the concept of extensions of the minimal operator, since all studied operators in this manuscript are always
between a minimal and a maximal operator (which is not the case in all works, cf. [40, Proposition 3.3]).
Note that all realisations are densely defined.

2.2. Boundary conditions for Friedrichs operators

We recall the definitions and connections among different boundary conditions for abstract Friedrichs
operators, which are mainly drawn Erom references [2, 28], while a brief overview can also be found in [41,
Chapter 2.5]. We assume that (7p, Tp) is a joint pair of abstract Friedrichs operators on a Hilbert space H.

Definition 2 ((V)-boundary conditions). A subspace ) of the graph space VWV is said to satisfy (V)-boundary
conditions (jointly with V := V1) if the following conditions are satisfied:

(V1) The boundary form has opposite signs on these spaces. More precisely, V € W™ and VoW, ie.

Vu € V) [u]u]
(Vv € V) [v|v]

[\

07
0.

IA

(V2) The subspaces V, V are mutually [ - | - ]-orthogonal, i.e.

Y = Y and Y = YL,

Note that the second equality in (V2) is just the definition of V, and it is repeated here to emphasise
symmetry in conditions for both subspaces.

Remark 3. Let us note that any subspace V' of W that satisfies assumption (V) (in pair with Y =yl
is, by Theorem 1.vi), closed and contains W), and thus satisfies assumptions from part xii) of the same
theorem. Since the converse is also true (see again Theorem 1.vi)), it follows that (V)-boundary conditions
correspond to realisations with a signed boundary map. If this is the case, note also that by part xiii) of the
aforementioned theorem we have V + ker77 = VV. However, not all bijections described in that part are
with a signed boundary map (see Example 1 below).

Definition 3 ((X)-boundary conditions). A subspace V of (W, [- | -]) is said to satisfy (X)-boundary
conditions if it is maximal non-negative, i.e. if the following conditions hold:

(X1) V is non-negative with respect to the boundary form [ - | -], i.e. V € W*.
(X2) There is no non-negative subspace of (W, [ | - ]) containing V properly.

In a similar way, one can define the notion of maximal non-positive subspace of W. Actually, it can be
proven that a subspace V of W is maximal non-negative if and only if V := VI*I is maximal non-positive
in WV (see Theorem 2 below).

Definition 4 ((M)-boundary conditions). Let D be the boundary operator. An operator M € L(W;W’) is
said to satisfy (M)-boundary conditions if:

(M1) M is non-negative:
Yu e W) Ry Mu,u Yy >0,
where Rz stands for the real part of a complex number z;
(M2) the graph space can be decomposed as

W =ker(D — M) + ker(D + M).
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The following result [28, Lemma 4.1] justifies the usage of the notion boundary operator for M as well.

Lemma 1. Let M € LOW; W') satisfies (M)-boundary conditions. Then,
kerD = kerM = kerM* and ranD = ranM = ranM".

The statement of the equivalence between (X)- and (V)-boundary conditions is fairly straightforward
and can be summarised as follows (cf. [2, Theorem 2]).

Theorem 2. Let V be a subspace of WW.

(a) If V satisfies (V)-boundary conditions, then V is maximal non-negative in VW (and Vo= Yl s
maximal non-positive).

(b) IfV satisfies (X)-boundary conditions, then V satisfies (V)-boundary conditions.

The topic of the equivalence between (V)- and (M)-boundary conditions appeared to be more challenging.
Eventually, the following theorem was proven.

Theorem 3. Let W be the graph-space and D the boundary operator.

@ If M € LOW; W) is an operator satisfying (M)-boundary conditions, then the subspace V :=
ker(D — M) satisfies (V)-boundary conditions, and V'*1 = ker(D + M*).

(b) If V satisfies (V)-boundary conditions, then there exists an operator M € L(W;W’) satisfying
(M)-boundary conditions such that V := ker(D — M) and V'*] = ker(D + M*).

The (a) part of the above theorem was proved in [28, Theorem 4.2]. The converse appeared to be more
challenging. In some cases, this question boils down to closedness of the subspace V + V in the graph space
W (see e.g. [28, Section 4]). In [2, Corollary 3], this problem has been addressed in full generality. We
shall give more details on this subject in the fifth section.

2.3. The von Neumann extension theory

Recently, in [24], the authors presented a classification theory in the spirit of the von Neumann approach,
which is a well-known theory for both symmetric and skew-symmetric operators. Here we briefly recall the
results of the paper [24] (see also [41, Chapter 3]), in the context of the requirement of this manuscript.

