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ABSTRACT

Semiclassical initial value representations (SC-IVRs) are popular methods for an approximate
description of the quantum dynamics of atomic and molecular systems. A very efficient special
case is the propagator by Herman and Kluk, which will be the basis for the investigations in
this work. It consists of a phase space integration over initial conditions of classical trajectories
which are guiding Gaussian wavepackets. A complex phase factor in the integrand allows for
interference between different trajectories, which leads to soft quantum effects being naturally
included in the description. The underlying classical trajectories allow for an approximate
description of the dynamics of large quantum systems that are inaccessible for a full quantum
propagation. Moreover, they also provide an intuitive understanding of quantum phenomena
in terms of classical dynamics. The main focus of this work is on further approximations to
Herman-Kluk propagation whose applicability to complex dynamics is limited by the number of
trajectories that are needed for numerical convergence of the phase space integration. The cen-
tral idea for these approximations is the semiclassical hybrid formalism which utilizes the costly
Herman-Kluk propagator only for a small number of system degrees of freedom (DOFs). The
remaining environmental DOFs are treated on the level of Heller’s thawed Gaussian wavepacket
dynamics, a single trajectory method which is exact only for at most harmonic potentials. If
the environmental DOFs are weakly coupled and therefore close to their potential minimum,
this level of accuracy is sufficient to account for their effect on the system. Thus, the hybrid
approximation efficiently combines accuracy and low numerical cost. As a central theoretical
result, we apply this hybrid idea to a time-averaging scheme to arrive at a method for the
calculation of vibrational spectra of molecules that is both accurate and efficient.

This time-averaged hybrid propagation is then used to study the vibrational dynamics of
an iodine-like Morse oscillator bilinearly coupled to a Caldeira-Leggett bath of harmonic os-
cillators. We first validate the method by comparing it to full quantum and Herman-Kluk
propagation for appropriately sized environments. After having established its accuracy, we
include more bath DOFs to investigate the influence of the Caldeira-Leggett counter term on
the shift of the vibrational levels of the Morse oscillator. As a result, we find out that a red-
shift, which is observed experimentally for, e.g., iodine in a rare gas matrix, occurs only if the
counter term is not included in the Hamiltonian. We then move away from the model bath and
on to a realistic, experimentally relevant environment consisting of krypton atoms. We put
the iodine molecule into a cluster of 17 krypton atoms and investigate the loss of coherence of
the iodine vibration upon coupling to just a few normal coordinates of the bath. These modes
with the same symmetry as the iodine vibration turn out to be sufficient to reproduce the
expected qualitative dependence on bath temperature and initial state of the iodine molecule.
With these few normal modes, a full quantum calculation yields values for coherence loss rates
that are close to experimental results. Furthermore, a comparison to semiclassical calculations
with more bath modes included confirms the importance of the few highly symmetric normal
coordinates. Then, we apply the time-averaged hybrid formalism once more to calculate the
vibrational spectrum of the iodine molecule in this now anharmonic krypton environment. Us-
ing a krypton matrix instead of a cluster geometry, we find the correct qualitative and also
quite good quantitative agreement for the shift of the iodine potential.

Finally, we will investigate a more fundamental question, namely, if SC-IVRs contain the
spin effects due to the Pauli exclusion principle. To this end, we apply a number of SC-IVRs to
the scattering of two electrons with initial states corresponding to either parallel or antiparallel
spin. We compare the outcome to full quantum results and find that the difference is resolved
by those methods that comprise multiple interfering trajectories.
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1. INTRODUCTION

The description of the dynamics of quantum systems is an important task in many fields of
theoretical physics. At first sight, the solution is obvious — just take the almost century-old
Schrédinger equation, plug in the potential and solve for psi, which usually denotes the wave
function. Alas, as is known from any introduction to quantum mechanics, analytic solutions
exist only for few textbook examples. As soon as there is nontrivial coupling between the
degrees of freedom (DOFs) of the quantum system, one has to resort to numerical solutions.
In a (numerically) exact fashion, this again works only within tight limits, namely, for a low
number of DOFs, because the number of basis states or grid points required for representing
the wave function grows exponentially with the system’s dimensions. Without the possibility
of finding an analytically or numerically exact, full quantum solution to a general system,
alternative descriptions and approximations of some kind have to be introduced in order to
make its dynamics accessible. To date, there is no single method that is ideally suited to
describe every conceivable quantum system; instead, the approach has to be chosen according
to the properties of the particular atomic or molecular system and according to the specific
problem under investigation.

Therefore, over the last decades, a host of different numerical treatments of time-dependent
quantum systems has been developed. It would be far beyond the scope of this introduction to
compile an exhaustive list, but we want to name at least two widely popular methods before
we describe our approach as another alternative. In time-dependent density functional theory
(TDDFT), one does not calculate the wavefunction but rather the single-particle density, from
which, in principle, all time-evolved observables can be found. The correspondence of this
approach with results obtained from the Schrédinger equation is ensured through the Runge-
Gross theorem that establishes a one-to-one mapping between the density and the external
potential [1]. It gives rise to numerous quantum-classical methods, where the electronic density
is calculated quantum mechanically, while the nuclei are treated classically; an example for
one such method is non-adiabatic quantum molecular dynamics [2]. TDDFT has seen many
successful applications in all areas of quantum dynamics, as exemplified by a recent review and
extensive references therein [3]. Another approach, again with a wide range of applications, is
known under the name of multi-configurational time-dependent Hartree (MCTDH) [4,5]. It
relies on a representation of the wavefunction in terms of (a combination of) single-particle
wave functions. Using the Dirac-Frenkel variational principle, equations of motion can be
derived for the coeflicients as well as for the expansion functions. In order for the method to
work efficiently and avoid exponential scaling, the Hamiltonian has to be represented in an



appropriate product form, which is one of the main challenges of this methodology. In the 25
years since its introduction, MCTDH has seen several extensions such as multilayer MCTDH,
which allows for the inclusion of hundreds of DOFs [6].

In this work, we will focus on a methodology that takes a different route towards describing
the time evolution of a quantum system, namely, semiclassical dynamics, and in particular
semiclassical initial value representations (SC-IVRs). While TDDFT and MCTDH take a top-
down approach — starting from the full quantum problem and finding approximations to the
potential such that analytical or numerical calculations become feasible —; SC-IVRs go the other
way, using classical trajectories as the backbone and adding a complex, action-dependent phase
factor in order to allow for interference and thus incorporate quantum effects. This uniform
description of all DOFs with interfering trajectories is different from quantum-classical schemes
like the ones mentioned above, which are sometimes also referred to as semiclassical in the
literature. Apart from possible numerical savings, relying on classical trajectories brings about
the conceptual advantage of explaining and understanding quantum results intuitively in terms
of classical mechanics. On the other hand, unlike in classical molecular dynamics, soft quantum
effects such as zero-point energy and interference are an inherent part of semiclassical theories
without having to resort to any ad-hoc additions to the equations of motion.

The semiclassical expression for the time evolution of a quantum system can be derived from
the (exact) path integral formulation of the position space matrix element of the time evolution
operator, or propagator, that has been introduced by R. Feynman [7]. The so-called semiclas-
sical approximation makes a stationary phase approximation to the propagator, assuming that
the typical action of the system is much larger than the reduced Planck constant 7 [8]. The
resulting van Vleck-Gutzwiller propagator consists of a sum of all classical trajectories connect-
ing initial and final position, weighted with a complex phase factor. Finding the propagator
thus entails a root search for solving the boundary value problem, which may be numerically
unfavorable. In addition, the van Vleck-Gutzwiller propagator contains a determinantial pref-
actor that becomes singular at caustics. These issues are addressed elegantly in the dephasing
representation for quantum fidelity and more general correlation functions. By making use
of the shadowing theorem, the prefactor is removed and the resulting expression needs very
few trajectories for convergence [9,10]. Alternatively, one can express the exact propagator in
terms of coherent states and replace the resulting coherent state matrix element of the time
evolution operator by its semiclassical approximation, which is found in the same way as before.
Evaluating the integration over final positions in another stationary phase approximation [11]
then yields an expression where only an integration over the initial phase space positions is
left. This is referred to as initial value representation (IVR). While it is possible to express the
IVR time evolution operator in terms of Cartesian position and momentum eigenstates [12],
the most widely used form is the one suggested by M. Herman and E. Kluk in 1984 [13].
This Herman-Kluk (HK) propagator makes use of coherent states |g(po,qo)) represented by
Gaussian wave packets, which are in between position and momentum eigenstates in the sense
that they become one or the other in the limit of their width going to zero and infinity, re-
spectively. Like any other SC-IVR, the HK propagator contains a phase space integration over
initial conditions, and, as before, each trajectory is weighted with a complex phase allowing
for interference as well as a prefactor that depends on the stability of a given trajectory. Ten
years after its first appearance, the HK propagator was shown to be an efficient special case of
a more general IVR in a rederivation by K. Kay [14, 15].

Converging the phase space integral is the main numerical challenge of SC-IVR calculations.
In spite of efficient sampling algorithms such as Monte Carlo, a growing number of DOFs
necessitates larger and larger numbers of trajectories. Early SC-IVR applications have thus



been focusing on relatively small systems. For example, eigenvalue spectra turned out to be
in good agreement with quantum results for the two-dimensional stadium billiard [16] and the
HCI dimer [17]. Furthermore, the HK propagator is not restricted to molecular systems, but
can also be applied to electronic dynamics. The high-harmonic generation spectrum of an
electron in a laser field has been studied semiclassically by G. van de Sand and J.-M. Rost with
the instructive result that a relatively small partition of trapped and stranded trajectories are
responsible for reproducing the characteristic features of this spectrum [18]. If one is interested
in more complex systems with many DOFs, for example the chemical reaction of a molecule
embedded in a solid, cluster or liquid, approximations to the HK propagator are in order. One
way to proceed is writing the quantity of interest in the form of a generalized time correlation
function [12]. The resulting double phase-space integration is over trajectories going forward or
backward in time, respectively. It can be simplified either by assuming infinitely close forward
and backward trajectories, leading to a linearized SC-IVR (LSC-IVR) that yield essentially
classical results [19], or, in a more refined way, by propagating trajectories forward in time,
then adding a momentum jump at the final time and propagating back to the initial time [20)].
The latter approach gives a more well-behaved integrand than the original HK expression
while retaining its accuracy and one can treat a few tens of DOFs, as has been done in the
calculation of the flux side correlation of a double well potential coupled to a harmonic bath
with 40 oscillators [21] or the resonance Raman spectrum of molecular iodine surrounded by
ten xenon atoms [22].

Our main interest in this work will also be system-bath situations as described before, namely,
iodine embedded either in a Caldeira-Leggett bath [23,24] of harmonic oscillators or in a cluster
of krypton atoms. We will employ a hybrid method that is based on the HK propagator, but
utilizes the full phase space integration only for the system of interest, i.e., a small number of
DOFs. The remaining many bath DOFs are propagated with the thawed Gaussian wave packet
dynamics (TGWD), a method that has first been introduced by E. Heller [25]. TGWD can be
thought of as an approximation to HK propagation that replaces the phase space integration
over many fixed-width (“frozen”) Gaussian wave packets (GWPs) with a single trajectory whose
width varies in time. This substantial simplification comes at the price of being exact only
for potentials of at most quadratic order. While being unsuitable for arbitrarily anharmonic
potentials, TGWD is thus a good choice for somewhat weakly coupled bath DOFs that can
be expected to stay close to the region of harmonic dynamics. By restricting the costly HK
propagation to few degrees of freedom that really need the enhanced accuracy, while describing
the majority of environmental DOFs with the much cheaper TGWD, the semiclassical hybrid
dynamics (SC-HD) combines a sizable speedup of the numerics with still high accuracy. It
has been developed by F. Grossmann for wave functions [26] and by C. Goletz for reduced
density matrices [27] and was used mainly for studying the quenching of quantum behavior
of an anharmonic system coupled to Caldeira-Leggett baths with different parameters [27,28|.
We will continue this work by looking at the vibrational decoherence of iodine in a krypton
bath at different temperatures, where experimental results allow for a direct comparison of
coherence loss rates. Secondly, we present a new method for the calculation of vibrational
spectra of molecules, which can be found from the quantum dynamics by Fourier transforming
the autocorrelation function. To this end, we combine the hybrid idea with a time-averaging
formalism that has been suggested by A. Kaledin and W. Miller [29]. This time-averaged
SC-IVR (TA SC-IVR) smooths the phase space integrand by introducing an additional time
integration; its accuracy and numerical feasibility has been proven for systems such as CO
attached to a copper surface [30,31] and ammonium [32,33]. Starting at the TA SC-IVR, we
will use the divide-and-conquer approach of SC-HD in order to devise a method that allows for



very efficient calculations of the full spectrum of systems with a few tens of DOFs. Applications
will comprise both model and experimentally relevant systems, proving that this method might
be a valuable tool for future first-principle calculations of complex molecular systems.

Finally, we will turn away from molecular systems and address a question of more fun-
damental nature, namely, a minimum requirement for the semiclassical IVR description of
multi-electron systems where in particular spin effects due to the Pauli exclusion principle
have to be taken into account. Existing schemes for the classical and semiclassical treatment
of such systems in nuclear and molecular physics have to resort to artificial potentials and
very complicated equations of motion in order to account for the additional mutual repulsion
of electrons with identical spin [34-36]. We will consider the simplest case of two electrons
scattering and use the above SC-IVRs together with appropriately (anti)symmetrized initial
states to find out how well such a minimalistic approach fares when it comes to reproducing
the different dynamics correctly.

The thesis is organized as follows. In Ch. 2, we will give an overview of semiclassical propa-
gation schemes that are of interest for this work. A particular focus will be on initial value rep-
resentation methods such as Herman-Kluk and its approximations, namely, thawed Gaussian
wavepacket dynamics and the semiclassical hybrid dynamics. Ch. 3 is dedicated to develop-
ing SC-HD expressions for essential quantities of interest. We will review the SC-HD reduced
density formalism for the description of a system in a temperature dependent bath that was
developed by C. Goletz [37]. In the second part of that chapter, we will shortly repeat the
arguments leading to the time-averaged SC-IVR expression for the calculation of molecular
spectra. Then, we will present a hybrid approximation to the existing formalism that treats
few DOFs of interest on the level of HK and the remaining DOFs with TGWD. In particular, we
will introduce a separable approximation that turns the resulting two-time integral into a single
time integration in order to get a computationally cheap algorithm. The application of the
hybrid TA SC-IVR to the Caldeira-Leggett model system is discussed in Ch. 4. First, we show
for a Morse oscillator coupled to one and two bath DOFs that results are in agreement with full
quantum spectra over a wide range of bath frequencies and coupling strengths. Then, we test
the accuracy compared to full HK calculations for spectral calculations of a bath comprising
ten harmonic oscillators. Having established the reliability of the hybrid method with these
reduced calculations, we then take bath sizes of up to 60 harmonic oscillators and study the role
of the Caldeira-Leggett counter term on the spectrum of the anharmonic system for different
bath parameters. In Ch. 5, we will go a step further and investigate an experimentally relevant
system, namely, iodine in solid krypton. Other than in the case of the Caldeira-Leggett Hamil-
ton, interactions between system and bath are nonlinear, and bath potentials are no longer
harmonic. First, we will calculate the loss of iodine vibrational coherence for different bath
temperatures using a hierarchical normal mode description of the bath. Then, we will take
a look at the change of the iodine vibrational spectrum in the presence of the krypton bath.
Chapter 6 is about an altogether different sort of problem. We turn away from molecular sys-
tems and look at the semiclassical outcome for two electron scattering, providing an answer for
the minimum requirement to a semiclassical propagation of a fermionic system such that the
effect of different spin configurations is accounted for. In Ch. 7, we will summarize our findings
and provide an outlook especially to possible future applications of the spectral calculations
with the hybrid TA SC-IVR.

A few remarks on unit conventions: in the theory chapters, we will use SI units. For the
applications, we will switch to atomic units (a.u.) unless stated otherwise. This means in
particular that most energies will be given in multiples of the Hartree energy, Fy, = 4.359744 x
1018 J, distances in multiples of the Bohr radius, ap = 0.529177 x 107 m, and masses in
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multiples of the electron mass, me = 9.109384 x 1073! kg. In some cases where we are not
interested in the absolute value of a given quantity, we will simply employ arbitrary units

(arb.u.).
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2. SEMICLASSICAL INITIAL VALUE
REPRESENTATION METHODS

In this work, we will describe the time evolution of different quantum systems. For the typical
non-relativistic energy scales of atomic and molecular systems, this is achieved by the time
dependent Schrodinger equation (TDSE),

0 A
ihoe [2(8) = H(t) [¥(t)), (2.1)

where the Hamiltonian H(t) = T + V/(t) is a Hermitian operator comprising kinetic energy
T and explicitly or implicitly time-dependent potential energy V(t), and |U(t)) is the wave-
function of the system. Equation (2.1) can be solved analytically only for very simple model
systems [8]. A straightforward numerical solution can be obtained with high accuracy using,
for example, a split operator fast Fourier transform (FFT) algorithm. Since the number of
coefficients (e.g., grid points) that are needed to describe the wavefunction |¥(t)) grows expo-
nentially with the number of degrees of freedom of the problem, a full numerical solution of
the TDSE is limited to systems with up to five or six degrees of freedom, i.e., no bigger than
the hydrogen molecule [38].

In order to describe the time evolution of larger many-body systems, a huge variety of
approximate methods exists. As mentioned in the Introduction, TDDFT and MCTDH are
examples for very popular approaches to the numerical treatment of large quantum systems,
tackling the exponential scaling by resorting to the single-particle density (TDDFT) or single-
particle wavefunctions and a product form approximation to the Hamiltonian (MCTDH). In
both cases, quantum-classical descriptions can be employed [2,39], treating nuclei classically
and electrons on the quantum level. We will focus here on methods that are based on the
semiclassical approximation to the full quantum propagator. The exponential scaling of the
full quantum wavefunction is circumvented by running independent classical trajectories which
are then integrated including a complex phase that allows for interference between trajectories.
Apart from this numerical advantage, basing a quantum propagation on classical trajectories
also provides a more illustrative and intuitive picture of the dynamics. In this chapter, we
will first describe the basic idea of semiclassical propagators, mainly following the book of
F. Grossmann [8]. We briefly touch the differences between boundary value problem based
propagators such as van Vleck-Gutzwiller [40,41] and initial value representations, where we
will focus on the Herman-Kluk propagator [13]. It is then shown which further approximations
can be made in order to include more degrees of freedom into numerical calculations.
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2.1. SEMICLASSICAL PROPAGATORS

The time evolved wavefunction |¥(t)) of an N-dimensional system subject to Hamilton H(t)
can formally be expressed in position representation as

U(x,t) = /dx’K(x,t;x’,O)\Il(x’,O), (2.2)

where the propagator K (x,t;x’,0) = (x|e ("!/"x') is the matrix element of the time evo-
lution operator in position representation. In order for W(x,t) to be the exact solution of the
TDSE (2.1), the propagator has to take the form of a functional integral over all paths leading
from initial position x(0) = (21(0),...,zx(0))" to final position x(t) = (x1(t),...,zn(t))"

K(x,t:%,0) = x7_xd[x] exp{isg‘] } (2.3)

x(0)=x’

as shown by Feynman [7]. Since this expression is fully equivalent to the TDSE, it is not
surprising that an exact solution is not feasible for arbitrary systems. It can, however, be
used as a starting point for a semiclassical description. Assuming that the action S[x] of
the classical path is much larger than A, the rapidly oscillating integrand in Eq. (2.3) can be
evaluated in stationary phase approximation around this classical path. Van Vleck [40] has
first, in a different way, derived a semiclassical expression that has later been generalized by
Gutzwiller [41] for multiple points of stationary phase to the form
2

- 1 N/2 625 i
KV (x,t;x/,0) = 2771h Z det Oxax/ exp ﬁS[xk] 5 (> (2.4)

where the index k runs over all classical paths connecting x(0) and x(t) and the Maslov index
v counts how many times the path has gone through a caustic. While the quantities entering
into Eq. (2.4) are purely classical, it still contains interference due to the sum of trajectories
that are weighted with a complex phase factor. There are, however, two things that make it
difficult to evaluate this expression: First, finding the classical paths constitutes a boundary
value problem that is increasingly hard to solve as the number of DOFs gets bigger. Second,
since the action derivative fulfills

#S[xy] _ op’

oxox ~  Ox’ (2.5)

this expression becomes singular at points where 9x/9p’ = 0. Fortunately, both problems can
be solved elegantly by expressing the original propagator from Eq. (2.2) in terms of coherent
states by inserting unity twice. Then one can use the semiclassical expression for the coherent
state propagator and finally evaluate the integration over final positions in another stationary
phase approximation [11] to arrive at the Herman-Kluk (HK) propagator [13]

K% (x, t;x',0) =

<2ﬂ1h>zv [ 4 @4 gy (pr,a) Culp, e PO (g (b)) (26)

This expression now only depends on initial phase space points, making it an initial value
representation of the propagator instead of the boundary value problem before. The phase

14
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Figure 2.1.: Herman-Kluk propagation of an initial GWP centered at (pa,qq). Red ellipses:
GWPs centered at sampled initial phase space points, blue: GWPs centered at final points of
time evolved trajectories (dashed lines). The exact wavefunction is represented by the gray
shaded area.

space integration is performed over initial conditions, which serve as starting points for tra-
jectories that are propagated in time. These classical trajectories are represented by Gaussian
wavepackets (GWPs)

e 1/4 i
el ) = (57) e { - a) Ty - a4l - af, @D

where ~ is a diagonal N x N matrix containing the width parameters of the respective DOFs.
As the width of the GWPs in Eq. (2.6) stays constant throughout the propagation, it is also
referred to as “frozen” Gaussian approximation. The classical action no longer depends on the
path from initial to final position, but only on the initial conditions and therefore becomes

St(p,q):/o dt'L, (2.8)

with L the classical Lagrangian of the system. The HK prefactor which ensures approximate
normalization of the resulting expression has the (generalized) form [26,42]

1 . 1
Ci(p,q) = \/det [2 (mll,t + ymy vy~ — ihymyy ¢ + hm12,t’71>] = /det (hy), (2.9)

with matrices m;;; as its main ingredients. These m;;;, which are sometimes defined with
indices p and ¢ instead of 1 and 2, are time-dependent submatrices of the stability matrix

my mod_ (BB
M(t) = ' m) =(2% 0 2.10
®) (m21,t moo ¢ %—‘g %‘g ( )
that describes the time evolution of (small) deviations from the initial conditions and thereby
the stability of the system under investigation [8]. Some of its properties are collected in App.
A, in particular its time evolution.

The full potential of HK propagation is revealed when it is applied to a GWP according to
Eq. (2.2). With an initial state U, (x’,0) = (x'|gy(Pa;da)) that is centered at (pa,qa) and
has the same width parameters as the propagator wavepackets, the x’ integration can be done
analytically and the propagated wavefunction becomes

U(x,t) = /dNP g (xgy(Pe. ar)) Ci(p, @)e* PV (g, (D, q) g (Pa, da)) - (2.11)

(2wh)N
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The necessary numerical phase space integration can be made very efficiently using the Box-
Muller algorithm [43] in order to sample initial phase space points weighted with the overlap
(9v(P,d)|9v(Pa, da)) which emerges after a Gaussian integration as
B 1 T 1 T -1
(94(P, @95 (Pa; da)) = exp { =7 (@ =) ¥(d = da) = 75 (P —Pa) 7 (P~ Pa)

_ (2.12)
i

#ap (@ a4 po) |

It should be noted here that the identity of the width parameters of initial state and propagated
wave packets is not necessary for an analytic calculation of the overlap, only the notation
becomes a bit simpler. Figure 2.1 is a pictorial representation of HK propagation. The initial
wavepacket is expanded in a basis of GWPs (which have a different width parameter here
for better visibility). These GWPs do not change their shape during propagation; the time
evolved wavefunction, however, is a summation over GWPs weighted with a complex phase
factor and will therefore reproduce non-Gaussian distortions and interference correctly. Since it
has classical trajectories for a backbone, tunneling effects are not contained in this description.
The HK propagator (2.6) conserves unitarity in the semiclassical limit [44]. Its derivation as
sketched here is only one of many alternative ways that have been described in the literature. A
precursor had been found by E. Heller in 1981 under the name ‘Frozen Gaussian approximation’
[45]. In the 1990s, Kay rediscovered the HK propagator as a special case of more general
SC-IVRs [14| and showed its outstanding efficiency in a number of numerical applications
[15,46]. Honoring these contributions, the HK propagator is also referred to as HHKK, or
Heller-Herman-Kluk-Kay, propagator. Grossmann and Xavier showed that the HK propagator
can be found directly from the semiclassical coherent state path integral [11]. More recently,
Shalashilin and Child [47] as well as Miller [48] have pointed out that the HK propagator can
also be understood as an approximation to the exact quantum method of coupled coherent
states. Yet another approach has been found by Miller [49]| who derived the HK propagator
by Filinov transformation of the VVG expression, thus emphasizing the favorable numerical
behavior.

In a numerical calculation, both the trajectories and the stability matrix from Eq. (2.11)
can be propagated using a symplectic integration scheme. This method is explained generally
in [8,50] and specifically for the m;; in App. B of [37]. An important property of M(t) is
that its determinant remains unity for all times, thus providing a means to check the quality
of the numerical propagation scheme. The prefactor C; is the main computational challenge
in the evaluation of the phase space integrand in Eq. (2.6), as its propagation necessitates
4N? calculations of second derivatives at each time step. This is especially expensive for
on-the-fly calculations where no analytic potential surfaces are provided. Alternatives for
an efficient approximate propagation of M(¢) have been suggested, either using additional
trajectories to calculate the time evolved stability matrix numerically [51], or propagating the
Hessian with a finite difference scheme [52,53|. Numerical difficulties get especially severe
for chaotic trajectories, for which the prefactor C; grows exponentially due to its stability
matrix dependence. This problem can be alleviated by smoothing the integrand with a Filinov
transformation [54|, which does, however, introduce some additional complexity because one
has to device a systematic way to find appropriate smoothing parameters. In this work, chaotic
trajectories will be so scarce that we simply discard their contributions, as suggested by Kay
[46].
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2.2. HYBRID APPROXIMATION TO THE HERMAN-KLUK PROPAGATOR

While application of the HK propagator alleviates the memory problem in numerical calcula-
tions, the number of trajectories that are needed to converge the phase space integral scales
very unfavorably with each additional DOF. Several methods of different complexity, such as
forward-backward IVR that will be discussed in the next section, have been suggested to tackle
this problem.

Our approach to achieve an accelerated convergence is a mixed treatment where HK propa-
gation is used for a few DOFs of interest and single trajectory TGWD for the remaining larger
number of environmental DOFs. Unlike other methods aimed at improving the efficiency of HK
propagation, it is not based on smoothing the phase space integrand, but instead on a drastic
reduction of the dimensionality of the initial conditions phase space that has to be sampled.
Assuming a sufficiently weak coupling of bath modes to the system, the very crude description
of the almost harmonic bath DOFs with TGWD is a well-justified approximation at very low
computational cost. The interesting DOFSs, on the other hand, are described as accurately
as possible on the superior HK level. Following the original derivation by Grossmann [26],
we will first describe the TGWD approach and then apply this idea to the HK propagated
wavefunction (2.11).

2.2.1. THAWED GAUSSIAN WAVEPACKET DYNAMICS

Thawed Gaussian Wavepacket Dynamics (TGWD) is a wavepacket propagation method that
relies on a single classical trajectory represented by a GWP with time-dependent width. It
has first been derived by E. Heller for one and two dimensions [25]. We will present the
multidimensional version [55,56] by using an ansatz for the wavefunction that reads

2N det v, 1/4
N

et ) =

T (2.13)

i

h

i
proI;,t (X - qoz,t) + hét} )

X exp {— (X = Qo) ¥ (X = day) +
where po+ and q, ¢ are real-valued vectors of length N describing a trajectory evolving from
(Pas 9a), while v, is a complex-valued N x N matrix and d; is a complex scalar. The generalized
width parameter =, is clearly distinct from the real-valued, diagonal matrix « that enters
the HK wavefunction (2.11) via Eq. (2.7). The ansatz is plugged into the TDSE (2.1) and
the potential V(x,t) is expanded to second order around the central trajectory. Comparing
coefficients of the resulting equation yields classical equations of motion for p,; and qq.¢, and
the phase d; evolves according to

b =L — R Tr(m™'y,), (2.14)

where m is a diagonal matrix containing the mass of each DOF, L is the Lagrangian from
Eq. (2.8), and the abbreviation Tr denotes the trace operation. The width parameter matrix
follows a Riccati equation

L LoV
2h 0qoqT

¥y = —2ibym ™y, (Qats 1)- (2.15)

Unlike in the previous section, the width parameters now depend on time, hence the name
“thawed” Gaussian wavepacket dynamics. Furthermore, the TGWD wavefunction (2.13) does
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Figure 2.2.: TGWD propagation of an initial GWP centered at (pa,qq). Red ellipse: Initial
GWP, blue: final GWP, dashed line: time evolved central trajectory. The exact wavefunction
is represented by the gray shaded area.

not require a phase space integration like the HK propagated one from Eq. (2.11), making
this scheme computationally much cheaper. Due to the second order approximation of the
potential in the derivation, however, TGWD is exact only for at most harmonic potential.
In Fig. 2.2, TGWD propagation is illustrated in the same fashion as HK propagation in the
previous section. While an initial Gaussian state is reproduced exactly, anharmonic distortions
of the time-evolved wavepacket cannot be reproduced by a single GWP.

