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Introduction

The idea of this course arose from the fact that, within the regular courses, there is usually not
enough time to cover certain interesting techniques for solving physical problems. Very often,
it is more than a technique, these methods illustrate a new facet of the physics of the problem.
There is a lot of such extra material, but in this course, we will focus on algebraic techniques.
The quantum theory of any physical system can be defined as a single unitary representation
of the algebra of observables and thus, in principle, every problem is algebraic. However, in
practice, not every physical problem is easily solvable by algebraic methods. We will discuss
a number of algebraically solvable problems as listed below. This choice of problems is made
such that each one can be considered as the quintessential example of a physical principle as

well as illustrating a novel mathematical technique.

In the classical theories, almost all problems are differential. This is because the underlying
equations are differential equations, e.g. the Newton equation, Maxwell equations, etc. However
in quantum mechanics, the physical observables form an algebra and theories are defined as
unitary irreducible representations of this algebra. As an example we have many particle
Heisenberg algebra, i.e. the set of operators z;, p; obeying

(4, 25] = [Di, D] = 0 [%4,p5] = iRy, (0.1)
where [,] denotes commutator [A, B] = AB — BA. If we now have a vector space to act
on with these operators, we have defined the physical theory. Quantities of interest, namely

expectation values of the observables and their time dependence, can be be computed purely

from the structure of the algebra and the vector space, i.e. by algebraical methods.

The requirement of unitarity is very important in quantum theories. It implies probability
conservation. We require that the operators, that transform the states of the vector space to be
unitary, i.e. so that UTU = 1. Where 1 is just the identity operator. If we write U in terms of
a generator U = €' this condition translates into requiring H to be hermitian, i.e. HT = H.!

Now, for two states |a) ,|3) in the vector space, that transform as

o) = |y =Ule) , |B) =18} =UIB). (0.2)

IThen Ut = e~ " = ¢=iH 50 UU = e~ iH+iH =1,
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The overlap between the states remains the same

(|8') = (| UTU|8) = (alB) . (0.3)

Transformations U of the vectors are then given by exponentiating corresponding observable

by a parameter describing the transformation as

U= e, (0.4)

These notes are still work in progress. Your comments, as well as reports of mistakes and

typos, are mostly welcomed at juraj.tekel(at)gmail(dot)com . Thank you!

In the text, we adopt units, where ¢ = 1 and A = 1.2 Also, I,, denotes the n x n identity
matrix. We use the summation convention and a repeated index is understood to be summed

over. Examples

3
2 _ 2 2 2 _ 2 _
o= ]+ ry+r3= E T; = T;Ty,

=1

A-B = iAiBi = A;B;,

=1

(MA); = Y MyA; = MyA;,
j=1

(ffx §>l = ¢&4rA;Bg.

20One could argue that taking the classical limit means taking # — 0 and ¢ — oo, which is obviously
impossible if we set them both to unity. The classical limit is obtained in the case when the number of quanta
in the system is very large, i.e. n/fi — oco. Note that this is equivalent to taking the limit i — 0, but the spirit
of the limit is different.



Chapter 1

The multidimensional oscillator and

su(N)-algebra

In this whole section we will set m,w = 1 for simplicity. Rescaling p, Z or alternatively using a

slightly different definition in (1.2) would do the job for general values.

1.1 One dimensional harmonic oscillator

This section should be familiar from the quantum mechanics course. The one dimensional LHO
Hamiltonian is given by
1 1.,

H=-p"+ =i 1.1
5D+ 5 (1.1)
If we introduce a new set of operators
. T +p
a = ,
V2
ot = T2 (1.2)

&

we can easily check that from [#,5] = i we get [a,a'] = 1 and that Hamiltonian becomes

—_

H=a'

Q>

- (1.3)

[\]

Now we observe, that if |a) is an eigenvector of N = a'a with an eigenvalue o # 0, then also

a|a) is an eigenvector with an eigenvalue! (« — 1). Thus, in this notation we get

o —1) = ——ala). (1.4)

L
Ja

IThis is a consequence of the commutation relation [a,af] =1

1
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Similarly, we get

atla). (1.5)

a+1) =
a—+1

Using these formulas, we can get new and new eigenstates of N , with lower and lower eigen-

values. However, all the eigenvalues of this operator are positive, since
a=(a|d'ala) = (a —1ja—1) >0. (1.6)

We can always get a lower eigenvalue using (1.4), therefor we need to have a state with o = 0,
since then a|0) = 0. So we postulate existence of such state and using (1.5), we generate the

complete set of eigenstates
n) = —= (a")" |0) (1.7)

of the operator N with the eigenvalue n. Since H = N + %, these are also eigenstates of H

with the energy

1
En:n—|—§ , n=0,1,2,... . (1.8)

In the general case, there would be a factor of Aw in this expression.

1.2 Two dimensional harmonic oscillator

Or equivalently two uncoupled one dimensional oscillators. The Hamiltonian of such system is

1., 1., 1, 1.
H = §pf + 5]?3 + 5:6? + §x§ (1.9)
We have taken both frequencies to be equal (to 1), however using a different definition for

operators aq, as, &I, &; we could get the same expression also in the case of different frequencies

in different directions®>. Now following an analogous approach as in the previous section we
take

e Ty + iy e Ty —ipy
1 — ) 1 — )
V2 V2
. By + P ¢ de—ip
G = 2T ap 1272 (1.10)

V2

and turn the Hamiltonian (1.9) into

H = alay + alas + 1.

2This way, the system is equivalent even to two coupled harmonic oscillators.
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Using the commutation relations among the &1, Zo, p1, P2 Operators, we get

4,01l =1 , l|aa]=lal,all=0 , 4j=12 (1.11)

J (&
Again, with the same logic as before we get to the set of eigenstates of this Hamiltonian

1 L\ o/ s\ M2 R R
|7’L1,712> = W (CL{) (a£> |O> , MNi,Ng = 0, 1, 2, C s ay |0> = a2 |0> =0 (112)
1-M2:

with the eigenvalues
Epin,=n1+n2+1 |, (1.13)
and
ai|ni,me) = /nijng—1,ng)
as ’nl,n2 = \/71_2‘7117712 - 1> )
n

)
) = Vni+1|ng+1,n9)
) = Vna+1llnng+1). (1.14)

&‘{ |n1a 2

d; |n1,n2

This way, we got a representation of the algebra of the operators ay, as, &I, d; in the vector
space spanned by the vectors (1.12)3 .Of course, this is not the only possible representation of
this algebra. For example if we take

0 . 0

- a2 e
821 ’ (922 ’

acting on the space of the complex functions of two variables, we can easily check, that we get

dl = dJ{ =21 y d; = Z9 (115)

the same commutation relations. So, at least in principle, we could get two, or more, different
results describing the same system (1.9). However, the following theorem secures, that this will
not happen.

