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1 Mathematical Tools of Quantum Mechanics

1.1 Hilbert Spaces

Hilbert spaces, also known as complex vector spaces, are defined in Definition

e )
Definition 1. A Hilbert space H consists of a set of vectors v, ¢, x, ... and a set of scalars a, b, ¢, ...
which satisfy the following four properties:

1. H is a linear space[]

2. H has a defined scalar product that is strictly positive. The scalar product of an element
¥ with another element ¢ is in general a complex number, denoted by (1, ¢). The scalar product
satisfies the following propertiesﬂ

(¥, @) = (8, ¥)* 1

(¢7 m,bl + wa) = a(¢7 wl) + b(¢7 ”¢2)
(a¢1 + b¢27 ¢) = a*(¢17 ¢) + b*(¢27 1/})
(¥, ¥) = [|1]]*> > 0 (the equality holds only for ) = 0)

2
3

(
(
(
(4

)
)
)
)

3. H is separable.

4. H is complete.

“See Definition for the definition of linear vector space.
*Note: Watch out for the order! Since the scalar product is a complex number, the quantity (¢, ¢) = ¥*¢ is generally
not equal to (¢, V) = ¢* .

We should note that in a scalar product (¢, 1), the second factor, ¢, belongs to the Hilbert space H, while
the first factor, ¢, belongs to its dual Hilbert spaceE] ‘H*. The distinction between H and H* is due to the
fact that, as mentioned above, the scalar product is not commutative: (¢, ¢) # (¢, ¥); the order matters!

1.2 The dual space

Given any Hilbert space H, one can construct another complex vector space H*, called the dual vector
space. It contains all the linear functionals in H, which are a special kind of operator that maps all
elements of H onto complex numbersﬂ In general, for an abstract vector space H:

Definition 2. Given a Hilbert space H, the dual space H* is the vector space of all linear functionals
in H.

Therefore, all linear functionals L : H — C live in H* (L € H*).

The reason that the dual space is so interesting for quantum mechanics is that our goal as quantum
physicists is to build a mathematical model for the real world, and in the end we want to be able to extract
useful values and predictions from this model. For example, we may want to know the probability of
getting a certain energy; or the average position we expect in a certain state. All these are scalar values,
that we need to extract from a quantum state |¢)), so we know we will need a linear functional someplace
or other!

2More on the dual space in the next section.
3See Appendix Section for more on linear functionals.



This may all sound really abstract at first glance, but hopefully it will become a lot clearer in the next
section when we look at the Dirac notation.

1.3 Dirac Notation

In quantum mechanics, we use the Dirac notation to represent wave functions:

e We call the elements of 1 “ket” vectors, and we represent them as |¢)) € H.

e We call the elements of H* “bra” vectors, and we represent them as (¢| € H*.

Bra vectors are operators that linearly map elements of H into complex numbers:

(| H — C
(@l: ) — (ol)

1.3.1 Inner product and bra-ket notation
Notice that, when we put a bra and a ket together ({¢||v)), they look suspiciously like an inner product
in this notation: (¢[¢). If you have not done so already, go read the Appendix Section because we

are going to use the example of the L, operator in R? that acts on a column vector, which we introduced
in that section:

Lz[Z]:[l 0] [Z]zl-a—l—o-b:a (6)

Notice that its action is the same as if we were taking the dot product with the x unit vector:

x.m:{é].[z]zl.ﬁo.b:a (7)

In fact, when a linear functional in R™ acts on any vector, it can be written equivalently as a dot product
with the corresponding column vector:

L,o=1LT % (8)

This is actually a very general mathematical fact, rooted within something called the Riesz Represen-
tation Theorem:

Theorem 1. (Riesz Representation Theorem) For any linear functional Ly, the action of Ly is
equivalent to taking the inner product with some unique vector ¢.

In our example of L,, we have that ¢ = Z = [1 0]7:

L7 = [(1)] 5 (9)

This is the reason for the suggestive notation for bra vectors: they are operators whose action on a ket is
mathematically equivalent to taking the inner product with said ket:

(@l [9) = (¢l¢) (10)



That is the power of bra-ket notation: it has the Riesz Representation Theorem baked right into it.
Whatever you do, breaking apart inner products and putting together bras and kets, you will always have
something that makes mathematical sense. Although bra and the inner product are two entities that
are completely different mathematically, the bra-ket notation makes their connection completely seamless,
thanks to the Riesz Representation Theorem.

1.3.2 Properties of bras and kets
Some properties that arise naturally from the Dirac notation:
(| A1d1 + Aag2) = A1 (Y]d1) + A2 (Y[ ¢2)

(MY + Xatha|d) = AT (¥1]9) + A3 (Y2]9)

(¥]d) = (¢l)"
(Y|) is real, positive and only zero if |¢)) =0

1.4 Linear operators

A linear map is defined as:

Definition 3. A linear map (or linear operator) is a mathematical entity A that associates a function
with another function such that:

A(Mtr + Aathz) = A Ay + A2 Ay (15)

In the quantum mechanical context, we can see them as entities that transform a ket into another ket.
Some example linear operators are:

e Commutator: The commutator of two operators A and B is defined as:
[A,B] = AB — BA (16)

Two operators are said to commute if their commutator is equal to zero, and hence AB = BA.
See Section to see an interesting application of commutator algebra for finding the uncertainty
products of two operators.

e Anti-commutator: The anti-commutator of two operators A and B is defined as:

{A,B} = AB+ BA (17)

e Projector: Py = |¢) (¢|. The projector operator P, acting on a ket [¢)) gives a new ket that is
proportional (parallel) to |¢). It “projects” the vector [¢)) onto |¢). The coefficient of proportionality
is the scalar productﬂ (p|)).

e Inverse: assuming it exists, the inverse operator A~! of the operator A, when applied to A, gives
the identity operator. Also, A is the inverse of A~!, so that AA™! = A~14A =1.

L Proof: Py|y) = |¢) (0] [¥) = |¢) (8l¢) = (#¢) |¢). Note that any projector operator Py fulfils P; = |¢) (¢| [¢) (¢| =
|¢) (¢| = Py. In fact, this property completely characterises projection operators.



e Hermitian conjugation: the hermitian conjugate (or adjoint) A of an operator A is obtained
by interchanging the columns of the operator by its rows, and taking the complex conjugate of all
elements. For example:

A:{Sii —11}_””:[_12' SJZFZ] (18)
Some properties of the adjoint are:
a) (AT =4
b) (AA)T = A+ Al
¢) (A+B) = At + BT
d) (AB)! = BT AT,
e) (Ju) (w)' = o) (ulf]

The adjoint of a bra is its ket, and the adjoint of a ket is its bra. To obtain the hermitian conjugate
of an expression:

a) Replace constants with their complex conjugate: A — A*.

b) Replace operators with their Hermitian conjugates: A — AT,
c) Replace kets with bras: |¢) — (¢].

d) Replace bras with kets: (¢| — |¢).

e) Reverse the order of factors: A|¢) — (¢] AT

A special case of linear operators are unitary operators:

Definition 4. A linear operator U is said to be unitary if its inverse U~ is equal to its adjoint UT,
so that U=1 = UT and U'U = UUT = 1.

Another special case are Hermitian operators:

[ Definition 5. An operator A is said to be Hermitian if AT = A. }

and anti-Hermitian operators:

[ Definition 6. An operator A is said to be anti-Hermitian if AT = —A. }

An example of a Hermitian operator is the projector operator, as Pl = (|p) <¢>|)Jr = |¢) (¢] = Py.

1.4.1 Expected value of an operator

In order to define the expected value of an operator, we first need to define the matrix element:

Definition 7. Let [¢), |¢) be two kets, we call the matrix element of an operator A between |¢) and
|#) the quantity (| (A[¢)).

Note that the matrix element of an operator A between |¢) and |¢) is a complex number, and it is equal
to the scalar product of [¢)) with the ket A |¢p). If we now define the expected value of an operator:

> Proof: (| (lu) (v)" [) = [(¥] (Ju) (W) [9)]" = (lu)" (v])" = (ult) ($lv) = (@) (ult)) = (¢ (|v) (ul) [4)). This means all

projector operators are self-adjoint!




Definition 8. The expected value (A), of A in the state |¢)) is defined as the matrix element of A
between |1¢) and itself:

(A)y = (IAlY) (19)

It is easy to see that, if 1)) is chosen to be a normalised eigenvector of A, then the expected value of A in
the state |¢) is equal to the eigenvalue A\ of A corresponding to the eigenvector [i)):

(Y| A[Y) = (| (Ale)) = (@[ (M) = A{lip) = A (20)
This means that, for an arbitrary vector |¢) expressed as a linear combination of eigenvectors [1;) of A:
= cilti) (21)

we have:

(9|Alg) = ZZC Gy WAWJJ ZZC Gy ¢z|>‘ W)J ZZC CjA; @Z)z‘wj
i g
= Z Z C:Cj)\j(sij = ZC;‘(C’)\Z = Z |Ci‘2)\i (22)
% 7 7 A

1.5 Closure relation

For a set of vectors to form a basis of a Hilbert space H, they must fulfil the closure relation (also known
as the completeness relation). In simple terms, if the set of vectors fulfils the closure relation, it means
that with those vectors you can reach all possible directions in #, and any |¢) € H is a linear combination
of those basis vectors. In our general Hilbert space:

Definition 9. A set of vectors {|A;),|As2),...} in a Hilbert space H form a basis for H if and only if
they fulfil the closure relation:
1= |4;) (Al (23)

Proof of this relation is given in Section

1.6 Wave function space F

The wave function in quantum mechanics is an object whose modulus squared is a probability density
function. If we look back at Definition we can see that, from a physical point of view, the set H
is clearly too wide in scope for our purposes. We need to restrict it to a subset of H that is physically
meaningful. This subset is called the wave function space F, and it retains only the functions 1 of
‘H which are everywhere defined, continuous, and infinitely differentiable. In addition, the functions of F
must be normalizable by an arbitrary multiplicative constant in such a way that the area under the curve
9|2 is exactly equal to 1.

1.7 Basis of the wave function space

If {|¢)s)} is a basis for a Hilbert space H (in particular, the subset F), we can expand every arbitrary vector
|¥) according to this basis:

@) = el (24)

i
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so that we have®l

(Wil ®) = e (il @) = > eidyy =i (25)
J J

The choice of basis is arbitrary, and depending on the choice we make, we obtain different representations
of state space. There are many different representations, which often have to do with physical properties
of the system.

If you are familiar with basic quantum mechanics, you will probably have seen the position representation
of the wave function, W (7). This representation of state space is particularly useful for working with
position in a quantum system. However, it is not the only representation of state space that can have.
What does this mean? Well, here, there is an important concept to understand, which is the difference
between a vector and its representation: a vector is a mathematical entity that, once defined, is the same
all the time, no matter where we look at it from or which basis we express it in. Its representation, however,
may differ, depending on which basis we choose to represent it in. If the basis changes, the coordinates
will also change, even though the vector is still the same.

For example, a vector U = (a,b) expressed in the basis B = {(1,0), (0,1)} will change to vp = (b/2,a)
when expressed in the basis B’ = {(0,2), (1,0)}. The coordinates of the vector have changed, but we can
see that both representations refer to the same vector:

oo () o0 ()= 2 () v (1) < o

Just as in this example, the position representation of the wave function vector space is only one of its
many possible representations. The functions ; (7) form the basis for the position representation of state
space. Other representations, like the momentum representation, can be useful in certain situations, as we
will see later on.

1.8 Representations in state space

When studying quantum mechanical systems, we need a way to represent quantum states. We do that by
choosing an orthonormal basis, either discrete or continuous, in the state space F. Vectors and operators
are then represented in this basis by numbers: components for the vectors and matrix elements for the
operators.

As we mentioned before, the choice of a representation is, in principle, arbitrary. In fact, it depends on the
particular problem being studied: in each case, one chooses the representation that leads to the simplest
calculations.

Most useful bases come as eigenstates of some pertinent operatorﬂ So far, we have mentioned the position
and the momentum representation. These bases deal with the position and momentum operators, but you
can think of many others. For example, the eigenstates of the Hamiltonian for some physical system are
often used, especially when solving the Schrodinger equation. These might also be infinite dimensional but
can be discrete, as opposed to the continuous bases of position and momentum.

1.8.1 General representation

For a general representation of state space (wave function space, F), the elements of F are functions

—

w(é), #(€), and the inner product in F is defined as:

54;; is known as Kronecker’s delta, and is equal to 1 if 4 = j and 0 otherwise.

"We will see some examples when we talk about angular momentum, but the idea is that, if we represent the state space
in the basis of eigenstates (analogous to eigenvectors) of an operator, then that operator will be expressed in that basis as a
diagonal matrix, where the elements of the diagonals are the eigenvalues of the operator. This makes calculations very easy.



—
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The length (norm) of a vector is given by:

tength (4(8)) = |/ (¥(&), ¥(©) = \/ [ @ui@iaé - \/ vl (28)

As the vectors of the basis {¢;} of F are orthonormal, we have that:

(#:(9). ¢4(8)) =0y (29)

1.8.2 Discrete orthonormal bases

A discrete orthonormal basis is defined as:

Definition 10. A countable set of functions {u;} is called orthonormal if:
(Ui(g), UJ(5)> = 0ij (30)

And it constitutes a basis for F if every function in F can be written as a linear combination of the
functions of the basis in exactly one way:

P(€) = Z ciu(€) (31)

with the coefficients being:
= (w). v@) = [ i@k (32)

Note that, in a discrete orthonormal basis, all basis vectors u; are elements belonging to F. In other
words, every basis vector u; is a valid physical state for the system in the space F. As we will see, this
will not be the case for continuous orthonormal “bases”[

“We will soon justify the use of “-” here.

For a discrete orthonormal basis, we can express the scalar product in terms of the components as:
(6, w(©@) = [ X bui(@ D eus(@ | = Yo bie (wld), w(@) = D biedy = e (39)

i J i J (2] (
With a similar proof as in Section we can find the closure relation for a discrete orthonormal basis:

06 = S i@ = 3 (w8, @) (@ = X ( [ ut(@)0()a€ ) (@) -

-/ (Z uf(f*')ui(*)) $(@)ad (34)

Therefore, the term in the parenthesis must be equal to 1 for E = 5_7 and zero for every other case, so we



obtain the closure relation for a discrete orthonormal basis

> ur(@)ui(€) = 5(€-€) (35)

i

1.8.3 Continuous orthonormal bases

A continuous orthonormal basis is defined as:

-~

Definition 11. A continuous set of functions {ws}, labelled by a continuous index «, is called or-
thonormal if:

(wa(d), ww() = dla—a) (36)

And it constitutes a basis for F if every function in F can be written as a linear combination of the
functions of the basis in exactly one way:

(@) = / e(e)walE)dr (37)

() = (wal), 9(®) = [wa(@v(@a (38)

Note that, (we(&)|wa (€)) = §(cv — o) implies that the functions w, are not normaliseableﬂ so these
functions are not vectors in F. Therefore, strictly speaking, they cannot be a basis for F. In other
words, basis vectors w, are not valid physical states for the system in the space F. Rather, they are
a mathematical tool that can help us to perform calculations in certain scenarios, and are formalised
in what is known as a rigged Hilbert spaceﬂ However, we will still refer to them as “basis vectors” for
simplicity.

“As (wa(E)|war (€)) = 8(ar — o) would imply that [|wa|? = (wa(€)|wa(§)) = 6(a — a) = oo # 1. So, it turns out that
any basis in F has to be a discrete basis with an orthogonality condition expressed in terms of a Kronecker delta instead
of a Dirac delta.

®See this (https://shorturl.at/efqO2) and this (https://shorturl.at/kqGUO) post for more information.

For a continuous orthonormal basis, we can express the scalar product in terms of the continuous
coefficients as:

With a similar proof as in Section we can find the closure relation for

(60, w(&) = [ steranl@ia. [ cterou(@aa) =

_ / ( / b*(a)c(a')(wa(g),wa,({))da> do/ = / ( / b ()e(a)d(a — o/)da) do/

= /b*(a)c(a)da (39)
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a continuous orthonormal


https://physics.stackexchange.com/a/623416/283847
https://physics.stackexchange.com/a/359982/283847

Therefore, the term in the parenthesis must be equal to 1 for E = 5_7 and zero for every other case, so we
obtain the closure relation for a continuous orthonormal basis:

[ wi@n@ida = (o), wn(@) =5~ €) (a1)

Fourier transform
Take the inverse fourier transform of the position wave function, for example:
. 1 _ - . _ o . 1 P
W= = / P(p)eP T = / Py, vplf) = ——=T/" (planc wave)  (42)
Notice that this is the same as:

(@) = / c(a)wa(E)do (43)

where:

—

o — P (continuous index), c(a) = ¥(p), wa(§) — vy(F) (basis functions) (44)

And the “continuous coefficient” function 1 can be found as:
W) = (0 0) = [ vpw(rar (45)

It would seem that the set of uncountable vz functions is a basis for F, however, the integral of ‘vﬁ(F) ‘2 = ﬁ
diverges, so vy(7) ¢ F.
Delta function

In the same way, we can introduce the set of functions {& (7)} of 7, labelled by the continuous index 7
and defined as:

&y (7) = 6(7 = 70) (46)
{& ()} represents the set of delta functions centered at each of the points 7 of space. Clearly, & (7) is
not square integrable, so &z (7) ¢ F. Then, consider the relations:

b(i) = / Do) (F — 7o) dPro = / B(7o)er (7) dro (47)

(7o) = (Erpo ) = / 5(7 — o)) dor = / & () dr (48)

Equation expresses the fact that every function (') € F can be expanded in terms of the &, (7) func-
tions in exactly one way. Equation shows that the value of the “continuous coefficient” corresponding

to &g, (7) is preciesly ¥(7).

The usefulness of the continuous bases that we have just introduced is revealed more clearly in what
follows. However, we must not lose sight of the following point: a physical state must always correspond
to a square-integrable wave function. In no case can v;(7) or &z (7) represent the state of a particle. These
functions are nothing more than intermediaries, very useful in calculations involving operations on the
wave functions v (7) which are used to describe a physical state.

