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The key principle of statistical mechanics is as follows:

If a system in equilibrium can be in one of N states,
then the probability of the system having energy E, is
(1/Q) e En/kBT yhere Q = ZnN:1 e En/kBT ()

If we take |i) as a state with energy E; and A as a

quantum mechanical operator for a physical observable,
then the expected value of the observable is ((A)) =

1/Q 32 5 (i| A li)e FilkoT,

This fundamental law is the summit of statistical mechan-
ics, and the entire subject is either the slide-down from this
summit, as the principle is applied to various cases, or the
climb-up to where the fundamental law is derived and the
concepts of thermal equilibrium and temperature clarified.

R. P. Feynman, Statistical mechanics [1, ch. 1]
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1. Introduction

In a macroscopic system, the number of particles or degrees of freedom is extremely large, such
that it is impossible to obtain a complete physical description of the system, both experimentally
and theoretically. For example, the microscopic state of a classical gas includes all positions
and momenta of ~ 10?3 particles. However, the detailed behaviour of the constituents is not
reflected on a macroscopic scale, where one is only interested in a few properties of a system,
e. g., we only require that a given system has N particles, a volume V and an energy in a
small interval around the value E. These macroscopic conditions are met by a large number
of microscopic states. The mental collection of systems that are in these states is called an
ensemble. The typical problem in statistical physics is the determination of averages over such
ensembles.

The three ensembles that are usually dealt with in standard textbooks on statistical physics
are the microcanonical (constant number of particles N, volume V', energy F), the canonical
(constant N, V', temperature T') and the grand-canonical (constant chemical potential u, V,
T') ensemble. Each of the ensembles is characterised by a distribution function that describes
the probability for a macroscopically prepared system to be in a given microscopical state,
which is, in classical physics, given by a point in the phase space of the system, whereas in
quantum physics it is given by a state vector in Hilbert space. The determination of this
distribution function is the fundamental question that is answered by statistical mechanics.
The distribution function permits the calculation of ensemble averages and, more generally,
of the partition function, which is of outstanding importance in statistical mechanics since it
contains the whole thermodynamics of a system.

If f(q,p) denotes the classical unnormalised distribution function on the phase space I' (with
configuration coordinates (qi,...qy) = ¢ and conjugate momenta (p1,...pn) = p), a classical
statistical ensemble average (( B)) of an observable B(q,p) (which in classical mechanics is a
function on phase space) is given by the phase space integral

((B))= Z%Z/qude(q,p)f(q,p) , (1.1)

i. e. the phase space function corresponding to the macroscopic observable has to be averaged
over properly weighted microstates. The quantity

Zczz/rdqdpf(q,p), (1.2)

which is used to normalise the above expression, is called the classical partition function.

A direct evaluation of the high-dimensional integrals (1.1) and (1.2) is possible only in very
particular cases, such as the ideal gas. In more general cases, e. g. for interacting many-particle
systems, it is usually impossible. In order to be able to investigate the wide variety of physically
interesting phenomena of these systems, a large number of techniques has been developed for the
evaluation of ensemble averages, which can basically be divided into two groups: The stochastic
or Monte Carlo methods that make use of random numbers, and the deterministic methods.



The latter are used in the context of molecular dynamics simulations and will be in the focus
of the present work.

The basic idea of molecular dynamics (MD) simulations is to solve Hamilton’s equations of
motion for the particles of a given system numerically to obtain the temporal trajectories ¢(t),
p(t) of all particles in phase space. This is, despite the large number of particles and possibly
complicated interactions, usually possible given the availability of both accurate numerical
methods and fast computers. Now, in order to calculate an ensemble average, one averages
over the time evolution, and hopes that the ergodic hypothesis is satisfied. Loosely speaking,
this means that the trajectory runs through the allowed region of phase space! with the correct
weight such that the average over the time evolution of the system is equivalent to the average
over the corresponding statistical ensemble:

lim E/OT dt B(q(t),p(t)) = ZL/qude(q,p)f(q,p) : (1.3)

T—00 T Cl

In Monte Carlo (MC) methods, one introduces an artificial dynamics on phase space which is
based on random numbers. MC simulations are very powerful and popular for static properties.
The most common type of MC simulations, the Metropolis Monte Carlo method [2], is naturally
adapted to the canonical ensemble. It allows a direct sampling of the Boltzmann distribution
by generating a Markov chain with a suitable transition rule and using rejections to achieve
detailed balance. The dynamics obtained in an MC simulation also needs to be ergodic in
the sense that the random walk needs to sample the entire allowed phase space such that
MC averages and ensemble averages coincide. However, since in MC one does not rely on a
“real” (i. e., physically meaningful) dynamics, this is less of a problem. In case of non-ergodic
behaviour, one has to invent more elaborate transition rules.

Usually molecular dynamics calculations are performed with a fixed number of particles in
a given volume of constant shape. In addition, as a consequence of Hamilton’s equations, the
energy of the system is conserved during time evolution. Therefore, if the trajectory passes
uniformly through all parts of phase space that have the specified energy, the time average
one obtains from an MD simulation corresponds to a microcanonical ensemble average. Only
phase space points which lie on the hypersurface described by the condition of constant energy
H(q,p) = E contribute to the equilibrium ensemble average, and they contribute with equal
weight according to the principle of equal a priori probability. The corresponding probability
density in phase space is therefore given by

flg,p) =6(H(q,p) — E) . (1.4)

As a conclusion, the microcanonical ensemble may be considered as the natural ensemble for
MD simulations.

However, if this approach to the calculation of ensemble averages were limited to the mi-
crocanonical ensemble, it would be practically useless. Experiments are usually carried out at
constant temperature (and pressure), and therefore it is desirable to have techniques to realise
different types of thermodynamic ensembles in MD simulations. More specifically, in order to
obtain a canonical ensemble average, the above technique is inadequate, since in the canonical
ensemble, the condition of constant energy is replaced by a condition of constant temperature,
and the distribution function (1.4) is replaced by a Boltzmann distribution?,

f(q,p) = exp(=BH(q,p)) - (1.5)

IThe term “allowed” refers to the constraints imposed on the system.
2In this work, we will use the notation T for the temperature, and 8 = 1/kgT in parallel, k5 being Boltzmann’s
constant.




1. Introduction

The total energy of the system is allowed to fluctuate around its mean value by thermal contact
with an external heat reservoir which allows for energy exchange. The physical effect of the
heat bath upon the system of interest is to impose a constant temperature condition, while
the details of the thermal interactions are usually unknown. How can this modified situation
be described on the level of the equations of motion, such that the temperature value can be
given beforehand as a fixed parameter? Clearly, a mechanism is needed that introduces suitable
energy fluctuations. We will call such a mechanism a thermostat.

The constant temperature condition is certainly fulfilled for a Brownian particle which is a
macroscopic particle immersed into a liquid of a given temperature. Energy transfer takes place
via the ceaseless random collisions between the Brownian particle and the constituents of the
liquid. The motion of the particle is described by the so-called Langevin equation, and it has
been shown in 1945 that under appropriate conditions, the long-time limit of a time average
over the solution of the Langevin equation corresponds to a canonical ensemble average [3].
The Langevin equation involves a stochastic force that mimics directly the collisions mentioned
above, therefore we call this approach a stochastic thermostat. In contrast to pure MC sampling,
this phenomenological equation is based on Newton’s equation of motion and includes only a
“moderate” amount of randomness.

It is surprising that beyond this direct modelling of the heat bath interaction, a different
technique which is completely deterministic has been initiated by Nosé in 1984 [4]. His original
method was based on the idea of a scaling of the particle momenta, allowing energy fluctuations
and thereby temperature control by a control of the kinetic energy. Although formally correct,
the original formulation featured ergodicity problems and therefore was not applied very much
in practice. Later on, numerous extensions and refinements have been added that turned out
to be more efficient and easier to handle. These modified techniques are known as extended
system methods. Their common underlying idea is to append additional degrees of freedom
to the original physical system that act as pseudofriction terms, thereby destroying energy
conservation and, moreover, the overall Hamiltonian structure of the dynamics. The equations
of motion of the enlarged system are designed in such a way that in the subspace belonging
to the original physical system, the temporal average corresponds to a canonical average. To
ensure this, the equipartition theorem of classical statistical mechanics is implicitly exploited.
Extended system methods are commonly used nowadays in classical MD simulations [5, 6] and
have turned out to be extremely powerful.

The main advantage a molecular dynamics approach has over Monte Carlo is that in the
course of an MD simulation, physically reasonable dynamical equations are integrated. This
makes dynamical information available, even though one can argue that the particular constant
temperature methods appear somewhat artificial. Consequently, dynamical properties such as
time correlation functions may be calculated. Monte Carlo simulations are not suitable for
the determination of dynamical physical properties and allow only the calculation of static
properties, unless one accepts that the random walk generated by MC is an interesting physical
dynamical model.

In the field of finite-temperature simulations of quantum systems, the most successful ap-
proach is based on the path-integral formulation by Feynman [1]. The power of the method is
due to the fact that it allows to relate the quantum density matrix at arbitrary temperature,
e P I~{, where H is the Hamiltonian of the system, to integrals over paths in coordinate space,

(R| e | R :/---/de...dRM exp(—S(Ri, ... Rar) - (1.6)

S is the so-called action of the path and is real, and thus (1.6) involves a basically classical



distribution function, such that one can use classical molecular dynamics [7] or Monte Carlo
techniques [8] to evaluate the integral. The latter have been applied very successfully to the
interacting boson system *He that undergoes the famous A-transition at 7' = 2.18 K [8], and
to bosons in a magnetic trap [9]. However, for fermions, the contributions of even and odd
permutations to the density matrix involve opposite signs due to the required antisymmetry of
the wave function. The cancellation of contributions usually causes the signal/noise ratio to
approach zero rapidly and rules out a straightforward MC evaluation of the integrand. This is
known as the “fermion sign problem”.

The main obstacle to an approach to the calculation of ensemble averages via time averaging
over the quantum time development is the fact that the solution of the Schrédinger equation is
not readily available for complicated systems. Contrary to the classical case, quantum dynamics
itself is a very hard computational problem. In essence, the quantum time evolution implies
to calculate an exponential of the Hamiltonian, which is practically equivalent to treating the
canonical density operator directly. On this level, the ansatz of time averaging does not lead
to substantial computational advantages. Nevertheless, the question whether it is possible to
determine canonical averages for a quantum system by averaging over trajectories generated by
an appropriate dynamics is challenging.

The interest for techniques comparable to the classical extended system methods in the
realm of finite-temperature quantum MD simulations has different sources. On the one hand,
even for relatively simple quantum systems constisting of a very small number of particles, it
is usually impossible to determine the full set of eigenfunctions and eigenvalues. Given the
availability of various efficient approximate quantum MD schemes (for a review of techniques
for fermions, see [10]), the following question is interesting from a methodological point of
view: Does a generalisation of the classical methods to quantum dynamics permit to make the
power of approximate quantum MD schemes available for the calculation of equilibrium averages
without diagonalising the full many-body Hamiltonian? The present work may be considered a
first step towards an affirmative answer to this demanding question. Beyond, given the fact that
quantum MC has a non-physical time evolution, it is highly desirable to have an isothermal
quantum MD method at hand that depicts the physical dynamics of the system at a given
finite temperature more realistically. This would enlarge the variety of techniques available in
many-body theory and possibly extend their overall range of applicability.

Apart from permitting the determination of equilibrium ensemble averages, the classical
extended system methods also offer a model scenario for the dynamical evolution of a non-
equilibrium state towards thermal equilibrium. Although it is not clear whether the specific
approach using pseudofriction terms is a faithful physical picture of the real dynamical evolution
of a system enroute to thermal equilibrium, this view is a natural interpretation of the methods
that permit “cooling” and “heating” of non-equilibrium initial states. Consequently, one may
hope that a quantum analogue of the classical methods models the approach of a quantum
system to equilibrium.

On the other hand, real physical systems such as ultracold trapped gases are in the focus of
modern research for which such a method appears to be tailor-made and may allow for the direct
theoretical analysis of systems in a constant temperature condition. Recently, investigations
of ultracold magnetically trapped atomic gases have led to the discovery of intriguing physical
phenomena, among them the spectacular evidence for Bose-Einstein condensation in weakly
interacting Bose gases [11, 12]. On the fermionic side, researchers study the large impact
of Fermi-Dirac statistics on the behaviour of so-called degenerate Fermi gases [13, 14]. It is
remarkable that these systems constitute dilute gases in which the interparticle interactions
are weak. For fermions, the quantum statistical suppression of s-wave interactions makes an



1. Introduction

ultracold trapped gas of fermionic atoms even an excellent realisation of an ideal gas. In
addition, we note that the confinement by the magnetical trap may approximately be considered
as harmonic [15]. Beyond, from a theorist’s point of view, the ideal gas forms the starting
point for perturbative treatments of interacting many-particle assemblies, and motion in a
common harmonic oscillator potential is of special interest because of its importance for low-
excitation dynamics. Therefore, it appears reasonable to start with this tractable case. In
interacting fermion systems, a number of other fascinating effects is discussed, e. g., theorists
have studied the prospects of observing a superfluid phase based on the BCS concept of Cooper-
pair formation [16].

First ideas for a translation of classical constant temperature MD methods to quantum
mechanics have been discussed by Grilli and Tosatti in 1989 [17], but their approach has turned
out to have serious shortcomings [18] some of which are discussed in appendix A. An alternate
method due to Kusnezov [19] is limited to quantum systems of finite dimensionality and has
only been applied to a two-level system. Schnack has investigated a quantum system at constant
temperature using a thermometer and a feedback mechanism to drive the system to the desired
temperature value by complex time steps [20]. The main drawback of this ansatz is the fact
that an interaction is needed to equilibrate the system of interest and the thermometer, which
leads to a perturbation of the original system and thereby excludes simulations at very low
temperatures. This illustrates a main difficulty encountered in quantum mechanics: While in
classical mechanics, the equipartition theorem provides a direct and infallible “thermometer”,
such a useful a priori relation between the average value of some observable and temperature
is not readily at hand in quantum mechanics. Instead, it needs to be implemented in a sophis-
ticated manner, involving a number of difficulties, like the perturbation due to the interaction
and the insecurity about correct equilibration between system and thermometer.

In view of this unsatisfactory situation, the major goal of the present work has been to de-
vise a quantum thermostat following the lines of the methods successfully employed in classical
mechanics. We will show that in the case of an ideal quantum gas enclosed in an exter-
nal harmonic oscillator potential, the framework of coherent states permits new, far-reaching
methodological developments. For a single quantum particle, the analogy to classical physics is
very close, whereas for two non-interacting indistinguishable quantum particles genuine quan-
tum features have been found and investigated. It turns out that the approach based on the
classical Langevin equation is not suitable for identical particles, whereas the extended system
methods can successfully be translated to quantum mechanics.

The outline of the present work is as follows. Chapter 2 deals with temperature control
methods in classical mechanics, namely the Langevin equation and the extended system method
of Nosé and Hoover along with its refinements. Chapter 3 gives a brief introduction to coherent
states and their properties. Chapter 4 contains the main outcome of this work, presenting the
unprecedented quantum thermostat methods for one and two particles, and N fermions in an
external harmonic oscillator potential. In chapter 5, the results obtained with the new methods
are presented. Chapter 6 summarises the work and gives a critical analysis of the chances and
limits of the quantum thermostat method devised in this work.



2. Methods of isothermal classical dynamics

2.1. Stochastic temperature control:
The classical Langevin equation

The Langevin equation may be regarded as a phenomenological approach to temperature control
in classical mechanics. It has been developed to describe the irregular motion of a macrosopic
(so-called Brownian) particle immersed into a liquid of absolute temperature 7. The main idea
is to describe the action of the liquid that acts as a heat bath upon the particle by two additional
forces that are introduced in Newton’s equation of motion: Firstly, a slowly varying frictional
force proportional to the velocity of the particle, —m~y %q, where m is the mass of the particle
and + is a constant frictional coefficient, and secondly, a rapidly fluctuating random force F'(t)
that describes the disordered collisions of the particles of the liquid with the Brownian particle
and that vanishes on average. If in addition the particle moves in an external potential V(q),
the resulting equation describing its motion on the spatial g-axis reads

d%q ov dq
ey o/ (O 2.1
m—s o7 ™Mar T (t) (2.1)

Equivalently, one can study the set of equations of first order in time,

dg p dp ov
_ £ £z _ F(t) . 2.2
bt m’ dt Jq TP+ FE) (22)
The time average of F(t) vanishes,
N
lim —/ F(t)dt=0, (2.3)
T—00 T 0

and F(t) shall be purely random, which means that it has a vanishingly short correlation time®.
Moreover, the amplitude of the random force is related to the temperature 7" and the friction
coefficient v by the second fluctuation-dissipation theorem, which together is expressed as

<< F(tl)F(tQ) >> = 2m’kaT5(t1 — tg) . (2.4)

In addition, for technical reasons, one must assume that the random force is Gaussian, i. e. one
assumes that the coefficients of the Fourier series of F'(t) (which are random variables) are
distributed according to a Gaussian distribution.

Equation (2.4) guarantees that the temperature is kept at a constant value by the balance
between the thermal agitation due to the random force and the slowing down due to the friction.
Under the assumptions made above, it has been shown that in the limit £ — oo, the probability
density P(q,p;t|qo,po) at the phase space point (g, p) given that at time ¢ = 0 the particle was

LAs a result of the Wiener-Khintchine-theorem that relates the correlation function of a stochastic function
to its power spectrum [21], the spectral density of the fluctuating force is constant under this condition.
Therefore, the spectrum of F(t) is frequently said to be white.
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situated at go with initial momentum py is the canonical Maxwell-Boltzmann density [3]. This
limiting probability distribution is independent of the initial state of the system. Therefore, a
time average over a sufficiently long period will be equivalent to a canonical ensemble average.

The proof that the limiting probability distribution of the Langevin equation (2.1) is a
Maxwell-Boltzmann distribution uses a Fokker-Planck equation associated to (2.1) [3, 21]. In
general, for a one-dimensional Markov process y(t), the Fokker-Planck equation is a partial
differential equation for the probability density P(y,t|yo) that is derived from the obvious
condition

P(yvt—i_At‘yO) = /dZ P(y7 At|Z)P(Z7t‘yO) ) (25)

which is called the Smoluchowski equation, in the limit of small At and a small difference y—yo.
The resulting Fokker-Planck equation for a one-dimensional Markov process,

2
%_1; - —(%(Ml(y)P) + %g—yz(MQ(y)P) 7 (2.6)

contains the first and second moment of the change of the random variable y, the nth moment
being defined as

M,(y) = lim i/dz (z —y)"P(z, Atly) . (2.7)

Equation (2.6) is derived assuming that the moments M), vanish for n > 2 which expresses the
fact that in a short period of time, the spatial coordinate can only change by small amounts.

