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Chapter 1

Introduction

Those who are not shocked when they first come across

quantum theory cannot possibly have understood it.
— Niehls Bohr

I think I can safely say that nobody understands quan-
tum mechanics.
— Richard P. Feynman

Very interesting theory — it makes no sense at all.
— Groucho Marx

1.1 Foundations

Quantum Mechanics (QM) shaped up in the form we know it today during the first quarter
of the 20th century by the ingenuity of Heisenberg, Schrodinger, Dirac, von Neumann and
many others.

Last course you discussed in detail the historical developments leading to it: Planck’s
radiation law, the Bohr’s atom, the de Broglie’s matter waves, the photoelectric effect, etc.

That’s the way QM was built but it is not the path we will follow in this course. In
the same way as Einstein’s Theory of Relativity was formulated from a couple of basic
postulates, we will reformulate QM assuming a few postulates and then we will elaborate
on their logical consequences.

To prepare the ground, in this chapter we will motivate the subject with a simple
experiment that illustrates the essence of the quantum theory and will serve as a starting
point to introduce the formalism.

1.2 The Stern-Gerlach experiment

The Stern-Gerlach experiment (1921-1922) shows clearly a physical behaviour that Clas-
sical Mechanics cannot explain. We will describe it here and in the next chapter we will
give the postulates that provide a correct interpretation of the results.



2 Chapter 1: Introduction

The objective of the experiment was to measure the magnetic moment of a silver
atom. Suppose first a classical hydrogen atom: an electron orbiting a proton of opposite
charge with angular momentum L. The electron mass m is much smaller than the proton
mass. Then, the magnetic moment of the system is

=L (g=-¢) te_ i (L1)

Assume now you send hydrogen atoms at a speed v through a magnetlc field B. The atom
has no net electric charge, @ = 0. Then its magnetic interaction, F= QU x B should
apparently vanish. However, the relative motion of the proton and the electron creates a
non-vanishing magnetic interaction that can be described in terms of the magnetic moment
by the Hamiltonian

1nt =V = —,u B (12)

So, to minimize the energy, the magnetic field tends to align the dipole i with B.

In addition to the orbital angular momentum, electrons and protons happen to have
an intrinsic angular momentum or spin .S, that is analogue to a rotation around an inner
axis.* The spin angular momentum also induces a magnetic dipole moment

S
- q9 z
=g—S 1.3
i=95- (1.3)
#
where g is the gyromagnetic ratio (g ~ 2 for the electron). This i couples to the magnetic

field as in (1.2).

A silver atom is made of 47 protons and 47 electrons, whose configuration is such that
the total spin and orbital angular momenta tend to cancel each other but actually coincides
with the spin of the 47th electron. This means, that the magnetic moment of the silver
atom is

—

i o< S (spin of the 47th electron). (1.4)

When silver atoms, heated in a furnace, escape through a small hole and travel across
an inhomogeneous magnetic field with a large gradient along the z direction (Fig. 1.1),

B =(0,0,B(z)), (1.5)

they will experience a force proportional to the vertical component of the magnetic moment
1, that will deflect the beams,

Feov - (0022). 0

2The spin will be discussed in detail in chapter 4.

(©) www.ugr.es/local/jillana 2



1.2. The Stern-Gerlach experiment 3
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Figure 1.1: Sketch of the Stern-Gerlach experiment (left) and its outcome (right).

(a) Filter Measurement
N —
Furnace SG2 - SG3 - N with S, = +1/2
: - I l - J‘“'_“" 0 with S, = —h/2
(b) Filter Measurement
+ N I o— + .
Furnace SG2 SGk N2 with Sy = +h/2
i 4'_ I X NJ2 with Sy = —h/2
(C) Filter 1 Filter 2 Measurement
Furnace SGz + N | SGR i N2 SGs i N/4 with S, = +h/2
! X 4! l N/4 with S, = —h/2

Figure 1.2: Sequential Stern-Gerlach experiments.

Since the magnetic moment orientations are completely random, one would expect a con-
tinuum of deviations, as in the upper right corner of Fig. 1.1, with a larger concentration
in the central part. However, Stern and Gerlach observed that the original beam splits
into just two distinct components corresponding to the extremal values

h
where the reduced Planck constant 7 is a fundamental unit of angular momentum,
h
= o =1.0546 10727 erg s = 6.5822 x 10716 eV s, (1.8)
™

If instead of orienting the magnetic field in the vertical direction (SGZ) we do it along any
other direction, e.g. the z-axis (SGX), a similar result is observed, S; = £//2. This means
that the spin angular momentum is quantized, namely it may take only discrete values.

In order to try to understand this result, let us perform several sequential Stern-Gerlach
experiments (Fig. 1.2). They consist of a chain of SG& devices to measure the spin along
direction & or filter one of the two spin components S, = £h/2 by blocking the other one:

(a) In this experiment nothing very surprising happens, apart from the fact that every

SG selects just two possible spin components (quantization). After we filter one of
them, say S, = +h/2, by SGZ, we measure that 100% of the atoms have S, = +h/2.

3 ©) www.ugr.es/local /jillana
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4 Chapter 1: Introduction

(b) Now we filter S, = +h/2 and then measure the spin along a different direction S;.
The outcome is 50% of the atoms have either S, = £h/2.

Does this mean that half of the atoms filtered after SGZ have S, = +hA/2 and S, =
+h/2, and the other half S, = +h/2 and S, = —h/2?

(¢) Surprisingly, the answer to the question above is no: if after filtering S, = +h/2 we
measure S, we find S, = +h/2 and S, = —h/2 (again!) with equal frequency.

This illustrates that in Quantum Mechanics one cannot determine S, and S, simul-
taneously, since the selection made by SG& destroys the previous information about S,
obtained by SGZ. Both observables are said to be incompatible.

Interestingly, there is a classical phenomenon that resembles the situation above, al-
though it does not involve particles but waves! If one sends unpolarized light through
two polaroid filters, the first selecting z-axis polarization and the second the (orthogonal)
y-axis polarization, no light will be detected afterwards. A fraction of light would pass
both filters if the polaroids are not othogonal.

The light polarization is described by a vector €, in the plane transverse to the direction
of propagation. This vector has a random orientation in the unpolarized case. A polaroid
filter selects one of the orientations €. The amplitude A of the wave passing two sequential
filters is proportional to € - €5 and the intensity of the light is proportional to its modulus
squared, |A[%2. We may assume that the two possible values of the silver atom spins,
S, = £h/2, are “represented” by orthonormal “vectors” or “states” |S,%) and conjecture

€z ~ |S:+), € ~ |S:—). (1.9)

The “probability amplitudes” for the transitions in (a) are given by the scalar products:

A(1S.+) = [S.4)) = (S, + [S. +)
A(S:+) = 1S:-)) = (S: +1S. —)

And the probabilities are |.AJ%.

1, (1.10)
0. (1.11)

How could we represent the states |S,=+) for the spins S, = +h/27 They must corre-
spond to two orientations orthogonal to each other, but not orthogonal to S,, that let half
of the atoms go through. This means that they must be linear combinations of |S,+),

1 1
|Sz+) = 7 |S.+) + 7 |S.—), (1.12)
1S5-) = L 18,1) - L s, (1.13)

V2 V2

like when a second polaroid is placed at 45°. Then experiment (b) is justified by

A(|S+) = |Sz+)) = (S.+ |Sz +) = (1.14)

)—*%‘)—l
[N}

A(|Sz+> - ‘S:v_» = <Sz + |Sa: _> = (1-15)

7

»+)) in (a) can be written

\V)

It is important to notice that the amplitude A(|S,+) —
as the superposition of two amplitudes,

1
N

|Sz+> = ‘S:B+> |S:Jc_>

1
_'_7
V2

(© www.ugr.es/local/jillana 4



1.2. The Stern-Gerlach experiment 5

1 n 1
V2 V2
Notice that the probability is not the sum of probabilities going through states with well
defined S, = +h/2,

= A(|S:+) = |S.+)) = (Sz+|S2+) (Se —|S:+)==-+-=1. (1.16)

DN | =
N | —

PSH) =[St =+ [8:4) = 51 (S, + 18 +) P = 7, (1.17)

: (1.18)

[ R N

PUIS.H) = 18e-) = 1S:)) = 51 (82 — 15: +) [ =

but that resulting from the coherent sum of amplitudes, which includes an interference term.
Experiment (c) determines (measures) the S, component destroying the coherence.

And how about the states |Sy+) corresponding to spins S, = +h/2? By symmetry
arguments they should behave similarly with respect to |S,£) and |Sy%£) but this cannot
happen unless the coefficients of the linear combination are complex,

1 1
|Sy+> = ﬁ |Sz+> + % |Sz_> 5 (1-19)
1S,=) = =S4 — = |84, (1.20)

V2 V2

in the same way as the right- and left-handed circular polarizations, €g , are a complex
combination of the linear polarizations, € ,.

Therefore, it seems that atoms behave like waves, whose amplitudes can be added
and interfere. But “what” is interfering? Perhaps the atoms deflected in one direction
somehow interfere with those going in opposite direction? Another weird observation is
that the Stern-Gerlach experiment can be conducted sending silver atoms one by one,
with the same outcome! So we must conclude that every atom interferes with itself!

As a conclusion, we need a new theory (Quantum Mechanics) that incorporates the
properties found above (quantization, superposition, interference, incompatibility, uncer-
tainty, ...). The new theory will be based in a complex vector (Hilbert) space to describe
the physical system states, with observables represented by operators acting on them.

5 (© www.ugr.es/local/jillana
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Chapter 2

Postulates of Quantum Mechanics

2.1 Brief review of Hilbert spaces

A Hilbert space H is a vector space supplied with an inner or scalar product that is
complete respect to the norm induced by the scalar product (see below the meaning of
these properties). It is a generalization of the very familiar Euclidean spaces, like R3, to
spaces with any finite or infinite number of dimensions.

The vectors in a vector space are elements that can be added and multiplied by a scalar.
In a Hilbert space, unlike Euclidean spaces, these scalars are complex numbers:

o, VEH, c1, ca€C=c1¢6+cp €H (linear combination). (2.1)

We say that a set of vectors {¢;} is linearly independent if Z cpi=0=¢=0 Vi

1

The scalar product of any ¢, 1 € H is a complex number (¢,1)) € C satisfying:

(i) (o,¢) = (¥,¢)*  (hermiticity).
(i) (¢,c191 + cavpa) = c1(9, Y1) + ca(,02)  (linearity of the second entry).

From (i) and (ii) one gets:
(c191 + cagpa, ) = i (P1,9) + c5(p2,7)  (antilinearity of the first entry).

(iii) (¢,¢) > 0 and ¢ = 0 when (¢, ¢) = 0.

The scalar product induces a norm? defined by

ol = v/ (¢, 9), (2.2)

that generalizes the concept of length (modulus) of a vector and defines a metric (distance
between two vectors), given by

(¢, 9) = | = I (2.3)

#The properties of a norm are:
(i) llegll = lclll¢ll  (homogeneous).
(i) lo+ 9l <l¢ll + ¥l  (triangle inequality).
(iii) ||l >0 (positive definite).
The property (ii) follows from the Schwarz inequality: |(¢,1)|* < (¢, $) (¥, ¥).
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A metric space M is complete if every Cauchy sequence in M converges in M. That is,
if {1} is a sequence with d(¢y,, 1) — 0 when m,n — oo then there exists a n € M such
that d(1,,n) — 0 when n — co. Complete normed vector spaces are called Banach spaces.
A Hilbert space is a Banach space with the norm induced by the scalar product. One also
requires that Hilbert spaces associated to physical sytems must be separable. This means
that they have a countable orthonormal basis.

Let us now introduce linear functionals acting on a vector space V as functions F' : V' — C
mapping vectors ¢ to complex numbers F'(¢) satisfying

F(ag + b)) = aF(¢) + bF(Y), ¢, €V, a, beC. (2.4)

Defining the sum of functionals

(F'+G) () = F(¢) + G(9), (2.5)

the set of linear functionals over V' defines another vector space called dual space V*.
These elements of the dual space are also called covectors or one-forms. In a Hilbert space
H one can define linear functionals Fiy € H* from any ¢ € H by

Fy() = (&, 9). (2.6)

Then the Riesz representation theorem applies stating that for each F' € H* there exists
just one vector ¢ € H such that

F(y) = (¢r,¢) Ve (2.7)

Therefore, there is a bijective mapping between V' and V* given by the scalar product (H
and H* are isomorphic; in particular, they have the same dimension). This suggests the
Dirac’s notation, extensively used in Quantum Mechanics (QM):

Vector p e H — ket |¢p) € H
Functional Fy € H* — bra (¢| € H*
Action of functional Fy on ¢y € H — braket (¢|¢) = (¢,1)) (scalar product).

In other words, every ket [¢)) has a corresponding bra (1|, that is unique, and the scalar
product (¢, 1)) of two vectors (kets) |¢) and |¢) is given by the braket (¢|)) = (1|g)™.

From now on, until chapter 3, we will work in Hilbert spaces of finite dimension,
although many results can be applied to the case of infinite dimensions.

A basis is a set of linearly independent vectors {|¢;)} (i = 1,...,d = dimH) that
allows us to express any vector |o) € H as a linear combination (summations extend from
i =1 to d unless otherwise stated)

aq aq

’a>:Z|¢i>ai:(’¢l> 2) ...) O"Q , a;€C or |a)= 04‘2 (2.8)

where the «; are the components of |«) in the basis {|¢;)}. An orthonormal basis {|e;)}
fulfills

(er|ei) = 0k; (orthonormality relation). (2.9)

(© www.ugr.es/local/jillana 8



2.1. Brief review of Hilbert spaces 9

Given a basis {|¢;)} the Gram-Schmidt process provides an orthornormal basis {|e;) }:

|p1) _
le1) = Mo [1o1) | = v {g1lo1), (2.10)
k
|Ph+1) — Z le:) (€] Prt1)
) = = . (2.11)

ki) =D les) (eildrsn)
=1

In an orthonormal basis the components of a vector are easy to obtain from the scalar
product or braket:

= Z lei) i = (eg|a) = Z (er|e:) a; = 25;“04, = ag (2.12)

= o) = Z lei) (eilay = I= Z lei){ei]  (completeness or closure relation)
(2.13)

and the scalar product of two vectors reads:

(@l8) = 2 tale) (e18) = 2 sk fsld) = B i (2.14)

i i
In fact, the isomorphism between H and H* is given by the adjoin or dagger relation:

H — H
{le;)} +—  {{eil} (so called adjoint basis of H*)

) (2.15)
o) = (o] =)' = Za;“ (e;|  (by antilinearity of braket’s left entry).

An operator A transforms vectors |o) € H to other vectors A|a) € H. Linear
operators satisfy

A(ala) +b|B)) = aAla) +bA|S) . (2.16)
Operators can be added and composed (multiplied),

(A+ B)la) = A|a) + Bla) (2.17)
AB|a) = A(B|a)) (2.18)

and the product of operators is associative,
A(BC) = (AB)C, (2.19)

but not necessarily commutative. To know how an operator acts on all the vectors in H it
is sufficient to know how it acts on a basis of H. Given an orthonormal basis {|e;)},

Ales) = lei)(ei Alej) =) ey Aij < Aij = (ei| Alej)  (matrix element)

(2.20)

9 (© www.ugr.es/local/jillana



10 Chapter 2: Postulates of Quantum Mechanics

one obtains |#) = A |«a) from

Alay =AY lejya; = les) Agjay
J i

=18) =) les) B (2.21)
= Bz = ZA,']‘O(]'. (2.22)
J
On the other hand, operators act on bras to the left:
Aij = (eil (Alej)) = ((eil A) lej) (2.23)
= (el A=) (el Alej)ejl =D Ay (e (2.24)
J J

= (a|A= Zoz (ei] A= Za Aij (e
Zﬁ] 6j| (2.25)
= Br=) oA (2.26)

Notice that the vector components are basis-dependent but the “sandwich” («| A|5) and
the scalar product («|f) are basis-independent:

(ol A18) = 3 (alei) (eil Ales) (e18) = Za*Auﬁj (2.27)

The scalar product of A |a) and |3) is not (o] A|3) but (a| AT|3), that defines the adjoint
operator Af. This is because the adjoint of A|a) is not (a| A but (a| Af:

Aij = <6Z| A ’€j> (2.28)

Afj = (5| Al les) = AT, (2.29)
T px AT«

= AL =A% or Al=4A"T (2.30)

Given |¢), 1), a useful way to define a linear operator is |¢)(¢)| (outer product) that
acting on any |n) € H gives a vector proportional to |¢):

(o)1) Im) = |9} (& m) - (2.31)
It is easy to check” that
(10)(W)T = [¥)(9] - (2.32)
Taking a unit vector |e;) we obtain a projector,
Py = ley)ei|, P? =Py (idempotent), P} = Py (self-adjoint), (2.33)
that projects any vector |a) € H along the vector |e1),
Py o) = |e1) (e1]a) = |e1) as. (2.34)
(o)D" [m) = ((nle) (WD)T = ) (nld)™ = &) (plm) = (1)) In),  VIn).

(©) www.ugr.es/local/jillana 10



2.1. Brief review of Hilbert spaces 11

T
A sum of projectors Z P;, with P; = |e;)(e;], is also a projector into the subspace spanned
i=1
by the r unit vectors |e;),_; .. If {|e;)} is an orthonormal basis of H then the P; are
orthogonal projectors,

P? =P, PP =04;P; (2.35)

d
We have already seen that in fact I = Z le;)(e;| since
i=1

d
) = Z lei) (ei]a), V]a) e H. (2.36)

Given a linear operator A, if there exist a € C and |¢) € H with |¢) # 0 such that

Alp) =alg) (2.37)

we say that every |¢) is an eigenvector of A with eigenvalue a. If |$),_; . are linearly
independent eigenvectors of A with the same eigenvalue a (degenerate eigenvalue) then ob-
viously any linear combination . ¢; |¢), is also an eigenvector. Therefore, the eigenvectors
of each eigenvalue form a vector subspace. And, of course, if A|¢) = a|¢) then

(9 AT = a” (4] (2.38)
An operator A is self-adjoint if AT = A, namely, if

(8| Ay = (p| AT ) = (@] A )", Vo, Y €M (2.39)

Actually, this is only true in finite dimension, since otherwise the domains of A and Af
may not coincide. In the latter case, we say that A is Hermitian, but not self-adjoint.
In general, if A is self-adjoint then all its eigenvalues are real,® and the eigenvectors
corresponding to different eigenvalues are orthogonal.? Furthermore, an important theorem
states that the orthonormal set of the eigenvectors of a self-adjoint operator on a
Hilbert space of finite dimension is a basis of H.

Consider H of finite dimension, a self-adjoint operator A and an orthonormal basis
{|#:)} formed by the eigenvectors of A. And let a; be the corresponding eigenvalues. We
define the othogonal projectors to the subspace of eigenvalue a (perhaps degenerate) as

P, = Z |¢z><¢1| da;a- (2'40)

Then, one can write A as follows (spectral decomposition):
A= "aPi=) aild:){eil, (2.41)

a diagonal matrix in the basis of eigenvectors. This may be used to define a function f of
operators from the same function of complex numbers:

f(A) = Z flai) i) (@il - (2.42)

°Ala) = ala) = {(a| Ala) = a(ala) and (a| At |a) = (a| A|a)* = a* (a]a). So A= AT = a=a".
dA)a) = ala), Ald') = @' |d’), a,a’ € R. Take (a'| Ala) = a{d'|a) = d (d'|a) = (a — d’) (d'|a) = 0.
Hence, if a # a’ then (a’|a) = 0.

11 (©) www.ugr.es/local/jillana



12 Chapter 2: Postulates of Quantum Mechanics

Consider now A and B two self-adjoint commuting operators, [A, B| = AB—BA =
0, in finite dimension. Then there exists a complete set of simultaneous eigenvectors
of A and B, that is, A and B can be diagonalized simultaneously.

If A,B,C,... are self-adjoint operators commuting with each other, then the set of
their simultaneous eigenvectors |a;, bj, cg, . ..),

Alag, bj, cp,...) = a;lag,bj,cp,...), (2.43)
B]ai,bj,ck,...> :bj|ai,bj,ck,...>, (2.44)
C]ai,bj,ck,...> :ck\ai,bj,ck,...), ete. (2.45)

may be degenerate. But if the subspace of eigenvectors for all possible sets of eigenvalues
has dimension one (it is not degenerate) then A, B, C, ... is a complete set of commut-
ing (self-adjoint) operators (CSCO). As a consequence, any operator F' commuting
with all the members of a CSCO is a function of these operators and

Flaj,bj,chy--.) = fijk.. |aibj, ey o) s fijk. = flaisbj i, ... (2.46)

Given two orthonormal bases {|e;)} and {|é;)}, we may write
&5) = Z lei) (eilé;) (2.47)

and define the change of basis operator from {|e;)} to {|&;)} as

U:Z\éi><ei| = Ulej) =1¢). (2.48)

The operator U is unitary, UUT = UTU = I. Notice that the basis elements and the
vector components transform in an opposite way:

&) = Z lei) (eilé;) = &) = Z\ﬁ) Uij . U= {(eilej) = (ei|Ulej)  (2.49)

while for any |a) € H,

o) =) lea) (eila) =D lei)
i i
=l @la) =D& (2.50)
i i
(@ila) =D (@iles) (ejla) = Gi=) Uy, UL=Uj=(@le;)  (251)
J J
and in fact U is unitary:
O = {eilew) = D {eilés) (&lew) = D UyU; = Y Uiyl (2.52)
J J J
On the other hand, the matrix elements of a linear operator A transform as:

Aij = (&l Alej) = (ei| UTAU [ej) = D~ {eal UT e (ex| Aler)(er U le;)
kl

=Y Ul AUy (2.53)
kl
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2.2. Pure states 13

If A is a linear operator and {|e;)} is an orthonormal basis then the trace of A is

Tr(A) = Z (ei| Ale;) (sum of the diagonal elements). (2.54)

]

Notice that the trace is independent of the basis and satisfies the properties:

2.2 Pure states

In the previous chapter, with the help of the Stern-Gerlach experiment, we have shown the
failure of Classical Mechanics and the need to introduce a new theory able to describe all
physical phenomena.

It is important to realize that whatever information we have about a physical system
is obtained through experimentation. It is useful to divide the experiment in two phases:

e Preparation: the experimentalist (or nature) submits the system to some conditions
that define its state. For example, the silver atoms in the SGZ are prepared to have
well defined z-component of the magnetic moment after crossing an inhomogeneous
magnetic field applied along that direction. By filtering those deflected upward or
downward we can select a particular value of the spin.©

e Measurement: the experimentalist (or nature) interacts with the preparation to
determine the value of a particular observable (any physical variable that, in prin-
ciple, can be measured). For example, one can measure the observables S, or S, of
the atoms previously prepared.

A specific preparation does not necessarily determine the outcome of a subsequent mea-
surement but the probabilities of the various possible outcomes. Actually the preparation
is independent of the specific measurement that may follow it.

A state is the specification of the set of probabilities (or probability distributions) for
the measurements of the various observables. The concept of state in QM is very subtle
and even controversial. Since it has always been the goal of physics to give an objective
realistic description of the world, we are tempted to interpret the state as an element of
reality describing the attributes of an individual system. However such assumptions lead
to contradictions and must be abandoned. The quantum state description may be taken
to refer to a collection of similarly prepared systems.

For the moment we will consider pure states, which are those that give maximal (though
probabilistic) information about the outcome of the measurements. We will see later, in
§2.5, that in general the system is in a mized state, specified by a statistical distribution of
pure states. For instance, the ensemble of silver atoms coming directly from the furnace,

°See §2.10 for the impossibility of cloning quantum states, as if they were keys we want to duplicate.
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14 Chapter 2: Postulates of Quantum Mechanics

before going through any SG device; or a partially polarized (or unpolarized) electron
beam.

To construct the physical theory it is necessary to introduce a few basic postulates.

2.2.1 Postulate I

In QM a physical system is associated to a separable, complex Hilbert space and a
pure state of the system at a time t is described by a unit ray® represented by a vector
(ket) |a) or |a(t)) of the Hilbert space.

%A unit ray is a unit vector with arbitrary phase.

Then the superposition principle is guaranteed: if |¢) and [¢)) are states of the system
then |n) = a/|¢) + B¢), with arbitrary a, 8 € C, is also a possible state. But not every
vector is a pure state (see section §2.9 on superselection rules and chapter 6 on identical
particles).

The Hilbert space of the system may have just two dimensions, like in the Stern-Gerlach
experiment. Then we may choose an arbitrary basis of two states to represent any other
state. For instance, {|S.+),|S:—)}, {|Sz+),[Sz—)} and {|Sy+),|Sy+)} are three bases,
and the state |S;+) in the first basis is given by

1 1
=—|5+) ——=|5.—).

7515 = 7518
A particularly interesting two-dimensional quantum mechanical system is the qubit, the
quantum computer unit of information. In contrast to the classical bit that can be in just
two states 0 or 1, one can prepare a qubit in any arbitrary superposition of |0) and |1).

2.3 Observables

2.3.1 Postulate I1

Every observable of a physical system is represented by a self-adjoint linear operator
acting on the associated Hilbert space, whose eigenvalues are the only possible values
of the observable.

This justifies several issues:

e The number of eigenvalues of an operator acting on a space of finite dimension is
denumerable. Hence, the values of the corresponding observable are quantized.

e A self-adjoint operator has real eigenvalues. The values of physical observables are
always real numbers.

e A linear operator respects the superposition principle.

e It is not possible to measure simultaneously two observables represented by non-
commuting operators because they cannot be diagonalized in the same basis, they
are incompatible.

(© www.ugr.es/local/jillana 14



2.4. Measurements 15

For instance, the spin of the silver atom in the z-axis or in the x-axis are observables
represented by the self-adjoint operators S, and S,, respectively. Both of them have
eigenvalues +//2. Using their spectral decomposition:

h h CR(1 0\ _h

S, = 5 ’Sz + ><Sz + ’ - 5 |Sz - ><Sz - ’ - 5 (0 _1> = 5037 (2’56)
h h R0 1\ _h

Sy = 9 Sy + WS + | = 9 Sy = WSe — | = 9 (1 0> = 501‘ (2.57)

The matrix form of the operators has been given in the basis {|S.+),|S.;—)}, where

|S-+) = (é) |S:—) = @ , (2.58)

setr == (1) 1smh =5 () (2.59)

Notice that we have chosen an arbitrary phase for each of these states. The observables
S, and S, are incompatible because [S;, S.] # 0.

2.4 Measurements

2.4.1 Postulate III

If a physical system is in a pure state described by the normalized vector [¢)), the
probability of obtaining an eigenvalue a of an observable represented by the operator
A is

Pa = (Y| Paa )

where Py , is the projector into the subspace of eigenvalue a.

If a is a non-degenerate eigenvalue of A and |a) is the corresponding normalized eigen-
vector then

Pao=la){al = pa=|[{aly)[*. (2.60)

In general, let {|a;)} be an orthonormal basis of the subspace of eigenvalue a. Then
Ppo = Z a;)(ail = pa= Z | (aily) | (2.61)
Notice that:

o If the state of the system was already in the subspace of eigenvalue a,

) €MHa = pa= (Y| Paal) = (Pl) =1. (2.62)

If [¢) € H} (orthogonal subspace) then p, = (1| Pay|1)) = 0. The probability is
Pa € (0,1) otherwise.

e The sum of probabilities to obtain any possible value is one, as it should be, since
the eigenvectors form a complete set,

I=> Paag = Y pa=> (| Paalty) = (¥[)) =1. (2.63)

a

And what is the state after the measurement?
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16 Chapter 2: Postulates of Quantum Mechanics

2.4.2 Postulate IV

If a physical system is in a pure state described by the normalized vector |¢)) and one
measures A obtaining a, the system is left in the state

N PA,a‘w>
) = TPaal) T

In other words, after the measurement, the state of the system is projected into a
particular state of the subspace with eigenvalue a. It is often said that the state |¢)
collapses to the eigenstate |¢') of A. But one can also view it in a different way: There
is no measurement without interaction with the measuring instrument (another system).
Hence, we must always consider our system as a part of a composite system. As we will
see in section §2.6, the states of the Hilbert space of this composite system are vectors
of the tensor product of the Hilbert spaces of its subsystems. Some of these states are
entangled, i.e. they cannot be written as the product of a vector of each space, they are a
non separable combination. For instance,

1 n 1
V2 V2
Now, assume that the interaction entangles the measuring instrument with the system we
wish to study.! Let us take that, after crossing SGZ2, 1) |+) is the state for the atoms
deviated upward with S, = +7/2 and the opposite for |]) |-). The entangled state (2.64)
is none of them but a superposition.® The fact is we do not really know whether the
atom is in state |+) or |—), since we just measure that it leaves the SG as |1) or |]) after
experiencing countless (uncontrolled) interactions with the magnetic field. This partial

knowledge causes the decoherence. Thus interaction allows for the creation of superpositions
(entangled states), and at the same time breaks the coherence of its subsystems.

Y+ =10 =) (2.64)

Let’s apply these postulates to our sequence of Stern-Gerlach experiments (Fig. 1.1):

(a) I} = 1S:+)
ps.y=(S:+1S:+) =1, = |[¢)=1S4); (2.65)
ps.- =1(S.+18. =) =0 (IS~} never happens).  (266)
() 9} =18:+)
s, = (S: 4 [Se +)|* = % W) = |S2+) ; (2.67)
P = (S 418, ) P=5,  [)=18.). (2.69)

(c) ) =|Sz+) (after filtering one half of the atoms in (b))

Ps.t = (Se+1S:+)P =5,  |¢)=15:4); (2.69)

ps.— = | <Sx + |Sz - ) ‘2 = 5 W'> = |Sz_> . (2'70)

fWhy? How? This view is not a solution of but another way to formulate the measurement problem.
If you replace the states |1), [{) by unbroken or broken poisson flask and |+), |—) by cat alive or dead,
this describes the famous Schrodinger’s cat states.

N — DN

(©) www.ugr.es/local/jillana 16



2.4. Measurements 17

2.4.3 Expectation value and uncertainty relations

Consider a macroscopic object, like a bar, whose length L we want to measure. The
procedure consists of taking several measurements and then averaging. Suppose that,
within the precision of the ruler, we obtain L; (ny times), Lo (ng times), etc. If the total
number of measurements is n then the mean value of the bar length is

(L) = ZL% (2.71)

where n;/n is the relative frequency of every result. We expect that (L) approaches the
actual value of L for large n.

If you want to measure an observable A in a pure quantum state |¢)) of a physical
system you must prepare many replicas of the system in the same state and then measure
A. According to the postulates, the result of every measurement is an eigenvalue a; of A
and the mean value of all measurements,

(A)p = apa =Y al|Paal) = (Y _aPaalt) = (| Ale). (2.72)

a
This is called the ezpectation value of the observable A in the pure state [1).

