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Abstract

The generalized Langevin equation is a common equation for modeling the motion of
particles in molecular dynamics. It describes the velocity of a macromolecule in a medium
consisting of many smaller particles via a convolution over the history of its velocity and
a memory kernel, which encodes the medium’s physical properties and allows to take
into account long-term consequences such as the influence of collisions on the motion
of the medium’s particles, which can indirectly influence the macromolecule in the long
term. The generalized Langevin equation employs the coarse graining approach of only
simulating the macromolecule’s velocity explicitly while collisions with the particles of
the medium are modeled via a random force process. It is known that if the memory is
a Prony series, the generalized Langevin equation can be represented by an Ornstein-
Uhlenbeck process by introducing auxiliary variables, which simplifies both its theoretical
analysis and its numerical simulation.

While the forward problem, generating sample paths to a given generalized Langevin
equation, is interesting in itself, we are more interested in the inverse problem, which
consists in determining a good approximation of the memory kernel given a solution of a
generalized Langevin equation. By a solution we here mean the distribution of the solution
process, which is given by the auto-covariance function of the velocity. This function is
deterministic and can be easily estimated given a sufficient number of sample paths. The
inverse problem is known to be ill-posed, therefore stability is a major issue with methods
which solve this problem. In this thesis we introduce a new method for solving the
inverse problem. Instead of first approximating the memory kernel in order to determine
a suitable Prony series and an Ornstein-Uhlenbeck process approximation, this method
directly yields an Ornstein-Uhlenbeck process which approximates the given velocity
auto-covariance function of a generalized Langevin equation. It is based on a variant of
the Lanczos algorithm which allows interpolating the velocity auto-covariance function
by a Prony series and determines the corresponding Ornstein-Uhlenbeck process, followed
by several post-processing steps. By using the multi-dimensional Lanczos algorithm, it
can also be applied to the multi-dimensional generalized Langevin equation, where the
velocity is a vector.

We test this method using data from several molecular dynamics simulations, including
noisy data to assess the method’s robustness. For the one-dimensional case we introduce
and assess an extension of the algorithm for the setting of a generalized Langevin equation
where the macromolecule is subject to an additional constant external force. In this case
it is essential to obtain an Ornstein-Uhlenbeck process whose mobility is close to the
actual mobility of the generalized Langevin equation.
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1. Introduction

1.1. Overview over this Thesis

The generalized Langevin equation (GLE) is a commonly used equation in molecular
dynamics. It describes the motion of a macromolecule (or several macromolecules) in a
medium. While it simulates only the macromolecule’s velocity directly, the motion of
the medium’s molecules is taken into account, too, albeit indirectly. For this the GLE
contains a memory term, which enables it to depend on the history of the particle’s
velocity, and a stochastic force term. While the stochastic term simulates the immediate
impact of collisions with the mediums particles, the memory term takes into account
long-term consequences such as the influence of collisions on the motion of the medium’s
particles, which can indirectly influence the macromolecule in the long term.

In this thesis we are interested in the inverse problem, which consists in determining the
memory kernel given a solution of a GLE. By a solution we here mean the stochastic
distribution of the velocity. Since the velocity is a continuous, centered Gaussian process,
the distribution is given by the auto-covariance function. We assume that the particle’s
velocity is a stationary process, hence this is a function of one variable. Often the
complete velocity auto-covariance function (VACF) is not available, but its values at
certain times, usually in an equidistant time grid, are. On top of determining the memory
kernel, we are also interested in writing the corresponding GLE as an Ornstein-Uhlenbeck
process. In an Ornstein-Uhlenbeck process the memory term is represented by auxiliary
variables. Since it is a Markov process, this significantly simplifies numerical simulation
of the corresponding GLE and computations of its analytical properties. Our goal is
developing a method which computes an Ornstein-Uhlenbeck representation of a GLE
without first having to determine an approximation of the memory kernel in order to
avoid known stability problems of the latter problem. (Note, however, that the inverse
problem itself is ill-posed, therefore no completely stable algorithm for solving it exists.)

This thesis is organized as follows: In the remaining chapter we will clarify the used
notation and give an introduction into the stochastic foundations required to define
Ornstein-Uhlenbeck processes. In Chapter 2 we give a detailed introduction into the
generalized Langevin equation and the corresponding inverse problem and explain how it
can be represented by an Ornstein-Uhlenbeck process. In Chapter 3 we present a method
for solving the one-dimensional inverse problem and generating an Ornstein-Uhlenbeck
system whose VACF approximates the given VACF in a given equidistant grid. In
Chapter 4 we will investigate an extension of the generalized Langevin equation, obtained
by adding a constant external force which affects the macromolecule, and assess an
adapted version of this method to obtain an extended Ornstein-Uhlenbeck representation
for the corresponding process. In Chapters 5 and 6 we will extend the algorithm from
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Chapter 3 to the multidimensional generalized Langevin equation with a matrix-valued
VACF and assess its numerical results.

1.2. Notation and Useful Lemmas

1.2.1. Notation

If A is a matrix, AT denotes its transposed matrix while A* = A" denotes the conjugate
transposed matrix. A; ; is the matrix entry at position (7,7) while A; . is its ith row and
A. ; its jth column. I, denotes the n x n identity matrix. 0y, , is the m x n matrix
containing only zeros and 0, is the zero vector in R™. We sometimes omit the dimensions
when they are obvious from the context or irrelevant. ey is the kth unit vector where the
dimension is again clear from the context when it is not explicitly mentioned.

We will often write matrices in block notation, i.e. write them as blocks of smaller
matrices. To simplify the specification of the blocks’ dimensions, we introduce the
following notation:
A [AH Aw] c R(mIn)x(pla)
Agr Ago

means that A is a matrix consisting of the blocks Ay1, Ais, As1, and Ass where
A € Rmxp’ Aqg € Rqu, Ag € Rnxp’ and Aoy € R4, So R(m\n)x(p\q) is actu-
ally Rm+n)x(P+a) hut used in the above context it also specifies the dimensions of the
blocks of A. Of course this notation depends not only on A itself but also on the used
block notation and is thus not strictly well-defined. However, we will only use it where it
is clear from the block notation what we mean.

o(A) denotes the set of all eigenvalues of a quadratic matrix A. By Logz, x € C\ {0},
we denote the principal branch of the complex logarithm, i.e. ImLogx € (—m,x]. For
non-singular quadratic matrices A we write Log A for the matrix logarithm which satisfies
Im X\ € (—7, «] for each A € o(Log A).

For a suitable function f, the notation F f denotes its Fourier transform, defined by

1 .
Ff(€) = — / I £(t) dt,
while £f denotes its Laplace transform

LR©) = [ e

0

N (1, X) denotes the normal distribution with expectation p € R™ and covariance matrix
X € R™™_ For a real random variable X; € L!(P) on a probability space (£, A, P)
with X (w) € R™ for every w € Q, E[X;] € R™ denotes its expectation. For real random
variables X1, Xo € L?(P) with X;(w) € R™, Xs(w) € R" for every w € (,

Cov[X1, Xo] == E[(X; — E[X1])(X2 — E[Xy])T] € R™*"
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denotes the covariance matrix of X; and X, and Var[X;] := Cov|[X1, X;] denotes the
covariance matrix of X; (or variance in the one-dimensional case).

1.2.2. Two Useful Lemmas

In the following we state two well-known identities, which we will use several times
throughout this thesis.

Definition and Lemma 1.1 (Schur Complement). Let

Huy Hi (
H = e R(mIn)x(m|n)
[Hm H221

with Hog non-singular. Then S := Hyp — H12H2_21H21 18 the Schur complement of Hoo
in H. If S and H are non-singular, then

H_1 . S_l *S_1H12H2721 (1 1)
—Hy ' Ho1 S~ Hyy' + Hyy  Hy S~ HypHyy' | '
Proof. One directly verifies H 'H = 1. O

The following lemma is a special case of the Leibniz integral rule.

Lemma 1.2. Lett > 0 and let D C R? be open with {(t1,t2) € R?2: 0 <ty <t; <t} C D.
Let further f: D — R4 be continuous and continuously differentiable w.r.t. the first

¢
argument with derivative fi and define g(t) := / f(t,s)ds. Then g is differentiable and
0
t
g0 = [ Alt.s)ds+1t.0)

Proof. The formal definition of the derivative of f yields

J(t) = lim 20 =90 1 (/Otf(t,s) ds — Ot/f(t’,s) ds>

vt t—t vttt —t

= lim

vt —t/ (/Ot(f(t’ s) — f(t';s))ds — tt f(t',s) ds>

Lo fts) = () s) Lo
— 1- Y Y 1. /
; lim P d8+t’1£nnft—t’ } f(t',s)ds

—/Otfl(t,s)ds+f(t,t) ]
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1.3. Recapitulation of Stochastic Foundations

The following introduction is based on [39, Chapters 1-5] and [26, Chapters 21 and 25].

1.3.1. The Brownian Motion

Definition 1.3. Let (2, A,P) be a probability space and I C R a (finite or infinite)
interval.

(i) A d-dimensional (real-valued) stochastic process with time domain I is a map
X: I xQ— R? such that X (t, -) is measurable w.r.t. A for everyt € I.

(ii) A set (Ap)ier of o-algebras with Ay C A for every t is called a filtration if Ay C Ay
holds for every t < t'.

(iii) A stochastic process is called adapted to the filtration (Ay)wer if X (¢, -) is measurable
w.r.t. Ay for everyt e I.

(iv) Two stochastic processes X and Y with time domain I are called equivalent if for
each t € I they satisfy X (t) =Y (t) almost surely.

The interpretation of a filtration A is that A; determines which information is known at
time ¢. An adapted process can be seen as a stochastic process such that X (¢) is known
at time t.

Definition 1.4. Let X = (X(t))ter be a stochastic process.
(i) X is called centered if E[X (t)] =0 for eacht € I.

(ii) Let I =[0,00) or I =R. X is called (strictly) stationary if for every n € N and
t1,t2, ...ty € I the distribution of (X(t1+t, ), X(ta+t,-),...,X(tn+t,-)) does
not depend on t € I.

Definition 1.5. Let X,Y be stochastic processes with time domains Ix and Iy, respec-
tively, which satisfy X (t,-) € L*(P) for eacht € Ix and Y (t,-) € L*(P) for each t € Iy.
The function

Cxy(s,t) :=Cov[X(s, ), Y(t, )]
is called the covariance function of X and Y. If the joint process [ X7, YT]T
Cx,y(s,t) depends only on t — s and we thus write Cx y(t) := Cx,y(t,0).

1s stationary,

CX(S, t) = CX(S> t)
is the auto-covariance function of X. If X is stationary, we write Cx(t) := Cx x(t,0).
Definition 1.6. A d-dimensional stochastic process X with time domain I is called a

Gaussian process if [X (t1, )T, ..., X (tn, -)T]T e R™ is multivariate normally distributed
for everyn € N and every t1,...,t, € I.
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Definition 1.7. A one-dimensional stochastic process W = (W (¢, -))se[o,00) 5 called a
Brownian motion if:

o W(0,w) =0 almost surely.
o Wi(t, ) ~N(0,t) for each t > 0.

o The increments (W (t, -) — W (tg—1, *))
adll0<tg <t <...<ty,.

k—1 n 0re independent for every n € N and

o The path t — W (t,w) is almost surely continuous.

A d-dimensional stochastic process W is called a d-dimensional Brownian motion if each
component W; is a Brownian motion and all components are independent.

Theorem 1.8. There exists a probability space on which a Brownian motion exists.

Theorem 1.9. A stochastic process W is a Brownian motion if and only if it is a
centered Gaussian process with auto-covariance function Cyw (s,t) = min{s,t} whose
paths t — W (t,w) are almost surely continuous.

Definition 1.10. A Brownian motion on R is a stochastic process (W (t))ier such that
(W (t))tefo,00) and (W(—t))scjo,00) are independent Brownian motions.

Obviously every Brownian motion can be extended to a Brownian motion on R by defining
W (t) := W(—t) for t < 0 with an independent Brownian motion W.

1.3.2. The It6 Integral with Respect to a Brownian Motion

For this section let (€2, A, P) be a probability space and W = (W (Z, -))¢c[0,0c) @ Brownian
motion in (£2, A, P). Let further (A).c(o,00) be a filtration w.r.t. which W is a martingale,
i.e. W is adapted to (A)tejo,00) With W(t, -) € L'(P) and E[W (', -) | A;] = W(t, -) for
every t,t’ € [0,00) with t < ¢/, where E[W (¢, -) | A;] denotes the conditional expectation
of W(t', -) given the information Ay.

Since W has almost surely infinite variation in every interval [t,¢'], ¢ < t' (cf. [26,
Theorem 21.55]), the Itd integral w.r.t. W cannot be defined as a Riemann-Stieltjes
integral. Instead we first define the It integral for so-called “elementary functions” and
then employ a limit transition in order to generalize the definition to limits of such
functions.

Definition 1.11. Let S,T € [0,00) with S <T, I =[S, T], n € N, and let

S ifi-27" < S,
t = iom S <i2m<T,
T T <i- 27"
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A function X: I x Q — R,

w) = &w)- Ly o, y(8) (1.2)
i=0

with At(_n> -measurable, bounded random variables &, © € Ny, s called an elementary
function. Here 1a(t):=1ift € A and 1 4(t) := 0 otherwise.

Note that the sum in (1.2) is actually a finite sum as ﬂ[t(”) o is non-zero only for

i+1
finitely many .

Definition 1.12. The It6 integral of an elementary function X from (1.2) is the random
variable

/ X (t,w) AW (t,w) Zgz )(W () w) = W (1t w)). (1.3)
Remark 1.13. According to [39, Lemma 3.1.5], the It6 integral satisfies

2
E </STX(t,w)dW(t,w)> :E[/STX(t,w)th] (1.4)

for bounded elementary functions f. If we consider

\IE[/STX(t,w)th]

as a seminorm on the vector space U(S,T') of all bounded elementary functions, the It
integral is consequently an isometry from U(S,T) to L?(P).

We now generalize the It0 integral to the following vector space:
Definition 1.14. For A C R denote by B(A) the Borel o-algebra of A. Then V(S,T) is
the vector space of all stochastic processes X such that

(i) X is B([0,0)) ® A-measurable where B([0,00)) ® A denotes the product o-algebra
of B([0,00)) and A.

(ii) X is adapted to the filtration (At)icpo,00) from above.

< 00.

(iii) EVSTX(t,w)?dt

According to [39, p. 47fL.], for every X € V(S,T) there exists a sequence (X,,)nen of
bounded elementary functions such that

E[/ST(X(t,w) — X (t,w))* dt| 2% 0.
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Consequently (X,)nen is a Cauchy sequence in V(S,T') and thus (due to (1.4))

(/T X (t,w) dW(t,w))
S

is a Cauchy sequence in L?(P). Since L?(P) is complete, this sequence converges and we
denote the limit

neN

T
/ X(t,w)dW(t,w) := hm/ X (t,w) dW (t, w),
S

as the [to integral of X € V(S,T). By this definition the It6 integral is uniquely
determined up to almost sure equality.

The following important properties of the It6 integral can be found in [39, Corollary 3.1.7
and Theorem 3.2.1]:

Theorem 1.15. Let X € V(S,T) and 0 < S < U < T.

T
(i) /S X(t,w)dW(t,w) is Ar-measurable.
T
(ii) /S X(t,w)dW(t,w) is linear in X.
(i) /TX(t W) AW (1, w) = /UX(t w) AW (1, ) +/TX(t w) AW (1, w)
S ) ) S ) ) U ) ) °

(iv) B _/:X(t,w) dW(t,w)] 0.

:EMTX(t,w)th].

By replacing X (t,w) by X (t,w) + Y (t,w) and X (¢t,w) — Y (¢,w) in Theorem 1.15(v) and
taking the difference of the resulting equations, we obtain the useful identity

[(/ th)thw></ th)thw)] V X(t )dtl (1.5)

for X, Y € V(S,T).

. )
(v) B (/S X(t,w)dW(t,w))

The stochastic process (I(t, -))ejo,r) defined by
t
I(t,w) = / X(s,w)dW(s,w)
0

with X € V(0,7T) does not necessarily have continuous paths. However, there exists an
equivalent continuous process (i.e. a process with continuous paths), cf. [39, Theorem 3.2.5]
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and [26, Theorem 25.11]. We will denote this continuous process as the It integral from
now on, as it is usually done.

As mentioned in [39, p. 35] and [26, Lemma 25.15], it is possible to replace the condition
(iii) in Definition 1.14 by the less strict condition

T
/ X (t,w)*dt < oo almost surely
S

by applying a suitable limit procedure; however, we omit this generalization since we will
not need it.

For the generalization to the multidimensional case, one interprets X (¢,w)dW (¢t,w) as a
matrix-vector multiplication: Let X : [0,00) x Q — R¥™ with X;; € V(S,T) for every i
and j and let W = (Wy,...,W,,) be an m-dimensional Brownian motion. Then the Itd
integral of X w.r.t. W is defined as

(/ th)thw) Z/ X, ;(t,w) dW;(t, w),

cf. [39, Definition 3.3.1]. Analogously to (1.5) we have in this case

T T T T
(/ X(t,w)dW(t,w)) (/ Y(t,w)dW(t,w)) :El/ X (@)Y (t,w)T dt .
S S S

(1.6)
If the elementary function X is deterministic (i.e. it does not depend on w), (1.3) is a sum
of independent, centered, normally distributed random variables and is therefore centered
and normally distributed. Since L2-convergence implies convergence in distribution, the
L2-limit of the Itd integrals of such functions is also normally distributed (if it exists).
Consequently the Ito integral of a B([0, 00))-measurable function X : [0,00) — R with
Fx S 2dt < oo is centered and normally distributed. For functions X : [0, 00) — R¥X™
every hnear combination of components of the Itd integral is centered and normally
distributed, hence the It6 integral is a centered, multivariate normally distributed random
variable whose covariance matrix is given by (1.6).

Deterministic integrands also satisfy the following identity from [39, Theorem 4.1.5] (the
generalization to the multidimensional case is straightforward), which corresponds to
integration by parts known from Riemann integrals:

Theorem 1.16. Let X : [S,T] — R™*™ be a continuous function with bounded variation
and W an n-dimensional Brownian motion. Then

T T
/S X (£) AW (t,w) :X(T)W(T,w)—X(S)W(S,w)—/S AX ()W (£, w).

(We write dX (t)W (t,w) in the second integral to retain the correct order of the factors
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in the matriz-vector multiplication.) If X is differentiable, this implies

T T
/S X(6)dW (t,w) = X(TYW(T,w) — X(S)W (S, w) — /S X' (s)W (£, ) dt.

In the remainder of this thesis we will usually omit w as function argument for better
readability, as is common for random variables. A notation such as X € R¢ with a
random variable X thus means X (w) € R? for all (or almost all) w € . On top of that,
when speaking about equality of stochastic processes, we usually mean equivalence as
defined in Definition 1.3(iv), but we will often not mention this explicitly.

1.3.3. Ornstein-Uhlenbeck Processes

Definition 1.17. Let A € R¥™? gnd K € R™™. Let further Xo € R? be a random
variable, W an m-dimensional Brownian motion, and A; the o-algebra generated by X
and (W (s))sejo,q- The stochastic differential equation

dX(t) = AX(t)dt+ KdW(t),  X(0) = Xo (1.7)

is called the Ornstein-Uhlenbeck equation with drift matrix A and diffusion matrix K. A
continuous stochastic process (X (t))i>0 which is adapted to (At)ic(o,00) and which satisfies

X () = Xo + /Ot AX (s) ds + KW (2), (1.8)

for every t > 0 is called a (d-dimensional) Ornstein-Uhlenbeck process. We call the pair
(A, K) an Ornstein-Uhlenbeck system.

(1.7) can be seen as a formal notation of the integral equation (1.8), where the final term

KW (t) can be rewritten as KW (t) = [{ K dW(¢).

For every A and K, a unique Ornstein-Uhlenbeck process X satisfying (1.8) exists, cf.
[26, Theorem 26.8] or [39, Theorem 5.2.1], where uniqueness means that X is uniquely
determined (up to equivalence of processes) for each Xy and W. The solution can even
be given in an explicit form:

Theorem 1.18. The solution of (1.7) and (1.8) is given by

t
X () = e X + / AR AT (). (1.9)
0

Proof. Let X be defined by (1.9). Integrating (1.9) and employing Theorem 1.16 (where
W(0) = 0) yields

t ¢ t s
/ X(s)ds = / e Xods + / / eCTWAK AW (u) ds
0 0 0 Jo

t t s
= A"l OXO + / <KW(S) + / AemWARW (u) du) ds
0 0
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t t ot
=AM -T) X0 + / KW (s)ds + / / Ae*tds e "KW (u) du
0 0 Ju
t t t
= AT - DXo+ [ KWs)ds+ [ AR @) du— [ KW () du.
0 0 0
Inserting into (1.8) shows that X indeed solves the equation:

t t
Xo + / AX(s)ds + KW (t) = Xo + A(Al(e“‘ ~I)Xo+ / eE=IAKW (s) ds> +
0 0
KW (t)

t
— Xy 4 A / AV (5) ds + KW (1)
0

t
= Xo + / eU=AK AW (s)
0
= X(t). O

An Ornstein-Uhlenbeck process’ distribution is uniquely determined by A, K, and the
distribution of Xy. While an Ornstein-Uhlenbeck process exists for every distribution of
Xo, we are mainly interested in a particular starting distribution for which the solution
is a stationary process.

Definition 1.19. A quadratic matriz is called stable if all its eigenvalues have negative
real part.

If Ain (1.7) and (1.8) is stable, there is a stationary Ornstein-Uhlenbeck process
corresponding to the Ornstein-Uhlenbeck system (A, K), which is a centered Gaussian
process, as we will see in Theorem 1.20. To obtain its covariance matrix, we employ (1.6)
and exploit the fact that Xy and W are independent, resulting in

Var[X (t)] = Var[e" X(] + Cov

t
etAXg,/ =94 dW(s)] +
0

¢
Cov [/ U=DAK AW (s), e X,
0

t
+ Var [ / e(tS)AKdW(s)]
0
¢
= Var[e' X,] +/ e(t—s)AK(e(t—s)AK)TdS
0
t
= etAVar[Xg]etAT + / AR KT e A du.
0

In the stationary case, Var[X (¢)] is constant and we can thus let ¢ — co. Then the first
summand vanishes while the second converges towards

% sApe T sAT
/ eECKK e ds = X, (1.10)
0

which is finite since A is stable.
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1.3. Recapitulation of Stochastic Foundations

Theorem 1.20. Let (A, K) be an Ornstein-Uhlenbeck system with A stable. If Xo ~
N(0,X) with X from (1.10), then the Ornstein-Uhlenbeck process X from (1.8) is
stationary.

Proof. For every t > 0, the summands from (1.9) have the distributions
e Xy ~ ./\/'(etAE[XO], etAVar[Xo]etAT) = N(O, etAEetAT>

and

t t
/ UDAK AW (5) ~ N (0, / et=)A g KT (t=s)AT ds).
0 0

Since these two random variables are independent, the sum’s distribution is
t
X(t) ~ N(O, etAEEtAT + / e(tfs)AKKTe(t,S)AT ds)
0

[e%e) t
0, et AesAK KT esAT ot AT 45 1+ / et=)A K g T (=) AT ds)
0

o
0

=N (o, /t T AR KT AT gg 4 /0 L SAR KT AT ds)

= N(0,%).

Therefore if X ~ N (0, ), then X (t) ~ N(0,X) for each ¢t > 0.

Given t > 0and 0 < t1 < ta < ... <y, (1.9) yields
t+t;

X(t+t;) = etHtAx, 4+ / U= )A R qW (s)
0

_ lti—ty) <e(t+t1)AXo + /t”1 elttti=s)A pe dW(s)) + /tﬂi eH=)A K AW (s)
0 t+t1
t;
=X (1) + [ BTIK AW (s),
t1

for every i. Consequently the distribution of (X (¢ +1¢), X (t2 +1),..., X (t, +1¢)) depends
only on the distribution of X (¢; 4+ ¢) and the distribution of the increments of W(s) for
s € [t1,t,]. Since X (t+1t1) ~ N (0,X) and W has stationary increments, the distribution
of (X(t1+1t),X(ta+1),...,X(tn + t)) is independent of . O

Due to
T o A gr 1T, sAT A g 1T sAT AT d AT AT
AX + XA :/ (A K KT e 4 e AK KT et A)dsz/ — (e KK e ) ds
0 0 S
= lim KK e — PR KT = KK,
S$—00 ’
X is the symmetric, positive semi-definite solution of the Lyapunov equation

AY 4+ AT = - KKT. (1.11)

11



1. Introduction

Theorem 1.21. (i) The equation (1.11) has a unique solution X if and only if A has
no eigenvalue A such that —X is also an eigenvalue of A. This solution is symmetric.

(ii) If A is stable (in which case (i) holds), the solution X is positive semi-definite.

The existence and uniqueness of X' are proven, e.g., in [24, Theorem 2.4.4.1]. For the
symmetry and positive semi-definiteness see [29, Theorems XI and XII]. ([29] proves that
Y is positive definite if K K7 is positive definite; the positive semi-definite case follows
directly via a limit procedure since X' in (1.11) depends continuously on K as (1.11) is a
system of linear equations in the entries of X.) Given an eigenvalue decomposition of
A, X can be computed analytically, as described in [17, Appendix C.2]. (1.6) yields the
auto-covariance function of X (using the fact that X¢ and W are independent):

Cx(s,t) = Cov[X(s), X (¢)]

= Cov[eSAXO, etAXo} + Cov {/ K dW(u),/
0

t
K dW(u)}
0

min{s,t}
= eSAVar[XO]etAT + / e AKKT A" du.
0

In the stationary case Var[X (t)] = X implies
Cx(t) = Cx(t,0) =Y fort>0 (1.12)

and Cx(t) = Cx(—t)T = Ze A" for t < 0.

Let X be a stationary Ornstein-Uhlenbeck process and X an Ornstein-Uhlenbeck pro-
cess corresponding to the same Ornstein-Uhlenbeck system (A, K) and using the same
Brownian motion W, but with a different initial value X, with arbitrary distribution.
Then

1X(t) — X(#)]| = || (X0 — Xo)| 1220 almost surely;

in particular (cf. [26, Theorem 13.18]), the distribution of X (t) converges to N'(0, X).

Remark 1.22. Since the finite-dimensional distributions of a Gaussian process X are
multivariate normal distributions, they are uniquely determined by its expectation
function and its auto-covariance function. Kolmogorov’s extension theorem (cf. [26,
Theorem 14.36] and [11, p. 33]) implies that for each countable set @) = {¢; : i € N}
the distribution of (X (¢;));en is uniquely defined by the distributions of all finite tuples
(X (ti))i=1,...n, N € N, and if X is continuous, its path is given by its values (X (¢;))icn if
@ is dense in [0,00). Hence every stationary, centered, and continuous Gaussian process
X € R? with auto-covariance function Cx (t) = !4 X for t > 0 (with A, X € R%*?) such
that AY + Y AT is negative semi-definite is an Ornstein-Uhlenbeck process. For the
same reason, every stationary, centered, and continuous Gaussian process X € R™ with
auto-covariance function Cx (t) = PTe!AX P for t > 0 with arbitrary P € R™*? has the
form X = PY with a d-dimensional Ornstein-Uhlenbeck process Y.

