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PREFACE

Tekst je i ove godine dopunjavan delovima predavanja. Jedan deo zadataka sa vezbi je
promenjen, pre svega zbog promene asistenta na predmetu (Marko Milivojevi¢), ali i zbog
nacina selekcije. I dalje se ovo moze smatrati samo prateé¢im materijalom predavanja, a
nikako ne kompletnim i procis¢enim odrazom ispredavanih lekcija. To ¢e, nadamo se,
postati sledec¢ih godina. Tekst dobrim delom nije proveravan nakon pisanja, a posebno ne
lektorisan. Stoga treba biti skeptican prema formulama (!), pa ¢ak i nekim formulacijama,
jer prilikom elektronskog editovanja svaka nepaznja moze da bude vrlo kreativna. Dalje,
nekompletan je: mada su sva predavanja obradjena, i u tom smislu tekst pokriva kurs,
ceste indikacije podnaslova ukazuju na projektovana prosirenja neophodna za potpunije
sagledavanje pojedinih tema, otkrivajué¢i najvaznije konceptualne celine koje kursom nisu
obuhvacene. Slike i primeri koji treba da ilustruju sadrzaje krajnje su redukovani. Zato
molim studente da tekst bude pre svega podsetnik za ono sto treba uraditi, a da za
konacnu pripremu ispita koriste dopunsku literaturu.

3.10.2015, M.D.

Neplanirano sam odlucio da procistim ove beleske za predavanja: ispravio sam dosta
manjih gresaka (velike se nikad ne uoce) i donekle reorganizovao sadrzaj. Ovo je uzroko-
vano zeljom da se ovom tekstu omoguc¢i da u buduc¢nosti odslika ono u s$ta sam uvek
verovao (a mentori me svakako ucvrstili u tome), i Sto je verovatno najkraca definicija
sada vec¢ Cesto koris¢ene odrednice ” Beogradska skola”: struktura pojmova sama namece
minimalni sadzaj, uz dodatke koji se prave (mozda i predaju) samo kada je to zaista
potrebno, odnosno kada su to klice (naznake) nekih oblasti fizike. Tako je nova glava o
kvantnoj informaciji zasada samo vesnik pri¢e o jednoj od najmodernijih oblasti moderne
fizike: nadam se, kao i za ostale delove teksta, da ¢e biti prosirena od strane drugih daka
te nase skole, onih koji su znacajno doprineli i stalno doprinose da kvantna informacija
i kvantno racunanje budu danas toliko znacajni u razumevanju sveta. Kao i do sada,
udzbenik prof. Herbuta je osnovna literatura, a za pojedine lekcije su precizirane moguce
specificne dopune iz svetske literature.

10.5.2018, M.D.

Od januara 2020. ovaj tekst zajedno sredujemo i prosirujemo (nakon penzionisanja,
M.D. je nastavnik na doktorskim studijama), sa istim principima, i slicnim pogledima kao
i ranije, nastavljajuci skoro poluvekovnu tradiciju Beogradske skole.

1.10.2020., I.M. and M.D.
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Chapter 1

Quantum Kinematics

1.1 Measurement: System, State, Observable

This section introduces fundamental notions of quantum formalism, such as system, state,
ensemble, measurement, etc. All these notions are common ingredients of any physical
theory, but it turns out that their thorough analysis is not really necessary for classical
mechanics. Further, we try to emphasize that these basic notions cannot be introduced
independently, i.e. to define one of them the other ones should also be clarified. So, we
start with intuitive analysis, being not essentially related to quantum mechanics, in order
to single out the main features of the introduced notions. Their rigorous quantum defi-
nitions will be given in the next section within three postulates, which are also mutually
dependent and, together with definition of measurement, they should be understood as
one whole.

1.1.1 Intuitive analysis

(quantum) is an object S having some previously defined set of properties. This
set is exhaustive enough to make distinction between various systems. E.g., each electron
has same mass, charge, spin etc., and other particles are differing by some of them. This
characterization by well defined properties is time (meaning technology) dependent: a
hundred years ago, when mass and charge were the only known characteristics distin-
guishing elementary particles, many of them would be considered the same. Therefore,
recognition of a particular system consists of a sufficient set of measurements of its prop-
erties.

The set of properties defining a system still leave some non-uniqueness: systems of the
same type differ by some additional characteristics. Thus, one can gather systems with
certain given values of some (or all) of these additional properties into p. We
usually say that various ensembles appearing this way differ by the (characterizing
included systems). In this sense, the notions of ensemble and its state are synonyms: one
says "state of the ensemble” and ”ensemble in the state” (although the misleading phrases
"state of the system”, or "system in the state” are usually used instead). An example may
be an ensemble of electrons with given momentum, i.e. electrons in a state with given
value of momentum. Note that this notion is based on the set of measurements of some
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properties, as well as the primary notion of the system. Consequently, two ensembles are
in the same state if all the measurements performed on them give the same results. Again,
the notion of the state is dependent on our knowledge of the possible properties of the
system. Important example is that before discovery of the spin, ensembles (i.e. states)
differing only in the value of the spin were considered the same.

Intuitively, is any process of determining of some property of an ensem-
ble. In fact, the very idea of a property of the system is that it is observable, i.e. measur-
able. This means that for each property (observable) A there is at least one measuring
device (in this sense, the notions of the physical quantity and of the device measuring
it may be identified), apparatus A, capable to distinguish between various values of A:
each value corresponds to a particular position of the apparatus’ pointer. In other words,
in the course of the interaction of the apparatus with a particular system one of these
values is realized. Two important facts should be emphasized in this context. Firstly, var-
ious members of the same ensemble may produce different pointer positions. Therefore,
measurements on the ensemble necessarily have statistical nature. Secondly, before the
measurement is performed, nothing can be said about the measured property. This may
be interpreted such that the measured property does not exist without the apparatus, or
even that the property is realized or imposed by measurement.

The statistical nature of the measurement is well known even within the classical
framework: a measurement does not give the result with certainty, but many measure-
ments are performed, and the result is obtained by statistical analysis. Therefore, a
single measurement is meaningless. Further, since the measurement is an interaction of
apparatus and system, it may change, or even destruct the system (this is particularly
important for small systems), and it may be impossible to repeat the procedure on the
same system. Therefore, in general, measurements are performed on the ensembles of
systems. Nevertheless, as it will be stressed out in the analysis of double slit experiment
(Subsection 1.1.2), the necessity for the statistical approach and ensembles in quantum
mechanics stems from additional, quite substantial reason.

To summarize, measurement means measurement of some physical observable A on
the ensemble (in the state) p, giving as the result probability distribution of the possible
values of A. Precisely, let o0(A) = {a1,as,...} be the set of the possible values of A
(i.e. of the positions of the pointer of the apparatus, defined independently of p); each
particular system from the measured ensemble p interacts with apparatus successively,
and due to this interaction the pointer gets a series of values a; from o(A). Let in the
course of the measurement each value a; is obtained N; times. Obviously, N = ). N;

is the number of the systems in the ensemble. Then the result of the measurement is

the probability distribution v(a;, A, p) LN, /N. Since the only criterion of validity of

any physical theory (and quantum mechanics in particular) is the comparison with the
experiment, fundamental task of the theory is to predict the probability distribution
v(a;, A, p) for any p and for any A, in terms of its formalism. Before proceeding further
in this direction, several remarks should be made.

Firstly, we note here that the (quantum) theory can be well-founded only with infinite
ensembles, and this will be assumed throughout the text. However, in real experiments N
must be finite, but large enough to provide reliable statistics, i.e. the statistics enabling
comparison to the theoretical N = oo limit.
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Secondly, since only the measurement results are verifiable, they are the only objective
of quantum mechanics and thus quantum mechanical statements always refer to them.
Therefore the underlying logic is completely subdued to this fact, with all the statements
based on the results of the measurements. Indeed, the logic of quantum mechanics is not
classical, Boolean logic (as will be clarified subsequently). Considering the statements
as the answers to the corresponding questions, the above formulated task of a physical
theory means its ability to give the answers (i.e. predictions) to the questions which can
be at least in principle answered in terms of the experimental results. Together with the
elementary statements about probabilities of results, also the statements which can be
reduced to the elementary ones are legitimate. For example, besides the question about
probability of a single value a;, one can search for the probability v({a;,a;, ...}, 4, p) to
get any of the values from the subset {a;,a;,...} of o(A); obviously, this must satisfy

U({aiaaj7 s }7A7p> = U((h’,A,ﬂ) +/U(aj7Aap) +...

Similarly, value of the observable A in the state p

(A4), =Y aw(ai, A p) (1.1)

i

may be looked for.

For further convenience, in the case when v(a;, A, p) = 1 for some particular value q;
and consequently v(a;, A, p) = 0 in all other cases ¢ # j, we will say that the state p is
with the a; of the observable A.

Further, it is easy to understand that due to its infinity, each ensemble p can be
partitioned into (also infinite!) subensembles py, po,... in many ways. The weight w; of
the is defined as its relative part in the ensemble. Considering the process of
the partition as taking one system after another from p and putting it subsequently into
one of p7, in the N-th step one finds the numbers N; of the systems in the subensembles

pr1, and the corresponding wy = limy_, Ny/N can be defined. Obviously, w;y is
finite, positive and ), w; = 1. Also, having ensembles py, p2,... (with the same type
of the system) one can make their just by joining all of them into the single

ensemble p. As soon as the mixture is made, it cannot be reconstructed in which way it
actually has been formed., i.e. the corresponding partition can in no way be distinguished
from the (infinitely many) other partitions.

Being also ensemble, each subensemble is suitable for measurements. Of course, the
results of the subensemble measurements are in general mutually different, and also differ
from the results of the ensemble measurement. In fact, the results of the subensemble
measurements v(a;, A, pr) are to the ensemble one related by

v(a;, A, p) = wa(ai,A,pI). (1.2)

Still, there are ensembles giving for any observable A the same results v(a;, A, p;) =
v(a;, A, py), and therefore v(a;, A, p) = v(a;, A, p;) for each subensemble p;. These are
called ensembles or . All other ensembles are called

, or . Pure states characterize maximally prepared ensembles. In fact,
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Figure 1.1: Double slit experiment. (a) Device: C is source of collimated photons, s; and
so are slits on the screen, X is detector of the particles (e.g. photo plate); D; and Do
are detectors of the particles on the slits. (b) Results, being the probability distributions
(intensities) v(z) obtained by X: v; (i = 1,2) is obtained when only s; is opened, vy42 is
their normalized sum, while curve v is obtained when both slits are open.

recall that the measurements required to define a particular system leave some freedom
for different states which are distinguished between by some additional measurements. If
all the possible additional measurements are performed, and ensemble is made only of the
systems possessing the wanted values of measured observables, the homogeneous ensemble
is obviously obtained. Despite we used here the intuitive notion of the possible (addi-
tional) measurements, the notion is quite nontrivial, and it will be neatly reconsidered
within quantum mechanical formalism, yielding to the one of the most striking differences
of classical and quantum physics.

1.1.2 Superposition: Experiments and Phenomenology

Let us neatly consider the well-known double slit experiment. Here we discuss only the
simplest scheme. Still, simultaneously this is an experimental scheme capable to analyze
all quantum mechanical situations, and with various modifications (e.g. light polarizers)
it is used to demonstrate the most subtle questions (there are many texts with detailed
interpretation of different setups [7][Ch. IJ).

The experimental device is given in Fig. 1.1. The source (C) prepares homogeneous
ensemble 1 directed toward the plate. Starting from the source, systems pass through
slits s; and s,, and come to the detector. Obviously, detector is measuring device showing
position X of the incoming systems, i.e. the result of this measurement is the probability
distribution v(x, X, ).

If only slit s; is open, the result is distribution v; (Fig. 1.1, panel (a)), and similarly



1.1. MEASUREMENT: SYSTEM, STATE, OBSERVABLE 5

with only slit sy distribution vy is obtained (Fig. 1.1, panel (b)). Now, we make two
experiments with both slits open. In the first one detectors D; and D, are switched on
(Fig. 1.1, panel (c)), providing thus the information which slit (i.e. path) is chosen. The
resulting distribution’® is vjse = v; + v2. In the second experiment the both detectors are
turned off (Fig. 1.1, panel (d)), and now, when the path is unknown, the experimental
distribution is v.

In terms of the classical theory, the distribution vy.9 corresponds to the ensemble of
corpuscules, when the intensity is a sum of the intensities obtained with one of the slits
closed. The distribution v is like interference of waves (of course, we did not analyze
here the conditions enabling distribution v, like distance between slits, etc.), when the
intensities are proportional to the square of fields: v; ~ |E;|?, vy ~ |Es|?, meaning
that v ~ |E; + Ey|*>. However, two experiments show that the same system exhibits
both corpuscular and wave-like behavior, depending on the experimental situation. This
wave-corpuscle dualism essentially means that system is neither the corpuscle nor the
wave, but some of its properties, being manifested in appropriate circumstances, can be
interpreted in terms of these classical (perhaps intuitive, or, more likely, familiar after
courses of classical mechanics) prototypes of behavior. More important is to realize that
the interference corresponds to the lack of information on the path of the systems. In
fact, we can say that the resulting probability is caused by the interference of possible
paths, and not particles (which is excluded by the experiments in which particles come
out from the source one after another). Thus, if not measured (by Dy and Dy in the above
experiment), even the trajectory of the particle does not exist; only a superposition of
the all possible paths corresponds to the experimental result. Finally, note that the path
is not known without an additional measurement (by D; and Ds) because the prepared
initial state does not prefer either of the two possibilities allowed by the slits on the screen.
Thus, for such a state and such screen there are two equally probable paths. However,
quite different situations may be constructed easily: for instance, initial state allows only
one path (beam directed toward one slit only), thus paths are not equally probable, or
there are more than two slits (possible paths).

1.1.3 Pure States

The afore described experiments, as well as many others performed with pure states can
be explained consistently only if the is introduced: if two pure
states of a system are detected, then any linear combination of these states can be also
realized. Obviously this implies that the pure states are vectors in a vector space, which
will be called . Moreover, the superposition of the states with the same sharp
value of a particular property, will be the state with the same value of that property.
Otherwise, the notion of the system would be lost, since the superposition of the states
of the same system (defined by the fixed values of the system defining properties) could
change the value of these properties, and hereby the system.

Here the opposite of equivalence ¢ symbol emphasizes that exactly one of two possible paths has
been realized.
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POSTULATE 1. — STATES

Pure state of the system S is represented by a unit vector in the state space S
of S, and each vector represents a pure state of S. All the vectors differing only
by the phase factor describe the same physical state.

1.1.4 Observables

To complete the description of the measurement process, one must include the property
which is measured. Intuitively, it can be assumed that all the directly measured quantities
are real, despite the fact that we can combine them to get complex or tensor quantities
convenient for some specific purpose. This is to be understood in the sense that outcomes
of the measurements are reals.

Further, let us single out some particular value a of the physical property A. Recall
that any superposition of the pure states with the sharp value a of A results in the state
with the same sharp value of A. This means that in the state space S there is a subspace
S.(A) including all such pure states. Consequently, taking into account all the possible
measured values of A, the observable A introduces a decomposition of the state space
into these subspaces: S = @,S,(A). These two entities (real values and subspaces) can
be interpreted as the spectrum and eigen decomposition of S, i.e. they define uniquely a
hermitian operator in S by its spectral form:

A=Y "aP,(A); (1.3)

P,(A) denotes the eigenprojector of A for the eigenvalue a, i.e. the projector onto the
eigenspace S,(A).

POSTULATE 2. - OBSERVABLES

Each observable biuniquely corresponds to a hermitian operator in the system
state space S.

Thus, within the quantum formalism, physical observables are represented by the
hermitian operators. On the other hand, this also means that whatever hermitian operator
is considered (and in the infinite dimensional Hilbert spaces there are really strange ones),
there is at least in principle possibility to construct the measuring device corresponding
to it.

It is obvious that the eigenvectors of the various physical observables play an important
role in the quantum formalism, as well as in the concrete calculations. It is convenient
to denote the eigenvector corresponding to the eigenvalue a of A as |a,\), where the
counter A\ distinguishes between various (linearly independent) eigenvectors for the same
eigenvalue. Thus, an eigenbasis of A is

{a,N) [a€a(A), A=1,...,[S.(A)}.

Having an eigenbasis of A, one can use it to represent vectors and operators in S by the
columns and matrices. Such a representation will be called A-representation.
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Particularly, if A is or observable, i.e. if its eigenspaces are
one-dimensional, |a) uniquely determines the physical state. If A is incomplete, since the
commuting observables have common eigenbasis, the notation can be refined using instead
of A the eigenvalues of another commutative observable B. In fact, let us consider the basis
la, A) in S,(A), which is also the eigenbasis of B: B |a, \) = by |a, A). The eigenvalues a and
by characterizing the common eigenvectors are called . If all the corresponding
eigenvalues b, are different, then these eigenvalues completely characterize this basis, and
dropping the redundant label A, the vectors are naturally denoted as |a,b). If this is
the case for all the eigenvalues of A, the common eigenbasis is unique. In general, the
set of the observables {A®M ... AM1} having uniquely determined common eigenbasis
la®, ..., a™) is called (CSCO). This means that
these are the unique vectors which satisfy the system of eigenequations:

AD D ey =@ g™ Ny =1, N,

1.1.5 Probability distribution

To complete the quantum formalism, it remains to interrelate states and observables
(already incorporated into formalism) to get the prediction for result of the measurement
of a particular observable on the system in some particular state. To this end we use
spectral decomposition (1.3) to find the components from the eigenspaces of A of the
pure state [¢): [¢) = Y Pu(A)[Y) = >, |¥a). Since [¢) is unit vector, the square
norms of these components are summed in 1: Y | [¢,) ||* = 1, as it is expected from
any probability distribution. This hints that the probability to find a is || [w.) ||>. A
straightforward generalization is that the probability of the results from the interval [ay, as)]

18 D aciar.an || [¥a) [I?, giving a justification of:

POSTULATE 3. - PROBABILITIES

When the measurement of the observable A is performed on the system in the
pure state [¢), the value from the interval [ay, as| is obtained with the probability

v(lar, azl, A, [1) = || Pay 0] (A) [} [I*.

Later on this expression will be used also in the equivalent forms:

v([ar, az), A, |1) = (V| Playag)(A) [¢0) = Tt Py ag)(A) |9) (4] (1.4)

For the observables with purely discrete spectrum within considered interval, P, 4,](A)
is sum Zae[mm] P,(A) of the eigenprojectors related to the enclosed eigenvalues. However,
if [a1, as] encloses only continual spectrum of A, there is no eigenvector for a particular
continual ”eigen-value” a (precisely, the point of the continual spectrum) and therefore
P,(A) vanishes, as well as the related probability, v(a, 4, [)) = 0. Still, the projec-
tor Pg, 4,)(A) is well defined with help of the spectral measure F,(A) associated to A:
Py as)(A) = Eg4(A) — B, (A); in terms of the (generalized) eigenvectors, for a com-
plete observable A (generalization is obvious), this is P, ,)(4) = [? dala) (a]. This
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corresponds to the intuitively expected finite probability to obtain result in some finite

interval, and naturally invokes at any point a € [a, as]. Indeed, us-
ing A-representation |¢) = [ day)(a)|a) of the state |¢), the first of (1.4) gives for the
interval around a the probability: U(a — Aa/2,a+ Aa/2], A ) = [ a+AAaa/22 a)|*dd.
Its differential defines the probability density in a:

o, A, ) = Jim 0= BU2E B LID e (15)

The postulate clearly introduces the basic elements of quantum logic. Since it involves
the state which is measured, and the projector defining the expected event, one can
generalize the notion of the postulate: referring to the projector as to the event (thus
the subspaces are events, while the elementary events are one dimensional subspaces, i.e.
rays) the expression v(P, [¢))) = || P |¢) ||? is the probability of that event when the system
is prepared in the state |¢).

Note that each pure state |¢) defines ray projector P = |¢) (¢|. Then, there exists
observable A with the spectral decomposition A = aP + Y. aP,(A) (summation over
the eigenvalues different from «). The probability of the result « in the measurement
of A in the initial state |¢) is easily found by (1.4). Since it can be interpreted as the
probability to find state |¢) when the system is prepared in the state [¢), it is called

from [¢) to |¢):
V(L [) (@1, 1)) = vigysie) = [{@|¥) . (1.6)

1.1.6 Mixed State

Immediately after introducing the notion of the ensemble, it has been pointed out that
besides the homogeneous ones, there are also the inhomogeneous ones. While the former
are described by the state vectors, the latter has not yet been incorporated into the
formalism. To describe mixed states, we rely once again on the obvious facts concerning
the results of measurements.

We consider an inhomogeneous ensemble p obtained by mixing, i.e. joining, the homo-
geneous ensembles: N; replicas of the homogeneous ensemble described by [i;) is taken
together, for i = 1,...,n. Denoting by N = . N; the total number of the joined en-
sembles, the weight of each homogeneous component is given by w; = N;/N; naturally,
weights w; satisfy 0 < w; < 1 and Y w; = 1. The probability distribution resulting
in the measurement of the observable A is obviously the average of the distributions
v([a1, as], A, |1;)) obtained in the measurements on the involved pure states:

U([a17a2 A p sz a17a2] A |¢Z>) = TrP[aLaQ](A)pa (17)

where

P:sz‘|¢z‘> (il - (1.8)

Comparing with (1.4), one finds that again Py, 4,)(A) comprises the information on the
measuring observable, while the remaining part, p, gives all available information about
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the system, i.e. ensemble. Hence, p is the entity describing the ensemble. For example,
using A instead of its eigenprojectors in (1.7) one finds the meanvalue:

(A) = TrpA. (1.9)

Being a convex linear combination of the ray projectors |¢;) (5], p is obviously her-
mitian, positive and with unit trace. Thus any mixed state is described by a
. Note that the orthogonality of the states [¢;) has not been assumed, and there-
fore (1.8) is not a spectral form of p. Nevertheless, for any statistical operator there is an
orthonormal eigenbasis |r, \). However, the spectral decomposition

pzZr\r,A} (ry Al (1.10)

rA

has the same form as (1.8), revealing that any statistical operator describes some mixture.
In addition, we see that the same mixture is obtained in at least two different ways from
pure states: spectral form and (1.8). Consequently, it cannot be reconstructed how the
mixture is made, and the question of the pure components of a mixture is in general
meaningless. Instead, one can show (see Exercise 1.1) only that the involved pure states
are from the range of p.

Ezxercise 1.1: Show that the states |1;) of (1.8) span the range of p.

From the construction it is obvious that mixtures are the most general states of physical
systems. In addition, Gleason’s theorem [%] shows that in any separable Hilbert space
(with dimension greater than 2) the probability measures over the subspaces” biuniquelly
correspond to the statistical operators by (1.7). Particularly, pure states are also mixtures
with a single homogeneous ensemble involved, i.e. the statistical operator corresponding
to the pure state |¢) is according to (1.8) the ray projector |¢) (1)|. The ray projectors are
exactly the intersection of the sets of the projectors and statistical operators: projectors
are positive operators, and their trace is the dimension of their range (thus, only the ray
projectors are statistical operators); on the other hand, a statistical operator is idempotent
if and only if it has one nondegenerate eigenvalue 1, and the other one 0, with degeneracy
|S| — 1 (thus, it is a ray projector). For any ray projector P, there is a state |¢)) such
that P = |¢) (¢, and all the vectors el ) differing by an arbitrary phase give the same
ray projector. Thus, there is a biunique correspondence between pure physical states are
in biunique correspondence to the ray projectors (idempotent mixtures) and, as we have
seen, the statistical operator description is free of the phase ambiguity characteristic for
the vector notation.

Sharp value a of the observable A in the mixed state p is by definition obtained when
Tr P,(A)p = 1. Using any basis |a,A) in S,(A), the eigenprojector becomes P,(A) =
Yoala,A) (a, A, and 1 = Tr P,(A)p = >, (a,A|pla, ). Since p is positive operator,
this means that the trace over the eigenspace S,(A) is equal to the complete trace, and
further that for any vector [¢) orthogonal to S,(A) one has (Y| p|y) = 0, ie. that
orthocomplement of S,(A) is a subspace in the null-space Sy(p) of p. In other words, the

2Probability measure i over the subspaces is a function p mapping each subspace of S into nonnegative
real number, such that )", 1(S;) = 1 for any orthogonal decomposition & = @;S;.
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sharp value a of A reveals that p is a mixture of the eigenstates of A for the eigenvalue a.
Particularly, if a is nondegenerate, then p = |a) (a| is the pure state.

For each pure state there is a CSCO for which it is a common eigenvector. Therefore,
the measurement of these observables reveal their sharp values. On the contrary, there
is not proper mixed state with this property. Therefore, pure states correspond to the
maximal possible information about system. This can be also seen in terms of

S=-Trplnp. (1.11)

Calculating trace in the eigenbasis of p, with help of the spectral form (1.10), one finds
S = —Zi r;lnr;. Since 1 > r; > 0, the entropy S is always nonnegative. It takes
its minimal value S = 0 for the states with a single nonvanishing (and automatically
nondegenerate) eigenvalue ; = 1. Obviously, these states are pure states. In accordance
with the fact that the pure states are maximally prepared ones, this shows consistency of
the above definition of entropy.

In the equilibrium statistical physics of special importance is canonical distribution
described by the

. &l 1o HKT 7 _ Py H/MT (1.12)

Here, T is temperature of the ensemble, H is hamiltonian (operator of energy) and Z is
called or

1.1.7 Measurement

Since all notions of quantum formalism are based on the results of measurements, a
rigorous consideration of the measurement process itself is necessary.

Intuitively, measurement process is a series of acts of interactions of the apparatus with
the particular members of ensemble; each of the acts involves a single ensemble member
and results in a particular position of the part of apparatus called pointer. The pointer
positions correspond to the eigenvalues of the measured observable, and the distribution of
the outcomes coincides with the postulated quantum-mechanical prediction (1.4). Besides
these characteristics which must be satisfied by every measurement device, measurements
may affect the measured system in many different ways (and even destroy it!), depending
on the type of the interaction involved . However, it is convenient to extract only the
minimal process which yields the result, and to ignore all other details of the particular
measurement, process.

According to the instant to which the results refer, measurements may be classified as

and . In the former case, the results are valid immediately before
the measurement, giving no information about the future of the systems. In contrast to
this class of measurements, predictive measurements are not related to the history of the
system, as the obtained results refer to the instants after the measurement. There are also
measurements which are both retrospective and predictive. Particularly important type of
the predictive measurement are measurements, enabling to separate subensem-
bles which correspond to different outcomes. Such measurements are necessary in the

of the ensembles with wanted properties. Also, predictive measurement is
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used in the following idealization, which helps to understand the mentioned minimal
change the quantum ensembles undergo in any measurement.

Definition 1.1 /deal measurement of the observable A is an interaction of the apparatus
with ensemble in arbitrary state 1) such that:

(i) Each eigenvalue a of A is obtained with the quantum probability:
v(a, A, [¢)) = (U] Fa(A) [¢) ;

(ii) Immediately after the measurement the subensemble selected by the eigenvalue a has
the sharp value a of A;

(iii) If any observable B which is compatible with A, had sharp value b in |1)), this sharp
value is retained immediately after the measurement.

In fact, the requirement (i) assures that the considered process is really a quantum
measurement, while (ii) formalize the intuitively necessary property of selective measure-
ment: in the repeated measurement of A the selected subensembles show only the value
by which they were selected. The statement (iii) enables to follow the change of the state
in the course of the ideal measurement.

Theorem 1.1 (Collapse of the state, Projection postulate) Ideal measurement of
the observable A =" aP,(A) is performed. Then:

(i) If the initial state of the system was the pure state |1), the state of the subensemble
corresponding to the selective measurement of the eigenvalue a is

|¥0) = Pa(A) [¥) [/ (| Pa(A) [1). (1.13a)

(i) If the system initially was in the mized state p, its state immediately after the (non-
selective) measurement is

pl - ZPa(A)pPa(A) (113b)

mProof: () We expand the initial state in the form [¢)) = > P,(A) 1), and use the normalized com-

ponents P,(A) [1) /\/(1| P.(A)|¢) to construct the projector @ = >, %. Note that the
denominator is v(a, 4, [¢)). Obviously, P,(A)Q = QF,(4) = W, ie. @ commutes with
each spectral projector of A, and the product is the ray projector on the corresponding component of [)).
The first conclusion also means that ) is compatible with A. Further, in the initial state it has sharp

value 1: v(1,Q, [¥)) = >, (1P (A%W)MP 2(AI1Y) — 1. According to the third characteristics of the ideal

v(a,A,lY))

measurement, after the ideal measurement () retains this sharp value, meaning that in each subensemble
its eigenvalue 1 value is detected with certainty. Particularly, in the subensemble selected by the eigen-
value a of A, it has this sharp value, as well as P,(A). Altogether, this subensemble has sharp value 1 of

QP,(A). As this is the ray projector, the corresponding state is necessarily (1.13a).
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(i) Let p = >, wi|ts) (¢i] be one of the decompositions of the mixed state onto the pure compo-
nents. This means that the ensemble p can be divided into the subensembles |¢;) weighted by w;.

After the selective measurements of different eigenvalues of A on the pure components |1);), one gets the
P (A)[:)
'U(a)Aalw'i»

bles is w;v(a, A, |1;))N, where N is the total number of systems in the ensemble p and v(a, A, |¢;)) =

(i Po(A) |1;). Hence, the resulting state is the mixture of all the subensembles, with weights w;v(a, 4, [1;)),
e pl = 30w Y, v(a, A, [¢)) A AR — 5 P (A)pP,(A). 8

The theorem determines the change of state during the ideal measurement. Any other
nonideal measurement may be understood as the minimal one followed by some dynamical
process which is essentially irrelevant for the measurement outcome, but cannot be avoided
due to the specific interaction of the system with the equipment.

subensembles for each a and each i. The number of subsystems in each of these subensem-

Ezxercise 1.2: The space of all linear operators in § is the direct product S ® §*, with naturally defined

scallar product (A, B) = 4 Ty AT B. This space is usually called , while the operators acting in
it are called . Show that for each A the mapping I14 : p — p’ defined by (1.13b) is a
superprojector.

Ezxercise 1.3: Find the states that are not changed in the ideal measurement of A.

The subensemble resulting from the selective measurement of an eigenvalue of an
observable (or a set of compatible observables) is homogeneous for any pure or mixed
measured state, if and only if the eigenvalue is nondegenerate. Such a measurements is
called

1.1.8 Interference: Superposition and Mixture

Thus far, we have developed the formalism to the level which enables us to fully describe
the double-slit experiment. The emitted beam is prepared in the state [¢)) with a sharp
value of a non-degenerate observable A. The screen with the slits serves as a measuring
device of an observable B, with two emphasized nondegenerate eigenvalues (corresponding
to the slits). Thus the slits correspond to the eigenstates |1;) and [i5). The observables
A and B are not compatible; precisely, the initial state [i)) (eigenstate of A) is not the
eigenstate of B, and it is assumed that (¢4 |¢) = (¢ |1). Then Eq. (1.6) shows that
the probabilities to detect any of the two paths behind the screen with the slits are
equal. Finally position of the particles is measured, i.e. the third observable X, which is
complete.

Thus, when the detectors D; and Dy are switched off , the measurement is nonse-
lective with respect to the singled out eigenvalues of B, but selective in the view of the
remaining eigenvalues of B. Effectively, this is a selective measurement of an observable
B’ with adequately modified spectral form of B. Namely, if B = b1 P,[B] + by P,[B] + C
(here P;[B] = [¢;) (¢4]), then B' = V/P'[B'] + C, where P'|B'| = P,[B] + B[B] is the
eigenprojector. Then, according to (1.13a), the state behind the two slits screen is the
superposition

W)y = P'[B][¢) /||P'[BT10) || = (J¢1) + [¢2))/ V2.

Hence, according to the probability postulate (1.4), the resulting probability is

o(z, X, 1)) = (| 1) + (@) [P (@) (x) + 3 (x)a(x) + U (2)1ha(x) + w;(x)wl(x)'

2 a 2
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When the detectors are switched on, the measurement of B is selective in the relevant
eigenvalues: each of the taken paths makes [¢)1) or [¢)s) subensemble, and, according to
(1.13b), the state behind the two-slits screen is the mixture:

p = Po[Bl ) (Ol PL[B] + B[ Bl [¢) (] Po[B] = ([901) (1] + [402) (42]) /2,

and in this case, (1.7) gives:

oz, X, p) = 03 (0 (x) + S5 (@hin(a).

Thus, we see that vy.9 is obtained directly in this case, while in the previous one there
are additional two terms describing the interference.

These results can be easily generalized. Let [¢0) = ). 4; [¢). Then, the probability to
detect the eigenvalue a of the observable A is

v(a, A, 1)) ZW (a, A, i) + ) vy (ali) (j| a) . (1.14)
i#j

The first sum is exactly the probability obtained for the mixture p = >, |¢4]? |¢) (i], while
the second sum describes the interference. Also, v(a, A, [¢)) = | >, ¢ (a]i) [* shows
that the (a|v) is superposition of the contributing probability
amplitudes (a | 7). In other words, when the path is not known, the probability amplitudes
of the possible paths are superposed, while, if the paths are known, the probabilities simply
add.

When a mixed state p = ), wy |¥) (¥x| is represented in the eigenbasis {|a)} of a
complete observable A, the matrix elements p,, = >, wi (a | ¥g) (¥ | b) relate the mixed
pure states [i;) to the measurement of A. Namely, as the diagonal elements p,, =
> pwiv(a, A, [1hy)) give the probability to detect a system in the state |a), they are called

(of the states |a)). The nondiagonal elements, according to (1.14), are the
averaged (over the pure components) interference terms of the states |a) and |b) for the
system being in each of the pure components |¢x). Thus, their nonvanishing values reveal
that although the state is a mixture, there is a kind of remained interference from the
coherent subensembles which explains why these elements are called

1.2 Quantization and State Spaces

1.2.1 Canonical Quantization

Classical description of any physical system is easily established, despite possibly unsat-
isfactory predictions. It is therefore natural to attempt to build the quantum description
using the same ideas, or more precisely, to incorporate somehow the classical notions
within quantum formalism, i.e. to find an algorithm to construct quantum formalism
starting from the classical theory. To this end, the notions of the classical states and
variables should be carefully reconsidered, and compared to their quantum analogues.
Within classical theory a system is described in terms of phase space and the space of
variables. The states are points in the phase space, which is a manifold factorized onto
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the configuration space (generally, this is not vector space) and the momentum space.
Usually, the dimensions of the both factors are the same, and proportional to the num-
ber of the particles in the system (mathematically precise, the phase space is cotangent
bundle of the configuration manifold). Any physical quantity, called ,
is a function over the state space, f(q,p). Thus, all the variables are functions of the
coordinates and momenta, which are therefore called . In accor-
dance with the profound continuity principle of physics, these functions are differentiable.
Note that in each point of the phase space, all the variables have well defined values, or,
using quantum vocabulary, each variable f has sharp value f(q,p) in any classical state.
Therefore, for each pair of classical states there are variables having different values in
them, i.e. distinguishing between these states. A particular choice of such variables is the
fundamental set {q, p}.

Ezxercise 1.4: Show that the set of functions over phase space, i.e. operators in the state space, is
Lie algebra with respect to the Poison bracket, i.e. commutator: [, ] is bilinear, antisymmetric and
satisfies Jacobi identity. Also, show that [X, | for fixed (function, i.e. operator)X is a derivative (satisfies
Leibniz’s rule).

Structurally, the variables form a vector space, since linear combination of differen-

tiable functions is also differentiable. In addition, pointwise multiplication h(q,p) dof

f(q,p)g(q, p) of variables defines a commutative multiplication h = fg, and the space of
variables becomes an abelian associative algebra. It is also a Lie algebra, with the Poisson

bracket [a, b] o Zi(g; 88151 - g—;%) as the Lie product.

On the other side, the set of quantum observables is real space of all hermitian oper-
ators acting in the state space S. It is associative algebra with respect to the operator
multiplication (composition). However, the crucial difference is noncommutativity of this
algebra, implying that no state is a common eigen state for each observable, i.e. there
is no state with a sharp value for any observable. To understand the difficulty and get
a hint how to override it, we start with coordinate. If the corresponding observable ¢
has to retain the basic idea of the classical coordinate, it must have continual spectrum
o(q) = R. The corresponding eigenvectors |q) (i-e. ¢|q) = q|q)), being the states with the
sharp value ¢q of ¢, resemble to the classical states with well defined coordinate. However,
there is continuum of the classical states with the sharp value ¢, distinguished by the value
of the momentum. In analogy with the phase space, one may try to assume that each
eigenvalue ¢ of ¢ is degenerate, and that all the degenerate vectors should be labelled
by an additional value of the momentum. Accordingly, a complete characterization of
these eigenvectors would be |g, p), with the simultaneously satisfied ¢ |q, p) = ¢|q,p) and
Plg,p) = plq, p), implying that ¢ and p commute. But this contradicts to the experiments,
showing that well collimated beam of particles, although having more or less sharp value
of momenta, is far from having sharp position and classical trajectory. Thus, the idea
to define states by the values of the fundamental observables in them must be weaken:
we have to build the state space with either coordinate or momentum eigenvectors only.
This opens the question if these observables are complete.

Further, it seems natural to retain the functional relations between the classical vari-
ables in the quantum formalism, since these are well established experimentally and there-
fore formalism independent. In fact, this cannot be avoided, since the variables, like the
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angular momentum, are even defined as the functions of the fundamental ones. Thus,
the quantum observables that are meaningful in the classical physics (like angular mo-
mentum, energy, etc.; in the Section 4.5, spin as a nonclassical degree of freedom, will be
discussed) should be the same functions of the observales of coordinates and momenta.
However, the product of the hermitian operators is hermitian if and only if they commute,
implying that incompatibility of the observables suppress this simple analogy. In addition,
commutation relations between the operators have already proved to be essential in the
view of the simultaneous measurements. Since the commutator (multiplied by imaginary
unit) is a Lie product in the space of observables, it has to be related to the classical Lie
product, i.e. to the Poisson bracket.

Thus, the quantization procedure has to resolve the described problems, but also to
provide the uniqueness of the quantum formalism.

POSTULATE 4. - QUANTIZATION

The quantum description of a physical system is obtained from the classical one
by the following correspondence rules:

1. Linear combination of the variables corresponds to the same linear combi-
nation of the observables;

2. The product AB of two variables corresponds to the symmetrized product
(AB + BA)/2 of the observables;

3. The quantization is continual: any series {A4;} of observables corresponding
to the convergent series {A;} of variables with limit A, is convergent with
the limit A being the quantized variable A.

4. The basic set of variables corresponds to the basic set of observables in
the way that Poisson bracket [A, B|pz of any variable A with each basic
variable B becomes the commutator #[A BJ.

The first rule is obvious, while the second one introduces the minimal change of the
product to the symmetrized product, to regain the hermitian observable. However, math-
ematically, symmetrized product of more than two observables is not unique (e.g. ABA
and A%2B + BA?) unless some convention is invoked; in some other quantization schemes
(geometric, Weil’s, Schwinger’s) this problem does not appear. Next rule, asserting that
the limit and the quantization are mutually commuting operations, enables to quantize
the variables which are transcendent functions of the fundamental set, using their series
over the fundamental set.

The last rule is more subtle. Its role is to enable algebraic construction of the state
space. To this end, the fundamental set of observables should be defined first, and the
set of observables of coordinates and momenta is a natural choice by the analogy with
the classical mechanics. Though this is not sufficient for the theories involving non-
classical degrees of freedom (such as spin or other interior degrees to be introduced much
later), as far as quantization of the classical theories is considered, this approach is effec-
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tive. Namely, in such situations all quantum observables are functions of coordinates and
momenta. Accordingly, possible degeneracy of the observable of the coordinate would
introduce another observables completing it to a CSCO. However, the last rule requires
that classical analog A of an opservable A from such a CSCO, thus compatible with Q,
satisfies [A, Q]pz = —<£ = 0. This means that A is a functlon of @ only, A = A(Q),

and therefore A is the same function A(Q) of Q, which is a contradiction: no function of
Q can lower the degeneracy of Q Imaginary unit in front of the commutator has been
anticipated as a way to obtain the hermitian Lie product, while the h
with the dimension of action is necessary to compensate the dimension of the product of
the coordinate and the momentum in the Poisson bracket. Its value h = 1.0545710734 Js
is determined by many very precise experiments. Note that for the coordinates and the
momenta this reads:

Qi Q] =0, [P, P]=0, [QiPj]=ihd;. (1.15)

In general, canonically conjugate observables A and B satisfy [fl, B] = ih.
Nevertheless, to enable later inclusion of the nonclassical degrees of freedom, the fun-
damental set of observables is to be defined in a more general way.