Theorem 1.2.1 (Stone-Von Neuman). For any finite set of a;, &j», there exists only one repre-
sentation of their algebra with commutation rules (1.11), on a simply connected space and up

to a unitary transformation.

Meaning. Since equivalent representations produce the same physics, we get a well defined
physics. However note the two caveats in this theorem. First, if we have a theory on a space
that is not simply connected we can get two non-equivalent representations of the algebra and
this is going to be the case of Quantum Hall Effect. Second, if the number of a;, dj is infinite,
we can again get an non-equivalent representation describing different physics. This is going to

be the case of superconductivity and BCS theory.

3Representation of algebra is a mapping of the algebra to the space of linear operators on a vector space,
which preserves the commutation relations.
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1.3 Symmetries, conservation laws and degeneration

Let us transform the Hamiltonian by an unitary transformation
H—UHU | (1.16)
where we assume, that the transformation is continuous, thus U can be expressed as
U = ¢h¢ (1.17)

with G being hermitian and 8 being the transformation parameter (eg. distance, angle). For

the variation of the Hamiltonian, we get
0H = —if[H,G]. (1.18)

If U is to represent a symmetry, then 0 H = 0 and the generator of this symmetry must commute
with the Hamiltonian. Inserting this into the Heisenberg equation of motion for the operator
G we get

dG

— = —i|H,G] =0. 1.19

= ~ilH, 0] (1.19)
and the G is conserved. Therefor if there is a symmetry, there is a conserved quantity. The
argumentation works also the other way around and we find out, that where is a conserved

quantity, there is a symmetry. This is essentially the Noether’s theorem.

Writing down the Jaccobi equation we also see, that if A, B are conserved, then also [A, B]

is conserved, since

[H,[A,B]|+[A,[B,H]] + [H,[B,A]] = 0= [H,[A, B]].. (1.20)

Now, lets have |«) an eigenstate of H with eigenvalue . Since [H,G] = 0, we get
HG |a) = GH |a) = oG |a) . (1.21)

Also G |a) is an eigenstate of H, with the same eigenvalue. This way we find out that all the
states G™ |v) are degenerate and thus also states |a) and U |«) are degenerate. This means that
with every symmetry comes degeneration and the eigenstates of H are grouped into multiplets
of states with the same eigenvalue. These states are connected among each other by symmetry

transformation, however not necessarily every couple of states is.

As an example, consider the hydrogen atom. The Hamiltonian

2 2
=L < (1.22)

2m T
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is obviously rotationally invariant and therefor
[L;,H] =0 (1.23)

with L; being generators of the rotations, i.e. the angular momentum operators.* We expect
the eigenstates of this Hamiltonian to be grouped into groups of the same energy. And this is
indeed the case. The eigenstates of are labeled by three number |n,l,m), where n = 1,2, ...
and [ =0,1,...,.n—1land m=—[,—l+1,...,l—1,]. However only the number n determines
the energy of the state, so all the states with the same n are degenerate. There is only one

state with n = 1. There are four states with n = 2, namely
12,0,0),2,1,-1),(2,1,0),(2,1,1). (1.24)

The last three states are mixed together by some rotation U = i but since states with
different [ have different total angular momentum, there is no way we can mix these with the
first one. The natural question to ask is, whether there is a larger underlying symmetry beyond

rotations, that would mix these states together. We will answer this question later in section
2.

This is an illustration of the Wigner theorem, which states, that if [H, G;] = 0, then the
states fall into multiplets forming an irreducible representation of the algebra of generators of
the symmetry G;.

There is however a catch to the previous argument. We have no guarantee that the state
G |a) is going to be an element of our Hilbert space. If this state is not normalizable, i.e.
|G |a)| > oo, we encounter phenomenon called spontaneous symmetry breaking. This is a
different way to break the symmetry, where the generators still commute with the Hamiltonian,
opposing to simply changing the Hamiltonian and lifting the degeneracy. We will discuss this
case in the section 4.

1.4 Two dimensional harmonic oscillator and su(2)

We suggest that the reader reads also the appendix A.5 for some more information.

We see, that the n-th excited level states are n + 1 times degenerated, since all the states
|7’L,O>,|TL— 1,1>,...,|0,TL> (125)

have the same energy n + 1. Thus, we can expect some kind of symmetry.

4One could compute explicitly this commutator with L; = €ijkT;Pr and see that it vanishes, but that is not
necessary. We see, that Hamiltonian (1.23) consist of only rotationally invariant quantities p? and r and thus
is itself rotationally invariant.
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1.4.1 The first excited state

Let us first deal with the first excited states, i.e. states |1,0) = al [0),]0,1) = al |0). It is easy
to find the operator G, that does the work, i.e. G'|1,0) = |0,1) and G~1]0,1) = |1,0). For the

reasons that will become clear later, let us denote G = G_ and G~! = G and we have

G_=aba, , Gy=ala,. (1.26)

5

F
T[&Td]&:o (1.27)
2 2, U2 1 . .

Using (1.20) we see, that also [G,G_] = d‘;dl — d;&g = 2(3 is a symmetry generator. If we

compute the following commutators, we get

G5,G] = —G_ |
Gs, G = G (1.28)

and the generators G,,G_, G3 follow the angular-momentum-algebra commutation relations
familiar from the quantum mechanics course. Therefor this is a particular representation of

this algebra. Since it is 2-dimensional, it should be equivalent to the spin—% representation.