Theorem 4. A pair of densely defined operators (T, ﬁ)) on H is a pair of abstract Friedrichs operators if
and only if there exist a densely defined skew-symmetric operator Ly and a bounded self-adjoint operator S
with strictly positive bottom, both on H, such that

To=Lo+S and Ty=-Lo+S. )

If this is the case, then S = % (TO + TE)), and thus

ISull < Allull,  (Sulu) = plul®, weH, A3)

where A, u > 0 are constants appearing in (T2) and (T3), respectively.
For a given pair, decomposition (2) is unique. Furthermore, we have the following:

(i) Ifwe denote Ly := —L6 2 Lo, then we have
Ti=Li+S, Ty=-Li+S5.
(ii) Wy = dom Ly and W = dom Ly, i.e. spaces Wy and W are independent of S.

(iii) The boundary form satisfies

[u|v]=(Liu|v)+{u|Lv), uveW. 4)
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Corollary 1. Let (Ty, To) be a joint pair of abstract Friedrichs operators on H and [let V €W be a closed
subspace containing Wy such that V ¢ W* and VLT ¢ W= (with respect to (Ty, Ty)). For any joint pair
of abstract Friedrichs operators (Ag, Ag) on H such that

(Ao = Ao)" = (To - To)",
we have that ((Xo)*|v, (A0)*|y1u1) is a pair of bijective realisations with a signed boundary map.

Theorem 5. Let (T0,7~"0) be a joint pair of abstract Friedrichs operators on H and let T be a closed
realisation of Ty, i.e. To € T C Ti. For a mapping U : (kerTy, [ | -]) — (kerTi,—[- | -]) we define
Vu = {ug+ UV + 7 :ug € Wy, ¥ € ker T} }.

(i) T is bijective if and only if there exists a bounded linear operator U : kerT; — kerT such that
dom7T = Vu.

(ii) T is a bijective realisation with a signed boundary map if and only if there exists a linear operator
U: (kerTi,[-|-]) — (kerTy,—[- | - 1) such that ||U|| < 1 and domT = Vy.

(iii)) domT = domT* if and only if there exists a unitary transformation U : (kerT1,[- | -]) —
(kerTy,—[- | - 1) such that domT = Vy.

(iv) The mapping U — Til|y,,, is a one-to-one correspondence between the classifying operators U and
the realisations T, i.e. domT, in each of the above cases.

3. m-accretive extensions of abstract Friedrichs operators

In this section, we shall further explore the decomposition from Theorem 4 in the context of accretive
operators. Since, for historical reasons, the use of term accretive is not uniform in the literature, we shall
provide a brief overview of basic notions that we shall use.

A linear operator A : domA € H — H on a complex Hilbert space H is said to be accretive if for all
x € dom A, we have

R{Ax |x)>0.

An accretive operator is said to be maximal accretive if it has no proper accretive extension, while an
accretive operator A : domA € H — H is called m-accretive if I + A is onto (surjective). An operator
A is referred to as (maximal) dissipative if —A is (maximal) accretive. We consider only densely defined
operators on a Hilbert space in this paper. For these operators, the notions of maximal accretivity and
m-accretivity are equivalent [38, p. 201].

In the context of linear differential equations, maximal accretive operators generate Co— semigroups of
contractions (the Lumer-Phillips theorem - see [21, 37]) that provide solutions to time-evolution problems.
The notion of m-accretivity is also central to the Hille-Yosida theorem [21, 37], through the concept of the
so-called range condition: an accretive operator is m—accretive if and only if the range of A/ + A equals H for
some (and thus all) 4 > 0. In the context of nonlinear operators, this is closely related to the Minty-Browder
theorem [36, 44], a result initially proven for monotone operators.

In the following results, we assume that (7p, T‘O) is a joint pair of abstract Friedrichs operators on H and
make use of decomposition 7; = L; + S from Theorem 4, with i being 0, 1 or void.

Lemma 2. IfT is a realisation of Ty, i.e. Ty € T C T}, then the following statements are equivalent:
(1) T is accretive;
(i1) L is accretive;

(iii) domT (= dom L) is non-negative (contained in YW ).
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Proof. Note that (4) implies
1
R(Liu|u)=5lulul, ueW, ©)

which proves the equivalence between (ii) and (iii), as L = Li|gom7- From 7' = L + S and the second
inequality in (3) it is clear that the accretivity of L implies the accretivity of 7. It remains to prove that (i)
implies (iii): from 7' = L + S and (5), we have

R(Tu|u)=R{(Lu|u)+{Su|u)

1 (6)
=§[u |u]l+{(Su|u), uedomT =domlL.

For an arbitrary # € domT, by Theorem 1(ix), there exist ug € Wy, v € kerT; and v € kerﬁ such that
u=uy+v+7v.Since D =domTy € dom7, for any vy € D we also have that v = vy + v + ¥ € dom T, and
[u|u]l=[v|v]+[V|V]=[v|v]by][-]|-]-orthogonality from Theorem 1(ix). Thus, if T is accretive,
using this, (5), (6) and the first inequality in (3), we get

R(Lu|u)y==[ulu]= %[v|v] = R(Tv [ v)=(Sv|v) > -Av|?* = =Alvo + v + 7||°.

| =

Since dom Ty is dense in H, we can choose v arbitrarily close to —v — ¥ with respect to norm || - ||. Hence,
R{(Lu|u)>0,

implying that L is accretive.

