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Chapter 1

Introduction

In this thesis, we focus on what can be called quantum-classical divide, which is one of the
main ingredients in order to investigate the relation between the classical and the quantum
theories. Although quantum mechanics has been verified with high accuracy in experiments,
even today is not clear “how it works” and in particular what this theory is saying about
the nature of reality. One way think of quantum mechanics as a list of procedures, specified
as a list of instructions of what to do in the lab; this is very important but is not enough
to explain, for example, why we obtain certain results with certain frequencies, when we
do a measurement, or if the wave function is a real entity or not. To fill the gap between
the experimental data and our knowledge of reality we need an interpretation of quantum
mechanics. We learn from history that a better understanding can lead to unexpected new
results. For instance, thanks to Bell’s studies concerning entanglement, hidden variables,
and so on, today enormous steps forward have been done in quantum information theory
and towards quantum computation. After a century of quantum mechanics, the debate
about the relation between quantum physics and the familiar classical world continues and
in this thesis we want to contribute a little to this topic.

We start by reviewing some elementary facts concerning the path integral formalism (see
[1, 2, 3, 4, 5]) for the wave function of a non-relativistic spinless particle in one dimension,
in order to extend these results for the density matrix. Formally, chosen an initial density
matrix, we are able to follow its evolution in time, and in particular, the matrix elements
allow us to derive predictions about the interesting physical quantities. Thanks to an idea
presented in [6], see also [7], we demonstrate that for Hamiltonian dynamics the Liouville
equation differs from the von Neumann equation only by a characteristic superoperator. The
superoperator is not an ordinary operator that acts on Hilbert space, a crucial difference
is found in the interaction between the bra- and ket- states. The related Hilbert space and
its dual, therefore, are coupled, unlike the case of quantum mechanics. We introduce the
Liouville space [8, 9], that is the space where superoperators can be defined.

Employing Liouville space (instead of Hilbert space), we describe time evolution of
density matrices in terms of path integrals which are formally identical for quantum and



classical mechanics. This allows to import tools developed for Feynman path integrals, in
particular, we calculate the Green’s functions of the evolution equations. An additional
interaction term of a new kind in the relevant action turns out to encode the difference
between the classical and the quantum mechanical Green’s functions. As a result, we
note the equivalence of the Liouville and von Neumann equations for constant, linear, and
quadratic potentials, so we are motivated to investigate the difference, for instance, in
cases of anharmonic potentials. Therefore, in order to study potentials that cannot be
solved exactly, we derive a perturbation theory, in a similar way to derivation for ordinary
quantum mechanics [11, 12] . A new type of Feynman diagrams appears . The third chapter
is devoted to the calculus of this perturbative expansion and we give an illustration of how
it works. Firstly, we calculate exactly, for a massive particle, the free Green’s function and
apply it to describe the evolution of a classical particle and of a Gaussian density matrix.
Secondly, we calculate perturbatively the effect of an anharmonic potential to first order in
the coupling constant respectively, for the quantum and the classical mechanics. Choosing
an initial density matrix representing a plane wave, we study how it evolves in time for
quantum and classical mechanics and we compare graphically these results in order to
understand the difference between these two theories.

The last chapter presents the generalization for the case of two particles. The Liouville
equation, the path integral, the pertubative expansion, are re-derived. As a results of the
parallel study of classical and quantum evolution, we find indications for new aspects of
(dynamically assisted) entanglement (generation) [13]. Our findings suggest to distinguish
intra- from inter-space entanglement. The first one is the usual generation of entanglement
due to the commutator structure of the evolution operators for quantum mechanics, the
second one is due to the particular feature of classical evolution that it couples bra-states
with ket-states.

Concerning the quantum-classical divide, the present analysis shows that there is a deep
formal similarity between classical and quantum mechanics in a suitable representation
as developed here. However, more studies are required. Recently, in the article [14],
there is affirmation to replace the usual slogan “Shut up and calculate” by “Shut up and
contemplate”; we think that a good synthesis may be “Take your time, contemplate, and
then calculate”.



Chapter 2

Path integral formalism

2.1 From the Schrodinger equation to the path inte-
gral for the propagator

In this chapter, we review some elementary facts about the path integral formalism [1, 2,
3, 4, 5] . We consider the Schrédinger equation for the wavefunction of a nonrelativistic
spinless particle in one dimension

. L OY
Hy =ih— 2.1
R

The path integral formalism is helpful to calculate the propagator or Green’s function G
wich satisfies the equation (in operator notation)

~ ~

<H - m%) Gt to) = —ihId(t —to) (2.3)

where [; denotes the identity matrix. The Green’s function is often employed to describe
the evolution in time of the wavefunction. Since we are interested in the propagation in
space-time, we work in coordinate space. Then, the above equation becomes

(ﬁ(x) — m%) Gz, t;y,to) = —ihd(x — y)o(t — to) | (2.4)

where H(z) is



and the function G is defined by

Gz, t;y, 1) = (x|G(t, to)|y) (2.6)

For time independent H, it is straightforward to obtain an operator solution of (2.3)

~

G(t,to) = 0(t — to)exp [—@] , (2.7)

where 0 is the step function. Therefore, for ¢ > ¢, in coordinate space we obtain

Gz, by, to) = (xle™ 0 My) (2.8)

Let A = i(t — t9)/h, we can then write
L \N
Gl tiy,to) = (x| (e T) Ty (2.9

Following this simple trick, we employ the Trotter product formula (see Appendix, [1], [5]
), and find for the propagator

G(o,try,to) = lim (a] (e TNe W MNy) (2.10)

Starting from here, is easy to arrive at the path integral. We insert the identity operator
[l =181, 211)
between each term in the product in (2.10), where [z;) = |x(t;)) is a complete set of states

at time t; =ty + & (t — to). This gives

N-1
G(z,t;y,ty) = ]\}eréo dxy---dry_q H (2j1]e X Ne VN2 (2.12)
=0

(for convenience, we have chosen xo = y, £y = ). In order to calculate the matrix elements



in the integral written above, we note that the multiplicative operator V s diagonal in
coordinate space, so we can immediately write

exp(——)l%> [2j)eap(——

- ) . (2.13)

For the coordinate space matrix element of exp(—AT'/N), the situation is a little bit more
complicated and, to obtain this, we insert a complete set of momentum states

p
L= [ap ol o Gl = en)teap(- 1) .14
This yields
—AT =T 1 e —Ap?2/2mN _ip(n—
(ne™/N]E) Z/dp<77|e M plE) = o | dp e AR (2.15)

We meet here for the first time the omnipresent Gaussian integral

i 24p TN1/2 b2 /4
/ dy eV = ()R (2.16)
Using this, we obtain
; N
(e TN|g) = (5ygs) e/ (2.17)

Inserting this result in the propagator’s expression (2.12), we find

G(z,t;y,t0) = (2.18)
N-1
: LN m(zj —2;)°N  AV(z)
gim [ e doe (o) 1T e {_ 2N

For a better interpretation of this formula, we introduce ¢ = (¢ — to)/N = hA/iN, which
represents the time interval between the states |z(¢;)). Rearranging the exponentials, we
get

Gz, t;y,to) = (2.19)

N-1
- m_\N/2 © m L+l = Tiya .
e B [h (2( — V(%)) ] ‘

7



Equation (2.19) is the path integral expression for the propagator. Considering the limit
e — 0, we can interpret the sum in the exponential as a Riemann integral

N-1

Z:_; c (%(@)2 - V(fcj)) ~ /Ot dr (%m(j—f)z - V(x)) : (2.20)

J

The integrand here is just the classical Lagrangian, corresponding to the Hamiltonian
operator H considered at the beginning of this chapter

L:%(%f—vm. (2.21)

So the integral presents the action

S = /L dr . (2.22)

We can formally re-write (2.19)

7

G(x,t;y,ty) = /D[m(T)]eme , (2.23)

where we have defined

l/thﬂz lim /ﬂm.~@w4(7”)wz. (2.24)

N—00,6— 0 2mihe

The formula (2.23) is the path integral representation of the Green’s function. We can
interpret this strange integral as a “sum over all possible paths”. In fact, the particle
travels from y to x through a series of intermediate steps x1, ..., xny_1, which are separated
by a time interval €. This intermediate steps define a “broken path”. When we take
the continuum limit ¢ — 0 and do the integral, we obtain the interpretation of sum over
possible path.