The Fokker-Planck equation for an n-dimensional Markov process y = (y1,...,yn) reads
oP "0 1 & 0?
— = — (M (y)P) + = — (M. pP). 2.8
T ; Byi( 1(y)P) + 2k§1 8%3%( 2k1(y) P) (2.8)
The case of the harmonic oscillator, V(q) = %mw2q2, is particularly simple. The moments

required in the Fokker-Planck equation can be determined, and the resulting equation for the
probability density P(q,p;t) reads explicitly

0P poP 0 9 0*P
= == 4+ = P kpT — 2.
ot m Oq +6p<<7p+mw q) )+m’y BE op2 (2.9)
and may be solved analytically with the initial conditions
P(q,p,t=0) = (¢ — q0)0(p — po) - (2.10)

The result is a two-dimensional Gaussian distribution in ¢ and p with time-dependent average
values and widths. In the limit ¢ — oo, one obtains the Maxwell-Boltzmann distribution (C' is
a normalisation constant),

. . B Lp> 1 45,
Jlim P(g, p; t|q0, o) = C exp <_k5B—T<% + 5wy ) ; (2.11)

which is a Gaussian distribution both in positions and momenta, independent of the initial
conditions. Note that the amplitude of the random force (2.4) which contains the temperature
T determines the width of the limiting Gaussian distribution.

10



2.2.  Deterministic temperature control methods

We summarise the main points of this section. The long-time limit of a time average over
the solution of the classical Langevin equation corresponds to a canonical ensemble average. In
the simplest case of the harmonic oscillator, the solution of the Langevin equation provides an
average with Gaussian distribution functions. This statement is verified by an explicit solution
of the associated Fokker-Planck equation. The width of the Gaussians is determined by the
amplitude of the fluctuating force via the fluctuation-dissipation relation.

2.2. Deterministic temperature control methods

While the Langevin approach is readily comprehensible and physically intuitive, it is less evident
that a completely deterministic time development may also provide canonical averages. Such an
alternate technique has originally been proposed by Nosé [4], and has been refined by Hoover
[22], Kusnezov, Bulgac, and Bauer [23], and Martyna, Klein, and Tuckerman [24]. A review
of these and various other constant temperature molecular dynamics methods can be found in
[25]. Only recently [26], the theory of these methods was put on a firm theoretical ground,
providing a valuable deeper view that we present in section 2.2.4.

In the original method of Nosé, temperature control in a molecular dynamics simulation is
achieved by the introduction of an additional degree of freedom s that is used to scale time and
thereby the particle velocities. This is reasonable since temperature is related to the average
of the kinetic energy. However, Nosé’s original formulation, although formally correct, features
substantial problems in practice, and therefore, the method has been modified and refined.
The so-called classical Nosé-Hoover thermostat with the extension to chains of thermostats
and the so-called demon method have turned out to be most successful and reliable. Simply
speaking, these methods exploit the equipartition theorem to determine the equations of motion
of pseudofriction coefficients that are introduced in the equations of motion of the original
system. These methods may be transferred to the quantum harmonic oscillator, which is why
the functionality of these classical deterministic thermostats is the subject of the following
paragraphs and will be outlined in detail.

2.2.1. The Nosé-Hoover method

Consider an isolated classical N-particle system in one dimension described by a Hamiltonian,

N
Ry
H(q,p) = Z —m (2.12)

As usual, the ith particle is located at position ¢; with momentum p;, and ¢ (resp. p) is the
N-tuple of all positions (momenta). The motion of the system in phase space is governed by
Hamilton’s equations,

d '_(9H_& d '__6H__(9V(q)
dt 4= Op; T m’ dt bi= Jq; N 0q;

(2.13)

In the Nosé-Hoover method, the equations of motion of the momenta p; are supplemented by a
term similar to a frictional force. In order to permit energy fluctuations, the frictional coefficient
is regarded as time-dependent and can assume both positive and negative values. In contrast
to the Langevin approach, a stochastic force is not employed. One wants to obtain canonical
time averages solely from varying the frictional coefficient suitably in time.

11



2. Methods of isothermal classical dynamics

In the original notation introduced by Hoover [22], the modified equations of motion read

d Di d oV (q)

EQZ'ZE’ %piz— X

— @) pi s (2.14)

where ((t) is a time-dependent supplementary degree of freedom added to the system to drive
the energy fluctuations required in the canonical ensemble. Therefore, the Nosé-Hoover and
related methods are frequently referred to as extended system methods.

From (2.14) it can be inferred that ¢ acts as a pseudofriction coefficient. Both the value and
the sign of ¢ vary in time. Accordingly, the momenta of the original system either decrease or
increase, which leads to a change of the kinetic energy of the system. This mechanism is used
for temperature control. The key point is to determine the time dependence of { such that the
energy fluctuations correspond to the canonical ensemble. More precisely, we demand that the
weight with which the phase space of the original system is sampled in time is the canonical
distribution function,

exp (= BH(q,p)) - (2.15)

On the level of the phase space of the extended system we postulate the distribution function

f(a:p,¢) = exp (—ﬁ(H(q,p) + %Q@)) : (2.16)

Note that the Boltzmann distribution (2.15) is a marginal of f. The choice of the distribution
function for ( is related to the linear coupling —(p; in the equation of motion (2.14). A different
coupling would entail a different distribution function, as will become evident in the discussion
of the demon method.

In order to make sure that f is sampled during time evolution, the time dependence of ( is
determined by the condition that f is the stationary solution of a generalised Liouville equation
which we derive now. To fix the notation, let 2 denote a point in a (possibly enlarged) phase
space. A distribution function f(x) satisfies a continuity equation that expresses conservation
of probability,

g +div,(f#) =0. (2.17)
ot
This equation is obtained by equating the local change of a conserved quantity inside a given
volume and the flow of this quantity through the surface of this volume. On the other hand,
the total time derivative of f along a phase space trajectory is defined by

d _of . 0f
%f 0t+ Fe (2.18)

With this identity, (2.17) can be reexpressed as

% _ (%.55) . (2.19)

Note the modified notation div & = % - I

Now, if z = (q,p) is an element of the phase space of a Hamiltonian system and the time
evolution of the system is determined by Hamilton’s equations of motion (2.13), the right hand
side of this equation vanishes identically and Liouville’s theorem df /dt = 0 holds. Its meaning

12



2.2.  Deterministic temperature control methods

is that given an initial distribution in phase space, the local density of representative points
does not change if we follow the solution of Hamilton’s equations.

In the case of the Nosé-Hoover equations (2.14) on the enlarged phase space, i. e. with
x = (q,p,(), we use this equation to determine an equation of motion for ¢ so as to reproduce
the postulated thermal distribution (2.16). In order to obtain an explicit equation, we impose
the constraint ¢/8¢ = 0, and along with (2.14) we easily get for the right hand side of (2.19)

0 Yo 2.\, 0
~f (%> =—f (Z <%qz * o p> a<<> FNC. (2:20)

i=1
Now, we calculate the left hand side of (2.19), employing the equations of motion (2.14),

d of of . Jf;
pr 8pp+ i+ 5 (2.21)

(ﬁZ(p" ) BQCC)
#ﬁ@(%%—@é) .

Equating (2.20) and (2.21) yields the following equation of motion for (:

N
4,1 < P _ Nk:BT> _ (2.22)
- m

It is interesting to notice that the time evolution of ( is determined by the deviation of the
momentary value of the kinetic energy » . p: 2/2m from its canonical average value N/2 kgT.
As a result, temperature control is achieved by a feedback mechanism: In case the momentary
kinetic energy is larger than N/2 kpT, the time derivative of ( is positive and ( increases,
so that the frictional force —(p; reduces the momenta, thereby “cooling” the system. In the
opposite case, the feedback mechanism heats the system up by accelerating the particles.

Besides, it is noteworthy that the influence of a heat bath may be imitated by adding a
single supplementary degree of freedom to the original system. This is in striking contrast to
the usual attributes of a heat bath, namely, that it is “larger” in comparison to the system
of interest, which is usually exposed as “having much more degrees of freedom” [21, ch. 3.6].
Furthermore, we remark that in the Nosé-Hoover method, the canonical distribution in phase
space is reproduced from a single thermodynamic average, the average of the kinetic energy.

For reasons of completeness, the following equation

d
- 0=¢ (2.23)

is also solved in a simulation, since it contributes to the quantity
1
H' = H(q,p) + 5@42 + NkgT®© (2.24)
that is conserved by the set of equations of motion (2.14) and (2.22). We stress that the

quantity (2.24) is not a Hamiltonian for the extended system; the equations of motion (2.14),
(2.22) along with (2.23) do not have a Hamiltonian form. This is the reason why we considered

13



2. Methods of isothermal classical dynamics

the non-Hamiltonian phase space (g, p, () of odd dimensionality. We have abandoned the strict
Hamiltonian structure in the present context. The question of a sound generalisation of the
Hamiltonian phase space notions to a non-Hamiltonian system will be addressed more closely
in section 2.2.4.

By construction, f is the static probability distribution generated by the dynamics (2.14)
and (2.22). This condition is necessary, but not sufficient for the equivalence of a trajectory
average and an ensemble average. It does not guarantee that the correct limiting distribution
will be generated by the dynamics, since it is not clear whether the system actually runs
through all phase space points with the correct weight, independent of the initial conditions.
In fact, it might be possible that some regions of phase space are unreachable for the dynamics
and therefore not sampled. Loosely speaking, the many body system needs to be sufficiently
complex such that the dynamics will cover the entire phase space. The analysis by Tuckerman
et al. presented in section 2.2.4 allows to expose this point very clearly.

This additional property, the equivalence of time average and ensemble average, is generally
referred to as ergodicity. A strict proof of ergodic behaviour for a given system can rarely be
given, however, it is observed that the more complex the dynamics of a system gets, the more
likely ergodic behaviour is observed. This is intuitively understandable since it is clear that the
number of unwanted conserved quantities decreases with increasing complexity. When using
deterministic methods such as the Nosé-Hoover method, one usually checks the marginals of
the additional degrees of freedom and hopes that if these marginals are sampled correctly, the
phase space of the entire system is also sampled correctly [6].

There is an important example of apparent non-ergodic behaviour in the case of the Nosé-
Hoover method. The classical harmonic oscillator cannot be thermalised by the simple scheme
outlined above [22]. The shape of the Poincaré-sections in phase space strongly depends on the
choice of the numerical value of @0, and the distributions sampled do in no case correspond to
a canonical distribution. For other systems, among them classical spin systems, it was found
that the simple Nosé-Hoover scheme may be ergodic for one temperature, but not ergodic
for a different value of T' [23, 6]. In addition, in all cases of non-ergodic behaviour, a strong
dependence of the initial conditions is observed, which is unacceptable. In summary, the Nosé-
Hoover method is not capable to reliably create canonical distributions.

However, more general schemes like the demon method or the method of chain thermostats
basically resolve this problem by generating a more complex dynamics. A deeper study using
the notions of section 2.2.4 sheds light on the problem underlying the non-ergodicity of the
harmonic oscillator.

2.2.2. The demon method

In an effort to cure the problem of unpredictable non-ergodic behaviour in the Nosé-Hoover
method, Kusnezov, Bulgac, and Bauer [23] have devised a generalised coupling scheme. Two
additional degrees of freedom are used to replicate the interaction of the original system with
a heat bath. The first one is coupled to the equations of motion of the positions, the second
one to the momenta of the particles. This approach appears sensible since it takes into account
the equality of positions and momenta in Hamiltonian mechanics. Another advantage of this
method is that the Hamilton function of the envisaged system does not have to contain a
kinetic energy term for temperature control; instead, the time derivative of the pseudofriction
coeflicients turns out to be proportional to the difference of two quantities whose ratio of
canonical averages is kgT. This extends the range of applicability of the method to, e. g.,
classical spin systems [27, 6].

14



2.2.  Deterministic temperature control methods

Explicitly, the equations of motion of the KBB-scheme read

d oH d oH

P i - 95(8) Fi(q,p) » 7 Pi=- 90 91(¢) Gi(q,p) . (2.25)

The additional degrees of freedom ( and £ are frequently referred to as demons which are
coupled to the equations of motion with the functions ¢1(¢) and ¢5(§). Fi(q,p) and G;(g,p)
are arbitrary functions of all coordinates and momenta. Note that the original Nosé-Hoover
equations are obtained from (2.25) by the specific choice G; = p;, ¢} = (, and F; = g = 0.

The phase space distribution function in the (2N+2)-dimensional extended phase space is
chosen to be

Fa0.6.9 = Cexp (B(H@n) + 0O+ L©) ) | (2.26)

where C' is again a normalisation constant, and k1 and ko are, at the moment, free parameters.
The functions g; and go that determine the thermal distribution of the demons need to be
chosen such that the integral of f with respect to ( and £ converges. Note that their respective
derivatives ¢}, g5 appear in the equations of motion (2.25). This has been the reason for
choosing a Gaussian distribution function for ¢ in (2.16).

In order to derive equations of motion for { and £ so as to reproduce the postulated thermal
distribution (2.26), we substitute the equations of motion (2.25) and the distribution function
f into the generalised Liouville equation (2.19) derived in the preceding section. In addition,
we have the freedom to impose the constraints

o _
o

0¢
0, —=0. 2.27

- (227)
By comparing the coefficients of the functions g7, g5 in the generalised Liouville equation, one

obtains the following equations of motion for the demons:

G op;
N
d OH 1 0F;
e el )
df§ @;(3% ’ ﬁ&h)

The equations of motion (2.25) and (2.28) conserve the quantity

N
d OH 1 0G;
= ZZ; (—8% G; ) , (2.28)

e i i l/t / / / G, / / OF;
H' = Ha)+ o0+ @)+ 5 [ S gCeng ez -
By partial integration, one easily shows that
oGi , ,, 0H
kaT (50 ) = (G ) (2:30)
and likewise
or; . ,, OH
baT (5 ) = (5P ) 231
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2. Methods of isothermal classical dynamics

In fact, the time dependence of the demons is determined by the difference of two quantities
whose ratio of canonical averages is kgT. The control of the kinetic energy in the original
Nosé-Hoover thermostat is only a special case. This paves a way for the generalisation of
this method to systems whose Hamiltonian does not contain a kinetic energy term. As an
example, we mention classical spin systems, where this method has been employed successfully
for extensive studies [27, 6].

In principle, since the choice of the functions F', G, g1, g2 is arbitrary, this method offers a
lot of freedom. Kusnezov, Bulgac, and Bauer have investigated different choices of the various
functions and were able to show that the demon method frequently resolves problems of non-
ergodic behaviour. The most prominent choice of functions is the following so-called cubic
coupling scheme:

1 1
g1 = ZC4 ) g2 = 552 ) E - q? ) Gl =Di, (232)
resulting in the set of equations of motion
d i 3 d ov 3
—q=—— —p; = — — » 2.33
dt qi i dt pi dg; ¢’pi ( )

N N
% = K9 <Z g—;/;qf’ — 3kBTZqi2> .

i=1 i=1
These equations provide ergodic behaviour in all examples given in [23], see also section 2.2.5.
The problems of the simple Nosé-Hoover scheme — dependence of the choices of ), T', and the
initial conditions — are reliably resolved. The choice of the numerical values of k1 and ko may
still influence ergodicity, but rules of thumb have been found empirically that will be discussed
in chapter 5.

2.2.3. The chain thermostat

Another variation of the Nosé-Hoover method has been proposed by Martyna, Klein, and
Tuckerman [24]. The main idea of this technique is to impose on the first thermalising pseud-
ofriction coefficient a second one which may be coupled to yet a third one, and so on, thereby
forming a chain of thermostats. This approach of recursive thermalisation increases the size of
the phase space and thus makes the dynamical evolution of the system more complex, thereby
leading to ergodicity.

In a modified notation (¢ = p,/Q), the set of dynamical equations

d i d oV(q) Py

- 4G = —, — Di=— —Pi—=, 2.34

dtq m dtp 0q; p Q ( )
N

d p2

— ~t _ NkgT

dt pn i:1m B bl

d p

_77:_17,

dt Q

defines Nosé-Hoover dynamics. The fact that the temporal evolution of p, is governed by the
deviation of the kinetic energy of the system from its canonical average value is displayed very
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2.2.  Deterministic temperature control methods

obviously. The variable 1 which is not coupled to the dynamics is again included for reasons of
completeness. The stationary distribution function reads

2
f(q,p,py) = exp (—B (H(q,p) + %)) : (2.35)

and the conserved quantity is

2
D
H'(q,p,py,n) = H(q,p) + % + NkgTh . (2.36)

The desired distribution (2.35) has a Gaussian dependence on the particle momenta as well as
on the thermostat momentum p,. While the Gaussian fluctuations of the particle momenta
are driven by p,, there is nothing to equilibrate p, itself. Therefore, it appears sensible to
couple another pseudofriction coefficient to the first one, and so on. As a result, one obtains
the equations of motion of the Nosé-Hoover chain method,

d pi d Vi P

=g = Z oy = — — 2.37
= 5 Pi YA ron (2.37)
N
d p? p
— Py = S NEgT | —p, =2
dt pnl (ZZI m B pnl QQ I
2
d Dr;_y Pnjia
- — kpT | —p, Do
di (Qj—l b P Qi
d P
— = — kT
dt P QMfl BL
d D,
- = = 9
dt Qi

where a chain of M thermostats has been implemented. These equations have the stationary
phase space distribution

M 2

o
f(a,p,py) = Cexp | = (H(q,p) +) ﬁ) (2:38)

j=1""7

and the conserved quantity
M2 M
/ _ 5 .

H'(q.p,n;,py;) = H(g,p) + ; ﬁ + NkgTm + kBT;m : (2.39)

Although the number of degrees of freedom added in this approach is usually larger than in the
demon method, the addition of the successive thermostats is numerically inexpensive as they
form a simple one-dimensional chain. Only the first thermostat interacts with all N particles. A
thorough analysis of the method has shown that it reliably leads to ergodicity, see section 2.2.5,
and that it is competitive with the demon method with regard to the speed of convergence.
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2. Methods of isothermal classical dynamics

2.2.4. Non-Hamiltonian phase space as a manifold

Tuckerman, Mundy, and Martyna have pointed out that all derivations outlined above do
not properly take into account that the equations of motion such as (2.14) along with (2.22),
(2.33), or (2.37) describe non-Hamiltonian systems. In [26], a consistent classical statistical
mechanical theory for such systems is presented. It is based on the concepts of differential
geometry as applied to dynamical systems and provides a sound generalisation of the usual
Hamiltonian based statistical mechanical phase space principles to non-Hamiltonian systems.
Using these notions, a procedure is developed that leads to the phase space counterpart of
the time averages generated by a non-Hamiltonian system. Besides, this approach reveals and
surmounts a number of weaknesses of the original formulation, e. g., it permits to explore
the reason for the apparent non-ergodicity of certain systems, notably the classical harmonic
oscillator [28].

We shall briefly outline the basic ideas presented in [26]. Traditional classical statistical
mechanics is based on a Hamiltonian function. A point in the phase space of a system is given
by the coordinates and momenta = = (¢,p). Given a time-dependent phase space distribution
function f(x,t), the average of an observable B(z) in the ensemble described by f is given by

(B =L dfz i(;g;f(:) n

The measure dgdp = d"x, which is used for the calculation of phase space averages, is pre-
served by Hamiltonian dynamics. This means that a subset of systems with initial conditions
contained in a phase space volume element d"zy will at a later time occupy a volume element
of the same size?: d"z¢ = d"z;. This property of Hamiltonian dynamics is frequently referred
to as the incompressibility of phase space flow. It is tantamount to the statement that the
coordinate transformation specified by the solution of Hamilton’s equations of motion z¢(t; z¢)
has a Jacobian of absolute value 1. The existance of this time-invariant measure implies that
(2.40) can be computed with respect to the phase space variables x at any time t.
In the case of a general non-Hamiltonian dynamical system,

(2.40)

@ =E(xt) (2.41)

the situation becomes more complicated. The time evolution generated by the set of differential
equations (2.41) is in general compressible and the usual phase space measure d"x is no longer
invariant under the dynamical evolution. Therefore, in a more refined analysis of the situation,
one must treat the phase space of the system as a general Riemannian manifold. The metric
on this manifold has to be taken into account in the formulation of a continuity equation for
the distribution function and in the expression of a phase space average which is given in terms
of an integral over the manifold.