1.9 Matrix formulation of quantum mechanics
1.9.1 Matrix representation in discrete bases

Recall that, for a basis {|¢,)} of F, we can write any [1)) € F as a linear combination of the basis vectors:
V) = Z Cn |¢n> (49)

11



where ¢, = (¢n|1)) represents the projection of |¢)) onto |¢y). So, within the basis {|¢n)}, the ket |¢)) is
represented by the set of its components, ¢y, cg, ..., along |¢1), |p2) , ..., respectively. Hence, we can write
the ket [¢)) as a column vector:

(P1]4) c1
o | ] [ o
<¢n‘w> Cn

The bra (1] is represented by the row vector:
W= ((Dlr) (@lg2) .. (@lon)) = ((o[)" (S2l)™ ... (dal)") = (cf & ... ;) (51

Just as kets and bras are respresented by column and row vectors, respectively, operators are represented
by square matrices.

1.10 Eigenvalues and eigenvectors of an operator

We can define the eigenvectors of an operator as:

c N
Definition 12. A state vector [¢) is said to be an eigenvector (also called eigenket or eigenstate) of
an operator A if it is a solution of the eigenvalue equation:

AlY) = al) (52)

where a is a complex number, called an eigenvalue of A.
L J

Some theorems regarding eigenvectors and eigenvalues are:

e N
Theorem 2. The eigenvalues of the inverse A~! of an operator A are the inverse (with respect to the
multiplication, 1/a) of the eigenvalues a of A. Proof:

Aly) = aly) - AT AR) = aAT [y) = ) = adT g) = AT [y) = % [¥) (53)

Theorem 3. For a Hermitian operator A, all of its eigenvalues are real and the eigenvectors corre-
sponding to different eigenvalues are orthogonal”

“Proof in Section

Theorem 4. If two Hermitian operators, A and B, commute and if A has no degenerate eigenvalue,
then each eigenvector of A is also an eigenvector of B. In addition, we can construct a common
orthonormal basis that is made of the joint eigenvectors of A and B[]

“Proof in Section

1.11 Position representation of state space
In the position representation, the basis consists of an infinite set of vectors {|7)}, which are eigenkets of
the position operator R:

R|ry = 7| (54)

12



where 7, the position vector, is the eigenvalue of the position operator R. The orthonormality and com-
pleteness relations are given byﬂ

(i) = o(7 —7") (55)
JGGEES (56)

And every state vector 1) can be expanded in terms of the position eigenkets |7) as:
v = [ @ e = [o@1nds 67)

where the wave function ¢ (7) = (7]¢)) denotes the components of |¢)) in the {|F)} basis. The quantity
| (7)) |2d3r = |[¢(7)|2d®r represents the probability of finding the system inside the volume element d>r.

The scalar product between two state vectors |¢) and |¢) can be written as:
hor =l ([ 1 @1ee) )= [ @er @ ar = [ o @ (58)

Since R|F) = 7|, we can write:

B = 7" |7) = (7| B 17 = /|7 1) = /| BR17) = 7o — ) (59)
Note that the operator Ris Hermitian, since:

i) = [ 1o o) = | [ <f1¢>f<f1¢>>*]* — (pIR 19" (60)

1.12 Momentum representation of state space

The basis {p} of the momentum representation is made of the eigenkets of the momentum operator P:

Pp) = 7p) (61)

where p, the momentum vector, is the eigenvalue of the momentum operator P. The orthonormality and
completeness relations are given bym

@) = 6 -7 (62)
/ 7 Pl d*p =1 (63)

And every state vector |¢) can be expanded in terms of the momentum eigenkets |p) as:

) = / B10) [7) dp = / ¥(5) ) d*p (64)

where the expansion coefficient ¥(p) = (pl¢) is the momentum space wave function. The quantity
| (pl) |?d3p = | ¥ (p)|?d>p represents the probability of finding the system’s momentum inside the momen-
tum volume element d3p located between p and p'+ dp.

The scalar product between two state vectors |¢) and |¢) can be written as:
hor =l ([ 1061 9) 10) = [ oy o) = [ @iy (65)

Since P |p) = p|p), we can write:

P"p) =p" |p) = (0| P"|p) = @™ |p) — (§'| P" p) = p"6(P —P) (66)
9Remember that elements of an uncountable set of functions such as this cannot be elements of F.

10Remember that, as in the position representation, elements of an uncountable set of functions such as this cannot be
elements of F.
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1.13 Connecting position and momentum representations

When changing from the {7} basis to the {p} basis, we encounter a transformation function (7]p). To find
the expression for this transformation, let us establish the following relations:

() = (7 ( / 17 (71 d3p> ) = / (7P () dp = / () U () dp (67)
which, as () = (F|¢)), means:
() = / (75 ¥(5) d*p (68)

Similarly, we find:

() = (519) = (7 ( [ d3r) o) = [ o) ) e = [ v (69)

(p) = / @R () dr (70)

Equation and Equation imply that ¢ (7) and ¥(p) are Fourier transforms of each other. In
quantum mechanics, the Fourier transform of a function f(7) is given as:

1 ip
f(7) = i /ep Thg(p) dPp (71)
Hence, the function (7]p) is given by:
L igem
(Flp) = Wew /h (72)

This function transforms from the momentum to the position representation. The function corresponding
to the inverse transformation, (p|7), is given by:

(017 = ()" = Gy 7" (73)

The quantity | (7]p) |? = (zﬂlh)g represents the probability of finding the system at the point 7 when its

momentum is p.

1.13.1 Momentum operator in the position representation

To determine the expression for the momentum operator P in the position representation, let us calculate:

#Pw) 2 ) ( [ d3p) )= [ 1P e 2

= [rom e @S s [Ty (74)

(27h)

Now, since pe?™/" = —ihVeP /" and using Equation we can write:

1

G | @) = —in® ([ @10 o) ) =i ) )

(#1Bl) = —in¥ ( o

"Here, we insert the closure relation.

2Here, we have used that P [¢)) = 5|p).
13Here, we have used the definition of the transformation function from the momentum to the position representation,
defined in Equation @
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So, the momentum operator acting on the state [¢)) is expressed in the position representation as the
differential operator:
P = —ihV (76)

acting on the wave function ¢ () = (7]¢)). Thus, the momentum operator is represented by the differential
operator —¢AV in the position representation.

1.13.2 Canonical commutation relations

Calculating the separate terms of the z-component commutator of the operators R and P in the position
representation, we find:

X Po() = —iha &gf) (77)
0 OP(F)
P, Xy(F) = Zh%(:mb(r)) = —ih)(7) — ihx o (78)
so that: 5 B (F
(X, () = XPai(s) — PoX() = —ihe 00 i)+ ina 0 —ingy (70
Therefore:
[X, P;] =ih (80)
Likewise, it can be shown for the y and z components:
Y, =ik, [ZP]=ih (s1)
We can also check that, crossing different components:
(X, P =[X,P]=[Y,P]=[Y,P.]=[Z P] = [Z,P)] =0 (82)

With this, and the fact that the three degrees of freedom are independent] we arrive at the canonical
commutation relationsd™}

It is important to note that, even though the particular expression of an operator in different representations
may vary, it can be shown that the commutation relations for operators are representation independent.

1.14 Tensor product of two vector spaces

Up to this point, we have always talked about the wave functions of a single particle. However, even in that
case, one can consider a one-dimensional, two-dimensional or even three-dimensional wave function. It is
clear that the particularisation of the general state space F is not the same for functions of one variables
(we will call the 1D state space €;) as for functions of three variables (we will call the 3D state space, ¢r).
er and €, are therefore different spaces. Nevertheless, € appears to be essentially a generalisation of &,.
Does there exist a more precise relation between these two spaces?

In this section, we are going to define and study the operation of taking the tensor product of vector spaces,
and apply it to state spaces. This will answer, in particular, the question we have just asked: €7 can be
constructed from e, and another two spaces, €, and €., which are isomorphicm to it.

We give the following definition of the tensor product of two vector spaces:

14See the Comment on the three-dimensional state space in Section m

15For simplicity of notation, we use X, = X, Xy =Y and X, = Z.

18Tn simple terms words, isomorphic spaces “have the same structure”. Elements in isomorphic spaces can be mapped
one-to-one.
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Definition 13. Let €; and &9 be twﬂ vector spaces, of (finite or infinite) dimension N; and Ng,
respectively. Let vectors and operators belonging to €1 and 2 be denoted by an index (1) or (2),
respectively. The vector space € = 1 ®e5 is called the tensor product of €1 and &9 if there is associated
with each pair of vectors, |¢(1)) belonging to €1 and [1(2)) belonging to e2, a vector belonging to e,
denoted byﬂ

[p(1) @ [9(2)) = [¥(1)(2)) (84)

which is called the tensor product of [¢)(1)) and [¢(2)), and which satisfies the following conditions:
o It is linear with respect to multiplication by complex numbers:
a[[¥(1)) @ [$(2))] = [ [p(1)] ® [¢(2)) = [#(1)) @ (a|1(2))) (85)

e It is distributive with respect to vector addition:

[P (1) @ [Ixa(2)) + Ix2(2)] = [¥(1)) @ [xa(2)) + [#(1)) @ [x2(2))

161(1) + [92(1)] © [x(@)) = [$a(1)) @ (@) + (L) & (@) (86)

e When a basis has been chosen for €1, {u;(1)}, and for €9, {u;(2)}, the set of vectors |u;(1))®|v;(2))
constitutes a basis in €. If N; and N, are finite, the dimension of € is N1 Ns.

“This definition can easily be extended to a finite number of vector spaces.
This vector can be written as [1(1)) ® [4(2)) or [4(2)) ® | (1)); the order is of no importance.

1.15 Vectors in the tensor product space

Let us consider a tensor product € = £1 ® 2. Let us also consider a vector (1)) ® |x(2)) in e. Whatever
|1(1)) and |x(2)) may be, they can be expressed in the basis of their respective spaces, {|u;(1))} and

{lu(2))}, as:
=Y ailw(l),  [x(2) =Y blu2) (87)
i l
The expansion of the vector [¢(1)) ® |x(2)) in the basis {|u;(1)) ® |v;(2))} of € is then given by:

(1) © [x(2) Zazbnu@ ) @ [u(2)) (88)

Therefore, we obtain the following result:

Definition 14. The components of a tensor product vector [¢)(1)) ® |x(2)) are the products of the
components of the two vectors of the product [¢(1)) and |x(2)).

Note that a general vector in the tensor product space € can be written as:

Y) = ciglui(1)) ® [u(2)) (89)
2,1

Thus, by comparing this expression with Equation we can see that there exist vectors in € that cannot
be written as a tensor product of two vectors belonging to £; and 5. This is because, in general, there are
many cases where ¢; ; cannot be written as a product of two numbers a; and b;. However, any arbitrary
vector of € can always be decomposed into a linear combination of tensor product vectors belonging to €1
and es.
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1.16 Scalar product in the tensor product space

The existence of the scalar product in e1 and &9 allows us to define one in ¢ too.

( )

Definition 15. The scalar product of [¢)(1)x(2)) = [(1)) ® [x(2)) and [¢'(1)x'(2)) = |¢'(1)) @ [X'(2))

is defined as:
@' (WX @)Y (1)x(2)) = @' (Mp(1)) (X' (2)Ix(2)) (90)
Notice, in particular, that the basis {|u;(1)v;(2)) = |ui(1)) ® |v;(2))} of € is orthonormal if each of the

bases of €1 and &9 is orthonormal:

(ug (Dor (2)ui(V)vi(2)) = (ug (1)]ui(1)) (v (2)|vi(2)) = i dur (91)

(S )

1.17 Tensor product of operators

We define operators inside the tensor product space in the following way:

e )
Definition 16. Consider a linear operator A(1) defined in 1. We associate it with a linear operator
A(1) defined in €, which we call the extension of A(1) in €, and which is characterised in the following
way: when A(1) acts on a vector [¢(1)) ® |x(2)) of €, one obtains, by definition:

A [[H(1) ® [x(2)] = [AQD) [$(1)] ® |x(2) (92)
We obtain an analogous definition for an operator B(2) initially defined in e
B(2) [[9(1) ® [x(2)] = [¥(1)) ® [B(2) [x(2))] (93)

Then, the action of fi(l) on an arbitrary vector of ¢ is given by:
A1) ) = A1) | Y earlua(1)) @ (2 Z cig [A(L) |ui(1))] ® [vi(2)) (94)
il
and the action of B(2) is given by:

B(2) ) = B2) [ Y cirlui(D) ® [ou(2)) | = eiglui(1)) © [B(2) [0u(2))] (95)

il 1,1

Therefore, we obtain:

e )
Definition 17. Let A(1) and B(2) be two linear operators acting, respectively, in ;1 and €3. Their
tensor product A(1) ® B(2) is the linear operator acting in ¢, defined by the following relation which
describes its action on the tensor product vectors:

[AM) © BR){l$(1) @ [x(2)] = [A1) [»(1)] © [B(2) [x(2))] (96)

& J

Comment on extension of operators

The extensions of operators are special cases of tensor products. If 1(1) and 1(2) are the identity operators
in €; and &9, respectively, then:

(97)



By combining these expressions with Definition it is now very easy to deduce the expressions in
Definition [16]

It is also easy to show that any pair of such operators commute in €, by looking at the action of A(1)B(2)
and B(2)A(1) on an arbitrary vector of the basis of e:

AWBE) [us()) © [n(2)) = AQ) [[us(1)) © [B) [u()]) =
o = [A() [us(1))] @ [B(2) [n(2)] A0BE) - BAL) o9
BE)AW) Jua(1) @ [u(2)) = BE) [AD) [ua()] © [0(2))] =

= [A() [u:(1)] ® [B(2) n(2)]

As the result of the action of both operator products on the basis vectors is the same, the operators
comimute:

[A(1), B(2)] =0 (99)

Comment on the three-dimensional state space

Going back to what we said earlier about the state space ez being a generalisation of ., we can now see
that this is true. In fact, we can write:
EF=ELQEyR e, (100)

which means that every vector in ez is the tensor product of three vectors: one in each of those three
spaces. We can simplify the notation by writing:

|z, 2) = |2) @ y) @ |2) (101)

Then, we can also see that the operators X, Y and Z can actually be extended in ¢ as:
X=X@lel, Y=1Y®l, Z=191cZ (102)

We usually forget the tilde when we are working in €z, and write directly X, Y and Z, for simplicity, but in
order to understand fully what we are doing, we must remember the expressions in Equation These
give us new insight into the nature of these operators. X, Y and Z commute because, as we can clearly
see from these results, they actually act independently on different state spaces.

In fact, as we proved in the previous comment on extension of operators, any pair of operators fl(l) and
B(2) in ¢, that originally come from their respective operators A(1) and B(2) acting on different spaces
€1 and g9, commute in € = g1 ® 9. If we look back at Theorem |4, we can provide further proof of this
commutation relation between A(1) and B(2) by showing that they always have common eigenvectors: let
|Yn (1)) be an eigenvector of A(1) in 1 and |x,(2)) an eigenvector of B(2) in €3, with eigenvalues A, (1)
and A, (2) respectively. Then:

A [[9a(1)) ® [xa(2))] = [A1) [¥a(1))] @ |xa(2)) =
= (D) [ (1))] @ [xn(2)) = (103)
= (1) [[¥n(1)) @ |xn(2))]

so that [¢,(1)) ® [xn(2)) is an eigenvector of A(1) with eigenvalue A,(1). But we can also find the same
relation for B(2):

B(2) [[¢n(1)) ® [xn(2))] =
2))] = (104)

so that |1, (1)) ® |xn(2)) is also an eigenvector of B(2) with eigenvalue \,(2). Thus, A(1) and B(2) have
common eigenvectors, and therefore commute.
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Note: this does not mean that any pair of commuting operators, which have common eigenvectors, can be
extended in a tensor product space. For example, as we will see in coming sections, the operators L? and
L, commute, and have common eigenvectors, but they cannot be extended in a separate tensor product
space, because they both act on the same space €.
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2 Postulates of Quantum Mechanics

2.1 Introduction

Quantum mechanics is based on a number of postulates, which themselves are based on a range of experi-
mental observations. These postulates cannot be derived, and they result exclusively from experiment.
They are the minimal set of assumptions that one needs in order to build the theory of quantum mechanics.
The validity of the postulates of quantum mechanics can only be determined inferentially:
the theory works extremely well when predicting experimental results, so the postulates must also be valid.
This represents its experimental justification.

The first four postulates concern the state of a system at a give time, whereas the last postulate concerns
the time evolution of the system.

-

Postulate 1. State of a System: The state of any physical system is specified, at each time ¢, by
a state vector [¢(¢)) in a Hilbert space #; [1(t)) contains (and serves as the basis to extract) all the
needed information about the system. Any superposition of state vectors is also a state vector.

~

Postulate 2. Observables and Operators: To every physical quantity a, called an observable
or dynamical variable, there corresponds a linear Hermitian operator A whose eigenvectors form a
complete basis.

Postulate 3. Measurements and Eigenvalues of Operators: The measurement of an observable
a may be represented formally by the action of its operator A on a state vector [¢)(t)). The only
possible result of such a measurement is one of the eigenvalues a,, (which are real) of the operator A.
If the result of a measurement of A on a state |¢(t)) is a,, the state of the system immediately after
the measurement changes to [t),,).

Postulate 4. Probabilistic Outcome of Measurements:

e Discrete Spectra: When measuring an observable a of a system in a state [i), the probability
of obtaining one of the non-degenerate eigenvalues a,, of the corresponding operator A is given
by:

| (Wnle) P
@)

where |1),,) is the eigenstate of A with the eigenvalue a, and we have assumed that the state is
normalised. If the eigenvalue a,, is m-degenerate, P, becomes:

Pn(an) = = | (Wnle) |2 (105)

S W) P &
P, (ay) = == (i ) | 106
(an) o ;I | (106)
where, again, we assume normalised states.

The act of measurement changes the state of the system from [¢) to [¢;,). If the system is already
in an eigenstate [¢,) of A, a measurement of a yields with certainty the corresponding eigenvalue

an: A |wn> = an W}n)
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The mean value of an observable for a state |i) can be then calculated as:

a)y, = anPu( ZanZ\ (Wi l) |2 Zanz (W) (i) =

m

=33 (Wlanlpd) (Wil = ZZ WIA[E) (Whle) = (1A DD |wh) Wil| [b) =

n j=1 n j=1 n j=1
= (Y| Aly) (107)

e Continuous Spectra: we can extend the previous relations to continuous spectra to determine
the probability density that a measurement of A yields a value between a and a + da on a system
which is initially in a state [¢)):

dP(a) _ | (Wal) 2
da ~ (0l)

where, again, we assume that the state |¢) is normalised.

