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Theory and Application of a Class of
Abstract Differential-Algebraic Equations

Mark A. Pierson

(ABSTRACT)

We first provide a detailed background of a geometric projection methodology developed
by Professor Roswitha Marz at Humboldt University in Berlin for showing uniqueness
and existence of solutions for ordinary differential-algebraic equations (DAESs). Because
of the geometric and operator-theoretic aspects of this particular method, it can be ex-
tended to the case of infinite-dimensional abstract DAEs. For example, partial differential
equations (PDEs) are often formulated as abstract Cauchy or evolution problems which
we label abstract ordinary differential equations or AODE. Using this abstract formula-
tion, existence and uniqueness of the Cauchy problem has been studied. Similarly, we
look at an AODE system with operator constraint equations to formulate an abstract
differential-algebraic equation or ADAE problem. Existence and uniqueness of solutions
is shown under certain conditions on the operators for both index-1 and index-2 abstract
DAEs. These existence and uniqueness results are then applied to some index-1 DAEs
in the area of thermodynamic modeling of a chemical vapor deposition reactor and to a
structural dynamics problem. The application for the structural dynamics problem, in
particular, provides a detailed construction of the model and development of the DAE
framework. Existence and uniqueness are primarily demonstrated using a semigroup ap-
proach. Finally, an exploration of some issues which arise from discretizing the abstract
DAE are discussed.

This research was funded in part by the Defense Advanced Research Projects Agency
(DARPA), the National Aeronautical and Space Administration (NASA) Langley Re-
search Center (LaRC), and the National Institute of Aerospace (NIA).
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Chapter 1

Introduction

1.1 The ‘What’ and ‘Why’ of DAEs

Differential-algebraic equations can now be found quite frequently in the literature . A
myriad of terminology is often used depending on the application in which they arose.
For example, one will often run across terms such as descriptor systems, singular differen-
tial equations, degenerate differential equations, semi-state systems, implicit differential
equations, constrained differential equations and generalized state space systems. They
all refer to the same concept of differential-algebraic equations. So what are they?

Essentially differential-algebraic equations can be thought of as a differential equation
describing a process that is coupled with an algebraic constraint equation. Hence, its
name. Differential-algebraic equations, hereafter referred to as DAEs, of this sort take
the form

F(a'(t), z(t), y(),1)
G(a(t),y(t),1) =0,

where the Jacobian F) is nonsingular. Note also that one of the variables y(t) is not differ-
entiated in a differential equation and is coupled to the differential equation F'(-,-,-,-) =0
via the algebraic constraint equation G(-, -, -) = 0. This nondifferentiated variable is often
a key identifier that one may have a DAE. More generally, one could have a fully implicit
DAE of the form

F(2'(t),z(t),t) = 0,

where in this case the Jacobian F), is singular. This is one reason for the name singular
differential equations. The name singular differential equations or degenerate differential
equations also comes about from the following form which we will primarily use in this
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paper:
E(t)a'(t) + B(t)x(t) = q(t),

where z(t) and ¢(t) are finite-dimensional vectors and the finite-dimensional matrix F/(t)
is singular for all ¢ of interest. This is the linear time-varying (LTV) form of a DAE. We
also have the case of linear constant coefficients or the linear time-invariant (LTI) form

Ex' (1) + Ba(t) = q(t),

where the matrix E is singular and thus noninvertible. This is the primary form we will
focus our research on in the abstract Hilbert space setting. We will then further refine
the LTI DAE form into a block matrix equation which is called the semi-explicit form
(since the 2'(t) variable is available explicitly with no singular coefficient):

3O EOT [ B ] _ o]

where F = {é 8} is singular.

However, this results in two equations: a differential equation and an algebraic constraint
equation.

2'(t) + By (t) + Biaxa(t) = q1(t)
Bo1x1(t) + Baawa(t) = go(t),

where the variable z5(t) is not differentiated. The ability to be able to do such a decoupling
for a general DAE will be important later on in determining existence and uniqueness of
solutions to the DAE. We will especially use this property in the more abstract setting
in Chapters 3 and 4.

It is also important to note that in some cases one can solve for the xo(t) variable in the
algebraic constraint equation explicitly in terms of z1(¢) (such as when Bs, is invertible,
for example). This is then substituted back into the differential equation to obtain an
ordinary differential equation (ODE) in terms of only z;(¢) without any constraints.
This is often referred to as the “underlying” differential equation. However, one needs
to be careful in the sense that while solutions of the original DAE are solutions to the
underlying ODE assuming the same initial conditions, the opposite is not true for all
initial conditions. All solutions of the ODE are not necessarily solutions to the DAE.
In particular, there is no guaranteed existence of solutions under similar hypotheses
as for ODEs. This raises the issue of what is called consistent initial conditions. In
other words, the initial conditions need to be compatible with the algebraic constraint
equation. Furthermore, when one solves the underlying ODE, even using consistent initial
conditions, there tends to be the problem of numerical “drift”. In particular the numerical
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solution drifts off of the manifold determined by the algebraic constraint equation. Thus,
the final numerical solution may no longer satisfy the algebraic constraints. Moreover,
DAEs are numerically similar to very stiff ODEs and hence are not always numerically
solvable. This issue of a DAE not being an ODE is addressed in a frequently cited
paper by Petzold [35] with the appropriate title, Differential/Algebraic Equations are not
ODEs.

Now that we have answered the basic question of what is a DAE? Why do we need to be
concerned with solving them? Why and where do they come up? First of all, as discussed
above, we may not be able to convert every DAE to its underlying ODE. Even if we were
able to accomplish this it may be too expensive or time consuming to do so. Even if we
could easily convert it to an ODE, we may lose whatever sparsity or structure that we
initially may have had in the original DAE formulation. Often the variables have some
physical significance which then gets lost in the translation to an ODE. It then gets hard
to interpret the results of the underlying ODE in terms of the original variables. We have
a similar situation in the case where a parametrization is related to the original variables
but then the useful relationship gets lost in the transformation. It also turns out that
the dimension of the solution manifold is different for the DAE versus the underlying
ODE. How does this impact the results? Finally, with the advent of automatic computer
generation of differential equations and algebraic constraint equations by various software
packages, it would be advantageous to have an automated solver for DAEs that can then
be coupled together with these other off-the-shelf packages. Hence, it is necessary that a
methodology be developed to solve DAEs directly without using the associate underlying
ODE.

DAEs arise frequently in numerous applications. In fact, in certain applications, DAEs
provide a better framework for modeling and analysis. DAEs can be found in a rich vari-
ety of applications such as: constrained variational problems, chemical reaction kinetics
and processes, combustion, electrical circuits and networks, trajectory prescribed path
control, optimal control problems, robotics, discretization of partial differential equations
(PDEs) using the method of lines, and mechanical systems simulations, to name just a
few. Applications also arise in the area of PDEs such as from incompressible Navier-
Stokes equations when using finite element methods for spatial discretization where the
algebraic constraints arise from the divergence-free condition. We will apply some of our
theory of abstract DAEs to some example applications involving PDEs later in Chapter
5.

There are many good monographs and books that can give one a good introduction to
both the theory and the numerical solution of DAEs. A short list would include works
by Brenan, Campbell and Petzold [3]; Campbell [5] and [6]; Ascher and Petzold [1];
Boyarintsev [4]; Rabier and Rheinboldt [36]; Hairer, Norsett and Wanner [20]; and Mérz
[33].
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1.2 Matrix Inverses

Of significance is the fact that most of the methods used to discuss either the theory or
the numerical solution of DAEs involve the definition of some sort of inverse for matrices
or operators. The conventional definition of an inverse of a matrix A, i.e., A~!, applies
to the case of a nonsingular square matrix where A=A = AA~! = I. For a nonsingular
square matrix A, its inverse is unique. If we have a singular square matrix A, then we
have the concept of the Drazin inverse AP which must satisfy the following conditions:

AAP = AP A
AP AAP = AP
(I — AP A)A* =0,

where k is the index of the matrix A, that is, k is the smallest nonnegative integer
satisfying the relation rank A**! = rank A*. If £ = 0, then the matrix A is nonsingular
and AP = A~!. The Drazin inverse A” is unique for any given square matrix A. The
following representation for the Drazin inverse may be useful. First put the matrix A
into its Jordan canonical form:

[ 0]
wewfl M

where .Jy consists of nilpotent blocks and J; consists of nonsingular blocks. Every matrix
A can be put into its Jordan canonical form (see Gantmacher [16] for example). The
Drazin inverse AP can be represented by (see Boyarintsev [4])

0 0
ADZN[ _}N‘l.
0 Jt

What if a matrix is not square? For rectangular matrices, we have the Moore-Penrose
pseudo-inverse, AT, where AT = X satisfies the four Moore-Penrose conditions:

AXA=A
XAX =X
(AX)T = AX
(XA = XA.

The Moore-Penrose inverse A" is also unique for any given matrix A. Thus, in the
case where A is a square nonsingular matrix, A~! = A*. If a rectangular matrix A
has full column rank, then At = (AT A)"*AT. If it has full row rank instead, we have
At = AT(AAT)"!. The pseudo-inverse A* also has the properties (A*)T = A and
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(AT)T = (AT)T. If the matrix A is real, symmetric and square, i.e., AT = A, then the
pseudo-inverse A* is also symmetric. Furthermore, for real, symmetric square A, we have
that the Drazin inverse AP = A* the pseudoinverse of A. Finally, the Moore-Penrose
conditions essentially result in the requirement that AA™ and AT A become orthogonal
projections onto im A and im AT respectively (see Golub and Van Loan [18]). The use
of projection operators will appear frequently throughout our development of the theory
of DAEs in abstract spaces.

We can generalize the concept of the inverse of a matrix A even further. These more
general concepts of an inverse become useful for the infinite-dimensional operator setting
where the notion of square and rectangular do not exactly fit. The most general form of
an inverse is called a semi-inverse by Boyarintsev [4]. The semi-inverse for any m x n
matrix A is defined as the n x m matrix A~ such that for A~ = X we have AXA = A.
However, one drawback is that the semi-inverse A~ of a matrix A is generally not unique.
A representation for the semi-inverse where A~ = X is

X =+(I—AAU+V(I - AA),

where A™ is any semi-inverse matrix for A and U and V are arbitrary matrices of the
appropriate dimension. Thus, if you know one semi-inverse of A, all others can be found
via the representation above. We now become a little more restrictive and define what
Boyarintsev calls the inverse semi-reciprocal matrix A~ of an arbitrary m x n matrix A.
The inverse semi-reciprocal A~ satisfies both AA~A = A and A-AA~ = A~. Mérz [33]
calls this the reflexive generalized inverse of the matrix A. We will follow Marz and use
reflexive generalized inverse as this name seems more appropriate. Of course, both terms
are translated into English from their native languages. The reflexive generalized inverse
A~ is also generally not unique. It has a representation of the more complicated form

X =AAA" + A AU(I — AA") + (I — A" A)UAA™ + (I — A~ A)\UAU(I — AA™),

where A~ is any reflexive generalized inverse of A and U is an arbitrary matrix of the
appropriate dimension. Thus, if you know one reflexive generalized inverse of A, all
others can be found via the representation above. Note also since we have added one
more condition X AX = X, we have one less arbitrary matrix, i.e., just U vice both U
and V| in the representation formula. We also remark that if A is square and has index
k = 1, then the Drazin inverse AP is also a reflexive generalized inverse of A. It should be
clear that both the semi-inverse A~ and the reflexive generalized inverse A~ exist for any
arbitrary matrix whether rectangular or square, invertible or noninvertible. As indicated
these inverses are not unique.

As we will see, the concept of a semi-inverse or reflexive generalized inverse becomes
very useful for defining various subspaces of m x n rectangular matrices. These reflexive
generalized inverses can also be readily extended to operators on infinite-dimensional
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spaces. We will use some of the subspace descriptions which follow in the case of finite-
dimensional matrices and for bounded infinite-dimensional operators. For example, Bo-
yarintsev [4] provides the following results. We have ker A = im (I — A"A) = ker A”A
and im A = im AA”. If we have two matrices, an m; X n matrix A and an my X n
matrix B, then ker A Nker B = im P where P is a projector on R" defined by P =
(I — A"A)[I — (B— BA"A)"(B — BA"A)]. Likewise, ker A U ker B = ker P where
P=1[—(B—-BA A)(B—BA A)7]B. Finally, for m x n; matrix A and m x n, matrix
B, we have im AUim B = ker ) where Q = [ — (B — AA™B)(B—AA™B)7|({ — AA™).

1.3 A Geometric Approach

The subspace descriptions above become more meaningful in light of using a geomet-
rical approach to solving DAEs. Rabier and Rheinboldt [36] use a geometric approach
for rigid mechanical systems. The geometric framework turns out to be very powerful.
While their approach is very useful in many finite-dimensional applications it does not
seem to extend as well to the infinite-dimensional framework. This then becomes the
advantage of the geometric approach utilized by Mérz [33]. She defines operators, pro-
jectors and subspaces derived from the matrices E(t) and B(t) which are found in the
DAE E(t)2'(t)+ B(t)z(t) = q(t). Furthermore, at the end of her article [33], she hints at
a framework for applying her methodology to the infinite-dimensional setting. It is her
methodology that we will follow in this research. We will also utilize the same notation
as that in her article for the operators, projectors and subspaces in order to provide for
comparison and to avoid confusion in translation to another set of symbols.

Chapter 2 below repeats the key Lemmas and Theorem from [33] for the LTV index-2
DAE. We also will define there the concept of an index using Mérz’s definitions. We
further include the proofs of these Lemmas and Theorem in Chapter 2 as some of the
needed proofs of the Propositions and Lemmas are not in her paper but are instead in
other hard to find references. In addition, those proofs that are contained in [33] often
leave out many steps due to page limit constraints and it is not always obvious how to
fill in the missing steps. It was considered important to fill in the gaps to provide a more
complete picture of this methodology before proceeding to the abstract case. Thus, there
is no new work represented by Chapter 2 other than that of putting it all together in a
unified treatment. We will then build from there starting with the infinite-dimensional
setting beginning in Chapter 3.

We will see that one of the primary benefits of Marz’s geometric approach is that this
method can decouple the DAE into its inherent reqular ODE and the algebraic constraint
equation. In the case of an index-2 DAE which is more complicated we can even determine
the so-called “hidden constraint equation.” This inherent regular ODE is usually located
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in a lower dimensional manifold than that of the “underlying ODE” discussed earlier.
Hence, the inherent regular ODE is also referred to as the essential underlying ODE by
other authors such as Petzold because it incorporates only the essential or smallest part
of the space that is needed. In the infinite-dimensional setting, this inherent regular ODE
takes the form of an inhomogeneous abstract Cauchy problem (IACP) for the LTI case,
ie., o'(t) + Azx(t) = f(t) or 2/(t) = —Ax(t) + f(t). In the case where the operator A(t)
depends on time as well we have evolution equations. We use the term abstract ODE or
AODE to describe either situation.

1.4 Abstract Differential Equations

In order to determine whether a unique solution exists to the AODE we end up using
the already developed theory of differential equations in abstract spaces. This theory is
usually developed in the most general abstract infinite-dimensional Banach space setting.
However, since we are just beginning to develop a theory we will restrict ourselves to the
Hilbert space setting. Obviously any result which applies to a Banach space, or a reflexive
Banach space, will also apply to the Hilbert space setting. Many good monographs and
books exist on the general theory of abstract differential equations such as: Krein [25];
Ladas and Lakshmikantham [27]; Zaidman [41]; and Fattorini [13] and [14]. One of the
methods that will be utilized to show existence and uniqueness of the AODE in this
research includes that of semigroup theory. The primary monographs and books used
here for semigroup theory and applications include: Pazy [34]; Goldstein [17]; Kato [23];
Engel and Nagel [12]; Liu and Zheng [30]; and the original main reference in this area,
Hille and Phillips [21]. Engel and Nagel was particularly useful since it is an up-to-date
treatment of semigroups in a textbook format and includes many of the advances in the
theory since the other classic monographs were written.

There is also some literature on degenerate or singular Cauchy problems. These include
the monographs by Carroll and Showalter [8] and Favini and Yagi [15]. However, these
problems differ considerably from those which will be discussed here. Our abstract DAE
takes the form £(t)2'(t) + Bx(t) = q(t) where the operator £(t) is singular for all ¢ and
the prime indicates differentiation with respect to time ¢. Carroll and Showalter look
at abstract equations of the form A(t)z"(t) + B(t)z'(t) + C(t)x(t) = g(t) where some
of the operators A(t), B(t) and/or C(t) become zero or infinite at ¢ = 0. They define
the problem as degenerate if some of the operator coefficients become zero as t — 0
and as singular if at least one of the operator coefficients becomes infinity as t — 0.
This distinction becomes somewhat artificial in the case when some of the operators are
invertible or when a suitable change of variable is introduced. Their study was motivated
by many problems in physics, geometry, and applied mathematics that are of this form.
Similarly, Favini and Yagi were also motivated by the large number of partial differential
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equations arising in physics and the applied sciences which can be written in this form.
They studied similar problems of the form 4(£x) = Lz + f(t) where £~ may exist but
is not necessarily bounded. In our case, the distinction is that for an abstract DAE & is
noninvertible for all time ¢, not just at ¢ = 0 or when the inverse is unbounded.

In addition to various inverses of matrices, another aspect of DAEs that has been studied
is that of matriz pencils. For a LTT DAE of the form Ez'(t) + Bx(t) = q(t) one can look
at the matrix pencil (AE + B). It turns out that the DAE is solvable if and only if the
matrix pencil is a regular pencil, i.e., det(A\F + B) is not identically zero as a function
of A\. Gantmacher [16] discusses matrix pencils in general and develops what he calls the
Kronecker canonical form. Brenan, Campbell and Petzold [3] and Campbell [5] discuss
solvability of LTT DAEs with respect to matrix pencils. This concept can be extended as
well to the abstract differential equation case. This area was started with Keldysh [24]
and was further developed by Markus [32] for a spectral theory of polynomial operator
pencils. Yakubov and Yakubov [39] extended the idea further to that of generalized
resolvents. The idea is to invert the polynomial operator pencil in order to derive the
solution of the abstract differential equation. Yakubov and Yakubov, in particular, use
this methodology to investigate higher order elliptic, parabolic and hyperbolic differential
equations.

The closest discussion of abstract differential equations related to abstract DAEs is that of
Zaidman [42]. In this monograph, Zaidman investigates abstract differential equations of
the form < (€x(t)) = Bx(t) or £2/(t) = Bx(t) where € and A are linear, often unbounded,
operators on either a Hilbert space or a Banach space. He calls these type of equations
singular abstract differential equations. As above, in most cases it is assumed that the
operator £ is invertible (but not necessarily bounded) and that the operator £~ B exists.
In another case, it is determined that even if £ is not invertible, that the operator
pencil (A€ + B) is invertible in some half-plane Re\ > w. Finally, all cases are for the
homogeneous form of the equation and do not address the inhomogeneous case. It would
be interesting in the future to compare Zaidman’s two methodologies with that of Marz.
Zaidman does not address the issue of index and it may be that the different approaches
are required because of different index equations.