Further if a Gaussian process X with such an auto-covariance function is not continuous,
there exists an equivalent Gaussian process X which is continuous, cf. [11, Section 9.2].

12



1.3. Recapitulation of Stochastic Foundations

Remark 1.23. Instead of defining X (¢) for ¢ > 0 using an initial value Xy, an Ornstein-
Uhlenbeck process with stable A can also be defined on the whole real line similarly to
(1.9): Extend W to a Brownian motion on R (see Definition 1.10) and define

t
X(t) ::/ eU=AK ds.

(The filtration to which X is adapted is (A;)icr where A; is the o-algebra generated by
(W(s))se(=o00,-) Then according to (1.6) and (1.10),

0
Cx(t) = / AR KTe™5A4ds = X

for t > 0. Hence, according to Remark 1.22, each sub-process (X (t + t0))ic[0,00) IS @
stationary Ornstein-Uhlenbeck process with initial value X (g); thus X can be interpreted
as a stationary Ornstein-Uhlenbeck process on R.

13



2. The Generalized Langevin Equation

2.1. Introduction to the Generalized Langevin Equation

2.1.1. Basic Information

The (simple) Langevin equation is a physically motivated stochastic differential equation
which describes the motion of a macromolecule in a medium. The molecule’s velocity
V(t) € R? is subject to friction, which slows down the molecule, and collisions with
the medium’s particles. Exactly simulating these collisions would require simulating
the motion of each single particle in the medium. Due to the complex systems and the
enormous computational cost this entails, the Langevin equation employs the coarse
graining approach of simulating only the macromolecule’s motion explicitly while the
collisions are modeled by a random term. Here we assume that collisions are independent
of each other and only have an immediate impact on the molecule’s velocity, but no
long-term effects. Collisions are not regarded as a discrete (countable) number of events
but as a stochastic process whose impact is modeled by an It6 integral with a Brownian
motion. This leads to the following equation for the macromolecule’s velocity (cf. [17,
Equation (2.1)], [23, Equation (7)]):

mdV(t) = —AV(t)dt + KdW(t),  V(0) = Vi (2.1)

where A € R?*? is the friction coefficient and K € R?*"™. m denotes the macromolecule’s
mass and d the dimension of V. In many applications A is a diagonal matrix but we
do not require this to be the case. Vj is the (random) initial velocity and W (¢) is an
n-dimensional Brownian motion which is independent of Vj.

(2.1) is obviously the Ornstein-Uhlenbeck equation (1.7). Consequently if —A is stable,
(2.1) has a unique stationary solution, which is a Markov process, and the distribution
of V(t) converges towards the stationary distribution for every initial distribution Vj
according to Theorem 1.20. We denote by the name “Ornstein-Uhlenbeck equation”
the theoretical mathematical equation without any physical meaning while we call this
specific application to molecular dynamics the “Langevin equation”.

(2.1) can also describe the motion of several macromolecules, in which case V' contains all
molecules’ coordinates. Therefore d > 3 can make sense physically. However, we restrict
ourselves to the case where all considered macromolecules have the same mass.

The generalized Langevin equation (GLE) expands on this notion. It keeps the idea of
coarse grained variables representing the motion of the medium’s particles, but in contrast
to (2.1), it takes into account that collisions not only influence the macromolecule but

14



2.1. Introduction to the Generalized Langevin Equation

also the other particles, which has an impact on their dynamics and thus potentially
on their influence on the macromolecule at a later time. Hence collisions not only
have an immediate effect on the velocity but can also influence it on the long term via
their impact on the other particles. The generalized Langevin equation deals with this
through a convolution term with a memory kernel which encodes the long-term effects of
collisions.

This leads to the following equation for the macromolecule’s velocity V(t) € R%:
¢ -
mV'(f) = — / Ft—s)V(s)ds+ B(t)  fort>0, V(O =Vp (22
0

with a memory kernel ¥ € L1 ([0, 00), R9*9) and a centered, stationary Gaussian process
F representing the random collisions which is independent of V. m again denotes the
macromolecule’s mass and d denotes the dimension of V. As in (2.1), d > 3 can make
sense physically if there are several macromolecules whose velocities are combined in V.
The distribution of F is given by a relation to 7 known as the fluctuation-dissipation
theorem, cf. [28], which states that the auto-covariance function of F' equals ¥ up to a
constant:

C(t) := Cov|[F(t), F(0)] = Cov[F(s +1),F(s)] = =7(t)  fort > 0.

Here 5 := kBLT > 0 is the “inverse temperature” where T is the temperature and kp the
Boltzmann constant. In this thesis we will always assume m and 3 to be known scalar
constants. Their exact values are of no importance to us. The notation in (2.2) using
the derivative is valid as the right-hand side is continuous and V is therefore almost
surely differentiable (contrarily to V' from (2.1)) as proven in [35, Theorem 5.6] for the

one-dimensional case.

(2.2) can be regarded as a generalization of (2.1) in a distributional sense: By omitting

the condition 7 € L!([0,00),R¥?) and instead taking as 7 the distribution defined by
3(f) := Af(0), the integral in (2.2) is replaced by AV (t) and F in (2.2) can be represented
by a stationary stochastic process F of independent and (identically) normally distributed
random variables. Since this requires using distributions, (2.1) and (2.2) differ in some
analytical properties, such as differentiability and the fact that the solution of (2.2) is no

longer a Markov process.

In the remaining thesis we will always use the following rescaled version of the GLE
obtained by dividing F, 4, and both sides of (2.2) by m:

VI(t) = — /Ot’y(t —s)V(s)ds + F(t) for ¢t > 0, V() =W (2.3)

with y(t) := L15(t) and F(t) := LF(t). The corresponding fluctuation-dissipation

theorem reads

1
m

Cr(t) = /Bin'y(t) for ¢ > 0. (2.4)

In the course of this thesis we will also consider the following version of the GLE, which

15



2. The Generalized Langevin Equation

combines the long-term friction from (2.3) and the instantaneous friction from (2.1):
b
v Bm
with v € L!([0,00), R%*9) and D, L € R¥*4; cf. also [23, Equation (14)] and [35, Equation

(1)]. Concerning the stochastic dependence of F' and W, the following two cases are of
interest: F' and W are independent or F' has the form

t
AV () = (DV(t) - /O (= $)V(s) ds+F(t)> dt + ——LdW()  (2.5)

Ft) = / T ot — s) dW(s) (2.6)

—00

with a function ¢ € L? (R,RdXd) and the same Brownian motion W extended to the
whole real line (see Definition 1.10). We restrict ourselves to the second case here; see
[21] for a comparison of both cases.

Since the right-hand side of (2.5) equals the sum of the right-hand sides of (2.1) and
(2.3) up to constant factors, (2.5) can be considered as a GLE where the memory kernel
is the sum of a function v € Ll([O, oo),RdXd) and a distribution. Consequently the
solution V' of (2.5) is no longer differentiable but it is still almost surely continuous
under weak conditions on 7 (cf. [35, Theorem 5.8] for the case d = 1). The fluctuation-
dissipation theorem (2.4) has to be reformulated in this case: The relation of the terms
f(f ~v(t —s)V(s)dsdt and F(t)dt, which describe the long-term behavior of the GLE, now
reads

Cr(t) = 5=(0) = = e(OL = = Lo(—0)" (2.7)
where
~(t) itt >0,
Ya(t) = ¢ 2 (v(t) +y(—=t)T) ift=0,
(=) if t <0.

On top of that, the instantaneous terms DV () dt and —A—L dWW () are related via

\/ Bm
D+ DV =—-rL"

The latter relation results from (1.11) when inserting X = Var[V (¢)] = ﬁ%nl since the
instantaneous terms describe an Ornstein-Uhlenbeck process. A rigorous proof of these
relations may be found in [21, Theorem 2.3].

2.1.2. The Stationary Solution

Just as the (simple) Langevin equation, the generalized Langevin equation has a stationary
solution, as mentioned in [28, Section 4], which is a centered stationary Gaussian process
as we will see now. We consider the more general equation (2.5) with instantaneous
friction; (2.3) is obviously a special case.
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2.1. Introduction to the Generalized Langevin Equation

Definition and Theorem 2.1. Let v € L*([0,00),R¥*9). The equation
t
r'(t) = Dr(t) — / ~v(t —s)r(s)ds fort >0, r(0) = 1. (2.8)
0

is called the (first kind) integro-differential Volterra equation (we say briefly Volterra
equation ). This equation has a unique solution r, which is called the differential resolvent
of the memory kernel v and the matriz D.

The existence and uniqueness of the differential resolvent are proven in [19, Theorem 3.3.1].
Note that although (2.8) looks like a deterministic “version” of the generalized Langevin
equation, its dimension is d x d. Using the differential resolvent, the solution of (2.5) can
be written explicitly as follows, cf. [19, Theorem 3.3.3] and [21, Theorem 2.1]:

Theorem 2.2. Let r be the differential resolvent of v. Then
t
V(t):r(t)Vo—Ir/ r(t— s)F ds+/ (t = 5) = LaW(s) (2.9)
0

is the unique solution of (2.5) (up to equivalence of stochastic processes). If Vi is normally
distributed with E[Vp] = 0, V is a centered Gaussian process.

Proof. Let V be defined as in (2.9). To verify that (2.5) holds, we rewrite the first and
second summand as integral of their derivatives and apply Lemma 1.2 to the second
summand; for the third term we employ Theorem 1.16:

V(t):r(t)%+/otr(tu du+/ (1 =) LW (1)
—T(O)Vo—l—/otr’(s)Vods—l—/o (/0 "(s —u)F(u )du+r(0)F(s)> ds+
r(O)LW(t)—/Ot —r’(t—u)\/;im

By inserting (2.8) for each occurrence of 1/, substituting w := v+ u, and applying Fubini’s
theorem, we obtain

LW (u) du.

V(t)=Vo+ /Ot (Dr(s) B /0 (5 — w)r(w) du)vod3+
/Ot (/OS <DT(S —u) — 03“7(5 —u—v)r(v) dv)F(u) du + F(s)) ds +

1 1
NG vt —u—v)r(v) dv> T

_V0-|-/(Dr vs—u du)VUdS—}—
0

/ot</ < Y /u (s —U)dw>F(u)du+F(s)> ds +

) —
; —i—/ot<Dr(t—U)—/u’Y(t—w)r(w—u)dw)\/éim[/w(u)du

t u

t
<D’I“ (t—u) LW (u) du
0
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2. The Generalized Langevin Equation

_V0+/Dr ngs—// (s —w)r(u)Vpduds +

/</ Dr(s —u) )du—/o 7(3—w)/owr(w—u)F(u)dudw+F(5))d5+

7LW /Drt—u) W (u)du —

/Ot’y(t )/0 r(wfu)\/ﬁ;mLW( u) du dw.

We rewrite the last three summands as follows: For the first of them, Theorem 1.16
implies

0= [ o

Rewriting the next summand as the integral of its derivative via Lemma 1.2 and subse-
quently employing Theorem 1.16 yields

LAW(s).

/OtDr(t - u)\/;imLW(u) du
_ /t (/ Dr(s — u);LW(u) du + Dr(0)

—//Drs—u

In the last summand we rewrite the inner integral in the same way:

J;%LW(S)> ds

— LW (u) ds.

t w 1
St =) [ e ) e LW ) dudu
= [t [T W
—/vt— / / (0= )L AW (u) do duv
Employing Fubini’s theorem twice and substituting s := ¢t + v — w in-between yields
/ (t—w / / v —u) LdW( ) dvdw
= /0 /v ~y(t — w)/o r(v— u)\/;imL dW (u) dw dw
t rt v 1
:/0 /v (s — v)/o r(v— u)\/ﬁL dW (u) dsdv
t s v 1
= /0 /0 (s — v)/o r(v— u)\/ﬁL dW (u) dv ds.

v —u)

LW (u)du + T(O)/;%LW(U)> dv dw

18
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By inserting these results yields, we obtain

VO—I—/DT‘ ngs—//'ys—u u)Voduds +

/O(/O Dr(s—u)F(u)du—/O ’y(s—w)/owr(w—u)F(u)dudw—i—F(s)) ds+
/Ot \/;TnLdW(sH—/Ot /0 Dr(s—u)\/;;deW(u) ds —
/t/sv(s—U)/Ur(v—u)\/;iLdW(u)dvds

—V0+D/< Vo+/ s—u)F du+/ =LA ))ds—
/O/OV(S—u( Vo+/ r(u — v)F(v) dv +

LdW (v )> duds+

/{)r(u—v)m
/t ds+/ FLdW()
—Vo—i-D/V ds—//’ys—u duds+/F ds +

/0 deW( 5),

which is the integral version of (2.5).

If Vp is normally distributed with E[Vp] = 0, (2.9) directly implies that V' is a centered
Gaussian process.

If there are two solutions of (2.5), their difference V satisfies
~ t ~ ~
V/(t) = Dr(t) — / V(t—s)V(s)ds  fort>0,  V(0)=0q
0

Due to the uniqueness of the differential resolvent, the stochastic process V is equivalent
to a deterministic process which is a linear combination of the columns of r. Due to
V(0) = 04, it is the trivial linear combination, V() = 04 for all ¢. O

If V4 is chosen appropriately, the process auto-covariance function of V' satisfies

Cy(t,s) :Binr(ts) fort>s>0

and is therefore stationary:

Theorem 2.3. Let r be the differential resolvent of v and D. If Vo ~ N (0
process V' given by (2.5) is stationary with Cy(t) = Bimr(t) fort > 0.

,5%,11), the
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We omit the proof hereof and refer to [21, Theorem 2.3| instead.

Remark 2.4. According to [19, Theorem 3.3.17], r € L([0, 00), R%*9) if and only if

r(t) 12% 0. In this case, comparing (2.9) for the initial distribution from Theorem 2.3

and for any other initial distribution (using the same paths F and W) shows that the
difference converges to 0 almost surely; consequently for any initial distribution, the
distribution of V' (¢) converges towards the stationary distribution.

Theorem 2.3 implies that Cy is also the unique solution of a first kind Volterra equation
with an adapted initial condition:

Ci(t) = DCy (t) — /Ot'y(t —5)Cy(s)ds for t > 0, Cy(0) = Binld. (2.10)

While both V' and F' have a stationary distribution, the joint process X := does not,

Vv
F
cf. [23, Proposition 2.8]. To remedy this shortcoming, one can extend F' to a stationary
stochastic process with domain R via (2.6) and consider the following stationary version

of (2.5), where the integral starts at —oo instead of 0:
1
VBm

The joint process X in (2.11) has a stationary distribution, which is a centered Gaussian
process. In many applications Cry () is assumed to be 0 for ¢ > 0, but this is not the
case for the stationary GLE (2.11) as is proven in [23, Theorem 2.7], i.e. V(s) and F\(t)
are not uncorrelated for ¢t > s (in contrast to (2.5)). It can be proven that Cy from (2.11)
satisfies (2.10) (with the same integral limits), too, cf. [20]. For ¢ — oo, the difference
between the solutions of (2.5) and (2.11) using the same process F' vanishes (regardless
of V) in the sense of L?-convergence, cf. [21, Theorem 4.1].

dv(t) = (DV(t)—/_t A(t - s)V(s) ds+F(t)) dt + LAW(t), teR. (2.11)

While the existence of a stationary solution of (2.11) is a useful and desirable property,
this version of the GLE is unsuited for practical simulation as evaluating the integral
for ¢ > 0 requires an already existing path (X(t))c(—o0,0) instead of a single initial
value. Therefore numerical simulation is only possible for (2.5). Since the difference of
the solutions of (2.5) and (2.11) becomes negligible for ¢ — oo, one can obtain a good
approximation to (2.11) by discarding the simulation results up to some “equilibration
time” t9 > 0 and only using (V(¢))¢>4,- For the remaining thesis we will therefore not
pay much attention to the difference between (2.5) and (2.11) and work only with (2.5)
for simplicity.

2.1.3. The Inverse Problem

We are interested in the problem of determining the memory kernel in (2.5) corresponding
to a given velocity auto-covariance function (VACF). To achieve this, several methods
have already been proposed: The classical method consists in determining v from the
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Volterra equation (2.10) numerically by discretizing the integral, resulting in a system of
linear equations which can subsequently be solved, cf. e.g. [47, 30]. The system’s matrix
is a triangular matrix and it can thus be solved efficiently.

However, the corresponding matrix often has a large condition. After rewriting (2.10)
as

Cyt) = DOV (1)~ [ +(5)Cv (b - ) ds

for t > 0, differentiating via Lemma 1.2 leads to the second kind Volterra equation
1 t
CL(t) = DCY(D) — 5-3(1) - / V(t — $)Cl(s)ds  fort >0 (2.12)
m 0

with Cy(0) = Bimld, C{/(0) = D. This equation can also be discretized, resulting
in another system of linear equations (again with a triangular matrix) which allows
determining 7. Solving (2.12) is more stable than (2.10) (cf. [20, p. 485], [47, p. 319]) but
requires numerically computing the second derivative of the data if it is not available,
which can introduce an additional numerical error. [33] presents numerical methods for
solving the first and second kind Volterra equation.

In physical simulations, however, the derivatives of Cy are often known since Cf,(t) =
Cyry(t) and CY(t) = Cy/(t), where V' is the total force acting on the particle (up to
scaling by the mass m), which can be directly observed. This fact is also exploited by
[47]. It is also possible to take the Laplace transform of both sides of (2.10) and employ
the convolution theorem in order to obtain an equation for £+ as described e.g. in [32,
p. 14184] although the numerical Laplace transform and inverse Laplace transform can
introduce additional numerical errors, cf. [47, p. 319]. [25] proposes another method,
which employs an iterative reconstruction of the memory kernel. A second iterative
method, which is also applicable to the non-stationary case, is described in [36].

2.2. The Generalized Langevin Equation as an
Ornstein-Uhlenbeck Process

2.2.1. Prony Series

Simulating a path of (2.3) or (2.5) numerically requires the numerical evaluation of the
convolution integral in each time step. This is expensive, resulting in a simulation time
of O(n?) for n simulation steps. Reducing the computational cost to O(n) is possible by
cutting off the kernel after some time, but this introduces an additional error and can
still entail large computational costs depending on where the kernel is cut off. This is a
problem especially for slowly decaying memory kernels. Therefore the question arises if
the generalized Langevin equation can be approximated by a simpler and less expensive
process.

Indeed this is possible if the memory kernel has the form

v(t) = BTe!C  with B,C € R™? Ay e R™™ n>d (2.13)
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2. The Generalized Langevin Equation

where we require B, C, and Ap to have full rank. In this case we can introduce an
auxiliary process Z and set

X(t) i [V“)] £ R

with the velocity V' from (2.5) such that X is an Ornstein-Uhlenbeck process (1.7) with
certain matrices A € R(@7)x(d+n) and K e R(E+M*d a5 we will see in Section 2.2.2; cf.
also [17] and [34, Theorem 1]. The process Z contains auxiliary variables representing
the memory term as well as the random force F. (Representing both terms by the same
auxiliary variables is possible due to the fluctuation-dissipation relation (2.7).) The
auxiliary variables have no physical meaning for themselves. The Ornstein-Uhlenbeck
process (1.7) is far easier to simulate than (2.5). Numerical simulation is possible using
e.g. the Euler-Maruyama method or even by sampling paths of its exact solution, see
Theorem 1.18.

If v does not have the form (2.13) but can be approximated by such a function, an
Ornstein-Uhlenbeck process can nonetheless be a good approximation of the solution
of (2.5). In this thesis we are interested in finding an Ornstein-Uhlenbeck process such
that the auto-covariance function of the V' component approximates a given velocity
auto-covariance function of a generalized Langevin equation.

If Ag has pairwise different eigenvalues \q,..., A\, € C and Ag = UAU ! is an eigenvalue
decomposition of Ag, A = diag(A1,...,An), (2.13) means that each component of v has
the form

n
Vi () = Y bipcr e (2.14)
k=1

with b;; = (BTU); j, ¢ij = (U71C); ;, which is a special case of a Prony series
n
()= wre vt wy € CX9, (2.15)
k=1

i.e. a linear combination of exponential functions (with A\; € C). If the original memory
kernel has this form, the Ornstein-Uhlenbeck representation of V' is exact, meaning that
the paths V' from (2.5) and from (1.7) (where V' denotes the first d components of X') are
equivalent when using the same Vo and W. v € L*(]0, 00), R9*9) holds if Ay is stable.

If d > 1, the coefficient matrix wy, = [b; kck jlij=1,....d of (2.14) can be written as the
product of the vectors [b; i]i=1,.. 4 and [ck j]j=1,..q4 and therefore has rank 1 for each fixed
k. If a coefficient matrix of a Prony series (2.15) has higher rank, it can be written as a
sum of several rank 1 matrices. Consequently every Prony series can be written in the
form BTe!0C where the multiplicity of an eigenvalue \j, in Ay equals the rank of its
coefficient matrix.

If the eigenvalues of Aj are not pairwise different, it is also possible (depending on the
Jordan form of Ap) that + has the form

) =)

k=1

v

I/k—l
Z watle)‘kt
=0
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2.2. The Generalized Langevin Equation as an Ornstein-Uhlenbeck Process

with coefficients wy; € Cdxd depending on B and C where v denotes the number of
pairwise different eigenvalues of Ay and v, the maximum size of a Jordan block of Ay
corresponding to the eigenvalue A\i. We will, however, restrict ourselves to the case of a
diagonalizable Ag.

If v has the form (2.13), then Cx(t) = ¢*4% and Cy (t) = PTe!A X P with P = [I4,0]".
Consequently Cy is a Prony series, too, whose exponents A; are the eigenvalues of A.
Conversely, if Cy is such Prony series, v has the form (2.13). Usually we do not know
the exact form of v but we can still try to approximate the given function Cy by a Prony
series.

Approximation of functions via Prony series has already been extensively studied. The
“classical” approach, the so-called Prony method, dates back to 1795 and is described e.g.
in [42, Section 10.1]. To apply this method, one first needs to determine the memory
kernel of the studied generalized Langevin equation, which one then approximates by a
Prony series. Subsequently an Ornstein-Uhlenbeck system is computed from the Prony
series. Algorithms which circumvent the intermediate step of determining the memory
kernel have been proposed in [45, 8, 44, 38, 13]. The application of the ESPRIT method
from [45] to the problem of Prony series approximation is described e.g. in [43]. All of these
methods allow for approximating a function by a Prony series and can therefore by applied
to both the VACF and the memory kernel; when applying them to the VACF, the memory
kernel does not need to be determined. However, these methods still only determine a
Prony series approximation of the velocity auto-covariance function, which then needs
to be used in a second step to obtain a corresponding Ornstein-Uhlenbeck system. [17]
proposed a method which directly generates an Ornstein-Uhlenbeck representation by
employing a maximum likelihood estimator for the matrix entries and a Kalman filter.

In this thesis we introduce another method which directly generates an Ornstein-Uhlenbeck
system whose velocity auto-covariance function (VACF) approximates the given VACF
in a given equidistant grid. It is not necessary to explicitly determine the memory kernel
first. While we already treated the case d = 1 in [10], we will present a slightly improved
version here and extend it to the multidimensional case.

2.2.2. Representing the Generalized Langevin Equation by an
Ornstein-Uhlenbeck Process

If v from the GLE (2.3) is a Prony series (2.13), V can be represented by an Ornstein-

Uhlenbeck process (1.7). For this we introduce an auxiliary process Z = (Z(t))ic[0,00) and
‘Z/ , cf. [17]. Let P := (I) € R{@m)*d he the projection

from X onto V, where n is the dimension of Z. It is always possible to choose the basis of
Z such that the covariance matrix X of the stationary distribution of X has the form

consider the joint process X :=

5 /3171 [I(;l g] e R(dn)x(dln) (2.16)
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2. The Generalized Langevin Equation

with S symmetric and positive definite, i.e. V(¢) and Z(¢) are independent for every
t > 0 with Cy(t) = PTetAXP = BimPTetAP. (The components of a multidimensional
normally distributed random variable are independent if and only if they are uncorrelated.)
Therefore we will always require X' to have the form (2.16).

Theorem 2.5. Let V = (V(t))ier be the stationary solution of the generalized Langevin
equation (2.3) with a memory kernel v of the form (2.13), and let

T
A::Lg_ilewmwwm (2.17)

with n > d where B, C, and Ay are such that the Lyapunov equation (1.11) has a solution

1 10
K=——|/|eRUmMxd 2.18
and X from (2.16) symmetric and positive definite. Then there exists a stochastic process
Z = (Z(t))ter such that the joint process X with X (t) := Zég e RUM 45 equivalent to

an Ornstein-Uhlenbeck process (1.7) with drift matrix A and diffusion matriz K from
(2.17) and (2.18).

Proof. We first note that (1.11) is in this case equivalent to the singular Lur’e equations

ApS + SAL = —GGT

(2.19)
SB-C=0

with unknown G and S as one can directly verify by inserting (2.16) and (2.17) into
(1.11). Let F' be the Gaussian process from (2.3). (2.4) and SB = C imply

Celt) = 51(0) = 5

for t > 0. According to Remark 1.22, there exists a stationary Ornstein-Uhlenbeck
process F such that F = BTF | i.e.

BT et S B

1

AF(t) = AoF (1) dt +——

G AW (¢),

with Cx(t) = ﬁimetAOS for t > 0.

Let Z(t) := f(f e(t=9)40CV (s) ds for t > 0. This implies

v%w—~—[jBTét@&mwm@ds+zww———BTZ@y+BTﬁ@y
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2.2. The Generalized Langevin Equation as an Ornstein-Uhlenbeck Process

Lemma 1.2 yields
t -
'(t) = / Apet=900V (s)ds + CV (t) = Ao Z(t) + CV (1)
0

and thus the joint process can be written as an Ornstein-Uhlenbeck process

V(t) 0 —BT BT|[V() L
A Zo)| =|Cc 4 o ||Z@®)|dt+—=]|0]dW ()
F(t) 0 00 Ao | |F@®) vim | g

or equivalently

d[V(t)] _[ 0 BT} lV(t)
ZW| ~ |-C Ao ||zt VBm |G

where Z(t) := —Z(t) + F(t). Therefore X (¢ l

dt + M AW (t)

t
t
with drift matrix A and diffusion matrix K as in (2.17) and (2.18). O

] is an Ornstein-Uhlenbeck process

While we need the auxiliary variables Z from Theorem 2.5, they are only used to define
the Ornstein-Uhlenbeck system. They do not have any physical meaning and cannot be
observed in a physical simulation of the generalized Langevin equation.

Theorem 2.5 can be extended to include the extra terms in (2.5):

Theorem 2.6. Let V = (V(t))iecr be the stationary solution of the generalized Langevin
equation (2.5) with a memory kernel v of the form (2.13). Let further

T 1
A e l_g 501 c RUEMX@n) g | — T H € R(dn)xd (2.20)

with n > d, where and D and L are the matrices from (2.5) and B, C, Ay, and G are
such that the Lyapunov equation (1.11) has a symmetric and positive definite solution X
with the form (2.16). Then there exists a stochastic process Z = (Z(t))ier such that the
V(t)
Z(t)
with drift matriz A and diffusion matriz K. ¢ from (2.7) is given by

joint process X (t) := € R js equivalent to an Ornstein-Uhlenbeck process (1.7)

\/%BTetAOG ift >0,
m
p(t) = 2\/%mBTG ift =0,

0 otherwise.