Theorem 6. If T is a realisation of Ty, then the following assertions are equivalent:
(1) T is m—accretive;
(i1) L is m—accretive;

(iii) T is a bijective realisation with a signed boundary map, i.e. domT satisfies (V)- (equivalently (X)-)
boundary conditions.

Proof. For the equivalence between (i) and (ii), from Lemma 2 we have that T is accretive if and only if L
is accretive. Since dom 7 = dom L by definition, it is easy to see that if one of them is maximal accretive,
then so is the other, which concludes this equivalence.

Let us now prove that (i) implies (iii): if 7 (and thus also L) is m—accretive, then from Lemma 2 we have
domT = dom L C W*. By Theorem 2 and Theorem 1(xii) it is enough to prove that dom L is maximal
non-negative. If this is not the case, then there exists a non-negative subspace )V C W that properly contains
dom L. But then L]y is again accretive by Lemma 2, which contradicts m—accretivity of L.

For the converse, if T is a bijective realisation with a signed boundary map, then for any # € dom7, it
holds [u | u ] = 0, which, by Lemma 2, implies that T is accretive. Since, by Theorem 2, dom 7 is maximal
non-negative in W, due to Lemma 2, it follows that 7' is maximal accretive.

o

Remark 4. Theorem 6 provides an equivalence between (V)-boundary conditions and maximal accretive
realisations of abstract Friedrichs operators. In the context of the equivalence between (V)- and (X)-
boundary conditions (see Theorem 2), we can interpret this equivalence as follows: T is a maximal accretive
realisation of an abstract Friedrichs operator if and only if dom 7 is a maximal non-negative subspace of V.
We shall explore these connections more precisely in the next section.

Remark 5. Recall that (by Theorem 5) point (iii) of the previous theorem is equivalent to the fact that
there exists a linear operator U : (kerTy,[- | -]) — (kerTj,—[- | -]) such that ||U|| < 1 and domT =
Wo + {9+ Uv : ¥ € kerT}. Hence, all m—accretive realisations of Ty can be parameterised by such
contractive mappings U between the kernels.
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Now we state the main result of this section, which is now a direct consequence of the Lumer-Phillips
theorem (see e.g. [21, Chapter II, Theorem 3.15]).

Corollary 2. IfT is a realisation of Ty, then the following assertions are equivalent:

(1) T is a bijective realisation with a signed boundary map, i.e. domT satisfies (V)- (equivalently (X)-)
boundary conditions;

(i1) —T is a generator of a contractive Co—semigroup;
(iii) —L is a generator of a contractive Co—semigroup.

In [14, Theorem 2], the implication (i) = (ii) has been proved. Here in Corollary 2, we show that
the converse is also true, i.e. the bijective realisations, which give rise to the generators of contractive
Cp—semigroups, are precisely the ones with signed boundary maps.

It is natural to ask whether weakening the assumptions on the realisation—such as considering all
bijective realisations (not necessarily with a signed boundary map)—still ensures that the operator generates a
strongly continuous semigroup, even if it is not contractive. However, the answer is negative. More precisely,
a bijective realisation without a signed boundary map may generate a (non-contractive) Co—semigroup, but
it may also fail to be a generator. This can already be observed in the following one-dimensional example.

d
Example 1. Consider the first-order differential operator Lou = d_u on H = L?((0,1);R) (for simplicity,
X

we consider only the real setting), with dom Lo = C2°((0, 1)). The minimal space and the graph space are
Wo = Hé ((0,1)) and W = H'((0, 1)), respectively, while the boundary operator D and the boundary form
[-]-] are given by

Yu,v e W) wA Du,vyyw =[ul|v]=u(l)v(l) —u(0)v(0).

Note that an evaluation of a function from H'((0, 1)) at a point has a meaning due to the embedding of
H'((0, 1)) in the space of continuous functions. The operator Ty := Lo + 1 is an abstract Friedrichs operator
by Theorem 4 (see also [1, Example 1]) and, for @ € R U {0}, let us consider closed realisations 7%,
To € T® C T, (here we continue to use the notation introduced in Section 2), where

domT® = {u eW:u(l) = au(O)}, a €R,
domT* = {u € W : u(0) = 0}.

d s .
Of course, we have T7¢ = L + 1 = . + 1, where LY = (—Lo)*|dom 7=, and the derivative is taken in the
x

weak sense.