2.2 Evolution of the density matrix

According to the derived path integral representation for the Green’s function, now we
want to write an evolution equation for the density matrix. In operator notation we can
write



p(t) = G(t,10)plto) G (t. to) - (2.25)

Our interest is to calculate the matrix elements in coordinate space

(zlp)ly) = plz, y;t) = /dnd§ (|G (o) ) (LA ) (n| G (2 o) y)

- / dnde G, t:€.t0)p(€ m: 1) Gty t) . (2.26)

We can see that two propagations are present, one for ¢y to ¢ and the other for ¢ to tg,
attributable to the structure of the density matrix. We can call them, respectively, the
“forward” and the “backward” propagations. “Forward” is the same as what we have
derived in the previous section

G(z,t;£,0) = (2.27)

N-1
) m N2 e m x]+1 AV ,
lim /d&?l dSCN 1(2 e ) exrp [h ]Z: < c ) V($J)> ] )

N—o00,e—07F

for simplicity we have fixed ty = 0, and we have considered g = &, xy =z, =t/N. The
backward propagation can be expressed as

G(n,0;y,t) = (2.28)

., N—1 / /
. m o m Tiyg — T;
e /dxll ey () ey [? 2 (3(%? - V(x;)) ] |

N—o00,e” —0

where we have considered t; = t + je', ¢ = —t/N, 2} = 2/(t;) with these boundary
conditions x’'y =1, 2'q = y. Taking the respective limits we obtain

lim erp [% N:: (%(@)2 _ vw) ] — eap (% /OtL(x(T))dT> C (229)

N-1

lim eap [“/ > <m x]“ 3‘)2—\/(95;)) ] — cap (% /tOL@'(T’))dT') (2.30)

e'—0—
J

9



In order to obtain a better understanding, we use one time variable 7. Since 7/ =t — 7, we

obtain
exp (% /t OL(x'(T'))dT') — cap (—% /0 tL(f(T))dT) , (2.31)

where Z(0) = n and #(¢) = y. Then we can write

G(n,0;y,t) = G*(y,;1,0) . (2.32)

This simple equation is very important , because it tells us that we may think of the
backward path contribution is the complex conjugate of the forward one. This view will
permit us to calculate crucial quantities in a straightforward way, and also to have a clear
interpretation. Furthermore, we define the quantities

A}iinoo dx1~~-de_1C(N)E/D[x(T)] , (2.33)
lim [ diy o diy 0N = / Da(r)] . (2.34)

Finally, we arrive at the evolution equation for the density matrix in path integral form
pla,y;t) = / dgdyD ()] D [#(7)] 5 p(¢, 5 0)e 75 (2.35)

In order to achieve a similar path integral for classical dynamics, we examine in the next
section the evolution equation in phase space for the classical distribution function.

2.3 Liouville equation and von Neumann equation

In this section, we follow Ref. [6], concerning to the reformulation of Hamiltonian dynamics.
We set h = 1, for simplicity. Let H be the Hamiltonian of a massive particle interacting
with a generic potential V()

H(z,p) = o T V(z) . (2.36)

An ensemble of these objects is described by a distribution function p(z, p, t) in phase space,
namely by the probability p(x, p, t)dzdp to find an element of this ensemble in a neighboord
of the point (x,p). This distribution function evolves according to the Liouville equation

10



_duaop dHop_ Py
Op = 9p 9z O Op (maz V'(z)0,)p - (2.37)

In order to build a connection between the matrix elements of the density matrix and the
classical distribution function, we replace the momentum p in favour of a coordinate y
making use of the following Fourier transform

HMEM%wz/@é%Mmﬁ- (2.38)

The effects of this transformation on each term of the Liouville equation are

Op — Op(x,y) s pOzp — F(pOrp) = —i0y0up(,y) , (2.39)

V! (@)3yp — F(V'(2)8,0) = iV (2)ypla,y) - (2.40)

Indeed, we calculate

F(pd.p) = / dp €Ppdyp(z,p,t) = / —i0,e™0,p(x,p, t)dp = —i0,0.p(x,y) ,

ﬂWMM)=/@wwummww:ww/@ﬂwmmw:

=W@F%m%mx—/@@w%wnﬂ=4me@w.

Therefore, the Fourier transform of the Liouville equation becomes

0,0

—iup(e,y) = (52 = V'()y)plz,y) (2.41)

With a clever change of variables

: (2.42)
we rewrite the Liouville equation, considering

11



Q+q
T=—0, =Q-q ,

1
8y8$ — 5(8322 - 822) y

q

view-v (430 @-a

Now we can write

. . - _L 2 L 2 ! Q‘I'q o .
Furthermore, if we add/subtract by hand the quantity V(Q) — V(Q) + V(q) — V(q), we
find

i0p(Q, ;1) = (H(Q) — H(q) + £(Q.9) )p(Qq;1) (2.44)
where
H(Q) = —ﬁé’éz +V(Q) , (2.45)
H(q) = —%832 +Vi(q) , (2.46)
£Q.0) = Via) V@ + V(4@ —g) (2.47)

In this way, we have constructed a connection between the matrix elements of the density
matrix and the classical distribution function. The equation (2.44) can be seen as a matrix
element (between states (@] and |¢)) of the von Neumann equation plus an additional term.

ip=[H,p|+Ep (2.48)

indeed, if we take the matrix element

(Qlidupla) = (QI[H. 5 lg) + (QIER) . (2.49)

12



(QIH, 7 la) = HQ)p(Q,q;t) — p(Q,q;1)H (q) | (2.50)

(QIEplg) = £(Q,q;t)p(Q, q;1) (2.51)

By the definition (2.47) of the &, a straightforward calculation shows that for constant,
linear, and quadratic potentials this term is equal to zero. Therefore the dynamics of
the Liouville equation and of the von Neumann equation are equivalent, in these cases.
The £ is not an ordinary operator that acts on Hilbert space, a crucial difference is the
interaction between the bra- and ket- states, and to distinguish it from ordinary Hilbert
space operators, we call it superoperator. The related Hilbert space and its dual, therefore,
are coupled, unlike the case of quantum mechanics and we will find this feature also in the
path integrals. With the objective to give a home to this superoperator, we introduce in
the next section the Liouville space or superspace [8, 9].

2.4 Liouville space

In this section we give an interpretation of the Liouville equation (2.44) introducing an
alternative way of thinking about the density matrix, which makes its evaluation formally
identical to the calculation of a wavefunction. We call this Liouville space dynamics. We
consider the matrix elements pg, of the von Neumann equation

Q=1 [ 1@ [HQ.Qm@.0 - s@@n@Q.0] . @5
which can be rearranged in the following form:
Qa0 =~ [ 4@y WQ.0.Q (@ ) (2.53)
where we have defined the so-called Liouville operator H, such that
H(Q,¢.Q'd) = H(Q,Q)(d —q) — H(d,9)d(Q ~ Q') . (2.54)
Considering for the wavefunction an expansion

p(t)) = / 1Q $(Q.1|Q) . (2.55)

with coefficients

13



(@0 =~ [0 HQ.Qu@.) (2.56)

we can see the analogy between the Schrodinger equation and the von-Neumann equation.
The Liouville operator H has each matrix element labeled by four indices. While in eq.
(2.53) it operates on p only from the left, we can see from the equivalent eq. (2.52), that
it operates from the right and from the left. Therefore, we may think of the Liouville
operator as a superoperator. In Liouville space the density matrix is a vector, and the
dynamics of the density matrix is more conveniently described in this space. We shall now
introduce a few additional definitions, wich will allow us to establish a connection between
the time evolution of the wavefunction in ordinary Hilbert space and the evolution of the
density operator. It then becomes possible to use all the powerful methods, in particular
for our interest in the path integral formalism, developed for the wavefunction.

In Hilbert space, we expand the wavefunction in a complete basis set of vectors {|Q)}.
In this basis |@) is represented by a unit vector whose @-th element is 1, and all other
elements vanish. Similarly, let us consider the expression

o= / 1Qdg p(Q. )|V d| (2.57)

|Q){q| is the matrix whose element in the Q-th row and the g-th column is 1 and all other
elements vanish.

