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1 Observables and states
sections 1.1 and 1.2 of Mandl

The description of a physical system involves observables. In classical mechanics we are used to
coordinates r and velocities v = 7 or momenta p = mwv. All of these quantities are (real) numbers,
attributed to the system, e.g. an electron. There are several other possible properties, like the energy of
the system, in the case that the electron is moving freely given by E = p?/2m or its angular momentum
£ = r x p with respect to some origin, e.g. the atomic nucleus for an electron in an atom.

In particular for the above case of the atom one knows that the classical description in which the
observables are tied to the electron as a series of numbers it is carrying around is not working. In
a quantum mechanical description the observables are not tied to the system, but they refer to an
appropriate measuring device. Mathematically they are described by operators. The physical system is
then described by a wave function.

1.1 States < wave functions

In quantum mechanics the state of a system is specified by the wave function. For a simple particle, it
can be represented by a complex function depending on the position and the time,

P(r,t) € C,

and it contains all information on such a particle. This is one of the basic assumptions of quantum
mechanics. For instance

P(r,t)d®r = *(r, t)(r, t) d®r = [(r,t)]* dr, (1)

gives the probability to find the particle in a volume element d>r around the point r. This definition
implies that the wave functions are normalized,

[ ap =1 2)
The wave functions are said to belong to a space of wave functions, a Hilbert space H. The above Hilbert
space is that of square integrable functions, denoted H = L?(R?).
The normalization condition can be slightly relaxzed. For example, for plane waves
Y(r,t) =exp(ik-r—iwt),

the normalization integral diverges, but the probability |4|* is still finite. We will come back to this
later.

In the Hilbert space of wave functions one can add states, i.e. if ¢y € H and s € H then also

Y =c11 + a2 (3)

is a possible state of the system, 1) € H. But note that

[P = lerhr + cahaf’ = (] o} + 3 05) (1 b1 + catha)
= la|? 1] + |e2|? [h2]? + 2 Re [ ez ¥i1hs]
# el | + le2l? |92/,

thus probabilities are not additive! This feature is characteristic for quantum mechanics. Probabilities
play the same role as intensities of light waves which are proportional to the amplitude squared. The
consequence of this is that the probability shows the phenomenon of interference, illustrated in the
scattering of electrons in a two-slit experiment. As lightwaves do, the probability of electrons hitting the
screen shows an interference pattern.



Note that multiplying a normalized wave function with an overall phase factor (a complex number
with length 1) has no consequences.

Note that the normalization is a special case of a scalar product defined in the Hilbert space. We define
Wallin) = [ P wi(r,) va(r 1), 4)
satisfying (¢1][12) = (¢al|¢1)".

1.2 Observables < operators

What about the observables. As mentioned before they correspond with operators. If A is such an
operator! and v gives a state of the system, then also A is a possible state:

A H—H
v — Ay
Examples of operators are the position operator # and the momentum operator p:
r)(r,t) = rip(r,t), (5)
131/)(7“, t) = 7ihvw(ra t)' (6)

Actually the operators stand for three operators, e.g. 7 = (£,9,2). The quantity &1 thus is a function
in H of which the value in a particular point v is given by the value of the function ¥ multiplied with
x7

(2, y, 2, 1) = 2P(w,y, 2, 1).

The fundamental connection between the observable properties of a system and its state is given by the
following postulate:

For a system in a normed state ¢, the expectation value of the observable A, represented by the
operator A, is given by the quantity,

(A)y = (G1A) = (]| A ) = / & 4" (v t) Ag(r, 1) (7)

Because measurements yield real numbers, suitable operators in quantum mechanics are those that lead
to real expectation values. Such operators are called hermitean or self-adjoint operators.

Definition: A hermitean operator A is an operator for which <A>¢ is real for all states i € H,
(A)y = (A worfd‘?’rw(rtAwrt [ d3r (Ap)*(r,t) p(r,t).

The expectation value is in fact a special example of what are called the matriz elements of /1,
@il = [ &r vi(r0) duslr.) (®)

The expectation value (4),, = (| A[¢)) is then referred to as a diagonal matriz element of A in the state

1, while <¢1|A|¢2> for different states, 11 # 1o, is referred to as a transition matriz element.
The operators that we will be concerned with in quantum mechanics are linear operators, which means

A(crthy + catha) = ¢1 Arhy + co Adpy. (9)
For linear operators we can derive the following property for the matrix elements of a hermitean operator:

Theorem: A is hermitean <= (1] Altg) = (o] At )*
or
A is hermitean <= [ d®r o} (r,t) Apa(r,t) = [ dPr (Apy)* (r,t) Pa(r, t)

1The hat characterizing operators is usually omitted, but we will keep it in the first few sections




Proof: Consider the definition for the state ¥ = ci1y1 + caw2, where c1 and c2 are arbitrary. Then
we have

2

D nen [@mldlgn) = WalAlYm)"] =0

m,n=1

Since ¢1 and ca are arbitrary complexr numbers each term in the sum must be zero.

In order to decide if the result of measurements of an observable is unique we consider the standard
deviation (AA)y.

Definition: (AA)}, = ($|(A — (A)*|g) = [ d®r ¢*(r,) (A~ (4))*0(r,1).

When in a given state 1 the observable A has a unique value the standard deviation must be zero. For

a hermitean operator - for which <A>w is real - one can rewrite
@7 = [ (A= (P
= [ @ (A= ) (A=
= [@rid- (10)

From this result one can immediately proof the following theorem

Theorem: (AA)y =0 <= Ay = arp
for some number a, which in that case is precisely the expectation value of (A).

The equation Aw = a?) is an eigenvalue equation forA the operator A. Functions with this property are
called eigenfunctions or eigenstates of the operator A. The numbers a are called the eigenvalues of A.
The collection of eigenvalues is called the spectrum of A.



2 Eigenvalues and eigenstates of hermitean operators
section 1.2 of Mandl

For hermitean operators we will proof some theorems for the eigenvalues and eigenstates.
Theorem: Given fhp = a1y and A hermitean = q is real.
The proof of this is trivial. Next one considers eigenfunctions.

Theorem: The eigenfunctions of a hermitean operator are orthogonal, by which we mean

(rllipe) = [ d®r P} (r ) Pa(r,t) = 0.

Proof: First consider two different (nondegenerate) eigenvalues, i.e. Ad)l = a1Y1 and A’l/)g = as)2
with a1 # az. In that case both a1 and az are real and one has

/ d*r ] A2 = az / d*r P12,

/d‘”’r (An)" 4o = ai/dSr Vi =m /dgr Vi .
Hermiticity tells us that both starting expressions are equal, thus (a1 — a2) f d3r Y} 2 = 0 and thus
[ &r i = 0.

A special case need to be considered namely the case of degenerate eigenvalues. We note that if ¢; and ¢o
are eigenstates with the same eigenvalue a, then any linear combination c1¢1 + co¢o also has eigenvalue
a. Thus one can defines

Definition: An eigenvalue is called s-fold degenerate if there exist s linearly independent,
eigenfunctions, ¢1, ..., ¢s, with that particular eigenvalue.

The above proof for the orthogonality does not work for degenerate eigenvalues. But a set of s linearly
independent eigenstates can be made orthogonal, e.g. via a Gramm-Schmidt procedure. Normalizing a
set of orthogonal eigenstates, leads to the following conclusion?

Theorem: The eigenfunctions of a hermitean operator can be choosen as an orthonormal set,

("pm”"bn) = fdgT Wn wn = Omn-

The eigenfunctions, moreover, form a complete set of functions, which means that any state i can be
expanded in eigenstates,

b= Z Cn Y, (11)
where it is trivial to use the orthonormality of the basis to proof that
n = () = [ P v, (12

For a normed state the normalization condition (¢|[¢)) = [d3r ¢* 1) = 1 implies that

Z|Cn|2: L. (13)

n

Using the expansion theorem it is straightforward to write

(A)y = @A) =D leal® (A)p, = D leal® an, (14)

_ ifm=n

1
6mn_{ 0 ifm#n



where a, are the eigenvalues corresponding to the eigenfunctions in the orthonormal set. We have
assumed this to be a discrete set, but we will encounter other examples, where the summation will be
changed into an integration.

For a system in a state v, we have the following postulate about the measurement of the observable
A:

e The state 1) can be written as a superposition of eigenstates of the operator A, with coefficients

Cn-

The probability to find the state i in an eigenstate is given by

P(an) = leal? = [{Wnll¥) 1%, (15)

or more precisely (if there are degenerate eigenvalues),

S

P(an) = Z |Cnr|27 (16)

r=1
if cpr with r = 1,..., s are the coefficients of s eigenstates with the same eigenvalue a,.

With the above probability the outcome of a measurement is a,,. Thus only the eigenvalues of
A are observed! The expression for the expectation value (Eq. 14), can be rewritten

<A>w = Z |Cn|2 Qp, = Z P(an) A,y (17)

and is consistent with the earlier postulate (Eq. 7).