1.5 Partial Differential-Algebraic Equations (PDAEs)
and Index

There is also now a lot of literature in the area of what is called partial differential-
algebraic equations. This term is used to describe various DAEs that arise from PDEs. For
example, Lucht, Strehmel and Eichler-Liebenow [31] label those systems where Fourier
or Laplace transforms of PDEs result in a sequence of DAEs as PDAEs. They give
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an example from a model of population dynamics. PDAEs usually take the form of
Auwy(t,y) + Buy,(t,y) + Cu(t,y) = q(t,y) where at least one of the matrices A, B,C €
L(R™) is singular. Lucht, et al, further indicate that there are two kinds of indexes
for PDAEs: a differential spatial index and a uniform differential time index. Marz’s
group defines a PDAE as a set of PDEs coupled with ordinary DAEs. Marz’s definition
of abstract index generalizes the Kronecker index. Essentially the notion of abstract
DAE index by Mérz approximates that of the uniform differential time index. We will
not investigate the various definitions of index for PDAEs and abstract DAEs. We
will use that given by Marz as it proves useful in determining existence and uniqueness
of solutions. A detailed analysis of index for PDAEs can be found in Campbell and
Marszalek [7]. Finally, some work has also been done by Reid, Lin and Wittkopf [37] in
the area of existence and uniqueness of PDAEs using differential elimination - completion
algorithms. They show that for autonomous first-order DAEs, this algorithm is equivalent
to the Cartan-Kuranishi algorithm for completing a system of differential equations to
involutive form. This algorithm can also be applied to PDAEs and results in existence
and uniqueness for systems in involutive form.

The framework developed by Mérz [33] and by Lamour, Marz and Tischendorf [29] for
abstract DAEs covers the case of PDAEs. However, it is much more general in that it
covers other cases as well including those often considered to be hybrid systems. We
therefore emphasize this methodology in our research toward existence and uniqueness
theorems for abstract DAEs. Chapters 3 and 4 builds up the theory for abstract DAEs.
The examples provided in Chapter 5 indicate the diversity of problems that can utilize
this approach.

1.6 Discretization Issues

Finally, in Chapter 6 we briefly look at issues related to numerical solutions of abstract
DAEs. When discretizing the spatial variables using finite element methods, we end up
with an ordinary DAE. We look at the Hessenberg form in particular and discuss various
formulations such as the underlying ODE, the inherent regular ODE, and differentiation
of constraints to reduce the index of the resulting DAEs. We then end with some final
remarks, conclusions and future directions for further research.



Chapter 2

Ordinary DAEs: The
Finite-dimensional L'TV Case

2.1 Background and Matrix Sequence

Consider the linear time-varying DAE:
A)(D(t)z(t)) + B(t)z(t) = q(t), teTZ, (2.1)
with matrix coefficients
AeC(Z,L(R",R™)), DeC(Z,LR™R"), BeC(Z, LR™)),
where the prime notation in (2.1) represents differentiation with respect to time t¢.

Definition 2.1. Subspace and Matrix Sequence (We use the notation of Mérz [33])

We define the following matrices and subspaces which will be used in this section:

Go(t) = A(t)D(t), Bo(t) = B(t)
Fori:=0,1:
N;(t) := ker G4(t),
Qi(t) € LIR™), Q(t)* = Qi(t), im Qy(t) = Ni(t),
Pi(t) =1 —Qi(t),

Wi(t) € L(R™),  Wi(t)* = Wi(t), ker Wi(t) =im Gy(t),
Si(t) =ker W;(t)B;(t) = {z € R™ : B;(t)z € im G(t)},
Gipa(t) == Gi(t) + Bi(1)Qi(t),  Bin(t) := Bi(t) Fi(t).

10
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Definition 2.2. From Mérz [33], we define the reflezive generalized inverse of D(t) by
D(t)~ such that DD~D = D and D-DD~ = D~. More information on generalized
inverses can be found in Boyarintsev [4] where he refers to matrices such as D(f)” as
the inverse semi-reciprocal matriz. In general, D(t)~ exists for any m x n matrix and
is not unique. However, we can make it unique by setting D(¢)”"D(t) = Fy(t) with
Py(t) = I — Qo(t). We then define the unique projector R by R(t) = D(¢)D(t)~ using
this unique D(t)~.

Remark. There is more than one choice for Qy(t) that will satisfy the conditions in

Definition 2.1. However, once a particular (Qo(t) is chosen, D(t)~ is fixed and unique.
Thus, D(t)~ will depend on the choice of Qy(t) just as Py(t) does.

Definition 2.3. The ordered pair of continuous matrix functions A and D is said to be
well-matched if
im D(t) @ ker A(t) =R"t € 7, (2.2)

and these subspaces are spanned by continuously differentiable bases.

When A(t) and D(t) are well-matched, there is a unique projector R(t) € L(R™) such
that,

R*(t) = R(t), 1im R(t) =1im D(t), ker R(t) =ker A(t), R € CY(Z,L(R").

The decomposition (2.2) implies that for all ¢t € 7,
im A(t)D(t) =im A(t), ker A(t)D(t) =ker D(t), ker A(t)Nim D(t) ={0}.
Note that both matrices A(t) and D(t¢) will have constant rank r on Z.

Definition 2.4. The DAE (2.1) with well-matched A(t) and D(¢) and nontrivial Ny(t)
has indez-1 if Ny(t) N So(t) = {0} on ¢t € Z and has index-2 if dim(Ny(t) N Sp(t)) =
constant > 0 and Ny (t)NSi(t) = {0} on ¢t € Z. The intersection N;(t)N.S;(t) will always
have the same dimension as the subspace N;;1(t),j = {0, 1}.

In terms of G;(t), the DAE (2.1) has indez-1 if G;(t) is nonsingular and has indez-2 if
G (t) is singular with constant rank < m and Go(t) is nonsingular.

Before we proceed any further we will need the following proposition derived from
Griepentrog and Mérz [19] (Lemma 14, Appendix A). This proposition is established
using the same steps as the proof of the Lemma in [19], but it used in a different setting
with different results. We provide the proof of the proposition here as it is not found
anywhere else in the published literature.

Proposition 2.1. Given an index-2 DAFE (2.1), let Q1 be any projection onto Ny. Then
Q1 = QG5 ' BP, is the projection onto Ny along Si.
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Proof. Using the subspace and matrix sequence from Definition 2.1 we have N; = ker Gy
and N; = im ;. Thus, G;Q; = 0. Since ) is a projection, ;% = Q;. Additionally,
G5 := G1 + B1@Q; and since the DAE has index-2, (G5 is invertible. Then,

I—Q1=Gy'Go(I — Q)
= Ggl(Gl + B1Q1)(I — Q1)
= Gy 'Gi(I — Q1) + Gy ' BiQy (I — Q1)
=Gy 'GL(I — Q1)
=Gy'Gr — Gy (G1Qy)
=Gy 'G.

Thus, I — Q, = G5'G,. We next have

QQ=1—-(I-Q)=1-G,'G,
- I—G2—1(G2 _BIQI) — I—I+G2_lBlQ1
:G5131Q1

or, Q1 = G5 'B1Q;. Now it follows that

(Q1G5131)2 = Ql(GnglQl)Gngl
= Q1G5'B, = Q1G; ' By.

This identity shows that QnglBl is a projector with im QnglBl Cim @)1 = N;. Then
Q1G5 "Bz = 0 implies G5 ' Bz € im (I — Q) or G5 ' By = (I — Q)= for some z. Thus,

Bir = Gy(I — Q1)z = (G1 + BiQ1)(I — Q1)z
=Gi(I —Q1)z+ B1Q:1(I —Q1)z
= Gz € im G.

This implies € Sy since S; = {z : Biz € im G;}. Since ker Q1G5,'B, = S, and
im Qle’lBl ® kerQlGQ’lBl = R™, we have im QnglBl = kerG; = N; (Note that
N; @ S; = R™). Finally, since By := BF,, we end up with @1 = QG5 ' BP, where @1 is
the projection onto N; along S; starting with a ()7 being any projection onto /NVj. [

2.2 Key Results

We now state and prove some Lemmas and a main Theorem which come from Mérz [33].
The proof of Lemma 1 is expanded from that of Balla and Méarz [2]. This reference is
also not readily available so the proof is provided here for completeness.
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Lemma 2.1. Given an indez-2 DAE (2.1). Let Q1(t) denote the projection onto Ny(t)
along S1(t), t € Z. Then, for allt € T, we have the decomposition

D(t)S:1(t) ® D(t)N1(t) ® ker A(t) = R", (2.3)
where
DWPMDE), DOQODE), - R()
are the uniquely determined projectors respectively that realize this decomposition.

If additionally, D(t)S1(t) and D(t)Ny(t) are spanned by continuously differentiable func-
tions defined on I, then DP,D~, DQ,D~ € CY(Z, L(R")).

Proof. The projectors P () and @1 (t) are determined from the matrix sequence in Defi-
nition 2.1. Let @1(15) be any projector onto Ni(t). From Proposition 2.1 it is shown that
if we start with any non-unique projector @1 (t) onto Ny(t) we can obtain the unique
projector Q1 (t) onto Ny (¢) along S (¢) by the formula Q; = QG5 'BP,. (We drop the
function of ¢ for ease of notation.)

By construction, (); = QIGQIB}A?O, Gy =Gy + B}ADOQI, and Qléo = 0, where @0 is any
projector onto Ny = ker Gy = ker AD. We get Q@9 = 0 because @)y is onto Ny with
Ny C S7 while @ is onto Nj along S;. Since P, = I — ()1, we have

PoPiQy = 130([ - Ql)@() — ByQo — PyQ1Q = 0.

Therefore,
(DQ1D™)(DQ:D™) = DQy(D™D)Q:1 D~ = DQ,RQ: D~
= DQ1(I — Qo)Q:1 D"
= DO D™ — D(Ql@O)QlD_
=DQ\D".
Similarly,

(DP.D™)(DP,D™) = D(I — Q,)D"D(I — Q,)D~
= DD D(I —Q,)D~ — DQ:D"D(I —Q,)D~
=D(I — Qi)D" = DQ:D" DD~ + (DQ: D~ )(DQ:1D™)
=D —Q)D” = DQ1D~ + DQ, D™
=D(I —@Q1)D~
— DP, D™

and (/ —R)(I —R)=1—-R.
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Obviously, (DQ1D~)(DP,D~) =0 and (DP,D~)(DQ,D~) = 0. Moreover,
R = DD~ leads to

DD (I — R)=DQ1D~ — DQ:D"DD~ = DD~ — D@Q1D~ =0 and,

(I — R)YDQ1D~ =0.
Similarly, DP.D~(I — R) = 0 and (I — R)DP,D~ = 0. Thus, DP,D~, DQ,D~, and
I — R are projectors in R".
Since P; and @), are orthogonal projectors and ()1 projects onto the ker Gy, P, projects

onto im (4. Furthermore, for index-2 DAEs we have the decomposition Ny(t) @ S;(t) =
R™ and Ny = im );. Thus, it follows that im DP; C DS and im DQ; C DN;.

As noted N; = im ); and @); projects onto the ker G;. Thus, if G; has rank rq, the
subspace N; has dimension m — ry. In addition, since

PoQ1 = (I = Qo)Q1 = (I — QoQ1)Qn,

where (I — Q1) is nonsingular, PyN; has the same dimension m — r; as N;. Hence,
dim DN; = dim FyN; = dim Ny = m — ry. Therefore, we conclude that

im DQ1 D™ = DNy, im DP, D™ = DS;.

For the last part of the Lemma we assume both subspaces DS; and DN; are spanned
by continuously differentiable functions. Additionally, by construction we chose @ (t)
and P;(t) to be continuous. We now show that the projectors DP; D~ and DQ;D~ are
continuous.

We let dim (im D(t)) = r, then since A(t) and D(t) are well-matched dim (ker A(t)) =

n —r. Since dim DNy = m — ry, this implies dim DS} =r — (m —ry) =r+ 1 — m.

Now denote the continuously differentiable functions that span DS} by DSy = span {Ds; :
j=1,...,r—(m—r1)}, DNy =span {Dn; : j=1,...,m —ri}, and ker A =
span {7,11,...,7,}. Then, the matrix function

[':=(Ds1,...,DS—(mr), D01, ..o, DNy Mrgts -2 1)
is nonsingular and belongs to C'. WE observe that
DIpsI™, TIpyD™t, TI,07H, (2.4)

with block diagonal projector matrices defined as Ips = diag (Ly—(m—r)s Opm—ry, On—r),
Ipy = diag (0,—(m—ry)s Ln—ry, On—r) and I4 = diag (0r—(m—r,), Om—ry, Ln—r), are C* and
we have the decomposition (2.3). The indices show the indicated dimensions of the
identity and zero matrices. But, the projectors (2.4) are also uniquely defined by the
decomposition. Therefore, from our earlier results, they coincide with DP,D~, DQ1 D™,
and I — R respectively. In particular, DP,D~ and DQ;D~ belong to C*. O]
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Remark. The subspace D.S; will later be relevant for the “inherent regular ODE” | whereas
DN is related to the “hidden constraint” that appears in index-2 DAEs.

Our next goal is to develop a solution representation for the DAE (2.1) and to define the
“inherent regular ODE” associated with the DAE. However, before we can go further we
will need to create some identities to be used in our derivations.

From Proposition 2.1, we saw G1Q; = 0 and using Q; = QG5 'BP, we get Q1Qo = 0.
Therefore,
PPy = Gy 'GyPLPy = Gy Y (G + BiQ1) PPy
=G5 'G1P Py + Gy'BiQ P Py = G3'G P P
- G51G1<I - Ql)PO - G;lGlpo - G;l(GlQl)PO
=G, 'G 1Py = Gy (AD + BQo) Py = G, 'ADP,
=Gy,'ADD D = G5 AD.
Thus, G5 'AD = P, P,.
Since G1 = G+ BQo = AD + BQy by Definition 2.1 and from Proposition 2.1 G5 G, =
I— Qla
G5y'BQoy = G5 (G — AD) = G,'G, — Gy 'AD
=(I—-Q1)—PPy=P —P(I—Qo)
=P - P+ PQy= (I —Q1)Qo=Qo— Qi1Qo = Qo.
’I‘hllS7 G;lBQO == Qo.
Using the identity G5 'BPy@Q; = @, from Proposition 2.1 and the last identity above,
Gy'B=Gy'BI = Gy'B(Py+ Qo) = G5 ' BRI + G5 ' BQy
=Gy 'BPy(P, + Q1) + G5 ' BQy
= G 'BP,P, + G5;'BP,Q: + G5 'BQq
=G 'BPyP, + Q1 + Qo.
FI‘hllS7 G;lB = G;lBP()Pl —+ Ql —+ Qo.
We now multiply the DAE (2.1) by G5 ' and use the identity A = AR = ADD~ to get
Gy'A(Dz) + Gy'Br = Gy'q
Gy'ADD™(Dx) + Gy 'Bx = Gy'q.
Substituting in the identities we just derived for G5 'AD and G5 ' B along with Py = D™D
leads to
PiPyD™(Dx) + G5y 'BPyPix + Qiz + Qox = Gy 'q  or,
PiPyD™(Dz) + Gy'BD™DPiw + Qi + Qo = Gy 'q. (2.5)
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We now multiply the modified DAE (2.5) by DP;, D@, and Qo P; to decouple the system
into three new equations. First multiplying (2.5) by DP; yields,

DP,P,PyD™(Dx) + DP,Gy'BD™DPyxz + DP,Q.x + DP,Qox = DP,G5 'q

DP,.D-DD~(Dzx) + DP,Gy;'BD”DP,x = DP,G5 'q
DP,D~(Dx) + DP,Gy;*BD™DP,x = DP,Gy'q. (2.6)

where we used DP,Qo = D(I—Q1)Qo = DQy—D(Q1Qo) = DQy = 0sinceim Qg C ker D.
We next multiply (2.5) by D@, to obtain
DQ,P,PyD™(Dz) + D(Q,Gy'BD™D)Pix + DQix + D(Q:1Qo)x = DQ,G5 'q
DQiPiz+ DQix = DQ1G5 g
DQ.x = DQ,G5q, (2.7)
where the identity QG5 'BPy = QG5 "BD~D = @, was used.
Finally, multiplying (2.5) by Q¢ P,
QoPiPLPyD™ (Dx) + QuPiG5 ' BD™ DPiz + Qo PiQix + QuPiQor = QoP1G5 g
Qo(I — Q1) PoD™ (Dz) + QuPiGy ' BD™DPiz + Qo(I — Q1)Qoxr = QoG5 g

— Qo@D DD (Dx) + QoP\Gy'BD™ DPyx + Qo(Qo — Q1Q0)z = Qo PG5 g
— Qo@D (Dx) 4+ QuP,Gy*BD™DPix + Qor = QoP,G5 'q. (2.8)

With the above equations we can now derive the following solution representation with
the new variable v := DPx:

=Py + Qoxr = D Dx+ Qor = D" D(P, + Q1)x + Qoz
= D_(D.Pll') + D_(DQL'E) + ng.

We substitute the results for DQyz from (2.7), for Qpz from (2.8), and u = DPx into
the last equation above to obtain

v =D u+ D DQGy g+ QuP.Gy g+ Qo1 D™ (Dx) — QuP.Gy* BD™ (DPyx)

= (I = QoP\G5'BD™D)D™u + RyQ1G5 ' q + Qo PGy g + QoQ1 D™ (D)
= (I = QPG5 BPy) D™ u+ (PoQy + QoP1)Gy ' g + QoQ1 D™ (D).
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We next work on the last term Q@1 D~ (Dz)" from above:

Qo1 D~ (Dz) = Qu@Q1D~ DD~ (Dx) = QuQ1D~D(P, + Q,)D~(Dx)’
= Qo D”DP,D™(Dx) 4+ Qo1 D~ (DQ. D~ )(Dx)’
= Qo[Q1 PP\ /D™ (Dx)' + Qu@: D™ (DQ1D™)(D(Py + Q1)x)’
= Qo[Q1(I — Qo) PA|D™(Dx)' + Qo D™ (DQ,D™)(DPix)

+ Qo@D (DQ1D™)(DQx)
= Qo[@1A]D™ (D) — Qo[(@1Q0) P1]D™ (D)’

+ Qo1 D™ (DQ1D™)(DPix) + QoQ1PoQ:1 D™ (DQ:x)
= Qo1 D™ (DQ1 D™ )(DPz)" + QoQ1(I — Qo)Q1 D™ (DQ1x)’
= [Qu@Q: D™ (DQ, D" DPix) — Qo@D (DQ.D™) (DPx)]

+ Qo1 D™ (DQ1x)" — Qo(Q1Q0)Q1 D™ (DQ 1)’
= Qo1 D™ (D[Q1 Py Pi]x) — Qo1 D™ (DQ1D™ ) (DPyx)

+ Qo1 D™ (DQux)
= Q1D (DQ1z) — Qo@D (DQD™) (DPyx). (2.9)

Substituting (2.9) for QyQ1 D~ (Dx)’, (2.7) for DQq 2 and u = D Pyx back into our solution
representation formula yields

z = (I — QoP\Gy'BRy) D u+ (PoQ1 + QoG5 g + Qo@D (DQ1G5 ' q)
— Qo@D (DQ\D™)'u
=[I — QoP\G;"'BPy — QoQ:1D~ (DQ:1D™)'DID " u+ (P,Q1 + QuP1)G5 'q
+ Q1D (DQ1G5 'q)
=KD u+ (PoQ1+ QoP1)Gy g+ Qo@D (DQ1G5 ' q), (2.10)
where we used the identity Ru = DD u = DD~ DPyx = DPyx = u and defined K as

follows
K:=1- Q()PlG;lBPO - QleDi(DQlDi)/D.

Furthermore, the u given in the solution representation formula (2.10) must satisfy the
below “inherent regular ODE”.

