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Abstract

This thesis is focused on semiclassical studies of Wigner propagator, more precisely, two
semiclassical methods are considered, one based on van Vleck approach which leads to the
concept of trajectory pairs in phase space, it is surprisingly accurate in significantly nonlinear
system. The other corresponds to a uniform approximation for the Wigner propagator in the
framework of phase-space path integrals. In this way, several difficulties as caustics in phase
space and lack of normalization associated to the semiclassical propagator are overcome. This
work also emphasizes on numerical applications to the semiclassical Wigner propagation. In
order to test the performance of these semiclassical methods the wave packets dynamics and
semiclassical propagation in presence of strong quantum effects are considered.
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Chapter 1

Introduction

One of the most exciting areas of physics is semiclassical physics. Since decades, it has been
considered as the borderline between classical and quantum world. In general, semiclassical
physics is dedicated to develop theoretical tools to understand the features of classical behav-
ior that emerge into quantum scale and related phenomena. Perhaps, the first attempt on
semiclassical study began with WKB theory, later it has been extended to chaotic systems
with the EBK-approximation. In fact, those studies established the relevance and ability of
semiclassical approximations as a bridge between both theories. For instance, the discovery
of the so-called Gutzwiller trace formula |[Gut91], [Gut43] that relates the quantum energy lev-
els with purely classical quantities of the system. On the other hand, semiclassical methods
in time-domain have been successfully applied to study chaotic billiards [Lib30] also other
quantum studies have provided a strong evidence of localization in the semiclassical limit
[Kap9§]. In recent years, attention has focussed on semiclassical approximations continue
to grow rapidly, and it is not only in theoretical aspects but also have plagued practically
all branches of physics. Their possible applications are renewed constantly by numerical
simulations and experimental realizations, which confirms many of those theoretical predic-
tions. Particularly, in the context of quantum chaos several achievements have been obtained
by a direct observation of quantum phenomena in the semiclassical domain as chaos-assisted
tunneling [DASR74], dynamical tunnelling and localization [WKHet. al.52l [PSet. al.01] with
cold atoms.

In connection with semiclassical description of quantum evolution, a lot of important
contributions have been obtained in the past. More precisely, van Vleck [V1e78|, Maslov
[Mas72, Mas81] and Herman-Kluk [HK84] contributions are considered as pioneers in the
treatment to semiclassical propagation in terms of classical trajectories. However, only with
the advent of the Feynman’s path integrals a lot of attention was focused on study of time
evolution of the quantum system by time propagators and its semiclassical approximations. In
order to understand, how the propagator’s formalism is introduced for quantum evolution, let
us consider the kernel or propagator K(q”,t; ¢, 0) which is defined in terms of time evolution
operator U (t) = exp(—zf] t/h), for example, the projection on coordinate representation



2 1. INTRODUCTION

reads,

K(d",t:d,0) = (a"|U(1)|d).- (1.1)
Where H is the Hamiltonian function of the system, and ¢ corresponds to the propagation
time. Thus, the wave function evolve in time from an initial state ¢ (q’, 0) following the rule,

1/J(q”,t):/ K(q",t;q",0)¥(q’,0)dq’. (1.2)

In principle, the integral representation depicts a simple route to perform the time evolution
of an initial state, moreover it allows us formulate differents semiclassical approaximations to
the exact quantum evolution. However, serious difficulties emerge from those approximations,
that are inherent to the representation considered and compromise the ability of the method
for capturing quantum features. Indeed, several difficulties were manifested long time ago in
the well-known van Vleck-Gutzwiller propagator (VVG).

e The search root problem: In position representation, for each pair of coordinates q’, q”
apparently requires to identify the classical trajectories connecting those two points
at time t. But, this trajectories are specified as solutions to the Hamilton’s equation,
i.e., by initial conditions (q', p’). Therefore, there are special boundary conditions on
trajectories that contribute to the propagator. This procedure requires a search of
trajectories that fullfill the boundary conditions, even much more difficult for chaotic
systems, due to the extreme sensitivity to the classical trajectories.

e The caustics problem: The amplitude becomes infinity in singular points, that are called
focal points or caustics. Hence, this behavior degrades the approximation and impose
serious difficulties to the numerical convergence.

Despite of this, the semiclassical van Vleck-Gutzwiller approach should not be underestimated
due to it has served (i) as the basis for many semiclassical methods, mainly in position and
momentum representations [VMOT7, BHWO1, [GCO6], (iz) important studies about semiclassi-
cal descrition of global phase (Maslov indices) due to caustics [LRS87, ISLS7S8| [CB94], (iii) it
has motivated a lot of others approximations that aim to avoid those disadvantages in order
to obtain a better performance of semiclassical methods. In fact, the most familiar semi-
classical approaches to the quantum propagator are the primitive Cellular-Dynamics (CD),
Herman-Kluk (HK) propagator and the so-called Frozen and Thawed Gaussian Approxima-
tions (FGA,TGA) and the semiclassical coherents state propagator via path integrals.

The semiclassical propagation scenario might seems to be a broad range and very compli-
cated due to the large number of semiclassical approaches, that in principle have been formu-
lated independently from each others. However, it is not completely true when those methods
are considered from a general point of view, namely, (i) most of them are based on approx-
imations up to second order in the framework of Gaussian approach. (i) The contribution
to the propagation is given in terms of purely classical quantities, i.e., the phases as classical



actions and the amplitudes as stability matrices along of classical trajectories. A number of
authors have reported the relationship between some of them [GJ94, [Gro99, [Kay05]. As well
as they have been pointed out by K. Kay in seminal works [Kay94aj [Kay94b] from a novel
formulation called Integral-Expressions (IE) to the semiclassical propagator. Basically, this
approach corresponds to an integral over initial conditions in phase space, together with the
principle of equivalence of the stationary phase method leads to the well-known semiclassical
propagators. More precisely, the Fig. shows a schematic description of hierarchy between
most of those semiclassical propagators and their representation (see in the left hand side on
the figure)

KCS(Z”,t;Z,’O K(qﬁat;qlvo) GW<r/,7t;r/70)

H)i\\:FGA://7IH{ Gwy (r”,t;1',0) Gwpr(r”, 1, 0)

CD

Y

K. (Z",t;7',0)

TGA~— VVG

Figure 1.1: Semiclassical Approximations: van Vleck-Guztwiller (VVG), Herman-Kluk
(HK), Frozen Gaussian Approx. (FGA), Thawed Gaussian Approx. (TGA), Cellular-
Dynamics (CD), Integral-Expressions (IE), Coherent States propagator (K.s), Coher-
ent States propagator with mixed-boundary conditions (K.s), Wigner propagator (Gyy),
Wigner-van Vleck propagator (Gyyv ), Wigner-Path Integrals propagator (Gw pr).

In practice, the performance of those methods are quite different when are capturing the im-
portant quantum features, it has been pointed out by number of publications in the framework
of semiclassical propagation. For example, see [Gro26, [Gro99, [TW04, [Kay05] and references
therein.

1.0.1 The state of art of semiclassical propagation.

In the context of semiclassical propagation and its applications to quantum systems, there
exists a vast literature on the same issue. Indeed, the semiclassical methods are an important
tool for calculating the dynamics of atoms and molecules, and the popularity of such methods
over the past years is evident, in fact, the number of applications grow rapidly in differents
areas of the physics. However, the performance of the semiclassical approximations have
been compromised due to the underlying difficulties in the those approaches that are based
directly on classical trajectories. In practice, the semiclassical propagation has to face mainly
with the search root problem, caustics along of time evolution, poor convergence of methods
and the inefficiency for capturing quantum features. In order to obtain a better performace
of the semiclassical approximations and with the intention to avoid most complications it has
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been derived a number of semiclassical propagators by considering different representations.
Indeed, the most popular propagators are shown in the Fig. At the same time, the figure
illustrates the current state of the semiclassical propagation in terms of propagators. On the
other hand, it is well-known that the semiclassical IVR treatments are considered as favorite
approaches due to they can express the quantities to be determined for a given system in
terms of classical trajectories, thus initial value representation methods (IVR-method) specify
the classical trajectories in the most natural way, i.e., in terms of their initial values. For
example, the classical trajectories that need to be run in order to calculate the dynamical
evolution of a system can be determined immediately by sampling the phase space occupied
by the initial state. In practice, the IVR-methods took advantage of this, therefore they
allow an straightforward adaptation of Monte-Carlo Metropolis algorithms for semiclassical
propagation.

Since decades, a vast variety of semiclassical methods and their applications in the context
of semiclassical propagation have been considered, certainly, a little that is known to date
about semiclassical Wigner propagation, and much less as a description in terms of IVR
representation. Likely, it is due to the lack of studies about quantum dynamics in phase
space in the framework of Wigner-Weyl formalism which is related to the Moyal equation
that governs the time evolution of the Wigner functions. However, recent studies [TDS03]
in this direction has shown the route to explore in deep the time evolution of quantum
systems from Wigner representation, more precisely in terms of semiclassical approximations
to Wigner propagator. Therefore, the doors would remain opened for all kinds of research
directly in phase space, starting with these semiclassical approximations and enabling new
approaches and generalizations. The Fig. shows at the right hand side, the schematic
description of hierarchy of Wigner propagator and its semiclassical approximations. Indeed,
we can be sure that the scenario of semiclassical Wigner propagation is just beginning.

This work has been organized as follows: The chapter two presents a review of the quantum
dynamics in phase space, more precisely, an introduction to the mathematical formalism for
the Wigner function and its properties. The chapter three describes an integral representation
for time evolution to the Wigner function in terms of the Weyl propagator. Followed by a
description of the exact Wigner propagator, moreover it discuss the first part of numerical
applications. The chapter four describes the semiclassical Wigner-van Vleck propagator
and the corresponding numerical applications. The chapter five discusses suitable numerical
algoritms for semiclassical propagation of initial states. The chapter six introduces the phase-
space path integral formalism. The next chapter we considers the semiclassical approximation
to the Wigner propagator based on phase-space path integrals, so it is shown how under this
approach it is possible to include a high order in approximation. Similarly, as in the preceding
chapters the corresponding numerical application are considered. In this way, it is compared
the performance of the semiclassical approximations to quantum approach. The last chapter
is dedicated to study the tunneling phenomenon from semiclassical Wigner propagator.



Chapter 2

Quantum dynamics

The present chapter review the main properties of the Wigner function as well as the math-
ematical formalism about of quantum dynamics in phase space, which brings out clearly the
differences and similarities between classical and quantum mechanics.

2.1 Wigner function.

The Wigner distribution function, a pioneer work was introduced in 1932 by E. P. Wigner
[Wig49], in which he showed the possibility to describe the quantum systems in terms of
distribution functions in phase space. Following his ideas, numerous physical applications
have been found, for example, the Wigner function has been useful for describing quan-
tum transport [JVLH32], nuclear physics, decoherence, quantum computation and quantum
chaos. It is also plays a important role in signal processing and mathematics. Perhaps,
the most important contribution in order to develop the complete theory of quantum me-
chanics in phase space was presented in a early work developed by J. E. Moyal in [Moy99|,
followed by important contributions in which the mathematical foundations were established
[Wey27, [Wey31], [Gro05]. Additionally, various aspects of the phase-space formalism for quan-
tum mechanics have been developed by several authors. More extensive list of literature on
this subject can be found in excellent reviews [RFO21, RFO45, MH21), Leed7|. Besides the
Wigner function others phase-space functions have been considered in the literature. In
particular, the Husimi distribution (sometimes called Q-function) [Kanl3] and the Glauber-
Sudarshan P-function [Gla66, [Sud77] have found extensive applications in quantum optics.
Moreover, the quantum phenomena becomes transparent when it is viewed from phase space
description and many experiments have been confirmed that the distribution functions are
useful tool and brings out striking properties of the quantum states [Sch01l, [CZC05], [Sch96].
However, we focus on Weyl-Wigner formalism (see Appendix due to that in this frame-
work the Wigner function takes a complete mathematical operativity and many important
properties arise in contrast to others distribution functions in phase space.
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In fact, there is not a simple coincidence between quantum mechanics in phase space and
the statistical classical mechanics, because the Wigner distribution function was proposed
in such a way that from mathematical point of view, both theories shared special features.
Thus, it formalism takes into account all requirements of the quantum mechanics. For ex-
ample, the Heisenberg’s uncertainly principle is manifested in phase space as a restriction on
the size occupied by the quantum state. Furthermore, it is the representation of quantum
mechanics in phase space which is the most symmetrical of all, because it relates correctly
relates the operators in a Hilbert space with distributions functions in phase space. The
table shows a comparison between classical, Hilbert and phase-space representations of
quantum mechanics.

Classical Mechanics Quantum mechanics: | Quantum mechanics: Phase space
Hilbert space
A(4,p)Bla,p) AB A p) *B@p) *i=eap(5(3,8,- T, 00} §
{Ala.p), B@p)}e = | [AB=AB-BA | {A¢,p), B@.p)}n = FA(0.p)sin{5(94Tp — 9, 4)B(a,p)}
A(q,p)(0¢q0p— 0p0q)B(a;p)
HA={A H}p A = %[A,H] A ={A H}y
Op={H,p}p Otp = %&L[ﬁﬂ Al oW ={H, W}y
A= [%_A(q,p)p(q,p)dqdp A=Tr(Ap) A= [%_A(q,p)W(q,p)dgdp
p(a,p) = 6(q — q(t))é(p — p(t)) p= I >< | W(a,p) = 525 [ e A g+ L)v*(q — L)dy

§ The symbol x is called star product.

Table 2.1: Comparison between classical and quantum mechanics (Hilbert-space and
phase-space representations). First line corresponds to usual product of two observables.
Brackets (P: Poisson. M: Moyal) are shown in the second line. Evolution equations
in Heisenberg and Schrodinger representations are presented in third line and fourth line
respectively. Fifth line shows the expressions for mean value of an observable. Sixth line is
the representation for a pure state

A look into the representation of quantum mechanics in phase space resemblance the classical
mechanics. For example, the description of a state in classical mechanics is given by a classi-
cal distribution function, but this state in quantum mechanics is represented by the Wigner
function. Also, the classical dynamics is governed by Poisson bracket in contrast to quantum
case where the dynamics is given in terms of Moyal equation (see section . According
to the correspondence principle, the classical world should emerge from the quantum world
whenever Planck’s constant A is negligible, hewever, sometimes this similarities can be more
evident or apparently contradictory as it pointed out by M. Berry in[BerO1].

The semiclassical physics has not only theoretical interest, but also technological too, in
consequence a number of research groups have focused on to study the links between classical
and quantum physics
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Lets start considering the density operator p which contains all physical information of
the quantum system, in this sense, it can be depicted as a pure or mixed state, in order to
introduce a formal definition of the Wigner function, we consider the Weyl transform of the
density operator,

W(p,q) = Tw lﬁ] : (2.1)

For an arbitrary operator A the Weyl transform is defined as:

o0

Tl o) = [ eon{ ~ 1ou}a+ 21l Dy (22

While considering the density operator represents a pure state p = [1)(¢|, we obtain well-
known expression for the Wigner function,

1

Wig,p) = o

| eon{— povbita+ v/ - v/ (2.3

— 00

The previous expressions for the Wigner function were obtained in terms of position rep-
resentation, but the momentum representation can also used for this purpose. Thus, this
formalism has an evident symmetry between canonical variables in phase space as it is the
case of classical mechanics.

2.2 Moyal equation.

Quantum dynamics studies at the beginning with J. E. Moyal [Moy99] proposed an alternative
for the time evolution of the Wigner functions. Basically, they are governed by a partial
differential equation involving the classical Hamiltonian besides canonical variables in phase
space. We show the connection between Schrodinger’s picture and the Moyal equation:
First, we operate on both sides of Eq. with 0/0t. When this operator acts on the
wave function (or its conjugate) in the integrand, we use the Schrodinger time-dependent
equation to replace the terms 81/t by (—i/R)H. After integrating by parts, we have that
the terms —V?y lead to the terms (—p/m)0W/dq. In addition to this, the potential energy
takes the form as [U(¢+y/2) — U(q —y/2)], and it will be expanded around the point ¢ in a
Taylor series. Finally, after some algebraic manipulations, it is straightforward to obtain the
so-called Moyal’s equation,

oW _p 107 a_Ua_W i (_h2/4)k an—i—lU a2k+1W (2 4)

ot~ m g oq op 2k +1)! 91 gprFii

k=1

Indeed, this equation suggest a link between classical and quantum mechanics, in particular,
if the "quantum terms” involving explicitly A vanishes, the Wigner function corresponds to
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the classical distribution W, which is non-negative at every point in phase space, and the
dynamics is reduced formally to the Liouville equation,

aVVCZ o _£ 8Wcl + a_UaWcl
ot m Oq dq Op

(2.5)

The Moyal equation is exact, but it has infinity number of quantum contributions represented
as powers of h. In fact, there are no easy task to perform analytical solutions or numerical
methods in which those all quantum contributions can be included. However, a lot of work has
been addressed on time evolution of the Wigner function based on this approach [Fai81, [Eft33]
TAOT9]. In order to surmount these difficulties some authors have explored semiclassical
approaches to the Moyal equation, however, a relevant discussion about time evolution of
Wigner function were considered long time ago by E. Heller in a seminal work [Hel89, [EJH4S].
He argued that the semiclassical propagation of the Wigner function fail and it cannot be
possible due to quantum interferences. However, recent studies in the context of semiclassical
approximations in phase space have shown that we must be careful in the semiclassical limit
as was point out by T. Dittrich et al. [TDS03], where he solved the Heller’s objections.