After the measurement the system is in the eigenstate ¢, (or in a linear combination of eigen-
states ¥y, in case of degeneracy of a,,).

Note that the probability to find the system is in fact a special case with the operator being the unit
operator 1.



3 The Hamiltonian
sections 1.3 and 1.4 of Mandl

The most important operator in quantum mechanics is the Hamiltonian or energy operator H. Tt is
the operator that determines the time evolution of the system,

i %—f = Hy(r,t). (18)

This is referred to as the Schrédinger equation. The normalization condition on wave functions (conser-
vation of probability) requires H to be a hermitean operator.

Proof: Since the normalization states (Y|[t) = 1, we have

O [ o . ~
a d’r 1/) (T,t)1/)(7“,t) - 07
which translates immediately into
1 3 r * * /17
—7 [ O [HY) - T ()] =0, (19)

i.e. H is hermitean.

Next suppose that we actually know the Hamiltonian in terms of other operators, H=H (*,D,...),
e.g. for a particle with mass m in a potential V' (7) not depending on time,
i)2

ISI:%JrV(f):—% V2 4+ V(r). (20)

We can then look for the eigenvalues and eigenstates of this Hamiltonian,

H("Aﬂvﬁa .. )¢n(T) = En¢n(T) (21)

The eigenvalues are called the energies E,. In that case the full time-dependent solutions of the
Schrodinger equation are easily obtained. Assuming the spatial dependence to be given by ¢, (r) one
finds that the time dependence is given by

o Oy
? W = nwn(rvt)a (22)
giving also the time-dependence, 4
bn (1) = @(r) et/ (23)

which are referred to as stationary states. Since H is a hermitean operator it provides a complete
orthonormal set of states in the Hilbert space with [ d3r ¢%,¢n = Omn. which we (for simplicity) have
taken to be countable.

Let us consider the case that the potential is zero. In that case the solutions of

L2 g(r) = E(r) (24)

are the plane waves

K’
2m
They form an infinite set of solutions characterized by the wave vector k. The full time-dependent
solution is

b(r) =exp(ik -r)  with E=

(25)

Yr(r,t) = exp(ik - r —iwt), (26)
where w(k) = hk?/2m.



In general, a physical system is not necessarily in an eigenstate of the Hamiltonian. We consider two
situations:
(1) The state of the system is one of the eigenstates of the Hamiltonian,

Yn(r,t) = dn(r) e Ent/h, (27)

In that case one has the following properties.

[ ]
P(’I‘) d’r = W)n(ra t)|2 d’r = |¢n (T)|2 d37‘7
or stated in words, the probability to find the system at a particular place is time-independent.

o If Aisan operator without explicit time dependence (e.g. I, 7, p) then

Wa®) = [ dr b3 r D) Ava(r,t) = [ r 61r)A6,(r) = (A,

which is independent of the time.

(2) The state of the system is a superposition of eigenstates of the Hamiltonian, for simplicity consider
two states and use E,, = hwn,

P(r,t) = c1 g1 (r) e M 4 ey o (r) e, (28)

The expectation value of an operator A in this case is not time-independent. Defining the matrix elements

[ i) den(r) = A (29)
[ 63(r) An(r) = A (30)
/d% Gr(r) Ado(r) = Aya, (31)
/ &Pr ¢5(r) Agy (1) = Ay = Al (32)

one obtains

(A = /fTWﬁJMMhﬂ

|Cl|2 A11 + |02|2 A22 + 2Re C){CQ A12 €i(w1_w2)t:| . (33)

One sees the occurrence of oscillations with a frequency

E, - Ey

- (34)

Wose = W1 — W2 =



4 Multi-particle systems

For more than one particle the system is described by a (complex-valued) wave function

Y(ry,re,...,rN,t) € C.

The wave function acts in a configuration space R?> ® R? ® ... . The probability to find the system is
given by
P(ry,...,rnN,t) Bry.. dPry = [(r, ... ,TN,t)|2 &ry ... dPry, (35)
Operators acting on the wave function are e.g. 71, ©a, ...or p; = —ihVq, etc. Note that 7 only works
in one (the first) of the subspaces of the full configuration space. Formally this operator should read
71 ® Is ® ..., but you can imagine that we will not often use this notation. The hamiltonian again
determines the time evolution,
~ 0
H=ih— 36
- (36)
and we are in business when we also know the hamiltonian in terms of the other operators,
H = H(#1,p1,72, Do - - -)- (37)

A particular easy multi-particle system is the one for which the hamiltonian is separable, e.g. if for
two particles

H(/’Ad17p177225ﬁ2) :Hl(/f17p1)+H2(/’227p2)' (38)
It is trivial to proof the following theorem.

Theorem: If we know the solutions for H; and I:IQ,

Hi ¢ (r1) = ED 6 (r1),
Hy 6P (r2) = EQ 6P (r2),

then we know that the eigenstates and eigenvalues, H ¢ = FE ¢, for H=H +H,
are given by

G (r1,m2) = 30 (1) (P (r2),

Of course it may sometimes be necessary to do a little bit of work to make a hamiltonian separable.
For instance, the hamiltonian
~ 2 ~ 2 2 2
2 Y4 Do N N h 2 h 5
= Virih—ry)=———Vi{——V V(ri —r2), 39
FVR = 12) =~ V= S ViV —ra) (39)

o 2m1 2m2

is non-separable. However, after changing to center of mass and relative coordinates,

ma ma
= = 4
R=rmtarm (40)
r=7r1—7T2, (41)

where M = m1 + ma, it is easy to proof (Exercise 1.5, Mandl) that

ﬁ——h—2V2 —h—2V2+V(r) (42)
- oM R 2M T ’
—_———
Howm H

rel
with reduced mass p = mima/M. Thus we end up with a separable problem in terms of the hamilto-

nian Hoy (R, P) for the CM coordinates and the hamiltonian H,.i(r,p) for the relative coordinates,
where
P=—ihVg=—ih(Vi+Va)=p, + P, (43)
A . . ma2 mi mo . mi1 .
=—ihV,=—ih | —=V1 — — =
Yy th'V 7 (M Vi M Vg)

2 P17 P (44)



5 Probability and current

The local probability in a state described with the wave function ) (r,t) is given by

p(r.t) = [u(r. 1) (45)
The time-dependence indicates that locally the probability can change, implying a current j(r,t). This

current should be such that it satisfies the continuity equation,

d .
P TV i=0, (46)

since this implies for a finite volume V' surrounded by a surface S one has (using Stokes’ law) the property

_%/VCPT p(T;t):/Vd3TV'j(’r‘7t):/sd23-j(rr-7t), (47)

i.e. what leaks out of the volume V must appear as a current flowing through the surface S. Using the
fact that the time-evolution of the wave function and thus the density is determined by the hamiltonian
(see Eq. 19) one finds that for a commonly used hamiltonian like the one in Eq. 20 the current is given
by

§(rt) = o (V)4 — " (V)] (13)
(Exercise 1.6, Mandl).



6 Other degrees of freedom

Often a system has additional degrees of freedom and we need to extend the wave function. The most
well-known example is spin. It turns out that for a proper description of an electron, one needs to specify
in addition to 9 (r,t) a spin wave function Y, i.e. an electron is specified by

e, 1) x()

which however can take only two values, spin-up or spin-down. Thus one can write

X1(to) = [ (1) ] , X1 (to) = { (1) ] : (49)

Since the Hilbert space of allowed wave functions contains all linear combinations one immediately sees
that after the choice of the spin-up and spin-down basis-states, the wave function can be written as

{ TM (T‘, t) ]
wl (T‘, t)
The number of allowed operators in the spin-space for an electron is actually very limited. Linear operators

in the spin-space can be represented as 2 x 2 matrices. There exist only four linearly independent hermitean
2 X 2 matrices, namely the unit-operator and the three Pauli matrices

o ) B ) B S

As an example of the appearance of spin operators, we mention the hamiltonian for an electron in a
magnetic field,
[
H=-—V"—pupo-B. (51)
2m

where up = eh/2m for an electron is the socalled Bohr magneton (up ~ 5.8 x 107° eV/T). Writing

(oid )= (i ) e -

and solving the time-independent Schridinger equation for ¢, one notices that the above hamiltonian
1s actually also separable, since the first term only works in r-space, while the second part only works
in the spin-space. Thus the (time-independent) wave function factorizes,