Definition 1.2 The is any set F = {1211, o ,Af} of observables such
that:

1. the state space S is irreducible with respect to F, i.e. besides the trivial ones in S
there s no other common invariant subspaces;

2. There is at least one subset in F being CSCO, such that the whole common eigen
basis of this CSCO can be generated from a single common eigen vector by the
functions of the fundamental observables;

3. the space S in which such fundamental set is defined is unique up to isomorphism.

The first requirement is necessary since if the fundamental set is reducible with &; and
Ss being the common invariant subspaces, then the formalism can be completely developed
in the two invariant subspaces independently. More striking is the consequence that the
dynamics of the system, i.e. the change of the state during the time would be restricted
to these subspaces, meaning that there would be in fact two physical descriptions of the
same system. This intuitive paradox is prevented by the last requirement.

The second requirement is essential for the construction of the state space. This will
be enlighten in the next section, when the state spaces of the elementary systems will be
explicitly constructed as the Lebesgue space over the classical configuration space, with
help of the family of the operator functions mapping one coordinate eigen vector into the
others.

1.3 Construction of the state space

In this section the postulate of quantization will be utilized to construct the state space of
the systems with classical analogs. Here come systems with NV particles in D dimensions.
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1.3.1 Single one-dimensional particle

This simplest system classically is described by the two-dimensional phase space with
the coordinates {z, p} being the fundamental variables with the commutators [z, z]p; =
[p, plpz = 0 and [z, p]pz = 1. According to the quantization postulate, in the quantum for-
malism there is unique state space H with the opservables of coordinate z and momentum
p, such that [z, 2] = [p,p] = 0 and [z, p|] = ih.

Exercise 1.5: Show that differential operator p = —ih% is linear and Hermitian in the space of all
differentiable wave functions which vanish at the both ends of interval (a,b).

Ezercise 1.6: Show that [#,5] = ih, [2",p] = ihnd"~', [A,p] = ih4, [&,p"] = ihnp" ", [&, B] = ih4E,
where p = —ihd

dax?

A = A(z) and B = B(p) are differentiable functions in x and p, respectively.
An immediate consequence of these relations is:

Theorem 1.2 The observable & has pure continual spectrum Co(z) = R.

mProof: Let us define the one-parameter family of the unitary operators U (q) def e’%‘“a, for each real q.

Using the exercise 1.6, it is easy to show that [#,U(q)] = 300, Cra 5 pn) = oo (_%iﬂﬁ”’l

n!

~

qU(q). Further, if 2 € R is in the continual spectrum of Z, then the (generalized) eigen vector |z

exists such that &|z) = z|z). But then, (U(q)|z)) = ([& U(q)] + U(q)Z) |z) = U(q)(q + 2) |z)
(2 +q)(U(q)|z)). This means that U(q) |z) is also eigen vector for the eigenvalue z + . Therefore, if any

real number z is in the spectrum, then all reals are also in the spectrum, since ¢ is arbitrary. 1

This is in accordance with the intuitive notion of coordinate (and momentum also):
the sharp value x of the particle coordinate, i.e. completely localized particle, should
be described by the vector |z), corresponding thus to the continual spectrum. Note
the appearance of the family U (q), which, as mentioned in the
definition of the FSO generates the whole eigen basis of 2 from each of its vectors. In
fact, the nonuniqueness of the phase factor is resolved by convention

|z) = U(x)|0),Vx € R. (1.16)

Hence, one can start with the basis |x), make the space over it, and check the other
parts of the quantization procedure. At first, recall that z is complete observable; if not, it
could be completed to CSCO, but then the canonical commutator rules would allow only
functions of & as the compatible with  observables, which cannot complete z. Further,
the uniqueness of the obtained space follows from the fact that the Heissenberg Lie algebra
(vector space over {Z,p, I} with the commutators [2,p] = const and [&,1] = [I,] = 0)
is solvable, meaning that its irreducible representations are either one-dimensional or
infinite dimensional one; then, in the latter case, the obtained basis determines coordinate
representation with well defined fundamental observables: opertors of coordinate (Z in
its eigenbasis is multiplicative operator), and of momentum (derivative operator p =
—ih%, proof follows immediately) determine fully, thus uniquely, the complete quantum
formalism.
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Coordinate representation

Thus, the task of the construction of the space is fulfilled. Each vector can be ex-
panded over the obtained basis |[¢) = [, ¢(z)|z) dz. The corresponding Fourier coef-
ficients ¥(x) = (x|v¢) give the of the state, which is called
. Instead of the point in the phase space, the state is therefore described

by the functions. The density of probability to find the particle at x is ¥*(z)(x).
The finite norm functions, i.e. the functions over R satisfying [, [¢|*dz < oo form
the Lebesgue space L£(R). Note that the vectors |z) are not from this space, since
their coordinate representation is Dirac d-function: [2/) = [, d(z — 2’)|z) dz. In the
coordinate representation the observable 2 becomes the multiplicative operator: since
= [p¥(@)Z|z) dz = [p(a¢(z))|z) dz, the function ¢ (x) is mapped by & to zip(z).
Therefore the domain of the coordinate Z is the subspace in £(R) with the functions

satisfying that also [, 2*|¢[*dz < oo. Finally, since p = ih [%;q)} o the coordinate
representation of p is found to be the derivative operator

d
= —1h— 1.1
ih o (1.17)

Namely,pyw:ih[dzg@] () |2) d:l:—lh[ Jo (@) |2+ q) dx] -

ih [g [%{;q)] - ) do = —ih [, 2% |2} dz. Tts domain is comprised by the functions

from L£(R) for which also the image is in £(R), i.e. such that [, ]dﬁ—g]? dz < oo.

Momentum representation

The eigenproblem of the momentum operator (1.17) is easily solved. Its spectrum is con-
tinual and nondegenerate, Co(p) = R, with the corresponding eigenvectors (generalized,
distributions) normalized to Dirac’s d-function

1 .
= x zy dz, (z|p)=1,(x)= e’ N=0d6(p—p' 1.18
)= [ @lp ) o, (2lp) = a) = <= pl) =do—p) (119
known as .
As the spectrum is nondegenerate, momentum operator is itself a CSCO, enabling to
represent vectors and operators in . As for the states, they are

again represented by functions, 1(p) = (p|). While the momentum operator in this
representation is the multiplicative operator, pi(p) = pi(p), the coordinate operator is
the derivative, 2 (p) = ihg—pz/)(p).

Clearly, the form of the plane waves reveals that the transition between coordinate
and momentum representation is realized by the Fourier transformation:

1 —ipz _L eip:t
Vi) = <= / ) dr, () = o= / b(p) dp. (1.19)

Generally, Fourier-Plancherel operator F is defined by F f(x) = \/%fR e % f(z) dx; in
L(R) it is unitary, but can be analogously defined in some extended spaces (e.g. it
interrelates eigenbases of p and Z, as can be easily checked).
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1.3.2 Three dimensional particle, many particles

According to the Fatu-Fubini theorem, Lebesgue space over R" is direct product of the
Lebesgue spaces over each R: LIR@ - ®R) = LIR) ® --- ® L(R). Thus, each degree
of freedom described by the real axis contributes by its Hilbert space £(R), and the
total state space is product of these. For the discrete degrees of freedom, like spin, the
corresponding space is finite dimensional.

This gives straightforward algorithm to construct state spaces of arbitrary systems.
For a single particle, as its configurational space is three-dimensional (corresponding to
three degrees of freedom), the state space is S = L(R?) = L(R) ® L(R) ® L(R) = L3(R);
this space is usually called . Analogously, for N such particles, the state
space becomes S = L(R3Y) = L3V (R).

In analogy to the single one-dimensional particle, according to (1.15), there is common
eigenbasis |Q11, ..., @13, .., Qn3) of all the coordinate operators Q,,; (n =1,..., N, i =
1,2,3). This basis defines the coordinate representation. Momentum operators of the
n-th particle, expressed in the convenient vector form, are represented as:

0 0 0

Po = S0V = G et 50, T 90,4

Ezxercise 1.7: The translation operator U(a) is defined to be such that U(a)y(r) = ¢(r — a). Show
that U(a) is unitary in £(R?) and express it in terms of p = —iAV.

1.3.3 Subsystems: reduced states and correlation

As discussed in subsection 1.3.2, the system consisted of two subsystems (particles, degrees
of freedom like coordinates) is described by the state space S = §; ® Sz, where §; and
Sy are the subsystems’ state spaces. This space is spanned by the states being direct
products of the single-particle states, which are called or states,
to distinguish from the states, being their nontrivial linear combinations.

It is intuitively plausible that when such composite system is in the non-correlated
state 1) = [pM) @ [p?@), the subsystems are in the factor states |¢()) and |¢p®@),
respectively. However, it is not obvious what is the subsystem state in the case of the
correlated composite state.

As usual, these questions will be clarified through analysis of measurements. Particu-
larly, as a state of a subsystem is manifested only in subsystem measurements, it should
give correct results (1.4) in all the measurements of the first subsystem observables A1), In
the composite space, such observables induce composite observables A ® 1), Suppose
that A1) is a complete observable in SV, with the eigenbasis |a), while |b) is an arbitrary
basis in S@. Then, any composite state |¢/) may be expanded over non-correlated basis
la) @ |b) as

|¢> = Zwab |CL> ® |b> = Z |CL> ® |¢a> ) W)a> = <CL | 77Z)> = Zwab |b> . (120)

Here, (a | ) is the of the composite state |¢) and the first subsystem
state |a), giving a state of the second subsystem. In the selective measurement of AV @1,
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the state of the subensemble corresponding to the pointer value a is obtained by the
projection with chl) ® 1, since no requirement on the second subsystem is imposed. The
result is |a) ® [1,), i.e. the product of the chosen eigenvector with the partial scalar
product of the state with that eigenvector.

Of course, the partial scalar product may be defined also with the states of the second

system. Using it, one further defines the of an operator. In fact, if the
composite operator has in the Dirac notation the form A = 3 .., A%, |ab) (a'b/|, than
its partial traces over two spaces, called the , are:

A =T A=) (O[Ap) =D (> AD,)la) (a], (1.21a)

Ay =Teid =3 (ol Ala) = 3(30 A% ) 0] (121D)

by’ a

It is easy to show that like the usual trace, the partial ones are independent on the used
bases. Further, if A is hermitian, positive or statistical operator, both its partial traces
are of the same types.

FEzxercise 1.8: Show that partial trace of the hermitian operator is hermitian. Analogously for positive
and statistical operators.

After this technical preparation, we come back to the question of subsystem states.
On the composite system in the most general (mixed) state p, the subsystem observable

AW =% P is measured. The probability of the results is

(@, AV@1,p)=Te(PV@1)p=7 (| O)PY@Dp(ld)@[b)  (1.22)

a’b

= 3@ PO bl p b)) a') = Te POy = v(a, AV, pr). (1.23)
a’ b

This shows that the p1 (and analogously defined py) completely de-
termines the results of the subsystem measurements. In this sense, the reduced statistical
operators describe the states of the subsystem.

It is important to note that even in the case of the pure composite state [¢)) (i.e. p =
|1} (1], the reduced states are not pure. The obtained mixed states in these cases are called
the to distinguishes from the usual mixtures obtained by the
mixing of the different ensembles. Only for non-correlated composite states [¢)(M) @ [12))
reduced states are pure states p; = |[¢®) (@],

When initial state is separated, p’ = p; ® ps, the reduced states are just the factors
p1 and py (this includes also the pure states: for 1) = (1)) @ [?)), the subsystems are
in the factor states [¢() and [¢)(?)) as intuitively guessed at the beginning. This is the
reason that such states sometimes are called

Note that the reduced operators p; and ps do not completely describe the whole
composite system. Indeed, they do not determine the composite state p, since different
composite states p and p’ may have the same both reduced states. For example, for
each p giving p; and po, also the separable (or noncorrelated) state p’ = p; ® py has
the same reduced operators. The difference between p and p’ reflects the interrelation of
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the subsystem states in the composite state, and it is erased by the partial traces. In
general, this interrelation is called or , and the information on it
is contained in p — p’, although there are some other derived quantities which can be used
to measure it.

It is obvious that entropy of the state cannot be a measure of entanglement: it is
sufficient to realize that the entropy of all pure states is 0, independently of their corre-
lation, i.e. the same value is obtained for non-correlated and for correlated pure states.
However, some information on the entanglement is obtained from the reduced statistical
operators. Indeed, the entropy is generally a measure of the purity of the state (though
rough, since there are states with the same entropy and non-similar statistical operators),
and can be used to check if the reduced states are mixed, offering some information on
the entanglement. Entanglement entropy is entropy of the reduced statistical operators.
This means that two entropies are found: S; = —k'Tr p; In p;. Especially, for the composite
correlated pure state, the reduced statistical operators have the same spectral form (al-
lowing different null-spaces; see Sectio ??). Since only eigenvalues and their multiplicity
determine the entropy of the statistical operator, this means that S; = S;. Thus, this is
taken as entanglement entropy of the pure bipartite state, giving insight to entanglement
as rough as it is entropy classification of the mixed states.

1.4 Uncertainty relations

Every observable has sharp value in each of its eigenstates, but this is not the case for
other states. Dispersion of the observable is a statistical measure of this non-sharpness:

= (4, - () = (A= (4,7, (1.24)

It vanishes in the eigenstates of A, and the eigenstates are the only nondispersive states for
A. On the other hand, the nonvanishing dispersion in a general state, indicating nontrivial
probability distribution, points to uncertainty of the prediction of the particular values of
the pointer.

For a pair of observables, A and B, the product of the dispersions A, (A)A,(B) is a
measure of the uncertainty of the prediction of the pairs of the two pointers’ (for A and B)
values in the state 1. Both observables have sharp values only if ¢ is their common eigen
state. If the observables are incompatible, such states may not exist at all. This indicates
that quite generally the result of the measurement of the two observables contains an
uncertainty which is related to the compatibility of the observables.

Theorem 1.3 (Heisenberg uncertainty relation) For any state (pure or mized) 1)
and any pair of observables A and B the uncertainty of the probability distributions v(A, )
and v(B, 1) has lower bound:

Au(A)A(B) > 51 (14, B)), | (1.25)

mProof:  For the state [1) we define auxiliary operators A" = A — (4),, B' = B — (B),,, and vectors
[u) = A [, [v) = B’ [46). Tn the Schwartz inequality || fu) [ |2} || > | (u]0)], on the left is Ay(A)Ay(B),
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while on the right there is the mean | (A'B") | = | (A/B/"QB/A/ >w+<A/B/§B,A, >w |. Recall that the obtained

symmetrized and antisymmetrized products are hermitian and scew-hermitian operators, and their means

are real and pure imaginary, respectively. Thus, the absolute value of the whole expression is greater
than that of its imaginary part. Altogether, Ay (A)Ay(B) > [(A'B’), | > 114, B, | = 1[4, B}, |-
1

Ezxercise 1.9: Prove (1.25) for the mixed states.

In particular, canonically conjugated observables A and B (like coordinate and mo-
mentum) satisfy Heisenberg’s relation:
Au(A)Ay(B) > (1.26)
The states realizing the minimal uncertainty | ([A, B])|/2 are called
To find them it should be examined when the inequalities used in the proof
are equalities. Thus, the first one, the Schwartz inequality, degenerates into equality if
and only if the related vectors are collinear, that is when A’ [)) = aB’|¢). The second

inequality becomes an equality when the mean of the symmetrized product vanishes, i.e.
when 0 = (4| (A'B’ + B'A") |¢p) = (o + ) (B’?). Thus, o must be pure imaginary.

Ezercise 1.10: Show that the Gaussian ¢(z) = e~ (7455 i5 the coordinate-momentum
. What are a, b and f?

Using the uncertainty relation, one can estimate delocalization of a free particle hav-
ing mean energy (/). Hamiltonian of such a particle has kinetic part only, H = 2-.
_ ) P S (D) 5 B2

Therefore, for the one-dimensional particle: (H) = -+ = % + <2—m > S 2 Emiaae

while for three dimensional particle this gives (H) > %( ( Alj)Q +1 AIW +1 Alé)z). Obviously,
for better localization, more energy is needed.

For commutative observables Ay(A)A,(B) > 0. In fact, Ay(A)Ay(B) = 0 for the
common eigenstates, being nondispersive for both observables, in accordance with the
introduced notion of compatibility. Still, noncommutative observables may have some
common eigenstates (but not a common eigen basis!). In such states A, (A)A,(B) = 0.




Chapter 2

Quantum Dynamics

The main task of the physics is to predict events in the future on the basis of the known
facts in the past. Unlike to the kinematics, which is hardly related to the system, as
concerns only general properties, like number of components and consequent degrees of
freedom, the dynamics involves all data characterizing the system: structure, mutual
interactions of its components and possible external influences. Still, it must be noted
from the very beginning that the exact dynamics is rarely solvable problem, and various
approximations are used to simplify it, introducing different types of modeling of the
system; this may impact even the kinematical description.

2.1 A classification of the physical systems

The classical mechanics solves the dynamical problem within canonical formalism, with
the resulting canonical equations which involves Hamiltonian variable. It arises as the
quantity governing the dynamics: through the variational principle, it singles out the
geodesic of the motion. Therefore, to enable the direct canonical quantization, one should
understand the domain of validity of the classical canonical formalism, and particularly the
conditions enabling the hamiltonian approach. To this end an analysis of the relationship
of the system and its surrounding is needed; it results in a quite general classification of
the physical systems, with singled out types of systems enabling Hamiltonian approach.

In fact, even intuitively, the following classes of the physical systems are dynamically
different (in the order of increasing complexity):

(i) System of free particles: there is no interaction between the subsystems (parti-
cles), and total Hamiltonian is sum of the single-particle Hamiltonians; the other
properties are the same as for the next class.

(71) Isolated system: although the subsystems interact mutually, they do not interact
with the surrounding; thus the hamiltonian involves only system coordinates and
momenta, preserving space-time homogeneity.

(71i) Conservative system: it may interact with the surrounding, and Hamiltonian may
involve also some parameters characterizing the surrounding (external field breaking
space homogeneity); still the system does not exchange the energy, and Hamiltonian

23
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is time independent, i.e. time is homogeneous (e.g. particles in the conservative
fields).

(iv) Dynamically separated system: this is a system which interacts with the surrounding
in a very general manner, but still its dynamic may be singled out from the dynamics
of the surrounding; Hamiltonian is dependent both on the time and on the external
field parameters, but the system parameters are not involved in the equation of
motion of the surrounding (no feedback), which allows the separation from the
surrounding (e.g. electron in the accelerator).

(v) Kinematically separated system: only some degrees of freedom in some large system
are used to single out kinematically independent subsystem; the dynamical equa-
tions may not be written independently for this part (e.g. atom as a subsystem in
a molecule).

Obviously hamiltonian approach may be formulated for the classes (i)-(iv), which are
idealized to some extent. While negligible feedback may be very realistic approximation
of (iv), isolated systems and free particles models are applicable only when some aspects
of dynamics are relevant (note that such ideal systems could not be even detected).

2.2 Postulate of Evolution

States of physical systems are changed during the time (in fact, not only the states, but
also the system itself may be changed; such generalizations will not be studied here). Just
these changes are the motion or the evolution of the system, and the task of the dynamics
is to find the law of the motion. According to the experimental evidence and elementary
intuition, there are some basic properties of the evolution of the quantum systems, which
are comprised in the following

POSTULATE 5. - EVOLUTION

The evolution of the physical system during the time interval ¢ € [t;, 4] is a
process in which the initial state [¢,¢;) is transformed to the final state [, tf)
such that:

(i) the change is causal, meaning that to each initial state |, ¢;) uniquely cor-
responds single final state |1, t¢);

(11) the superposition of the states is conserved, i.e. if |1, t;) = aq |11, t) +
az [Pa, L), then [, 1) = an [Ph1, tr) + a2 [ha, Lr);

(7i) the number of systems within ensemble is conserved;

(iv) the change is continual with respect to time.

The point out properties of the evolution suffice to describe it formally. Indeed, causal-
ity means that the evolution is a map U : |¢),t;) — |1, ), i.e. an operator in the state
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space H. Then, next property essentially specifies that U is linear operator. To under-
stand the third property, recall that the probability to get the value a of the observable
A in the state at ; is v(a, 4, 1, t;)) = NN = (4, ;| P,(A) |4, t;). Sum of the proba-
bilities for all eigenvalues is 1, manifesting that |1, ¢;) is normalized. Assuming that the
measurement is performed in t¢, the result v(a, A, [, 1)) = N /N, with unchanged N
implies that again (¢, |, t;) = 1. Consequently, the contents of this property is that
evolution preserves norm of the state; in this form it is characteristics of non-relativistic
quantum mechanics. It significantly restricts the operators suitable to describe the evolu-
tion: Wigner’s theorem' then shows that U is unitary operator (as its linearity has been
already established). Precisely, there is the family U(¢;, ) of unitary operators for each
two instances t; < t;. The last continuity principle, is clearly included when the family
is reparameterized in the form U(t — ¢;,t;), with the first argument explicitly dependent
on the elapsed time t — ¢; for ¢ € [t;, t¢]. As it is usual in physics, the continuity is to be
understood in the very broad sense, i.e. as the differentiability of some sufficient order.

Summarizing all the consequences of the postulate, we obtain the "integral form” of
the law of motion:

P, 1) = Ut — b, ) [, i) - (2.1)

The evolution operator U(t — t;,t;) completely governs the dynamics of the system,
and therefore it comprises all the relevant dynamical characteristics. In the classical me-
chanics, Hamiltonian is the variable defining the dynamics, and therefore it is expected
that the evolution operator is related to Hamiltonian observable obtained by the quanti-
zation postulate. Indeed, this relation is easily obtained. At first, for t = t; evolution is
the identity map: U(0,t;) = I. Further, if an arbitrary instant ¢; in the interval (&, t;) is
singled out, the evolution may be seen as the composition of the evolution from t; to t;
and from ¢ to tr: Uty — ti,t;) = Uty — t1,t1)U(t1 — t;,t;). Finally, let us fix the initial
time ¢; and find the infinitesimal increment dU(t —t;,¢;) of U in ¢ = t;. By definition this
is the difference dU(0,t;) = U(dt,t;) — U(0,t;). On the other hand, as a differential, it is
proportional to d; in this way the observable H (t;) is defined by dU(0,4) = —+ H(t;) dt.
Hence, —;H(t;)dt = U(dt,t;) — I. The differential at some later instant ¢ > ¢; can be
found with help of the composition rule of the evolutions from ¢; to ¢t and from ¢ to ¢ + dt:
dU(t - ti, tl) = U( dt+t - ti, tl) - U(t - ti, tl) = (U( dt, t) - ])U(t - ti, tl) USiIlg the derived
expression for the differential of U at ¢ = ¢;, one gets that the bracket equals —+ H(t) dt.
This gives the first order differential equation for U and the initial condition:

ih%U(t —to,to) = HO)U(t — to, to), U(0,to) = 1. (2.2)
Therefore, this is the equation for the evolution operator U(t — ty, 1), in its differential
form. Note that this two parameter family is defined through the one parameter fam-
ily H(t). Besides it has the dimension of energy, the hermitian operator function H(¢)
determines the dynamics of the system; it should be expected that this is Hamiltonian
observable, as it will be shown later on.
The of (2.2) is obtained by formal integration. One gets U(t — to,ty) =
I— %Lftz H(t)U(t1 — to,to) dt1, and the iterative substitution on the right of this formal

lnorm preserving operators are either unitary or antiunitary.
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solution, gives the
0 i t tn—1
Ut — to, to) :Z(—ﬁ)N/ dtl---/ At H(ty) - H(t,). (2.3)
n=0 to to

Note that the operators from the family H(¢) in various instants may be noncommutative,
[H(t;),H(t;)] # 0. Therefore, in (2.3) appears the , as obviously
to <t, <--- <t <t. Instead, one can use explicit T, which rearranges
any product of the operators in the product ordered with the increased time:

TIA(t,) - Alts,)] = Atr) -+~ Altn) (8> > 1), (2.4)

In (2.3) the time ordering is implicitly given through the upper bound of the integrals
over t;. On the other side, if all the integrations in t,,...,t; were performed from t, to ¢,
the total integration domain would be the n-dimensional cube with the length ¢t —ty. The
domain t; < --- < t, occupies % of this cube; precisely, to any of n! possible ordering
of the instances tq,...,t,, i.e. to any permutation of these instances, corresponds the
sub-domain of the same volume. Thus, the integration in (2.3) may be also performed
over the cube, but with explicit time ordering, and in all the sub-domains the same value
is obtained, altogether n! times:

U(t — to, to) = i_j‘ /dt1 /dtT (t) - H(t,)). (2.5)

In the case when the operators H(t) and H(t') commute for any instants ¢ and ¢, the
time ordering may be omitted; each of the integrals becomes independent, and the last
equation is easily integrated to

it / /
Ult — to, o) = e 7 ) HEI (2.6)
For the time independent Hamiltonian H(t) = H, being an example of this type, we get:

U(t — to, to) = e nH(t-t0), (2.7)

2.3 Schrodinger equation

To get explicitly the law of motion of the states, one combine the equations (2.1) and
(2.2) to get the famous time dependent :

lh_ |w7 > (t) W,t> ) |w7t>t:to = ‘wvt()) . (28)

This is the first order in time differential equation, with the initial condition given on the
right. Its coordinate representation (assuming position only dependent potential):

lh%w( ) =H(r,p,)j(r.t) = (—%A + V(T)> Dl t), () imsy = U(r, ko) (2.9)

is known as the time dependent
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2.3.1 Conservative systems

In a conservative system the Hamiltonian is constant with respect to time, and the evo-
lution is described by (2.7). When it acts on a hamiltonian eigen vector |E,ty) (for the
eigen value F), only the time dependent phase factor appears:

|E 1) = Ut —to) |E, t) = e B0/ B 10)

This means that the eigenvectors of the Hamiltonian are in the physical
sense, i.e. such a physical state is not changed during the time. On the other side, for any
stationary state, i.e. state such that [i,t) = f(t) 1), o), the Schrédinger equation reads
(ihf/f) [, to) = H |1, t0); since the right side is time independent, the bracket must be a
constant, meaning that |1, ty) (and therefore |1, t)) is an eigen state of the Hamiltonian.
This observation suffices to reduce the evolution problem of the conservative systems
to the time independent Hamiltonian eigen problem. Indeed, let |E, \) be an eigen basis
of H:
H|E N =FE|E,\). (2.10)

If system in ¢y is described by the vector |E,\), in the later instant t the state vector
is e E(t=t0)/h | F \). Then, a quite general state can be expanded over the Hamiltonian
eigen basis at any instant ¢ in the form: [, 1) = 35\ cma(t) [E, A). Note that the time
dependence is completely comprised in the expansion coefficients. On the other hand,
since the evolution preserves the superposition (by the postulate),

|9, t) = U(t —to,to) |¢, to) ZCEA to)U(t —to, t0) | E, \) ZCE,\ TIECM BN

giving that the evolution is defined by
CE)\(Zf) = CE)\(to)eiiE(tito)/h. (211)

Hence, solving the eigen problem of the Hamiltonian, the evolution is completely deter-

mined. In other words, the solutions of (2.8) are completely determined (through (2.11))

by the solutions of (2.10), which is therefore called time independent Scridinger equation.

These conclusions are important for the characterization of the states. In fact, if

H is degenerate observable, then using any CSCO {H, A, B, ...} containing H and the

observables commuting with H, one gets the stationary basis |E, a, b, ...), which is called

. Here, the eigenvalues a, b etc. of the observables A, B

etc. take the role of the degeneracy counter A from (2.10). Such states have sharp values

of these observables. Consequently, these values are conserved during the evolution, i.e.
they are integrals of motion, also called

2.3.2 Evolution of the mixed states

The evolution of the mixed states is easily derived from the evolution of the pure ones. In
fact, let at ¢y a mixed state is given in its most general form p(to) = >, w; |4, to) (¥, tol-
Afterwards mixture evolves together with its pure components |¢;,t), meaning:

p(t) = U(t — to, to)p(te) U (t — to, to). (2.12)
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The differential form of this equation is obtained as derivative in ¢ of (2.12), with the
substitution of (2.2) and its adjoint. This analogue of the Schrédinger equation for mixed
states is called :

i o(t) = [H(), o)), plt)ecsy = o). (2.13)

Ezxercise 2.1: Prove Hellman-Feynman Theorem: for the hamiltonian parameterized by a real parameter
a the normalized eigenstates (H(a)|FE(a)) = E(a) |E(a))) satisfy

d d
S-E(0) = (B(a)| - H (@) |E(a)). (214)

Ezxercise 2.2: Prove that for any observable A, matrix elements of the commutator [H, A] in the (nor-
malized) stationary basis satisfy

(n, M [H, Al |0, XY = (En — Ep) (n, | Aln/, X} (2.15)

In particular, taking the hamiltonian in the form H = T+U (r), find the matrix elements of the momentum
and force (gradient of the potential) proving

2.3.3 Evolution of the probabilities and means

The evolution of the system causes the change of the observable quantities?: as the
measurement results (i.e. distribution of probabilities) evolve, this is accompanied with
change of the derived quantities, like mean values. Even for the observables being constant
in time, the measurement results may vary due to the evolution of the states.

Note that an observable A(t) may be explicit function of time (e.g. if it is related
to some variable external field). Then its mean in the state p(f) during the time is
given as (A), = Trp(t)A(t). The derivative in ¢ with help of (2.2) yields ihd (4), =
Tr[H(t), p(t)]A(t) + ihTr p(t) % A(t). Then, expanding commutator, this becomes:

B (A, = ([A), HOD, +h (5 A) (2.16)
The derivative of a classical variable in ¢ is based on the notion of its value in the close
instants. In the quantum sense, the observable itself may have no particular value, and
obtains it in the measurement process. Therefore the derivatives must refer not only to
the parametric dependence of A of time, but to the both quantities, observable and state,
participating in the measurement process. In this sense, since (2.16) is fulfilled for each
state, it can be used to define the time derivative of the observable, and get the classical
like equation of motion:

oyt 4oy LAy, me A (2.17)

<E ¢ dr Y dt ot

For this subsection recommended literature is &9 of Ref. [11].
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Also, it is straightforward to find how the probability of a particular measurement
result depends on time:

vi(a, A, [¥)) = [|P(A)U(t — to, to) [v) ||*.

Analogously, given a state |¢) fixed as a common eigenvector of a CSCO, the transition
probability from arbitrary state [¢)) to |¢) is

v([¥) = 16)) = [ (Sl U(t —to, to) [¥)) I*

2.3.4 Uncertainty relation time-energy

Time and energy are related to some extent analogously to coordinate and momenta.
Therefore, an uncertainty relation involving these quantities may be expected. Still, since
there is no observable of time, such relation must be derived indirectly.

We say that A is for the state [¢) if it is not explicitly time
dependent and % (A)w> # 0. For such an observable and state, the minimal time
T4 = Ay (4) /|4 (A) | must pass until the change of mean overwhelms the dispersion

Ay (A).

Theorem 2.1 (Time-energy uncertainty relation) Any non-stationary state |1, t)
and any appropriate observable A satisfy:

TAA‘M(H) Z h. (2.18)

DN =

mProof:  According to (1.25), Ay(A)Ay(H) > 1 (A, H]), | = 1ing (A)

relation looked for follows when A(A) is expressed in terms of 74. I

wy | = %|% (A) |y |, and the

Since this inequality holds for all the appropriate observables, also the infimum 7 =
inf{r4 | A appropriate} satisfies 7Ayy(H) > 3h. Hence, 7 is the best estimate indepen-
dent of the particular observable.

In the scattering experiments, the target energy is measured by means of beams of
particles. The latter are free particles, with hamiltonian H = p*/2m, well collimated with
the dispersion Ap # 0. The beam is in average localized at (x) with the dispersion Az,
and the mean value evolves. Hence x is appropriate observable, and the measurement has
duration of at least 7.

Completely different approach to the time-energy uncertainty relation appears on the
context of unstable states. In fact, when the quantum system, like atom, is excited from
the ground state, the interaction with the surrounding results usually in the deexcitation.
Therefore the excited states have their lifetime, and 7y, is the half lifetime of such a state.
On the other hand, the excited state energy cannot be exactly found in the experiments,
but with some error AE. The phenomenological uncertainty relation 7,AE > h is
experimentally found:
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2.3.5 Probability current and continuity equation

Assuming that the one particle Hamiltonian has the form H = p*/2m + V(r,t), the
Schrodinger equation in the coordinate representation and its complex conjugate are:

h% (r,t) = —h—2A¢(r,t)+V(r,t)w(r,t),
d 4 )
_1ha ( =t> = _2_A¢ ( )+V(""at)¢ (’I",t).

Multiplying the first of them by *(r, t) and the second one by ¥ (r,t), and subtracting
them, one gets the

Op .
— +divy = 0. 2.1
5t +divy =0 (2.19)
Here, p(r) = *(r,t)(r,t) = 0(r, 7, [¢)) is the density of the probability (1.5) of the
particle occurrence in r, while

h i} 1 . A
S (U, OV, 1) — b, OV (1)) = -~ Re(W*(r,0)7 V0 (r, 1)), (2:20)

is the probability current.

Ezxercise 2.3:° Show that the probability currents in the stationary states ¥ of the free particle and
hydrogen atom (Subsection 4.4.2; (4.40) and (4.27)) are:

j=

_— ) h
Yr(r) = Ce®™ g = akz|0|2; (2.21)
hm

mer sin 0

Ynim(r) = Rnl(r)Y,ln(@, ©): Jr=17Jo =0, Jo =

[t (r) [ (2.22)

2.4 Simple systems

2.4.1 Omne-dimensional particle

There is a number of general properties of the solutions of Schrodinger’s equation for
one-dimensional particles. Here only few of them will be mentioned, mostly in the form
of exercises. There are many nice analysis on the Web and literature ([11] is one of the
best and condensed as usual).

For finite potential both the function and its derivative are continuous (even in the
points where potential is discontinuous).

Unbound states

E(k)
Ezxercise 2.4: Show that the stationary states of free particle are plane waves, W(x,t) =ce ' & fe
corresponding to eigenenergies E(k) = h?k?/2m for each real k, which are also eigenstates for momentum
with eigenvalues p = hk.

ikx
)

0 ifxz<0
U ifz>0

Show that for finite U there is nonzero probability for the particle to be at position x > 0, even for the
states with energy less that U.

Exercise 2.5: Find the stationary states and eigenenergies for the potential V(z) =
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Bound states

Bound state is a state localized within a finite spatial region, with exponential decrease
of the probability density outside it. Bound states correspond to the discrete part of
spectrum of Hamiltonian. Arbitrary potential U(x), with lim, 4., U(z) = 0, hase at
least one bound state if there is a region where it is negative.

FEzxercise 2.6: Bound states of one-dimensional systems are not degenerate.
Ezercise 2.7: (Oscillation theorem) Wave function of the n-the excited bound states has n zeros.

Ezxercise 2.8: Bound states of one-dimensional system with real potential can be represented by a real
wave function. Bound states of one-dimensional system with even potential can be represented by a wave
function which is odd or even in inversion.

2.4.2 Harmonic oscillator

The hamiltonian of the one-dimensional harmonic oscillator is

1p> 1 5,
H=-—"—+- . 2.2
5, T oM (2.23)
Introducing new observables ) = gy/mw/h and P = p/vmwh = —idg (note that P and

() are not canonically conjugated, since [Q, P] = i), one gets
1
H=hoH', H = §(P2 + Q). (2.24)

Exercise 2.9: (Linear Harmonic Oscillator) Find eigenfunctions and energy spectrum of the Hamilto-

2 2
i — Py mw” .2
nlanH—Qm—F e

Besides direct solution (Exercise 2.9) of the appearing hypergeometric equation, the
eigenproblem of the Hamiltonian may be instantly solved noticing that H’ is symmetric
in P and (). Therefore it commutes with Fourier-Plancherel operator, and shares its
eigenbasis of Hermite functions. Note that the same argument is applicable to other
operators essentially symmetric in coordinates and momenta.

Still, conceptually most important method of solving eigenproblem of H is Dirac’s
one. It introduces the operators

L1 1 d

a :E(Q:FiP)ZE(Q:Fd_Q)’ (2.25)
with the following significant, though obvious, properties
(a ) =a", [a,a"]=1. (2.26)
To this pair of operators the third one, is accompanied:
n=a"a". (2.27)
It is manifestly positive, and, since n|x) = 0 iff 0 = (z|n|x) = |la” |z) ||, its kernel is

ker(n) = ker(a™). The following commutator relation is easily verified:

[n,a*] = +a™*. (2.28)
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FEzxercise 2.10: Normal (Wick’s) order monomial in creation and annihilation operators is when anni-
hilation operators are after the creation operators. Show that any monomial over a™ and a~ may be
expressed as a polynomial with normal ordered terms.

Ezercise 2.11: Show that [(a®)®,aT] = Fs(a®)*~!, and

min{m,p}

(@)™ (@)= )

po (p—3s)! (m—s)!

p! m!

(@)= (a)" .

The introduced triple of the operators a~, a™ and n is very important in the quantum
theory of many particles. At first we note that a* are by (2.25) biuniquely related to the
fundamental set of observables {x,p}, making possible to express all the opservables in
terms of these two. In addition, any observable may be expanded in the series over a~ and
a® with the terms being monomials of the type (a™)?(a™)™ (as shown in Exercise 2.10).
Particularly important are spectral properties of n.

Theorem 2.2 The spectrum of occupancy number operator is purely discrete o(n) =
{0,1,2,...} and nondegenerate, with all the eigenvectors |i) determined by the vacuum

state |O> as

i) = ——(a*)']0) (2.20)

7!

mProof:  As a positive operator, n must have an eigenvalue x > 0. Let |x) be the corresponding
eigenvector: n|r) = z|z). The commutator relation (2.28) gives n(a™ |z)) = (a™n £ a*)|z) = (z £
1)(a® |x)). Obviously, together with = the eigenvalues are also x — 1 (for a™ |z)),  —2 (for (a7)?|z)), etc.
This series would become negative at some point. The only way to avoid such contradiction is that x is
integer itself: then one eigenvector is (a™)® |x) ~ |0). The vacuum vector |0) satisfies n |0) = 0, meaning
that it is from the kernel of n, implying 0 = (0| n[0) = (0]aTa™ |0) = ||a™ |0) ||2. Thus, a~ |0) = 0, and
for j > x the negative part of the spectrum is not generated as (a~)’ |j) = 0. The series is then cut here,
since all the remaining members vanish, restricting the spectrum of n to nonnegative integers. Assume
that this spectrum is not simple; the degeneracy can be removed by a compatible observable. As ¢ and p
are functions of a* and a, any observable has a form A =3 a,m(a*)?(a”)™. The compatibility with
n imposes condition (Exercise 2.12)

0=[A,n] = apml@)(@)" a*a”] = (m - p)aym(a™)(a”)™,
pm pm
requiring ap, = 0 unless m = p. But then A = " b,n®, i.e. it is function of n and cannot remove
the degeneracy. Hence, n is complete observable. Finally, it is clear that |i) = ¢;(a¥)?|0), and only the
normalizing coefficient in (2.29) is to be found. Assuming that the basis {|)} is orthonormal, the squared
norm of a* |i) = cli + 1) is (ila~a*t |i) =i+ 1, i.e. a¥ |i) = i+ 1]i + 1), verifying the proposed result.
1

Ezercise 2.12: Show [(aT)P(a™ )™, ata"] = (m —p)(a™)P(a™)™.
Now it is easy to solve the eigen problem of the harmonic oscillator. Namely, since
obviously H' =n + %, ie.

H = ho(n + %) (2.30)
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the eigen vectors of H are exactly the same vectors (2.29) as for n, while the spectrum
of H is shifted upward for one half, and then multiplied by Aw. Thus the spectrum
consist of equidistant eigenvalues, the difference between successive ones being Aw. The
remarkable features of this spectrum allow us to consider that the eigen state |i) describes
a system with i free (noninteracting) quasi-particles: each of them contributes by the
single quantum Aw. Operator a*, shifting from |i) to |i 4+ 1), acts as the
of these quasi particles, while its adjoint a~ is the . In this context,
the eigen value 7 of n is the number of the quanta in the state |¢), and n is called

. Usually the annihilation operator a™ is denoted by a, while the creation
one a't is according to the first property simply its adjoint a'.

To get the eigenfunctions in the @Q-representation 1;(Q) = (Q|i), we note that the
vacuum state is singled out by a~|0) = 0, which is by (2.25) the differential equation
g—g + Qv = 0, with the solution ¥y (Q) = 7~ 1e729". Then applying (2.29) one recognizes
Hermite function (@) of the order i:

Oy L terq
%(Q)—W H;(Q). (2.31)

Ezxercise 2.13: Prove (2.31). Hint: show the operator identity: (Q — j—Q) = (76%@237@67%@2)‘

Ezxercise 2.14: Generalize the above consideration to the system with d harmonic degrees of freedom;
2
its hamiltonian is H = Zle(%% + imiwiq?).