2.3 Properties of the Wigner function.

In order to present self-contained the Wigner formalism in phase space, this section is dedi-
cated to review the main properties of the Wigner function, for more details see [Sch01] and
references therein.

e The hermiticity of the density operator guarantees the real-valuedness for the Wigner
function, i.e. W(q,p) € Re.

1
e The Wigner function is normalized in phase space, |W (g, p)| < — the equal sign holds
T
only for pure state.

e The correct probability distributions are obtained by projecting on position or momen-
tum representation the Wigner function.

/ W (g, p)dp =1(q)],
/ W (g, p)dg =|¢(p)|*.
e Lets be two density operators p; and po then the trace operation in phase space reads,

Tr(p1p2) = 2mh / Wi (q, p)Wa(q, p)dpdq,
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if these density operators are associated to pure states E] we have,

|(W1]he) > = 27Th/ Wi (q, p)Wya(q, p)dpdq,

in consequence of the previous property, if we have orthogonal states 11, ¥y the Wigner
functions are orthogonal too, therefore we have the following property

/ Wyi(q, p)Wya(q, p)dpdg = 0.

Moreover, this condition enforces that the Wigner functions Wy(q,p) or Wysa(q, p)
must take negative values in phase space. This is the fact why sometimes it is called a
quasi-distribution probability. Concerning to the features associated to the negativity
of the Wigner functions, several authors have addressed and discussed the quantum
implications of that, see for example [SEC04] [Ken96].

The size of the Wigner function is bounded, lets consider two density operators p =
p1 = pa2, then by the trace property in phase space we have,

Tr(p?) <1,

where the equal sign holds for pure states. Thus, it is straightforward shows that

1
2th < — .
J°o W (g, p)*dpdg

The previous equation shows that for a pure state the Wigner function occupy an area
in phase space given by 27h, whereas for mixed states the corresponding area is larger.

The Wigner function has the following momentum properties,

/Z/anwq’p)dqdfﬂ -/ Zq"|w<q>|2dq,
/Z/ZP”Ww(q,p)dqdp = /Zp”|¢(p)l2dp.

The multiplication property is expressed in phase space in terms of the Wigner func-
tion: Lets be ¢(q), ¢(q) two functions in position representation which follows 1 (q) =

¢(q)¢(q) then, _
Wy(a,p) :/_ We(q,p)W,(q, p — p)dp. (2.6)

IThis notation indicates that the Wigner functions is:
Wy(a.p) = 55 7o exp{ — £py}(q + /20" (¢ — y/2)dy.
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e The convolutive property can be expressed in phase space in terms of the Wigner
function: Lets be ¢(q), ¢(q) two functions in position representation which follows

W(g) = 72 d(q — @)¢(q)dq then,

W = [ T WO p)We(q — 4.p)dq (2.7)



Chapter 3

Wigner function propagator

In this chapter we focus on quantum dynamics directly from Weyl-Wigner formalism, in this
way, the Wigner function propagator emerges as an integral representation in phase space. In
addition to this, important properties related to the propagator and numerical applications
for corresponding quantum approach are shown.

3.1 Weyl propagator.

The Weyl-Wigner formalism provides us powerful mathematical tools, in which it is possible
to give a correct representation in phase space to the quantum mechanics. As per discussion
in the previous chapter, the Wigner function was introduced as Weyl transform of the density
operator. In the same way, the Weyl propagator can be introduced as Weyl transform of the
unitary evolution operator U (t,t0) as follows,

[e.e]

1 N
Uwietoto) = [ eop{—p-v}a+ L0t tla - Fay’ (3)

—00

Where the quantum propagator in position representation is given by the matrix element,

K(d",t:d' to) = (d"|U (¢, to)|d)- (3-2)

Although, this object is called propagator and comes from evolution operator, it cannot be
related to any temporal transformation in phase space. In fact, this object depends on only
one coordinate in phase space in contrast to the Wigner propagator that is considered as a
kernel of time evolution of the Wigner functions.

3.1.1 Properties: Weyl propagator.

The Weyl propagator has important properties which arise as a direct consequence of its
relationship with the unitary evolution operator as follows:
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Proposition: If the time ¢ = ¢, then, Uy (r, to,t) = 1.

o0

Proof: Fixing the time ¢t = ¢y, we have that U(to, ty) = I, then the Eq. 1’ reads,
UW(I', th tO) :/

exp{—

:/_Z ea:p{—
Z/_Zewp{— p-y}5(>’)dyf,
=y (3.3)

Y7 Yy
Py fla+ 310t to)la — 3)dy’.

N y
p-y}<q+§\f|q— §>dyf7

SIS R [

Proposition: The Weyl propagator follows the property Uw (r, —t,ty) = U}, (v, 1, o).

Proof: By considering the Eq. (3.1) and changing ¢ — —t, together with the property
of the evolution operator U(—t,to) = UT(t,t), it is straightforward shows that:

o0

i .
(e ~toto) = [ eap{~ 2oy Ha+ 0t tla - )y,

o0 i ~
= [ {3 y}a+ S0l Dy

o0 i N §
= [ eon{spvia+ St a3y,
:U;I/(I',t,to).

Proposition: The Weyl propagator follows the property

Tr[U(t, ty)] = (27rh)_2f/ Uw (v, t, 1)Uy (r, £, to)dr®/.

—00

Proof: If the time evolution is considered by two time steps with t > t; > t; the evolution
operator can be represented as U(t, to) = U(t, t1)U(t1,to). In addition to this, by considering
the trace operation in the Weyl formalism together with A = U(t,t1), B = U(ty, to) it is
straightforward shows, (see appendix [A))

Tr(U(t, to)] = Tr[U(t, 1)U (t1, o)),
_ (2nh) / U (ot 2) Uy (1 11, )™ (3.4)

Proposition: The Weyl propagator follows the property

Tr[U(t, to)] = (2rh)~f / h Uw (xr, t, to)dr? | (3.5)

—0o0
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Proof: By considering the previous proposition with ¢; = ¢y and taking into account that
A="U(t,ty), B=1I. It can be easily proved.

Proposition: The Weyl propagator follows the property

o [
1= / exp{ﬁAg(r,rg,rl)}UW(rl,t,to)Uﬁ‘V(rg,t,to)dr%fdrgf. (36)

—o0
Proof: The prove is straightforward by considering the Weyl transform for two operators (see
appendix , moreover taking into account that the identity for unitary evolution operator

is Ut to)UT (¢, tg) = 1.

3.2 Wigner propagator.

The density matrix operator plays an important role in the context of quantum dynamics,
more precisely, this operator can describes pure or mixed quantum states, and their time
evolution is based on von Neumman equation. In fact, we can write down the solution to this
equation as follows, R A

p(t) = U(t,to)p(to)U' (¢, to). (3.7)
The Wigner function propagator is formally derive by considering the Weyl transform to the
Eq. . In order to avoid losing the focus with this lengthly algebra here, in the appendix
[A] the Weyl transform for two and three operators has been shown explicitly. Therefore, we
here present the result as an integral representation to the time evolution of Wigner function,

W' t) = / G (& £:27, 0)W (x', 0)dr’™ (3.9)

We assume that ¢, = 0 as the initial time. Thus, the propagator of the Wigner function
Gw (r”,t;1',0) relates two phase-space points at time ¢. Clearly, this object defines a space-
time traslation in phase space. Explicitly, the propagator is depicted in terms of Weyl

propagator, see Eq. (3.1)).

1 o 2
Gw(r", t;r',0) = W/ Uw (r1, t)U;V(rz,t)%P{ - %(I‘z Ar” 1 A r/)}
X  §(ry —r" 41y — ' )dr drd (3.9)

Although, unusual, and perhaps more complicated, we introduce a new set of variables,
r. = (' +r" £ R)/2. (3.10)

Thus, the Wigner propagator is rewritten as a convoluted expression in terms of Weyl prop-
agators,

1/ / 1 > *
Gw(r ,t;I‘,O) = W/ Uw<1‘+,t>UW<I‘_,t>
X exp{ — %(R A" —1')) }dsz. (3.11)
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This equation corresponds to the general representation for the Wigner propagator, which
will be considered in the next chapter as starting point for the semiclassical approximations.

3.2.1 Properties: Wigner propagator.

At this point, the Wigner propagator is the object associated to time evolution of the Wigner
functions. Thus, there are important properties that emerges as a result of the unitary evo-
lution and hermiticity in quantum mechanics. Moreover, the temporal concatenation of the
time evolution operator introduces Markovian properties for the propagator, as a result of
this, a kind of phase-space path integrals is derived.

Proposition: The Wigner propagator Gy (r”,¢; 1/, 0) is a real function.

Proof: This property can be seen in an indirect form, by construction the Wigner func-
tion is real (see section , then for holding real-valuedness of this function, it implies that
Gw (r”,t;1',0) also should be real.

Other way to prove this property is by considering the Eq. . Then we have,

v B 1 oo r +1r" —R . r +1" +R
GW<r ,t,I‘,O) - W - UW(Tat)Uw(Tat)a
X exp{%(R A" — r’))}dRQf,

1 o . I‘I+I'//—|—R I.I_’_I,/I_:E{
T (2rh)Y /_wa< 2 ’t>UW< 2 ’t)’

X exp{ — %(R A" —1')) }dRQf,
= Gy (" t;x',0). (3.12)
Proposition: For a time ¢ = 0, then Gy (r”,0;1",0) = 6(r” — 1/).

Proof: By considering the Eq (3.3) and Eq. (3.11)), it is straightforward shows that,

1 > 1
"o, W _ _ - 2f
Gw(r",0;1",0) ~ T /_OO e:vp{ h(R/\(r r))}dR :
=0(r" —r). (3.13)
Proposition: If the time ¢ = g, then Gy (v”, to; 1, tg) = (" —1’).

Proof: By considering the Eq. (3.18) and the trace operation in Weyl formalism (see appendix
[A), it is straightforward shows that,

Gw(r" to;r' 1) = [T:(I‘")[:](toato) (r) U (to, to)],
= Tr[T(x")T(x')],
s ), (3.14)



3.2. WIGNER PROPAGATOR. 15

Proposition: The Wigner propagator has an orthogonal property under integration on final
phase-space coordinates i.e., [*° Gw(r, ;" t0)Gw (r, t; 1/ to)dr? = 6(r" —1').

Proof: By considering the trace operation in Weyl formalism (see appendix we have,

o —r') = / Gw (r, ;1 t0) G (r, ;1" o) dr?/,

= Tr

= 6" —r). (3.15)

Proposition: The Wigner propagator has an orthogonal property under integration on ini-
tial phase-space coordinates i.e., ffooo Gw(r" t;ro,to)Gw (r/, t; 1o, to)drgf =" —1).

Proof: The proof reads similar to the previous proposition.

6(xr" —1') :/ Gw (", 80, 10) G (¥, £; 70, to)drp. (3.16)

—00

3.2.2 Markovian properties of the Wigner propagator.

In quantum mechanics, the state of the quantum system is associated to the wave function
|1(t)) which change in time according to the Schrodinger equation. Moreover, the quantum
dynamics can be considered in the framework of evolution operator which defines a unitary
group of the form U(t, ty) = exp(%iﬁ(t —t0)) where H is a hermitian operator depending on
momentum and position operators. Thus, the time evolution of a state follows the rule,

(1)) = Ut to)[e(to)), (3.17)
with an initial condition, ) )
Ulto,to) = I. (3.18)
Also, the time evolution operator is solution to the Schrodinger equation,
dU (t,t N
indUto) H(H)U(t, ). (3.19)

dt

In general, for time-dependent Hamiltonian the solution to this equation can be formally
solved, so that

A

Ut ty) = fea:p( - % /tt H(t’)dt’). (3.20)
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Similarly, by considering the Hermitian adjoin of U(t,t,) in the Eq. 1) the solution is
given by,

A ) t ~
Ul(t, ty) = T’“e:z:p( — %/ H(t’)dt’). (3.21)
to
where T indicates the time-ordered product, and T" denotes the reverse time-ordered product,
A HH({"), It > "
TH(t)H(t") = ’ 3.22
( ) ( ) {H(t//)H(t/)’ If tl/ > t/. ( )

In order to show relevant properties of the Wigner propagator, the Eq. (3.7) is considered
again, it corresponds to the density matrix evolved in time by the evolution operator. In this
way, the propagator reads (see appendix ,

Gw (v t;1' 1) = Tr[T(x")U(t, to)T (e U (¢, t0)]. (3.23)

When the Hamiltonian operator is time-dependent, two forms can be dlstmgmshed for time

evolution operator U (t,t0) and U T(t,ty), these are given in the Eq. and Eq. ( - If
t>1t > 1 then,

Ult, to) = U(t t)U(t1, o),
Utlt, o) = Ul(t, to)U(t, ). (3.24)

After replacing the Eq. (3.24) into (3.23]) we have,
Gw(r",t;x to) = Tr[U(t,t))T(x")U(t, 1)U (41, t)T () U (¢, 1)),
_ / TP ()0t 1) T ()T (8, 1,)]

—00

X Tr[T(c))UT (1, to)T(x") U (t1, to))dr, >,
= / Gw(r”,t;I'l,tl)Gw(I'l,tl;r,,to)drlzf. (325)

—00

The previous equation corresponds to the concatenation property along of time evolution,
in fact, it is well-known in the context of Markovian processes as Chapmann-Kolmogorov
property. Assuming that the full time evolution of the Wigner function is divided in a small
time steps, similarly to Feynman’s construction, it can be formulated as phase-space path
integrals representation in phase space for the Wigner propagator, more precisely, the full
time propagation from r’ at time ¢y as initial pahse-space point to r” at time ¢ is represented
in terms of contribution at small time steps t = ¢, > t,_1 > t,_o--- > tg. Moreover, fixing
q’, = q" and p”,, = p”, the concatenation property allows us write down an equation for
full time propagation as,

0o n—1
Gw(r tI’ t() 27Th / HdrkGW(er,th;rj,tj). (326)

0 k=1
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In this way, the Wigner function evolves in time by means of phase-space path integrals,

n—1 n—1

1 . o

W t) = (2nh) Jim /_OO ]}_[1 dry! HO Gw (xj41, tj415 75, ;)W (ro, to)dry? (3.27)
]:

Here, note that the Wigner function behaves as a probability which follows a Markovian
process in phase space.
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3.3 Exact Wigner propagator.

It is well-known in quantum mechanics, most of the quantum systems cannot be solved in
terms of exact solutions, even for one dimensional cases, and only few quantum systems
are solvable in analytical form. However, nowadays the numerical methods are considered
broadly and serves as strong supporting tools for theoretical studies. Particularly, quantum
calculations of the eigenstates and its corresponding eigenvalues can be calculted with ex-
treme accuracy by differents methods. In the framework of the Wigner propagator, the full
energy spectrum of the quantum system plays an important role. Namely, time evolution
of the Wigner function is governed by the exact propagator which takes into account the
Wigner eigenstates associated to the system as follows:

Lets start considering the Weyl propagator in terms of the Wigner functions,

Uw(I', t)

* [ Y, y
/ 69319{—%10 : y}<q+ §|U(t)|q - §>dyf,

- ; /: e"””p{‘%f’ yja+ %lm (n|U(8)|m)(m|q — gmyf,

Zewp{—ib;"t} /oo emp{—%p : y}<q+ %|n><nlq - %)dyf,

—00

= @)y exp{—if;;t }Wm(r). (3.28)

n

Here, we introduced the nons-diagonal Wigner eigenstates which involves the n, m indices.

1

Wonlt) = g | _con{=gp-vhun(as P un(a-3)ar.  62)

Is worthy of mentioning that, the Eq. (3.28) for Weyl propagator takes into account only the
diagonal contributions of the Wigner eigenstates i.e. setting n = m. The next step consist

of replacing the Eq. (3.28), and Eq. (3.10)) into Eq. (3.11) together with Eq. (), Therefore,

we obtain an expression for the Wigner propagator,
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1 e8] / "o / 1"
G (", ', 0) = / Uw(u,g%(%,t)

g | e (R ()
X exp{ - i(R A" —1')) }dR2f7
i Sl el oo

> i y y
X / eiUP{—;—ier : Y+}<Q+ + %’nﬂnkh - %)dyi

—0o0

> i y_ y_
< / cap{—ip -y Ha+ ¥ myimla — ¥)ay’,

o h
After algebraic manipulations, and performing the integral over dR*/.
At
—(2rh)! ;exp{—’ . }W;m(r’)wnm(r"). (3.30)

The Wigner propagator involves boht diagonal and non-diagonal Wigner eigenstates. More-
over, A, = E, — E,, involves the full energy spectrum of the quantum system.

3.4 Models.

3.4.1 Morse Oscillator.

In 1929 P. M. Morse in his early work [Mor57] suggested a potential function given by
U(r) = D(1 — e °")? in order to incorporate the non-linearity effects for interactions be-
tween molecules, it was initially applied successfully to the study of non-rotating diatomic
molecules, and surprisingly, it was capable to fit experimental curves with good agreement
for a large range of molecular systems, besides of the correct energy spectrum. Today the
Morse potential remains considered as benchmark for more complex systems and there are
large amount of applications in the literature where the Morse oscillator has been applied
together with Wigner function, for example, in theory of photodissociation, atom-diatom col-
lision processes [HWLG61] and among problems in ordinary quantum theory, nuclear physics,
chemical physics, and quantum field theory [PC45]. On the other hand, the importance of
this potential is not only in a quantum level, but also in the context of the semiclassical
physics. There are many applications where the Morse potential plays an important role,
in particular, it is considered as a challenger for any semiclassical approximation that desire
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reproduce all quantum features as long as are possible. So, we address our work on this
potential in order to test our semiclassical approximations to the Wigner propagator.