By [24, Example 3.6], we know that all T, except for one particular value, @ = e~ € (0, 1) are bijective
realisations. Moreover, it is also shown that bijective realisations with a signed boundary map correspond
toa ¢ (-1,1).

Therefore, by Theorem 6, we know that both 7% and L® are m—accretive if and only if @ € (RU {oo}) \
(-1,1).

Our aim is to investigate whether 7% and L® generate a Cp—semigroup in the yet undetermined case
when @ € (—1,1). Since 7¢ is merely a bounded perturbation of L¢, and vice versa, it suffices to study
only L (cf. [21, Chapter III, Theorem 1.3]). Using this argument, we can also see that the value & = ¢~
should not be of a particular importance since it depends on the choice of bounded perturbation (see [24,
Example 3.6]), while this choice is irrelevant for the property of being a generator of a Cyp—semigroup.

If L generates a Co—semigroup S(t), then for any uy € dom L? the abstract Cauchy problem

u' = L%, u(0) = u,

has a unique solution S(7)ug. Since the above differential equation corresponds to a first-order transport
partial differential equation, it is easy to see that the only choice for S(¢) is to be a translation semigroup

(S()uo) (x) = ug(x — 1)
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(cf. [21, Chapter I, Section 3]). In order to give a meaning to the formula above, we need to extend u to the
negative part of the real line. This is done by utilising the property S(f)up € dom L? (see e.g. [21, Chapter
II, Lemma 1.3]). Hence, we get

aug(—-t) =ug(l—1t), t=0.

For a = 0, the above property implies that ug = 0, implying that L° cannot be a generator (the abstract
problem has a solution only for ug = 0).

On the other hand, for @ € (-1,1) \ {0} we get that S(#)ug is well-defined for any g € dom L*. In
particular, L is a generator of a Co—semigroup. Moreover, one easily gets

(S(n)uo) (x) = @ "up(x), x€[0,1], n € N.

Since 0 # |a| < 1, this provides evidence that these semigroups are neither contractive nor uniformly
bounded.

To conclude, in this example one can see that there is a realisation of Ly, which corresponds to a
bijective realisation of Ty that does not generate a Cp—semigroup, while there are also realisations that
generate Co—semigroups that are not uniformly bounded.

Let us strengthen the above argument slightly by demonstrating in an alternative way that the operator
LY (i.e. for @ = 0) does not generate a Co—semigroup: by direct computation, the resolvent operator
R(1, L% = (11 — L% ! can be characterised as follows. For any A > 0 and f € L*((0, 1)), we have

1
ROLLOS() = [ e f()dy.
For constant function f = 1, the above reads

11
R4, LY f(x) = 1 Fe”.

Thus, we have

3 2 4 1

R(A, LY > |R(A, L) f|? — o wat Tl
IR, LOIZ 2 IR LOSI" = 71 = 57 = 53 + 553

implying that ||R(1, L%)]| is of the order O(‘/Lz) for large 4 > 0. Therefore, the assumptions of the Hille-

Yosida theorem [37, Chapter I, Theorem 5.3] are not fulfilled, and thus L° (and consequently 7°) is not a
generator of a Cyp—semigroup.

Remark 6. Analogous results to those of Lemma 2, Theorem 6 and Corollary 2 hold for realisations of
To, due to the symmetric role of T and To in the theory of Friedrichs systems. For example, statements
of Lemma 2 hold true with 7; replaced with T; (with i being 0, I or void), L replaced with corresponding
L:=-L 1 dom 7 and W with W~. In particular, T;|y is m—accretive if and only if T1|,(1) is m—accretive.
This can also be seen from the semigroup theory of adjoint operators ([21, Chapter I, Proposition 1.13])
and the fact that bijective realisations of Ty and Ty with a signed boundary map are mutually adjoint to each
other (see Theorem 1.xi)).

Remark 7. A specific case of the (V)-boundary condition occurs when Yl =y je. whendom7 = dom T*.
It is easy to verify that this is equivalent to operator L being skew-selfadjoint, which is by Stone’s theorem
[21, Chapter II, Theorem 3.24] equivalent to the fact that L generates a unitary Co-group. However, it is
worth noting that the operator —7 does not generate a unitary group, even though —7 generates a contractive
Co—semigroup. Indeed, if it does, then by Stone’s theorem 7 has to be skew-selfadjoint, i.e. T* = —T, which
would imply S = 0 in (2), contradicting the fact that § is strictly positive. The reason is that the operator
—T = —L — S is not m—accretive, which means the semigroup generated by 7 is not contractive due to the
Lumer-Phillips theorem [21, Chapter II, Theorem 3.15]. However, the Co—semigroup ((P(t));>o generated
by T has the following bound (see [21, Chapter III, Theorem 1.3]):

IlP(o)|| <eSlt t>0.

10
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Let us conclude this section with a remark on skew-symmetric operators.