Moreover, if one wants to relate a phase space average to a time average, the question of
the integration measure needs to be considered carefully. Analogous to the Hamiltonian case,
an expression for an ensemble average is needed that uses a measure on phase space that is
invariant under time evolution. If such an invariant measure is found, the phase space average of
some property (expressed in terms of an integral over the manifold with the preserved measure)
corresponds to the time average of the same property over the trajectories of the system under
the usual assumption of ergodicity.

2Together with the statement that trajectories of identical systems do not intersect (since the solution of
Hamilton’s equations of motion is unique), one easily proves the theorem of Liouville, % f=0.
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In order to derive an invariant measure on this manifold, consider the solution of (2.41),
. o .
xy =zy(t;xg,...2p) , i=1,...n, (2.42)

as a coordinate transformation from the initial coordinates at time ¢ = 0 to the coordinates at
time ¢. It can be shown that the Jacobian J(z;z¢) of this transformation,

oz, ... a0
J(x;20) = det - (2.43)
oz}, ... x8)
obeys the equation of motion
Ly~ () (2.44)
dt = JR(T¢) , .

where the quantity r(z¢) = Y i, 0i%/0z" is called the phase space compressibility of the
dynamical system?. Since equation (2.44) may be rewritten as

d
7 InJ==x, (2.45)

it can be integrated easily. If we introduce the variable w(x) related to k by w = k, the solution
reads

J(w1;0) = exp (w(wy) — w(xo)) - (2.46)
The infinitesimal volume element transforms under a coordinate transformation according to
A"z = J (243 20)d" 20 - (2.47)

Rearranging this equation such that quantities at time ¢ appear on one side and quantities at
t = 0 appear on the other, we get

e~ W@ g, = e~ w0 gy, (2.48)

This equation shows that the measure e~ *(**)d"z, is conserved by the dynamics. The metric
determinant of the transformation can be identified as /g = exp(—w(x)). Due to the general
transformation law of the metric tensor, it is clear that the values of /g at times 0 and ¢ are
related by the Jacobian,

V90 =9t J(z4520) . (2.49)

Consequently, /g satisfies the following differential equation,

d
o V9= V9K . (2.50)

Note that the same equation is fulfilled by the inverse J ! of the Jacobian J as can easily be
seen from equation (2.44) and the relation J J 1 = 1.

Next, if an ensemble of systems on phase space is considered, a continuity equation that
accounts for number conservation must be expressed. It may be regarded as a generalisation
of the theorem of Liouville. The change of local density is balanced by a flux through the

3This same quantity already occured on the right hand side of (2.19)
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2. Methods of isothermal classical dynamics

boundary surface taking into account the geometry of the space. As a result, the following
equation is obtained [26]:

0

%‘FV'(JII\/EH}):O. (2.51)
This equation can be put into the form of equation (2.17) by defining a new function f= VIl
but such an identification is not general, since it entails problems with a coherent notion of the
entropy of a system [26]. Finally, note that equations (2.50) and (2.51) together imply that
even in the case of a non-Hamiltonian system, f(x,t) is conserved,

d

— f=0. 2.52

p (2.52)

The notion of ergodicity may now be exposed more clearly. Suppose that the set of dynam-

ical equations (2.41) possesses a set of n. conserved quantities Ag(x), k= 1,...n,, satisfying
d

— A =0. 2.53

o M (2.53)

As a consequence, the trajectories generated by equation (2.41) will only sample the intersection
of the hypersurfaces {Ax(x) = Ci}, where Cj is a set of constants. If all points on a given
hypersurface have the same probability of being visited by a trajectory, then the system is
said to be ergodic. In this case, a time average corresponds to a microcanonical average of the
extended system which is a phase space average with the distribution function

flx) = H 6(Ak — Ck) (2.54)
k=1

which is a product of J-functions expressing the conservation laws. It is evident that f(x)
satisfies the generalised Liouville equation (2.51), which is inferred most easily from its modified
form (2.52).

It is worth noting that a distribution constructed from a subset of the conservation laws,

/
c

fla) =TT oA = Cy), (2.55)

k=1

n

with n,, < n., also satisfies equation (2.52). However, this solution does not describe the correct
microcanonical distribution function. Therefore, satisfying the generalised Liouville equation
(2.51) is a necessary but not sufficient condition for a dynamical system to generate a particular
phase space distribution. It is essential to determine all the conservation laws satisfied by the
equations of motion. This clarifies the limitations of relying solely on the generalised Liouville
equation to determine the distribution function as in the precedent approaches presented in
sections 2.2.1, 2.2.2, and 2.2.3.

In those derivations, the desired distribution function f is used to deduce equations of
motion for the pseudofriction coefficients on the basis of the generalised Liouville equation.
Now, following Tuckerman’s analysis outlined above, one can start the other way round from
the Nosé-Hoover equations of motion (2.34) and show that the microcanonical average in the
extended system corresponds to a canonical average in the original physical system.
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2.2.  Deterministic temperature control methods

Assuming that the quantity

2
H = H(g,p) + 5—22 + NkgTy (2.56)
is the only quantity conserved by the dynamics (2.34), the microcanonical distribution function
that is sampled in case of ergodicity reads

S(H —CY) . (2.57)

We want to investigate the microcanonical partition function? of the enlarged system,

2
p
Qr = /dqdpdpndn\@ 6(H(q,p) + % + NkgTn —C1) , (2.58)
and show that the marginal of the distribution function (2.57) in the subspace of the physical
variables corresponds to a canonical distribution function. In the next step, the compressibility
of the equations of motion (2.34) must be calculated (cf. (2.44)):
= 07

k(z) = i —Nn . (2.59)
i=1

Thus, we obtain /g = exp(Nn). By integration over the non-physical variables in (2.58) the
distribution function in the physical subspace may be determined. Using the d-function to
perform the integration over 7 requires that

1
-~ NkgT

" (¢ Hlg.) - 22 (2:60)

2Q

Substituting this result into equation (2.58), one obtains

BC1 2
_ ¢ B35 —BH(q,p)
Qr NkBT/dpne /dqdpe . (2.61)

The integration over p, is separated, and the distribution function in the physical subspace is,
as desired, the canonical one. This illustrates that the Nosé-Hoover method works since the
microcanonical distribution function (2.57) is designed such that its marginal in the original
physical subspace is the canonical distribution function. Furthermore, the proof implies that
the Nosé-Hoover equations generate a canonical distribution in the subspace of the physical
variables provided that H’ is the only conserved quantity.

In the case of the harmonic oscillator, however, Tuckerman et al. [28] have investigated the
slightly modified equations (all constants have been set equal to 1)

G=p—pyx, P=-T—pp, N=py, Ppp=2>+p —2. (2.62)

These equations create Poincaré sections in phase space that bear great resemblance to the case
of the usual Nosé-Hoover dynamics for the harmonic oscillator that features apparent ergodicity
problems. The well-known first conserved quantity reads

1
H = 5(952 +p°+pp)+2n . (2.63)

4The subscript T indicates that the microcanonical partition function depends parametrically on temperature.
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In [28], the authors have demonstrated that the distribution function resulting from a time
average over the solution of (2.62) agrees with a microcanonical distribution,

S(H' — C1) §(K — Cy) (2.64)

that contains a second conserved quantity, namely

K= %( 24 pe?n . (2.65)
To show this, the compressibility associated with (2.62) needs to be evaluated in order to
calculate the metric in phase space. Subsequently, a numerical analysis reveals that the time
evolution (2.62) samples marginals of (2.64).

This clearly shows that one needs to include all conservation laws in order to determine the
precise distribution that is sampled by the trajectories of a non-Hamiltonian system. In a sense,
the Nosé-Hoover method is ergodic even in the case of the harmonic oscillator; however, the
term ergodicity is now used in view of two conservation laws, (2.63) and (2.65), and means that
the accessible portion of phase space is correctly sampled. The statement that the Nosé-Hoover
method is not ergodic for the harmonic oscillator is right if only the first conservation law is
taken into account, or if the term is used loosely in the sense of the equivalence of time averages
and (canonical) ensemble averages®. The extensions of the Nosé-Hoover method, the demon
method and the chain thermostat, create the desired canonical distribution in phase space since
they violate the second conservation law. It is a merit of the phase space analysis that the issue
of apparent non-ergodicity of the Nosé-Hoover method for the classical harmonic oscillator may
be illuminated more deeply.

2.2.5. Note on deterministic chaos and ergodicity

Generally speaking, for a given deterministic system it is hard to determine whether it is ergodic
or not; however, it is possible to find indications of when a system may or may not behave well
in this respect.

Consider a point in phase space with

oV (q)
0¢;

-0, pi=0. (2.66)

At such a point, the Nosé-Hoover chain dynamics (2.37) effectively stops in the original system
since all temporal derivatives of the physical variables vanish. These so-called Hoover holes are
fixed points of the dynamics. If a fixed point is stable, then in its vicinity, the equations will
drive the system into the point, which is unacceptable if an ergodic system is required. The
stability of a fixed point can be examined by investigating the linearised equations of motion
about the point. It has been shown that neither the Nosé-Hoover chain dynamics [24] nor the
demon method with the cubic coupling scheme [23] have stable fixed points.

The preceding analysis cannot determine whether the system is ergodic. Therefore, in order
to obtain numerical evidence for ergodic behaviour, brute force methods have also been applied
to the chain thermostat and the cubic coupling scheme.

In more detail, a necessary condition for ergodicity is that the system be chaotic [29], by
which we mean that the time development of the system sensitively depends on the initial
conditions. In a chaotic system, adjacent trajectories in phase space diverge exponentially.

®This is the meaning usually implied in this work, notably in chapter 5.
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This is characterised by a positive so-called Liapunov exponent, whereas a negative Liapunov
exponent indicates that the trajectories converge to a fixed point. The Liapunov exponent
vanishes in case the system is recurrent and moves periodically on a stable orbit. Both for the
chain thermostat and the demon method, extensive investigations of the Liapunov exponents
have been performed, yielding positive values in all cases.

Another property encountered in this context is mizing [29, 30]. If a dynamics is mixing,
it distorts any volume element of phase space so strongly that it is eventually spread over the
entire phase space, just as a drop of ink (which is supposed to correspond to a given phase space
volume element) is homogeneously distributed within a glass of water after stirring. Mixing
guarantees the spontaneous evolution of a non-equilibrium distribution function to equilibrium
and is therefore a sufficient condition for ergodicity. This property has numerically been verfied
for the cubic coupling scheme [23].

23



3. Coherent states

In the preceding chapter, we have described two different techniques to incorporate the influence
of a heat bath on a classical system on the level of the dynamical equations. The resulting
equations of motion have the property that under certain conditions a time average is equivalent
to a canonical ensemble average.

With the original Langevin equation and the Nosé-Hoover method being techniques of
classical molecular dynamics, it seems difficult to directly translate them to quantum mechanics.
Position and momentum of a particle in quantum mechanics are described by operators r

and p with a non-vanishing commutator, and consequently, there is no common eigenbasis of

the operators. The time evolution of a quantum state is governed by Schrédinger’s equation
which describes a unitary transformation in the Hilbert space of state vectors. So there is no
immediate correspondence in quantum mechanics to Hamilton’s classical equations of motion
on phase space.

However, it appears natural to start an attempt of translation to quantum dynamics with
a system that features properties that allow a direct linking to classical mechanics. In this
chapter, we will show that for the quantum harmonic oscillator, it is possible to construct
state vectors with very special properties, the so-called coherent states. For these states, the
time evolution of the expectation values = (r ), p = (p) (which always obey quasi-classical

equations of motion according to Ehrenfest’s theorem) describes the full quantum mechanical
time evolution. This will allow the desired access to isothermal quantum dynamics.

Quantum mechanical operators are denoted by an underlying tilde, e. g., we write 1 for
the unit operator. While quantum mechanical expectation values are denoted by (. ), quantum
canonical ensemble averages are denoted by ((.)), just as classical phase space averages (1.1).
There should be no confusion since the averaged quantity indicates which kind of average is
implied.

3.1. Introduction

In one dimension, the quantum Hamiltonian of one particle in an external harmonic oscillator
reads

1
_p2 + _mw2£2 — _h(‘)(i)Q + 222) (31)

1

s mw . . . . .
with 7 = /%7 and b= 7P being defined as dimensionless operators of position and
momentum, and a = %(f +1ip), NT = %(f —ip) being the so-called annihilation and creation

operators. ng is called the number operator and has eigenstates |n ),

alan)=n|n), (3.2)
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3.1. Introduction

n being a non-negative integer. QT and a act upon the eigenstates |n) of the Hamiltonian

(3.1) in the well-known way

gf\n):\/n—i—l]n%—l), (3.3)
aln)=+vn|n-1).
a and a' are non-hermitian operators that satisfy the basic commutation relation [a, a] = 1.
The term “coherent states” was initially used by R. Glauber (see, e. g., [31]) in the field
of quantum optics. Following him, we define coherent states as eigenstates of the annihilation
operator a,

ala)=a o). (3.4)

Since @ is not hermitian, we cannot expect that its eigenvalues are real and that the appendant

eigenstates |a) are mutually orthogonal. « can take on any complex value, and we write

P e (3.5)
2h \/2m7m;p7 .

with 7, p € R. Note that hw|a|? = p?/2m + mw?r?/2.
The expansion of |a) in terms of the number states |n),

la)=> wy|n), (3.6)
n=0

is found by inserting the expression (3.6) into the eigenvalue equation (3.4). This yields the
recurrence relation

«

for the expansion coefficients. From this we can infer
an
The coefficient wq is determined from the normalisation condition,
2 2 2
(afa)=1=3 fual =3 = =lwol® = e uol* (3.9)
n=0 n=0 ’
which means
wo| = e~ 21" . (3.10)

In the standard definition of coherent states, wg is arbitrarily chosen to be real. Hence, the
expansion of |«) in eigenstates of the harmonic oscillator |n) reads

o) :e—%WQZ\j_n_ In) . (3.11)
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3. Coherent states

Note that the probability P,( | «)) of finding the nth eigenstate |n) in a coherent state, which
is a measure of the energy distribution, is given by a Poisson distribution,

al*n 2
P.(|a)) = %e—‘ﬂ : (3.12)

Alternatively, coherent states are frequently introduced using the so-called displacement! or
Weyl operator,

(@) = "8 (3.13)

)

by the relation
la) = D(a) [0), (3.14)

where |0) is the harmonic oscillater ground state. The equivalence of this definition and
equation (3.11) can easily be inferred with the help of the equation [32, p.40]

1
eATE = o2l B AR , (3.15)
valid whenever [4, B] commutes with both A and B. Since we have [aal, a*a] = |a|?, which is

a c-number, this requirement is fulfilled, and we find from (3.14)

la) = e~3laPee e gy (3.16)
The relation ¢ |0) = 0 implies e 4 |0) = |0), which allows the simplification
t
la) = ezl |0) (3.17)

:
By expanding the operator e“* | we easily arrive at the desired form (3.11).

The expansion (3.11) allows the calculation of the scalar product of two coherent states.
One obtains

(ag|ay) = emzlo2l?gmglonl gazan (3.18)

This expression does not vanish for any pair (ag,as), i. e., as anticipated earlier, there is no
pair of mutually orthogonal coherent states. The overlap between two coherent states,

[(ar | an)? = eTlamaal (3.19)

is given by a Gaussian.
Inserting the definitions of a, QT and «a, o, the following equation is obtained from (3.14),

h(pr T‘p |

0), (3.20)

la)=ce€
which transforms into

PR T

10) (3.21)

!The displacement operator indeed performs a displacement of the wavefunction both in coordinate and mo-
mentum space, as will become clear later on.
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3.2.  General properties of coherent states

using equation (3.15). This expression for the state vector |« ) has the advantage that its
coordinate representation (x |a) may be inferred easily. Starting from the coordinate repre-
sentation of the ground state |0),

mw\ /4 _1me 2
(w]0) = (5=) " e2 (3.22)

which is a Gaussian situated at the origin of the z-axis, the effect of the operators in (3.21)

is straightforward. The operator e " ~ shifts the argument z of the wavefunction to (x — 1)

since p is the generator of spatial translations. Subsequently, the operator e’ describes a

translation in momentum space by the multiplication with the phase factor e#P%. The factor
11
e~ 72P" is an additional overall phase factor. On the whole we obtain

(z|a)= <%>1/4 exp (—%m—}:}(x -7+ %p(m — %r)) : (3.23)

That means that a coherent state, in coordinate representation, corresponds to a displaced
Gaussian wavepacket with mean position (a| r [a) = r and mean momentum (| p |a) = p.

Therefore, another common notation for a coherent state is
lrp)= |a). (3.24)

In this work, we will make use of both notations, depending on the respective context.

It is known from standard quantum mechanics that Gaussian wavepackets minimise Heisen-
berg’s uncertainty relation for the operators of position and momentum. Therefore, coherent
states are also frequently referred to as minimum uncertainty states.

3.2. General properties of coherent states

The expansion (3.11) of coherent states in the basis of eigenstates of the harmonic oscillator
entails very advantageous consequences. The action of the time evolution operator upon a
coherent state and the matrix elements of the statistical operator may be calculated analytically.
Both operators are exponentials of the Hamiltonian.

Time evolution

Perhaps the most prominent property of coherent states is their stability under time evolution
in a harmonic oscillator potential. The elementary calculation

00

Ciwtal "o

o iwtala la) = 6—%\042 § o 'B_th |n) (3.25)
n—0 vV n!

—twt

= e “ta)

implies that a coherent state remains a coherent state for the exact quantum mechanical time

evolution generated by the Hamiltonian (3.1). In other words, the time-evolved version of a
coherent state is obtained solely by a uniform rotation of its label, «, in a clockwise manner
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3. Coherent states

on a circle of radius |a| in the complex plane. Using the obvious notation a(t) = /%52r(t) +

\/%imp(t), equation (3.25) may be rephrased in terms of r(t) and p(t),

1
t) = t —po si t 3.26
r(t) = ro cos(wt) + b0 sin(wt) (3.26)

p(t) = po cos(wt) — mwrgsin(wt) ,

with ag = a(t = 0) = \/”21:;’;7‘0 + ﬁpo. Consequently, the time evolution of a coherent state
in a harmonic oscillator potential can be cast into a form that is familiar from the classical
harmonic oscillator, namely

%r = % , %p = —mw?r . (3.27)
This fact will play a decisive role for the translation of the Nosé-Hoover technique to this
quantum system. It has been discovered implicitly by Schrodinger in 1926 [33] who in his
fundamental work was the first to study the time evolution of a spatially displaced harmonic
oscillator ground state.