In follows we will discuss the Wigner propagator in terms of non-diagonal Wigner functions.
Lets start considering the time-independent Schrodinger equation for one dimensional Morse
potential:

12 2y
- %ﬁ + VMOT86¢ = End]) (331)

where the potential function reads,
Viorse = D(l - efax)Z' (332)

This equation can be easily rewriten in terms of dimensionless parameter, which is defined
by A = \/W , where h is the Planck’s constant, m the mass of the oscillator, the parameters
D, and a are related to the depth and width of the potential well, respectively. There is
no difficult to recognized that this equation corresponds to Ricatti equation, and the the
solutions are given by,

Yalx) = N(A,n)er " 22U 201 (), (3.33)

Where ¢ and N(A,n) are defined as an auxiliary function and the normalization constant,
respectively.

E(\,x) = 2 e 7, (3.34)

NOn) = \/ (23 - ??2; 1)25” b)) (3.35)

The Gamma function with real argument is defined by the symbol I'(z). The eigenfunctions
given by Eq. (3.33) are associated with the energy spectrum as follows,

E, = % [(n +1/2) — %(n +1/2)%], (3.36)

withn =1,2,--- ,int(A—1/2). Finally, the corresponding Wigner functions can be expressed
in an analytical form by replacing the Eq. (3.33)) into Eq. (2.3]), then, after straightforward
manipulations, the non-diagonal Wigner function reads,

Wam(q, p) =%N(A,n) (A, m)en-mt (3.37)

n

X Zb (A, n, )b\, m, 8)ETT K, (E),

r=0 s=0
where the function K, () is the modified Bessel function of third kind and complex order
v = s —r+ 2ip/h, also, for binomial coefficients we abbreviate
(—1)7 L2\ —n)
J TeA=2n+j))(n—j+1)

b(A,n, j) = (3.38)



3.5. AUTOCORRELATION FUNCTIONS. 21

Perhaps, the most useful feature of the Wigner description is that it allows a direct comparison
of quantum and classical dynamics. This has been stimulated several theoretical studies
IMHIT, [Sta09], particularly with the diagonal representation (n = m) of Wigner functions
[JPD35] in a Morse oscillator. Similarly, it has been derived the Wigner functions for radial
Coulomb potential by considering a Langer transformation, see reference [Sta09].

3.4.2 Quartic double well.

The quartic double-well potential always attracted a lot of attention, and its relevance has
been extended in almost all the branches of physics. For example, this simple model can
be found in the description of important phenomena in quantum optics, chaos, mesoscopic
systems and quantum transport. Moreover, it is the standard model for the study quantum
manifestations as the coherent tunneling across the barriers.

In view of our numerical aplications about semiclassical propagation of Wigner function.
we here introduce the model and notation that will be consider in the following chapters.
The quartic double well potential is defined as:

mw?x?  miwtst

V@)= ==+ o (3.39)

where w is the oscillation frequency near the minima at x4y = +/8FEy/mw? and Ej, is their
depth. In natural units ¢ = \/mw/hx and 7 = wt, the full Hamiltonian of the system reads

2 2 4
p q q
H == =4 ——. A4
0.0)=% -7+ ex (3.40)
The dimensionless barrier height A = Ej, /hw is the only relevant parameter measures ap-
proximately the number of tunneling doublets, 7.e., half the number of eigenstates below the

barrier top.

3.5 Autocorrelation functions.

The propagation of localized initial states has been stablished as one of the most relevant test
for semiclassical approximations. In this context, the autocorrelation function is a straightfor-
ward measure of efficiency associated with the propagation methods. In practice, it provides
a robust and easy measure of performance of the semiclassical approximations along on time
evolution of wave packets [Hel23| [Gro26, (Gro99, [TW04]. The overlap Cy(t) = ((t)]1(0)) for
a given initial state |1)) upon squaring translates into an expression in terms of the Wigner
representation W, (r) of that state,

IC(1)]2 = (2rh)! /_ W e, 0) W (x, £, (3.41)
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or involving the Wigner propagator explicity,
|C(t)]* = (27rh)f/ / Wy (2", 0)Gw (x”, t;x', 0) Wy (r', 0)dr'> dr'"/ . (3.42)

A fact well-known in the Wigner representation, is that the Wigner function can takes neg-
ative values in phase space, therefore it cannot be associated to probability distribution
function. However, the Gaussian states are the only admisible Wigner functions which are
positive defined, and therefore can be interpreted in the same way as a probability distribu-
tion function like in classical mechanics. In order to fix the notation about the initial wave
packets that will be considered for numerical applications, lets assume that the wave-packet
in configuration-space is given by
9 .
vla) = (e empf 19 B0 L (g g}, (3.43)

Then, the corresponding Wigner function explicitly reads,

W(r,0) = (Wh)’fexp{ — W}, (3.44)

in a f-dimensional space.
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3.6 Numerical applications.

We begin with the numerical applications for wave-packet dynamics in terms of Wigner
function propagator, more precisely, the time evolution of localized initial states is performed
by means of Eq. together with Eq. , the last one corresponds to the kernel of
propagation from quantum approach. Our numerical studies are focussed on dynamics of an
initial wave packet evolving in a Morse potential directly in to phase space.

In relation to the quantum calculations for propagation of this state, we take an advantage
of exact mixed Wigner eigenfunctions (see Eq. (3.37))). Therefore, the quantum Wigner
propagator translates into a straightforward numerical algorithm in terms of eigenfunctions
of the quantum system. In follows, the Fig. shows the naked propagator evolving in
a Morse potential, in this way, the underlying quantum features emerge in phase space
representation.
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Figure 3.1: Time evolution of the Wigner propagator for a Morse potential. The quantum
calculations are shown as a sequence of times, ¢ = 0 (panel a), 0.5072 (b), 1.0144 (c),
1.5216 (d), 2.0288 (e), 2.536 (f). The underlying classical trajectory has been launched at
ro = (—0.1,0). Parameter values are D = 1, a = 1.25, i = 0.005. Color code ranges from
red (negative) through white (zero) through blue (positive).
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Figure 3.2: Time evolution of an initial Wigner function (Gaussian state) in the Morse
potential. The quantum calculations are shown as a sequence at times ¢ = 0 (panel a),
0.5072 (b), 1.0144 (c), 1.5216 (d), 2.0288 (e), 2.536 (f). In panel a, some contour lines
of the potential are shown superimposed. The underlying classical trajectory has been
launched at ro = (—0.1,0). Parameter values are D = 1, o = 1.25, h = 0.005.



Chapter 4

Semiclassical Wigner function
propagator

In this chapter we shall consider the semiclassical approximation to the Wigner function
propagator based on van Vleck propagator in configuration space. Particularly, this ap-
proach leads to the concept of trajectory pairs in phase space, together with an initial value
representation for the Wigner function propagator. We propose efficient algorithms in order
to perform the semiclassical propagation of localized initial states, and the corresponding
numerical applications are discussed.

The semiclassical treatments to quantum time evolution basically consist of replacing the
quantum propagator with a particular semiclassical approximation, in fact, this is the stan-
dard way in the framework of semiclassical propagation, and it has been clearly discussed
in different representations of quantum mechanics, (see chapter . Perhaps, the van Vleck-
Gutzwiller propagator [V1e78],is being the oldest and most explored semiclassical approxi-
mation, this can be derived either by solving the Schrodinger-type equation asymptotically
[Lit 7] in a similar manner to WKB treatment of time-dependent wave function or by apply-
ing the stationary phase method to the Feynman’s path integrals [RPF65, [Sch81a]. In effect,
the van Vleck-Gutzwiller propagator in configuration space is written as:

1 \3% OR;(q",q') |3 1 .
"o g ; PN/ ]
K.(q",t;q,0) = E (2 ih) 9q.9q" exp{—hRj(q ) — WJ_Q } (4.1)

Herein, f denotes the number of degrees of freedom for the classical system, and the sum
over j-index takes into account all contribution of classical trajectories that are originated
from q’ position at time 0 and end up in a position q” at time ¢, moreover the principal
Hamilton function is defined as R(q”,q’). Additionally, the amplitude is represented in
terms of stability matrix M(r,¢) = OR(q",q)/0q¢,,0q), which contains f-derivatives relating
the final position with respect to initial momentum, and p; is so-called Morse index, it is an
integer number that has to be taken into account when the trajectory encounters a caustic,
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1.e. whereas the amplitude becomes singular.

In order to obtain the semiclassical representation for Weyl propagator, we followed a previous
work [Viv0(, [San05]. We started by replacing the Eq. into Eq. (3.1). As a result of this
the Weyl propagator takes the form,

Uw(I', t) = /_OO exp{—%p : Y}Ksc(q// + %7t; q/ - %7 O)dyfa
B 1 é aRj(q”,q’) % o { "o f
= Z(zmn) 04,04, / exp{i_z(Rj(q ) _p'y)}dy |

j —00

(4.2)

Note that we have dropped out the Morse index due to they do not make sense in phase
space, i.e., they appears in position or momentum representation only. By introducing a
convenient transformation in position coordinate as ' = q —y/2 and " = q + y/2, easily
is shown that q = (q' + q”)/2. On the other hand, the semiclassical limit of phase factor
associated to this integral is highly oscillating as is known in the framework of semiclassical
approximations. In order to overcome this difficulty we regarded the main contribution given
by the stationary points, more precisely, the stationary phase method imposes an additional
restriction over momentum, p = (p’ + p”)/2. Thus we have,

/ /!

RLE bt (4.3)
2

In addition to this, the previous equation stand out the concept of chord rule in phase
space which have introduced by M. Berry in [Berl9, [Ber37]. Basically, it corresponds to
the sympletic area enclosed by the classical trajectory starting from r’; and ending at r”; in
phase-space, then coming back in straight line through of r;. It is illustrated in the Fig.[d] On
the other hand, the amplitude factor in the van Vleck propagator can be written in terms of
stability matrix elements [Berl9]. Therefore, the contribution associated to each trajectory
is,

of

\/\det(M(rj,t) +I)|'

Note that j-index denotes an arbitrary classical trajectory. We proceed putting all together
and, after that the Weyl propagator reads,

(4.4)

(4.5)

where the action has defined as Sj(r,t) = A;(r,t) — H;(r,t)t with A;(r,t) denoting the
symplectic area, and H;(r,t) the Hamiltonian of the system.
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Figure 4.1: Berry’s construction of chord rule in phase space: A;(r;,t) corresponds to
the sympletic area associated to r’; classical trajectory.

4.1 Semiclassical Wigner propagator from van Vleck’s
approach.

In order to obtain a semiclassical approximation to the Wigner function propagator, we must
consider the previous representation for Weyl propagator, to be precise, we have replaced the

Eq. into Eq. (3.11)), then we get
. — ; = _ 1 -
Gwv (", t;x',0) = Z (eh)2l / exp{ h(RA (r" —r ))}

J* —o0

exp{%(5j+ (ry,t) =S (r_, t)) }

X dR*.
\/|det(M(rj+,t) +1)||det (M(r,_, ) + 1)

(4.6)
The phase factor can be expressed in terms of r. coordinates (see Eq. as follows,
h@(R, I,/17]:,/) — R/\ (r// _ I'I)—(Aj(r+7t> — Hj(r+, t)t — Aj(I',,t) + H}(r,,t)t) . (47)

According to the procedure involved in the stationary phase method, we must consider up
to second order in approximation to phase factor. Therefore, the first variation with respect
to R-variable leads to the following constrain,

4 . 1R , . _R
Vr(r" =1+ 8y (L2 sy (B ) =0 (4.8)
v —r' = Ujr ~ T 0 rNjf, (4.9)

2
Now the contribution to the propagation is given in terms of classical trajectories, labeled as
j4, moreover, the chord rule associated to each trajectory implies that,

r'+r"+R=r; +1";.. (4.10)
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So, taking into account the Eqs. (4.9) and Eq. (4.10)) is not hard to show that,

Y= ()2,
o= (41702 (4.11)
Thus, the semiclassical Wigner propagation is given by non-local contribution of trajectory

pairs r4 in such a way that initial and final phase-space points are localized in between of
those trajectory pairs. This situation is shown below, see Fig. [£.2] On the other hand, the

Figure 4.2: Sympletic areas entering in the semiclassical Wigner propagator. The A;4
are the phases of the Weyl propagators and A; is the area enclosed between the classical
trajectories. The dashed line is the classical trajectory r(r’,¢), full line is the propagation
path T(r’,¢) connecting the initial and final arguments of propagator.

first and second variations are evaluated at the stationary points,

d(hd(R, ', 1))

=0
OR ’
(@R, r", 1)) 3 M(r;_,t) — M(rj,t) (4.12)
OR? = My, )+ DM@, 0+ 1) |
Now, we rewrite explicitly the Eq. (4.6)), it will form into,
1 o i
Gwy (r",t;1',0) = ]zi_: (wh)?! /_oo eajp{ - ﬁ(sji(r”’r/’t))}
i t 92(hd(R,x" x’
copl (g - 20 )

dR*.

" V1det (M., t) + 1) |det (M(x; ) + 1),
(4.13)

Herein I is a 2f x 2f-dimensional unity matrix, and the full action associated to trajectory
pairs have defined as,

S’ 2, t) = S (v — v +x = A =) + S = S5 (4.14)

N | —
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Moreover, S;i, S;_ are the classical actions along each trajectory. Finally, the Gaussian
integration over R-variable can be perform easily, furthermore, by taking into account that
the contribution relate pairs of trajectories, the semiclassical Wigner-van Vleck propagator
is,

) 2 cos(S;+(x",v',t)/h — f5)
Gwy (", t;r',0) | e
27rh ! Z \/|det( (rjs,t) — M(r;_, 1))

Is worthy of mentioning that, the extra term appearing in the argument of the cosine function
is associated with f-degrees of freedom, taht come from the Gaussian integration.

4.2 Algorithms for the semiclassical propagation.

The initial value representation of semiclassical treatments has several advantages, in princi-
ple, IVR-methods depict the classical trajectories in a convinient form, i.e. the trajectories
can be immediately determined by sampling the phase space occupied by the initial state.
In fact, the semiclassical Wigner propagator takes advantage of this sampling schema and
it can be integrated readily to Monte-Carlo Metropolis methods. In follows, we describe an
algorithm that computes the contribution of these trajectory pairs efficiently for performing
the semiclassical propagation in phase space.

4.2.1 Propagating delta functions.

Although delta function cannot represents an admissible state in phase space, it plays an
important role in the context of Wigner function propagator. Namely, this is the simplest
function that can be propagated, at the same time, it gives an origin to the concept of
quantum-spot which is no more than the naked propagator evolved in phase space. This
approach shows important quantum features along of time evolution of the propagator, and
it allows a direct comparison without reference to an initial state. The algorithm for propa-
gating delta functions comprises the following steps:

1. Define a local grid e.g in polar coordinates around the initial point r’, identifying
trajectory pairs (satellites) r’;,r’;_ with r’ in their middle.

2. Propagate trajectory pairs r;y classically, then keeping track the sympletic area A;
between them.

3. Find the quantities of interest for the propagator, those are the amplitude and phase
of each trajectory pair, then associate them to the final midpoints T; = ~—2—= which
corresponds to the deformed cone projected onto phase space.

4. Superpose the contributions of the two surfaces, after smoothing the amplitude and
phase over T; within each of them.
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4.2.2 Propagating smooth initial states.

In order to propagate a physically admissible initial state, the procedure must be different
from previous algorithm. In fact, it is not appropriate to define an initial environment of
"satellites” separately for each initial point in a distributed set according to the initial Wigner
function, the algorithm is much more efficient to first define a set of IV satellites and then find
their Npgirs = N (/N —1)/2 midpoints, then apply the above procedure to each N5 pairs, in
this way O(N?) data points for the initial distribution can be calculated by propagating only
N trajectories. There are various factors that has to be taken into account in order to choose
the N points for the initial distribution. (i) The phase space extension of the initial state in
dimensionless units, (i) the closeness of the classical limit. The algorithm for propagating
an admissible initial function comprises the following steps:

1. Initial condition: Define a set of the initial points r'; (j = 1,2, ... N). it can be done
in two ways: (i) Generate a swarm of N random phase-space points r'; covering ap-
proximately the same phase space region as the initial Wigner function Wy(r’,t’), then
attach a weight factor to the trajectories from the midpoints T;; = (r'; +1';)/2, where
k=1,2,...Nand j=1,2, ...k—1. The Fig. [£.3shows an illustrative representation of
this situation, gray color depicts the area occupied by the initial state in phase space,
after the contribution a swarm, we have a dense set of midpoints which covers the state.
It is denoted by the symbol ® (red color). (i7) Depending on the initial state, find the
exact distribution W, (r,t") that entails Wy (7', t') as the distribution of its midpoints
i.e., it is self-convolution, and generates the r’; according to Wq(r',t').

There is important comment about Monte Carlo-Metropolis methods and their pos-
sibilities to use them in this framework. In general, those schemes for sampling the
phase space will also work and they can be adopted as an alternative method. How-
ever, an additional computational effort must be taken into account.

2. Propagation: Propagate all N satellite points r’; along the classical trajectories, keeping
track of their respective stability matrices M(r’;,t') and their N, actions Sj.

