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1 Chapter 3: The Formalism of Quantum Mechanics

Learning Goals

e To describe quantum states in terms of the Dirac notation.
e To apply the language of linear algebra to describe the basic operations of quantum mechanics.

e To determine which conditions a linear operator must satisfy to represent a physical observable

and what are the implications of these conditions.

e To utilise the generalised statistical interpretation to predict the outcome of measurements in
quantum systems.

e To generalise Heisenberg’s uncertainty principle to an arbitrary pair of observables.

e To apply the formalism of quantum mechanics to simple finite-dimensional Hilbert spaces.

In this section of the lecture notes, we present the main concepts discussed in Chapter 3 (“Formalism”)
of the course textbook. The goal of these lecture notes is to provide a self-consistent study resource for the
students, which is then complemented by the live lectures (and their recordings), the tutorial sessions, as
well as their own study of the textbook. The relevant textbook sections are indicated below, material from

other sections not listed there will not be required for the examination .

Textbook sections

e 3.1: Hilbert space.

e 3.2: Observables.

e 3.3: Eigenfunctions of a Hermitian operator.
e 3.4: Generalised statistical interpretation.

e 3.5: The uncertainty principle.

e 3.6: Vectors and operators.
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In previous courses, in particular in Quantumfysica 1 and Quantum Concepten, you have been introduced to
various important concepts about quantum mechanics, such as the wave function, the Schroedinger equation,
and Heisenberg’s uncertainty principle. Now we would like to take a step back and present the formalism of
quantum mechanics in a more abstract way. While this formulation might appear at first disconnected from
your previous knowledge of the quantum world, we will show how the formalism of quantum mechanics is
rather more powerful, and how once we have the right tools we will be able to readily reproduce and derive

the results and equations that you are already familiar with.

1.1 Hilbert spaces and Dirac notation

Perhaps one of the most far-reaching concepts in quantum mechanics is that physical states are members
of an abstract vector space called the Hilbert space and thus they obey the standard rules of linear algebra.
This might not seem a world-shattering statement, but as we will see it has striking consequences, such as

those leading to the famous Schroedinger cat which is nor-dead-nor-alive.

The formalism of quantum mechanics is built upon two fundamental concepts:

e The state of quantum system is characterised by its state vector |a), an element of an abstract
complex vector space known as the Hilbert space H, |a) € H. All physical information about

a given system is encapsulated in its state vector.

e These state vectors are modified by linear operators that act upon them and that determine

physical properties, such as for example their time evolution.

Mathematically, quantum mechanics is most naturally described by the language of linear algebra.

You can think by analogy of the vector space in Cartesian coordinates living R?. There, we have a basis
composed by three linearly independent vectors, say v; = (1,0,0), 9o = (0,1,0), and o5 = (0,0,1), and any
other element of the same vector space admits an expression of the form v = a7 + a2y + azvs with a;
being real coefficients. The same holds for quantum mechanics, with the difference that the now the basis

elements correspond to specific quantum states.

Dirac notation. The formalism of quantum mechanics can be neatly formulated by means of the renowned
Dirac notation. Assume that we have a quantum system characterised by an n-dimensional Hilbert space.
This means that each possible state of the system can be represented by a state vector |a) with n complex

components, which we will write as a column vector

ai

la) = af . (1.1)

%

We denote the state vector in the Dirac notation |«) as a ket, for reasons that will become obvious soon.
Since the Hilbert space is a complex vector space, the components {a;} will be complex numbers.

Note that, as for any vector space, the values of these components depend on the specific choice of basis.
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For example, a possible basis of this Hilbert space H could be

1 0
0 0

ad=| | e = | dew=]| | (12)
0 0 1

and in this basis one can express our original state vector |a) as
|a) = ai|aq) + azlaz) + ... + aplan) - (1.3)

While the state vector |«) itself is basis-independent, the values of its components {a;} will depend on the
choice of basis. An appropriate choice of basis vectors for our Hilbert space can simplify many problems.

Formulating quantum mechanics as a linear algebra problem brings in a lot of perks. For example, we
know that if we multiply a vector by a scalar, we end up with another bona fide vector. The same holds
in Hilbert space: if the state vector |a) belongs to the Hilbert space H, then |3) = v|a), with v € C an
arbitrary complex number, is also an element of the same Hilbert space with components

Y a1
v az

By=rla)=| . |en. (1.4)
Y an

While this property appears at first a tad too abstract, note that has physical consequences: it tells us that

the state vector |3) represents another physically allowed state of our quantum system.

A two-dimensional Hilbert space: the electron spin

A particularly simple, yet extremely important, quantum system is that of the spin of the electron.
An electron spin can adopt two configurations: it can point “up” (along some axis), or it can point
“down”. So this system has associated a two-dimensional Hilbert space (n = 2). If the two basis

state vectors are chosen to correspond to the “up” and “down” directions,

|+>—<(1)>, |—>—<‘f>, (1.5

then a general element of this Hilbert space H can be expressed as

C_

la) =cy|+) +e|-) = < . > : cy,c_ €C. (1.6)

You can then see how this very simple quantum system actually can host an infinite number of
different states, corresponding to different choices of the coefficients ¢;. This radical departure with

classical physics is the underpinning of e.g. the greatly superior performance of quantum computers.

By refreshing your linear algebra, you can easily derive yourselves many of the relevant properties of state
vectors in quantum mechanics. For example, if |«) and |3) represent two possible states of our quantum

system (that is, they are two elements of the Hilbert space H associated to the system), then their arbitrary
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linear superposition will also belong to the same Hilbert space,

vyai+ by p1
Yyag + Aby P2
PETTESVOE B S N P78 (17)

and thus can be associated to another possible physical state of the quantum system. In this course we will

extensively exploit this connection between the space of quantum states and the properties of linear algebra.

Dual Hilbert space and internal product. As you have learned in your linear algebra course, another
important property of vector spaces is the existence of an internal product between two elements of the
space. For example, you are familiar with the scalar product, whereby I can multiply two vectors, say
elements of R™, to obtain a real scalar:

@,beR", d-b=Y abi €R, (1.8)
i=1

when the components of @ and b correspond to the same (orthonormal) basis. Inner products are essential to
define many of the properties of a vector space. For example, the magnitude of a vector is defined in terms

of the scalar product with itself,

(1.10)

Surely, if quantum mechanics is formulated in the language of linear algebra, there also needs to be some
kind of inner product between state vectors?

In order to define an inner product for state vector, we need to introduce first the concept of dual Hilbert
space H*. Putting aside mathematical subtleties, if a n-dimensional Hilbert space is the vector space spanned
by (column) state vectors of the form

oy =1| . |, (L.11)

then its dual H* is the vector space spanned by elements of the form
(af = (a1, a3, ,ay) , (1.12)

where always following the Dirac notation we denote (a| by a bra vector. Note that to move from a state
vector |a) € H to its dual (a| € H* is have transposed the column vector into a row vector and taken the

complex conjugate of its components.
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Armed with the notion of a dual space, we can now introduce the inner product in Hilbert space. If we

have two state vectors living in the same Hilbert space, |a),|8) € H, then their inner product is defined as

by

<C¥|ﬁ> E(GT,GQ,"' 70’7*1) :Za:bz (113)
. i=1
bn,

Note that the inner product is a (complex) scalar, and therefore the result of («|3) will be the same irre-
spectively of the choice of basis. For obvious reasons, the object (a|8) is called a braket, explaining why we
denote dual state vectors {«| as bras and state vectors |3) as kets. in the Dirac notation. The inner product
between two elements |«) and |3) of a vector space is a measure of their overlap in the Hilbert space. A
pair of vectors such as («|8) = 0 are said to be orthogonal (in the Hilbert space sense, not in the Cartesian
vector space sense). In this course we will almost always work with normalised state vectors, which are those
for which satisfy («|a) =1 in analogy with Eq. (unit norm vectors).

Let’s go back to the quantum system describing the spin of an electron. The basis vectors |+) and

|—) are obviously orthonormal. Now assume that we have two elements of this Hilbert space:

1 ; 1 1
) = 2(|+>_Z|_>>:ﬁ ( . ) ;

18) = (B1]+) + ba]-)) = ( . ) .

S

We would like to determine by and be such that |5) is normalised and orthogonal to |a). First of all

imposing the orthogonality condition we find
1 ) b1 .
(a]B) = G (1, +4) b | 0 by = —iba, (1.14)
2

and then imposing the normalisation condition

(BIB) = (+ib3,b3) ( _blbg ) =1 b= % (1.15)

In this course we will make extensive user of the inner product in Hilbert spaces in order to understand and

quantify the properties of quantum systems.

Linear superposition and completeness Let us further exploit the fact that quantum systems are
described by the formalism of linear algebra and vector spaces to derive a number of important properties.
Assume that we have an n-dimensional Hilbert space H equipped with a basis of orthonormal vectors {|v;)}.
This set of basis vectors is said to be complete, since I can express any element |¥) of the same Hilbert

space as a linear superposition of the basis elements, that is

W) = cilei), VW) eH, ceC. (1.16)

=1
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The complex coefficients ¢; can be evaluated by taking the inner product of |¥) with the basis vector [1;),

n

(¥;]1®) = (41 (Zcm ) > elwslvn) = ¢, (1.17)
i=1

=1

where I have used that the basis vectors are orthonormal and hence (;]¢;) = d;; with ¢;; the Kronecker
delta. A particularly elegant question to express the concept of completeness is given by the fact that the
basis vectors satisfy
n
Dol =1, (1.18)
i=1
where 1 is the identity operator of this Hilbert space. Note that the LHS of Eq. is an operator

acting on elements of the Hilbert space (more about operators very soon). To demonstrate this relation, we
can act with the LHS of Eq. (1.18) onto the general element of the Hilbert space Eq. (1.16]) and then we find

n

(sz m) (sz m) > eilg) | =D el wily) = [9), (1.19)
j=1

i,j=1

which since |¥) is fully general confirms Eq. (1.18).

Infinite-dimensional Hilbert spaces. At this point, you might be convincing ourselves that this course
is unrelated to the previous quantum courses, since what is more representative of quantum mechanics than
the wave function in position space ¥(z), which so far has been nowhere to be seen? The reason is that the
formalism of quantum mechanics is most succinctly described for Hilbert spaces of finite dimension, such as
the (two-dimensional) electron spin. However, a particle moving on one dimension can in principle occupy
any value of the position x, and thus the associated Hilbert space will be infinite dimensional. As we show
now, the derivations and properties discussed below for the case of finite Hilbert spaces can be generalised
to the case of infinitely-dimensional ones.

In the case of an infinite-dimensional Hilbert space, such as that composed by all the possible positions
that a particle can occupy in one dimensions, the basis kets will be given by |z). In the same way as before
we expressed a general quantum state as a linear superposition of its basis vectors, Eq. 7 now we can

write this general quantum state as
— [ dwvta)la), (1.20)

where the sum has been replaced by an integral due to the infinite dimensions of this space, and the support
of the integration extends to the physically allowed positions of the particle. We can thus observe how the
coefficients of the basis kets |z) are represented by a continuous function t(z), which is nothing but the
wave function that you have seen in previous courses.

Furthermore, in analogy with Eq. (L.13)) the inner product between two states of an infinite-dimensional

([ asvi@ren) ( [ dovatoo)) (1.21)

/ da' dx i (x ) () (2 |2) = / dz Yy (z)¢2 (),

Hilbert space is given by

(V1]W2)
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where we have used the orthonormality condition between basis vectors
('|x) = 6(x — 2'), (1.22)

in terms of Dirac’s delta function (rather than the Kronecker delta for finite Hilbert spaces). One can derive
the relation Eq. (1.22)) using for example the solutions of the free-particle Schroedinger equation. From here

the usual normalisation condition of the wave functions follows, which now expressed in Dirac notation reads

¥ = () = [ dow (@)oia) = 1. (1.23)
Property Finite-dim H Infinite-dim H
[W1) =300 cvalii) W1) = [ da i (z)]x)
Completeness
(W2) =370 calthi) (Wo) = [ da’ o (a")]2)
Inner product (U] Ty) = Z?:l ci.iC2,i (01| Ty) = fd:z: V5 (x)a(x)
Orthonormality (Wilhi) = dij (@'|x) = 6(x —2')
Completeness v2 S (i =1 [ dz|z)(z] =1

Table 1: Summary of the correspondence between finite and infinite dimensional Hilbert spaces.

In this rest of the chapter, we will alternate between Hilbert spaces of finite and of infinite dimension,
with the understanding that the relations summarised in Table [I] establish a correspondence between them.

The dimensions of a Hilbert space

The easiest way to evaluate the dimensionality of a Hilbert space is by counting how many basis
vectors are required to span the whole space. That is, what is the minimal number of independent
vectors whose linear combinations can construct any arbitrary element of this Hilbert space?

Note also that you should not confuse the dimensions of H with the physical dimensions of the
quantum system. For example, a free particle moves in one spatial dimension, but its quantum states
are elements of an infinite-dimensional Hilbert space.

1.2 Observables and operators

We now turn to present how this formalism of quantum mechanics makes possible systematizing the discussion
concerning physical observables. We will see that physical observables are represented by a special class of
(finite- or infinite-dimensional) operators that act upon the elements of the Hilbert space of the system.
We will relate this discussion to how we can make predictions about the outcome of measurements in general

quantum systems.

Page 9 of



Dr Juan Rojo Quantum Mechanics 2: Lecture Notes March 2, 2021

Operators in finite Hilbert spaces. In full generality, we define an operator O as a mathematical
transformation between two elements of a given Hilbert vector space H, that is

O[y) = |Ts), [W,),|¥s) € H. (1.24)

Note that this transformation is different from the inner product, which maps two vectors into a complex
scalar. The explicit form of the operator O will be different depending on whether we deal with finite-
or infinite-dimensional Hilbert spaces. In the former cases, operators can be represented as n-dimensional

matrices. That is, if in a certain basis {|i;)} we have that the coefficients of |¥;) and |¥5) are
W1) = ailv), [Wa) = i), (1.25)
i=1 i=1

then the components of the matrix O that implements the transformation in Eq. 1} are given by

O11 O12 ... Oin ay by

~ 02,1 02,2 cee Oz,n a2 by

o) =[¥z) — . . . ) = . . (1.26)
On 1 On,2 s On n 429 bn

) )

Note that in the same way as the coefficients of the linear expansion Eq. are basis-dependent, also the
matrix representation of operators will depend on the specific choice of basis (although the operator itself is
basis independent).

Furthermore, you can convince yourselves that the matrix elements of a given operator are uniquely
specified by the action of this operator on the basis vectors. To see this, note that by definition the action of
O transforms an element of 7 into another element of the same Hilbert space, and thus with all generality

one can write

6"@[)0 :ZCJJWJ]>? 1= 1,...,n, (127)
j=1

where we have used that the RHS is true for any element of #, given a suitable choice of coefficients {c;;}.

We can now multiply from the left with the bra (| to get
Wrl (Olwn)) = (il [ D esals) | =D csalnlos) =enis ik =1,...m, (1.28)
j=1 j=1

where again we have used orthonormality of the basis vectors. This tells us that indeed the matrix repre-

sentation of this operator

0111 0172 e Ol,n
. O21 Oz2 ... Ozp,
0= . i ) (1.29)
On,l On,2 e On,n
is fixed by its action on the basis vectors,
01 = (il (Olg3)) = Wildyy),  ij=1,...,n, (1.30)
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where note that we have used a generalised bracket notation to indicate that the operator acts on the ket to
its right. Eq. is often denoted as the matrix element of the operator O between the states |¢);) and
|1;). Note that in general these matrix elements are not symmetric, that is O, ; # O; ;.

The previous discussion of operators focuses on Hilbert spaces with finite dimension. From Quantumfysica
1 you also know that for Hilbert spaces of infinite dimension we have operators that act on the wave function.
In particular you are familiar with the position & and linear momentum p operators, whose action on a general

wave function ¢ (z) is defined by

R . . d
#(e) = (e, pYr) = —ih (). (1.31)
Other operators can be constructed by combining these two, for example for the kinetic energy T we have
1 5 P2 h? d?

T== == -, 1.32
oMY 2m 2m dx? (1.32)

Operators and the electron spin

Let us come back to our favorite n = 2 Hilbert space, the one spanned by the electron spin. Assume

that we have an operator S defined by its action on the basis vectors, given by
S|+ =il=), S|=)=—il+).

We would like to determine the matrix representation of S and determine its action on the state
|T) = (1/v/2) (|[+) — i|-)). First, we use the definition of the matrix elements Eq. (1.30) to find

St = (H (819) = (H (=il = =i, S_p = (-1 (819) = (-1 G- =1,

and since S; = S_ _ = 0, the resulting matrix representation and the action of S on | W) are
~ 0 —i ~ 1 0 —1 1 1 -1
S=(. "), swm==( == ).
i 0 vV2\li 0 —i NORAUR

Operators in infinite Hilbert spaces. In general, for a physical observable depending on the position

and linear momentum, O(z,p), there will be an operator constructed from the appropriate combination of
the position and momentum operators, (5(@, p). As in the case of finite Hilbert spaces, we can compute the
matrix element of a given operator O between two states |¥) and |¥s) with associated wave functions 4 (z)

and s (x), which recalling the correspondence in Table [1] will be given by

1] (O192)) = (11]002) = [ dri(z) O (o). (13
which is the analog expression of Eq. in the case of continuous (infinite-dimensional) Hilbert spaces.
Observables in quantum mechanics. So up to here we have seen that in quantum mechanics physical

observables are represented by operators, and that these operators admit a matrix representation in the case

of finite Hilbert spaces. What else we can say about these operators? Is every possible operator eligible
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to represent a physical observable? Actually this is not the case, and there are stringent mathematical
requirements that those operators must satisfy.
First of all, we know that the expectation value associated to a measurement of the physical observable

O given a quantum state |¥) is given by the following matrix element:
(0) = (T|OW), (1.34)

which for continuous Hilbert spaces is given by

(0) = (¥|OW) = / dz 7 (z) Op(x), (1.35)

while for the discrete counterparts you can verify that

(0) = (V|OV) = i c0jc;, (1.36)

ij=1

where [¥) = " | ¢|¢;), which is of course nothing but the usual matrix multiplication recipe once we
express the state and the operator in the representations associated to the basis {|¢;)}.

In both cases, the bottom line is that the expectation value (O) is something that we can measure from
the quantum system. Given that the outcome of any measurement is a real quantity, it follows that (O) € R
for any operator O and any quantum state |¥). This property is rather non-trivial, since both O and | T)
are in general complex quantities. Another way to state the same fact is to write that the expectation value
is equal to its complex conjugate (O) = (O)*. One can see how taking (O)" changes the expression for the

inner product. For continuous spaces
o) = wow = ([wv@ouw) = [wiwo ve= [a(0°ww)vw. a3

from which follows that (O)* = ((5\IJ|‘II>, that is, taking the complex conjugate reverses the order of the

inner product. The same property takes place for discrete Hilbert spaces, since

n n n

(O) = (WOD)* = Y ¢;05c; = Y Oe; =Y €05ci = (OV]T). (1.38)

ij=1 ij=1 ij=1

Therefore, we have derived a very important property of those operators in quantum mechanics that repre-
sent physical observables:

In quantum mechanics, operators 0 representing physical observables must satisfy
(U|OT) = (OW|T), V|¥)eH, (1.39)

which are called Hermitian operators. These are by definition equal to their Hermitian conjugates,
Of = O, where the latter are defined by the relation (¥;|OW,) = (O1W,|Wy) for all |Uy), |¥y) € ’HE|

*Note that (see Problem 3.3 in textbook) if (U|OW¥) = (OW|¥) then it follows that (U1|OWs) = (O |Ts).

This way, we find that now all possible operators can be associated to physical observables in quantum
mechanics, but only Hermitian ones are accepted. Therefore if we are asked to assess whether or not a

Page 12 of



Dr Juan Rojo Quantum Mechanics 2: Lecture Notes March 2, 2021

given operator O can be associated to a physical observable, what we need to determine is whether or not
it is Hermitian. In the case of discrete operators, the Hermiticity condition is particularly simple to verify:

imposing that Eq. (1.38) equals Eq. (1.36]) we find

n n

Y 0jici= Y O5ei, V{a} — 05 =0j. (1.40)

i,7=1 i,j=1

Therefore, for discrete operators taking the Hermitian conjugates (also known sometimes as adjoint) ot
corresponds to transposing the matriz (exchange rows by columns) and then taking the complex conjugate of
each element.

We can verify that the operators we are already familiar with are represented (as expected) with Hermitian
operators. For instance, let’s demonstrate that the linear momentum operator p is indeed Hermitian.

(U [pUy) = /_OO dz % () P () :/_Oo dz ot (2) (—m;;) s (2) (1.41)
= —in [ a2 < —aniewsen|”_vin [ e

where in the last equality we have used integration by partSE Since the wave functions vanish at infinity
(else they would not be normalisable and hence non-physical) the boundary term goes to zero, and we end
up with

(T4 [pPs) = /Oo dx (—ihcwlm)*wg(x) = (p¥4|¥q), (1.42)

o dx
which is the condition that an Hermitian operator must satisfy, as indicated in Eq. (1.39)), and thus we
confirm (reassuringly) that p can indeed be associated to a physical observable. Similar derivations can be

applied to show that other commonly used operators, such as the ones representing the kinetic T and the
total energy H, are also Hermitian.

IWhere for any two functions f(x), g(z) one has that f; def(zx)d(g(x)) = (f(x)g(z))’i — ff dzg(x)d(f(x)).
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Consider a 3-dimensional Hilbert space. We are given the following two operators belonging to this

Hilbert space. Can these operators represent appropriate physical observables?

0 —i 1 2 1 0
O=i 1 0|, &.=(i 3 i]|. (1.43)
1 0 2 0 —i 0

As indicated by Eq. 1 , for finite Hilbert spaces the Hermiticity condition O' = O translates
into Oj; = Oj; for the matrix elements, that is, if I transpose the matrix and then take the complex

conjugates of its elements I should recover the original matrix. Verifying this condition:

*

) 0 1 0 —i 1
of = (OIT) = =i 10| =14 1 0]|=0,, (1.44)
1 1 0 2

and thus O; is Hermitian and could represent a physical observable. By using the same method you

can show that instead (52 is not Hermitian and thus cannot be associated to a physical observable.

In the following the study the consequences of the fact that observables in quantum mechanics are represented

by Hermitian operators, and what does this property tell us about the allowed states of a quantum system.

1.3 Eigenfunctions and eigenvalues of Hermitian operators

Many important properties of quantum systems can be derived from the fact that they arise from eigenvalue
equations involving Hermitian operators. For this reason, here first we briefly review eigenvalue equations

in linear algebra, and then we discuss how to extend the concept to quantum mechanics.

Eigenvalue equations in linear algebra. You are familiar with matrix equations of the form A¢' = A\,

A1,1 A1,2 <. Al,n U1 U1
A271 Agyg e A27n (%) V2

=X 1, (1.45)
An,l An,2 Ay Un Un

s

where A represents a square matrix of dimensions n X n and ¥ is a column vector with dimension n. These
equations, where the outcome of acting with a matrix on a vector is proportional to the original vector, are
known as eigenvalue equations. The scalar A\ is known as the eigenvalue of the equation, while the vector
¥ is known as the associated eigenvector. The key feature of Eq. is that applying a matrix A to the
vector ¥ returns the original vector with an overall rescaling, Av. In order to compute the eigenvalues of a

matrix, we need to evaluate the solutions of the characteristic equation of the matrix A, defined as
det(A—X-1)=0, (1.46)

where [ is the identity matrix of dimensions n x n, and det is the determinant. Once we have evaluated the

eigenvalues \; associated to a given matrix A, we can compute the corresponding eigenvectors ;, defined as
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the vectors that satisfy
AVZ‘ZA,L'V,L', i:l,...,n, (147)

which is an n—dimensional system of linear equations. Note that the normalisation of the eigenvectors is
arbitrary: if v; is an eigenvector of a given matrix A, then bv;, with b being an arbitrary complex number,

will also be an eigenvector of the same matrix equation.

To illustrate how to compute eigenvalues and eigenvectors, one can consider the following matrix

I
A:(S _5>, (1.48)

which has associated the following characteristic equation

1—A -3

det(A=X-T)=| " -

=X +4r+4=0. (1.49)

with (degenerate) solutions A\; = Ay = —2. We can determine the single eigenvector by solving

1 - 3y g = —2
3 v\ _ A\ V1,1 7 v1,1 — 31,2 v1,1 (1.50)
3 =5 V1,2 V1,2 3v1,1 — dv1,2 = —2v1 1

which can be solved to get v7 = (1,1). Note that b, with b € C, is also a possible eigenvector.

Eigenvalue equations in quantum mechanics. In Eq. || we defined an operator O as a mathe-
matical transformation between two elements of a given Hilbert vector space H, that is

OlWy) = [Ws),  |¥1),[W2) € H, (1.51)

where H can be either finite- or infinite-dimensional. An eigenvalue equation in quantum mechanics, by

analogy with the linear algebra case, is an operator equation where |¥s) is proportional to |¥y),
O|Fy) = A\ |Uy), |U) eH, (1.52)

where now we say that A; is an eigenvalue of the operator O with |¥1) the associated eigenvector. Eigenvalue
equations of the form of Eq. (1.52)) are extremely important in quantum mechanics: for example, you can
see how the ubiquitous Schroedinger equation is nothing but the eigenvalue equation associated to the

Hamiltonian operator, with the particle energy being the corresponding eigenvector

( L +V<x>)¢<x>=Ew<x>, L) = B, (1.53)

2mdz?
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Determinate states

In quantum theory, we denote a determinate state |¥) as one where a measurement of the physical
observable O returns always the same value, say A. One can show that these states are eigenvectors
of the eigenvalue equation associated with O, namely @|\I/> = A|¥). Therefore, we conclude that
determinate states of the observable O are the eigenvectors of O. This property implies for example,
considering Eq. that if a given quantum state is an eigenvector of H, a measurement of its

energy will always return the same value.

The eigenvector spectrum of an Hermitian operator can be either discrete or continuous, depending

on whether the associated Hilbert space is finite- or infinite-dimensional. Let us demonstrate now three

important properties associated to eigenvalue equations involving Hermitian operators.

(a)

Hermitian operators have associated real eigenvalues. This can be shown starting from the relevant
eigenvalue equation for O
O[¥1) = M|¥1), (1.54)

and then imposing the Hermiticity property (‘I'1|(5\I/1> = ((5\111\\111> we see that
(U1]OW1) = A\ (U] T1),  (O0|T) = Aj(0[T4), (1.55)

hence A; = A} which implies that A\; € R. This property confirms that if we measure the observable O

on the determinate state |¥1) we will obtain a real number, which is reassuring.

The eigenvectors |¥1) and |¥3) associated to different eigenvalues, As # A1, are orthogonal. To show

this again we start from the corresponding eigenvalue equations
OlW1) = M|¥1),  OWy) = \o|y), (1.56)

and now we impose Hermiticity (\Il2|(5\111> = ((5\1'2|\111> which implies that Ao (Wo|Wq) = A\ (Us|Ty),
which given that Ay # A1 can only be satisfied if |¥;) and |¥3) are orthogonal: (¥5|®¥;) = 0. Even in
the presence of degenerate spectra with different eigenvectors sharing the same eigenvalue, it is possible

to construct orthogonal eigenvectors within each degenerate subspace.

The eigenvectors of an Hermitian operator span the complete Hilbert space, in other words (given
that they are already orthonormal) they represent a complete basis in this Hilbert spaceﬂ This
means that if a given Hermitian operator O living in an n-dimensional Hilbert space has as eigenvalue
spectrum

O|W;)) = \|0;), i=1,...,n, (1.57)

then I can always use these eigenvectors to represent any element of #:

W) =D alW), o= (W[¥)eC, V[¥)eH. (1.58)
i=1

2To be precise, the proof that the eigenvalues of an Hermitian operator span the full Hilbert space applies only for finite-
dimensional spaces. In the continuous case, it is usually taken to be an axiom that only Hermitian operators whose eigenfunc-
tions are complete can represent physical observables.
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Note however that |¥) itself is not an eigenstate of @, since
OW) =" c;01W;) = cidil W) # A|T). (1.59)
i=1 i=1

These three properties of Hermitian operators are immensely important, and will be thoroughly exploited
in the rest of this course.

1.4 Generalised statistical interpretation

In previous courses, you have learned some important properties about the statistical interpretation of the
wave function 1 (z) of a quantum system and what are the expected outcomes if we attempt specific mea-
surements in this system. In particular, you saw that P(x)dz = |¢(z)|?dz is the probability of finding a
particle, upon a measurement of its position, in the region of space defined by [z, z 4+ dz]. Now, armed with
the powerful mathematical tools that constitute the formalism of quantum mechanics, we can state another

of the core axioms that define the foundations of quantum mechanics:

Generalised statistical interpretation

Consider a general physical observable O represented by the Hermitian operator O. If now we attempt
to measure O on the state |¥), the outcome of this measurement will be one of the eigenvalues
A; associated to the eigenvector equation @|WZ> = \;|¥;). For discrete spectra, recall Eq. 7 the
probability of measuring \; in the state |¥) will be given by

P()\i) = ‘Ci|2 where C; = <\111|\I/>, (160)

Furthermore, upon this measurement the quantum state collapses into the relevant eigenvector. For
instance, always in the discrete case, if I measure observable O on the state |¥) and find A;, after the
measurement the quantum state will collapse from |¥) to |¥;):

n

Before the measurement : [Ty = Z ¢lUy, ¢ = (U;|0),
i=1
After the measurement (having measured O = \) : [T) = |T;).