We can also define the uncertainty of A in the state |¢)) as the dispersion (mean square
displacement) of the different measurements around the expectation value,

AyA =[] (A= (A)y)2]0)] 2
[(A%)y + (4)7, — 2(4)7]
[(A%)y — (A)3]7. (2.73)

The uncertainty of an observable in a pure state is zero if it is an eigenvector of the
observable. This is because

AlY) = aly) = A% [Y) = a® [Y) = AyA = [(A%)y — (4)2]

N

N

= 0. (2.74)

It is easy to show [exercise] that for a pure state |¢)) the product of the uncertainties
of two observables A and B is

AyADGB > S|4, B9} (2.75)

These uncertainty relations are a generalization of the position-momentum uncertainty
relations we will find later (3.71). They have important consequences: if two observables
do not commute, [A, B] # 0, it is impossible to measure simultaneously both of them with
full precission in any state. That’s why we say they are incompatible.

2.4.4 Complete Set of Compatible Observables

When two observables A and B are compatible their corresponding self-adjoint operators
commute, [A, B] = 0. Then there exists a basis of eigenvectors {|a;b;)} of A and B that is
common to A and B simultaneously,

Alai, b)) = a;la;, bi), (2.76)

17 (©) www.ugr.es/local/jillana



18 Chapter 2: Postulates of Quantum Mechanics

Blai, bi) = b;|a;, b;) . (2.77)

Two (or more) compatible observables define a complete set (CSCO) if any pair of eigen-
vectors in the common basis differs at least in one eigenvalue. Then the eigenvalues label
unambiguously (up to a complex phase) the vectors of the basis, i.e. the states of the
system that can be measured simultaneously by all the observables in the CSCO.

A characterization of a CSCO is:

(i) They are compatible (commute).
(ii) The basis of common eigenvectors is unique (up to phases).

(iii) The set is minimal. Then the description of the system is not redundant. This
condition was not assumed above but it is often imposed.

— Example 1:

1 1
A= 1 , B= 0 = basis {|1,1),]1,0),]|-1,0)} (2.78)
-1 0
A and B are a CSCO. The eigenvalues of one of them break the degeneracy of the other.
— Example 2:

1 1
C = 0 , D= 2 = basis {|1,1),]0,2),]-1,2)}  (2.79)
~1 2

C and D are not a CSCO because it is not minimal (C' is enough to label the basis states).

2.5 Density matrix

The formalism developed so far applies to pure states. We have seen that the quantum
mechanical predictions are probabilistic, they are understood as the results of the mea-
surements over a collection of identically prepared physical systems, all described by the
same vector of a Hilbert space |a).

We will now consider the most general case, a statistical ensemble of N pure states
{]a;)} with frequencies 0 < w; < 1 (there are N; = w; N in each pure state) and

> wi=1. (2.80)

The |a;) do not need to be orthogonal and N is arbitrary (nothing to do with the dimension
of the Hilbert space). A system chosen randomly from this statistical ensemble is said to
be in a mized state.

The mixed state is described by a density matriz,

p= Z w; | ){ay| (2.81)
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2.5. Density matrix 19

that gives the expectation value (average) of an observable A measured over the statistical
ensemble. In fact,

(4), = =2 7 fof Ao
= Zzzw (cila’) ('] Ala) {alas)
= ZZZw (alas) (e |a') (o] Ala)
= ;azlp;a/fla/a = Tr(pA) (2.82)

where |a) and |a’) are eigenvectors of A, that satisfy Z la)(a| = Z la’)(a’| = I. Notice

that a complex phase of |a;) in (2.81) is, of course, 1rrelevant The den51ty matrix has the
following properties:

(i) p = p! (self-adjoint).
(ii) Tr(p) = 1, since

Tr(p) = Zwiz< aley) {ila) = sz (aila) (a]oi) = Zw {vife)
=S wi=1 | (2.83)
(iii) Tr(p?) < 1, since

= Z Z Za:wiwj (alai) (ailaj) (eja)
=2 Z 2 wiws (edlag) (agla) (alos)
= ;iwﬂﬂj (il az) (e lai)
= Z;iwiwj (ailay)
< Ziwiwj = (Zwi)2 — 1. (2.84)

The equality occurs when w; = 0 Vi # j and w; = 1 (pure state) = p = |a;)(y].
(iv) (| pl) >0,V i) € H, since

W[ ply) = Zwﬂ (i) > > 0. (2.85)

On the other hand, the probability to obtain a non-degenerate value a of the observable
A in a random element of the ensemble described by p is

Da = Zwi (aila) (aloy) = sz alag) (a;la) = (al pla) (2.86)

19 (©) www.ugr.es/local/jillana



20 Chapter 2: Postulates of Quantum Mechanics

since w; is the probability to choose |a;) and («a;|a) (a|a;) is the probability to obtain a if
we have chosen |a;). Using P4, = |a)(a| we can write this result as

Pa = Zwi (| Paa |og) = Z’wi (o] Pfl,a |ai)
i %
= 303wl Paal@e!| Paalad
a1
= > wi{d| Paalai){ai| Pagd)
a1

= Tr(Pa,q pPa.a)
— T(pPy) (257)

This expression is also valid if a is degenerate, with a basis of eigenvectors {|a(j))},

Paa=Y_laG) (a6 (2.88)
J

Pa =Y wi »_{ei| Paglai) = (aG)|plaG)) = Tr(pPa)- (2.89)
i J J

If we measure A to all the elements of the ensemble and select those with eigenvalue
a, what is the density matrix of the resulting ensemble? According to postulate IV, if we
pick up |a;) and obtain a, the state collapses into |), which is an eigenstate of A given

by

PA a ’az>
;) — o)y = =4 2.90
A Y (2:90)
And according to postulate III, the probability to obtain a in the state |a;) is
Pai = {@i| Paalas) = | Paaleq) || (2.91)

(When we measure A on some |a), this probability may be zero, of course).

Then, after the measurement on the ensemble (mixed state) described by p we get:

P Moy | P
p= Zwi |vi) (| ~ Z’wi \Oé§><04§}pa,z‘ = Zwi Aa |i)(ai A’apa,i = PpapPaa
7 7

T P ) 2
(2.92)
that must be normalized to get a proper density matrix of unit trace:
PpapPag
— Aa = — 07 2.93
p p a rI\r(pPA’a) ( )

since Tr(Pa,q pPa,a) = Tr(pPa,). Therefore:

— If the initial p described a mixed state then the resulting p4 , describes another mixed
state.

— If the initial p described a pure state |a), and the probability to obtain a on |a) is
not zero, then the resulting p4 , describes the pure state |o) where it will collapse:

Py |a)

T (2.94)

p=lo)a| — pa. = |O‘/><O‘/| ’ |O/> - | Pa,a
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2.5. Density matrix 21

Putting together the results (2.81), (2.89) and (2.93) we get a generalized version of
the postulates:

Postulate I’
In QM a physical system is associated to a complex Hilbert space and any state of the
system is described by a linear operator p, called density matrix, that satisfies

p=pl, Tep)=1, (Wlpld)>0, Ve H.

Postulate IT’ (same as Postulate II)

Every observable of a physical system is represented by a self-adjoint linear operator
acting on the associated Hilbert space, whose eigenvalues are the only possible values
of the observable.

Postulate III’
If a physical system is in state described by the density matrix p, the probability of
obtaining an eigenvalue a of an observable A is

Pa = Tr(pPag).

Postulate IV’

If a physical system is in a mixed state described by the density matrix p and one
filters the eigenvalue a of an observable A, the system is left in a mixed state described
by the density matrix

. PA,a pPA,a

Aa — — -
PAe = Ty(pPa,)

Pure states are special cases of mixed states. A state is pure if its density matrix has the
form p = |¢)(¢| for some |¢)) € H. A pure state is characterized by p? = p (= Tr(p?) = 1).
Otherwise, it is a not a pure state.

If the state is not pure, it is specified by the set of coefficients in (2.81) where more
than one w; is different from zero. Then the decomposition is not unique. For example,
the following density matrices are the same For example, the following density matrices
are the same (same (| p|¢), V|1)) but they are made of a mixture of but they are made
of a mixture of different pure states:

p=alu)yul+ (1 —a)lv)v], 0<a<l, {|u),|v)} orthonormal, (2.95)

1 1
p =g lz)al + 5 vyl
with |z) = Valu) — V1 —alv), |y)=+Valu)+V1—alv). (2.96)

We do not have a maximal information of the state since we do not know what the mixture
is made of.

Let us illustrate with an example the difference between a coherent superposition of
pure states (another pure state) and a incoherent mixture of pure states (mixed state).
Consider the following two states:
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22 Chapter 2: Postulates of Quantum Mechanics

e The pure state |S,+), that can be written as the superposition of eigenstates of S,

1 1 .1 /1
St = 5184+ 5 15:) = 5 (1) 297)
S =St NS ] = g G 1) (2.98)

in the basis {|S,+) ,|S.—)}. The density matrix p; is an alternative way of describing
this state. Notice that it corresponds to a pure state because

pi=p1- (2.99)
e The mixed state
1 1 .1/1 0
pr= 3184 8.+ 1+ 318 -~ 1= (5 ) (2.100)
(03 # p2)-
In both states the probability to find either S, = £h/2 is the same,
. (1 0 . (0 O
PSZFF = |SZ+><SZ+| = ’ PSZ,— = ‘Sz_><Sz_ | - (2101)
00 0 1
1 1
pri ps.+ =Te(pPs.+) =5, ps.- =Te(piPs. o) = 5, (2.102)
1 1
p2i ps+ =Tr(paPs. 4) =5 ps.- =T(p2Ps. ) = 5 (2.103)
and the expectation value (average) of S, is also the same,

Ch/1 0
S: =3 (0 _1) (2.104)

<SZ>p1 = Tr(ﬂlsz) =0, Ap1SZ = <S§>p1 - <SZ>2 =

2 (2.105)

| S| S

(S:)pn = Tr(p2S2) =0, Ay, Se = \/(S2),, — (S2)2, =

But in contrast to ps, the state p; has a well defined spin orientation (along the z-axis),

(2.106)

1 /101 .1 /1 -1
Ps, =[S+ MSe +| = 3 <1 1) , Pg, = |S;—){(Sz —|= 3 <_1 ) ) (2.107)
1 1

In fact,

.h(0 1
Sx_5 <1 0> (2.110)

h
(Sedon = Te(p1Ss) = 50 ApSe = /(SR — (523, =
=0,

(S)ps = Tr(p2Ss) DpsSe = /(52 — (S:)2, =

Actually p; represents a polarized beam (along the z-axis) and pe an unpolarized beam.
The silver atoms exiting the furnace in the Stern-Gerlach experiment are in the mixed
state pa (unpolarized), but those filtered by SGZ are in the pure state p; (polarized).

(2.111)

(2.112)
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2.6. Composite systems. Entanglement 23

e We could also prepare a partially polarized beam along the z-axis,

. 0
p3:’LU1|SZ+><SZ+|+w2|SZ—><SZ—| = (u(])l w2> (2113)

with wy +we =1 (w; # 0, wy # we). This is also a mixed state (p3 # p3) that has

p3:  ps.+ = Tr(psPs, ) = w1, ps.— =Tr(p3Ps, ) =ws (2.114)
1 1
2’ 2

(S2)ps = Tr(p3S:) = g(un —wz), ApS. = \/<S§>p3 —(S.)2, = hy/wiwy (2.116)

Ps.+ = Tr(psPs, +) (2.115)

h
(Sadon = Tr(paSa) =0, Dy Sp = \/(S2)p — (803, = 5. (2.117)
e Of course, |S,+), [Sy+) = %(|SZ+> +1|S,—)) and in general
(0, 0)) = cos(0/2) |S,+) + e¥sin(/2) ]S, —), (2.118)

with 0 € [0,7], ¢ € [0,27], are other examples of pure states, polarized along the
direction 72(6, ). Check that their corresponding density matrices fulfill p> = p. The
spin along 7 can be determined with full precision: we have mazimal information
about them. In contrast, the spin cannot be determined along any direction without
uncertainty when measured over the mixed states ps or ps.

2.6 Composite systems. Entanglement

A composite system of two subsystems with Hilbert spaces H; and Ho is associated the
Hilbert space H = H1 ® Ha (tensor product). This space consists of all the ordered pairs
lu) @ |[v) = |u)|v) = |wv), with |u) € Hi, |v) € Ha, and their linear combinations. By
definition, if ¢ € C,

c(|u) @ |v)) = (cu)) @ |v) = |u) @ (c[v)) (2.119)
(lu1) + uz)) ® [v) = |u1) @ [v) + |uz) © [v) (2.120)
u) @ (|v1) + [v2)) = [u) © [v1) + [u) @ [v2) . (2.121)

The states that can be written as the direct product of one vector |u) € H; and one vector
|v) € Hgy are called separable states. The linear combination of two or more separable
states are called entangled states.

If {|u;)} and {|v;)} are bases of H; and Ha, respectively, then {|u;) ®|v;)}, i =1,...,n,

j=1,...,m, is a basis of H; ® Hz (that has dimension m x n),
W) = aijlu) @ vy, V[Y) € Hy @ Ha. (2.122)
]

The scalar product in Hi ® Hs is defined by

Z%‘j |ui) ® |v;) 725@‘ lui) @ [v) | = Z ;i Bra (wilug) (vilvr)
i i

ijkl
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24 Chapter 2: Postulates of Quantum Mechanics

= Z a;;Bi;  (if both are orthonormal bases).
ij
(2.123)

If A, B are operators acting on H1 and Ho, respectively, we define the operator A ® B
acting on ‘Hy; ® Ha by

(A® B)(Ju) ® |v)) = (Alu) @ (Bv)). (2.124)
In fact, every linear operator C' on ‘H; ® Ho can be written as
C = Z ciin X Bj, (2125)

(]
with A; and B; operators on H; and Ha, respectively.

Consider an observable A acting just on the subsystem #;. Then it is of the form
A® Iy, on H; ® Hs and

Alugog) = (Alui)) o)) (2.126)

We can write the expected value of A in a state of density matrix p of the composite system
as its expected value in the subsystem H; with reduced density matrix p’!,

Tr(pA) =) (wivj| pA luivs) =Y (wivg| plvj) Aluy)

i i

=3l { D (wiloloy) | Alw) = T (014) - (2120)

where we have introduced the partial trace of p (or any other operator) as

P =Ty (o) = S (sl ploy) (2.128)
J
We see that the reduced density matrix, defined as the partial trace of the density matrix
of a composite system, describes the state of a subsystem when we ignore the information
about the rest of the system. Since, in principle, we lose part of the information, the
reduced density matrix of a pure state may be a mixed state. This happens in particular
when the state of the composite system is an entangled state.

For example, consider a four-dimensional system S = 57 ® So composed of two subsys-
tems of bases {|1),[{)} and {|+),|—)}. Assume the system is in an entangled state

¥) )14+

1 1
=E\T EMH
1
1 L, .1 o
ZE|T+>+E|~L_>_\/§ 0 (2'129)
1
=)

that we have expressed for convenience in the basis {|[1 +) , |
matrix describing the composite system in that state is

0 0

44,14 =)}. The density

(2.130)

[—
_ o O =
_ o O =

0
0
0

o o O
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2.7. Quantum dynamics: the Schrodinger equation 25

that, of course, fulfills p?> = p, because |¢) is a pure state. Now, the reduced density matrix
of subsystem S is the partial trace

P =Trs, (p) = (+lp|[+) + (=] p]-)
= (H) (1) + (1) 1) = S I T+ 0] (2131)

Notice that p51 does not describe a pure but a mixed state (Tr[(p®1)?] < Tr(p®') = 1):
half of the times the subsystem is in the state |1) and the other half in the state [|), but
never in a coherent superposition. The coherence is lost, just because we ignore (have
not measured) all the details of the complementary system(s). In practice, this is always
what happens when we measure an observable in a non-isolated system: the system is
entangled with the measuring apparatus, trillion trillions atoms whose state is impossible
to determine. This inevitable partial knowledge leads to a Schrodinger’s cat that is either
dead or alive, and not in a coherent superposition.

In general, a bipartite pure state p is entangled if and only if its reduced states are
mixed rather than pure.

2.7 Quantum dynamics: the Schrodinger equation

How does a quantum system change with time?

2.7.1 Postulate V

Postulate V
In the time interval between two consecutive measurements (closed system), pure states
remain pure, and the time evolution is described by the Schrodinger equation,

ih S () = H(D) [0(0). (2132)

where H (t) is an observable called the Hamiltonian of the system.

The Schrédinger equation is deterministic. Given the quantum state at a time ¢; it is
known at any later (or earlier) time t2. Notice that in QM time is not an observable, it is
a parameter. In contrast, the position is an observable. This is at odds with the theory of
Special Relativity, where space and time are treated on an equal footing.

An important property of the Schrodinger equation is that, during the evolution be-
tween two measurements, the norm of the states does not change,

g o) = [ SO ey + o w50

== (WOIH@®) [¥(#) + (DO H () [¢(t)) =0 (2.133)

where we have used that H(t) is Hermitian. On the other hand, the Schrédinger equation
is linear. Therefore, the time evolution must be described by a unitary operator”

[Y(t) = Ult.to) [(to)), UU=UU'=1I (2.134)

hRecall that if U is unitary and |1’ = U |¢) then the norm is preserved, (3'|¢") = (| UTU |9) = (|¢).
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26 Chapter 2: Postulates of Quantum Mechanics

From the relations

[Wh(ts)) = Ults, t2) [¥(t2)),  |(t2)) = Ulta, t1) [¥(t1)) (2.135)
one gets
Ul(t,t) =1, (2.136)
Ults, t1) = Ul(ts, t2)U(t2, 1), (2.137)
U(tz,tl) :U_l(tl,tz) :UT(tl,tg) = U(tg,tl)U(tl,tQ) =1. (2.138)

Notice that, as anticipated above, the time evolution of a state of a closed system is
reversible. If t > t,

(1)) = U(t,to) [¢(to)),  |v(to)) = UT(t,to) [1h(t)) - (2.139)

There is no loss of information. In contrast, the measurement process (collapse of the
state) is not a unitary, reversible process. Since this is produced by the interaction with
an external apparatus, the system will be no longer closed. However, as we have seen,
one can include the measuring apparatus as a part of the (composite) system. Then the
time evolution will be unitary and reversible and there is no need to introduce the bizarre
collapse.

The evolution of a mixed state p(t Z w; | (t)){ai(t)| also follows from (2.132),

= S i {d‘ﬁf”] st + st [ |}
= sz {H (1) | (1)) (e (8)] — o () (os(B)| H (D)} (2.140)

assuming time-independence of the frequencies, and hence

WO _ Loy, 1) (2141)

In general, the expectation values change with time,

S (o) A pee) = {dﬁf”'}A|¢<t>>+<w<t>|A{d‘ﬁf)>] (o) 22 o)

=~ w4, H )+ 1 O ) (2142)

The self-adjoint operator H is called Hamiltonian, but in QM there is no prescription
to obtain it. It has clearly the dimensions of energy, thanks to the introduction of the
dimensionful constant % in (2.132). In systems with a quantum analog one can usually
(not always) infer its form from the corresponding classical Hamiltonian (see §2.8).

2.7.2 Time evolution operator

Substituting (2.134) into (2.132) we get the Schrédinger equation for the time evolution
operator U,

1h§tU(t lo) = HOU( 1) (2.143)
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2.7. Quantum dynamics: the Schrodinger equation 27

where we have used that

S AUt 10) (1))} = S UL 10) [0(00) (2.144)
because [¢(ty)) does not depend on ¢t. Then, using the properties of U,
AU (£, to) = —%H(t)U(t,to)dt
= U(t+dt,to) —Ult,to) = —%H(t)U(t,to)ét (2.145)
and taking tg = ¢,
U(t+6t,t)=1— ihH(t)ét. (2.146)
This is the expression for an infinitesimal time evolution. It reveals that H/h is the

generator of time translations (when H # H(t)). Let us find the evolution operator for an
arbitrary time interval.

o If H # H(t), the differential equation (2.143), with U (to,t9) = I, is easy to solve,
U(t,to) = exp {—;H(t — to)} . (2.147)

e If H = H(t) one can check that the solution is the Dyson series,

Ut to) = I + i (—;)n/j dt /ttl dty . . /tt”_l Aty H(t)H(ts) ... H(by).
"~ S 0 (2.148)

If [H(t), H(t')] = 0 it simplifies to

Ut o) = exp {_71@ /t: dt H(t)}. (2.149)

2.7.3 Stationary states and constants of motion

Consider a time-independent Hamiltonian H # H(t). Since H is self-adjoint it can be
diagonalized,

H|E,) = E, |E,), E,¢cR. (2.150)

The eigenvalues FE, are the allowed energies or energy levels and the |E,) the energy
eigenstates of the system. The time evolution (2.147) of the energy eigenstates is trivial,

U(t,to) |Ep) = e #H—10) |B Y = ¢~ #En(t=t0) |} (2.151)

The only change is an irrelevant global phase, so the state remains the same. Hence, the
energy eigenstates are stationary. One can write the time evolution operator in the basis
of energy eigenstates (spectral resolution of U) as

Ult,to) = >N B (Bl e #7E0) |E ) E,| = Y e #bnt-0) BB, | (2.152)
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28 Chapter 2: Postulates of Quantum Mechanics

The time evolution of a generic state |¢) = Z ¢i |E;) is

) = 06,10 19) = 30 S K50 53 B B = 3 e ).
(2.153)

Since the components change by different phases,
¢; — c;e” #Eilt—t0), (2.154)

the state [¢) is not stationary unless it is an energy eigenstate.

On the other hand, according to (2.142), we say that a time-independent observable A
that commutes with H is a constant of motion since its expectation value in any state |t)
does not change with time,

0A

.d
a—o, [A,H]—O = lhf

(A =0. (2.155)

In particular, since [H, H] = 0, a time-independent Hamiltonian is a constant of motion,
and the average energy (H), does not change with time even if |¢) is not a stationary
state. And if |¢) is stationary then any time-dependent observable is a constant of motion.

2.7.4 Time evolution pictures

So far, we have considered that states evolve with time and observables (unless explicitly
dependent on time) stay constant,

o) 5 Ula), A-S A (2.156)

This is called the Schrodinger picture. However, since after all we just deal with the
results of our observations (measurements), we could view things in an alternative way.

The time evolution of the expected value
(a] A|B) - (o] UTAU |) (2.157)
can also be interpreted as if the states do not evolve but the observable does,
la) -5 o), 18) - 18), A-SUtAU. (2.158)
This is the Heisenberg picture. To distinguish both pictures, when necessary, we denote

@)y = lalto)s = Ut la(t)s (2.159)
AR @y =UtASU, A (15) = AG), (2.160)

The predictions are identical:

alo] AT @) 18)y = ()] A®[B(1)) (2.161)
and the hamiltonian H has the same form in both pictures,

H=U'HU. (2.162)
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2.7. Quantum dynamics: the Schrodinger equation 29

An observable A in the Heisenberg picture may change with time because of the dynamics
of the system or because of its explicit dependence with time. Then, using (2.143), we
obtain the Heisenberg equation of motion,

dAt)  rqut dU DAL)
_ (9) t4(9) t
5 [dt]A U+UA {dt]-i-U o
- (9)
_ it 104
FU [AY) HU +U o
i oA\ D)
= ——[AW) g+ (= 2.1
s+ (5) (2.163)
where one usually writes
aA\ HALS)
— =yt . 2.164
<8t> UV (2.164)

The density matrix changes with time in the Schrédinger picture according to (2.141),

(9) i
O L), ) (2.165)

but it is constant in the Heisenberg picture,
P (to) = wilaito)Hei(to)|
i

= p(t) = U(t, t0)p(to)UT (t, o)

= () = U (t,10)p (1)U (¢, t0) = p)(t0) = ™) (t0)

dpt)(t)

——==0. 2.166

g” (2.166)

The Heisenberg picture is more similar to the usual description in Classical Mechanics,

where the observables (position, momentum, ...) change with time. Actually, the Heisen-

berg equation of motion has the same form as the Hamilton’s equation for a classical
variable A = A(z1,...,ZN,D1,...,DN; 1),

dA 0A
— =[AH — 2.1
= = (A, Hlp+ (2.167)

replacing the Poisson bracket,

B DA OB DA OB
[A,Blp=>_ (ami . Op. 8@) (2.168)

i

by a commutator, namely

(classical) [-,-]pﬁf%[-,'} (quantum). (2.169)

This analogy reinforces the idea that the operator H introduced in (2.132) is in fact the
Hamiltonian of the system.
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30 Chapter 2: Postulates of Quantum Mechanics

2.8 Quantization rules

How to build quantum operators that represent the physical observables? Next, we will
discuss the canonical quantization rules.

2.8.1 Postulate VI

For a physical system in which the Cartesian coordinates are x1,xs,...,Tn, with
corresponding momenta p1, ps, . . . , pN, the operators X, and Ps, which represent these
observables in QM, must satisfy the commutation relations

[X,,X,] =0, [P, P]=0, [X,P=ihdsl. (2.170)

If the system has an observable whose classical expression is A(z1,...,ZN,P1,.-.,DN; 1)
then the corresponding operator can be obtained by “conveniently” substituting he
variables z,, and ps by the operators X, and P;, respectively.

Here, “conveniently” means the following. Since X and P are noncommuting ob-
servables, one should write classical variables like zp as an equivalent combination whose
quantum analog is a self-adjoint operator. In fact, the product X P is not self-adjoint, since
X =Xt P=Ptand

[X,P] = XP — PX =ihl = (XP)' = (PX)" — ikl = XP —ihl # XP. (2.171)

However,
1 1
xp = §(arp+px)~> §(XP+PX) (2.172)

is a self-adjoint operator with the same classical expression.

This postulate will look less bizarre when we see in chapter 3 that identifying the
momentum with an operator P that satisfies the commutation relations (2.170) is the
right way to understand P/h as the generator of spatial translations.

2.9 Superselection rules

Suppose we have an observable whose operator () commutes (is compatible) with all other
operators associated to observables in H, [Q, A] = 0. Then for any pair of eigenstates of
Q with different eigenvalues,

QY1) =ailyr), Q) =a2lyo), (2.173)

we have that

VA 0= (1] [Q, A] |[¥2) = (1| QA [t2) — (1] AQ |p2) = (q1 — q2) (1] A ]b2)
= (1] Af2) =0 if ¢ # g (2.174)

This means there are no transitions between whatever two eigenstates with different eigen-
values of Q).
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2.10. No-cloning theorem 31

As a consequence, let us see that there is no pure state in H that is a superposition of
states with different values of (). Suppose that such a pure state |¢) exists. Then, since
the eigenvectors of () are a basis of H,

) = cilys)  with Qi) = gi |vs) . (2.175)
Using (2.174) the expectation of any observable A in this state,
(Wl A[) =D lail* (Wil Alhi) = Te(pA)  with  p =" |ei|* [thi){(¢i] . (2.176)

We see that unless |¢)) has a well-defined value of @ (there is just one ¢; # 0) p describes
a mixed state (incoherent superposition of pure states) despite |¢) € H.

Any observable Q with these properties is called a superselection observable and gives
rise to superselection rules: one can prepare only states with well defined values of Q).
States with different values of @ live in separate Hilbert spaces H,. For example, the
electric charge, the parity, the baryon and lepton number, ...

2.10 No-cloning theorem

In §2.2 we emphasized that a quantum state can not be understood as an element of
reality but as a collection of similarly prepared systems. But how to make identical state
preparations of a state? Notice that the state, in principle, might be even unknown.
Sometimes things are easy: it is possible to prepare the lowest energy state of a system by
simply waiting for the system to decay to its ground state. Another way is filtering, the
technique used in the Stern-Gerlach experiment.

But we would really like to have a procedure to make exact replicas or clones of a
prototype of the state, provided it exists. This is a common method in classical physics:
the duplication of a key or the copying of a computer file. However, surprisingly, let us see
that cloning quantum states is impossible.

Suppose we want to build a machine to copy a quantum state. There are only two
permissible quantum operations with which we may manipulate the composite system. If
we perform an observation, the original state will irreversibly collapse into some eigenstate
of the observable, corrupting the information contained in the qubit(s). This is obviously
not what we want. Instead, we should use unitary operations. Given [¢) and a “blank
piece of paper” |b),

) @ 1b) — U(ld) @1[b)) = |4) @ [¢) . (2.177)

(Imagine we are so wise as to control the Hamiltonian to make the state evolve this way.)
And the same wih another state |¢),

[#) @[b) — U(l9) ® b)) = [¢) @) . (2.178)

This looks perfect but, if we take the scalar product of both resulting states,

(¢l ® GNUTU(j9) ® b)) = (d]v) (2.179)
= ((¢] @ (@) (1) ® [)) = (]v)*, (2.180)
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32 Chapter 2: Postulates of Quantum Mechanics

we see that this is only possible if

(¢[¢) =0o0r £1, (2.181)

namely, if 1)) and |¢) are either the same state or they are orthogonal. Therefore, a

single universal U cannot clone a general quantum state (arbitrary superpositions of the
orthogonal qubits |0) and |1)).

Notice that states which are classically different will certainly be orthogonal, so the

no-cloning theorem for quantum states is not in conflict with the well-known possibility of
copying classical states.
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Chapter 3

The wave function

3.1 Continuous spectrum

So far we have assumed observables with a discrete spectrum of possible values. This is in
particular the case of S,. But there are observables, like the position or the momentum of
a free particle, that have a continuum of possible values. As a consequence of postulate
ITI, we will need an operator with a continuous set of eigenvalues. Then the operator will
be acting on a Hilbert space of infinite dimension. As we will see in this chapter, most of
the results that we have already obtained can be generalized to a continuous spectrum.

Let us revise first the concept of orthonormal basis. If A is an operator with a
(non-degenerate) discrete spectrum, A |a) = a|a), then {|a)} is an orthonormal basis,

1, a=d

0 azw (3.1)

<a’a’> = ar  (Kromecker delta), 0,0 = {

Consider now a generic operator X with a continuous spectrum, X |z) = z |z). Then {|z)}
is an orthonormal basis in the following sense,

oo , v=1

o e (3.2)

(z]2') = 6(x — ') (Dirac delta), d(z—2') = {

The Dirac delta is strictly not a function, it is a distribution that assigns a complex number
to each smooth function in x = xy constrained to satisfy

/ " dzo(e — 20)f(z) = / O e 5 — w0) fx) = f(a0), (3.3)
—o0 zo—e
equivalently, a distribution that fulfills

/OO dzdé(z —xzo) =1, 0(z)=0, Var#0. (3.4)
From now on, definite integrals extend from —oo to oo unless otherwise stated.

The Dirac delta can be otained as the limit when L — oo or € — 01 of the functions:

1 L ke SIDLx
(@ duw)= 5o [ dkdtr = T (35
1 —x € :
(b) 65($) = We 2/(2 2) (Gauss1an), (36)

33



34 Chapter 3: The wave function

(a) (b) () d —

Figure 3.1: Several representations (in some limit) of the Dirac delta function (see text).

© sy =T (3.7
(d) dc(z) = ble+5) —b@—5) — dQ(x)j 0(x) = Heaviside step function.  (3.8)

€ dx

For continuous spectra the completeness relation is generalized as follows
A: Slafal =1, X /dx )] = 1. (3.9)
a

Any vector in the Hilbert space of an operator A can be expressed in the basis of eigen-
vectors,

Ar )= la)(alp) =) la)ca (3.10)
a a
where ¢, is the component of [¢) along |a). In the case of X with a continuous spectrum,

X (0= [ do o) o) = [ do o) wia) (3.11)

where 1(x) is the wave function of |¢)), analogous to the component of |¢) along |x).
Notice that the vectors in the Hilbert space of A must be normalized,

W) = (Wla)(al) =) cica= leal® = 1. (3.12)

Likewise,
wwz/mwm@wz/mwwwwzﬁmwm%m (3.13)

This requires ¢(z) € L*(R), a square-integrable function in R.

