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Sommario

Si studia il limite classico della meccanica quantistica facendo uso di metodi ricavati dalla teoria
degli stati coerenti impiegata in ottica quantistica. Si definiscono stati semiclassici dipendenti
dalla costante di Planck ridotta A e da un punto dello spazio delle fasi classico e si mostra che
i valori medi della posizione e dell’impulso di tali stati, nel limite formale A — 0, riproducono
la dinamica classica secondo modalita che vengono illustrate in dettaglio.



Abstract

The classical limit of quantum mechanics is studied through the techniques deriving from the
theory of coherent states which applies in the field of quantum optics. Semiclassical states,
parameterized by the reduced Planck constant A and by a point in the classical phase space,
are defined and it is shown that the expectation values of position and momentum of these
states behave, in the formal limit 4 — 0, in accordance with classical dynamics in a way that
is described in detail.
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Introduction

Right off its start, quantum mechanics had to deal with the problem of recovering classical
mechanics in the form of the standard Hamilton-Jacobi theory. At the beginning of the 20th
century, experimental results, together with the realisation of some theoretical inconsistencies,
provided evidence that classical mechanics, which was until that moment regarded as a universal
theory, was not possibly applicable at an atomic scale. The many problematic experiments
performed — such as those of G. I. Taylor (1909), J. Frank and G. L. Hertz (1914), O. Stern and
W. Gerlach (1922) and A. H. Compton (1924) — cast a light on the need for a new model which
could fill the conceptual gaps left behind by classical mechanics in the attempt of explaining
the obtained results. Regarding the theoretical issues, the Rayleigh-Jeans law — first derived by
J. W. S. Rayleigh in the year 1900, who availed himself of the equipartition theorem, which is a
fundamental result of statistical mechanics — is a paradigmatic example of the incompleteness
and of the inconsistency of the classical mechanical model at the time. In the same year, M.
Planck introduced the hypothesis that microscopic particles such as electrons could absorb and
radiate electromagnetic energy only in finite quantities, which he called energy quanta (plural
for energy quantum). From this single hypothesis, Einstein was able to explain the photoelectric
effect, P. Debye, M. Born and T. Von Karman managed to give a strong theoretical background
to the Dulong-Petit law and Planck himself justified the Nernst theorem. Quantum physics set
in and its formalism was then developed in its more modern form by E. Schroedinger, W. K.
Heisenberg, W. Pauli, P. A. M. Dirac and others.

Classical mechanics was set aside but was not forgotten. Indeed, the epistemological problem
of the possibility of identifying classical mechanics as a limit of quantum mechanics under
specific conditions was always a core question in the understanding of the theory. Schroedinger
himself (1926) more than once (see [4]) insisted on trying to persuade the scientific community
that the similarity between Hamilton’s and Fermat’s principles was something physical before
being a mathematical curiosity. Actually, on this basis, a first link between the classical and
the quantum theory was again provided by Schroedinger, by pointing out that a statistical
ensemble, that is a collection of a large number of copies of a classical particle, behaves as an
undulatory system in some sort of geometrical optical regime. The undulatory system at issue
is the Schroedinger undulatory system, which is found to describe the probabilistic behaviour
of a quantum particle. It is then found that classical mechanics emerges from wave mechanics
under the formal limit A~ — 0, which mathematically represents the fact that the action of a
classical system is much larger than the action of its quantum equivalent.

With time, other procedures were introduced in order to study the semiclassical limit of the
quantum theory. The WKB approximation is one of these and is perhaps one of the most
widespread techniques in this field. It was developed by G. Wentzel, H. A. Kramers and L.
Brillouin (see [9], [10], [11]) almost simultaneously to the Schroedinger’s publications on wave
mechanics. It essentially consists in writing the wavefunction v (z) as

Y(x) = exp (ih'S(x))

and then expanding S(z) as a power series of . The resulting expansion is substituted in the
Schroedinger equation and a solution is searched.



In this thesis, the classical limit problem is tackled by following an alternative path. In partic-
ular, after a short introductory chapter on Weyl operators, where some technical aspects are
dealt with, coherent states are introduced and their properties are studied in depth. Coher-
ent states turn out to be relevant in the classical limit problem due to the fact that they are
minimum-uncertainty states for position and momentum. In fact, the uncertainties of these
observables in these states saturate the Heisenberg principle, which describes in mathematical
terms the very basic distinction between classical and quantum physics. Then, in the last chap-
ter, it is seen that a generalized version of coherent states, parameterized by the reduced Planck
constant h and by a point in the classical phase space, enjoys really interesting properties when
the formal limit A — 0 is taken. Indeed, in this limit, given a quantum system with a classical
counterpart, having put appropriate smoothness conditions on the classical potential fields, the
expectation values of position and momentum of these states are found to be centred, with very
small uncertainty, on the solutions of the Hamilton equations of the classical system. In other
words, these expectation values evolve in time along classical trajectories.



Chapter 1

A useful operatorial framework for
quantum mechanics

It is our goal to discuss the properties of a special set of states which will be called coherent
states. To this aim, it is useful to introduce two families of operators which will very often
appear in the discussion that will be carried on in the next chapters. First, in section 1.1,
some basic definitions and fundamental results about the so-called annihilation and creation
operators and about their associated number operator are given in an informal way. The
derivation of the propositions and theorems that are stated in this section will be purposely
omitted, as these facts are very basic in the quantum theory and therefore well-known. A
detailed analysis of the theory of these operators can be found in [6], on which 1.1 is based.
Then, in section 1.2, the focus is set on the Weyl operators, which are introduced in a slightly
more formal fashion. These operators play a key role in the definition of coherent states. For
this reason, their properties are studied in depth and all the results of this section are shown.
For further insight, see chapter 7 of [1], on which 1.2 is based.

1.1 Annihilation and creation operators

To start our review on the annihilation and creation operators, we give two basic definitions.

Definition 1.1.1 (Annihilation and creation operators). An operator a is said to be an anni-
hilation operator if it obeys the following commutation rule with its adjoint operator a™:

[a,a7] = 1. (1.1.1)
The adjoint operator a™ is then said to be a creation operator.
Definition 1.1.2 (Number operator). If a is an annihilation operator, the operator
N :=a"a. (1.1.2)
1s called number operator.
From these two definitions, one easily gets to the following results.
Proposition 1.1.1. The number operator N is Hermitian.

Proposition 1.1.2. If a is an annihilation operator and N s its associated number operator,
the following commutation relations hold:

[
[

| =—a (1.1.3a)
=4t (1.1.3b)

Q>

N,
N,

Q>
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The commutation relation (1.1.1) has an important consequence regarding the spectrum of
the number operator. This fact is summarized in the next theorem.

Theorem 1.1.1. Given an annihilation operator a, the spectrum of its associated number op-
erator N corresponds to the set of all natural numbers N. More precisely, given n € N1, the
ket

In) = &+"|0>(n!)_1/2, (1.1.4)

where |0) is the eigenket ofN belonging to the 0 eigenvalue of N, 18 such that
N|n) = |n)n. (1.1.5)

Example 1.1.1 (Harmonic oscillator). Consider a harmonic oscillator of mass m and angular
frequency w. The following operators are defined:

. 1 A
a = W(p — /meq) (1163)
. 1 A
at = W(p + imwq), (1.1.6b)

where ¢ is the position operator and p is the momentum operator of the harmonic oscillator.
Using the canonical commutation relations, it can be shown that these operators satisfy the
commutation relation (1.1.1). These consequently are annihilation and creation operators.
From 1.1.2, the associated number operator has the following expression:

) 1 /(2 1 1
N=d"a=——+-mw?§®| — - 1.1.7
aa ( o + 5w 5 ( )
The Hamiltonian operator of the harmonic oscillator can then be cast in the form:

H= ﬁ2+1 267 ) = hw N+i (1.1.8)
=57 2qu = 5] 1.

The computation of the energy eigenvalues w,, of H is then straightforward and from (1.1.5) it
is found that

Hn) = |n)w, (1.1.9)
where .
w, = hw (n—i—§) ) (1.1.10)

It can be shown that @ and a* exhibit interesting features when acting upon the kets
(1.1.4). This property earns a and a™, respectively, the name of lowering and raising operators.
Incidentally, it explains the etymology of the terms “annihilation” and “creation”.

Corollary 1.1.1 (Ladder property). Given an annihilation operator a and the eigenkets |n) of
its number operator, one has that

al0) =0 (1.1.11a)
aln) = |n — 1)n'/? (n € NT) (1.1.11b)
atln) = n+ 1)(n+1)"2 (1.1.11c)

Basis of the Hilbert space of states H can be built from the eigenkets of N under certain
conditions. In fact, one has the following corollary.

4



Corollary 1.1.2. Given an annihilation operator a, if its associated number operator N s
selfadjoint and |0) is normalizable and unique (that is if N is injective), then {|n)}nen forms a
complete orthonormal set of H.:

(n'[n) = 0w (1.1.12a)

1= "In)(nl. (1.1.12D)
n=0
This property is extremely relevant in many physical applications. One of them is the

quantum harmonic oscillator.

Example 1.1.2 (Heisenberg set for the harmonic oscillator). The set {|n) },en of the harmonic
oscillator forms a complete orthonormal set. Indeed, noticing that N is selfadjoint (an operator
function of selfadjoint operators is a selfadjoint operator) and that |0) is unique (this fact follows
from the spectral structure theorem), its eigenkets constitute a complete orthonormal set and
they form a Heisenberg representation of H through H.

Proposition 1.1.3. Given an annihilation operator a, its creation operator a® has no eigen-
states.

