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Almost all commonly perceived manifestations of matter are somehow related to electrons in atoms, molecules
or crystals:

« We see objects around us. For this, light is needed. A photon (a quantum of energy of light) is emitted from an
atom (or from a moelcule or cystal). It carries some energy. This energy had to be released somehow by the atom.
In the early 20™ century, physisists discovered that an atom is made up of a small and heavy positively charged
nucleus and light and negatively charged electrons moving around the nucleus. Electrons moving in the field of
a nucleus have some energy. This energy can be decreased by emiting a photon. So how we visually perceive or
measure objects with optical instruments is related to the electronic structure of atoms, molecules and solids.

+ Mechanical properties of matter (elasticity, hardness, viscosity, etc). They may, of course, depend also on atomic
masses. Above all, however, they are influenced by the nature of the interactions and forces acting between atoms
and molecules. These interactions are related to the distribution of electrons in matter. The nuclei of atoms usually
enter the description of these properties effectively only as point (classical) particles with certain masses, charges
and possibly also with internal angular momenta (spins of the nuclei).

+ Chemical reactions. They are a unique example in that very rich manifestations of electronic structure of atoms,
ions, molecules as well as radicals can be observed. Some substances react together, others do not. It depends on
their ability to form a chemical bond, and this ability depends on the specific properties of the electron shells of
the atoms and molecules in the substance.

« Electrical conductivity. Metals are typical conductors. Their electrical conductivity is caused by the presence
of conduction electrons, which can move under the influence of the loaded electric field (i.e voltage). Whether
a material contains conductive electrons or other charge carriers (e.g., holes) also depends on the type of atoms
(and the number of electrons in them), i.e., what electronic structure they form.

Since the physics of the world of electrons, atoms, molecules and crystals is quantum physics, this lecture will make
extensive use of it.

1 Reminder of Basis Postulates of Quantum Mechanics

Although some of you have already completed the course of Quantum Mechanics (QM), it will first be useful
to recall in some condensed form and summarize what we will need from it. In this introductory lecture, we will
briefly go through the postulates of QM. They are postulates of wave QM, i.e. QM written in the formalism of wave
functions, and for the sake of simplicity only for a one-particle system. We will approach by exposing selected and
condensed topics mostly according to [1].



1.1 The First Postulate of Quantum Mechanics

Electrons in matter, as well as other objects of the microworld with relatively small energies, are generally
not well described by classical concepts of position and momentum. Instead, we use wavefunctions and a certain
statistical apparatus.

The probability density of finding a particle at certain point 7’ is defined by formula

dP
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pt) = 317
And here is the postulate:

To every state of a particle, a complex function (7, t) is assigned, such that it perfectly character-
ises the state (completely describes it). Square of the absolute value of the function is equal to the
probability density of finding the particle at the point 1 at time t:

So we have

dP(F,t) = p(F,t)dV

Implication 1: For a finite spatial domain (2, the following formula applies:

P(Q,t):/ﬂp(ﬁt)d?’r

Implication 2: Because the particle must be somewhere, we have

[ nurodr =
From this we obtain two conditions for :
(1) In order for this intergal to exist, it must hold that

lim ¢ =0
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(2) ¥ has to be such that the whole integral does not depend on time (although ¢/*1) may depend on time).

1.2 The Second Postulate of Quantum Mechanics

This postulate concerns the determination of the mean values of physical quantities. Before we express it, we
must introduce certain concepts and learn certain knowledge about operators in QM.

1.2.1 Mean Values of the Coordinates. Pure Quantum Ensemble

Measured quantities in quantum-mechanical systems usually acquire random values. Therefore, it makes sense
to ask about their average (mean) values. In this introduction, let us consider an example from elementary statist-
ics [1]: we have a bag with coins of different values:

N coins with a value Ay, N5 coins with a value hs, ..., N,, coins with a value h,,.
The total number of coins is

The total value of coins is
Nihy + Nohgy + -+ Npyh, = h



The average value of one coin is

- h N N, N,

h = N - Wh1+wh2+---+ﬁhn
Suppose that all the coins have same size and weight. We shake the bag well and take out one randomly selected
coin. What is the likehood that it has the value h,? Obviously,

1 N2
e

N N
P = a obdobne dalsie: P, = N . Pn:W

Thus, the average value of one coin can be expressed by formula

=Y P, )
=1

Let us now focus our attention on the particle moving, for simplicity, along a segment of a straight line. Imagine that
we know the probability density p(z) of finding the particle at any point x. [It need not be a quantum-mechanical
(QOM) particle; we just need such a one motion of which has a random nature.] What is the mean (average) coordinate
of such a particle? Countrary to the example with coins, here we have a continguous set of possible values, that is
also and infinite set. Anyway, we find the following result:

.r:/abdxp(ac)ac

And now let us go to QM. We know that the probability density of finding a QM particle is p(z, t) = ¥*(x, t)(z, t).
Therefore

b
x(t):/ v (x,t) xp(x,t)de

It might have been written more compactly but we will see that is has a sense to expand it as we have done. Compared
to the previous examples, we have also the time here for p may vary with time. But the time stands here as a trivial
parameter only. (There is no integration over the time and the same time is on both sides of the equality.)

What actually do we mean by a mean value (e.g. of a coordinate) in QM? For instance, we would like to measure
the average position of an electron in a hydrogen atom being in a certain quantum state (characterised by a certain
wavefunction). Or, what might be easier done, the average position of an electron in a potential well, in the simplest
case one-dimensional.! In general, however, it is a three-dimensional problem and in such a case we, therefore,
would aim to determine not only Z, but also § and z. We would basically proceed as follows: We would prepare
a large number of hydrogen atoms in an identical manner, so that all of them would be described by the same
wavefunction (7, t). Such an ensemble (a set of systems with the same wavefunction) is called a pure quantum
ensemble. We would placed a tiny measuring device at each of the atoms such that it would be able to record the
position of the electron on demand at time ¢. Using the measures position vectors from the individual atoms, we
woudl then calculated their average value. We would declare this to be the quantum-mechanical expectation value
(a mean value).

Knowing what to understand by the expectation value of a position vector in QM, let us express it with the aid
of the wavefunction. When considering the three dimensions, we have to write, for instance,

dP = p(7,t)dz dy dz = p(7,t) &r

and other notations are also being used for the volume element d3r. Otherwise, however, the formula will have the
same structure:

(1) = / G, ) o (7 ) & @

and the integration goes over the entire (infinite) space; in such a case (multidimensional integrals) we usually write
a single integration symbol only and we omit writing the integration bounds. Of course, formulae for the y and =
coordinates would be written quite analogously.

In a real experiment, it would mean that one of the dimensions — the length — of such a structure would be much larger than the
remaining two dimensions. Such a groove might technologically be formed on a surface of a solid material or at an interface of surfaces.
Even a two-dimensional structure, i.e. a two-dimensional potential well, could be formed on a surface.



1.2.2 Mean Value of the x-component of the Momentum

We will not derive this; we will only recall what you should already know:

Balt) = / G ) o 0, 1) dPr 3)
where P
o= i @)

and we would analogously write it for p, a p..

1.2.3 Position Operator, Momentum Operator and Other Operators

We can now indicate what the 2 postulate will be about: in QM, every physical quantity /" has a corresponding
operator, which we denote by the symbol F, such that

F(t) = / (7o) Fap(7 t) &r

We will make this postulate more accurate later. To be able to do so, we first have to examine propeties of operators
being used in QM. We now define several further QM oparators on the basis of the correspondence with classical
mechanics.

= Gpet Gy + O = —ih (6D E, e D (5)
D = €zPx ypy 2Pz = T ax Y ay z 82
Therefore
p=—ihV (6)
The angular momentum operator:
E:?xﬁ:—ih?xﬁ (7)
The kinetic energy operator:
505 2 2
PP h* = = h
2 2m 2m ®)

—

The operator of the potential energy of a point charge ¢ in an external electric field with the intensity E (7)
—grad U (r):

V(i) = qU(F) 9)

It is a simple operator in the sense that it is expressed by a usual number; e.g., there is no derivative int its expression.
For instance, assuming a coulombic field generated by a (fixed in space) charge ), we have U(r) = Q/(4meor).

1.2.4 Properties of the Operators Used in Quantum Mechanics [1, 2, 3, 4]

Definition 1: Let Dy and D, be two sets of functions (not necessarily different). By the opemtorfl is called a prescription
(rule) that assigns a function g € D5 to each function f € Dy, which we write symbolically g = Af.

Definition 2: An operator A defined on a set D is called linear if
A(lel +eafa) = cAfi+eAfy, Vfi,fp€D, Ve,eC (10)

Definition 3: Given is an A. If there exists such an operator AT that the equality
/f*AdeZ/(ATf)*de preVf € D (11)
holds, then the operator Al is called Hermitian-conjugate to the operator A.
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Definition 4: If At = A, then we say that A is a hermitian operator.?

A

Example 1: The operator of multiplication by a complex constant: A = c.

/_Zf*cfdxz/_i(c*f)*fdx

From this we see that ¢! = ¢* # c. It means that multiplication by a complex constant is not a hermitian operator
in general. It might be only in the case of zero imaginary part of c.

. . ~ 0
Example 2: The operator of the derivative with respect to a coordinate: A = — . We assume that it operates on a set

x
of functions such that the integrals written bellow exist and the function f goes to zero for z — £00. Subsequently,
with the aid of integration by parts, we prove that

= 0 < ofY
o' o
(5:) =5

meaning that the derivative operator is not a hermitian one too.

Therefore

Example 3: Operator & = z (i.e., multiplication by a coordinate, which is a real quantity). Using the precedure as in
Example 1 we see that at last we have a hermitian operator:

it =g
Example 4: Operator p, = — iha— . Using a procedure similar as in Example 2 we find out that
— x

/\T —5H

xT T

that is, the operator of the x-component of the momentum is hermitian (although it contains the derivative; it,
however, includes also i). We will see that this is not an accidence and it has a deeper and wider meaning.

Theorem 1: A physical quantity I’ has in each (quantum) state a real mean value if and only if it is
evaluated as an expectation value from some hermitian operator (which we denote as F’).

Remark: Even if in this theorem we mention a “physical quantity” and “quantum state”, it is a purely mathematical
theorem (with its consequences for physics).

Proof:
(A) Let F' = (F)*. Using this assumption, we should prove that F = Ft. Of course, we have to suppose that the
operator F'T exists; otherwise there would be nothing to prove. We have

F= /wm dr = /(qup)w dr

F* = (/ w*mdr)* = /(Fw)*zp dr

[Etvrvdr = [(Foyvar

as well as

Because I = (F)*, the equality

?In English-written literature, both hermitian and hermitean adjectives can be found. The first of them is much more frequent but in
the book [3] the second variant is used.



must hold for any function 1 from the set under consideration. The last equality can only be fulfilled if F = Ft
what was to be proved.

(B) It now remains to conduct the proof in the reverse direction: startin from the assumption F = F', we have to
prove that ' = (F)*. It is similarly simple and you can try it as a homework.

Since any physical quantity can acquire real values only, the theorem just proven implies that the respective
operator in QM has to be a hermitian operator.

Theorem 2: Let there be a Hermitian-conjugate operator AT to the operator A. Let A be a linear
operator. Then for all f1, fo € D the following equality holds:

/ fiAfydr = / (AT 1) fodr (12)

This statement also applies in the opposite direction.

Proof: It can be looked at in books [2, 3, 4] (but you do not need to know it on the exam).
The equation in the last theorem can be written more transparently

( / fiAf, d7> _ / fAtf dr (13)

We will go through further definitions and theorems briefly; more detailed wording and the proof can be found in
the literature [2, 3, 4].

Definition 5: (Product of operators.) By the product of two operators we understand the operator C' = BA such
that ) o

Cf = B(Af)
Theorem 3: If C' = BA and if hermitian-conjugate operators to A and B exist, then

AT

C' = ATBt

Proof: We have done it as an exercise using Theorem 2.

Definition 6: The expression o o
[A,B]= AB — BA
is called the commutator of the operators A, B.

In the subject Quantum Mechanics, you have learnt that, for instance,

[z, p,] = ik

1.2.5 Eigenfunctions and Eigenvalues of Operators

Assume we have an operator A (it need not be hermitian). If its action on a function f generates the same
function, or at most multiplied by a constant, such a function is called an eigenfunction of the operator A:

A.fa = afa

a is the respective eigenvalue of the operator; we attached the index a to the function to highlight its association
with the eigenvalue a.



The set of all eigenvalues of an operator is called the spectrum of the operator. An operator can have many
eigenfunctions and eigenvalues. If the set of the eigenvalues is countable, the operator a discrete spectrum. If it is
not countable, the operator has a continuous spectrum. For instance, the equation

Dy €Xp (%ax) = a exp (}%ax)

hold for the operator p, for any real a. Therefore, the eigenvalues of the operator p, are all real numbers, i.e. it has
a continuous spectrum.

The operator of the x-coordinate also has a continuous spectrum:

On the other hand, many operators have discrete spectra, for example the operator L. and others. And there are
also operators that have mixed spectra: a part is discrete, other part of is continuous. This is the case of the hydrogen
atom Hamiltonian and also of many other very important operators.

To keep the notation and mathematical apparatus simple, we will formulate some parts of the quantum theory
apparatus only for operators having discrete spectra. In cases of continuos and mixed spectra, procedures would in
some cases be similar; it is sufficient to imagine the associated “index” acquires values from a continuous set or from
a set that is continuous by parts. Continuous spectra, however, bring also non-trivial complications, for example
impossibility to normalise eigenfunctions; for instance, an attempt to determine a norm of an eigenfunction of the

momentum operator will fail:
/_ N exp (%am)

Theorem 4: Eigevalues of a hermitian operator that correspond to normalisable eigenfunctions are
real numbers [2].

2
dz — o0

that is, the integral does not exist.

Proof: Directly follows from Theorem 1. It can also be found in the cited books.

Often there are several eigenfunctions for one eigenvalue:

Afjo =Nifja, a€{l,2,...,g}

Then we say that the operator has a degenerate spectrum or that the eigenvalue is degenerate (if ¢ = 2, then doubly,
if g = 3, then triply, etc).

Theorem 5: Eigenfunctions corresponding to different eigenvalues of a hermitian operator are mutu-
ally orthogonal [2, 3, 4].

Remark 1: That means that f fo fndT X Oy, hold. If the eigenfunctions are normalisable, i.e. if the corresponding
integrations converge, then we usually normalise the eigenfunctions so that [ f7 f,, d7 = 0y, -

Remark 2: The theorem does not imply orthogonality of linearly-independent eigenfunctions f,, ; corresponding to
the same eigenvalue (i.e. to a degenerate one).

Proof: Can be found in the cited books.

1.2.6 Formulation of the Second Postulate of Quantum Mechanics

In quantum mechanics, every physical quantity F' has a linear hermitian operator F' associated
to it such that the mean value (the expectation value) of F' (at time t) in a state described by a
wavefunction (7, t) is given by

F(t) = / O (F ) F (7, t) dr (14)
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The physical quantity F' can only take values that are eigenvalues of the operator E.

The relations

N s ik 0

E=z, po=-iho-
are assumed (postulated) as well as analogous ones for y and z components. Operators of remaining
physical quantities, that have classical analogues, are determined according to the expressions in
classical physics (here mechanics) using the components of coordinates and momenta.

Remark 1: The property that /' can only acquire the values that are eigenvalues of the respective operator, must
be understood in the sense that each individual measurement of the quantity on a particular quantum-mechanical
system can only give some of the eigenvalues of F as aresult. The average value can, of course, be different. It goes
in the same way as in the case of the bag with the coins (sec.1.2.1): Each time we reach into a bag for a random
one coin, we will necessarily select only the monetary value that is minted on the coins, e.g. 50 cents (which in
our comparison corresponds to one of the eigenvalues). But when we make an average of many pulls, the average
financial value can be e.g. 73 cents, a value that no single coin has. Additional related supporting argumentation for
the 2" postulate is provided in Appendix A.1. The argumentation can be found in the literature as well, for instance
in [2].

Remark 2: In a case of a many-particle system, there would be integrations over coordinates of the additional
particles of the system in (14).

1.3 The Third Postulate of Quantum Mechanics

If a state described by a wave function 1 (7, t) exists as well as a state described by 15(7, 1), then
the state

(T t) = (7 t) + cotho (T 1), 1,00 € C (15)
is also possible in priciple. This postulate is called the superposition principle. Whether this or that superpos-

ition state is experimentally achievable, however, is a different matter. The postulate should be understood that in
a theory we can work with any such superposition states.

1.4 The Fourth Postulate of Quantum Mechanics

According to the 2% postulate of QM, we know how to construct the operator of the energy of a particle in an
external field. We call it Hamilton’s operator, in short Hamiltonian. If the particle is in an external field with the
potential energy V' (7, t), then its Hamiltonian is

. K2
H=—-—A ot 16

Thus, the potential energy may be time-dependent. A typical situation of this kind is an atom placed in the field
of an electrmagnetic (EM) wave. As some other example, we have had the time-independent potential energy
V(7) = qU(7), pozri (9). The fourth postulate of QM says:

The equation of motion for the wave function of a state is the Schrodinger equation.

ih%¢(ﬁ t) = H(7,t) (17)

where H is the Hamiltonian of the given quantum-mechanical system.

It means that if we know a state wave function (7, t() (at certain time ¢¢), then, by solving the Schrédinger equation
(SchE), we are able to determine the state wave function v (7, t) at any later time t.

It is easy to convince that the SchE is consistent with the superpositon principle: If wave functions v, (7, t) and
1o(7, t) are solutions to the SchE, then also any linear combination of them is a solution [see also (15)].
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2 Stationary states (a brief reminder)

Consider a physical system with a time-independent Hamiltonian H. Let u,(7) be some of its eigenfunctions
and [, its respective eigenvalue, that is the eigenenergy:

Hu,(7) = By (F) (18)
Suppose we prepare the QM system at time ¢ = 0 in this very state:
»(7,0) = un(7)

How the state of the system will evolve in time? By substituting into the time-dependent SchE (17), we can easily
make sure that the function

B(F 1) = un(F) exp (—%Ent) (19)

is solution of the equation. It means that up to a periodically oscillating phase factor exp (— %Ent) (the absolute
value of which does not change) is the state always the same: w,, (7). Therefore, eigenstates of a Hamiltonian of
given physical system are called statioanry states. Their time evolution just described is called free time evolution.

Equation (18) is often called the time-independent Schrodinger equation or the stationary SchE.

3 (Non)-commuting operators and the uncertainty relation

We have learnt that in QM, operators are assigned to classical quantities such as the position vector or mo-
mentum, (the correspondence principle). Numerical values of the quantities in QM are obtained using averaging,
for instance

= [ w@av@dr. p= [ 0@ i) ds (20
While the numbers commute among themselves when multiplied, it may not be the case with operators:
TPy — Pal = iR
We know the notion of a commutator: e.g. [z, p,| = ihi. We have also learnt that eigenfunctions and eigenvalues

of the operators (those that correspond to physical quantities) are important in QM because experimental measure-
ments of some quantity can only yield one of the eigenvalues of the corrsponding operator as a result. For example,
we have the operator and equation

F[@Dn(x) = Enwn(w)

for eigenenergies of some given system. In the following subsection, we will discuss commuting operators. In
another subsection, we will briefly discuss non-commuting operators.

3.1 Common Eigenfunctions of Commuting Operators

The goal of this section is to prove (at least partially) a very important statement saying that commuting op-
erators have common eigenfunctions (not eigenvalues). We will use this property, for example, in our search for
the eigenfunctions of the hydrogen-atom and like ions Hamilton operator. We will demonstrate the proof of the
statement at least for the case of the simple situation of non-degenarate spectra of the operators. at least

The Case of Non-degenerate Spectra

Theorem 6: Assume that operators A and B commute and both have non-degenerate spectra. Then
any eigenfunction of A is also an eigenfunction to (of) B and vice versa (i.e. any eigenfunction of B
is also an eigenfunction to A).



Proof: Let Af = af. Act with the operator B from the left side:
B(Af) = B(af); komutuju = A(Bf)=a(Bf)

It means that the function

Bf=f (21)

is also an eigenfunctions of the operator A,
Af/ — CLf/
and it even corresponds to the same eigenvalue as the function f. Because the operator A has, according to the

assumption, a non-degenerate spectrum , f’ can differ from f at most trivially, ie. by an unessential constant
multiple:

fr=cf (22)

Thus, f and f’ are essentally the same eigenfunctions of the operator A. By combining equations (21) and (22), we
obtain

Bf =cf

meaning that the function f is an eigenfunction of the operator B as well, what was to be proved.

Remark: Thus, commuting operators have common eigenfunctions, not eigenvalues.

The Case of Degenerate Spectra

We should now prove an analogue of the above theorem for the general case, i.e. the case when A and B may
have degenerate spectra.

Theorem 7: If operators A and B commute, then it is possible to construct a complete set of their
eigenfunctions such that they are common to both these operators. There is also the statement valid in

the reverse direction: It operators A and B have common eigenfunctions and if these eigenfunctions
form a complete system, then the operators A and B commute. [2, 3].

The proof is not difficult to understand. It is only more lenghty and it uses some knowledge from algebra. Essentially,
it is done by constructings the common eigenfunctions. We will not do it but we will keep in mind the content of
the theorem.

3.2 The Uncertainty Relation

We just recall what you should know from the course of Quantum Mechanics.

Let I' and G be physical quantities with operators F and G. In case that the commutator ofﬁ’ and G is non-zero, the
two quantities are incompatible, i.e. we cannot measure them at the same time with arbitrary precisions.

Briefly, if [F , G’] # 0 then F' and G cannot both be determined accurately. There will be some uncertainty in F' or
in G or (most likely) in both.

For example,

h

This is a principal equality which can be derived with the help of considerations about wave packets, or using a
more formal and more general approach [2, 3]. Therefore, the uncertainty relation (23) cannot be understood in
terms of some imperfection of experimental apparatus, but as a fundamental property of particles. This property
cannot, of course, be noticed on some relatively heavy particles of matter, such as e.g. a grain of sand, but for very
light particles of the microworld, such as e.g. electron, this uncertainty is significant.
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If two operators switch, such as p,, and p,,, commute, then in principle it is possible to measure the corresponding
quantities with arbitrary precision, i.e. with zero uncertainties (if we disregard the imperfections of measuring
instruments). Also formally, the inequality

Ap, Ap, >0 (24)

can be derived for such (commuting) operators [2, 3]. Obviosly, it does not put any bound on the (always non-
negative, of course) uncertainties Ap,, Ap,.

4 Angular Momentum in Quantum Mechanics

Angular momentum (AM) is an important quantity already in classical mechanics. It is such because it belongs
to the integrals of motion, which are the quantities not changing their value (while the system is a closed, i.e. an
isolated one). Integrals, i.e. constans of motion (in classical mechanics) are the total mechanical energy of a system,
its total momentum and the total angular momentum. As we will see, in QM the AM is even a more important
quantity, so it is worth dealing with it. Knowledge about the AM will be a springboard to the study of motion of a
particle in a spherically symmetric field — hydrogen atom for example. In the next chapter we will wish to determine
eigenfunctions of Hamiltonian of such a particle. For the sake of motivation, let us go a little ahead of the exposition
and say that the Hamiltonian for a spherically symmetric field commutes with the operators describing the angular
momentum. Therefore, if we find proper eigenfunctions for, e.g. the operator of the quadrat of the AM, then they
might also be eigenfunctions for the particle in the spherically symmetri field.

4.1 Definitions and Basic Commutation Relations

Angular momentum of a single classical particle is
L=Fxp (25)
According to the correspondence principle, we then construct the corresponding quantum-mechanical operator

L:%xﬁ (26)

Its cartesian components are (we will write the z one in detail)

- NN N A U , 0 0

Ly =9p. = 2py, Ly = 2pp —2p.,  L.=Ipy —yp. = —ih (xa—y - %> (27)
They are all hermitian operators, which is easy to ascertain based on Theorem 3 and the relations like [, p,] = 0.
As an exercise we show that L, L,, L, do not commute and that their commutators are

(Lo, Ly) = ihL,, [Ly, L.)=ihil,, [L., L. = ihL, (28)

A physical consequence, according to the uncertainty principle, then is impossibility to know values of two cartesian
components of the AM precisely at once. A mathematical consequence according to Theorem 7 formulated above is
impossibility to find a complete system of common eigenfunctions for a pair of operators, say for L, and f/y; such
a system does not exist. Regarding the AM, its magnitude is, however, of interest. In classical mechanics we would
calculate a value L = |E |. In QM it turn out to be more practicle to calculate the square of the magnite of the AM.
Let us thus introduce the operator of the square of the angular momentum:

[*=12+ L2+ 12 (29)

And let us explore its commutation properties. As an exercise we prove that

(L% L,) = [L* L,) = [L* L.]=0 (30)

For the pair of operators 2L, a complete system of common eigenfunctions thus exists. And so for the pairs
12, iy a L L.. We will be seeking them; it will be sufficient to do for L2, L.. Later, they will prove very important
in the search of stationary states (eigenstates) of the hydrogen atom and so on. We will also find the corresponding
eigenvalues which will tell us what can be possible values of, for instance, L, or L2.
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4.2 Spherical Coordinates

We will see that it is often easier to work with the AM operators and corresponding eigenfunctions if they are
expresses using spherical coordinates ¥, o, r. Let us recall the transformations formulas:

1 = arccos ( - : - 2) (32a)
x =7rsinvcos (31a) VT Yyt +z

y = rsindsin g (31b)

= atan2 (y, 32b
z =rcost (31¢) » = atan2(y, z) (32b)

=z +y*+ 22 (32¢)

4.3 Eigenfunctions and Eigenvalues of the L, Operator

Let us take any differentiable function f = f(7) and try to express its derivative with respect to ¢:

af af ox +8f 8y +8f 0z
(9@ ox 890 oy 890 0z 890

~— ~—
According to (27) we have
A 0
L,=—ih— 33

The equation for the eigenfunctions and eigenvalues (eigensystem) of the operator L, is written as

[A/zq)a(sp) = a®u(p) (34)
where according to Theorem 4 a has to be a real number. By substituting for L., the differential equation (DE)

do, n a
de ih

b, =0 (35)

is formed. The solution of this equation (found in the exercise) is

®,(p) = cexp (%agp) (36)

where c is an arbitrary complex constant. We can easily be convinced of this solution by substitution. Given the
geometric meaning of the ¢ angle, we will require the condition

Do(p + 27m) = Pu(p) (37)

exp (%a%r) =1

From this a = mh, where m € Z. So we see that the z component of the AM can only take on values that are integer
multiplies of . The same is of course true also for the x and y components. (These axes are mutually equivalent to
the 2 one by their nature; it is sufficient to rename the axes and we get = from z, for example.) As it is seen as well,
the eigenvalues of the L., Ly, and L, operators are non-degenerate.

By using it we get

We usually choose the value of the constant ¢ by convention so that the normalisation
2w
/ O*Pdp =1 (38)
0
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is satisfied, which gives (if we want c to be a real and positive constant) ¢ = 1/+/27. Let us summarise:

- 1

L.®n(p) = mh ®,,(p)|, where |®p(p)= e, meZ (39)

The eigenvalues of the operator L. are thus non-degenerate. We can also easily see that the corresponding functions
are — as it should be also according to Theorem 5 — orthogonal to each other (verified in the exercise):

27
/O 82.(0) B (9) dp = Gy (40)

Approaching the end of this section, it is suitable to say that if we already have found expression (39) for the eigen-
functions of L., then it is easy, with the help of the Euler formula and the relations (31a), (31b), (31c) between sperical
and cartesian coordnates, to reexpress the expression in cartesian coordinates (derivation done in the exercise):

x4 iy\™?
T — 1y

Bolp) = O () = —— (

2

(41)

The expressions for the eigenfunctions of L,a [A/y in terms of cartesian coordinates can now be immediatelly obtained
by the cyclic permutation of the coordinates in (41). L,

There is no such symmetry or equivalence within the three spherical coordinates as it is within the cartesian
ones. Therefore the eigenfunctions of the operators L, and L in spherical coordinates will not have expressions
of the same form as in the case of the operator L. It would however be easy to find expressions for the operators
L, and L in spherical coordinates since we know, from the exercise, their expressions of the kind (41) in cartesian
coordlnates.

4.4 Common Eigenfunctions of Operators L a L? (Part 1). Separation of Variables in Spher-
ical Coordinates

Finding eigenfunctions is related to finding of eigenvalues and therefore it will be helpful for us to determine
what can in QM be magnitude of the angular momentum (or its square). In this section, however, we will only
suggest one procedure, a basic one, based on solving a partial differential equation, a bit "heavy-footed” compared
to another method and at the same time less general.

We will use the commutation

[L2,L.] =0 (42)

from which, according to either Theorem 6 or Theorem 7 implies that the two operators have common eigenfunc-
tions. So first let us see if the functions exp(imy), which are the eigenfunctions of L., happen to be eigenfunctions
for L? as well. The expression

i 1 0 ) 1o
2 2 2v72
L= Lim? B (5“”9819) * sinwa_A =V, (43)

for the operator L2 in spherical coordinates (will be explained in exercises) will serve us in this. Let us note that
there is no r in this expression. L2, however, depends also on the spherical angle ¥J and so its eigenfunctions will
in general depend on this angle as well. Therfore the simple functions exp(imy) (depending on ¢ only) will not be
eigenfunctions of L2. But how to understand this knowing the fact that the operators L? and L, commute? The only
possible explanations (with respect to Theorem 6) is that L? has a degenerate spectrum (and we will convince
ourselves in detail that it is so). But, on the other hand, we have proved that any eigenfunction of f)z must contain
the factor exp(img). So the eigenfunctions of L. such that they are at the same time also eigenfunctions of L?, must
take the form

K(r,9)e'™? (44)

where K (r,7) is a function of its two variables. Let us notice that the expression (44) is an eigenfunction of the
operator L, for arbitrary chosen function K (r, ). We can easily be convinced of this by substituting (44) into (34).
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And also note that the dependence on 7 in (44) is not necessary, because r is not found neither in the expression for
L. nor in L?. The angle ¥ must, however, in general be there, since it enters the operator L?. The equation

LY (0, ) = AimY{" (9, ) (45)
must therefore be solved, together with the already partially solved equation
LY"(0,9) = hmY;" (9, ) (46)

for the (at this point) unknown common eigenfunctions for which we however know, using formula (44), that it
must be possible to express them in the separated form®

Y™ (9, ) = 07" (9) ®p(0) (47)

To prevent a misinterpretation: m in ¥, and in ©]" is not and exponent but a superscript. \;,, are still completely
unknown eigevalues; we only know that thay must be real. We understand the index m; it is associated with the
variable . We do not specify the index [ yet, but since we have the new variable 1}, an index associated with it will
apparently be needed. So let the [ is the index and is has to be written at the function ©®. We have written also the
index m to it; we do not know yet if it will be needed, i.e. if © will depend on m (it will). Even if it was not needed,
we would not do anything wrong by writing it there.

As can be easily convinced, and we have already indicated it in between (44) and (45), the form (47) could
be made more complicated by multiplying it by an arbitrary r-dependent function and such a form would still
present a common eigenfunction of the operators L? and L. (because the variable r is just a constant for these
operators; they contain neither derivatives with respect to 7 nor r itself). Such a multiplication by an arbitrary
r-dependent function would be just an unnecessary complication for now; we are now trying to find the simplest
possible common eigenfunctions of the operators L? and L.. Therefore, have omitted the function K (r,1), which
depends also on the variable 7, and replaced it by the function ©}"(¢), which depends on the only necessary spatial
variable 9.

The solutions (eigenfunctions) of the form (47) are products of two functions, one of which only depends on the
variable ¢ and the other on ¢ only. It is therefore a factorised form of the solution. The variables are separated in
it. Therefore, we talk about separation of the variables.

After substituting the form (47) into eq. (45), we get a differential equation (DE)
we do not even write it (48)

We should now solve the equation to get ©;" and then the eigenfunctions of the operator L2 we are looking for. Such
a straightforward approach is especially suitable when meeting QM for the first time; it employs solving the DE
with the aid of the mathematical analysis aparatus and is rather lengthy. In this course we will better demonstrate
an elegant and much more general akgebraic approach how to determine the eigenvalues \;,, of the operator 12,
In doing this we will also see that they will not depend on the index m which means they will be degenerate
[because the operator L? will in general have more eigenfunctions Y, (¢, ) for a single eigenvalue )\;]. In the
above consideration using Theorems 6 and 7, we have already proved the fact that the eigenvalues will be in some
way degenerate. In next section we will in a more general way demonstrate, how precisely the are degenerate.

4.5 Eigenvalues of the Angular Momenta Operators

It turns out that commutation relations of the form (28) apply not on for the orbital angular momentum,* but
also for all other angular momenta, for example spin. Therefore, in QM we distinguish what kind of AM it is: for
example the operator (26) is the orbital AM operator. Spin of a particle is associated with an (unspecified) operator

3In some literature, for instance in [2], a notation Y},, is being used for these functions. However, most of today’s sources and literature
use the notation Y;", while the symbol Y},, is reserved for closely related so-called real spherical harmonics, which in their essence are
the real and imaginary components of the functions ¥;™.
“The orbital AM is the usual AM, which is in classical physics calculated as 7 X jand in quantum physics with the use of the oparator
X p.

=P
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of spin AM. Sum of the orbital and spin AM is the total AM and it has its operator as well. We are not going to deal
with this now. However, we will perform the following analysis by assuming the validity of commutation relations
of the kind (28) and we will derive consequences almost purely from this assumption. Instead of symbols such as L.,
we will use notations .J,, jy, J. to emphasize that it does not have to be just an orbital AM. These three operators

will therefore form a vector operator J. For simplicity, we will consider it dimensionless. We make this by choosing
h =1 (or by omitting /). In many literature, if possible, the Planck constant /: is also set equal to 1 and is not even
written.

Commutation Relations. Let us therefore consider linear hermitian operators for which commutation relations [2,
3]

(o Jy] = 12, [Jy, J.] =15, [z, Jo] = 1, (49)
apply. These relationships are often taken as the definition of what we consider in QM to be the angular momentum.
Let us define an operator

=T+ I+ T2 (50)
Exactly as we had above [see (30)], it can be proved here purely on the basis of relations (49) that (done as an exercise)
(2, T = [J2, J,) = [J% J.] =0 (51)

This, according to Theorem 7, means that the eigenfunctions of the operators jz, J?2 can be constructed to be common
to both of these operators. However, our task now will be to find eigenvalues of J, and J? in particular and to learn
something about the mentioned eigenfunctions. However, instead of the eigenfunctions labeled as Y;™, we will use
a more generally applicable notation |j, m) and we will call this abstract symbol an eigenvector. For now let us just
take it as a notation [2, 3]. So we have to solve the double task [compare to the pair of equations (45) and (46)]

J2|3,m) = n;]5,m) (52)
J.|j,m) = m|j,m) (53)

We do not assume anything about the value of m yet, we just know that it should be real because of the hermicity
assumed above. The same for 1);. We take the index j for a more general analogue of the index [ from section 4.4
about the orbital angular momentum. By the notation introduced in equations (52) and (53) we already anticipate
(insipred by the knowledge acquired earlier) that the eigenvalues 7); of the operator J? will not depend on m.
However, we will verify this guessed property by a derivation; therefore, it will not stay guessed. The independence
of the eigenvalues 7; of the operator J? on m is on a more general level the same property as is the independence
of the eigenvalues )\, of the operator L2 onm. Although without a proof but still with a sufficient motivation, we
have already mentioned the latter independence at the end of section 4.4. The independence of 1; on m means that
the eigenvalues of the operator J? (hence also of L2) will be degenerate. In solving given task we will really prove
it and we opt to use the simple symbol 7; (i.e. without m) already from the start because it is a practical notation
and there will be no need to change it later.

Raising and Lowering Operators. Let us now define the pair of operators (for the sake of simple notation we start
to omit the hats)
Jp=Jp,+idy, Jo=J, —iJ, (54)

Obviously, they are not hermitian operators but it is not a problem. It is useful to know their commuation properties,
for example immediately found relations

(7%, T =% 1] =0 (55)

as well as further ones which we know from exercise:’

(., J.] = Jy [J.,J.]=—J_, [T, J ] = 2J. (56)

’It is easy to show using (54) and (49). For instance, [J., J4] = [J., J, + iJy] = iJ, + i(—1)Jp = Jp + 1J, = J4.
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As we will see, the followng additional identities will also be needed (proved in exercise)®

JoJ_=J*=J 4 ], (57a)
J_J=J"—J*—J, (57b)

Let us now explore the action of the operators J. on the unknown eigenvectors |, m).
J+|]7m>d:ef|j7m>+7 J_\],m>g|],m)_ (58)
Let us at first try (and calculate) this:

J2|j7m>+ = J2J+’j7m> = J+J2|j7m> = J+nj|j7m> = 77j|j7m>+

And analogously
J2j,m)_ = = nilg,m)-
Thus, the vectors |7, m), and |j, m)_ are also eigenvectors of the operators J?, with (59)
the eigenvalue in both cases being the same 7; as is for the eigenvecor |7, m).
Examine also the operation
‘]Z|.]7 m>+ = ‘]ZJ+|.]7 m> - (J+ + J+Jz)|ja m> = |j7m>+ + J+m|j7 m> =
and analogously also
J2|j7 m>* = (_1 + m)lju m>*
Thus, the vectors |j, m)y are also eigenvectors of the operator J,, with eigenvalues being m =+ 1. (60)

We already see from the above said, that the operator J? has a degenerate spectrum, because, e.g., the three
different eigenvectors |j,m)_, |j,m) a |j, m); correspond to the same eigenvalue 1;. What regards to .J,, let us
assume non-degeneracy of its spectrum. We have a good motivation for this as its particular example, L., has the
non-degenerate spectrum. Later we will convince ourselves about the correctness of this assumption also for the
general AM. Based on the two results framed above, it can then be said that |j, m), is (up to a constant) equal to
|7, m 4+ 1) and analogously for |j, m)_. We write it as follows:

gymys = Jeljom) = C) jm+1) (61a)
) ljym = 1) (61b)

|3, m)— = J-|j,m)

where C;;) a CJ(»;L) are as yet unspecified constants. In the notation as for usual functions, we will express this by
equations

+) — m _ () ymtl
v =gy = oy,
(=) — m _ (=) ym-1
i =avr = oy,
The operators J1 modify the eigenstates |j, m) by increasing or decreasing the eigenvalue m: for example, by acting

with J, on state |j, m), we create state |j, m+1) (up to a less significant constant). Therefore, .J, is called the raising
operator and J_ the lowering operator.