The probability to obtain an eigenvalue a of the observable A on the state [¢)) is

Pa = (Y| Paa ) = (¢ (Z Iai><az'|> [¥)

a;=a

=2meﬁ (3.14)

for the general case of a degenerate eigenvalue. Analogously, the probability to obtain a
value = of the observable X in the interval [xg,x1] on the state |¢) is

x1

pm@ﬂ=<WPxMwﬂmo=@m(/ dxmxﬂ>w>

0
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3.2. Position representation 35

— /xl da |op (). (3.15)

0

Hence, [¢)(x)|? is the probability density to obtain a value z of X that gives the proba-
bility to obtain x in the interval [z, x + dz]

Finally, the braket of two states

01} = [ o @le) (alt) = [ doo (@) (3.16)
is the overlap between their wave functions. And for an arbitrary function F = F(X),
F(X)|x) = F(z)|x), (3.17)
the matrix element
GIFCO 1) = [ do (6] FOX)[e) (el = [ doFla) (8la) (2l0)
_ / dz F(2)6* (2)0(). (3.18)

3.2 Position representation

The position of a particle will be given by the eigenvalue of the position operator,
X = (X1, Xy, X3) = (X,Y, Z). (3.19)

The (infinite-dimensional) orthonormal basis of eigenvectors of X is {|Z)} where & labels
every point in the 3-dimensional space,

(2|7) = B@—)=0(x—2)o(y—y')d(z—2') (orthonormality) (3.20)
/d x |22 =1 (closure). (3.21)

The wave function in this basis is called the position representation,
(Z|Y) = (@) = P(z,y, 2). (3.22)

The normalization of the physical states is expressed as

1=wm=/&xwaﬁw:/&%wum> /&|WM (3.23)

The Hilbert space of physical states is formed by the square-integrable functions in R3,
L?(R3). Tt is remarkable that, in particular, the wave function of |#'),

(Z|7) = 8@ - &) (3.24)

is not a square-integrable function and hence does not belong to # = L?(R?). In order to
incorporate it, one must enlarge ‘H to include distributions. This is the so called rigged or
equipped Hilbert space, introduced to account for the continuous spectrum, as was done
implicitly in the previous section.
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36 Chapter 3: The wave function

Furthermore, we should not be concerned that a state described by a delta function
cannot be normalized, because it is not physical (but a limiting case), since one cannot
measure the position  with infinite precision. In practice, when we measure the position
X of the state |v), it collapses to a state that is actually a superposition of a continuum
of eigenstates of X in the interval [z — A/2,x + A/2] where A is a narrow (but non zero)
range around z that our detector cannot resolve,

T+A/2
—>/ da’ |") (2'|) . (3.25)
A/2

These can be considered as eigenvectors of a common eigenvalue x, analogous to the case
of a degenerate eigenvalue a of an operator A with a discrete spectrum,

V) = Y ai) (aild) = pa= Y [{ailv) (3.26)
a; 7
assuming that (x|¢) does not appreciably change within an infinitesimal interval A

T+A/2
S pla) = / aa! | (') 2 = A | o) . (3.27)

z—A/2

Then (&) is the amplitude and |+/(Z)|? is the probability density to find a particle at
Z.

Let us now introduce the operator that produces a space displacement (translation)
from the position T to T + xp:

T(2p) | %) = |+ 20) - (3.28)
There is a continuous set of translations, o € R3, that can be composed (multiplied),
T(fl)T(fg) = T(fl + fz) (329)

They have the mathematical structure of a Lie group called T5. They are represented by
unitary transformations acting on H,

&) — T(do) |8), |7) — T(#)|7) (3.30)

(Z| TT(Z0)T(Z0) |7) = (& + Zo |7 + :z0>
=B @+ iy —T) =T -T) = <:Z“"f/> (3.31)
= TV(#) = T~ (&) = T(—&o)- (3.32)

The elements of a Lie group can be written in terms of the generators. Consider first
the generator of translations in R,

T(x0) |x) = |z + z0) - (3.33)

We define the generator K as the operator such that
T(0x)=1—idz K (3.34)

for an infinitesimal translation dz. K is self-adjoint,

Yox)=T+ibz K, Ti(éx)=I+ibzK! = K=K, (3.35)
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3.2. Position representation 37

and satisfies the differential equation

dT
aéw
T(x+6x) =T(z)T(0z) =T(x) (I —idz K) =T (x) —idz T (x) K

T(x+dz) =T(z) +

dr
— =T K .
=i (3.36)

with the boundary condition 7'(0) = I. Hence,
T(x) =e K=
1
=1—iKz+ 5(—iKgc)Q +...

— lim (I—iK%)N. (3.37)

N—oo

A finite translation z is the composition of N — oo infinitesimal translations 2z/N generated
by K. The displacement x is the parameter of this one-dimensional Lie group. Next we
will investigate how K commutes with the position operator in one dimension:

XT(6x)|z) =X |z +dx) = (z + o) |z + dz) ,

)
T(6x) X |x) = T(dz)x |z) = = |z + dx) ,
= [X,T(0z)]|z) = x|z + dx) = da T'(0x) |z) Vl|x)
= [X,T(0z)] = dz T (6x). (3.38)

Writing this expression in terms of the generator, to leading order in dz,

[X,T(02)] = [X,] — iz K] = —idz [X, K] (3.39)
dxT(6x) =dx (I —idz K) = dz I, (3.40)
we find that
(X, K] =il (3.41)
(X, hK] = ikl (3.42)

So, the generator of translations in one dimension, multiplied by £, has the same commu-
tation relations (2.170) with X as the momentum P = hK.

In R3 the Lie group of translations has 3 independent generators, K ,
TOZ) =1—i(6x K, +0yK, +02K,)=1—-1i0%- K. (3.43)
One can easily check that the commutation relations of X and P = hK are as in (2.170),
Xy, K] =10, = [X,, Ps] =ihd,sl. (3.44)

This is a remarkable result: in QM the momentum is the generator of translations,

— —

P = hFt, (3.45)
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38 Chapter 3: The wave function

since it is represented by the same operator in the Hilbert space,

T(7) = e~ #PE,

(3.46)

How does the momentum P act on the position representation? Consider first R,

T(6z)|z) = |x + dx)

h h

ox

with T(6z) |z) = <I - iPch) ) = |2) — L02P|a)

And for the bra,

(o + 62| = (o]

(x| PT = (2| P = —ih "

Let’s find the wave function of the kets P [¢)) in the position representation:

(x| P ) = P/da:/ ‘93 >

— —th/dx’ ‘m/

= —ih— /dx x40z —a') = 0(z — ') (')

:_lhwmwm ¥(x)
ox
dy(z)
—ih .

We see that P is represented by a differential operator in the basis {|z)},

) = (z)) = ¢(z),
p= _m% = (ol Plu) = —in 32 dw

Proceeding in the same way, in R one obtains

888)

= —ihV = i (8:1: dy’ 92

3.3 Momentum representation

Instead of the basis {|Z)} we can use the basis of momentum eigenstates {|p)},

Pp) = plp)
This is also an infinite-dimensional orthonormal basis,
(plp') = 8°(F— 7) = 8(p1 — P1)8(p2 — P2)5(p3 — ph)

[ & im -1
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The wave function of a state |¢)) in the momentum representation is

b(p) = (PlY) - (3.55)

with
1—@%—/&mwm@w—/&MWW@—/Ewwm? (3.56)

Let us see how to express |p) in the position representation. Consider first R,

Plp)=plp) = (= Plp)=p(zlp). (3.57)
Using (3.50) we find
B alp) = p (ol > (alp) = New® (3.59

where NV is a normalization constant that we will determine next. Writing the Dirac delta
in the form (3.5) and using the property d(azx) = ﬁd(m), we have

1

(plp')y =6(p—p") =6(h(k —K)) = FO(K =)
1 : / 1 i,
- = iz(k'—k) _ = +(p'—p)z
5T, dze 5 dzen
= [ do tple) Galp') = INP [ dwel’re
1
= N=__—__. 3.59
(2h)1/2 (3:59)
Hence, the wave function of |p) in the position representation is
1 i
_ DT
(z|p) = iz (3.60)
and in R3,
(@) = e 3.61)
TP = Gy (3

And then, the wave function of |Z) in the momentum representation is
1

S Ak —ipz
(p]7) = (Z|p)” = et (3.62)

Now we can change from one basis to the other. Consider a state [¢)) in the one-
dimensional momentum representation,

&@—@@—/@@w@m

1

N (27rh)1/2/dx e y(z) = Flu(a)) (3.63)

We see that (p) is the Fourier transform of ¢(x). Analogously, ¥(x) is the inverse Fourier
transform of ¢ (p):

wm=mw=/@@www
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40 Chapter 3: The wave function

- (277711)1/2 /dpe;"px@@(l’) = F [ ()] (3.64)

The Fourier transform is defined for square-integrable functions and for distributions. For
example, the wave function of a particle perfectly localized at xq is

¥(x) = (x]wo) = 6(x — x0) (3.65)

9(p) = Flo(a — 0)] = e (3.66)

whose distribution of momentum is constant (all momenta are equally probable),

N 1
[9(p)* = 5= Vp € (—00,00). (3.67)
21h
And the wave function of a particle with a well-defined momentum pg is a plane wave,
b(p) = (polp) = 3(p — po) (3.68)
1 i
_ 1 _ — 7P0T

whose spatial distribution is constant (all positions are equally probable),

1
2
)| =— Ve (—o0,0). 3.70
Y@ = 5 V€ (~o0,o0) (3.70)
These results are as expected because, using the general uncertainty relations (2.75) and
the commutation relation of X and P (2.170), one has that the product of uncertainties in
position and momentum is

AyX AyP > g (3.71)

Hence, if one of them is perfectly known the other must be totally uncertain. In practice,
the wave function (3.64) is not a plane wave but a wave packet, a superposition of plane
waves, with @(p) a function peaking more or less sharply at p = pg, not quite as §(p — po).
It is instructive to calculate [exercise] the expectation values and uncertainties (X )y, Ay X,
(P)y, Ay P for different wave packets and check that the Gaussian wave packet,

(@—20)® ;
Y(z) =cpe” 2% oo (3.72)
“ _(10—100)2
Y(p) = —Coha e 2n/)7 (3.73)

with normalization 0[2) = \/%, is a minimum uncertainty packet, that satisfies
o

h
ApX Ay P = 5 (3.74)

3.4 Probability density and probability current density

We can now find the Schrédinger equation for the wave function ¢(Z,t) = (Z[¢(t)) of a
particle of mass m moving in a potential. Starting with (2.132),

.. 0
iho (2[0(8)) = (el H |[¢(t) (3.75)
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3.4. Probability density and probability current density 41

and taking the position representation of a time-independent Hamiltonian, H # H (t),
P2 _ h?
H=_——+V(X)= —%W +V (), (3.76)

2m

we get the Schrodinger wave equation:

L0 R, . .
1haw(x,t) = <—2mV + V(w)) W(Z,t). (3.77)
In particular, we confirm that energy eigenstates are stationary,
(z| H [¢p(t) = E(z[¢pt) = E¢p(Z,t), (3.78)
0 " L S _ip— S
o Vp(T,t) = Egp(@,t) = ¢u(@ 1) =e nEU=0)y o (2, 1) (3.79)
and satisfy
h2
<—2mv2 + V(f)) Yp(Z,t) = Eig(Z,t). (3.80)

Let us see now the evolution with time of the probability density

o(Z,t) = [(&,1)* = * (T, )9 (7, 1), (3.81)
do ot O 1
S = YV S = o [(HY) Y — v HY)
- ih 2 % * 72 - v i VAR v
=~ - UV — V) = -V [Qm (v¥v* —v vw)} . (3.82)
Hence, the probability density satisfies the continuity equation:
d¢ g M LG Ty o, (3.83)
- ih - - h -
J(@,t) = 217,1 (ww* — ¢*w) = ZIm(y* V). (3.84)

where J is the probability current density. Integrating this equation over an arbitrary
region V of R3, and applying the divergence (or Gauss’s) theorem,

0o - o
vl [avv.J=0
/v aﬁ/ v

N 3/dvg+§1§d§.j:o (3.85)
ot Jy s

we find that flux of the current density through the surface S enclosing the region V gives
the total probability that has escaped or entered that region per time unit. If V = R? the
total probability is constant.

The probability current density integrated over R3 is the average particle velocity in
the state ),

@ = 2 W1 P1) = - [ & wlo) (o] P o)

1 = ih Lo
= / &3z (—ihVe) = / & <—;nw*w)
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42 Chapter 3: The wave function

= % / Pz (IhVY* )y = / d3z <ZW¢*> (3.86)
= / PrJ = % / Pz @W* —q,z)*w) = (@) (3.87)

For an energy eigenstate (3.79), that is stationary, the probability density to find the
particle at Z does not change with time, since

do = -
0= V(@) = ve(@ t))> = a—f =v.J=0. (3.88)

The time evolution of a generic wave function will be described in §3.6.

3.5 Ehrenfest’s theorem

We have seen in (2.142) how expectation values change with time. It is remarkable that
the expectation values of X and P for a particle of mass m moving in a potential V' (x),*

S (Xy = (X, Hyy = (P, (389)
P =R =~ () =, (3.90)

verify similar equations of motion as the the classical variables x and p:

de  OH p

== = _4£ 3.91
dt dp m ( )
dp OH dv
P ) (392)
In fact, putting together (3.89) and (3.90) one finds the Ehrenfest’s theorem,
d2
m@(ﬂw = (F(2))y (3.93)

stating that the center of the wave function (X), moves like a classical particle under the
average force (F')y.

Although, at first glance, it might appear that Ehrenfest’s theorem is saying that the
quantum mechanical expectation values obey Newton’s classical equations of motion, this
is not actually the case, because in general

(F () # F((X)p). (3.94)
Exceptions to this inequality are potentials of the form
V(z) = -Xz", F(z)=n\z"""! (3.95)

for: n = 0 (free particle), n = 1 (constant force) or n = 2 (harmonic potential). [Exercise]

*To check (3.89) and (3.90) notice that
[X,P?] = [X,P|P + P[X,P] =2ihP <« [A,BC]=[A, B]C + B|[A,C),

. AV d LdY . AV
[P,V]_PV—VP_—IHE—lhva—v(—ma)_ ih
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3.6. Propagator 43

3.6 Propagator

The time evolution of the wave function can be expressed in terms of the propagator. This
is a general approach that allows a perturbative treatment. It is frequently applied in
Quantum Field Theory, where the propagator is a fundamental concept. We will introduce
it here although it will not be used in this course.

The propagator K (¥o,to;&1,t1) is an integral operator that acts on the initial wave
function and transforms it to the final one,

¢(52, t2) = /d3x1 K(fg, t2; fl, tl) T,Z)(fl, tl). (3.96)

Let us explore its meaning. Suppose a particle perfectly localized initially (¢1) at Z;. Its
wave function is just

Y(T1, 1) = 6(T1 — 7). (3.97)

According to (3.96), at a time to the wave function develops into
ﬂ)(i‘é, t2) = /dgl'l K(fg, tg; ZL_"l, tl) 5(51 — fz) = K(SL_"Q, t2; fl', tl). (3.98)

Therefore, the propagator K(¥o,to;Z1,t1) provides the probability amplitude to find a
particle in Zo at o if the particle was in Z1 at ¢1, namely, it is the probability amplitude
for the “propagation” between those points in that interval.

Remember that [)(t2)) = Ulta, t1) [(t1)) = e~ #7271 |3 (¢1)). Then, taking |¢)(;)) =
|#1) we have

(T2|Y(t2)) = K (T2, te;71,11) = (2| Ulte, t1) [71) = (T2, 2|71, 1) (3.99)

where |71,t1) and |Z9, t2) are position eigenstates in the Heisenberg picture. And in terms
of energy eigenstates:”

(T2, t2) = (Tal(ta)) = (Tol e FH 70 y(1y)) = S (72| E) (Bgp(t1)) e~ Elt2=t)

E

- /del Z (To| E) (E|71) (Z1[¢ (1)) e #E(t2—t1)
E

B / Py Y (@) vp(E)e 7T p(@, 1)
E

= K(@ 1231, t) = D p(@) (@ )e B0, (3.100)
FE

Restricting ourselves to the case to > t; we define the retarded propagator
K+(fg,t2;f1,t1) = 9(t2 - tl) (fg| U(tg,tl) |:fl> (3.101)
where 6(t) is the Heaviside step function

1, ty>t
O(ty — 1) :{ 0 tz g ti (3.102)

PReplace Z |E)Y(E| with /dE |E)(E| if the energy spectrum is continuous.
B
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44 Chapter 3: The wave function

whose derivative is the Dirac delta,
00(te — t1)

i =0t —t). (3.103)

0

The retarded propagator is the Green’s function of the operator H — ihaz

K2 . 0 N
_MV?C?JFV(M)_%%] le(tQ—tl);wE($2)¢E(xl)e e tl)]

=0tz — 1) Y B (@) p(@)e nF(7)
E

—ih6(ty — 1) > Yp(@)u(F)e 7Pl
E

) N ko i i,
—1h9(t2 _tl)gwE(xQ)qu(xl) (_hE> e h,E(tZ tl)
= —ih6(ty — t1)0° (T — 1) (3.104)
where we have used H g = E¢p, 0(ta — tl)e_%E(tZ_tl) =1 and

D wp(@)n(E) = > (3| B) (B|7h) = %@ — 71). (3.105)
E

E

Finding K is difficult in general, depending on the form of the potential V(Z). An
easily solvable case is the free propagator, V(Z) = 0,

1 ioim o i p2
= K+(fz,t2;fl,t1) = (tQ —tl)/dgp (271_71)3651)( 2= 1)e7ﬁ§7(t2*t1)
) 3/2 o 1e—7)2
;3w m 1m [T2 1
=0(ty —t1)e "1 | —r—rr— h2 ty—t 3.107
(= e ¥ | ST gaon)

where we have used (to the third power in 3 dimensions),

00 . cr b2
/ dp e~ i(ar*+20p) \ﬁ e T, a>0. (3.108)
— 00 a

It is instructive to see [exercise] how a Gaussian wave packet evolves freely with time:
its center moves with constant group velocity and the packet broadens being no longer
minimal: Az Ap > h/2 (while Ap remains constant).

The free propagator is used as a starting point to find perturbative solutions at order
V™(&). This is the usual approach in Quantum Field Theory.

3.7 Feynman formulation of Quantum Mechanics: path in-
tegral

In Classical Mechanics, dynamics is governed by Hamilton’s principle: the trajectory of a
system (Fig. 3.2) in the phase space (coordinates and velocities) is an extreme of the action
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3.7. Feynman formulation of Quantum Mechanics: path integral 45

Figure 3.2: Possible trajectories x(t) in the phase space of one particle (z,#). In Classical
Mechanics the particle follows just the one that minimizes the action.

(usually a minimum),
ty
5S = 5/ dt L(z,#) = 0, (3.109)
t;

where the Lagrangian L(z,) is a function which contains all physical information con-
cerning the system. If it is conservative,

L(z, %) = %mj:Q —V(x). (3.110)

From this variational principle one derives the Euler-Lagrange differential equations, whose
solutions provide the equations of motion of the system.

In 1933, Dirac pointed out that, in contrast to Classical Mechanics, the action seemed
to play no relevant role in QM. He unsuccessfully speculated that the propagator might
correspond to exp{iS/h} where S is the classical action evaluated along the classical trajec-
tory. In 1948, Feynman developed Dirac’s idea and accomplished a new formulation of QM
based on writing the propagator as the sum over all possible paths (not just the classical
one) of exp{iS/h} between the initial and the final state. Somehow, a quantum particle
manages to take all paths and the probability amplitude of each one adds up according to
the superposition principle of QM.

We have seen (?77) that in the canonical formalism, the propagator is

(g tplwi,ty) = (zp| e HAYM | 2) (3.111)

Notice that at every fixed time ¢, the states {|z,t)} form a complete set,

I= /dx |z, t)(x, t|. (3.112)

Let us choose a set of intermediate times ¢, € {to,t1,...,tx} with t; =t < t1 < -+ <
ty =ty that will be assumed equidistant to simplify,
tr —t;
t, =to+not, Ot= % (3.113)

Then the propagator reads

(g tp|wg,t;) = /dfm (g tp|wr,te) (@, bz, ts)

°R. P. Feynman, Space-time approach to nonrelativistic Quantum Mechanics, Rev. Mod. Phys. 20 (1948)
367.
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Figure 3.3: Path z(t) defined by the interpolation of z(ty) = zo, ..., z(tn) = xN.

= /dfﬁld@ (p,trla, ta) (x2, talar, t1) (1, t1|2s, ts)
N1
= / day - doyo1 [] (@ns1s tost |2, tn) (3.114)

n=0
with the notation z; = g, vy = x. For small enough 6t,
(Tna1, tng1|Tns tn) = (Tny e IOt/ |Zn)
= (zpy1| (1 = iHSt/R) |z,) + O(6t)* . (3.115)

In the momentum representation and neglecting terms of order (6t)?,

(@Tnt1, tns1 |2, tn) = (@nga| (1 — 1HOE/) |an)

— [ b G lon) (ol (1 = 825/ )

- / App (st [P} (1 — LH (s 20)5t/ 1) (pr )

— / dpﬂeipn(76n+1—ﬂcn)/ﬁe—ﬂ'i’(zvn,:lvn)ét/ﬁ

21h
[ dpn i Tptl — Tp
- MeXp{h |:pn5t H(pnvxn):| 5t} ’ (3'116)

and substituting in (3.114) in the limit of large N, we have

. dpo  dpn—1
t Sty = ] dxq---doewv_ —_ ...
(wptrlwiti) Ninoo/ 1 TN o 2rh
i T T
-
X exp {h Z [pn”Jr(St” — H(pn,mn)] 5t} . (3.117)
n=0
The expression above is an integral over all the possible values of z1,...,zx5_1. Every
set of values defines a path, i.e. a function z(t) given by the interpolation of x(ty) =
xo, ..., x(ty) = xn, with fixed g and zx (Fig. 3.3). There is also an integral over N
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3.7. Feynman formulation of Quantum Mechanics: path integral 47

momenta pg, ..., py—1. Lherefore, we can write the propagator as the discretized version
of the functional integral

(st ts) = /Dx(t)Dp(t) exp {;1 /:f dt [pi — H(p, x)]} (3.118)

where the z(t) have fixed boundary conditions and the momenta p(t) are unbounded.

The potential of a conservative system does not depend on p, so V factors out and we
can integrate over the momenta, with the help of (3.108),

dpy,, o 10t (Tpe1 —2n) | m \1/2 im(Zni1 — Tn)?
onh eXp{ Prgmp ¥ g - (mm&) xp 2ot
(3.119)

Hence,

. m \N/2
(g tp|wg,t;) = lim (277171515) /dxl---de_l

N—o0

i =2 [m Tp+l — T 2
il Mfintl 7 %n )
xexp{ E [2 ( 50 > V(zn)

n=0

5t} (3.120)

that is the discretized version of the functional integral:

. tf
rtslont) = [ Daen s [Mar[58 - vi)]

h /i, 2

_ / Da(t) exp{;iS[m(t)]} (3.121)

where the action S[z(t)] is a functional of all possible paths, in terms of the Lagrangian,
ty m .y
Slz(t)] :/ dt L(z,z), L(z,2)= 53'3 —V(x), (3.122)
t;

the result we had advertised. We may interpret [Dz(t) as a sum over all paths that we
usually call path integral.

This alternative formulation of QM provides an extremely interesting and intuitive view
of quantum processes and allows to derive the classical limit in a very natural way.

As an illustration, let us consider the famous double slit experiment. The double-slit
experiment was first performed with (sun)light by Thomas Young in 1801 and was key
to accept the wave theory of light: the beams passing (diffracting) through two closely
separated slits pierced on a plate interfere in their way to a screen where they display
a fringe pattern of dark and bright bands (Fig. 3.4). In 1927, Davisson and Germer
demonstrated that electrons show the same behaviour (using a nickel crystal instead of
two slits), which was later extended to atoms and molecules! Similar experiments with low
intensity beams of single photons or single electrons sent one by one (using a biprism instead
of slits) have been performed with identical results (3.5). The details of the experimental
setup are not relevant for us. We will take it as a thought experiment with profound
consequences. Richard Feynman in [?] called it

“a phenomenon which is impossible, absolutely impossible, to explain in any

classical way, and which has in it the heart of quantum mechanics. In reality,
it contains the only mystery”.
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48 Chapter 3: The wave function

Figure 3.4: Left: Sketch of the double slit experiment for both coherent light and electrons,
showing two possible electron paths. Right: Interference fringes for light (bottom), and electron
impacts on the screen (up) of the experiment in Fig. 3.5.

Figure 3.5: Experiment by A. Tonomura et al. [American Journal of Physics 57 (1989) 117]:
(b) 200, (c) 6000, (d) 40000, (e) 140000 electrons are sent one by one through a double slit.

One may think that a flux of electrons behaves like a fluid of many particles interacting
with each other and this may cause the accumulation of impacts in bands on the screen
resembling an interference pattern. But when sending electrons one by one there is no
doubt that somehow every electron “interferes” with itself. Even more striking is the fact
that if one detects which of the slit each electron goes through, or one closes the other
slit, the interference pattern disappears! But how can an electron “know” if the other slit
is open? And when both slits are open, how can one electron interfere with another one
emitted before or afterwards?

The interpretation of Feynman is perhaps the most satisfactory, though contrary to the
common sense.9 The only thing we know for sure about the electron is that it comes from
the source and ends up on the screen, but we have no information about its intermediate
positions. So, in between, one can not say if the electron is here or there. Actually it is in
a cohererent superposition of all possible paths. Of course, classically this makes no sense:
nothing can be in more than one state at the same time. To the resulting probability
amplitude (path integral) contribute not only the classical path but every path compatible

44[Quantum theory] describes nature as absurd from the point of view of common sense. And yet it

fully agrees with experiment. So I hope you can accept nature as She is — absurd.” R. P. Feynman in
QED: the strange theory of light and matter, Princeton University Press, 1985.
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with the boundary conditions. If the electron is detected through one of the slits then the
possible paths are restricted in such a way that the interference cancels.

In the classical limit (h — 0) one can apply the stationary phase approzimation to the
functional integral (3.121): the only contribution to this oscillatory integral, with a rapidly
varying phase, is the one that is an extreme of the integrand (the others cancel out),

Slz(t)]| = o. (3.123)

We recover Hamilton’s principle! The principle of minimal action is just a good approxi-
mation of our quantum world in the classical domain.

When we deal with macroscopic systems the action along different paths is always
much larger than & so the system obeys the familiar classical rules. Things change when
the difference of the action along the possible paths is comparable to h. For example,
consider two electron paths (Fig. 3.4) with constant velocities vy = D/t y va = (D +d)/t,
and assume d < D, so v = v1 = vy. Then

exp {;S[m]} + exp {;S[xg]}

1 (mvit modt mDd  pd d
Ap = — 22 1) N~ = 27— 3.125
7 h< 2 2 > nt o h A (3:125)

2
o 1+ cos Ay, (3.124)

where we have introduced de Broglie’s relation p = h/\ with p = mwv. This is exactly the
phase difference of two “waves” in a diffraction experiment.

The de Broglie’s wavelength assigned to a particle of momentum p should not be taken
literally. It is rather an equivalent way of viewing things in the microcosmos.
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Chapter 4

Angular momentum

4.1 Commutation relations of angular momentum

Classically, one defines the angular momentum with respect to the origin of a particle with
position # and linear momentum P as

Tl

=Z X p. (4.1)

A non-vanishing L corresponds to a particle rotating around the origin.

Following postulate VI, the quantum operator representing the angular momentum
observable is obtained by substituting the position and momentum operators ¥ — X and
p— P,

3

L=XxP or L, = Z Z €ijkXjPp = €k X Py, (self-adjoint) (4.2)
j=1k=1

where ¢, is the Levi-Civita symbol,

+1 if (4,7, k) is an even permutation of (1,2, 3)
€ijk = —1 1if (4,7,k) is an odd permutation of (1,2, 3) (4.3)
0 otherwise.

and Einstein’s notation (summation over repeated indices) will be applied from now on.
We will call L the orbital angular momentum. In the position representation,

L= —ink x v, (Do = (6| L) s — ih/d3a: O (2)(F x V)0() (4.4)

(9 0 . . a9
L.~ -ih <~””ay - yam> - (Lady = @I La ) = —ib [ @ (@) <x;§ - y(;j) . (45)

L, measures the angular momentum around the z-axis of a system described by the wave
function v. From the commutation relations [X;, P;| = ihd;;[ it is straightfoward to derive®

*Use [AB,CD] = C[AB, D] + [AB,C]D = C(A[B, D] + [A, D|B) + (A[B, C] + [A,C]B)D.

o1
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4.2 The rotation group

The rotations in the 3-dimensional space form a continuous (Lie) group called SO(3), whose
(infinite) elements can be labeled by 3 independent parameters. There are two common

parametrizations of the rotations in 3D:

e The azis-angle parametrization (0 € [0, 7], ¢ € [0,27], ¢ € [0, 27]):

i1(6, ¢)
¢ L
Ri(¢), 7 =n(0,¢) (4.7)
e The FEuler-angle parametrization (« € [0,2x], 8 € [0, 7], v € [0, 27]):
(4.8)

Let us consider the subgroup of rotations around the z-axis, R.(¢). Choosing the

orthonormal basis {z, 7, 2},

~

z

-

cosPz +singy

T
y — —singZ+cosoy
zZ Z

=2
=

namely
cos¢p —sing 0

Ri(¢)(2 § 2)=(2 g 2)[sing cos¢ O
0 0 1

cos¢p —sing 0

= R:(¢) = [ sing cos¢p 0O (4.9)
0 0 1
Analogously, the rotations around the z-axis and the y-axis are subgroups,
z
1 0 0
= Ri(¢) = |0 cos¢ —sing (4.10)
£ J 1} 0 sin¢g cos¢
Z
cos¢ 0 sing
) = Ry(¢) = 0 1 0 (4.11)
—sing 0 cos¢

=
=
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4.2. The rotation group 53

Each subgroup depends on one parameter ¢. We say that the elements of every sub-
group are generated by one generator. Let us consider R;(¢). The corresponding generator
K, is obtained doing infinitesimal rotations around the z-axis,

R:(6¢) =1 —i6p K. (4.12)
1 —6¢ 0 0 —i 0
R:(6¢)=[6¢p 1 o]=>K.=[i 0 0]. (4.13)
0 0 1 0 0 0

As we did for translations, we write

R:(¢ + 6¢) = R:(¢)R:(6¢)

dR: .
Ri(9) + 3200 = Re(é)(1 ~ 60 K.)
dd% = —iR:(¢) K.
=  Rs(¢) =e K0 (4.14)

where we have used the boundary condition R;(0) = I. Analogously, the rotations around
the z-axis and the y-axis are generated by

00 0 0 0 i
K,=|0 0 —i|, K,=[0 0 0]. (4.15)
0 i 0 —i 0 0

One can see that an infinitesimal rotation around the axis 7 = (ng, ny, n.) is given by
Ri(0¢) = I —i0¢p (g Ky +ny K, +n.K.) =1 —idpn - K (4.16)

= Ry(¢) = e 97K, (4.17)

The linear combination of generators is another generator. All of them define a 3-
dimensional algebra of generators with commutation relations:

(Ko, Ky =1K.. (4.18)
This means that J = AK have the same algebra as the angular momentum (4.6),
[z, Jy| = ihJ. (4.19)

Hence, in QM the generators of the rotations are (represented by the same operators in
any Hilbert space as) the three components of the angular momentum divided by #,

Ri(¢) = e~ 197 — g hd(nadotnyJytnzls) (4.20)

In the widely used Euler-angle parametrization,”

R(a, $,7) = Re(0) Ry(B) R () = e 1%~ # /v~ 1=

PNotice that indeed the group of rotations is isomorphic to SO(3), the group of 3 x 3 orthogonal matrices
with unit determinant: RRT = I, det R = 1.
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54 Chapter 4: Angular momentum

cosa —sina 0 cosf 0 sing cosy —siny 0
= |sinaa cosa O 0 1 0 siny cosy O
0 0 1 —sinf8 0 cospf 0 0 1

cosacosBcosy —sinasiny —cosacossiny —sinacosy cosasinf
= | sinacos fcosy+ cosasiny —sinacosSsiny + cosacosy sinasin 8
—sin S cos~y sin (8 sin «y cos 3
(4.21)

The Euler-angle and the axis-angle parametrizations are related by

B
tan £ T4+ a—7 B8 o+
_ 2 _ _ 2 2
tanf = o a;w = 5 , CoS¢ = 2cos 5 008" —— 1. (4.22)

Summarizing, in the Hilbert space H that describes the state of angular momentum
of any system, the operators L; or J; representing the angular momentum satisfy (4.19).
Under rotations of angle ¢ around the axis 7, the vectors |a) € H will change by

@) = Ra(¢) o) = e 1% |a). (4.23)

So far, we have found 3 x 3 matrices that satisfy the commutation relations (4.19),

00 0 0 0 i 0 —i 0
J.=h|0 0 —i|, J,=nl0 0 0f, J=nli 0 0}. (4.24)
0i 0 i 0 0 0 0 0

Hence there is a 3-dimensional Hilbert space (not necessarily R?), that we will call H/=1,
that describes the angular momentum of a particular physical system. In this case, when
we measure J, we will obtain one of the 3 eigenvalues of J, (+h,0, —h) and the state of
the system will collapse to the corresponding eigenvector (|jm) = [11),]10),|1 — 1)):

det(J, — AXI) =0= \=hm = +h,0,—h (4.25)
1 1 0 1 -1

Jlgm) =A|jm)=|11)=—1i], [10)=(|0}|, [1—-1)=—/| i 4.26

ljm) = Aljm) = |11) 7 (1) 10) 1 1-1) 7 (1) (4.26)

(up to arbitrary global phases). We say that this is the system of angular momentum j = 1.