We may think of the family of operators |Q){q| , as a complete set of matrices and rearrange
the density operator in the form

) = / dQdg p(Q.)|0.4)) . (2.59)

where we use a double bracket notation analogous to the brackets used in Hilbert space, and
the ket |Q, ¢)) denotes the Liouville space vector representing the Hilbert space operator
|Q){q|. We can note the analogy between the equation (2.58) and the following equation

) = [ Q@) - (2.59)
We next introduce a bra ((@, ¢| as the Hermitian conjugate to |Q, q))

((Qql = (1Qe)))' (2.60)

In Liouville space, any Hilbert space operator A can be thought of as a vector and be
denoted by |A)). This allows us that we can expand it in our basis set

14



A= [ dodg A@. 1)l | (261)
pe.
) = [ Qs 4Q.0/@.0) - 2.62)
We further define a bra vector
((B| = B" | (2.63)
and a scalar product of two operators
((B|A)) = Te(B'A) (2.64)
In particular, we have an orthonormality relation
((Q.4Q",d)) = Tr [|lgl(QIQN ) = 6(Q — Q)d(a — ¢') (2.65)
which is analogous to
Q) =4Q-Q) . (2.66)

We can say that the outer products of vectors in Hilbert space constitute the vectors in the
higher, Liouville space. Once we accept this, then eq. (2.64) follows naturally: it implies
that the scalar product is the trace of the corresponding outer product.

Considering the following scalar product:

<QMMFJWM@MZ/@@@@WQZMQwE@Wﬁ, (2.67)

upon the substitution in (2.62) we have
) = [ dQdal@.a)) (Q. ). (2.65)

which tells us that the completeness condition in Liouville space is

15



[ Qs 1Q.a) Q. =1 - (269
This is in analogy with the completeness condition in Hilbert space

/ Q1)@ =1 . (2.70)

A collection of objects vectors |A)) together with the operation of addition |aA + bB)) =
aA)) +bB)) , where a and b are complex numbers, and the scalar product form a linear
vector space. The Liouville space is therefore a linear vector space in which p (and any
other operator) is a vector.

We can now proceed one step further and introduce an outer product of the Liouville space
vectors, which will allow us to define, in general, a superoperator. A superoperator in
Liouville space is defined by

F= /dequ’dq' Q. ) ({Q. 4| FIQ", ¢ ) {Q. | (2.71)
with Liouville space matrix elements

F(Q.q.Qd) = (Q,dlFIQ.q) (2.72)

Furthermore, we can define the Hermitian conjugate of a superoperator by its action on
the left

F(Q,q.Q.,d) = ((Q.dFQ . ¢)) = (F'Q,q|Q,¢)) = ({ Q. ¢|F'Q,q)))" , (2.73)

i.e.
F(Q,q,Q.4¢) =F(Q.d,Q.q) , (2.74)
that gives us the condition of self-adjointness

F(Q,q,Q,4) =FQ,d,Q,q) . (2.75)

Finally, we are able to give a well defined interpretation of the Liouville equation (2.44).
Indeed if we define a super-Hamiltonian

16



(Q,dMNQ.¢)) = (H(Q,q¢,Q,¢)+EQ,q,Q,q))

= 5(Q - Qg - d)HQ) — H(a) +E(Qq)) -

we can re-write (2.44) as

(Q, qlidwp)) = i0ip(Q, q;t) = /dQ’dq’ H(Q,q,Q,d)p(Q', q;t)

= (HQ) - H(q) +£(Q.0))p(Q, ;) -

2.5 Path integral on Liouville space

(2.76)

(2.77)

We want to write a path integral expression for the Green’s function of the Liouville

equation. A formal solution, in Liouville space, for the Liouville equation is

p(1))) = ="M p(0)))

(2.78)

where H' = H + £ is the super-Hamiltonian 2.76. We want to know the matrix element

{(Q alp(®))) Z/dQ’dq’ Q. qle™™MQ" d ) (Q d llp(0))) -

(2.79)

For our purposes, we can use the Trotter-product formula for superoperators (we will
give more detail in the Appendix), since the considered superhamiltonian is self-adjoint.

Therefore we obtain

—\H/ : 7 —2v\V
e = ]&1_{20 (6 Nle N ) ’
where A = it/h, and
/ / !/ /

V(Q,¢,Q,¢)=60Q—-Q")(qg—¢)V(Q)—V(g) for £€=0

V(@Q.0.0.4) = 5@~ Qsla— ) (1@~ V(LD for €40

17

(2.80)

(2.81)

(2.82)

(2.83)



Again we can see the benefits of the Liouville space dynamics, we are able to achieve two
different path integrals in one treatment. The first for the propagator of the von Neumann
equation, i.e. £ = 0, and the second for the Liouville equation, i.e. £ # 0.

Now we are ready to calculate the superpropagator

G(Q.q.t:Q.¢.0) = {(Q.qle™|Q¢)) = lim (Q.ql(e™ ¥ e )NQq)) . (2.84)

Like in the previous section, we insert a complete set of superstates

[ duda; @@l =1 G=1, N1 (2.89
which yields
G(Q,q,1;Q',q,0) = (2.86)
et A A
]\}1_1& (dQ1dQ1)"‘(dQNf1quf1)H<<Qj+1,qj+1|e*WTe’WV|Qj,qj)> .
7=0

The superoperator V is diagonal in coordinate space reppresentation
2 AV as
e VY|Q,45)) = 1Qj, q;))e” WV @ru) (2.87)

. . 2 .
Next we need coordinate space matrix element of e"~7. For this, we use a complete set
of momentum superstates

1 i i
(PPl = 5oy [ dein e Peritn e (2.5%)
such that
1 i
((Pe, P|Q. q)) = By ifeQetntna (2.89)

(@ aysale ¥T1Q ) = [ AP, (@sinsasale TP P)) (P PIQs 0)
(2.90)

18



Now we can write

e NT|P;, P)) = |Pe, P))e 8Tl (2.91)

thus we obtain

[ dpap, AT, 1 gl P PON(P PIQs 1)

/dPSdP” e*%T(Pg,Pn)e%Pg(Qj+1*Qj)e%Pn(qj*qj+1) (2.92)
(27h)? ’
where
2 2
e NTPeP) — o~ R(a5-38) (2.93)

Therefore, we encounter the following two Gaussian integrals that know the solution

dPe 2P ip o o 1 27mN 1 _mN@Qi-e)?
menle(@+1-Qj) — _— i 2 94
/(27‘_71)@ Nameh (271-71)( S )ze 2h , ( )
dPﬂ APy £ Py(q5—q541) 1 2rmiN 1 7mN(qj_qu+l)2
h T M\41) J — . 2.95
/(%h)e“ ¢ ey e (2.95)
Lete = £ = Zf‘[, then (2;5)(2”2“\7 )% = (27:’,;“)5 Finally, we obtain for the superpropagator
m N m N
tQ,q,0) = i dQdqy) - (dQN_1dgn— El 2 (2.96
g(Qaqv 7Q>Q7 ) Nl—Igo/( Ql ql) ( QN 144N 1)(27Thi€)2 27Th(—26)>2 ( )

< cap [EE ( (e =Gy (u)> —V@j,qj)]

In the limit ¢ — 0, the sum in the exponential can be interpreted as a Riemann integral
over the path:

N- 1%< Q3+1 Q;) (qj+1€— qj)2> V(Q, ;) ~ /dr (7;(‘;?) %(%)2 _V(Q,q)>
(2.97)

=0

<.
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Furthermore, if we define, as in the previous section

lim [ (dG)) - (AQx_1)C / PG | (2.98)

N—oo

Whereai = (@i, q;) and 5(7) = (Q(7),q(7)), we obtain the expression for the superprop-
agator

Q(a,t;Q’,O):/D[a(f)]eis[a] : (2.99)

—

This integral has the boundary conditions C_j(t) = Q, 5(0) = 5’ , and S is the superaction:
Sz/dT(T—V):/dTE | (2.100)

Finally, we arrive at the following evolution equation for the density matrix in the Liouville
space formulation

(Q.qlp(t))) = p(Q, gt /deq /D )]eS@(Q" ¢1p(0))) . (2.101)

2.6 Comparison of Hilbert space and
Liouville space path integrals

We want to check that for £ = 0 the Eqgs. (2.35) - (2.101) are equivalent . We begin with
rewriting the von Neumann equation

i0p(Q,q;t) = (H(Q) — H(q) )p(Q.q;t) , (2.102)

that has the formal solution

p(t) = e /M p(t)etH I (2.103)