“This also can be done easily: J,J_ = (J, + iJ,)(Jo — iJy) = JZ + iy Jp — iJody + I3 = T2+ T2 + J..

16



Determination of the Constants C’](-i). Let us try to express the square of the norm of the functions Y; m - 1.e. the
scalar product’ <Y;(:1) ‘Y;(;) >:

O] v g (+) ym+1]" A ymtl g
/[Y. | Yj?mdf_/[cjmyj | evmrar =

J,m Jm

) ‘2

We assume that the functions Y;™ (also the vectors |j, m)) are normalised to 1. The scalar product can also be written
as follows:

[ vier = [y ayres = [y bryrar = [y oy

We used the fact the the operators J, and J_ are hermitian conjugate to each other (mutually hermitian conjugate)
— it is known from exercises. Preto plati

jm

C(“‘Q:/(ij)*J_Jijdr

In the abstract formalism of Dirac bra and ket vectors using the vectors |7, m) we write it as follows (and let us write
it also for the C'

im > ), what we would derive quite analogously):

W =
jm

05| = Gml g ljm)

From the exercise we know the operator identities (57a) and (57b). Using them we get

Rl = Goml 2l m) = Goml 2, m) = Goml Ll m) = ;= m? —m
-)? 2
Cim =n —m’+m
Thus, we find that relations
2
C’j(m =n; —m(m+1) (63a)
)|
CL)| =ni = m(m = 1) (63b)

apply. Their left-hand sides clearly say that the expressions must be non-negative. Thus (A - and, i.e. the conjunct)

n>mm+1)] A [ >mm-1)],  ¥m (64)

This implies limitations on m at given 1);; the values of m must be bounded from above and below.

Upper Limit. Generically, however, equation

J+‘]7 > jm ’j7m+1>

applies [see (61a)], which would “want” to increment m without termination. To terminate this climb, C’(H has
to be 0 for certain 1My, Eq. (63a) then implies that 7; = Mumax(Mmax + 1). Note that now we are using the symbol
J only in the meaning of an index, both in the eigenvalues eta; and in the eigenfunctions Y;" (and in the case of
the abstract notation also in the eigenvectors |j, m)). However, we have not yet assigned any value to the j index;
the index itself alone does not enter any formula, that is it is an unused symbol. So let’s start using it instead of the
lengthy 1,y

7 = Mo (65)

The consequence of eq. (63a) is then written shorter:

n =30+ 1) (66)

From the above exposition, it is reaaly possible to observe [see eq. (63a)] that, if, by subsequent incrementing of the
number m, we were proceeding higher and higher (from the vector |m) going to |m + 1) etc), then this climb would

be stopped since C’ (M) — 0. at the value of m = Mpax = J

"The scalar product S, called also the dot product, of functions f and g is defined by the expression S = [ f*g dr, in which the
integration goes over the whole range of the variable 7, in which the functions f and ¢ are defined. In the Diract formalism, the scalar
product is written as S = (f|g). The symbol (f| alone is called bra and |g) is called emphket (from the word brackets).
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Lower Limit. Generically, relation
Jljm) = Cyl g, m = 1)

applies as well [see (61b)], which, on the other hand, would “want” to decrement m without termination. To ter-

minate this steping down, C J(‘;n)mm has to be 0 for certain m,;,. From the second of the inequalities (64) if follows
that

77] - mmin(mmin - ]-) (67)

that is
mrQnin — Mmin _J(] + 1) =0

The solutions of this quadratic equation are the roots

Mmin € {j + 1, —j}
The second of them is obviosly the one we need. Thus

Mmnin = _j
In the end, let us recall: just as the vanishing Cj(»j) stopped us as we went up the “ladder”, so now (when we move
down) we have Cj(;)j = 0 instead.
Eigenvalues. Thus, for given 7); (equivalently for given j), the following values of m are possible:
me{—j,—j+1,...,7}, ie. 25+ 1 values

The number of values must definitely be a non-negative integral number (integer), and in this particular case the
number is at least 1. Therefore,

27 is a non-negative integer

; hence ’ J is a non-negative integer or half-integer.

and | m are integral numbers or half-integers ‘

So let us summarize what we have found:

Jljmy = j0+1)1jm)

: . (68)
J:|j,m) = m|j,m)
135
j6{0a1a27"'}7 Orj€{§a§7§7"'}7 me{_ja_j+177]}

So, we have determined the eigenvalues of the operators J* and J,. We see that the eigenvalues of the operator J>
are degenerate, because for one j we have 25 + 1 of different m values, and thus so many different eigenvectors.

Thus, by a purely algebraic procedure, we obtained the eigenvalues of the corresponding operators from the
postulated (but at least in the case of the orbital angular momentum justified) commutation relations. While for
the orbital angular momentum we got the integral numbers m as the eigenvalues of L, we have derived at least
the mathematical possibility of half-integral ms from relations (49). The question is whether such a mathematical
possibility is realised somewhere in nature. Experiments answer yes. This possibility is realized in the case of the
spin AM of an electron and other fermions. Spin is the internal AM of a particle. Different angular momenta of a
system (in the simplest case of a single particle) add up. Therefore also the resulting (composite, summed up) AM
of an electron has a half-integer 2 component (and thus also a projection of the AM to any axis since we can choose
the z direction arbitrarily). Let us remind again that each (also a composite) AM in quantum mechanics must obey
the commutation relations of the kind (49). That this is the case is shown in particular by the agreement of the
experiments and the theory built on this assumption.
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3,3)
j=2
12, 2) — 3,2)
j=1
[1,1) _2,1) _— 3,1)
7=0

|0, 0) —_— |1,0) _— [2,0) —_— 3,0)
1) — 1) —— 3
|2, —2) —_—3,-2)
3, -3)

Figure 1: A scheme of the common eigenvectors of the operators .J? and .J, for the lowest integer j’s.

Phase Convention. We have not yet found any specific expressions for the eigenvectors |7, m), nor unambiguous

values of the constants Cj(-i), only the squares of their absolute values. The phase (argument) of these constants
cannot be unambiguously determined; it just needs to be defined. Most often we choose it to have the constants
real and positive. The we get the following formulae expressing the action of the rasing and lowering operators [see
also (61) and (66)]:

Jeljm) = Vi +1) —mm+1) |jm+1) = /(G—m)(G+m+1)[j,m+1) (69a)

J_ljm) = Vi(G+1) —mim—1)|jm—1) = /(G+m)(j—m+1)|j,m—1) (69b)

This phase convention is called the Condon-Shortley convention.

A schematic representation of the spectrum of common eigenvectors of the operators .J? and .J, for some of the
lowest integral values of j is shown in Fig. 1. Within each of the “ladders” we can “move” using the action of the
rasing and lowering operators J=+.

4.6 Common Eigenfunctions of Operators L, and L? (Part 2)

It is worth remembering that in the general discussion of the AM in the previous section, the numbers j and m
could either be integer or half-integers. The half-interal ones, as it in QM turns out, are important for the spin AM.
Now, however, we resume the interrupted analysis of the orbital AM, which we in the traditional way started in
section 4.4. We would complete the traditional approachby solving the partial DE (48) in spherical coordinates
Y, p. Although we only started the traditional approach, we learnt some new things (knowledge). Armed by the
knowledge of the rasing and lowering oparators, we will now complete the analysis of the orbital AM in a different
way.

Instead of the index j, we will be using [ for the orbital AM. And what is essential, we have already found out
that we have the integral ms in the case of the orbital AM; see (39). Hence [ will also be integers. Instead of the
mathematically demanding and leghty procedure indicated at the end of section (4.4), we are now going to look for
the common eigenfunction of L,and L2 by exploring the effect of these operators on polynomials in cartesian
coordinates. We know from the exercise that the operator L? can in cartesian coordinates be reexpressed in the
form

L? = (g% + 22)p2 + (2% + 2))p2 + (2% + y)p2 — 2(xypuby + y2Pybs + 22p.p.) + 2ih(xp, + yp, + 2p:)  (70)
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from which we easily get the final form

L? =h? [—(* +25)V2E— (* + :EQ)Vf/ — (@ +yHVE+ 2(sz§z + 22V2 + xyViy) +2(xV, + yV, + 2V.)]
(71)

We can see that it contains products of polynomials and partial derivatives and if the derivative is n', the multiplying
polynomial is of the degree n. This is also the case with the L? operator:

~

L. =—ih(2V, —yV,) (72)

For brevity we will set 24 = 1 in calculations of this section. We will do calculations of sections 4.6.1 and 4.6.2 as an
exercise.

4.6.1 Action of L, and L? on Polynomials f = ax + by
It is a homogeneous polynomial of the 1** degree (sometime perhaps called a linear form).
Action of L. Let us thus first try to explore what we get by acting of L, on such a polynomial; = and y are
cartesian coordinates, i.e. real quantities. As yet a and b are arbitrary constants.
L.f = —i(zV, — yVy)(az + by) = —i(—ay + bx) = —ibx + iay
We got a polynomial somehow resembnling the original f. We have to solve (among other things) the problem
L.f=Af (73)

with A being an eigenvalue. We have already solved this task in section 4.3, but the functions found there were eigen-
functions of L, only, not of L2. Therefore we are now solving the problem again and other way. Upon substituting
of what we got few lines above into equation (73), we get

—ibx + iay = Aax + \by

This equation has to apply for aby point in space, that is also for any real x and y. So we obtain equalities

—1ib = Aa, ia = \b
= b=ia\, ia = ia)\? (74)
Therefore
ifa # 0 then M =1 (75)

For a # 0 we have thus found eigenvalues A\ € {+1, —1} of the operator L. and eigenfunctions (in the form of
polynomials) .
f=ax+ilay = a(z + i\y) = arsind (cos ¢ + iAsin @) = arsiny e'*? (76)

The eigenvalues 11 really belong to the set of those that we have found for the operator L. in section 4.3. We have
there determined the form K exp(i\p) for the eigenfunctions, with K being anything independent on the angle ¢.
And it is really so: the multiplicating factor ar sin? does not include ¢. What if we had a = 0? Then we would
have b = 0 and would obtain a trivial function identically equal to zero. It is an uninteresting solution as it does not
bring any information.

Action of L2. Let us now act on the given polynomial by the operator of the square od the AM, expressed in the
form (71). We easily obtain the results

ﬁQf =2(zV, +yV, + 2V, )(ax + by) = 2ax + 2by = 2f (77)

We see that this polynomial is an eigenfunction for L? even for arbitrarily chosen a, b. The corresponding eigenvalue
is the number 2. (Writing also i, it would be 242.)
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Preliminary Summary for the Homogeneous Polynomials of the 1* Degree. Of course, if we want the polynomial
f to be an eigenfunction for both the operators, we have to restrict a and b by the condition (74): b = ia). And
let us note that the eigenvalue 2 is just [(l + 1) for [ = 1. This [ and the eigenvalues A = +1 determined few lines
above agree with the result (68) (in which j and m were used instead of [ and \). We can write the equations solved
here and the solutions found now as follows:

E2f1,+1 =2 f1,+1 ) £2f1,—1 =2 fl,—l ) ﬁzf1,+1 =+1 f1,+1 ) f/zfl,—l =-1 fl,—l

or, more briefly,

E2f1,i1 =2 fi41], izfl,il ==x1 fin (78)

where

fia1 = a(z £ iy) = arsind e*'¥ (79)

Instead of fj,,,, we almost could use the already introduced general notation Y, according to (47). We will not do it
because the functions f;,,, do not have the proper normalisation constants which are being used for Y,; f,,, even
include the dependence on the spherical variable  and we know that this one does not have to be there; aiming to
determine as simple common eigenfunctions (of the operators L?and L) as possible, we will remove the r later on.
In doing the derivation, it was more practical to keep r there.

Determination of the Eigenfunction f; . We will complete the triplet of the functions f; ,, only after f;, is
determined as well. We have learnt a little bit above [formulae (69)] that once one of the functions f;,, is known
(i.e. for one particular m), then, using the effect of the rasing and/or lowering operator, we can determine f;,, for
all other ms. So, let us use the second of those formulae. We get

fio= % fz—f1,+1 (80)

where f} ;1 is given by the expresion (79). To obtain the results, we need to calculate the effect of L_on fi+1.

L-fi1 = (Lo = iLy)[a(z + iy)] = a{[-i(yV. = 2V,)] = i[~i(zV, = 2V.)]}(@ + iy) =
=a(—iyV,+ 12V, — 2V, +2V,)(z + iy) = a(—2z — 2) = —2az

Upon substituting into (80), we obtain

fio=—V2az = —v2arcos? (81)

The Constant a. If one just requires fi 41, f10, f1,—1 to be some common eigenfunctions for L? a L., then the
constant a can be an arbitrary complex number and it does not have to be the same for neither fi _,, nor
f1,41, neither f; o. Each of the three functions can have its own constant: if any eigenfunction is multiplied by any
constant, the function remains to be the eigenfunction. The choice of these constants is a matter a practical con-
venience and normalisation. In our study of the general AM, we have introduced the Condon-Shortley convention
[see (69)]. In the case of the orbital AM which we are studying now, we will choose the constants to be consistent
with the Condon-Shortley convention. For example, using a procedure similar to the above one, i.e. by utilising the
action of the lowering opeerator, we easily find out that

1 .
fi1= EL,fLO = —a(x — iy) = —arsinde ¥ (82)

We see that the f; _; determined in this way (i.e. in accordance with the Condon-Shortley convention) has an
opposite sign than f; _; determined above [eq. (79)].

4.6.2 Action of L, and L? on the Polynomials f = ax? + by? + cxy

In a way analogous to the one in section 4.6.1, let us now examine the effect of the operators of the AM on
homogeneous polynomial of the 2°¢ degree (i.e. on quadratic forms, although the word form may rarely be used in
English). We again choose the forms independent on z, because otherwise they could not be eigenfunctions for L.,
as it is to convince.
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Action of sz.

L.f = =i(@V, —yVao)(aa® + by® + cay) = —i(—2azy + 2bzy + ca” — cy?)
L.f=X\ = 2i(a — b)ay — icx® + icy? = hax® + \by* + Aexy —
—ic= Aa
ic=M\b
2i(a —b) = Ac

Let us first focus on the solutions with A # 0. They are found to be as follows:
b= —a, c=1ila, A e {+2,-2}
This gives eigenfunctions of L for A\ = £2 as follows:

fi = a(z? — y?) £ i2axy = a(x £ iy)? (83)

Action of L2.  Are the functions just written above eigenfunctions also for L2? [Look at the expression (71).] Let
us examine it and do it for general a, b, c to have it more interesting.

Lf=[-(y"+ Vi = (° + ")V} — (2 + ) V2] (aa® + by? + cay)+
+2(y2Ve, + 22Ve, + ayVi,) (az® + by + cay)+
+2(2V, +yV, + 2V.) (az® + by* + cay) =

= —2a (y* + 2*) — 2b (2 + 2)+
+ 2 cxy+
+ 2 (2a2® + 2by* + cay + cry) =

= (4a — 2b)z” + (4b — 2a)y* — (2a + 2b)2* + 6exy

As we see, not every homogeneous polynomial of theA2nd degree form the title 4.6.2 is an eigenfunction of L?. But
if we take those of them which are eigenfunctions of L., i.e. those obeying b = —a while ¢ can be arbitrary in this

case, we obtain )
L*f = 6la(z® — y*) + cay] = 6f (84)

For now, we have learnt enough about the polynomials of the 2™ degree. We focused on the solutions with X # 0
only. The case of zero A is not a solution now as it can easily be found: then we would have ¢ = 0, @ = b and such
a polynomial would not be an eigenfunction for 2.

Preliminary Summary for Homogeneous Polynomials of the 2"¢ Degree

L2f2,ﬂ:2 =0 fa,12], f/zf2,iz =+2 f540 (85)

where

oo = a(x + iy)? = ar?sin® 9 713 56

and let us note that 6 = [({ + 1) for [ = 2.

Determination of the Eigenfunction f; 1. We already know how to do it: according to (69), we obtain

1

Jo41 = ﬁ i7f2,+2 (87)
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Hence, we need to calculate

f/—f2,+2 = (Ly — iLy)[a(z + iy)’] = al (L, — iLy) (2% =y + 2izy] =
= al, (—y* + 2izy) — iaL,(2* + 2izy) =
=a[—i22y + 2iizx — i(—1)22x — 2izy] = 2a(—2iyz — 222) = —4daz(z + iy)

Thus?®

51 = —2az(x + iy) = —2ar? cos ¥ sin ¥e'¥ 88
Jo+ Yy

Determination of the Eigenfunction f;,. The derivation goes through analogous steps (using the lowering op-
erator). The result is

foo=——F=a(a®+y’—22°) = ar? (3cos® ¥ — 1) (89)

[e
Sl

4.6.3 Overall Summary

The eigenfunctions Y, sought for are called spherical harmonic functions, or, more briefly, spherical harmon-
ics. Except for the insignificant factors, they are proportional to the functions f;,, found above. The eigenfunctions
Y;!, as we have seen, can be found by examining the effect of the operators L. and L? and L2 on polynomials. ¥;™
for m < [ can be determined by application of L_. Thus, we have determined the solutions — the eigenvalues and
common eigenfunctions (at least some of them) - of the equations

LY =1+ 1)Y;™ (90a)
L.Y™ = hmY™ (90b)
1€{0,1,2,...}, me{=l,-l+1,...,1} (90c)

in which we explicitely displayed the the eigenvalues found. Although we have not calculated it for a general [, we
see that obviously (and it is indeed so) the following will apply:

« The lowest harmonic: a constant (Y}; is can be seen even without calculating).
« We do not put the coefficient r! in the expression Y;™, because the operators of the AM do not depend on 7.

« The spherical functions, as we see, can be written in the form

V"0, 0) = 07" ()P () (91)

which we have found above [(47)], but we did not know yet, what indices would be at ©. The functions ®,,(p)
have form (39), which satisfies the standard normalisation in accordance with (40). We will not write the functions
O7" (V) alone. Instead, we directly write the function Y, (¢, ¢) (a little below)

The spherical harmonic functions satisfy the Laplace equation; hence their name “harmonic”.

Parity. The spherical harmonics with an even [/ do not change their sign upon the 77 — —7 inversion while those
with an odd [ do:
Y™ (=) = (1) Y/"(7) (92)

Thus, we numerically quantify the parity by values (—1)".

8Some intermediate calculations and results needed for these and similar calculations will be convenient to write:
L.(2?) =0, L.(y?) =2iyz, L.(2%) = —2iyz, L,(a%) = —2izz, L,(2%) =2izz
Lo(za) = —iay, Lo(y) = i(2—y?), Lylay) = —iyz, Ly(zn) = i@@® —22), L,(yz) = iay

There is no need to calculate explicitely all of the, for several of them can be derived by the cyclic permutations of the coordinates.
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Orthogonality and Normalisation.

/ Yém* (79’ QD)YEZ?%' (f&7 gp) dQ = 5ll’5mm’ (93)

where d) = sin ) d dp is an element of the spatial angle and the integration goes over the entire range.

Completeness. The spherical harmonics form a complete set of functions on a unit sphere. In other words, any
function of the variables 1}, ¢ can be expressed as a linear combination of the sphererical harmonics.

o) l

FW,0) =) amY™(V, ) (94)

=0 m=—1

Listing of the Lowest Spherical Harmonic Functions.

Y0, 9) = \/g (95a)
Y0, ) = — 8% sind e'? (95b)
Y20, ) = % cos ¥ (95¢)
Y0, @) = % sind e ¥ (95d)
Y2(0, p) = \/312:57r sin® ) ¢'%# (95e)
Y3 (0, p) = — g sin® cos 1 e'¥ (95f)
Y (9, 0) = % (g cos” ) — %) (95g)
Y, (0, ) = g sin cos ) e ¥ (95h)
Y, 2(9, @) = % sin? 1) ¢ 127 (951)

The following sections of the current paragraph (4.6.3) need to be read carefully and known about, but you will
not have to know how to derive the formulae that appear here, neither memorise them.

General Formula for the Spherical Harmonic Functions in the Condon-Shortley Phase Convention [6, 2, 3, 5].

m m (201 (—m)! o
Y (0, ) = (—1) \/ ym El—i—mglpl (cos®)) '™ form e {0,1,...,1} (96)

Evaluations of the spherical functions at negative indices m can be obtained with the aid of the relation (which we

will not prove)
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Hence, in the Condon-Shortley phase convention, the spherical functions with positive ms will oscilate with m
because of the factor (—1)". There will be no such oscillations in the case of the negative-m spherical function.

P (x) is the associated Legendre function of the degree [ and order m. It is defined using the Legendre polynomials
P(z):

dm
PMzx)=(1- xQ)m/zd—Pl(x) form >0 (98)
x’m
The Legendre polynomials can be expressed using the relation
Pi(x) = g (o — 1)1 99

which is the Rodrigues formula.

The Condon-Shortley convention is usual in quantum mechanics. Recall that we have introduced it in relation
with the general angular momentum [equations (69)]. Indeed, in calculations such as those we did using the lowering
operator in sections 4.6.1 and 4.6.2, the same signs of the spherical harmonic functions are obtained as we have
written in the listing (95a)-(95i). To make the convention for the spherical harmonics completely described, they
are defined so that:

« the functions Y} for even [ are positive, that is, for example, we will have a > 0 in the formula f, 1, = a(z+iy)? =
ar? sin® 9 e'2# [see (86)],

« the functions will be negative for odd [, see for instance Y, * above.

In literature, one can often see spherical harmonics typed with both their indices as subscripts (Y},,); this is
most frequently being used for the real spherical harmonics, which are the functions expressed from the real and
imaginary parts of the usual (the complex) spherical harmonics (96). In the book [2], however, this notation is used
for the complex spherical harmonics (96). We can also find formula (96) used for negative indices m. This can be
done if we, e.g., define the Legendre polynomials for the negative values of m too, which would not be difficult [6, 5].

5 Particle in a Spherically Symmetric Force Field

An example is the hygrogen atom in which the electron moves in a coulombic field.

5.1 General Spherically Symmetric Field

At least at the beginning, we will solve a more general problem, a one with an almost arbitrary sperically
symmetric potential energy. The task is to determine the eigenenergies and corresponding wavefunctions of such
a Hamiltonian [1, 2, 3], i.e. to find solutions to the equation

a0

2

h
H= —%A +V(r) (101)

where the Hamiltonian is

V'(r) is the spherically symmetric potential energy. It is often being called a potential, but its dimension (units) is
that of energy.” We will show as an exercise that'

[H,L,) = [H,L,] = [H,L)] = [H,L*] =0 (103)

%V (r) differs from a potential by just a constant multiplicator; this can easily be seen if we express explicitly that it is a potential energy
of a point charge ¢ in an electrostatic potential U(r): V(r) = qU(r). Here U(r) is really a potential, i.e. also by its dimension.
Using (43), (105) and (106), it can be shown that the Hamiltonian (101) can be expressed in the form

H=H, +

h* 0,0
L2 where Hr = —Wa (T2a/]ﬂ) + V(?") (102)

2mir?

The AM operators do not depend on 7. Then, using also commutation relations of the type [L?, L] = 0, is is easily seen that formulae (103)
really apply.
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Therefore, it is possible to find commnon eigenfunctions of chosen three operators, for instance L., L?, H. (We can-
not add a fourth one since the cartesian components of L do not commute.) We will use the selected commutating
operators to find solutions to the problem (100). We have already found the common eigenfunctions for the two op-
erators, L, and L*: the spherical harmonic functions Y;™ (¢, ¢). In order for some eigenfunction of the Hamiltonian
H to be also an eigenfunction of the operators L. and L?, the angular dependence of the eigenfunction must remain
the same as it is in the case of the spherical harmonic functions. Therefore, the solutions to the problem (100) must
be sought in the (factorised) form

() = R(r)Y;" (0, ¢) (104)
We need to find the unknown functions R(r) and of course also the eigenvalue (energies) F. For the Laplace operator

appearing in (101), it is advantageous to use the expression using spherical coordinates. (which we will learn about
in the exercise):

- 10 0 1
A=V2i=—_—(r2= —V? 105
v r2 Or (T 8r) + TQVWD (105)
where oy 5 Lo
2 Yl 99 i
Vig = sind 90U (SIHQ?(?Q?) - sin? 1) Op? (106)

The Laplace operator and the derivatives in it act on functions in the followig sense:

. 1
Vif = 19 (ng—f) + and similarly the remaining terms
r

We then write our Hamiltonian as follows:

RPl1o/(,0 1
H=—|S— (=) +=5V3 107

2m [7’2 or (r 87“) * r2v§’4 +Vir) (107)
Substitute the Hamiltonian (107) and the proposed form (104) of the solution into the stationary SchE (100). We will
get the equation (omitting indices [ and m and the function variables)
2 (10 [ ,0(RY) 1_,
—— S || + 5V (RY VRY =FERY 108
2m {TQ 8’]" |:/r ar + 7»2 197‘»0( ) + ( )
We will now use the standard procedure for solving separable differential equations (DEs): we do the derivatives in
this way:

or  dr

and divide the whole equation by the expression RY. We regroup the terms and get the equation

O(RY) _ dR

1 d/ ,dR 2m 1 _,
- — — — 1| E=V(r)] = —=Vy.,Y 109
R dr (T dT) + h2 r [ (T)] Y 9,0 ( )
This is already a differential equation in a separate form, because one group of terms depends on only one of the
variables (), while the other group depends only on the remaining variables ¥, ¢. Therefore, no matter how we

change e.g. the variable r, the right side of the equation will certainly not change, and therefore neither its left side.
Thus

1 .
— ?vgwy — konst £ \ (110)
Knowing that [see (43)]
L* = —h*V3,
we obtain
LY =h2\Y (111)

which is the problem that we already dealt with and solved [results (90a), (90b) and further in that section]. This
time we have “peeled off” the sub-task [equation (111)] from the larger task — from the problem of the particle in
a spherically symmetric field. After simple rearangements and substiting A = [(I + 1), differential equation (109)

then takes the form 1 d dR 2 l(l 1)
5 m R 0
r“—1/ 1 +< —|FE -V - 1z

r2 dr ( d ) { h2 [ (T)] 7"2 } ( )
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This is sometime called the radial Schrédinger equation. R(r) is the radial wavefunction. If we do the outer deriv-
ative with respect to r in radial SchE (112), we obtain its other form:

dQR+2d_R+{2_m[E_V(T)]_M}R:() (113)

@ e TR 2

This is an ordinary dofferential equation of the 2" order.

Physical Meaning of the Term with 1.

B* 11+ 1)
2m  r?
This is an effective potential energy of given particle with inclusion of the contribution of the centrifugal force.
Details can be found in the book [2] and other.

Vi=V(r)+ (114)

Simplification by a Substitution.

X(r) = rR(1) (115)
Using this substitution [1], the radial SchE (113) is simplified to'!
d?y 2m I(1+1)

This ordinary differential equation (DE) belong to the class of singular differencial equations. The total wavefunction
for the spherical problem is then, according to (104), expressed as

o) = XD v, o) (117)

Restriction to Bound States. It is known that problem (100) of a particle in a central (i.e. a spherically symmetric)
field has two kinds of solutions:

« Bound states — these are states, a wavefunction of which is localised around the force centre which mean that it
vanishes are large r: limj7_, [¢/(7)| = 0. Physically, this means that there is a high probability of finding the
particle near the centre and tiny (practically zero) find it somewhere far from it.

« Scattering states — these are states, a wavefunction of which is delocalised, that is the above-written limit is non-
zero. Physically, this means that the particle can with a non-negligible probability be found even at large distances
from the force centre

We will discuss further properties of this two kinds of states a little later. However, we state already here that we
will only search for bound states. Their wave functions, as we have written above, acquire non-negligible values in a
certain restricted spatial domain. Therefore, we require the normalisation condition'

/|¢(F)|2d3r =1 (118)

to apply. We express the integration element using the spherical coordinates:
d*r = r?sind dr dv dp = r2dr dQ (119)

From the normalisation condition (118), and from the conventional normalisation of the spherical functions, [ |Y;" (¥, ¢)
1 [more generally expressed by the orthonormality (93)], the following condition for the normalisation of the aux-
iliary function x(r) is obtained:

/ ()P = 1 (120)
0

For such an integral to exists, x(r) has to converge to zero sufficiently rapidly (for r — o0).

dR 1d d2R 2 2d 14?2
To obtain it, we need to derived the relations — = —% + = &X' and also -5 = 3X— 3 &2 —>2< )
r r dr dr r3 r2dr  rdr
12In the case of scattering states, the wave function could not be normalized to a finite number because it is not limited to a finite region

of space. By convention, we would “normalise” it to the ¢ function.
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Solving Equation (116) in a Neighborhood of the Singular Point » = 0. Assume that the potential of the given
problem fulfills the condition
lim [*V(r)] =0 (121)

r—0

Although this somewhat reduces the generality of the class of potentials being studied, let’s realize that this is

fulfilled for any potential that doesn’t diverge at the origin, and even for many that diverge. It is especially important

that the condition (121) is fulfilled also by the Coulomb potential for which the potential energy is V' (r) o< 1/r (i.e.

which diverges at the origin). So, we can neglect some terms in singular DE (116) for » — 0 and obtain the equation
>y I(l+1)

R x =20 (122)

We try to find a solution of the equation in the neighbourhoud of the singular point » = 0 in a form of the power
series

x(r)=r° Z dy, "
k=0

(The factor 7 stands there for a case if the series started from the term r* and it is practical to be prepared to that
in advance.) It we limit our treatment to really very small r, then it will be sufficient to consider the lowest term of
the series: x = dyr®. We substitute it to equation (122) and obtain

I(1+1)

r2

ala—1)dyr*? — dor® =0 (123)

and subsequently
ala—1)=1(1+1)

which is a quadratic equation for « (at a given quantum number /). Its solutions are
1+1 1
ap=Il+1 = xyoxr™, ay=—l = XX
r

We reject the second of these solutions as unphysical, because such a radial wave function x(r)/r would certainly
be unbounded at » — 0. Therefore

1
chlrl+1+62ﬁ’ kdeCQZO

Solving the Equation (116) for Large . Assume that the potential energy V' of the particle under study fulfills

lim V(r) = V = const (124)

T—00

Then we can neglect the term with 1/r? in DE (116) and the equation thus take the form

d>xy  2m

ﬁ—Fh—Q(E—Vm)X:O (125)
This is a linear ordinary DE of the 2" order with constant coefficients, thus very simple in its form. During your
studies, you probably encountered the equation of this form many times, for the first time in the study of the linear
harmonic oscillator (where the independent variable was the time ¢, not the distance ). Thus we know that it is
easy to solve analytically. However, we must distinguish the cases in this equation:

+ I/ — V, > 0; The equation is then really the same, from a mathematical point of view, as the one for a harmonic
oscillator, with oscillating solutions, i.e. functions of the type cos kr, sin kr, or, equivalently, etk I is a real

number: k = \/ 2m(E — Vs, )/h*. These are functions that definitely do not exhibit localisation to some finite
spatial domain. Therefore, they correspond to the above mentioned scattering states [see above eq. (118)]. Thus
we have just found out the stattering states have energies greater than V. Although the scattering states
cannot be normalised, they are not sheerly unphysical and they are of great importance for physics. In this course,
however, we will not address them in details, as we have stated it above eq. (118).
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+ E -V, < 0; equation (125) then has solutions in a form of non-oscillating exponential functions. We are going
to address these solutions and as we will soon see, one of them is physical and corresponds to a bound state.

Denote
2
%QZH—T(VOO—E) >0 (126)
Then
d2X 2 _0 _B —xur B nr B _O _B —xr
T2 - FX=0 = x=Bie"+B ¢ = By=0 = x=DBie

diverguje

The solution of the form e*”, where s > 0, is unphysical, because for large r it would yield infinite values of the
wave function. Hence we dropped it. But the solution e™*" gives a bound wave function which is even localised in
the vicinity of the potential centre. Therefore, this solution corresponds to a bound state. So, with the help of (126)
we found out that bound states have energies smaller' than V..

A classical analogue to our system under study is a body in the gravitational field of a mass centre: for instance,
a planet or a comet in the gravitational field of the Sun, as an (almost) motionless mass centre. If the mechanical
(kinetic plus potential) energy the moving body is negative, the body does not leave the space of the solar system
and it orbits an ellipse around the Sun. This is the case of planets as well as the periodically returning cometes.
If, however, the mechanical energy of the body is positive, it keeps moving away from the solar system — will not
return to it. This is the case of, e.g., space probes Pioneer 10 and Pioneer 11 to which the so-called escape velocity
was given, sufficient to untie them from the Sun. This is the classical analogue to a scattering state.

Summary. The radial function R = x(r)/r of a bound state in the problem of a spherically symmetric potential
has the asymptotic behaviour approximately as follows:

r, r—0

Ry(r)ocq 1 (127)
—e " r— o
r

where ¢ is given by formula (126). In deriving these results, we used the assumptions that the potential energy
V(r) around the origin fulfills the condition lim,_, [r?V(r)] = 0 and that at large distances from the centre
lim, o, V(r) = Voo = const. [ € {0,1,2,...} is the quantum number following from solving the angular part of
the whole problem formulated by equation (100). We added the quantum number / as an index to the radial wave
function because the function depends on it, as it follows from the above said. To determine the radial functions
completely, we must, of course, specify a particular form of the potential energy V' (r). We will then discover that,
apart from the quantum number /, the radial function will depend on another quantum number.

It is highlighted above that the asymptotics (127) is only approximate, in a kind of framework sense. We will
see this later in the case of the hydrogen atom, and we may be able to wonder why the above considerations about
asymptotics at singular points were not entirely consistent.

The whole wave function (104), since it is also to have a probabilistic interpretation, must be normalized to 1,
which is expressed by equation (118). And since the spherical harmonic functions are also normalized to 1 [see (93)
for [ = I', m = m/], the radial wave functions must also be normalized to 1:

/OO Ri(r)r*dr =1 (128)
0

We have already expressed this equivalently by condition (120) for the chi(r) function.

BThe usual case is V,, = 0. For example, the Coulombic potential energy satisfies lim,_, o q1q2/(4meo ) = 0. Therefore we often say
that the bound states have negative energies and the scattering states positive energies. Let us, however, work with a general V. in the
case of a general spherically symmetric potential. V.
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5.2 'The Hydrogen Atom and Like Ions

This is a particular example of a spherically symmetric force field or a potential; hence we will discuss this whole
section as an exercise.

We now make the potential energy V () specific:
1 Ze?