This can be explicitly seen, when we use the following notation

Az(i“) A= (ahal
a2

. In this notation

G, = AT<O 1)A :
00
G_ :AT(OO)A,
10
1(1
G; = AT§<0 _01>A. (1.29)

5We have used [4, BC] = B[A,C] + [A, B]C in the calculation.
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Using a different linear combination of the matrices we get

10 1
= Al A
Gl 9 10 ) )

G = Al Q‘Z)A ,

1 0
1({1 O
Gy = A= A 1.30
c= (b ) (130)
or
G, = At (%) A (1.31)
with o; being the Pauli matrices.® For these
o Uj} . Ok
i %) . Ok 1.32
[2’ 2 | =R (1.32)

These matrices form su(2) algebra of all 2 x 2 hermitian matrices with a vanishing trace and
this algebra generates the group SU(2), i.e. all 2 x 2 matrices, which are unitary and have
determinant equal to 1. As should be familiar from the course of quantum mechanics, Pauli
matrices form spin—3 representation of su(2). Therefor the representation of matrices G; is
equivalent to the system of spin % and so is the first excited state of the two dimensional

harmonic oscillator.

1.4.2 The higher excited states

For third and higher excited states, we will get the representations of the same algebra with
the same commutation rules in a higher dimensional space, i.e. representation equivalent to a

corresponding spin representation.

For a fixed n, the states

yk,n—m:m(ai)k(a;)n_km) . k=0,1,...,n (1.33)

6The matrix multiplication indexes have been and will be suppressed in expressions like this. With the
indexes explicit, it would be

Gi - (AT)C“ (%)a@ (A)B

, which is a little cumbersome.
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are going to be (n + 1)-times degenerate. Again, the symmetry will be generated by the
same operators G_, G, G3 given by (1.29). We compute

G|k — k) = <k—g) by — k).

The possible eigenvalues of G3 are therefor —j, —j+1,...,7—1,j with j = n/2. We then take
G? = G;G;, which commutes with G5 and look for it’s possible eigenvalues. We get

1 - - 1 - N
G? = Gi+Gi+ G =G.G+Gi = Gy =ajanalin + (N = Np)* = S(Ny = Ny) =

(1.34)

N N 2 N A
. N1+N2 +N1+N2
a 2 2

and the eigenvalues are then (n/2)? +n/2 = j(j +1). As expected, we got spin n/2 represen-

tation.

1.4.3 The general treatment

One can easily check, that the following operator

~

M = ala; M, (1.35)

commutes with the Hamiltonian H = azai + 1 for any matrix M;;. Note that we have used the
summation convention and that the indexes i, j = 1, 2. Also note that this would be true also for

higher number of dimensionality with the corresponding H = a;rai +N/2and i, j=1,2,...,N.

This operators M therefor represents a general symmetry and we now look for the multiplets

of degenerate states.

In the present case, M;; is a 2 x 2 hermitian matrix and thus M can be expressed as
M = Myl, + %aaMa (1.36)
with My, M, some real numbers. Quite trivially
ala; (Ml,),; = Hy (fvl + NQ) (1.37)

This part of the operator M is not interesting, since it is just the Hamiltonian itself and is not

a real symmetry of the system. We therefor denote X, = az a; (%JaMa)ij and compute

[Xa, Xg] = i€a8y 2 (1.38)
Here, we derive a usefull formula. A short computation gives

TrM = 2M,
TrogM = ... (1.39)
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Using this in (1.36) yields

1
Mi0;0;, = §Mlk 0k1045 + (Ua)ij ()
1 1
0idjr = §5k15ij+§(%)zj (Ta)n (1.40)
Using this formula we compute
N+ &) | K+ W
S0 X, = (%) + % (1.41)

1.5 Higher dimensional harmonic oscillator and repre-

sentations of su(V)

Very similar approach could be explicitly used for the case N = 3. We have the set of operators
T

a;,a, with ¢ = 1,2, 3 and corresponding commutations relations (1.11). The generators for this

case are
ata ata At
a\as, ayas, alas (1.42)

and their conjugates. Again, writing these in terms of A matrices in fashion similar to (1.29)

and using matrices of the form (B 4 iB')/2 we get these six generators

010 0 —i 0
M=ATl 1004 , =AT i 0 0]A
000 0 0
00 1 00 —i
M=ATl o000 |4, =4l 00 0 |4
100 i 0 0
000 00 0
=ATl 001 A, M=ATl 00 —i |A (1.43)
010 0 i 0

Computing the commutators and adding the two matrices that are not linear combination of

the previous ones

1 0 0 L f1r00
N=Al 0 -1 0|4 , AszAT% 01 0 |A (1.44)
0 0 0 00 —2
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we close our algebra. Now, we could compute commutators of these matrices. However there

is a clever trick to figure it out without too much work. Note, that

AoA]T A A
A A A A 1.4
EEIEeEE (1.45)

so that the commutator itself can be written as i x (hermitian matrixz). Due to the cyclicity
of the trace this matrix needs to be traceless. And a traceless hermitian matrix is just a
combination of the original A matrices. We get the commutation relation

Ai A Ak

[5, 5} = ifijr (1.46)
for some f;;r. These need to be antisymmetric in the first two indexes, since the commutator

is antisymmetric. However computing
AL A A : Ar A o o1
T?" (E |:5, EJ:|> = ZfijkT’l“ (53 = Zfijk? = 2§fijl (147)

and using the cyclic property of the trace again

PGEAD-GED-GRY) e

we see, that f;;, needs to be antisymmetric in every pair of indexes.

We know, that the algebra closes, since we found 8 matrices, which are independent and

thus form a basis in 8-dimensional space of su(3).”

Then, characteristics of n dimensional representation of su(3) could be found in a similar
fashion, as we found characteristics of n dimension representations of su(2) in the case of higher

excited states.

We could in principle find description of the representations of su(N) by eneralizing this
procedure to an N dimensional oscillator. Finding N(N — 1) generators in the form (1.42),
rewriting them as (B 4 iBT)/2, computing the additional commutators and then finding the

eigenvalues of commuting operators.

"It is space of 3 x 3 anti-hermitian matrices with TrA = 0, thus it is 8 dimensional.



Chapter 2

The Hydrogen atom: O(4) and O(3,1)
symmetries and bound and scattering

states.

In this chapter, we will show how one can solve the hydrogen atom using purely algebraical
methods. Opposing to the approach where we explicitly solve the Schrodinger equation using
the usual representation of the momentum operator. The presented method is due to Pauli

and was actually the first used to determine the spectrum of the hydrogen.