Therefore, as in Sec. 2.2, we can rewrite (in terms of the appropriate coordinates @, ¢) the
eq. (2.35)

0(Q.q:t / Q' dd / DIQMDo(r)] et Up(Q, ¢';0)e 51 (2.104)
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where

sial= [ar |32 -v@)| . su= [ar|3E-va| . i)

The actions are functionals, and we can multiplicate the two exponential to yield

p(Q. gt (2.106)

[ @i / D(Q)| Dlg(r) et I TTEE 4@ V@l 1)

which is just the eq. (2.101) with a separable superaction
S1Q.4] = S[Q] - Sla] . (2.107)

We learn that the path integral for quantum mechanics has the particularity that we can
separate the phases, because the relevant superaction is separable. This is a consequence
of what we noted previously at the end of Sec.2.3, that is the Hilbert space and its dual are
uncoupled. Or we may say that the forward path and the backward path are independent.
For the case £ # 0, we do not have a separable superaction,

SR, q] = So[Q] — Sola] + Sint[@Q, ] - (2.108)

where we have distinguished the free separablesuperaction, that comes from the kinetic
term of the action, from the the interacting nonseparable superaction, that comes out from
the generally nonseparable superpotential

V(@,q) = (Q— )V’<Q;q) : (2.109)

This feature is characteristic of the Liouville equation, it couples the Hilbert space with its
dual, so in this case we may say that the forward path and the backward path influence
each other.
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Chapter 3

Free particle and perturbative
expansion

3.1 Explicit calculus for the superpropagator

In this section, we calculate the free superpropagator (Green’s function in Liouville space)

G(Q,q,t:Q',q,0) = A}i_ffloo/(dQldm) -+ (dQndgn) <—27:;Liz'e)N2H<—27rhT_ie))N2HX
. N
o [% ; 5 (<QH1€_ Ciy (AL )2)] , (3.1)

where Qni1 = Q, Qo =Q', qnvi1 =¢, o = ¢, and € = t/(N + 1). We know the result (see
[1], for a detailed calculation for quadratic Lagrangians) for the free propagator, that is

m
2miht

m

G(Q,t;Q",0) = ( STt

>%exp{ (Q—Q')Q} | (32)

We observe that for a free particle the classical path from (Q’,0) to (Q,t) is
T
Q=@ +7@Q-Q) . 33)

and the classical action is

_[('m@-QL, _m@Q-Q)
o= [ G =

(3.4)

which is sufficient to obtain the exact propagator for a free particle. Since we can separate
the integral over the @) from ¢ ( in the case £ =0 ), our aim is to evaluate
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G*(q,t;4,0) = (3.5)

. N
. m N+1 —1€ m 4j+1 — qj\2
N | I qN(QWh(—ie)) “PITy JZ:; 2 ( € )

Here we employ our earlier interpretation that the backward path corresponds to the
forward path with a complex conjugated (see eq. (2.32) ), contribution to the phase. Let
the classical path be

-
q(T)Zq’Jr;(q—Q’) , (3.6)
and the classical action
"m,qg—q ., m(q—q)°
. = — dr = ———— | 3.7
5.= [ G rar = 55 (3.7)
therefore, we obtain
1 .
G (q.t:q,0) = [ — =2 3.8
(¢.t:¢,0) (27rh(—z’t)) e:vp[%t (¢—4) (3.8)

Finally, we find the result for the superpropagator is

G(Q,q,t,Q,4,0) = G(Q,1Q,0)G"(q,t;4,0) (3.9)
— (o) eov |5pmt@- @2~ (=) |

which is separable; the forward path variables ), Q)" are independent of the backward
path variables ¢,¢’. We remark that this behaviour reflects the separable action, i.e. the
uncoupled Hilbert space and its dual.

3.2 Evolution of a classical particle state

Next, we study the evolution for a classical particle, represented by a point in phase space,
in the free case. Let p be the distribution function at time ¢y = 0

p(l',p, O) = 5(ZL‘ - mO)(S(p - pO) ’ (310)
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where xg, po denote, respectively, the initial position and momentum. Firstly, we fix for
simplicity zo = 0. Secondly, we change the variables (z,p) = (z,y) = (Q,¢q), in order
to study the evolution through the known propagator. Finally, we come back to (z,p) to
have a physical interpretation in phase space of what happened. The first change gives

o, :0) = 5(x) / dp EM6(p — po) = S(z)e™V | (3.11)
then
p(Q',q;0) = 5(—Q ;q )6@0(@/_(/) : (3.12)

At this point, we are able to calculate the density matrix at a time ¢,

p(Q,q;t) = /dQ’dq’ G(Q,q,t:Q',¢,0)p(Q',4';0)

= <£> /dQ/ eg?(QQ/)QJripoQ’/dq’ ezit’n(qq’)Qipoq’(;(Q/"'q/)

2t 5
= 2 <%) 6272(@2(12)/(1@/ e#Q'(%*PO%)
T
_ et<c2—q)<¢?2ﬂ>5<@ ; q _p%> _ 3.13)

Now we change back the variables (Q, q) = (z,y)
, ,t — TWJ&( — _> , 3.14
pz,y;t) =e T =po- (3.14)

and (z,y) = (z,p), which yields

plx,p;t) = 5(m —p0%> /;l—?yrei;nwye_ipy = 5<x — p0%>5<p — %x) . (3.15)

Thus, we find the expected result, that is

p(z, pit) = 5(% —po%>5(p —]90> : (3.16)
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We learn that the von Neumann equation, which is a typical quantum mechanical equation,
also describes the propagation of a free classical particle. This confirms our analysis that
Liouville and von Neumann equation coincide for constant, linear, and harmonic potentials.

3.3 Evolution of a Gaussian density matrix

We compare the evolution of a density matrix, which initially represented by a Gaussians
wavepackets, in Hilbert and Liouville spaces in the case of free propagation. The evolution
of the density matrix with the Liouville space formalism is described by the following
equation

p(Quait) = [ dQad [ DIQWIDIa(r)] Hp(Q g 500 . (37
We choose for the initial density matrix
p(Q,q;0) = Ce@* %), (3.18)
Then we must to calculate
p(Q,q:t)=C (%) /dQ’dq’ e—(Q?+ q’2)6[%((62*@’)27(%(1’)2)] ' (3.19)

Since we can separate the two integrals, what we really have to know is the solution of
only one integral, since both have the same structure:

/ Q3 (Q=@)¢=aQ” (3.20)
We obtain:
%
@ /dQ'e_(O‘_ﬂ)QQe_wQQ' = T eazp@ (3.21)
a—f3 ’
where 3 = 7. The integral for the second, remaining variable ¢/, is of the form

1
’ 2 ap*
/dq el (afﬁ*) e (3:22)

At this point, we can write the density matrix at time ¢
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p(Q,qt) = (3.23)

Now we show that the same result is given by the ordinary Hilbert space formalism. Indeed,
we may just consider the following evolution for a Gaussian wave function

w(Qut) = [ dQ [ DIQ)et¥@ w(@0) | (3.24)

where

W(Q',0) =V Ce @ (3.25)

Therefore, in order to find the evolution of the wave function, we must to calculate the
integral

m % ;) dmg_oN2 602
QN =T (5) /dQ Q- -0Q” (3.26)

which is the same integral as in equation (3.20) (except for an overall constant). For the
complex conjugate wave function, we obtain:

$(g,1) = / df / Dlg) e #51 *(¢/,0) (3.27)

where

W (q,0) = VCe " (3.28)

As above, we must calculate the following integral

2

P (q,t) = \/5( /alq’e5.7fxf(qq,)260‘q/2 , (3.29)

m
2mh(—it)
which is the same integral as in equation (3.22) (except for the constant out of the integral).
Recalling that we have a pure state, we obtain the final result:

q2

p(Q,q;t) = V(Q, )" (q,t) = %eaﬁ(f?‘w’- (3.30)

All that we have done in this section can also be repeated for a particle undergoes in
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constant, linear or quadratic potential. Indeed, in this case, the Liouville and von Neumann
equations coincide and classical and quantum mechanics give the same predictions. In the
next section, we will develop a perturbative expansion with the aim of calculating the
propagators for potentials that cannot be solved exactly— for example, the anharmonic
oscillator— and to compare the results respectively obtained from classical and quantum
mechanics.

