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Introduction

Numerical simulations in chemistry and physics are today not only used to obtain
the solution of non trivial models that are not analytically solvable, but mostly to
interpret the outcome of experiments and to design new molecules or materials
with desired properties. The two latter tasks often demand an unprecedented
accuracy, which is in conflict with the development of methods that generally
include many approximation steps. In this thesis work, we develop and explore
numerical methods to address a particularly challenging aspect of the simulation
of molecular and condensed matter systems: the inclusion of nuclear quantum
effects in the calculation of time-dependent correlation functions, which are directly
related to spectroscopy. In spite of recent developments and interesting progress,
this problem is still largely open and has both theoretical and practical interest.

To exemplify the relevance of nuclear quantum effects, we focus on Hydrogen, the
lightest and most abundant element in the Universe, which is a basic constituent
of inorganic matter and living organisms. Its nucleus, even though it is much
heavier than the electron, has a De Broglie wavelength at room temperature of the
order of the Angstrom, comparable in many situations with interatomic distances.
Thus, for this key element, quantum properties, such as tunnelling or zero-point
energy, are often not negligible. Nuclear quantum effects (NQEs) are therefore
relevant not only to describe processes of experimental significance occurring at
low temperature [1, 2] or high pressure [3, 4, 5], but also surprisingly close to
ambient conditions, as in the case of reactions involving proton transfer [6, 7] or
displaying significant isotopic effects [8, 9, 10, 11, 12, 13]. The growing interest
in quantum computing, and, in general, in engineering of materials approaching
scales where classical mechanics fails, further motivates work in this area. It is
therefore of great interest to understand and model the quantum behavior of nuclei
both from the statistical and dynamical points of view. In this thesis, we explore
theories and develop numerical methods that treat both aspects, with a special
focus on quantum dynamics. The field of quantum dynamics being very large, we
will limit our scope to nuclear systems at thermal equilibrium, with the electronic
degrees of freedom treated in the Born-Oppenheimer approximation (i.e. assuming
an adiabatic separation between the electronic and nuclear time scales).



Currently, most simulations involving large atomic systems, for example in bio-
chemistry, use empirical potential energy surfaces to account for the electronic
degrees of freedom (in the Born-Oppenheimer approximation) and treat the nuclei
as classical particles. These empirical potential energy surfaces are often designed
to reproduce some experimental properties using classical dynamics for the nuclei.
The quantum nature of the nuclei is thus hidden in the construction of the empirical
potential. This behavior greatly hinders the reliability and generalizability of such
potentials which break down when nuclear quantum effects are strong. Moreover
this approach is not fully satisfying conceptually as it does not improve our under-
standing of the quantum processes at the atomic scale.

On the other hand, first-principles methods to compute the Born-Oppenheimer po-
tential energy (such as the density functional theory) have so far been restricted to
relatively small systems and short time scales. However, in the recent years, very fast
progress has been made in the advanced methods aiming at reliably interpolating the
results of first-principles calculations, for example using polarizable force fields [14,
15, 16, 17] or machine-learning techniques [18, 19, 20, 21, 22, 23, 24]. These
methods provide accurate potential energy surfaces at a much lower computational
cost and can be used to study larger systems over longer time scales. These accurate
potentials, however, which do not include NQEs implicitly, can give disappointing
results when coupled to classical dynamics of the nuclei [24, 25]. NQEs should
therefore be accounted for explicitly to obtain fully quantum simulations of both
electrons and nuclei which could in principle explain and predict experimental
results in various conditions of temperature and pressure, and in complex chemical
environments.

For distinguishable particles, the evaluation of time-independent statistical prop-
erties has been essentially solved within the framework of path integrals (PI) by
mapping the quantum thermal density into a Boltzmann-like function for an isomor-
phic classical system [26, 27, 28, 29], often referred to as a "ring-polymer". In this
isomorphism, each quantum particle is represented via a set of replicas, or beads,
governed by a purely coordinate-dependent potential. The representation is exact
in the limit of an infinite number of replicas and its numerical convergence can be
systematically tested as a function of this number. Classical techniques can then be
applied to sample the density with a cost that increases linearly with the number of
replicas compared to the classical case.

Although path integrals do provide the reference method, their numerical cost can
become problematic if not prohibitive for systems requiring large number of replicas
for convergence, especially when first-principles interactions are needed. This mo-
tivated the development of alternative approaches, in particular the family of the



Quantum Thermal Bath (QTB) and quantum thermostat schemes, that reproduce
statistical quantum properties such as zero point energy via a Langevin equation
with colored noise [30, 31]. Although not rigorously derivable, these equations can
be integrated at a cost comparable to that of classical calculations and they have
proved useful for several interesting many-dimensional systems [4, 5, 32, 33, 34,
35].

On the other hand, the modelling of nuclear quantum dynamics, i.e. the computation
of time-dependent properties of the nuclei, remains a very important theoretical
challenge. These dynamical properties, captured by time correlation functions (see
section 2.2.2), are relevant as they can be probed through different experimental
techniques such as infrared/Raman spectroscopy or measurement of rate constants.
Since direct resolution of the time-dependent Schrédinger equation is impossible for
large systems due to its exponential scaling with the number of degrees of freedom,
approximate schemes must be designed. Some methods attempt to mitigate the expo-
nential scaling with smart choices of basis to represent the wavefunction. Examples
of these methods are the Multi-Configuration Time-Dependent Hartree (MCTDH,
see ref. [36]) and the Discrete Variable Representation (DVR, see ref. [37]). These
methods can yield highly accurate results but are computationally very intensive
and, for completely realistic interactions, are usually limited to systems containing
at most a dozen degrees of freedom.

The real-time path integral formulation of quantum dynamics also enables, in princi-
ple, to compute time-dependent properties exactly. It is however computationally
problematic as it relies on averaging over an infinite number of paths weighted
by a phase factor. This phase factor prevents using standard statistical methods
(such as importance sampling) and oscillates widely so that a brute force average is
very difficult. This incarnation of the so-called sign problem in quantum dynamics
makes the use of path integrals as problematic as the exponential scaling of the
Schrédinger equation. Thus real-time PIs are often impossible to manage for large
systems (although accurate approximate schemes have been devised for systems in
which only a small subset of degrees of freedom must be treated accurately[38, 39]).
More computationally affordable approaches therefore have to be explored in order
to study larger systems.

In this thesis, we will focus on trajectory-based methods as they provide computa-
tionally efficient approximations for treating mildly quantum particles. Indeed, in
most conditions of temperature and pressure, even the Hydrogen nucleus does not
display highly quantum behaviors such as deep tunneling or quantum coherence.
The most relevant quantum effect for this thesis is thus zero-point energy, that can be
well reproduced by trajectory-based methods. Furthermore, in systems containing



large numbers of degrees of freedom, the decoherence due to the interaction with
a complex environment often reduce the time scales in which quantum effects are
relevant, enabling a reasonable description with methods using some form of clas-
sical propagation to derive short-time approximations of the quantum propagator.
A family of such methods exploits the dynamics of the PI ring polymer in order
to approximate nuclear quantum dynamics. The most common representatives
of this family are Centroid Molecular Dynamics [40, 41, 42, 43, 44] (CMD) and
Ring-Polymer Molecular Dynamics [45] (RPMD).

Closer descendants of time-dependent path integrals are found in the family of
semi-classical methods. These are derived from stationary phase approximations of
the quantum time propagator or of pairs of propagators appearing in the expression
of time correlation functions (TCFs). One of the simplest and widely used methods
in this family is the Linearized Semi-Classical Initial Value Representation (LSC-IVR,
sometimes also referred to as classical Wigner) which couples quantum statistics and
classical dynamics to approximate quantum time correlation functions at thermal
equilibrium [46]. This method relies on the Wigner thermal distribution which
allows to rewrite quantum statistical mechanics in a (generalized) phase space, with
strong analogies to classical mechanics. The Wigner distribution is thus a bridge
between the quantum and classical formalisms (more details in sections 2.2.2 and
3.1). However, its computation presents some notable practical difficulties and,
since the analytic form of this distribution is generally unknown, one must rely on
numerical methods to estimate it. This calculation is highly non-trivial (for reasons
that will become clear in section 2.2) and the design of approximations for the
Wigner distribution is an important topic of research (see for example refs. [47, 48,
49, 50, 51, 52]). In section 3.1 we present some of the most common approximations
to the Wigner density and in chapter 4, we introduce a new approximation which
constitutes the core of this thesis.

Recently, many other trajectory-based schemes have been proposed to compute
dynamical properties (see for example [53, 54, 55, 56]). Most notably for this
thesis, the QTB trajectories also allow to compute approximate quantum TCFs [4].
The QTB presents some limitations such as zero-point energy leakage (ZPEL, see
refs. [57] and section 3.3 of this work) but recent improvements have been made to
monitor and correct the ZPEL in QTB simulations [58]. These developments open
up its use for more systems with more reliable results and, in this work, a particular
focus will be given to the comparison of the QTB to more standard methods.

Within this flourishing diversity of methods, it is important to be able to distinguish
and compare the different approximations. Currently, two limiting cases constitute
the "bare minimum" for an approximate quantum dynamics method: it must be



exact in the classical (high-temperature) limit and for the harmonic potential. All
of the approaches presented in this work fulfill this criterion and those that do
not are typically considered less interesting by the community. Comparison of
methods beyond these limiting cases is however quite difficult and we usually
lack quantitative and rigorous arguments. Therefore, one of the main goal of this
thesis is to systematically compare a set of common methods (along with the newly
developed ones) on a collection of simple models in order to better understand in
which cases and how they differ. As we shall see, this comparison enables to compare
the performance of different approaches with respect to spectral features that are
typically associated with some kind of coherence: overtones, combination bands,
and Fermi resonances. This is interesting — and has motivated recent numerical
research [59] — because the inability to reproduce this kind of features is often
attributed to the (generalized) classical dynamics adopted. Here we shall provide
analytical results and numerical evidence suggesting that the situation is more
complex and that classical dynamics cannot "always be blamed".

The thesis is organized as follows. In chapter 2, we lay down the theoretical
framework of quantum statistical mechanics and set the notations. In this chapter,
we focus on the definition of time-dependent properties and in particular of time
correlation functions. In chapter 3, we present the trajectory-based methods for
approximate quantum dynamics that are the most relevant for this work and provide
the necessary details for their implementation. The chapters 4, 5 and 6 contain the
original contribution of this work, organized as follows. In chapter 4, we introduce
a new approximation to the Wigner distribution based on the Edgeworth expansion.
We also describe an original generalized Langevin dynamics, the Wigner-Langevin
Dynamics (WiLD), that conserves this approximation and we show, on some model
systems, that it can be used as an ad hoc approximation to quantum dynamics.
The new sampling scheme for the Wigner distribution, combined with classical
dynamics, also provides an interesting variation on the theme of linearized initial
value representation. We analyze the advantages offered by the more accurate
sampling of the initial conditions that we propose, compared to alternatives. In
chapter 5, we compare the results of different approximate methods on simple
models for some relevant anharmonic effects in vibrational spectra (overtones,
combination bands and Fermi resonances). We derive analytical expressions, within
the perturbation theory, that allow to quantitatively compare the accuracy of the
different methods and shed some light on the origin of their differences. Finally, in
chapter 6, we extend our analysis to more realistic and complex systems (namely
liquid and solid-phase water) in order to assess the performance of the newly



introduced methods and to test the generalizability of the observations of chapter
S.



2.1

Theoretical Framework

In this chapter, we lay down the theoretical framework for statistical mechanics
at thermal equilibrium and define the objects of interest for this work. We will
particularly focus on defining time correlation functions in the quantum framework
(some relevant trajectory-based methods used to compute them are reviewed in
chapter 3).

This chapter is meant to set the notations and will be used as reference in the
following of the thesis. Most of its content is detailed in ref. [60] and other standard
statistical mechanics textbooks.

In this chapter and in chapter 3, we will present the formalism for a unidimensional
system modeled by the (time-independent) potential V'(¢). The generalization to
multiple degrees of freedom to treat atomic systems within the Born-Oppenheimer
approximation is straightforward (unless stated otherwise).

Classical statistical mechanics at thermal
equilibrium

We consider in this section a classical system and denote (g, p) the phase space vector
with ¢ the position and p the momentum. In the canonical ensemble, the thermal
equilibrium of this classical system is characterized by the Boltzmann probability
density on the phase space:

o~ BB /2m+V ()

pcl(q7p) = qudp 6—5(p2/2m+\/(q)) (2.1)

with § = 1/kgT the inverse thermal energy and m the mass of the system. In
the following, we will only consider the case of a time-independent potential V' (¢),
yielding a time-independent probability density.

Statistical properties of the system are computed by averaging an observable (a
function of the phase space vector for a classical system) over the Boltzmann density.
Statistical physical properties fall into two categories: time-independent (static)



properties and time-dependent (dynamical) properties. The average kinetic energy
(which is related to the temperature by the equipartition principle) is an example
of a static property. On the other hand, infrared and Raman vibrational spectra
(for example) are dynamical properties of the system. The average value of the
observable A(q,p) is a static property given by:

(A)y = / dqdp py(q,p)Alq, p) (2.2)

(A), can be estimated by averaging over a large number of configurations, drawn
randomly according to the Boltzmann distribution. This random draw can be
performed using Monte Carlo methods (for example with the Metropolis algorithm)
or thermostatted molecular dynamics (for example with Langevin dynamics).

Dynamical properties are more involved than static properties since they depend
on time (and more precisely on time differences since the distribution is time-
independent). Most relevant dynamical quantities can be related to time correlation
function (TCFs). The TCF of observables A(q, p) and B(q, p) with a time difference ¢
that we will denote c45(t) is given by:

cap(t) = / dqdp py(q.p)A(q,p)e*' B(q,p)

= (A(q, p)B(qs, 1))y (2.3)

The time evolution operator e**<* acts on B(q, p) by replacing (¢, p) by the phase
space point (g, p;) obtained after a Newtonian evolution over a time ¢ starting from
position ¢ and momentum p. The classical Liouville operator iL,; is given by:

_p 0 09V(g) O

ZLCZ E 87(] - 3(1 aip (2.4)

and provides the equations of motion of the classical system.

The direct application of equation (2.3) to estimate TCFs implies sampling initial
configurations (¢, p) from the Boltzmann distribution (using the Monte Carlo ap-
proach for example), computing the first observable A(q, p), propagating the phase
space vector using the classical equations of motion to obtain (¢, p;), multiplying the
second observable to obtain A(q, p) B(q:, p+) and finally averaging the results over all
samples for each time ¢. Another method exploits the property of ergodicity, i.e. the
fact that a single MD trajectory explores all microstates with the correct probability
distribution. For an ergodic dynamics, the Wiener-Khinchin theorem [61] states that
TCFs can be extracted from the Fourier transform of a single trajectory, which is
numerically more efficient than the direct method. Ergodicity can be assumed in

2.1 Classical statistical mechanics at thermal equilibrium



2.2

2.2.1

the case of large systems (in the thermodynamic limit), even for conservative (NVE)
dynamics, or it can be actively enforced using a mild thermostat (for example a
Langevin thermostat with a small coupling to the thermal bath). While the thermo-
stat will modify the Newtonian dynamics (and thus the time correlation functions),
it is sometimes possible to either minimize the coupling to the thermostat or to
recover the correct TCF via post-processing (see for example ref. [62]).

Quantum statistical mechanics at thermal
equilibrium

The thermal equilibrium state of a quantum system is characterized by the thermal
density operator p defined as:

. e—BH _e*Bﬁ
SRR I .

with H the Hamiltonian operator of the system, Tr[ - | the trace function and Z =
Tr {e‘ﬁﬁ } the partition function. Note that, as for the classical case, we only consider
here time-independent Hamiltonians. In the following, we will use unidimensional
notations. The generalization to multiple degrees of freedom is straightforward in
the case of distinguishable particles (often referred to as boltzmannons in contrast
with fermions and bosons). The density operator can then be used to express both
static and dynamical properties.

Static properties

The thermal average of a physical observable described by the operator A is given
by:

<A> - ﬂ[ﬁfl} (2.6)
In practice, to compute a physical property, one has to choose a representation
basis. For example, if one can solve the Schrédinger equation for the system, the
density operator can be rewritten as a statistical mixture of wavefunctions. We will

also present two alternative representations, namely the path integrals form of the
density operator and its phase-space expression using Wigner’s formalism.

2.2 Quantum statistical mechanics at thermal equilibrium



Statistical mixture of wavefunctions

Let us denote | ;) the eigenstates (wavefunctions) of the Hamiltonian operator with
eigenvalues F; (energies). One can rewrite the density operator as:

> e PP W) (W]

p= = 2.7)
and compute any thermal average as:
A e BB v, A v,
() - Bt

This expression is straightforward to apply when one can solve the Schrédinger equa-
tion. For large systems however, analytical or numerical solution of the Schrodinger
equation is usually out of reach. In such cases, it is more efficient to use Feynman’s
path integrals representation of the density operator.

Path integrals expression

In the framework of path integrals, one usually focuses on observables that depend
on position only (that we will denote A(§)) and expands the trace in (2.6) in position
representation, yielding:

(A@) = 3 [ dalale™"1g) A0 29

where A(q) is now simply a function of ¢q. The difficulty is then to compute the
diagonal elements of the density operator (q|e‘5H lg). To do so, we separate the
Hamiltonian in a kinetic term K and potential term V: H = K (p) + V(§). Since
¢ and p do not commute, the Hamiltonian operator is not diagonal in position
representation and thus one cannot directly express e—BH |g). Separately however,
e PK®) and e~#V(D) can be expressed in position representation. It is then tempting
to split the exponential but since ¢ and p do not commute,

=PI £ (~BK(D)=8V(@) (2.10)

One can show that at high temperature i.e. for a small inverse temperature ¢ — 0,
one obtains:

el _ o= 5V(@) =K (D) =5V (@) | @(63) (2.11)

2.2 Quantum statistical mechanics at thermal equilibrium
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. ; B\ . . .
By noting that e #H = (e‘?H ) for any integer v, we obtain the symmetric Trotter

break up of the density operator:
: Buiay —BK(s) — By’ 33
e PH = (e_ﬁv(q)e_iK(p)e_ﬁv(Q)) +0( = (2.12)
1%

and the exact density operator is recovered in the limit v — oo. Note that the error
is of second order in 1/v in eq. (2.12) because we accumulate v times the error of
(2.11).

By inserting resolutions of the identity in position representation I = [ dz |z) (z|
between each of the v slices, we obtain the path integral expression of the diagonal
elements of the density operator:

1 _Bh .
 {ale™™]q) = Vlggo/dqy--dqu Per(q1s -5 Qu—1,4) (2.13)
with p,, the path integral distribution given by [60]:

eXp{—g i1 (%mws(%‘ —qi-1)* + V(Cb’))}

Jdar-.-day eXp{_g 2i=1 (%mwg(% —qi-1)* + V(Qz‘))} >

pPI(Qh cee 7qy) =

with w, = v/ph and the cyclic condition ¢y = ¢,. The density matrix is thus formally
rewritten as the classical distribution of an extended system (¢, . .., ¢,) of dimension
v. This extended system is composed of v (classical) replica of the system (the so-
called "beads") at positions ¢; (i = 1,...,r) which are independently subject to the
physical potential V'(¢;) and are connected to their nearest neighbors ¢; 1 and ¢;_;
via a harmonic potential of frequency w,. This extended system is often called a
"ring-polymer" (see figure 2.1) in analogy with the models of polymer physics. This
rewriting is known as the quantum-classical isomorphism devised by Feynman. It is
also often referred to as "imaginary-time" path integrals by analogy with the similar
—iHt/h

process used to rewrite the quantum time propagator e , the operator e #H is

then referred to as the imaginary-time propagator.

Using (2.14) and its cyclic invariance, one can compute static properties as:

1 14
(A(Q)) = Vli_)nolo / dgi...dqy pp(q1,--.,qv) (V Z A(qi)> (2.15)
i=1

In this form, (A(§)) is obtained as a classical average for an equivalent system in
an extended space, subject to an effective potential expressed in (2.14) and one
can use one of the various simulation techniques devised for classical systems in
order to sample the distribution p, such as Monte Carlo (PIMC) or thermostatted

2.2 Quantum statistical mechanics at thermal equilibrium
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Fig. 2.1.: Schematic representation of the ring polymer path integral for » = 8. Each bead
x1,...,x, (represented by the blue circles) is subject to the physical potential and
connected to its nearest neighbors via a harmonic potential (represented by the
springs).

molecular dynamics (PIMD). At high temperature, the error made when splitting
the imaginary-time propagator is small and thus equation (2.13) converges with
few beads. We can also see that the stiffness of the harmonic springs connecting the
beads is proportional to v//3 so that in the high-temperature limit, the ring polymer
is very stiff and collapses to one point so that the classical expressions of paragraph
2.1 are recovered. On the other hand, at low temperature, the ring polymer is very

floppy and delocalized so that equation (2.13) requires many beads to converge.

The details of the convergence depends on the specific shape of the potential and on
the observables one needs to compute so that it must be systematically checked for
each system.

The Wigner thermal distribution

Up to this point, we mainly focused on static properties depending on position
only. It is more involved to compute momentum-dependent observables or mixed
position-momentum observables. Indeed, because of the Heisenberg uncertainty
principle, a quantum system cannot be localized in phase-space and thus a joint
position-momentum probability density, such as the Boltzmann density, cannot be
defined. Still, mixed position-momentum representations of the density operator
can be built which share important aspects with the Boltzmann density. One such
representation is the Wigner thermal distribution [63] defined as:

1 ipA A N
Pw(q,P)—%/dAe h <q—2 P

A
g+ 2> 2.16)

2.2 Quantum statistical mechanics at thermal equilibrium
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This representation maps the density operator to a phase space distribution (which
tends to the Boltzmann density at high temperature)!. This distribution has some
important properties: first, its position and momentum marginal distributions are
the position and momentum probability densities respectively:

[ v puta.p) = talila) 2.17)

[ da p.ta.p) = 6l (2.18)

and consequently, the Wigner distribution is normalized ([ dg¢dp p,(¢,p) = 1).
Second, the Wigner distribution allows to write the average of any observable A in
the form of a phase-space average:

(A) = [ dadp p.(a.p) Au(a.p) (2.19)

where A, (g, p) is the Wigner transform of the operator A defined as:

Aw(q,p) = /dA e <q§

A

A
at 2> (2.20)

If the operator A is a function of position only (resp. momentum only) A(§) (resp.
A(p)), then the Wigner transform is simply equal to the function A(q) (resp. A(p)),
so that (2.19) is very similar to the classical expression (2.2) with the only difference
that the Boltzmann density is replaced by the Wigner density. However, the apparent
simplicity of equation (2.19) is only superficial as the evaluation of the Wigner
distribution is a challenge in itself. Indeed, even if the non-diagonal elements of

A

D

the density operator <q - %
the phase factor e poses tremendous numerical difficulties. Indeed, for a high-

q-+ %> can be expressed as an open path integral,

dimensional system, this phase factor can wildly oscillate and becomes impossible to
sample accurately. This major difficulty is often called the "oscillating sign problem".
Moreover, the phase factor also implies that the Wigner distribution is usually not
positive everywhere (it is real by construction) and thus cannot be considered a
true probability density (it is often called a quasi-probability density). Consequently,
it is not directly possible to use the standard tools designed to sample probability
distributions.

Despite these difficulties, the Wigner density is relevant to compute static and, more
importantly, dynamical properties (as we will see in the next section) and thus

!Note that the concept of Wigner distribution is more general and can be used for any density operator
to obtain a mixed representation in two conjugate variables. For example, it is used in signal analysis
to build a time-frequency map of a complex signal s(¢) as sw(t,w) = f dre™Ts(t—71/2)s* (t+7/2)

2.2 Quantum statistical mechanics at thermal equilibrium
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2.2.2

the development of numerically favorable approximations is an important topic of
research. In chapter 3, we will describe some of the most common approximations
to the Wigner density and in chapter 4, we propose and assess a new approximation
based on the so-called Edgeworth expansion.

Time correlation functions

Time correlation functions (TCFs) are dynamical properties of a system that can
be probed through different experimental techniques such as infrared/Raman spec-
troscopy or measurement of rate constants.

For a classical system, TCFs are real functions of time defined by equation (2.3) that
respect the so-called detailed balance cap(t) = cpa(—t) (see ref. [64]).

In contrast, different quantum TCFs can be defined, that display slightly different
behaviors but are all related to each other by simple transformations, and all tend to
the classical TCF at high temperature. In this section, we review the most common
definitions of quantum TCFs, as used for the different methods that we describe in
the next chapter.

Standard form

The standard form of quantum time correlation function is defined as:
Cap(t) = Tr [ﬁAE’t} (2.21)

where A and B are two observables and we denote the time propagated operator
B, = ¢iflt/h Be—ilit/h with ¢~iHt/h gnq ¢ift/h the forward and backward time propa-
gators. If the Schrodinger equation can be solved for the system of interest, one can
rewrite the TCF in terms of wavefunctions as:

1 o2 . i (Es_E,
Cap(t) = 2 S e B (W AJ;) (05| B|Y,) et E T ED /M (2.22)
ij

The TCF is thus a sum of complex exponential terms, oscillating at frequencies that
correspond to the energy differences between the eigenstates. When the solution to
the Schrédinger equation is not available, it is useful to express C' 45 in terms of the
Wigner distribution as it is the basis of the linearized approaches presented in the

2.2 Quantum statistical mechanics at thermal equilibrium
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next chapter. To that end, we expand the trace in position representation and insert
a resolution of the identity to obtain:

Cap(t) = [ dedy (alpAly) (y]Bila) (2.2

We then introduce the change of variable x = ¢ — A/2, y = ¢ + A/2 to obtain:

23
175 /\17 35

a
2

A

R A
HA Bilqg— > (2.24)

Cagp(t) = /dqu <q - 5

where ¢ is the middle point between  and y and A = y — z. By noting that the
Dirac delta function can be expressed as §(A + A') = 5L [ dp eP(A+2)/h we can
rewrite:

1 . Al . A
Cap(t) = %/dqdp </dA ePA/N <q— 2"3’4‘“ 2>)

. A/ /
1 ipA'/h = =
x(/dAe <q 5 q+2>>

1 . .
= o [ dadp [p ALl p)[Biulaop) (2.25)

A

By

where | - |, represents the Wigner transform defined in equation (2.20). It is easy to
show that [B;],,(¢, p) is always real (for any Hermitian operator B) but [pA],,(q, p)
is not generally real since the product pA is not necessarily Hermitian. As a result,
Cap(t) is a complex quantity and is therefore usually difficult to approximate using
classical-like methods. The equivalent of the detailed balance for the standard TCF
reads:

CAB(t) = CBA(—t)* (2.26)

The real part of the standard TCF, on the other hand, displays a more ’classical-
like’ behavior. We then take the real part of (2.25) and multiply and divide by
[e=BH] (¢, p) to obtain:

cap(t) = Re[Cap(t)] = / dqdp p,(q,p) fa(q,p) [Bilw(g,p) (2.27)
with: o
Re [[e™" 4], (q,p)|
[e=#1],,(q, p)

and we used the fact that p (¢,p) = [efﬁﬁ]w(q,p)/%rhz. The real part of the
standard TCF follows the detailed balance c4p(t) = ¢pa(—t). One can then rewrite

(2.28)

fA((Lp) =

2.2 Quantum statistical mechanics at thermal equilibrium
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[By]w (g, p) in terms of a quantum Liouvillian using the Wigner-Moyal series (see
refs. [65, 66]) which yields:

EAB@):1/(mdpﬁMQLP)fA@Lp)aEQUiJQJﬁ (2.29)
with: .
PO < 1<m>" oV o
iLq = m Oq n—;)dd n!\ 2 oqn op" (2:30)

This form is similar to the expression of the classical TCF and it suggests a straightfor-
ward procedure to compute the quantum TCF: sample phase space points according
to the Wigner thermal distribution, evaluate the modified observable f4 at these
points and multiply by the second observable at a later time ¢ obtained using a
quantum time propagation. Each of these steps however is much more challenging
than their classical counterpart. Indeed, quantum time propagation is notoriously
difficult for large systems and, as already stated, the computation of the Wigner
distribution is demanding in itself. The third difficulty, which is milder, lies in the
evaluation of f4(q,p).

Using the definition of the Moyal x product [67, 68, 69], we can rewrite:

e A (@, p) = [ u(a,p) * Aula,p)

Jw(g,p)e”

“%W@M@m
T A"
201 /ih\" A 0 0 0 0
- — (= —BH veve_ Y

where the arrows indicate the direction in which the derivatives act and the power

= [ef 2

for derivatives corresponds to the order of derivation. Noting that all odd orders
in (2.31) are purely imaginary and therefore vanish in the real part of the TCF, we

obtain:
2 o= L\ 20
o i na.0) (Gt~ dpty) Aulap)
falg,p) = (2.32)
(@) pu@D)

While this expression seems difficult to evaluate, it greatly simplifies when consid-
ering linear observables of p and . If we denote A = ag + bp, we simply have
Aw(q,p) = aq + bp and the only term that does not cancel in the above series is the
zero order term, yielding foq+6p(q, ) = ag + bp which is just the classical observable.
For example, the momentum autocorrelation function (ATCF), on which we will

2.2 Quantum statistical mechanics at thermal equilibrium
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mostly focus in the following since it is related to physically relevant observables
such as vibrational spectra and diffusion constants, can be written:

Cpp(t) = / dgdp p,(q,p) p e“<'p (2.33)

which formally resembles the classical momentum ATCF if we replace p,, by the
classical probability distribution p, and the Liouvillian iLg by iL.; . The real part of
the standard correlation function is well suited for quasi-classical approximations
such as LSC-IVR (Linearized Semi-Classical Initial Value Representation) or the QTB
(Quantum Thermal Bath) as we will see in the next chapter.

The real part of the standard correlation function can be related to the full correlation
function using the following relation on their Fourier transforms:

2

T o= 7 (caB} (W) (2.34)

F{Can} (@) = 1

where F{ - } denotes the Fourier transform. For example:
1 fe ,
F{Can} @) = 5 / dt e Cyp(t) (2.35)

Relation (2.34) can be easily derived from the definition of the two TCFs in the basis
of the eigenstates of the Hamiltonian operator.

Kubo-transformed correlation function

The Kubo-transformed correlation function is defined as:
1 A —(B—NH ;_—\H
Kaslt) = 57 /0 dx Trfe AR (2.36)

Although this form seems more complicated than the standard correlation function,
it is real and respects the detailed balance K4p5(t) = Kpa(—t). It is also equal
to the classical correlation function in the harmonic case. The Kubo-transformed
correlation is at the basis of the approximations in which the dynamics of the
fictitious ring polymer of the PI picture is used to compute TCFs, namely CMD
(Centroid Molecular Dynamics), RPMD (Ring Polymer Molecular Dynamics) and
Matsubara dynamics (see next chapter). In these approaches, the integral over A
in (2.36) is discretized and replaced by a sum over the polymer beads and we can
picture the observable A as being "smeared" along the imaginary-time path.

2.2 Quantum statistical mechanics at thermal equilibrium
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The Kubo-transformed correlation function can be related to the standard correlation

function using the relation:

FlCap} () = 10 F(Kap} () 237)

and hence to the real part of the standard correlation function using:

F{cap} (w) = mHKAB} (w) (2.38)

Symmetrized correlation function

The symmetrized correlation function is defined as:
Gap(t) = 1 [67519/2121675]?/2eth/hBﬁefiFIt/h]
Z
1 A iHTE R —iHT /R
=3 Tr [Ae Be } (2.39)

with the complex time 7. = ¢ — ih/2. Contrary to the standard correlation func-
tion, the symmetrized correlation function is real and follows the detailed balance
Gap(t) = Gpa(—t). It has been used in some rather unconventional approaches
where the real time ¢ is treated as a parameter (on the same footing as the tem-
perature) in order to reduce the dynamical problem to a sampling problem [70,
71].

The symmetrized correlation function can be related to the standard correlation [60]
using the following relation on their Fourier transforms :

F{Cap} (w) = 2 F{G B} (W) (2.40)

2.2 Quantum statistical mechanics at thermal equilibrium
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3.1

State of the Art in
trajectory-based methods

As stated in the introduction, we focus in this thesis on trajectory-based methods
for quantum dynamics. These methods involve strong approximations but allow
to treat relatively large condensed phase systems — that are inaccessible to more
refined methods — and can satisfactorily capture zero-point energy (ZPE) effects,
which are often the main quantum contributions for these systems in which deco-
herence is generally very fast. In this chapter, we briefly review the most common
approaches for numerical computation of approximate quantum time correlation
functions (TCFs) using generalized classical trajectories. This list is not intended to
be exhaustive but presents the methods that are the most relevant for the following
chapters.

Throughout this chapter, we illustrate the different methods using the following
unidimensional Morse potential:

V(g)=D [ﬂaq - 2e*a9} (3.1)

with D = 20 kcal/mol and a = 2.5 Afl. This potential is very useful to model
iono-covalent bonds, for example O-H bonds [72] and is often used to test approx-
imate methods for quantum dynamics. The parameters are chosen to provide a
strong degree of anharmonicity and in order to highlight the differences between
the approximate methods. The observations made for this potential are not nec-
essarily transferable to other systems. However, it is a relevant benchmark and
comparing the methods on this potential allows to emphasize important differences
in the approximated dynamics. Furthermore, this model introduces the problem of
anharmonic resonances which is the main topic of chapter 5.