3. Bvaluation of the final state: Find the value of the Wigner propagator Gy (T, t; Ty, 0)
at each of the final midpoints 17, = & Zr’“. Calculate a coarse-grained final distribution
as an average over these data points, possibly taking into account the weight Wy (¥',0)

attached in 1. to each midpoint.
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Figure 4.3: Initial phase space points covering smooth initial distribution, An ensamble
of random points r'; (j = 1,2, ... N) serves as initial conditions for N classical trajectories,
give rise to (N(N — 1)/2) midpoint paths starting in the centers r';; = (r'; + 1)) /2 (red
dots) and defines the support for the semiclassical Wigner propagator

4.2.3 Single time step.

The propagation is accomplished numerically, as a sequence of L discrete steps t; — .1,
[=0,1,2...L—1,t =t+ At, At = (t — t')/L the input required to perform a single time
step t; — t;41 = It + At comprises:

1. The classical trajectories and their coordinates in phase space r;(¢;) j =1,2... N.

2. The Hamiltonian forces,
i;(t) = I'VH(r;(t)), (4.16)

3. The stability matrices along of the classical trajectories,

O°H(r;(t))

M) = M) or3(t)

(4.17)

These stability matrices describes the linear response of the systems to the small vari-
ations of the initial conditions r’.

The propagation is achieved considering the following steps,

e The increment of N trajectories Ar;(t;) = J'VH(r;(t;)),

e The increment of N stability matrices.

0*H (r;(t1))

AM(E) = M50

At. (4.18)
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e The increments of the Ny, actions k =1,2.. N j=1,2.. k-1
ASj(x”, ") = (rr(t) —r;(t) A(Arg () +Ary(t)) /2 — (H (re(t)) — H(r;(t)) At. (4.19)

e Finally the Wigner function at ¢;1; is evaluated as a coarse-grained of its values at Npq,
of T then,

_ 4f 2 cos S'ki tl h — fﬁ
W(rj,k’atl-‘rl) = (27Th)f ( : ( +1>/ 2) ’ (420)
\/!det(M(rmtm) — M(ry, t141))|
as a weight average over the data points contained in a given phase space bin «a.
W(ra,tl+1) = Z W(fj7k,tt+1)Wo(fj7k). (421)

)€

4.3 Numerical applications.

In this section, we shall consider different numerical applications to the semiclassical Wigner
propagator. Particularly, we are interested in aspects concerning to the performance of the
semiclassical approximation in the context of wave packet dynamics, moreover, to study
the advantages or its possible faults in the semiclassical propagation of non-classical states.
Lets start considering the time evolution of localized initial state in a Morse potential, more
precisely, for the purpose of comparison, we follows the same procedure described in the
chapter [3| involving the exact Wigner propagator. Indeed, the parameter values for localized
initial state and the Morse potential are the same as previously. The Fig. shows the
time evolution of naked Wigner van Vleck propagator, from this point of view important
quantum features in phase space are revealed, more precisely, the nodelines structure that
appears in the quantum-spot of the Fig[3.T]are reproduced qualitatively, i.e. the deformation
of the quantum-spot along of time evolution are quiet similar. Moreover, the semiclassical
approximation defines an area in phase space where the two trajectory pairs can contribute
to each phase space point. also, the structure formed and its boundaries originate caustics
in phase space where the two trajectory pairs collapse into one.

The Fig. shows several snapshots of the semiclassical propagation based on Wigner van
Vleck propagator, evidently the approximation based on trajectory pairs reproduce at least
qualitatively the deformation of the wave packet along of time evolution, and it captures those
features that are manifested in phase space, like the oscillatory fringes where the distribution
takes negative values. In fact, the droplet shape of the distribution can be explained in terms
of the underlying structure associated to the propagator, more precisely, it is shown in the Fig.
4.6l where is considered the time-evolved Gaussian state, it is depicted by contour lines, and
superimposed the Wigner propagator from semiclassical (panel a) and quantum calculations
(panel b). On the other hand, the performance of the semiclassical approximation is more
evident in the autocorrelation function. It is shown in the Fig. for semiclassical, classical
and quantum calculations. here the accuracy of the semiclassical method is impressive.
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Figure 4.4: Time evolution of the Wigner propagator in the Morse potential from semi-
classical approximation at times, ¢ = 0 (panel a), 0.5072 (b), 1.0144 (c), 1.5216 (d), 2.0288
(e), 2.536 (f). The underlying classical trajectory has been launched at ro = (—0.1,0).
Parameter values are D = 1, a = 1.25, i = 0.005. Color code ranges from red (negative)
through white (zero) through blue (positive).
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Figure 4.5: Time evolution of an initial Wigner function (Gaussian state) in the Morse
potential for the semiclassical approximation at times ¢ = 0 (panel a), 0.5072 (b), 1.0144 (c),
1.5216 (d), 2.0288 (e), 2.536 (f). In panel a, some contour lines of the potential are shown
superimposed. The underlying classical trajectory has been launched at ro = (—0.1,0).
Parameter values are D = 1, a = 1.25, h = 0.005.
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Figure 4.6: Comparison of time-evolved Wigner initial state (black contour lines), from
semiclassical Wigner van-Vleck propagator (panel a) and to the exact quantum calculation

(panel b).

Figure 4.7: Autocorrelation function for a Gaussian initial state in a Morse potential,
for the semiclassical Wigner propagator (dashed line, red color) as compared to an exact
quantum result (full line, blue color), and classical calcuation (dotted line, black color) for
a time involving exactly four periods of the underlying classical trajectory.
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4.3.1 Propagating stationary states

As it is well-known in basic quantum mechanics that, the time evolution of eigenstates
are invariant in time, and therefore not much attention has been paid to this. However,
an interesting discussion was presented in a remarkable work by Lee and Scully [LS82] in
relation to the semiclassical propagation of Wigner eigenstates Particularly, they introduced
the concept of Wigner or quantum trajectories that are a kind of trajectory that governs
fully the quantum evolution in phase space. Even though these trajectories are not well-
defined in terms of classical mechanics, they have been considered by several authors [Lee95|
Raz19, [Trall] as an alternative method for semiclassical propagation of Wigner functions.
We confront the ideas exposed by Lee and Scully with the semiclassical Wigner van vleck
propagator. Furthermore, we present convincing arguments; why the concept of flow in phase
space along of Wigner trajectory is misleading.

In follows, we present briefly the Scully’s ideas for suggesting that the Wigner trajectories

are plausible for semiclassical propagation of Wigner functions. Namely, (i) if a quantum
system is prepared in one of its energy eigenstates, it should be remain in the same eigenstate
throughout. In terms of the Wigner function, it means that each phase-space point should
move in such a way that the Wigner function does not change in time. (%) The phase-space
flow along of classical trajectories cannot reproduce the quantum dynamics, therefore those
trajectories are quantum, in sense that they follows the full quantum evolution given by the
Moyal equation. Moreover, they argued that for the case of Wigner eigenstate, those Wigner
trajectories are manifested along of surfaces on which the Wigner function takes the same
value, i.e. the equi-Wigner surfaces. In order to illustrate this situation, the Fig. shows
the ground and second excited eigenstate for Morse oscillator, the same figure some contours
(dotted lines) and the classical trajectory (full line, red) are shown. Particularly, we have
choosen the classical trajectory at energy E which has the same eigenenergy E, where the
Wigner eigenstate is strongly localized.
We find that in both cases the classical trajectory follows the ”Wigner trajectory”, more
precisely, the corresponding contour at this energy, but is observed a large for escited eigen-
states. One of the main characteristics of semiclassical approaches is that they represent a
significant improvement to the simple classical propagation, the Fig. illustrates how to
achieve it by propagating along the midpoints of non-identical trajectory pairs. In practice,
we consider an initial phase-space point r’ at energy E, for a given Wigner contour, then we
increase the initial separation ¥; = r’, —r;_ for several trajectory pairs launched in r';.
Although the midpoint paths ¥;(t) = [r$' (£)+rS. (£)]/2 (denoted by x-symbol) move towards
the Wigner contour with increasing ', they do not approach asymptotically. As is shown
in figure, the increasing of separation the midpoint path moves far away from the contour,
indicating that it does play no particular role for the quantum propagation in phase space.
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Figure 4.8: Wigner representation of the ground state n = 0 (panel a) and the second
excited state n = 2 (panel b) of the Morse potential (dotted contour lines), compare to

the classical orbits at the corresponding eigenenergies F,,. Parameter values are D = 1,
o = 1.25, h = 0.005.

0.4

Figure 4.9: Wigner representation of the second excited state of the Morse oscillator.
(contours are represented as black dotted lines), compared to the classical orbit rCEl2 (t) at

the corresponding eigenenergy Ey (full line, red) and to midpoint paths r;(t) = [ri (t) +
ri (t)]/2 (x-symbol, red) for pairs of classical trajectories rﬁli (t) (dashed lines, red), with
common initial midpoint r; = rcle(O) but increasing initial separation ¥; = (p},q;) =
r;+ — r;; with 15;. = 0 and q; = 0.002, 0.2, 0.24, 0.26 (see text). Parameter values are
D=1,a=1.25h=0.005.
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On the other hand, from theoretical point of view, in principle, we cannot talk about
trajectories in sense of quantum mechanics. However, the discussion presented by Lee and
Scully insinuates the existence of a deterministic flow that moves along the contour lines
of the Wigner eigenstate, but a critical point emerges in relation to classical flow around
of these Wigner trajectories, and how it maintains invariant the phase-space flow. If it
is considered that this flow in phase space would flows in terms of classical propagator,
it cannot completely be true, because, only the classical trajectories can do that, then it
could be a smother propagator that nevertheless leaves invariant the Wigner eigenstate.
Therefore, the semiclassical Wigner propagation cannot be reduce to a deterministic phase-
space flow along classical or Wigner trajectories. The Fig. shows the quantum-spot for
semiclassical Wigner propagator and quantum result, indeed, the propagator appears as a
smooth distribution that cannot be replaced by a delta function on the classical trajectory
or Wigner co
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Figure 4.10: Semiclassical Wigner-van Vleck propagator (panel a) and the corresponding
quantum result (panel b) for the Morse potential at time ¢ = 1.5216. They are compared
to the classical orbit r%z and the contours of the Wigner-eigenstate. The initial point
r’ = r%(0) is the same as Fig. Parameter values are D = 1, o = 1.25, h = 0.005.

In order to illustrate the performance of the semiclassical Wigner van Vleck propagator for
time evolution of Wigner eigenstates, we consider a more demanding test by propagating the
second excited eigenstate in the Morse potential. In the Fig. shows the deviation of the
autocorrelation function from quantum result, i.e. 1 — |C(¢)|?, in relation to this, the Fig.
shows a superposition of a cross section of the Wigner eigenstate Ws(r) at time t = 0.
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Figure 4.11: Deviation of autocorrelation function from exact value 1 (quantum calcula-
tion) for second excited eigenstate in the Morse potential. The parameter values are the

same as Fig.

Figure 4.12: Cross section at ¢ = 0 of the Wigner eigenfunction Wa(r) at time ¢ = 10.
The quantum result (full line, blue) as compare to classical calculation (dotted line, black
color) and the semiclassical Wigner van Vleck propagation (dashed line, red color).

As a complementary test for our semiclassical Wigner propagator, we take advantage of
the fact that, the reference [LS82] is based on a study of the Morse oscillator from Wigner
trajectories, In follows we consider this model for comparison purposes, more precisely, we
find that our semiclassical approximation describes the time evolution of Wigner eigenstates
with high accuracy in terms of autocorrelation function, much better than Wigner trajec-
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tories approach. In order to illustrate this, we are monitoring the autocorrelation function
for the same case as was considered in the previous reference. The Fig. compares our
semiclassical Wigner propagation method with Wigner trajectories and classical propaga-
tion, respectively. Evidently, the semiclassical propagation by trajectory pairs represents an
improvement to the classical propagation in phase space.

Figure 4.13: Accuracy of the autocorrelation function for the ground state Wy(r) of the
Morse oscillator (equivalent to the norm conservation) propagated with the semiclassical
approximation to the Wigner propagator (dashed line, red color), a deterministic flow along
Wigner trajectories (full line, green color), and the classical Liouville’s propagator (dotted
line, black color, data taken from Ref. [LS82]), at discrete times running from ¢ = 0 through
2 by steps of 0.1. The values stated are the deviations from the exact value 1. Parameter
values are D = 0.15, a =1, h = 1.0.

4.3.2 Propagating Schrodinger cats.

The time evolution of Wigner function has been considered long time ago, in fact, one
of the most representatives studies about semiclassical Wigner propagation was presented
by E. Heller in his seminal 1976 paper [Hel89]. Basically he argued that the semiclassical
propagation of Wigner functions fails due to those off-diagonal terms of the density matrix,
more precisely, those terms are manifested in the Wigner representation as cross terms that
encodes the quantum coherences. It is well-known in the scientific community that the
quantum coherences are a pure quantum manifestation and it has no classical analogue,
therefore their propagation is not a simple task [LMO0T7], and much less for those semiclassical
approaches based on classical trajectories. In order to perform our semiclassical Wigner
propagation method. We here consider the propagation of Schrodinger cats prepared as a
superposition of two coherent states given by Eq. with variable separation d initially
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in position. In the Wigner representation the Schrodinger cats reads,
Weat(r) = W_(r) + Wi (r) + Wi (r), (4.22)

where ry = rg £ (0,d) and those terms are defined as follows,

We(r) = exp{—[pl +~°¢3]/vh}/m,
Wi(r) = exp{—[(p —po)*+~*(q— q)*]/7h}
cos (2(p — po)d/h). (4.23)

The Fig. shows the time-evolved Schrodinger cat for a time ¢ = 0.3, the semiclassical
Wigner propagator reproduces the interference pattern associated to the quantum coherences,
besides of Gaussian envelopes. Is worthy of mentioning that, the quantum coherences are
propagated by means of of non-local contribution of classical trajectories. In this way, we
expect that our method would captures others quantum features which has no classical
analogue.

X

Figure 4.14: Schrodinger-cat states time-evolved in the Morse potential at time ¢ = 0.3.
The exact quantum calculation (panel a) as compare to semiclassical propagation from
Wigner van Vleck propagator (panel a). Parameter values are m = 0.5, D = 1, a = 1.25,
h = 0.005. The initial midpoint and separation of the Schrédinger-cat are (qo, po) = (0.3,0),
d =1, respectively.

4.3.3 Propagation in the presence of classical chaos

Besides dynamical coherence effects, complex classical dynamics constitutes a major challenge
for propagation schemas in molecular physics. The two one-dimensional models discussed in
the preceding subsections as Morse potential are strongly anharmonic but remain integrable.
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In order to test our semiclassical method also in the presence of chaos and to check its
scalability towards higher dimensions, we consider a two-freedom system consisting of Morse
oscillators coupled linearly through the positions, a standard model for complex molecular
dynamics |[CJ01], with a potential

%Morse(Qh q2) - VMorse(QI) + VMorse(QQ) + cq142, (424>

where Vitorse(¢i), © = 1,2 are Morse potentials, Eq. and c is the coupling parameter.
Starting from regular dynamics at ¢ = 0, the system follows the Kolmogorov-Arnol’d-Moser
scenario [LL92] with increasing ¢ and becomes fully chaotic for ¢ > 1. We here concentrate
on the value ¢ = 0.3, where phase space is mixed. As initial condition, we choose a two-
dimensional minimum-uncertainty Gaussian W(r) = W(r;)W(rz), with W(r;), i = 1,2,
as in Eq. (3.44), centered within a major chaotic subregion, see inset of Fig. [£.15] The

Figure 4.15: Autocorrelation function for two coupled Morse potentials at ¢ =
0.3. Parameter values are m = 0.5, D = 1, a = 1.25, h = 0.125, the initial centroid is
(10, P105 G20, P20) = (0.5, —0.3,0.4322,0), corresponding to a total energy E = 0.5. Inset:
Poincaré surface of section at ps = 0 of the corresponding classical dynamics. Different
initial conditions encoded by colors. The blue circle is the contour of the initial Gaussian
enclosing a Planck cell.

Fig. shows the autocorrelation function for first major revival of the probability. The
exact quantum result (full line, blue color) is compare to semiclassical Wigner propagator
(dashed line, red color), and classical propagation (dotted line, black color). Indeed, the
semiclassical approach reproduces reasonably well the autocorrelation function, and shows a
tendency to improve on the classical propagation. Evidencing the role of dynamical quantum
effects in this system.
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4.4 Perturbation theory and the semiclassical propa-
gator.

A well-known that, any semiclassical approach based on second order in approximation must
coincide with the quantum result for quadratic potentials. However, this situation is not
evident from semiclassical Wigner-van Vleck propagator, and cannot be verified easily from
a direct numerical implementation. Therefore, we analyze the asymptotic limits of weak
anharmonicity, short time propagation and the classical limit for the Wigner propagator.