If you find this collapse of the wave function bewildering, you are not alone: it is still the subject of endless
discussions about the interpretations of quantum mechanics. However, For the purposes of this course, we
will put epistemology aside and take this collapse as part of the axioms of the theory.

This generalised statistical interpretation can also be applied to continuous spectra. In such case, the use of
the Dirac notation is sometimes cumbersome, and we will interchange frequently the abstract quantum state
|¥(2)), with z labeling the relevant continuous quantum number (such as the particle energy or momentum)
with its wave function in the position-space representation, 1. (x). Then, if we have an operator O with a

continuous spectrum in the observable z,

Ov.(x) = q(2)-(x), (1.61)

with ¢(z) the real eigenvalues and 1. (z) the orthonormal eigenfunctions (in the Dirac sense), the generalised

statistical interpretation tells us that, given a general quantum state 1(x), the probability of finding a result
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for O in the range [q(2),q(z + dz)] is
P(2)dz = |c(2)|?dz  where c(z) = (1. |¢) = /_OO dx % (z)Y(x), (1.62)

fully analogous to its counterpart for discrete spectra, Eq. (1.60)).

For discrete (continuous) spectra, the value of the coefficient ¢; (¢(z)) quantifies the overlap between
the full quantum state |¥) (¢(z)) and the specific eigenvector |¥;) (¢, (x)) associated to the eigenvalue
Ai (¢(%)). Recall that measurements of the observable O always yield one of the eigenvalues \; (¢(z)).

You can easily recover the usual statistical interpretation of the wave function that you learned in Quan-
tumfysica 1 by applying this discussion to the case of the position operator Z. In this case, one has that the

corresponding eigenvalue equation is trivial

Zahy (:L’) - x/¢z’ (33) ) (163)

where we have separated the value of the position x from the eigenfunction label z’, which in principle are
different quantities. The eigenvectors are Dirac delta functions of the form 1, (xz) = §(x — 2’), and hence
the probability of finding the particle in the interval [z, 2" + da’'] is nothing but

P(z)da' = |c(a)|?dx’ = ‘/OO dx Y (x)yY(z)| doe= |¢(x')|2dx’, (1.64)

namely the statistical representation of the square of position-space wave function as a probability density.
An straightforward consequence of this generalised statistical interpretation is that the total probability
(understood as the sum over the probabilities associated to all possible outcomes of the measurement of the

observable ) must be unity:

n

Z lei* =1 (discrete) , /dz le(2)]2? =1 (continuous), (1.65)

i=1

where in the continuous case the support of the integral over z is the physically allowed range for the

observable O. Again, the second relation is nothing but the requirement that the wave function is normalised,

if we take O = z,
/dz le(2)? :/ dz|(2))> =1. (1.66)

Another way to show that the sum over |c;|? gives unity is exploit that we deal with normalised wave

functions,
1= (U|0) = Zc v, (Zciwi)) =) oW = Y el (1.67)
i=1 i,j=1 i,j=1

where in the last step I have used the orthonormality of the eigenvectors. Likewise, you can easily demonstrate

that the expectation value of O in the quantum state |¥) is given by

(0) = (T|OW) = ZMQP zn:)\iP()\i), (1.68)
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as couldn’t be otherwise: the expected value of O is the sum over all possible outcomes of its measurement
\; each weighted by the corresponding probability P(\;) = |c;|%.

1.5 The generalised uncertainty principle

Again, you are already familiar with one of the key concepts of quantum mechanics, Heisenberg’s uncertainty
principle. This principle told us that if we measure the position z and momentum p with an error of o, and
o, respectively, then the following relation should hold:

(1.69)

O20p = 3
which tells us that there exists a fundamental limit on how accurately I can determine the position and
the momentum of a particle. So far, the Heisenberg uncertainty principle has been given to you as if it
were another of the theory axioms, but instead we will show there how this principle (rather, its generalised
version) follows directly from the formalism of quantum mechanics assembled so far.

Assume that we have a physical observable, O, represented by its corresponding Hermitian operator 0.
For a general quantum state |¥), measurements of @ will result in a range of different outcomes. If this
range is very small, I will know quite accurately what to expect from measurements of O in |¥), and hence
I’ll say I can determine these observables with a small uncertainty. Conversely, if the range of outcomes is
very broad, I will have limited knowledge about what to expect from measurements of O, and in this case
my uncertainties will be much larger. One possible measure to quantify how narrow or broad is the range of
outcomes for measurements of an observable O (and thus of how small or large my uncertainty will be) is

given by the standard deviation, which you might have seen in statistics courses and that is defined as

2

ob=((0-(0))) = (@(0-(0)) W) = ((0- () w|(O - () W), (1.70)

where in the last equality we have used the fact that the operator is Hermitian ((/9\T = @)
Now let’s say we have two different physical observables, denoted by A and B, represented by the
Hermitian operators A and B. They standard deviations can be computed in the same way as above

oh = {4 () = (w(A- () ) = ((A- @) w)(d- ) v, (1.71)

oh={(B-(B)) = (8- (B) w=((B-(B) (5 (B)w). (1.72)

Now we can use the Schwartz inequalityﬂ to express the product of the two standard deviations as follows:

%oh = (A~ (A)V|(A— (A)V)(B — (B)V|(B -~ (B))V)
> (A= (A)wl(B - (B)w)| . (1.73)
[21 (4(A = () WI(B — (B))®) — (B — (B))w|(A - <A>>w>)} ,

where in the last step I have used that |2%| > |(z — 2*)/(2i)|? for any complex number z. Now making use

3In a nutshell, for elements ¥ and i of a vector space equipped with an inner product, the Cauchy—Schwartz relation tell us
that |- 9|2 < (@ - @) x (¥ - ¥) which is the same as stating that |@ - @] < |@||7].
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of the fact that both A and B are Hermitian operators, some algebra tells us that

(A= (A)W|(B ~ (B))W) = (W|(A — (4))(B - (B))¥)
— (WI(AB — (4) B~ A(B) + (4) (B))¥) = (AB) - (4) (B) .

Recall that A and B are operators, and hence we should be careful with their order. On the other hand (A)

and (B) are just numbers so they obey the usual commutative properties.
Putting everything together, we end up with the following relation:

Ak = [k (G aywiB - w5 - B)ud - aw)]
_ 212 ((4B) — (4)(B) - (BA) — (B) <A))} 2

= (& (a8~ ()] = (5 ([a8))) 1)

where we have defined the commutator between two operators as

{A,B} — AB-BA, (1.75)
and hence we have nicely derived the generalised uncertainty principle:

oA0B 2

L([48]) ‘ (179

Note that the standard deviation of a physical observable is by construction a positive-definite quantity, and
hence we take the absolute value. While this derivation might appear to be rather abstract, it is powerful

and we will show next how the well-known Heisenberg’s uncertainty relations can be derived from it.

It is worth emphasizing here that this generalised uncertainty principle is not one of the axioms
of quantum theory, but rather a consequence of those, specifically of the axiom that posits that all

physical observables in quantum theory are represented by Hermitian operators.

As usual in science, when we derive a general result the first thing that one needs to do is to verify
that one is able to recover specific, known cases. So let’s see if we can reproduce the vanilla Heisenberg
uncertainty principle. We start from Eq. and now we apply it to the position = and linear momentum
p observables. We need to evaluate their commutator

[2,p] ¢ (x)

it ] ) = it (o e) — 2 o)

it (2 4o 0(e) — 00e) ~ 5 1 0(o) ) = ihota)

and hence [£,p] = ih, which leads to 0,0, > /2 as expected. We thus see that Heisenberg’s principle is
just a specific case of a much more general property of quantum mechanics: a similar relation will hold for
any pair of observables A and B whose operators do not commute, [/Al, E} # 0. In previous courses, you
have also seen that the Heisenberg uncertainty principle also applies to energy and time, and hence one
has a relation of the form At AFE > h/2. However you might immediately object that I cannot derive this
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relation using Eq. (1.76) since time is not a physical observable in non-relativistic quantum mechanics, and
hence there is no “time operator”. Below we will show how one can formally derive the At AE > /i/2 relation.

Compatible and incompatible observables

In quantum mechanics, we denote a pair of physical observables A and B for which the associated
commutator vanishes, [/Al, B} = 0, as compatible observables. In this case, I can measure simul-
taneously A and B with arbitrarily good precision (the uncertainty principle does not apply) and
further A and B admit a complete set of common eigenfunctions. On the contrary, we denote as
incompatible observables those for which {A, B] # 0. In such case, A and B cannot be measured
simultaneously since they have associated a restriction of the form Eq. and they cannot have
a complete set of shared eigenfunctions.

The uncertainty principle in finite spaces. Note that while you have been mostly exposed to the
Heisenberg uncertainty principle in the case of infinite-dimensional Hilbert spaces, Eq. also applies to
finite Hilbert spaces. For example, in the case of the electron spin, we can measure the spin along the z, y,
or z directions. We denote the physical observables in this case as S, Sy, and S, and as we will see these
are represented by the following operators:

. h{o0 1 . h{ 0 —i ~ hf{1 0
o : Y LS, = , 1.
S 2(1 0) Sy 2(2 0) S 2(0-1) (1.77)

which as you can easily check are Hermitian. If you evaluate their commutators, you can verify that these
operators do not commute and hence the corresponding physical observables are incompatible and will have
associated a Heisenberg-like uncertainty relation. For example, we have that

- {0 1 1 0 {1 o0 0 1

[Sm’SZ] - 4(1 o)(o —1>_4<0 —1><1 0)
{0 -1 {0 1 {0 —2 .
4(1 o> 4<_1 o) 4(2 o) ihSy #0

Note that in general the commutator between two operators will be another operator, as shown in this
specific case. Therefore we confirm that S, and S, are incompatible operators, and that their associated
Heisenberg-like uncertainty principle will be given by

g ()| =51 (5] ars

In this case, the lower bound on the product og og, depends on the specific quantum state |¥) under

05,08, =

consideration.

Interestingly, we note that for a quantum state such that <‘§u> = 0, then S, and S, do not exhibit a
Heisenberg-like restriction and in this case g 05, > 0. In other words, there exist states |¥) for which the
bound saturates and hence og, 0g, = 0. We can construct an example of such configuration. Any quantum
state of the form

(W) = cilHy) +eil =) (1.79)
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with |c4 |2 = |c_|? and |+,),|—,) being the eigenvectors of S, will satisfy this condition since then

<sy> —p (sy - 2) g +P <sy = J;) _75 = g (les|> = Je_2) =0, (1.80)

where I have used the prescription from the generalised statistical interpretation. If now I express the
eigenstates of Sy in terms of those of S, I obtain
) = o () + 1)+ ) = == () = =) (181)
yr \@ z z ) y/ — \/5 z z 9 .

and we find that a possible quantum state for which <§y> = 0 is given by

1
W) = 7 (IHv) + =) = [+2), (1.82)
for which indeed the bound saturates, og,o0s, = 0: if I measure S, first, I will have a 100% certainty

that S, = h/2 and thus og, = 0. Note that however this bound will not be saturated if the order of the
measurements is different, in particular if S, is measured first, highlighting that at the end of the day S,
and S, remain incompatible observables.

The energy-time uncertainty principle. We have mentioned below that the energy-time version of
Heisenberg’s uncertainty principle, At AE > h/2, cannot really be derived from Eq. since time is not
an observable in quantum mechanics: it is rather an independent variable (that is, an external parameter
to the system) and hence it does not admit an operator representation. We will need to use a different
approach to derive this relation using the quantum theory formalism spelled out in this chapter.

Assume that we have a time-dependent quantum system in one dimension, whose wave function is then
the solution of the time-dependent Schroedinger equation

h* 9?

mM = HU(z,t) = ( — 4 V(x)) U(z,t), (1.83)

ot

 2m Oz2

and assume that we have a general observable in the system which is constructed out of the position and
momentum and also depends on time, O (z,p,t). Let us evaluate the first derivative with time of the
expectation value of this observable:

% (O (z,p, 1)) = % <qf‘@\p> - <%\f’@w> n <x1:‘6%‘f> + <x11"??x1:> , (1.84)

where we have used the chain rule to make sure we take into account all the possible time dependencies (in
particular that of the observable @). The time derivative of the wave function is given by the RHS of the
time-dependent Schroedinger equation, Eq. (1.83)), and hence we can write the above expression as

(0=~ (avfon) s & (vloire+ (32} - ((ma])+ (52} sy

where we have used the Hermiticity of H. This result is often called the generalised Ehrenfest theo-
rem, and determines the time variation of a given physical observable in terms of its commutator with the

Hamiltonian. There are two interesting limiting cases of this theorem:
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e For observables that do not depend explicitely on time, O (x,p), we have that

% (0) = % <[H@}> 7 (1.86)

which tells us that for these observables their time dependence is entirely determined by their com-
mutator with the Hamiltonian. A particularly interesting example, that you might have encountered

already, arises when O is either x or p, since then

i<x>;<[ﬁ,£]><ﬁ> R m% (z) = (p) | (1.87)

m

o= lal) - (52 =

which when combined yield the so-called Ehrenfest theorem,

m;—; (z) = — <d‘gf)> : (1.89)

which is the quantum-mechanical version of Newton’s equations of motion,

2
P dV()

dt? dx

~F, (1.90)

for conservative potentials.

e Furthermore, for observables that in addition commute with the Hamiltonian, [ﬁ , (5} = 0 we have

% (0) =0, (1.91)

indicating that the expectation value of O is time-independent (constant).

Why it was necessary for our purposes to derive Eq. (1.85)7 Assume now that we apply the generalised
uncertainty principle to a time-independent observable O and to the Hamiltonian H,

s {(mel)| -

which relates the uncertainty in H and in O to the time-derivative of the expected value of the latter.

d(O)

oHgoO >
o0 = dt

; (1.92)

If we now define AE = og and At = 00/|d(O)/dt|, we reproduce the sought-for time-energy version of

Heisenberg’s uncertainty principle:

AE At > g . (1.93)

However, thanks to this derivation we can be more precise about the intepretation of At. By writing

d(O)
Sdt

At | (1.94)

we see that in the interval of time At the expectation value (O) will have changed by one standard deviation
oop. So At is not an absolute interval, but depends rather on the observable under consideration: it is a

measure of how fast or slow the expectation value of an observable varies. For observables that vary with
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time very rapidly, At will be small and hence the uncertainty in the energy AFE will be large.

Summary

We can now recapitulate what have we learned in this chapter concerning the basic formalism of quantum

mechanics:

1/

11/

111/

v/

v/

The state of a quantum system is characterised by its state vector |¥), which is an element of an
abstract complex vector space, known as the Hilbert space H, equipped with an inner product. All

the information about this quantum state is fully encoded in this state vector |¥).

These state vectors are modified by a specific type of linear transformations known as Hermitian
operators such that O|W,) = |¥y) where |¥y), |¥Us) € H.

Every physical observable in quantum theory is represented by an Hermitian operator O = Of. Their
hermiticity implies that the corresponding eigenvalues will be real and that its eigenvectors will be

orthogonal and provide a complete basis of the Hilbert space H.

The outcome of measurements of O in the quantum system |¥) is predicted by the generalised statistical
interpretation, which tells us that the possible outcomes are defined by the eigenvalues of O with well-
defined probabilities.

Any pair of physical observables A and B for which their commutator does not vanish, [A, Bﬂ # 0,
will have associated a Heisenberg-like uncertainty relation that limits how precisely we can measure

these two observables simultaneously.
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2 Chapter 4: Quantum Mechanics in Three Dimensions

Learning Goals
e To formulate and solve the Schroedinger equation in three dimensions.

e To identify and represent graphically the main features of the radial and angular components

of the wave function of the hydrogen atom.

e To determine the conditions that lead to the quantisation of the energies and the wave functions
in the three dimensional case.

e To apply the formalism of quantum mechanics to the cases of the extrinsic and intrinsic angular

momentum.

e To understand the concept of the spin of elementary particles and its description in quantum

theory, in particular for spin-1/2 particles.

\. .

In this section of the lecture notes we present the main concepts discussed in Chapter 4 (“Quantum
Mechanics in Three Dimensions”) of the course textbook. The goal of these lecture notes is to provide
a self-consistent study resource for the students, which is then complemented by the live lectures (and their
recordings), the tutorial sessions, as well as their own study of the textbook. The relevant textbook sections

are indicated below, material from other sections not listed there will not be required for the examination.

Textbook sections

e 4.1: The Schroedinger Equation.
e 4.2: The Hydrogen Atom.
e 4.3: Angular Momentum.

e 4.4: Spin
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Up to now, we have considered quantum systems composed by particles that move in one spatial dimen-
sion, such as the free particle, the quantum harmonic oscillator, and the particle in a well (remember that
the dimensions of the Hilbert space are unrelated to the physical spatial dimensions of the system). While
these systems are extremely useful to illustrate the basic concepts of quantum theory, to describe many
realistic situations we need to apply the same quantum formalism to the cases of particles that move in
three spatial dimensions, such as the electron in the hydrogen atom. In doing so, we will have to deal
with the quantum version of angular momentum (which is obviously irrelevant for the one-dimensional case),
and discuss new quantum phenomena that do not have a classical counterpart, such as the spin (intrinsic

angular momentum) of elementary particles.

2.1 The Schroedinger equation in three dimensions

The starting point of our discussion will be the Schroedinger equation in three dimensions. Given the

operator representation of the Hamiltonian, H, one can write

ihg\ll(r,t) = HU(r,t) = (

2
g 47+ )4 V) ), (2.)

m

wherdﬂ r = (z,y,2). By using the operator presentation of the linear momentum associated to the spatial

coordinate r;, namely p,, = —ihi(9/9r;), we find that the Schroedinger equation reads
ihg\Il(r t) = fivz +V(r)) 9(r,t) (2.2)
ot 2m T '

in terms of the Laplacian expressed in Cartesian coordinates:
v 00 (2:3)

The main difference as compared to the usual one-dimensional systems is that now the wave function (and
the potential energy) depends on r, so we need three coordinates to specify a point in space. In the following,

we will focus on stationary solutions that satisfy the time-independent Schroedinger equation,

<_2F:ﬂv2 ; vm) b(r) = By(r). (2.4)

By deploying the formalism derived in the previous chapter, you can extend some of its key results to the case

of three spatial dimensions, for example the commutation relations between coordinates and linear momenta:
(73, ;] = ihdi;, [P, 7] = [pi,Dj] =0, ©=1,2,3. (2.5)

In this chapter, we will deal with quantum systems with a very important characteristic: spherically
symmetric (also known as central) potentials. These are potential that depend ezclusively on the magni-

tude of r but not on its direction, that is

V() = V(w2 =V (Vi T2 +2) =V(r), r=a2+y+ 22 =r|. (2.6)

For this reason, it is convenient to switch from Cartesian coordinates to spherical coordinates, since these

4In the following, we will denote two- and three-dimensional vectors in bold font.
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make explicit the symmetries that characterise the potential of the problem, in particular the fact that V (r)
depends only on the radial coordinate but not on the angular ones.

Examples of important central potentials are the Coulomb potential between two electric charges,

Q1Q2

r

V(r) « (2.7)
the Yukawa potential that describes interactions mediated by a massive (rather than a massless, as is the

case of electromagnetism) particle,
~ Q1Q2exp (—Br)

r

V(r) , (2.8)

the spherical harmonic oscillator
V(r) o kr?, (2.9)

and the infinite spherical well, which is defined by V(r) = 0 inside a sphere of radius a (r < a) and then
V(r) = oo outside the sphere (for r > a), which is the three-dimensional analog of the infinite square well.

Spherical coordinates. Spherical coordinates (7,0, ¢) (where § and ¢ are called the polar and azimuthal

angles respectively) are related to Cartesian coordinates by the following transformation:

xr = rsinfcos¢,
y = rsinfsing, (2.10)
z = rcosf,

2 = 22 + 42 + 22. Spherical coordinates span the following ranges:

where r
0<r<oo, 0<6<m, 0<¢<2r. (2.11)

The inverse transformation, from Cartesian coordinates to spherical coordinates, takes the form

r = / 2 + y2 + 22 ,

§ = arccos | ———o | = arccos (E> , (2.12)

/$2 + y2 + 22 r
10} arctan <g> .
x

Separation of variables. We can now express the time-independent Schroedinger equation in three-

dimensions, Eq. (2.4) in spherical coordinates using the known expression of the Laplacian in this coordinate

system, and we find

K10 [ ,00 10 (. 00 1 (% _
— % |:7«26r (r &n) —+ 7“2 Sine% (5111089) + 72 Sin29 <&¢)2):| + V(T‘)ﬂ} = E?,ZJ (213)

This equation appears rather more complex than those you have seen up to know, so we need to do some

preparatory work. The most efficient method to solve this equation is to use the method of separation of
variables. The starting point is an ansatz where we post that the dependence of the wave function on the

radial coordinate factorises with respect to the angular one, that is,

U(r,0,¢) = R(r)Y (0, 9). (2.14)
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Note that this is a hypothesis that might or might not work, and one needs to verify explicitely if this is
indeed the case. Inserting the ansatz Eq. (2.14)) and multiplying the time-independent Schroedinger equation,
Eq. (2.13)), by —2mr?/(Y Rh?), we end up with the following expression:

52 (7452) 221 - [ (2 2 (2202)] s

where we have made explicit that we assume a central potential V(). Our separation of variables strategy

appears to have been successful, since we see that the LHS of the equation depends only on the radial
coordinate r while the RHS only on the angular coordinates 6 and ¢.

The next step is based on the observation that the only way that two functions of different variables
are equal to each other is if they are both equal to some numerical constant. If we denote this constant

as £(¢ + 1), for reasons that will become clear soon, we end up with two separate second order differential

o () 2 iy - )| = a0, 2.16)
% [snlleaae <Singayé% ¢)> + Sinl?g <a2);<(;2’ ¢)>} = —l(t+1), (2.17)

which we can solve sequentially. These equations are known as the radial equation and the angular equation
respectively.

Note that separation of variables has lead to a very significant reduction of the complexity of the dif-
ferential equations to solve, and that in particular the angular equation is independent of the potential
and thus its solution will apply to any quantum system characterised by a central potential V(r). While
here we are mostly interested in applying the quantum formalism to the Coulomb potential that describes
the hydrogen atom, the angular part of the solution will be the same for any other central potential, and

therefore we will not need to reinvent the wheel in those cases.

2.1.1 The angular equation

Let us start by solving the angular equation, Eq. (2.17). Again, we will try the method of separation of
variables, so we will posit an ansatz of the form Y (0, ¢) = ©(0)®(¢). Inserting this ansatz and multiplying
the equation by sin® # we find that

1. d (. do0) o | 1d°®(9)
[esdeO (sm& 10 >+€(€+1)sm9 =% g (2.18)

where again we see that the separation of variables strategy has worked successfully, since the LHS depends
only in 6 while the RHS only on ¢, and hence they must be equal to some constant, which we will call it
without loss of generality m? (which for the time being denotes an arbitrary complex number). So at this
point the radial equation involves two complex numbers, £ and m are complex numbers. As we will show
next, there are boundary conditions that the wave function must satisfy that restrict in a significant manner
the possible values that ¢ and m are allowed to take.

The differential equation in ¢ is particularly easy, and it is a good strategy in this life to start with the
easy things and then move from there on to the most challenging tasks. The most general solution of the

second order homogeneous differential equation

d>2(¢)

i = ), (2.19)
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will be given by
®(¢p) = Ae'™® 4 Be™"™? (2.20)

with A and B being some integration constants.

Now we should use the fact that, from the definition of the spherical coordinates, it follows that the
azimuthal angle ¢ is restricted to lie in the range Eq. . This property implies that ¢ and ¢ + 27
correspond to the same physical angle, and for example Eq. must be the same wave function as

(¢ + 21) = AeimH2m) | pemim(d+2m) (2.21)

(An attentive reader might have noticed a loophole here: wave functions are not observables, and what needs
to be invariant under the ¢ — ¢ + 27 transformation is instead the square of the wave function, which is the
physical observable given its probabilistic interpretation. Now, the square of Eq. (2.20) reads

‘¢(¢)|2: ‘A|2+|B|2—|—A*Be_2im¢+AB*€2im¢, (2.22)

so the same argument as before applies, now in a more robust manner.)

The requirement that the wave function (and its square) must be invariant under the ¢ — ¢ + 27
transformation is what is known as a periodic boundary conditions, that is, a boundary condition
applied to a periodic function (which is typical for wavefunctions that involve angles). This periodic boundary
condition enforces the requirement

(¢ +27m) = ®(p) implying eF?™ =1 thus m=0,+1,+2, ... (2.23)

hence m must be an integer number. In other words, the solutions of Eq. are quantized (discrete) with
m being an integer quantum number that labels them. In summary, we can write the solution of Eq.
as

D(p) = Ae™P) | =0,4+1,42,.. ., (2.24)

which A some overall normalisation constant which will be fixed afterwards.

Quantisation from periodic boundary conditions

In previous courses, you saw how the quantisation of the wave function and of the allowed energies was
often a consequence of the boundary conditions required on the wave function (and its derivative).
For example, in the particle in an infinite well system, the quantisation of the energies followed from
imposing that ¢(x = 0) = ¢(x = L) = 0, since the wave function must be continuous at the endpoints
of the well (and the wavefunction vanished outside the well). Now we see that quantisation can also
arise due to periodic boundary conditions in the case of angular variables.

In both cases, quantisation follows because the configuration of the quantum system imposes specific
restrictions on the values that the wave function is allowed to take at certain points, and in turn by
virtue of the Schroedinger equation this imposes restrictions on the allowed values for the energy E.

After having found the solutions for the azimuthal angle ¢, we need to determine the dependence on the

polar angle. The differential equation associated to the polar angle 6 is a bit more involved:

sin 9% (sin ed(:)if)) + (6(¢+1)sin*6 —m?) © = 0. (2.25)
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Fortunately, there is no need to reinvent the wheel, since this differential equation is well known and has
been extensively studied. In the case of the constant ¢ being a positive integer, this differential equation
corresponds to the associated Legendre equation whose solutions are given by

©(0) = BP™(cos), 1=0,1,2,3,..., m=0,+1,42 ... 4, (2.26)

with P/™(z) being a special type of functions called the associated Legendre functions and B some overall
normalisation constant that will be fixed in a while. The mathematical aficionados can learn more about
these special functions online or in the textbook: for the purpose of this course, we will consider them
as given and provide their explicit expressions whenever they are required. Rather than on mathematical
derivations, our focus here will be on the properties of these solutions and on their physical interpretation.
Suffice here to say that the associated Legendre functions are real functions (rather than complex) of its
argument.

Note that since Eq. (2.26]) depends on the azimuthal angle  via the cosinus, it automatically satisfies
the relevant periodic boundary conditions, given that

©(0 + 2m) = BP"(cos(0 + 2m)) = BFP™(cos(8)) = ©(0) .

Furthermore, the solution of the associated Legendre equation imposes that m, which previously

could take any integer value, should satisfy the restriction that |m| < I (else there is no solution).

The integration constants B in Eq. and A in Eq. can be fixed at the same time by the requirement
that the wave function must be normalised. For practical reasons, it is convenient to impose that the radial
R(r) and angular Y (6, ¢) components of the three-dimensional wave function are separately normalised,
although in principle only its product needs to be normalised. In spherical coordinates, the normalisation
conditions boils down to

/000 |R(r)|*r?dr =1, (2.27)

T 27
| [ we.opsnodsas -1, (2.28)
0 0

where the extra factors of 2 (in Eq. ) and sin @ (in Eq. ) as compared to the usual normalisation
conditions that one applies in Cartesian coordinates arise from the Jacobian of the change of variables.

Taking into account this normalisation requirement, and labeling the angular wave function by the
quantum numbers [ and m which can only take the values listed in Eq. , we end up with the following
expression of the angular component of the wave function that solves the Schroedinger equation in three-
dimensions:

Y, (G,gb)\/ i (€+m)!e P/ (cosf), £=0,1,2,3,... m=0,£1,+2, ... %, (2.29)
which are known as the spherical harmonics. Their explicit expressions are not particularly informative,
and you can find them in the textbook. However, what will be rather useful in the subsequent discussion

of atomic orbitals will be the symmetry properties of the spherical harmonics. Furthermore, the spherical

Page 30 of



Dr Juan Rojo Quantum Mechanics 2: Lecture Notes March 2, 2021

0.200
—_— [=0,m=0

I=1,m=0
0.150 A — =1, m=1

0.175 A

0.125 A

0.100 A

0.075 A

0.050 A

Y"(6, §)|*sind

0.025 A

0.000 ; ; ; : ;
0.0 0.5 1.0 1.5 2.0 2.5 3.0

6

Figure 2.1: The probability densities in the polar angle 0 associated to the first three spherical harmonics given in
Eq. (2.32). The area under each curve integrates to one due to the normalisation condition Eq. (2.28).

harmonics defined this way are automatically orthonormal,

/0 ﬂ /0 N [YZP' (9, <Z>)} T 1Y(0, )] 5in 0.0 d = Sy S | (2.30)

a property which will be important when assembling the wave functions of the hydrogen atom and related
systems.