One can also write J in the basis of eigenvectors of J,, where J, is diagonal. Check
that in this new basis (|11),]10),|1 — 1)) the angular momentum operators read

p (0010 g [0 00 10 0
Je=———|10 1), === 0o i], .=nl0 0 0 (4.27)
V2o 1 0 V2\o S0 00 —1

that can be obtained from (4.26) by the change of basis matrix

(4.28)

using |€;) = |e;) Uy (2.49) with

{le)} = {lex) , ley) s lez)} (4.29)
{le)} = {[11),[10), [1 = 1)}. (4.30)
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4.3. Systems of spin 1/2 55

4.3 Systems of spin 1/2

Consider now the following three 2 x 2 complex Hermitian matrices J; = gai with o; the

Pauli matrices,
h (0 1 h (0 —i h(1 0
Jx_2<1 0)’ Jy_2<i o)’ Jz‘z(o —1> (4:31)

that verify the same commutation relations as the angular momentum (4.19). Thus, they
are another representation of the angular momentum algebra, the generators of the rota-
tions in the 3-dimensional space of another system (spin % system) whose 2-dimensional

Hilbert space will be called A7 =3

When we measure J, on a state |a) of a spin % system we may find one of the two
eigenvalues of J, (:t%) We will label the corresponding eigenvectors |jm) = ‘%%> ‘2 7>
that serve as a basis of the Hilbert space. This is actually the original basis (4.31) in which

J. is diagonal. In this basis any |a) € H/ =3 is expressed as

- [ 11y - (1 11y - (0
o) = <a2> = <0> 23 = <1> : (4.32)
How does |a) change under rotations?

ie
R:(¢) = ¢~ hw( 02 0¢> (4.33)

sz(gb) — e_%‘]y(]ﬁ = e_%ay%

¢ 1 o\ 5 1( o\,
:I—1§0y+a —15 ay+§ —15 Ty -

1/¢)? e 19\’

Ces®
= 1 COS — —IO'ySIIl*
2 2

¢ in @
COS s —Sln 35

Sin bl COS bl

Notice that a rotation of 27 radians does not take the system back to the original state:

Ra(en)la) = Ryt o) = (1 ) (82) == . (435)

A rotation of 471 would be needed for that purpose! Are there physical systems with //2
angular momentum? We will see later that orbital wave functions cannot have this angular
momentum. However, the intrinsic angular momentum (spin) of the electron, for example,
is h/2.

From (4.33) and (4.34) one gets how to perform a general rotation of a spin 3 system,

1 1

104+’Y ﬁ _iﬂ . IB
. [eT T2 coss —e 2 sins
R(aaﬂ,’Y) = Ri(a)R@(ﬂ)Ré(V) = ( ja—y 52 Joty 52> : (4'36)
e 2 sin 5 € 2 cosy
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56 Chapter 4: Angular momentum

Therefore, rotations in this space are represented by complex unitary 2 x 2 matrices of
unit determinant (R'R = I, det R = 1), that form the group SU(2). The groups SU(2)
and SO(3) are locally isomorphic: they have the same generators (same algebra). But
their global properties are different: there are more elements in SU(2) than in SO(3). For
instance,

SO3): Ra(0) = Rp(2m) =1 (4.37)

SU(2) : Ry(0) # Rp(2m) = —1 ¢ SO(3). (4.38)
(SU(2) is the universal cover of SO(3), there is a two-to-one relation between them.) Since

there are physical systems, like the electron, with spin %, we will say that the rotation
group is SU(2) rather than SO(3).

Rotating the eigenstate |+) = |35 2> of J, = Lo, (state of spin +2 in the 2 direction),
one can build the state |+), with spin 5 along an arbitrary direction 7n.(6, ¢),

(4.39)

Check that the state |[+), is in fact the eigenstate of 7 - J with eigenvalue —l—%.
In particular (up to global phase) we find the states of Stern-Gerlach experiment:

|£)s = —= |+ £+ —

4.4 Representations of angular momentum

So far we have constructed two representations of angular momentum, j = % and j = 1.
They describe the behaviour of two different systems under spatial rotations. Are there
other Hilbert spaces where one can represent the 3 angular momentum operators J;7 One
has to find a set of 3 matrices, rotation group generators, that satisfy the commutation
relations (4.19).

To label the states of the different representations, and justify our previous notation,
let us define the operator

[J%,J;] =0, Vi (J?isa Casimir operator = multiple of the identity). (4.40)
It is straightforward to see that J? commutes with the 3 generators,
[J2,J;] =0, Vi (4.41)

Then one can take J? and one of the J;, say J., as a CSCO and use their simultaneous
eigenvectors as a basis of the Hilbert space,

J?|ab) = h2alab), J, |ab) = hb|ab) . (4.42)
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4.4. Representations of angular momentum 57

To determine the possible values of a and b it is useful to define the ladder operatos Ji,

Iy = Jp +1J, A
4

1

LTy +J-

2 (S +J-) ,oJh = (4.43)
Jo=Jy—1iJ, J, =i

(J+ —J-)

The commutation relations among the operators J2,J,,J_,J, are easy to derive from
(4.19) and (4.41),

[Jy,J ] =2hJ, (4.44)
[J., Ji| = £hJy (4.45)
[J2,J] = 0. (4.46)
Then
JP=J24 50 d o+ Loy (4.47)
=J>—hJ, 4+ JJ (4.48)
=J2+hJ, 4+ J_Jy. (4.49)

The strategy to find the basis is the following. Take a vector |ab) and let the algebra
operators act on it to obtain new (linearly independent) eigenvectors until the whole basis
is obtained.

Notice that if |ab) is an eigenvector of J? with eigenvalue h%a then J, |ab) is also an
eigenvector with the same eigenvalue:

J? |ab) = h2a |ab)
= J2J|ab) = ([J% Jy] + JLJ?) ab) = J. J?|ab) = K*a J, |ab) . (4.50)

And J |ab) is also an eigenvector of J, with eigenvalue A(b + 1),

J, |ab) = hb|ab)
= JJilab) = ([T, J4]) + J1J2) lab) = (hJy + J4J) |ab) = B(b+ 1) J4 |ab) . (4.51)

Therefore,
J4 lab) o< lab+1). (4.52)

The operator J; is called the ascending operator because it provides vectors of higher .J,.
Applying successively Jy,

lab) 25 Jab+ 1) 25 ab+2) .. T |0 boae) - (4.53)
There is a last one for which
J4 ‘CL bmax> =0 (454)

or otherwise we would get an infinite-dimensional Hilbert space (and systems do not have
infinite J,). Analogously, we can act on |ab) with J_ (descending operator) and get

lab) T lab—1) T jab—2)... L5 jabmm) (4.55)
with

J_ |abmin) = 0. (4.56)
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58 Chapter 4: Angular momentum

All the basis vectors,

{labmax) s |@bmax — 1), ..., |ab), ..., |abmin + 1), |abmin)} (4.57)

are eigenvectors of J? with the same eigenvalue h%a. Let us see that a is related to byay
and bpax = —bmin. First notice that

J?|abmax) = (J2 + hJ, + . -F7) |a bumax) = A?bmax (Pmax + 1) |@ bmax) (4.58)

and remember that every |ab) is an eigenvector of J? with the same eigenvalue. Then it is
convenient to change the notation and call

@ = bmax (b max+1l))i JiG+1) R J2 |‘7:m> - h2j(3:+1) ljm) 150
lab) = |jm) Jz |jm) = hm |jm)
and
| T [jm) |2 = (Gm| JxJx [jm) = (jm| (J* = JZ F hJ.) |jm)
=1 + 1) —m(m £ 1)]
= Jxljm) =i +1) —mmE1)[jm+1). (4.60)

where we have used (jm|jm) = 1 and taken the Condon and Shortley phase convention
(later defined in general). We have defined bymax = j and then J4 |jj) = 0. Let us now
define byin, = I. Then J_ |jl) =0 and

jG+H)—=l(l-1)=0 = [I=—j. (4.61)
As a consequence, the basis of the Hilbert space H7 is

What are the possible values of j7 We go from |jj) to |j — j) through jumps of one unit.
Therefore, the difference between j and —j must be a natural number n (number of jumps),

j—(-j)=2j=n=0,1,2,3,... = j:f:()il%‘_. (4.63)

and the dimension of H7 is n 4+ 1 = 2j 4+ 1. This way we have found the Hilbert spaces
describing the possible systems of a given angular momentum, whose bases are

H7=0 - {]00)}, (4.64)
H=2 {355 - D (4.65)
H=L{11),[10),]1 — 1)}, (4.66)
W= {]33), 135,13 — )13 - ), ete. (.67

Given a value of j, from the action of J,, J. and J_ on the basis vectors {|jm)} one can
obtain the matrices that represent the J;, using (4.59) and (4.60). For example, the 4 x 4
matrices of the j = % representation are

L(133):133) 15 =20 15 = 3)
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59

3
2
0
= (13301320, 2 =20, 2 =N R |
0
T (13300152, 12— 2), 12 —3))

0
0
=(132).133) 5 —2). 2 —a) k|
0

J-(133):152): 12 = 2), 15— 3))
0
V3
=220 132) . 5 =20 o =30 |
0

that implies

0 V3 0 0
R{vV3 0 2 0
L=t ) =5 \o[ 2 0 3
0 0 V3 0
0 —v3 0
. Elv3 0 =2
===l =510 5
0 0 3

50 0 0

..ot 0o o

=Moo -1 0

o0 o0 -3

o oOv— O
oo o %
|
D[ =

O O N O
Hoo

o N OO
o O O O

(4.68)

(4.69)

(4.70)

(4.71)

(4.72)

(4.73)

These are irreducible representations of the generators (there is no basis where these matri-
ces can be simultaneously reduced into smaller diagonal blocks). Taking the tensor product
of two representations, j; and ja, one can obtain another (reducible) representation of a

higher dimension, (271 + 1)(2j2 + 1),
H o {fma) ), H2  {Jjoma) ),

that contains (is the direct sum of) irreducible representations

H=H'oH*=PH with j=|j—jol,lj1 —jol +1,....j1 + jo.

J

99

of spin j

(4.74)

(4.75)
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60 Chapter 4: Angular momentum

Then
=il
(o B
=72 O O O 2j+1
% %
-~ 107 O O 2j+1{
oy, = where 4
j O O %O Ji+je
3 > 2Zi+1=(21+ 122+ 1)
o O O ) =lj1—jel

(4.76)

The basis vectors of the invariant subspaces with well defined j , |jm), do not have well
defined j; and j3 in general, but are combinations (entangled states) of the direct product
basis vectors |jim1) [jame) (see §4.7). For example (as we will see in Egs. (4.127)—(4.130)):

HI=2 @ HI=2 = HI=0 g i1

H= @ W= {|[4)14), 149 =), =) ), =) =) (4.77)
W00 = () 1) = ) ) (1.78)

1) = 1) 1)
W 110) = () ) ) ) (4.79)

LS

-1 ===

with |[+) =[5 3) and |-) = |1 — 1),

Once you know the spin j representation of the angular momentum generators, the
rotation matrices of the rotation operators R(a, §,7) in the basis {|jm)} follow by Taylor
expanding the exponential of generator J,,

DI, (a,8,7) = (jm'|e” #7=%e " 1uBe= 1T | jm)

_ imla <jml} o= Ju jm) e imY = efi(m/a+m’y)d3n/m(5), (4.80)

4.5 Spin and orbital angular momentum

In the Stern-Gerlach experiment we have seen that there are systems whose orbital angular
momentum L is zero but have a non vanishing angular momentum, that we call spin S. The
spin would be analogous to the intrinsic angular momentum of a pointlike particle rotating
around an inner axis (classically this has no sense). But there are quantum systems that
behave this way: electrons (spin %), photons (spin 1), gravitons (spin 2), etc.

We have seen that the group of rotations admits representations of j = 0, %, 1, %, 2,....
However the orbital wave functions must be invariant under rotations of 27 radians. As
a consequence, the orbital angular momentum is restricted to representations of integer

£=0,1,2,..., whereas spin representations may have s = 0, %, 1, %, 2,....

“This is not so simple for j > 1. Nevertheless there are other ways to obtain dﬁn 1m (@) that lead to
Wigner’s formula (vid. book by Sakurai, p. 223). These matrices are collected in tables for low j in many
books.
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4.6. Spherical harmonics 61

In general, the total angular momentum of the system is given by the sum of the orbital
and the spin angular momenta,

J=L+35. (4.81)

In section §4.7 we will see how to obtain the irreducible representations contained in the
addition of whatever two angular momentum representations j; and jo.

4.6 Spherical harmonics

Let us consider a spinless system with spherical symmetry. Then all L; commute with the
Hamiltonian H (the rotated state of an energy eigenstate will have the same energy):

H|n)=E,|n), [Li,H =0 = H(L;jn))=L;H|n) = E,(L; |n)). (4.82)

As a consequence, H, L? and L, have a common set of eigenstates,

H [ntm) = E,, [nfm) (4.83)
L [nfm) = K2 L(£ + 1) |[nfm) (4.84)
L, |ntm) = hm |nfm) . (4.85)

It is convenient to write the wave function 1 (Z) in spherical coordinates,
T = rsinf cos g
y=rsinfsing  (T) = $(@) = ¥(r,0, ). (4.86)

z =rcosb

The orbital angular momentum operators in spherical coordinates are [exercise]:

0 0 d 0
. 0 9N _ (w9 0 n
L, ih (yaz Z@y) ih (sm 9089 + cotﬂcoscp&p> (4.87)
L, = —ih z2 - x— = —ih | cos — cot fsin 9 (4.88)
v Oz - “Oa 7 op '
0 0 0
T VLA N 4.
L ih (xa 833) h&p (4.89)
S S N N
Lr==h [sin208<p2 * g 00 Sma@@ ' (4.90)

They do not depend on the radial coordinate r. On the other hand [exercise],

(4.91)

PR
Hence, [L;, P?] = 0 and the (conservative) system is described by a central potential V (r),

0=I[L;,H]=[L;,)V] & V=V(r). (4.92)
Then the wave function can be separated in a radial part and an angular part,

(ZInfm) = Rpe(r)Y,™(0, @) (4.93)
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62 Chapter 4: Angular momentum

where both parts are normalized,

i) = [ Ealui / drr/ dcos9/2ﬂdeo (.0, 9) =

2
= / dr 2| Rye(r) / dcos@/ de [Y7™(0,0)]? = 1. (4.94)

The spherical harmonics are the eigenfunctions of angular momentum in the position rep-
resentation

)
—iﬁ%Yem(@, @) =hmY;"(0, ) (4.95)
1 02 1 0 0
—h? — 0 Y0, ) = R0+ 1) Y,™(0 4.96
i g (05 ) |G = Rl YRG0 o)
satisfying the orthonormality relations
1 21 ,

[ deost [ dov 0.0 (6.0) = b (4.97)

-1 0

They can be found in tables. If the radial dependence of the wave function factors out,

P(r,0,0) = ({r] (Opl) [9) = f(r) W(0, ) (4.98)

then the angular dependence can be expanded in spherical harmonics that give the angular
momentum of the system,

[eS) J4
=2 D @09 (4.99)
{=0 m=—¢
with
1 27
czn:/ dcos@/ de Y, (0,0) ¥ (6, p) (4.100)
-1 0

where |02”]2 is the probability to find the system in the state of angular momentum £, m.
And the probability density to find the system along the direction (6, ¢) is

/ T (e, 6,00 = 196, ) (4.101)
0

If the (spinless) system has a well defined orbital angular momentum then the probability
density along the direction (6, ¢) is just

Y™ (6,0)*. (4.102)

4.7 Addition of angular momenta

Suppose we have two spin % particles bound together; for example, two quarks in a meson

(aq). If the orbital angular momentum L of the system is zero (¢ = 0), what is the spin of
the meson?
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Analogously, suppose we have a single particle of spin s turning in a central potential
with orbital angular momentum ¢. What is the Hilbert space associated to the total angular
momentum of the particle?

The formalism in both cases is the same. As we have seen in a previous chapter, when
we compose two quantum systems the resulting Hilbert space is the direct product (or
tensor product) of the Hilbert spaces of the two subsystems, H = H; @ Ha.

Consider J; and J5 the angular momentum operators acting on H’! and H72, respec-
tively. Then their action on H = H7* ® H72 is given by

el =J; and I®Jy = Jo (4.103)
(abusing of the notation) and the total angular momentum is
J=Rheol+I1eJ =]+ . (4.104)
Notice that, since jl and J, act on different spaces,
[J1, 2] = 0 (4.105)
and verify separately the generator algebra,
[Jpis Jpj]) = ihesjpdpr (p=1,2) [Ji, Jj] = iheiji . (4.106)

The (2j; + 1)(2j2 + 1) dimensional representation of J on H is reducible, in general, and
in the direct product basis {|jim1;jama) = [jim1) |j2m2)} can be obtained from

T |jima; joma) = (J1 [jima)) [j2me) + [jima) (J2 |jama)). (4.107)

We would like to find its irreducible components, going to a basis where the block struc-
ture is manifest. Every irreducible prepresentation (irrep) of J is labeled by an eigenvalue
of J2, and the corresponding states by the eigenvalues of .J,, where

PR =Rol+Ie 2+ (ol Ik +I®R) (J®I)
=S RI+I®JF+2 Y Ju®Jy = Ji+J5+2J1-J (4.108)

1=T,Y,2

J.=J.QI+1® Jo, = Ji. + Jo.. (4.109)

Notice that the operators J12, J22, J?, J, commute with each other. However, [JQ, Jiz] #
0 and [J?2, Ja.] # 0. Therefore, apart from the original basis, eigenstates of JZ, J3, J1,, J2.
(|j1ma; jama)), we can define another basis of eigenstates of JZ, JZ, J2, J, (|j1j2jm)). Given
j1 and ja, both bases have the same number of vectors (2j; + 1)(2j2 + 1), that can be
expressed one in terms of the other,
J1 J2
jadm) = D> |juma;jama) (jima; jama|jijagm) - (4.110)

mi1=—j1 ma=—j2

The elements of the change of basis matrix
(Jima; jama|jm) (4.111)
are called Clebsch-Gordan coefficients (CGC).
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Clearly, (jimq;joma|jijegm) = 0 if m # my + mg since

0 = (jima; jamz| 0 |jm)
= (jima; joma| (Jz — Jiz — J2z) |jm)
= h(m —mi — mg) <j1m1;j2m2\jm) . (4.112)
Hence, m = my + ms and the maximum value of m is

max max max

mP =m™ +my™ =14+ j2 = U =1+ (4.113)

Then from (4.110) the “maximum weight” state (j = j1 + j2, m = j1 + j2) is
|(J1 + J2) (J1 + J2)) = |31d15 Jage) (J1dts J2g2|(J1 + j2) (41 + j2)) (4.114)
since only m; = j; and mo = jo contribute. In the Condon and Shortley phase convention,
(J1d1; g2d21(1 + J2) (1 + j2)) = L. (4.115)

Acting on this state with J_ we generate the 2(j; + j2) + 1 states of the irrep j = j; + jo.
Likewise one proceeds starting with the state |j172 (j1 + j2 — 1) (j1 + j2 — 1)), that is fixed
up to a phase because it must be orthogonal to |j1j2 (j1 + j2) (j1 + j2 — 1)) and has unit
norm. And then we repeat the process for the rest of the j until j = |j; — jo|. Let us see
this with an example: j; =1 and jo = 5

e We start by

13 33) = 0|48, (1.116)
e Apply J_ to this state
T 13 33) = (J-[11)) [33) + [11) (/- [53))
V3|13 §3) = V2[10) |33) + I11| 2)
S =20 1y + k-, (1)
e Apply to J_ succesively to the states we find
2 2 1
T-113 88) = 5 0D [31) + 5100 - 33 + )3 - )
2‘11§_;>_l|1_1>‘11>+ 2oy [l - 1)+ 2|10>|1_1>
2 2 \@ 22 3 2 2 3 2 2
2 2
_ﬁ|1—1>\%%>+2 311003 = 3)
1 2
= [as-2)= M-l +3110 ;- 2). (4.118)
13 1 1 11 2 1 1
J—|1§§—§>:*3\1—1>(J—|§§>)+ S(-110)) |5 = 3)
1 2
\/5“%%_%>:ﬁ‘1_1>|%_%>+ﬁ‘1_1>|é_%>
— V3L 1]} - })
= [133-H=1-1)|3-1). (4.119)
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e Now consider the state ’1% %%> It must be a unit vector orthogonal to |1% %%>
Then

111 1 1 1 1
13 §§>=—*|10 32) \[!11 13— 3) (4.120)
in the phase convention of Condon and Shortley, (41715727 — j1l4j) >0

e Apply J_ to the previous state:

T3 =~ 1) 38) =0y (18 + 20 [ - 1

2 1 2
1335 =—/F1-DBH -0 -H+ o -
2 1
= - =-yE oDl + o). (1121)

With this procedure we can read the CGC by taking the scalar products

(gima; jamajm) = (CGrma| (Gamal) [7m) - (4.122)

For a few values of j; and js they are collected in tables of the form

. . J J
71 ® 92 m m
myp  Mma
ma mo CGC

In the previous example, we have found (empty entries are zero)

3 3 1 3 1 3
1ol 2 2 2 2 2 2
2 3 1 1 1 1 _3
2 2 2 2 2 2
1 3| 1
1 -1 1 2
2 V3 3
1 2 1
0 2 3V
1 2 1
0 =3 5V
1 1 1 _ /2
2 V3 3
1
-1 - 1

Analogously, check that for j; = jo = 2 one obtains (as we had anticipated):

3411 = 13 13) (4129
1 1

10 =Sl - DI+ - (1120

H1-n=li- Dl (4129
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1 1
400y =~ |- DI+ s Bh - B (1120
or in a simplified notation,
[11) = [+) [+) (4.127)
1
10) = \/5(|+>\—>+\—>!+>) (4.128)
1-1)=[=)-) (4.129)
1
00) = E(H)H =) 1+)) (4.130)
and hence
1 1 0 0
¥
1 0 0 -1
: 2| 1
1 1 1
2 2 V2 V2
_1 1 1 1
2 2 V2 V2
11 1
2 2

We can now explore the physical consequences of this formalism applying it to the two
examples at the beginning of the section.

Consider the two spin % quarks composing a meson with ¢ = 0. Suppose they are in a
state of total spin |sm> = |10). This is an entangled state where the individual spin states

of each quark (|+) = |5 2> I-Y=|5— % ) are not well defined,
1
[¥) = |sm) [10) = ﬁ(!ﬂ =)+ =) +)- (4.131)

If we measure the spin of the first quark, what is the probability to obtain, for instance,
S, = —{—g? And what is the state |¢)') of the system after the measurement? Following the
postulates of QM,

Ps,o = )4 ® 1, Porore ) = <14 1) (1132)

puzwrPsM,uw:% 15, 1) = /@l Pors [9) (4133)
PSlz+’¢>

— = —). 4.134

0= Ty~ 130

Consider now the example of a spin s = % particle bound in a central potential with
£ = 1. Suppose it is in the following state of total angular momentum 7,

) =Lim) = |3 = 3) = = 110) ) - @1—%» (4.135)

Since the orbital angular momentum is well defined, the radial part of the wave function
is separable. In contrast, spatial direction and spin can be entangled, as happens here,

(rbglv) = f(r) (Bp|s — 1)
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=f(r){\}§<93010>|—>— §<990I1—1>|+>}

1 2
= f(r)d —==Y20,0)|-) =/ 2YH0,0) |+) . 4.136
f(){\/gl(w)H 31(s0)|>} (4.136)
What is the angular distribution of the particle, i.e. the probability density to find it along
the direction (0, )7 Since the radial part factors out and it is normalized,

= |0p)(0¢| ® Lspin (4.137)

11 L 0 2,1
Py |5 = 3) =10%) ﬁyl (0, 0) =) — \[31”1 (0, 0) |+) (4.138)
=G -3l Pelz—2) = |Y1< o) + IYfl(H,so)lQ- (4.139)

What is the probability (density) to find particles along the direction (6, ¢) with S, = +§?

Ps. + = |0)(0p| @ [+){+] (4.140)
2.
Ps. 4|3 —3)=—100) |+) \/QY (Y (4.141)
2
p+=(3—3|Po.+|5-3) = §|Y1 L0, 9) . (4.142)

But if one filters the particles along the direction (6, ), what is the probability that they
have S, = —{—g? After the measurement of (6, ¢) the state [i)) (ignore the radial part)
collapses to

1 0
)= Ll _ gy S f " s
Y= T ] ! e =P 4143
¢ ¢ Y20, 0)[2 + 21710, )|
The probability to find S, = —i—% on this state is given by
Ps, 1+ = Iorbital ® |+)(+| (4.144)
, VEY0.0) 160) 1)
Ps. 1 |¢') = (4.145)

VA ,¢)!2+5\Yf (6,1

21y,71(0, 9)?
Y20, 0)2 + 2|YH(0, 9) 2

p= (V| Ps, 1 |¢)) = (4.146)

As a final comment, notice that the case of two particles of masses m; and ms and
spins S) and S, interacting with each other via a (spin-independent) potential V(| — Z2|)
can be reduced to one particle of mass m and spin S = S, + S, bound in a central potential
V(r), with

mima -

L m1Z1 + mada
m = i M=mi+mo, I=2x—Is, xCM:T.

In fact, the system is equivalent to one particle of mass M at the center of mass of the
system moving with constant momentum poy = M Zoym and one particle of mass m with
momentum p = mi,

(4.147)

—Q —Q —Q

pCM
H = + +V —|— + % 4.148
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68 Chapter 4: Angular momentum

Hence, in the center of mass frame,

=2

p
H=—+V(r). 4.149
2 v (4149)
4.8 Vector operators
We have already introduced several operators that are vectors, like X , ]3, I_:, g, ..., but

we have not yet discussed how they transform under rotations.

In classical physics, a vector Vis a quantity with 3 components that, by definition,
transform under a rotation R like

It is reasonable to demand that the expectation value of a wvector operator V in QM
transforms like a classical vector under rotations,

%) — D(R) [¢) (1.151)
(| Vil) = (] DIR)VID(R) [) = Rij (| V [) - (4.152)

Since this must be true for any state |¢), this leads to the operator equation
DY(R)V;D(R) = R;;V; (4.153)

where R is a 3 x 3 matrix while D(R) and V; are operators acting on our Hilbert space of
arbitrary dimension.

For an infinitesimal rotation d¢ around an axis 7,

D(R) =1 - %Mﬁ A, (4.154)
the opeator equation above reads
Vi = £06[Vi, 7t~ J] = Ryj(:09)V;. (4.155)
And remembering that
10 0 1 0 d¢ 1 —é¢p O
R(z;090) =0 1 —d¢ R(g;00) = 0 1 0 R(z2;00)=|d¢p 1 0O
0 d¢p 1 —dp 0 1 0 0 1
(4.156)

one easily gets that relation (4.152) is equivalent to
Vi, Jj| = iheiji Vi (4.157)

This can be taken as a defining property of a vector operator. Check that in fact this
property is fulfilled by the vector operators we have introduced so far, like J, X, P:

VZ’ = JZ' : [JZ', Jj] = iheiijk (4.158)
Vi=P: [P, L;] = iheiji P (4.160)
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4.9 Tensor operators

A Cartesian tensor Tj,;,...;, is a generalization of a vector V;, that under rotations R trans-
forms as

Tiyigir — Riyjy Riggy -+ Ring, Tjyjpeoojr (4.161)

The number of indices 7 is the rank of the tensor. A scalar is a tensor of rank 0 (no indices;
it does not transform). A vector is a tensor of rank 1. A rank 2 tensor is an element
(vector) of the direct product of a vector space with itself (another vector space).

The trouble with Cartesian tensors is that, in general, they are reducible representations
of the group of rotations. The properties of the tensors are more apparent in the basis of
spherical tensors (vectors with well defined angular momentum).