In follows, we shall consider a one-dimensional harmonic oscillator with small cubic an-

harmonicity, that is
2 2

P mw
H(%Q):%*‘ 5

with m and w denoting the mass and frequency of the oscillator, respectively. In order to
obtain the expressions for the ingredients of the semiclassical Wigner van Vleck propagator,
lets assume that in the regime of weak anharmonicity the cubic term is manifested as a
perturbation, i.e., ¢ < 1. Therefore, the perturbation theory can be applied toobtain the
equations of motion up to first order in approximation. Thus, the perturbed trajectories can
be written as,

¢ +eq’, (4.25)

p(T) = —muwqosin(T) + po cos(T)
3p(2)(7' —sin(7) cos(7)) = 3poqo SiIlZ(T) 3q§(7’ + sin(7) cos(7))
—e + + ,
2m2w3 mw? 2w
B Po sin(T)
q.(T) = qocos(T)+ —mw
3p? (7’2 — sin? ) N 3pogqo(T — sin(7) cos(T)) N 3¢2 (72 + SinQ(T))
Am3wt 2m2w3 Amw? ’

(4.26)

where pg, qo define the initial conditions in phase space, and the corresponding time scale
as 7 = wt. To be precise with the notation, we have introduced the following phase-space
vectors v (r', 7) = (pe(7), ¢.(7)) together with r’ = (pg, qo). Moreover, we consider the vectors
from perturbed trajectories

rg:t(T) — I'/E/<I'/:i:f‘,,7'), (4.27)
() = +rl)/2, (4.28)
Ar/(r'¥,7) = T(.¥,7) T, 0,7). (4.29)

The previous equations denote the trajectory pairs with initial points displaced by ¥ from
r’, the corresponding centers and deviations of final midpoints trajectory which start in r’,
respectively. Particularly, the deviation takes the form,

Ap!(F,F,7) = (5’;) (q)T (2772 , (77_2 B )> (g) Lo, (4.30)

3
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1"ero= . 3e ]3/ e T_; 25/ 2 5
A (Y ¥, 7) = (W) (d’) (5 22 ﬁ)> ((j’ + O(e*, 77) (4.31)

6

c~|“ cn|

Is worthy of mentioning that the validity of the previous equations is restricted in time to
T & 27. At this point, we can proceed to compute the amplitude and phase factor associated
to the semiclassical Wigner propagator. However, it is more convenient to express these
quantities in terms of Ar”. In practice, this corresponds to express the final argument of the
propagator relative to the classical trajectory starting in r’, insted of initial displacements '.
To achieve we have used a simple transformations that diagonalize simultaneously the Eq.
and Eq. which are basically a quadratic form. Followed to this, the semiclassical
Wigner propagator is,

t
G (x",t,17,0) = 2mhB2Ap" - 12Ap”Aq”+12?Aq”2]_l/4

2 " " : 2 " "
{ cos [BTgh(Anr - Ar_)g/ﬂ + sin [%(Au + Ar? )32 },(4.32)

with 8 = m3/4e=1/2¢=5/* and the desviation coordinates explicitly reads,

t

Ar” = (1+V3)y/—Ap" — 2, /32 A¢",
m t

Ar = (1—V3)y/ iAp” + 24 /B?Aq”.
m

Although this representation of the semiclassical propagator has been derived principally for
the analysis of weak anharmonicity, it evidently diverges in limit ¢ — 0. This particular
situation shows that in this limit the stationary points coalesce, and the stationary phase
method breaks down. This difficulty can overcome by considering the uniform approxima-
tion method, it basically removes the singularities by taking into account a third order in
approximation and frequently leading to Airy functions, This approach avoid a number of
difficulties associated to the stationary phase method.

X

(4.33)

In order to obtain an uniform approximation for semiclassical Wigner propagator, we
take into account that the action is manifestly odd-function for R-variable, see Eq. .
Moreover, we can uniquely reconstruct an effective action that contains only linear and cubic
terms in the same variable R. Thus, the semiclassical Wigner propagator can be evaluated
in terms of Airy functions as follows,

43 AN A
Gw(r" t;x',0) = 7 A1<a1/3>A1(a1/§>, (4.34)

with o = 3eh?t®/?>m=3/2. From this representation can be recovered the short time approxi-
mation given by Eq. (4.32)) for the semiclassical Wigner propagator, more precisely, to achieve
this, we replace the Airy functions by the asymptotic representation for large negative values
[Ae&4],
3\ 174 2
Ai(—z) — ﬁ’1/2(§) z73/8 sin (5373/2 + %) (4.35)
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together with a simple trigonometric property, e.g.,

sin(z)sin(y) = %(cos(y —z) — cos(x + y)) (4.36)

On the other hand, The uniform approximation allows us to evaluate the asymptotic limits of
interest as weak anharmonicity, short time propagation and the classical limit for the Wigner
propagator, it is done by considering formally: lim,_ in the Eq. (4.34) with the help of
property of Airy functions [VS04],

lim k" Ai(z/k) = 6(z). (4.37)

k—0

Thus, the propagator takes the form,

G (0, 1:0,0) = 4v/35(A") S(ArY),
S(Ar"). (4.38)

Here we have considered the Egs. (4.33]) and the properties of the delta function. Moreover,
by taking into account the dependence of a on parameters €, h and ¢, this includes the
classical limit and ¢t — 0.

In follows we show the corresponding numerical applications accordingly to this section,
the Fig. shows a comparison in phase-space of the Wigner propagator from different
versions previously discussed. However, in the panel a, we are include for comparison reasons
the numerical result of the Wigner propagator based on phase-space path integral for the
special case of cubic potential, it is considered in more detail in the chapter [7}
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Figure 4.16: Different versions of the Wigner propagator for a harmonic oscillator in
the regime of weak anharmonicity as a function of final phase-space coordinates (¢”,p")
at time 7 = 7/3. Wigner propagator from phase-space path integrals approach (Eq. (X))
(panel a), uniform approximation for short times (Eq. (b), exact quantum calculation
(Eq. (3.30)) (c), semiclassical approximation based on van Vleck approach (Eq. (d)),
and the contributions to Eq. (Eq. corresponding to hyperbolic (cosine term) (e), and
elliptic trajectory pairs (sine term (f)). Parameters values are i = 0.01, € = 0.2, m = 1,
w = 1. The underlying classical trajectory (full line, red) has been launched at (0,—0.1).



Chapter 5

Midpoints distribution and Random
numbers

In this chapter, we shall address the discussion about importance of sampling methods in
order to perform the semiclassical propagation from Wigner van Vleck approach. Further-
more, we describe a novel algorithms for sampling procedure which will allow us to obtain
the corresponding exact midpoints distribution which entails the quantum initial state to be
propagated directly in phase space.

One of the drawbacks of the semiclassical approximations is the dependence of the results on
the initial parameters, thus it cannot define a criteria for the reliability of semiclassiclal cal-
culations. In fact, several proposal have been considered in the past in order to formulate an
approximation to the propagator as a phase-space integral over initial conditions of classical
trajectories that evolve in time. Basically, the classical actions are associated to phases and
the stability matrices are associated to amplitudes, however, from this approach the phases
produce strong oscillations of the integrand, as a result of this, the semiclassical methods
shows low convergence with respect to number of trajectories. In order to overcome these
difficulties, a number of authors have considered alternative approximations, that in practice
corresponds to a smoothing of the existing oscillations in all semiclassical approaches. For ex-
ample, the linearization method, the stationary phase Monte-Carlo integration and integral-
filtering techniques, they neglect the quantum fluctuations (strong oscillations) associated
with highly non-classical paths. In one hand, it is well-known in the context of semiclassical
propagation that the classical trajectories should be explore all admissible phase space for
capturing quantum features. On the other hand, it becomes in a demanding and inefficient
task. In order to surmount this inconvinient several methods have been developed. There are
well-known methods, namely, the Monte-Carlo (MC) and MC-Metropolis shemas which have
been plagued several branches of the physics, particularly the semiclassical approximations.
Due to these methods are based on strategies for sampling a function in an optimal way. In
practice a non-uniform distribution can be sampled analytically or from uniform distributions
of a random numbers generator by applying an appropriate transformation. More compli-
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cated distributions can be sampled by the acceptance-rejection method, which compares the
desired distribution against a distribution which is similar or known analytically. This task
usually requires a lot of samples from the random numbers generator in order to obtain a
acceptable accuracy, particularly for high dimensional systems.

5.1 Generating Random Numbers.

In practice, many numerical simulations need a random numbers generator either for setting
up initial configurations or for generating a new ones. In fact, such model does not exist in a
computer program. A computer will always produce the same result if the input is the same.
Then, a random numbers generator really means a pseudo random number generator that
can generate a long sequence of numbers that imitate a given distribution. Although the
pseudo random numbers generator are used frequently in computational physics, sometimes
few attention has to be paid in it, and the numerical simulations could give wrong results.
From computational point of view, the most important criteria for a good uniform random
number generator are the following,

1. A good pseudo numbers generator should have a long period, which should be close to
the range of the integers adopted.

2. A good pseudo numbers generator should have the best randomness, i.e., there should
only be a very small correlation among all the numbers generated in a long sequence.
A simple test to the correlation function can illustrate the behavior associated to the
pseudo random points, in principle, one can consider the correlation (z;z;4;) as a xy-plot
of z; and z;;. A good random numbers generator will have a very uniform distribution
of the points for any [ # 0. A poor generator may show stripes, lattices, or other
inhomogeneous distributions.

3. A good pseudo number generator has to be very fast. In practice, we need a lot
of random numbers in order to have good statistical results. Thus, the speed of the
generator becomes in a very important factor, specially for molecular simulations where
the high-dimensional spaces must be sampled.

5.2 Computing the exact midpoints distribution: Al-
gorithms.

In the previous chapter, it was exposed in some detail an efficient algorithm in order to
perform the semiclassical Wigner propagation. In fact, the main idea behind this algorithm
is the sampling schema, and it could generate N (N — 1)/2 contributions of midpoints only
by propagating N classical trajectories. Indeed, from this point of view the computational
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effort is much less than the well-stablished Monte Carlo methods. On the other hand, the
semiclassical Wigner propagation, in principle works for general quantum states, but the
initial state should be represented in phase space. Here the question is, How could it be used
the well-known sampling methods to find the midpoints distribution?.

In follows, we addressed this issue and disccussion made for developing the algorithm,
thats could be implemented easily,

5.2.1 Gaussian distributions.

Most of the numerical applications in the framework of semiclassical propagation are done by
considering that the initial quantum state is represented by a Gaussian profile, in fact, there
are several reasons to do that, namely, (i) many of those semiclassical approximations have
been derived from Gaussian approaches, therefore, the sampling procedure is similar to well-
known Monte-Carlo (MC) and MC-Metropolis methods where the initial state serves as a
distribution function for sampling. (i) From experimental point of view, the Gaussian states
are much more accessible than any other. (ii7) The sampling procedure is performed very
fast by considering random points in phase space, where they follow some simple rules which
are described in many of standard algorithms: as acceptance-rejection method, Box-Miiller’s
or Ziggurat’s algorithms for generating normal distributions (see Appendix . In relation to
that, we have derived an algorithm for computing the exact midpoints distribution in which
those methods can be easily implemented for sampling the phase space.

In order to fix the notation and, also to introduce the spirit of the algorithm, lets start
considering the one-dimensional case where A(x) and P(y) depicts the initial state and the

desire midpoints distribution, respectively. We define the relation between both distributions
as follows,

Alr) = / / )6(z — (y + 2)/2)dydz,
_ / _PWPEa =iy
A(%) — 2(PxP)(a). (5.1)

Where we have used a = 2z, and the definition of convolution between two functions,

/f gt —7)d (5.2)

Moreover, taking into account that a Fourier transform of a convolution is given by,

F{f =g} =V2rF{f}F{g}. (5.3)
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Then, the Eq. (5.1) takes the form,

]—“{A(g)} — 2V2rF{Px P},
= 2V2r(F{P})>~ (5.4)

Finally, we obtain explicitly the midpoints distribution by considering the inverse Fourier
transform to the previous equation,

F{AG) } 55

P(a):fl{ Nor

It is worthy to mentioning that, for those cases where the Fourier transform can be applied
analitycally to the initial state, it will gives the equation for an exact midpoints distribution.
For example, Gaussian states are the simplest. However, at this level of discussion, it is very
premature to consider applications. In follows, we extend this method for two-dimensional
case, in such a way, that it can be implemented directly in phase space as was done for
numerical implementations.

Lets consider the procedure describe above, where A(x1, x2) and P(y;, y2) represents again
an initial state and the midpoints distribution, repectively. Then we have,

A(zy,m9) = / / / / (y1,y2) P (21, 22)

X (Y1 +21)/2)0(x2 — (Y2 + 22)/2)dyrdyadz1d2a,
= / / (Y1, 42) P (221 — y1) P(272 — y2)dy1dys.
(5.6)

Following a similar procedure to the one-dimensional case, we introduce a new variables as
a1 = 2x1 and as = 2x9. Moreover, it can be assume that the sampling is done via bivariate
distributions which are uncorrelated, i.e., they are represented by two independent random
variables as follows,

Pyi,y2) = Py)P(y2),
P(z1,29) = P(z1)P(29). (5.7)

As a consequence of replacing the Eqgs. (5.7) into Eq. (5.6)), and perform the integrations
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over z1, zo variables, we have simple expression for the midpoints distribution,

A(%,%) = / / (Y1,92) P (21, 22)

X (Y1 + 21)/2)0(x2 — (Y2 + 22)/2)dyrdyad 21 dzs,
= / / (Y1, y2) P — y1) Pz — yo)dy1dys,
= 4/ / P(y1)P(on — y1) P(y2) Pz — y2)dyidys.
(5.8)
In follows, the considerations about the convolution of two functions and the Fourier trans-

form (see Eq. (5.2) and Eq. (5.3)) leads to the previous equation of two convolutions over
a1, . Then we have,

Faua{ A(5:5)} = 4((P+P)) (P P)(a2).
_ 8ﬂ<.7:al{P(a1)}>2(fQQ{P(ag)}>2. (5.9)

Taking into account the inverse Fourier transform we obtain P(aq, ) as follows,

Foy Fug{A(%, 22
Py, ) = faff-a;{\/ {875 2 %)) } (5.10)

Finally, it is the analytical expression for the midpoints distribution which entail the initial
quantum state in phase space.

5.2.2 Example: Gaussian state.

Assume that a quantum system has a bounded energy spectrum, as is well-known, the ground
state generally is decribed by a Gaussian function. Indeed, the Wigner function associated to
this state can be calculated by taking the Weyl transform to it, as result of this, we obtain a
normalized Gaussian function in phase space. For example, we consider the following Wigner
function,

ab
Alg,p) = ?e:vp(—a?q2 — b°p?). (5.11)

where a,b denotes the variances of the distribution function. Now performing the scaling
into the Wigner state, it is,

A(g B) - %bexp<—a ¢ _Up ) (5.12)
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Particularly, we choose the symmetric Fourier tranforms as follows,

hew) = F() = o= / i f(a
flx)=F1n) = ﬁ/ e h(w)dw (5.13)

Finally, after simple mathematical manipulations involved in the Eq. (5.10]), we arrive to an
exact midpoints distribution for any Gaussian state in phase space.

ab a’q> b
P(q,p) = 27“/565617(—— - —) (5.14)

Additionally, note that this result allow us to implement the sampling methods from normal
distributions, in effect, our numerical applications were considered the Box-Miiller (see Ap-
pendi. On the other hand, the same approach exposed here can be extended for others
initial distributions, in which, the Fourier transforms are relatively simple and the analytical
calculations can be performed.



Chapter 6

Wigner propagator from phase-space
path integrals

In this chapter we present the Wigner function propagator in terms of phase-space path inte-
grals, and the semiclassical limit is considered from stationary phase method. In particular,
the semiclassical limit leads to semiclassical Wigner van Vleck approach previously discussed.
Briefly, we discuss the complex trajectories concept in this context and alternative to how
they can be include into this formalism as an extension to the trajectory pairs.

6.1 Weyl propagator for small time step.

The path integrals formalism have been based in a particular way of thinking, i.e., the
full time evolution of quantum system is performed by a concatenation of small time steps
of propagation. In fact, this mathematical treatment also can be extended to phase-space
representation and applied to the Wigner propagator. In order to derive the Weyl propagator
in in this framework, lets start dividing the full time of propagation as At = t/N, therefore,
the evolution operator in an infinitesimal time step At takes the form U (At) = exp{ —

iﬁAt/h}. Moreover, we assume that the Hamiltonian is given by H = p?/2m +V(q). So,
the Weyl propagator reads,

9 i .
vwie ) = [ en{tp-v}a+ To0la- Ly,

- h
B > _1’ y A_i]:IAt Y of
= /_Ooexp{ PP Y}<<1+2|I - lq 2>dy :
1 HAt

= eap{ - %H(r)At} +O#). (6.1)
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Note that due to the Hamiltonian’s structure, the Weyl correspondence between operators
to c-numbers variables in phase space can be done simply by dropping the hat symbol to the
operators, e.g. T(p) — T(p), similarly for the potential function as follows V'(¢,t) — V (q,t).
The starting point in the process of building the path integrals, start always the infinitesimal
propagator, thus, in order to obtain a representation to the Wigner propagator, we consider
the Eqgs. , for a small time step, then by replacing the previous expression for the
Weyl propagator given by Eq. . The Wigner propagator for a small time step is

. 1 o i of
GW(rnatna rn—17tn—1) - W /OO exp{ - ﬁq)n(Rn7rn) }an ) (62>
where the phase factor is given by,
®,(R,, 1., At)= Ar, AR, + {H(fn +R,/2) — H(E, — Rn/2)}At. (6.3)

In addition, we assume the discretization as follows, ry = v/, ry = r”, Ar, = r, —1,,_1,
r, = (r, + r,-1)/2. Now, in order to build the finite-step version of the Wigner propagator
we must consider the contribution of all infinitesimal propagators, in other words, taking into
account the Eq. where is manifested the Markovian property of the Wigner propagator.
Thus, the Wigner propagator for finite-step version takes the form,

0o N—1

1
00 N 1 2f o0 N 2f .
dr dR )
frnd / ka/ p{_%/@n(Rl”'R]\Hrl"'rN,At)}.