Proof. We demonstrate the claim by contradiction. Let’s assume that there is [A) € H such
that

atiN) = |\, A eC. (1.1.13)

Using (1.1.11b) and (1.1.13), we find
(n|at|\) = nY%(n — 1|\) = (n|]\)A  for n € N* (1.1.14)
(0]a™|A\) = (O] = 0. (1.1.15)

Hence, from (1.1.15), one has two possibilities. In the first case, A = 0, which, through (1.1.14),
leads to (A|n — 1) = 0, meaning that |A\) = 0. In the second case, (A\|0) = 0. Then, using
n times (1.1.11b) on an arbitrary (n|, one finds (n|a*"|\) = (n!)"/2(0|]\) = 0, but, through
(1.1.13), (n|a*™|A) = (n|A)A", meaning that (n|\) = 0, which implies that |A\) = 0. Thus |))
cannot be an eigenket of a. O

Remark 1.1.1. The previous definitions and results can be generalized by introducing p pairs

of annihilation and creation operators, a; and a; (i = 1,...,p), with the following properties:
(ai,a;] = [a,a;] = 0. (1.1.16b)

The corresponding number operators can then be defined as

A~

N; = af a;. (1.1.17)
This definition allows one to say that

[Ni, Nj] = 0. (1.1.18)



From the properties of N, these operators are found to be Hermitian and to have a spectrum
consisting of non negative integers. Then, the joint spectrum of the N; is formed by all the
p-tuples (ny,...,n,) of non negative integers. We denote with |0, ...,0) the common eigenket
of the N; belonging to the joint eigenvalue (0, ...,0), that is the ket such that

Nij0,...,0)=0  Vi=0,...,p. (1.1.19)
Then, Vn4,...,n, non negative integers, the ket
Ing,...,mp) =at™---at"0,. .., 0)(ny! - n,!) "2 (1.1.20)
is found to be the common eigenket of the N; belonging to the joint eigenvalue (nq,...,n,):
Ni\nl,...,np> = |ny,...,ny)n; Vi=0,...,p. (1.1.21)

Again, these kets show interesting features when acted upon by a; and a; :

a;]0,...,0) =0 (1.1.22a)
Qi Ny My M) = ]nl,...,ni—l,...,np>n3/2 (for n; > 0) (1.1.22b)
aflng, ... miy . .omp) = |ny, . ome 1 ) (ng + 1)V (1.1.22¢)

Equation (1.1.18) states that the N; are commuting operators. If, in addition, the N; are
selfadjoint and if |0,...,0) is normalizable and unique, then {|ni,...,n,)}nen consitutes an
orthonormal basis of H:

(N, e, - ) = Oty Oty (1.1.23a)
L= )" Ina,oomp)(na, ..y (1.1.23b)
N1,y p=

1.2  Weyl operators

Weyl operators are fundamental in the construction of the explicit expression of the states we
are wanting to study. We start by stating the definition of such operators and by introducing
some useful results.

Definition 1.2.1 (Weyl operator). Given an annihilation operator a and given a complex num-
ber v € C, a Weyl operator is an operator W (~y) defined as

W (7y) == exp(ya™ — 7v*a). (1.2.1)
One immediately has the following result.
Proposition 1.2.1. A Weyl operator is an unitary operator.

We now introduce two propositions which will be helpful to better characterize the Weyl
operators. These results and their consequences will be extensively used in the next chapters.

Proposition 1.2.2. Given two arbitrary operators A and B, if these operators commute with
their commutator, the following identity holds:

~ ~

exp(A)Bexp(—A) = B+ [A, B]. (1.2.2)



Proof. 1t is known that
. | Ak
exp(A) = g - (1.2.3)

which, in our case, leads to

exp(A)Bexp(—A) = Z - B Z (_1? <

(1.2.4)

The last term is the zero operator. Indeed, we consider the following identity,

n

A, [A,t.[. LA B].. ] = ; (k> (—1)kAn-kBAF, (1.2.5)

and we prove it by induction. For n = 1, one has

1
3 (Z) (1) At BAY — AB - BA— (A, B, (1.2.6)
k=0

Then, assuming (1.2.5) to hold for n = m, it can be shown to hold for n = m + 1:

~

AJA LA B ] =[A> (k) (—1)*Am=k B A" (1.2.7)

m + 1 times
m

=S () rarpas - 3 () usaipa
(

j=0

m+1
m m—k+1 7 Ak 1\ Am—l+1 5 Al
k)( 1)*A BA +Z< 1)( 1) A1 BA

— At 4 ((7]7;) 4 (]{;ﬂ_l 1)> (_1)kAm7k+lB€Ak 1 (_1)n+1BAn+1

. 1 . . -
— AmHip 4 Z (m+ )(_1>kAmk+1BAk + (_1)n+1BAn+1

m+1
_ (m]j 1> (_1)kAm+1fkéAk’
k=0

as stated. Since A commutes with [A, B], (1.2.5) is the zero operator. Considering the partial
sums of the last term in (1.2.4) and reordering indices, it is straightforward to show that this
term is the zero operator. 0

Proposition 1.2.3 (Instance of the Baker-Campbell-Hausdorff formula). Given two operators
A and B which commute with their commutator, the following identity is found:

exp(A + B) = exp (—%[A, B]) exp(A) exp(B). (1.2.8)
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Proof. This formula is a particular case of the so-called Baker-Campbell-Hausdorff formula. To
show its validity, we start by writing that

exp(B) exp(A) = (exp(f}) exp(A) exp(—B)) exp(B). (1.2.9)
It can be seen that the sandwich between brackets can be written as
(exp(B) exp(A) exp(—B)) exp(B) = exp (exp(B)A exp(—B)) exp(B). (1.2.10)
In fact, by definition of the exponential operator,
exp <exp(§)fl exp(—B ) exp(B i % <exp é Aexp(—B))k . (1.2.11)
k=0

The j-th term can be written as

(exp(B)A exp(—B))j = exp(B) A7 exp(—B), (1.2.12)

which shows (1.2.10). The expression appearing in the argument of the first exponential of
the right side of (1.2.10) can be cast in the form (1.2.2), as A and B commute with their
commutator:

exp(B) exp(A) = exp(A + [B, A]) exp(B). (1.2.13)
It is known that, given two commutative linear operators X and f/,
exp(X) exp(Y) = exp(X +Y), (1.2.14)
which implies that, from (1.2.13),
exp(B) exp(A) = exp([B, A]) exp(A) exp(B). (1.2.15)

This identity can be generalized in the following way: given n € N, one has

(exp( )exp(/l))n = exp (@[B, A]) exp(nA) exp(nB). (1.2.16)

Indeed, setting C' = [B, A] for convenience,

~

B
(exp B ) exp( ) = exp( C’ exp(A) exp(B )<eXp(B)exp(A))nl
— exp(C) exp( ) exp(B) exp(B) exp(A) (exp(B) expl(d))
— exp(C) exp(A) exp(2B) exp(A) (exp(é) exp(A)

= exp(C) expl(A) exp(20) exp(A) exp(2B) (exp(B) exp(A))

~

= exp((1 4 2)C) exp(24) exp(2B) (exp(B) exp(fl)) . (1.2.17)

We used repeatedly (1.2.15) and we used the fact that C' and A commute to commute their
exponentials (see (1.2.14)). Then, iterating n — 2 times, we get

(exp(B) exp(A))n = exp (Z ké) exp(nA) exp(nB), (1.2.18)

8



which, using Gauss sum formula, reduces to (1.2; 16). Finally, recalling the Lie-Trotter product
formula for two generic linear operators X and Y,

exp(X +7) = lim (exp(¥/n) exp(f(/n))", (1.2.19)

n—o0

we finally obtain (1.2.8), from (1.2.16),

exp(A + B) = lim (exp(é/n) exp(fl/n))n (1.2.20)

n—oo

~ lim exp ((” Vg A]) exp(A) exp(B)

n—oo

l\D

= exp <— B

N
\_/
@
S
@
=y
4
’U

The next results are readily obtained from the previous propositions.

Proposition 1.2.4 (Group property). Given v1,v2 € C, one has that the following identity
holds:

W)W (1) = exp (i Im(7175)) W (31 + 7). (1.2.21)
Proof. This can be easily checked from (1.1.1), (1.2.1) and (1.2.8). O

Remark 1.2.1. By introducing a suitable binary operation, this property of the Weyl operators
can be used to turn the set of Weyl operators into a group.

Proposition 1.2.5 (Decomposition of the Weyl operator). Let v € C be a generic complex
number. Then,

W(7) = exp(— 7|* /2) exp(va*) exp(—7"a). (1.2.22)

Proof. Using (1.1.1), (1.2.1) and (1.2.8),

1

exp(ya’ —7"a) = exp (——

shat =il ) et es(-ra). (1229

which concludes the proof. n

Proposition 1.2.6 (Translation property). Let A be a generic operator and let v € C be a
generic complex number. If A and va™ — ~v*a commute with their commutator, then

A A A

W) AW (7)™t = A+ [A, ~v*a —~va™]. (1.2.24)



Proof. This fact is a prompt consequence of (1.2.1) and (1.2.2). O

Accordingly, one can express the following important statement.

Proposition 1.2.7. Given an annihilation operator a and ~v € C, then

aly) = 1, (1.2.25)

where |y) := W (%)|0) and |0) is the eigenstate of the number operator associated to a belonging
to the 0 ergenvalue.

Proof. From (1.1.11a), .

Then, from 1.2.6,

0 = W(y)alo) = W(y)aW ()" W (7)|0)
= (a+ [a,v"a —~va™]) W(+)|0)
= (& —~1)W(7)]0). (1.2.27)
0

It is possible to show that |y) has an explicit expression in terms of the |n) kets. This is a
fundamental fact.

Proposition 1.2.8. Given v € C, the associated |y) := W (7)|0) enjoys the following expansion:

) = (=1 /2) 3 ) (12.28)

Proof. By (1.1.11a), it is straighforward that
exp(—v"a)|0) = |0). (1.2.29)
Then, by (1.2.22) and by the definition of the exponential operator,

) = W(7)[0) = exp(— |[7|* /2) exp(va™)|0)

o0 n "}/n
=exp(— [y[*/2) ) a* 0)- (1.2.30)
n=0 ’
Using the definition (1.1.4) of the |n) kets, the claim is proven. O

10



Proposition 1.2.9. Given p pairs of annihilation and creation operators a; and a; obeying the
commutation relations (1.1.16) and given v = (y,...,7,) € CP, then the operator defined as

p
W(y) = [ exp (v;af —ja})
j=1

18 a Weyl operator.

A

Proof. By (1.2.14) and (1.1.16), W (-y) can be cast in the following form:

p p
W(v) = exp (Z vl =Y 7 &j> :
j=1 j=1

» 1/2
7= (Z |%|2> :
=1

From (1.1.16), it can be easily checked that

p p
[Z Vany vma;] =71
=1 m=1

Then, we define v € R as

Hence, the operators
12
Yo @ = _Z%di
i
1
vo-at = S Z%dj
i=1

form a pair of annihilation and creation operators. From (1.2.32), it follows that

~

W(y) =exp (vy- 6" —75 - a),

thus showing the statement.