The connection between HK and TGWD propagation has been established in [26] for wave-
functions and in more detail in [37] for reduced densities. The derivation starts with the HK
expression (2.11). Expanding the exponent to second order around the central initial phase
space point (Pa,qq) leaves a Gaussian integral that can be performed analytically. After some
tedious algebra, one can recover an alternative formulation of TGWD [56], namely,

det v 1/4 . -1/2
U, (x,t) = . [det (magoy + ifmo )] (2.16)

1 1 . _
X exp {—2 (X — Qas) " <m11,t’7 - hmm,t) (magy + iimar 1)~ (X — day)

+%Pg¢ (X - qa,t) + %St(paa qa)} )
The equivalence of Eq. (2.16) with Egs. (2.13) to (2.15) has been shown for the 1D case in [8].
For multiple dimensions, it is established in [55,56], where the width parameter and the phase
are defined differently. In order to be self-contained, we lay out an adapted version in App. A.

We will use the connection between HK and TGWD in the next section to show the derivation
of a mixed approach according to [26|, where TGWD is applied to describe weakly coupled
bath modes close to their vibrational groundstate, where almost harmonic behavior can be
assumed.
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2.2.2. SEMICLASSICAL HYBRID DYNAMICS

In order to derive the mixed phase space approach of semiclassical hybrid dynamics (SC-HD),
we start by explicitly writing out the Gaussians in Eq. (2.11) with a slightly adapted notation,

1/4
Wi, 1) = (LY / d¥p d¥q Cy(p, q)e St PD/h

ex —EX—tT X —qt LTX—t
cexp{ =3 (x - a) q>+2h1pt< ) -

<exp{ = (@=an) (@ an) - 1y (b pa) 7 (0 po)

4
5 (a0 (P

Now, the phase space is divided into a HK and a TGWD part, N = Ny + Nig. The combined
initial phase space points are defined as

_ Pnk _ ghk
= = 2.18
Pa.0 (pa,tg> o0 <qa,tg> (2.18)

where ppx and gpx are Npk dimensional vectors sampled around (pa hk, da,hk), and Pa g and
Qa,tg are Nz dimensional vectors fixed at the center of the central GWP. Trajectories prop-
agated from these initial conditions are denoted by (pa.t,da.t), thus redefining the naming
convention from the TGWD section. It should be noted that there is no decoupling of the
classical dynamics of HK and TG DOFs, ie., pat = P (Pa,0, 40,0, t) and da.t = q (Pa,0, 90,0, t)-

As mentioned before, the TG part of the exponent is expanded to second order in the
displacements dptg, dqie from the wave packet center. This makes the action

St (P,q) = St (Pa,0s da0) + PaM21,¢6Ptg + (P Mazs — Pg,tg) dqsg
o 1omop o (2.19)
+ 55pggm1T1,tm21,t5ptg + 55thgm1T2,tm22,t5th + 0q Ty M1 10Pyg,

with iz dimensional displacement vectors, defined as the difference between the originally
sampled TG initial conditions and the wave packet center,

6ptg = Ptg — Po,tg (2.20)
0dtg = dtg — atg (2.21)

and non-square N X Niz dimensional stability matrices

~ 11t = apa,t ~ 01s = aqoz,t
7t ,t -
8pa,tg apa,tg
(2.22)
ﬁl — apa,t ﬁl — 8qa7t
12t 8qa,tg 22t aqa,tg

These newly defined submatrices will be used in the TG part of the hybrid expression only.
The HK prefactor C; still contains the full stability matrices as defined in Eq. (2.9).

We also need to expand the original trajectory (py, q:), where each DOF has sampled initial
conditions, to linear order in the displacements

Pt = Po,t + M12:0dtg + M11t0Ptg (2.23)
4t = Qa,t + M2210qg + M2y, 0Pyg. (2.24)
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After inserting expressions (2.19), (2.23) and (2.24) into the HK wavefunction (2.17), one
proceeds by grouping terms in powers of the difference coordinates to get to the form of a
Gaussian integral

1 det L/4
VoD =G < - >

X /thkphdethhk Ct(Pa0, 9a,0) (Gyy (Phks Ahk) |9y, (Pahiks Dashk) ) (2.25)

T
0 0 T (d
Nt Nt o Ptg wi Ptg wi Ptg wi
X /d £0pegd B0 qtg exp{ <5ptg> Aj (5ptg> + (bt ) (5ptg) + ¢ },
where we have changed the integration variables of the TG part and made the assumption

Ci(p,d) = Ci(Pa,0,da,0) to remove the (pig, qig) dependence of the prefactor. Carrying out
the integration over the T'G part reveals the final hybrid form of the wavefunction

1 1 det vy 1/4
U(x, ) ~2R)N NN ( N )

X /thkphk A" e Co(Pa0: 9,0) (e (Phks Qik) |Gy (Pashl Qashk))  (2.26)

1 1 _
g {5 0 () e et

As can be seen in Eq. (2.25), the new quantities A, b; and ¢; are the collection of second, first
and zeroth order terms, respectively, in the displacement coordinates. All of these quantities
depend on the initial conditions of the full problem, i.e., for example, A} = AM(py.0,q00)-
Terms of this nature will also appear in the reduced density formalism and in the context of
spectral calculations, which is why we introduce an additional upper index. The second order
terms take the form of a symmetric block matrix

Awf Awf
Awf — < %Vl,t %V2,t> 2.97
VS N (220

with Nig X Nig entries

1 1 1

wif — ~ ~ ~

ATy :W’Ytgl + B [m%,ﬂ + hm1T1,t} myy ¢ (2.28)
wi i1 [ i
12 = g5 T oM21e | YM22 + M2y (2.29)
wi 1 1 ~ T 1 ~ T ~ wt T

A21,t =-7 t 5 Mooy + Ty, | My = (A12,t) (2.30)

4h = 2 h

wt 1 Ll L

Ay =1 Ve + 5 | M2ty + 7MW | M2yt (2.31)

The first order terms are collected in a vector of length 2Ny,

bwf
byl = <b%;5> (2.32)
2t
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with components

T - 1
(b‘f’fe) = (X — qay)" |:’7m21,t + hmll,t:| (2.33)

wfy T T ~ i
(bQ,t) = (X — dayt) [’szzt + hmlz,t] ; (2.34)

and the scalar term is

i
)Y (X = dat) + Pt (X — dayt) - (2.35)

1 1
CZVf - ﬁSt (pa,Oy qa,O) . (X — Qa,t A

2
The hybrid dynamics approximation provides a versatile tool that can be employed very
naturally to the description of system-bath situations, as we will discuss in the next chapter.
As long as a distinction between few strongly coupled and many weakly coupled DOFs can be
made, SC-HD will significantly reduce the number of trajectories that are needed to converge
the phase space integral. For model systems such as the Caldeira-Leggett model in Ch. 4,
this separation can be very easy. For realistic systems, the choice of HK and TG DOFs
requires certain assumptions about the problem at hand; in molecular physics, a normal mode
description is usually a good starting point.

2.3. LINEARIZED SEMICLASSICAL INITIAL VALUE REPRESENTATION

In the final section of this chapter, we will present one last HK-based method that will later
serve as a classical comparison to semiclassical results, the so-called Linearized Semiclassical
Initial Value Representation (LSC-IVR) introduced by Sun, Wang and Miller 19,20, 57-59]
(it is also known as classical Wigner dynamics [60,61]). It is a special case of a more general
semiclassical formalism, where an observable is written in the form of a generalized time-
correlation function as it is often the case for system-bath dynamics

Cap(t) = Tr (fleiH t/h Be=iflt/ h) . (2.36)

The operators A and B have to be chosen such that Csp (t) describes the quantity of interest.
Usually, A describes the environmental degrees of freedom, while B contains the system prop-
erties. For a semiclassical evaluation of expression (2.36), the HK propagator has to be inserted
twice, resulting in a double phase space integral. In order to facilitate the numerical treatment
of this class of problems, a forward-backward (FB) formalism has been devised. It is based on
trajectories that first go forward in time, then undergo a jump in the momentum coordinate
of the system (or in momentum and position) at the final time, and are propagated back to
time zero. In this way, only a single phase space integration and an integration over the jump
coordinate(s) is required. The resulting integrand is numerically well-behaved because oscilla~
tory contributions of a given forward trajectory are canceled by its backward counterpart. The
underlying idea has been suggested by Makri and Thompson for the influence functional in
path integral calculations [62]. It has subsequently been applied to smoothing HK propagation
of time-correlation functions by Sun and Miller [20], by Shao and Makri [63], and more recently
in a generalized way by Martin-Fierro and Pollak [64].

We are interested in a simplification to FB SC-IVR, namely, LSC-IVR, where the forward
trajectory does not “jump” at the final time, leading to infinitely close forward and backward
trajectories and thus to a classical model that does not include quantum interference. As
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shown in [19], it can be derived from Eq. (2.36) by transforming the integration variables to
sum and difference variables. After expansion of the action and the trajectories to second order
and first order in the difference variables, respectively, the integration over the these variables
can be performed analytically. The result is a single phase space integration over the Wigner
transformed operators

Can(t) = / d¥p d¥g Ay (p, @) Bu(pr, ), (2.37)

(2rh)™
where the Wigner transform [65] is defined as

Aq
2

Alq

Ay(p,q) = /dNAq e~ipAa/h <q+ 5

Aq> : (2.38)

With the two quasi-probability distributions in the integrand, Eq. (2.37) is reminiscent of a
classical correlation function [12]. Due to this correlation function form of LSC-IVR in Eq.
(2.36), in general we now get a density operator p(x,x’,t) rather than a wave function ¥(x,t).
Using the notation of the following chapter and restricting ourselves to the reduced density
p(s,t), ie., the diagonal elements of the density operator defined in Eq. (3.3), we choose
operators A and B according to

A=|0,) (V] (2.39)
B=1s) s, (2.40)
where |U,) is a product state of Gaussians and the indices o and o/ denote different system

states. |s) (s| is the projection operator of the system coordinates. Then, we can calculate the
corresponding Wigner transforms. The system coordinate operator becomes a product of delta

functions,
S ){s|qt — §
2

Bulproa) = [ 4% e oFes <qt +2

/dNS§ e 1"tg/h<qs L& >< S|ds,t — S;>
Ny
X g/d§Z <Qb,t,z+ 9 db,t,i 9 >

- £ £
_ | | o ipit&i/R . St oSt
i:1/d§z € J <QZ,t + 5 5@> o <Qz,t 9 51) (2.41)

Ns
= lim

1 1
/dgl €Xp {_f pz tgz - (Qi,t - Si)2}
paley €,—0 27e; €

L1550 /me;
=1
Ns

= H d (th Sz)
i=1
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For the initial state, the Wigner transform amounts to some algebraic rearrangement and a
Gaussian integration
q J— §
2

Ay(p,q) = /dN€ oTiPTE/M <q L&

I1 ) [ dé

X exp {—1@5@‘2 + [’; (Qa,i - qa’,i) +

N
(i ¥a) (Vo i

i

2 (pa,i + Pari — 2pi):| gz} (2.42)

N
Vi 2 1 2

=[] (@ %a.i) (Yarilai) exp {42 (Gai = Gar i) — T (Payi + Pari — 2pi) }

i=1 i

i
X exXp {Qh (Qa,i - Qa’,i) (poz,i +pa’,i - 2pz)} :

In Ch. 6, where we want to calculate the time evolution of two scattering electrons, we will use
Egs. (2.37), (2.41), and (2.42) to show the classical counterpart of quantum and semiclassical
results.

With this, we end the introductory chapter on semiclassical methods. We have introduced
several different techniques, starting with the most accurate, but also most numerically de-
manding method by Herman and Kluk. Then, we have derived several simplifications, among
which the hybrid method will be the most important one in this work. We will proceed by
giving a detailed description of the calculation of two important quantities within the hybrid
framework, namely, reduced density matrices of systems embedded in a temperature dependent
bath and vibrational spectra of molecular systems.
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3. HYBRID PROPAGATION SCHEME FOR
DENSITY MATRICES AND SPECTRA
OF MOLECULES

After introducing the basic idea of several trajectory based propagation schemes in the pre-
vious chapter, we will proceed with two applications of semiclassical hybrid dynamics to the
calculation of reduced density matrices and vibrational spectra. Again, we divide the DOFs of
the problem at hand into a small system and a larger bath part which are then described by
HK propagator and thawed Gaussian (T'G) dynamics, respectively.

The two quantities for which we will derive hybrid expressions are naturally suited to this
approach. Reduced density matrices are a ubiquitous tool for the description of systems em-
bedded in (finite or infinite) environments. They contain the full information about the system,
and will be used later for the calculation of the purity. In the calculation of vibrational spectra,
a separation of DOFs is both computationally necessary and well justified, because typically
just a small part of the normal modes of a chemical system is significantly excited. These
vibrations of interest can then be picked out for a more accurate HK description, while the
others are assumed to be close to the ground state and therefore nearly harmonic.

3.1. HYBRID REDUCED DENSITY MATRIX FORMALISM FOR FINITE
TEMPERATURE BATHS

The reduced density matrix formulation of semiclassical hybrid dynamics has been introduced
in the doctoral work of C. Goletz both for zero [27] and finite bath temperature [28,37]. We
will shortly repeat the main steps leading to those equations that we will use later to describe
the decoherence of iodine molecular vibrations in a krypton environment [66]. Since we will
propagate initial superposition states |®(0)) = (|®1) + |®2)) /v/2, the generalized total density
matrix will be a double sum

pt) =

N | =

2 2
Z Z Paa! (t), (3.1)
a=1a/=1
where pq o/ (t) is the contribution to the time evolved density operator with initial state

ﬁa,a’(o) = |<I>a> <(I)o/| : (3'2)



In order to make the system-bath separation, the DOFs of the total system are divided into
system and bath parts, xT = (ST, yT). The reduced density matrix is then defined as the trace
over all bath DOFs of the total density matrix and can be written in position representation
as

pea (58, 1) = / Aoy qNoy 5(y — 3 )% (K, 1) (x, £). (3.3)

We plug in Eq. (2.11) twice to express the time evolved wave functions, ®%,(x’,t) and ®,(x,1),
with the HK propagator,

1 *
Ps,a,af (X7 X,at) = W /dbe dbel 5(}’ - y/) /de del qu qu/ Ct<C£)

« (S8

(3.4)
x|g (Pt ) {gv(P} ap) |[X') {9y (P, Q)| P (0) |9 (P’ ),

where we use primes for quantities that depend on primed initial conditions (p’,q’). The
integration over the bath coordinates can be performed analytically to yield

N 1 N, iN./ ;N _ 1N / * (0! o] el(St(P,q)—S:(p’,q"))/h
Ps,ar(8,8,1) = ey | Cp T dadT \/det[ht(nq)ht(p,q)]e t '
X (G, (Pt> At) |9, (P, A1) (8|9, (Prsat)) (. (P })[S") (3.5)

e_BHb .
gy, (Ph ) ) -

Zy,

X (gr, (P Gs) | Vo) (Vo

9~ (PS,q%)) <9’7b (Pb, db)

In Eq. (3.5) and throughout this work, system and bath are chosen to be in a product state
initially and therefore the contributions to the density factorize as well. We will use different
initial states for the system DOFs only and thus get an initial density

e_BHb

Zy,

Do) (Por| = [Va) (Yo (3.6)
with the newly introduced inverse temperature = 1/(kgT’) containing the Boltzmann con-
stant kg and the temperature T" as well as the partition function Zy,. In a temperature depen-
dent formulation, the initial bath density is described by a thermal density operator, which
takes the coherent state representation form [37]

—BH, N 1
€ _ )
<gyb (Po ab)| —5— [, (Ph, q{))> = 1] (1 —e 5“’”) exp {—4 (an voan + q{DTquL)}
=1

~~

Zy,
1

2h

1 1 T _ 2 i
X exp {+2 (’Ybe - hpb> e Pl <q{3 + ﬁ'Vb 1p{)> }

Since we assume the bath degrees of freedom to be harmonic and have unit mass with Eq. (3.7),
the bath width parameter matrix ~;, has diagonal entries wy, ;/h, where wy, ; is the frequency
of the i-th bath oscillator.

1 - _
X exp {_47@2 (Poy, 'Pb+PL Y, ' PL) + o (Phab — p{qufo)} (3.7)
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In spite of the reduction in Cartesian coordinate space, the computational effort for the
convergence of the 4N dimensional phase space integral in Eq. (3.5) renders simulations im-
possible as soon as the number of DOFs exceeds a handful. Further approximations are needed;
one such way is to bring the hybrid idea into play. We should stress right at the start of the
derivation that we will restrict ourselves such that the system DOFs will always be treated
with HK and the bath DOFs will always be treated with TG. In general, this is not necessary
and sometimes not even desirable, but it is sufficient for the reduced density calculations in
this work and we will therefore use “system” and “HK” synonymously, as well as “bath” and
“TG”, in this section. The more general approach is laid out in [37].

Asin Egs. (2.19), (2.23) and (2.24) of Sec. 2.2.2, the action and the trajectories are expanded
to second order in the difference coordinates around a central trajectory for a subset of DOFs
only. We insert the approximated quantities into the full density from Eq. (3.4) and regroup
the exponent in powers of the displacement variables

1 ~
Pa,a’ (va/7t) = W\/’/de de/ qu qu, Zy det [ht(hf‘,)*]

X <9’Ys <pquS)‘\I’a> <\Iloz’ v (pqué)> (3.8)

X (%|gy(Pat, dat)) <97 (P/a/,ta q/a’,t) ‘X/>
T

5ptg 5ptg 5ptg
0qe a | das T [ dat i
_ AL g bt g — (.S — S//
X exp 5p£g : 5p/tg + ( ; ) 5P£g + 3 ( at o ,t)
0qtg 0t 0dtg

where we introduce the index « for quantities that depend on initial conditions (pa,0,Qa,0), for
example pPat = P (Pa,0, a0, t), and likewise the index o for initial conditions (p’a, 0> Al 0).

Assuming h(p, q,t) = h(pa,0, da,0, t) like we did in Sec. 2.2.2, we can again perform a Gaussian
integration over the bath DOFs to get

o det [, (h, )]

Paa (%, X, 1) = (2h)2N 2N det (A1)
% (gv, (Ps; as)|¥a) (Yo |9y, (PL 4C)) (3.9)
X (%|gy (Payts Aat)) {Gy (Piar 1 Do 1) [ %)

) - .
X exp {4 (bid)T (Aid) ! bgd + % (Sa,t — 5&1;)}

Except for the prefactor, the bath initial state from Eq. (3.7) is fully contained in the newly
defined variables A™ and b, In order to shorten these expressions, we introduce two further
abbreviations, namely, Nyz X N matrices defined as

1

/thkp thkp/ thkq thkq/ Zb

_ - i
uy = mgu’)’ + %mrlrl,t (3.10)
- N i
A\ m’2r2’t’7 + %m;rz’t, (311)

with the non-square stability submatrices m;; introduced in Eq. (2.22). Parameters of quadratic
terms in the bath initial conditions are collected in the 4N, x 4N}, matrix

Ay Agy )
A — ( ; Lk 3.12
© AT (an) (3.12)
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whose 2Ny x 2Ny, submatrices are defined as follows:

-1 ~ ~ ~ ~ —
Mg 4 Derore i g Vi Yig. i
4h2 2 4n 2 _ T 4R? 4h,
Ay = =AY Ay =P - (3.13)
i Vil Yig | Vil _ i _ e
mtT=2 1 T3 " 1

The parameters of terms linear in the bath initial conditions are again written in the form of
a 4Nig dimensional vector

(b5)" = (; _ gz‘l;’;)T <[ﬁtTO‘7tT] [(ﬁ?)T ’ ({,g*)TD = <[E§ff] />T. (3.14)

Comparing the above quantities with their wave function counterparts in Sec. 2.2.2; one finds
that the reduced density formalism is just a generalization of this previous section. We also
note that the elements of Ay ; become zero for vanishing temperature.

The remaining integration over the Cartesian bath DOFs in Eq. (3.9) poses no fundamental
difficulty, but we need an explicit expression for the inverse of the previously defined matrix
A because the term (bid)T (Aid)_l bid depends on the Cartesian DOFs via bi. We use the
definition from [37] and define

1 T rd\ rd — 1 I D 5 D 5 T
L0 (a) Mot = L )" (D3 p) o (3.15)

T
X — qOé,t Kt Lt X — qOé,t (3 16)
x' — q,a’,t L) Kj) \x - q/o/,t .

System and bath Cartesian coordinates are now separable by expressing both K and L in the

form

Kes,t Ksb,t) L= (L ) L ) > . (317)
bs,t bb,t

With this notational clarification in place, we can once more reshuffle terms. First, we carry out
the d™vy/§(y —y’) integration according to Eq. (3.3). Then, we regroup the modified exponent
from Eq. (3.9) in orders of bath Cartesian coordinates y to obtain the desired quadratic form
y 'Hy +e'y + f. After another Gaussian integration over the remaining bath coordinates, we
arrive at the final result for the hybrid formulation of a reduced density matrix of a system in
a temperature dependent bath

Ny,
1 — B
Ps,a,o (Svs/7t) = W /thkphk thkpilk thkqhk thkqilk [1:11: (1 _e B JL)]
det(y) det [ha,t(h/a t)*] .
: s$:0s)|Va) (Vo sy Us 1
) \/ det (AJ) det(Hy) (9 (Por ) [Pa) (Yo, (Pl i) (3.18)

T .
S — Qas,t S — Qa,s,t T (S —dast 1 /
X ex ” A 7 +o 7 +ht + = (Sat — S, .
’ { <S/ - q/a’,s,t> ' (S/ - q,a’,s,t) ! (S/ - q/a’,s,t> ' h( ot “ 7t)
This expression contains a number of new abbreviations that we will list shortly in the following.
The quadratic terms in y are assembled in the symmetric Ny, x Ny matrix

H, = — (Kpbs + Kipp + Liobe + L — 1) - (3.19)
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Contributions in the different orders of (s — qa¢) arise either from the last Gaussian inte-
gration, from the position representation Gaussians in Eq. (3.9) or from the system part of
expression (3.16). Terms that are quadratic in the system coordinates are summarized as

Fsb tH Fsb bt % + Kss,t be tH lF,bt + Lss ,t
A = (3.20)
Fg,th_lFsb,t + L;Fsg: Féb,tH ngt - T Kss it

with auxiliary matrices
Fspt = Kbt + Lisb sbt = K/bt + Lbst (3.21)
Linear contributions in (s — qqs¢) are collected as

Fsb,th_ldt - 2Kgs,tqoz,b,t - 2st,tq:)/7b’t + %pa,s,t
o) = : (3.22)
-1 T i
F;b,th d; — 2Kbs 1oy bt — 2Lipg 1 Gabt — %p,a’,s,t

where we have defined another auxiliary vector

T
di = (v — 2Kbbt — 2Lbbyg) " dagbe + (Y — 2Khps — 2Lbbe) Qs (3.23)
i
+ n (pa7b7t - p:l’,b,t)

All remaining contributions except for the action form a scalar

. T
1 1
hy = [2013“( b — 2Kpb) + hPa,bvt} Qab,t

(3.24)

1 T 1 B T |
- [2(q/04',b,t) (’Yb - 2K{>b) - hp;’,b,t:| q/a’,b,t - 2qa,b,tLbbq/a’,b,t + idt H, "d..

With Eq. (3.18), we have a tool at our disposal that allows for the calculation of the system
dynamics in a temperature dependent bath. It should be pointed out that we achieve a two-
fold reduction in computational effort. Most importantly, the hybrid formalism reduces the 4NV
dimensional phase space integral from Eq. (3.5) into an integral of 4V dimensions. Second,
the memory required for the storage of the reduced density depends only on the number of
system DOFs. With these measures, we obtain a mechanism that scales very favorably with
the bath size in terms of computational time and memory. In Ch. 5 it will be applied to the
dynamics of iodine in a krypton environment. We also will perform full quantum calculations
for small bath sizes as a means of comparison; the theoretical considerations for the description
of the bath temperature in this case are sketched in App. B.

3.1.1. MEASURING THE QUANTUMNESS OF A SYSTEM: PURITY AND COHERENCE

We will conclude the section on the hybrid reduced density formalism by introducing the
quantities that we will be interested in later. In Ch. 5, we will investigate the decay of
quantum properties of an iodine molecule embedded in a krypton bath. A common measure
for the quantum character of a physical system is the purity [67] of the kth DOF,

Pi(t) = Trg (pr(t)?) (3.25)
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where pr(t) is the density matrix reduced to coordinate k. For a pure state, the projection
property of the density matrix obviously results in a value of 1. For a fully mixed state, where
K different basis states contribute with equal probability, the purity takes on its minimum
value of 1/K.

Another, experimentally more relevant, quantity is the coherence between two states. We
will specifically investigate the coherence between two vibrational states. The coherence in this
sense is defined as one specific off-diagonal element of the reduced density matrix,

I () = [(klps(D)15)] - (3.26)

If we take an initial state comprising a superposition of two vibrational eigenstates of the
system, (|k) + |7))/v/2, the maximum value for this quantity is 1/2. The minimum value of
zero is reached once the coherence between these specific states has been completely damped
out by the interaction with environmental DOFs.

3.2. VIBRATIONAL SPECTRA OF MOLECULES

Spectra of molecular vibrations are a fundamental and ubiquitous observable in quantum
physics that provides valuable insight in the composition and dynamics of complex molec-
ular systems. A lot of experiments in molecular physics result in spectral information of some
sort. Predicting and explaining experimental outcomes theoretically is therefore a task with a
lot of applications and very closely related to experimental findings.

From the theoretical point of view, there are several ways to calculate the spectrum of a
given system. The first idea might be to diagonalize the Hamiltonian either analytically, which
can be done only for very simple systems, or numerically [68,69]. One such approach is the
class of vibrational self-consistent field methods where the basic idea is to approximate the
total wavefunction as a product of 1D wave functions. These wave functions are subject to ef-
fective 1D potentials obtained by averaging over all remaining degrees of freedom. The arising
equations are solved self-consistently; correlations due to the coupling of different DOFs can be
included by second order perturbation theory [69]. Another way is to calculate the spectrum
dynamically by computing the time evolution arising from the Hamiltonian to get the autocor-
relation function and then find the spectrum as its Fourier transform. This approach requires
a computationally feasible method for calculation of the system dynamics. We will focus on
semiclassical methods based on the propagator by Herman and Kluk for the calculation of
the autocorrelation function. The simplest implementation without any further approxima-
tions has, for example, been used successfully to calculate the spectrum of the 3D hydrogen
atom [18]. Problems that contain more than a few degrees of freedom, however, require further
approximations to the HK propagator to keep the number of trajectories that are needed for
convergence of the phase space integral as low as possible.

As one way to achieve this reduction, a time-averaging formalism for the calculation of wave
functions with the HK propagator has been proposed by Y. Elran and K. Kay in 1999 [70, 71|
that introduces an additional time average (TA) of the phase space integrand. The additional
integration pre-averages the phase space integrand in such a way that considerably fewer tra-
jectories are needed to achieve the same level of accuracy for the resulting wave function, as
is shown for two one-dimensional model systems. This idea has been used specifically for the
calculation of vibrational energy levels by A. L. Kaledin and W. H. Miller [29] who introduced
an additional, so-called separable approximation to reduce computational effort. The resulting
expression requires only one instead of two time integrations, but is exact only for the harmonic
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oscillator (HO) and still very accurate for low energy states in Morse-like potentials. Within
this approximation, systems with about ten DOFs have been investigated [29-33, 53, 72-76|.
However, for the more complex calculations, additional measures such as specific initial states
had to be employed to keep computational effort on a feasible level.

Another way to lower numerical cost has been introduced in the previous chapter. With the
semiclassical hybrid dynamics, we have a tool at hand that allows for a divide-and-conquer ap-
proach by keeping the costly HK calculations restricted to few DOFs of interest and describing
the majority of DOFs with the single trajectory thawed Gaussian method. In the context of
spectral calculations, such a separation makes sense because usually only (excited) vibrational
states of a few bonds or normal coordinates are of interest, while the exact energies of envi-
ronmental DOFs are not important. As the main theoretical achievement of this work, we will
apply the hybrid idea to the TA SC-IVR formalism to make calculations for systems with a
few tens of DOFs possible.

In this section, we first repeat the argument by Kaledin and Miller that leads to the TA
SC-IVR. Then, we will derive a hybrid expression and propose another approximation to get a
compact and computationally cheap method to find the full vibrational spectrum of small sys-
tems of interest embedded into a large environment. The effect of the different approximations
will be demonstrated for two simple numerical examples to give an idea about their respective
quality.