Exercise 2.15: Find the mixed state describing harmonic oscillator in the thermodynamic equilibrium
with a heat reservoir at temperature 7. Discuss the mean energy in the limits of zero and very high
temperature.

2.4.3 Charged particle in a homogeneous magnetic field

For a particle with charge ¢ in electromagnetic field described by the vector and scalar
potentials A and V', Hamiltonian is

H(t) = — [(ﬁ LA t)>2 +qV (7, t)] . (2.32)

In the considered case, scalar potential vanishes while the vector one is static, and for
conventionally taken magnetic field of intensity B along z-axis, in the Landaus’s gauge
it is A = —Bye,. This leads to the time independent Schrédinger equation (coordinate
representation):

1 .

5 [+ 2By 45 + 5] 0.y, 2) = Bule,y, 2) = B0y (). (2.33)
m c

the last expression manifests that potential is independent of x and z, making total
solution factorized to the solution Y (y) along y and plane waves for free motion in the

remaining directions. As formulated in the first part of the Lemma on the separation of
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variables (Section ??), for each pair of eigenvalues p, and p,, of the the corresponding
momenta there is their common subspace, where these observables reduce to scalars p,
and p.. It remains to solve eigenequation of the Hamiltonian H, of the motion along y
parameterized by p,:

1

R 1
H, = %pz + §mw2(y +

Ps

qB)2 Y(y) = EY(y). (2.34)

Clearly, this describes harmonic oscillator along y, around center at —‘;%” (determined
by momentum along x) and field dependent frequency (known as cyclotron frequency)
w = %. While the eigenfunction is Hermite function, the harmonic oscillator eigenvalues
E = (n+ 1)hw are in this situation known as Landau’s levels.

2.5 Pictures

The unitary transformations preserve the complete structure of the quantum mechanics.
Mathematically, this refers to the invariance of linear combination and norm of vectors,
as well as of the operator product and commutator. These leads to the physically obvious
independence of the measurement results on the choice of the basis in the state space.
Nevertheless, a particular choice of the basis may be more convenient either for conceptual
or practical reasons. Here we will consider three such possibilities, called pictures, related
to the dynamics of the system, which proved to be important for various purposes.

In fact, the first one has been introduced in the derivation of the dynamical law.
Throughout the section 2.3 it has been tacitly assumed that the states are evolving, while
the observables remain unchanged at least for the conservative systems. This picture is
used to define the other ones. Indeed, any dynamical picture will be defined by an unitary
operator function T'(t) over time; in such a picture state and observable are in the instant
t given by their Scrodinger values (|i), t;S) and Ag(t)) and the picture operator T'(t):

[, 6T) =T() [, :S),  Ar(t) = T()As(t)T (1) (2.35)

Hence, the Schrodinger picture is obtained with 7'(t) = I, with the evolution law for
states given by (2.1) or (2.8), while the observables are considered time independent as
far as the system evolution is regarded, although an explicit time dependence A(t) may
be imposed by the surrounding (e.g. the apparatus is moving).

2.5.1 Heisenberg’s picture

Within this evolution picture the picture operator is inverse to the evolution: T(t) =
U~(t). The equations of motion

W, H) = [,0;8) = |¢,0;H), (2.36a)
d 0
Aut) = U 1) As(t)U(t), ihEAH(t) = [Ax(t), H(t)] + ihEAH(t) (2.36b)
are easily derived from the Scrodinger’s one. Note that the states are time independent,

while the observables evolve. The observables are changed for two different reasons. The
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evolution of the system, incorporated through the picture itself (by the definition on the
right of (2.36b)) results in the first (commutator) term in the differential form at the
right of (2.36b). Possible explicit (external influence) changes of the measuring apparatus
gives the last contribution in (2.36b), where one should be warned that the partial time

derivative is defined as & Ay (t) L U-1() (2 As(t)] U(1).

2.5.2 Dirac’s picture

This picture, also called the , gives suitable point of view for the physical
problems with Hamiltonian containing two parts, H = Hy + H’; in fact, usually it is
assumed that H' is small with respect to Hy, but for purpose of introducing Dirac picture
this is not important. Then the picture is characterized by the operator T'(t) = Uy '(t),
where U, is defined as the evolution realized by the first part of the Hamiltonian, i.e.
satisfying (2.2) for Hy; defining the remaining evolution by U = UyU’, from (2.2) one
gets:

d

1hEUO(t — t(), to) = Ho(t)Uo(t — t(), t()), UO(O> tO) = [7 (237>
d

ih-— U'(t = to. to) = Hp(OU'(t — to,ta). U'(0,5) = 1. (2.38)

It must be understood that although these equations apparently decouple the dynamics
related to Hy and H’, the second one, referring to H' implicitly involves Hy through the
Dirac picture of H'. Both the evolutions of the states and observables are nontrivial; from
(2.35) follows

[, ;D) = U'(t) [¢,0;D),  Ap(t) = U (t) As(t)Un(t). (2.39)

The differential form of these equations is easily found:

ih5 |, D) = H (), £:D) (2.40)
d 0
i Ap(t) = [A(t), Hop] + ih Ap(#), (2.41)

with 2 Ap(t) < Uy (£) [2 As(8)] Uo(t).

2.6 Propagator and Green function

Retarded is two instance (t, t1) function derived from evolution operator. It
vanishes for t, < t;, while otherwise it is matrix element of the evolution operator in the
coordinate representation:
K(’I"g, tg, T, t1> = <’l"2, tQ‘ U(tg - tl, tl) |’l"12, t1> 9<t2 - tl) (242)
= Oty — 1) D> dra(r)e 2 Eg, (ry)
,A
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Using eigenbasis of the Hamiltonian, ¢,(rs) = (re | E,), satisfying Schrodinger equation
(iﬁ%z — H('rg,pg)> e~ Enltz=t) g (ry) = 0, one gets (step function of time is a constant

for Hamiltonian operator, its derivative over ¢y is 0(to — 1), and ZTM Oi\(T1)Pna(T2) =
d(re —71)):

0 :
(lhf)_t - H("‘2ap2)) K(ra, ta;r1, 1) = 1hd(t2 — t1)d(ra — 71). (2.43)
2

So, it turns out that propagator is Green function of the Schrédinger equation.

The importance of the (retarded) propagator stems from the fact that knowing wave
function at instance t¢q, in the later instance t5 the evolved state |1, ty) = Uty — t1,11) is
in the coordinate representation obtained as

w(’r'g,tg) = / d?”il)) <’I"2| U(tg — tl,tl) ’7“1) ¢(T1,t1> = / dT?K(’I"Q,tg;’l”l,tl)l/}(’r‘htl).

(2.44)

This resembles classical Huygens’ principle, where each point of the wavefront becomes a
secondary wave source. Note further that the first part of the above is valid even when
ty < t1; in that case, one can introduce (ro| U(ta—ty,t1) |r1) O(t1—t2).
The propagator techniques are well developed, and essentially invoke another, Feyn-
man’s path integral interpretation of quantum mechanics, introduced in the next section.

2.7 Feynman’s path integral approach

Feynman showed that quantum dynamics may be understood in a conceptually simple
way”, giving direct insight to the difference between classical and quantum treatment; in
addition it offers a shortcut to many important techniques of field theory (both in solid
state and particle physics).

The Feynman’s approach is based on the expression for the probability amplitude to
detect a particle, initially being (in ¢y = 0) at xg, at * = z in the later instance t = ty:
(gn,tn | 90, 0). The time interval [0,¢] may be divided in N equal parts At = t5/N, and
the amplitude becomes:

{gn [ 90,0) = (gn| U(AL) - - U(A?) [go) -

~
N

i
Namely, assuming that the system is conservative the evolution operator U(t) = e n'"

is written as U(At)Y. Further for each t; = iAt we introduce identity in the form
J daila;) (@i, giving

(av lqo) = /dql---qu<qN\U(At)\qN1)'--<qi+1\U(At)\qi>---<q1|U(At)|qO,0>

= /dql--- dgnK(N,N —1)--- K(1,0) (2.45)

30n the other hand, this view introduced new mathematical techniques, particularly the Wienner
measures, which are still developing. This resembles to the Dirac’s J-function, and its influence to
functional analysis.
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(he K(i,i — 1) is short for the propagator K(q;,t;;qi—1,ti-1)).

Further we assume that the potential is coordlnate dependent only, i.e. H = ik

2m+

V(@), giving (g + 1| U(AD) ) = (g + 1] v *g). Note that [pAt, VAL ~
V'(q)A%, and in the hmlt At =0 (1 e. for infinite N ) this comutator vanishes, meaning

~HEAV@)A V@A
that e™n b e ﬁ?mef 4 Thus in the same limit the considered amplitude

becomes: (g; + 1| U(At) [¢;) = (¢; + 1] e “nEm i) th(q) . Introducing the identity in the

form of the momentum eigen decomposition, I = [ dp Ip) (p|, with plane waves lp) =
9i4+1—9

L [ dgei™ |q), one gets {g; + 1| U(AL) |g;) = & [ dpen®™ % DMV @IA The Jast
integral may be calculated?, giving (g; + 1| U(At) |y = 1/ mr;;;;ﬂ BBV WAL

It is easy to recognize action fOAt dtL(q, ¢) in the exponent, where the classical lagrangian
is L(q,q) = 24¢* — V(q) (recall that At is infinitesimal). Altogether, making the product,
the looked for amplitude becomes:

it . Nh N/2 N-1
(v | 0, 0) :/quhfo Laddt Dg = lim (m _ ) IT da (2.46)

N—oo \ 27it

The integral is the sum of the contributions of all possible trajectories. The infinitesimal
volume Dgq is up to the phase equal to the mathematically well founded
in the space of trajectories. The discrepancy may be formally cured by so called

, making time imaginary (i.e. if it is used instead of ¢). Anyway, as the proba-
bilities are observable quantities, the phase is not relevant. Therefore, (2.46) is the

formulation of quantum dynamics. It reveals that the probability

amplitude of transition from ¢y to gy is sum of contributions over all possible paths con-
necting these two positions. Each path ¢y — gy is weighted by its amplitude equal to
enS@—ran)

In the classical mechanics only the extremal path is realized. On the other hand, in the
quantum mechanics all the paths are realized, but with different weights corresponding to
the action along paths. As the action is in the exponent, the classical path corresponds
to the stationary, i.e. minimal phase. The weights of the other paths are dumped,
as the action is increased, with more emphasized oscillatory character of the integrand.
There is also (of quantum mechanics), where the paths with the
action fg L(q, ¢) dt much greater than h are taken into account only (this corresponds to
retaining of the leading terms in the expansion of the exponent in (2.46)).

Expansion of the action functional around the classical path (being the minimum of the
functional) must be quadratic in the parameters introduced in the space of trajectories.
Therefore, the leading terms in such a perturbative approach (the method of stationary
phase) are Gaussian integrals. This makes the formalism not only conceptually important,
but also efficient in various problems, despite the fact that only Gaussian (besides some
trivial ones) path integrals are exactly calculated.

. (T {1/2
41t is well known that ffooo ei(ap+8p?) dp = \/%el(z_Tﬁ); it is assumed that g is positive, while in our

case it is imaginary. This will be discussed after (2.46).



Chapter 3

Galilean Transformations

The space-time symmetries are important in many aspects of system dynamics. Their
most significant manifestations are conservation laws (in the isolated systems); namely,
these laws are the evidence of symmetries. When the conserved quantities are generators
of the Lie-algebra of the symmetry group, they explicitly refer only to the connected
component of the group. The other components give rise to conserved parities.
Non-relativistic and relativistic mechanics consider different geometry of the space-
time. This is manifested through different set of space-time symmetries, i.e. the transfor-
mations leaving space-time unchanged, usually called : Galilean one,
relevant for non-relativistic mechanics, assumes space-time invariance with respect to
Galilean group, in contrast to the Poincare group related to the Einstein relativity.

3.1 Galilean Group

Galilean group G gathers transformations ¢(¢,a,v,7) acting on the space-time point
(r,t) by:
g(p,a,v,7)(r,t) = (Rer + a — vt, t + 7). (3.1)

Here, ¢ is the 3-dimensional real vector defining the rotation R4 around ¢ for the angle
¢ equal to the length of ¢. Also a and v are 3-dimensional real vectors, specifying the
translation and boost, while 7 is a real scalar, defining the time translation. The action
on the momentum p = m‘é—: is derived directly:

9(¢,a,v,7)p = Ryp — mw. (3.2)

The structural properties of G are to be examined first, and then more each of these
transformations will be discussed in more detail. The consecutive application of two
group elements gives the multiplication law:

g(¢p.a,v,7)g(¢',a’, v, 7)) = g(¢",a+ Rpa' — v7', Rpv' + v, 7+ 7'), (3.3)
where ¢” is defined by Ry = RyRg. Also, the requirement g(¢,a,v,7)(r,t) = (7,t)

gives the identity element, and then, putting it on the right of the (3.3), one solves in the
primed parameters to get the inverse of g(¢, a,v,7):

38
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e :g(oa 07070)a .gil((»b? CL,’U,T) = g<_¢7 —R;l(a—FTU),—R;l’U,—T). (34)

Galilean group is connected ten dimensional Lie group. It is easy to show that when
all but one arguments are set to 0, one gets the following subgroups, which are themselves
significant in further considerations:

SO(3,R) = {g(¢,0,0,0)},  Rotational group; (3.5a)
TS = {g(0,a,0,0)},  Spatial translational group; (3.5b)
T3 = {g(0,0,v,0)},  Boost group; (3.5¢)
T! = {9(0,0,0,7)},  Time translational group. (3.5d)

The first two subgroups are built of pure spatial transformations, and together they
form the Euclidean group E(3) = T A SO(3,R) (semi-direct product, with translations
as the invariant subgroup). The last subgroup consists of the time translations, i.e.
the transformations connecting systems with different origin of the time scale, is purely
related to time. Both time and spatial coordinates involves only the third subgroup of
the boosts, the transformations interrelating the instantly coinciding coordinate systems
moving uniformly each with respect to another.

Besides these transformations which are continual functions of the parameters, there
are also discrete transformations of the spatial, time and total reversal, Zs, Zr and Z =
IS:ZTI

Is(r,t) = (—r,t), Zr(r,t)=(r,—t), Z(r,t)=(—r,—t). (3.6)

Together with the continual transformations, they form G, with
G being its invariant subgroup (as the connected component of the identity) and three
additional cosets: G = G+ IsG + IrG + ZG. It is important to note that there is no pos-
sibility to verify directly the space-time invariance with respect to these transformations,
and therefore they are not a priori included in the relativity principle.

3.2 Galilean transformations of the classical variables

The Galilean transformations are defined by the action in the space-time, and afterward
the action on the momenta is derived. This action can be extended to the variables, i.e.
functions on the phase space. In the space of variables Galilean group is realized by the
canonical transformations, being themselves functions of the variables. This is important
in the view of the forthcoming quantization procedure. To begin with, we introduce
Poisson bracket action of one variable onto another: to each variable G corresponds the

G, which is the linear operator (in the space of variables) acting on the
arbitrary variable A as

GAY G, Alpy (3.7)

Consequently, GrA = G, |G, o (G, Alpz .. .]pz]pz. Therefore, to each analytic function
F(G) of G the supervariable F'(G) may be associated using Taylor expansion of F. In
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particular, the exponential function

|~2

R el (3.8)
n=0

defines an one-parameter group of the transformations associated to G. Therefore, G is
the Lie-algebra generator of this group.

The Galilean transformations are in the variable space represented by the following
supervariables:

z:)(g(cﬁ,o,o,())):e*“, D(¢(0,a,0,0)) = e P, (3.9a)

D(g(0,0,v,0)) = e™4,  D(g(0,0,0,7)) = e "H. (3.9b)

This is verified by the action on the fundamental variables, i.e. in the phase space:

e Olp = Ryr, e’d"ip = Ryp; (3.10a)

e “Pr=r+a, e *Pp=p; (3.10b)

ey = &™ip = p — mu; (3.10¢)

e Hp —p 1 ip, e_Tﬁp =p. (3.10d)
m

In the last equations the hamiltonian of the free particle H = p?/2m is assumed, since the
probe particle in the empty space-time is considered. Therefore, the Lie algebra genera-
tors are angular momentum I = r x p for rotations, linear momentum p for translations,
coordinates g for boosts and Hamiltonian for time translations. Note that all the trans-
formations are canonical. Clearly, (3.10) also defines the action on any other classical
variable A(r,p): on the functions of the fundamental variables action is defined by (3.7),
which gives:

D(g(¢,a,v,7))A(r,p) = A(D(g(¢,a.v,7))r, D(g(¢, a,v,7))p). (3.11)

Exercise 3.1: Prove (3.9) in the coordinate form.

However, although spatial translations and boosts commute, the supervariables corre-
sponding to them do not. Therefore, the obtained set of supervariables is not a represen-
tation of G, despite the fact that each subgroup is correctly represented. In fact, there is
no faithful representation of the Galilean group. Since the representations faithfully re-
lating transformations and supervariables are necessary, only the Euclidean subgroup and
time translations can be simultaneously considered. While the pure geometrical invari-
ance results in the conservation laws of the generators (angular and linear momentum),
the time translations are manifested as the conservation of energy. On the other side, the
boost invariance leads to the low of uniform motion of the centre of mass of the isolated
system (since the kinetic energy is not the same in the boosted systems, the action is also
changed, and the Nother theorem is not applicable [12]).
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3.3 Quantization: Wigner theorem

Being classical space-time symmetry, Galilean group is symmetry group of a single (non-
relativistic probe) particle, or of a centre of mass of any isolated system. Therefore,
observable characteristics of such a system must be same before and after Galilean trans-
formation, i.e. such characteristics are independent on the chosen inertial reference frame.

In the context of quantum mechanics, the observable quantities are various probabil-
ities, which can be reduced to squares of absolute value of scalar products (recall (1.4)).
In other words, if Galilean transformation 7" transform states |¢) and [¢) into |¢') and
|1/), then the space-time symmetry requires that

(@ |y = (' |¢) | = [{d| T'T |9 .

Consequently, T is in the state space represented by an operator D(T) preserving absolute
value of the scalar products. The famous theorem shows that such operators are
either unitary or antiunitary.

Note that without absolute value in the above relation, only unitary operators would
be allowed. In addition, due the absolute value together with D(T') any operator eX7 D(T')
can be used equally well. This reflects the projective structure of the state space, i.e. that
the collinear vectors describe the same state. One can try to use the freedom in the
choice of the phases eXT to get the set of the unitary and antiunitary operators forming a
representation of the Galilean group. However, this attempt fails, as well as in the classical
physics, because Galilean group has no faithful representation. Still, all the important
subgroups may be independently quantizied, and Euclidean group can be combined with
time translations.

Although Wigner theorem does not specify which operators are represented by unitary
or antiunitary operators, it is obvious by the continuity argument: the connected compo-
nent of the identical element must be represented unitary. On the other hand, product of
two antiunitary operators is unitary, meaning that either the whole group or its halving
subgroup is unitary represented. Thus, at most two cosets are antiunitary.

Really, the complex conjugated Schrodinger equation (for a particle in the time inde-
pendent potential) corresponds to the time reversed one with conjugated vectors, meaning
that the time reversal is antiunitary in the state space. As the spatial inversion is obvi-
ously linear, it follows that purely spatial halving subgroup is linear, while time reversal
and total inversion give the cosets having antilinear representations.

3.4 Quantization of the Galilean group

Since the action of the Galilean transformation in the variable space is well defined in terms
of Poisson bracket and variables, the postulate of quantization may be directly applied
to get the Galilean action in the space of the operators (superspace). Analogously to
the supervariables, we define the superoperators with hglp of the commutator. So, to

each operator G in the state space H, its superoperator G is defined by its action on the
arbitrary operator A:

GAY (@, Al (3.12)
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Due to the appearance of the term ik in the canonical quantization, the exponential

~

function ¢ is quantized as e%¢. Indeed, e®@A = S°°° L LG LG, . 1[G, A]...]],

n=0 n!l inl7 in AT
which is obviously the quantized exponential supervariable action.

FEzxercise 3.2: Show the following operator identities:

ePAe P = A+ B, Al + LB, (B, Al + %[B,[B,[B,All] + .. .;
efef = eATBeABI2  for [A,[A,B]] =0 =[[4,B], B].

Therefore, the superoperator representation of the Galilean group is directly obtained
from (3.9):

D(g(6,0,0,0) = e D(g(0,a,0,0)) = en®?, (3.13a)
D(g(0,0,v,0)) = em™ 4 D(g(0,0,0,7)) = en . (3.13b)

>>

These superoperators are bijective image of the Galilean group, but the same problem as
for supervariables appears: representatives of the boosts and translations do not commute
as the transformations do. Again, the Euclidean group and the time translations only can
be simultaneously quantized.

The superoperator representation is not really appropriate for the usual tasks of quan-
tum mechanics, and the operator representation is looked for to realize the group action
in the state space. The Baker-Hausdorff lemma solves this task. It asserts that there is
bijection between the exponential superoperators and exponential operators, i.e. to each

exponential action e“ in the operator space uniquely corresponds exponential action e“ in
the state space, such that superoperator essentially acts as the similarity transformation:

CA =@ he €. (3.14)

Therefore in the state space, the Galilean transformations are represented by:

A

D(g(¢,0,0,0)) = en®?,
D(g(0,0,v,0)) = e d,

D(4(0,@,0,0)) = en®?, (3.15a)
D(g(0,0,0,7)) = en™. (3.15b)

Note that the result for the translations is known from the chapter 1. Indeed, the operators

D(g(0,a,0,0)) representing translations are direct three-dimensional generalization of the
translational operator U(a) used in the Theorem 1.2.

Ezercise 3.3: Find €™ (r), where T is spatial inversion, i.e. Zt(r) = ¢(—r).

Ezxercise 3.4: Find the projectors Py on the subspaces spanned by even (Py) and odd (P-) functions
according to the spatial inversion.

FEzxercise 3.5: Find the coefficients o and  for which the operator Uypg = e2*+8P” hecomes spatial
inversion, i.e. rotation for 7 in the phase space of one-dimensional particle.
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3.5 Active and passive interpretations

The Galilean transformations are defined by their action on the space-time points. In
this sense, they actively map one point to another, and therefore this interpretation is
called . On the other hand, there is , describ-
ing the same act as the inverse transformation of the referent frame, with no action on
the space-time points. Thus, to each active transformation 7" on the space time-vectors
represented in the reference frame {ej, ey, e3,e;} by the column (r,t), corresponds the
inverse transformation of the frame:
. T r’ . 1 ,

Active : T <t) — (t’) ;  Passive: T 'e; — e;, (3.16)
such that in the transformed frame the initial point is described as (v, ¢"). Obviously, some
of the transformations cannot be really realized actively, e.g. time translations, spatial
and time inversion; even more, boosts are defined with help of the reference systems.
Due to the inversion of the transformation when one comes from active to the passive
interpretation, they are anti-isomorphic. Acting on the variables, being the functions
on the phase space, the supervariables (3.9) are essentially passive interpretation, and
therefore the sign minus appears in the exponents.

Finally, from the action D(g)|q) = |gq), it follows that (q| D(g)|¢) = (g q| ).
Thus, coordinate representation of the Galilean transformations is

A

D(9)¢(q) = ¥(9~"q). (3.17)
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I I
Set of a; (Inversion)
coordinate (3.16) Space-time
frames

as
l2 (3'8) (32) Ly
(3.10)

ITT TV
Space of as Phase
variables (7?) space

Quantization 27 |

(77)-(77)

Vv VI
Operator ag (Inversion) State
space Baker-Hausdorff lema space
u HO Ho

Figure 3.1: Active and passive interpretions of transformation. Left column (kvadrati I,
IIT i V i izomorfizmi ¢ 1 t5) daje elemente za pasivnu, a desna kolona (kvadrati I, IV i
VI i izomorfizmi ¢4 i ¢7) za aktivnu interpretaciju grupa E(3) i Tg(”). Antiizomorfizmi a,
as, ag 1 ag, kao i izomorfizmi 1o, 14, tg 1 L7 povezuju osnovne podgrupe Galilejeve grupe
koje deluju u skupovima oznacenim sa I do VI. Specijalno: ¢o aof (50 Qi3 = (5 0 Ly O O
Qi3 = 14 O L1 je prevoenje vienja izmeu dva opservera; t4 je reprezentovanje u fiksiranom
koordinatnom sistemu sa implikacijama u impulsnom prostoru.



Chapter 4

Rotations and Angular Momentum

4.1 Elementary Properties of Rotations

As explained in the Chapter 3, rotations are parameterized by the vectors ¢, specifying the
angle ¢ and the axis (by the unit vector ¢ = ¢/ @) of each rotation. The defining action
of the rotations in the Euclidean space R? is given by the special orthogonal matrices,
and therefore the rotational group is identified with the group SO(3,R).

The obvious equality Ry = R(27r— (=) of the rotations around opposite axes shows
that all the rotations are obtained taking all the unit vectors and the angles not greater
than 7, i.e. that the range of the vectors ¢ (manifold of the parameters) is , a ball
of radius w. However, the opposite points of the same diameter of this ball correspond
to the same rotation: R, = R_,, for arbitrary unit vector u. Hence, the rotational
group is compact (parameter space is bounded and closed), but double connected, as any
diameter of the w-ball is a closed path not homotopic to any closed path in the m-ball’s
interior. A

Further, the first relation in (3.15), D(g(¢,0,0,0) = em®! shows that rotations are
represented in the orbital state space (of a single three-dimensional particle) by the ex-
ponents of the operators of the orbital angular momentum. Therefore the components of
the angular momentum form the Lie algebra of the rotational group. Using the definition
l = r x p, and the canonical coordinates-momenta commutation relations [g;, p;] = ihd;j,
the commutation relations of the angular momenta are easily derived:

k

(e is Levi-Civita tensor). This shows that the Lie algebra is so(3,R) (of course, this follows
immediately from the general theory), the set of the traceless hermitian operators'. Now,
several general (and elementary) results of the group theory can be exploited to get
additional insight into the basic properties of the rotations and angular momenta.

Mathematical definition of the exponential relation between Lie group and its algebra (real!) does not
include the imaginary unit, and therefore unitary representations of the group are obtained from the skew
hermitian representation of the algebra. This factor enables that the Lie algebra elements in physics are
hermitian (physical observables), but non-closeness of the commutator in the space of hermitian operators
must be cured by another factor ik in the commutators, as in (4.1). This may be also understood as a
change of basis in the complexified Lie algebra.

45
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First, compactness implies that rotational group is represented by unitary operators,
while the angular momenta are hermitian (precisely, equivalent to the unitary and her-
mitian operators, or alternatively, that there is a scalar product — selected in physics
— such that the representative operators are unitary and hermitian, respectively). As a
consequence, each representation is decomposable to the irreducible ones, the latter being
necessarily finite dimensional.

The fact that the angular momenta form three-dimensional simple Lie algebra so(3,R),
enables to construct irreducible representation according to the well elaborated algorithm
for the semisimple algebras (Section 4.2.1). Additionally, its rank is one, which reveals
that there is a single Cartan element and a single Kazimir operator: conventionally,
these are the third component, I3, and the square, [* = [? + [2 + [2, of the angular
momentum). Therefore, irreducible representations are classified by a single parameter,
different eigenvalues of the Kazimir operator, while a basis within arbitrary irreducible
space is counted by the different eigenvalues of the Cartan element as another parameter.

Doubly connected parameter space implies that there is a double (universal) covering,

locally isomorphic to SO(3,R), i.e. a simply connected Lie group SO(3,R), with two-to-
one homomorphism onto SO(3,R), but with the same Lie algebra. As it will be shown later
on, this is SU(2) group, with algebra su(2)=so(3,R). Accordingly, the obtained represen-
tations of the algebra of the angular momenta do not really produce (as exponentials) the
representations of the rotational but of the covering group. Only half of them represent
rotations, while the rest are the ”"double valued” representations, associating a pair of the
operators to each rotation; the characteristic feature of the double valued representation,
differing them from the ordinary ones, is that rotations for 27 reverse the vectors (of the
representative space), thus only rotations for 47 are associated to the identity operator.
Ultimate consequence is that the very notion of rotations should be reconsidered: without
any physical content specified, the general concept of rotations is defined by the commu-

—_—

tation relations (4.1). This essentially introduces the covering group SO(3,R) as the one
underlying the angular momenta, rather then SO(3,R). The fermionic spin degrees of
freedom (Section 4.5), which can be explained only by the double-valued representations,
proves that this is not just a mathematical extrapolationartefact, but physical reality.

4.2 Algebra of angular momentum

To stress out that from now on the notion of the angular momentum is as general as
possible, free of any specific physical situation, the angular momenta are defined as a
triple of the hermitian operators K; (i = 1,2, 3) satisfying the commutation relations:

k

In this way only the Lie algebra properties are extracted from the initial (prototypic)
example, the orbital angular momentum. Indeed, only this is really necessary for the
following construction of the representation (neatly following the prescription developed
for the semisimple complex Lie algebras).
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4.2.1 Irreducible representations of angular momentum

Construction of the irreducible representations starts by choice of a suitable basis (in
mathematical language, this corresponds to the standard form of the complexified alge-
bra). Mutually adjoint complex linear combinations

Ki - Kl :i: iKQ, (43)

of K7 and K, together with K3 form of angular momentum. They
span the same space as the three momenta, since (4.3) is solvable in the Cartesian com-
ponents: Ky = (K} + K_) and Ky = 5 (K} — K_). Therefore, space is irreducible for
the Cartesian components if and only if it is irreducible for the standard ones.

Lemma 4.1 The standard components satisfy the following commutation relations:

[Kg, K:i:] = :l:hKi, (44&)
(K., K_] = 2hKj; (4.4b)
(K3, K,K_|=[Ks, K_K,]=[K,K_,K_K,]=0. (4.4c)

mProof: (a) and (b) are obtained applying (4.3) and then (4.2).
(¢) [Ks, KiK+] = [K3, KoK+ + Ki[K3, K+] = 2hKy K- F hKo K+ = 0;
K, K_ K_K.]=K_[K,K_,K,|+[K.K_ K_|K, =
K KK Ky |+K_[Ky, K{ K+ K K KK, +[K, K K K| =
K_K,(—2hK3) +2hK3K K, = 0.1

The operators K1 K-+ are hermitian (an positive), and together with K3 make a set of
compatible observables (as justified by (4.4c)). Thus, they have a common orthonormal
eigenbasis. Number m is used to denote eigenvalues mh of K3 (the units of angular mo-
mentum and action are same). In the possibly degenerate eigensubspace V,, of K3, a com-
mon (for the whole triple) orthonormal eigenbasis is denoted by |[mA) (A =1,...,|V,|):

K3 |mA) = mh|m)), KiKz|m)\) =ai(\)|m)), (4.5)
with a ()\) being the eigenvalues of KiK.

Lemma 4.2 For each |mM) the vectors Ky |m\) are mutually orthogonal for different X,
and satisfy

Ka(Kx [mA)) = (m & DA(Kx [m))), (4.60)
KoK (Ke [mA)) = o, ()(Kx [m)), (4.6b)
KoK (K [mA)) = ((A) £ 202(m F 1)) (K [m)). (4.6¢)

mProof: All the relations follows from (4.5). To show orthogonality and (4.6b) one regroups the terms:
(mAl KLY [mA)) = (mA] (K K [m')) = o (V) (mA [ md) = af,(Wéxws

(K K5)(Kx [mA)) = Ko (K Kx) [mA) = of, (M) (K< [mA)).
For (4.6a) and (4.6¢) it suffices to apply (4.4a) and (4.4c), respectively

K3(K4 mA)) = ([K3, Ki] + KL K3) [mA) = (£1 + m)h(K+ [mA));
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KiKg (K mA)) = ([Ki K5]+ Kz K1) (K [mA)) =
= (20K + K Ka) (g [mA) = (2252 (m T 1) + o (\) (K [mA\)).

(in the last equation (4.6a) is used). 1

The lema enlightens that vectors of the basis |mA) of V,, are transferred by Ky into
Vm+1, but remain eigenvectors of KiK. for the fixed A; still, some of them vanish,
since the eigenequations (4.6) are trivially solved by the zero vector. As the rotation
group is compact, all its irreducible representations are finite dimensional, and there are
maximal kT and minimal k= values of m for which K |[k*)\) = 0. Thus, the subspace
Viktki) spanned by the vectors {|mA) |m = k=,... kT} is invariant and irreducible for
the standard componenets K3 and K, i.e. for the angular momentum.

Theorem 4.1 All the irreducible representations of angular momentum are D™ (K) with

the mazimal weight
I (4.7)
Y 27 ) 27
They are 2k + 1-dimensional, and in the standard basis (4.5), denoted as |km) with m =
—k, ..., k, of the irreducible space V*) | the matrices D% (K) are determined by:

Ks|km) = mhlkm), Ky |km) =B mlk,m+ 1) (4.8)
cgs)i = Vk(k+1)—m(m*1).

mProof: According to the previous results, in the single irreducible subspace K3 is nondegenerate, making
A superfluous, and the standard basis is |m), with m = k~,... kT. A direct consequence of (4.6a) are
equations

Ks|m)=mh|m), Ki|m)=cth|lm=*1),

having the form of (4.8a). The coefficients ¢, are to be still determined in accordance with the previously
assumed orthonormality. Applying K, = K T to act by K, on the left and on the right in (m + 1| K |m),
we get c;;H = ¢, Further, we already proved that there are minimal, k= and maximal, k™, value of m,
for which K4 |k*) = 0, allowing to assume ckii = 0. Then we use (4.4b), to find

2h (m| K3 [m) = (m| [K1, K_]|m) = (m| Ks K — K_K [m) = | K_ |m) ||* — || K4 [m) ||*.

In the view of (4.8a), this reads:
ml?

2m = |c,|? — |t |2 (4.9)

Now we sum these equations for all values of m, and find (Fig. 4.1):

kt m=k"
2 Y m= Y (lenl> —Ieh).
m=k— m=k~
When we substitute the equalities |c,, .| = |¢}| and Cfi = 0 found previously, the right hand side
vanishes (Fig. 4.1), and we get
kT =k~
T+ k) (kT —k +1
S my= WD

m=0
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As k* >k, this implies k= = —k™. Finally, the difference k™ — k= = 2k™ is an integer (since K lifts
m from k= to kT in unit steps), meaning that k = kT = 0, é, ..., and [V®)| = 2k + 1. Analogously,
summing (4.9) from m to k = kT, we find:

m—1

k k
leml? =l P =2 s=20 5= > s)=k(k+1)—m(m—1),

s=m s=1 s=1

which is, with a convention on the (common) phase, the value in the theorem. 1

| kT) 2kt = Tell- ‘("f+‘2
[k =1) o 2kt — 1) =Tepey [ — [ ?

|kt —2) o 2kt —2) :|(A_+—z| - [(H—zjz

|lm+1) o 2m+1) = ’C;z+1|2 - ‘ Aty
| m) o o2m = lep 2 =l

2

— : ) J— o 2 T
1) 0 2k + 1) =lep P~ Ikl
k) e o = Pl
Figure 4.1: Standard basis of an irreducible representation of the angular momenta. For
each standard vector |m) (denoted by o, or e for maximal and minimal weight) the

corresponding equation (4.9) is written, and the terms which are canceled in the course
of summation are singled out by the gray lines.

Ezxercise 4.1: Show that the matrices of the angular momenta in the standard basis are:

o0 0 0 0 00
—Ok kq 18 8 8 V2E 0 0 0 0 0
DW(Ks)=h|o o « oo D®Ey=h| O VIEZ0 0 00| pk(K )=DW (K,)
o0 ok 0 0 0 VAk=Z 0 0
0 0 0 0 V2ko0

The matrices representing rotations can be now easily find from the first equation in
(3.15). In particular, a rotation around z-axis is represented as

DW(Rye.) = e —roD® (Ks) = diag[e*? elk-D¢  e7ik9],

It is important to note that D®)(Ryre.) = (£)* 541, i.e. only for an integer k this
is the identity, while this is the case for the rotations for multiples of 47 in the case of
half-integral k. As mentioned in Section 4.1, this manifests the fact that the presented
construction gives the representation of the Lie algebra of the rotational group, and not
of the group itself. Therefore the exponential map of these representations coincides with
the representations of the group SU(2) of the rotational group. Essen-
tially, this is the consequence of the nontrivial fundamental group of the rotational group
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SO(3). However, this seemingly artifact of the construction, appears to be a substantial
physical property of the particles, as it will be seen in the discussion of the interior degrees
of freedom, like spin (Section 4.5). In fact, each geometrical symmetry group G, usually
considered as a subgroup of the extended Galilean group, essentially is only a homomor-
phic image of its double covering G called : there is 2 to one homomorphism
f from G to G, such that each spin rotation u is mapped to the corresponding spatial
rotation R.

4.2.2 Square of the angular momentum

is positive observable
K?=K; + KJ + K3. (4.11)

It is easy to show that K? commutes with all the components K; of angular momentum.
Therefore, eigensubspaces of K?, being invariant under all K;, contain complete irre-
ducible subspaces. Thus each irreducible subspace V*) is a subspace of an eigensubspace
of K2, meaning that in V*) operator K? acts as a multiplication constant. To find out
this constant, we simply act on an arbitrary vector |km, \) by K?, written in the more
convenient form:

21

K* =3 (K,K_+K K,)+K3. (4.12)

Then, using the results of the Theorem 4.1, we find

K? |km, \) = k(k + 1)h* |km, \) . (4.13)

Ezxercise 4.2: Show (4.13).

Thus the eigensubspaces of K2 are multiple irreducible subspaces, i.e. the sum of the
irreducible subspaces of the same maximal weight k. This fact enables to find standard
basis in any space where the operators of the angular momentum are defined as the
common eigenvectors of K3 and K2, i.e. of the system of eigenproblems:

K2 km, \) = k(k + 1R [km, \),  Kslkm,\) = mh|km, ). (4.14)

This is the most efficient way to determine standard basis in the state space, which will
be systematically used later on.

4.2.3 Discussion

Operators of the angular momentum are related to the rotations by the relations (3.15).
Essentially, this means that the angular momentum components span the Lie algebra of
the rotational group. Therefore, the method used in the construction of the irreducible
representations is the usual prescription in the theory of semisimple Lie algebras. In
particular, the first two equation of (4.4) are the so called of such an
algebra, with K3 being the only Cartan vector, while K are roots. Analogously, (4.6a)
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manifests the well known relation between the roots and the weights. Finally, as the
algebra is of rank 1, it has a single independent Kazimir operator, which is K2.

It is useful to illustrate some differences in the physical contents of the classical and
quantum angular momentum. As usual, the source of them is commutativity of the
classical physical variables, in contrast to their quantum analogues.

From the uncertainty relations (4.2) one directly gets:

h
AKAK; > zk: €iin] (K. (4.15)

Therefore, unless the average of one component of the angular momentum in the given
state vanishes, the dispersions of the other components are nonzero.

Second, if the state |z) is non-dispersive for K, i.e. AK; = 0 meaning that it is
an eigenstate of K, then from (4.15) follows that averages of both other components of
angular momentum vanish.

Finally, in the classical mechanics only the component of the angular momentum along
the axis of rotation is nonzero; those in the perpendicular directions vanish, as well as
their squares. On the contrary, in quantum mechanics the averages (K7) and (K7) vanish
only in the state with vanishing total angular momentum, |k = 0,m = 0, A). This shows
that the mentioned criterion to determine rotational axis is not applicable in quantum
mechanics.

Ezxercise 4.3: Show that (K7).) = (K7)jz) = 0 if and only if for all the components K, |z) = 0, i.e.
|z) = |k =0,m =0,\).

4.3 Orbital Angular Momentum

4.3.1 Coordinate representation

After general considerations we turn back to the original definition of angular momentum,
i.e. to the orbital angular momentum I = r xp. Its Cartesian components [; = ij €ijkTiD;

in the coordinate representation, when momentum components p; = —ih% are substi-
tuted, become:

. 0 0 ) 0 0 ) 0 0
ll——lh (7“28—7.3—7“38—702) s lz——lh (T’ga—rl—’l“la—rg) s lg——lh (7’18—7.2—7“28—7.1) .

(4.16)

The forthcoming considerations are most efficient performed in spherical coordinates.

Also, angular momentum is particularly important (as conserved quantity) for the systems

with spherical symmetry, for which spherical coordinates are natural choice. To find the

spherical components of the angular momentum we use Cartesian components and apply

coordinate transformations: = = rsinfcosy, y = rsinfsinp, z = rcosfcosp. The
Jacobian of this transformation relates the coordinate partial derivatives:

b . . . o)

7 sin f cos ¢ sin @ sin ¢ cos o

g | =| roos fcosep rcosfsing —rsind 5 (4.17)
5 —rsinfsing rsinfcos 0 g
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Its inverse is used to express the Cartesian derivatives in terms of spherical coordinates:

8_ = sinfcos a—+1COSHCOS a——lwa—

or Por T 1 90 rsind oo’

d ., .0 1 .0 lcospd

9 smesmgoa + ;COSQSIH(,O% o 95’ (4.18)
0 0 1. 0

a = COSQ@ — ;SIHG@.