Proof. We first prove that F' given by (2.6) satisfies (2.7) if ¢ is chosen this way.
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2. The Generalized Langevin Equation

In this case (2.20) implies that (1.11) is equivalent to the regular Lur’e equations

AgS + SAY = —GGT (2.21a)
SB-C=-GLT (2.21b)
D+DT =—LL" (2.21¢)

with unknown matrices G, L, and S. Inserting ¢ into (2.6) yields
00 1 t
F(t :/ ot —s)dW(s :7/ BT et=8) 4G aw (s).
(t) (t—s)dW(s) T ) (s)

—00

Since (2.21a) is another Lyapunov equation, its solution S can be written via (1.10) as
S = [5° e GGTesA0 ds. Together with (1.6), this implies

1 0 1
Cr(t) = B /_ BTet=5)doqGTe=s40 B ds = 5—mBTetA°SB

for t > 0. Consequently F' can again be written as F' = BTF with an Ornstein-Uhlenbeck
process I’ on R (see Remark 1.23). Inserting (2.21b) shows that F' satisfies (2.7):

CF(t) = lBi],:nBTetAOSB . ﬁiI'inBTetAOC _ ;,:nBTetAOGLT
1 1 1
lefy ( ) \/ﬁim(p( ) VBm (1)

for ¢ > 0. (One easily verifies that (2.7) also holds for t < 0 and t = 0.) (2.21c) is the
fluctuation-dissipation relation of the instantaneous friction terms, which thus holds, too.

We now continue analogously to the proof of Theorem 2.5. Define Z as there; consequently

— _ ! T o(t=5)Ao s)ds N
dv () (DV(t) /0 B CV(s)d +F(t)> i+ e LAW (1)
= (DV(t) — BYZ(s) + BTF(t)) dt + \/;TnL dw (t)

implies that the joint process is an Ornstein-Uhlenbeck process

V(t) D —-BT BT||V(t) L |
Az =c A 0 [|Z@)|dt+——|0]|dW ().
Fol o o a||Ew vhm| g

Setting Z(t) := —Z(t)+F(t) yields the desired Ornstein-Uhlenbeck process representation
with the matrices A and K from (2.20). O

Remark 2.7. V, Z , and F from Theorem 2.5 (or Theorem 2.6) have a joint stationary
distribution according to Theorem 1.20 and hence V' and F' have a joint stationary
distribution, too, which at first glance seems to contradict our remark in Section 2.1.2
that no joint stationary distribution exists. For the stationary distribution, however,
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2.2. The Generalized Langevin Equation as an Ornstein-Uhlenbeck Process

Z (0) # 0 holds almost surely, which contradicts the definition of Z. Hence this distribution
is no valid initial distribution.

Analogously to Theorems 2.5 and 2.6, the solution of the stationary GLE (2.11) can
be represented by an Ornstein-Uhlenbeck process where Z(t) := fioo et=9)40 0V (s5) ds.

Since Z (~0) = 0 is no longer necessary in this case, the joint stationary distribution of V,
Z, and F is a valid distribution in this case.

In the remaining thesis, we denote by Cy, the velocity auto-covariance function of
the solution of the generalized Langevin equation while C’{;‘ denotes the velocity auto-
covariance function of an Ornstein-Uhlenbeck process (1.7) with drift matrix A used to
approximate Cy (i.e. the auto-covariance function of the velocity components V).

2.2.3. Functions of Positive Type and the Lur’e Equations

The question whether a solution (G, L,S) of (2.19) or (2.21) (with S symmetric and
positive definite) exists is not trivial. A necessary condition is that all eigenvalues of
A have non-positive real part: Otherwise let 2 be an eigenvector of A7 corresponding
to an eigenvalue with positive real part. Then multiplying both sides of (1.11) by x*
from the left and = from the right results in a positive left-hand side and non-positive
right-hand side. We will thus require A to be stable in this section. (If A has pure
imaginary eigenvalues, the corresponding Lur’e equations may be solvable, but since
the resulting Ornstein-Uhlenbeck process has no stationary solution, this case is not of
interest to us.) We will now formulate a necessary and sufficient condition under which a
solution of (2.19) or (2.21) exists.

In this thesis we will usually consider the Lyapunov equation where both K e R(d+n)xd

and X € R(@+)x(d+7) are unknown and X has the form (2.16). There are also applications
where the Lyapunov equation with known K (which may have more than d columns) is
of interest. While the latter version can be solved as a system of (n + d)? linear equations
or using the method from [17, Appendix C.2], this is not possible if K is unknown.

Definition 2.8. A function f: R — C%*? s called of positive type if f(—t) = f(t)* for
allt € R and

n

> i f(te — ) >0

k=1
for every n € N and all ty,...,t, € R and x1,...,x, € C%.
Such functions are also called positive definite but we will not use this name to avoid
confusion with positive definite matrices. By approximating integrals of continuous
functions with compact support by sums and vice versa and taking into account that

such functions are dense in L? (R,(Cd), one can prove that a continuous function f €
L (R,C%4) is of positive type if and only if f(—t) = f(¢)* for all t € R and

/O:o /O:o (1) f(t = s)p(s)dsdt > 0
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2. The Generalized Langevin Equation

for every p € L%(R,C%), as is done in [46, Section 1.4.3] (cf. also [9, Section 8.1]).

Lemma 2.9. The auto-covariance function of a stationary stochastic process X with
X (t) € L*(P) for each t is always a function of positive type.

Proof. Let X be a stochastic process. We assume that E[X] = 0; otherwise we consider
X — E[X] instead of X. For t1,...,t, € R, x1,...,7, € C? we have (cf. [40, Lemma 1.2])

2
]ZO. :

n n
Z HT;;CX(tk — tl)xl = Z xZE[thXg]a:l =E
k=1 k=1

n
T
Z thxk
k=1

Another characterization of functions of positive type is given by Bochner’s theorem.

Theorem 2.10 (Bochner). Let f € L' (R,R%*9) be continuous with Fourier transform
Ff. Then f is of positive type if and only if Ff(§) is a hermitian and positive semi-
definite matrix for each £ € R.

The proof of the necessity of f being of positive type is rather simple, cf. [9, Section 8.2] and
[46, Section 1.4.2(b)]. (The generalization to matrix-valued functions f is straightforward.)
The proof of sufficiency can be found in [19, p. 498]. In the case d = 1, Theorem 2.10 is
often stated in a measure theoretic context, which states that a given function g is the
characteristic function of a finite measure y, i.e. g(t) = [ €**u(dz), if and only if g is of
positive type. In our formulation above, F f is the measure’s non-negative (in the case
d = 1) probability density function while f is its characteristic function.

Remark 2.11. If f: R — C%9 is a function of positive type, setting n = 2, t; = 0,
to =t, and &1 = —x9 = x in Definition 2.8 with ¢t € R and x € C4x4 arbitrary implies

2 (F(0) = f(t) = f(=t) + F(0)w = 2" (f(0) — f() = fF(1)" + f(0)")z = O,

N 2 (F(8) + F(O)e < 2 (F(0) + F(0))a

for every t € R and z € C%. Consequently z*(f(t) + f(t)*)z is maximal at ¢t = 0.
If the right-hand derivative of f at 0, denoted by f’(0+), exists, this implies that
f(0+) + f/(0+)* is symmetric and negative semi-definite.

Theorem 2.10 implies the following inverse of Lemma 2.9, whose proof we omit here:

Lemma 2.12. If f € L*(R,R¥>9) N L2(R,R¥*?) is a continuous function of positive type
with Ff € LY(R,C¥4), there is a centered, stationary stochastic process X : [0,00) — R?
with CX = f

Theorem 2.10 motivates the following name:
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2.2. The Generalized Langevin Equation as an Ornstein-Uhlenbeck Process

Definition 2.13. A function f € L'(R,R?*?) is called of strictly positive type if F f(€)
is hermitian and positive definite for each & € R.

If C{} has the form C{}(t) = PTe!AXP for t > 0 with A from (2.20) stable, its Fourier
transform is

FC3 (¢ e CCH(t) dt

=7

= — “HEodt) dt /OO tod)T dt
o= [ ectmart [T etcta

1 © i T

EPT ( /0 e EIHA St + /0 Deltel+tA dt)P (2.22)
f T(— (-l + A)7' Y — YT+ ATy HP

f TG — A)7I2 + XD — A)7) P

where the inverse matrices of —iéI + A and i1 + AT exist since A is stable. Using
Y P = 2P and the Schur complement identity (1.1), we obtain

1 . . _ -1
G €la =D+ BT (i¢T, — Ag)~'C)
if i€I,, — Ay is non-singular (in particular if A is stable, which is necessarily the case if
C{;‘ is of positive type, as we will see in Theorem 2.17) and therefore

PT(el, g — AP =

1

FoE) = (i€ — D+ BT (€L, — Ag)'0) '+

1
Bmv/2m
(61— D + BT (€L, — 4) 7)),

cf. [10], provided that the inverse matrices exist. Consequently if A is stable, C{;‘ is of
positive type if and only if

(ily — D + BT (i€, — Ag)~'C) ' + (i€, — D + BT (icI, — A49)"'C) ™" (2.23)

is positive semi-definite for all £ € R. For a non-singular matrix H, H + H* is positive
semi-definite if and only if H~' 4+ H~* is positive semi-definite since setting y := Hz in

e*(H+H )z >0 for every z € C¢
yields
y"(H '+ H *)y>0 for every y € C%.

Consequently (2.23) is positive semi-definite for all £ € R if and only if

k(i€) + k(i§)* is positive semi-definite for all £ € R (2.24)
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2. The Generalized Langevin Equation

with
k(z) := —D + BT (21, — Ap)"'C. (2.25)

In model reduction theory, x is called the transfer function, cf. [3, 6]. The Positive Real
Lemma, which we will formulate now, states a necessary and sufficient condition for when
a solution of (2.21) exists.

Definition 2.14. Let H := {z € C : Rez > 0} with closure H= {z € C: Rez > 0} and
let D C C be a domain with H C D.

(i) A holomorphic function f: D — C¥*? is called positive real if

z (Z) for each z € H,

« flR)=F

o f(2)+ f(2)* is positive semi-definite for each z € H.

(ii) A positive real function f: D — C?*? js called strictly positive real if f(i€) + f(i€)*
is positive definite for each & € R.

In Definition 2.14 we restrict ourselves to functions without singularities on the imag-
inary axis. By suitable adaptations, this definition can be extended to functions with
singularities on the imaginary axis.

Remark 2.15. Let be a domain with H C D. A holomorphic function f: D — C4*¢

with f(z) = f(Z) for each z € H is positive real if f(if) + f(i€)* is positive semi-definite
for each £ € R and f(z) =5 M (with z € D) for a matrix M: In this case M + M7 is
positive semi-definite, consequently each x € C¢ satisfies z*(f(i¢) + f(i€)*)x > 0 for each
¢ € Rand 2*(f(z) + f(2)*)z > —e and for each € > 0 and |z| > R with R sufficiently
large (depending on €). Since 2*(f(z) + f(z)*)z is harmonic (as a linear combination of
the real and imaginary parts of the components of f), the maximum principle implies
z*(f(2) + f(z)*)x > —¢ for each z € C and z € H with |z| < R. By letting £ — oo and

consequently R — 0, the statement follows.

Moreover, if 2*(f(z) + f(2)*)z = 0 for a z € H, then z*(f(z) + f(2)*)z = 0 for each
z € H. This implies that if f is strictly positive real, f(z) + f(z)* is positive definite for
each z € H.

Lemma 2.16 (Positive Real Lemma). Let k have the form (2.25) where Ay € R™"*",
B e R4 C e R and D € R™? are chosen such that n is minimal. Then (2.21)
has a solution S € R™", L € R G € R™? with S symmetric and positive definite if
and only if k from (2.25) is positive real.

Proofs of Lemma 2.16 can be found in [3, Theorem 3], [4, Chapter 5], and [6, Theorem 5.31].
From [3] we have also borrowed Definition 2.14(i). We will present an algorithm for
computing the solution of (2.21) in Appendix A.

The following theorem and its proof are partially based on [15, Theorem 13].
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2.2. The Generalized Langevin Equation as an Ornstein-Uhlenbeck Process

Theorem 2.17. Let A from (2.20) be stable where Ay, B, C, and D are chosen such
that n is minimal, and let C{}(t) = BimPTetAP (t > 0) be of strictly positive type. Then
Ap is stable, too, and the Lyapunov equation (1.11) has a unique solution (X, K) where
X is symmetric and positive definite and has the form (2.16).

Proof. For \ ¢ o(A) we define
EN) :=PT(\I— AP

If A ¢ o(Ap), (1.1) implies

£\ = (Mg — D+ BT(\L, — Ag)'C) ' = (Mg + k(N)

with x from (2.25). £(\) and x()\) := —(A\I — Ag) ~LCE&(N) solve the linear system

EN | _|[Ma—D =BT |1&(N) | _ |Ta| _
N e 0 B

Since Cé is a function of strictly positive type, (2.22) shows that
PTOAI - A)'P+ PT(NI - A)*P
is positive definite for all pure imaginary A. This implies
Re(z*PT(A\I — A)"'Pz) >0 forall zeR?

as otherwise
2*PT(A\ — A) 7 Pz 4 2*PT(AI — A) Pz < 0.

Since A is stable, \I — A is non-singular for all X in the closed right half plane H, i.e.
Re(z*£(it)z) has no singularities in H. Consequently Re(x*¢(it)x) is a harmonic function
in H for every = € R? with Re(z*&(it)z) > 0 for every t € R. £(z) 2% 0 (with z € C)
implies that, according to the maximum principle, Re(x*£(¢)z) has no zeros in H (for

either x).

We now prove that Ay, too, is stable. Assume that Ay has an eigenvalue p with Re u > 0.
If k(A) and thus AI + k() is unbounded for A — p, then £(\) converges to a singular
matrix, thus p is a zero of z*¢(- )z in H for a certain x, which contradicts our conclusion
from above. If k(A) = —D + BT (AI — Ag)~'C is bounded for A — p, then each column
of B has to be orthogonal to every eigenvector of Ay corresponding to the eigenvalue p
whose coefficient in the decomposition of any column of C into a linear combination of
eigenvectors of Ay is non-zero. If x, is such an eigenvector, one directly verifies via (2.26)
that [OdT, 217 is an eigenvector of A corresponding to the eigenvalue y, which contradicts
the stability of A. Therefore no such eigenvector exists, i.e. the decomposition of any
column of C into a linear combination of eigenvectors of Ay contains no eigenvectors
corresponding to the eigenvalue pu. Consequently every column of C' is contained in the
image im(Ag — ulI) of Ag — uI. Since im(Ag — uI) is the orthogonal complement of the
kernel ker((Ag — pI)*) = ker(Af — 1zl), every column of C' is orthogonal to every left
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2. The Generalized Langevin Equation

eigenvector of Ay corresponding to the eigenvalue u. (Here we denote as left eigenvector
of A a vector x with A*z = fixz.) However, if x; is such a left eigenvector, (2.26) directly
implies that [Og, a:;f]T is a left eigenvector of A corresponding to the eigenvalue u, which
again contradicts the stability of A. Therefore Ay must be stable.

Consequently x has no singularities in H and is therefore holomorphic in H. According
to Remark 2.11, (C{)(0+) + (C) (0+)T = ﬁim(D + D7) is negative semi-definite. Since
Ay is stable, k has no singularities on the imaginary axis and thus (2.24) holds. Hence x
is positive real according to Remark 2.15 and Lemma 2.16 states that (2.21) and thus
(1.11) has a unique solution. O

In other words, the Lyapunov equation (1.11) has a solution if C{}‘ is a function of
strictly positive type, i.e. if A belongs to a valid velocity auto-covariance function. On
the other hand, if the Lyapunov equation has a solution (X, K), then (A, K) is an
Ornstein-Uhlenbeck system with auto-covariance function C’é, ie. C{ﬁ‘ is of positive type
(although not necessarily of strictly positive type) according to Lemma 2.9. We will
present an algorithm for obtaining the solution in Appendix A. Since that algorithm fails
if no solution exists, it is not necessary to explicitly test if C’é is a function of positive
type or if x is positive real. Note that D + DT has to be positive semi-definite for (2.21)
to be solvable as one immediately sees from the third equation.

As we will see in our numerical experiments, omitting the requirement D = 0 and
allowing the more general equation (2.5) is sometimes necessary to obtain a valid Ornstein-
Uhlenbeck system at all. Whether such a representation makes sense physically depends
on the physical background of the considered application, but there are applications
where D = 0 is not necessary.
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3. The Lanczos Method for the Generalized
Langevin Equation

In this chapter we present our algorithm for the one-dimensional case. We will call
it the Lanczos method although this name is usually given to Lanczos’ algorithm for
computing eigenvalues since both algorithms are based on the same underlying ideas.
Our goal is the construction of an Ornstein-Uhlenbeck system (1.7) whose velocity
auto-covariance function approximates the given velocity auto-covariance function of
a generalized Langevin equation. We achieve this by interpolating the given velocity
auto-covariance function Cy in an equidistant grid 0, 7,27, ..., (ng —1)7 with 7 > 0 fixed,
ie. (Tk)k=0,..no—1, Tk := Cy(kT) € R4 is the required input of the algorithm.

In this chapter, as well as in Chapter 4, we will restrict ourselves to the case d = 1. We
assume that ro = /Bim = 1 holds; otherwise we first scale the data accordingly by replacing

each ry by :—’;.

3.1. The ldea of the Lanczos Method

We use the following variant of the Lanczos method, which we borrow from [2]: For a
given finite sequence (7ry)k=0, .. n,—1 We define the linear moments functional

no—1

O(9) = Z a;r;
j=0

deg ¢ ,
> ajr’ with degree deg¢ < ng — 1 and the symmetric bilinear

for polynomials ¢(z) =
=0

form

[, 9]y := ©(¢9)

for polynomials 1, ¢ with degy + deg ¢ < ng — 1. Here we identify polynomials mainly
with their coefficient vectors rather than regarding them as functions since we will
neither use any of their analytical properties nor evaluate them at any point. Given
(Tk)k=0,...ng—1, the Lanczos method yields a (finite) sequence (¢x)x=o,.. n—1 of formally
orthogonal polynomials w.r.t. [-, -], with increasing degrees deg ¢y, = k, i.e. [¢;, i), =0
for j # k. The algorithm works similarly to the Gram-Schmidt algorithm. Note that
[, -]r is in general not positive definite and consequently [¢, ¢r], = 0 is possible, in
which case no such sequence of orthogonal polynomials exists. We will ignore this case
here and will always assume that [¢g, ¢r] # 0. (In Section 5.2.1 we will give some basic
information about this case without going into details.)
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3. The Lanczos Method for the Generalized Langevin Equation

Let ¢ = (¢r)k=0,.. N—1 be formally orthogonal polynomials with deg ¢, = k. Then for
k > 0, ¢ can be written as

_ 1
th—1k

k-1
ox(z) (90 Cr-1(z) = > tk—1,j¢j($)> (3.1)
i=0

[x'¢k71,¢j}T
[(ij(bj}'r
to a step of the Gram-Schmidt algorithm, where the base polynomial x - ¢p_1(z) is

orthogonalized against the polynomials ¢, ..., ¢g—1.) It is known (cf. [18, p. 214]) that
the recursion (3.1) actually is a “short” (three-step) recursion: If j < ¢ — 1, then

[@ - ¢i, il _ (@i, - @jlp
(65, Dilr (@5, Djlr

(since ¢; is orthogonal to all polynomials of lower degree) and thus (3.1) is equivalent
to

with 1 ; = € R for j < k and an arbitrary t;_; ; # 0. (This is analogous

=0

tij =

br(z) = !

=7 (- Pp—1(x) — tp—1 p—1Pk—1(x) — th—1 p—20k—2(x)) (3.2)
-1,k

(where tg_1 :=0). We set t_1; := 0 for j > k and combine the recursion coefficients ¢; ;
with ¢ > 0 in the matrix
J = [tiglij=o,. v € RV,

which is a tridiagonal matrix due to (3.2). Here N is chosen as the largest possible value
such that all ¢, with £ =0,..., N —1 can be computed from the moments (r)x=0, .. no—1;
this results in N = [%2]. If ng is even, the moments required to compute Plng /2] Via
(3.1) are known, too, and one could thus think that N = [%2] + 1 is possible, but this
choice would result in [¢pn_1,2%], =0 for all k < N —1 or in [px_1, dn_1]r = 0. We will
mention both of these special cases in Section 5.2.1 but ignore them here. Since neither
of them would allow to actually execute this extra step, N = [%2] holds in the case of an
even ng, too.

Starting with the polynomial ¢o(x) = \/%T) = 1, the Lanczos method computes the

sequence ¢ and the matrix J via (3.1). The usefulness of the algorithm results from the
following property:

Let ay, be the (infinitely long) coefficient vector of ¢. Then (3.1) can be rewritten as the
matrix-vector product

R o R R I

where ¢ in the final column represents the coefficients of ty_1 y¢n, which have not yet
been computed. By induction this yields

k—1
0. 0, ... 0. o Tk 0]‘ . Oj Oj T\k—7—1
[ag a ... aN_J o [ao o1 .- aN*l} (J ) + ]z:%) |}) .0 3 (J ) :
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3.2. Further Steps in the Algorithm

Due to the tridiagonal form of J, only the last £ — j columns of
Oj - 0]‘ 0]‘ T\k—j—1
ooy Yen

are non-zero, i.e. for k < N — 1 the first column of the sum is zero. Consequently for
k < N — 1 in polynomial notation the first column of this matrix equation reads

k

k(bO Z Oj(bj
J=0
With &g := [¢o, ¢ol, this implies
k Lok 1| k 1
e = [z", 1], = 5*[93 b0, polr = 5 > (I*)oid5, 00| = % - Z 0.j[955 dolr- (3.3)
0 0 =0 , =0

Due to the orthogonality of the polynomials, all summands except for the one with j = 0
vanish and we obtain

k
%Z 0.i[%5, Polr 10(Jk)070[¢0, dolr = (J¥)o0 = €] J¥e,. (3.4)

Consequently A := %log J satisfies
eleb™e, =, for k=0,...,m9—1.

Therefore if X € RY is a stationary Ornstein-Uhlenbeck process (1.7) with drift matrix

A and a covariance matrix of the form X = ,Bm 10

0o S

nent’s auto-covariance function interpolates the values rg,...,rp,—1 in the time grid
0,7,...,(nop — 1)7. In our application, this means that choosing r; := Cy(k7) and

from (2.16), the first compo-

v
X = 7 yields an Ornstein-Uhlenbeck process X such that the auto-covariance function

of V interpolates the given VACF in 0, 7,..., (ng — 1)7.

When applying the algorithm to construct the polynomials, t;_q j from (3.1) are scaling
factors which can be chosen arbitrarily.

3.2. Further Steps in the Algorithm

3.2.1. Conditions on the Velocity Auto-Covariance Function

As mentioned in Lemma 2.9, Cy is a function of positive type. Consequently, according
to Remark 2.11, Cy is maximal at 0, which implies C{,(0+) < 0 where C{,(0+) denotes
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3. The Lanczos Method for the Generalized Langevin Equation

the right-hand derivative. Depending on the underlying physical system it may also be
necessary that Cy satisfies

C{(0) = 0. (3.5)
In an Ornstein-Uhlenbeck system, (3.5) is equivalent to
0= (C)(0) = LeTA sV ey = LD
v Bm ! Bm

with D from (2.20). D = 0 means that the corresponding GLE has no instantaneous
friction and is actually of the type (2.3). We ensure this by adjusting the second data
point 1 = Cy(7) since modifying this value should have a significant and somehow
predictable impact on the values of C{ in (0,7) and thus on (C{1)'(0).

To adjust r; correctly, we use a Newton iteration including algorithmic differentiation
of the Lanczos method: For each variable which is computed we also compute its
derivative w.r.t. r1. (Every single calculation in Section 3.1 can be differentiated in a
straightforward way.) We thus obtain the derivative of .J, which we denote as 9.J. To
compute the derivative of A w.r.t. to 1, denoted as dA, we employ a formula which we
will present later in Lemma 3.1. In accordance with Newton’s method we then iteratively
adjust r; and reapply the Lanczos algorithm from Section 3.1, obtaining new matrices A
and 0A until D = Ay ; = 0.

Note that the physical importance of condition (3.5) depends on the actual physical
system considered. In some use cases there is no physical need for Cy to be differentiable
in 0. In these cases a failure of the Newton iteration is acceptable or the iteration may
be skipped completely as long as (C{})'(04) < 0. However, our numerical experiments in
Section 3.4 show that applying the Newton iteration may still make sense in order to
obtain a function C{;‘ of positive type.

3.2.2. Spurious Eigenvalues

Eigenvalues of J outside the interior unit disk mean that the corresponding eigenvalues
of A have non-negative real part, hence A is no longer stable and er{etAel 2% 0 no
longer holds, i.e. the corresponding Prony series contains exponentials with non-negative
real part. This does not make sense physically since it means that the system is not
dissipative. We call these eigenvalues “spurious” eigenvalues. However, assuming that our
data are based on a physical model, the “contribution” of these spurious eigenvalues to the
auto-covariance function, i.e. their coefficients in the Prony series, should be very small
and therefore “removing” them from A (i.e. replacing A by a smaller matrix containing
only the non-spurious eigenvalues) should hardly influence C{}(t) for t < (ng — 1)7.

In the following we describe this procedure in detail. We require J to be diagonalizable
with pairwise different eigenvalues p;, 15| < |pjy1] for all j. Then A has the eigenvalues
Aj = %Log p; with the same eigenvectors, i.e.

J=UA;UY, A=UAUE
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3.2. Further Steps in the Algorithm

where Ay = diag(u1, ..., pun), Aa = diag(Ay, ..., An), U € CV*N is non-singular, and
N
cit) = elUeray—1te; = ZULJ‘(U* )jie Zw] (t>0)
=1

with w; = Ul,j(U_l)jyl. Let Re Aj, < 0 < Re)\j 41 for some jo. (The case ReAy < 0
is trivial as nothing needs to be done; the case Re A\ > 0 does not make sense as this
would mean that all eigenvalues are spurious, so we ignore these cases.) Since the original
auto-covariance function interpolated by C’é belongs to a physical system, we assume
that the coefficients w; with j > jo are small compared to 1%zi<>§0]wj\ and thus

N
C’{/‘(t)—ijet)‘j = Z wie™i|,

J=1 Jj=jo+1

too, is small for ¢ € [0, (ng — 1)7]. Hence we replace A by a jo X jo matrix A = [7/1;(7*1
with

- Jo Jo
vt = we™ ~ Yy wie, @y = U (U0
s =1

where A = diag(\1, ..., \j,) and U € C/0*% contains only the first jo columns of U (i.e.
the columns belonging to eigenvalues of A with negative real part) and only jp rows from
U. The first row of U must equal the first row of U except for the removed entries in

order to obtain coefficients w; in the Prony series representation of C’é with
wj = Ur;(U )0 = U (U1 = U (U1 = wj.