It is also interesting to work out what is the probability distribution associated to the angles # and ¢ that
one gets from the definition of the spherical harmonics. Taking into account the P/™(z) are real functions,

we can express the probability distribution in the angular variables as

(204 1) (£ —m)!
dr (L +m)!

P(0,¢) = |Y(0, $)|*sin 6 = ( ) (P (cos6))? sin 6 (2.31)
The first thing we notice is that P(6,¢) does not depend on the azimuthal angle ¢: this implies that all
values of ¢ are equally likely. Then to determine the dependence on 6 we need to indicate specific quantum
numbers [ and m. Below we provide some explicit examples:

. 1\ /2 1
Yy = y — P(9,¢):Esm9.

1/2
Y = (4:1) cosf — P6,¢) = <4?;> cos® fsiné, (2.32)

+1 3\ +ig 3 3
i = — in fe™’ — PO,¢)=(— )sin° 0.
f :F<87r) sin fe (0, 9) <87r>sm
These probability densities are shown in Fig. 2.1} where the area under each curve integrates to one due to
the normalisation condition Eq. (2.28)).
Before moving now to the radial equation, let us emphasize again that Eq. (2.29) will be the solution of

any Schroedinger equation in three-dimensions with a radial potential. While for obvious reasons our main

Page 31 of



Dr Juan Rojo Quantum Mechanics 2: Lecture Notes March 2, 2021
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Figure 2.2: Graphical representation of the first few associated Legendre functions. The curves show the value of
r = |P/"(0)| as 6 is varied from 0 to 2.

interest is in the Coulomb potential, V(r) oc 7~1, when we encounter other central potentials we can safely
consider the angular part of the wave function as a done deal.

As we will demonstrate in the next section, the properties of the spherical harmonics will determine the
shape of the electronic orbitals of the hydrogen atom. Fig. [2.2] displays a graphical representation of

the first few associated Legendre functions:

Fy0) = 1,

PY(0) = cosf,

Pl (#) = —sind,

Py (0) = 3sinfcosh,

where the curves indicate the value of r = [P/ ()| as 6 is varied from 0 to 27 (there is rotational invariance
around the z axis). Clearly, different values of £ and m will lead to different shapes of the electronic orbitals:
for example (¢,m) = (0,0) is spherically symmetric, while (¢,m) = (2,1) corresponds to orbitals which are

tilted /4 with respect to the z axis.
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2.1.2 The radial equation

We can now go back to Eq. (2.16) and attempt to solve the differential equation associated to the radial
component of the total wave function

r mT2
%% (7”2 d}fz( )) - 2ﬁ2 (V(r)—B) =0l +1), (2.33)

with the added knowledge that £ is no longer an arbitrary complex number but that it must be a positive
integer. This differential equation can be simplified quite a bit with a clever change of variables, u(r) = rR(r),
which after some algebra allows us to write Eq. (2.16]) in a rather elegant way:

h? d?u(r) B? 00+ 1)
e LCREaE

u(r) = Eu(r), (2.34)

which looks extremely similar to the standard one-dimensional Schroedinger equation for a wavefunction
u(r) if we define the effective potential as
R% 00+ 1)

Ver(r) =V (r) + T (2.35)

and hence we have that the radial component of the Schroedinger equation in three dimensions can be

obtained by solving the following differential equation:

h? d?u(r)
— ———— + Veg(r)u(r) = Eu(r). 2.36
L Vi (r)u(r) = Bu(r) (2:36)
If you think a bit, this is a quite interesting result: it means that the radial component of the Schroedinger
equation in three-dimensions is the solution of a differential equation that is nothing else but the Schroedinger
equation in one-dimensions corresponding to the potential Eq. (2.35). Furthermore, recall that the normal-

isation condition Eq. (2.27) implies that

| utrar=1. (2.37)
0

Without specifying Eq. (2.43)) we cannot make any further progress. In the following we will solve the
radial equation for two different potentials, first the infinite spherical well and then the Coulomb potential

relevant for the description of the energy levels of the hydrogen atom.

The effective potential and angular momentum. Introducing the effective potential

2
Vear) = Vi) + o LD (238)
makes possible writing the differential equation for the radial component of the wave function as if it were
that of a one-dimensional system. The second term in Vog(r) is positive definite, that is, it tends to push
the particle away from r = 0, and the larger the value of ¢ the more intense this contribution will be.
Of course this effect is not unfamiliar: it is qualitatively the same as the centrifugal force that one
experiences in a classical rotating body. As we will see below, this correspondence can be made more
accurate once we introduce the angular momentum representation in quantum mechanics, and there we will

see that the piece proportional to ¢(¢ + 1) arises indeed from the total angular momentum of the particle.
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In other words, Eq. (2.43) might appear to describe a one-dimensional system, but it retains some memory
that actually the particle is moving in three dimensions by means of the contribution to Veg coming from
the total angular momentum (the centrifugal force).

2.2 The infinite spherical well
One of the systems that you discussed in your earlier study of quantum mechanics in one dimension was the
infinite square well, whose potential was defined as

Vi) = 0 for —a<z<a

V(z) = oo for|z|>a

with 2a being the width of the well. This potential corresponds to a configuration where a particle is

restricted to move in the region |z| < a where it obeys the free-particle Schroedinger equation

h? d?

 2mda?

(x) = Ey(x). (2.39)

The solution to this equation is the usual free particle solution

Y(x) = Ae™™ 4 Be= ™ | k= \/2mE/h? (2.40)

subject to the continuity boundary conditions ¢(z = —a) = ¢¥(z = a) = 0. These boundary conditions

implied that we can only have either even or odd solutions,
Y(x) = Acos(kx), or ¢(z)= Asin(kzx), (2.41)

with the integration constant A now fixed by the normalisation condition of the wave function. Furthermore,
for the even solutions the continuity boundary condition requires cos(ka) = 0 so that k = (7/2a)n with &k
being an odd integer (n = 1,3,5,...). Hence we see that for the infinite quantum well, the boundary

conditions on the wave function are the reason for the resulting energy quantisation:

h2m?n?
= —— =1,3,5,.... 2.42
n 2m(2a)2 ) n y Iy dy ( )
(the energy levels for n = 2,4, 6, ... are then obtained from imposing the continuity boundary conditions on

the odd solutions).
We are now going to generalise this problem to the three dimensional case, which is known as the infinite

spherical well, where now the corresponding potential is given by

Viry = 0 forr<a,

<

—
=3

N~—
I

oo forr>a.

In the same manner as for its one-dimensional counterpart, the wave function will vanish where the potential
is infinite, ¥(r,0,¢) = 0 for r > a, and hence we will also here have a continuity boundary condition
demanding that ¢ (r = a,8,¢) = 0 for all values of the angular variables. This potential is clearly a central
potential, since it depends only on r but not on the angular variables. Therefore, we can happily deploy all

the machinery that we have developed in the previous sections concerning the solutions of the Schroedinger
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equation in three dimensions.
For the case of the infinite spherical well, the effective potential Eq. (2.35]) is reduced to the term
proportional to £(¢ + 1) (the centrifugal contribution) and hence the radial equation to be solved is:

B dPu(r) R L)
2m  dr? 2m  r?

u(r) = Eu(r). (2.43)

which if we define (by analogy to the one-dimensional case) k = \/2mFE/h? can be rewritten as

2U T
d drg) - [Wi b_ /8} u(r). (2.44)

r
Note that for the specific case of £ = 0 this differential equation for u(r) has exactly the same form as that
of its associated one-dimensional counterpart Eq. , and hence it will share its same solution. Note
however that this does not mean that the physical wave function will be the same, since recall that we have
used the transformation u(r) = rR(r) (and also this is only the radial component of the total wave function).

Therefore, in the case £ = 0, the most general solution for the radial wave function in the infinite spherical
well potential will be given by

(2.45)

However, we note that not all possible values of A and B will lead to physical solutions for the wave
function. In particular, since the wave function must be finite everywhere, we must impose that A = 0,
else the term proportional to cos(kr)/r would diverge in the r — 0 limit. Furthermore, the continuity of the
wave function requires that R(r = a) = 0 since the wave function vanishes outside the barrier, as for the
one-dimensional case. This requirement implies

sin(ka) N2n2p?

B =0, —» FEno=—-
a ’ N0 2ma? ’

N=1,2,3,..., (2.46)

which are the same solutions for the one-dimensional well, once one accounts for both odd and even solutions.
Finally we can determine the normalisation constant B by means of the normalisation condition Eq. (2.37)

2 (N
uN,O(T)Z\/;Sin< W), r<a, N=1,2,3,..., (2.47)

a

and we end up with

and vanishes for 7 > a. So for the specific case of £ = 0 the wave functions u(r) as the same as in the case of the
infinite square well. We also note that the solutions Eq. (2.47)) are labelled by an integer quantum number V.

A new type of boundary condition

We have seen from this example that another option to fix the integration constants that arise in the
solutions of the Schroedinger equation is to demand that only physical solutions are kept and
the unphysical ones are discarded. Specifically, we know that for a physical quantum state its wave
function must be finite everywhere, else probabilities would be bigger than one which does not
make sense. This requirement is specially handy in three-dimensional problems.

The radial equation in the infinite spherical well system, Eq. (2.44]), can also be solved for an arbitrary
positive integer ¢ in terms of two families of special functions, the spherical Bessel functions of order ¢, jy(x)
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and the spherical Neumann function of order £, ny(x):
u(r) = Arje(kr) + Brng(kr), (2.48)

where again the properties of these special functions have been thoroughly studied. Since ng(kr), diverges

for r — 0 we need to impose B = 0, and hence our candidate solution looks like
R(r) = Aje(kr) . (2.49)

As in the case £ = 0, we now need to impose the continuity boundary condition of the wave function at
r = a. This boundary condition, j;(ka) = 0, can be solved in terms of the zeros of the spherical Bessel
functions and allows us to compute the quantised energy values Ey ¢ for £ > 0 in analogy with Eq. (2.46).
If we note by Sy¢ the N-th zero of the ¢-th spherical Bessel function we find that the allowed energies are
given by

R,
Enye = Wﬁ]\w . (2.50)

Finally, we can combine the solution to the radial equation with the angular components of the wavefunction,

which we get for free since the spherical harmonics are the same for any central potential, and we get

Yt (0,6) = Aueje (Bt ) Y™(6,6), (2:51)

where A, is determined from the normalisation condition and we have introduced the principal quantum
number n which orders the allowed energies starting with n = 1 for the ground state of the system. Since
sin(x)

Jo(z) = — (2.52)

we see that Syg = N7 and thus we reproduce the results that we have obtained for £ = 0.

2.3 The Coulomb potential and the hydrogen atom

After this warm up with the infinite spherical well, we can move to the main goal of this chapter which
is solving the Schroedinger equation in three-dimensions for a physical system defined by a proton and an
electron interacting by means of the Coulomb potential:

e? 1

Vi) =g (2.53)

which is required to construct the wavefunctions of the hydrogen atom and determine the spectrum of
allowed energies. Therefore we now need to solve the radial equation for u(r), Eq. (2.43)), for the following
effective potential

e? 1 N h? (04 1)

Ve =— —
et (7) dmegr  2m 712

, (2.54)

which is graphically represented in Fig. for different values of the angular quantum number ¢. Note how
for ¢ there is no centrifugal barrier preventing the electron to become too close to r = 0, and indeed in this
case as we will see ¥(r = 0,0,¢) # 0. The larger the value of ¢, the stronger the effect of this centrifugal
barrier pushing the electron away from the origin.

We note that the Schroedinger equation for the Coulomb potential admits two types of solutions:

e The bound states of the hydrogen atom with negative energies, £ < 0. We can see from Fig.
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Vete(r)

r

Figure 2.3: The effective potential Veg(r) associated to the Coulomb potential for different values of the angular
quantum number ¢. Note how for £ there is no centrifugal barrier preventing the electron to become too close to
r =0, and indeed in this case as we will see ¥(r = 0,0, ¢) # 0.

that if £ < 0 the wave function eventually becomes exponentially suppressed for r — oo (since there
E < Vog(r), the classically forbidden region), which is the definition of a bound state (a wave function

that vanishes asymptotically).

o The scattering states between an electron with positive energy, £ > 0, and a proton. For E > 0,

the wave function will displays for r — oo the oscillatory behaviour characteristic of scattering states.

In the following we will focus on the bound states of the Coulomb potential, since these are the ones relevant
for the description of the hydrogen atom. However, the eigenfunctions of the Schroedinger equation in three-
dimensions will represent a complete basis only if one accounts both for the scattering and for the bound
states.

The solution of the radial equation associated to the bound states of the Coulomb potential

P dPu(r) ( e? 1 +Fi€(€+ 1)

2m  dr? P ) u(r) = Eu(r), E<O0, (2.55)

h 47eg r o 2m r
is quite elegant from the mathematical point of view but provides limited insight from the physics point of
view, so we will assume it as a given and point the interested student to the derivation in the textbookﬂ
Here we only mention that in this derivation, much as in the case of the infinite spherical well of the previous
section, we need to make sure to eliminate unphysical solutions, in particular those that lead to a blow-
up of the wave function at either r = 0 or » — oo. One can also show that demanding the vanishing of the
radial wave function R(r) in the r — oo limits leads to a quantisation of the energy and hence to the

associated radial wave functions.

5In principle we should define r as the distance between the electron and the center of mass of the electron-proton system,
and replace the mass of the electron by the reduced mass p. However this is numerically a very small effect so effectively in
what follows we are taking the proton to be infinitely heavy and thus motionless.
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The end result of the calculation is the radial wave function for the Coulomb potential:

2\ (n—0—1) 2\
an(r)—\/< ) (n=C= Dl r/na (T) [L24) (2r/na)], n=0,1,2,... £=0,1,....n (2.56)

na) 2n(n+0)! na

where the overal prefactor ensures its appropriate normalisation:

/ r?R2,(r)dr =1. (2.57)
0

A number of observations about this important result, Eq. (2.56|), are required at this point:

e The radial wave function R,¢(r) depends on two quantum numbers: the principal quantum number
n and the angular quantum number [. The latter was expected since ¢ entered the definition of
the effective potential Eq. , which sensu strictu should have been labelled as V;(f? (r). The former
is a consequence of the requirement imposed by the boundary condition that u(r) — 0 for » — oo to

ensure physical, normalisable wave functions (Since R = u/r).

However, as we discuss below, the energy F, depends only on the principal quantum number n but
not on the angular one /.

e The solution for R,(r) depends on a special family of functions L!(z) known as the associate Laguerre
polynomials. You can easily find their tabulated expressions online. Here the only property that we
need to know about them is that they are finite when x = 0 and grow at most as o x? at large x.

e The dependence on the radial coordinate r appears always divided by a parameter a which has length
dimensions and that is known as the Bohr radius:

_ Admegh?

=0.53 x 107m, (2.58)

mee?

which in some loose sense can be interpreted as the radius of the orbit that an electron has in the
ground state of the hydrogen atomﬁ

e The explicit expressions for the radial wave function R,,;(r) with low values of the quantum numbers
n and [ can be found in the textbook, and the reader is encouraged to take a closer look and represent

some of them with the graphical software of their choice.

Here we only point out that for r > na these radial wave functions are exponentially suppressed as
e~"/m while for r < na they exhibit a polynomial behaviour in 7/a with the highest order being

(r/a)"~! from the properties of the associate Laguerre polynomials.

e Of particular interest in the present discussion are the solutions where ¢ = 0, that is, where the effective
potential is purely Coulomb and there is no centrifugal contribution. In this case, you can verify that
the associate Laguerre polynomials L. _,(2r/na) goes to a finite constant at » = 0, and hence the

radial wave function exhibits the remarkable property that
Rypo(r — 0) o e/ | R,o(r = 0) = constant , (2.59)

and hence the radial wave function does not vanish at the origin r = 0.

6Needless to day, the classical concept of orbits is meaningless in quantum mechanics, so below we will specify rather more
precisely the physical interpretation of the Bohr radius.
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This might seem an odd result, since r = 0 corresponds of course to the spatial location of the proton
(the nucleus of the hydrogen atom) and surely the proton and the electron cannot occupy exactly the
same position? Note that this is a clearly unphysical configuration, since the Coulomb potential is
singular for » = 0. The way out of this conundrum is the observation that while R,o(r = 0) # 0, the
corresponding radial probability density P..(r) = 7?|R,.(r)|? does indeed vanish at r = 0.

Therefore indeed we confirm that the electron has a vanishing probability to be found at r = 0, as

could be expected from general physics arguments.

Putting everything together, we conclude that the complete wave function for the bound states of the

hydrogen atom is given by the following expression:

Ynem (7"7 0, ¢) = Rné(r)}/ém(ev ¢) s (260)

in terms of the radial component Eq. (2.56]) and the spherical harmonics Eq. (2.29). These wave functions
are also known as the atomic orbitals. The allowed ranges for the three quantum numbers n, ¢, and m
which label these solutions are given by

n=1,23,..., (=01,2,...,n—1, m=—0,—(+1,...,0—1,¢. (2.61)

The radial and angular components of the wave function are separately normalised. While the wave functions

depend on three quantum numbers, the energies themselves are quantised but depend only on the principal

me [ 2\ 1 B 13.6eV
En:_[%z< )]2: Sl (2.62)

quantum number n:

47eq n n? n

with F; = —13.6eV representing the energy of the ground state (n = 1) of the hydrogen atom, also known
as its binding energy: this is the energy that one needs to provide to remove an electron that occupies the
ground state of the system.

The radius of the hydrogen atom. In Eq. (2.58) we introduced a numerical constant known as the
Bohr radius, which we said had some relation with the size of a hydrogen atom. Let us make this connection
more quantitative. We start with the radial wave function R1o(r) corresponding to the ground state of the

hydrogen atom:
2
Rip(r) = 373 OXP (—r/a) . (2.63)
In quantum mechanics it makes no sense to ask a question such as what is the radius of the electron orbit?.

Instead, questions that are meaningful to ask are:

o What is the most likely value of radius of the electron orbit?

e What is the average value of the radius of the electron orbit?

Note that in general the answer to these two questions, which superficially might appear to be the same, is
different, so one has to be careful in checking what is being asked.

Let us answer these two questions in turn. We will need first to evaluate the corresponding radial
probability density associated to this orbital:

2
Pyo(r) = r2|R10(r)|2 = t—sexp (=2r/a) . (2.64)
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Figure 2.4: The radial wave functions R,¢(r) and the associated probability distributions P,¢(r) for the lowest three
orbitals of the hydrogen atom (in units where a = 1). Note that while R,o(r = 0) # 0, the associated probability
densities vanish at the origin. Note also how the maximum of the probability distribution moves to the right (farther
from the origin) as n increases; for n = 1 this maximum value is at 7* = 1, as we have derived in the text.

To evaluate the most likely value of the electron radius, r*, the need to determine the local maximum of

Pyo(r) by imposing that the first derivative vanishes:

i.Pl()(T‘)

ar =0 = r"=a, (2.65)

r=r*

and hence we see that the Bohr radius corresponds to the most likely value of the radius of the electron
orbit in the ground state of hydrogen.
Next, we can evaluate the expectation value of the radius of the electron orbit:

(r) = /000 drPyo(r)r = c% /000 drr3exp (—2r/a) = ga, (2.66)

which is 50% higher than the Bohr radius, indicating that on average the electron orbits brings it farther
away from the proton than the value indicated from the Bohr radius.

It is an interesting calculation to evaluate what is the dependence of both the most likely radius 7* and of
its average value (r) of the electron’s orbit as the quantum numbers n and ¢ are increased: you will evaluate
some of them in the exercises of the tutorial session. Fig. displays the radial wave functions R,¢(r) and
the associated probability distributions P,,(r) for the lowest three orbitals of the hydrogen atom (in units
where the Bohr radius is a = 1). Note that while R,o(r = 0) # 0, the associated probability densities vanish
at the origin. Note also how the maximum of the probability distribution moves to the right (farther from

the origin) as n increases; for n = 1 this maximum value is at 7* = 1, as we have derived above.

Visualisation of electronic orbitals of the hydrogen atom

In order to develop some intuition about the shape of the electronic orbitals of the hydrogen atom,

it is useful to use onlive 3D visualisation tools such as this one:

http://www.falstad.com/gmatom/
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Electronic transitions. An electron occupying an atomic orbital 1,¢,, finds itself in an stationary state.
However, external perturbations can induce electronic transitions between orbitals with different energy.
For example, an electron occupying an orbital with n; > ny can decay into the orbital with principal quantum
number ny. Since Ey,, > E,,, this process can only take place while ensuring energy conservation if energy
is emitted, typically in the form of a photon. Using energy conservation, we get can evaluate the energy of
the emitted photon

1 1
E,=E;+E, — E,=E,—E;=(-13.6eV)x (22> , (2.67)
LY
where I have used the expression for the orbital energy in terms of the ionisation energy of hydrogen,
Eq. (2.62). Likewise, an electron in an orbital with principal quantum number n; < ny can transition to a

higher orbital n; via the absorption of a photon, whose energy is now

11
Ei+E,=Ef — E,=E;—E =(—13.6¢V)x (Tﬁ - n2> : (2.68)

1
Photons with energies corresponding to Eqns. (2.67) and (2.68)) define what is known as the spectrum of
hydrogen; you can relate these energies to wavelengths or frequencies using the Planck formula for the

photons,
% = hv. (2.69)

The prediction of the spectra lines of hydrogen was one of the first historical triumphs of quantum theory.

E, =

Hydrogen-like atoms. The previous results have been derived assuming a Coulomb potential representing
the attraction between the proton and the electron that compose a hydrogen atom,
2
e” 1
V(r)=- - (2.70)

dmeg v

However, it should be clear that the same discussion applies verbatim to the case of hydrogen-like atoms,
systems defined as a single electron orbiting a nucleus composed by Z protons and A — Z neutrons, with A
being the atomic mass number (the neutrons are of course irrelevant in this context).

In this case, the Coulomb potential of this system is given by

Ze? 1

V() = —
(r) dmeg v’

(2.71)

so one can reuse all results obtained so far by doing the substitution e? — Ze? in all formulae. For example,

the bound state energy of a hydrogen-like atom will be given by

e \tme) |22 = 2 (2.72)

2\ 2 2 9
E.(Z) = — [me (Ze ) 1 1 Z EH (13.6eV) x Z

which are the same energies as for a hydrogen atom but now rescaled by a factor Z2. In particular, the

energy of the bound state of a hydrogen-like atom compares to that of the hydrogen atom by

E\(Z)=Ef x 7%, (2.73)
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which illustrates how the increase in the positive electric charge of the atomic nucleus leads to a stronger
electronic bond in comparison with that of the hydrogen atom.
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2.4 Angular momentum in quantum mechanics

Our main result in this Chapter so far has been Eq. , the complete wave function for the electron
orbitals in the hydrogen atom, ., (r, 0, ¢), which is labelled by three quantum numbers. The principal
quantum number n determines the energy of the orbital via Eq. , while we know that [ and m are
somehow related to the orbital angular momentum (since they arise when considering the motion of the
particle in the angular coordinates).

In order to formalize this connection in a more quantitative manner, our goal in this section is to present
a quantum-mechanical theory of the angular momentum. Clearly, so far (in previous courses and in
Chapter 3) we have limited ourselves to one-dimensional problems where angular momentum does not exist,
so it is not surprising that it is only now, once we move to the three-dimensional configuration, that we need
to worry about angular momentum in quantum mechanics[]

As you have learned in your study of classical mechanics, the angular momentum in three dimensions is
defined as

L = (Lg, Ly, Ly) = (Yp= — 2Dy, 2Pz — TP=, TPy — YPs) =T X P, (2.74)

that is, the cross product between the position r of a particle (with respect to some reference point) and
its linear momentum p. The angular momentum is only non zero when the directions of r and p do not
coincide (else the cross product vanishes).

What is the corresponding operator representation of the angular momentum L that one must deploy in
the quantum-mechanical world? We just need to make the usual conversion between the position and linear

momentum observables with their corresponding operators

r—o>r=x, y—oy=y, z—Z=2z,

. 0 . 0 . 0
Dy — Pz = fzﬁ% . Dy — Py = —zha—y . Py — Dy = —zh% , (2.75)
and hence we find that the operator representation of the individual components of the angular momentum
is given by
o = g — 2py = —ih (g2 — 22 (2.76)
z = YPz Py = y@z dy ) .
. 0 0
L, = z A,. — D = — ) _— —_ 2.
y = 2Py — ZP th (zax xax) , (2.77)
. 0 0
L, =3p, — Jps = —th|z— —y— ) . 2.
Dy — b i (w 9y ax> (2.78)

In the following, we will determine what are eigenvalues and the eigenvectors of L and demonstrate that

these have a deep connection with the wave functions of the hydrogen atom that we have just derived.
First of all, one should derive the commutation relations for the angular momentum operator. In order

to derive them, the only property that we need to use here is the commutation relations between the spatial

coordinates and the linear momenta in the three-dimensional case

7 Actually, this statement is not quite true, since even for an electron moving in one dimension one needs to consider its spin,
and thus a quantum theory of angular momentum is already necessary in that case.
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and using these properties we find
[LTLJ} = [yp> — 2py, 2px — 2p=) = (Y=, 2pa) — [Yp=, 2p=] — [2py, 2pa] + [2Dy, 2p2] - (2.80)
Next we need to apply the commutation relations for r; and p;, for example [zp,, zp,] = 0 and
[Yp2: 2Ps] = §P22Ds — 2D20Ps = JPuD22 — YD2ZPz = YDu [Pz, 2] = —ihGPs -
Using these relations and after some algebra we find
(Lo, Ly] = ih (xpy — yps) = ihL., (2.81)

and likewise for the other commutators. In summary we find that the commutation relations between the

individual components of the angular momentum operator are given by:
[Ly, Lyl =4hL,, [Ly,L,)=4hL,, [L,,Ly]=14kL,. (2.82)

That is, the commutator between two components of the angular momentum is proportional to the other
component. Following the discussion about the formalism of quantum mechanics that we had in the previous

chapter, we can derive some some important consequences from this result:

Commutation relations for angular momentum

Since the three components of the angular momentum do not commute, they will have associated a
Heisenberg-type uncertainty relation. Furthermore, it will not the possible to find a complete set
of functions which are simultaneously eigenfunctions of L; and L; for ¢ # j. Using the terminology
that we derived in the previous section, we say that L, L,, and L. are incompatible observables

that cannot be measured simultaneously, at least in a general quantum state.

The fact that L; and L; for ¢ # j do not commute implies therefore an uncertainty relation of the form

. iAjEEk. (2.83)

h
oL,oL; = 5‘ (L)

Note however how in the specific case where we have a quantum state such that (L) = 0 then L; and L;
do commute and thus can be measured simultaneously. But in general, it will be impossible to find a set of
functions which are simultaneously eigenfunctions of o, and oy, for i # j.

Furthermore, although at first sight it might seem unintuitive, the square of the angular momentum

L? does commute with its individual components. Indeed, if one defines
2 _ 12 2 2
L*=L;+L,+ L3, (2.84)
it can be shown L? commutes with L;. For example, let us evaluate the following commutator:
2 2 2 2 2 2
[L 7LI] = [LgC + Ly, + Lz,Lz] = [Ly + L3, Lw} (2.85)

since of course L, commutes with itself. To simplify this expression, we can use a useful relation involving
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the commutators of three operators 121, B and C’,

[AB,¢] = A[B.¢]+[4.¢] B, (2.86)
which as you can check follows from the definition of the commutator. Therefore, we have that

(L%, L] = LylLy, L]+ [Ly, Ly) Ly + Lz [z, Ly) + (L2, Lg] L.
= Ly(_ihLZ) + (_ihLZ)Ly + LZ(iﬁLy) + (ihLy)Lz (2~87)
= ih(-LyL, —L,L,+ L,L,+L,L,)=0.

Since the same derivation applies to the other components, we have demonstrated that the total angular

momentum commutes with its individual components:
[L?,L,] = [L* L,] = [L*,L.] = 0. (2.88)

Note that this result has the important consequence that:

Angular momentum measurements

In a general quantum system, it will be possible to simultaneously determine its total angular mo-
mentum and its component in one specific direction (but not for more than one direction!).
Hence, each individual component of L is compatible with L? and one can find a set of eigenfunc-
tions that simultaneously diagonalises the two operators. Specifically, there exists a complete set of
functions that are at the same time eigenfunctions of L? and of L,. As we discuss below, it happens

that these eigenfunctions will also be eigenfunctions of the Hamiltonian H.