Linearized Semi-Classical methods

Equation (2.29) provides an expression of the quantum TCF that closely resembles
the classical expression and separates the problem of quantum dynamics at thermal

19
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equilibrium in two sub-problems: the sampling of the Wigner thermal density on the
one hand and quantum time propagation on the other hand. Linearized methods
simplify the latter by truncating the quantum Liouvillian (2.30) at first order in &
yielding:

_pd 9V(g 9

o= o= 50 5+ O(1?) =iLa+0(1?) (3.2)

thus effectively replacing quantum time propagation by classical dynamics. The
procedure of the Linearized Semi-Classical Initial Value Representation (LSC-IVR)
thus consists in sampling initial conditions from the Wigner density and averaging
over a large number of classical (NVE) trajectories propagated from these points.
The LSC-IVR approximation to the real part of the standard TCF (2.29) is then:

cap i (t) = / dgdp p,(q,p) falq,p) €< By(q, p)

= /dqdp P.(4,P) fa(q,p) Buw(qe, pt) (3.3)

where (g, p;) is the phase space point obtained after a classical propagation of
duration ¢ starting from (g¢, p). If one can compute the Wigner density exactly, one
can show that LSC-IVR is exact in the short time limit, the harmonic limit and the
classical limit [73].

A qualitative analysis of replacing quantum dynamics by classical dynamics, can be
obtained via real-time path integrals. In this framework, quantum dynamics consists
in a sum of forward-backward paths that carry a phase factor which depends on
the difference between the two paths. The classical evolution forces the forward
and backward paths to be infinitely close together, thus cancelling the phase factor.
For infinitesimally short paths, this approximation is correct since the forward and
backward paths cannot deviate from one another (thus validating the short time
limit). At high temperature, all the paths collapse to give classical dynamics (thus
validating the classical limit). For a harmonic potential, the forward and backward
paths are naturally identical and the harmonic dynamics is classical since the first
correction to classical dynamics in the quantum Liouvillian depends on the third
order derivative of the potential which is null for a harmonic potential. We refer to
refs. [73, 74, 75] for more details.

Forcing the forward and backward paths to be identical, however, affects the physical
effects that can be captured using this approach. Indeed, it is often stated that
coherence effects are lost. While this is true of purely quantum interference features,
this statement may deserve a more careful analysis since some coherence effects
are preserved by the classical evolution. We will discuss this point in more details

3.1 Linearized Semi-Classical methods
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in Chapter 5. Furthermore, one can show that the classical Liouvillian does not in
general conserve the Wigner density:

il p,(q,p) #0 (3.4)

and thus the LSC-IVR approximation to c4p(t) does not satisfy detailed balance.
This implies that the dynamics may display unphysical properties like zero-point
energy leakage (ZPEL) where energy unphysically flows along the propagation from
the high-frequency degrees of freedom to the low-frequency degrees of freedom
[76] (we will describe this effect in more details in section 3.3 since the ZPEL also
affects the Quantum Thermal Bath method).

The main technical difficulty for the LSC-IVR is to sample points according to the
Wigner density. As already stated, the Wigner density is a challenging quantity to
compute due to the phase factor in its definition and of its quasi-probability nature
(not positive everywhere). Many approaches have been devised to approximate
the Wigner density that often rely on (local or global) harmonic approximations.
We will review here the most popular of these approximations, namely the Local
Harmonic Approximation[47] (LHA) and the related Local Gaussian Approximation
[49] (LGA) and the Feynman-Kleinert Linearized Path Integral [51](FK-LPI). We also
briefly introduce the Phase Integration Method [52](PIM) that was a starting point
for the new approximation that we present in chapter 4. In the following, we will
prefix LSC to the name of the sampling method when we refer to the combination of
LSC-IVR with initial conditions given by the aforementioned method. For example,
LSC-LGA refers to LSC-IVR with initial conditions given by the LGA.

Despite these difficulties, the LSC-IVR has proven to be a useful tool to describe quan-
tum effects on the vibrational spectra of molecules and solids, for very anharmonic
energy potentials with negligible tunneling (see ref. [77] for a review of different
applications of LSC-IVR to realistic systems). In fact, in complex high-dimensional
interacting systems, coherence effects tend to be small and decay fast on relevant
time-scale for correlation of observables so that classical dynamics is able to catch
most of the relevant effects on the TCF.

3.1 Linearized Semi-Classical methods
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3.1.1 The Local Harmonic and Gaussian Approximations

To obtain the Local Harmonic Approximation (LHA), we start by splitting the Wigner
density (2.16) into the marginal position distribution (g|j|q) and the conditional

N +é
ki 2>) (3.5)

In order to obtain an analytical expression of the ratio (¢ — A/2| p |¢ + A/2) / {q|p|q),

momentum distribution:

ipA <q_ %
h

p.(g:p) = (dlpla) (/dA en ——

one expands the potential at second order around ¢ as:

Vig+e)=V(g) + 8‘(,;;(])6 + %mﬂ2(q)62 + (9(63) (3.6)

where the local frequency 2(q) is given by the mass-weighted hessian:

19*V(g)
m  Oq?

2(q) = (3.7)

Using this approximation, one can rewrite the ratio of the matrix elements of p as

[47, 49]: < ’ ‘ >
Al A A
4= 3|Plats m®(q) o
— _ A 3.8
W7D ‘”‘p{ 2612 } (3.8)
where BHOq) )2
B q

() = b (5r0(0)/2) 59

is the "quantum correction factor" (QCF) which is the ratio of the average thermal
energy of a quantum harmonic oscillator of frequency €2(q) to the classical average
thermal energy k7. One can then compute analytically the integral over A and
obtain the local harmonic approximation to the Wigner thermal distribution:

exp(—A4:®1(q))
2mrm®(q)/ 5

Pu(q,p) = (4lplq) (3.10)
One should note that the harmonic approximation only concerns the conditional
momentum distribution and that the full anharmonicity is kept for the evaluation of
the position distribution. In practice, sampling the Wigner distribution through LHA
consists in sampling the marginal position distribution using standard imaginary-
time path integrals and, for each position obtained in this way, one computes
the local frequency (3.7), deduces the QCF (3.9) and then samples the Gaussian
conditional momentum distribution of equation (3.10). The definition of the QCF in
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equation (3.9) holds only when the curvature of the potential is positive. If it is not
the case, for example when the potential displays a barrier, Q2?(q) is negative and
)(q) is imaginary. Using analytic continuation, one can extend the definition of ®(q)
in the case of imaginary frequencies[49] :

BRI/
29 = GBI )2

if 0%(¢q) <0 (3.11)

However, in order to have a meaningful momentum distribution, the QCF ®(q) must
be positive which it is not if Q?(q) < — (%) 2. Thus for potential energy barriers with
a strong curvature, the LHA fails to describe the momentum distribution. To circum-
vent this problem Liu and Miller [49] proposed the Local Gaussian Approximation

which is a simple (ad hoc) modification of the QCF:

B q) /2

tn(gnolgy @ >0
®(q) = (3.12)
tanh(BH(0)]/2) .
oz TE@<0

Figure 3.1 shows the QCF in function of the adimensional parameter Shw/2 where
w = |Qsign(92?). We can see that for large negative values of Shw/2, the QCF is
negative for the LHA while it slowly tends to zero for the LGA. Thus, the momentum
distribution is always well defined for the LGA.

For a multidimensional system of size N, the local frequency is a N x N matrix
obtained from the Hessian of the potential as:

1 0*V(q)
A /mimj 8qi8qj

If we denote (w?);—1..n the eigenvalues of Q?(q), we define the QCF matrix ®(q) as

0 = (3.13)

diagonal in the same basis as 2?(q) with eigenvalues (¢;);—1...y such that:

Bhw; /2

kY Y )
tanh(Shw; /2) ifw; >0
¢; = (3.14)
tanh(Bh|w;|/2) .. o
T hm 2 ifwj <0
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Fig. 3.1.: Quantum correction factor ® in function of S7w/2 for the LHA and the LGA. The
LHA curve becomes negative for Shw/2 < —m/2 (The negative x-axis corresponds
to imaginary values of the local frequency  with w = |Q|sign(£2?))

The conditional momentum distribution is then a generalized Gaussian distribution
and the LGA approximation to the N-dimensional Wigner distribution is then:

exp(—4pT M 201 (g)M2p)
27| M| (q)[/ B

pu(a,p) = {da|pla) (3.15)
with M the diagonal mass matrix. One should note that for high-dimensional
systems, the Hessian of the potential, and thus the local frequencies, can be costly
quantities to compute. While the Hessian may be available analytically for model
potentials, it is usually not easily accessible for first-principles methods and requires
much more computational efforts than the evaluation of the forces. Moreover,
the inversion of the full N x N Hessian required to compute the QCF is also
computationally intensive so that it may be required to approximate the Hessian
matrix (for example by setting to zero the off-diagonal elements corresponding
to atoms that are far apart in order to sparsify the matrix). Despite this technical
difficulty, the LHA with LSC-IVR has been successfully used to compute vibrational
energy relaxation rate constants in low-temperature liquid oxygen [78]. The LGA
has also been applied with satisfying results to compute the IR spectra of different
models of liquid-phase [79] and solid-phase [59] water.

3.1 Linearized Semi-Classical methods
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3.1.2 Feynman-Kleinert Linearized Path Integrals

The FK-LPI method presented in ref. [51] allows to rewrite the Wigner density in a
semi-harmonic form by combining the variational harmonic representation of path
integrals designed by Feynman and Kleinert [50] with the centroid-constrained quasi
density operator formalism of Jang and Voth [42]. We will not present here the
derivation but only the final results necessary for implementation.

The idea of the FK-LPI is to separate the path integral representation of the density
operator into a marginal centroid density (the distribution of the "center of mass"
of the path integral) and a conditional fluctuation distribution. The approximation
at the heart of the FK-LPI is to consider that the fluctuations around the centroid
are harmonic (Gaussian). The frequency of the harmonic fluctuations is a function
of the centroid position and is optimized according to the variational principle of
Feynman and Kleinert [50]. The centroid potential is obtained self-consistently by
smearing the potential on the harmonic fluctuations.

The FK-LPI approximation to the Wigner thermal distribution is given by:

(—B[3mb? (@) (a — o) + £ 05 (a0))
2781/ P () /0% ()

exp
pola,p) ~ / dz, p,(ze) (3.16)

where z. denotes the position of the centroid of the path integral. The harmonic
frequency 6(x.) of the fluctuations around the centroid is given by [51, 80] :

(.2 .
%00/ (hiammtanrs ) TR >0

02(z.) = (3.17)

Bh|Qu(xc)|/2 £ 2
FK(xC) <1 - tan(ﬂh!QFK(xc)\/2)> if QFK(xc) <0

and is self-consistently defined with the optimal FK squared frequency:

B.,1,02 2
2y () exp(—zml (xe)(x — ()

m 8902 27 /m (0% (z.) (3.18)

At a given centroid position, the computation of Q2 (z.) and 6?(z.) is obtained
through a self-consistent cycle as follows: (i) start with an initial guess of Q2 to
obtain #? (or directly guess 62). (ii) compute a new 2 using equation (3.18)
(usually done via Monte Carlo, i.e. by drawing a set of random positions around
x. according to the Gaussian distribution). (iii) deduce a new 6% from Q% using
equation (3.17) and repeat steps (ii)-(iii) until convergence.
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The momentum distribution in equation (3.16) is characterized by the FK quantum
correction factor (FK-QCF) ®y(z.) defined as in the LGA but replacing the local
frequency with Q2 (z.) in equation (3.12). The centroid probability density p.(z.)
can be expressed consistently within the FK approximation (from the smeared
potential, obtained by averaging the potential V' over the Gaussian fluctuations, see
ref [51] for detailed expressions). A common approach, however, is to use instead
the centroid distribution sampled via standard PIMD.

In practice, one first samples centroid positions according to the centroid probability
density p.. For each centroid position z., one computes Q2 (x.), 6%(z.) and P (z.)
using the previously mentioned self-consistent cycle and samples the fluctuation
phase space (g, p) using the conditional Gaussian distribution of equation (3.16).
From the (¢, p) points, one may then perform classical dynamics to obtain the FK-LPI
approximation to the LSC-IVR correlation functions.

For a N-dimensional system, Q2 (z.), 6?(z.) and ®w(z.) are N x N matrices. The
FK frequency matrix is defined as:

/ L V@ exp( 5 (x — o) 'M26%(ae) M3 (a — )
Wlwelli = [ 4 e o 2 TV B0

(3.19)
We can then diagonalize Q2 (z.) and define 6?(x.) and ®w(x.) as diagonal in the
same basis as Q2 (z.) with eigenvalues defined similarly as in equation (3.14) for
() and (3.17) for 62(x.). The conditional fluctuation distribution is then a gen-
eralized Gaussian distribution and the FK-LPI approximation to the N-dimensional
Wigner distribution is then:

1 1 1 )
-3 [(q*”““C)T]‘“W(Ic)M§ (q—z)+p" M~ 205 () M~ 2p

puap) = [ doe p(a) T LD e (3.20)

with M the diagonal mass matrix.

The FK-LPI method is applicable to relatively large systems as long as the effective
frequency matrix can be efficiently computed. Note that ref. [81] provides a rewriting
of equation (3.19) that only involves the first derivative of the potential (which is
much cheaper to compute than the Hessian) which opens up the method to larger
systems. For example, Poulsen et al. used LSC-IVR with FK-LPI initial conditions to
study the quantum diffusion in liquid para-hydrogen [82] at very low temperature,
and spectral properties of liquid water at room temperature and low-temperature
He(4) [81].

3.1 Linearized Semi-Classical methods
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3.1.3 Comparison on the Morse potential

We now compare LGA and FK-LPI approximations to the Wigner density of the
Morse potential of equation (3.1) and compare the results of the two methods for
dynamical quantities (here, the momentum ATCF).

Sampling of the Wigner distribution
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Fig. 3.2.: Wigner thermal distribution for the Morse potential of equation (3.1) (with

D = 20 kcal/mol and o = 2.5 A_l) approximated using the Local Gaussian
Approximation (dotted green) and the Feynman-Kleinert approximation (dash-
dotted red) at 1200K (panel a) and 300K (panel b). Contour levels are 1.5, 10,
20, 30, 40 fs.A=2.(g/mol) L.

Figure 3.2 shows the Wigner density approximated by the two methods and com-
pared to the classical Boltzmann density and the exact Wigner density obtained from
solving the Schrodinger equation. The Wigner density is computed at 1200K (panel
a) where the Wigner thermal distribution is close to the Boltzmann density, and
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300K (panel b) where quantum effects are important and the quantum distribution
is much wider than the classical one because of zero-point energy. We can see that
both LGA and FK-LPI are very good approximations to the Wigner density at high
temperature. At 300K, both methods are able to capture the broadening of the
distribution due to zero-point energy. However, the precise shape of the distribution
is not very well described. In chapter 4, we will examine this distribution in more
details and compare the LGA and FK-LPI to the new Edgeworth approximation that
we propose.

Momentum autocorrelation spectrum
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Fig. 3.3.: Kubo-transformed momentum autocorrelation spectrum for LGA+LSC-IVR (dot-
ted green), FK+LSC-IVR (dash-dotted red), exact (solid black) and classical
(dashed grey) at 1200K (panel a) and 300K (panel b) for the Morse potential of

equation (3.1) (with D = 20 kcal/mol and o = 2.5 f\_l). The reference spectrum
is broadened by convolution with a Gaussian function chosen to approximately

match the heights of the other spectra (the spectral weight of the peaks is not
modified).

We now turn to dynamical properties. Figure 3.3 shows the Kubo-transformed
momentum autocorrelation spectrum for the Morse potential obtained using LSC-
LGA (dotted green curve) and LSC-FK (dash-dotted red curve) compared to the
classical spectrum and the spectrum obtained by solving the Schrodinger equation.
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3.1.4

At 1200K, the main spectral feature (around 1500 cm~1!) is markedly asymmetric
and exhibits a slight shift between the classical and quantum spectra. The quantum
spectrum of a finite dimension system consist in a series of Dirac delta-functions,
centered at the difference frequencies between the eigenmodes of the system (see
section 2.2.2). Here for visualization purposes, these delta-peaks are artificially
replaced with Gaussian functions (each of the same width, chosen so that the
height of the features approximately matches the classical one). Therefore the
asymmetric shape of the main spectral feature actually arises from a series of peaks
with decreasing intensities. In the classical case on the other hand, the broadening
of the peak is due to anharmonic effects (the softening of the Morse potential at
large ¢). At this high temperature, both LSC-IVR spectra are very similar and display
a broad main peak. The position and overall amplitude of the overtone around 2750
cm ! is rather well captured by the LSC-IVR (zoom on the overtones region on the
right side of figure 3.3).

At 300K, the shift between the classical and quantum spectra is larger and the
classical peaks are narrower and less asymmetric (indicating less exploration of the
anharmonicity of the Morse potential). For both approximate methods, the main
peak is very broad and spans over the classical and quantum peaks with a maximum
situated in between. The overtone is correctly placed and is much stronger than
the classical one. We notice a difference in the overtone amplitude between the
approximate spectra that comes from the differences in the approximation of the
Wigner density at low temperature. Most notably for chapter 5 (which compares
the treatment of overtones and resonances by the different approximated methods
for quantum dynamics), the overtones are more intense with LGA initial conditions
than FK-LPI and we will show that it is related to the different treatment of position-
momentum correlations in the initial distribution (i.e. the precise shape of the
Wigner distribution).

The Phase Integration Method

Recently, in Ref. [52], a different method was proposed to sample the Wigner thermal
distribution: the Phase Integration Method (PIM), that employs an Edgeworth
expansion in order to eliminate the phase factor in the definition of the Wigner
distribution. Contrary to LGA or FK-LPI, it does not rely on a harmonic approximation
and allows under certain conditions to recover negative parts of the Wigner density.
These improvements, however, come at an increase of the numerical cost. In chapter
4, we will derive a new and simpler version of the Edgeworth approximation (which
still provides similar accuracy compared to the one in ref. [52]). The main equations
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3.2

3.2.1

of the original PIM formalism and a sketch of their derivation can be found in
appendix A.

Path Integral Methods

Path-Integrals Molecular Dynamics (PIMD) allows to compute exact static properties
(as explained in chapter 2) but does not allow in general to compute dynamical
properties that involve real-time quantum propagation. Nonetheless, different
approaches have been proposed to compute approximate (Kubo-transformed) TCFs
from the dynamics of imaginary-time path integrals. The two main methods are
the Centroid Molecular Dynamics (CMD, see refs. [40, 41, 42, 43, 44]) and Ring-
Polymer Molecular Dynamics (RPMD, see ref. [45]). Althorpe et al. recently showed
that these two methods can be obtained as approximations to a more fundamental
dynamics: the Matsubara dynamics. Even though this method is too computationally
demanding to be applied to realistic systems, it is conceptually interesting and we
chose to present it first and then show how RPMD and CMD can be deduced from
1t.

Matsubara dynamics

Matsubara dynamics approximates the Kubo-transformed TCF by considering the
dynamics of a smooth ring polymer path integral. Ref. [66] describes the full
derivation of Matsubara dynamics and we report here only the main steps. We also
only consider the simpler case of observables A and B which depend only on the
position. The integral over )\ in the definition of the Kubo-transformed TCF (2.36)
can be discretized in v slices (with the assumption of odd v) of size §/v to obtain
the exact (in the limit v — oo) ring-polymer expression of the Kubo-transformed
TCF:

K5b() /dq dp|e BHA] 4, p) "”( ZB qz> (3.21)

with

{e‘ﬁﬁfl}y(q,p) = /dA<ii > ﬁ <CI1 1— 271

=1

_8g
v

e

q + Al> eiplAl/h
2

(3.22)
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and the ring-polymer quantum Liouvillian:

, A ) > 1 (ih)”_lc?”V(ql) o
iL, = —— = — | = — (3.23)
12::1 [m oq n:lz,odd n!\ 2 Oq" Op;
We used the notation ¢ = (¢1, . .., ¢,) and the cyclic condition ¢y = ¢, (and similarly

for p and A). Let us now introduce the normal modes (@, P) of the free ring
polymer. The normal modes are defined as a change of variable which transforms
the Hamiltonian of a free ring polymer (see equation (2.14) with V' = 0) into a sum
of independent harmonic oscillators with different normal frequencies. The normal
mode transformation from ¢ to @ is given by:

Qn—\;lileql forn=—-(v—-1)/2,...,(v—1)/2 (3.24)

and its inverse:
(v—1)/2

a= Y, TnvvQn (3.25)
n=—(v—-1)/2
and similarly for the transformation from p to P. The v x v unitary transfer matrix
T is defined as:

V1 ifn=0
Ty, = V2/vsin(2rin/v) ifn=1,...,(rv—1)/2 (3.26)
V2/v cos(2rin/v) ifn=-1,...,—(v—1)/2

Each normal mode is associated with the normal frequency:

oy = ;2 sin(nj> forn = —(v —1)/2,...,(r —1)/2 (3.27)
One should notice that the transfer matrix defines a discrete Fourier transform.
The low-frequency normal modes thus describe large scale motion of the polymer
(for example the zero-frequency mode @, that we will refer to as the centroid,
describes rigid motion of the whole polymer) and high-frequency modes define local
fluctuations inside the ring polymer. Consequently, if the high-frequency normal
modes are filtered out, one obtains a smooth ring-polymer. The Matsubara modes
are defined as the M first normal modes in the limit v — oo (and M < v). Their
normal frequencies are given by:

2
@nzylggown:% n=—(M-1)/2,....(M—1)/2 (3.28)
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The ring-polymer quantum Liouvillian (3.23) can be expressed in terms of the normal
modes by using (3.25) and separated into a part which depends on the Matsubara
modes only i£,; and a part containing the dynamics of the high-frequency modes
and the interactions between Matsubara and non-Matsubara modes i L., (v, M), in
the limit v — oo:

lim_iL, =Ly + M iLewor(v, M) (3.29)

V—00

Matsubara dynamics is obtained by discarding iL....(v, M) and taking the limit
M — oo, M < v. When doing so, the Liouvillian of the ring polymer is reduced

to:
P, 8 0UM(Q) 8

iLy =), —
SymoQn  0Q, 0P,

with n € M denotingn = —(M —1)/2,...,(M — 1)/2 and the Matsubara potential
defined as:

(3.30)

v
Un(Q) = lim % > V< > mﬁ%) (3.31)
=1 nem
From the form of the Matsubara Liouvillian, one can notice that Matsubara dynamics
is simply a classical dynamics on the potential Ujy;. Moreover, when discarding the
non-Matsubara modes from the Liouvillian, one can completely integrate them out
of equation (3.21) to obtain the Matsubara approximation to the Kubo-transformed
TCF:

KY5(t) = lim [ dQAP p,(Q,P)An(Q)e™ ' By(Q) (3.32)

M — oo
M L v

where the Matsubara quasi-density is given by:

=B [%i-I—UM(Q)—wM(Qyp)}
&

(@, P) = (3.33)

_g| P2 —
[dQdP e B[Qm-I—UM(Q) 9AI(Q7P):|

with the phase factor:

nem

The observables are expressed in terms of Matsubara modes similarly as U/ (Q)
such that ,
1

Au(Q) = Jim — ; A (% mﬁ%) (3.35)
and similarly for Bj;(Q). One should note that, even in the limit M — oo, the
Matsubara correlation function does not converge to the exact Kubo-transformed
correlation function since, in general, non-Matsubara modes will mix over time with
Matsubara modes (due to the interaction part contained in iL... (v, M) in equation
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3.2.2

(3.29)), perturbing the simple Matsubara dynamics. One can show, however, that it
is exact in the short-time limit, the harmonic limit and the classical limit. Matsubara
dynamics is thus exact in the same limits as LSC-IVR but it has the advantage of
conserving the initial quantum distribution (see ref. [66], section 4.C) so that it is
not subject to inaccuracies such as zero-point energy leakage.

The quasi-density p,, (@, P) is the analogue of the Wigner distribution for the Matsub-
ara modes. When the exact quantum dynamics is replaced by Matsubara dynamics,
this distribution takes the simple form of a classical Boltzmann density with the
potential Uj,, multiplied by a phase factor. Since Matsubara dynamics is classical,
the main difficulty is thus to sample initial conditions according to p,,. However, as
the number of Matsubara modes increase, the phase tends to oscillate wildly, leading
to a severe "sign problem". This sign problem thus prevents Matsubara dynamics
from being a practical method for computing quantum time correlation functions of
complex systems. It is however a useful conceptual tool for analyzing more practical
approximations such as RPMD and CMD (that we will describe in the next sections)
and for designing new approximations [55, 56]. Ref. [44] shows in more details
how RPMD and CMD are obtained from Matsubara dynamics.

Ring-Polymer Molecular Dynamics

At ¢t = 0, the Matsubara time-correlation function reads:

KY5(0) = lim [ dQAP py(Q, P)An(Q) Bur(Q) (3.36)

M — oo

MLv
By performing the change of variable II,, = P, — im&,Q—, and using analytic
continuation to shift IT,, to the real axis (see ref. [44] and its supplementary informa-
tion), one can transform the phase factor in the Matsubara distribution (3.33) into a
harmonic potential term. The resulting distribution is the standard imaginary-time
ring polymer probability density (expressed in terms of Matsubara modes) given
by:

BB AUM(@Q+ T, . Sma202

pRP(QaH) = (3.37)

_glo2 )
fdeH . ﬁ{QerUM(Q)JFZneM 5 %Q%}

This expression has no phase factor and the corresponding density can be sampled
by a molecular dynamics (in the extended variable space) without facing a sign
problem. However, at ¢ # 0, one cannot in general perform the analytic continuation
trick (except in the harmonic case) because the propagated operator e*** B (Q)
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depends on P in a nontrivial way. The RPMD approximation consists in forcing the
analytic continuation at ¢ # 0 and in replacing the Matsubara Liouvillian by:

— I, 9 .9 AUp(Q)] 0
= 2w, maian+ =50 o (3:38)
The RPMD approximation to the Kubo-transformed TCF thus reads:
Kifp(t) = lim [ dQIT pe(Q. I Au(Q) €' Bis(Q)  (3.39)

M <L v

RPMD is most commonly expressed in terms of real-space coordinates. Using (3.24),
the ring-polymer density is then given by:

-5 pl L gmw (@—ai- 1)2+V(qz)}
e
pRP(q’p) = 2 (3.40)
_§ZZJ:1 2¢Zn+ mwZ(q—qi—1)? +V(QL):|
Jdgdp e
with w, = v/fh. The RPMD Liouvillian is given by:
, ~p 0 2 8V(Qz)} 9
— ®7 - _ 207 — —a_ —_— 41
i Lrp Z m O |:me( A — Q1 — q—1) + 9 api (3.41)

Finally, the RPMD approximation to the Kubo-transformed TCF in real-space coordi-
nates is:

. 1
Kip(t) = lim /dqdp Pro (G5 P ( ZA (a ) elﬁRPt(yZB(qu (3.42)
=1

Therefore, in practice, RPMD simulations consist in performing standard PI molecular
dynamics, as used for the sampling of static observables' and computing TCFs from
the average (over the beads) observables A and B. In the case of momentum
ATCF, on which we will focus more specifically, the Kubo-transformed TCF is simply
approached by the centroid ATCF. Furthermore, since the RPMD dynamics conserves
Prp» the TCF obtained automatically verify detailed balance and the Wiener-Khinchin
theorem can be used to reduce the numerical cost of the TCF calculation.

RPMD is exact in the same limits as Matsubara dynamics (i.e. short time, harmonic
and classical limits). The main effect of approximating Matsubara dynamics with
RPMD is that the frequencies of the Matsubara fluctuations are shifted to the ring-

!with the constraint that the mass of the beads, that can in principle be chosen arbitrarily, should be
fixed to the actual atomic masses.
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3.2.3

polymer frequencies. This leads to the apparition of the so-called "spurious peaks"
in RPMD spectra corresponding to the unphysical ring-polymer frequencies. As
we will see in chapter 5, it also leads to incorrect results for the amplitudes of
anharmonic spectral features. Despite these difficulties, RPMD is one of the most
efficient methods for computing quantum TCFs of high-dimensional systems and is
routinely used to compute infrared spectra [59, 24, 83].

For linear observables (which depend on the centroid )y only), it is possible to sup-
press the spurious peaks by applying a strong Langevin thermostat on the fluctuation
modes (Qn)n.o (see ref. [84]). This is the so-called Thermostatted RPMD (TRPMD)
method. The thermostat tends to overdamp the dynamics of the fluctuation modes
thereby strongly broadening their spectrum and suppressing the associated spurious
peaks. The thermostat also tends to broaden the physical peaks of the centroid
spectrum, especially at low temperature.

Centroid Molecular Dynamics

For observables A and B depending only on the centroid position @ (i.e. linear
operators of position), one can focus on the centroid of the ring polymer and
integrate out the other Matsubara modes (the fluctuation modes) in a mean-field
approximation. This is the so-called Centroid MD approximation [40, 41, 42, 43,
44].

In CMD, the force —WQ/TIE)Q) acting on the centroid (which depends on all the
Matsubara modes) is replaced by the mean-field force F;.(()y) depending only on
the centroid position:

PN @+E, 0 3m33QR) 57,,(Q)

Z(Qu) 00, %)

Fo(Qo) = — lim [ ( H dQn)

M—o0
n €M

n#0

where Z(Qy) is the centroid-conditional partition function (which normalizes the
exponential factor at fixed centroid position). By this approximation, one obtains a
dynamics that effectively depends on the centroid only. Once the mean-field average
has been performed, the analytic continuation procedure described in the previous
section can then be performed, since the higher order Matsubara modes appear only
in the initial distribution. The CMD approximation to the Kubo-transformed TCF is
then:

Kip(t) = [ dQudRy pe(Qu. 1) A(Q0)e ' B(Qu) (3.4
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with p.(Qo, Py) the centroid distribution:

pc(QOaPO) = /( H dQndPn) pRP(Q7P) (345)

n €M
n #0

and the mean-field centroid Liouvillian:

R0
Zﬁc—af%

An important note is that the mean-field centroid Liouvillian conserves the centroid-

+ FC<QO)88PO (3.46)

marginal distribution so that the CMD satisfies detailed balance.

For linear observables, CMD is exact in the same limits as Matsubara dynamics
(i.e. short time, harmonic and classical limits) and it does not suffer from the sign
problem. As we will see in chapter 5, averaging out the dynamics of the fluctuation
modes leads to incorrect results for the amplitudes of anharmonic spectral features.
Indeed, for anharmonic systems, the centroid is coupled to the dynamics of the
fluctuation modes so that the mean-field approximation cannot properly describe
the centroid dynamics. One of the most important difficulties of CMD is the so-called
"curvature problem": for systems with rotating atomic bonds , the CMD displays
strong red-shifts in the vibrational spectra at low temperature. Refs. [85, 86, 87]
analyze the curvature problem in details. Recently, new attempts have been made to
correct this inaccuracy of CMD by either including more and more fluctuation modes
in the dynamics and generalizing the mean-field approach [87] or by recasting the
description in terms of a quasi-centroid in curvilinear coordinates [88] instead of
cartesian coordinates.

In practice, one must compute the mean-field force F.(Q) at each step of the
centroid dynamics in order to propagate the motion described by (3.46). This
can be done using an auxiliary sampling of the fluctuation modes at fixed Qg
(via constrained Monte Carlo or Langevin dynamics for instance). An efficient
approximation to bypass the auxiliary simulation is to consider the dynamics of
the whole ring-polymer but to assign very light masses to the fluctuation modes
so that their characteristic frequencies are adiabatically separated from the motion
of the centroid. This adiabatic CMD allows to effectively apply the mean-field
approximation on the fly [89, 90, 91].
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3.2.4 Comparison on the Morse potential

We now compare the results of the TRPMD and CMD approximations for the Kubo-
transformed momentum autocorrelation functions on the Morse potential (3.1).
Figure 3.4 shows the Kubo-transformed momentum autocorrelation spectrum ob-
tained using TRPMD and CMD compared to the LSC-LGA spectrum, the classical
spectrum and the spectrum obtained by solving the Schrodinger equation. At 1200K,
the TRPMD and CMD spectra are close to the LSC-LGA spectra described in the
previous section. At 300K however, the TRPMD and CMD give very different results
than LSC-IVR. The main spectral peak is much sharper in CMD and TRPMD (the
TRPMD peak is broader than the CMD peak because of the strong thermostat applied
to the fluctuation modes, as discussed in section 3.2.2) and located roughly halfway
between the classical and quantum peaks. The same analysis can be done for the
shape and position of the overtone at around 3100 cm~!. We note, however, that
the intensity of the overtone is very similar to that of the classical overtone and
therefore much smaller than the actual quantum result (more details in chapter
5).
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Fig. 3.4.: Kubo-transformed momentum autocorrelation spectrum for LGA+LSC-IVR (dot-

ted green), CMD (dash-dotted red), TRPMD (solid orange), exact (solid black) and
classical (dashed grey) at 1200K (panel a) and 300K (panel b) for the Morse po-
tential of equation (3.1) (with D = 20 kcal/mol and o = 2.5 Afl). The reference
spectrum is broadened by convolution with a Gaussian function to approximately

match the heights of the other spectra (the spectral weight of the peaks is not
modified).