Here the assumption (U~1);, ~ (U~ 1)37 is motivated as follows: Since Uy j(U™1);1 =
w; < 1 for j > jo, we assume that (U~ 1)1 < 1 for j > jo. Using scalars, the matrix
multiplications UU! =T and UU! =1 for the ith entry of the first column can be
rewritten as

Jo Jo N
Z i (U1 =0i1 = Z U;(U 0= U;(U 0+ > Ui(U N1,
= =1

Jj=Jjo+1

where the second sum is small. Consequently Z;Oﬂ ﬁiyj(ﬁ_l)j,l ~ Zgozl ﬁi,j(U_l)jJ for
each ¢ and therefore (f/'_l)j,l ~ (U™1);1 for each j.

Apart from the first row, U can omit arbitrary rows from U as long as it is non-singular.
In order to ensure that U is non-singular, we build U row by row: We first take the
first row of U as first row of U (except for the entries of columns which were removed).
After that, we successively append the row of U to U whose difference to its orthogonal
projection onto the linear hull of the present rows of U has the largest norm (after
scaling all rows to have norm 1). Le., as ith row I~]Z of U we take the row 2 of U which
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3. The Lanczos Method for the Generalized Langevin Equation

1 (2, Uj) ~
o ( 210,

Jj=1

minimizes

We continue appending rows to U in this way until Uisa square matrix. If the assumption
that (U~1); is small for j > jjo holds, then

~ jo Jo
CiH(t) =Y Un (U 1) 1€ = Y wie™ = C(1).
j=1 j=1

We continue the algorithm with J. , A and U but omit the tilde in the following sections;
we also write N instead of jo for the size of these new matrices.

Sometimes it is necessary to remove some additional eigenvalues with negative real part:
According to (2.22) the poles of the Fourier transform of C’é are exactly the values £il\
for all A € o(A). While a pure imaginary eigenvalue A # 0 thus means that F C’(,‘ has
two poles on the real axis, an eigenvalue with real part close to 0 can manifest itself in
(positive or negative) “peaks” in F C{;‘(g) for £ ~ £Im A. A negative peak can result in
F C{;‘({ ) being negative for £ ~ +Im A, which implies that Cy is no longer of positive
type. If the corresponding Prony series coefficient is small, removing this eigenvalue can
yield a new matrix A such that C{}‘ is of positive type while hardly having any impact
on the approximation. This is done similarly to removing spurious eigenvalues above,
except that Ai,..., Ay are arranged in such a way that exactly all A\; with j > jo need
to be removed for a certain jo.

While this procedure usually hardly modifies C{}(t) for t € [0, (ng — 1)7], we cannot
guarantee this. If the removal of eigenvalues results in significant changes in C{}(t) for
t < (ng — 1)7, one should not continue the algorithm but rather restart it with a different
interpolation grid.

3.2.3. Negative Real Eigenvalues

On top of spurious eigenvalues, J can have negative real eigenvalues. Let p; be such
an eigenvalue. Simply setting A = %log J would result in a matrix A with a complex
eigenvalue \; = %Log Wi = %(log| pj| 4+ 7i) whose complex conjugate is not an eigenvalue
of A, and thus in A being non-real (regardless of which matrix logarithm is used). We
therefore “duplicate” the eigenvalue ji; of J in such a way that both 2 (log|u;| + i) and
1 (log|p;| — mi) are eigenvalues of A. We do this by inserting an additional row and
column into A4 and U (where A = UA,U ! denotes again the eigenvalue decomposition
of A) for each such eigenvalue in .J, obtaining two new matrices A4 and U.

Define Ay = diag(u1,...,pun), Aa = diag(A1,...,An), and U as in Section 3.2.2 (as-
suming that spurious eigenvalues have already been removed). Let p; be a negative
real eigenvalue of J. Then we set Ay = diag()\l,...,)\j,l,)\;,)\;,)\jﬂ,...)\]\f) with
A;E = L(log|p;| £ 7i). U is obtained as follows: If = U. ; is the eigenvector correspond-

ing to p; in the jth column of U, we replace this column in U by two consecutive columns
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3.2. Further Steps in the Algorithm

[ [

for A4 and A_ (at column index j and j + 1), respectively, where the entries i and —i
belong to the new row, and extend the other columns of U by one zero entry in this row,

containing the new eigenvectors

i.e. we replace U = {U.J Lo U U.7N] € RVXN by
T U.’l U.vjfl xz T U.7j+1 U.7N (N+1)x(N+1)
U= [ 0 .. 0 i - 0 .. o]|SF '

Recall that

N
C’(}(t) = eF{UAJU—le1 — Z wjet/\j with w; = Ule'UJTll
j=1

for t > 0. It is easy to verify that U is non-singular and that

..
U= .. Uyyx Uy Uiy Ui oo Unwls
~ T
1. _ [rr—1 —1 177—1 177—1 -1 -1
U7'er = [Un] .. U4, 305 AU UL o ORY]

which implies

~ - N
eflpUetAAU_lel = e:ertAAU_lel = ijet)‘j.
7=1

Therefore duplicating any p € o(J) in this way has no impact on the auto-covariance
function of the Ornstein-Uhlenbeck system but allows us to compute a real matrix
logarithm of J in the case where p is negative real. We continue the algorithm using
A= [7/14(7*1 instead of A = UA U1,

We apply these modifications to U and A4 for each negative real eigenvalue of J. We
again call the resulting matrix A and omit the tilde in the following. This matrix A is
real in exact arithmetic. Imaginary parts in entries of A are due to numerical errors and
can be set to 0.

Note that the adjustments in Sections 3.2.2 and 3.2.3 modify the size of A. While the
matrix J generated by the Lanczos method has size [%2] x [%2], the final matrix will
usually be smaller due to removed spurious eigenvalues (as we will see in Section 3.4)
although it can be larger due to duplicated negative real eigenvalues. Therefore we cannot

specify the final size of A exactly but only a “desired” size.

3.2.4. The Lur’e Equations

In order to determine K € RN*? from (1.7), we finally have to solve the Lyapunov
equation (1.11) or the equivalent Lur’e equations. Through this we also obtain the
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3. The Lanczos Method for the Generalized Langevin Equation

covariance matrix Y of the stationary distribution of this Ornstein-Uhlenbeck system and
verify that A generates a velocity auto-covariance function of positive type. If Newton’s
method succeeded and the removal of spurious eigenvalues did not modify the first matrix
entry too much, we have D & 0, resulting in the singular equations (2.19). Otherwise we
have to solve the regular equations (2.21). We present algorithms for solving both cases
in Appendix A.

3.3. Summary of the Complete Algorithm

The algorithm starts with the polynomial ¢g(x) := \/er) = 1. In each step, a new
polynomial ¢, with deg ¢y = k is computed via (3.2) where we choose tj_1 % in (3.1)
in such a way that |[¢x, dklr| = |®(47)| = 1. Instead of computing the coefficients
th—1,k—1 and tg_q x—o via directly evaluating [-, -], we employ the recursive formula
presented in [18, Theorem 2] to compute them. We form the tridiagonal matrix J from
the coefficients t; 1, appending a new column and a new row in each step. The Lanczos
algorithm stops when the polynomials’ degrees get too large, i.e. when [¢g, ¢ is no
longer defined by 7. For each variable we also compute its derivative w.r.t. r; along with
it. Differentiating the Lanczos algorithm is straightforward as it only includes easily
differentiable calculations.

If ng is odd, we obtain an 2L x 2o+l matrix J; however, we cannot compute its last

2
(bottom right) entry with index (™%—, ™0= 1). Due to the tridiagonal form of .J, no value
el J¥e; for k < ng depends on this entry. Consequently .J satisfies er{Jkel = rp for
k < ng, regardless of its value. Nonetheless A and thus Cy depend on this entry. We

simply set it to 0.

Next we compute A = %log J. At this time, we do not yet have to care about negative
real eigenvalues of J since we are only interested in the real part of A and can thus take
any matrix logarithm. In order to apply the Newton iteration described in Section 3.2.1,
we compute the derivative of the matrix logarithm via the following identity, which we
borrow from [22, p. 58]:

Lemma 3.1. Let A C R, B C C be open sets and tg € A. Let H: A — R™" be
differentiable in to with a spectrum that lies in B for all t in a neighborhood of to. Let
further f: B — C be holomorphic. Then

£ |Hto) H'(to)| ) _ | f(H(to)) i (H ()=,
0 H(t) 0 f(H(t)) |

Here f also denotes the matriz function induced by the scalar function f.

Defining H(t) as the matrix J from above, regarded as a function of ¢ = r; (where
all other entries in r are fixed to their given values), and taking f(M) := log(M) as a
branch of the complex logarithm (and the corresponding matrix logarithm) such that f
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3.3. Summary of the Complete Algorithm

is holomorphic in the spectrum of H(t) for all ¢ in a sufficiently small neighborhood of 0
allows us to differentiate the matrix logarithm, obtaining

d1
/1,1 = 6{ <dt¢10g H(t)|t=r1>€1a

and to apply Newton’s method. Depending on the chosen logarithm function, the
eigenvalues of A may not be symmetric w.r.t. the real axis (at least if H(tg) has a
negative real eigenvalue and the principal logarithm branch cannot be chosen), which
leads to Aq,; being non-real. However, since the imaginary part exists only due to this,
we can ignore it and simply take the real part of Ay and its derivative. Therefore we

replace r1 by 1 — §§ ﬁi’i in each Newton step and reapply the Lanczos algorithm until

A1 = 0. Of course other methods instead of the Newton iteration are conceivable,
especially when the latter does not converge. For simplicity we tried no alternative
methods to the Newton iteration in our numerical experiments. When the iteration did
not converge, we assumed the algorithm to have failed for this grid and reduced ng by 1
in order to obtain a new grid.

After applying the Newton iteration, we treat spurious eigenvalues (i.e. eigenvalues
outside the interior unit disk) and negative real eigenvalues of J: For this we compute an
eigenvalue decomposition J = UA;U ! of J. We subsequently modify A as described in
Section 3.2: First we remove all p € o(J) with || > 1 where the corresponding eigenvalue
A= %Log 1 would have positive real part, replacing A; by a smaller diagonal matrix
which contains only the remaining diagonal entries of A ;. For each such eigenvalue we also
remove the corresponding column of U (which contains the corresponding eigenvector)
and one row of U.

We may also have to remove other eigenvalues with negative real part close to 0 and
small coefficient in the Prony series if they prevent the resulting VACF from being of
positive type. To determine these eigenvalues, we first compute the Fourier transform

FCHImN) = T(GIm AT — A)™' + (iIm AT — A)~*) P

_1 p
Bmy/2m
for all A € o(A). Then from all A with FC{(Im \) < 0 we choose the one with largest
(i.e. closest to 0) real part and remove it (and its complex conjugate if it is not real) from
A, similarly to removing spurious eigenvalues. We iterate this procedure until F C{;‘(Im A)
is non-negative for all remaining A or until an eigenvalue with significant coefficient in
the Prony series is encountered, in which case the algorithm is assumed to have failed.
Before removing another eigenvalue (or pair of eigenvalues), the values FC{ (Im \) are
re-calculated using the new matrix A as our numerical experiments demonstrate that it is
often not necessary to remove all A for which FC¢}(Im ) is initially negative. (Variations
of this procedure are conceivable, e.g. always removing the eigenvalue with the smallest
coefficient in the Prony series instead of the largest real part.) On top of this, we also
remove all eigenvalues with coefficient smaller than 107 in the Prony series.

After removing eigenvalues we construct A4 and thereby duplicate negative real eigenval-
ues of J as described in Section 3.2.3. After computing A4 and modifying U accordingly,
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3. The Lanczos Method for the Generalized Langevin Equation

A :=UAA U is the desired matrix.

Ideally, spurious eigenvalues having a significant impact on C’é(t) only for large t, their
removal should hardly influence A;;, so (3.5) should still hold approximately after
removing them. Still, it is possible that A; ; > 0, which implies that the corresponding
auto-covariance function is no longer of positive type. A second Newton iteration including
all steps performed so far is impossible as it would require computing the derivative of
the eigenvalue decomposition of A. Instead we simply set A 1 to 0. Visually, modifying
Ap,1 results in “shifting” the complete function C{/‘ up (if increasing Ay 1) or down (if
decreasing A; 1) as we will see in Section 3.4. If A;; ~ 0 held before, the impact on C{}
is minor. Otherwise this can significantly change C{;‘ and it might be better to retry
the complete algorithm with another grid. (3.5) also implies that we have to solve the
singular Lur’e equations. Since Ci,(0) > 0 implies that Cy is not of positive type, the
resulting function Cy is on the “boundary” of the set of all functions of positive type
and due to rounding errors it is possible that the corresponding system does no longer
have a VACF of positive type. Thus we instead set A;; = —¢ with a small € > 0. For
our experiments in Section 3.4 we chose € = 1071°. As with Newton’s method, this step
can be skipped if A;; < 0 already holds and if (3.5) is not physically necessary. (Note
that Ay 1 <0 is not sufficient for C{;‘ being of positive type but only necessary.)

Additionally we can replace A by an equivalent tridiagonal matrix by again using the
Lanczos algorithm. In theory one could apply the algorithm from Section 3.3 again, this
time using e? A¥e; (k =0,..., N —1) as moments, thereby obtaining a tridiagonal matrix
A such that el Ake, = eT A¥e, for k = 0,...,N — 1 by virtue of (3.3) and (3.4). The
obtained tridiagonal matrix A is equivalent to A (as we will explain in Section 6.1.2) and
satisfies C{} = C’{}. In practice, however, due to the large condition of A* this can lead
to huge numerical errors rendering this method unusable. Hence in our experiments in
Section 3.4 we used a different implementation described in [27, Algorithm 2.3.1], which
employs the more typical approach via Lanczos vectors instead of formally orthogonal
polynomials but yields the same results in exact arithmetic. Another implementation
can be found in [16].

The advantage of a tridiagonal A lies in significantly reduced computational costs for
simulating sample paths of the Ornstein-Uhlenbeck process, e.g. when using the Euler-
Maruyama method: Multiplying A by a vector only takes time O(N) instead of O(N?).
In theory, the distribution of V' (¢) of the Ornstein-Uhlenbeck process is not changed by
this final step. It can, however, be another source of numerical problems due to the
Lanczos algorithm’s numerical instability.

Finally we solve the Lur’e equations — regular or singular — to verify that the obtained
velocity auto-covariance function is a function of positive type and to calculate K. If no
solution of (2.21) exists, C{} is not of positive type and it only remains to use another
time grid, i.e. another 7 or ng, in order to retry the algorithm with another input. The
nonexistence of a solution can manifest itself in several ways when applying the algorithm
from Appendix A: First, Ay can be unstable, which implies that C{}‘ is not of positive
type, see Theorem 2.17. Second, if D = 0, the algorithm for solving the Lur’e equations
reduces the system of equations to a (regular) system of smaller dimension; however,
the value D of the reduced system may be positive. Third, if D % 0, Theorem A.5
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states conditions for when the Lur’e equations have a solution, which may or may not be
fulfilled.

We see that it is in no way guaranteed that this algorithm will always succeed, even
with reasonable input, and it may be necessary to try several interpolation grids. In
Section 3.4, however, we will see that it is usually possible to find a reasonable grid where
the algorithm generates a valid velocity auto-covariance function.

3.3.1. A Note on Numerical Stability

The Lanczos algorithm, just as the Gram-Schmidt algorithm, suffers from stability
issues, cf. [27, Chapter 3]. However, they typically emerge only for matrices larger than
those which appear here and they posed no problem in our numerical experiments. For
matrices of the size that we consider it is also very unlikely that the assumption that J
is diagonalizable does not to hold.

To detect possible stability problems, one could compute the Gram matrix of the
polynomials ¢g,...,¢n_1 to test whether they are actually orthogonal. If they are
not, a typical remedy proposed e.g. in [27, Section 3.3] is explicitly orthogonalizing the
polynomials. In order to reduce the computational cost of a full application of the Gram-
Schmidt algorithm, several “partial” orthogonalization methods are mentioned there.
Just as stability issues in general, however, the computational cost of orthogonalization
is an issue only with matrices which are much larger than ours.

3.4. Numerical Results

While we have already presented some of the following results in [10], the improved
algorithm here also accepts odd numbers ng (whereas we formerly required ng to be even).
On top of that, the removal of eigenvalues of A with negligible coefficient which cause
C{} not to be of positive type results in fewer cases where the algorithm fails. These are
reasons for the partially different results obtained here.

3.4.1. Molecular Dynamics Data

We use the molecular dynamics data from [25], from where we borrow the following
description. They describe a single colloid in a Lennard-Jones potential. The system
was created by placing Lennard-Jones particles with diameter o on a face-centered cubic
lattice with lattice constant 1.710. To calculate the interactions, the Lennard-Jones
potential was cut off at 2.5¢0. The colloid was carved out off the lattice with a radius 3o
and was then defined as rigid body (i.e. the interparticle distances were fixed), which
resulted in a colloid mass of 80mg, where my is the mass of a Langevin particle. The cubic
simulation box has a size of L = 41.040 with periodic boundary conditions in all three
dimensions. To sample at the correct temperature, the system was equilibrated using
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Figure 3.1.: VACF approximations for molecular dynamics data

a Langevin thermostat. The simulations were performed with the simulation package
LAMMPS [41] using a time step size of A; = 0.001.

For the Lanczos method we use ng = 20 data points with a grid size of 7 = 0.06. No
spurious or negative real eigenvalues were encountered, therefore the obtained matrix A
has N = 10 rows and columns, i.e. 9 auxiliary variables. Figure 3.1 compares the input
VACEF and the obtained approximation. The two inset plots display enlarged parts of the
large plot: one for small ¢ and one for the long-time tail. Figure 3.2 shows the difference
between the input VACF and the VACF of the obtained Ornstein-Uhlenbeck system. We
clearly see a comparably large difference for t ~ 7 (which is nonetheless small) since 7
was adjusted during the Newton iteration. We also see that the approximation is very
good up to the final grid point (ng —1)7 = 1.14 but gets significantly worse after the final
grid point. Figure 3.3 displays the memory kernel of the obtained Ornstein-Uhlenbeck
process compared to kernels obtained via solving the second order Volterra equation and
via the iterative method presented in [25] (called IMRV).

We see that the VACF approximation is very good in the whole time interval. On top of
that, the corresponding memory kernel is very close to the approximations obtained by
other methods.

3.4.2. Noisy Data

We now test if the method is also applicable to noisy data. We use data generated by
simulating a colloid in a fluid of 31627 Lennard-Jones particles with a diameter o and
mass mg. The Lennard-Jones potentials are truncated at 21/65. The cubic simulation box
has periodic boundary conditions in all three dimensions (we use only one dimension for
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45



3. The Lanczos Method for the Generalized Langevin Equation

Noise . Newton Relative
setting Grid | no steps Nep Now N error
Ay | 50 3 12 0 14 0.0639
Low Aoy | 30 4 9 0 6 0.0428
As | 14 6 3 0 ) 0.0582
Ay | 49 3 9 0 17 0.0609
Medium As | 30 4 5 0 11 0.0688
As | -
Ay | 50 3 8 0 17 0.1339
High As | 29 4 7 0 9 0.1152
As | 14 4 2 0 ) 0.2005

Table 3.1.: Results using the data from Section 4.3.2: Number of interpolation points
ng, number of Newton steps, number Ny, of spurious eigenvalues, number
Nyt of other removed eigenvalues, size N of the final matrix A, and relative
approximation error

applying our algorithm) and a side length of 35.760. The colloid has a mass of 80m( and
is defined as a rigid body with a radius 3o. In order to sample at the desired temperature,
the system was equilibrated with a Langevin thermostat. Again the simulations were
performed using LAMMPS [41] with a time step of A; = 0.001.

We compare three different noise levels, which differ by the length of the simulation run
used to generate the data and by the equilibration time, i.e. the number of simulation
steps performed before the actual simulation in order to ensure that the system is close
to its equilibrium:

e Low noise: 5000000 simulation steps, 400000 equilibration steps

e Medium noise: 1000000 simulation steps, 60000 equilibration steps
e High noise: 100000 simulation steps, 6 000 equilibration steps

Simulations for different noise levels were performed independently of each other. We
used the following three grids for each noise level:

. All T = 0.067 nog = 50

e Ay 7=0.1,n9=30

. Ag: T = 0.2, ng = 15
As mentioned before, it is not guaranteed that the algorithm succeeds. In case of failure,
we reduced ng by 1 and reapplied the algorithm to the shortened grid. Table 3.1 shows
for each noise level and each grid size the largest value of ng for which the algorithm
succeeded. It also displays the necessary number of Newton steps, the number Ny, of
spurious eigenvalues (A € o(A) with Re A > 0), the number Ny of additional eigenvalues

removed in order to obtain a VACF of positive type (i.e. eigenvalues A € o(A) which
were removed although Re A < 0), the size N of the final matrix A (which depends on
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Figure 3.5.: VACF approximations for small ¢ for all noise settings

the number of removed eigenvalues and the number of negative real eigenvalues), and
the relative error 0
Jo IC (1) — Cv (1) dt
10
Jo ICv(t)] dt

where the integrals are approximated by sums on the grid {0,0.01,...,10}, on which the
input VACF was given. We see that the algorithm immediately succeeded in four out
of nine cases. In another four cases the second attempt was successful. In the medium
noise setting with As none of the values ng = 15, ..., 8 succeeded, thus we consider the
algorithm to have failed in this case. In all successful cases only eigenvalues of A with
positive real part had to be removed. Note that the approximation error is partially due
to the noise in the input which does not exist in C’{j‘, which is a desired effect.

i

Figure 3.4 compares the VACF approximations obtained for each grid in the three noise
settings, where every plot shows one noise setting. Overall we obtain good approximations.
Figures 3.5 and 3.6 show enlarged versions of Figure 3.4. Figure 3.5 only shows the time
interval t € [0, 0.6], where Cy decays rapidly, while Figure 3.6 shows the tail of the VACF
for t € [2,10]. Az in the high noise setting leads to a rather significant error for small ¢,
which indicates that the chosen grid is too coarse to capture the rapid decrease of the
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Figure 3.7.: Difference between VACF approximations and input VACF for noisy data

VACF for small t and the inflection point at ¢t =~ 0.1. This is also true in the low noise
setting although the error is smaller here. Figure 3.6 shows that despite the noise the
algorithm manages to overall yield good approximations of the long-time tail of Cy for
all three grids.

Figure 3.7 displays the difference between the obtained VACF approximations and the
original VACF. It clearly shows the rather large error of Az for small ¢, too.

Figure 3.8 compares the obtained memory kernels of all three grids to those obtained by
solving the (first kind) Volterra equation. Figure 3.9 shows an enlarged version for ¢ > 0.5.
The kernel corresponding to A; in the low noise settings exhibits a very strong oscillation,
which, albeit weaker, is also visible in the VACF in Figure 3.7. This is due to a pair
of complex conjugated eigenvalues —0.5337 £ 48.58i of Ay with significant coefficients
—0.7787 F 0.2443i in the corresponding Prony series. Here the sum of the absolute
values of all coefficients is 111.5, but the largest coefficients belong to the eigenvalues
—18.29 4+ 13.90i with smallest (i.e. largest absolute) real part, which decay very rapidly in
the Prony series. The sum of the absolute values of the remaining coefficients is 10.26.

A actually has two eigenvalues which are very close to those of Ay, —0.5388 £ 48.59i,
and the corresponding oscillations can be seen in Figure 3.7; however, the Prony series
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Figure 3.8.: Memory kernels obtained via the Lanczos method and via solving the Volterra
equation for all three noise settings
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Figure 3.9.: Memory kernels obtained via the Lanczos method and via solving the Volterra
equation for all three noise settings

coefficients 3.59 - 1074 4 1.07 - 10~% in the VACF are much smaller than those in the
memory kernel. Removing these two eigenvalues from A eliminates the oscillations from
the VACF as shown in Figure 3.10. The remaining oscillations in the memory kernel (the
red line on the right-hand side of Figure 3.10) are much smaller (comparable to the other
obtained memory kernels) and have a smaller frequency, which indicates that they are
caused by other eigenvalues.

Comparing the three grids in Figure 3.8, we see that the negative “peak” of the memory
kernel is not well approximated by As, again indicating that this grid is too coarse. Aj
performs best in this regard. As, however, leads to the smallest oscillations for larger
t. The difference is particularly well visible in the high noise setting. In general a good
approximation of the memory kernel is not strictly necessary; a good approximation of
the given VACF is more important to us.

In the low noise setting, Figure 3.7 shows that for ¢ > 0.5 the three VACFs obtained by
the different grids seem to differ mostly by a constant. Indeed this constant difference
is due to the value of A;; as modifying A;; visually “shifts” the VACF up or down.
Table 3.2 displays Aj 1 for each obtained Ornstein-Uhlenbeck system after applying the
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Figure 3.10.: VACF and memory kernel obtained using A; in the small noise setting before
and after removing the pair of eigenvalues responsible for the oscillations

Grid ‘ Low noise Medium noise High noise

Ay —0.1157 —0.0004 —0.0576
AP —0.0284 —0.0115 0.0609
Az 0.0163 - 0.0881

Table 3.2.: Value of Ay after applying the Newton iteration and removing spurious
eigenvalues

Newton iteration and removing spurious eigenvalues but before setting A; 1 to —e. For
Aq and Ag, this value is negative and setting it to —e “shifts” C{;‘ up while for Ag it
is positive and C{j‘ is “shifted” down by setting A; ;1 to —e. A similar behavior can be
observed in the medium noise case for ¢ € [0.3,3]. If the condition Ci,(0) = 0 is not
physically required, one can thus improve the approximation by not setting A;; to —¢
provided it is already non-positive. Applying the Newton iteration still makes sense in
this case as we will see immediately.

When Cj,(0) = 0 is not strictly required, one might ask if omitting the Newton iteration
altogether leads to a better approximation. However, when we tested the algorithm
without the iteration, it failed more often and for two settings (Ag in the low and medium
noise setting) it did not succeed for any ng, where we tested all ny down to half the
original ng. In most cases where the algorithm failed due to Ay ; being positive, Ay 1 was
not close to 0, hence setting it to —e would have produced a VACF completely unsuited
as approximation for the input VACF. Consequently it seems that although the removal
of spurious eigenvalues can modify the value of A1, the Newton iteration still helps
in keeping its (absolute) value closer to 0. Table 3.3 displays the corresponding results,
similarly to Table 3.1. We see that the approximation error does not improve either. We
might of course be more lucky with other data, especially data where C{,(0) < 0.