Remark 8. The extension theory for skew-symmetric operators is well-studied. The von Neumann approach
can be found in [40] and the approaches involving the concept of boundary systems (or boundary quadruples)
can be found in [8, 42, 43]. These extension results, classifying all m—accretive extensions of skew-
symmetric operators, combined with Theorem 6, provide another way to classify the boundary conditions
of abstract Friedrichs operators of interest. Moreover, [42, 43] also include the nonlinear m—accretive
extensions of skew-symmetric operators, which leads to the nonlinear m—accretive extensions of abstract
Friedrichs operators.

4. Interpretation of m-accretive extensions in terms of other boundary conditions

In the previous section, we proved the equivalence between m—accretive extensions and the realisations with
signed boundary maps for abstract Friedrichs operators. In this section, we investigate and compare (V)-
and (X)-boundary conditions with m—accretivity in more detail.

Remark 9. (V)-boundary conditions are also known as the cone formalism. The two parts (V1) and (V2)
reflect on accretivity and maximality, respectively. Indeed, to verify this interpretation of the (V1) condition,
let T and T be realisations (extensions) of Ty and fo, respectively. If we denote V := dom7, V := dom f,
then by Lemma 2 (see also Remark 6) the following assertions are equivalent:

(i) V and y satisfy the (V1)-condition;
(ii) T and T are accretive.

Similarly, having that 7" and T are accretive, the maximal accretivity (of both 7" and T)is equivalent to the
(V2) condition. Indeed, due to Theorem 1(xi), the (V2)-condition is equivalent to the fact that the operators
(T, T) are mutually adjoint, i.e.

T*=T and T*=T.

Since both are accretive, then by [21, Chapter I, Proposition 1.3], both are maximal accretive. The converse
statement has already been proven in Theorem 6 (see also Remark 6).

Remark 10. The maximal accretive extensions of Friedrichs operators are directly comparable to (X)-
boundary conditions through Lemma 2 and Theorem 6. To be more specific, the (X1) condition is
equivalent to the accretivity, while the (X2) condition, which is the maximality condition in the context of
non-negative subspaces, appears to be equivalent to the maximality in the context of accretive operators. In
a way, this provides another equivalence between (X)- and (V)-boundary conditions via maximal accretivity.

Remark 11. In the theory of abstract Friedrichs operators, a key challenge is to establish the connection
between (V)- (or (X)-) boundary conditions and the abstract version of Friedrichs’ conditions, namely, the
(M)-boundary conditions. Naturally, the closer we get to understanding these connections, the easier it
becomes to relate maximal accretivity to (M)-boundary conditions. Although there are existing results on
the equivalence between (M)- and (V)-boundary conditions (see Theorem 3 and its constructive version
in Theorem 7 below, taken from [2]), in the next section we provide a refined result in this direction.
The equivalence between maximal accretivity and (V)-boundary conditions allows us to directly relate
maximal accretivity to (M)-boundary conditions. Indeed, using Theorems 3 and 6, we can easily conclude
that if an operator M : W — W’ satisfies (M)-boundary conditions, then T |er(p-ar) and T |ker(D+p+) are
m—accretive. Conversely, if arealisation T of Ty in m—accretive, then there exists an operator M € L(OWWV; W)
satisfying (M)-conditions such that dom 7 := ker(D — M) and dom T+ = ker(D + M*).

The difficult part is the construction of such an operator M for a given m—accretive realisation 7', and
we shall address this in the next section.

5. On the equivalence of (V)- and (M)-boundary conditions
In this section, we provide a more concrete proof of the equivalence between (V)- and (M)-boundary

conditions for a pair of abstract Friedrichs operators.
More precisely, the known result [2] is the following:

11
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Theorem 7. Let VWV be the graph space and D the boundary operator.

(1) Suppose thatV satisfies the (V)-boundary conditions. Then there exists a closed subspace W, € W™~
of W such that
W =V+Ws.

Additionally, if W, is such a subspace and we set W) := V N W3, so that W = Wy+ W+ Ws, with
projectors qo, q1, qa associated to this decomposition, then the operator M € L(W; W') defined with
M =D (q1 - q2)
satisfies the (M)-boundary conditions and V = ker(D — M).
(ii) Conversely, let M € LOW; W’) satisfy the (M)-boundary conditions and set V) := ker(D — M). Then
W = ker(D + M) N Wy
is a closed subspace of W contained in W™=, and we have

W = ViW,.

Remark 12. Note that the construction above of M from part (i) can be simplified: if py, p, are corresponding
direct projectors with respect to the decomposition W =V + Wh, i.e. p1 = qo + g1 and p, = g2, then the
operator M can be represented as M = D(p| — p2) = D(1 = 2p;) due to Dgq = 0.