According to (3.23), the parameters r and p correspond to mean position and mean mo-
mentum of the coherent state. Yet we stress that the statement of (3.27) goes far beyond the
much weaker theorem of Ehrenfest. This theorem says that the time dependent expectation
values of the operators of position and momentum (denoted by ( r )(t) = (¥(t) | r |(t)) and
{(p)(t)=(w(t)| p|u(t))) satisfy the equations of motion

et =—(p)0), (3.28)
d

S ==YV )0,

as a result of the Schrodinger time evolution of a quantum mechanical state | (¢)). These
equations again strongly resemble the classical equations of motion. However, contrary to
(3.27), this theorem does not contain a statement about the complete time evolution of a
quantum mechanical state, since a general quantum state |(t)) is not fully parametrised by
only two expectation values.

Matrix element of the statistical operator

The foregoing calculation (3.25) is particularly simple since the phase factor e ! does not

change the absolute value of «. This is different in the case of the statistical operator, e P I~{,

for which we find

—Bhwata 75}7;“)(11‘@ —1|oz\2
e ~rla)=e ]n (3.29)
Z =

o —
— bRy & )
n=0 m
,l‘a|2€*2ﬂﬁw o0 —Bhw n
2
_ Lo (e a) In)

,l 2 o —20h
slaPemohe £ /]

n
—e 2|O“ (1- e_Qﬁhw) | —Bhw > .
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3.2.  General properties of coherent states

2 -2
—Lla|2em 200w

We have inserted the fraction 1 = EIHQW to simplify the separation of the ket |e™"a ).
e—j [e3 e
From this we determine the matrix element of the statistical operator:

_ _ 1
(a] e |a) =2 (q] e P | q) (3.30)

— eféﬁhwef\aﬁ(lfe_ﬁh“’) ]

Resolution of unity and over-completeness

In order to prove the following resolution of unity,

2
l:/d— la)(a] , d’a=d(Rea)d(ma), (3.31)

™

one inserts again the expansion (3.11) on the right hand side. Introducing subsequently polar
coordinates, a = |a|e?, one obtains

> 1 o

2
Sy N 764&\ @™ [m)(n| (3.32)
n,m=0 T

. 1 > m+n 7(121 T —i(m—n
= Z \/m/o d|af|a|m el ;/ dfe= =0 | ) (m |

n,m=0 -

With the help of the relation % ffﬂ dherm? = Om,0 the summation over m can be carried out.

It then proves useful to change to the new integration variable ¢ = |a|?, and with the integral
formula fooo d¢¢"e ¢ =T'(n + 1) = n! the right hand side finally takes the form

> In)(nl (3-33)
n=0

which is the completeness relation for the eigenstates of the harmonic oscillator. Therefore,
(3.31) is in fact a valid representation of the identity operator in terms of coherent states. In
the alternative notation of (3.24), we may write

drdp
= . . 4
1 /%h [r.p){r.p| (3.34)

The set of all coherent states, { |a), a € C }, is overcomplete, which implies on the one
hand that the coherent states are not mutually orthogonal, on the other hand that certain (even
countable) subsets still span the whole Hilbert space [34]. This question has been discussed in
great detail in the literature. Moreover, the non-orthogonality leads to a number of remarkable
expansion properties, e. g., that a given coherent state may be expanded into a set of coherent
states [35].

In Appendix C, we make use of an expansion of an eigenstate |n) into a circle of coherent
states in order to derive the time evolution of an arbitrary displaced eigenfunction of the
harmonic oscillator.
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3. Coherent states

3.3. Determination of ensemble averages with coherent states

Since (3.31) is a correct resolution of unity, coherent states are a valid basis for the calculation
of traces of operators and, more specifically, for the calculation of statistical ensemble averages.
It will be shown that in the case of the quantum harmonic oscillator, it is possible to cast
the expression for a canonical average into the form of an integral over the parameter space of
coherent states. This is due to the simple form of the matrix element of the canonical statistical
operator in the basis of coherent states (3.30). The resulting special form strongly ressembles a
classical phase space average, with a modified thermal weight function for the quantum system.
The subject of the following section is to determine the quantum thermal weight functions for
a single and two indistinguishable particles in an external harmonic oscillator potential, and
for an arbitrary number N of fermions. This will pave the way for a translation of the classical
thermostats to the quantum harmonic oscillator.

3.3.1. One particle

To start with, we study the case of a single particle in a harmonic oscillator potential. In a
manner following Schnack [36], we calculate the trace involved in a quantum canonical ensemble
average,

1 _gHW _gHM
CB) = Zmg T ™), 200 =T, (3.35)
using the basis of coherent states:
1 d%a _gHM
<<§>>:Z(T(ﬁ)/7<a’§e P o) (3.36)
1 d2a 1@ —1lgg@®
=— [ — 2P~ "Be 2% |a)
Z<1><ﬁ>/ o lale
/_ e~ 2 —\a|2(1—e*ﬁh“) <67%,8ﬁ,wa| B |ef%6hwa>
d“«a o —lal?(eBhw_
:T@/W et P (0] B la)

where we have used the cyclic invariance of the trace in the first step and equation (3.29) in

the second step. A substitution a@ — e~ 3P o has been carried out in the final step.
We now define the function

w(l) (a) _ e—|o¢\2(eﬁfw—1) _ 67( p? + mw?r )(eﬁh“’ 1)/(hw) ’ (337)

which specifies the weight with which a coherent state |« ) =|r,p) contributes to a canonical
average. In addition, we define

20(9) = ¥ 205) = [ dTO‘ w(a) (3.38)
_
B 17
and
B(@)={a|B|a), (3.39)
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3.3. Determination of ensemble averages with coherent states

which enables us to express the canonical average as follows,

_ 1 [da g
(BN = a5 | 5w B, (3.40)
or, in (r,p) — notation,
1 drdp
80 = zm [ Fap ) B (3.41)

This representation of a quantum canonical ensemble average has obviously the form of a
classical phase space average. Therefore, we are led to the following interpretation: The space
of the continuous parameters r and p is a phase space, and the quantum canonical ensemble
average for a single particle in a harmonic oscillator may be rewritten as a phase space integral
with the thermal weight function w( (r, p). The term

B(r,p) = (r,p| B |r,p) , (3.42)

is the corresponding representation of the observable B as a phase space function. The distri-

bution function w(!) contains all quantum statistical properties of the system. From (3.37) it
can be inferred that formally, it differs from the Boltzmann distribution function of the classical
harmonic oscillator by the factor (e?™ —1) /(Bhw). Note that this factor tends to 1 both in
the classical (h — 0) and in the high-temperature (8 — 0) limit.

We note for the reader familiar with Wigner functions that this approach to the determi-
nation of a quantum canonical ensemble average, resulting in the expression (3.41), is entirely
based on the properties of coherent states. In particular, the thermal weight function w(l)(r, D)
is not the Wigner function of the thermal state

0= Fa5 S0 eR(-8E) [n)(n] (3.43)
n=0

The matrix element (x| p |2') can be calculated elegantly with the aid of (3.41), see appendix

B. The Wigner function is now defined by the Fourier transform of this matrix element with
respect to the “quantum jump” from x — %{ to x + %5,

1 & i 1 1
- — D¢ - _ =
Wiep)= g | dee i (w4 ol plo—50). (3.44)
with the result
1 1 2 1 p? 1
7) = o tanh (Bhw) exp (—7 tanh (50h) (50 +gmes’) ) . (34
W (z,p) — tan QBhw exp( hwtan zﬂhw o + 5w T (3.45)
If we compare W (x,p) to the normalised thermal weight function,
1 1 1 1 21
L 1 — (P e (P 022
27h 720 (8) " (rp) = 5o (e 1)eXp< o 1)(2m gme >> , (346)

we find that they may be converted into one another by the formal substitution of the expres-
sion 2tanh(%ﬂhw) by e — 1. These terms, corresponding to the inverse width (i. e., the
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3. Coherent states

“narrowness”) of W (z, p) and w™) (r, p), respectively, deviate considerably at low temperatures
(6 — o0), since we have

Blingo (2 tanh <%Bhw)> =2,

while €55 —1 grows exponentially with 3. In the high temperature limit (3 — 0) or equivalently
in the classical limit (A — 0), both terms tend towards the same limiting expression, namely
Bhw. In these limits both resulting weight functions correspond to the classical Boltzmann
distribution.

Nevertheless, for any finite temperature, (3.45) and (3.46) are Gaussian distributions with
unequal widths, w® being always narrower than W (x, p). Therefore there is no equivalence of
w) to the Wigner function W (z, p).

Eventually, we mention that the thermal weight function for a system of distinguishable
quantum particle is simply the product of one-particle thermal weight functions. The case of
indistinguishable quantum particles is of course much more interesting.

3.3.2. Two identical particles

In precise analogy to the case of a single particle, we are able to determine a thermal weight
function wg) (a1, ag) for the system of two identical quantum particles.

The case of two identical particles, i. e. two fermions or bosons, contains already the basic
principle of quantum mechanical indistinguishability?. We define the operators of symmetrisa-

tion and antisymmetrisation in the two-particle Hilbert space,

1

1
= — P
S =3(1+Pw), S =3

(1-P) . (3.47)
In a general notation, we will use S, implicating € = + or —. The operators S. are defined such
that they are projection operators, and therefore they are hermitian and idempotent. Recall
that in a system of identical particles, all valid observables commute with S.. In order to have
a common notation for both fermions and bosons, we use

§,|041,042> if e=—
AN = 3.48
) S+ lon,ag) ife=+ (349

for the (anti-)symmetrised two-particle state vector. The norms of these vectors may easily be
calculated, and we get

1 2
(Ae|Ac) = 5 (1 +eeTImmoely. (3.49)

The completeness relation for the two-fermion (two-boson) Hilbert space is obtained by an
(anti-)symmetrisation of a tensor product of two identity operators,

d?aq %
lez// 1 2§€|a1,a2><a1,a2|§i . (350)

7T 7T

2Note that throughout this work, we do not consider spin degrees of freedom.
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3.3. Determination of ensemble averages with coherent states

In order to get an expression with normalised state vectors, we multiply and divide the integrand

by <A6’A€>:

. // oy d?as Se |ag,az){a1, an §i
E p—
~ T

(Ac]Ac) (A [A) (3.51)

This resolution of unity may now be used for the calculation of a trace and, more specifically,
for the evaluation of a thermal expectation value.

We write down the Hamilton operator of two non-interacting quantum particles in an ex-
ternal harmonic oscillator potential,

H? =AY g1+ 10 HY . (3.52)

2)

The starting point for the calculation of w:™ is the following expression for the calculation of
a thermal expectation value ({ B)) as a phase space integral,

1 _BH®)
WEN = 72(8) T (e ) (3.53)
1 d%a; d?a )
:z%)// o fanaz| SLBe RS Jaraz)
£

with Z§2) (B) being the respective two-particle partition function. Note that we may drop the
projector Se acting upon the ket using the cyclic invariance of the trace and the idempotency

—BH®2 —_BH® —_BH®
of the projector S.. Decomposition of e BHT _ o BED/2 B2 404 a cyclic shift of

the operators under the trace enables further simplification, taking advantage of the specific
properties of coherent states in a harmonic oscillator potential, (3.29). After the following
calculation,

A0y _18H® _13H®
(B)) Z@ // LEY 0 an] e PP 518 P 0y ) (3.54)

2
= (1 // d*a; A’y o~ 3Bhw—la1|?(1=ePm)  — 3 Bhw—|az|?(1—efhe)
2
Z,

s

e May, ¢80y | SIBS. T May, ey )
2 2
_ 1 // d (65} d a9 eﬁﬁwe_‘al‘2(65;-“”_1)e_‘OQIQ(eﬁhw_l)
2
z () o
(a1,a2| SIBS. |an, a0)

1 d?ay d? . . (Ac| B
= o) // a1 a2 eﬁﬁw 67|a1|2(eﬁh 71)67|a2\2(eﬁh 71)<A€ |A€> € :
A T T .

w? (a1, az)

(A< | B|A:)

we identify w£2) (a1, a9) as the thermal weight of the expectation value

definition 25(2) (B) = e_ﬁh”Zg(m (8), we may finally write

20 d%a A | B|A.
(B //d 1 2><a1,a2>%. (3.55)
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3. Coherent states

2)

we (a1, ag) is not merely the product of two one-particle thermal weight functions (as it
would be the case for two distinguishable particles), but contains in addition the factor ( A, | A )
that accounts for the quantum effects of indistinguishability. Moreover, w§2)(a1, ag) cannot be
written as a product of two functions depending only on «y and «g, respectively, since the
term ( A. | Ac) does not have this separation property. This is a manifest consequence of the
quantum mechanical principle of indistinguishability. In more detail, the state | A. ) describing
two identical particles is entangled, which means that | A. ) does not have the form of a tensor
product |a1)® |ag) = | a1, a2). On the level of the distribution function, this is reflected by
the non-separability (or entanglement) of w?.

For fermions, we have (A_ | A_) = (1 — e~lon—e2l?y (gee equation (3.49)). In case aq = o,
this expression vanishes along with the thermal weight function w(f), independent of tempera-
ture. This is understandable since a quantum state with two identical fermions in the same
one-particle state is forbidden by the Pauli exclusion principle and therefore does not contribute
to a thermal average. In contrast, for bosons we have (A4 |A) = $(1 + e~loi—a2l®y which
contains a different sign that enhances the thermal weight of the quantum state with two bosons
in the same one-particle state.

(2)

The integral over the thermal weight function ws™ (a1, ag) yields the correct partition func-
tion Z? (6). To show this, we calculate

ZOB) = 1) (3.56)
/ ald‘)@ —|a1|2<eW—1>e—\a2\%emw—”%(1+se—la1—a2\2)

2
_ 1 — o [2(eBh —1)
2
1 //d o day o—lar PP 1) —[az[2 (71 —1) ~|a1—as|?
2 i
1 1 2 1
_5 ebhw _ 1 +6§ e26hw _ 1

— LEOE) 4220 28)

This is a correct, well-known recursion relation [37] for the two-particle partition function. The

second integral is solved most easily by a change of variables from a1, ag to ay = %(al + ag),

a_ = %(al — ag), which leads to a separation of the double integral.

To set up the equations of motion of the isothermal dynamics, we stress that in order to
(2

replace the phase space average by a time average, the function ws" has to be sampled during
time evolution. The expression

1 d?aq d%a w w
{(B))= 75) // L L2 lar PP —laaP €D 4 | B | A, ) (3.57)
3

™

that follows from (3.55) by a cancellation of ( A.|A:) seemingly indicates that for the cal-
culation of ((B)) it would suffice to sample the product of two one-particle thermal weight
functions during time development and take the temporal average of the phase space function
(Ac| B | Ao ). However, this conclusion is wrong, since the role of the normalisation (i. e., the

partition function) is not properly taken into account.
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3.3. Determination of ensemble averages with coherent states

This can be outlined more explicitly as follows. In a numerical simulation, a time average
is calculated as an algebraic mean of values of the respective phase space function at points
that are situated on the trajectory and equidistant in time. Let M be the number of phase
space points contributing to the algebraic mean. The normalisation of the algebraic mean with
the factor 1/M implies a normalisation with the histogram of the contributing phase space
points, i. e. the integral of the thermal weight function that has been sampled. The value of
this integral is precisely the partition function, see (3.56).

Consequently, if the thermal weight function sampled during a simulation is simply the
function for distinguishable particles, e*|a1|2(eﬁw*1)e*‘°‘2‘2(eﬁw*1), the normalisation will corre-
spond to the Maxwell-Boltzmann partition function for two distinguishable particles, ZJ(\Z)B B) =
Z (1)(ﬂ)2, and the average thus obtained will correspond to the quantity

1 d%a; d2a w w
(B =zar o) [ SRR R e N 4 B A (358)
MB

which is not equal to (3.57). With the notation ((.)). for an average according to (3.57), we

may write

7(2)
(B)e=—5 (SIB )b - (3.59)

£

This reveals that averages of the type ((.))ap (which could be determined with a simpler
thermal weight function) are useless for the calculation of ensemble averages of the type ((.))¢,
since the latter can be obtained from the former only if the complete partition function is
known.

3.3.3. Case of N fermions

A calculation analogous to (3.54) in the case of an arbitrary number N of fermions results in

o 1 d2a1 d2aN %Bhw N 7|aj|2(eﬁhw71) A A <A5‘ E ‘A5>
<<§>>—Z§N)(ﬁ)/ [ e e (A Ae) gy (360

T T 5
Jj=1

N~

wN (... ay)

1 /d2a1 /d%w () )<A€|§|A€>
= ~(N)(ﬁ) —7T W a1,... QN —<A5’A€> .

Note we have moved the factor e2 % connected to the one-particle ground state energy to the
partition function, Z{™) (B) = e~ 2P 7N (B).

In order to calculate the explicit form of (A.|A.) in the case of fermions, consider the
general N-particle operator of antisymmetrisation,

1
§£N) == ngn (m)Pr . (3.61)

7 denotes a permutation of the N-tuple (1,...N), and P, corresponds to the permutation
operator which acts upon a N-particle product state as

En ]al,ag,...aN> = ]aﬂ(l),aﬂ(g),...aw(]vﬂ . (3.62)
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3. Coherent states

(N)

Using the properties of hermiticity and idempotency of S w , we can easily calculate

N
(A_|A) = (a1, 00, ..an | S™) o, a0,...an) (3.63)
1
= mzsgn(ﬂ) (ar]azay) .- (an | axmy)
™
_ ! det
= 5 det (Caxla))
This expression in terms of a determinant will turn out to be extremely advantageous, since it
will permit a far-reaching analytical development of the N-fermion Nosé-Hoover method.
In the case of bosons, in contrast, it is not possible to obtain an analogous compact and

useful expression for (A4 | A4 ). Accordingly, it will be impossible to devise the Nosé-Hoover
method in the N-boson case.
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4. Isothermal quantum dynamics for the harmonic
oscillator

After the preparations of the preceding chapter that provided suitable phase-space integral
representations of quantum canonical average values, we are now ready to design equations
of motion which will be solved by isothermal trajectories in the parameter space of coherent
states.

4.1. A quantum Langevin equation

Inspecting expression (3.41) for a canonical average of an arbitrary observable of the quantum
harmonic oscillator and expression (3.37) for the quantum thermal weight function, one sees that
the time evolution of the parameters of coherent states needs to sample Gaussian distributions
in order that time averages equal canonical ensemble averages. This is in complete analogy to
the classical case. Therefore, a translation of the classical Langevin equation to an equation of
motion for the parameters of coherent states is straightforward, since the distribution functions
are Gaussians in both cases and differ only with regard to the respective widths. But it is
known that the width of the Gaussians is related to the amplitude of the fluctuating force,
see equation (2.4). Therefore, in order to obtain sound equations of motion of first order in
time that may be interpreted as equations of motion for the parameters of coherent states, we
replace ¢ in the classical Langevin equation (2.2) by the parameter r while keeping the letter
p, resulting in
%:%, Z—?:—%—Z—wﬂLF(t)- (4.1)
We interpret (4.1) as equations of motion for the parameters r and p of coherent states. More-
over, we postulate a modified fluctuation-dissipation theorem for the fluctuating force,
hw

((F(t1)F(t2) ) = 2m7m5(751 —12) . (4.2)
From the analysis of the case of the classical harmonic oscillator, it is clear that in the long-time
limit, a time average over the solution of (4.1) will correspond to an average over the parameter
space with Gaussian distribution functions. While the classical version (2.4) of the fluctuation-
dissipation theorem leads to a sampling of the Maxwell-Boltzmann distribution (2.11), the
replacement of the term kT by hw/(e®™ — 1) will lead to a sampling of the quantum thermal
weight function w®.