Figure 3.11 displays the differences between the VACF approximations and the input
VACF for the cases in which the algorithm without Newton iteration succeeded. We see
that although the error without Newton iteration is smaller for 7 < t < 27 (compared
to Figure 3.7) because 7 is also interpolated, it is even larger for ¢ < 7 when using Ags.
This holds for Ag in the high noise setting (the only noise setting where both methods
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Without Newton iteration With Newton iteration

Noise . Relative Newton Relative

setting Grid no Nep Npi N error 0 steps Nep Npe N error
A1 39 6 0 14 0.0420 50 3 12 0 14 0.0405

Low AVIEES - - — - 29 4 10 0 5 0.0460
A 15 2 0 7  0.2380 15 8 2 2 3 0.1269

A 35 8 0 10 0.1061 49 3 9 0 17 0.0610

Medium Ay - - - — - 30 4 5 0 11 0.0698
A3 15 2 0 7 0.1830 11 5 3 4 4 0.2137

A 46 9 0 14 0.0971 50 3 10 0 17 0.1429

High Ay 30 4 0 11 0.1467 23 4 2 0 11 0.1002
Asg 15 2 0 7 0.1821 13 4 4 0 5 0.1485

Table 3.3.: Results when omitting setting A; ; to —e (without and with the Newton itera-
tion): Number ng of interpolation points, number Ny, of spurious eigenvalues,
number N,; of other removed eigenvalues, size N of the final matrix, and
relative approximation error
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Figure 3.11.: Difference between VACF approximations and input VACF for noisy data
without applying a Newton iteration and without setting A; 1 = —¢

succeed with this grid), too, although the difference between the errors of both methods
in [0, 7] (with and without the Newton iteration) is smaller here. For A; the error in
[0, 7] is not larger than the general approximation error introduced by removing spurious
eigenvalues. Therefore the Newton iteration makes sense even if one does not require
Aj 1 = 0. Note that in our example the input VACF satisfies C{,(0) = 0; the results may
differ for data where this does not hold.

No stability problems were encountered with either data while applying the Lanczos
method: The maximum error of an entry in a (normalized, i.e. with diagonal entries +1)
Gram matrix was 3.79 - 1078, Therefore we did not apply any explicit orthogonalization
techniques.
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4. The Impact of a Constant Force

4.1. Description of the Modified Model

We now consider the situation of a macromolecule which is subject to a constant, known
external force Fyy € R. As in Chapter 3, we restrict ourselves to the case d = 1. The
external force leads to the equation

V() = Fy — /Ot*y(t —V(s)ds + F(t)

with v and F as in the generalized Langevin equation (2.3) or, with an additional
distributional term in the kernel, to

AV () = <FV~|—DV /yt—s s)ds + F(t )> dt~|—\/;7deW(t) (4.1)

with D < 0, L > 0 as in (2.5). Just as F' in (2.3) and (2.5), the external force has been
scaled by m for simplicity. In the following we will consider the more general equation
(4.1). Analogously to Section 2.1 there exists a version of (4.1) with the integral starting
at —oo, where the joint process of V' and F' has a stationary distribution, but we will not
discuss this version here.

Let V(t) := E[V(t)]. Integrating (4.1) and taking the expectation yields

V(t) = V(0) = E[/Ot dV(s)]

:tFV—i—DE{/OtV(s)ds} [// s —u)V(u)duds|+
E{/tF(s)ds}—l—E[/ FLdW( o)

—tFV+D/ ds—//'ys—u u) duds.

All remaining terms are differentiable and differentiating shows that V' satisfies

V'(t) = Fy + DV (1) /w_sv ds  fort>0, V(0)=Vp (42
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4.1. Description of the Modified Model

By subtracting V (¢) from (4.1), we see that V(£) := V(t) — V(£) solves the GLE (2.5):

1
vV m

In the following we will assume that Visa stationary process. Consequently C‘~/ solves

AV () = (Df/(t) - /0 "t )T (s)ds + F(t)) dt + ——— L AW ().

the Volterra equation (2.10) and since V' differs from V only by a deterministic term,
Cy = Cy. In contrast to (2.5), however, (4.1) has no stationary solution since then

V(t) = Vy would be constant and consequently V’(t) = 0, in which case (4.2) would

imply .
Fy = (/ ~v(s)ds —D)‘_/o
0

for every t > 0, where the left-hand side is independent of ¢ while the right-hand side is
not.

Since (4.2) is a Volterra equation similar to (2.8), its solution can be written explicitly
using the differential resolvent, analogously to (2.9), cf. [19, Theorem 3.3.3]:

_ t
V(t)=rt)Vo+ / r(t —s)Fy ds
0
where 7 is the solution of (2.8). If r(t) 222 0, this implies
V() 2, / r(s)ds - Fyy = Vao.
0

Taking the limit in (4.2) now shows that the right-hand side converges and since V()
cannot converge to another value than 0 if V(¢) converges, (4.2) implies V'(¢) 2% 0

and therefore -
Fy = (/ ~v(s)ds — D)VOO
0
i.e. .
Vo = pFy  with o= ( JARTt dt—D) =pm [CCviar (43)
0 0

(recall that Cy(t) = ﬁr(t) for ¢ > 0.) p is denoted as the system’s mobility, cf. [28,

Equation (4.9)]. Consequently we will later assume that ¢ is large enough and V (t) = V.
(When using the stationary equation with the integral in (4.1) starting at —oo, setting
V(0) = Vi implies V (t) = Vi for all ¢. In this case if V' is stationary, so is V.)

In the case of an Ornstein-Uhlenbeck system

1
A1) = BTH0,  Cy(t) = 2 eTethe, with A:l

D BT
Bm

1 satisfies

= Bm/o Cy(t)dt = /0 eletle, dt = —eF A71e% e, = —(A7 1)1, (4.4)
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4. The Impact of a Constant Force

and -
pt =BT (/ et dt)C -D=-B"A;'C - D. (4.5)
0

((4.5) also follows from (4.4) and Definition and Lemma 1.1.)

Since V solves the generalized Langevin equation without external force, the algorithm
from Chapter 3 allows for the computation of an Ornstein-Uhlenbeck system (A, K') for
V. Provided this Ornstein-Uhlenbeck system has the same mobility as (4.1), V + Vi
can be represented by a generalized Ornstein-Uhlenbeck process, as the following lemma
shows. For ¢ — oo this allows an asymptotic representation of V' by a generalized
Ornstein-Uhlenbeck process.

Lemma 4.1. Let V be a solution of (4.1) where v(t) = BTet40C and let (A, K) be an
Ornstein- Uhlenbeck system such that X = [Z] solves

dX(t) = AX(t)dt+ KdW(t),  X(0)= X~ N(0,%)

with Z from Theorem 2.6 and V(t) := V(t) — V(t) and such that A, K, and ¥ solve

the Lyapunov equation (1.11). Let u be given by (4.5). Then X := [V +ZV°°] solves the
inhomogeneous Ornstein-Uhlenbeck equation
dX(t) = Fx dt + AX(t)dt + KdW(t),  X(0) = Xo + Xo. (4.6)

with ~
_ vl v | Ve 5 _
Fx = [01, X = [Aalcvw]7 and Voo = uFy.

Proof. A Gaussian process Y is a solution of (4.6) if

t t t
Y () = Y(0) +/ Fy ds +/ AY (s) ds +/ K AW (s)
0 0 0
t (4.7)
— Y(0) + tFy +/ AY (s)ds + KW (1)
0
with Y (0) = Xo 4+ Xe. X is an Ornstein-Uhlenbeck process and therefore (see (1.9))

- _ - _ t
X(t) = X (1) + Xoo = e K + Xoo + / AR AT ().
0

Analogously to the calculation of the solution of an Ornstein-Uhlenbeck process (see
Theorem 1.18), integration leads to

t t » B t ps
/ X(s)ds = / A Xgds 4+ tXo + / / eGTWAK AW (u) ds
0 0 0 JO

t _ t t rs
= A lesA Ko+t X+ / KW (s)ds + / / AeCTARW (u) duds
0 0 JO
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4.1. Description of the Modified Model

- _ t t
= Ail(etA —DXo+tXs + / KW (s)ds + / / A ds erAKW(u) du
0 0 Ju
~ _ t t
= A7 D)X+ tXo + / KW (s)ds + / IARW (u) du —
0 0

/Ot KW (u) du.

By inserting into the right-hand side of (4.7) with Y := X, we obtain
t
X(0) + tFx + / AX(s)ds + KW (#)
0

- _ . _ t
= X0+ Xoo +tFx + A(A—l(e“‘ — )Xo+ tXo + / eEWAKY (u) du) +
0
KW(t)

. _ _ t
= X0+ Xoo + tFx + tAX o + / AeWAKRW (u) du + KW (t)
0

~ _ _ t
= X0+ Xoo + tFx + tAX s + / VAR AW (u)
0
= X(t) +tFx + tAX
Fy + (D + BTA;'C) Vi
0 — CVa + AgAy 1 CVs
Fy — ,u_lvoo
0

=X(t)+t

= X(t)+t

— X(1)

where we have used (4.5) in the penultimate step. Consequently Y := X solves (4.7), i.e.,
X is a solution of (4.6). O

Z] is a solution of (4.6), then V (t) — Voo + V(t) solves (4.1).

On the other hand if X = l
In order to find an inhomogeneous Ornstein-Uhlenbeck process which approximates the
solution of (4.1), we have to ensure that the Ornstein-Uhlenbeck process solving the
generalized Langevin equation for V' has the correct mobility. Thus we obtain from (4.4)
another condition

= [t (+8)

to A apart from (3.5). Our goal is to modify the method from Chapter 3 in a way that it
yields an Ornstein-Uhlenbeck system which fulfills both conditions. As in Section 3.2.1 we
will do so by slightly modifying the input data r. However, (4.8) leads to the assumption
that modifying only individual data points r; does not make sense here as these influence
the integral only marginally. Instead we will scale all data points except r¢ (which is
given by Cy(0) = ﬁ%) and 71 (which we already modify individually in order to satisfy
(3.5)) by a common factor c,.
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4. The Impact of a Constant Force
4.2. Adaptations to the Algorithm

In this chapter we will present two adaptations of the algorithm from Section 3.3 which
compute an Ornstein-Uhlenbeck system whose mobility is close to the mobility of the
input VACF. For simplicity we assume rg = ﬁim =1 again.

We first estimate Vi, and p and thus obtain Fy (or we determine p from Vi, and Fy,
depending on what is more feasible). Subsequently we only consider the centered velocity
V(t) := V(t) — Vs, which has the same auto-covariance function Cy(t) = Cy(1). To v
we apply the algorithm from Chapter 3 to determine an Ornstein-Uhlenbeck system. We
now want this system to satisfy (4.8) on top of (3.5).

One possibility is to extend the Newton iteration from Section 3.2.1 to a two-dimensional
Newton iteration which satisfies the constraints (3.5) and (4.8): In each Newton step,
(ro, 71,72, ..., ng—1) is replaced by (r9,71,¢ur2, ..., curn,—1) with suitable 7} and ¢,
using the derivative with respect to r; as well as the directional derivative with respect
to the directional vector (0,0, 72,...,7y,—1). If the actual mobility of the corresponding
physical system is known, it can be directly compared with the mobility of the generated
Ornstein-Uhlenbeck system. The derivative of —A~! is A=1(0A)A~! where A denotes
the derivative of A, cf. [37]. Instead of Newton’s method, one can also think at other
methods to solve both equations, such as the Levenberg-Marquardt method or gradient
descent methods.

In the case that p is unknown, we have to approximate it via approximating the right-
hand integral in (4.3). In this case, we should approximate the mobility of the obtained
Ornstein-Uhlenbeck system in the same way to ensure that the impact of approximation
errors, e.g. due to a significant long-time tail in the VACF, is similar for both values.
When we apply Newton’s method, however, A can still contain spurious eigenvalues
(with non-negative real part), in which case the integral in (4.8) does not exist. Since
removing spurious eigenvalues requires an eigenvalue decomposition of J, it cannot be
done inside the two-dimensional Newton iteration as that would require differentiation of
the eigenvalue decomposition. Therefore we have to compare the mobility approximated
from the input data with the exact mobility of the Ornstein-Uhlenbeck system. This,
however, can entail a large error if the contribution of the tail, which is not accounted
for by the quadrature formula (and is, possibly, not known at all), to the integral is large.
In the following we will present two ways to solve this problem.

4.2.1. A Nested lterative Algorithm

In the first adaptation to our algorithm we extend the Newton iteration by a second
iteration procedure, obtaining two nested iterations which each satisfy one of the two
conditions (3.5) and (4.8). The inner iteration is the Newton iteration from Section 3.2.1
while each step of the the outer iteration determines a factor ¢, by which 7o,..., 7,1
are multiplied. The combination of both iterations hopefully satisfies both conditions,
which we will assess in Section 3.4.
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4.2. Adaptations to the Algorithm

More precisely, we adapt the algorithm as follows: After applying the Lanczos method,
we adjust rq just as in Section 3.2.1, using a one-dimensional Newton iteration, until
A11 = 0. Next we remove spurious eigenvalues and duplicate negative real eigenvalues
as described in Sections 3.2.2 and 3.2.3. We use the resulting matrix A to calculate the
VACF of the corresponding Ornstein-Uhlenbeck system and we approximate its mobility
ua as well as the mobility u of the true system. Next we estimate the “contribution” of
T2, ..., ng—1 t0 pa (described below in detail) in order to determine the scaling factor
cy for ro, ... mpg—1. We subsequently replace ra,... 7001 by cur2, ..., curno—1-

Since (3.5) does no longer need to hold after this modification, we iterate this procedure,
i.e. we continue by again carrying out several Newton steps until A;; ~ 0, removing
spurious eigenvalues of the new matrix A and scaling ra,...,r,,—1 With a new constant
cu- In this way we obtain the nested iteration scheme illustrated in Algorithm 1.

For the approximation of p and 4 from (4.3) and (4.8), respectively, we employ the
trapezoidal rule on a finer time grid A = {0,7,27,...,n7} with 7 = 7, k € N (if VACF
data on such a grid is available; otherwise we have to use the coarse grid 7 = 7):

~ n ~ n
A %CV(O)JFZ%CV(J‘%), pa ~ gcé(o)JrZ%cé(ﬁ). (4.9)

Jj=1 Jj=1
(We use the final grid point n7 with full weight 1 instead of weight %, as one would
do when approximating a finite interval.) We also estimate the “contribution” p% of
r2,...,Tn—1 to the mobility with the trapezoidal rule on the same grid. To obtain an
estimate of this contribution, only grid points j7 > 27 are considered with full weight 1
while grid points j7 < 7 are omitted. For grid points j7 € (7,27) we interpolate their

weight in the sum linearly from 0 to 1. This results in the estimate

2k—1 ] n
W= Y (k _ 1>%Cv(j%) LY (). (4.10)

j=k+1 Jj=2k
The scaling factor ¢, is then chosen in such a way that p = pa + (¢, — 1)p% holds, i.e.

H— A
*

Ha
During the iteration process we will denote by c,(f) the scaling factor in the kth iteration

step, by which the values rg,...,7,_1 obtained in the (k — 1)th step are multiplied, i.e.
(k)
“ .

cu=1+

. (4.11)

¢y, is the product of all ¢

Remark 4.2. One can also think of scaling r; together with 7o, ..., r,,—1 (and adjusting
the calculation of p* and ¢, accordingly). This means that ry is modified both by
the Newton iteration and by the multiplication of all values with ¢,. In our numerical
experiments presented in Section 4.3, this modification did not result in any noticeable
qualitative differences in the results, which is why we will not consider it there.
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4. The Impact of a Constant Force

Algorithm 1 Nested iteration scheme for satisfying (3.5) and (4.8)
Input: r = (rg,...,rpe—1) with 79 =1

00 - n
Approximate p / Cy(t)dt =~ 5Cv(0) + ?ZCV(jF).
0 ,
7=1
while =24l > 5 do
Compute A and its derivative 0A w.r.t. 1 using the Lanczos algorithm.
while ‘Al,l‘ > 5A do
Replace r1 by r1 — P{Z 68‘1}1’711'
Recompute A and 0A using the Lanczos algorithm.
end while

Remove spurious eigenvalues and duplicate negative real eigenvalues.

Approximate pg + / CA(t) dt ~ %C"?(O) + 7Y _CH(iT).
0

j=1
2k—1 n
Set 1y > (§ - 1)FCEGT) +7 Y CHGH).
j=k+1 Jj=2k
k _
Set cfl) — 1+ % and replace o, ...,rp—1 by ¢uT2,. .., CuTng—1-

end while
Remove spurious eigenvalues and duplicate negative real eigenvalues.
if (3.5) is required then
Set A171 — —€.
end if

0, > 0and 04 > 0 in Algorithm 1 are tolerances for testing whether a certain value is
close to 0. In both loops we also specify a maximum number of steps after which the
loop is canceled. (These are omitted in Algorithm 1 for simplicity.) If the outer iteration
is canceled for this reason, the algorithm fails as we assume that it does not converge.
When the inner loop (the Newton iteration) reaches the maximum number of steps, the
algorithm continues normally after the loop (and will start another Newton iteration in
the next outer iteration step).

As in Chapter 3 we cannot guarantee that after applying Algorithm 1 and removing
spurious eigenvalues (3.5) still holds. Hence at the end we set A;; to —¢ with a small
e>0.

4.2.2. A Modified Newton lteration

Computing 114 in (4.9) requires removing spurious eigenvalues from A first. Therefore
Algorithm 1 can only depend on g4 but not on its derivative since the latter cannot
be computed. Consequently it is not possible to employ a Newton iteration to adjust r
accordingly.

Alternatively we can restrict ourselves to the interpolation grid 0,7,...,(ng — 1)7 for
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4.3. Numerical results

estimating p and pa, i.e.

ng—1 no—1
- T ~ T '
= gro + S oTri, pamfiac= 505/‘(0)+ > rCH ().
j=1 j=1
As described above, we modify r by replacing 1 by a value r; and multiplying 7o, ..., rp,—1

by a factor ¢, in order to satisfy the two conditions A1 = 0 and p = f14. Consequently
A1 and fig can be regarded as functions of 71 and c,, where

no—1

~ T ~

pa(ri,cy) = 570 + 771+ ey Z Tr;
i=2

and Aj; is given by the result of the Lanczos method. The value of ¢, for which
fia(71,¢,) = holds can be easily computed from 7 (assuming that the above approxi-
mations of p and p4 are exact):

=2

no—1 -1
cuzl—k(n—ﬁ)(z rj) : (4.12)

Hence we can write ¢, as a function of 71; then A; 1 depends on 77 only. Our second

algorithm employs a Newton iteration in order to find an 7 such that A 1(71, ¢, (71)) L 0.
When applying the Lanczos algorithm, we compute the derivatives of Ay 1(71,c,) w.r.t.

71 and to ¢, The derivative ¢, (71) is given via (4.12) as

no—1 -1

G)=—{d_r

=2

and the chain rule yields the derivative of Aj1(71,cu(r1)) w.r.t. 7. Compared to
Section 4.2.1, this should lead to a better rate of convergence (quadratic rather than
linear) at the cost of lower accuracy due to the coarser grid. (Depending on the available
data, however, choosing 7 < 7 might be impossible anyway.)

Spurious eigenvalues have no impact on the Newton iteration due to the chosen grid.
Therefore they are dealt with only after the iteration converged, see Section 3.2. Al-
gorithm 2 describes the complete procedure. Again §4 > 0 is a tolerance for testing if
|A171| =~ (SA.

4.3. Numerical results

In the following we study how well the mobility of the data from Section 3.4 can be
approximated by Algorithms 1 and 2. We use the same data as in Section 3.4. Note that
these data were generated without external force, so we will assume that they already
represent the centered data V :=V — V from Section 4.2 and will only try to find an
Ornstein-Uhlenbeck system approximating the given velocity auto-covariance function
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4. The Impact of a Constant Force

Algorithm 2 Newton iteration scheme for satisfying (3.5) and (4.8)

Input: r = (rg,...,Tne—1)

n
Set p <7 > 7).
=0
Set 71 <= 11 and ¢, < 1.

while |A; 1| > d4 do
-1 -1
ng—1 no—1
Set ¢ <1+ (r1—7m)| X rj| andcy, « — Z%) -
j=2 j=2

Compute A(71, ¢,) and its derivatives 0r A(71, ¢,) and O, A(71, ¢c,) w.r.t. 71 and ¢,
using the Lanczos algorithm.

Set OA « 0, A+ 0., A-c,.

A
Replace 1 by 71 — PljeeTAllll

end while
Remove spurious eigenvalues and duplicate negative real eigenvalues.
if (3.5) is required then
Set Aj1 + —e.
end if

which produces the “correct” mobility. Since we do not know the actual mobility, we will
estimate it in a rather simple way using the trapezoidal rule as in (4.9). Again we restrict
our attention to the normalized data (r¢g = Bim = 1) for approximating the mobility.

4.3.1. Molecular Dynamics Data

First we study the data from Section 3.4.1. Approximating the mobility of the input
VACEF yields an estimate p = 0.32772017, where we use the grid A = {0,7,27,...,n7}
with 7 = 0.001 and n = 2499 for the approximation. Note that this velocity auto-
covariance function has a long, significant tail (see Figure 3.1) beyond the observed time
interval, which seriously impedes approximating the mobility this way. This estimate
is therefore very inaccurate; for serious attempts of estimating p one should employ
other methods. Since we are not interested in determining the exact value of u, we
will ignore this inaccuracy and proceed as if this value was the correct mobility. As
long as we estimate p and pa via the same method, we should still obtain good VACF
approximations.

In Algorithm 1 we choose 64 = 6, = 10~% and perform at most five Newton steps in
each outer iteration step. In Algorithm 2 we choose 64 = 10~® and perform at most
ten Newton steps. Besides the interpolation grid from Section 3.4.1, we try three other
interpolation grids, which leads to the following four grids:

e Ay1: 7=0.03, ng =40
e Ao: 7=0.04, ng =30
e As: 7=0.06, ng =20
e Ay: 7=0.12,n9=10
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4.3. Numerical results

. Outer Newton ~ 7
Grid | ng steps  steps A1 Cu "1 1
A |39 14 6 27 1.33-1072  0.9889 0.9545 0.9909
Ay | 28 10 8 25 2.04-107% 0.9978 0.9351 0.9985
Ay | 23 10 6 28 —8.89-107% 1.0031 0.9326 0.9958
Az |20 10 6 10 1.14-1077 1.0005 0.8658 0.9983
Ay |10 6 6 7 —4.45-107% 0.9999 0.6145 0.9997

Table 4.1.: Summarized results of Algorithm 1
without setting Ay 1 = —¢ after setting A;; = —¢
Grid ng A %‘ HA ‘“_,#‘

Ay 39 (0.327718) 7.00-107%  0.326469 3.82-1073
Ay 28 (0.327720) 4.80-1077  0.327527 5.91-107*
Ay 23 0327720  2.31-10710  0.328568 2.59-1073
Az 20 (0.327720) 1.56-107'0 0.327720 3.28-1078
Ay 10 0327720 1.45-107'°  0.327720 1.27-1078

Table 4.2.: Mobility x4 obtained via Algorithm 1

As in Section 3.4, we successively reduce ng by 1 until the algorithm succeeds. We note
that one of the algorithms being successful or not for a certain ng does not imply that
the other one will be successful or not.

Tables 4.1 and 4.2 summarize the results of Algorithm 1 for all four grids. Table 4.1
displays the largest ng for which the algorithm succeeded, the (final) size N of A for this
ng, the number of iteration steps (outer iteration steps and the total number of Newton
steps), the value of A1 before it is set to —e = —10710, the final scaling factor cu (ie.
the product of all individual scaling factors ch)), the final value 77, and the quotient

%. For A, the tables display two results for different values ng: For ng > 23 we never

without setting A1 = —¢  after setting A1 = —¢
Grid ng HA ’%‘ pA ‘%‘

A1 39 0.335993 2.52-1072  0.336275 2.61-1072
A, 28 (0.328055)  1.02-1073  (0.328069) 1.07-1073
Ay 23 0.315226  3.81-1072 0.315257 3.80- 1072
Az 20 0327594  3.84-107*  0.327636 2.57-107%
Ay 10 (0.327732)  3.65-107°  0.327774 1.65-107*

Table 4.3.: Mobility pa of the Ornstein-Uhlenbeck systems obtained using the algorithm
from Chapter 3
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4. The Impact of a Constant Force

N
_ — Ag,ng = 28
NI —— A2,n0 =23
: S
— — Dy
- i
L L L
2 3 4 5
k
Algorithm 1 Algorithm 2

Figure 4.1.: Scaling factors c,(f) in each step k of Algorithms 1 and 2 for each grid for

which the iteration converged as in Tables 4.1 and 4.4

achieved ’%’ < 6, = 1078 but for ny = 28 we achieved ‘%’ < 107%, which seems

to be small enough. Table 4.2 displays the (approximated) mobility of the obtained
Ornstein-Uhlenbeck system before and after setting A; 1 to —e as well as the relative

error ‘%‘ for both cases. For comparison, Table 4.3 displays the same values for the

systems obtained by applying the simple Lanczos method from Chapter 3 (without any
modifications for obtaining the right mobility). For all values 4 we used the same ng
in all three tables, which is the largest ng for which the resulting VACF after setting
Aq in Algorithm 1 (i.e. the case in the right-most columns of Table 4.2) to —¢ was of
positive type. As a result the VACFs obtained in the other cases were sometimes not of
positive type, which is indicated by parentheses around the corresponding value @4 in
the tables.

We see that the algorithm yields an Ornstein-Uhlenbeck system whose mobility is very
close to the desired one. However, the results of A; and As in Table 4.1 show that
enforcing A1 ~ 0 by setting A;; to —e can have a significant impact on the mobility of
the obtained Ornstein-Uhlenbeck system. This makes sense if we recall that modifying
Aq,1 visually “shifts” the complete velocity auto-covariance function up or down, as we
observed in Section 3.4.2 (Figures 3.4 to 3.7 especially). Note that the Newton iteration
converged in these cases but the removal of spurious eigenvalues significantly modified
Ay,1 afterwards. Using Az and Ay4, no spurious eigenvalues occurred, consequently setting
A1,1 = —¢ hardly changed A;;. However, we already know that spurious eigenvalues
usually cannot be avoided.

For both algorithms Figure 4.1 displays the scaling factors c&k) for each grid and each

(k)

iteration step k. ¢,  seems to converge linearly towards 1 for Algorithm 1. Clearly
Algorithm 2 clearly requires fewer iteration steps. For As and ng = 28 we stopped
Algorithm 1 after eight iterations since ’%’ did not get much smaller for larger k than
those displayed.

Tables 4.4 to 4.6 summarize the results of Algorithm 2, similarly to Tables 4.1 to 4.3.
Again values ji4 in parentheses indicate that the corresponding matrix A does not
generate a VACF of positive type for this ng. With Ay this algorithm yielded no
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4.3. Numerical results

. Newton ~ ~
Grid | np N steps Aq ey — 1 1 Tl
A |39 14 5 —-1.63-107% 1.75-107% 0.9633 —2.89.10"12
Az |20 10 4 4.93-.107%2 5.01-107* 0.8659 —1.02-10"'3
Ay, |10 6 3 3.54-1073% 1.31-107%* 0.6145 —3.33-10716

Table 4.4.: Summarized results of Algorithm 2

without setting Ay 1 = —¢ after setting A;; = —¢
o 5w P |

Ay 0.254578  0.254970  1.54-10%  0.255073 1.94-1073
Az 0.255628 (0.255541) 3.40-10~%* 0252743 1.13-1072
A;  0.253703 (0.253688) 6.19-107°  0.253492 8.32-107*

Table 4.5.: Mobility 14 obtained via Algorithm 2

VACF of positive type for n = 30,...,20. For the other grids Table 4.4 displays the
largest ng for which the algorithm succeeded, the size N of the final matrix A, the
number of Newton steps performed, the value of A; ; before it is set to —¢, ¢, and 77.
Table 4.5 displays the approximation pi4 for each grid along with the relative error of the
obtained approximation without and with setting A; 1 to —e while Table 4.6 displays the
same values corresponding to the Ornstein-Uhlenbeck systems obtained via the Lanczos
algorithm from Chapter 3. Note that g differs significantly from the estimated p from
above. While the algorithm indeed requires fewer steps than Algorithm 1, the relative
error is not smaller than the one from Section 4.3.1 even without setting A;; to e.
Therefore the algorithm does not offer any advantages in this case.