Remark 13. The existence of a closed subspace W, € W™ of W such that V+W, = W was proved in
[2, Theorem 9] via rather non-trivial arguments of Krein space theory. However, from Remark 3 we have
V+kerT; = W, clearly kerT; is closed in W, and by Theorem 1, part (ix) it is also non-positive in WW.
Thus, we can choose W, to be ker T (for every V satisfying (V)-boundary conditions). We state and prove
this result explicitly in the following theorem and also discuss the multiplicity of the subspaces W, and W,
later.

Theorem 8. Let V be a subspace satisfying (V)-boundary conditions. If p1, pa are projectors corresponding
to the decomposition VW =V + ker Ty, then the operator M := D (1-2p,) satisfies (M)-boundary conditions
andV = ker(D — M).

Proof. Let us first prove that M satisfies the (M1)-condition: if u € W, then
wAMu,u)yy = [(1=2po)u|u]=[(p1—p2ul(pi+pul,

where we used p; + po = 1. Since [ piu | pou] — [ pou | piu] has no real part (by the symmetry
property of the indefinite inner product; see Theorem 1(vi)) and V € W*,ker T} € W™, we conclude that
Ry Mu,u Yy > 0. Hence, M satisfies the (M1)-condition. The statement V = ker(D — M) easily follows
from

ker(D — M) =ker Dp, = ker pp U (ran po Nker D) = V U (ker Ty N W) =V,

where we have used the definition of M for the first equality, the second one is trivial, the third one follows
from the definition of p, and ker D = W, (Theorem 1.(vi)), while the last one follows from Theorem 1(ix).

To obtain the (M2)-condition, i.e. W = ker(D —M)+ker(D+M), itis sufficient (due to the decomposition
given in Theorem 1(xiii)) to prove that ker 77 C ker(D + M). Since for u € ker T} we have pju = 0, it easily
follows that

(D+M)u=2Dpu=0,
which completes the proof. O

Remark 14. Let V be a subspace satisfying (V)-boundary conditions.

12
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(ii)

(iii)
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In the proof of the previous theorem, we showed that ker(D — M) =V and ker(D + M) 2 kerT}. The
latter can be improved to ker(D + M) = W + kerT;. In fact, the analogous identity holds for the
more general construction given in Theorem 7(i), namely

ker(D + M) = Wy + Wh,

with W, denoting the space defined in Theorem 7(i).

Indeed, since ker(D + M) is a subspace, from
Wy Cker(D + M) and W, C ker(D + M)

we obtain Wy + W, C ker(D + M). The first inclusion follows from ker D = ker M = W), while the
latter is obvious from the identity D + M = 2D p;. Conversely, using again D + M = 2Dp, for any
u € ker(D + M) we have pju € Wy. Hence, writing u = piu + pou, we get that u € Wy + Wh.

Theorem 8 ensures that for any subspace V satisfying (V)-boundary conditions, there exists a corre-
sponding operator M satisfying (M)-boundary conditions such that V = ker(D — M), obtained via the
construction of Theorem 7(i) with W, = ker T}. Moreover, this operator M is unique. Consequently,
the assignment

Ve M

is a well-defined and injective mapping.

It is, however, not surjective: there exist operators M satisfying (M)-boundary conditions with
V = ker(D — M) that do not arise from this construction (see the next point and the examples
following this remark).

Let us now reflect on the construction from Theorem 7 in more detail: for a fixed V satisfying
(V)-boundary conditions, let us define

Wy = {(Wr €W : W, C W™ is a closed subspace and V+W, = W},
My ;= {M € LOW,W’) : M satisfies the (M)-boundary condition and V = ker(D — M)},

and a mapping Wy, — M,, defined as W, — M by the construction from part (i) of Theorem
7. Surjectivity of such mapping follows from part (ii) of the theorem, thus all suitable M’s can
be obtained by this construction. Regarding injectivity, we can only conclude that this mapping
is injective modulo W, i.e. if M = M’ € My, then from part (i) of this remark it follows that
Wh + Wo = ker(D + M) = ker(D + M") = W, + W,.

Indeed, this is the strongest conclusion we can make since W, + Wy = Wﬁ + W, implies ker(D + M) =
ker(D + M’) (again using part (i)), which means that M = —D = M’ on this subspace. Since M and
M’ coincide on V = ker(D — M) = ker(D — M’) by the similar argument, it follows that they coincide
on W by the (M2)-condition. Thus, W, + Wy = W] + W) is equivalent to M = M".

We now illustrate the results and observations of this section with two examples. The first one extends
Example 1, while the second examines a partial differential operator corresponding to the stationary diffusion
equation.

Example 2. We continue with Example 1, where the spaces H, W, W, and the operators Ty, Ty, T%, D,
are fixed.
It is easy to get that the kernel of Tj is given by

ker T} = span{e "},

cf. [24, Example 3.6].