= | (al®) |? (108)

The mean value of an observable for a state [¢)) can be then calculated as:

@y = [ adP@) = [ al @alt)Pda= [ a (i) (alv) da =

- / (] ala) (balt) da = / (] Atpa) (balt) da = (9] A ( / ) (el da) )
= (Y[Al) (109)

(. J

e )
Postulate 5. Time Evolution of State Vectors: The state vector |i(t)) of a system evolves in
time according to the Schrodinger equation:

o)
in = = H () (110)

where H is the Hamiltonian operator corresponding to the total energy of the system.
& J

2.2 Observables and operators

An observable is a dynamic variable that can be measured. According to Postulate a Hermitian
operator is associated with every physical observable. In previous sections, we have seen that the position
representation of the linear momentum operator is given by:

P = —ihV (111)

In general, any function f(7,p) can be “quantised” (made into a function of quantum operators) by
replacing 7 and p with the position and momentum operators R and P, respectively:

f(7,p) — F(R, P) (112)

Some examples of operators are shown in Table
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Observable Corresponding Operator

—

7 R
I3 P=—hv
T=L T =Ly
E=2Z 1 V(1) H=-2v2 V(R 1)
L=Fxp L=—ihRxV

Table 1: Some observables and their corresponding operators.

2.2.1 Compatibility of observables

Two observables a and b are said to be compatible if their corresponding operators A and B commute.
This means that there exists a common set of eigenvectors for both operators. In other words, if |,,) is
an eigenvector of A with eigenvalue a,, then it is also an eigenvector of B with eigenvalue b,. It is said
that such pair A and B of observables form a complete set of commuting observables (CSCO).

Two observables can only be measured simultaneously if they are compatible, and this is a fact that is
tightly connected to Postulate when we measure an observable (we can think of this as applying
its operator to the state), we obtain one of the eigenvalues of the operator, and immediately the system
changes to the eigenstate corresponding to that eigenvalue. In order to be able to measure two different
observables at the same time, the system must be able to change to an eigenstate that is common to both
operators. This is only possible if the operators commute, because for two operators to share the basis of
eigenvectors they must commute.

Furthermore, for commuting operators, it does not matter in what order we measure their corresponding
observables. Measurement of one does not affect the measurement of the other. On the other hand,
for non-commuting (incompatible) operators, measurement of one produces loss of information for the
measurement of the other.

2.3 Conservative systems

When the Hamiltonian of a system does not depend explicitly on time, the system is said to be conser-
vative. In classical mechanics, the most important consequence of such a situation is the conservation of
energy over time. This also means that the eigenvalues and eigenvectors of the Hamiltonian operator are
constant over timﬂ In other words, the energy of the system is a constant of motion. Then, any
state can be expanded in terms of the eigenvectors of the Hamiltonian operator:

() =D e [n),  cnlt) = (nlv(t) (113)

In this case, the time evolution of the state vector |¢(t)) is given by the time-dependent Schrodinger
equation:

Qb O _ (yaippiey B in 22 = et (114
which has the solution:
cn(t) = cp(to)e Enlt=to)/h (115)
Therefore:
= calto)e T M) o eu(to) = (altb(to)) (116)

17 Actually, eigenvectors can change over time, but only by a phase.
8Here, we use the eigenvalue equation: (¢n| H = E,, (1n| so that (¢, |H|[1(t)) = En (n|1(t)) = Enca(t).
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and, for a continuous spectrum:

(1)) = /C(E,to)e_iE(t_tO)/h\wm dE,  c(E,to) = (YEl¢(t)) (117)

2.3.1 Stationary states
A stationary state [i(t)) is a state that does not present any observablﬂ change over time. They

exist only in conservative systems, although not all states in a conservative system are stationary. For a
stationary state, it is verified that the probability density function does not change over timﬂ S0:

@) 12 = ([ (to) I = (1)) = [ (to)) (118)

for a certain real function a(t). Using the time-dependent Schrodinger equation:

L O[Y()
th——p— = H[y(t)) (119)
we obtainfT}
eia(t) eioz(t) .
iha|7§§t)> = ih8 (W(toa)g ) =ih|Y(to)) L a1 ) = ih|1/)(t0)>ia’(t)€la(t) =
= —ha! (t) [0(1)) = H [(1)) (120)

Which means that |¢(t)) is an eigenstate of the Hamiltonian operator with eigenvalue —ha/(t). As the
system is conservative, the eigenvectors evolve only by a phase and the eigenvalues of H are constant, we
have [4(t)) = [¢,) €®) and o/ (t) = o:

—ha! i) €9 = H [thy) ¢ (121)
It is now easy to see, looking at Equation that:

[h(1)) = [pn) e~ U=t/ (122)

Therefore, we can define:

Definition 18. Stationary states are eigenstates of the Hamiltonian of a conservative system. They
evolve in time only by a phase, which is to say that they do not present any observable change over
time.

2.3.2 Constants of motion

A constant of motion « is an observable that does not depend explicitly on time, and whose operator A
commutes with H: iA
— =0, H Al=0 123
= (1, 4] (123)
Then, by Theorem [4] there is always a system of common eigenvectors for H and A. These eigenvectors
are stationary states, and their eigenvalues are called good quantum numbers.

19Meaning that any measurement of any observable always yields the same value.

20Remember that, in general, the shape of the probability density function can change, but the state must remain normalised.
It is in the particular case of stationary states that the shape is maintained also.

*1Note that |1 (to)) is a constant, and can be taken out of the derivative.
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2.4 Superposition and interference

Superposition in quantum mechanics does not work in the way we would expect from classical mechanics.
Take the double slit experiment as an example. According to the classical superposition principle, the light
intensity distribution on the screen is given by the sum of the intensities of the two waves coming from the
two slits. In quantum mechanics, however, the light intensity distribution on the screen is proportional to
the square of the sum of the amplitudes of the two waves coming from the two slits:

I(7,t) o< [a (7 1) + o (7 D) = [a (7, 6)1% + a7 )17 + | 0] (F (7, 1) + o (F w3 (Ft) | (124)

This extra term that appears as a result of the interference of the partial amplitudes is the origin of the
interference phenomena in quantum mechanics.
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3 Angular Momentum

3.1 Orbital angular momentum
3.1.1 Classical orbital angular momentum

In classical mechanics, the angular momentum of a

particle relative to some axis is defined as: axis of
o, L=rx

. rotation p

L=rxp (125)

where 7 is the position vector of the particle with
respect to a point on the axis of rotation and p’is -
its momentum. — —

The total angular momentum of a system of parti- (
cles is the sum of angular momenta of the individual )
particles: — -

Etotal = ZFZ X ﬁz (126)
7

The total angular momentum varies in time accord-
ing to the net external torque, which we can obtain
by differentiating the total angular momentum with respect to time:

Figure 1: Classical orbital angular momentum

. . dLiotal
Ttotal = § Text,i = C‘;:ta (127)
7

It follows that the total angular momentum of a system is conserved if the resultant external torque acting
on the system is zero.

3.1.2 Orbital angular momentum in quantum mechanics

As discussed in Section to obtain the quantum mechanical operator for orbital angular momentum
from its classical definition, we can apply quantisation to the classical expression provided in the previous
section:

L=RxP=—ihRxV (128)
For a system of (spin-less) particles, the total angular momentum is defined as:

Liotar = »_Ri x P, (129)

The different cartesian components of the angular momentum operator are:

L,=YP,—ZP,=—ih <Y(;9 — Za>

z Ay
L,=7ZP,— XP, =—ih ZQ—X2 (130)
v N Oox 0z
. 0 0
L,=XP,-YP, = —ih (Xay — Y@x)
We can also define the square of the angular momentum operator:
PP=L4+1+ L2 (131)

As expected from operators corresponding to observables, all angular momentum operators are Hermitian.

25



3.1.3 Commutation relations

The commutation relations for the orbital angular momentum operators are:

[La, L) = LoL, — L,L, = ihL,
[L,,L.] = LyL, — L.L, = ihL, (132)
[L.,L,] = L.Ly — L,L, = ihL,

3.2 General formalism of angular momentum

We have just defined the orbital angular momentum. However there exists a more general formalism of
angular momentum, which is the total angular momentum. Its corresponding operator is J. In the case
that the only contribution to the total angular momentum is the orbital angular momentum, then J=1L.
Thus, all we will see in this section can be identically applied to orbital angular momentur@

J? is defined by its three components that satisfy:

[Ja, Jy] = il
[y, L) =ihdy  JP=J24+ T2+ [JELD]=0 (k=ugy,2) (133)
[, Jo] = ihJ,

Thanks to these commutation relations, we know that we cannot measure the three components of the
total angular momentum simultaneously. However, we can simultaneously measure the total angular
momentum squared J? and one of its components. It is possible to find simultaneous eigenstates of J? and
any component of J. However, we can only choose one component of J to be measured simultaneously
with J2. By convention, we choose J,, so that we work with a basis of eigenvectors that is common to J?
and J, in all our calculationﬂ

FEigenstates of the total angular momentum operators
Let us now look for the joint eigenstates of J? and .J, and their corresponding eigenvalues. Denoting the
joint eigenstates by |, 8), and the corresponding eigenvalues of J? and .J, by h?a and hf3, respectively, we
have:
I o, B) = ha |, B)
Jzla, B) = hB|a, B)

The factor A is introduced so that o and 5 are dimensionless. We also assume that the eigenstates are
orthonormal.

(134)

Now we need to introduce raising and lowering operators J, and J_, respectively, which are defined as:

Jy = J, £iJy (135)
This leads to: 1 1
Te= s+ 00) Jy= (=) (136)
hence: ) 1
Jﬁzz(J_%+J+J_+J_J++JE) ng—i(Ji—J+J_—J_J++JE) (137)

Using the commutation relations from Equation we can easily obtain:

[(J2,Je)=0  [Jy,J|=2h,  [J.,Js] = th]s (138)

22In general, the total angular momentum is the sum of the orbital angular momentum and the spin angular momentum.
The spin angular momentum is a purely quantum mechanical phenomenon, which we will discuss in Section
Z3Note that this is just a convention. There is nothing special about the z direction compared to = and y.
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And also:

Jpdo = T2+ I+ RS =J%— J}+ R,

a (139)
J_Jy=J7+J)—h.=J%—J;—hJ.

These relations lead to:

- 1
J2=JpJe+ J2Fh], = S+ T Jy) + J? (140)

Since Jy do not commute with .J,, the kets |a, 3) are not eigenstates of Jy. Using the expressions in
Equation [138] we can obtain:

J(Je |, ) = (Ju o £ M) |, B) = Jo - |a, B) £ W |a, B) =

(141)
= hBJx |a, B) + hJy |a, B) = k(B £ 1)(J< |, B))

hence the ket J+ |a, B) is an eigenstate of J, with eigenvalue h(8+1). Since J 2 commutes with .J,, Jx |av, 3)
is also an eigenstate of J 2. Using Equation again, which tells us that J 2 commutes with J+, we can
determine the eigenvalue, which is h?a:

T Iy |, B) = JaJ? |a, B) = JulPa|a, B) = KPa(Jy |a, B)) (142)

If we rewrite Equation and Equation in terms of |/, 8) = J4 |a, B):

JZ |O/,B/> = h’(ﬁ + 1) |Oé,, B,>

R 4
J2 ‘04/7B/> _ hQOt |a/76/> (]' 3)

and if we compare with Equation we can infer that o/ = o« and 3’ = 8 & 1. In other words, the ket
J1 |a, B) is proportional to |a, 8 £+ 1) (any eigenket multiplied by a constant is also an eigenket, although
it may not be normalised), and we can write:

Tila,B) = oy la, B £1) (144)

So, when the operators Ji act on a ket |«, 3), they do not change the first quantum number «, but they
increase (or decrease) the second quantum number § by one unit. Hence the names raising and lowering
operators.

Note that, for a given eigenvalue « of J 2 there exists an upper limit for the absolute valu of the quantum
number 3. This is due to the fact that the operator J 2 — J2 is positive definite, as the matrix elements of
J2-J2=J%+ J; > 0 are non-negative, so we can write:

(@, 8] (T2 = J2) o B) = (0= ) 20 = a> 4 (145)

Since 8 has an upper limit, Bpax, there must exist a state |, Smax) Which cannot be raised further:
J+ |Oé, ﬁmax> =0 (].46)
Using this, along with Equation we can obtain:

J_Jy |O‘7Bmax> = (jQ - Jf - th) ‘aa ﬁmax> = h2(a - ﬂglax - ﬂmax) |a75max> =0 (147)

hence:
a = Bmax(ﬁmax + 1) (148)

24That is to say, 8 is bounded from above and below.
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Since 8 has a lower limit, Sy, there must exist a state |o, Bymin) Which cannot be lowered further, which
we reach after n successive applications of J_ on |a, fmax):

J_ |, Bin) = 0 (149)
Using this, along with Equation we can obtain:

T o, Bnin) = (J 2 = J2 + hJ2) o, Brain) = (@ — By + Bmin) | Bmin) = 0 (150)

hence:
o= 6min(/8min - 1) (151)

Comparing Equation and Equation we can infer that:

ﬁmax = _/Bmin (152)

Since Pnin was reached after n successive applications of J_ on |a, fpax), it follows that:

Bmax = Bmin + 1, n €N (153)

Combining the last two equations, we obtain:

n

n
min = T 5 max — 154
Buin =~ P = (154)

Which means that Bpnax is either an integer or a half-odd-integer. We can now introduce the notation:

J = Bmax = m =3 (155)

n
2
hence, we can express « as:

a=j(j+1) (156)

And we can infer that the values of m lie between —j and j:
—j<m<j (157)

We can now summarise the results we have obtained so far:

Definition 19. The eigenvalues of J? and J. corresponding to the joint eigenvectors |7, m) are given,
respectively, by h2j(j + 1) and hm:

J2jm) =125 + 1) [j,m)  J.|j,m) = hm|j,m) (158)

where j =0, 1/2,1,3/2, ... and m = —j,—(j5—1),...,j —1,j. We see that the spectra of the angular
momentum operators J2 and J, are discrete. Since the eigenstates corresponding to different angular
momenta are orthogonal, and since the angular momentum spectra are discrete, the orthonormality
condition is:

<jlam/|j7 m> = 5j’,j5m’,m (159)

Let us now determine the normalisation constant C’;EB in Equation which we can rewrite in terms
of j and m as:

Jx|j,m) = Cj, j,m + 1) (160)

Since |j,m + 1) is normalised:
(i [, m)) (T j,m)) = [CF[? (Gom + 1], m +1) = |CF P (161)
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Since J4 = J; +iJy and the operators J, and J, are Hermitian, we have:
JL= (L +id) = Jf —idf =7, —id, = J_ (162)
So we can also write:

(Goml T Ty ljym) = (Goml LTy jym) = (T4 iy m) (s |, m)) = G5, 1 (163)

But since J_J; = J2 — J2 — hJ, and |j,m) is orthonormal, we can also write:

CHL 1P = (GymlJ_ Ty ljm) = (j,m|J? — J2 = h.|j,m) =

:<'
= < .7m‘j2’j7m> - <]7m|Jz2’.77 m> - h(.jvm"]z‘]a m> =
=

4o m|R25(j + 1)|j,m) — (j, m|R®m?|j, m) — h(j, m|hm|j,m) =

- o o o (164)
= th(] + 1) <J7m|j7m> - h2m2 <]7m|ja m> - h2m <]7m|j7m> =
=12+ 1) — h*m? — i®m =
=1(j(j +1) = m(m + 1))
So we conclude that2%t
Ol =1/i(+1) —m(m+1) (165)
Similarly, we can obtain:
Cin = 1/5(j + 1) — m(m — 1) (166)
So, we now have the raising and lowering operators completely defined:
Definition 20. The raising and lowering operators J; and J_ are given by:
Ji = Jp £ iJy (167)

Their action on a ket |j, m) raises or lowers the second quantum number m by one unit, respectively:

Jx|j,m) = h/j(j +1) —m(m £ 1) |j,m £1) (168)

3.2.1 Matrix representation of angular momentum

The formalism we discussed in the previous section is completely general and independent on the choice of
representation. There are many ways to represent the angular momentum operators and their eigenstates,
and in this section we will discuss the matrix representation of angular momentum, where eigenkets and
operators are represented by column and square matrices, respectively.

Since J2 and .J, commute, the set of their common eigenstates {|j,m)} can be chosen as a basis. This
basis is discrete, orthonormal and complete. The orthonormality condition and the completeness relation
can be expressed, respectively, as:

J
G mljym) =65 j0mim Y. Y lim) (Gym| =1 (169)

i m=—j

= hi\/3(j + 1) — m(m + 1)e*’. This is beacuse
is, in general terms, a complex number. As we have the freedom of choice, we take C;’m to be real and positive. The

Z5Note that here we would actually have to add a phase factor ¢? so that Cj";n
+

OFi

same argument applies to C;m.
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The matrix elements of the J2 and J. operators in this basis are:

G| 72 |jom) = 0255+ 1)5,50mm (170)

(', m| I, |4, m) = hmdjs j6mm
Clearly, J? and J,, are diagonal in this basis, their diagonal elements being A2j(j+1) and hm, respectively.
However, as J+ do not commute with J 2 and .J,, they are not diagonal in this basis. Their matrix elements
are:

('’ Jx [jm) = m/(G + 1) — m(m = 1)6jr 16, man (171)

The matrices of J, and J, are obtained by adding and subtracting the matrices of J; and J_, respectively,
as seen in Equation (136

1 1
Jx - §(J+ + Jf) Jy = 52<J+ - J,) (172)

3.2.2 Geometrical representation of angular momentum

—

The expected value of the angular momentum operator for a state |j, m), denoted as (J), is given by:

() = J(72) = G, ml T2, m) = B30+ 1) (173)

with z-component given by:
(J2) = (4, m|J:|4, m) = hm (174)

Recalling that J2 + Jg =J?— J2, we can also give the component of the angular momentum that lies in

the zy-plane as:
(Joy) = /(T2 +J2) = \J(J2 = I2) = W/j(j +1) —m? (175)

As expected, it is verified that:
— 2 . 72
(o) + (1) = (MGG + 1) = m2) "+ (hm)? = 12 + 1) = (J) (176)

Graphically, we can show this with a diagram like the one on Figure which shows the graphical
representation of the angular momentum j = 2 for the state |j, m) = |2, m) with m = -2,-1,0,1, 2.