3.2 Path Integral Methods

37



3.3 The Adaptive Quantum Thermal Bath

3.3.1

In this section we present a completely different approach that can be used to
approximate both static and dynamical nuclear quantum effects: the Quantum
Thermal Bath (QTB). A heuristic approach to the QTB may start by considering that
the most relevant nuclear quantum effect in many cases is the fact that the quantum
thermal distribution of energy differs from the classical rule of equipartition of
energy, in particular due to zero-point fluctuations. The QTB approach then uses a
Generalized Langevin Equation (GLE) to impose the quantum distribution of energy
to an otherwise classical dynamics. The hybrid quantum-classical dynamics obtained
in this way samples an approximation of the quantum phase space distribution
(which is in principle given by the Wigner thermal distribution). Furthermore, if the
coupling with the GLE thermostat remains weak enough, the short-term dynamics
remains close to the classical NVE dynamics so that approximate dynamical spectra
can also be obtained. Similarly to the LSC-IVR approach, the QTB combines (almost)
classical dynamics with approximate quantum phase-space sampling. However, the
QTB equations cannot be formally derived as the limit of the quantum statistical
formalism under a well-defined approximation. Nevertheless, we will see that it still
provides some interesting results often qualitatively correct, with the advantage of
low-cost calculations compared to PI approaches.

The QTB approach is very close to the Quantum Thermostat method, although its
formal implementation is significantly different. In this thesis we will focus on the
QTB formalism. A comprehensive description of the Quantum Thermostat can be
found in refs. [92, 93, 94].

The Fluctuation-Dissipation Theorem

Linear response theory provides a general relation, the fluctuation dissipation theo-
rem, that relates the response of a system to an external perturbation to its internal
dynamical properties, for any system at thermal equilibrium. The fluctuation-
dissipation theorem (FDT) can be expressed for any pair of observables and in this
section, we exploit the response of the momentum to a perturbation described by a
time-dependent potential term proportional to position [95]. In this case, the FDT
reads:

C”;’f:) = Re[xpe ()] kT ®5(w) (3.47)

where c,,(w) is the Fourier transform of the momentum-momentum TCF (we use
the convention that the w dependence denotes a Fourier transform) and ®3(w) gives
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the thermal energy distribution as a function of frequency. For a classical system
where equipartition of energy holds, ®(w) = 1. For a quantum system, the average
thermal energy depends on w and is distributed as ®5(w) = (fhw/2)/ tanh(Bhw/2)
and ¢,,(w) is obtained as the Fourier transform of the real part of the standard
quantum TCF. The term y,,(w) (using the notations of ref. [95]) in expression
(3.47) is the linear susceptibility which characterizes the response of momentum
Ap(t) to a small perturbative force AF(t) through the relation in the frequency
domain:

Ap(w) = Xpz(W)AF (w) (3.48)

Furthermore, for a harmonic system, 2 Re[x,,(w)] is the vibrational density of states
and the FDT (3.47) characterizes the distribution of energy : it states that a vibra-
tional mode at frequency w is thermalized with an average kinetic energy %@(w)
(in the classical case, this corresponds simply to the equipartition of energy).

In classical simulations, one can impose the FDT using the Generalized Langevin
Equation (GLE) which adds a frequency-dependent stochastic thermostat to Newton’s
equations of motion. The GLE for a unidimensional system reads:

q(t) = p(t)/m

0

o0 (3.49)
#0) = =0~ [ arape =)+ P

0

where ~(7) is the memory kernel and F(t) is a stationary Gaussian stochastic force
defined by:

(F(t)) =0 (3.50)
crp(w) =2mkpTv(w) (3.51)

Relation (3.51) is derived from the classical FDT and allows to enforce the equipar-
tition of energy at kgT (and to ensure that the correct Boltzmann distribution is
sampled). This relation thus leaves freedom to choose different analytical forms
for v(w). The properties of the GLE have been extensively investigated [96, 97, 98]
and this freedom of choice has been exploited to optimize the sampling efficiency
[99, 100]. In the standard Langevin equation, the friction is Markovian i.e. without
memory: v(7) = vJd(7) where 6(7) is the Dirac delta function. This choice imposes
that F'(¢) is a white noise with an amplitude given by cpp(w) = 2mkgT™y.

As any thermostat, the Langevin equation affects the dynamics of the system. For
example, for a harmonic system, the standard Langevin thermostat broadens the
spectral peaks by convolution with a Lorentzian kernel of width ~. Using a small fric-

3.3 The Adaptive Quantum Thermal Bath

39



3.3.2

tion coefficient v minimizes the effect of the thermostat on the dynamical properties,
although it might also reduce the efficiency of the sampling.

The Standard Quantum Thermal Bath

The Quantum Thermal Bath [31] (QTB) uses a modified GLE to impose the quantum
FDT to a classical system in order to sample an approximate Wigner distribution
[101] and to obtain an approximate quantum dynamics [4, 5]. It uses the standard
form of the Langevin equation with a Markovian friction but replaces relation (3.51)
by:

crr(w) =2mkpTPg(w)y (3.52)

with ®3(w) the quantum distribution of energy. This relation aims at thermalizing the
system with an energy corresponding to the quantum distribution of energy including
ZPE and thermal fluctuations. For a harmonic system, adding a thermostat with
relation (3.52) to the classical equations of motion allows to enforce the quantum
FDT (3.47). In this case, in the limit of small friction v — 0, each harmonic mode is
thermalized at the correct energy and the classical harmonic dynamics is equivalent
to the true quantum dynamics. Thus, the QTB is exact for harmonic systems both
for computing dynamical quantities and to sample the Wigner distribution.

Figure 3.5 show the Wigner distribution approximated by the QTB for the Morse
potential of equation (3.1) at 1200K (panel a) and 300K (panel b). We see that
the QTB is able to capture the broadening of the distribution due to zero-point
energy, especially at 300K where the classical Boltzmann distribution is very narrow.
The position of the maximum of probability of the QTB distribution corresponds
to the classical one and thus the QTB is not able to capture the quantum shift of
the equilibrium position (we will see in chapter 6 that this feature can be relevant,
for example to describe the fine details of the structure of liquid water). Finally, as
shown in ref. [101], the QTB distribution does not capture the position-momentum
correlations of the Wigner distribution.

Figure 3.6 shows the Kubo-transformed momentum autocorrelation spectrum ap-
proximated using the QTB at 1200K (top panel) and 300K (bottom panel). We see
that at both temperatures, the main spectral feature obtained using the QTB is very
close to the LSC-IVR result. The overtone (around 3000 cm~! however displays a
shift (towards the classical overtone) and is roughly half as intense compared to the
LSC-LGA result.
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Fig. 3.5.: Wigner thermal distribution for the Morse potential of equation (3.1) (with

D = 20 kcal/mol and o = 2.5 10\_1) approximated using the standard QTB (dash-
dotted green) and adaptive QTB (dashed orange) at 1200K (panel a) and 300K
(panel b). Contour levels are 1.5, 10, 20, 30, 40 fs.A=2.(g/mol) ~*.
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Fig. 3.6.: Kubo-transformed momentum autocorrelation spectrum for the QTB (dotted-
dashed red) compared to the LSC-LGA (dotted green), exact (solid black) and
classical (dashed grey) results at 1200K (panel a) and 300K (panel b) for the

Morse potential of equation (3.1) (with D = 20 kcal/mol and a = 2.5 Ail).
The reference spectrum is broadened by convolution with a Gaussian function to
approximately match the heights of the other spectra (the spectral weight of the
peaks is not modified). The QTB spectra are obtained with a friction coefficient
~ = 10THz and its effect on the width of the peaks have been reduced using the
deconvolution procedure described in ref. [62].

3.3.3 The Quantum FDT: a diagnosis for zero-point energy leakage

In general, using a thermostat with the random force spectrum of (3.52) is not
sufficient to enforce the quantum FDT of equation (3.47). It can lead to unphysical
phenomena for anharmonic systems, such as Zero-Point Energy Leakage [57] which
is an energy flow from high to low frequencies. ZPEL can have ravaging effects
on a system and completely change its structure, for example leading to the melt
down of solids even for temperatures close to zero [57, 102, 103] (see also the
destructuration of liquid water in chapter 6). This unphysical effect in the QTB
comes from the competition between the classical Newtonian evolution that drives
the system towards equipartition of energy and the thermostat that tries to impose
the quantum distribution of energy.
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To illustrate this effect, let us consider a simple system involving two harmonic
modes (of frequencies w; and ws) with an anharmonic coupling. We can write the
potential for this system as:

V(zy,29) = %w%m% + %w%x% + c3(x1 — 19)3 (3.53)
where the degrees of freedom z; and z-» are mass-normalized. This potential allows
to tune the anharmonicity through the coefficient c¢3 and can be tuned to obtain
large ZPEL. For this example, we use natural units with # = 1 and kg = 1 and
consider a low temperature T << wi,wsy so that the energy in each degree of
freedom consists mainly of zero-point energy. Figure 3.7 shows the average total
energy in each mode as a function of the coupling parameter c3 for different values
of v (with w; = 1 and wy = 0.5). The reference energies were obtained via an exact
resolution of the two dimensional Schrodinger equation. In a classical simulation at
thermal equilibrium, both modes would have the same average total energy kg7
However, in the quantum reference, the modes have different energies, mostly given
by their ZPE 7w, /2 and fws /2 and nearly independent of the coupling parameter
in this range of values. With a small coupling parameter c3, the QTB (blue lines
in figure 3.7) is able to thermalize each mode at the correct energy as the ZPEL is
slow compared to the thermostat’s characteristic time y~!. As the anharmonicity
is increased, the energy in the high frequency mode decreases while the energy in
the low frequency mode increases, getting closer to equipartition of energy. Thus,
ZPE "leaks" from the high frequency mode to the low frequency mode. We can see
that this effect can be substantially reduced but not totally suppressed when using a
larger value of ~.

3.3 The Adaptive Quantum Thermal Bath

43



o
9

>
S
()
§0.4
(0]
()]
o
g
<0.3
0.2 0 1 2 3 4
c3x1000
reference QTB,y=0.02 = adQTB,y=0.02

QTB,y=0.01 ® adQTB,y=0.01

Fig. 3.7.: Average total energy in each harmonic oscillator of the model of equation (3.53),
as a function of the coupling coefficients c3. Blue curves: standard QTB. Green
curves: adaptive QTB. The different dot shapes correspond to different values
of the friction coefficient v and the black lines show the exact result obtained
through a numerical solution of the Schrédinger equation

Zero-point energy leakage can cause large errors in both static and dynamical
properties of a system simulated with QTB. Therefore, until recently, it was very
difficult to assess the accuracy of QTB simulations for large and complex systems,
where no exact reference was available. In our group, we developed in ref. [58] a
quantitative diagnosis for ZPEL, based on the measurement of deviations from the
quantum FDT (3.47). In order to monitor these deviations during a QTB simulation,
one has to translate equation (3.47) in a form that can be computed from the QTB
trajectory. In the QTB framework, one approximates the real part of the quantum
TCF ¢,p(t) using the TCF computed along a QTB trajectory. The main difficulty is
then to estimate the linear susceptibility x,.(w) and we show in ref. [58] that its
real part can be expressed as a ratio of two correlation functions that can also be
evaluated along a QTB trajectory:

_ Re[epr(w)]

Re[xpe(w)] = ) (3.54)

where F' is the stochastic force of the GLE. This relation is obtained by using the
property that the frequency components of F' are statistically independent from
one another ((F(w)F(w')) = 0 if w # w’). This allows to treat the random force
component at each particular frequency as a small perturbative force and use it as a
probe to compute the linear response y,,(w) using equation (3.48). By definition
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3.3.4

of the QTB thermostat, cppr(w) is given explicitly by equation (3.52). Thus, the
quantum FDT can be rewritten in the QTB framework as:

Relepr(w)] = vyepp(w) (3.55)

Relation (3.55) thus links the response in momentum to the stochastic force Re[c,r(w)]
and the internal dynamical properties (i.e. the momentum power spectrum cp,(w)).
For a multidimensional system, this relation is valid independently for each degree
of freedom. When relation (3.55) is met, it ensures that the equilibrium distribution
of energy follows the quantum FDT. This is the case for harmonic potentials but, as
shown for the coupled oscillators, the equality is not in general fulfilled for anhar-
monic system. Therefore, we use equation (3.55) as a criterion to quantify, for each
frequency, the deviations from the quantum FDT. These deviations are quantified
via the function:

Appr(w) = Relepp(w)] — vepp(w) (3.56)

Equation (3.56) can also be given a simple physical interpretation: Re[c,r(w)] is
proportional to the power injected by the thermostat at frequency w and ¢y, (w)
describes the dissipated power. When the quantum FDT is enforced Ay (w) = 0, the
dissipated power balances the injected power. However, when the system is subject
to ZPEL, energy flows from high frequency modes to low frequency modes so that
the high frequency modes dissipate less energy than they are injected (A > 0)
and conversely for the low frequency modes (Appr < 0).

The dashed purple curve in the top panel of figure 3.8 shows the deviation from the
FDT, Appr(w), computed during a QTB simulation of the two oscillators (3.53) with
coupling parameter c3 = 4 x 103 and friction coefficient v = 0.02. We can see that
with the chosen parameters, the system is subject to ZPEL and Ag,; is not null at
every frequency. More precisely, Ag,r > 0 for the high-frequency mode and Agyr < 0
for the low-frequency mode, consistently with the intuition developed above.

The Adaptive QTB to cure zero-point energy leakage

The adaptive QTB (adQTB) was introduced in ref. [58] in order to enforce the
quantum FDT in QTB simulations by adjusting on-the-fly the parameters of the
thermostat. In the adQTB, the power spectrum of the stochastic force (3.52) is
replaced with:

crr(w) =2mkpT®(w)vyr(w) (3.57)
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Fig. 3.8.: Top panel: deviation from the quantum FDT as defined in equation (3.56) during

a QTB simulation (purple dashed curve) and after adaptation (orange curve)
for the two oscillators model (3.53) with the coupling parameter c3 = 4 x 1073
and the friction coefficient v = 0.02. The adQTB curve is multiplied by 10 for
visualization purposes. Bottom panel: the orange curve is the coefficient ~, (w)
as defined in equation (3.57) after adaptation. The purple dashed curve is the
constant coefficient v used in a standard QTB simulation.
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where v, is an adjustable function of frequency that is adapted to enforce the
quantum FDT, i.e. to have Ag,r(w) = 0 for all w. Note that the friction parameter ~y
in the GLE is kept constant. The quantum FDT for this modified power spectrum
thus reads:

Relepr ()] = 7 (@)epp (@) (3.58)

and the deviation from the quantum FDT is:
Awr(w) = Relepp(w)] = 77 (w)epp(w) (3.59)

The aim of v, (w) is to compensate for the lack or excess of energy at each frequency
that could be introduced by the ZPEL for example. If 7, (w) > v the thermostat
introduces more energy at frequency w than it dissipates. Conversely, if v, (w) < 7, it
dissipates more energy than it injects. Thus, when the system is subject to ZPEL, ~,
should increase at high frequency and decrease at low frequency.

In practice, one starts the simulation with ~,(w) = ~ (as in standard QTB) and
computes A, periodically via eq. (3.59). At each evaluation, ~, is automatically
adjusted on a grid of frequencies in order to match the FDT: if Agyr(w) < 0, v, (w) is
decreased by a small amount and conversely, if Agyr(w) > 0, v,-(w) is increased (a
more precise suggestion of implementation of the adaptation procedure is provided
in ref. [58]).

The bottom panel of figure 3.8 shows the coefficient v, (w) after adaptation (with a
friction coefficient v = 0.02) for the two oscillators model (3.53). As expected, ~, is
larger than  for the high-frequency mode in order to compensate for the energy
that leaked into the low-frequency mode. Symmetrically, , is lower than  for the
low-frequency mode. We can see on the top panel of figure 3.8 that Agy; is indeed
reduced to almost zero in adQTB (orange curve). As shown in figure 3.7 (green
squares), the adaptation of ~, (w) allows to keep the average energy in each mode
very close to the exact value in an adQTB simulation: the ZPEL is thus effectively
compensated.

One should note that the coefficient 7, (w) must be positive in order for cpp(w) to
be well defined. Thus, if the ZPEL is too large, one could reach the point where at a
certain frequency wy, even if 7, (wg) is null (i.e. no energy is injected), the deviation
from the FDT is still negative. In this case, the friction term of the Langevin equation
is not able to dissipate enough energy, even if no external energy is injected at this
frequency: the amount of ZPEL is just too large. Thus, it might not be possible to
enforce the quantum FDT for any friction v and this parameter should be chosen
large enough. This effect can be seen with the two oscillators model with a small
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friction coefficient v = 0.01 (green circles of figure 3.7). While the energy of the
high frequency mode remains close to the exact value for all coupling c3 , the energy
of the low frequency mode remains too large for large values of c3, even after the
adaptation procedure. This indicates that , is null around the low frequency mode
so that the adaptation procedure cannot totally compensate the ZPEL.

In this example, each degree of freedom has a specific 7, (w). In practice, in the
simulations of more complex systems, the same coefficient v, can be used for
different degrees of freedom (it is then adapted from averaged Agyy, as in chapter
6). This allows to average on fluctuations and to converge faster on the coefficients
~r, and, in some cases, it is necessary to avoid them to diverge (in particular when
rotation degrees of freedom are involved).

Ref. [58] showed that the adQTB greatly improved over the QTB for anharmonic
systems. For example, in the case of small Neon clusters, the standard QTB is subject
to large ZPEL that destabilizes the structure and causes the cluster to melt even at
temperature close to zero. On the contrary, using the adQTB, the obtained radial
pair distributions are very close to the path integrals reference, indicating that the
adaptation procedure successfully compensated the ZPEL and allowed to recover
the correct structure. In chapter 6, we apply the adQTB to liquid phase water and
compare it to standard QTB and RPMD in order to assess the ability of the adQTB to
correct for the ZPEL in a very anharmonic setting.

Ref. [58] also introduced another variant of adQTB in which the friction is non-
Markovian and adapted on the fly to set Agy; to zero. This other variant, which is
technically more involved, is not discussed here.

To conclude this section, we apply the adQTB to the Morse potential of equation
(3.1). Panel (a) of Figure 3.9 shows the two spectra involved in the FDT criterion
(3.55) as well as the deviation to the quantum FDT (3.56) obtained in standard QTB.
We can see that Ay is slightly negative on the tail of the main peak and positive
around the overtone. This indicates that the overtone lacks energy according to
the FDT and agrees with the observation made above that the QTB overtone is less
intense than the reference (about half the intensity). Unexpectedly, the criterion
(3.55) is thus able to detect this inaccuracy: although this kind of deviations from
the FDT are manifestations of the (strong) anharmonicity of the Morse potential,
they are of a different nature from ZPE leakage, which we defined as an energy flow
between vibration modes, while the overtone is not, strictly speaking, such a mode.
Nonetheless, we may try to correct it with the adQTB. Panel (b) of Figure 3.9 shows
the coefficient ~, obtained after the adaptation procedure. As expected, it is lower
than v (=10THz here) where A, < 0 and greater than v where Ay > 0. We can
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see that v, takes very large values around the overtone. The adQTB thus injects a lot
of energy at these frequencies but one can see in fig. 3.5 that it does not significantly
affect the distribution sampled by the adQTB. The convergence of ~, in this region
is slow as the overtone is a purely anharmonic spectral feature and increasing ~,. has
only limited impact. Nonetheless, ~, converges after a long period of adaptation and
is able to nullify Agy; in the overtone region. We can see in the panel (c) of Figure
3.9 that the intensity of the overtone in the adQTB spectrum is much larger than
for the standard QTB and is almost as intense as in LSC-LGA. Thus, the adaptation
procedure, despite being designed initially for ZPEL between harmonic modes, also
seems to be able to correct the intensity of the overtone in the Morse potential. This
point will be analyzed more quantitatively in chapter 5.

The examples provided in this section, as well as others presented in ref. [58],
clearly show that the criterion (3.55) is a very useful tool that allows to monitor and
compensate for ZPEL in QTB simulations. In chapter 6, we will apply the adQTB to
liquid-phase water and show that it is able to effectively correct ZPEL, even for this

extremely anharmonic system.
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Fig. 3.9.: panel (a): fluctuation-dissipation criterion obtained using standard QTB (with

friction v = 10 THz) for the Morse potential. The momentum autocorrelation
spectrum c,, (dashed orange) is compared to Rec,r] (dash-dotted purple) in
order to monitor deviations to the QTB version of the quantum FDT (3.55). The
difference between the two spectra Agpr(w) (black curve) quantifies the deviations
to the quantum FDT. panel (b): v, (w) obtained after the adaptation procedure
in order to minimize Agyr(w). panel (c): same as figure 3.6 with the adQTB
spectrum superimposed (dashed blue curve).
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Approximate quantum
dynamics with the Edgeworth
expansion of the Wigner
distribution

In sections 2.2 and 3.1, we highlighted the role of the Wigner distribution in
the computation of static and dynamical quantum statistical properties and we
underlined some of the limitations of the most common sampling methods. In
this chapter, we present a new approximation to the Wigner density that relies on
an Edgeworth expansion of the momentum distribution and two differents ways
of exploiting this approximation in order to compute approximate quantum time
correlation functions.

Here and in most of the following we use one-dimensional notations. The multidi-
mensional expressions for our developments are technically more involved and are
presented in section 4.5. We start by recalling the definition of the Wigner thermal
distribution:

2

Pu(a:p) = %;Z/dA et <q—§e“m‘q+ A> (4.1)
with Z the partition function, 5 = 1/kgT the inverse thermal energy and H =
p?/2m + V() the Hamiltonian of the system of mass m. As stated in section 2.2,
the practical computation of the Wigner distribution presents notable difficulties.
In fact, the Wigner density defined in eq. (4.1) is, in general, not positive, which
prevents its immediate interpretation as a probability density. Furthermore, since
the analytic form of this function is generally unknown, one must rely on numerical
methods to estimate it. This calculation, however, is highly non-trivial because brute
force schemes suffer from a numerical sign problem due to the oscillating phase
factor e%pA, which becomes rapidly unmanageable for generic high-dimensional
systems. Several strategies (such as LGA, FK-LPI and QTB presented in sections
3.1 and 3.3), have been suggested to sample approximations of eq. (4.1). All of
these strategies consider only the positive part of the Wigner function and introduce
approximations that often cannot be assessed systematically from the theory or in the
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implementations. Recently, an alternative approach was proposed [52], relying on an
Edgeworth expansion to control the phase factor in eq.(4.1): the Phase Integration
Method (PIM). This approach, that we briefly review in appendix A, was shown
to capture interesting quantum effects, such as the correct correlations between
different degrees of freedom (including coordinate-momentum and momentum-
momentum correlations) and to provide reliable indications of the existence of
negative parts of the Wigner density.

In this chapter, we derive a different and formally simpler Edgeworth expansion of
the Wigner density. As for PIM, the new approximation is not subject to the sign
problem, allows to recover negative parts of the distribution and its convergence
can be systematically tested. We then consider two methods to exploit this approxi-
mation in order to compute approximate quantum TCFs. The first method is similar
in spirit to the LGA and uses the Edgeworth expansion to approximate the condi-
tional momentum distribution of the Wigner density. Time correlation functions
are then computed in the LSC-IVR framework. We will see in the following that
this approximation, namely the Edgeworth Conditional Momentum Approximation
(ECMA), is systematically more accurate for sampling the distribution than LGA
on the models we tested and that it results in better approximations of the TCFs.
The second method is based on a generalized Langevin dynamics that rigorously
samples the approximate Wigner distribution. This method, that we shall refer
to as Wigner-Langevin dynamics (WiLD), is numerically less efficient than ECMA
for sampling the Wigner distribution but we explore the possibility of exploiting
the conservation of the density along the dynamics to directly compute quantum
TCFs.

In the first section of this chapter, we derive the new Edgeworth expansion of the
Wigner density and comment on its formal properties. We then derive the equations
of motion of the WiLD and show that the dynamics is exact in the classical and
harmonic limits in order to justify its use to compute approximate TCFs. In the
third section, we present the formalism of the Edgeworth conditional momentum
approximation. We then apply the methods to unidimensional models and compare
the results to state-of-the-art methods. Finally, we present the multidimensional
generalization of the formalism and show its application to two-dimensional systems
that display interesting quantum properties.
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4.1 The Edgeworth expansion of the Wigner distribution

In this section, we derive the Edgeworth expansion of the Wigner density in order to
obtain an optimal Gaussian approximation of the momentum distribution. We also
obtain a correction term, in the form of an infinite series, that allows to recover the
negative parts of the Wigner distribution.

Let us begin by rewriting eq.(4.1) as

2 i 2
pw(qu) — ﬁ e*BU(q)e—HZ(Q);? /dAeWpA-HQ(q)QP?pC(AM) (42)
where A A
e P = /dA <q -5 e‘ﬁH’q + 2> : 4.3)

(0= 5| a+ 5)

Jaa{qg—5]e?H g+ 5)

pe(Alg) = 4.4)

and k2(q) is an arbitrary function of position.

. 2
p A4 E2P . . .
n 2207 as a power series with respect to p, and choosing ks as the

Expanding e
second cumulant of the probability density p.,

ka(g) = / dA A% (Alg) = (A?) 4.5)

pelg

yields the so-called Edgeworth approximation of the Wigner distribution:

U vt r(r 2 " en(q) (ip\™
_ BU(q) g=r2(a) m\d) (1P
pEWn(q7p) T orhZ € Ve 22 |1 + _; m (ﬁ) (4.6)
m=4,even
Crwn(g:p)
where £, (g) is the m-th order cumulant of p, for example, r4(q) = (A") | —3 <A2>i0\q'

In equation (4.6), p,,(q, p) is approximated as the product of a positive function times
the Edgeworth correction factor 1+ Ciw, (g, p), that takes the form of an expansion in
powers of p truncated at order n. The coefficients of this expansion, the cumulants
of p., can be computed numerically without facing a sign problem. Note that the odd
orders of Ciy, (g, p) vanish by parity of p. with respect to A. Appendix A discusses
the differences between the Edgeworth expansion described here and the one used
in the PIM. In the following, we will indicate as EWn the Edgeworth approximation
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to the Wigner density obtained by including terms up to order n in (4.6). Therefore
EWO designates the positive exponential factor alone.

The choice of k2(q) as the second cumulant of p. cancels the second order term in

2
#2(0)32 is an optimal Gaussian

the Edgeworth correction so that the distribution e~
approximation to the momentum distribution (in the sense of the Edgeworth ex-
pansion). In particular, this ensures that the approximation is exact when the true
momentum distribution is Gaussian, for example for the harmonic potential (in this

case, all of the terms in Cyy, are null) or in the classical limit.

Note that the Edgeworth correction can take negative values and allows in principle
to recover negative parts of the Wigner density. Moreover, the expression 4.6 is exact
in the limit n — oo if the series Ciy, converges. The convergence is not ensured in
general but Cyy, has the properties of an asymptotic series [104, 105] which means
that the error is at most of the order of the last term considered in the truncated
sum. In particular, we typically observe that the properties computed from the
EWn approximation initially get closer to the exact quantum result with increasing
n, before eventually diverging when n — oo. The consequences of this property
as well as the way to choose the optimal order n are discussed in more details in
paragraph 4.4.2. In practice the quality of the convergence may vary depending on
the specific problem, but so far experience on relevant model systems shows that
only few terms are needed to reach satisfactory convergence and that in many cases,
even the zero order p,,,, provides a very good approximation to p,,. Our calculations
also indicate that deviations from this form are not substantial for the model systems
considered in this work with the notable exception of the quartic potential at low
temperature.

In the following sections, we derive the two new methods obtained from the Edge-
worth expansion. We will start with the Wigner-Langevin Dynamics (WiLD) that
directly samples equation (4.6) using a generalized Langevin equation. We will
then introduce the Edgeworth Conditional Momentum Approximation (ECMA) that
slightly modifies equation (4.6) to allow for a more efficient sampling algorithm.
The two methods mostly differ by their approach for computing quantum TCFs: the
WIiLD exploits the conservation of the approximate distribution by the Langevin dy-
namics to directly compute dynamical properties while the ECMA focuses on efficient
sampling of the Wigner distribution in order to compute LSC-IVR approximations to
the TCFs.

4.1 The Edgeworth expansion of the Wigner distribution
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4.2 The Wigner-Langevin Dynamics

4.2.1

The WiILD uses a generalized Langevin dynamics to sample the EWO distribution of
equation (4.6) which is given by:

exp{_ﬁ <U(q) + ﬁ;éfﬁg;)}
[ dgdp exp{—ﬁ (U(Q) + 1?3(3)21051> }

Pewo(Q> D) = 4.7)

with A2, = h?3/m the thermal De Broglie wavelength. The EWn approximation
is then obtained by reweighting the samples by the factor 1 + Cgw,(q,p). The
density py,, resembles a standard Boltzmann thermal probability distribution but
with an effective potential (or quantum free energy) U (q) which is not the physical
potential V(¢) and instead is given by expression (4.3), and incorporates nuclear
quantum effects. Furthermore, the kinetic energy is multiplied by the quantum
correction factor xo(q)/A%, which accounts for such effects as ZPE. This factor is also
position-dependent, which allows for position-momentum correlation in the Wigner
density. The quantum correction factor x2(g)/A%, and the effective potential (or free
energy) U(q) are given by expressions (4.3) and (4.5). These are not closed analytic
expressions but averages over the density p. and they have to be evaluated via an
auxiliary path integral calculation (see section 4.2.2 for details).

In this section we start by deriving the Langevin equations of motion of the WiLD. We
then derive numerically computable estimators for U(q) and x2(¢) using open-chain
path integrals in order to evaluate the WiIiLD forces. Finally, we investigate the
classical and harmonic limits of the WiLD in order to motivate its use for computing
approximate time-dependent properties.

Langevin equations of motion

In this section we derive the WiLD equations of motion and show that they sample
the EWO distribution py,, (g, p). Our proof takes place as follows: (1) we postulate a
form for the generalized Langevin equation containing an unknown force depending
on position and momentum that contains some unspecified functions. (2) we write
the Fokker-Planck equation that describes the time evolution of the distribution under
the postulated Langevin dynamics. (3) we enforce stationarity of the probability
density p,,, in the Fokker-Planck equation and determine the previously unspecified

4.2 The Wigner-Langevin Dynamics
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functions in the force. More in detail, let us consider the following generalized

Langevin equations:
q¢=p/m 4.8)
p=F(g,p) —v(@)p+o(q)R(?)

where R(t) is a white noise, and the generalized force F'(q, p) is of the form,

F(q,p) = A(q) + C(q)p” (4.9)

A and C are functions of the position that we will determine below. Note that we im-
posed the relation ¢ = p/m which is essential to obtain a meaningful dynamics from
which we directly compute approximate TCFs (more details in the following). The
Fokker-Planck equation describes the time-evolution of the phase-space probability
distribution p(q, p, t) under the stochastic dynamics (4.8):

a*(q) 8*p

dp  pdp O
o~ mog op |:(F(Q7p) V(Q)P)P} + 2 2 (4.10)
We then apply (4.10) to p,,, and impose its stationarity (i.e. (9/)%%((]@ = 0) in order

to determine the expressions of the functions A and C and the relation betwen ~(q)
and o(q). The Fokker-Planck equation yields (we omit the dependence on position
to simplify the notations):

Bp( p* Oky  OU Bra )
[t 4 ghe Y A
m <2m)\fh dq + 0q + m)\fhp( W+ P
o? Bra Brs \
— (= 2C — | - =0 11
(=y+2Cp) + 2 ( m)\?h * m)\fhp (4.11)

The equation above is satisfied by setting to zero the position-dependent coefficient
for each power of p. This leads to the following expressions for the unknown
functions in eq. (4.9):

1 Oko
- Y% 12
O = Smal) 09 (412
 Bo*(q) k2(q)
v(q) = a2, (4.13)
2 2
Alq) = - i OU Ay _Ora (4.14)

r2(q) 9 Br3(q) g
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4.2.2

Inserting these expressions into (4.9) gives the generalized force of the WiLD:

F(q,p) = — (4.15)

A2, OU ( A2, p2> 1 g

k2(q) O\ Bra(q) ' 2m ) ka(q) O’

The discussion above shows that the EWO probability density p,,, is stationary under
the stochastic dynamics (4.8) when the force is given by (4.15). Equation (4.13) is
the fluctuation-dissipation relation of the WiLD. As in standard Langevin dynamics,
either v or ¢ is a free parameter. It is simpler in the case of the WiLD to choose a
position-independent friction coefficient v and deduce o as:

2

0%(q) = 2mkpTy At (4.16)
r2(q)

The WILD equations (4.8) with the force given by eq. (4.15) have three main non-
standard features. Firstly, the force F'(¢, p) depends on both position and momentum.
This unusual dependence on momentum originates from the position-dependent
factor r2(q)/)2, that renormalizes the kinetic energy. Secondly, the thermostat itself
depends on position as the fluctuation-dissipation relation of the WiLD (4.16) is
position-dependent. This fact too is a consequence of the renormalization of the
kinetic energy. Thirdly, as discussed in more detail in the next subsection, both the
force F'(¢,p) and the noise amplitude o(q) are not known analytically and must be
estimated via an auxiliary path integral calculations at each time step of the WiLD
trajectory. In order to ensure the stability and the accuracy of the evolution, these
non-analytic terms must be estimated with enough precision so that the dynamics is
not altered.