Vi(r) = QP (129)

Thus, we take the value of Ze as the nucleus charge; the case of Z = 1 would correspond to the hydrogen atom,
the case of Z = 2 to the kation He" of the helium atom, to the kation Li*T, etc. To save writing, let’s introduce the

notation [2]
2

2 €
6,

= 130
47’(’60 ( )

5.2.1 The Eigenenergies and Wavefunctions

The task to be solved is equation (116) for negative energies, for those correspond to bound states. For the actual
potential energy, the constant s [see (126)] will be expressed as

— (-E) (131)

as Vo, = 0 [see (124)]. The constant s is an inverse length, as for its physical dimension. Therefore, it will be useful
for us to introduce a dimensionless distance from the nucleus:

[p=2r]= /-3 Er (132)

We will now rewrite the DE (116) using the dimensionless distance p. Instead of y = x(r), it then becomes con-
venient to use some other, differently denoted function;'* let it be x(p):

X(p) = x(r) (133)
We express
dy dxdp dy d*x 2 d%X
X AT gt R it
dr dpdr dp dr? dp?

and obtain the DE (after dividing by the constant 45¢%)

d’y  [2mE L 2m Ze® 11+ 1)) . 0
dp? R24s¢2  R? 2p 02 N
We will use the expression for s according to (131) to cast the equation in the form

Ex [0 ez 0+1)]
dp? 4 FE 2p 02 X=

This motivates us to introduce also the constant
Ze'% 3¢
2F

the value of which is positive (as £/ < 0 and which can be, using (131), expressed also in the form

m Z2 et
PN e (139

“4In similar cases, a different notation is usually omitted. Strictly, however, a function expressed using another variable should be
labelled differently. So at least now we’re doing it here, though not elsewhere. This depends on the circumstances when it is appropriate
and, conversely, when a different notation would be a just an unnecessary complication.

f=- (134)
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(See also [2], where this constant is introduced for Z = 1.) So, we finally arrive at a compact DE

¥~+{ 1+6 la+”]x:0

dp? 1 p P

(136)

According to the general® result (127) and using (115), we already know how its solutions behave at the singular
points:
(137)

—Ar

e, r—oo

Mﬂzﬂ@d{

o r =0 P p—=0
o
e po oo

Of course, we want to find the form of the solution also elsewhere, not only in these extreme points. So we can look
for it in the form

X(p) = p e u(p) (138)

where v(p) is some unknown function to be determined. Substitute this Ansatz into DE (136). After rather lengthy
but simple manipulations, we obtain a differential equation for v(p):

U g dv I— 1w =0 139
pap HRUFD =g+ (B—1-1u= (139)

which is no more a singular DE. We look for the solution to it in a form of a power series

o0

v(p) = Z crpt (140)

k=0

This yields expressions for the derivatives:

:ikckpkl, v ik k—1)eppt™
k=1 k=2

When we substiture all this into the last DE, we get

ST k(k = Do+ 2041) = o] Y kep T (B-1-1) apt =0
k=2 k=1 k=0

We now reexpress this equation to the form

oo

Z [ something, ]p* =0

k=0
This will be possible if we properly shift the summation indices. The resulting equation will be
> Aerplk(k+ 1) +20+ D)k + 1) — (b +1+1-8)} pF =0 (141)
k=0

For this must hold for any (non-negative) p, the coefficient multiplying the expression p* has to be zero for each
index k. From this finding, we obtain the recurrent formula

o ktlt1-p
Tk DRI+2+k) "

(142)

So, we succeeded in finding a way how to complete the solution of the DE (139), and by this also of the whole problem
of the hydrogen atom. But will this solution automatically be a physical one? The coefficient ¢, determined are to

15although that one in some cases is not fully accurate, but it will not matter
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be substituted to series (140). Let us explore if the radial wave function with the v(p) determined in the above way
tends to zero for p — oo as it ought to. For this purpose, let us first see how the series (140) converges.

Ck+1 1
- — [k ——
C [ - OO] k

We know that the same ratio is found also for the exponential function e’:

= 1 b 1
[ — _ k = ﬂ — k — —
=2 g R
k=0 "~
bk
It means that the function v(p) will behave as an exponential function for large p:
v(p) x e’ pre p — o0
Now look at Ansatz (138). We see that for the v(p) just examined

l+16p/2

X(p) < p for p — oo

i.e. it diverges. Thus, the determined solution is unphysical. However, the hope of finding a physical solution
will come to life when we realise this: if the coefficient ¢ is zero at certain £, then, according to the recurrent
formula (142), also all higher coefficients vanish. By this, the infinite series (140) becomes a polynomial and con-
sequently its values will be quantifiable for arbitrarily large p (it will be convergent, in other words). Denote its
degress as n,. Let us examine its asymptotics:

lim ¥(p) = lim p*e *?u(p)  lim p*le?/2pmr =0
p—r00 pP—r00

p—00

Thus, such a solution is physical. So, we want
Crpa1 =0, o #0 (143)
Recurrent formula (142) applied to k = n, then yields that
B=n.+1+1 (144)

Looking at the definction of the constant 3 [formula (134)], we already see that the eigenenergy E will depend on
the indices, that is, it will be quantised. We will make this more specifice later. As we also see, we got [ as a natural
number (a positive integer), since [ is a non-negative integer and the degree of the polynomial is

n. €40,1,2,...}
Therefore, we have a good motivation to change the notation of /3 to n:
B=n €N (145)

Already at this point we can, using (135) and (130), express the eigenenergies of the hydrogen atom or its like ion'’:

2\ 2 2
m e 17
0
16In Hartree atomic units, e = m = h = Zlﬂlieo = 1. Thus, in these units ¢* =1 and
A 122 Z Z
ﬂ— _ﬁ7 En__iﬁ 5 n—1,2,3,..., %n—g, p—2g7’ (146)

which are often more practical and easier to remember expression; cf. also (151).
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We have not discussed this expression in connection with the contributions of the kinetic and potential energy, but
you can read something about it in Appendix B, for example.

The analysis done above [see (144) and (145)] implies that a certain value of the quantum number n can be
obtained from several combinations of the numbers n, and /. Different n, values imply different degrees of the
polynomials, so also different eigenfunctions. Similarly, different values of [ imply different spherical functions,
thus also different eigenfunction too. In other words, the eigenenergy F will be degenerate (except from the case of
n = 1, as we will see). So, the indices are coupled according to

n=n.+1l+1, n.,1e€{0,1,2,...} (148)

that is (and for completeness we add also the quantum number m which should not be confused with the mass
denoted by the same symbol)

ne{l,2,3,...}, 1€{0,1,....n—1}, me{-l,—l+1,...,1}||, |n=n—-1-1] (149

We now summarise what we have learnt up till now about the eigenfunctions and let us try to find expression for
them. We have found out that the radial function will depend on the quantum number /; see (127) in the section on
the general spherically symmetric potential energy. Then, in the present section, we discovered that it will depend
also on the quantum number n. Therefore, we will write R(r) = R,,;(r). In order not to be lost in the sequence of
the various substitutions and steps, we first recall and run through the subsequent expressions (104), (115), (132),
(133), (138), (140), (142), (148) which lead us to the finding a mathematical expression for the wavefunction. By
putting together the appropriate formulae, we get

77bnlm (T7 197 Qp) - Rnl(r)yzm(197 @) (150)

The index n is called the principal quantum number; it determines the energy of the eigenstate. The index [ is
called the orbital quantum number; it determines the magnitude of the angular momentum. The index m is called
the magnetic quantum number; it determines the projection of the angular momentum on the z axis (i.e. the z-
component). The scaling constant ¢ defined by formula (131) depends on the eigenenergy; this dependence can be
converted on the dependence on the principal quantum number:

me* 7
S sy

The radial function will then be expressed as

~ 1 Ze
R (r) = m = QKnM = 23, — pl+1e_p/21)(p) = Q%nple_p/Qchpk
r P p P
tj.
R (1) = 22, e P2 Z cxpr (152)
k=0

The above exposition implies that the radial functions R,,;(r) and, of course, the auxiliary radial functions x(r)
a X(p), can be determined to be real.

Degeneracy of the Levels. Using formulae (147), (149) and (150) we can see that the level n = 2 is 4 times degen-

erate'” Generally, the n™ level is n? times degenerate, i.e. there are n? mutually linearly independent eigenfunctions
corresponding to the energy level E,. (The number n? is not difficult to calculate. you just have to think about it
and know how to add an arithmetic sequence.) We also see, whence the degeneracy comes from: a part of it comes
originates in the sperical harmonic functions Y;™, in which for each [ we have 2/ + 1 different values of m. This
degeneracy is related to the spherical symetry of the problem under study [2, 3]. The other part originates in the
radial component of the solution, as for one principal quantum number n, we have n different magnitudes of the
angular momentum, thus n different indices /.

In these considerations, we do not take into account the spin degeneracy. We only consider the eigenvalues and eigenfunctions of
Hamiltonian (101) with the potential energy (129).
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5.2.2 Calculations of the Radial Wavefunctions

In principle, we have already determined the radial wavefunctions by the expression (152) and by the recurrent
formula (142). There are several reasons, why this is not a final form yet. For example, we have not yet determined
the coefficients c; we only know that we will have to apply the recurrent formula and surely also the normalisation
condition. We are now going to do these calculations as an exercise. For this purpose, we first write in one place all
needed formulae and quantities in a convenient form.

The auxiliary constant sz, [see (151)] has a dimension of inverse length. Therefore, it can be very conveniently
expressed in terms of the first Bohr radius ag of the hydrogen atom,

o 52477'60

ap = =0,5291772083 .10 °m (153)

me?

or, here even more conveniently, with the help of the generalised first Bohr radius az, which characterises an
hydrogen-like ion with Z protons:

a
The constant s, can then be expressed as
1
nayz
where we displayed its dependence on the proton number Z. Further formulae needed are
p = 22,1 (156)
)NCnl(p) = an(r) = TRnl<T) (157)

We are going to search the radial functions on the space of real functions; we have found out that it is possible to do
so. We will express the normalisation condition, for instance specifically for the function X,;(p), according to (120)
by the equation

1

2,

/0 Xa(p)dp =1 (158)

which is perhaps a most practical one to calculate the coefficients using the normalisation condition. We will also
need the recurrent formula (142), which we now rewrite using n instead of /:

o k+l+1—n
T R+ D)2+ 2+ k

y (159)

We will do our following calculations of the coefficients ¢, with the use of the functions X,;(p). Thus, according
to (157), (156) and (152) we express

Ny

)an(ﬂ) _ e—p/Q Z Ckpl—i-k—i-l (160)
k=0

Wavefunction for n = 1. According to (149), [ = n, = 0. Using this we obtain Y = pe~"/%c,. Using the
normalisation condition, we get ¢y = /7r;. We note in passing that it is worth to calculate integrals of the form

I, = / x"e”* dxr = n! (161)
0
We arrive at the results
1\ 32
Ryo(r) = (—> 2e "z (162)
az
Wavefunction for n = 2,1 = 0. In this case n, = 1; thus
%,0,0(7“7 197 ()0) = Y'DO (197 80) 2%2 eip/Q (CO + Clp) (163)
whereas according to eq. (142) ¢; = —¢/2 etc. (An exercise.)
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Wavefunctions for n = 2,1l = 1. In this case n, = 0; thus

Ya1m(r, 9, 0) = Y{"(0,0) 227" o p

atd. (An exercise.)

Listing of the Lowest Radial Functions for a Hydrogen-like Ion with the proton number Z.

the hydrogen atom itself as the particular case of Z7 = 1.)

(32:)
(32:)
o= (5) " S () e
(52:)
(

3/2 2
LN 2 2 /G
?)CLZ 27 5 az

(164)

(This includes also

(165a)

(165b)

(165c)

(165d)

(165€)

(165f)

6 Approximate Methods of Solving the Stationary Schrodinger Equation for

Bound States

Thus, the task is to solve the problem [1]
Hu,, () = Epu,(F)

(166)

where H is a time-independent Hamiltonian of a system. Now we use symbols u, () for its eigenfunctions. To
keep the notation simple, we limit our treatment to one-particle systems; the principle of the method can, however,

be directly generalised to many-particle systems.

6.1 The Variational Method

Definition 7: A function f(7') is called quadratically integrable if

/|f(f’)]2d3r <%

(The integration is taken over the entire space.) In other words, f is a normalisable function.

Theorem 8 (the variational principle): Assume that H is a hermitian operator with a discrete spectrum
with the lowest eigenvalue being Ey. Let the eigenfunctions of the operator H form a complete
orthonormal system (set). The following inequality then holds for arbitrary quadratically integrable

function f(r)
JERGLAGLE

> F,

(167)



Proof: In accordance with (166), we denote the eigenfunctions and eigenvalues of the operator H as un(7) and E,.
The assumed completeness of the set of the functions w,,(7) in other words mean that any function can be expressed
as their linear combination. Exactly in this way we do with the function f(7): rozvinieme ju podla sustavy vlastnych
funkcii operatora H. we will expand it in a series By convention, we will be using the indexing of the eigenfunctions
and eigenvalues so that they would start from n = 0 (the lowest eigenvalue) and Fy < F; < Fy < ... . Individual
eigenvalues may also be degenerate, i.e. some of them may be equal each other. The expansion under consideration

then reads .

n=0

The orthonormality of the eigenfunctions of the operator H assumed by the theorem is expressed as
/u;kn(f’)un(F) d*r = Gpn (169)
We can similarly expand N
)= i)
n=0

Substitute now these expressions into the left-hand side of the variational principle (167). Calculate

/f FVH f (7 ’I“_ZZC cn/drgufn(F)flun(T): see (166)] ZZC Cn/dTSU (7 Epun (1) =
m=0 n=0 m=0 n=0

= [the orthonormality] = Z o By

Now we can immediatelly write also the results for the denominator of the variational principle (167):

It is obvious that

We multiply each of these inequalities by its respective |c,|*>. We then add the inequalities together. In this way we

get
e’} 00
lﬂ)j{:|an SZ}E:”E%‘C”F
n=0 n=0

i.e.

what needed to be proved.

Remark: If we were interested how to calculate (at least formally) the coefficients ¢, in the proof just done, we
would take equation (168), multiplied it by the function v}, () and integrate over the integration domain. Using the
orthonormality (169), we would obtain the expression

o = / ut (7) £ (7) dor



Coeflicients are being expressed in this way very often in quantum physics and especially in studies of electronic
structure,

How to determine the eigenfunctions and eigenvalues using the variational principle (167)? The principle itself
does not provide any result for the functions nd values. We can, however, construct a trial function f (7, a1, aa, . .., a,) =
f(7, @), in which @ = (a4, as, ..., a,) are some parameters. We substitute the function into the left-hand side of
the variational principle (167). By doing this, we get a function F' which depends on the chosen parameters:

/f o) f (7 ) dPr

[ rasEa e

We determine such values of the parameters o, at which the function f has its global minimum. Let us denote
them by &, ..., @,. In this way, we managed to approach the unknown exact lowest eigenenergy £, as much as
possible for the proposed form of the trial function. We will declare that the lowest of the values F' we were able
to determine be an approximation to the ground-state energy. It is an upper estimate for the exact energy. We
will declare that the trial function (the one with the optimal values of the parameters) is an approximation to the
ground-state wavefunction.

= F(ay,...,0p) (170)

Although the above method may seem rather crude, it can give excellent results with a suitably chosen trial
function and a sufficient number of parameters. Since we usually cannot find exact solutions to problem (166)
(except for a few cases, such as the hydrogen atom), we must use approximate methods of solution. It is the variation
method that is used very often, which we will talk about later.

The variation method can also be used to find some of the lowest excited states of the system (i.e. those that
have their eigenenergies greater than F;). We will show this for the case when the ground state is non-degenerate
(which is a common situation).

Theorem 9: Assume that H is an operator as in Theorem 8 and that, in addition, its lowest eigenvalue
Ey (the ground state) is non-degenarate and its respective eigenfunction is uy(r). Let g(7" be a
quadratically integrable function orthogonal to o(7). The inequality

> B (171)

then holds, in which E is the energy of the first excited state (and it can also be degenerate)

Proof: Similarly as in the previous theorem, we expand the function under consideration into a series of the eigen-
functions of the operator H: H:
o0
= Z Cr U (T°)

This time, however, we have omitted the eigenfunction uo(7") of the lowest level from the linear combination, because
according to the assumption, () should be orthogonal to u,(7). (We can easily be convinced explicitely that if we
include the term with cyug(7) into the summation, the orthogonality

/ g () uolF) & = 0

would not apply.) We proceed similarly to the previous proof, but with the difference that we write a sequence of
non-strict inequalities.
Ey<E, pren>1

and again, we apply the summation only from the index 1. In this way we arrive at the inequality (171) of Theorem 9,
what needed to be proved.
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Theorem 9 applied to the Hamiltonian operator thus allows us in principle to find an upper estimate of the ei-
genenergy of the first excited level and the approximate wave unction of this level (which can also be degenerate).
We need to optimise the trial function for this calculation, similarly as in the case of Theorem 8. According to The-
orem 9, we construct the function to be orthogonal to the ground state. After an optimisation, the trial function will
become an approximate eigen-wavefunction of the first excited state. Thus, before calculating the excited state, we
need - at least in principle - to have a determined wave function of the ground state (using a variational caclula-
tion vased on Theorem 8 for example). Since the wave function of the ground state is usually only approximately
known, the calculation of the excited state in this way on the basis of the knowledge of the approximate eigenstate
will generally be less accurate than the calculation of the ground state. And it can be seen that similarly we could
look for higher and higher levels (but increasingly less accurate).

However, the specific implementation of the variational method is such that we calculate the ground state and
also a certain number of excited states at once, by searching for the whole system of eigenvectors and values of the
matrix (we will talk about this in section 6.1.1). Then we can achieve that the accuracy of determining the excited
states will be similar for a given Hamiltonian as the accuracy of determining the ground state (and at the same
time such as the numerical diagonalization method used is able to achieve). However, as we will learn later, in the
search for excited states of many-electron atoms or molecules, we also encounter principally different fundamental
difficulties, and these in particular will impair the accuracy of the results.

Even degeneracy of any of the levels is not an obstacle to the application of the variational principle. We have
formulated Theorem 9 for the case of non-degenerate ground state for the sake of brevity and greater clarity only.

In Theorems 8 and 9, we assumed that the spectrum of the operator H is discrete and that the corresponding
eigenfunctions form a complete set of functions. However, even this (absolute) completeness is not necessary; if we
want to find the wave functions and energies corresponding to the discrete part of the spectrum by a variational
method (that is bound states, i.e. spatially localized and bounded eigenfunctions), then it is sufficient that the set of
functions u, (1) allows to expand in series (168) any spatially localized function f(7), because we don’t even want
to find another one.

Theorems 8 and 9 show us that stationary SchE can be understood as equivalent to the variational principle. Not
only is this an important theoretical knowledge, but it gives us certainty in practical calculations that we cannot
”shoot under (the target)” when calculating the energy.

6.1.1 An often used Version of the Variational Method

The trial function is most frequently (especially in numerical calculations on computers) being seached in the
form

Fa) = aifi(7) (172)
=1

where f;(7) are some known functions. We used a shortcut notation for the set of the variational parameters on the
left-hand side (LHS): o = (a1, g, . . ., ). If some (usually unknown) function is expanded in a series of known
functions, the sequence of the functions [in this case f;(7°)] is called a basis set, or briefly a basis. We should now to
minimise the function F'(«) defined by fraction (170), that is, to determine the optimal parameters &, for which the
function F'(«) acquires its minimum value. Substituting for f(r; a) gives

*
E E a; Hz'j ay
i

Fla) =
() SN i sya, (173)
where
H;j = / f5(7) H f;(7) dr (174)
Sy = / £V £5(F) dr (175)
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H;; are the matrix elements of the Hamiltonian in the given basis. .S;; are the overlap integrals, i.e. scalar products.
Hence, the basis functions f; neeed not be normalised to 1. They even need not be (mutually) orthogonal. (If they
are, then calculations with them are simpler, od course.) Since we are in quantum mechanics, the function f (7, «)
should be (once the opetimal parameters have been determined) a wave function of the electron, possibly of some
other particle. For this reason, we may already at this point require its normalisation to unity:

/f*(F; Q) f(Fia)d®r =1 (176)
Therefore, the denominator of fraction (173) has to be 1 for a correct function f(7; a):

ZZO&: Sij a; = 1 (177)
g

However, in doing a minimisation of the function F'(«), the trial function f (7, «) is being varied in a rather arbitrary
(e.g. also random) way. These variations would in general lead to violation of the condition (176). Thus, if we aimed
to straightforwardly minimise F'(«) [given by formula (173)], we would relly have to consider and to write also
its denominator.”® However, we better want to avoid this as it woult not be practical. We prefer to minimise the
simplified function

p p
Faaal(a) = > Y o} Hyj o (178)

i=1 j=1

while maintaining condition (177). This mathematical task can be solved using the Lagrange multiplier (LM) method:*’
we define the new function

p
F(Oé, /\) = Féitater(a) —+ A (1 — Z Oé;( Sij ozj> (179)
ij=1
The the yet unknown constant A is called the Lagrange multiplier. The extrema of the function F'(«a, \) are de-
termined by calculating its partial derivatives with respect to the particular arguments, which are the (in general)
complex parameters ;. It is a set of p complex variables, i.e. 2p real variables. We decompose each of the «; to its
real and imaginary parts: ; = X4 1iY}. By doing this, we obtain the following equations (the necessary conditions
for the extremum):

OF OF  OF oF _ oF _ ., OF _
D N

0 (180)

0. ——=0. — =
0X, ) ] T 00X, T OY,

It is shown in the short Appendix C that the set of 2p equations is equivalent the set of 2p equations

or oF oFr
— = — =0, ... — = 181
Doy 0, Doy 0, ’ D, 0 (181a)
orF oF or

= =0, ... = 181b
Do 0, Do 0, ’ dozy 0 (181b)

*

7 are used. We express the function to

in which the partial derivatives with respect to the complex variables «; a o
be minimised by the formula

p
Fla,\) = A+ > af (Hy — ASy) a (182)
ij=1
We could take A for a variational parameter too. By doing this, we would obtain one additional equation with a
partial derivative, but this equation would not yield any new information. Therefore, the first term (the LM alone)

¥The denominator corrects for the possible improper normalisation of the function f (7, a) and guarantees that the energy is evaluated
as if the function f (7, @) was normalised properly.
YIts principle is nicely geometrically explained form instance in [2].
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is omitted in the literature [2]. By calculating the derivatives and markinh that they shall be zero, we obtain

aF P * let be
GT% = ;O&i (sz — )\Szk) = 0 (1838.)
OF et be
S > (Hij = ASp;)a; =7 0 (183b)
ag =
ke{l,2,...p}

The =" 0 equations are actually two sets, each of which contains p algebraic linear homogeneous equations with
p unknowns (o alebo «;). It is convenient to express these equations in explicit matrix forms and to put the terms
with A to their right-hand sides. For example, the second part of system (183) can be written as follows:

H11 H12 ...... Hlp (03] 511 512 ...... Slp (05]
H21 HQQ ...... ng 9 -\ 521 S22 ...... S2p (67) (184)
le Hp2 ...... pr ay Spl Spg ...... Spp Qp

It is recommended to write also the first part and in this way to find out that by its complex conjugation *° we obtain
an equation almost the same as (184); they would differ only by A\* in the second equation instead of . But this
implies that (if it is difficult to understand, you really should write both the systems) \* = \; thus the LM \ is real.?!

—A
b

Equation (184) has a form of the stationary SchE in a matrix notation using the considered basis functions f;(7)
see (172). From the point of view of the linear algebra, it is a generalised equation® for the eigenvalues )\ and the
eigenvectors written as columns using the quantities «;. (It would be the usual, i.e. not the generalised problem, if
the matrix S was not there, or, equivalently, if it would be the identity matrix.) After the optimisation, the Lagrange
multiplier A\ acquires the meaning of the approximate eigenenergy.” It would be exact if we used a complete
basis, which would typically mean an infinit number of the basis functions, i.e. a numerically non-tractable problem.
Practically, a finite number p is often sufficient to obtain highly accurate results.

The matrix H on the LHS of equation (184) is a matrix form of the Hamiltonian H in the considered basis; we
often use also the notion of matrix representation of the Hamiltonian (in given basis). Calculation of eigenvalues and
eigenvectors is called a diagonalisation of a matrix.”* The matrix S is called the overlap matrix for it expresses
how much (if at all) the basis functions overlap each other.

By moving all the terms in (184) to LHS, i.e. to arrange them as they were in (183b), we arrive at wan equation
of the form matrix times vector = zero vektor. A non-zero solution of the corresponding linear set can only exist, if
the determinant of the corresponding matrix vanishes:

H11 — )\511 ng — )\812 ...... Hlp — >\Slp
H21 — )\521 HQQ — )\522 ...... ng — )\Sgp —0 (185)
le - )\Spl HpQ - )\Spg ...... pr - )\Spp

#To do this, we need to know that H; = Hy; and analogously pre S;j. It follows from Theorem 2 [see (12) and (174)].

?INote also, that even F(«) itself is real according to (170) for example, which is not a surprising finding, as the numerator is an
expectation value of a hermitian operator. And it should be clear now that F'(«, A) is real too.

22\We learnt the generalised eigenvalue and eigenvector problem in the subject Po¢itacova fyzika. We formulated it by equation A - z =
AB - x. If the matrix B is not a singular one, then this problem can be transformed to (B! - A) - & = A, that is the usual task to find the
eigenveectors and eigenvalues of matrix B~! - A.

21t should be fully obvious in the case of an orthonormal basis; then Sij = 0;;. However, the LM (after the optimisation) has the
meaning of the approximate eigenenergy even in cases when the matix S differs from the identity matrix; to understand this, realise that
we could obtain equation (184) as follows, without even using the variational principle: (i) We start from the SchE H 1 = A\, by which
we define that the parameter ) is the eigenenergy. (ii) We express 1 as a linear combination of the basis functions f;(7) and substitute to
the SchE. (iii) We multiply both sides of the equation by f;; from the left and integrate. (iv) We write the system obtained in this way in
a matrix form. The system will have the form (184), i.e. the same as would be obtained from the variational principle. Hence, A will have
the meaning of the approximate eigenenergy also in the equations following from the variational principle.

24This calculation can mathematically be expressed as a matrix operation that results in a transformation of the Hamiltonian into a
diagonal matrix diag(A1, A2, ..., Ap).
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It is a pth order algebraic equation, also called the charakteristic equation (of the respective square matrix), or the
secular equation. In general, it has p different roots A,

ALy Ags o Ay (186)

(some of then may be equal). For each A\, we then determine the set of parameters . By doing this we obtain
the approximate solutions of the given problem (166). The lowest of the eigenvalues Ay, A2, ..., A, is an approx-
imate ground-state eigenenergy of the given Hamiltonian. The higher eigenvalues correspond to the approximate
eigenenergies of the excited states.

We could obtain equation (184) even without using the variational theorem as it was explained in footnote 23.
So, what good was the variational principle for us? Apart other things, it assures us that in our search for the
eigenvalues we can not underestimate the exact ground state energy; see also the comment above the title of this
section (6.1.1).

6.2 The Perturbation Method

Due to lack of time, we will not deal with the perturbation method. In quantum physics, this is generally an
extremely important method. It is used e.g. to describe atoms and molecules embedded in an external electric or
magnetic field, provided that the external field represents a weak effect compared to the effect of the internal field
of the atom or molecule. If you are interested, you can get acquainted with the perturbation method, e.g. in the
book [2] or [3]. More advanced formulations of the perturbation method (e.g. the perturbation method MP2 [7])
are used e.g. also in quantum chemistry to calculate important corrections to eigenenergies and functions obtained
by other methods (typically by the Hartree-Fock method, which is one of the variational methods).

7 Internal Angular Momentum and Internal Magnetic Dipole Moment of
Electron

In this section we will be talking about spin of an electron, which is a short term for the intrinsic internal angular
momentum of an electron.?” It will not be a detailed discussion as you should already know something about spin
from the course Quantum Mechanics. It will be a similar dense summary with an emphasis on some systematics
or order of steps, as we did in Chapter 1 on the postulates of wave quantum mechanics. In wave WM, only one
quantum mechanical particle is discussed using a wave function, and its spin is ignored. In essence, the content of
this chapter can be characterized by adding to the previous four postulates a fifth, which postulates the spin electron
and the method of its description.

7.1 Experimental Facts Confirming Existence of Spin in Quantum Mechanics

We first recall the usual angular momentum and the usual magnetic moment known from the basic physics
course: If a charged particle moves along a circle (or even along a more complicated loop), it has a corresponding
mechanical (orbital) angular momentum (AM) (=7 x p'. This movement also creates the corresponding magnetic
dipole moment (briefly magnetic moment, MM) of the magnitude ;1 = I.S, where S is the loop area and [ is the
current flowing through this thought circuit. If the charge of the particle is ¢ and its mass m, then the relation
between its MM and its orbital AM is

i=L7 (187)
2m

which can easily be derived [2].

Experiments show that the electron also has its intrinsic internal angular momentum and the corresponding
intrinsic or internal magnetic dipole moment. These internal moments exist regardless of whether and how the
electron moves in the space of the usual coordinates (in the “orbital” space). The internal angular momentum

2Qther particles may also have their spins, however.
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of a particle is called spin. The mentioned experiments or phenomena indicating the spin of the electron can be
summarized in several groups [1], which we will only briefly list here:

1. fine structure of spectral lines

[\

. the Stern-Gerlach experiment

3. gyromagnetic phenomena: experiments of Einstein and de Haas

o~

. magnetooptic phenomena: the anomalous Zeeman effect

The existence of a quantum number associated with the internal state of an electron was postulated in 1925 by W.
Pauli based on the study of atomic spectra. However, it was not he who introduced the term spin. In the same
year, a little later, Kronig, Uhlenbeck, and Goudsmit interpreted this new quantum number as a manifestation of
the momentum of the electron and introduced the term spin. According to the KUG hypothesis, a projection of this
AM to a chosen axis can acquire two values only: +//2. In experiments of the type SG or EdH, it was also possible
to measure the magnetic moment /i, corresponding to the spin and the ratio between /is and the spin AM 5. It was
found that [compare to (187)]

S q
s = —
Me

§|, where g = —e, m. = the electron mass (188)

So, this (gyromagnetic) ratio is twice of the gyromagnetic ratio for the orbital AM. (It turns out that the latter ratio
is only approximatelly twice of the former one.) By the “chosen axis” we usually consider the z axis. Therefore, we
write that the projection of electron spin on the z axis is

s, € {+’z,—’z} (189)
2 2

As in QM we many times use the atomic units in which 4 = 1, we then say that the electron spin acquires half-

integer values. If we say that electron spin is 1/2, we mean the magnitude of the spin projection in the units of
h.

The relation between the MM and AM is often expressed with the aid of the Bohr magneton jip:
eh

s = (190)
2Me
The mechanical (orbital) moment then becomes
b 1 e
A=—grlsz ¢ (191)
where g;, = 1 is the so-called orbital g-factor. Analogously for the spin AM, we express
— 1 —
Hs = =gst 5 (192)

where gs ~ 2 is the spin g-factor.

The theory and a better understanding of spin in the framework of QM was develped by Pauli in 1927. While spin
had to be introduced into the standard QM by the postulating based on experimental facts (and Pauli significantly
contributed to this — the Pauli equation from 1927 is especially known), in relativistic QM developed by Dirac in
1928, spin follows directly from theory. Spin cannot be satisfactorily interpreted as the rotation of a particle about
its own axis.
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7.2 Eigenvalues and Eigenvectors of Spin Operators

In Section (4.5), we talked about the theoretical description of AM and postulated that any angular momentum
in QM will be defined so that the relevant operators must satisfy the commutation relations (49). Using this, we
obtained the eigenvalues of the AM operators according to equations (68) and in addition the knowledge that the
values of the quantum number j can only be non-negative integers or half-integers. We also found out that if, for
some QM system, the highest AM projection on the 2 axis is jh, then the number of the different projections is
27 + 1. The whole procedure of that section could have been understood purely mathematically. But even in this
early stage of our study we saw its physical realisation: the mechanical (i.e. orbital) angular momentum in QM.
That time we did not know any physical realisation of a half-integral j. Now, knowing that the spin AM exists and
acquires the two values of the projection, and that they are half-integral, we begin to see that the mathematical
theory of section (4.5) will perfectly suit us to describe electron spin. It is sufficient to take j = 1/2 = s. Thus, once
equations (68) are made specific for the case of electron spin (and with the explicit writing out of the constant /),
they become

1 3 1
22 |- _ —h2 -
olhm = 2 L)
(193)
1 1
S, | =, Mg = mgh |z, my
2 2

c 1 _'_1
mg T oy T s
2" 2

These equations also define our notation that will be used below. Instead of the more generally used symbol j, we
will be using s = 1/2 to denote the spin of one electron. We say that:

1 .

ms = +§ ...... spin hore
1 .

My =—5 -ono. spin dole

Thus, only two linearly independent common eigenvectors of the operators 5 a 3, exist: the vectors

! +1 S (194)
27 2/7 127 2

denoting “spin up” and “spin down”.

7.3 Pauli Matrices

In quantum mechanics, it often proves practical to use matrix formalism. In it, instead of the notation (194), we

use two-component column vectors:
1 1 - 1
'5, +§> — X+ = ( 0 ) (195a)

1 1 0

-, —= — ~_ = 195b
It is a certain particular representation of vectors (194). Then it is natural to expect that the operators 3% and 5.,
which enter equations (193), will also have some specific matrix representation (expression), using 2 x 2 matrices.
And of course, a matrix representation will be associated to the operators 5, and 5, as well. We denote the matrix

expressions for the operators 5,, 5, and 5, by symbols s,, s,, s,. If we write these matrix expressions (at least using

the symbols), then it becomes easy to construct the matrix expression of the operator $°:
s° =5l 45+ 52 (196)

We have the folowong requirements for these matrices:
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1. They must be 2 x 2 (which we already said).
2. They must be hermitian (because they represent hermitian operators).

3. The (common) eigenvectors of the matrices s a s, must be column vectors Y, a x_ defined by formulae (195a),

(195b).

4. The have to satisfy commutation relations (49) which are generally valid for AM operators.

Doing an explicit calculation, one can be convinced that these requirements are fulfilled by the followong matrices:

h h h
Sg = =0y, sy:§0y, SZ:§O'Z (197)

where 0,, 0,, 0, are Pauli matrices:

e (10) e (U) (3 h)

The distribution of their matrix elements depends partiall on our definition of the ordering of the basis vectors. The
ordering is by convention such as in (194), i.e. the first vector is the one with the positive spin, the second with the
negative spin. The Pauli matrices themselves satisfy the commutation relations

[04,0,] = 2i0, acyklicky dalsie. (199)
The algebra of Pauli matrices can be read in more detail e.g. in the books [2, 3]. For example, the following identity
holds:
oo _ o (10
ax—ay—az—(o 1 (200)
Then we obtain ;
2_ 3,210
5% = 4h ( 01 (201)

[See also the upper equation in (193).]

7.4 Wavefunction of a Spin 1/2 Particle

In the postule no. 1 of the wave quantum mechanics, we introduced the wave function. Now we have to gener-
alise it to be able to describe also the electron spin [1]. We consider one particle whose spin value can be generally
indefinite, i.e. a superposition of the spin-up (+1/2) and spin-down (—1/2) state. We shortly call it a state with
uncertain projection of the spin (on a chosen axis which we denote as z). However, the whole thing is more com-
plicated, because the particle has not only the spin degree of freedom, but also the translational degrees of freedom
(the usual spatial coordinates z, y, z, i.e. the “orbital” degrees of freedom); hence the wave function must depend
not only on the spin, but also on the spatial coordinates. It should also be noted that even in the case of an indefinite
spin, when measuring the projection, we acquire only the value +1/2 or —1/2.° The uncertainty lies in the fact
that the result of an individual measurement on a state with indefinite spin is random, it cannot be predicted.”” If we
found out by the detection device that the particle has spin +1/2, then the space-dependent wave function would be
some, let’s denote it ¢ (7, t). If we found spin —1/2, then the spatially dependent wave function would be ¢_ (7, t).
There is no reason to assume that the spatial part should necessarily be the same in the two cases (although it is
quite often the case). The corresponding probability densities are:

p+(7?7 t) = |§0+(F7 t)|2 ) p—(Fv t) = |S0—(F7 t)|2 (202)
The total probability density to find the particle at time ¢ at point 7is

26This was discussed in the 2" postulate of QM, although not specifically in relation to spin.
“"However, we can know in advance the probability of measuring a particular value; this is if we know the wave function of the measured
state.
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and the equality

/ p(T,t)d*r =1 (204)
must hold. To describe the whole wave function, we introduce the 2 x 1 matrix
— P+ (Fv t) )
7t) = 5 205
90( ) < o (T> t) (205)

which is called spinor and it can also be expressed by

90(7?7 t) = >~<+<10+ (Fv t) + 92—30— (Fa t) (206)

where Y are column vectors (195). It can be easily verified that this matrix satisfies

P (P t)p(Ft) = py+p_=p (207)

By this paragraph, we have actually generalised or adapted the first postulate of QM so that we can also describe a
particle with spin 1/2.

However, we will not deal with the description of spin using spinors further, because extending this formalism to
the description of many-electron systems would be impractical, at least for our purpose. Instead of spinors, we can
use a wave function, that will have a spin coordinate as an argument, which we will talk about in the next sections.

8 Systems of Many Electrons

In this section we will consider mainly atoms and molecules with many electrons. We have reviewed the pos-
tulates of QM in chapter 1. For simplicity and brevity, we introduced them for one-particle systems. Therefore, it is
now necessary to extend and complete them so that we can use QM for systems with many electrons and correctly
take into account the spin of electrons.

8.1 Generalisation of the 1%' Postulate: Many-Particle Wave Function?®

\I](Flaalaf‘%o’%'"7FN70’N;Z€) (208)

is the wave function of the /NV-particle system.
’\P(Fl, o1, FQ, g9, ... ,FN, ON, t)’Q d37’1d37“2 Ce dST'N (209)

is the probability that at time ¢, particle 1 is found around the point 7} in the volume element dr; and having the
spin o and simultaneously particle 2 is found around the point 7% in the volume element d*r; and having the spin o
etc. The expression | V| (without the volume elements) is the corresponding probability density. It is found practical
to define the meaning of the many-particle wave-function as it stated above even if we have a system of identical
particles for which we do not really know which of them is the 1°! one, which is the 2™ etc.

Normalisation:

DIEEDS /d3r1d3r2...d37°N\\IJ(Fl,Ol,FQ,Um---aFNvaNimzE

o1=tlop=%1  oy=+1 (210)

E/dxldede “P<x17x27"'7xN)‘2 = 1

x; is a short notation for the spatial and spin coordinates together, i.e. (x;) = (77, 0;). For even more brevity, we
have introduced the formal integration sysmbol over z;. It needs to be understood as including summation over
the spin coordinte o;; it follows directly from the introduced notation. The particles assumed in this section need
not necessarilly be electrons, neither have to be identical. But the formulae with the summations over spins assume
spin 1/2. We will now introduce examples of particular forms of the wave function.