In the classical sense, we can think of J2 as a vector whose endpoint lies on a sphere of radius i\/j(j + 1),
rotating about the z-axis along the surface of a cone, and whose projection on the z-axis has length hm.
The angle 0 between the z-axis and the vector .J 2 is given by:

cosf = <J_Z,> = fim m

)y miG+1)  ViG+D)
Notice that, as the values of the quantum number m are limited to —j, —(j — 1), ..., 7 — 1, j, the angle 6 is
also limited to a discrete set of 25 4+ 1 values.

(177)

Since all the orientations of J2 on the surface of the cone are equaly likely, the projection of J2 on both
the z-axes and y-axes averages out to zero. This can also be demostrated mathematically by calculating
the expected values of J, and J, using Equation [136}

. . 1 . 1 . 1 _
(Jz) = (j, m|Jz]j, m) = 3 (g, m|(Jy +J-)|j,m) = 3 (g, m|Jy |3, m) + 3 (J,m|J_|j,m) =

, ; (178)
= 5\/j(j +1) =m(m+1) (j,m[j,m+1) + 5\/j(j +1) —m(m—1) {j,m|j,m—-1) =0

) ) 1. ) 1. ) 1 . .
(Jy) = (g, m|Jyld,m) = — (4, m|(Jy — J-)|7,m) = — (4, m|Jy[j,m) — — (j,m|J_|j,m) =
2i 2i 2i (179)

= oG F D) G 1) Gomlom 1) — /G0~ mlm 1) mljm 1) = 0
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Figure 2: Graphical representation of the angular momentum j = 2 for the state |j,m) = |2, m) with
m = —2,—1,0,1,2. The radius of the circle is h\/j(j + 1) = hv/6.

3.3 Position representation of orbital angular momentum

As we already saw in a previous section, in the position representation, the orbital angular momentum
operators are given in cartesian coordinates by Equation However, it is more convenient to work in
spherical (or polar) coordinates, since, as we shall see, the various angular momentum operators act only
on the angular variables and and not on the r variable. We can rewrite the angular momentum operators
in spherical coordinates as:

(. 0  cosg O
Lo = 1h (Sm a0 " taneag)
. 0 sing 0
R 9 180
L, zh( COS¢89+tan98qb> (180)
L0
Lz = —’lh%

We can also rewrite the Ly and L? operators in spherical coordinates:

Ly = +het™® (8 + i cot 98>

a0 0
2 ¢ 2 (181)
I_:Q—_}f i+ié+ii
N 002 " tanf 00 = sin® 6 O¢?
Then, the original eigenproblem for a spinless particle can be written as:
L2l,m) =hA1+ 1)l
L.|l,m) = hm|l,m)
can be written in the r-representation as:
L2y (1,0, ) = B2 + 1)y m(r, 6,
Yim (1,6, 0) (U4 Dbim(r, 0, ) (183)

szl,m(ra 97 (Z)) = hmwl,m (’I”, 07 ¢)
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where, as the operators act only on the angular variables, the eigenfunctions are separable:
wl,m(n (9, ¢) = RZ(T)YEm<97 (b) (184)

The solution to the angular part of this eigenproblem are spherical harmonics:

Y6, 6) ¢ \/ @+1) (=D pr g i

4 (I + |m|)!
(185)
(=)™ ifm>0
E =

1 ifm<0

where P/"(cos ) are the associated Legendre polynomials, which are given by:
dm! 1 d

m _ _ 2ym|/2 % _ = %2y

Spherical harmonics are joint eigenfunctions of the operators L?and L., as both these operators commute.
We can therefore write:

L2Y™(0, ) = R+ 1)Y™(0, ¢) (187)
0

They are also functions with a well-defined parity, as they are eigenfunctions of the parity operator P:

PY/™(0,¢) = Y™ (1 — 0,7 + ¢) = (—=1)'Y,"(0, ¢) (188)

Also, the complex conjugate of a spherical harmonic is given by:

Y6, ¢)]" = (=1)"Y,""(0,¢) (189)

3.3.1 Values of m and !

Using L, = —ihd/0¢ (from Equation [180)), we can rewrite Equation as:

.0
=il ¥ (0.6) = hmY{"(0.0) (190)

From this, we obtain that Y;"(0, ¢) = F/"(0)e"™?. However, as wave functions must be continuous at all
points in space, we must impose that:

}/lm(aa ¢=0)= }/lm(ev p=2m)— 1= e (191)

We already had from the general formalism of angular momentum that m had to be either integral or half-
integral. Now, we have this additional condition that restricts m to being strictly integer, as half-integer
values of m would result in €™ = —1. But, if m is integral, then [ must also be integral. Therefore, we
can now define:

Definition 21. The eigenvalues of L2 and L, corresponding to the joint eigenvectors |l,m) are given,
respectively, by A2l(l + 1) and hm:

L2|l,m) =1+ 1) |l,m) L, |l,m)=hm|l,m) (192)

wherel =0, 1, 2,3, ...andm = —I[,—(l—1),...,l—1,1. We see that the spectra of the orbital angular
momentum operators L2 and L, are discrete. Since the eigenstates corresponding to different angular
momenta are orthogonal, and since the angular momentum spectra are discrete, the orthonormality
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condition is:
<lla m/|l7 m> = 6l’,l5m’,m (193)

Note that the m we use here is different to the one used in the general angular momentum J. In order
to tell them apart, this one we are using here is often denoted as m;.

3.4 Spin angular momentum

Spin angular momentum is one of the most fundamental properties of an electron and other elementary
particles, despite the fact that it has no classical analogue, in contrast to orbital angular momentum.
Its existence was discovered in 1922 by Stern and Gerlach, who observed that a beam of ground-state
silver atoms, which have no orbital angular momentum, split in two when passing through a non-uniform
magnetic field. This unexpected result, caused by the spin angular momentum of the 5s valence electron, led
them to postulate the existence of a new angular momentum phenomenon different from orbital angular
momentum, and they called it spin. The theory of spin is identical to the general theory of angular
momentum and, by analogy with the vector j, the spin is also represented by a vector operator S,

From the classical theory of electromagnetism, an orbital magnetic dipole moment is generated with the
orbital motion of a particle of charge g:

- qa

=—1L 194

A=~ (194)
where L is the orbital angular momentum of the particle, m its mass, and ¢ the speed of light. Similarly,
if we follow a classical analysis, we can define the spin magnetic dipole moment of a particle as:

" q g

HS:%

(195)
Although this expression cannot be derived classically, as there is no classical equivalent of spin, it can still
be postulated by analogy to the orbital magnetic dipole moment. However, there is one correction that we
need to make to Equation [195} it turns out that, for the electron, the orbital magnetic dipole moment is
actually twice its classical expression. For other particles, this ratio, which we call gyromagnetic ratio (or
Landé factor) gs, can vary. Taking this effect into account, we obtain@

—

o = 0,55 (190

When the electron is placed in a magnetic field B and if the field is inhomogeneous, a force will be exerted
on the electron’s intrinsic dipole moment; the direction and magnitude of the force depend on the relative
orientation of the field and the dipole. This force tends to align fig along g, producing a precessional
motion of g around B.

3.4.1 Quantum description of spin

Until now, we have studied the quantisation of orbital variables. With the position ¥ and the momentum p’
of a particle such as the electron, we associated the observables Rand P acting in the state space e, which
is isomorphic to the space F of wave functions. All physical quantities are functions of the fundamental
variables 77 and p, and the quantisation rules enable us to associate with them observables acting in 7. We
shall call ez the orbital state space.

To these orbital variables we have studied up until now, we will add the spin variables, which satisfy the
following postulates:

26The ratio g, can be obtained using Dirac’s relativistic quantum theory. For the electron, g, = 2.
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Postulate 6. The spin operator: The spin operator S is an angular momentum vector operator
whose components S;, Sy and S, satisfy the commutation relations of angular momentum operators:

[Sz, Sy] = 3hS;, [Sy, S,] = ihSg, [Sz, Sz] = ihS, (197)

Postulate 7. Spin state space: The spin operators act in a new space, the “spin state space” &g,
where S? and S, constitute a CSCO. The space €5 is thus spanned by the set of eigenstates |s, ms)
common to S?2 and S,:

S2|s,ms) = R2s(s+ 1) |s,ms), S, |s,ms) = hmg|s,my) (198)

where s =0, 1/2, 1, 3/2, ... and ms = —s,—(s — 1),...,s — 1, s. A given particle is characterised by a
unique, specific and immutable valud? of s: this particle is said to have a spin s. The spin state space
g5 is therefore always of finite dimension (2s + 1), and all spin states are eigenvectors of S2 with the
same eigenvalue s(s + 1)k

Similarly, we have:

Sy |s,ms) = Fn/s(s + 1) — mg(ms £ 1) |s,ms £ 1) (199)
where St = S, £14S,, and:
2
(52 = (52 = [s(s + 1)~ m] (200)

The spin states form an orthonormal and complete basis:

(s',mi|s,ms) = s 5O m, Z Z |s,ms) (s,ms| =1 (201)

s ms=—s

“For example, the electron has s = 1/2, the photon has s = 1, the proton has s = 1/2, the neutron has s = 1/2, etc.
The value of s is called the spin quantum number.

Postulate 8. The state space: The state space € of a particle is the tensor product of the orbital
state space ¢ and the spin state space &g:

E=€erQe€;s (202)

(. J

Note that the spin angular momentum is an intrinsic property of the particle. It has nothing to do
with motion of the particle in space. All angular momentum related to the spatial dependence of the wave
function is included in L. Therefore, spin angular momentum cannot be described by any function of the
position variables. An important consequence of Postulate [8]related to this is that all orbital observables
commute with all spin observables, as they act on different state spaces. Spin operators act on the spin
part and leave the spatial part unchanged, and vice versa. In other words, the spin of a particle and its
orbital motion do not affect each other.

3.4.2 Spin 1/2

In the case of a particle of spin s = 1/2, the spin state e is two-dimensional, as we have two possible values
of mg = £1/2. In this space, we will consider the orthonormal basis of eigenstates common to S2 and S,:

e For s =1/2 and ms = 1/2, we have |1/2,1/2) = |1) =

+)
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e For s =1/2 and mg = —1/2, we have |1/2,-1/2) = |]) = |-)
With this basis, we can write the eigenvaue equations from Equation as:
. 3 1
F2d) = SR}, S |x) =gl (203)

Matrix representation

Note from Equation that all kets of the basis of ¢4 are eigenvectors of 5?2 with the same eigenvalue
3h2/4. This causes S 2 to be proportional to the unity operator 1 of &,:

52 = Zrﬂn (204)

We can also see this by taking the matrix elements of E explicitly:

co _ [(HISPH) (HISA=)\ (AR () 3R (+-)) 3,0 (1 0) _ 3,
i ‘(<—|§2\+> <—r§2|—>)‘(§h2<—|+> eei) =1 1)=frr e

The matrix of S, can also be obtained easily from the eigenvalue equation:

_ (IS (IS =) (R () =R (=) B (10
SZ‘<<—\szr+> <—|sz\—>>‘<§h<—\+> —§h<——>>‘z<o —1) (206)

From Equation we can obtain:
Sy |+)=0

i) - (D)oo

(207)
S_|4) :h\/; <;+1> _ (; —1> =) = B|-)
S_|1-)=0
Therefore, the matrices of Sy and S_ are:
_ (FHISHH) (FHSH=) (0 A (01
se= (Ut Jsi0) =6 #0) =1 o) 208
_ (S (FS = (Rl 0y _ (00
== (T D) - 6D 0)-+G o) 2
And since S; = 5(S+ +5-) and Sy = (S} — S_), we can obtain the matrices of S, and Sy:
h (0 1 h (0 —i
S””:2<1 0)’ Sy:2<i 0) (210)

We can express the joint eigenvectors of S2 and S, in terms of two-element column matrices known as

H=(5) =) (211)

Any vector in the state space €, can be written as a linear combination of the basis vectors |+£):

SpINNOTS:

) =i [4) + e |-) (212)
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where ¢y are complex numbers. We can also write [¢) in the form:

= () (213)

C_

Pauli matrices

When s = 1/2, it is convenient to introduce the Pauli matrices, o, 0, and 0., which are defined as:

S = ga (214)
So that:
2 \? /2. \* /2.\?
VJS3+ 82+ 82 = g\/ag% + 02402 — \/<h5’x) + <h5y) + <hsz> —\Jo2+o2+02— (215)
Finally:
2 0 1 2 0 —i 2 1 0

3.4.3 Spin-orbit coupling

Spin-orbit coupling in hydrogen is an effect that arises from the interaction between the electron’s spin
magnetic moment, jig, and the proton’s orbtial magnetic field B.

The origin of the magnetic field experienced by the electron moving at ¢/ in a circular orbit around the
proton can be explained classically as follows. The electron, within its rest frame, sees the proton moving at
—4 in a circular orbit around it (Figure . From classical electrodynamics, the magnetic field experienced
by the electron is:

ﬁ . P I
B=——xE=— x E = X 217
c? meCQ m602 p ( )

where p' = m.¥ is the linear momentum of the electron and E is the electric field generated by the proton,
which is given by:

== (218)

I~
L
o]

+Ze

~|
|
o
|
~

me

P
I
S

—e +Ze

Figure 3: An electron moving in a circular orbit as seen by the nucleus (left) and the same motion as seen
by the electron within its rest frame; the electron sees the nucleus moving in a circular orbit around it
(right).

For a more general problem of hydrogen-like atoms (those with one valence electron outside a closed shell)

were an electron moves in the (central) Coulomb potential of a nucleus V(r) = —e¢(r), the electric field is
given by:
- 1o 17dV
E(r)=-V =-VV(r)=-——— 219
(7) = ~Vo(r) = 9V (r) = - 2 (219)
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So the magnetic field of the nucleus calculated in the rest frame of the electron is obtained by inserting
Equation into Equation

—

E 5 1 1dv 1 1dV -
Xp= —TrXp= — L

B= (220)

mec? emec2 r dr emec2 T dr
where L = 7 x P is the orbital angular momentum of the electron. The interaction of the electron’s spin
dipole moment jig = —eS /me with the orbital magnetic field B of the nucleus gives rise to the following
interaction energy:

HSO:—ﬁS-B:nis-B:néCQi‘??S-L (221)
This energy turns out to be twice the observed spin-orbit interaction energy. This is due to the fact
that Hgp was calculated within the rest frame of the electron. This frame is not inertial, for the electron
accelerates while moving in a circular orbit around the nucleus. For a correct treatment, we must transform
to the rest frame of the nucleus (i.e., the lab frame). This transformation, which involves a relativistic
transformation of velocities, gives rise to an additional motion resulting from the precession of jig; this
is known as the Thomas precession. The precession of the electron’s spin moment is a relativistic effect
which occurs even in the absence of an external magnetic field. The transformation back to the rest frame
of the nucleus leads to a reduction of the interaction energy computed before by a factor of 2:

1 14V

Hso S-L (222)

2m2c2 r dr

In order to obtain the quantum mechanical expression from this classically obtained result, one need only
replace the classical quantities S and L by their quantum mechanical operators.

For a hydrogen’s electron, V(r) = —e?/r and dV/dr = €*/r?, so that:

62

1
2m2c? r3

—

S-L (223)

Hso

If we consider only this as a standalone Hamiltonian, we can find the energy eigenvalues by taking S.L=
$(J%—L?— S?), which comes from expanding J % = (L + S)%

In terms of the Bohr magneton pup = eh/2m.:
12
Eso = ﬁ[j(j—i—l)—s(s—i—l)—l(l—kl)] (225)

The scales of energies associated with the spin-orbit coupling are about two orders of magnitude smaller
than the energies associated with the discrete atomic levels, so we can consider this energy Hgo as a
perturbation to the Hamiltonian of the hydrogen atom and use stationary perturbation theorﬁ to calculate
corrections due to the spin-orbit coupling:

P2 e? ,uZB S.L

H = H, Hop =
0+ Hso 2m. r = c2r3 R2

(226)

where Hj is the unperturbed Hamiltonian and Hgo is the spin-orbit coupling perturbation.

2THere, we have taken (I,mq, s,ms|Hsoll,mi, s,ms) = Eso (I, mi, s, ms|l,mi, s,ms) = Eso.
28We will discuss this in more detail in the next chapter.
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3.4.4 The Zeeman effect

As we have discussed in previous sections, the electron posesses both an orbital magnetic dipole moment,
fir,, and a spin magnetic dipole moment, fig. Both of these moments give rise to two energy terms when
the electron is submitted to a magnetic field g, —ir B and —ilg - é, whose sum we call the Zeeman
energy. Using Equation and Equation we can write the Zeeman energy asF_gI:

Hy—=—ji-B—jis- B=-1T.B+2§.8=_° (E+2§)-§ (227)
2me Me 2m€
We can write this in terms of Bohr’s magneton up = Qfge as:
Hy = ’%B (E+ 25*) B (228)

What we have just described is the energy corresponding to the so called anomalous Zeeman effect,
which takes into account the spin of the electron. The normal Zeeman effect is the case where we
only consider the orbital angular momentum of the electron, which yields the following expression for the
energy:

HZ:%BE.B (229)

The normal Zeeman effect
Let us first consider the normal Zeeman effect. For simplicity, we shall take B = Beé,, so that:

_ kBB

Hy 5

L, (230)

Solving the eigenvalue equation for the total energy H = Hy + Hyz, we find:

B
H|n,l,my) = (Ho+ Hz) |n,l,m) = Ho n,l,my) + NBT L. |n,l,my) =
B (231)
= Ey |n,l,m) + MBT hmy n, 1, my) = (E) +myppB) In,1,my)
Therefore, the difference between two consecutive energy levels for each value of n is given by:
AFE = ugpB (232)

Take the example of n = 2, where we have [ = 0, 1:

e When [ = 0, we will only have one value of m;, which is m; = 0. Therefore, we will only have a single
energy level:

— E()70 = Eg

e When [ = 1, we will have three possible values of m;, which are m; = —1,0,1. Therefore, we will
obtain three energy levels:
— Ei 1= EY — upB
— E19=EY

— E11 = EY+ upB

29Here, we have used the fact that g, = 2 and ¢ = —e for the electron.
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Overall, we have just three unique values of the energy. Experimentally, the way we would expect to see
this is by observing the splitting of the spectral lines of the atom in the presence of a magnetic field.
Instead of seeing one line, we would see three energy levels: one corresponding to the original level and two
at the levels shifted by £upB. In general, we would see 2] 4+ 1 lines, corresponding to the 2] + 1 possible
values of my, so that we would always have an odd number of lines in any spectra.