11

(1.2.31)

(1.2.32)

(1.2.33)

(1.2.34)

(1.2.35a)

(1.2.35Dh)

(1.2.36)



Chapter 2

Time evolution and pictures

A short digression on the quantum time evolution theory is made in order to introduce the
concepts and the results which will be used when studying the classical limit of quantum
mechanics in chapter 4. First, we shall take into consideration the evolution operator of a
quantum system in an informal way, presenting and giving for granted the main results of its
theory. Then, we shall proceed with an equally colloquial account on the theory of pictures.
This chapter entirely relies on [6].

2.1 Evolution operator

The Hamiltonian operator of a certain system can sometimes be time-dependent. In this case,
we can suppose that the Schroedinger equation still describes the dynamics of the system:

i () = H(0). (2.1.1)

A solution of this equation is unambiguously determined once an initial condition is set. By
linearity, if |11(¢)) and [i9(t)) are solutions of (2.1.1), unambiguously determined by the re-
spective initial conditions [¢1(0)) = |t19) and [102(0)) = |1ha), then, given ¢, ¢y € C, the ket
|(t)) = |¢1(t))er+|a(t))co is, in turn, a solution of (2.1.1) satisfying |1(0)) = [110)c1+|tha0)Ca.
This fact suggests to represent the time evolution of the state of the system through some linear
operator U(t,0) which should act on the initial condition |(0)) in the following way:

[ (1)) = U(t,0)[¢:(0)). (2.1.2)

Thus, U(t,0) takes the system from its initial state to its state at time ¢ in accordance with
(2.1.1). The choice of t = 0 as a starting point for the evolution of the system is quite arbitrary.
Thus, there should be a linear operator U (t,s) which should act in a more general way on the
states of the system:

(1)) = Ut 5)|v(s)), (2.1.3)

where ¢, s are two arbitrary instants of time. (2.1.3) reduces to (2.1.2) when s is set to 0. The
U (t,s) operator is called evolution operator. Pictorially speaking, the evolution operator has
to guide the state along a suitable trajectory in H which satisfies the Schroedinger equation.
Furthermore, as already remarked, time evolution should be independent from the choice of s.

These observations find mathematical substance in the following equations
ih=U(t,s) = Ht)U(t, s) (2.1.4a)

ih=—U(t,s) = —U(t,s)H(s), (2.1.4b)



which must be obeyed by U(t, s) with the initial condition

A~

U(s,s) = 1. (2.1.5)

Equations (2.1.4a) and (2.1.4b), with (2.1.5), follow from (2.1.1) and (2.1.3). To maintain its
probabilistic interpretation, the state of the system must be normalized in each instant of time.
This mathematically translates to the fact that the norm of |¢)(¢)) must be preserved in time,
that is to the fact that U (t,s) must be an unitary operator. The evolution operator must also
obey some sort of composition law which should ensure that evolving the state from a time s
to a certain time u and, then, evolving it from w to ¢ is equivalent to taking the state directly
from s to t. Finally, the operator which makes the state evolve from s to ¢ should be the
inverse of the operator which makes the state evolve from ¢ to s. Luckily, all these physical
requests mathematically follow from the evolution operator equations. In fact, from (2.1.4a)
and (2.1.4b), one has that

Ult,s)" =U(t,s)™? (2.1.6a)
Ut,u)U(u, s) = Ult, s) (2.1.6b)
Ult,s) =U(s, t)7" (2.1.6¢)

We see that solving the evolution operator equations is equivalent to solving the Schroedinger
equation. In a particular case, this can be readily done. Indeed, when H(t) is actually time-
independent, say H(t) = Hy, the evolution operator has the following expression:

~

U(t,s) = exp (—ih‘l(t - s)m) , (2.1.7)

which can be easily found to satisfy (2.1.4a) and (2.1.4b) with the initial condition (2.1.5).

2.2 Pictures

Solving the Schroedinger equation or finding an appropriate evolution operator is mostly hard
work. Classical mechanics has taught us how there are certain transformations, which we call
canonical transformations, which can simplify the problem of solving the equations of motion.
The question which arises is whether there are, in quantum mechanics, transformations which
simplify the calculation of the quantities which we are interested in, that is probabilities and
expectation values. Given a certain state |¢)) which a quantum state lies in and given a certain
observable A, the expectation value (A) of the observable A in the state |¢) is computed as

(A) = (Y] Afp) (2.2.1)

and the probability P(s) that a certain measure of A produces a value laying in some range »
is evaluated as

Pe= [ el 222
z(§)ex

where 2(€) are the eigenvalues of A and |€) are the associated cigenkets. The |€) kets form an
orthonormal basis for H. For some arbitrary unitary operator 7', the quantities (A) and P(x)
are invariant under the following transformations:

)y =T [v) (2.2.3a)
Ap =TTAT. (2.2.3b)
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In fact, through the unitarity of 7', it can be easily checked that

(I = | (ElW) 7 (2.2.4a)
W|Alp) = (W] A7|¥)y, (2.2.4b)

that is that (A) and P(s) are invariant under (2.2.3a) and (2.2.3b). The fact that the funda-
mental quantum physical quantities are preserved by T suggests that, if T was to enjoy similar
properties to those of the evolution operator, one could perform some sort of artificial time
evolution of the state of the system without touching its main quantitative features and, if
possible, simplify their calculation and the Schroedinger equation itself. Hence, chosen some
selfadjoint time-dependent operator K (t), we suppose that T(t, s) is a time-dependent unitary
operator obeying to the following equations:

0 - N
zhET(t, s)=K(@t)T(t,s) (2.2.5a)
ih%f(t, s)=—T(t, s)K(s) (2.2.5b)

with the following initial condition: R
T(s,s)=1. (2.2.6)

Comparing (2.2.5a) with (2.1.4a) and (2.2.5b) with (2.2.5b), we see that the T'(f, s) operator
plays the role of an evolution operator for a system whose dynamics are governed by K (1),
which plays the role of a Hamiltonian operator. These equations ensure that T(t, s) enjoys
the same properties as the evolution operator itself (see (2.1.6)). For each instant of time,
performing the transformation

() = T(8,0)7 (1)), (2.2.7)

if an equally fit transformation is performed on A, (2.2.1) and (2.2.2) are preserved and their
calculation could be simplified, as well as the search for a solution of the Schroedinger equation,
which, for the new |¢(t)) 5, reads as

d

i [0() e = HO @) (1) (2.2.8)

where

HUO(4) = T(¢,0)* (ﬁ(t) . K@)) 7(t,0). (2.2.9)

This can be easily seen by calculating the derivative on the left side of (2.2.8) through (2.1.1),
(2.2.7), (2.2.5a) and (2.2.5b). Once (2.2.8) is solved (an initial condition must be assigned),
|1(t)) is retrieved through (2.2.7). We say that (2.2.7) defines a K-picture. A K-picture is then
determined by the choice of K (t). Analogously to the standard Schroedinger problem, instead
of solving directly the K-picture Schroedinger equation, one can define an evolution operator
for the K-picture. This operator is defined as the solution U®) (t,s) of the following equations:

OO0 1, ) = K01, 5) (22.10a)
001, 5) = ~0U (1, ) (s), (2.2.10b)

with the initial condition )
U (s,5) = 1. (2.2.11)
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It can be seen that ) ) X X
U (t,s) =T(t,00U(t,s)T(s,0) (2.2.12)

solves the equations (2.2.10a) and (2.2.10b) with the initial condition (2.2.11). One can define
the K-picture version of a generic selfadjoint time-dependent operator A(t) as

Ag(t) :==T(t, 00 A(t)T(¢,0), (2.2.13)

in order to comply with the conservation of (2.2.1) and (2.2.2). It is found that Ax(t) obeys
the so-called Heisenberg equation:

mthK() —[K (K)(t),flK(t)]Jrih(%fl) (t), (2.2.14)

K

where

KB @) :=T(t,00"K(t)T(t,0) = Kx(t) (2.2.15)

is called the Heisenberg Hamiltonian. (2.2.14) is obtained by calculating its left term using
(2.2.13) and (2.2.5a). There are some standard K-pictures. The choice

~

K(t)=0 (2.2.16)

defines the so-called Schroedinger picture. It follows from (2.2.5a), (2.2.5b) and (2.2.6), that

T(t,s)=1 (2.2.17)
and, from (2.2.7), that

[Y(t)s = (1)) (2.2.18)

In consequence of (2.2.17), from (2.2.9), (2.2.12), (2.2.13) and (2.2.15) one has that
HS () = H(t) (2.2.19a)
U (t,s) =Ult, s) (2.2.19Db)
Ag(t) = A(t) (2.2.19¢)
K®(t) = 0. (2.2.19d)

The Schroedinger picture is nothing but the standard form of quantum mechanics. Instead,
the choice R X
K(t) = H(t) (2.2.20)

defines the so-called Heisenberg picture. From (2.2.5a), (2.2.5b) and (2.2.6), it can be seen that
T(t,s)=Ult,s), (2.2.21)

where U(t, s) is the evolution operator of the Schroedinger picture. From (2.2.7) and (2.1.2),
one has that

() = U(£,0)7 e(t)) = [4(0)). (2.2.22)

The state of the system is time-independent in the Heisenberg picture. Again, as a consequence
of (2.2.9), (2.2.12), (2.2.13) and (2.2.15), it follows that

() = (2.2.23a)
U(H (t, S) (2.2.23h)
Au(t) = (, 0)"A(t)U(t,0) (2.2.23¢)
K"™(t) = U(t,00" Ht)U(t,0) = Hy(t). (2.2.23d)



If the system is subject to a time-dependent perturbation energy W(t) and if the unperturbed
Hamiltonian Hj is time-independent, one can write the perturbed Hamiltonian as

H(t) = Hy + W (t). (2.2.24)
Then, the choice R R
K(t) = Hy (2.2.25)
defines the so-called Dirac picture. From (2.2.5a), (2.2.5b) and (2.2.6), one has that

~

T(t, 5) = Up(t, s) = exp (—mfl(t - s)ﬁo) . (2.2.26)

By (2.2.7), it follows that )
() p = Us(t, 0) 7 (1)) (2.2.27)

Finally, following from (2.2.9), (2.2.12), (2.2.13) and (2.2.15) and from the fact that Hy com-
mutes with Up(t, s), it is straightforward that

HP)() = Up(t, 0) W (1) Us(t,0) = Wi (t) (2.2.28a)
TP (t,5) = Uy(t,0)TU(t, s)Us(s,0) (2.2.28b)
Ap(t) = Up(t,0)A(t)Uys(t, 0) (2.2.28¢)
CP)(t) = Uy(t,0)" HyUp(t, 0) = H,. (2.2.28d)
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Chapter 3

Coherent states

The aim of this chapter is to introduce a class of special states which are called coherent states.
To start with, we show a general form of the Heisenberg principle, which involves a generic
pair of selfadjoint operators rather than just the position and momentum operators. From
there, it will be found that there are some states which saturate the inequality appearing in the
mathematical expression of such principle. These states, under physically loose conditions on
the operators appearing in the generalized Heisenberg principle, are eigenstates of a distinctive
class of annihilation operators. At this point, these states will be defined to be the coherent
states of the system and their properties will be analysed in great detail. Even a general
expression of this states will be found. What follows is based on chapter 7 of [1].