8Tn English-written literature, the term many-body wave function is sometime being used.
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8.1.1 One Particle (IN = 1)

An elementary form of one-particle wave function dependent on both spatial and spin coordinate can be ex-
pressed as a product of spatial and spin function:

(7, 0) = ¢(7) x(0) (211)

where ¢(7) is some spatially dependent function and (o) a spin-dependent one. If this is really to be a quite simple
form of wave function, then the spin-dependent part should either represent spin up or spin down state, and not a
linear combination of spins. Therefore, the elementary (and most important) examples of the function x (o) are the
following particular functions:

1, o=+1 0, c=+1
X+(0) = { x-(0) = { (212)

0,0-:_]_ 17 g = —

X+ (0) is the eigenfunction of operator §, for the eigenvalue +//2. Analogously, y_ (o) corresponds to the eigen-
value —h /2. Thus, x, (o) a x_(0) are one-particle spin wave functions denoting states with spin up and down,
respectively. We were using similar symbols (x;, x_) in the matrix (spinor) formalism of section 7.3, but here we
are not using the formlism. To distinguish the notation, we use the letters y without the tildes here, although they
physically represent the same as do expressions (195). Note that the functions (212) involve both the spin coordinate
(0) and the spin index (+ or —), that is the spin quantum number. This is how it should be when expressing spin-
dependent eigenfunctions: # both the spin coordinate and spin quantum number should appear in their notation.
However, if a spin-dependent function were not an eigenfunction of the operator 5., then a particle in such a state
would not have a sharp (i.e., definite) value of its spin projection on the z-axis, and then the spin index + or — could
not be ascribed to such a function.

8.1.2 Two Particles (IN = 2)

Now we are able to write elementary examples of two-particle wave functions as follows:

\Ilm,l/um,w (Fl’ 01, FQ’ 02) = Pny (Fl) X1 (01) Png (FQ) Xvo (02) (213)

where 14, 1, are the spin indices (quantum numbers) + or —.  The indices n;, ny are quantum numbers (or
sets of quantum numbers) of the orbital, i.e. of the spatially dependent functions ¢y, (™), ¥n, (7). Although the
wave function just written cannot yet represent a physical state of a pair of electrons, because it does not meet
the antisymmetry requirement, which we will learn later. However, by a linear combination of at least two wave
functions of type (213), we will easily be able to construct an antisymmetric wave function. However, the form (213)

could represent e.g. the wave function of the proton-electron system (if we consider the proton as a QM particle).
30

8.2 The 4™ Postulate: Schrédinger Equation for the Many-Particle Wave Function

Lo

Thus, this equation has the same form as it would have for one particle. Therefore, the time-independent SchE will
also the form as for a single particle.

8.3 System of Identical Particles

Quantum-mechanical particles of the same kind are indistinguishable.

PFigenfunction of the operator §,, possible of some other.
30We will approximate protons by classical particles in this course. Very often this is a completely sufficient approximation.
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This is also a postulate, consequencies of which are confirmed by experiments. We will learn about the consequences
of this postulate later and will work with it in this subsection as well. You can see a more detailed discussion of
indistinguishability, e.g. in [2], beginning of chap. 15 or in [3], beginning of chap. XIV.

Consider a general many-body wave function [1]
\I/(ml,xQ,...,xN;t) (215)

The particles even need not be electrons at this stage of our exposition. We only assume them to be of the same kind,
that is identical particles. As we have stated above, in quantum physics we believe that they are indistinguishable.
It means that if we make an interchange of any two of the particles (in the mathematical formalism, this is expressed
by interchange of the corresponding coordinates), nothing must change physcially. Therefore, the wave function
may at most change its phase upon such interchange of the particles. We therefore demand the following:

W(T1, ey Ty ey Ty s ) = €W (2, Ty, Ty TN E) (216)

where « is some real constant; we will soon see what specific values it can acquire.

It turns our convenient to introduce an operator for formal description of the interchange of the particles + and
j. We define ot by the equation
Py Fwi, ) = F(j, ;) (217)

in which we started to use the more concise notation expressing only the coordinates of the electrons to be ex-
changes. [ can be arbitrary function of the considered arguments (possibly also of time); in this definition, it need
not yet be the wave function . Even a higher degree of brevity is achieved by denoting the arguments using

numbers only, i.e.
F(1,2,...,N) (218)

and the action of the operator is )
By F(i,j) = F(j,1) (219)

From the point of view of combinatorics, this operator make a permutation Using the operator, we can now rewrite
equation (216) as follows: X
Py(i, jit) = ' W(i, j: 1) (220)
———
U(j,ist)
We see that a physically correct (or realistic [2]) wave function of a system of identical particles must be an eigenfunction
of the particle interchange operator.

8.4 Eigenvalues and Eigenfunctions of the Pij operator

Let us act by the operator f’ij on this equation from the left. We will obtain two occurrencies of the operator on the
LHS of the equation which will return the indices 7 and j to their original order:

F@i,3) = AP, f(i, ) = N2 £ (i, j)

o

Eigenfunctions for A = +1 are those that obey the property f(j,7) = f(, 7). These are called symmetric functions.
Eigenfunctions for A\ = —1 are those that obey the property f(j,7) = —f(i, 7). These are called antisymmetric
functions.

Therefore

The particle exchange operator is linear. It is also a hermitian one since it has real eigenvalues. And, importantly,
we are now already able to formulate the findings at the end of the last section more specifically: A physically
correct wave function of a system of indentical particles has to be either symmetric or antisymmetric upon
exchange of the coordinates.
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8.5 Commutation [ﬂ , Pij] = 0, Bosons, Fermions, Permutation Symmetry of a Wave Func-
tion

The Hamilton operator corresponds to a physical quantity; therefore it will not change upon interchange of two
indetical particles:

P;H=H (223)
This is a consequence of the postulated indistinguishability of the particles. The last equation written represents the
effect of the operator P on another operator (H). Now act by the operator PZ] on the function HF (,7), where
F(i, j) is any function of multiple spatial and spin coordinates. Again, we write explicitly only those of them that
are interchanged by the given operator.

Py{HF(i,j)} = H{P;F (i, j)}

because the particle interchange operator will simply “cross” over the Hamiltonian and will not do anything with
it. For this holds for arbitrary function F| it implies that

[H,P;] =0 (224)

We have learnt in secion 3.1 what are consequences of commutation of two operators: a complete set of eigen-
functions for each of the operators can be constructed such that all these functions are eigenfunctions of both the
operators (Theorem 7). So by meeting the requirement that the wave function be an eigenfunction of the particle inter-
change operator, we do not lose the ability to construct this function so that it is also an eigenfunction of the Hamiltonian
of the system.

Now a question arises: is the many-particle wave function symmetric or antisymmetric upon interchange of
some of its two coordinates? Available data and analysis show that [2, 3, 4]:

A system of identical bosons (particles of an integer spin) is always described by a symmetric wave
function. A system of identical fermions (particles of a half-integer spin) is always described by an
antisymmetric wave function.

This statement must be considered to be an independent postulate in non-relativistic QM (in addition to the pos-
tulates we have formulated in section 1). It applies also for time-dependent function, not only for stationary ones.
These properties of wave functions can be proved theoretically in the quantum field theory. (Le., they are just some
derived facts, not postulates, in the quantum field theory.) Using an explicit formula, the antisymmetry is expressed
by the relation The antisymmetry is

U(j,ist) = —U(i, ;1) (225)

8.6 The Pauli Principle

Let us now write equation (221) for the eigensystem of the operator in more detail and by writing the most
general wave function possible, i.e. also time-dependent, to see that the Pauli principle applies very generally, not
only to stationary states.

It means that in this section we consider a wave function either symmetric or antisymmetric; only these two kinds
can be eigenfunctions of ]%j See section 8.4. And it also means (according to the postulate at the end of the
previous section) that we consider a wave function of a system of identical particles, either bosons or fermions. We
now expand the N-particle wave function W(x;, x;;¢) in some complete set of orthogonal functions as follows (see
Appendix A.2):*!

U(x;, z;;t) ZZCnm] T;t) n, (75) On, () (227)

3Tt was explained in the lecture too: we first imagine the function W(x;, z;;t) as dependent on single variable only, the other variables
having some fixed values. Etc.
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where 7 is the set of coordinates x4, ..., zy excluding the coordinates z;, ;. n;, n; are summations indices which
also represent quantum numbers. Typically, they are composite indices.

For example, if we were going to express a state of electrons in an atom by the wave function ¥(z;, z;;t), the
single-particle basis functions ¢y, (x;) would then be eigenfunctions of the hydrogen atom or similar functions; thus,
the simple symbol n; would in fact mean

n; — (TLZ', lz‘, m;, Vi)

where n; € N on the RHS is the principal quantum number, [; € {0, 1,...,n; — 1} is the orbital quantum number,
m; € {—l;, —l;+1,...,l;} je magnetické kvantové ¢islo and v; is the spin quantum number (by convention, its values
can be £1/2 or +1, or it is only denoted by the symbols +, —). We have discussed the spin quantum numbers in
sections 8.1.1 and 8.1.2.

We can interpret expression (227) as follows: assuming that the particles with the exception of the i'" and j* one
are at positions denoted by the multi-coordinate z, C.,, , (Z;t) is the probability amplitude® to find the particle i in
the state ¢,,, and at the same time to find the particle j in the state ¢,,;. A more detailed and elementary explanation
of the meaning of expansion (227) is explained in Appendix A.2. Now, substitute expansion (227) into(226); we can
omit the arguments in the coefficients C,,, ,; (7;t) for the sake of brevity.

P, Z Z Crriny Gni(T3) by (T5) = A Z Z Criny Gni (1) bn, (7))

We apply the permutation operator in the LHS.

LHS = ) ° > Chiny O, () P, ()

U]

In next step, we rename the summation indices: n; <> n; (which is a trivial operation for the symbol used as a
summation index can be arbitrary).

Let us now equate the LHS with the RHS. In doing so, we write the summation symbols > in the same order as
they are on the RHS; the result does not depend on the order.

SN Coyny 0y (@) Sny (1) = XD D  Convny b, () G, ()
From this, we obtain the equation

Z Z (Cn]-ni - /\Onzn]) qu(l‘z) an]- (xj) =0 ) vIiwrj

*

We multiple this equation by functions ¢, (z;) a D, (x;) from the left side and subsequently we do integration
over the spatial coordinates and summation over the spin coordinates. Employing the orthogonality

/ 61 (2) a(z) dz o Gy (228)

(in fact, there is the summation over the spin coordinate but we denote it all using just the integration symbol for
brevity) we obtain the set of algebraic equations™

31f we had two particles only in the system, then C,,, ,, (Z;t) would be a true probability amplitude (amplitude of probability). But
since we aim to consider an N-particle system, we introduced a little of technical and interpretive complication to our proof of the Pauli
principle, in particular, we had to say “assuming that the particles with the exception of ..”.

3From the mentioned orthogonality of the one-particle functions, the orthogonality for the two-particle functions also follows:

/w}if(a:i,xj)l/)N(afi,mj)dxi dCL’j 0(5]\11\[ (229)

with Yar (24, 25) = dm, (i) dm, (7;), and analogously Yy (x5, z;). M = (m; m;), N = (n; n;) are composite (double)indices. Ordering
of their components is unimportant.
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It means that the expansion coefficients C,,, ,; are either symmetric or antisymmetric with respect to the exchange
od their indices. This could already be deduced directly from expansion (227).

What is the probability that at time ¢ both particle 7 and particle 7 will be in the same state ¢,, ? To explore it,
let us look at the coefficients with the same indices in expansion (227), that is n, = n;. According to (230), the case
of n; = n; = n implies

For A = 1 (bosons), it is an identity. For A = —1 (fermions) we obtain C),,, = 0. It means that

probability to find two fermions to occupy the same single-particle state ¢,,(x) is vanishing, which
is the statement of the Pauli exclusion principle.

In other words, two fermions cannot occupy the same individual quantum state [3]. For example, if an electron in an
orbital around an atomic nucleus is characterised by the quantum numbers n, [, m and, in addition, by the projection
of its spin on the z axis (which can be understood as a spin quantum number and denoted as mg or v), then any
state of any other electron (in the same atom) must differ in at least one of the four quantum numbers. (The spin
quantum numbers have been explained in sections 8.1.1 and 8.1.2.)

In what follows, we will mostly discuss not a general wave function (which can also be time-dependent) but
stationary states only, i.e. eigenfunctions of the Hamiltonian.**

8.7 Wave Function of a Two Electron System

The best known and most frequently met representants of two-electron systems are the helium atom and the
hydrogen molecule Hy [8]. We will work out the helium atom in an exercise and will calculate its ground-state
energy using a simple version of the variational method with one parameter (see Appendix D). We obtained or will
obtain the result — especially the energy of its ground state — which has a remarkable quantitative accuracy given
the simple analytically manageable method we use for it. In this section, we will focus on better understanding
the wave function of two-electron systems, and not only the wave function of the ground state, but also the excited
states.

It is worth saying in advance that the exact eigenfunctions of any two- and many-electron interacting system can-
not be expressed analytically. The obstacle is caused by the Coulomb interaction of electrons with each other, which
is a difficult problem when examining the electronic structure. In other words, we cannot solve the corresponding
Schrédinger equation (neither stationary nor time-dependent) exactly for such a system. Numerically, however, at
least the ground state of the two-electron system could be found with virtually any accuracy.

To understand the electronic structure, it is necessary to know at least qualitatively a correct analytical form of
the wave function. We propose the wave function of helium (also of a similar ion, but briefly speaking only helium)
expressed in the form of the product (7, 7) = ¢(71)p(7) of the hydrogen orbitals. We have done it so in the
exercise; see (D.4). Let us now examine particular forms of two-electron wave functions in the context of the general
requirements that a correct wave function has to meet.

8.7.1 Independent Electrons

At first, we have to realise that the factorised form ¢(7)¢(7%) [eq. (D.4)] cannot be an exact eigenfunction of
the helium Hamiltonian (D.1). To make sure of this, consider a two-electron Hamiltonian that can be written as a
sum of commuting single-particle operators as follows:

~

H™ = 1y (7)) + ha(7s) (232)

It is therefore the sum of mutually independent operators, because the individual variables (coordinates) are separ-
ated. Assume we know the exact eigenfunctions of these one-particle Hamiltonians:

(7)1 (7) = Epr () ha(7)p2(7) = Eapa(P) (233)

34Determination of eigenenergies of a Hamiltonian is the principal task in the electronic structure theory and also in this course.
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Let us now construct the factorised function

Y(r1,75) = o1(71)a(72) (234)

and calculate what the Hamiltonian H™¢ will do with it:

~

HY (7, 7%) = [ha(F) + ha(7) | @1 (F)@a(Fa) = E101(71)pa(72) + Ear (71) 02 ()

thus N
H™Y (i, 7) = (& + &) (71, ) (235)

The above procedure can be reversed in its sequence (albeit in a little more complicated way) and thus it can be
shown that if some product function ; (7 )2 () is an (exact) eigenfunction of some Hamiltonian dependent on
the variables 7, and 75, then the Hamiltonian can be expressed as the sum of type hi (7)) + ha(72). So we state:

The product (factorised) wave function (234) is the (exact) eigenfunction of Hamiltonian (232) having separated variables.
The energy of such a two-particle system is the sum of the energies of the individual particles (here electrons).

Two electrons described by the Hamiltonian of the type hy(7) + hy(7) are mutually independent, they do not
affect one another in any way. However, the product wave function cannot be an exact eigenfunction of the helium
Hamlltoman because this cannot be written as a sum of the type hy(7,) + hy(7). The interaction term W =

1/|1 — 75|, which cannot be decomposed into a separated form, prevents this. Thus, in our exercise, we actually
found (or will only find) an exact ground state of some effective Hamiltonian of the form

Heff — ——V2 o _VQ _ eff e 236

Vi Vi (236)

only (expressed in the atomic units), where Z.4 expressed by (D.44) is the effective nuclear charge calculated by
the optimisation. As we can see, H°", is just a particular example of the separated form H™ Thanks to especially
the mentioned optimisation, we were able to consider the factorised wave function of type o1 (7 )p2(72) as at least
approximately a good eigenfunction of the helium Hamiltonian. If we did not optimise anything, then the electron
shell of such a helium would only be an addition of two electron shells of the helium cations on each other, without
any manifestation of the electron interaction. Since we have done the optimisation, the electrons in such a helium
model are not considered to be completely independent of each other from a physical point of view. Their interaction
is included in such a way that the charge of the nucleus in such a model is (effectively) smaller than the actual charge
of the helium nucleus. It is an effect of the partial screening of the nucleus field by the other electron. Mathematically,
however, the form of the wave function remains at a simple level of independent electrons, which is of course very
practical. This is used in mean-field methods, where an electron moves as if without interacting with the other
electrons in an average field generated by the nuclei and the other electrons. In the context of electronic structure,
these are the Hartree method and also the Hartree-Fock method, which we will talk about later.

8.7.2 Antisymmetry of Wave Function

We have learnt in section (8.5) that a wave function for a system of identical fermions must be antisymetric
upon interchange of the coordinates of any two fermions, i.e. it has to switch its sign. The product wave function
we used for the helium atom is obviously not of this kind. We used ¢; = 3 = ¢ for the ground state of helium
(thus both electrons occupying the same atomic orbital). Such a function is symmetric; therefore we now denote it
as s (71, 75):

Ys(71,T2) = (1) (72) (237)
How do we deal with the problem that it is not antisymmetric? We realise that we have not considered any spin in
whis wave function. A complete form of a wave function has to include spin too; we use the spin coordinates for
this. Only such a complete (total) wave function must be antisymmetric. In addition to this property, we want it to
express that two electrons (e.g., in a helium atom or in an Hy molecule) occupy the same spatial orbitals, but differ
in their spins.

If we express the total wave function in the form
(7, 01,72, 09) = Us(71,75) Xal01, 02) (238)
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where xa(01,02) is some antisymmetric function of the spin coordinates, then also the product (238) will be an
antisymmetric function. Even without a deeper reasoning (we will do it later), it is so far acceptable that the anti-
symmetric spin wave function can be expressed as follows:

xa(01,02) = % D (o) x— (02) — x-(01) x4 (02)] (239)

where x, (o) a x_(0) are one-particle spin wave functions denoting states with spin “up” and “down” [see (212)]:

1, o=+41 0, o=+1
(240)

X+(U)_{ 0, o——1 X-(0) =

1, 0=—
The multiplication constant 1/1/2 in the wave function is to ensure the proper normalisation:

(xalxa) = > D Xalo1,00) xal01,00) = 1

o1==x1 o9==%1

In this way we have solved the problem that the purely spatial (i.e. orbital) wave function of helium, as we had
proposed it by formula (237), did not obey the anisymmetry requirement. The total wave function (238) cannot be
expressed as a product of two functions, one of which would depend on the coordinates of the first electron only,
the other on the coordinates of the second. Thanks to the form (237) we can say that in state (238), both electrons
occupy identical spatial orbital, but differ in the projections of their spins on the 2 axis. Consequently, the Pauli
principle, which says that two electrons cannot occupy the same one-particle state, is satisfied as well. Ours differ
in their spins which suffices to satisfy the Pauli principle.

It is necessary to realise that functions not obeying the antisymmetry principle can also be eigenfunctions of
Hamiltonian H™¢ [eq. (232)] (and also of other Hamiltonian, see below). For instance, a mathematically correct
eigenfunction is also the (purely spatial-dependent) function (234), which is neither symmetric nor antisymmetric.
If we multiplied it by any spin-dependent function, such total wave function would still be a mathematically correct
eigenfunction of Hamiltonian (232). However, we have learnt in section 8.5 that a correct total (both spatial and
spin-dependent) wave function for a system of electrons must be antisymmetric. Of the many mathematically
correct eigenfunctions of the Hamiltonian, only those that satisfy the antisymmetry requirementm, are physically
significant (correct).

8.7.3 Clasification of States in the Helium Atom

At the the end of the last section, we made the statement in the sense that whatever is the spin part of the
total wave function, this wave function will still be a mathematically correct eigenfunction of the Hamiltonian /™
[eq. (232)], assuming of course that the spatial part ¢(7}, 7) is mathematically correct. This holds not only for H™d;
consider the exact non-relativistic Hamiltonian of the helium atom or like ion (shortly just helium):

~ h? h? 1 Ze? 1 Ze? 1 e
H=—-——Vi-_—V; - + (241)

2m 2m 2 47T€0 1 471'60 T2 471'80 |F1 - F2|

Let ¢(7, ) be one of its purely spatial eigenfunctions:
H(, %) = BU(7, 1)
(Of course, this is not a factorised function.) Write the total wave function as follows:
U (7, 01,79, 09) = (71, 72) (01, 02) (242)

WU is an eigenfunction of H with arbitrary x (o1, 02), for the non-relativistic helium Hamiltonian [eq. (241)] does not
dependent on spin variables. Such a Hamiltonian (and also any other that is independent of spin variables) in no
way effects on the purely spin function x. To be convinced explicitely about it, calculate as follows:

~ A~

HW(F1701,72,U2) = HW(Fh’f_"z) X<‘71702)] = X(01702)ﬁ¢(771,772) = E‘I’(Fbahféaaz)
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that is, U(7, 01, 7, 09) is really the eigenfunction.

And if ¢)(7,, 7) were an only approximate purely spatial eigenfunction of H, then ¥(7, 01, 7, 05) would be an
approximate total eigenfunction.

However, the independence of a Hamiltonian of spin coordinates also means that such a Hamiltonian commutes
with any spin operator. Realise that this holds not only for the simplified Hamiltonian Hind [eq. (232)], but also, for
example, for the exact non-relativistic helium Hamiltonian H [eq. (241)] containing the electron-electron interaction
contribution. For example, the identities

[H,5.] =[H,8% =0 (243)
hold, in which R
S=5+35 (244)

is the total spin angular momentum (AM) operator of a two-electron system and

~ ~

S2 = (8,)* + (8,)* + (S.)? (245)

is the definition of the operator of the square of the total spin AM of the system. By a simple explicit calculation, it
can be convinced that this operator has also the from

~

S2 = (81 + 8,)* (246)

which we intuitively expect too. As we have seen in previous lectures, the pair of AM operators describing the pro-
jection on the z-axis and the square of AM magnitude are especially important. Therefore, in accordance with (243),
it is convenient and practical to construct the eigenfunctions of the spin-independent Hamiltonian so that they are
also eigenfunctions of the operators S, and S2. %

Let us, therefore, verify whether the wave function ¥ = sy [eq. (238)] including the anisymmetric spin
function (239) is an eigenfunction of the operators S, and S2. (Now begins the “deeper reasoning” that we have
mentioned in sec. 8.7.2, but we skipped it.) The orbital part of the wave function will not do anything wrong in this
verification, because it does not contain spin degrees of freedom (spin coordinates) and we simply “swap” the spin
operator over it, as we will see below. First, calculate

S.U(F, 01,7, 00) = S.U(1,2) = S. [1hs(1,2)xa(1,2)] = [prehodime] = v5(1,2)S,xa(1,2)

If the equality (not verified yet) S,xa(1,2) = Axa(1,2), would be true, then we would get 5,¥(1,2) = A¥(1,2),
that is the function ¥ would be an eigenfunction of the operator S, regardless of the form of the purely orbital function
1bs. Hence, it is sufficient to check whether the spin function (1, 2) is an eigenfunction of the operator S.. If this
is so, then the total wave function ¥(1, 2) is an eigenfunction too. So, do the verification:

A

Sxa(1,2) = % (81: + 822) [s (DX (2) — x—(D)xs(2)] =

- { e - heace)| - [Feove+ jeoe| -0 e

% And this is not all, because proper eigenfunctions must also be eigenfunctions of the particle exchange operator, see (217) and the end
of the relevant paragraph. In addition, the spin-independent Hamiltonian of the atom also commutes with the operators of the total orbital
angular momentum, which for helium are the Cartesian components of the operator

= =

L=£1+Zz

and also the important operator L2. Therefore, the correct and practically expressed eigenfunction of the spin-independent Hamiltonian
should also be an eigenfunction of the operators L. and L2. Fortunately, we are already familiar with this, at least in the case of the hydro gen
atom, but we see that things get complicated. We would have an even more complex task if we included the spin-orbital interaction in the
Hamiltonian, i.e. that the Hamiltonian would also depend on the spin coordinates. There, in general, the Hamiltonian of an atom would
commute with the total angular momentum J =L+ S and with its square J2, but not with the orbital or spin moment separately. We
return to the commutation with .J, and .J2 because this applies to an atom in general. These problems are easier to study by examining the
invariance of the Hamiltonian under different rotations in orbital and spin space [2]. The angular momentum operators are also operators
expressing rotations in orbital or spin space. However, we do not have time to deal with this.
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Thus, the two-electron spin function y4(1,2) is really an eigenfunction of the spin-sum operator and the corres-
ponding eigenvalue is 0, i.e. the corresponding two-particle state demonstrates zero projection of the total spin on
the 2 axis. However, it is necessary to verify, whether this spin function is also an eigenfunction of the operator 52,
To do this, we express the operator in the form

52 = 8.5 4 (S8,)2 —hS, (248)

which we have derived for the general angular momentum in the exercise; see formula (57a). We will employ also
one of the equalities (69) expressing the effect of the raising and lowering operators on the angular momentum
eigenstates. So, we can calculate:

§2XA(17 2) = §+S—XA + Sz SzXA —h SzXA
—— ——
0 0
Thus, we need to evaluate
. 1
S_xa=(81_+ 89_) — Dv_(2) —v_(1 2
Xa = (51 g)ﬁ[m()x() X-(1)x4(2)]

Realise that §;_ acts on functions with the spin coodinate of the electron 1 [i.e. on x, (1), x_(1)] and analogously, 35
on the electron 2. We do the multiplication of the expressions in the parentheses, use the mentioned formula (69b)
for j = 1/2 and m either +1/2 or —1/2. After a few lines we get

S—XA =0

Therefore, the equality
S2xa(1,2) =0 (249)

holds. It means that the spin wave function x4 (1, 2) [and consequently also the total wave function V(1,2)] is also
an eigenfunction of the operator S? and the corresponding eigenvalues is zero again.

Thus, the antisymmetric two-electron spin wave function [eq. (239)] represents a pair of electrons with zero projection
of the sum of their spins on the z axis (and also on other arbitrary axis) and also with zero total spin (i.e. with zero
eigenvalue of the operator 5?).

Standardne sa pre spinové vlnové funkcie pouZiva znacenie
X5, (250)
is being used for the spin wave functions. The upper index marks the value of S in the equation
S2x3. =h%S(S + 1)x3, (251)
and the lower index the value of S, in the equation
S.x%. =hS.x%. (252)

[See, for instance, equations (68), in which we were omitting /i for the sake of brevity.] From the indices S and S,
we know what eigenvalues of the operators 5% and S, their common eigenfunction corresponds to, so we know
everything about the total spin of the system.

Singlet: S = 0, S, = 0. Thus, we write the spin function (239) as follows:

xa(01,02) = | X4 = —= [a (01)x(02) — x—(01) x4 (02)] (25%)

S

It is called singlet. A system in the singlet state (the He atom, for instance) has anti-parallel spins of its electrons
and the total spin 0.
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Triplet: S =1, S, € {—1,0,4+1}. From the theory in section 4.5 we know, that spin functions with non-zero
spin should obviosly to exist. (We still consider a two-electron system.) These are the functions [2, 3]

X1 = X+(01)x4(02) (254a)
Y= % s (1)X—(02) + x—(01) x4 (0)] (254b)
XL = x-(o1)x—(02) (254¢)

and together they are called a triplet. This name originates from the property that if an atom is inserted in an external
magnetic field, then the corresponding energy level (which would otherwise be degenerate if we neglect other, very
weak effects) splits into three sublevels. If the atom in in the singlet state, then there is no such splitting. In this
document, we do not present calculations verifying that (254) are really the eigenfuntions of the operators S, and
52, but we have written the hints in this course and we have been doing calculations of this kind couple of times
and you ought to be able to accomplish them. The procedure for ! is straightforward and similar to that above for
X3 = xa and also shorter. We can then calculate the vectros x{ a x!, using the lowering operator S_, ie. with the
aid of formula (69b). Or, we can directly verify them as we did with y . Recall that in the Dirac ket-vectors notation,
the components of the triplet are written

|1>1>’ |1>0>’ |17—1> (255)

Note the the three functions of the triplet are symmetric. Consequently, if we aim to form a total wave function out
of them, its orbital part must be antisymmetric.

A system in any triplet state has the magnitude of the total spin described by the quantum number S = 1. If
the state is Y1, then also S, = 1, which means that both electrons have their spin projections on the z axis equal
to +1/2. We say that the spins are parallel and equally oriented (i.e. they point to the same direction), which is an
inaccurate informal wording. The spins are of this character also in the state x! |, but then s, = —1/2. (Lower-case
letters are used for symbols related to one particle, upper-case for the whole system.) The spin projections in the
state y{ are mutually opposite but the total spin magnitude is still determined by the value S = 1; hence the square
if the total spin magnitude is A5 (S + 1) = 2>

An illustrative picture is that the arrow of the spin AM has equal length for each state of the triplet x5 [its
square is 1(1 4 1)4* = 2h*] given by the number S = 1. In the case of S, = 1, this vector is oriented along the
positive z-axis direction. In the case of S, = —1, it is oriented to the negative direction, and in the case of S, = 0,
it is perpendicular to the z axis. If we, for example, looked at the state x| from a viewpoint of a differently oriented
coordinate system, we would have to write it as, e.g. x’", (this would only be in the case if the new z axis was
oriented exactly oppositely), but in general, we would have to express it as a linear combination of all the three
components, i.e. x’ 1 — 2}92:_1 X}%' Of course, it would be a triplet state also in this other coordinate system,
but in general, if viewed from the different point of view, it would not have a sharp (definite) value of S, We also
see the the three vectors of a triplet are mutually of the same importance; we also say that they transform among
themselves upon rotations of the coordinate system.

And why the “arrow length” of the spin AM in a triplet state in not equal to the value of 1/2 + 1/2 = 1 (in
h = 1 units)? After all, it is about two electrons and if they point their spin AM to the same directions, we should
obtain 1/2 4+ 1/2 = 1. It is because of the quantum-mechanical uncertainty. It is true that the “arrow length”,
more practically its square, is determined by the operator 52 = 5’5 + 5”5 + Sf It is the QM expectation value of

this operator in the given state; shortly <§ 2). But because the cartesian components S’I, Sy, S’z do not commute
among themselves, it is impossible to determine sharp (definite) values S, S,, S.. Consequently, it is not possible
to determine the square of the “arrow length” in the classical way as S7 + S} + S2. We have S, = 1 for the state
x1 and we might think that we just need to take S, = S, = 0 and in this way determine the square of the arrow
length; we would get 1 which is a wrong value because the correct one for the triplet state is S(S + 1) = 2. The
value of 2 is also the QM expectation value of this operator in any triplet state: (xg. |§2|X152> = 2 (in the units of
).

There are no higher multiplets for the helium atom because two electrons cannot yield a total spin greater than 1.
For this, we would need a system of more electrons, e.g. the lithium atom at least.
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Any function of a triplet is orthogonal to the singlet function:

(a0 = D0 D Xi(o1,02) X0(01,02) =0 (256)

o1=x1o09==*1

It can easily be verified and it generally follows from the fact that they are eigenfunctions corresponding to differ-
ent eigenvalues of a hermitian operator, specifically of S?. The individual components of the triplet are mutually
orthogonal too:

(Xs.Ixs5) = 0s..51 (257)

Other multiplets. Hélium aj iné dvojelektronové sustavy teda umoziuju len existenciu singletnych a triplet-
nych spinovych stavov elektréonového obalu, teda stavov s celkovymi elektronovymi spinmi S bud 0 alebo 1. Jed-
noelektronova ststava, ako napr. atém vodika, ma zasa celkovy elektréonovy spin S rovny vzdy 1/2, ¢o umoziuje
dva rozne priemety spinu na os z (dve rozne hodnoty S.), a tato dvojicu spinovych stavov nazyvame v angli¢tine aj
v inych jazykoch doublet (¢itaj dablet). Pre litium (N = 3) by sme mali aj stavy s S = 3/2, ¢o dava pocet roznych
priemetov na os z 25 + 1 = 4, a takato $tvorica spinovych stavov sa v odbornej literatire nazyva quartet. Pre
vyssie multiplety sa pri $tadiu elektronovej struktiry (ale aj u NMR) Casto stretavame aj s nazvami quintet a sextet,
popr. aj dalsimi.

9 The Hartree-Fock Approximation

For an N-electron system, the complete non-relativistic Hamiltonian with added spin contributions takes the
form*

H i A V2 4 b (7)) | + L i’ ¢ L o (258)
= 5 Vi T Vext\T 5 T 1 o
—~ | 2m ° ' 2 = dmey |15 — 7]

where the prime (the comma) at the summation over i, j indicates that cases with ¢ = j are not accounted for.
The term with the operators 0. (7;) represents the electrostatic interaction of the i-th electron with the given (ex-
ternal) potential, which itself is a sum of the Coulomb potentials due to the nuclei and, in addition, it may include
contributions from possible other sources (e.g. a capacitor field, into which the molecule may be inserted:*’

L 1 7Ze? N
et () = = Y —— ———=— + Dother(7) (259)

I dmeg ‘F_EI‘

where [ labels the individual nuclei of the molecule or a crystal, which we assume to be fixed, i.e. motionless (which
often is a good approximation) and are positioned at the points R;. The charges of the nuclei are Z;e. Even if the
nuclei were moving slowly, our description using the stationary SchE would usually be satisfactory, because with
slow motion, the electronic structure manages to adapt to the instantaneous positions of the nuclei. Neglect of the
kinetic energy of the nuclei is called the Born-Oppenheimer approximation. We did not include the Coulomb energy
of the nuclei into the Hamiltonian (258), i.e. the term

1 1 Z1Z;¢?
= it (260)
2 7 dmey |R; — Ryl

I£J

With constant positions of the nuclei, this term represents only a constant shift in the total energy of the system
and its inclusion would therefore be trivial. Hence, we will omit it. However, it would be necessary to include it
at least in cases where we would study e.g. dependence of the energy of the ground state of the molecule on the
positions of the nuclei, vibrational frequencies, etc. An external magnetic field is not included in Hamiltonian (258).

%6The existence of spin follows from the relativistic theory. We do not study a relativistic theory, but since we need to include spin into
the description, we added it into the theory by hand” (we postulated it in Chapter 7 based on known experimental facts and also on what
we have learnt about the angular momentum earlier in section 4.5).

37The external field in which an electron is located is therefore, in this context, understood to be the electrostatic field generated by the
nuclei and by any other external sources.
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Our task is to find the solution of the problem
HU = EV (261)

at least for the ground state. For Hamiltonian (258), we cannot find an exact solution of this equation mainly due
to the term with electron-electron repulsion. The Hartree method and especially the Hartree-Fock one makes it
possible to find at least an approximate solution.

9.1 Motivation for Further Steps

The task to finding the eigenstates of Hamiltonian (258) would be greatly simplified if we could replace this
Hamiltonian with an effective Hamiltonian of the form that is a sum of one-particle terms:

N
HT = "1 (7%, 0) (262)
i=1
This form implies as if the individual electrons were not interacting with each other, and therefore we often briefly
call such a Hamiltonian a "non-interacting Hamiltonian.” In fact, such or a formally similar Hamiltonian may involve
at least an indirect interaction between electrons, as we will see later. For the sake of generality, we now consider
possible dependence of the Hamiltonian on spin, although we will abandon it later; in traditional expositions of the
Hartree method (HM) and the Hartree-Fock method (HFM), spin usually does not enter the Hamiltonian. However,
its inclusion would not present a difficulty. We will label the spatial and spin coordinates in different ways, depending
on what is convenient for particular purpose: (75, 0;) = (x;) = ().

Assume that we know the solutions of each of the effective one-particle Hamiltonians:
hey(i) = Eidili) (263)

(For this is a one-particle problem, solutions to it would not be, hopefully, difficult to determine at least numerically.)
It can then be easily shown that the solution for the total Hamiltonian (262) is the product function

Uip(1,2,. .. N) = ¢1(1) 6a(2) ... dn(N) (264)

that is
Heff \I/Hp - E WHP (265)

with the eigenenergy being the sum of the energies of the individual electrons:*

E=) & (266)

A wave function of the form (264) is called Hartree product.

9.2 Antisymmetrisation of the Wave Function

Although the wave function of the form (264) may also be an exact solution for the effective Hamiltonian (262),
it is not physically satisfactory because it is not antisymmetric. It is not even symmetric, so it does not respect the
indistinguishability of electrons at all. (However, it would be symmetric at least if we chose functions of the same
form for ¢4, ..., pn.) We will show how to make an antisymmetric function from it.

N=2.
L
V2

381t will be somehow more difficult in the HF method.