The anomalous Zeeman effect

Unfortunately, in many cases the results of the normal Zeeman effect disagree with the experimental
observations. For instance, spectral lines can sometimes split into an even number of levels, which could
never happen according to the normal Zeeman effect. Why, then, does this happen? The answer, of course,
is spin. We will now see the two different cases of anomalous Zeeman effect, depending on the strength of
the magnetic field B.

a) Strong B

Let us again consider B= Bé,, so that:

H
d h

(L, +2S,) (233)

In order to find a general result considering spin, it is also important to take into account the spin-orbit
coupling effects. Therefore, we need to include the term Hgp in our Hamiltonian, so that the eigenvalue
equation for the general anomalous Zeeman effect becomes:

H|n,l,ml,m5> = (HO + HZ) |nalamlams> =

B
- HO ’na lvmlv m$> + IUIL (LZ + QSZ) ’n7 l7 ml; ms) -

h (234)
0 ppB
= E, |n,l,m;,ms) + 5 (hmy + 2hmy) |n, 1, my, mg) =

= [ED + (my + 2my)upB] In, 1, my, my)

Therefore, the energy levels EY are shifted by:

AE = (my + 2ms)upB (235)

Take the same example as before of n = 2, where we have [ = 0,1. The electron has spin s = 1/2, so
mg = +1/2. Then:

e When [ = 0, we will only have one value of my, which is m; = 0. However, we now have to consider
ms, which is has two possible values, +1/2. Therefore, we will obtain two different energy levels:
— Eyo1=E}+upB
— Eoo_1=E3 —ppB

e When [ = 1, we will have three possible values of m;, which are m; = —1,0, 1. For each of the values
of my, we have two possible values of mg, so we will obtain six different energy levels for [ = 1:

= By = E) +2upB

—_ 10
101 = E5 + ppB
—_ 170
1,-1,4 = Ey
—_ 10
_% - E2

N
SIICEICINCINC
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Overall, we have five unique values of the energy, which is two more than what we expected from the
normal Zeeman effect. That is still an odd number of energy levels for n = 2. However, note that for
n = 1, we would have the same calculations we just did[g_GL but only considering the case [ = 0, which will
give the same two levels as the [ = 0 case for n = 2 that we just computed. That is, n = 1 will show an
even number of energy levels. Both these cases (n = 1 and n = 2) are shown in Figure

2,1,1,4
@, ;,o,l),iz), 1,0, 1) E% *20u
@0,0,+1), 2 1,0,£1), @, 1,41, £1) 1 - 1 - Ey+ Bus
ES 2 2 2 2,1,1,-5),2,1,-1, 3) E(z)
n=2g=2_8 2.0,0,-1). @, 1,0,-1) ES—B/xB
eLt-h E9—2Bug
(n, 1, mp, ms) = (1,0,0, ) E%+ Bug

1
n=1,g =2 (n,1,mp,mg) = (1,0,0, =3
g1 n,1,my, ms) 3) E?—B,UB

B=0 Strong B field

Figure 4: Energy level splitting in the absence of a magnetic field (left) and in the presence of a strong
magnetic field B (right).

a) Weak B

In the case where we have a weak magnetic field B we can no longer neglect the spin-orbit couphng
effect’ In order to use the simultaneous eigenstates of Hy and Hgop, we need to rewrite Hz so that S
and L only appear as square operator’ To do this, let us first consider:

J=S+L—L=J-5 (236)
Then: y e o
. - - - S§2_L
L?=J?-8§%-J.§-8 J@J2—52—2J §Jy.§=7 5 (237)
Therefore:
_ S\ - -
HZ:@<L+2S) B:W(J—irS)-B:MB(lJrq)J B=
h
Lo ) gy =y (238)
22 ) J-B="2{1 - J-B
z ( 2) h ( Y

390f course, replacing EJ by EY.

31In reality, we should consider not only the spin-orbit coupling, but also the relativistic correction. Both of these together
conform the fine structure of hydrogen. However, for simplicity, we will only consider the spin-orbit coupling effects in our
analysis.

32We do not have a common basis of eigenvectors for J, S and L, only for their squares!

33Remember that, as L and § commute (they act on different spaces e and €5), then J and § also commute: J-5—§-J =

—

L+8)5-5-(L+9)—L-8+5°—§-L—§2—o.
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Then, we write the eigenvalue equation, assuming that J Hg :

Hn,l,j,mj) = (Hy+ Hso + Hz) |n,l, j,m;) =

= E?(’]L ’n7l7j7mj> +ESO|n7l)j,mj> +M£ (1"‘_. JB|n7l,j,m]> =

h 2
(G+1)—s(s+1)—1( +21§ (239)
|+ E +”B<1+“ S )h -B] 1, jymy) =

= [EY + Eso + gjmjupB] n,1, j,m;)

Therefore, the energy levels are shifted by two terms: FEgp, corresponding to spin-orbit coupling and
Ez = gjmjupB, corresponding to the Zeeman effect, where g; is called the Landé factor and is defined as:

JG+1) —s(s+1) -1 +1)

g;i =1+ v 240
! 2j(j +1) (240)
Recall from the discussion about spin-orbit coupling that:
2
Bso = 555 1j(+1) = s(s + 1) = 1(I + 1) (241)

Therefore, the effect of the magnetic field on the atom is to split the energy levels first due to the spin-orbit
coupling effect, and then to further split those lines due to the Zeeman effect by an amount equal to:

AEz = BupAmg; (242)

Take the simple example where n = 1, where we have [ = 0. The electron has spin s = 1/2, so ms = +1/2.
We also have two different values of j, which are j =14 s = % and j=1l—s= —%. Then:

e When j = %, we will have a spin-orbit coupling energy of:
2
_#p |11 1! _ _
ESOé_CQTB [2 <2+1) 5 2+1 00+1)] =0 (243)

TE+)-3@E+1)-00+1)
1 =1+ 222 22 =1 244
BTt 2 L5+ 1) o

Therefore, for the two possible values of m;, we will obtain:

_ 10 , uBB

= Eop1=E7 + 55
_ 0 _ pBB

- Eo,o,—% =L 2

e When j = —%, we will have a spin-orbit coupling energy of:

9 2

i 1 1 1/1 HB
E — _Z = 1) ==1= 1) — | =—-——2 24
50,1 02r3|: 2( 2" ) ACH 0(0+1) c2r3 (245)

and a Landé factor of:

9j=1 = 1+ . 1 =3 (246)

=

Therefore, for the two possible values of m;, we will obtain:
2
Iz 3
— Eo,o,% = F) — 5% + 5upB
2
— Byo_=F) — &% — JusB

Overall, just for n = 1, we have four unique values of the energy, due to the spin-orbit coupling effect.
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4 Approximation Methods for Stationary States in Quantum Mechan-
ics

Solving a general quantum mechanical problem involves finding the Hamiltonian of a system and solving

the Schrodinger Equation to find energies and states. However, most problems encountered in quantum

mechanics cannot be solved exactly. Exact solutions of the Schrédinger equation exist only for a few
idealised systemsf“’ﬂ To solve general problems, one must resort to approximation methods.

In this chapter we consider approximation methods that deal with stationary states corresponding to
time-independent Hamiltonians. To study problems of stationary states, we focus on two approximation
methods: time-independent perturbation theory and the variational method.

4.1 Introduction to perturbation theory

Perturbation theory provides a method to approximate energy eigenvalues and eigenstates of Hamiltonians

of the form:
H=Hy+ H, (247)

where Hj is the Hamiltonian of an exactly solvable system (unperturbed system) and H), is a small time-
independent perturbation. In other words, perturbation theory enables us to obtain solutions for systems
that are “close” to exactly solvable systems.

For a general (possibly degenerateE]) case, the discrete eigenvalues and eigenstates of the unperturbed
Hamiltonian can be defined as:

Ho vy = EO 14 ) (248)

where the states are assumed to be orthonormal. We can also write the eigenvalue equation for the
perturbed system: ‘ ‘
Hyy) = En[{y,) (249)

The idea is to determine the small corrections required so that | © — |¢t) and E,(LO) — E,. Of course,
n

this can only be accomplished if H) is “small enough” (we will quantlfy this later) so that ]¢%(0)> are close
to |¢h). It is common to write this using a dimensionless parameter A < 1 so that:

H,=\W (250)
Then, we can rewrite the perturbed Hamiltonian as:

H = Hy+ \W (251)

Depending on whether the unperturbed system has any degenerate eigenvalues or not, we have two different
ways of treating the problem. We shall discuss both cases separately.

4.2 Non-degenerate perturbation theory

Let us assume that we have a system with an unperturbed and non-degenerate Hamiltonian Hp, the
eigenvalue problem for which is solved and the spectrum of which is discrete:

Ho [0y = E9 |40 (252)

34For example, for the quantum harmonic oscillator, the quantum anharmonic oscillator, the infinite square well, the free
particle, and the hydrogen atom can be solved exactly. However, the spin-orbital interactions, the Zeeman effect or the
hyperfine split cannot.

35Degeneracy is indexed by i.

42



The eigenstates |1,Z)1(;0)> form a complete orthonormal basis:

W) =y Do) (7 =1 (253)
p

We can also write the perturbed eigenproblem for the Hamiltonian H(\) = Hy + AW as:

H(A) [4n(X)) = En(A) [¥n(A)) (254)

The main idea of perturbation theory consists in now assuming that the perturbed eigenvalues and eigen-
states can both be expanded in power series in the parameter A:

E,(\) = EY + AE) + \2E( ZE(’“
(255)
[Un(A) = [57) + X [p{D) + X% [ ) + Zw(k

The parameters Eq(zk) and |¢,(Lk)> are the k-th corrections to the eigenenergies and the eigenstates, respec-
tively. We need to make two remarks here. First, one might think that, whenever the perturbation is
sufficiently weak, the expansions in Equation [255| always exist. Unfortunately, this is not always the
case. In some cases where the perturbation is small, E, ()\) and |¢,(\)) are not expandable in powers of \.
Second, these series are frequently not convergent. However, when A is small, the first few terms do provide
a reliable description of the system. So in practice, we keep only one or two terms in these expansions;
hence the problem of nonconvergence of these series is avoided. Note that when A\ = 0, the expressions in
Equation yield the unperturbed solutions: E,, = En(®) and [¢,) = |1/)7(10)>.

The job of perturbation theory then reduces to the calculation of E,(ll), Eg), -+ and |9 1)> |1/J(2)> -+, We
shall only be concerned in this section with the determination of the first and second corrections to the
energy, as well as the first correction to the eigenkets.

As we assumed that the unperturbed states were non-degenerate, we can write:

Ea(N) [n () = (B + ABD + A2E@ 4 ) (Jl0) + A pl) + X2 [p@) + - ) =
— E® [9®) + [EO |00) + ED [¢)] 2+
+ [BO [0®) + BV [w) + D [pi)] 3 + - = (256)
— E'7(10) |¢ + Z @ Z ZE 7) |¢ H—j,a
=0 5=0

H() [¢n(N)) = (Ho + AW) (y¢;0>> F WD) 4 A2 (@) 4. ) -
= Ho ) + [Ho [00) + W )| At [Ho o) + W i) | X = o

= Ho ") + fj (A [Ho l®) + W [wie=)])
a=1

Therefore, as E,(A) [1n(N)) = H(A) [0, (N)), we have:

B [y) +Z AT ST B ) B | = Ho o) + Y (A0 [Ho o) + W e ) 258)
=0 57=0 a=1

This gives us all the equations to solve in order to find the coefficients of the expansion:
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Zero ordePd in \:

Hy [p?) = B |90) (259)
e First order in \:
Ho [¢)) + W ) = B [9)) + B [ 0) (260)
e Second order in A:
Ho [Py + W M) = ED [9@) + E [vD) + EP) [p(V) (261)
e ¢-th order in A: 0w
Ho [p) + W e D) =3 "N " ED [05)) 6t (262)
i=0 j=0

Note that, since ]zﬁ&o)) ~ |1, (A)), we can normalise |, (\)) so that <7,/}7(10)|7,/)n(A)> = 1. Then:

= WOn(N) = @) + A @) + A2 @O @) + =14 > " @D A (263)
k=1
Therefore: -
@O N =0 —  @PpP) =0, Vk=1,23,.. (264)
k=1

4.2.1 First order correction

If we multiply both sides of Equation by ( wr(LO)| we ﬁn

WO HolwD) + @OWIBD) = OIEQ WD) + O ED[)
0

0
s B O]+ OO = BT+ ED Oy (269)

— WOW ) = EY
Therefore:
E(Y = 0 wp®) (266)

This energy shift must be small compared to the level spacing in the unperturbed system. Note that, for
some systems, the first order correction Eél) vanishes exactly. In such cases, one needs to consider higher
order terms. We will later discuss the second order correction.

In order to determine the first order correction to the eigenstates, we can take advantage of the fact that
the unperturbed states form a complete orthonormal basis:

i) = (le w“)\) W) =3 @O0y [60) = 3 @O e®) [ 9) (267)
m m#n

Note that the term m = n does not contribute as, from Equation we know that <1/J(0)\1/1(1)>
Multiplying Equation on both sides by <w7(3)], we can find the coefficient <¢7(7(1))|¢7(11)>1

WO HolypM) + (W 0y = (O ED 1) + (01 ED |9
0

— B O D) + @ W) = O @OpD) + ED ) (268)

— @ W?) = (B - BED) (@ Qud)

36The zero order correction is trivial, as it is just the eigenvalue equation for the unperturbed system.
3TRemember that Hy is Hermitian, so it can be applied to its eigenstate ( 7(10)| on the left.
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Therefore:

m W n
WD) = <12(0)|_|§(0)> (269)
And, finally:
—_—
®) = 3° w ) (270)
m#n n

Unlike the formula for the energy shift, the correction to the eigenstates involves in general an infinite sum
mixing all the states of the unperturbed system. We speak of the perturbation mizring the unperturbed
eigenstates.

We can now completely define the first order correction:

Definition 22. The first order correction to the energy is defined as:
EY = QW) (271)
where W = )ﬁal, so that the total energy corrected to the first order is:
Ey = EY + (0| Hp|4?) (272)
Furthermore, the first order correction to the eigenstate is given by:

5 (% <°>rww<°>>

1)y =
’wn >_ E,,(,LO _

[4) (273)

m#n

where again we have W = )\_1Hp, so that the total corrected eigenket is:

m H n
o) =160+ 3 1”(0)' ';”(0)>|w<°>> (214)

m#n

4.2.2 Second order correction

If we multiply both sides of Equation by <¢£L0)| we ﬁndﬁ

(WO Hol?) + (D W) = P ED [ P) + (DB |¢J D)+ WPEP )
0

0 1
— W + WO W]pD) = W + ED O 4 B (O

(275)
Therefore:
EP = @ Wpi) (276)
Combining this expression with Equation (and using that W is Hermitian), we can obtain:
(0) (0)
2) _ 1 (0) (Y [Wn") | (0) (WO W)
= (| W (; o0 ) | = mZ#Eéo) o W) =
(277)

(0) (0)y |2
= Z M W(O)‘WW(O))* — Z ‘Wm Wien >’
I A A > Q)

38Remember that Hy is Hermitian, so it can be applied to its eigenstate (¢£LO>| on the left.
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Finally, we can define:

Definition 23. The second correction to the energy is given by:
0 0), |2
o |1 i) rs)
where W = )\_1Hp, so that the total energy corrected to the second order is:
0 0 0y ‘ (0)’H v >‘
m#n — En

4.3 Degenerate perturbation theory

The method we described before is valid for cases in which the eigenenergies are non-degenerate. However,
for perturbing degenerate eigenenergies and their corresponding eigenstates, we must apply a different
theory{ﬂ As we will see, the effect of a perturbation on a degenerate level is to remove some or all of the
degeneracy. We say that the degeneracy is lifted. In other words, the perturbation can (it may not) split

the level EI(,O) into distinct sublevels.

Let us consider a gp-degenerate eigenvalue, E,(JO), of the unperturbed Hamiltonian, Hj, with eigenstates

WI’;(O)% where ¢ = 1,2,3, ..., gp is the index identifying each of the g, degenerate state The eigenvalue
equation for the degenerate eigenenergy is written as:

Ho |y = BO i) (280)

The eigenstates ]wli,(o)> corresponding to E}(,O) form a degenerate g,-dimensional subpace of the full state
space, in which they conform a complete orthonormal basis:

9p

WPy =6 Sy @i =1 (281)

=1

Note that any set of g, linearly independent vectors in the degenerate subspace will conform a basis for the
degenerate subspace. The choice is arbitrary until we subject the wave functions to the requirement that
the change in them under the action of the applied perturbation should be small. Therefore, the zero order
approximation consists in finding the correct linear combination of the initial vectors {]1/12(0)>} such that
this condition is met. For a general zero order correction of the eigenvectors of the degenerate subspace,
we can writd™}

9p
0y =3 ay [t (282)
k=1

From this point to the end of this section, we will use the index p to denote the initial eigenstates {|¢;(O))}

(0)

corresponding to the degenerate eigenvalue £, that were obtained directly from solving the unperturbed

39Note that, if we have only some degenerate eigenvalues, then we apply degenerate perturbation theory only to those de-
generate eigenenergies and their states, and we apply normal perturbation theory to the remaining non-degenerate eigenvalues
and eigenstates.

49The 4 stands for one or more quantum numbers that the energy is independent of.

41 This index-less |1/J7(10)) represents the general “shape” of the zero order correction to the eigenstates. We will later find that,
as a result of our calculations, this separates into g, distinct definitions for each of the g, eigenstates of the zero correction.
For now, however, it makes no sense to carry an index labeling each of those, as we cannot yet distinguish between them.
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system. We will use the index n to denote the zero order approximation of the eigenstates {\wfl(o))} of
the perturbed Hamiltonian, which are just a specific linear combination of {|¢;(0)>} such that the change

under the action of the perturbation is small. By definition, {|¢f1(0))} are eigenstates of the unperturbed
system and (almost) eigenstates of the perturbed system.