4.3.2. Noisy Data

In order to study the impact of noise, we use the data from Section 3.4.2. Note that here
it is advisable to approximate the integral

,u:Bm/OOOCV(t)dt

only up to some time T (instead of co) in Algorithm 1 since for ¢ > T the impact of
noise on Cy is too large. We choose T' = 5 and use the time grid size 7 = 0.001 for
the quadrature. We will estimate the mobility for each noise level independently as we
consider them individually.

We use the same data and the same time grids as in Section 3.4:
e Ay: 7=0.06, ng =50
e Ay: 7=0.1,n9=230
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4. The Impact of a Constant Force

without setting Ay 1 = —e  after setting A1 = —¢
I

A; 0.254578  0.255001 2.01-1073 0.255091 2.01-1073
As 0255628 0.255524  4.09-10% 0.255524  4.09-10*
A;  0.253703 (0.253682) 8.30-107°  (0.253682) 8.30-107°

Table 4.6.: Mobility 14 of the Ornstein-Uhlenbeck systems obtained using the algorithm
from Chapter 3

Noise : Outer Newton _ 7
setting Grid | no N steps  steps Al n " o
Ay | 47 15 5 18 —1.60-10"2 1.0207 0.8478 0.9527
Low Ay |30 6 7 35 —2.76-1072 0.9897 0.7356 0.9796
Ag 14 5 5 13 1.68-1072 0.9848 0.4924 1.0694
Medium Ay | 49 17 13 22 2.81-1072 1.0128 0.8928 1.0042
JAD) 28 9 7 15 —9.75-107% 1.0181 0.7424 0.9912
A7 | 43 13 8 15 —3.49-1072 1.0080 0.8867 0.9970
High Ay |29 9 8 15 6.19-1072 0.9976 0.7338 0.9795
Ag 15 7 10 29 1.17-107' 1.0215 0.5307 1.1677

Table 4.7.: Results of Algorithm 1 for the different noise levels

e As: 7=0.2,n9=15

We now compute Ornstein-Uhlenbeck systems using Algorithm 1. Table 4.7 summarizes
the main results, displaying the same information as Table 4.1 for these data. It displays
the largest number ng of grid points for which the algorithm succeeded. (Again we
successively reduced ng by 1 until the algorithm succeeded.) For this ng it shows the size
N of the final matrix A, the number of outer iteration steps and total number of Newton
steps, the value of Ay before it is set to —¢, the final scaling factor, the final value
r1, and the quotient % Table 4.8 displays the mobility of the obtained approximating
Ornstein-Uhlenbeck system if we set A1 to —e = —10710 and if we omit doing so along
with the relative errors, similarly to Table 4.2. Values in parentheses again indicate that
the corresponding matrix A does not produce a valid velocity auto-covariance function
before setting A; 1 to —e. Table 4.9 displays the mobility of the Ornstein-Uhlenbeck
systems obtained using the original algorithm from Chapter 3, analogously to Table 4.3.

The results in Tables 4.7 and 4.8 confirm our observations from Section 4.3.1: Algorithm 1
often allows to approximate the mobility very well even with noisy data although trying
several values ng may be necessary. Setting A;; = —¢, however, has a significant impact
on the mobility if Ay % 0. Compared to Section 4.3.1, the increased number of spurious
eigenvalues especially with higher noise now leads to far worse results, which are no
longer useful at all for approximating u; indeed comparing Tables 4.8 and 4.9 shows that
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4.3. Numerical results

without setting Ay = —¢ after setting A;; = —¢

Noise ’

setting H Grid fa %‘ ‘M’

HA m

Ay 0606699 1.74-107°  0.611801 8.41-1073
Low  0.606699 Ay  0.606699 1.20-107%  0.615376 1.43-1072
Az (0.606699) 7.76-1071° 0.601460 8.64-1073

A (0.563293) 1.01-1077  0.555536 1.38-1072
Ay 0563241  9.33-107°  0.565975 4.76- 1073

Ay 0.595552  3.47-10719  0.606247 1.80-102
High  0.595552 A  (0.595552) 2.91-1071% 0.577450 3.04-1072
Az (0.595552) 7.77-1071%  0.560856 5.83-1072

Medium 0.563 293

Table 4.8.: Mobility obtained via Algorithm 1

without setting A1 = —¢ after setting A;; = —¢

Noise ’

setting H Grid Ha % ‘ ‘ = ’

HA m

A, 0.608374 2.76-1073  0.646555 6.57-102
Low  0.606699 A,  0.612075 8.86-107% 0.621151 2.38-102
Az (0.614495) 1.28-1072  0.609288 4.27-1073

Ay 0.555 783 1.33-1072  0.555891 1.31-10"2
Ay 0.553907 1.67-1072  0.557022 1.11-1072

Ay 0572775  3.82-1072  0.589725 9.78-1073
High 0595552 A,  (0.596660) 1.86-1073  0.578754 2.82.1072
As;  (0.608044) 2.10-1072  0.580530 2.52-10~2

Medium 0.563 293

Table 4.9.: Mobility of the Ornstein-Uhlenbeck systems obtained in Section 3.4.2

the obtained mobility is not closer to the “real” mobility than the one of the systems
obtained in Section 3.4.2. Table 4.8 shows that the algorithm yields good results only
when one omits setting A;; to —e and is thus only applicable when Cj,(0) = 0 is not
required. Even in this case, one sometimes needs more retries than in Section 3.4 in order
for the algorithm to succeed, but it is possible to obtain Ornstein-Uhlenbeck systems
which approximate the “real” mobility very well.

In all cases ¢, in Table 4.7 differs from 1 by less than 0.03, so the obtained VACF is still
close to the original VACF.

Note that detecting a failure of Algorithm 1 is more complicated than in Chapter 3,
where it was sufficient to check if the Newton iteration converged and if the obtained
auto-covariance function was of positive type, i.e. if the Lur’e equations were solvable.
Now we also have to check if the outer iteration converges. Even if the iteration converges
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1.00 1 - == Input

—— Obtained VACF
o Interpolation grid

0.75 |-

Figure 4.2.: Example of a setting where the Algorithm 1 converges and yields a VACF of
positive type which is nevertheless a bad approximation

10° Low noise, A1

1072 - 1072 Low noise, Ao

gg_ 10-4 gg_ 10:: Low noise, Ag
| | 10 ——— Medium noise, A1
— 1076 — 10-8 ——— Medium noise, Asg

- — 10710 —— High noise, Ay

1078 | [ 1] ‘ 1012 —— High noise, As

1234567891011 —— High noise, A3

k
Algorithm 1 Algorithm 2

Figure 4.3.: Scaling factors c&k) in each step k of Algorithms 1 and 2 for each grid and

noise setting (showing the settings for which the iteration converged as in
Tables 4.7 and 4.10)

and yields a auto-covariance function of positive type, the final approximation may be
bad if the final values of 71 and ¢, modify r too much. This happens quite rarely but
Figure 4.2 displays the VACF of a different example obtained using the medium noise
setting and the grid 7 = 0.2, ng = 22 where the resulting VACF, although of positive
type, obviously does not approximate the given input well.

Figure 4.3 displays the factors c&k) for each iteration step for every grid, similarly to
Figure 4.1. Again they seem to converge linearly in the case of convergence for Algorithm 1,
where higher noise seems to result in slower convergence in most cases. For Algorithm 2
the convergence seems to be quadratic as one would expect from the Newton iteration.

Tables 4.10 to 4.12 display the results of Algorithm 2, similarly to Tables 4.4 to 4.6. We
performed at most 10 Newton iterations; this maximum was only reached in the low noise
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4.3. Numerical results

Noise . Newton - =
setting Grid | no N steps Al “n n &

Ay |50 14 4 —0.0922 1.0005 0.8866 0.9963

Low Ay |30 6 10 0.1703 1.0023 0.7423 0.9886
As | - - - - -

Ay | 49 17 0.0695 1.0006 0.8853 0.9957

Medium Ay |30 11 0.3238 1.0038 0.7357 0.9821

4
)
Ay | 50 17 4 —0.0277 1.0004 0.8865 0.9968
)
)

High Ay |29 9 0.2595 1.0036 0.7365 0.9831
Az |12 7 0.1826 1.0043 0.4490 0.9879

Table 4.10.: Summarized results of Algorithm 2

without setting Ay 1 = —¢ after setting A;; = —¢
Noise ey ey
: ~ ~ f—fia ~ B—fiA
setting Grid H #a ’ fi 1A ’ fi ‘
Low A1 0498058  0.497945 2.28-107*  0.517317 3.87-1072
Ao 0496771 (0.498572) 3.63-107%  0.466055 6.18-1072
. Ai 0470270 (0.469199) 2.28-107%  0.456697 2.89-1072
Medium

Ay 0.472696 (0.471580) 2.36-107%  0.417702 1.16-1071

A 0.488238 0484970  6.69-107%  0.490416 4.46-1073
High Ay 0.480130 (0.482414) 4.76-1073  0.437333 8.91-1072
As 0444407 (0.443308) 247-1073 0416752 6.22-1072

Table 4.11.: Mobility 14 obtained via Algorithm 2

setting with As. When using the low noise data with As, no value ng = 15, ..., 8 yielded
satisfying results, i.e. when the iteration did not fail, |A; | was so large that setting
A1,1 to —¢ had a significant impact on the VACF. Compared to Table 4.7 the scaling
coefficients in Table 4.10 are often much closer to 1 and again the algorithm requires
fewer iteration steps. However, we see that just as with Algorithm 1, the mobility of
the obtained Ornstein-Uhlenbeck system is no longer close to the “true” mobility if we
enforce A; 1 ~ 0. Comparing Table 4.11 to Table 4.12, which displays the results when
using the algorithm from Chapter 3 (using the ng from Table 4.10), we see that at least
for these data Algorithm 2 offers no advantage over the base algorithm from Chapter 3.

The results from Section 4.3 show that while Algorithm 1 can yield good results, it is far
from being a reliable method for obtaining a good Ornstein-Uhlenbeck representation of
a generalized Langevin equation with external force. On top of that, it is only applicable
if the obtained system does not need to satisfy CY,(t) = 0, which depends on the physical
background of the considered problem. Otherwise the mobility of the obtained Ornstein-
Uhlenbeck systems is not closer to the real mobility than the one of the systems from
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without setting Ay 1 = —¢ after setting A;; = —¢

Noise ~ ~ ‘

setting Grid H Ha i ‘ Z ’ ap ‘

ji ta ji

Ay 0.498058  0.497839 4.40-10~%*  0.497839 4.40-10*
Low Ay 0.496771  0.498 381 3.24-1073  0.498381 3.24-1073
Az 0482056 (0.489737) 1.59-1072  0.489737 1.59-1072

. A;  0.470270  0.469 198 2.28-1073  0.469198 2.28-1073
Medium _3 _3
Ay  0.472696  0.471397 2.75-10 0.471397 2.75-10

A; 0488238 0.485282  6.05-1073  0.485282 6.05-1073
High Ay 0.480130 (0.482070) 4.04-1073  0.482070 4.04-1073
Az 0.444407 (0.443048)  3.06-1073  0.443048 3.06-1073

Table 4.12.: Mobility 4 corresponding to the Ornstein-Uhlenbeck systems obtained in
Section 3.4.2

Chapter 3. The mobility of the Ornstein-Uhlenbeck systems obtained by Algorithm 2 was
not closer to the “real” mobility (i.e. the estimate we used) than the one from Section 3.4
and we thus see no advantage in this algorithm.
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5. The Multidimensional Lanczos Algorithm

We now want to extend the algorithm from Chapter 3 to the multidimensional generalized
Langevin equation with a matrix-valued velocity auto-covariance function. The key part
of our approach will again be the interpolation of the given auto-covariance function in a
given time grid 0,7,...,(ng — 1)7 by a function

1
ci(t) == PTetyp = %PTetAP (t>0), P= [Iod] e RUIN-d)xd

where
1 |I; O
NxN _ 1 1a (d|N—d)x (d|N—d)
AeR and Y ﬁmlo S]GR
have to be determined. If A is diagonalizable with eigenvalues A1, ..., Ay and eigenvectors
u,...,un, then

1
Cat) = ﬁ—mPTUetAAU_lP with Ay = diag(A1,...,An), U =[ul,...,un]

and thus
1Y Mt~ mdxd
CAt:—Eab*ekeRX
V() ﬁmeIkk

where a, = P*uy, b, = P*(U™"). ;. (The eigenvalues do not need to be pairwise different;
for multiple eigenvalues the corresponding rank 1 coefficient matrices a,b; sum up to
matrices of higher rank as described in Section 2.2.1 for the memory kernel.)

In order to interpolate a multidimensional (matrix-valued) auto-covariance function by
such a Prony series, we first have to generalize the Lanczos algorithm from Section 3.1
to the matrix-valued problem. The most notable change is that the bilinear form [-, -],
introduced in Section 3.1 is (in general) non-symmetric in the multidimensional case.
Therefore we will obtain two sequences of biorthogonal polynomials instead of a single
sequence.

To extend the algorithm, we will first ignore our original goal and our application to
the generalized Langevin equation for this chapter and introduce the Lanczos algorithm
for solving the realization problem. Most of the presentation of Sections 5.1 and 5.2
follows [14]. In Chapter 6 we will show how to apply this method to extend the algorithm
from Chapter 3 to the multidimensional generalized Langevin equation, including the
generalization of the additional steps from Section 3.2.
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5. The Multidimensional Lanczos Algorithm

5.1. Introduction

The algorithm from [14] constructs from a given sequence Hy, ..., H,,—1 of so-called
moments Hj, € R™? two sequences 1 = (Vp)p=0,...N-1, ¢ = (Pk)k=0,...n—1 (N € NU{oo}

k . k .
will be specified later) of polynomials ¢, (x) := > ax 2" and ¢p(z) := > b ;a". Here
i=0 i=0

ay,; and by ; are the (scalar) coefficients of the polyr_lomials Y. and ¢y with ;k,i =b,;:=0
for ¢ > k. We denote by

ak,0 b0
ap = |Gk, and by = br,1

the infinitely large coefficient vectors of ¢, and ¢ (which both contain only a finite
number of non-zero entries). The polynomial sequences ¥ and ¢ are constructed with
increasing degrees deg v, = deg ¢ = k.

A central property of the polynomials (v )ken, and (¢x)ken, is their biorthogonality,
(Ui, d1lg #0 if and only if k=1,
w.r.t. the (not necessarily symmetric or positive definite) bilinear form
[k, d1) i = b Hay (5.1)

with the infinitely large (see below) block Hankel matrix

Hy Hy H>
Hy Hy, Hj

Hi=1H, Hy Hy ..| (5.2)

In the following, we will always assume |9y, ¢r]g # 0 for all & < N. Otherwise there are
no polynomials 1, and ¢y strictly satisfying the biorthogonality conditions for &’ > k.
Instead, one can only achieve “blockwise” biorthogonality by combining successive
polynomials into blocks. We will mention this case briefly in Section 5.2.1 but will not
treat it here in detail.

The moments sequence H = (H})p—0,...no—1 can be finitely or infinitely large, i.e. ng = oo
is allowed. We will focus on the finite case as only this case is relevant in applications with
experimentally determined or simulated data. In this case, only some entries of ‘H are
defined by H. We still consider H as a matrix with infinitely many rows and columns but
consider all entries not given by H as “undefined”: While in principle we could set them
arbitrarily by extending the moments sequence H accordingly, we do not want to rely on
their values and will thus stop our algorithm as soon as it requires any of these values.
The result of the vector-matrix-vector product (5.1) is only defined if all undefined entries
in H are multiplied by a zero entry in a or in b. Consequently [, ¢|g is only defined for
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5.2. Summary of the Algorithm

polynomials with sufficiently small degree such that all undefined entries are multiplied
with polynomial coefficients which are zero, more precisely if [%J + [degd’J < ng

In general, the algorithm as presented in [14] does not require the matrices Hy to be
square. However, we restrict ourselves to the case of square matrices as we are only
interested in this case.

5.2. Summary of the Algorithm

As mentioned in Section 5.1, the algorithm from [14] requires as input the moments

sequence H and constructs two sequences ¥ and ¢ of biorthogonal polynomials with

increasing degrees. These sequences are maximal in the sense that they contain a
ng

polynomial of each degree up to degree [%]-d — 1, see below.

The algorithm works similarly to the Gram-Schmidt algorithm. However, [-, -]y not
being symmetric, it generates two sequences of polynomials instead of a single one. The
algorithm starts with two empty sequences 1) and ¢, which it then expands successively
as follows: Assume that we have already performed k steps (k > 0) of the algorithm.
In these steps the k first polynomials g, ..., 9¥r_1 as well as the k first polynomials
®0, - -, Prp—1 with degrees 0,1,...,k — 1 have already been determined. (For convenience,
we start numbering the steps with 0.) In step k& we add a new polynomial to ¢ via
orthogonahzmg a base polynomlal wk against ¢, ..., dr_1. As base polynomial we choose
Yp(z) == 2* for k < d and Uy (z) 1= z%y_g(z) otherwise. We can also scale the new
polynomial by an arbitrary scalar t;_4x # 0. Therefore the next polynomial 1, is given
by

Y = — i¢’“’¢f ) (5.3)

th—dk — [¥j, ¢jlm

br = i Z_: %’ ¢’“ (5.4)

with ¢y () := zF for k < d and ¢p(z) := 2%p,_q(x) otherwise and an arbitrary scaling
factor up_q # 0. Recall that we assume [¢)j, ¢;]g # 0; we briefly describe what happens
otherwise in Section 5.2.1. After ¢ and ¢, have been computed and appended to % and
¢, the algorithm continues with the next step.

In the case of a finite moments sequence, the iteration stops when a required value of
the bilinear form [-, -]g is not defined due to the polynomials’ degrees being too large.
(5.3) and (5.4) show that only entries #;; with ¢ < k and j < k — 1 are required for
computing v, and only entries H; ; with ¢ S k —1 and j < k are required for computing
¢r- These are defined for £ =0,...,[%]-d — 1. If ng is even, they are also defined for
k = [%]-d but this step in the algorlthm would lead to one of the two special cases
mentioned in Section 5.2.1 if neither of them has occurred yet, and is thus not performed.
In the case of an infinite moments matrix, the algorithm could continue infinitely (except
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5. The Multidimensional Lanczos Algorithm

in a special case, see Section 5.2.1). For the remaining chapter let N := [%2] - d be the
number of steps which are performed.

Let R

ti,j::w for —d<i<N-d, 0<j<N, i#j—d. (5.5)

[¥5: &5lm

We use the coefficients ¢; ; with 7 > 0 as entries of a matrix J. J contains in each row
the coefficients t; ; corresponding to the polynomial v; (where the rows of the first d
polynomials are discarded). After N steps we have computed all t; ; with —d <i < N —d
and 0 < j < N. For our application in Section 5.4 we require J to be a quadratic
matrix. Hence we also compute ¢; j for N —d <i < N and 0 < j < N via (5.5). (Note
that determining the corresponding polynomials ¥y, ..., ¥ n14—1 is not possible since
this would require the values ¢; ; with N —d < i < N and j > N, which we cannot
compute with the defined entries of #. However, the required values ¢; ; can be computed
without determining these polynomials.) After doing so we have an N x N matrix

J = [tijlo<i<N0<j<N-

Analogously to Section 3.1, reformulating (5.3) with the coefficients t; ; from (5.5) and
the arbitrarily chosen t;_g4 ; from (5.3) yields

k
%:Ztk—d,ﬂ% k=0,...,N—1.
j=0

(This implies that t; ; = Waradiln 5196 holds for i = j — d.) Collecting this identity for

alk=d,...,d+ N -1 ancjl rjewriting as a matrix-vector product using the coefficient
vectors a; of v; yields

0g 0q ... Og | T

a6 a1 ... an_1 = [ao a ... aN_l}J + {0 o 0 & L fd} (56)
Here the left-hand side contains the coefficients of z%y,...,x%)y_1. Similarly to

Section 3.1, &1, ..., &g represent the contributions of all polynomials 1; with j > N — 1,
which are not represented by the matrix product. (In other words, they represent
the summands which would be added in the right-hand matrix product if the matrix
[ag, a1, .. .,an_1] were extended by further columns and J7 by further rows.)

For j > 0, (5.5) and the block Hankel structure of H imply

[y, dilutij = [, &3] = (i 2%b]m. (5.7)

If deg(z?¢;) < degt);, ie. j < i — d, then [1/Ji,ﬂfd¢j]H = 0 as 1; is orthogonal to all
polynomials whose degree is smaller than 7, and thus ¢; ; = 0. In addition ¢; ; = 0 for all
J > i+ d since then deg ¢; > 1[)i+d and thus ¢; is orthogonal to ’(ZJi_;,_d. Consequently J is
a banded matrix with bandwidth d. When implementing the algorithm, this knowledge

can of course be used to not explicitly compute matrix entries which are known to be
0.
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5.2. Summary of the Algorithm

Algorithm 3 Lanczos method for computing formally orthogonal polynomials
Input: Moments H = (Ho, ..., Hpy—1)

Set N « [%]d.
for k=0,1,..., N —1do

if £ < d then

Set Yy (z) « 2F,  op(x) + 2.
else

Set Uy (x) « xp_a(x), or(x)  2p_alz).
end if
for j = max{0,k —d},...,k—1do

) [r,di)H
Set th-a, < [%’@;]H'

Set Uk—di <
end for

1 N k—1
Choose th—dk # 0 and set ¥ 7 (1/% — Z tk—d,j¢j> .

k—dk j=max{0,k—2d}

[j,05]m "

k—1
Choose up_q1 # 0 and set ¢y, < 1 (ggk - Z Uk—d,j¢j) .
Uk—d.k j=max{0,k—2d}
end for
fork=N,.... N+d—-1do
for j = max{0,k —d},...,min{k —1,N — 1} do
[z _a,05lm '

Set tp_q; (.5

end for
end for
Set J < [t ]ij=0,..N—1 (With ¢; ; = 0 if it has not been explicitly computed).
return J

Analogously we can define

ui,j::iwj"z’”d]ff for —d<i<N-—d, 0<j<N, i#j—d.

[¥5: &5m
and combine the coefficients u; ; with ¢ > d in a banded matrix, which, however, is of no
importance to us.

In our application, to be discussed in Chapter 6, Hy is always symmetric and positive
definite. We will therefore assume throughout this chapter and the following one that Hy
is non-singular. (Indeed Hj is always non-singular if none of the special cases mentioned
in Section 5.2.1 occurs.)

Algorithm 3 summarizes the complete algorithm. In our application in Chapter 6, we
choose

R k—1 R k—1 1/2
th—dk = Uk—dk = | |Vr — > Uk—d,jPj, Pk — > th—d,j®j (5.8)
j=max{0,k—d} j=max{0,k—d} H
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5. The Multidimensional Lanczos Algorithm

to obtain normalized polynomials ¢y and ¢y, in the sense that |[¢y, ¢x] H’ =1.

5.2.1. A Note on Special Cases

We can encounter two special situations when applying the algorithm from Section 5.2 to
an arbitrary moments sequence. Since all moments sequences where either of these cases
occurs form a zero set (when using exact arithmetic) for every fixed dimension d and
sequence length ng, it is extremely unlikely to encounter these cases with experimental
data. Since we never encountered them in our numerical experiments, we will not treat
them here but refer to [14] instead, which discusses both cases in detail.

The first special case occurs whenever a polynomial v, is orthogonal to all polynomials
¢ for which [k, é] g is defined. This is equivalent to the kth row of H being linearly
dependent on all previous rows of H. In the case of a finite moments sequence and a
partially defined matrix, this means that the defined part of the kth row depends linearly
on the corresponding parts of the previous rows. (Note that one considers only the
part of the row defined by H as extending the row by zeros or otherwise can lead to
the extended row no longer being linearly dependent on the previous rows. This would
implicitly extend the moments sequence, which we want to avoid.)

In this case the polynomial in question is discarded instead of being added to v and the
next polynomial (whose degree is greater by 1 than the discarded one’s) is taken instead.
This implies that ¢ will not contain a polynomial of degree k. This process is called
deflation. A discarded polynomial 12 will not be used in the later steps of the algorithm.
Therefore, since z%)(x) will never be used as base polynomial in (5.3), ¢ will contain no
polynomials of degree k + md, m € N, as the block Hankel form of A implies that these
polynomials would also be discarded due to deflation.

Analogously, deflation in ¢ occurs whenever a polynomial ¢, is orthogonal to all polyno-
mials ¢ for which [1&, ¢r)m is defined. This is equivalent to the defined part of the kth
column of H being linearly dependent on the corresponding parts of all previous columns.
Deflation can occur independently in ¢ and in ¢. This implies that after deflation has
occurred, ¥ and ¢ no longer have to have the same degrees. When d deflations in ¢
or d deflations in ¢ have occurred, the algorithm stops (even with an infinite moments
sequence) since all following polynomials would be deflated due to having the form xmdw,
m € N, with a deflated polynomial 1/} or xmdqb with a deflated polynomial gb, respectively.
This happens if and only if the infinite matrix H has only finite rank. Deflation does
not occur in the one-dimensional case or, more precisely, in the case of deflation the
one-dimensional algorithm immediately stops. (Stopping due to deflation does not mean
that the algorithm failed. Instead for Theorem 5.5 below it means that a matrix J which
is smaller than N x N is sufficient to have the realization property mentioned there.)

The second special case, called look-ahead, can also occur in the one-dimensional case.
Look-ahead is necessary when in step k neither vy nor ¢;. is discarded due to deflation
but [¢k, ¢r]g = 0 still holds. It is consequently impossible to orthogonalize the following
polynomials against ¢y and ¢y. Instead one continues the algorithm as normal but skips
orthogonalizing the new polynomials against ¢y, and ¢5. After the next step (when one
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5.3. The Realization Problem

has obtained ;11 and ¢y1) it is possible to orthogonalize all following polynomials
against 1y and Yxy1 (or ¢ and ¢ri1, respectively) simultaneously provided that

[V, il 1 [Vks1, PrlH

det Yk, Prv1la [Vrv1s Prstln

(If the determinant is 0, one has to continue the algorithm by computing further poly-
nomials ¢; and ¢; until det [[vs, ¢;lulij=k,..1 # O after a certain step [.) However,
[Vk+1, Orlg = 0 and [y, dg+1]g = 0 will in general not hold in this case. Therefore,
when look-ahead is necessary, the algorithm will not yield two sequences of biorthogonal
polynomials but will instead yield two “block-biorthogonal” sequences: Both 1 and ¢
will be partitioned into blocks such that polynomials v; and ¢; are orthogonal if they
are not in corresponding blocks. The partition into blocks is the same for ¥ and ¢, i.e.
1; and 1); are in the same block of v if and only if ¢; and ¢; are in the same block of ¢.
New blocks are started whenever no look-ahead occurs in a step of the algorithm.