To derive the regular inherent ODE we first note that DQy = 0 and

DP,D™D = DP,Py = DP,(I — Q) = DP, — DP,Qy = DP, — D(I — Q1)Qo
=DP, — DQy+ D(Q:1Qo) = DP;.

Thus, we have

(DPiz) = (DP,D”Dz) = (DP,D~)(Dz) + DP,D™(Dz)". (2.11)
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Substituting u = DPyx, (2.6) for DP,D~(Dz)" and (2.7) for DQ;x leads to

u' — (DP,D™)YD(P, + Q1)x — [DP.Gy 'q — DP,G;'BD ™ (DPx)] =0
u' — (DP.D™)Yu— (DP,D™)(DQ.x) + DP,G;'BD u = DP,G5'q
u' — (DP.D™) (u+ DQ,G5'q) + DP,G;'BD v = DP,Gy'q. (2.12)

Of note, the “inherent regular ODE” (2.12) can be constructed directly from the co-
efficients A, D, B, and the right-hand side ¢ without making any assumptions on the
existence of a solution for the DAE (2.1).

Remark. In the index-1 case (2.10) and (2.12) simplify to

v=KD u+QyGi'q, K=1I-QyG;'B, (2.13)
u' — R'u+ DG{'BD u = DG;lq. (2.14)
Remark. In the linear constant coefficient case (A, D, B do not vary with time), the

solution representation formula (2.10) and the inherent regular ODE (2.12) simplify to
the following as expected

xr = KD’u + (P()Ql + Qopl)Gglq + QleGglq/, (215)
K :=1—QyP,G,'BP,,
u' + DP,Gy'BD u= DP,G;q. (2.16)

Having defined the inherent regular ODE we can now prove the following useful lemma.

Lemma 2.2. Given an index-u DAE (2.1), p € {1,2}. Let DP D=, DQ1D~ be contin-
uously differentiable.

(i) Then, the subspaces D(t)S1(t) and D(t)N1(t) as well as the inherent reqular ODE are
uniquely determined by the problem data.

(ii) D(t)S1(t) is a time-varying invariant subspace of the inherent reqular ODE, i.e., if
a solution belongs to this subspace at a certain point, it runs within this subspace all the
time.

(111) If D(t)S1(t) and D(t)N1(t) do not vary with time t, then, solving the IVP for (2.12)
with the initial condition u(t.) € D(t.)S1(t.) yields the same solution as solving this IVP

for
u' + DP,Gy'BD u= DP,Gy'q. (2.17)

Proof. (From Mérz [33].) Part (i): When defining the inherent regular ODE (2.12), the

~

only flexibility is in our choice of Fy which will also affect the calculation of D~. Suppose
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then that we start with two different choices of 4 and EO resulting in two different D~
and D~. Then, D™D =F,, DD = Fy, and DD~ = DD~ = R. Furthermore,
Gy = Gy + BQy = Go + BQuQo = G (P + @0)7
(P0+@0)(ﬁ0+Q0) =1, N = (ﬁO‘i_QO)le Si =S,
Qi = (ﬁo + Qo)Q1(Fy + C50) = (ﬁo +Qo)Q1, im Q1 =N, ker@ =S5,
D@D~ = DQ,D~ = DQ,D~ DD~ = DQ,D" DD~ = DQ,D",
DP,D~ =DD™ — DQ:D~ = R— DQ:D~ = DP,D".

As a result, the projectors DPD~ and D@D~ do not depend on the choice of F.
Hence, their images, DS; and DN; respectively, also do not depend on Fy. Thus, the
subspaces DS; and DN; are uniquely determined by the problem data.

As far as the inherent regular ODE (2.12) is concerned we need to look at the terms
DP,G5" and DP,G5'BD":

Gy = Gy (Py + @0 + QoﬁoQﬁ» (Po + @0 + Qoﬁle)(ﬁo + Qo — QoﬁoQﬁ =1,
then, DG = D(Py + Qo — Qoﬁle)Gz_l = DGy,
DP,G,' = DP,D"DG,' = DP.D~DG;' = DPG; ",

DP,G;'BD~ = DP,G;'BD"DD~ = DP,G;'BD" DD~ = DP,G; ' BPyD~
— DP,G;'BD~ = DP,G;'BD~.
Therefore, the inherent regular ODE is uniquely determined by the data.

Part (ii): Assume we have a solution @ € C*(Z,R™) of the inherent regular ODE (2.12)
such that a(ty) € D(t9)S1(to) for some ¢ty € Z. Put @ into the inherent regular ODE
(2.12) and then multiply both sides by (I — DP,D~) [since DP; D~ is the projection onto
DS;]. This results in

(I - DP,D7)i — (I — DP,D~)(DP,D" )i = 0.
Let © := (I — DP,D~)u and substitute into the above equation to yield
o —(I—DP,D )5 =0, #(t)=0.

The solution of this auxiliary ODE is 9(t) = 0. Thus, the solution @ does not leave the
D(t)S,(t) subspace.

Part (iii): Even though D(¢)P(t)D(t)~ and D(t)Q:(t)D(t)~ are the unique projectors
whose images are the constant subspaces D(t)S;(t) and D(t)Ny(t), these projectors are
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not necessarily constant themselves since their kernels could be changing with respect
to time. However, if the subspaces D(t)S:(t) and D(t)Ny(t) are constant, there do exist
constant projectors, say U and V respectively, that project onto these constant subspaces.
This implies

(DP,D-YU = (DP,D-UY = (U =0,
(DQLD™)'V =(DQ:D"V) = (V) =0 and,
(DP.D)V = (DP,D V) =0, (DQ,D")U = (DQ,D"U) = 0.

Furthermore, since u(t) = D(t) Py (t)x(t), we have u(t) = Uu(t) and DQ,G5'q = VDQ,1G5 .
Thus,

(DP.D™) (u+ DQ,G5'q) = (DP.D™)Uu+ (DP,D™)VDQ,G5'q = 0.

]

We expect that the solution of the DAE (2.1) should be a function z € C(Z,R™) that
has a continuously differentiable product Dz, and satisfies the equation at all t € Z. We
define

CHL(Z,R™) = {x € C(Z,R™): Dz € C*(Z,R")}

to be the appropriate solution space. We now state the main theorem of Mérz [33] for
the finite-dimensional case.

Theorem 2.1. Given a DAE (2.1) with indez p, pn € {1,2}, and
DP,D-, DQ,D~ € CYZ,L[R™)).

Then, the initial value problem for (2.1) with the initial condition
D(to)Pl(t())(l'(tU) — LCO) = 0, 330 € Rm, (218)

andty €T, q € C’})Qle_l(f, R™) has a unique solution z € C}(Z,R™).
2

Hence, for any

q € Cpg, o (LR™) == {w € C(Z,R™)) : DQ:Gy w € CY(Z,R")},

equation (2.1) is solvable on CH(Z,R™).

Proof. (From Mérz [33].) Part(i): By standard ODE existence and uniqueness theory, the
inherent regular ODE (2.12) with initial condition u(tg) = D(ty)Pi(to)z® € D(to)S:(to)
has a unique solution u(t) € C'(Z,R"). We then use equation (2.10) with w(t) to
construct x(t).
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In deriving equation (2.10), we had
x=D DPix+ D DQix + Qpx.
We also know u = D P,z. Therefore,
Dx=DD u—+ DQix + DQox.

However, u = Ru = DD~ u, DQ,x = DQ,G5"q (see [33]), and DQox = D(I — Py)x =
D(I — D™ D)x = Dz — Dz = 0. Thus,

Dz =u+ DQ,G5'q,

which is continuously differentiable since ¢ € C’ll) (Z,R™) and therefore we have

r € CH(Z,R™).

Q165"

To show uniqueness, we first assume that there is a different & that also solves the DAE
(2.1). Letting y = x — & yields the initial condition D(ty)P;(to)y = 0. From (2.10) above,
we end up with y = KD~ DP;y. But the solution u = DP,y of the modified inherent
regular ODE with u(ty) = 0 is u(t) = 0. Thus, y = 0 or = & and the solution is unique.

That the DAE (2.1) is solvable follows directly from above. O

Remark: For DAEs we need to have consistent initial conditions. We can interpret the
initial condition given in part (i) of Theorem 2.1 as follows. If we are given an arbitrary
condition 2z € R™, we can perturb it by using a unique z(#y) that satisfies the requirement
D(to) Py (to)(z(to) — 2°) = 0. We then use this modified consistent initial condition z(tg)
to guarantee a unique solution to the DAE.



Chapter 3

Abstract DAEs: Infinite-dimensional
LTI Index-1 Case

3.1 Infinite-dimensional Linear Algebra

We first collect some useful infinite-dimensional definitions and statements which will be
used in this and the next section. Details and proofs of these statements can be found
in standard functional analysis references such as [11], [26], [28] and [38]:

Proposition 3.1. Let L(X,Y) denote the space of bounded linear operators from the
Hilbert space X into the Hilbert space Y. L(X) represents the space L(X, X).

(i) The finite sum and composition of bounded linear operators is a bounded linear opera-
tor. Specifically, for T1, Ty, ..., T, € L(X,Y), K=T1+Ty,+---+T, — K € L(X,Y)
and fOT’ ,-Tz : Xz — Xz'+17 K= TnTn—l .. .T2T1 — K € L(Xl,Xn+1>.

(i) Given a bounded linear operator T € L(X,Y), ker T is a closed linear subspace, i.e.,
kerT = kerT.

(iii) An operator P is a projector if it is idempotent, i.e., P2 = P. Furthermore, pro-
jectors are bounded i.e., P € L(X), and both the kernel and image are closed linear

subspaces. For the special case of an orthogonal projector, we have im P = ker(I — P)
and (I — P)>=(I — P) € L(X) withker P & im P = X.

(iv) A bounded linear operator T' € L(X,Y) is one-to-one (i.e., injective) if and only if
ker "= {0}.

(v) A bounded linear operator T" € L(X,Y) that is one-to-one and onto all of Y (i.e.,
bijective) has a bounded inverse T™':Y — X.

22
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(vi) A projector P on L(X) has a finite dimensional image if and only if it is compact.

(vii) The sum of a closed linear operator and a bounded linear operator is a closed linear
operator, i.e., for B € L(X,Y) and closed linear operator C : X — Y, B+ C defined on
D(C) is a closed linear operator.

(viit) For B € L(X,Y) and closed linear operator C :' Y — Z, the composition CB
is a closed linear operator where D(CB) = {x € X : Bx € D(C)}. In particular, if
im (B) C D(C), then CB € L(X, 7).

(iz) Similarly, for closed linear operator C : X — Y and B € L(Y,Z), the composition
BC' is a closed linear operator where D(BC') = D(C).

(x) Closed Graph Theorem: A closed linear operator C defined on all of a Hilbert space
X which maps into a Hilbert space Y is bounded.

(zi) If the inverse of a closed operator C exists, then C~1 is closed.

3.2 Abstract Index and Operator Sequence

We will thoroughly examine the linear constant coefficient case also known as the linear
time-invariant case.

We define the linear time-invariant abstract DAE: (where prime denotes differentiation
with respect to time)

Ex'(t)+ Bx(t) =q(t), z€X, ¢qey, or, (3.1)

ADx'(t) + Bz(t) = q(t),
where the operator £ : X — ) is split or factored into a well-matched pair, i.e., € = AD,
such that ker A @ im D = Z. The linear operators defined by A: Z — Y, B: X — ),
D : X — Z act on real Hilbert spaces X', )V, and Z. Furthermore, we will investigate the
bounded case where £, A and D are bounded and normally solvable (i.e., their images
are closed). We initially assume B is also bounded and densely defined on X (i.e., defined
on a dense subset D(B) C X). The case where B is bounded is not as interesting but
it will provide some insight into how to handle the unbounded, but closed, case that is
investigated later.

Remark. For B bounded, we just have an ordinary differential equation, but on an ab-
stract Hilbert space. Our goal is to work with partial differential equations, so we will
need to address the case where B is unbounded but closed. We will do so following
discussion of the bounded case.
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Definition 3.1. We generalize the matrix and subspace sequence in Chapter 2 by defining
the following iterated time-invariant operator and subspace sequence:

Gy =E=AD, By=2B

For:=0,1:

Gi: X =Y

N, := ker G; = ker G, := closure of ker G;,
Qi € L(X), Q}=Q; imQ;=9N,

-Pi =1 Qia
61‘ = ker Wsza

Giy1 =G+ B,Q;, Biy1:=B;P;,

where all of the above define operators except for 9; and &; which are subspaces of X.

As before, we define D~ : Z — X, the reflexive generalized inverse of D, by D™D = F,
with R? = R = DD~

Definition 3.2. For the general abstract DAE, we define:

(a) an abstract index-1 DAFE, if dim(im W) > 0 and G is injective and densely solvable
(i.e., im Gy is dense in Y);

(b) an abstract index-2 DAE, if dim(im W;) > 0, i € {0,1}, and G is injective and
densely solvable.

The above statements for an abstract index provide criteria that must be met for an
abstract DAE to be index-1 or index-2. As we will see later, these criteria will also help
us to ensure that the abstract DAE has a unique solution.

3.3 The Index-1 Semi-explicit Case

Let us first begin with the index-1 abstract DAE case of (3.1). We will investigate the
index-2 abstract DAE case in the Chapter 4. To be more practical, we first investigate
the semi-explicit operator matrix version of this abstract DAE that might arise from the
coupling of a system of partial differential equations (PDEs) with an ordinary DAE or
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an operator constraint equation.

ST+ [ el ] = [ .

0 0 i)
Bi1 Bis
and B =
" {321 BQJ

Let Hi, Ho, and H3 be real Hilbert spaces with x1 € Hy, 29 € Ha, ¢1 € H1, and ¢ € Hs.
Then £ : Hy X Hy — Hy X Hz and B : 'H; X Hy — H; X Hz. We next split £ into
a well-matched pair €& = AD such that ker A @ im D = H;. We see that A and D as
defined below satisfies the well-matched criteria.

-l
D=[I 0].

Hence, for this special case we have the space X = H; x H,, the space )V = H; x Hj,
and the space Z = H;.

Using the operator sequence from Definition 3.1 above, we next find the projector Qg
such that im Qo = ker £. Clearly, ker & = {0} x H,. Thus, for

00
=) Y

we see that Q% = Qo and that im Qy = {0} x H,. We note that other choices for Q are
possible.

From the definitions Py = I — Qg and D™D = F,, we see that

I 0
PO—[O O}’ and

> = 3]

We assume that this linear time-invariant semi-explicit abstract DAE has index - 1. Thus,
G1 must be one-to-one, i.e., ker G; = {0} € H; x Ha. By definition, G; = € + BQy, or

(1 0] [Bu Bwlfo o
G = {0 0} * {Bgl BQJ {0 1}’

I By
oo |1 29 »
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o sl [ =[]

To find ker G; we calculate

or,
T + 81233'2 =0
BQQI‘Q = 0.
Therefore,
ker G; = [—fimm] 1 o € ker Bos.
2

However, we want ker G; = {0}, this means that we must satisfy

—Bisx 0
[ ;22 2} = [O} 1 19 € ker Bas.

We then come to the conclusion that if the semi-explicit DAE (3.2) has index-1, or
ker Gy = {0}, then we need ker Bys = {0}. Likewise, if Bsy is injective, then G is
injective and the DAE has index-1.

We have thus proven the following:

Lemma 3.1. The linear time-invariant semi-explicit abstract DAE (3.2) has abstract
index-1 if and only if Bay is one-to-one, i.e., ker Boy = {0}.

Remark. By looking at the representation for Gy above in (3.3), we observe that if By
and By are bounded operators then Gy will also be bounded regardless of whether By
or By are bounded.

Since By, and (G are assumed to be invertible for the index-1 case, we can calculate G '
directly: »
ot =g
where G;': D(GTY) C Y — X.
Lemma 3.2. If By is bijective, then Gy is also bijective.
7

Proof. Given any element y = [y; y2]' € ), we want to show there exists an =z =

(21 25)T € X such that Gz = y. We have

I Bia| |73 _ W or
0 DBaa| |22 Y2 ’
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x1 + Biawa = 11

Basrs = ys.
Since Ba, is bijective, we can solve for x5 uniquely in terms of v, i.e., 15 = By yo. Then,
substituting back into the first equation we can solve x; uniquely in terms of y; and ys,

that is, 71 = 31 — B12Byy'y2. Thus, given any y € ), we can always find an € X

such that Gix = y. Hence, GGy is surjective. From Lemma 3.1, we also have that G,
onto

is injective. Therefore, G is bijective. We then have G7' : ¥ ™% X. Furthermore, by
Proposition 3.1, part (v), G;' is bounded. ]

3.4 A Case Where B is Bounded

Before we state the theorem for the bounded index-1 case, we will first need the following
Lemmas:

Lemma 3.3. For £ and B bounded, an index-1 abstract DAE (3.1) can be decoupled into
(i) an AODE:

u'(t) + DGT'BD u(t) = DG q(t), where u(t) = Dx(t), (3.4)
(ii) and constraint equation:
Qo(I + GT'BRy)x(t) = QoG q(t). (3.5)

(111) Furthermore, if u(t) is a solution to the AODE (3.4) above, then we have the fol-
lowing solution representation formula for (3.1):

z(t) = (I — QoGy'B)D u(t) + QoG q(t). (3.6)

Proof. The development of the inherent abstract ODE, the constraint equation and the
solution representation parallels that given in Balla & Marz [2] for the index-1 finite
dimensional case. We will prove the Lemma for the general DAE (3.1) with &€ = AD a
well-matched pair:

ADz'(t) + Bz(t) = q(t).

We use the properties of the reflexive generalized inverse for D = DD~D and for the
orthogonal projectors Fy 4+ Qo = I to rewrite the above DAE as:

ADD D' (t) + B(Py + Qo)x(t) = q(t).
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We see that BQoD Dx'(t) = 0 and ADQox(t) = 0 since QoD D = QpFy, = 0 and
DQy = DD DQy = DFPyQy = 0. We can therefore add the two zero terms to the
equation above and then factor to obtain

ADD ™ Dz'(t) + BQoD Dz'(t) + ADQox(t) + BQox(t) + BPox(t)

(AD + BQo){D D' (t) + Qox(t)} + BPyx(t)
Gl{D_Dl‘/(t) + Qol’(t)} + BPoiL‘(t)

q(t)
q(t)
q(t).

In the above, we used the identities G; = AD + BQy and Q% = Q. Because this is
an index-1 DAE with bounded B, G is bijective. Therefore, multiplying the end result
above by G is well-defined. This yields

D™D/ (t) + Qox(t) + Gy 'BPyx(t) = Gy 'q(t). (3.7)

We can then decouple the above equation (3.7) by multiplying by the orthogonal projec-
tors Py and )y to obtain two equations. Multiplying first by Py = D™D gives us

D DD Da'(t) + D DQox(t) + D" DG 'BPyx(t) = D" DG q(t)
D D' (t) + D" DQux(t) + D DG 'BPyx(t) = D™ DG q(t).

We now multiply both sides by D to put the image of the equation into the space Z
which yields

DD D' (t) + DD DQox(t) + DD DG 'BPyx(t) = DD DG q(t)
(Dx)'(t) + DQox(t) + DG 'BD™ (Dx)(t) = DG q(t).