For instance, take the basis {|1m) = [11),|10),|1 — 1)} of R® ~ H/=!. The space of
rank 2 tensors form a reducible representation space that can be written as a direct sum of
subspaces with well defined angular momentum j:

2= 5 1= — =0 @ 4I=) g 2I=2 (4.162)

Under rotations, the tensors of each subspace H? transform to tensors within the same
subspace. They are irreducible representations. This means that the 9 components T;; of
a rank 2 Cartesian tensor can be decomposed into 3 types of irreducible spherical tensors
qu with ¢ = —k, ..., k that have well defined properties under rotations:

T); = Tdij + Aij; + Sij (4.163)
T = % Z T;; (proportional to trace of the tensor) (4.164)

i
Ay = 5(Tij — Tj;) (antisymmetric tensor) (4.165)
Sij = 5(T;; + Tji) — Téi;  (traceless symmetric tensor) (4.166)
T=T9, Aj<T,, ST (4.167)

Notice that, in fact, 9 =3 x3=1+3+5.

The spherical tensors transform under a rotation R like

TF = > Tk D*(R)y, (4.168)
ql

since

lym) = D(R) |jm)
J J
Y ) Gl lgm) = Y [jm)(jm'| D(R) |jm)
m/=—j m/'=—j
J
gm) = Y |im') DI (R)pm
m'=—j
gm) = Y |im')y DI (R)pm (4.169)

m/=—j
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70 Chapter 4: Angular momentum

& DY(R)pym = (jm/| D(R) |jm) . (4.170)

As we did before for vector operators, we demand that the expectation value of spherical
tensor operators transforms like a classical tensor,

1) = D(R) [¢)
k
(W Ty ) = (| DYR)TyD(R) [) = > (| Ty 1) D¥(R)gq (4.171)
qg=—k
= D'(R) Z Ty D*(R (4.172)

where every qu is an operator (n-dimensional matrix) acting on our n-dimensional Hilbert
space, and the right hand side is a linear combination of the (2k 4 1) matrices T qk, with
coefficients D*(R),.

Taking now an infinitesimal rotation (4.154) we get

k
~ 7 mk § : k
[n-J,Tq]: Tq/

) (4.173)
q=k
Therefore, the relation (4.172) is equivalent to
[J., T)) = hq Ty (4.174)
[Ji, T = h/k(k +1) — q(q £ 1) T}, (4.175)

that is the defining property of a (irreducible) spherical tensor operator.

4.10 Wigner-Eckart theorem

The matrix elements of spherical tensor operators satisfy
(ao; joma| T) |au; jima) = (kq; jima |jama) (o jo|| T¥| o 1) (4.176)
where (aw; jo||T* |13 51) is a reduced matriz element independent of my, mo and ¢. This

is the Wigner-Eckart theorem.?

This theorem simplifies the calculation of transition amplitudes between different states
because once we know the corresponding matrix element for a given transition we obtain
the rest just by using a CGC. And it also tells us directly which transitions are forbidden
(selection rules).

For example, a trivial case is a transition mediated by a scalar operator,

(ag; joma| TY |aa; jima) = (00; j1ma |jame) (ao; ja|| T e 1)
= 0142 Omyms (23 j2|| T lan; jin). (4.177)

4The proof is a bit convoluted and can be found in Sakurai’s book [?].
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Chapter 5

Symmetries and conservation laws

5.1 Symmetries in Classical Mechanics

Both in classical and quantum mechanics the information about the dynamics of a physical
system is in the Lagrangian L(z;,4;) or the Hamiltonian H(x;,p;). A symmetry of the
system is a group of transformations that leaves H invariant. There is a connection between
symmetries and conservation laws: for every symmetry there is a quantity that remains
constant in time (it is conserved). In particular,

e The invariance under spatial translations:

H(x;) = H(z; + ;) = pi= —gf =0 = p;=const. (5.1)
e The invariance under time translations:
H(t)=H(t+d) = %":0 = E = const. (5.2)
e The invariance under rotations:
H(Z) = H(RZ) = L = const. (5.3)

5.2 Symmetries in Quantum Mechanics

In QM most of the symmetries are associated to unitary operators acting on the Hilbert
space. We have already seen a few examples:

e Spatial translations:

Q) = |&) = T(@) o), T(6F) =1 — % > buiP, (5.4)

where the momentum operators P; are the generators of spatial translations.
e Time translations:
i
la) — |&) = Ul(t,to) |o), Uty + dto,t) =1 — ﬁétH (5.5)

where the Hamiltonian operator H is the generator of time translations.
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72 Chapter 5: Symmetries and conservation laws

e Rotations:
- i
la) = &) = Ra(¢) o), Ra(0¢) =1 — %&b ZniJi (5.6)
where the angular momentum operators J; are the generators of rotations.

All the unitary transformations S (with S~! = ST) we have seen so far are continuous.
They are generated by (a set of) self-adjoint operators G (group generators) and specified
by a (a set of) parameters z,

S(ox) =1—-i0zG (5.7)
S7Yox) = S(=6x) = ST(6x) = I+ibeG=I+iozGT = G=GI. (58)

We say that S is a symmetry of the system if it commutes with the Hamiltonian H,

[S,H]=0 = SH=HS or SHS'=H. (5.9)

This implies that [¢) and ‘12;> = S |¢) have the same energy:

(H)y = (6 H [6) = (0] TS H 'S [p) = (9| H |) = (), (5.10)

and also, for a continuous symmetry,

[S,H] =0 = [G,H]=0 = %@/}IGW: (WG, H] ) =0, (5.11)

i
h
the generator of a continuous symmetry is a constant of motion.

In general, we also say that any unitary operator is a symmetry even if it does not
commute with H, and its generator is not a constant of motion. We call it a broken
symmetry. And this is extended to any types of symmetries (see below).

Not all symmetries are related to continuous and space-time transformations. In this
chapter we will study two discrete symmetries (parity and time reversal) and an internal
continuous symmetry (isospin).

Unitary transformations (continuous or discrete) statisfy
(Bla) = (81UUa) = (Bla) (5.12)
and hence they preserve the norm of a vector,
(a|la) = (a]a). (5.13)
But the norm is also preserved if we simply impose
[(Bla)1=1(Bla) | (5.14)

and this is all we need to declare |alpha) — |&) a symmetry transformation. Actually,
Wigner’s theorem states that any symmetry transformation is represented on the Hilbert
space by a linear and unitary or antilinear and antiunitary transformation. The latter
satisfy

(Bla) = (Bla)” = (al8). (5.15)
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5.2. Symmetries in Quantum Mechanics 73

A transformation ©

) = 1a) =©la) . 18)— |3) =©18) (5.16)
is said to be antiunitary if
(Bla) = (8lay" (5.17)
and antilinear if
O(c1|a) +c2|B)) = 1O |a) + 50 5) . (5.18)

An antiunitary operator can be always written as
0=UK (5.19)

where U is a unitary operator and K is the operator that takes the complex-conjugate of
any coefficient that multiplies a ket. Then the antilinearity is obvious. Let us prove the
other property:

&) = O |a) = UKZ |a") {d|a) = Z <a"a>* Ulad'). (5.20)

al

We do not need to define the action on bras nor it is necessary to define ©f. We simply
take the adjoint relation between kets and bras:

B)=0l =S (@lsy i) = (5

=> (d"|8) (a"|U". (5.21)

a//

Then
(Bla) = 22 e19) (@ o) (@010 o) = 2 1) o
—Z (ald’) (a'|B) = = (Bla)". (5.22)

We will have to introduce an antiunitary operator to define the time reversal symmetry.

An important observation is the relation between symmetry and degeneracy. We have
already seen that a symmetry S commutes with the Hamiltonian. Therefore given an energy
eigenstate |n) the states S |n) (if they are different to |n)) are degenerate states with the
same energy. For example, if H is invariant under rotations then [J2, H] = [J;, H] = 0
then the (2j + 1) states |njm) with m = —j, ..., j have the same energy,

H|njm) = E, |njm) , (5.23)
since

[Jo,H| =0 = H(Jyg|njm)) = JLH |njm) = E,(Jx |njm))
= Hinjm+1)=E,|njm=1). (5.24)

This is the case of an atomic electron bound by a potential V' (r) + Vig(r) LS. Because

rand L-S = %(J2 — L? — 8?) are rotationally invariant, there is a (2j 4+ 1) degeneracy for

each atomic level (fine structure of atomic levels for ¢ > 1). For a Hydrogen atom (s = 1):
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for every £ > 1
(271 +1)

: 1
E 2x (2041) Ej (h=1¢+3)
n (2f2+1) . 1
(€=01,...,n—1) ——=——Ej, (o=0-13)
n 2S+1£j (6)
1 251 e.g. n= 3 [2D5/z]
2 P
2 251 2Pl 2P§ /// ) (4+4) 2P 2D
3 QSi 2Pi ng 2Dy 2Ds Es 2% (1+3+5) 2+2) [ 3/2/ 3/2]
2o 22 2T 2S1/2, 2Py /2]

5.3 Discrete symmetries

5.3.1 Parity

Rotations and spatial translations are continuous transformations, that can be obtained
by successive infinitesimal transformations (they can be continuously connected with the
identity). Not all symmetries are like this.

In particular, the parity transformation or space inversion II is defined as an order 2
operation,

m=7 = II'=1 =TI, (5.25)
that changes the sign of the expectation value of the position operator X:

1) = IL[) (5.26)
(W Xi[) = @IXIT W) = = (]| X; [¢) = HXII=-X. (5.27)

Notice that I1X; = —X;II (they do not commute but anticommute) so they do not have a
common basis of eigenvectors. In fact,

X; 12y = 11X, |¥) = —Ilz; |7¥) = —x; 1 |Z) = 11|Z) =nr|-2) (5.28)
where 7y is the intrinsic parity of the system (state independent), with

?|7) = &) =n7|7) = nr==+1 (5.29)

The linear momentum operator also changes sign under parity,

q dx
P=m— = HRI=-P (5.30)

while the angular momentum J (L or S) does not change (by analogy with L = X x P),
IIJII = J; = [H, Jz] =0. (5.31)

Therefore, in contrast to position or linear momentum, angular momentum and parity
have common eigenstates.. Notice that X and P are vectors but J is a pseudovector or
axial-vector. This is consistent with the meaning of a parity transformation, that takes the
system to its mirror image (along the perpendicular direction):
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mirror

/
—0— —0—
«—[[—

What is the parity transform of the wave function in the position representation ¢ (Z) =
(Z]1) of a system in a state |¢)?

(@ IL|y) = nr (=Z|Y) = nrp(=7) = Y(F) = nr (7). (5.32)
Let us examine the eigenstates of II. Since II? = I they verify
M) =nly) with n==+1 (parity of the state) (5.33)

and their wave function is

<f|mw>={z<”“"’¢>:”w o Y(d) =@ with = nms.
(5.34)

Therefore the eigenstates of II in position representation are of two types:

e Even or symmetric wave functions (ny, = +1): (—=Z) = ¥(Z).

e Odd or antisymmetric wave functions (ny, = —1): (%) = —().

1 i
Clearly, the plane waves (%) = (Z|p) = Wegp-x do not have well defined parity, but
m
spherical harmonics do:
r—r
f——i: 0—-m—0 = Y0, ) = ()Y, ). (5.35)
p—p+T
Therefore,
IT|fm) = (—=1)¢|¢m) . (5.36)

This is in agreement with [II, J;] = 0: the orbital angular momentum eigenstates are also
eigenstates of parity.

Recall that for a system with intrinsic parity 7y, in a state |¢)) whose wave function has
a well defined parity 7, (parity eigenstate), the total parity of that state is 7,

n=mnmyg, L) =nlp). (5.37)

If [II, H] = 0 then the total parity 7 is conserved, and the energy eigenstates are also states
with well defined parity 7.

Remember that a system of two particles with masses m1 and my is equivalent to one
particle of reduced mass m = mimg/(m;1 + ma) submitted to a central potential V'(|Z|)
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where Z is the position of one of the two particles in their center of mass frame. Then the
composite system will have an intrinsic parity

n = mna(—1)" (5.38)

where 71 and 79 are the intrinsic parities of each particle and ¢ the orbital angular momen-
tum of the reduced system.

One usually defines the spin J of the system (its total angular momentum at rest) and
the intrinsic parity P, the so-called spin-parity J*. The conservation of parity in a reaction
(scattering or decay) depends on the type of mediating interaction:

e Strong interactions do not violate parity.
e Electromagnetic interactions do not violate parity.
e Weak interactions violate parity.

e Gravitational interactions do not violate parity.

For example, we observe that nuclei with spin-parity J decay very fast (strongly) into an
a particle (*He) and a lighter nucleus, both of 0%, preserving parity:

JP = 0%t 4+ 0% initial parity: P, final parity: (—1)° = (—=1)’. (5.39)
However, sometimes we also observe (rare) weak decays changing parity, like:

10 (27) —» 2C(0") +a(07)
initial parity: — 1, final parity: (—1)¢ = (=1)) = (=1)% = +1. (5.40)

5.3.2 Time reversal

Time reversal changes the direction of the time evolution. Classically, if we have a particle
that describes a trajectory Z(t), a time reversal transformation would show a particle that

@) = O a) (5.41)

describes the reversed trajectory:

In QM, the time-reversed state

should be called the motion-reversed state. That is, if |«) is a state with well defined
momentum p then |@) is a state with momentum —p. Likewise, the angular momentum
should be reversed. So, up to a possible complex phase,

0z) = |) (5.42)
©[p) = [-p) (5.43)
©|jm) =j —m). (5.44)
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Therefore, if the system is invariant under time-reversal, |&) = O |a) = |&(dt)) = © |a(—dt)):

a(—3t)) o=

(5.45)
g &(dt))
Let us see that the operator © must be an antiunitary operator:
|a(dt)) = (I — ih&tH) |a) = (I — ihétH)@ |cr)

=0 la(-0t)) = O — 3 (~=0t)H) |a) , Vl]a)
= —iHO = OiH. (5.46)
If © was linear then © H = —H© and the time-reversed state of an energy eigenstate would

have negative energy:

H|E)=FE|E) = HO|E)=-0H|E)=—-FEO|E) (5.47)

that would be unphysical. Therefore, ® must be antilinear (antiunitary), © = UK, and
then

—iHO® = OiH = —i0H = ©H = HO. (5.48)

Now © and H commute, so they have common eigenvectors.

To derive the commutation relations of © with X , P and f, remember that
la) =0]a) = |a)=07"|a) (5.49)
and both © and ©~! act on kets only. Then for a given operator A,
(al 418) = (8] AT |o)* = (8| Ala)”
= (B[dter) = (3| @] ATa) = (304" fo
- <B\ e0ATe 1 a). (5.50)
Therefore, the expectation values of our self-adjoint operators satisfy:

(@ X|a) =+ (o X|a)=(@exe'a = exe'=X = [X,0]=0

(5.51)
(@| Pla@) = — (a| Pla) = — (@|©@PO~ ' |a) = OPO!'=_-P (5.52)
(@ J|a) = —(a| J]ja) = — (@ eJe7a = e !'=—J (5.53)

As expected, X and © have common eigenvectors but neither P nor J do.

What is the action of © on the wave function of a spinless system?
) = /d3:n' &) (& |v) = /d%’ | ) ()
= Oyp) = /d%’ |2y " (2)
= (@6l = [ ¢ @ - 7))
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78 Chapter 5: Symmetries and conservation laws

= Y(7) o, Y*(Z) (the complex conjugate). (5.54)

How does © act on a wave function with well defined (orbital) angular momentum?

m ) m* m —m
(Opl) =Y"(0,90) — Y™ (0,9) = (=1)"Y, (6, ) (5.55)
(not an eigenstate of © as expected). Therefore
©fm) = (-1)"[¢ —m). (5.56)

And what is the action of © on a spin state? Notice that © changes the sign of the
angular momentum, because ©.J;0~1 = —J;. Therefore the time-reversed of |+) = ‘%%) is
|-) = ‘% — %>, up to a complex phase 7:

OlH)=n|-), n*=1 (normalized state). (5.57)
Hence, © = UK is defined by a rotation of m radians about the y axis:

Z

. (5.58)
-7
g ooy _ cosg —sing (0 -1
N ~\sinf cosT /) \1 0
(5.59)
Then (K is irrelevant when acting on basis states):
Ol+)=nl-), O[-)=-nl+) (5.60)
and for any state ¢1 |+) + ¢2 |—) we have
Ocr|+) +c2|=)) = nlci =) — i |+) (5.61)
= Q% |+) +ea|=) = —m(en[+) + e2|=) = = (e [+) + e2 | =) (5.62)
Thus, ©? = —I when acting on a spin % state. The same will happen whenever we have

a state of j = %, %, ..., that changes sign when rotated 27 radians. This is in contrast

with the states of integer j, since we have seen that © |[¢m) = (—=1)™ |[¢ —m), so ©% = I on
these states. Therefore, we choose n =i for states of half-integer spin, so that the general
expression, valid for both orbital (m = integer) and spin angular momentum, is

O |jm) =i*"|j —m). (5.63)

If the system is time-reversal symmetric then |E) and © |E) have the same energy,
[©,H]=0, H|E)=F|E) = HO|E)=0H|E)=EO|E). (5.64)

And if |E) and O |E) were different states this energy eigenstate would be degenerate.
Notice that both states are the same if they differ at most by a phase factor:

O|E)=¢e’|E) = O%E)=+|E). (5.65)

This happens only for integer j systems. Therefore © |E) # € |E) for half-integer j
systems. So the energy states are (at least doubly) degenerate if they have half-integer spin.
For instance, the energy levels of a system with an odd total number of fermions (such
as electrons, protons and neutrons) are at least doubly degenerate. This is the Kramers
degeneracy.
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5.3. Discrete symmetries 79

5.3.3 About the group and representations of Parity and Time reversal

II and © are order two operations, because they leave the system invariant after applying
them twice. Therefore both have the structure of the (abelian) symmetry group Zs.

What are their representations in the Hilbert space of states (unit rays)? Remember
that two states are the same if their (unit) vectors differ at most by a global phase. The
representations must verify:

> II? |a) = €' |a) and II is a unitary representation.

> 0% |a) = e?|a) and © is an antiunitary representation.

Let’s examine them separately.

Parity

II? = €'?], but since II is unitary one can absorb a phase /2 replacing IT — II':
I =e @21 = MO?=e¢ %=1 (5.66)

So we can always take I1? = I without loss of generality.

Time reversal

02 = %], but now © = UK (antiunitary) and then ©2 = UKUK = UU*. And since U
is unitary then U'U = I = UTU* = I. Therefore:

02 =UU* =’ =UTU* = U=¢e%UT (5.67)
= U= UNT =0 = =1 = é%=41 (5.68)
= 0=+l (5.69)

So there are two types of distinct representations of ©. Two relevant comments are in
order:

(1) The representation of © with ©2 = UU* = —I cannot be one-dimensional. This is
not in contradiction with the fact that unitary representations of an abelian group
must be one-dimensional, because this is antiunitary.

(2) Recall that © = UK reverses the angular momentum J: ©0J; = —J;0;. In the
Condon and Shortley convention Ji are real matrices, so J, = %(JJr +J_) and J,
are real but J, = —5(Jy — J_) is pure imaginary. Since K changes the sign of J,

but not that of J, and J., we need that U changes the sign of J, and J, leaving J,
untouched. Then U must be a rotation of m about the y—axis (up to a global phase

n):
U=net™, |pt=1, ©=UK. (5.70)

This explains the connection between the time reversal and spin representations:

9 _igny | +I, if j integer
O =™ = { —1I, if j half-integer (5.71)

And, as we have already seen, © can be represented by

O [jm) =i*"|j —m). (5.72)
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80 Chapter 5: Symmetries and conservation laws

5.4 Isospin

All the symmetries we have discussed so far are space-time symmetries: they transform
the system into a different space time configuration (time or spatial translation, rotation,
space or time inversion).

However, there are other symmetries, called internal symmetries of different nature.
We will describe here just the isospin symmetry and skip the most important internal
symmetries, the so called gauge symmetries.

Consider a proton p and a neutron n. The proton has a positive electric charge and
the neutron has no electric charge. But other than that they are very similar: nearly
the same mass (m, = 0.938 GeV/c?, m, = 0.939 GeV/c?), the same spin and parity
(%Jr) When they combine to form nuclei the (attractive) strong interaction among protons
and neutrons is the same and much more important than the (repulsive) electromagnetic
interaction among protons.” Therefore, one may suppose that |p) and |n) are two isospin
states of the same quantum system (the nucleon), like |[+) and |—) are two spin states of a
the same spin % particle. The states |p) and |n) would be related by a (isospin) symmetry
transformation, just like |[+) and |—) are related by a rotation. Let us examine the analogy
in more detail.

The rotations acting on the two-dimensional Hilbert space of a spin % system are SU(2)
matrices that mix the two possible spin eigenstates (|+), |—)). If the system is invariant
under rotations, [J;, H] = 0, these spin states are dynamically equivalent and the angular
momentum (generators of rotations in space) is conserved.

The hypothesis is that there is a similar symmetry relating the two states of a nucleon,
proton and neutron. This is not a space-time symmetry but an internal one. The “isospin”
symmetry, also matrices of SU(2), mixes |p) and |n), eigenstates of isospin ¢ = 3. If the
system is invariant under these transformations, their generators T; (analogous to J;) verify
[T;, H] = 0, the two isospin states of the nucleon are dynamically equivalent and the isospin
(generators of this kind of “rotations in flavour space”) is conserved.

1
In general, particles have spin; they are vectors of #5702 Analogously, hadrons

particles that experience strong interactions) have isospin; they are vectors of HI=02o b
g y

Therefore, the Hilbert space describing a spin % nucleon is Hs:% ® Ht:%, with basis
{I+),1-)}@{lp) =1|5 +3).In) =|3 — 4)}. And, for instance, the Hilbert space describ-
ing the spin 0, isospin triplet of pions (70, 7%) is H*=0 @ H!=! with basis {|00)} ® {|=*) =
1 +1),|x%) =110),|77) =1 — 1)}

The isospin symmetry is actually an approrimate symmetry that organizes the hadrons
into multiplets of SU(2). But it is still useful when isospin violation is negligible. In
reactions mediated by strong interactions isospin is conserved (like angular momentum is
conserved under rotations when interactions are due to a central potential). Then the
probability amplitude to obtain a given final state is determined by which is its component
with same isospin as the initial one (it will depend on Clebsch-Gordan coefficients). And
if the reaction produces a final state of different isospin than the initial state (isospin is
violated), then it will be mediated by a linear combination of spherical tensors qu with
k # 0, and one can use the Wigner-Eckart theorem to relate the matrix elements of the

2Strong interactions are responsible for the nucleus stability.
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5.4. Isospin 81

different final states,
(oitoma| Ty |ags tymy) = (kq; tima|tama) (og; o] | T || £1). (5.73)

Let us see how it works.

The probability of a reaction to occur is described by the cross section o, which is
proportional to the modulus squared of the so called scattering amplitude A between the
initial state |i) and the final state |f) (see chapter 8),

o(i — f) o |AG — f)%. (5.74)
The amplitude, in turn, is in first approximation proportional to the matrix element:
A — f) o< (f| V ]i) (5.75)
where the initial state is of the form
|2) = liorbital) ® |ispin) ® |fisospin) ® - - - (5.76)

and similarly the final state |f). If the Hamiltonian H is invariant under isospin transfor-
mations (electromagnetic or strong interactions) then the isospin will be conserved,

A(Z — f) (S8 <f| V |Z> X <fisospin|iisospin> . (577)

For example, consider the following proton-deuteron (strong) reactions (the deuteron is a
nucleus of 2H with isospin [00)) producing a pion and a member of the isospin doublet

{‘3He> = |%%> , 3H> = % — %>}, the nuclei of 3He and tritium, respectively:

(1) p+d — 7" + 3H. The total isospin states are

|tisospin) = ‘% + %> 00) = ‘% + %> (5.78)
[fisospin) =L+ 1) [5 = 3) = 75153 +3) /515 +3) (5.79)
and
2 ? 2
01 X ’ <fisospin|iisospin> |2 = ' g = g (580)
(2) p+d — 7"+ 3He. The total isospin states are
[iisospin) = [3 +3)100) =[5 + 3) (5.81)
roin) = 110§ +3) = /313 +5) =~ J5 15 +3) (5.52)
and
. 1?1
02 X | <fisospin‘lisospin> |2 = ‘—\/g = g (5.83)
Therefore,
d— 7t + 3H
olp+d—7"+ °H) _9 (5.84)

o(p+d— 70+ 3He)
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Chapter 6

Systems of identical particles

6.1 Indistinguisible particles

Particles are identical if they cannot be distinguished from one another.

In classical physics it is possible to keep track of individual particles even if they may
look alike (Fig. 6.1). In principle, one can know their positions and follow their trajectories
separately. In addition, the probability to find two identical particles in exactly the same
position (in this case we would be unable to distinguish them) is zero, since there is a
continuum of locations.

Figure 6.1: The paths of classical identical particles can be tracked.

In quantum mechanics, however, identical particles are truly indistinguisible. All the
information we have about a system of identical particles is provided by a complete set
of commuting observables (CSCO). Then we cannot label them or follow their individual
trajectories (positions and momenta) because this would disturb the system (Fig. 6.2).
Furthermore, since the only values of the physical observables (eigenvalues of the CSCO)
are quantized, it may be possible that two particles are in the same state. We will see that
this has far-reaching consequences.

Figure 6.2: Indistinguisable paths of the quantum system of two identical particles.
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84 Chapter 6: Systems of identical particles

6.2 Symmetry under permutations

Let us consider two identical particles (later we will generalize to n identical particles)
characterized by their eigenvalues with respect to the same CSCO (A, B,...):

‘a/b’...> = ‘a’>, A ‘a’> =d }a’> and ‘a”b"...> = ‘a">, A ‘a"> =a’ }a"> (6.1)

(to simplify the notation we label the ket just by the eigenvalues of A).
The system of both particles is described by the tensor product

") ®a") = |d'a") (6.2)

where it is understood that the first eigenvalue corresponds to particle 1 and the second
to particle 2. How does an observable A act on the system?

A=A Q1 +1® Ay (6.3)
A |a/a"> = A ‘a/> ® 1 ‘a//> + 1 |a/> ® As ’a”>
— a/ ‘a/a//> + a/l ‘a/a//>

= (a' +d") |d'a"). (6.4)

Notice that the states |a’a”) and |a”a’) are mathematically different (orthogonal) but one
cannot distinguish them by measuring any observable in the CSCO, since they have the
same eigenvalues,

Ala"d"y = (' +a") |a"a’> . (6.5)

Therefore if we measure A and obtain a’ + a” we do not know a priori whether the state
ket is |a’a”), |a”a’) or any linear combination,

ala'd”y + Bla"a"). (6.6)

This is known as exchange degeneracy. It presents a difficulty because, unlike the single
particle case, a specification of the eigenvalue of a CSCO does not completely determine
the state. We will see in the next section how nature solves this problem, but before let us
review the mathematics we need to study the permutation symmetry.

The permutations of n objects form the symmetric group, called S,, with n! elements.
A permutation p € S, is denoted by

1 2 -+ n
_ 6.7
P (pl p2 - pn> (67)
although the alternative cycle notation is more economical. For example,
1 2 3 4\ _ 1 2 3 4\ _
<2 1 4 3> = (12)(34), <2 3 1 4> = (123). (6.8)

The advantage of cycles is that if they are disjoint their product can be specified in any
order, and any rotation of a given cycle specifies the same cycle,

(12)(34) = (34)(12), (123) = (231) = (312). (6.9)
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Read (123) as 1 — 2, 2 — 3, 3 — 1. For example, the 3! = 6 permutations in S are
g — 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
37 1%\ 13\t 3 2)0\3 2 1)\23 1)°\3 1 2
— {e,(12), (23), (13), (123), (132)}. (6.10)
The permutations can be composed (multiplied), form right to left. For example:
(123)(132) = (1)(2)(3) = e, (13)(12) = (123). (6.11)
They form a group. In general, permutations do not commute,

(12)(13) = (132), (13)(12) = (123). (6.12)

Any permutation p can be written as a product of r transpositions (ij). The parity of the
permutation p is (—1)" = £1 that will be denoted as (—1)P. For example,

e and (123) = (12)(23) are even (+1); (12) and (13)(245) are odd (—1). (6.13)
A cycle of length r + 1 can be written as the product of r transpositions:
(ivig. .. ipg1) = (iria)(inig) -+ (iriry1) = parity = (—1)" (6.14)
Notice that however this decomposition is not unique. For example:
(12)(23) = (231) = (123) and also (13)(12) = (123). (6.15)
We define the action of the permutations of 5,, on a system of n identical particles as

(12)[d'a") = |a"a’), (132) |d'a"a™) = |a"a"d’), et (6.16)

Let us go back to the system of two identical particles. One can define two operators,

s = %[e + (12)] (symmetrizer) (6.17)
a= %[e —(12)] (antisymmetrizer). (6.18)

They are orthogonal projectors (s> = s, a®> = a, sa = 0) into invariant subspaces of vectors

that are symmetric or antisymmetric, respectively, under the exchange of the two particles,
slda"y = ‘ ! ”> + } "a (6.19)
ald'a"y = 5(‘(1/ a”) —|a"a")). (6.20)

Since the states of the system must be normalized we will define

‘a/ l/> = ‘al //>+‘a1/ /> (12)‘(1/ l/> _+’a/ //> (621)

1on
[a'a”),

’CL, //> ‘CL” />)7 (12) ‘a/ l/> ‘CL, l/> (622)

In the general case of n identical particles, one defines

1
= Z D (symmetrizer) (6.23)
) PESH
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86 Chapter 6: Systems of identical particles

a = - Z (=1)Pp (antisymmetrizer) (6.24)

" pESn

that project into invariant subspaces of vectors that are totally symmetric or antisymmetric,
respectively, under the exchange of any pair of particles (transpositions),

1o normalized 1o o "o

S‘CLCLCL ...>—>’aaa ...>S, ’a > —+}a .>s (6.25)
1o normalized 1o "o "o "

a‘aaa ...>—>’aaa . >a, }a > ‘a >a (6.26)

For example, consider the system of 3 identical particles in the states |a’), |a”) and |a™),
find |a’a”a™)  and |a’a"a™), and check that (23)|a'a"a"™) ) = +(—) |a'a"a") ).

The Hilbert space of a system of two identical particles of spins s; and isospins t;
is H = HPAe @ HPIN @ HIOPIN @ ... where every factor is also the tensor product of
the corresponding Hilbert spaces of each particle. For example, consider a system of two
identical particles of spin 5 L and isospin 2,

HEPe {[ghn)} @ {[ha) } = {|vrepa)} (6.27)
%Spin : {H_> ’ |_>} ® {’+> ’ ‘_>} = {|++> ) H__) ) ‘_+> ) ‘__>} (628)
HOP () [d)} @ {Ju) 1)} = {uw) , [ud) ,|du) , |dd)}. (6.29)

To antisymmetrize the state |1192) ® [+—) ® |ud):

(12) [¢192) @ |+—) © [ud) = [29p1) @ | —+) @ |du) (6.30)
tle— (12)] [Ywa) @ [+) @ Jud)
nomalized, 11 o) @ [+) ® fud) — [tathr) ® |—+) ® |du)).  (6.31)

V2

6.3 Symmetrization postulate

We have seen that states differing by a permutation of two identical particles, though being
different (orthogonal), would be indistinguishable by any observation (exchange degener-
acy). To reconcile this with the fact that a state must be fully determined by a CSOC,
one has to introduce the following postulate (in full agreement with experiment):

Symmetrization postulate
The states of a system of identical particles must be either totally symmetric or anti-
symmetric under the exchange of any pair.