1 (r) ] ( c1 ]
= o(r . 53
( ¢u(r) ™ e (53)
The r-dependent part are the plane wave solutions ¢ (r) = exp(ik - r) with E(k) = h?k?/2m. The

solutions of the second part, not surprisingly, are two orthogonal vectors. Suppose the B field is given
by B = (B sinf, 0, B cosf), then we need the eigenvectors and eigenvalues of

b = (0 0. o
which are 0 (0
w= (S ) e (el ) ®

with F1mag = +uB B and E2 mag = —p B. For instance for a magnetic field in the z-direction the
solutions are precisely the states defined in Eq. 49, while for a magnetic field in the x-direction the
solutions are a particular linear combination of these states,

w=—s (1) e e=gs () mu-wnE e

10



7 Dirac notation

7.1 Space of states = ket-space (Hilbert space)

e Quantum mechanical states are denoted |u) and form a linear vector space over the complex numbers
(C), the Hilbert space H = {|u)},

|lui) € H
luz) € H — cr|ur) + colus) €H (57)
C1,Co € C

e Given a basis {|u1),...,|u1)} for an N-dimensional Hilbert-space (N can be infinite!) consisting of

a collection linearly independent kets, we can express every ket in this basis (completeness),
N
) € H — Ju) =Y enlun). (58)
n=1

7.2 Scalar product and the (dual) bra-space
For elements |u), |[v) € H we can construct the complex number (u||v) € C, for which
o (ulfo)” = (v]|u),

o If |u) = c1|ur) + colua) then (v|ju) = c1(v||ur) + ca(v||uz).
Note that this implies

(ulfv)

(0llu)” = c1 (v]fur)” + 3 (vf|ug)”

ci(ul|v) + ¢ {us|fv).

o (ullu) > 0.

Beside the ket-space we can also introduce the dual bra-space, H* = {(u|}, which is anti-linear meaning
that

lu) = c1lur) + ealuz) «— (u| = cf{ur] + c3(ual. (59)

The scalar product is constructed from a bra-vector and a ket-vector (”bra(c)ket”).

7.3 Orthonormal basis

A state |u) is normalized when (u|lu) = 1. Two states |u) and |v) are orthogonal when (u|[v) = 0. In a
linear vector space an orthonormal basis can be constructed, in which every state can be expanded,

e Basis {|u1), |u2), ...} with (um||un) = dmn-
o If [u) =", cnlun), then ¢, = (uy,||u) (proof) and we can write

IU>ZR:|un><u7IIU> ‘3:2 : (60)

e Note that

(ullu) =1 = Jeal* =1, (61)

hence the name probability amplitude for c,,.

e The collection {{u1], (ua|,...} forms an orthonormal basis for the bra-space.

11



7.4 Operators
e An operator A acts in the Hilbert-space H, i.e. |v) = AJu) = |Au) € H.
o If |u) = c1|ur) + calug) then Alu) = ¢1 Alug) + co Alusg) (A is linear).
e The matrix element of A in states |u) and |v) is given by
(ulAlv).
If |u) = |v) we call this expectation value of A, if |u) # |v) we call this transition matriz element.

e The unit operator acts as I|u) = |u) and can with the help of a complete orthornormal basis {|u,)}
be written as
I= Z |un) (unl, (62)

directly following from Eq. 60 and known as completeness relation.

o If [u) =", cnlun) =, |un)(un||u) then we can write for Afu)

Alu) =Y Alun){un]lu)

- Z ) (U Altin) (un||u) = ; |tm ) <; Amn0n>

mon N——
’ Amn Cn
A11 A12 . C1
_ A21 A22 . Co (63)
and the matrix element of A is given by
(ulAlu) =Y (ullum) (| Alun) (nlu)
”l7"HﬁTW_/
A11 A12 e C1

= (e .| An Am €2 (64)

7.5 Adjoint operator

Given an operator A, the adjoint operator Af is defined by giving its matrix elements in terms of those
of A,
(u ATJv) = (v] Alu)™. (65)

We note that de bra-state (Au| = (u|AT. This is proven in the following way: for every |v) is (Au|v) =
(]| Au)* = (v] Alu)* = (u]AT|v).
7.6 Hermitean operators

e Definition: An operator A is hermitean when (ul|Au) = (Aul|u).
By applying this on a state ci|u) + ca|v) with arbitrary coefficients one sees that this is equivalent
with
(ullAv) = (Aullv) o (ulAlv) = (ulAjo) o A = AT,

i.e. A is self-adjoint.

12



e The consequences of A = At for transition matrix elements and expectation values are

(ul AJv) = (ul AT|v) = (v]AJu)* (66)

(u|Alu) = (u|AJu)* — real expectation values (67)

e For the eigenvalues (a,) and eigenstates (|n)),
Aln) = an|n) (68)
of a hermitean operator we have

— Choose (n||n) = 1.
— (n]A|n) = a, are the (real) eigenvalues.

— Eigenstates corresponding with nondegenerate eigenvalues are orthogonal,

Aln) = an|n)
Alm) = am|m) » — (m|[n) = 0.
G 7

If eigenvalues are degenerate, we can construct orthogonal eigenstates (possibly by using other,
commuting, operators).

— Thus, eigenstates form an orthonormal basis, (m||n) = 0,,,. Using this basis A is diagonal,

aq 0

A=Y manin = | O 0z - (69)

e The expectation value of a hermitean operator can be written as

(ulAju) = (ulln) an (nllu) = " anlenl. (70)

c, Cn

This coincides with the interpretation of |, |? as the probability to find the state |n) and obtain
the result a,, in a measurement.

7.7 Unitary operators
e Definition: An operator U is unitary when U~ = Ut, or UUT = UTU = I.

e It is trivial to prove that a unitary operator conserves scalar products,
({Uv[|Uw) = (v]|w) (71)
With the help of a unitary matrix we can transform an orthonormal basis {|u,)} in another such
basis {U|un)}.
7.8 Coordinate-representation

e Considering the hermitean operator # we denote the eigenstates as |r) and the eigenvalues as 7.
Thus
77Ty = r|r), (72)

with the following properties;
— (i) Orthogonality®: (r||r') = &3(r — ')
3Definition of §-function: fjooo dz f(2)6(z — a) = f(a)

13



— (ii) Expansion of state: |¢) = [d3r |r) (r||¢))
——
P(T)
— (iii) Identity: I = [d3r |r)(r|
— (iv) Operator expansion: # = [ d3r |r)r(r|
e We check that the above is consistent and agrees with the wave formulation of quantum mechanics:

- Consistency of (ii) with (i) and (iii):
(rll) = [ d®r (') (rl[) = [dPr 6*(r —7")o(r) = (r")
— From the definition we have #¢(r) = (r|7|Y) = v (r||¢) = r(r)
— Normalization of ¥(r): (¢|[¢) = [d3r ¢||T T||w> [d3r [¢(r)|* =
P> (7") 1/’("“)
— Scalar product: (¢||¢) = [d3r 1P||T ||<Z> Jd3r *(r)o(r)
("") ("")
— Expectation value: = [d3r @||r)r(r||y) = [d3r v |(r)?

e Other operators are among others
1) = [ v i (73)
b= /d% Ir) (~ihW) (r. (74)
It is simple to check that [r;, p;] = ihd;; and that pyY(r) = —ih Vi(r).

7.9 Momentum-representation

e Counsider the hermitean operator p and denote the eigenstates as |p) and the eigenvalues as p. Thus
plp) = plp). (75)

e We already saw the coordinate representation, consistent with the commutation relation [r;, p;] =
tho;; and thus we can determine (r||p):

. 1
i (r) = pUy(r) — Gylr) = Voeww (1 por) (76)
——
rip
(This defines p).
e We have the following properties:
— (i) Orthogonality: (p|[p') = p (27h)* 6*(p — p')
.o . 3
— (ii) Expansion of state: |[¢) = [ (Qﬁhfg,p Y (pl]v)
(D)
— (iif) Identity: I = [ < %h)d |p)(p|

— (iv) Operator expansion: p = [ W |p)p(p|

14



e Switching of representation,

b(r) = (rllg) = / (%‘fﬁ (rl1p) )

o) =l = [ ar plin)re)
= /d3r D exp (—%p-r) »(r), (78)

means Fourier transforming. Choices for the normalization of plane waves are p = 1 or p = (27h) =3
(non-relativistic) or p = 2F (relativistic).

e Consistency of Eq. 76 and (iv):

3 3 i ~
wlil) = [ G rlpptel) = [ 5 pe (fp-v) i)

3 i ~
= mv/@;fii)gﬁ exp <ﬁp : r> D(p) = —ihV(r) (79)
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8 Inversion and Inversion Symmetry
section 4.1 (Mandl)

For coordinates, inversion means:

r— —7 and t—t, (80)
implying for instance that classically for p = ms and £ = r x p one has
p— —p and L— L. (81)

The same is true for the quantummechanical operators, e.g. p = —ih V.