3.4 Perturbative expansion

The following perturbative expansion is an extension of the pertubation theory for ordi-
nary Hilbert space [1, 11, 12]. Now that we know how the density matrix evolves with
the free super-Hamiltonian, the next step is to understand how it evolves for a generic
superpotential. Consider the superpropagator

—

6(Q.4Q,0) = / D[Q] et hT@dr o= i V@Qadr (3.31)

In general, the last term that describes the interaction is difficult to treat. For this reason,
we expand it in a power series

exp (-% /0 tV(Q,q)dT) _ ;i()% <%Z>] ( /0 tV(Q,q)dT)j | (3.32)

At this point, we can define
V(Q(1),q(1)) = F(1) | (3.33)

and derive a formula [1] for the N-th power of the integral in the expansion of the expo-
nential of the superpotential, namely

N

( /0 ) q)dT) - (3.34)

N[ dme [ dne V@) a(m)VQ() () V@) alr)
0 0
We need to analize terms of this kind

. t . . t k
w@@@@zi/m@dhmwﬂjvwmm). (3.35)
0



The k£ = 0 term is just the free superpropagator already calculated in the previous section,
so we consider the £k = 1 term

.(@.:0.0) = [D(d) e >(/ V(Q,q)d7>, (3.36)
0

ie.,

m N+1 m N+1

dQidg; <27rhie)T(27rh(—ie)) ’ (3.37)

—

@
Il
—

— - N
G1(Q,t;Q',0) Ze/

Jj=0

=t &
WE

%[<Qg+1€ QJ) (@)21 V(Qj.45) -

X exp[

i

0

The integrals over k = 0,...,7 — 1 and &k = j + 1,..., N give just free superpropagators.
Then, doing the continuum limit, we obtain

—

N t
G.(G.6:7.0) = / dr / dndg Go(Q1:6,7)Gi .10, 7)V(E ) GolE.7: @ 0)G (. 7:¢/,0)

- / dr / 0CG0(G.t: C.rV(C)Go(Com@.0) (3.38)
0

where we have defined ? = (&,7n). Now we consider the case k = 2:

Go(Q. 1), 0) = /95 eilo Qq)df(/VQ, ) - (3.39)

Thanks to the formula written above, eq.(3.34), we can evaluate the second power of the
potential integral

(/Otv(Q,qmr)Q :2/; dT/oT do V(Q(0),q(0))V(Q(7),q()) . (3.40)

Then, using eq.(3.38), we arrive at a recursive formula for the & = 2 contribution to the
superpropagator, i.e.

Go(G,1:Q',0) (3.41)
/ dr / do / a7 / ATt V(O )Go(T o CooW(T)Go(C 0. @ 0)
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namely

G,(0.1:0',0) = / dr / 0 Go(@.1: C V(CHG(C m@0) . (342)
0

H
where we have defined ¢’ = (¢,n'). We can generalize, for an arbitrary k, this recursive

formula

— —

— ) t — — — — )
6,600 = [ ar [aT 6@t ToW(0)Gur(Tm@u0) . (343)
0
Using this result, we can immediately establish that

— —

— ) = i [t — - — — — )
g(Q7t7Q70):gﬂ(Qat7QvO)_ﬁ dr dC gO(QataCaT)V(C)g<c777 ,0) )
0
(3.44)
which presents the resummation of the pertubation series in a Dyson integral equation for

the full superpropagator.
We may give an interpretetion of the individual terms in the expansion

- = > -\’ —
6@ 1.0 =Y (7) 6@ ud.0 (3.49
=0

We may think of the total sum as the total amplitude for the particle to go from (Cj7 ,0)

to (5, t). The individual terms in the expansion describe a particular propagation. The
first term, i.e. the zeroth order correction in the perturbative expansion, is just the free
path between the initial and final points. The Fig.3.1 represents in a Feynman diagram
the contribution of first order perturbation theory. Initially, the particle propagates freely
from (Q’,¢',0) to (§,n, ), then it is subject to the superpotential V(£,n), and finally goes
again freely from (£, n,7) to (@, q,t). Furthermore, the integral over space-time, present
in the correction itself, represents the various ways of making this path. The higher order
corrections have similar interpretations.
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Figure 3.1: Feynman graph for first order perturbation theory.

3.5 First application: the anharmonic oscillator

We want to calculate the first order correction to the propagator in the case of an anhar-
monic superpotential and also to compare the results obtained from classical and quantum
mechanics.

3.5.1 Quantum mechanics

Consider the equation

6.(G.t:0.0) - | ir [ dnde Gal@.:€,7)Gia, i, IV(E M) Gol€, 73 Q' )G .73/, 0)
(3.46)
For quantum mechanics the superpotential is
V(Em) = V(E) — Vin) = M — 1) | (3.47)
then
63600 = Gilatd0) [ dr [ de G EENVEGHET@0) (3.45)

t
- Go(Q.t; Q’,O)/ df/dn Golg, t;m, 7))V (n)Go(n,7:4,0) .
0
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At this point we need to know only the first space-time integral, since the second integral of
the equation can be obtained from the first by the transformation, that is (Q, Q" — ¢,q¢')*.
Let us write the integrand in a useful way

Go(Q.t:£,7)Go(&,7:Q',0) = (3.49)

(o) (22) (2) by s -t

where we have defined

; 2 2

() =52 (t? -+ QT) , (3.50)
' 2 2Q)

Blr) = -5 <t _QT T f ) , (3.51)

a(r):—g—”;( ! +1> , (3.52)

t—7 T
The integral over space is simply a Gaussian integral

2 o 2 27\ o 32
B(T)¢ — alT 4 . B(T)¢ — a(T o [
/dge(ma CEBY: _Aa_m/dgeu)s ()5)_A(%> o o

(%) 346 (%) N (2%)2] eh . (3.59)

Now we have to do the integral over time, which is simply an integral of various powers of

() [ () () ()

Since

N
nlot

= A2n)

2 2
3+6 (%) + (%) ] et | (3.54)
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Q-Q) , (3.55)

(t—lf)% G)Q (%)g = (%)2 (r(t—7)* (3.56)

we can write

FL 2 m 3 im "2 t
_ o 2 i Q-Q) _ 2
A (mt) (27riht> e /0 dr (r{t=7))

1.e.

346 (%) + <%>1 . (3.57)

5\ <%>2GO<Q,t; Q',0) /0 i (et =)

s 5\’
346 <2a + 50 : (3.58)
The value of the integral is

t5

m\2 . 4 3 '3 2 A2 im / ”2 2
1—0[1—2(# @'+ Q"+ QQ+QQ"+ Q7Q) - T (1Q'Q+3(Q +Q>>]

(3.59)
Finally, we write the complete expression for the first order propagator

— —

G,(G.4:Q.0) = Go(@,:0,0) (14 A(Q. Q1) + M (a.431)) + OO, (360)
where

kQ,Q5t) = (3.61)

2

10m

((4Q’Q +3(Q" + Q%) + (@ : Ct) Q'+ Q'+Q°Q+QQ*+ Q’2Q2)> )

also we have defined the Compton wave length \. = % As remarkable result, we can see
that for a quantum anharmonic oscillator we obtain a separable superpropagator.
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3.5.2 Classical mechanics

Now we calculate the superpropagator to first order correction in the classical mechanics
case. The difference is the change in the superpotential, that is

V(E,n) = -V’ (HTU) = %(54 —nt+2(8% - %)) | (3.62)

note that the first two terms on the right-hand are the same as in the quantum mechanics
case, with the only difference that the coupling constant A is divided by a factor two, the
other terms are decidedly classical. Let us to calculate the latter:

G.(G.t:Q.0) = (3.63)
A /0 dr / AEGo(Q. 1:6,7)Gol(€. 73 @ 0)EY / dnGi(a, 1, TG (0,75, O)1

S / dr / AEGo(Q,t: €, 7)GolE, 7 Q' 0) / dnGy(q, t;1, 7)Ga(n, 71, O

Similarly as the quantum calculation of the previous section, we need only one of the two in-
tegrals, of this equation since knowing one we can obtain the other with the transformation
(Q,Q — q,q")*. Firstly, we evaluate this integral

/ 0 Go(Q.1:€,7)GolE, 7 @/, 0)E® = (3.64)

m 1 \?/1)\? )
LV? o) [ ge o8 — a(r)ed) g3
(27rhi> (t—T) (T) ‘ / S e &

As in the previous section, we have to calculate a Gaussian integral

1
83 2 21\ 2 83 g2
/d{ BT — O6(7)62)6‘3 — /df e(B(T)E — a(n)&") (_) — ezt
0033 200

g 2 2
(%) 5{3+§_(J ea+T (3.65)

(SIS

— (2m)

Secondly, we evaluate
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/dn Golg, t;n, 7)Go(n, 734, 0)n =

1 1
- V) dn BT (ME = at(T)n7)
<2wh<—z‘>) (t—r) (> [ .