Both special cases can be handled by the Lanczos algorithm, but this requires non-trivial
modifications to the algorithm. 7T is no longer banded in these cases, but can have
(single) entries outside its banded area. A more detailed description of the algorithm
with deflation and look-ahead can be found in [14]. We will stick to the simple case and
assume in this thesis that neither deflation nor look-ahead occurs although we tested for
them in our numerical experiments. As mentioned above, this assumption is reasonable
in exact arithmetic.

To detect deflation or a necessary look-ahead step, one checks if a certain value is zero.
Due to numerical errors, one should not test for exact equality in this case but rather
test whether the corresponding value is sufficiently small in absolute value. Handling this
“inexact” deflation and look-ahead requires some further modifications to the algorithm,
cf. [14]. Tt also implies that the set of moments sequences where deflation or look-ahead
occurs is no longer a zero set. Still we never encountered one of these special cases in our
numerical experiments.

5.3. The Realization Problem

Our goal is to find a matrix J € RV*Y for a given moments sequence H = (Hi)k=0,....n0—1
Hj, € R™4 such that

H,=L"J*R forallk=0,...,n9—1 (5.9)
where
L=Ly=—=| 10 |er¥d and R=—Ry~=| 0 |crVxd (5.10)
ON_dd ON_dd

with given Ly and Ry such that LE‘)FRO = Hy. Here we first treat the more general case
with arbitrary matrices L, R € RV*? N > d, as it is treated in [48, Section 6.5].
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5. The Multidimensional Lanczos Algorithm

Definition 5.1. Let ng € NU {oo} and let H = (Hy)g=0,...ng—1 be a matriz sequence.
A triple (J,L,R) with J € RN*N and L, R ¢ RV*?, N € N, satisfying (5.9) is called a
realization of H. N is the realization’s dimension. A realization with minimal dimension
is called minimal. A triple (J, L, R) is called minimal if it is a minimal realization of the
sequence (LT J*R)jen, -

Remark 5.2. The one-dimensional algorithm from Section 3.1 computes a realization of
the given auto-covariance data, see (3.3) and (3.4). This is essential for the interpolation
property of that algorithm which we employ in Chapter 3 in order to interpolate the
given VACF. In the following we will prove that the extended algorithm from Section 5.2
retains this realization property.

A proof of the following statement about the existence of a realization can be found [48,
Theorem 28].

Theorem 5.3. An infinite sequence H = (Hy)gen, € R¥? has a realization if and only
if the infinite matriz H from (5.2) has finite rank. Then rank H is the minimum possible
dimension of a realization of H.

Remark 5.4. According to [48, Theorem 27] and [4, Theorem 3.4.2], the minimal
realization is uniquely determined up to changes of basis: If (J,L,R) is a minimal
realization, every other minimal realization (J, L, R) has the form

J=Q'JQ, L[=Q"L, R=Q 'R
with a non-singular matrix Q € RV*V,

We can always extend a finite sequence H = (H})k=0,. n,—1 arbitrarily to an infinite
sequence (Hp)ren, by choosing Hj, arbitrarily for & > ng. Then a realization of H exists
if and only if any infinite extension of H has a realization, and the minimum dimension
of the finite sequence is the minimum possible rank of any matrix H corresponding to an
infinite extension. Thus we define the rank of a partially defined block Hankel matrix H
as the minimum possible rank of any block Hankel matrix H corresponding to an infinite
continuation of H.

By extending a finite sequence H by zero matrices to an infinite sequence, one can always
obtain a block Hankel matrix with rank at most ng - d. Hence every finite sequence
has a realization. Since the extension by zeros does not necessarily have the minimum
possible rank, the dimension of the realization yielded by Algorithm 3 can be smaller:
For example, for d =1 and Hy =1, H| = % the continuation by zeros yields a rank 2
Hankel matrix while the continuation Hj, = 27F results in a rank 1 Hankel matrix.

Since we require Hy = LT R € R%*9 to be non-singular, the N x d matrices L and R need
to have rank d for every realization (J, L, R); in particular, N > d. We now split L and
R into two blocks each:

_ [M] c REN-dxd o4 R— lgll c RUEIN-d)xd,
2
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5.4. The Realization Property of the Matrix J

Then, by replacing L by II L with a suitable permutation matrix II, we can achieve that
the upper part Li of L is non-singular. In view of Remark 5.4, we will omit IT in the
next lines and assume instead that L; is already non-singular. Another change of basis,
using the change-of-basis matrix

Ko [LITLg — Ly "L Ry Ry —LITLQT] e RAN-d)x(dN=d)

RoRy? Iy g
K-l Ly"LYT Ly c RUN—d)x(d|N~d)
—RoHy'LT —RoHy 'L +In 4

yields (exploiting Hy = LT R = LT R, + LY Ry) another realization (J, L, R) with

Ry

., R=K'R=
] [0N¢d

L J=K 'JK.

Consequently the restriction of L and R to the form (5.10) does not restrict the existence
of a realization if Hy is non-singular.

5.4. The Realization Property of the Matrix J

The algorithm from Section 5.2 enables us to compute a realization of a sequence H.
Since Hy will always be positive definite in our application, we choose Ly = Ry := Lin
(5.10), where Hy = LLT is the Cholesky decomposition of Hy. For simplicity we restrict
ourselves to the situation Hy = I in the following. Otherwise one can first apply the
algorithm to the modified moments sequence H; = LH, LT, obtaining a realization
(J,L,R). Then (J, LLT, RIA/T) is a realization of the original moments sequence. (If Hy is
not positive definite, one can apply the algorithm to the moments sequence H i = HHy 1
instead. Then (J, L, RHy) is a realization of the original moments sequence.)

Theorem 5.5. Let H = (Hy)g=0,..no—1 be a finite moments sequence with Hy = I,
such that the first N := [%2] - d columns of H from (5.2) are linearly independent.
Let J € RV*N be given by the coefficients t; j from (5.5) and L and R by (5.10) with
Lo = Ry =1, where t;_q; and uj_q;, 0 < i < d are normalized via (5.8). Then (J,L, R)
is a minimal realization of H.

Proof. Hy = 14 implies that the base polynomials zﬂk(a:) = zF and q@k(x) = z¥ are already
biorthogonal and consequently 1y (z) = zF and ¢ (2) = 2* for 0 < k < d. This implies
[wlm(ﬁk]H = e%HOek =1for 0 <k <d.

Applying (5.6) k times inductively yields

0 0 ... 0
kd kd kd‘|: ayp air ... (INfl}(JT)k‘f‘ (511)
a al . AN-1
fo—
! 0;g ... 0;q 0,q ... 04y (JT)kfifl
—lo .. 0 & ... & '
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5. The Multidimensional Lanczos Algorithm
Since J is banded with bandwidth d, the non-zero entries &1, ...,&; are propagated by
only d columns per multiplication with J7, therefore only the last (k —i)d columns of

0;g ... 0ig 05g ... Oy

T\k—i—1
o .0 & .. &)

are non-zero. Consequently, with N = [%2]d, the first d columns of the sum in (5.11) are
zeroif k <[] —1. For 0<i<d,0<j<d, 0<k<[%] we have

(Hp)ij = [, 27] = [2", ¢5] -

We apply the jth column of (5.11) to obtain

kd+i—1 kdti—1
[xkd%,%}H:l > (Jk)i,z%qu] = > (IMulvn 65y
=0 H =0

Since ¢; is orthogonal to all ¢; with [ # j, out of all summands in the sum only the one
with [ = j remains, resulting in

kd+i—1

(He)ig = > (IMaaltn o1y = (Tiglvs, ¢l = ()i

=0

where [¢);, ¢;]; = 1 follows from the chosen normalization (5.8). Consequently Hj =
LT J*R.

J € RN¥*N has as many rows and columns as there are polynomials in 1 and in ¢.
As explained in Section 5.2, the algorithm performs [%|d steps. Since the first [ |d
columns of H are linearly independent, rank H > [%2]d holds. Therefore the realization
is minimal according to Theorem 5.3. O

The Lanczos algorithm is often formulated for other problems such as solving systems
of linear equations or determining the eigenvalues of a matrix, cf. [27]. The method
described here is connected to these applications of the Lanczos algorithm. [14, Section 8]
briefly describes this connection.

Remark 5.6. As described in Section 5.2, J is a banded matrix with bandwidth
d. Consequently the entries (J?);; depend only on entries Jy s satisfying i = i’ and
|j — j'| < d or satisfying j = j/ and |i — | < d. Inductively, entries (J*); ; only depend
on the entries t; ; for which |j — j/| < lid and |i — | < lad hold for certain I1,12 € Ny
with [1 + 1o < k — 1.

Therefore the entries of LT J*R depend only on entries Jijwithi<d-kand j<d-k
and an extension of the moments sequence (Hy, ..., Hy,—1) by extra elements and the

corresponding extension of J by extra rows and columns would have no effect on the
values LT J*R for k < N.
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6. Application of the Multidimensional
Lanczos Algorithm to the Generalized
Langevin Equation

6.1. The Multidimensional Algorithm

As in Chapter 3, we can use the Lanczos method to compute an Ornstein-Uhlenbeck system
such that the velocity auto-covariance function of the corresponding Ornstein-Uhlenbeck

t
process [‘Z/E t; with auxiliary variables Z interpolates a given velocity auto-covariance
function Cy: R — R¥? in an equidistant grid A = {0,7,..., (ng — 1)7}. Analogously
to Chapter 3, we first compute a minimal realization (J, L, R) of the moments sequence
(1§)j=0,...n0—1, 7j := Cy(j7) with L, R from (5.10), using the multidimensional Lanczos
algorithm from Chapter 5.

By taking A := %Log J (if J has no negative real eigenvalues) we subsequently obtain a
matrix such that LTe/™R = rj, which yields the desired Ornstein-Uhlenbeck system. In
the following, we explain the remaining steps in the algorithm.

6.1.1. Restrictions on the Velocity Auto-Covariance Function

In the case that the system from which the input data originates satisfies
C}(0) = 0, (6.1)

the obtained Ornstein-Uhlenbeck system should satisfy this condition, too. In order to
achieve this, one could again think at adapting r; via a Newton iteration, modifying the
d? entries of 71 in order to satisfy the d? scalar conditions given by C{,(0) = 0. The
corresponding derivatives of A can again be obtained via Lemma 3.1. We then replace r;
by 1 + Ary with a matrix Ary according to Newton’s method.

The Newton iteration, however, did not converge in our numerical experiments for
d > 1. Alternative optimization methods (gradient descent and the Levenberg-Marquardt
algorithm) did not find a zero of the mapping r — C{,(0) either. On top of that, if
one succeeds in fulfilling (6.1), another problem arises when considering the Laurent
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6. Application of the Multidimensional Lanczos Algorithm to the GLE

expansion of Fi C{} near co. To see this we compute the Laurent expansion of F C’é via a
Neumann series:

VITFCA(€) = / T e CA (1) de

oo 0 .
- / eHECA (1) dt + / et (=) dt

_ / ltsﬁl P PT dt + / mP 4P dt
([ [ )

= ﬁ:nP(—(A —ieD)~ - (AT + i) Pt

_ 517113(—15_1(15_114 +D) 7 +ieT (- AT + )T PT

=ﬁ1 (—15 Z —ig )k 1 iem Zlg AT )PT

Z P k’Ak 1 ik<AT)k_1)PT§_k
if ¢ is sufficiently large such that |71 A| < 1 and ||¢~*AT|| < 1 for any operator norm.

The first summand in the Laurent expansion always vanishes. If PAPT = 0 (i.e. if (6.1)
holds), the second summand vanishes, too, leaving

FCH(E) =

ﬁm{/% (iP (42 = (A7) PTe5 4 P(A% 4+ (4%T) PTe™" 4 0(¢79)).

For £ — oo, this sum is dominated by the first summand. P(A% — (A2?)T)PT being a real
matrix, its eigenvalues are complex conjugated, i.e. the eigenvalues of iP (A2 — (AQ)T)PT
are symmetric w.r.t. the imaginary axis. iP(A2 — (A2)T)PT, however, is hermitian
and thus only has real eigenvalues. Consequently iP (A2 — (A2)T)PT has no negative
eigenvalues if and only if all eigenvalues are 0, i.e. if PA2PT = P(A?)T PT. To obtain an
auto-covariance function of positive type we would therefore have to ensure that PT A2P
is symmetric on top of satisfying (6.1). (This is consistent with the Volterra equation of
second type, (2.12), which implies PA2PT = (C{#)"(0+) = ﬂ%W(O) in the case D =0,
where Bimfy(O) = Cp(0) must be symmetric.)

As mentioned in Chapter 3, the condition (6.1) only matters for certain physical systems.
Due to the problems described above, we will restrict ourselves to systems which do not
require (6.1) to hold (and where the given data do not satisfy this condition, either) in
Section 6.2. We also note that if Newton’s method succeeded, it would be feasible only
for small values of d due to a runtime of O(d®) per iteration step. Dropping the condition
(6.1) again leads to an Ornstein-Uhlenbeck system which solves the generalized Langevin
equation (2.5) with instantaneous friction.

80



6.1. The Multidimensional Algorithm

6.1.2. Further Steps in the Algorithm

Similarly to Sections 3.2.2 to 3.2.4 we have to perform some additional steps. First
we replace J by a smaller matrix whose eigenvalues are a subset of the eigenvalues of
J; notably we remove all eigenvalues which are not contained in the open unit disk as
well as some additional eigenvalues which prevent C’é from being of positive type and
whose coefficients in the corresponding Prony series are (hopefully) negligible. We also
“duplicate” negative real eigenvalues of J so that when computing A := %logJ it is
possible to obtain a real A by taking two different (complex conjugated) logarithms of
these eigenvalues. Here we can proceed exactly as in Sections 3.2.2 and 3.2.3 except that
when removing spurious eigenvalues, the first d rows of the matrix U from Section 3.2.2
must equal the first d rows of U except for the entries of removed columns (instead of
only the first row as in Section 3.2.2). In Section 3.2.2 we required all eigenvalues to
be pairwise different. As mentioned at the beginning of Chapter 5, this is no longer
the case since writing a rank k coefficient matrix in the Prony series as a sum of rank 1
matrices requires the corresponding eigenvalue to have multiplicity k. A still has to be
diagonalizable, though.

Next we can replace A by a similar banded matrix A, similarly to Section 3.3. In exact
arithmetic, it would be possible to reapply the block Lanczos method (Algorithm 3) from
Chapter 5 using ﬁimPTAkP, k=0,...,N —1, as moments. This method yields a matrix
A with

L prgip o Lo prarp

pm pm
and since (A, P, P) and (/I, P, P) are both minimal realizations of the moments sequence
PT AP, A and A are equivalent according to Remark 5.4, i.e. they represent the same
Ornstein-Uhlenbeck system except for a change of basis which transforms only the
auxiliary variables. As in Section 3.2, however, this method is not feasible in practice
due to the large numerical errors caused by the large condition of A¥. Consequently we
apply another version of the Lanczos algorithm described in [1]. The connection between
the two methods is described in [14, Section 8.1].

Here A is a banded matrix with bandwidth d instead of a tridiagonal matrix as in Chap-
ter 3. Replacing A by A reduces the computational cost for simulating the corresponding
Ornstein-Uhlenbeck process (using the Euler-Maruyama method) from O(N?) to O(d- N)
per simulation step.

As in the one-dimensional case we obtain K € RN*? and X' € RV*N by solving the Lur’e
equations

ApS + SAL = —GGT
SB—-C=-GLT
D+DT = —LLT
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6. Application of the Multidimensional Lanczos Algorithm to the GLE

(with unknown G, L, and S) where

K:

)

D BT
— (d|N—d)x (d|N—d)
A [—C Ao] eR

_ Ll 0 p@N-d)x(dN-d)
Y= 5m[0 S}eR .

We present an algorithm for solving the Lur’e equations in Appendix A.

6.2. Numerical Results

As mentioned above, the Newton iteration did not succeed in our multidimensional
numerical experiments. Hence we here only present results using data which do not
satisfy C{,(0) = I; consequently we did not apply the Newton iteration or any other
method to adapt the entries of D (6.2) and we did not set them to any particular value
after removing spurious eigenvalues.

In the plots of this section we write C; ;(t) := Cy; v, (t) and C’fj(t) = C’{j‘;yj (t) for better
readability.

6.2.1. A Three-Dimensional Active Particle

We consider a three-dimensional system of an active particle immersed in a passive
Lennard-Jones fluid. The active particle propels itself with a constant force subject
to rotational diffusion. The rotational inertia of the active particle is set to zero for
simplicity. In addition to being immersed in the Lennard-Jones fluid, the active particle
is coupled to a thermal bath via a Markovian Langevin thermostat. The time evolution
of the orientation of the active particle is governed by rotational diffusion.

All simulations were performed using LAMMPS [41], where a time step of A; = 0.001
was used. In order to sample at the desired temperature, the system was equilibrated
with a Langevin thermostat.

The individual components of the velocity are actually uncorrelated, therefore the off-
diagonal VACF entries are pure noise. We consider the following time grids:

e Ay: 7=0.15,n9 =40
e Ay 7=0.3,n9=20
e As: 7=0.5,n9=12
e Ay:7=0.2,n9=10

The first three grids cover roughly the same time interval [0, 6]; more precisely 6 would
be the next point added to each grid if we increased ng by 1. The fourth grid covers
a shorter time interval; the next point added to A4 would be 2. Such a grid may be
advantageous in cases where the long simulation runs required to accurately determine
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Figure 6.1.: Comparison of the given VACF (black) and the VACFs of the Ornstein-
Uhlenbeck systems generated via the Lanczos method (colored)

the velocity auto-covariance function in a longer time interval are too expensive, and
it yields smaller Ornstein-Uhlenbeck systems than longer grid with the same step size
7. We consider this grid to assess how the shorter time interval covered impacts the
approximation.

Figure 6.1 compares the velocity auto-covariance functions of the three obtained Ornstein-
Uhlenbeck systems to the input data. Each of the nine subplots displays one component
of the (3 x 3)-dimensional VACF Cy/, which is normalized to obtain Cy (0) = I5. One can
see significant differences between the given VACF data and the VACF of the obtained
Ornstein-Uhlenbeck process in several off-diagonal components. However, comparing
the scales of the diagonal and off-diagonal components shows that the error is still
small compared to the scale of the diagonal entries. The diagonal components are well
approximated.

Figure 6.2 displays the difference between the VACF of the Ornstein-Uhlenbeck systems
and the original VACF. We see that the scale of the error is comparable for diagonal
and off-diagonal entries. Overall, the coarsest grid As performs worse than the finer and
larger grids Aj; and Ay. The results of these two grids are comparable. Unsurprisingly,
the difference gets much larger after the last interpolation point for A; and A, which
indicates that the error introduced by the removal of spurious eigenvalues inside the
interpolation grid is far smaller than the general approximation error. Conversely the
larger error of Ag is mainly not due to a larger error between the interpolation points
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Figure 6.2.: Difference between the input VACF and the VACF of the Ornstein-Uhlenbeck
systems generated via the Lanczos method

as one could assume since this is the coarsest grid, but due to fact that the error gets
large before the last interpolation point. This indicates a spurious eigenvalue (or several
eigenvalues) with a comparably large coefficient in the Prony series representation of
C’{}. Indeed the largest coefficient of a removed eigenvalue is 1.18 - 10~% for Az while it is
1.52-107° for A; and 2.21 - 107° for A,. Figure 6.3 displays the Frobenius norm of the
difference between the VACF of the Ornstein-Uhlenbeck systems and the original VACF.
Ay performs comparably to As with a slightly larger error, as Figure 6.3 shows.

Table 6.1 summarizes the most relevant results: It displays the largest ng for which the
algorithm succeeded, the number N, of spurious eigenvalues (A € o(A) with Re A > 0),
the number Ny of additional eigenvalues which were removed in order to obtain a VACF
of positive type, and the size N of the final matrix A after removing spurious eigenvalues
and duplicating negative real eigenvalues. (The size of the initial matrix A before treating
these eigenvalues is d - [ | with d = 3.) We see that the initial ng was successful for all
three grids. The table also displays the relative approximation error,

vty =Co®lp/ D ICv )l (6.3)

teA teA

where A = {0,0.001,...,10} is the grid on which the input VACF was sampled, and the
relative error when only considering the diagonal entries (called “diagonal error” in the
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Figure 6.3.: Frobenius norm of the difference between the input VACF and the VACF of
the Ornstein-Uhlenbeck systems generated via the Lanczos method

table),
> _|ldiag(Cy () — diag(C7 (1))l / D _|ldiag(Cv (£))],- (6.4)

teA teA

Since the off-diagonal VACF entries are pure noise, one can apply the one-dimensional
method from Chapter 3 to each diagonal entry separately instead, obtaining three
individual Ornstein-Uhlenbeck systems which can subsequently be combined into a single
Ornstein-Uhlenbeck system (where all off-diagonal entries of the VACF are 0). For
comparison Table 6.1 also shows the same data for the resulting Ornstein-Uhlenbeck
system. (For all three diagonals and all grids the one-dimensional method was successful
for the displayed values ng.) Here the values of Ng,, Npt, and N are the added values
for all three diagonals. As the one-dimensional algorithm does not approximate the

Multidimensional algorithm One-dimensional algorithm

Diagonal
Error

Diagonal

Grid ng Ng Npy N Error Error

Ngp Npt N Error

Ap 40 30 4 27 0.0080  0.0052 28
Ay 20 11 0 19 0.0081  0.0049
Az 12 7 0 11 0.0208 0.0155
Ay 10 3 0 13 0.0249 0.0142

26 0.0340  0.0180
24 0.0348  0.0190
16 0.0362  0.0214
11 0.0328  0.0150

SO |
oo o ®

Table 6.1.: Comparison of the multidimensional and one-dimensional algorithm: Number
of interpolation points ng, number N, of spurious eigenvalues, number Ny of
other removed eigenvalues, size N of the final matrix A, relative approximation
error (6.3), and approximation error of the diagonal components (6.4)
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Figure 6.4.: Comparison of the diagonal VACF components using the multidimensional
(dashed) and one-dimensional (solid) Lanczos method with the grids Ay, Ag,
and As. The dashed black line is the input VACF.

off-diagonal entries, the total error is far worse than the error of the multidimensional
algorithm. Comparing the diagonal error, however, we see that the multidimensional
algorithm still performs comparably to the one-dimensional algorithm and is even much
better for Ay and As.

To investigate why the one-dimensional algorithm performs worse, we compare the
resulting VACF approximations in Figures 6.4 and 6.5. Figure 6.4 compares the diagonal
entries of the VACF obtained via the multidimensional method using the grids A, Ag,
and Ags to the VACFs obtained by applying the one-dimensional method to each diagonal
component of the input VACF individually. (It only displays the VACF for ¢t > 6, where
the different lines are better distinguishable.) We used the one-dimensional method
without Newton iteration and without setting A; ; to any fixed value. We see that the
three-dimensional method yields a better approximation of the first diagonal VACF
component for Ay, Ao, and Asz. The reason for this is that for each of these three grids,
the one-dimensional algorithm leads to an exponential term in the Prony series with
a rather large coefficient whose exponent is just outside the unit disk: The exponent
(i.e. the eigenvalue of J = e74) in the Prony series is 1.0173 for Ay, 1.0323 for Ay, and
1.0459 for A3. The corresponding Prony coefficients are —0.0069, —0.0074, and —0.0084,
respectively. For the other diagonal components the differences between the two methods
are smaller at least until the last grid point with the exception of the third component
using Asz. Concerning the computational cost, the one-dimensional method is of course
preferable although this is no real issue with our examples.

Figure 6.5 displays the approximation errors of the one-dimensional and the multidi-
mensional method for all three grids. They confirm the results from Table 6.1: The
multidimensional method seems to yield better results for these input data for A; and
Ao while for Az the results of both methods are comparable. We see no particular reason
why the multidimensional method should actually result in a smaller error than the
one-dimensional method, so we assume that the observed behavior is caused by these
specific data and that other data will not confirm these results.

Figure 6.6 displays the memory kernels of the obtained Ornstein-Uhlenbeck systems.
Again the diagonal components are much larger than the off-diagonal components as
expected. The three kernels differ mainly for small ¢ while the tail for large ¢ is similar
for all three grids; consequently the obtained memory kernel approximation seems to be
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Figure 6.7.: Comparison of the diagonal memory components using the multidimensional
(blue) and one-dimensional (red) Lanczos method with the grid As

reliable for ¢ > 0.3. Figure 6.7 compares the diagonal components of the memory kernel
obtained via the multidimensional method using the grid As to the VACFs obtained via
applying the one-dimensional method to each diagonal component of the input VACF
individually.

Due to the increased number of polynomials compared to Section 3.4, stability concerns are
more relevant here when using many grid points. When using 64-bit floating point numbers
for the grid A1, while most off-diagonal entries in the “Gram matrix” [[1;, ¢;] )i j=0,....N—1
were close to zero (even during the later steps of the algorithm), a few were not; very
few even had values larger than 10 (recall that v¢; and ¢; are normalized such that
|[¢i, @i]rr] = 1), the largest value being 43.6. Consequently extra orthogonalization
steps in the algorithm might make sense. Since we do not focus on orthogonalization
techniques, we instead performed the Lanczos method from Chapter 5 for this grid using
higher precision (256 bit) floating point numbers while using a precision of 64 bit for the
remaining steps of the algorithm. While the difference between the VACF approximations
using 64 bit and 256 bit precision was visible in the off-diagonal VACF entries of the
plots, 64 bit precision still yielded results of comparable quality for this example. The
other grids posed no problem concerning computational errors.

6.2.2. A Two-Dimensional S-Shaped Particle

We now use two-dimensional data where the individual components of the velocity are
correlated, i.e. the off-diagonal entries are not pure noise.

The data were simulated using a bath of 5000 passive Langevin particles immersed in an
implicit solvent. A Markovian Langevin thermostat models the implicit solvent which
couples the Langevin particles to a thermal bath. The macromolecule is a rigid S-shaped
particle consisting of 100 particles aligned to the two-dimensional plane. The positions
of the constituent particles, to receive the S shape, are calculated via 10 - (sin(t), sin(2t))
with ¢ evenly spaced in the interval [—m + 1.5, 7 — 1.5]. These particles are decoupled from
the thermostat and interact with the Langevin particles via a Weeks-Chandler-Anderson

potential
12 6
o\ _ (o <
Ulrij) = 46((”,1') (Tm‘) ) +e rij < V20,

0, Tij > \6/50',
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Grid no Ng Npy N Error
Ay 19 9 0 13 0.0909

Ay 10 1 0 11 0.0450
Az 5 0 0 6 0.1848
Ay 40 19 0 22 0.0693

Table 6.2.: Results of the multidimensional algorithm using different grids and the data
from Section 6.2.2: Number of interpolation points ng, number N, of spurious
eigenvalues, number Np; of other removed eigenvalues, size N of the final
matrix, and relative approximation error (6.3)

where € is set to unity for simplicity, r; ; is the distance and o the diameter of the particles.
The Langevin particles also interact among themselves via the same potential. The
particles are considered to be solid, spherical particles. The macromolecule maintains a
fixed orientation throughout the simulation.