Let us take an arbitrary @ € (R U {oo}) \ (=1,1). Then T is a bijective realisation with a signed
boundary map, i.e. dom T satisfies (V)-boundary conditions. Thus, by Theorem 3, there exists an operator
M® e LOW; W) satisfying (M)-boundary conditions.

13
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We shall first use the construction given in Theorem 8 to obtain one such M“. Let p{', p5 be direct
projectors corresponding to the decomposition VW = dom 7% + kerT;. Then, by Theorem 8§,

M® =D(1-2p5)

satisfies (M)-boundary conditions and corresponds to dom 7% in the sense that ker(D — M%) = domT?.
Moreover, by obtaining an explicit formula for p5 (see [23, Subsection 5.3] for similar computations), we
get:

wAd M%u,viw = (u(l) - 2Kb‘fe‘1)v(1) —(u(0) =2K)v(0), wu,veW,
where
u(1) — au(0)

e l—a

K7 =
and K = u(0).

Now, let us consider other operators that satisfy (M)-boundary conditions and correspond to the same
space dom 7. We will use the more general construction provided by Theorem 7. Our aim is to find
all closed W»’s satisfying dom7% + W, = W and W, € W™, which by Theorem 7(i) ensures the
classification of all (M)-boundary conditions corresponding to a fixed . Since dimker 7| = 1, by Theorem
1(xiii)) codimdom 7% = 1, implying dimW), = 1. By Theorem 1(ix), we can write W, = Wza’b =
span{ug + ae™* + be™*} for some uy € Wy, a, b € R. By Remark 14(iii), it is sufficient to take ug = 0. Since
W; "> W=, we have that a # 0 and hence we can parameterise all such W»’s by r := %.

Let us take r € R such that
—-X —-X
< [|-Le el 1
[eX]eX] e
and define
W) =span{e™ +re*}.
The assumption on the parameter r is precisely to ensure that W, € W~. Note also that Wg =kerT;.
Clearly, the decomposition

W = domT“ + Wj

holds, and it is direct, barring the following two exceptional cases: if @ = 1, then er_l C dom7%, and
if @ = —1, then Wz’efl C domT?. If the direct projections p{”" and p5"" are onto dom7'* and W},
respectively, then the operator M*" = D(1 — Zpg ') satisfies (M)-boundary conditions. Analogously to the
case r = 0 above, we have: for any u,v € W,

wAM® u vy = (u(1) = 2K3 (e +re))v(1) = (u(0) — 2K (1 +r))v(0), @)
where
Kar _ u(l) — au(0)
e ltre—a(l+r)
and K;;*" = = u(0).

Note that M and M- coincide, as expected (since Wg = kerT}). Furthermore, by Remark 14(iii),
we see that all operators satisfying (M)-boundary conditions and corresponding to dom 7'¢ are given by (7).
Indeed, one simply needs to observe that for any other W, C W~ such that domT%+W, = W we have
Wr +Wo =W; + W forsome r, r < e

Example 3. Let Q c R be an open and bounded set with Lipschitz boundary I'. Consider the following
second-order partial differential equation:

-Au+u=f,

which can be written as a system of first-order partial differential equations as follows:

p=-Vu
{ divp+u=f. ®)

14
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Let us define the coeflicient matrices Ay = €; ® €441 + €4+1 ® €x € My (R) for k = 1,2, ..., d, where
(e1, €2, ...,e441) is the standard basis for R4*! and let B be the identity matrix of order d + 1. Then the
system (8) can be rewritten as Tou = f, where

d
Tou = Zak(Aku)+Bu,
k=1

withu = |P

and f = [0} The operator Ty is an abstract Friedrichs operator (see [3, 28, 41]). Here we use

f

our standard notation, in which T stands for minimal and 7} for the corresponding maximal operator. The
graph space and the minimal space are identified as
W= L3, (@€Y x H'(Q;0)
and W) := L, o(Q:C%) x Hy(Q: C),

respectively. Here, the space Lﬁiv(Q; C4) is defined as the space of all vector-valued L? functions whose
divergence is an (scalar) L? function as well. Then Lgiv’O(Q; C4) is just the closure of the space C2°(€; C)
in the norm of LﬁiV(Q; c).

Let T and T, be the traces of H'(Q;C) in H%(F;C) and LﬁiV(Q; C4) in H‘%(F;C), respectively.
Moreover, the boundary map can be characterised as

[vuss

where _ 1 () 1 denotes the duality pairing between the space H 3 (I'; C) and its dual H -3 (I"; C). The kernel
can be described as

5] V= [g} € W) wA{Du,v iy = _%<Tvp, T0V>% + _%< T.q, Tou>%, )

kerT; = {(p,u)" € W:p=-Vuandu = —divp}.