Even in this case, we have need only another Gaussian integral

3
1 \2 ﬁ*e(%)*ﬂ*
200* ’

=

/ dy e = @Oy (9

where

(3.66)

(3.67)

(3.68)

(3.69)

Finally, we calculate the integral over time, which is simply an integral of various powers

of the time variable

m m 52 B2 \u
2 7a+7 (704) +y
A2m) (%hi) (27rh(—z’)> et

< [ ) 06 ol )

Since
ﬁ2 m N2
52 * * m 2
(4&) +7 2ht(q q)°

(3.70)

(3.71)

(3.72)

ﬁ{3+§—2]:—@( Q +@) [3—@(@ " +Q’2t_7+2QQ’)] . (373)
o h t—T1 T



we can write

h =
i (mt3> Go(Q,t;Q",0) (3.74)
! 3 Q Q' q q mn /2
 [aree-nr () (P ) o (@ et v e))]
This integral is equal to
3.5 (Qe+Qd | Qd+Qq
1—0755 ( 5 + 3 ) (3.75)

4
s <Q3( q+ 1Q)+Q2Q (3

s ; 2q+q>+@@'2<q+3q>+@’3(1q+2q>)

2

Finally, we arrive at the espression for the first order propagator

gc(é)?t; —77 O) = %QQ(aat; aa O) + (376)
Go(@1:0,0)[1+ M(h(Q.0.Q,d'3t) + 9(Q. 0. @ d5t) + 9°(0, Q. ¢, Q1) | + OON)
where
;o 6 (Qa+ Q¢ Q¢ +Qq
h(Q,q,Q,q;t) = T0m < 5t ) : (3.77)
9(Q,¢,Q',¢'st) = (3.78)

7 (@t 300+ PG+ )+ Q@0+ 5+ @*Ga+20)

As expected, we obtain a nonseparable superpropagator. We remark that this result is a
consequence of the coupling, incorporated in our Liouville space description of the classical
dynamics, of the Hilbert space and its dual. As another result, we note that the perturba-
tive expansion turns out to be a short-time expansion, indeed in both cases (quantum and
classical) we have a linear and also a quadratic dependence in time of the corrections.
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3.6 Plane wave evolution

In this section, we study the evolution in time for a density matrix in the case of a pure
state, presenting a plane wave. The general equation (2.101), which describes the evolution
in time for a density matrix is

—

<<Q,QIP(15)>>Z/dQ’dq’Q(a,t; L0){(Qd [p(0))) (3.79)

which we evaluate again for the anharmonic oscillator treated in Section 3.5. Let

1 e R (@ —d)

- , (3.80)

(@ d1p(0))) = p(Q', ¢;0) =

be the initial value for the matrix elements. We want to see what happens in the evolution
and to compare the classical and quantum evolutions for this system in perturbation theory.

3.6.1 Quantum evolution

We consider in this case the quantum superpropagator calculated in the previous section,
which is

— —

— —
G,(Q,t:@.0) = Go(Q. Q0 (1+ M(Q. Q) + M (a.q31) . (3:81)
where the subscript ¢ means quantum, and

2

M@0 = 11 (1QQ+ 3@ + @) +

Z. m) Q"+ Q'+ Q"Q+ QO + Q'2Q2)>

So we need the following integrals:

_ I ia(Q—Q)? + i2Q el iy
fo(Q,1) = [ dQ' Ce e = we 2mht (3.82)
1
where C' = (2£it)2, and o = 3 .
ia(Q 2O eir @ i p? t
fo(@Q, 1) f1(Q,t) = / dQ' Ce @ -Q” +ifQ ¢y — me_zzmh,t (@ — %) . (3.83)
™
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BQ.0(Q.1) = / dQ Cen@-QF + i@

i2Q 2 ) ?
= O it <Q2 +2Q(Q — %t) L (p—t) ) , (3.84)

(27rh)% m m

6i%Q 2

Q.0 13(Q. 1) = / e (3.85)

im?

2
[‘%p -y @ aq <Q2+2Q(Q—p—t)+@+(%t) >+3Q2(Q—%t)] ,

FQUOA(Qu) = [ dQ Cem@-or g~ (%—;m x

[ (3 + %t + (zih)%z) (%)2 +Q'+

QM (P b 430 (@2 v -2y My (%t)j +3Q%@ - 1)
124Q -2 + 62 (@2 +200Q- 2+ 4 ) (3.56)

It is important to observe that fo(Q,t)f;(q,t) = p(Q,¢;0); then, we can write down the
density matrix at time ¢
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p(Q,q;t)

2
= Q01+ [ (H0AQ.1) +307 + 3H(Q.1)
T Mzct Q"+ f2(Q, 1) + Qf3(Q, 1) + Q°f1(Q, 1) + Q° fo(Q, 1))

+ (4qf7(q.t) +3¢* + 3f5(q. 1))

2

- @+ i@ +afie) T ) @ R) ] - 38

1Act

This lengthy expression can be much simplified, if we calculate all the terms explicity. We
write the real and the imaginary part of the density matrix

Rep(Q,q;t) =

Imp(Q, q;t) =

cos2(Q — g)]

27h
e JeostZi@ ) (s0@ + ) - 0@+ 418 (1) )]
e L i@ - ) (930" ) - 612 (@~ )
2 fani2@ - ) (15(2) @ - ) - 5(2) 1@ - 0)]

sin[2(Q — g)]
2mh
[ (Q - ) (60(Q* + 43 — 102 (Q + ) + 18 (%) )]
e [eosl (@~ ) (53Q" — o)~ 42 @~ )]
s h@ - al(s(5) @ - -5(%) @)

(3.89)
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3.6.2 Classical evolution

We consider here the classical superpropagator. The treatment is the same as developed
in the previous subsection 3.6.1:

where

MQ,q,Q' q5t) = (3.90)

61> (Qq +Qq¢ | Q¢+ Q’q)

10m 2 * 3

0Q0.Q'50) = 1o (Qa+ ) + QG

5 2q+Q)+QQ’2(q+3Q)+Q’3( Q+2Q)>

2
(3.91)

Using the integrals give in the previous subsection, we can immediately write down the
density matrix at time ¢

p(Q, q;t) = %ﬂq(Q, q;t)

61> (Qq

b (@0 [14 S (D LR a0 + Jah(Q.0+ 305 )|

+ p(Q,¢0) !

| 10ih (Qg( ¢t f1 (,) + Q*1(Q.1)(5 q+f1(q, )))}

Q.0 | (@ﬁ(@ D0+ 2£1(0.0) + QD (e +2f: (0 >>)}

| 10:h

+ p(Q,¢0) '

o (#0+ Jh@0)+ e nGe+ Q)]

b pQa0) | (a0 0Q+ SA@u) + 0GR+ 20(Q.0) )]

(3.92)

Like the quantum calculation, this lengthy expression can be simplified, if we calculate all
the terms explicity. We write the real and the imaginary part of the density matrix

39



Rep(Q, q;1)

Imp(Q, ¢; )

cos[F(Q —q)]

onh
e Jel2(@ (300" + ¢+ Qo) - 102+ ) + 26 (%) )]
o [l @ - ) (93(@* - ¢ - 962(@° - )
s @ 0l (0(5) @~ ) - 15(5) (@ 0)]
2 o [l @ - ) (11@% — ¢°Q) - 0 (@ - Q) |

(3.93)

snlfQ -0,
@ - 01 (0@ + 00~ 0@+ o)+ 26 (2) )
s [eosl(@ - ) (580Q" — o) - 962 @ — )]
s @ - ol(0() @ - -1 (7) @ 0)]
e [l @ - (1@~ @) - 02 (@ - 0)]

(3.94)