Since the only one-dimensional invariant subspaces under the exchange of two particles
are the totally symmetric and the totally antisymmetric vectors, this postulate guarantees
that the states of systems of identical particles are perfectly determined by a complete set
of observations.

On the other hand, in the context of relativistic quantum field theory one can prove
the following theorem, that otherwise would be part of the symmetrization postulate:
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6.3. Symmetrization postulate 87

Spin-statistics connection
The states of a system of identical particles are totally symmetric (antisymmetric)
under the exchange of any pair if their spin is integer (half-integer).

One can show that systems of identical particles with totally symmetric wave functions
obey the Bose-Einstein statistics (these particles are called bosons) and those with totally
antisymmetric wave functions obey the Fermi-Dirac statistics (these particles are called
fermions). Therefore, this theorem establishes a connection between the spin and the
bosonic of fermionic behaviour (statistics) of identical particles: the spin of a boson is
integer and the spin of a fermion is half-integer.

A corolary of the symmetrization postulate and the spin-statistics connection theorem
is that there are only fermions and bosons in nature.?

An immediate consequence of the symmetrization postulate is that identical fermions
satisfy the Pauli exclusion principle: two of them cannot ocupy the same state, since
|---a’---a’---), = 0. This is why there can only be one electron of a given spin component
(two of opposite spins) per energy level in an atomic orbital. This is key to understand the
electronic configuration of atoms and hence the periodic table of the chemical elements,
the cornerstone of the whole of chemistry. And thanks to Pauli exclusion principle, some

types of stars (white dwarfs and neutron stars) may avoid the gravitational collapse.

One may say that fermions are “less sociable” than bosons, since they “avoid” being
in the same state as an alike partner. Bosons, in turn, are more “friendly”; they do not
mind to be altogether in the same state and actually they do if they can. For instance,
at very low temperature they form Bose-FEinstein condensates, with many particles in the
minimum energy state, that gives the system very perculiar properties like superfluidity or
superconductivity.

Consider two identical particles, each of them in two possible states + or —. Then:

e Classically, think of two balls labeled with a sign; there are 4 possible configurations:
1/2 with both “states” equal (|®), |)(-))) and 1/2 that are different (|P()),

O®))-

e If they behave as bosons, they must be in symmetric configurations (symmetric state
of the system) and there are 3 possibilities: 2/3 have same quantum numbers (|++),

|——)) and 1/3 has different quantum numbers (%(|+—> + ]——i—)))

e If they behave as fermions, they must be in antisymmetric configurations (antisym-
metric state of the system) and there is just 1 possibility, that, of course, has different

quantum numbers (%(|+—> — |_+>))

This illustrates that bosons are more friendly than classical identical particles (2/3 versus
1/2 of the cases they are in the same state in our example) while fermions are antisocial,
never in the same state.

How does a permutation act on the wave function of identical particles? For example,

(123))(1, Do, T3) = (1, Ta, T3] (123) | ) (6.32)

*However, in two-dimensional systems there are “quasiparticles” called anyons that obey intermediate
statistics. They play an important role in the fractional quantum Hall effect.
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We know that on the ket,
(123) |71, T2, &3) = | T3, 1, T2) (6.33)
but notice that in the wave function p = (123) acts on the bra. Then, from

8% (z1 — @1)6% (w0 — 75)0° (w3 — %) = (&4, Ta, T3| T, Th, L)
= (&1, By, T3 (123)(132) | T, T, T%)
= (&1, Ty, T3| (123) |2, 75, 7)) (6.34)

where we have used p~! = (132), we have that
(1, 7o, B3| (123) = (T2, @3, 71| = (123)9(F1, T2, T3) = (T2, T3, T1) (6.35)

where the arguments of the wave functions are exchanged by the inverse permutation.

6.4 System of two electrons

Consider a system of two electrons (s = %) The first electron is described by a ket of

5pm>} (6.36)

where [1]P*°) gives the position & of electron 1, whose wave function (space part) is
1 (2) = (F]PiP*°) in the position representation, and ’¢Sp1n> =|4) or |=). And similarly
for the second electron. The system of the two electrons is described by

7_[ ,Hspace 5p1n {‘wspace>} Q {

) € H=H1 @ Ha: {[¥*P)} @ {[v*P")}
— J{sPace o Hspin . {‘wipace space>} ® {

spin Zpin> } (637)

where |)°P2°¢) gives the positions #] of electron 1 an #5 of electron 2, whose wave func-
tion (space part) is (27, 23) = (€7, Z2|P2C) = 1 (&)1 (F2), and |@Z15pln> is any linear
combination of {|++),|+—),|—+),|——)}.

The positions of both electrons could be entangled and also their spins (to make a state
with well defined total spin) and also the positions with the total spin. Let us see that if
the total spin is well defined, [H, S?] = 0, then the symmetrization implies that positions
and spin states are separable. Because the electrons are fermions, we must antisymmetrize
and normalize the possible states:

(V1(Z1)Y2(22) [++)), = Wl (@1)h2(Z2) — Y1 (Z2)Y2(21)] [4++) (6.38)

%\

(1(Z1)¢2(T2) | =), = [¢1 (Z1)92(T2) — ¢1(T2)a(Z1)] |-—) (6.39)

%\

(V1(Z1)Y2(22) [+-)), = [1/11 (Z1)2(T2) [+—) — P1(T2)h2(T1) |[—+)] (6.40)

|
Sl

(V1(Z1)2(T2) |[—+)), = [1/11( D2(Z2) |—+) — 1(Z2)a(71) [+-)]. (6.41)

g

(Last two are not separable but their (total) spin is not well defined.)
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Remember that the total spin of the system of two electrons can be s = 0 or s = 1 with

1
00) = s (1+=) = |—+) (6.42)
141) = [+4), [10) = (=) +|—4)), [ -1)=|--).  (6.43)

V2

Notice that the members of the spin multiplet have the same properties under exchange.
This is because St = S14+ + So4 and (12) commute (for any spin). In our system of two
identical spin % fermions the spin state with s = 0 is antisymmetric and the spin states
with s = 1 are symmetric under exchange.

Can we write the four antisymmetric states above as states with well defined spin
without spoiling the symmetrization? We just need to combine a symmetric space part
and an antisymmetric spin state or viceversa. A symmetric (antisymmetric) space part of
the wave function is:

(i1, ) = jﬁ[wl (F1) 2 () £ 1 (E2)a(1). (6.44)

Then we see that the first two are already as needed:

Y (71, 72) [1 + 1) = (¥1(T1)¢2(T2) [++)), (6.45)
Y (71, 72) [1 — 1) = (¥1(T1)¢2(T2) [——)), (6.46)

and we can combine the other two into:
1
V2
1
V2

Yo (#1,82) 10) = — | (W1 (@)a(@2) [H), + (i@)e(@) =), | (647)

Yy (T1,72)[00) = [(?/)1(3?1)1#2(52) [+ — (V1(71)Y2(72) |*+>)a} (6.48)

As a particular case, in the center of mass frame (CoM),
F=a) = dy,  (E,30) =),  (12)9(F) = (7). (6.49)
Then
V(F) = 2p(=7) & P <Y (F), YR = (DY), (6.50)

Therefore, in this case the space (orbital) part of the wave function is symmetric (antisym-
metric) if £ is even (odd).

To summarize, the (antisymmetric) states of a two-electron system are

e Space (orbital) part of the wave function symmetric and spin state antisymmetric:

Yy (1, 72) = Y4 (T2, 71) (Levenin CoM) and s=0: [00). (6.51)

e Space (orbital) part of the wave function antisymmetric and spin state symmetric:

Y_(Z1,%2) = —_(Z2,71) (£ odd in CoM) and s=1: |[lm,). (6.52)
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6.5 Exchange correlation

Consider two free identical particles with momenta k and k. The space part of the space
wave function of the system must be symmetric or antisymmetric under exchange,

= = 1 ik-ay ik’ -2 ik-a% ik -2
T1,T2) ~ — (T le + e 2! xl)
Y4 (71, 7o) \@(
L k4R ( i(R—F)-7/2 71(15!12')-?/2)
= e e +e 6.53
V2 ( )

with R = %(fl + ¥3) and 7 = ¥1 — Z2. Then the probability density to find a particle in a
space region is correlated with the position of the other one:

4 (21, @2)|? = 2 cos? = =0 favoured (6.54)

[_ (Z1, @2)|? = 2sin? ( = =0 impossible. (6.55)

Likewise, in a more general case of two particles with wave functions (space parts) ¥ (Z)
and 19 (%), the space part of the wave function of the system if they are identical must be

V+(T1, T2) = 12[¢(flaf2) £ (T2, 71)] with  (T1, T) = 1 (T1)1h2(Z2) (6.56)
and then
Y 22) P = 5 [l B + ho(Ea, #1)] & 2Re (p(@, )0 (2, 31))]
= [Pl @) + o @) Pa P

- 2Re (4 (F1)ua (@)1 (@05 (3)) | (657)

The last term is known as the exchange density.

If the wave functions 1 (Z) and o (%) do not overlap (see figure), then the probability
density to find one particle at ¥ = #1 ~ (x1) and the other at & = 7y ~ (x2) is

s (F1, B2) [ + [Wx (T2, 1) = 204 (T1, T2)|* = |11 (1) *|vh2(Z2)]? (6.58)

where we have used that

f 1 (x)

[pa(x)
Y1(z2) ~ 0, a(z1) ~ 0. (6.59)

(x1) (x2) X

Therefore, in that case (not very dense systems of identical particles) the exchange-density
term is unimportant and there is no need to symmetrize or antisymmetrize the states.
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6.6 Creation and annihilation operators

6.6.1 Harmonic oscillator

Consider the simple harmonic oscillator, a particle of mass m in one dimension submitted
to an attractive force proportional to the distance. The Hamiltonian of the system is

o1
H=;—+ ika, k = mw? (6.60)
and the classical trajectories of the particle (solutions of the equations of motion) are

oscillations of angular frequency w = 27v.

In QM, z and p become self-adjoint operators X and P with [X, P] = ihl. An elegant
method introduced by Dirac that allows to find the energy eigenvalues and eigenvectors of
this quantum system consists of defining the operators a and a':

= T;;;J(X—i—inij), al = T;;:(X—iwi) (6.61)
-~ x-= 2:M(a+aT), P——i h”;"(a—d), (6.62)
with
[X,P] =ikl = [a,a]=1. (6.63)
Then the Hamiltonian reads
H=hw(a'a+ 3) = hw(N + 1), (6.64)
where we have introduced the self-adjoint operator
N =dla. (6.65)

Because H is just a linear function of N, both can be diagonalized simultaneously. We
denote the energy eigenstates |n) by the eigenvalues of N, so

Nln)=nln) and Hln)=E,|n), E,=(n+ 3)hw. (6.66)

To appreciate the physical meaning of a, af and N, notice that

[N,a] = [a'a,a] = a'[a,a] + [af,dla = —a, [N,a']=a' (6.67)

and then
Na'|n) = ([N,al] +a'N) |n) = (n + 1)a’ |n) (6.68)
Na|n) = ([N,a]+aN)|n) = (n —1)a|n) . (6.69)

Therefore, af |n) and a|n) are also eigenstates of N with eigenvalue n 4+ 1 and n — 1,
respectively. That is why we call a' (a) the creation (annihilation) operators of oscillation
modes of energy hw. On the other hand,

aln) =cln—1), <n]aTa|n):\c]2:<n]N|n>:n = aln)=+vnn—-1) (6.70)
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92 Chapter 6: Systems of identical particles

and from |n) = aln+ 1),

1
vn+1

al |n) = faln+1) = d'|lny=vVn+1ln+1). (6.71)

If we apply a successively,

a?n) =v/nn—1n-2), an)=vnnh—-1n-2)n-3), ... (6.72)

we would find states with (unacceptable) negative energy and (also unacceptable) norm,
because

n=(n| N |n) = ((n] a’)(a|n)) > 0, (6.73)

unless n is a non-negative integer. Then the sequence terminates at n = 0 and the ground
state of the system |0) has a (non-zero!) energy

Ey = ihw. (6.74)

Hence, N = ala is the number operator, the state |0) is called the vacuum (assumed
normalized, (0]0) = 1) because it has no modes, and |n) is the state of n modes that can
be obtained applying af on the vacuum n times,

a0y =11 = [1)=a'|0) (6.75)

a'|1) =v2]2) = |2) = aT!1>= (a")?|0) (6.76)

a'2)=V3i3) = 3)= (a')* |0) (6.77)
(6.78)
We can now obtain the energy eigenfunctions in the position representation from

mw

a= T(CLX + —P) with a = - (6.79)
Exchanging variables,
X=0oX, Xz)=z|z) = Xlz)=az|z)=27lz) (6.80)
the momentum operator in the position representation is
d d
P = —ii— = —iha— 81
lhdx 1h0¢d§: (6.81)
and the wave function of vacuum follows from
=0 = - (z+ L)@ =0 (6.82)
al0)y = — |+ —= z) = .
V2 dz ) °

whose (normalized) solution is
i a 0222
Yo(Z) =Ae™ 2 = hy(z) =, /ﬁe_T. (6.83)
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Likewise, from

In) = \}a(cﬁ)" 0) = @) = 171,\/127 <x - ;j) ¥o(7)

= Yp(x) = Hy(az)e "2 (6.84)

where H,(t) is the n*"-order Hermite polynomial:

d n
H,(t) = et’/? (t - dt) e /2, (6.85)

6.6.2 Identical bosons
The method of creation and annihilation operators introduced above to solve the harmonic
oscillator problem is very convenient to study the systems of identical particles.

Let us define |n) as the state of the system with n identical bosons, all of them in
the same quantum state |«) (for example: |«) the state of E = hw). We introduce the
annthilation operator a such that it gives the state with one particle less:

aln) =+/nin—1) (6.86)
The adjoint is the creation operator a',
(nja" =vn{n—1 = (n|d'aln)=n = da'aln)=n|n). (6.87)

Hence, N = a'a is the number operator that counts the number of particles and a' is the
creation operator that adds one particle in the same state:

1 1
n) = an+1 = aTnziaTan—Fl: n+1ln+1). 6.88
n) = el + 1) n) = J—galaln 1) =V Tn ). (689

Now we can derive the commutation relations:

(6.89)

aal[n) = Vit Taln+1) = (n-+1) ) o al] =
S DT A (e L S R B

The state |0) with no particles (assumed normalized, (0|0) = 1) is called the vacuum, with
a |0y = 0. The state with n particles can be written as

1 n
n) = ﬁm*) 0) (6.90)

that is, of course, a symmetric state under the exchange.

Now let us generalize this formalism to the case of n identical bosons, with n; at the
same state |aq), ng at the same state |ag), etc. (for example: |o;) the states of E; = fuw;)

’nl,n2,"'> (6.91)

that is understood to be symmetrized (symmetric under the exchange of any pair). The n;

are the occupation numbers and n = ), n;. We define the annihilation (a;) and creation

T

(a)) operators of particles in the state |a;) as

ai‘nly"'7ni7"'>:m‘n17"'7nz‘_17"‘> (6_92)
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94 Chapter 6: Systems of identical particles

a“”l"“ i) =V 1 g, ni 1) (6.93)
The number operator N; = ajai gives the occupation of state |a;),
ajai\m,'-- My Y=g |ng, e ). (6.94)
The annihilation and creation operators satisfy the commutation relations:

[ai,a;-] =01, [a;,a;] = [al,a}] =0. (6.95)

Then any state of the system of n identical bosons can be written as:

1

(@)™ @)™ [0) (6.96)

[n1,ng, ) =
with |0) = [0,0,---) the vacuum state (no bosons). This state is symmetric under the
exchange of any pair of particles.

The Hilbert space Hp of a system of identical bosons is called Fock space of bosons,
whose states are symmetric under exchange and can be written in the occupation number
formalism described above,

Hp=HioHsOH;OHE® - = PHE (6.97)
n=0

where the basis of 1§ is the set of symmetric states |ning---) with n =), n;. The states
of H% could also be obtained by symmetrizing the tensors of H" = H®@ H ® ---, n times
(H% C H™) where H is the Hilbert space of one particle.P ’HOS is formed by just on state,
the vacuum. ’Hg = H is the system of one particle. ’Hg22 is the system of n identical
bosons, whose states are symmetric under exchange.

In particular, this formalism describes a system of oscillators with a discrete spectrum
of energies E; = hw; = ;. When there is a continuum of oscillator modes of energy E, we
have a; = a(w;) — a(w = E/h) that defines a quantum field theory (bosonic fields).

6.6.3 Identical fermions

The occupation number formalism can also be adapted to describe a system of identical
fermions, whose states are antisymmetric under exchange. Then obviously

|ny,ng,...), mn;=0or 1. (6.98)

To introduce annihilation (1) and creation (n') operators of fermionic states we define

n|0)=0, nl1)=10), n'j0)=1), #n'[1)=0 (6.99)

and
i ‘nlv"‘n’iu" > = (—1)VZnZ |n1,. .. 71 — Ny, - > (6100)
773 Ini,--ngy ) = (=1)"(1 —n;) [n1,---yni+1,--+) (6.101)

PNotice that every H can be the tensor product of other Hilbert spaces (e.g. HP**° ® HP" @ ---) but
this formalism is particularly useful when the states are labeled by the eigenvalues of just one observable,
like the energy.
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where
vi= Y n. (6.102)

Then the number operator N; = 773 7; gives the occupancy of state |a;),
773?7i|ﬂ1,‘-'m,~~> =n2 |ng, - ni, ) =mng|ng, o ong, ) (6.103)
And one can easily derive the anticommutation relations:
{misml} =651, {mimsy = {nfml}y =o0. (6.104)
where {A, B} = AB + BA. As expected,
fnlaly=0 = @)’ =o0 (6.105)

and therefore two fermions cannot be in the same state (Pauli exclusion principle).

Any state of the system of identical fermions can be written as:
[n1,mg,---) = ()™ (3)" -+ [0) . (6.106)

These states span the Fock space of fermions.

This formalism of creation and annihilation operators for identical fermions is applied
in quantum field theory (fermionic fields), where fermions have a continuous spectrum of
energies.
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Chapter 7

Approximation methods

Few systems in quantum mechanics can be solved exactly. So we are forced to adopt
approximate solutions that can be obtained by different types of methods, numerical (with
the help of a computer) or analytical: perturbative, variational, WKB, etc. Here we will
discuss the perturbative approximations.

7.1 Stationary perturbations

7.1.1 Nondegenerate case

Let us consider a time-independent Hamiltonian, that can be separated into two parts:
H=H"+)\V (7.1)

where we know the eigenvalues and eigenstates of H:

1) = B

). (7.2)

H? does not have to be the free Hamiltonian.
For example, we know the exact solutions of the hydrogen atom,

2

P 1 €

HY=_"— - —
2m  4dmeg r

(7.3)

and V could be the interaction with an external magnetic field. Then, we suppose that V'
is a perturbation that changes a little the eigenvalues and eigenvectors of H. We assume the
analyticity of H around A = 0, namely there is a smooth transition between the solutions
for A = 0 and those we are looking for (A = 1) so that

H [¢i(A)) = Ei(A) [i(N)) - (7.4)

with

o™y, B = fj Aeg) (7.5)

k=0

[i(A) =D A"
n=0
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Inserting this into the Schrodinger equation above we have:®

(H° + V) iv ey = i S et () v);
n=0 n=0 k=0
01O\ 4 N~ yn (70 | =D\ _ 2 [ O\ | X~ yn N k) [ (k)
HO [y >+nZIA (0 el™) + v ]el D)) = EO o) >+nZlA kZ:OE o)
(7.6)
and hence, comparing powers of A,
(1= B) [0{”) =0 (this we knew already), (7.7)
(0= EO) ) = —v [l ) + ; EF 0y nz (7.8)
Remember that the states ‘¢§D)> are normalized,
(6 |0l) = 1. (7.9)
To simplify the calculations, let us choose for the moment the normalization
(6 |pin) =1 (7.10)
also for A # 0, so that
1= (0O = (60 [ + 30w (wl0]ut)
n=1
- <¢§°) ¢§”)> -0, Vn>1. (7.11)
Then muliplying the equation (7.8) by <1/JZ-(0)’ we have that for n > 1:
O] (170 _ 2O [;\ _ /O] [ om=D\ L N~ k) [, O] =k |
(i) (10 = EO) o) = = (w0 v [t ™) + 2B (™)
0=~ (| v]el )+ zn: E® 6,
k=1
= |5 = <¢§0)‘ 4 w§”*”>, n>1 (7.12)

with j # ¢ we have:

o)+ 3 EW (v

)+ S0 (4

And multiplying (7.8) by <¢J(-0)

(5] (= ) =]

3

¢§"_k)> ;

(-5 (4

™) == (vV|v

"

“We replace 303N HER () = 3 A3 B [+

n=0 k=0 n=0 k=0
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:<j

and then (remember that <1/J§0) ¢§n)> =0,Vn>1):

)= X ()
) =35 ) (]

Ve )

( ¢§"—k)>] (7.14)

Therefore from (7.12) and (7.14) we have:

n=1: BN = (6| v |[v®) (7.15)
WO v
)= oy L) o
JF E
n=2; E® = (| v ¢§1>>
OV ) () 1
g )

(0)
= ijo i >‘ (7.17)

(0) 0)
iAo BTk

7

etc.

One expects that taking just the first terms will be a good approximation as long as

v

! >‘ <1, j#i. (7.18)

Then, from (7.5) and for our case of interest (A = 1) we have that up to first order :

B =E” + (v [s) + ... (7.19)
eV
i) = w<°)> Z \w(°>> <E(0E](O)> +... (7.20)

This was obtained with the normalization <w§0) ‘1/%()\)> = 1 that implies (10;(A))[1;(N)) # 1

However, we must normalize the states canonically:

() = [B,(0) = Z2 () [1:(V) (7.21)
with (¥, (X \wi D=1 = Zi(\) = @N|L\) . (7.22)
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From <1/1§0) wgn)> =0 for n > 1 (7.11) and the expression (7.16) for

@il = (3 [0

A (!

¢§1)> above we have:

)+ (s

)

8 (A1) (PO + 50 .
=1+ 2\ <w§” ¢(1)> +o
SOV [p0Y (g
1+AQZZ< ‘ 0 > <;(o)_E(0)><¢J()‘w(O)>
J#i k#£i i ] i k
CIMAMONG
_HAQZ‘@ ‘V i >‘ (7.23)
I ( iO J(

P

Therefore, one should replace:

2 | (v )]
[0i(N)) = Z2(N) [i(N))  with  Z;(A) =1 - A2 ; (Ei(o) - E](0)>2 + ... (7.24)

that will give O(A\?) order corrections to the perturbative series, beyond the first order
approximation we have shown in (7.19) and (7.20).

7.1.2 Degenerate case

If HO has degenerate eigenvalues, namely same energies EZ-(O) = E](O) for some eigenvectors
1/}1(0)> #* 1/1j(-0)>, then the expressions above are divergent and cannot be used. Notice that

any combination of those states has the same energy according to the unperturbed Hamil-
tonian but we assume the interaction V' will break the degeneracy. So we must diagonalize

V in the degenerate subspace of HY to find the appropriate combinations {‘w,foa)>} that
will be the right basis to start our perturbation theory

Eia=E" +E) +. (7.25)

Then we separate the contributions of the degenerate eigenstates of H° (E](O) = Ei(o)) from
the rest, that were found before in (7.19) and (7.20):

B=E” + B+ with B = (0| v [ul) (7.26)
O i T Rk M
y :E@ EiO) — E](o)
SOV 50 (O] v |y©
2 [ EmiE(l) 2 Sl ‘Elzo>> <E’<€o>‘ ) e
B ;;fo) Z ’ E,(féc ;: JZEZ?O) Z '
] (7.27)
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Example: Calculate to first order in perturbation theory the energy eigenvalues and
eigenstates of a system described by the Hamiltonian H = H° + V with

A0 O 0 0 €
HY = 0 0], Vv=[0 0 e (7.28)
0 A e € 0
in the basis {|e1), |ea),|e3)} of HO eigenstates. There is a degenerate eigenvalue, E%O) =

Eéo) = A. We must diagonalize V' in the the subspace Ha : {|e1),|es)}:

Pa = ler)(er] +[es)es|, V= e(ler)(es] + [ea)(es] + [es){e1| + les){e2])  (7.29)

(A0 . (0
PAHOPA = APA = <0 A) ,  PAVPA =c€(ler){es| + |es)(e1]) = <€ 8) . (7.30)
Diagonalization:
_ A=4e: |ur) = s(ler) +es))
‘ A EA‘:v—e?:o = “f (7.31)
¢ A=—e: Juz) = 5(ler) — les))
So the right basis to start the perturbation theory is:
0 0 0
flua) s Jea), Jus)y = { |l [ ), |0f”) } (7.32)
with
_ 1o (0)
e2) = =5 (|ul”) + [457)) (7.33)
|e2) = W} (7.34)
_ 1oy ’ (0)
es) = 5 (|e1”) = [v4”)) (7.35)
In this new basis H? has, of course, the same form and
1
N
V= c(ler){es| + le2)(es| + les)er| +[es)(e2]) =€ | 75 0 —5 (7.36)
1
0) 0 ’ V2 B
(60| 6y = v (7.37)
Now we can use the general expressions to obtain the energy eigenvalues:
E® = EV4ED 4. (7.38)
ED = (u| v |) (7.39)
B9 =A BN = (7.40)
B =0 B! =0 (7.41)
EY =A B = —¢ (7.42)
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And the energy eigenstates:

) = \w§°>> + M”> T (7.43)
(vl
‘¢(1)> ) (o%:i (0 ‘ J(O)> EJ(O) B EJ(’O) (749
EY #E

(o[ ]o”) (i | v )
Ei(O) . EI(CO)

j#i j ki
B = g© E® # E©
’ (7.45)
[07) =5 lew) +les) (7.46)
‘¢§0)> =e2) (7.47)
[97) =—=e) = fes) (7.48)
2O |
) |y ST
2|V |0 (57| v [94”)
+ ’¢§0)> (1) 1 (1) < (0) (0)
EY — gl B _ B
N ‘¢§0)> AL—QO N ‘¢§0)> € — (—e) _ATQ_?
- ) 5 o) o
O © 2O p©
)= oy LELED o L1
|61 555 +[+”) 5%
=i i)+ o [47) (7.50)
(0) (0)
) - oy LETV P
oV o) (| v [u”)
+ i) Be — < © _ 50
3 El E3 - E2
= [o87) 555+ o) T 22
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7.2 Time-dependent perturbations

7.2.1 The interaction picture

Let us now discuss time-dependent perturbations. The typical situation is the following. Suppose
that the Hamiltonian is

H=H"+V({t) with V(t<0)=0 (7.52)

and the system is initially (¢ = 0) in an eigenstate |i®) of H°. Once we switch on the perturbation
V(t > 0) # 0 the state |i0> becomes non-stationary, it will change, and we are interested in the
probability that after a time ¢ it goes to a final state | f0> (transition probability). Notice that both
states are by definition eigenstates of HY.

The problem is usually formulated in the so called interaction picture (or Dirac picture), half
the way between the Schrodinger and the Heisenberg pictures. Remember that in the Schrodinger
picture the operators remain constant but the states evolve with time:

0 = Og = const, ih% ) = Hla(®)s = |a(t))s = e+ [a(0)) (7.53)
whereas in the Heisenberg picture the states remain constant but the operators evolve with time:
@)y = const,  Op(t) = e 'O (0)e 7t (7.54)

so that the expectation values are independent of the time evolution picture:

wlaOu(t)18)y = s{a®O[5(t)g, with O =0g(0), [0y =|a(0)g- (7.55)

The interaction picture is useful when the spectrum of eigenvalues and eigenvectors of the unper-
turbed system described by H? is known. In that case one can subtract from a state the part of the
evolution due to HC. In particular, in the interaction picture we define

la(t)); = e# T a(t)) g - (7.56)

Let us see how |«(t)); evolves with time:

L d Cd g
ih s la(®), = ing (eF7 ja()s)
= —HH ™ fa(t)) s +ihet " Ja(t)g

= —HO%H Tt ja(t))g + i Tt (HO + V) a(t))g

——
: H
= etV a(t)) 5
_ e%HOtVe_%HOt e%HOt |Oé<t)>s ) (7.57)
_/—/%/_/

Vi(t) la(t)) ;

Therefore in the interaction picture the states evolve according to the perturbation:

0 Jo(t)), = Vilt) (1), (7.58)

(Schradinger equation in the interaction picture) and the operators, including V', evolve according
to the unperturbed Hamiltonian:

Or(t) = en’tOe~#H"t (0O in the interaction picture) (7.59)

d i

—O;=——[0;,H]. 7.60
= 9 = lonH] (7.60)

If V' = 0 we recover the Heisenberg picture.
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7.2.2 Dyson series

Our next objective is to solve the Schrodinger equation in the interaction picture in terms of a
time-evolution linear operator U (t):

a(t)); = U() |a(0)); - (7.61)
Substituting this in (7.58) we have
ih%it) = Vi(t)U(t) (7.62)

with the boundary condition U(0) = I whose solution is

t r7 t
ih/ dty Y :/ dty Vi(t,) U(t1)
0 dtl 0

= Ult)=1- ;_L/t dty Vi(t1) U(ty). (7.63)

This is the integral version of the Schrodinger equation for the time-evolution operator U (t).

If V is “small” we can solve this equation by iterations. At the zeroth order U (t)=1,so

.ot
U(t) =1- %/ dtq V[(tl) + O(Vz) (7,64)
0
Inserting now
. t1
U(t1) =] — %/ dts V[(tg) (765)
0
in (7.63) we have
~ i t i 2 t t1
O(t) =1 - ﬁ/ dty Vi(t) + (‘n) / dtl/ dts Vi ()Vi(ta) + O(VE).  (7.66)
0 0 0

Then it is straightforward that the term of order n of the Dyson series is:

(—%)n /Ot dty /0t1 dty - /Otn1 dt, Vi(t1)Vi(te) - Vi(tn). (7.67)

The Dyson series can be expressed in a more compact form using the time-ordered product of
operators defined as:

rlae) = { et 2 (7.68)

that puts first the latter operator. Using T' it is easy to see that:

(_h> [ [ atvivien = (—h) [ [ariemiey @)

and for the order n:

3 n t tl tnfl
<711) / dtl/ dts / dtn Vi(t)Vi(ta) - -~ Vi(tn)
0 0 0

_ L <;_L)n/0tdt1 /Otdtz ..~/OtdtnT{W(t1)V1<t2)~~Vz(tn)}- (7.70)

n!

Hence the Dyson series can be written as the following time-ordered exponential:

Ut)=T {exp [; /Ot dt’ V(t’)} } (7.71)
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Figure 7.1: Pictorial view of the transition amplitude from the Dyson series.

7.2.3 Transition probability

The time-evolution operator in the interaction picture U is related to the the time-evolution operator
in the Schrodinger picture by

U(t) =e #H1T(1) (7.72)
since it satisfies the equation

dU (t i ~ ~
ih% = HOe w71 (1) + e # 1V ()T (1)

= Hoe_%HotU’(t) + e_%HOte%HotVe_iﬁHotﬁ(t)

=(H"+V)U(t)

=HU(t) (7.73)
Notice that U(t) = enZ tU(t) is not the same as “U;” (U in the interaction picture)!