3.2.1. TIME AVERAGED SEMICLASSICAL CALCULATION OF VIBRATIONAL
SPECTRA

We start by laying out the basic idea of the time averaging formalism for the semiclassical
calculation of spectra, as it has been proposed in [29]. A given state |y) of a system described
by Hamiltonian H has a spectrum

1(E) = 37 (i) P 6(E - ), (3.27)

where E; are the eigenenergies and |[¢;) are the associated eigenstates of the Hamiltonian.
This spectrum can be calculated from the dynamical evolution of an initial state |x) subject
to Hamilton H by taking the Fourier transform of the resulting autocorrelation function,

[e.e]

1 i —iHt/h
I(E) = Py dt el Ft/h <X et/ X> (3.28)
= Re % /dt elbt/h <X ‘e*im/h‘ X> , (3.29)
0

where the symbol Re signifies taking the real part of the expression that follows in brackets.
The semiclassical approximation is introduced into this expression by using the HK propagator
for the evaluation of the autocorrelation function. One then gets

I(E) :(QW%)N%/dNP/dN‘J

x Re / dt P Cy(p, @) S D (v (g(py, ar)) (9(py@)|X) |
0

(3.30)
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where (py,q¢) = [P(p,q,t),a(p,q,t)] are classical trajectories, Cy is the HK prefactor, S; is
the classical action, and |g(p¢, q;)) is a GWP centered at (pt,q;). In principle, Eq. (3.30) can
be used for system with any number of DOFs, however, the need to converge the phase space
integral numerically narrows down its application range to very small systems. In order to
describe larger systems, one has to find a way to reduce the number of trajectories that are
necessary for convergence. Kaledin and Miller [29] therefore suggested to replace the phase
space integral Ipg is by its time averaged version IpgTa

1
o= [ [a% a@p) — Tesan= [ 4% [@¥o g [at @) @3y

This leaves the phase space average unchanged as can be shown by first exchanging the order
of integration in Ipg Ta and then using Liouville’s theorem to change integration variables from
(p,q) to (pt,qt). The expected result of this pre-averaging of the phase space integrand along
each trajectory is a smoother integrand. After some algebra, application of the time averaging
(3.31) to the semiclassical expression for the spectrum, Eq. (3.30), leads to

T o)
1
I(E) dVp [ dVg Re W/dtl/dtz Ct, (Pty>qt,)
0 t1 (3.32)

X <X|pt27 qt2> ei/ﬁ(stz (p7CI)+Et2) |:<X‘pt1 : Qt1> ei/h(stl (p7q)+Et1)i| * > '

In order to avoid evaluating the cumbersome double time integration, one would like to collapse
it into the absolute value squared of just one time integration. The only term that prevents this
step is the prefactor Cy, (p¢,,qt, ). Consequently, Kaledin and Miller propose an approximation
to enforce factorization, namely,

CtQ (pt1 ) qtl) ~ ei¢t2 /heiwtl /h (333>

where ¢;/h is the phase of the HK prefactor C;. This separable approximation is exact for the
harmonic oscillator and gives very accurate results also for more complicated bound systems,
as has been shown in a lot of publications [29-33, 53, 72-76]. Inserting Eq. (3.33) and setting
the upper boundary of the ¢y integration to 7" makes Eq. (3.32)

1E) = Gy e | €0 [ 4
T

X /dt (xl9(pt,ar)) exp {i[Si(p,q) + Et + ¢+(p,q)] /7i}
0

2 (3.34)

From a comparison to the original HK spectral density (3.30), it is obvious that this new
expression is more well-behaved since the phase space integration is now over a strictly positive
quantity and therefore very likely to converge with a smaller number of trajectories. Kaledin
and Miller applied this approximated form to small molecules such as water [29], methane
and ammonia [32]. M. Ceotto and different coworkers employed the separable TA SC-IVR
method for a variety of molecular systems with up to eight coupled and 21 uncoupled DOFs
[30, 31, 33, 53, 72-76]. They showed that an initial state that is specifically tailored to the
system under investigation greatly reduces the number of trajectories required to get accurate
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energy levels. Capitalizing on the intuitive nature of semiclassical IVRs, they take a coherent
superposition of GWPs centered at phase space points with energies close to the actual spectral
positions and just have to run a single trajectory for each initial GWP [30,31]. It has also
been pointed out that such an initial state can be used to filter out specific lines from an
otherwise unreadable spectrum [74], as we will see in Sec. 4.3.2. Additionally, there are other
ways to speed up TA SC-IVR computations by using a Hessian update scheme for faster
calculation of the HK prefactor [53] or by performing the phase space integration in parallel on
a graphic processing unit (GPU) [75]. Combined, this methodology even allows for expensive
first principles calculations of realistic systems.

However, in spite of the measures that have been taken to speed up computations, the
principal bottleneck of the phase space integration remains: with each additional DOF of the
overall system, the phase space dimension grows by two, thus requiring more trajectories for
convergence. In the next section, we will therefore once more employ the hybrid method as a
way to pick out just the DOFs of interest and describe the remaining part of the overall system
with single trajectories that do not require additional phase space sampling.

3.2.2. HYBRID APPROACH TO TIME AVERAGED SEMICLASSICAL INITIAL VALUE
REPRESENTATIONS

We have already laid out in Eq. (2.18) of Sec. 2.2.2 how the phase space is divided into
a smaller part that is described by the HK propagator and a bigger part whose time evo-
lution takes place on the TG level. For the phase space integration in Egs. (3.32) and
(3.34), this means, again, that we no longer sample over each DOF of the full problem,
but only over Npx DOFs. We assume the reference state |x) to be a GWP centered at

(pl,ql) = [(pg,hlvpg,tg) , <q'(£7hk’ qg,tg)} and expand the remaining Nyz = N — Ny DOFs
around this point, thus getting new initial phase space coordinates (Pg,oa qu) as defined in

Eq. (2.18). In order to derive the hybrid expression, we start with Eq. (3.34) and write the
overlap of Gaussian reference state and time evolved trajectory explicitly

1 1
I(E)=—— dVp [ aV
(E) =507 @ni)™ / P / 1

X exp { - i (ar — 42)™ 7 (@ — da) — 5 (Pt — Pa) "7~ (Pt — Do) } (3.35)

T

i i i
/dteXp {hEt + %Qst (p,q) + %St (p,q) }
0

4n?
2

i
X eXp{ + o (o — )" (pt +pa)}

As before, the action is expanded to second order in the displacement coordinates, yielding Eq.
(2.19). The overlap is approximated by expanding the original trajectory to linear order in the
displacements, Egs. (2.23) and (2.24). Inserting Egs. (2.19), (2.23) and (2.24) into Eq. (3.35)
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and collecting terms of the same order in the displacement coordinates results in
1 1
IB)= —=—v | dVp [ AV
(E) = SonT @nm) / p/ 7

i i
/dt exp {hEt + 50 (P, CI)} (9ahk| 9o hk t (Pa,0, da0)) (3.36)

0

5pg) | 5 5 ’
X exp { — < ptg) d < ptg) + [bid]T < ptg> +c§d

6th 5CItg 6CItg
where (g hk|9ga,hk,t(Pa,0, da,0)) is the overlap of the initial reference state with the HK part of
the time evolved trajectories. The zeroth order contribution in (dpig, dqtg) arising from the
approximation contains the action and the overlap of the TG part of the trajectories with the
reference state,

)

1 1
Ct =5 (pa 05 do 0) (qoc,tg,t - QQ,tg)T Yig (Qa,tg,t - Qa,tg)

h 4
1 j—
o @ (pa,tg,t - paatg)T 7tg1 (pa,tg,t - pa,tg) (337)
i
+ ?h (qa,tg - qmtg,t)T (pa,tg,t + pa,tg) .
The first order terms are collected in a 2Ny, dimensional vector
bsd
byt = (bigf> : (3.38)
2,t

where bﬁfit and b%fit are multiplied with dptg and dqyg, respectively, and the two parts have a
slightly asymmetric form

1] i 17T
bi% = — 5 | Ym21e + g (da,t — 9ay0)
! | (3.39)
T
~ 9 [y~ 'y, — i) (Pay — Payo)
sd 1 [ ~ i ~ IR
by = — 5 | Yoz + oMoy (ot — 9ay0)
! - ' (3.40)
1

1.~ y o~ T
T on2 [’Y 1m12,t - 1hm22,t] (pa,t - Pa,o) - ﬁpa,tg-

We note in passing that the additional contribution to b%flt is a constant in time and can
therefore be taken out of the time integration, where it becomes just an overall phase that
vanishes in the modulus. The matrix that is multiplied with the second order contributions is
the 2Nz X 2Ni, matrix Aid with quadratic submatrices

A3, = iﬁlgl,t’)’fhm,t + 47112m1T1 2y o (3.41)
A12t = im% {YMao ¢ + 4; ), Y gty (3.42)
A%, = im% ¢YmMar; + 4711 iy g+ 2.71 (3.43)
A%%,t = im22 FYmoo ¢ + 4711 mlfz Y 1m12t (3.44)
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The only imaginary contribution —i/(2h) is a constant in time and can therefore be regarded as
another global phase that can be discarded, making Aﬁd real and symmetric. The modulus in
Eq. (3.36) is now unraveled, the prefactor phase is approximated as ¢: (p,q) = ¢t (Pa,0s9a,0)
as before in order to take it out of the integration over the TG subspace and we transform the
TG integration variables linearly from (pyg, qig) to displacements (dpig, dqQsg) to get

T T

1 1
I(E) = dt; [ dty [ dNex Mok
(E) 27rhT(27rh)N/ 1/ 2/ phk/ dnk
0

0

1 1 S sd ) *
X exp {hE (t1 —t2) + 7 (61, (Pa,0s Da0) — Bty (Pa0s Aa0)] + €5 + (5F) }

X (ga,hk|9a,t1 ik (Pa,05 4a,0)) (Ja,hk|Gats ik (Pa,0, Day0))

T
) «\ [0
* / dthéptg/ dMgé%geXp{_ <52§§> (a5 + [a%2)") (52@}
S sd1* T (6
xexp{(bt§+ bi]") (5;‘:2)}.

The integration over the TG DOFs is another Gaussian integration that can be done analyti-
cally, and we arrive at the hybrid approximation of Eq. (3.34)

T T
1 1 Ny Ny
0 0

1 1
X exp {hE(h —t2) + 7 [, (Pa,0:9a,0) — Pty (Pao, qa,O)]}

(3.45)

(3.46)

1
det (AF + [A]")

X <ga,hk’ga,t1,hk(pa,07 qa,0)> <9a,hk!ga,t2,hk(pa,o, qa,0)>* \/
1/ s sd1*\ T [ A sd sd1*\ ! (qusd sd1* sd sd) *
Xexpy g (bh + [bi;] ) (At1 +[A%] ) (bt1 + [bi;] ) +ay+(as) 1

where it should be stressed that the TG quantities emerging from the second order approx-
imation of the exponent also depend on the HK initial conditions, A% = ASd(pa70,qa70,t),
b} = b (pao, dao,t) and ¢ = 4 (pao, dao,t). The above expression can be naturally
expanded to treat the total system on the TG level by setting N = Ni,. In that case, the
remaining phase space integration vanishes as well as the third line in Eq. (3.46). We show in
Appendix C that the emerging expression indeed reproduces the harmonic oscillator spectrum
exactly both in terms of peak positions and weights. This is an important finding because in
an equilibrated bound system with relatively small system-bath coupling, the ground state of
the bath contributes heavily to the spectrum.

With the hybrid approximation, we have again reduced the phase space region, that has
to be sampled over, to few HK DOFs. This is clearly an advantage over Eqs. (3.32) and
(3.34). However, compared to the separable TA HK expression from (3.34), the computational
improvement from the greatly reduced number of trajectories will be canceled out by the two
dimensional time integration. While the result of a time integration over an expression of the
form exp {iE(t1 — t2)/h} x f(t1,t2) is the off-diagonal of a two dimensional Fourier transform
and can be done numerically cheap with an FFTW algorithm, the computation of the integrand
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itself is very costly. It involves NSQteps inversions of the matrix A9 + (Aig)*, which scale with
thg' For a large number of environmental DOFs N, the computation of a single phase space
integrand will therefore take orders of magnitude longer compared to the evaluation of the
integrand of the separable TA HK expression in Eq. (3.34).

In order to get a hybrid approximation that will always be superior in terms of computational
time, it is necessary to recover a single time integration in Eq. (3.46). Clearly, this invokes the
need for an approximation of the two terms depending on A?‘f + (A?g)*, which are the only
contributions that cannot be factorized in ¢; and ¢y parts. Since there is no rigorous analytical
way to find such a simplification, we proceed in the spirit of the separable approximation that
lead to Eq. (3.34) and look for an expression that reproduces the harmonic oscillator result.
This approach is well justified if we recall that it concerns the TG part of the integrand only,
i. e. the part of the overall system that has already been approximated to be close to harmonic.
There are several ways to achieve the identity with the harmonic oscillator spectrum. We will
simply state our result here and show the underlying analytic considerations in more detail in
App. C.

The part of the exponential in Eq. (3.46), that has to be separable, is approximated as

(b3 + b)) (A3 + [ART7) " (bt [3]7) ~ (bi) " (AR,) b3,

+ (bsd )T (Asd )*1 psd

m,lo re,to m,to?

(3.47)

where we have introduced the real-valued quantity Afit to replace A$d from Egs. (3.41) to
(3.44) notationally convenient
A, = A3 4+ (A3 = 2Re(A}Y) (3.48)

re,t —

and canceled the constant imaginary part from the second component of b§ from Eq. (3.40)

b, = b . (3.49)
ot b%(,it + iPatg/ P

The TG prefactor is simplified in the fashion of a geometric average,

1/4 1/4
! ~ ! . (3.50)
det (A5 + [A3d] ") det (A3, ) det (A3d, )

Inserting these new separable approximations (3.47) and (3.50) into the hybrid result from Eq.
(3.46) we can recover a squared absolute value of a single time integration like in Eq. (3.34),

T

1 1 ' '
I(F) = thk thk /dt iEt/h+idt(Pa,0,9q,0)/ ]
(B) = kT @h)NaN e / Phk / Ghik e

X (o, hk|Ga,nk,t (Pa,0, da.0)) (3.51)

2
1 1 s \T 1 .
) [det (ASd )] 12 P {4 (b“it) (Als”g,t) brit + Ctd}
re,t

Within this expression, we have achieved a reduction of the dimension of the phase space to be
sampled while retaining the single time integration and the strictly positive integrand of the

36



separable HK result. As will be seen below, the main difference of the resulting spectra from
the full hybrid result in Eq. (3.46) lies only in a suppression of peaks that correspond to excited
states of TG DOFs. While their relative peak weight is much smaller, peaks positions of TG
DOFs are still on the same level of accuracy as in Eq. (3.46). This is shown analytically for
the harmonic oscillator in App. C. We want to point out that the suppression of excited state
peaks of the environment is not necessarily a bad thing given that these peaks are typically
not the main interest for a given problem. Prominent frequencies can thus be more easily
attributed to vibrations of HK propagated DOFs.

3.2.3. NUMERICAL EXAMPLES

In the previous sections, we have described a number of trajectory based propagation schemes
for the computation of vibrational spectra. In order to make these methods computationally
efficient, separable approximations have been necessary which are exact only for harmonic
potentials. We will now show for two simple numerical examples, how the different levels of
approximation influence the resulting spectra. One example is a Morse potential, where the
harmonicity assumption is justified close to the potential minimum. The other example is an
extreme case of a potential that is nowhere harmonic, namely, the three-dimensional Coulomb
problem. We will check the spectra against analytic results, and we will also show results from
HK calculations without time averaging according to Eq. (3.30).

ONE DIMENSIONAL MORSE OSCILLATOR

We start with a very basic anharmonic potential, namely, the Morse oscillator (MO) [77]. It
describes the vibration of a diatomic molecule on a given single electronic surface and reads

V(s) = D, (1 - e—a<5—8e>)2 — D, (3.52)

where s, is the equilibrium distance between the two constituent nulcei, D, is the dissociation
energy, and « is the range parameter. As shown by the plot in Fig. 4.5, the Morse potential has
a repulsive side at distances smaller than s, and an attractive side at distances larger than se.
At energies larger than the dissociation energy, the attraction is overcome and the atoms no
longer return towards each other. Eigenfunctions and eigenenergies can be found analytically;
in atomic units, the latter ones are

1 1\?
E, = we n—|—§ — TeWe n—i—§ , (3.53)

where we = ay/2D./m; is the frequency of the harmonic approximation of V(s) and x, =
we/(4De) is the anharmonicity constant. This result for the eigenenergies is approximate, but
the deviations are negligible for diatomic molecules |78]. The two parameters we and Tewe
showing up in Eq. 3.53 can be determined experimentally, and the Morse potential turns out
to provide an appropriate description not only for the vibrations of real diatomic molecules such
as iodine [79,80], but also for more complex systems such as the O-H stretch in water [81] and
even the interaction of DNA bases [82]. Semiclassical studies have, for example, investigated
the quenching of quantum coherence of a MO coupled to a bath [27,28,59|, and reproduced
the correct long-time behavior of a single MO [83].

Here, we will use parameters corresponding to an iodine-like molecule [27,59], namely, D, =
0.057 a.u., se = 5.038 a.u., and a = 0.983 a.u., from which we find we ~ 9.723 x 1074 a.u.
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Figure 3.1.: Ground and first two excited states of a one-dimensional Morse oscillator (from
left to right). The peak weights have been rescaled for better visibility. The dashed green lines
are full quantum, solid red lines are semiclassical results (from top to bottom): (a) standard
HK, (b) TA HK without separable approximation, (c) separable TA HK, (d) TA hybrid, and
(e) separable TA hybrid. Blue arrows indicate the analytic eigenenergies.

and xe ~ 4.264 x 1073 a.u. The reduced mass is m, = 1.165 x 10° a.u. Initial position
and momentum are chosen as (qo,po) = (Se,/MrWe), placing the molecule at its potential
minimum with a momentum corresponding to the harmonic approximation ground state energy.
Figure 3.1 shows results for the spectrum from calculations with 10° trajectories for simple HK
and separable TA HK, 10* trajectories for the two-time TA HK, and 1 trajectory for the
hybrid calculations. The latter two are pure TG for this 1D calculation, with the spectrum
calculated according to Egs. (C.6) and (C.24). Most importantly, the ground state peak is
reproduced exactly by each of the semiclassical methods. This is not surprising, since the
harmonic approximation is best close to the minimum energy. If we look at the excited peaks,
we see the differences emerging. All HK methods find the exact peak position, while the two
TG results (d) and (e) are equally shifted to a more harmonic, higher energy. The peak weights
also reveal some interesting features. The standard HK calculation reproduces the quantum
peak weight exactly, as expected. The full TA HK calculation, which emerges from standard
HK without the separable approximation, should in principle reproduce the peak weights but
is not quite converged due to the double time integral. Interestingly, we see a somewhat
narrower peak due to the pre-averaging of the phase space integrand. The exact peak weight
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is lost once the separable approximation is made. For the TG results, we see that the excited
peaks resulting from the separable calculation (Fig. 3.1(e)) are far smaller than the ones from
the full calculation, as suggested by the harmonic considerations in App. C.

Finally, peak shapes also deserve some mention. The quantum result shows symmetric
peaks. This is reproduced by the standard HK result and also by the full TA HK result —
the time averaging alone does not alter the peak shape. After the separation of the prefactor,
however, peaks are no longer symmetric. The tail to the right of the excited peaks is made up
from contributions of trajectories that have either higher or lower energy than these peaks, as
explained in some detail in App. D. Peak shapes of the full TG result are very different from
the ones before. Because of the width of the GWP varies with time, the “sampling” of the phase
space by the time evolving trajectory is now different, thus including a broader frequency range
in the final result. The separable TG result, on the other hand, is very similar to a calculation
with a single frozen Gaussian here, so the peak shape is again close to symmetric.

This example of an anharmonic oscillator close to the classical potential minimum is naturally
suited for a description with the separable TA HK method. One might now wonder what
happens for highly excited states of the Morse oscillator whose dynamics takes place in the
very anharmonic phase space region. In App. D, we discuss one such example and find that
the separable TA HK is capable of reproducing the whole range of highly excited states of this
model potential.

THREE DIMENSIONAL COULOMB PROBLEM
Our second example is the three-dimensional hydrogen potential (again in atomic units),

T p—

o (3.54)

The analytic calculation of its spectrum is part of any introductory quantum mechanics course
and results in eigenenergies

1

(3.55)
As the Coulomb potential is nowhere harmonic, any thawed Gaussian description is bound to
fail. We will, however, see that different approximations to the HK propagator reproduce the
expected spectrum. In 2001, G. van de Sand and J.-M. Rost have shown that a HK propagation
yields a perfect hydrogen spectrum both in terms of position and weights of the peaks. To keep
propagation times as low as possible, they used the harmonic inversion technique [84,85] rather
than FFT for the calculation of the Fourier transform of the autocorrelation function; we will
stick to FFT here to keep the comparison simple. We calculate the spectrum for initial position
do = (0,20 a.u.), zero initial momentum and width parameters v; = 0.1 a.u. Propagation time
is restricted to 4096 steps of length 5 a.u. to reduce computational cost especially for the TA
HK with two time integrations, and any high energy trajectories that do not contribute to the
spectral window of interest are discarded.

Results are displayed in Fig. 3.2. As shown before, the standard HK calculation from Eq.
(3.30) reproduces the exact peak positions, where about 3.5 x 10 trajectories have been needed
to reach convergence. The exact TA HK approach as described in Eq. (3.32) is not fully
converged yet, but still reproduces peak positions very accurately in spite of just 1.7 x 10°
trajectories contributing to the result, so the time averaging has the desired effect here. With
the assumption of at least a certain degree of harmonicity in the separable approximation, on
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Figure 3.2.: Hydrogen spectrum calculated with different semiclassical IVR methods (red lines,
from top to bottom): (a) standard HK, (b) TA HK without separable approximation, (c)
separable TA HK, and (d) standard HK with prefactor set to unity. Blue dashed lines are the
exact peak positions.

the other hand, results become far worse. Due to the modulus in the integrand of Eq. (3.34),
noisy contributions no longer cancel out each other, but appear as a shoulder to the right of
each peak. While these contributions did not play a big role for the Morse potential in the last
section, they now render the spectrum almost useless, with only the main energy level close to
the mean energy of the trajectory clearly recognizable as a peak.

How much this scattering problem differs from the system in the previous section can also be
seen from the bottom picture in Fig. 3.2. It displays the outcome of a standard HK calculation
as in Eq. (3.30) with the HK prefactor set to unity. For a system that is harmonic around its
potential minimum, this would result in a shift of the spectrum by the zero point energy, as can
be seen in the analytic harmonic oscillator considerations in App. C. Here, peak positions are
in perfect agreement with the original HK result. Comparing Fig. 3.2(a) and Fig. 3.2(d), we
see that setting the prefactor to unity results in peaks that are less sharp and more asymmetric
than in the original propagation. The overall shape of the spectrum is similar to the separable
TA result in Fig. 3.2(c), where the modulus of the prefactor is unity as well.

With the two numerical examples above, we conclude this section. We have derived a novel
approach to spectral calculations, combining a time averaging scheme with the hierarchical
semiclassical hybrid dynamics to arrive at an expression that requires sampling over only few
DOFs and benefits from a positive definite integrand. Using a 1D Morse oscillator, we have
demonstrated the consequences of the thawed Gaussian approximation for a non-Gaussian
system and motivated its applications to near harmonic bath DOFs. In a second numerical

40



example, we have utilized the 3D Coulomb problem to illustrate how the time averaging reduces
the number of trajectories that are needed to converge the phase space integral, and to show
the failure of the separable approximation for systems that are nowhere harmonic.

In the following two chapters, we will explore the capabilities of the hybrid TA method for
the treatment of system-bath problems. In Ch. 4, we will look at a Morse oscillator coupled to
a Caldeira-Leggett bath with different parameters. Chapter 5 is dedicated to an investigation
of an experimentally studied system, namely, iodine embedded in krypton.

41



42



4. MORSE OSCILLATORIN A
CALDEIRA-LEGGETT BATH

This chapter will be dedicated to the exploration of the applicability of the newly developed
hybrid method for spectral calculations [86]. In order to find out how it performs compared
to exact results on the one hand and the existing time averaged HK method on the other,
we will use a well-investigated test system, namely, the Caldeira-Leggett model [23,24]. This
model Hamiltonian has been widely employed in the study of open systems [87,88]|. Due to its
very nature, an arbitrary system DOF embedded into a bath of harmonic oscillators, it has in
particular been shown to be suitably described by the semiclassical hybrid dynamics |27, 28].

4.1. CALDEIRA-LEGGETT MODEL

In this chapter, we will use the Caldeira-Leggett (CL) model system [23,24] in order to show the
capacities of the newly developed hybrid method for spectral calculations. The bath comprises
Ny, harmonic oscillators (HOs) of unit mass that are coupled bilinearly to a system as depicted
in Fig. 4.1. In the notation of [59], the Hamiltonian reads

P2 i p; 1 5, cf 2
H = e Vs(s) + ; {2 + Wil +ciyils = seq) + ﬂ?(s — Seq) } ; (4.1)
where w; are the frequencies of the bath and y; and p; are the corresponding positions and
momenta, respectively. The system is one-dimensional for this model, and its mass, position
and momentum are denoted by mg, s and ps. Each bath mode is coupled to the system via a
coupling strength ¢; that will be specified further below. The last term in the above equation
is known as the counter term. In general, it is necessary to prevent unphysical renormalization
of the potential due to the system-bath coupling, as explained in [89]. We will shed some light
on its role for the system spectrum later in this chapter. The system DOF will be represented
by an anharmonic Morse potential with iodine-like parameters as in Sec. 3.2.3.

In order to find a meaningful distribution of bath couplings and frequencies, we follow the
approach of [27]. The coupling coefficients ¢; determine the discretized spectral density J(w),
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Figure 4.1.: Graphical representation of Caldeira-Leggett model: an anharmonic system mode
(red) is coupled to a number of harmonic oscillators (blue) by springs of different coupling
strength.

which completely characterizes the environment [87] and takes the form

™ Yo 2

Jw)=2Y Léw-—wj). 4.2
@)= 53 o) 4.2
7j=1
This discretized density can be used to approximate any given continuous spectral density J.
by a finite number of harmonic oscillators with coupling coefficients

(4.3)

where pg(w) is the frequency distribution from which the individual frequencies w; are chosen.
It is normalized such that it reproduces the number of bath DOFs,

Wmax

Ny = /dwpf(w), (4.4)
0

with wpax the maximum frequency contained in the bath. Furthermore, one can determine
each individual frequency with the integration

Wi

i= [ aworte), (4.5)

0

where the index j is an integer number. In App. A of [37], specific forms of the frequency
distribution are discussed. In this work, we will restrict the discussion to an Ohmic bath with
exponential cutoff as in [59],

J(w) = nuwe™ /e, (4.6)
where w, is called the cutoff frequency and 7 is a macroscopic parameter that describes the

coupling strength. For simplicity, we also define a dimensionless effective coupling strength
Net = 1/ (wsms). The corresponding frequency density is chosen as

pf(w) =a—, (47)
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with a normalization parameter a that follows from Eq. (4.4) to become

Ny, (1 B e_wmax/wc) -1 (4.3)

- (4.8)

W
a= —
2 ¢

hw‘mw

The second equality illustrates that the relation between coupling coefficient and frequency is
a constant and therefore independent of the bath mode index. Using Eq. (4.5), the frequencies
turn out to be logarithmically distributed according to

wj = —welIn [1 - Nib (1 - e_wmax/%)] . (4.9)
This frequency spectrum has been employed, for example, in a semiclassical investigation on
the quenching of interference effects in the wavefunction of an anharmonic oscillator coupled
to a low-frequency bath, and the hybrid approximation was shown to yield good results [27].
We will use it here as a prototypical example for a bath where most bath modes are much
slower than the system frequency, as it will be the case in Ch. 5, but there are also a few that
are close to or even resonant with the system frequency.

4.2. MORSE OSCILLATOR COUPLED TO ONE AND TWO HARMONIC
OSCILLATORS

We will first present results from 2 and 3 DOF calculations for a variety of effective coupling
parameters and cutoff frequencies in order to get an idea how the hybrid method performs in
these situations. Then, we will investigate more realistic bath sizes between 10 and 60 bath
oscillators. The first test systems for the investigation of the TA SC-IVR hybrid formalism
will be very simple. We use a Morse potential with the parameters from Sec. 3.2.3 as the
system and couple it to one or two harmonic oscillators according to the prescriptions of the
previous section. The maximum bath frequency wpax is set equal to the cutoff frequency we.
For the case with just one bath oscillator, this oscillator’s frequency is thus w., and for the
case with two bath oscillators, there is one additional HO with lower frequency. We investigate
three different values for w., namely, a low-frequency bath with w. = 0.1 wg, one resonant case
with w, = 1.0 ws, and one frequency in between, w. = 0.5 ws. The system frequency is the
harmonic approximation of the iodine Morse potential as defined in Sec. 3.2.3. For the effective
coupling strength, two different values will be used, namely, n.g = 0.2 and 7. = 1.0. Initially,
all modes are placed at equilibrium with momentum corresponding to the HO groundstate
energy, (0,,/m;w;), to get a spectrum with a maximum peak at the groundstate and others
with decreasing weight at excited states. The initial width parameter is chosen as v; = m;w;.
We use a time step of At = T/20, where Ty = 27 /ws is the system’s harmonic approximation
oscillation period. The number of time steps is Ngteps = 214 except for the full hybrid case,
which requires two time integrations and therefore scales quadratically with the number of
steps. In that case, we choose Ngteps = 213 to keep computational time low.