Considering orthonormality, we can determine the following relation concerning the coefficients for the
linear combination in Equation [282

9p
0 0
1= @ k™) = 37 a2 (283)
k=1

Let us now rewrite the eigenvalue equation for the perturbed Hamiltonian using the expression from
Equation 282

9p 9p
0 0
H O = By [0) — (Ho+ H) Y a0y = B> ar [ )
k=1

k=1
< km) MO _ & 1 (0)
Z Holup ™) + Hy 165 ™| = B> alup ™) (284)
k=1
= (0) (0) = (0)
— > o |BO b ) + Hy )| = B an b))
k=1 k=1

Multiplying both sides of this equation by <wg(0)| yields:

9p 9p
(0 (0) (0 0) -(0 (0)
> [ED @y les ) + @O0k )] = By ae i O k)
k=1 k=1
& (0 0 L
> [EO8; + @O )] = Ba S avdi (285)
k=1 k=1

— o E +Zak (w5 ") = o,

If we denote H,, = <w§(0)‘pr,g(0)> and EY) = E,, — E,(IO), we can write this as:

9p
> ax (Hpjk - 5k,jE1(11)> =0 (286)
k=1

which, considering j = 1,2,3,...,¢p, gives a system of g, linear equations for the coefficients aj. These

coefficients are non-vanishing only when the determinant |Hp,, — 5k7jE,(Ll)| is zero:

1
Hpn - ET(I ) Hmz

) o
1
H{m Hoes o N pr”’ —0 (287)
H H H, —gWY
Pgp1 Pgp2 Pgpgp n

(1)

This determinant is a g,-th degree equation in Ej; ', which in general has g, different roots Efl(l) (some
may not be different), each of which is the first order correction to the energy corresponding to the i-th

(0)

eigenvector of the degenerate eigenvalue Ey” of the unperturbed system. Similarly to when we find the
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characteristic polynomial P()) of a matrix A and solve P(A) = 0 to find the eigenvectors, once we have
the first order corrections of the energy we substitute the different values into the system of equations:

Hpu - Efm( ) lez T legp aj 0
H1‘721 Hp22 _ E;L’L( b szgp a22 _ 0 (288)
Hpgpl Hpgp2 T Hpgpgp - E”Zl( ) agp 0

To find the coefficients ai. The i-th root Efb(l) allows us to find the coefficients ai for the zero order

correction of the eigenstate |1/)f1(0)), such that:

9p

i (0 i 0 .
Wiy =S e lE =123, (289)
k=1

)

In general, the roots Efl(o are different, so the g,-degenerate level E1(10) is split into g, different levels

El = E7(LO) + E,il(l). In this way, the perturbation lifts the degeneracy, depending on whether all the roots
or only some of them are different.

In summary, the degenerate perturbation method consists of the following steps:

1. For each of the g,-fold degenerate levels, determine the g, x g, matrix of the perturbation H,,:

Hpn Hp12 Hp1gp
H = szl szz szgp (290)
= . .
Hpgpl Hpgp2 e Hpgpgp
i(0) 0
where H,,, = (3" [Hylt ).
2. Diagonalise this matrix and find the g, eigenvalues E,il(l) (t=1,2,3,...,9p) and their corresponding
eigenvectors:
o
1
. ab
a'=1 .1, 1=1,2,3,...,09p (291)
a;p

3. Finally, the first order corrections to the energy for the g, eigenstates corresponding to the original
degenerate level are given by:

B =01V =123 40 (292)

n n

And the corresponding eigenvectors are given to order zero as:

9p

; (0 i 0 .
Wi =S e ety =123, (203)
k=1

Just as for non-degenerate levels, the method described in this section is valid only if the matrix elements
of the perturbation are much smaller than the differences between the energy of the level under study
and those of the other levels (this conclusion would have been evident if we had calculated higher-order
corrections).
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4.3.1 The Stark effect

The Stark effect is an example where degenerate perturbation can be applied to solve a quantum mechanical
problem. It is related to the interaction of the electric dipole of the hydrogen atom with an external electric
field.

In the absence of an external magnetic field, the first excited state of the hydrogen atom, n = 2, is fourfold
degenerate: the states |n,l,m) = |200),|210),|211),|21 — 1) have the same energy F» = —R,/4, where
R, = pet/(2h?) = 13.6eV is the Rydberg constant.

Consider now a hydrogen atom placed in a uniform static electric field £ parallel to the z axis. To the
Hamiltonian of the Hydrogen atom, we must add the Stark Hamiltonian Wy, which describes the interaction
energy of the electric dipole of the atom d = —er with the electric field £ = £¢,. We can write Wy as:

- o

We=—d-E=erf-E=eEZ (294)

To calculate the first order correction to the energies, we need to determine and then diagonalise the 4 x 4
matrix elements W, = (2U'm!|W;|2lm). For calculating the matrix elementﬁ

Sl/ llm

(2U'm/|Ws|2lm) = e€ (2U'm/| Z|2lm) =
—65/ dr/ do dgb r2sin@ - [@bl/’m/(r,@,qb)]*-rc080~1j)l7m(7“,9,¢) = (205)

2w
_ .3 L Qi . ;o .
= 65/0 dr-r /0 dé sm@cosé?/o do Wl m (7“,9,(;5)} Y1 (7,0, @)

Using that 9y, (7,0, ¢) = Ri(r)Y;" (6, ¢), we obtain:

) ™ 2m *
(2U'm |[W,|2lm) = e€ /0 dr - 3 /0 df - sin 0 cos 0 /0 dqﬁ-[Rl/(r)YlT”'(Q,qﬁ)] CRy(r)Y™(0, 6) =
(296)

:ef:/:o dr -3 R (r)Ry(r) /Oﬂda.sinecose/:ﬂd(p[ lzn’(e,@]* Ym0, 6)

From here, we can easily see that the only non-zero matrix elements are those for Whichlﬂ m' = m.
Therefore, the only non-vanishing matrix elements will be those between any combination of the states
|200) and |210). Furthermore, taking into account the parity of spherical harmonics, from Equation m
and the fact that the operator Z is odd, we can see that the only non-zero matrix elements are those for
which I/ = 1 £ 1. Therefore, the only matrix element that does not vanish (its complex conjugate matrix
element does not vanish either, of course), is:

(200|W,|210) = e& / S Ry (r)Ry(r) / df - sin 6 cos 6 / Ao [Y3(0,0)]” YL(0,¢) = —3eEag (297)
0 0

where ag = “L; is the Bohr radius. Therefore, the matrix of the perturbation is:

0100
Wy = —3e€ap (1) 8 8 8 (298)
0 000
Diagonalizing this matrix leads to the following eigenvalues:
BMY = _3e€ay, B2V =" =0, B = 3ega (299)

42We use that z = r cos#.
43This is because Y;™(cos ) = A" P™(cos#)e'™?, so the integral in ¢ becomes a multiple of fo% ei("“m’)‘z’d(/b7 which is only
non-zero for m = m/.
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The corrections eigenvectors to the zeroth order are:

3@y = ¢1§ (1200) + 210)), (20 = |211),

3(0) (0) (300)
sy =21-1),  |p3 ) =

1
7 (1200) — [210)),

As we can see, this perturbation has only partially removed the degeneracy of the n = 2 level; the states
|211) and |21 — 1) still have the same energy.

4.4 The variational method

The variational method is used for finding approximate solutions to problems that cannot be solved exactly.
It is based upon the fact that the energy of any trial wave function ) is an upper bound to the true
ground state energy of the system. The variational method consists in choosing a trial wave function Y
that depends on one or more parameters, and then minimizing the expectation value of the energy with
respect to these parameters. The minimum value of the energy is an upper bound to the true ground state
energy of the system. The closer the trial wave function is to the true ground state wave function, the
closer the upper bound is to the true ground state energy.

Consider a system described by a Hamiltonian H, with a complete set of eigenstates {|n)} and correspond-
ing eigenvalues {E,,} ordered in increasing value:

E1<E2<E3<... (301)

An arbitrary state |n) can be expanded as a linear superposition
W)= caln), with ¢, = (n|¢)) (302)
n

Then, we can compute the expectation value of the energy as:

<E> _ <7/}|HW}> _ Znycn‘ZEn > Zn‘cn|2E1 - B (303)

(¥[¥) 2alenl? T 2 lenl?
where we have used the fact that E, > E; for n > 1. Therefore, the expectation value of the energy for
any state is an upper bound to the ground state energy F;. This is the basis of the variational method,
which gives way to the following procedure:

1. Choose a trial state |1)7) that depends on one or more parameters oy, g, -+ , Q.
2. Compute:
(r|H |vr)
Floay, a9, o) = ————= 304
( 9 b bl ’f‘) <wT‘wT> ( )
3. Minimise F(aj, g, -+ ,a,) with respect to the variational parameters oy, g, -+, a;, by solving the
equations:
OF
=0, 1=1,2,--- 71 305
Do (305)
4. Evaluate the averge energy of the system using the values of the variational parameters that minimise
E(O{l,O{Q, T 7a7“)'

5. The minimum value of the energy that we obtain is an upper bound to the true ground state energy
of the system.

A good trial function incorporates as many of the features of the exact wave function as possible, some of
which can be deduced from symmetry arguments. Note that the variational method is aimed at optimising
the estimate of the energy of the energy. It may not necessarily give a good approximation to the true
wave function, and could give poor results if used to calculate things other than the energy.
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5 Introduction to Light Matter Interaction and Time Dependent Per-
turbation Theory

So far, We have dealt with Hamiltonians that do not depend explicitly on time. In nature, however,
most quantum phenomena are governed by time-dependent Hamiltonians. In this chapter we are going to
consider approximation methods treating Hamiltonians that depend explicitly on time.

To study the structure of molecular and atomic systems, we need to know how electromagnetic radiation
interacts with these systems. Molecular and atomic spectroscopy deals in essence with the absorption and
emission of electromagnetic radiation by molecules and atoms. As a system absorbs or emits radiation, it
undergoes transitions from one state to another.

Time-dependent perturbation theory is most useful for studying processes of absorption and emission of
radiation by atoms or, more generally, for treating the transitions of quantum systems from one energy
level to another.

5.1 Time dependent perturbation theory

For systems with time-dependent Hamiltonians the energy is not conserved and thus there are no stationary
states. Solving the Schrodinger equations is then very difficult. However, in the case where the time-
dependent part is small, progress can be made applying time dependent perturbation theory. One
example of this is the interaction of a quantum system, like an atom, with electromagnetic radiation. The
objective of this method is to compute how the system transitions in time between states in an initially
prescribed basis (usually the eigenstates of the time-independent free Hamiltonian).

Let us assume that we have a system with an unperturbed and time-independent Hamiltonian Hy. Its

spectrum is discrete and non-degenerate:

Hy ‘¢n> =Ep ‘¢n> ) (306)

and the eigenstates form a complete orthonormal basis:

(Dnldp) = 6up D16} (dul =1 (307)

Recall also that the complete stationary states can be written as:
[@n(t)) = e/ g) = 7N |g,) (308)

During the time interval 0 < ¢ < 7, a small perturbation is introduced so that the new Hamiltonian for
the duration of this interval is:
H(t) = Ho+ Hp(t) = Ho + AW (t) (309)

where H,(t) = AW (t) for A < 1. When the system interacts with H)(t), it either absorbs or emits energy,
which inevitably causes the system to undergo transitions from one unperturbed eigenstate to another. At
time ¢ < 0, the system is in the stationary state |¢;). However, at time ¢ > 0, the system evolves and can
be found in another state. The question that arises naturally is: what is the probability P;; of finding the
system at time ¢ in another eigenstate |¢y) of the unperturbed Hamiltonian of Hy?

The evolution of the system is described by the Schrodinger equation:

ITG)

HOD — g+ 20 (1) [0 (310)

with the initial condition given by:

1(0)) = [¢4) (311)
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At time ¢, we can obtain the probability of finding the system in a state |¢¢), which we call P;¢, in the
usual manner; by finding the magnitude square of the projection of the state [¢(t)) onto the state |¢y):

Pig = {oslw () (312)

As |¢¢) is an eigenvector of Hy, this formula is basically giving us the time dependent coefficient cs(t) =
(@fl1(t)) corresponding to |¢y) for the expansion of |1)(t)) in the basis of the eigenstates of Hp, at time ¢:

ch ) [én) (313)

Using this expansion together with the closure relation in the Schrodinger equation, we obtain:

zh— (Z cn(t) [¢n) ) = (Z |én) <¢n\) (Ho + AW (1)) [4(t))

"y 2nl) 1y, = (Z 6n) (@ul (Ho + AV (1)) |¢<t>>>

(314)
den
hZ ) |4, = (Z |6n) (G| (Ho + AW (2)) <Z ci(t) \¢k>>>
n k
dep (
ﬁZ ) 60 = 37 [6n) (SnlHoldw) ex(t) + A3 [6a) (6al W (1) ) (1)
n,k n,k
Using now the fact that |¢k> are eigenstates of the unperturbed Hamiltonian, we can write:
den
hZ ) 14, = Z [6n) Er (Snl @) cklt) + XY [én) (Sl W ()65} cx(?)
n,k
den
nz )50 =5 00} [ (ale) + A (6nlW (D)) ex(0) (315)
n,k
den
hZ ) 153 = 5 [6n) [Eedut + A (6alW (B 6] ca(t)
n,k
Therefore, the first term in the sum appears only for n = k£ and we can write:
den
hz - !% = Z |én) (Encn(t) +AY (¢n|W(t)!¢k>ck(t)) (316)
k
We can now split this into different equations for each n:
den,
ih= dt(t) = Epen(t) + A Ek: (bW (1)|68) e (1) (317)
Defining the matrix elements of W (t) as
Wk (t) = (n|W (t)[ ) (318)
we can write: den(t)
ih Cgt = Epca(t) + A Zk: Wik (£)cp (1) (319)

These equations, written for the various n, constitute a set of coupled linear differential equations of first
order in ¢, which enables us, in theory to determine the components ¢, (t).

When the perturbation AW () is zero, the equations are no longer coupled, and we can easily find the
solution:

cn(t) = by e Ent/h (320)
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With a non-zero perturbation, but much smaller than Hy, we expect solutions close to the previous one.
Thus, we can look for the solution in the form:

n(t) = by (t) e tEnt/h (321)

where the functions b, (¢) will be slowly varying functions of time. Substituting this into Equation
we obtain:

d . .
ih (ba(t) €M) = Bubo(t) e B 4 AN W (0)bi(t) e/
k

dbn(t) _ig,im (e nt/h it/
hT " ~|—zh W"‘)\ank )b (t H

i, ( (322)
i\ 77,Ent/h =\ . b 7iE'kt/h
dt Z Wi (8)b (8
L dby(t (B —
ih dt( ) _ A eI EOUI (4 (2)
Finally, if we define:
En - Ek
Wk = ———, (323)
h
we can write: by (1)
. n _ TWp it
ih—r = )\zk:e F 0 ()b (1) (324)

This equation is equivalent to the Schrodinger equation for the problem we are trying to solve. Note,
however, that this is an approximate equation, since we have assumed the shape of the solution for small
perturbations.

We will now apply the same method as in time independent perturbation methods to find the g-th order
approximation of the coefficients by, (t) using the power expansion:

bu(t) = b (t) + A0SV (1) + 202 Z A9BL) (¢ (325)

Plugging this into Equation we obtain:

[e.e]

m% STA@D () | = A Z kT, (¢ Z A (1)
=0 =0 (326)
ﬁZ)\qdb ZZ)\qul anktW k( )b( )( )

q=0 k

Now, matching the terms of equal power in A, we can obtain a set of equations that give us the corrections
of b,(t) at the different orders. For example, for the zeroth order (terms multiplying A\°), we have:

(0)
. dby,” (t)
h =0 327
im0 (327)
which means that b\ (t) are constant functions:
b = const. (328)

As we are initially in the state |¢;), these coefficients at time ¢t = 0, and for any ¢ (as they are constant),
must be equal to d,;.
0O =6, (329)

n
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This completely determines the zeroth order solution:

OO = 3 enlt)6n) = 3ba(t) €M ) = 30D e M g) =

. (330)
— Z i e*lEnt/h |¢n> — eszit/h ‘¢z> ’

which is simply the initial stationary state we are starting from.

For higher orders, we need to apply this recursive formula, which is found from Equation by taking
the g-th order on the left hand side and the (¢ — 1)-th order on the right hand side, to match the powers
of A:

q)
db = e el (331)

Therefore, from the zeroth order solution, we can recursively restore solutions for the higher orders.

We can then write:

- 2
Definition 24. Consider a system with an unperturbed and time-independent Hamiltonian Hy whose
spectrum is discrete and non-degenerate:

Hy ‘¢n> = E, |¢n> ) (332)

and which is initially in the state |¢)(t = 0)) = |¢;). During the time interval 0 < ¢ < 7, it is exposed
to a small time dependent perturbation H)(t) = AW (t). The probability P;s of finding the system in
a state |¢f) at time t is given by:

= (g7l ()* = les () (333)

where the coefficients ¢, (t) are of the form:
Cn(t) = bp(t) e PEnt/h (334)

and the functions b, (t) are given at g-th order by the recursive formula:

q)
db Z ekt (0B (1) (335)

starting from the constant zeroth order term given by:

b0 — 5, (336)

5.1.1 First order solution

The initial state of the system is |¢;). Therefore, in the initial instant when the perturbation is applied
the only term in the expansion of the b,(t) coefficients that is non-zero, for any n-eigenstate and g-order,
is the zeroth order coefficient for n = 4. In other words:

©) gy — ,
b? )(0) = Oni (337)
nq (0) = Oa Vq >0

Then, using Equation we obtain:

abV (t)
dt

ih — Z eiwnkthk (t)b]({:O) (t) — Z eiwnkthk (t)(skz _ eiwnithi (t) (338)
k

k
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Finally, we obtain:

L[t
b (t) = s /0 e“rit W, (¢ dt! (339)
Recalling the expression for the probability we are trying to find:
0 1 2
Pis(t) = (o710 = ler I = b = | (1) + 2 (1) + -+ (340)

Since we found that b;o) (t) = 0f;, when we consider i # f the expression for the probability P;¢(t) to the
first order is reduced to:

1 PANE
PP =2 b (1) (341)
We can then write:
Definition 25. The first order term in the time dependent perturbation method is given by:
1 [
B () = — / it W (¢)dt (342)
ih 0
And the corresponding probability to the first order is given by:
(1) 2 [, (1) |? L i INEW) :
Pis (t) =\ ‘bf (t)| =7 /0 e'ri prz.(t )dt (343)
where we recall that Hy(t) = AW (t) and Hy ,; = (¢ f[Hp|¢i)-

Note that the probability 73@.(}) is none other than the square of the modulus of the Fourier transform of
the perturbation matrix element.