We study the properties of a system under inversion, specifically in the situation that inversion leaves
the system invariant. In quantum mechanics the latter is the case when the hamiltonian is invariant,
which means

H(r,p,...)=H(—r,—p,...). (82)
(i) A first examples of such a hamiltionian is that for one particle in a central potential,

2
p
H=— .
2m +V(r)
(ii) As another example, consider an electron in a diatomic molecule with a potential
V(r) =Vi(lr + a|) + Va(|r — al),

where V7 and V, are the Coulomb potentials for charges Z1 e and Zs e respectively. One has inversion
invariance only for the case that Vi = Va.

Consider an eigenstate of the hamiltonian,

H(r,p)p(r) = Eo(r) (83)
This is an expression valid for all », thus also
H(=r,—p)p(-r) = Ed(-7) (84)
(note p = —iAV). Invariance of the hamiltonian implies
H(r,p)p(=r) = E¢(—7). (85)

This means that for an inversion-invariant hamiltonian one has two solutions ¢;(r) = ¢(r) and ¢o(r) =
¢(—7r) with the same energy.

(i) If E is non-degenerate one has ¢1(r) = cda(r), i.e. ¢(r) = cp(—r). This again is valid for all » and
thus ¢(—r) = c¢(r) giving > =1 and c =1 or ¢ = —1. Thus ¢ is even or ¢ is odd.

(i) If F is degenerate, ¢1(r) = ¢(r) and ¢2 = ¢(—7) need not be dependent, but in that case any linear
combinations a ¢1 + b ¢o has also energy FE, in particular

¢+ (r) = o(r) £ ¢(-7) (86)

are even and odd eigenfunctions, respectively.
Conclusion: If the hamiltonian H is invariant under inversion, its eigenfuncties are even or odd.
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9 Inversion and the Parity operator
section 4.1 (Mandl)

In quantum mechanics the states |1} are characterized by functions ¢ (r,t). In the configuration space
we know the result of inversion, » — —r and ¢t — ¢, in the case of more particles generalized to r; — —7;
and t — t. What is happening in the Hilbert space of wave functions. We can just define the action on
functions, ¢ — ¢’ = Py in such a way that ¢/(r') = ¢(r). This means for inversion

Po(-r)=¢(r) = Po(r) = o(-7). (87)

The function P¢ is the new wave function obtained by the action of the parity operator P. It is a
hermitian operator.

P is hermitean since [ d°r ¢*(r) Pé(r) = [d°r ¢*(r)¢(—r) which is equal to [ d®r (P¢)*(r) ¢(r)

— [ d*r ¢ (—r)a(r).

The eigenvalues and eigenfunctions of the parity operator,

Por(r) =7 ¢n(r) (88)
are m = +1, both eigenvalues infinitely degenerate. The eigenfunctions corresponding to m = +1 are the
even functions, those corresponding to m = —1 are the odd functions.

The proof of this proceeds as follows. On the one hand one has
P?pn(r) =1 Por(r) = 7° ¢ (r),
while on the other hand
P*6r(r) = Por(—) = dn(r),
leading to 72 = 1 and 7 = +1. Moreover for 7 = 41 one has

dx(—1) = Lo+ (r).

Next one would like to see what the action is of parity on the operators. Any state ¢ in the Hilbert space
is changed into ¢/ = P¢, in particular

Ap — PAp = PAP™! P¢ .
N——\ ,
A’ ¢/

thus
A— PAPL. (89)

(Note that for the parity operator actually P~! = P = P!). Examples are
P — PPP™' = —7,
p— PPP™' = —p,
L — PeP' = 44,
H(#p) — PH(#p)P~" = H(~#, —p).
To proof this, e.g. the first relation, one uses that (7¢)(r) = ré(r) and thus
Pio(r) = P(#9)(r) = Pro(r) = r Po(r) = 1 6(—7) = —i (),

but also
Pip(r) = PPP ' Po(r) = PPP ' ¢(—r).

If H is invariant under inversion, one has
PHP'=H <+ [P,H]=0. (94)

This implies that eigenfunctions of H are also eigenfunctions of P, i.e. they are even or odd.
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10 Examples of inversion symmetry

10.1 Bound states in one dimension

For the one-dimensional hamiltonian
h* d
H=———+4V 95
2m dz? + V@), (95)

with V(z) = V(—z) we have seen (by explicit calculation) that the solutions separated into two classes,
even and odd. This is a consequence of inversion symmetry, in one dimension only implying z — —z. One
has correspondingly the definition of parity operator, Po(z) = ¢(—x) with even and odd eigenfunctions.
Since a one-dimensional problem has no degeneracy, one always has for a given energy either an even or
an odd solutions.

10.2 Particle in a central potential

The hamiltonian for a particle in a central potential is given by

2
H=— -V £ V(). (96)
One has the following;:
e H is invariant under inversion, r — —7.
e The eigenfunctions thus have parity # = + or 7 = —.
e We have already seen what the solutions are for a central potential,

o(r) = "2 (0, ). (97)

and the energy F,¢, independent of the quantum number m. The only part that changes under
parity is the angular dependent part,

Y (0,0) — YM(m—0,0+m) = (=) Y0, ). (98)

We see that the parity is already determined by the angular momentum eigenvalue, i.e. ™ = (—)"*.
Thus, although the parity operator can be included in the commuting set of operators for this
problem, {H,£* (., P} (P commutes with all operators in this set), it need not be added explicitly.
Note that this certainly is not generally true for the parity operator.

10.3 Electron in atoms

The hamiltonian for Z electrons in atoms is given by

R 2 2 _Ze? z 2
= dmeo|ri— 1] 99
2m ; i T ; dmeg 1y + Z dreq |1s — T'j| ( )

i>j

e Again H is invariant under inversion, r; — —7; and the eigenfunctions thus have parity # = + or
= —.

e Without the e-e interaction term the hamiltonian is an example of a separable hamiltonian, the
sum of single-electron hydrogen-like hamiltonians, and the eigenfunction thus is the product of the
single-electron wave functions (as in Eq. 97),

z
¢(r1,. . mz) = [ [ Snitom, (r2), (100)
=1

A
E=Y Enu, (101)
i=1
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e The parity of this eigenfunctions is

= [Im = = 5" (102

Be aware of the fact that even though we will later combine the individual angular momenta of the
electrons to a total angular momentum L, it still are the individual ¢; that determine the parity of
an atomic state.

e The electric dipole moment is the operator
D= —Zei ;. (103)

Its behavior under parity is
D — PDP!'=-D. (104)

For parity eigenstates one has vanishing expectation values, (D) = 0.

The proof is explicitly given in Mandl without using the parity operator. With the parity
operator and the above behavior for D one finds for the expection value of D
—1 —1 2
(D) = (¢|D|¢) = (¢|P"" PDP ,i@ = -7 (¢|D|¢) = —(D)
LICTIE S )

e The electric dipole moment happens to be the (dominant) operator for a photon interacting with
the electrons in an atom. Both the absorption of a photon and the emission of a photon amounts
to acting with the dipole operator on a given initial state |n;, ¢;, m;) (or shorthand |i), where the
index i stands for initial). The resulting state D|i) is the new state, which can be expanded in all
states available for an electon in the atom. As we have seen before, the probability to find a specific
final state |f) = |ns, £y, m¢) is given by |(f|D[i)|? It is straightforward to derive that

fID|i) = (f|P~* PD P~ P|i) = —myms (f|D]i), 105

(fIDi) = (fI1P~" Pli) 1 {f1DVi) (105)
m(fl =D oma)

thus (f|D|i) = 0 unless 7y = —m;. Electric dipole transitions are forbidden between states with the

same parity. Since parity is determined by the angular momentum of an electron orbit, one sees

that it requires |Al| = |¢; — ;| to be odd. We will see this refined to |Af| = 1 through rotational

symmetry. The above is an example of a selection rule and the use of symmetry principles to derive
them.

10.4 A diatomic molecule

The hamiltonian for electrons in a diatomic molecule is given by

Heo g SV Y e S ey s (100
- 2m - ‘ — dmeo i + al deg |r; — al dmeg |1 — 7j|

i >3]

e For 7y = Z5 (homonuclear molecules, e.g. N2 and O3) inversion is a symmetry, thus the electronic
states are parity eigenstates and (D) = 0.

e For 7y # Z5 (heteronuclear molecules, e.g. NO) inversion is not a symmetry for the electrons, thus
the electronic states are in general not parity eigenstates, allowing the molecule to have a electric
dipole moment, (D) # 0.

e Actually for electromagnetic forces inversion symmetry, also referred to as parity invariance is
fundamental. One might then wonder why the existence of electric dipole moments of molecules
are allowed. The answer is simple. At the fundamental level parity invariance tells us that the
parity inverted world also exists, but this is only achieved by also inverting the positions of the
atomic nuclei.
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11 Translation symmetry
section 4.2 (Mandl)
Let us start translation symmetry for one dimension,
r— 2 =x+a. (107)

Clearly this is a different kind of symmetry than inversion. There are many more possibilities, in fact
infinitely many determined by the continuous parameter a. Translations are an example of continuous
transformations, while inversion is an example of a discrete transformation.