In all cases, we perform full quantum calculations with the WavePacket software [90, 91]
for comparison. We can then systematically do semiclassical calculations with presumably de-
creasing accuracy, namely, TA HK in separable approximation (labeled “HK”) according to Eq.
(3.34), the hybrid approximation from Eq. (3.46) without the time separation approximation
(“full hybrid”) and finally the separable hybrid approximation from Eq. (3.51) (“separable hy-
brid”). From the nature of the hybrid approximation, one might expect very good agreement
for low bath frequency and weak coupling, and disagreement for the opposite case.
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Figure 4.2.: Spectrum of an iodine-like Morse oscillator coupled to a single harmonic oscillator
with different frequencies and effective coupling strengths. All spectra are renormalized such
that the respective largest peak has a value of 1 arb.u., and the spectra are slightly overlapped to
improve visibility of the excited peaks. The effective system-bath coupling strength is n.g = 0.2
in panels (a) to (c) on the left, and 7.¢ = 1.0 in (d) to (f) on the right side. From top to bottom,
the bath cutoff frequency increases: w. = ws/10 in panels (a) and (d), we = ws/2 in panels (b)
and (e), and w. = ws in panels (c) and (f). Within each panel, the accuracy of the methods
increases from top to bottom: Separable TA hybrid (blue), full TA hybrid (green), separable
TA HK (red), and full quantum results (black). Orange arrows indicate the first excited Morse
peak from the analytic one-dimensional result in order to highlight the blueshift.
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separable TA HK full TA hybrid separable TA hybrid

(Eq. (3.34)) (Eq. (3.46)) (Eq. (3.51))
trajectories 2 x 10° 1 x 10% 1 x 10*
time steps oM 213 ol
computational time 10 hours 33 hours 40 min

Table 4.1.: Number of trajectories and computational times needed for tight convergence of the
spectrum of a Morse oscillator coupled to one bath oscillator with 7.g = 0.2 and wp = ws/10.
All propagation times are from single CPU calculations on a standard desktop computer.

Results for the 2 DOF and 3 DOF calculations are plotted in Fig. 4.2 and 4.3, respectively,
for all six parameter combinations. Here and in the remainder of this work, all results are
normalized such that the biggest peak value equals one, and the spectra are overlapped a little
bit in order to make higher excitations more visible. The order from bottom to top is always
quantum (black), HK (red), full hybrid (green), and separable hybrid (blue). In each panel,
we have subtracted the groundstate energy of the uncoupled system from the energy on the
abscissa, i.e.,

Ny,
. We  TeWe Wi
Epot = E — (3— ; )—;2, (4.10)
1=

where the terms inside the bracket are the analytic result for the Morse oscillator according
to Eq. (3.53), and ws = we here. In order to point out the shift of the Morse oscillator levels,
we have indicated the analytic result from Eq. (3.53), again with the groundstate subtracted,
with orange arrows. Selected other peaks have been marked with magenta arrows, where we
use the notation (I,m,n) to indicate the [th Morse oscillator excited state, the mth excited
state of the higher frequency bath mode and n for the remaining mode (if applicable).

First, we discuss the 2 DOF results from Fig. 4.2. Here, 10 trajectories were used for the
semiclassical calculations. This number is sufficiently high to ensure that the first excited
peaks are clearly visible, but not always high enough for tight convergence, as can be seen
from Tab. 4.1. The overall agreement of the different methods in terms of peak positions is
excellent. The only exception are the (2,0) peaks in the strongly coupled resonant case on the
lower right panel, where small deviations of the hybrid results from the exact spectra can be
seen. Peak intensities, on the other hand, are less well reproduced by the separable hybrid
method. The two upper panels in Fig. 4.2 illustrate this difference: compared to the other
three methods, excited bath peaks are systematically suppressed. For example, the (0, 2) peak
can be seen very clearly in the quantum, HK, and full hybrid spectra, but it is barely visible
in the separable hybrid result. This behavior is explained by the analytical results for the
harmonic oscillator from App. C, where we have shown that the weight of the excited state
peaks decreases quadratically compared to the exact result. Peak shapes of the separable
hybrid reproduce those of the full hybrid method nicely, for example in the (2,0) peak in Fig.
4.2(f), and we stress that no unphysical “ghost peaks” are introduced by the separable hybrid
approximation.

Especially for the higher bath frequencies (Figs. 4.2(b),(c),(e),(f)), it is apparent that the
Morse oscillator is shifted towards higher energies (blueshift) and the harmonic oscillator to-
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Figure 4.3.: Spectrum of an iodine-like Morse oscillator coupled to two CL bath harmonic oscil-
lators with different cutoff frequencies and different coupling strengths. All plot specifications
are identical to those of Fig. 4.2.
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wards lower energies (redshift). We have highlighted the (1,0) peak in each of these panels
together with the (0,2) and the (0, 1) peak for the intermediate and the resonant case, respec-
tively. In an uncoupled calculation, the excited Morse peak would be almost on top of the
excited HO peaks, with a slight shift to the left due to the correction term in Eq. (3.53). Be-
cause of the coupling, however, the Morse oscillator is blueshifted, while the bath HO has lower
frequency. This tendency increases for more resonant bath frequencies and for higher values of
Neft, both of which amount to a stronger coupling of the two DOFs. In the case of two bath
oscillators instead of one, numerical calculations and spectroscopic features already become
more complex. Due to the higher phase space dimension, we now use 5 x 10% trajectories for
the semiclassical calculations. Results in Fig. 4.3 show once again the very good reliability of
full and separable hybrid approximations. Peak positions are still reproduced faithfully in each
case, again with the exception of the most strongly coupled case in Fig. 4.3(f) where a slight
difference can be made out. As before, the separable hybrid result is inaccurate with respect to
peak intensity and a few highly excited overtones are missing for the same systematic reasons
as in the two-dimensional case.

From a numerical point of view, the advantage of the hybrid methods is obvious, especially
for the two-dimensional calculations. For the same number of trajectories, the hybrid results are
already converged, while the HK results still contain quite a lot of noise, even to a point where
no clear (2,0) peak can be picked out in the strongly coupled resonant case (Fig. 4.2(f)). One
example of computational times for fully converged results is listed in Tab. 4.1. Due to the much
lower number of trajectories, the separable hybrid result is obtained faster than the converged
HK result. The full hybrid calculation, on the other hand, takes much longer due to the double
time integration which dramatically increases the numerical cost per trajectory. In spite of
using an efficient 2D FFT algorithm for the integration itself, the integrand from Eq. (3.51)
still has to be calculated NSQtepS /2 times, thus canceling out the effect of the reduced number
of trajectories. This unfavorable result is, however, partly due to the simplicity of the analytic
potential. For realistic systems, where the potential is not given analytically, calculating the
classical trajectories on-the-fly takes much longer and therefore requires a higher percentage of
the overall computational time |76], so even the full hybrid approximation might be faster in
that case.

More generally speaking, the drastic simplification of the hybrid approximation, where the
phase space sampling of the bath modes is replaced by single trajectories, still allows for exact
results in terms of peak positions. This is true even for strongly coupled bath DOFs where
the harmonicity assumption is violated due to the anharmonic driving by the Morse system.
In particular the separable hybrid method promises an impressive speedup at still very good
accuracy, with the only drawback being some missing highly excited bath peaks. From a more
optimistic point of view, this disadvantage might even be helpful for the interpretation of the
spectrum in question, when one is not interested in bath excitations.

4.3. MORSE OSCILLATOR COUPLED TO A CALDEIRA-LEGGETT BATH
OF HARMONIC OSCILLATORS

After demonstrating the accuracy of the hybrid approximations, we now turn our attention
to actual CL systems with a number of environmental DOFs that is suitable to describe even
continuous baths. For the Ohmic spectral density from above, it has been shown that about
40 bath HOs are sufficient to describe such a continuous bath in the case of a very low bath
cutoff frequency [59]. We first discuss results for a ten-dimensional bath where individual bath
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excitations still can be attributed relatively easily. After that, we will increase the number of
bath DOFs and take a look at the role of the counter term in Eq. (4.1).

This time there are only two different frequency combinations, a resonant one similar to the
previous examples, we = ws/2 and wpax = ws, and a low-frequency bath with w, = ws/10 and
Wmax = ws/5. Again, we choose different effective coupling parameters, namely, n.g = 0.5 and
Nef = 2.0 for the bath with small cutoff frequency and neg = 0.1 and neg = 0.5 for the big cutoft.
In order to keep the spectra reasonably “clean”, the initial conditions are chosen a bit differently
than before. The system DOF still starts at equilibrium with nonzero momentum, (0, \/msws),
but the bath oscillators are all at (0,0) at the beginning of the propagation because otherwise
the spectrum becomes impossible to read due to the huge number of excited bath peaks (for
an example with 19 DOFs, see Fig. 3 of [73]). In general, these simplified initial conditions
might not be adequate to describe the system frequency shift because possible anharmonic
contributions of the bath DOFs are neglected by a dynamics that explores only the harmonic
neighborhood of the potential minimum. For the harmonic CL bath, however, the difference
arising from initially excited bath DOFs is very small, as we will discuss shortly at the end of
this chapter. The number as well as the length of the time steps stays the same as in the two
and three DOF examples, resulting in a frequency resolution of 1.2 x 1076 a.u. (0.26 cm™1).

We first discuss an interesting but relatively simple example, a resonant and strongly coupled
bath with ten bath oscillators (Fig. 4.4). On Fig. 4.4(a), we give an overview of results obtained
with the different methods. Quantum calculations are no longer possible now, so only TA-HK,
full hybrid and separable hybrid are employed with the same color code as before. We also
show one full hybrid result where not only the system mode, but also the resonant bath HO has
been treated with HK (magenta lines). Only 10 trajectories have been used in each case, both
to achieve reasonable computational costs and to work out the efficiency of the new methods.
Like in the lowest dimensional cases, agreement is very good between all methods. Bath peaks
are generally less prominent now because there is no initial excitation in the bath; the only
dynamics is induced by the system. This is reflected especially in the TA-HK and full hybrid
spectra by the fact that the biggest bath peaks are those that correspond to the modes whose
frequency is closest to the system. By contrast, just one bath peak is featured significantly in
the separable hybrid spectrum, namely, the resonant bath HO.

The right-hand side of Fig. 4.4 highlights some details of the spectra. A zoom into the region
of the third and fourth excited system peak is shown on panels (b) and (c). The respective left
peak in these pictures is a bath excitation, and the right peak is the system excitation. We
should first stress that peaks in these pictures are three to four orders of magnitude smaller
than the groundstate and therefore quite noisy, but they can nevertheless be clearly identified
as peaks. The full hybrid result with one HK DOF clearly disagrees with the TA-HK spectrum.
However, this deviation can be alleviated by treating also the most strongly coupled bath DOF
with HK, so one might conclude that the resonant bath mode shows non-Gaussian distortions
due to the anharmonic driving by the system. Another way to reproduce these distortions with
just one HK DOF might have been to use significantly more trajectories, thus sampling the
resonant bath mode indirectly by its coupling to the system mode via the classical dynamics,
as discussed in [66]. The separable hybrid result, in spite of developing a prominent shoulder to
the right of the system excitation, displays these peaks more clearly than the other methods.
Especially the fourth excited system peak (Fig. 4.4(c)) can be identified at first sight, while it
shows up only as a minor bump compared to the bath peak next to it with the more advanced
methods. Agreement of the separable hybrid with the other approaches in terms of peak
position is again excellent.

In Fig. 4.4(d), we put the bath excitations under the spotlight. The rightmost peak is the sec-
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Figure 4.4.: Spectrum of an iodine-like Morse oscillator coupled to a CL bath comprising 10
DOFs with wmax = ws, we = ws/2 and coupling neg = 0.5. All spectra are renormalized as in
Fig. 4.2 and the color scheme is also identical, with one addition: separable TA hybrid with
1 HK DOF (blue), full TA hybrid with 1 HK DOF (green), full TA hybrid with 2 HK DOFs
(magenta), separable TA HK (red). The arrows in panel (d) designate bath excitations of first
(black) and higher order (red), dashed vertical lines show the respective uncoupled counterpart.

ond excited state of the system, all remaining peaks are bath excitations (orange and black ar-
rows). The dashed black lines correspond to peak positions of the form (1,0,...,0,1,0,...,0),
i.e., only the system and one selected bath oscillator are in the first excited state. These lines
have been obtained by adding the bath frequencies w; to the first excited system peak and thus
illustrate where these bath peaks would be situated if the bath frequencies remained unchanged
by the dynamics. In the same way, the dashed orange lines show the unchanged position of
higher order bath peaks. The rightmost orange line, for example, shows the uncoupled position
of the second excited state of the HO with highest frequency. One sees immediately that each
bath peak lies to the left of a dashed line, which means that all of these bath oscillators are
redshifted, as in the very simple cases in the previous section. Higher order bath excitations are
shifted further, as it is expected. In order to make the separable hybrid result a bit more visi-
ble, it has been moved downwards to illustrate that the system and the highest bath excitation
show up very accurately. By comparison to the other methods, the separable hybrid result once
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more exhibits advantageous convergence properties. Most bath excitations are suppressed by
the separable hybrid method but they can still be identified reliably upon closer inspection and
turn out to be reproduced quite faithfully. Due to its numerical advantages, we will perform
exclusively separable hybrid calculations in the remainder of this chapter and investigate both
system and bath behavior for different bath characteristics.

4.3.1. FREQUENCY SHIFTS FOR DIFFERENT BATH SIZES AND ROLE OF THE
CALDEIRA-LEGGETT COUNTER TERM

Having established that the separable hybrid method offers the same accuracy with respect
to peak positions as the full HK treatment for the CL system, we now increase the bath size
up to 60 bath HOs. Again, we use a very off resonant bath on the one hand and one with
bath frequencies up to the system frequency on the other. In addition, we will analyse the
influence of the CL counter term on the outcome of the spectral calculations for our examples.
Using a normal mode analysis, E. Pollak and coworkers have shown analytically for a harmonic
system with and without an additional cubic term that the system frequency shift induced by
the CL bath in the form of Eq. (4.1) with an Ohmic spectral density is always towards higher
frequencies, i.e., a blueshift [92,93]. In the case of a purely harmonic system, the new frequency
ws has the implicit form

OJ2

~9 S
= . 4.11

“s 2 J(w) ( )
14+

dw———"—<
™s oo w(w? —@2)

Assuming an Ohmic spectral density, which is nonzero for positive frequencies only, and an
abrupt cutoff J(w) = nwO(w — w.) instead of the exponential form in Eq. (4.6), one finds
nonlinear equations for &g depending on the size of the cutoff frequency,

2
@3 _An wsarcoth <Lfc> — w52 =0 ws < We (4.12)
Mg Ws
2
52 — =1 Gartanh <°’C> —wr=0 D> we (4.13)
Mg Ws

It has been demonstrated in [27,37| for different bath parameters that this indeed amounts to a
blueshift. In the case of an additional cubic anharmonicity, one can find an explicit expression
assuming ws > we and &g > we [92]

2n w 1/2 n w
ws:ws<1+ °> zws<1—|— C>. (4.14)

s w2 Tms w2

For the cubic system, another analytical study has also shown a blueshift tendency for different
bath spectral densities [94]. The same result has been obtained for a Morse oscillator coupled
to a CL bath [95]. On the other hand, arguing that experimental results often report a redshift
of the system frequency (as we will also see in Chapter 5), Georgievskii and Stuchebrukhov [96]
have investigated the influence of the CL counter term on a cubic system potential and found
that by omitting the counter term, both blueshift and redshift are possible depending on bath
parameters. We will undertake a similar investigation and therefore look at the CL model in
the form of Eq. (4.1) as well as a Hamiltonian without the counter term,

2 Ny 2
‘ 1
H = ;’s —I-VS(S)-i-Z{pZ—I—w?y?—i—ciyi(s—seq)}. (4.15)
msg i1 2 2
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Figure 4.5.: (a) Pure Morse potential from Eq. (3.52) (red solid line) and Morse potential
modified by the CL counter term as in Eq. (4.16) for different bath parameters: resonant bath
with 7eg = 0.1 (blue) and neg = 0.5 (black), and low-frequency bath with n.g = 0.5 (green)
and neg = 2.0 (magenta). (b) Lowest eigenenergies for the unmodified Morse potential (red
dashed lines) and the modified Morse potential for the strongly coupled resonant case (black
dashed lines).

Since the counter term does not depend on the bath coordinates, it amounts effectively to a
renormalization of the system potential, as pointed out before [97]. In Fig. 4.5(a), we have
plotted the Morse potential from Eq. (3.52) as well as the Morse potential modified by the CL
counter term, which becomes

Vimod(s) = De (1 - e_O‘(S_Se)>2 — Do+ %% (s — s0)° (4.16)
with the normalization parameter from Eq. (4.8), for the four different bath parameter combi-
nations that we will look at. The prefactor of the counter term, Ny/a = nw, (1 — e~ Wmax/ ‘*’C),
does not depend on the number of bath DOFs, but grows with increasing effective coupling and
cutoff frequency, thus making the effective system potential narrower. Using the analytic result
for the pure Morse oscillator and numerical results for the modified potential, we see in Fig.
4.5(b) that this renormalization alone leads to a bigger distance of the eigenenergies Epod n
(blueshift). To not compare apples and oranges, we will use these modified eigenenergies for
the evaluation of the numerical results.

The following numerical investigations will comprise bath sizes of 10, 20, 40, and 60 DOFs,
such that convergence with respect to the number of bath HOs can be established. Initial
conditions and propagation times remain the same as before, but henceforth we will employ
exclusively the separable hybrid scheme due to its favorable trade-off between computational
effort and accuracy. As we are using a hybrid method, we can keep the number of trajectories
constant at 10* for the differently sized baths. The number of HK DOFs has been either one or
two. Especially for the low frequency bath it was sufficient to describe only the Morse oscillator
with HK, while in the case of the high bath cutoff it was helpful to include the resonant bath
oscillator into the HK part as well.

An exemplary overview of results for the different bath parameters is given in Fig. 4.6
for a bath with 20 DOFs, where again all spectra are normalized such that the respective
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Figure 4.6.: Spectra for a Morse oscillator in a CL bath with 20 HOs for low and high cutoff
frequency (left to right). In panel (a), bath parameters are w, = ws/10 and wWpax = ws/2,
with effective couplings n.g = 0.5 (solid red and green lines) and 7. = 2.0 (magenta and
blue). In panel (b), bath parameters are w. = ws/2 and wmax = ws, with effective couplings
Nef = 0.1 (red and green lines) and n.g = 0.5 (magenta and blue). Results (i) and (iii) are
from calculations without the CL counter term, (ii) and (iv) from calculations including the CL
counter term. The dashed lines represent eigenvalues of a regular 1D Morse potential (black)
and of a 1D Morse potential modified by the CL counter term according to Eq. (4.16) (orange).

largest peak’s size is one. We have also plotted eigenvalues of the 1D systems mentioned
above, i.e., eigenvalues of the undisturbed Morse potential for calculations without CL counter
term (orange dashed lines) and eigenvalues of the appropriately modified Morse potential for
calculations including the counter term (black dashed lines). The spectra with low bath cutoff
frequencies in panel 4.6(a) exhibit system peaks that are hardly different from the 1D result.
If the CL counter term is included (spectra (ii) and (iv)), we see different blueshifts that can
be attributed to the modification of the system potential by the counter term. For the cases
without counter term (spectra (i) and (iii)), even the difference in effective coupling strength has
little effect, at least on the scale of this figure. The higher cutoff frequency, on the other hand,
has a much greater impact on the spectra, as depicted in subfigure 4.6(b). Instead of just the
excited states of the system, there are groups of peaks now, corresponding to redshifted bath
and blueshifted system excitations as discussed in the previous section. Again, the respective
rightmost peak of each group belongs to the system while the others are first and second excited
state of the resonant bath mode. The appearance of these bath peaks, or, more to the point,
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the fact that they are no longer suppressed but show up so prominently here, is due to the fact
that the resonant bath mode can be driven much more effectively by the system than the non-
resonant one from the low-cutoff example. In addition, the resonant HO is now incorporated
into the HK part of the calculation, which implies a sampling of initial conditions instead of
just taking the central trajectory and thus means higher initial energy of this bath mode. The
more interesting and more relevant feature for us, however, is that the stronger system-bath
interaction results in a sizable blueshift of the system both for calculations with and without
CL counter term and always relative to the respective modified or unmodified one-dimensional
eigenvalues. For low effective system-bath coupling, the difference between the results with
and without counter term is not very pronounced (lower graphs in Fig. 4.6(b)), which seems
justified given that the effect of the potential renormalization is almost insignificant. The high
coupling case, on the other hand, exhibits a greater blueshift of the system if the counter term
is not included. Comparing high and low effective coupling, we see that an increase of 7.¢ leads
to a bigger distance between system and bath peaks of the same group as a consequence of an
enhancement of the respective trend towards blueshift or redshift.

For a more detailed quantitative discussion of the system’s blueshift, we will now take a look
at the first five system peaks for each of the different baths (Figs. 4.7 to 4.10). Peak positions
have been determined as the value at the maximum amplitude rather than an average over the
whole peak. We think this is justified because, as we have seen in Fig. 3.1 and discussed in
App. D, the original separable approximation of the full HK approach introduces an asymmetry
of the excited peaks that causes the averaged value to shift away from the analytic result.
The maximum, however, remains at the correct position. The same trend can also be found
upon close inspection of the semiclassical compared to the quantum results in Secs. 3.2.3 and
4.2. In Figs. 4.7 and 4.8, the shift of the peak energies is plotted. For a better comparison
between different bath sizes and parameters, the energy of an appropriate uncoupled reference
depending on the peak index is subtracted, which is the sum of the groundstate energies of the
bath oscillators and the eigenenergy of the system,

Wi
Euncoup,n = Es,n + Z = (417)

where the system eigenenergies Ej ,, are now either the analytic eigenenergy E,, of the undis-
turbed Morse potential from Eq. (3.52) for the calculations without CL counter term, or the
numerically calculated eigenenergy FEi,oq,, of the modified Morse potential from Eq. (4.16) for
the calculations including the counter term. Thus, we visualize the net shift of the peaks, which
includes the energy shifts of the system eigenstates and of the bath groundstate. A blueshift
of the system is therefore characterized by a sequence of increasing values, whereas a redshift
shows the opposite behavior. Figures 4.9 and 4.10 show the difference of consecutive excited
Morse peaks. While the difference between peak positions in the coupled and uncoupled case,
Ecoup,n—Funcoup,n; in Figs. 4.7 and 4.8 also contains a possible shift of the bath frequencies, this
contribution drops out for the difference of consecutive MO eigenenergies, so the eigenenergies
are denoted by E, in Figs. 4.9 and 4.10. This kind of representation is referred to as Birge-
Sponer extrapolation and can be used experimentally to determine Morse potential parameters
from spectroscopic data [98,99]. Based on the analytic formula for the Morse eigenenergies
(3.53), a linear fit of these points yields the harmonic approximation frequency w, as the inter-
section with the vertical axis and the anharmonicity wex,, which is proportional to the slope of
the line. An increase of the slope corresponds to a redshift whereas a decreasing slope means a
bigger difference between eigenvalues and therefore a blueshift. We show a linear fit of the first
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Figure 4.7.: Shift of the eigenenergies of a Morse oscillator coupled to a CL bath with parameters
Wmax = Ws/2, we = wg/10, and different coupling strengths: 7.g = 0.5 in panel (a) and 7 = 2.0
in panel (b). The bath comprises either 10 (red crosses), 20 (green), or 40 (blue) HOs, and the
solid lines are just a guide to the eye. The CL counter term according to Eq. (4.1) is included
in the calculations on the left side of each panel, and not included on the right side (Eq. (4.15)).
As a consequence, the reference eigenenergies for the 1D MO are different depending on the
presence of the counter term, according to Eq. (4.17).
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Figure 4.8.: Shift of the eigenenergies of a MO coupled to a CL bath with parameters wpax = ws,
we = ws/2, and coupling strengths neg = 0.1 in panel (a) and 7. = 0.5 in (b). All plot
specifications as in Fig. 4.7, with the addition of results for 60 bath DOFs (magenta crosses).

four system energy differences and compare this result to the one-dimensional Morse oscillator
or its modified version (black “x”, dashed line), for which the intersection with the vertical
axis has also been obtained by Birge-Sponer fit.

The analysis is interesting especially for the low-frequency bath, where we could not see much
in the overview plot (Fig. 4.6). Results are presented in Figs. 4.7 and 4.9 for calculations with
10 (red crosses), 20 (green crosses), and 40 bath DOFs (blue crosses), and with two different
system-bath couplings, neg = 0.5 on the left (panel (a)), and for neg = 2.0 on the right (panel
(b)). Due to the fits in the Birge-Sponer plots in Fig. 4.9 being almost identical, we have plotted
only one line in each case. For low coupling, we see an almost negligible redshift. The effect of
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Figure 4.9.: Birge-Sponer fit to the difference of consecutive eigenenergies E, of the Morse
oscillator coupled to a low-frequency CL bath from Fig. 4.7. Bath parameters are wpax = ws/2,
we = ws/10, and couplings are 7neg = 0.5 in panel (a) and neg = 2.0 in (b). The “+” crosses
denote results with 10 (red), 20 (green), and 40 (blue) bath HOs. The solid green line is a
linear fit to the 20 DOFs result, and the dashed black line with “x” crosses is the corresponding
1D MO reference, i.e., E, — En—1 (Eq. (3.52)) or Emod.n — Emodn—1 (Eq. (4.16)), respectively.
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Figure 4.10.: Birge-Sponer fit to the difference of consecutive eigenenergies F, of the Morse
oscillator coupled to a high-frequency CL bath from Fig. 4.8. Bath parameters are wpax = ws,
we = ws/2, and couplings are 7eg = 0.1 in panel (a) and 7. = 0.5 in (b). All lines are fits to
points of the same color as in Fig. 4.9, with the color code from Fig. 4.8.

the CL counter term is nicely illustrated by the Birge-Sponer plot: the result with counter term
is clearly blueshifted with respect to the original Morse eigenvalues, but it is almost on top of
the appropriately modified 1D energies. The influence of the system-bath dynamics is much
smaller by comparison, especially given that our energy grid resolution is AE = 1.2x 1076 a.u.
These findings are corroborated by the calculations with higher system-bath coupling strength.
Here, the redshift is much more pronounced, but again, for the original CL potential the main
contribution to the energy shift is due to the counter term. For all calculations with low bath
cutoff frequency, the number of bath oscillators does not have much impact on the system
spectrum. In the low coupling case, the difference between all three bath sizes is one frequency
grid point at most. For the higher coupling, 10 bath DOFs influence the system somewhat
less than 20 and 40 bath HOs, which yield very similar results. This weak dependence on
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bath size is of course a consequence of the low cutoff and maximum bath frequencies. While
the bath mode with highest frequency is always the same, most additional bath oscillators are
far off-resonant. As a conclusion, we can say that we find the same about 40 bath DOFs to
be sufficient to describe a continuous bath in this low frequency case, as it has been reported
in [59].

The case of baths with a high cutoff and resonant maximum frequency is investigated in
detail in Figs. 4.8 and 4.10. We have used the same color scheme for bath size and reference
states, but added calculations with 60 bath DOFs (magenta crosses). The overall behavior of
the system is completely different compared to the low-frequency case, with strong blueshifts
for each bath setup, as already seen in the overview figure 4.6. For n.g = 0.1, the effect of
the bath on the system is somewhat bigger without the CL counter term, as shown on the left
side of Fig. 4.7(a). The counter term, which is harmonic in the system coordinate, restricts
the system dynamics and thus also the system-bath interaction. Due to the offset of the 1D
eigenenergies by the counter term, the total blueshifts in Fig. 4.10(a) are quite similar with
and without counter term. Unlike before, the results change considerably with bath size, which
is quite understandable given that each increase adds in particular some oscillators that are
close to the system frequency and therefore strongly influence the system’s dynamics. As the
differences between results get smaller with each addition of bath HOs, we are approaching
convergence with respect to a continuous bath description with 60 bath DOFs. The higher
system-bath coupling amplifies these trends. Now, the difference of coupled and uncoupled
peak energies (Fig. 4.8(b)) is almost twice as big for the calculation without CL counter term
compared to the one that includes it. However, the modification of the 1D eigenenergies induced
by the counter term is so big now that the total blueshift becomes clearly larger than without
counter term. Again, we can see that the results converge with increasing bath size.

Finally, it is interesting to note that the difference between coupled and uncoupled result
Ecoup,n — Funcoup,n 1s smaller than or equal to zero at n = 0 in each panel in Figs. 4.7 and 4.8.
The global groundstate energy is thus shifted to a lower value upon coupling of system and
bath DOFs. In the cases with high bath cutoff frequency, we have seen from the Birge-Sponer
plots (Fig. 4.10) that the harmonic approximation frequency and thus the system groundstate
energy increases, making the system contribution to the aforementioned difference positive.
The new global groundstate being at a lower energy can therefore only be due to a redshift of
the bath frequencies. We will take a closer look at this effect in the concluding section of this
chapter. Before that, we will pick up on an earlier comment and discuss the influence of bath
modes with nonzero initial momentum on the above results.

4.3.2. INFLUENCE OF INITIAL BATH EXCITATION

As mentioned before, we have chosen to excite only the system mode at the beginning of
the propagation because otherwise the number of contributions to the spectrum renders peak
identification impossible as soon as the number of bath DOFs gets larger than about ten. On
the other hand, these simple initial conditions might underestimate the bath influence on the
system dynamics because all bath modes stay very close to their respective potential minima
given that their only excitation comes from the system.