The above property implies that it should be possible to find functions f(x) that satisfy the corresponding

eigenvalue equations:

L f(x) = Af(x), L.f(x)=nf(x), (2.89)

or the equivalent relations with L, or L,. The allowed eigenvalues can be determined using a ladder strategy,
similar as what you did with the harmonic oscillator. The derivation is mathematically elegant but not
particularly enlightening from the physics point of view, so we refer the interested student to the textbook

and here we just quote the final result:
L2fM(x) = R+ 1) fi* (%), L fi"(x) = hmfi" (x), (2.90)

with the quantised eigenfunctions being labelled by two quantum numbers ¢ and m which can take the
following values:
0=0,1/2,1,3/2,...; m=—4,—0+1,...,0—1,0. (2.91)

This result should be familiar to you: it looks suspiciously close to the spherical harmonics that we defined
in Eq. . Of course, this is no coincidence, and as we will discuss next the spherical harmonics are the
sought-for simultaneous eigenfunctions of L? and L,. The only difference appears to be that Eq.
allows for half-integer values of ¢: these are not spurious solutions, but rather related to a new type of
angular momentum which is unique to quantum mechanics: the spin of elementary particles, which will be
discussed in Sect.
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On the relation between L? and L,

From our discussion of the formalism of quantum mechanics, we know that the outcomes of a possible

measurement of L? will be given by its eigenvectors, h2¢(¢ + 1), and likewise the outcome of a given
measurement of L, will return Am subject to the constraint of Eq. . Interestingly, one notes that
in all cases the outcome of the measurement of v/L2 will be larger that that of L, since y/¢(¢ + 1) > ¢
and myax = ¢. The reason for this result is that if a measurement of v/L2 returned the same outcome
than that of L, it would mean that L, = L, = 0. This would imply absolute certainty on the
knowledge of all components of L, which is incompatible with Heisenberg’s uncertainty Eq. .

In order to determine the simultaneous eigenfunctions of L? and L, that are defined by Eq. it is
convenient to switch to spherical coordinates, the reason being that the dependence on the radial coordinate
drops out and the differential equations to be solved will depend only on the angular coordinates 6 and ¢.
If you write the angular momentum L = —ih (r x V) and express the gradient in spherical coordinates after

some algebra you find that the operator expression for the angular momentum in the z direction is given by

L, =—ih (2.92)

% )
whose eigenfunctions are the same ones as those of Eq. (2.19)). Indeed, if we solve the associated eigenvalue

equations in Cartesian coordinates

A 0
szl;m(ra 97 ¢) = _Zh%fgn(ra 97 ¢) = hmfém(rv 97 (b) ) (293)

we easily see that the eigenfunctions are

7'(r,0,0) = g(r,0)e™? (2.94)

with the periodic boundary conditions in ¢ being ensured by the constraints in Eq. (2.91)) (if we discard the
half-integer solutions, which in this case are not compatible with the periodic boundary conditions.)

Next, we note that the squared angular momentum, given by
L*=L-L=-h(xV) (rxV) (2.95)

can also be expressed in spherical coordinates and is given by

o e[ L0 (0 ). 1O
L*=—h Linﬁ@& sm@aa +sin293¢2 . (2.96)

You can derive this result either by expressing (r X V) - (r x V) in terms of the Laplacian and then trans-
forming to spherical coordinates, or by using the raising and lowering operator method. Now, we note that
we have already encountered this equation! Indeed, when solving the angular equation for 6, Eq. , we
had that the #-dependent part of the angular wave function obeyed

1 d (. ,dOo(b) m? B
g0 (sm9d€) + (f(ﬁ +1) - i 0) 0=0. (2.97)
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Therefore, the solution of the eigenvalue equation for L2

72 prm _ 2 1 2 : 2 1 872 m _ 32 m
B r0.0) = 1 | g (5055 ) + g g | £ 0.0) = PACE DI (60.0), (298)

is nothing but the spherical harmonics Y;"(6, ¢), given that we have demonstrated that:
(r,0,0) = h(r)©]" (0)e™? (2.99)

Hence we can conclude that there spherical harmonics are the sought-for simultaneous eigenfunctions
of L? and L., which makes possible achieving a deeper understanding of the properties of the electronic
orbitals of the hydrogen atom.

Eigenvalues of the hydrogen atom orbitals

We have found that the solutions of the Schroedinger equation for the electronic orbitals of the
hydrogen atom are simultaneous eigenfunctions of three operators: the Hamiltonian H, the total

angular momentum L? and its component in the z direction, L,, with eigenvalues being given by

]:Iwnlm(rv 0, ¢) = EvYnim (T, 0, ¢) s
L*Ypim (1,0, ¢) P20 + 1) rim (1,6, D) ,
Lz'(/}nlm (’I", 97 (b) = hmwnlm (’I”, 97 ¢) .

This result implies that the can simultaneously measure E, L? and L, of a given electronic orbital.

The property that H, L?, and L, all commute between themselves (and hence a simultaneous eigenfunction

basis exists) can be also noted by expressing the three-dimensional Schroedinger equation as

Hwnlm = L |:h2 0 (r26> £2:| Ynim + V(Tﬁ/}nlm = EvYnim (2100)

2mr? or Oor

and noting that L? commutes with the Hamiltonian, {ﬁ ; [:2}, since it only acts on the angular variables

while the non-L?2 part of H acts only on the radial coordinate. Hence we can write
[ﬁ,ﬁﬂ - [HL] - [LLQ} —0, (2.101)
which is consistent with the existence of the simultaneous eigenvector basis that we have just derived.

2.5 Intrinsic angular momentum: Spin

When we determined the eigenvalues of the total angular momentum operator L% in Eq. , we found that
the angular quantum number ¢ could take both integer and half-integer values: £ = 0,1/2,1,3/2,2, and so
on. However, for the discussion of the solutions of the hydrogen atom, only the solutions with £ =0,1,2, ...
were relevant for the spherical harmonics, else the periodic boundary conditions would not be satisfied. For
example, if m = £1/2 then the spherical harmonics are not invariant under the ¢ — ¢ + 27 transformation.
What about the half-integer solutions? Are they simply unphysical solutions to some differential equation
and we can happily throw then away? As we will see, nothing would be more mistaken: these half-integer

solutions play a crucial role in quantum mechanics and can be associated to one phenomenon that does not
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have a classical counterpart: the spin (or intrinsic angular momentum) of elementary particles.

Let us recall that in classical mechanics an object admits two types of angular momentum:

e Orbital or extrinsic angular momentum, associated to the motion of the center of mass of the

object with respect to some external reference point: L =r X p.

e Intrinsic angular momentum or spin, associated with the rotation of the object with respect to
some axis that passes through its center of mass, L = Iw where w represents the angular velocity and

I the moment of inertia of the body with respect to the aforementioned axis.

Note that this intrinsic angular momentum is not something conceptually different from the orbital

one: it is only the sum of orbital angular momentum from all the constituents of the rigid body.

Hence, in classical mechanics the orbital (extrinsic) and the intrinsic (spin) angular momentum are es-
sentially the same physical quantity, just evaluated in a different manner. However, in quantum mechanics
it is essential to separate the extrinsic angular momentum L from the internal one, which we call spin and
denote by the symbol S.

Spin in quantum mechanics

The quantum mechanical spin S is a fundamental property of elementary particles, such as
electron or the proton, with no counterpart in classical physics. In this respect, spin is on a similar
footing to the charge or the mass of a particle: it is an intrinsic property that cannot be changed
without modifying the identity of the particle. Also, do not push too far the analogy of imaging

a tiny electron spinning around its axis, since one quickly finds unphysical results this way.

From the mathematical point of view, the distinction between orbital and intrinsic angular momentum
remains as immaterial as in the classical case, and thus the quantum theory of spin follows readily from
our previous discussion of angular momentum (it is essentially the same physical quantity, at the end of the
day). In particular, given that we still live in three dimensions, we can define the components S, Sy, S. of
the spin of a particle (recall, its intrinsic angular momentum) whose associated operators 5}, Sy, S, satisfy
the usual commutation relations for angular momentum, recall Eq. (2.82),

(80,8, =inS.. [8,.8:] =inS. |S..8.] =ins,. (2.102)

Likewise, if we denote by s the quantum number that labels the total spin and m that of its component of
in the z directio and we denote by |s,m) an eigenstate of both S2 and SZ, we know from our previous

discussion of angular momentum that their eigenvalues will be
S2|s,m) = B2s(s+1)|s,m), S.|s,m) = hml|s,m). (2.103)

Furthermore, we can define the raising and lowering spin operators whose action on those eigenstates is

Sils,m) =hy/(s(s +1) —m(m£1))|s,m+1), Sy=35,+iS,, (2.104)
a relation that can be verified by using the commutation relations of Eq. (2.102)), in particular

[Ssi} — +hS, [5*2,5*4 ~0. (2.105)

8In some textbooks one uses instead ms, to separate it from m; which is associated to the z component of the orbital spin.
This distinction is not crucial here, but will become important in future chapters.
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These operators are denoted as raising and lowering operators because of the following property:
S, (Si\s,m>) = h(m=1) (Si\s,m>) , (2.106)

and hence S |s,m) is also an eigenfunction of S, but now with eigenvalue A(m 4 1) instead of fim as in the
original state |s,m), hence justifying the property of Eq. .

A crucial difference in the discussion of spin as compared to that of the orbital angular momentum is that
now the eigenfunctions do not need to be the spherical harmonics (actually, there is not even a reference to the
angles 6 and ¢ when discussing spin!). That is, the spherical harmonics Y;™ (6, ¢) are certainly eigenvalues
of L2 and L. but they are not the only possible solutions of the angular momentum (recall that spin is just
angular momentum) operator eigenvalue equations. Therefore, we should use the full set of values of s and

m without excluding the half-integer values
1.3
s:07§,1,§2,..., m=-s,—s+1,...,s—1,s. (2.107)

For each value of the spin s of a given particle, we can construct explicit matrix representations of the spin
operators S. and S2.

Now, you might ask, what determines the value of the total spin quantum number s of a given particle,
and can s change as a consequence of some interactions? Actually it turns out that no, and that as mentioned
above the spin s of a particle is one of its defining properties much in the same way as its mass m and its

electric charge ¢:

The spin of elementary particles

According to their spin s, elementary particles can be divided into two groups: fermions with half-
integer values of the spin, and bosons for integer spin values. For examples, electrons and quarks
(and protons and neutrons) are fermions with spin s = 1/2, while photons are bosons with s = 1.
The recently discovered Higgs boson is a spin-less particle with zero spin, s = 0. This classification
is essential in that that the spin of a particle has a very significant impact on its properties and their

interactions, as we will verify in the next Chapter.

The theory of spin-1/2. The above discussion holds for any value of the spin s associated to elementary
particles. In this course, we will focus mostly on s = 1/2; which is the spin quantum number associated
to electrons and protons, and hence of direct relevance to study quantum mechanics for electronic, atomic,
and molecular physics. We will also consider spin s = 1, which is interesting both from the conceptual point
of view as well as relevant to discuss the interactions of electromagnetic light (composed by photons, s = 1
particles) with matter.

With this motivation, let us now present the quantum theory of s = 1/2 particles. The eigenvalue
equations from Eq. in this case read

SQ‘%,m>:¥ %,m>, S, %,m>:hm‘%,m>, (2.108)

with m = 4+1/2 or m = —1/2 being the only two allowed values of the quantum number associated to S..
Since s is fixed and m = £1/2, spin-1/2 particles live in a two-dimensional Hilbert space (for the spin-

related part of the wave functions). In the literature one can find a large variety of options in the notation
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to refer to these two eigenstates of S, including:
e spin up: ‘%,%>7 [+2), [12), X4y oo
e spin down: ’%,—%>, =205 [2)s x—y -

In most cases, it is easy to deduce by context which notation is being used to denote these eigenstates of S.,
but please be careful specially when other components of S are also involved.
Given that the eigenvectors of S, form a complete basis (§Z being an Hermitian operator), we can express

the most general spin state of a spin-1/2 particle as an electron as follows

c 1 0
[0) = o4 + e |-) = ( o ) L) = ( . ) L) = ( ; ) (2:109)

in terms of the eigenstates |+) and |—) expressed in their conventional (though by no means unique) column
vector representation. We can work out the matrix representation of the operators 52 and S, in this specific

basis. Let us start with the total spin operator 52, The equations that its components must satisfy are

§2|+>=%|+> IR (Z Z)(é):‘r‘z(é) (2.110)
R 2 a 2
52|—>=%|—> - (C Z><?>=SZ<2> (2.111)

2
§2=3Z<1 0). (2.112)

from where we see that

0 1

Likewise, you can determine that the matrix representation of S, in this basis is given by

. h{1 0
S, == : 2.113
2(0 —1) (2.113)

You can verify that the eigenvalue equation for S, has eigenvalues /2 with eigenvectors |+) and |—), as

expected from Eq. (2.108]).

You can also work out the matrix representation for S, and S'y, and verify that you can express them as

S = (R/2)o in terms of the so-called Pauli matrices

1 i 1
—. - 0 =), = 0, (2.114)
10 i 0 0 -1

As they should, the three components of S are Hermitian and satisfy the defining commutation relations
Eq. . You can check that S, and S‘y also have £5/2 as eigenvalues.
From the discussions in Sect. we know that, if our (normalised) quantum state is expressed in terms
of the eigenvectors of 3.,
) = cy|+) +c—|-), (2.115)

then the probability of measuring S, = +h/2 will be |c; |? and that of S, = —h/2 will be |c_|?, with of course

lco|? +|c_|?> = 1 given that there are the only two possible outcomes of the measurement. Furthermore, we
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can also evaluate the possible outcomes of a measurement of S, or S, in the same quantum state: to answer
this question we need to solve the eigenvalue equations for S, or S’y. As mentioned above, in any direction
the only two possible outcomes of a measurement of the spin are +4/2 (as it could not be otherwise, given
that the choice of z axis is ultimately arbitrary!).

For example, in the case of S, we find that the normalised eigenvectors are

1 (1 1
[+e) = 7 ( ) ) =7 (=) +1=2)) (2.116)

1 1 1
—) = — =— (|4.) = |-)), 2.117
=) (_1> 75 () = =) (2117)
in terms of the eigenstates of S.. Note that we have added a subindex to indicate explicitely to which

direction the various spin eigenstates refer to. By inverting this linear system we get

1 1
[+2) = 7 (J+a) +1=2))» |-2)= 7 (I+2) = [=2)) (2.118)

or also using the frequently used arrow notation

_ L

1
|TZ>7\E = 7=

We can use these relations to express our original state vector |¥) in terms of the eigenstates of Sy

cy +co Cy —C_
U) = (cq|4z) te—|—-2)) = —F—— | |4+z)+ | ——=—— | |—2) - 2.120
)= eslad o) = (S Y o (2= 1) (2.120)
and hence the probabilities of measuring S, in the positive or negative directions will be, following the

prescription of the generalised probability interpretation, given by

P(S, = +5/2) = ' (”J;—) ‘2 P(S, = —h/2) = ‘ (7) ‘2 (2.121)

which taking into account the normalisation of the state vector |¥) can be shown to satisfy P(S, =
+h/2) + P(S; = —h/2)/ =1, as it could not be otherwise.

The uncertainty principle for spin-1/2 particles

You may have noticed from the previous derivation an interesting particular case: if |¥) is a deter-
minate state of S, (meaning that either c; or ¢; vanish) then P(S, = +h/2) = P(S, = —h/2) = 1:
we have the same likelihood for the two possible outcomes of measuring S,. In other words, our
uncertainty about the outcome of a measurement of S, in this state is maximal. Since S, and S, are
incompatible observables, good knowledge of one of them implies a worsened knowledge about the
other, recall that the generalised uncertainty principle applied to spin-1/2 gives

k(s | =48]

05,05, =
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The addition of angular momenta. Of crucial relevance for many applications of quantum mechanics
is the situation where we have a quantum system composed by more than one particle (as we will study
in the next Chapter) and we need to evaluate the total angular momentum of the system. We must be
careful here, since angular momentum is a vector and not a scalar, and a naive addition of angular momenta
will in general yield the wrong result.

For the sake of the argument, let us consider here a quantum system composed by two particles with well-
defined spin states |s1,m1) and |sq,ms). We denote the composite stateﬂ of the system by |s1 s2, m1 ma),

and the action of the corresponding spin operators on it is given by

S’ﬂsl s9,mi ma) = s1(s1+ 1)h%|sy s2,mq ma),

5'22|31 s9,m1 ma) = sa(sy+ 1)h3|sy s2,m1 ma),
gl,z|31 S2,m1 Moy = mah|s1 s2,m1 M2), (2.122)
gg,z|31 S9,m1 me) = myh|sy So,my Ma).

We would like to determine what is the total angular momentum of this state, defined as
S=S,+8S,. (2.123)
Concerning the z component of the total angular momentum, one can see that
§z|51 S2, M1 Ma) = (Sl,z + 5’22) |s1 82, m1 ma) = (m1h+ mah)|s1 s2,m1 Mma), (2.124)

and hence m = my + mo is the value of the total angular momentum in the z direction, S, associated to
the quantum state |s1 s2,m; ma).

Determining the values that S? can take in this composite system is rather more complicated, and here
we will work out the explicit derivation in the case of s; = s3 = 1/2, that is, for a system composed by two
spin-1/2 particles. Since each particle’s z-component of the spin can be positive or negative (m; = +1/2 and
mg = + — 1/2) we will have four possible combinations, each with a well-defined value of m = m; + mao,

constructed as

[11) = ;;;;> (m=1)

111) = ;;;‘;> (m = 0) (2.125)
1) = ;;;1§> (m = 0)

111) = ;;f;‘;> (m=-1).

where now we adopt a notation { T > where the first entry in the ket indicates m; and the second ms.
Inspection of Eq. (2.125)) reveals something peculiar. We see that m varies from m = 41 to m = —1, and
this suggest that the composite states have total spin s = 1. But there are two different combinations that

lead to m = 0, which appears to be inconsistent (since a quantum state with well-defined values of 52 and

9Sensu strictu we should introduce here the tensor product to describe quantum systems consisting of multiple subsystems,
each of which associated to a different Hilbert space. But we can come back to this subtlety on the subsequent chapters.
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S is unique up to an overall normalisation). How to solve this problem?

The solution to this conundrum is subtle: only three of the four combinations defined in Eq.
actually correspond to s = 1 states, while the other combination instead has associated a total spin of s = 0,
explaining why m = 0 was repeated (since for s = 0 the only option is m = 0). To identify which is the
combination that has associated s = 0, we can use the spin lowering operator that we defined in Eq. .
Recall that this operator exhibited the useful property that

S_|s,m) = hy/(s(s + 1) —m(m — 1)) |s,m — 1), (2.126)
so its action on a state with s = m = 1 will turn it into a s = 1 and m = 0 state:
S |s=1,m=1 =+v2h|s=1,m=0). (2.127)
Certainly ‘ 1 > is a s = m =1 state, so let me act on it with the lowering operator:
1111>
22 22

-1

S|t

[
Sl
’

>|¢¢>+|¢¢>. (2.128)

where we have used Eq. for the s = m1 = 1/2 and sy = mo = 1/2 states. Hence we conclude that
SA’,‘ ™1 > = } $ 1 > + | T > is the combination with s = 1 and m = 0, and then the linearly independent
combination ‘ 7T > - ’ T4 > has instead s = 0 and hence m = 0.

Putting all this information together, we see that we have three states with total spin s = 1 (and

m = +£1,0, as required by the properties of angular momentum) which are known as the triplet states

11) = [t1) (s=1m=1),

J— 1 — J—
10) = %(|u>+}m>) (s=1,m=0), (2.129)
1-1) = [L1) (s=1,m=-1).

Note that we have normalised the combination with m = 0. Then, the combination associated to a total

spin of s = 0 (which hence can only have m = 0) is denoted as the singlet state and is given by:

1
00)=—(1T4)—11 , 2.130
o= (14)-[41)) 2130
which again has been normalised. This derivation illustrates that a system composed by two spin-1/2
particles can carry either a total spin of s = 1 (for the triplet states) or of s = 0 (for the singlet state),
depending on the configuration of the individual spins. As a further piece of evidence, we can demonstrate
that the triplet states are eigenvectors of 52 with eigenvalues of 2h% while the application of 52 destroys the

singlet state (since the eigenvalue is zero). That is, if we have that
S%=(S1+8S;)- (S1+82) =57+ 55 +25;- Sy, (2.131)

then we will find
5211 0) = 2k%10), S%00)=0. (2.132)
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where note that S; and S, commute between then since they act on different Hilbert spaces (more about
this in the next chapters).

Towards the spin-statistics theorem

You might notice an interesting feature of the triplet combinations defined in Eq. (2.129)): they are
invariant (symmetric) upon the exchange of the two particles. However, the singlet state is

instead antisymmetric upon the exchange of the two particles, since

o)== (1) =]4t) = Z(4t)=[11)=-00). (2.133)

This observation will become crucial in the next Chapter, when we discuss how the spin of a particle

determines which energy levels can be occupied and which ones cannot.

Generalisation to other spin combinations. The previous example represents the simplest possible
example of spin combination, that involving two spin-1/2 particles. The general problem of combining a
spin s; particle with a spin sy particle is rather more involved. The general answer is that the allowed

combinations will have s between s; + s2 and |s; — s2| in integer steps. We can give some examples:

e The case we have just discussed above corresponded to s; = 1/2 and so = 1/2. In this case the general
answer is that the allowed combinations range between s = 51 +s2 = 1 and s = |s; — s2| = 0 in integer

steps, hence indeed s = 0,1 as we just found.

e Assume you want to combine the spin of a photon (s; = 1) with that of a proton (s2 = 1/2). The
allowed combinations range between s = s1 + s3 = 3/2 and s = [sa — s1| = 1/2 with integer steps,
hence s = 3/2 and s = 1/2.

e Likewise, if you were to combine the spin of a gravitino (a hypothetical spin-3/2 particle) with that of
a graviton (the quantum of the gravitational force, a spin-2 particle), then the allowed combinations
range between s = s1+59 = 7/2 and s = |so — s1| = 1/2 with integer steps, hence s = 7/2,5/2,3/2,1/2
will be possible values of the total spin of the system.

In general, it can be shown that the allowed state vectors representing two-particle systems with spins s;
and sy will be given by:
|s m) = Z Coisam |s1 s2,myp ma) (2.134)

mi+ma=m

with Cp1s2m - being known as the Clebsch-Gordan coefficients. The derivation of the Clebsch-Gordan co-
efficients is mathematically very interesting but not particularly relevant for the physics of this course, so
we will not cover it further. The interested student is encouraged to read a bit about group theory, the
mathematical theory of symmetries.

Finally, as repeatedly emphasized, from the mathematical point of view spin follows exactly the same
rules as orbital angular momentum. Hence, the same rules that we have discussed for the combination of
the spin states of two different particles will also apply to the combination of spin with orbital angular
momentum. For instance, for an electron of the hydrogen atom with quantum numbers n,f, m its total

angular momentum (spin plus orbital) will be either £ — 1/2 or £ + 1/2, following the general prescription.
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Summary

We can now recapitulate what have we learned in this chapter concerning the the quantum mechanics of

three-dimensional systems.

I/ We can solve the Schroedinger equation in three dimensions by the method of separation of variables;
in the case of central potentials the dependence on the angular coordinates decouples from that of the
radial coordinate.

II/ The solutions of the Schroedinger equation in three dimensions for the Coulomb potential are simul-
taneous eigenfunctions of H, L?, and L., with quantum states labelled by the eigenvalues of these

operators.

III/ The properties of the radial solution R(r) and the spherical harmonics Y, (6, ¢) determine the prop-
erties of the electronic orbitals of the hydrogen atom, such as for example what are the most likely

values of the radial coordinate r or the angular shape of the different orbitals.

IV/ The quantum theory of angular momentum can be applied to spin, the intrinsic angular momentum

of elementary particles, and we can also determine the total spin content of two-particle systems.
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3 Chapter 5: Identical Particles in Quantum Mechanics

Learning Goals
e To formulate and solve the Schroedinger equation in the case of two-particle systems.

e To determine the implications that in quantum mechanics we deal with systems of genuinely
indistinguishable particles.

e To formulate the Pauli exclusion principle and to derive its consequences for the structure
of multi-electron atoms.

e To explain fundamental properties about the general structure of solids by means of basic
quantum-mechanical properties.

e To formulate the concept of band structure in solids and use it to classify materials in terms
of their electrical conductivity properties.

In this section of the lecture notes we present the main concepts discussed in Chapter 5 (“Identical Par-
ticles”) of the course textbook. The goal of these lecture notes is to provide a self-consistent study resource
for the students, which is then complemented by the live lectures (and their recordings), the tutorial sessions,
as well as their own study of the textbook. The relevant textbook sections are indicated below, material

from other sections not listed there will not be required for the examination.

Textbook sections

e 5.1: Two-Particle Systems.
e 5.2: Atoms.

e 5.3: Solids.
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Up to now, in your study of quantum mechanics you have only considered one-particle systems (including
the hydrogen atom, which can be expressed essentially as a one-particle problem). As you know from classical
mechanics, in general the description of many-body systems ramps up quickly in difficulty: the two-body
problem in classical mechanics can be solved exactly but already the three-body problem does not admit a
closed solution. However, at the classical level, systems of non-interacting particles are trivial, in that
their solution is the combination of independent solutions of the one-particle problem.

However, the situation is completely different in the case of quantum mechanics, and the state vectors
for systems composed by more than one particle will in general be different from a trivial combination of
one-particle states. The reason for this marked difference is that in quantum mechanics we often deal with
systems of indistinguishable particles: an electron is identical to any other electron anywhere in the
Universe.

This appears at first sight to be a rather minor point, but careful consideration of the implications that
dealing with identical particles has in quantum mechanics has deep consequences, from explaining what
makes a solid well, “solid”, to the allowed options in which spins can be combined in many-particle states
(which has impact in for instance in quantum technologies). And these implications are already there even
for non-interacting particles: as we will see we can obtain many interesting results even neglecting the

interactions between the particles in our system.

3.1 Two-particle systems

As mentioned above, up to now we have considered quantum systems composed by a single particle. For
example, we have solved the Schroedinger equation in three dimensions for the hydrogen atom and found
the wave functions of the electronic orbitals 1y, (r, 0, ¢). Note that although in this case the system was
composed by a proton and an electron, the proton did not play any role other than generating the electric
potential thus was not part of the wave function of the system (technically, it did not play any dynamical
role in the system).

We will consider now a quantum state composed by two dynamical particles. Its wave function will
now depend on the position of the two particles, ¥(ry,ro,t) and its time evolution will be determined by

the solution of the time-dependent Schroedinger equation

8\1’(1‘17 ro, t)
ot

h? h’
Vi VR V) ) Vet (D)

h
‘ 2m

= ﬁ@(rl,rg,t) = <_2m1
where in general the two particles will have different masses m; and ms, and the potential energy now
depends on the position vectors of the two particles as well as on the time, V(rq,rs,t). The generalised
statistical interpretation tells us that the square of the wave function, |¥(ry,rs,t)|?, will be normalised to
one when integrating over all possible values of r; and rs.

Here we will consider time-independent potentials, such that the time evolution of the eigenfunctions of

the Hamiltonian is given as usual by

1Bt
U(ry,ro,t) = ¥(r1,r2)exp <_ﬁ> , (3.2)
where the spatial component of the wave function satisfies the time-independent Schroedinger equation
h? h?
(MV% — %Vg + V(I‘l, I‘2)> 'LZJ(I'l,I‘Q) = E’(/J(I‘l,rg) s (33)
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in terms of the kinetic terms for the two particles and of the potential energy. Solving a two-body Schroedinger
equation is in general much more difficult that its one-body counterparts, but in some cases we actually can
reduce the solution of Eq. to the solutions of separate one-body problems.

The simplest scenario for Eq. is that of non-interacting particles, where each particle moves
in some external potential but they do not interact among them. Note that here the meaning of “non-
interacting” is not that we have two free particles, but that the two particles in the system interact only
with an external potential but not among them. In this case, the potential energy simplifies to

V(ri,re) = Vi(r1) + Va(ra), (3.4)

and it is easy to see that Eq. (3.3) admits a solution where the total wave function factorises into two

one-particle wave functions

P(r1,ra) = Ya(r1)Pp(r2), (3.5)

where v, and 1, indicate two different one-particle wavefunctions, each of which satisfies their a separate

one-particle Schroedinger equation:

(_;imlvf + V1(I'1)> Ya(r1) = FEatpa(r1), (3.6)
o, _
<2sz2 + Vg(r2)> Pu(ra) = Epihp(ra),

with the total energy of the system being given by £ = F, + E}. Note that the situation where we have
two free particles is a particular case of this, and the equations that we need to solve are:

h?

*Tmlvfﬂ)a(rl) = Ei1¢g(r1), (3.7)
2

—%Vg%(m) = Eay(ra).

Note, however. that if we know the solutions of the one-particle equations, Eq. (3.6)), then the case of two
particles interacting in some external potential falls on the same complexity class as that of a system com-

posed by two free particles, and it is not more difficult to solve.

Entanglement in two-particle systems

For non-interacting particles, the two-body wave function factorises into two one-body wave functions
of the form

Y(r1,r2) = Ya(r1)s(r),

which are eigenvalues of the total Hamiltonian H with energy ¥ = E, + E,. However, this does not
imply that all valid quantum states of this two particle system can be described by such factorisable

state vectors. For example, if ¢, and ¥4 are two other one-particle solutions, surely I can have

P(ry,r2) = \/}ba(rl)%(rz) + \/z%(rl)%(m) (3.8)

which cannot be expressed as a product of one-particle wavefunctions. These states are

called entangled states and are of huge importance in quantum mechanics.
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Another situation that admits a relatively compact analytic treatment is that of central potentials, such
as the Coulomb potential that we discussed in the case of the hydrogen atom. In this case, the interaction
between the two particles depends only on their relative distance but not on their relative orientation

V(ry,ra) =V(jry —ra). (3.9)

Then the two-body Schroedinger equation

h? h?
— V2 —Vi4V(r, - ri,re) = EY(ry,ra), 3.10
(V2 = o V34 V1 = 12 ) 6l m2) = E(rvma (3.10)
can be factorised into two separate one-body equations, one for the motion around the center of mass
of the system and the other for the free motion of the center of mass.