3.1 The Heisenberg principle

The Heisenberg principle is one of the main features of quantum mechanics. It quantitatively
describes the fundamental difference between the macroscopic and microscopic worlds, that is
the phenomenon of interference in the measurement of observables. For this reason, as it will
be shown in this section, studying the Heisenberg principle should provide some clues about
the form of the states which behave in a kind of classical manner. Indeed, classical observable
quantities are defined in each state of the system: there is a one-to-one correspondence between
states and observables, differently from the case of quantum mechanics. So, it seems sensible
to suppose that the quantum states which we are interested in should minimize the uncertainty
associated to the observable quantities of their system, thus minimizing the undefinedness of
their expectation values and mimicking a classical behaviour.

The Heisenberg principle is mostly known in the form

AgsAps > g, (3.1.1)

where Ag, and Ap, are the uncertainties associated to the position and momentum operators
in a generic state |s) of the system. However, there is a more general form of this principle
which is established by the geometry of the Hilbert space of states H.

Theorem 3.1.1 (Generalized Heisenberg principle). Given a generic state |s) € H and two
arbitrary selfadjoint operators A and B, it can be shown that

5 Gl1A, Blls)] < (514212251 B2 (3.12)
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Proof. By linearity and by the triangle inequality, one has
]<S|[A, E]|s>‘ - (<S\AB - BA\S>] - ‘(s]ﬁé]s) - <S|BA|5>‘ < ‘<5|fl§|s>‘ + ]<S\BA\S>‘ . (3.1.3)
Without loss of generality, as it will turn out later, we can assume that

<S|BA|S> < (s|f1f3|s> ,

(3.1.4)
which implies, by (3.1.3), that

‘<5|[A, B]|s>‘ <2 ‘<S|A1§|S>(. (3.1.5)

Using the Schwarz inequality and the Hermiticity of A and B, it is easy to find the following
upper bound for (3.1.5):

‘<S!/1f3!5>) < [AIs)[1Bls)|| = (s|AAJs)!(s|BBls)'/? = (s|A%|s)"/*(s| B2|s) "%, (3.1.6)

which completes the proof for (3.1.2). This last step highlights how the assumption (3.1.4) is
completely generic and does not spoil the general nature of (3.1.2). O

The generalized Heisenberg principle works because of the Schwarz inequality and of the
triangle inequality. Hence, its validity is only due to the geometry induced on H by the bra-ket
product.

Example 3.1.1. As an example of how (3.1.2) works, we can obtain (3.1.1) from it. Let us
define the following operators for a generic state |s) labelled by the letter s:

Aps = — ()il (3.1.7a)
Ags =g — {q)s1, (3.1.7b)
where (p)s = (s|p|s) and (q)s = (s|q|s). It follows that

Ap? = ApBp. = 1* — 2(p)sb + (p): (3.1.8)
Ag2 = Ag,Ags = ¢% = 2(q)5G + (0)3, (3.1.9)

that is, by linearity and writing (p?), = (s|p?|s) and (¢)s = (s|¢?|s),
Aps = (s|Ap3ls) = (p*)s = 2(p)s(p)s + (P)S = (P*)s — (DS (3.1.10)
Ag: = (s|Ag2]s) = (¢%)s — 2{@)s(@)s + (a)3 = {@*)s — (@) (3.1.11)

By the canonical commutation relations, by (3.1.7) and by (3.1.2), where we set A = Ag, and
B = Aps, it follows promptly that

1 1 . 1 —_— — —
Sh= L (sl alle) = 5 | (1B Bpulle| < IAZI (AR (3112
This inequality, using (3.1.10) and (3.1.11), translates to (3.1.1).

There are some states which can be safely said to saturate the (3.1.2) inequality. This fact
is made more precise in the following basic statement, where a sufficient condition on |s) is
found for (3.1.2) to become an equality.
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Proposition 3.1.1. Let A and B be two arbitrary selfadjoint operators and let |s")y € H be a
state satisfying the equation X X
A|s")y = —B|s"yir, (3.1.13)

where r € R. Then, (3.1.2) becomes an equality.

Proof. With the assumptions made, one has that

(s'| A2)s'VY/? = (ir(s'| BB|s'Yir)Y? = r(s'| B?|s')!/?, (3.1.14)
that is ) R R
(5'| A2|s") V2 (o' | B2|s) /2 = r ‘(S’IBQLS’) . (3.1.15)
Moreover,
’<3'|AB|S'>‘ — ‘ir(s’|B2|s'> — (5| B . (3.1.16)
Finally, being r real,
(s'|[A, B]|s ‘ "|AB|s') — (s'|BA|s) (3.1.17)
= [(s1B%')ir + in(s'| B2)s") | = 2r | (s B%)s")
which concludes the proof. O
Remark 3.1.1. If (3.1.13) is satisfied and if
[A, B] = iad, (3.1.18)

with @ € R (o and 7 must have the same sign), one can find an interesting property which will
turn out to be useful later. In fact, dividing (3.1.13) by (2ra)'/? and rearranging its terms, one

has an eigenket equation
1

(2ra)l/?
which can be solved to find the |s’) which saturates the Heisenberg principle. Furthermore,

(A+irB)/(2ra)"/? is an annihilation operator. This can be easily seen by checking the definition
(1.1.1).

(A+irB)|s") =0, (3.1.19)

3.2 Coherent states: definition

Having identified a sufficient condition to find minimum-uncertainty states (see (3.1.13)), the
focus is set on the possibility of finding a general expression for these states. A set of purpose-
built states is now going to be introduced in order to solve this problem. The elements of this
set satisfy all the properties which make them fit candidates for being considered as possibly,
under suitable conditions, classically-behaving states. We call these states coherent states.
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Definition 3.2.1 (Coherent states). Let A and B be two selfadjoint operators satisfying the
commutation relation o
[A, B] = ial, (3.2.1)

with o € R and let v € R be a generic real number such that sgn(r) = sgn(a). Let v € C be
defined by

8]

Re(v) = (2ra)i2 (3.2.2a)
Im(v) = c; (i) " (3.2.2b)

with ¢y, co € R. Then, we call coherent state the state |y) defined as

) == W (¥)]0), (3.2.3)

where W(’y) 1s the Weyl operator associated to an annihilation operator of the form

. 1 P

and where |0) is the ket belonging to the 0 eigenvalue of the number operator of a.

We will say that the two operators and the annihilation operator appearing in the definition
are the operators and the annihilation operator associated with the coherent state. From the
definition, the main features of the coherent states immediately follow.

Proposition 3.2.1. Coherent states are eigenstates of their associated annihilation operator:

aly) =) (3.2.5)
Proof. This fact is an immediate consequence of proposition 1.2.7. n

Proposition 3.2.2. Coherent states are minimum-uncertainty states with respect to their asso-
ciated operators.

Proof. The uncertainty operators associated with A and B can be generically defined as:

—_—

AA = A—¢i (3.2.6a)
AB := B —¢1, (3.2.6b)

where ¢; and ¢ are the constants introduced in definition 3.2.1. Then, (3.2.5) becomes

that is - -
AAly) = —ABly)ir. (3.2.8)
From proposition 3.1.1, the statement is shown. O
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The fact that we introduced ¢; and ¢y in the definition of AA and AB seems quite an

arbitrary choice. This is not fortuitous. In fact, the following statement holds true.

Proposition 3.2.3. Let |y) be a coherent state. Let A and B be its associated operators, with

r, a, ¢p and ¢y as above. Then,

where we defined (X)., = (7| X|7).

Proof. We start by calculating the expectation values.
Step 1. By definition,

(A)y = (v|A]7) = (O|W ()" AW (7)]0).

3.2.9b

(3.2.92)
(3.2.9b)
(3.2.9¢)

)

(3.2.9d

(3.2.10)

Our goal is to compute the unitary sandwich W(v)*AVAV(W) First, we evaluate the following

expression through (3.2.1), (3.2.4) and (3.2.2a):

U T N S A 7 N S
[A,va vra| = Bra)i? [A, A —irB] Gra)i? [A, A +irB|
—r .
= (2ra)? (v + 7")ial = (2ra)Y?Re(y)1
:Cli.

By proposition 1.2.6, the unitary sandwich we want to evaluate can be expressed as
W) AW (y) = A+ e,

This leads to X A
(A)y = (O[(A+¢11)[0) = (A)o + 1.

Using (3.2.4), it can be easily found that

A 1/2
A= (%) (a+a™).

Then, from (1.1.11a), it is straightforward that
(A)o =0,
showing (3.2.9a). Analogously, it is easy to find that
W ()Y BW (v) = B + 1.

From (3.2.4),

(3.2.11)

(3.2.12)

(3.2.13)

(3.2.14)

(3.2.15)

(3.2.16)

(3.2.17)



which leads to
(B)o =0, (3.2.18)

that is (3.2.9b).