Therefore, the probability amplitude that a state |i0> at t = 0 goes to a final state ’ f0> after a
time ¢ due to a perturbation V is given by

Ali = fit) = (fOLU) [i*) = (fle”#T1T () li) = e 7P (£ T (1) i) (7.74)

Here and in the following superindices 0 are dropped to alleviate the notation. The matrix elements
(flU(t) |7) can be calculated perturbatively using the Dyson series:

Al = fit) = f:A(”)(i — ft) (7.75)

n=0

AP (i — fit) = e 7 Prt ( ;_L) /dt / b,y - / Aty (FIVi(tn)Vi(tn_1) - Vi(t1) i)
— o Bt <_;_L> Z Z ;/O dtn/o dtn_l---/otz dty

« ot (Br—Ek,_ 1)tn (FIV (¢ |1/Jkn 1>
« eﬁ( by 1~ Elyp_g)tn—1 <¢kn71 | V nfl) ‘7/)kn72> .
x o B =B (e, V(1) |i) (7.76)

where we have redefined the integration variables so that ¢ > ¢, > t,—1 > -+ > t3 > t; > 0, we
have inserted n — 1 times the resolution of the identity:

I=Y |w)l with HO[dy) = Ey |¢x) (7.77)

k
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and we have substituted:
Vilty) = en AV (t)e wH ik, (7.78)

The amplitude can be represented pictorially as in Fig. 7.1 with ¢; =0, ty = ¢.
The transition probability is then:

win g (t) = A = f;)* = [(F1U @) [) [* (7.79)

that can be calculated order by order in perturbation theory using the Dyson series.

7.2.4 Constant perturbation: Fermi’s golden rule

This is the simplest example,

V() = Vo) = { oo S 0 (7.80)

where V' is independent of ¢ but may depend on &, p'and s. Then at first order we have, for f # i,

i t i 047 i 04/ i ¢ i ’
HITON) =5 [ @t (fehi Ve ki iy = —2 (Vi) [ ar ek Brpor
0 0

—Vpit . fAE=0
_ . (7.81)
fi _ iAEt . .
AE(1 et ) . fAE#0
with
Vie=(fIV]i, AE=E;—E,. (7.82)
Hence, for AE # 0, the (first order) Born approximation is:
4Vyl? ., AEt
Wiy pi(t) = (Ag E sin ==, wini(t) =1 - zfjwiﬁf#(t). (7.83)
This transition probability (Fig. 7.2) oscillates for AE # 0, grows with t2 when AE — 0,
; _ |Vfi|2 2

and is negligible when AE > 27h/t. Of course the probability must be w;—; < 1, so the Born
approximation fails when ¢ is too large.

On the other hand, if we call At the interval during which the perturbation has been turned
on, a transition with appreciable probability is possible only if

h
AE~— & AEAt~#h (7.85)
At
where by AE we mean the energy change involved in a transition. If At is small we can tolerate
a good amount of energy non-conservation. If At is large only transitions with very approximate
energy conservation are most likely to occur. This provides a kind of time-energy uncertainty
relation.

The fact that the transition probability for ¢« — f it not linear but grows quadratically with
time when E; ~ E; may look unreasonable. We will see that this is actually not the case.

In realistic situations final states that are so close form a continuous spectrum in the neigh-
bourhood of FE;. This may happen in the scattering of a plane wave by a finite range potential
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Figure 7.2: Transition probability for ¢ — f # i as a function of AE = E; — E; at fixed t.

(the final state has a continuum of possible scattering angles; see next chapter), or in the ionization
of an atom (see example at the end of this chapter). In such cases we are interested in the sum
(integration) of transition probabilities over final states with E ~ E;.

Let us represent by v the set of variables describing the final state that take values in the
continuum, including the energy E (with respect to HY) and perhaps other variables a. We are
interested in the transition probability from an initial state |i) of the discrete spectrum of H® to
a continuous set of states [f] characterized by Av, with normalization (v|v') = 6(v — v'). The
projector into this set of final states is:

Pa, :/A dv [v){v| :/A da/AEdE la, E) p(E, a) (o, E| (7.86)

where p(E, ) is the density of states with generalized eigenvalues a and E. Then the relevant
transition probability is

Wiy () = /A dv (i T (t) || T (1) 1)

v

— [ da [ 4B @000, E)oE.0) (0, BT ()13
Aa AE

E/ da/ dE Wi p(t) (7.87)
Ao AE

where
Wisau(t) = p(E,a)| (o, E|U(#) i) |? (7.88)

is a probability density.
Let us calculate it at first order after a long ¢:

., AFEt
Va.ril? . sin’ 2%
: lim

h2  thoo FAEN?
(=)

AV, mail? AEt
Wisap(t) = p(B, ) lim el g0 ABL

R N TNGE sin” — p(E,a)

‘Va,Ei|2 AF 27 2
where we have used the following representation of the Dirac delta:
1 sin” zt
§(z) = lim — -2 (7.90)

tooo T 2t

We see that the total transition probability actually grows linearly with ¢ for large times (it is
proportional to the area of the curve in Fig. 7.2, that is proportional to height of the peak ~ t2
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times the width ~ t~1). We also confirm that after a “long” time there will only be transitions
that preserve the energy.

It is therefore convenient to define the (differential) transition rate or transition probability
per unit time for large times,

wi%a,E(t)

I'i » o, F) = tlggo , (7.91)
that results in the (second) Fermi’s golden rule (actually due to Dirac):
) 2m 9
I'i > a, F) = X\VQ,EA p(E,a)d(E — E;) (7.92)

Notice that the delta function selects final states with the same energy as the initial one. And,
of course, this rule is only applicable for large times and within the range of validity of the Born
approximation. Integrating now the set of final states |f) over Aa and AE:

O = /) = T VAP p(E = B) (7.99)

where |V ¢;|? is the average of |V, g;|* and p(E) the number density of final states with E ~ E;.

7.2.5 Harmonic perturbation

Consider now the following time-dependent perturbation
V(t) = Vel*! 4 Pleivt (7.94)
where V is independent of ¢ but may depend on &, p and 5. Then at first order, for i # f,
i

-~ t i 047 i ()
(1O == [ (f1etT Vet

. t .
== [ ER vy

:
Vi (Es—E, Vi L(E_E,—
_ fi 1 — ot (Br—Eithw)t fi 1 — oF (Br—Ei—hw)t )
EffEi+hw( ¢ )‘LEffEﬁhw( e ) (7.95)
with
Vi = {fIV]i), V= (fIV]i). (7.96)

This is similar to the constant perturbation case with the change
AE = Ey — E; + hw. (7.97)

So as t — oo the transition probability density is given by the Fermi’s golden rule:
27
Wisa,5(t) = - p(E, 0) [V5il? 6(E — E; + hw) + |Vig|* §(E — E; — hw)] t (7.98)
and the transition rate is

XV p(E = i — hw)
M) =4 o (7.99)
2 Vi PolB = By + hw)

where we have used that |V}7| = |Vi;| = [Vis|, that is different from zero only when the final energy
E = E; — hw (stimulated emission) or E = E; + hw (absorption), as illustrated in Fig. 7.3. In the
first case the system emits energy hw, what is only possible when the initial state is excited. In the
second case the system absorbs energy fiw becoming an excited state (or ionizes).

To summarize:
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Ef [ R E, —
(a) (b)

Figure 7.3: (a) Stimulated emission (possible only if initial state is excited). (b) Absorption.

— For a constant perturbation we obtain an appreciable transition probability for |i) — |f)

when Ey =~ E;.

— For a harmonic perturbation we obtain an appreciable transition probability for |i) — |f)

when E; ~ E; — hw (stimulated emission) or Ey ~ E; + fuw (absorption).

Example: Consider a hydrogen atom in the ground state at ¢ = 0. We then apply a uniform and

periodic electric field E = Eo sin wt.

— Find the minimum frequency wq of the field in order to ionize the atom.

— Determine to first order in perturbation theory the probability to ionize the atom per unit

time.

The hydrogen atom has a discrete energy spectrum FE,, of bound electrons plus a continuum of

2

free electrons of momentum p'and energy E = 2
Ef E>0
Eq
E, 2
hw
E; Ei <0
The energy and wave function of the ground state are:
2,2
B =-2 ;”c = —13.6 eV
- 1 _=
i (T) = ¢ (r) = e o
Tag
e? 1

. h : _
with ap = prepmi 0.0529 nm (Bohr radius) and o = Treohe = 137

The periodic electric field is a harmonic perturbation:

—

VVZ-@E, E:Eosinwt
iwt _ —iwt
= Ve=—eEy 7o
2i
eE()-LZ"

2

= V=V Ve with V(7)) =i

From Fermi’s golden rule, the transition rate to a free state with energy Ey is

D = 1)) = T V5ilo(By = Br + hw)

To get a free electron with energy Ef we need a frequency w such that

(7.100)

(7.101)

(7.102)

(7.103)

(7.104)
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a2mc2

2h
To calculate the transition rate we need first:

Hence the minimum frequency is wy =

e The density of final states p(E).

e The matrix element V¢; = (p] V |i) between the initial state (Z|i) = 1 (r)
and a final state given by the plane wave (Z|p) with F =

2m

Density of final states: Suppose the free electron of momentum p confined within a cube of size
L (we will take L — oo only at the end). Then inside the cube,

(Z|p) = —=enPT  with V =L sothat 1= (p]p) :/ d®z (pZ) (Z|p) (7.105)
%4

1
Via

and its momentum is quantized (periodic boundary conditions with period L):

2mh \%4 1%
T = dn= ——d% = —— p?dpdQ 7.106
So the number of states per interval of momentum [p, p + dp] and solid angle is:
dn \% P2
0) = E=— =V2mE 7.107
p(p, Q) 3 (%h)gp ; 5 =P m (7.107)

and the number of states per interval of energy [E, E 4+ dE] and solid angle is:

P dn m dn
db == T5ia = 5 apan [P B

2m3E (7.108)

-
(27h)3

Matriz element: In spherical coordinates: E‘b - & = FEogr[sinfsin g cos(p — ¢o) + cos 6 cos O]
where the first terms vanishes after integration over ¢ and

V /a3 2

1 1 27 oo qo
= —— 1 °E d / dcosﬂ/ dr 13 cos 0 cos B e~ 7P S0~ a5

a2 )y ¥ 0 °

1 1 ! _x
:WM12E027TCOSHO/_1dCOSH cos@/ dr 3 ¢ wPTe0s?

1 1 e . 16a2p
= S By 2 cos By () ——— (7.109)

\/V«/W&%Q h(1+Pao)

Transition rate:
. 21
D ) = 5 [ a0 [ dB; p(Br D5 Po(E; - B - hw) (7.110)

1
with / dQ) =27 / dcos fy. Therefore the volume factors drop and
-1

(16a3p)?>  V2m3E
p2a? ) 6 27h3

2
E={-=FE;+hw
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10247 e2EZafmp?
B 6 6
(14 )

(7.111)

p2=2m(E;+hw)
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Chapter 8

Scattering theory

8.1 Scattering in Classical and Quantum Mechanics

Scattering theory is a complex subject that must be treated in more detail in a course on quantum
field theory. Here we will describe just the main concepts, in a non relativistic framework.

In a first approximation, a collision or scattering is a process where two particles initially very
far from each other (and hence free) approach, interact (exchanging energy and momentum) and
finally move apart (becoming free again). We will discuss just elastic collisions, where the number
and nature of initial and final particles is preserved. In contrast, energy can be converted into mass
and viceversa in inelastic collisions, that can can only be studied in the context of a relativistic
quantum field theory.

Usually we will consider the simpler case where one particle, the target, is fixed and does
not move during the process, which is a good enough approximation if it is much heavier than the
incoming particle, the projectile. Then we have the interaction of one particle with a static potential
created by the target and the process is called scattering (Fig. 8.1). One can reduce the first to the
second case going to the center of mass frame.

For the quantum treatment of the scattering process we will consider in more detail the time-
dependent formalism where one finds the time evolution of the state |¢(t)) of the projectile. This
is conceptually closer to the description of the classical scattering and also to the formalism in
quantum field theory. At the end of this chapter there will be a brief summary of the time-
independent formalism.

Classically, the scattering of a particle by a fixed target could be divided in three phases
depicted in Fig. 8.2 (left). In microscopical processes the interaction region (zone where the potential
is relevant) is tiny, so is the interaction time for projectiles that travel usually at close to the speed

m

Vix)

Figure 8.1: Collision of two particles viewed as a scattering by a potential.
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scattering bound
. oun
72N asym state
«_ Plote
S target
* )
interaction Vj
Figure 8.2: Sketch of a scattering process (left) and a bound state (right).
of light,
d
d~A=10""m, v~c=3x10m/s = t~-~10"1%s. (8.1)
v
The classical trajectory is given by Newton’s law,
mz = —VV. (8.2)

If the interaction takes place at t ~ 0, the trajectory x(¢) must be asymptotically a straight line for
t — Foo when the particle moves almost freely (V = 0),

Zin(t) = din + Vint P Z(t) P Zout (t) = Aout + Voutt (8.3)
where Zi,(t) and Zout(t) are the in and out asymptotes. The real trajectory at t — Foo coincides
with the asymptotic one. If a particle approaches the target following an in-asymptote the classical
scattering trajectory is completely determined. But not all trajectories define an out asymptote,
because there are also bound states, whose trajectories are captured in the interaction region.

In quantum mechanics the scattering trajectory is replaced by a ket |[¢(¢)) that evolves
according to the Schrodinger equation,

.. d
iy () = H [¢(0)) - (8.4)
We will assume a time-independent Hamiltonian,
P’ 0
H= o + V(@) =H’+V(Z). (8.5)

Then, taking |¢) = |[¢(t = 0)), we can write

() =U@)|w), Ut) =e 7l (8.6)

Suppose that the interaction takes place at ¢ ~ 0. Then at t — FFoo the state |1(t)) must correspond
to a free particle if it represents a scattering state,

Y (®) = W) 7 Wour(t)) (8.7)
where the asymptotic in and out states evolve like a free particle,

() = V) [in) s [ou(t) = U(H) [Yows),  U°(t) = e 7, (8.8)

The kets |9in) (|%out)) are asymptotic states at t = 0 that evolve freely to t — —oo (t — 400) when
they coincide with the scattering state |1(t)) (see Fig. 8.3).
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t— —o0 t=0 t— +oo

s

[Pout(t)) 7~

¥

Figure 8.3: Sketch of the scattering and asymptotic states.

8.2 Asymptotic conditions. The scattering operator or S-
matrix

To have a well defined scattering theory the potential must satisfy some asymptotic conditions,
that are difficult to prove and are not known with full generality. In the simpler case of a spherical
potential, V(r), the following three conditions must be satisfied:*

1. The potential must go to zero faster than »—2 at large r, or otherwise the particle would never
approach an asymptote (that would result in infinite total cross sections as we will see),

VS’”) 0. (8.9)

— r—00
r3

2. The potential must diverge slower than r—3/2 at r — 0, or otherwise the particle will be
captured,

V(r)

1
372

—— 0. (8.10)

r—0

3. The potential must be continuous at 0 < r < oo, except perhaps at a finite number of finite
discontinuities.

Under these conditions, for every |t¢i,) there is a unique scattering state |¢)) such that

(1) — ¢ (t)) = U@ [¢) — U°(t) [thin) ——— 0

t——o0

or [¢p) = lim UNOU(L) [thin) = L [thin) - (8.11)
And analogously, for every |1out) there is a unique scattering state |¢)) such that

(1)) = [Yout () = U) [¢) = U°(#) [thout) ——— 0

t——+oo

or |¢) = lim UNOU(t) [$rour) = Q- [thour) - (8.12)

The Q4 are called Myller operators, that relate the in and out asymptotic states at t = 0 with the
scattering state also at ¢ = 0 (see Fig 8.3):

‘ |’L/)> = Q+ W)in) =Q_ |'(/J0ut> ‘ (813)

Notice that any state of the Hilbert space can represent an in (or out) asymptote. Hence the
domain of the operator 24 is the whole Hilbert space H. However, not all the states have an

2The Coulomb potential V() ~ 7~ does not fulfill the first condition, but this is not a problem because
a target generating such a potential is always screened at large distance in physical situations.
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in-asymptote, i.e. not all are scattering states. The rest are the bound states.® Therefore, the
scattering states belong to Ry = R(4 ), the range or image of O,

v|win> S /H7 Q+ ‘win> S R+ (814)
and B contains the bound states of H. One can see that
H=RydB. (8.15)

And the same with the asymptotic states |tout). The domain of 2_ is H and its range R = R(Q2-)
is also orthogonal to the subspace of bound states,

Vtvout) € Hy, Q_|thous) ER- = H=R_dB. (8.16)
In fact, one can prove that R, = R_ = R. The Mgller operators
Q= lim UT()U(t) (8.17)

t—Foo

are isometric (not unitary) because Q7' = QTi but the domain of QL is not H but R:

QL Q4 [¢n) = i), QL (2 [ous)) = [ous) - (8.18)
—_——— —_———
ER €ER

Therefore, we can write

) = Q [ous) = [thoue) = Q1 [9) = QT [ti0) (8.19)

which defines the scattering operator or S-matriz,

S=0Lay| with |[You) = S|tin)

(8.20)

The operator S establishes a one-to-one correspondence between the in and the out asymptotic
states. For every |;,) there is a |¢oyt) and viceversa. The operator S is unitary and it is all we
need to know to describe a scattering process: we send a state |¢i,) and after the collision we have
a state |out) = S |¥in). The probability that the state |1);,) becomes whatever state |dout) 1S

w(d}in - ¢out) = ‘ <¢out|1/)out> |2 = | <¢out‘ S |win> |2~ (8.21)

8.3 Energy conservation

The Hamiltonian H = H° + V(Z) is time-independent. Therefore the expectation value of the
energy in a scattering state |1 (t)) is constant,

%W(t)l H{y(t)) = (@) [H, H] [ (#)) = 0, (8.22)

and hence the energy of the in and out states must be the same,

Ein = <¢in| HO |win>
= Lout = <¢0ut‘ HO |wout> = </¢in| STHOS |win>
= STH'S=H" = |[S H=0. (8.23)

In the momentum representation,

Yout @) = (7 ltous) = (7] S [tin) = / B (7] 515} (Flekim)

PFor instance, the harmonic oscillator potential has no scattering states, it has only bound states.
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- / &p (7 S 15) in(D). (8.24)

The S-matriz element (p'| S|p) is the probability amplitude to have an out-state with momentum
¢’ if the in-state has momentum g,

|win> = |ﬁ> = q/}0111;(Z?l) = <ﬁ’| S |17> . (825)

Note: Remember that states with well defined momentum cannot represent scattering states be-
cause they are stationary (they do not evolve with time). In fact, they are unphysical (not normal-
izable). Consequently, in physical situations, this matrix element between states with well defined
momenta will always appear within an integral (see above). We will come back to this discussion
at the beginning of the Section on the time-independent formalism.

8.4 On-shell T-matrix and scattering amplitude

The states with well defined momentum are energy eigenstates of the free Hamiltonian:

p2

H°|p) = Ez|p), Ey= o (8.26)

Since S and HY commute, the energy is conserved in the collision:
0= (5| [H, S)|§) = (5| (HOS — SH)|5) = (Ep — Ey) (7] S |9) (8.27)
and therefore
(p'|S|p) =0 if Ez+# Ep. (8.28)
This means that p'may go to p’ # p but |p] = |p'|. We can redefine the S matrix as follows:
S=I1+R (8.29)

where S = I would correspond to p'= p’, the case when V' = 0 (absence of interactions) and R is
the remainder. Then the S-matrix elements read

(D' S|p) = 0°(0' — p) — 2mi6(By — Ep) t(p' < 1) (8.30)
where we have introduced the on-shell T-matriz element t(];’ + p) that really contains the effect of
the collision.

Notice that the on-shell T-matrix is only defined “on the energy-shell”, that is for Ez = Ey or
|p] = |P’|- The off-shell T-matrix, whose elements would be (p’| T'|p) for arbitrary p'and 7, coincides
with ¢(p/ < §) when |p] = |§|. Although only the on-shell T-matrix elements are relevant for the
observations related to scattering processes, we will see that the off-shell T-matrix is a useful tool
in calculations (in particular, it satisfies the Lippmann-Schwinger equation).

In addition, we define the scattering amplitude f(p <+ p) from the on-shell T-matrix element
as

f( —p) = —2n)* hmt(p < p). (8.31)

It has dimensions of a length. We will see next that the (differential) cross section of a scattering
process is just |f(p" < p)|%. In terms of the scattering amplitude we have:

1

715 19) = 5~ 5) + 5 0(Ey ~ B f( ) (332

and

Your(F) = / & (7] |7) tin (D)

= i (') + &Epd(Ey — Ep)f(0' D) in (). (8.33)

2whm
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> A 7l
7 o,

4 7 _J

Figure 8.4: Classical scattering of a pointlike particle by a fixed rigid body. The cross section
o is the projection of the rigid body on the plane normal to py.

Figure 8.5: A solid angle 2 in steradians (sr) is the area of a patch of a unit sphere (r = 1),
in the same way a planar angle 6 in radians (rad) is the length of an arc of a unit circle.

8.5 Cross section

8.5.1 The classical cross section

Suppose the scattering of a pointlike particle by a fized rigid body (Fig. 8.4). Assume we know
the momentum py of the projectile but we ignore its impact parameter p, defined as the distance
(vector) between a chosen axis and the incident trajectory.

We would learn very little about the target from a single passage of the projectile: if it emerges
with a momentum different from py we know that it must have “hit” the target; otherwise, it must
have “missed” it. We rather repeat the experiment many times with the same incoming momentum
but with random impact parameters. If we send ni,. = Nine/A particles per unit area (normal to
Po) then Ny will scatter with

Nge o

N =14 = Ny = Ninc O (8.34)

where o is the cross-sectional area of the target, the scattering cross section.

And we can get even more information if we count the number of scattered particles in a
given direction. Let us denote by ANy, the number of particles scattered into the solid angle AQ
(Fig. 8.5). Then

ANy = Ninec Ao (8.35)
Dividing by AQ and taking the limit AQ — 0,

AN _ do
a0 = Minc ETok

The differential cross section do/dS) is the cross section of the part of the target that scatters into
dQ). Integrating over all directions one gets the total cross section o:

do 1 2 do
o:/dQ@:[ldcosﬁ/o Qo S0 0,0) (8.37)

dQ) = dcosfdp. (8.36)
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1

A Aa~Tl
%
o

target
[$in) = 1)

Figure 8.6: Two incoming wave packets with 7 ~ py differing by an impact parameter §
perpendicular to pyp.

If instead of a fixed rigid body the particle is scattered by the potential created by a target,
the cross section is a measure of the effective area of the target as seen by the projectile.

8.5.2 The quantum cross section

In QM we have an in asymptotic state |1);,) going against the target with wave function

Yin (D) = (Pltn) - (8.38)

After the interaction we have the state |1out) with wave function

Yout (P') = (' |thout) - (8.39)

The probability to find the out state within a cone of directions dQ2 is:
oo
w(in = dQp) = dQp | pdp’ [You (7). (8.40)
0

Suppose you send a beam of particles, that is, many particles with wave functions of momentum
P =~ po and random impact parameters g, such that we have n;,. particles per unit area normal to
Po. We must assume that the interaction among the particles in the beam is negligible. Then, we
define the differential cross section from

dNye _ do
dQy A0y

(8.41)

On the other hand, the number of interactions is the number of incoming particles per unit area
times the probability of an interaction integrated over all the impact parameters:

dN,. = / d?pnine W(py — dQyp), (8.42)

where in w we must restrict ourselves to the scattered wave function Jout (p'), subtracting from the
outgoing wave function 1ou(p’) the contribution from the incoming (unscattered) part ¥i,(p), that
has not interacted,

o) = / &p (7| RI5) fin(7) (8.43)

and ¢(p) is a wave packet traveling along the axis, that is obtained by a translation p' of the ¢(p)
(see Fig. 8.6):

) =T |8) = 77Ny (8.44)

o(7) = (Flo),  ¢5(0) = (Ploz) = e PP 76(p). (8.45)
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120 Chapter 8: Scattering theory

Therefore, from (8.36), (8.40) and (8.42),

do _ > ~
do = a0, ——dQy :/d2pw(¢ﬁ—>d9ﬁ,):/d%dgﬁ,/ P"2dp’ |thous (7)) 2. (8.46)
B o

Remember that outgoing is not the same as scattered. Therefore in Jout(ﬁ) we have subtracted
from the outgoing wave function the contribution from the unscattered part i, (p) = ¢5(p), that is
unrelated to the collision:

Go(7) = [ Ep G RI vd) = 5 [ Ep0(Er ~ BRI e Pogle). (847
In this way, the cross section o = 0 if |[t)out) = |1in). Substituting (8.47) in (8.46):
do Qwhm /d2 / Py’ /d3p1 8(Ey — Ep)f(F + B1) e *PVPg(5,)

8 /d3p2 8(Ep — Ep) f*(F = ) e 572" (i53). (8.48)

Since Ey = Ejy, and Ey = Ej, we have Ep, = Ejp,, and we can replace 6(Ey — Ej,) by 0(Ep, —Ey,).
Besides,

/ A2pe” w207 — (2wh)?52 (5L — Py ). (8.49)

And because 0 = Ey, —Ejy, = (pi—p3)/(2m) we have py| = £py) but p; = —poy does not contribute
to the integral for sufficiently narrow wave functions: ¢(pi) and ¢(p2) would not overlap. Hence

8% (P11 — P21 )8(Ep, — Ep,) = - ML (P1 — D2)- (8.50)

Collecting terms and reintroducing the dummy variable p'= pi:

dQ*/ o0 1
dr =2 [Ty [ Ep -8By ~ Bl = o) (8:51)

mJo

Finally, since ¢(p) # 0 only at p'~ py we have:

f(@0 <« p) = f(P' < Po) (8.52)
Ey — By~ Ep — Eg, = (02 — p3)/(2m) } m

= 6(Ey — Ez) = —46(p’ — 8.53
PI % B0 (B — Ep) = 000" = po) (8.53)
[ Eplo@P =1, (8.54)

Therefore the differential cross section is

dQy 1m do
do= 32 LM p e o — 1G5 o)l 8.55
Ly < o) dos = 1F < 7o) (3.55)
and the total cross section is

= /dQﬁ’ [F (7 Po)l? (8.56)

So, the scattering amplitude is all we need to know to calculate the cross section of a scattering
process.
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8.6. Optical theorem 121
8.6 Optical theorem
The optical theorem is a consequence of the unitarity of the S matrix:
StS =1 (8.57)
(I+R)(I+R)=1I; (8.58)
R+ R' = —R'R; (8.59)
(@ R17) + (0'| R 7) = — / &p" (7| R P B R D) (8.60)
(7| R|p) + (P R|P)" = */d?’p” "I RIP)" (0" R1D)- (8.61)
Then
i - x>, A
%%M[f(p )= [ 1)
: 7
1
~(5im) [ " BB~ B G VG D) (5.02)
where we have used §(Ey — Ey)d(Ey — Ey) = 0(Ey — Ep)6(Ez — Ejp) and hence
., i «
FG < 9) = £ ) = 5o [ 074 A0 8(Ep — B I ). (869
Finally, doing the integral over p”’
dE, -1 m
/ dp” 6(Ep» — Ep)g(p") = ’ dplf, 9(p) = —9(p). (8.64)
p"'=p
we have
* (= 1 *
10 <9 = G 7) = g [ 4 16 < )G ) (3.65)
with p = |p] = |p’| = |p”’]. And taking p’ = p
Im (7« p) = 47% /dnﬁ/, IF(" P> (8.66)
Recalling the definition of total cross section (8.56),
o7 = [ A0 17" P (367
the previous expression can be written as
Im (7 §) = 707 o(7) (8.68)

4rh ”

This is the optical theorem: the imaginary part of the forward scattering amplitude f(p < p)
is proportional to the total cross section. It is remarkable that unitarity forces the scattering
amplitude to be complex in the forward direction (p = p) and the size of its imaginary part fixes

the total cross section, that comes from integrating over all p’ with |p’| = |p].

Next we will find the expression of the scattering amplitude for a given potential. But first, we

need to introduce the Green’s operator G and the T' operator.
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122 Chapter 8: Scattering theory

8.7 The Green’s operator G

2
The Green’s operator of the Hamiltonians H? = % and H = H% 4 V is defined, respectively, as:
m

1
T z—HO

with z € C.

Then
(z—HG(2)=1 = (#(z—H")G2)|7) =& ).
The left hand side can be written as

(@ (z = H°) G°(2) |7') = /dg’r” (@ (= = H°) |&") (&"] G°(2) |2)

2v72
_ / &3 %% — ) (ZZ —I—z) (@) G°(2) |7

h2v2
( 2m

+ z) (T GO2) |7} .

2%72

Therefore (F| GY(2)|7") is the Green’s function of the differential operator

(o +2) @6 ) = 8- 7).

2%72

Analogously (Z| G(z) |Z') is the Green’s function of - V(&) + 2z

2m

<h2V2 - V(@) + z) (7| G() |T) = %@ — 7).

Notice that the Green’s operator is not defined for z = E,, (energy eigenvalues), since

1 In) = 1
szn T z2—-E,

In the basis of energy eigenvectors we have:

G = 5 Yl = Y 1L

or for a continuous energy spectrum:

Hin)=E,|n) = |n)  diverges for z = E,,.

Gz) = /dE%.

In particular, the free Green’s operator in the momentum representation is

G == H) D= g = 6=

z —

1
Z—Eﬁ.

We can relate G(z) and GY(z) using the simple expression:
Al =B"'4+ B Y (B-A)A".
Taking A =z — H and B = z — H°, where B — A =V, we have
[G(2) = G°2) + GO(2)VG(2) |

Or, exchanging B and A:

[G(2) = G°2) + G(x)VE(2) |

These are the Lippmann-Schwinger equations for the operator G(z).
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8.8. The T operator 123

8.8 The T operator

The T operator is defined from the Green’s operator as
T(z) =V +VG(2)V. (8.82)

It is analytic in the complex plane except in the energy eigenvalues (z = E,,).

Multiplying the definition of T by G°(z) and applying the LS equations above we find:

GO)T(2) = GOV + GUVG()V = [GO()T(2) = G(2)V | (8.83)

T(2)G%(z) = VG(2) + VG(:)VG(z) = |T()G°(2) = VG(2)] (8.84)

Multiplying now the first one by V on the left and using the definition of T"
VG ()T(2) = VG(2)V = -V +V +VG()V = -V +T(2) (8.85)

we get

[ T(z) =V + VG ()T(2) | (8.86)

This is the Lippmann-Schwinger equation for the operator T(z), the starting point for the calculation
of the scattering amplitudes applying perturbative methods as we will see.