But DQo = 0 and we define u(t) := Dz(t) € Z to obtain the Abstract Ordinary Differ-
ential Equation (AODE):

u'(t) + DGLIBD u(t) = DG (). (3.8)
This completes the proof of part (i).
We next multiply equation (3.7) by Qy to obtain

As before, we have QyD~D = 0 and Q% = @Qy. We have now derived the constraint
equation completing part (ii):

Qoz(t) + QuGy ' BPyx(t) = QoG1 'q(t)
Qo(I + Gy 'BPRy)x(t) = QuGy 'q(t). (3.9)
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We next derive a representation of the solution for the general linear time-invariant,
index-1 abstract DAE (3.1). We have

x(t) = (Po+ Qo)z(t) = Pox(t) + Qox(t)
=D Dx(t) + Qox(t)
=D Dx(t) — QoG 'BPyz(t) + QoG1'q(t)
=D Dx(t) — QoG 'BD Dx(t) + QuGy'q(t)
= (I = QuG1'B)D™(Dx)(t) + QuGT 'q(t).
In the above we substituted for Qpz from the first part of equation (3.9). Since we

assumed existence of a solution u(t) for the AODE (3.4), we then substitute u(t) = Dx(t)
into the above to obtain the general solution representation:

2(t) = (I = QoG B)D™u(t) + QuG1q(t), (3.10)
where u(t) satisfies the AODE (3.8).

Now we need to verify that (3.10) actually satisfies the abstract DAE (3.1). We do this by
verifying it satisfies the equivalent equation (3.7). In the following we use the previously
established identity DQy = QoD~ = 0. We substitute the solution representation (3.10)
into the equation (3.7), which yields

DD/ (t) + Qox(t) + Gy BPyx(t)

= D D[(I-QuG1 ' B)D u(t) + QoG q(t)]
+ Qol(I — QoG 'B)D ™ u(t) + QoG q(t)]
+ GUIBR[(I = QoG B)Du(t) + QoG q(t)]

= [D"DD u(t) — D" DQG; ' BD u(t) + D~ DQyG; 'q(t)]
+ QoD u(t) — QoGy'BD u(t) + QuGy'q(t) + Gy BPyD u(t)
— GU'BRQuGT ' BD u(t) + Gy ' BRQuGY ' q(t)

“u(t)) — QuGy ' BDu(t) + QoGy'q(t) + G BPyD u(t)
“u/(t) — (] PO)G 'BD~u(t) + QoGylq(t) + Gy ' BPyD~u(t)
“u/(t) — GT'BD~u(t) + D™DGT'BDu(t) + QoG lq(t) + Gy BPyD~u(t)
[w@%+DGlBDzwﬂ+w%Gfdw
T[DGT ()] + QoG (1)
G1lq(t) + QuGrlq(t) = (Po+ Qo)G1lq(t)
=Gy (t)

Thus, the solution representation (3.10) for z(¢) does in fact satisfy (3.7) and hence the
abstract index-1 DAE (3.1). O

I
;@@@@g
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Remark. We note that in this proof we also showed implicitly that the solution represen-
tation for x(¢) is differentiable with respect to time.

Remark. The AODE established for this Lemma is for the linear time-invariant, abstract
index-1 case only. The time-varying and/or abstract index-2 AODE would be different.
See, for example, Chapter 4 for the LTI index-2 abstract Hessenberg case.

Remark. In the expression for the solution representation, z(t), we can show I —Q,G;'B =
Py where Py, is the canonical projector onto &y along 91,. Thus, P, is uniquely defined
by the given data of the problem. This can be seen from FPy. = I — )y, where (Qy. can
be obtained from the expression Qo. = QoG 'B for @y any projection onto My and G*
derived from that )y. This can be shown in a similar manner as Proposition 2.1.

As remarked earlier, there is more than one choice for the projector )g. This directly
leads to a different result for Py and ultimately D~. How does a different choice for Qg
affect the resulting AODE that we derive from the index-1 DAE and the corresponding
solution representation? The next Lemma addresses this issue.

Lemma 3.4. The index-1 AODE and solution representation in Lemma 3.3 are unique
in that they depend only on the given data for the problem, i.e., the operators £ and B,
and not on the choice of projector QQq.

Proof. We will extend the proof of Balla & Mérz [2]. First, we claim that the operator
compositions DG, ! and DG 'BD~ in the AODE are not affected by our choice of P.

To see this, let Fy and ﬁo be two projectors along 9ty = ker& = ker AD that arise
from two different choices of (). We then determine the respective reflexive generalized
inverses D~ and D~. We next note that the projector R : Z — Z is uniquely defined
by the factoring & = AD since R is the projection onto im D along ker A. Since R is
unique, we have R = DD~ = DD~. We also have the identity @)y = Qoo which implies
Gy = AD + BQy

= AD + BQoQo

= ADD D + AD@O + BQo Py + BQO@O

= (AD + BQo) (P + Qo)

= G1(Po + Qo).
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Thus, G, = G1(Py + @o)- We use this identity to get an expression for CNJII.
G1 = Gi(P + Qo)

I =Gi(Py+ Qo)Gy!
Gl_l = (P() + éo)é_l

(P0+Q0)G11 (P0+Q0)(P0+Q0)G !

(Po+ Qo)GT! = (BoPy + PoQo + QuPo + QoQo)GT
(Py + Qo)Grt (P0 + Q)G

(Py+ Qo)Gyt =

Finally, we see

DGy =D(Py + Qo)Gy!
DGy = DRG 4+ DQuGy !
DG, = DD DG

DG = DD DG

DG = DG

Thus, we have Défl = DG
Furthermore,
DG;'BD~ = DG{'BD DD~ = DG;'BD DD~
= DG{'BPyD™ = D(P) + Qo)Gy ' BPyD~
— DRyG{'BPyD™ + DQyGy ' BPyD~
— DD DGB(I — Qy)D™
— DG{'BD~ — DG 'BQyD~
=DG{'BD,

where we used the identities GIIBQVO = @0 and D@O = 0. Thus, we have DC:’IIBZS* =
DG{'BD~. We conclude that the AODE is unique for the given problem data.

Next, we address the solution representation, x(t), in (3.10). We have the following
result:

QuGT! = Qo(Py+ Qo)GT" = QoG
We remarked earlier that Py, = I — QoG 'B is unique based on the problem data. Thus,
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=1 — QuG{'B=1—QuG'B = Py.. Hence,

(I — QuG{'B)YD™ = Py,D~ = Py PyD™
- POCIS—DD— = P, D DD = P,,D = P,,D~
= (I - QuGy'B)D™,

where in the second line we used the identity Py, = POCﬁo. Thus, this solution represen-
tation is in fact unique and only depends on the given data for the problem. O

The final Lemma will be used later to show existence of a unique solution to the AODE.

Lemma 3.5. Given L € L(Z), ¢ € C([0,T]; Z) and u(0) = ug € Z for any T satisfying
0 < T < oo, there exists a unique solution w € C'([0,T]; Z) to the inhomogeneous
abstract Cauchy problem

{u’(t) + Lu(t) = q(t) (3.11)

Proof. By Pazy [34], Theorem 1.1.2, since £ is a bounded linear operator, £ is the
infinitesimal generator of a uniformly continuous semigroup {7'(t)};~o, and T(t) € L(Z)
for each ¢t > 0. Furthermore, T'(t) = e'* = 5> | (f?" which converges and is, therefore,
well-defined on the Hilbert space Z.

There then exists a solution u(t) € Z to the inhomogeneous abstract Cauchy problem
(3.11), using a “variation of parameters” formula:

t
u(t) = e“uyg +/ e=)LG(s)ds (3.12)
0

for ¢ € C([0,77; Z). By the above solution (3.12) it is clear that u(t) is strongly differ-
entiable. Furthermore, it is easy to see that u(t) as given by (3.12) actually satisfies the
inhomogeneous Cauchy problem including the initial condition u(0) = .

To show uniqueness, we use the standard procedure. Let v(t) be a second solution to
the inhomogeneous abstract Cauchy problem with initial condition v(0) = ug. Define
w(t) = u(t) — v(t). Then, w(t) satisfies the homogeneous abstract Cauchy problem

{w’(t) + Lw(t) =0
w(0) = 0.

This problem has the single solution w(t) = 0. Hence, we have v(t) = wu(t) and the
solution is unique. O
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We then specify some terminology that will be used.

Definition 3.3. The initial condition x0 is called a consistent index-1 initial condition
if x(to) also satisfies the constraint equation (3.5) for the index-1 abstract DAE.

We can now state the following Theorem.

Theorem 3.1. Given the following: (i) B bounded with By bijective, (ii) the right-hand
side function ¢ € C([0,T];Y), and (iii) a consistent index-1 initial condition x(ty) €
X, 0<tg<T, 0<T < 0.

Then there exists a unique solution z € C([0,T]; X') to the indez-1, semi-explicit, abstract
DAE (3.2).

Proof. By Lemma 3.2, since Bss is bijective, GGy is bijective. Therefore, we have the
AODE (3.4), constraint equation (3.5) and solution representation (3.6) from Lemma
3.3.

Our plan is as follows. If we can show there exists a unique solution to the AODE (3.4),
then by (3.6) there will exist a solution to the general linear time-invariant, abstract
index-1 DAE (3.1). We then will need to show uniqueness of that solution to the general
DAE.

We now return to the AODE (3.4). First of all, since D : X — Z, D~ : 2 — X,
B:X — Y, and G;': Y — X, we see that u(t) € Z. By hypothesis, we are given an
initial condition x(to) for the DAE (3.1). As u(t) = Dx(t), we get the resulting initial
condition for the AODE: u(ty) = Dx(ty) € Z.

Since £ and B are bounded, the operators D, D~ and G are bounded. By Proposition
3.1, part (i), the composition of bounded linear operators is a bounded linear operator.
Therefore, we can define the operator £ € L(Z) such that £ = DG{'BD~. We also
define G(t) € Z by §(t) = DG 'q(t). We rewrite the AODE (3.4) as

u'(t) + Lu(t) = q(t). (3.13)
Note that ¢ € C([ty,T]; V) implies G € C([to, T]; Z) and we have
T T
/ q(s)ds = / DG q(s)ds
to to

T
<Dl G| / o(s)ds < oo,
to

We now invoke Lemma 3.5 which states that the AODE (3.4) has a unique solution u(t).
By Lemma 3.4, this AODE is uniquely defined by the given data and is not dependent
on a particular choice of ().
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Since we have existence of a unique solution u(t) which satisfies the AODE (3.4), we
can write a solution representation for z(t) using (3.6). We therefore have existence of
a solution to the DAE. Again, by Lemma 3.4, this solution representation is uniquely
defined by the given data and is not dependent on a particular choice of Q).

We now verify uniqueness of the solution to the DAE (3.2) with initial condition Dx(ty) =
f where f € Z. If Z(¢) is a second different solution in addition to x(t) for the DAE, then
y(t) = z(t) — x(t) is a solution to the modified homogeneous DAE ADy'(t) + By(t) = 0
with initial condition Dy(ty) = 0. But by the AODE (3.13) with ¢(t) = 0, u(t) =
Dy(t) and u(ty) = Dy(to) = 0, we get the solution u(t) = Dy(t) = 0. Thus, Pyy(t) =
D~Dy(t) = 0 and by the constraint equation (3.5) we see Qyy(t) = 0 also. Therefore, we
have Z(t) = z(t) + y(t) = x(t) + FPyy(t) + Qoy(t) = x(t) which is a contradiction of our
original assumption. Therefore, the solution z(t) is unique.

By the solution representation (3.6), for u(t) € C'([0,T]; Z) and ¢(t) € C([0,T];Y), we
have that x(t) € C([0,T7]; X). O

Remark. Instead of all the work that was required to show existence and uniqueness
for the index-1 semi-explicit DAE (3.2) using this projection framework, we could have
done so using a direct method. Specifically, the semi-explicit DAE can be written as two
equations:

.lell (t) + Bllxl (t) -+ 3121’2(t) = ({1 (t),
Boyx1(t) + Basxo(t) = ga(t).

Since By is bijective, we can solve for z5(t) in the second equation to obtain x(t) =
Boy g2 (t) — By Boy1(t). We substitute for a5(t) into the first equation to find 2/ (t) +
(B11 — B1aBsy Bo)w1(t) = qi(t) — B1aByy qo(t). It turns out this abstract ODE is the
same as the AODE in (3.4). Thus, if there is a unique solution to the AODE we then
have a unique solution for z(¢). We then substitute this into our expression for z5(t) =
Byy' qa2(t) — By, Boy1(t) to obtain a unique solution for x5 (t).

However, the direct method can only be used for index-1 semi-explicit DAEs of the form
(3.2), while the projection method described above can be used for a broader range of
problems that fit into the more general form of (3.1). Therefore, it was useful to show
this method on a known example.

3.5 A Case Where B is Unbounded

In Theorem 3.1 which we just proved above we assumed B was bounded. We now
generalize to a specific case of an unbounded but closed B.
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Theorem 3.2. Given the following: (i) B contains bounded operators Bys, Bsi, and
Bay with By bijective, and (i1) Byy is the infinitesimal generator of a strongly continuous
semigroup on Hy, (iii) the right-hand side function ¢ € C*([0,T]; V), and (i) a consistent
index-1 initial condition x(ty) € X, 0 <ty < T, 0 < T < 0.

Then there exists a unique solution z € C([0,T]; X) to the indez-1, semi-explicit, abstract
DAE (3.2).

Proof. Based on our definition of B above, since the domain of By;, D(B1;), is dense in
H1, we see that the domain of B, D(B), is also dense in X = H; x Hs. By definition,
G, = &€ + BQy. However, for the semi-explicit case, we found @)y to be:

00
Qoz[o I].

Since im @y = {0} x Hy C D(B), the definition for G; makes sense in this case and
D(G,) = X. Since B is a closed operator, and by Proposition 3.1, parts (vii), (viii) and
(x), we have the composition of closed operator B with bounded operator @)y is a closed
operator. Then, the sum of a bounded operator £ with closed operator B(@), is a closed
operator. Finally, by the Closed Graph Theorem, since GG; is a closed operator defined
on the whole Hilbert space X, (G} is a bounded operator. However, this can also be seen
by equation (3.3) where we calculated G for the semi-explicit case to be:

[T By
Gi = [0 BQJ '

Since we assume both B, and Bss to be bounded, clearly Gy is also bounded. Further-
more, since By, is bijective, G is bijective. Hence, G]' exists, is bounded and was found
to be: )
I —BiyB,.
a1 — { 12- 22} _
! 0 By
Since G is bounded, it can be extended to be defined on the entire Hilbert space ).

As noted above and by Proposition 3.1, part (viii), BQy is actually a bounded operator
since im (Qo) C D(B) and D(BQy) = X. Clearly, for z € D(B), Qoxr € D(B). For

Py =1— (@, we have:
I 0
nell 9

Likewise for # € D(B), we have Pyz € D(B). Thus, for z € D(B), the derivation of
equation (3.7) in the bounded case is also valid for this version of B. We therefore have

DD/ (t) + Qox(t) + G BPyx(t) = Gy q(t). (3.14)
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As for the bounded case, we decouple this equation by multiplying by the orthogonal
projectors Py and Q. We first multiply by Fp, then by D, and finally substitute u(t) =
Dzx(t) as before to obtain the Abstract Ordinary Differential Equation, or AODE:

u'(t) + DGLBD u(t) = DG (). (3.15)

As noted the middle term DG 'BD~u(t) makes sense as D~ u(t) = Pyx(t) where we
assume x € D(B) and hence Pox € D(B). Also u(t) = Dz(t) = z41(t), where x; €
D(B11) C Hy. If we multiply out the various operator matrices for the specific semi-
explicit case for D, G;', B, and D™, we have

u/'(t) + (B1y — B1aBayy Boy)u(t) = qi(t) — B12Bay' ga(t). (3.16)

We note that the composition B12B2_21.821 is a bounded operator since we assumed Bjs,
By, and Bsy are bounded and by Proposition 3.1, part (i), the composition of bounded
operators is a bounded operator. Then, (B, — BlgB2_21 Bs1) becomes a bounded perturba-
tion to an infinitesimal generator of a strongly continuous semigroup. We can therefore
apply standard perturbation theory to give us our desired result, see Pazy Section 3.1
[34]:

Lemma 3.6. Let A be the infinitesimal generator of a strongly continuous semigroup on
a Hilbert space X. If B is a bounded linear operator, B € L(X,)Y), then A+ B is the
infinitesimal generator of a strongly continuous semigroup on X.

Thus, by Lemma 3.6, the sum (By; — Bi2Byy Bo1) is also the infinitesimal generator of
a strongly continuous semigroup in H;. Furthermore, D(By; — Bi2Byy Boy) = D(B11) is
dense in H;.

We are now ready to state a uniqueness and existence result for the AODE (3.16) that
follows from Pazy Section 4.2 [34]:

Lemma 3.7. Let L be the infinitesimal generator of a strongly continuous semigroup
T(t) on a Hilbert space X. If f is Lipschitz continuous on the interval [0,T] then the
initial value problem u'(t) + Lu(t) = f(t), t > 0, u(0) = x has a unique solution u on
[0, T] for every x € D(L). Furthermore, this solution is given by

u(t) =T(t)x + /0 T(t—s)f(s)ds. (3.17)

We let £ = (BH — Blnglegl) and f(t) = DGIlq@) = ql(t) — 8123521QQ<t), then by
Lemma 3.7 there is a unique solution u(t) to the AODE (3.16).

The rest of the proof follows from Theorem 3.1 with only minor modifications from the
bounded case. O
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Remark. Using other perturbation results for semigroups, we can easily modify Theorem
3.2. For example, we use the following Lemma from Pazy Section 3.3 [34] to obtain a
Corollary.

Lemma 3.8. Let A be the infinitesimal generator of a strongly continuous semigroup of
contractions in a Hilbert space X. Let B be dissipative such that D(B) D D(A) and

1Bz|| < [|Az[| + oflz]|  for z € D(A)

where b > 0. Then the closure of A + B is the infinitesimal generator of a strongly
continuous semigroup of contractions in X.

Using this Lemma we can now modify the theorem.

Corollary 3.1. For the conditions in Theorem 3.2 where the matrix operator B consists
of the elements: Bi1 the infinitesimal generator of a strongly continuous semigroup of
contractions; Bis and By linear bounded operators with Bag bijective; and Bsy a linear
closed unbounded operator such that BiyByy Bay satisfies the conditions for the operator
B above in Lemma 3.8. Then, there exists a unique solution to the (indez-1) semi-explicit
abstract DAE (3.2).

We note that many modifications to the above Corollary can be made. The most obvious
one is for the case when £ = (By; — B12B5, Ba1) is the infinitesimal generator of a strongly
continuous semigroup.

Corollary 3.2. Given the following: (i) The combination (Bi, — BioByy Ba1) is an in-
finitesimal generator of a strongly continuous semigroup, (ii) the right-hand side function
q € CY([0,T];Y), and (i1i) a consistent index-1 initial condition x(ty) € X, 0 < tg <
T, 0<T < .

Then there exists a unique solution x € C([0,T]; X') to the indez-1, semi-explicit, abstract
DAE (3.2).



Chapter 4

Abstract DAEs: Infinite-dimensional
LTI Index-2 Case

4.1 Background for Abstract Hessenberg DAE

As for the index-1 case, we will also investigate the semi-explicit operator matrix ver-
sion (3.2) for the abstract index-2 case. From Lemma 3.1 we saw that the abstract
semi-explicit DAE had index-1 when the operator By was bijective. Since we want to
investigate the index-2 case, we will first assume the opposite extreme that By = 0, i.e.,
Bas is the zero operator. This leads us to the abstract Hessenberg DAE (so named for
the similarity to the Hessenberg size-2 finite dimensional DAE):

I 0f [z} Biy Bia| |1 G
+ — s 4]_
|:0 O:| |:.7J/2:| |:Bgl 0 ) q2 ( )
with the auxiliary condition that the composition By Bjs is bijective. For the abstract
Hessenberg DAE, we will define the spaces X = Y = H; X Hs and Z = H;, where H;

and Hy are real Hilbert spaces. As we proceed it will become clear why we included an
auxiliary condition on the operators By and Bs;.