(6.4)
In addition, the phase of the propagator at this level reads,

N
,(Ri-- Ry, r1-o-tn, A= 3 Ar, AR, + {H(fn VY R,/2) — H(E, — Rn/Z)}At. (6.5)
n=1

Finally, the continuous version of the Wigner propagator is obtained by consider formally
the limy_o in the Eqgs. (6.4}[6.5). Thus, the phase-space path integrals for the Wigner
propagator reads,

Gw (" t;1',0) = (27rh //DerDRQfexp{ - ;_L@(R r)} (6.6)

Where [ [ Dr2’DR?/ denotes the measure associated to the infinite number of path integra-
tions in phase space. On the other hand, the corresponding phase factor in the continuous
limit is given by,

(R, 1, )= /0 {¥(7) A R() + H(r(r) + R(7)/2)~H (x(r) = R(7)/2) }dr.  (6.7)

Moreover, we have the boundary conditions according to R(0) = r’ and R(¢t) = r’. In
follows, we address the discussion about the semiclassical limit for the Wigner propagator

from stationary phase method.
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6.2 Semiclassical Limit.

The stationary phase method is a technique widely applied in the framework of semiclassical
approximations. Principally, it allow to perform an integration procedure when phase factors
are highly oscillatory (Fresnel integrals), in practice, most of semiclassical propagators are
based under this schema. On the other hand, this mathematical tool plays an important
role in path integrals formalims, basically it is considered in order to obtain the semiclassical
limits, for example, it is well-known that the semiclassical limit of Feynman’s path integrals
leads to the van Vleck propagator. Similarly, the coherent state path integrals leads to semi-
classical representation to the propagator in terms of complex trajectories [GJ94, BAAKT01].

So, we proceed to perform the stationary phase method to the Wigner propagator based
on phase-space path integrals, therefore the stationary points are given by,

8®(R,r,t) 0 8@(R, r, t) 0 (6.8)

OR ’ or

Where we obtain explicitly the following relations for R, r-variable as:

R = J{VH(r+R/2)-VH(-R/2)}, (6.9)

o= %{VH(r+R/2)—|—VH(r—R/2)}. (6.10)

We introduce the new variables ry = r = R/2 into the previous equations, in such way, that
we identify the trajectory pairs in phase space as follows,

In order to obtain the semiclassical limit, we focus on important aspects about the equiv-
alence between phase factors involved in the semiclassical Wigner van Vleck propagator, and
the Wigner propagator based on phase-space path integrals. Lets us consider a small time
step for propagation, that is At = t,_; — t,, and the phase is given by Eq. in the
previous chapter. However, for this purpose a convenient notation is considered as follows,
r'y —ry, 1, "L —ry, together with r” — r,, r' — r,_;. Then we have,

1
Sj:l:(r”; I'/, At) = §(rn71,+ —Ip_1,— + rp+ — I'n’,) A (rn - rnfl)

+ H

n— n_Rn
Tn1 ¥ X )At.

(I‘n,1 +r, + Rn)
2

At + H( (6.12)

On the other hand, we know that the trajectories behave agree with the chord rule according
to the Eq. (4.10) which can be solved for R-variable and taking into account the latter
notation, it reads,

1
R, = §(r+7n,1 +ri,—T 1 — T ,). (6.13)
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Now, replacing the Eq. (6.13)) into Eq. (6.12)), and taking into account the corresponding
text after Eq. (6.3) we have,

Si+(Ry, 1., At) = R, AAr, + H(t, + R, /2)At + H(T, — R,/2)At,  (6.14)
= &,(R,, 1, At). (6.15)

Therefore, we conclude that those phases describe the same quantity, i.e., the sympletic area
enclosed by trajectory pairs plus the contribution associated to each trajectory through the
Hamiltonian.

It is well-known from path integral formalism, that the propagation formally is given by a
sum over all possible trajectories, however, in the semiclassical limit the classical trajectories
contribute significantly [Sch81D, DCKBI3|, therefore, we replace [Dr — ;40 it s, in the
semiclassical limit we have a sum over trajectory pairs. The derivation of the semiclassical
propagator is described in the chapter [, Note that it shows that in the semiclassical limit
the the Wigner-van vleck propagator is recovered.

6.3 Complex trajectories.

The concept of complex trajectory has been referred by a number of authors in different con-
texts, in fact, many of the semiclassical approximations take into account this mathematical
construction in order to overcome serious difficulties which arise from theoretical point of
view. More precisely, the difficulties comes when the semiclassical methods aim to repro-
duce quantum phenomena which has no classical analogue. Perhaps, the most representative
example with which the complex trajectories are found is the tunneling phenomena, it cor-
responds to a manifestation of the processes classically forbidden. The most simplest way
to include the complex trajectories in the semiclassical approximations is by considering an
extension to the complex plane, more precisely, this is accomplished by promoting the real
trajectories to be complex. In this way, the concept of classical trajectory gets more general,
and the time evolution takes place in the complex plane. According to the semiclassical
limit previously discussed for Wigner propagator based on phase-space path integrals leads
to Eq. (6.11)). This equation only imposes the constrain that there are trajectory pairs, which
are solutions to the Hamilton’s equations and they contribute to the semiclassical propaga-
tion. But there is not restriction about their own nature, in fact, if we suppose that there
are others kind of classical trajectories that are consistent with this requirements, in princi-
ple, they could be considered for semiclassical propagation. On the other hand, the Wigner
van Vleck propagator imposes two additional constrains, specifically, they are given by the
Eqgs. , it means that, the initial phase-space point to be propagate must be located in
the middle of the trajectory pairs, similarly for final phase-space point after propagation.

In order to introduce the complex trajectories in the semiclassical Wigner propagation,
we take into account the previous discussion and introduce a new trajectory pairs, but in
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this case being complex as follows,
fi=ry +iR, (6.16)

Note that, these complex trajectory pairs take into account that the midpoint always is real
along of semiclassical propagation, in other words, the propagation start with a real phase-
space point, then the trajectories follows a trip in a complex plane, but they finally give the
contribution to the final phase-space point according to the expected in terms of trajectory
pairs. In principle, those trajectories improve the semiclassical propagation, but here there
is a price to be paid. This approach requires the solution of complex classical trajectories
accordingly to

ry =JVH(ry). (6.17)

In order to illustrate how the complex trajectory pairs can contribute strongly to the
semiclassical Wigner propagation, we consider the double well potential (see section [3.4.2)).
The Fig. shows a typical contribution due to midpoint trajectory based on complex
trajectories pairs in phase space, more precisely, we have located the initial phase-space
point close to the minimum, and the pair of complex trajectories also located inside of this
well, it is indicated by the small dot (blue color) in the right well. In the panel b, we consider
the same initial phase space point as panel a, but here we have considered one hundred
complex trajectory pairs, they are shown in terms of their final phase-space coordinates
(dots, red color). Note how most of the midpoint trajectories cross the barrier, although
the trajectory pairs are located practically in the minimum of the well, In fact, in terms
of classical mechanics those classical trajectories will never leave the well. In this way, the
semiclassical Wigner propagation can be improve in the framework of complex trajectories.
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Figure 6.1: Phase space representation of the quartic double well (dashed lines, black). A
typical midpoint trajectory based on complex trajectory pairs, the initial point is (¢/,p’) =
(5,0) and r'y = (5,40.1), R = (5,0.1) at time ¢ = 10, (full line, red, panel a). Final
coordinates of one hundred midpoint trajectories (dots, red, panel b) launched from right
side (dot, blue) for the same initial conditions as panel a, except for R where the values

have been choose randomness. Parameter values are m =1, A = 1.

Is worthy of mentioning that at the time of writting this part of thesis, we cannot be
carry out the extesive numerical exploration supporting those ideas about the performance
of semiclassical Wigner propagation from those complex trajectories, however, it is being
object of study.



Chapter 7

Semiclassical Wigner propagator from
phase-space path integrals

In this chapter we shall study a high order in approximation to the Wigner function propa-
gator. More precisely, the uniform approximation method is considered in order to overcome
the difficulties manifested in the semiclassical Wigner propagator based on van-Vleck ap-
proach. Also an analytical expression for this semiclassical propagator is derived in terms of
Airy functions, and relevant applications are discussed.

7.1 Semiclassical Wigner propagator.

Although this semiclassical approximation to the Wigner propagator has been worked pre-
viously in the reference [TDS03|, [San05], we here consider the derivation of this propagator
as a relevan issue in order to presents this thesis more clearly, at the same time, it serves as
support for the discussion about analytical solution to this propagator.

We start restricting the discussion to one-dimensional systems with the Hamiltonian given
by H= p?/2m + V((j) Thus, the Weyl correspondence allows us to replace operators by c-
numbers in a simple way, ¢.e., p — p, ¢ — ¢, therefore the Hamiltonian in Weyl representation
is H = p?/2m+V(q). On the other hand, the small time step version for phase factor of the
Wigner function propagator is given by Eq. . Then we have,

(I)n(Rn7 ry, At) = - (AQn - %ﬁn) Pn + Aann + <V<‘jn + QH/Q) - V((jn - QH/Q)) <7~1)

together with the discretization given by Ar,, =r,—r,_1, T, = (r,+r,_1)/2. By introducing
a simple transformation r,, — r, + r,, and considering a Taylor expansion of the potential
function up to third order around g, + @,/2, Also, we identify a couple of equations as
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follows,
At
Agn - _ﬁn = 07
m
Apy, + V' (q,)At = 0. (7.2)

Taking into account the continuous limit e.g., At — 0, (pn, Gn) satisfies the Hamilton’s equa-
tions, therefore we denote them as (pcl, ¢¢') and defines the classical trajectory r. Moreover,
the phase factor explicitly reads,

D, (Ry, 10, At) = (Agy — T"(0)PulAt) Py + (Apy + V" (¢5) 30 A) Qn (7.3)

1
+ V@S (7.4)

The integration over @,,, P, can now performed, and the small time step propagator Eq. (6.2))
reads,

" / At V/// cl h2At —1/3
Gwpr(t ntn; ¥ n 1,0) = & (Aqn _ Epn_l) (%)

V" (N RZAE -1/3 .
(P v i)

x Al

Now, by introducing the new set of variables as follows,

~ 1 cl —l/4 ~ 1 cl 1/4
p=(mV'@)) e d= (mV'(6) g,

L 1 3/4V///(q7cll)h2
= () s

We have that the small time step version for Wigner propagator is,
GWPI(r/r;a tna r;—la O) = 5(an - (Mnf’nfl)(jﬁv—;l/SAi [717:1/3 (pn - (Mnf'nfl)ﬁ)] ) (75)

together with,
M, — ( cos ¢, —sino, ) (7.6)

sing, coso,

where M, is the stability matrix of the classical trajectory and ¢, = arctan (\/ %ﬁl)m). If

V"(q¢) > 0 it corresponds to elliptic case, otherwise, VV”(¢!) < 0 is the hyperbolic case. Now
we take advantage of the Fourier-space where the calculations becomes simpler. To achieve
this the Fourier transform is applied to Eq. (7.5)), then by evaluation of continuous limit in
Fourier-space the Wigner propagator takes the form,

Gwpr(?',t;7,0) = exp(%i/o dt/(a(t’)l\/[(t’)v’)g) (7.7)
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with

1 >3/4 v///<qcl (t))h2 (78)

U(t) = (mV”(qu(t)) 8 ’

and the continuous version for stability matrix as follows,

~ (cos(o(t')) —sin(o(t))
M<t>—(3m<¢<t/>> cos<¢<t'>>)’ (7.9)

together with,
t V(g (¢
o(t) = / Ve te) dt', (7.10)
0 m

Finally, by considering the inverse Fourier transform and reordering the terms, the semiclas-
sical Wigner propagator based on phase-space path integrals reads,

Gwpr(r" t;1',0) = # /_OO e:r;p{ —i(aa® + [ba® — {(M~(t)r"),» — p'}]B
+ [+ {M ()" )y — ¢' N+ dB°) }dadﬁ. (7.11)

Here the coefficients a, b, ¢, d are given explicitly:

1 tO / 3 / !
o - §/t o (1) sin (6(+')) dF,

b = / o () sin?(B(t) cos(d(t)) dF,

¢ = / () sin(o () cos? (B(t)) d,

d = % /t "o () cos} (1)) dt. (7.12)

This representation has been already done in reference [TDS03]. But, few is known about this
semiclassical approach. In fact, one part of this thesis aims contribute by studying numerical
applications to this propagator. On the other hand, we made a relevant contribution to the
formalism with the derivation of an analytical form to this approach.
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7.2 Analytical expression for the Wigner propagator.

An additional step can be done for Wigner propagator based on phase-space path integrals,
more precisely the Eq. (7.11)) the aim is obtain an analytical expression in terms of the Airy
functions. Lets start introducing a coordinate transformations as follows,

6 =Y — )\1.’13‘1, a =2, with 3d>\1 =C. (713)
After this, another transformation is introduced,
Y1 = Y2 — Ao, Ty = X2, (7.14)

where A5 is defined as:

N ( 203 >1/3 (-galdf + +/12b3d} +81a%d‘11>1/3 (7.15)
T\ 970, + J1ISEE + 7292 18413 L
where aq, by, d; reads,
2c3 bc 2c?
1= ——, bl=b——, dl=d. 7.16
CTOT e T 30 3 (7.16)
Additionally, there are two new transformations, which are described by,
Ty =1T3— A3Y3, Ya2=1y3, WwWith A3= 2671 ; (7.17)
1
and the second one is,
Ys — T4 Yo+ T4
p— pr— .1
€3 2)\4 ’ Ys 9 ) (7 8)
then, a relationship between the new coefficients and older as follows
b3 1/2 C2
ith A:(-) Cds=dy— 2 by = by
w1 4 3ds 3 2 b, 3 2

Hence, taking into account the corresponding Jacobian factors associated to the each trans-
formations introduced before. Then by replacing all quantities in Eq. , and some
algebraic manipulations, it is straightforward to obtain an intermediate representation to the
semiclassical propagator in terms of new variables &, x,

1 o
T3, / 69019{—1[/\962 + Ayg + (X +E)ma — (X — &) }d:c4dy4(7.19)

Gwpr(r",t;1',0) =

which explicit reads,
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The last expressions explicitly shows the time-dependence, also we define a new new func-
tion as f(t) = Ai(t) + Aa(t). Furthermore, the parameter A(t) is related to the coefficients
a(t),b(t), c(t),d(t) as follows,

_d(t) 1942 (1) A3(t) 4 12b(t) d(t) — 4c3(t)
A =7 | OP(EN(E) + 3b(¢) d(t) — () J (7.20)

By considering an integral representation for the Airy functions [VS04],

I &
Ai(z) = —/ cos<§ + zt> dt, (7.21)
0

™

the Eq. (7.19) is analytically integrated, then the Wigner propagator reads, E|

oo 00, (=0
Gwpr(r”,t;1',0) = 2)\4'\3/WA < TN )A < /30 ) (7.22)

7.2.1 Asymptotic limits t — 0, h — 0.

In order to test the analytical solution given by Eq. (7.22), we check the asymptotic limits
t — 0, h — 0. Indeed, the coefficients a,b,c,d, o(t) in those limits vanish, i.e. a = b= ¢ =
d = o(t) = 0. Moreover, the variables x and ¢ take the form,

1
) bl(lzrgl_)o X = Z(A - B), (7.23)
. 1
€ = D) 21
together with,
lim A 2 (7.95)
im = — )
a,b,c,d—0 4 \/§ ’
lim A = 0. (7.26)
a,b,c,d—0

In this limit, the Eq. reads,
Guwpr(r”,0;1',0) = —4v/33 ((1 FVIA - (1— \/§)B> 5 ((1 VA (1+ \/§)B> . (7.27)

Hhere we have considered the property of the Airy function (see Eq. (4.37). Also, it can be
fully simplify by considering that the Dirac delta [Ae84] is represented by,

1 [~ .
i(z) = %/ e dt, (7.28)

1T enjoyed a lot of inspiring discussions with Leonardo Pachén and particularly because this equation is a
result of our collaboration.
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and using the reflection symmetry property of the d-function the Eq. (7.27)) can be written

Gwpr(r",0;1',0) = — 1\6/52 _OO exp{—i [(1 —V3)A—(1+ \@)B}t} (7.29)
x mm{—i“1+v€yx—(1—v§ﬁﬂﬂ}ﬁﬁk (7.30)

By introducing the following transformations,

B+ V3)y— V3 +y)

t=— , 7.31
6(1++/3) (7:31)
g (= VBy+ (L+V3)z (7.32)
43 ’
into Eq. (7.29)), we obtain that,
"oy o _ [T A dzdy
Gwpr(r",0;1',0) = /OO emp{ 1 [mA yB} } it (7.33)

where we have considered that the Jacobian of the transformation is equal to —1/(4v/3).
Again we have used the Eq. (7.28)) and the reflection symmetry property of the d-function.
Then the Eq. (7.33)) can be fully simplify to

GWPI(I'”, 0; I‘/, 0) = (S(A)(S(B) y (734)
or in terms of the phase-space coordinates,

Gwpr(r’,0;r,0) = 0((r")gr = ¢)((x")pr — p')
= (" —1'). (7.35)

Note taht the Eq. (7.35)) was considered when ¢t — 0, and M(¢) — I, it being I the identity

matrix.