Thus we have found that there are two situations where solving a two-particle Schroedinger equation is

relatively feasible:
e When the two particles do not interact with each other, but only with some external potential.

e When the two particles interact with each other via a central potential, but then do not interact

with any external potential.

In both cases, we can reduce the two-body system to two one-particle problems that can be solved separately.
However, in general the two particles will experience both interactions with some external force and mutual
interactions between them. An important example in this context is the helium atom, a system composed
by an atomic nucleus with two protons Z = 2 and then two electrons orbiting around it. The potential
experienced by the electrons receives contributions both from the electrical attraction with the positively

charged nucleus and from the negative repulsion between the two electrons:

1 2 2 2 2 2
V(ry,rs) = ( c e+e) . (3.11)

" dreg _m B |ro |r1 —ro|

The Schroedinger equation for the Helium atom cannot be solved analytically in closed form. We will need
to introduce some approximations such as perturbation theory and the variational principle, which we will
introduce later in the course.

Now, as we discuss next, even for the cases where we can solve exactly the Schroedinger equation for the
two body problem (say for non-interacting particles), there remain some important issues to be addressed
in the case that the two particles that compose the system are indistinguishable. To illustrate this point,
when we wrote the factorised solution for the total wave function of a system composed by two non-interacting
particles we had

Y(r1,r2) = o (r1)vs(re), (3.12)

we implicitely assumed that we could distinguish the two particles, since we assume that the first particle
occupies the one-particle state ¢, and the second v,. But this is not possible if I can tell apart the two

particles! We will see next how to quantum mechanics solves this conundrum.

Indistinguishable particles: fermions and bosons Let us assume that we have now two noninteracting
particles, the first one occupying the one-particle state ¢, (r) and the second one in another one-particle state
wb(r)m As demonstrated above, the total wave function of the two-particle system will be the product of

10While here I work with position-representation wavefunctions, the concept is fully general and can also be formulated in
terms of the Dirac notation.
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the two one-particle states:

Y(r1,12) = Pa(r1)hp(r2) . (3.13)

Now, by writing the total wave function in this manner I am assuming that somehow we can tell apart
the “first particle” from “the second particle” (that is, that we can stick labels on them). But in quantum
mechanics particles are indistinguishable, not because of some technical limitation of our measurement
apparatus, but because every electron is identical to every other electron, and every hydrogen atom
is identical (and will always be) identical to any other hydrogen atom. In other words, in quantum mechanics
it is not possible to say “this electron” or “that electron”, but only “a electron”.

To take into account that quantum mechanics deals with particles that are indistinguishable, we need
to modify the two-body wavefunction for identical particles in a way that it does not implicitely assume

that we can tell particles apart. This can de done in two ways. First, we can write

Py (ry,r2) = Aftha(r1)vs(ra) + Yo (r1)va(r2)] - (3.14)

where the only thing that we assume is that there is “a particle” in orbital ¢, and another of the same
particles in orbital 1, and where A is an overall normalisation constant. Another possible option that

achieves the same goal is

Y (r1,r2) = Atha(r1)p(r2) — Yp(r1)va(ra)] - (3.15)

with the minus sign between the two terms[M]
Actually, given a specific type of particle, only one of these two relations will be valid. If we assume

normalised one-particle states, then we can have only one of the following two situations:

e We denote as bosons as those elementary particles for which their two-body wave function is

1
NG [Va(r1)¥n(r2) + ¥p(r1)va(rs)] -
Bosons have the defining property that their total wave function is symmetric under the exchange
of the two particles: ¥ (r1,rs) = ¥4 (ra,r1). All particles with integer spin are bosons (for example
the photon, with s = 1 or the Higgs boson, with s = 0).

e We denote as fermions those elementary particles for which their two-body wave function is

1
7 [a(r1)¥n(r2) + —9b(r1)Ya(ra)] .
Fermions have the defining property that their total wave function is antisymmetric under the ex-
change of the two particles : ¥_(r1,ra) = —t_(re,r1). All particles with half-integer spin are

fermions (for example the electron and the proton, both with s = 1/2).

Here we take this property as an axiom of quantum mechanics. The formal connection between the spin
of a particle and the symmetry properties of the total wave function under the exchange of two particles can
be demonstrated in quantum field theory and is known as the spin-statistics theorem. Here the situation
is similar as for the Heisenberg uncertainty principle, which despite its name was not a fundamental principle

but rather a consequence of the more fundamental axioms of quantum mechanics.

11 Actually, there are cases where one can have also a complex phase between the two terms, leading to exotic quasi-particles
such as anyons, but we will not discuss this case further in this course.
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The Pauli exclusion principle

A direct consequence of the of the spin-statistics axiom of quantum mechanics is that two

fermions cannot occupy the same quantum state. To see this, consider two non-interacting
fermions that occupy the same one-particle quantum state v,. The combined two particle wave
function would then be:

1

V2

hence only when the two one-particle states are different from each other the two-particle wave

Y_(r1,12) = —= [Ya(r1)Pa(r2) — Pa(r1)a(rz)] = 0. (3.16)

function of a fermion system will be non-zero. This central result of quantum theory is known as the
Pauli exclusion principle and as we will see later in this chapter has crucial implications for the

structure of matter.

The infinite square well with two particles. In order to illustrate how differences between fermions
and bosons can have very significative consequences for the properties of quantum systems, let us consider
the following system. Assume that we have two noninteracting particles with the same mass confined
in the infinite square well potential in one dimension. For simplicity, let’s work in units where the width of

the well is L = 1 and that the particle mass is m = 1. The potential energy for this system is then

Vi) = 0 0<z<1,
Vi) = oo 2<0,z>1.

The one-particle states and energies of this potential are are quantised in terms of a single principle quantum
number n and are given by
n’n?h?

Yn(z) = V2sin(nmz), E, = 5 n=12,3,.... (3.17)

Let us consider three different scenarios for this system, and as we will see whether or not particles are
distinguishable or indistinguishable, and in the latter case whether they are fermions or bosons, has important

consequences for the resulting energy spectrum of this system.

e The two particles are distinguishable, that is, they are not identical.

If we call ny the energy level occupied by the first particle and no that by the second particle, the total
wave function is just the regular product of one-particle wave functions

(n? + n3)n2h?

5 =] +n3)K. (3.18)

Ynyng (z) = (o (xl)z/)n2 (x2), Eniny, =En, + En, =

For example, the ground state is ¢11(z) with energy FEq1q; = 2K and the first excited state is double-

degenerate, with two possible two-particle states having associated the same total energy

o1 (21, T2) 2sin(27xy ) sin(wzs) , Ey =5K,
P1o(x1,22) = 2sin(may)sin(27zs), E; =5K. (3.19)

By varying n; and ng, we can then construct all the possible two-particle wave functions allowed for

this system.
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Note that each two-particle state is uniquely specified by the choice of the two one-particle quantum

numbers n; and no. In this respect, the two-particle states are trivial combinations of one-particle

states, much in the same way as what would happen in classical physics for non-interacting particles.
e The two particles are indistinguishable, that is, they are identical, and specifically they are bosonsH

In this case, the ground state will be unchanged, since clearly the two-particle wave function
Y11(21, T2) = 2sin(rwy) sin(wxs) , (3.20)
is symmetric under the exchange of the two particles:

11(ze, 1) = 2sin(rag) sin(rzy) = Y11 (21, 22) , (3.21)

as should be the case for the wave function of a system composed by bosons.

However, you also notice that the (degenerate) first excited states in Eq. (3.19) are not symmetric
under the exchange of the two particles. For example, if I take 15, and I exchange the particles

¢21(.’E2,1’1) = QSiH(Q’]TCEQ) Sil’l(?T.’El) = wlg(.’ﬂl,xz) 75 w21($1,.’£2) 5 (322)

and hence 91 (z2, 1) and ¥12(ze, 1) constructed as in Eq. (3.19) are not acceptable for a system
composed by two identical bosons.

Instead, we must symmetrise the two-particle wave function corresponding to the first excited state of
the system by using the appropriate prescription for bosons. In this way we find that the wave function
of the first excited state is given by

Y(z1,29) = V2 [sin(27z1) sin(mxs) + sin(rzy) sin(27z2)] | E =5K, (3.23)

which is obviously invariant under the exchange of the two particles, ¥ (x2, z1) = (21, 22).

This result illustrates a first important consequence of the quantum statistics: the first excited state,
which is degenerate in the case of distinguishable particles, becomes non-degenerate in the case of
indistinguishable bosons. That is, quantum statistics breaks the degeneracy which is present in the
case of distinguishable particles.

e The two particles are indistinguishable, that is, they are identical, and specifically they are fermions.

In this case the two-particle state which corresponding to the ground state of the previous two cases is
not allowed due to the Pauli exclusion principle: two fermions cannot occupy the same one-particle

quantum state. In this case the wave function of the ground state (the state with the lowest energy) is
(21, 29) = V2 [sin(27z1) sin(rs) — sin(rzy) sin(27z2)] | E =5K, (3.24)

which as requested for fermion systems is antisymmetric under the exchange of any two particles,
given that (w1, 2) = — (w3, 21).
Here we note another very powerful consequence of quantum statistics: as compared to the case with

distinguishable particles, or to the case with indistinguishable bosons, in the case of fermions the

12Note that the following discussion requires the two particles to be identical bosons, not only bosons. For example, a system
composed by two distinct spin-1 particles can still be treated as in the previous case, since here we do not deal with genuinely
indistinguishable particles.
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energy of the ground state is increased. In other words, keeping everything the same (mass,
potential etc) the zero-point energy of this quantum system is increases by a factor 2.5 just from
replacing bosons by fermions, which is quite a remarkable result.

Hence, to summarize we have illustrated with this relatively simple example some important consequences
of accounting for the fact that quantum mechanics deals with indistinguishable particles: as compared to

system composed by distinguishable particles, we can

e Change the energy and eigenfunctions spectrum of the system by removing degeneracies.

e Change the energy and eigenfunctions spectrum of the system by increasing the zero-point energy
of the ground state.

In the rest of this chapter, we will study other implications that systems of indistinguishable particles have
in quantum mechanics.

Exchange forces. The previous example demonstrates that the quantum statistics that apply in systems
composed by identical particles can lead to significance consequences in the properties of quantum states.
Let us investigate a bit more what is the underlying reason for this behaviour.

Consider now a one-dimensional system composed by two particles, and consider two one-particle quan-
tum states 1, (z) and ¥ (x) (orthonormal between them). Following the previous discussion, the two-particle

wave function will be given in the various relevant cases by:
e Distinguishable particles: ¥(x1,x2) = ¥, (x1)p(x2).
e Indistinguishable particles (bosons): ¢ (z1,22) = % (o (z1)p(22) + Yp(21) V0 (22)).
e Indistinguishable particles (fermions): ¢_(z1,25) = % (a(x1)p(z2) — Yp(21)a(22)).

Let us now evaluate the expectation value of the square of the separation between the two particles:
((m1 — 22)?) = (27) + (23) — 2 (w122) , (3.25)

in the three cases under consideration, and compare their results. The reason to choose this quantity is
that, as we will demonstrate, quantum statistics leads to an effect on the average distance between the two
particles which is akin to either a repulsive or attractive force, known as exchange forces. However, this
term is a bit of a misnomer since the particles are non-interacting: it will look like there is a force acting
upon them, but it is just a geometrical consequence of how wave functions of identical particles must be

constructed in quantum mechanics.

¢ Distinguishable particles: in this case the relevant expectation values are

(a2) = / iy / dy 1|2, 29)|? = / dy1 [t (1) / duslty(e) P = (22, (3.26)

where we have used that the one-particle wave functions are appropriately normalised. The result is
then the expectation value of the position squared in the one-particle state ¥,(z). Using a similar

strategy, we can easily evaluate the other matrix elements to find:

<$§> = <T’2>b ) <$1.Z‘2> = <~7;>a <'7;>b ) (327)
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and hence the sought-for expectation value for the square of the distance between the two particles in
the system is given by
((z1 fx2)2> = <x2>a+<x2>b —2(z), (x), - (3.28)

Note how this result is consistent with the particles being distinguishable: <(x1 — x2)2> is determined
by combining matrix elements that only involve one-particle states: the two particles don’t talk to
each other at all ( as should be the case, since these are non-interacting particles).

Let’s compare this result with the other two cases, corresponding now to indistinguishable particles.

e Indistinguishable particles: now the same calculation yields
1
(@) = [dnr [draatostonanP = 5 [dor [ doaad] oo vaten) £ dule)bate) P

- %/dxl/d‘rQ l‘% <|¢a(1'1)1//b($2)|2+|1/)b(x1)1/}a(x2)|2

+ gy (@2) (1) vha(w2) £ w;(x1)w;(x2)¢a(x1)¢b(gg2)>

= %/dxlx%\wa(an)ﬁ/dlewb<x2)l2+%/dxlx‘fwb(xl)ﬁ/dum(@)ﬁ (3.29)
+ %/dxlz%d’:(zl)wb(ﬂfl)/dI2¢;(I2)wa(x2)

((@%), +(27),) -

|~

. / A1 (01 )b (1) / da (2 (2) =

where we have used that the one-particle states are normalised and orthogonal among them. Clearly,
we will get the same result for <x%>, since the two particles are indistinguishable. Now for the third

term in the calculation, it is when things become interesting:

<$1$2> = /dxl/d$2$1$2|¢i($1’$2)|2
= %/d.’lﬁ‘l/dl‘g x122| (Vo (1) s (22) £ Vp(21)a(2)) |2

= %/dwl/d@ T1T2 <|1/)a($1)1/)b(m2)|2+ [ (21)10q (22)]?

+ ()b (22)y(21)Ya(w2) £ ¢Z($1)¢Z($2)¢a($1)¢b($2)>

which by evaluating each of the individual integrals gives

2

nae) = 5 [doimfale) [ desaalinea)
+ 5 [dnmluenp [ deswalva(es)

+ %/dxl $1¢Z($1)¢b($1)/d$2 oy (w2)10q (22)

2 (3.30)

+ %/dazl xlw{j(m)wa(m)/dl‘g o) (x2) Yy (22)

= 5 @) () % (@ (T & (@ (7)) = (2, (0 % {2 7
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in terms of the overlap integral between the two one-particle states defined as

(@), = / dz @ ¥ (z)y(@) . (3.31)

Note that this overlap integral arises only when we have indistinguishable particles: it it a conse-
quence of the cross-terms that we get when we square the (anti-)symmetric two-particle wave function

Y1 (x1,22) (so it is a direct consequence of the quantum statistics requirements).

Putting together the three terms, we obtain the counterpart of Eq. (3.28]) for indistinguishable particles:

{(z1 —22)?) = <x2>a + <1:2>b —2(z), (x), F 2/ (x), *, (3.32)

which is different from the case of the system composed by two distinguishable particles, and further-

more the result varies if we consider a system of bosons and a system of fermions.

Combining these results together, we therefore obtain that the distinguishability or not of the particles
that compose a two-particle quantum system has a direct physical consequence in the expectation value of
the square of their average spatial distance:

2\ 2 2
(A0)?) =((a2)°) F|@)l*, (3.33)
which is different for bosons than for fermions:

e For identical bosons, on average the two particles will tend to be closer together as compared to the
case of two distinguishable particles.

e For identical fermions, on average the two particles will tend to be farther apart as compared to the
case of two distinguishable particles.

The exchange force for identical particles

The result of Eq. indicates that a system of two identical bosons behaves as if there was an
attractive force between then, while a system of two identical fermions behaves on the contrary as
if there was a repulsive force between then. This putative force is often called exchange force,
which is not really accurate since there is no physical interactions between the two particles (the
system is non-interacting!), it is a consequence of the symmetry requirements on the two-particle

state vectors of indistinguishable particles without classical counterpart.

We note that there is an interesting limit of the above result which corresponds to those configurations where

the overlap integral vanishes (or becomes infinitesimally small):

(@), = /dac x Yr(x)p(z) = 0. (3.34)

For instance, this would be the case in situations where the one-particle states 1,(z) and ,(z) are only
non-zero in different regions of x, like when two electrons are really far from each other. This implies that
systems of two identical particles for which the overlap integral Eq. can be treated as if they were
distinguishable: it makes full sense to tell two electrons apart if they are separated by kilometers (but not

if the separation is of a few nanometers!).
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The electron spin reloaded. In Sect. we discussed how to combine the spin of two particles and to
determine the possible options for the total spin S and its z-component S, of the system. There we saw
that we can combine the spin of two spin-1/2 fermions (such as electrons) into four states, three of them

characterised by a total spin s =1,

1) = |[11) (s=1Lm=1),

1
10) = (1) +][41) (s=1,m=0), (3.35)
-1 = L) (s=Lm=-1),

which are known as the triplet states, and another with vanishing total spin s = 0, the singlet state:

0= (1) - ]11)).

As we discussed ,the triplet states are symmetric under the exchange of two particles, while the singlet one

is instead antisymmetric: if you exchange the two electrons you get

1 1
ST =) =—Z (1) =[11) =-00). (3.36)

What is the connection between the spin combinations of a two-particle system and the general requirement
that the wave function of a system of two fermions must be antisymmetric upon their exchange? Well, for a
two electron system, the total wave function is the product of the spatial and the spin parts of the wave

function. For example, we could have

Y(ry,ra)|s m), (3.37)

with the spin part |s m) being either one of the three triplet states or the singlet state defined aboveE
In such a case, the antisymmetry requirement of the total wave function of the two-electron system then

implies:

e If the two electrons occupy the same position state, one has that ¥ (ri,re) = ¥(ra,r1), so then the
spin state must the antisymmetric singlet state to ensure that the total wave function is antisymmetric

upon the exchange of the two particles.

e If the two electrons have associated a symmetric singlet state, then the spatial part of the wave function
will be non-zero only if it is antisymmetric ¢)(r1,r2) = —1(ra,r1) to ensure that the total wave function
is antisymmetric upon the exchange of the two particles.

The Pauli exclusion principle for electrons

We have thus demonstrated that two electrons can occupy the same position state (say, the
same electronic orbital i, in the hydrogen atom) only if their spin state is the singlet state,
that is, only if the z-component of their spins points in opposite directions. This is why in a given
non-degenerate quantum state we can only accomodate two fermions: provided their spins are in

opposite direction, this is the only configuration that ensures an antisymmetric total wave function.

13 At least, if we want tout state to have well defined s and m values: as you know, any linear superposition of valid spin
states represents also a bona fide state of the system.
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The generalised symmetrisation principle. In the previous discussion we have restricted ourselves
to systems of two non-interacting particles. However, the generalised symmetrisation principle of
quantum mechanics has associated a much stronger requirement: a system of identical particles must be
either symmetric (for bosons) or antisymmetric (for fermions) upon the exchange of any of the particles
that compose it.

Let us denote the state vector of a general two-particle system as |(1,2)). Then we define the exchange
operator P as follows

P[(1,2)) = [(2,1)). (3.38)

The square of this operator is the identity operator 1, given that
P2(1,2)) = P (P(1,2))) = PI(2.1)) = 1(1,2)), (3.39)

from where it follows that the eigenvalues of P are +1. If two particles are identical, clearly the Hamiltonian
will be invariant under the exchange r;y — ry and therefore P and H commute and represent compatible
observables:

{ﬁ,ﬁ} =0. (3.40)

Now, recall the generalised Ehrenfest theorem that determined the time evolution of an observable in

terms of its commutation relations with the Hamiltonian operator:

fo=i(ma) (7). aan

—(P)=0 (3.42)

implying that if a quantum system starts in one of the eigenstates of P (that is, it is either symmetric
(P) = 1 or antisymmetric (P) = —1 upon the exchange of the two particles), it will remain this way forever.
In other words, the symmetry properties of a quantum state upon the exchange of two particles are
time-invariant.

The generalised symmetrisation axiom of quantum mechanics tells us that these properties are the
same for n-particle system composed by indistinguishable fermions or bosons. That is, only states which
satisfy

Pul(1,2, iy sy o)) = (1,2, Gy m)) = £(1,2, 0y ey sy m)) (3.43)

are allowed in quantum mechanics, where Pij is the exchange operator applied to particles ¢« and j of the
system, and the positive sign holds for bosons and the negative one for fermions.

As mentioned above, actually this generalised symmetrisation requirement is not an axiom but a con-
sequences of the principles of relativistic quantum mechanics (the spin-statistics theorem), though this
difference will not have any practical implication for the discussions that we will have in the rest of the

course.
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3.2 Considerations for multi-electron atoms

Equipped with a better understanding of the quantum mechanical consequences and requirements of systems
composed by identical (indistinguishable) particles, we can extend our discussion of the hydrogen atoms to
atoms composed by more than one electron. The starting point is the Hamiltonian operator H for a

neutral atom with Z protons, A — Z neutrons, and Z electrons, which is given by

N K2 1 Ze? 1Z e?
A= |2Tv2_ L | I N L 44
Z {2mv3 (47reo T, )] + 2 Z v, —rg|’ (3.44)

Jj=1

which is composed by the kinetic energy term for each electron, the attractive potential between each
electron and the positive charge +Ze of the atomic nucleus, and the electric pair-wise repulsion between
electrons. Note that the factor 1/2 in the repulsive term is introduced to avoid double counting. Except for
the hydrogen case (Z = 1), this Hamiltonian is not solvable unless we introduce some approximations such
as perturbation theory, which we will do later in the course.

The simplest possible multi-electron atom is helium (Z = 2), for which the above Hamiltonian reduces
to the following operator:

2

- h? 1 Ze? e?

= 2 _ - - 3.45
Z [vaj (471’60 T )} + vy — |’ (3.45)

The most drastic approximation which allows us to solve the corresponding Schroedinger equation is to
completely neglect the electron repulsion. In this case, the system reduces to two non-interacting
particles (since the electrons now experience only the attractive potential from the atomic nucleus) and as
we know from the previous discussion the total two-particle wave function can now be computed exactly in
terms of the one-particle wave functions.

With this approximation, the Hamiltonian of the helium atom simplifies to

2

A K2 1 Ze?

H:E — V- i 4
= [QWV] (47760 rj ﬂ 7 (3.468)

which has the same form of the Hamiltonian for a system of non-interacting particles. Therefore, we know
that in this crude approximation the Helium wave function can be factorised into the product of the

one-particle wavefunctions of a hydrogen-like atom, such that

1p(rla I'2) = wnlm(rl)d)n’l’m’ (1‘2) y (347)

where note that in general the quantum numbers of the two one-particle wave functions will be different.

Entangled states

However, this is certainly not the only option for the possible electronic wave functions of the Helium
atom: we can have also linear combinations of the one-body eigenstates of the form

P(ry,ra) = glbnm(hwn'z'm/(rz) + %1/1;”" (r1)¥s 5 (r2) - (3.48)

Note that these will be entangled states in that they cannot be written as a combination of specific
one-particle states.
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In these entangled states, the two particles are intrinsically, well, entangled: if I measure the energy (or the
angular momentum) of particle 1, I will know for sure what will be the energy (or the angular momentum)
of particle 2 without measuring it, even if the two particles are separated by a very large spatial distance.

Since the energies of hydrogen-like atoms with Z protons scale as Z2E in terms of the energy levels of
the hydrogen atom, recall Eq. , we know that in this approximation the total energy of the Helium

atom system will be specified by the two principal quantum numbers n and n’ and given by
En,n’ =4 (En + En/) ) (349)

in terms of the energies F, of the electronic orbitals of the hydrogen atom. The ground state in this

approximation for the Helium atom will now be given by

8 _
Yo(r1,T2) = Y100(r1)Yi00(re) = 3¢ Hritra)/a, (3.50)
To derive this expression, we have used that the ground state wave function of the hydrogen atom is

2 1 1

Y100(r) = Rio(r)Yoo(0, ) = —75 e = —7 e7r/e, (3.51)

and then used that from the definition of the Bohr radius, Eq. (2.58), I need to replace a by a/Z if instead
of a single proton I have Z protons in the atomic nucleus, as is the case for hydrogen-like atoms.

Since the spatial part of this Helium ground state wave function, Eq. , is symmetric, ¥o(ry,r2) =
o(re,r1), then the fact that electrons are fermions implies that the spin part of the wave function must
be antisymmetric, and thus can only be the singlet configuration, with the z component of their spins
pointing in opposite directions. Hence we conclude that the total wave function of the helium atom will be

given by

Po(r1,1r2)|0 0) = %1#100(1‘1)7/)100(1"2) (| T1)— | 1)) (3.52)

in terms of the tensor product of the spatial and spin states of the wavefunctions, in the approximation
where the neglect the electrostatic repulsion between the two electrons.

Neglecting the repulsive interactions between the two electrons is of course not a good approximation in
any sense (note that the strength of the mutual electron repulsion is only half of the effect of the positive
attraction from the nucleus). Below we provide some strategies in which to improve our predictions for the

energies and the wave functions of the Helium atom.

Shielding and the effective charge. In the very crude approximation where we completely neglect the

repulsive interaction between the two electrons, the ground state of Helium has an energy of
Ey=4x2x(-13.6 eV) = —109eV, (3.53)

to be compared with the experimentally determined value of Fy = —78.975 eV, which is off by almost 30%.
Of course, this is not unexpected: the electron repulsive interactions is by no means a subleading effect, and
hence it is expected that our crude approximation is not very close to the actual result.

The basic assumption that underlies the orbital approximation that we have used is that the motion
of the two electrons in the system is uncorrelated between them: it is not affected by its mutual repulsive
interaction. However, we know that this is not the case: the mutual repulsion between the two electrons will

modify their motion around the nucleus to some extent. While we cannot compute fully this effect, we can
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account for it in an approximate manner:

The effective electric charge

In multi-electron atoms, one electron feels the average presence of the other electron. For example,
for some configurations the two electrons will have little overlap, while for other configurations they
will be on average closer. So effectively, the total positive electric charge felt by the electron will be
smaller than the value Z from the protons in the nucleus, since the presence of the other electron will
be reducing it. One then defines the effective charge of the atomic nucleus as the one that one

electron experiences due to the smearing induced by the presence of the other electron.

In the case of the helium atom, we will have that this smearing will lead to an effective charge Zeg < Z =2
smaller than the number of protons in the nucleus. This effect is also known as shielding: the positive
charge of the nucleus felt by a given electron is partially shielded by the other electrons that are also orbiting
around it. In this case, this effective electric charge of the nucleus turns out to be Zog = 1.62. Note that in
principle the value of Z.g can be different depending on the specific orbital, but for the He atom with only
two electrons it is the same for all electronic orbitals.

Hence we find that once we account for the effects of shielding via the effective electric charge, the spatial

wave function of the ground state of the Helium atom will be

73, .
o(ri,r2) = Y100(r1)t100(re) = Tj?fe Zet(ritra)/a (3.54)

with 1 < Ze.g < 2 quantifying the strength of the shielding effect. Therefore, we have shown how, within
the orbital approximation, one can construct the wave functions for the electronic orbitals of the helium
atom in terms of the wave functions that we derived in the previous chapter for the hydrogen-like atoms.

Furthermore, we know already that s-type orbitals have a higher likelihood to be found close to the
nucleus at 7 = 0 and therefore the effective charge that they experience will be larger than that of the p-type
orbitals, which on average are further away from the protons in the nucleus. This effect can be observed from
the table below, which compares the value of the effective electric charge Z.g of Helium with that associated
to the different orbitals of Carbon (with Z = 6):

Element ‘ Z ‘ Orbital ‘ Zoft
He | 2| 1s | 16875

C 6 1s | 5.6727
2s | 3.2166
2 | 3.1358

For similar reasons, the value of the shielding constant for d-type orbitals will also be different than for the
s- and d-type orbitals: an electron in a d-type orbital is on average more likely be found farther from the
nucleus than that of an p-type orbital, and thus one expects a more intense shielding. We can also see that
for a given type of orbital, say a s-type orbital, the shielding constant will be larger for more excited states
with larger n, which on average are found farther from the atomic nucleus.

Therefore, if we denote by o, ; the shielding constant associated to an orbital with quantum numbers

(n,1), we will have the following rules of thumb:

e For orbitals with a fixed principal quantum number n, the larger the value of [ the higher the value of
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the shielding constant, for example we have that

03,5 S 03p < 031 (3.55)

e For orbitals with a fixed angular quantum number [, the larger the value of the principal quantum
number n the higher the value of the shielding constant, for example we have that

O1,s < 025 < 035 - (356)

Note also that this is not a fundamental rule and that there are exceptions to the above general principle.
Therefore, we see that in a multi-electron atom the amount of shielding experienced by the electrons

will depend on the orbital that they occupy. For this reason, in order to evaluate for example the

wavelength of photons involved in the transitions between the orbitals of a multi-electron atom, we need to

use the following expression for the electron energy:

n,f 2 n,f 2 n, 4 2
| me (2%7) e\ 7| 1 B (250) Bt  (136eV) x (25%") .
mE T T op2 4meq n2 n2 - n2 ’ ’

Note that now the energy levels depend both on the quantum numbers n and #, rather than only an n as is
the case of the hydrogen-like atoms. The reason of this difference is that now the electric charge Zc(g’l) will
vary with the orbital, and different values of £ will have associated different effective charges.