8.9 The S operator in terms of T'and G

Remember that the Mgller operators relate the asymptotic in and out states with the scattering
state at ¢ =0,

[¥) = Q |thout) = Q. [tin) (8.87)
with
Qz = lim Ut u(t). (8.88)

The time evolution operators satisfy the following relation that we will use afterwards:

d d i i 0
Ut 0(4) — THt —LH %
dt OO dt (er ¢’ )

_ %Q%Ht(H _ HO)e—%HUt

- %UT(t)VUO(t). (8.89)

Now use the following trick. Write f(t) = UT(¢)U%(t) as the integral of its derivative:

[ a0 -0 = fo=r0+ [ a0 (390)
Then
U0u = 1+ [ arriovee) (391)
0
and

[¥) = Q- [tou) = lim UNO)U° () [thou)
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124 Chapter 8: Scattering theory

i oo
= |¢out>+ﬁ / At UT (&) VU (1) [thout) - (8.92)
0
Analogously,

[0) = Q) = lim UT(OU(t) [¢in)
oy [ @UOVO0) ) (99)

Both integrals must be convergent if the potential satisfies the asymptotic conditions. Next we use
another trick:

oo

/ dtg(t) convergent = / dtg(t) = lim dte™ 7 g(t). (8.94)
0 0

e—0t 0

The damping factor e~ % ~ 1 for small ¢, and it is < 1 for ¢ — oo, in the region where V must be
3 . . . €t .
irrelevant. For t — —oo the appropriate damping factor is e % . The fact that we can do scattering

theory replacing V by Ve €ltl/har is known as the adiabatic theorem. Therefore we may write:
[0) = [Your) + 1 lim dte” 7 UN(OVU°(£) [houn) (8.95)
h e—0t 0
[$) = [¢h) + + lim dte™ % UT(6)VU(t) [thin) (8.96)
h e—0t 0

In the momentum representation:

D him [ @ / dte= % U VU (1) 1) (Fltbou)
0

h e—o+

i o i ;
= Jim [t [ e K 1) )

h e—0+ 0

y 2 o=t (Ey—ie—H)t OOV B
= — lim p m . |P) (P1¥out)
: 1

= li ds p| ou

N e —7 VD) (Pltbour)
= lim [ pGEs— 1OV 7 (o) (3.97)

where the integral over ¢ is convergent thanks to the damping factor. Hence

) = 0 o) = lons) + lim [ 0GBz~ 19V [7) Flv) (5.98)
and analogously,
) = R ) = o) + lim [ PGB+ 1OV 17 Flu). (399)

This gives us the relation between the Mgller operators and the Green’s operator:
Q=1+ lim, PpG(E; £ie)V [p)(p] . (8.100)
e—

Now we understand the reason for the choice of the subscripts: the +ie in G(Ey=ie) are the same as
the & in Q4. And from G(2)V = G%(2)T'(2) we also have the relation between the Mgller operators
and the T operator.

But we are mostly interested in the relation between S and T'. We start by

. g0y _i iy i Oy
#1515) = (71950 17 = lim (7] (e H1) (ke KH) |5y
t — +o0o

t' — —oco
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8.9. The S operator in terms of T and G 125

= lim (7| (e%H‘)te*%Ht) (e*%Hte%H‘)t) 5, (8.101)

t—o0

where we have taken the limit with ¢/ = —¢t. Now write the operator f(¢) in the braket as the
derivative of its integral:

df()) _ i {(e%Hot(HO _ H)ef%Ht) <ef%HtethOt) _ (e%HOtef%Ht> (ef%Ht(H _ HO)ethOt)}
dt h

U f ipgoy oipy ipo iF0 oi 1O
=7 {ehH e 2nHignt't 4 ontl =25 Hiy on t} (8.102)

and

t—o0

lim f(t) :f(0)+/000 dt%it)

= f(0) + lim dte™n

8.103
e—0t 0 dt ’ ( )

where in the last line we have introduced a damping factor as we did before. Then
FIS19 = @19~ + i [ e | {vel B Eare g o e ez g

1 1
1%

1 E = E-+1 E- Bt
=8 —p) + 3 lim, 7| {VG <P+P+1€> +G <p+p+1€) V} 17
€e—

=8P —p)+ lim <ﬁ|{v
e—0t

2 2
1 2 2 Ey + Ey+ i
:53 =~ - 1 ~ T P P
=0+ 5 (Eﬁ/—Eﬁ+ie+Eﬁ—Eﬁ/+ie) g < > >|ﬁ>
Ey + Es+ic
— B —p) =2 i ¢ A AN s e 8.104
("= p) =2 lim, (Ey — Ez)2 + &2 ' ( 2 )I@ (8.104)

where we have performed the integral over ¢, introduced the definition of G(z), replaced

VG(2) =T (2)G%(2), G(2)V =G°(2)T(2) (8.105)
and substituted
1 1
0 _ S Wal _ —y

G = =g 7 16 = = (7] (8.106)

Ey E5 F> — E>
% ~By= 7 (8.107)

E*/ E“ E-‘ —_— E-‘/
— 5 ;r F- By = ——— (8.108)

We recognize the prefactor of the T-matrix element as one of the representations of the Dirac delta,

. e/m

So (redefining € to 2¢, a small positive parameter anyway) we have:

(71 S|p) = 8°(7 — §) — 27 6(Ep — Ep) (7| T (Ep +i€) ) | (8.110)

[From here on, T(Ey + i) means take the limit € — 0 to the matriz element.] The expression
above implies, from the definitions of the on-shell T-matix ¢ and the scattering amplitude f, that
on the energy-shell (Ey = Ep):

tp' = p) = (PIT (Ey +ie) |p) = — f@ < p) (8.111)

1
(2m)2hm
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126 Chapter 8: Scattering theory

8.10 The Born series

We want to find (p'| T'(Ey + ie) |p) solving the Lippmann-Schwinger equation for T'(z),
T(z) =V +VG°2)T(2), 2= Ez+ie (8.112)

This is a transcendental equation (of a similar type as e® = x) whose solution can only be obtained
by numerical methods or perturbatively. To understand the perturbative solution, let us rescale
the potential V' by a dimensionless factor A, that can be taken as a “coupling constant”. If A =0
we have the free theory (no collisions), and if X is small the interaction is weak. We can organize
the different contributions to T'(z) as an expansion in powers of A:

T = Z AT © pAT™ 4 X27®) 4 (8.113)

Then the Lippmann-Schwinger equation for T'(z) reads:

T =\V + \VG'T (8.114)
TO L AT® £ 2273 4 = AV 4 AVGUTO 4 ATW 4+ N273) ) (8.115)
Solving for each power of \ we obtain:
7O =90 (8.116)
T™W =V +va'TO =V (8.117)
=VGe'TH = VGOV (8.118)
=VG'T® = (VG2 (8.119)
T™ = (VvGOn~1v. (8.120)
And inserting the coupling constant in the potential (AV — V') we get:
[T(2) =V + VG () + VG (VE()V + ... | (8.121)
This is the Born series, an expansion in powers of T with z = Ez + ie.
The first order approximation is the so called Born approximation:
T=V. (8.122)

This is a good approximation when (i) the coupling ) is small (weak interaction) or (i) the kinetic
energy is large (Ez > V). In this domain,

f@ < P) =~ fOF « p) = —2r)*hm (| V |p) (8.123)

2 .
= ((;T)hi;? Bre 17TV ()er T
™
= O <) =50 | EaV(@e H (8.124)

where ¢ = p’ — p'is the momentum transfer in the collision with

—f
P z_ 7 _ 7
1=F-°F q=1p —pl = \/m—Zpbmf (8.125)

<)
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8.11. Plane waves and spherical waves 127

and 6 is the scattering angle.

For a central potential (spherically symmetric) V(%) = V(r),
F@ P = [V )= f(p.6)

2
:,F”;Q drr / dgp/ dcosferarcosd
2m [ sin 4
=73 dr 2V (r) qr
0 R
2 e 0
= —q—? ; drrV(r) sin % with ¢ = 2psin 7 (8.126)

Notice that:

o If p' = p, that is ¢ = 0 (forward scattering) we have:

FOFE ) = -2 /OOO drr2 V(r). (8.127)

Thus, the Born forward amplitude is energy-independent, it does not depend on p.

e At high energy (large p) the Born amplitude goes to zero like p—1,

fixed 6 # 0 we have ¢ x p.

except forward, since at

e The Born approximation violates the optical theorem since the forward amplitude is real but
the total cross section does not vanish:

fm /(7= p) =0 (8.128)
e /dmf / dcosd | f(p,0)[* # 0. (8.129)

This is because the imaginary part of f is of order A while o is of order A2.

8.11 Plane waves and spherical waves

We have just studied the effect of the scattering potential on states with well defined momenta
(plane waves). When the potential is V(&) = V(r) the effect on spherical waves is simpler. A plane

P2
wave of momentum § is an eigenfunction of the free Hamiltonian H® = o
m
|p)  (plane wave). (8.130)
In the position representation:
(Z|p) ! N (plane wave function). (8.131)
(2mh)3/2

However, H° (not ]3) also commutes with L? and L,. Hence we can define a basis of common
eigenstates of H°, L? and L, (not a basis of P):

|E¢m)  (spherical wave) [this m should not be confused with the mass m)| (8.132)
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128 Chapter 8: Scattering theory

Spherical waves are an othonormal basis of H:
(E’E'm’\Eﬁm) = 5(E/ — E) (5@/( 5m/m. (8.133)

The spherical waves do not have a well defined momentum p. In fact, they are a linear combination
of all momentum eigenstates:

ot = [ #p1) —d (£ - &)y (8134

because
(E"0'm/|Etm) = /d?’p” (E"0'm/|p") (p"|Etm)
1 p//2 i 1 p//2 ~
:/dBp// W(S (m_El Y] (p”)W(S o _E YZ ( //)
> /1, 112 1 p//2
- F —|=——-F

)/O dp” p mp,,5<2m )
1 2m ,

< [ deost [ apv 0,077 0,0)
-1 0

s (p”—pz\/ﬁ)

_ (S(E/ . E)é[/[am/m/ dpl/p//Q

0 mp// p//
=0(E" — E) ¢ drrm. (8.135)
Then,
N 1 »? m
(p|Etm) = 7Wp6 9m E) Y™ () (8.136)

and the plane wave |p) is the following linear combination of spherical waves (a plane wave contains
all angular momenta):

Ip) = /dEZ Z |Efm) (Efm|p) = /dEZ Z |Etm 75 (—E) *(p)

£=0 m=—/¢ =0 m=—¢
1
) = \Eﬁm —Y/""(p) (8.137)
ZZ;) m;E _p? mp
—2m

In order to find the spherical waves in the position representation (spherical wave functions)
(Z|Etm), we will use

2 20 Ll+1)
| P?|Etm) = —h* | = + = — — 7| E
(Z| P*|E4m) I} {87‘2 + - 3 (Z|Elm)
2 P’
= 7| EY ith F=-—. 1
p” (Z|Flm) wi S (8.138)
This implies that the radial part of (Z|E¢m) defined by
1
(Z|Etm) = ;yg(r)ng(i), T =rz, (8.139)
verifies the following differential equation:
2 2d +1)]1 p?
B | S Zyelr) =& 14
h dr? + rdr r2 rye(r) r ye(r) (8.140)
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or
2 (e +1)  p?
The solutions of the standard differential equation
a2 e+ 1) pr
{dx? ! +1} o) =0 (x,ﬁ) (8.142)
(8.143)
(8.144)

(Ricati-Bessel functions)

are linear combinations of
(Ricati-Neumann functions)

where j,(x) and ny(z) are, respectively, the spherical Bessel and Neumann functions of order ¢. But

je(x
only j¢(z) is regular at the origin, because

2

] _— .14

Je(@) =5 20+ 1) (8.145)
(2 — 1)1

ng(x) P (8.146)

(8.147)

with the double factorial defined as
integer part of x.

nll = H (n—2k)=n(n—2)(n—4) [x] =

k=0
Since (Z|Ef¢m)  ye(r)/r must be well defined at the origin, the function y,(r) must go to zero at
(8.148)

r — 0 and hence
ye(r) = C (%)

where the normalization constant C' is fixed by
) C -
(@ Blm) = —Je(5)Y("(2) (8.149)
S(E" —E)bpg Omim = /dgx (E'0'm/|Z) (Z|Etm)
—ICP [ ar i) [ aavy @y
— G0t b O / 2720 (5.150)
using that
mh wh
je(B) = T3 = p) = T23(E' — E). (8.151)
Therefore
2m 2m
2 _ 27 = il -
oP =15 = o=t/ (8.152)

where a conventional phase i has been introduced. Then
(8.153)

(Z|Ebm) = h”2nflip o(B)Y,"(2)| (spherical wave function)

129
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130 Chapter 8: Scattering theory

Finally, from (8.137) we can write the plane wave functions in terms of spherical waves:

%) ¢
@ =S Y (#Bm) —v (5)

=0 m=—/¢ v mp
> it 2
=D D g\ Y @)Y (). (8.154)
{=0 m=—1¢
Using the following relation between spherical harmonics and Legendre polynomials:
e m [z, m* [~ 2£ + 1 A A
> Y@ () = o b 2) (8.155)
m=—{
we have
et LS 0k )it P 9) (8.156)
(2w h)3/2 (2mh)3/2 v g

In the limit of large distances, appropriate for asymptotic states, we can use

1
Je(x) == sin (x - K%) (8.157)
1 | enpr —%pr
= () —— o |+ (—) (8.158)
r—oo 2 Fpr wpr

(that justifies the introduction of i = % before) and write the plane wave as the following
combination of spherical waves

o0

eﬁpT‘ 4~y e_-%pr
1

4 7br

1 i

_ 1
Pz 1
22" o (2rh) ;_%(f +32)

Pu(p - ). (8.159)

8.12 Partial-wave S-matrix

Isolated systems are invariant under rotations, [H, ﬂ = 0. Therefore the Mgller operators and
the scattering operator S must be rotationally invariant, [S,.J] = 0. For the scattering of spinless
particles, J = L, we have [S, L] = 0. And remember that [S, H] = 0. Then |Efm) is an eigenstate

of S:
<Elflm/| S |E€m> = (5(E/ — E)églgtsm/mSg(E). (8.160)

That the number s,(F) is actually independent of m is a consequence of the Wigner-Eckart theorem
(because S is a scalar operator) but it can also be checked explicitly:

Laltm)=h/ll+1)—mm=E1)[fm+1);
LeLy|tm) =R+ 1) —m(m+1)]|tm);
[S,L:] =0 = SLiLy =Ly SLy
= ({{m|SLyLs|{m)= ({m|LiSL:|{m)
= ({Um|S|m)y=mF1SEmTFIL). (8.161)

Since S is unitary, its eigenvalues must have modulus 1 and can be written as
S|Etm) = s¢(E) |Efm) = 29¢E) |Bom) (8.162)

where §,(E) is called the phase shift (defined modulo 7).
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Remember that
_I —_— e 71 = — — —-f —
(1S = D) |p) = 5——(Ep — Ep) (0" — D) (8.163)

that can be now written as follows:
(PSS —=1)|p) = (F|(S 1) Z/dE |E¢m) (Bém|p)
Im

- Z / dE (p'|Etm) [s¢(E) — 1] (Elm|p)

=3 [ a8 0 — BN ) 1)y B G)
_ (s(‘Epi m A/ m* o s _
= == ezm:Y )Y, /dE(SE E)[se(E) 1]
0o 14
= D) Sy -1 Y Y 6)
p =0 m=—/{
_ 0(Ey — Ep) Z[se(Eﬁ) —1] %: Py(cos )
mp £=0
= 0(Ey — Z (20 + 1)[e29¢(E5) _ 1] Py(cos b) (8.164)

E

where we have introduced the definition of the phase shift §;, the relation between spherical har-
monics and Legendre polynomials, and the scattering angle in p - p’ = cosf. Hence,

(oo}

n Z(ze + 1)[e?9¢(F5) _ 1] Py(cos ). (8.165)

B 0) =10 ) = 5

It is useful to define the scattering amplitude in the partial wave £:

2i6¢(E) _ 1 ho
QT - 5e“ME) sind¢(E) with p = V2mE (8.166)

fo(E) = %

so that we can write the partial-wave expansion of the scattering amplitude as:

o0

= (204 1) fu(E)Py(cos0) (8.167)
£=0

Using the orthogonality of the Legendre polynomials,

2
dz P, ——Omn 8.168
/ v Bule) = 573 (8.168)
we can obtain, in turn, every partial wave from the scattering amplitude by
1 1
fo(E) = 5/ dcosO f(E,0)Py(cosb). (8.169)
-1

The total cross section can also be expanded in terms of partial-wave contributions:

27 1
cr(E):/O d@[ldcos0|f(E,0)|2
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1

=2r ) Y (204 1)(20 + 1)fg(E)fl*,(E)/ d cos 6 Py(cos 8) Py (cos 6)

=0 £'=0 -1
=4r Yy (20 +1)|f(B)
=0
= |o(E) =) ou(E) with oy(E) = 4m(20 + 1)| fo(E)[? (8.170)
14

or, in terms of the phase shifts,

B 4drh?
=2

oo(E) (20 + 1) sin? 6,(E) (8.171)

Since | sin d;| < 1, the contribution of each partial wave to the total cross section cannot exceed the
so called wunitarity bound (because it has to do with the unitarity of .S):

- (20+1). (8.172)

p2

o¢ <

Note that partial waves fulfill the optical theorem:

K

fp,0) =Y (20+ 1)2615" sin 0, Py(cos 0) . 5
— p p .
=0 I = = 2 1)— sin?
o0 A2, = Imf(p,0) 1n° Z( (+ )psm 5
o = Z(?E—i— 1) e sin” &y =0

~
Il
o

(8.173)

where we have used that Pp(1) = 1.

8.13 Time-independent formalism: stationary states

An asymptotic state of well-defined momentum |p) is actually unphysical, since it is not normal-
ized. In addition, it does not make much sense to say that in a collision a momentum eigenstate
approaches or leaves the target, because it is stationary: it does not evolve with time (it has always
been there). We can call |p) an improper state.

However, by combining states |p) with well-defined momentum (plane waves) one can build
physical states (wave packets) with momentum around (but not exactly) pp, that are not stationary
but evolve and can therefore approach and leave the target in a scattering process:

16) = / Eoo@) 5, (6le) = / Eplo(@) = 1. (8.174)

It is only in this context that plane waves are related to asymptotic states. Let us see this.

Consider the scattering state [¢)) = |[p+) “associated” to an in-state |¢i,) = [p):

74) = 2 |p) (8.175)

The state |[p+) is not a physical state either, but it is a basis vector of the physical stattering states
|¢+):

60 =410 = [ @po@ 1) = [ Epo@) 5. (8.176)

We see that the scattering state |¢+) has the same expansion in the basis {|p4)} as its asymptotic
state |¢) in the basis {|p)}.
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2
— _p .
We expect that the states |p) and [p+) have the same energy Ej = £— since
i i . i /i g0y . i AN = ] 7 i g0 i g0
enftQ, —enHt lim enHle Y = Jim enHE)e—mH (tH0entt —  enft  (8177)
t/—=—o0 t'——o00

and taking an infinitesimal time dt:
(I+ %H&t) O, =0, (I+ %Hoét) = HQ, =Q.H° (8.178)
» »’
= HI[p+) = HQy [p) = Q HO |p) = o S P) = o~ |5+) = Ep o) . (8.179)

Therefore:

p+) is an eigenvector of H with same eigenvalue Ey as that of H° acting on |p
i

This means that |[p) and |p4) are stationary states, not evolving with time:

U(t) |p+) = e 757 t) (8.180)
U°(¢) |p) = e~ w ot |5) . (8.181)

Hence it is impossible to satisfy U(t)|p+) — U°(t) |p) P 0. This is not surprising since, as
——00
mentioned before, none of these states are physical.

But if we slightly localize in space the initial position of the particle by smearing p, we ob-
tain physical states that do evolve with time (they are no longer stationary) and may satisfy the
asymptotic condition:

Ulo+) = [ Epo@U 5+ (8.182)
001) = [ @po@IU°()) (8.153)
U 64) - VW 16) ——0 = [o+) = lim_UTOU D))= l6). (3189

The same applies to the scattering states |[p—) = Q_ |¢p) = /dsp o(p) |p—)-

We see that plane waves {|p)} form an orthonormal basis of our Hilbert space H, made of
eigenvectors of H?. Since 4 map #H onto the subspace R of scattering states, we expect that
{|p+)} (or {|p=)}) should span R. In fact, from

64) = / &pd(7) [7+) (8.185)
= (@ HF+) =@ 19940 = @5 =8 ) (8.186)

that is, the vectors {|p+)} are an orthonormal basis of R. The same holds for {|p—)}. Remember
that

H=R&B (8.187)

where the subspace B of bound states is spanned by {|n)}, say. Therefore we have

I= / ap [ (8.188)
- / Ep [F+)F+ |+ 3 n)inl (8.189)
- / Ep [F=)F— |+ 3 nin]. (8.190)
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We know that given a proper (physical) asymptotic state |¢) one can find the scattering state
|p+) = Q4 |¢) in terms of the Green’s operator as:

65) = |6) + / &' G(Ep +i0)V |7 (7]6) (8.191)

Then, in terms of improper states (understood as the basis on which |¢1) and |¢) can be expanded):
72) =19+ [ & G(Ey £19V 17) 717)

= [I+ G(Ez £ie)V] ). (8.192)
Since the T operator was defined as T'(z) =V 4+ VG(2)V the expression above implies:
T(Eztie)|p) =V I+ G(Eztie)V]|p) =V [pE). (8.193)
From G(2)V = G°(2)T(z) we obtain the Lippmann-Schwinger equation for |p):

[p£) = [p) + G(Ez £ ie)V [p)
G(Epie)V |p) =GB +ie)T(By £i) ) o =|[5£) = |9) + GO (Bp i)V [pE) | (3.194)
T(Es%ie) |p) = V |p)

And from this equation it follows that the stationary wave functions (Z|p'+ ) are the solutions of
the integral equation:

({#p+) = (Z|p) + /dsw' (] G*(Ey £ ie) |7) V(&) ('[P £ ) - (8.195)
Before solving it, we have to calculate the Green’s function (#| G°(Ey =+ ie) |7'):
(7 G°(2)|2") = /dSP (@ G°(2) ) (p12")
/ A FP) =g 017
(I ')
en
d3p ———
(2 h / P,
27 ~ehp|1 #'| cos
27Th / dp p? / d<p/ dcos) —— S E,
o7 1 erPIZ—T| _ o—gpld—7|
=— dpp?-
(2rh)? /0 PP T ( oy
d e%p‘i_f/‘ — e_ihplf_il‘
(27rh z _”|/ by p2 —2mz

- 8.196
T 2r2R2 |2 — "’| / ppp —2mz ( )

where in the last step we have changed p’ = —p in the second term:

—o0 . eh” 'E—2| B 0 eihpﬁ‘ff'\
Now we can calculate the integral (suppose the case of z = Ey + ie):
t p complex plane
4 hmz of 4 enplE—7| z=Ez+ie $108
/ pp ;ﬁ ppp2—2mz +v2mz (8.198)
*
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in the p complex plane by choosing the closed contour in the figure with |p| — oo that contains one
pole at p = ++/2mz (remember that ¢ — 07). Then, applying Cauchy’s residue theorem:

enPIT=T'| penplE—']
dpp —— = 27iR 2 =2mi i ( — V2 >7
% ppp s miRes(v2mz) i p_}lrélmz P mz 07 2ms
= mien? 71 with p = V2mE. (8.199)
Therefore,
= 0 . — 1m 1 | m i |a_a/
<$|G (Eﬁ+l€) |$> 271'2h2 |117 "ﬂ'lehp;8 :C\ = mehpx ;C\ (8200)
Analogously, for z = Ej — ie one finds
P GO (B —ie) |7 = —— e hplE=7]
(¥ G™(Ey — i€) |) S = f’\e g . (8.201)
Hence, the stationary wave functions satisfy the equation
iiﬁp|w |
F|p & e V@) (@ 8.202
@5) = (717 — 5z [ €0 e V@) @) (5.202)

We will focus in the solutions for (Z|p'+ ).

At large distances r = |#], and with the integration variable within the range a of the potential,
r' =|&'| < a < r, we can approximate

-

i Z_ i _dips 2
eRPIZ—T'| erPre— #PEE
~

T-F| =Vt -2 Frr(l-22) = S~ (8.203)
r2 |Z— 2| r
and we have
[ g T ) m e[ st ki (| )
2rh? * |7 — 2| TIzIp r—oo  27h? r ve TIvip
= " omn)32 iV 8.204
= o enh 2 el VIpY) (3204)
because
\pg:~>:/d3m’ ) @loi) = 5= h3/2/d3 117 kP (8.205)

Now we will take the Born approximation, that is the first order approximation of the Born series
obtained solving perturbatively the Lippmann-Schwinger equation for |p4):

7+) = 1P) + G°(2)V [p+), z=Ez+ie
=1p) + G )V |p) + G°() VG (2)V |p) + ... (8.206)

So, the Born approximation is just |p+) = |p). Then,

m 3 /e%p\sz'\ I\ | = 3/26mh"
oz | 47 WV(IW pP+) ——= - 27rh2 k)22 |V 1)
1 e%pr .
= Wif(pz < D) (8.207)

where we have used the definition of the scattering amplitude in the Born approximation:

F' = p) = —(@2m)hm (7| V |p) - (8.208)
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Therefore, we conclude that

(Z|p+) = (ZIp) +/dw’ (7 G*(Ey £ ie) |7') V() (27 £ )

. 1 enprr
Namely:
o 1 157 . ek 8.210
—_— h
({Zp+) —— Grhy |° + f(p2 = p)— (8.210)

This is an important result: the improper scattering state |p4) includes the incident plane wave
plus a spherical outgoing wave modulated by the scattering amplitude f(pz < p).

The effect of the scattering is more transparent in terms of partial waves. Remember that in
spherical coordinates:

h oo

[0« p)= %ip Z(% +1)[e®9Ep) _1]Py(cos 6)
=0
0 e210:(Ep) _ 1
=Y ({+ 1) ————Py(cosb) (8.211)
=0 i

and the expansion of the plane wave at large distances in spherical waves is:

i

1 i 1 > erPr e—%pr
ent® C+H | —+ D) — | P 2). (8.212)

(2mh)3/2 r—oo  (2mh)3/2 ; 2 dpr Fpr

For p' = pi we have cosf = p-p' = p- & and (Z|p+ ) can be written as:
(FF+) —— i(lz + 1) [P Er) e.%pr —1)*! ﬁ Py(cosf) (8.213)

o QmhE i #PT wpr

So the scattering modifies each outgoing spherical wave by a phase-shift factor e,

Now we have the ingredients of the time-independent scattering theory. We need to find the

2
stationary wave functions, eigenfunctions of H = H° + V with eigenvalue E; = 2—. They are
the solutions of the Schrédinger equation for a given potential. Taking the appropriate asymptotic

limits one can extract the phase shifts.

But before doing that, let us study the validity of the Born approximation. We have seen
that it consists on replacing (Z|p'+ ) by (Z|p) in the right hand side of

{ e
LplE—2

m 30 C" |Z=]
2mh? |7 — 2|

(@ +) = (Z|p) - V(@) (@ p+) (8.214)

The difference between these two wave functions will be larger within the interaction region, |Z| < a.
Since usually the potential is largest at the origin, we can obtain a criterion for the goodness of the
approximation by imposing that at £ = 0 the second term is small with respect to the first one:

’

3 , entT A o4
d*x ——V (2" )er?
T

For a central potential, after doing the angular integration, the condition becomes:

m
2mh?

< 1. (8.215)

m
hp

/ dr' V(r') (1 —eZnpr’ 1)‘ <1 (8.216)
0
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Finally, let us calculate the phase shifts from the Schrédinger equation for a central potential
by finding the (improper) stationary solutions of

h2
{—MVQ + V(r)} V(&) = Er(F) (8.217)
The solutions are spherical waves that can be written as
(Z|Etm +) = Ay(r)Y™ (@),  Ag(r) = W:’") (8.218)

where the radial part satisfies the differential equation:

R2[d2 2d  (l+1) 2m P’
“om [d rar 2w ﬂ Alr) = g Aelr)
2 e+1)  p* 2m
[drz B T WV(”} wlr) =0 (5:219)

We have seen that if there was no interaction, V(r) = 0, the general solution compatible with A, (r)
being regular at the origin would be

it f2mp .
V(r)y=0 Vr: Ag’(r):?/ﬁﬂ(%) (8.220)

that gives the normalized state (Z|E¢m).

If there is interaction by a potential with a finite range a, the general solution for r > a, where
V(r)=0,is
ié

2
V(r)=0 forr>a: Ay(r) = pelr) _ =/ —:;ip [cél)hél)(%) + céQ)hf)(%)} (8.221)

where h)(z) and h(®(z) are the spherical Hanckel functions of the first and the second kind,
respectively, that are combinations of the spherical Bessel and Neumann functions:

(1) . . ei(m—@%)
hy () = je(w) + ine() —— —— (8.222)
. . e i@=L3)
hf)(z) = jo(x) — ing(x) =TT (8.223)

It is convenient to introduce these combinations because then the coefficients are directly related
to the phase shifts:

[e'S) 14
- . 1 .
(@p+) =D > (FBm+) ——Y" ()
=0 m=—/ p
=5 (W) (D) pry 4 (@) pry] yom ayyme s
-y L \Verh {cé h{ () 4+ ¢ (7)]Ye (@)Y (5)
{=0 m=—/¢
1 = : 1 1 T 2 2 - A
= Gy 20 DY [P RO + O ()| Pito - 0)
£=0
#i(%ﬁ— 1) C(l)e.%PT N (_1)“10(2)@- Py(cos6) (8.224)
= T O o T VT
to be compared with equation (8.213):
1 > . e%l"‘ e—ihpr_
N _.+ - Z—f— 1 216, (Ey) . + (=1 +1 i P 0). 8.995
(Z|p >7-—>oo (27h)3/2 ;( 5) |e ?pr (-1) 7%]97“ | % (cos ) ( )
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Therefore:
)=1 (8.226)

and hence
; gy 2 ver) 1 2mp s ) ey ) e
orr>a: o(r) = =7 ﬁi{e o (5) + R (5
_ 0 [2mp s, [0+ e_mj () — Qe (2)
AR 2 2i MR

iz Qmp i - T : L
=2\ e “[cos bg je(5r) — sin e ne(5)] (8.227)

and remember that

a2 e+ 2 2
forr<a: ye(r) satisfies LW _U ; ) + % - hn;V(T)] ye(r) = 0. (8.228)

Both radial functions must coincide at r = a. This way we have a method to find the phase
shifts: match the solutions for y(r) out and inside the range of the potential just at r = a. It is
convenient to equate the logarithmic derivatives to avoid the normalization of the solutions:

1 dye(r) 1 dye(r)

= T=a
Ye (T) dT outside Ye (T) dT ( )

(r=a) (8.229)

inside

And if the potential has infinite range then it will only vanish at 7 — oo and one has to match the
log of the solution of the Schrodinger equation in that limit with

1 dye(r) p

li = —cot (B —¢Z + ¢ 8.230
Jmn . =R E G ) (8.230)
since
Ay(r) = ye(r) - 1 [eQiégh(l)(ﬂ) + h@)(ﬂ)} - ?ié[ sin (ﬂ 0T 4 55) ) (8.231)
r 9 14 h 14 h r—00 %pr h 2
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