To summarise this section, we saw that for a single particle, it is very easy to modify
the classical Langevin equation along with the corresponding classical fluctuation-dissipation
relation such that equations of motion for the parameters of coherent states are obtained and
the time evolution samples the distribution function w®. Formally, the result differs from
the classical case only with regard to the temperature dependence of the amplitude of the
fluctuating force. This procedure is possible since both the classical canonical distribution
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4. Isothermal quantum dynamics for the harmonic oscillator

function on phase space and the quantum thermal weight function on the parameter space of
coherent states are Gaussians which differ only with respect to the temperature dependence of
their widths.

Hence, we recognise that this stochastic approach is limited to the cases of Gaussian distri-
bution functions, corresponding to a single or distinguishable quantum particles in an external
harmonic oscillator potential. The distribution function wg) of two undistinguishable bosons
or fermions is not a product of Gaussians. Beyond, w£2) is not even separable into a product of
two functions each of which only depends on the parameter of one particle. If it were possible

to find expressions Vz1(r1), Vza(re) such that

2 2
w? = C exp (2]% + Vel(ﬁ)) exp <% + Va2(7°2)> , (4.3)

a use of a modified version of the classical Langevin equation would be conceivable. But the
(2)

quantum mechanical entanglement of wz"’ prohibits a transfer of the classical Langevin equation
to the case of indistinguishable quantum particles.

4.2. The quantum Nosé-Hoover thermostat

4.2.1. One particle!

In the present section, we will show that for a single quantum particle in an external harmonic
oscillator potential, it is also possible to develop sets of deterministic dynamical equations
for the parameters of coherent states that ressemble closely the classical temperature control
schemes that have been the subject of chapter 2. According to the idea of these approaches, we
will introduce pseudofriction terms into the equations of motion (3.27) of coherent states. The
time dependence of the pseudofriction coefficients will be determined in such a way that the
distribution function w® for one particle is sampled provided the time evolution is ergodic.

We will start with the simple Nosé-Hoover scheme, extending it to Nosé-Hoover chains in
the following. The demon method is also sketched.

4.2.1.1. The Nosé-Hoover thermostat and the Nosé-Hoover chain

Adopting the notation of Martyna et al. [24] that is most suitable for the generalisation to chain
thermostats, we investigate the following analogue of the classical Nosé-Hoover dynamics for
the quantum dynamics of coherent states:

, —p = —mw°r — p— . (4.4)

The equation of motion of the parameter p is supplemented by a term similar to a frictional
force, —ppy,/Q. This modification obviously touches the time evolution of the overall phase
factor e~ #2P" of a coherent state (see equation (3.23)), but the phase factor does not play a role
in the present context of quantum statistical averages where a phase independent expectation
value B(r,p) = (r,p| B |r,p) is averaged (see equation (3.41)).

IThis section, along with section 5.1, is the main content of the publication [38].
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4.2.  The quantum Nosé-Hoover thermostat

The key point is the time evolution the pseudofriction coefficient p,,. It is determined by
the condition that the desired distribution function,

2
Flr,p,py) = w(r,p) exp (—ﬁ%) (4.5)

is a stationary solution of the following generalised Liouville equation (cf. (2.19)) in the mixed
quantum-classical phase space with elements x = (r,p,py):

d a .

Ef:_f<_agc.$> (4.6)
B 0., 0., 9
= (a”a—p“a—mf’n) |

Note that constant overall prefactors of f cancel in this equation, which means that normali-
sations of f may be neglected in studies of this equation.
We calculate the left hand side of (4.6), employing the equations of motion of r and p, (4.4):
d of . of. Oof .
&, _97 et “ 4.7
dtf 6pp+ ar + (9;07,1077 (47)
efhw _ 1

=/ <— (%p—i— mw2r7’“> — 5%%)

=f- p_%ﬁeﬁhwi_l _ ﬁ]ﬁp
mQ hw Q")
On the right hand side of (4.7), we have the freedom to impose the constraint dp,/0p, = 0
that is common in this context (cf. equation (2.27)). We obtain

a . Py
—_fl=. = f40 4.8
F(prt) =12 (1)
Equating (4.7) and (4.8) yields the following equation of motion for p,:
d 1 [p?eflv —1
—ppy == ———1]) . 4.

A comparison of this result with (2.34) shows that as in the case of the quantum distribution
function w®), the only difference between this equation and its classical counterpart is given
by the factor (e#™ —1)/(Bhw). Moreover, (4.9) retains the property of its classical counterpart
that the time evolution of the pseudofriction coefficient is governed by the deviation of the
actual value of a quantity related to the kinetic energy from its canonical average value. This
can be inferred by evaluating the canonical average

Bhw 1 2

e b
— (= )) =1 4.10
Lyt (4.10)

using (3.41). In addition, one introduces the equation of motion
d Py

— N =—= 4.11
7" 0 (4.11)
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4. Isothermal quantum dynamics for the harmonic oscillator

of the variable 7 that contributes to the conserved quantity

2 1 e 1 pr
H, = (p— + —mw2r2> ﬁT + % + kBTn . (412>

The set of dynamical equations (4.4), (4.9) (along with (4.11)) forms a quantum Nosé-Hoover
thermostat for a single particle in an external harmonic oscillator potential. It is expressed
in terms of equations of motion for the parameters of coherent states. Since the distribution
function that needs to be sampled on the parameter space during time evolution is a two-
dimensional Gaussian as in the classical case, we anticipate ergodicity problems for the simple
Nosé-Hoover scheme. Therefore, in practice, we will employ a chain thermostat that has been
described for the classical case in section 2.2.3. The application of the idea of a chain of
thermostats to the quantum case does not infer anything new compared to the classical case,
since only the first pseudofriction coefficient of the chain interacts with the quantum phase
space variables.

4.2.1.2. The demon method

In section 2.2.2, we have introduced and discussed another generalisation of the Nosé-Hoover
thermostat that is frequently used in classical molecular dynamics, namely, the so-called demon
method proposed by Kusnezov, Bulgac, and Bauer [23]. Two pseudofriction coefficients, so-
called demons, are introduced for temperature control. The classical equations of motion both
of the positions and the momenta are supplemented by additional terms. Now, we introduce
demons into the quantum equations of motion of the parameters of coherent states:

d D d 9

ET = E - gé(ﬁ)F(T,p) ) E = —mwrT-— gi(C)G(Tap) . (413)
F(r,p), G(r,p) are arbitrary functions of the quantum phase space variables. g1(¢), g2(§) are
functions of the demon variables which have to be chosen such that the integration of the
distribution function converges, and g}, g5, are the respective derivatives. The distribution

function f on the phase space (r,p,(,&) = x reads

f(rp,&¢) =exp (— (% + 1mw?r?) et ﬁ(gl(o + gZ(f))) : (4.14)

hw K1 K9

and the time evolution of the demons is, as above, deduced from the requirement that f is a
solution of the generalised Liouville equation (2.19). The additional constraints (cf. equation

(2.27)),

o _
oc

% _

0, 85_0’

are also employed. From a comparison of coefficients of the functions ¢}, g5, we finally obtain

d,. ki (p v 1 0G

dt> ﬁ( e ap )’ (4.15)
d, ko 5 € -1 OF

FTAR (mw rF o (4.16)
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4.2.  The quantum Nosé-Hoover thermostat

It is interesting to notice that

oG ePhv_1 p

( )= e (=G, (4.17)

i. e., the ratio of the canonical averages of the quantities that determine the time derivative of
. hw _ . . . .
the demons is € o L A comparison with equation (2.30) shows that here again, a replacement

of 8 by 71 leads from the classical to the quantum case (cf. equation (3.37)).
The quantlty

2 Bhw _
r_ (P 1 2.2\ ¢ 1 gl(C) / / oF A
H' = <— + —mwr > 3 + p v ﬁ dt 91 + — 5 (4.18)

is conserved during the time evolution defined by (4.13), (4.15), (4.16).
The cubic coupling scheme (2.32) leads in the quantum case to the special set of equations
of motion

d p 3 d 3

=4 —p=—_ — 4.1
Sr=L gt Sp——mutr -, (4.19)
de_m(pPe-1

a> g \m hw ’

i 2 <mw2r4765hw -1 — 3r2> .
dt Ié;
that will be investigated in chapter 5.
Finally, we note that the equations (4.15), (4.16) may easily be linked to the equations of
motion proposed by Kusnezov [19]. w(!) plays the role of Kusnezov’s p(Q, P). However, while
Kusnezov’s scheme is limited to quantum systems of finite dimensionality, the present method

works for this system with a Hilbert space of infinite dimensionality because our approach takes
advantage of the properties of coherent states.

4.2.2. Two identical particles

Quantum mechanical systems of identical, i. e. indistinguishable particles feature a large number
of phenomena which are unknown in classical mechanics. The consequences of indistinguisha-
bility reach very far and are extremely important. To name but two, we mention the Pauli
exclusion principle for fermions that explains the periodic table of elements, and boson statis-
tics which leads to the recently observed phase transition of a boson gas to a Bose-Einstein
condensate [11, 12]. Therefore, the extension of the temperature control methods to a system
of more than one quantum particle is highly desirable.

We stress that a priori, it is not clear whether the techniques of the foregoing section may be
applied to a many-particle quantum system at all. The structure of the two-particle distribution
functions wg) does not allow a separation (4.3) into a product of two functions each of which
depends on the parameters of only one particle. We have already argued that this entanglement
prohibits an approach using an equation of the Langevin type (see 4.1). Consequently, it may
appear unlikely that the many-particle quantum thermal weight function can be sampled by
a time evolution of the Nosé-Hoover type. In view of this, the following investigations give
remarkable results.
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4. Isothermal quantum dynamics for the harmonic oscillator

4.2.2.1. The simple Nosé-Hoover thermostat

We study the following equations of motion of the coherent states parameters (1, p1,r2,p2) of
two identical quantum particles:

d P1 d P2

= 2 — e = £ 4.20
T a T ( )
d 2 pm

i mw-ry —p1 0,

d _ 2 pnz

dt P2 = —Mw T2 —P2Q2 .

The equations of motion of the pseudofriction coefficients p,, , p,, have to be determined in a
procedure analogue to the case of a single particle, i. e. we require that the desired distribution

function
vy . P
2 2
(a1, 02, pyy s py) x W (01, az) exp <—ﬂ<rgl + 76322)) (4.21)
e (loalPHlaa?) (M ~1) (1 | o-lar—aal?) oy —ﬁ<ﬁ n @)
201 2Q2

L e U1 +ee")

is a stationary solution of the generalised Liouville equation (4.6) on the phase space with ele-
ments (a1, 2, Py, Pn) = (71,01,72, 02, Pn1 s Pno) = . The abbreviations U and V' are defined
as

2
U= (Jar* + oo |?) (P — 1) + ﬁ(fgl 52222> (4.22)

(1 59 o 1o, 5\ e —1 p%l p%z
= (et + ot ) S (g4 22 )

V = |O£1 - 042|2 (423)
mw 1 9
= Sn (7”1 - 2) + m(pl p2)

For left hand side of the the Liouville equation, we get

d : S
7 [P (a1, 00,09, pm) = —U —eVe Ve (4.24)
~(O+ V)P Vet

and for the right hand side, we calculate

(D) (2 2 +i 2 L 2 (4.25)
Pm | Py
:—+—7
Q1 Q2

using the equations of motion (4.20) and imposing, in analogy to the case of a single particle,
the constraints
0}5 i
8p7h’

=0, i=12. (4.26)
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4.2.  The quantum Nosé-Hoover thermostat

We obtain the following form of the Liouville equation:

% f€(2) - _f€(2) (% m> (4.27)
= S e
= o= (BB -
The explicit expressions for U and V are given by

_P1—Pp2 (m@ _ pm>
mhw Q: "aQ
Hence, in the Liouville equation, only U contains the temporal derivatives of the pseudofriction
coefficients. This permits to isolate p,, and p,, on one side. A comparison of the coefficients

of the terms p;, /Q1 and py,/Q2 on both sides yields the following equations of motion for the
pseudofriction coefficients:

1 (pief™—1 pr—p2 1
o — = (L~ 2 4.29
Pm B<m hw e e & yel) (429)
.1 (p3efi—1 pr—p2 1
P = 7 | — —1—ep

B\m hw mhw eV +e¢l

In fact, these equations of motion for the pseudofriction coefficients fulfill the requirement
(4.26). Recall that the value '+’ of € applies for bosons, the value '’ for fermions. The set of
equations of motion (4.20), (4.29) conserves the quantity

r_ _l 2) pm pnz <pm pnz (t,)>
H. 3 Inw:” (a1, 00) + 20, 2Q2 ﬂ/ dt’ or 05 . (4.30)

Considering the equations of motion (4.29), we find that the part -* vl & -1, i=1,2,is

familiar from the dynamics of a single thermalised particle, see equatlon (4 9). However, in the
present case of two identical particles we find additional terms that are direct consequences of
the principle of indistiguishability in quantum mechanics. The dynamics of the pseudofriction
coeflicient of each particle depends on the parameters of both particles, which is the result of
the entanglement prominent in w£2). In the following chapter 5, we will extensively study the
set of equations (4.20), (4.29), and we will demonstrate how the effects of Bose-attraction and
Pauli-blocking are reflected in the thermostated dynamics.

We stress that although the thermal distribution function of two identical quantum particles
wéz) in an external harmonic oscillator potential is not separable in the sense of equation (4.3),
it has turned out to be possible to design equations of motion for the pseudofriction coefficients
Pr; such that w§2) is a stationary solution of the generalised Liouville equation. Surprisingly, the
entanglement involved in the distribution function does not lead to a failure of the ansatz (4.20).

Therefore, the set of dynamical equations (4.20) along with (4.29) constitutes a substantial
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4. Isothermal quantum dynamics for the harmonic oscillator

enhancement of the applicability of the classical Nosé-Hoover scheme. A detailed analysis of
the general question whether the equations of motion (4.20), (4.29) actually lead to an ergodic
dynamics will be given later on, see section 5.2.

In comparison to the case of a single particle, where the transition from classical to quantum
mechanics essentially reduces to an alternate interpretation of the symbols r» and p along with
suitable modifications of the widths of Gaussian distribution functions, the present section
strikingly demonstrates the flexibility and power of the deterministic Nosé-Hoover scheme.
Surprisingly, its range of applicability considerably exceeds that of the stochastic Langevin
approach discussed in section (4.1). An additional term in the dynamical equations of the
pseudofriction coefficients is sufficient to account for the effects of the quantum mechanical
principle of indistinguishability.

4.2.2.2. The demon method

The analogous approach using a KBB-scheme starts with the set of equations

d b1

7k Bl g (&) Fr (r1,m) , (4.31)
d

pric —mw27“1 — Gp, (C1)Gyp, (11, p1)

d P2

@""2 — 2 grg(&?) TQ(TQ?pQ) )

%pz = —mw27“2 — 95, (€2) G, (12, p2)
This scheme has the obvious advantage that positions and momenta are treated symmetrically,
i. e. pseudofriction coefficients are present in all equations of motion. The functions F,,, F,,
Gp,, Gp, are arbitrary. In contrast to the original equations published in [23], we have restricted
the set of variables the respective functions depend on. However, our specific choice will turn
out to be sufficient to ensure ergodicity so that this simplification is acceptable.
The desired distribution function reads

f5(2)(a1,a2,51,527<'17<'2) =
w(2)(a1,a2)exp (_B<g7’1 (51) + ro (52) + 9p1 (Cl) + gp2(<2)>> ) (4'32)

Kry Ky Kp, Kpy

The functions gr,, gry, gp,, gp, are chosen such that they provide a normalisable distribution
function. The time dependence of the pseudofriction coeflicients is derived from a comparison
of coefficients of the functions g;. , g;,, 9, g, in the generalised Liouville equation (4.6) on
the phase space with elements (r1,p1,72, p2, &1, &2, (1, (2) = 2. We obtain

d Kp [ P1 ePhw _ 1 OG pL—py 1
a<1:71< G " S e ) (433)

—C2:@

]EG eﬁh‘“—l_GGpQ_EG P1 — P2 1
m P2 Op P2 omhw eV +¢el )’

ory eV +el

mw?ryF, - 2 — eF,,mhw(r; — 7’2)6

d . fho _ 1 QF, 1
@51 — % <mw r1Fy, € — L+ eF, mhw(ry — 7‘2)7> ,
( 67‘2

eﬁﬁw—1 OF, 1 >
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4.2.  The quantum Nosé-Hoover thermostat

A comparison of this result to the dynamical equations (4.15) and (4.16) reveals that the first
two terms in the brackets are familiar from the one-particle case. Again, additional terms that
account for the effects of Pauli-blocking and Bose attraction are now present in the pseudo-
friction coeflicients of all parameters.

The conserved quantity reads

1
H = ——lnwg)(al,ag) 4 9r (€1) 4 9rs(§2) + 9p: (C1) 4 Ip2(C2)
B Krq Kry Kp, Kpo
1 [t oF, OF, oG 0G
+5/ dt’(aﬁlg;lJr 7 2 gy, + aplg;,1+ ap2g;,2> . (4.34)

4.2.3. Case of N fermions

In section 3.3.3, we have seen that the thermal distribution function of N fermions may be
written in the compact form

N
N 1 lows 12(eBAw _
w!’ )(al,...ozN):mHe o5 =1) qet ((ap | oy ) - (4.35)
j=1

We use the notation of the Nosé-Hoover chain (cf. equation (4.20)) in the following ansatz for
the equations of motion of the coherent states parameters. However, for calculational reasons,
it turns out most favourable to use a form in terms of the complex parameters .,

*
Qi — Oy Dy,

Yy, = —1 — 4.36
Qi = =W, 5 0L (4.36)
Q= WOy, + — 5 —Qm .

Formally, we can treat a,, and o}, as independent parameters. The thermal distribution
function that we will demand to be a stationary solution of the generalised Liouville equation
reads

fSN)(oz,oz*,pm) x w(_N) (o, ™) exp ﬂz pn’ (4.37)

_H o5 P™ 1) qet (g [y )) exp ﬁzg’“ ,
Jj=1 Qj

TV W TV

X Y Z

where we have dropped the constant overall prefactor 1/N! that cancels in considerations of
the generalised Liouville equation (4.6). For this equation, we need the total time derivative of

f(N)

— )

4 _d 4 4 d
f_ == (XYZ)= (th>YZ+X<dt Y>Z+XY<dt Z). (4.38)

Therefore, we calculate successively the time derivatives of X, Y, and Z.
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4. Isothermal quantum dynamics for the harmonic oscillator

For the first derivative,

N
d 0X 0X
— X = —— Gy, N I 4.39
dt mz:l <3ama * oo, am> (439)
we need
N
X w
s = —ap (e~ [T e tee (440
j=1
=—af (P —1)X |
and
X
ga;kn = —ap(e’™ —1)X . (4.41)
We obtain
d N
ZX=-X (e —1) mzl(a;‘nam + ) (4.42)
eﬁﬁw -1 al pnm * \2
Next, we consider
N
d Y aY
—Y = — v, 4.4
=2 (o * a5 50) A

Aw (4.44)

where the so-called cofactor Ay; of the element ax; = (| g ) of the original matrix A = (ax;)
is given by

A = ()M My, (4.45)

Here M}, denotes the (N — 1)th order determinant that is derived from the original matrix A
by deletion of the kth row and the Ith column?. Note that in the present case, since A is a
hermitian matrix, the cofactors satisfy the relation

Aw = A, . (4.46)

This is most easily seen from the following representation of the inverse matrix A~' in terms
of cofactors,

1
— A
det Ak

2Equation (4.44) is an application of the general theorem: If the elements a;; of a matrix A are functions of x,

then the following equation holds: - det A = i %LAU (cf. [39, ch. 14]).