7.2.2 Harmonic oscillator.

The previous Wigner propagator is easily calculated for simple case of quadratic potentials,
it is straightforward shows that o(t) = 0, therefore the coefficients take the value a = b =
¢ =d =0, it implies that the Eq. (7.35)) is reduced as follows,

e £1,0) = (M (") — ) (7.36)
S(MH ("), — ). (7.37)

Moreover, V" = mw? (harmonic oscillator), then ¢(t) = wt and

(7.38)

sinwt  coswt

M) = (

coswt —sinwt )
b
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Then, semiclassical Wigenr propagator reduces to
G(r",t;r',0) = d(pcoswt + mwgsinwt — po) (7.39)
d(q cos wt — L sinwt - Q)- (7.40)
mw

This expression coincides with the classical propagation as is expected.

7.2.3 Semiclassical Wigner propagator and the asymptotic limits.

In follows, we study the asymptotic limits of the Wigner propagator previously derived, more
precisely, the Eq. ([7.22)) is evaluated for large negative values accordingly to Eqgs. (4.35)) and
Eq. (4.36]). After additional simplifications the semiclassical Wigner propagator is given by,

oy 0P 2(E82 4 ) 2(Y?? - €97
Gwvv<1‘ ,t,I‘ ,0) = _47r)\4—\/3_A {sm( \/3_[\ ) -+ cos ( \/B_A )} ,(741)

where Y = & — x and é = —¢ — x. Note that through these variables the dependence of
the relevant quantities of the propagator. We here identity the cosine function with the
contribution of hyperbolic points, in contrast to the sine function which corresponds to the
contribution of elliptic points. They are the extrema of the action in the semiclassical Wigner
propagator based on van Vleck’s approach. In addition, a similar discussion have presented in
section for the corresponding asymptotic limits of ¢ — 0, A — 0 in which this propagator
becomes spurious and diverge.

7.2.4 Path-integral approach for weak cubic nonlinearity.

In this section we consider again the case of harmonic oscillator with a small cubic anhar-
monicity, in fact, a relevant discussion has been presented in the section from semiclassical
propagator based on van Vleck approximation. However, we here follows a different approach,
it is in terms of phase-space path integrals in order to obtain an analytical expression for
the propagator. Assuming that the trajectory is close to the minimum, the linearized flow
is elliptic. Then 33V (q)/9¢*> = V" = mw?/qumim = const, moreover, one can assume that
(V" /T")Y? ~ w = const. In consequence o = (h%/8)(mw)~*2V" = (h?/8)\/w /M /Guin, and
the stability matrix corresponds to a rotation by 7 = wt,

M(t) =

[ COS T —SInT :| 7 (742)

sinT cosT

and the phase of the Fourier transformed propagator for this system (see Eq. (7.7)) reduces
to

Gwei(Y",t;7,0) = 5[ — M(t)Y']
X exp {—_10/ dr’ (o/sin 7' + 3 cos 7')?| . (7.43)
w Jo
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Then, introducing a new coordinates in a reference frame p = (7,&) rotating by 7/2 with
respect to p,

ﬁ:ncosg—gsin Z, fznsin%—i—&cos Z, (7.44)

2 2
Then the propagator after inverting the Fourier transform takes the form,

Gwri(p".t:p,0) = m\/f(s)

210 a {— 2 10) o ﬁ—}

210 s {— 2 10) o m} L )
together with f(s) = 3s72 — 1, s = sin(7/2) and

po= (1= VIEE) 2 5= (1+ VIGE) /2. (7.46)

This analytical expression for the Wigner propagator can be evaluated numerically withouth
major difficulties, in particular we explore the time evolution of the quantum-spot for the
case of weak cubic anharmonicity in the next section.

X

X

7.3 Numerical applications.

We here consider numerical applications to Wigner propagator based on phase-space path
integrals. Particularly, we illustrate the usefulness of the semiclassical formula given by
Eq. in the context of wave packets dynamics. To achieve this, we start focus on time
evolution of quantum-spot for exploring the capability of the Wigner propagator to resolve
phase-space structures. Indeed, the Fig. shows the quantum-spot in a Morse potential
for strong nonlinearity, here surprisingly this approach deviates significantly from classical
trajectory, it is more evident when the propagator evolve in the weak part of the poten-
tial. Is worthy of mentioning that this particular situation is manifested due to the shape
of the potential, in fact, we have perfomed some numerical experiments on other molecular
potential as Posch-Teller model (no shown here) confirm that for a more symmetric shape
of the potential, the propagator follows much better the classical trajectory. On the other
hand, we observe that this approach can reproduce qualitatively important quantum features
along time evolution, it is, the nodelines structures that emerge in phase-space, moreover,
this method certainly overcome the difficulties that inherent to the semiclassical propaga-
tion based on van Vleck approach. Namely, the caustics problem in phase-space and lack of
norm-conservation. Other relevant characteristic that comes with the uniform approximation
is the smooth penumbra outside of classical skeleton, in contrast to the semiclassical Wigner
propagator (the van Vleck’s approach) that appears as a cut in phase space, it is due to
caustics. On the other hand, this method has its own limitations, more precisely, when the
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nonlinearity is already considerable this propagator does not reproduce the curved nodelines
and therefore fails, this situation is illustrate in the Fig. [7.3] where we have considered long
time propagation. In order to compare both semiclassical approaches, the same figure con-
tains the corresponding semiclassical calculations, Indeed, the interference pattern in phase
space are quiet different.

Related to localized initial states, we compute the time evolution of the same state as the
previous numerical applications, we recommend see sections 4.3l In the Fig shows
the propagation of the Gaussian initial state, note that the wave packet moves practically as
initial state without change the shape, it can be explained easily it is clear that the initial
state cover a phase-space area bigger than the propagator, then the oscillations associated to
the propgator are damped out by this state. As a complementary test of the performance of
our semiclassical method, the Fig. shows the autocorrelation function as the previous ap-
plications. Although this Wigner propagator has some difficulties to reproduce the quantum
behavior, it is remarkable good.

Finally, we consider an application to the section[7.2.4] where we have discussed the cubic
oscillator with weak nonlinearity. This particular case corresponds to an analytical solution
to the semiclassical Wigner propagator base on phase-space path integrals, the Fig. shows
the quantum spot as a time-evolved propagator in terms of the final phase-space coordinates
at several times. Note that, for short time of propagation 7 < 1 the quantum-spot appears as
quasi-one-dimensional (panel a) pointing in the negative p-direction if V" > 0, its oscillatory
pattern scales with time as 72 illustrated in the panels b, c, d.
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Figure 7.1: Time evolution of the Wigner propagator in the Morse potential from semi-
classical approximation at times, ¢ = 0 (panel a), 0.5072 (b), 1.0144 (c), 1.5216 (d), 2.0288
(e), 2.536 (f). The underlying classical trajectory has been launched at ro = (—0.1,0).
Parameter values are D = 1, a = 1.25, i = 0.005. Color code ranges from red (negative)
through white (zero) through blue (positive).
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Figure 7.2: Time evolution of an initial Wigner function (Gaussian state) in the Morse
potential for the semiclassical approximation based on path integrals at times ¢ = 0 (panel
a), 0.5072 (b), 1.0144 (c), 1.5216 (d), 2.0288 (e), 2.536 (f). In panel a, some contour lines
of the potential are shown superimposed. The underlying classical trajectory has been
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launched at ro = (—0.1,0). Parameter values are D = 1, o = 1.25, i = 0.005.
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Figure 7.3: Time-evolved quantum spot from semiclassical Wigner-van Vleck propagator
Eq. (??) (panel a) as compared with semiclassical approximation for Wigner propagator
based on phase-space path integrals Eq. (panel b) at time ¢ = 10. The classical
trajectory underlying with initial point (¢,p’) = (—0.1,0) is superimposed. Parameter
values are D = 1, a = 1.25, h = 0.005.

Figure 7.4: Autocorrelation function for an initial Gaussian state in the Morse potential,
the semiclassical Wigner propagator based on phase-space path integrals (dashed line, red
color) compared with the exact quantum result (full line, blue color) and classical calcula-
tions (dotted line, black color). Parameter values are m = 0.5, D = 1, a = 1.25, h = 0.005.
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Figure 7.5: Time evolution of the Wigner propagator in the semiclassical approximation
based on phase-space path integration as a function of final phase-space coordinates (¢”, p")
for a potential with constant cubic anharmonicity o(t) = const at times ¢t = 7/18 (panel
a),t=m/3 (b), t =7 (c), t =2 — 0.3 (d). The underlying classical trajectory has been
launched at (¢/,p") = (0, —0.1). Parameters value are m =1, w =1, h =1, e = 0.2. Color
code ranges from red (negative) through white (zero) through blue (positive).



Chapter 8

Semiclassical Wigner propagator and
tunneling.

This chapter is dedicated to the tunneling phenomenon in terms of semiclassical Wigner
propagator. Mainly, we focus on numerical applications for quartic double well potential,
and the performance of the semiclassical method is tested in terms of autocorrelation func-
tion as well as the capability to resolve phase-space structures.

The tunneling is the most striking quantum phenomenon and the interest on it is renewed
constantly. Recent experiments have confirmed theoretical predictions about chaos-assisted
tunneling and dynamical tunneling [Det. _all00, Het. all01, DASROI]. Besides, the tunneling
has been considered practically in the framework of almost all semiclassical approximations,
more precisely, from semiclassical approaches that are based on classical trajectories. Al-
though these methods have been applied successfully in most applications, the tunneling
continues being the hardest task to reproduce, it is due to this phenomenon corresponds to
a manifestation of classically forbidden process. In order to overcome theoretical difficulties,
and at the same time to obtain a better performance of the semiclassical approximations, a
variety of proposals have been developed. The most widespread proposal in the semiclassical
methods is the analytical extension to the complex plane. In this way, the classical trajec-
tories becomes complex and the contribution to the semiclassical propagation is improved
[JdA97, BLI8, RAABO4, dAVGQ9]. However, a small group of semiclassical approaches have
been formulated in terms of real trajectories and have avoided the complex trajectories.
Surprisingly those methods have shown that the real trajectories are sufficient to account
correctly of quantum tunneling [JdA07, VH02, Nov05, [ZP05]. In spite of this, the theoret-
ical discussion remain open and there are not conclusive results that indicate what kind of
trajectories are necessary to captute the tunneling phenomenon.
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8.1 Semiclassical description of tunneling.

Although the vast literature about Wigner representation few works have been dedicated
to study in some extend the tunneling phenomenon in terms of Wigner functions [MS96
MS97al, [MS97h], and almost nothing from semiclassical approach. In follows, we shall con-
sider particularly the quartic double well potential (see section 3.4.2), in order to fix ideas
about how the tunneling from semiclassical Wigner propagator takes place. Indeed, the Fig.
illustrates this situation according to the trajectory-pairs construction underlying our
semiclassical method.

Although of the vast literature about Wigner representation, certainly, few works have
been dedicated to study in some extend the tunneling phenomenon in terms of Wigner func-
tions [MS96, MS97al, MS97h], and almost nothing from semiclassical approach. In follows we
shall consider particularly the double-well potential (see section in order to fix ideas
about how takes place the tunneling from semiclassical Wigner propagator. Indeed, the Fig.
8.1] illustrates this situation according to the trajectory-pairs construction underlying our
semiclassical method.

A0

Figure 8.1: Semiclassical description of coherent tunneling in terms of trajectory pairs, in
the framework of the Wigner van Vleck propagator. A wave packet initially prepared near
the right minimum of a double-well potential (blue patch) can be transported along a non-
classical midpoint path r(¢) (dashed red line) into the opposite well if the two classical orbits
rq(¢) (full red lines) underlying this path through r(¢) = (r%(¢) + r(¢))/2 are sufficiently
separated initially, e.g., rﬁi on the same side but above the barrier, r® within the opposite
well. Other contours of the potential and the separatrix are indicated by black curves.

Note that we have restricted ourselves to consider only real trajectories in phase space, ac-
cording to the semiclassical Wigner propagator based on van Vleck approach. In this way, the
Wigner formalism is close to classical mechanics, it means that the semiclassical description
of the tunneling is completely clear in terms of pure classical concepts. In particular, this
approach takes advantage of non-local contribution of the classical trajectories in order to
reproduce quantum features that cannot be captured from others semiclassical approaches.
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In follows, we consider the numerical applications from semiclassical Wigner propagator
in a double well potential. The Fig. shows several snapshots of time evolution of localized
initial state, a characteristic pattern in phase space emerges along of evolution, taking positive
as well as negative values. This effect, it is in agreement with the Wigner representation,
since only admissible Wigner function that always is positive defined is the Gaussian state.
In order to resolve phase-space structures the Fig. shows the naked Wigner propagator
for semiclassical approximation based trajectory pairs and the exact quantum calculations.
Here, is much more evident how the propagator defines a fine pattern in phase space.

The performance of semiclassical Wigner propagator is compare to the quantum results
and pure classical propagation, note that our semiclassical method reproduces important
quantum features as it is shown in the autocorrelation function of the Fig. [8.4l In the same
figure, the inset shows the non-conservation norm associated to the semiclassical Wigner
propagator, as a consequence of this we need constantly re-normalize the state along of time
evolution. This disadvantage is inherent to the semiclassical Wigner propagator due to the
non-conservation probability along the caustics, and it can be overstimates the calculations
in the autocorrelation function as is shown in the second revival. However, the performance
of the method is surprisingly good.

Now we focus on tunneling regime, as is well-known any initial state located into one
well, always it will gets tunnel according to quantum description, however, the tunneling
time strongly depends of number of tunneling doublets, and it can be approximates as the
inverse of first doublet for the double well potential [Raz03l [Ank07]. Moreover, it generally
corresponds to long times scales in order to see coherent tunneling, ¢.e when the probability
density oscillates periodically. In our case, we cannot consider long times due to the semiclas-
sical approximations breaks down as is expected. Therefore, to study tunneling phenomenon
we consider an initial localized state prepared just below of the barrier top, and the tunneling
takes place along the time evolution of this wave packet. The Fig. shows the quantum
results as compare to semiclassical Wigner propagation, indeed the fine fringes in the quan-
tum result are reaching out in to opposite well and they are strongly marked in contrast to
semiclassical propagation method where they are almost suppressed as is shown in the same
figure. It is a manifestation of the quantum phenomenon that cannot be easily captured
by the semiclassical approaches. Although the semiclassical Wigner propagator reproduces
at least qualitatively some quantum features, we test the performance of the method by
considering the autocorrelation function. The Fig. shows the quantum result as com-
pare to the semiclassical Wigner propagation and classical calculations. The semiclassical
Wigner propagator reproduces the revival but exaggerates their amplitude. This significant
desviation surprises as it understimates the quantum effects. A possible explanation for this
behavior in the autocorrelation function, also for resolving phase-space structures come from
the non-conservation probability at caustics.
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Figure 8.2: Time evolution of initial Gaussian state in the quartic double well (contour
lines in panel a) from semiclassical Wigner propagator at times t = 0 (panel a), t = 3 (b),
t=6(c),t=9(d), t =12 (e), t = 15 (f). The full red line is the classical trajectory the
initial state (qo,po) = (0,2). Parameter values are m = 1, A = 6.
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Figure 8.3: Time-evolved semiclassical propagator of the Wigner function (panel a) and
the corresponding exact quantum propagator (panel b) for the quartic double well at time
t = 15 with energy E = 1.0026. Parameter values are m =1, A = 6.

Figure 8.4: Autocorrelation function for a Gaussian initial state in a quartic double well
at an energy E© = 1.0026 above the barrier top, the semiclassical approximation based on
Wigner van Vleck propagator (dashed line, red color) as compare to an exact quantum result
(full line, blue color) and classical calculation (dotted line, black color). The initial Gaussian
state is (g0, po) = (0,2). The inset shows non-conservation norm along time evolution, where
N denotes the integral of the Wigner function over all phase space. Parameter values are
m=1, A =6.
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Figure 8.5: Time-evolved state, initially prepared as Gaussian state at time t = 5 in the
quartic double well, semiclassical approximation based on Wigner van Vleck propagator
(panel a) and the corresponding exact quantum calculation (panel b) with energy F =
—0.958. Parameter values are m =1, A = 6.

Figure 8.6: Autocorrelation function for a Gaussian initial state in a quartic double well
at an energy E = —0.958 below the barrier top, the semiclassical approximation based on
Wigner van Vleck propagator (dashed line, red color) as compare to exact quantum result
(full line, blue color) and the classical calculation (dotted line, black color). The initial
Gaussian state is (go, po) = (2,0). Parameter values are m =1, A = 6.