Estimating the generalized forces using path integrals

Three terms that do not have a known analytical expression (8—2, k2(q) and %—’?)
appear in the WiLD equations of motion. In order to be able to compute the WiLD
forces derived in the previous section, one has to compute these terms that are
integrals over the off-diagonal elements of the density operator. In particular, we
have:

U(g) = —kpTIn UdA<q_§ 5

e_ﬁﬁ‘q—l— A>} (4.17)
and N
AN (g— 5] g+ 5)

52(‘1) - fdA <q_ %‘efgg’q_i_ %> (4.18)
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From the solution of the Schrodinger equation, these expressions are easily computed
using the wavefunction representation of the density operator (2.7)!. When the
solution to the Schrédinger equation is not accessible, one can express the density
operator using path integrals. The path integral representation of the conditional
density p.(A|q) defined in equation (4.4) takes the form:

pe(Alg) = Vlgrglo/dxl cooday—1 pu(A 2, 20-1]q) (4.19)

with

exp{—ﬁffq(A,xl, . ,xy_l)}

pV(Auxlv"wa—”q) = = (420)
JdAdzy ... dx,—y exp{—ﬁVq(A, Ti,... ,:c,,_l)}
and the ¢-constrained open chain path integral potential
. 1 A1 A 1A
A e Ty1) = — )+ — St
Vo Asz1,m) = V(g + 5) + 5V (a 2)+VIZ_;V(:Q>
1 mv A 9 A , =2 9
The density p, (A, x1,...,2,-1|q) corresponds to the thermal density for an open-

chain of beads. The middle point between the two ends of the chain is fixed at ¢
(see figure 4.1). The end points are symmetrically distributed around ¢ and the
end-to-end distance is equal to the variable A. The distribution p.(A|q) is thus the
marginal density of the end-to-end distance around the position ¢ when integrating
over all open chain configurations.

q+A)2

Fig. 4.1.: Schematic representation of the open chain used in the auxiliary calculation for
WIiLD simulations for v = 5. The middle between the two ends of the chain is
fixed at ¢ and the opening of the chain is labeled A.

!We use this strategy in chapter 5 for 1D and 2D systems for which precise estimations of x» were
necessary.
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We now write the path integral estimators of the WiLD non-analytical terms. First,
k2(q) is equal to the variance of the end-to-end distribution:

BT 2
ra(q) = lim <A >pqu (4.22)
where (-), . denotes the expectation value over the path integral density con-

strained at ¢q. The higher order cumulants k,,(q) appearing in the Edgeworth
correction can also be computed using similar expressions. In the following, we will
drop the explicit limit v — oo but it is implied for all »-dependent quantities.

The derivative of the WiLD effective potentlal is obtained as follows. First, we

rewrite:
ou = —kBT2 In [/ dAdzy...dzy, e AVa(darry1)
dq 9q
[dAdzy ...dxy,— e=AVa(Der,eey x”*l)@%ffq(ﬁ,l’l, ey Ty1) (4.23)
B JdAdz; ...dxy— e BVa(Az1,y 1) ’
We then recognize an expectation value over p, and obtain:
ou 0 ~
o= <‘/¢](A,.’L‘1,...,.%'V_1)> (424)
dq dq pvlg

which is a mean-field force averaged over the path integral distribution. Two
different expressions can be obtained for the derivative of the path integral potential
with respect to ¢. The first one is to directly differentiate expression (4.21) with
respect to q. The second is obtained by first performing the change of variable
x; = q + ¢; (which cancels ¢ from the spring terms), differentiating the new path
integral potential with respect to ¢ and then revert back to z;. These estimators

read:
ou 19 A 10 A my
87q = <2l/8qv<q + 5) + g%v(q — *) + W(2q — 1 — xu—1)>pyq (4.25)
1110 A 10
= <Vl23qv(q+2)+28q +Z%V x ]> (4.26)

pvlg

Both estimators give the same result but their numerical convergence properties may
differ depending on the system potential energy surface, on the position ¢ and on
the temperature. In the following examples, we mostly used the second estimator.
It should be possible to work out an optimal estimator based on the average of the
two expressions, with weights adjusted depending on the variance of each estimator
(this is not done in this work).
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Similarly, we obtain the estimator for the derivative of x5, by differentiating equation
(4.22) with respect to ¢:

8/{2 2 <a ~ >
— = A —V, (A e T
dq [< >p”“1 dq ol B Tu) pvlg

— <A2£]1@(A,x17...,%_1)> | ] (4.27)
Pv|q

which can also be expressed using either one of the two different estimators for the
derivative of the path integral potential.

At each step of the Wigner-Langevin dynamics, the expectation values in equations
(4.22),(4.24) and (4.27) must be numerically evaluated in order to propagate the
WILD equations of motion (4.8). One thus samples configurations of the open chain
distributed as p, and approximates the expectation values by empirical averages. In
this work, the sampling of the open chain is done using an auxiliary path integral
Langevin dynamics (see ref. [106] for technical details).

This auxiliary calculation is mainly responsible for the high numerical cost of the
method. Indeed, to ensure the stability and the accuracy of the propagation, the
variance of the estimators of the forces has to be small. For simplicity in this
work, we only use brute force reduction of the variance by using long auxiliary
Langevin dynamics. Two routes might be pursued in future work to circumvent
this requirement. A first strategy would consist in adapting to our method the
interesting schemes recently proposed to accommodate noisy terms in classical
Langevin equations[107, 108]. This would allow to relax the current requirement
on the accuracy of the estimates and reduce the numerical cost of our dynamics
considerably. We experimented with this strategy for unidimensional systems with
encouraging results. The generalization to multidimensional systems is technically
involved but can in principle be done. A second strategy might be to compute
the averages with high accuracy on a fixed set of points in the ¢ space and then
use these values to obtain noiseless estimates in the whole space via interpolation
schemes. We have tested this approach with excellent results for the 1-d models
presented in this work. Generalizations to higher dimensional systems would be
possible adapting methods currently used to fit energy and/or forces via machine
learning techniques, based on accurate quantum chemical calculations of the Born-
Oppenheimer potential energy surface at a few reference geometries. In this spirit,
one could use machine learning approaches, such as artificial neural networks [18,
19] or Gaussian process regression[20, 21, 22], to train a model for the Wigner
forces on selected points in position space.
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Figure 4.2 shows a sketch of the complete procedure to perform a WiLD simulation
and compute approximate TCFs. In the next section, we show that the WiILD is
exact in the classical and harmonic limits in order to motivate its use for computing
approximate quantum TCFs.

W| LD COMPUTE
ka(q) = (A%)
; AND F(q,p)

' <
R PROPAGATE WiLD EOM
R qg=p/m
. p=Flg,p) =+ \/ 2mykpT Ay, /ka(q) R(E)
v

compute TCF from the WILD trajectory

Fig. 4.2.: Sketch of the WiLD algorithm for computing TCFs
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4.2.3 Using WILD for dynamical properties

By construction, the WiILD is a stationary dynamics that conserves the EW0 approxi-
mation to the Wigner distribution. It is therefore tempting to use it not only as a
sampling tool, but to compute time correlation functions directly from the WiLD
trajectories. With respect to the LSC-IVR approach (i.e. sampling according to EW0
then computing dynamical properties along classical NVE trajectories), this offers
two advantages. The first is conceptual: since the EWO0 distribution is conserved, it
avoids spurious effects related to non-stationarity and particularly zero-point energy
leakage. The second is computational: the stationarity of the dynamics allows
using the Wiener-Khinchin theorem to compute time correlation functions more
efficiently.

We will demonstrate in this section that the particular equations of motion chosen
for the WiLD give the exact quantum dynamics in the classical and harmonic limits
(which are the two limits usually invoked when designing approximate schemes
for quantum dynamics) at least in the limit of small v. We will show in chapter 5
that the WiLD is also able to better reproduce some anharmonic features (such as
overtones and combination bands) than most approximate methods for quantum
dynamics.

To simplify the notations in this section, we define:

A

w(g, A) = <q— =

> e BH ‘q + A> (4.28)

2

and rewrite the auxiliary sampling density p. as:

w(g, A)

pe(Alg) = TdA w(g, A (4.29)

Classical limit

In the classical limit, the operator e can be broken up via the Trotter formula
as:

(4.30)
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In the equation above, we chose to use the thermal De Broglie wavelength \?, =
h%3/m as a more suitable control parameter than the temperature for the classical
limit (see below). Eq. (4.28) then becomes:

mA2 A A A?
A _°7th ( - = — ) S — 31
w(q, A) ocexp{ 572 Vg 2)+V(q+ 2) 22 (4.31)
Due to the Gaussian factor in this expression, only values of A at most of the order
of the De Broglie wavelength will lead to significant contributions to the Wigner
density. Let us now consider the different terms appearing in the WiLD equations of
motion. We begin by performing the change of variable X = A /)y, to obtain:

[dX A2 X2w(g, A X)
Ka(q) =
JdX w(g, ApX)
ou X §[VO (g 245) + VO (g + 245 w(g A X)
dq JdX w(g, AnX)

(4.32)

where V() is the first derivative of the physical potential V. The expressions above
are integrals over the density w(q, Ay, X )/ [ dXw(q, Ay, X)) that we can rewrite via a
Taylor expansion in powers of \;,:

wig MpX) e X2 <1+m)‘?hv(2)

[dXw(g, ApX) — [dX e X*/2 sz V(@)1= X?) + O(A?h)> (4.33)

where V(™ denotes n-th order derivative of the physical potential V. Substituting
(4.33) in eq. (4.32) and performing the integrals, we obtain:

ka(q) = Mgy + O()‘?h) (4.34)
ou A2 bV
S y400) th1/(3) th 17(5) 6
5e = V@ + V@ + VO (@) + O(N;,) (4.35)

and we see that the kinetic correction factor x2/A%, tends to unity in the classical
limit. Note that the definition of U(q) ( eq. (4.3)) has some analogies with the defi-
nition of a quantum free energy at position q. Its derivative can then be interpreted
as a potential of mean force incorporating non-local contributions via the integral
over the displacement A. Eq. (4.35) shows that in the classical limit, this mean force
reduces to —V(1)(g), the standard force. Higher order terms in the )\, expansion
denote the quantum delocalization by implicitly exploring broader regions of the
potential via higher order derivatives.
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To complete the classical limit of the WiLD, we observe that p is distributed according

_ ro(q)p? . . .
toe” 202, so that we can assign the order of magnitude p> ~ h2/)\2 . This, together

with (4.34) and (4.35), yields:

F(g.p) ~ =V (g) + O(X,) (4.36)

and
o?(q) = y2mkpT + O(X5,) (4.37)

In summary, in the high-temperature limit \;;, — 0, the WiLD equations of motion
(4.8) become:

q=p/m
' » (4.38)
p=- (@) —vp+ V72mkpTR(t)

Thus, we retrieve the standard classical Langevin equation for a system subject
to potential V' at inverse temperature 3. The Edgeworth expansion terms can be
estimated with the same approach. In particular, we find that r4(q) = O(A},) and,
using p* ~ h*/A}, Cewn(q,p) = O(A2). In the classical limit \;, — 0, the Wigner
density approaches the classical Boltzmann density, which is a Gaussian function
of p. Therefore the Edgeworth expansion tends to converge already at the lowest
lorder EWO0. Indeed, as we showed for the 4th order, although p™ tends to take large
values in the high-temperature limit, the high-order cumulants x,, vanish even faster,
so that the EWn terms tend to zero for Ay, — 0.

Harmonic limit

We now consider the case of the harmonic potential V' (¢) = mTwqu. For this system,
the density matrix elements in the coordinate representation are known analytically
(see for example ref. [60]), and we have:

w(g, A) exp{ e Az tanh(ﬁhw/Q)f} (4.39)

~ 4htanh(Bhw/2) h
so that

[dA A? exp{—% tanh_l(ﬂhw/Q)A2}

k2(q) = [ exp{_%tanh—l(ﬁhw/Q)Az}
_ tanh(Bhw/2) |,
_ i) e (4.40)
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4.3

Note that ks is in this case independent of ¢ and 88—'22 = 0. We can also write an

analytical expression for %—U via:
q

ou_ 1 JaAG
0 B [dAw(gA)
 tanh(Bhw/2)

Thus, for a harmonic system, the WiLD equations of motion are given by:

{ i=pim (4.42)

p=—mwq—p+/72mO(w, B)R(t)

where O(w, ) = % coth(hw/2) is the average thermal energy of the quantum har-
monic oscillator. Therefore, the Wigner-Langevin dynamics reduces to the classical
evolution for its deterministic part (i.e. F(q,p) in eq. (4.8) is simply the classical
force), combined with a Langevin thermostat at an effective temperature O (w, 5)/kp.
Therefore, the WiLD is exact, in the limit of small ~, for the harmonic potential. In
passing, we note that (4.42) takes a similar form as the Quantum Thermal Bath in
which the dynamics is classical and the thermostat is responsible for the quantum
thermal effects.

Finally, one should note that, in the harmonic case, p.(A|q) ox w(q, A) is Gaussian
and thus all cumulants of order higher than two are zero and Cgy,(q,p) = 0.

The Edgeworth Conditional Momentum
Approximation

The WILD rigorously samples the EW0 approximation to the Wigner distribution but
is computationally very intensive as it requires to perform an auxiliary path integral
calculation at each step of the dynamics in order to propagate the equations of motion.
Furthermore, one should also notice that the EW0 approximation does not ensure
that the marginal position distribution is exact. In this section, we slightly modify
the Edgeworth approximation (4.6) in order to enforce the exact marginal position
distribution that can efficiently be sampled using standard PIMD. The conditional
momentum distribution is given by the Edgeworth expansion and this rewriting
allows for a more efficient sampling of the approximate Wigner distribution in order
to compute approximate TCFs using LSC-IVR.
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We start by rewriting the exact Wigner density eq. (4.1) as the position marginal
density times the conditional momentum density

P.(a,p) = pi'(a) e (plg) (4.43)

where
pu (@) = (4lpla) (4.44)

can be efficiently sampled using its path integrals representation given by egs. (2.13),(2.14)
and
[dA e ? (q— %‘e‘ﬁH’q + %>
2 (gle "M |q)
[dA en® (q— %‘e*‘m’q + %>
Jan 27h5(A) (g = 5]e g+ 5)

Pu(plg) =

(4.45)

with ¢ the Dirac function. We then insert the relation 27hd(A) = [dp ¢ to

obtain: _
[dA D <q - %‘e‘ﬁﬁ’q + %>

Jdp [an e (g— 5l g+ )

pu(pla) = (4.46)
thus making clear the normalization of the conditional momentum distribution. We
now use the same Edgeworth expansion as in section 4.1 for both A integrals in
pS(plq) to obtain the Edgeworth Conditional Momentum Approximation (ECMA) to
the Wigner distribution:

1+ CEWn(q7p)

s = p K — 4.47
pECMAn(q p) Pw (C])P 2(p|Q) 1t CEWn(q) ( )
with
Cown(q) = / dp pr,(Plq) Cewn(q,p) (4.48)
and
2 2
old e r2(0) 3 o~ B4 ®ano() : )
Pra\PI4) = = 4.49
’ Jdp 67”2(‘1)% [dp e*ﬁ%q’g\/&o(q)
where we introduced the Quantum Correction Factor (EWO0-QCF)
KB
d = .

in analogy with the momentum distribution of LGA (eq. (3.9)).
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The natural procedure to sample the ECMA is similar to the LGA. First, sample the
marginal position distribution p!”*(¢) using standard path integral techniques. Then,
compute k2(g) using equation (4.22) and potentially higher order cumulants to
obtain Cgy,(q,p) (and Cgw,(q) by a simple Gaussian integration). Finally sample
the momentum using the conditional Gaussian distribution p,.,(p|¢). In order to

correct the distribution and obtain negative parts of the Wigner distribution, one
1+Crwn(9,P)

1+Crwn(q)
are then obtained in the LSC-IVR framework by propagating the sampled phase

must multiply the observables by the ratio . Approximate quantum TCFs

space point using classical dynamics.

Since k2(q) is non-analytical and estimated numerically (see section 4.2.2), it is
subject to statistical noise. This statistical noise can then induce biases on the
conditional momentum distribution, which in turn can affect the estimation of
momentum-dependent observables. In practice, the noise tends to broaden the
momentum distribution and leads to an overestimation of the kinetic energy. One
can correct this effect by reweighting the distribution with a factor depending on
the variance o2 of the numerically estimated o (see appendix B). For the EWOQ
momentum distribution, the noise correction factor is given, up to second order in
o, by:

4 2 1
O o) =1 02(1” L 451
2

Appendix B demonstrates the effect of the noise correction on the estimation of the
kinetic energy of the unidimensional Morse potential of equation 3.1. It also shows
the multidimensional version of equation (4.51).

This approximation has two major advantages over LHA and the FK approximation.
First, it allows to correct the conditional Gaussian approximation by including
successive orders of Cyy, and to recover negative parts of the Wigner distribution.
Second, the conditional Gaussian approximation is well defined for any system since,
by construction, k2(q) and the EWO-QCF are always positive. In particular, one does
not need an ansatz to treat systems with barriers (in cases of strong barriers, the
Cewn correction should provide significant contribution) which lead to imaginary
frequencies and ill-defined terms in LHA or FK-LPI. For all the examples considered in
this thesis, the ECMA yields a much better approximation to the Wigner distribution
than LGA and FK-LPI, in particular at low temperature.

As a final comment, one should note that sampling the ECMAO distribution did
not yield significant differences compared to the EWO distribution sampled by the
WiLD for the examples provided in this thesis. It allowed, however, for a much more
efficient sampling. Thus, if one is only interested in sampling the Wigner density
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(in order to perform a LSC-IVR calculation for example), the ECMA seems to be a
more favourable approximation than the WiLD. Moreover, since ®gy, is not needed
to sample the marginal position distribution of ECMA, the auxiliary calculation can
be performed on only a subset of independent positions and multiple values of
the momentum can be sampled at each position. Figure 4.3 shows a sketch of the
complete procedure to compute approximate TCFs in the LSC-IVR framework using
ECMA initial conditions.
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Fig. 4.3.: Sketch of the LSC-ECMA algorithm for computing TCFs
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4.4 Application to unidimensional model systems

4.4 1

In this section we present applications of the ECMA and WiLD to two unidimensional
model systems closely related to those used in ref. [52]: the Morse and quartic
potentials. For each test case, we study two aspects: the static sampling of the
Wigner density and the computation of the approximate momentum autocorrelation
spectrum.

For the sampling problem, we compute the positive approximation to the Wigner
density (EWO0) and analyze the effect of the Edgeworth correction?. The results are
compared to the classical Boltzmann distribution (always shown as a dashed gray
curve) and to the quantum reference (always shown as a black continuous curve)
obtained via a numerical resolution of the Schrodinger equation. We also compare
the distributions to the LGA and FK approximations.

We then present approximations to the momentum autocorrelation spectrum for
each model using WiLD, TRPMD, QTB and LSC-IVR with initial conditions given by
ECMA, LGA and FK (that we will denote respectively LSC-ECMA, LSC-LGA and LSC-
FK). This will allow us to compare directly the effect of the different approximations
both on initial distribution and dynamics.

The number of beads v employed in the path integral calculations is indicated in the
figure captions.

Morse potential
Let us start by considering the one-dimensional Morse potential:

V(g) = D[e*aq - ze*aﬂ + DC(q) (4.52)
with D = 20 kcal/mol, o = 2.5 A (same as ref. [52] and chapter 3), and for
a particle with the mass of a proton. The term ((¢) is introduced to prevent

dissociation of the system: ((q) = 1 for ¢ < gma, and ((q) = eMa=amaz) for g > ¢ax
9 o—1
with ¢ =2.5Aandn=2A .
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---- classical e EW4
—— reference LGA
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top panels: Wigner thermal distribution for the Morse potential approximated
using EWO (dash-dotted red), EW4 (dotted green) compared to LGA (dashed
orange). Contour levels are 1.5, 10, 20, 30, 40 fs.ﬁrz.(g/mol)*l. FK is not shown
in order to keep the curves more visible but the corresponding results can be
found in chapter 3. bottom panels: mean square momentum as a function of
q. This graph corresponds to the average of p? over a vertical slice of the top
panel, renormalized by mkp to obtain a temperature. The EW approximations
are compared to the classical Boltzmann distribution (dashed grey), to the exact
result (solid black) obtained from solving the Schrédinger equation on a grid
and to LGA (dashed orange) and FK (solid purple). Left panels: 1200K, 8 beads.
Right panels: 300K, 32 beads.
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Sampling of the Wigner distribution

The top panels of figure 4.4 show contour plots of the Wigner density at 1200K
(upper left panel) and 300 K (upper right panel), as obtained with the positive
approximation EWO (dashed-dotted red curves) and including terms up to 4th-order
in the Edgeworth expansion (EW4: dotted green curve). EWO and EW4 results
are very close, indicating convergence of the expansion already at order O at both
temperatures. In particular, for this system, the Wigner density does not present
significant negative regions. The bottom panels of figure 4.4 show the variance of
the conditional momentum distribution as a function of ¢ (i.e. the average value of
p? on each vertical slice of the corresponding distribution in the top panel). We can
see that, at both temperatures, the EW approximation is close to the exact result (a
slightly better agreement can be seen with EW4 at 300K).

At 1200K, the thermal energy kpT is of the same order as the zero-point energy
for the system, so quantum effects are not very pronounced. The numerically exact
Wigner density is similar to the classical Boltzmann distribution, with only a slight
broadening and a small shift of the maximum of probability, due to zero-point
motion. These effects are perfectly captured by the EWO0 approximation and also
well described by the LGA.

At 300K, kpT is significantly smaller than the zero-point energy, and quantum effects
are much more significant. The classical Boltzmann distribution is considerably
narrower than the Wigner density, and their respective maxima are clearly shifted
from one another. The EWO results are in very good agreement with the exact
distribution also in this more challenging situation. Even at 300K, the effect of the
Edgeworth correction terms remains small: the 4th order is responsible only for a
slight narrowing of the momentum distribution (barely distinguishable on the top
panels of Fig. 4.4).

One should note that the Wigner distribution displays position-momentum corre-
lations which is a purely quantum effect since such correlations are completely
absent from the classical Boltzmann distribution. This can easily be seen in the
bottom panels of figure 4.4. We can see that in the classical case, the mean square
momentum does not depend on position while it does for the quantum system, and
most notably at low temperature. These figures also show that EW clearly provides
a better approximation to the Wigner density than both LGA and FK approaches,
which tend to overestimate (resp. underestimate) the dependence on ¢ of the mean

%In this thesis, we use ECMA to sample the Wigner distribution. The distributions sampled using
WILD can be found in ref. [106] but do not display significant differences
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Fig. 4.5.: Snapshots of typical open chain configurations sampled in the auxiliary Langevin

dynamics for the Morse potential at 1200 K (a) and 300 K (b). The position of the
different beads is indicated with a blue dot (the position of the dots along the
vertical axis is arbitrary and just for visualization purposes). Successive beads
in the chain are connected with a blue line. The black vertical lines indicate
the value of ¢ for which the auxiliary calculation is performed (i.e. the middle
between the two endpoints of the chain): -0.2 A, 0.1 A and 0.4 A. The figure
also shows in red the histogram of the positions of the two endpoints of the open
chain, ¢ — % and ¢ + %, sampled during the auxiliary dynamics. The variance
of this distribution is directly related to x2(g). On each panel, the potential is

superimposed (gray dotted line) with a suitable scale.
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square momentum. At order EWO, the mean square momentum is directly related
to the quantum correction factor ®uy,(q) = A%, /k2(g). From the definition of o
in equation (4.22), we clearly see that ®,, is a non-local quantity. This can be
visualized in figure 4.5 which shows typical configurations of the open chain ex-
tracted from the auxiliary calculation used to compute x5 at different positions and
at both temperatures. We see that the beads of the open chain explore a wide area
around ¢ where the potential varies and, at 300K, most of the beads fluctuate close
to the minimum of the potential. This non-locality allows the EW approximation to
correctly capture the ¢g-dependence of the quantum correction factor and thus of the
mean square momentum. By contrast, the LGA-QCF is purely local and overestimates
the ¢-dependence of the mean square momentum. The position dependence of the
FK-QCEF is more subtle as it depends on the centroid position and not directly on q.
Like the EW-QCEF, it is a non-local quantity but it only considers fluctuations around
the centroid which tends to be localized close to the minimum of the potential at
low temperature. This results in the underestimation of the ¢-dependence of the
mean square momentum in the FK approximation.

Momentum autocorrelation spectrum

We now focus on the computation of dynamical properties using the WiLD and
LSC-ECMA. Figure 4.6 shows the Kubo-transformed momentum autocorrelation
spectrum for the different approximate methods, compared to the exact spectrum
and to the classical result at 1200K (top panel) and 300K (bottom panel).

At 1200K, the main spectral feature (around 1500 cm~') exhibits a slight shift
between the classical and quantum spectra. The quantum spectrum of a finite
dimension system consist in a series of Dirac delta-functions, centered at the differ-
ence frequencies between the eigenmodes of the system (see section 2.2.2). Here
for visualization purposes, these delta-peaks are artificially replaced with Gaussian
functions (of the same width, chosen so that the height of the features approxi-
mately matches the classical one). Therefore the asymmetric shape of the main peak
actually arises from a series of peaks with decreasing intensities. In the classical
case, the broadening of the peak is due to anharmonic effects (the softening of the
Morse potential at large ¢). The position and shape of this main spectral feature
mostly agree between the different approximate methods: the shape is close to the
classical spectrum and the peak is shifted roughly halfway between the quantum
and classical peaks. The same observations can be made for the overtones (zoom on
the overtones region on the right side of figure 4.6) with slightly larger variations of
the peaks positions.

4.4 Application to unidimensional model systems

74



’I ya

4.0{(a) 1200K
~35
D
E 3.0
§ 25
Q
¥ 2.0
o
€15
E
21
g1o

0.5 -

0.0 A/ R e

1100 1200 1300 1400 1500 1600 1700 1800 ¥ 2000 2500 3000 3500 4000 4500 5000
/ /.

4.01{(b) 300K ” [
735 i
‘ fod x100.0
§30 fo
g 25 P
3 i
¥ 20 |
< i
E 1.5 “'
£ \
g10

05 : : 4

0.0 i T - / e’ v s o

1100 1200 1300 1400 1500 1600 1700 1800 ¢ 2000 2500 000 3500 4000 4500 5000

w (cm™1) w (cm™1)
---- classical e LGA
—— reference (with Gaussian broadening) ——- ECMA
TRPMD — WiLD

Fig. 4.6.: Kubo-transformed momentum autocorrelation spectrum for WiL.D (solid blue),
LSC-ECMA (dash-dotted red), LSC-LGA (dotted green), TRPMD (solid orange),
exact (solid black) and classical (dashed grey) at 1200K (panel a) and 300K (panel
b) for the Morse potential. The reference spectrum is broadened by convolution
with a Gaussian function to match the heights of the other spectra (the spectral
weight of the peaks is not modified).
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4.4.2

At 300K, the shift between the classical and quantum spectra is larger and the
classical peaks are narrower and less asymmetric (less exploration of the anharmonic
regions of the Morse potential). At this lower temperature, differences between the
approximate methods are more visible. For the main spectral feature, the LSC-ECMA
is almost identical to the LSC-LGA and the WiLD gives a nearly symmetric peak
halfway between the classical and TRPMD peaks. TRPMD and WiLD both place the
first overtone between the classical (3300 cm~!) and the quantum (2750 cm™1)
overtones. However, they strongly differ by their intensities: the intensity of the
overtone for the TRPMD is closer to the classical one while for the WILD, it is
closer to the quantum one. The LSC-IVR seems to better capture both position and
intensity of the overtone but with a larger broadening of the peaks. It is interesting
to notice that, while the dynamics and the position distribution are the same for
LSC-ECMA and LSC-LGA, the spectra differ in the overtone region. These differences
mostly come from the position-momentum correlations in the initial approximations
to the Wigner distribution that are treated differently in ECMA and LGA. An in-
depth analysis of the effect of position-momentum correlations on overtones and
resonances is provided in chapter 5. In chapter 5 we examine the case of a slightly
anharmonic potential, in order to analyze the different methods analytically via
perturbation theory, but our main conclusions remain qualitatively valid for the
Morse potential and explain all the trends that we pointed out in the above.

Quartic potential

In this section we consider the case of the one-dimensional quartic potential:
V(q) = aq" (4.53)

with @ = 800 A~%.kcal/mol. The mass of the system was again chosen to be the
proton’s mass.
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Sampling of the Wigner distribution
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Fig. 4.7.: Contour plot of the Wigner density for the 1D quartic potential. Panel a: 1200K
(v = 8). Panel b: 300K (v = 32). Contour levels are -0.25, -0.0002, 5, 15, 25, 35,
45 fs.A=2.(g/mol) 1.

Figure 4.7 shows the results for the Wigner density at 1200K (panel (a)) and 300K
(panel (b)). At 1200K, the main feature in the quantum and classical densities, the
symmetrical oblong peak centered around zero, is quite similar, only the quantum
distribution is slightly sharper around ¢ = 0. The specific shape of the central peak
of the Wigner distribution is very well reproduced by the Edgeworth approximation
at order EWO (dashed dotted red curve), EW4 (green dotted curve) and EW6 (blue
curve). However, even at this relatively high temperature, the numerically exact
quantum solution shows symmetrically placed features at large momentum that are
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absent in the classical and EW0 approximations. These are negative parts of the
Wigner density. They have a very small relative amplitude compared to the main
peak (less than 10~%) and are therefore difficult to capture accurately. Encouragingly,
however, high order terms in the Edgeworth expansion display some signal in the
correct regions.

As expected, the difference between quantum and classical results becomes more
significant at 300K. The main feature in the Wigner density is significantly broadened
by zero-point motion and, more strikingly, wide regions of negative p, (¢, p) now
appear for large values of p. The zero-order EW0 approximation already captures the
central (positive) peak of the distribution accurately, with only slight discrepancies
with respect to the exact result, that are corrected by the EW4 term. The high-
order terms of the Edgeworth expansion also allow describing the negative parts
of p,(¢,p): at order EW4, negative regions appear in the approximate distribution
but are slightly underestimated, an error that is corrected when the EW6 term is
included. For very large momenta, the distribution becomes noisy because these
regions of phase space are seldom explored. In spite of this, the inclusion of the first
terms in the Cyy series systematically improves the estimate of negative regions of
the Wigner density, even when their relative amplitude remains small compared to
the positive peak: for instance, here, the (negative) minimum of p_(q, p) corresponds
to approximately 1% of its maximum. Note that the EW4 and EW6 terms in the
Edgeworth expansion require longer auxiliary calculations to converge than the
terms in the EWO approximation. Moreover, the full evaluation of the high-order
Edgeworth terms becomes cumbersome for systems with many degrees of freedom
(see section 4.5 for details), so that further work may be needed to treat complex
systems that display large negative values of p,(q,p).

In spite of these numerical difficulties, higher order terms in the Edgeworth expan-
sion can significantly impact the accuracy of calculated physical observables. In
table 4.1, we report the relative error in the estimate of the mean square momentum
for the quartic potential with respect to the numerically exact reference at 300K as
a function of the truncation order. The EWO0 approximation for the density results
in a substantial overestimation of the mean square momentum, which is strongly
reduced by including the fourth order term and essentially eliminated at order
EW6. Note that the convergence to the exact result is systematically improved at
low order (up to order EW6) before degrading slowly at higher orders and finally
diverging at very high orders. This is a consequence of the asymptotic character of
the Edgeworth series. The divergence of the Edgeworth series can be detected by
monitoring the contribution of each EWn term on the estimated squared momentum
(third column in table 4.1): we observe that this contribution first decreases, then
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Relative error on (p?) | relative EWn contribution
EWO 16%
EwW4 4% -11%
EW6 -2% -6%
EWS8 -7% -5%
EW10 -12% -6%
EW12 -20% -10%
EW14 -33% -17%
EW16 -61% -41%

Tab. 4.1.: Relative error on the global mean square momentum (p*) (averaged over
both p and ¢) compared to exact quantum results for the quartic potential
at 300K. Higher order terms in the Edgeworth expansion are computed by solv-
ing the 1D Schroédinger equation and computing p. using the wavefunction
expression of the thermal density operator. The third column shows the rela-
tive contribution of the EWn order term, measured by the relative difference:

(<p2>EWn - <p2>EWn—2) /<p2>EWn

reaches a plateau with a relative value around 5%, before increasing beyond order
EW12, as the Edgeworth series begins to diverge. Experience indicates that the
optimal approximation of the full Wigner density is obtained at order EW6, when this
plateau begins, although the general validity of this criterion should be investigated
further for other systems with strongly non-Gaussian momentum distributions.

The Wigner density also displays significant position-momentum correlations, as
evidenced by the ¢-dependence of the mean square momentum, as shown in the
bottom panel of Fig. 4.8. The results for the EWn approximations are consistent with
the previous observations: EWO0 globally overestimates the mean square momentum
and the agreement with the exact result is improved up to order EW6 which captures
the correct position-dependence of the square momentum. Consistently with the
discussion on the Morse potential, we see that the LGA overestimates the variations
of (p?) with ¢ while the FK approximation underestimates them. Most notably, the
mean square momentum of the LGA at ¢ = 0 is the classical value since the local
frequency is null at this position (i.e. the harmonic approximation is not valid close
to ¢ = 0 for the quartic potential).
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top panel: Wigner thermal distribution for the quartic potential at 300K approxi-
mated using EWO0 (dash-dotted red), EW4 (dotted green) and EW6 (solid blue)
compared to LGA (dashed orange). Contour levels are -0.25, -0.0002, 5, 15, 25,
35, 45 fs.A‘?(g/ mol) ~!. Since the distribution is even with respect to position
and momentum, only the positive quadrant is displayed. bottom panel: mean
square momentum as a function of ¢. This graph corresponds to the average
of p? over a vertical slice of the top panel, renormalized by mkp to obtain a
temperature. The EW approximations are compared to the classical Boltzmann
distribution (dashed grey), to the exact result (solid black) obtained from solving
the Schrodinger on a grid equation and to LGA (dashed orange) and FK (solid
purple).
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Momentum autocorrelation spectrum
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Fig. 4.9.: Kubo-transformed momentum autocorrelation spectrum for WiL.D (solid blue),
LSC-ECMA+EW6 (dash-dotted red), LSC-LGA (dotted green), TRPMD (solid
orange), exact (solid black) and classical (dashed grey) at 1200K (panel a) and
300K (panel b) for the quartic potential. The reference spectrum is broadened by
convolution with a Gaussian function to match the heights of the other spectra.