Knowing this, Cartesian components are easily expressed in terms of spherical coordinates:

.0 0
l, = 1h(51n¢%+00t9%),
: 0 0
l, = —1h(cosg0%—cot8%), (4.19)
0
l, = —ih—.
i e

We also find I4 and [? as general theory emphasized their importance:

2
L 9 L 9 (sme%ﬂ. (4.20)

sin? 6 Op? + sin 6 00

All the considered operators act in the Lebesgue space L(R3) of the single three di-
mensional particle, which is the product of the three Lebesgue spaces over Cartesian
coordinates: L(R?) = L(R,) ® L(R,) ® L(R,). On the other side, this space is seemingly
product of the Lebesgue spaces over the spherical coordinates. It would be very con-
venient to retain this product structure in spherical coordinate system, although due to
the singularities of this system this is not completely correct (e.g., functions f(r, 6, ) are
acceptable only if for r = 0 they are independent of 6 and ¢, i.e. if f(0,6, ) is constant;
otherwise the value in coordinate origin is undefined). So, these deficiencies are cured by
extra conditions on the functions f(r,0,p):

Iy = het¥ (i% +icot 92—@) . P =K [

f(0,0,p)=const,

L(R?) = {f(r, 6, ) € L([0,00),) @ L([0,7]p) @ L(]O, 27r]<p)| f(r0=0/m0)=fo/x(r), } . (4.21)

f(r,0,0)=f(r.0,0+2m)

Note that none of the angular momentum operators (4.19) and (4.20) are r dependent,
and therefore they act as identity in the factor space £([0,00),). This reflects that the
angular momentum generates rotations, which do not affect the radius. A consequence is
that the orbital angular momentum is effectively defined in the angular Lebesgue space
of the functions over the sphere (Fig. 4.2):

o _ F(6=0/ p)=consto .
L£(S?) = { £(0.9) € L([0,7]5) @ L(0,27],,)| /G T AZeor } (4.22)
The last condition explicates 27 periodicity of all the functions in the Lebesgue space. As
a consequence, the orbital angular momentum has only integer irreducible components,
as it will be explicated soon.
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0 N 27T

0y

Figure 4.2: Obtaining the sphere S? from a rectangle (6,¢) € [0, 7] x [0,27] by iden-
tifications in (4.22). Firstly, since f(0,¢) = f(0,¢ + 27), two vertical arrows are mu-
tually identified to obtain cylinder. Secondly, ¢-independence, f(# = 0,¢) = consty,
f(0 =7, ) = const,, is contraction (depicted by shaded triangle) of the upper (bottom)
boundary circle of the cylinder into the single north (south) pole point of the resulting
sphere.

4.3.2 Standard Basis: Spherical Harmonics

According to the general theory, standard basis is common eigenbasis of [, and [2. The
ineffectiveness of these operators in the radial factor space allows to apply the theorem
on the separation of variables (Appendix ??), i.e. to consider the eigenproblem in £(S?)
only: the obtained eigenbasis Y, (6, ) = (0, |lm) in this space may be multiplied by
any basis f,(r) of L([0,00),), to get basis f,,(r)Y;™(0,¢) = (r,0, ¢ |nlm) in the total state
space.

In the view of (4.14) functions Y;™ (0, ) are solution of the system of partial differential
equations:

—LY(0,0) = mY(6, ). (4.230)

o + 5y 5 (sin 9%)} Ym0, ) = 11+ 1)Y;™(0, ). (4.23b)
Since [, effectively acts in the factor space £([0,27],), one again applies theorem on the
separation of variables to solve it. Obviously, the first of these equations is solved by the
functions ¢/ ()€™, with m restricted to the integer values by the last condition in (4.21).
In the second eigenproblem we again use separation of variables: [> = Ay ® [, + By ® 1,;
the factors in £([0,27],) commute, the second one being identity, while the first one is
function of 7,. Thus, the eigenfunctions have form g (6)e™#; substituting this, the second
eigenproblem becomes equation in g;"(6):

m* 19 (. 0 i
sin?f  sinf o0 (Sm 0%) — i 1)} g"(0) =0. (4.24)

After transition to new variable x = cos@ (consequently g—x = 1 %), this becomes

sin 6
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general hypergeometric equation:

* 2 8_+l(l+1)(1—x2)—m2
ox*  1—x?90x (1—x2)?

9" (x) = 0. (4.25)

The first condition in (4.22) implies that for m # 0 only functions such that g/*(y = £1) =
0 should be considered. Straightforward application of the general method (Appendix ?7?)
shows that the for each [ = 0,1,... and m = 0,+1,...,+£[ there is a single solution of
(4.25) in the form of the Legendre polynomial ¢/*(y) = (1 — XQ)%PZ(_ITWE‘W )(X)- Finally,
including the factors providing normalization

2m ™
/ dgp/ sin 0 dOY,™ (0, ) Y™ (6, ) = Gy (4.26)
0 0

one gets the as the standard basis:

(=)™ 2l+1(4+m) 1 dem

= in? 9. 4.2
AN/ 27 2 (I —m)!gin™ Qe d(cos #)i=Im| S (4.27)

Y™, ¢)

Exercise 4.4: Using the method explained in Appendix ?? prove that (4.27) are solutions of (4.23).

FExercise 4.5: Show transformation rule of the spherical harmonics under the spatial inversion:

IsY;™(0,0) = (=)™ (8, ). (4.28)

4.4 Central potentials

Quantum numbers [ and m are conserved whenever orbital angular momentum commutes
with Hamiltonian. In such cases [? and [, may be used together with Hamiltonian (and if
necessary some other observables) to form a complete set of compatible observables. In
this way Schrodinger equation is simplified, with clear interpretation of the solutions. Ki-
netical part of Hamiltonian is reduced to the square of momentum, and always commutes
with angular momentum components. Hence, compatibility of H and angular momentum
is determined by the potential. The condition [V (7),l;] = 0 immediately means that
the potential commutes with all rotations: [V, D(Ry)] = 0, i.e. D™} (Ry)VD(Ry) = V.
Assuming that the potential depends only on the coordinates, the last condition reads
that the potential must have spherical symmetry:

D (Rg)V(r)D(Rg) = V(Ryr) = V(7). (4.29)

This analysis emphasizes that in the problems with spherical symmetry only, the orbital
angular momentum has particularly important role, with its components being conserved
quantities. Technically this fact is efficiently exploited if [? and [, are included in CSCO
together with H.
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Obviously, in the spherical coordinates (4.29) shows that the potential depends only
on the distance r from the coordinate origin. Indeed, acting on some chosen point r =
(r,0,p), the set of all rotations generates sphere with the radius r, and along this sphere
V(r) is constant, meaning that V' depends on r only, i.e. (4.29) is satisfied if and only if
the potential is V(r)=V(r).

According to the results of Section 4.3, in such problems the time independent Schrodinger
equation is solved by the wave functions of the form R,;(r)Y;™(0,¢). In fact, as in the
angular factor space (4.22) of the total space (4.21) I and [, are CSCO, the spherical
harmonics are necessarily angular part of any CSCO in the total space. Therefore, only
the radial functions R,;(r) are to be determined for any specific potential. Really, since
the Hamiltonian of the particle in the central potential is:

p2 h2
H=_— =——A . 4.
o + V(r) o +V(r) (4.30)
Further, according to (4.20) the laplacian has the form A = 7%2%7’2%— hQITQ I?. Hence, using

the theorem on the separation of variables, the time independent Schrodinger equation
reduces to the radial part only:

Fd_,nz d (%(Enl Cviy - 1)” Rou(r) = 0. (4.31)

r2 dr  dr r

Recall that the radial eigenbasis is to be found solving such an equation for each [ =
0,1,.... Particularly, as only for [ = 0 spherical harmonic is constant, for [ > 0 the first
condition in (4.21) implies that R,;(r = 0) = 0. The finite norm of the solutions means
that [ 7% dr|Ry(r)|* < oo.

In some problems it is convenient to use Ry(r) = 7Ry (r), simplifying (4.31) to
2  2m (1+1)] =

m + ﬁ (Enl — V(’I“)) - Rnl<r) = 0. (432)

r2

Again, for [ > 0 the first condition in (4.21) implies that for r — 0 the limiting value of
the function is Ry, (r)/r — 0; the normalization is enabled by [ dr|R,(r)[* < oo. The
form of (4.32) allows to interpret it as one-dimensional (on the half line) Schrédinger’s

IR

equation, with the potential V(r) + 5= ); the latter central barrier repulses particles

from the central region.

4.4.1 Free particle

It has been shown that the plane waves are solutions of the time independent Schrédinger
equation of the free particle, V(r) = 0. These are found taking momentum components
as the CSCO compatible with Hamiltonian. Recall that the eigenenergies Ey = E; =
h%k?/2m are degenerate along the spheres of the radius .

However, the constant zero potential is spherically symmetric, and therefore CSCO
can be formed by H, [? and [,. Consequently, there must be an alternative eigenbasis of H,
subdued to this choice of CSCO. As discussed, the latter two give the spherical harmonics
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in the factor space £(S5?), and the radial component is completed by the solutions of the
radial equation (4.32), which becomes

e Tt T T | ) =0

[dQ 2m l(l+1)}~

Denoting QFL—?E by k% (in accordance with the known solution), it turns out that the
variable in equation is x = kr; thus

[%—1—1— l(la—; 1):| Rkl<l‘>zo (433)

Instead of n, the energies are counted by k > 0. As the equation itself is k£ independent,
the solvability gives no restriction on k; the spectrum is continual (as expected), and for
each k the same set of solutions (the functions of z, not of r!) must be obtained. The

equation can be solved iteratively. In fact, for [ = 0, it reduces to (% + 1) Rko(x) =0,

solved by Ry(z) = 2sinz. On the other hand, the solution can be looked for in the form
Ryi(z) = 2" xp (), when (4.33) becomes equation in x:

d? 2(l+1)d
—+1 =0. 4.34
{de + r dx + } Xia(z) =0 (4.34)

To solve it, one differentiate the whole equation, getting an equation in xi,(z), which,
after substitution x},(z) = x¢r(x) becomes equation in the auxiliary function ¢g(x):

2L o -0

dz? T dz

Notably, it is the same as (4.34), but for [+ 1. Therefore, yx11(z) = 14y (z), meaning

that yii(z) = (29 ) xko(z). This conclusion, together with the found result for Rio(z)

ld_
z dz

straightforwardly gives: Ry (z) = 2!( )'2322  Finally, the solutions of the radial part
are:

lr_l@d_)ZQSin kr
ke dr r
Here, j;(kr) are Bessel’s functions of the first kind (integer, or spherical Bessel’s functions).
Altogether, the generalized eigenbasis for CSCO with angular momentum is

Ri(r) =2(-)

— 2kj,(kr). (4.35)

wklm(r) = <T090 | klm> = 2k]l(k7ﬂ)ylm(0’ 90)' (436)

4.4.2 Coulomb potential and Hydrogen like atoms

Hamiltonian of the relative particle of the hydrogen like atom with Z protons in the

nucleus is ) ,
P Ze

H=-—-— 4.37

om r’ ( )
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where m = memy/(me + my) and r = | Ry — 7.|; clearly, m & m, since m, < my. The
radial Schrodinger equation becomes:

{dQ Lo (Enl N Zf) _ i+ ”} Rou(r) = 0. (4.38)

dr? h? 72

This equation takes more standard form if the involved quantities are reparameterized.
Using Bohr radius ag = h?/mee? = 0.529 A, and atomic unit of energy (one Henry equal
to two Rydbergs) e*/ag = 4.36 1078 J= 27.21 eV, the energy and radius are substituted
by the dimensionless &,; = agE,;/e* and x = r/ag, to get the generalized hypergeometric
equation:

d? 2 +2Zx —1(1+1)] =
[de + 12 :| Rnl(x) = 0. (439)

The standard method of solving of such equation (Appendix ?7?) straightforwardly gives
that the discrete energy spectrum and the corresponding orthonormal radial functions are
foreachn=1,2,... and [ =0,...,n—1:

me* 7> Cozme, (me? ' 27 me?
En = _W¥7 nl(r) = Cnle n A2 (?T> Liljll_l(—?T), (440)
the normalizing factor is C,;; = %, and LP ( ) are generalized Laguerre polynomi-

als. Important characteristic of the Coulomb potential is that the energies are degenerate
in [, which is due to the hidden symmetry of another group isomorphic to the rotational
one (but not related to the spatial rotations). This enlarges the degeneracy of energy
levels to 31 (21 + 1) = n?.

Finally, note that only bounded (discrete) levels are found above. The continual part
of the spectrum is positive part of the real axis. The corresponding states, relevant
for various scattering processes, can be found (together with the states of the discrete
spectrum) with help of the parabolic coordinates [11, &37,&135].

4.5 Spin

There are several experiments showing that the orbital space S, which we are dealing
with in the previous sections is not sufficient to describe completely the single particle
states.

4.5.1 Zeeman’s Effect

Hamiltonian of the particle with the mass m and charge ¢ in the electromagnetic field
defined by the scalar and vector potential ® and A is

1

- (p _ —A> +qd (4.41)

(cis the speed of light). Particularly, the potentials of the homogeneous constant magnetic
field B = Be, can be in the Coulomb gauge (divA = 0) taken in the form A = %B X r
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and ¢ = 0, giving

(p-1a) =1~ Lip- (Bxr)+ (Bxr)-pl+ L (Bxr=p 1Bl +
c 2c 4¢2 c -

I

2,2
402B T,

Here, r is the radius vector component perpendicular to the field.
Consequently, when a hydrogen like atom is exposed to such a magnetic field, Hamil-
tonian of the electron becomes:

h? Ze?  up e?B?
He -t n_ 29 [ FBBp &2 2 4.42
2m r + h * 8me? + (442)
where pup = 52 = 0.927 1072% J/T is the . The terms involving magnetic

field can be roughly estimated by the mean values for the lowest hydrogen like atom
states: (r?) ~ a2, (I,) ~ h, one finds that (upBl,) ~ 0.927 10-**BJ/T, (;;B;r@ ~
4 1072°B%J/T?. The maximal experimental magnetic fields are of the order 1T, making
therefore the last term by thousands less then the third term. In addition, assuming
that the typical energies of the lowest hydrogen like atom states are of the order of
leV= 1.6 10719 ], the third term is by thousands less than the energy of the isolated
atom. Therefore the last term may be neglected, while the rest of Hamiltonian may be
treated perturbatively, using the isolated atom Hamiltonian as the nonperturbed one,
while the third therm is perturbation. Accordingly, using the expression (6.5) for the first
correction of the degenerate level, and noticing that the hydrogen like atom eigenstates
|nlm) are also eigenstates for the perturbation, one finds the perturbed energies

E.m = E, + ugBm. (4.43)

Thus, quite generally, the energy level is split in the 2/ + 1 equidistant sublevels. This
is called Zeeman’s effect. Particularly, for the hydrogen like atoms, with energy levels
E,, being degenerate in angular momentum values [ = 0,...n — 1, this result implies
that each level is in the magnetic field split into 2l,., + 1 equidistant sublevels E,,, for
m=—I,...,land [, =n — 1.

However, in the experiments with hydrogen like atoms, it appears that there are even
number of sublevels, and this is called . Obviously, it cannot
be described within introduced formalism.

4.5.2 Interior degrees of freedom

Further evidence on the incompleteness of the formalism was given by the Stern-Gerlach
experiment: passing through the inhomogeneous magnetic field, well collimated monochro-
matic beam of atoms with a single electron is split into parts. Analysis analogous to that
of the Zeeman’s effect shows again that the number of obtained beams should be odd,
e.g. no splitting can occur for the single s-state electron. But in such cases even number
of split beams is found experimentally.

Still, there is a way to explain the described effects within quantum mechanical for-
malism. The Postulate 4 emphasizes that the total state space is the direct product of
the state spaces for each degree of freedom. In the view of this, the results of the previous
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experiments shows that there is another degree of freedom, being not of the orbital type:
the possible values are not parameterized by the continual variable (e.g. coordinate or
momentum), but take a finite number of values. Such degrees are called

POSTULATE 6. — INTERIOR DEGREES

Besides orbital, there are also interior degrees of freedom, contributing to the
total state space & by the finite dimensional factor space:

S = Sorbital X Sintcrior-

The construction of the total space as the product of the orbital and interior ones is
essentially required by the previous Postulate 4. Of course, the same argument shows
that if there are several interior degrees of freedom, the interior space is constructed as
the direct product of the corresponding interior spaces: Siterior = Siterior @ Siaterior &
.... In comparison with the previously introduced spaces based on the particle position
(continuously parameterized by coordinates), the only difference is finiteness of the interior

spaces.

Finite dimension of the space of function over some set X means that the set itself is
finite. Indeed, as any function over finite (meaning also discrete) set is continuous, such a
space is spanned by the functions f, being zero everywhere but in a single x from X, e.g.

fz(y) o dzy (Kronecker step function). Obviously, the dimension of the spanned space
L£%(X) is equal to the number of points in X. Consequently, the last postulate means
that the interior degrees of freedom are finite sets.

This fact may be considered as an empirical one, although relativistic theory gives
a profound proof for it through the analysis of the possible extensions of the Poincare
group: Coleman-Mandula theorem asserts that any group having the Poincare group
as a subgroup, and describing the space-time symmetries in the physically correct way,
must be a direct product of the Poincare group and some compact groups. Therefore,
its irreducible representations are products of the representations of the Poincare group
with the finite-dimensional representations of the compact factor. So, while the Poincare
group leads to infinite dimensional orbital space (its unitary irreducible representations
are infinite dimensional), the compact factors introduce finite-dimensional interior spaces.

SUDBERRY??? Intrinsic parity

4.5.3 Formalism of the spin s = %

The simplest nontrivial case of the angular momentum is the representation for s = 1/2
(in this special case s is used instead of general k). According to the Theorem 4.1, the
dimension of the space S@) of this representation is |S(%)| = 2s+ 1 = 2. A suitable
hermitian basis of the corresponding operator space (four dimensional) is formed by oy =
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10
(O 1) and three

o) = <(1) é) . oy = (? Bi) , 03 = <é _01) : (4.44)

These matrices are used (for more details concerning physically relevant notions and

notation related to the space C? see Chapter 7) to define the by
1

It is easy to verify that
[Si, Sj] =1ih Z eiijk, (446)
k

showing that these operators represent the angular momentum components in & (). Ac-
cordingly, the spin square eigenvalue is s(s + 1)h* = %hz, which also follows from S? =
Zi SZZ = %h20'0.

Using the general properties of angular momentum (or directly solving the eigenprob-
lem of S3), one finds that the standard basis in S is {|+) = |m = L=y =1m=-5},
for the eigenvalues :I:%h of Ss.

The rotations in the spin space are represented by the operators D) (Rpu) = e 20w,
Particularly, in the standard basis to the rotation for ¢ around z axis corresponds the

matrix (exp(—§ ) Oi > Obviously, for ¢ = 27 the matrix —I5 is obtained, while
0 exp(50)
the identity transformation is achieved only for ¢ = 4m. This shows that the matrices for

spin 3 represent group SU(2).

4.6 Addition of angular momenta
Let us consider state space being product
S - 81 ® 82, (447)

with angular momenta K; and K, in the factors spaces. Such situation is very frequent:
e.g. orbital and spin momenta of a single electron, or two particles with angular momenta
of each of them. It is easily found that the the defining for angular momenta relations
[(Kpis Kpjl =10, €6 Kpi, (p =1, 2) imply that the whole space S operators

Ki :K1i®[2+[1®K2i7 1= 1,2,3, (448&)

also satisfy commutation relations (4.2); in other words they also form angular momentum
K being sum of the momenta K, and Ks:

K =K, + K. (4.48b)

Components of K; and K, are given by Ky; = Kﬁ) ®Iand Koy =11 ® Ké?).
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4.6.1 Irreducible subspaces and standard basis

For various purposes it is useful to know irreducible components and standard basis of
the composed momentum K. It is assumed that irreducible components of the momenta
K, and K, are known, i.e. that the decompositions

Si= B, ST i=1,2 (4.49)

3

are given. Here, SZ-(kMi) are irreducible subspaces of the momentum K;, where k;(k; + 1)k
is eigenvalue of K? and \; counts different irreducible subspaces of the same type when
frequency number of k; is greater than 1.

Irreducible components and Clebsch-Gordan series

The product structure (4.47) of S, together with decomposition (4.49) gives:
S = @y Bay e ST © S, (4.50)

Therefore, to reveal the irreducible components of angular momenta in S it is sufficient to
find out the irreducible components in the product V*) @ V*2) of irreducible subspaces,
i.e. Clebsch-Gordan series.

Theorem 4.2 (Clebsch-Gordan series of angular momentum) The product of
the wrreducible spaces of the weight ki and ko of angular momentum contains exactly once

each irreducible subspace with weight k = |ky — ka|, ... k1 + ko:

(k1) (k2) _ mk1tk (k)
mProof:  This is one of the theorems easily derived as a special case of the Weyl’s theorem on the
semisimple Lie algebras. Here we recall that in each irreducible space |k;m;) (m; = —kiy ..., k;) is

standard basis. One basis of the direct product space is |k1mq; koms) = |k1m1) ® |kems), and this basis
is represented by the points (m1,ms) in Fig. 4.3. Vectors of this basis are eigenvectors of Kj:

Ks |kymy; kama) = (my + ma)h |kimy; kame) .
Therefore, vectors with the same sum m = mj; + msy span eigensubspaces of K3. These subspaces
are denoted by the inclined lines connecting vectors with the same m; at the end of each line the

corresponding mq + ms (generally and in particular example) and the number d,, of vectors on it are

written. Obviously, the maximal sum is k1 + k2 with a single vector |k1ky;koke) on it. The sum takes

on all the values ky + ko, k1 + ko — 1,...,—(k1 + k2), and the degeneracy of these values increases
by one for m = ki + ko, k1 + ko — 1,..., k1 — ko (we assumed that k1 > ko), then remains constant for
m=ky—ko, k1 —ka—1,..., ko—kq1, and finally decreases by one for m = ko —ky, ko —k1—1,..., —k1 —ko.

Thus, in the decomposition appears single irreducible subspace corresponding to the maximal value k;+ks;
it must contain a single eigenvector of K3 for all eigenvalues ki + ko, k1 + k2 — 1,...,—(k1 + k2). When
this representation is taken into account, all degeneracies should be diminished by 1. Therefore, among
the remaining m values, the maximal mj; + mgy — 1 is now nondegenerate. We repeat the procedure,
collecting all lower eigenvalues corresponding to this representation, and subtracting from the diagram.
So, all the representations from ky + k2 to k1 — ko appear once, and after this the diagram is exhausted
(as the degeneracies are constant). I
In this way the total space reduction (4.50) becomes

k
8 = Broks BP0 BrenVioh,- (4.52)
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Figure 4.3: Decomposition of the product of irreducible subspaces of angular momentum.
Case k; = 3 and ky = 3/2 is illustrated. At the end of each inclined line the sum m; +msq
for the point (my, ms) on it is depicted (concrete example is given above in gray) and
the number of these points (degeneracy of the sum value) is below. Values of m; + my
included in the irreducible subspace with fixed maximal weight (written on the right side
of diagram) are the lines crossed by the shaded region corresponding to maximal weight.

Standard basis and Clebsch-Gordan coefficients

After the Clebsch-Gordan series are found, we can proceed to determine the standard
basis in the product space. According to the last decomposition, one can use standard
basis of the direct product of the irreducible spaces. Namely, if |k;,m;) (i = 1,2) are
standard bases in the irreducible spaces V*1) and V*2)_ then in the product space, since
each irreducible component occurs once, the standard basis |k1ks; km) is unique (up to the
common phase factor). Therefore the non-correlated |ki,mq; ko, ma) = |kymy) ® |koms)
and standard basis are related by the unitary transition matrix, with elements being
(k1,m1; ko, ma | k1ke; km):

k1 ko
|k1k32; km) = Z Z <k;1,m1; k27m2 ’ klkg; k:m) |k1,m1; k27m2> . (453)

mi=—k1 mo=—ko

The Clebsch-Gordan coefficients as completely mathematical (i.e. independent of
physical context) constants are calculated and tabulated? in various forms (including com-
puter programs). Still, it is interesting to exploit the eigensubspaces of K3 used in the
proof of the Theorem 4.2. In the first step we found that the standard vector of the maxi-
mal weight is noncorrelated: |kiko; k = ki + ko, m = ky + ko) = k1, my = ky; ko, mo = ko).
Then, using the operator K_ = K- ® I, + [} ® K5 we find (see Theorem 4.1):

K_ |kikoy by + ko, by + ko) = 7R |kykos by + ko, by 4 ko — 1)

2Sometimes, instead of Clebsch-Gordan coefficients, their particular biunique function called 3j-
symbols are used.
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This vector belongs to the eigenspace of K3 for eigenvalue ky + ko — 1. This eigenspace
(Fig. 4.3, the second inclined line) is double degenerate. Thus, there is only one (indepen-
dent) vector orthogonal to |k1ko; k1 + ka2, k1 + ko), and it must be |k1ko; k1 + ko — 1, ky + ko
Then, in the triply degenerate subspace of the eigenvalue m = k; 4+ ko — 2 two basis vec-
tors are proportional to K? |kiks; ki + ko, k1 + ko) and K |kiko; k1 + ko — 1, ky + ko — 1),
and the vector orthogonal to these two is (up to a phase) |kiko; k1 + ko — 2, k1 + ko — 2).
Repeating procedure all the standard vectors and the corresponding Clebsch-Gordan co-
efficients are derived.

It is important to stress out that though the decomposition (4.50) involves non-
correlated bases differing by indices \;, the Clebsch-Gordan coefficient do not depend
on them, giving that the total standard basis is:

k1 k2

Bakas kmi Mde) = > Y 0 (kaymas ko, ma | kika; km) [ky,ma, A ke, ma, As)
A1, A2 mi=—k1 ma=—ks
(4.54)
Note that {K?, K13, Ay, K3, K3, Ay} is CSCO with non-correlated basis as common
eigenbases, while CSCO for the standard basis (4.54) is {K?, Ay, K2, Ay, K2, K3}.

Wigner-Eckart theorem and selection rules

In the state space with defined angular momentum K there is also a representation
D(SU(2)). Standard basis |kmA), defined by equations (4.14) corresponds to the de-
composition of the space to the irreducible subspaces of SU(2): & = @k,\V)(\k), meaning

that (4.14) are manifestation of the general requirement for standard basis D(U) |[kmA) =
D= Do (U) [/ X).

However, the transformations of SU(2) act also on the operators in S according to the
rule: UA = D(U)AD'(U). This generates a representation in the operator space, and the

standard basis among the operators can be defined:

. k
Aok k k
UA® = Y DI (U)A%),. (4.55)
m/'=—k
Any set
AW = (AW | = —k, . kY, (4.56)
satisfying (4.55) is called , and operators AY are its compo-

nents. Further on subscript A is omitted, as well as the concrete set of observables (e.g.
electrical field, coordinates, etc.) which are dealt with. Again, using Lie algebra, i.e.
angular momentum, (4.55) becomes:

(K3, A®) = mhA® | [Ky, AP = /(kF m)(k £m+ 1)rAY,. (4.57)

In this way symmetry adapted bases are imposed both in the space of operators and in
the state space. It is useful to find the matrix elements of the irreducible tensors between
standard basis elements. In this context the whole operator space basis is not looked for;
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only a particular irreducible tensor corresponding to considered physical quantities (e.g.
operators of momenta, electrical or magnetic field) are of interest, and subscript A is not
used any more (in fact it is contained in the symbol of the quantity, p, E, H, etc.).

Theorem 4.3 (Wigner-Eckart theorem) Matriz element of an irreducible tensor
component A,&’fg) between two standard vectors is factorized to Clebsch-Gordan coefficient

(independent on Ay and \) and the independent on m, my and
moy.
(kmA| A%2) [kymy ) = (kima; kama | kikakm) (BA]JA®2)| |k A) (4.58)

Note that the first term, Clebsch-Gordan coefficient, is strictly symmetry based and a
priori known, while physical context is given only by the reduced matrix element, which
is constant for the whole multiplets of m, m; and my. Therefore it can be calculated
(or experimentally found) for one particular choice of m’s, and then used in all of the
(2k + 1)(2ky + 1)(2ky + 1) cases with fixed k, k; and k.

This conclusion is very important, since the matrix elements are basic ingredient
in the calculations of the transition probabilities, i.e. in study of any physical process
(Section 6.4); they appear even in the perturbative approach to Schréodinger equation
(Section 6.1). Due to the Wigner-Eckart theorem, one can a priori find , a
list of the pairs of the states between which the transition in the studied process is not
possible: whenever the Clebsch-Gordan coefficient vanishes the transition between states
[kmA) A% and |kymi);) cannot be induced by the perturbation A%2). Some of these
rules are easily seen; for example if k is less than |k; — ko| or greater than k; + ko, or if
m # my + mg, the transition is forbidden.

Addition of more than two angular momenta

In the case that there are more than two angular momenta the procedure of their addition
is the same as for two, only the question of the order of addition appears.

For the three angular momenta two possibilities are usually considered: K = (K; +
K,)+ K3 = K, + (Ky+ K3). The difference is not in the irreducible components, but in
the corresponding standard bases. In the first case the standard basis is common eigen-
basis for CSCO {K?, K2, K2 K%, K* K3, A;, Ay, A3}, while in the second case CSCO is
{K} K3, K3, K3, K% K3, Ay, Ag, A3}; here K;; = K; + K.

Considering only irreducible subspaces, i.e. the product V) @V#2) @Y *s) this results
in two standard bases |(k1k2)kskiokm) and |ky(koks)koskm). These bases are related by
the unitary matrix of 6j-symbols.

Analogously, for addition of four angular momenta we define 9j-symbols, etc.

Superselection rule of total momentum

Note that each particle has spin corresponding to an irreducible angular momentum,
i.e. being s = 0, %, 1,..., and that orbital momentum is always integer. Therefore,
according to the theorem on the addition of angular momenta, total angular momentum
of a particle is either half integer or integer. Further, the same rule for addition gives that
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total momentum of many particles is again either integer or half integer. This is known
as the:

Theorem 4.4 (Superselection rule of momentum) State combining half integer and in-
teger angular momentum cannot be realized in the nature.

To distinguish between states with integer and half integer angular momentum it is
useful to introduce R = Ry, = e #2™ K  This observable
acts as identity on the vectors corresponding to integer k£, and reverses the vectors with
half integer k. Thus, if there was a state space combing integer and half integer total
angular momentum, the corresponding vectors would span the eigensubspaces of R for
the eigenvalues 1 and —1. However, the superselection principle asserts that in each state
space only one eigenvalue is realized.

In particular, the space of the operators (superspace) is always with integer angular
momentum.

4.6.2 Examples and applications
Addition of two spins s =1/2

In this case the dimension of § is four. While noncorrelated basis is |s1ms,; soms,) for
ms, = £1/2, or in short |++) = (1,0,0,0)T, |[+—) = (0,1,0,0)T, |—+) = (0,0,1,0)7,
|——) =(0,0,0,1)". On the other hand, according to Theorem 4.2 we get S = V(© +p1)
with standard basis [1200), |$11, —1), [3310), [3311). While the maximal weight vectors

225 )

[3310) = (+=) +[=0)/V2, 531 =1) =[==), [5300) = (|+=) = [-+))/V2.

is [3511) = |++), all other vectors are found with help of S_ =& <

OO
—OOoO

0
0
0
1

[elelale)]

Spin harmonics of electron

It is known that orbital angular momentum is integer, and contains all integer irreducible
components: Sp = @fiov(l) Taking spin of electron into account, one gets addition in the
form j = I+ s and the total space S = Sp @S, = B,V V&) is decomposed according
to (4.51) into irreducible subspaces:

(7=3) o (y0=l-3) (7=1+3) o0 () (i
s=v% e e, (WP eV ez, (VL ev? ). (459)
Hence, each half integer total angular momentum occurs twice, due to coupling of the
spin to the orbital momentum [ = j — = and to the orbital momentum [ = j + % In each
of the irreducible subspaces V), ) the standard basis |I3; jm;) (j =1 £1/2) is with help of
the Clebsch-Gordan coefﬁClents expressed as the combination of the product of the basis
vectors (Fig. 4.4, right):

jmj Z Z (Im;; ms|l s gmg) |lm; ms>.

m——lmg__%
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Figure 4.4: Total angular momentum of electron.

As only the Clebsch-Gordan coefficients satisfying m; = m + m, may not vanish, taking

into account that m, takes only values i%, the sum (for [ > 0) reduces to:

1 . 111 11 1 11 1,1 .
|l§;]m]’> = Cy |lm] - = ——> +c_ ]lmj + 5; 5, —§> s C+ = (lmj F 5; 5, :|:§ | lﬁ;jm]) .
(4.60)

The coordinate representation (only angular coordinates are considered, and in spin space
L1y _ (1 1 _1y_ (0 .
vectors |5,3) = (§) and |3, —3) = (})) becomes:

1 Y3,
(Opl5:5my) = ( SO @). (4.61)
C

This spinor function is called spin (spherical) harmonic.

4.6.3 L — S and j — j coupling
The electronic system in the atom with Z electrons is described by Hamiltonian:

goSE 2 ¢ 1.62
i= 1<J

In the single-particle part besides usual kinetic and Coulomb terms there is
interaction vfj = l; - s;f(r;), the term commuting with the components of j = [ +
s (and with 1> and s?). Intuitively it appears as the magnetic dipole of an electron
(proportional to its spin) moves in the electric field of the nucleus. Given form can
be justified by the perturbation theory within relativistic approach. Depending on the
order of the perturbation theory, the form of the function f(r) can be specified (e.g.
flr) = @%%62), and for the present purpose it is important only that it is spherically
symimetric.

The last term includes many-electron problem, and we assumed that only two-particle
interactions exist. Such terms, related to many-body systems, prevent exact solution
of the problem, and this is probably the most important difficulty in the contemporary
physics. Usual approximate approach is to extract some average single electron potential,

i.e. to write the last term in the form

2
> |,.e_—,,~]‘ = W)+ > Vi (4.63)
1<J %

1<J
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The residual potential V=9 = 3", ; Vi is the remaining part of the interaction which has
not been included by the averaged potential W (more detailed analysis of this approach
will be given in the Section 6.2.2). It is assumed to be spin independent.

Adding the averaged potential W to the Coulomb electron-nucleus term, we write
Hamiltonian as the sum of the single-particle central Hamiltonian Hj, two-particle term

VL5 and spin-orbit (still single particle) term V77:
H=Hy+ V4 v, (4.64)

Of course, the total Hamiltonian commutes with the total angular momentum J = L+ .S.
However, it is assumed that many-body term depends only on the orbital variables, and
commutes both with total orbital and spin angular momenta L and S. On the other
hand, since coupling electronic orbital and spin degrees of freedom of each electron, V77
commutes with 7. Therefore, further analysis depends on the relation between spin-
orbit and many-body part. It turns out that many-body term is weakly dependent on
the atomic number, while spin-orbit term is proportional to it. Therefore, V% is the
dominant for the light atoms, while V% overwhelms in the case in the second half of
periodic system.

Consequently, as the first perturbation to Hy for light atoms we take V5 term, getting
Russel-Saunders or LS-coupling Hamiltonian H*® = Hy + V19; only afterwards the last
term V77 is included as the perturbation. The corresponding decomposition of the total
space is

S=80®8s=(S01® - ®Soz) ®(Ss1® - ®Ss7),

with momenta L =1, + ...l and § = s; +...sz acting in Sp and Sg. There is an
eigen-basis |[LM; SMg; \) for H-® being standard both for L and S, with (2L+1)(2S+1)
degenerate eigenspaces. When we add V77, the perturbation theory predicts that each of
these levels Epgy will split: for each J =|L — S|,..., L+ S an sublevel Ejg;) appears.

In the case of heavy atoms V77 interaction prevails, and the procedure is reversed. Now
we start with the jj-coupling, i.e. with H;; = Ho+ V%7, As this describes non-interacting
particles in the external field, for each electron the eigen-basis |nljm;) can be found,
and then the total eigenbasis can be adapted to the set of the compatible observables
J?, J3, 52,43, . .., corresponding to decomposition :

S=561®---®Sz, S =380®Ss.

In each space S; acts total electronic angular momentum j; = l; + s;. The degeneracy of
the eigenenergies depends on Z, and it is high in general. When V%9 is included, only
J? and J3 remain conserved, and this leads to the splitting of the obtained levels to the
2J 4 1 degenerate ones.

Periodic table of elements

Classification of the states of the hydrogen atom and derived rules for addition of the
angular momentum give insight to the systematization of the atoms with more electrons
according to angular momenta (orbital, spin and total). To this end we anticipate that
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Table 4.1: Beginning of the periodic system. Horizontal lines denote fulfilled subshells,
while the shells are separated by double lines; both have all angular momenta zero. Quan-
tum numbers n, [ and m, are given only for the electrons out of the last filled (sub)shell.
For He there was another possible total spin S = 1, which was rejected by Pauli princi-
ple. On the other hand, J = 1/2 is preferred for B by energy with respect to another
possibility J = 3/2.

Z Symbol|n I mg |L S J "L, | Configuration
1 H 1 0 5 |0 5 5 %S (1s)

2 He 1,1 00 2,—-2/0 0 0 'S (1s)?

3 Li 2 0 £ [0 5 5 S (He)(2s)

4  Be 22 00 3,—-2]0 0 0 'S, (He)(2s)?

5 B 2 1 £ |1 5 ;3 P (He)(2s)2(2p)

state of many-electron system is antisymmetric (i.e. changes sign when any two of elec-
trons are permuted), and consequently Pauli principle (to be derived in the next Chapter)
forbidding two electrons to occupy the same state.

At first we make inventory of the involved angular momenta and introduce conven-
tional notation. Each electron has orbital, spin and total angular, denoted as I, s and
J = L+ s. For the complete electronic system total orbital, spin and angular momentum,
L=53.1,8=>.s;and J =) j; are defined. For the states with orbital momentum
quantum number [ equal to 0, 1, 2, 3, etc. we use symbols s, p d, f etc. (and analogously
S, P, D, F,...for L).

For each main quantum number n = 1,2,..., possible orbital momenta are [ =
0,...,n — 1; in other words, shell n contains subshells nl with these values of [. Each
of them contains 2(2] + 1) states with m = 0,+1,..., 4l and m, = +1. Starting with
known eigenstates and eigenenergies, we begin to fill the states with electrons, starting
from the lowest levels.

Thus, for n = 1, only [ = m = 0 is allowed, and the ground state of hydrogen atom
is [n=1,1=0,m=0;s =1/2,ms), with total momenta L =1 =0, S =s=1/2, J =
j = 1/2. Spectroscopic notation of these angular momenta and electronic configuration
is 2L, = 285 and (nl) = (1s). For the next atoms the higher energy levels are
occupied, and angular momenta are given in the table (note that LS-coupling is assumed,
in agreement with previous conclusions). Generally, for pairs of electrons the orbital part
of state is allowed to be the same, and then the spin part is antisymmetric.

Note that this algorithm is not valid for all elements. For example d-shell is open
before 3p is filled, etc.

FEzxercise 4.6: Calculate within the first order perturbation theory the energy of the ground state of the
helium atom, neglecting spin-orbit interaction.



Chapter 5

Identical Particles

5.1 Quantum Formalism

Modern physics has no general solution to the many-body problems, despite of their ob-
vious importance. Challenge of finding the method to solve the many-body problem,
reinforced by high significance of understanding of complex systems, keeps causing lot of
efforts which results in production of extremely sophisticated studies, both conceptually
and mathematically, with a number of (more or less successful) approximations. However,
even the foundation of the adequate formalism is a valuable result, based on probably the
longest sequence of deductions in science (thus, the most impressive and beautiful): from
the very idea of identical particles, formalized as the permutational symmetry, powerful
enough to discover notions of fermions and bosons, Fock’s space, and second quantization
with creation and annihilation of particles. Therewith, geometrization of the permuta-
tions singles out two-dimensional configuration space, allowing for other types of identical
(quasi)-particles, experimental realization of which is one of the main focuses of nowadays
physics.