2.1 Physics of rotations

Let us have a point in the 3D space, described by coordinates © = (1, x2, x3). We now transform
the coordinate system by rotating it around the x3 axis by an angle #3. This transformation

can be given in a matrix form

) cosflz3  sinf; 0 1
xy | = | —sinf; cosfs; 0 T (2.1)
xh 0 0 1 T3

11
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Similarly, for rotations around the other two axes we get

x} cosfy 0 sinfy )
xh = 0 1 0 To
xh —sinfy, 0 cosfy T3
) 10 0 1
xh = 0 cosf; sinb, To (2.2)
xh 0 —sinf; cosb, T3

If we now make 6 very small, we get the infinitesimal rotations

x} 1 65 0 )
ZIZJQ = —93 1 0 T2 = Lgl'
xl 0 0 1 T3
3}/1 1 0 92 T
!, = 0 1 0 To | = Lox
ZL’% —02 0 1 T3
@) 1 0 0 1
ol =1o 1 6 v | =Lz (2.3)
.I'g 0 —91 1 XT3
or
dx; = & — o, = ;520 (2.4)

with £, the antisymmetric tensor in the three dimensions™?. A general rotation is obtained
from the infinitesimal ones by

U = el (2.5)

with L, given by (2.3). If we now take the quantum mechanical rotations, and evaluate UT#;U

for infinitesimal 0;’s we get
U'pU = p;+i0k[pi, L) (2.6)

where the second formula follows from the fact, that momentum transforms as a vector. Com-

paring with (2.4) we obtain

[Zi, L] = —ideijnd;
(i, L] = —iciupd; (2.7)
1Given b Eiik = 0 if any of i, .,]f are the same, and €123 = €312 = €231 = —€213 = —€132 = —€321 = 1 or
Y Eij y J

€5(123) = (—1)#9"(?)  where o is permutation of three elements and sgn (o) is its sign.
2Recall, that we use the convention of summing over a repeated index.
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If we assume, that generators L are some combination of Z;, p; only, we get that L; = ;x2,px,
the same formula as is usually obtained in quantum mechanics by correspondence principle.

Using this to evaluate the commutator of generators we obtain®
[Li, L]} = igijkLk (28)

Therefor, generators of rotations obey the su(2)-algebra commutation relations. This algebra
corresponds however to two groups, SU(2) and SO(3). Both do represent rotations, however
only the second one represents rotations in the real space, due to the fact that the first one has

half-integer and the second one integer spin representations.

2.2 Central potential problems

Such problems are described by a Hamiltonian in the form

A2

H= f—m +V(r) (2.9)

where 7 is the radial distance form the origin. As mentioned in the introduction, this Hamil-
tonian is rotationally invariant, since p? transforms as a scalar and r is rotationally invariant,

and this can be checked by computing

[Li, H] = 0. (2.10)

Thus any central symmetric problem has a SO(3) symmetry. As mentioned in previous
sections, this will lead to degeneracy, since if H |a) = «la), than also HL; |a) = al;|a)
and the states L |«) are all degenerate. Therefor, every energy level will form an irreducible

representation of the SO(3) group and states will fall into multiplets of degenerate energy.?

Now, we will deal with a special case of potential V(r) = —k/r. For k = Ze? we get an

electron in the field of a nucleus, for K = GMm we get a gravitational two body problem?.

Recall the eigenstates of the hydrogen atom, which are characterizes by three quantum
numbers n, [, m. The states of a given n with the same [ but different m have the same energy.
These is the degeneracy due to the SO(3) rotational symmetry and holds for any rotationally

invariant potential. However the states of the same [ have also the same energy, which is given

3The calculation uses the indentiy €ijkElmk = 0il0km — OimOji.

4This means, that these states will span a vector space, where this group represents irreducibly.

50ther reason to study this problem is Bertand’s theorem. This proves, that there are only two potentials
in the three dimensions, for which every orbit of a bound motion closes. Namely isotropic harmonic oscillator
potential 72 and potential 1/7.
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just by the principal quantum n. This is an unexpected degeneracy, which suggests there is

some additional symmetry we have not described yet.

This can be seen also at the classical level, where there is another conserved quantity for
the 1/r potential and as we mentioned before, conserved quantities are in intimate relation to

symmetries due to the Noether’s theorem.

It can be checked, that classically, vector
]_ —
R=—pxL-"x (2.11)
m r

called the Runge-Lentz vector, is conserved for a bound motion. It follows from the fact, that
the ellipse, that is the trajectory of such motion, does not change. The RL vector points to

ellipse’s perihelion®.

At classical level, this means that the Poisson brackets { RS, H} vanish. At quantum level,
we want to write [R;, H| = 0, however since p and L do not longer commute, it is not clear how

to order these operators.

2.3 Quantized Runge-Lentz vector

One of the possible choices is to take

1 . . K .
R, = %Eijk(pjl}k —+ Lkpj) — ;l‘z , (212)

which makes it hermitian. In the following, we will omit the hats and understand z,p as
operators. For R in this form, we get

[RZ,H] — 0 5
[Li, R;] = ideijuRr

2H
{ <——) gijple
m

2H
R = E(L2+1)+/<;2 , (2.13)

[Ri> Rj]

where the second formula follows form the fact that R is a vector. The other three are results
of rather painful calculations, that we shall now show. In what follows, we will often use what
is often referred to as 'Davis Cup identity’”

EijkEmnk = 5zm5]n - 5zn5jm (214)

6Note, that perihelion of the planet Mercury is precessing and thus the RL vector is not a conserved quantity.

This is due to the perturbations and relativistic effects, which change the potential and it is no longer 1/r.
"This name is due to the easy mnemonics for this formula : first day matches are the first seed vs. the first

seed and the second seed vs. the second seed, the second day the matches are first-second and second-first.
Proof of this formula can be done using the expression of matrix determinant in terms of the e-symbol.
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We will also often use the identity
[A, BC| = [A, B]C + B[A, (] (2.15)
and the fact that x’s commute among themselves and with any function of . We encourage

readers to try to do the computation on their own as a very useful exercise.

And finally let us mention that we will be very loose in the positioning of the indexes.