Step 2. We now compute the uncertainties. The definitions (3.2.6), have been somehow
justified, since, generically speaking, the operator which gives the uncertainty of a certain
observable for a given state is of the form:

AX, =X — (X),1. (3.2.19)
Then, taking (3.2.6) for granted, it easy to find that

<AA2>’Y = <A2>7 - <A>'2y = <A2>7 - C% (3.2.20a)
(AB), = (B%), — (B)? = (BY), — & (32.200)

Then, to evaluate these expressions, by definition, one has to compute the following unitary
sandwiches:

W (y)TA2W () (3.2.21a)
W(y)*B*W () (3.2.21D)
For instance, we can evaluate (3.2.21a). Since W (y) is an unitary operator (see proposition

1.2.1), one has that R - R B
W) AW () = (W ()P AW (7))*. (3.2.22)

Then, by (3.2.12), ) o X )
W) TA2W () = A% + 2¢, A + 3, (3.2.23)

which, taking into account (3.2.15), leads to
(AA%) = (A%),. (3.2.24)

Using (1.1.1), (1.1.11a) and (3.2.14), it is easy to find that

(A%)y = % (3.2.25)
thus showing (3.2.9¢). (3.2.9d) is analogously found. O

Remark 3.2.1. The previous result could also be used to show that a coherent state is a
minimum-uncertainty state. Indeed,

1 —_—

(AA2(ABY)2 = S — Z([AA, AB]),. (3.2.26)

2 2
Finally, a general form for the coherent states can be found. In fact, coherent states can be
expanded in terms of the |n) with well-known expansion coefficients.

Proposition 3.2.4. Let |y) be a coerent state. Then,

) = exp(- 1" 2 3 ) s (32.27)
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Proof. The statement readily follows from proposition 1.2.8. ]

Example 3.2.1 (Relevant quantities derived from the coherent states of the harmonic oscilla-
tor). To identify the coherent states of the harmonic oscillator of mass m and angular frequency
w, we have to find two operators of the sort (3.2.1) in order to define a proper annihilation
operator. The position and momentum operators satisfy this request with a = A:

[G,p] = ihd. (3.2.28)

We have that » must have the dimensions of a time divided a mass. Then, we set r = 1/(mw).

From (3.2.4), we define
mw 1/2 {
o= |—— 1+ —7D . 3.2.29
¢ < 2h ) (q * mwp) ( )

We choose two real numbers ¢ and p and we set ¢; = ¢ and ¢ = p. From proposition 3.2.3, it
immediately follows that

2h \ '/

(0)y =q= (@) Re(v) (3.2.30a)
(p)y = p = (2hmw)"/* Im(v) (3.2.30b)

O\ /2

Agy = |5 — 2.

Ty (2mw> (3.2.30¢)

B 1/2
Ap, = (—”2“”) . (3.2.30d)

It follows that

Ag,Ap, = oX (3.2.30e)

Example 3.2.2 (Coherent states of the harmonic oscillator in the Schroedinger representation).
Consider an harmonic oscillator of mass m and frequency w. Then, for x € R in its configuration
space, consider |z), i.e. the eigenket of the position operator ¢ belonging to the x eigenvalue.
For a given n € N, the expression of the normalized wavefunction of the harmonic oscillator
reads as (see [6])

n(2) = (2[n) = g1/27r(1_/41();f;|)1/2H (%) exp (‘572) , (3.2.31)

where £ := (h/mw)"/? and where H, (¢) is the Hermite polynomial of order n. Through (3.2.27)
it is possible to find that, for a given v € C, the normalized wavefunction of the coherent states
of the harmonic oscillator are

6n(a) 1= loh) = e (=56 b e (=3 (F420) ). 23

Indeed, combining (3.2.31) and (3.2.27),

1 =1 7y T x
{x]7) = 24 exp(—|v[*/2) ZO nl <21/2) n (Z) exp <_2_£2> : (3.2.33)
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Figure 3.1: Plot of the squared modulus |¢,(x)[* of ¢, (x), with v = 1 4 4, as a function of x.

Then, expression (3.2.32) is obtained through the exponential generating function (see [8])

[e.9]

exp(2&t — %) = Z

n=0

t’rL

n!

H,,(§), (3.2.34)

with ¢ = /¢ and t = —ivy/22. The squared modulus of ¢.,(z) has a Gaussian profile, as shown
in figure 3.1.

Example 3.2.1 is one of the many applications of the fact that quantum systems described
by canonically commuting operators admit coherent states. This is contained in definition 3.2.1.
The coherent states of any system which is the quantum version of a classical system can always
be defined through the operators ¢ and p or through other equivalent canonically commuting
operators. Furthermore, from Dirac’s quantization principle, given two canonically conjugate
phase functions f; and fs,

{fi.o} =1 = [fi. fo] =ikl + O(K?), (3.2.35)

meaning that f; and f, can, under suitable conditions (O(h2) = 0), possibly satisfy (3.2.1) and
therefore are fit candidates to define the coherent states of the associated quantum system.
This connection between classical systems and coherent states strengthens the idea that the
behaviour of these states should be studied in a semiclassical limit. This will be done in chapter
4 for a more general class of states which contains the set of coherent states. We now move on
to a further characterization of these states.

3.3 Coherent states: general properties

The way coherent states were built allows one to find some other properties of these. For
instance, it can be seen that coherent states form a non-orthogonal set of normalized states.
Proposition 3.3.1. Let |y) and |y') be two coherent states with v # «'. Then,

() =1 (3:3.1a)
(Y1) = exp(=|]y =v'|?/2 + iIm(v*Y)) # 0. (3.3.1b)
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Proof. The two relations will be proved in two separate steps.
Step 1. From the definition of |y), from the fact that W (v) is unitary and from the or-
thonormality relations (1.1.12a), we find

(Y17} = (O[W ()" W (7))0 = (0]0) = 1. (3.3.2)

Step 2. Using the explicit expression (3.2.27) for |y) and using the orthonormality relations
(1.1.12a) which exist between the eigenkets of the number operator, we find

no__ 2 12 o ’Y*m A"
B ) ) oo 0 ,y*m ,Yln
m=0 n=0
0 * /
= exp(=Iv[*/2 = |7'[*/2) Z
n=0 '
= exp(—71?/2 = [7']?/2) exp(v* 7)
= exp(—=[71*/2 = IV'1?/2 + 7). (3.3.3)
Hence,
—2/2 =1 P2+ 4 = =2 = VP2 4+ Y 12+ 2+ 12 — /2
—(VP+ P =" =2 = (v —™)/2
— (WP + VPP = 2Re(yy™)) /2 4 i Im(v*Y)
—|y =~P/2 +ilm(y*y), (3.3.4)
which concludes the proof. ]

The following corollary is an immediate consequence of the previous relations.

Corollary 3.3.1. Let |y) and |y') be two coherent states. Then,

0 <[{(y) <1 (3.3.5)

Given the fact that coherent states are parameterized by a complex number v, if we choose
~" € C close enough to 7 in the Euclidean metric sense of this expression, it is natural to wonder
whether we will get a |7') close enough to |v) in the metric induced on H by the bra-ket product
or not. The answer to this question is affirmative. In other words, coherent states display some
sort of continuity.

Proposition 3.3.2. For some fized v € C,
Ve>0,30>0:Vy eC,|[v—7]<d = |I|h) =)l <e (3.3.6)

where | - | is the Euclidean norm on C and || -|| is the norm induced on H by the bra-ket product
and where |7y) and |y') are coherent states.
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Proof. By Proposition 3.3.1 and the definition of the norm, one gets

1) = 12 = (] = DUy = 1))
=+ ) =Gl =

—2(1 - Re((417))) (33.7)
By continuity of the bra-ket product,
lim Re((y|y)) =1, (3.3.8)
V=
which concludes the proof. n

3.4 Overcompleteness of coherent states

For most quantum systems, it is customary to represent H through a complete orthonor-
mal set consisting of eigenkets of selfadjoint operators representing observables of the system.
Therefore, it might seem odd to represent H through an overcomplete set of eigenkets of non-
Hermitian operators, such as the annihilation operator a. The expressions (3.3.1a) and (3.3.1b)
state that G := {|7) },ec consists of non-orthogonal normalized kets. However, it can be shown
(see [12]) that the set

S:={eG:y=a21l+im),lmeZ}CG (3.4.1)

does constitute a basis for . This means that the eigenkets of a form an overcomplete rep-
resentation of H. We will not show this result. However, we will show that G is complete.
Indeed, one has the following result.

Proposition 3.4.1. Let G := {|7)},ec be the set of the coherent states of a quantum system.
Then,

N 1
i1 / ) (3.4.2)
TJc
holds.

Proof. Showing (3.4.2) is equivalent to showing that, for any |\), [¢) € H

1
o) = 1 [ oMo, (3.43)
holds. Using (3.2.27), one gets

1 1 oo 0 m A %1
2 Lol = [ a3 S i) i)

o 0o 00 pmn . — o

/ / rdrdf exp(— ZZ T;I;(;?;?/Q ") ><7”LW>>
m=0 n=0 o
(3.4.4)
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where we changed the integration on C into an integration on the polar plane, setting v =
rexp(if) and d*y = rdrdf. Writing that

1 o —_ Mt ex
= [ Evomai —; g [ [ rirasesni- EDIICITE e o
= — lim IR; (345)

T R—oo

we can concentrate on Iz. Ir can be separated into a radial integration and an angular inte-
gration:

& R 2
Ir = Z ZWWW(HIW </0 drym Tt exp(—r2)) (/0 df exp(i(m — n)@))
-y Z<>\|m>ﬁ<n|@/}> (R m,n)Iy. (3.4.6)

It can be easily seen that

Iy = 276 s (3.4.7)
which leads to
Ip = 271'2 /\|n n]w / drr®™*t exp(—r?). (3.4.8)
Let’s take a look at the integral in dr. Setting 7? = y and 2rdr = dy, we get
R 1 (R
/ drr*" ™ exp(—1r?) = 5/ dyy™ exp(—y). (3.4.9)
0 0
Then, we define
1 (B
I (R) = F/ dyy™ exp(—y). (3.4.10)
n! Jo
By the fact that the integrand is non-negative, we have I';,(R) > 0 and that
T[>~ 1
I'(R) < —'/ dyy" exp(—y) = =I'(n+1) =1, (3.4.11)
n! J, n!

where T" is the gamma function. Then, using (3.4.10), we obtain the following expression for
IR:

=27 ) (Aln)(n|y)T(R). (3.4.12)
Since {|n)}nen is complete, N
(g = (Al (nfy) < oo (3413)

With the fact that 0 < T',(R) < 1, one has that Ir converges too and the limit (3.4.5) can then
be interchanged with the limit which defines the series in n:

(e}

7T/CF A (1) —22 Aln)(nle) lim Ty (R) =Y _(Aln)(nly) = (Alv), (3.4.14)

n=0 n=0
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as, from (3.4.10), it can be easily seen that

Jim () = 5 i, / A exp(=y)
1 [ 'n+1) 1
_ L mexp(—y) = 1) 1 41
57 [ duytexp(—y) = == =2 (3.4.15)
0

There are some important properties which follow from (3.4.2). In particular, all kets
|t)) € H now enjoy the following decomposition in terms of coherent states with the complex
coefficients (y[v):

) = 1 [ i) (3416

The coefficients (y|¢) display some interesting properties. In fact, they have an explicit expres-
sion and exhibit boundedness and analyticity (up to a gaussian factor) on C. To begin with,
we give these coefficients a name.