(A

(4.47)
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4.2.  The quantum Nosé-Hoover thermostat

taking into account that A~! is also hermitian.
Since we have (o, |y, ) = 1, it is clear that % ({ag | oy ) vanishes in case k =1 =m. If
k # [, we find

0

ooy,

(lanlan))| = don (~50i) Caulan) + 6 (~50i +03) (anlar) . (419

2

k£l

With this, we can get to the expression

i (’“Sgilfl”fm => ((—%%) (om | ox ) Amk + (—%a;‘n +a;;> (ak\am>Akm> .

kl=1 k#m
(4.49)

We insert this expression as well as the equations of motion (4.36) on the right hand side of
(4.43). Using the abbreviations

Crm = ag (| am ) Akm (4.50)
1 *
Dinte = =503 ({@m | 0t ) A + (@ | @ ) A ) + Ciom -
we find

d . * * Pnp, O — a;kn *

Fortunately, this expression simplifies considerably, because the first addend in the sum van-

ishes,
S (—omCrm + 0 Ci) = =D > amCim + Y Y 5, Chiny (4.52)

™ kAm ket M km
== > amCim+ Y Y arCrp =0,
™ ke M hgm

since we have o}, C}, = aCp, see the definition of C,,, equation (4.50). The final expression
we obtain after a reorganisation of terms reads

Pryy O — Oy 3 {(O‘fn <<am|ak>Amk +c.c.> +ak<am|ak>Amk> —c.c.} . (4.53)

Lastly, we need

N
d Pn; .
— 74 =—-pZ —Lp,. . 4.54
7=1
For the right hand side of the generalised Liouville equation, we find
N
0 0¢,, 0
—fl=—-2)=-XYZ — UL 4.55
f<8x a:> mZ:1<am +3a;*n> (4.55)
N
=Xvzy Ym
m=1 °¢™
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4. Isothermal quantum dynamics for the harmonic oscillator

Here again, the constraint 0p,,,, /Opy,, = 0 has been imposed.

We insert equations (4.42), (4.53) and (4.54) into (4.38) and divide both sides of the gener-
alised Liouville equation by fSN) = X Y Z. In the resulting equation, we compare the coeflicients
of the term p,,, /Qm, and the following equations of motion for the pseudofriction coefficients
are obtained:

d

o = (4.56)
1 fhw _
e
1 ay —af,
_Oé Z{( ( am\ak>Amk+c.c.)+ak(am\ak>Amk> —c.c.}) )
k#m

This set of equations of motion gives the analytical generalisation of (4.29) to an arbitrary
number N of fermions. Since the coupling of these equations to a sufficient number of chain
thermostats to ensure ergodicity is straightforward, there is no doubt that these equations of
motion will permit to sample the distribution function w(,N).
It the case N =2, m =1, (4.56) reduces to

d 1 ePhw 1 w12 ar —af (a1 —af —ag+a3)
G =g (e -1 Mg S E ) )
which can clearly be identified as the known result (4.29) (with ¢ = —) written in terms of the

complex coherent states parameters .
For reasons of completeness, we give also the final results for the demon method. The
equations of motion read

d - * - 1 / *
E Oy = —WhQy — ng(gm) (Oém,()ém) - lmglm(gm)Gm(am, am) ’ (458)
d

. 1
E a;kn = Wam — ngF + Z glme )

where we assume the F),, and G,, are real valued functions. The thermal distribution function
is given by

FM a0, ¢,6) = w! exp< ﬁz (glm 92’”>> : (4.59)

Rim Ram

and from a comparison of coefficients of g},, we get the equation of motion of ¢,

d n1m< P .
= — i

)G (4.60)

N Cm
mw

a>" B

) { <a2m ((am | g ) A + c.c.) + ap(am | ag >Amk> - c.c.}

)
mwY
k

i (G Gn
mw \ dak, Oy, '
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4.2.  The quantum Nosé-Hoover thermostat

whereas the equation of motion of &, is obtained from a comparison of coefficients of g¢5,,,

d m *
=g ( — (e —1)(am + ) P (161)
Fn

a*
-z {( 2m<<am|ak>Amk—|—c.c.> +ak<am|ak>Amk> —c.c.}
k#m

oF, O0F,
(80% 8am> )

The present subsection impressingly demonstrates the possibility to come to analytical re-
sults for fermions. In contrast, a similar treatment for bosons is not possible, since the per-
manent involved in wSrN) does not feature a comparable richness of calculational properties as
the determinant. However, the practical calculation of thermodynamic properties of many-
particle quantum systems, e. g. using Path Integral Monte Carlo methods, is in general easier
for bosons, since the calculations for fermionic systems are frequently prevented by the so-called
sign problem, see chapter 1. The sign problem in our method occurs in the calculation of the
determinants.
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5. Results

In the preceding chapter, we have developed schemes that are supposed to produce an isothermal
time evolution that gives time averages corresponding to quantum canonical ensemble averages.
In the case of a single particle, the quantum methods are closely related to their classical
counterparts such that we do not expect new and rich insights; this is why we do not discuss
results using the quantum Langevin equation proposed in 2.1. However, since we are able to
apply the Nosé-Hoover and related schemes to the unprecedented case of identical particles, we
will also present findings for a single particle in order to become familiar with the quantum
Nosé-Hoover method.

The key question that needs to be discussed in the following is whether the equations of
motion proposed in section 4.2 reliably lead to ergodic behaviour. From the analysis of the
classical techniques in section 2.2.4 it is clear that ergodicity is destroyed as soon as there are
conserved quantities other that the pseudoenergy H’. Unfortunately, the analytical determi-
nation of such conserved quantities from the equations of motion is extremely difficult, so that
one has to resort to numerical studies.

As a rule of thumb, it is widely accepted that the more complex a system is, the more
probable becomes ergodic behaviour. The effects of Bose-attraction and Pauli-blocking in the
case of identical quantum particles effectively act like a many-body-interaction and obviously
make the overall dynamics more complex. Hence, we have tested whether it is sufficient to couple
only one particle to a thermostat; however, this method fails to produce ergodic behaviour.

Throughout this chapter, we have set the numerical values of the constants m, w, kA, and
kp equal to 1. This implies that in our units the energy spacing hw of the eigenvalues of the
harmonic oscillator Hamiltonian is equal to 1, as well as the temperature T corresponding to
the energy kT = hw.

5.1. One particle

5.1.1. Nosé-Hoover method

We start with a discussion of the quantum Nosé-Hoover method for a single particle in a
harmonic oscillator potential.

Formally, the transition from the classical Boltzmann distribution, equation (2.11), to the
quantum phase space density w® | equation (3.37), results from replacing the inverse tem-
perature 0 by the expression (eﬁﬁw — 1) /(hw). This applies analogously on the level of the
respective isothermal equations of motion. Since this term is only a c-number that depends
on temperature, but not on the coherent states parameters r and p, it is clear that it does
not influence the overall characteristics of the dynamics. Therefore, we expect that ergodicity
problems in the quantum case will arise under the same circumstances as in the classical case.

We show results for the set of parameters chosen in [24] to enable a direct comparison. We
chose @ = 1 and the initial conditions r(0) = 1, p(0) = 1. The numerical integration of the
equations of motion (4.4), (4.9) was carried out with a fourth-order Runge-Kutte algorithm
using a step size that ensured conservation of the pseudoenergy H' (see eq. (4.12)) to at least
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Figure 5.1.: Results of time averaging with a simple Nosé-Hoover scheme, T' = 1. Left panel:
py(0) = 1, right panel: p,(0) = 10. From above: (r,p)-density plot, position dis-
tribution, momentum distribution. The solid line shows the respective normalised
marginal of wV, e. g. f(r) = (1/ZM) [(dp/(2rh))w™ (r,p). The distributions
sampled by time averaging are presented as histograms.

six significant figures. All runs were made over a total integration time of 7 = 20007, where
the time unit is given by 7 = 27 /w.

In figure 5.1, we present results for the case 7' = 1, with the initial condition p,(0) = 1
on the left, p,(0) = 10 on the right panel. On the left panel, the system performs rotational
motions in the (r,p)-parameter space, resulting in a very regularly shaped density plot. On
the right panel, the motion looks more chaotic. However, in both cases, the histograms deviate
considerably from the respective marginal of w). It is also evident that the change of the
initial conditions substantially affects the distributions that are sampled. This is unacceptable
as an invariant probability distribution is desired.

Figure 5.2 presents results obtained with the initial condition p,(0) = 10, but at temper-
atures T' = 0.1 on the left and T = 10 on the right panel. At the low temperature, the
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Figure 5.2.: Results of time averaging with a simple Nosé-Hoover scheme at a low temperature
(T = 0.1, left panel), and at a high temperature (7" = 10, right panel).

histograms do not at all agree with the respective marginals of w). Additional investigations
for modified initial conditions and parameter values (e. g., @) show different patterns in the
(r,p)—density plots, but the theoretical distribution function wW is not matched. This also
applies to the marginal distribution of the pseudofriction coefficient p,. Altogether, strong
non-ergodic behaviour is observed in the low temperature regime.

Although the overall agreement is better in the high temperature regime, the corresponding
(r,p)-plot reveals that the histograms do not correspond to Gaussians, since the distribution
that is sampled has a depleted probability density at the origin of the harmonic potential
which is also prominent in the marginal f(r). From more extensive investigations, it can be
inferred that generally speaking, the agreement with the desired distribution improves with
temperature. Therefore, it will be necessary to carefully investigate in particular the low-
temperature behaviour of all dynamical schemes.

The examples given here suffice to illustrate that the simple quantum Nosé-Hoover scheme
does not produce ergodic motion for the harmonic oscillator. Hence, this dynamical scheme
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5.1.  One particle

will not reproduce all canonical ensemble averages correctly. The sampled histograms strongly
depend on temperature and on the initial conditions as well as on the particular parameter
values. This general difficulty was to be expected from the classical harmonic oscillator where
the simple Nosé-Hoover scheme also fails to sample Gaussian distribution functions. Anti-
cipating the improvements of ergodic behaviour that will be attained in the following for the
more refined schemes (e. g., by a temperature dependent adaptation of thermostat masses or
coupling constants), we stress that these measures have turned out to be insufficient in the
present case. Therefore, alternate methods need to be studied.
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5.1.2. Nosé-Hoover chain method

The situation changes radically with the successive introduction of further thermostating vari-
ables acting upon the first pseudofriction coefficient p,, see figure 5.3. We consider chain
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Figure 5.3.: Results of time averaging at 7" = 0.1 using Nosé-Hoover chains of length M = 2
(left panel), and M = 4 (right panel).
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thermostats of length M = 2 and M = 4 (for the meaning of M, see equation (2.37)) at
T = 0.1, using in the beginning equal thermostat masses Q; = 1.

The distribution functions sampled by the scheme using a chain thermostat of length M = 2
(figure 5.3, left panel) are much closer to the theoretical Gaussian distributions than in the case
of the simple Nosé-Hoover scheme, cf. figure 5.2, left panel. Nevertheless, the histograms still
deviate noticeably from the theoretical Gaussians, since the feature of a depleted probability
density at the origin of the harmonic potential is still visible.

This problem is completely resolved in the case of a chain of length M = 4. The histograms
reproduce the respective marginals of w) extremely well. More detailed investigations show
that changes of the initial conditions do not have observable effects on the results. Likewise,
the values of the initial conditions may be modified, and further thermostating variables may
be added. In all cases, we found that the dynamics generated in this way is ergodic, even at
low temperatures.

The following figure 5.4 illustrates the short-time evolution resulting from an ergodic Nosé-
Hoover chain dynamics (M = 4) in the (r, p)-plane. Instead of rotating clockwise on a circle of
constant radius, the parameter trajectory approaches the origin of the harmonic potential on a
spiral. This corresponds to cooling the particle. At a later time, the radius increases again.

Figure 5.4.: Short-time behaviour of an ergodic Nosé-Hoover chain dynamics. The initial con-
ditions are given by r(0) = 0.5, p(0) = 0.5, p,, = 1, and we have 7" = 0.2. The
open circles represent the values of the coherent states parameters at time distances
0.057, the total integration time is 6.47. The connecting line is drawn to guide
the eye.

An alternate way of improving the ergodicity of the scheme consists of an adaptation of the
numerical values of the thermostat masses. This idea has first been discussed in the context
of the demon method by Kusnezov, Bulgac, and Bauer [23]. They found a rule of thumb for
the values of the coupling constants that considerably improves ergodicity (see next section).
Adopting this rule, we take Q; ~ T2, and find that even the chain of length M = 2 is ergodic
down to a temperature value of T'= 0.05. Note that in order to avoid numerical difficulties at
such low temperatures, the initial state needs to be chosen very close to the ground state.
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5.1.3. The demon method

We have also investigated the cubic coupling scheme given by the set of functions (2.32), choos-
ing the initial values 7(0) = 1, p(0) = 1, £(0) = 1, ¢(0) = —1. The coupling constants were
initially chosen to be k1 = ko = 1.

At temperatures above T' = 0.3, no ergodicity problems are encountered. The dynamics
provides ergodic behaviour in all examples investigated, and the histograms obtained by time
averages converge rapidly against w(!). However, using identical parameter values and initial
conditions, but lowering the temperature to T' = 0.2, the dynamics samples wrong distributions
(see figure 5.5, left panel). At even lower temperatures, the agreement becomes progressively
worse. This is a striking example that even if a system is ergodic at some temperature, it is
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Figure 5.5.: Results of time averaging using the cubic coupling scheme. At T = 0.3, we obtain
an ergodic dynamics (right panel). The dashed line represents the marginal of the
corresponding classical canonical distribution function. The left panel illustrates
that at a lower temperature (7' = 0.2), non-ergodic motion occurs. The trajectories
appear to be regular and recurrent and thus do not reproduce w®.
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5.1.  One particle

not necessarily ergodic at a different temperature.

Kusnezov, Bulgac, and Bauer have found this feature also in the classical case [23]. From
their own results, they propose to adapt the choice of the coupling constants according to T,
k1 ~ 1/T and ke ~ 1/T?, which increases the numerical values of the time derivatives of the
demons at low 7', cf. (2.28). This increased “mobility” of the demons resolves the problem in
the classical case. In the quantum case, we find that the adaptation of the coupling constants
is not as successful; it ensures ergodicity only down to a temperature value of T' &~ 0.2 (not
shown).

In comparing the chain thermostat and the demon method in conjuction with the cubic
coupling scheme, it appears as an advantage of the chain thermostat that it can easily be made
“more complex” if required. The addition of more pseudofriction terms in the chain is simple to
perform and numerically inexpensive. Moreover, a convenient choice of the thermostat masses
leads to ergodic behaviour at temperature values well below the regime in which the cubic
coupling scheme is ergodic. A combination of the demon method and the chain method is
of course thinkable and sensible, since the demon method has the advantage of treating the
parameters 7 and p equally.

Finally, we point out that the statistics obtained by time averaging over the modified quan-
tum time evolution is the quantum statistics of the harmonic oscillator. To make this evident,
we present on the right hand panel of figure 5.5 plots of ﬁ wD (r,p)/ZW (B) along with plots
of its classical limit

. 1 1
s 2rh 7(1)
eﬂT_l—ﬂ (B)

w (r,p) = g—: exp (—ﬂ(% + %mw2r2>> , (5.1)

which is precisely the normalised classical canonical Boltzmann distribution function. Since
(eﬁf“" — 1) /(Bhw) > 1 for all 3, the quantum distribution function is narrower compared to its
classical limit.

5.1.4. Convergence speed

In order to check the convergence speed of the deterministic time averages, we consider the de-
viation of the histograms from the theoretical marginals of w®). As an example, we investigate
the demon method using the cubic coupling scheme at T' = 1.

We define the deviation of an r—histogram at the sampling time 7 (denoted by frist(r, 7))
to the exact theoretical marginal distribution (in percent) as

An(r) = 100 / T A 1F0) = Fri(r )] S (5.2)

—00

and analogously we have A, A¢, A¢ for the parameter p and the demons. The evolution of A
with time is an indication of the convergence speed of the coupling scheme.

It is well known that the error of the average value of a series of IV statistically independent
measurements decreases like N~1/2. This result is derived by the application of the law of
error propagation to the algebraic average. Therefore, in figure 5.6, the bold straight line
corresponds to A o 771/2, according to the case of “optimal sampling”, i. e. statistically
independent samples. An inspection of figure 5.6 shows that in this case the convergence speed
is very close to its theoretical optimum.
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Figure 5.6.: log—log —representation of the time evolution of the deviation of the sampled histo-

grams from the respective theoretical distribution using the cubic coupling scheme,
T = 1. The bold straight line corresponds to A(7) oc 77 /2.

5.1.5. Mean values of selected observables

It is a priori clear that if the relevant distribution function is correctly sampled during time
evolution, the time average of any observable will match its ensemble average. To illustrate
this, we investigate two typical observables, the internal energy and its variance. The analytical
expressions for the canonical ensemble averages are given by

U@ = (H) ="y T o, (%ﬂhw> | (53)

2
hw
var(H) = (( H? ) — (( H))* = <m> : (5.4)

Interestingly, in the expression for the internal energy, we find again that — apart from the
non-zero ground state energy — the replacement of 3 by (e”™ — 1)/hw leads from the classical
to the quantum statistical mechanics result.

In order to calculate the respective time averages, the following matrix elements are needed:

(a] H|a) =hw \042—1-1 zlhw—i-ﬁ—i-lmw%Q (5.5)
~ 2 2 2m = 2 ’ '
2 2 2 2 12 2

(o] H? |a) = h2w <|a| +§) +la?) . (5.6)

These matrix elements have to be regarded as phase space functions in the sense of equation
(3.39). Figure 5.7 shows results obtained by time averaging using the cubic coupling scheme
with a total sampling time 7 = 10007. The agreement with the exact results is excellent. We
observe only small deviations that are of statistical origin.
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Figure 5.7.: Values of the internal energy and its variance for the harmonic oscillator obtained
from time averaging with a KBB dynamics (crosses) compared to the exact quan-
tum canonical ensemble result (solid line).

In closing this section, we remark that the question whether a given scheme of isothermal
dynamics produces ergodic motion or not cannot be answered in closed form. The numeri-
cal values of the temperature and the free parameters (like coupling constants or thermostat
masses), and the choice of functions in the KBB-scheme affect this question in an unpredictable
manner. However, the problems occur only if the value of T' lies an order of magnitude below
the typical energy unit of the considered system; and even in this case, simple modifications of
the dynamics like an extension of the chain or adapted values of the coupling constants resolve
the problem reliably. Moreover, in all examples we studied, non-ergodic motion could easily be
detected by monitoring the marginals of the pseudofriction coefficients. We found that if and
only if the marginals of the pseudofriction coefficients were sampled correctly, the marginals
f(r) and f(p) were sampled correctly. Although the condition of ergodic sampling in the sub-
space of the additional degrees of freedom is only necessary for ergodicity on the whole space,
we did not encounter a counterexample and therefore consider such a case — ergodicity of the
pseudofriction coefficients, non-ergodicity of the original system — as highly exceptional.
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5.2. Two particles

In the preceding section, we have presented results of the quantum Nosé-Hoover and related
methods for a single particle. We briefly studied questions of ergodicity and convergence,
stressing the close relation to the classical case.