Notice that (p,u)" € ker T} if and only if —Au + u = 0 and p = —Vu. Hence, ker T| can be parametrised by
the value of u on the boundary, i.e. Tou, since the problem —Au + u = 0 together with Tou = g, for a fixed
geH 3 (I'; €), has a unique solution.
By choosing V = L3 (€;C?) x HJ(Q:C) = {(p,u) € W : Tou = 0}, the homogeneous Dirichlet
boundary condition is imposed (we refer to the aforementioned references for these results).

Let us follow the construction from Theorem 8 in order to obtain an operator M € L(WWV;W’) that
satisfies (M)-boundary conditions and is associated to the chosen V. For an arbitrary u € H 1(Q;C), let

wy € H'(Q; C) be a unique solution of

{ -Awy,+w, =0 inQ (10)

Towu = T()u.

Then we know that (—Vw,,w,)" € kerTy. For an arbitrary p € LﬁiV(Q; C?) we have

P

Since the vector-valued functions on the right-hand side are in V and ker T, respectively, the decomposition
above defines the direct projectors p; and p, from Theorem 8. More precisely, p2(p,u)” = (=Vw,, w,)T.
Now, by Theorem 8, M = D(1 — 2p;) is a desired operator. Using (9), for any u := (p,u)” € W and
v:=1(q,v)" € W we get

w{ DU =2pau),vhy
_%< T, (p +2Vw,), Tov >% + _%< T,q, To(u —2w,) >%

_%<Tv(p + ZVWM), TO")% - —%(TVqs TO”)%
_%(TVP,TOV>% —_%<qu,Tou>% +2_%<TVVW,4,T()V>%,

wr{ Mu,V )
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where in the third equality we used Tow, = Tou. The linear map u — T, Vw,, appearing in the formula
above can be recognised as the Dirichlet-to-Neumann map, corresponding to the elliptic operator —A + 1.
See, for example, [10] for recent studies of this object in a broader context.

In [3, Section 6], other operators M were provided using a rather different approach. More precisely,
for the homogeneous Dirichlet boundary conditions, which are considered here, it was proved in [3] that for
any « > 0, operators from the following family: ((p,u)", (q,v)T € W)

wiMa(@uw)". (0. ) = _(Typ. Tov)y = _1(Tyq, Tou ), +2a/T0uT_0v s, (11
r

satisfy (M)-boundary conditions and correspond to V.
For any a > 0, one can easily find a suitable subspace W,* which, following the construction of Theorem

7, leads to the above operator M,: for an arbitrary u € H 1(Q;(C), letv, € H 1(Q;C) be a unique weak

solution of the Neumann problem

—Av,+v, =0 inQ

{ v-Vy, = Tou. 2)

Then we also have that Ay, € L*(Q;C), the equation in (12) holds in L?>(Q;C), while the boundary
condition can be interpreted as T, (Vv,) = Tou in H~'2(T; ©) [20, pp. 380-383]. Then a possible choice
could be

Wy = {(=aVvy,w,)" :u e H(Q;0)}.

i

can be used to verify that the identities W =V + WS and ker(D + M,) = Wy + W' hold. The second
equality shows that this W;" generates M, given in (11), by the construction from Theorem 7 (see also
Remark 14). Since @ > 0, we easily get VVzCx C W, while Y N W2" = {0} follows from the fact that the
zero function is the only solution of (12), as well as (10), with a zero boundary condition.

It only remains to verify that Wi* is closed in W: if (py,u,) is a sequence in Wj* that converges to

some (p, u) in W, then there exists i1, € H'(Q;C) such that

Indeed, the decomposition

p+aVy, 4 —aVvy,
u—wy Wy

Pn=—-aVvg, —p in L3 (Q;C9),

Up = wz, — u in H'(Q;C). (13)
From the second convergence above, the continuity of the trace operator T and boundary conditions in (12)
and (10) we obtain that T, (Vvg,) = To(ii,) = To(wg,) converges to To(u) in H? (I'; €) and thus also in
H 3 (I'; ©). An a priori estimate for (12) gives that v;, converges to v, in H 1(Q; ), which together with
the first convergence in (13) implies that p = —aVy,,, by uniqueness of the limit. Similarly, from an a priori
estimate for (10) we conclude that wy, converges to w,, in H'(€Q; C), and thus w,, = u by uniqueness of the
limit. Therefore, (p,u) = (-a@Vv,, w,), and thus W} is closed in W.

With this, we conclude our discussion on the multiplicity of M-operators associated with the chosen
(homogeneous Dirichlet) boundary condition, along with the corresponding subspaces WV, used in their
construction. Although the examples presented do not cover all possible M-operators, they serve to
demonstrate that the abstract construction provided in Theorem 7(i) is applicable (see also Remark 12). In
particular, the choice W, = kerT; (see Theorem 8) is highlighted. Moreover, the approach aligns with
previously established M-operators developed through a rather different, classical method.
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