¢1(1) $2(2) — = ¥(1,2) (267)

[61(1) 62(2) — 61(2) 6a(1)] = %
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N = 3. Thisis more complicated here, so we will first show how to make a symmetric function from the Hartree
product and then an antisymmetric one. From the trio 1, 2, 3 representing the coordinate of electrons, we create all
possible permutations (physically representing mutual exchanges of electrons):

123 132 231 213 312 321 (268)

We write down the symmetrised function as follows:

Ugm = N [01(1) $2(2) ¢3(3) + ¢1(1) $2(3) ¢3(2) +
+ ¢1(2) $2(3) ¢3(1) + ¢1(2) P2(1) $3(3) + (269)
+ ¢1(3) $2(1) ¢3(2) + ¢1(3) $2(2) P3(1)]

where N is a normalisation constant such that (U|U) = 1. It is easy to convince that the antisymmetric function
will be similar to the last one, but in such a way that at each odd permutation the sign of the respective term will
be changed: **

V(1.2:3) = = [01(1) 02(2) 053) — 91(1) u(8) 04(2) +
+ 01(2) 92(3) ¢3(1) — $1(2) Pa(1) ¢3(3) + (270)
+¢1(3) 92(1) ¢3(2) — ¢1(3) ¢2(2) (,153(1)}

For instance, the 123 permutation is 0%, that is even. The 321 permutation is formed by one interchange of the order
of the electrons 1 and 3 compared to the originally defined order (123), so it is odd. We get the 312 permutation from
the original order by two consecutive elementary swaps, so it is an even permutation. Possibly by four swaps, but
it’s also an even number. Again, it is easy, albeit a little longer, to be convinced that we can also write antisymmetric
three-electron function (270) as a determinant:

¥(1,2,3) = % 0(2) 6(2) 65(2) (271)

o1(
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A General N. Thereis N!permutations of N numbers. We produce the antisymmetric function from the Hartree
product (264) as a linear combination of N! terms, which we write as follows:

N!—1

@(1727"'7]\]) = \/% Z (_1)p ¢1(1p) ¢2(2p) (bN(Np) (272)

The symbols 1p, ..., Np are numbers obtained by p' permutation of the original order 1, ..., N. The zeroth permuta-
tions represents the original order. It does not matter what the order of the other permutations is. Only the parity
of a permutation is important (whether it is even or odd), and the parity does not depend on the chosen order. For
illustration, e.g. for N = 4 in brief symbolic notation,

1234 — 1243 + 1342 — 1324 + 1423 — 1432 +
+2143 — 2134 + 2314 — 2341 + 2431 — 2413 +
+ 3124 — 3142 + 3241 — 3214 + 3412 — 3421 +
+ 4132 — 4123 + 4213 — 4231 4 4321 — 4312 )

U(1,2,3,4) = %(

By permutation in these notes we mean either the whole ordered N-tuple of numbers, or just an elementary
swapping of a pair of numbers to get a given N-tuple; the specific meaning needs to be understood from the context.

% An equivalent alternative would be to change the sign at each even permutation.
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However, we will get the same resulting antisymmetric wave function as (272) also in the case if we interchange
just the indices of the wave functions and will keep the order of the coordinates untouched (original):

U(L,2,....N) = ﬁ S (1 (1) 62p(2) - bap(V) (273)

The wave function (273) can again be written as a determinants, as it is taught in algebra:

$1(1)  @2(1) ... on(1)

\11(1727”"]\]):# $1(2)  #2(2) ... on(2) (274)

P1(N) ¢2(N) ... ¢n(N)

A wave function expressed in this way is called a Slater determinant. It is a well-known property of determinants
from algebra that if we interchange two rows, the sign of the determinant changes.** An interchange of two rows,
as can be seen, physically corresponds to an interchange of two electrons. Therefore, the Slater determinant really
ensures that the wave function changes its sign to the opposite upon interchange of any two electrons.

In order not to have to write long formulas of the type (273) or (274) every time, we sometimes use the expression
U(1,2,...,N) = Alpi(1) 62(2) ... on(N)] (276)

where A is the anisymmetrisation operator. The way how its acts on a function (on a Hartree product), is obvious
from the above explanation.

In section 8.6 we learnt that two electrons cannot occupy the same one-particle state. Therefore, for instance,
the state

U(1,2,3) = Afp(1) ¢(2) ¢3(3)]
(in which the first two spinorbitals are equal, i.e. ¢; = @2 = ¢), should have zero probability of its realisation.
If we look at expression (270), we see that in such a case U is really zero. Again, this property of determinants is
know from algebra: if any two functions of the Hartree product are the same, the corresponding Slater determinant
is identically zero. Thus, the choice of the wave function in the form of a Slater determinant will also ensure the
fulfilment of the Pauli principle and, as can be seen, it is closely related to the fact that such a wave function is
antisymmetric.

At the end let us note that if Hartree product (264) is an eigenstate of the effective Hamiltonian (262),
Heff lIIHP - E \I’HP

then also any state created by some permutation of the Hartree product will be an eigenfunction corresponding
to the same eigenenergy. Then we come to the conclusion that the corresponding antisymmetric wave function
U = AUyp is also an eigenfunction of this Hamiltonian and corresponds to the same energy £ . And let us
summarise our findings of this section: we have learnt how to produce a wave function of the correct permutation
symmetry from the Hartree product (264).

0 Also if we interchange two columns. However, if we are talking about the exchange of coordinates of electrons, then for the form (274),
the exchange of rows is important. However, the columnar Slater determinant is often used, i.e.

o1(1)  #1(2) ... 41(NV)

lI/(l,Q,...,N):L $2(1)  ¢2(2) ... P2(N) (275)

on(1) on(2) ... on(N)

It is identically equal to determinant (274). For the determinant (275), an interchange of two electrons is mathematically represented by
the interchange of two columns. It is just a matter of preference whether we use the form (274) or (275).
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9.3 The Hartree-Fock Self-Consistent Field Method

The Task To Be Solved. We have to find an approximate ground state of the /V-electron system described by the
Hamiltoian

. 1 & 1

H=SN"hi)+=y —— 2
Z (ZHZZIFZ-—FJI (277)
=1 2,7=1

#j
where
. . V2
h(i) = (7)) = —7’ + Vext (75) (278)

Thus, we will be using the atomic units in this section. The Hamiltonian defines the basis physical parameters
(positions and charges of the nuclei and the number of electrons) of the task to be solved. As we can see, the task is
a little bit simpler comparing the operator (258) since we neglect the spin-dependent terms. This is, however, often
an excellent or very good approximation, especially for lighter atoms.*' This time we will denote the many-particle
eigenfunction to be determined as ®, not V. Hence, we have to solve the task H® = E® [rov. (261)].

The Proposed Form of The Solution. In the Hartree-Fock method (HFM), we will search the wave function ¢ in
a form of the Slater determinant (274), that is, the function will obey the antisymmetry requirement.** Writing its
arguments in detail, it is

O(7, 01,72, 09, ..., TN, ON).
For practical reasons, this determinant is often written not as usually but using the expansion (273):

Ni—1
®(1,2,..., Z )P h1p(1) G2p(2) ... dnp(N) (279)
The spinorbitals ¢ (7, 0), ..., ¢n(F, o) are the basic building blocks in out construction of the many-body wave

function ®. They are unknown functions to be determined.

The Functional Representing the Energy for a Chosen Wave Function (279). HFM is a particular realisation of
the variational method; see section 6.1. In the sense of this method, we will consider the function (279) as a trial
function on which the variational method will be applied. The role of the variational parameters will be played by
the one-particle spinorbitals*® ¢;. If we ensured the value of the denominator of the fraction (167) equal to 1, we
could determine the total energy of the system by minimisation of the expression

Q/ N) H ®(1,...,N)dr > E, (280)

where d7 = dx1dx, . . . dry means integration over the spatial coordinates of all the electrons and also summation
over their spin coordinates. It is because at the correct normalisation

/<I>*(1,...,N)<I>(1,...,N)dr:1 (281)

G would represent the quantum-mechanical expectation value of the energy of the system being in the state ®.
Because the expression G depends on functions (by which we mean ¢;), it is called a functional. We will ensure the

1By not considering the spin degrees of freedom in the Hamiltonian, we consider a purely non-relativistic Hamiltonian. It is because the
presence of spin follows from the relativistic quantum electrodynamics. This still does not prevent us from considering the spin degrees of
freedom in wave functions.

“2\We just note that there is also the Hartree method (HM). In it, the wave function is sought in the form of the Hartree product. This is
not sufficient for electronic structure, but the HM would be suitable as an intermediate step to the HF method; after studying it, the HFM
could be mastered more easily and better understood. Due to lack of time, we cannot focus on the HM, but you can see it in the Appendix E.
Since it assumes a simpler form of the wave function, it is a simpler method than the HFM.

“In reality, even those will later be expressed as linear combinations of some known functions. Thus, the corresponding coefficients
will become the variational parameters, which is practical.
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normalisation of ® by demanding orthonormality of the spinorbitals:

Vi, j (282)

/ 6:(7,0) 6,7 0) do = (Biléy) = b

These conditions are a common element in the construction of the HF method [7, 8] and facilitate its derivation. The
conditions of the orthonormality will be satisfied using Lagrange multipliers. Therefore, we define an augmented
functional

N
Eur =G — Y N [(6:]9;) — 6] (283)

ij=1
in which );; are the mentioned multipliers. Thus, instead of the simpler functional (280), we will minimise Eyr. The
one-particle functions ¢; standing in (279) are unknown and our task is to determine them so that the value of Eyp

can be as low as possible. Hence, the spinorbitals ¢; have, at least formally, a role of variational parameters. It is
practical to split the whole functional (283) to several terms and then simplify as follows:

By = G+L = GV +GP 4 (284)
where
N
¢ = /@*(1, ...,N) Zh(z’)] ®(1,...,N)dzy ... dey (285)
i=1
is the contribution from the single-particle terms of the Hamiltonian,
I, 1
2 = * i N
g = /cp (1,...,N) [2; - ®O(1,...,N)day ... dxy (286)

is the contribution from the two-particle terms of the Hamiltonian. The prime at the summation over 7, j indicates
that the cases of ¢ = j are omitted. The third component of the functional Fyr is the term responsible for the

orthonormality of the spinorbitals:
N

L=— Z Aij [{@il@5) — 6] (287)

i,j=1

We now explicitly substitute the Slater determinant (279) into these three components of the Hartree-Fock functional
Fir. We start with G and obtain

N ) N .
g =3 / 61 (1) h(1) ¢:(1) doy = Y (@1lhloy) (258)
i=1 i=1

In order to work from definition (285) toward the final expression, eq. (288), it was necessary in particular:
« Explicitly use the antisymmetric function (279).

« Utilise orthonormality of the spinorbitals, thanks to which only the term with p’ = p of the sum over the per-
mutations p’ remains non-vanishing.

« Later, it was necessary to realise in a certain step of the manipulations that in the resulting sum over the permuta-
tions (for any chosen i), each term (each value) is repeated (N — 1)! times. Therefore, it was possible to express
the summation as follows:

NI—1 N
Z something = (N — 1)! Z something similar, depending on the index 7,
p=0 J=1

independent of 7.

« There is still the sum over ¢ there that was to the left of the sum over the permutations. The sum over ¢ can be
calculated trivially for nothing depends on the index 7 there.

« At the end, only the sum over j will be left there. For the elegance of the final result, we denote this summation
index to 1.
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Although we do not take over the Hartree method (HM), we will at least mention that we would also come to a term
of the form (288) there, and much easier, because in the HM, the wave function has only one term.

In a similar, although a more complex way, we now begin to express the two-particle contribution G to the total
functional Eyr. The derivation is even longer and really more difficult, but with proper notation and consistency in
the individual steps of the calculation, it is not extremely difficult. Here are at least a few key points.

+ Again, it is necessary to use the orthonormality of the spinorbitals, thanks to which only two non-zero terms
remain from the sum over the permutations p’ (for given ¢ and j):

— the one with p’ = p [as it also was in the derivation of G(V]

— also the term created by such a permutation p’ that has only the indices ¢ and j interchanged compared to the
ordering in the permutation p; We can denoted it as pf,. Thus, if the permutation p is even, then the p[ is odd
and vice versa. Consequently, p + p{ in the second non-vanishing term is an odd number.

« Similarly to the derivation of G(!), here it also is necessary to realise in a certain step that, although for any chosen
i, j there are N! contributions in the summation over the permutations p, not all of them are different from each
other. Different from each other, let us call them unique, are N(N — 1)/2 contributions for any given pair of
indices 7, j. Thus, each of the unique contributions is repeated N!/[N(N — 1)/2] times.

We arrive at

1
G® {/(b —(15@( ) $;(2) dy dwy — /¢ )E%‘(l)@@) dzq dzo (289)

1,5=1

We got the two terms (apart from the fact that there are also the summations there) because of the antisymmetry of
the wave function. Therefore, the second term has exchanged electron coordinates (or the wave function indices)
and has the opposite sign to the first term. In the HM, we would get only the first term; you may check (E.13). Using
the Dirac bra and ket vector notation, the writing will be shorter:

—_

6 = 1S [0ty 1t u0s) — (60 | 8,00) 20)

ij=1

(\V]

In such a notation, however, it is necessary to remember on which variables the individual functions depend and to
keep the introduced order.

Thus, we have constructed the whole functional Eyr = GV + G + L to calculate the ground-state energy:

EHF[Qb] = Z ¢z|h|¢z Z <¢’L¢j |T1 1| ¢z¢] Z <¢Z¢J |T1 1‘ ¢]¢z> Z >\’Lj ¢Z|¢j> 1]] > EO

,j=1 ,5=1 ,j=1

(291)

The One-Particle Contribution. The first term represents the sum of one-particle energies, which are the kinetic
energies of the electrons plus their potential energies in the given external field, i.e. in the potential Uy (7).

1
The Two-Particle Contribution 4— .... To know the physical meaning of the second term, let’s write it down in

more detail, using spatial integrals and summations over the spin coordinates. In doing this, let us return for a while
to the SI units. We express the spinorbitals more explicitly employing the usual factorised form

di() = pi(M)xi(o) (292)
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in which the (usual spatial) orbitals are orthonormal and the spin functions too,** see (212). Then, placing the
integrals, sums, and other symbols as practically as possible, we get

1 —e)?
Z /d3r1d5r2 ©; (71)p; (72) Ineg ﬁ

=1

x> xi(e)x; (e2)xi(o1)x;(02)

0'1 +109==+1

2" term of (291) = @i(M)p;(T2) X

(293)

1
The double sum over the spins written in the second row is equal to 1 due to the normalisation of the spin functions;
for, e.g., an electron with the coordinate 0y, we have ) _ ., xj(01)xi(01) = 1 for each index i. The expression

— e (M)@i(1) = pi(T1) (294)
can be, in a quantum-mechanical sense* understood as electric charge density generated by the electron 1 in the
orbital ;. Quite analogously we also see the density p;(7%) in (293). Therefore, the 2™ term of formula (291) can be
expressed as follows:

1
2

pi(71)p;(72)
|71 — 7]

(295)

ij |T11| ¢2¢J> = Z /d37‘ dS 47T€0

Jj=1 ,j=1

We see that the integral standing there is nothing but the electrostatic Coulomb energy of the interaction of two
charge distributions with the spatial densities p;(7) and p;(7%). That is, the purely classical contribution, well
known from the basic physics course too! For these reasons the expression (integral)

* (= * (= 1
= /d37“1d37"2 ©; (Tl)QOj(TQ)l_,—_,

(296)
r — 7’2’

Z_] — <¢z¢] |7"1 1| ¢Z¢j>

@i(T1)pj(72) > 0

is called the Coulomb integral [8, 11] (also Coulombic). We would obtain it also in the HM [you may check (E.13)].
Looking at its form which employs the integral in (295) we see, that, because of the equal signs of the interacting
charges, it is really positive. Let us conclude our discussion of expression (295) using other words: it represents the
electron-electron electrostatic Coulomb repulsion (an energy) of the given N-electron system.

The Two-Particle Contribution g In a similar way, let us try to find a meaning of the third term of for-

mula (291). Doing so, we arrive at the result

07 (71) @5 (72) 5 (1) i (72)

(297)

l\')lr—\

N
Z $i6; | o | di6i)

l\DI»—

N
Z Xlxj/dgrld?)?”Q

|7 — 7]

The factor d,,,, emerged there from the contribution of the spin functions thanks to their orthogonality and norm-
alisation.*® This time it is not easy to get densities from the orbitals. Therefore, the third term of formula (291) does

44Although it might seem that there may be N different spin functions x1, X2, ... X v there, in fact each of them is just either x4 or x_,
that is chiy or x_1 in the different notation.

7 ()i (F) is not a classical density, but a probability density in the sense of the 1°' postulate of QM. In an analogous sense, —e|; (7>
is then a charge density.

#1t is not complicated and not hard to get at all, one just have to proceed carefully:

S o)X (o)xslo)xi(o2) = D xi(e)xi(o1) Y X (02)xi(02) = by,x,0

o1=110,=%1 o1==%1 oo=%1

XiXi — 5XiX,7

)

XjXi

Thus, the sum marked by the curled bracket is nonzero only if the spin function for the spinorbital ¢; is the same as the spin function for
the spinorbital ¢;. And the value of this summation, of course, no longer depends on any spin coordinate; it is just a number (0 or 1). In
the same way we will evaluate the remaining summation, i.e. the one over .
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not have any simple classical interpretation. It emerged from the description as a consequence of the antisymmetry
of the wave function of identical fermions. Hence, it is a purely non-classical contribution. The integral

o 1 . .
Ki; = (005 |rid | d50) | = 5xz-x]-/d37“1d37”2 w?(rl)wj(Tz)m903'(7“1)%(7“2) >0 (298)

(A1

is called the exchange integral [8, 11]. Without proof, we stated that if it is nonzero, it is positive [7], similarly as
the Coulomb integral is always positive. Comparing to the Coulomb integral, the indices of the spinorbitals ¢, j on
the right of 1/r;5 are exchanged in the exchange integral.

Thus, the inclusion of antisymmetry leads to the exchange integral which lowers the total energy, and there-
fore the Hartree-Fock method gives a lower, or better, ground state energy than the Hartree method, in which the
exchange integrals do not appear. The term exchange interaction is also being used. However, it must not be mis-
understood as some physical interaction, but only as a way or concept to represent the corresponding contribution
to the total energy of the system described by the single-determinant wave function [7].

The factor 0, in (297) causes that only spinorbitals with the same spins contribute to the exchange inter-
action. It does not even make sense to consider the exchange interaction and the exchange integral for electrons or
spinorbitals with different spins.

Intuitively, we can partially understand the effect of the energy lowering as a consequence of the Pauli repulsion:
two electrons with equally oriented spins must differ in something else, otherwise they would violate the Pauli
exclusion principle. Therfore, they differ in their spatial wave functions which are such (different from one another,
even mutually orthogonal) that keep the electrons apart. By this, they reduce their Coulomb electrostatic energy and
consequently also the total energy of the system. However, a thorough understanding of the energy lowering would
also have to take into account the electrons-nuclei energies. Therefore, the above interpretation is not accurate
enough.

Finally, we remind that although the exchange interaction is non-classical in nature, it is still derived from
the classical electrostatic interaction, because the exchange integrals include the factor 1/|7 — 75|. Realise: the
corresponding energy is just a certain part of the quantum-mechanical exspectation value of the potential energy
operator of the electrons.

The Last Contribution to the Functional Eyr - it is only present to guarantee the orthonormality of the spinor-
bitals. If this is achieved, the term vanishes.

The conditions 7 # ¢ in the above double-summations is no longer necessary. This can be seen from the fact
that the expressions in the functional Fyr <¢1¢J ‘Tﬁl‘ gzﬁlgzﬁj> and <¢z¢j 7’3‘ ¢jq§1> are subtracted from one another
at j = 7. So, their non-physicality does not matter, and if it suits us, we will consider summations without the
condition j # 4. In this context, let us see how the Coulomb sum (295) will change upon inclusion of the terms with
j = 1. For this purpose, it is advantageous to move the summations over ¢ and j on the right of the integrals and
calculate (now already without the prime at > )

> pi)pi(ia) = p(i1) pli) (299)

ij=1

where N
p(F) = pi(F) (300)
=1

is the total charge density from the electrons. Thus, the Coulomb contribution to Eyr augmented in this way can
be expressed as follows:

N — -
1 1 Z <¢Z¢J ‘7;21}¢i¢j> _ % /d37n1d3T2 1 p(rl)p(r2) (301)

471'80 5 =1 471'80 ‘7?1 - ’FQl

In the context of electronic-structure methods, this quantity is called Hartree energy. It is again an electrostatic
interaction of the charge density, but this time of the total one, i.e. it also contains the non-physical contribution of
the interaction of the electron with itself (the so-called self-interaction or self-energy).
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Minimisation of the Functional (and of the Energy). We want to find out at what function ¢; the functional Fyr
is minimal. This is something analogous to finding the minimum of a function, when we calculate the derivative of
the function. The total differential of the function vanishes at the minimum of the function. Here, however, we have
to look for a minimum of the functional. Therefore, we will make variations of the functional Ey, which means that
we will examine how it changes (varies) upon small variations of the functions ¢; which it depends on. Consider
the following variation of the functions ¢;:

Oi — O

(302)

The functional then varies as follows:

Eurl¢] —  Eurl¢ + 0¢] = Fup[d] + 6 Enr (303)

and it could analogously be written also for its individual components G M G@, and L. Hence, the sum of the
one-particle integrals in (288) gets

Vel — GWo+d¢] = Z / (63 + 800)" (i) (5 + 3¢) dz =

+Z/5¢ i) i d$+2/ ) ¢i]*0¢; dx + (304)

J/

5g(1)

+ terms in 2™ order in d¢y, , which are negligible

Note that the second term in 6G!) is complex conjugate (c.c.) to the first one. So, we obtain

N

06N = (53l hlgi) + c.c. (305)

=1

In calculations with two-particle integrals too, we will omit writing the arguments of the functions ¢ in some places
for the sake of brevity. We again remind ourselves that it is necessary to remember which function depends on
x; = 1y, 0; (briefly ) and which on ;. For the variation of the sum of the two-particle integrals (289) we get, using
a procedure in a manner similar to the above one, only more complex, the following result [using that r;; = 7;; and
that we can arbitrarily rename and interchange summation indices (¢ <> j) with one another]:

Z/éw ¢z¢gd$1d$2+2/¢¢ 561 6 d, do

N b (306)
N Z /5¢ ¢; — ¢J¢z dry drg — Z /Q§ oy —5(/5]9252 dzq dxs
7,7=1 i,j=1

Note that the second terms in each row are complex conjugate to the firts terms. In the compact notation, we write
down this variation as follows:

N
56 — [Z' (00 65lr12 [ds 05) + Kz

ij=1

N
B [ZI (0i ¢ria |0 i) + k2. (307)

ij=1

To evaluate also the variation of the functional Fyr, not only of G, it remains to evaluate the variation of the term
with the Largrange multiplier, see (287). This can be calculated easily, resulting to

N

0L == Nj(o¢ild;) +kaz. (308)

ij=1
Now we are able to write what the variation of the whole functional EyF, that is the value of

dEur = Eur[¢ + 06| — Eur|¢] = oGV + 66D + 5 (309)
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is equal to. To accomplish this, we need to collect the results (304), (306) and (308). We arrive at

N N N N
0B = Y _(6tilhlon) + > ' (06i dslrin|ds dy) — Y (061 bslrin |6 d0) — D Nij(0¢ulgy) + e (310)
i=1 i,j=1 ij=1 ij=1

and we better rewrite this result using integrals and at the same time we pull the common parts to the left:

N
§Eyr = Z/dxl 5¢;(1)[
=1
N N
1)ei(1) +Z//dx2 $1(2) izt (1) Z /dx2¢ rd é;(1) Z)‘” 6:(1 (311)
Jj=1 j=1

] + c.c.

where c.c. denotes the terms complex conjugate to the former ones. We keep writing the primes at the sums, that
is, we are omitting summations over j = ¢ although this is no longer necessary.

As we have said before, we are trying to find out for what functions ¢; is the functional Fyr is minimal. Just as a
function has zero first derivative around its extremal point, ie zero change in the first order, so a functionial around
its extremum has vanishing variation. Therefore, in order to find the minimising spinorbitals ¢;, we require

To satisfy this for any small variations d¢;,
the expression in the square brackets (311) must vanish. (313)

Before we write down zeroness of the expression in the square brackets, we introduce two important terms and
their notation, so that we can properly write the integrals over x5 in the square brackets in (311).

The Coulomb Operator. The expression

Fi(1) = /mm<wuxm=/$m@%nT—ﬁ%®> (314)

is called the Coulomb operator. Its name comes from the fact that it expresses (in the atomic units) the Coulomb
electrostatic energy of an electron located at point 7| with an electron cloud that is created by the wave function
¢;. It can be seen from formula (314) that it is an operator expressed by real numerical values; it is a real function
of the variable 7. Hence, the Coulombov operator is hermitian.

The Exchange Operator. The second term in the square brackets of (311) is more complicated than the first one.
We will define the corresponding operator indirectly only, through its effect on the spinorbital. The form of this
operator will look rather artificially and is motivated by the equations being easy to write. The square brackets in
the following definition (it is the framed part) are not necessary but they are convenient for clarity.

1

e @i(T2) | ¢j(T1)x;(01)  (315)

&) = | [ a0 60| 60|~ bo [En e

The operator Iaj is called the exchange operator. Its name comes from the fact that it is located in the term of the
functional that was created by exchanging the coordinates of the two electrons. The presence of this operator stems
from the indistinguishability of electrons and from the requirement of antisymmetry of the wave function, and is
therefore of a non-classical nature. At the same time, however, it is a manifestation of electrostatic interaction, since
the expression 7, is found in this operator. Although it may seem that the Iéj operator should also carry the index
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i of the function it acts on, it is not the case.”’ ,Cj(l) processes any function it acts on by integrating it over x5 and
also produces the function ¢;(1). It is therefore an operator that depends on ¢;, processes any given function (for
instance ¢;) in a defined way and there is no reason to put the symbol of the function on that it is currently acting,
on the operator notation. Directly from definitions 3 and 4 in section 1.2.4, we can easily prove that the exchange
operator is also hermitian.

The Hartree-Fock Equations. Equation (313) can now be written as follows:

N
=D A1) (320)
j=1

This system of equations is called the Hartree-Fock equations (HFE) [7]. It will be possible to simplify it even more
to the so-called canonical form in which \;; o< d;;; therefore the summation on the right-hand side will disappear.
The term in the square brackets is called the Fock operator:

) = b))+ 3 |G = Ks() (321)

Jj=1

As mentioned above, it is not necessary to omit the values with ¢ = j in the summations. This is and important
simplifications because, thanks to it, there is only one and the same Fock operator in the HFE*® that acts on each
spinorbital ¢; and the HFE can then be written down briefly:

N
7j=1

Finally, realise that the Fock operator is hermitian. This comes as a consequence of i(1), J;(1) and K;(1) being
hermitian operators.

#7The formal expression of the symbol K ; depends on 7 of that spinorbital and therefore it might seem that the exchange operator should

also get the index i:
(1
[ / dzs ¢(2) 113 04(2 )] 228 (316)

For a better understanding of the exchange operator, realise that it can act on any function, not just the spinorbitals ¢;. Let us first consider
any function ¢(x) expressible as a linear combination of our spinorbitals:

N
x) =Y ckdn(z) (317)
k=1

Then we express the effect of the exchange operator on ¢(x) due to its linearity as follows:

N ) N
=S ak,o =S [/dw )ri on(2 M dem chmk o) (319)

k=1 =1

ie.

£ 0o(1) = | [ ana )5 002 6,00 (319)

It can be seen that nothing prevents us from extending the definition of the exchange operator so that it can act on any function of the
variable 21, not only on the above-mentioned linear combination (317). The action of the exchange operator C;(1) must therefore be

understood as creating the spinorbital ¢;(1) and multiplying it by the number [ ¢ (2) 75" ¢(2) dzy. This number therefore depends on

the function on that K;(1) acts.
“8This is an essential difference and perhaps also a surprising simplification in comparison to Hartree equations (E.29).
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Solution of the HFE. The Self-Consistent Field. The HFE is a system of N integro-differential equation for the
unknow functions ¢;. Thus, by solving these equations we find the functions that minimise the functional Fyg. In
such case, the value of this functional is an approximate energy of the ground state of the system. We do not have
enough time in this course to properly study the ways how to solve the HFE, so we will describe them only in a
roughest sketch.

In principle, the HFE are solved using subsequent iterations: in the beginning, we choose some guess functions

AR N (323)

For instance, if we solve the HFE for an atom, we can take the exactly know spinorbitals of a hydrogen-like ion as
the initial guess ¢§O). We then determine the initial Fock operator using the guess functions (the operator is certainly
not good yet). Using the Fock operator, we then determine (in a manner not specified here) more accurate (although
still very rough) spinorbotals

AR S (324)

Using these, we again construct the Fock operator; it should now be more closer to the accurate one. And so on,
and so on, we do the iterations and once we finish. We can make the decision to finish, for example, if the difference
between two outputs of the subsequent iterations becomes negligible. Then the spinorbitals ¢; will be consistent
with the Fock operator. The resulting elecrostatic field from the considered electrons is called self-consistent field
(SCF). Thus, each electron moves in this SCF. It is actually a field created by QM averaging of the field from the other
electrons and, in addition, the field from the nuclei is also accounted for. The term mean field* is also being used,
although in also a more general sense.

An alternative, and nowadays more and more frequently used way to solve the HFE, is the direct minimisation of
the HF functional. The advantage of this method is its higher robustness, as it is a direct application of the variation
principle.

The Energy of the Ground State. This energy is given by the minimum of the functional (291). Because ¢, are
orthogonal, we obtain (assuming that they are the minimising spinorbitals)

N N N

Eyr = Z<¢i|ﬁ|¢i> + % Z (¢itj |r1a | D) — % Z (9i0; [Tz | djb:) (325)

=1 i,j=1 ij=1

Using the expressions (314) and (315) for the Coulombov and exchange operators, we can also write the HF energy
as follows:

e = Zl / dz ¢1(2) {iz(x) + % > |Ji(@) = K (@) } ¢i(x) (326)

J=1

The difference between the exact non-relativistic energy and the Hartree-Fock energy is called the correlation
energy:
Ecorr - E() - EHF < 0 (327)

(Here we consider a ground state only.) Its magnitude is small in comparison with the magnitude of the total energy
Ey, of the order of e.g. one percent of the total energy. Nevertheless, the effects associated with electron correlation
use to be important. Determining the ground state energy and wave function beyond the HF method is still a major
and fundamental challenge in the study of electronic structure. In cases of large systems (large molecules, clusters
or crystals), it often happens that even current methods and computational resources do not make it possible to
calculate satisfactorily ground-state energy and wave function of a given system.

“also in statistical physics
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9.4 A Mathematical Excursion: Matrix Representations, Unitary Transformations

We have not taken too much from this section (9.4), only those parts that are written
in the larger font. By the way, these parts are just a simple generalization of what
has been taken over in the Computational Physics course about diagonalisation of a
symmetric matrix and expressing this diagonalization by an orthogonal transformation.
The generalisation of a symmetric matrix is hermitian matrix. The generalisation of
an orthogonal matrix is a unitary matrix.

Matrix representations. Majme sadu navzajom linedrne nezavislych funkcii ¢,, tvoriacich uplni sustavu funkcii; Gplnt aspon
v tom zmysle, Ze pomocou ich linearnej kombinacie vieme s pozadovanou presnostou vyjadrit Tubovolnd funkciu, ktora
pri $tudiu daného problému vyjadrit potrebujeme. Tu ststavu (sadu, postupnost) funkcii potom nazyvame bdza. Samotné
funkcie volame bazové funkcie. Okrem linearnej nezavislosti predpokladajme aj ich vzajomnu ortogonalnost a normovanost
na 1:

/80:,18071 dr = <99m|S0n> == 5mn (328)

pri¢om integrujeme cez blizsie nespecifikované premenné, od ktorych tie funkcie zavisia. Tych integra¢nych premennych
modze byt vela a nemusia byt len spojité (ako napr. z, y, z), ale mdézu byt medzi nimi aj spinové stradnice, v pripade ktorych
sa sumuje, nie integruje. Symboly ako napr. ¢,, nazyvame funkcie. Zavisia od konkrétnych premennych, napr. z, y, 2.
Abstraktné zapisy ako |y, ) nazyvajme vektory.

Uvazujme [ubovolny linearny operator A. Posobme nim na Iubovolnu funkciu f taku, ktora sa da vyjadrit ako linearna
kombinacia bazovych funkcii ¢,,. Vysledkom bude nejaka ina funkcia. Oznaé¢ime si ju g:

Af=g|, tj Alf)=lg) (329)

Kedze {¢,} je Uplna ststava, aj g sa musi dat vyjadrit ako ich linedrna kombinacia. Zapidme to pre obe tie funkcie takto:
f= Z fnn s 9= Z InPn (330)
n n

kde f, a g, st koeficienty v tych lineArnych kombinaciach (rozvojové koeficienty).’® Dosadme tieto rozvoje do (329).

Dostaneme .
A Z fn‘pn = Z In¥n
n n

Linearny operéator prejde cez rozvojové koeficienty (nejaké komplexné ¢isla) trivialne podla Definicie 2 (10). Tak dostaneme
n n

Posobenim A na bazovi funkciu ¢, vznikne funkcia Ag,,, ktoré sa tiez da zapisat v danej baze:

Apn =" Akn 0k (332)
k

Prisluiné rozvojové koeficienty sme teda oznacili Ag,,. Index n je tam potrebny, lebo ide o rozvoj funkcie ¢,,. Pri pdsobeni
A na int bazovu funkciu, napr. na @/, by sme totiz dostali iné rozvojové koeficienty (Ay,), a preto ich treba oznacovat aj
indexom béazovej funkcie, na ktort pdsobia. Dosadme rozvoj (332) do (331):

Z I Z Akntpr = Z InPn
n k n

Prendsobme tuto rovnicu zlava funkciou ¢}, a preintegrujme:

n k

n

VyuZijeme ortonormalitu (328) bazovych funkcii, ¢im dostaneme

> Apinfa = gm (333)

To je sustava algebraickych rovnic, ktoré davaja do vztahu tri rézne sady rozvojovych koeficientov. Sady koeficientov f,,
gn definované rovnicami (330) sa daju zapisat aj ako stipcové vektory. Koeficienty A,,, zasa tvoria §tvorcovii maticu. Ak

YNetreba si ich teda popliest s nejakymi funkciami. Inde sme totiZ symboly typu f, pouZivali ako bazové funkcie, pricom rozvojové
koeficienty sme zna¢ili inak; pozri napr. stat 6.1.1 o varia¢nej metdde.
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si pocet bazovych funkcii oznac¢ime N a indexovat za¢neme od 1, tak posledne napisané sustava sa da zapisat aj maticovo-

vektorovo:
A ... AN fi g1
: : = (334)
An1 ... Ann fn gN

Aj (333) je maticovo-vektorovy zapis, ale v zlozkach. Aby sme plne pochopili aj vyznam koeficientov A,,,, vratme sa ku
rovnici (332), ktorou boli definované. Prenasobme ju zlava funkciou ¢}, a preintegrujme:

/sﬁan% dr = ZAkn / Omprdr = Apn, = /Sﬁjn A‘Pn dr | = <§0m|A‘§0n> (335)
k

Ked teraz porovname abstraktni rovnost (329) so zapisom (333) alebo (334), m6Zeme skonstatovat, Ze tie maticovo-vektorové
zapisy predstavuju istu reprezentdciu abstraktného zapisu (329). Matica A s prvkami (335) je maticovou reprezentaciou
operatora A v nami pouZitej baze {¢, }. Vektor s prvkami f,, je reprezenticiou funkcie f v danej baze. Obdobne vektor
prvkov g,.

Ak chceme explicitne vediet, ako ur¢ime koeficienty f,,, g, zoberieme defini¢né rovnice (330), prenasobime ich zlava
@y, preintegrujeme a dostaneme (po premenovani indexu)

hz/%ﬂh=wm% %Z/ﬁwh=wm> (336)

Este sa pozrime na maticovi reprezentaciu suc¢inu dvoch operatorov: C = AB.Nech C = AB posobi na nejaku funkciu f,
nasledkom ¢oho vznikne funkcia h: C'f = h. V reprezentacii pomocou danej bazy to zapiseme

Z Crnfn = hm (337)

Ako vyjadrime C,,, pomocou maticovych prvkov A,,, a By,,? Pomocou vyjadrenia C,,, = j Lp:‘nABQOn dr nie je tazké
sa dopracovat k vysledku

Cmn = Z Akakn (338)
k

t.j. ide o bezné nasobenie matic, C' = AB, ¢o je aj intuitivne ocakavany vysledok.

Este dopliime, Ze podla Vety 2 — pozri (12) — pre lubovolny linearny operator A, ku ktorému existuje hermitovsky
zdruzeny, plati

‘PrrLA‘Pn dr = /(AT<Pm)*<Pn dr = A:n,n = (AT)nm (339)

Maticovou reprezentaciou hermitovsky zdruzeného operatora teda je matica A, ktora je transponované a navyse komplexne
zdruzena ku matici A. V $pecidlnom pripade, ak by sme mali nejaky hermitovsky operator H, t. j. platilo by

H =H (340)
tak pre ich maticové reprezentacie by sme dostali
H: . =Hpm (341)

z ¢oho vyplyva, Ze diagonalne prvky si realne. To je znama a dolezitd vlastnost hermitovskych matic a tzko stvisi s tym,
ze vlastné hodnoty hermitovského operatora si realne ¢isla.

Unitary Transformations.

Definicia 7: Linearny spojity [2] operator U sa nazyva unitarny, ak k nemu existuje inverzny operator U 'a plati
Ut =1 (342)

kde 1 je jednotkovy operator.