We then factor £ into a well-matched pair € = AD such that A, D, D, Py, and Q) are
all the same as for the index-1 case as these operators only depend on £, which is fixed,
and not on B. Specifically, we have

Qoz[g ?] Poz{é 8}, andD_:{é}.

38
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For now we will assume B is bounded. We then determine G for (4.1). By definition,

G =&+ BQ,, or
|10 Biyi Bia| [0 0
o=y o)+ o W0 7]

_[I By
G, = {0 0 } . (4.2)
To find ker G; we note
I BlZ T1| 0
0 0 x| |0]7
that is,
xry + Blg.IQ =0.
Therefore,
kerG; = [—3129521 c X9 € Hy
o)

Thus, for the abstract Hessenberg DAE, ker (; is nontrivial and the abstract DAE is not
index-1. We then proceed to calculate @)1, P, and Gs.

To find @Q; we use the properties that Q? = @, and im Q, = ker G;. For w = [w;, ws|" €
‘H1 x Hs,, we have for im ()4

Ow = {Qn Qm} |:w1:| _ {Qnuh +Q12w21
! Q21 Q2| |wo Q1w + Qoawy |

However im ()1 = ker G, so we have the condition

Quwi + Qr2wy = —Ba(Qa1wy + Qaows).

This statement is true for all w; and wsy. If we let w; = 0, we have the result
Qiows = —B12Qnwy or Q12 = —B12Q2. Similarly for wy = 0, we get Q11 = —B12Q1.

We therefore write
0, = —B12Q21 —B12Q22
! Q21 Q22 '

We next use the fact Q; is a projection so Q7 = Q.

QQ — -_B12Q21 _312Q22:| |:_B12Q21 _BIQQ22:|
! L QQI Q22 QQI Q22

o [ B19Q91 B12Q21 — B12Q92Q21  B12Qa1 B12Q2s — B12Q3,
—Q21B12Q21 + Q22021 —Q21B12Q2 + Q35

_ :—B12Q21 —B12Q22} )
| O (22 :
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This leads to four equations which can be written as follows:

B12(Q21B12 — Q22)Q21 = —B12Qa1,

B12(Q21B12 — Q22)Q22 = —B12Q2,
(—Q2Bia + Qo2)Q21 = Qo1
(—Q2 B2 + Q2)Qaz = Q2o

These four equations all lead to the identity QQos — Q21 B12 = I or Qo = I + Q21 B1s.
Then,
0, = {—Blem — By (1 + QmBlz)] .
Q21 I + Q21 By

We note that () is not unique as we can choose any Q91 € L(H1, Hz). For convenience,
we choose to let (Q2; = 0. Then, we have

0 —B
e

As can easily be seen, this Q; satisfies im Q; = ker G; and Q? = ;. This also gives us

ner-afy Y-
|1 B
S0 0|

We can now calculate Gy = G + BEyQ1.

(4.3)

Q. — 1 312_ + _Bn Bia| |1 O |0 —DBj2

270 0 " |Ba 0000 I

. 1 B12_ + _Bn 0 |0 =B

S0 0 "By 0f[0 [

_ -I B12_ + -O _B11B12
0 0] " |0 —ByuBup
[1 (I — Bu1)Bi2

= . 4.4
_0 —Ba1 By2 (4.4)

We now show that given the auxiliary condition of By By bijective, that G5 is one-to-one
and onto. We first determine ker Gy, by considering

o e ] =T
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This leads to
1+ (I — B11)Biazs =0
—B21Blgﬂf2 = O

Since (321B12)_1 exists and is defined on all of Hy, we get x5 = 0 and x; = 0. Hence,
ker Gy = {0} and G, is one-to-one. To show G5 is onto we show that for any y =
[y1 y2)T € Hy X Ho one can find an x = |17 257 € H; X Hsy such that Goz =y, i.e.,

o ] -]

1+ (I — B11)Biaxs = 41
— B9 Biawy = ys.

This implies

Since Bs; Bis is bijective, we get

z1 =y + (I — By1)Bia(Ba1 Bia) 'y
Ty = —(321312)_1y2-

Thus, G5 is one-to-one and onto.

Remark. Since Gy is one-to-one and onto, the abstract Hessenberg DAE (4.1) (with
auxiliary condition of By Bjy bijective) has abstract index-2.

Here we used the )7 above to generate a (G5. However, this ()7 is not unique in that it
can be any projection onto 91;. The direction along which ), projects is not specified,
only the space onto which it projects is specified. Thus, there can be many different
(Q1’s that satisfy the conditions of Definition 3.1. This is indicated by the fact that we
could choose anything for (o7 in our derivation of )1 above. We now use the expression
developed in Proposition 2.1 and apply it to the infinite dimensional case. Given any
()1 which projects onto M, along with the G, derived from that @, we can find the
unique canonical projection @; onto M, along the space &; by @, = QG5 BP,. Since
the G determined above is one-to-one and onto (bijective), a simple calculation shows

its inverse to be
Gl — I (I- 311)312(321312)_1
2 0 —(321312)_1 '
We then calculate
@1 = Q1G2_18P0

_ 0 _B12 -[ (-[ - BII)B12<BQIBIZ)_1 Bll B12 -[ 0
0 I 0 —(Bnglg)il By 0 0 0

Q“ _ Bl2<BQIBl2)_1BQI 0
! —(321312)71321 0"
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For ease of notation we define F' = (Bnglg)_lBgl and H = BlgF = Bu(Bnglg)_lBgl.
The operator H satisfies H?> = H and is the projection onto im B, along ker By;. We also
note that F'is a reflexive generalized inverse of By, since F'BioF' = F and Bis F B1o = Bis.

We can then write

H 0
o= 1) as
We next calculate a new G5 based on the canonical @)y,
Gy = G1 + BPyQ,

_[I Byl L [Biy B [I OJ][H 0

0 0] |Bar O0]|0 OJ[-F O

_[I Byl n 'Bi, O] [H 0

0 0] |Ba Of|-F O

_[I Byl n 'BiH 0

0 0] |BuH 0

I+ BuH By

| BaH 0

[T+ BuH By

= [ B ] (46)

where in the last line we used BQlH = leBlz(Bnglg)_1821 = BQl-

As expected this Go is also one-to-one and onto. Instead of showing that ker Gy = {0}
and that given an arbitrary y we can find an x such that Gox = y, we will go about it in
a backwards manner. We will instead exhibit an operator matrix G5 ' that satisfies the
conditions of an inverse and is defined on the entire space. The calculation to derive G5
is not easy. We will use three formulae to derive the inverse: G, Gor = x, GoGy 'y =y,
and @1 = éle_ '!BP,. The first two formulae are merely the conditions required of an
inverse and the latter formula was used to find the canonical projection (1 onto 91; along
6;. Clearly, this last formula should be an identity when the canonical projection @ is
used along with the G5 derived from that Q.

The details of the calculation are left to the reader. However, it is easy to check that the
below operator satisfies the three equations above. The final result is

G-l — (I —H) (I — B+ HB11)Bia(ByBra)™!
2 F —F(I + HBy1)Biy(Ba1By) ™ |-

If we let T'= By3(By1 B1o) ™! we can write this as

Gl [(1 ~H) (I-By+ HBH)T} |

F —F(I+HBu)T (4.7)



Mark A. Pierson Chapter 4. LTI Index-2 Abstract DAEs 43

Similarly, we note that 7" is a reflexive generalized inverse of By since T'BoyT' = T" and
BT By, = By;. Furthermore, as we might expect FT = (By Bya) ™ .

4.2 A Case Where B is Bounded

We next observe that if B is bounded, then not only is Gy bounded but G is also
bounded. Since (By;Bis)~ ! is one-to-one and onto, Gz_l is defined on all of ). Hence,
this canonical Gy is also one-to-one and onto. Thus, for B bounded and (B Bis) ™!
bijective, the abstract Hessenberg DAE (4.1) has abstract index-2.

We next write the Hessenberg DAE (4.1) as two equations

zy () + Bz (t) + Biaxa(t) = qi(t) :
Bo1x1(t) = qo(2). (4.9)

We will also need to define a consistent initial condition for the abstract Hessenberg DAE
case.

Definition 4.1. The initial condition z(¢y) is called a consistent Hessenberg initial con-
dition if z(to) also satisfies the constraint equation (4.9) for the abstract Hessenberg DAE
(4.1).

We can now state the next result.

Theorem 4.1. Given: (i) B bounded with the composition By Biy bijective, (ii) the right-
hand side function q(t) = [q1 q2)7 satisfies ¢ € C([0,T]; H1) and g2 € C*([0,T]; Ha), and
(111) a consistent Hessenberg initial condition x1(0).

Then there exists a unique solution x € C([0,T]; X) to the index-2 semi-explicit abstract

Hessenberg DAE (4.1).

Proof. Since B is bounded and (Bg;Bis)™! is bijective, we know from our calculations
above that G ' exists on the entire space and is bounded. Thus, the abstract DAE (4.1)
has abstract index-2. As in the index-1 case, we now work to decouple the abstract
Hessenberg DAE (4.1) into an inherent abstract ODE (AODE), its constraint equa-
tion, and a solution representation. As in the finite-dimensional case (see [33]), we have
DP,D~ = [1—H and DQD~ = H are projectors that yield the respective decomposition
DS, & DNy =im D = Z = H;. We multiply the second equation (4.9) above by T', the
reflexive generalized inverse of By, where T' = Bis(Bo; B1s)™! to obtain
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We then decouple the first equation (4.8) into two equations by multiplying first by
F, the reflexive generalized inverse of Bjy, where F' = (B Biz) !By and second by
DP, D~ =1 — H. This yields

To = Fql — F[Ell — FBHZIJl (411)

where we used the identities F'Byy = I and (I — H)Bj, = 0.
Let u(t) = DPyz(t) = (I — H)x(t). Then, we observe that

(I — H)BHU, = (] — H)Bll(] — H).I’l = (I — H)Blll'l — (I — H)BHHﬂfl, or
(I — H)Bnl’l = (I — H)BHU + (I - H)BHHl’l.

Substituting the last line above into (4.12) along with v’ = (I — H)z) yields

U, + (] — H)BHU, = (I — H)ql — (I — H)Bllelfl
U/ + (I - H)BHU == (I — H)ql - (I - H)BHT(]Q, (413)

where we also used Hzy = T'¢» from equation (4.10). Equation (4.13) is called the
abstract ODE, or AODE, for this problem. We note that this AODE exists in the
space Hy, i.e., u(t) € Hi. We therefore need an associated initial condition written as
u(0) = DPx(0) = (I — H)x1(0) € H; (without loss of generality we assume our initial
time tg = 0).

Since (I — H)* = (I — H) and B are bounded, we can write the AODE (4.13) in the form
u'(t) + Lu(t) = 4(t),

where £ = (I — H)By; with £ € L(Z), Z = Hy, and ¢(t) equals the right-hand side of
the AODE. We now invoke Lemma 3.5 to give us existence and uniqueness of a solution
u(t) € C'([0,T); Hy) to this AODE (4.13), where ¢ € C(0,T;)) implies ¢ € C(0,T;)).

However, we need to add a stronger condition on ¢. Since we need the derivative with
respect to time of u = (I — H)xy; = x; — Hxy, Hxy needs to be differentiable. If the
left-hand side of (4.10) is differentiable, then so must the right-hand side be. Thus, we
need ¢ € C'(0,T;Hsy) whereas ¢, € C(0,T;H,).

We are given a consistent Hessenberg initial condition for z;(0). Surprisingly, no initial
condition on z(t) needs to be provided in order to solve for x(t). x2(0) will be determined
by ¢1(0), 1(0), and 2/ (0) and equation (4.11). Thus, the abstract Hessenberg DAE (4.1)
is solvable for consistent Hessenberg initial condition z(0) that satisfies Bayz1(0) = ¢2(0).

To obtain a solution representation, we start with w = (I — H)x; = 21 — Hx;. This
gives 1 = u+ Hzy. But from equation (4.10) we have Hxy = T'qy. Thus, z1 = u + Tge.
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Since we have a unique u from the AODE, we will have a unique solution z;. We note
that both the AODE (4.13) and the preceding formula for z; only depend on elements of
the operator B, the right-hand side forcing function ¢ and the consistent initial condition
x(0), all of which are given data of the problem. In other words, they are not dependent
on our particular choice of Qy. Additionally, we have that z; € C*([0, T]; H;) since both
u and g9 are continuously differentiable. Hence, once we have obtained a unique solution
for z1, we can obtain a unique solution x5 from equation (4.11). Thus, the solution may
be represented as

0 |25
where

To(t) = Fqi(t) — F(t) — FBay(t) (4.14)

Substituting back into (4.8) and (4.9), it is easy to show that our solution representation
for z1(t) and z5(t) from (4.14) satisfies the abstract Hessenberg DAE (4.1).

We can rewrite the solution representation (4.14) in terms of the unique solution u(t) of
the AODE and the right-hand side function ¢() to yield

[zl(t)} _ [ u(t) + T'q2(t)
u(t) + T'q2(t) }
Fq(t) — Fu'(t) — FTq¢,(t) — FBju(t) — FB11Tqs(t)
u(t) + Tqa(t)
= | Fq(t)—F[—(I — H)Byu(t)+ (I — H)q1(t) — (I — H)B11Tqa(t)]...
_ [ u(t) + T'qa(t) }
—FBHU(t) + Fql(t> - FBlngQ(t) - (Bnglg)_lcé(t)

1

I Tqo(t)
- |:_FB11:| ul(t) + {F%(t) - FBHTC];(Jt) - (BmBm)_lqg(t)} ' (4.15)

where we used the identity F'(I—H) = 0 in some of the calculations. We note, it is obvious
from this version of the solution representation that we need ¢, € C*(0,T; Hs). O

Remark. In the index-2 case, abstract DAEs can have “hidden” constraints. However,
in the abstract Hessenberg DAE case (4.1) this is not the situation as the algebraic
constraint equation is explicit in (4.9).



Mark A. Pierson Chapter 4. LTI Index-2 Abstract DAEs 46

4.3 A Case Where B is Unbounded

We now weaken the assumption that B is bounded. Specifically, we will look at the case
of By1 : D(By1) C Hiy — H; unbounded with D(B;;) dense in H;. We will leave Bjy and
By bounded with the auxiliary condition that By Bis is one-to-one and onto. In order
to make this work we will have to impose an additional condition on D(Bj;) relative to
im Bpy. We can then state the following result.

Theorem 4.2. Given the following conditions: (i) Bia and By bounded with the compo-
sition Boy B1s bijective, (ii) By is a closed operator with dense domain D(By1) C Hy such
that im Bis C D(Byy), (iii) By is the infinitesimal generator of a strongly continuous
semigroup on Hy, (iv) the right-hand side function q = [q1 q2]* satisfies ¢ € C(0,T;H,)
and gz € C1(0,T;Hs), and (v) a consistent Hessenberg initial condition x1(0).

Then there exists a unique solution x € C([0,T]; X) to the semi-explicit abstract Hessen-
berg DAE (4.1).

Proof. We first remark that since im By, C D(Bjy), the compositions BT and By H
make sense where 7" and H are defined as in Section 4.1. Then the expressions for the
canonical Gy and G5! given in (4.6) and (4.7) are still valid. Furthermore, both remain
bounded. Hence, G is bijective and this DAE remains index-2.

We now will work toward decoupling the abstract Hessenberg DAE into its AODE and
its constraint equation in a manner similar to that in Section 4.2. We start with the two
equations from the Hessenberg DAE (4.1):

Borz1(t) = go(t), (4.17)

where we assume x1(t) € D(B;;). As before we multiply the second equation (4.17) by
T, a reflexive generalized inverse of By, to obtain

We then multiply the first equation (4.16) once by F, a reflexive generalized inverse of
Bi, and again by the projector (I — H) to yield two equations:

Ty = Fql — F[Ell — FBHZ)’Jl, (419)

We let u(t) = (I — H)z1(t) and derive the AODE as previously,
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We note that u € D(B;;) C H; so this equation is valid.

We will next utilize the following result on perturbation of a semigroup generator from
Engel and Nagel [12].

Lemma 4.1. Given a Banach space X with D(A) C X. Define X* = D(A) with
the graph norm |||, := ||z||x + ||Az||x. If B € L(XA, X) and A is an infinitesimal
generator of a strongly continuous semigroup on X, then A+ B with D(A+ B) = D(A)
18 an infinitesimal generator of a strongly continuous semigroup on X .

We have (I — H)Byy = By — HBjp. We then need to show that —HBy; is bounded on
XP1 = (D(Bu), || - |1). We now restrict the operators H and By, to D(Biy). We then
have

| = HBnz|[y = [|HBuz| + [[Bir HBiix||
< [[H[[||Biz|l + [ Bir ||| Buiz||
< Ch|| Bzl + Col|Buz|
= C[|Biiz||
< Ollzf| + C|Buz|
= Cllz]1,

where we used Proposition 3.1, part (viii), that B3 H is a bounded operator by the
Closed Graph Theorem since it is defined on the entire space X; = D(Bj;). Thus,
—HBy, € L(XP",Hy). Then, by Lemma 4.1, (I — H)By; is an infinitesimal generator of
a strongly continuous semigroup on H;.

Since we have a consistent Hessenberg initial condition x;(0), we then form u(0) =
(I—H)z1(0). Then by invoking Lemma 3.5, we can again obtain existence and uniqueness
of a solution u € C*([0,T); H;) to the AODE (4.21). The solution to the DAE can then

be found to be the unique representation

r1(t) = u(t) + Taa(t)
1o(t) = Fqi(t) — Fa'(t) — F By ().

As above, x(t) is continuously differentiable. Similarly, we can also write this represen-
tation in the form (4.15). As an end result, we also have that x € C([0,T7]; X). O

Remark. Tt is possible to revise some of the hypotheses of Theorem 4.2. If we have that
By is the infinitesimal generator of a strongly continuous semigroup of contractions on
‘H; and if the composition —H By, is dissipative, then one could use instead Lemma 3.8
above to get a unique solution to the AODE. One would then proceed as before to obtain
a solution representation.
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Remark. As seen in applications in the next chapter, it is not uncommon for the space H;
to be a product space such as X; X Xy. Let ), be dense in X,. Then, if im By = {0} x ),
with D(B11) = X} X Vs we will have im By C D(Bj1). Thus, our assumption may not
necessarily be that restrictive.

We may also be able to weaken the condition im By C D(By;). Let us define the concept
of uniformly dense with respect to P as follows:

Definition 4.2. If P is an orthogonal projector on a Hilbert space H and the domain
of an operator A, D(A), is dense in H such that D(A) Nim P is also dense in im P and
D(A)Nim (I — P) is also dense in im (I — P), then we say D(A) is uniformly dense with
respect to P.

We can then apply the following Lemma.

Lemma 4.2. Let the domain of an operator A, D(A), be dense in a Hilbert space H. Let
P be an orthogonal projector in 'H. Furthermore, let D(A) be uniformly dense with respect
to P. Then, D(A) restricted to those elements h € D(A) C H such that Ph € D(A) is
also dense in H, i.e., D(A)|p:={h € D(A) C H: Ph € D(A)}.