In the following, we illustrate graphically the results obtained for these evolutions. We have
fixed the mass of the particle m = 0.5MeV, the velocity v = 107°m/s, the time interval
t = 107"s and the coupling constant A = 1eV/1.8m*. The @, ¢ coordinates are expressed
in meters. We do not want to give a quantitative study, since this is only an illustration
of how the path integral theory can be used and the model is not realistic. However, by
this qualitative study, we can learn that the perturbation theory works well up to where
the curvature of the superpotentials becomes noticeable, which happens in this case at
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1 x 10~%m. In this way, we convince ourself indirectly that the perturbative expansion is a
short-time expansion. For the time interval t+ = 1075s the first order correction becomes of
the same order of magnitude of the leading term; then we cannot trust in the expansion.
We see in Fig. 3.2 the contourplot of the initial real part of the density matrix (times
27h), which is approximately constant and equal to one. The Fig.3.3 shows the initial
imaginary part of the density matrix (times 27h), in units of A/m. The Fig.3.4 - 3.5
show, respectively, the quantum and classical superpotentials, which present a noticeable
curvature at 1 x 107®m. The Fig.3.6 - 3.7 show, respectively, the imaginary and real
first order correction for the quantum and classical dynamics. Finally, we show in Fig. 3.8
the comparison of imaginary and real first order correction for the quantum and classical
dynamics.
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Figure 3.2: Initial real part of the density matrix times (27h). The differences between
the lines in this contour plot are in absolute value 1 x 107!, implying that the real part is
approximately constant and equal to 1 in this region of the coordinates.

Figure 3.3: Initial imaginary part of the density matrix (times 27h), in units of i/m
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Figure 3.4: Quantum superpotential, in units of eV.

Figure 3.5: Classical superpotential, in units of eV.
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Figure 3.6: The left figure shows the imaginary part of the quantum first order correction,
the right one the corresponding classical term (times 27h), in units of i/m .
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Figure 3.7: The left figure shows the real part of the quantum first order correction, the
right one the corresponding classical term (times 27h), in units of A/m .
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Figure 3.8: The left figure shows the imaginary part of the quantum minus classical first
order correction, the right one the real part of the quantum minus classical first order
correction (times 27h), in units of A/m .
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Chapter 4

Two-particle entanglement

This chapter is an exstension, of what we have done previously, to the case of two massive
particles. Here, we use these results with the objective of investigating about entanglement
properties of the system.

4.1 Two-particle Liouville equation

In this section, we rewrite the Liouville equation (2.37) for the case of two massive particles.
Let H be the Hamiltonian for two particles which interact with a potential depending only
on the distance between the particles

P, P
H(pr,poi a1, @) = g5 -+ Vo — ) (4.1)

The Liouville equation (2.37) becomes

OH 0p OH O0p OH 0p OH Op

T Gy anom  Op 0w, 0y om
using the following Fourier transform
p(T1, T2 Y1, Y2) = /dp1dp2 PP b (1, T3 1, p2) (4.3)

we obtain this equation
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1 0 0 1 0 0 ov ov

1 tp(‘rlv T2;Y1, y2) (ml ayl axl T me ayQ a$2 h (91’1 Y2 8I2>p(

131737253/1;y2) . (4-4)

Now, in analogy with the Sec. (2.3), we use the following transformation

Qi:%‘l—& ; Qi:$i_% ;

: i=1,2. (4.5)

This lead us to the following form of the Liouville equation

10ip(Q1, Q2, ¢1,q2) = (H(Q1,Q2) — H(q1,q2) + E(Q1, Q25 ¢1,92)) p(Q1, Q2. ¢1,¢2)  (4.6)

where
R L
H(Q1,Qq) = ——lea 2 — —2m23Qg +V(Q1—Q2) , (4.7)
I I

E(Q1,Quq1,q2) = (Q1—q)V (Ql +a Q2+ qz)

2 2
+ (Q2— )0V (Ql ;_ @ _ Qs ;L q2)
+ Vg — @) V(@1 —Q2) , (4.9)

where 0; = 0q,+q; fori=1,2 .
2

4.2 Path integral

As developed in Section 2.5, again we generalize the path integral on Liouville space for
the case of two massive particles. The main step is to write a super-Hamiltonian that
reproduces the Liouville equation (4.6). Therefore, straightforwardly we write
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((Q1, Q2, q1, 42| H'|Q1, @5, ¢ 43)) =

H(Q1>Q2aq17QZ7Q/17Q/2>q1aQQ)+g(@laQ27Q17q27Q/17Q/27qa7q£) =

0(Q1 — Q)o(q1 — ¢1)0(Q2 — @3)0(q2 — @) (H(Q1, Q2) — H(q1,32) + E(Q1, Q23 01, ¢2)) -
(4.10)

Doing the same steps developed in Section 2.5, we can write down the expression for the
superpropagator

— —

0@.0:0).Q,0) = [ D[@1]PIQ) et (a.1)

These integrals have the boundary conditions Q4 (t) = 67; = (Q1,q), @(0) = 67’1) =
/ / Y - - _/) !/ / : :
(@1 q1), Q2(t) = @2 = (@2, ¢2), Q2(0) = Q5 = (€5, ¢5) and S is the superaction:

SZ/dT(T(QhQ%q'hqé)—V(Q1,Q27Q17Q2)) :/dTL(Ql,Q%ijq'hQl;QQ,CIb(D) .
(4.12)

Finally, we arrive at the evolution equation for the two-particle density matrix in the form

<<Q1,Q27Q17Q2|P(7§)>> =
/ 0, dQ)dd, dd, / D[QD[Q)] @ (QL, Qb dh hlp(0)) . (413)

4.3 Perturbative expansion

In order to study the evolution of the density matrix when there are interactions that
we cannot treat exactly, even for two particles, it takes a few steps to generalize the
perturbative expansion developed in Section 3.4. Here we write only the main results.
Firstly we consider the superpropagator

G(Q1, Qo t: Q. Q. 0) = / D[Q1]D[Qs] e @)= iV@@2) (4.14)

secondly, we expand the superpotential term into a power series, using a formula for the
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N-th power of the integral. Finally considering individual terms of the expansion, we sum
these terms and write down the pertubation theory in the form of a Dyson integral equation
for the full superpropagator

9(51, 52715% 6_2717 67270) = 90(51, ijt; 6711 672,0) (4.15)

— —

_%/0 dT/d?ld?2 90(517627t5 ?1,?2,7)17(?1,?2)9( C1, Q2,75 671762/270) )
where ?1 = (&, m) and ?2 = (&2,1m2)-

4.4 Entanglement

What we have done in this chapter so far, is useful to study the entanglement between two
particles. Here, we give only a general idea of how this can be done. Despite the common
idea that the entanglement is a property only of quantum mechanical systems, we argue
that we can find another form of entanglement for classical systems. Let two particles
initially be in a product state, say uncorrelated, then we can write their initial density
matrix as

p(0) = p1(0) @ p2(0) . (4.16)

Thanks to the our path integral formulation of the classical and quantum dynamics we
can follow the evolution of the density matrix in time. The resulting density matrix, in
general, will not be just the product of the two density matrices as in the initial state, and
we can quantify the entanglement by the reduced density matrix

pi(t) = Trafp(t)] (4.17)

and by evaluating, for example, the linear entropy defined as

Sim=1-P(t) , (4.18)

where P(t) = Tr[p;(t)?] is called purity. The purity is equals one for pure factorizable
two-particle states; correspondingly, the linear entrpy is zero, in this case. Therefore, if
P # 1, the state is not factorizable. If the impurity or non-zero entropy is generated by
the interactions in the two-particle system, this is called dynamically assisted entanglement
generation [13]. For example, if we consider an interaction between two particles by an
anharmonic oscillator [7], we may have uncorrelated particles at an initial time. In the
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presence of their interacting potential, we can calculate the evolving density matrix, with
the help of the perturbative expansion. Furthermore, we can distinguish classical and
quantum mechanical evolution through a different superpotential, which is for the quantum
case a separable superpotential

V(Q1,Q2q1,q2) = V(Q1,Q2) — Vg1, q2) = A((Ql - Q2)4 — (1 — qg)4) ) (4.19)

and for the classical case a nonseparable superpotential

V(Q1, Q25 q1,q2) = %(Ql —q = (Q2 — Q2)> <Q1 +q — (Q2+ qQ)>3 . (4.20)