Again we investigate what happens in the Hilbert space of wave functions and we define ¢ — ¢’ =
U(a)¢ via

¢'(2) =U(a)p(z +a) = ¢(z) = Ula)¢(z) = ¢(z —a). (108)

For continuous transformations, it turns out to be extremely useful to study first the infinitesimal problem
(in general true for socalled Lie transformations). From

d)(:cfa):(b(:c)fa%Jr...,

one finds that

U(a):lf%aprr.... (109)

From this infinitesimal behavior one concludes that the translations are generated by the momentum
operator p, = —ih %.

One can extend the above to higher orders,

d 1 d
dle—a)=d(@) —a o+ 50 —5o+..,

and using the (for operators) definition
A 1 2
=1+ AL AT
one finds .
U(a) = exp (—% apx> .

In general, if A is a hermitean operator (AT = A), then ¢'* is a unitary operator (U~* = UT). Thus
the shift operator produces new wavefunctions, preserving orthonormality.

Next, we turn to the operators, e.g. the Hamiltonian H. Invariance under translations implies e.g. that
H(z) = H(z + a). What does this imply? Just expand infinitesimally,

H(ac—l—a):H(ac)—i—a%—l—...:H(x)—i—%a[px,H]—i—.... (110)

To see why for operators the commutator appears one should realize that to derive equalities for operators
one has to prove that their action on a wave function is the same. A simple check learns that

e Hlo(e) = po(HO)a) — H(peo)(x)
“in{ 5 @0t - 1) |

dH
= —ih|— . 111
i (4 o) (1)
The important conclusion is that translation invariance implies

H(z+a)=H(z) < [ps,H]=0. (112)
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The behavior of the operator under translations can also be obtained in another way. When we use that

H(z — a)p(z — a) = U(a) H(z)$(z) = U(a) H(z) U~ (a) U(a) (), (113)
p(z—a)
thus
H(z —a)=U(a) H(z) U }(a), (114)
which gives with the infinitesimal form for U(a)
H(x —a) = (1—%@]7@-1-...) H(x) (1+%apw+...) :H(x)—%a[px,H]—i—.... (115)

A useful (general) relation for operators is the following. Consider operators A, B and H. If H is
given by
H(c) = e Be 4,
where ¢ is a parameter, then
dH

= = e [A, Ble M.

Translation invariance is generalized to three coordinates of one particle and to more particles by con-
sidering
ri — T, =7+ a. (116)

The shift operator is

Ula) = exp <a.z;vi> = exp <%a _ pi> = exp <%a-P>

i i
= l-a- ) Vi+..= —za ) pito.=l-za P+t (117)
i i
where p; = —ihV; are the one-particle momentum operators and P = ) . p; is the total momentum

operator. Translation invariance implies that

U@HU Ya)=H < [P,H]=0. (118)
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12 Examples of translation symmetry

12.1 Free particle
The single-particle hamiltonian
-
H=_——
5 Ve+V(r)

is in general not invariant under translations. The first term is invariant, but the second only if V(r) =
constant. Shifting the zeropoint of the energy one has H = —h2V2/2m, i.e. a free particle. Indeed one
then has

[pv H] =0,

and the eigenstates of the momentum operator
¢p(r) = pexp(ip-r/h),

indeed coincide with eigenstates of the hamiltonian, with E = p*/2m.

12.2 Two-particle system

The two-particle system with the hamiltonian

pi | P
H=-—+-"=+V(r1—-7r 119
2my  2me (m1 2) (119)
is invariant under translations. This means that [P, H] = 0, where P = p; +p,. For this hamiltonian, we
indeed have seen that introducing center of mass and relative coordinates a separation of the hamiltonian
is obtained,

pP?  p?
H=—+>—+V 120
R (r) (120)
with P = p; +p,. The commutation relation implies common eigenfunctions of the hamiltonian and the
total momentum operator. Since P = —ih V g, these are the functions

¢p(R) o exp (% P. R) :

Thus for the hamiltonian we deduce from tranlation invariance that the wave function must be of the
form

d(R,7T) = eiP.R/h ¢re1(r)~
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13 Rotation symmetry

section 4.3 (Mandl)
Rotations are characterized by a rotation axis and an angle,
r— R(n,a)r, (121)
e.g. for a rotation around the z-axis one has explicitly

x cosae —sina 0 T
Yy — sihna  cosa 0 y |- (122)
z 0 0 1 z

As for other symmetry transformations, this gives rise to a unitary transformation in the Hilbert space
of wave functions ¢ — ¢’ = U (7, a) ¢,

U(n,0) ¢ (R(n,a)r) = ¢(r) = Ulh,a)é(r) = ¢ (R™' (7, a)r). (123)

For a rotation around the z-axis it is convenient to use polar coordinates,

U(éva) (;3(7",9,90) = d)(r,@,cp - a)' (124)
Using
B0 —0a) = 6(r0.0) oo
) K 90 - ) K 90 asﬁ A
i 0
= 1—— —ih — e
(1= (o) )
= (1—%04624—...)(;5, (125)
one finds that £, is the generator of rotations around the z-axis, and
. 1 i
UZoa)=exp|—cal,|=1——al,+.... (126)
h h
As for the translations, the operator behaves as
OH
H(r0,p—a) = H(rb0,p)—a——+...

dp
= H—%a[ﬂZ,H]—i—...
= U(2,a) HU (3, a). (127)
Rotational invariance (around z-axis) implies that
UZ,a) HU Y (3,0) = H <= [£,,H] =0. (128)

Although the situation looks quite similar to the translations, there is an important difference. For two
consecutive rotations the order is important (rotations do not commute)

R(&, o) R(9,B) # R(9, 8) R(%, ),
U(&, ) U(g, 8) # U(5, 8) U(Z, ).

For the rotations in the Hilbert space, this is already evident from the infinitesimal rotations. The
generators do not commute,

(e, by = ih L,

etc.
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A general relation for operators is
P = with C=A+B+[A B+ 544 B]+.. .
(Baker-Campbell-Hausdorff relation)
For more particles, invariance under rotations implies
H invariant <= [L, H] = 0, (129)

where L = ", ¢;. This is a fundamental symmetry of nature for particles without spin!
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14 Examples of rotation symmetry

14.1 One particle in a central potential
Already in chapter 2 of Mandl we have seen the treatment of a particle in a central potential,

h2
H=—-——V*+V(r
5 V. V()
One has rotation invariance and thus [€, H] = 0 for all three generators of rotations. This provides us
with a number of candidates for the wanted set of commuting operators. Because the three angular
momentum operators do not commute among themselves, we have to make a choice. We already have
seen that in this case this leads for instance to the choice {H, EQ,EZ}, on the basis of which one could
conclude that the eigenfunctions of the hamiltonian could be written as
Unem (T’)

¢nlm(r) = }/Zm(ea 50)

That the index m is irrelevant for the above hamiltonian can not be deduced from symmetry considera-
tions.

14.2 Two-particle system

For the two-particle hamiltonian of Eq. 119 one can in the case that V(ry — r2) = V(Jr1 — r2|), add
invariance under rotations in the relative coordinate to deduce without doing any explicit calculations
that the solution must be of the form

o(R,7) = ¢t PR/ i) sy )

r
14.3 The diatomic molecule
We return to the case of the diatomic molecule.
e The diatomic molecule is only invariant under rotations around the z-axis, i.e. [H,¢,] = 0, but

[H, EQ] # 0. Solutions thus can be labeled as ¢,, o e!™?. It is easy to see by rewriting the gradient
in cilinder coordinates that the solutions with opposite m-values are degenerate (only ¢2 appears

in the hamiltonian) since
2 1 02
where p? = 22 + 9.
e The diatomic (heteronuclear) molecule is not invariant under parity. But an interesting operator is
Przd(x,y, 2) = ¢(x, =y, 2) (130)
(mirror symmetry in the xz-plane). This is a symmetry of the hamiltonian and thus [P,., H] = 0.

e We note that £, does not commute with P,., but knowing that ¢, = xp, —yp, we have P, (, P} =
—/,. Note that [¢(2, P,.] = 0.

e This implies that there are two possibilities
szém = i¢—m-

This is easily proven by using ¢, Py,dm = —Puzly Pt Peny = —Poy by ¢y = —mh Pyydy, and
P2, =1.

e Thus for m = 0 one has either ¢oy or ¢o—, while for m # 0 one has two solutions ¢, |+
(¢m £ ¢—m), solutions referred to as gerade (+) or ungerade (-).
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15 Identical particles

section 4.4 (Mandl)

The hamiltonian for Z electrons in an atom,

2w, Ze 2 ¢?
H(ry,...,72,pq,... = -—— V- T
( 1 AV YT apZ) Z< 2 7 47.‘.607,.1,) +;47T€O|Ti_rj

i=1
is invariant under permutations of the particle labels, i < j, written symbolically as
H(l...i...j...Z)=H{1...5...1...2). (131)
Consider first two identical particles and assume an eigenstate ¢(12),
H(12)6(12) = E¢(12),
Because H(12) = H(21) one has also
H(21)¢(12) = E¢(12).
Since the labeling is arbitrary one can rewrite the latter to
H(12)¢(21) = E¢(21).