To shed a bit of light onto the dynamics with initially excited bath, we make use of the
multiple coherent states (MC) version of HK TA SC-IVR that has been developed by M.
Ceotto and coworkers [30,31,33,72-74]. This formalism makes use of the fact that each single
trajectory in the phase space integral (3.34) exactly reproduces those peaks that are closest to
its own energy, as we have also seen in App. D. Consequently, we will use single trajectories
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Figure 4.11.: Ground and first four excited state peaks (from left to right) of a Morse oscillator
in a CL bath obtained with separable hybrid TA method (blue lines) and with single trajectory
MC TA SC-IVR approach (red lines). Bath parameters are wmax = ws/2, we = ws/10, and
Net = 0.5. The upper part of each panel is the result with 10 bath HOs, the lower part is for
20 bath HOs. Hybrid calculations are performed without, single trajectory calculations with
initial bath excitation. The energy has been shifted by the energy of the respective uncoupled
ground state.
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Figure 4.12.: Ground and first four excited state peaks (from left to right) of a Morse oscillator
in a high-cutoff CL bath. Bath parameters are wpax = ws, we = ws/2, and Neg = 0.5. All plot
specifications as in Fig. 4.11.

with initial system momenta corresponding to the peak energies found above. Each bath
mode has initial momentum corresponding to its groundstate energy, i.e., p;(0) = /w;. For
peak identification, we make use of a filter that originates also from the MC TA SC-IVR
framework [74]. The single reference state |y) = Hfil lg(pi(0),0)) = Hfil Ixi) in Eq. (3.34) is
replaced by a superposition with two contributions per DOF, |x;) = |g(p:(0),0))+]g(—p;(0),0)).
This choice of reference state filters out even contributions of each DOF; thus, in particular
first bath excitations are strongly suppressed and only a few clearly defined peaks remain in
the spectrum. In order to find the odd system peaks, we have to invert the relative sign in
that coordinate, |xs) = |g(ps(0),0)) — |g(—ps(0),0)). Since this approach requires a reference
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state with 2%V contributions (and, consequently, the same number of FFTs in the numerical
evaluation), these calculations are feasible only for a relatively low number of DOFs. We
therefore restrict our considerations to 10 and 20 bath HOs.

The results in Figs. 4.11 and 4.12 demonstrate exemplarily that initial bath excitation is
indeed not decisive for low-energy system peaks in the case of harmonic bath DOFs. For both
small and high bath cutoff frequency, the previously obtained hybrid results without initial bath
excitation agree perfectly with the single trajectory results where all bath modes carry initial
momentum. The MC TA SC-IVR peaks are much sharper and symmetric, since they have been
obtained as the result of a single trajectory calculation rather than a phase space integration.
Peak positions, however, are at most one frequency grid point off the hybrid result (except for
one peak in Fig. 4.12). The same behavior is found for all other cases discussed in the previous
section, at least for 10 and 20 bath modes. Considering that the hybrid approximation might
also account for some deviation, we conclude that our earlier choice of initial conditions is well
justified.

Taking another look at Figs. 4.11 and 4.12, we can make an additional statement concerning
the bath. Given that not only the differences between consecutive system peaks, but also the
absolute peak positions remain unchanged by the initial bath excitation, it is clear that also
the shift of the bath groundstate frequency by the coupling to the system is unaffected by
the different initial conditions. Otherwise, the peak positions, which are the sum of all bath
bath groundstate energies plus the respective system excitation, would be shifted. This finding
is relevant for the following section, where we will discuss the impact of the system on bath
modes that are not initially excited.

4.3.3. BATH FREQUENCY SHIFTS

Although the motivation for the development of the TA hybrid method was a more effective
description of system-bath spectra where one is interested only in the system dynamics, it is
worthwhile to take the reverse point of view for now and see if individual bath frequencies are
still contained in the hybrid spectra. Figure 4.13 depicts part of the region between ground
and first excited system state in a strongly enlarged fashion for two 40 DOFs baths with low
and high cutoff frequency, respectively. The energy on the abscissa is shifted by the global
ground state energy such that bath frequencies can be read off directly from this axis. While
all peaks are orders of magnitude smaller than the groundstate peak, at least these highest
about 10 (low cutoff) or 20 (high cutoff) bath frequencies can be attributed unambiguously.
In the upper panels of Figs. 4.14 and 4.15, bath frequencies @;, that have been shifted by
the interaction with the system, are plotted against their initial values w; that arise from the
frequency sampling according to Eq. (4.9). We pick only frequencies @w; that can be read off
the spectrum easily, i.e., those ones that are closest to the system frequency, and we start our
discussion with the high cutoff bath (Fig. 4.14). Having in mind that this evaluation is reliable
only for the highest frequencies due to our limited resolution, we can still establish the general
trend towards a redshift. This is most obvious for the resonant and near-resonant modes, as
seen in the lower panels. From the upper part of Fig. 4.14, it appears that all frequencies
are shifted evenly, yielding a linear relation between coupled and original frequencies with a
slope slightly smaller than one, which makes sense given that the coupling of each mode to the
system is proportional to its frequency (Eq. (4.8)). For the smaller baths, where the frequency
distribution is less dense, the resonant bath mode stands out as being shifted more strongly.
Also, especially for high coupling, one can see on the lower panels how individual bath modes
are changed by a larger amount for small bath size due to the system energy being transfered
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Figure 4.13.: Spectrum with first excited bath states relative to the groundstate peak (red line)
for low-frequency bath with neg = 2.0 (left) and bath with high cutoff and n.g = 0.1 (right).
Both spectra from calculations with 40 bath DOFs; dashed vertical lines are corresponding
uncoupled bath frequencies. In these units, the height of the ground state peak is one.
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Figure 4.14.: Shift of individual bath frequencies for the high cutoff bath with coupling strengths
(a) ner = 0.1 and (b) 7meg = 0.5. Sampled frequencies w; are on the horizontal axis, bath
frequencies @; taken from the spectrum (upper) and their difference from the original value
(lower panel) are on the vertical axis. Bath sizes are 10 (red), 20 (green), and 40 HOs (blue).

to fewer DOFs. Regarding calculations with and without counter term, we see that, just like
the shift of the system frequencies before, the change of the bath frequencies is bigger if the
counter term is not part of the Hamiltonian. This behavior can be explained by recalling
that the counter term is quadratic in the system coordinate, making the system potential
narrower and thereby restraining the system dynamics. The equivalent plot for smaller bath
cutoff frequency is presented in Fig. 4.15. This is, however, not very meaningful because most
deviations from the original values are inside or just above the frequency resolution. Only for
large 7nem, the character of the shift of the highest frequency can be determined reliably and
reveals the same trend as before.
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Figure 4.15.: Shift of individual bath frequencies for the low cutoff bath with coupling strengths
(a) ner = 0.5 and (b) nesr = 2.0. Specifications as in Fig. 4.14.

A summarizing quantification of the bath frequency shift is collected in Tabs. 4.2 and 4.3 for
high and low frequency bath, respectively. The respective left columns show the bath frequency
shift, which is the difference of the groundstate peak from the simulation and the uncoupled
bath groundstate together with the shifted system energy,

Ny oo

AE‘b,c—uc = Ecoup,gs - Ez - Es,coup,gSa (418)

i=1
where Eg coupgs 18 the new groundstate of the system calculated from the Birge-Sponer pa-
rameters. Negative values thus indicate a redshifted bath, and indeed all results are negative
except one for the low-frequency bath with low coupling, where the frequency shift is much
too small to be determined accurately. In all other cases, our earlier findings are corroborated.
With increasing bath size, the effect of the system on the bath groundstate gets smaller. We
also see that the shallower Morse potential without counter term has a stronger influence on
the bath, as discussed before.

Looking at the upper panels of Figs. 4.14 and 4.15, one is inclined to wonder whether it is
possible to determine the shifted bath groundstate energy directly by fitting the new frequencies
as a linear function of the old, uncoupled ones. This can of course only be a crude estimate for
two reasons: First, the distance of the frequency grid points is larger than the frequency shift
for the off-resonant bath modes. Second, one has to be aware that bath peaks like those in
Fig. 4.13, which have been used to create Figs. 4.14 and 4.15, belong to first excitations of the
respective bath mode. Given that bath oscillators may become anharmonic due to the driving
by the Morse system, the distance between eigenenergies of a given bath HO is no longer
constant but decreasing. Thus, a fit to these first excited states overestimates the redshift.

With these precautions in mind, we first take a look at the high-cutoff bath. In the right
hand columns of Tab. 4.2, we calculate the new bath groundstate from a first order fit but omit
the resonant bath HO, which deviates visibly from such a line, and add it instead directly to
the remaining, fitted bath modes. The assumption here is that all bath frequencies are shifted
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Nef = 0.1 Nt = 0.5
Al?b,c-uc AEb,ﬁt AElb,c-uc AE‘b,ﬁt
11D, w/ counter term  —1.1 x 107°> —1.2x107° —2.7x107° -3.3x107°
21D, w/ counter term  —0.8 x 107° —1.7x107° —2.1x107® —6.5x 107°
41D, w/ counter term  —0.6 x 107° —1.6x 107 —1.9x 107> —7.3x107°
11D, w/o counter term —1.5x 1075 —1.7x 107 —4.0x 107° —4.4x107°
21D, w/o counter term —1.2x 107° —1.4x 107 -33x107° —4.8x107°
41D, w/o counter term  —0.9 x 107° —1.6 x 107> —-2.8x107® —5.3x 107

Table 4.2.: Difference of coupled and uncoupled bath groundstate energy (in a.u.) for the high
cutoff bath. Values in the respective left columns calculated from the global groundstate peak,
values in the right columns from a fit to individual bath frequencies in Fig. 4.14.

et = 0.5 et = 2.0
AEb c-uc AEb fit AEb,c—uc AEb fit
11D, w/ counter term  —0.4 x 107 (-1.5+1.5)x10°® —4.7x10% -3.2x107°
21D, w/ counter term  —0.7 x 1070 (-2242.7) x 107 —2.6x107%® —4.0x 1076
41D, w/ counter term  —0.3 x 1076 (=7.845.0) x 107% —2.3x107¢ —2.0x 1076

11D, w/o counter term  —0.3 x 107° —0.9x 1076 —48x107% —51x107¢
21D, w/o counter term  +0.1 x 1076 —0.2x 1076 —2.7x107% —4.8x107
41D, w/o counter term —0.2 x 1076 -3.0x 107 -30x107% —2.8x1076

Table 4.3.: Difference of coupled and uncoupled bath ground state energy (in a.u.) for the low
cutoff bath. Values in the respective left columns calculated from the global groundstate peak,

values in the right columns as an extrapolation from the shift of the maximum bath frequency
to all bath HOs.

evenly upon coupling to the system, except for the exceptionally strongly driven resonant one.
The numbers show that this simplistic picture holds only for the smallest bath size, where the
resonant bath HO really stands out. For the low-frequency bath in Tab. 4.3, a straightforward
linear fit is again not advisable because, apart from the bath oscillator with highest frequency,
the frequency shift of individual modes is smaller than the frequency resolution. Instead, we
assume that all bath oscillators are shifted by the same percentage and simply multiply the
uncoupled groundstate energy by the relative change of the highest frequency mode. The bath
size dependent error estimate stated in the table is then the deviation caused by shifting this
peak by one grid point. For small coupling, this overestimates the redshift; for large coupling,
the highest frequency does not stand out as much any more and agreement is rather good,
especially as the bath size approaches a continuum.

With these considerations on the bath redshift, we end the chapter on Morse oscillators
embedded in CL baths. We have used this model system first to demonstrate the reliability of
our method for small systems by comparison to full quantum results and second to shed some
light onto the role of the counter term for the frequency shift of the system. The next chapter
will see some applications of the semiclassical hybrid dynamics scheme to an iodine molecule
embedded into an experimentally studied environment, namely, a matrix of krypton atoms.
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5. MOLECULAR IODINE IN A KRYPTON
ENVIRONMENT

The investigations in the last chapter have shown that the hybrid approach to semiclassical
IVRs is a powerful tool for the description of system-bath problems with a large number of
environmental DOFs. One might, however, argue that these results are not exactly surprising
as the very nature of the CL model system mirrors the approximations made to derive the
hybrid dynamics. Therefore, we will now proceed with a system with neither harmonic bath
DOFs nor linear system-bath coupling by investigating again molecular iodine, but this time
embedded in a krypton matrix. In general, experiments focusing on molecular dynamics in
condensed phases are an important test for theoretical methods because they can be modeled
efficiently in a system-bath description. The environment typically consists of rare gas clusters,
solids or liquids [100-102]. More specifically, halogens in a rare gas environment have been the
object of intense experimental study [80, 100, 101,103-108|. For the vibrational dynamics of
iodine in a krypton environment, dissipation and the loss of coherence have been investigated
in detail by the group of Ara Apkarian [80, 101, 106, 108]. On the theoretical side, various
quantum-classical and semiclassical approaches have been employed to model these systems
and reproduce experimental results [66,109-112].

Two questions will be addressed in this chapter. First, we will make use of the reduced
density hybrid formalism introduced in Sec. 3.1 to describe the decay of vibrational coherence
in a temperature dependent bath. In the second part, the focus will be on the influence of this
non-harmonic bath on the iodine spectrum.

5.1. DECOHERENCE

The vibrational decoherence of an iodine molecule in its electronic ground state embedded
in a krypton environment has been studied with time-resolved coherent anti-Stokes Raman
spectroscopy (TRCARS) experiments in the group of Ara Apkarian [80,106]. Temperature
and initial state dependent rates for the loss of coherence have been determined. These rates
could be reproduced theoretically with very good agreement using a mixed quantum-classical
Liouville method [110,111]. Given that analytical potentials are available for all interactions
in this system, it is also suitable for an efficient semiclassical description. We will first set
up a reduced model for iodine in its first solvation shell, then we will investigate vibrational
decoherence using both semiclassical hybrid and full quantum calculations.
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Figure 5.1.: Iodine molecule (orange) embedded in a Dsj, symmetric cluster of krypton atoms
(blue). Blue lines to help comprehension of spatial relations with two krypton atoms on the
iodine molecular axis (light blue) and three five-rings centered at this axis.

interaction D, [a.u.] se [a.u.] « [a.u]  interaction € [a.u] o [a.u]
I-1 0.057 5.0 0.99 Kr-Kr 0.00063 6.8
[-Kr (%) 0.0013 7.1 0.79

LKr () 000057 8.1 0.81

Table 5.1.: Potential parameters taken from [109], with the value for € of the Kr-Kr interaction
corrected according to [103].

5.1.1. MODEL

The experimental results in [106] have been obtained for iodine in a cryogenic matrix environ-
ment with a ratio of one iodine molecule in several thousand krypton atoms, which is beyond
the scope of an explicit semiclassical description. As shown in Fig. 5.1, our model will com-
prise only the first microsolvation shell which is a cluster of 17 krypton atoms surrounding the
molecule in the form of a double-icosahedron. In terms of symmetry, this object belongs to the
D5y point group and thus differs from the matrix symmetry of the experimental system. We
will address this difference in Sec. 5.2, where changes in the iodine spectrum are investigated.
The reduced cluster model is obviously much easier to handle numerically, but there is another
fundamental difference compared to a matrix environment: Since two of the krypton atoms
are aligned with the iodine molecular axis, energy dissipation from the molecular vibration can
cause the krypton atoms to dissociate from the cluster, thereby in principle giving rise to an
observable that is directly related to the system-bath coupling. This is, however, more rele-
vant for the vibrational dynamics of electronically excited iodine, which has also been studied
in [37,66].

In our explicit treatment of the model system, we have to account for all atom-atom inter-
actions . For reasons of simplicity, the cluster potential is approximated as a sum over all pair
potentials,

Natoms

V=Y Vky (5.1)

J>K=1

where capital letters are used to designate atom indices and Natoms = 19 is the total number
of atoms, and the iodine atoms will always be labeled as 1 and 2. As there are three different
kinds of atomic interactions, we take three different pair potentials, with parameters given in
Tab. 5.1. As an aside, we note that the iodine potential parameters are a little different from
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the ones in Ch. 4, which were taken from a different reference. We also take a more accurate
value for the iodine atomic mass, m; = 231323 a.u., and the krypton mass is m; = 152757 a.u.
The I-I interaction is a Morse potential according to Eq. (3.52) with parameters corre-
sponding to iodine in its electronic ground state. For the Is-Kr interaction, we are using a
diatomics-in-molecules (DIM) approach [113,114] that superimposes ¥ and II potentials

Natoms

Vi—kr = Z cos? (01.7) Vs (Ry.7) +sin® (01.7) Vir (Ry.y)
J=3

+ COS2 (927J) Vs (R27J) + sin2 (927{]) Vi (RQﬂ]) R

(5.2)

where O is the angle between the iodine molecular axis (depicted as a thick blue line in
Fig. 5.1) and the vector connecting Kth iodine and Jth krypton atom, and Vs and Vir are
assumed to be of Morse form. Instead of this superposition, one might have taken a simple
Lennard-Jones potential [110] here, but it has turned out that it is advantageous especially for
spectral calculations to use this anisotropic form [69]. The Kr-Kr van der Waals interaction
between atom K and atom .J is modeled by a Lennard-Jones potential [115]

12 o6
Vie—xr (R g) = 4e (12 - 6) ) (5.3)
Rig;  Ryy
where € is the well depth and o is the intersection of the potential with the horizontal axis.
The specific form of the iodine cluster in Fig. 5.1 arises from a geometry optimization. Us-
ing the above potentials, the minimum energy becomes —0.1034 a.u., which is slightly above
the sum of I-I interaction and the 20 I-Kr as well as 45 Kr-Kr nearest-neighbor interactions at
—0.0992 a.u. With 19 atoms, the IsKrq7 has 51 internal DOFS; in order to make an informed se-
lection especially for full quantum calculations, we perform a normal mode transformation [116].
The normal coordinates @); are related to mass-weighted Cartesian displacement coordinates

Gk = Vmi(Tr — Tre) (5.4)

by a linear transformation

3N,

Qi = Z Likgr (5.5)
k=1

where the lower-case characters in the indices of the two above equations now designate DOFs
rather than atoms with mj being the mass of the atom corresponding to the kth DOF. The
matrix elements l;;, comprise the normalized eigenvectors of the Hessian of the potential from
Eq. (5.2). The normal modes in this study are slightly modified with respect to the exact ones.
All mixed second derivatives containing derivatives with respect to the position of either atom
along the iodine molecular axis are set equal to zero in the Hessian matrix. Thus, we obtain
symmetric stretching modes of iodine and of the two axial krypton atoms that have nonzero
entries for the respective two atoms only. This allows for dissociation of the two outer krypton
atoms from the cluster while the others remain attached, as discussed briefly above.

As an aside, we note that this normal coordinate description necessitates a transformation to
Cartesian coordinates at every propagation step of the classical trajectories. This increases the
numerical effort of semiclassical calculations especially due to the much more costly potential
derivatives, as explained in App. E. The grid-based quantum calculation, on the other hand,
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Figure 5.2.: The five totally symmetric normal modes that constitute the A, representation
of the Dsp, point group are (a) iodine vibration, (b) axial Kr vibration, (c) balloon mode, (d)
hourglass mode, and (e) rugby ball mode.
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Figure 5.3.: 1D potential energy cuts of the four most strongly coupled, totally symmetric
normal modes. From left to right, they are (a) iodine vibration, (b) axial Kr vibration, (c)
hourglass mode, and (d) rugby ball mode.

does not suffer from this limitation because it requires the potential calculation only once at
the very beginning of the propagation.

To perform full quantum calculations, we have to utilize a reduced model that contains just
four DOFs at most. Therefore, we first take into account only totally symmetric bath normal
coordinates because those modes are most strongly coupled to the system consisting of the
totally symmetric iodine vibration. Apart from the two stretching modes of the axial iodine
and krypton atoms, there are three more such modes which are referred to as “balloon”, “hour
glass” and “rugby ball” mode; all five are depicted in Fig. 5.2. While the iodine frequency is
separated from the highest bath frequencies by a factor of five, the totally symmetric bath
modes are ranked between 16th and 35th highest frequency. In harmonic approximation, the
oscillation periods of these bath modes are between 1100 and 1500 fs, or about seven to ten
times as large as the approximately 150 fs period of the harmonic approximation to the system
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potential. The bath mode with strongest coupling to the iodine system is the axial krypton
stretch. The weakest of the three remaining totally symmetric ones is the balloon mode, which
will therefore be omitted from the full quantum calculations.

Figure 5.3 shows 1D potential cuts for the system as well as the three bath modes. As
requested, the axial krypton mode has a dissociative side. By contrast, the other two bath
modes always have some krypton atoms approaching each other regardless of the sign of these
modes and therefore always behave repulsively. The iodine dissociation is hindered due to
the presence of the axial krypton atoms, which makes the potential take on a form that is
reminiscent of modification caused by the CL counter term in Ch. 4. Indeed, the effect on the
spectrum is similar, as will be discussed in the next section.

By identifying the four most important normal modes, we have reduced the complexity of
the problem in a way that quantum dynamical calculations become feasible. We can now create
a hierarchy of models by adding these bath modes one by one. As an aside, we note that some
of these normal modes show a close resemblance to those obtained elsewhere for dihalogens in
a rare gas matrix [114].

5.1.2. DECOHERENCE DEPENDENCE ON TEMPERATURE AND INITIAL STATE

We will now investigate the properties of the reduced description by calculating rates for the
loss of coherence and compare them to experimental results [106]. This has been done before
to good accuracy with mixed quantum-classical approaches [110,111]. In this section, we will
use only full quantum results, which have been obtained with the WavePacket software [90,91]
utilizing the split-operator method with Strang splitting [117,118|.

INITIAL STATES

The quantities of interest are the purity P(t) and especially the vibrational coherence II;;(t)
as introduced in Ch. 3, because the latter is closely related to the experimentally measured
quantity [110,111|. Like in the section on open systems and the reduced density, system and
bath are assumed to be initially in a product state

[©(0)) = [¥5(0)) [¥(0)), (5.6)

where the bath part will comprise at most three modes in the full quantum calculations.
The initial state of the iodine stretch system mode will be constructed as a superposition of
either two Gaussians (a “Schrodinger Cat” state in the language of W. H. Zurek [119]) or two
numerically calculated eigenstates of the iodine mode in the rigid Kr cage. Again, the latter
setup allows for a comparison with experimental and earlier theoretical results, where rates
for the loss of vibrational coherence Ily,(t) have been determined for system superpositions
including the vibrational ground state |0), as well as an excited eigenstate |n)_ to eigenenergy
Esp.

Although an arbitrary initial state such as |n), can be decomposed in terms of Gaussians [120]
to a given accuracy, thus allowing for a semiclassical treatment, this decomposition would
strongly increase the numerical effort for such a calculation, especially in a reduced density
formalism where the number of contributions grows with the square of terms in |¥). Instead,
we will be using the aforementioned cat state for the semiclassical calculations in the next
subsection, which has just two contributions,

1

5(0) = {14 ¢ (Puo=Paa) V00 o5 [Q, (Pro — Pu)] }_1/2 ([Wea) + [Weur)) . (5.7)
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Both initial Gaussians are centered at the system potential minimum, s = 0. In the same
manner as in the previous chapter, initial momenta are chosen as Ps o = 0 and P; v = \/2E;
such that one Gaussian corresponds to the vibrational ground state and the other one is
centered at the energy of the nth eigenstate. As before, the width parameter of both Gaussians
is 75 = ws (ms = 1 in normal coordinates), with wy the eigenfrequency of the iodine stretching
mode, making v = 22.29 a.u. We will couple this initial state to a thermal bath, propagate
it with the semiclassical reduced density formalism and compare the resulting purity to full
quantum results in the next subsection.

FULL QUANTUM CALCULATIONS

While we could describe the temperature dependent bath by the thermal density operator
in the semiclassical calculations, we introduce finite bath temperature into the full quantum
calculations by expressing the contributions to the density matrix as a thermal average over a
number of independently propagated wave packets |®,,(t)),

o) = Zlb S e B (B, (1)) (@a(1)], (5.8)

where the initial states are |®,(0)) = |Us(0)) |n), with |n) an (approximate) eigenstate of the
bath with energy Ey, ,,. As explained in detail in App. B, we assume small system-bath coupling
such that the bath modes are sufficiently weakly excited that they stay in the approximately
harmonic region close to their respective potential minima. Then, we can choose the initial
bath states as eigenstates of harmonic oscillators with frequencies corresponding to the eigen-
frequencies found in the harmonic analysis. With an initial superposition of the vibrational
ground state and one excited state in the iodine coordinate,

_ L
V2

the reduced density matrix at the beginning of the propagation becomes

[Ws(0)) (10)s + [n2)5) (5.9)

ps(0) = 5 (10)5 (Ol + [0)g {nls + [n), (Ol + [n) (nly) , (5.10)

N =

which makes the initial value of our quantity of interest I, (0) = | (0|ps(0)|n) | = 0.5.

For keeping computational times low, we first chose a setup with T' = 45 K and n = 20 to
get a strong decay of coherence already after a short propagation time. Capitalizing on the
properties of the hierarchical model, we can now add one bath mode at a time to demonstrate
that the growing number of channels indeed increases decoherence. The axial krypton stretch
()2 is most strongly coupled to the iodine system in the sense that decoherence is faster than in
any other calculation with a single bath DOF, so we add this one first. Figure 5.4 shows how
Ty, (t) oscillates in time with a period of about 1170 fs, which corresponds to the harmonic
approximation of the bath DOF (1102 fs). We also see that the maximum amplitudes decrease
exponentially. This decay is accelerated if a second bath mode, @3, is added to the calculation.
With yet another bath normal coordinate, the rugby ball mode @4, the decrease is further
enhanced, with the coherence minima in between peaks coming close to zero, and the oscillation
period doubles. This last change might be due to the fact the rugby ball mode has a larger
harmonic period, namely, 1513 fs, than the other two bath modes which are pretty close in
that respect. We can conclude that the number of bath modes in the simulation is crucial for
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Figure 5.4.: Vibrational coherence of system mode (1 for iodine embedded in a krypton envi-
ronment depending on bath size. Solid red lines: bath comprising one DOF in (i), two DOFs
in (ii) and three DOFs in (iii) at 7' = 45 K and initial system excitation n = 20. Dashed green
line: exponential decay fitted to local maxima of the coherence.
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Figure 5.5.: Vibrational coherence of system mode @ for iodine embedded in a krypton en-
vironment depending on initial system state. Four DOFs calculations with bath temperature
T =10 K (red solid line), T' = 20 K (green dashed), and T' = 45 K (blue dotted). The excited
initial state is n = 10 in (i) and n = 20 in (ii).

the coherence decay. We will therefore use these 4 DOF calculations for the comparison to
experimental results. With 128 grid points for the iodine vibration and either 16 or 32 grid
points for each bath DOF, the memory requirement is such that computations can still be
performed on a standard desktop computer. The time step for the split operator formalism is
1 fs.

The dependence of the coherence on initial states and bath temperatures is demonstrated by
the results in Fig. 5.5. Initially, the system is in the same superposition of ground and excited
vibrational eigenstate as before, with excited indices n = 10 and n = 20. The bath temperature
varies between T' = 10 K, T' = 20 K and T" = 45 K. Like in the experiment, both higher
initial energy of the system and higher bath temperature result in a faster loss of coherence.
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TIK] 45 20 10

n 10 20 10 20 10 15 20
Tonexp [pS 1] 0.100 0.34 0.040 0.10 0.029 0.044 0.060
Tonsim [ps™!]  0.053 018 0.025 0.09 0.015 0.032 0.059

Table 5.2.: Dependence of vibrational coherence loss rates ', on initial excited system state
and bath temperature. Experimental results from fits in [106], numerical results from 4D full
quantum calculations.

In order to check if there is not only qualitative, but also quantitative agreement between
experimental and numerical results, we have fitted the peaks in Fig. 5.5 with an exponential
decay, Iy, (t) ~ e Tort (see Fig. 5.4), which is the experimentally observed behavior. Results
are collected in Tab. 5.2. Despite the simplicity of our model, which takes into account only
the first solvation shell of krypton atoms, and despite the reduced description with a “bath”
composed of three normal modes, we see that the decoherence rates extracted from our model
are even quantitatively pretty close to the experimental ones. Two trends can be observed,
namely, a systematic underestimation of these rates and an improvement towards high system
initial energy and low bath temperature. Aside from the limited number of bath modes, the
underestimation especially for high temperature can be assigned to our way of modeling the
temperature dependence of the bath. At 45 K, the harmonicity assumption for the highest-
lying bath eigenstates might be called into question, and, more importantly, the number of bath
cigenstates with significant weight e #Fb.k gets so large that not all contributions can be taken
into account. In addition, these neglected contributions are those with highest initial energy.
For an initial state of the system with n = 20, one can clearly see the temperature influence on
the accuracy of the result. At T'= 10 K, the numerical result for the decoherence rate agrees
almost exactly with the experimental one. In this case, we can consider a sufficient number m
of bath initial states such that their summed-up weights come close to the exact bath partition
function, Y 7t e FEbr /3% e FEbk < 1. For T = 45 K, on the other hand, an initial bath
comprising m = 30 eigenstates makes this fraction just 0.85 and consequently, the numerical
rate is only half as big as the experimental one. From a numerical point of view, the necessity
to cut short the initial bath arises not only from the sheer number of contributions, but also
because higher bath excitations would require a larger grid for an appropriate representation
of these states.