Definition 3.4.1 (Vector representative function). Let |¢p) € H be an arbitrary state of the
Hilbert space. Then, the complex-valued function () defined as

Y. C—C
v P(y) = (Y[) (3.4.17)

is called the vector representative function of |1).

Proposition 3.4.2. Let 1)) € H be an arbitrary state of the Hilbert space. Then, the vector
representative function V() of [) has the following explicit expression:

0 ,Y*n
V() = (yl) = exp(=*/2) ) yi7e (1) (3.4.18)
n=0
Proof. This follows immediately from proposition 3.2.4. m

Proposition 3.4.3. Let [¢)) € H be an arbitrary state of the Hilbert space. Then, the vector
representative function V() of |¢) is bounded, continuous and

fo() = exp(y*/2)(7) (3.4.19)

18 analytic everywhere on C.
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Proof. This proof will be divided in two steps. In the first step, ¥ (y) will be shown to be
bounded and continuous. In the second step, fy(y) will be shown to be entire.
Step 1. We need to show that

dJCeR:VyeC = [y¥(y)| <C. (3.4.20)

We start by fixing some 7/ € C. Then, we compute [¢)(7)]. Using the Cauchy-Schwarz
inequality and (3.3.1a),

W] = 1Y [0 < (Y2l = (@l = [[l)]] < oo (3.4.21)

Hence, this first statement is proven just by choosing C' = |||1)||. We now want to show that,
fixed some v € C,

Ve>0,30>0: VY eC,|y—1<d = W) —¢vH)| <e (3.4.22)

We start by computing [1)(y) —1¥(7')|. By the linearity of the bra-ket product, by the Cauchy-
Schwarz inequality,

(7)) =P = [y — ()]
= [((v] = (YDI)]
< vl = M- (3.4.23)

Hence, by proposition (3.3.2), (3.4.22) follows.
Step 2. By definition (see [7]), a complex-valued function f defined on an open set D C C is
said to be analytic on D if, Vvy € D, Ip(y0) € R, p(70) > 0, such that, Vv : |v — | < p(1),

Jag, ... a5, ... f(7) :Zak(v—%)k. (3.4.24)

A complex-valued function f is said to be entire if it is analytic on D = C. We now proceed
to show that f,(y) satisfies this condition. First, by the triangle and the Cauchy-Schwarz
inequalities, we notice that

i ,Y*n oo * n 00 * n
(n!)1/2 (nly)| < Z [(nl)| Z n\n 1/2<¢|¢>1/2 (3.4.25)
n=0 n:O :0
In other words, from (1.1.12a),
exp(|7[*/2)]¢ (v Z i )| < M) < o0, (3.4.26)
=

for all v € C, as can be easily seen by the ratio test for convergence. Then, the series expansion
appearing in

o ,.Y*n
fu(y) = exp(|7[*/2)d(v) = Z; g7 () (3.4.27)
is convergent for all v € C and, set vy = 0, fy(7) is found to be analytic on C. n

Remark 3.4.1. Being () entire up to a a factor exp(—|v|?/2), it is known from complex
analysis that it is infinitely differentiable in . In addition, it is worth pointing out that not
every entire function is a fit candidate for ¥(v), as (3.4.26) imposes a growth restriction on
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That being said, (3.4.16) can be written in terms of the vector representative function of

|¥):
W) = l/(cd%lv)w(v)- (3.4.28)

™

In an analogous fashion, operators too can be expanded in terms of the coherent states. Indeed,
given a generic operator B, multiplying on both sides by (3.4.2),

R 1 . 1
B=— / Py d*yoly1) (11| Bly2) (2| = = / Py d*yo| ) (B2) (1) (2], (3.4.29)
where (B7,) is the vector representative function of B[w). There are further properties which

the vector representative functions must satisfy.

Proposition 3.4.4 (Integral equation for the representative function). Let [)) € H be an
arbitrary state of the Hilbert space. Then, its vector representative function solves the following
integral equation:

1
v = = [ EVEGA ). (3.4.30)
where the integral kernel K(v,~') is defined as
K(v,7) == (7). (3.4.31)
Proof. The claim is a prompt consequence of (3.4.16) and definition (3.4.1). O

Similar integral equations must be fulfilled by the representative functions for operators.
Moreover, The integral kernel (3.4.31) satisfies an idempotence condition and acts like a pro-
jector.

Proposition 3.4.5 (Idempotence condition). Given K(v,~") := (y|¥"), where |v),|v") € G,
one has that

1
K(v.7") =~ / Ay K (7,7 )K", (3.4.32)
¢
Proof. This fact results from choosing ) = |7”) in (3.4.30). O

To conclude this section, it is interesting to point out that the fact that G is overcomplete has
some bizarre consequences. First, (3.4.2) is not unique. Indeed, one can create infinitely many
decompositions for 1 and, consequently, for every ket and operator in the following manner:

o IR 1 1
1=11= ), Pnd*ye|n) (nle) (el = = /@2 PP ynd®ye ) K (11, 72) (1] (3.4.33)

Another consequence of the overcompleteness of GG is that there are some sort of linear depen-
dencies between coherent states. For instance, simply by using (3.4.16) with |¢)) = |y/) € G,
one can express |y') in terms of every element of G. A light can be cast on other forms of
dependencies between coherent states.
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Proposition 3.4.6. Let v € C be a generic complex number and let |y) € G be its associated
coherent state. Then, given an arbitrary p € NT,

/d2fy|7>7p = 0. (3.4.34)
o

Proof. We start by writing the polar form of 7, i.e. v = rexp(if), and by using proposition
(3.2.4):

) = |7 exp(i6)) = exp(—r2/2) Z| ). explj;w). (3.4.35)

Then, we multiply this expression by exp(ipf) and we mtegrate this product in 6 from 0 to 27:

2w

/0 Trd9|7" exp(i6)) exp(ipd) = exp(—r?/2) Z |n 1/2/ dfexp(i(p+mn)f) =0. (3.4.36)

This follows from the fact that p+mn # 0 Vp (see (3.4.7)). Multiplying (3.4.36) by rPr and
integrating in 7 from 0 to oo, relation (3.4.34) is reached. O

Despite the fact (see proposition 3.4.6) that sets of infinitely many coherent states are
linearly dependent, it can be shown that, when there is a finite number of them, they are
linearly independent.

Proposition 3.4.7. Let N € Nt with N < oo. Let |y.) € G, withk =1,...,N, be N coherent
states. Then, giwen N arbitrary complex numers ¢, € C, with k = 1,..., N the following
statement holds true:

D lma=0 < =0 Vk=1,... N (3.4.37)

Proof. The (<=) implication is straightforward. Let’s show (=) by contradiction. We start
by assuming that finite linear combinations of coherent states are in turn coherent states. This
is equivalent to assuming that, in

N
D e =0 (3.4.38)
k=0
there is a least one m € {0,..., N} such that ¢,, # 0. Then, rearranging (3.4.38), we obtain
N ‘o
Ly Gy 3.4.39
[Ym) k:%;m v (3.4.39)
Choosen some |7,,) with n € {0,..., N}, we define |y, ) as
N
L) = T = 1) (Gl Ym) = [y + ) Z (k) =& (3.4.40)
k=0,k Cm

We assumed that finite linear combinations of coherent states are coherent states. Then, |y, )
is a coherent state. It is easy to check that

(YnlyL) =0. (3.4.41)
This, however, contradicts (3.3.1b). The statement is thus shown. O]
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Chapter 4

Classical particle limit

In the quantum formalism, the experimental fact that, under certain conditions, quantum sys-
tems with a classical analogue display a classical behaviour is not immediately obvious, although
it is something sensible to expect from the theory if it models accurately the phenomenology.
Therefore, a link between Hamiltonian mechanics and quantum theory should exist and, under
fit circumstances, it should be possible to retrieve the dynamics of a classical particle through
the quantum formalism. Classical observables are in one-to-one correspondence with phase
functions, while quantum observables are in one-to-one correspondence with selfadjoint opera-
tors. In a given state, the physically relevant quantities which can be obtained from selfadjoint
operators are their expectation value and their uncertainty: these are significant quantities in
the transition between the two theories. For this reason, the focus should be set on recov-
ering classical equations from the expectation values and the uncertainties of the selfadjoint
operators corresponding to classical observables. The problem essentially boils down to finding
the suitable quantum states in which the computed quantities produce the desired result. The
theory of coherent states which was studied in the previous chapter already suggested in some
way a suitable form for these states.

In this chapter, we start by rephrasing the question in a more formal and precise manner. Then,
ignoring time evolution, we first solve the problem for position and momentum. In the last
section, time evolution is taken into consideration and, again, the problem is solved for position
and momentum, bringing really interesting results. This chapter relies on the introduction of

3].

4.1 Statement of the problem

Let v be the number of degrees of freedom of a certain quantum system which has a classical
counterpart. In quantum mechanics, the states of the system are represented by the rays of a
certain Hilbert space H and observable quantities of the system are represented by selfadjoint
operators on H. In classical mechanics, the state of the system is represented by a point in
a 2v-dimensional space F called phase space. Observable quantities are represented by phase
functions, that is by real functions on F.

One wants to obtain classical observables from the quantum ones. To this goal, given a h-
dependent selfadjoint operator A and given its classical equivalent phase function a(¢), with
¢ € F, one must find the states |, ) such that

h—0,

(An)iney — a(C) (4.1.1a)
(AAR) ho) LnaNy)) (4.1.1b)

Our aim is then to determine the form of the states satisfying (4.1.1).
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Remark 4.1.1. In this context, the symbol A has to be regarded as a parameter that represents
to which degree the quantum system is close to its classical counterpart. Accordingly, taking
the formal limit 4 — 0 mathematically describes the process of taking the system to its classical
form. This process must not be intended as an actual variation of A, since the reduced Planck
constant is unalterable and its value is measurable and well-known. The limit A — 0 must
rather be regarded as a mathematical way to express the fact that, when the quantum system
approaches its classical analogue, A becomes small compared to the action scale of the system.