Thus there are two degenerate solutions v¥(1,2) and %(2,1). In particular we can choose symmetric and
antisymmetric combinations
¢5/4 = $(12) £ $(21), (132)

which are also eigenstates with the same energy. These are eigenfunctions of the permutation operator
P;;, which interchanges two labels, i.e. Pjjop(l...i...5...) =¢(1...5...1...) with eigenvalues + and -
respectively. This operator commutes with H and the symmetry is not changed in time.

For three particles one has six degenerate solutions, ¢(123), ¢(213), ¢(231), ¢(321), #(312) and ¢(132).
There is one totally symmetric combination,

% = ¢(123) + ¢(213) + ¢(231) 4 ¢(321) + #(312) + ¢(132) (133)
(any permutation operator gives back the wave function), one totally antisymmetric combination
% = $(123) — $(213) + 4(231) — ¢(321) + (312) — $(132) (134)

(any permutation operator gives back minus the wave function) and there are four combinations with
mixed symmetry. Nature is kind and only uses the symmetric wave functions (for bosons) or the antisym-
metric wave function (for fermions). Bosons are particles with integer spin, fermions with half-integer
spin (we come to this back after this section).

For instance for electrons which have spin 1/2 (two possible spin states) the total wave function
must be antisymmetric. This has profound consequences. It underlies the periodic table of elements.
Consider again for simplicity a two-particle system which neglecting mutual interactions has a separable
hamiltonian of the form

H = Ho(1) + Ho(2).

Suppose the solutions of the single-particle hamiltonian are known,
HO(1)¢a(1) = Ea¢a(1)7 HO(1)¢b(1) = qu/)b(l)v

etc. Considering the lowest two single-particle states available, there are three symmetric states and one
anti-symmetric state,

$a(1) Pa(2)
symmetric: ¢a(1) #6(2) + du(1) Pa(2)
Bu(1) ¢6(2)
antisymmetric: a(1) Pp(2) — dp(1) Pa(2)

In particular bosons can all reside in the lowest state, while any two fermions cannot be in the same state
(Pauli exclusion principle).
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A way to obtain the completely antisymmetric wave function is by constructing the antisymmetric
wave function as a Slater determinant, for instance for three particles the antisymmetric wave function
constructed from three available states ¢q, ¢p» and ¢, is

s
¢ (123) = — 1 2 3
VB 6o (16u(2)60(3)

The most well-known application is the consecutive filling of atomic levels 1s, 2s, 2p, 3s, 3p, 4s, ...,
giving the periodic table of elements. The available states for each of the levels is 2(2¢ 4+ 1) accounting
for the spin-degeneracy and the ¢-degeneracy.
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16 Spin

16.1 Definition

In quantum mechanics spin is introduced as an observable defined via the vector operator s. These
(three) hermitean operators satisfy commutation relations

[sis 8] = iheijn Sk, (135)

similar to the commutation relations for the angular momentum operator £ =  x p. The spin operators
s commute with the operators r and p and thus also with £. That’s it. All the rest follows from these
commutation relations.

16.2 Rotation invariance

Earlier we have seen that, without spin, rotation invariance required specific commutation relations with
£. In fact scalar quantities S and vectors V' under rotations behaved like

[li, Vi] = il eiji, Vi, (137)
e.g. scalars S = r2, p2, v - p or £2 and vectors V = r, p or £.

Including spin vectors s, the notion of behavior under rotations has to be altered, e.g. [¢;, s;] = 0 and
[0;, €8] = —ihi (€ x s);. Tt is easy to see that the operator

j=0+s, (138)

satisfies
[ji, S] =0, (139)
[jz'; V}] = ZTL fijk Vk, (140)

not only for the above examples, but now also for the vectors s and j and including scalars like s? and
£-s.

For a system of many particles the operators r, p and s for different particles commute. It is easy to
see that the operators

N N
L=> ¢, S=> sn, J=>j,=L+S§, (141)
n=1

n=1

satisfy commutation relations [L;, L;] = ih €k Ly, [Si,S;] = ifi€iji Sk, and [J;, J;] = ik €5 Ji, while
only the operator J satisfies

[Ji,S] =0, (142)
[Ji, V;] = iheiji Vi, (143)
for any scalar S or vector V.

It is easy to show that the inner product a - b of two vectors satisfying the commutation relation in
Eq. 143 indeed is a scalar quantity, satifying the commutation relation in Eq. 142.

An important property is that rotational invariance is one of the basic symmetries of our world.

Rotation invariance of a system of particles requires

[J,H] = 0. (144)
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Besides the behavior under rotations, also the behavior under parity is considered to classify quantities.
Vectors behave as PV P~' = -V, azial vectors as PAP™' = + A, a scalar S behave as PSP~! =
+S, and a pseudoscalar S behaves as P S’ P~' = —S’. Ezamples of specific quantities are

vector | azial vector scalar | pseudoscalar
r £ r? s-r
P s p° 5P
J e
£-s

The hamiltonian is a scalar quantity. Therefore, if we have parity invariance, combinations as s - r
cannot appear but a tensor operator of the form (s1-7)(s2-r) is allowed. Note, however, that such
an operator does not commute with £ (see Exc. 5.8).

16.3 spin states

As mentioned above, the commutation relations are all that defines spin. As an operator that commutes
with all three spin operators (a socalled Casimir operator) we have s* = s2 + SZ + 82,
[sis s5] = ih€iji sk, (145)
[s%, 5] = 0. (146)

Only one of the three spin operators can be used to label states, for which we without loss of generality

can take s.. In addition we can use s2, which commutes with s,. We write states ngl) = |s, m) satisfying

s%s,m) = h?s(s 4 1)|s, m), (147)
s.|s,m) = mh|s,m). (148)

It is of course a bit premature to take h> s(s + 1) as eigenvalue. We need to prove that the eigenvalue
of 82 is positive, but this is straightforward as it is the sum of three squared operators. Since the spin
operators are hermitean each term is not just a square but also the product of the operator and its
hermitean conjugate. In the next step, we recombine the operators s, and s, into

S+ =85 iy (149)
The commutation relations for these operators are,
[s%,54] =0, (150)
[$2,8+] = £h sy, (151)
[s4,8_] = 2h s, (152)

The first two can be used to show that

s2sils,m) = s+8°|s,m) = h?s(s + 1) sx|s,m),

Sz 8+ls,m) = (sxs, £ hsy)ls,m) = (m=*1)hss|s,m),
hence the name step-operators (raising and lowering operator) which achieve

stls,m) =cyls,m £ 1).
Furthermore we have sl = sz and 8% = s + (s1s_ + s_s1)/2, from which one finds that
les]? = (s,m|slsi|s,m> = (s,m|s® — s2 — [s4,5]/2]s,m)
2

(s,m|s* — s F hs.|s,m) =s(s+1)—m(m=1).

It is convention to define

syls,m) = hy/s(s+1)—m(m+1)|s,m+1)

= =hy/(s—m)(s+m+1)|s,m+1) (153)
s_|s,m) = hy/s(s+1)—m(m—1)s,m—1)

= h/(s+m)(s—m+1)|s,m—1). (154)
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This shows that given a state |s, m), we have a whole series of states

s, m—=1), |s,m), [s,m+1),...

2 2

But, we can also easily see that since s? — s? = s2 + 512; must be an operator with positive definite

eigenstates that s(s + 1) —m? > 0, i.e. |m| < /s(s+ 1) or strictly |m| < s+ 1. From the second
expressions in Eqs 153 and 154 one sees that this inequality requires m,,,, = s as one necessary state
to achieve a cutoff of the series of states on the upper side, while m,,;, = —s is required as a necessary
state to achieve a cutoff of the series of states on the lower side. Moreover to have both cutoffs the step
operators require that the difference m 4 — Mmin = 2 s must be an integer, i.e. the only allowed values
of spin quantum numbers are

s=0,1/2, 1, 3/2,...,

m=s,s—1,...,—s.

Thus for spin states with a given quantum number s, there exist 2s + 1 states.

16.4 Why is / integer

Purely on the basis of the commutation relations, the allowed values for the quantum numbers s and m
have been derived. Since the angular momentum operators £ = r X p satisfy the same commutation rela-
tions, one has the same restrictions on ¢ and my, the eigenvalues connected with £? and £.. However, we
have only found integer values for the quantum numbers in our earlier treatment. This is the consequence
of restrictions imposed because for £ we know more than just the commutation relations. The operators
have been introduced explicitly working in the space of functions, depending on the angles in R3. One
way of seeing where the constraint is coming from is realizing that we want uni-valued functions. The
eigenfunctions of £, = —ih d/d¢, were found to be

Y7 (6, 9) o €' ™.