We see that besides terms , o¢ (Qu—¢a)(Qa+34)?, @ = 1,2, that do not entangle the variables
of the subsystems, there are terms —in both superpotentials— o< Q,Qp, b # a which mix and
entangle variables of both subsystems, as usual in quantum mechanics. Furthermore, a
new feature in classical dynamics with (4.20) is that there are additional terms that couple
Hilbert space and its dual and entangle corresponding states, for example,ox Q,Qyq2,b # a.
This type of entanglement is decidely different from the usual quantum entanglement, in
fact, since the quantum mechanical evolution is generated by a commutator it entangles
bra- and ket-states separately, oc H;;p;r — pijHji. Indeed, for a two-particle system, the

evolution with an interaction of the type o< H; ® Hs has the following commutator structure
[(Hint, p) = Hip1 ® Hopo — p1H1 @ poHy . (4.21)

Again, it may be surprising that we find such terms also in classical mechanics, due to
the superopotential ¥V which, in the case of polynomial interactions always contains a
contribution proportional to the usual quantum mechanical terms. However, the classical
evolution produces additional correlations in p, due to the generator o< L;jiipr, which
possibly entangles bra- and ket-states. In comparison with the commutator structure above,
for example, such terms can have the unfamiliar structure:

Hipy @ paHy — prHT @ Hypy (4.22)

which differs decidedly from a commutator. This leads us to distinguish intra- (i.e., within
given tensor product Hilbert space of subsystems “1” and “2”) and inter-space entangle-
ment (i.e., between said Hilbert space and its dual).
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Chapter 5

Conclusion

Aim of this thesis has been to contribute to the study of the quantum-classical divide.
A central role has been played by Liouville space. Without it the interpretation of the
Liouville equation in terms of the von Neumann equation, including a characteristic super-
operator, would not have been found. The resulting parallel treatment makes alvaible new
powerful tools for the study of differences between the classical and the quantum world.

We have seen that in the case of constant, linear, and quadratic potentials the two
theories represent the same evolution and also we have learned that the von Neumann
equation can describe the propagation of a free classical particle. The derived path integral
and the corresponding perturbative expansion have permitted us to study the case of an
anharmonic potential. We have shown analytically and graphically, that the resulting
perturbative is a short time-expansion. Given an initial density matrix representing a pure
plane wave state, we have propagated it for classical and quantum dynamics and after that
we have delineated the region where we can trust the perturbative expansion.

We have given preliminary arguments for a new type of (dynamically assisted) entan-
glement (generation). The quantum evolution is generated by a commutator of the Hamil-
tonian with the density operator. It generally entangles underlying bra- and ket-states
separately. However, the structure of the classical evolution can also entangle bra-states
and ket-states simultaneously, as well as separately. In fact, polynomial interactions al-
ways contain a contribution proportional to the usual quantum terms and another decidedly
classical one. Nevertheless, there is clearly a dynamical feature missing, which governs the
crossing of the quantum-classical divide and it may be interesting to further investigate in
this direction.

The theory can be extended in a straightforward way to the case of multi-particle
systems. Last not least, the new path integral for classical dynamics will be very useful to
study dynamical problems in classical statistical physics.
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Appendix: The Trotter product
formula

In this appendix based on Schulman’s book [1], we show that the Trotter product formula
for ordinary operators on Hilbert space is also valid for superoperators on Liouville space.
First we define some terms that will be used

Definition: A contraction semigroup (for more details see [10]) on Banach space X is
a family of bounded everywhere defined linear operator operators P!, 0 < ¢t < co mapping
X — X such that

P'=1, PP =Pt  0<ts<oo,
IP[<1, 0<t<oo,
yr%th:;b veX .

The norm used above is defined as follows:

N
QI =sup o

and |[[¢]| is the norm in X. The term ”contraction” comes form the fact that ||P|| < 1,
since vectors do not grow as they evolve under ||P*||. The infinitesimal generator A of P'

is defined by
1
A =Tim (P =) 1)

on the domain D(A) of all ¢» € X for which the limit exists. Now we illustrate what we
consider for Banach space X, operators P!, Q!, R!, and generators A, B, A+ B.

Our Banach space X is the Liouville space L£; it is a linear vector space as we have
shown in Sect.2.4, where we have defined a scalar product and consequently a norm. Our
1) is the density vector p. The scalar product between two vectors is
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((C|D)) = Tr(C'D) . (2)

Then, we can define a norm of a vector:

N[

D] = (((D|D)))? = [Tr(D'D)] (3)

To check that this norm is well defined, we must show that the properties of a norm are
satisfied. First, we check that this norm is positive

Tr(D'D) =) (ID'Dli) = (ilD'|j){jIDli) (4)

? i,J

(D) = (Dilj) = ((j|Dli))* = D;

Ji o

Tr(D'D) =) D;Dji=>» |Dy*>0 . (5)
2,7 1,7
Furthermore,
IAD]| = (((ADIAD)))2 [Tr(X*DIAD)]* = |\ ||D]] (6)

and finally, without proof but we state that as a consequence of the scalar product being
positive semi-definite and by the previuos definition of the norm, we have the triangle
inequality

IC+ DIl < [[Cl+ D] - (7)

Now that we have a norm for vectors in Liouville space, we define a norm of a superoperator
in a completely analogous way to the norm on Banach space

[ Hpll _ Tr(p"HHp)
et lpll per — Tr(pip)

N

JER (8)
For the physical interpretation, we identify the operators and the generators:

Pt — e—i'ft Qt — e—in Rt — e—i'Ht . (9)
If we use the definition of generator (1) we obtain:
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A=—iT, B=—iV, A+B=—iH . (10)

However, we still have to check that these operator satisfy the properties required for a
contraction semigroup. The only non-trivial property is the boundeness of the operators.

For Q!, there is no problem, since V is a diagonal, real, multiplicatively acting super-
operator. Indeed,

—i Vit —i iVt ,—i
e pl|? = T |ple™ e p| = T [ple™e ™ p] = i [pfp] (11)
= Tr[p’] (12)
< Trfp]=1,
for a normalized density matrix. Then
le=™pll <1, (13)

for all t. For P!, we review some elementary facts about the norm. Generally speaking, the
norm looks for the largest eigenvalue. If X is finite (M) dimensional, we have Qu; = ¢,
i=1,...,M. Then, the worst case is the biggest |¢;|, call it [g| and its eigenvector 1); then,
1QI] = maxy [|Qu||/[¢]] = [[Q¥[|/|[¢]| = [g]- Let @ = €, its eigenvalues are e, where

C; are the eigenvalues of C. Then ||e¢|| = max; [e¥!| = max; |ef*® ©i|. Thus,

HetCH = max etRe C; 7 (14)

so that the condition for C' to be the generator of a contractive semigroup is that Re C; <0,
for all 2. On Banach space, the object that would be the eigenvector is not always in the
space and the definition of the norm as a limit (“sup”) must be invoked. We must use the
definition of the spectrum, which is defined as the complement of the resolvent set, where
the resolvent set of an operator @ is the set of all X for which (A — Q)~! exists. Above we
had a condition on the eigenvalues of a finite dimensional matrix C' so that a contractive
semigroup is generated. In a Banach space, it is most convenient to state the condition in
terms of the spectrum. Thus condition for an operator C'is that Re\ < 0, for A in the spec-
trum. If C' =K, in terms of the eigenvalues (or spectrum) k; of K this means Imk; > 0, for
all 7. If e7*¢ also is to be a contractive semigroup-evolution in both directions we must have

Imk=0 .

54



That is, K has only a real spectrum, a condition guaranteed by the usual requirement

that the Hamiltonian be self-adjoint. In order to determine whether A 4+ B generate a

contractive semigroup, we examine whether 7 + V is self-adjoint (so that its spectrum is

real), if this is true, then all conditions for the Trotter formula are satisfied.
Consequently, we arrive at the theorem used in Sect. 2, 2.5.

THEOREM: (Trotter formula) Let A and B be linear operators on a Banach space
X, such that A, B, and A + B are the infinitesimal generators of a contraction semigroup
Pt Q! and R, respectively. Then for all ¢ € X

R = lim (P=Qw)"p . (15)

n—oo

In this way, our Feynman path integral for classical dynamics is justified by the foregoing
theorem, where by sum over histories is meant the specific way of doing this sum which
amounts to taking the n-th power of a finite operator (for standard detailed proofs of the
theorem see [5],[10],) .
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