We just note that strictly speaking, some of the indexes should be upper and some lower and

readers who wish to make this difference are probably able to do it on their own®.

e [R,H|

Since L;’s commute with the Hamiltonian, we can write

1 K [Z;
[Rz,H] = %&?ij ([pj H]Lk + Lj[pk,H]> — % |:?,p2i| . (216)
We compute
[371]:_81_18:(3 1 ):ﬁ, (2.17)
Ox; Oxjr rox; Oz \/x;x; r3

If this is not clear, it is best to imagine the commutator acting on some function f. This

yields
K 1o 1 .
s H] = [py. =] = i [a— ;} =i (215)
Similarly
SR R — x| I = —0;; 2.1
{8xj’ r] " L?xj’ 7’] i {&w’mz] P o (2.19)

and this gives

Ti 9 Z; T; ) 1 1 1 1
[7@ } =Dpj [77%} + [?,pj] pj =1 {pz‘; + ;Pz‘ — ﬁﬂﬁﬂjpj _pjxixjﬁ . (2.20)

These two together give

K T T K 1 1 1 1
[Ri, H] = —%Ezjk <T—§Lk + LkT_‘Z)) - % {pz; + ;p@' - 7,—3$i$jpj - pjilj'il'jﬁ:| . (2.21)

8The readers who did not understand these two sentences are advised to simply ignore them. The text will
make perfect sense even without them. It turns out this can be done with almost any sentence that is not
understood.
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In the first term, we can take =2 out, since it commutes with L;. Then, we obtain

T T, T, 1 1
j j j
ik Lk = Eijkrim 3 TPm = —3 (0ibjm — Oim0j1)Tipm = S T;Tipj — —ZT;T;p;i =
r r r r r
1 1
= =STTip; — —Pi 2.22
L m; — —p (222)
and similarly we get
T T; Z; 1 1
J J J
5ijk;Lkr_3 = Ez‘jkﬁklmxlpmr—g = (5z'l5jm - 5im5j1)xlpmr_3 = %pﬂjﬁ - 9ijz‘$jr—3 =

1 1 1 1 1 1
= Pty + @i Pl = piwjr g = (2, piley g = piwiwy 5 — pi{2.23)

We put these two back in (2.21) and watch all the terms cancel like crazy, making the
expression literally vanish, as desired. This shows that R’s are truly the symmetry of the

theory.

(R, R]

For the commutator of two R’s we get

Ri,Rj] = %[giabpa[fb?ejmnpm[/n] - #([&abpa[/b’pj] —{i+ J}> -
= = ([zwpaln 2] —fi e }) = = (| 2] i 0 3}). (@29)

In the above expression {i <> j} denotes the same term with indexes i, j interchanged.
Note, that any symmetric part of the expression cancels. This way the whole last term
vanishes, since the commutator contains terms proportional to ¢;; and x;x;. We now

compute
[€iavPal, Pl = EiabPaicinPr = 1(8ij0ar — Oindja)PaPr = i(8ijp* — pip;).  (2.25)

We have used that the p’s transform as a vector under rotations. This expression is also
symmetric in ¢, j and therefor the corresponding term in (2.24) vanishes. We get the other

commutators in a very similar fashion. We compute

1
ﬁ [5iabpaLb7 Z':jmnmen] -

- Eiabgjmn< a[Llhpm]Ln + papm[Lba Ln] + [paa pm]Lme + Pm [paa Ln]Lb>
= 7kfiabgjmn <5bmkpapkLn + aglmkpamek - gnakpmpk[/b)

= 1€ ((5nk5jb - 5nb5jk)papkLn + (5jk5mb - 5jb5mk)pamek + (5jk5ma - 5ja5mk)pmpkLb>
= 1€iqjPaPkLi — 1€iapPaPj Ly + 1€iapPalb L — 1€iajDaPk Lk + 1€iabPaj Ly — 1€i56PkPKk Ly
= _igijbp2Lb- (226)
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And we are left to compute (on our way, we drop a term symmetric in 4, j couple of times)

K T K 1 Oui  TiT
j . - aj jLa
—— [e?mbpaLb, —} = ——i€igp YPa"lE0jkTk — | — — =z | Lo p =
m r m r r r
K z; 1 1
= —i— | =pj— — —Cijrlk + ZEiavEonT;Talipr | =
m roor r

K r, 1 1 K T X 1
= i— | pj—+ —cijpln + ZxTaTapi | =i— | pj— + = pi+ —€ijly | =
roor r m r r

o
T; ; ; 1 k1
(Pj— tpi—+ [—,pz} + _5ijkLk> = ——eyelr
T r T r mr

where we have again used that [p;,z;/r] is symmetric in ¢,j. This way, we get the

advertised expression for the commutator of two R’s
1 k1 , 2H
[Ri, R]] = —ZﬁgiijQLb + 2E;€Z]kLk =1 <—F> eijkLk" (228)

o RR?

And finally, we will sketch the calculation of R% Filling in the details should be no
problem by now. We get

1
R = W(ijk + Lip;)(pj L + Lip; — peLj — Lipr)
— ig( L.+ L )ﬂ_iﬁe( Ly + Lip;) + K (2.29)
om ijk\PjLk ED; r 2 ijk\Pj Lk kPj . .

and after some more or less straightforward algebra, we find

(pjLi + Lip;) (i Lk + Lip;) = 4p°L* —iegupi(pjLi + Lip;) = 4p°L* + 2p*
—(PiLe + Lipj)(peLy + Lipe) = 2p°

—¢eijk(pj Ly + Lkpj)7 = - (T +ope 55) ;
2 202  2i
_75ijk(Pij + Lipj) = — (T - 33) : (2:30)

These expressions, when inserted into (2.29) give the desired result.

To conclude, let us repeat the commutation relations again

[LiaRi] = i&‘ijk )

[ 2H
[Ri, R;] = Z(—ﬁ) Eijhlr
2H
R* = “—(L*+1)+ k% (2.31)

m

(2.27)
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2.4 Bound states and the O(4) symmetry

We will constraint ourselves only to the states with a constant, negative value of H < 0. Then,

it is legitimate to change to a different quantity®

1
K, = R;. (2.32)
2H
Now all the commutation rules are
K, K| = deyuly
[Li, Lj] = iffijkLk )
[Li, K] = g K. (2.33)

which are the O(4) algebra commutation relations. To see this, we need to look at infinitisemal
rotations in four dimensions. We would write the 4 x4 matrices corresponding to these rotations

in a similar way as in the section 2.1 and compute the commutation relations.