Figure 4.9 shows the momentum autocorrelation spectrum approximated using
the WIiLD and LSC-ECMA+EW6 compared to TRPMD, QTB and LSC-LGA. At high
temperature, all the approximate methods give similar results which are close to
the classical spectrum. At 300K however, the different methods yield quite different
spectra. For the main spectral peak (around 1200 cm~!), TRPMD best captures the
position with the most limited broadening. The position of the main peak for the
other methods is also close to the quantum result but within a too broad lineshape.
For the high frequency resonance (at around 4500 cm™!), the best agreement with
the quantum result is obtained by LSC-ECMA, WiLD and LSC-LGA (although none
of them captures the exact position and they all broaden the peak). The resonance
intensity is approximately correct for adQTB but its position is closer to the classical
result. The TRPMD approximation largely underestimates the resonance at 300K, as
in the previously considered example of the Morse potential.

Note that, at 300K, the EW4 and EW6 corrections to ECMA influence the shape and
position of the peaks and improve the agreement with the reference result as can
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Fig. 4.10.: Kubo-transformed momentum autocorrelation spectrum for LSC-ECMA at order
EWO (dashed green), EW4 (dotted-dashed blue) and EW6 (solid red) compared
to the exact (solid black) and classical (dashed grey) spectra at 300K for the
quartic potential. The reference spectrum is broadened by convolution with a
Gaussian function to match the heights of the other spectra.

be seen in figure 4.10. This is due to the very anharmonic nature of the quartic
potential (and thus cannot be described by the perturbative approach developed
in chapter 5). For the quartic potential, the approximation to the initial Wigner
distribution is critical for the result of the linearized dynamics. This can be seen with
the LSC-LGA spectrum which is significantly different from the LSC-ECMA spectrum
and reflects the differences in the approximations of the Wigner density (as shown
in the top panel of figure 4.8).

Generalization to multiple degrees of freedom

Multidimensional formalism

The generalization of the ECMA and WiLD formalism to NV degrees of freedom is
non-trivial. In the multidimensional case, ko and the EWO0-QCF become N x N
matrices and care is required when deriving the Edgeworth expansion and the
expressions for the generalized forces.
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Edgeworth expansion

Introducing the notation q, p and A to indicate N-dimensional vectors and taking
into account the fact that x5 is now a matrix, equation (4.2) becomes:

1 T
p.(a,p) :W exp{_pzzh(;l)p - 5U(Q>} (4.54)
< [aa exp{ [2;21)%(01) + ;A] p}pcmrq) (4.55)

where U(q) and p.(A|q) are defined in analogy with egs. (4.3) and (4.4). Introduc-
ing the notation:

) .
h(p) = eXp{ [Wmez(q) + ;A} : p} (4.56)

and considering the expansion of the exponential in h gives:

0%h
iODj ot

oh
h(p) :1+Zpi£ Q,szpga

Ph
OpiOp;Opk | _

p:

+37. Z PiPjPk
.5,k

9*h
+ Z PiDjPkPL

—_— + (4.57)
e OpiOp;0pedpr | _

where all the sum indices run from 1 to N.

Explicit calculation of the derivatives shows that odd orders in the expansion above
contain only odd powers of the components of A and, as in the 1D case, they vanish
when integrated, by parity of p.. Similarly to the 1D case, we choose:

[ka(q) / dA AA; pe(Alq) = (AA;) (4.58)

pela

With this choice of k9, the second order in the Taylor expansion cancels and we
obtain:

TK)
1 — 200 _6U(q)

pEWn(qJ p) O+ \N = 6

i\* K Elm,

!
j7k7l7m 4'

(4.59)
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where k4 is the fourth order cumulant tensor of p. defined by:

[Ra(@)]ijet = (DiljARAL , 1 = (Bidj), 1 (BRAD g = (Ailk) g (A5A)
— (Qil) g (BjAR)

Pc‘q

(4.60)

pela ( pela

The higher orders of the Edgeworth expansion involve cumulants of increasing order
which may be difficult to compute for high dimensional systems. However, as we saw
in the previous section, only few terms of the Edgeworth correction are necessary
for most systems and the EWO0 approximation will often be sufficient. Including only
the fourth order of the Edgeworth expansion already gives a good idea of negative

parts of the Wigner distribution and of the validity of the EW0 approximation.

Furthermore, in large multiatomic systems, all terms in the expansion will not be
physically relevant so that reasonable approximations can be derived depending
on the system under study (for example by setting to zero terms that couple atoms
that are far apart). These difficulties notwithstanding, the control on convergence
available via the expansion is an important conceptual advantage compared to
alternative methods.

Multidimensional WiLD equations of motion

In analogy to the unidimensional case, the EW0 approximation to the joint Wigner
distribution is given by:

exp{—8U(a) = 72p"r2(a)p }

; (4.61)
J dadp exp{~BU(a) - 7P r2(a)p}

pEWO(q7 p) =

The WILD equations of motion are determined similarly to the one-dimensional case.

They read:

. :M_1
4 p (4.62)
p =F(q,p) — vp + o(q)R(t)

where M is the mass matrix of the system, o(q) is a N x N matrix and R(¢) is a
vector of N independent Gaussian white noises. The forces F;(q, p) are given for
i=1,...,N by:

N 2 N
Fi(q,p) = =D _[ry (@)l (maU + Z[Ck(q)]kj> - T;#pTCi(q)p (4.63)

j=1 k=1

We use the multidimensional Fokker-Planck equation to determine the expressions
for the N x N matrices C;(q) (@ = 1...N) and the fluctuation-dissipation relation
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in order for the probability density (4.61) to be stationary. We obtain for all i =
1,...,N:

N
Al i (4.64)
Z J g an

The fluctuation dissipation relation is given by:
o*(q) = 291’y " (q) (4.65)

Path integral estimators of k2(q), VU(q) and Vka(q) can be obtained similarly as in
the unidimensional case. Note that x5 (q) must be inverted in order to propagate the
WIiLD equations of motion. This inversion is always possible since x2(q) is positive
definite by construction (because it is defined as the covariance matrix of the density

pe(Ala)).

Edgeworth Conditional Momentum Approximation

In analogy with equation (??), we obtain the multidimensional ECMA as:

1+ CEWn( p)

,P) = (alp K 4.66
Prows (@ P) = (alpla) pr> (Pla) T Conc(a) (4.66)
where p,, (p|q) is the conditional EW0 momentum distribution:
BT ar—2g—1 -1
€xXpy—3P M 2(I)Ewo(q)jw ’p
Pry(Pl) = { } (4.67)

1 1
Jdp exp{-5pT M2y} (aq)M 3p}

with M the diagonal mass matrix and ®g,(q) the N x N EW0-QCF matrix defined
as: ) )

Pon(a) = MQ%;‘)MQ (4.68)
Similarly to LHA, the Quantum Correction factor transforms the independent mo-
menta of the classical Boltzmann distribution into a generalized Gaussian distribu-
tion where all momenta are in principle correlated. Contrary to LHA however, the
EWO0-QCF is not tied to a normal modes analysis of the Hessian of the potential at
configuration q and is always well defined (i.e. positive definite by construction),
even for configurations where a harmonic analysis would give imaginary frequen-
cies (on barriers of potential energy for example). We can push the interpretation
further and consider the eigenvectors of ®gy,(q) which give characteristic modes
of the system that, contrary to the local normal modes used in LHA, account for
anharmonicity and quantum thermal motion.
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4.5.2 A simple 2D Hydrogen bonding model

In order to test the multidimensional generalization of our formalism, we performed
WiLD and ECMA simulations on the following two-dimensional potential[52]:

V(qg,Q) =D {6_20‘(%+q—d) _ 2e—a(%+q_d) " 1}

4 D§2 6*2%(%4’(]*6!) _ 267%(%4’(1*5[)
L AeBQ 56 (4.69)

V(q, Q) represents an asymmetric A-H-B hydrogen bond, between two different
anions A and B. The coordinate () is the A-B distance while ¢ is the distance of
the proton to the center of the A-B bond. We denote P and p the associated
momenta, respectively. The parameters are chosen as in ref. [52]: D = 60 kcal/mol,
a=252A ", d=095A, A=232x10° kcal/mol, B = 3.15 A ', C = 2.31 x 10
(kcal/mol).AS and the asymmetry factor £ = 0.707.

Figure 4.11 shows the position (panel a) and momentum (panel b) probability
distributions at 300K. These are obtained by integration of the Wigner density with
respect to momentum (resp. position):

Pua.Q) = [dpdPp.(a..Q.P) (4.70)

PopP) = [dqdQp,(0.0.Q.P) 4.71)

The figures show that, for these quantities, the zero-order EW0 approximation sam-
pled by the WILD very accurately reproduces the reference probability distributions.
In this case, the WiLD simulation is able to capture a variety of nuclear quantum
effects. First, we note that, at fixed () the quantum distribution in Fig. 4.11.a is
much wider than the classical one because of the high zero-point energy of the light
degree of freedom (¢, p). Moreover, the zero-point motion is responsible for a large
shift of the equilibrium position: quantum effects shorten the bond length and shift
the Hydrogen mean position towards the center of the bond.

In addition, in this 2D system, the p and P momenta are correlated, as it appears in
Fig. 4.11.b. The classical Boltzmann momentum distribution is separable and can
be written as a product of non-correlated Gaussian factors. However, in quantum
mechanics, this distribution is not necessarily separable due to the non-commutation
of the position and momentum operators, and momenta associated with different
degrees of freedom can be correlated. This is the case for the asymmetric hydrogen
bond model, as can be seen from the tilt of the 2D momentum distribution in figure
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Fig. 4.11.: Contour plot of the position (eq. (4.70), panel a) and momentum (eq. (4.71),
panel b) probability distributions for the asymmetric hydrogen bond model in
equation (4.69), at 300K (v = 64). The reference is obtained from a direct
numerical solution of the two-dimensional Schrédinger equation.
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Fig. 4.12.: Color map of the matrix elements of ®y,(¢, Q) for the asymmetric hydrogen
bond model at 300K. Panels (a) and (c) represent the diagonal elements cor-
responding respectively to the light and heavy degrees of freedom. Panel (b)
shows the off-diagonal matrix element. The contour plots of the probability
density are superimposed (dotted black curve). The gray area outside of the
lowest probability contour is not statistically relevant and it was thus excluded.
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4.5.3

4.11.b. The correlation in momentum space is indeed captured in the 2 x 2 matrix
k2(q, @) and it is therefore perfectly accounted for by the WiLD simulations, even at
the zero-order of the Edgeworth expansion. Fig. 4.12 shows the matrix elements of
.k (g, Q) obtained from k4 using equation (4.68). In the classical limit, the diagonal
elements are constant and equal to one while the off-diagonal element is null. In
contrast, in Fig. 4.12.a, the diagonal element for the light degree of freedom goes
down as low as 0.125, indicating large quantum effects. It also displays a marked
dependence on position, with almost a factor of 3 between its lowest and its highest
value, revealing a high degree of non-classical position-momentum correlation. As
expected, the diagonal element for the heavy degree of freedom, Fig. 4.12.c, is closer
to one but it still deviates from its classical value and varies with position (although
more weakly). Finally, the off-diagonal element in Fig. 4.12.b is non-zero and causes
the correlation in momentum space mentioned above.

Mexican hat potential: the curvature problem
We now consider the following two-dimensional potential:
— 2 _ 3 _ 3
Vi, y) = Dl(r TO) - (r TO) + 7<T ”’) ] (4.72)
o o 12 o

with r = /22 + 42 the distance from the origin, D = 116 kcal/mol, ro = 0.94 A the
equilibrium radius and o = 0.437 A. The potential in the radial direction is a Morse

potential (truncated at fourth order to avoid dissociation) and the system is free to
rotate in one direction. Figure 4.13 shows a colormap of the bidimensional potential
energy surface where we can see its rotational symmetry.
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Fig. 4.13.: Color map of the potential of equation (4.72) with D = 116 kcal/mol, o = 0.94
A and o = 0.437. The energy values are expressed in Hartree.

Potential (4.72) is built to highlight the so-called "curvature problem" that affects
some approximate quantum dynamics methods such as CMD (and, as we will show,
WILD) and that is present in simulations of more realistic systems (for example
water). For CMD, the curvature problem occurs at low temperature when the ring
polymer distribution around the centroid is very delocalized. This delocalization in
the curve of the potential causes the centroid potential to flatten at low temperature,
leading to an artificially red-shifted and broadened peak [86, 87].

A similar effect can be observed for WIiLD simulations. Figure 4.14 shows the
momentum autocorrelation spectrum obtained with WiLD at different temperatures.
The spectrum obtained by solving the Schrodinger equation (black curve in fig. 4.14)
displays a peak at around 3700 cm~! which position does not depend on temperature
(the reference spectrum has been artificially broadened in fig. 4.14 in order to match
the height of the WiLD peaks). We can see that at 600K, the peak given by WiLD is
quite sharp and close to the reference. For lower temperatures, we notice a gradual
red-shift and a broadening of the peak that are typical of the curvature problem. As
for CMD, this effect hinders the use of the WiLD for computing spectra of systems
that are subject to this type of curvature, for example the rovirational spectra of O-H
bonds in water. It would be interesting to explore if this problem could be alleviated
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Fig. 4.14.: Momentum autocorrelation spectrum obtained from WiLD and LSC-ECMA at
different temperatures for the mexican hat potential (4.72). The results are
compared to the exact spectra at 75K and 600K (with a Gaussian broadening
of width 16THz) obtained via the solution of the bidimensional Schrédinger
equation.

by using curvilinear path integrals to compute the WIiLD forces, as it has recently
been done in the case of QCMD (see ref. [88]).

Note that the curvature problem only affects the dynamics of the WiLD so that static
properties can still be computed (within the EW approximation). The curvature
problem does not affect LSC-ECMA as shown in figure 4.14: the position of the peak
does not depend on temperature and is very close to the reference. However, the
classical dynamics induces ZPEL in that case (especially at low temperature) so that
the intensity of the main peak is slightly understimated and that of the low-frequency
rotational peak (not shown in the figure) is overestimated.
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Nuclear Quantum Dynamics:
a step beyond the harmonic
oscillator

In the previous chapters, we have pointed out that a minimum criterion to design
a novel approximate quantum dynamics method is that it must be exact for the
harmonic potential since it is the lowest order approximation of any system close
to an equilibrium configuration. For the harmonic potential, one can analytically
show that all the methods presented in above are exact. The harmonic dynamics
thus constitutes a "common minimum denominator", and allows to discard some
approximations that would not describe it satisfactorily. However, it does not allow
to differentiate the approximations that fulfill this criterion.

It is thus desirable to obtain similar analytical, or at least rational, arguments to com-
pare the different methods on physically relevant anharmonic systems. Throughout
the previous chapters, we used the Morse potential of eq. (3.1), which is a strongly
anharmonic potential, in order to qualitatively compare several methods in a case
where an exact solution is available. In particular, we pointed out that the momen-
tum autocorrelation spectrum of the Morse potential displays an overtone that is
reproduced with different levels of accuracy by the different approximations: RPMD
and CMD strongly understimate the overtone at low temperature while LSC-IVR,
WiLD and adQTB show only small discrepancies compared to the exact result.

In this chapter, we take the comparison of the different methods one step further
and make it quantitative by considering simple model potentials, obtained by adding
anharmonic perturbations to a harmonic potential, that display typical anharmonic
effects such as overtones and combination bands. For these models we can derive
analytical results within the different approximations using perturbation theory. This
analysis is interesting for two main reasons. Firstly, it enables to put on mathematical
grounds the different characteristics (and to some extent the reliability) of these
approaches when interpreting computed spectral features. Secondly, it illustrates
that the lack of coherence effects in the dynamics cannot always be invoked to
explain missing features in approximate spectra. Indeed, all the methods considered
share the characteristic of coupling a sampling of the quantum thermal distribution
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5.1

with a (generalized) classical dynamics and yet perform very differently. This
indicates that the interplay between sampling and propagation is more delicate
than usually assumed and qualitative statements on this topic should be carefully
considered (note that similar analysis start appearing in the literature, e.g. ref. [59]).
Our results explain all the trends observed for the overtone of the Morse potential
and allow to trace them back to the treatment of position-momentum correlations,
rather than coherence effects to which they are often associated. Beyond the Morse
potential, our perturbative analysis provides some keys to examine anharmonic
resonances occurring in more complex systems such as the water molecule that we
present in section 5.4 and liquid and solid water in chapter 6.

In the first section, we introduce the simplest possible model for an overtone
consisting in a unidimensional harmonic potential subject to a cubic perturbation. We
then present a perturbative framework within which we derive analytical expressions
of the overtone intensity obtained in each of the approximate methods presented
in chapters 3 and 4. In the second section, we investigate the issue of combination
bands by applying the same perturbative analysis to a system of two weakly coupled
harmonic oscillators. In the third section, we focus on the Fermi resonance and use
the model and the perturbative results presented in ref. [109]. For all the model
potentials, we compare numerically the performance of the different approximate
methods in order to validate the perturbative approach. Finally, we shall extend
the investigation — numerically — to the more challenging case of gas-phase water
in the last section of this chapter. In order to perform these comparisons, we
implementated the various methods in a common framework for trajectory-based

quantum dynamics’.

Overtones: the perturbed harmonic oscillator

The simplest model for investigating overtones is given by the following potential:

1 A
Vig) = 5mw§q2 + §q3 (5.1)

which consists of a harmonic oscillator at frequency wy and a cubic term that we
will consider to be a perturbation to the harmonic potential. The parameter \ gives
the amplitude of the anharmonicity and acts as a control parameter. In practice, the

!The Fortran package we developed is available at https://gitlab.com/nqe-insp/QDPack
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cubic term can be treated perturbatively if we choose A such that the ratio of the
two components of the energy is small for all relevant positions:

ALe®])
W <1 (52)

where (-) refers to the expectation value over the thermal equilibrium distribution
at inverse temperature j3. At first order in A\, we can replace (-) by (-), which is the
expectation value over the unperturbed (harmonic) distribution:

m mcugq2
Pw,o(Q) X eXp{_%)(wo,ﬁ)} (5.3)
where oo 2
. 0
O(wo, B) = tanh(Bhwo/2) (5.4)

is the harmonic average quantum thermal energy. With this distribution, we have:

<q2>o,ﬁ - W (5-5)
1 /26(wo, B)\ >
(), 5 = 7= () (5.6)

Thus, to consider the anharmonic contribution as perturbative, we must have:

3,6
m=wy

A<\ 80 )

(5.7)
Under condition (5.7), the dynamics of the system is mainly harmonic with a small
overtone contribution at frequency 2wg. Moreover, under this condition, the region
where the potential diverges to —oo for ¢ — —oo is not explored (if the dynamics is
initialized at a position close to ¢ = 0, the probability that it escapes from this local
minimum is negligible).

We will measure the intensity of the overtone at inverse temperature [ by its
contribution 7(/3) to the (generalized) vibrational density of states:

2wo+Aw
n(B) = /2 éKvpp(‘*’%ﬂ)dw (5.8)

wo—Aw T

with K,,(w; 8) the (Kubo-transformed) momentum autocorrelation function at
inverse temperature $ and Aw a frequency interval chosen in a way to encompass
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5.1.1

the whole overtone region. Note that, according to the fluctuation-dissipation
theorem of equation (3.47) (and using eq. (2.38)), we have the relation:

%Kpp(w) = 2Re[xpz(w)] (5.9

with x,,(w) the linear susceptibility defined in chapter 3.3. For a harmonic system,
2 Re[xpz(w)] is the vibrational density of states (VDOS) and, in this chapter, we will
use this denomination even for anharmonic systems. Using the definitions provided
here, the classical and quantum VDOS coincide in the harmonic case (A = 0) for
all temperatures. However, we will show in the following that, in the anharmonic
case (A # 0), the quantum and classical temperature-dependence of 7 are very
different: the overtone contribution to the VDOS goes to zero at low temperature in
the classical case while it saturates at a non-zero value in the quantum case.

In the following sections we will derive analytical expressions for n (by treating the
cubic potential as a small perturbation), within the different approximate quantum
dynamics frameworks presented in the previous chapters and compare them to the
classical and the exact quantum reference. We also check the analytical expressions
against numerical simulations. We use wy = 1500cm ™!, A\ = 21 kcal mol~! A" and
m as the proton mass for all numerical applications. We performed simulations of
the different methods for temperatures between OK and 3000K. The momentum au-
tocorrelation spectrum is extracted from the simulated trajectories and the overtone
contribution to the VDOS is obtained by integrating the spectrum on an interval Aw
appropriately chosen around 2wy.

Classical correlation function

We recall the definition of the classical momentum-momentum time correlation
function:

Kpp(t) = / dgdp pu(q,p) p e*d'p (5.10)

where p, (g, p) is the classical Boltzmann density defined in equation (2.1) and L
is the classical Liouville operator defined in equation (2.4). Note that we switched
the notation of the classical TCF from c,, to K, in order to emphasize the analogy
with the Kubo-transformed quantum TCF.

The methodology that we use to compute 7 in the classical case goes as follows: (1)
we expand the density p, in powers of the anharmonicity parameter A. (2) We write

Lyt

the Dyson expansion of the time propagator e at second order in A (the order

at which the overtone contribution appears, as we will see in the following) and
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iLaty, (3) we combine the two previous results

compute the propagated momentum e
by averaging the second-order expansion of pe*“‘p on the distribution p,. This will
give K,,(t) at second order in A. (4) Finally, we compute the Fourier transform of
K,,(t) to obtain the overtone contribution to the VDOS 7 using eq. (5.8).

Note that for simplicity, we will only show here the key elements of the derivation
and will not detail all the calculations which are quite technical but only involve
elementary operations. Most of the developments for the approximate quantum
methods use essentially the same methodology. Therefore, the derivation is pre-
sented in more details for the classical case, which we refer to in the following

sections.

Let us begin by splitting the Hamiltonian into a harmonic part and a perturbation
H(q,p) = Ho(q,p) + %q?’. The perturbed Boltzmann density, expanded to second
order in ), is then given by:

Pala,p) = eﬁHZ(qp) = Paola:) ll M X <q6>0)] +0(3) (511

3 18

where p,,(q, p) is the unperturbed harmonic Boltzmann density and (-), denotes
the expectation value over p, . The term in (¢®), comes from the expansion of the
partition function (a first-order term in <q3>0 should also appears but it is equal to
zero by parity).

The classical Liouville operator of the system can be written as:

iLg =1Ly — )\q288p (5.12)

where iL is the harmonic Liouville operator. We use the Dyson expansion of the

Lyt

classical time propagator to rewrite the perturbed propagator e*~" as a series of har-

monic propagations (that are represented by the operator e?~ot

and can be computed
analytically) with intermediate applications of the perturbation Liouvillan —)\q2a%
at different times. The Dyson series of the classical time propagator truncated at

second order is given by:

eibat — gtlot _ )\ /t ds eiLO(t_S)qgﬁ eikos (5.13)
0 dp
t 51 ) o . o
2 ’Lﬁo(tfs1) 2 Y z£0(51782) 2 Y iLoso 3
—i—)\/odsl/o dss e qape qape —i—(’)()\)

The zeroth order of the expansion corresponds to a purely harmonic propagation.
The first order corresponds to a single application of the perturbation at a time s
between 0 and ¢ with harmonic propagations from time O to s and s to t. The second
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order corresponds to two applications of the perturbation at different times and so
on for the higher orders. The effect of the harmonic time propagator ¢“°* on ¢ and

pis:

eiﬁ()s

q = qcos(wps) + sin(wops) (5.14)

mwo
e£035p = pcos(wps) — mwoq sin(wos) (5.15)
Using (5.11) and (5.13), we can compute the TCF of the perturbed system using
only properties of the harmonic density and time propagator. In the following, we
will denote K, IS;J) (t) the contribution at order ¢ of the density expansion and order j

of the Dyson series. At second order in A\, we thus have:

i+j<2
Kp(t) = Y K1) +0()) (5.16)
i’j

Note that since the unperturbed Liouvillian (i.e. the harmonic dynamics) does not
produce overtones, none of the KI%O) contribute to the intensity of the overtone
(and thus do not appear in the calculation of 7). In particular, since K,&ZO) does not
contribute, one does not need the second order of the expansion of the distribution

)

to compute 7(3). In this section, we nonetheless compute all of the K,();,J in order to

show the expression of the full TCF at second order in A, for completeness sake.

The unperturbed contribution is given by the standard result for the classical har-
monic oscillator:
m
KI()?)O) (t) = 5 cos(wot) (5.17)

Using the parity and separability of the harmonic Boltzmann density, one can easily
show that:

01) __ 10) __ 20) __
KD = KO = K3Y =0 (5.18)

The first anharmonic contribution to the correlation function is thus of second order
in A and comes from the two contributions K,(,Il,l) and K},?f). Using first orders of
both (5.11) and (5.13), we obtain:

\23 b 9

11 _ 3 Lo(t—s) 2 L

KR (t) = 3 /dqdp Pao(a;P) ¢°p /0 ds e'c0l=s)g o e"=p (5.19)
5.1 Overtones: the perturbed harmonic oscillator
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After applying the time propagators and using symmetries of the density again, this
term is given by:

2)\2 t
K@) = 22 (gt (1), [ ds costuns) costunft = 5)) snent — 5)
2
= 3771222}6/62[008(0.)025) — cos(2wot)] (5.20)
0

Finally, the second order of the Dyson series gives:

t S1 . J . a
02 _\2 iLo(t—s 2 iLo(s1—s 2 iLos
K2 (t) = A /dqdppd,o(q,p)p/o d81/0 dsy efolt=s1) g o ols1=s2) g a° 0%2p
(5.21)
After applying all the propagators, averaging over the harmonic density, computing

the time integrals and simplifying the expression, we obtain:

1 2
KZ()?)Q) (t) = QWL;](jSBQ[COS(QW()t) — cos(wot) + %wot sin(wot)] (5.22)

The full expression of K,(t) at second order in X is then:

)\2

m
Kpp(t) = — COS(UJOt) + ng

B <g[cos(2wot) — cos(wot)] + gwot Sin(wot)> +O(>\3)

(5.23)
Finally, we use equation (5.8) to obtain the overtone contribution to the classical
VDOS, at second order in A, as:

S
N Im3ws

na(8) gt +0(N) (5.24)

We can already note that this quantity tends to zero linearly with T" at low tempera-
ture: the system freezes close to the potential minimum where the anharmonicity is

negligible and the (classical) overtone disappears.?

quuation (5.22) contains a term proportional to wot sin(wot) which diverges when ¢ — co. This
term, called a secular term, is a well known artefact of this type of Dyson series (see refs. [110,
111]) and can be removed using multiple-scale perturbation [112, 113], resummation techniques
[114, 115] or by using an appropriate change of variables (for example action-angle variables as in
ref. [116]). As this term does not affect the overtone intensity (as confirmed by numerical tests),
we simply chose to discard it and to discard similar terms appearing in the perturbative calculation
for the approximate quantum methods.
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5.1.2 Quantum case: exact and linearized dynamics

We now move on to the quantum case. In appendix C.1 we show, using perturbation
theory on the eigenstates of the harmonic oscillator, that the contribution of the

overtone to the quantum VDOS is given by:

4)\2

= — 5.25
Im3w$ ( )

1o(59) O(wo. ) + O(N°)
As expected, in the high temperature limit, the classical and quantum results coincide.
However, at low temperature, ©(wo, ) — fuwg/2 and thus, as shown in figure 5.1,
7, tends to a constant while its classical counterpart tends linearly to 0. Quantum
perturbation theory shows that, at low temperature, the overtone is produced by
the transition from the fundamental energy level to the second excited state. Since
the fundamental energy level is always populated, this transition is possible even
at temperatures close to zero and thus the intensity of the overtone tends to a

constant.
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Fig. 5.1.: Intensity of the overtone quantified by 4 (eq. (5.24)) in the classical case (dashed
line) and 7o (eq. (5.25)) in the quantum case (solide line) for the potential (5.1)

o _3
with wy = 1500cm ™! and A = 21 kcalmol "' A ". The perturbative expressions
are compared to numerical results obtained from classical MD (blue points) and
from the resolution of the Schrodinger equation on a grid (red points).
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In order to set the stage for the different LSC-IVR approximations, we propose
here another derivation of equation (5.25) in the IVR framework. We recall the
expression of the real part of the standard momentum-momentum TCF (see section
2.2.2):

Cpp(t) = / dgdp p,(g,p) p e*“<'p (5.26)

with p, the Wigner distribution defined in equation (2.16) and i£L¢ the quantum
Liouvillian defined in equation (2.30). The perturbative calculation of ¢,,(t) requires
to expand the Wigner distribution (or its approximation as we will see later) in
powers of \ and to compute the Dyson expansion of e*“@*p. As discussed in the
previous section, since the harmonic dynamics does not produce overtones, only the
first order of the expansion of the distribution is needed to compute 7. The Wigner
density expanded to first order in \ is given by (see the derivation in appendix

C.2):

_ Mg (©Q2w,B) 20 (5 O(2w, )
Pu(@:P) = Pouo(a,p) ll 2(@(%5) 1) 600 ) <2 WG )

mwg
3m2w3O(wo, B) \ O(wo, B)

T (’)(AZ) (5.27)

where the unperturbed (harmonic) Wigner distribution is given by:

2
1 p 1 2,2
e_ ©(wq,B) (2nz+§mw0q )

_ 5.2
Puo(@5 D) ﬁ—l—%mw%(ﬂ) (5.28)

[ dgdp e_m (2’”
which is simply the classical harmonic Boltzmann distribution with 5~ replaced
by the harmonic average thermal energy O (wy, 8) = uso/2

= tanh(Bhwo/2)
(by replacing every © by their classical limit 5~!) that the classical limit of the

. It is easy to show

distribution (5.27) yields the first-order expansion of equation (5.11). As for the
classical Boltzmann distribution, the harmonic Wigner distribution does not display
position-momentum correlations. However, position-momentum correlations appear
in the perturbed distribution through the term proportional to ¢p? in equation
(5.27).

We now show that the LSC-IVR approximation, i.e. replacing the quantum Liouvillian
by the classical one in equation (5.26), is exact for the potential (5.1) at least up

5.1 Overtones: the perturbed harmonic oscillator

100



to second order in the anharmonicity parameter A. Due to the simple form of the
potential, the quantum Liouvillian of eq. 2.30 can be written explicitly as:

AR? 93
Lo =1Ly + — 12 058 (5.29)

where iL, is the classical Liouville operator (5.12). A Dyson expansion of the
quantum Liouville time propagator gives the following propagation of p:

; o3
ezEQtp ZCdtp—i— T / dse iLo(t— s)8 Sezﬁosp

234 3
)\ h / d81/ dSZelﬁo(t s1) Y a 7,50(81782)6761'[:032])

144 op? op?

)‘2h2 iLo(t—s 2 0 zﬁ $1—S 83 zL s
/ dsl/ dsgettoli=s1)g (‘9p 01— Z)apg 2p

/\2h2

_ T ; d81 /0 d8262£0(t_51)87]9367“60(81_82)q287p61£082p (530)

+0(X)
Since g—seiﬁo‘*p = % (p cos(wps) — mwpgsin(wps)) = 0, the first three perturbation

93 1£05 2 _ 93

terms are null. Moreover, since T P

¢ = s (qeos(ens) - 7 sin(wos))? = 0,
the last perturbation also cancels and thus:

¢ilaty — gilaty, O(A?’) (5.31)

A classical propagation of p then gives the same result as a quantum propagation at
least up to second order in A. Thus, the LSC-IVR approximation to ¢, is exact up to
this order. In this situation, all the quantum effects involved in the computation of
¢pp for this potential are thus contained in the initial Wigner distribution p,_ (g, p) and
quantum dynamical effects, such as real-time quantum coherence, play no role in
the intensity of the overtone. Note that this result applies to any linear combination
of p and ¢ but does not apply to nonlinear observables. This suggests that, in general,
LSC-IVR might be more reliable for linear observables than nonlinear one.

Using the exact Wigner distribution expanded to first order in A\ (5.27) and the
Dyson series of the classical time propagator (5.13), one can follow the same
steps as for the classical case to compute the different orders of ¢,,(¢). One can
then use relation (2.38) to obtain the contribution of the overtone to the VDOS at
second order in A which is, as expected, given by equation (5.25). Note, however,
the following subtlety: even if the effect of the classical propagation on p is the
same as the quantum propagation (at second order in ), see eq. 5.31), it does not
mean that the Wigner distribution is conserved by the classical dynamics (one can
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indeed show that iL.p, (¢, p) is not null at first order in A). It is therefore very
interesting to remark that the correct ¢, spectrum can be obtained even if the initial
distribution is not conserved by the dynamics. It should be investigated further
how this particular result can be generalized to more complex systems but the
accuracy of the TCFs obtained with LSC-IVR (with well distributed initial conditions)
is somewhat strengthened by this observation, at least for linear observables.

In the following, we will compare the approximation to 7 (/) obtained with ECMA,
the global harmonic approximation, LHA and FK-LPI and show that an accurate
description of the initial Wigner distribution is of the utmost importance to properly
reproduce the overtone intensity.