5.1.1 Permutational Indistinguishability and Symmetrization

According to the conclusion of the subsection 1.3.2; the state space of N particles is the
product of their single particle states. Thus, in the case of N identical particles, when
all the particles are described by the same single particle state space S, the total state
space is a priori constructed as SV = S® --- ® S. On the other hand, the intuitive
notion of the indistinguishability of the particles, means that permutations among them
is not observable: there is no measurement distinguishing between initial and permuted
state. As for the pure states this means that the initial and the permuted state vectors
are collinear, differing at most by a phase. However, in the space S¥ there are vectors not
obeying this requirement. For example, consider non-correlated states, with p-th particle
being in the state |1),). The composite state is simply denoted as

|¢17"'7w1\7>:|1/)1>1®'”®|¢N>N' (51)

Note that, by convention, the p-th particle is in the state at the p-th place, and therefore
the second index (outside ket) may be omitted. Any permutation 7 of the particles

69
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transform this state into

def

AM) [Pr, - n) = - @) @ @ [PN) ey @ o0 = [hr1n, o Yrw) - (5:2)

If permutation 7 acts nontrivially acts on the particles being in mutually orthogonal single
particle states, the initial and permuted states are orthogonal onto each other,thus non
collinear.

This shows that the construction of the state space of identical particles must be further
suited to the intuitive requirement of indistinguishability. To this end we emphasize that
(5.2) effectively introduces the operators A(7) in SV associated to the permutation 7.
Indeed, any single-particle basis |i) (i = 1,...,|S|) of S induces the non-correlated basis
i1, ...,in) (ip = 1,...,]S]), and (5.2) is applicable for all the vectors of the basis. This
suffices to define linear operators A(w). In addition, all the basis vectors are by A(n)
mapped to the vectors of the same basis, i.e. A(m) permutes basis vectors; this means
that A(m) is a unitary representation (orthonormal single particle basis is assumed) of
the symmetric group Sy in SV.

The basic intuitive requirement of indistinguishability of the initial |¥) and the per-
muted state A(7) |¥) (conveniently, for NV particle state capital letters are used) can be

now precisely expressed as: .
A(m) [W) = ¥ ) (5.3)

with the phase depending both on permutation and state. In other words, each physically
allowable state |¥) spans one dimensional subspace of SY, in which the representation
A(Sy) is reduced to the phases e¥(™¥) Of course, these sub-representations are one
dimensional, thus irreducible ones. However, the permutation group Sy for N > 1
has exactly two one-dimensional irreducible representations (Exercise 5.1),

(identical) D) and (alternating) D)

DHE) (1) = (£). (5.4)

Here, 7 denotes the parity of the permutation 7: each permutation is a product of the
transpositions, and although this decomposition is not unique, as well as the number of
the involved transpositions, this number is uniquely either even, 7 = 0, or odd, 7 = 1.
Particularly, D) (7,,,) = %1 for the transposition 7,,, of any two particles p and p'.
Ezxercise 5.1: For permutational group Sy with N > 1 show that:

(a) even permutations form halving subgroup of Sy ( AN);

(b) the only one-dimensional irreducible representations are those defined in (5.4).

Ezxercise 5.2: Show that {r,...,7ny_1} with 7; def Tii+1, are generators of Sy. Then prove the
generator relations:

7’2,2 =e, (55&)

TiTj = TjTi, li —jl > 2, (5.5b)
TiTit1Ti = Tit1TiTit1, 1<i<N-L (5.5¢)
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The above analysis enlightens that the permutation group Sy is in SV represented by
A(Sy), which is reducible. Its irreducible components correspond to multiple irreducible
subspaces. Physically allowable states form multiple irreducible subspaces SY of the two

one-dimensional representations D™*)(Sy). These two subspaces, and
SY of 8V are singled out as the ranges of the corresponding group projectors,
and :
1 #
P& = i > () Am). (5.6)

The only physically allowable states are within these subspaces, and for |¥) € S the
phase in (5.3) is €(™%) = 1, while for |¥) € SV one gets e¥(™¥) = (—)7. Note that a non-
trivial linear combination o |+) 4+ a_ |=) of |&) € SY, when mapped by a transposition
operator, is not collinear to the initial vector: A(7)(ay |[+) +a_ |=)) = ay |+) —a_ |-).
Hence, to retain the superposition principle, the system of identical particles must be
described within only one of these two subspaces.

These conclusions are summarized in:

POSTULATE 7. - IDENTICAL PARTICLES

The state space of a system of /N identical particles with the single particle state

space S is either symmetric S or antisymmetric SY subspace of the direct

product space S¥. The choice depends only on the type of the particles: :

particles with integer spin, have the symmetrized N particle states, while for the
, the particles with half-integer spin, the states are antisymmetrized.

The last part of the Postulate, relating spin to the type of the transformation of the
particle states under permutations can be proved within relativistic quantum mechanics,
using the locality of interaction [16]. This has deep influence not only on the kinematical,
but also on the dynamical properties of the particles: as a consequence of the different
permutational symmetry for the systems of bosons and fermions the different statistics,
Bose-Einstein or Fermi-Dirac, are applied.

Anyons — Abelian and non-Abelian braiding statistics

In the permutational groups Sy a transposition 7 is an involution: 72 = 1, i.e. 7 = 7%

Thus the one-dimensional representation can be either unit or alternating representation,
which is the main ingredient in revealing bosons and fermions as the only two types of
identical particles. Considering geometric realization of a transposition 7, interchange of
two particles is essentially a rotation [ of one particle around the other, such that /2
restores the original mutual positions, i.e. $? = 1. As generally rotations are directed
transformations, it is obvious that 8 and $~! are oppositely directed. Therefore, while 32
realizes the initial position of the particles by the full rotation (e.g. circle made by the
first particle around the second one), 837! ends in the same final position passing the
half of the circle twice but in the opposite directions (i.e. making half of the circle and
returning back along the same way). Clearly, in the latter case, the entire path traveled
by a particle can be homotopically squeezed to a point. As for the former case, the path is
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homotopic to a point in three-dimensional (Fig. 5.1), but not in two-dimensional geometry
(Fig. 5.2). Hence, in three-dimensional geometry, all conceivable evolutions of quantum
states which are caused by permutations of identical particles are indistinguishable, which
is clearly explicated by the Postulate 7 and equation (5.3).

Figure 5.1: System of two identical particles and two oriented paths of one of the particles
around the other (left and right figures). In three-dimensional geometry, the homotopy
of the two paths can be easily established by a continual series of the interpolating paths
(central figure): topological equivalence of the paths.

However, in two-dimensional geometry, the two paths are topologically different, as the
other particle is unavoidable obstacle to the homotopical squeezing of the path correspond-
ing to 2. Consequently, 32 is not the identity, and moreover, order of the transformation
of the particles interchange f is infinite. In general, in the N-particles case, transforma-

tions §; (i = 1,..., N — 1) interchanging successive particles (i and i + 1) generate
[2] By satisfying the generator relations:
g #1 (5.7a)
Bif = B;5s, i —j| =2 (5.7b)
BiBi+1Bi = Bir1Bibit1, 1<i<N-1 (5.7¢)
Note that the difference with respect to Sy (5.5) makes the first relation only: (5.7a)

vs. (5.5a). Namely, while the transpositions 7; (of the permutational group Sy) satisfy
72 = 1, the generators of the braid group By do not square to the identity: 3?2 # 1.
Consequently, whilst the order of the permutational group is finite |Sy| = N!, the braid
group By is of infinite order.

(T

Figure 5.2: System of two identical particles and oriented paths of one of the particles
around the other. In two-dimensional configuration the path at the right cannot be homo-
topically mapped to the paths left to it as it is unavoidable that one of the interpolating
paths goes through the other particle: topological inequivalence of the paths.

Braid group can be seen as a set of topological classes of the trajectories of N-particles
in the (2+1)-dimensional space-time, Fig.5.3 (note that slice at any moment intersects
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N = 3 trajectories, i.e. that the conservation of the number of particles is assumed:
duplication backwards would correspond to the particle annihilation and creation at an
intermediate instant).

For physics remarkable consequence is that the paths corresponding to different braid
group transformations are distinguishable, and may correspond to different quantum
states. Hence, quantum mechanics does not impose restriction to one-dimensional ir-
reducible representations of braid groups. All this reveals that classification of identical
particles in two-dimensional geometry goes beyond the distinction of bosons and fermions,
only: there exist also the other types of particles, conveniently named

Yet another distinction of the two-dimensional geometry is the existence of the nontriv-
ial topological classes of trajectories of distinguishable particles which makes a subgroup
of the braid group, made of "pure braids”, elements returning each of the particles to
its initial position. This is in complete opposition to the topological triviality of the
corresponding trajectories in three-dimensional geometry.

The order of the action of the braiding operations onto the quantum states is irrelevant
for ; they are associated to the one-dimensional (unitary) representations,
i.e. the braiding is characterized just by a phase factor, A(3)|¥) = €% |¥). Although the
braiding can, in principle, be described by any value of the exchange phase (hence the
name anyon), a stability consideration[10] requires the phase be a rational multiple of 27.

However, when the braiding act by a multidimensional irreducible representation and
the braiding operations do not commute, the particles are called
One of the significant consequences of the non-Abelian anyon statistics is that in systems
with a degenerate many-body state, particle exchange leads to the state change and that
the final state depends on the order of the exchange operations. This is of particular
importance for fault-tolerant topological quantum computation through quasi-particle
(Majorana zero modes) braiding|15].
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Figure 5.3: Braid group Bj;: (a) generators; (b& c) generator relations (5.7). By conven-
tion, when one trajectory passes over/under the other one, the corresponding exchange
is clockwise/counterclockwise. The arrows indicate direction of time. Multiplication of
elements is concatenation of the corresponding paths.

Natural question to ask is whether anyons as a novel type of identical particles exist
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in nature or can be built in laboratory. It turns out that electrons, for instance, when
confined to two spatial dimensions still retain Fermi-Dirac statistics but that under specific
conditions in systems of (many) electrons quasi-particle excitations which obey anyon
statistics emerge (e.g., formerly theoretically predicted and recently reported experimental
observation of the fractional quantum-Hall state anyon braiding statistics[11]).

Finally, note that in one-dimensional configurational space, the quantum statistics is
not well defined, since the exchange is not possible without one particle going through
the other.

5.1.2 Structure of the state space — occupation numbers

The permutational symmetry of the physical states gives further insight to the structure
of the boson and fermion state spaces. At first, it should be noticed that (5.2) shows that
the operators A(Sy) in SV permute the non-correlated basis vectors i, ..., iy). Indeed,
their action consists in the rearrangement of the single particle states quantum numbers
1,...,ty. This inspires introduction of the . for the N particle state
|i1,...,in) one counts the number n;(|iy,...,ix)) of the particles occupying the single
particle state |i). Thus, each basis state defines |S| occupation numbers n(|iy, ..., in)) =
(n1,...,ns)), with the obvious relation Zgl n; = N. More than one basis vector may
have the same array m. Precisely, all the permutations acting (by the representation
A(Sy)) on the vector [iy,...,iy) give the vectors with the same occupation numbers.
Hence, the non-correlated basis is by the action of Sy partitioned into the orbits, each of
them characterized by the unique n. In other words, each |S|-tuple n of the non-negative
integers n, such that le‘ill ns = N defines an orbit of the non-correlated basis.

The permutations interchanging particles being in the same single particle states leave
the basis vector invariant (e.g. A(T2) |i1,12 = i1,13,...,in) = |i1,12 = i1,73,...,in))."
Taking from each orbit m a representative basis vector |iy,...,iy), it is easy to find its
stabilizer: it is the group S, = S,;, ® -+ ® Sn| sp> S,. contains only the permutations
interchanging the particles in the same state |is) and leaving invariant all other particles
(therefore different factors permute disjoint subsets of the particles and commute mutu-

ally). Obviously, the order of the stabilizer is |S,| = n! o Hls‘ill ns!, showing that the
number of the basis vectors in the orbit n of Sy is

SN N! _N!
O Sal ol ml

n| (5.8)
Now, recall that each orbit m is a subset of the non-correlated basis. Therefore, it
spans an |n|-dimensional subspace S,, of SV, and

SN = ®,8n. (5.9)

As 8V is spanned by the whole non-correlated basis, one finds Y |n| = |S|V. Each of
these subspaces S,, is invariant under the permutation operators A(), showing that (5.9)
is a decomposition of the total space onto the invariant subspaces of the representation
A(Sy). Hence, this representation reduces in the occupation number spaces S,, onto the
sub-representations A, (Sy) geting the reduced form A(Sy) = G An(Sy).
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Finally, we perform the (anti)symmetrization, as requested by the Postulate VII. The
(anti)symmetric space S is found as the range of the (anti)symmetrizer (5.6). The invari-
ance of SY, resulting in the decomposition of A(Sy), implies that the group projectors

also reduce in the occupation number subspaces:

n

1 -
P® =@, PH  pdH — i D () An(r). (5.10)

Due to the orthogonality of the subspaces SY', the operators P,(zi) are projectors, and

their ranges SY, are orthogonally summed into the range of P*). The first conclusion
emerges: the (anti)symmetrized space SY is orthogonal sum of the (anti)symmetrized
subspaces SY, of the occupation number spaces SY.

To find these subspaces for each orbit the orbit representative is chosen so to be the
first one when the orbit elements are sorted in the increasing order with respect to the sin-
gle particle state indices. Simply, it is the non-correlated vector |n) = |i; <iy < -+ <14y,)
for which from i, < i, follows that p < p/, i.e. the single particle state indices do not
decrease from left to right (Exercise 5.3). According to the general group theoretical
theorem, Sy acts such that exactly n! permutations (a coset of the stabilizer S,, with a
representative (,, p = 1,..., Nl/n!) map |n) to each of the vectors |n,p) = A((,) |n)
of the orbit n; a vector |n,p) of the orbit is fixed by n! permutations (conjugated
subgroup (,Sn(, D). Therefore, assuming that the single particle basis is orthonormal-

ized (then the used non-correlated vectors of SV are also orthonormalized), TP =

%Zp (n,p| 3 (£)"Ap(7) [, p). As only the elements 7 = (0" (¢ € Sy) of the
stabilizer of |n, p) contribute to the sum over p:

Tr P N,Z ,p\Z n(GoC, ") In,p) = N,anZ +)°An(0) [n) .

Noticing that N!/n! summands in p are p-independent, while the remaining stabilizer
elements fix |n), one gets:

(£)
TP = — Z (5.11)

Ezercise 5.3: For |S| = 7 and N = 6 analyze the state |5,2,5,3,2,5): find its occupation numbers,
stabilizer, standard orbit representative and order of orbit.

Ezxercise 5.4: Show that A,,(Sy) is a ground representation (induced from the unit representation of
stabilizer). Using this derive (5.11) as the frequencies ffn of the irreducible representations D) (Sy)
in An(SN)

Bosons

In the case of bosons, the summands in (5.11) are parity independent and equal to 1, i.e.
Py = 1. Thus, for bosons, each occupation number subspace S contains exactly
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Figure 5.4: Space SV. Spaces SY (N = 3, |S| = 5) are represented by vertical bold
rectangles assigned by the occupation numbers; their dimensions are indicated by the
light grid labeled on the left. Spaces SY are dash-framed, blue and red shaded.

one dimensional symmetric subspace spanned by the normalized symmetric vector |n™)
obtained by the action of the symmetrizer onto [n) = |i; < -+ <iy):

Int) = \/>P(+ \/>Z|Z” e inm1N) (5.12)

The normalization factor is easily found, taking into account that the whole orbit with
|n| orthonormal vectors appear after the action of the permutations, and each of them
exactly n! times.

Thus Sf is orthogonal sum of the one-dimensional symmetrized occupation number
subspaces:

= ZSTJLVJF, Sy = Span(|n™)). (5.13)

It is obvious that each occupation number n uniquely defines the symmetrized vector
InT), and in this sense the occupation numbers single out a basis in the bosonic space.

Fermions

Analogously to bosons, the space of fermions is found with help of P, However, for ng
greater than one, the factor S, contains halves of even and odd permutations; then, due
to Exercise 5.1, one half of the permutations in each factor S,,,, and thus in the whole
stabilizer Sy, is even and the rest is odd: they cancel in (5.11), i.e. Tr P,(L_) = 0, meaning
that the subspaces S,, with n! > 1 contain no antisymmetric physical states. Only when
all ng = 0,1 the trivial stabilizer (the identity element solely since n! = 1) S,, is obtained;

the sum in (5.11) is reduced to the single identical (even) permutation, and again py)

one-dimensional projector (Tr Py = 1). This one-dimensional subspace is spanned by



5.1. QUANTUM FORMALISM 7

the antisymmetric vector
_ S o(— /1 7o ,
|n > = N'PT(l ) |n) = ﬁ E (—) ’Zﬂ.—ll < e K ’Lﬂ-—lN> . (514)

Likewise the case of bosons, SY is orthogonal sum of the one-dimensional anti-symmetrized
occupation number subspaces, but the sum includes only the terms for which n! =1 (i.e.
with the components ngy = 0, 1):

SN = Z SN, S =Span(|n7)). (5.15)

n (ns<2)

Again, occupation number n satisfying ny, < 2 uniquely defines the antisymmetrized
vector |[n~), and such occupation numbers provide a basis in the fermionic space.

5.1.3 States

Pure states

It is shown that the substantial difference between bosons and fermions is the type of
symmetrization. This has far reaching consequences on the behavior of the two types of
particles.

The most important one is the already emphasized constraint n; = 0, 1 to the fermionic
occupation numbers. In fact, this is the famous : two fermions
cannot be in the same state. The most frequent example is that at most two electrons
may have the same orbital wave function ¢ (7): then their states |1, m) differ in the spin
space by the quantum number m, = % and m, = —%. This fact is the corner stone of the
periodic system of elements.

As there is no analogous requirement for bosons, the different statistics are obeyed
by the ensembles of the identical fermions and bosons. This can be easily understood
even on the simplest systems. For instance, consider the system of two particles in the
states a and b. Classically, there are four states of the pair: ajas, aibs, bya; and bybsy (the
subscript enumerates the particles). So, assuming equal probabilities of these states, one
can find both particles in the state a with probability 1/4, the same for the state b, and
the probability to find different states of the particles is 1/2. However, in the quantum
mechanical treatment, these states are combined into the three symmetric states |aa),
|ab) + |ba), |bb) and one antisymmetric state |ab) — |ba). Hence, in the case of bosons,
the probability is 1/3 to find both the particles in the state |a), the same for |b), and
the same to find the particles in different states. Finally, one finds the fermions in the
different states with certainty. While for the fermions the coincident states are completely
forbidden, for bosons these are even more probable than for the classical particles. In fact,
the total energy of non-interacting bosons is the sum of all the energies of the occupied
single particle states; the ground state of such a system is obviously one with all the
particles being in the same single particle state of the minimal energy. This effect is
called . It is important in understanding of various phenomena, and
probably its most famous manifestations are superfluidity and superconductivity.
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The same example may illustrate another significant difference between the two types
of particles. The antisymmetrized vector (5.14) is correlated for any m, while when all
bosons are in the same state |j), i.e. when n; = Nd¢;;, state |n*t) is non-correlated. In
other words, fermions are always correlated: Pauli principle imposes, through the anti-
symmetrization, at least the or . Of course, general physical
states are nontrivial superposition of the basis vectors |n~), being in a sense more cor-
related than |[n~). In the same sense, Pauli correlation is the minimal one; it is purely
kinematical, not related to dynamics of the system. On the other hand, depending on
the particular dynamics (including external fields and interaction between particles), the
non-correlated states may be even preferred for bosons.

Despite these, and other physical differences between bosons and fermions, many re-
lated expressions are formally analogous, and to a far extent it is possible to treat them
in a unified way. Basically this is due to the common form

In) = ,/ﬁ SO ETAM) fin < - i) (5.16)

of the occupation number basis vectors; here n! = 1 is to be taken for fermions to get
(5.14), while otherwise (5.12) is obtained. The normalization factor comes from the fact
that among N! summands in (5.16) there are N!/n! mutually orthogonal ones; each of
them appears n! times and such a class contributes by n! to the norm N!n!.

It is useful to adopt convention that if any occupation number is negative the corre-
sponding vector vanishes: n; < 0 implies [n*) = 0. Further, relation n < n’ means that
ns < n’, for each s, i.e. that the single particle states involved in |[n*) make a subset of
those appearing in |n/%); this implies that [n*) and |n/%) describe sets of N < N’ parti-
cles, such that |n/®) is obtained from |n*) by adding N’ — N particles while retaining all
the existing states.

As for the fermions, there is a well known convenient way to perform the antisym-
metrization (5.16). In fact, this vector is obtained automatically if one calculates

N!=12(Jiy), ), using the direct product as the multiplication of the matrix
elements, which also means that the factors in the product do not commute. The expan-
sion rules for determinants provide the correct signs of the factors. However, if the signs
are always taken to be positive, the definition of is obtained, allowing one to
write (5.16) in the form:

i) i) oo i)

m) = | (5.7
lin) lin) o lin) |

Here, the sign distinguishes between permanent (+) and determinant (-). Alas, the algebra
of permanents is much more cumbersome than that of determinants, making this notation
widely used for fermions only. An illustration is easy proof (Exercise 5.5) that the [n™)
is biuniquelly related to the subspace S,, = Span(|i1),...,|iy)) spanned by the occupied
single particle states (this subspace of S should be distinguished from 82 of the N-particle
space). Further important application is the coordinate representation of the states |n*).
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Indeed, with ¢;(r,) = (r,|i), from (5.17) it is obvious that the corresponding wave
function W+ (ry,...,7y) = (r,...,rn | nE) is:

Vi (r1) i (ra) - Yy (rw)

Ui (71, ..., 7N) = /ﬁ @%("‘1) %2(7“2) wiz.(.er) _ (5.18)
Viy (1) iy (r2) - iy (ra)] L

Ezxercise 5.5: Show that arbitrary basis [j,) of Span(|ip)|p = 1,...,]in)) gives by (5.16) the same
physical state as the basis i) (i.e. the vector differing from |[n~) at most by a phase).

Being the basis of the state space SY, the states |n*) do not exhaust it. The super-
position principle inevitably includes their linear combinations. Although some of these
linear combinations are again purely kinematically correlated states, made with the dif-
ferent bases of the single particle space, there are (anti)symmetrized states which cannot
be written in the form (5.16) for any possible choice of the single particle states. Usually
the eigenstates of the real N-particle systems are just such states, and then the additional
correlation in comparison to the exchange one is naturally called correlation.

Mixed States

The methods of statistical physics are quite important in many body problems. They
are based on the mixed states, and we consider some of their elementary properties. A
statistical operator in SY¥ can be expanded in the form

p= Z Crme [P (M/E] (5.19)

From this form it is obvious that these operators commute with permutations. Indeed,
A~Y7m)pA(m) = p, both for bosons and fermions since the parity of 7 appears twice.
Such operators are called , and only these are relevant (by the same
argument as for p) for the systems of identical particles.

Subsystems

The reduced states of the clusters of L < N particles are suitable to describe measure-
ments on these natural subsystems. Applying previously introduced techniques (Subsec-
tion 1.3.3) to the subsystems of L and the remaining N — L particles, the reduced state
of the particles pq, ..., pr is the partial trace over other particles:

Pprpr. = LT propy P (5.20)

Here, hat denotes the particles omitted in the trace. That this is a statistical operator in
ST follows from the general theory. However, it should be checked out wheter it is really a
state of L identical particles, i.e. a statistical operator in S¥ having the form (5.19) with
L-particle symmetrized states [nf) and [n=) (32, np = >, n}; = L). To this end we use
the fact that the partial scalar product (ip,y,...,iy|n*) is up to the constant just the
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(anti)symmetrized state of the first L particles (if the set of the quantum numbers in the
bra is not a subset of those in the ket, the partial scalar product vanishes). Basically, since
n¥ has terms with the quantum numbers of the occupation number n distributed over
particles by all possible permutations, then the partial scalar product with (ipiq,...,iy]
annihilates the terms differing in quantum numbers on the last N — L positions; in the
remaining terms, the complementing quantum numbers of |[n®*) are retained only, but
distributed as before over all of the first N — L positions (details are in Exercise 5.7).
Finally, as in the partial trace appear only such terms, the reduced state is really a state
of L identical particles.

Ezxercise 5.6: Given bosonic state [n = (210)), find (11 | n), (12 |n), (1113 |n), (11,22 | n) and (24, 12 | n).
Compare the corresponding clusters’ states. Discuss fermionic analogs.

Exercise 5.7: Prove that the partial scalar product of the N-particle state |[n*) with non-correlated
last N — L particles vector |jry1,...,Jn) with the occupation numbers ny_y, is L-particle state:

. . | n!L! 5
<]L+1,...,3N‘ni> = m(i) |nit>, n,=n-—my-—j, (521&)

(recall that vector vanishes if any of ny; is negative); o is a permutation (unique in the case of fermions
and irrelevant in the case of bosons) such that

A(U) |7’1 S S ZN> = |i0'_11 S S iO'_lLajL+17"'7jN>'

Analogously, for the first L-particle vector |j1,...,j5) show

) _ nl(N-L)! ) )
<]1a"'7]L|ni>: (7|?(:|:) ‘nﬁ—[)? nN—L:nfn(jla"'ij% (521b)
TLN,L.N.
with o defined by A(o) [ir < - <in) = [j1,- -+, 0y lo-1(L41) S 0 S do-1n)-
For L =1 derive:
(j|n*) = ,/%(i)% InE_ ), ny_ii=mni— 0y, I = Z;n (5.21c)
FEzxercise 5.8: Show the equality:
N ~
(o ln®) =)/ )@ nd), (5.22)
ny, L

def .
where (T?L) =nl/nyny ! withn=ny +ny_r.

It is intuitively clear that due to the indistinguishability of particles, i.e. due to the
symmetrization of the state p, each of the L-particle subsystem states should be described
by essentially the same reduced statistical operator:

P1,...L. = Ppi,...p1> v{ph v 7pL}' (523)

To justify this formally, the matrix elements of the reduced operator p; . are found:

(v, oinl pron i, i) = > (i e dnlpli i s N

JL415-JN
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As p is symmetric, it can be replaced by A~7!(m)pA(m) for any w. Choosing 7 to map
{1,..., L} into {p1,...,pr}, it changes the particles omitted in the bras and kets of partial
trace to pi,...,pr, which gives p,, .. On the other hand, commutation of p with the
permutations of the first L particles, shows that p; 1 is symmetric operator.

It has been discussed that the pure states are among the mixed ones singled out as
the one dimensional projectors. As the purely kinematically correlated states |n*) span
the state space, it is useful to find the reduced L-particle states of p = |n*) (n*|. Using
(5.21a), one straightforwardly shows (Exercise 5.9):

|S|

PLL = (‘ZZ) ) > (Z) ng) (nf], with (:L) “T] (”) (5.24a)

n
nr<n s=1 Ls

An important consequence is the form of the single particle reduced states p;. The possible
states |n) are in fact the single particle states: for each s with ng, > 0 there is n; such
that ny; = d;5, making [ny) = |s). Then ny! = 1, and (5.24a) becomes:

S|
pr=N""! Zns |s) (s]. (5.24Db)
s=1

Ezxercise 5.9: Prove (5.24a)

Ezercise 5.10: Find 4-particle reduced state for 6-particle pure state |n* = (2,3,1)T).

Particularly interesting, and for further purposes important, is the structure of these
reduced states for fermions. As the occupation number m satisfies n;, = 0,1, (5.24b)
becomes p; = P, /N, where P, is projector onto the previously introduced single-particle
subspace S, = Span(|i1) , ..., |in)). Also, the general form of the reduced states is simple
(Exercise 5.11):

Pa®---® P, P (5.25a)
—_————

Pl,...L = TNv
(z) Y

L

The most significant special cases of this result are for L = 1,2, N:

(P.®P)P), p=P,®---@P, P"). (5.25b)
—_——

M= MR RNCD
N

The last expression explains how the subspace of the single particle occupied state uniquelly
determines N-fermion state, as it is anticipated earlier (Exercise 5.5).

Ezxercise 5.11: Prove (5.25).

Therefore, each N-dimensional single-particle subspace completely determines one an-
tisymmetric physical state; different choices of bases give Slater determinants differing by
phase factors. Vice versa, each N particle Slater determinant uniquely determines N-
dimensional subspace in the single particle state S. In this sense, Slater determinants and
single particle subspaces are biuniquelly related.
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5.1.4 Operators
Symmetric Operators

Indistinguishability of the particles reflects itself in the operators. Likewise statistical
operators, any N-particle observable must be invariant under the particle permutations,
ie. A7Y(m)AA(mr) = A. Such in SV are singled out as the range of
the group Sy super-projector

2 2 of 1 _
pPHA=4 pHY i S AT (7). An). (5.26)

In other words, the physical observables commute with the permutations, and therefore
transform according to the identical representation of Sy.

Note that a symmetric operator acts within the physical state spaces (of identical
particles), i.e. it maps physical states into the physical states, which is also a necessary
physical property. Indeed, this is actually a requirement that S is an invariant subspace
for any physically relevant N-particle operator A, or equivalently, that A commutes with
the symmetrizer and the antisymmetrizer,

(P A), PH)] =0, (5.27)

which is easily verified (Exercise 5.12). Thus, although the symmetric operators are
frequently formally written in SV, their physically relevant part is the reduced operator
AP®H) = PEHAPE) in SI having the form (5.19). Hence, only symmetric operators will
be further considered.

Ezxercise 5.12: Prove (5.27).

Symmetric N-particle operators are usually constructed from one- or two-particle ones.
More generally, an L-particle operator A,,..,, essentially couples L particles py,...,pr: it
acts nontrivially in the product of the spaces of these particles, while it is identity in other
particle spaces. Using suitable permutations, one straightforwardly obtains equivalent
operators for the other L particle clusters: A~ (7)A,,..p, A(7) = A,_,..p., - In this way, by
the symmetrizer (5.26), the symmetric (in NV particle permutations) L-particle operator

Alll = cP(HApl.‘.pL is constructed, where the constant c¢ is defined according to the
particular physical content of the operator (there is no universal normalization convention
as for the states). When A, ..., is symmetric itself, i.e. when it commutes with L particle
permutations one gets:

N
A= N" A (5.28)

p1<--<pL

Otherwise the sum includes various orderings of the same particles; these essentially
give the symmetrized (by the super-symmetrizer (5.26)) operator. Thus, any symmetric
operator A in SV may be expanded into the series A = Zgzo AlH

Typical examples of the symmetric operators are additive quantities like energy (then
c = 1 in (5.28)): an one-particle operator is just the sum Al = >, Ap, while AP =
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> o1 <pa Ay p, 1s a two particle operator. Another type are the multiplicative operators, like
many symmetry transformations: if D, is a single particle operator, then its L-th tensor
power D ®---® D; is a symmetric operator in S. Note that (anti)symmetrizers P* are
symmetric operators, combining all L-particle symmetric operators (for all L = 1,..., N)
corresponding to the permutations effectively permuting L-particles; each of these classes
of permutations consists of the subclasses with the same cyclic structure (with N — L unit
cycles), each defining a symmetric operator.

As the indistinguishability of the particles is now completely incorporated in the quan-
tum formalism, few examples of the symmetric operators discussed below may indicate
its profound and far-reaching consequences.

It has been mentioned that the Pauli exclusion principle allows at most two electrons to
be in the same orbital state |¢); then their total single-particle states are ¢, m, = ) and
|1, my = —1), yielding the two particle state (in shorten notation) \/Li 1) (|[+=) — |—+)).
Note that the total spin S? = s? + s2 of this state is S = 0. In fact, this is the simplest
manifestation of the quite general result on the total angular momentum of the fermions in
a (Exercise 5.13): if 2k+1 fermions occupy the of the angular momentum
k (this is the set of states |Q; km), m = —k, ..., k, with fixed all other quantum numbers
(), including k in particular), then their total angular momentum vanishes: K = 0. This
refers to any angular momentum appearing in the concrete problem. Here we slightly
generalize the notion of the shell introduced in the physics of atoms in analogy to the
hydrogen like model: besides the main quantum number n there appears the orbital
angular momentum [/, as well as the spin s. Then, a closed shell is formed by the 2(2/+ 1)
electrons filling the states with the fixed n and [. It follows that all the total angular
momenta, L, S and J of these electrons vanish.

Ezxercise 5.13: (Closed shell) Prove that the total angular momentum of the 2/ 4+ 1 fermions in the
states {|lm) | m = —1,...,l} vanishes.

Symmetry transformations offer examples of symmetric multiplicative operators. In
fact, an arbitrary single particle operator D = D; generates a series of the multiplica-
tive L-particle operators: for each L the (anti)symmetrized tensor power [D®L]% =

P ®£:1 D,. Further, recall that when the number of identical fermions is equal to
the dimension of the single-particle state space, N = |S|, the total state space SV is
one-dimensional, meaning that [D®SI]~ is an one-dimensional operator. Simultaneously,
as the operators D(g) form a representation of the group G, then the (anti)symmetrized
operators [D®ISI]* also form representations ((anti)symmetrized powers). In particular,
in the space of |S| fermions, this representation is det D(g). Therefore, the general con-
clusion is that if in a single particle space there is a representation D(G), in the space
S (the fulfilled fermionic case), with |D| = |S|, acts the representation det D(G). The
previous example is a special case of this statement. Considering the rotational group
(precisely SU(2)), and its irreducible representations D®)(SU(2)), the closed shell cor-
responds to the representation det D*)(SU(2)). As one-dimensional, this must be unit
representation D®(SU(2)) (indeed, the determinant is the basis independent product of
the eigenvalues, an:_ , €M% = 1), with zero total angular momentum.

A generalization of this analysis is elaborated in Exercise 5.14. The second equa-
tion of the Exercise concerns the reducible representations in the single-fermion space,
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corresponding to several filled shells. The third part reflects the group-algebra equal-
ity ®p_1Dp = e2p=14p relating some n-particle and single-particle symmetric operators.
As for the rotational group, this implies that the fulfilled shells may be ignored in the
calculation of the total angular momentum.

Ezxercise 5.14: Show:
1. [D®PI]= =det D.

2. 1D =D, ®Dy@®---® D, then [D®PI]~ = [T, det D;.

3. f D=D,®Dy®---® D, then [DEIPI]~ =[] (det D;)!PI=IP4.

Ezxercise 5.15: Let D = A® B in S = A@® B. Show that in the N-fermion space SY the states with
fulfilled the first |A| states is a subspace S§_ = AA /\B’T_M| = BY M and that in this subspace
D®N s reduced to [D®N]; = det A [B®W-I4D]= Here, A denotes the antisymmetrized product:
AlA‘ /\BN—VU — p=) (A‘Al ® BN—VU).

Mean values and reduced operators

In analogy to the reduced L-particle statistical operators, the L-particle operators in

Sp, @+ - -RS,, are from the N-particle ones constructed by partial traces over the remaining

particles: A, ., o Trp s, A As (5.23) is implied by the fact that p is symmetric,

for all the physically relevant (i.e. symmetric) operators one gets symmetric L-particle
operators:

At = Apips Hprs-spL} (5.29)

Mean value of the L-particle symmetric operator A in the mixed state p is

N
<A[L}>p ="Tr A[L}p = (L)Tl'l 77777 LAI,...,L,OI ..... L- (530)

To see this it suffices to use (5.28): Tr Aty = Zj)\i<~~-<pL Tr o Ap o T b P

According to (5.29), all the summands are the same, thus giving the binomial factor.
Note that Tr; __; is the complete trace of the expression after it, and therefore in the
applications it will be denoted only by Tr.

Among numerous consequences of (anti)symmetrization, there is appearance of ez-
change terms in mean values for L > 1, besides the direct term. For example, for distin-
guishable particles the mean value in a basis state is

<i1, .. ,iN| A12 & ]137,“71\7 |Z'17 ... ,iN> = <i1,i2| Alg |i1,i2> .

For identical particles, (n*| AP |n*) contains besides this direct, also the exchange con-
tribution <i1, ZQ' A12 ’ig, 21>

Ezercise 5.16: Calculate (n®| AP |n*).
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Particularly, the energy is an additive quantity, and, assuming only pairwise interac-
tions, the Hamiltonian of N-particle system is H = HY 4+ HI?. Single-particle Hamil-
tonian is HY = 25:1 H,, where H, = T, + U,. Analogously, pairwise interactions V,,
contribute in the sense of (5.28) (c = 1), by H?l = %Zm#pz Vpips- Therefore, the mean
value of the Hamiltonian is found by (5.30):

N
Elpl = NTr1Hip: + (2 )Tr 12Vi2p12. (5.31)

Suppose that the occupation numbers are defined for the eigenbasis of H; in S, i.e.
Hy =", € i) (i]. Then for the purely kinematically correlated states p = |[n*) (n*|, one

gets by (5.24a):
n
3 ( )Tr Via ) (n| (5.32)
ny

na<n

Elp] =) nee,+

The first term is the energy of the noninteracting particles, and in some simple dynamical
approximation only it is used. The second term has not the form of the single-particle
mean, which makes the problem too hard to proceed exactly. The main obstacle is
correlation. In fact, even for the single particle term, the general expression is found only
for the minimally correlated states. Further, to understand that the main complexity
is introduced by correlations, we consider very exceptional case of non-correlated two-
particle reduced state: p12 = pj®p) (the factors must be equal as the state is symmetrical).
Then the second term in (5.31) is easy to find: Tr12Vigp1a = Tr piTroViap). We reveal the
mean field approximation: the interaction term is the energy of the first particle in the
averaged field TroVi9p| of the others (being in the states p}), which reduces the problem
to the single-particle one. This observation motivates the most of the approximative
approaches to the many-body dynamics.

5.2 Second Quantization

Until now the systems with the fixed number of particles are considered. However, it is
well known that in various processes particles are created or annihilated. Although non-
relativistic quantum mechanics cannot give real insight and explanation of such processes,
its formalism is sufficiently general to treat such situation. Further, in many nonrelativis-
tic problems, usually within some approximations, the dynamics can be well described in
terms of quasi-particles: it turns out that excitations of the systems have so much of the
properties of the real particles (e.g. momenta, spin, etc.), that it is not only technically
convenient, but heuristically very fruitful, to treat them on equal footing. Typically this
occurs in the harmonic approximations, retaining only the Hamiltonian terms quadratic
in some generalized coordinates. Being itself an archetypical example, the harmonic oscil-
lator problem underlies all such approaches. Finally, even when the number of particles is
fixed, the previously developed formalism is deficient in the sense that most of the calcu-
lations are performed in the space S™, with cumbersome appearance of the permutations,
although the physical space is only its (anti)symmetrized part. All these motivate the
development of the advanced quantum mechanical formalism, called ,
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which is indispensable tool in the contemporary many-body physics and quantum field
theory (including particularly solid state and elementary particles physics).

5.2.1 Fock space

Although nonrelativistic quantum mechanics cannot give completely realistic insight to
the processes of the transitions between particles, e.g. decays or creation of particles, the
introduced formalism may treat also these situations. To this end one should firstly realize
that the state space SY, describing the system with N identical particles, is insufficient
framework for the systems with the varying number of particles. Obviously, SY (N =
0,1,2...) spaces are to be summed, to get the adequate state space, called

F.=aonSY. (5.33)

Recall that if {|i) | i =1,...,S} is a basis in the single particle space, then the occupation
number vectors n = (ny,...,n;s/) define the states |n*) uniquely. All possible choices of

n; such that N = Zgl n; give an orthonormal basis in SY¥. Therefore, using the states
In*) for N =0,1,... one gets the occupation number orthonormal basis of the Fock space
Fy, and any vector of this space may be expanded over the basis [U), = Y ¢ |[nF).
Particularly, for N = 0, one gets the one dimensional vacuum space S{, spanned by the

|0) (of course, m = 0 means that n; = --- = ng) = 0). Also, for N =1
various occupation numbers are exhausted by one particle being in a particular state
i) =0,...,0,1,0...,0) (1 in the i*® place), while all other states are unoccupied; thus
the initial single particle space is spanned by this basis, i.e. S1 = S.

FEzxercise 5.17: Show that the fermionic Fock’s space with the finite dimensional single particle space S
is isomorphic to the |S|-qubit space (distinguishable quasi particles with the two-dimensional spaces).

5.2.2 Creation and annihilation operators

Obviously, the change in the number of particle is manifested as the transition from one
of the subspaces SY to the other one SY'. Such a transition may be considered as a
series of changes by one particle. Thus, it suffices to study creation or annihilation of one
particle in a particular (single-particle) state.

Let N-particle system being in the state |[n®) = |ni, no,...), the particle in the state
i) is annihilated. The resulting state is |n/®), describing the system of N — 1 particles,
with n/; = n; particles in the states |j(# 4)) and n; = n; — 1 particles in the state |i). This
observation is used to define conveniently the a; in the i*" state:

a; \nl, R 17T > = (:I:)li(")\/n_i|n1, N 7 ]., .. > . (534)

Here, [;(n) = z;;ll n; is the number of particles being in the states j with j < 4 (for
given |nt)), i.e. the number of states on the left of the first 4. For bosons (+)4™ =1
and may be omitted, but we write it to emphasize the unified treatment. The adjoint
operator a! can be found considering the matrix elements (n),n},...|a} [ny,na,...). As

7
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it acts on the left as the annihilation operator, all the matrix elements vanish except for
(ny,...n; +1,...|, ie.