Cize U~! = U anasledne dostavame, ze plati aj UUT = 1. Pre maticové reprezentacie v nejakej zvolenej ortonormovanej
baze potom musi platit
vtv=uut =1 (343)

kde I je Stvorcova matica, ktora ma na diagonale jednotky a vsade inde nuly (jednotkova matica). Vyznamnou matem-
atickou vlastnostou unitarnych operétorov je, ze zachovéavaji skalarny sicin. Nech |f) a |g) sd nejaké vektory. Unitarne
transformované vektory st

Yy =0lf), |g)="Ulg) (344)
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Potom

(F'lg") /f’* ’drz/(l}f)*(ffg) dr:/f*fﬂ (79) drz/f*ng

(f'lg') = (flg) (345)

Aj maticovy element nejakého operatora A, teda éislo

teda

(/14lg)

je skalarny stcin, konkrétne suéin vektorov |f) a Alg). Preto sa maticové elementy musia unitirnou transforméaciou
zachovavat. Pocitajme, ¢o z toho vyplynie.

1 _ * A o ‘*”TAA“TA o * 7Tt AL/ o : *A// o 1% A1 1
<f|A\g>—/f Ang—/fU UAAU Ug dT—/fUAg dT—/(Uf) Alg dT—/f A'g' dr
/
g

A/

teda

(f'14g") = (f|Alg) (346)

Zavedené oznacenie R R
A =UAU! (347)

teda treba rozumiet ako unitarne transformovany operator A. Operatory sa teda unitarne transformuju tak, Ze ich treba
nasobit zlava aj sprava unitarnymi operatormi U aUt. A tak isto to bude aj s maticovymi reprezentaciami operatorov: ak
A je matica reprezentujica operator Aa U, Ut st matice reprezentujice unitarne operatory U U f, tak unitarne transfor-
movana matica bude A’ = UAUT.

An extremely important feature of hermitian matrices is that they can be diagonalised by unitary transformations. It
should be understood as follows: Let H be a hermitian N x N matrix. Then is has N eigenvalues, in general different
from each other. Denote them by &1, ..., £y, According to Theorem 4 of section 1.2.5, they are real. The corresponding
eigenvectors are columnar. Suppose that j-th eigenvector has its components denoted by X;;,i € {1,..., N}, and,
of course, also j € {1,..., N}.

Hll HlN le le
HNl HNN XNj XNj

According to Theorem 5, in section 1.2.5, the individual vectors are orthogonal to each other and we will normalise
them to 1, so they will be orthonormalised. When we stack all the N eigenvectors next to each other, we get the
square matrix

X11 . XlN

X=1 : : (349)
Xn1 oo Xaw
We express the mentioned orthonormality of the eigenvectors, specifically of the i-th one to the j-th one as follows:
X1j N
(Xi o Xh) | 0 | =0y, de D XpXy =96y, ij€{l2....N} (350)
Xnj

The last written system of equations for the orthogonality can be rewritten in the form

N
k=1

using the compact notation XTX = I, which corresponds to the definition of the unitary operator [cf. (342)];
specifically, we now have the operator represented by the matrix X. [ is the identity matrix* N x N. Thus, we
have proved this important finding:

Inot a unit or unity matrix! A unit matrix is such that has units (1) everywhere.

71



Eigenvectors of a hermitian matrix form a unitary matrix.

Using the X, (348), which is a system of systems of equations, can be written as follows:

f = f : : : (352)
Hpny Hyn ) \Xm XNN X1 XNN 0 En
or compactly
HX = Xdiag(&) (353)
where diag(€) is a matrix that has the values &, ..., Ey on its diagonal and zeros everywhere else. Let us now
multiple the last equation by the matrix X' from the left. Because it is unitary, we get
diag(€) = XTHX (354)

Thus, the diagonal matrix of the eigenvalues of the hermitian matrix / is obtained by a certain unitary transform-
ation of the matrix H. Specifically, by such a unitary transformation, whose matrix is equal to (349). Therefore,
calculation of eigenvalues of a matrix is often being called diagonalisation of the matrix. In doing this, we can also
calculate the eigenvectors. Usually we can calculate both the eigenvalues and the eigenvectors with one iterative
algorithm [9].

A special case of a hermitian matrix is the symmetric matrix. This is when H is real. And analogously, a special
case of a unitary matrix is the orthogonal matrix. This one is also real. Thus, a symmetric matrix can be diagonalised
by an orthogonal transformation.

9.5 The Canonical Form of the Hartree-Fock Equations
Again, in this part you only need to look at what is typeset in the larger font.

Imagine that we have solved the HF equations, (322). Hence we know the single-particle spinorbitals ¢;
as well as the matrix A\. Recall, however, that we were concerned with determining the wave function and the
eigenenergy of the ground state of a many-particle system defined by Hamiltonian (277), i.e. we were trying to find
an (approximate) solution of the problem H® = E® for the ground state. We were searching that many-particle
function in the form of a Slater determinant (274) [or (275)] and the approximate ground-state energy is given by
the minimum of the functional (291); it is sufficient to substitute the determined optimal spinorbitals into it.

Let us try to investigate what happens to the determinantal wave function ® if we apply some unitary trans-
formation to the spinorbitals ¢; [7].

U 11 - U 1IN ¢1 ¢,1
: : = (355)
U N1 .- U NN ¢N ¢IN
We get some new spinorbitals which we denoted by ¢.. Briefly, we accomplished the transformation
N
{6} — {¢}}, kde &= Uye, (356)
j=1

What will be the value of the determinant &’ composed of the transformed spinorbitals?

Najprv si zapiSme maticu, ktort pouzivame pri skladani Slaterovho determinantu ® podla (275). Oznac¢me ju M:

o1(1) ... o1(N)
M= : (357)

on(1) ... on(N)
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Vsimnime si, Ze maticu transformovanych spinorbitalov ¢ teraz dostaneme maticovym nasobenim:

Un ... U o1(1) ... di(NV) p(1) ... o1 (IV)
s s s =] s (358)
Uni ... Unn on(1) ... onN(N) o) .. ()
alebo strucne a s prehodenym poradim stran takto:
M =UM (359)
Z algebry je zname, Ze pre (Stvorcové) matice plati
det(AB) = det(A) det(B) (360)
Preto
det(M') = det(U) det(M) (361)
—— ———
o’ )
Pre unitarne matice z definicie plati
Ut =1
Preto
1 = det(UT) det(U) = [det(U)]* det(U) = | det(U)|?
Cize sa da pisat ‘
det(U) = e (362)

kde o je nejaké realne ¢islo (ktorého hodnotu sme nezistili, ale ani nie je dolezita).

According to (361), the transformed Slater determinant will be

(363)
that is, it differs from the original one by a phase factor only. However, it is known from QM that multiplying the

wave function of a system by any constant (of magnitude 1 for correct normalisation) does not change anything on
the physical properties of the system.

Naozaj: ak nejaka ¥(¢) je riesenim SchR

ih=— = = H()¥() (364)

tak vynasobenim tejto rovnice lubovolnou konstantou napr. tvaru e vidime, ze aj ¥'(t) = W(t)e'? je riesenim SchR pre
ten isty hamiltoniadn. A plne obdobne to plati aj pre stacionarnu SchR a na$ jednodeterminantovy stav ®.

Therefore, if we find some spinorbitals {¢; }\¥ using the HF method and then we calculate some new spinorbitals
from them by an arbitrary unitary transformation, then these new ones will in principle be as good a solution of the
HF equations as the original spinorbitals. True physical significance has the many-particle wave function, not the
single-particle spinorbitals. These are just auxiliary “building blocks” to express the many-particle wave function.
Since energy is a physical quantity, it must be conserved in unitary transformations of spinorbitals; is invariant
under them. We would easily be convinced of this by explicit calculation by evaluating the functional Fyr|¢] (291)
for ¢'. We would get Fup[¢'] = Eur[o)].

It turns out the the Fock operator (321) is invariant under unitary transformations of the spinorbitals (it
does not change if we replace ¢; with ¢?}).

Ideme to dokéazat. Najprv sa pozrime na &len /(1) vo Fockovom operatore. Tento ¢len od spinorbitalov nezavisi, a teda je,
celkom trivialne, invariantny voéi ich zmenam. Dalsou skupinou ¢lenov je sticet Coulombovych operatorov. Pocitajme, aky
bude, ked ho vyjadrime pomocou transformovanych spinorbitalov (356).

N N
:Z/dxg ¢>;*(2)7”1_2 ; Z/d$2 Z Ui Uji ¢1(2) 1 5 41(2) =
j=1 j= k=1
N N
— [an 3 62 ) U Uy = /deZm ri on(2 :Z
k=1 -
O
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Sucet Coulombovych operatorov je teda invariantny voci fubovolnej unitarnej transformacii spinorbitalov. ESte overme
invariantnost su¢tu vymennych operatorov. To sa spravi trochu naroc¢nejsie, lebo vymenny operator ma zlozitejsie Struk-
tarovanu formu; pozri poznamku 47 pod ¢iarou a rovnice (315), (316), (317), (318) a (319). Pocitajme teda pdsobenie I@;(l)
na fubovolnu funkciu ¢:

> Kime) =3 / dos 677 (2) iy 9(2)95(1) = 3 / da > Ujmn(l)}

Tak isto ako pri dokazovani invariantnosti Coulombovho operatora, aj tu sa suma cez j da vypocitat, teda

N
> UpnUin = Oma
j=1

> Ufm%(?)} 2 6(2)

Tak dostavame

N ) N )
Z’C}(l)¢(1) = K(0e(1)

j=1
pre lubovoInt funkciu ¢. Aby toto mohlo byt splnené, musi platit aj

N ) N R
K1) =Y K1) (365)
j=1 j=1

Cize aj sicet vymennych operatorov je invariantny voci U. Tak zistujeme, Ze Fockov operator (321) je tieZ invariantny, ¢o
bolo treba dokazat.

Now take the HF equations in their compact form (322) and write them down in the matrix-vector notation:

¢1(1) A1 oo AN ¢1(1)
faf o =1 : : (366)
on(1) ANT --- ANN on(1)
or compactly
FWe(1) = 2é(1) (367)

We multiply the last written equation from the left by the unitary matrix and insert the identity matrix in the form
U'U into the equation (by this, nothing is changed but the identity matrix is suitable to be inserted there):

f)Us(1) = UAUTU ¢(1) (368)

On the left-hand side, it was correct to interchange the matrix U, contaning numerical quantities only, with the
operator fIf (1) is just a single-component operator, not a matrix or vector]. The matrix \ is hermitian; it must be,
otherwise the functional Eyr would not be real, but it is defined as real. We have learn above that a hermitian matrix
can be diagonalised by a unitary transformation. Hence, also for our matrix A there exists a unitary transformation
that accomplishes its diagonalisation. So we get

f(1)¢'(1) = diag(€) ¢'(1) (369)

where diag(€) is a matrix that has the eigenvalues of the matrix A on the diagonal and zeros everywhere else. If we
write it down in components and without the primes for simplicity, we arrive at

A~

f(x)gi(z) = & ¢i(x) (370)

This is the canonical form of the HF equations. We obtained it using a unitary transformation of the originaly
found spinorbitals. Thus, the spinorbitals are not the same as in (320), but for simplicity we use the same notation
for the canonical orbitals. However, the operator f is the same because ot its invariance. As we have said above,
the original spinorbitals yield the same energy Eyr as the new, transformed ones. Thus, it cannot be said that some
are more physical than the other. But some (usually the diagonalising ones) may be more practical than others.

Especially in quantum chemistry, the HFE are a basis or starting calculation for several more accurate (but
computationally more demanding) ab initio methods.”*

52Clasically [ab initi6], in later times [ab inicio/inicio]; this is a term (from Latin) being used in scientific literature. In English, they
alternatively use the term first principles; these are thus methods that calculate the electronic structure only from the basic laws of physics,
i.e. from the SchE, without a use of empirical parameters or formulae. An ab initio method is primarily the Hartree-Fock one, which is,
however, relatively inaccurate because it does not include the correlation energy.

74



9.6 Interpretation of the Solutions of the HF Equations
Also in this part you only need to look at what is typeset in the larger font.

The solutions of HF equations (370) are the spinorbitals ¢; and the eigenenergies &£;. An important following
result is also the approximate energy Fyr [see (325) of the ground state of the system under study. The many-body
wave function @ is rarely evaluated; it is not necessary;, it is sufficient to work with the single-particle spinorbitals.
Using them, as we have seen, the energy Eyr can be calculated as well as other physical quantities. As we have
found out and stated beneath equation (364), the spinorbitals alone do not have an unambiguos physical significance.
The canonical HF spinorbitals obtained by solving (370) are no more physical than any other related to them by a
unitary transformation. Nevertheless, either the canonical spinorbitals (or only the corresponding orbitals) or some
convenient unitarily transfomed ones exhibiting certain localisation in accordance with our intuition, can often be
useful for better understanding chemical bonds or at least to give valuable intuitive insights. Such considerations,
however, sometimes do not have a sufficient rational basis.

9.6.1 The Orbital Energies and the Total Energy

(We should talk about spinorbital energies, because the &; that we found, correspond to spinorbitals. But for
brevity, let us call them orbital energies.)

Z kanonickych HF rovnic (370), v ktorych vystupuje Fockov operator (321), dostavame

N
&= (0l flo) = (@ilhle) + > [(6:lT116:) = (6K l0) (371)
j=1

Orbitalnu energiu & mozme interpretovat ako energiu elektréonu obsadzujiiceho stav ¢; nachadzajiceho sa v elektro-
statickom vonkajSom poli plus v spriemerovanom poli ostatnych N —1 elektrénov a minus vymenna energia. Za Coulombov
a vymenny operator dosadime podla ich definicii (314) a (315). Zaroven si aj zavedieme $tandardné kompaktné znacenie pre
jedno a dvojcasticové maticové elementy, ktoré velmi zostru¢nuje zapis a pouziva sa najméa v HF tedrii. Pomerne kompaktné
znadenie sme zaviedli uz rovnicou (290), najmi v porovnani s (289). Standardne sa viak v ucebniciach kvantovej chémie
pouziva eSte strucnejsi zapis [7], a to bud ,fyzikalny“ alebo ,,chemicky“. My si uvedieme ten fyzikalny:

Gl = (Gilhley) = / dx 67 (z) h 61() (372)
GlkD) = (i londt) = / day dzy 6 (22)67 (22) Tt du (1) du(a2) (373)
(ij||kl) = (ij]kl) — (ij|ik) = / dzy oy ¢F (21)¢%5 (22) r1a ok (21)du(22) — du(a1)pr(z2)] (374)
Orbitalne energie teraz moZeme zapisat takto:
N N
E | = (ilhliy + > ((iglig) — (ijlji) ) = | (ilhli) + > (ijllij) (375)
j=1 j=1

Pomocou stru¢ného znacenia zapiseme aj HF energiu (325):

N N

B = Y Gilhli) + 5 3 Gilis) (376)

i=1 ij=1

Let us compare the Hartree-Fock energy (325) of the ground state with the sum of all the orbital energies. We see
that

N
Bur # Y & (377)
=1

Thus, the ground-state energy is not the sum of the energies of the individual electrons.

&= ilhli) + > (illig) (378)

i=1 i=1 i5=1

This is because each interaction enters the above sum of the orbital energies twice; the factor of 1/2 is missing there.
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9.6.2 The Orbital Energies and the Koopmans Theorem

Also in this section you only need to look at what is typeset in the larger font.

We are going to examine the physical meaning of the orbital energies. However, we first realise that the Fock
operator, (321), has an infinite number of eigenfunctions. By solving the HF equations, we get the sequences of the
lowest NV functions and the corresponding energies that we have studied so far: {¢;, &}Y,. However, by solving
the HF equations, we also find the Fock operator, and for this we can then calculate the rest of the eigensystem:
{0i, E}2 N1 see equations (370). According to the literature [7], we will agree on the following notation for
the indices: The indices a,b,... will be used for i € {1,2,..., N}, thus for the lowest N single-electron states.
These states describe electrons forming the Slater many-particle function; therefore, we call them occupied states
or spinorbitals. The indices r,s,... will be used for ¢ > N, that is for the unoccupied spinorbitals,o which are
usually called empty or (especially in quantum-chemistry literature) virtual. Really: there are only /N electrons
in the system, and therefore, if the system is in the ground state (®), then only NV of the lowest spinorbitals can
be occupied, each by one electron. Possible excited states of the system can then be at least roughly described by
creating a new determinant in which one of the occupied spinorbitals ¢, is replaced by one of the empty spinorbitals

br-

It should be noted that statements of the type “electron occupies the level i’ (and has energy &; and is described
by the wave function ¢;) are inaccurate. In fact, the system is described by some many-particle function. However,
such statemens or expressions correspond to the one-particle picture provided by the HF method, are also intuitively
understandable, and are therefore it is convenient to use them.

S vyuzitim (375) a identity [podla (374)]

(#)]ét) =0 (379)
hned vieme napisat
N
= (alhla) + > (ab||ba) (380)
b=1
= (r|h|r) 4+ ) (rb||rb) (381)
b=1

V rovnici pre obsadeny stav sme teda mohli zo sumovania vypustit ¢len, ktory by bol aj tak nulovy.

Uvazujme teraz tri fyzikalne ststavy:

1. Ta N-elektronovd, pre ktort sme pocitali zakladny stav HF metédou. Ozna¢me prislusny determinant ket vektorom
aj s indexom NN a dolnym indexom 0 (prizvukujucim, Ze ide o zdkladny stav). ZapiSme pritom aj prislusne oznacenu
celkovu energiu sustavy (376).

|y) NEy = <N‘1>0

N 1 N
) = (alhla) +3 > (abl|ab) (382)

a=1 a,b=1

2. (N — 1)-elektrénovu sustavu taku, ktord ziskame vytrhnutim elektronu z (obsadenej) hladiny ¢ zakladného stavu.
Ostatné elektrony pritom nechame v takych spinorbitaloch, a akych st. Prislusny determinant a energiu zapiSme
obdobne ako v predoslom bode:

N-lg NZE, = (N o, |H| Vle.) = EN h 1§N EN b||ab)

| e) .= c e) = D falhla) + 5 (ab||ab) (383)
a=1 a=1 b=1
#c #c F#c

Je zrejmé, Ze vybranim jedného elektréonu zmenime elektrické pole vo vnutri sustavy a stav |V =1 ®..) nebude zaklad-
nym stavom N — 1 elektronovej sistavy ani v priblizeni HF metody. HF zékladny stav by sme dostali tak, Ze by sme
spinorbitaly existujucich N — 1 elektronov prispdsobili novému polu, teda by sme vlastne museli spravit novy HF
vypocet. Stav ‘N ’1<I>C> vsak ¢asto mdzeme pokladat aspon za priblizny (/N — 1)-elektréonovy zékladny stav.

3. (N + 1)-elektrénovu ststavu taku, ktord ziskame dodanim elektrénu do (prazdnej) hladiny r zdkladného stavu. Os-
tatné elektrony pritom opat nechame v takych spinorbitaloch, a akych st. Prislusny determinant a energiu oznacime

podobne ako v predoslych bodoch, ale energiu vypocitame len univerzalnou formulou platnou pre fubovolny jedno-
determinantovy stav:

occ occ

H‘ YTy = Ailhli) + . 5 2 illig) (384)

7 Z,j

‘N+1®7'>7 N+1E7' _ <N+1(I)7'
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Rozsah occ znamena, Ze sa sumuje cez vetky obsadené spinorbitaly, nech su to ktorékolvek. Konkretizacia pre N + 1
elektronov v hladinach 1, 2, ..., N, (...), r je jednoduch4, ale vyZaduje viac pisania.

The ionisation energy (sometime not very properly called ionisation potential) of an atom, molecule or ion is
the amount of energy needed to release an electron from the electron shell of given system (the atom, ...). Thus,
within the one-determinant approximation (which is used in the HF method), we could consider as the approximate
ionisation energy the energy needed to release an electron from the highest occupied (the N-th) level. However, for
the purpose of interpreting the orbital energies, consider the release of an electron from any of the first N levels.
The ionisation energy defined in such a more general sense is:

I=""g, - VE, (385)
Jeho vypocet na zaklade vyjadreni (382), (383) a (379) nie je fazky ani zdihavy. Vyuziva aj identity
(iglkt) = (Giltk),  (igl[kD) = (il [Uk) (386)

vyplyvajuce z definicii (373) a (374). Vysledkom je

e

The electron affinity is defined in an analogous way: when we add another electron to the molecule, the energy
of the molecule usually decreases. The more it decreases, the greater the electron affinity, which is then a positive
value.

Thus, its definition in the framework of the HF theory is
A= Ng, — NHigr (388)

The calculation is again not difficult and its result is
A=-¢& (389)

Expression (387) and (389) for the ionisation energy and the electron affinity form the content of the Koopmans
theorem. For reasons that we will not be explaining here, the ionisation energies according to (387) are a relatively
good approximation to experimental values, while the electron affinities according to (389) are usually quite wrong.
They are even often negative, although they should be positive [7].

An important quantity is also the electronegativity EN of an atom or a molecule. Its definition according to

Mulliken is T4 A
EN = % (390)

9.7 The Spin-Restricted and Unrestricted Variants of the HF Method

In solving the HFE, the unknown spinorbitals are expanded in a chosen basis of known functions and the coeflicients
of this expansion are then the unknowns to be determined. As we have seen, the HFE can be transfomed to form (263)
from motivation section 9.1. [It is even a simpler form than (E.29) at the HE, since the effective Hamiltonian in (263)
is the same for all spinorbitals — there is no 7 index at it.] This leads to the idea or concept of the energy levels &;
and also to the concept that an electron with wave function ¢; occupies the energy level &;. It is often the case that
these levels are doubly degenerate, that is

51:52, 83254, ......... ; EN—I:EN

and the spinorbitals ¢;, ¢ then differ in their spin component only; similarly the spinorbitals ¢3, ¢4 have identical
spatial parts and differ in their spin parts only. And so on for all other pairs of the spinorbitals (if we properly
label them). In other words, each energy level is occupied by two electrons which differ in their spins only. One of
them has its spin “up”, the other “down”. We then say that the system (an atom, molecule or crystal) exhibits spin
degeneracy. In such case, only N /2 unknow spatial orbitals are to be determined. If for this or any other reason,
we force the spatial components of the pairs of the spinorbitals to be identical, we say about the spin-restricted
Hartree-Fock theory (or just restricted HF, in brief). It can well be used especially for systems with an even number
of electrons (but not for all such). The restricted HFE expressed in a particular non-orthogonal basis (e.g. in the
basis of the gaussian functions) are called the Roothan equations. If we do not require the identical pairs of the
spatial orbitals, we say about the unrestricted HF method or theory.
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10 The Homogeneous Electron Gas

For chemical reactions and electrical conductivity, especially the valence electrons of atoms or molecules, in-
cluding atoms in extended systems,” are important. Among such materials, conductive crystals, i.e. common metals
(which do not usually consist of a one monocrystal, but often considering a monocrystal of given material is suf-
ficient to study many of the material’s properties), have an important place. The simplest metals are the lighter
elements of Group 1 of the Mendeleev Periodic Table: alkali metals Li, Na, K. Their atoms have only one valence
(outer) electron. Thus, their highest electron shell is similar to the shell of the hydrogen atom, which is 1s'. E.g.
lithium has shells 152, 25!, so its outer shell is only half full. The inner one is completely filled (i.e. closed) and
therefore relatively stable, inert. Alkali metals are also called simple.

If there are many atoms in the system, the valence electrons are only weakly bound in them, they easily jump
from atom to atom and thus move across the crystal lattice. It cannot be said that any valence electron would be
bound to a particular atom. In the case of a simple metal, all the valence electrons are thus weakly bound and
their energies are from a certain continuous energy interval (the conduction band). The conduction electrons in the
ground state (ideally at a temperature of 7" =~ 0 K) occupy only the lower half of the energy levels of the conduction
band.

A metal as a whole is electrically neutral under normal conditions. Due to the mobility of the conduction
electrons, their spatial distribution is such that electrical neutrality is also ensured locally. A significant deviation
from local neutrality under normal conditions in a metal is not even possible because there is not enough energy for
it. Thus, there is a compensating positive charge in a close neighbourhood of each electron. Therefore, the Coulomb
interaction between electrons is significantly screened. In the roughest approximation, we can even look at electrons
as non-interacting. Thus, to understand some of the basic properties of a metal, it is sufficient to consider conduction
electrons as a gas of non-interacting (independent) electrons.

10.1 Non-Interacting Electrons

Consider a homogeneous gas of non-interacting 1/2-spin fermions occupying a macroscopic (sufficiently large)
volume. We want to calcuate their total energy. By its nature, it will certainly be a kinetic energy, because non-
interacting particles cannot have a potential energy. Their mutual independence means that at the beginning, it will
be sufficient to examine properties of one such electron. Obviously, if the space where those electrons are located is
large enough, it doesn’t matter if the space has a shape of a cuboid, a sphere, a cube, and so on. Across a sufficiently
large part of the considered space, the wave function of such an electron - a free particle - can be described as a
plane wave:

lpE(T—,*) — AeiE.F — Aei(kszrknyrkzz) (391)
and the corresponding eigenenergy is
h’k?

A is an unspecified normalisation constant. Since we now assume truly independent particles, and not those that
would interact at least through a mean field in the HF method, the total energy of the gas will be the sum of the
energies of the individual particles [cf. (377)]. And the many-particle wave function will be a Slater determinant
build of one-particle functions. However, there is still one condition that otherwise independent electrons must
respect: the Pauli principle. The principle implies for a given system that the wave function );(7) can describe no
more than two electrons; if they are two, they must differ in the values of their spins. In consequence, the energy
level &;; can be occupied by no more than two electrins differing in their spins. Since electrons in matter tend to
occupy the lowest possible energy levels at low temperatures, the individual levels will be occupied starting from
the lowest one up to a certain higher level. Note that if there were no Pauli principle, all (non-interacting) electrons
would occupy the lowest possible energy level. Thus, although in the Hamiltonian

H=Y ——V? (393)

*They can be e.g. crystals, which are condensed substances with periodic repetition of a certain group of atoms. But they can also be
non-periodic solids, which can often be described as amorphous.
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there is no interaction, the Pauli principle still causes that even the independent fermions at least “know” that their
neighbours already occupied some level.

There are no restrictions of the values of the wave vector k. This may lead to technical difficulties, for example
how to calculate summations over all occupied states. Also, how to normalise a plane wave in the infinite space.
This is usually solved by introducing periodic boundary conditions (PBC).”* Instead of the infinite space, we imagine
only a certain section it having the shape of (in the simplest case) a cube with the side L. and we impose the PBC on

the wave functions:
Ye(x+ L, y, 2) = Yp(x,y,2)
Yp(e, y+ L, 2) = Yp(x,y,2) Vao,y,z€ R (394)
Vi, y, 2+ L) = dplz,y,2)

In order for the first of the equations (394) to be satisfied, the following must hold:

2
exp{ilk.(x + L)+ kyy + k.2]} = exp{i[k,x + kyy + k.2]} = exp(ik,L)=1 = k,= VJ;%

v, can be any integer. It apply analogously to the two other boundary conditions. Thus we get restrictions on the
real wave vectors which were otherwise arbitrary up to now. The values allowed by the defined boundary conditions

are 5
- s
g:f(y$,yy,ljz) ) Vz,Vy,VZEZ (395)
The form of the wave function, of course, remains as we found it at the beginning: (391). This time, however, we
can also find the normalisation constant A, because we will require that

/ e dPr =1 (396)
@

where it is indicated that the integration goes over the volume {2 = L3. Hencem, the normalised one-electron wave
functions are

V(7)) = —= e'Fo T (397)

The corresponding eigenenergies are calculated using formula (392). We can consider the numbers v,,v,, v, as
quantum numbers.

Of course, the introduction of the PBC is an artifical procedure. We can therefore ask whether the results we
get under its assumption will be correct. We first realize that we have chosen a very large, periodically replicated
volume 2. The artificial forcing that after a huge distance L the wave function must begin to repeat its values has
a negligible effect on local physical quantities somewhere within the considered volume. In addition, we will see
that this hand-inserted artificial length and volume scale falls out of the results due to a fraction simplification. It is
therefore practical in our considerations, but its specific value is not important. Finally, when we think better about
PBC later, we will realise that by PBC we have only chosen a certain (regular) sampling of k-space.

Now let us calculate the total energy of the ground state of the gas in the volume 2; gas is also everywhere else,
but we calculate the energy per volume. According to what we said under formula (392), the following applies:

N
E=>Y & (398)
i=1

In this, we assume that N is the number of electrons per volume (). The electrons occupy the states ;. We can
imagine that we store the /V given electrons in quantum states (labeled by) ky gradually, from the lowest state
(v = vy = v, = 0) up to the higher ones. We place two electrons in each state, differing only in their spins. Since
we build the basic many-particle state of the system in this way, in occupying the states we cannot omit any of the
one-particle states, because the resulting N-electron state would not have the lowest possible energy. So, the total
energy F can be expressed by summation over wave vectors (395),

FE = ng’ 5]; = Z Z Z 95 g];ﬁ (399)
k

Vg =—00 Uy=—00 UVz=—00

>*_ a very common acronym in English texts on electronic structure.
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where g; are the occupation numbers: they are equal to 2 for the occupied states and 0 for the unoccupied ones. So,
we can formally sum over the all wave vectors. The mesh of the allowed k-vectors (395) is quite dense for large
L; neighboring vectors differ by 27/L only. Therefore, it will be correct if we replace the summation in (399) by
integration:

b= ZQE & — /d?’/f P 97 € (400)

where
1 Q

k 2\ 873
L

is the density of states in the 3-dimensional k-space and as it can be seen, it is constant, that is, independent of the

position k in the reciprocal space. Thus, by its physical dimension and also meaning, p;. is the number of k-vectors
(i.e. also the number opf states ;) per unit of volume of the reciprocal space:>

Pp = il (402)

d3k
The total energy £ can then be calculated by integrating according to (400), while the occupation numbers g;; are
nonzero only for wave vectors with sizes up to a certain maximum value, which we denote by kr. As can be seen
with consideration of (392), the integrated function will depend only on the size of the wave vector, not on its
direction. Therefore, it will be advantageous to integrate using spherical coordinates in reciprocal space:

9] 5 kr ) 21 h2]{72
E:87r3 d°k g; & :83/ dk:k:/dﬁsmé‘/ dng%:

Q h* [ h?

= — 8 — [ dkk' = — 403

878 O 2m 0 107r2 ¢ (403)
teda )
1 h

— k2 Q 404

T 1072 m (404)

We realise that we have integrated over the volume of a sphere with a centre at the origin and a radius kg. The
volume of this sphere in reciprocal space is:

4
QFzgﬂ'k’g

and it is the volume of the reciprocal space that is fully occupied by the given N electrons in the ground state. In this
consideration, the already mentioned volume of (27/L)? per two electrons (differing in their spins) is accounted
for. Therefore, the total number of electrons can be expressed as

4

k3
3 1 5
N =2 = k2 Q
o\ ? 3m2 T
(f)
Let us introduce the notation
N
n=g (405)

It is density of electrons in the usual (they also say direct) space, that is, the basic parameter of the system under
study. Because we are studying a homogeneous electron gas, it is a constant. Thus, using the density, we can express
the above-introduced parameter

ke = (37%n)"° (406)

which is called the Fermi wave number and it is therefore the size of those wave vectors that are related to the highest
occupied states. It is noteworthy that the expression (406) remains valid for interacting electrons with density n

>Where necessary, differently defined densities of states are being used in literature.
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too [12] (but we will not prove it). The energy of the energetically highest electrons of the gas at the temperature
of 0 K is called the Fermi energy:
h?k?

2m

& = (407)

The average total energy E per one electron of the system can now be expressed using formulae (404), (405), (406)
and (407) as follows:

3

After a simple derivation, the result for the total energy expressed using the electron density becomes

_ 3 gy
E_10(37r)

n3Q (409)
m

It is kinetic energy, because we obtained it for the gas of non-interacting electrons, which cannot have potential
energy. It is the sum of the kinetic energies of the individual electrons.

11 The Thomas-Fermi Model

Thus, formula (409) gives the energy of the non-interacting electron gas in the volume 2. The model of Thomas
and Fermi (TF) extrapolates the validity of this relation to relatively general situations with inhomogeneous electron
densities in systems, such as atoms and possibly molecules, ions and extended systems. According to this model, we
imagine the volume of the system divided into small volumes A(2. In each of these volume elements, we assume the
validity of formula (409), taking the average density in this element for the density and the value A2 for its volume. It
is certainly no longer a non-interacting gas, but Thomas and Fermi nevertheless make the bold assumption described.
The total kinetic energy is thus obtained by summation over all volume elements A(2, i.e. by integrating over the
entire volume of the system. In the atomic units (i = m = 1) this energy gets

3
Trie[n] = Cr / B Br,  Cp= ) (37%)*° ~ 2.871 (410)
Ty is called the Thomas-Fermi functional for kinetic energy. Thus, kinetic energy of the system of electrons is
calculated from the density only in the model. In order to be able to calculate the energy of the ground state of

the system, it is necessary to add other components to the energy. In the basic TF model [11, 12], the following is
added:

« The elektrostatic interaction of the charge density —en(7) with the external potential ey (), which in the TF
theory usually is the potential coming from the atomic nucleus; however, if we study a more complex system, it
is the total electrostatic potential from the nuclei plus from other external sources:

Uext F) Z |r _ R»I + uother(fJ) (411)

It is an external potential defined exactly as we used it in the HF theory [cf. (259)], but there we multiplied it by
the charge of electron, thus getting the potential energy operator ve, () from the potential. Thus, the following
holds in the SI system:

Vext (T) = —€Uext (T) (412)
In this section, however, we are otherwise using the Hartree atomic units in which Ve (7) = —tex (7). In addition,

in TF theory we do not work with operators, but only with classical concepts, so we do not even need the operator
symbol V. here.

« The classical Hartree energy describing the electrostatic interaction of electrons with each other in terms of their
total density; there is such a contribution even in the HF theory, although it is primarily expressed there through
the orbitals; In the HF theory, the Hartree energy is in the Coulomb electrostatic integral.
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In this way we obtain the energy of the system as a functional of the density:

1 =/
ETFM = Ck / n5/3(f) d*r — /uext(mn<7?) d’r + 5 / M dErd®r’ | = Trr + Eext + Etartree (413)

|7 -

This is the functional of the Thomas-Fermi theory of atoms (and it could be evaluated for molecules and crystals too).
Its first term (kinetic energy) is non-classical, the second and third ones are the classical electrostatic interactions
of a continuous charge distribution with an external field and with itself, as we know them from the basic physics
course.

If the TF model is correct, then by finding the minimum of the functional E1r we determine the energy of the
ground state of the considered atom or other system. Thus, the task will be to find the minimising density n(7).
That one must, however, integrate to the required number of electrons of the atom under study:

/n(F) &r=N (414)

We impose this using a Lagrange multiplier as an equality constraint. Therefore, the augmented functional

Queln] = Exelin] — 1 [ / n (i) dr — N] (415)

is to be minimised. p is the Lagrange multiplier. To find the minimum of this functional, we must first calculate its
variation and then set it equal to zero. We find the variation of the functional similarly as when we talked about the
Hartree-Fock equations: we will calculate how the functional changes when the density n(7) changes by a small

—\

amount 6n(7)
(SQT]: [n] = QTF [TL -+ 5”] - QTF [n] (416)

In order not to have to write too long formulae, we will write the whole functional as a sum of several terms:

QTF — TTF + Eext + EHartree - IU/ {/ n(F) dgr —_— N:| (417)

First, calculate
0Tre[n] = Tre[n + on] — Treln]

5 5/3
Treln + bn] = C; / (n+ )5 d¥r = G / /3 (1 N _n) .
n
The density variations in the search for the functional minimum are very small, such that |dn|/n < 1. Then we can

apply Taylor’s expansion
(1+2z)?~1+ px, lz| < 1 (418)

to a part of the subintegral expression and obtain
5
Tre[n + on] = Cp/ (715/3 + §n2/35n> d3r

Therefore

dTr[n] = gC’F/n2/3 on d3r (419)

Let us now calculate

5 =/ 6 =/
Etartree|nt + 0n] = %/ [ () + n(?il] [nﬁz ) + on ()] Brdé —
rF—T
1 Ao’ 1 1
= EHartree[n] + _/n(yj(sn_(,r ) d37ﬁ dST/ + = / 5n£f)n£r ) d37" d37",—f—

2 |77 — 7| 2 |77 — 77|

1/5n(f’ 571(T ) Br a3

2 |7 — 7|
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The last term - the one with the product of variations - is infinitely smaller than the terms linear in the variation
on. The two linear terms of the last formula are identical because the notations of the integration variables do not
matter. So we get

5EHartree[n] = /M d37’ d37'/ (420)

7|

Variations of the remaining two contributions to the functional {21y can be calculated analogously (and very simply).
Bu summing up we arrive at expression

0Que[n] = ch / 23 6n & — / Ut (F)O1(F) A7 + / (’r Wﬁf‘ " g dir' — g / on(?) & (421)

and if we put it into one integral and take out of the brackets what can be taken, we obtain the following expression:

_ 3 § 2/3= - 5., n() _ -
0Que[n] = [ dr 3 Cr n°(F) — e (7) + [ d°r 7 p| on(r)+
+ terms proportional to higher powers in dn (422)

It follows from the condition of the minimum of the functional that we must require
0 =0 (423)

for any small variations of the electron density. For d{)1r to be zero under these conditions, the following must
apply:

) . n(r’
3 Cr n?**(7) = uexn(7) + / |F<_—F)| d*r' = p (424)

By solving this integral equation for an unknown density (such that it is non-negative and integrates to /V), we can
finally evaluate also the ground state energy of the TF model. The Lagrange multiplier ;+ has a meaning of the Fermi
energy according to the TF model (which we will not justify).