4.2 Classical limit of the expectation values of observables

Finding the states |k, {) is relatively easy when A, corresponds to the position or momentum
operators. To this end, let ¢y, ...,q,,p1,...,p, be 2v selfadjoint operators obeying the following
commutation relations:

Gk, D] = i6511 (4.2.1a)
[Gi»45] =0 (4.2.1b)
Vk,l,i,j€{l,...,v}. These operators can be arranged in the vectors operators
q = (dla s 7qu/> (422&)
p= 1, Dv)- (4.2.2b)

Remark 4.2.1. The operators ¢, and p; are position and momentum operators. For a symmetry
argument, the constant & which usually appears in the commutation relation (4.2.1a) is included
inside ¢ and py.

Given two arbitrary elements in R”, say & = (&1,...,&,) and w = (7, ..., 7,), the following
operator can be defined A
G, m) = exp (i (m-q— € D)), (12.3)
where - is a shorthand notation for
T q = Zﬂj(jj, (4.2.4a)
§=0
£-p:=> &by (4.2.4b)
5=0

The C (&, ) operator will be used to build some states which behave as (4.1.1) in the semiclas-
sical limit of A — 0.

Lemma 4.2.1. C(&,7) is a Weyl operator.

Proof. By definition, one has, through the properties of the exponential operator and through
(4.2.1),

~

C§m) :=exp(i(m-q—§-D))

= [Texw (i (70 - &552)) (4.2.5)
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Then, for each pair ¢, pr, the following operators can be defined:

. 1

k= 51 (Gr + ipx) (4.2.6)
. L

i = i (e — i), (427

which, through (4.2.1a), are found to be a pair of annihilation and creation operators. Setting

1

W= 5 (& +im) (4.2.8)

(4.2.5) can be written as
= Hexp (oS —~;a;) . (4.2.9)
Thus, by proposition 1.2.9, the statement is readily shown. O

To deal in more concise terms with the vector operators ¢ and p and with the v-tuples &
and 7r, the following notation is introduced

z

(4.2.10a)
). (4.2.10b)

1w

q,
= (&,

From the properties of the Weyl operators, a translation property is found for C €).

J\,

Proposition 4.2.1 (Translation property). Given an arbitrary ¢ € R?”, the identity
C)T2C(¢) = 2+ ¢ (4.2.11)

holds true.

Proof. We start by considering one element of the 2v-tuple z. For instance, let us consider
Z; = ;. Then, by the translation property 1.2.6 of the Weyl operators and by Lemma 4.2.1,

()40 =g+ qJ,Z%ak—Zwak : (4.2.12)

where ay, a; and -, are defined as in (4.2.6), (4.2.7) and (4.2.8). Using these definitions and
the commutation relations (4.2.1), one is left with

C(€) 4;C(C) = 45 — (g5, 7;a; — ;4] ]

1
=q; — 5[@'7 (fj - iﬂj) (‘jj + Zﬁ]) (fj + ”TJ) (q ij)]
=q; — %[%a (& —imj) ip; + (& + im;) ip;]
1 N .
=d—5 (—(& —im)1 — (& +im;)1)
=g+ 41 (4.2.13)

Proceeding in the same fashion for a generic Z; = p; and putting the relations found in the
vector notation, (4.2.11) follows. O
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To parameterize the theory in function of the classicality degree h, we set
2, = h'%z. (4.2.14)

From there, the form of the states |A, ¢) is found by choosing an arbitrary normalized state |Q2)
and by setting
B, ¢) == C(h2¢)|Q). (4.2.15)

Indeed, one has the following result.

Proposition 4.2.2. Given a generic normalized state |QA> and a generic ¢ € R?”, the expectation
value and the uncertainty of 25, in the state |h,¢) = C(R™Y2¢)|Q) are given by the following
ETPTESSIONS:

(Zi)ne) = ¢+ 13 (2)0 (4.2.16a)
(Azp)ne) = B (Az)0). (4.2.16D)

Proof. The first expression can be easily obtained from (4.2.11), (4.2.14) and by the fact that
|©2) is normalized:

(Zn)ine) = (O 2,0 (A 20) 1) (4.2.17)
= ¢(QI) + h'2(Q]2]Q)
= C + h1/2<z>‘g>.

Similarly, using the fact that, for the i-th component of z,

<Azi>|2h,c> = <Zi2>|ﬁ,C) - <Zi>‘2fl,c>7 (4.2.18)

we compute (7). ¢y through (4.2.11), (4.2.14) and through the fact that |Q) is normalized and
that C'(A~/2¢) is an unitary operator:

(g = (O (COTVEHCH20) ) (G2 aC(2) ) 1)
= (Q (2 +52G1) (5 + R3G90
=(Q| (37 + A 'L+ 2n712¢:2) Q)

= (D)o + B + 207G () . (4.2.19)

On the other hand, for (z;)f; », it is found from the components of (4.2.16a) that

(e = (FV2G + (ziy)”

=BG+ (i) + 207 (2 ). (4.2.20)

Hence, from (4.2.18),
<AZZ>|h ¢) <Azz>|ﬂ (4.2.21)
Going back to the vector notation and using (4.2.14), (4.2.16b) is found. O

35



Remark 4.2.2. The choice of |2) in (4.2.15) is completely arbitrary. Then, the choice |2) =
|0,...,0), where |0,...,0) is the common 0-eigenket of the number operators defined from the
annihilation (4.2.6) and creation (4.2.7) operators, can be made. This, by (3.2.1), defines |A, ¢)
as a coherent state.

The previous proposition shows that the states |k, {) = é(h_l/ 2¢)|Q2) have the expected
behaviour as A — 0. In fact, in the semiclassical regime, as an immediate consequence of
(4.2.16),

h—0

(Za)ne) — ¢ (4.2.22a)
(Azn)ng — 0, (4.2.22b)

which complies with (4.1.1). The search of the form of states having the properties (4.1.1) is
then completed if the time evolution of the system is not taken into consideration.

4.3 Recovery of Hamiltonian mechanics from quantum me-
chanics

To deal with the time evolution of the system, its Hamiltonian operator must be taken into
account. In fact, as our goal is to study the classical limit, we consider solely quantum sys-
tems which have a classical counterpart. This bounds the form of the Hamiltonian operator
to the expression of the classical Hamiltonian phase function. More precisely, the quantum
Hamiltonian operator H » must be an operator function of z; of the form

Hy, = #6(2y), (4.3.1)

where #€(() is the classical Hamiltonian phase function, which we assume to be time-independent
and whose general expression reads as

1

H(C) = 5(m = a(§))” +v(&). (4.3.2)

The phase functions v(€) and a(€) are the scalar and vector potential fields of the classical
system. By (2.1.7), the evolution operator of the quantum system is

Un(t, s) = exp (—mfl(t - s)ﬁfﬁ) . (4.3.3)

Using the theory outlined in 2.2, we work on the problem of finding the states satisfying (4.1.1)
in the Heisenberg picture. By (2.2.23c), the vector operator associated to 2; in the Heisenberg
picture is R R

ih(t) = Uﬁ(t7 S)+2hUﬁ(t, S). (434)
Then, we have the following important result.

Proposition 4.3.1. Let {(t) be a generic element of R* with some kind of time dependence
and with the condition that

¢(s) = o, (4.3.5)
with ¢, € R*. Then, given a generic normalized state |Q), in the state |h,{,) defined as
(4.2.15) with ¢ = ¢, the expectation value and the uncertainty of z,(t) read as

<Zh(t)>|hyco> = C(t) + <Wh<t, S>+ZhWh<t, S)>|Q> (436&)
(Azn(t))incy) = (Wilt, s)* (20 + C(1) = (20(8)) ey Wil ) (4.3.6b)

where
Wi(t,s) == C(RYV2¢ () UL, s)C(RY2¢,). (4.3.7)
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Remark 4.3.1. By (2.2.22), in the Heisenberg picture,

17, €)1 = |1, Co)- (4.3.8)

For this reason, by (2.2.4b), (z5(t))nc¢,) and (Azy(t))n¢,) are nothing but
(zn(0)inco) = (Zn)incw) (4.3.9)
(Azn(t)iney) = (Azn) ey (4.3.10)

Proof. We start by the calculation of (z(t))n¢,). Then, in the second step, (Azp(t))nc,) is
computed.
Step 1. By definition of |k, {,) and 2x(¢),

(zaney = QUCHPE) Tt ) 200t )CR2C)Q). (43.10)
Using the fact that C(h~Y/2¢(t)) is an unitary operator,
(Z0(t)) gy = (QAWalt, )T C(RT2C(8) T 2aC (R 2C (1) Wilt, 9)|92), (4.3.12)
as, from (4.3.7), it is easy to find that
Wi(t,s)t = C(h2¢)TU(t, s)TC (R3¢ (1)), (4.3.13)
By (4.2.11) and by the unitarity of the operators appearing in the expression,

(Z0(8)) gy = (QUWalt, ) TC(ATV2E(0)T (25 + C0)C(R2E () Wilt, £)12) (4.3.14)
= C(t) + (QAWa(t, )T 2aWi(t, 9)|92), (4.3.15)

which proves the first claim.
Step 2. By definition, chosen the j-th component of 2j(t),

(D2 () ey = (2 () = (g (D) ineo)) ) inco)- (4.3.16)

Hence, by the fact that Uy(t, s) and C'(h~'/2¢(t)) are unitary operators and using (4.3.7) and
(4.2.11),

(2,5 (D) ncoy = (QUWalt 5)"CRT2C0) T By — (g (D)ineoy 1P C(BTV2C ()Wt 5)[2)
= (QUWi(t, )" (2 + G = (g () ey 1 Walt, 5)102), (4.3.17)

which, switching to the vector notation, brings to the second claim. O]

We notice that the Wh(t, s) operator is defined up to phase factors, as a phase factor can
be introduced without compromising the previous result:

Wi(t,s) — Wi(t, s) exp(iy), (4.3.18)

for some ¢ € R. If #€(¢) is the Hamiltonian function of the classical counterpart of a quantum
system and if (¢) is a solution of the canonical equations for #£(¢) with initial condition