Proof. Let h € H be arbitrary. Then, since D(A) is dense in H, there is an element
r € D(A) such that given arbitrary € > 0, [[h — z|[% < 5. Since P is an orthogonal
projector on H, we can write x = y + z where y = Pz and z = (I — P)z. If y € D(A)

we are done since then z € D(A)] p.

If y ¢ D(A) we proceed as follows. Since im P for a projector in a Hilbert space is a
closed linear subspace and D(A) is dense in H, by D(A) uniformly dense with respect
to P there exists a § € D(A) Nim P such that ||§ — y|l» < §. Define & := § + z. Then,
by definition, |2 — 2|y = |1+ 2 —y — 2[ln = |1 —yllx < 5. If 2 € D(A)|p, then we are
done since ||h — 2|y = [|h —z|n + |z — 2y < §+ 5 <e

However, if # ¢ D(A)|p, similarly by D(A) uniformly dense with respect to P, there is
an element & = y + 2 such that & € D(A) and ||# — 7|5 < §. Note that we only change
Z to & by perturbing z within im (I — P) which is also a linear closed subspace of H.
Furthermore, by definition, & € D(A)|p. Finally, |h — Z|y = ||h — z||p + ||z — Z||3 +
|Z — 2|l < §+ 5+ § =€ Thus, D(A)|, is also dense in H. O

Remark. We can reapply this Lemma again if desired. For example, assume D(A) =
D(A)|p, we can then restrict this new domain to D(A)|; ,. We then have that the
restricted domain is also dense. We thus end up with the domain defined as {h €
D(A) C H: PheD(A) and (I — P)h € D(A)} is also dense in H.

Thus, we could require that D(Bj;) be uniformly dense with respect to H, apply the
Lemma, and then restrict u(t) in the AODE to D(Bi1)|, which would then be dense in
H;.



Chapter 5

Applications

We start with some applications involving systems of partial differential equations. Both
applications lead to index-1 abstract DAEs. The first example arises from a thermal
model of a chemical vapor deposition reactor for growing superconducting films. The
second example is much more detailed and includes the complete derivation and modeling
of a structural dynamics problem as a DAE.

5.1 Thermal Model for Chemical Vapor Deposition
Reactor

This application is related to the processing of superconducting films for use in high per-
formance microwave filters for cellular communications. One method involves growing
these films in a low-pressure chemical vapor deposition reactor. In this process chemical
reactants are sprayed onto a heated substrate. The goal is to then grow a thin uni-
form film on this substrate. It is expected that conduction and radiation will be the
dominant thermal mechanisms vice convection since the sprayed fluid has a low thermal
capacitance. The thermal controls used in this model will be the power supplied to the
individual heater rings which heat the substrate disk and the temperature of the reactor
walls which is controlled via an oil-cooled heat exchanger. A diagram of the key items
needed for the thermal model is shown in Figure 5.1. For ease of modeling, the substrate
as shown in this figure is actually upside down, that is, the thin film will be grown on
the bottom of the disk shown in the figure.

Cliff and Herdman [9] developed the model that we use here. For the disk, conduction

49
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enclosure

Ph(t) heater ring
|

Tq(tr) By(tr)  disk

| r |
| 1

Figure 5.1: Simplified Thermal Model of a Chemical Vapor Deposition Reactor

in a thin, circular plate is modeled by a diffusion equation:

OTut,r) & [0 [ 9Tult,r) S(t,r)
o = o {ar (r m o O<r<R, t>0, (5.1)

where Ty(t,7) is the surface temperature of the disk at distance r from the center. We
assume radial symmetry of the temperature distribution on the disk. S(¢,7) is the net
heat flux from the surface, 7 is the disk thickness which is assumed to be small compared
to its radius R, p is its density, C, is the specific heat of the disk, and & is the thermal
conductivity. Thus, pCLP is the usual thermal diffusivity of the disk. We also specify an
initial temperature distribution on the disk T,(0,r) = g(r).

The source term involving the net heat flux arises from radiant exchange among the
heater, the disk and the enclosure. It can be expressed as

S(tr) = < © (oT*(t,r) — Balt,r)), (5.2)

—€
where By(t,r) is the disk radiosity or radiant energy flux departing from the disk. We
then have a coupled integral equation involving the disk radiosity By(t,r), the enclosure
radiosity B.(t,7) and the disk temperature Ty(t,7),

a=mgn] =[] e ) o

where u;(t) is the heater power and uy(t) is the fourth power of the enclosure uniform
surface temperature T,(t). F' is a linear Fredholm integral operator such that || F| < 1
and P is a bounded linear operator.
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We now put the system into abstract equation form. Let z(t) = Ty(t,-) and
L Bd(ta)
.Z'Q(t) = |:Be(t,') .

Then, we can write equation (5.1) as

2y (t) + Kz (t) + F(z1(t), 22(t)) = 0,

N(z1(t) + (I = Faa(t) = q2(t),
where prime indicates differentiation with respect to time, F is a nonlinear operator
involving the fourth power of z1(¢), NV is also a nonlinear operator involving the fourth
power of x1(t), and qo(t) = Pluy(t) ua(t)]*. We will assume for simplicity that we can
linearize both F and N. We then incorporate the linearized term for x;(¢) into the

operator K and call the remaining linear operator L. We label the linearized operator
for N as E. This yields the following linearized equations

z () + Kaq(t) + Las(t) = 0,
Exy(t) + (I — F)xa(t) = qo(2),

where L and E are linear bounded operators and Kz = —Az + ¢z with ¢ > 0. We then
put this in semi-explicit DAE form (3.2)

{é 8} {28} i be I F)} [i;m - {q;zt)] (5.4)

Since ||F'|| < 1 we have that (I — F') is one-to-one and onto by a standard functional
analysis theorem (for example, see Theorem III.1.4 in Taylor and Lay [38]). Furthermore,
E and L are bounded linear operators. Curtain and Pritchard [10], as well as Goldstein
[17] establish for the operator K with domain dense in a Hilbert space that K is the
infinitesimal generator of an analytic semigroup.

Finally, by Theorem 3.2 with ¢.(t) € C*([0,T]; H) and with consistent index-1 initial
condition, there exists a unique solution to the semi-explicit DAE (5.4) for this linearized
thermal model of a chemical vapor deposition reactor.

Remark. In this example, previous work was done by Cliff and Herdman [9] to put the
model into DAE form. We did not go into the details of that construction. In contrast,
the next application will show how a DAE model is developed and implemented.

5.2 Coupled Transversal Motion of Two Beams
Connected by a Rigid Joint

The Defense Advanced Research Projects Agency (DARPA) is investigating stability and
dynamics of large space arrays. These arrays involve large trusses made up of pyramidal
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structures of beams. Figure 5.2 shows part of such a truss array. To simplify the analyses,
we look at a simple model involving just two beams, each fixed at one end and then
connected together at the other end by a rigid joint. See Figure 5.3 for a diagram.
While the joint restricts movement, bending and vibrations can and do occur. Hence,
the motivation to analyze such structures for stability and controllability.

schematic view i
& cross section diagonals not
shown -

I (for lens)

lens or —— Yeees

phased array a

Figure 5.2: An Example of a Truss Array

For our investigation, we model the problem in an abstract DAE format and show exis-
tence and uniqueness of solutions under certain conditions.

5.2.1 Modeling and Development of Abstract DAE

We model the bending motions of the two identical beams using the Euler-Bernoulli
beam partial differential equations with Kelvin-Voigt damping. We include homogeneous
boundary conditions at the fixed ends of the beams. For simplicity we assume each beam
is identical in this space truss. This leads to one partial differential equation for each
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S S

S

Figure 5.3: Model of Two Beams and a Joint

beam as follows (subscript 1 refers to beam 1 and subscript 2 refers to beam 2):

pﬁ%%ﬂ+%ﬁfﬁgm'ﬁ%¥ﬂz0MmD
wy(t,0) = %{:1,0) =0
(5.5)
AT g [T e ] =0 (e
wo(t,0) = %;2’0) =0,

where w;(t, s;) represents the transverse displacement from the y-axis along beam i at
time ¢, s; is the distance along beam ¢ as measured from the fixed end 0 to the end
connected to the joint where s; = L, the length of each beam. Since the beams are
identical the physical parameters p, A, E, and 7 are the same for each beam, where A
is the cross-sectional area, p is the mass density, £ is the Young’s modulus, and v is
the Kelvin-Voigt damping parameter for each beam. We will also assume an appropriate
initial configuration of the beams at t = 0, i.e., w1(0,s1) = fi(s1) and ws(0, s2) = fa(s2).

The joint consists of a pivot point with two legs. Each leg is attached to the end of a
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beam. Once again the two joint legs will be considered identical with m the mass of
each joint leg, m, the mass of the pivot, M = 2m + m,, the total mass of the entire joint
structure, ¢ the length of each joint leg, d the distance from the center of mass of each
joint leg to the pivot point, I the moment of inertia of each joint leg about its center of
mass.

For simplicity of analysis, we further assume the two beams and joint start out close to
a straight vertical alignment and that the amplitude of vibrations are small compared
to the physical dimensions of the system. We therefore use linearized equations of mo-
tion derived from Newton’s Second Law of Motion. This leads to a system of ordinary
differential equations describing the motion of the joint pivot point and angles for the
joint legs. We define the vector-valued function y(t) = (x(t),0,(t),02(t))T € R3 where
x(t) represents the horizontal motion of the joint pivot along the z-axis (for simplicity
we ignore motion in the y-axis direction), 0;(¢) represents the deviation angle of joint
leg 1 from the vertical and () is for joint leg 2. We further assume that the joint
has internal viscous damping but no stiffness component. This leads to the system of
ordinary differential equations describing the motion of the joint pivot and its legs:

My"(t) + Wy/(t) — LE(t) = q(t), or
/() + MWy () - MULE(t) = M- g(r), (56)

where the prime (/) indicates differentiation with respect to time ¢ and

M —md md 0O 0 O
M= |-md I+ md? 0 , W=10 b -=b|,
md 0 I + md>? 0 —b b

with b > 0 the damping coefficient. We remark at this point that M is positive definite
symmetric. We also have

0 -1 01
L=1[1 ¢ 0 o,
0O 0 1 ¢
where L has full row rank.
For some generality, we assume an external forcing function ¢(t) = [f(¢) 0 0]T € R?

is applied at the pivot point. We define F(t) = (My(t), Ni(t), Ma(t), Na(t))T € R* as
the applied load on the joint resulting from motion of the two attached beams, where
M;(t) is the effective torque applied to the joint pivot point from beam i and N;(t) is the
effective shear load applied to the center of mass of joint leg ¢ due to beam 7. These loads
can be represented in terms of the w;(¢,s;) variables from the beam partial differential
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equations. The resulting boundary compatibility constraints are:

[ 8211)1 (t, L) 83w1 (t, L) ]
B4 T o520t
8311)1 (t, L) 84/1111 (t, L)
- Bl T as3ot 67
| L OPwa(t, L) OPws(t, L) '
El v
ds3 ds30t
Pws(t, L) Otwy(t, L)
EI
i 953 T o530t |

As for the partial differential equations for the beams, we also assume an appropriate
initial condition for the configuration of the joint pivot location and joint leg angles, i.e.,

y(0) = yo € R3.

We next have some geometric compatibility constraints that realize the connection be-
tween the ends of the joint leg and the ends of the beams. These conditions require that
the ends of the joint legs and beams have the same physical coordinates and that the end
slope of the beams remain aligned with that of the joint legs. This leads to the following

constraint equation:

-_ 8w1 (t, L) i

081
wi(t, L)
Ows(t, L)

- 0sy

| wy(t, L)

= LTy(t). (5.8)

We now have all the governing equations describing the two beams and joint system.

We let

where H7(0, L) = {w;(t,-) € H*(0, L) : w;(t,0)

: ] € Hy={H}0,L)n H*0,L)} x {H}(0,L)N H*(0,L)},

Ow; (t,0
- ag d = 0}.

)
We define w'(t), the derivative of w(t) with respect to time ¢, similarly with w'(¢) € Hy =
{H7(0,L) N HY0, L)} x {HF(0, L) N H*0, L)}.
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We then define
ale(tv ) 83w1(t, )

EI
B [gl(t)} B s} 1T o520t
o(t) = = , or
oa(t) g Pwat) | Pua(t,)
9s2 | 9s20t
o(t) = ED*w(t) + GD*w'(t), (5.9)
with o(t) € H, = H*(0, L) x H*(0, L) and
2
EI 0 v 0 % 0
— — 2 _ 1
e L A
ds3

We can now rewrite the beam partial differential equations (5.5) as an abstract second
order ODE:

w”(t) + AD%0(t) =0, (5.10)
where )
= 0
pA

We next define the boundary operator 7 : { H*(0, L) x H*(0,L)} — R* as

[ Ow;(t, L)]
e
wy(t, L)
Ows(t, L)
e
wy(t, L)

and rewrite the geometric compatibility constraints (5.8) in the form
Tw(t) = LTy(t). (5.11)
If we differentiate (5.11) with respect to time we get

Tw'(t) = L7y (t). (5.12)
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We use the boundary operator 7 to also rewrite our boundary compatibility constraints
(5.7). We first note that calculating 7o (t) yields:

To(t) = T(ED*w(t) + GD*w'(t))
= TED*w(t) + TGD*w'(t)

82w1(t ) 83w1(t )
El——+~ —
B2 T o520t
=T ) +7 5
EI(‘? U}Q(t,') 0 ’wg(t, )
ds3 Ds30t
_E[83w1 (t, L) . 8411)1 (t, L)_
953 T o530t
E182wl (t, L) 703101 (t, L) _Nl (t)
B Pws(t,L)  d'wo(t,L)| | —Na(t)
—FEI - — ’
953 T as30t Ms(t)
E182w2 (t, L) 03w2 (t, L)
I 952 o520t |
We then multiply both sides by a permutation or rearrangement matrix R,
0 1 0 O
-1 0 0 0
R=10 0 0 1
0 0 -1 0
to get
0 1 0 0] |[—Ni() M (t)
~|-1 0 0 O M(t) | | Ni(t)|
R7o(t) = 000 0 1| |-Mmm| = | = F(t) or
0 0 -1 0 My (t) Ny (t)
R7o(t) = F(t). (5.13)

Thus, the boundary compatibility constraint can be represented by the operator con-
straint equation R7 o(t) = F(t).

We now put this all together as a system of equations from (5.10), (5.6), (5.13), (5.9):
w”(t) + AD%0(t) =0
y'(t) + MW/ (1) — MTILE(t) = M g(t)
R7o(t)— F(t)=0
ED*w(t) + GD*w'(t) — o(t) = 0.
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Let z1(t) = w(t), z2(t) = 21 (t) = w'(t), z3(t) = ¢/ (1), z4(t) = o(t), and z5(t) = F(t). This
leads to the following first order equations:

21(t) — z(t) =0

25(t) + AD?*2(t) = 0

25(t) + M "Wzs(t) — M 'Lzs(t) = M q(t)
RT zy(t) — z5(t) =0

ED?2(t) + GD?*2(t) — 24(t) = 0.

Remark. By Fattorini [14], we can reduce such a second order system to a first order
system.

We then can put the above equations in matrix form:

I 0 0 i 0 0
0 I 0 i 0 0
0 0 I 00|y
0 0 0 0 0
0 0 0 0 0
[0 -1 o0 0 0 | ) ]
0
0 0 0 AD? 0 0
1 : IRV et 1
o0 MW 0 M M”('](t) 54)
0 0 0 RT I 0
ED* GD2 0 i - 0 ) )

where z(t) = (21(t), 22(t), z3(t), 24(t), z5(t))T. This equation is in the general form of

EZ(t) + Bz(t) = f(t) with £ a noninvertible operator. Furthermore, the domain of B,
D(B), is defined as D(B) = {z € Hy x Hy x R? x Hy x R* : T2y = LT 23} where we have
incorporated the differentiated version of the geometric compatibility constraints (5.12)
into the domain of our operator B. Since the constraint 7 z, = L7 z3 only places conditions
on zy(t) = w'(t) on the right side (i.e., when s = L) and not the left, we have that D(B) is
dense in H = {L?*(0, L) x L*(0, L)} x { L*(0, L) x L*(0, L)} x R3 x { L*(0, L) x L*0, L} x R*.
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We now partition the operator matrices as indicated by the dotted lines above to obtain

{é 8} z’(t)~|—[gi g;j 2(t) = {qlﬂ, (5.15)
where - 0
Ba=|0 0 0 | Bu=lpp ap g
and 0 0 0
B, = |AD? 0 . By = Ef}r _0[] q(t) = 0
0 —-ML M~q(t)

We then have that D(By;) = D(Ba1) = {(21, 22, 23)T € Hy X Ho x R? : T2y = LTz} and
D(Bi2) = D(Ba) = {(21,25)" € Hy x R}

We first investigate Bay where Bay : D(Bay) — Vo = R* x {L*(0, L) x L*(0,L)}. We see

that ker Bay = {0}, since
RT -1 24| 0
—I 0 |]2]| |0

R7Tz—25=0 24| |0
20 b= L)

Thus, by Lemma 3.1 the semi-explicit abstract DAE defined by (5.15) for this problem
is an index-1 DAE.

We investigate the image of Bas:

RT -1 Z4 o Y1
—-I 0 | |

y1=RTz4— 2

Y2 = —24.

implies

implies

Thus, we have y5 € H,. Solving for z4 and z5 yields

-
25 — — RTys| "
It follows that, im Bsy = R* x H, and im Bsy is dense in ),. We have then D(Bys) is

dense in {L*(0,L) x L?(0, L)} x {L*(0, L) x L*(0, L)} x R®} and By, is densely solvable.
Since By is one-to-one, we can define its inverse By, : R* x H, — H, x R* as

[0 -1
By = [—J RT} '
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We next investigate the image of By where
Bo1 : D(Ba1) = {(21,22,23)" € H1 X Ha X R? : Tz(t) = LT 23(¢)} — Yo

0O 0 0 zl [
ED? GD? 0| || |w
implies

n = 07
Yoy = ED221 + GDQZQ.

Hence, yo € H, and im By, = {0} x ‘H, where 0 € R*.

Finally, we investigate the image of B, where
Bis: Hy x R* — Yy = {L*(0,L) x L?(0, L)} x {L*(0,L) x L*(0,L)} x R3:

0 0 . Y1
AD? 0 { 4} = |y

0 —-MIL| Y5
implies
v = 07
Y2 = AD?z,
Ys = —M_1L25.

We have, yo € {L?(0, L) x L*(0, L) }. Since L € R¥* with full row rank and M is full rank,
ML has full row rank. Therefore, we can solve for z5 above as z; = —(LTM L) 'L ys;.
Thus, given any y3 € R® we can find a 25 € R*. Likewise for any y, € {L*(0, L) x L?(0, L)}
we can find a z4 € H, = {H?*(0, L) x H*(0, L)} Hence,

im B, = {0} x {L2(0, L) x L*(0, L)} x R%.

From (3.3), we have
_|{ B
o[t 5]

We define D(G1) = {L*(0,L) x L*(0,L)} x {L*(0,L) x L*(0,L)} x R? x H, x R* which
is dense in ‘H. Then, Gy : D(G1) C H — Vi x Vo. We see that GGy is one-to-one as

b o) =1

$1+812$2:0 Ti| 0
BQQIL’Q =0 } = |:1’2:| N |:0:| ’

implies
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since Bgs is one-to-one. We next investigate im G1:

0 Baa| |72 Yya |’
where x; € {LQ(O, L) ><L2(O, L)} X {Lz(O, L) ><L2(0, L)} xR3 and x5 € D(812> = D(Bzg) =
H, x R*. This implies

1 + Bioza = 1,

Baaxa = ya.