(n /i| aT |n > /ng(i)li(n’)gz% ... 522"1 v =1+ ni(i)li(n/)dzil .. 5;‘;7% ..

Recall that for fermions n; = 0,1, meaning that for n, = 1 the occupation number on
the left should be n; = 2, and bra automatically vanishes, implying that the whole scalar
product is always zero; as the only other case is n; = 0, the root may be convemently, in
the case of fermions, changed to /1 — n;. Finally, one gets the

allng, .. ong, ) = ()T En ng, ..o oni+1,..). (5.35)

Exercise 5.18: Show that a, [n*) = /N (s|n®). Derive (5.35) using this. Generalize the first result
to get (5.21b) in the form:

(N — 1)

NT G int). (5.36)

<j1a"'7jL |ni> =
Find the form of this expression independent on the number of particles N in the state |ni>

Some important properties of the introduced operators follow directly. Action of the
annihilation and creation operators, a; and a';, for any 4, onto the vacuum state:

a; |0) =0, all0)=i). (5.37)

The successive action onto arbitrary state for fermions gives a? = aJr = 0, while for bosons:

afInt) = \ /o2 Im, . ni— K, ) and al’ nt) = VI g, ni+ k). Ob-

viously, any state can be obtained from the vacuum state by creation operators:

1 n S|
"= Tt 190 (539)

Finally, note that the number of particles in the state |i) is easily obtained by appli-

cation of n; def a}ai, as its eigenvalue:
i InF) = n; |n) (5.39)

(for bosons, this directly follows from the definitions, while for fermions the cases of
n; = 0 and n; = 1 should be separately discussed). Accordingly, since the states with the
same number of particles are comprised in the subspaces S, these are eigenspaces of the

V=Y =3, alai
N|n*) = Zn In®) = N |n*) . (5.40)

The creation and annihilation operators correspond to the arbitrary chosen basis in
the single particle space S. If the considered basis is continual, then one gets a continual
family of the creation/annihilation operators, called . For example, to
the coordinate basis |z) correspond the field operators a'(z) creating a particle at z:

|z} = a¥(2) [0).
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5.2.3 Bosonic and fermionic commutation relations

It is obvious that any transition from |n*) to |[n’*) can be obtained by action of the
appropriately chosen product of various creation and annihilation operators. Therefore,
it is important to manipulate easily with these operators, and the commutation relations
of these operators provide such a tool. In addition, the commutation relations are concep-
tually important, revealing in a specific way the difference between bosons and fermions,
with the far reaching consequences.

At first, we look for the commutation relations of two annihilation operators, a; and
a;. To this end we compare the action of a,a; and a;a;, for ¢ < j:

a;Q; |ni> = (:f:)li(n)—'—lj(n)w/ninj | ey — 1, e,y — 1, .. > s
a;a; |ni> = (:l:)li(n)Jrlj(n)ilw/ninj | N 7 17 cee, Ny — ]., .. > .

In the bosonic case the both actions give the equal results. However, since in the second
equation a; acts first, it diminishes by one the number of particles in the states with
indices less than j, which in the case of fermions is manifested by the change of sign (of
the result). Obviously, for ¢ = j, the equal results for bosons, and zeros for fermions are

obtained. Finally, for 5 < ¢ one should reverse the equations ordering. Hence, denoting

commutator and anti-commutator of the operators as follows [A, B4 “AB F BA, the

results obtained can be concisely written in the form [a;, a;]. = 0. Analogously, the same
holds for the annihilation operators: [al, a}]i =0.
Similarly, commutation relations of the annihilation a; and creation a} operators fol-

lows from the equalities:

a,-a; In®) = (L) £ n) | ns =1, ny 1,00,

a}ai |'n/:t> = (:l:)li(n)Jrlj(n)_l n,(l + n]) | N 7 ]_, N L + ]_7 .. > s

where ¢ < 7, while for i = j:

aal In®) = (£ )1 £n) |0, = (1) [nF);

to show this for fermions, one again notes that the whole expression a priori vanishes
for n; = 1, so the change of the factor 1 + n; to 1 — n; does not matter, as well as in
the case n; = 0. In the opposite order one gets the occupation number operators, i.e.
a}ai In*) = n; |n*). So, all the obtained results are comprised in:

la;, a ]+ = [aj-,a;r-]i =0, [ai,a;]i = 0jj. (5.41)
Note that for the field operators, instead of the Kronecker delta, the Dirac’s delta function
is used.

Ezxercise 5.19: Reconsider the harmonic oscillator problem in terms of the second quantization: find
single particle space and Fock space. What are particles here? Are they fermions or bosons?
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5.2.4 Representation of the second quantization

Any orthonormal basis |i) in the single-particle state S can be used to construct the set
of the creation operators a;r in F4, and their adjoints annihilation operators a;. Con-
sequently, instead of the non-correlated bases in F constructed from the single-particle
basis, the corresponding creation and annihilation operators may be used to represent
directly the states and the operators in the physical spaces Fi..

As for the vectors, their second quantization form is obvious. Indeed, for arbitrary

state |¥) = > W, |n*) from Fy, (5.38) gives |¥) = > \Ilnxlﬁ al™ HS‘ |0). This
may be applied also to represent the single particle states. For example any wave function

can be written as [¢)) = [ (r)a’(r)dr|0) = T |0), where )T = fw r)dz, and a' ()
is a coordinate field. Partlcularly, the plane waves are: |p) = W f erPTal(r) dr |0).

The operators also may be expressed in terms of the creation and annihilation opera-
tors, as follows from the Dirac notation. Obviously, the operators leaving the number of
particles invariant are combined from the product of the same number of creation and an-
nihilation operators. The additive operators among them have very convenient form. For
instance, in the cases of one-particle and two-particle operators TH = Z T, and v =
5 Dpips Vorpay With Tt = T'= 37 T3 [s) (8| and Vig = V = 37, 0 VU2 [s1s2) (815
(this notation is used to remind of the typical examples of kinetic energy and pairwise
interaction, but the result is quite general):

TV = Y Tialay, (5.42a)
VI Viieal af 5.42b
T 9 Z 1sp, (g Qsp Asty s - (5.42b)
s18) 8254
Ezxercise 5.20: Prove that for additive symmetric L-particle operator AlLl = Zp1<_”<pl Ap, ... p, holds
Al = = >0 Atal g ag, (5.42c)

with A%} Si =(s1,...,80| A1, L|sh, .., sT).

.......
Ezxercise 5.21: Express the angular momentum operators in the form (5.42a) and give the alternative
proof of the closed shell property (5.13).

In the context of representations, the transitions between them should be considered,
too. Taking besides |a;7) the basis |b; i), related to the first one by the unitary transition
operator U, |b;q) = >, Uiq |a; i), one gets two sets of creation (and annihilation) operators

a;r and bz. Then obviously
Z Ugal, b= Z " ai, (5.43)

meaning that the creation operators transform like the basis, while the annihilation
operators transform like the dual basis. The plane waves illustrate how the transi-
tion between the bases relates the corresponding creation operators (fields): af(p) =

(27rf3)3/2 [eiPraf(r) dr.



Chapter 6

Approximate Methods

Apart from few simple (although important) problems, Schrodinger equation cannot be
solved exactly. A number of methods is developed to find the approximate solutions to
it. It should be emphasized that these methods are substantially different, and suited for
particular purposes.

6.1 Time Independent Perturbations

6.1.1 Perturbed and Unperturbed Hamiltonian

When the Hamiltonian H can be separated into two parts, H = Hy+ H’, the first of them
being dominant, it is natural to assume that the solutions (eigenvalues and eigenvectors)
of the dominant part Hj are close to those of the total Hamiltonian. This intuitive fact
is easily formalized. To this end the parameter a € [0,1] is introduced, such that the
a-parameterized operator family

H(a) = Hy + aH', (6.1)

form a continuous path from Hy = H(0) to H = H(1). We assume that along the whole
path Hamiltonians H(a) have discrete spectrum. If £,(0) and |n, A, 0) are the eigenvalues
and eigenvectors of the unperturbed Hamiltonian, Hy, then the parameter a, which can
be as small as necessary, interrelates perturbed and unperturbed eigenvalues and eigen-
vectors: if E,(1) is some eigenvalue of H (for a = 1), then when a continuously decreases
to 0, one gets path E,(a) of eigenvalue, with F,(0) being the corresponding eigenvalue
of Hy. However, several different values, say E,(a), E,(a),..., can have the same initial
unperturbed eigenvalue F,(0): a degenerate level of the unperturbed Hamiltonian may
be by the perturbation into several less degenerate levels'. We denote by FE,;(a) all

the perturbed levels which come together to EY = FE,i(0) in the unperturbed case. Then

1Tt is conceivable that several unperturbed levels E,(0), E,/(0),..., give paths coinciding at a = 1
(different differentiable curves may coincide in the countable number of discrete points). This is tacitly
excluded in the forthcoming discussion, as intuitively H’ is ”small” enough to bridge eigenvalues of Hy.
Rigorously, some nonperturbed eigenvalues may be close enough; then they are treated together, as it
will be clarified soon.

90
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the condition for the corresponding families of the eigenvalues E,;(a) and eigenvectors
In, i, \;a) is:

H(a)|n,i,\;a) = Epi(a) |n,i, A\ a) . (6.2)

In other words, index i counts the splitting of the unperturbed level E,,(0). The reminded
degeneracy (if any) of the perturbed levels is counted by the index A, such that the
perturbed eigenvectors are |nil;a).

6.1.2 Perturbative expansion

These preliminary considerations enable us to expand in a all the terms in the parametric
eigen problem (6.2):

(Ho+aH') " a [nin)® = (Z @’F s>> (Z a” \nm(p)) . (6.3)

Here one should take into account that Eﬁlo) EY and 1niA)? = |niX; 0). While the zero
order energy levels EY are assumed to be known, the zero order vectors |ni);0) are not,
since the unperturbed Hamiltonian Hy cannot single out any natural subbasis within its

eigen space. Then, separating different orders in a one gets the series of equations:

a®: Hy|nix;0) = EY |ni; 0); (6.4a
a': Hy i) + H' |nix; 0) = B [nin) + Eﬁi) |niX; 0) ; (6.4b

~— —

@’ Hoy|niN)? + H [nix)Y ZE ) lnia) P (6.4¢)

The first of these equations is immediate consequence of the assumption that the zero
order eigen problem of H is the eigen problem of Hj. In this sense, this trivial equation is
a consistency condition for the method. Next we come to the first order equation. If P, is
the projector onto the unperturbed Hamiltonian eigenspace S, then P, |ni); 0) = |ni);0)
and P,Hy = P,HyP, = E,SO)Pn. When (6.4b) is projected into S, multiplying both its
both sides by P,, one gets:

EOP, [niX)Y + P.H'P, niX; 0) = EQOP, niA)Y + EX P, nix; 0) .

The first terms on the both sides cancel, and this becomes the eigen equation for the
operator P, H'P,, which is the perturbation H' cut in the subspace S,,:

P,H'P, [nix; 0) = EW [ni); 0) . (6.5)

Both the first order correction of energy levels and the zero order state vectors are
obtained by solving this eigenproblem. Note further that each unperturbed level is up
to the first order correction treated independently. In practice this means that one takes
some important levels (usually the ground one, and sometimes a few above it). Taking

0)

any eigenbasis |nu; 0) for each of these levels EY) . the secular equation (6.5) is obtained
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in the matrix form (nu;0| H' |nv;0) = Ef(bl)éw. Its different eigenvalues Er(i) are the first
order corrections in energy, while the corresponding eigenvectors |ni, A;0) are the zero
order eigenvectors (for the perturbation H’) obtained as the representative columns in
any chosen basis |nu;0).

This procedure can be further developed for higher order corrections [9, 13]. Here,
only the case of non-degenerate unperturbed level is analyzed. Let us mention here that
when Eﬁo) is a discrete eigenvalue with very close other energies, or a point of the continual
spectrum are to be corrected, one should solve equation (6.5), but with P, being the sum
of projectors of the relevant neighboring eigenvalues (e.g. from some interval centered at
EM).

It is convenient to have a simple estimate of the error made in the course of the
approximation of the energy levels. The mean value in the corrected eigenvectors of the
Hamiltonian terms which are excluded from it in the considered level of approximation,
gives such an estimate.

Exercise 6.1: Stark effect in hydrogen atom Hamiltonian of a hydrogen atom (with Hamiltonian Hy

given by (4.37)) in a homogeneous electrical field E (along z-axis) is H = Hy+ H', H' = —eEz. Show
that the matrix elements of H’ in the eigenbasis of Hy in the total (spin inclusive) state space are

+ -1V, ). (6.6)

nn’

(nlmm| H' [n''m'm’) = 0, mt O (01,041 VT

nn’

Show that the first order energy corrections for levels n = 1,2 are E?) =0 and Egl) =0,+3eFayg.

6.1.3 Higher Corrections for Non-degenerate Level

it B is non-degenerate, the indices ¢ and \ are redundant. While obviously the zero
order state must be |n;0) (the only one in S,,), (6.5) shows that the first order energy
correction is simply the mean of the perturbation in this state:

(n;0| H'|n; 0) = BV, (6.7)

On the other hand, the projector P} = > m(sn) T4 0) {mp; O] onto the orthocomple-

ment to S, is (we assumed non-degeneracy for n'" unperturbed level only, while the other

ones may be degenerate) is applied to the first order equation, giving the projection onto
St

> (Ef,?) (mu;0|n>(1)+<mu;0|H’ln;0>> s 0) = BN (s 0 n) Y [mps; 0).
m(en).u m(n)

Consequently, finding the projections onto the basis vectors |mpu;0), and assuming that
the first order correction \n>(1) of the state |n;0) is orthogonal to |n;0):

@ _ {mu; 0l H' [n; 0) 1 _ (mu; 0| H' [n; 0)
=0 o © )™ =" 50 50 Imp;0) . (6.8)

(my; 0| n)
m(F#n),u

Having in mind the expression for the projector P onto the orthocomplement of the 1D
subspace spanned by |n;0), which can also be rewritten in the form PL = I —|n;0) (n;0],
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>(1)

the above expression for the first order correction |n can be stated in the basis-

independent form:
)" = PL(E® — Hy)"'PLH' |n;0). (6.9)

The second order correction of the energy can be found analogously, projecting (6.4c)
for p =2 onto S,:

EOP, n)® + P H n)Y = EOP, [n)® + EOP, [n)Y) + E |n;0) .

The first terms on the both sides cancel, the second term on the right vanishes due to the
orthogonality of [n)" and |n;0):

[n;0) (n; 0] H' [n)") = E) |n;0) .

Finally, substituting (6.8) one gets

2
@ _ | {mu; 0] H' [n; 0) |
EP = O (6.10)
m(n)u n m

Ezxercise 6.2: Stark effect in diatomic molecule For a diatomic molecule with the fixed inter-atomic
distance the effective Hamiltonian in a homogeneous electrical field E (along z-axis) is

H=Hy+H', Hy=1*/2mr}, H = —dE cos?;

the angle between molecule axis and z-axis is 6, and d = ¢;71 + @272 is the dipole moment of the molecule.
Show that the first order contribution of the perturbation H' vanishes, while the second order one is

> e | (1= 0,m = O] H' [im) |2 (1=0,m=0H|l=1m=0)?

E® _ _ -
! ; 11+ 1)h2/mr? 11+ 1)h2/mr

Usually it is interesting to find the corrections to the energy of the ground state, E(()O),
being the minimal among the eigenvalues of Hy. Obviously, the second order correction
is always negative, independently of the system. In fact, there is an estimate of this
correction:

Ezxercise 6.3: Show that if there is a finite difference AE,(LO) from the level Eﬁlo) to the closest to it level,
and the dispersion AH’ in the state |n;0) is finite, then

2

<. (6.11)
IAEY]

6.2 Variational Method

6.2.1 General characteristics
Foundation

The variational method is based on the well known mathematical theorem on the coinci-
dence of the eigenvectors of an observable, with the stationary vectors of the functional
defined over the domain of A as the mean (1| A [¢)) of A. We are going to prove it, in the
form suitable for further purposes.
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Theorem 6.1 Let the Hamiltonian H be with purely discrete spectrum, and let the energy
functional be defined as:

(Y H |¢)
(Wl

Then the stationary points of E|[|1)] coincide with the eigenvectors of H; the corresponding
stationary values are the eigenvalues of H.

Elly)] € (6.12)

mProof: The variation of (6.12) in the form (| (H — E[|)]) |[#) = 0, with the stationary condition
O0E[)] = 0 gives equation (59| (H — E[|¥)]) |¥) + (¢| (H — El[¢)]) |0) = 0. Due to the independence
of the variation of the vectors, |§1), and functionals, (§1|, both terms in the last equation must vanish,
imposing the eigenvalue condition: (H — E[|#)]) [¢)) = 0.

In addition, the same proof shows that in any invariant subspace in S, the stationary
points of F in any invariant subspace are the eigen vectors of H from that subspace (note
that besides the vectors, also the variations |0) in the proof are from this subspace).
Altogether, the variational problem over the entire state space S is equivalent to the
eigenvalue problem of H, and can be used in the context of the dynamics of the system.
Still, in this form it actually reduces to eigenproblem, giving no advantage to its solution.
Still, the following form of the (also known as or

) is a fruitful consequence of the statement 6.1:

Theorem 6.2 The ground state energy (minimal eigenvalue of H) is less than or equal
to the mean value of the Hamiltonian in any state:

(V| H |¢)
Wly)

mProof: Clearly E[|)] =", Envy, > Eg )., vy, = Eg, where v,, = v(E,, H,|¢)) are probabilities. I

Now one uses variational formulation of the eigenproblem to introduce the following
approximation. Instead of the whole state space S only its part T, called , 18
considered. Then the variational method gives the stationary points within 7. According
to the theorem 6.2, it is expected that the ground state |0) is best approximated within 7
by the state [1), giving the minimal E|[¢)y)]. Of course, the quality of the approximation
is determined by the choice of T.

This stress out that the choice of T is the critical point of the approximation. There-
fore, to improve the results all a priori known properties of the ground state should be
included. For example, frequently the symmetry or number of zeros of the ground state
wave function are a priory clear, and the trial functions with such characteristics are to
be considered. This is also important in approximations of the excited states within this
method. If the ground state, either exact |0), or approximate [vy), is known, the trial set
is to be chosen among the orthogonal vectors.

Though there is no precise estimate of the error, some results are useful in this context
(Exercise 6.4). For example (6.14) shows that any state, including the stationary over
T states, is in the A H-neighborhood of an eigenstate; still, it is not specified to which
eigenstate, and the criterion cannot serve as an estimate how far from the ground state
is the result.

Eq < E[jv)] = (6.13)
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Ezxercise 6.4: Let {|0),|1),...} and {FEy, E1,...} be the exact eigenvectors and the corresponding
eigenvalues of the Hamiltonian, in the increasing energy order.
(i) For each physical state |¢) there is at least one n such that

|En — E[[$)]] < ANy H. (6.14)

(ii) If the difference between the variational and the exact ground states |1)p) and |0) is estimated by

. [ (19 | 0) |, then for each |1} orthogonal to |tg):

e>[(W|0)°, E[l$)] > Ey —e(E1 — Ep). (6.15)

Standard realizations

To enable variational calculus, i.e. analysis, the trial set quite generally must be a mani-
fold. Therefore, the states are taken in the parameterized form |¢)(aq,as,...)). Then the
variational derivative is found as the derivative over the parameters, and the stationary
state is obtained as a value of the parameters aq, ao, etc., satisfying all the equations

0 (Y(ay,as,...)|H|Y(a1,as,...))
da; (Y(ay,as,...)|Y(a1,as,...))

Most frequently, this procedure is performed in the coordinate representation.

Particularly, if the trial set is a subspace, then the parameters are naturally chosen
as the coefficients a; in the expansion [¢)) = > . a;|¢;) of the arbitrary vector over some
basis |¢;) of 7. Then, denoting the Hamiltonian matrix elements in this subbasis by
H;; = (¢i| H |¢;), the state norm in the equations (6.16) may be restricted to 1, which
introduces the mean energy as the Lagrange multiplier:

0 * * . "
% <Z apaquq - kK Z apaq> =0, i.e. Z ap(Hpq — E) =0 Vq.
' pq

pq p

=0. (6.16)

Since |¢;) form the basis in the subspace T, in the last equation only the matrix elements
of the restricted operator Hy = PrHPr are involved (as usual, Pr is the projector
onto 7). Hence, this equation is exactly the eigenvalue problem (Y| (Hy — E) = 0,
its g-th component written in the |¢;) representation. Indeed, this is anticipated when
immediately after the Theorem 6.1 it is generalized to any invariant subspace of H: the
only relevant operator in the variational procedure turns out to be the restriction H, for
which the subspace 7 is invariant. Therefore, the variational problem with linear trial
set reduces to the eigenvalue problem of the restriction.

It is also interesting to compare the variational method to the stationary perturbations.
To this end let Hamiltonian be H = Hy + H’, while the trial set is chosen as an eigen
space of Hy: T = 8°. The stationary states are found as the eigen states of the restricted
Hamiltonian P,(Hy + H')P, = E° + P,H'P,. Obviously, the states |ni);0) are obtained,
with encountered correction of energy of the first order: E[|ni);0)] = E° + E ..
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6.2.2 Hartree-Fock method

Correlation of many particle states is the main obstacle to the exact dynamical approach.
They cannot be avoided, as the (anti)symmetrization and interaction make the noncor-
related states not physically real. As it has been discussed, the minimal correlation is
pure kinematical exchange one, introduced by the indistinguishability of the particles.
As for the electrons, this Pauli correlation is included by the Hartree-Fock variational
method: the trial set comprises all the Slater determinants. It should be immediately
stressed out that the dynamical correlation is completely neglected, which restricts the
scope of the applications: the typical error in the obtained ground state energy is 0.1eV
is good enough for prediction of the most of the physical (e.g. electro-optical properties),
but too large for reliable predictions of the stable molecular configuration. Therefore,
Hartree-Fock method has been during the past decade progressively substituted by the
density functional methods, to accommodate requirements of high-technology and mate-
rials science.

Energy functional

The cornerstone of the Hartree-Fock method is the restriction to the trial set of Slater
determinants. This results in the extremely simple form (5.25b) of the corresponding
single- and two-particle reduced states, which are in turn enough to find convenient general
form (for this trial set!) of the energy functional. Indeed, as at most pairwise interactions
are assumed, the Hamiltonian is H = HMN + HP with the single-particle term HI =
Z;V:l H,; here H, = T, + U, includes kinetic energy and potential of the possible external
field. The pairwise Coulomb interactions V,,, determine H 2 = % Zpl 4> Vorps- Therefore,
for the Slater determinant composed of the states |¢1) , ..., |¢pn), making the single particle
space projector P = Zf\;l |#:) (¢i| = Np1, the energy functional, i.e. the mean value of
the Hamiltonian, by (5.31) reads:

N
1 1
E[P] = Tey(Hy + SUIM)P = Y (6] (Hy + U |63) (6.17)
p=1
with V' = Vj5. The crucial point is that the two-particle terms reduce to the formally
single particle operator:

UM < oTr, POV P = 2N T, PV o (6.18)

here, P and p, are the operators in the second particle space. In other words, the Slater
determinants approximation changes the dynamical model to that of the noninteracting
particles in the external field U + %U HE

Explicitly, the terms related to the two-particle interactions in (6.17) are:

1 1
<¢p| §U1HF |¢p> = § Z(<¢p¢q| 4 |¢p¢q> - <¢p¢q| 4 |¢q¢p>) (6-193)

q

(note that the term p = ¢ is cancelled). The first term is called or and
the second one or (the ordinal of the space is given within the vector for
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clarity):
N
Ut = ZZm (Bl (21 V 1642) = D (#42| V |642) (6.19b)
p=1 ¢=1 g=1
Ui = ZZ|¢1) (9q1] (92| V' [042) - (6.19¢)
p=1 ¢g=1

Their coordinate representation (assuming position dependent interaction potential) is

Ull(r) = / dry Y ¢:(12)dg(r2)V (1, 72), (6.19d)
UY (r,r') = > 65(r)g(r)V(r, 7). (6.19€)

The Hartree contribution is diagonal in the coordinates, i.e. it is usual multiplicative
single-particle potential. In fact, this is simply averaged interaction with other electrons,
and due to the exchange it must be corrected by the Fock’s term, which is not of this type.
The method in which exchange term is neglected (and possibly treated perturbatively
later on) is therefore called Hartree’s, while the Hartree-Fock method proceeds with both
terms.

Equation of extrema

Having thus the energy functional expressed as the single particle operator mean value,
we can perform variational calculus to find the extremes. At first, we emphasize again
that the Slater determinants are considered only, which results in the approximation to
the ground state with the minimal, Pauli, correlation. On the other hand, due to the
biunique relation of the N-particle Slater determinants and N-dimensional projectors in
the single particle state space, the trial set is formed by the N-dimensional projectors
(or subspaces) in S. Such a set is manifold (thus the variational approach is eligible),
but the realization of the variational problem is more transparent within the constrained
(conditional) variation scheme: we perform the variation over the linear space of the her-
mitian operators (apparently enlarging the trial set by the physically senseless operators,
not corresponding to the states), but compensate this by the constraint P2 — P = 0. This
introduces the Lagrange multiplier A, and the variation of the energy functional becomes:

SE[P] = 6Tr, [(H1 + TrQ(PQ(_)VP)) P+ AP P)| =0.

Here, A is matrix of the dimension of the single particle space, in which the N-dimensional
projectors P are trial set. The dimension of the projector is automatically provided in
the course of the realization of the variational method. Indeed, the initial condition
should be appropriately chosen, i.e. such N-dimensional projector is started with, and in
the view of the continuity of the procedure, only the manifold of the same dimensional
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projectors is taken into account. Since A(T)PQ(_)V(éP ® P)A(T) = PQ(_)V(P ® 0P), and
Tr1A(P? — P) = Tr(PA — A)P, the equation for the variational extreme is

Tr[(h+ AP + PA — A)5P] =0,

with the single particle effective Hamiltonian h = H; + UPY. The trace is over the single
particle space, which is the total space of the equation. The variational equation has
the form of the operator scalar product; thus, since the variation is arbitrary hermitian
operator, one gets the equivalent algebraic equation for the extremes:

h+ AP+ PA—A=0. (6.20)

Multiplying it by P, firstly from left and then from right, and subtracting the obtained
equations, we get:
[h, P] = 0. (6.21)

However, we easily verify that whenever (6.21) is satisfied by some h and P, then also the
extremal equation (6.20) is solved by A = h — hP — Ph. Therefore, (6.21) is the solution
which is looked for, and it is called the Hartree-Fock equation. If in U the exchange
potential is omitted, one gets the Hartree equation of the same form. Note again that the
considerably simple algebraic form of the Hartree-Fock equation (6.21) originates in the
effectively single particle procedure, enabled by the dynamical correlations neglecting.

Self consistent solution

It is important that U, and this way h, is itself determined by the state P (precisely,
by the Slater determinant corresponding to P), which is looked for. This makes the
equation (6.21) nonlinear in P, and the procedure for solving it is necessarily iterative.
To understand this approach, consider the final solution: we obtained the Hartree-Fock
Hamiltonian A commuting with the N-dimensional projector P. Consequently, within the
range of P there are N states (single particle) which are eigenstates of h:

hli) =i, p=1,...,N. (6.22)

As the dynamical model is reduced to the independent (noninteracting) electrons, we may
assume that the electrons, due to the Pauli principle, occupy these N states. In this sense,
the operator h takes the role of the Hamiltonian; nevertheless, the total energy is not the
sum of the above eigenvalues, as UF is multiplied by % in (6.17). Further, if there was
not mutual interaction of electrons, i.e. if U = 0, these states would be real single particle
states (and h would be real single particle Hamiltonian).

Thus one starts with a Slater determinant constructed by a set of states |i}) , ..., [i%),
giving the projector P°. Usually, they correspond to the noninteracting case of the con-
sidered problem; as Hartree-Fock method is usually used to find the atomic or molecular
orbitals, one can use the first N hydrogen like orbitals. Then, for this state U and h
are to be calculated: UMF[PY] = 2Tr, P\ V2D PO 10 = T 7 + UHF[PY]. Next, the eigen
problem of h° is solved, to get the eigenvectors |i,), and the eigenergies €, (p=1,...,S]).
The lowest N energies select the eigenstates |i}) ..., |i}) forming new Slater determinant
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and projector P!. The procedure is then repeated: in the s-th step we calculate single
particle Hamiltonian A®, with eigenvectors determining the next step:

e listhy = et ity p=1,... N.

The solution is the fixed point of the procedure: after some iterations, new state is same as
the previous. If the initial state is considerably well estimated, the procedure converges,
providing self consistency of the solution. The obtained solution surely is the extreme
of energy (within the trial set of the Slater determinants), but it is not obvious if it is
minimum. However, the choice of the lowest energy eigenvectors usually leads to the
minimum.

As mentioned above, the total energy of the resulting state is not the sum of the
obtained eigenenergies; indeed by (6.17) one finds:

1
7
This is because the sum includes each pairwise interaction twice. Therefore, the eigen-
values ¢; are not to be interpreted as the energies of the electrons in the corresponding
states |#), but the necessary to extract a particle which is in that state

(Koopmans’ theorem).

6.3 Density Functional Theory

The Hartree-Fock method essentially reduces the interacting many-body problem to the
noninteracting one, with suitably changed single particle external potential. The later
includes a part of the interparticle interactions as the mean field in the assumed state.
The cost for the reduction to the single particle problem is neglecting of correlations
(except the Pauli exchange), due to the trial functions of the Slater determinant type.

The same concept inspired a bit more precise method called density functional theory.
It is based on the following natural considerations. When isolated, a system of particles
(electrons) is described by Hy = T + V. Here V' comprises mutual pairwise interactions
Vg it is a universal characteristics of the considered type of particles, independent of the
external conditions. Therefore, the ground state p, and consequently the reduced density
matrix p; = Trjp, of this system is completely determined by the external potential
U only. However, there is a reverse interrelation between the density and the external
potential:

Theorem 6.3 [Hohenberg-Kohn, 1964] Reduced density matriz py of the ground state
uniquely determines the external potential U. Particularly, for the position dependent
potential, the density function pi(r) = (r|py |r) determines U.

mProof: Let p; be the density of the ground state p in the external potential U. Let there is another
external potential U’ yielding the ground state p’ with the same reduced statistical operator p;. With
Hy =T+ V, the minimal energy (5.31) of the ground states in the potentials U and U’ are related as:

Eylpl = TrHop+ NTr1Upy < Eylp'] = Tr Hop' + NTr1Upy = Ey/[p'] + NTr (U — U')ps.
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Analogously, Ey/[p'] < Ey[p]+NTr1(U'—=U)p;. Then, adding these two equations, one gets contradiction
Eu/lp'] + Eulp] < Eu:lp'] + Eulp], proving that if in the potential U the reduced ground state density
is p1, there is no other potential producing the same ground state density. This is a consequence of the
same p; in the last term; when the external potential is position dependent only, this term reduces to the
Tr1(U—-U")p1 = [ drpi(r)(U(r)—U’(r)), involving the density functions, i.e. their equality is sufficient,
as stated. I

Although in the above proof the non-degenerate ground state is considered, the gen-
eralization to degenerate ground state exists in literature. Further, there are densities
p1(7) being not reduced states of the ground state for any potential. Thus, the theorem
means that there is biunique correspondence between potentials U and the densities of
the ground states of a many-particle system in some external potential; such densities are
called U-representable.

To summarize, a system of many particles of some sort defines itself an inter-particle
interaction V', being universal in the sense that it has the same form for these particles in-
dependently on the specific circumstances. As the kinetic energy is universal as well, only
the external potential characterizes different physical situations. Now, the Hohenberg-
Kohn theorem emphasizes the importance of the densities: they biuniquely correspond
to these external conditions, which are manifested through the associated ground states.
When this is understood, the theorem implies that the ground state is functional of p;(7),
as well as the ground state mean value of any many body observable A:

(A) = TrAp = Alpy(r)]. (6.23)
The last conclusion applied to the energy functional immediately gives:

Theorem 6.4 [Hohenberg-Kohn, 1964] The energy functional
Eylpi] = Flpi] +Tr1Upy (6.24)

reaches its minimum for the ground state reduced density py corresponding to U. Here, F
s functional universal for the given type of particles.

Instead of p;, to fix the number of particles N, we use p = Np;. The function
o(r) = (r| o|r) is real N-particle density, due to the trace relation

Trio= / dro(r) = N. (6.25)

Density variational principle

It is well known that the N-particle ground state |¥) is the minimal state of the energy
mean. The variational procedure may be performed in two steps. Firstly, for each fixed
o(r), one may find |V,) as the minimum of the energy mean over the states giving same
o(r). Thus this mean is the functional of o(7):

EI|,)) = min (@] H18) = Flo(r)] + [ drU(r)e(r). (6.26)
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This defines the universal (exterior field independent) functional

| <

Flo(r) min (Q|T+ V |®) = (V,| T+ V |V,). (6.27)

d—o(r)
In the next step, the ground state is found as the minimum of E[|V,)] over densities, i.e.
the states |¥,). The Euler-Lagrange equation for the constrained variational extremes

is
0 F[o(r)]
50(r) +U(r) = p, (6.28)

where the chemical potential p is the Lagrange coefficient for the density constraint (6.25).

Determination of the functional F[p(r)] would transform (6.28) into equation in p,
making N-particle problem exactly solvable. However, the functional is not known. In
principle, it is a sum of the kinetic energy (7'[o(r)]) and potential containing the direct
(Hartree) term (D[o(7)]), Fock exchange (X[o(r)]) and correlation (C[g]) functionals®.
The last two terms are usually joined into the exchange-correlation functional Fy.[o(7)].
These potentials will be precisely determined later. The kinetic energy and correlation
functional are not known exactly.

To handle the kinetic energy, we consider a system of noninteracting particles, i.e.
V' = 0, when essentially the single particle approximation is fulfilled, and instead of F
the kinetic energy functional Tj is obtained. Thus, the Hamiltonian is Hy =T + U, and
for fixed p(r) one can define |U,y) and the ground state |¥):

Tolo(r)] € min (|7 |®) = (Wy| T'|W ), (6.29)

d—o(r)
giving the variational minimum by the equation:

6To[o(r)]
do(r)

Now, assuming that o(r) is both interacting and noninteracting system U-representable,
one can think of (6.28) and (6.30) as describing equivalent (via o(7)) interacting and non-
interacting systems. Their equivalence is achieved by the redefined (with respect to U(r))
external field Uy(r) (which is also suited to get the same Lagrange multiplier p). Thus,
the Euler-Lagrange equation for the noninteracting system give Kohn-Sham equations:

+ Uo(T) = p. (6.30)

Theorem 6.5 [Kohn-Sham, 1965] The exact N-particle ground state density o(r) is
0= 25:1 Ip) (p|, where |p) are the N lowest eigenvectors of the Kohn-Sham single-particle
Hamultonian Hy =T + Uy:

dDlo(r)] N Exc[o(r)]

H, = , U =U 6.31
0 ‘p> €p ‘p> g O(T) (’I") + 5@(,’,) 6@(7“) ( )
ZVariation of the functional Fl[g] is defined as §F][g] ef g—a (Flo(r) + adol),_y- The functional

derivative is the functional of ¢ comprising the part of variation linear in dp. For the local functional
Flo] = [ drf[r, o], the variation is [ drf}[r, o]00, making 5119] = folr, o(r)].

3Exchange term includes correlation due to antisymmetrization only, while the rest is gathered in
correlation term; this means that Slater determinant gives C' = 0, while C' # 0 is provided only by their

linear combinations.
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This equation can be solved self consistently, in analogy with Hartree-Fock method
if all the potentials are known. For the noninteracting Kohn-Sham orbitals (giving |¥y)
as their Slater determinant) Tp[o(7)] is found exactly, as well as the Hartree direct term,
Dlo(r)] = 5 [ drdr’o(r)o(r')v(r — '), introducing the potential (6.19d). Since Slater

determinant |¥) involves no correlation, X [o(7)] o (Wo| V' |Wo)—Dlo(r)], giving (Vo| T+

V|[Wo) = Tolo(r)] + Dlo(r)] + Xlo(r)]. As Flo(r)] = (V|T + V[¥), and E[o(r)] =
Xo(r)] + Clo(r)] it remains:

Clol = Flo] — (Tole] + Do) + Xe]) = (V[ (T + V) [¥) — (Wo[ (T + V) [Wo) . (6.32)

Note that when V' = 0, single particle case, X[o(r)] = —D|o(r)], making Clo(r)] =
0 (since a priori Flo(r)] = Tylo(r)]). For V # 0, since |¥) is the minimal point of
(T'+V), Clo(r)] <0. On the contrary, |¥o) minimize (T'), making (1) — (1), positive.
Consequently, the rest of Clo(7)], (V) — (V)y,, is negative.

Thus the main problem is determination of correlation functional. This is performed
within some approximations. It appears that it is easier to approximate together exchange
and correlation. To understand this energy, we consider family of the Hamiltonians,
Hy =T+ AV + U, yielding |V,) with o(r) fixed (adiabatic connection). For A = 0 the
Kohn-Sham system is obtained, and for A = 1 the actual interacting system. Further, we
introduce two-particle density operator g3 = N(N —1)Tr3__n|¥,) (¥,], and two particle
density 05 (r',7) = (r,7’| 03 |7, '), giving the joint probability to find particle around 7’
and another one around 7. Then

1 1
Vg, = 5TtV = 5/ drdr'oy(r', m)u(r, ). (6.33)

If the conditional probability to find a particle near " when the other particle is fixed
at 7 is ny(r, r’), then o5 (v',7) = o(r)ny(r,r"). Obviously, nj(r, ') is the density of the
remaining particles, when one is at r, giving [ dr'n3(r,7’) = N — 1. Finally, to extract
the exchange-correlation part, one writes n3(r, ') = o(r') +n.(r,r’). The first term is
the direct one, for the noninteracting particles. This can be used in (6.35), written in the

form

Bulalr)] = [ NG5 (0 (T+AV)[92)=Dle) = [ A (] (T+) [9) =Dl (634

(Hellman-Faynman theorem is used on the right). Altogether, one gets:

Eylo(r)] = %/ dr dr’o(r)nd.(r', PV (r, 7)), fig(r’,7) :/0 d\nd.(r',7).  (6.35)

This shows that the exchange-correlation energy is the interaction between a particle and
averaged (with respect to the coupling constant \) exchange-correlation hole around it.
This hole appears due to three factors: (i) self-interaction correction, (ii) Pauli principle,
(3) potential V. First two of them contribute to the exchange, and the last to correlation.
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6.3.1 Uniform electron gas

We consider d-dimensional noninteracting electron gas of the uniform density p. When
only translational subgroup of the lattice with all periods equal to L is used, the corre-
sponding eigenorbitals are plane waves ¥/ VL4, with eigenenergies hik? /2m. Assuming g
dimensional interior space (g = 2 for spin) the density of orbitals in k-space is gL¢/(27)%.
On the other hand, N = oL? electrons from the elementary cell occupy all the states
with the momentum k < kg (each with the degeneracy ¢). This defines the Fermi sphere
with radius kp, such that its volume Sy = 7%2k&/I'(d/2 + 1) contains exactly N states.
Therefore the density is:

oy 1 ~ I(d/2+1)

kF@wd/QF(d/2+ 1) pized (6.36)

Q:

where the Seitz radius rg defines the sphere containing single electron.