The trajectories of the molecular dynamics simulations are generated via modeling a
canonical ensemble, as implemented in the HOOMD-blue package [5]. Each simulation
run is split into an equilibration period of 10° time steps and a production run of 5 - 107
time steps with a step size of A; = 0.001.

We consider the following time grids for applying Algorithm 3:

e Ay: 7=0.5,n9=20
e Ay: 7=1.0,n9=10
e Ag: 7=2.0,n9=5

e Ay: 7=0.5,n9=140

The first three grids cover roughly the same time interval [0,10] while Ay covers the
longer interval [0, 20].

Table 6.2 summarizes the results of the algorithm for each grid, analogously to Table 6.1.
Here the relative error is computed on the grid A = {0,0.01,...,50}. We see that the first
tested ng was successful for all grids except for A1, where two attempts were necessary.

Figure 6.8 compares the velocity auto-covariance functions of all four Ornstein-Uhlenbeck
systems to the input VACF. We see that, as indicated in Table 6.2, Ag produces the
largest error while Ag performs best.

Figure 6.9 displays the difference between the input VACF and the VACF of the Ornstein-
Uhlenbeck systems generated via the Lanczos method. It shows that the oscillations
of Ay exist in all four VACF components. While the longer interpolation interval used
by Ay slightly reduces the approximation error compared to Aq, it contains spurious
oscillations. These are caused by the fact that the extra grid points and larger size
of A entail many more spurious eigenvalues in A, as Table 6.2 shows. The removal of
these eigenvalues introduces these oscillations and increases the approximation error even
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Figure 6.10.: Memory kernels belonging to the Ornstein-Uhlenbeck systems

before the last grid point, which can clearly be seen in Figures 6.8 and 6.9, where it leads
to oscillations in the VACF approximation obtained via Ay.

Figure 6.10 shows the memory kernels of the obtained Ornstein-Uhlenbeck systems. For
t close to 0 they differ significantly. Similarly to the VACF, the memory kernel obtained
via A4 contains oscillations which do not exist in the other kernels and which are caused
by the large number of spurious eigenvalues in this grid. Due to these oscillations it
decays far slower to 0 than the other kernels. As in Section 6.2.1, the approximation of
the memory kernel does not seem to be very reliable for small ¢ while the long-term rate
of decay seems to be very similar for Ay, Ay, and As, except for the ;2 component,
where the kernel of A3 decays faster than the other two kernels. A good approximation
of the memory kernel is, however, not of great importance as long as the memory kernel
leads to a good VACF approximation.

In contrast to Section 6.2.1, the matrices obtained here were small enough that computa-
tional errors posed no problem.
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A. Solving the Lur’e Equations

Let Ag € R™*" B,C € R™*¢ and D € R¥? with n > d. The algorithm for solving the
Lur’e equations

ApS + SAL = —GGT (A.la)
SB—-C=-GL" (A.1b)
D+ DT =—-LL” (A.lc)

differs depending on whether the matrix D + D' is singular or not. (Note that for d > 1
this distinction is different from the distinction between (2.19) and (2.21), which depends
on whether D = 0 or not.) We will treat these two cases separately.

A.1. The Regular Lur’e Equations

The regular case (A.1) with D + DT negative definite can be solved by determining a
symmetric, positive semi-definite solution X of the (algebraic) Riccati equation

QX +XQT —XRX+T=0 (A.2)
where
Q:=Ay+ CA'BT, R:= BA'BT, T:=—-CA'CT (A.3)

with A := D + D7] as the following lemma shows (cf. also [12, p. 584] and [6, Corol-
lary 5.27]).

Lemma A.1. Let A = D + DT be negative definite and LLT = —A a Cholesky
decomposition of —A. Let further X be a symmetric solution of (A.2) with Q, R, and T
from (A.3). Then S =X, G:=(C — XB)L™T, and L solve (A.1).

Proof. (A.1c) obviously follows from the definition of L. We can easily verify the other
two equations:

-G =—(C-XxB)L 'L =SB-C

-GGT = —(Cc-xB) L TL Y (C - xB)"
= - CA'BTX - xBA'CT + cA'CT + XBAT'BTX
= A0X - QX + XA — XQT — T+ XRX
= Ao X + X AL,
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A.1. The Regular Lur’e Equations

where the last step is a direct application of (A.2). O

Conversely, given a symmetric solution of (A.1), X = S solves (A.2) as one can directly
verify by insertion. If no solution of (A.2) exists, (A.1) is not solvable either.

[31, Section 2| presents an algorithm for solving (A.2) using the Schur decomposition.
Note, however, that in our situation R and T are not both positive semi-definite as
required there, hence it is not guaranteed that the algorithm succeeds. Since this condition
is only sufficient, the algorithm may still succeed. We first present the algorithm and
subsequently state less strict conditions. Let

Z = [_QTT :g] e R(nm)x(nln) (A.4)

Z is a Hamiltonian matriz, i.e. JZ is symmetric where
0 -1
) »

therefore \ € o(Z) if and only if —\ € 0(Z) and the (algebraic and geometric) multi-
plicities of A and —A\ are equal, i.e. the characteristic polynomial is even. (This known
property can be proven as follows: For each left eigenvalue [:L'lT, xQT]T, x1,x2 € R, of

Z corresponding to A, one can easily verify that [x2T, —xlT]T is a right eigenvalue of Z
corresponding to —\.)

We consider the real Schur decomposition of Z (cf. [31, Theorem 4] and [24, Theo-
rem 2.3.4]),
S11 Si2

Ulzu = 8§ =
[52,1 S22

] e R(In)x(nln) (A.6)
where U € R?™*?" is an orthogonal matrix and S is an upper triangular matrix with
the exception of single non-zero entries in the first diagonal below the main diagonal
such that no two consecutive entries are non-zero and that for each such non-zero entry
the 2 x 2 diagonal matrix block to which it belongs has two complex conjugated (non-
real) eigenvalues of S. There exist standard algorithms for computing the real Schur
decomposition where it is possible to arrange the diagonal entries and 2 x 2 blocks of S
in any order. (To be precise, the exact form of the 2 x 2 blocks depends on the chosen
order but if one identifies them with their eigenvalues, the order of the pairs of complex
conjugated eigenvalues belonging to the 2 x 2 blocks and single real eigenvalues can be
chosen arbitrarily, cf. [24, Theorem 2.3.4].)

Hence if Z has no pure imaginary eigenvalues, it is possible to arrange that Sj ; contains
only eigenvalues with negative real part and S 2 only eigenvalues with positive real part.
We require this to be the case (which implies Sz ; = 0 since there is no 2 x 2 diagonal
block consisting of the four central matrix entries). Let

Uip Uig (nn)x (n|n)
U= ' “leR . A7
[UQ,I U2,2] (A7)
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A. Solving the Lur’e Equations

Then Uy,1 is non-singular and X := U, Uy | is a symmetric and positive semi-definite
solution of (A.2), as proven in [31, Theorem 5] for the case that R and T are positive
semi-definite. In the following we adapt the proof given there to our situation.

Definition A.2. For A ¢ R™*", B € R"*¢, the Krylov subspace Ki(A, B) is defined
as Kip(A, B) :=span{B, AB, ..., A*"'B} C R". The pair (A, B) is called controllable if
Kn(A,B) =R"™

Remark A.3. If (A, B) is controllable, so is (A + BM, B) for every matrix M € R¥™,
To verify this, one can easily prove by induction that

for every k € Ny.
The following lemma is proven e.g. in [48, Theorem 27]:

Lemma A.4. A triple (A, B,C) is minimal (see Definition 5.1) if and only if (AT, B)
and (A, C) are controllable.

Theorem A.5. Let R and T be symmetric and (QT, R) controllable. Let Z and U be
defined as in (A.4) and (A.6), respectively, where U has blocks as in (A.7). If Z has no
pure imaginary eigenvalues, then Uy 1 is non-singular and X = U271Uf711 is symmetric
and solves the Riccati equation (A.2). If Q, R, and T are given by (A.3) with a stable
Ag, then X is positive semi-definite.

Proof. We follow the proof from [31, Theorem 5] and adapt it to our situation. Since Z
has no pure imaginary eigenvalues and o (51,1) U0 (S22) = 0(S) = 0(Z), we can choose
S in (A.6) in such a way that 57 has the eigenvalues of Z with negative real part while
S22 has the eigenvalues with positive real part, i.e. Sy is stable.

We first prove that Uy ;1 is non-singular: For simplicity we ﬁrst consider the complex Schur
decomposition (cf. [24 Theorem 2.3.1]), i.e. Z = USU~! with S,U € C**?" where S
is upper triangular and U unitary. Assume that U1 1 is singular. Then we can assume
without loss of generality that the first column of U1 1 is a zero column. Let A be the
first diagonal element of S and u € R™ the first column of Ug 1, w# 0. Then

| e A R GIRe bR

i.e. Ru =0 and Qu = —\u, which implies u” (QT)*R = (—=\)*u” R = 0 for every k, i.e. u
is orthogonal to Kr(QT, R). This contradicts the requirement that (Q7, R) be controllable.
Hence U7,1 must be non-singular.

Now let Z = USU~! be the real Schur decomposition of Z and Z = USU™! the complex

Schur decomposition using the same order of eigenvalues. In this case U = UD and
S = DSD~! where the change-of-basis matrix D € R2"*2" is a block-diagonal matrix
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A.1. The Regular Lur’e Equations

which consists of single ones and unitary 2 x 2 blocks on the diagonal; a 2 x 2 block
appears whenever the corresponding diagonal entries of S form a 2 x 2 block. Since
S1,1 and 51 1 correspond to the eigenvalues with negative real part while S 2 and Sg 9
correspond to those with positive real part, the four central entries of D do not form a
2 x 2 diagonal block, i.e. D has the form

_(Dip O (nln)x (nln)
p=[Bi 2 ]cxomean

Since Uy,; and D11 are non-singular, so is Uy 1 = Uy,1D1,1.

Inserting X = U271U1_711 into (A.2) and using (A.6) and the fact that Sy; = 0 yields

QX +XQT - XRX +T = [X —I}ZU{
r _ 1,011 ,,-1
= Uy Ut Iz MU
Y21V ] lUQJ 1,1
[ . 1( U1 U2 .
= _U2,1U1,11 -1 ([U JS g1+ [UM] 52,1> Uy
[ _ 1 U1 1 _
= Uy Uy 1 U, 151,1[]1,11-
L 4 27

The right-hand side is 0 since

(U, U5 ] [g;j = 0;

consequently X solves the Riccati equation (A.2). It remains to prove that X is symmetric
and positive semi-definite. For the symmetry let J be defined as in (A.5) and let

Ui
Uz

)

I
Y =1 O}UTJUM = [vf UQTJ}J[ ] = U Uy — UL Uy .
S21 = 0 implies
T I T 77710
1 o|uTUs ol =Y+ [T 0|UTIU|[|San = VS,
and analogously
777 7771 T T T 77710 T
1 o|s"uT U ol = StaY + 57 1 o|uTju 1| =shy
Comparing both left-hand sides, we see that

vtgus=vTjzu=v"Z"J"Uv = STUTJ"U = -SsTUT JU,
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A. Solving the Lur’e Equations

therefore Y is a solution of the Lyapunov equation (with known right-hand side)
S%—:ly + YSl,l == 0

Since S is stable, Y = 0 is the unique solution according to Theorem 1.21. Hence
Y = 0 and thus U17j1U2,1 = U27:1U1,1- Multiplying by U1_11 and UflT, respectively, from
both sides shows that

_ -1 _ y7=TysT -1 _ y7=TyiT -1 _ y7-TyiT _ +T
X=U Uy =U 1 Ui U Uy =U Uy Uiy Uy =01 Uz = X0

If Q, R, and T are given by (A.3), S = X is a solution of the Lyapunov equation (A.la)
with G given by Lemma A.1. If Ay is stable, S is positive semi-definite according to
Theorem 1.21. O

Another proof of Theorem A.5 can be found in [4, Theorem 5.4.1].

Lemma A.6. Let Q, R, and T be given by (A.3). If the transfer function of (A, B,C, D),
given by k(z) := —D + BT (21,, — Ag)~'C, is strictly positive real (see Definition 2.14(ii)),
Z from (A.4) has no pure imaginary eigenvalues.

Proof. Assume that Z has a pure imaginary eigenvalue A with corresponding eigenvector

QT —R||x1| _|m _ |7 (nln)
[—T 0| | _)\xg’ T = . eR ,
which after inserting (A.3) is equivalent to

BA Y BT zy — CTay) = (NI 4 Ay

A8
CA_l(CTxl — BT.T}Q) = (/\I + Ao)l’g ( )

with A := D + D?. Let y := A=Y(BTxy — CTx1). Then

(K(=A) + 5(=N)")y = (=D + BT (=AI — 4p)~'C —
DT + CT(—XI — Ap) *B)A Y (BTzy — CTay)
= (=D — DA Y (BT 2y — CTay) +
(BT(—=AI — Ag)'C + OT (AT — Ag) *B)A™ (BTag — CTy)
= —Blay+ Oy + BT (=X — Ag)'CA Y (BT 2y — CT ) +
CT(=AI — Ag)*BA Y (BT2y — CTy).

Inserting (A.8) and (—AI — Ag)™* = (M\I — A)~! yields

(K(=A) + 5(=N)")y = —=BTag + CTxy — BT (=M — Ag) ' (AT + Ag)za +
CTL — ALY (=L + Ay
=0.
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A.1. The Regular Lur’e Equations

Consequently x(—\)+x(—\)* is not positive definite and  is not strictly positive real. [

If (Ao, B, C) is minimal, (A}, B) is controllable and so is (A + BA~'CT, B) = (Q7, B),
see Remark A.3 and Lemma A.4. This in turn implies that that (Q7, R) = (QT, BA~!BT)
is controllable since span B = span R. Since Algorithm 3 from Section 5.2 yields a minimal
realization (A, P, P) (where P denotes the projection onto the first d coordinates), the
following lemma asserts that the controllability conditions in Theorem A.5 are fulfilled.

Lemma A.7. Let

. (d|n)x (d|n) . d

If (A, P) is controllable, then (Ag, C) is controllable, too. If (AT, P) is controllable, then
(AL, B) is controllable, too.

Proof. First we note that ICx(Ag, C) C Kri1(Ap, C) for all k. If equality holds for any k,
then
Kr+2(A0,C) € Kg11(Ao, AgC) = K (Ao, AoC) € Ki41(Ao, C)

and thus K1 2(Ag, C) = Kr11(Ap, C). Therefore if Ki(Ag, C) = Kii1(Ap, C) for a k < n,
we have K, (Ao, C) = K (Ao, C) for all m > k.

Otherwise dim K (Ao, C) < dim Ky41(Ag, C) for all k < n, i.e. dim Ky (Ao, C) > k for all
k < n, hence K,,(Ap,C) = R™. In both cases it follows that

Km(Ag, C) = Kn(4y,C) for all m > n.

D
k . k
Now let A®P =: [Ck:

Dii1| 4 Dy| | DD+ BTCy Do| |1
Crr1| T |Cr| | =CDy+ AoCy |’ Co| |O]
By induction one easily proves that spanCy C Kr(Ap, C) for every k and therefore

span Cy, C K, (Ao, C).

Let us assume that (A, P) is controllable while (Ag, C) is not, i.e. y L K, (Ao, C) for a
y € R™\ {0} and thus y" A5C = 0 for every k. This implies

] e RUmM*d For ¢y, this yields the recursive formula

T
[‘ﬂ AFP = 4Ty = 0

for every k € Ny, which contradicts the assumption that (A, P) is controllable.

Analogously one proves the controllability of (A%, B). O

We summarize the results of this section in the following corollary:
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A. Solving the Lur’e Equations

D BT
-C A,
(A, P, P) is minimal and k(z) := —D + BT (21, — Ag)~'C is strictly positive real. Then
the Riccati equation (A.2) with Q, R, and T given by (A.3) has a symmetric and positive
semi-definite solution X given by X = U271U1_’11 with U1, Uz from (A.6) and (A.7).
The solution of the corresponding Lur’e equations (A.1) is given by by Lemma A.1.

Corollary A.8. Let A := [ ] e Rm*n) sych that D+ DT is negative definite,

Remark A.9. When implementing the above algorithm for solving (A.2), we test if
Z has an imaginary eigenvalue instead of testing if x is strictly positive real. However,
eigenvalue algorithms for general matrices can introduce significant numerical errors in
the obtained eigenvalues. In particular, eigenvalues which should be imaginary can have
real parts several orders of magnitude larger than machine precision. There are, however,
special eigenvalue algorithms for Hamiltonian matrices which respect the symmetry of
their eigenvalues w.r.t. the imaginary axis and thus do not introduce a spurious real part
to pure imaginary eigenvalues, cf. e.g. [7, Algorithm 4.2]. (The periodic QR algorithm,
which is mentioned there, can be replaced by any other eigenvalue algorithm as long as it
is guaranteed that the computed eigenvalues of a real matrix are exactly symmetric w.r.t
to the real axis.) The algorithm described there applies Householder transformations
and Givens rotations to transform Z into an equivalent matrix

ARRVAR

UZU:[0 oy

] c RO x (i)

where U is orthogonal, Z7 1 is an upper triangular matrix, and Z2T7 5 an upper Hessenberg
matrix, e.g. via [7, Algorithm 4.4]. Then the eigenvalues of Z are all complex square
roots of the eigenvalues of —ZQT7 9711, cf. [7, Section 3]. Alternatively one can test if an
eigenvalue close to the imaginary axis, whose real part might be 0 in exact arithmetic, is
part of a quadruple +a + bi of eigenvalues of Z or not.

A.2. The Singular Lur’e Equations

In this section we describe the algorithm presented in [49] for solving the singular Lur’e
equations (A.1) with D + D7 singular. While we retain most of the notation introduced
in [49], we slightly adapt it to our needs. We require B and C' to have full rank. Let
r :=rank(D + DT) < d and k := d — r. Then the reduction process described below
will reduce the dimension of the Lur’e equations by k. The resulting equations can be
regular, allowing for a solution via the Riccati equation (A.2), or singular, which means
that another reduction step is necessary.
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A.2. The Singular Lur’e Equations

A.2.1. Normalizing the Equation

The first step is transforming the system (Ag, B,C, D) into the following normalized
form:

A A (kln—k)x (kln—k) _ nx (k|r)
AO_lA21 AzJER , B_[Bs BT}ER ,

C = {CS Cr] e R<(kIn), A:=D+DT = [g AO ] c ]R(k'lr)x(kh)’

(A.9)

_1Ca (kln—k) xk _|Cn (kln—k)xr
Cs_[O]eR , C, = C. eR

_ |Bs1 (kln—k)xk _ | Bn (kln—k)xr
Bs = [BsJER ’ Br = By €R

where r = rank A. This form of A and the corresponding representation of C and B can
be obtained as follows: We introduce the change-of-basis matrix I" = [I', Iy] € R*(*I)
which contains the eigenvectors of A in its columns where the columns of I} contain
eigenvectors of A corresponding to the eigenvalue 0 and the columns of I contain
eigenvectors of A corresponding to non-zero eigenvalues. (To take numerical errors into
account, one of course has to regard eigenvalues as zero if they are close to zero.) The
eigenvectors are chosen in such a way that I" is an orthogonal matrix. This change of
basis will lead to A having the desired form. (In the case d = 1 we can always choose
r=1,)

To obtain the desired form of Cs, we choose a second orthogonal change-of-basis matrix
Q = [@1, Q2] € R™™™ such that the columns of Q2 span the orthogonal complement of
the image of C T (which may be trivial) and @ is arbitrary as long as @ is an orthogonal
matrix. This is the case if CI1 = QC5 is a QR decomposition of CI for some matrix
C, € R™* whose upper part Cy; is an upper triangular matrix and whose lower part
consists of zeros. Then applying both changes of basis, i.e. replacing Ay, B, C, and D by
QTAQ, QTBI', QTCI, and I'" DI, respectively, yields a system where C and A have
the desired form, as one easily verifies. Given a solution (S, G, L) of these transformed
Lur’e equations,

QT AiQS + SQTATQ = GG"
SQTBIr —QTcr =GL"
I'""pr+r'p"r=_rLL",

we can multiply all three equations by appropriate matrices from the left and right to
transform them into

A0Q8Q" + QSQT AL = QGGT Q"
QSQ™B-C=QGL"I"
D+ DT =rLr™rr
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A. Solving the Lur’e Equations

and obtain the following solution of the original equations:

S=QSQY, L=IL  G=QG.

A.2.2. Separating the Singular Dimensions

In the following we will assume that C' and A have the form (A.9). This allows us to
rewrite these “partially singular” (since D + D has both zero and non-zero eigenvalues)
into “completely singular” Lur’e equations: The Lyapunov equation corresponding to the
equations is

0 0 BI's —cT
_KKT = 0 A, BT — T | e RUIrm)x(klrin)
SB;—Cs SB,—C, ApS+ SAY

or (equivalently)

A, BTS—cT]

SBs=Cs=0. \op 0 ApS+SAT|™

~-K KT (A.10)

with K = [—?{k] Note that SBs; = Cs implies
T

cTB,=BTSB, = (CTB,)' andthus CLB, = (CLB,)%,

(since CTB, = C1,B,; + 0 B,), i.e. CT B, = C1, B, is symmetric and positive definite,
which implies that Bs; is non-singular.

Concerning the condition SB,; = Cy, [49, Lemma 3.1] proves the following lemma:

Lemma A.10. Let By and Cs have the form (A.9). Then SBys = Cs with a symmetric
and positive definite S if and only if CI B, is symmetric and positive definite and

S S12 (kln—k)x (k|n—k)
S = eR A1l

with . ror .
S11=Cg By + By BsyS1BgaBg
Si12 = —B;"BLS,

and some symmetric, positive definite S; € R(—k)x(n—k)

(A.12)

Proof. To prove sufficiency, we assume that C1 B, = C1, B, is symmetric and positive
definite and that (A.11) and (A.12) hold for some symmetric, positive definite S;. With

po |l —S157 | _ |1 Bi'BL
0 I 0 I
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A.2. The Singular Lur’e Equations

we obtain

FSFT:[I —5125;1] [SH 512H I o]

0 I ST, Si||-S;'sh, 1
_ (S - SpSiiSsh, 0| [CyByt 0
0 S1 0 S1

where C,; B;' is symmetric and positive definite since
-T -T
Cslle - sl B C 1le - sl C lele - (Cslle)

and
'rTCslBs_llw TleTB C 1Bs_11l‘ = (le 'r)TB Csl( sl l‘) >0

for every x # 0 as BL C,; is positive definite. This implies that S is positive definite and
one directly verifies

~ |S11Bs1 + S12Bs2 Ca1|
e - RS

which proves the sufficiency. Necessity follows directly from the fact that S being positive
definite implies S7 being positive definite and that solving (A.13) yields (A.12). O

A.2.3. The Dimension Reduction

To obtain S, we apply another change of basis, using the matrix

I. O 0
Tr — |0 le 0 e R(r|k|n—k)><(r\k\n—k)
0 B82 Infk
with
I 0 0
T;l —lo Bs_ll 0 € R(r|k|nfk)><(r|k|nfk)'
0 —By,Bi I,
Setting
. A BIS=Cll _ oiinx(rin)
Z = SB, —C, AyS+ SAT €R
yields

My Mo M3
TIZT, = M = | M, My Mos
My ML Mss

101



A. Solving the Lur’e Equations

where (using (A.12))

1,
M = {Ir 0%k Orx(n—k)}Z O xr = AT e R™"
_O(nfk)xr
_O'I‘Xk B 1
M12 = |:I7“ 07"><k Orx(n—k):|Z le = (B;FS - C?) [BS ‘|
BSQ s2

= (BL(Cy By + B,{" BL,S|By,Byi') — B)3S 1By By — CF) Ber +
(-BL B;"BLS, + BLS, — CL) By

= BZlesl - Crl sl C’I‘2

=BTc, —CTB, e R"™*k

Or st (n—k) T BT
—B.* B4, S
Mz = |:IT‘ 0, xk Orx(n—k)}Z 0% x(n—k)| — {Br’rl Bg}[ 515 5271 +C7T2
In k !
= (-BLB;"BL + BL)S: + O e R(R)
07‘><k
My = [0 B BL|Z| Ba | = B (AoS + SAT)B,
352
= Bl (Au(Cy By + Bi' BLS|ByBy') — A138Bo By +
(CaBy' + By BLS, ByBL') Al — B, BL,S, Al 5) By, +

Bl (Ay (Cy By + By BLS1 By By') — A Sy B By —
S1By By ATy + Sy Aly) Bsi +
BL (- Ay B;;T BLS, + A125: +
(CyByi' + By BhS1 BBy ) Asy — By BiyS1A3,) Bsa +
B, ((Ag — Agy By B)S) + S1(A5y — BBy  A31)) By
= B} (4110 By + Cy By AT)) By +
BlA5Cy By ' Boy + BLCy By ' A3 By,
= CLA[ By + CLAS By + B A, Cyy + BhAy Cy
=CI A} B, + BL A,C, e RF*F

Orx(n—k)
Mas = {Okw BL  BLI|Z|Opx(n—r)

L
= Bf(—A By BLS) + A1+
(CaBy' + By BLS1 BBy )AL — By BLS| AL) +
Bl ((—Ay By B5LS) + ApS) — S1Byu B Asy + 51 43)
= (Bl A1s + BhAg — (BL A + BhAy) B, Bh) S, + BLC, B A3,
= (Bl Aja + BL Ay — (BL Ay + BLAy) BT BL) S, + CLAS, € RF*(F)
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A.2. The Singular Lur’e Equations

Orx(n—k)
M3z = [O(n—k)xr 0 (n—k)xk In—k}Z OkIX(nfk)
n—=k

= (Agy — Ay B " BL)S1 + S1(Ag, — A21B;1TBst)T e Rm—R)x(n=h),

Comparing these results with (A.1), considering that M = ~T1 ZT, = -TT K, KT,

(see (A.10)), and writing K1 := 17T K, with K; = lé

1] e RUn=k)xd ghows that they
1

are equivalent to another system of Lur’e equations:
A S, + S1A] = -GG
S$1B, — C; = -G LT
Ay =L, LT
with
Ay = Agy — AQlBsETBZQ
By = {_3523;1137«1 + B,y AlyBg + AL By, — BBy (AT B, + AngSQ)}
Cr = {—CrQ _A21Csli|
A — A, BTC, - CTB,
' \cTB, - BTc, CTAYB,+ BTAC,|
This system can be solved recursively, either via the Riccati equation (A.2) or via another
“reduction” step, depending on whether these equations are singular or not. Solving the

reduced system of equations yields matrices S7 and K, L1 = [ﬁr] e RUIF*d Then one

s

easily verifies that the solution of the original system (A.1) is given by

I 0 0 I. O 0
Yy=1Tlo CLB,, o|T-'=|0 S S,
0 0 Sy 0 SL S
Okxd
K- Orxa| _ | Okxa | _ L, .
Kr Tr_TKl leT(LsG_ BgéGl)
1

Since every solution of the reduced system corresponds to a solution of the original system
(A.1) and vice versa, if the former’s symmetric and positive definite solution is unique,
this it true for the latter’s solution, too.
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Abbreviations

GLE generalized Langevin equation

VACF velocity auto-covariance function
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