Thus, the TF theory (1927) provides an incredibly simple description of the complex many-particle problem.
Instead of a wave function which has 3NV spatial variables, the density with only 3 variables is sufficient. The tax
for this simplicity is the inaccuracy of the TF model, even after improvements, which have been many in history
(eg the inclusion of exchange energy). For example, this method is unable even qualitatively correctly describe
molecular bonds (nuclei of a molecule would not be kept together according to the TF model). However, the TF
theory is an excellent motivation for a rigorous approach to the description of the ground state using the density.
This rigorous approach - density functional theory — began to develop in 1964, when Hohenberg and Kohn published
their innovative work.

12 Density Functional Theory

We will be using abbreviation DFT according to the English term Density-Functional Theory. The fundamentals
of this theory were laid by Pierre Hohenberg a Walter Kohn in their work [13]. We will introduce the two basic
theorems of DFT according to this original work.

12.1 Electron Density

Since DFT theorems work with the concept of electron density, it will be useful to first clarify how this density
can be determined from a wave function. Let a wave function of an N-electron system is (7, 01, ..., 7N, 0n). At
this stage of our the exposition, it may not even be a wave function of the ground state, it may even depend on time,
although we do not explicitly indicate it. However, we do require the standard normalisation:

S [ [ o uion. o) =1 (425)
o1 ON
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We interpret the expression |U(7, 0y, ..., 7y, on)|> d®r; ... d%ry as the probability to find:
electron 1 in a state with spin o; within the volume d3r; in the neighbourhood of point 7
and at the same time (in the sense of the logic)

electron 2 in a state with spin oy within the volume d®r; in the neighbourhood of point 7%
and at the same time

electron N a state with spin oy within the volume d*r .

In these considerations, we must not forget that the electrons are in fact indistinguishable and the wave function
is antisymmetric. However, the wave function is conventionally being normalised according to (425). According to
this normalisation, the unity is obtained by summing up the probabilities of the occurrence of the N electrons here
and there in the way as if they were distinguishable. Other normalisation would bring substantial complications.

Calculation of n(7) Using the Probability Density If we omit summation and integration over one of the co-
ordinates, e.g. over the first one, we obtain the probability density of finding any electron in the spin state o at the
point 7

730(7_"):Z"'Z/d3T2"'/d37’N|‘I’(77>U7772702,---,FN,UN)|2 (426)

We highlighted any, because due to the indistinguishability of electrons and the antisymmetry of the wave function
[W(j,2;t) = —W(i,7;t), see the end of section 8.5], it does not matter which orbital-spin coordinate (7, 0;) we
would omit from the summation and integration; from a given wave function ¥, we would always get the same
function P, (7). Of course, thanks to normalisation (425) it holds

> / &*r P, (7) = 1 (427)

that is, if we accomplish the search over the entire orbital-spin space, we find the searched electron with the 100%
probability (although we can not say if it is the first one or the second etc). If we are not interested in what spin an
electron has, then we get the probability density of finding some electron (with any spin) at point 7 by summing up
over the both spins:

P(F) = Po(7) (428)

and it is clear that

/ PR dr = 1 (429)
It is now clear that the electron density n(7) is proportional to the function P(7):
(i) = NP(7) (430)

The proportionality constant must be the total number of electrons /N, because the integral of the electron density
over the whole space must give the total number of the electrons:

/n(F) d’r =N (431)

Recall that we have already explicitly encountered the electron density n of the N-electron system, or (which is an
equivalent quantity), the charge density p generated by such a system: For the first time, it was in our study of the
HF method [eq. (300)]. For the second time, we encountered density when studying the homogeneous electron gas,
for which from the very definition of the problem, naturally, the density did not depend on the position [eq. (405)].
Then we worked with it, already spatially dependent, in the theory of Thomas and Fermi; see for instance eq. (413).
Now we have finally related the electron density to the wave function of the N -electron system. Based on formulae (430),
(428) and (426) we now write this relation explicitly:

n(F) :NZZ“'Z/dSTQ”‘/dSTN|\IJ(F,U,F27O.27-"7FN70N)|2 (432)
o o2 ON

In the following sections, we will need to be able to express the potential energy of an electron in a given external
field using the electron density generated by that electron.
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Calculation of n(7) Using the Operator of the Density of Electrons.

This part -- it is written in a smaller font and narrower text -- does not need to be
known, but it is recommended to at least look at it for interest.

Hustota elektronov je fyzikalna velifina a preto sa da definovat aj jej operator; samotnu hustotu potom bude mozné pocitat
ako kvantovomechanicku strednd hodnotu tohoto operatora v danom lubovolnom stave W:

n(r) = (¥[a(r)|¥) (433)

Aké je vyjadrenie operatora hustoty elektréonov? Treba ho skonstruovat v sulade s principom korespondencie, teda na zak-
lade 2. postulatu kvantovej mechaniky preberanom v odseku 1.2.6. Vychadzat preto treba z formuly pre hustotu klasickych
elektronov; ta sa potom dé prehlésit za operator. Klasické elektrony st bodové Castice, a preto v miestach, kde je niektory
z elektronov, je hustota nekonecn4, a v ostatnych miestach priestoru je nulova. Teda

n(r) = Z o(7 —7%) (434)

kde §(7) je 3-rozmerna Diracova delta funkcia spliiajiica podmienky [2]

5(7) = 6(—7), /5(%’) dBr=1 (435)

a aj vSeobecnejsiu podmienku
JEGL O (436)

pre lubovolnu ,slusne” sa spravajicu funkciu f(7) a pre lubovolny bod 7 v priestore. Viimnime si, Ze pre vyssie zavedent
klasicku hustotu (a zdrovenr QM operétor) 7(7) plati

/ () ddr = N (437)

o je v sulade s tym, ¢o od spravne zavedenej hustoty o¢akavame. Teraz mdzeme vyjadrit samotni QM strednd hodnotu
hustoty podla (433):

N S
n(r) = (Y| Z(W— 7i) W) =

N .
= ZZ.-.Z/d%...d%N U (7, 01,..., 7N, on) 6(F—7) W(Fy, 00, ..., PN, ON) =

=1 o1 ON

N N

3 * (= > - - - - = =

= E E E / Hd ri | O*(r, 00,7 = 04, .. TN on) U, 00, = T 06 TN, ON)
i=1 o1 oN j=1

J#i

Vdaka antisymetrii vinovej funkcie je jedno, aké je 7 — pre kazdé ¢ dostaneme taky isty prispevok. Preto (ak pouzijeme ¢ = 1)

N
n(f‘):NZ---Z/ I | 1% o, N on) (438)
o1 oON Jj=2

¢o je vyjadrenie identické s vysledkom (432), ktory sme dostali vypoétom pomocou hustoty pravdepodobnosti. Vypocet
pomocou operatora 7(7) mozno povazovat za elegantnejsi.

12.2 Definition of the Problem under Study

Consider a system of N electrons. Suppose their motion is influenced by the external electrostatic potential
Uext () and by the mutual Coulomb interactions of the electrons. The external potential includes both the Coulomb
field of the atomic nuclei and possible other electrostatic field, exactly as we assumed in the theory of Hartree and
Fock. We do not consider spin interactions or other relativistic effects, so there are no spin-dependent terms in the
Hamiltonian. Therefore, the total Hamiltonian will be

H=T+ Vi +W (439)
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where

R A
T= Z (—%> \% (440)

N
‘A/ext - Z @ext(f;) (441)

is the potential-energy operator of the whole system and [see possibly also (411) and (412)]

@ext(F) - - Z 1 Zl—ei + @other(f‘) (442)
I dmeo |7 — Ry

Thus, Vey is the sum of the potential energies of the individual electrons. Every electron moves in the same external
potential®® Gy (7) = Oext(7)/(—€). This must be from the very definition of the problem, because all the N electrons
belong to the same system (e.g. a molecule or a crystal) and every electron thus feels a field of the same nuclei plus
a possible additional (“other”) field. Uy and ey are the same functions as vey; and ey in the theory of Thomas and
Fermi, but here we also add hats to them to emphasize that DFT is, unlike the TF model, a fully quantum theory.

We were writing hat also in the HF theory [eq. (259), (278)]. Finally
N
1 2 1
Ww=_3rc (443)

2 i1 471'50 |7:; - 7?]|

is the operator of the electron-electron interaction energy.

The main task in the DFT is to determine the ground-state electron density and energy. The fundamental spatial
variable is the density n(7"). Wave functions (or rather a set of single-particle orbitals) have, as we shall see, only an
auxiliary role in DFT.

12.3 Potential Energy of Electrons in the External Field

The total energy of the system in any normalized state ¥ can be found as the quantum-mechanical expectation
value of the energy operator:

E = (V[HY) = (UT[) + (U[Vea| V) + (T |W) (444)

Let us now consider the contribution from the external field to show that it can be easily expressed in terms of
density n(7).

B = (U|Veu| W) = (445)
N
- Z...Z/d:’»rl...d?)m U (71, 01, .-, TN, ON) [Zﬁext(ﬁ-) (01, TN, ON) =
o N i=1
N
D 3) DS B KSR ECTC I e
=1 o1 oN

Due to the antisymmetry of the wave function, each of the N terms of this sum is the same. (No matter what i we
take, the contribution for each i is the same.) Therefore, taking into account (432) we get

s (o3 T
Eo = /n(r)vext(r)d r= / (—e)n(7) Uex(T)d"r (446)
——
p(7)
Tn a strict sense, Uy (7) is called to be a potential (usually coming from the nuclei, i.e. positive), while vex(7) = —e€Uex(F) is the

potential energy of a point particle with charge (—e) in the field w, (7). For the sake of brevity, we will also sometimes call Dex; (7) = Vext (T°)
potential. We use this quantity here in the sense of an operator; in QM we cannot consider an electron as a classical point particle. The
actual potential energy of the electrons in the external field must be calculated from the wave function according to (445) or from the
density according to (446).
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Thus, even in quantum mechanics, the quantum mechanical expectation value of the potential energy of electrons in
a given external field is calculated by the formula known from classical physics: as if the electrons were forming a
continuous charge distribution with the charge density p(7) and this charge distribution in the potential @y (7) has
the electrostatic energy F.y. This is exactly the way how we (in the atomic units) calculated this energy in the
model of Thomas and Fermi, see the second term in (413).

12.4 Density as Basic Variable

While in sections 12.1 and 12.3 ¥ could have been any normalised wave function of the N- electrons system (even
a time-dependent one), here by U we will understand the ground-state wave function. We will assume the ground
state of the system under study to be non-degenerate. The ground-state wave function is then unambiguously
determined the the number N and by the external potential 0y (7). To understand this, realise that if we know the
number of electrons of a system and the course of the external potential, then we can unambiguously determine its
Hamiltonian (439); whatever the system is, the contributions T and W always have the forms (440) and (443) (and
for different systems, these formulae can only differ in different numbers V). And if we know the Hamiltonian, then
at least in principle we can solve the stationary SchE and in this way to determine the wave function and energy
of the ground state. Note also that if we have two different systems (for example two different molecules), but with
the same numbers of electrons, then their Hamiltonians differ only in the external potentials. So once again - the
ground state wave function ¥ is uniquely determined by the number of N and by the external potential vy (7). We
do not write the hats on vy further for brevity.

The 1°' theorem of Hohenberg and Kohn: reports that a less obvious statement — in reverse direction — also

applies [13]:

Vext IS @ unique functional of the ground-state density n(r), apart from a trivial additive constant.

—

Alebo, trochu inymi slovami [11], the external potential vey(7) is determined, within a trivial additive constant,
by the electron density n(r).

A comment to elucidate the constant: We know that if we add any constant to potential energy or potential, nothing
changes in physics of the system: the force on a particle is /' = —Vwv,, and the additive constant has no influence
on the result of the derivative. Also in QM, only energy differences are important.

We also notice that if we know the electron density, the number of electrons in the system is clearly determined by
it:

N = /n(F) d*r (447)

A consequence: Since, according to the 1* HK theorem, the density of the ground state uniquely determines the po-
tential, and thus also the Hamiltonian, the wave function of the ground state and of all other states are then uniquely
determined (apart from trivial multiplication constants). Therefore, all properties of the system all fully determined if
just the ground-state density is given [12].

Proof of the 1** HK theorem: it proceeds by reductio ad absurdum® and is strikingly simple:

Méame dant hustotu n(7) istého zakladného stavu. Predpokladajme, Ze by 1. HK teoréma neplatila, teda Ze by ex-
istovali (asporl) dva netrividlne odlisné vonkajsie potencidly, v (7) a v, (7), také, ze by oba davali (vyriesenim
SchR) ta istt hustotu zakladného stavu n (7). Tie dva rdzne potencialy by nutne viedli ku dvom réznym hamilton-
ianom H a H' a tym aj ku roznym vinovym funkciam ¥ a U’ zakladnych stavov. Predpokladajme normovanost
tychto vlnovych funkcii. Energie zakladnych stavov W a W’ si ozna¢me F a E’. Potom plati

= (VH|Y), E'= (VA

*Tclasically [re'duktié ad ab'surdum], in later times [re'dukcio ad ab'surdum] (from Latin)
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Podla vSeobecne platného varia¢ného principu QM (167) plati®®
E = (V|H'|V) < (U|H'|T)

Pouzili sme ostri nerovnost, lebo podla predpokladu uvazujeme sustavu s nedegenerovanym zakladnym stavom.
Ak teda U’ ddva minimum, tak ¥ musi dat vy$siu energiu. Dalej to upravujme:

E' < (U|H'|¥) = (V|H|V) + (V|H' — H|U) = E + (V|H' — H|)

Druhy ¢len na pravej strane sa da upravovat s prihliadnutim ku (439) (445) a (446) takto:
(U|H' = H|U) = (V[V], — Veu] ¥) = /n(f’) Ve (7) = Ve (7] d°r
Hustota n(7) je totiz podla predpokladu len jedna pre oba potencialy. Takze dostavame

B < Bt [0l () - vl ®] &1 (418)
Obdobny vypocet mozeme spravit tak, Ze navzajom zamenime Ciarkované a neciarkované veli¢iny:
E < (V|H|V) = (V|H'|V) 4+ (V|H - H'|V) = E'+ (V|H - H'|V) =
E<E+ / N(7) [Vext (F) — vl (7)] &P (449)
Séitanim nerovnosti (448) a (449) dostavame
E'+E<E+F

which is an obvious non-sense. Predpoklad, ze by (v pripade sustav s nedegenerovanym zakladnym stavom) pre
dand hustotu n(7) existoval viac ako jeden vonkajsi potencial vy, teda nie je spravny, lebo vedie ku nezmyselnému

dosledku.”

12.5 The Variational Principle

The 2" theorem of Hohenberg and Kohn:

There exists a universal [i.e. independent of vey(7)] functional of the density, Fux|n] such that the
expression

E,[n] = / Vext(P) n(F) &1 + Fi[n] (450)

has as its minimum value the exact ground-state energy of the N -electron system for any given
potential Ve (7). The density that minimises the functional E,[n] is the exact ground-state dens-

ity [13].
Mathematically expressed, the variational principle of the 2°¢ Hohenberg and Kohn theorems is that

Ey < Ey[n] (451)

for any trial density that satisfies the conditions

n(r) >0, /n(F) d&*r=N (452)

58Ten princip samozrejme plati aj pre mnohocasticové stistavy. My sme si ho zapisovali len pomocou jedno¢asticovych vinovych funkecii,
lebo vtedy sme poznali len také, ale viimnime si, Ze na jeho platnosti a dokaze sa ni¢ nezmeni, ked namiesto f(7) a d3r budeme uvazovat
mnohocasticové funkcie, dokonca aj so spinovymi premennymi.

*Neslo teda o typicky dékaz sporom, lebo v takom by sa prislo do sporu s nejakym vopred vyslovenym predpokladom. My sme len
prisli ku nezmyslu. Ale aj dékazy sporom sa radia medzi logicko-matematické postupy s nadzvom reductio ad absurdum.
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Proof of the 2" HK theorem:

We already know how to express the energy of a given system in any normalised /N-electron state W — we can do
it using formula (444). For the purpose of our proof, we would now need to rewrite this formula so that the energy
expressed by it depends on the density of the electrons, and not on the wave function. Is it possible? Yes; realise
that the 1st HK theorem has the consequence, mentioned below it, that the ground-state wave function itself is fully
determined by the ground state (GS) density, and is therefore also a functional of the density. And since everything
can be calculated from the wave function, e.g. the kinetic energy (in the sense of the QM expectation value), the
electron-electron interaction energy, also the total energy, we can also consider these as density functionals. There-
fore, we can really write for the energy (444) corresponding to state ¥ and also for the individual components of the
energy that they can be expressed as density functionals (and in this expression there will no longer be a dependence
on wave functions):

Eyfn] = Tln] + Win] + / (7)o ()& (453)
where ) )
Tn] =W|T|V),  Win] = (Y[W]¥) (454)
We now define the functional
Fux[n] = T[n] + Wn] (455)

The total energy can then be expressed by the formula of the form (450). By this we have completed the part of the
proof of the 2nd HK theorem, i.e. we have proved that there exists some universal functional Fi[n], using that we
can also express the energy of the GS.

Above, we added the index v to the total energy, highlighting that it depends on the external potential vey(r),
which, as we already know;, is also a functional of the density, so it would not be necessary to talk about the depend-
ence on Uy (1). However, for formal reasons, if we need and want to, we can also understand F,[n] as a value that
depends on vey(r) and on n(r) as on two independent functions. For a given chosen potential vey (7), we can then
test different (trial) densities n(7") and find out which of them gives the lowest value of the functional F,[n]. If we
took a density other than the GS density, then this density would correspond to a wave function other than the GS
function. We remind that with these considered variations of the density, we keep the external potential vy (r) in
formula (453) fixed in its originally given form. Based on the variational principle of QM taken over in section 6.1,
it must then be true that if the density and thus the wave function deviates from the wave function of the ground
state, the value of F,[n] must necessarily increase. By this we have completed the proof of the 2" HK theorem. We
also note that although the variational principle taken over in section 6.1 has been written for the case of a single
particle, its generalization to NV particles would be trivial.

An alternative formulation of the potential-and-density relation also exists. This formulation also eliminates the
problem of possible degenerate ground state, the solution of which we have omitted in our exposition. The authors
of this formulation are Levy and Lieb [11, 12]. In their formulation, they provide an alternative proof of the 2"
theorem of Hohenberg and Kohn.

We now see that the heuristic approach of Thomas and Fermi, in which the minimum of the functional (415) is
sought with respect to density, has been given a rigorous basis by the theorems of Hohenberg and Kohn (as well as
by the works of Levy and Lieb). However, the problem of the TF model is in the qualitatively inaccurate expression
of the functionals Trp[n| and Wn]. For example, W{n| in the TF theory includes only the classical part of the
interaction energy; the exchange energy is completely missing, as well as the correlation energy. Even the work of
HK [13] itself, although it proves that there exists some universal functional, it does not find its exact explicit form,
only approximations for certain limiting cases. Even later, this functional could never be found exactly. However,
a suitable method was proposed in 1965 by Kohn and Sham, which we will talk about at least a little in the next
section.

12.6 Kohn-Sham Ansatz

The difficult-to-solve system of NV interacting electrons was replaced by Kohn and Sham (KS) in their approach to
the DFT by an auxiliary system of N independent, i.e. non-interacting electrons [14]. This auxiliary system must be
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such as to provide the same electron density of the ground state as the original problem of interacting particles. This is
the KS ansatz (an “educated guess” how to solve a given problem [Wikipedia]). In English-written literature, the term
Kohn-Sham mapping is sometimes used to indicate that Kohn and Sham mapped the system of N interacting
electrons to a system of IN non-interacting ones, but so as the electron density to be the same. Due to
the assumption of the independent electrons, their kinetic energy is easily determined. Of course, independent
electrons would only have the kinetic energy plus the energy E.y, of the interaction with a given external potential.
This energy would be completely wrong and we want the correct ground state energy. Therefore, we must add the
missing contributions Eppree (2] and Ey.[n] to the following expression for the total energy:

Exs [n] =T [Tl] + /n<7?)vext(f>d3r + FHartree [n] + Exc[n] (456)

where T is the mentioned kinetic energy of the neinteracting electrons, Fyaiee is the Hartree energy and E. is the
exchange-correlation energy (i.e. the exchange one and the correlation one added together). For understanding,
(456) must be compared with (453). It can be seen that the Hartree energy is a (quantitatively significant) part of the
total interaction energy . But the total 11/ in addition contains the QM contributions: the exchange-correlation
energy, so we had to add these to (456) in the form of the E,. term. It is obvious that the exchange-correlation
energy defined in this way also contains a part of the kinetic energy, because we have included into 7 only such a
kinetic energy that corresponds to the independent electrons.

The system of independent electrons can usually be described by a one-determinant wave function, as it is in the
Hartree-Fock theory. So in DFT we introduce auxiliary (spin) orbitals, which the Slater determinant is composed of
(but it doesn’t really need to be built and evaluated). These orbitals, when calculated correctly, must generate the
correct ground state density. The kinetic energy 75 is then determined from these auxiliary orbitals as in the HF
method, i.e. it is (in principle) the exact kinetic energy of the non-interacting electrons. Thus, not as in the Thomas-
Fermi model, in which the kinetic energy is determined very inaccurately directly from the density according to
(410). Realise that the TF kinetic energy is really only correct for homogeneous gas of non-interacting electrons (but
in the TF model it is also used for inhomogeneous one, which then has its undesirable consequences.) In DFT, we
have transformed the problem to the problem of non-interacting particles, but they generally form an inhomogeneous
gas and therefore it is correct to calculate their kinetic energy from the orbitals. Thus, in practical use of DFT, we
do not completely get rid of wave functions; the one-particle ones are needed.

A special feature of DFT is the mentioned exchange-correlation energy, for which various approximations are
being proposed. The basic model is called the local-density approximation [14] (LDA):*°

EIPA[n] = / () exe(n(7)) dPr (457)

where €,.(n) is the exchange-correlation energy of homogeneous electron gas of density n per one electron. The
dependence of €,. on n for a homogeneous electron gas can be calculated with sufficient accuracy by specialised
methods. Using formula (457), we can then approximaltely determine the exchange-correlation energy F,.[n], which
makes it possible to practically use the density-functional theory. The LDA model appears to be a rough approx-
imation because in atoms, molecules and crystals, density exhibits strong inhomogeneities. It is a similar difficulty
as in the Thomas-Fermi model. Rather surprisingly, however, DFT with the LDA functional is a very good approx-
imation, qualitatively better than the TF model. During the development of DFT, of course, various improvements
were developed for the Ei.[n| function, e.g. gradient corrections, under which ¢,. depends not only on the dens-
ity at a given location, but also on its gradient [see, for instance, the contribution of authors J.P. Perdew, S. Kurth
in [15], formula (1.230)]. In this respect, e.g. the GGA (Generalised Gradient Approximation) model, and in particular
its implementation PBE (acronym according to the authors’ names) is successful [15, 12]. However, no functional
proposed so far is accurate (and it can hardly be expected that such a one, being also practically usable, will ever
be found). Nevertheless, DFT in conjunction with the KS mapping (of the interacting to the non-interacting prob-
lem) is the most widely used ab initio method.®* This is because it is a good compromise between accuracy and
computational demands. Walter Kohn is the winner of the 1998 Nobel Prize in Chemistry for his key work on DFT.

893 well-know abbreviation in electronic structure theory

1The term ab initio is, as already mentioned, used primarily for methods of quantum chemistry which employ only basic physical
laws and mathematical-numerical procedures to solve the relevant equations. In a broader sense, ab initio methods include DFT methods,
although quantum chemists do not usually call them that, because the designs of the F\.[n] functionals tend to be constructed in ways
that do not guarantee uniform quality of results for different systems. E.g. for some molecules we get highly accurate results with DFT,
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Finally, we only verbally mention that the KS ansatz, after accomplishing variation (minimum search) similar to
that in the TF method, leads to the Kohn-Sham equations for the above-mentioned auxiliary one-particle orbitals
and the corresponding one-particle eigenenergies [14, 12, 11]. The KS equations by their form resemble the HF
equations a little.

for many others (even solids) also very good, but in some cases DFT (with a specific functional, e.g. LDA) fails. This can often be helped
by designing another functional, but this can be worse for some other structures, or for determining some other parameters of a given
structure.
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A Expansion of a wave function in a complete set of functions

A.1 Functions of one variable. Expectation values of quantities

Assume we have a complete set of functions
{un(®)} (A1)

We omit writing the range of the values of the index n. It usually is infinite with the indexing starting either from 0
or from 1 or from —o0, possibly from some other values. This does not matter now and a concrete choice depends
on a concrete task to be solved. The essential property is that the functions form a complete set which means that
any function can be written as a linear combination of the functions w,, (z):

Y(x) = Z Cpin () (A.2)
In addition to the completeness, let us assume also orthogonality of of the basis functions u, (x):
/ uy (z)uy(z)de =0 akm #n (A.3)

Such functions are definitely linearly independent: no one of them can be expressed as a linear combination of the
remaining functions.®* In addition, there are practical (and in quantum mechanics also physical) reasons to assume

/ |un(z)|de =1 pre kazdé n (A.5)

that is the normalisation to unity. The last two properties (orthogonality plus normalisation) are called orthonor-
mality in a single word. We express it

/00 ur () up(z) de = dmn (A.6)

[e.e]

The above formulae and procedure can also be understood purely as some mathematical formalism. Since we want
them to use for quantum physics, let us suppose that {u, ()} is a set of eigenfunctions fo some hermitian operator
and that ¢(z) is a wave function.®® It has to be normalised to unity:

| wra =1 (A7)

o0

We now subtitute expansion (A.2) into this condition. Using orthonormality (A.6), we arrive at

> et =1 (A.8)

%2Tn order to demonstrate the above mentioned linear independency, let us try, for examples, to express the function uy(z) as s linear
combination of the basis functions u, (z):

uk(z) = Cntin(x) (A4)

Multiple the equation from the left by the function u}, (x) (with m being any of the possible values of the index) and integrate. We obtain

/0; (@) (@) dv = Xn: Cn /O; uh, (2)uy(z) dz

i.e., employing the orthonormality (A.6),
5mk = Z Cn(smn = Cm; vm
n

which in other sybols reads ¢,, = d,,;.. Thus, we obtain the only non-vanishing term in the expansion (A.4):
up(z) = Zénkun(ac) = ug(x)
n
It may depend also on time but we need not stress this possible dependence now.
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This result suggests that the number |c,|* = P, should be interpreted as a probability that the particle is in a state
described by the wave function u,(z). As the probabilities sum up to 1, it means that one of the possibilities will
definitly happen. Since the particle exists, it has to be in some state. And since our linear combination (A.2) includes
all possibilites, one of them must occur. For example, if we roll the dice, the particular probabilities are 1/6 and they
sum up to 1. The quantities c, are called probability amplitudes. We can find an expression for them as follows: we
multiply expnasion (A.2) from the left side by the function u}, (z) and integrate (we have been doing manipulations
of this kind). Using the orthonormality, we arrive at

o= [ @) v (A.9)

We provide further support for the above interpretation of the numbers |c,|? as follows: We have said that the
functions u, () are eigenfunctions of some hermitian operator, which we now denote as F"

Fun(x) = Fu,(x) (A.10)

where [, is (a real) eigenvalues corresponding to the eigenfunction u,,(x). Assume the particle be in a state described
by a wave function ¢(); what is then the expectation value of the quantity F in this state? According to the 2
postulate of quantum mechanics, this expectation value can be calculated as follows:

F= /OO O*(2) Fo(x) da (A.11)

By substituting expansion (A.2), using (A.10) and orthonormality (A.6), we obtain

F = Z |2 F, (A.12)

Let us now compare this result with formula (1) in our discussion of the bag with the coins (section 1.2.1). We
see that the numbers |c,|* have a probabilistic interpretation: |c,|? is the probability of finding the value F}, in a
measurement of the quantity F'. According to (A.10) we can alternatively formulate this finding as follows: |c,|? is
the probability to find the system in the state u,,. The complex number ¢, itself is the probability amplitute of the
result F,, i.e. of the system being in the state u,,.

Therefore, if some ¢, in expansion (A.2) vanishes, the probability of finding the particle in the corresponding
state 1, is zero. The content of this section complements the argumentation to the 2" postulate of QM (section 1.2).

Although we have done all the argumentation for a function of the single variable z, a generalisation to three
variables (z,y,z) = 7 would be trivial and coul be done just by a simple renaming of x to 7 and by using triple
integrals d®r instead of simple ones.

A.2 Generalisation of the Argumentation to Many Particle Wave Function

Ak teraz mame vlnova funkciu popisujicu dve castice, je to funkcia dvoch vektorovych premennych W (7, 7).
Chceme ju rozvinut do nejakého uplného systému funkcii. Tento Gplny systém musi tiez byt tvoreny funkciami
dvoch premennych:

W(7,7) = > Copwy(i,75) (A.13)

Typicky pouzivanym spdsobom konstrukcie uplnej sustavy funkcii dvoch premennych je vyrobit ich z jednocasticov-
ych bazovych funkcii:
Wiy iy (715 T2) = Upy (T1) Uny (72) (A.14)

Ze sa to tak d4, sme sa presved¢ili na prednaske o Pauliho principe (¢ast 8.6); pozri poznamka pod ¢iarou ku for-
mule (227). Index n v (A.13) teda moZe byt nejaky kompozitny index: n = (ny, ny), ale to je len technicka zalezitost.
Funkcie wy, ,, tvoria uplnd ortonormovanu sustavu funkcii dvoch premennych:

* — — — — 3 3 >
/wml,mQ(ﬁ;ﬁ) Wy ny (T1,72) d°71 T2 = Gy g Ony s (ortonormovanost)
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f64

ako sa da Tahko presvedcit.®* Rozvoj (A.13) podrobnejsie napiseme

U (7, o) Z Z Chy g Uny (T1) Uny (72) (A.15)

ny n2

Interpretacia je taka, ze C,, ,, je amplitida pravdepodobnosti toho, Ze Casticu 1 najdeme v stave u,, a zaroven
Casticu 2 v stave wy,,.

Plati teda, Ze ak je niektoré C),, ,,, v rozvoji (A.15) nulové, tak to znamena, Ze je nulova pravdepodobnost najst
Casticu 1 v stave u,,, a zaroven casticu 2 v stave u,,. Toto sa priamo vyuziva v dokaze Pauliho principu v Casti 8.6;
pozri vyjadrenie (231), kde pre fermiony vychadza C,, ,, = 0, ¢ize nulova pravdepodobnost najst dve castice v tom
istom stave.

B Partition of the Eigenenergy of the Hydrogen Atom of a Similar Ion into
the Kinetic and Potential Energies

We are going to split energy (147) into its kinetic and potential parts. Before doing so, we note that the ways how
it can be expressed may seem to be very different each other (although they are equivalent):
m<e2 )2122 1 1 (Ze)(—e) 1 1h* 11

- _ 1 I (B.1)

E, = .

drteg ) 2 n? 2 4meg ay n

We have introduced the first of the expressions in our derivation of the eigenenergies. To find the second one, which
can easily be done, we used an expression including the 1°' Bohr radius of a hydrogen-like ion:

Ay = ? (BZ)
where ag is the standard 1 Bohr radius, i.e. the one for the hydrogen atom:
h*4
an = % — 0,5291772083 . 10" m (B.3)
me

The second expression reminds us the coulombic potential energy between a nucleus of the charge Ze and an
electron with the charge —e. But it is just half of such energy. The third expression for the eigenenergy in (B.1)
could, of course, be easily derived and we have chosen its form to remind us the kinetic energy p?/(2m), where the
momentum p = hi/az and there is also the multiplicator —1/2 there.

If we did a calculation according the the Bohr model (which can be done easily and we will not give the derivation
here), we would obtain the kinetic and potential energies as follows:

: R 11 1 (Ze)(—e) 1
E7l;1n _ _En - - : Egot _ 2En _ ( 6)( 6) - (B4)
2m a% n? dreg  ay  n?

The particular portions of the energy really have the classical (although not physically accurate) interpretation as
we have written above.

The calculations of the portions of the total energy £, can, of course, be done correctly in the full quantum-
mechanical way. A straightforward way is as follows: The quantum-mechanical expectation value of the kinetic
energy of an electron in a hydrogen atom or like ion in the state ,,;,,,(7) is

7= [ v (——A) Gt (7) &P ®.5)

Analogously, the quantum-mechanical expectation value of the potential energy of the electron in this state in the
field of a nucleus of charge Ze is

A
/¢nlm ( 47T€ e >¢nlm(7?) d3 (B6)

4Presved¢it sa o ortonormovanosti je fahké. Presved¢it sa o tplnosti byva zvycajne taZsie, ale nemusime si prednasku matematicky
a technicky prili§ komplikovat.
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where 1,1, (7) is the respective eigenstate (150). Accomplishing relatively lengthy calculations, we would arrive at
T = EM, V = EP* (B.7)

that is the same result as from the Bohr model. It could be elegantely derived using the virial theorem which is a
quite general one, applying to many situations in both classical and quantum physics and it says that V' = —27T.
But we have not derived the theorem.

Finally, it is worth recalling that the total energy of the hydrogen atom (or a like ion) has a sharp (define, zero-
uncerytainty) value in the state 1, (7). It follows from the fact that it is an eigenenergy of the operator of the
total (kinetic plus potential) energy. We would easily calculate in mathematically: we would find the mean quadratic
deviation (the second power of the uncertainty) vanishing. However, neither the kinetic energy alone, nor the
potential energy, has a sharp value in this state. It is because the energy EX" is not an eigenenergy of the
kinetic-energy operator T. Similarly, EP°" is not an eigenenergy of the potential-energy operator V of the system
under study. As for these particular energies, we can only undestand them as mean values. In this respect, it is
useful to realise that [T, V] # 0.

C Search for a Local Extremum of a Functions of Many Complex Variables

Let f be a complex function of the complex variable z = x + iy. Therefore, we also can imagine it as a function of
two real variables x, y. Assume that the partial derivatves of f with respect to the real variables z, y exist. How do
we calculate its partial derivative withg respect to the complex variable 2? As follows:

0| _of dx|  0f oy

- L - 1
0z Oxr 0z dy 0z €1

z* z* z*

since z, y are mutually independent real variables. In the procedure we are talking about, we will also formally con-
sider z and z* as mutually independent variables, although this may sound strange. The vertical lines |« emphasize
that in the partial derivatives with respect to z we consider z* as a constant. We express the complex variables z,

2* using x, y by the equations

z=x+ 1y, 2 =x+iy (C.2)
and the corresponding inverse relations are
— 3G+, y=ge-2) ©3)
z=(z+27), y=5(z—2 .
Then we can easily calculate the partial derivatives with respect to 2z and analogously also with respect to z*; we
obtain 0 1 /0 0 0 1 /0 0
off _L(or _jory. rp_1rof ;of (C.4)
Oz|,. 2\0x oy Oz*|, 2\ 0x oy

They are called Wirtinger derivatives. We can immediately invert the two equations (C.4) as follows:
of _or| , of of _ . (of] _ of (C.5)
oy 0z B

or 0z 0z* 0z*
Now we should look for some extremal point of the function f in the variables z, y. Therefore, we write down the
necessary conditions for the extremum: 0f/0x = 0, 0f/0y = 0. Using the above written equations, we fid out
that this pair of conditions is equivalent to the pair of equations 9f/0z = 0, df/0z* = 0. That is, the following
equivalence holds:

9
z* z z*

of _ of _ of _ of _

The formal constancy of the complex variable no derivative is taken with respect to is no longer emphasized here
for brevity. The generalisation of this procedure for more complex variables z1, 2o, ..., 2, is straightforward. Finally,
we emphasize the need to strictly distinguish partial derivatives with respect to z from the total derivatives with
respect to z. In the situation we are studying, a total derivation does not even exist, because the function (182) does
not satisfy the Cauchy-Riemann conditions.
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D The Helium Atom and Like Ions by the Variational Method

We solve this problem as an exercise.

D.1 Formulation of the Task and the Proposed Form of Its Solution

The system under study can be H™, He, Li*, Be*", B3", C**, .... The Hamiltonian of each of such two-electron
systems has the form

_ﬁvz_ﬁ 9 1 Zeé? 1 Ze? 1 e?

H= - - D.1

2m 1 2m 2 47'('60 1 47T€0 T2 + 471'60 |F1 — F2| ( )

Z is the number of protons in the nucleus which can be 1, 2, 3, .... The numbers of electrons in the cloud for the
system under study is always 2. The problem to be solved is

Hy(r, ) = Ev(r, ms) (D.2)

and we want to determine its lowest-energy solution, i.e. the ground state. We will use the variational principle of
quantum mechanics:
(VI H]Y)

Ty 2 (B3)

We choose

(1, 72) = G(11)d(72) (D.4)

to be our trial wave function. In this form, ¢(7) is the ground state of the hydrogen atom or a like ion and we will
write its form in next section. The two-particle wave function (D.4) has a very simple product form meaning that the
electrons are considered as if were mutually independent, i.e. non-interacting with each other and moving in the
field of the helium atom (or of a similar ion). We will include their interaction later in an indirect approximate way.
We will do it by chosing the auxiliary single-particle function ¢ such that it will depend on a certain parameter; the
value of the parameter will be set as if the function did not “feel” the complete field of the nucleus, but only a field
partially screened (or weakened) by the effect of the other electron. Although the interaction of the electron with
the other one will not be included explicitly, it will at least be included indirectly. Below we specify further steps of
our procedure.