¢(s) = Con (4.3.19)

there is a certain choice of ¢ which brings interesting results, as it will be shown.
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Proposition 4.3.2. Let #6(¢) and ((t) be as above. If the Wiy(t,s) operator is redefined as

Wi(t, s) == C(R™Y2¢ ()T UL, s)C(hY2¢,) explivn(t, s)), (4.3.20)

with the choice . .
altss) = [Car (et - 376D <)) (13.21)

it obeys the following equations with initial condition Wy(s,s) = 1:

z’h%m(t, s) = Kn(t)Wy(t, s) (4.3.22a)
ih%Wh(t, s) = —Wi(t, s)Kn(s), (4.3.22b)

with ) A )
Kn(r) = #0(zn + C(r)1) = H(C(r)1) = VA (L(r)) - 2. (4.3.23)

Proof. The aim of this proof is to formally compute the derivatives appearing on the left hand
of (4.3.22). We start by computing the partial derivative of Wj(t,s) with respect to t. By
(4.3.7) and the Leibniz product rule,

%Wh(t,s) = % (é(hfl/QC(t))JrUh(t, s) exp(ipn(t, 5))) C(E12¢,)
0

= ) (50069 ) G20 explion(r. )

+<%émv%@ﬁ>@m$ém”%wwmwwﬁ”

OBV () Ut ) C(Y2E,) (% exp(ign(t, s))) . (4.3.24)

The derivative appearing in the first term can be easily computed from (4.3.3):

0 ~ A A
aUh(t, s) = —ih " HyUy(t, s). (4.3.25)

Then, using the fact that C(h~"/2¢(t)) is an unitary operator and using (4.3.1), (4.3.7) and
(4.2.11), the first term can be written as

—ih T (2 + (1) Wit s). (4.3.26)

Through the Baker-Campbell-Hausdorff decomposition (1.2.8), the derivative appearing in the
second term can be computed from (4.2.1), (4.2.3) and by using the Leibniz product rule:

%é(h—l/Zc(t))+ = %exp (—ih—l/Z (mw(t) - q— &(t) - f))) (4.3.27)
= %exp ((2hi) ‘o (t) - £(t)) exp (—ihi V2m(t) - @) exp (i~ 2€(t) - p)

B (% exp ((2hi) (1) - s<t>>) exp (—ih”!2m(t) - ) exp (ih”'2€(1) - p)
1 exp (i)~ 'e(t) - £(2) (% exp (—ih2m(t) - f;)) exp (ih'2€(t) - p)
0

+ exp ((2%2’)’177(75) ~€(t)) exp (—z’h’l/zﬂ'(t) . f]) <§ exp (ih’l/Qﬁ(t) . f))) ,
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where it was calculated that

~

—2 i V2 (t) - g, ihY2E(t) - p] = (2h) L (t) - €(¢)1. (4.3.28)
It follows, using (4.2.14) and the fact that {(¢) satisfies the canonical equations, that

O th2¢ () = (2hi) (=VeH(C(1) - (1) + VA (C(L)) - (1) C(RY2¢ (1)

ot
+ih T VA (C (1)) - 4, C(h¢(1)
+ih T C (W Y2 () PV R AL (L)) - Dy (4.3.29)

Then, by (4.3.20), using in (4.3.29) the fact that C'(h~'/2¢(t)) is an unitary operator and the
translation property (4.2.11), it turns out that the second term of (4.3.24) can be written as

The derivative appearing in the third term is immediately computed from (4.3.21):

g explisnt,9) = int (H(E(0) - ST - €O ) explign(t, ). (1330

Then, using (4.3.7), the third term can be written as

ih ! (%D(C(t)) - %VC%(C(ZS)) : C(t)) Wi(t, s). (4.3.32)
Assembling the three terms (4.3.26), (4.3.30) and (4.3.32), we get

%Wh(t, s) = ih T (=H(25 + C(t)1) + VeH(C(1)) - 20+ HE(C())1) Wilt, ), (4.3.33)

thus proving (4.3.22a). The computation of the derivative of Wh(t, s) with respect to s proceeds
in a totally analogous fashion. ]

This result allows one to express Wh(t, s) in terms of Kh(t), by solving formally the pair
of differential equations with the chosen initial condition. This will be helpful to evaluate the
semiclassical limit 7 — 0. In fact, one has the following result.

Proposition 4.3.3. The couple of differential equations (4.3.22) with the initial condition
Wi(s,s) =1 is formally solved by

Wi(t,s) = Texp (—z’h—l / t d?"f(h(r)) : (4.3.34)

S

where Texp(-) denotes the time-ordered exponential.
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Proof. We start by inspecting (4.3.22a) with the initial condition Wh(s, s) = 1. This differential
equation is equivalent to the integral equation

t
Wa(t,s) = 1 —ih! / dr Kp(r)Wi(r, s). (4.3.35)

s

Indeed, from (4.3.22a),
Wh(ta S) - i = Wh<t7 3) - Wh(sa S)

t a R t R R

= / dra—Wﬁ(r, s) = —ih™! / dr Kp(r)Whg(r, s). (4.3.36)
S T S

The integral equation (4.3.35) is solved formally by iteration. This brings to the so-called Dyson

series in K (u) for Wi(t, s):

Tn—
S

R oo t 1 1 R R R
Wit s) = 3 (i) / dry / dry- - / drnKn(r) Kn(ra) --- Kn(ra).  (4.3.37)
n=0 S S
By definition of the time-ordered exponential for a generic operator X,

Texp (/abduf((u)) - ni:%/abdbl /abl de---/abn1dbnf((b1)f((b2)---f((bn), (4.3.38)

the claim is shown. The proof for (4.3.22b) runs in a totally analogous fashion. O

This is enough to start inspecting the properties of the states |k, {(t)) as h — 0. Indeed,
assuming that the potential fields which appear in (4.3.2) are sufficiently smooth, it can be
shown that, in the semiclassical limit, the expected value and the uncertainty of Z, in these
states display the wanted behaviour (4.1.1). In particular, the expected value of Zj converges to
the classical phase orbit which solves the Hamilton equations for #£({), while the uncertainty
of z; approaches 0. These facts are summarised in the following result.

Theorem 4.3.1. Given a quantum system whose classical counterpart is characterized by the
Hamiltonian function #€(¢),

1

H(¢) = 5(m — a(§))* +v(€), (4.3.39)

defined on the classical phase space F, with { = (€,7) € F and where a(§) € C*(F,R") and
v(€) € C=(F,R). Let (t) be a solution of the Hamilton equations with the initial condition

¢(s) = Cos (4.3.40)

where ¢, € R*. Then,
() ey — (1) (4.3.41a)
(Aznineay 0. (4.3.41b)

Remark 4.3.2. This result only concerns the semiclassical limit of the expectation values and
the uncertainties of z, computed in the states |k, (t)). It does not pertain to the limit 2 — 0
for the states |h, {(t)) themselves. Actually, from their definition (4.2.15), it is clear that these
states do not have a limit for &~ — 0. This is closely related to the fact that A — 0 is a formal
limit: & may be very small compared to the characteristic action scale of the system, but it is
not zero.
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Sketch of the proof. Only a swift overview of the proof will be provided. For a deeper insight,
see [3]. We start by defining the operator H(r) as

Fi(r) = 5 (Ve (Ve (¢(r) - 2)) - 2 (4.3.42)
Then,
UK (r) 2% Hy(r). (4.3.43)

Indeed, by the smoothness hypothesis on the potential fields, one has that #(¢) € C>*(F,R).
Then, by the Taylor formula (see [2]),

1
HC+ €)= () + VeH(Q) - €+ 5 (Ve (VeH(S(r) ) - (4.3.44)
for € € F such that | — €| < 1. Since functions of operators preserve the relationships existing

between the functions and since this property must hold as well for |¢ — €] < 1, (4.3.43) is
shown. Now, we define Us(t, s) as

Us(t, s) := Texp (—z/ drffg(r)) . (4.3.45)
By (4.3.34) and (4.3.43),
Walt, s) 225 Us(t, 5). (4.3.46)

In other terms, by (4.3.42), this implies that

h—0

(21, Wi(t, s)] —= 0, (4.3.47)

thus proving the claim. O

41






Bibliography

[1] J. R. Klauder, E. C. G. Sudarshan, Fundamentals of Quantum Optics, W. A. Benjamin
Inc., New York, 1968.

[2] E. Lanconelli, Lezioni di Analisi Matematica 2, parte 1, Pitagora Editrice, Bologna, 2000.

[3] R. Zucchini, Classical particle limit of non-relativistic quantum mechanics, Ann. Henri
Poincaré, vol. 40, n® 4, 1984, p. 417.

[4] E. Schroedinger, Collected Papers on Wave Mechanics, Blackie & Son Ltd., London and
Glasgow, 1928.

[5] L. de Broglie, Recherches sur la théorie des Quanta, Ann. Phys., vol. 10, n° 3, 1925, p. 22.
[6] R. Zucchini, Quantum Mechanics: Lecture Notes, unpublished.

[7] F. Ortolani, Appunti di Metodi Matematici, unpublished, 2013.

[8] E. Weisstein, Hermite Polynomial, Wolfram MathWorld, accessed on 08/07/2024.

[9] G. Wentzel, Eine Verallgemeinerung der Quantenbedingungen fir die Zwecke der Wellen-
mechanik, Z. Phys., vol. 38, n° 6, p. 518.

[10] H. A. Kramers, Wellenmechanik und halbzahlige Quantisierung, Z. Phys., vol. 39, n° 10,
1926, p. 828.

[11] L. Brillouin, La mécanique ondulatoire de Schridinger; une méthode générale de résolution
par approrimations successives, C.R. Acad. Sci., vol. 183, n° 11, 1926, p. 24.

[12] J. von Neumann, Mathematical Foundations of Quantum Mechanics, Princeton University
Press, Princeton, 1955.

43


https://mathworld.wolfram.com/HermitePolynomial.html

	Introduction
	A useful operatorial framework for quantum mechanics
	Annihilation and creation operators
	Weyl operators

	Time evolution and pictures
	Evolution operator
	Pictures

	Coherent states
	The Heisenberg principle
	Coherent states: definition
	Coherent states: general properties
	Overcompleteness of coherent states

	Classical particle limit
	Statement of the problem
	Classical limit of the expectation values of observables
	Recovery of Hamiltonian mechanics from quantum mechanics

	Bibliography