The average kinetic energy per electron of these orbitals is tg = J% T Zk ke k?: using
E-space orbital density gL?/(27)¢, and k-space volume element dk? = dn®/2k%!/ F(d/ 2+
1) dk, one finds:

R d ., K d 4r R d ArYid/2 4 1)

tolo) = ~———ki = —TI%9(d/2 4+ 1) = 6.37
ol omd+2 " 2md+2 g (d/2+1)e 2md + 2 g%/ g (6.:37)
Particularly, for g = 2 and d = 3 one gets:
h2 32/3371'4/3
Tl = [ droritole) = 1o [ drg?(r). (6.39)

6.3.2 Exchange energy

The Fock exchange energy for the Slater determinant ¥ of doubly occupied orbitals ); is
functional:

:__ZZ//d dr’ w ]U‘(lr )_Qﬁ;tr/’( )ija(r)‘ (6.39)

To this end, all the functionals should be known, which is not the case. However,
various approximations are applied. These are based on the assumptions on thee locality

of the used functionals. In fact, the functionals having Riesz-Fréchet representations,

o [ drg(r)p(r), are called local. However, there is no direct argument resulting

in the locality, and therefore the expansion over derivatives of p; must be involved to
mimic nonlocality. The zero-order term, without derivatives, being thus of the local form,
in this expansion gives the (LDA). Neglect of the gradient
terms corresponds to the uniform gas of particles. Therefore, to get this approximation
one looks for the relevant energy terms in the uniform gas, where all of terms are functions
of density (being the only parameter of the system). Then, one comes back to the slowly
varying density (becoming function of r), and construct the average of the energy terms
with such density; this average is itself a functional of p;.
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6.4 Time dependent perturbations

The goal of the time dependent perturbation theory is to describe the response of a
quantum system to an external perturbation. It is assumed that, when isolated, the
considered system is described by the Hamiltonian Hy, with the eigensystem

Hy|n) = E, |n) . (6.40)

Then, during the time interval [0, ], it is exposed to the external field (in a very broad
sense, e.g. arbitrary interaction with some other system). It contributes by an additional
interaction term in the Hamiltonian, the perturbation H'(t) which is a (nonvanishing
during the interval [0,¢]) function of time. The most frequent examples are constant or
periodic perturbation, which may describe influence of the electromagnetic radiation.

The response of the system is manifested in excitations: H’(t) induces transitions
between the various eigenstates of the unperturbed Hamiltonian. Thus, the main task is
to find these transition probabilities. Precisely, for the system prepared at ¢ = 0 in the
eigenstate |n) (of the isolated Hamiltonian Hy), we look for the probability

(L, ') (W] In, 1)) = vpow () = [ (| U () [n) |* (6.41)

to find the system at ¢ in some other eigenstate |n').

6.4.1 Expansion of the evolution

The task is efficiently solved within Dirac’s picture (Sec. 2.5.2). The total evolution,
governed by
H(t)=Hy+ H'(t), (6.42)

is factorized in the form
U(t) =UO0)U'(t). (6.43)

While U(t) satisfies the equation (2.2), the unperturbed evolution U® and the remained
factor U'(t) obey (2.37) and (2.38) (shortened notation: U(t—tg,to) = U(t—0,0) = U(t)):

d

ihEU@) (t) = HUO(t), U90) =1,
d

ih-—U'(t) = Hp()U'(1),  U'(0) = 1.

The formal integral solution of the last equation

t

1
U't) =1+ = dt Hp (t)U' (t1) (6.44)
0

is iterated to get the series

o9 1 t tp—1
U'(¢) :ZU’(p)(t), U/(p)(t) = @/0 /0 dty -+ dt,Hp(t1) -+ Hp(ty).
p=0
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Note the time ordering ¢t > t; > t, > --- > 0. The convergence of the series is assumed.
As only the first few terms of the series are considered (neglecting the reminder), this
convergence is particularly important, and considerations are restricted to sufficiently
small £. When U’(t) is substituted, (6.43) becomes:

— i uP(t), UP(t) =UOm)UP(1). (6.45)

Taking into account Hj,(t) = UO (¢)H' ()UO (t) and UO (t,)UO (t;) = UO(t, — t;), the

convenient form of the terms is obtained:

1 t tp—1
(p)(t) — W/ / dty--- dtpU(O)(t _ tl)H’(tl)U(O)(tl —ty) - H’(tp)U(O)(tp).
0 0
(6.46)

6.4.2 Transition amplitudes

As the transition probability (6.41) involves the probability amplitudes (n'|U(t)|n), we
have to find the matrix elements (n’| U)(¢) |n). To simplify this, we insert the identical
operators I = Y |n;) (n;| after each H'(¢;) in (6.46), which reduces the unperturbed
evolution to the phases:

UG o [ [ e x

% e ilEn (t t1)+Eny (t1—t2) o+, (tp-1~tp)+Entp] (6.47)

x A(n'| H'(ty) [na) (na| H'(t2) [ng) - - - (npa| H'(£,) In) .

In practice, the series (6.41) is truncated to a few first terms. We explicitly find them
forp=20,1,2:

W UO@) [n) = e 75, (6.48)
1 77(1) e_%En/t ' LB Bt oyt
U@ ) = /0 dtye BBt (/| HY (1) ) (6.49)
e h E it
<n/| U(2) (t) ’n> = 12h2 / / dtl dtgeﬁ[ (B — Eny t1+(E"17E")t2} X
< 0| H(42) ) (na] H' () [n) | (6.50)

The last expressions, as well as the general term (6.47) can be nicely interpreted
by diagrams Fig. 6.1. In fact, it turns out that the perturbation in the expression for
U® acts only in the instances tq, ... ,tp, and meanwhile the system evolves as isolated.
Consequently, the state |i) during the interval (¢;,¢;11) obtains pure phase factor. At the
instance t;, affected by the perturbation H'(t;), the system abruptly changes state from
|n;_1) to |n;), not conserving its energy (of isolated system). Thus, for p > 2 there appear
intermediate states |n1),...,|n,—1), which are called . Transitions to all
unperturbed eigenstates at any instance from [0, ¢] are included by summations over the
unperturbed basis, and integration over all intermediate instances.
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Figure 6.1: Scheme of the terms of the transition amplitudes: wave lines represent pertur-
bation acting in the instances t; only, and causing system transition from the state |n;_;)
to |n;), while meanwhile the system evolves as isolated.

6.4.3 Transition probabilities

The preceding results enable to expand the transition probabilities. Substituting (6.45)
in (6.41) we find

o0

V() = D (WU () [n) (| USD(2) |n)”

p,p'=0

= DD (WU ) (| UP(1) [n)" (6.51)

Using (6.48) we find the first two terms in the transition probabilities:

v () = G (6.52)
2 i t i

oM () = (5nn/ﬁ1m[eﬁ(E"_En’)t /0 dtyen P =Bt (/| /(4 [n)]; (6.53)

02 (8) = 0 () + Gt (1), (6.54)

Obviously, in the zeroth and the first order, probabilities forbid transitions (to other
states then the initial one |n)). Only in the second order, besides the state preserving

term vi2, () = 2Re[(n| U@ (¢) [n) (n| U () [n)*], there is a probability of the transition

to other states. Introducing Bohr’s frequencies w,, = =#5—" one finds the transition
probability (in the first effective order):
1]/ ?
U () = 75 / die "t (/| H' (1) [n)| (6.55)
0

Note that the expression is symmetric in |n) and |n’) as H’(t) is hermitian; therefore
Uffln, (t) = USLn(t), i.e. the opposite transitions occur with same probability. This
characteristic of the first order transition probability remains in the higher orders only

for the systems with time reversal symmetry.
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Figure 6.2: Function f(w,t): note its periodicity of 27/t dumped by the enveloping
function 4/w?. Bellow: intervals of frequency corresponding to Eqns. (6.61) and (6.60).

Constant perturbation and Fermi golden rule

When H’ is constant during the considered time interval, the matrix element (n’| H' |n)
is constant, and the remaining time dependent part is easily integrated giving squared
”cardinal sine” function (Fig. 6.2):

t
/ dtl eiw“
0

Two asymptotic properties of this function are important for further analysis:

2 . w\ 2
1-— t te
_ g L—coswi _ (Sm ) | (6.56a)

w? w

2

f(wvt) =

/00 f(w,t) dw = 2mt, (6.56b)
f(w,(;o—> o0) = 27td(w). (6.56¢)

In the first (effective) order, the transition probability becomes:

1
2
w® = = (WL H [n) P f @ ). (6.57)

For experimental applications it is useful to consider probability of transition to a group
of close states N’ (not to a single state). This probability is sum of the probabilities for
each of these states: )

2
o = Dl WL H ) P f @ ). (6.58)

n’eN’

Particularly frequent is the situation when the energies (eigen-energies of H(®) of the final
states are (quasi)continually distributed within the interval (Ey — €/2, Ey 4+ ¢/2). Then
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the last sum becomes integral with the contribution of each energy FE pondered by its
weight, i.e. by the density of states p(E):

Eo+e/2 E—E
(2) 1 1oyt 2 n
Unoant = 33 | (| H' |n) |7 f (
N h2 Eo—¢/2 h

)p(E) dE. (6.59)

For sufficiently small € the matrix elements and density may be considered almost con-
stant, and taken outside the integral. On the other side, for large ¢ (but still within the
applicability of the approximation!), € > 27h/t, and the interval of integration contains
a number of periods 27/t of f(w,t). Two different situations may occur:

(i) E, € (Ey—¢/2,Ey+¢/2) (Fig. 6.2). Then, since the contribution of the central peak
is highly dominant (according to (6.56¢)), the integration may be approximately
extended to the whole energy axis, and (6.56b) is used to obtain:

2
o = S L' H n) Pp(En). (6.60)
This conclusion, that the transition probability to the nearby states linearly in-
creases with time is known as the

(ii) B, ¢ (Fy —¢/2,Ey + ¢/2) (Fig. 6.2). Now the central peak is excluded, but the
integral may be approximated by its mean over a number of periods. As the mean
of the denominator is (Fy — F,)?, while the mean of 2(1 — coswt) over multiple
period 27k /t,2m(k+ k') /t] (k and k" are integers) is 2, the estimate of the transition
amplitude becomes:

L0 2| H ) ?
n-»N' (EO o En)2

p(Eo) (6.61)

To conclude, the last equation shows that the transition rate per unit time is constant for
the transitions conserving the energy of the isolated system, while it vanishes (¢ is large)
if the energy is changed.

Periodic perturbation and resonances

Another frequent situation is that the perturbation is periodic in time (e.g. optical tran-
sitions induced by the electromagnetic waves). Then its general form is

H'(t) = Ae™! + Afe 1t (6.62)

where A is time independent operator. Instead of the complete matrix elements, only
time independent part can be put outside the integral in (6.55), resulting in

2

@ _1
Unwomt = ﬁ

t t
(| A [n) /0 St 4, 1 ('] AT [n) /0 =)t g, (6.63)

Again, the case when t is sufficiently large is considered. Then, the first term in the
probability amplitude is negligible unless F,, = E,, — hw, which is the process of emitting
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of the energy quant Aw; analogously, the second term describes dominantly the absorption
of the same quant: FE,, = E, + hw. Under the same assumption of large ¢, t > 27 /w,
these two regions are separated. Therefore, the amplitudes of emission and absorption
do not interfere, and the probability is large only for these two processes, which can be
analyzed separately. For emission, one gets analogously to (6.57):

o2 = s G Alm) P +0,0), o = o] (] AV ) P f e — ,0). (6.64)
This obviously differs with respect to the constant perturbation only in the shift for +w
of the function f(w,t). Therefore, all the conclusions are analogous to that case: instead
of the conservation of energy (corresponding to the central peak of f(w,t)) the transition
probability per unit time to the group of states around FE, F w is constant, while vanishes
for different final energies. All these results are easily generalized for the more complex
periodic perturbations, having the Fourier form

Hl<t> _ Z Aseiswt + Al‘efiswt;
S
each term contributes to the emission/absorption of the quant shw.

6.5 Adiabatic approximation

6.5.1 General framework

External intervention on a system is described by time-dependent Hamiltonian. In many
situations the dependence is included through some parameters, s = (s1,...,$,) varying
smoothly as s(t) in time within some parameters manifold M (M-dimensional). There-
fore, Hamiltonian gets form H(t) = H(s(t)). The evolution becomes a process with time
dependent Hamiltonian; the time dependence comes as dependence on the path s(t)in M
during the considered time interval (which is mapped to the path H(s(t)) in the oper-
ators space). If s(t) is ”length” parameterizing the path from s(0) = s¢, then the time
d d ds

derivative is 4 = s& where § = < is ”velocity” along the path®.
di ds dt y

Adiabatic picture

At each instance Hamiltonian eigensystem depends on the position on the path, and can
be written as H(s) |nA;s) = E,(s) |n);s). Eigenvalues F,(s) (such a function E,(s) will
be called energy band) and eigenprojectors P,(s) = >, |nA;s) (nA; s| (on the eigenspaces
S,(s)) are only position (in M) dependent, differentiable along the path, and in this sense
these are purely geometrical quantities, independent of time.

Therefore, there exists path-parameterized family of unitary operators W (s) interre-
lating eigenbases in sy and s:

W(s) |nA;s) = [nX;so),  Pa(s) = Wi(s)P,(0)W. (6.65a)

4 Alternatively, - = § -V, can be used throughout.
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This family is not unique’; the choice is fixed by initial value W (0) = 1 and infinitesimal
change defined by Hermitian operator €(s):

dW(s)
ds

dWT(s)

ih
! ds

— —W(s)Q(s) (ie. in = Q(s)W(s)), Wi(so) = 1. (6.65b)

The operators €2(s), which describe evolution of eigenprojectors by ih%s(s) = [Q(s), P.(s)],
are non-unique, as well: the last equation holds also for '(s) = Q(s)+>_, Pi(s)Fi(s)Fi(s),
with arbitrary (Hermitian) operator families F;(s). This freedom enables to choose §2(s)
such that P,(s)Q(s)P,(s) = 0, meaning that the infinitesimal change of each eigenspace
is orthogonal to it. It can be shown (Exercise 6.5) that all these requirements satisfy

) i Z P ) . (6.65¢)

The time is introduced as a passage along the path. Family W(s(t)) defines the
, with equations following from the general results (Section 2.5):

dUw (s(t))

Un(s(t) = W (s(O)U (1), in

= (Hw(s(t)) + sQw(s(t))Uw(s(t)). (6.65d)
Observables in this picture get form (2.35): Ay (s) = W(s)A(s)WT(s); in particular, all
eigenprojectors are constant, [P, (s(t))],; = Pn(0), yielding Hw (s) = >, E,(s)P,(0).

Adiabatic theorem

Next, consider a simple case, when Hamiltonian is equal to Hyy (s(t)): its path dependence
consists in energies varying as F,(s) (as for H(s)), but the eigensubspaces are preserved:
P,(s) = P,(0). The generated evolution is unitary family ®(¢) satisfying Schrodinger’s
equation (2.2):

ihd%it) = Hw(t)®(t), ®(0)=1. (6.66)
Manifestly, corresponding connection (analogous to (2) vanishes (since there is no transi-
tion to perpendicular eigensubspaces), while picture operator (analogous to W) is iden-
tity as the eigenprojectors are fixed). The equation (6.66) is easily integrated in the
form ®(t) = >, e (WP, (0), showing that each state stationary for H(0) remains
stationary, evolving within the same eigenspace; it only obtains the

t) = [ drE,(1)/h.

Otherwise, in general case, evolution involves transitions from one to another eigen-
subspace, and (6.65d) cannot be directly integrated as in the previous situation. However,
the approach for time dependent perturbation may be applied for slow processes, putting
Hy = H; and H'(t) = H(t) — Hy. If the energy difference |E, — E,/| between the levels
(at same position s) is large in comparison with |§—1* dE"(S |, the probability of transition to
other bands is suppressed (according to (6.61)), and for an infinitely slow process (with

SClearly, this is related to the choice of eigenbasis of H(s), meaning that arbitrary block-diagonal
unitary B = @, B,, (phases for nondegenerate energies) generates another family W’(s) = W(s)B.
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Figure 6.3: Adiabatic picture. Points sy and s of the parameter manifold each carry a copy
of the system state space (gray) with emphasized eigensubspaces (red) interrelated by the
evolution U (Schrédinger’s picture, left). Transformation W (s) maps the space associated
o s into the space associated to sy, establishing adiabatic picture. ® is dynamics with
the same evolution of eigenenergies, but the eigensusbspaces fixed (thus depicted in righ
pannel, within a single copy of the state space in sg).

$ = 0) it exactly vanishes. In fact, a hint is given by the form of (6.65d): only the path-
dependent (thus geometric) change 2 is scaled by 3, in contrast to the term Hy,, which
has fixed projectors and can be associated to single point in M (Figure 6.3). Therefore,
in the limit of vanishing s, the connection term in (6.65d) disappears. In the same limit
Uw becomes @, giving in Schrodinger’s picture limg o U(t) = WT(#)®(t); this is in accor-
dance with ihw = (H(t) + 5Q(s(t)))WT(s(t))®(t), which is exact Schrodinger’s

)

equation when § = 0. This is adiabatic behaviour, which can be formulated[13] also as:

Theorem 6.6 (Adiabatic theorem) In the course of infinitely slow change of the pa-
rameters of Hamiltonian, the system being in the eigenstate |n = mn; t;) of the initial
Hamiltonian evolves to the derived by continuity eigenstate |n = ny, t¢) of the final Hamil-
tonian:

<lim U(t)) P,(0) = P, (t) (lim U(t)) . (6.67)
$—0 $—0

Ezxercise 6.5: {P,(s) | n =1,2,...} is a smooth (in s) family of the orthogonal decompositions of the
state space, Y P, (s) = 1. Show:

(a) Po(s) 2l p,(5) = 0;

(b) Z” PH(S)% - - Z’n %S(S)P”(S)ﬁ

(c) Pa(5)(s)Pu(s) = 0 and ih2L2C) — [Q(s), P, (s)] for Q(s) & —inY, P, (s)4Lal).

Adiabatic approximation

Adiabatic theorem refers to the adiabatic limit, when it is exact. Still, for slow (but
not infinitely) processes it is used approximately in the form U(t) ~ (limg_,o U(¢)). The
approximation describes the system forced to preserve the energy levels linked by continu-
ity, i.e. it forbids the transition between them. It is minimal change of original evolution
adapted to this property.



112 CHAPTER 6. APPROXIMATE METHODS

6.5.2 Geometric (Berry’s) phase

According to the adiabatic theorem, for a non-degenerate® band E,(s), the eigenvectors
In; so) of H(sp) evolve to the eigenvectors |n, s(t)) of H(s(t)). In the special case of the
evolution by ®, it is shown that the obtained phase is purely dynamical ¢, (t). In general
adiabatic case, U = WT®, and (still nondegenerate) |n;sy) gets additional phase from
W |n;so,t) = WHE)D(E) |n; so) satisfies AL = —1(30(s(t)) + En(t)) In; so,); this
is solved as |n;sg,t) = en®e™9nl®) |n: 5(¢)), where geometric of [4] 7 (2)
satisfies 4, (t) =i (n, s(t)| < |n, s(t)) s.

However, the states at s are taken with arbitrary phase, meaning that a local smooth
phase shift |n,s) — €% |n, s) is equally well choice. This clearly affect the geometric
phase: y(s) — v(s) + a(sg) — a(s). Still, it is not possible to identify all geometrical
phases by choice of phase shift. Even on the closed path C it may happen that ¢
cannot be annihilated by phase shift, though this cannot depend on the choice of the
phase shifts along the path. In this sense, characterization of loops by set of Berry’s
phases 7(C) = {7,(C)} is essentially a topological characterization of the band structure
of Hamiltonian.

6.5.3 Sudden approximation

When Hamiltonian abruptly changes, the time interval necessary for it vanishes. There-
fore, Dyson’s expansion (2.3) ends with the first term, with unit evolution operator de-
scribing this instantaneous process. The state of the system is not changed. Clearly,
afterward evolution with changed Hamiltonian continues.

When a process is rapid, still not abrupt, the same approach is applicable only ap-
proximately. An estimate of the introduced error is given by the next terms of Dyson’s
series.

6.5.4 Born-Oppenheimer approximation

Unavoidable and the most famous application of the adiabatic theory appears when com-
plex matter, consisting of ions and electrons is considered”. The great difference in masses
of the two types of ingredients enables specific approximate separations of degrees of free-
dom related to the two classes. Let R = (Ry, ..., Ry.) denotes the set of all the coordi-

nates of ions, while r = (ry,,...,7y,) are the coordinates of electrons. Total Hamiltonian
is:

H=Tr+T.+V(R,r)=H, + Tg, (6.68a)
where T = ?;1 %A r, and T, = Z:Zl %Ar are ionic and electronic kinetic energies,

while the total interaction V(R,r) = Vion(R) + Va(r) + Vie(R, ) is the total interac-
tion consisting of ionic, electronic and electron-ion part. This Hamiltonian gives total

Schrodinger equation:
HY(R,r) = EV(R,r). (6.68b)

SIn the case of degeneracy, there is a generalization of the geometric phase [15].
"In some references adiabatic approximation is identified to Born-Oppenheimer one.



6.5. ADIABATIC APPROXIMATION 113

H.=T.+V(R,r), (6.69a)

does not include ionic kinetic energy, and all other terms commute with ionic coordinate
operators®. Therefore, it can be understood as a family of the electronic Hamiltonians,
parameterized by the ionic configurations R, which establishes the framework of the adi-
abatic model and approximation. Accordingly, the solutions of the

Hrni(R, ’l") = EZ(R)UZ(R, T'), (669b)

are also parameterized by R: for each ionic position R there are electronic states, making
basis in the electronic state space, and energies. Accordingly, in this basis, |R) |R; ) (the
first factor is in ionic space, the second one is basis of the electronic space for ions fixed
in R), the adiabatic representation of the total eigenfunction is expanded as

ZXZ )mi(R, 7). (6.70)

Note that no approximation is applied yet: this is only adiabatic picture®, where for each
R the expansion coefficients are ionic functions y;(R). To find them, we substitute (6.70)
in (6.68b), apply (6.69b), multiply by 77 and finally integrate over 7, to find out:

[T+ 6;(R) = E](R) = 3 Ajix(R

Matrix A has the elements

B h . 8 ni(R,T) 8ni(R,r) oxi(R)
A”_EI:QMI / drnj(R,7) - OR? (Z M; / drmj (R, OR; OR; |’

It comprises all the elements of H non-diagonal in electronic basis functions 7;(R, ),
thus enabling transition between the electronic eigensubspaces during the evolution of
the whole system. Obviously, for large ionic masses it is small, which justifies neglecting
A, which is exactly adiabatic approximation. Then the previous equation becomes

[Tr + ¢;(R)] Xmj(R) = EnjXmi(R).

This equation contains no electronic degrees of freedom. On the other hand, the
electrons appears here through their eigenenergies, which have the role of the external
potential defining the ion dynamics.

To summarize, adiabatic approximation suffices to separate electron and ions. Within
this model, the electronic equation is to be solved first, and their energies give the potential
in which ions move. To study the ground state of the total system, one takes the ground

8 Alternatively, for some purposes also Vion(R) can be omitted from H,., with the same conclusions.

9In fact, in the Hilbert space S = L(R) ® L(r) the basis |R) ® |n;, R) is used, showing that S is
considered as a fiber bundle with base R and fibre £(r); this, and similar fibrations of the state space
are in the background of the topological analyses frequent in modern physics.



114 CHAPTER 6. APPROXIMATE METHODS

state of electrons, with energy ¢, and then solves equation of ions in the external potential
€0-

Despite successful reduction of the problem to the separate equations in electrons and
ions, each of these subsystems is usually complex enough, and further approximations are
employed. While for the electrons various approximations will be considered later, here
we mention that for ions it is usual to adopt Born approximation. It assumes that the
ions are in the position Ry corresponding to minimum of the potential ¢y. Then, their
dynamics is by approximation reduced to vibrations around this minimum.

6.6 Elementary scattering theory

Collisions of some sort of the particles with a target is one of the most frequent experimen-
tal methods to examine the properties of the target and interactions. The scheme of the
collision is simple (Fig. ?7): a collimated beam of particles is directed toward the target.
After that the scattered particles are detected and studied, and according to this many
conclusions about the target are derived. There are various types of the collision processes:
spallation and reactions (when some completely new particles are scattered), attachment
(the target and the incoming particle together form a new particle) and scattering (the
simplest one, when the outgoing particle is the same one as incoming). Particularly, here
we are interested in the , in which the kinetic energy of the incoming
particle is preserved.

In the experiments with elastic scattering the distribution dn(,y) of the outgoing
particles over the directions is measured. Obviously, this is proportional to the flux ®;,
of the incoming (along the z-axis) particles:

dn(0, ¢) = (0, )Py, dQ, (6.71)

where the o (0, ) is the proportionality factor, which comprises all
the details on the types of the beam and target, interactions, etc. Note that ¢ (0, ¢) is not
measured quantity, since experimentally it is not easy to distinguish between the scattered
particles with # = 0 scattering angle, and the particles which simply passed by target
without interaction (thus in the same direction). If the interaction between beam and
target depends only on the particle distance (spherically symmetric), then the cross section
is p-independent. Therefore, it can be integrated over ¢, giving o(6) = f027r o(0,p)dp =
270 (6, 0). is the integral o = [ OQWJ(H, ©)d€. Cross sections have
the dimension of surface, and usually are measured in Barns: 1Barn=10"24cm?.

Within the quantum theory, it is possible to give some general relations on the scatter-
ing cross section, without detailed analysis of the interaction. To this end the stationary
regime is to be considered, when the state 1 (r,t) = ¢ (r)e *¥¥/" of beam is stationary for
Hamiltonian H = T 4 V (r) describing a beam particle interacting with target only. The
interaction potential is assumed to decrease with r. The time independent function is of
the form (it is not normalized)

eikr

’g/)('l“) =" + f(@, 90) r (672)
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being a superposition of the incoming state (plane wave along z-axis) and the scat-
tered state (spherical wave). It asymptotically (for large r) satisfies time independent
Schrodinger equation. The function f(6,¢) (or f(0) for the spherically symmetric in-
teraction) is called . The number of scattered particles is given by
(6.71), with the incoming beam particles in the state of plane wave. Thus their flux is
proportional to the probability current (2.21): ®;, = chk/m. On the other side, dn(6, )
is proportional to the flux of outgoing particles:

dn(0, o) = ¢ - dS = ¢jo"r? dS.

The outgoing probability current is easily calculated applying (2.20) to the outgoing state
Vew(r) = f(0,9)e* /r. The leading term in r is 72, and in the asymptotic region (which
is studied here) only r-component of current appears:

16,0

r2

out __ i * E _ E
Jr - mRe(¢ ('T',t)lar’(ﬂ(”',t)) - mk

Using these two expressions for the number of outgoing particles one finally finds the
differential cross section:

o(0,¢) = |f(0,0)*. (6.73)

This expression reveals how the experimental results (expressed by (6, ¢)) are related
to the basic quantum mechanical object (the state, given by f(6,)). Therefore it is the
starting point of the quantum scattering theory, which is very elaborated (and a subject
of separate courses). Logically, as a theory relating incoming (beam and target) with
outgoing (again beam and target after interaction) it is also a way (equivalent to the
previously described) to express the evolution.
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Elements of quantum information

7.1 Qubit space and Bloch sphere representation

Some facts about the simplest nontrivial (with non-commuting operators) space, two-
dimensional or qubit space C? are considered here. As mentioned (Section 4.5.3), suitable
hermitian basis of the corresponding operator space (four-dimensional) is formed by the

identity matrix og = ((1) (1)) and three

S (O BT (i) N (A -

For the Pauli matrices the following properties are easily verified:
Ui2 = 0y, TI'O'Z' = O, Det g; = —1, 0035 -+ 0;0; = 2[51'3‘, 010203 = 10'0. (72)

It follows that the basis o; (i = 0,...,3) is orthogonal with respect to the operator
scalar product: Tro;o; = 20;;. Therefore, each linear operator can be expanded in the
form A = Z?:o a;0;, with complex coefficients a; = %Tr 0;A. The last three coefficients
can be grouped as a vector a, to get A = agop + a - o. The second factor a - o, gives
the traceless part of A, while the first one gives the scalar part with trace 2ay. For the
hermitian operators, the coefficients a; are real.

Exercise 7.1: Show that A2 = 2apa -0 + 30 a2 for A=3""  a;o;. When A is a projector?

7

In particular, the one-dimensional projectors are P, = %(00 + a - o), with arbitrary
unit vector a (see Exercise 7.1). Thus, each point a on the unit represents
a physical pure state. Representing a by the spherical coordinates (1,4, ) on the Bloch’s
sphere, a(¥, ¢), the projector P, has unique, up to a phase, eigenvector (for the eigenvalue
1) la;+) = (cos2,e¥sin2). The equality Tr P,P, = (1 + a - b) means also that the
projectors are orthogonal for the antipodal points, b = —a, on the sphere (with ¥ =
T—14 and @ = T+, ). Hence, the vector |a; —) = |—a; +) spans the null-space of P, and
together with |a; +) makes an orthonormal basis in C2. The operators p, = 2 (0g +a- o)
with |a| < 1 are the non-trivial mixtures.

Hence, in the Bloch representation, qubits are represented as vectors of the Bloch ball.

In particular, the pure states are represented by vectors of the Bloch sphere (unit vectors).

116
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Ezxercise 7.2: Show that the spaces of traceless and of scalar observables are orthocomplements.

Ezxercise 7.3: a) Show that (z|a-o|z) = a -z for a and = from R? and |z| = 1.
b) Show that operator p, = 3(0¢ + a - o) with |a| < 1 is positive-definite and statistical, with |a| = 0
and |a| = 1 corresponding to maximally (po = %) and minimally (pure) mixed states.

7.2 Bipartite systems: Schmidt decomposition

Theorem 7.1 (Schmidt decomposition) Pure composite state |¥) of a bipartite sys-
tem has the reduced states with mutually equivalent spectral forms

pi S Tes [0) (0] = > roliss) (iss| (i =1,2), (7.32)

S

where convex set {ry,rq,...} and orthonormal vectors |i; s) determine decomposition
W) =S VRIS @ [2:5) (7.3D)

mProof:  This is a particular form of the singular value decomposition (Exercise 7.4). Indeed, the
composite state space S = 81 ® Sy is bijective to the space of the linear operators from Ss into &1, with
an identification: |U) =" o, |us) ® |vs) and ¥ = >~ o, |us) ® (vg|. Then p = |¥) (V| gives the partial
traces p1 = >, 02 |us) (us| and p2 = >, 02 |vs) (vs]. 1

Ezxercise 7.4: Prove singular value decomposition (SVD): Any n; x ny matrix can be factorized as

M = UXV™, where U and V are n; x n; and ny X ne unitary matrices, while 3 is n; x ny diagonal
matrix with only the first r positive elements o; >0 (i = 1,...,r < nqy,ny) called singular values.

Schmidt decomposition theorem shows that the reduced states p; are mutually equiv-
alent on their respective ranges (while the null-spaces may differ). Precisely, these ranges
R(p;) are subspaces of the same dimension in the subsystems’ state spaces S;, and there
is a bijection of the subsystems’ operators supported on these ranges. In particular,
such paired observables are called twins, and subsystem measurement of one of them is
automatically a measurement of the other one, with the corresponding reduction [17].

7.3 Entanglement, hidden variables, Bell’s theorem
Two-cubit antisymmetric state |U—) = % serves as a simple example of entan-
glement and its (sometimes unexpected) features. It is important that the state |¥—) is
unique in the sense that arbitrary (orthonormal) basis of C? gives the same state (up to
a phase; see Exercise 7.5). In the context of this Section, this state is associated to the
pair of photons with opposite polarizations, which propagate in opposite directions (only
their polarization space is explicitly taken into account).

Ezercise 7.5: Prove uniqueness of the antisymmetric state: for the orthonormal bases |a;i) and |b;4):
|a; +) la; =) — la; =) a; +) = e ([bs+) [b; =) — b; =) b; +)).



118 CHAPTER 7. ELEMENTS OF QUANTUM INFORMATION

Assume that the experimental setup consists of the emitter of the pairs of photons
in the joint state |¥—) and a pair of the (possibly distant) detectors with polarizations
set along the directions a and b. Photons coincidentally come to the detectors, while
decision about @ and b can be made after the particles are prepared (and emitted) in the
state |U—). Each detector has possible outcomes +1, corresponding to polarization par-
alel/antiparalel to its direction (@ and b). Thus, the outcome of the described coincidental
measurement is a pair (a, b) of these values, and the result of the experiment is the proba-
bility distribution v((a,b), (A, B),|¥)) = % (withn =), . n4). These experimental
results yield statistical correlation defined as the average of £1 for coincident /opposite
outcomes:

Cla,b) = = D=1 F 0((ab), (4, B),|)) = e e T

ab

(7.4)

n

Quantum mechanics treats the apparatuses as the observables A = (a- o) ® 1 and
B =1® (b- o), with eigenvalues +1: these are local detectors, which measure particle
polarization along them, and the outcomes +1, evidencing parallel /antiparallel polariza-
tion, correspond to the single-particle eigenvectors |a; £) and |b; +) (in the Bloch sphere
notation for C?). In the initial state |[?'—) the quantum mechanical prediction is:

Cqm(a,b) =(¥—|(a-c®1)(1®b-0)|¥—) =—a-b. (7.5)

Ezercise 7.6: Prove (7.5).

As discussed above, the state |¥—) is invariant with respect to the chosen single-
particle basis. Thus, coincidental outcomes with the antiparallel polarizations (and other
possibilities) are retained even in the case when a = —b is determined after the photons
are prepared (sent to detectors), which means that the result on the first apparatus
instantaneously determines the second one (Einstein’s ”spooky action at a distance”). To
remedy this, the existence of hidden variables (there is also a number of related notions
in the literature, starting [0] with ”element of reality” as a property which is in any
experiment certainly observed) is considered. Namely, it is conceivable that there is
an underlying quantity A € A determining uniquely the outcomes (one of +1) on both
sides, which itself is defined at the instance of separation of particles, thus before the
measurements are coincidentally performed and polarizations decided. Then, for each
value of A, and the experimental choice a and b, there are functions A(a,\) and B(b, \)
giving the detected values +1. Therefore, if p(\) is probability to prepare system described
by A, the hidden variable model predicts correlation:

Ci(a,b) = /A Aa, ) B(b, \)p(\)dA. (7.6)

7.3.1 Bell’s inequalities

It turns out that the hidden variable theories can be ruled out by the experiment. In
fact, Bell [3] noticed that within such theories some quantities satisfy so called Bell’s
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inequalities, which are broken by the quantum mechanical prediction. There is a number
of these inequalities, each suited to some experiment; the most famous and illustrated
bellow, also refereed as Bell’s, is proposed [5] few years later.

It is assumed that on the both sides the apparatuses may be in either of two positions
corresponding to measuring polarization a and a’ on one, and b or b’ on the other side.
Consider the quantity S = C(a,b) — C(a,b’) + C(a’,b) + C(a’,b’). Within a hidden
variable approach, Sy, for the state |¥'—) is easily calculated. In fact, A(a, ) and B(b, \),
A(a’,;\) and B(b',\) are =1 depending on A, making that among B(b,\) + B(b’,\) and
B(b,\) — B(b', \) one takes value 0, and the other 2 or —2. Hence, shortening notation
of X(x, \) by X, this gives

AaBy — AgBy + Ag By + Ag By = Aq(By — By) + Aa/(By + By) < 2,
and averaging by (7.6) in A yields:
Sie(a,a’,b,b) = Cyy(a,b) — Chy(a,b) + Cy(a', b) + Chy(a', b)) < 2.

Quantum approach (7.5), with polarizations @ = e, @’ = e, (or A = 0,, A’ = 0,),
b= (1Y =",9p=mand b = (L,],7) (with B = %32= and B’ = %722), gives
Cam(a@,b) = —Cym(a,b) = Cyn(a’,b) = Cyn(a’,b) = \/Li Hence, quantum prediction

Sqm(a,a’, b, b)) = 21/2 in this case violates Bell’s equation for hidden variables. Experi-
ment supports quantum prediction.

Ezxercise 7.7: Show the no-signaling theorem(no-communication theorem): measurement of subsystem
observable A does not affect the results of the measurement of arbitrary complementary subsystem
observable B.

Ezxercise 7.8: Show the no-cloning theorem: There is no unitary operator U in & ® S; such that
U la) ® |b) = /(@b |a) @ |a) for arbitrary |a) and |b).
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Technical support

A.1 Separation of Variables

Here we give simple algebraic spectral theorem on the operators acting in the direct
product space S = & ® S;. The aim is to facilitate the solution of the eigenproblem,
reducing it to the factor spaces for two special, but frequent in quantum mechanical
problems forms of the considered operators: A = B; ® By and A = B; ® By + C; ® (.
While the former is given for the completeness only, in the view of its self obvious outcome
and considerably rare physical situations when it is applicable, the latter one refers to
wide range of examples.

Lemma A.1 (Separation of variables) Let S =81 ® Ss.

(a) If A= By ® By with spectral forms B; =), b;P,(B;) (i = 1,2), where B,(B;) are
the spectral projectors of the factor operators, then the spectral form of A is:

A=Y by, (B1) ® Py, (By). (A1)

b1,b2

Geometrically, this means that the space S is decomposed as the direct sum S =
@bl,bQSfbl) ® Sz(b"’) of the eigenspaces Sfbl) ® Sg(bz) of A for the eigenvalues biby (not
necessarily different; hence, to achieve the spectral decomposition one should rear-
range the sum firstly, to group together the same eigenvalues), each of these sub-
spaces being the product of the eigenspaces of the factor operators.

(b) If A= B1® By + C1®Cy, and By and Cy are compatible, and the projectors to their

. ba,
common eigensubspaces Sé 2,02)

A= Z Z bz, 62 a(bg c2) (b231 =+ Czcl) ® Bryey - (A-2>

(b2,c2) a(bz,c2)

are Py, ), then

In other words, S is decomposed into the direct sum S = Z(bzm) Za(b%@) Sf'(lnm) ®

521)2’C2 of the products of the eigenspaces S c2) for the eigenvalues a(bs, c2) (again,
not necessarily different) of the operators Al(bg,cg) = byB; + ¢2Cy and common

eigenspaces SQ(bQ’CQ) of By and Cs.

120
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(c) Let D = A® B commutes with C, and |bS) and |cy) the eigenbases of B and C
(eigenvalues b and c. Then a common eigenbasis of D and C is ), 5 |a; ¢y, bB)®[bf),

where {|a;cy,b8) = | v =1,...,|S:|} is eigenbasis of AP defined as the reduced
A in the invariant subspace S of 81 spanned by (bF | cy).

mProof: ~ (a) The direct products |by; A1) ® |by; A2) of the eigenvectors of By and By are basis in S.
Thus they are an eigenbasis of A, since A |by; A1) ® |b1; A2) = b1ba |b1; A1) ® |b1; A2). Finally, for fixed by
and be they span the subspaces S{bl) ® SQ(bZ) in the decomposition S = EBbl’bQSfbl) ® SQ(bZ).

(b) Operator A is reduced to A;(ba, c2) ® Pp,., in each of the spaces Sy ®S§b2’62), since A |z) |(b2,c2), A) =
((b2B1 4 c2Cy) |z)) ® | (b2, c2), A} for each |z) from S; and |(ba, c2), A) from S§b2’c2). Therefore, it remains
to find the spectral form of Aj(ba,cs) in S; for each compatible pair (be, ¢2).

(c) Clearly, |ey) = 2,5 (b8 cy) ® ®[b3). Then, due to commutation, eigenspace S is invariant under
D, which reduces to D¢ such that D |cy) = ZW,(DC)z/ ley') =22 (Dc)z, (bB | cy")y ® |bB); on the other
hand, D |ey) = 37,5 bA (bB | cy) ® [bB), showing that D (b, 8 independent) is equal to bA in S This
implies that the last subspace is invariant under A, and the reduced operator AS’B ) is [B-independent.
The eigenvectors |a;cy,b8) (v =1,2,...), when multiplied by |b3) are separable eigenvectors of D from
the igenspace of C. 1

A.2 Hypergeometric equation

The most important equations of quantum dynamics are second order differential one.
Among them, the class of the generalized hypergeometric equation covers most of the
problems considered in this textbook:

W (t) + %u'(t) " jg))Zu(t)

=0, (A.3)

where o(t) and (t) are polynomials of the order less then 3, and 7(¢) a polynomial of the
order less than 2. This class is solvable, with the solution standardized within so called

. Here we give the three step algorithm to find out these solutions. The
method is based on the theory of differential operators in the underlying Lebesgue space

L([a,b]).

Step 1. Find all possible constants k such that

I = 2\ 2
W(t):UQTj:\/(UQT) — 7+ ko

is polynomial (of the order less than 2). This means that we look for k giving the
rooted expression the form (at + b)%. For each (at most 2) such k, we find two
polynomials 7,4, and the next steps are to be performed for each of them.

Step 2. For each g1 solve the first order differential equation in ¢(t):

¢ o

f’_ﬂki



122 APPENDIX A. TECHNICAL SUPPORT

and calculate polynomials 7,4 = 27, — 7 and constants A\, = —k — 7). Substi-
tuting the solutions ¢x4 in (A.3) by the change u = ¢pryr+r we get hypergeometric
equation in Y = Yg+:

a()y"(t) +7(0)y'(t) = My(t), (A.4)

which obviously has the eigenproblem form.
Step 3. Solve Pearson’s equation

/ /
. Tp+ — O
(Jp)/ = Tkg+p, 1.€. ﬁ = = )
p o
for each k, and among the solutions px+ select only those being positive (perhaps
vanishing on a countable set) and bounded. Then (A.4) can be rewritten in the
eigenequation form:
1 d d

Hy(t) = Xy(t), - with H = 2 o(00(0) ) (A.5)

Table A.1: Classical orthogonal polynomials. Among Jacobi’s polynomials are Legendre’s
polynomials P, (t) = pio (t) and associated Legendre’s polynomials pim™ (t) = P,(Lm’m)(t).

| Name | (a,b) EOGIEL) | p(t) | 2,

Jacobi || (=1,1) [1—-#2|pB—a— (1—t)x | PE7 () = sl e

—(a+B+2)t | x(1+8)° | L1 —t)" (1 +¢)"+7]

Laguerre || (0, 00) t —t+a+1 t*e”" Lo(t) = €L° z [ —hgnte]

n!