To summarise, the effective charge approximation allows us to improve our estimates of the energies
and wave functions for multi-electron atoms, as compared to the scenario where we completely neglect the

electrostatic repulsion between their electrons.

3.3 Implications for solid-state structure

The quantum mechanical theory of identical particles in general, and the associated Pauli exclusion principle
in particular, have huge implications for our understanding of the structure of solid-state matter, such as
crystalline solids. Here we will introduce two quantum-mechanical models for the solid state and highlight

the role of quantum mechanical statistics in determining its properties.

3.3.1 The free-electron gas

We can understand a crystalline solid as a three-dimensional system of atoms (or molecules) which occupy
some geometric, periodic lattice structure. The electrons in these atoms can be classified into core electrons,
that to not participate in chemical bonding, and valence electrons, which corresponding to those electrons
occupying the outermost orbitals and that are responsible to establish chemical bonds. These valence
electrons are known to be delocalized: they are not bound to their original atoms, but can rather move freely
across the whole solid, jumping their way across the different atoms in the crystalline lattice. Furthermore,
these valence electrons are known to form a electronic band, which is a region of the phase space where
the electrons can occupy any of a continuum of energy values (as opposed to the discrete energy spectrum
that characterise the electronic orbitals of individual atoms).

Here, first of all we will study the consequences of the fact that the electrons are delocalised in the solid by

means of the free electron gas model, and afterwards we will quantify the implications of the periodicity
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of the atoms in a crystal to explain the appearance of the electronic energy bands using a periodic potential
composed by Dirac delta functions.

To very first approximation, we can therefore consider a solid as an infinite square potential well in
three dimensions: an electron is free to move everywhere within the solid but cannot jump outside it. In

other words, the potential that the electron will experience in this system is given by

Viz,y,2) = 0 O<z<l,,0<y<ly,,0<z<l, (3.58)

V(z,y,2) = oo otherwise

where [,,1,,l, are the dimensions of the solid (the potential well) across the z, y, and z directions. For
this potential, the Schroedinger equation is nothing but the free-particle Schroedinger equation in three
dimensions. Its solutions will be subject to the usual boundary condition that the wave function must

vanish at the surface of the solid, in the same way as in the infinite quantum well in one dimension:

'I/J($:O,y,2) :w(x:lzayvz) :1/1(%2!:072) :1/1(%11:53;,2):1/)(%%2:0) :1#(55,%2:&) =0.

Since we have a free-particle time of equation, It is then to convince yourselves that its wave function
factorises into a product of the one-particle solutions of the infinite quantum well,

V(z,y,2) = X(2)Y (y)Z(2), (3.59)

where we have defined the individual components of the wave function as:

X(z) = A, cos(kyx) + By sin(k,x) =4/ 2mE

[2mE,
Y (y)— = Ay cos(kyy) + By sin(k, ky = 2
h2

Z(z) = A, cos(k.z) + B, sin(k,z)

which satisfy the boundary conditions if A, = A, = A, = 0 and k;l, = n,m, kyly = nym and k.l, = n,w
where as usual n; are positive integers and B; are integration constants fixed by the normalisation of the
wave function.

Therefore we have demonstrated that the wave function for an electron confined into a three-dimensional

BT ) sin ny—ﬂy sin (27, ) (3.60)
ly Ly l,
while the corresponding electron energies will be

P2 (n2  ny  n2\ K%K
Enlngng - T (m + s + & = s (361)

2m \ 12 12 12 2m

box (our model for a solid) is given by

8
wnznynz (CU» Y, Z) = sin (

in terms of the magnitude of the wave vector k = (k,,k,, k.). Every possible value of the wave vector
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corresponds to a different choice of quantum numbers:

TNy TNy TN,
b b)
L1, L

(kz, Ky, k2) = ( ) , MayNy,ny =1,2,3,..., (3.62)
and therefore to a different electronic wavefunction. Note that the wave vector has units of 1/length, and it
is often referred as to spanning the conjugate space of position space.

In order to understand the properties of this free-electron gas system, it is useful to think in terms of
the three-dimensional vector space spanned by the wave vector k = (k;, ky, k.). If you imagine a grid at
integer values of k;, then every node in the grid represents a possible one-particle state of the system.
Since each grid point is separated by /I, 7/l,, and 7/l in the z, y, and z directions respectively, the
volume of each block in the grid is

Vi—block = LV (3.63)
xlylz

In these discussions one must be careful, since Vi_plock refers to a volume in the k-space (the conjugate
space), rather than V' which is volume in position space.

If we had a single electron in this system, we would be done and we could end the discussion here. But
of course, a solid is not composed by a single electron but by a very large number of them. For example,
for a solid composed by N atoms, each atom will contribute with handful d of valence electrons, and hence
the total number of electrons that will compose our free electron gas (free, except for not being able to
jump outside the boundaries of the material) will be

Nelectrons = Nd. (364)

Since electrons are fermions, they must obey the Pauli exclusion principle, and hence for a given value of wave
vector k = (kg, ky, k.) (hence, for a given volume Vi_piock = 73/V) we can have at most two electrons.
These electrons must form a singlet state with spins pointing in opposite directions.

Therefore, the total volume in k-space occupied by the electrons in this system will be

w

1

§ X kablock X Nelectrons =

T
— x Nd 3.65
X v X , ( )

DN | =

where the 1/2 factor comes since two electrons occupy one Vi_piock. Since (kg, ky, k) is an array of positive
integer numbers, electrons will occupy first the states with lowest k; and once these are occupied they will
occupy higher wave vectors. The volume of the resulting octant of a sphere in k-space, once all electrons
have filled the available states, will be given by

174 4 _Nd 3
8 (gﬂ’”"F) =5 (v) 7 (3.66)

where the radius of this k-space sphere is known as the Fermi momentum:

3Ndn2\"/*
kp< T > = (3pm?)1/3 (3.67)

where we have defined the free electron density as p = Nd/V, namely the number of free (valence)
electrons in the free electron gas system per (physical) unit volume. The surface of this sphere, populated
by the electrons with the highest values of the wave vector k, is known as the Fermi surface.

The electrons with wave vector k spanning the surface of the Fermi sphere will have the highest energies
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in the whole material. By recalling the dispersion relation for free particles, E = h?k?/2m, we can determine
the energy of those electrons, which is denoted as the Fermi energy:
_ h*kER?

Ep === %(3;)7#)2/3 (3.68)

The position of the Fermi energy has a crucial impact of the properties of a solid, for example in determining
its electrical conductivity properties. From this result we observe how the denser the material, the higher

the value of its Fermi energy.

Position versus moment (wave number) space

You should be careful with the distinction between position and moment space, also denoted as x-
space and k-space. The electrons occupy only a sphere (octant) in moment (that is, in energy space),
but they remain delocalised in position space. Each electron, irrespectively of its wave vector k, has
some finite probability of being found everywhere within the solid, as indicated by the wave function
Eq. . Hence the Fermi sphere is a geometrical construct in moment space, which does not have
a counterpart in position space.

We can now evaluate the total energy of my system of Nd electrons in this free-electron gas model. Within

the Fermi sphere in k-space, a shell with (infinitesimal) thickness dk contains a volume

dv = % (47k?) dk . (3.69)

Now, the density of electrons in k-space is 2/Vi_plock = 2V/73, since each k-block within the Fermi
sphere contains two electrons. Hence, we have that the number of electrons in this infinitesimal shell is

2V Vv

3 w2

1
dNa = 2 (47k?) dk x k2dk . (3.70)

Furthermore, a state represented by the wave vector k has associated an energy of E = h?k?/2m, and
therefore the energy of the shell will be

27.2 2.2 27.4
B = ANy x EF (Vo) o (R Z VIR (3.71)
2m w2

om ) 2m2m

At this point, in order to evaluate the total energy of the free-electron gas system, I only need to integrate
over all available wave vectors, from k ~ 0 for the ground state up to the Fermi energy kr. We obtain the
following result:

bV R2E RV

Eyor = dk = —£— . 3.72
rot /0 2m2m 1072m (3.72)
It is convenient to simplify this important result by exploiting the expression of the Fermi energy Eq. (3.68)),
which remember is the energy of the electrons with the highest wave numbers k of the system. By doing

this we find that the total energy of the free electron gas is:

B2 (312 Nd)>/3 -y

E =
tot 1072m

(3.73)

The total energy grows with the number of free electrons as N, e51/ 3, and decreases with the volume of the solid.
The latter result can be understood by the fact that in the V' — oo limit and fixed number of electrons, the
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volume of the k-block vanishes and electrons occupy states with very low energies.

While we are referring of this system as a free-electron gas, this gas is very different from the usual gases
in that the electrons themselves are non-interacting, and thus their energy Eq. is purely quantum
mechanical in origin (as opposed to a regular gas, whose energy is ultimately thermal in origin). Despite
this different origin, this quantum mechanical energy exerts a very measurable pressure on the walls of a
solid, in the same way as the pressure of a gas arises from the collisions of its constituent molecules with the
walls of the contained.

We can determine the quantum mechanical pressure exerted by our free-electron gas as follows. If the
solid (container of the electron gas) expands by an amount dV', you can see that its total energy decreases:
2 h2(3n2Nd)>/? 2 . dV

dBy; = — =220 0 y=5B8qy — 2B, — . 74
tot 3 10mEm " v 3ty (3.74)

If you recall from your thermal physics course the relation between work, pressure and volume,
dW = PdV (3.75)

we find that the quantum mechanical pressure exerted by the electrons on the walls of the solid is given by:

2B GRPPR

P=3=7 = : (3.76)

which is stronger the higher the electron density of the material.

The existence of such quantum mechanical pressure, sometimes referred to as degeneracy pressure,
provides some input to the question of why a cold solid does not collapse, demonstrating that what
(partially) ensures its “solidity” is not thermal effects (which have been ignored) nor the interactions of the
electrons among them or with the atomic nuclei (which we have neglected). A cold solid does not collapse
because it is composed of identical fermions, and fermions do not like to occupy the same quantum state!

Note that it is quite remarkable how we have managed to produce a reasonably good prediction for the
properties of a solid using exclusively the fact that electrons are fermions, without saying a single word
about their interactions. This demonstrates that many of the fundamental properties of solids are dictated
by basic quantum mechanical considerations, rather than from the details of the specific interactions present

within in the system.

3.3.2 Band structure in solids

The main limitation of the free electron gas model is that it considers a solid as a collection of non-interacting
electrons restricted to the material volume, but ignores the fact that these electrons arise from the valence
orbitals of atoms that are distributed in a more or less regular manner within the solid. Thus this model
neglects the interactions of these valence electrons with the atoms that compose the solid. In order to
improve the free electron model, we need to account for, at least in an approximate way, the interactions
between the atoms in the solid and the electrons.

As in the case of the free-electron gas, it can be shown that the specific details of the atom-electron
interactions are not relevant, and that many important properties of solids can be recovered just by taking
into account the fact that the atomic nuclei are stationary and distributed regularly within the solid.
Hence, the defining feature of the model we are going to present now is that the regular arrangement of the
atoms within a crystalline solid gives rise to periodic potential, which repeats itself in the three spatial
directions.
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The discussion of quantum systems characterised by periodic potentials is greatly simplified by the
powerful Bloch’s Theorem. Consider a one-dimensional quantum system characterised by a periodic

potential, namely a potential that repeats itself after a distance a:
V(z+a)=V(z), (3.77)
which of course implies that V(z + 2a) = V(x + a) = V() or in general that
Vz+na)=V(z) for n=1,2,3,.... (3.78)

The wave function for a particle propagating through this potential energy will satisfy the one-dimensional
Schroedinger equation,
h2 d2
Bloch’s Theorem tells us that, given the periodic nature of the potential defined by Eq. (3.78)), the solution

of the one-dimensional Schroedinger equation, must satisfy:
P(x +a) = (), (3.80)

with g some constant number independent of the position z. To demonstrate this property, note that if ¢ (x)
satisfies Eq. (3.79) then it will also satisfy

K2 d2
— 5oVt a) + V(e +a)p(r +a) = Bz +a), (3.81)

where I have rescaled + — x + a. But we are dealing with a periodic potential as indicated by the

periodicity condition Eq. (3.78)), and hence:
h? d?

- =F .82

o dx2w(x+a)+V(x)1/)(x+a) Yv(z+a), (3.82)

and if now we replace

Y(z + a) = ' 1%)(z) (3.83)

we reproduce the original equation Eq. (3.79), demonstrating Bloch’s Theorem. The overall prefactor e%¢
does not depend on z and thus cancels out in the Schroedinger equation.

Periodicity of the electron probability distribution

For the time being ¢ is a general complex number, and thus it could change the normalisation of the
wave function. In short we will demonstrate that ¢ € R and thus the e’ prefactor is a complex
phase. This is a reassuring result, given the periodicity of the potential heavily suggests that the

probability distribution associated to the electron should also be periodic, and hence that

(@ +a)l* = [¥()?, (3.84)

which is indeed the case thanks to Bloch’s Theorem, Eq. (3.80)), given that €%® is a complex phase.
Therefore in a crystalline solid with a periodic potential the probability distribution associated to its

valence electrons will be periodic as well.
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While any real solid is finite, finite-size effects associated to its boundaries can be neglected for macroscopic
solids as compared to the dominant bulk (volume) effects. We can ignore them formally by imposing the
periodic boundary condition

Y(x+ Na) = ¢(x), (3.85)

where N = O (1023) is a macroscopic number of periods, which corresponds to a macroscopic number of
atoms. Taking into account the periodicity properties of the wave function, Eq. (3.80)), we find that imposing
this periodic boundary conditions leads to

Y(x + Na) = ' ™N(z) =(x) — qNa=2mn, (3.86)

and thus the constant ¢ is real and quantised:

2mn
=Ny "= 0,4+1,+2,+3, ... (3.87)
Note that (1/Na) ~ 10713 for a typical interatomic separation of a = O (10’10)7 and hence the values
of g, will form a quasi-continuum. Note that if we had not imposed the periodic boundary conditions
then ¢ would indeed take continuous values, but the difference between quasi-continuum actual continuum

is irrelevant in practice.

The usefulness of Bloch’s Theorem

The crucial relevance of Bloch’s theorem is that we have reduced the problem of solving the
Schroedinger equation on the whole solid to that of solving it in a unit cell, for example the
cell defined by 0 < = < a. Once the wave function for this unit cell is known, then Eq.
guarantees that we can evaluate it for any other cell within the solid.

Armed with the powerful Bloch Theorem, we can now present our model for the band structure of solids.
Still restricting ourselves to the one-dimensional case, let us assume that our periodic potential is a linear

combination of Dirac delta functions:

N—
V(z) =« Z d(z — ja). (3.88)

j=

[u

That is, we have infinite spikes localised at the nodes x = ja of the lattice with j being an integer number.
The specific details of the potential are not crucial (one could have used finite square barrier potentials,
for example), the really important property is their periodicity. Indeed, while this potential is far from
the real physical situation (we should have Coulomb-type attractive interactions between the electrons and
the positive atomic cores), it allows us to evaluate the physical consequences of a periodic potential in the
resulting properties of solids.

The potential energy defined by Eq. is clearly a periodic potential, since V(z + a) = V(z), as you
can check as follows

N-1 N-1
V(ﬂc—i-a):aZé(x—ja—i—a):aZ(;(x—(j—l)a), (3.89)
j=0 J=0
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but now you can redefine j' = j — 1 to have
N—1 N—2
V(z+a) :ozz&(m—(j—l)a) =a Z §(x —j'a) =V(z) (3.90)
§=0

j'=—1

since we are imposing periodic boundary conditions for the potential, Eq. (3.85)) such that the lattice
node at 7/ = —1 in the sum is identified with the node with 5/ = N — 1. Indeed, is we plug in z = —a in

Eq. (3.85) we get
(—a+ Na) =1¢(—a) — j =N -1 identified with j' = —1, (3.91)

and hence the potential is indeed periodic as required.

By virtue of Bloch’s Theorem, we only need to solve the Schroedinger equation for this potential in a
single “crystal” cell, which we take to be 0 < x < a. The delta function potential Eq. is clearly zero
for 0 < x < a, and it is only non-zero for x = 0 and x = a. Therefore, for 0 < z < a we recover the usual
free-particle wave functions

Y(x) = Asin(kz) + Beos(kx), k=+v2mE/h, 0<z<a. (3.92)
We can now use Bloch’s Theorem,
Yz +a) =e1%(z) —  Px)=e Y(x+a), (3.93)
to compute the wave function in the cell to the left of this one, —a < x < 0, and we find
Y(x) = e (Asin(k(z + a)) + Beos(k(z +a)) , k=+v2mE/h, —a<z<0. (3.94)

In order to determine the integration constants A and B, we need to impose the relevant local boundary
conditions on the wave function of this system. We will this way find the conditions to be satisfied by the

physical wave functions of this periodic system.

e The wave function must be continuous everywhere, and hence for x = 0 we must impose:
B = e % (Asin(ka)) + B cos(ka)) (3.95)

which is a transcendental equation similar to the one that arises in the finite potential barrier and
related problems (which can only be solved numerically).

e The derivative of the wave function is discontinuous across infinite potentials, such as the Dirac

delta function of this system, with the value of the discontinuity given by

dy(z)
dx

dip(z)
dx

2m [€
=32 g dx V(x)y(z) . (3.96)

—+e€

Tr=—€

where I am assuming that the potential V(z) is infinite at g = 0. Our potential at z = 0 is a delta
function and hence the RHS reads

2m [€ _ 2ma (€ 2mao 2mao

72 | dz V(z)y(z) = 2 dx §(x)p(z) = ¥(0) = ——B. (3.97)

—€
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Now in the original cell, z = +¢, the derivative is given by

dy(x) . dp(z)|  _
e Ak cos(kx) — Bksin(kz) , In =LA (3.98)
+e€
while instead for z = —e the corresponding derivative is evaluated to be:
dz/:l(a:) = e "% (Akcos(k(z + a)) — Bksin(k(z +a)),
T
dﬁ;x) = 7% (Ak cos(ka)) — Bksin(ka)) (3.99)

—€

and thus the boundary condition for the derivate of the wave function reads:

[kA — e "1k (Acos(ka)) — Bsin(ka))] = FB' (3.100)
Eqns. (3.95) and (3.100) provide two relations that constrain the integration constants A and B and the
allowed values of the energy k of the particles propagating in this periodic potential.
To solve this system of equations, we can first use Eq. (3.95) to determine A in terms of B

(e'1* — cos(ka))

A=B
sin(ka)

(3.101)
and then insert this relation into Eq. (3.100]), where the dependence on B cancels out. This indicates that B
is a normalisation constant fixed by the wave function normalisation requirement. Doing some algebra, we
end up with the following relation between the quasi-continuous parameter ¢ and the particle wave vector k

as a function of the strength « of the potential:

cos(ga) = cos(ka) + % sin(ka) . (3.102)

This relation illustrates how for given values of the potential strengths o and of the lattice parameter a
the energies of the electrons E = h?k?/2m in the system are related to the values of ¢ = 27n/Na, and hence

they will be quantised. Indeed, for given values of ¢, a. and «, only electron energies such that

27.2
E:ﬁkj

satisfying  cos(ga) = cos(ka) + % sin(ka) , (3.103)

are allowed solutions of the Schroedinger equation of this periodic potential. However, there is now a marked
difference with previous systems that we have considered: the fact that ¢ is essentially a continuous variable
(since N is macroscopic) implies that instead of discrete energy levels, we will have continuous energy
bands separated by gaps without any allowed states.

To determine which are the allowed values of the energy E of the electrons in this system, we can write
z = ka and 3 = maa/h? such that Eq. (3.102) becomes

Ccos (T) = cos(z) + gsin(z) = fa(z). (3.104)

For a given value of §, which is proportional to the strength of the interaction between the electrons and the

atomic nuclei, for each value of n = 1,2, 3,4, ... there will be a solution for z.
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However, N is a huge number, so for any value of cos(qa) between -1 and +1 it is essentially guaranteed
that we will find a value of n that fulfills this condition. Hence, any value of k = z/a such that |fz(z)] <1
corresponds to an allowed energy state for my system: we therefore find that the valence electrons
moving in the periodic potential of a solid cluster into bands of allowed energy separated by energy gaps
(for | f(2)] > 1). This is a rather significant difference as compared to e.g. the hydrogen atom, or to any other
quantum systems: in periodic potentials, the allowed levels of the electron energies cluster into continuum
bands separated by finite gaps where no solution is possible.

Fig. displays the function fz(z), Eq. as a function of z for § = 30 and 5 = 4. We indicate
with dashed horizontal lines the region |fz(z)| < 1 which defines the allowed electronic bands. In the bottom
panels, we indicate with a solid grey rectangle the location of these allowed electronic bands in the two
scenarios. Note how the width of the band increases as z is increased, and eventually becomes a continuum
without any gaps breaking the energy band. Note also that smaller the value of 3, the earlier the energy
continuum kicks in (since in 8 — 0 limit the strength of the periodic potential vanishes).

Note also that in the limit § — 0 we can always find a solution to Eq. : this means that in this
limit the energies are not quantised and can take any possible value. This is not unexpected, since for § — 0
we recover the free particle system (subject to periodic boundary condition) and there we know that any

positive value of the energy is physically allowed.

Summary

We can now recapitulate what have we learned in this chapter concerning the quantum mechanics for systems

composed by identical particles:

I/ Quantum mechanics deals with truly indistinguishable particles: an electron is identical in all respects

to every other electron in the Universe.

II/ Systems composed by identical particles in quantum mechanics behave in a very different way as

compared to systems composed by distinguishable particles.

IIT/ Depending on their spin, particles can be classified into fermions and bosons. Bosons behave as if
they experienced some attractive interaction and tend to cluster together in the same quantum state.
Fermions, on the contrary, behave as if they experienced some repulsive interaction and tend to get far
for each other.

IV / The Pauli exclusion principle for fermions tells us that a given quantum state can be occupied at most

by one fermion at the same time.

V/ The free electron gas model allows us to explain some important properties of solids, and shows how
there exists a quantum mechanical pressure from the fermion degeneracy that partially explains the

stability of solids.

VI/ The existence of continuous energy bands for the valence electrons in solids can be explained by the
presence of a periodic potential, where the electrons move, generated by the atomic cores sitting at

regularly-spaced locations within the crystalline lattice of a solid.
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Figure 3.1: The function fz(z), Eq. as a function of z for § = 30 and 8 = 4. We indicate with dashed
horizontal lines the region |fg(z)| < 1 which defines the allowed electronic bands. In the bottom panels, we indicate
with a solid grey rectangle the location of these allowed electronic bands in the two scenarios. Note how the width
of the band increases as z is increased, and eventually becomes a continuum without any gaps breaking the energy
band. The smaller the value of 3, the earlier the energy continuum kicks in.
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4 Chapter 7: Time-independent perturbation theory

Learning Goals

e To determine in a systematic manner the higher-order corrections to the energies and state

vectors of an unperturbed quantum system by means of perturbation theory.

e To assess the criteria that determine the conditions whereby a certain perturbative expansion
can be expected to be convergent.

e To identify the conditions of applicability of the perturbative techniques in the case of degen-
erate spectra.

e To compute the first non-trivial corrections to the energy levels of the hydrogen atom,
arising from relativistic effects and from the spin-orbit interactions.

In this section of the lecture notes we present the main concepts discussed in Chapter 7 (“Time-Independent
Perturbation Theory”) of the course textbook. The goal of these lecture notes is to provide a self-
consistent study resource for the students, which is then complemented by the live lectures (and their
recordings), the tutorial sessions, as well as their own study of the textbook. The relevant textbook sections

are indicated below, material from other sections not listed there will not be required for the examination.

Textbook sections

e 7.1: Non-degenerate Perturbation Theory.
e 7.2: Degenerate Perturbation Theory.

e 5.3: The Fine Structure of Hydrogen.
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The number of quantum mechanical systems that can be solved in an analytic closed form is unfortunately
rather small. With a few exceptions, in general we will need to carry out some approximation in order to
solve a given problem in quantum mechanics. The virtue of perturbation theory is that, starting from the
known solutions to a simpler (“unperturbed) problem, it makes possible determining systematically and in a
fully controllable manner the corrections that modify the unperturbed results. In other words, perturbation
theory is a systematic procedure for obtaining approximate solutions to the perturbed problem, by building
on the exact known solutions to the unperturbed case. The higher the number of terms we include on this
series expansion, the better our estimate of the full energies and wave functions will be. Perturbation theory
is extremely valuable in quantum mechanics, and here we will illustrate its use with different examples

including the calculation of the fine structure of hydrogen.

4.1 Non-degenerate perturbation theory

Let us assume that we have some quantum system that we have been able to solve exactly. Some instances of
exactly-solvable systems that you have encountered so far are the infinite square and spherical well potentials,
the quantum harmonic oscillator in 1D and 3D, and the hydrogen atom. By solving the system we mean
finding the eigenvalues and eigenvectors of the corresponding Schroedinger equation, which in full generality
can be expressed as

2Oy = B 1), (4.1)

where the superindices (%) indicate that these are the exact solutions to the unperturbed Hamiltonian
H© _ As usual, the eigenvectors of this unperturbed Hamiltonian will be orthonormal,

(|61 = ox (4.2)

The exact solutions of the unperturbed Hamiltonian Eq. (4.1)) are a necessary starting point of the pertur-

bative method: if these are not available, the perturbative expansion is not applicable.

Degenerate vs non-degenerate problems

Although it might not seem a big deal at this point, the derivation that follows is only guaranteed
to work if the unperturbed Hamiltonian H(®) has associated a non-degenerate spectra where if
j # k then E}(€0) #* EJ(O). The presence of degeneracies in the energy spectrum introduces problems

that we will discuss how to tackle later in this chapter.

Now consider that we modify the original potential in the unperturbed Hamiltonian Eq. (4.1)) in the following
manner

V(z)=VO(z)+6V(z), (4.3)

where 6V (z) is some small correction with respect to the original potential energy Vv (z). We will quantify
soon what exactly do we mean by this “smallness” requirement. We want to solve the new Schroedinger

equation in terms of the new eigenvalues and eigenvectors
H|y) = Ey|vn) where H=H +6V(z) (4.4)

where we have removed the superindices to indicate that now eigenvalues and eigenvectors refer to the full
Hamiltonian. We will do this by using perturbation theory under the assumption that 6V (z) will only

modify in a moderate manner the original eigenvalues and eigenvectors (of course, if you know how to solve
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exactly Eq. (4.4), perturbation theory is irrelevant!).
With this motivation, let us express the new, perturbed Hamiltonian as

H=HO9 ¢ \[', (4.5)

where )\ is a small dimensionless parameter. Note that the kinetic term is not modified by the change in
the potential energy, and hence we will have that AH’ = §V (z). Since X is a small dimensionless parameter,
it seems sensible to express both the new wave function and the corresponding energies in terms of a series

expansion in A, starting from the original (unperturbed) values:

W) = [) AR + X)) + 0 (V)
E, = EO+XEY +NEP +0(\3). (4.6)

Some comments about this expansion are relevant now:

)

° ’1/)%1)> and EM are known as the first-order corrections to the state vector and the energies,

and E®) are known as the second-order corrections and so on.

e Each subsequent term in this series is suppressed by a factor of the small expansion parameter A as
compared to the previous oneE

e The more terms in the expansion in A we include, in principle the better estimate to the full result
that we can expect. The number of required terms to obtain a reliable approximation depends, among
other things, on the value of \.

e If )\ is small enough, this series expansion is guaranteed to represent a good approximation: in the
A — 0 limit then H — H© and the wave function and energies reduced to the original (unperturbed)

values.

We can now try to insert these perturbative expansions, Eq. (4.6)) into the original Schroedinger equation,
we thus obtain:

(FI(O) +>ﬂ/) (|¢7(LO)> +)\M(11)> +>‘2\1/4(f)> +) (4.7)
(Eﬁlo) FAED 4 A2ED) 4 ) <\¢510)> + >\|1/J£Ll)> +)\2|¢7(3)> +.. ) (4.8)

The key idea underlying perturbation theory is to collect terms at the same order in the expansion in
the small parameter A\, and solve the corresponding equations in a sequential manner: first we solve the
corrections to the energies and the state vectors at O ()), then at O (A?) and so on. Recall that O (A°)
corresponds to the unperturbed result which we assume has already been solved/

By collecting the terms proportional to A%, A!, and A% we find the following relations:

AOpy = EO ) [order \] (4.9)
HOWDY + H |0y = B ") + B |¢”)  [order \'] (4.10)
HOWY 4+ 1oy = EQpy + BEO oMYy + BP 4 [order A?] (4.11)

14 Actually in many cases the perturbative series are only asymptotic, meaning that at some point including higher-order
terms in the expansion degrades, rather than improves, the agreement with the exact result.
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The first of these relations, Eq. was our starting point (the Schroedinger equation for the unperturbed
system, we we assume to be solvable and known). Solving Eq. will allow us to evaluate the first-order
corrections to the unperturbed state vectors and the energies.

Notice also the neat property of the perturbative relations: the equation for E,(cl) and |’(/)£1)> relies only
on the knowledge of E,(CO) and ‘w£0)>, while the relation for E,(f) and W}(Cz)> relies on the knowledge of both
E,(co) and |1/),(€0)> as well as E,(Cl) and ‘w,(fl)>. This structure indicates that the perturbation theory technique
must the applied in a sequential manner: unless I compute the first-order corrections, there is no way I
may attempt to evaluate the second-order corrections.