Edgeworth Conditional Momentum Approximation

The ECMA uses the exact marginal position distribution p!"'(¢) and approximates the
conditional momentum distribution p¢(p|q) with a Gaussian distribution character-
ized by the EWO-QCF of equation (4.50). The exact marginal position distribution
and conditional momentum distribution obtained from equation (5.27) are given
by:

2 2
mwnq

- o~ 2600.B) 20q [ O(2wo, B)
_ 1- -1
e % 27r@(w(),ﬁ)/mw3{ s ( Ol ) )
2)\(]3 5 @(20-)075) 2

S e e ) IR CONEED
. B o~ 0@ B A (O(2wo,B) L — 2
Pulpla) = 2mmO (wo, B) ll " 3mw ( ©(wo, B) 1> (m@(wO,B) 1> i O()\ )
(5.33)

One can show (see appendix C.2) that the EWO0-QCF is given, at first order in ),
by:

Pewo(q) = BO(wo, B) [1 + 3?2253 ( %((2:;()” Q - 1)} + O()\2> (5.34)
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The EWO conditional momentum distribution is then:

2
67 2mPrwo (9)

pnz(p‘Q) = QW@Ewo(Q)m/ﬁ
e TP A (O@wo,B) N[ PP 2
o 2rmO(wo, B) ll + 3mw8< O©(wo, B) 1> <m@(wo,ﬁ) 1)] " O<)\ )

(5.35)

which is equal to the exact conditional momentum distribution (5.33) at first order
in A. Since ECMA uses the exact marginal position distribution, the ECMA approx-
imation to the Wigner distribution is exact at first order in A. Furthermore, since
classical dynamics gives the exact result at second order in perturbation, LSC-ECMA
gives the correct overtone intensity and thus

Moo (B) = 10(8) + O(X°) (5.36)

Global Harmonic Approximation

In order to emphasize the importance of the correct position-dependence in the
conditional momentum distribution, we consider a global harmonic approximation to
the Wigner distribution that we will denote IVRO. We define the IVRO approximation
as the exact marginal position distribution (5.32) times the harmonic momentum
distribution of equation (5.28). The IVRO distribution thus does not feature position-
momentum correlations. We compute 7go(/3) using the same reasoning as in the
previous subsection, substituting the ECMA with the IVRO distribution, and obtain:

_ 4)‘2 @2 (w(]v ﬁ)
~ 9ImBws ©(2wo, B)

O(wo, B)

Nvro(3) W

+O(X) = 1o(8) +0(X) (5.37)
which is the exact value of » multiplied by the factor ©(wo, 5)/0(2wo, #). This
factor equals 1 in the classical limit (8 — 0) and 1/2 in the zero-temperature limit
(8 — o0). It is interesting to see that neglecting position-momentum correlations
results in an underestimation of the overtone intensity by a half. Note that the same
result can be obtained with a classical MD simulation thermostatted at temperature
©(wo, B)/kp instead of the physical temperature. As we will see later, this is strongly
related to the QTB approximation to (/).

5.1 Overtones: the perturbed harmonic oscillator

103



Local Harmonic Approximation

The LHA uses the exact marginal position distribution (5.32) and approximates the
conditional momentum distribution using the local frequency (obtained from the
curvature of the potential, see equation (3.7)). The local frequency for the potential
(5.1) is given by:

02(q) = + 2 (5.38)

m

If condition (5.7) is enforced so that the cubic potential is a small perturbation,
Q?(q) should be positive for all relevant positions and thus the LHA approximation
is stable (see section 3.1).

The LHA-QCEF is then given, at second order in \, by:
A
Bua(a) = 30 (w0 5) (1 05 (1+ 3020, 6) — 230(w0. 5)) ) + O(X?)  (5.39)
0

and the LHA conditional momentum distribution is:

2

(14 SO(2wo, B) — 2680 (wo, B)) (295) - 1)1

mO(wo,

bk
e 2mO(wq,B)

1+
2mmO(wo, B)

pLHA(p‘q) =

q
2mw?

1 O(A2) (5.40)

We compute 7, (5) using the same reasoning as above with the LHA distribution
and obtain:

O(wo, B) [5

M (B) = UQ(B)W 5

3
+ 5B(6(2uw, 8) — 26(wo, ﬁ))] +O(X)  (5.41)
The LSC-LHA thus gives the correct result in the classical limit (as the factor that
multiplies 7, tends to one) and 7, — %UQ in the zero-temperature limit. The
overtone contribution to the VDOS is thus slightly overestimated.

Feynman-Kleinert Linearized Path Integrals

The derivation of the momentum ATCF in the LSC-FKLPI approximation is quite
cumbersome and goes as follows: we start by writing the perturbative expression
of the FK optimal frequency and of the frequency of the fluctuations (respectively
defined in equations (3.18) and (3.17)). We then expand the distribution of the
fluctuations and compute the TCF at fixed centroid position. Finally, we average
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over the centroid position (using the perturbative centroid distribution obtained in
section 5.1.5).

Due to the parity of the fluctuation distribution in equation (3.18) and the linear
dependence in position of the local frequency (5.38), it can be shown that the FK
optimal frequency is equal to the local frequency:

2
Qi) = wf + g (5.42)

We then obtain from equation (3.17) that

wg

tanﬁ%uO) -1

92@6) =

2 (1 ~ugl—ug +uotanh2(u0)>

1 -
e mw? 2 up — tanh(uo)

+0(2?)

(5.43)
with ug = Bhwo/2. Since Q% is the local frequency, the FK-QCF is equal to the
LHA-QCEF, see eq. (5.39), at first order in A, evaluated at the centroid position ..
One can then expand the fluctuation distribution to first order in A\ and compute the
TCF at fixed centroid position. Integration over the perturbed centroid distribution
(obtained in section 5.1.5) then yields LSC-FKLPI approximation to 7(f3) which
reads:

B 3 3 20 (wo, )
m(B) = mo(B) |5 + TN @(2wo,ﬁ)] +(’)()\3) (5.44)

The LSC-FKLPI then gives the correct result in the classical limit (as the factor
multiplying 7, tends to 1 when 5 — 0) where the fluctuations around the centroid
are negligible and the centroid behaves classically. In the zero-temperature limit,
N — 7o/2. The overtone contribution is thus globally underestimated. The zero-
temperature limit is the same as IVRO, which can be understood in the following
way: at kgT = 0, the centroid is frozen at the minimum of the potential and thus the
fluctuations are purely Gaussian without position-momentum correlations, similarly
as IVRO.

Matsubara dynamics

We now turn to path integrals methods. In this section, we show that Matsubara
dynamics yields the exact result, at second order in ), for the overtone intensity. We
will also show in the next sections that RPMD and CMD yield the classical result
for 7, thus losing the correct distribution of energy when approximating Matsubara
dynamics.
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We recall the Matsubara dynamics approximation to the Kubo-transformed momentum-
momentum TCF:

1e(0) = Jim_ [ QAP p,(Q. P) Py et By (5.45)

where Q = (Qn)nerm and P = (P,)nen are the M first Matsubara modes (with the
notation n € M denotingn = —(M —1)/2,...,(M —1)/2 ) among which (Qo, Fo)
is the centroid, p,,(@, P) is the Matsubara quasi-density defined in equation (3.33)
and iL); is the Matsubara Liouvillian defined in equation (3.30). For the potential
(5.1), the Matsubara potential is given by:

1 A
Um(Q) = §mw(2) > Qi+ 3 > AQiQiQk (5.46)
nemM i,5,k€EM
where
N
Ajje = Hm VN TuT, Ty (5.47)

=1
with (7};) the transfer matrix between the normal modes and the spatial ring-polymer
coordinates defined in equation (3.26).

The Matsubara Hamiltonian and Liouville operator can be split into a harmonic part
and a perturbation:

A
Hu(Q,P)= > Ho(Qn, Pa) + 3 > AQiQ;Qk (5.48)
nemM ,5,k€EM
0
iLy(Q,P)= > ilo(Qu. Pa) =X > AipQiQi 55 (5.49)
nem i keM k

where Hj and iL, are the classical harmonic Hamiltonian and Liouville operator,
respectively. Note that, for a harmonic system, the Matsubara modes evolve indepen-
dently from each other with the classical harmonic equations of motion (propagated
using equations (5.14) and (5.15)). In particular, all the fluctuation modes are
decoupled from the centroid so that coupling only occurs through the perturbation.
We denote the unperturbed Matsubara distribution as:

e_ﬁHO(anPn)

Puo(@, P) = P (@) TT — (5.50)
nem n,0
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with Z, o = [dQ,dP, e~ BHO(Qn,Pu)+3mi7Q7) and &pn, = 2nm/Bh. Normalization of
Py, €an be verified by performing the momentum integrals by analytic continuation
(see ref. [44])

e‘ﬁém(wo'ﬁ*’ )Q2

P pus(Q. P) = ol
/d pM,O(Q’ ) nle_/[\/( fdQne—ﬂgm(wg"‘w%)Q% (5 > )

and finding that the position marginal density (5.51) is the standard imaginary-
time path-integrals harmonic density for the Matsubara modes. We now use the
same method as for the classical case in the extended Matsubara phase-space. The
Matsubara distribution is expanded as:

pM(Q7P) = pM,o(Qap) |} - % Z Aijk’QinQk

1,5,k€EM

62)\2 2 2
T > 4QiQiQk | — < > ArQiQiQk >
0

i,j,keM i,j,keEM

+0()

(5.52)

The time propagator can be expanded at second order using the same Dyson series
as (5.13) with the perturbed Matsubara Liouvillian (5.49). As in the classical case,
we decompose the Matsubara time correlation function (5.45) as:

i+5<2

Z K i() + 0(»?) (5.53)

Since all the Matsubara modes are decoupled from the centroid for the unperturbed
dynamics, it is relatively easy to show that:

K%(OO) (t) = %cos(wot) (5.54)

which is the standard result for the harmonic oscillator. One can also show, using
the parity of the harmonic distribution that:

M(10) _ g-M(01) _
K0 = gMOD = o (5.55)
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The first non trivial term in this perturbative analysis arises from the second order of
the distribution combined with the unperturbed dynamics and is given by:

2A2
KM (0 = 22 [4QAP py,(@, P) P conleant
2 2
X ( > AiijinQk) —<( > AijszinQk) > (5.56)
i jkeEM i jkEM 0

This term too, however, leads to a null contribution. Since the phase factor ¢3¢ (Q.F)
in (5.50) does not couple P, to the other modes, the integrals in Py and @) can be

performed independently so that the difference in the second line cancels and thus
K0 — g,

Moving on to the following terms, and using the same reasoning as in the classical
case, one can also show that:

? 4
Klj)‘g(ll)(t) = ;;;fg [cos(wpt)—cos(2wpt)] /deP Paio(@, p)po2 (Q% Z Q@z . C?))o)
i#0
(5.57)

Since the integrand does not involve P; (;.g), one can integrate out the momenta
first to recover the marginal position density (5.51) and obtain:

KM@y = ﬁ[cos(w t) — cos(2wot)] <Q2> > <Q2> + @ (5.58)
P "~ 3w2 0 0 0 05\ o 3 '

Since the density for Q is Gaussian, we have (Q3), = 3(Q2)? and thus K,
simplifies to:
2)2

K%(ll)(t) = 3mw§ﬂ[cos(w0t) — cos(2wot)] Z <Qi>0 (5.59)
neM

When the number of Matsubara modes tends to infinity, the sum appearing in
equation (5.59) can be expressed, recognising that in the limit M — oo it is related
to the average harmonic potential energy by:

1 1
lim 3 Cmed (Q2) = 56w, 8) (5.60)

M 0
oo nem
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514

so that we can rewrite

i KM = 2 g
M—oo PP 3m2wgﬂ

wo, B)[cos(wot) — cos(2wpt)] (5.61)
Finally, using the same reasoning as above, and after quite cumbersome calculations,
it can be shown that the remaining second order term in the expansion of the TCF
is:

A2

10 )

- M(02 :

MhinOO Kpp( )(t) = m2wgﬁ@(wg, B) (9[008(2w0t) — cos(wot)] + gwot sm(wot))
(5.62)

Combining the results above, the Matsubara TCF is thus given, at second order in ),
by:

2?0 (wo, )

Mats ___ m
K = — cos(wot )+ 2t B

; (4 [cos(2wot) — cos(wot)] + gwot sin(wmﬁ)) +0 (/\3)

9
(5.63)
The contribution of the overtone to the VDOS, approximated using Matsubara
dynamics, is then:

4)\2

- 3, ,6
Im wg

s (9) Owo, B) + O(X*) = no(8) + O(»?) (5.64)
which is the exact result. It is interesting to note that, while the zero-order term in
equation (5.63) is purely classical and only involves the centroid dynamics, the term
that constitutes the overtone is produced from the anharmonic interactions between
the centroid and the fluctuation modes.

In the following paragraphs, we will investigate the most common approximations
to Matsubara dynamics, which are Centroid Molecular Dynamics (CMD) and Ring-
Polymer Molecular Dynamics (RPMD). Both methods are exact in the harmonic
case but, in contrast with Matsubara dynamics, display a classical behavior of the
overtone intensity.

Ring-Polymer Molecular Dynamics

The RPMD approximation to the Kubo-transformed momentum ATCEF is similar to
the Matsubara expression except that the analytic continuation for the momentum is
performed also in the dynamics to integrate out the phase (see section 3.2.2). This

3Like in the classical case, equation (5.63) contains a term proportional to ¢. As in the previous case,
we are going to discard it, based on similar motivations.
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does not change the time evolution of the centroid but results in a modification of
the frequency for the fluctuation modes. The derivation of the perturbative RPMD
approximation to Ky, is very similar to the one for Matsubara dynamics. We perform
the same steps as in section 5.1.3 and replace p,, and iL, by p,, (equation (3.37))
and iLg (equation (3.38)) respectively. After setting the number of Matsubara
modes to infinity, the final result is given by:

RPMD m 4N2 w
KPP (t) :E COS(WOt) + W[COS(2w0t) — COb(th)]
2
2 .
T m(@(woa t) + *ﬁ_l)wot sin(wot)

W
T e 6522 (wg +@2) (3w + 4@2)

+ im;i()él@% [cos (2\ Jw + w%t) — cos(wot)b + (9()\3)

(wot sin(wot)

(5.65)
And thus the RPMD approximation to 7 is:
_A 3\ _ 3
thewo(B) = 5558 +O(N) = () +O(¥) (5.66)

which is the classical result. As explained in ref. [44], when approximating Matsub-
ara dynamics with RPMD, energy is transferred from the physical frequencies to the
internal modes of the ring-polymer. These spurious frequencies appear in the last
line of (5.65) and come from the anharmonic interaction between the centroid and
the fluctuation modes. In the original Matsubara Liouvillian, the fluctuation modes
all evolve at frequency wy and interact anharmonically with the centroid so that
each fluctuation mode contributes to the overtone at 2wq. In the RPMD Liouvillian,
the fluctuation modes evolve at different frequencies and interact with the centroid
to give contributions at 2,/w? + &2 instead of 2wy. Thus, the only contribution to
the overtone intensity is the classical centroid overtone.

Centroid Molecular Dynamics

The CMD approximation to the Kubo-transformed momentum autocorrelation func-
tion is similar to the classical momentum ATCF, except that the potential V' (and the
corresponding Liouville operator) is replaced by the centroid potential V; defined
through the centroid mean-field force F; of equation (3.43). To obtain a perturbative
expression of the CMD force, we expand the Matsubara distribution (at fixed cen-
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troid position) at second order in A. Using symmetries of the harmonic Matsubara
density, we obtain the following perturbative expression for the CMD force:

ﬁ@ 7/6 -1 C 56
Fe(Qo) = —mwgQo = AQG — A% - N%W +0(X) (5.67)

with the adimensional parameter

BO(wo, B)
2

ac(wo, B) =1+ (6O (2w, B) — 280 (wp, B) — 1] (5.68)

After integration with respect to @y, we obtain the following centroid potential:

BO(wo, B) — 1 2 ~2 @c(wo, B) 3
ﬁmw% +AQ 5m2w§ + O()\ ) (5.69)

Ve(Qo) = V(Qo) + Qo

If we proceed exactly as in the classical case by treating all terms of order A\ and
higher in the potential as perturbative, we obtain the following expression for the
CMD approximation to the TCF:

m A2 2 .
K;}PD/ID(t) = 5 cos(wot) + W 3 + O (wo, B) — ac(wo, ﬁ)} wot sin(wot)
a8 2wt ] +0(X) (5.70)
+ W[COS( wot) — cos(wot)] + ( ) .
The CMD approximation to 7 is then:
A 3
77CMD(5) = 9m3w8I8 + O()\ ) = Ucl(,@) (5.71D)

which is the classical result. The quantum behavior of the overtone is thus lost
when integrating out the fluctuation modes in the mean-field approximation used
to obtain the CMD approximation to Matsubara dynamics. Indeed, as we noted
in the previous paragraph, the dynamical coupling between the centroid and the
fluctuation modes, which is neglected in the mean-field approximation, reinforces
the centroid overtone in order to give the correct amplitude in the full Matsubara
dynamics.

Comparison and conclusions

For the numerical application of our results, we used wy = 1500cm~! and A =
21 kealmol 1A~ Figure 5.2 shows the overtone contribution to the VDOS 7 as
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a function of temperature computed with the different methods. For all methods
analysed in the previous sections, we show both the reported analytic results and the
data from numerical simulations of the system. As expected, since in the numerical
experiments we ensured that we are in the correct perturbative regime, the two sets
are in excellent agreement.

In addition, the figure reports results of simulations for two more methods considered
in this thesis: QTB and WiLD propagation. Unfortunately, the perturbative analysis
for these approaches is considerably more complicated than those reported and
obtaining analytical results proved too difficult. Some insights can, however, be
gained from a qualitative discussion of the numerical evidence.

1.75e-04
1.50e-04
1.25e-04
1.00e-04
(<] Nei
— Mivro
7.50e-05 — N
— N
5.00e-05 I ReMD
-00e- CcMD
I QB
2.50e-05 p I _WiLD
- I LsC-LHA
i 1 LSC-ECMA
0.00e+00{—~~ I LSC-FKLPI
0 500 1000 1500 2000 2500 3000

Temperature (K)

Fig. 5.2.: Contribution n of the overtone to the VDOS as function of temperature for
the potential (5.1) computed using different methods. Lines are perturbative
expressions, points are simulation results.

We show in appendix C.2 that the WiLD samples the exact Wigner distribution up
to first order in A. Thus, propagating classical trajectories from initial positions
sampled using WiLD, in the IVR spirit, gives the exact result for the overtone (as for
LSC-ECMA). However, the figures show that computing 7 directly from the WiLD
trajectories yields a slightly underestimated value at low temperature. It is not trivial
to examine the origin of this inaccuracy in the WiLD propagation and we leave this
task for future work. Still, the WiLD gives the correct qualitative result and is closer
to the exact result at low temperature than the other approximate methods (except
for LSC-ECMA and Matsubara dynamics).
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Fig. 5.2 also shows QTB simulations results obtained from the QTB approxima-
tion to K,,. These results are strikingly close to the IVRO results and thus yield
a qualitatively correct temperature-dependence of the overtone (the saturation at
low temperature) but underestimate the overtone intensity by a factor two at low
temperature. This can be understood noting that the short-term QTB propagation
corresponds to the classical propagation (on time scales shorter than y~1) but the
thermalization is quantum in the sense that it includes zero-point energy, but without
any position-momentum correlation, as it was noted in ref. [101].

We showed in section 3.3 that the (generalized) vibrational density of states
2 Re[xpz(w)] can also be estimated in a QTB simulation using the cross correla-
tion function of the momentum and stochastic force Re[Cyr(w)] via eq. (3.54). For
anharmonic systems, we noted that the two QTB estimators of the VDOS might differ.
Figure 5.3 shows the QTB approximations to 7 obtained using the two different
estimators of the VDOS. One can see that the two estimators are indeed different and
that the estimator obtained from C),r is much closer to the exact value (with larger
error bars due to a noisier behavior of the spectrum) than the one obtained from
Cpp. One could use the adaptive QTB scheme described in section 3.3.4 in order to
compensate this difference and obtain the correct VDOS from C,,. It is however
difficult to correctly adapt the ~,. coefficients as the overtone intensity is very low
compared to the main peak. It is however encouraging that the FDT criterion is able
to detect the discrepancy between the two estimators of the VDOS. This result is
consistent with the observations made on the Morse potential in section 3.3 and, for
this particular system, we were able to correct this mismatch for the overtone using
the adQTB.

For this perturbative model, both CMD (not shown in figure 5.3) and RPMD yield
the classical result for the overtone which linearly goes to zero at low temperature.
On the other hand, Matsubara dynamics yields the exact result (at least at second
order in perturbation) so that the quantum behavior of the overtone is lost in the
approximations inherent to CMD or RPMD.

Finally, it is interesting to compare the different flavors of LSC-IVR stemming from
different methods for sampling initial conditions. For this particular model and for
linear observables, we showed that the classical dynamics correctly describes the
time propagation at second order in perturbation. Thus, only statistical effects (i.e.
the approximation to the Wigner thermal density) influence the result and quantum
coherence is not responsible for the differences between the LSC-IVR and the exact
results. Here, we see that ECMA allows to sample the exact Wigner density (at first
order in \) so that LSC-ECMA yields the correct overtone intensity. Moreover, it is
surprising to see that the LSC-LHA and LSC-FKLPI, which are designed to behave
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Fig. 5.3.: Contribution 7 of the overtone to the VDOS as function of temperature for the
potential (5.1) computed with the two different QTB estimators for the VDOS.

well for nearly harmonic potentials, are not able to capture the correct behavior
of the overtone: LSC-LHA systematically overestimates its intensity and LSC-FKLPI
underestimates it. This is consistent with the observations made on the Morse
potential in chapter 3 and can be related to the ability of the different methods to
reproduce the position-momentum correlations of the Wigner distribution.

In conclusion, the analytical results obtained are consistent with the observations
made earlier for the Morse potential of chapters 3 and 4, in particular the fact that
CMD and RPMD miss the quantum effects on the overtone and predict the same
amplitude as classical MD. The precise quantitative comparison of the different
linearized methods and with the exact quantum result is difficult to extend to this
particular Morse potential because it is so anharmonic that the main peak and the
overtone obtained in LSC-IVR partly overlap. However, we verified that for a Morse
potential with parameters typically used for the O-H bond of water (see section
5.4), the amplitude of the overtone obtained with the different methods agrees
quantitatively with the perturbative results above.
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5.2 Combination bands: weakly coupled harmonic
oscillators

In the previous section, we treated a simple 1D overtone model, but in molecular or
solid state systems, anharmonic resonances also arise from the coupling between
different modes. In particular, when two modes are coupled, combination bands
(CB), corresponding to the sum and the differences of the harmonic frequencies,
appear in the spectrum. This behavior can be modeled by using the following
two-dimensional potential:

1

1
Vg1, q2) = imlwlfﬁ + imQWQQS + 145 (5.72)

V(q1, q2) consists of two harmonic oscillators at frequencies w; and wy with a cubic
coupling with amplitude controlled by the parameter \. As in section 5.1, one can
choose ) so that the coupling can be treated as a perturbation. Moreover, in order
to avoid the special case of a resonant configuration, we choose frequencies w; and
w9 that are not multiple of one another and, more precisely, we impose w; > 2ws.

1 and

For numerical applications in this section, we use w; = 2.5ws = 1500 cm™
03 . .
A = 8.5 kcalmol "' A . The particular case w; = 2wy corresponds to the Fermi

resonance and is treated numerically in section 5.3.

As we show in the following, three resonances appear in the momentum autocorre-
lation spectrum for the potential (5.72): an overtone at 2wy and combination bands
at w1 + wy and wy — wo. As in the previous section, we characterize the contribution
of the different resonances by their contribution 7 to the vibrational density of states.
For example, for the CB at w; + w2 we have:

1 jwitwzt+Aw
n(B;w1 +ws2) = = (BKplpl (w; B) + niKmm (w; B))dw (5.73)

2 w14ws—Aw mi1
and similarly for n(3; w1 — w2) and n(3; 2ws). The integration window Aw is chosen
for each method and each resonance so that it encompasses the peak but does not
integrate contributions from other peaks.

The perturbative approach, although more technically involved, is conceptually very
similar to the one developed in section 5.1. Therefore, we will only provide the key
calculation steps and the final results.
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5.2.2

Classical correlation functions

To compute each autocorrelation function in the classical case, we perform the same

steps as in section 5.1.1 by expanding the classical Boltzmann distribution and the

Liouville operator of the bidimensional system at second order in A\. The classical
Liouville operator is given by:

0 0

iL=ilo— N ¢35— +2 ) 5.74

L =1Ly <Q2 ap +2q192 s (5.74)

where iL, is the Liouville operator of the bidimensional (separable) harmonic

system. For each degree of freedom, the effect of the harmonic time propagator

e**ot is independently given by equations (5.14) and (5.15) and the Dyson expan-

sion of e’“* has the same form as (5.13) where we replace the perturbation by

2_0 0
Mg + 2ma:553).

The full expressions of the correlation functions are quite involved so that we
give here only the final results for the contributions to the VDOS at the resonance
frequencies w; + w9, w1 — w9 and 2wy (note that at second order in )\, the overtone
contribution at 2w, is zero for this form of the potential). The classical contributions
are given by:

A2(wy +w2)25_1 3
a0 w1 +wa) = + O(A (5.75)
na(B: 01 2) mim3(wy + 2w2)2w14w22 ( )

A2(wy — wg)?B!

(B w1 — _ + O\ 5.76

7, 1(ﬁ w1 W2) mlm%(wl — 2w2)2w14w22 ( ) ( )
222671

u(B; 2wy) = + O\ 5.77

7 (3; 2w2) mim3(wy + 2w2)2(w1 — 2w2)2w22 ( ) ( )

As in the case of the overtone in the previous section, the amplitudes of the combi-
nation bands are of second order in A and go linearly to zero at low temperature.
Moreover, the configuration w; = 2wy appears clearly as a special case (the Fermi
resonance) where this perturbation method does not apply since the intensity of the
resonances would diverge. This particular case is addressed in section 5.3.

Quantum perturbation theory
As for the overtone model of section 5.1, two different methods can be used to

derive a quantum perturbative expression for the CB amplitudes: the first one uses
an expansion of the harmonic eigenstates and is summarized in appendix C.1. The
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second one implies a perturbative expansion of the Wigner density of the system
using path integral methods, similarly to what is presented in appendix C.2 for the
overtone model, and a Dyson expansion of the quantum Liouvillian. This method
is not presented in this work. The quantum contributions to the VDOS of the
resonances at frequencies w; + wo, w1 — wo and 2w, are given by:

. (W10 (w2, B) + w20 (w1, B))N (w1 + w2) 3
No(B; w1 + wa) = a3 (@n 1 2w9) wn kon? + 0()\ ) (5.78)
L (w10 (w2, B) — w20 (w1, B))A* (w1 — wa) 3
no(B; w1 — wa) = oo — 2o ooy +O(X)  (5.79)
2
10 (B; 2ws) = 2270 (wn, B) ~+ O(AS) (5.80)

mym3(wy + 2W2)2(W1 — 2w2)2w2

These expressions are very similar to the classical ones, except that the factor 3~

at the numerator is replaced with weighted combinations of ©(wy, 5) and ©(ws2, ).

Indeed, contrary to the classical case where equipartition of energy holds, in the
quantum case, the different amounts of ZPE present in each mode affects the
combination bands amplitude.

Figure 5.4 shows the three ratios for the classical and quantum dynamics as a
function of temperature. In classical mechanics, the three contributions have similar
linear behaviors with temperature. However, in the quantum case, we clearly observe
two different behaviors: 7,(w; + w2) and 7,(2w2) saturate at a non-zero value at low
temperature due to zero-point energy contributions, similarly to the overtone in the
previous section. On the other hand, ny(w; — w2) goes to zero at low temperature
faster than for the classical system. Indeed, this frequency corresponds necessarily to
a transition, starting from an excited state. Therefore, at low temperature where only
the ground state is populated, these transitions are suppressed and the corresponding
resonance vanishes (even much faster than in the classical case).

We now move to the perturbative analysis of the different trajectory-based methods.

Results for these methods are summarized in figure 5.5.
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Fig. 5.4.: Contributions of the three resonances to the VDOS for the potential (5.72) as a
function of temperature in the classical (dashed line) and quantum (solid line)

cases.
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5.2.4

Matsubara Dynamics

For this system, the Matsubara potential is given by:

1
Unm(Q1,Q2) = 3 o mwiQ, +mawiQs, + A Y AgrQ1iQ2;Q2k (5.81)
nemM 1,7,k€EM

with A;;;, defined in equation (5.47), and the Liouville operator is:

iLrp(Q1,Q2. P, Py) = > iLo(Q1ms Qam, Priin, Pon)

nem

Y Z Al Q2.0 'i—i-?Q Qg i
ijk 2,1 2,]8P1’k 1,i'2

1,5,k€EM

(9) (5.82)
2,k

where iL is the classical harmonic Liouville operator of the bidimensional system.
As for the overtone, we can expand the density and time propagator at second order
in A and perform the same steps as in section 5.1.3 to compute the Kubo-transformed
ATCFs. The detailed calculations are not reported since they are lengthy and do
not provide insight for the analysis. The final expressions for the contributions of
the different resonances to the VDOS (in the limit of infinite number of Matsubara

modes) are:
lim ny(wr + w2) = No(w1 + wa) + (’)()\3) (5.83)
M— o0
lIm ny(w; —wa) = No(wi — wa) + (’)()\3) (5.84)
M—o0
lm 7y (2w2) = no(2w2) + (’)()\3> (5.85)
M—o0

Therefore, similarly to the previously considered overtone model, Matsubara dynam-
ics yields the exact result at second order in perturbation for the CB intensities.

Using the same methodology as in sections 5.1.4 and 5.1.5, it would be possible to
write perturbative expressions for RPMD and CMD. However, these developments
are quite involved and we only present here the results of numerical simulations for
RPMD (see figure 5.5) which, as for the overtone model, yield the same results as
classical MD for the amplitude of the resonances.

Linearized dynamics

We now compare the different LSC-IVR approximations. For the IVRO, LHA and
ECMA, we use the exact position distribution given by the marginal Matsubara
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distribution (in the limit M — o), expanded to first order in A. The conditional
momentum distribution is then approximated using a bidimensional Gaussian distri-
bution. The covariance matrix of this Gaussian distribution is characterized by the
quantum correction matrix (QCM) & as:

1 1 1
pc<p1,p2|q1,q2)o<exp{2PTM Lo (g1, o) M zP} (5.86)

with P = (p1,p2) and M the diagonal mass matrix. The IVR0-QCM is position-
independent and diagonal, thus neglecting position-momentum and momentum-
momentum correlations. For LHA and ECMA, the coefficients of the QCM are
position-dependent and contain off-diagonal terms that couple the momenta of the
two degrees of freedom. For all the methods, we expand the momentum distribution
to first order in A and use the Dyson expansion of the classical Liouvillian to compute
the resonance contributions to ¢, ,, and ¢,,,, at second order in A. We will not detail
the expansion of the different distributions as the expressions are quite involved
and thus only provide the QCM and the final result for the CB amplitudes for each
method.

Global Harmonic approximation

The global harmonic approximation uses the harmonic momentum distribution
which is position-independent and characterized by the following diagonal IVRO-

QCM:
BO(w1, B) 0

(I)IVRO — 5-87

< 0 ﬁG(WQ,B)> ( )

The resulting momentum distribution is then a product of (independent) Gaussian
distributions. The contributions of the resonances to the LSC-IVRO VDOS are:

771\1R0(5§W1 + W2) = M%(ﬁ;wl + WQ) (5.88)

Tvro (B3 w1 — w2) = mm)(ﬁ;‘ﬂl —w2) (5.89)
©

TZIVRO(B; 2W2) = @((2622’%))%(5; 2W2) (5.90)

Similarly to the overtone case, LSC-IVRO yields the exact quantum result g mul-
tiplied by a factor which corresponds to the ratio between the harmonic thermal
energy O at the frequency wy (or wq for eq. (5.90)) and at the frequency of the com-
bination band considered. The qualitative behavior of the resonances as a function of
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temperature is thus correct as can be seen on figure 5.5. However, the contributions
at wy + wy and 2w- do not tend to the correct value at low temperature.

Local Harmonic approximation

The LHA-QCM is obtained from the local frequency matrix which is given by:

w% 2)\(]2
0% (q1,q2) = Ao N I”;fql (5.91)
Jmimz 92T Ty

At first order in ), the eigenvalues of Q2(q) are simply w? and &3 = w3 + 2\q1 /ma.