In order to have the same value for ¢ and ¢ + 27 we need exp(27im) = 1, hence m (and thus also ¢) can
only be integer.

For spin, there are only the commutation relations, thus the spin quantum numbers s can also take
half-integer values. Particles with integer spin values are called bosons (e.g. pions, photons), particles
with half-integer spin values are called fermions (e.g. electrons, protons, neutrinos, quarks). For the
angular momenta which are obtained as the sum of other operators, e.g. 7 = £+ s, etc. one can easily see
what is allowed. Because the z-components are additive, one sees that for any orbital angular momentum
the quantum numbers are integer, while for spin and total angular momentum integer and half-integer
are possible.
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17 Spin states

17.1 Matrix representations of spin operators

In the space of spin states with a given quantum number s, we can write the spin operators as (2s+ 1) x
(2s + 1) matrices. Let us illustrate this first for spin s = 1/2. Define the states

1
oo 2= (g

0
X(_ll/?; or x; or [1/2,-1/2)= { 1 ]

Using the definition of the quantum numbers in Eq. 148 one finds that

B /2 0 (00 (01
Sz_h{ 0 1/2]’ 5+_h{1 0]’ S—_h[o 0]’

For spin 1/2 we find the familiar spin matrices, s = ho /2,

(o0 1 (0 —i (1 0
=10 %=l o) %" lo —1]"

For spin 1 we define the basis states,

1
X =11, +1) = [ 0 ] , xY =110 = [
0

The spin matrices are then easily found,

1 0 0 0 V2 0 0 0 0
s.=h| 0 0 0 ,sy=hl o o V2 |,s.=m]+Vv2 0 0],
0 0 -1 0 0 0 0 V2 0

from which also s, and s, can be constructed.

17.2 Rotated spin states

Instead of the spin states defined as eigenstates of s,, one might be interested in eigenstates of s-n, e.g.
because one wants to measure it with a Stern-Gerlach apparatus with an inhomogeneous B-field in the
n direction. We can of course just write down these states formally like

1/2)/ ~ 1/2)/ ~
Xi{/g(n) and X(_l//g(n)

Suppose that we want to write them down in terms of the eigenstates of s, given above. To do this we
work in the matrix representation discussed in the previous section. Taking n = (sin#, 0, cosf), we can
easily write down

h

1
s -n=-ho-n=—
2 2[

We find the following two eigenstates and eigenvalues

(/) () = [ cos(6/2) ]

(155)

cosf) sinf
sinf —cosf |-

with eigenvalue 4+ 1/2,

Xt1/2 sin(6/2)
(1/2), .y _ [ —sin(0/2) . B
X_1/2(n) = { cos(60/2) with eigenvalue 1/2.

The probability that given a state with spin along the z-direction a measurement of the spin along the
+n-direction yields the value +%/2 is thus given by

2
1/2 ~ 1/2
a7 =] = cos?(6/2).
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In general the rotated eigenstates are written as

s ()
xwm) = | 42 o |- (156)
d®), .(0)

where d,,1.,(0) are the d-functions. These are in fact just matriz elements of the spin rotation matriz
exp(—i0Sy) between states quantized along the z-direction. Extended to include azimuthal depen-
dence it is customary to use the rotation matriz e *® 52 e 795y ¢ TIXS3 gnd the functions are called

Dmlm(¢7 97 X)
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18 Combination of angular momenta

18.1 Quantum number analysis
We consider situations in which two sets of angular momentum operators play a role, e.g.

e An electron with spin in an atomic (nf)-orbit (spin s and orbital angular momentum £ combined
into a total angular momentum j = £+ s).

e Two electrons with spin (spin operators s; and so, combined into S = s + s2).

e Two electrons in atomic orbits (orbital angular momenta £; and €3 combined into total orbital
angular momentum L = €7 + £5).

e Combining the total orbital angular momentum of electrons in an atom (L) and the total spin (S)
into the total angular momentum J = L + S.

Let us discuss as the generic example
J=31+132 (157)

We have states characterized by the direct product of two states,
|71, m1) & |42, m2), (158)

which we can write down since not only [j2,j1.] = [j2,j2:] = 0, but also [jim,j2n] = 0. The sum-
operator J obviously is not independent, but since the J-operators again satisfy the well-known angular
momentum commutation relations we can look for states characterized by the commuting operators J>
and J,, |...;J, M). Tt is easy to verify that of the four operators characterizing the states in Eq. 158,
[J2,j12] # 0 and [J?, ja.] # 0 (Note that J? contains the operator combination 2j, - j», which contains
operators like j1,, which do not commute with ji.). It is easy to verify that one does have

[J%,41] = [J*, 53] =0,
[J.,43) = [J.,43] = 0,

and thus we can relabel the (251 +1)(2j2+1) states in Eq. 158 into states characterized with the quantum
numbers
|j1,j2;J,M>. (159)

The basic observation in the relabeling is that J, = j1, + j2, and hence M = mj 4+ my. This leads to the
following scheme, in which in the left part the possible m; and mo-values are given and the upper right
part the possible sum-values for M including their degeneracy.

M
= htl,
mla_—o—ﬁ—o—_k a—o—o—c—.—c—k
") X )y +
m- — & & — & & o o o
“lp ) +
P

17 1ol
1. Since |m1| < j1 and |mg| < jo2, the maximum value for M is j; + jo. This state is unique.

2. Since J4 = j14 + jor acting on this state is zero, it corresponds to a state with J = j; + j2. Then,
there must exist other states (in total 2J + 1), which can be constructed via J_ = ji_ + jo— (in
the scheme indicated as the first set of states in the right part below the equal sign).
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3.

Thus

In general the state with M = j; 4+ jo — 1 is twofold degenerate. One combination must be the state
obtained with J_ from the state with M = j; + ja, the other must be orthogonal to this state and
again represents a ‘'maximum M ’-value corresponding to J = j1 + jo — 1.

. This procedure goes on till we have reached M = |j; — jo|, after which the degeneracy is equal to

the min{2j; 4+ 1,2j2 + 1}, and stays constant till the M-value reaches the corresponding negative
value.

Combining two angular momenta j; and js we find resulting angular momenta J with values

going down in steps of one.

J=j14+7J2, j1+Jj2—1,..., |51 — jal, (160)

Note that the total number of states is (as expected)

Ji+J2
> @T+1) = (20 + 1252+ 1). (161)
J=|j1—J2|

Furthermore we have in combining angular momenta:

half-integer with half-integer — integer
integer with half-integer — half-integer
integer with integer — integer

18.2 Clebsch-Gordon coefficients

The actual construction of states just follows the steps outlined above. Let us illustrate it for the case of
combining two spin 1/2 states. We have four states according to labeling in Eq. 158,

1.

[s1,m1) ® |s2, ma) : [1/2,+1/2
11/2,41/2
11/2,-1/2
11/2,-1/2

®1[1/2,41/2
®1[1/2,-1/2
®[1/2,+1/2
®11/2,-1/2

=111
=1l
=17
=| 1l

The highest state has M = 1 and must be the first of the four states above. Thus for the labeling
|517 523 Sa M>

Y

?

)

—_ ~— ~— ~—
~_ — ~— ~—
R~~~

11/2,1/2;1,41) = | 11). (162)
Using S_ = s1_ + s2_ we can construct the other S + 1 states.

S_11/2,1/2;1,+1) = hv2(1/2,1/2;1,0),

(51— +s2)[ T =R T1) + 1 11)),

and thus

1217210 = (1114110 (163)

Continuing with S_ (or in this case using the fact that we have the lowest nondegenerate M-state)
we find

11/2,1/2;1, 1) = ]). (164)
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3. The state with M = 0 is twofold degenerate. One combination is already found in the above
procedure. The other is made up of the same two states appearing on the right hand side in
Eq. 163. Up to a phase, it is found by requiring it to be orthogonal to the state |1/2,1/2;1,0) or
by requiring that Sy = s14 + s24 gives zero. The result is

1/2:1/20.0 = (111 =110 (165)

The convention for the phase is that the higher m;-value appears with a positive sign.
It is easy to summarize the results in a table, where one puts the states |j1,m1) ® |j2, m2) in the
different rows and the states |j1,j2; J, M) in the different columns, i.e.
j1 X jQ J
: M

For the above case we have

12x12 [1 1 0 1
1 0 0 -1
12 +1/2 [ 1
+1/2 -2 b b
~1/2  +1/2 N
“12 —1/2 1

Note that the recoupling matrix is block-diagonal because of the constraint M = mj+ms. The coefficients
appearing in the matrix are the socalled Clebsch-Gordan coefficients. We thus have

1, jos L, M) = > Cljv,mu, oy mas J, M) i, ma) @ |z, ma). (166)

mi,m2

Represented as a matrix as done above, it is unitary (because both sets of states are normed). Since the
Clebsch-Gordan coefficients are choosen real, the inverse is just the transposed matrix, or

1, ma2) @ |ja,ma) =Y C(jr, ma, ja, mas; J, M) [y, jo; J, M). (167)
J,M

In some cases (like combining two spin 1/2 states) one can make use of symmetry arguments. If a
particular state has a well-defined symmetry under permutation of states 1 and 2, then all M-states
belonging to a particular J-value have the same symmetry (because j14 +j24+ does not alter the symmetry.
This could have been used for the 1/2 x 1/2 case, as the highest total M is symmetric, all S = 1 states
are symmetric. This is in this case sufficient to get the state in Eq. 163.