D.2 The Ground State of a Hydrogen-Like Ion

This is an auxiliary section in which we will “derive” how the wave function of a hydrogen-like ion (i.e. of a
single-electron system, countrary to our main task, which is a two-electron problem) looks like. Although we have
derived the wave function, we perhaps may not have it on hand right now and looking into literature we may
perhaps find just the hydrogen-atom wavefunction only (i.e. for the proton number 1) and not the wave functions
for the hydrogen-like ions. For the ions, we get the wave function by simply modifying the hydrogen wave function
as described in the following lines.

We know the the hydrogen atom groud state has the 1s-type wave function, that is

— 1 —r/ap
qbl()()(’l“) = W € / (D5)
where )
h 47’(‘60
aB = = (D.6)

is the 1*' Bohr radius. We aim to find a generalisatin of wave function (D.5) valid for a hydrogen-like ion with a
nucleus of charge [e. It is the dependence of the single-particle wave function of type (D.5) on the charge of the
nucleus that will now be important to us. It is obvious that one of the two es in the product ee in expression (D.6)
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originates from the nucleus, the other from the electron. Therefore, we obtain the wave function of the hydrogen-
like ion from (D.5) by the substitution
e? — pe?
from which the substitution a
B

ap — ag = —
s
follows. (e is the nuclear charge of the hydrogen-like ion under consideration. We stress that this [ is just an
auxiliary parameter introduced independently of the true nuclear charge value Z of the two-electron ion. In what
follows, for brevity, we will denote the standard 1% Bohr radius simply a:

a = ap

For the wave function of a hydrogen-like ion, we get the form

1 3\ 1/2

wa

Thus, it is a wave function of the one-electron ion. It would correspond to the hydrogen atom wave function in the
special case of 3 = 1. In other special case, § = 2, it would corresponds to the wave function of the He* ion.

Our goal pursued in the following paragraphs is to find a solution to the problem (D.2). The corresponding wave
function 1) is thus understood as the wave function of a two-electron atom or ion. Wave function (D.7) will serve
as an auxiliary mathematical object to achieve the stated goal.

D.3 The Energy for the Chosen Wave Function v

Thus, the trial helium atom (or a like ion) wave function will be [see (D.4)]

53
(7, ) = — e P2/ (D.8)

As we see, it depends on the parameter 5. We are not going to determine the value of this parameter immediately, but
we reveal in advance that we will later consider it a variation parameter. The proposed wave function is normalised
to unity ([ ¢/*¢) d*r1 d*ry = 1, which can easily be verified since [ ¢*¢ d*r = 1). Therefore, in our application of the
variational principle (D.3), it is not necessary to write the denominator and we write the energy for the proposed
state 1 as follows:

E=E@f) = /w*(Flyfz)Hib(ﬁ,Fz) d*r dry (D.9)

We emphasized that the value of this energy depends on the auxiliary parameter 5. On the RHS of this equation,
the parameter 3 is found only in the wave function. The Hamiltonian H is independent of the parameter. Substitute
the Hamiltonian (D.1) into the integral (D.9) and we can write the resulting expression in the form of the sum

E=T+V+W| (D.10)

where

R R’ S el o R’ Lo
T = /w*(m,w) (—%) V%Qﬂ(rlﬂ“z) d37“1 d37“2+/¢ (7”1,7“2) (—%) Vg 7/’(7"177‘2) d37’1 d37”2 (D.11)

2 2
V:/w*<77177?2) (— e ) (71, 75) d37“1d37“2+/¢*(7717772) (— Ze ) (7, 7) dPrydiry (D12)

Ameg T dmeg o

2
%/ = = € - =
W = /¢ (71, 7o) ————— (7, 7)) d*ry dry (D.13)
47'('80 ’7”1 - 7“2|
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D.3.1 Calculation of the Kinetic Energy (T)

/ 8 ()" () V3 0(73)0(7) P P — 2 / 81 ()" () V3OO i drs =
- I [ng@vion) [an emon - o / Era ¢ () V30(73) [ &y o (7))
Since the orbitals ¢(7) of the hydrogen-like ion are normalized to 1, i.e.
[o@omer=1

the corresponding integrals do not need to be written further. The choice of particular symbols for integration
variables does not matter, and therefore each of the two addends in the expression for T will be the same. So we get

2
Tz(—i>2/WﬁﬂﬂMﬁ£r (D.14)
2m
We now substitute for ¢ according to expression (D.7) and obtain

h? B3 n* B3
T:——25—/6_5T/“V26_ﬂr/“d37‘ —2—26—11 (D.15)

& J/

7

We denoted the integral in this expression by Z;. Calculate it in spherical coordionates. Recall that the Laplace
operator in these coordinates acquires the form

- 10 0 1
V? = =y (r 5) + ﬁv’%#’ (D.16)
where L s 5 L o
2 = = 9 sn9l )+ & D.1
Vig sind 9V (Sm 019) T SinZo Dp? (D17)

So, calculate
7, = /e—m/a V2 e Br/a 33 — /Oo dr r2/dQ p—Br/a g2 p=Br/a _
0
)+t
The following holds:

Vfw e Prie =

The integration over the spatial angle 2 will be simple because nothing depends on the angles in the function to be
integrated. We have
T 2T
/dQ E/ dﬂsim?/ dy =47
0 0
and so, we can write

o 10 e Pr/a * 0 e Pr/a
_ 2 _—pBr/a 2 _ —Br/a 2
11—477/0 dr re /ﬁ5<r o )-47?/0 dre /E(T o >

We will do this integral easily using the per partes (by parts) method. The results is

L:—% (D.18)
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Therefore, the quantum-mechanical expectation value of the kinetic energy of the two electrons under study in the
state ¢/ will be

2
T=2 ﬁ (é> =3* (in a.w.) (D.19)

2m \a

We explicitly highlighted the factor of 2 to remind ourselves that the kinetic energy is a sum of the kinetic energies
of the two electrons in the atom or ion under study. We see that Hartree atomic units [in whichm =e =h = 1,
g0 = 1/(4m)] make it extremely easy to write some formulae. If in a specific problem the use of atomic units would
significantly facilitate us, e.g. a derivation procedure, the atomic units ought to be used. We will soon get to such
an opportunity.

D.3.2 Calculation of the Electrons-Nucleus Potential Energy (V')

¢ Z bl —2ZF (in a.u.) (D.20)

V=-=-2
drey @

D.3.3 Calculation of the Electron-Electron Potential Energy (W)

The most interesting contribution to the calculated energy F is given by expression (D.13). It expresses the energy
of the electron-electron interaction. We substitute formula (D.8) for ¢) and rewrite the value of W as follows:

2 0 2 1 2 ‘
W = c - é /exp —M B O c - é I (D.21)
dreg ™2 \ a a T12 drey ™ \ a
Thus, in this expression we have denoted the integral alone by
2 1
I3 = /exp [—M} — &% dry (D.22)
a T12

and we calculate it using spherical coordinates as follows:

o 2 o 2 dQ
I3 = / dry Tf exp (——ﬁrl) /dQl/ dry 7"% exp (——57“2) -2 (D.23)
0 a 0 a T12

Integration over the spatial angle {2, can be elegantly managed using an analogy with electrostatics (the trick of Prof.
Peter Lichard, in which a uniformly charged spherical surface with radius r; is considered and the electrostatic
potential at point 7, which can be at any point in space, is calculated from it). We obtain

47
—  prer; > 1o
dQ2 L8
/ =2 = (D.24)
T12 4
— prer; <71y
(]

If we introduce the so-called Heaviside step function

1 forx >0
O(x)=41/2 forz=0 (D.25)
0 forxz < 0

then the result of the integration over the spatial angle €2, can also be written as follows:

d2 4 4
-2 _ —7T @(7’1 — 7“2) -+ —7T 6(7”2 — 7”1) (D-26)
12 1 T2
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We substitute this expression into formula (D.23) and consequently the integral break into the sum

Iy = / dry r? exp (——ﬁm) /dQl/ dry 72 exp (——57“2) il O(ry — o)
0 a 0 a (A1

+ / dry r% exp <——5r1) /dQ1/ dry r% exp (——ﬁm) il O(ry — 1)
0 a 0 a ()

It turns out that both lines of this expression are the same. To see it, it is sufficient to interchange the ordering of
the integrals in the second line. (This is possible because so far the integration bounds are the constant values or
the infinities, not variables.)

I = / dry T% exp (——ﬁrl) /dQl/ drsy 7‘% exp (——57“2) o O(ry — ra)
0 a 0 a 1

+/ dry 73 exp (——57“2) /dQl/ dry r? exp <__6T1) gl Ory — 1) =
0 a 0 a 9
o0 2 r1 2 4
= 47T/ dTl T% exp (——57"1) / dT’Q 7’% exp (__ﬁr2> _7T
0 a 0 a 71

> 2 " 2 4
+ 47T/ dry 3 exp <——6T2) / dry r? exp (——57"1) i (D.28)
0 a 0 a T2

(In both lines, the integration over {2, yields the value of 47.) When we look at these two added expressions, we
see that they differ only in that the indices 1 and 2 are interchanged. However, the notation used for integration
variables cannot matter. Therefore, both those lines are the same and we can write

o 2 " 2 4
I3s=2. 47T/ dry Tf exp (——Bﬁ) / drs r% exp <——6r2> S
0 a 0 a r1
[e’e) 2 71 2
= 2(47?)2 / dry 1 exp <——/Br1) / dr, Tg exp (——57“2) (D.29)
0 a 0 a

The integrals that appear there can already be calculated by basic methods. First, the integral over 7, must be
calculated, because it has the value r; as its upper bound. The overall result is

(D.27)

5(a\’
Ty =2(4m)* = | — D.30
1= 20723 (55) 030
According to (D.21), the integral W, which has the physical dimension of energy, is then equal to
e? 50 5 5 G ) (D31)
= ——| == in a.u :
4meg 8 a 8

D.4 The Energy for the Chosen Wave Function ¢ (continuation)

The total energy F, as written down by formulae (D.9)) and (D.10), can now be expressed by adding contributions
(D.19), (D.20) and (D.31) as follows:

2 2
E:2h—<é> PN gg (D.32)

2m \a dreg  a  4meg

To get rid of a number of now irrelevant constants, we express it in Hartree atomic units [m = ¢ = h = 1,
g0 = 1/(4m) ]. In these, the Bohr radius a gets equal to 1 [see (D.6)]. We obtain a much simpler expression

E=p3*-228+ 2,8 = E(p) (D.33)
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The unit of energy in Hartree atomic units is 1 Hartree, which is

1 2
1Ha = = = & — 972113834V = 4.35074380 . 1018 (D.34)
dmeg a a

as can also be deduced from the energy formulae written above. Thus, an energy in atomic units can also be under-
stood as a (dimensionless) value of the energy expressed relative to the value of 1 Ha. As already mentioned, the
unit of distance in the atomic units is

h247'('€0

= 0.5291772083 .10 m (D.35)
me?

1Bohr =a =ag =

D.5 Minimisation of the Energy by the Variational Method

The energy £ expressed by formula (D.33) is an energy of the two electrons described by wave function (D.4) [see
also (D.7) and (D.8)] and moving in the central field of the nucleus with the charge Ze. The wave function (D.4)
itself corresponds in its form to two mutually independent non-interacting electrons, each of them would move in
a central field of the nucleus with charge Se. Hence, the function 1) will certainly not be correct for the problem
under study (helium ot its like ion), especially because it completely ignores the mutual repulsive interaction of the
electrons and, in addition, it includes the parameter 3, the value of which we did not even specify. Nevertheless, we
can improve it as much as possible, or rather set it as best we can, i.e. optimise it. The only way to do it is to find
the best possible parameter /3. The criterion of optimality of the parameter /5 will be the energy (D.33), which we
will try to get as low as possible, in accordance with the variational principle of quantum mechanics (Theorem 8).
Mathematically, this means finding the minimum of the function £(3). So, we employ derivatives:

oFE 5
— =20-2Z+ -
op ~ 0Ty
and set the condition
oF
= _0
op
Using it, we obtain the result for the optimal value of the parameter :
5
Bopt = 4 — 16 (D.36)
Thus, the mininal energy sought will be
5\ 2
B = E(f) =~ (2 52) | = -2 037)

This is our approximate result for the energy of the ground state of the helium atom ot its like ion. Let us now look
at the cases of the individual proton numbers Z (table 1).

D.6 The Ionisation Energy of Helium and of the Like Ions

The first ionisation energy of a (neutral) helium atom is the minimum energy needed to pull one electron out of
it. It is assumed that both helium and the resulting He™ ion are in their ground states. An electron removed by
the supply of ionisation energy moves away from the atom and stops (or has negligible kinetic energy). Since it is
far from the nucleus after being torn out, it also has negligible potential energy. The first ionisation energy of the
helium atom can therefore be calculated as follows:

E™(He) = E(He') — E(He) (D.38)

He™ is a hydrogen-like ion; thus we know its ground-state energy exactly: We will get it from formula (147) with
n =1, Z = 2. As for the helium atom itself, we have just determined its energy approximately by the variational
method: formula (D.37) with Z = 2.
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Table 1: The energies of the helium atom and its like ions obtained by the one-parameter variational method.

Z znatka FE.;, (Ha) FEgp,(eV)

1 H™ —0.4727 —12.86
2 He —2.8477  =T77.49
3 Lit —7.2227  —196.53
4 Be*" —13.5977 —370.01
5 B3 —21.9727 —597.91
6 CHF —32.3477 —880.22

Similarly we define the ionisation energies of the helium/like ions H™, Li*, etc. These, however, will not be the
1*' ionisation energies of neutral atoms, but of the ions. To vSak uz nebudu 1. ioniza¢né energie neutralnych atémov,
ale idnov. For instance, using the formula

E°MLit) = B(Li*") — B(LiT) (D.39)
we calculate this energy for the lithium kation. Table 2 lists and compares these values also with experimental ones

taken from [1]. All the energies in this table are in Hartrees. The negative value in the case of the anion H™ is

Table 2: The ionisation energies of helium and its like ions, obtained by the one-parameter variational method. All
the energies in this table are in the atomic units (Ha). The experimental energies have been taken from [1].

Z symbol experiment the variational method

1 H- 0.055 —0.0273
2 He 0.90331(4)  0.8477
3 Lif 2.7798(5)  2.7227
4 Be?t  —— 5.5977
5 BT —— 9.4727
6 CY  14.407(4)  14.3477

non-physical. We determined it by the equation
E°"H )= E(H) - E(H") (D.40)

The negative value indicates that the variational method that we used is completely incapable to calculate the ion-
isation energy of this anion. This is because the energy of the anion H™ is too high by this method (—0.4727 Ha).
For the other ions (as well as helium itself), however, the simple variational method explained here gives surpris-
ingly good results (given how simple it is). If we used a variational method with more parameters, we would get
results closer to the experimental ones and the value of the ionisation energy for H™ would be positive. Physically,
a negative ionization energy would mean that the ion H™ would be unstable. In fact, this ion exists and is extremely
important for the opacity of the atmosphere of the Sun and similar stars (D. Chalonge, 1946). The H™ ion can exist
in a stable way in its ground state only. (Its bound excited state does not exist.) One proton is able to keep at two
electrons only in their ground state.

D.7 The Effect of Screening

For the ground state energy of the helium atom and similar ions, we derived the expression

12 2
p=_-% (Z — E) (D.41)



This expression can be broken down into the sum of two identical ones:

1¢e? 5\% 1 ¢? 5\
E=—-(z_-2) 2% (z_-2 (D.42)
2 a 16 2 a 16

Each of these two terms has a form such as the ground state energy of a hydrogen-like ion (i.e., the energy of a
single-electron system); see expression (147), which can indeed be easily adapted to the form

1 e?

However, in the above expression (D.42) for the energy of the helium atom or a similar ion, the value of Z — 5/16
acts as if it were a proton number, not the value of Z. Therefore, we can introduce an effective proton number

5
Leff = 4 — — D.44
i=7- (D44)

For helium, its value is Z.s(He) = 27/16. The electrons thus shield or screen each other from the nucleus, and each
of them moves like in a spherically symmetric field of one and the same effective nucleus (in the field that is the sum
of the field of the real nucleus and the other electron). Such an interpretation is correct thanks to the approximation
we used, namely that we have written the wave function in a factorised form separating the variables 7 and 7%.

E The Hartree Method

The Task to Be Solved. Mame riesit problém (261). V Hartreeho met6de budeme neznamu vlnovu funkciu W hladat
v tvare Hartreeho suc¢inu. Pri vyklade Hartreeho metddy sa obvykle ignoruje spin [1], ¢o spravime aj my. Budeme
teda riesit tymto sposobom zjednodusenu verziu dlohy (261). VInova funkciu oznac¢ime a vyjadrime vyrazom

Je to tiez Hartreeho sucin, tentoraz zavisly iba od priestorovych suradnic. Hartreeho metdoda je istou realizaciou
variacnej metddy; pozri odsek 6.1. V zmysle tejto metoédy potom funkciu (E.1) budeme povazovat za pokusna
funkciu, na ktora aplikujeme varia¢ni metoédu. Ak by sme zabezpecili, ze menovatel zlomku (167) vo variacnej
metdde by bol rovny 1, celkova energiu ststavy by sme mohli hladat minimalizaciou vyrazu

Q = /77/}*(7?17...,7?]\[) ﬁ’(ﬂ(fi,...,f}v) dr 2 E() (E2)

kde dr = d°r; ... d%ry. G vtedy predstavuje kvantovomechanickd strednt hodnotu energie stistavy nachadzajtcej
sa v stave 1. Jednotkovost menovatela v (167) znamena, Ze mnohocasticova funkcia ¢/ je normovana na 1:

/w*<F1,,FN)¢(F1,,FN)dT:1 (ES)

Kedze vyraz G zavisi od funkcii (mame na mysli tie ¢;), nazyvame ho funkcional. Normovanie ) na 1 dosiahneme
tym, Ze aj pre jednocasticové funkcie budeme pozadovat, aby platilo

/ O (A (A dPr=1, Vi (E.4)

Splnenie tychto normovacich podmienok zabezpecime pouzitim Lagrangeovych multiplikatorov. Preto definujeme

rozsireny funkcional
N
G¢=6-Yu( [empmar-1) &)
i=1

kde \; su spominané Lagrangeove multiplikatory. Namiesto jednoduchsieho funkcionalu (E.2) teda budeme min-
imalizovat GG. Jednocasticové funkcie ¢; vystupujtce v (E.1) si nezname a naSou ulohou je najst ich tak, aby bola
hodnota G ¢o najmensia. Funkcie ¢; teda maja ulohu varia¢nych parametrov.
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Fyzikalne parametre problému, ktory treba riesit, si definované Hamiltonianom. Ten zoberme podobny ako (258),
ale bez spinovej Casti, Co je ¢asto velmi dobré pribliZzenie. Hamiltonian teda teraz zapiSeme

A N LN
H= Z h(i) + 5 ) (i, ) (E.6)
i=1 3,7=1
kde
R R RZ
h(i) = h(r;) = —%V? + Dext (77) (E.7)
a
e? 1 .
S [
w(i,j) = { 4meo |75 — 7] 7 (E.8)
0, i=j

The Functional Representing Energy for Given Wave Function (E.1). Cely funkcional (E.5) je praktické rozpisat
si a nasledne zjednodusit takto:

G =G6G+L = gW4+gP 4 (E.9)
kde

N ) N .
) =1

(E.11)
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1 N
GO = /Wa, TN [5 3 w(i,j)] W(F, ... Ty)dr = (E.12)

ij=1
1 N
=23 [ &) 06, ) 4(7) @i E13)
i =1
N
c=-3 | [eimamer-1] €19
=1

Minimisation of the Functional (and of the Energy). Chceme zistit, pri akych funkciach ¢; bude funkcional GG
minimalny. Ide o nieco analogické ku hladaniu minima funkcie, kedy sa funkcia derivuje. Tu v§ak mame hladat min-
imum funkcionalu. Namiesto jednoduchého derivovania budeme funkcional G varirovat, ¢o znamena, ze skusime,
ako sa zmeni pri malej zmene funkcii ¢;, od ktorych zavisi. Uvazujme teda takuto variaciu funkecii ¢;:

(E.15)

’<Pi—>90¢+590¢

Potom sa funkcional zmeni takto:

Glgl — Glp+dp] =Glp] + G (E.16)
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a obdobne sa to da pisaf aj pre jeho jednotlivé zlozky G, G a L. Pre stcet jednocasticovych integralov v sume
vyssie teda mame

N
GVNg] — GW[p+dg) = Z/(% +6:)" h(i) (i + 0r) dr; =
=1

N N
=GV + Y / 87 h(i) i d¥ri + / [h(i) i) "0pi d3r; + (E.17)
i=1 i=1
5

+ ¢leny 2. radu v d¢y, , ktoré sa zanedbatelné
Vsimnime si, ze druhy ¢len v §G() je komplexne zdruzeny k prvému.

Aj pri pocitani s dvojcasticovymi integralmi budeme miestami kvoli stru¢nosti vynechavat pisanie argumentov
funkecii ; ak st vynechané, tak plati ¢; = ¢;(i) = ¢:(73), ¢; = ¢;(j) = ¢; (). Pre variaciu sumy dvojcasticovych
integralov (E.13) dostavame postupom podobnym nez vyssie, len zlozitejsim, toto [pricom vyuzZijeme, ze w(i,j) =
w(j,1) a Ze sumacné indexy mdzeme lubovolne premenovat, aj vymenit (i <> j) medzi sebou]:

N N
39 = 3 [8eiy00.0) oy ndry + Y [ty aling) Seve, (E.18)

i,j=1 hj=1
Aj tu je druhy ¢len komplexne zdruzeny k prvému. Aby sme spocitali aj variaciu funkcionalu G, nielen G, zostava
eSte spocitat variaciu ¢lena s Lagrangeovymi multiplikatormi, pozri (E.14). Ta sa pocita lahko a je

N
0L = — Z)\i (/ 5f s dr + /go:‘ 0p; dST) (E.19)
i=1
Teraz uz vieme napisat, comu sa rovna variacia celého funkcionalu G, pozri (E.5), (E.9). Potrebujeme na to zozbierat
vysledky (E.17), (E.18) a (E.19). Dostavame
6G = Gl + 6¢] — Gly] = 661V + 5GP + 6L (E.20)

a teda
N . N
0G = Z/d?’” 0p; (h(z‘) +Z/d3rj 5 w(i, J)g; — Ai> v + kz. (E.21)
=1 j=1

kde k.z. oznacuje ¢leny komplexne zdruzené s predoslymi.

Ako sme povedali uz skor, snazime sa hladat, pri akych funkciach ¢; je funkcional G' miniméalny. Tak ako pri
funkcii je v okoli jej extrému nulova prva derivacia, ¢ize v prvom rade nulova zmena, tak pri funkcionali je v okoli
jeho extrému nulova variacia. Preto kvoli najdeniu minimalizujucich funkcii ¢; pozadujeme

0G =0 (E.22)
Aby toto bolo splnené pre [ubovolné variacie dp;, musi byt vyraz (... ... )¢; vo formule (E.21) nulovy.®® Musia teda
platit rovnice
N
)+ Y [ &y @5 00.0) 2,00)| i) = Aeaid) €29
j=1
Pripomenme, e w(i,i) = 0, a teda ¢leny s j = i v tychto rovniciach vypadnu. ,k.z.“ v rovnici (E.21) ndm da

len komplexne zdruzenu rovnicu ku prave napisanej, teda zZiadnu novt rovnicu. Na oznaceni integracnej premen-
nej 7; v rovniciach (E.23) nemdze zalezat. Ani pisanie indexu ¢ vo vonkajSej premennej 7; teraz uz nie je nutné.
Rovnice (E.23) sa preto daja pisat (trochu podrobnejsie) aj takto:

N o2

7 (= € I k(= 1 —/ — .

b+ 3 e [ G0 e e e = M| ie {128} @20
=1

4 r— 7"]
Jj=
JF#i

#5Samotny obsah tych zatvoriek nema ¢iselnd hodnotu, je to len operator. Preto v tom nulovom vyraze musi byt sprava aj ;.
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Rovnice (E.24) predstavuju sustavu NV integralno-diferencialnych rovnic pre nezname funkcie ;. Vyriesenim tychto
rovnic teda najdeme funkcie, ktoré extremalizuju (zvycajne minimalizuji) funkcional G. Hodnota tohoto funk-
cionalu v takom pripade je pribliznou vlastnou energiou zakladného stavu sustavy. Sustava rovnic (E.24) [tak isto
aj (E.23)] sanazyva Hartreeho rovnice (HR). Jednotlivé rovnice tejto sustavy svojou formou pripominaji bez¢asovu
Schrédingerovu rovnicu.

The physical meaning of the sum in the Hartree equations. Na jeho pochopenie sta¢i najprv v i-tej HR skimat
jeden ¢len (t.j. pre jedno j rdzne od 7). Hodnota vyrazu ¢} (7')¢;(7") je hustota pravdepodobnosti vyskytu elektronu
s vlnovou funkciou ¢;(7’) v mieste 7. Vyraz (—e)|p,(7’)|? je potom hustota elektrického naboja vytvarana takym
elektronom; je to hustota v kvantovo-mechanickom zmysle priemernej hodnoty v danom bode priestoru. Vyraz

/ 1 (—€)|S0j(7?/)|2 43y & UJ(F) (E.25)

471'60 |7?—7?/|

je priemerny elektrostaticky potencial v mieste 7 vytvarany elektrénom s vinovou funkciou ¢, (7). Preto

wy(7) & OB (E.26)

WE

[y

J
j

N

je ustredneny elektrostaticky potencial, ktory vytvaraju v mieste i vSetky elektrony okrem i-teho (t. j. toho, ktory
obsadzuje orbital ;). Volame ho aj Hartreeho potencial. Cela suma cez j v HR teda je

N 2
e %/ = 1 — artree artree
23 /d?’r’ 05 (7") = s (7)) = —eUjtee(r) = vjtee(r) (E.27)

— 4meg |77 — 7|
v

L.

ama vyznam potencialnej energie i-teho elektrénu v ustrednenom poli vetkych ostatnych elektronov. Je priestorovo
zavisla (preto sa nazyva potencialna) a ¢asto ju preto tiez nazyvaji Hartreeho potencial [ale treba mat na pamati,
ze v SI sustave maju potencial a potencialna energia odlisné jednotky a teda nie su to totozné veli¢iny, i ked sa lisia
len o trividlny nasobok (—e)].

V tejto stivislosti si este viimnime sumu G elektrén-elektronovych odpudivych energii vyjadrent prispevkom (E.13
Na zaklade vyssie zavedenej Hartreeho potencialnej energie sa da zapisat

N
1 * [ artree [ 7 e
G — 52/% (7) VHarree (7) oo (7) dr (E.28)
i=1

Orbitals in the Hartree Equations. The Effective Orbitals-Dependent Hamiltonian. HR (E.24) sa teda daju kom-
paktne zapisat

() + VIR (7)] () = Api(7) (E.29)

[ /

A:ff
hi

Velmi pripominaja sdstavu navzajom nezavislych rovnic (263) z motivacnej Casti. Je tu vsak jedna komplikacia:
efektivny jednocasticovy potencial v (E.29) zavisi od orbitalov ¢;, ¢o st nezname funkcie. Tieto nezname funkcie
v HR vystupuju v kubickej forme. HR st preto nelinearne a nie st az tak jednoduché, ako sme si to na zaciatku
predstavovali v motivacnej Casti.

Jednotlivé orbitaly ¢; su vlastnymi funkciami navzajom odlisnych efektivnych hamiltonianov (ktoré sa preto
tiez musia indexovat). VyrieSenim HR tak dostaneme orbitaly, ktoré nie si navzajom ortogonalne. Podmienku
ortogonalnosti sme ani nikde nepouzili. Naozaj: pri minimalizacii sme len nalozili podmienku (E.4), ze orbitaly
maju byt normované na 1.
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Solution of the Hartree equations. HR predstavuji sistavu N integralno-diferencialnych rovnic. Riesi sa meto-
dou postupnych iteracii: na zaciatku si zvolime nejaké startovacie funkcie

0 0 0
0,00, oy (E.30)

Napr. ak riesime HR pre atém, tak za goz(»o) moézeme zvolit presne zname vlastné funkcie pre vodiku podobny ion.
Z tychto startovacich funkcii ur¢ime zaciatocni hodnotu Hartreeho potencialu Ui(o) (7) (ktora je urcite este velmi

nespravna). Z Ui(o)(r_’) potom riesenim HR dostaneme uz spresnené (ale stale velmi hrubé) jednocasticové funkcie

1 1 1

a aj prvy odhad Lagrangeovych multiplikatorov )\51). Tym mame ukoncenu prvu iteraciu. A tak dalej iterujeme, az
raz skoncime, a to napr. vtedy, ked rozdiel medzi vystupmi po sebe iducich iteracii bude zanedbatelny. Vtedy uz
budu orbitaly ,; konzistentné s Hartreeho potencidlom. Vysledné elektrostatické pole od uvazovanych elektronov
nazyvame self-konzistentné pole; pojem samosuhlasné pole sa pouziva menej ¢asto.

O vyzname vlastnych hodnét a jednocasticovych funkcii sme si povedali pri §tidiu Hartreeho-Fockovej metody.
Samotna Hartreeho metdda sa v praxi pouziva zriedka, lebo nerespektuje antisymetriu vlnovej funkcie.

F Functionals

F.1 An Intuitive Explanation of Functionals
Taylor expansion of a function of one variable:

1 df 1 d°f

1 d*f
Az) = — | Ar+ = —| (An)* 4+ = —| (Az)*+ ... F.1
flat Ba) = (@) 45 | Aot gy a| (Ao + 5 G| (8o ¢ (F.1)
Taylor expansion of a function of m variables:
f(iL'l + Al’l, To + Al’g, ceey, Tyt A.Tm) = (FZ)

1 <~ Of
f<x17x27“.7xm)+ﬁ§axi

AT 21 JZI a1,

The vertical lines |, says us: do the derivative and then evaluate it at . For the functions on n variables, we used
the shortcut

(Az;) (Azj) + ...

T=T1,T, ..., %, (F.3)

A Functional. It is a mathematical form that depends on some function, i.e. not on an elementary variable or
variables like 21, ..., Z;,,. A nice examples is the Thomas-Fermi (TF) kinetic-energy functional (410):

Tre[n] = C’F/n5/3(F) d’r (F.4)

It depends on the electron density n(7), which itself is a function. Let us further use the notation F'[n] for a functional
depending of a function n(r) (which need not necessarily be a density). The function n(7) is defined on some
spatial domain D (which can be either finite such as a cubic box or a sphere) or infinite. In any such case, the
domain contain an infinite number of spatial points that typically form a continuum and we will consider this type
of damains. We can, however, discretise the spatial domain, i.e. to divide it between some finite number of grid
points. Such a procedure is often being done for a purpose like numerical integration (quadrature) and, certainly,
we would find several other examples from numerical mathematic. Here, however, we use the discretisation of space
for the purpose of a theoretical analysis. Let the grid points be

T1,72y oy Trm (F.5)
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In such a discrete representation, the functional F'[n] becomes a function of m spatial variables:

F(n(r),n(r2),...,n(7)) (F.6)
To make notation more compact we introduce
n; = n(r;) (F.7)
and then the liist of the variables on which the function F' depends, is ny,ng, ..., ny:
F=F(ny,ng,...,nm) (E.8)

Let us now consider that the function n(7) is slightly modified by an amount dn(7):
n(r) — n(7) + on(r) (F.9)

How the functional F'[n] changes upon such variation of n(7")? Formally, we express the variation § F'[n| of the
functional F'[n] as follows:
Fln] — Fn+ én] = F[n] + dF|n| (F.10)

The last equation defines what is meant by a variation of a functional, § F'[n|; the term variation is used for func-
tionals, not for functions. Since we have discretised the functional [converted it to the function (F.8)] and since the
quantities dn(7) are small enough, we can now take advantage of the Taylor expansion (F.2) to answer the above
question by calculating F'[n + dn| in the discrete representation:

F(ny +5n1,...,nm+6nm) = F(nl,...,nm) -+ (F.11)

Because the grid can be very dense, we can replace the summations over the grid points by integrals over the spatial
domain D:

F(ny+6ny,...;nm + onyg) = F(ny, ... ,nm) + (F.12)

oF
D 8n(F)

vy Lo e s

Thus, after the short trip to common functions, we are back to the world of functionals; the last formula in the brief
language of functionals is rewritten as

oF

Fln+dén]=F +/ d3 -

[n n| [n] i r 50 ()
1 3 3./ 62F

*3 /Dd 7“/Dd " Sn(m)on()

oF 82F
on(r7) " on(r)on(r’)
are the first and the second functional derivatives of the given functional, F'[n], respectively. In the above exansions,

they are evaluate at the density n(7) [not at n(7) + dn(7)]. By comparing (F.13) to (F.12) we immediatelly see the
principal meaning of the concept of a functional derivative.

+ on(r) d3r +

on(r) on(r’) +

on(r) + (F.13)

The expressions

By definition, a variation of the functional is defined by [see (F.10)]

dF[n| = F[n+ dn] — Fn| (F.14)
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Now, if we are searching for a local extremum (a minimum or maximum) of the functional, the necessary condition
expressed in the discretised form is

oF
=0, Vi 1,2,... F.15
anZ ot ) Z 6 { ) ) 7m} ( )
We see that the functional form of this condition is
oF
=0 F.16
on(r) no (F-16)

(the necessary condition of a local extremum of the functional). Very often, this equation is sufficient to use do de-
termine a minimum or maximum. Its solution is the extermising function ny(7), i.e. the one at which the functional
takes its minimum or maximum (may not be a global one).

If on is very small in (F.13), the first two terms then become sufficient to keep and we can then express vari-
ation (F.14) around some arbitrary chosen function n(7) as

5 OF
5F[n]=/pdr 5 ()

If the chosen function n(7) is ny(7), then the variation 6 F'[n] vanishes. Hence, we derived the frequently used
formula of the variational calculus:

on(r), for on(r) —0 (F.17)

n

dF[n] =0]| atalocal minimum or maximum (F.18)

It is just as when differential of a common function like f(x) of eq. (F.1) vanishes at any extremal point of the
function.

F.2 On the Kohn-Sham Mapping (or Ansatz)

The Hohenberg-Kohn total-energy functional is given by (453):
&m:Tm+Wm+/mm@®£r (F.19)

In this expression, the forms of 7'[n] and Wn| are unknown; hence such a functional can not have any direct
practical use. According to Kohn and Sham, we can, however, introduce the auxiliary (or reference) system of non-
interacting electrons such as to provide the same ground-state density. A wave function of such a system has the
form of a Slater determinant, exactly as in the Hartree-Fock theory. (So, both in the HF theory and in the DFT, total
wave functions are some Slater determinants.)

Denote the non-interacting kinetic energy by symbol Ts[n| [see (456)]. We now can add and substract T;[n| in
(F.19) and regroup the terms:

&m:nm+/ﬁm%@wﬁ+wm+Tm—ﬂm (F.20)

T'[n] — Tg[n] is some difficult part of the kinetic energy. We also know that the electron-electron interation energy,
W n], contains an “easy” component (that is, easy to express using the density). It is the Hartree energy, obviosly
a relatively big component of W [n]; see (301) for its first occurence in our course, then (413) of the Thomas-Fermi
theory, and finally (456) of the Kohn-Sham theory. So, decompose also W n|:

W[n] - EHartree [TL] _'_ Wrest (FZI)

Thus, the total-energy functional (F.20) can be expressed as

&M=EM+/MW@®¥WH%MMH?M—QM+M@: (F.22)
Ey[n]
= Fxs[n]
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(It is the same expression as (456). And it has to be understood as the definition of E,.[n].) So, the difficult-to-
express but, fortunatelly, relatively small part was denoted as Ei.[n|. It is called exchange-correlation energy.
We know from the HF theory that there must be the exchange-energy contribution to the total energy. Since this
contributions is neither in T[n] nor in the interaction energy with the external field, it then obviously must be a
part of T'[n] — Ts[n] + Wiest = Ey[n]. A similar consideration holds for the correlation energy.

Now, if we want to find a local minimum of the Kohn-Sham functional, (F.22), we have to keep the correct
number of the electrons, N, in the minimisation. We do in using a Lagrange multiplier, exactly as we have done it
in the TF theory, see (415). Therefore, again an augmented functional,

Qxs[n] = Exs|n] — { / n(7) dr — N} (F.23)

is to be minimised. We do the minimisation by requesting that at the minimising density nq(7),
6Qxsn] =0 (F.24)

for very small variations dn(7) around the minimising density. Alternatively, we can set the condition (see sec-
tion F.1)
082s

on(F)

This yields the Kohn-Sham equation for the ground-state density ny which is the density that minimises the func-
tional Qs[n|, also (and importantly) the Kohn-Sham functional (F.22) [and also the orginal functional (F.19) of
Hohenberg and Kohn] as that one is equal to the KS functional by definition. Note also, that people often omit the
term with IV in (F.23) for it is a constant only and has no effect in the serach for the minimum.

-0 (F.25)

no

In practical calcuations, we are not able to find the exact functional E..[n]. Therefore, although the exact equality
of the HK and KS functionals holds in theory, we do not meet it in practice.
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