Now, we introduce a different set of operators M;, N;

M- K, + L, |
2
K. — L,
N, = —— | (2.34)
2
so that (2.33) becomes
(M, Mj] = iggpMy,
[Ni, N;] = igyjuNi
M, N;] = 0 (235)

i.e. two independent SU(2) algebras, thus O(4) = SU(2) x SU(2). Using (2.13) and (2.32), we
get

2H 20 2 1
=P+ = K = og=-"T (2.36)

R? )
m m 2 [24+K2+1

90ne could wonder how is an expression like 1/y/operator defined. One could then imagine this as a Taylor
series but then questions as convergence of a series of states arise. However if we constrain ourselves only to

the eigenstates of this operator, is is quite clear that

1 1
——— |etgenstate) = —— |etgenstate
v/operator leig ) vetgenvalue letg )
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We find out that
L*+K*+K-L+L-K

M? =

4 7
I?’+K?-K-L-L-K

N? = + : (2.37)

4
We compute
1 1
R-L= %ij&mn(ijk + Lip;) TmpPn — K EimnTiLmPn- (2.38)

The second term vanishes, since it is both symmetric and antisymmetric in ¢ and m indexes, or

equivalently x - (x X p) = 0. The other two terms are also going to vanish due to the following

€ijk€imnDi LikTmPn = DjLrxjpr — pjLrxip; = (p-x)(L - p) — pjterjrx,pr — pj(L - z)pj =
0 0
= —ip;j EjrkrPr =0 (2.39)
—_——

(zxp);
So we see that R- L = 0, thus K - L = 0 and we get M? = N2, since K - L = L - K. Finally,

for the Hamiltonian we get

K*m 1
H=— 2.40
2 2(M2+ N?)+1 (2.40)

Both M? and N2 are equivalent to J? operator of SU(2), thus for the irreducible representations

they are both equal to k(k + 1), with k£ =0, 3,1,..., and we obtain

K2m 1 B K2m 1
2 (2k+1)2 2 n2 7’

H=- n=1,2,... (2.41)

We have derived the well known spectrum of the hydrogen atom. The states are given by a
product of two spin-k representations of the SU(2), i.e. |jy =k, my) ® |jn = k,mn). The
last thing we need to determine are degeneracies of the energy levels. This is the number of
possible values of L3 = M3 + N3, where M3 and N3 have possible values of k£ to —k. This is
equivalent to the composition of two spins k and we know that the possible values of L3 are
from jp + jn = 2k to |jar — jn| = k — k = 0. Thus, we have 2k + 1 = n possible states with

the corresponding energy, given by n. This solves the bound states for the hydrogen atom.

Note, that the additional 1 in the denominator of (2.40) is the purely quantum mechanical
term. If we used the A units, this term would have been h? and thus vanishing in the classical
limit A~ — 0'°. This is expected, since the ground state of the classical Hamiltonian is just
r=20,p=0,H — —o0. This however means an electron with sharp momentum and position,
which as we know is not possible in the quantum theory due to the uncertainty principle. And

we see that the lowest energy state has a finite energy.

10Recall the discussion about the meaning of this limit from the introduction.
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2.5 Scattering states and the O(3,1) symmetry

We will try to follow a similar approach for this case. Here, we have H > 0, thus we define

K, = R; (2.42)
2H
which yields similar commutation rules
|:[~(i7 ~j] = —ieikly
[Li, Lj] = ieijuly
[Li, f(j] = ieiKi (2.43)

If we now redefine once again K; =iQ;, then Q’s and L’s follow commutation relations analo-
gous to (2.33). However, )’s are no longer hermitian operators. Alternatively, in the definition

of the symmetry transformation
U = ellilitwiks) (2.44)

we could make parameters w; complex w; — iw;. This is very similar to the special theory of
relativity, where the time is rotated by a complex angle, resulting in a minus sign in the metric

and O(3,1) as the symmetry group.

This is going be the case also here and we get the Lorentz group O(3,1) as the symmetry
group of the problem for the scattering states. This group, how we could see in the case of ()
operators, does not have a finite dimensional irreducible unitary representation, since it is not
a compact group. The finite dimensional operators were not hermitian, yielding a non-unitary
group transformation after exponentiation. The only unitary representations, which are of our
interest, are infinite dimensional. We would also find, that even though the theory is quantum,

it does not have quantized energy spectrum, which is continuous.



Chapter 3

The Quantum Hall effect

The Hall effect is a classical effect discoverer by Edwin Hall in 1879. I arises in a two dimen-
sional plate of conducting material that is placed into a homogeneous electric field parallel and
magnetic field perpendicular to the plate. The free electrons start to move in the direction of

the electric field and the current density is j = o F.

However due to the magnetic field, there will be also magnetic force on the electrons per-
pendicular to the electric field and therefor a current in this direction. For this current, the

density is
ju =ou(B)E. (3.1)

This magnetic conductivity is function of the magnetic field and the material used.

In the classical case, this dependence on the magnetic field B is linear. However in the case of
a very large magnetic fields and low temperatures, the quantum effects kick in and this is going
to change. This was predicted in 1975 by Ando, Matsumoto, and Uemura. Their calculations

21
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suggested quantization of the the magnetic conductivity and the step-like dependence of oy (B)

on B, namely

62

og(B)=v—B (3.2)
where v is some integer. This was first measured by von Klitzing in 1980 and for this finding,
he was awarded the Nobel Prize in Physics in 1985.

The magnetic conductivity is quantize in the units of ;—. The effect can be measured with
such precision, that it is currently source of the best Value of the Plank constant and ration
h/e? = 25812.807557(18) 2 is used as a standard for the electric resistance.

ke i=2

In the quantum case, it has been observed to have a step-function character at very low
temperatures. This is called the integer QHE. Later, fractional steps has been found and this
is called the fractional QHE.