We will give two other examples. The first is
1x1/2 3/2 3/2 1/2 3/2 1/2 3/2
+3/2  +1/2  +41/2  —1/2 —1/2 —3/2
+1  +1/2 1
+1 —1/2 Vi V3
T
3

0 +1/2 VA

0 -1/2 2 1
1412 Vi V3
-1 —1/2 1
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for instance needed to obtain the explicit states for an electron with spin in an (2p)-orbit coupled to
a total angular momentum j = 3/2 (indicated as 2ps;o) with m = 1/2 is

The second 1is

o(r,1) = 2220 <\/§ Yi(0.6) %1 + @ ¥(0.9) xT> :

1x1 2 2 1 2 1 0 2 1 2
42 41 41 0 0 0 -1 -1 =2

+1 +1| 1

Hoo | VIV

0 +1 Vi o—V3

0 0 VE 0 /1

S PV

-1 -1 1

This example, useful in the combination of two spin 1 particles or two electrons in p-waves, illustrates
the symmetry of the resulting wave functions.

18.3 An example: the Helium atom

As a first-order description of the helium atom, one can consider the independent-electron approxima-
tion, starting with a hamiltonian in which the electron-electron interaction is neglected, as well as any
interactions involving the spin of the electrons. In that case one has a separable hamiltonian and for
each of the electrons the solutions are given by hydrogen-like states (Z = 2), characterized by (nf). Let
us investigate the possible ground-state configurations, (1s)? and the first excited levels (1s)(2p) and

(1s)(2s).

e The ground state configurations (1s)2.
Knowing the two angular momenta involved is sufficient to know the parity of these states, II =
(—)** (=) = 4. The angular momentum recoupling works in the following way.

— Combining ¢; = 0 and ¢3 = 0, the only possibility is L = 0. The orbital wave function then is
symmetric under the interchange of the two electrons 1 and 2.

— Combining the spins s; = 1/2 and s = 1/2 gives two possibilities, S = 0 or S = 1. The first
possibility is antisymmetric under the interchange of the electrons, the second is symmetric.

— The total wave function (product of orbital and spin parts) must be antisymmetric for fermions
according to the Pauli principle, hence L = 0 can only be combined with S = 0. This leaves
only one possibility for the total angular momentum, J = 0. The notation for the only allowed
ground state configuration is

(n1 61)(712 62) 2S+1LJ1‘[ = (15)2 IS()+.

e The configurations (1s)(2p) with parity II = —.

— We have L = 1, but appearing twice. We can construct the symmetric and antisymmetric

combinations,
s/a — i Uls(rl) YO QO U’QP(TQ) YML 05) + u2p(rl) YML 0 Uls(’rg) YO O
Py, ARG (1) —, () — N ( 1)77,2 0 ($2)

for the spatial part.

— The combination of the spins gives again an antisymmetric S = 0 and a symmetric S = 1
wave function.
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— The allowed configurations are thus obtained by the appropriate antisymmetric combinations
of orbital and spin parts,

(13)(227) 1P1* and (15)(219) 3P0,71,72,,

e The configurations (1s)(2s) with parity IT = +.

— We have L = 0, but now also appearing twice in a symmetric and antisymmetric combination.
— As above, antisymmetric S = 0 and symmetric S = 1.

— This gives the allowed configurations

(1s)(25) 1 Sy+ and (15)(2s) 381 +.
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19 The EPR experiment

19.1 The ’experiment’

One of the best ways to illustrate the ’absurdness’ of quantum mechanics when one tries to understand
it with classical means is the EPR experiment, proposed by Einstein, Podolsky and Rosen (1935) to
show that quantum mechanics should be wrong. A simplified version of the experiment is the decay of
a spin 0 system into two spin 1/2 particles with opposite spin. The spin is measured along a direction
perpendicular to the motion of the two particles, which are moving apart at (say) half of the speed of
light. The angles 84 and 6p, along which the spin is measured can be varied, but the actual decision
which angles are measured is only taken (at random) when the particles are halfway?.

d
0° 0°
0
60 spin 0 60°
R CEEEEEEE ® - S
120° / 120°
0 1 1 o
180 =1c V= 3¢ 180
A B
passage passage
of A of B
T decide GA decide GB T
measure measure
sn, shg

The results of the measurements (which in recent years have actually been performed with a variety of
particles over macroscopic distances) are as follows:

e Considering only the measurement at A, the probability to measure a spin along nn4 is P(64,+) =
1/2 and the probability to measure a spin opposite to this is P(f4,—) = 1/2. Similarly at B.

e Given a '+’-measurement at A at a given angle 8 4, the following results are found:

|04 — 05| = 0° 60° 120° 180°
P(0a,+;0B,+) 0 1/4 3/4 1
P04, +;05,—) 1 3/4 1/4 0

19.2 A classical explanation?

In any ’realistic’ theory the information on the potential measurements for particle A should be a property
of particle A and hence stored in the particle. Thus to simplify things, only concentrate on three angles
(0°, 60° and 120°). Any event has particles A and B flying apart with known prescriptions for what to
do if they encounters a Stern-Gerlach apparatus under a given angle 64. E.g.

Event 1: memory_A = (+ — +) memory B = (— + —)
Event 2: memory A = (++ —) memory_ B = (— — +)

4In this way information on the setting of B cannot reach A at the time of measurement
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etc. For instance in the first example the prescription tells A that if 64 = 0°, then a spin measurement
yields +7/2, if 84 = 60°, then a spin measurement yields —7%/2, while if 4 = 120°, then a spin
measurement yields +%/2. In each of the events the common origin of A and B is reflected in the
complementary prescriptions. This is the only way the first and last colums of the ’experiment’ can be
explained. Let’s now concentrate on the correlations and write some explicit probabilities P(04,+; 05, +)
in terms of the fractions of events with particular memories. We have e.g.

P(0°,4;120°+) = > f(+o——7+)
= f++——-——4) + f(+——=—-++) (168)
P(60%,+:120%4) = f(++———+) + f(-+-i+—+) (169)
| S S —
>0
P(0%+;60°4+) = f(+—+—+-) +f(+———++), (170)
—_—
>0
and hence we must have in a realistic theory

P(60°,+;120°,+) + P(0°,+;60°,4+) > P(0°, +;120°, +), (171)

which is an explicit example of a Bell inequality. But clearly our ’experiment’ above violates this inequal-
ity! Thus a realistic theory cannot explain the results in the EPR experiment.

19.3 The quantum-mechanical explanation!

Quantum mechanics can explain the results. Using e.g. the spin states defined with respect to the 6 = 0
directions, we know that the AB system is in an antisymmetric (spin zero) state,

L
V2

Using the rotated spin states along an arbitrary direction n, it is straightforward to check the results of
the EPR experiment. Given a ’+’-measurement at A, the wave function becomes

AB) = = (AN @|Bl)-|A)®[BT)) (172)

AT @B 1)

and the probability

P(0°,+0p,+) = (AT [|A1) (9. +]|B |)| =sin®(05/2). (173)

For any other angle for 6 4, simply choose this as the quantization axis, to see that the result only depends
on 64 —0p.
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A Translations (English — Dutch)

observable
momentum
angular momentum
measuring device
wave function
state

probability
square integrable
plane wave
Hilbert space
expectation value
hermitean
self-adjoint
diagonal
transition
standard deviation
eigenvalue
eigenfunction
eigenstate
degenerate
complete
Hamiltonian
stationary state

observabele

impuls (hoeveelheid van beweging)
impulsmoment
meetapparaat
golffunctie

toestand
waarschijnlijkheid
kwadratisch integreerbaar
vlakke golf
Hilbertruimte
verwachtingswaarde
hermitisch
zelf-geconjugeerd
diagonaal

overgang

standaard afwijking
eigenwaarde
eigenfunctie
eigentoestand
ontaard

volledig
Hamiltoniaan
stationaire toestand
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