Having established the qualitative and surprisingly high quantitative agreement of our simple
model with experimental and numerical results obtained with a larger number of bath atoms, we
will now compare the coherence between selected elements of the reduced density matrix to the
purity, which can be obtained more easily from the semiclassical reduced density formalism, as
shown in Sec. 3.1.1. In Fig. 5.6, we have plotted the two quantities, multiplying the coherence
by a factor of two to improve comparability. Not surprisingly, we find a close qualitative
resemblance and, notably for weak decoherence, even quantitatively similar behavior. Decay
rates are somewhat different, and the purity does not decay towards zero but towards a finite
constant value, as discussed above. For this example, it can be concluded that the loss of
vibrational coherence between the states forming the initial superposition corresponds to a
more general loss of quantum character in general.

Finally, we investigate the influence of the shape of the initial superposition on the subsequent
dynamics in Fig. 5.7. We compare the superimposed eigenstates from the previous calculations
to the simpler “cat state” from Eq. (5.7), which is composed of two Gaussians. One Gaussian
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Figure 5.6.: Purity (solid red lines) vs. vibrational coherence (dashed green lines) of the iodine
vibration in a krypton environment from 4 DOF quantum calculations with (i) n = 10, T' =
20 K, (ii)) n =15, T =10 K, and (iii) n = 20, T' = 45 K.
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Figure 5.7.: The purity of the iodine vibration in a krypton environment for initial eigenstates
(solid red lines) and initial Gaussians (dashed green lines) in the system coordinate. All
temperatures and excited state indices as in Fig. 5.6.

is placed at the potential minimum with zero momentum initially, the other one has nonzero
momentum such that its energy is identical to the ones of the respective excited eigenstates.
Thus having changed only the form but not the energy of the initial states, we see almost
identical results for the dynamics of the purity. The same period of the purity oscillations
points at an overall identical bath dynamics, with some additional oscillations on top for the
setup with initial eigenstates due to the higher complexity of this state. As the initial energy of
the system is the obvious main factor contributing to the decoherence rate, we will now use the
simpler initial Gaussians for semiclassical calculations. With these, we enable the incorporation
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Figure 5.8.: Semiclassical (solid red lines) and full quantum (dashed green) results for the purity
of the iodine vibration in a krypton bath for 7= 10 K, n = 15 (top) and 7' = 45 K, n = 20
(bottom) from four DOF calculations (cf. Fig. 5.7).

of more bath DOFs, which will in particular show the effect of the non-symmetric bath DOFs
that have been neglected so far.

SEMICLASSICAL CALCULATIONS

The first important question in any discussion of semiclassical results is of course their reliability
with respect to full quantum results. Therefore, we take the initial cat like superposition of two
Gaussians discussed in the previous section, and compare results obtained with the respective
methods for different initial excited states and bath temperatures. This last parameter is quite
interesting because of the two different approaches to the description of finite bath temperature.
Figure 5.8 shows the outcome of calculations with initial conditions 7" = 10 K, n = 15 and
T = 45 K, n = 20, respectively, where the same three bath DOFs are used as before. 10°
classical trajectories have been run to converge the semiclassical hybrid expression for the
reduced density from Eq. (3.18). Since SC-HD does not exactly conserve the norm of the
reduced density, all semiclassical results have been renormalized.

For the case of low bath temperature and slow decoherence in subfigure (i), we see very good
agreement until about seven picoseconds. For longer times, the result is not well converged yet
and could be improved with more trajectories. For the high bath temperature case in subfigure
(ii), the deviations with time become more apparent. While the higher initial energy of the
overall system and the ensuing more complex dynamics, which necessitates a more meticulous
phase space sampling, give rise to this long-times difference between semiclassical and quantum
result, we also find that the well-converged first two semiclassical peaks are smaller than their
quantum counterparts. This discrepancy shows the effect of the approximate temperature
description in the quantum case. It can be understood if we recall the thermal average from Eq.
(5.8) and the fact that we use only a limited number of contributions in the numerical quantum
calculations. As discussed before, this means that bath eigenstates with the highest energies
are neglected. The cumulated weight of these neglected states gets higher with temperature,
leading to an underestimation of the effect of the bath on the decoherence dynamics, as seen
by the comparison to experimental results in the previous section. The semiclassical result,
which incorporates finite bath temperature more accurately via the thermal density operator,
corroborates the validity of this explanation by displaying faster decoherence for the high
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Figure 5.9.: Semiclassical results for the purity of the iodine vibration in a krypton bath with
three (solid red line), four (dashed green) and 50 DOFs (dotted blue) for n = 20 and (i)
T =10 K and (ii) T = 45 K.

temperature case. For low temperature, where no significant percentage of bath eigenstates
is neglected in the quantum calculations, the results are identical. We should emphasize once
again the different setup in terms of quantity of interest and initial states compared to the
calculations that lead to the decoherence rates. We can, however, infer from the comparisons
in Figs. 5.6 and 5.7 that the findings from the cat state propagation are applicable also to the
earlier situation.

The second factor that impacts the coherence loss rates from the quantum calculations is
the limited number of bath DOFs. For the example with T = 45 K, n = 20, we have seen
in Fig. 5.4 that decoherence gets much faster as the number of bath DOFs increases from
one to three: fitting the result with one bath DOF exponentially, the resulting decay rate
is 0.035 ps~! and thus much lower than the 0.18 ps~! from the case with three bath DOFs.
We have therefore assumed in the previous section that the use of further bath DOFs might
improve the agreement with experimental results. Since the semiclassical method allows for the
use of more than four normal modes, we perform calculations with all five totally symmetric
modes as well as with all 51 internal DOFs in order to find out how these incremental changes
influence the purity. Choosing the initial system excitation as n = 20 and bath temperatures
T =10 K and T = 45 K, we look at one case with almost perfect agreement and one with
a clear underestimation of the experimental result in order to get an idea if the solvation
shell model converges towards the exact results or if especially the very good quantitative
agreement of some quantum results is likely to be a coincidence due to the specific setup of
these calculations.

Results obtained with 10° trajectories are presented in Fig. 5.9. The propagation time is
now restricted to five picoseconds, which is approximately the point where the first sizable
deviations from the quantum result appear, because the numerical effort becomes formidable
especially if all vibrational modes are included!. For the low-temperature case in subfigure
(i), we can see how the amplitudes of the purity oscillations are increasingly suppressed if
first the fifth totally symmetric (green dashed line) and then the remaining vibrational bath
modes (blue dotted line) are included. Considering that adding only one DOF to the original
four DOFs calculation already has about half the effect on the first peak as the addition of

! A normal mode calculation with 51 DOFs takes about one hour of single core computational time per twenty
trajectories, thus requiring a few thousand hours to achieve convergence.
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the remaining 46 DOFs, the importance of the totally symmetric bath modes becomes very
apparent. This is corroborated by the fact that the oscillation period of the purity remains
the same regardless if only the three most strongly coupled normal modes or all 50 vibrational
bath DOFs are included. By contrast, the second peak shows that the response of the bath
modes, which are much slower than the system vibration, becomes important at later times,
and that the remaining bath modes thus play a decisive role in the long-time dynamics.

The high-temperature case in subfigure (ii) displays a very similar behavior for the simulation
with five DOFs. Again, the first peak is significantly reduced while the second one seems almost
unaffected. Adding all internal DOFs, on the other hand, has very drastic consequences. Here,
the dominating oscillations after about two and four picoseconds have disappeared completely
and the purity stays close its minimum value around 0.4 throughout. We can thus conclude that
with increasing temperature, which corresponds to higher initial excitation of all bath DOFs,
the bath DOFs with a different symmetry become more relevant for the system dynamics. In
that case, the reduced description comprising the totally symmetric bath DOFs only is no
longer able to reproduce the details of the dynamics.

With these semiclassical considerations, we close the section on the purity and coherence
calculations. We have seen that a simplified model consisting of iodine in its first solvation
shell of 17 krypton atoms yields qualitative and sometimes even quantitative agreement with
experimental results for coherence loss rates, even if only the most important bath vibrational
coordinates are used in full quantum calculations. The semiclassical calculations, allowing for
inclusion of all vibrational bath DOFs, have demonstrated the limitations of the temperature
description in the quantum case as well as the importance of the non-symmetry preserving
bath DOFs especially for high temperature.

5.2. IODINE SPECTRUM

Having discussed the dynamics of decoherence in the first part of this chapter, we now turn
to a question that has already been asked in Ch. 4, namely, the shift of the iodine vibrational
spectrum by the krypton environment. Unlike in the case of a CL bath, the bath modes are
not harmonic and the system-bath coupling is no longer linear, giving rise to a dynamics that
is potentially more challenging for a treatment with the semiclassical hybrid method.

We will first summarize arguments concerning the setup of an appropriate bath geometry
from a vibrational self-consistent field study on iodine in an argon environment [69]. With the
help of these considerations, we can then find an appropriate model for the krypton environment
and perform numerical calculations again for a selection of bath modes only.

MODEL: IODINE IN A KRYPTON MATRIX

As shown in a closely related investigation of iodine in an argon matrix [69], there are two
important caveats when it comes to spectral calculations of halogens in a rare gas matrix.
First, it has been demonstrated that the halogen-rare gas interaction potential is essential
in order to get the bond softening of the molecule that leads to the experimentally observed
redshift. While an anisotropic interaction like in Eq. (5.2) yields an even quantitatively accurate
frequency shift for iodine in argon [69], other (simpler) analytic interactions result in no shift
at all or even a blueshift of the iodine frequencies. For this reason, we stick to the anisotropic
interaction, whose sine and cosine terms make for a cumbersome calculation of first and in
particular second potential derivatives. The krypton-krypton interaction is also the same as in
Tab. 5.1, but we take a different set of Morse parameters for the iodine molecule due to a higher
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Figure 5.10.: Todine molecule (orange) embedded in a Doy symmetric matrix of 72 krypton
atoms (blue). The outermost layer of fixed krypton atoms is not shown for reasons of visibility.
The two pictures have been made with the Visual Molecular Dynamics (VMD) program package
[121,122].

accuracy close to the ground state energy, namely, D, = 0.083641 a.u., o = 0.81282 a.u., and
Se = 5.038 a.u. [69].

The second important point is the choice of a matrix rather than a cluster environment to
reproduce the rare gas geometry faithfully, and in particular the use of a sufficient number
of layers around the host molecule. For iodine in argon, four such layers were necessary for
convergence with respect to the iodine frequency shift, corresponding to 448 argon atoms. Of
these, however, only the two inner shells were taken to be mobile, while the two outer layers
were fixed during the propagation; this choice of boundary conditions is called Dynamical
Cell with Rigid Walls by the authors of [69]. We will use the same approach, but restrict
the environment to just three layers with 218 atoms for the classical geometry optimization,
where the outermost is fixed and the two inner ones, comprising 72 krypton atoms, are mobile.
The iodine molecule is placed inside the face-centered cubic (fcc) krypton lattice by replacing
two nearest-neighbor atoms. Then, we perform a geometry optimization for the iodine as
well as the mobile krypton atoms, while the outer, fixed krypton atoms serve as containment.
The minimum energy geometry is presented from two perspectives in Fig. 5.10, where iodine
atoms are orange and the flexible krypton atoms are blue. As a result, only few atoms from
the innermost shell are notably shifted, such that the Dg, symmetry of the original matrix
is retained. For the semiclassical calculations, we use the two krypton layers shown in Fig.
5.10, and we now take only the 18 krypton atoms from the innermost layer to be mobile.
Consequently, the normal mode analysis, which we perform with the MolDynSim code from
the TrajLab software [123], includes a total of 20 mobile atoms and yields 8 totally symmetric
normal modes. With the iodine vibration being one of these normal modes, we will once again
put a special emphasis onto these most strongly coupled bath coordinates.

AN OVER-SIMPLIFIED APPROACH: IODINE IN A KRYPTON CLUSTER

Before we take on the krypton matrix environment calculations, we will show that the solvation
shell approach from the first part of this chapter is not suitable to reproduce experimental
results for the frequency shift correctly. To this end, we use the same geometry as in Fig. 5.1
as a basis for a geometry optimization with updated parameters for the iodine intramolecular
interaction. This time, the normal mode analysis is performed without any modification and
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Figure 5.11.: Spectrum of the iodine vibration in the Dsp symmetric cluster comprising 17
krypton atoms from Fig. 5.1. From top to bottom: iodine vibration in the krypton cage
without any bath DOFs (blue line), iodine vibration coupled to all four totally symmetric bath
normal coordinates without (magenta line) and with initial bath excitation (green line), and
iodine coupled to 24 bath DOFs, where only the totally symmetric ones have initial momentum
(red line). All ground state peaks shifted to match the blue one. Blue arrows indicate the
respective second and third excited peak of the blue line, and dashed lines for unrestricted
iodine vibration. All spectra are normalized such that the biggest peak is unity.

yields again five totally symmetric normal modes, the iodine vibration and four bath modes
now displaying collective motion of all krypton atoms.

Due to the anharmonic nature of the environment, not only the system but also bath normal
coordinates should now carry an initial momentum in order to achieve a thorough dynamical
phase space sampling that captures the influence of the bath DOFs on the system. For more
than ten bath DOFs, however, the resulting spectra become virtually meaningless if no addi-
tional filtering as proposed by M. Ceotto and coworkers is employed [74]. We will therefore
restrict initial bath excitation for now to the five totally symmetric normal modes, where each
mode has initial momentum F;(0) = ,/w;, corresponding approximately to the ground state
energy of the respective normal mode with harmonic frequency w;. For low bath dimension, we
will discuss the influence of the bath excitations on the system by comparing calculations with
and without initial bath momentum. The time step of the classical propagation is At = T;/60
(Ty is the system vibrational period defined in Sec. 4.2), with a total of 2!6 time steps to get
an energy resolution of about 107% a.u. In order to reduce computational cost, we employ a
Hessian update scheme [53] for the calculation of the second potential derivatives during three
of the four substeps of the symplectic McLachlan algorithm [50,124]. Between 25000 and 50000
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Figure 5.12.: Iodine potential without any environment (green solid line), iodine embedded in
a solvation shell with 17 krypton atoms (blue dotted line), and iodine in an fcc krypton matrix
with 218 atoms (red dashed line).

exp. [69] exp. [106] 1 DOF 5 DOFs 5 DOFs 25 DOFs
(gas phase) (in Kr) (Pbt=0=0) (p,,t=0 #0)
We 214.6 211.6 218.9 218.9 218.9 218.7
WeTe 0.627 0.658 0.56 0.60 0.60 0.60

Table 5.3.: Spectroscopic parameters of the iodine Morse potential in a krypton environment
from experimental data and different computations with a solvation shell environment com-

prising 17 krypton atoms (Fig. 5.11). All values in cm™!.

trajectories suffice to get spectra that are converged with respect to the positions of the excited
iodine peaks.

In Fig. 5.11, results from calculations with different numbers of bath DOFs are displayed.
From top to bottom, the iodine molecule is confined by the rigid krypton cage (blue lines),
coupled to the four totally symmetric bath DOFs without any initial bath excitation (magenta
lines), coupled to the same four bath DOFs with initial bath momenta (green lines), and coupled
to 24 bath DOFs (red lines), respectively. In that last case, only the totally symmetric bath
DOFs are initially excited. For better comparison, all ground state peaks are shifted to the
position of the one from the 1D calculation. The qualitative failure of this simple approach
is obvious, given that all peaks are blueshifted instead of redshifted with respect to the gas
phase result, indicated by the dashed lines. For this specific form of the krypton environment,
the cage has the same influence on the system spectrum as the CL counter term discussed
in the previous chapter, which always blueshifts the system potential. In Fig. 5.12, where s
is the back-transformed iodine vibration coordinate ()1, the effective iodine potential in the
geometry optimized solvation shell environment (blue dotted line) is indeed narrower than the
gas phase potential (green solid line) (cf. Fig. 4.5 from the CL chapter). Also, the iodine bond
is tightened rather than loosened by this environment, with a smaller intramolecular distance
of 5.029 a.u., compared to 5.038 a.u. in the gas phase.

Consequently, a Birge-Sponer fit of the first seven system peaks results in larger values of the
harmonic approximation frequency w, for all calculations, as listed in Tab. 5.3. Upon coupling
of the bath DOFs to the system, however, there is a second trend that is again reminiscent
of the CL discussion. The anharmonicity weze gets bigger compared to the result in the rigid
krypton cage, thus indicating the experimentally observed redshift. This can also be found
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Figure 5.13.: Spectrum of the iodine vibration in the Dg, symmetric matrix comprising 72
krypton atoms from Fig. 5.10. Top: iodine vibration in the krypton cage without any bath
DOFs (blue solid line), bottom: iodine vibration coupled to 7 totally symmetric bath normal
coordinates without initial bath excitation (red solid line). The ground state peaks are plotted
at the respective ground state energy of a Morse potential with parameters from the Birge-
Sponer fit in Tab. 5.4. Vertical lines show the experimental iodine vibration in the gas phase
(black dashed lines) and in a krypton matrix (green dashed lines).

upon close inspection of the excited peaks in Fig. 5.11, which are slightly to the left of the blue
arrows representing the respective position in the rigid cage. With an addition of more bath
DOFs, we is finally getting slightly smaller, but not to the extend that it might counteract the
original wrong tendency due to the overly simple krypton environment. For the different bath
sizes employed here, there is not much of a difference in the spectroscopic parameters as long
as there are any moving bath coordinates at all. This might, however, also be due to the fact
that only four of the 24 bath DOFs are initially excited in the calculation with the largest bath.

REDSHIFT OF IODINE SPECTRUM IN A KRYPTON MATRIX

After the single solvation shell environment turned out to yield an overall blueshift, we now
exchange this cluster geometry with a krypton matrix composed of three layers and 218 atoms,
where only the 72 atoms of the two inner layers are moving, while the outermost layer is fixed,
as described above. That this approach will be more successful can be deduced classically
from Fig. 5.12, where the iodine potential in the krypton matrix (red dashed line) gets wider
after geometry optimization. In addition, the softening of the iodine bond is reflected by a
larger iodine-iodine distance of 5.051 a.u. This has been found to be an important precondition
for a redshift of the system frequencies in the investigation of iodine in argon [69]|, where the
difference in bond distance for caged and free iodine is smaller than in this study, corresponding
to an overall smaller redshift.

For the semiclassical propagation, we take only the two inner krypton layers with 72 atoms
from the optimized geometry. The normal mode analysis is restricted to the iodine molecule and
the 18 krypton atoms of the inner layer, while the outer layer is fixed. We now use 2! semiclas-
sical time steps of length At = T,/15 for an energy resolution of about 10~ a.u. (0.02 cm™!),
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Figure 5.14.: Spectrum of the iodine vibration in krypton, from left to right: (a) second, (b)
third and (c) forth excitation. Top: iodine vibration in the krypton cage without any bath
DOFs (blue solid line), middle: iodine vibration coupled to 7 totally symmetric bath normal
coordinates with initial bath excitation (red solid line), bottom: MC TA SC-IVR result for 20
DOFs with initial bath excitation (magenta solid line). Vertical lines show the experimental
iodine vibration in the gas phase (black dashed lines) and in a krypton matrix (green dashed
lines).

and each semiclassical time step is subdivided into 16 substeps to keep the classical calculation
accurate. 5000 trajectories are sufficient for the TA SC-HD calculations to yield a result where
the first six iodine excitations can be attributed unambiguously.

Results are presented in Figs. 5.13, 5.14, and Tab. 5.4. In Fig. 5.13, we compare the spectrum
of the iodine vibration in the completely rigid krypton cage (solid blue line) to the result of
a TA SC-HD calculation comprising the iodine vibration as well as the seven fully symmetric
bath normal coordinates (solid red line), which do not carry initial excitation. The redshifted
experimental peak positions are indicated by dashed green lines, the original gas phase peaks
by dashed black lines. We see not only the qualitatively correct trend towards a redshift, but
also good quantitative agreement of the numerical peaks with the experimental result, both
for rigid and flexible cage. In addition, the spectrum with the flexible bath modes shows two
of the bath normal coordinates being strongly excited by the system, while the others are
barely visible. For a more quantitative analysis, we compare the results of Birge-Sponer fits
including the first six peaks of the 1D calculation from Fig. 5.13 and a calculation with eight
totally symmetric normal modes, where now all DOFs are initially excited with an energy
corresponding to the respective ground state, as before. As can be seen from Tab. 5.4, taking
only these seven bath DOFs is not sufficient to influence the iodine spectrum significantly. This
is corroborated by the detailed views of three excited iodine peaks in Fig. 5.14, where the peaks
from the 1D calculation are even a bit closer to the respective experimental peak positions.

For further improvement, we resort to the MC TA SC-IVR method [74] that we have de-
scribed in Sec. 4.3.2, and include an additional 12 bath modes for a total of 20 DOFs. While the
full spectrum provided by TA SC-HD becomes unreadable if all of these 20 DOFs carry initial
excitation, the MC TA SC-IVR allows to filter out specific peaks by choosing an appropriate
superposition as a reference state in Eq. (3.34). In order to find the six first iodine peaks, we
have to propagate six trajectories with energies that are close to the peaks’ positions, as we
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exp. [69] exp. [106] 1 DOF 8 DOFs 20 DOFs

(gas phase) (in Kr) (TA SC-HD) (MC TA
SC-IVR)
We 214.6 211.6 211.8 212.0 211.7
Wee 0.627 0.658 0.62 0.63 0.61

Table 5.4.: Spectroscopic parameters of iodine Morse potential in krypton environment from
experimental data and different computations with a matrix environment comprising 72 kryp-

ton atoms (Fig. 5.13). All values in cm~!.

have also explained in App. D, and apply the filter for even or odd peaks. The results are
shown by the solid magenta lines in Fig. 5.14, and we find that the peaks are clearly redshifted
with respect to the two other spectra, so the additional bath DOFs have the desired effect on
the iodine vibration. This is reflected by the Birge-Sponer fits in Tab. 5.4, where the harmonic
approximation frequency is almost exactly identical with the experimental result. However, we
do not see an improvement of the anharmonicity.

In this chapter, we have demonstrated the applicability of the semiclassical hybrid formal-
ism beyond the CL model system from Ch. 4, using the example of an iodine molecule in a
krypton environment which is experimentally relevant and at the same time appropriate for a
semiclassical description because of the availability of analytic parameters for the interactions.
The first part has revealed that a reduced description with iodine in its first solvation shell
reproduces the temperature and initial system state dependence of the decoherence dynamics
correctly, even if only a few important bath coordinates are used. The semiclassical results in
that section agreed nicely with quantum calculations and showed that, at least for low tem-
perature, the inclusion of more normal modes does not dramatically change the decoherence
dynamics. In the second section, we have studied the effect of the krypton environment on
the iodine spectrum. While the solvation shell model turned out to be incapable of capturing
the bath influence correctly for this quantity, a more refined matrix description resulted in
an accurate qualitative and, at least for the harmonic approximation frequency, quantitative
reproduction of experimental findings.
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6. SEMICLASSICAL DESCRIPTION OF
TWO ELECTRON SCATTERING

The following chapter will be dedicated to a more fundamental question rather than, like the
rest of this work, applications of hybrid semiclassical dynamics to larger molecular systems.
We will investigate whether the effect of the Pauli principle which, as a consequence of in-
distinguishability, requires two fermions with parallel spin to be in orthogonal spatial states,
is included in the semiclassical propagation schemes from Ch. 2. Several approaches to the
dynamics of indistinguishable particles have been developed in the past, first in the context of
nuclear physics [34,35,125-130] and later in molecular physics [36,131,132].

The first idea to include spin effects into classical dynamics was the introduction of an ad-
ditional momentum-dependent potential to model an additional effective repulsion of fermions
with the same spin. In order to account for identical spins of two fermions ¢ and j, one can
introduce the so-called Pauli potential as

_ CQﬁQ Xz
W) = 1 (1)
where the variable X;; is the phase space distance between the particles,
Xy =3 | (@ - 0> + o5 (01— p))? (6.2)
J 9 J hQCQ J ’

and ( is a fitting parameter. The choice of the Pauli potential is of course not unique, and we
should also mention that a phase space distance based potential is not applicable to arbitrary
multi fermion systems. This can be seen easily by considering electrons in different atomic
orbitals which are not subject to Pauli exclusion independent of their phase space distance.
Semiclassical GWP calculations in nuclear physics have also used this approach [35], or a Pauli
blocking probability that forbids collisions depending on the final state [128,129]|. Since these
artificially introduced potentials also bring about artifacts and thus wrong results for some
quantities, another class of methods has been developed.

These semiclassical methods, known as antisymmetric molecular dynamics (AMD) or fermi-
onic molecular dynamics (FMD) [130-132], are based on Hartree products of GWPs, which are
symmetrized or antisymmetrized to yield determinants |¥) = |¢{q;, p;} | comprising GWPs
and spin. Using the Lagrangian of the TDSE, L = (¥|ih(d/dt) — H|¥), a set of equations of
motions can be derived with the variational principle that automatically obey both the Pauli
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principle and the uncertainty relation. However, these new equations differ considerably from
the classical ones and are much more complicated. On a more general level, a semiclassical
approach to the dynamics of fermions has been developed recently by T. Engl and coworkers
[133,134], starting from an exact path integral representation of the fermionic propagator in
terms of Grassmann variables.

Apart from Pauli potential and AMD/FMD approaches, there have been some successful
semiclassical descriptions of two electron systems using simple Hartree products of GWPs.
Different HK propagations have been used to reproduce the binding energy of one-dimensional
“collinear” helium [135], the harmonium binding energy [136], and singlet states of helium [137].
Another trajectory guided method was shown to work for the electrons in a hydrogen molecule
[138]. Also, the cross section for Mott scattering of not only electrons, but identical particles
in general was shown to be semiclassically exact [139].

We will investigate the scattering of two electrons with the semiclassical methods introduced
in Ch. 2, but using symmetrized and antisymmetrized initial states instead of simple Hartree
products in order to find out if spin effects are contained in such a minimal approach [140].

6.1. TWO ELECTRON SCATTERING POTENTIAL AND INITIAL STATES

Our test system consists of two scattering electrons that are either in a singlet or a triplet state
initially and should therefore approach each other to a different degree. As many-electron
systems are governed by pairwise two-particle interactions, it is reasonable to assume that an
accurate description for this reduced example implies good results also for larger systems. The
two electrons interact with each other but are free otherwise; in particular, the Hamiltonian
does not contain any spin component. We will study the scattering in one dimension with
a soft-core interaction for which numerical quantum calculations are easier than for the bare
Coulomb potential. In atomic units, the Hamiltonian then reads

~D ~D

2 b1 |, D3 1

H=—+4+== 6.3
5 + 5 + , (6.3)

(21 — 22) + o

where the softening parameter is chosen as ¢y = 0.55 a.u. This value has been used, e.g., in
a 1D helium model, where it yields a ground-state energy that is close to that of the real 3D
helium atom [141].

Initially, we place the electrons far apart. One electron is situated at the origin with zero
momentum, while the other one starts at gy = 15 a.u., moving towards the first one with initial

momentum pg = —2 a.u., as described by spatial orbitals
1/4
(@)= (2) " exp{~2a7} (6.4)
s 2
(VA Y e
po(x) = (ﬂ) exp{ 5 (x —qo)” + 1p0x}, (6.5)

with a width parameter v = 0.25 a.u. The initial states are then acquired by combining these
spatial orbitals with a spin component to obtain either a singlet

(i w _ L e | e e
Lsing(1, 72) 2 <902¢ P2y ‘902¢ <P2T> (66)
= Ll (@0)pa(e2) + ea(mr)er (22)] [14) — [14)] (6.7)
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Figure 6.1.: Initial states for singlet (left) and triplet configuration (right).
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Figure 6.2.: Quantum results for two electron scattering: singlet initial state (left), triplet initial
state (middle) and difference of the two (right).

or a triplet

Buaglon, ) = [ 211 20 (©5)
= \2 [p1(z1)p2(r2) — wa(21)p1(22)] [T1) (6.9)

wave function, where we use the spin components only to find the appropriate spatial initial
states for the propagation. The electrons are sufficiently far apart for the energy of the two
states to be identical. We stress that the only difference in the spatial components is the sign
connecting the two products, which corresponds to a phase difference (Fig. 6.1).

The results of an exact quantum propagation are depicted in Fig. 6.2. We plot the electron
density p(z,t) = [dzo¥*(x,z9,t)¥(z,z2,t) and find that the results for singlet and triplet
are very similar at the beginning, when the electrons are still far apart. After the scattering,
one can see that the triplet density is significantly wider. This is further illustrated by the
right panel in Fig. 6.2, where we plot the difference density Ap(x,t) = prip(2,t) — psing(, 1).
The inner strip is dominated by the singlet result (negative values), while the outer area has
a higher contribution from the triplet calculation. This is a direct consequence of the Pauli
principle: the electrons in the triplet carry parallel spins and will therefore not approach each
other as closely as the singlet configuration. Quantitatively, one can see the difference in the
time-dependent expectation value of the distance between the two electrons, expressed by the
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Figure 6.3.: Single trajectory results from TGWD (red line) and FG calculations (blue) for
the distance of the two electrons for singlet (solid lines) and triplet initial state (dashed). For
comparison, quantum results are depicted by black lines. Inset: quantum result for the purity.

observable ((&; — #2)2)"/2. Figure 6.3 demonstrates how the distance at the point of maximum
approach is bigger for the triplet initial state (black dashed line) than for the singlet initial
state (black solid line), and how the distance remains bigger after the scattering event.