Hermite || (—oo0,00) | 1 —2t et Hy(t) = = L[]

. /2nn| dtn

The rest of the algorithm is based on the

Theorem A.1 In the subspace {f(t) € L*((a,b),p) | o(a)p(a)f(a) = a(b)p(b)f(b) = 0}
of L*((a,b),p), with p being bounded positive function on (a,b) satisfying (op) = Tp,
operator H has purely discrete spectrum {\, = nt’ + @0” | n = 0,1,...} with
the corresponding eigenfunctions being orthogonal polynomial given by Rodrigues equa-
tion x,(t) = f(;;) L[ (t)p(t)] (here B, is arbotrary constant, to be determined by the

normalization).

To resume, only for A = A\, (for some n) (A.3) has solution u = ¢z, satisfying the
conditions of the theorem, which is unique (up to the constant). For other values of A
there are no solutions (at least of this type).

It is easy to verify that the obtained functions x,(t) are polynomials of the order
n. Therefore, they can be obtained by the orthonormalization of the set {1,¢,¢,...}
in the space £?((a,b),p). These classical orthogonal polynomials are well studied and
standardized (see Table A.1 and [!] for details) according to o and 7.
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Solutions of Exercises

B.0.1 Quantum Kinematics

Solution ??7. The following equalities are valid: [AB,C] = ABC — CAB = ABC —
ACB+ ACB - CAB=A(BC -(CB)+ (AC - CA)B=A[B,C|+[A,C|B

Solution ?7. Writing expression as series in powers of A we have: (A4 — AB)™! =
> g A"L,, where operators L, are to be determined. Multiplying by (A — AB) one
gets T = 3> A" (A— AB)L,, = ALy + Y 2 AN (AL, 41 — BL,). It is obvious that
expression becomes (A — AB)™' =37 N (ATIB)"ATt =AY A (BATH)™

Soon 17 (A = (A))2) = (A2 = 24(A) + (A)%) = (42) — 2 (A} (A) + (A)> = (4?) —

Solution 7?7. For m = 1 equality holds. Supposing that equality is valid for some m = n,
for m = n+1 using solution ?7?: [A""! B] = A[A", B]+[A, B]A™ = nA"[A, B]+[A, B]A",
using condition that operator A (and any its positive power) commutes with commutator
[A, B], we have [A"*! B] = (n + 1)A"[A, B].

Solution 7?7.  Assuming that orthonormal basis = {]i)} exists, trace can be expressed

as Tr(fu) (v]) = 22 (@ w) (v]) = 22 (w[) (i]w) = (o] Q2 10) () lu) = (W[ T |u) = (v]w).

Solution ?7?7. Operator H is Hermitian iff (x, Hy) = (Hz,y) holds for any two vectors
x and 3. To shorten notation we’ll write AT = A+ and A = A~. The following set of
equalities for any x and y (r, A ATy) = (ATx, ATy) = (AT ATz, y) proves that operators
A* AT are Hermitian. For any vector x, mean value (z, AZA¥z) = (AFx, ATx) = || ATz|?
is always positive, and for any orthonormal basis 8 = {|i)}, TrATAT = > (i, AT ATi) =
ST(AFi, ATi) = Y ||ATi||?. Finally, TrATAT = > ||ATi||? = 0 iff ||[ATFi|] = 0 for any
1= AT =0.

Solution ??7. d(AB)/d\ = lim.,o(AXA + €)B(A +¢) — A(N)B(N\))/e = lim.,0(A\ +
e)B(A+e)—A(N)B(A+e)+A(N)B(A+e)—A(N)B()N)) /e = lim._,o(A(A+e)—A(N)) /e B(A+
e) + lim._,o A( J(BA+¢) — B(\)/e = (d(A)/d\)B + A(d(B)/d\). Differentiating

equality AA™" = 1 one gets (d(A)/dNA™ + A(d(A™H)/dN) = 0 = d(A7H)/d\ =

C AN (d(A) JAN A

123



124 APPENDIX B. SOLUTIONS OF EXERCISES

Solution 1.1. For an arbitrary vector |¢) its image under p is p|) = > . w; [:) (¥ | ).
Thus, any vector from the range of p is a linear combination of the involved states |i;),

and R(p) <V & span {|¥)}. If R(p) is a proper subspace in V, there exists a nonzero
vector |x) from V such that p|r) = 0. Then we can find an orthonormal basis [j) in
V, such that [1) = |z). In this basis [¢;) = > c;ilj) and p = 3.0 >, cuchwi |5) (4'],
with ¢;; = (j|4:). Since |1) is an eigenvector of p for the eigenvalue 0, it spans one-
dimensional invariant subspace for p, meaning that for the matrix elements in the first
row and the first column of p vanish. Particularly, for the first diagonal matrix element one
has ). cy;cf;w; = 0, and in the view of positivity of w; this means that all the coefficients
c1; vanish, i.e. |x) = 0, which contradicts to the assumption.

Solution 1.2.  From (1.13b) one finds superoperator [, X = oof > o Pa(A)X P,(A). This su-

peroperator is hermitian: (X, 11,Y) =Y, Tr X1P,(A)YP,(A) =5, Tr P,(A)XTP,(A)Y =
Tr (>, Pa(A)X P (A)TY = (114 X,Y). It is also idempotent:

ATIAX =) Pu(A)P(A)XP(A)TLy = Y  Pu(A) XTI, =TI, X.

a,b

Solution 1.5. Using partial integration one verifies: (¢, pp) = fab V*ppdr =
Jy e (Fihgp)de = [0 (<ihg')de = —ihg* ol + [} (<) edz = (pv, 9).
Solution 1.6. Applying obvious relation [A, BC| = B[A,C] + [A, B]C successively in

[2,p"] one finds series (7, p") = p" [, p] + [&, 5P = #hp" "+ 5" plp+ (2,0 =
20hp" ! + [2, PP = -+ - = nilp™”

Solution 1.7. Since (U(a)p,U = [ dr¢(r —a)p(r —a) = [ dre(r)v(r) = (¢,v),

U(a) is unitary. The relation Wlth momenta is obtained as in one-dimensional case, due
i
to commutativity: U(a) = []._, e SR = o P (more in Chapter 3).

Solution 1.8. Since for each |z) one has (x| A1 |z) = >, ((z|® (b]) A(]x) ®1b)), the reality
and positivity of the terms on the right implies reality and positivity of the left hand side.
Finally, if A is statistical, Tr Ay = )_ ,({a| ® (b])A(Ja) ® |b)) = Tr A = 1.

Solution 1.9. Consider the general case, i.e. mixed state p. Being positive operator,
p has unique positive root p/2. Let us define the auxiliary operators A’ = A — (A) p:
B'= B - (B), and A" = p'2A", B” = pY?B'. Using the standard scalar product
in the operators space (X,Y) = Tr ATB, it is easy to recognize the Schwarz inequality
in the expression Tr (A" TA")Tr (B'B") > |Tr B'TA"|%. Note that the left hand side is
equal to A%(A)A%(B), while the right one substituting B" becomes mean | (A'B’) ,[* =

| (ABEBA )t (ABBA ), . Recall that the obtained symmetrized and antisymmetrized
products are hermitian and scew-hermitian operators, and their means are real and
pure imaginary, respectively. The absolute value of the whole expression is greater

than the square of the imaginary part: A2(A)AZ(B) > [(A'B) > = {|[{[A, B]), > =
il (A, B), >
4 ’ P

Solution 1.10. 777
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B.0.2 Quantum dynamics

Solution 2.1. Differentiating the expectation value one finds:

S Bla) = (B(@)| 5 H(0) |E(@) + (- (B@))H(a) | E()) + (B(@)] H(a)( S |B(a).
Therefore:

d d d d

- Bla) = (B(0)] - H@) |B(a)) + B@)(S- (B@)B(a)) + B(@) (B@) (- 15(a).

The last two terms cancel, as the derivative of the norm of the eigenstate, being 1.
Solution 2.2.  (n, N [H, A] |0/, \) = (n,\| (HA—AH) [/, \) = (E,— E) (n,\| An/, X).
Solution 7?.  Straightforwardly apply (2.20).

Solution 7?. It is easy to see that if energy (F) is greater than any potential in infinity
(Vi) than eigenfunction is plane-wave with momentum k = /2m(E — V4.)/h? without
boundary condition in that infinity. This means that particle is free iff energy is greater
than minimum of the potentials in infinity. In conclusion, the state is bound iff V, > F.

Solution 7?. Suppose that we have two physically different states (nonlinear) v, (x) and
to(z) heaving the same energy. Than, for any potential V' (x) we have ¢ /1, = 2m(E —
V(z))/h* = ¥4 /1y leading to equation (]1y — 11905) = 0. Integrating the last equation
we have ]9y — 190y = C for any x. Constant C' vanishes because eigenfunction and its
first derivative for boundary states vanishes in both infinities. Furthermore, integrating
Wi/ = o/ we have i = Aty and because states are normalized constant A is
phase factor specifying that states ¢ (z) and ty(x) are the same physical states which
contradicts assumptions.

Solution ??7. Consider two eigenfunctions ¢, (z) and ¢,,1(x) with eigenvalues E, <
E,11. From the equations ¢! +2m(E, — V), /h* = 0 and Y}, | +2m(Ep1—V )41 /A2 =
0, after simple calculation we obtain (¢),¢,+1 — ¥l 1¥n)|a...777

Solution ?7?7. Adding and subtracting normal and spatially inverted Schrodinger equation
we get two equalities (V(x) — E)(¢(z) £ ¢ (—x)) = 0, Va, giving that eigenfunctions are
either even or odd (¢(—z) = £¢(x)).

Solution 77. 777
Solution 77. 777
Solution 77. 777
Solution 77. 777
Solution 77. 777
Solution 77. 777

Solution 77. 777
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Solution ?7. 777
Solution 77. 777
Solution ?7. 777
Solution ?7. 777
Solution ?7. 777
Solution 2./. Obvious.
Solution 2.5. Obvious.

Solution 2.6. If two bound states with the wave functions v;(x) both satisty H;(z) =
Ey;(r) with H = —%dd—; + V(z), then, first multiply each equation by another wave
function and then subtract the obtained two equations, to get 1) — 1195 = 0. Conse-

quently ¥o1)] — 11}, = ¢, where c is a constant; however, at infinity both functions must
vanish, implying ¢ = 0. Finally, z—i = %’ which shows that 1, = di)s.

Solution 2.7. Proceeding as in Exercise 2.6, assume that the wave functions ¢;(z) (i =
1,2) satisfy Hi;(x) = Eqbi(x) (assumed Ey > Ej); again, first multiply each equation
by another wave function and then subtract the obtained two equations, to get (119} —
o)) = %(El — E9)h11by. If 11 () = ¥a(xg) = 0 (at least at —o0), for each x; holds

b (e (1) — (e ) (1) = — 22 (By — By) / " devn(@)n(a),

zo

which is 1o (x1)Y) (1) = %(El — Es) f;l dz 1y (z)he(z) for the next greater than xg root
xy of ¥y. Clearly, signiy(z) is constant within (xg,x;), and it is opposite to signi(zy).
Then, if also signiy(z) is constant within (zg, 1), the equality does not hold (opposite

signs of the two sides). https://arxiv.org/pdf/quant-ph/0702260.pdf
Solution 2.8. Conjugate of the of the wave equation (—2 95 4 V(z))h(z) = Ey(z)

2m dxz?

is (—%dd—;g + V(x))y*(x) = Ev*(z) (real potential is naturally assumed'). The sum of
the two identities is the same equation for real 1) + ¢*. For the parity proof, note that
x-reversal makes the same equation for ¢ (z) and ¥ (—=z), i.e. their sum and difference are

with the same eigenvalue, and only one can be nonzero (otherwise the degeneracy occurs).

Solution 2.9. Note that the eigenproblem has form of the hypergeometric equation, and
use this (Appendix ?7).

Solution ?7. 777
Solution 2.10. This is a consequence of the commutation relation in (2.26), and well
known general rules [A, BC] = [A, B]C + B[A,C] and [AB,C] = A[B,C] + [A,C]B.

Technically, consider a monomial M with a non-ordered sequence between sub-monomials
(ordered or not) M; and Ms, i.e. M = Mja~a™ M, (with |M| operators). Then this

! This is related to time-reversal invariance of the system.
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disorder is rectified at the cost of additional monomial with |M| — 2 operators: M =
Mla_a+M2 = M1a+a_M2 + My Ms.

Solution 2.11.  With well known identity [AB,C| = A[B,C] + [A,C]|B and (2.26) writ-
ten in the form [a*,aT] = F1, one easily gets A = [(a®)*,aT] = [(¢F)*ta*,aT] =
(a®)*at, aT] + [(a*)*!, aFla® = F(a®)*! + [(a®)*7!, aFla*™. Repeating the same pro-
cedure in the second term: A = F2(a*)*"! + [(a*)*2, aT](a*)?...; in the (s — 1)-step the
result is: A = F(s — 1)(a*)*™t + [aF, aT](a*)*~Y, which immediately gives the wanted
A = Fs(at)*" L

Solution 2.12. Identity [AB,CD] = A[B,C]D + [A,C]BD + CA[B, D] + C[A, D|B is
easily verified by direct check or using obvious identities [A, BC] = [A, B]C'+ B[A, C] and
[AB,C] = A[B,C] + [A,C]B. Accordingly, [(aT)?(a™)",aTa"| =

= (a")[(a)" a]a” + [(a")P,a"](a7)"a” + a™(a")P[(a”)™,a"] + a™[(a™)?,a"|(a)™.
While the second and the third term vanish (operator commutes with its arbitrary func-
tion), to the first and to the last applies the first identity of Exercise 2.11, yielding
m(at)Pm(a”)" ta” — pat(at)P " (a™)™ = (m — p)(a™)?(a”)™, which is looked for.

Solution 2.15. 777
Solution 2.14. 777

Solution 2.15. 777

B.0.3 GGalilean transformations
Solution 3.1. 777

Solution 3.2. Introducing family g(A, B, a) = e*P Ae™*P and expanding it around o = 0
one gets g(A, B,a) =3 2199 where dg:A 9 = Bg—gB=[B,A], 4%=[B 3=

n! da™’ ad ) da
(B, [B, A]l],... Setting a = f one gets tfle equality. !
The second identity follows from the previous one (and the pointed out conditions), with
T(s) = ete’B: LT(s) = AT (s)+T(s)B = (A+e**Be™**)T(s) = (A+B+[A, B]s)T(s) =
T(S) — e(A+B)s+2[A,B]s2

) da2

Solution 5.5. For even n, Z"™ is unity while for odd kn WALRE=N Expanchkng operator
i, i 1 n w2 m2ktl

oL one gets ¢ Lh(r) = Y, ETM(r) = Y, (<) FEm(r) + 1Y, (<) F e T (r) =
cos(m)tp(r) + isin(m)ip(—r) = —(r)

Solution 3.4. Introducing unity 1 and space inversion Z operators, one can write any
function as sum of even and odd functions: ¥(r) = 1/;(r)+21/)(—r) - 1/;(1')—21/1(—1") = L y(r) +
L2 4(r) = Pyt(r)+ P_¢(r). Operator Z is Hermitian as it follows from: (¢(r), Zep(r)) =
S d 7 dy [ dat(r)p(—r) = — [T da [ dy [ 7 dzi(—1)p(r) =

S da [T dy [72dzp(—r)p(r) = (Zi(r),¢(r)). Consequently, operators Py are Her-

mitian, and idempotent P? = (]Hf)Q = ﬂﬂfrﬁ = P,.

Solution 3.5.  Operator U,g is unitary if o and 3 are pure imaginary numbers. Operator
U,p is space inversion if S, = UanUlB = —z and S, = Uangctﬁ = —p. The operator
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equality Prob. ?7 gives: S, = x + [aa? + 8p?, 2] + 5[aa? + Bp?, [oa® + Bp?,z]] + - =
>0 3K, where Ky = [K;,z]. Tt is easy to calculate commutators: Ko = z, K; =

—2ihap, Ky = —2iha?2

Solution 77. 777

B.0.4 Angular momentum

Solution 4.2. Obviously, if K, |z) =0 (p = 1,2,3), then also (K7)) = (2| K, K, |z) =
| K, |z) || =0, and (K?),y =0 (and k=m=0).

In the opposite direction, from (K7)) = (K7 )

1K) | = 1512} | = O, e Kila) = K |2) —
K, |z), for the remaining component Kj.

= 0, the same argument implies that
0. However, then 0 = [K;, K;]|z) =

Solution J.1. Straightforward application of (4.8) in the representation formula K; [km) =
D= Do (B ).

Solution 4.2. Use the form (4.12) for K2, and then substitute the expressions (4.8) for
the action of K3 and K4 on the standard basis.

Solution 4.3. As squares of Hermitean operators, K? are positive, implying that their
average vanishes if and only if Kj|z) = 0. Then, if (K7). = (K7) = 0, also
[K;, Kj] |z) = 0, and (K?)|;y = 0. This means that k = m = 0.

Solution 4.4. 777

Solution /.5. Since Zg(r, 0, ) = (r,m — 0, + ) is the action of spatial inversion in the
spherical coordinates, it follows ZgY;™ (0, ¢) = Y, (7 — 6, ¢ + 7). Substituting this in (4.4)
the results is straightforwardly obtained.

Solution /.6. Besides nucleus helium atom contains two electrons, and without spin-orbit
interaction the electronic Hamiltonian consists of noninteracting single particle part H
(nonperturbed part) and electron-electron Coulomb repulsion (perturbation):

2 2
H=Hy+ H, Hy=h +hy, hi=T =5 H=S (B.1)
T 712
Eigenenergies of the hydrogen-like Hamiltonians h; are €, = —%, with orbital eigen-

functions (r,0, ¢ |nlm) = R (r)Y;™(0,¢). Without spin orbit coupling (neglected), the
states |nlm=) are degenerate, and the ground single electron state is |[1004). Accordingly,
the minimal energy ¢; = —54.4¢eV is achieved when both electrons are with n = 1 (and
[ = m = 0), which due to total antisymmetrization (necessary for fermions as shown in
Section 5.1) gives the total state

) = LD 00 004) 30 Emolt) gy ) = e L)

V2 N T rd VR

with L = 0 and S = 0; clearly, J = 0, too. Obviously, the nonperturbed energy of this

(ground) state is Ej = 2¢; = —108.8eV. Using [ e(:rl—%m dry dry = 167 2%7 the
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first correction (Section 6.1) is found Ey = EQ + E(()l) = —74.8¢eV. The experimental value
is E;™ = —78.6eV, thus lower (negative second order contribution).

B.0.5 Identical particles

Solution 5.1.  Here 1, = Tp_ql = T4p 1S transposition of the elements p and ¢; conveniently,
Ti; = e. All the transpositions are in the same conjugation class of Sy, since any two

of them, 7,, and 7,y, are mutually conjugated: 7,y = TpTp¢TyqTpeTpq- Therefore,
they have the same character in each representation; the same numbers correspond to
all transpositions in one dimensional representations. As obviously Tﬁp, = e (identity

element), homomorphism implies D?(7,,) = 1 in any representation. Consequently, in
one dimensional representations for all transpositions is simultaneously either D(7,,/) =1
or D(1,y) = —1. Taking one of these two choices, the number representing any other
permutation is product (of even or odd number) of + factors.

Solution 5.2. 'To demonstrate that transpositions 7; generate Sy, arbitrary permutation
=70 = (7,...,7n5) will be factorized as their product. To this end we start with
auxiliary permutation p = p(® set to the identical element of Sy. Then, the minimal
position 4; such that 7;, is greater than m; 1 is found, and the permutations p™") = 7, p(®
and 7 = 707, are formed. The procedure is repeated with 7(!) and p* (instead of
7@ and p©), to get 7@ and 7?), etc. Obviously, for some k& < N steps, this results
in the identical permutation 7(¥) = e, while 7% = Ti, *** Ty, = ™, which is the proposed
factorization. The proof of relations (5.5) is straightforward.

Solution 5.3.  Occupation numbers n = (ny,...,n7) = (0,2,1,0,3,0,0) define orbit
with the standard representative |n) = |2,2,3,5,5,5). The stabilizer of |n) is Sy ® Sy ®
S1 ® SpS3 ® Sy = Sy ® S3, with |n| = 12 elements. Hence, the orbit consists of
N!/12 = 60 states.

Solution 5.4. A, (Sy) is defined by the action of the permutations on the orbit represen-
tative [n): A, (7) [n) = |n, p) for T = (¢, which is equivalent to Ay, (Sy) = 1(Sy,) T Sn.
Thus, the frequencies are fitn =Tr Sy(A, ® D)) =Tr S, (1 ® D&)) = L Z¢(:t)¢.

Solution 5.5. The two bases are necessarily related as |j,) = >, Uy, |i;), with U be-
ing an unitary operator (thus det(U) is pure phase). The new Slater determinant is
In=;j) = \/LNf' det |jp), = \/LN*; det >, Uy |ir),. Noticing that the form of the pg-th element
is (UT]i1))pq, the homomorphism of the determinant functional, det Adet B = det AB,

directly gives |n~;j) = det(U) |n~;1).

Solution 5.6. Positive S3 permutations are {(123), (231), (312)}, while {(132), (213), (321)}
are negative. Hence, up to the normalizing constant, |(210)) = [112) + [121) + |211) +
|121) + |112) + |211) (in the order of positive followed by negative permutations of |112);
only bosonic case is considered). This gives:
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7 (123)  (231)  (312)  (132)  (213)  (321)

210) ~ 11204+ 1204 211+ 121+ 2+ |21
(11](210)) ~  |1223) + [2213) + 12213) +  [1223) ~ |(110)) 95
(12](210)) ~  [1123) + 12113) + [1123) +  [2113) ~[(110)),4
(1112](210)) ~  [23) + |23) ~ [(010))5
(1122 (210)) ~ 13) + 113) ~ [(100))5
(2112](210)) ~ |13) + |13)  ~[(100)),

?777INSERT CONSTANTS??? Obviously, for the corresponding clusters the same states
are obtained. In the fermionic case the considered state vanishes, as well as the sub-
systems’ states. Starting with nontrivial fermionic state, the same equivalence is easily
obtained.

Solution 5.7. All the terms in the sum (5.16) contain the same quantum numbers,
and obviously the wanted partial scalar product vanishes if the set of quantum num-

bers {i1,...,iy} is not a superset of {jri1,...,7n}, i.e. when some of the components
of n, = n — ny_; are negative. Otherwise, there exists a permutation o defined in
the exercise, rearranging the quantum numbers {i; < --- < iy} such that the last

N — L coincide with |jr41,...,jn5) and the first L are ordered. Then the L particle
state |Up) = (jri1,...,in | nF) is:

|\IIL \/—Z jL+17"'7jN|A(7T)|Z'U*11 S SioflLajL+17"'7jN>'

Since bra-vector is fixed, the partial scalar product involving the permutation 7 does not
vanish only when 7 leaves invariant the states of the particles L + 1,..., N. Each such
permutation may be written as a product m = mym,, where 7, € S permutes only the
first L particles, and m,, € S,,. However, the intersection of the groups Sy, and S, is just
the group S,,,, the stabilizer of the L particle state |i,-1; < --+ <i,-17). Therefore, the
factorization 77, is not unique, and in the set of the products 7w, each permutation
appears exactly np! times. One gets

(£)7H7LAn : : : : .
P1) = Z N (Jrats -5 IN| A(TLmn) lig-11 <+ o0 <ldgoip, Jrats -5 JN) -
L! VI

TL;Tn

Finally, one realizes that

<jL+17 cee 7jN| A(WLW’H) |Zl0711 <---< ZlaflLajL—i-h cee 7jN> = A(WL) |Z.0711 <---< i071L>7

independently of 7,,; hence there are n! such terms (all with the same sign: for fermions
Tn is the identical permutation only, and for bosons all terms are with the same sign),
giving

W) = Z ) EA(TL) Jig-11 < - <igery) .
Summing over 77, and including normalization factor, one immediately gets (5.21a). Anal-

ogously one gets (5.21b). As for L = 1 case, the permutation ¢ moves the first particle
in the state |j), to the first place (where this state is cancelled by (j|). So, there are
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=5, ;T states before, which are effectively cycled by o = 719+ 7, _14,71;,1,11, show-
ing that [; = 0.

Solution 5.8. First, note that the permutation ¢ from the Exercise 5.9 may be given
a canonical form o = my_p A\, where X is a "rifle shuffle” permutation, which on the
set {i1,...,1,} with singled out L (and therefore the remaining N — L) elements simply
separates them, putting the L elements first and N — L after them, without changing the
order within subsets, while my_; permutes only the second subset. Taking into account

(5.16) for N — L particles, one gets (nx_, | n*) = \/ : \/ nLL (N L)) Ing).

’I‘LN,L!(N—L)! ’I‘I,L'N'

Solution 5.9. From (5.21a) it follows straightforwardly:

P1,..L = Z <jL+1,~~-,jN|ni><"i|jL+1a--~73N ZC"L 'N' >< |

JL415-JN np<n

where C,,, shows how many times occupation number n;, appears in the summation over
the permutations of the elements of the set j = (jr11,...,7n5). To find the weights Cy,, ,
we observe that n;, = n — n(j) and that when n(j) fixed, n;, is also fixed. Therefore,
out of (N — L)! permutations of the elements of the set j, altogether n(j)! permutations
yield the same term in the sum over j = (jpy1,-..,jn). Thus, there are altogether
Cn, = (N—=L)!/n(g)! = (N — L)!/(n —ng)! terms with same n;. Hence

a3 O i = ()X () int

nr<n nr<n

Solution 5.10. As (220), (211), (130), (121), (031) < (231), binomials give:

ps = 3(220)7) ((220)7| +6|(211)") ((211) 7] + 2|(130)™) ((130)"| +
+ 6](121)%) ((121)" |+ 31(031)™) ((031)*F].

Solution 5.11.  As now n! = np! =1 (5.24a) becomes

L! -
Z'nL nL| e Z P fin, i) (i, i P

nr<n L)i<<ip=1

The primed sum means that all the indices run over the N single particle states defined
by ns = 1 in n (alternatively, we may assume that the single particle space basis |i) starts
with these NV occupied states and indices run from 1 to N). Due to the antisymmetrizer,
the restrictions 7; < --- < 7y in the summation may be omitted: the repeated indices are
neglected by the antisymmetrizers, and only unordered permutations of (i; < --+ < ip)
are effectively added. However, corresponding vectors P(7) |i1, ... iz) are up to the sign
same as for the ordered one, and the same sign appears both in bra and ket. Hence there
are L! same terms, instead of one which must be compensated by divison:

N

/ —_ . . . . —
P = O P i i) (i P

(L)il,...,iLzl
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It remains to notice that the summations in 7;,...,7; become independent, each giving
the projector P,, and that the direct product of L these projectors commutes with the
projector P}J_) , which can be omitted from one side.

~

Solution 5.12. By definition (PHA)PE = o7 Domm (£)TATH (@) AA(7) A(7). Denot-

ing 'm by 7, one finds A(7")A(n) = A(n”) and A7 (7') = A~ (7)A7(#"). Substituting

summation in 7’ and 7 by summation in 7" and 771, respectively (rearrangement lema),
one obtains (P(HA)PE) = pE (P 4).

Solution 5.13. The operators Ky = 227! ks are symmetric (additive) operators, thus

p=1
commuting with the antisymmetrizer (recall that otherwise the relevant space S***!

not be invariant; formally since PKy = K., this follows from (5.27)). Thus the 2k + 1-
particle state (5.14) is defined by the occupation numbers n,, =1, m = —k, ..., k (using
single particle basis |k, m)):

would

_ _ /1 7
In >:\/N!P,g)|n): N 5 (=)"A(m) |k, —Fk; ...k, k),
giving

Kiln) = \/% Z > (ke AT [k, =5 k)

™

Now note that each summand k,+ A(7) |k, —k;...; k, k) is zero: either at position p after
action of A(7) appears ki |k,m = £k) = 0, or kyy |k, £m) ~ |k, £m £ 1), the state in
which is another electron already. However, Ky [n~) = K. P |n~) = POK, |n~), and
we can apply on each summand another antisymmetrization, resulting in the vanishing
vector. Finally, Ky |n~) = 0 means that [n~) is of the angular momentum 0 (only
standard vector |K = 0, M = 0) obeys this).

Solution 5.14. Acting on the Slater determinant |1,..., N) (as N = |S|) one gets
(@YD) [Loe o N) = 5 (=17, Dyt -+ Djwri i) -+ ® i), which

is (reordering the matrix element) 7 > (=1)" >

7777

>, (=1)"U1dN) Dy - Dy on) = (det D) |1,..., N). The second part of the Exer-

J1enJN
cise is an obvious generalization of the well known equality det (A ® B) = (det A)!Z!(det B)II.

Solution 5.15. In general, in the orthonormalized basis |¢) (¢ = (i; < -+ < iy) are
ordered N-tuples of the ordinals of a basis of S) of the SV according to (5.14):

(G DV |j) = &Y (=)D DY = (with o = mp7Y)

g Jp-11 Jp—1n

P
= H Y D (DD DY =Y (<) Dy - DY = (DY)

[0}
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If a =|A] and n = N —a (clearly a < N < |S]), the proposed states are spanned by
la, k); here a = (1,...,a), while k is an ordered n-tuple of the numbers a + 1,...,|S].
When this is applied to the found matrix elements:

(a,k|D*N|a,l) = Y (=)"Dpy--- D3, D -+ D% =) (=)" Ay - AL By, - By,
= D (2)AL - ALBY B = det A([BM]))

av

Here, « € S, and v € S,, (S,®.S,, < Sy) are the permutations of the first a and the last n
states only, since only the permutations 7 = ar may give nonvanishing matrix elements.
Also, 7’ is permutation m, only with new indexes of k and I used, i.e. if 7p = ¢ and
p,q > a, then 7'(p —a) = (¢ — a) (if ¢ < a then the contribution vanish).

Solution 5.17. For finite dimensional &, the Fock’s space has finite form F_ = EBI;\?‘:OSJ_V
(for N > |S| the summands are zero-dimensional). Thus, |F_| = |]‘3|:0 ('f,‘) = 2181
showing the isomorphism.

Solution 5.18. Compare the definition (5.34) to (5.21c). As for al, we again consider
its left action in [n'*) af [n*) = VN((n'*|s)) |n*). Thus, the expression vanishes unless
|n'P™) is the unique one satisfying (s|n'*) ~ |n*). Apparently, this is just [n*)|s)
(everywhere it is assumed that |s) refers to the last particle). However, although it has
the correct occupation number, it is not (anti)symmetrized, thus it is not in the Fock
space: the adjoint of the operator in FL must be also an operator in the same space.
Thus this vector is to be (anti)symmetrized, but previously quantum number s is to
be put (i.e. permuted by o) to the position ps, such that the states after it are with
greater quantum numbers. Altogether, this exactly gives the same result as (5.35). The
generalization (5.36) is obtained by the successive application of the first relation. N-
independent form is achieved using the number of particles operator: (ji,...,j.|n*) =

a’jLﬁ ajlﬁ |ni>

Solution 5.19. Consider a particle with one dimensional state space. Due to this peculiar-
ity, all the observables are real numbers, among them the hamiltonian being Aw (w > 0).
Further, any N-particle space is again one dimensional, spanned by the vector |N) (as
there is only one single particle basis vector, occupation number vector is simply the total
number of particles). The particles do not interact, making the N-particle hamiltonian
Nhw. The particles may be created or annihilated, thus they must be considered within
Fock’s space, which is exactly the state space of the harmonic oscillator. It only remains
to shift the energy scale for w/2, and the oscillator dynamics is completely reproduced by
the described noninteracting particles, which really correspond to the excitations of the
harmonic oscillator. The commutation relation (2.27) shows that such excitations are of
Bose type.

Solution 5.20. Consider an arbitrary matrix element A%, = (n*| AH|n/*) in the occu-
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pation number basis:

n’ - Z Z 517 7SL i | Sgpl)v S S(LpL)> <S/1(p1)7 < ,(pL | 'I’I, >

815 ’SL

superscript is particle counter, i.e. noncorrelated vector |s; (p 1), . S%DL)> describes a system

of particles p; < --- < pp, with the particle p; in the state s;. To apply (5.36), one
previously should move particles p; < --- < pr to the first L places; however, the sign
arising (for fermions only) in such a permutation, appears both for bra and ket. Thus,

summation in particles gives (]LV) same terms:

N s
AZ,:(L) Z AG :SL( n* sy, ..., s0) (sh, ..., 8 [nE).

Now, (5.36) directly gives the equality of the arbitrary matrix elements of the operators
n (5.42¢).

Solution 5.21. Defining operators aggm, corresponding to the basis |Qkm), and noticing
that K is additive single particle operator such that (Qkm| kx. |Q'k'm’) = 5,500 Okrr Sm1.m
one finds Ki = > atal anz1. The closed shell corresponds to the state |n ™), such that
the occupation numbers of all the states are 0 except that ngg, = 1, for m = —1,..., L.
Obviously, K+ maps this state into the vector with occupation numbers greater than 1,

i.e. into the vanishing vector.

B.0.6 Approximate Methods

Solution 6.1. The perturbation quantum numbers are [ = 1 and m = 0, and —1 with
respect to spatial inversion; recall that the later is (—1)" for the states. Therefore, the
spin space selection rule is Amg; = 0, and consequently Am = 0, while the transition is
allowed for Al = £1 (since Al = 0 is prevented by the spatial inversion). This leaves the
wanted form (6.6), with the reduced matrix elements V*. Clearly, in the first order, there
is no correction to E; (as [ = 0). As for n = 2, it is fourfold degenerate (nonperturbed,
spinless) with the basis [11), |10), |1, —1) and |00). The perturbation matrix elements
vanish for m # m/, as well as when [ = [I’. This means that the linear effect exists
only in the subspace spanned by m = 0 vectors |210) and |200): the reduced matrix is

H' = e (P52 n0oet) ) has eigenvalues B = £| (210] 2[200) ||e[ E = 3¢ Eap.

Solution 6.2.  The nonperturbed term is kinetic rotational energy (rigid rotator) with
the eigensolutions E} = (I + 1)h?/2mr? and Y;"(,¢), respectively. Perturbation is
z-component of the vector operator, and since Y(6, ¢) ~ cos, the matrix elements are:

T 27
(im| H' [I'my ~ / / sin0d0 dgY;™ (8, )Y (0, )Y (8, ).
0 0

They vanish unless the selection rules Am = m —m/ =0 and Al =1 -1 = 0,+1 are
satisfied: the first one is conservation of the z-component of angular momentum, while
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the second one means that D® is a component of DV @ D) = D=1 g D) g DE+1),
Analogous considerations for the spatial inversion exclude the term [’, as on the left side
the parity is (—1){’+1). This immediately means that the first order correction vanishes.
The second order perturbation is then obtained straightforwardly.

Solution 6.3. Taking the absolute value of (6.10) one gets the proposed estimation di-
rectly:

. . 2
g B8 —Bwl T |AEY]

(n; 0 H'(I — |n;0) (n; O)H' [n;0)  (H"*) — (H')?

OB |AEY|

Solution 6.4. (i) Let E, be the eigenenergy closest to the F[|1)]. Then, using the mean
in [¢) of the spectral form (H — E[|¢)])? = Y_,(E; — E[[¢)])*P;, one gets

AfyH = Z (W (En — E[l)])* P [) = (B, — E[[¥)])*.

(i) For any vector |¢)) orthogonal to |iy) one finds
1=(0]0) = (0o} (] 0) + (0] ) (¥]0) +--- <1 —e+[{0]¥) %

which proves the left inequality. The right one follows from:

Ellp)] =32, (W [n) (n| Hn') (0" |¢) =32, Eu| (Y| n) > =
Eo| (@]0) 2 = Ei[ (@] 0) P+ B[ (@] 0) [ + 32, s Enl (¥ 7) |7 >
(Eo — 0| (010) P+ By X, | ([ n) P = —(Eo — Ex)e + Ex.

Solution 6.5. P? = P, implies dlz;(s) = dpgs(s)P (s) + P,(s )%; multiplying again by

a projector one gets Pn(s)%s(s)Pn(s) = 0.
d P, (s (s n (s
Analogously, Gt = Sl = 37, (P, (s) 5 4 “HELP,(5)) = 0.

(
Due to (b) Q is Hermitian. QF,, — P, = —ih Y (P, %2 P, — P, P, %) =
— 1A, (G2 — G Po) P — P S3) = IA(S52 P+ P <) = 03,

B.0.7 Elements of Quantum Information

Solution 7.1. A% = Z”—o aa;joi0; = S0 a2 + 2377 agao; + Z1<1<J<3(Uz% + 0j0;);
result follows from (7.2). Identity operator is obtamed for a; = 0 except ag = 1; prOJectors
with one-dimensional range have trace 1, thus ag = 3, while A2 = A implies Z =1

1=1 'L 40
ie. A=1(00+a-o) with |a| = 1.

Solution 7.2. 1f S = sl is scalar observable, then (S, X) = TrSTX = s(Tr X)*. This
vanishes if and only if Tr X = 0. In the opposite direction, if A is orthogonal to all
traceless operators, then for each ¢ # j A is orthogonal to all operators |i) (j| (meaning
that A’ =0, i.e. A is diagonal), as well as to the operators |i) (i| —|7) (j|, giving that the
diagonal elements of A are mutually equal.
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Solution 7.3. a) For a € R?® with |a| < 1 the obtained matrix is a - o = (,,%,, “2).
Then the result directly follows substituting |&) = ¢7(cos ¢, e sin §) with « = (1, «, ).
b) From the first part (x|p, |x) = 222, Clearly, 0 < (x| p, |z) < lfor |a| < 1, prov-
ing that the operator is positive. Obviously its trace is 1. Obviously, if |a] = 1 then
(a| pa |@) = 1, meaning that p, is projector (|a) is vector of maximal expectation, thus

the eigenvector, and its eigenvalue is 1).

Solution 7.4. MTM is positive definite ny X ny matrix with eigensystem M+ Muv; = o2v;.
Gather orthonormal columns v; into V' and u; = Mwv;/o; into U. Clearly (UTMV),, =
Zij usMwy is 0,0, for p,q < r and 0 otherwise, meaning that M = UXV™*.

Solution 7.5. This is exactly the established correspondence of the antisymmetrized
states and single-particle subspaces. It can be seen by the obvious fact that if U |a;i) =
|b;4), then |U,; —) = det U |¥y; —), and det U = e for unitary U.

Solution 7.6. As |U—) is independent of the basis, the basis |a; £) is used. Exercise 7.3
shows that (a;£|b- o |a;£) = +a - b. Therefore, (V—|(a-c@1)(1 @b -0)|¥—) =
Y e <a;a|a'”‘a;a><a;7“|b'0|a;7a>g<a;a\wa|a;*a><a;7“|b'”|a;a>. The first factor is the matrix ele-
ment of the observable a - o between its eigenvectors, hence in the first summands this
is a = %1, while vanishes in the second (crossed) summand). The remaining terms are

expectation of b - o in the states |—a).

Solution 7.7. Let the initial composite state be p, and arbitrary subsystem observables
A=, aiPi(l) @1y and B =1, ® ), bng-Q). Then the measurement of A results in

pt = Zi(Pl.(l) ® ]IQpPi(l)®. The measurement of the subsystem observable B gives the
same result as it has been performed on the "subsystem state”, the partial trace of the
whole system. So, if there was no measurement of A, this would be ps = Trq[p], and
po = > Tr 1[Pi(1) ® ]lgpPi(l) ® 1s]. However, choosing in the first subsystem space the
basis adapted to the spectral decomposition of A, it becomes transparent that p, = p3, i.e.
that the results of the measurement of A do not affect the other measurement; actually,
the other subsystem have no information if the firs subsystem measurement is performed,
either.

Solution 7.8.  Assume that U |a)®|b) = /(¢ |a)®]|a) and U |a’') @) = /(@) |a)@]a’).
Then the scalar products of the initial and final states are (a|a’) and (a|a’)>. As U is
unitary, these are equal, which restricts the initial states to either collinear or orthogonal,
contradicting to the required arbitrariness.
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