4.1.1 First-order perturbation theory

Given that the leading order (unperturbed) problem is solved, let us now attempt to solve Eq. (4.10) and

determine the O(\) corrections to the energy E,(Cl) and the state vector |1/1,(€1)>, and use them to improve the

unperturbed O(AY) results. The starting point is Eq. (4.10):
HOWY) + 1”) = EX0) + BV o) (4.12)

We can now multiply from the left by the bra <1/),(€O)| to obtain the following scalar equation

(0 0) o)~ () )

The braket in the last term gives just unity since the eigenvectors are normalised. Furthermore, we can use

the property that the Hamiltonian is an Hermitian operator to write
(62| AOwD) = (O ) = B (0 [ui”) (4.14)
and therefore we can express the relation in Eq. as
EQ (0 [u) + (o] ael”) = B (60 e”) + BD (4.15)

which gives us the result for the first-order corrections to the energy
B = (60| ), (116)

that is, the matrix element of the perturbed Hamiltonian evaluated by means of the unperturbed (original)
eigenvectors. Note we since we know both the explicit expressions of the eigenvectors |1/J](€0)> and of H’ , we
can always evaluate this quantity since we don’t need to solve any equation before. We thus find that the
first-order correction to the energy is the expectation value of the Hamiltonian perturbation
in the original states.

Perturbative corrections to the infinite well potential. Let us illustrate this important result with
an specific example. Assume that we have a particle confined to the infinite square well of width L. We
have extensively studied this system in the present course, and at this point we probably know by heart the

expression for its eigenfunctions and energies:

9 2 2h2
U (2) = |/ 7 sin (?) , EO = ;ZLa . n=1,23,.... (4.17)
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Consider now that we modify the original infinite potential well V() with a sinusoidal correction of the form
8§V (z) = AVj sin (%ﬂ) . (4.18)

This correction has the same shape as the ground state of the system, and in particular vanishes at the
edges of the well and has a maximum for = L/2. In this perturbed potential, A is some dimensionless
parameter, while V7 has units of energy and is responsible for the strength of the perturbation. For
perturbation theory to work, A must be small in some sense, and we will quantify below what this implies.

By means of Eq. , one can compute the first-order correction to the energy levels of this quantum
state in terms of the following trigonometric integrals:

B = <¢;0>)f1’¢;0>> _ <¢;0>‘V1 sin (”Lﬁ) ¢;0>> - % /L da sin? (”Lﬂ) sin (7%:) (4.19)
0

By using known results for these trigonometric integrals, we can evaluate the first-order corrections to the
first energy levels and find, in terms of strength of the perturbed potential V7, and hence to obtain that at

O (A) in the perturbative expansion our estimate for the full energies of the system will be:

232
(1) 8‘/1 Tl 8V1
E = — ~0. Fi=—— —_—
L 3 085 — L7 omI2 + 3r
W _ 32 _ 4m?h? 32V,
Ey = Tor ~ 0.68 V1 —  Ey 4—5%;E§'+—A or QLQO)
(1) _ 72V1 -~ . 97T2h2 72V1
E3 = 37 0.66 Vl — E3 = 72777,[/2 + 7357_‘_ .

You can evaluate the first-order perturbative corrections for higher excited states using the same approach.
At this point we are ready to answer an important question: in which respect A is supposed to be small
for perturbation theory to work? We have found that in this system, at first-order in the perturbative

expansion, the energies of the eigenfunction are modified as

m2n?h?
2m L2

E,=E® +AEY +0 ()\?) = +AFVI+0 (M), (4.21)

with F}, being the numerical values defined above from the overlap integral,

E/OL da sin? (?) sin (%) = 0(1), (4.22)

Perturbative convergence criterion

For this perturbative expansion to make sense, the first-order correction should be smaller

Fy,

than the unperturbed result. Therefore, the convergence condition of the perturbative series

is that AV
nV1
<1 4.23
m2n2h? /2mL>? < ( )
and therefore the condition that A\ must satisfy to be considered small is

77277/2 hZ
e 424
A G IEE (4.24)
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In particular, the stronger the size of the perturbed potential, V7, the smaller than A needs to be for the
perturbative expansion to make sense. We also note that the convergence condition for the parameter
A depends on the principal quantum number n, and for very excited states the condition is less stringent
than for the ground state. This makes sense, since we have seen that this potential induces approximately a
constant correction to the energy levels irrespective of n but the unperturbed energy levels increase with n?.

Finally, one can formally define the validity of the perturbative regime by the condition A = 1, and in

this case we have that
2,252
2mL2Fk '

For a given value of the principal quantum number n, if the strength of the perturbed potential V7 is larger

Vi = (4.25)

than this value then perturbation theory is completely unreliable and one needs to attempt to solve this

problem by using other methods.

First-order corrections to the state vectors. Eq. provided us with the result for the first-order
corrections to the energies. We want now to evaluate the first-order correction to the state vectors using
a similar strategy, and hence complete the first-order perturbative calculation for a general quantum system.
The starting point will be the same relation that used for the calculation of the first-order corrections to the
energies:

HOWw®) + 219 = BEP V) + B ) (4.26)

which can be also be expressed as

(B8O = EQ) [p0) = (ED - ) [p). (4:27)

Note that the RHS of Eq. is known, and formally what we are dealing with is a second-order inhomo-
geneous differential equation for |¢£L1)).

Instead of trying to solve this equation directly, I will use the fact that the unperturbed eigenvectors
form a complete basis in this Hilbert space, and thus I know for sure that I can expand \7707(11)> as a linear

combination of the {|¢§0)>} in the usual manner:
n 0
o) =3 ™. (4.28)
J

where we have explicitely indicated that for each value of the principal quantum number n we will have a
different set of coefficients {c§7l)}. This way, we have transformed the problem of determining the correction
to the quantum state |’(/)»EL1)> to that of finding the corresponding coefficients c;”)

If we insert this linear expansion into Eq. (4.27]), we obtain

of its linear expansion.

(A = BO) (S| = (B = 7)), (4.29)

J

but we know how to evaluate the LHS, given that the |@[J§O)> are the eigenvectors of the unperturbed Hamil-

(0)

tonian with eigenvalues Ep’ and hence

(O~ BO) |3 ) ch) (a0 - D)yl Zc("( ~EO) ). (4.30)

J
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A crucial observation, as we will discover soon, is that the term j = n does not contribute to the sum since
then ( E© E(O)) =0, and hence we can write

( E<0>) Zc”>|¢<° =3 ( E<0>) ). (4.31)

J#n

Taking this result into account, I find that Eq. (4.29) gives me:
S (B — EQ) [0 = (BD — A7) [p®), (4.32)
J#n

For reasons that will become obvious in a second, let me now multiply this expression from the left with
the bra (z/Jl(O) |, which gives me:

chn) (Eﬁ‘” B Ergo)) < }0)]w§°>> _ <¢f°)’ (Eg) _ g/) ¢510>>, (4.33)
J#n

Due to the orthonormality properties of the unperturbed eigenstates, the LHS will only be non-zero is [ = j:

e () - S (7)o = (05 e s

J#n

Using this result, Eq. (4.33) simplifies to
o (B0 = BQ) = (o] (B = B) @) = = (o [iw) @ £n), (4.35)

where in the last step we have used that [ # n and hence the term proportional to Ey(ll) cancels out due to
orthogonality.
But at this point we are basically done, since we have now determined the sought-for coefficients of the

linear expansion of the first-order corrections to the state vectors defined in Eq. (4.28) as

o _ (0] z 436
o = B0 g0 (I#n). (4.36)

Note that we have all the information to evaluate them, since these are standard matrix elements of the

perturbed Hamiltonian H’ evaluated in the unperturbed states. Finally, we find that the first-order cor-

rections to the state vectors are given by

O] 777,,(0)
) =3 PRy =3 WWMG)) (4.37)

© _ 10
i#n izn En’ — Ej

Note that in this expression the denominator is only non-zero (and hence the expression for |TZJ$L1)> well
defined) provided that the unperturbed spectrum is non-degenerate.

If instead the perturbed spectrum is degenerate, with two or more different eigenvectors j # n sharing
the same energy eigenvalue, EJ(.O) = E,(lo), then we are in trouble since the denominator will vanish for some
elements of the sum rendering the calculation meaningless. We will discuss below how to tackle this situation,

which will require the formulation of degenerate perturbation theory.
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The perturbed infinite well revisited. Let me compute now the first-order perturbed wave functions
corresponding to the perturbed infinite well potential that we considered above, and where the unperturbed
results were given by Eq. (4.17). For simplicity, I will limit this calculation to the ground state, and hence

what I need to compute is
CRELIR
i) =Y o

© _ 00
s B - K

w§0>> . (4.38)

The energy difference is
E(O) B E(O) _ 7T2h2 B 7T2j2h2 _ _(j2 B 1) 7T2h2
! J 2mL2  2mL? 2m L2

and hence I can write, going back to the wavefunction notation which is more convenient to this problem,

(4.39)

(0) ’ iyt,,(0)
2 v | H'Y .
_2mL® 2 < j 1 > ¢in <j7m:> 7 (4.40)

1/’51) (Jf) = 212 T )
2R L ‘A (j 1) L
where I have moved all the prefactors outside the sum. The overlap integrals with the perturbed Hamiltonian

are given by:

A 2y [* '
<¢§O)‘H’ §0)> = Tl/o dx sin (T) sin? (7%%) : (4.41)
and these integrals can be computed, for example the first few terms in the sum give
0)| 7y ,.(0
(s rel”) = o,
O = _8 4.42
< 3 ! T5r /L (4.42)
0)| s (0
(e = o,
O @\ _ 8
u|an”) = —gEn-

and hence we find that the first-order correction to the wave function of the ground state in this problem is

Wpy o 2mLVe 2 (1 o (3ra (1 1 o (5me 44
0@ = = T\ T ) et ) e (4.43)

If you represent graphically these results, you can verify that the sum over j converges rather quickly, and

given by:

thus one does not need that many terms in order to produce a sensible estimate for wgl)(:v).

4.1.2 Second-order perturbation theory

In the same manner, it is possible to compute the second-order corrections to the energy and to the eigen-
vectors (and eventually also at third order, then at fourth order, and so on). Let us show the explicit result
for the second-order correction to the energy, Ey(f). The starting point will be Eq. 1D

Ol +

o) = BO®) + S0 + ED [ ) m (1.1
and let me now multiply by the bra <’(/J£LO)’ from the left:

<¢7(10)‘ﬁ(0)’¢;2)> T <¢7(10)‘f1/ 1/)£L1)> - E7(L0)<¢7(10)

u®) + B ()

U0 + B ()

¢;0>> . (4.45)
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By exploiting the Hermiticity of H, you can see how the first term in the LHS and in the RHS of the equation
cancel with each other. Therefore we end up with the following relation

(0| [uD) = BD (w0

w,(})> +E® (4.46)
and hence the second-order correction to the unperturbed energies, E,(LQ), is given by

BR = (v0|8|u)) - B (v

¢§}>> . (4.47)

Crucially, the calculation of ET(?) depends only on quantities that we have evaluated already, and hence it
should be conceptually (though often not technically) straightforward to evaluate.
¢£1)> based on the results we have obtained

> (| i)

(0) (0)
Jj#n En _Ej

In particular, we can evaluate the matrix element <1/J£LO)

above in Eq. (4.37):
) = <w$ﬁ> w§°>> =0 (4.48)

since the only value of j which would make the matrix element non-zero, namely j = n, is not included in

(vt

the sum. Therefore,

~ 2
(7o)
E?SO) - E](-O)

g L)

H
(0) ()
7 En —E;

EY = (v

(4.49)

o) = <w££”

is the sought-for result for the second-order corrections to the energies. Note that the overlap integrals

w§-°>> =2

J#n

are the same as those appearing in the first-order correction to the state vector, Eq. (4.37), and hence we
should have evaluated them already!

The perturbed energies at O (/\2)

Putting together our calculations, we can express our estimate for the energy E,, of the full Hamilto-

nian of the problem up to second-order in the perturbative expansion as follows

) 2
ol
_ p(0) O) | £71,,(0) 2 ’< g
E, = EO + A{u ’H'% }ERSDD 0
i Ent B

+O\3). (4.50)

Interestingly, note that the fact that perturbation theory works at the first order does not guarantee
that it will also work at the second order. For example, if we have a quasi-continuum energy
spectrum with many values of E](O) very close to Er(LO), then the O (/\2) correction may receive an
enhancement that could spoil the convergence of the perturbative expansion.

4.2 Degenerate perturbation theory

The perturbation theory results that we have derived so far have assumed that the unperturbed system
(defined by the original Hamiltonian H (O)) is non degenerate, that is, that each eigenvector of the Hamil-
tonian has associated a distinct energy. If this is not the case, we quickly get into problems, as illustrated
by the expression for the first-order corrections to the state vector Eq. , which diverges if the energy
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spectrum has some degeneracy (even a two-fold degeneracy makes the previous calculation unusable).
However, we know that many important quantum systems exhibit some level of energy degeneracy: for
example, a particle in a two-dimensional box, the hydrogen atom (states with the same n but different values
of [ and m are degenerate), or the situation where we have two distinguishable particles confided into a one
dimensional potential well. This situation demands to formulate an alternative approach to perturbation
theory which works also if the unperturbed system exhibits a degenerate spectrum. We will develop this
framework now, which we will denote as degenerate perturbation theory. First of all we will present
the explicit calculation for the case of a two-fold degeneracy, and then explain how this calculation can be

extended to an n-fold degeneracy.

Two-fold degeneracy. Let us start with a relatively simple quantum system, characterised by a unper-
turbed Hamiltonian H(®) with two orthonormal eigenvectors that share the same energy. This system is
therefore defined by the following relations:

HOWOY = EO @), HOpY = EOg@y - (4P]4@) = 0. (4.51)

We denote such situation as a two-fold degeneracy, given that we have two distinct eigenvalues which
share the same energy.

An important property of this configuration is that any linear combination of the two eigenvectors
is also an eigenvector of the Hamiltonian, with of course the same energy. That is, if we have a general linear
combination given by

[60) = o) + o), (452

with ¢,, ¢, being arbitrary complex coefficients, this state will also be an eigenstate of the original unperturbed
Hamiltonian, given that

HOJp©) = f© (ca|¢50>> +Cb|¢£0>>> = e EO [0 + ¢, EO () = EO [0 (4.53)

with the same value of the energy E(©) as the two eigenstates.
Assume now that we add a small perturbation to our Hamiltonian (small, since else perturbation theory

would not be applicable), which we denote as
H=HY ¢ \{', (4.54)

where, as in the case of non-degenerate perturbation theory, we explicitely factorise the small dimensionless
parameter A (such that A’ still has units of energy). In general, we will find that adding H’ to the Hamiltonian
of the system breaks the degeneracy of the unperturbed system, in that the perturbed energies associated
to the perturbed states |1/)a> and |1/)b> will become different, F, # E} once the O(\) corrections have been
calculated.

Conversely, if we start from the perturbed state vectors ’¢a> and Wb) and take the limit A — 0, we will
have that E,, E, — E© but in general the resulting state vectors in this limit will be different from the
unperturbed eigenvectors |1/J((10)> and ’¢éo)>, and will rather be a linear combination of them. This is not
unexpected since any linear combination Eq. represents an equally good eigenvector as our original
choice in the presence of degeneracy, so we have some intrinsic ambiguity.

To make sense of perturbation theory, we need first of all to identify the linear combinations Eq.
to which the perturbed state vectors [1q) and [t;) reduce in the A — 0 limit - else I do not know with
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respect to what I am evaluating the perturbative correction.

Finding the degenerate unperturbed state vectors

We define the degenerate unperturbed state vectors Wl) and |¢2> as those state vectors, eigen-
vectors of the unperturbed Hamiltonian H O, which are the A\ — 0 limit of the associated perturbed

state vectors. In other words, we have that

lim [46) = |t1)  (with energy E, — E(®), (4.55)
A—0

Hm [¢p) = [2)  (with energy By # E, = E©), (4.56)
A—0

where both |¢1> and ’2/J2> have associated energies E(9) and are constructed as linear combinations
following the procedure of Eq. (4.52]). These degenerate unperturbed state vectors are referred as
“good” states in the textbook, which is perhaps not the most self-explanatory terminology that could
be used.

Clearly, the applicability of degenerate perturbation theory requires first of all to determine what are these
degenerate unperturbed state vectors to then subsequently evaluate their perturbative corrections. Let

us illustrate this concept with a explicit example.

The perturbed harmonic oscillator in 2D. Let us consider here a quantum harmonic oscillator in two
dimensions. The unperturbed Hamiltonian is given by

- w02 0? 1
0) — _ < 2.2 2
H 5 (81:2 + 3y2> + 5w (*+9°) . (4.57)

We can now perturb this system by adding a small correction to the Hamiltonian,
MH' = dmw?ay, (4.58)

which induces as one can see a coupling between the oscillator modes in the x direction and those in the
y direction, which in the regular 2D quantum harmonic oscillator are fully independent and can be treated
separately as two 1D oscillators.

The ground state of the unperturbed system (n, = n, = 0) is non-degenerate and has energy E = fw.
However, the first excited state will be degenerate, since the two different eigenfunctions with (n, =
1,ny = 0) and (n; = 0,n, = 1) will have the same energy, E = 2hw. Clearly, this is a situation for which
non-degenerate perturbation theory breaks down.

One possible basis for these two degenerate states will be given by the product of the z-direction and

y-direction wave functions with quantum numbers (n, = 1,n, = 0) and (n, = 0,n, = 1), namely

S (,y) = o) (y) = \/z %ye—mww%y%/%, (4.59)
D, ) = v (@)voly) = \/zn;uxem“(z2+y2)/zh. (4.60)

However, as mentioned above this is by no means a unique choice, and any pair of normalised orthogonal
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linear combinations

Oz, y) = DO (2, y) + S0 (@, y), ¢ (@,y) = PO (2, y) + PP (2, y), (4.61)

would represent an equally good basis, given that these linear combinations are also degenerate eigenstates
of my Hamiltonian and have the same energy E = 2hAw. If we are to apply perturbation theory, we need
to find the degenerate unperturbed eigenfunctions, that is, the combinations wgo) (z,y) and ¢§0) (z,y)
which correspond to the A — 0 limit of the perturbed wavefunctions.

This example is particularly interesting in that the perturbed state can be solved exactly by rotating
to a coordinate system such that

r_ Tty r_ Ty
z = , = , 4.62
vz T )
where you can show that the Hamiltonian is transformed as
- h [ 92 0? 1 2 1 2
HO = —— [ T+ — |+ om(1+ Nw? () + —m(1 = Nw? (). 4.63
s (5 + 573 )+ 5mlLE N? @) 4 gl = 02 ) (1.63)

which is of course nothing but two independent (decoupled) harmonic oscillators with the frequency wy =
w1+ X. Here again we see that A must be a small number: for A > 1 the system stops even being a system
of harmonic oscillators and becomes something completely different. This is another way of visualizing the
convergence criterion of the perturbative expansion.

Expressing the perturbed Hamiltonian in this manner, it is clear that the exact solutions for the

two-body system wave functions are

Uni(@,y) = (@) (), (4.64)

where ;" is the n-th eigenfunction of a 1D harmonic oscillator with frequency w; = wv1+ A and ¢, is
the [-th eigenfunction of a 1D harmonic oscillator with frequency w_ = w+v/1 — A. The energies associated

to these exact solutions to the perturbed problem are given by:

1 1 1 1
Enl :hw+ (TL+2> + hw_ <l+2) = hw <\/1+>\ (TL+2> + Vl—)\<l+2)> . (465)
Crucially, we see that the exact energies of the perturbed problem are now non-degenerate: every inde-
pendent combination of the quantum numbers n,[ will have associated a different value of the energy E,;.
Furthermore, in the limit A — 0 we recover the original unperturbed quantum system and in this case the

energies as we knew are degenerate, since

lim E,; = hw(n+1+1), (4.66)
A—0

and hence any combination of n and [ for which n +1[ is constant will be degenerate and will have associated
the same energy.

In Fig. we display the exact energies of the perturbed 2D harmonic oscillator problem, Eq. , as
a function of the expansion parameter A\ for two combinations of quantum numbers that lead to degenerate
energies in the unperturbed Hamiltonian, namely (n,l) = (4,1) and (n,l) = (1,4) (left) and (n,l) = (3,2)
and (n,1) = (2,3) (right). One can observe how in the A — 0 limit one recovers the degenerate unperturbed
energies of Eq. , and how the perturbative correction breaks this degeneracy for A > 0. Actually,

note that beyond the first excited level of the system the degeneracy is larger than the two-fold one we are
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Figure 4.1: The exact energies of the perturbed 2D harmonic oscillator problem, Eq. , as a function of the
expansion parameter A\ for two combinations of quantum numbers that lead to degenerate energies in the unperturbed
Hamiltonian, namely (n,l) = (4,1) and (n,l) = (1,4) (left) and (n,l) = (3,2) and (n,l) = (2,3) (right). One can
observe how in the A — 0 limit one recovers the degenerate unperturbed energies of Eq. , and how the
perturbative correction breaks this degeneracy for A > 0.

interested here, so we will focus here only on the first excited state.

Since it this case we know what are the exact wave functions that solve the perturbed problem, Eq. ,
we can take the A\ — 0 limit and find the relevant degenerate unperturbed eigenfunctions to be used
for the perturbative calculation of the energies. Rotating back to the original coordinate system (z,y), we
obtain the following result:

. T +(T+ty - (*TY
2mwez—y —mw(z?+y?)/2h 1 (0 (0)
SR bl | =— (- 4.
- h 2 € \/5 ( wa + wb ) ( 68)

and likewise for the orthogonal combination:

1
: N () (0) )
lim ¢h10(, ) 7 (wa (@,y) + vy, (2,9) (4.69)
Therefore, we find that, for this specific problem, the “good” states of the unperturbed Hamiltonian, to be
used in a perturbative calculation, are given by:

o) = 7= (1) @) £ 60 ww) (4.70)
that is, these represent the A — 0 limit of the eigenstates of the perturbed Hamiltonian. Thus they are
the correct baseline upon which to evaluate the perturbative corrections to the energy and the state vector
of the system.

As will be shown below, if we know what are these “good” degenerate unperturbed eigenfunctions we
can apply perturbation theory without the fear of obtaining unphysical results.
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Degenerate perturbation theory. In general, we will not know in advance what are the suitable degen-
erate unperturbed eigenfunctions to be used in the perturbative calculation. For this reason, in the following

we will keep the coefficients of the linear combination o and 3 as free parameters

[B©) = alpl®) + |8y, (4.71)

and show how we can determine their values from a direct calculation.

As in the case of non-degenerate perturbation theory, our goal is to take the perturbed Hamiltonian
H=HOY ¢ \H', (4.72)

where X is a small adimensional parameter, and express both the new state and the corresponding energies

in terms of a series expansion in A, starting from the original (unperturbed) values:

W) = [)+ D) + X[ + 0 (V)
E = EO4+XEW+XE® +0 (%) . (4.73)

Note that here we have suppressed the indices, since we are assuming the specific scenario of a two-fold
degeneracy as mentioned above. While E(© is degenerate, the perturbed Hamiltonian will break the
degeneracy and we will obtain two distinct solutions for the perturbed energy FE.

We can now insert the series expansions in A in the Schroedinger equation, expand and collect terms that
are proportional to the same power of the expansion parameter A\. The first non-trivial relation that we find
is the one that determines the first-order corrections to the energy, that is

ﬁ(0)|¢(1)> + g/|¢(0)> = E(O)Wz(l)> + E(1)|1/)(1)>, (4.74)

which is nothing but the same equation we had in the non-degenerate case, Eq. . Now, as opposed to
the case of non-degenerate perturbation theory, we will multiply this expression from the left with the bra
<1/}¢(10)’ instead of by the original unperturbed eigenvector <w(0)| (for the reason that we don’t even really
know how to select <¢(0)} at this point!)

By doing this, we end up with the following expression

<¢EP> F[(O)¢(1)> i <wé°)]ﬁ’¢(°)> _ E<°><wé°>‘w“>> +E<1><¢§ﬁ>‘w<°>> (4.75)

Now using the Hermiticity of H©  and introducing the expansion that defines the “good” eigenvectors

(which remember, we are trying to determine here),

@) = afpl®) + 8[ui”), (4.76)

we end up with the following result:

a{u0| A0 + B (v

ﬁ'¢§°)> = aEW (4.77)

This result can be express in a more compact manner in terms of the matrix elements of the perturbed
Hamiltonian, defined as
Wiy = (v [w®), i =a,b. (4.78)
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Taking into account this definition, and repeating the calculation now multiplying Eq. (4.12) from the left
with the bra <¢éo) |, we end up with the following matrix equation:

Waa Wap @ :E(l) « , (479)
Wia W B p

which is nothing but the eigenvalue equation for the matrix W. By solving this eigenvalue equation we

obtain both the first-order perturbative corrections to the energy, E(*) and well as the eigenvectors a and

B which define the “good” states of the unperturbed Hamiltonian. Note that as expected we will have two

solutions for E(1) and two for the vector (a, ) which will define the two sought-for “good” combinations.
The solution of this eigenvalue equation is provided by the characteristic equation of the eigenvalue

problem, given by

Waa — EM Wab

W, Wiy — ED =0 (4.80)

If we use that the matrix elements satisfy Wy, = W, (because of the hermiticity of the Hamiltonian), then

we find that the solutions of the resulting quadratic equation will be given as follows:

1
E:(tl) = 5 |:Waa + Wy = \/(Waa - Wbb)2 + 4‘Wab|2 : (481)

Again, recall that W,, and Wy, are real because of hermiticity. Hence, provided we evaluate the matrix
elements W;;, we should able to evaluate the first order corrections to the energy and to determine the

“good” states of the unperturbed Hamiltonian.

Degenerate perturbation theory

Eq. (4.81) is the fundamental results of two-fold degenerate perturbation theory: the two roots

correspond to the two perturbed energies E(il ). We hence see how the perturbed Hamiltonian lifts
the degeneracy which is present at the unperturbed level. Note also that in the case where Wy, = 0

then the eigenvalues are trivially

EY =W, = <¢éo)‘g/¢,§0)>y EP =Wy = <¢z§0)’f{/ 150)> (4.82)

which is the result obtained using non-degenerate perturbation theory, Eq. (4.16]).

Clearly, if we can start from the “good” states of the unperturbed Hamiltonian, then we would have a nice

head start since we could directly use non-degenerate perturbative calculations.
The perturbed 2D harmonic oscillator reloaded. Let us verify that these findings are consistent with

our previous calculation for the perturbed 2D harmonic oscillator. To do this, we need to evaluate the matrix
elements W;; and then solve the corresponding eigenvalue equation. You can convince yourselves that

W = / / B0 (@, ) B 9O (2, y)dady = o / dz z o (@)|? / dyy o) = 0 (4.83)
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since the ground state wave functions are symmetric in their argument. For the same reasoning, Wy, = 0.

The only non-trivial matrix element is the off-diagonal one:

Was = [ [0 @) B0 @ idedy = o [ doaio@iina) [duynlin =5 @80

which can be evaluated for example using the explicit one-particle wave functions of the unperturbed Har-
monic oscillator problem.

Hence the matrix which is to be diagonalised turns out to be

Waa W, hw (01
S , (4.85)
Wie Wi 2\ 10

which can be easily diagonalised and whose eigenvalues and eigenvectors turn out to be

) = 55 (W) = i) (4.86)

hw
5
consistently with the results that we found before with the full analytic solution to this problem. To see
this, take the exact solution for the energies, Eq. , and expand for the first order in A:

EM =4+ (4.87)

Enl

(50 d) (10 2)

m((wg) (n+;>+<1—;> (z+;>) :hw(n+l+1)+mw(”2_l). (4.88)

Now, here we were considering the two-fold degeneracy associated to (n,l) = (1,0) and (n,l) = (0, 1), so the

1

correction is

hw
exactly as we wanted to demonstrate.

The “good” states theorem

A systematic strategy to find the “good” states to be used in degenerate perturbation theory ap-
plications is the following. Consider an hermitian operator A such that {fl, H (0)} = [fl, H' ] = 0.

This operator is such that the degenerate eigenvectors of H (0) namely |1p<(10)> and |¢£O)> are also
eigenvectors of this operator, but this time with distinct eigenvalues, that is

Alp®Yy = @y, Ay = vp®y  p#v. (4.90)

Then |w¢(10)> and |w£0)> correspond to the “good” states to be used in the perturbative calculation.

Generalisation to higher order degeneracy. The previous derivation can be generalised to deal with
an n-fold degeneracy using the same strategy. For example, let us consider the case of the three-fold

degeneracy. Consider we have an unperturbed Hamiltonian H© with three eigenvectors with identical en-
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wéo)>, and ‘¢§O)>- To determine the first-order perturbative corrections to the unperturbed

0
ergy, say |T/)z(z )>a
energy E(© we need to evaluate the matrix elements of the perturbed Hamiltonian

Wiy = (60| Aw), i =abe, (4.91)

and then solve the corresponding eigenvalue equation:

Waoe War Wee (64 o
Wia Wi, Wi g =918 |. (4.92)
Wea W Wee Y Y

to determine the “good

states of the unperturbed Hamiltonian, defined in terms of the linear combination

) = aul®) + Bl )+ 11p ™) (4.93)

The same method generalizes to the case of an n-fold degeneracy.