Now, considering two identical quantum particles, we enter an entirely new field that does
not have a classical counterpart. The quantum distribution functions wéQ) are entangled and
do not have the form of a product of two functions depending separately on the parameters of
one particle. Therefore, the isothermal equations of motion derived in section 4.2 postulating
that w?) be a stationary solution of the generalised Liouville equation contain additional terms.
The impact of these terms on the dynamics will be studied in the following sections.

5.2.1. Bose-attraction and Pauli-blocking

The different signs for bosons and fermions in the equations of motion of the pseudofriction
coefficients stem from the factor ( A. | A ) included in wg). We investigate the consequences for
the movements of the particles. Obviously, the effects of Bose-attraction and Pauli-blocking will
be most pronounced at low temperatures, when both particles tend to occupy the one-particle
ground state and thereby get close to one another in phase space.

As a simple example, we examine the Nosé-Hoover scheme, see equation (4.20) and (4.29).
When two fermions approach in phase space, V = |a1 — az|? becomes very small and the factor
1/(eV — 1) grows like 1/V, overcompensating the linear decrease of the prefactor p; — pg. This
causes a strong acceleration of p,, and p,,, and thereby of p; and p,. The directions of the
accelerations of the momenta are opposed due to different signs: In case p; and ps approach
the origin of the harmonic potential with the same sign, the signs in equation (4.29) in front
of the additional term are opposite; in case p; and ps approach the origin with different signs,
the opposite directions of the acceleration stem from the equations of motion (4.20) where p;
and p2 appear in front of p,, and p,,. Effectively, a close approach of the particles in phase
space, corresponding to V' — 0, is avoided by the dynamics. This may be regarded as the
dynamical consequence of the exclusion principle. In the case of fermions, the additional terms
in the equations of motion (4.29) act like a repulsive force. Hence, we will refer to these terms
as statistical interaction forces.

In the case of bosons, the opposite signs in the equations (4.29) cause an acceleration of the
parameters into the direction of one another, favouring a “meeting” of the particles in phase
space. Moreover, if V = 0, the factor (p; —p2)/(e" + 1) vanishes, and the statistical interaction
forces vanish at this point. So the case V = 0 is not excluded at all; on the contrary, it is aimed
at by the boson version of the dynamics.

Figure 5.8 illustrates the simple Nosé-Hoover dynamics of two fermions at low temperature.
Initially, both particles are cooled and move to the origin of the potential, i. e. to states of lower
energy. But immediately after approaching closely, the fermions are strongly driven away from
each other. Figure 5.9 illustrates the short-time behaviour of two bosons at low temperature.
After cooling, the bosons are located close to each other and stay at the origin of the potential
for a considerable period, and only after ¢ ~ 87, they are again driven away from the origin.
These different short-time appearances will obviously lead to different thermal distribution
functions.

We remark that the repulsive or attractive statistical interaction forces occur although we
are treating a system of non-interacting particles. The interaction is purely a consequence of
the quantum statistics of a system of identical particles and is mediated by the influence of the
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Figure 5.8.: Isothermal Nosé-Hoover dynamics of two identical fermions. The initial values
of {ri,p1,72,02,Pn,,Pn, } are {0,—0.1,0,0.1,0,0}, the value of the temperature is
T =0.1, and Q1 = Q2 = 0.5. The time distance between the symbols is 0.0137,
and the total integration time is 6.5 7. The two fermions reach their closest position

after t = 5.57 and are driven away from each other immediately.
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Figure 5.9.: Isothermal Nosé-Hoover dynamics of two identical bosons. All values are chosen as
in figure 5.8. However, the total integration time is 8.1 7, since the bosons do not
separate earlier.

pseudofrictional forces.

As we will see in section 5.2.2, the simple Nosé-Hoover scheme that has been used here to
visualise the effects of the statistical interaction forces fails to produce ergodic motion in the
low temperature regime. Nevertheless, we have chosen this scheme for the present illustrative
purpose since the effects of Bose-attraction and Pauli-blocking are most lucid in this elementary
version of the equations of motion. The schemes that lead to ergodic behaviour have a slightly
different short-time appearance with more pronounced rotational movements around the origin
that are reminiscent of figure 5.4.
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5.2.2. Ergodicity investigations for two fermions

The impact of quantum mechanical indistiguishability on the thermostated dynamics of identi-
cal particles effectively looks like an attractive or repulsive interaction. One may anticipate that
this interaction which is most pronounced at low temperature values influences the complexity
and thereby the ergodicity of the dynamics. One may hope that this leads to improvements,
especially in the low temperature range where the demon method shows non-ergodic behaviour,
cf. section 5.1.3. Furthermore, one could think of linking only one particle to a thermostat and
hope that the second one thermalises “sympathetically” due to the statistical interaction. This
will be discussed in section 5.2.2.1.

In order to check the ergodicity of the different methods, we will study marginal distribu-
tions of the thermal weight function wg). Algebraically, it is more convenient and elegant to
determine the marginal distributions written in terms of the relative and the center-of-mass co-
ordinate (i. e., switch to ay = %(al +ag), a_ = %(al — a2, as indicated for the calculation
of the two-particle partition function, equation (3.56)). However, to avoid a reformulation of
the equations of motion in terms of new coordinates and to be able to compare the histograms
of the thermalised variables directly to the correct respective distributions, we prefer to stick to
the representation in terms of r1, p1, 2, p2. As an example, we give the analytical expressions
obtained for the normalised marginal distributions of r1 and py:

1 dp1 d?"2 dp2
) = =5 [ o Sl w2 ma. o) 6.7
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1 mw 1 o B (P 1)1
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5.2.2.1. Nosé-Hoover method

To start with, we present results obtained by averaging over trajectories generated by the
equations of motion (4.20) along with (4.29). At low temperature values 7' < 1.0, an extensive
study shows that the scheme exhibits non-ergodic behaviour, just as in the one-particle case.
An example is given in figure 5.10, left panel. For the given set of initial values and parameters,
we obtain histograms that strongly resemble the left panel of figure 5.1. An adaptation of the
thermostat masses according to the known rule Q; ~ T2 does not resolve the problem.
However, if the scheme is investigated at higher temperature values, the agreement between
the sampled histograms and the theoretical marginals becomes gradually better. In the tem-
perature range T 2 1.2, we find very good agreement; the right hand panel of figure 5.10 gives
an example. This should be contrasted with the one-particle case, where non-ergodicity was
found in the simple Nosé-Hoover scheme even for very high temperatures, cf. figure 5.2, right
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Results of time averaging with the simple Nosé-Hoover scheme for two fermions,
left panel: T'= 0.1, right panel: T"= 1.2. In both cases, we used identical initial
conditions, r1(0) = —rz(0) = 0.01, p1(0) = —p2(0) = 0.01, p,, (0) = —p,,(0) =
0.01, @1 = Q2 = 1.0. We present density plots and histograms for rq, p1, and p,, ;
the respective results for 79, po, and p,, look similar.
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Figure 5.11.: Density plots and marginal distributions at T" = 0.2 for a Nosé-Hoover scheme
in which only particle 1 is coupled to a chain thermostat of length M = 2. The
equations of motion of particle 2 have not been modified. Note that on the right
panel, different scales have been used on all axes.

panel. We attribute this improved ergodicity to the increased complexity of the two-particle
dynamics due to the statistical interaction force.

The problem of non-ergodic behaviour at low temperatures is resolved by a scheme involving
the coupling of a Nosé-Hoover chain of length M = 2 to both p; and ps. If in addition the
values of the parameters @ and Qo are adapted according to the rule of thumb Q; ~ T2,
ergodic behaviour is found over the entire temperature range investigated that reaches down to
T = 0.04. A study of even lower temperatures was prohibited by numerical difficulties.

We note that it is not sufficient to couple a second thermostating pseudofriction coefficient
to only one parameter, say p;,. In this case, the marginals of p,, are not sampled correctly at
temperature values 7' < 0.3. This illustrates the limits of the improved ergodicity due to the
statistical interaction.
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Figure 5.12.: Short-time behaviour of the scheme in which only one particle is coupled to a
chain thermostat, 7" = 0.2. The initial conditions are r1(0) = —r2(0) = 1.0,
p1(0) = p2(0) = 0, and the total integration time is 0.97. It is nicely visible
that particle 1 is cooled by the Nosé-Hoover chain, while particle 2 performs an
undisturbed oscillatory motion in the harmonic potential.

More drastically, if only p; is coupled to a Nosé-Hoover chain of length M = 2, the dynamics
of the parameters ro and ps is not affected at all. Hence, the energy of particle 2 is an additional
conserved quantity. Although the parameters of particle 2 influence the motion of particle 1
via the value of V, there is no feedback mechanism in the opposite direction. Consequently,
only particle 1 experiences the statistical interaction (which remains very weak, since the two
fermions stay a considerable distance apart in phase space), whereas particle 2 rotates uniformly
on a circle of constant radius, corresponding to the unperturbed motion of a particle in a
harmonic oscillator potential. The resulting marginal distributions are shown in figure 5.11.
Although the marginal distributions of r; and p; are not sampled exactly, the deviation is
fairly small, and vanishes completely at higher temperature values (not shown). In contrast,
the uniform rotation of the second particle leads to a microcanonical distribution. Figure 5.12
illustrates the short-time behaviour of this dynamical scheme.

5.2.2.2. The demon method

We have also applied the cubic coupling scheme (2.32) to the case of two fermions, using the
rules of thumb for the adjustment of the coupling constants that have been presented in section
5.1.3. These adaptation rules turn out to be very efficient in providing ergodic motion in the
present two-particle case, in contrast to what has been observed for a single particle. Yet, at
temperature values below 1" = 0.1, we find the following feature unprecedented in the classical
applications of the method: The pseudofriction coefficients £1 and &5 “freeze”, i. e., they remain
very close to their initial value, see figure 5.13. Although the marginals of the original system are
still sampled with good precision, the distributions of £1 and &, are narrowly peaked around their
initial value and therefore completely wrong. This deficiency is not cured by choosing modified
values for the coupling constants x,, and ,,. However, since we find that the marginals of the
coefficients (1 and (o are well matched, we attribute it to the linear coupling of £ and &, in the
two-particle version of the equations of motion (4.19).
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5. Results

Therefore, we have also investigated the following set of equations of motion,

d b1

7= — &, (5.9)
d 2 3

Eplz—mwﬁ—ﬁpl,

d D2

ET2:E_£§T2,

d 2 3

g P2 = w2 —(5p2

d K ebhw _ 1 ri—ryg 1
551:%@“27“%?‘1‘”‘”2“ e ev_1>’
d K ebhw _ 1 ri—ryg 1
a@:%@“%gﬁ‘”m”% e ev_1>’
4o (R0 e

dt ™! B \m hw m hw e —1)"
4ot (B0 e )

a2 3 \m w m hw e —1)

in which &; and & are cubically coupled to the equations of motion, just as {1 and (». Choosing
all coupling constants to be of the order of magnitude 1/T', we found ergodic behaviour down
to T'= 0.05 for this scheme, see figure 5.13, right panel.
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Figure 5.13.: Marginal distributions obtained at 7' = 0.05 with a cubic coupling scheme (left
panel), and with the scheme described by the set of equations of motion (5.9).
The initial value of & on the left panel is £1(0) = —5.1, and the “freezing” is
striking. Surprisingly, all other marginals are well reproduced. The right panel
illustrates that the problem is resolved by the modified scheme (5.9).
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5. Results

5.2.3. Ergodicity investigations for two bosons

The extensive study of the preceding section 5.2.2 may be repeated for the two-boson system.
Basically, it turns out that the main features are preserved, which is why we give only a brief
survey of the results.

5.2.3.1. Nosé-Hoover method

Like in the fermionic case, the simple Nosé-Hoover scheme is not ergodic in the temperature
range 7' < 1.0. Above that value, with the known adaptation of the thermostat masses, the
agreement between the sampled histograms and the theoretical marginals becomes satisfying.

The scheme with two Nosé-Hoover chains of length M = 2 is found to be ergodic over
the entire temperature range. The smallest temperature value that has been investigated is
T = 0.025.

5.2.3.2. The demon method

Employing the cubic coupling scheme, we find again that the pseudofriction coefficients £; and
& that are linearly coupled to the equations of motion of r1 and r9, respectively, “freeze” at
temperatures below T" ~ 0.1. As can be inferred from figure 5.14, this problem is cured by
coupling & and & cubically, in analogy to the scheme (5.9).
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5.2.  Two particles

Figure 5.14.: Same figure as 5.13, but for a two-boson system. The figure is given to exemplify
the statement that the key features of the dynamics are preserved in the boson
case. The dashed lines in the upper four figures correspond to the respective
fermionic marginals.
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5. Results

5.2.4. Convergence speed

Figure 5.15 shows in analogy to figure 5.6 that the convergence speed of the histograms to the
exact theoretical marginal distributions in the two-fermion case is again close to its theoretical
optimum. The result in the bosonic case is similar.

A(T)

\ \
500 1000 2000

T

Figure 5.15.: log—log—representation of the time evolution of the deviation of the sampled
histograms from the respective theoretical distribution using the scheme (5.9) at
T = 0.05. The bold straight line corresponds to A(7) oc 71/2,

5.2.5. Mean values of typical observables

As in the case of a single particle, we compare time averages obtained with our method to the
analytically accessible canonical ensemble averages.

The matrix element that is needed for the calculation of the internal energy for fermions
reads

(A_|H® |A_)
(A_[A)

1 1 1
= hw <§|a1 + an)? + 3 coth <§|a1 - a2|2> log — asl? + 1> , (5.10)
where H ) denotes the Hamiltonian of two non-interacting particles in an external harmonic
oscillator potential, (3.52). For two bosons, we obtain

(A | H® | AL)
(Ap]AL)

For the variance of the internal energy, var(H®) = (( H @2y — (¢ H® )2, one also needs

1 1 1
= hw <§\a1 + aol® + 3 tanh (51041 - a2\2) log — an|* + 1) . (5.11)

the matrix element of H 2) 2,

(A | H®® | A;)
(A [A:)

(5.12)
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5.2.  Two particles

The result for the numerator reads

(ar,02] S H® |ay,az) = (5.13)
1 12 1)2 1 1
W’ ((\oq!? + 5) +laa? + (\oq!z + 5) + Joaf* + 2(]041\2 + 5) <\a2]2 + 5)

+ 5((@5@1)2<a1 lag) + (afan)*(ag | ay)

+ 6_\041—042|2 (2|a1|2|a2|2 + 3(0]{(12 + 045041) + 1)>> .

The analytical expressions for the ensemble averages of the internal energy and its variance are
(2

easily derived from the respective partition function Zz” (cf. equation (3.56)) via the relations

URT) = (( B )(T) = ~hsT? o0 Z(T) (5.14)
2
var(H®).(T) = k3 T* % In Z2)(T) . (5.15)

Note that if we used the modified partition function 73 = ¢=Bhw 7() (T') in relation (5.14), we

would obtain a function T (T) satistying

UP(T) = UPN(T) + hw .

The result for var(H (2)), is not affected.

We restrict ourselves to the presentation of results for the fermionic case, see figure 5.16,
since the resulting curves for the two-boson system are identical (variance of the internal energy)
or very similar (the internal energy of two bosons differs only by a total shift due to a different
ground state energy)l.

Another interesting and more complex observable that we investigate in the following is
the two-particle density denoted by pg) (x1,x2). It gives the conditional probability to find
one particle within the interval [z, z9 4+ dzg| on the z-axis provided that the other particle
is located within [z1, 21 + dz1]. Of course, p£2) (z1,x2) is given by the thermal average of the
absolute square of the normalised two-particle wavefunction,

[(@1,20] A)|?

(2 = 1
Pe (.%'1,.%'2) << <AE‘AE> >> ) (5 6)
which can be calculated analytically by the evaluation of the integral
1 dry dpy dre d (21,22 | A )|?
(2) _ 14py dra dp2  (9) 1, T2 | A 1
Pe ($1,$2) 26(2) // h h We (Tl,pl,'l"Q,pQ) <A€ | A€> . (5 7)

2)

Since the thermal weight function ws™ contains the factor ( A¢ | Ac ) in the numerator, this term
cancels and all integrations can be carried out. We give the exact result of the thermal average

!Given the phase space functions (5.10) and (5.11) and the respective thermal weight functions w® | both
insights are somewhat noteworthy. Note that they imply that ideal Fermi and Bose gases contained in a
one-dimensional harmonic oscillator potential have the same specific heat [40].
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Figure 5.16.: Results of time averages for the internal energy and its variance for two fermions
using the cubic coupling scheme (crosses). The solid lines correspond to the re-
spective exact analytical result. The values of the coupling constants have been
adapted to temperature according to the rule of thumb k; ~ 1/T, and the sam-
pling time was 7 = 20007 for every temperature value.

of the two-particle density for bosons and fermions in terms of the relative and center-of-mass
variables z_ = %(ml —T9), T4 = %(ml + x32),

1 nmw 1 mw 1
PP (z_,zy) = 7 o = P (‘T tanh (iﬁhw)(xi + m2_)>

g
Bhw
mw e 2

As a consequence of the Pauli exclusion principle, the fermionic two-particle density vanishes for
x_ = 0, whereas for bosons, small values of the relative coordinate have an increased probability
density.

In order to give a useful representation of our findings, we present results of time avera-
ges along with the respective analytical results for fixed values of x that have been chosen
arbitrarily. Figure 5.17 shows an excellent agreement.

Finally, we compare the mean occupation numbers ({ n ))(7T") of the nth oscillator eigenstate
in the canonical ensemble at temperature 1" for the two-fermion system. For finite Fermi sys-
tems, the grand canonical limit is not applicable, and the mean occupation numbers differ from
the Fermi distribution function. Therefore, in order to display the exact results, we have used a
recursion relation due to Schonhammer [41]. Figure 5.18 displays again an excellent agreement
between time averages and ensemble averages.
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Figure 5.17.: Results of time averages for the bosonic (left figure) and fermionic (right figure)

two-particle density. The solid curves correspond to the respective analytical
results as given by equation (5.18). The crosses are obtained from the simulations
that gave the right hand panels of figure 5.13 and figure 5.14. While the upper

line has been obtained by setting ;. = 0, the lower line corresponds to the value
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Figure 5.18.: Mean occupation numbers for a two-fermion system at various temperature values.

The results obtained by a time average employing the scheme (5.9) (total sampling
time 7 = 1000 7") are displayed by symbols, whereas the exact occupation numbers
are given by crosses (x) that are linked by straight lines to guide the eye.
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6. Summary and discussion

In this work, we have presented an extension of the powerful techniques of heat bath coupling
in classical MD simulations to the quantum harmonic oscillator. The particular framework
provided by coherent states allows an immediate access that is able to yield valid isothermal
equations of motion both in the elementary case of a single quantum particle and in the more in-
volved cases of indistinguishable particles. Time averages can be performed by direct numerical
integration of these equations. For the quantum Nosé-Hoover and related techniques, we have
shown that the results thus obtained are in agreement with the respective analytical canonical
ensemble averages. Problems of non-ergodic behaviour are a constant topic of concern, but we
have proposed and tested a number of effective remedies, like adjustment of coupling constants
or addition of further degrees of freedom. These measures can be transferred directly from the
classical case, since the thermalising additional degrees of freedom remain essentially classical
variables. Moreover, in the case of indistinguishable quantum particles, we observe that due to
the statistical interaction the ergodicity of the dynamics improves (see 5.2.2.1). This confirms
the widespread opinion that the more involved a dynamics is, the less important ergodicity
problems become.