In the basis where 2(q) is diagonal, the QCM is, by definition, also diagonal with
eigenvalues given by equation (3.9) with Q(¢) replaced by w; and w;. Furthermore,
the unitary transfer matrix is, at first order in \:

1 _ 2Aq2
T(q1,q2) = ( A lemlz(“’%‘wg)) +0(»?) (5.92)
\/mlmQ(wffwg)

The first order expansion to the LHA-QCM in the original basis thus reads:

~1 —1
(pLHA(QI7 Q2) = P o

A ( 0 \/2q2 971(4#2752)—9;1((0175) ( )
_ - mim2 Wi —ws 10) )\2
%5 O~ 1(w2,8)—0~1(w1,B) _ h2w2 ) +
P\t i G2 (0|07 (w0, 0) + ey — )
(5.93)
The contributions of the resonances to the LSC-LHA VDOS are:

N (85 w1 + w2) = 0o (B w1 + wa) Yoy s (5.94)
M (B; w1 — wa) = 1o(B3 w1 — w2) 151w, (5.95)
N (B3 2w2) = 1o (B; 2w2) ’7552 (5.96)

where 7, i, and 5 are functions of wy, we and 3 whose expressions are
quite involved and given in appendix C.3. Figure 5.5 shows the three contributions
as a function of temperature for IVRO and LHA (the analytical perturbation approach
is confirmed by comparison with numerical simulation results). The most surprising
behavior is for 7y, (w1 — w2) since it becomes negative at low temperature. Indeed,
the momentum autocorrelation spectrum computed with LHA is not positive for
every frequency and displays a peak of negative intensity at wy —ws. According to the

Wiener-Khinchin theorem, for a stationary dynamics, the momentum autocorrelation
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5.2.5

spectrum is positive everywhere. Thus, this negative peak is a clear manifestation
that the classical dynamics does not conserve the initial distribution. For this
particular form of the potential, the local harmonic approximation thus gives an
unphysical result at low temperature.

Edgeworth conditional momentum approximation

Using a similar procedure as in appendix C.2, we obtain the EW0-QCM, at first order

in )\, as:
2\ 0 g2 a12
ono(01:92) = oo = 5 | s Ve | T 0(»?) (5.97)
Jmimz  ma
with

_ O(w1,8) — O(we, B) — h2w? /40 (wo, B)
M2 = g B8 (wa, B) (0 — dud) (5.98)
20 (w2, B) — 20(w1, B) + h*(w? — 2w3) /40 (w2, B)

O (w1, 3)O(wa, B)(wf — 4w3)

Qg = (5.99)
We found that the three contributions of the resonances to the LSC-ECMA VDOS
are exactly the ratios 7y(w1 + w2), 7o(w1 — w2) and 7,(2w2) given by the quantum
perturbation theory, at second order in \.

QTB results and summary

Figure 5.5 summarizes the results obtained for the CB model. It also presents the
CB intensities obtained in QTB simulations using the two different estimators for
the VDOS. Using the (), estimator, the QTB underestimates the contributions at
w1 + we and 2ws and largely overestimates the contribution at w; — w9 (which does
not go to zero at low temperature, contrary to the exact result). Interestingly, as
it was noted already in the overtone case, the VDOS estimator obtained from the

Cpr spectrum yields CB intensities that are much closer to the quantum result.

This again suggests that the adQTB approach might be interesting to explore as an
approximate dynamics method for computing vibrational spectra. Surprisingly, even
for the case of the difference-frequency CB, which is strongly suppressed by NQE at
low temperatures, the C),r spectrum yields the correct (almost zero) amplitude. This
indicates that the fluctuation-dissipation relation proposed in section 3.3 exceeds
the simple ZPEL diagnosis and has more far-reaching consequences (even though in
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that particular case, simply adapting the ~, coefficients is probably not an efficient
cure to restore the correct amplitude of the difference-frequency CB).
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Fig. 5.5.: Contributions of the three resonances to the VDOS for the potential (5.72) as a
function of temperature for the different methods. Lines are analytical expressions
and crosses are simulation results.

In summary, the results obtained in this section confirm and extend the trends
already observed in section 5.1 for the simple overtone model: among the linearized
methods, the Edgeworth approximation of the Wigner density provides the most
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5.3

accurate description and it allows to precisely recover the correct amplitudes for the
different CB. On the other hand, the most common PI-based methods, CMD and
RPMD completely miss the NQEs and yield CB amplitudes similar to that obtained in
classical MD. This limitation however is not present in the Matsubara dynamics which
yields the exact quantum result. For this model, we did not treat the LSC-FKLPI
and WiLD approximations yet. We do not expect significant qualitative differences
from the overtone model for the contributions at w; + w9 and 2ws but it would be
interesting to see how they perform for the difference-frequency CB.

The Fermi resonance

In section 5.2, we noted that the configuration w; = 2w- appears as a particular case
of combination bands, the Fermi resonance (FR), that the perturbative approach
that we developed fails to describe. In this configuration, the interaction between
the modes causes the high-frequency peak in the vibration spectrum to split. The
width of the splitting is temperature-dependent, and, as shown in ref. [109] its
low-temperature behavior is qualitatively different if the system is treated classicaly
or using quantum mechanics. Indeed, the Fermi splitting for the classical system goes
to zero at low temperature while it saturates at a non-zero value for the quantum
system due to zero-point energy. This behavior is reminiscent of that of the overtone
amplitude in section 5.1 and indeed, FR arises from the coupling between the mode
at wy and the overtone of the mode at w». To study the Fermi resonance, we use the
3-dimensional model for the CO2 molecule in gas phase — the historic example for
which Fermi provided the theoretical explanation of this phenomenon [117] — also
adopted in ref. [109]. This model describes the normal modes of the CO, molecule
using the following potential:

1

1 1
V(z,y1,y2) = §m1w%x2 + §m2w§(y% + yg) + §X12x(y% + y%)\/mlmg (5.100)

where z is the coordinate associated to the symmetric stretching and y;, y» are
the coordinates associated to the degenerate bending modes. We work under the
assumption that the antisymmetric streching mode, which is on a different frequency
range, does not interact with the other modes; it is thus not included in the model.
The masses m; and ms are chosen as the reduced masses of COy and the harmonic
frequencies are w; = 1261 cm~! and wy = 634 cm~!. The anharmonic coupling
parameter is taken equal to x12 = 1.479 x 1077 a.u..
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This model has a similar structure to the previous one for studying combination bands
except that it includes two degenerate low-frequency modes and, most importantly,
the high and low-frequency modes are in a Fermi resonant configuration with
w1 ~ 2ws. In this configuration, one cannot use the same perturbative approach as
in section 5.2 because of the terms in 1/(w; — 2w9)? that appear in the expressions
for 4 and 7, and would diverge in the FR configuration. In ref. [109], Basire et al.
used a different perturbative method that allows to compute the Fermi splitting as
a function of temperature for this model of COs. The results of this perturbative
approach are shown as the solid and dashed lines in the center panel of figure 5.6,
corresponding to the quantum and classical cases, respectively. One can see that the
behavior of the Fermi splitting as a function of temperature is very different for the
classical and quantum systems. For the classical system, the splitting goes to zero at
low temperature as the overtone of the low frequency mode is less and less intense
(and the interaction with the high frequency mode vanishes). For the quantum
system, the overtone of the low frequency mode is still present at zero temperature
(as we saw in section 5.1) and thus still interacts with the high-frequency mode,
yielding a finite value of the splitting at low temperature.

Figure 5.6 shows the Fermi splitting obtained using TRPMD, LSC-ECMA and WiLD.
As in ref. [109], the splitting is measured as the distance between the center of mass
of the two spectral peaks that constitute the Fermi dyad. This gives a good agreement
between the perturbative approach and the exact result obtained by solving the
Schrédinger equation on a basis of harmonic wavefunctions (black diamond shapes
on the center panel of figure 5.6).
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200 T

=== Classical # schrodinger X LSC-ECMA 400000 { — schrodinger
— Quantum @ TRPMD +  WiLD — TRPMD
350000 4 — LSC-ECMA
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Fig. 5.6.: Center panel: Fermi splitting as a function of temperature approximated with
TRPMD, LSC-ECMA and WiLD. Left and right panels: Kubo-transformed momen-
tum autocorrelation spectrum at 150K (left) and 800K (right) in the region of
the Fermi dyad for TRPMD, LSC-ECMA and WiLD, compared to the exact results.
The exact spectra are obtained by solving the Schrédinger equation on a basis
of harmonic wavefunctions and are artificially broadened by convolution with a
Gaussian function so that the height of the peaks approximately match the other
methods.
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The TRPMD and CMD (not presented on the figure) methods precisely follow the
classical result with a vanishing splitting at low temperature. This can again be
related to the lowering intensity of the overtone of the low frequency mode which we
attributed in section 5.1 to the displacement of spectral intensity towards spurious
peaks for TRPMD or by averaging out the dynamics of fluctuation modes for CMD.

The FR splitting approximated by the WiLD agrees well with the exact result at 300K
and higher temperatures but the splitting is slightly overestimated at 150K. This
inaccuracy may be due to increased numerical noise in the estimated WiLD forces
at low temperature which results in an overestimation of the overall energy and
thus yields a larger Fermi splitting. More converged results are thus necessary to
really conclude on the accuracy of the WiLD at low temperature. Note however that
the precision necessary for the estimation of the WiLD forces in order to obtain a
stable and well thermalized dynamics implies a large computational cost, even for
this low-dimensional system. Further efforts to improve the numerical efficiency of
the method might be needed to tackle larger systems.

The LSC-IVR yields a Fermi splitting that is close to the exact result when using
initial conditions given either by LGA, FK or ECMA (thus only ECMA is represented
on the figure). However, due to the classical dynamics, the peaks are unphysically
broadened even at low temperature. We can see this effect on figure 5.6 where we
show the spectra at high (right panel) and low (left panel) temperature.

It is rather surprising that the different methods yield almost identical results
concerning the FR splitting, even though they displayed significant differences in
the overtone intensity. This seems to indicate that position-momentum correlations,
although determinant in the overtone and in the combination bands intensities,
plays only a minor role in the amplitude of the FR splitting. Indeed, combining a
sampling that well captures the ZPE in each mode, with a classical dynamics, seems
to be enough to describe the FR splitting accurately.

Consistently with this observation, the QTB method also yields rather satisfactory
results for the FR splitting that is only slightly overestimated (fig. 5.7, center). This
effect arises from the significant ZPEL occurring in this system, which results in
a too small intensity of the Fermi dyad at low temperature (left panel of fig. 5.7)
and an overestimation of the low-frequency mode intensity (not shown). This error
is efficiently corrected in the adaptive QTB simulations which yield a splitting in
almost perfect agreement with the exact quantum results.
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Fig. 5.7.: Center panel: Fermi splitting as a function of temperature approximated with QTB
and adQTB. Left and right panels: Kubo-transformed momentum autocorrelation
spectrum at 150K (left) and 800K (right) in the region of the Fermi dyad for the
QTB and adQTB, compared to the exact results.

Gas-phase water

To conclude this chapter, we move one step up in complexity, and closer to realistic
models for physical systems, and compare the performance of the various methods
on the simulation of the IR spectrum of a water molecule in gas-phase. We model
the interactions using the accurate potential energy surface due to Partridge and
Schwenke (see ref. [118]). This system is of particular interest for our study since the
coupling between the bending and stretching modes of the molecule naturally gives
rise to overtones and combination bands in the vibration spectrum. Furthermore,
at room temperature, the quantum ZPE of these high-frequency modes strongly
dominates over their thermal energy kgT'. This corresponds to a quantum regime
in which, according to the analysis in the previous sections, we expect the various
trajectory-based methods to perform very differently. This system has already been
considered for a similar analyis: in ref. [59], Benson et al. numerically compared
the IR absorption spectra obtained for this model using PI-based methods (TRPMD,
CMD and the most recent QCMD), LSC-LGA and a quasi-exact wavefunction-based
resolution (using the DVR [119]). They pointed out interesting effects concerning
overtones and combination bands. They showed that the PI approaches do not
reproduce the correct amplitudes of these anharmonic resonances while the LSC-
LGA is in much better agreement with the quasi-exact reference (although with
broadened spectral lineshapes). These findings are consistent with our analytical
perturbative results and gives hope that they remain correct, at least qualitatively, for
more complex systems. In this section, we explore the performance of the LSC-ECMA
and the adQTB with the double goal of investigating how they perform on this more
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challenging system, and of extending the set of methods considered by Benson et
al.

As in ref. [59], we compute the Kubo-transformed dipole-derivative autocorrelation
spectrum K, (w) which is proportional to the infrared spectrum of the molecule.
However, contrary to ref. [59] we compute the spectrum using the qTIP4p-f linear
dipole moment [120] instead of the non-linear Partridge-Schwenke dipole mo-
ment [121]. In the linear case, the real part of the standard dipole-derivative ATCF
can be expressed exactly as:

Core = [ dadp p.(a.p) o5 (5.101)

while a similar expression would introduce an approximation for a non-linear dipole
moment which would directly impact the LSC-IVR results.

The calculations were performed at 300K and we used 64 beads for all PI calculations
(including the open-chain auxiliary calculation of ECMA). For both LSC-ECMA and
LSC-LGA, we used the same parameters as in ref. [59], i.e. we sampled 10° initial
positions using thermostatted PIMD and for each position we sampled 5 momenta
from the LGA and ECMA conditional momentum distribution. We then propagated
classical trajectories of 1 ps (with a time step of 0.125 fs) to compute the TCF. For
each sampled configuration, the EW0-QCF of eq. (4.68) was computed using 8
independent auxiliary path-integral Langevin simulations of 500 fs each and the
effect of statistical noise on the momentum distribution was corrected using the
scheme described in appendix B.

For the adQTB simulations, the adaptation of -, (w) was done separately for the
different species H and O. More precisely, Ay, was averaged on the three directions
(and the two atoms for H) to obtain Ay and Agyro. We then adjusted ~, g (w)
and 7, o(w) over 100 ns of adQTB simulation in order to nullify both Ag,;. We
intentionally ran a very long adaptation period to make sure that the -, coefficients
were fully converged, in particular at the resonance frequencies*. We then computed
the IR spectra over a trajectory of 10 ns and used the deconvolution procedure of
ref. [62] to reduce the effect of the thermostat on the spectrum. Figure. 5.8 shows
the kinetic energy spectrum for each species computed via adQTB (top panel) and
the final sets of ~,. (bottom panel). We can see that only limited adjustments of ~,
were necessary to compensate the ZPEL in the region of the main vibrational peaks
(from O to 4000 cm~!). Note that v, i requires more adjustments than ~, o which
only deviates significantly from ~ close to the stretching peak. We observe more

“We used a particularly slow adaptation, in order to reduce the statistical noise on the ~, coefficients
but faster convergence could be obtained with a more optimized set-up.
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significant variations in the region of the overtone of the stretching peak at around
7000 cm~!. Consistently with the analysis on the Morse potential in section 3.3, the
FDT criterion detects that this resonance lacks intensity and ~, increases strongly to
compensate it.
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Fig. 5.8.: Top panel: kinetic energy spectrum of H and O for gas-phase water computed
using adQTB. Bottom panel: adjusted v, for H and O.

The top panel Figure 5.9 shows the three main peaks of the IR absorption spectrum
simulated using classical MD (dashed grey), TRPMD (solid blue), adQTB (dashed
yellow), LSC-LGA (dotted blue) and LSC-ECMA at order EWO (dotted dashed red)
and EW4 (dotted dashed green). The spectra are also compared to the numerically
exact DVR results (filled curve). Note that the lineshape of the DVR spectrum has
been artificially broadened for visualization purposes (by damping the TCF with
a Hann window of length 750 fs, consistently with ref. [59]). All approximate
quantum methods yield similar results in this spectral region and agree reasonably
well with the DVR spectrum, although none of the methods is able to capture the fine
structure of the stretching band (~ 3700cm™!). A closer inspection of the rotational
feature (~ 300cm~') shows that the LSC-ECMAO, yields a slightly broader, more
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intense peak. The EW4 correction decreases its intensity towards the correct result.
It is interesting that the Edgeworth correction has a more pronounced effect on the
low-frequency rotation region than on the higher-frequency modes. This effect is
counter-intuitive since these modes are more "quantum" in the sense that their ZPE
is very large compared to that of the, supposedly classical, rotational motion. It
would therefore be interesting to investigate in further works on what conditions
such low-frequency effects of the EW4 correction might appear, and whether it is
a particularity of free-rotating molecules. The LSC-LGA spectrum is very similar
to LSC-ECMA, except that the rotational peak is slightly smaller (and close to the
correct result), at the condition that the free rotation modes are treated classically
(i.e. the three eigenvalues of the local frequency corresponding to free rotations are
set to zero, see ref. [59]).

The bottom panel of Figure 5.9 shows the anharmonic resonances that appear in the
high-frequency region of the spectrum (from 4500cm~"' to 8500cm~!). They consist
in two main features around 5100-5500cm~! (sum of the bending and stretching
frequencies, which we will label as combination band) and 7000-7400cm ™! (twice
the stretching frequency, which we will label as overtone). Consistently with the
perturbative analysis, TRPMD strongly underestimates these resonances, with in-
tensities comparable to the classical results (although an accurate estimation of the
combination band intensity is difficult due to the strong broadening of the stretching
peak). LSC-IVR and adQTB methods, on the other hand, yield more intense peaks,
closer to the exact result (though with broader lineshapes) and satisfactory agree-
ment with the perturbative results for combination bands. Indeed, despite this strong
anharmonicity, the adaptive QTB only slightly underestimates the combination band
(~ —5%, although difficult to estimate accurately due to the broadening of the
stretching peak) and is able to accurately capture the overtone intensity (less than
1% discrepancy). For LSC-LGA, both resonances intensities are overestimated by
approximately 40%. The LSC-ECMAO slightly underestimates the combination band
(~ —7%) and underestimates more significantly the overtone (~ —25%). Contrary
to the perturbative case, the Edgeworth correction plays an important role in this
more anharmonic case: weighting the samples with the first term in the Edgeworth
correction (ECMA4) increases the resonance intensities which are both slightly
overestimated (~ 10%). The inclusion of higher orders of the Edgeworth correction,
although more computationally demanding, might further improve the results and
their effect should be investigated in more details in future work. This impact of the
Edgeworth correction is a strong signal that the perturbative approach does not hold
quantitatively for this very anharmonic potential.
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To further investigate this point, we also computed separately the spectrum of
the unidimensional Morse potential used in this model for the O-H stretching to
check if the perturbative results remain quantitatively valid for the overtone in this
case. Indeed, the LSC-LGA overestimates the overtone intensity by approximately
23%, which is in good agreement with the ~25% overestimation predicted in the
perturbative model of section 5.1. The LSC-ECMAO overestimates this intensity by
roughly 7% but the EW4 correction brings this relative error close to 1%. This effect
of the EW4 correction is interesting since it is absent of the perturbative models,
however, it is less significant than in the water molecule and has the opposite
effect, i.e. it tends to decrease the overtone intensity of the Morse potential while
it increases the anharmonic resonances of the water molecule. The influence of
the EW4 correction on the IR spectrum of the water molecule is therefore subtle:
it originates from the interactions between the different modes and should be
investigated in more details in future work.

In summary, the analysis of the anharmonic resonances of this realistic system
generally confirms the perturbative results derived for the model potentials of the
previous sections. In particular the strong differences in intensity between TRPMD
(and the other PI-based methods) on the one hand, and LSC-IVR and adQTB on
the other hand are also present in the more complex case of the water molecule.
The anharmonic interplay between the different modes is however more complex
than in the simple combination bands model that we investigated in section 5.2 so
that the predictions of the perturbative analysis for the different LSC-IVR variants
do not apply quantitatively. In particular, the effect of the Edgeworth correction on
the LSC-ECMA spectrum needs to be further investigated. Future works could shed
light on the origin of these differences by considering a more complete perturbative
model that would include all the internal modes of the water molecule: the bending,
symmetric and antisymmetric stretching modes and their interactions.
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Fig. 5.9.: IR absorption spectrum for gas-phase water (Partridge-Schwenke potential energy

and qTIP4P-f linear dipole moment) at 300K approximated using TRPMD (solid
blue), adQTB (dashed yellow), LSC-LGA (dotted blue), LSC-ECMAO (dotted-
dashed red) and LSC-ECMA4 (dotted-dashed green) compared to the classical
spectrum (dashed grey) and the DVR quantum reference (filled grey). The effect
of the coupling with the thermostat in the adQTB spectrum has been deconvoluted
using the procedure described in ref. [62]. Arbitrary units are used for the peak
intensities.
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Simulating condensed-phase
water using the adaptive QTB

Condensed-phase water, and in particular liquid water, is ubiquitous in systems of
chemical and biological interest. Its many structures are complex, in particular due
to the intricate network of hydrogen bonds [122, 123], and its properties are strongly
affected by NQEs, even at room temperature [7]. Liquid water is also the most
common solvent for chemical reactions and its accurate theoretical description — and
simulation — is thus crucial, although very challenging. Assessing the performance
of approximate methods for nuclear quantum dynamics on condensed-phase water
is therefore an active and important area of research (see for example refs. [59, 81,
120, 124]).

Condensed-phase water is a particularly interesting system also for the analysis
developed in this work, and particularly in chapter 5, since the anharmonic atomic
interactions give rise to multiple anharmonic resonances and combination bands.
The Wigner-Langevin dynamics presented in section 4.2 is too computationally ex-
pensive in its current implementation and further work on the algorithm is necessary
to apply it to condensed-phase systems. On the other hand, the LSC-ECMA presented
in section 4.3 is more efficient and its application to liquid-phase water is currently
under study and will be presented in future works.

In view of its novelty and computational convenience, we investigate in this section
the performance of the adQTB for simulating liquid water at 300K and hexagonal
ice at 150K. These two systems are very anharmonic and pose a serious challenge
to the method. Indeed, interactions between water molecules involve modes of
very different frequencies, which leads to massive ZPEL, as was already shown in
LSC-IVR simulations [59, 76] and in the quantum thermostat framework [92]. In
particular, the low-frequency inter-molecular vibrations pick up large amounts of
ZPE from the high-frequency intra-molecular modes, leading to an increase of their
effective temperature and causing a destructuration of the liquid and even melting
of the ice as shown in ref. [59].

In the following, we show that, using the FDT criterion and the adaptation procedure
presented in section 3.3, we can correct the ZPEL in QTB simulations and recover
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6.1

accurate results for static properties and IR spectra that are similar to the LSC-LGA
results of ref. [59].

For both solid and liquid phases, we use the g-TIP4P/F potential energy surface [120].
This is a flexible water model, parametrized to reproduce experimental data when
simulated with path integrals. This potential is commonly used to benchmark
methods for nuclear quantum dynamics [59] since it is cheap and realistic enough
to indicate how the different methods would perform on more accurate models.

As in section 5.4, we follow ref. [59] and compare the IR spectra (given by the dipole-
derivative Kubo-transformed spectrum) obtained in adQTB and TRPMD simulations.
The dipole-moment derivative for the q-TIP4P/F model is linear and given by:

Ninol
fo= Z (QOUo,i + (Vi + ’UH2,1>) (6.1)
i=1
with N, the number of water molecules, ¢, = —0.8192¢ and ¢; = 0.4096¢ the

effective charges fixed on the Oxygen and Hydrogen nuclei respectively and v, vu1;
and wvy,; the velocities of the Oxygen and the two Hydrogen nuclei of molecule i,
respectively.

All the simulations were performed using the Tinker-HP package [17] in which we
implemented the adQTB and TRPMD methods, in collaboration with N. Mauger,
PhD student co-supervized by J.P. Piquemal, S. Huppert and L. Lagardere at the
Laboratoire de Chimie Théorique at Sorbonne Université.

Liquid phase

Liquid-phase water simulations were performed at 300K, using 32 beads for the PI
calculations (consistently with ref. [59]). The QTB and adQTB simulations were
performed using a friction coefficient v = 16 THz. This friction coefficient is large
enough to allow for a complete compensation of the ZPEL in adQTB but small
enough so that the effect of the thermostat on the spectra can be efficiently corrected
using the deconvolution procedure of ref. [62]. The cubic simulation box of length
31.1 A contains 1000 water molecules, resulting in a density of 994.5 kg.m 3. We
used 70ps of TRPMD simulation and 700ps of adQTB simulation (after adaptation
of the ~, coefficients) to produce the results of this section.

As for the gas phase in section 5.4, we slowly adapted the ~, coefficients of the
adQTB separately for the Oxygen an Hydrogen atoms over 1 ns of simulation (this
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adaptation time could be drastically reduced — at least by a factor 10 — by using a
more agressive adaptation procedure). The top panel of figure 6.1 shows the Agy;
for each species obtained with a standard QTB simulation and an adQTB simulation
with the adapted ~, shown in the bottom panel of figure 6.1. We can see that the
adaptation procedure is able to completely nullify A, (within small fluctuations
which are not visible at this scale). Since ZPEL is more important in the liquid-phase
than in the gas-phase — due to the anharmonic coupling between the high-frequency
intra-molecular modes and the low-frequency inter-molecular vibrations —, larger
adjustments of the ~, are necessary, in particular for the low-frequency part of the
Hydrogen spectrum. The lack of energy in the stretching overtone, on the other
hand, is compensated in part by a small increase of v, y at the stretching frequency
(~ 3500 cm™!), and more importantly by the large increase of ~, in the overtone
region (~7000 cm™1).
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Fig. 6.1.: Top panel: Agpyry and Appro for liquid-phase water computed using QTB and
adQTB. Bottom panel: adjusted ~, for H and O.

The correction of the ZPEL greatly improves the description of the structural prop-
erties of water in the adQTB simulations. For example, figure 6.2 shows the radial
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distribution functions (RDFs) between each pair of species. Panel (a) shows the OO
RDF which describes the inter-molecular structure of the liquid. Due to competing
NQEs [7], this quantity is similar for classical MD and PIMD, with only a slight
broadening in the quantum case. The standard QTB, however, displays a very broad-
ened RDF, indicating that the ZPEL completely destructures the liquid. Finally, the
adQTB results are very close to the PIMD, with only a slight broadening. Thus, the
compensation of the ZPEL allows to correctly recover the structure of liquid water.
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Fig. 6.2.: Radial distribution functions of liquid-phase water at 300K obtained with classical

MD (dashed grey), PIMD (dotted-dashed blue), QTB (solid green) and adQTB
(solid red). Panel (a): OO. Panel (b): OH. Panel (c): HH.
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Nuclear quantum effects have a larger impact on the OH and HH RDFs, in particular
for the intra-molecular peak which is much narrower in classical MD than in PIMD.
The QTB and adQTB capture this effect very well, with only slightly narrower peaks
than the PI results, in particular for the standard QTB (due to ZPEL). We note that
the maximum of probability in the OH distribution of QTB and adQTB is slightly
shifted with respect to the PIMD reference. This effect is reminiscent of that observed
for the unidimensional Morse potential of section 3.3 and it is an intrinsic limitation
of (ad)QTB simulations that cannot recover the exact probability distribution in
such an anharmonic potential energy landscape. The inter-molecular part of the OH
and HH RDFs are very broadened in the standard QTB simulations while they are
close to the PI result for the adQTB, indicating again that the adaptation scheme
successfully corrected the ZPEL.

We now move on to the analysis of the dynamical properties. Figure 6.3 shows the
IR spectra obtained using classical MD, TRPMD and adQTB. We refer to ref. [59]
for the comparison with CMD, QCMD and LSC-LGA. The overall performance of
adQTB is very satisfactory. First, we see that the position of the stretching peak
obtained with adQTB (center panel of fig. 6.3) coincides with the TRPMD result,
but with a narrower lineshape. The low-frequency part of the adQTB spectrum is
slightly broadened compared to TRPMD and is very similar to the LSC-LGA spectrum
presented in ref. [59]. Here we use the deconvolution procedure of ref. [62] to
minimize the effect of the coupling with the adQTB thermostat (Figure 6.4 shows
the effect of the deconvolution on the adQTB spectrum). This procedure is not
fully reliable at low frequencies (w < ) and causes an unphysical increase of the
IR intensity towards zero-frequency. Finally, consistently with the observations of
the previous chapters, the adQTB predicts a much larger intensity of the stretching
overtone (right panel of fig. 6.3) than TRPMD (which yields a similar intensity as
classical MD). This agrees with the LSC-LGA results of ref. [59] and, although no
exact reference is available for this system, we expect this more intense resonance
to be a more accurate description of the overtone.
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Fig. 6.3.: IR absorption spectrum of liquid-phase water at 300K approximated using TRPMD
(dotted-dashed blue) and adQTB (solid red) compared to the classical spectrum
(dashed grey). The effect of the coupling with the thermostat in the adQTB
spectrum has been deconvoluted using the procedure described in ref. [62].
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Fig. 6.4.: Effect of the deconvolution procedure (ref. [62]) on the IR absorption spectrum
of liquid-phase water at 300K simulated using adQTB with a friction coefficient
~ =16 THz.

Solid phase

We performed simulations of ice at 150K starting from an ordered ice XI config-
uration, using 64 beads for the PI calculations (consistently with ref. [59]). The
QTB and adQTB simulations were performed using a friction coefficient v = 12 THz.
The simulation box of size 35.45 x 31.09 x 29.08 AS contains 1024 water molecules,
resulting in a density of 955.7 kg.m~>. We used 70ps of TRPMD simulation and
700ps of adQTB simulation (after adaptation of the ~, coefficients) to produce the
results of this section.

Zero-point energy leakage has a massive impact on the structure of ice, making
it a very challenging system for LSC-IVR or QTB simulations. Indeed, ref. [59]
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showed that in LSC-IVR, the ice melts and completely loses its crystal structure
within one picosecond of evolution. The mechanism is similar to that occurring
in liquid water: low-frequency phonons pick up a large amount of ZPE from the
high-frequency intra-molecular bending and stretching modes, which destabilizes
the structure and makes the ice melt. Figure 6.5 shows the OO RDF calculated at
different times during a standard QTB simulation. We can see that the first RDF is
only slightly broader than the PIMD reference and that the structure is gradually
lost within a few hundreds of picoseconds. We note that the melting time is longer
in QTB compared to LSC-IVR because of the coupling to the thermal bath which
continuously tries to impose the quantum energy distribution but fails due to large
ZPEL. The equilibrium structural properties of ice computed with the standard QTB
are therefore not reliable.
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Fig. 6.5.: Oxygen-Oxygen Radial distribution function of ice at 150K computed at different
times of a standard QTB simulation starting from an ordered Ice XI configuration.
The results are compared to the equilibrium classical RDF (dashed grey) and the
path integrals RDF (solid black)

As in the previous section, we adapted the ~, of the adQTB separately for the
Hydrogen and Oxygen atoms over 1 ns of simulation. The adaptation procedure was
fast enough so that the ZPEL was compensated before the crystal structure was lost.
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The final ~, coefficients (not shown) are quite similar to those obtained for the liquid
phase. Figure 6.6 shows the different equilibrium RDFs computed using adQTB,
PIMD and classical MD. We can see for all RDFs that the adQTB reproduces well the
structure of ice and is in good agreement with the PI results, with only slight shifts
of the intra-molecular peaks. The adaptation procedure thus successfully prevents
the adQTB-simulated ice from melting and allows recovering accurate structural
properties.

(@) goo(r)

Fig. 6.6.: Radial distribution functions of solid-phase water at 150K obtained with classical
MD (dashed grey), PIMD (dotted-dashed blue) and adQTB (solid red). Panel (a):
OO. Panel (b): OH. Panel (c): HH.
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Finally, figure 6.7 shows the IR spectra of ice at 150K simulated with classical MD,
TRPMD and adQTB. Note that the classical and TRPMD spectra are different from
ref. [59], indicating differences in the system under consideration (probably in the
simulation-box shape and/or the ice structure, with ordered ice XI in our case) so
that a direct comparison is not possible. Using the TRPMD and classical spectra as
reference, we note the same trends as in the liquid phase. Indeed, the adQTB result is
very close to the TRPMD for the stretching peak (with a slighlty narrower lineshape)
and yields slightly broader and more intense peaks at low frequencies. The overtone
of the stretching mode is again more intense in adQTB than in TRPMD and classical
MD. These trends are similar to what is reported for LSC-LGA in ref. [59], which
is consistent with the previous observations concerning the proximity of the two
methods.
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Fig. 6.7.: IR absorption spectrum of solid-phase water at 150K approximated using TRPMD
(dotted-dashed blue) and adQTB (dashed red), compared to the classical spectrum
(dashed grey). The effect of the coupling with the thermostat in the adQTB
spectrum has been deconvoluted using the procedure described in ref. [62].

In summary, we showed in this chapter that the adQTB scheme proposed in ref. [58]
and described in section 3.3 provides very significant improvements over the stan-
dard QTB for computing properties of condensed-phase water. Indeed, ZPEL has a
massive impact on the properties of water obtained in standard QTB simulations,
especially in the solid phase for which the crystal structure is completely lost. The
adQTB allows to recover distributions that are in strikingly close agreement with the
path-integrals distributions, even for the ice at 150K. We also showed that the adQTB
performs similarly to more conventional trajectory-based methods for computing
the IR spectra of water and we underlined the close resemblance with the LSC-IVR
results reported in ref. [59]. In particular, the intensity of the stretching overtone
obtained with the adQTB is similar to the LSC-IVR one and much more intense
than the TRPMD which is perfectly consistent with the analysis of chapter 5. The
good performance of the adQTB for both static and dynamical properties should be
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confirmed by further studies on different systems and its computational cost should
be assessed more systematically in comparison to other methods. Still, the results
presented in this work provide promising indications in favor of its use as a low-cost
but accurate simulation method for NQEs.
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Conclusion

In this thesis, we explored and compared different trajectory-based methods for
nuclear quantum dynamics, proposing two original approaches and focusing on the
calculation of approximate quantum time correlation functions at thermal equilib-
rium. This broad family of methods allows to model mildly quantum particles, such
as light atomic nuclei in most conditions of temperature and pressure, in a compu-
tationally efficient way. Methods based on generalized classical trajectories cannot
capture highly quantum effects, such as deep tunnelling or quantum coherence, but
they provide good approximations of zero-point energy (ZPE) effects, which are
often the main quantum contributions for large condensed phase systems in which
decoherence is generally very fast.