However, we have im Byy = {0} x {L?(0,L) x L*(0,L)} x R3, and im By = R* x H,.
Thus, yo € R*xH, and y; € {L*(0, L) x L*(0, L)} x {L?*(0, L) x L*(0, L)} x R3. Therefore,
im (1 is dense in Y; x )Vs. Hence, (G is densely defined, densely solvable, and one-to-one.
This is exactly the minimum requirement for a DAE to be index-1 by Definition 3.2.

5.2.2 Existence and Uniqueness

Now that we are done setting up and analyzing the problem, we show that there exists a
unique solution to this problem using the general theory developed for abstract index-1
DAEs in Chapter 3.

Theorem 5.1. Given consistent index-1 initial condition w(0) = [f1 fo]' and the right-
hand side function q(t) Lipschitz continuous, there exists a unique solution z € C([0,T); H)
for this two beam and joint problem.

Proof. We proceed to the AODE using the direct method. From (5.15) we have two
equations which can be used to write the AODE in terms of u(t) = x1(t) € D(By1) =
D(Bgl> = {xl = (Zl, ZQ,Zg)T c Hl X Hg X R3 : TZQ(t) = LTZ:;(t)}Z

2 (t) 4+ Brwi(t) + Biaaa(t) = qi(2),
Blel(t) -+ BQQIQ(t) =0
implies
u’(t) + (811 - 6128521821) u(t) =1 (t),

where we used the constraint equation along with the fact that By is one-to-one to
obtain xo(t) = —Byy Boywi(t). This expression makes sense as D(B; ) O im By and
D(Blg) 2 im 82_21.

We let A = —(By; — B1aBy, Bar) and rewrite our AODE as:

() = Aut) + a1 (0). (5.16)
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The definitions for the block operator matrices and calculating —(By; — Bi2By, Ba1) yields

0 I 0
A=| —AED! —~AGD! 0 . (5.17)
M-'LRTED? M~ 'LRTGD? —M~'W

We define Hopr = Hi x {L*(0, L) x L*(0, L)} x R? and note that D(A) = {(z1, 22, 23)" €
Hi X Hy x R3 : Tzy = LT23}. Furthermore, A : D(A) C Hopr — Hopre and im A =
Hopr. We have im By; = H; x {0} x im (M~'W) and im By, = {0} x {L?(0,L) x
L*(0,L)} x R Then, im A = By; — B12Byy Byy = im By Uim By = Hopp. We will
formally verify that A maps onto Hopg below.

We first define an energy norm on Hopg as
HZH%ODE = (ED221, D2Z1)L2(0,L)2 + (Aflzm 2’2)L2(0,L)2 + ZgMZ37
or if we use our original variables
12050 = (BD*w, D*w) 120,12 + (A~ ', w) pao,ny2 + (' ) My,

where, in an abuse of notation, we use L*(0, L)?> = L*(0, L) x L*(0, L). Also, A~! is just
the positive definite symmetric matrix

-1 _ pA 0
A _[O pA}

At this point we want to show that A is the infinitesimal generator of a strongly con-
tinuous semigroup of contractions. To do so we use a Corollary to the Lumer-Phillips
Theorem found in Liu & Zheng [30]. This Corollary states that if A is a linear operator
with dense domain and is dissipative with zero in its resolvent set, p(A), then A is the
infinitesimal generator of a strongly continuous semigroup of contractions.

A is linear with dense domain in Hopr. We now show that A is dissipative, i.e.,
Re(Az,z) <0.

Before we calculate (Az, 2)3,,,, we will first need Az. We will need to do this calculation
with the original variables z = (w,w’, y')*:

0 I 0 w
Az = —AED? —AGD* 0 w’
M 'LR7ZED? M 'LR7GD? —-M'W Y
- o -
= —AED*w — AGD*w' )
|M-'LRTED?w + M- 'LRTGD?w' — MWy’




Mark A. Pierson Chapter 5. Applications 63

We are now ready to calculate this inner product:

(Az, 2)aopp = (ED*W D2w)L2(O L)2 (5.18)
+ (ATY(—AED"w — AGD"W'), w') 120,12 (5.19)

+( )" MM 'LRTED*w + M 'LRTGD*w' — M 'Wy/).  (5.20)
— [P(5.18) + I Py(5.19) + 1 P5(5.20)

We concentrate on the first two terms I P; and I P;:

(ED*w', D*w) 20,1y + (A~ (—AED*w — AGD*w'),w') 12(0.1
= (EDQU}/, D2w)L2(0,L)2 — (ED4U}, w/)Lz(QL)z — (GD4U}/), wl(t))L2(07L)2.

Next using the definition of the inner product in the product space L?(0, L) x L?(0, L)
and integrating by parts, we have

4
Ela@ujll wh
(ED4’LU,'LU/>L2(O L)Q = S ,
| prdvz| L
st L2(0,L)2
L o4 L o4
0% w 0*wy
=FEI s wide + ET i a4w’2dx
PP g L 93w, ow'
=FEI "W —FEI Ly
5% ! 0 o 0s% Os
Pwy g L 93w, ow,
—FEI dx
833 o 0 0 833 88
8371)1 ale ow'’ L 82101 92w’
=FI Lyw)(L) - EI 1 EI 1
O3 (L)w(L) ds? 0s |, —l— 052 05
2 1L L a2 2
+ Elaa 3 (L)wy(L) — ET aauf 88“)2 i EI/ 38122 5’811;2d
S S CN 0 s s
83w 8 ow' aSw
= Bl 5 (Lui(L) = B 5 (L) (L) + Bl 3 (Ljw)(L)
0*w ow}
1 8822 (L)a_;(L) + (EDQ’LU/, D2’(1))L2(0,L)2. (5.21)

In evaluating the functions at the end s = 0 we have used the fact that w} € H7 (0, L).
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Similarly we have

704@0’1
4 w}
GD4w/,w/ = 9s ,
( oLy oty wh
Os?* L2(0,L)2
L a4, L a4,/
J'wy / ol
= widx wWydx
’7/0 854 1 +Py 0 854 2
o, | L 93w ow
— — d
T s 0 7 o 083 Os ’
>uwy " " oPwh o
- —=d
T 833w20 70 953 s
Ow) , 0w} dw, L L 02wl 0%w)

dx

0 70 0s? 0s?

2 DLy - GO [ Oy,
— Gl (2) - SO G D) 1SR Dy (n)
2 (1) 2 (1) 4 (@ DR, D)y
12 g 1) 22 A )2 1) 44 Z 2 Ly (1)

0wl Ows i .
— 6522 (L) 052 (L) + (GID*W, GiD* ) 2oy, (5.22)

where we use that G is positive definite symmetric

c= |7 Y= O O Zgiah
0 ~ 0 ~ 0 ~z

N
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Now using (5.21) and (5.22), we have for [P, + [ Py:

[Py + 1P, = (ED*W', D*w) 12012 — (ED*w, w') 20,02 — (GD*W'), w'(t)) r2(0.12

/ Dw ’ O*w ow'
= (ED*w', D*w) 12(0,1y> — Ela—sgl(L)wl(L) + Efa—s;(ma—;(L)
DPwsy , O*wsy ,  OW' )
= BI—=(Lywy(L) + BT 2=(L) 5 2(L) = (ED*w/, D*w) 120,12
B! , 0wy, Ow) OBw) ,
— G LW (D) + 5 (1) (L) = 9 5 (Dwh(1)
82w’ 8w’ 1 ’ 1 ’
7 8822 (L) 882 (L) - <G2D2’w s G2D*w )L2(07L)2
B 0*wy O*w) ow) 0%w, 0wl owl

Dwy Dw] DPwy OBwh

- |ErRm  GRw] v - R @+ GEw)] v

1
— HG2 D2w/||L2(0’L)2

8w’ (‘)w’ 1
=M asl (L) + M; a; (L) — Nyw) (L) — Nowh(L) — |G2 D>’ || 20,12
(5.23)
We next investigate the term I Ps:
IP; = (y)"M(M 'LRTED?*w + M'LRTGD*v — M~'Wy/)
= () 'LRTED*w + (v)'LRTGD*w' — (/)" Wy/.
We look at each of these three terms separately. The first term yields
gy
—EI 8331 (L)
2
B (I A T I EI%(L)
(v)'LRTED*w=[# 6, 6] |1 ¢ 0 0 5
0 0 1 ¢/ |0 0 01 53w,
0 0 —1 0] |"El55 (L)
0w
EI 0322 (L)
(9311}1 . . 83'[1]2 . .
= =Bl (L)(& = t0y) + BI == (L)(@ + (6)
2 . 2 .
+ B g, 1 Br2 2 0y, (5.24)

0s? 0s?
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Similarly, the second term yields

- O3 (L)
2,/
N (O NI Rl P 137
w
L I B a2
02w}
15 (L)
DPw] : 3w} , :
= T L)~ ) + 7S (L) i+ 16)
OPwy, OPwh
+Py 832 (L)el_'—'y 882 (L)92
Now we also must satisfy the domain constraint 7w’ = L%/, or
RN
%) |
s 0 1 0], b
wi() | -1 ¢ 0 il _ |-
owy 0 0 1f |/ by
~ s D) 1 0 ¢f b7 (i + £6,)
| wy(L)
Substituting (5.26) into (5.24) yields
9 ok
(y)'LRTED>w = E[aT“;l(L)wg(L) + EIaTI?(L)w;(L)
0wy, Ow, D?wy , . Ow
—FEI 557 (L) 9 (L)— FEI 5a (L) s (L).
Similarly, substituting (5.26) into (5.25) yields
, 83w/ aSw/
) URTGD*! = S Ly (L) + 7 52 Ly L)
0Pl Ow, O*why ,  Owl
—’VW( ) Os (L)—Vﬁ( ) Os (L).

66

(5.25)

(5.26)

(5.27)

(5.28)
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Combining (5.27) and (5.28) we have
(y)"LRTED?*w + (y')"LRT G D*w/

B 0*w, O*w) o 0wy 0wl owly
- - [r5R w -SR] Ghw - e R w R G
Pw o' Pw OPwh
v B8 0 e G| v + | R @+ SR w)] v
ow ows , ,
— M, ;’; (L) — M, 5{’; (L) + Nyw| (L) + Nowly(L). (5.29)
Finally, for the third term we get
oo o]re
—()"Wy' =—1[i 6, 6] [0 b —b| |6
0 —b bl |4
— —b( — 6, (5.30)

where b > 0. Thus, putting it all together with equations (5.20), (5.23), (5.29) and (5.30)
we end up with

ow, ow), . / . /
(AZ; Z)HODE = Ml 881 (L) + M2 882 (L) — N1w1<L) — Nsz(L) _ HG’2D2'LU “L2(07L)2
Oy u / , . .
- M, 851 (L) — M, 852 (L) + Nyw' (L) + Nywh(L) — b(f, — 65)?

— —||G? D*W'|| 20,2 — b(61 — 6)* < 0. (5.31)
Therefore, we can conclude that A is dissipative.

We next work to show that zero is in the resolvent set of A. We do this by showing that
A is one-to-one and onto. Then, A~! exists and is bounded.

We set Az = Z:
[ 0 I 0 w ]
Az = —~AED* —~AGD* 0 w’
' M~'LRTED?> M'LRTGD?> -M"'W| |¢/|
[ U)/ ] 21
= —~AED*w — AGD*w' = |2
| M'LR7TED?*w + M'LRTGD*w' — M™'Wy/| Z3
This gives three equations:
w/ — 51 c H17 (532)
— AED*w — AGD*w' = %, € {L*(0, L) x L*(0, L)}, (5.33)

M 'LR7TED*w + M 'LRTGD*w' — M *Wy/' = Z; € R?, (5.34)
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Equation (5.32) yields a unique w’ for given Z;. We then substitute for w’ in (5.33) and
solve for w to obtain an ODE with respect to s,

—AED*w = %, + AGD*% or,
D'w=-E'A'% - E'GD*3. (5.35)

From the domain constraint for A we have 7w’ = L7y, or y/ = (LLT)"'L7w’, or
y' = (LLT)"'L7 z, where we used (5.32). Substituting for 3 and w’ into (5.34) yields

M 'LRTED?*w = 3 — M'LRTGD?*z, + M'W(LL")'L7 3

LRTED?*w = MZ; — LRTGD?2, + W(LL")'L7 3

RTED*w = (L'L)'L"M2%; - RTGD?*z, + (L'L) 'L"W(LL")"'LT 3,

TED*w = R"YL'L) 'L"Mz; — TGD?*z, + R Y (L'L) 'L"W.(LL")'LT 7,

where we used the Moore-Penrose pseudoinverse of L, i.e., (LTL)7'L”, to solve for
TED?w.

We write the right-hand side as known functions and calculate the left-hand side:

I d3w
—EI ds;(L)
d271)1 fl
EI L
ds? (Z) _ fo or
d3w I3’
—EI ds; (L) 1,
d*w
EI de(L)
T
ds? (Z) h
1
(L) f.
2
ds — 1. (5.36)
d wao f3
—3 (L) X
d2w2 _f4_
72 (L)

Thus, equation (5.34) provides boundary conditions (5.36) for the fourth order ODE
(5.35). Additionally, we also have the boundary conditions imposed by the domain
of A, ie., H}(0,L) of w(0) = Dw(0) = 0. Thus, the lower order derivative terms
provide boundary conditions at s = 0 while the two higher order derivative terms provide
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boundary conditions at s = L. By standard ODE theory, these particular boundary
conditions result in existence of a unique solution for w (see for example Walter [40]
Chapter VI, Section 26, Parts X and XI). Also by standard linear elliptic differential
equation theory we have for a right-hand side function in {L*(0,L) x L*(0,L)} that
w e {HZ(0,L) N H*0,L)} x {HZ(0,L) N H*0,L)} = H;. We have established that
given a right-hand side in Hppg there exists a unique solution of Az = Z.for w € H;,
w' € Hy = Hy and i € R? where 3 satisfies LTy = Tw’. As a result we have shown
that A~ exists.

We now show that A~! is bounded. From expressions (5.32) and (5.35) and the expression
for 3y from the constraint equation, we have

[l < ez ]
Jw]] < ea([|Z2]] + [|Z1]])
1yl < esllz -

Thus,

||ZHH0DE < CH'glnHonEv
HZHHODE < CHAZHHODE7
||A_1(Az)||HODE < CHAZHHODE'

Therefore, A~! is bounded and the resolvent operator for A = 0, i.e., (0 —.A)7!, is also
bounded. Thus, we have 0 € p(A).

Hence, by the Corollary to Lumer-Phillips in Liu and Zheng [30] mentioned above, A is
the infinitesimal generator of a strongly continuous semigroup of contractions on Hopg.

Now by Lemma 3.7 with ¢(t) Lipschitz continuous, and hence also ¢; (), we have a unique
solution u(t) = x1(t) € D(B11) = D(Ba1) to the inhomogeneous abstract Cauchy problem
(5.16). Then using the expression x5(t) = —Bs, Bo11(t) we obtain a unique solution for
xo(t) € D(B12) = D(Bsz). We have therefore shown that there exists a unique solution
to this two beam and rigid joint problem. O]



Chapter 6

Discretized Differential-Algebraic
Equations

Once we have shown that there exists a unique solution to the abstract DAE we then
want to be able to develop numerical methods for approximating the solutions. One
approach is to discretize the spatial variables of the abstract DAE using a finite element
approach to form a finite dimensional DAE. We assume the boundary conditions and
constraints that are imposed in the domain of the operators have been incorporated into
the basis elements of the finite element space. In this chapter, we investigate some of the
issues that arise after discretization such as solvability, projections, index reduction, etc.

6.1 Solvability of the Differential-Algebraic Equation

Consider the linear constant coefficient Differential-Algebraic Equation (DAE) that may

be typical of those which arise from various structural dynamics applications:

MZ(t)+ Di(t) + Kz(t) — CF(t) = f(t), (6.1)
CTz(t) =0, '

where M € R™" is a mass matrix with the property M > 0 and symmetric, D € R™"
is a damping matrix, K € R™" is a stiffness matrix with the usual property K > 0
and symmetric, C' € R™P with full rank p, p < n, 2(¢), f(t) € R" where f(t) is an
optional forcing function, and F(t) € RP are unknown functions related to the problem
(For example these could be the internal forces and moments imposed on a joint by two
vibrating beams like our application in Chapter 5). The second of the two equations
above represents a constraint on the second-order ODE in the first equation. Note that

70
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this system is a DAE because the unknown variable F'(t) appears only in algebraic form
and is not differentiated in the equation.

We now convert this second-order system into a first-order ODE. Let x1(t) = 2(t), z2(t) =
2(t) = #1(t), and x3(t) = F(t). We then get three equations:

xl(t) - xQ(t) =0,

Mo (t) + Das(t) + K1 (t) — Cas(t) = f(2),

OT.I’l(t) = 0.

We incorporate these three equations into matrix form,

L, 0, 0.,] [#:0t) 0w —1n 0.,] [2:(0) 0p
0 M 0n,| |#2)| +| K D —C| |w@®| =11 | f@), (6.2)
Opn Opn O, | [2s)] [CT 0, 0, | |235(t) Opn

where a single subscript n or p indicate n X n or p X p square matrices respectively, and
double subscripts n, p or p,n indicate n X p or p x n rectangular matrices respectively.

We let

I, 0, 0.,
E=10, M 0,,
Op n OP»” OP
0 —1I, Onp
B=|K D -C
CT 0, 0,
1(t)
x(t) = |2(t)
| 3(t)
0,
q(t) = | In | f(t)
_Op7n
This yields the following DAE
Ei(t) + Bx(t) = q(t). (6.3)

We now present the first result.

Proposition 6.1. Let the matriz C' have full rank. Then the DAE (6.1) is solvable if
and only if det(AM + D + +K) # 0 for some X # 0.
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Proof. Theorem 2.3.1 from Brenan, Campbell and Petzold [3] states that the DAE (6.3)
is solvable if and only if det (A\E + B) # 0, i.e.,, det (AEF + B) is not identically
zero as a function of A\. We now apply this solvability condition to our specific matrices
involved in the DAE (6.3). We get the following block-partitioned matrix result for the
matrix pencil (AE + B),

A, I, 0.,
AME+B=|K AM+D —C|. (6.4)
¢t 0,., 0,

We now drop the p and n subscripts. The size of an individual block matrix can be
determined by its position in the larger block-partitioned matrix. Specifically, the par-
titioned matrix has n rows for each block matrix in its first two partitioned rows and p
rows for each block matrix in its third partitioned row. The same applies respectively for
the columns of each block matrix based on the partitioned column in which it is located
in the larger matrix.

We will use two properties of determinants: (1) det F'det G = det(FG), and (2) the de-
terminant of an upper or lower triangular block matrix is the product of the determinants
of the matrices on the diagonal. Using block matrix Gaussian elimination to perform row
reduction on (6.4) yields: (We assume A # 0.)