6.2. SEMICLASSICAL RESULTS

With a quantum result for comparison in place, we will now use the initial states in Eq. (6.6)
and (6.8) for semiclassical propagations in order to find out what ingredients are needed in
order to describe the effect of the Pauli principle. Since HK accounts only approximately for
normalization, the results need to be divided by /N(t) at each time step, where N(t) =
(U(t)|P(t)) is the norm of the HK propagated wavefunction.

Among the semiclassical methods described in Ch. 2, the computationally and conceptually
simplest approaches are the single trajectory ones. The most basic mechanism is a frozen
Gaussian (FG) approach where the wave function is calculated according to Eq. (2.6), but for
the central trajectory only. A bit more sophisticated is the TGWD from Eq. (2.16), where
the width of the wave packet is time dependent, thus rendering the method exact for at most
harmonic potential. Results are reported in Fig. 6.3 and show that a single trajectory is not
enough to reproduce the effect of the Pauli principle correctly. The distances of singlet and
triplet states differ only in the region of closest approach, but are again identical for later times.
The different behavior of singlet and triplet in the scattering region is not due to interference
between trajectories, but because two different contributions to the wave function have to be
propagated which are then either added or subtracted.

Taking a closer look at frozen and thawed results, we see that the initial agreement with the
quantum results lasts significantly longer for the TG propagation. This is due to TGWD being
exact especially for free particles, whereas FG dynamics is not. In the inset, we have plotted
the purity of the reduced systems for both initial configurations to get an idea at which point
in time the electrons are starting to interact strongly, thus rendering a free particle description
useless. Indeed, the purity starts to deviate significantly from its original value after about four
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Figure 6.4.: Multiple trajectories results for the distance of the two electrons for singlet (solid
lines) and triplet initial state (dashed) from regular HK (red line) and prefactor one calculations
(blue). For comparison, quantum results are depicted by black lines.

or five time units, which is just the time when the TGWD distance starts to deviate from the
full quantum result. We should also mention that for these single trajectory cases, the problem
can be solved analytically and the result corroborates the findings of Fig. 6.3 [140]. One can
show in particular that the triplet distance is always larger than the singlet distance, and that
the difference between singlet and triplet disappears for longer times.

Going a step further in semiclassical complexity, we now treat the initial states with the HK
propagator from Eq. (2.6). As shown by the results from propagations with 10° trajectories
in Fig. 6.4, agreement with the exact result is excellent. The difference between singlet and
triplet is reproduced not only qualitatively, but almost quantitatively. To support the notion
that the phase space sampling is the decisive ingredient, we use a simpler version of the HK
propagator where the prefactor Cy from Eq. (2.11) is set to one. As we have mentioned in Sec.
2.1, this approach has first been proposed by E. Heller under the name of Frozen Gaussian
approximation [45]. Later, it was shown to be a simple special case of a prefactor free SC-
IVR description [142]. As before, the wave function must be renormalized [142]. The result
for the same number of trajectories as in the previous case is plotted in Fig. 6.4. While not
very accurate on a quantitative level, there is still a clear and qualitatively correct distinction
between singlet and triplet result. We can therefore conclude that interfering trajectories are
the key factor for the semiclassically correct distinction of singlet and triplet state, creating
“collective correlation” in the language of Heller [45]. The reason for the good performance of
the HK method for this example is twofold. On the one hand, the exact time evolution operator
does not contain a spin degree of freedom and acts only on the spatial part of the initial state,
just like its semiclassical counterpart. On the other hand, all semiclassical methods in this
sections are symmetric with respect to electron exchange, thus preserving the antisymmetry of
the respective initial states.

Some interesting further calculations are summarized in the plots of Fig. 6.5. We obtain
a classical comparison from the LSC-IVR formalism, which has been introduced in Sec. 2.3,
by propagating a density matrix with the correct initial states. As there are no interfering
trajectories due to a missing complex phase, it is not very surprising to learn that LSC-IVR
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Figure 6.5.: The distance of two scattering electrons, calculated with LSC-IVR (green lines)
and hybrid results (magenta lines). The solid lines are singlet, dashed lines denote triplet
results; quantum results are indicated in black.

(green line in Fig. 6.5) does not differentiate between singlet and triplet. In fact, the two
distances are exactly the same throughout the propagation time, and they coincide with the
result that one gets quantum mechanically from an unsymmetrized initial state. The hybrid
result (magenta lines in Fig. 6.5), where we have propagated electron 1 with HK and electron 2
with TG, is also quite instructive, because it is indeed a mixture of HK and TGWD result here.
During the collision, the singlet-triplet difference is resolved correctly on a qualitative level, as
it is with HK. By contrast, the triplet approaches the singlet result after the scattering, as it
does in the TGWD case. We also note that the first deviations from the exact result occur at
about the same time as in the TGWD calculations.

As a final remark, we review our model and realize that the Coulomb repulsion is not very
strong here. In fact, due to our choice of initial conditions and soft Coulomb parameter, the
initial kinetic energy is higher than the potential maximum. Taking the bare Coulomb potential
instead would not be feasible for quantum calculations, but we can make cg very small in order
to get a more repulsive potential. The result for ¢y = 0.005 a.u. is shown in Fig. 6.6. The
difference between singlet and triplet is smaller now because the stronger electronic interaction
keeps the electrons further apart, thus diminishing the effect of the spin states. However, we
can still see that HK resolves the difference faithfully. In addition to the distance, we have also
plotted the purity which is a more complicated quantity in the sense that off-diagonal elements
of the reduced density matrix are required for its computation, making it more sensitive to
deviations of the semiclassical results. These deviations from the quantum result set in right
after the interaction of the electrons starts to affect the dynamics, i.e., at the moment when the
purity deviates from its initial value of 0.5. Overall, the singlet-triplet difference is captured
correctly by the HK calculation as well as the general shape of the quantum curves. On a
side note, we point out that, while the distances for singlet and triplet are not as far apart as
in the case of weaker Coulomb interaction in Fig. 6.3, there is about the same difference in
decoherence. This seems very appropriate given that the purity is a non-classical quantity just
as spin is a fundamentally quantum concept.
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Figure 6.6.: HK (red lines) and quantum results (black) for electron scattering with soft
Coulomb parameter cg = 0.005 a.u. Solid lines are singlet, dashed lines denote triplet results.
The innset shows the purity with the same color scheme.

With that, we close the discussion on semiclassical IVR calculations of two-electron scatter-
ing. As a central result, we have seen that interfering trajectories are necessary in order to
reproduce the effect of the Pauli principle on the distance of electrons in different spin states.
Using a single trajectory approach as in TGWD is not sufficient to observe this difference. By
contrast, the HK propagator with appropriate initial states captures the difference between
singlet and triplet during the interaction almost exactly.
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7. SUMMARY AND OUTLOOK

In this thesis, we have investigated applications of semiclassical IVRs to atomic and molecular
systems, putting specific emphasis on the hybrid description of vibrational spectra of molecules.

To this end, we have first developed a mixed time-averaging SC-IVR approach that combines
the existing TA SC-IVR with a hybrid description, thus allowing for a rigorous Herman-Kluk
treatment of a limited number of system DOFs while using computationally cheap thawed
Gaussian dynamics for the remaining, weakly coupled (bath) DOFs. The resulting twofold
time integral could be simplified with a harmonic approximation that is similar in spirit to
the original separable approximation of TA SC-IVR, yielding an expression with reduced peak
weight, but still exact peak positions for harmonic bath DOFs. Overall, computational effort is
much diminished by this simplification, because now the phase space integration includes only
a few important DOFs, leading to a much more favorable scaling of the number of trajectories
needed for convergence with respect to total system size. At the same time, results for the
system DOF(s) are still very accurate, at least in terms of peak position if not in terms of peak
weight.

As a first tentative application, we have studied the influence of an Ohmic Caldeira-Leggett
bath on an iodine-like Morse oscillator. Taking into account just one or two bath oscillators
in the beginning, we have shown that the hybrid TA SC-IVR approach does indeed reproduce
quantum results faithfully over a wide range of bath parameters. Even in the case of one
or two resonant bath oscillators and high coupling strength, peak positions for both system
and bath closely agree with exact results. Going a step further towards an actual bath, we
have compared TA Herman-Kluk and TA hybrid calculations for a Morse oscillator strongly
coupled to ten bath DOFs. Again, agreement of system and bath peaks alike is excellent. After
establishing the reliability of the hybrid approach for this problem, we have turned to bath sizes
of up to 60 HOs in order to exploit the specific advantages of the hybrid approximation. In
particular, we have shed some light on the role of the CL counter term. While it is obvious that
this additional harmonic contribution induces a blueshift of the system frequencies, leaving it
out has different consequences for resonant and non-resonant baths, respectively. If the bath
contains some HOs with frequencies close to the system frequency, there is still a blueshift
of the system by the bath oscillators. If, on the other hand, all bath oscillators have lower
frequencies than the system, the calculation without the counter term shows a redshift of the
system frequency with respect to the unperturbed result. This is qualitatively consistent with
experimental findings, where a redshift of the iodine spectrum embedded in a rare gas matrix
has been observed [80]. We have also seen that at least first excited bath peaks can be found
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easily in the spectrum, and that every kind of bath shows an overall redshift.

Moving away from CL systems that are almost tailor-made for a hybrid description, we
have then investigated iodine embedded in krypton as an example for an anharmonic bath
with nonlinear system-bath coupling. Employing a reduced model with iodine in its first
solvation shell and a limited number of flexible bath normal coordinates, we have performed full
quantum calculations in order to reproduce the dependence of the decay of iodine vibrational
coherence on temperature and initial excitation. Quantitatively, decoherence rates showed
different degrees of agreement with experiments, from being almost identical for low bath
temperature and high initial iodine excitation to underestimating exact results by a factor
of two for high bath temperature. The latter discrepancy is likely due to the approximate
description of bath temperature in the quantum calculations, as we have seen from comparison
to semiclassical results for the purity. Adding the remaining bath coordinates into the hybrid
calculations, we could see a further increase of decoherence rates, but the minimum values as
well as the shape of the purity curves remained largely unchanged, underscoring the outstanding
role of the totally symmetric bath coordinates in the dynamics.

In the second part of our investigations concerning iodine in krypton, we have made use
of the hybrid TA SC-IVR to calculate the shift of the iodine vibrational spectrum by the
krypton environment. The much simplified solvation shell model employed for the decoherence
rates was not appropriate for the spectral calculations, yielding a qualitatively wrong blue
instead of a redshift. With a larger krypton matrix environment comprising one flexible and
one rigid layer of atoms in fcc geometry, a redshift of the iodine frequencies was observed.
Quantitatively, the harmonic approximation frequency could be closely reproduced even with
a completely rigid krypton cage. Adding only the totally symmetric bath modes and applying
the TA hybrid method resulted in an accurate reproduction of the full spectrum of iodine as well
as bath frequencies. For finding specifically the iodine peaks from a spectrum with additional
non-totally symmetric bath DOFs, where each normal coordinate carries initial excitation, the
multiple coherent state TA SC-IVR |74] was the better choice.

Finally, we have addressed a more fundamental question, namely, the minimum requirement
for a correct semiclassical description of fermionic systems. More precisely, we have studied the
effect of different initial spin configurations of two electrons on their mutual distance during
a scattering event. Following full quantum calculations, we have used single and multiple
trajectory SC-IVRs to propagate appropriately symmetrized or antisymmetrized initial states
of electrons that interact only through a soft Coulomb interaction. Single trajectory methods
turned out to be insufficient to capture the distance difference between singlet and triplet
states during and after scattering. Multiple trajectory methods, on the other hand, show the
correct behavior as long as they allow for interference between different trajectories, with the
traditional Herman-Kluk propagator result almost exactly on top of the quantum one. This
also holds if the soft Coulomb parameter is chosen much smaller such that the interaction
comes closer to the bare Coulomb potential.

Overall, we have further established the hybrid approach as a valuable resource for the
semiclassical description of complex molecular systems, both for the model CL Hamiltonian
and a Hamiltonian comprising empirical parameters. The biggest asset is a much more favorable
scaling of the number of trajectories that are needed for convergence, with a negligible loss of
accuracy for the DOFs of interest provided the coupling to environmental modes is not too
strong. On the downside, the stability matrix, which requires second derivatives, still has to
be calculated for the total system, thus effectively limiting the number of DOFs for which
a numerical treatment is feasible. As mentioned before, however, there are propositions of
approximations to the stability matrix, which can be easily adopted and incorporated into the
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hybrid formalism.

In particular, there are a few interesting future applications of the hybrid TA SC-IVR for
the calculation of molecular spectra. In recent publications on the experimental relevance of
the CL system, the question has come up whether it is possible to map realistic systems on a
CL Hamiltonian [143]. While this seems not to be the case in general, it might be worthwhile
to explore systems such as iodine in a rare gas environment where such an equivalence might
exist for certain ambient parameters [144].

Furthermore, the hybrid approach can be even more favorable compared to a full Herman-
Kluk description for systems where no analytic potentials are available. If the classical tra-
jectories and stability matrix elements have to be calculated on-the-fly, they will likely take
up a much larger share of total computational time. In that case, having a method at hand
that allows for convergence with a relatively small number of trajectories will be advantageous.
Being part of the European Research Council-funded SEMICOMPLEX project [145] that is
dedicated (in a broader fashion than this thesis) to developing semiclassical methods for the
description of complex systems, the basic idea for future applications of the hybrid SC-IVR is
the study of the full spectra of molecules in clusters, liquids or attached to surfaces. In each
of these cases, one can in principle identify a few interesting DOFs that are most relevant for
the spectrum, and treat the remaining modes as the bath.

A possible starting point for such calculations would be the investigation of the full spectrum
of water in water, i.e., of a water molecule surrounded by other water molecules. This system
is more complex than iodine in krypton, but the approach for its description would be similar
in spirit to what we have done in this thesis: take a single water molecule, add an increasing
number of water molecules as the solvent, and find out the effect of the surrounding cluster on
the original molecule’s spectrum. As a next step, one might take glycine or a small peptide
instead of a water molecule, again put it into a cluster of water molecules, and see the effect
on the spectrum. Studying either of these systems requires numerically expensive classical
calculations because one has to make use of ab-initio potentials [146-149], so it is to be expected
that the hybrid SC-IVR will contribute to make the corresponding spectral calculations more
accessible.
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A. STABILITY MATRICES AND TGWD
WAVEFUNCTIONS

In this appendix, we provide some additional details about two basic aspects of the semiclassical
methods in Ch. 2. First, we will state the time evolution of the stability matrix M(¢) that is an
essential part of every SC-IVR discussed in this work. Then, we will comment on the relation
of the two different versions of Heller’s TGWD that have been laid out in Sec. 2.2.1. This has
been done before for 1D as an exercise in [8], and, with different conventions for width and
phase, for multiple dimensions in |55, 56|, but we think it is worthwhile to summarize it all in
one place for our choice of variables.

A.1. TIME EVOLUTION OF THE STABILITY MATRIX

The stability matrix M(t), whose submatrices are contained in the HK prefactor from Eq.

(2.9), is defined as [§]
oy | (2 %
M(r) = (e m) _ (oo oa) Al
®) <m21,t moa ¢ %—‘g %‘g (A1)
It arises by considering a second trajectory [p:(P,q),q:(P,q)] that is close to the original
trajectory [p:(p,q),q:(p,q)] and can thus be expanded to first order in the difference of the

initial conditions (dp,dq). In the form of a matrix equation, the relation between initial and
final deviation of the trajectories then reads

()30 (2

where 0p = p — p, 0pr = Pt(P,a) — pe(P,q), etc. The time evolution of the stability matrix
follows from a first order expansion of Hamilton’s equations of motion for dp; and dq;, which
yields

d
aM(t) = —JHM(t), (A.3)
where J is the skew symmetric matrix

J= ( On 1N> (A.4)

-1y Oy
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and H is the Hessian of the Hamiltonian, i.e., the matrix of second derivatives with respect
to positions and momenta. From the definition of M in Eq. (A.1), one gets the simple initial
condition

M(0) = 1an. (A.5)
The equations of motion (A.3) can be employed to prove the relation

d

o M ()T IM(t) = 0, (A.6)

which, using the initial conditions for M, leads to
[M()]" IM(t) = [M(0)]" IM(0) = J (A7)

Writing this out explicitly, one gets the helpful relations

T T

myy ,Myj; — Myy,May; = 1y Yt (A.8)
T T

mj; ;my; — My ;myyy = Oy Yt (A.9)
T T

my) Mgt — My Moy = Oy Vt. (A.10)

The above equations also hold for the non-square submatrices m;;; defined in Eq. (2.22) and are
used in the derivations of the hybrid expressions in Chs. 2 and 3. Furthermore, Eq. (A.7) has
numerical implications, as it establishes that M is a symplectic matrix whose time evolution can
be found with a robust symplectic integration scheme [50]. Additionally, Eqgs. (A.8) to (A.10)
can be used to show that the determinant of M is unity at all times, which is equivalent to
the conservation of phase volume. Monitoring the determinant of M thus provides an effective
tool for checking the stability of a numerical calculation.

A.2. EQUIVALENCE OF THE TGWD WAVEFUNCTIONS

To start this discussion of the two alternative formulations of the TGWD wavefunctions, we
restate the original ansatz of Heller [25,55] from Eq. (2.13)

2N det v, 1/4
N

U, (x,t) =
< T (A.11)

i

h

i
pz,t (X - qa,t) + hét} )

X exp {— (X — Qo) Y (X — day) +

which is plugged into the TDSE with the potential expanded to second order around the central
trajectory to yield equations of motion as in (2.14) and (2.15),

ov
Dot = — — (Qats t A12
Pa,t 9q (da,t; t) ( )
qa,t :m_lpa,t (A13)
by =L — R tr(m™'x,) (A.14)
. . _ i 0’V
Ay = — 2ihym ™y, + %W(Qa,t, t). (A.15)
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We will show that this can indeed be written in the form of Eq. (2.16),

det v 1/4 . —-1/2
\I’Q(X, t) = N [det (mggyt + lthLt’Y)] (A16)

1 i ) _
X exp {—2 (x — q@,t)T (mll,t’}’ - hm12,t> (m227t + 1hm21,t’7) ! (x — %71:)

i

T

i
PEJ: (X - Qa,t) + ﬁSt(Pm Qa)} .

This choice of variables differs from the one in Heller’s works [25, 55, 56|, where the width
parameter is defined as A; = iy, and the normalizing prefactor in Eq. (A.11) is absorbed in
the imaginary part of the initial phase factor, Im(d;—p). To avoid confusion, we also note that
the phase, which is called d; here, is labeled ~; in Heller’s publications. In the same spirit,
we want to emphasize that m without indices designates the diagonal matrix containing the
masses, while the stability submatrices m;; always have two lower indices.

In order to bring Eq. (A.11) into the form of Eq. (A.16), we recall Heller’s observation [55]
that, instead of solving the differential equations (A.14) and (A.15) for «, and J;, one can find
an alternative representation for 7y,

v, = %Ptz;l, (A.17)
where P; and Z; are N x N matrices. One assumes

Z; = ihm™'P, (A.18)
and finds the equation of motion for P, by inserting Eq. (A.17) into Eq. (A.15)

i 0%V

= ﬁ 7aqaqT (qa,t7 t)Zt (A 19)

t

The two above equations describe a system of harmonic oscillators with positions Z; and
momenta Py = iAP;. The solution follows immediately with the stability matrix from Eq.

(A1)
P\ _ oy (Po
(B na (). r0)
which can be found directly by symplectic integration or by running several trajectories with

close-by initial conditions and taking finite differences. The initial conditions have to be chosen
such that Eq. (A.17) is fulfilled; a simple choice is

Py = ihPg = 2ilry,  Zo = 1. (A.21)

The phase d; follows by expressing v, in Eq. (A.14) in terms of Z; and Z; with Eqs. (A.17)
and (A.18)

) ih )
@:L+%ﬂ(mzf), (A.22)
which can be integrated over time to yield

ih
&:&+%ﬁ@ﬂ0+% (A.23)
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where Im(dp) = 0 due to our choice of the prefactor of the wavefunction in Eq. (A.11). With
Egs. (A.17), (A.20) and (A.23), one finds v, and J;, and thus the time-evolved wavefunction
(A.11), directly from classical trajectories of the system [55]. Now, d; can be inserted into Eq.
(A.11) with the real part of 0y set to zero as well, and we replace v, with Eq. (A.17). Keeping
in mind that

det(A) = exp [Tr(ln A)], (A.24)

for a matrix A, the wavefunction takes the form

/
ot ) = [ 28] g 71
1 (A.25)

_ i
X exp {—2 (x — Qa,t)T P.Z, ! (X —da) + =

i
7Py (X = dat) + 350

The penultimate step is to write Py and Z; from Eq. (A.20) with initial conditions from (A.21)
explicitly

i
Pt = 2m11,t70 - %mm,t (A26)

Z; = mog; + 2ihl’n21,t")’0. (A27)

Finally, we set the remaining free parameter by establishing the relation between the initial
generalized width parameter v, and the real-valued, diagonal width parameter matrix -,

Yo =7/2 (A.28)

Comparing the four last equations with Eq. (A.16), we see that we have indeed recovered the
latter.
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B. BATH TEMPERATURE IN QUANTUM
CALCULATIONS

For a full quantum description of a system embedded in a finite temperature bath as in Ch. 5,
one might choose the thermal bath density operator in coherent state representation from Ch.
3 as part of an initial product state and then solve the Liouville-von Neumann equation. Since
we are using the WavePacket software [90,91] which provides a very efficient split operator fast
Fourier transform based algorithm for the calculation of the dynamics of wave functions rather
than densities, our approach is a bit different. We will present the underlying considerations
in this appendix.

In order for a density matrix to describe the time evolution of a system, has to be a solution
to the Liouville-von Neumann (LvN) equation

in o plt) = [1,500)] (B.1)

with the open system Hamiltonian H= ﬁs + I:Ib + I:ISb. If the initial state is a pure state
[©,(0)) = [¥5(0)) [n), (B.2)

where |n) denotes eigenstates of the bath, Hy|n) = FEy,|n), the corresponding initial density
takes the form

pn(0) = [¥5(0)) (¥s(0)[n) (n| (B.3)

The wave function evolving from initial condition (B.2) is described by the time-dependent
Schrodinger Eq. (2.1) and denoted by |®,,(¢)). Multiplying Eq. (2.1) by (®,(¢)| and subtracting
the complex conjugate of this expression, one finds the LvN Eq. (B.1) fulfilled by

ﬁn(t) = |(I)n(t)> <(I)n(t)| . (B'4)

If we choose the initial bath density not as an individual pure state but instead as a thermal
state weighted by Boltzmann factors,

5(0) = —— 370y (0)) (Wo(0)] &P ) () (B.5)
= 3 e [0,(0)) (@4(0)]. (B.6)
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where 8 = 1/kgT is the inverse temperature and Z is the bath partition sum, the time
evolution after insertion of the individual contributions |®,(¢)) according to Eq. (B.1) amounts
to

0 1 . .
i p(t) = - S e o [, pu(t)| = [, 4(1)] B.7
ih-—A(1) szn:e s Pn(t) A(t) (B.7)
Thus, we can describe the time evolved reduced density matrix as

o) = Zlb S e B (B, (1)) (@a(1)], (B.5)

where Ey,,, is the sum of the bath eigenenergies to a set of eigenstates denoted by |n),. For
the practical implementation of the FFT algorithm, we use the third order Strang splitting
propagation method [117,118] as implemented in the WavePacket software [90,91|. With this
code, we can propagate individual wave functions |®,,(¢)) and afterwards sum up the different
contributions according to Eq. (B.8). Since we assume the bath DOFs to be harmonic close
to their respective potential minima, we use one-dimensional harmonic oscillator eigenstates
|nj)p to construct the initial bath states,

)y = T Ins)e- (B.9)

The frequencies of these oscillators are the harmonic approximations obtained in the normal
coordinate transformation. Consequently, the bath eigenenergy in the weight factor of Eq.
(B.8) is the sum of the eigenenergies of the states pertaining to |n),

Ny
Eb,n = Z Eb,nja (Bl())
j=0

where the n;th excited state of bath oscillator j has energy Ey, ,; = hw;(n; +0.5).

As can be seen in Eq. (B.8), the number of bath states that contribute significantly to the
partition sum Z, = > o2 e PEon grows with temperature. With the numerical treatment
requiring a cutoff at a finite number of bath states, we find another reason why this approach
works best in a low-temperature regime, as discussed in Ch. 5.
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C. CALCULATION OF THE HARMONIC
OSCILLATOR SPECTRUM WITH THE
TIME AVERAGED HYBRID METHODS

In this appendix, we will show that the hybrid results derived in Sec. 3.2.2 reproduce the
analytic spectrum of a GWP in a harmonic potential with frequency w accurately. We restrict
the discussion to one HO in thawed Gaussian approximation, i.e., we take the limit N = Ny =1
and Ny, = 0 of Egs. (3.46) and (3.51).

The analytic result for the spectrum is part of any introductory quantum mechanics course
and can be found elegantly with creation and annihilation operators [150]. We state it here
just for reference without derivation. A coherent state |a) in position representation

Uy(z) = <7;1;;))1/4exp{—7;?(x_qa)2+;pa (UU—Qa)} (C.1)

can be expanded in terms of HO eigenstates ¢, ()
— o la?/2 E a”
U,(z)=¢"* ), C.2
a(2) P ﬁn!SOn( ) (C.2)

where « is the eigenvalue of the annihilation operator to eigenvector |a),

[mw 1
o = %qa +1 m o (03)

The spectrum of this state is a series of peaks, whose heights are Poisson distributed, at
eigenenergies F,

I(E) = e loF g% ’O;’!Qné <h/.u [n + ;D (C.4)

mw o I o= 1 (1w, I 5\" 1
— SR S — _ o | hw =1 ]. )
P { on lo Qmwhpa} z;) 2nn! < et mwh!® "ty (©:5)

n=

In the following, we will use Eq. (C.1) as the initial state for dynamical calculations to show
that the full hybrid expression yields the exact same result. After that, we demonstrate how
the separation approximation that we proposed in Sec. 3.2.2 affects the outcome.
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C.1. FULL HYBRID CALCULATION

In order to derive the analytic HO result (C.4) with the TG approximation, we use expression
(3.46) for the case N = Niz = 1 and assume the initial GWP to be centered at phase space
point (pa,ga) from the previous section and to have width v = mw/h

T o]
1 1 i i
I(E) = o whT Re /dt1 /dt2 exp {;.LE(tl — 1) + % [0t (Pas Qo) — Pty (pa,qa)]}
0 t1
« L (C.6)
det (A3 + [A3]")

xexp{i(b§-+U@ﬂ*)T(Aﬁ*+LA%Tj_l(bﬁ—kﬂﬁﬂ*)4—@?+(@ﬁf}>-

We use the results for time evolved trajectory and classical action of the harmonic oscillator,

Pt = P COS WE — MW, SIN Wi (C.7)
Gt = Qo COSwWE + Pa sin wt (C.8)
mw
2 2
S, = Pa T ) (ogwt sinwt — Pafa Sin® wt, (C.9)
2mw 2

to calculate the different terms appearing in Eq. (C.6). Before we can do so, we need the
stability matrix elements defined in Eqs. (2.22):

sin wt

(C.10)

mi1,t = Mooy = COSwt mi2s = —mw sinwt moyt =
mw

For the phase of the HK prefactor, we get

] . 1/2
¢t = phase {{de’ﬁ [2 (mll,t + magy — ihymar s + i;ym12,t>:| } } (C.11)

G = —wit/2. (C.12)

The matrix A§ + (Afg)*, that has been defined in Egs. (3.41) through (3.44), becomes a
constant in time, as do its inverse and determinant according to

e (1/<m“) i ) (C.13)

4h i mw
S N\ 71 0
(Atf+ [A3Y] ) — 2h <””6“’ . /(mw)> (C.14)
* 1
det (A3 + [A%]") = - (C.15)

The components of b§, as defined in Eqgs. (3.39) and (3.40), take the form

=g 1) (L + i) (C.16)
S LW —iw DPa . i
bQ(,it = 1 2%, (e ‘- 1) (mw + IQa) - %pou (Cl?)
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so the first part of the TG exponent in Eq. (C.6) becomes

1 «\ T «\ —1 *
7 (o3t [3]) (A + [A5]) (b + b))
mw [ p2 (C.18)
_ 2 iw(ta—t iwt iwt
)
We calculate the scalar ¢ in the exponent using the definition from Eq. (3.37)
2
d_mw i Pp 2 —iwt

insert all above results into Eq. (C.6) and finally arrive at an expression for the dynamically
calculated spectrum that reads

I(E)= # Re /Tdt1 7dt2 exp {711 [E (t1 —t2) — % (t1 — tz)]}
0 31

2
mw Pa —iw(t1—
X exp {Qh <m2w2 + qi) (e (t—t2) _ 1) })

We can now change integration variables to 7 = t1 and 7 = to—t1 and carry out the integration
over 11 to get

1 T i Tuw mw [ p3 iwr
I(E):%Re /dT exp{h <E_2>T+2h<m2w2+qg‘> (e —1)} . (C.21)
0

The penultimate step is to take out the time independent term and do a power series expansion
of the second part of the exponential

(C.20)

2 2
P, mwaqy,
I (E) =exp {meh -~ o } (C.22)
=1 P2 mwg?\" 1 r i 1
Xz;]2"n! (mwh+ h ﬂhRe /dT P\ E= )T
n= 0

which leaves an integration that results in the desired series of HO eigenfrequencies

2 2y > 2 2\ "
_ Pa  Twgg 1 Dz, mwaqs _ 1
I(FE)= exp{ S 5 }7;) o] (mwh + 5 > 0 [E hw (n—|— 2)] . (C.23)

This outcome is identical with the exact one in Eq. (C.4), which does not come as a surprise
since the TG approximation is exact for harmonic potential. We will use the results from this
section to motivate our suggestion for a separation into factors that depend on t; or o only.