5.1.2 An important special case: the sinusoidal perturbation

Let us assume that the perturbation is given by:
H,(t) = Hpsin(wt), (344)

where w > 0. In this case, we can write the matrix elements as:

Hy ;i (t) = H,p ., sin(wt) = 2sz (et — 1) (345)

where Hy ,; = (¢f[Hp|¢i). Now, we can calculate the probability:

2

(1) 1 b oot ' /2 ’pri it (it it/ /2
. t’ ~ A t, - W fq H, ..(tdt L Wiy (’Lw R 1Y) )dt —
H ? 2
— Pfi /t (ei(w‘fﬁ-w)t’ _ ei(w'fi_w)tl> dt/
4h? 0
2 (346)
pri eilwpitw)t! eilwpi—w)t! b
T AR? i(wp +w)  i(wp —w) g
2 2
pri 7—Z 1 — eilwsitw)t 1 — eilwpi—w)t
 4R2 1 W +w B Wp —w
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Finally, the probability is:

2
‘Hp . _ i(wpitw)t _ i(wpi—w)t 2
fi 1 — e"\wr 1 — e\wr
ir(tw) = — 347
Pig(t;w) 4h? Wi + w W — w (347)

Here, we can make an important observation related to the concept of resonance. Consider the case where
w — wy;. In this scenario, the second term of the subtraction in Equation (called the “resonant
term”) is much larger than the first, so we can write:

2

H,. _ i(wpi—w)t 2
W=, ~ ‘ Pfi 1—en®s 4
P; (t;w) ~ 12 — (348)
Taking '(“ri—«)*/2 a5 common factor in the numerator, we can write:
2 . . 2
fPfU_”’in (t'w) - ‘prz eilwpi—w)t/2 (e—z(wfi—w)t/Q _ 6z(wfi—w)t/2) _
if ’ 4h? W — w
2 | 2 (349)
‘ Hy,, pilwpime T (2 sin (wfz;w)t>
Rz Wi — W
Finally, we obtain:
2
H. .. . (wpi—w)t 2
W—w £ - ‘ Pfiq S — 5
Pt w) ~ 2 ( S ) (350)
2

Similarly, for w — —wy;, only the first term in the subtraction of Equation (called the “anti-resonant”
term) survives, so we obtain:

2
H,,. o (wptw)t\ 2
W= =W - ’ Pfi S11 .
Pis (tyw) ~ 12 ( wﬂ;w (351)
If we recall the definition of wy;:
Er— E;
wpi = fT (352)

We can see that, for negative wy;, we have Ey < E;, and for positive wy;, we have E; > E;. In Figure
we can see the effect of each of these cases for the energy transition.

E E.
! lo,) ’ o)

lo;) lo)

Figure 5: Relative disposition of the energies E; and E associated with the states |¢;) and |¢f). If E; < Ey,
(fig. a), the |¢;) — |¢y) transition occurs through absorption of an energy quantum fw. If, on the other
hand E; > Ey (fig. b), the transition occurs through induced emission of an energy quantum hw.
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From now, we will consider the case w — wy; only, however the analysis for w — —wy; can be made
analogously.

Plotting P;‘;ﬁwf ‘(t;w) as a function of w for a specific time yields the curve shown in Figure @ We can see

that when w ~ wy;, a resonance appears whose intensity is proportional to t? and whose width is inversely
proportional to t. The probability of transition is greatest when the driving frequency w is closest to the
natural frequency w;s. It is also larger the longer the system is exposed to the perturbation.

-

\ .@Uc(t;co)

|Wﬂ|2f2
4h?

A = —

Y

0 @y 0}

Figure 6: Variation of the first order transition probability P;¢(t;w) for w — wy; as a function of w for a
fixed time t.

Note that, as the limit when ¢ — oo, we have:

lim <Sin(“t))2 = 7td(a) (353)

Therefore, in our case:

2
4 in o\ [H,,
. PR el L . sin ~——5—— e wpp —w
A Purllie) = g g@( ) = o () 5y

5.1.3 Limits to the first order calculation

If we look at the plot in Figure [6] it is clear that there must be some limits to the application of the first
order approximation. For instance, if we take a look at the expression of the maximum probability, we can
see that it depends on time:

H

oy, L
max (P (t;w)) = T

(355)

o7



and that it goes to infinity at ¢ — oo. This is clearly absurd, as probability can never go above 1. In
practice, for the first order approximation to be valid at resonance, it must be smaller than 1. That is:

t << ——
Hyy,

(356)

Furthermore, resonance will not take place unless the perturbation has had enough time to appear to the
system as sinusoidal (in other words, it needs to perform a few oscillations for the system to perceive the
perturbation as sinusoidal). This condition can be expressed as:

2|wri| > Aw, (357)
where Aw = —” is the width of the resonant part in Figure @ The condition then becomes:
A
Awpl > =— — t> (358)
t Wi
Therefore, combining the conditions from Equation and Equation we obtain:
1 1
o L — (359)
fi ‘Hp fi

5.1.4 Coupling between discrete states: Rabi’s formula

In this section, we will study the oscillations of a system between two discrete states when they are exposed
to a sinusoidal resonant perturbation for a long time, for which the previous limiting conditions are not
met.

For these cases, as the first order solution is insufficient, in principle it would be possible to simply find
higher order terms to obtain a better expression. However, such a method would lead to unnecessarily
long calculations. In this section, we shall see that it is possible to solve the problem in a quicker and more
elegant way by considering the fact that the resonance condition implies that only the two discrete states
|¢i) and |¢y) are effetively coupled by the perturbation. In other words, the only possible transitions (with
non-negligible probability) are between these two states.

Back in Section we replaced all the coefficients by (t) of Equation by their expansion in A:
=S "), (360)
q=0

In this case, we will simply neglect all terms k # 4, f and leave b;(t) and bg(t) as they are:

ih— :)\Zk:e FWi () be(t) =

=AY M WtR(D) + € Hy (0)bi(1) + < Hy, (Db (1),

where we have used that H,(t) = AW (t). Since the perturbation is sinusoidal, we have H)(t) = Hpsinwt.
Therefore, using this and the fact that w;y = —wy;:

(361)

M H,, sin(wt)b;(t) + e_iwf"thif sin(wt)by(t) =

elwt _ e*lwt o eiwt _ efiwt
= Hy (S )bl + ety () =

i (362)

1 . . . , A
- 27' {Hpu‘ (elwt o e_zm) bi(t) + e_wfithif (ezwt o e_wt) bf(t)} -

— 57 {Hpabi(0) (61 = 1) 4 Hy by (0) (7t = emilorenr) )
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Finally, if we do the same for b(t), we obtain the following system of differential equations:

iﬁdbi(t) _ i {Hpiibi<t) (eiwt _ e—iwt) + Hpifbf(t) <€i(w—wfi)t _ e—i(w-i-wfi)t)}
dbdﬁt) 21Z (363)
ik C};t — Z {przbz(t) (ez(w—l-wz‘f)t _ e—l(w—wif)t) + prfbf(t) (ezwt _ e—zwt)}

On the right-hand side of these equations, certain coefficients of b;(t) and by(t) are proportional to
eFilw=wrilt g0 they oscillate slowly in time when w ~ wyri. On the other hand, the coefficients propor-
tional to either et or eri(wtwsit gscillate much more rapidly. Here, we will use the so called “secular
approximation”, which consists in neglecting the second type of terms, which average to zero when inte-
grated over a large number of periods. The remaining ones (called “secular terms”) are then those whose
coefficients are reduced to constants for w = wy;.

Note that, for the preceding argument to be valid, it is necessary for the temporal variation of a term
ei“’tbiy #(t) to be due principally to the exponential, and not to the component b; (t). Since w is very close
to wy;, this means that b; ¢(t) must not vary significantly over a time interval of the order of 1/|w¢;|. This
is indeed true with the assumptions we have made, that is, with H, < Hy. The variations of b; (t) (which
are constants if H, = 0) are due to the presence of the perturbation H,,, and are appreciable for times of
the order of h/|Hp,|. Since, by hypothesis Hy,, < hlwy;/, this time is much greater 1/|wy;].

In conclusion, the secular approximation leads to the following system of equations:

db; (t |
( ) = ez(w wa)thifbf(t)
dbf(t) _ i efi(wfwif)tH bz(t)
dt 2h Pfi

whose solution gives Rabi’s formula, defined below:

Definition 26. Rabi’s formula gives the probability of a system in an initial state |¢;) transitioning
to a state |¢f) when submitted to a resonant perturbation H,(t) = Hpsin(wt), where w ~ wy;. It is
given by the expression:

’Hp‘f’2 t |pr‘|2
if (B w) = - in |4/ —— —wr;)? 365
Prle) = I, P = 2V R T G

Rabi’s formula measures the magnitude of the resonance phenomenon. Note that, when w = wy;, however
small the perturbation is, it can cause the system to move completely to the final state |¢y), irrespective
of the magnitude of H,. The only effect of the magnitude of H,, is to make the transition faster (for larger
H,) or slower (for smaller H,).

Note also that the probability is an oscillating function of time. For certain periodic time intervals, the
probability of transition is zero, and the system has returned to the initial state |¢;)

Finally, we can see that this expression is valid both for ¢ — co and ¢ — 0, and it remains always bounded
between 0 and 1.

99



6 Identical Particles and Many Electron Atoms

6.1 Identical particles

In quantum mechanics, two particles are said to be identcal if they have the same intrinsic properties, such
as mass, spin, and charge. Identical particles cannot be distinguished from each other in any experiment.
For example, all electrons in the universe are considered identical, as are all protons and hydrogen atoms.
However, particles with the same mass and spin, but different charges (like an electron and a positron) are
not identical.

An important implication of identical particles is that when a physical system contains two identical parti-
cles, swapping their roles does not alter the system’s properties or evolution. This definition is independent
of experimental conditions, emphasizing the fundamental nature of identical particles in physicﬁ

In classical mechanics, having identical particles poses no problem. If we have a system with two completely
interchangeable particles, we can still label one of them with the index “1”, and the other one with the
index “2”, and treat them as if they were completely different. If each particle follows a trajectory, we
can always follow each one and distinguish it from the other one. The Lagrangian and the Hamiltonian of
the system are invariant under the exchange of the indices, but one need only choose one of the possible
descriptions at the initial moment and simply ignore the other; no ambiguity introduced.

In quantum mechanics, however, the situation is radically different, as particles no longer have well defined
trajectories. Even if, at time tg, the wave functions of two identical particles are completely separated, their
subsequent time evolution may mix them. It is therefore easy to “lose track” of particles. When we detect
a particle in a region of space in which another identical particle also has non-zero position probability, we
have no way of knowing which of the two particles we really measured. The numbering of particles then
easily becomes ambiguous when their positions are measured, since there exist several different paths by
which the system can end up in the same measured state.

6.2 Permutation operators for 2 particles

In this section, we shall introduce permutation operators to simplify the calculations and reasoning in what
follows.

Consider a system composed of two particles with the same spin s. Here it is not necessary for these two
particles to be identical; it is sufficient that their individual state spaces be isomorphic@ We denote the
particles with the indices “1” (for example, a proton) and “2” (for example, an electron).

We choose a basis, {|u;)}, in the state space £(1) of the first particle. Since the state space £(2) of the
second particle is isomorphic to £(1) (both particles have the same spin s = %), it can be spanned by the
same basis. Then, we can construct the tensor product space £ = £(1) ® £(2) of the system, with basis:

{1 rus; 2w )} (366)
Note that the order of the vectors in a tensor product is irrelevant, so we have:
11w 2:uj) =12 uy; 1 w) (367)
However:
11 :ws; 20 uy) # |1 uy; 20 uy) (368)

The permutation operator P»; is then defined as the linear operator whose action on the basis vectors is
given by:
Por|l:uwg; 2:uy) = 12w 1rug) =11 uy; 2:u) (369)

“4This is to say that, even if, in a given experiment, the charges of the particles are not measured, an electron and a positron
can never be treated like identical particles.

45In other words, their individual state spaces should have the same dimensions. They should have the same structure, so
that we can identify each element of the state space of particle “1” with exactly one element from the state space of particle
“2”. Both state spaces are the same after a simple renaming of the elements.
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Clearly, the permutation operator is its own inverse:

P21 (P21 ’1 DU 2 U,J>) = P21 ‘1 L U5 2: ul) = ‘1 L Ugy 2. Uj> — (P21)2 =1 (370)
Also, it is Hermitian:

1wy 2wy |Porllswgy 2wy = (1w 2wl ug; 20 up) = 85045
{< wiry 2wy | Por|l w20 wy) = (1w 20wyl :ug; 20 ug) = 0565 . P§1=P21,

(1:up; 2: uj/|P2Tl|1 pugg 2t ug) = (L 20w Pl ugs 2 uy))” = 60
(371)
which means that, since it is also its own inverse, it is also unitary:

Pl Py =PyPl =1 (372)

The fact that permutation operators are unitary means that their eigenvalues are either 1 or —1. Eigen-
vectors of the permutation operators are classified according to the eigenvalue they correspond to:

e Symmetric eigenkets are those that correspond to the eigenvalue +1.
P |ihs) = |¥s) (373)
e Antisymmetric eigenkets are those that correspond to the eigenvalue —1.
P [Ya) = = [¥a) (374)
At this point, it is useful to introduce the following two projector operatorﬂ

e The symmetriser projects onto the subspace of symmetric kets:

1+ P;
g= 111 (375)
2
e The antisymmetriser projects onto the subspace of antisymmetric kets:
1-P
A=— 12 (376)

Since the projector operator is Hermitian, so are A and B. Furthermore, we can check that they project
onto orthogonal subspaceﬂ by checking that AS = SA =0:

14+ Pyl —Py 1+ Py — Poy — PPy

A= = = 77
1-Py 1+ P 1+ Py — Py — Py P,
LS 21 21 21 21 21421 0 (378)

And it is also easy to check that the subspaces of symmetric kets and antisymmetric kets are supplementary,
as A+ 5=1.

It is now easy to see that, for an arbitrary ket [¢) of state space, A [|¢) is antisymmetric and S [¢)) is
symmetric. Then:

Py Al) = -Alyp), Po1 S [h) = S 1) (379)

Since the subspaces of symmetric and antisymmetric kets are orthogonal, we can always write this arbitrary
ket |¢) as a combination of a symmetric ket and an antisymmetric ke@

[¥) = 1) = (A+9) [¢)) = Al¢h) + 5 |¢) (380)

46Remember from Section that the definition of a projector operator A is that A% = A (it is idempotent).

4TThe subspace of symmetric kets is orthogonal to that of antisymmetric kets.

48This is a nice mathematical result, but as we will see later in Postulate El, physical systems must be either completely
symmetric or completely antisymmetric. There are no asymmetric physical kets.
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6.3 Permutation operators for N particles

In the state space of a system composed of NV identical particles, N! permutation operators can be defined
(one of which is the identity operator). If N is greater than 2, the properties of these operators are more
complex than those of Pyy.

For example, consider a system with N = 3 particles with the same spin s, as in the case we considered
with 2 particles. In this case, we will have the basis:

{115 wi; 20wy 3w} (381)

We will then have 3! = 6 permutation operators:
Pio3 =1, P32, P, Pisa,  Pas, Paa, (382)

where:
Prupg |11 :ui; 20 uy; 3iug) = 0w piujq:ug) (383)

We can also define transposition operators, 1,4, which are permutations that only exchange two particles.
These are the basis for the definition of symmetric and antisymmetric kets in systems of N identical
particles:

Definition 27. Let T, be an arbitrary transposition in a system of N identical particles in a state
space £. We define symmetric and antisymmetric eigenkets, |¢g) and |¢4), as follows:

To [Ys) = |vs) Poltha) = — [¥a) (384)

The space of symmetric kets g and the space of antisymmetric kets £4 are subspaces of the whole
state space £. They are orthogonal to each other and supplementary, since £ = Eg @ E4.

Permutation (and, thus, transposition) operators have the following properties:

e The product of any pair of permutation operators is another permutation operator. For example:

P312P132 ‘1 L Ugy 2 Uj; 3 : uk) = P312 ‘1 L Ugy 3 : uj; 2 uk) = P312 ‘1 L Ugy 2 Uk, 3 : Uj> =
=13 u; 2:uy; 1iug) = Por |1 :wy; 2:uy; 3:u,) — (385)
— P312P132 = P31

e Each permutation operator has an inverse, which is also a permutation operator.

Py = Prog; Pyh = Pagy; Py = Psis (356)
Pl = Pigy; Py = Pas; Pt = Psyn
e Any permutation operator can be broken down as a product of transposition operators:
P39 = T132T213 = T31 T3 = - - (387)

This decomposition is not unique. However, for a given permutation, it can be shown that the parity
of the number of transpositions into which it can be broken down is always the same. This is called
the parity of the permutation:

Even : Pia3, P312, P31 Odd : Pi32, P13, P321

For any given number of particles IV, there are always the same number of even and odd permutations.

For an arbitrary number of particles N, we can define the eigenkets of permutation operators as:
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( N
Definition 28. Let P, be an arbitrary permutation of N identical particles in a state space £. We
define symmetric and antisymmetric eigenkets, |¢g) and |¢4). Then:

Polps) =Ibs)  Paltha) =caltha) (388)

wherd%

1; P, i
e — {—i— ; Py 1s even (389)

—1; P, is odd

The space of symmetric kets £¢ and the space of antisymmetric kets £4 are subspaces of the whole
state space £. They are orthogonal to each other and supplementary, since £ = Eg @ E4.

“Note that this e, arises from the fact that all transpositions on an antisymmetric ket give an eigenvalue of —1. If the
parity of P, is even, it means P, is equivalent to applying an even number of transpositions, which means its eigenvalue
will be (—1)2’C = 1, for some arbitrary k£ € N. On the other hand, if the parity of P, is odd, it means P, is equivalent to
applying an odd number of transpositions, which means its eigenvalue will be (—1)?**! = —1, for some arbitrary k € N.