Compared to the approaches of Grilli and Tosatti [17] and Kusnezov [19], substantial
progress in basic methodology has been made. On the one hand, the quantum Nosé-Hoover
method is more reliable and easier to handle than the Grilli-Tosatti method, and on the other
hand, its range of application reaches well beyond the practial scope of Kusnezov’s method
which is restricted to finite-dimensional quantum systems. Moreover, although deduced in
close analogy to classical approaches, the method turns out to be suitable for the sampling
of quantum entangled distribution functions. This unexpected feature is a distinction of the
quantum Nosé-Hoover method over the approach using a Langevin equation.

However, the present development stage of the method does not yet permit the investiga-
tion of quantum systems other than the harmonic oscillator that are not solvable with more
traditional methods. It is not clear how an isothermal dynamics scheme can be devised for
systems for which the phase space distribution is unknown. Another serious drawback of the
entire idea of isothermal quantum dynamics is that it requires that the time evolution of the
quantum system is computable, which is just not the case for complicated many-body quantum
systems. Put differently, if the time evolution of a quantum system is known, the calculation
of its thermodynamical properties is usually also feasible, since the operator of time evolution
and the statistical density operator are both exponentials of the Hamiltonian operator of the
system. So the solution of the Schrédinger equation and the calculation of the partition function
usually amount to the same problem.

The most promising prospect that our method offers lies in a combination with approximate
quantum dynamics schemes. A variety of such schemes is available some of which are based on
the time-dependent quantum variational principle,

t2

5[ driu it —H Q) =0, (6.)

t1

which allows to derive approximations to the time-dependent Schrodinger equation. Typically,
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the trial states | Q(t) ) are given in terms of parameters, and (6.1) is used to determine the equa-
tions of motion of these parameters. In the method of Fermionic Molecular Dynamics (FMD)
[10], |Q(t)) is a Slater determinant of single-particle Gaussian wave packets parametrised by
mean position, mean momentum, and complex width!. FMD has been developed and suc-
cessfully employed in nuclear physics, e. g. for the description of the nuclear liquid-gas phase
transition [42]. Beyond, its statistical properties have been studied extensively [43], and even
a thermostating method using a thermometer and a feedback mechanism has been developed
(cf. chapter 1).

Given the availability of these powerful approximate quantum dynamics schemes, a new
field of possible research opens. How can we combine the thermostating method developed in
this work with, e. g., FMD in order to obtain an isothermal dynamical scheme for a complex
interacting fermion system? This question is very timely in view of recent experiments investi-
gating the behaviour of trapped Fermi gases. In view of the fact that at low temperatures, the
trapped fermions form an ideal gas and the trapping potential may be considered harmonic, the
isothermal quantum dynamics scheme developed in the present work can be considered a good
starting point for a perturbative treatment that is correct in the limit of vanishing interaction
and a harmonic confining potential.

Another idea of combining FMD with a thermostat is to cool the system of interest “sym-
pathetically”, i. e. via an interaction between particles that are kept at a constant temperature
by a quantum Nosé-Hoover-chain and the physical system under investigation. This corre-
sponds precisely to the experimental technique of “sympathetic cooling” currently employed to
investigate ultracold fermionic gases [13]. Again, the thermalising of the particles coupled to
a Nosé-Hoover chain would correspond to a thermalising of non-interacting particles, which is
only approximately correct since we need to employ an interaction to enable the sympathetic
cooling.

Despite these difficulties, an important asset of an isothermal MD scheme is that it can
possibly provide temporal information, in particular time correlation functions. Although it
is not clear to which degree the extended system methods realistically mimic the heat bath
interaction, the underlying equations of motion are physically reasonable. Therefore, in prin-
ciple, this method is tailor-made to model the particle dynamics at constant temperature in
a magnetic trap. Employing a two-body interaction and FMD, the resulting trajectory is a
well-defined approximation of the exact quantum time development which is determined by
forces and the heat bath interaction, providing a good picture of temporal correlations. This is
to be contrasted to MC calculations where no dynamical equations are solved and the resulting
MC trajectories are unphysical.

It is noteworthy that our method offers in combination with FMD a new perspective for
the calculation of fermionic systems at low temperatures, while the path-integral MC methods
have been very successful for bosons. Hence, our method may be regarded as complementary
to MC approaches also in this respect.

In summary, the developments of the present work offer a variety of new approaches in
the simulation of quantum systems at finite temperature. In combination with the ongoing
investigations of ultracold trapped quantum gases, new and rich physical insights are to be
expected in this field.

IThese wave packets are frequently referred to as squeezed states and may be regarded as generalisations of
coherent states. Therefore, an application of the thermostats developed in the present work to FMD appears
feasible.
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A. The Grilli-Tosatti thermostat

This appendix gives a brief general review of the quantum thermostat method proposed by
Grilli and Tosatti [17] along with a discussion of the problems encountered when applying it to
the harmonic oscillator.

The method is based on the following theorem. Consider a general quantum Hamiltonian

H

~

)

H(r.p)=> 5 —+V(z). (A1)
i=1 v

The thermal average of a quantum observable B, which is supposed to be some function of the
operators of position and momentum,

Tr (@e_ﬁg)
{(B(z,p))) = Tho Pl (A.2)

is equal to the following microcanonical average

JJ dpsds Tx (B(st, p/s)3(E — Heat))
)

B = , A3
( ~ ))me ff dpsds Tr (5(E — lifext) (A-3)
where H .y denotes the extended Hamiltonian
Noop P A
Ho . = = =5 T1 4
H et ;277%82 —i—V(sz)—i-QQ—i-k:B ns, (A.4)
Hs=H(sr,p/s)

where H is obtained from the original Hamiltonian by a scaling of the operators 7 and p to
st and p/s, respectively.

The proof of the theorem is based on the fact that this scaling leaves the trace of any
operator B(r,p) invariant. This is seen most easily if one considers that the following unitary

operatorl,

Us = exp <% Ins(rp + pz;)) ; (A.5)

UsrUl=sr,  UspUl=p/s. (A.6)

1} has been set equal to 1 in this appendix.
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As a result, we have
U HUL = H, (A7)

and any unitary transformation is obviously trace-invariant. Therefore, the numerator of (A.3)
can be transformed into

[ avaaste Bz p/sis(E - 1) = (A8)

2
//dpsds/dx x| B(r )( ]g(z,g)—%—kBTlns)\x>,

where we have dropped the unitary scaling of H and used a representation of the identity
operator 1 = [dz |z)(x| (with |z) being the eigenstates of 7, i. e., r |z) = x |z)) to
evaluate the trace. An analogous calculation holds for the denominator. Now the integrations
over the variables s and p; inside the J-function can be carried out, and after cancelling overall
prefactors, we obtain the result

Jda (x| B |x)

<<§>>mc: fdx(x\efﬁg\nw ) (A.9)

where the right hand side corresponds to the usual quantum canonical average.

The theorem of Grilli and Tosatti is potentially very powerful since — contrary to the quan-
tum Nosé-Hoover method developed for the harmonic oscillator in this work — it applies to any
Hamiltonian of the general form (A.1).

However, the practical application of the theorem turns out to be delicate. In order to be
able to replace the microcanonical average of equation (A.3) by a time average, a dynamical
scheme is needed that samples the microcanonical distribution function 6(E — H ) on the mixed
quantum-classical state space consisting of quantum states |¥) and two real numbers s, p;.
In other words, the equations of motion have to conserve the quantity

2
E' =(V|H,|¥)+ Q+kBTlns (A.10)

and need to be ergodic. Grilli and Tosatti have proposed the following set of equations of
motion,

i% | U(t)) = H, | ¥(t)), (A1)
d _ Ds
at° = M
%ps:_g_w(m (%gs) [ w(t)) -

In the following, we show that in the case of the harmonic oscillator, this dynamical scheme
does not produce ergodic motion, which means that the method unfortunately fails in this
elementary, but ubiquitous model. For simplicity, we consider the motion of a single particle in
a one-dimensional harmonic oscillator. The eigenstates of the original

1 1 5,

H=— A12
2l T 5L (A.12)
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A. The Grilli-Tosatti thermostat

and the scaled Hamilton operator

1 1
H, = 52 22 + §m52w2£2 (A.13)
are, respectively,
H|n)=E,|n), Hs|ns)=E,|n,s). (A.14)

Since in the case of the harmonic oscillator the scaling corresponds to a scaling of the mass,
m — ms?, it is particularly evident that the eigenvalues F,, = w(n+1/2) are not affected by the
scaling, i. e., H and H are isospectral. Moreover, the following relation for the wavefunctions
of the eigenstates holds:

(z|n,s) =+/s(sz|n). (A.15)

The time-dependent quantum state |W¥(¢)) can be represented with respect to the basis
{|In,s(t))}, which itself is time-dependent through the time-dependence of s:

|W(t)) = calt)e ™l |n,s(t)) . (A.16)
n=0

Then the left hand side of the Grilli-Tosatti dynamical equation for the quantum state reads

@'% |T(t)) = i(Z(_iEn)cn(t)eiEntEn In,s) (A.17)

n

+3 éa()e 0 [y s)
n

- d
+;cn<t>emnt(5 rn,s>)> ,
and for the right hand side we obtain
Ho|U(t)) =Y Enca(t)e P |n,s) . (A.18)

The equation of motion simplifies since two sums cancel. The term d/dt | n,s) can be calculated
in a straightforward manner. With the obvious notation (using the dimensionless operators 7

and p of equation (3.1))

1
as = —=(st +1ip/s) , A.19
4= S5 (er +i5/s) (A.19)
we obtain
d d 1
al _ 2= (T
< ) = = ( —(al) |o,s>> (A.20)
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Using

d 0 1

—al=s—(— —1 = - A.21

=g (i) =S (A21)
we find

(% (ag)") |o,s>=§@\/(n—2)!|n—2,s>. (A.22)

We also have

|0,s) =— 12,s) . (A.23)

S
V2s

Therefore, we arrive at

% |n,s) :%(\/n(n—l) In—2,5)—/(n+1)(n+2)|[n+2s)). (A.24)

Altogether, we obtain an equation of motion for the expansion coefficients which reads

% Cn = % (cn_gx/n(n —1) =2/ (n+ 1) (n+ 2)) . (A.25)

Equation (A.24) implies that in this case, the Grilli-Tosatti time evolution conserves the inital
partition of probability among states of even and odd parity, since occupation probability is
transferred either among basis states with even n (even parity) or odd n (odd parity). This is
not surprising since H, in the equation of motion of the quantum state (A.11) commutes with
the parity operation. Clearly, this additional conservation law is incompatible with ergodicity.
This result is corroborated by numerical investigations which show that neither the quantum
system attains the desired temperature nor that the marginal of the variable p, is accurately
sampled.

In order to break this conservation law, consider the shifted harmonic oscillator potential
(ro being a fixed real number),

H=_—p + —mw2(£ — 7‘0)2 , (A.26)

which is not symmetric with respect to the parity operation. Extensive numerical investigations
have shown that the sampling of the marginal of the variable ps is improved, but still, the
quantum system does not equilibrate [44].

Nonetheless, we stress that the theorem provided by Grilli and Tosatti appears extremely
powerful and deserves further reflection. It will be necessary to devise a dynamical scheme that
reliably leads to ergodicity both for elementary and more involved systems.
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B. Position representation of the canonical density
operator

As an example for the usefulness of the formula (3.41),

1 drdp
(BN = Zm | T w0 B ®.1)
with
B(r,p) = (r,p| B |r,p) (B.2)

we present here an elementary and straightforward calculation of the position representation of
the density operator

1 oo
P = Z(T(ﬂ) nzz;)exp(—ﬁEn) [n){nl, (B.3)
i. e., we calculate the matrix elements
pla.a’) = (z] pla') . (B.4)

Note that the probability distribution of the position of a particle in a harmonic oscillator
potential at temperature T,

g(r)zz;i%ﬁgigexpc—ﬁﬂa>\<x\n>2, (B.5)

is equal to the diagonal matrix element (x| p |x) of the density operator. Moreover, g(x) is

closely related to the Wigner function W (x,p) of the thermal state (B.3), since the marginal
distribution of the variable z of the Wigner function corresponds to g(x),

am:/wwmm. (B.6)

p(x,z') may be calculated by an immediate evaluation of the expression (B.4) using the repre-
sentation (B.3) for p. For this direct calculation, an elaborate relation for Hermite polynomials

that is accessible from an integral representation of the Hermite polynomials is indispensable
[35]. Another approach which works only for the diagonal matrix element consists of solving
a differential equation for (x| p |z ) [45]. In addition to these known approaches, we propose

here to rephrase p(x,z'), which is in general a complex number, as the thermal expectation
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value of a non-hermitian operator,

pla, 2’ Z(l Zexp —BE)(x|n)(n|a’) (B.7)

1 /
—mz <p(—BE){(n|a’ )z |n)

= (1"} =z ),

and to use (B.1) for the calculation of the thermal average. The evaluation of the integral

, 1 drdp /
o2 = S | e ) (w1 ) (B3

is straightforward. The integration over p is trivial, and the integration over r can be carried
out directly by addition and subtraction of the quadratic completion in the exponent. Using
the identities

2 1
d —— 2 h(lﬁhw> 1 (B.10)
an — PR 11 = tan 9 -1, :
we finally obtain the result
1
plz,2) = M tanh <—Bhw> (B.11)
ha
mw 1 , mw 1 "o
exp( P tanh(QBhw)(x—i—a:) e coth (zﬁfw)(m x') > ,

in agreement with the direct evaluation of (B.4) [35]. The spatial probability density of a
particle on the x-axis is

plx,z) =g(z) = \/% tanh (%ﬁhw) exp (—% tanh <%ﬂhw)x2> . (B.12)

We stress that compared to the other known approaches this calculation has the pedagogical
advantage of being very simple and straightforward.
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C. Sinusoidal oscillations of displaced harmonic oscillator
eigenfunctions!

The remarkably simple time evolution of a coherent state in a harmonic oscillator potential,
equation (3.25), initially found by Schrodinger [33], is at the heart of the translation of the
classical Nosé-Hoover method to quantum dynamics. It implies that the mean position and the
mean momentum of the Gaussian wavepacket follow the solutions of the equations of motion of
the corresponding classical oscillator, and, moreover, that the shape of the wavepacket remains
constant.

This behaviour is a special case of a more general equation found in 1954 by I. R. Senitzky
[46]. He has shown that in a harmonic oscillator potential, all the various eigenfunctions
un(x) = (x|n), if displaced in coordinate and momentum space, oscillate sinusoidally in time
while maintaining a fixed shape, i. e.

[(z, )2 = |un(z — qo(t)|*, qo(t) = acos(wt +0) , (C.1)

where a and 6 are arbitrary constants. The time evolution of a coherent state is a special case
of this equation which is obtained by setting n = 0.

Senitzky derived this result by performing an elegant analysis of the time-dependent Schrédinger
equation in the coordinate representation. The purpose of this appendix is to present two al-
ternate instructive methods for proving Senitzky’s result, the first using coherent states, the
second using the displacement operator.

In section 3.2 we have expressed the time evolution of a coherent state as follows:

i la) = e_m(ngJr%)D(a) |0) (C.2)

—zwt—‘ —iwt >

— fzwtlg( —iwt ) ’0>
Using the notation of the displacement operator, Senitzky’s finding, (C.1), that any initially
displaced eigenfunction undergoes sinusoidal oscillations while maintaining constant shape, may
be rephrased as

efiwt(ngJr%)Q(a) In) = e—iwt(n+§)g(e—iwta) In) . (C.3)

We will prove this form of the theorem first by means of an expansion of |n) into coherent
states, thereby arriving at a very straightforward calculation. Secondly, we will derive a general
relation, (C.9), between the displacement and the time evolution operators, from which (C.3)
follows immediately.

!This appendix is similar to a part of the article “Almost-periodic wave packets and wave packets of invariant
shape” that has been submitted to American Journal of Physics, in collaboration with Prof. M. Luban, Ames
Laboratory, Ames, lowa, USA.
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a. Our first method of establishing the theorem of (C.3) exploits the fact that the general
energy eigenstate |n) may be expanded as an integral over the coherent states |3 ) defined on
a circle in the complex plane with radius |3| = (p, where (y is an arbitrary positive number.
In order to find this expansion, we start with the familiar expansion of a coherent state |a)
in an infinite series of oscillator eigenstates |m ),

o) = e S 9 |y (C.4)

Writing |3|e? for «;, multiplying both sides of this equation by e~™? and integrating on 6 from

—7 to 7 one obtains

) = A6 () | " g |6y | (C5)

—T

the normalization factor N, (|3]) being

L tap ¥t
_ L eyl

No(18) = gred PP (C.6)

A+B A B

Using the well-known formula [32, p. 40] e~ '~ = Al AR

which applies if both A and B
commute with [A, B], one easily obtains the following identity for the displacement operator:

D(a+ ) = D(a)D(B)e ™) (C.7)

Using equations (C.2), (C.5), and (C.7), the following calculation is straightforward:

e " D(a) [n) = Na(I5)) / e E Dla)D(B) |0) (C8)

—Tr

= Na(8) [ apenetnen) peia s ) o)

—Tr

N [ dbepie ity pie<1p) o)

—T

D(e )N,y (15) / " dgein? | et )

—Tr

_ efinwtg(efiwta)j\/‘n“ﬁb / deefin(efwt) | ei(efwt) |ﬂ| >

_ efinwtg(efiwta) |n> )

This provides our first proof of the theorem of (C.3).

b. A second method for proving (C.3) consists of the following. Inspecting the final result of
(C.8), one is led to conjecture the operator identity

Ciwtal , Ciwtal
e LD (a) = D(e ™' a)e wie's (C.9)

~
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C. Sinusoidal oscillations of displaced harmonic oscillator eigenfunctions

which immediately implies the claimed identity (C.3). To prove it, we define the three operators

2
I
s

fa (C.10)
+a%a,

S
+
£

Il

o
=
B

B (0) = aa'—a*

Q
Q

These satisfy the following commutation relations:

[4, B+(a)] = B=x(a) , (C.11)
[Bi(a), B-(a)] = 2|af? 1,
[4,[4, B-(a]]

~

YB_(a) ,

with v = 1. Because of the third commutation relation we may use the standard theorem, valid
for any c-number A [32],

~ = B_(a)cosh(A\/7) + Msinh()\ﬁ) (C.12)
B_ 7 : .

Setting A = —iwt and using the first equation of (C.11) as well as the definition of B _(«) we
obtain

e B () = B_(ae™™). (C.13)
It then follows that

e RB (@) = e EB (a)e BT (o)™ (C14)

= (B_(ae )

~

and thus

eiméeg_(a) eiwté = eg_(ae_iwt) . (C.15)

But we have eZ-) = D(«), so that (C.15) is the conjectured identity (C.9).

We remark that the harmonic oscillator does not possess any other wave packets of constant
shape. This follows from the fact that if one tried to replace the eigenket |n) in (C.3) by a
linear combination, | ), of two or more eigenkets, the right-hand side could not be written as
a single time-dependent factor multiplying D (e~™“*a) [4)).
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