103



C.2. SEPARABLE HYBRID CALCULATION

In order to find out how the proposed separation approximation affects the hybrid result for
the harmonic oscillator spectrum, we start at Eq. (3.51), again for N = Ny =1

1
I(B) = ot

x [der (A3 + [A;d]*)}_l/ ! exp{jl (bl " (A3 + [Agd}*)_ bid, 4 ¢ HQ

We can first look at Egs. (C.19) and (C.21) to note that, in the transformed variable 7, the
part of the exponential that stems from the TG approximation is identical with ¢ (up to
complex conjugation, which is irrelevant here since we are only interested in the real part of
the integrand). Comparing Eq. (C.21) to Eq. (C.24), it is obvious that the ;% term has to
be the only contribution to the TG exponential after separation. If the separation is done as
proposed in Eq. (3.47), b, has to be chosen as

T
dt ei[Et+¢t(pa,qa)]/ﬁ

(C.24)

bsd
sd 1,t
b, = (b% o /h> (C.25)

to make the first term in the exponential disappear. This modification is only natural since the
constant imaginary part of the second component vanishes in the full expression on the LHS
n (3.47), so there should be no contribution from it after the separation either. The prefactor
|ASd + (A39)” ‘71/2 does not depend on time for the HO, so we simply use separation (3.50)
to get the same overall prefactor as before.

Inserting results from the previous section into Eq. (C.24), we obtain

T 2
1 1 fiw mw [ p2 2\ (—iwt
0

We can do the same power series expansion as before and take out the constant part of the
exponential, then unravel the modulus

2 2
1

mwh h 2whT
P | Mwqg i
dt —|E— hw — |t
< G 5) foeeo i mome ()
n= 0
2 2 2 2\ nt+m
_ _ Pa mwgy | 1 1 Pa | MWq,
- eXp{ mwh R } 2T ; g (mwh T )

o 8 e (3 R ) Y G o) )

The double time integration yields non-zero results only for m # n, so the double sum collapses
into a single summation and the remaining time integration can be performed as in the previous

2 (C.27)

(C.28)
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section to result in

2 2 OO 2 2\ 2n
Dz, mwaqs, 1 Dz, mwaqs, 1
I(F) = — — E FE — hw - 2
(E) exp{ mwh h }nO (n!)? (Qmwh T on ) g [ <n * 2>} (€-29)

From Eq. (C.29), we see that the separable approximation reproduces the HO peak positions
exactly, while peak weights are the exact ones (C.23) squared. Therefore, excited TG (bath)
states will be suppressed in the total spectrum compared to exact, HK and full hybrid results,
but no accuracy is lost compared to the full hybrid calculation.

Although this reasoning is exact only for the HO, it is still sufficient to motivate Eq. (3.51)
as a fast but still accurate tool for the description of system-bath dynamics. First, bath states
are expected to be close to equilibrium and with that, their evolution will take place in the
almost harmonic region of the potential. Second, we remind the reader that this separation
of time variables is carried out only for the “bath” subsystem which is described by the TG
approximation, i.e., for those DOFs where we assume harmonic behavior anyway. Third, more
highly excited bath states that are not reproduced exactly will be suppressed automatically in
the final outcome.

Finally, it should be mentioned that due to the very simple form of the terms that enter
into the hybrid expression for the HO case, the way to perform the separation is somewhat
arbitrary. A minimalistic alternative would be to set the non-separable term in the exponential
of Eq. (3.46) or Eq. (C.6) to zero and the determinantial prefactor to one. The spectrum then
becomes

T 2

: - sd
I(E) ~ /dN"kp dNixg /dt o Iti0(Pe0.90 0 M (g ]Gt bk (P, Aer0))| - (C.30)
0

This approximation corresponds to a HK calculation where only some DOFs are sampled, while
others are propagated with single frozen Gaussians. For the HO, it still recovers the exact peak
positions, but it is below the level of the hybrid description.
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D. NUMERICAL CONSIDERATIONS FOR
EXCITED STATE CALCULATION

In Ch. 2, we have shown that the time averaged HK method in separable approximation is
capable of reproducing both ground and first excited state energies of the 1D Morse oscillator
with high accuracy. Given that the separable approximation is exact for the harmonic oscillator,
one might argue that a much better test for the reliability of the method would be to look at
higher excitations and thus at regions of the Morse potential that are far from harmonic. While
it might not be very relevant for most applications of the method to realistic systems because
one is mainly interested in the dynamics close to the ground state, there still is a numerical
subtlety that calls for a short discussion.

For this, we take the same Morse potential as in Sec. 3.2.3, i.e., Do = 0.057 a.u., R, =
5.038 a.u., and a = 0.983 a.u., with reduced mass m, = 1.165 x 10° a.u. This time, the
initial position is still at equilibrium, but the initial momentum is now higher, namely at
po = v2m.E,, with E,, the analytic value of the nth eigenvalue of the Morse potential from
Eq. (3.53), and the width parameter is taken to be v = myw.. The time grid is chosen such
that the frequency resolution is about 1076 a.u. All spectra in this appendix are normalized
such that the respective biggest peak has height one.

D.1. SINGLE TRAJECTORIES AND PEAK SHAPES

In order to discuss the numerical implications for the higher excitations, we first have to
understand the contribution of a single trajectory, which is also related to the asymmetric
peak shape of the separable approximation TA HK result. Therefore, we perform a calculation
with a single Gaussian with initial energy E1g to get the spectrum shown in Fig. D.1. We see
immediately that the peak closest to the initial energy is reproduced most faithfully. This is
intuitively clear and also well-known from the literature [30,31,33,72-74]. The whole multiple
coherent state time averaging methodology (MC TA SC-IVR) is based on this finding and has
proven a numerically cheap tool for the accurate determination of peak positions for realistic
systems with anharmonic potentials that have to be calculated on-the-fly.

What is more interesting, however, is the position of the other numeric peaks with respect
to the analytic ones. As can be seen in the figure and also from Tab. D.1, they are always
shifted to the right of the exact result. The reason for this behavior can be found from the
difference of neighboring energies in the table. While this value should decrease for a Morse
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Figure D.1.: Single trajectory spectrum for initial energy Ejo (red solid lines) and analytic
result for the peak positions (vertical green dashed lines).

n En,exact [a-u~] En,numer [a-u~] AEn,exact [a-u-] AEn,numer [a-u-]
7 7.060 x 10~3 7.097 x 1073 9.14 x 10~* 8.85 x 104
8 7.966 x 1073 7.982 x 1073 9.06 x 10~* 8.85 x 104
9 8.863 x 1073 8.868 x 1073 8.98 x 1074 8.85 x 104
10 9.753 x 1073 9.753 x 1073 8.89 x 104 8.85 x 1074
11 1.063 x 1073 1.064 x 1072 8.81 x 104 8.85 x 1074
12 1.151 x 1072 1.152 x 1072 8.73 x 104 8.86 x 1074
13 1.238 x 1072 1.241 x 1072 8.65 x 104 8.85 x 104

Table D.1.: Energies and energy differences F,, — F,,_1 for excited states of the Morse spectrum
in Fig. D.1. The energy of the single trajectory is E1p = 9.753 x 1073 a.u.

potential, the underlying assumption of harmonicity by the single trajectory calculation yields
a constant energy difference AE), numer, Which is equal to the so-called local frequency wioe(E)
of a classical Morse oscillator [27,151] at energy E,

FE
Wioc(E) = wey /1 — Do

For trajectories with an eigenenergy E,, from Eq. (3.53) taken as the initial energy, wjo. becomes
the mean value of the two neighboring eigenenergies

(D.1)

1 E E,_
Wioc(Fn) = we [1 — 27, <n + 2” = % (D.2)
_ EnJrl - En + (En - Enfl) — AE’n—Q—l,exact - A-En,exact (D 3)

2 2 ’

where we have included the last line to make it easier to see that this works out nicely in our
example in Tab. D.1. Now taking the exactly reproduced peak at F,, as the reference, it is clear
that subtracting multiples of wioe, which is smaller than AFE} exact for & < n, yields energies
E}, that are larger than the exact results. Conversely, wioc(Ey) is larger than AEj exact for
k > n. Adding multiples to the reference peak results in peak positions that are also shifted
to the right. Thus, the single trajectory result overestimates all peak positions except for the
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Figure D.2.: Individual spectral contributions of 90 trajectories with energies uniformly dis-
tributed between 0.827 x 1072 a.u. and 1.702 x 10~2 a.u. Each trajectory contributes one red
line to both the left and the right panel. The green dashed line indicates the exact, analytic
peak position. The units for I(E) are the same ones as in Fig. D.3.

ones closest to the trajectory’s energy. As a consequence, we note that the single trajectory
spectrum is not the spectrum of a harmonic oscillator with frequency wioe(Fy) in the sense
that in general there will be no ground state with energy wio./2. Returning to the question
of peaks shapes that stood at the beginning of this section, we once again take a look at the
separable approximation TA HK expression from Eq. (3.34),

2

1 1

T

— N N i[St(p,q)+Et+¢:(p,q)]/h

1E) = g | ' [ 0] [ at Wlatpran)e D)
0

One of the reasons for its favorable numerical properties compared to the exact Egs. (3.30) and
(3.32) was that the phase space integrand is a positive definite quantity. However, this form
also means that contributions from different trajectories no longer cancel each other. The exact
peak positions emerge because each single trajectory spectrum has the highest amplitudes at
the peaks that it reproduces accurately. Contributions to other peaks, which are always larger
than the exact value, get damped out but do not vanish completely.

The buildup of an asymmetric peak shape as in Figs. 3.1 and D.3 is demonstrated by Fig.
D.2. Here, we show the regions close to two different exact peak positions (dashed green
lines), together with the respective two contributions from 90 different single trajectories (solid
red lines) whose energies are no longer eigenenergies but distributed uniformly on an interval
starting a bit above the 8th and ending a bit below the 19th excited state. Since the higher
eigenenergy Fg (Fig. D.2(b)) is almost contained in this interval, some trajectories are very close
to it energetically and therefore we see peaks all the way to the exact position. By contrast, they
end a bit short of the exact value for the lower eigenenergy (Fig. D.2(a)) because none of the
trajectories is close enough to reproduce it exactly. Amplitudes increase as expected, though
not monotonically due to the discreteness of the frequency grid. We also notice that distances
between peaks increase with peak energy. This can be understood by remembering that the less
accurate peaks are a multiple of some frequency wio. away from an accurately reproduced high
energy peak; small differences in trajectory energy thus show up in an amplified fashion. The
higher peak density close to the exact value also means that, for a sufficiently high number of
trajectories, it is increasingly likely to find contributions from more than one trajectory at the
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same energy grid point. Therefore, the peak in the final spectrum is narrower than suggested
by Fig. D.2.

As a consequence of these peak shapes, the exact peak value to be read off these separable
TA HK spectra is not a weighted average over the asymmetric peak, but the value at maximum
amplitude.

D.2. GHOST PEAKS DUE TO PHASE SPACE SAMPLING

For the numerical evaluation of the phase space integral (D.4), a Monte Carlo integration is
necessary in order to keep computational times low. The objective of this section is to show
that the required phase space sampling is one possible source of unphysical “ghost peaks” for
the example of the 1D Morse oscillator. Keeping in mind that there are of course other reasons
for the appearance of unwanted features in the spectrum, especially for systems with many
coupled degrees of freedom, we still think it is worthwhile to discuss this specific numerical
peculiarity which can be nicely explained with the findings from the previous section.

Assuming an initial state |x) of Gaussian form centered at (pa,qa), the initial phase space
points are sampled with a weight that has the form of a Husimi distribution,

1 1

[(xlg(p. @))[* = exp {— (a—da) ¥ (a—ae) = 573

: p-p v 0P} (D9

as proposed by Kaledin and Miller in the original paper on TA SC-IVR [29]. Through the sam-
pling, the distribution function enters into the phase space integrand, which happens naturally
for calculations where a function of this form is part of the semiclassical expression, as in the
case of the semiclassical spectrum without time averaging in Eq. (3.30). In Eq. (D.4), we have
to introduce it by multiplying the integrand by an appropriate unity,

1E) = ooy | 9 [ 4¥a 1 0atp.a) P xla(p. )
2 (D.6)

T
X / At (x|g(pe, q¢)) elilS:(P-a)+ Bt (p.a)l/n}
0

In the numerics, the first red term enters implicitly through the sampling, so the second
one has to be an explicit part of the phase space integrand in order to get the correct relative
weight of the peak amplitudes. While this works fine as long as the central trajectory is close
to the vibrational ground state and the interest is solely in the first few excited states, the
inverse of the sampling function might cause problems especially for highly excited reference
states. If we pick a set of initial conditions that are very far away from the central trajectory,
the correction weight of the corresponding trajectory becomes very large. Like every other
one, this far off trajectory overestimates the positions of all peaks except for those close to
its own energy. Due to its high weight, however, these values now show up prominently as
artifacts or “ghost peaks” in the spectrum. An example is shown by the red lines in Fig. D.3.
To show the general applicability of the considerations that follow, we no longer choose an
exact eigenenergy of the Morse potential as the energy of the central trajectory. Instead, we
use the simpler form E,, = w, (m + 0.5), and first discuss the case m = 10. Although 5 x 10°
trajectories have been used in order to get Fig. D.3, the result looks horrifying, displaying a
lot of ghost peaks that are in some cases bigger than the nearest exact value.
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Figure D.3.: Spectrum for initial energy Fyo = 0.01021 a.u. (red solid lines) and analytic result
(green dashed lines). Trajectories with Dps > 6 have been discarded to get the blue line. No
sampling correction has been made in calculations leading to the dotted yellow line. The black
arrows indicate the peaks that are shown inflated in the lower panels.

The first idea how to get rid of these artifacts might be to just leave the correction factor out
of the phase space integration. Since the factor is not time dependent, only the relative weight
between trajectories is affected, leading to different peak amplitudes but still correct peak
positions. This change does in fact remove the unphysical peaks, as shown by the dotted yellow
curves in the lower panels of Fig. D.3. Neglecting the correction term causes a suppression of
peaks far away from the one with maximum amplitude because it gets bigger with distance
between trajectories in phase space, thus in particular for trajectories with much higher or
lower energy than the central trajectory. The leftmost panel is a good example. While it is
nice to solve the ghost peak problem in this easy manner, we would like to demonstrate that
it is possible to keep the correction term and still get a sufficiently clear spectrum.

Having identified trajectories with a large initial phase space distance Dps = (g — 0a)?/2 +
(p — pa)?/(2h27) from the central trajectory as a possible source for the unwanted peaks, we
can devise a mechanism where we discard trajectories above a certain value Dpg max. This is
shown in a rough sketch in Fig. D.4, where the central energy trajectory is marked in blue, the
region of allowed initial conditions is green and the minimum and maximum energy trajectories
are marked as red ellipses. In the red shaded regions of phase space, no trajectories are
propagated at all. Of course, the trajectories are not elliptic for an anharmonic potential, only
the green area keeps this form. We perform calculations with a limiting value of Dps max = 6,
corresponding to a weight factor 400 compared to the central trajectory, resulting in about
0.25% of all trajectories being discarded. The consequence is again a complete and utter
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Figure D.4.: Cartoon picture of the discard mechanism.

disappearance of all ghost peaks from the spectrum, shown by the dark blue line in Fig. D.3.

Since there are different kinds of discarded trajectories, it would be interesting to know which
ones cause the ghost peaks in the original expression: those that have either lower or higher
energy than any of the accepted trajectories (red shaded regions in Fig. D.4, for example initial
conditions at points with index A) or those that are in the same energy window as the accepted
ones (points with index B).

We now look at a numerically cheaper example with 5000 trajectories and Dps max = 4, but
otherwise unchanged parameters of the propagation. In the upper part Fig. D.5, four results
with different discarding criteria are compared. Discarding only the 53 trajectories with too
high or too low energies (spectrum (iii)) is no different from discarding no trajectories at all
(spectrum (iv)). An explanation for this can be found by looking again at Eq. (D.6). The
overlap of the central Gaussian and the time-evolved trajectory, (x|g(p¢, q:)), is very small
for all times t if the energetic difference is large. Thus, these energetically very disparate
trajectories do not contribute much to the phase space integrand. The trajectories with great
phase space distance but small energetic difference from the central trajectory, on the other
hand, do not have a particularly small time-dependent overlap. Consequently, neglecting only
these 40 trajectories has the desired effect on the spectrum (spectrum (ii)), which is now pretty
much identical with the one where all trajectories above Dy max are discarded.

In the lower part of Fig. D.5, we have plotted the results with and without discarding tra-
jectories as before. In addition, we have plotted the results from four different single trajectory
calculations (dotted green lines), where discarded initial conditions are chosen whose energies
are distributed over the whole “green” energy range between 0.32 E1o and 2.1 Fyg, namely, at
0.35 E1g, 0.46 Eyg, 1.1 Eig, and 2.0 Ejp. One can see that the peak positions of the single
trajectories are indeed reflected as artifacts in the regular spectrum, whereas these artifacts
have disappeared from the spectrum where far off trajectories have been neglected. A closer
look reveals that the two prominent peaks in the low energy region in the left panel originate
from the two low energy trajectories, whereas the ghost peaks in the high energy panel are
caused by the high energy trajectories, as expected.

Finally, we demonstrate the full glory of the separable TA SC-IVR by looking at a spectrum
from a calculation with initial energy Es. Again, we use 5 x 10° trajectories. Here, the
aforementioned problem with disparate initial conditions renders the full spectrum useless
(red line in Fig. D.6). Without knowledge of the exact spectrum, it becomes difficult to
differentiate between real peaks and noisy contributions. With a phase space distance cutoff of
Dy max = 6, discarding the 0.25% of trajectories that are above this value produces the clean
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Figure D.5.: Spectra obtained from calculations with 5000 trajectories by discarding all trajec-
tories above Dpg max (solid blue lines), discarding only those from the white region in Fig. D.4
(light blue), discarding only those with highest and lowest energies (magenta) and by discard-
ing no trajectories at all (red lines). Dashed green lines in the upper panel represent analytic
peak positions, the dotted green lines in the lower panels are single trajectory calculations with
initial conditions that have been discarded to obtain the blue curves. The black arrows indicate
the peaks that are shown inflated in the lower panels.

and unambiguous upper graph in the picture (blue line). The missing weight of the neglected
trajectories brings about a background close to the central energy, which does, however, not
impeach the clarity of the spectrum. We append one last Tab. D.2 where we collect some of
the 80 energy eigenvalues that can be identified clearly in the spectrum. It is impressive to
see that even the peaks at the outer edges of the spectrum are reproduced exactly within the
frequency resolution, especially high energies up to 0.0552 a.u., which is already close to the
dissociation energy D, = 0.057 a.u. deep in the anharmonic region of the potential.

In summary, we have first demonstrated in this appendix how the positive definite phase
space integrand of the separable approximation TA SC-IVR brings about asymmetric peak
shapes. Second, ghost peaks in one-dimensional calculations with high initial energy have been
explained as artifacts from the sampling correction. These artifacts can be removed by either
discarding very few critical trajectories or neglecting the correction term, resulting in spectra
with a huge number of peaks that can be identified, all of which are exactly at the analytic
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Figure D.6.: Spectrum for central trajectory with energy 0.0394 a.u.: standard phase space
sampling (solid red lines), with discarding trajectories (blue) and without correction term
(orange). Exact eigenenergies are indicated by dashed green lines.

n En,exact En,numer n En,exact En,numer n En,exact En,numer
17 1.5748 1.5747 42 3.3836 3.3836 80 5.1403 5.1404
18  1.6570 1.6570 43  3.4452 3.4452 81 5.1704 5.1704
19 1.7385 1.7386 44  3.5059 3.5059 82  5.1996 5.1996
20 1.8192 1.8191 45 3.5658 3.5658 83  5.2280 5.2281
21 1.8990 1.8989 46 3.6249 3.6250 84  5.2556 5.2556
22 1.9780 1.9779 47  3.6832 3.6832 85  5.2823 5.2823
23 2.0562 2.0561 48 3.7406 3.7407 86  5.3082 5.3082
24 2.1335 2.1334 49 3.7972 3.7972 87 5.3333 5.3334
25 2.2100 2.2099 50 3.8530 3.8530 88 5.3575 5.3576
26  2.2856 2.2856 51  3.9079 3.9080 89 5.3810 5.3810
27 2.3605 2.3605 52 3.9620 3.9620 90 5.4035 5.4036
28  2.4345 24345 53 4.0153 4.0153 91 5.4253 5.4253
29  2.5077 2.5077 54 4.0677  4.0678 92  5.4462 5.4463
30  2.5801 2.5800 55 4.1194 4.1194 93 5.4663 5.4664
31  2.6516 2.6515 56 4.1702 4.1702 94  5.4856 5.4857
32 2.7223 2.7222 57  4.2201 4.2202 95 5.5041 5.5041
33 2.7921 2.7921 58  4.2693 4.2693 96 5.5217 5.5217

Table D.2.: Energies extracted from the blue spectrum in Fig. D.6. The energy of the reference
state is Fy9 = 3.9382 x 1072 a.u. Resolution is 1076 a.u., all values in the table are in 1072 a.u.

energies. We stress once again that this is certainly not the only source of wrongly placed
peaks, but that it might be a relevant contribution also for higher dimensional systems.
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E. DERIVATIVES OF THE
IODINE-KRYPTON POTENTIAL IN
NORMAL COORDINATES

In this appendix, we will list the analytic expressions for the potential derivatives of the iodine
in krypton problem discussed in Ch. 5. As mentioned in App. A and shown in more detail
in App. B of [37], these derivatives are needed for the symplectic integration routine that
is employed to find the time evolution of both the classical trajectories and their respective
monodromy matrix elements. For the latter, the second derivatives of the Hamiltonian with
respect to momentum and position are required. This does not introduce any fundamental
algebraic difficulties, but the fact that we work in normal coordinates, while the pair potentials
are given in Cartesian coordinates, makes the numerical evaluation of the position derivatives
very cumbersome, as we will see below.
Recalling the normal coordinate transformation and its inverse from Eq. (5.5)

3N, 3Na

Qi = lind < k=  iQj, (E.1)
k=1 =1

where @; are the normal coordinates, §i = \/mi(Tr — Treq) are mass-weighted displacement
coordinates describing the deviation from equilibrium, I;; are elements of the transformation
matrix, and N, is the number of atoms in the molecule. The momentum derivatives are simple
because the kinetic energy has the same form as in Cartesian coordinates [116],

3N,

1 .
T = ka_le. (E.2)

With Eq. (E.1), the first and second derivatives of the potential with respect to the normal
coordinates read

3Na 3Na

oV G, OV oV
_ A - E.3
90, = 2 9000~ 2="5q (3)
ov 0 X o = ov
90:00; ~ 90, 2= "ag, ~ 2 2 higg g B4
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From a numerical perspective, it is important to note the double sum in the second line because
each of these summations runs over all N = 3N, Cartesian DOFs of the original problem.
As a consequence, the calculation of the second derivatives takes up a big part of the total
propagation time, mostly due to this transformation.

An example: the computational time for the most complicated phase space integrand,
namely, the one for the reduced density contribution in Eq. (3.18), is about 16 seconds per
trajectory with 500 semiclassical time steps and on a grid with 2'* grid points, if all 51 vi-
brational normal coordinates are used. Calculating the underlying two classical trajectories
with 5000 time steps, on the other hand, takes about 96 seconds. Out of these 96 seconds, 87
seconds are required for the transformation from Eq. (E.4). For this reason, we use a Hessian
update scheme as described by Zhuang et al [53] to facilitate the symplectic fourth-order, four-
steps McLachlan integration [50,124]. The exact second derivatives are calculated only once
per two full classical steps, while we are making use of the gradients to calculate an approxi-
mate Hessian during the remaining seven sub-steps. This way, the 96 seconds for two classical
trajectories are reduced to 27 seconds with still sufficient accuracy.

The expression for the derivatives with respect to the Cartesian displacement coordinates
in Egs. (E.4) and (E.4) would be very straightforward (see App. B of [37]) if it wasn’t for
the anisotropic I-Kr interaction from Eq. (5.2) that introduces a dependence not only on
the modulus of the vector connecting the specific iodine and krypton atom, but also on the
vector itself. However, as discussed for the iodine in argon problem in [69], using this form is
imperative in order to recover the correct shift of the iodine spectrum.

After replacing the (normal) coordinate index k by an index consisting of atom number K
and dimension v, the first derivative becomes

Na Na

ov 81‘[( v 8VK[ 1 aVKI
v _ UK, _ , E.5
0K v IZ;( 04k, Oz /MK Iz;{ 0xK (E:5)

where (2, —x1,) are the z, y and z components of the vector Rk, connecting atoms K and
I, and V7 is the respective pair potential. For the I-I and Kr-Kr interactions which depend
only on the modulus Rk, the coordinate derivative is simply

OVkr (Rkr)  (vxy —x1,) OVir

= . E.6
Ox K, Rikr ORkr (56)

To calculate the derivatives of the I-Kr interaction from Eq. (5.2), we write the sine and cosine
terms as

RRk;

2
.9 2 2
Ry RKI> sin®(0x 1) = sing; COSk 1 (E.7)

cos? (A1) = cosk; = (

and arrive at a first derivative that depends on the derivative being with respect to an iodine

K {1 COVkr (T — 1) [ 9 OVu(Rkr) . o OVn (RKI):|

, I >3: = xRl
27 7 Ozky Rk T P

Ty — T2p :l: TKy — TJp
+ 2coskr [Vu(Rir) — Vii(Rkr)] {( 1, 20) £ (2, Iv)
RioRkr

£ _ _
_[ (»”Cl,u2 r20) | (@K : ﬂfl,u)} cosm}
R12 RKI

(E.8)
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or a krypton atom

OVkr _ (X1 — TK) [ o OVu(Rkr) . o OVn (RKI)]

K<2 I>3 COS¥k T DRt sinyy ORrs

— Oz, Rkt

oy, — L1y Ty — TKp
+ 2cosir [Vz(RK]) —VH(RK[)]{( 212RK117 ) — ( L R%([K’ )COSK]}.

(E.9)

In each case, the respective first line corresponds to Eq. (E.6), while the additional terms
originate from the angle dependence and turn out to be a rather small correction to the first
part, which is, however, important for the long-time dynamics.

For the second derivatives with respect to the displacements coordinates, we again have to
differentiate,

K—g. V. _1 g‘:@”’m (E.10)
"0k dK MK fort 0r Kk, 0T K '
2 1 2
K#J: v _ OViks (E.11)

09K Ky,  /MKry/my 0xf 01,

For the solely Ry dependent interactions, the derivatives with respect to Cartesian coordinates
are then

K—=7] aQVKI _ |: 1 5o (xKJ/ —x17y)($K7u —J}]7u):| 8VK]
(%K,yaxK,# Ry oH R%{I ORKkT (B.12)
(rw —210) (@i — 1) Vi '
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axKJ,é?xJ,# Ry R%J ORKk (E.13)
@Ry —wg) (@K — x) PV
Ric; OR% ;-

Due to the angular dependence, the second derivatives of the I-Kr interaction become com-
plicated to a point where algebra slips and mistakes in the numerical implementation are al-
most inevitable; therefore, we introduce a simplification by assuming that the iodine molecule
moves along the z axis throughout the propagation, i.e., 11 = 12 = w21 = w22 = 0. This
approximation is exact if symmetry preserving vibrational normal modes only are used in a
propagation that starts from fully symmetric initial conditions. Adding non-symmetric normal
modes violates the assumption, since a few of those modes comprise movement of the iodine
atoms away from the z axis. However, the non-symmetric bath modes are coupled very weakly
to the symmetric modes, especially to the system, so we get good results even for that case.

The cosine term is much simpler now,

TK3— LI TK3 — X[
COSK[ — Sgn [(1'1’3 _ x273)} ( ’3RKI 73) — ( 73RKI ,3)7 (E14>

where the second equality is ensured by choosing the initial positions of the iodine atoms
accordingly. With this approximation, the first derivatives for K < 2, I > 3 from Egs. (E.8)
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and (E.9) become

+ sin
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Ty — Ty
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Finally, the second derivatives with respect to Cartesian coordinates are split into a multitude
of different cases, but each individual derivative is much simpler than it would be without the
approximation. We differentiate between derivatives with respect to iodine coordinates only,

K=J<2I1>3, v=p=3: (E.18)
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and derivatives with respect to krypton coordinates only,
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where the respective first two lines correspond to the purely distance depending cases in Eqgs.
(E.12) and (E.13).
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