3.1 The Physics of integer QHE

3.1.1 Electron in a magnetic field

Complete Hamiltonian of the N electron system in the presence of electromagnetic field is

H— Z( —eAxa 1 Zm_m) , (3.3)

where p is the effective mass of the free electron in the conducting solid. This expression does

not contain the potential that confines the electrons to the sample, which we assume to be

steep enough that the electrons can be considered to move inside a a very steep potential well.
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Now, as a first approximation, we neglect the second term and consider the electrons to be
noninteracting. This way our Hamiltonian separates and we get just N independent problems

with Hamiltonian

i, = Po = cAa)” (3.4)
(07 2” . .
In our case!
1 1
A= <—§BI‘2, §BCE1, O) (35)

and thus

1 1 ? 1 S
Ha = ﬂ Pa1 + 5631'042 + Pa2 — éeBxal +pa3 (36)

Notice, that so far we have not introduced any electric field and at the moment we are dealing
only with the case of electrons in the presence of magnetic field. Also note, that the motion in
the 3-direction is trivial. Indeed, we can completely ignore it, as we assume the sample to be

ver thin and therefor the remaining problem to be essentially two dimensional.

To solve this Hamiltonian, we introduce an analogue of canonical transformation?

0 — p1 + 5eBx,
veB ’

1
p2 — 3eBay

which yields

_@ 2 2
}ﬂ_%ﬂP+Q]. (3.8)

This is the Hamiltionian of a harmonic oscillator we can immediately write the resulting energies

B, = % (n + %) | (3.9)

This formula was expected. We are dealing with circular orbits of electrons around magnetic
field lines. The quantization condition here is similar as the one in the case of hydrogen atom
and the wave of electron needs to ’close’ itself around the loop, yielding discrete momenta and

thus discrete energies. These levels are called Landau levels.

"'We easily check that V x 4 = (0,0, B)
2We easily check that [Q, P] =i
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We have still yet to deal with all the canonical variables. There are four of them so we can

introduce two more
. pP1— %EB.%'Q - P2+ %631’1
veB ’ veB '

It is easy to check that given the commutators of p’s and z’s that these commute with P, Q).

I, 11, (3.10)

Also, we note that these commute with the Hamiltonian. Therefor they are symmetry of our
problem, that results in the degeneracy. This corresponds to the fact, that we can move the

center of the electron orbit around freely.

We are left to determine the degeneracies of these energy states. At the moment, we are
going to work in semi-classical limit, where the number of the states is going to be very large
and we can use the following formula for the density of states®

phase volume
(QTF)(dimension of phase space)/2"

number of states in the Hilbert space = (3.11)

The phase volume is dPdQdIl,dIl,. However, we can constrain ourselves to the states of a
given energy, since we are interested in a Landau level of a fixed n. This means P*+Q? = const.

In the phase space volume, we can introduce spherical coordinates and get
deQdHldHQ = T’dT‘dHldHQ / df = TdT27TdH1dH2. (312)

Since we are interested in the fixed r, we can disregard rdr and we get for the number of states

2’7TdH1 dHQ dHldHQ
tates = = .
#states (2n)? o

(3.13)

Now, still in the semi-classical limit we assume that the energies are very small and therefor

H~0 = P=Q=0 = dp= ?dwl , dpp = —§d$2. (3.14)

Using this
dIl, = VeBdxz, , dll, = VeBdax, (3.15)

and finally
#states = %dxldxz. (3.16)

This means that the number of states per unit area is

eB
—— 1
a= o (3.17)

3There is an & in the denominator of this expression, which is 1 in our units.
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There is one electron state per area this big, since the electrons are fermions. We do not consider
the spin degeneration, i.e. the possibility of two electrons in the same state, since we deal with
systems at low temperatures, where we can assume total polarization of electron spins in the
direction of B. Therefor, in area of size A, the number of electron states of a given energy is

A 27

—=—A. 3.18

a eB ( )
Note, that this number does not depend on the value of the energy itself. Now, assuming that
n lowest energy levels are filled, charge per unit area is

A e’B

ne— =n— (3.19)

a 2
This is the averaged time component of the 4-current

e?B(z)
27 ’

(Jo(x)) = / d?xU* Jo¥ = n (3.20)

where VU is the wave function of the electronic system.

3.1.2 Electric field as a perturbation

Now, we are ready to introduce electric field. Namely, we are interested what happens, if we
introduce a perturbation to the potential (§ Ay, 0A;). Even though it is not our case, let us first

investigate the response of the system due to the perturbation 6 A;. We compute

TL62

Since B = 81142 - aQAl = 8”(92-143-, we get
ne’ ij e? 2. _ija s(2)
d(Jo(z)) = 5 10;0A;(x) = no— d*y €70,6'9 (v —y)0A;(y) (3.22)
70 s

where §®)(z — y) is the two dimensional Dirac delta function. On the other hand, since the

perturbation Hamiltonian is*

Hper = /d23/ J’L(y)(sAz(y) (323)
the first order correction to the wave function is
0A;J;
U = [ PPy—""10 3.24
= (321)

4Recall the coupling of charges given by a current .J . to the electromagnetic field of potential A, of the form
[ Aud,.
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Using this, we compute

5 (oz)) = / Py + 50) Jo(z)(T + 60) — / T Jo ()T —

= [ (A ) + B I ). (325)

This, together with (3.22) yields

Now, we introduce the true perturbation that is going to be relevant in our case, d A, and

consequently the change in the spatial current. We compute

5 UI(y) = / Py(T + 5Y Ji(2) (T + 5) — / Py Jy(2) —

1 1
_ 2 , 4
_ /d . <Jl(y)H o) + Jol) i) E> 5 Ao () (3.27)
which using formula (3.26) becomes
S = [ a8 - y)uy) -
neQ . neQ ..
S / P50 (¢ — )05 Anly) = o Did Ao() (3.28)
Since 0;0A0(z) = dE;(x) we get
2
nes ;.
and
2
ij — 1 ij
oV =S¢ (3.30)

where n is the highest filled level.

So we have shown, that the perturbation of the system gives rise to a electric current
perpendicular to the electric field. The conductivity is a step function in the number n, which
is the number of the Landau levels filled. How do we see that this number increases discretely
with B?