Chapter 9

Conclusions and perspectives.

e To date, little is known about semiclassical Wigner propagation, thus, this thesis con-
tributes to fill the gap in quantum dynamics in phase space from Wigner representation,
more precisely, in terms of Wigner function propagator. At the same time, we have been
discussed important theoretical aspects about advantages and disadvantages associated
with a particular semiclassical approximation to the Wigner propagator. Namely, the
van Vleck approach and the uniform approximation. On the other hand, a relevant
discussion was considered due to the failure of stationary-phase method in the asymp-
totic limits of weak anharmonicity, short time propagation, and the classical limit of
the propagator.

e In this work a variety of numerical applications have been considered, principally, we
have focussed on the wave pakect dynamics and tunneling phenomena, in order to
test the performance of the semiclassical approximations to the Wigner propagator.
Moreover, it is attempted to establish those schemas of propagation in the scientific
community, more precisely, the approach based on trajectory pairs due to it can be
generalized to high-dimensional phase space.

e In this thesis, an efficient numerical algorithm is proposed in order to perform the
semiclassical Wigner propagation. In practice, the numerical implementation of this
algorithm is straightforward and it is not required for additional methods such as the
filtering-techniques of classical trajectories. Also, the semiclassical Wigner propagator
together with this algorithm or an approach like Monte-Carlo Metropolis algorithms
can be applied directly to ab-initio molecular dynamics simulations.

e Although the approximation based on phase-space path integrals approach, it allows to
overcome the caustics and normalization problem manifested in the Wigner van Vleck
propagator, it tends to fail at strong nonlinearity. Therefore, the numerical applica-
tions considered in this work serves a support and motivation for novel semiclassical
approaches, which aim to integrate the robust structure of the trajectory pairs to-
gether with a uniform approximation in order to improve the accuracy in semiclassical
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propagation.

In this thesis, the concept trajectory pairs is discussed as a powerfull tool in order to
captures important quantum features in phase space. In principle, this formalism is
based on non-local contribution of classical trajectories and it offers a comprehensive
description of quantum phenomena from semiclassical point of view.

This thesis also contributes to establish the mathematical formalism of Wigner function
propagator, at the same time, it serves as starting point for novel semiclassical approx-
imations in phase space. Moreover, other semiclassical methods could be combined to
the Wigner representation leading to a powerfull semiclassical approximation.

Numerical applications are presented in the framework of wave pakect dynamics, and
the semiclassical propagation of quantum effects as well as tunneling and quantum
coherences. However, there are much more to learn and explore with these semiclas-
sical approximations to the Wigner function propagator. To mention few of them,
the studying incoherent processes like dephasing and dissipation quantum, as well as,
the quantum evolution of classically chaotic systems and stochastic processes, from
semiclassical description.



Appendix A

Weyl Formalism.

The Wigner function as well the Wigner propagator have a mathematical structure in phase
space which can be understood in terms of Weyl formalism. In this appendix the Weyl rep-
resentation and its properties are studied.

Definition: Lets u,v € Re and p,§ operators of momentum and position, respectively,
The displacement operator is defined as:

T(u,v) == /_OO exp{%(uﬁ + v(j)}dudv. (A.1)

[e.o]

Proposition: Lets be T(u, v) a displacement operator, then the composition rule for two
displacement operators reads:

~

T(u,0)T(u',v') = exp{%i(uv' - u'v)}T(u +u' v+ ). (A.2)

Proof:

1

~»

T(u,v)T(u',v") =exp (u'p+ v’(j)}
[ (up + ), 5 ('p + ') feap{ 2 (u+u)p+ (0 + )0} (A3)

=
@\
|
z\
)
W—/
S

(u+u',v+").

Proposition: Lets be T(u, v) a displacement operator, then the inverse displacement oper-
ator is given by T (—u, —v) .

Proof: Using Eq. (A.3)) and the considering that the commutator for p,§ operators is zero,
also changing v’ — —u, v’ — —w, is straightforward shows that,

T(u, v) T~ (—u, —v) =T(0,0) (A.4)
=1
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Proposition: The unitary displacement operator is given by 7' (u,v).

Proof:

T~ u,v) =T(—u, —v) (A.5)

={(T(=u,—)"}'
=TT (u,v)

Proposition: The trace operation for displacement operator is equal to 27whd(u)d(v).

Proof:
Tr(T (u,v)] :/ < qu|T(u,v)|q > dqy (A.6)
[ < (B2 3D >

[o.¢] u/\
:/ < {emp( )’pl >< pl\%p(f)\pz >< p2|€xp< )}dCJ1dP1dP2

:/oo e:cp( Uhql>ea;p<zif >dq1dp1

—00

=27hd(u)d(v)

Definition: Lets be u,v,p,q € Re and p, ¢ operators of position and momentum, respec-
tively, Then the operator d(p, q) is defined as:

oo

d(p,q) = (27rh)1/ exp{%(up+ vq)}T(—u, —v)dudv. (A.7)

—00

Proposition: The operator d(];, q) is hermitian.
Proof:

d(p,q) =(27h)~! /_: exp{%(up + vq)}T(—u, —v)dudv (A.8)
—(2rh)"! /_Z {=

exp %(up—l—vq) T (u, v)dudv

=changing « — —u,v" — —v
_ -1 N P f
—{ (2mh) / exp{ h(up + vq)}T( u, v)dudv}

=d'(p, q).

o0

Proposition: The operator cf(p, ¢q) is normalized in phase space.
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Proof:

[e.e]

d(p. q) =(2mh) ™ / d(p. q)dpdg (A.9)

—0o0

=(2nh) 2 / exp{ %(up + vq) }T(—u, —v)dudvdpdq

—00

_ / " 5(w)5 ()T (—u, —v)dudy

=7(0,0) = 1.

Proposition: The operator (j(p, q) has trace operation equal to 1.

Proof: Using the Eq. (A.6), we easily obtain,

Tr(d(p, q)] =(2rh)~? /00 exp{%(up + vq)}TT[T(—u, —v)]dudv (A.10)
=(2rh)~! /OO exp{%(up + vq)}(Qwh)é(—u)é(—v)dudv

=1.
(A.11)

Proposition: Lets be cZ(p, q) and cf(p’ ,q') two operators, then the composition rule for these

operators is given by 2 [7 d(r")exp L As(x" x' 1) ¢

Proof: The operator ci(p, q) is defined by Eq. (A.7)),

. . 00 i
d(p,q)d(p',q') = (2xh) ™" / 69019{,3 [urpr + v + 1q1 + up + vq] }
T(—uy, —v1)T(—u, —v)dudvdu'dv’,
(A.12)
Moreover, the composition rule for operator T(p, q) and the Eq. 1)
5 5 o 7 v u
d(p,q)d(p',q') = (27T7i)_2/ exp{ﬁ [ur (p1 + ) tula+5) +up+ vq}}
T(—u — uy, —v — vy )dudvdu'dv’,
(A.13)

Now, by introducing a change of variables as follows: u = 2(¢2 — ¢1),v = 2(p1 — p2),u1 =
Uy — 2(g2 — q1),v1 = v2 — 2(p1 — p2), we have

~

. 9 [ 9
d(p,q)d(p',q) = — / d(p2, qz)e:cp{g (201 — @op1 + P1a — quip + g2 — qp2) }dpqu2-
(A.14)

~



86 A. WEYL FORMALISM.

A convenient notation has introduced, where r = (p, ¢) defines a vector in phase space, also
the sympletic product between two vectors is given by r*Jr” where J is the unitary sympletic
matrix, and Az(r”,r',r) == 2(r" Ar' + ' Ar +r Ar”). We can rewrite the last equation in
such a way as:

(A.15)

Definition: Lets be fl(ﬁ, ¢) an arbitrary operator, then the Weyl transform for A is defined
as:

A(p, q) == Tr[Ad(p, q)]. (A.16)

Definition: Lets be /l(j), G) operator expressed in terms of J(p, q) operator, then the Weyl
symbol of A(p,q) is,

A(p,4) = / A(p, q)d(p, q)dpdg. (A.17)

Proposition: Lets be A an arbitrary operator, then the Weyl transform in position repre-
sentation is given by (2wh)™' [7_exp{ =2} < g + %|Alq — ¥ > du.

Proof: By taking into account the trace operation in position representation for ¢; variable,
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and using the definition for d operator.

A(p,q) =Tr[Ad(p, )]

o0

~ 7 ~

— A {_ }T . —

onh | < q|Alexp h(up +vq) ¢ T(—u, —v)dgdudv

o ~ 7 —ivg —iup

o Aeap{ om0 e (g e (S ean (55

onh | < q1|Alexp h(up + vq) pexp on )eer\— Jep( 7 lqn > dg1dudv

1 [ i A —ivg

o e ) <oid <50

5T Ooexp{h(uwr UQ)} <l Algz >< galexp( —

|p2 >< P2|€9UP<T) |p1 >< p1|exp( )|CI1 > dqidgadprdpadudv

2h
then, applying the ¢, p operators and performing the integral on p,.

:% ) exp{h (41— /2= a/2)} < aldle >
e:rp<_;up> exp{ _;pl (u+ g2 — q1) }dfhd(hdpldudv
Then, performing the integrals on v, p1, ¢1, g2 we find a conditions as
5g— 2 =2 and d(u+ a2 — ).

Thus, we have ¢1 = ¢+ u/2,q2 = q — u/2.

> —iu (VA u
:/ exp(%) <q+§|A|q—§ > du.

(A.18)

Proposition: Lets be A an arbitrary operator. Then the Weyl transform in momentum
representation is given by (2wh)~ [ eaxp{ =} < p+ %|Alp— ¥ > du.

Proof: (The same as before.)

Proposition: Lets be Al(p, q), Ag(p, G) two arbitrary operators. Then the Weyl transform
of the product of these operators is given by

1 o '

A(r) = h)? /_OO Al(r')Ag(r”)e:Up{%Ag(r",r',r)}dr’dr” (A.19)
Proof: Starting with the definition of the Weyl transform, i.e. Eq. (A.16)), moreover, by
introducing the operator given in Eq. (A.17) and Eq. (A.15) we have,

A(r) =Tr[A1(p, §) Ao (p, 9)d(r)

= /_ h Ay (2 Ay (YT r[d(x")d(x")d(r))dr' dr”

o0

:# / Ay (r/)AQ(r”)exp{ %Ag (r" ' r) }dr’dr". (A.20)
™ —00
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Proposition: Lets be fll(ﬁ,ﬁ), Ag(ﬁ,ﬁ), Ag(ﬁ,ﬁ) three arbitrary operators . Then the Weyl
transform for the product of these operators is given by

1 > 21
A(I‘) = W / Al(rl)Ag(rg)Ag(rg)exp{ — E(I‘;; ATr+1r1 A I‘g) }5([’3 —r—+r;— rg)drldrgdrg
(A.21)
Proof: By considering the Weyl transform for two operators, it can be proof for case of three
operators as follows, we rewritte Aj; = A;A;. Then using the Eq. (A.19) we have

A(r) :(71;1)2 /_Z Alg(rO)Ag(rg)exp{ — %Ag(ro, rg,r)}drodrg
1

= i
:(wh)“ / A1(r1)A2(r2)A3(r3)emp{ - ﬁ(Ag(ro, r3, 1) + As(ry, 1o, rO))}drOdrlerdrg
After some algebraic manipulations for the simpletic product, the integral on ry.

1 o 21
R / Al(rl)Ag(rQ)Ag,(rg)exp{ — E(I’g AT +T1] A r2)}5(r3 — 1+ 1) — r9)dridrydrs.

(wh)?
(A.22)



Appendix B

Simplified action for Wigner-van
Vleck propagator.

The main ingredient of the semiclassical Wigner van Vleck propagator is the term associated
to the action, which contains all information about trajectory pairs. In this appendix an
alternative way to compute numerically the action is shown. In particular, we follows the
notation introduced in reference [TDS03].

Basically, our objective is to find an alternative expression to compute the integral (see Eq.
(B.1)) that cannot be solved analytically for general Lagrangian function of the classical
system, however, it is possible rewrite this integral in such a way that it only depends on
the Lagrangian along of each trajectory, and the classical information of the initial and final
points in phase space.

" / tf .
Sje(r 1,1 :/0 r;(t) AR;(t) — Hy, (rj,) + Hj (r;_)dt. (B.1)

Although the derivation in shown for one-dimensional system, the generalization to high
dimensional phase spaces is straightforward by following the same approach.
Lets start considering the chord rule,

T(t) = % (B.2)
Additionally, the vector R(t) in phase space is defined as:

R, (t) = 134 () — 1, (0). (B.3)

The first step consist in split the integral in two contributions, one part can be associated to
the reduced action, and it corresponds to the sympletic area between classical trajectories,

A = / Y5 ) AR, (1)t (B.4)
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the second part is given by A;, which is defined as,

tf
Ay :/0 —Hj, (rj,) + H;_(r;_)dt,
In follows, we rewrite the vectors in phase space explicitly,

dr;(t) _t5 (t) + 1, (1)
dt 2 ’

:1 (p] +pj+> )
2 (jj— + QJA—

R;(t) = rj(t) —r;- (1),
= (pj+ —Di Qi — qu) :

together with,

After simple manipulations with the sympletic product, the integral reads,
tf
0

Here, we have defined each term of the integral explicitly as follows,

1

tf
I = 5/ [Dj_q;- — ¢j_pj_ldt,
0

1 .
Iy =— 5/ [Piv a5 — 4i.piJdt,
0

1 [ .
I3 =— 5/ [j_qj, + dj,pj_ldt,
0
1 [ .
Iy = 5/0 [Piy ;- + djps ldt.

Note that, the sympletic product reads,

(B.5)

(B.8)

(B.9)
(B.10)
(B.11)

(B.12)

B 1. . . . . . . .
AR =P a — 4+ Dy TP G — Dy Gy — PGy — 4Py + 4ps] (BA13)

2

By introducing the some transformations in the integrand and noting that ji indices are

mixed in a convenient way,

d ) .
% (pjiqth) = Pjz %+ t 4ixPjs>
d ) .
o (pji jS) = Pjr%js t 4isPjs-

(B.14)

(B.15)
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These transformations (B.14)) gives the integrals I3 and Iy,

13:

1

tf
3 / [pj_qj. + dj, p;_ldt,
0

1 [ d , .

—3 /0 [E(ijqn) — G, pj_ +d;,pj_ldt,
1 [t d

5 | s e

505 t1)as, (t1) = i (0)g5, 0)

I, =

L .

5/0 [pj+QJ'— + qj—pj+]dtv

1 [ d , ,

5/0 [ (P4 05-) = dj-pjy + 4jpy,]dt,

1 [ d
5/0 [E(pﬂ%;)]dta

%[pj (tr)a;- (ty) = p;. (0)g;(0)).

(B.16)
(B.17)

(B.18)

(B.19)

(B.20)
(B.21)

(B.22)

(B.23)

An analogous procedure is done for the integrals I, I5 by introducing the transformation

[B.13),

Lo

tf
/0 [Pjs Qe — Qjpie]dt,
t d . .
/ [E(pj:tqj:t) — 41 Pjy — qj:tpj:t]dt7
0

tf d '
/ [%(pjd: jS) - QjSpji]dt-
0

we get a simple expressions the integrals as follows,

L = _%[Pﬂ(tf)qﬂ(tf)_pj+(0)%+(0)]

tf
+ / qj+pj+ dt
0

I

%[pj_ (tr)a;_(tr) —pi_(0)g;_(0)]

tf
- / q.J; Dj_ dt
0

(B.24)
(B.25)

(B.26)

(B.27)

(B.28)

(B.29)

(B.30)
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Finally, an expression for the action given by Eq. (B.1]) reads,
1
Sjx(r" v’ t) = 5[1?1‘_ (tr)a;_(ty) —p;_(0)g;_(0)] (B.31)
1
—5Pi (tr)as. (87) = P4, (0)g;. (0)]
1
—5Pi-(tr)ag, (tr) = pi-(0)g;, (0)]
1
+§[pj+ (tr)ai_(ts) — s, (0)g;_(0)]
tf
+/0 qj+pj+ - Hj+ <rj+)dt
tf
- / ¢j_pj — Hj (r; )dt
0

The last two terms that are associated to the Poincaré-Cartan invariants (B.31]), which can
be rewriten in terms of the classical actions along of each trajectory j.,

tf
Sj+ = /0 qﬁ+pj+_Hj+(rj+)dta (B'32>
tf
0
Lf
Sj, = —/ ijipji—Hj7<I'j7)dt, (B34)
0
tf
_ _/ L, dt. (B.35)
0

Therefore, the numerical calculation of the action is much more efficient if we compute the
individual actions S along each classical trajectory and the symplectic area by an evaluation
of only the initial and final phase-space points according to Eq. (B.31]).



Appendix C

Box Muller Method.

Although there is much literature about sampling methods and possibly there are many
others which could be faster than this. In follows, we derive the method Box-Miiller which
has used in our numerical implementations. Moreover, it offers to reader a complementary
information about how can it be implemented other methods for sampling in the semiclassical
propagation.

Lets start considering that we have two stochastic variables Uy, U; that follow a uniform
distribution i.e., Uy, Uy € [0,1), we are interested in generate a Gaussian distribution as
follows,

ab a*(x —x0)*  V(y — )
P(z,y) = %e:cp{ — 5 — 5 }dxdy. (C.1)

By introducing a new variables as & = a(x — z¢) and § = b(y — yo), we have,

1 00 00 jz 2
P(z,y) = %/ / exp{ 5= %}dzdg. (C.2)

Since this density is radially symmetric, it is natural to consider polar coordinates, therefore
T = Rceos(0) and y = Rsin(0). Clearly, the 6 variable is uniformly distributed in the interval
[0, 27] and it may be sample as,

On the other hand, the radial function takes the form,

1 21 R 7’2
f(R) = ] /0 rewp{—;}d@dr,

= 1- exp{ - %2} (C4)

Therefore, we solve the simple function equation and we get

R =+/—2In(s), (C.5)
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where s = 1 — Uy, Finally, the bivariate distribution function is sampled as,

r = o+ %\/ —2In(s)cos(0),
y = yo+ %\/ —2In(s)cos(0). (C.6)

Thus, we can generate exactly the quantum initial state in phase space from random points
that are uniformly distributed, and by adjusting the factors a,b in the Gaussian function
according to the midpoints distribution.
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