In chapter 3, we reviewed some of the most well-established trajectory-based meth-
ods, namely RPMD, CMD and LSC-IVR, as well as more recent ones that bring new
perspectives into the field from a theoretical or practical viewpoint: Matsubara
dynamics and the adaptive Quantum Thermal Bath. The adQTB, in particular, is a
relatively recent addition to the set of approximate methods and, so far, it had not
been thoroughly investigated with regards to its ability to capture time-dependent
properties. Although the use of the adQTB dynamics cannot be rigorously justified,
it is considerably cheaper than most alternatives. This motivates the investigation of
its performances, in particular in view of combining it with first-principles forces.
The results presented here, that illustrate a somewhat surprising competitiveness
of this approach, are the first attempt to do so, to the best of our knowledge. We
used the unidimensional Morse potential as a common benchmark to thoroughly
compare the methods. This comparison highlighted some important differences in
the treatment of anharmonic resonances (in this case, the overtone). In particular,
we pointed out that RPMD and CMD strongly underestimate the intensity of the
overtone whereas the QTB only slightly underestimates it. We also showed that
the fluctuation-dissipation criterion, initially designed to correct zero-point energy
leakage (ZPEL) in QTB simulations, is also able to detect and quantify this inaccuracy.
Finally, we found that in LSC-IVR, the choice of the approximation to the initial
Wigner distribution largely influences the overtone intensity. As discussed also below,
this observation might be of some value to assess the relative merits of different
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LSC-IVRs, that differ mainly in the choice of the approximate scheme for sampling
the Wigner thermal density.

In chapter 4, we presented a new approach to perform such sampling that generalizes
and makes more flexible the recently introduced Phase Integration Method [52].
We used the so-called Edgeworth expansion to obtain an accurate approximation of
the Wigner thermal density which is not subject to the oscillating sign problem. The
new approximation has two important features. Firstly, it provides an optimal — in
the sense of the Edgeworth expansion — Gaussian approximation to the momentum
distribution. Secondly, the quality of the approximation can be systematically
checked via a correction term that allows, in principle, to recover the negative
parts of the Wigner density. These two features constitute an important conceptual
advantage over the more common approaches that often rely on various harmonic
approximations, as the LGA or FK-LPI. We designed an efficient sampling method,
the Edgeworth Conditional Momentum Approximation (ECMA) and showed on
the Morse and quartic potentials that it captures the quantum features of the
distribution much better than the other methods that we considered here. In
particular, position-momentum correlations are very well reproduced by our zero-
order Gaussian approximation and nearly perfectly match the exact results when
including the first terms of the Edgeworth correction. This new sampling scheme is of
relevance also when computing time correlation functions in the LSC-IVR framework.
In fact, we also showed, by comparing LSC-IVR spectra obtained with ECMA, LGA
and FK-LPI, that position-momentum correlation is of particular importance to
correctly reproduce the overtone intensity of the Morse potential.

We also introduced an original generalized stochastic propagation, the Wigner-
Langevin Dynamics (WiLD), that rigorously samples the new zero-order Edgeworth
approximation to the Wigner density. The conservation of the quantum distribution
is a very attractive feature for an approximate quantum dynamics that the WiLD
shares with RPMD and CMD and that LSC-IVR lacks. Motivated by the RPMD and
CMD approaches, we investigated the performance of WiLD for computing TCFs.
We showed that the WiLD yields the exact dynamical properties for the harmonic
potential as well as in the classical limit and that it performs well for the very
anharmonic Morse and quartic potentials. In particular, it is able to satisfactorily
reproduce the overtone intensities. The numerical cost of the WiLD is considerably
higher than that of its counterparts, but this scheme has provided a number of useful
insights paving the way for the comparisons presented in chapter 5.

The family of trajectory-based schemes features a variety of methods with different
levels of complexity and numerical cost. However, the community lacks quantitative
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arguments to distinguish their accuracy. Indeed, all the methods presented in this
work are exact in the harmonic case but yield very different results for anharmonic
potentials and none of them particularly stand out as more accurate in every case
and for all of the relevant spectral features. This observation motivated the quantita-
tive comparison that we presented in chapter 5 through analytic calculations and
numerical simulations. We focused on overtones and combination bands as simple,
quantifiable, anharmonic effects that appear in the vibrational spectra when adding
a small anharmonic perturbation to a harmonic potential. Our analytical results,
obtained via the perturbation theory, allow to assess the accuracy of the different
approximations, in particular at low temperatures. They confirm that RPMD and
CMD are not able to model anharmonic resonance effects correctly, yielding iden-
tical results as classical MD. By applying the perturbative approach to Matsubara
dynamics, we showed that it correctly predicts the intensities of these resonances
and we used this analysis to shed some light on the origin of the inaccuracies of CMD
and RPMD. We also showed that, in the perturbative regime, the classical dynamics
involved in the LSC-IVR approximation is not responsible for the inaccuracies of the
method. Indeed, we demonstrated that an accurate description of the initial Wigner
distribution, and in particular of the position-momentum correlations, is critical to
correctly capture the anharmonic features. For the perturbative models that we
presented, the Edgeworth approximation provides, at first order in perturbation, the
exact Wigner distribution so that LSC-ECMA yields the correct resonance intensities.
We also noted that the QTB tends to underestimate the intensity of the resonances
(probably due to the absence of position-momentum correlations). Surprisingly, the
fluctuation-dissipation criterion, that was introduced to quantify the ZPEL, is also
able to detect and quantitatively measure the inaccuracies of the QTB concerning
the intensity of these resonances. This motivates further exploration of the adQTB
as a method for quantum dynamics simulations.

We explored the generalizability of our results and compared the different methods
on the more realistic case of gas-phase water. The results on this system follow
the main trends that we derived from the perturbative analysis: RPMD and CMD
(and even its more accurate variant QCMD [59]) do not correctly reproduce the
combination bands in the spectrum of water. We also confirmed that the LSC-IVR
approach is able to better reproduce these resonances. However, the distinction
between the different methods for the sampling of the initial Wigner density appears
to be subtle. We applied the LSC-ECMA to compute the IR spectrum of the water
molecule and found that the results are close to LSC-LGA, but interestingly, the
Edgeworth correction seems to influence the intensities of the combination bands
of water, which is not the case in the perturbative regime. It might be interesting
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to explore further the details of this correction and of the negative parts of the
Wigner distribution it may produce, and their effect on vibrational spectra. Finally,
we showed that the adaptive QTB is able to effectively compensate for the ZPEL in
the water molecule and yields a IR spectrum that is very close to that of the LSC-IVR
approach, even at the combination bands frequencies. These very encouraging
results motivated the study of liquid and solid-phase water of chapter 6.

Multiple aspects should be considered concerning the perspectives of this work. On
the one hand, the new approximation that we introduced for sampling the Wigner
density has proved to be more accurate than the most commonly used alternatives.
This improved accuracy, however, comes with an increased computational cost. We
expect that ECMA could be applied to similar systems as LGA and FK-LPI with a
manageable numerical overhead. In contrast, the WiLD in its current form is signifi-
cantly more expansive and further improvements of the algorithm are required in
order to tackle larger systems (some were suggested in section 4.2.2). The Edge-
worth approximation may also be particularly relevant when combined with more
advanced time propagators [125, 126] or in the context of non-adiabatic quantum
dynamics [127, 128, 129].

On the other hand, the adQTB proved to be surprisingly accurate, even for very
anharmonic systems. Due to its low computational cost, it is thus a very promising
candidate for including NQEs in large condensed-phase systems. In this context, we
recently implemented the adQTB in the Tinker-HP package [17], in collaboration
with the Laboratoire de Chimie Théorique at Sorbonne Université, with the aim of
exploring its use for the study of systems of biological relevance, modeled with
accurate polarizable potentials fitted on first-principles electronic calculations.
Finally, it would be interesting to apply the perturbative approach of chapter 5 to a
larger variety of approximate methods and, in particular, to test the performance
of the new approximations to Matsubara dynamics proposed in refs. [55, 56] and
assess the convergence of the mean-field Matsubara dynamics of ref. [87]. Fur-
thermore, the valuable insights provided by the perturbative models on overtones
and combination bands, should motivate a generalization of this approach to other
relevant anharmonic effects.

Feasible yet accurate simulations of nuclear quantum dynamics for large condensed-
phase systems are still an open issue. In this context, this work aims at giving new
analytical and numerical insights on the accuracy of the current methods and at
providing information for designing new accurate approximations for treating the
nuclear quantum dynamics of highly anharmonic systems.
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Details on the Phase
Integration Method

Ref. [52] recently introduced a controlled approximation for the Wigner density
that allows to tame the phase factor without resorting to a harmonic approximation.
Moreover, contrary to LGA or FK-LPI, it allows in principle to recover negative parts
of the Wigner density. In this section, we will only sketch the procedure in the
unidimensional case. The multidimensional generalization can be found in [130].

One starts by writing the off-diagonal matrix element of the density operator in
path integral form using the symmetric Trotter break-up of equation (2.12) with 2

slices:

<A
175

1 Z& Z& 2v—-2
X exp{—nymw%,, ((q -5 z1)? + (g + 5~ Toy1)% + Z (X141 — a:l)2> }

=1

2v—1

e_BH‘q+§> x /dm...dxzwl =3 (BVa- 23 Vat L Vi)

(A.1)

with wy, = 2v/Sh. This path integral forms an open chain with endpoints ¢ — A/2
and ¢ + A /2. We now split the chain in half and change variables to the center path

and the fluctuation path as:

r = (m+x2-1)/2

1=0,...,v (A.2)
A = 11— T

Using this definition, we denote o = ¢ and Ay = A. Moreover, we have A, = 0.

The Wigner density then reads:

pu(a,p) o< lim / dr dA P20/ p(r, A) 6(q — r0) (A.3)
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withr = (r9,...,7,), A = (Ag,...,A,_1) and:

1 —g(iv(ro—%)ﬁ-iV(roﬂ- )V ()30 Y Az/2>+V(rz+Al/2))
plr,A) = e

1 ‘= 1
X exp{—fzmwgy (Z(TZH — )%+ Z(AlJ’,l — Al)2>} (A4)
=0

with N, a normalization constant. We now split the path integral density p into
marginal p,,(r) = [dA p(r, A) times conditional p.(A|r) = p(r, A)/pm,(r). We also

multiply and divide by the Gaussian term e~ "2 (r)p?/21% wiith ko(r) to be determined.

The Wigner distribution is then (we now imply and drop the limit v — 00):

w(¢, D) /dr pm(x)e 20w 5 (g — g U dA O AR/l (Alr)
(A.5)
Expanding e~2(p*/2h*+ipAo/h a5 3 power series with respect to p and choosing ks as
the second order cumulant of the conditional distribution with respect to A

_ /dA A3 pe(Alr) = (A3) (A.6)

Pc

we obtain:

—ra(r)p? /2R 5 K4(r) (ip Ke(r) (ip
pw (4, D) oc/drpm(r)e TP (g o) |1+ = 5 + 6 \h +"'
(A.7)
where k,(r) is the n-th order cumulant with respect to A, of the distribution p..

Note that, by parity of p., all odd orders in the expansion are null. We will refer to
the power expansion in (A.7) as the Edgeworth correction.

Using the fact that the Wigner density is normalized, we obtain the full expression:

.\ 6
J dr py (x)e 2P /20 5 >[1+”4<“>(h) ()

[ dpdr pp,(r)e—r2(x)p?/202 [1 + mj‘—(!r) (%})4 + HGT(!r) (%)6 +.. }

(A.8)
In ref. [52], the Wigner density is computed via a Monte Carlo algorithm that samples
the density pm(r)e_“2(r)p2/ 2h* - Averages over this density are then weighted by the
Edgeworth correction (truncated at a certain order). The density sampled via Monte

Pw(q,p) =

Carlo is positive so that negative parts of the Wigner density are recovered through
the Edgeworth correction. This formulation of the Wigner density was shown
to capture interesting quantum effects, such as the correct correlations between
different degrees of freedom (including coordinate-momentum and momentum-
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momentum correlations). As for the slightly different Edgeworth approximation
introduced in chapter 4, the numerical convergence — or failure to converge — of the
method can be systematically tested by computing successive terms of the Edgeworth
correction. The main numerical difficulty of this approach is that p,,(r), k2(r) and
the higher order cumulants are non analytical and need to be computed via an
auxiliary path integral Monte Carlo.

Similar approximations have been used to compute the Kubo-transformed [131]
and symmetrized [70, 132] correlation functions.

The Edgeworth expansion that we derive in chapter 4 differs from the one in the
PIM mainly by the distribution it approximates. While our approximation considers
the Edgeworth expansion of the full matrix element (¢ — A/ Z\e*ﬂg lg + A/2), con-
ditionally to ¢, the PIM starts by expanding this element in path-integral form and
approximates the extended-space distribution p.(A|r) (A and r are v-dimensional
vectors). The PIM is thus tied to path-integrals from the start and it is more dif-
ficult to derive from it a Langevin dynamics that allows to compute TCFs, as the
WIiLD. By contrast, the WiLD only involves the physical degrees of freedom (g, p)
and uses path-integrals only in the auxiliary calculation, as a calculation tool for
its generalized forces. The PIM version of the Edgeworth approximation and the
one derived in chapter 4 yield equivalent accuracy on all the model systems tested.
However, the new formulation is simpler and we expect the ECMA sampling scheme
to be computationally more efficient than the generalized Monte Carlo procedure of
ref. [52], although this point should be more systematically investigated for future

works.
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Noise correction of ECMA

In this appendix, we demonstrate that the factor of equation (4.51) allows to correct
for the noise on the EWO0 conditional momentum.

First, let us clarify the notations. We will denote x5 the exact second order cumulant
matrix as given by equation (4.58) (we drop the dependence on q as we will consider
the position fixed) and K2 = k2 + X an unbiased estimate of ko (thus X is a random
matrix of zero mean) obtained, for example, using an auxiliary Langevin equation
(see ref. [106]).

The EWO0 conditional momentum density for a N-dimensional system, obtained
using Ro is given by:

o pL (k2 +X)p
e 252

pr>(Pl) = ———=
\/2mh2 k| !

where | - | denotes the determinant and [ is the N x N identity matrix.

‘I+ /-;21X’ (B.1)

We now expand the distribution at second order in X. As a first step, one can show

that the determinant |I + H |1/ ? can be expanded at second order in H as:

2
T+HY =141 ZHML ZZ J)—é<ZH> +o

T
(B.2)
The distribution can then be expanded at second order in X as:
T T
p' Xp Xp 1 _
pra(Pla) = prs (Pla) [1 -t P T t3 Z g 2k X
1x7.. 1 ~1x 1y p’ Xp 1y
+ZZ Jiilrg X5 — 5[“2 lijlea Xji | — A2 Z[KQ Jii -
i j# i
(B.3)
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The expectation value of this distribution over many realizations of %, is then:

( TX )2
(%(p\q»=pm(pq)l1+<p8};>—;z<[ ) X: > <p4§§p2 [ " X s >

)

35 (B Xl X1y — s Xl XLy )+

N EC

(B.4)

where the first order terms cancel since X is of zero mean. One can then see that
the expectation value (pz,) is biased by a multiplicative factor which depends on the
fluctuations of the noise X (its variance for a unidimensional system). One can then
construct an unbiased estimator (up to second order in X) for p,, which reads:

(p" Xp)* r
P, (Pla) = pr, (Pla) ll - <p8h4p> + é Z <[f<ar;1X]?i> + <p4£§p Z[n21X]ii>
—ZZ< Xlailry ' X5 ;[ngl)(]”[ﬁle] >] (B.5)
i j#Ei

and one can show, following the same procedure as above, that < C°“> = pry +O(X3).

For a unidimensional system, this expression reduces to:
4 2
COIT p p 1
Py (pla) = pr, (pla) [1 — o <8h4 - e Qﬂ (B.6)

where 02 = (X?) is the variance on the estimated value of x3 and we recognize in
this expression the correction factor of equation (4.51) of the main text.

In practice, in order to evaluate the expectation values in equation (B.5) (or the
variance o2 in (B.6) for the unidimensional case), we perform N,,, independent
evaluations of ko that we will denote Egi) (t=1,...,N,u). We use their average
Ry = > Egi) /N..x as our closest estimate of x, and the expectation values are
(4)

estimated on the sample of %,’. For example, for a unidimensional system, the

unbiased estimator of the variance of 5 is:

—(1)  — 2
2 >Ry’ —Fa)
7= Naux(Naux - 1) (B.7)

And similarly for a multidimensional system, for example:

T =) _ =y ]2
(1 xp%) ~ = Es(gé —ﬁ12>) d B8
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The noise correction allows in principle to use very noisy estimates of ko when
sampling the conditional momentum distribution and thus to drastically reduce
the numerical cost of ECMA. To illustrate the effect of the noise correction, we
compute the kinetic energy of the Morse potential of equation (3.1) numerically
estimated via ECMA with and without the correction factor. The reference energy is
computed from the exact ECMA distribution given by the wavefunction expression
of the density operator (2.7). The numerical estimations of x2(q) were obtained
using N, = 16 auxiliary open-chain path-integral Langevin simulations (with 128
beads) and the position distribution was sampled from standard PIMD. To avoid any
correlations and biases on the estimation of the Eg), each auxiliary simulation is
thermalized for 25 fs before accumulating the statistics. Figure B.1 shows the relative
error on the kinetic energy with and without the noise correction as a function of the
auxiliary simulation time. One can see that, even for very short auxiliary simulations,
the noise correction is able to drastically reduce the error on the kinetic energy to
less than 2%. Furthermore, the corrected kinetic energy converges to the exact value
much before the uncorrected one.

141 —J— without noise correction
—J}— with noise correction
12 A
10 4
S
5 8]
@
(V]
2 61
-t
©
1S
4 .
2 .
0 1 —s

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
auxiliary simulation time (fs)

Fig. B.1.: Relative error on the kinetic energy for the Morse potential of equation (3.1)
numerically estimated via ECMA with (blue curve) and without (red curve)
noise correction as a function of the auxiliary simulation time. The reference
energy is computed from the exact ECMA distribution given by the wavefunction
expression of the density operator. The numerical estimations of ko are averaged
over 16 independent Langevin trajectories, each thermalized for 25 fs.
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The top panel of figure B.2 shows the ECMA distribution (at order EW0) with and
without noise correction with an auxiliary simulation time of 1.25 fs. One can
see that without the correction, the conditional momentum distribution is broader
than the reference and that the broadening depends on the position (see the lower
panel of figure B.2). The corrected distribution is however very close to the exact
distribution and the conditional momentum distribution is well reproduced for all
positions.
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—— reference ---- with noise correction
——- without noise correction

Fig. B.2.: top panel: ECMA-EWO distribution for the Morse potential at 300K. Contour
levels are 1.5, 10, 20, 30, 40 fs.A‘Q.(g/moD_l. bottom panel: variance of the
conditional momentum distribution (renormalized by mkp to obtain a tempera-
ture) as a function of ¢ (i.e. the average value of p? on each vertical slice of the
corresponding top panel). solid black curve: exact ECMA (from wavefunctions);
red dotted-dashed curve: numerical estimation (128 beads, 1.25fs of auxiliary
simulation, N, = 16) without noise correction; blue: numerical estimation with
noise correction.
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We confirm the multidimensional expression of the noise correction with the bidi-

mensional model of section 4.5.2. We found similar resuls as in the 1D case (see
figure B.3).

—F— without noise correction
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Fig. B.3.: Relative error on the kinetic energy for the bidimensional potential of equation
(4.69) numerically estimated via ECMA with (blue curve) and without (red curve)
noise correction as a function of the auxiliary simulation time. The reference
energy is computed from the exact ECMA distribution given by the wavefunction
expression of the density operator. The numerical estimations of x5 are averaged
over 16 independent Langevin trajectories, each thermalized for 25 fs.
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C.1

Quantum perturbation theory
applied to the mildly
anharmonic oscillator

overtone intensity by perturbation of the harmonic
eigenstates

In this appendix, we use quantum perturbation theory to derive the intensity of
the overtone of equation (5.25) for the perturbative model of equation (5.1). The
Hamiltonian operator of the system under the potential (5.1) can be split as:

H=H+2¢ (C.1)

where Hj is the Hamiltonian of the harmonic system. The unperturbed eigenstates
are given by the time-independent Schrodinger equation:

Hy|n) =e,|n) (n>0) (C.2)

where |n) is the n'* wavefunction of the harmonic oscillator and ¢, = %40 (2n + 1).

We also remind the following relations involving the standard creation 4! and

annihilation & operators:

atln) =vn+1|n+1) (C.3)
aln) =+vnln—1) (C.4)

and
q= 27”:0.:0 (a' +a) (C.5)

p =iy fm;”‘) (@ — a) (C.6)
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At first order, the perturbed eigenstates are given by:

En = en + O(N?) (C.7)
o A (k3°|n) 2

Using equation (2.22), we can write the real part of the standard momentum-
momentum TCF for the perturbed system as:

lt) = L 5 (e 4 )

I n<l

<ﬁ’ﬁ‘l~>‘2cos (gl %gnt) (C.9)

where Z = Y, e % is the partition function of the system. We now consider only
the contributions of frequencies close to 2wy which are given by the pair of states
such that [ = n + 2. For these states, we have at first order in \:

A

lpli+2) = 2| Y (bl +2) AT S+ Y (wlalh ) T2 o (2)

3 huwo (

k#n k#An+2 hwo(n +2 — k)

(C.10)
Using relations (C.4),(C.3),(C.6) and (C.5), one can easily show that:

Y
(Alpl +2) = iz=—/(n+1)(n+2) +(’)()\2) (C.11)

0

Thus, at second order in )\, the only contribution of frequency close to 2wy is given

el290) (1) = A(wo, B) cos(2wot) (€.12)
with:
A272 s
A(wo, B) = St 1 (14 em100) Zn: n+1)(n+2)p (C.13)

_ X 1 4+ 480} |3 on + 1)? o+ 1 (C.14)
—m( +e ) E—FZ;(?’L‘F )pn‘i‘zn:(’l’b—F )pn .

where we have denoted p,, the population of the n** harmonic level:

67B60(2n+1)

P = 5 (C.15)
For the harmonic potential, the average total energy is given by:
PR th / 2
Tr|pH| = ————< = NI
x| tanh (Bhgy2) = O wo:P) (c.16)

C.1 overtone intensity by perturbation of the harmonic eigenstates
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with the canonical density operator p = Y, p, [n) (n|. This yields the following

relation:
€0 Y _(2n + 1)pn = O(wo, B) = € coth(Bep) (C.17)
The average energy fluctuations are obtained by differentiating with respect to /3,
giving:
2 2 2 90 _ , 2
€5 (coth”(Beg) — Z(Qn +1)%pn) = 5 = ¢;(1 — coth®(fBep)) (C.18)
Thus
> (2n+1)%p, = 2 coth®(Beg) — 1 (C.19)

n

Using relations (C.17),(C.19) and properties of hyperbolic functions, one can show

that:
4)\?

2,56
Im=wy

A(wo, B) = O(wo, 8)O(2wo, B) (C.20)

We use relation (2.38) to recover the Kubo-transform momentum autocorrelation
spectrum from ¢,,(w). The contribution of the overtone to the kinetic energy is then
given, at second order in )\, by:

2)2

E(2wo; B) = m@

(wo, B) (C.2D)

which yields 7, as given by equation (5.25).

We now give the key elements to compute the resonance intensities for the bidimen-
sional model of section 5.2. We start by splitting the Hamiltonian into:

H= ﬁl,O + f{270 + )\ququ (C.22)

where H 1,0 and }AIQ,O are the harmonic Hamiltonians of the unperturbed degrees of
freedom. At first order in A, the perturbed eigenstates are:

fuw hw
Ering = —21 (2ny + 1) + —22 (2no + 1) + O(V) (C.23)
L A (k1k2]q1G3|n1n2) 2
— Z kik oA
fafie) = |mnz) + h 2 wi(ng — k1) + wa(ng — ko) Ihaka) + ( )

(k1,k2)#(n1,n2)
(C.24)

Using equations (C.5) and (C.6) for each degree of freedom, one can compute
Cpipr (t) and €p,p, () in perturbation at second order in A using the same method as
for the previous model.

C.1 overtone intensity by perturbation of the harmonic eigenstates
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C.2 First order expansion of the Wigner distribution and
of the EW0-QCF

In this section, we derive a perturbative expression of the Wigner density and of the
quantum correction factor of the Edgeworth conditional momentum distribution
for the potential (5.1) with the perturbation parameter \. Both the thermal Wigner
density and the EWO0-QCF depend on the off-diagonal elements of the density matrix
which we express in path integral form (in the continuous limit) by following
reference [60] (section 12.4). In this section, we will use the shorthand notation
w(q, A; ) = <q — % ‘e‘ﬂﬁ‘q — %> We then expand the path around the classical
harmonic path and decompose the fluctuation path in Fourier components in order
to obtain an analytical expressions of w(q, A; ) at first order in A. Finally, we use
this expression to obtain the Wigner density and the EW0-QCF at first order in \.

For the potential (5.1), the continous path integral form of the off-diagonal density
matrix elements are given by the following functional integral:

z(Bh)=q+A/2 1 rBh 2 2,.2
w(q, A; B) :/ Dx(1) exp —f/ dr mi~(7) + mwy (1) + iJC?’(T)
z(0)=q¢—A/2 h Jo 2 2 3
(C.25)
which can be expanded at first order in \ as:
2(Bh)=q+A/2 . gh
w(g, A; B) = / Dx(r)eiSOTH 1— A dr (1) + (’)()\2) (C.26)
2(0)=q—A/2 3h Jo
: _ Bh ma2(7) mwiaz?(7) .. . L .
with Sp[z] = [y d7 =5~ + 5 the harmonic imaginary-time action. The

expansion in \ switched the problem from finding anharmonic paths to averaging a
quantity on harmonic paths which is much simpler. As in ref. [60], we expand the
path z(7) about the classical harmonic path:

x(7) = xo(7) + y(7) (C.27)

where xy(7) is the classical harmonic path defined by the differential equation
mio = mwix with boundary conditions z¢(0) = ¢ — A/2 and zo(8h) = ¢ + A/2
which can be solved exactly as:

(4= §)(Em 080 — lr) 4 (g1 §)(enr — =)

o(T) = o e T— (C.28)

and y(7) is the fluctuation path (defined by the difference between the full path
and the classical harmonic path) which has the property y(0) = y(5%) = 0. One can

C.2 First order expansion of the Wigner distribution and of the 168
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show (see ref. [60]) that the harmonic action is separable between the classical and
Solz] Solzol _ Solyl

fluctuation pathsi.e. e "» =e ~ & e~ . We thus obtain:

w(g, AsB) = e n" f{Dy(T)e_SOTM (1 S 2 M o) )+ ey

3h Jo
(C.29)
where the closed integral indicates a path starting and ending at 0. Due to the
symmetries of the fluctuation paths the terms containing odd powers of y(7) cancel
when integrated over all paths and we obtain:

A [Bh
~3i

Soly]

(0]
w(g, A; ) = e~ 2 fpy(T)e*T (1 dr (z3(7) + 3z0(1)y2(7)) + O(AZ)
(C.30)
One can show (by explicitly writing the functional integral in terms of a sum of
Fourier coefficient as in ref. [60]) that the term proportional to z((7) does not
depend on A so that we can write:

w(g, A; ) = wo(g, A; B) <1 2 lalg. ) + b(o)] + O(V)) (C.31)

3h

with wy (g, A; 5) the harmonic off-diagonal element given by equation (4.39) and
the functions a and b defined as:

Bh
a(g,8) = | drag(r) (C.32)
olyl [BR
b(q) = Ilo%l?y(T)e_ShH /0 dr 3330(7')y2(7') (C.33)

. Soly] . . .
with the constant Iy = § Dy(T)e*OTy. Analytical expressions of the functions a(q, A)
and b(q) can be obtained using the Fourier decomposition of the fluctuation path.
We used the symbolic computation software SageMath to obtain these analytical

expressions:
qh A% 4 2(5 6(2w0,6)>
Ay=—1" (2 4op2(2 2202 _
Ut 2) = 36 w0, B ( 2 "37\2 7 (w0 B) (C.34)
2qh (9(%075) )
b(q) = -1 C.35
(9) mw% O(wo, B) ( )
with O(wy, 5) = % Using the parity of wy(q,0; /), we obtain that the

perturbed partition function Z = [ dq w(q,0; 3) is equal to the harmonic partition
function Z;. Finally, we compute explicitly the Fourier transform of w(q, A; §) with

C.2 First order expansion of the Wigner distribution and of the
EWO0-QCF
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respect to A to obtain the perturbative expression of the Wigner density of equation
5.27:

2 @(Wo,ﬂ)

_ A (OQ2wo,B) N 20 (5 O(2w, )
pw(q,p)—Pw,o(q,p)ll 2(@(%5) 1) 9@(%5)( )

mw?
\qp? <@(2w0,5) B 1>
3m2wiO(wo, 8) \ O(wo, B)

+ (9()\2) (C.36)

with the harmonic Wigner distribution

1 21
¢ OG0B (571‘*‘5"“”3‘12)
(C.37)

pw,o(Qap) = £+%mw3q2)

1
qudpe O(wq,B) <2m

To obtain the EW0-QCF, we compute the conditional distribution of A of equation
(4.4):

e 1a) = peo 1) [1 = (ol )~ (ala. ), )|+ O()  €38)

with the harmonic distribution p.o(Alg) = wo(g, A;B)/ [ dAwe(g, A; 3). Using
equation (4.5) we then obtain:

A [ (A%a(g, A))
~ 3h (A2)

k2(q) = K2,0 [1 peold _ (a(q, A)M,oq)] + O()‘2>

pe,0la
— b [1 _ 37225% (%((2;07’ Bﬁ)) - 1)} +0(x) (C.39)

with kg by equation (4.40). Using equations (4.50), we obtain the EWO0-QCF of
equation (5.34).

We can also show that the EWO distribution that the WiLD samples is exact at first
order in \. The EWO distribution is given by:

e—BU(a)—r2(q)p? /21

pEwo(Qap) = qudp o—BU(q)—ra(q)p? /212 (C.40)

C.2 First order expansion of the Wigner distribution and of the
EWO0-QCF
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with k2(q) given at first order by eq. C.39 and

e~ BU(9) :/dA w(gq, A; B) (C41)
= i _ A (6w, B)
N \/m@(woa 6)/277—7;02 [[1 mwg ( @(wo’ 5) 1> (C.42)
2>\q3 5 @(2600,ﬁ) 9
_9@(w0,5)<2_@(wo,5))] +0(¥) (C.43)

We can then show that py,,(q,p) = p,(¢,p) + O(N\?) and thus the WiLD samples the
exact Wigner distribution at first order in \.

Finally, we compute the successive cumulants of p. to show that the Edgeworth
correction does not modify the ECMA distribution at first order. The fourth order
moment of p, is

(Aa(q,N)), g
<A4>pc\q - <A4>,0c,o|q [1 B 3/\71< <Ai>pc’0|567 = {alg, A)>PC70‘1> + O<)\2)
= 32, [1 = 3;1:58 (%((2:;0,’ 5)) - 1” +0(»?) (C.44)

so that we obtain for the fourth order cumulant x4(q) = (A*) | —3r3(q) = O(N?).
If we now suppose that, for any even integer m, all of the cumulants from «; for j
between 4 and m — 2 (included) are null at first order in )\, we can use the recursion

formula for the cumulants:

m—2
Km(q) = <Am>pc|q o Z (m 3 1) ﬂj(Q) <Amij>pc\q

J=2, even ] -1

— m _ _ m—2

= (&™), = (m = Dmale) (A™2) (C45)
For this expression, using similar reasoning as above for x4, one can show that
km(q) = O(N\?). Therefore, by the recursion principle, all of the cumulants of
pc of order higher than two are null at first order in A\ and thus the Edgeworth
correction does not contribute to the first order expansion of the ECMA and WiLD
distributions.

C.2 First order expansion of the Wigner distribution and of the
EWO0-QCF
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C.3 Full expressions of the combination bands

intensities in LHA

The contributions of the combination bands to the LSC-LHA vibrational density of

states are:

LHA

N (B w1 4+ wa) = No(Bs w1 + w2) 15w,

i (B 01 = w3) = 1o (B 01 — w2) Vi,

T (B3 2w2) = 10(8; 2w32) Y3
with (the last step of the perturbative calculation is performed on a formal computing

software, more compact expressions might potentially be found):

Voorreon = [h2B®(W1, B)(wiws + 207 — wiwy — 2w1w3) — ©%(wz, B)(16wiws + 8wiw3)

+ BO(w1, B)O% (w2, B) (—4w] — 8wiwsy + dw?w: + 8wiws)

+ O(wi, B)O(wa, B) (4w + 16wiws + 20wiws — Swiws — 8w§1)]

/[Swg(wl@(wQ,B) + weO (w1, B))(W? — w3)O(wy + wy)

ﬁf",wz = [hZﬁ@(wl, B) (w%w% — Qwi}’ — w%w% + 2w1w§) - 6)2(w2, ﬁ)(le%w% — Swlwg’)

+ BO(w1, B)O%(wa, B)(—4w] + 8wiwy + dwiw? — Swiwd)

+ O(wy, B)O(wa, B) (4wi — 16wiws + 20wiws + Swiws — &ug)]

/[8w2(w1@(w2» B) — w2® (w1, B)) (Wi — w3)O(wi — wz)]

LHA 7@(“)27/8)(”% - 4“%) + 30"%@(‘*)17/8)
T O(ws, B) (] — w3)

C.3 Full expressions of the combination bands intensities in LHA
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