Ao T 0 I 00 Mo T 0
det | K AM+D —C| =det |—5xK I 0|det| K AM+D —C
cr 0 0 . 0 0 [ cr 0 0
=det Ide‘trl det I=1
BY —1I 0
=det | 0 AM+D+iK —C
cr 0 0
I 00 A —I 0
=det| 0 I O|det|0 AM+D+iK —C
—3CT 0 I cr 0 0
BV -1 0
=det |0 AM+D+iK —C
0 $CT 0
" M +D++K —-C

At this point, note that the element \M + D + iK is a square matrix. The other
two nonzero matrices contained in the last determinant matrix are rectangular. In
order to proceed we now assume that the matrix AM + D + %K is invertible, i.e.,
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det(AM + D + 1K) # 0. Then,

AM+D+iK —C] I 0], [MWM+D+iKk —C
det]™ 1gr 0 } = det {—%CT(AMJrDJr%K)‘l I} det { Lo 0
~ ot | MM+ D+ 3E —C
B 0 sCT(AM + D + $K)™'C

1 1 1
=det(AM + D + XK) det[XCT()\M + D + XK)—lc].
Therefore, since C' (and C7T) is full rank, the requirement that det(AE + B) # 0 results
in the condition that det(AM + D + 1K) # 0.

Thus, the DAE (6.1) is solvable if and only if det(AM + D+ 1+ K) # 0 for some X # 0. [

So far we have only used the fact that C' is full rank. If we add the additional condition
that M is nonsingular, then we can obtain an additional proposition. However, before

proceeding we will need the following lemma from functional analysis (see for example
Taylor and Lay [38], Theorem IV.1.5.).

Lemma 6.1. Let X be a Banach space and let L(X) be a Banach algebra of bounded
linear operators which map X into itself. By definition, an operator M is invertible in
L(X) if M is bijective and M~ € L(X), i.e., M~ is bounded. If M is invertible in

L(X), N € L(X), and ||M — N| < W, then N is invertible in L(X).

Proposition 6.2. If C is full rank and M is nonsingular, then the DAE (6.1) is solvable.

Proof. From Proposition 6.1 assuming C'is full rank, we obtained that the DAE (6.1) is
solvable if the matrix AM + D + %K is invertible for some A\ # 0. We show that this
matrix is invertible for A satisfying [A| > [[M~||(||D]| + [|K]||) or |A] > 1 whichever is
larger. In the following we assume |A| > 1,

I+ ) < (A

1
121+ 1K1 < e
1D+ $KI < 1Dl + 7K1 < 120 + 1K1 < T
1 1
03
IAM =AM = D - SK| <W

1
IAM = (AM + D + ~K)|| < ——.
A [(AM)=]
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Since M is invertible, AM is also invertible for A\ # 0. Now by Lemma 6.1, AM +
D + 1K is invertible. Thus for M invertible, we have det(AM + D + 1K) # 0 for
some \, specifically for any |\ > max {1, ||M~'|(||D]| + ||K])}, or equivalently, || >

D K
max {1, UL}, =

6.2 Incorporating the Algebraic Constraints into an
Explicit ODE

We now look at a different formulation of the DAE (6.1) by using the constraint equation
CT2(t) = 0 to solve for F(t) and form an explicit ordinary differential equation (ODE).
Based on our results from Section 6.1 and given that C is full rank and M > 0 is
symmetric, we expect this method to be feasible since we know this particular DAE is
solvable.

We start with the second-order ODE equation. Since M > 0 is invertible, we multiply
by M~! and then by the transpose C7. We have
MZE(t) + Di(t) + Kz(t) = CF(t) + f(¢)
Zt)+ M'Di(t) + M7 K2(t) = M7'CF(t) + M~ f(1)
CT:(t)+ C"M'Di(t) + C"M ' Kz(t) = C"M'CF(t) + C"M ' f(1).
We differentiate the constraint equation twice to obtain CT2(t) = 0 and apply to the last
equation above which yields
CTM™'D(t)+ CTM*Kz(t) = C"M*CF(t) + C* M~ f(t)
CTM™'CF(t) = C"M ™ 'Dz(t) + C* M Kz(t) — CT M~ f(t)
F(t)=(CTMC)'CTM'Dz(t) + (CTM'CY 'CT M K 2(t)
—(CTMTO)TCT M (1),
where we have used the fact C'is full rank in order to justify the existence of (CTM~1C)~1.
We then substitute this result for F(¢) back into the original second-order ODE:
ME(t) + Di(t) + Kz(t) — C(CTM'O) ' CT" M D:(t) — C(CTMC) ' CT M K 2(t)
= f(t)y —C(CTM'CYTOT M ()
MEt) + [ —C(CTMCYPCTMYD:(t) + [I — C(CTMO) ' CT" M K 2(t)
=[I-CcCTM*C)yTCTM Y f(t).

We define the matrix () € R™" as follows
Q=CcCc™MmM eyttt (6.5)
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We then let P := 1 — Q) € R™ which then leads to the second-order ODE

ME(t) + PD:(t) + PK=(t) = Pf(t). (6.6)

We now convert this to a first-order ODE where z(t) = z(t) and x5(t) = 2(t) = 41 (t),

i
_On

] (i) * Pk 3| o)) = 7).

i R P B P P

it
28 i :Mg)PK M:;D} {28] - {Ml(z)af(t)] '

We note that the initial conditions must satisfy C7z1(0) = 0 and CTz5(0) = 0 to ensure
we start out on the constraint manifold. Thus, our final system becomes a regular initial
value problem ODE:

p

L

[31(t) 0 —1 ] [m@] 0

:'Ug(t)] Y\t M-iPD IQ(t)] | MPF(@)

) (6.7)
c” 0] [x0)] o

0 CT| |x(0)| [0

with a constraint imposed on the initial data, i.e., we require consistent initial data.

Remark. Not all

solutions of the explicit ODE are solutions of the original DAE. However,

by imposing consistent initial conditions to ensure we start out in the constraint manifold,
{z € R": CTz(t) = 0}, will ensure that the solution of the ODE and the solution of the
DAE are equivalent. However, when solving the explicit ODE numerically, one must be
aware of the issue of numerical drift when z(t) may drift off of the constraint manifold.

Letting

0= 2]

A= [—MolPK —Mllpp} ’
o0 = |y

cT oo
i[5 &l



Mark A. Pierson Chapter 6. Discretized DAEs 76

we have

Gz(0) = 0. (6.8)
Remark. Notice that regardless of whether we started with CT2(t) = 0 or CTz(t) = 0
we would still get the same explicit ODE (6.7); the only difference is whether we had
to differentiate the constraint twice or just once before solving for the algebraic variable
F(t). However, if we started with C72(t) = 0, we would need to be careful that the initial
condition C72(0) = 0 makes sense and is consistent. Additionally, even if the DAE (6.1)
were solvable it might not always be possible to form an explicit ODE. This would be
true in particular for implicit or nonlinear DAEs.

{g’:(t) = Az(t) + q(t)

We now investigate the matrices Q and P. As noted above, Q = C(CTM~C)~1CT M~
and P=1—(@. @ is idempotent since
Q*=cc™M ey v crtmteyotmtoytet Mt
=c(CcTmMto)y et Mt
= Q.
Thus, we also have P? = P.

Before we give details on what @) does, we first review information on projections from
Householder, Section 1.3, [22]. Two vectors in R" are orthogonal if y7z = 0. We can
always decompose any vector z € R" into two orthogonal components z = x + y such
that yTo = 0. If Qz = y and (I — Q)z = Pz = x, then @ is the orthogonal projection
onto im @ and P is the orthogonal projection onto (im Q)+ with Q% = Q, QT = Q, and
PQ = QP = 0. Thus, we have (Q2)T(Pz) = 2TQTPz = 27QPz =0 for all z € R", or x
and y are orthogonal for z = x + y where x = Pz and y = Qz.

Likewise if a matrix C' € R™P? has full rank p, p < n, and if the vector Cx is the
orthogonal projection of a vector z € R™ onto the space spanned by the columns of C,

then CT(z — Cz) = 0 since ker CT = (im C)*. Solving for x yields
CT(z—Cx)=CT2-C"Cx =0
CTCx =C"
= (CTO)*C"%,
where (C’Tg)*1 exists because C has full column rank. Note that 2 € R? with dim (im C) =
p. Hence Qz = Cz = C(CTC)_iCTz or Q = C’(~CTC)_10T is the orthogonal projection
onto im C. It is easy to check Q% = Q, QT = Q. Furthermore, P = I — @ is then the

projection onto (im C')* = ker C7.

We next generalize the above result. We say that, given a symmetric positive definite
matrix G, two vectors x and y are orthogonal with respect to G if y'Gx = 0. To
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give some understanding to this concept, a symmetric positive definite matrix G' can
always be factored by a Cholesky factorization such that G = BTB. Then, we can
interpret y!Gx = y" BT Bx = (By)?(Bx) = 0 as the ordinary scalar product between
two orthogonal vectors By and Bx where x and y can be considered basis vectors in
an oblique coordinate system and then Bx and By are the respective basis vectors after
transformation into an orthogonal coordinate system.

We now repeat the derivation of () as above except we generalize so that the projection is
orthogonal with respect to G. In our case, we let G = M~!. Thus, if M~! is symmetric
positive definite, if C' has full column rank p, and if we assume Cx is the orthogonal
projection with respect to M~! of a vector z € R™ onto the space spanned by the
columns of C, then CTM~1(z — Cx) = 0 since now ker CTM~1 = (im C)*. Solving
again for x yields

C™M Y z—Cz)=C"M 2~ C"M'Cx =0
CTMCx=CTM 'z
r=(CTM*C) 'O Mz

Hence, Qz = Cz = C(CTM'C)'CTM~1z or Q = C(CTM~*C)*CTM~. We then
define P = I — Q. Thus, Q is the orthogonal projection with respect to M~! onto
im C. We note for information only that in this generalized projection case we do not
have QT = Q, i.e., Q is not symmetric. Since (im C)* = ker CT, P is the orthogonal
projection with respect to M1 onto ker C7.

Another way to express this result is that CTM 1Pz = 0 for any z € R". Hence,
P can also be viewed as a projection onto ker(CTM~1). Therefore, CTM1PKz(t) =
0, C"TM~'PDi(t) = 0, and CTM~'Pf(t) = 0. Thus, multiplying the second-order
ODE (6.6) above by CTM ™! gives CT%(t) = 0 and shows that we satisfy our constraint
equation. Finally, in equation (6.7) above, M ' P can be interpreted as a mapping onto
ker CT, i.e., onto the constraint manifold {z(t) € R" : CTz(t) = 0}.

Remark. In our original two beam and joint problem, M was defined as a positive def-
inite symmetric mass matrix. Hence, we can assume that M1 is also positive definite
symmetric and our interpretation of the projection P is valid.

6.3 Hessenberg Form of DAEs

Before we look at the Hessenberg form of DAEs, we first recall the definition of the index
of a DAE.

Definition 6.1. For the DAE (6.3), the index can be defined as the number of iterations
of the following process: (i) Perform coordinate changes to rewrite the DAE with explicit



Mark A. Pierson Chapter 6. Discretized DAEs 78

algebraic constraints, and then (ii) Differentiate the algebraic constraints. Repeat until
the system is reduced to an explicit ODE.

Remark. In the last section we formed an explicit ODE by differentiating the DAE (6.1)
constraints twice and substituting back in to solve for the unknown algebraic variables
F(T). Based on this derivation of the explicit ODE and the definition of index, one may
think that the index for DAE (6.1) is two.

Since the DAE (6.1) has a 3 x 3 block matrix when put into a first order system (6.2),
let us look at the standard Hessenberg size-3 form of a DAE.

I 0 0] [a() Bu Bz Bis| [z1(t)

Definition 6.2. A DAE is said to be in Hessenberg size-3 form if it has the standard
form above (6.9) and meets the condition that the product BssBs Bis is square and
nonsingular.

We compare the DAE (6.2) with the Hessenberg size-3 form by multiplying the second
row of (6.2) by M1,

I 0 0] [d:(¢) 0 —I 0 1 (t) 0
0 I 0| |d#(t)| + |M'K M™'D —M7'C| |zy(t)| = | M f(2)
00 0 |&(t) cr 0 0 3(t) 0

In this case, the product Bss B B13 = 0. Before we say this is not a Hessenberg size-3
DAE, we notice that by reordering the x; and x5 variables we can maintain our structure
in the left matrix in front of the differentiated variables. Then, the effect of reordering
the variables on the B matrix is to swap the first two rows and then switch the first two
columns. We then get the following reordered system:

I 0 0] [222) M™D MK —M7C| [z:(t) M=Yf(t)
0 I 0| [@ ()| +| -1 0 0 i (t)| = 0 . (6.10)
0 0 0| [i3(¢) 0 cr 0 x3(t) 0

Now the product Bse By Bis = CTM~'C is square and invertible since C' is full rank.
Hence, our original DAE (6.1) is a Hessenberg size-3 DAE. Why is this significant?

From Brenan, Campbell, and Petzold [3], a Hessenberg size-i DAE is solvable and has
index i. Hence, our original DAE is solvable and has index three. The fact that it is
solvable agrees with our results from section 6.1.
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Remark. In section 6.2 we assumed that the index of this DAE was two, based on differ-
entiating the constraint equation twice. Hence, differentiating may only give a minimum
index number and may not be an accurate indicator of the index.

We now look at a modified version of (6.1). Specifically, we will look at the differentiated
constraint CT2(¢) = 0 vice CT2(t) = 0. Our modified system becomes

{Mé(t) + Di(t) + Kz(t) — CF(t) = f(b), (6.11)

CTz(t) = 0.

When put into first order form we get:

I 0 0] [a(t) 0 ~1 0 21(t) 0
0 I 0] |io(t)| + |[MTTK M7'D —M7'C| |as(t)| = | M71f(2)
0 0 0] |ds(t) 0 cr 0 23(t) 0

Here we have multiplied the second row by M ~! to try to put the system into Hessenberg
form. The only difference between the original DAE and the modified DAE is that the
OT term is in the bottom center element of matrix B vice in the bottom left element.

We note immediately that the product B3z Bs1 Bz = 0. If we reorder the z; and x,
variables as before the effect on the B matrix is to swap the first two rows and then switch
the first two columns. This will move the C7 term from the bottom center element back
to the bottom left element. Then, B3y = 0 and hence the product B3y Bs; Bz = 0. Thus,
this modified DAE is not a Hessenberg size-3 DAE.

However, if we partition the B matrix for this modified DAE, we have

0 —I : 0
-1 -1 . 1 Bll B12
B— |M~K M—™D : -MC ’
. . e e By, 0
0 cT : 0
where the product By By = —CTM~'C is square and nonsingular.

Thus, we get a Hessenberg size-2 DAE:

o o o) o e ] - L) -
where (1) = [21(t), 22(t)]7, ya(t) = 25(t), @u(t) = [0 M~ f(£)], go(t) = 0. Thus, this

modified DAE with the constraint differentiated once results in a solvable DAE and has
index two.
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Remark. Tt may not always be obvious that a DAE can be put into Hessenberg form. It
may take some work. But a word of warning, not all DAEs can be put into Hessenberg
form. Hence, if a DAE cannot be put into Hessenberg size-3 or size-2 does not mean it
is not an index-3 or index-2 DAE respectively. However, if the DAE can be put into a
Hessenberg form, it immediately tells us that the DAE is solvable and has index of 74"
associated with size-i Hessenberg form.

Remark. We note that differentiating the constraint equation once reduced the index of
the DAE by one as expected.



Chapter 7

Conclusions

7.1 Summary and Contributions

Using the detailed framework and background developed by Mérz [33] we have extended
the theory from ordinary DAEs to abstract DAEs involving systems of partial differential
equations and hybrid systems. We focused our initial efforts on index-1 DAEs and those
of semi-explicit form. While one could easily use a more direct approach for the index-1
semi-explicit DAE, this projection and subspace approach has much more potential for
those problems that do not exactly fit the semi-explicit index-1 form. Hence, our thorough
analysis of this method and the thorough example application of a structural dynamics
problem will be helpful in continuing the theory beyond its current bounds as well as
being useful for applications that may be index-1 abstract DAEs but do not allow use of
a direct method.

We have also started a theory for abstract Hessenberg DAEs in the index-2 abstract
DAE case. The theory for index-2 is much more difficult as seen. In the index-1 case,
the Py and @y projectors only depend on £ which in this case only included the identity
operator and zero operators. When moving into the index-2 case, even for the simplified
semi-explicit DAE, the projectors P; and (Q; become much more complex. They now
depend on the operators making up the matrix operator B. We have to worry about
whether these index-2 projectors now “commute” with the various B;; operators, i.e.,
whether the images of the projectors are in the domains of the B;; operators, and whether
we lose infinitesimal generator and dissipative operator properties of the B;; operators
when composed with these index-2 projectors. This was one of the issues we attempted
to address for the abstract Hessenberg DAE and the associated projector H. In an
attempt to generalize the problem we also defined a concept of an operator domain that
is uniformly dense with respect to an orthogonal projector P on a Hilbert space.

81



Mark A. Pierson Chapter 7. Conclusions 82

In the final chapter, we addressed some of the issues that arise when working with the
discretized DAE. Specifically, when an abstract DAE is discretized using a finite element
method for the spatial variables, we may end up with an ordinary DAE. What form of the
now discretized DAE do we want to work with? Can we work with the reduced index form
of the DAE by differentiating the constraints? What is the difference between converting
the discretized DAE to its underlying or explicit ODE? What are the drawbacks of
using the explicit ODE form? We explored some of these issues as well as converting a
DAE to Hessenberg form. However, we do not provide any answers to these questions
at this point. This exploration primarily whets the appetite for more work yet to be
done in this area. Moreover, a comparison between the form of the underlying explicit
ODE and that of the inherent regular ODE defined by Mérz is interesting. There may
be a way to efficiently perform a projection at each step, or even more likely after a
series of steps, of the numerical approximation to help prevent drift off of the constraint
manifold. Determining how long one can proceed between correcting projection steps
would be critical. This idea could lead to a kind of “corrector” step which could be
added to existing algorithms.

7.2 Future Work

There is much work to be done in this area. Some related research is ongoing in the
area of PDAEs. However, we have only begun to scratch the surface of what needs to be
done for the broader scope of abstract DAEs. For example, in the area of well-posedness
more work still needs to be done with respect to continuous dependence on initial data.
Does this concept even apply? We only looked at existence and uniqueness of solutions.
Additionally, we primarily focused on semigroup methods for determining existence and
uniqueness of solutions to the AODE. There is much more literature on standard elliptic
and parabolic PDE theory. Thus, determining what it means to have a weak or mild
solution of a DAE would be a useful step forward.

Much more effort is needed for the abstract index-2 case. We only addressed the abstract
Hessenberg size-2 problem. It would be useful to attack a more general index-2 version.
The other thing to factor in are the applications. It would be helpful to first have some
good abstract index-2 problems to work with to help guide possible solutions. We also
only addressed the liner time-invariant case where our £ and B operators were constant
and not a function of time. It would be useful to extend the abstract DAE theory to the
linear time-varying problem as well. Here the methodology developed by Marz should
also be helpful. Ordinary DAEs are already being used in the control literature. An
extension to abstract DAEs could be made for the infinite-dimensional control problem
or distributed parameter systems.
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There has already been some work in the area of numerical approximation to PDAEs. As
discussed above in Section 7.1 there is some potential for modifying algorithms to include
correction steps depending on the type of algorithm. Iterative methods in particular are
desired for the large matrices that result from discretization of PDEs. Stability, accuracy
and efficiency need to be addressed and resolved for the different algorithms and methods
used for numerically solving abstract DAEs. A general theory of index reduction for
discretized abstract DAEs would prove to be very useful and allow more problems to be
solved using existing algorithms.

As one can see there are many openings remaining for productive research in the area
of abstract DAEs. What are you waiting for? I for one will continue from where this
dissertation ends.
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