We can also generalise the definition of the symmetriser and the antisymmetriser:

e N
Definition 29. For a system of N particles, we define the symmetriser, which projects any ket onto
Eg, as:

1
=LY R (390)
(6%
and the antisymmetriser, which projects any ket onto & 4:
1
=Ly ..r, (391)
et

These verify:
PSp)=5Sy),  FPaAlY) =caAly) (392)

Since P, are Hermitian, so are S and A:

Al=4, ST=5 (393)
. J
We can see that S and A are projection operators:
1 S
2 _ _ _
S —MZPQS—ﬁ21—S (394)
AQ—LZE PA—£252—A (395)
- N! TN «“
And that £ and £4 are orthogonal:
1 1 S ]
AS:mZ%PaS:ﬁZsaS:ﬁZsazo (396)

6.4 Symmetrisation Postulate

All these theoretical concepts around permutations are the basis for postulating the symmetrisation pos-
tulate. We have seen that the ket of a system of IV identical particles is either symmetric or antisymmetric

““Remember that there are the same number of even (4 = 1) and odd (g4 = —1) permutations.

63



under the interchange of any pair of particles (transposition) T}:
Tol¥) = £[1) (397)

This is the very basis for the symmetrisation postulate, which states the following:

( N
Postulate 9. Symmetrisation Postulate:

e In nature, the states of systems containing IV identical particles are either totally symmetric or
totally antisymmetric under the interchange of any pair of particles. States with mixed symmetry
do not exist — they are not physical kets.

e Particles with integral spins, or bosons, have symmetric states.

e Particles with half-odd-integral spins, or fermions, have antisymmetric states.

This new postulate which we have introduced considerably restricts the class of mathematical kets able to
describe a physical state: these kets must be symmetric for bosons, or antisymmetric for fermions.

For composite particles (particles composed of other particles), the symmetrisation postulate also applies.
All we have to do is add the spin of all the constituents. If the sum is an integer number, the composite
particle will be a boson; while if the sum is a half-odd-integer, the composite particle will be a fermion.

6.5 Construction of physical kets

Based on the preceding discussion one can formulate the rule for constructing a unique physical ket corre-
sponding to a given physical state of a system of IV identical particles. The process is simple:

1. Number the NV particles arbitrarily and construct a ket corresponding to a given physical state and
to the numbers given to the particles.

2. Apply S or A to this ket, depending on whether the particles are bosons or fermions.

3. Normalize the resulting ket.

6.5.1 System of 2 particles

Let us take the example of a system of two identical particles in two different states |p) # |x). Following
the process we defined in the previous section, we construct a ket matching this state:

lu) =1:¢; 2:x) (398)

e If the particle is a boson, we symmetrise this ket applying S:

1+ P 1ip; 2:x)+1(1:x; 21
020 = S uy = 22y = | ' : (399)
Finally we normalise (assuming |u) is normalised):
L:ps 2:X) +[1:x 2:9)
‘90; X>boson = \/i (400)
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e If the particle is a fermion, we antisymmetrise this ket applying A:

1— Py T:p; 2:x)—|1:x; 2:9
o0 = Sy = L= P2y = - : (101)
Finally we normalise (assuming |u) is normalised):
Lo 2:x) = [1:x; 2:9)
"‘P; X)fermion = \/5 (402)
Note that, in the case that the two identical particles are in the same state, |¢) = |x), we have:
Loy 2:0) 15 2:9)
|3 P)boson = 7 =[1:¢5 2:9) (403)
Loy 2:0) =15 2:9)
‘QD; QO)fermion = \/5 =0 (404)

What does this zero mean? Well, we have just obtained the Pauli Exclusion Principle! There exists no
ket in which two fermions are in the same individual state.

6.5.2 System of 3 particles

Let us now consider the example of a system of three identical particles in three different states |p) # |x) #
|1). Following the same process as before, we construct a ket matching this state:

lu) =11:9; 2: x5 3:9) (405)
e If the particle is a boson, we symmetrise this ket applying S:

1
93 X ¥) = S|u) = 57 > P |u) =

1 (406)
=g liw 2006 39+ 19 297 300 +[1ex; 2:95 3:9) +
L 200 3ex)+|1ixs 203 3:) +[1ieh; 20 x5 3:¢))
Finally we normalise (assuming |u) is normalised):
1
;s =—7=l:p; 2:x; 3:p)+ 195 205 3:x)+|1ix; 2:9; 3:9) +
| ) \/6(‘ )+ | )+ | ) (407)
Tl 200 3ox)+(Lixs 2005 3:9) + 1195 2: x5 3:9))
If two of the three states coincide (|p) = |x)), then:
1
\w;cp;w:%(\l:«p; 2005 3:p) +[1:0hs 2005 B1p)+ |15 21905 31 9)) (408)
If all three states coincide () = |x) = |¢)), then:
o505 0) = 11193 2: 93 3: ) (409)
e If the particle is a fermion, we antisymmetrise this ket applying A:
1
93 X3 ¥) = Su) = 57 > eaPalu) =
(6%
(410)

1
26(\1:@; 2:x: 3 )+ 1 20 3ix)+[1:x; 2:9; i) —
Lo 209 3:x) —[Lix; 2095 3:9) — (1195 2: x5 3:¢))
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Finally we normalise (assuming |u) is normalised):

1
I%x7w>—%(\1-% 2:x:3:) F 1 20 3ix)F1ix; 2:9; i) —

— 1oy 2:95 3:x) = [1:x; 2095 3:9h) —[L:9h; 2:x; 3:¢))

(411)

It is easy to check that, if any two states coincide, the wave function becomes zero.

6.5.3 The Slater determinant

It is evident that, the larger the number of particles, the longer and more unwieldy that the expressions
become. For fermions, there exists a simple notation that simplifies all this for us by using determinants.
If we look at Equation we see that the combinations that appear are exactly the same as those that
are present in a determinant, signs included. Understanding the product here as a tensor product, we can

then write:
RO I (30T O (412)
oy =—4=12:9) [2:x) |2: 412
Volis:g) 3:x) [3:0)

This determinant is called the Slater determinant. It is now even clearer to see that, if any two states
or more are equal, we will have as many equal columns as equal states. This will immediately make the
determinant go to zero.

It is also possible to extend the same notation to bosons, but forgetting all the minus signs in the
determinant.

6.5.4 Systems of N particles

We can generalise our discussion in the previous two sections for a system of N identical particles:

Definition 30. For a system of N identical particles, we can construct a physical ket |¢1, @2, ..., dn)
for a certain physical state in the following way:

o If the particles are fermions, we use the Slater Determinant to construct an antisymmetric

ket:
LT:¢1) [L:go) -+ [1:¢n)
2: 2: 2:
|15 D2 ...; ON) :\/% | :¢1> | ;¢2> | jﬁN) (413)
IN: 1) |N:¢2) -+ |N:on)

o [f the particles are bosons, we use the Slater Determinant to construct an symmetric ket by
turning all the minus signs into positive signs.

6.5.5 Systems with spin
We have seen that when the Schrédinger equation involves the spin, the wave function of a single particle

|W) is equal to the product of the spatial part |¢)) and the spin part |x): |¥) = |0) ®|x). The wave function
of a system of N particles, which have spins, is the product of the spatial part and the spin part:

(W1 Wos s Un) = |13 0255 UN) @ X153 X255 XNV) (414)
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This wave function must satisfy the appropriate symmetry requirements when the N particles are identical.
In the case of a system of N identical bosons, the wave function must be symmetric; hence the spatial
and spin parts must have the same parity:

Wy Wa: s W) = {Wu Ya; .3 UN) g ® [X15 X251 XN ) g (415)

¢ =
|15 925 .3 N 4 @ [X15 X253 XN) 4

In the case of a system of N identical fermions, however, the space and spin parts must have different
parities, leading to an overall wave function that is antisymmetric:

(1590255 PN) 4 @ |X15 X255 XN ) 5 (416)

(W13 Wo; . UN) 4 =
[¥1; 1025 5 UN) g @ |X15 X25 - XN) 4
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7 Appendix

7.1 Linear vector space

The definition of linear vector space is as follows:

e )
Definition 31. A linear vector space consists of two sets of elements and two algebraic rules:

e A set of vectors v, ¢, X, ... and a set of scalars a, b, ¢, ....
e A rule for adding vectors and a rule for multiplying vectors by scalars.

a) Addition:
If v and ¢ are vectors (elements) of a space, their sum, ¥ + ¢, is also a vector of the
same space.
Commutativity: ¢ + ¢ = ¢ + .
Associativity: (Y + @) +x =v + (¢ + x)-
— Existence of a zero or neutral vector: for each vector 1, there must exist a zero vector
O such that: v + O = O + ¢ = 1.
— Existence of a symmetric or inverse vector: each vector v must have a symmetric vector
(—%) such that ¥ + (—¢) = (—¢) + ¢ = O.
b) Multiplication: The multiplication of vectors by scalars (scalars can be real or complex
numbers) has these properties:

— The product of a scalar with a vector gives another vector. In general, if ) and ¢ are
two vectors of the space, any linear combination a + b¢ is also a vector of the space,
a and b being scalars.

— Distributivity with respect to addition: a (¥ + ¢) = ay) + a¢, and (a + b)Y = ay) + byp.

Associativity with respect to multiplication of scalars: a(by) = (ab)

— For each element 1) there must exist a unitary scalar I and a zero scalar 0 such that

Ip = I = 9 and 90 = 0y = O.

7.2 Linear functionals

In order to understand the mathematical background of the dual space, it is interesting to know the
definitions of linear maps and linear functionals. We already defined linear operators in Definition
Bl As for linear functionals:

Definition 32. A linear functional is a linear map L that associates a function with a scalar value,
which may be real or complex.

An example of a linear functional could be the linear map L, : R?> — R that returns the z-coordinate of
the vector it is given. For example:

L, [Z] —a (417)
In this case, L, takes us from R? to R', so its matrix will be 1 by 2 in dimension:
Ly=1[1 0] (418)
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so that:

L, m =[1 0] m —a (419)

Taking a step back, we know that all linear functionals in R? take us from R? to R!. Therefore, by
definition, all linear functionals in R? are represented by 1 x 2 matrices. In other words, the set of all linear
functionals in R? consists of the set of all row matrices. More generally, the set of all linear functionals
in R™ consists of the set of all 1 x n row matrices. In fact, the set of all row matrices, much like column
matrices, form their own vector space, which is known as the dual space{ﬂ

7.3 Matrix element of an operator

The matrix element of an operator A is:

Definition 33. The matrix element of an operator A expressed in the basis B = {u, ug, ...} is defined
as:
Aij = (uil Aluy) (420)

where u; and u; are the i-th and j-th vectors of the basis, respectively.

7.4 Proof of the Closure relation

The closure relation states that, for a set of vectors {|A1),|Az2),...} to form a basis of a Hilbert space H,
they must fulfil the following relation:

If B = {¢1,19,...} is a basis for a Hilbert space H, we can write any vector [i)) € H as:

) =D _eildd) (421)

Where the coefficients are ¢; = (4;|1)P7} If we substitute this expression:

) =D (Auly) |As) (422)

)

As the coefficient is a complex number, we can move it to the end of the expression and separate the inner
product:

) = Y143 (4il [¢) (423)
i
As |9) is the same for every element of the sum, we can pull it out of the sum:
) = <Z|Ai> <A¢|> %) (424)
i
And it is now easy to see that this relation will hold if and only if the closure relation holds:
Z |A;) (Ai] =1 (425)
i

The inverse argument is easy to follow.

50Gee Section for more on the dual space
5! Proof: As A; form an orthonormal basis: (A;[¢) = (A;] oicilAj) =20 ci(AilAj) = 32, cidij = ci
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7.5 Uncertainty relation between two operators

An interesting application of commutator algebra is to derive a general relation giving the uncertainty
product of two Hermitian operators, A and B. Let (A) = (¢|A|¢) and (B) = (¢|B|¢) be the expected
values of the operators A and B, respectively, with respect to the normalised state vector |¢). Let <fl) =
(A)1 and (B) = (B) 1. Introducing the operators AA and AB as:

AA=A—- (A, AB=B-(B), (426)
we have (AA)2 = A2 — 24 (A) + <A>2 therefore:

(] (42| 0) = ((AA)?) = (A% = 24 (A) + (A)") = (A2) — 2 (A) (A) + (A)" = (&%) - (4)"  (a27)

Similarly:
A2
(v [(AB)? |y) = (B?) - (B) (428)
Then, we can write the uncertainties as:
AA= (DA = \(42) — (A, AB=((AB)?) =\/(B?) — (B)’ (429)
Writing the action of the operators in Equation on the state vector |¢), we have:
) = AAJp) = (A= (A)[¢),  |¢) = ABy) = (B—(B))¢) (430)
The Cauchy-Schwarz inequality@ gives us:

() * < (xlx) (@19) (431)

Since A and B are Hermitian, AA and AB must also be Hermitian, so that: (AA)" = Adand (AB)l = AB:
(b = (¥ | (AN AA) [4) = (] (A1) [4) = (A4)?) (432)

(@lo) = (v| (AB(AB)|w) = (| (AB) |0) = (AB)?) (433)

(x|¢) = <1/)‘ (AA)(AB) ‘q,z)> | AAAB|¢) = (AAAB) (434)

From this, we obtain a new expression for the Cauchy-Schwarz inequality:
(AAAB)|* < ((AA)?) {(AB)?) (435)
We can write the AAAB terms of this equation as:
AAAB =2 %AAAB + %ABAA - %ABAA = %[AA, AB] + %{AA, AB} (436)
Since [AA, AB] = [A, B[}
AAAB = L[4, B+ {AA,AB) (437)

Since [A, B] is anti- Herm1t1an|ﬂ and {AA, AB} is Hermltlarﬁ and since the expectation value of a Hermi-
tian operator is rea]lﬂ and the expectation value of an antl—Hermltlan operator is 1mag1narym (AAAB)
becomes equal to a real part 3 ({AA4, AB}) plus an imaginary part 3 ([A, B]). Then:

(AAAB)E = L (A BYP +  [({AA, ABYP > § (4, B) (138)

52See for more on this inequality in [this| article: https://shorturl. at/eIKZQ

" Proof: A, AB] = [4,B) + [(4) (B)] + () A+ (B, (4)] = [A4. B + (4) (B) [LA] + () [1AT + — [4,B].

54 Proof: As A and B are Hermitian, then ([A, B])' = (AB—BA)" = (AB)' (BA =BTAT—ATBT = BA AB = —[A, B].
Then, [A, B] is anti-Hermitian.

% Proof: As A and B are Hermitian, then ({4, B})" = (AB+BA)! = (AB)' +(BA)" = BT AT+ ATBT = BA+ AB = {A, B}.
Then, {A, B} is Hermitian.

6See Section for proof.
57See Section for proof.
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Plugging this into Equation we obtain:

1
7 (4 B))* < ((A4)*) ((AB)?) (439)
Now, taking the square root, we obtain the uncertainty relation:
AAAB > % ([A, B))| (440)

Definition 34. The uncertainty relation between two Hermitian operators A and B is defined as:

AAAB > % (A, B])| (441)

7.6 Expected value of a Hermitian operator

From Equation we know that the expected value of an operator A in a state |¢p) is (p|A|¢) =
3. lei?Ai, where ¢; are the components of the vector |¢) in the basis of eigenvectors 1; of A, and \; are
the corresponding eigenvalues. If A is Hermitian (AT = A):

(Anpi i) = N* || |2 (442)

(il AT = (i Adbi) = N[l (443)
As (A;|;) = (b;| ATa;), this means that \* = ), so A must be pure real (or zero). Therefore, the expected
value of A must also be pure real.

7.7 Expected value of an anti-Hermitian operator

From Equation we know that the expected value of an operator A in a state |¢) is (¢|A|p) =
>, leil?Ai, where ¢; are the components of the vector |¢) in the basis of eigenvectors 1; of A, and \; are

the corresponding eigenvalues. If A is anti-Hermitian (AT = —A):
(Ailaps) = X[l (444)
(il ATgn) = — (sl Abs) = =[] ® (445)

As (Ai|ab;) = (1;] ATep;), this means that \* = —\, so A must be pure imaginary (or zero). Therefore, the
expected value of A must also be pure imaginary.

7.8 Eigenvalues of a Hermitian operator are real and eigenvectors are orthogonal

For a Hermitian operator, all of its eigenvalues are real and the eigenvectors corresponding to different
eigenvalues are orthogonal. Proof:

Note that:
A |wn> = Qn |wn> — <¢m’ A W}n> = an <¢m‘¢n> (446)
and:
<¢m‘ AT = (A W}m»T = (am |¢m>)Jr = a’:n <7/)m| — <¢m’ AT an> = a’:n <7/)m|¢n> (447)
Subtracting Equation from Equation and using the fact that A is Hermitian (AT = A):
<7/}m| A |¢n> o <¢m‘ AT |wn> = (an - ajn) <wm|¢n> =0 (448)
From this:
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e When m = n, we obtain a,, = a}, so a, is real.

e Since, in general, a, — a}, # 0 when n # m, we have that (¢,,|¢,) = 0, so the eigenvectors are
orthogonal.

7.9 Common eigenvector basis of two commuting operators

This section gives the proof of Theorem [4}

Since A has no degenerate eigenvalueﬂ to each eigenvalue of A there corresponds only one eigenvector.
We can write the eigenvalue equation as:

A ’¢n> = Gp ‘¢n> (449)
And since A commutes with B:

AB|¢n) = BA|¢n) = Ban |¢n) = anB |dn) = A(B|¢n)) = an(B[on)) (450)

This means that B |¢,,) is an eigenvector of A with eigenvalue a,,. But since A has no degenerate eigenvalues,
B|¢y) must be proportional to |¢y), so that B|¢n) = by, |¢n). Therefore, |¢y,,) is also an eigenvector of B,
with eigenvalue b,,.

Since each eigenvector of A is also an eigenvector of B (and vice versa), both of these operators must
have a common basis. This basis is unique; it is made of the eigenvectors of A, which are the same as the
eigenvectors of B (we say they are joint eigenvectors of A and B). This theorem also holds for any number
of mutually commuting Hermitian operators.

*8Degenerate eigenvalues are those that correspond to more than one eigenvector.
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