4.3 The fine structure of hydrogen

We now have the tools to deploy perturbation theory to quantify the fine structure of the hydrogen atom.
By this term, we refer to a number of subleading effects that modify the energy levels and the wave functions
of the electron in the hydrogen atom with respect to those that were computed in Sect. and that are
referred as the Bohr energy levels:

2 2
En:_[m5<e )1 1:E1:_13.62eV7 (194)

2h2 \ 47eg n? n? n

where —13.6 eV indicate the ionisation energy of hydrogen. These corrections are numerically subleading
but highly relevant for many applications in atomic physics, which require a precise prediction for the energy
levels of the hydrogen atom.

This fine structure of the hydrogen atom is composed by two effects, both of which are suppressed by a
factor o as compared to the Bohr energies, where the fine structure constant, the fundamental parameter

of the quantum theory of electromagnetism, is a dimensionless parameter defined as

e? N 1
4dmeghc — 137.036

! (4.95)

Note that in terms of the fine structure constant «, the Bohr energy levels of the hydrogen atom are given

by
onmQC2
E, =— , 4.96
2”2 ( )

and as we will show below, the effects that will evaluate now scale as E(V) = O(a*).

The two component of this fine structure of the hydrogen atom are:

e The relativistic correction, which accounts for the the fact that electrons move at energies not that

far from the speed of light, and therefore one needs to consider special relativity effects.

e The spin-orbit coupling, which accounts for the interaction of the electron spin with its orbital motion
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(technically, with the magnetic field generated by the proton which “orbits” around the electron from
the viewpoint of the latter).

Here we will discuss these two components of the fine structure in turn. There exist even smaller corrections,

such as the Lamb shift and the hyperfine structure, but we will not consider them in this course.

4.3.1 The relativistic correction

Let us start by the Hamiltonian of the hydrogen atom:

2

Ew(r)(hzw ) te) = Boe). (4.97)

2m dmeqr

The first term in the Hamiltonian corresponds to the operator representation of the classical kinetic energy
T. However, if the electron moves at a non-negligible fraction of the speed of light ¢, the classical expression

for the kinetic energy will not be accurate and one instead should use the corresponding relativistic expression:
Trel = mc? (y — 1), (4.98)

where we have used the usual dilation factor defined in relativistic calculations
1

7:7m, B =

We can estimate the relevance of relativistic effects of the electron in the hydrogen atom as follows. For

ol

(4.99)

an electron in the ground state, its kinetic energy is of the order of T = O(10) eV (recall that the
ionisation energy is 13.6 eV). The ratio of kinetic over rest mass then determines the dilation factor
Trel 10 eV

_ IV 4,100
ot 0511 MeV 1~ 77 (4.100)

where we have entered the value of the rest mass energy of the electron. One then finds that g ~ 0.006,
hence the electron moves at a speed of 0.6% the speed of light: enough for its relativistic correction to
be measurable.

In order to find the operator representation of 1,1, and hence determine what are the relativistic correc-
tions to the Hamiltonian of the hydrogen atom, we need to express T in terms of the linear momentum.
Taking into account that in special relativity the total energy of a particle is the sum of its kinetic and rest

energies, you can find that the corresponding expression is

P2 I p’
1+ (E) =122 - Lm0 . 4.101
e ] 2m  8m3c? * (m5c4 ( )

It is perfectly fine to truncate this Taylor expansion at the first order: the expansion parameter is p/mec,

Tral = me?

and for an electron in the hydrogen atom this is a small number as demonstrated above: it is the ratio of
its kinetic energy to its rest mass. Another way to see why this is the relevant expansion parameter is to

express the previous equation as

2 2 4
p p p
Trel = — 1-— . 4.102
T om * ( 4dm?2c? +0 <m4c4>> (4.102)

Henceforth, at first order in perturbation theory, the lowest-order relativistic correction to the Hamil-
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tonian of the hydrogen atom is given by:
4

S 8m3e2
We can thus now use perturbation theory, Eq. (4.16)), to determine the first order corrections to the Bohr
energies:

H = (4.103)

1 1
1) _ 0)| .4 0 o A2 0) |42 0
EXY = (H]) = *8m302< Olp w£)> =233 <p »©p ¢£,>>. (4.104)

Note that the size of the perturbative correction will depend (at least) on the principal quantum number n.

In order to make progress with our calculation, we can use the fact that the Schroedinger equation for the
unperturbed states of the hydrogen atom reads

Plo®) = 2m (B - V() |92 (4.105)
to evaluate the first order correction in the following manner:
1 1
1) _ 2\ _ 2 2
EW = ~53 (B, —V(r)?) = 53 [E2 — 2B, (V) +(V?)] , (4.106)

which by inserting the Coulomb potential gives the following result:

1 E.e /1 e? 1
EW = — B2 (Y ——= (= 4.107
" 2me? | 2mey \ 7 - 1672e3 \ r2 ( )

By using the radial probability distribution P,;(r) = 7?|R,;(r)|? associated to the unperturbed electronic

orbital ¥,m (1,0, ¢), we can evaluate these expectation values

N _ [ 2_ L
<r>_/0 drr|Ru(r)? = - (4.108)

<:2> = /OOO dr [ Ry (r)]* = m (4.109)

in terms of the Bohr radius a. We can insert these results in Eq. (4.107) and express the result in terms of

the unperturbed energy EYY. The final result for the relativistic correction to the Bohr energy levels of

the hydrogen atom is

1 2 in 1 2myc\ 2 4n
EL — _ (E<0>) _3l = ¢ -3 4.110
" 2mec2 N1 £+1/2 2m 2 2n?2 041/2 ’ ( )

which can be simplified to read:

B — _atmc? [ 4n ]

snt [0+1/2 (4.111)

which as discussed before is a correction of the order of (’)(Eﬁl)) = a*mc?.

A few comments on this interesting results are in order:

e The use of perturbation theory appears to be fully justified: the relative correction due to rela-
tivistic effects is proportional to the ratio between the unperturbed (non relativistic) energy and the

rest energy of the electron

el  EY ;
EY " me

Clearly, the next term in the perturbative expansion should be of the order O (10*10) and hence it is
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perfectly fine to just keep the leading term.
e In the unperturbed hydrogen atom, electronic orbitals are degenerate: all the states 1, with
common values of the principal number n and different ¢ and m share the same energy Er(lo).

This degeneracy is partially lifted by the relativistic correction, and now at first order in perturbation

theory the energies of the electronic orbitals of the hydrogen atom FE),, , depend both on n and ¢:

a?mec® atmec? 4n a?mec? a? 4n
E,,=— — -3 =1+t —|— - . 4.11
: 22 8n {e 112 3} 22 < T {e ¥1/2 3D (4.113)

Note however that the (2¢ + 1)-fold degeneracy in m remains and it is not affected by the relativistic

correction.

e As arelated point, one might have argued that the use of non-degenerate perturbation theory was
not appropriate since, well, the electronic orbitals of the unperturbed hydrogen atom are degenerate.
Fortunately, ¥,,;.» can be shown to be “good” states for this problem, due to the rotationally symmetric
nature of the perturbation, which depends only on r but not on 6 and ¢, as indicated by Eq. .

4.3.2 The spin-orbit coupling interaction

The second contribution to the fine structure of hydrogen, in addition to the relativistic correction, comes
from the interaction of the electron spin with its own orbital motion. Recall from your electromagnetism
courses that any orbiting electric charge generates a magnetic field B. From the viewpoint of the electron,
the positive charge of the proton orbiting around it is generating an “external” magnetic field which will
interact with its spin.

Indeed, this magnetic field generated by the proton “orbital motion” will interact with the magnetic

dipole moment of the electron that arises from its spin, leading to the Hamiltonian
H=-B-pu, (4.114)

which tends to orient the spin of the electron in the same direction as its magnetic field (since this is
the configuration that minimises the total energy of the system). We denote this effect as the spin-orbit
coupling or interaction, and here we will compute how it modifies the unperturbed (Bohr) energies of the
hydrogen atom. Since electrons orbiting in different directions and with spin pointing in different orientations
will receive a different contribution from this perturbed Hamiltonian, we can expect that this spin orbit
coupling breaks further the degeneracy present in the electronic orbitals of the hydrogen atom.

In order to construct the perturbed Hamiltonian responsible for the spin orbit interaction, we need to
evaluate the magnetic dipole moment of the electron and the magnetic field generated by the proton. The
calculation involves some interesting elements of classical electrodynamics combined with some corrections
which are beyond the scope of this course, for example, the electron magnetic moment p, can only be
computed in a proper way in relativistic quantum mechanics, that is in quantum field theory, and the
result is .

H, = fES, (4.115)

with S being the electron spin. Here we just quote the final result for the Hamiltonian responsible for this

spin-orbit interaction in terms of S and the angular momentum L:

oo ()L s (4.116)
s0 T m202r3 ’ )

8meg
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where L is the angular momentum associated to the orbital motion of the proton around the electron, from
the electron perspective. We can now use our perturbation theory toolbox to evaluate how this perturbed
Hamiltonian modifies the Bohr energy levels of the hydrogen atom.

Adding the spin-orbit correction Eq. to the unperturbed Hamiltonian of the hydrogen atom has
an important consequence: the Hamiltonian no longer commutes with L and S separately, so spin and
orbital angular momentum are no longer conserved separately. However, H, does commute with the

total angular momentum J = L + S, so we can write

[ﬁgo, J} = [H;O, fﬂ} = [H;O, SQ} =0. (4.117)
By recalling the generalised Ehrenfest theorem, hence we know that J, S? and L? will be conserved quantities
not affected by the spin-orbit interaction. This implies that once one accounts for spin-orbit coupling effects,

one needs to change the quantum numbers that label the eigenstates of the full Hamiltonian as follows:

e Unperturbed Hamiltonian H?: the eigenstates of the Hamiltonian can be constructed from the
eigenstates of L2, L., $2, S..

e Perturbed Hamiltonian H = H°+ H/_ : the eigenstates of the Hamiltonian can be constructed from
the eigenstates of J2, J,, 82, L?. So we have four quantum numbers as well, just they are different as

compared to those in the unperturbed case.

Let us use this property to determine the sought-for first-order corrections to the energy levels of the
hydrogen atom due to the spin-orbit interactions. First of all let us express H/, in terms of those quantities

that are conserved upon this interaction. We can write
JP=(L+8)°=1*+5%+25L, (4.118)
which implies that the spin-orbit coupling Hamiltonian will be proportional to:

S-L= % (J?—L? - $?) (4.119)

Now, as we said before, the eigenstates of H=H° —|—I:IS’O can be labelled by the following conserved quantum
numbers
In,l,s,j,m;), (4.120)

where m; is the quantum number associated to J,. Applying the S - L operator to these eigenstates returns

1 h?
S - Lin,l,s,j,m;) = 3 (J? = L* = $%) n,1, 8,4, m;) = 5 (GU+1) —L(l+1)=s(s+1))|n,l,s,j,m;)
(4.121)
so using that s = 1/2 we conclude that the eigenstates of the operator S - L are
[ 3
5 y(g+1)—£(€+1)—Z . (4.122)

We are now ready to compute the expectation values of the perturbed Hamiltonian. By using non-

degenerate perturbation theory (for the same reason as in the case of the relativistic correction), we can use

that o / - L s
5o =<Hso>=< ) < > (4.123)

8meg ) m2c? 73
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These perturbed eigenstates have well-defined values of (S - L) computed above. Recall that in the hydrogen
atom, the dependence of the wave function on the radial coordinate r factorises with the dependence on the
angular variables (6, ¢) and the spin, and hence expectation values can be computed separately. By using

the result of the expectation value of r—3

1 1
<7“3> T+ 1)+ Dndad (4.124)

we end up with the following result

eh GG+ - er) -3y () [nU(Hl)—f(“U—?’/‘*) (4.125)

1
B = 16megm?2c L0+ 1/2)(€ 4+ 1)n3a® T T e L+1/2)(£+1) ’
and hence it is of the relative order, O (ET(LO) / ch), sams as in the case of the relativistic correction. Note
that Eq. can be applied only to states with ¢ > 0, since those for / = 0 have vanishing angular
momentum and hence they do not experience the effects of the spin-orbit coupling.
Combining the relativistic correction with the spin-orbit correction, we end up with the following result
for the fine structure of the hydrogen atom:

2
£
€ ( " 4n
E:.’ = 3 - 4.126

fs 2mc? < 7+ 1/2) ( )

and the final result for the energies of the electronic orbitals of the hydrogen atom at O (a2) in perturbation

theory are given by the following result:

~_ (13.6eV) a? n 3
Foj= = s G~ 1) | (4.127)

Some comments about this foundational calculation:

e The relative effect of the fine-structure corrections is most important for the ground state of hydrogen

(n = 1), and then decreases as 1/n.

e Likewise, the higher the value of the total angular momentum j, the less important the relative impact

of the fine structure effects: for a given n, these corrections are the largest for j = 1/2.

e The degeneracy in ¢ is now broken but there is still degeneracy in j: all states with the same total

angular momentum j will exhibit the same energy.

e The “good” quantum numbers to describe the electronic orbitals of the hydrogen atom are now

n, 4, s,j, mj, to be compared to those we used for the unperturbed orbitals: n, ¢, s, mg, m,.

Interestingly, let me point out that the exact expression for the fine structure of hydrogen can be
derived from the Dirac equation that describes the relativistic quantum mechanics of fermions, it can be
checked that expanding this exact result up to O (ag).

Summary

We can now recapitulate what have we learned in this chapter concerning the application of perturbation
theory to quantum systems for which a closed form analytic solution of the corresponding Schroedinger
equation does not exist.
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1/

11/

11/

v/

v/

VI/

In the case of non-degenerate energy spectra, perturbation theory provides a systematic prescription
to improve our estimate of the energies and state vectors of the system in the case of a modified
Hamiltonian.

This perturbative expansion is controlled by some small expansion parameter, which sets the conver-
gence rate (or lack thereof) of this expansion.

The perturbation theory method applied also to systems for which the exact solution is known, and
verify that the correct expressions are obtained in terms of the power series expansion in the small
parameter A.

The presence of degenerate energy states can spoil the convergence of perturbation theory, unless we
rotate the unperturbed states to a special basis where this problem is absent.

Perturbation theory often breaks the degeneracies that affect the energy spectra of unperturbed sys-

tems, since they affect different unperturbed eigenvectors in a different manner.

Using perturbation theory we can evaluate the first non-trivial corrections to the Bohr energy levels of

the hydrogen atom, which correspond to O (a2) terms in terms if the fine structure constant.
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5 Chapter 8: The Variational Principle

Learning Goals

e To formulate the variational principle and apply it to different quantum systems to provide
upper bounds for their ground state energies.

e To demonstrate that a careful choice of test function can lead to variational principle results
that coincide with the exact solution of the Hamiltonian.

e To deploy the variational principle to construct a better approximation of the ground state
of the Helium atom.

e To calculate from first principles the effective electric charge Z.g of the helium atom, which

previously was taken to be a phenomenological parameter extracted from data.

In this section of the lecture notes we present the main concepts discussed in Chapter 8 (“The Varia-
tional Principle”) of the course textbook. The goal of these lecture notes is to provide a self-consistent
study resource for the students, which is then complemented by the live lectures (and their recordings), the
tutorial sessions, as well as their own study of the textbook. The relevant textbook sections are indicated

below, material from other sections not listed there will not be required for the examination.

Textbook sections

e 8.1: Theory

e 8.2: The ground state of Helium
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As we have seen through this course, unfortunately the number of quantum systems whose Hamiltonian
admits an exact, analytic diagonalisation is quite scarce. This is why approximate methods such as the
perturbation theory presented in the previous lecture are so hugely important in quantum mechanics. Here
we are going to present another of these approximate methods, known as the variational principle. The main
idea is to find some test wave function that provides an upper bound to the energy of the ground state
of the system. By means of a clever choice of this test wave function, together with an optimisation of its
adjustable parameters, we can obtain a very decent estimate of the ground state energy and wave functions

of relatively complex systems without the need to solve the problem exactly.

5.1 Theoretical foundations

The key result underlying the variational principle method is the following. We would to determine the
ground state of a given Hamiltonian H , but are unable to solve its eigenvalue equation exactly for the

ground state (or for any other state in general):

ﬁ|wgs> = Egs|¢gs> . (5'1)

Else we need to resort to some approximate method to estimate the ground state energy Fgq of this quantum
system. We can demonstrate that if we select at random some normalised state vector |¢), then we can

obtain an upper bound on the ground state energy by evaluating the following matrix element:

By < (P|HY) = (H) (5.2)

where the equality is only true if we use |tg) as our test function (at least, assuming that the ground state
of our Hamiltonian is non-degenerate). In other words, the expectation value of the Hamiltonian of the
system on some test function is guaranteed to provide an upper bound on FEg. This result is of course
trivial if 1) is one of the excited states of the Hamiltonian, but perhaps less so if this state vector has been
genuinely chosen at randomE

Let us demonstrate that this result is indeed true. To show this, I will express my test state |¢)) as a

linear combination of the eigenvectors of my Hamiltonian, that is

) = Z Cnltbn)  where  Hlih,) = En|t,), (5.3)

where as usual Y |c,|> =1 due to the normalisation of the state vector, and the coefficients are computed
as ¢, = (Yp|t). 1 can now use this expansion to evaluate the expectation value of the Hamiltonian in the
test state vector |¢) as follows:

(WIHY) = chem@m|Hgn) = chemEn(mltn) =Y [eal*Bn . (5.4)

n,m

Again, this is what we expect: (¢|Hv) is nothing but the expectation value of the energy in our state |¢)).
However, the ground state energy is by definition the lowest of the energy eigenvalues F,,, and hence

<¢|H¢> = Z |cn|2En > Z |Cn|2Egs = Eg57 (5-5)

n

15In practical applications, as we will show, a clever choice of the test function improves significantly the accuracy of our
bound state energy estimate.
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thus demonstrating the main result of the variational principle.
As you might have guessed, clever choices of the test state vector will provide much better estimates to
Egs than genuinely random choices.

Why variational?

The name of Variational Principle stems from the fact that in general our test state [¢)) will be
made to depend on some tunable parameters, that determine for example the shape of the wave
function. Then, once (1)|Hv) as been computed, we can optimise the result by minimising with
respect to these tunable parameters, since any of their values is still providing an upper bound on
Eqs. In other words, we will determine the optimal variation of the test function parameters to

achieve the lowest possible value for (H) and hence the best possible estimate for Fq.

The variational method for the quantum harmonic oscillator. Let us now demonstrate how this
method works for one specific quantum state for which we know the exact solution, and hence we can check
whether or not the estimate provided by the variational principle is reasonable. Let’s consider the quantum
harmonic oscillator and try a Gaussian test function

¥(z,b) = Ae | (5.6)

where A is determined by normalisation and b is some positive real constant, which plays the role of adjustable

parameter in our test function. You can check that A = (2b/ 71')1/ 4 by evaluating the usual definite Gaussian

integral, so b is the only genuine free parameter of our test function for the ground state of the system.
Following now the prescription provided by the variational principle, we need to take the Hamiltonian

associated to this system

H=———+ -—mwz”, (5.7)

and then compute its expectation value in the trial state defined in Eq. (5.13). We can evaluate separately
the contributions from the kinetic and from the potential energy and find:

REO2p\VE e L d? e\ %D
1 2\ /7 oo 2
(V) = imwz <ﬂ_) / dz et (xze*bxrz) = W;L; , (5.9)

and combining the two contributions we find that an upper limit to the energy of the ground state of the

harmonic operator Hamiltonian is given by

2 mw2
(H) (b) = (7217: + Sb) > Eg . (5.10)

Now, a crucial observation is that this result holds true for any value of the free parameter b, and hence
the best estimate that we can have for the ground state energy is obtained by minimizing this expectation
value of H with respect to the value of b:

d(H)®) h  mw? mw

_ _ _ mw 11
db om w0 7 ey (5.11)
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We can now collect our results: our best estimate for the wave function and energy of the ground state of
the quantum harmonic oscillator and its energy obtained by virtue of the variational principle (that is, we

did not have to solve any differential equation!) will be

w(z) = (2 v (7@ 2) B < Sho (5.12)
z)=|— exp o Y ) gs < Shw. .

By comparing with the exact solution for the ground state wave function of the harmonic oscillator, we see
that in this case the equality is satisfied and the resulting wave functions and energies are identical to those
of the exact result. This is no coincidence, since we have chosen a test function which is Gaussian, which is

the same as in the exact solution. If you would have tried a different test function, such as for example
U(x,b) = Ae~lel (5.13)

we would not have saturated the upper bound on Eg, as you can check explicitely.

Choosing the test function

As we have seen from this example, the closer our test function [¢) is to the actual ground state of
the system |t)gs), the better the estimate provided by the variational principle will be. Actually, if
you choose a functional form which is consistent with ¢gs(z) and then adjust the tunable parameters,
you are guaranteed to recover the exact result for the ground state wave function 9gs(2) and the

energy E,s without having to solve the Schroedinger equation.

The variational principle for the infinite square well. Another illustrative example of the usefulness
of the variational principle it to deploy it to estimate the ground state wave function and energies of the
infinite square well potential (again, we know the exact results for this quantum system, so this facilitates
the validation of the method).

In this case the exact ground state energy and wave function are

h?m? \/5 . (TX
Egs = W’ ¢1(x) = asln (;) . (514)

Let us see how well we can approximate the ground state energy by using a test wave function which is
not sinusoidal (hence we will not recover this time the exact value of Eg). Since we know that the wave
function must vanish at the edges of the potential well due to the wave function continuity, a possible choice

for our test function will be

P(x) = % %x for 0<x<a/2 (5.15)
Y(x) = % g(a —xz) for a/2<z<a (5.16)
P(x) = 0 otherwise (5.17)

where the overall factor has been fixed by imposing the normalisation of the text wave function. Note that

this function does not have any adjustable parameters, as opposed to the previous exampleE

160ne option to improve this test wave function is to have that ¢(x,p) o< P ((1 — )P) and then optimise the estimate with
respect to the tunable parameter p.
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We can now compute the expectation value of H in this test wave function, which is reduced to the
contribution of the kinetic energy inside the potential well (since the potential vanishes inside the well,
and the wave function vanishes outside the well). We have to be careful here, since the test function ()
has a discontinuous first derivative, and hence its second derivate is expressed in terms of the Dirac delta

function:
d ;”T(f) _ % 2 [6(z) — 26(z — a/2) + 8(z — a)] . (5.18)

Equipped with this result, I can now evaluate the required value of the expectation value of the Hamiltonian,
n? [ d*y(x) 12h2

(1) =~ | drv@ = = 50 (519)

where the only delta function that contributes to the integral is the one at 2 = a/2. Hence our upper bound
to the ground state energy for the infinite square well potential found with the variational principle is
12h2 h2m?

H) = > E,.
(H) 2ma2 —

= 5.20
2ma? ( )

which is quite a decent approximation, with the variational principle estimate giving a value 17% higher
than the actual result. We could have improved our estimate by having the slope of the test function a
free parameter and then minimise (H) with respect to it, or by trying polynomial test wave functions that

resemble the sinusoidal behaviour of the exact ground state.

5.2 The ground state of Helium

The two previous examples have been discussed with a purely pedagogical motivation, since we knew the
exact results of the corresponding Hamiltonians. We are now going to use the variational principle to obtain
a genuinely new result, namely the ground state and energy of the Helium atom taking into into account
the electron repulsion. As we discussed in Sect. the Schroedinger equation for the Helium atom cannot
be solved exactly and it is thus mandatory to introduce some approximations.

Our starting point is the full Hamiltonian of the helium atom

R s 9 e (2 2 1
H=—-—(V{+V}) - —|—F————] . 5.21

2m( 1+ V3) dTeg r1+r2 |r1 — 1o (521
Previously, we found a solution for the ground state and energy by neglecting the electron repulsion
term, which we then improved phenomenologically using the idea of effective electric charge. Let us now
use the variational principle to determine an alternative estimate of the ground state wave function which
takes into account from the very beginning the electron repulsion.

As a test function, we will use the following function:
3 —2(r1+r2)/a
to (r1,12) = — 3¢ ; (5.22)

which is the solution for the ground state of the Helium atom assuming that the electrons are non-
interacting, that is, when the electron repulsion is neglected. This choice is convenient because it is

an eigenfunction of the Hamiltonian of the system minus the electron repulsion term, that is,

(H) = 8E1 + (Vee) (5.23)
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where E; = —13.6 €V is the ionisation energy of the hydrogen atom, and the factor 8 comes because the
energies of hydrogen-like atoms scale as B = 722EB(™ in terms of the hydrogen atom energies.

The expectation value of the electronic repulsion potential is given by

2\ /[ 8 \? 1
Vee) = — dri drg —— —4(ritra)/a 5.24
< > (47T€O> (71'(13) / r;ars |I'1 —I'2|e ( )

If we are able to evaluate this integral, we will obtain the variational principle estimate for the ground state

of the helium atom. The evaluation of the integral is presented in the textbook, and here we just quote its
result 5

(Vee) = *§E1 ~ 34eV, (5.25)
and hence we find that the variational principle tells us that an upper bound for the ground state energy of

the Helium atom will be given by:
(H) =8E1 4+ (Vee) = =75 eV > Egq. (5.26)

If we compare with the experimental result, Eys = —78.975 eV, we can observe that the estimate provided
by the variational principle is much better than the one provided by neglecting the inter-electron repulsion,
8F1 = —109 eV. So this is a nice result, specially since we could recycle a known wave function which was
already eigenfunction of most of the Hamiltonian to reduce the computational burden of the problem.

We have seen from our previous examples that it is convenient to endow our test wave function with some
free parameter and then minimise the value of (H) with respect to it. This way we can further improve
on our estimate for Eg for the Helium atom. In Sect. 3.2 we introduced the idea of the effective charge
to partially account for the screening that the electrons induce in the total positive change of the helium
nucleus. There the value of Z.g was fixed by some phenomenological analysis to reproduce the experimental
results, here we will determine this effective charge from first principles using the variational method.

With this motivation, instead of the parameter-free test function Eq. that we used before, we will
adopt now the following test function

7/} 7) = i& —Z(r1+7r2)/a
o (r1,10,7) = o L , (5.27)
with Z being a free parameter to be optimised once we have evaluated the expectation value (H). It is clear
that the result of this calculation will then be the optimal value of the effective electric charge which
accounts for the electron repulsion. Let us know apply the variational principle to this system.

This wave function is an eigenstate of the “unperturbed” Hamiltonian (neglecting the electron repulsion)
if it had Z in the Coulomb terms rather than 2. To account for this property, we rewrite Eq. as
follows:

h? 9 9 e (72 Z
H = ——(V Vi) — —+ —
2m ( 1 T 2> 4’/T60 (7’1 + TZ)
2 Z —2 Z -2 1
c (Z=2,Z=2_ . (5.28)
4reg IS T2 \I‘l - I'2|

Hence, the expectation value of Eq. (5.21)) using the test wave function Eq. (5.27)) will be given by

(H) = 2722E, +2(Z — 2) ( < ) <1> + (Vie) (5.29)

4meg T
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where the expectation value of 7~! is computed using the ground state wave function of a hydrogen-like

<i> = g (5.30)

For the average of V.. we also need to account for the new electric charge factor Z,

atom with electric charge Z:

(Vee) = ——-En, (5.31)

2

and hence our final result for the expectation value of the (full) Hamiltonian of the Helium atom in the test
wave function Eq. (5.27)) will be given by

(H) = [-22° + (27/4)Z] E . (5.32)

The final step of the variational principle calculation is to optimise this result with respect to the value

of the adjustable parameter Z, namely

d

d{H) =[-4Z 4 (27/4)]E1 =0 (5.33)
dz

which leads to a first principle calculation of the effective charge of the Helium atom in the ground

state, whose value is given by

27
Z =—=1.69 5.34
=169, (534)

which is in good agreement with the phenomenological result, and that leads to an expectation value of
(H) = —-T775eV, (5.35)

which is now really close to the experimentally measured value of Egs = —78.975 eV. As expected, the
addition of a tunable parameter to the test wave function has lead to an improved estimate of the ground
state energy as compared to the parameter-less test function Eq. .

This calculation demonstrates the usefulness and reliability of the variational method to estimate the
ground state wave functions and energies of complex quantum systems for which the exact solutions are not
available. By trying more flexible test functions and a higher number of tunable parameters, one

can achieve each time more precise estimates of the value of Fgs in a systematic manner.

Summary

We can now recapitulate what have we learned in this chapter concerning the use of the variational principle
to determine approximations to the energies and the wave functions of the ground states of quantum systems
that cannot be solved exactly.

I/ The variational principle procedure guarantees an upper bound on the ground state of a general
Hamiltonian, no matter how complex this is.

II/ By using test functions with more or one tunable parameters, we can improve in a systematic
manner this estimate of the ground state energy.

III/ If we use a test function which has the same functional dependence of the exact ground state with an
approximate number of tunable parameters, the variational principle calculation will return the exact

wave function and ground state energy FE s without having to solve the Schroedinger question.
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IV/ By means of the variational principle, we can construct an approximation to the ground state of
the Helium atom which is in very good agreement with the experimental data and carry out a first
principle calculations of the effective charge accounting for the effects of electron repulsion in
the system.
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