Imagine a fully filled n-th Landau level. We can imagine it as droplets of electrons in
the sample. If the droplet is filled, there is no room to move inside the droplet and the only
possible motion is on the edges. As we increase the magnetic field, we raise the degeneracy of
this level and we also release electrons from the impurities of the sample, which fill in these new
places. However, as we raise and raise the B, the states around the edges of the sample become
energetically too demanding and it is easier to fill a higher level, than to place an electron near

the edge. n increases by one and o is a step function of the magnetic field.
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3.2 Construction of an electronic wave function for QHE

In this section, we will treat the quantum Hall effect in a little different fashion. We will
reproduce the result of previous part by the construction of the wave function of the electronic
droplet in the sample. This approach then allows for some discussion of the fractional quantum
Hall effect.

Rewriting the Hamiltonian (3.8) in terms of creation and annihilation operators we get

eB 1
H="|d - 31
M(aa—i-z) : (3.31)

where

1 :

1 ) eB .
N {pl +ipy + —(z9 — le)} ,
al = %(Q —iP) = \/216—3 {ZH —ip2 — ?(% - 21’1)] : (3.32)

We now introduce the usual representation of operators x and p to get for the creation operator

1 (0 .0 ieB _
"= V2B {_Z (8x1 Ha@) - (& ﬂflfz)} : (3.33)

If we introduce complex coordinates in the xy, xo-plane, namely

Z2=x1+1iry , Z=x1—iTy (3.34)

the creation operator becomes®

—1 0 eB

Now if we look for the lowest energy level, we need to solve ai) = 0, i.e.

2 eB
0z 2

+ —z} (z,2)=0 , (3.36)
which is easy enough to solve and yields

Y(z,2) = e TEf(2) (3.37)

5To see, that this combination of 8%1 and 8%2 is equal to % note for example, that then

0z 0z
—~ =1 el
0z T 0z 0
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where f(z) is any function of the z variable only. Recall, that operators of magnetic translations
I1;, II; represented the degeneracy of the energy levels. Combining these two into a pair of

‘creation and annihilation’ operators, we get

H1 — ZHQ 1 ( 0 eB )
C — = — _—— —7Z ,
V2 V2eB \0z 2
IT; + I i 0 eB )
|- 1 2 _
¢ = = — —+—Z. 3.38
V2 v2eB (82 2 ( )
If we now act by these on the lowest energy level wave function v (z, z), we obtain
_ N _eBs, 1_ . oOf 1_.1 . _eB,Of
ch(z,2) = (—i)e {(—§zf + %> + 524 = (—i)e” 4 5 (3.39)

Similarly cf(z, z) = je= Ty f. The degeneracy corresponds to adding or removing one power

of z from f. So we see, that freedom choosing f(z) in (3.37) represents the degeneracy of the
lowest energy level. Each degenerate state corresponds to a choice f(z) = z™ and in principle,
there is infinite number of functions 1, z, 2%, ... available. We will see shortly how this number
is cut off by the constraint of the spatial extent of the droplet. However, we first need to

determine the multi-particle wave function from these single particle ones.

We will use method of Slater determinant to do this. This provides a prescription for a
fermionic multi-particle wave function, providing we have the single particle orbitals. Which

we do. In general, N-particle Slater determinant is given by

Pu(r1) () o YN (TL)

U,y = wl(f??) 1/12(:7?2) wN:(F) . (3.40)

fu—

N

Vi(Fn) o) oo N (TN)

The factor 1/v/N! takes care of the normalization and the determinant makes sure that the

function is anti-symmetric under exchange of any two 7’s. In our case, this turns into

1oz .2

1 eB - 1 29 ... 2Y
U — — S Zizi A1
(217 7ZN) me 4 (3 )

1 2y ... 2N

Either by direct computation or by induction, one can show that this equals
L eB

U(zy,...,2n8) = e+ ZH(zi—zj). (3.42)

VNI

1<j
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Now, we need to figure out the electron density of the electron gas that is described by this
wave function. Here, we note that in the probability density W(z1, ldots, zx), we will encounter

terms like
e THE(z) = e T (3.43)

for k =0,1,..., N — 1 and for different r;. Piloting these functions we see, that they are all
peaked around a value, that changes with k& and gets larger for larger k. Therefor, we can
identify the peak of this function for kK = N — 1 as the radius of the electron droplet formed by

the electrons. To find the maximum we compute

d e B e €.
5 (F ) = =S FI )N (V- )Y (3.44)
d r? 2
and set this derivative to zero
0 — _?6—6332(]%2)1\1—1 + (N— 1)(R2)N—2 —<BR?
I3
eB eB
N = 1+ —(nR}) =1+ —A. A4
+ o (mR?) + o (3.45)

Note, that this gives the same result as the formula (3.17), up to a factor of 1/A, which is small
in the limit of a large number of electrons, i.e. large area. So from this point, the discussion

goes the same way it did in the previous section, with the same result of quantum Hall effect.

3.3 Fractional QHE

We rewrite the final formula for the Hall conductivity as

62

OH = Vo (3.46)

where v is a filling number. In the case of the integer QHE this number was just n, the highest
filled Landau level. Remember that the step-like function for oy (B) was caused by the fact,

that the electrons could not move within the droplet since there was 'no space to move’.

Now, the Coulomb term we have neglected in the beginning will come into play. Since even
if the Landau level is not completely filled, the Coulomb repulsion might prevent the electrons

from moving within the droplet and give rise to QHE with fractional filling number.

It is very difficult to see this explicitly. Indeed, the problem with Hamiltonian (3.8) has not

been solved to any satisfactory extent yet. A qualitative description was provided by Laughlin®,

6Laughlin together with Strmer and Tsui received the Nobel Prize in Physics in 1998.
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who suggested the following wave function for the electronic system
1

\I/FQHE(Zla e ZN) — me_efzizi H(ZZ o zj)2p+1 ’ (347)
: i<j

where p is an integer. The motivation for such wave function is following. First, to preserve

anti-symmetry we need to raise the z’s to an odd power. Also, following the derivation of (3.45),
we see, that a higher power will introduce a fractional coefficient into the formula for electron

density, which in the limit of large area becomes

N 1 eB
R - . A4
A 2p+1 (27r> (3.48)
And this gives rise to quantum Hall effect with a filling number
! 1,2 (3.49)
vV = == . . .
2p _"_ 1 ) p ) Y

This means that the number of filled states is less than the number of states available, thus the

name filling fraction.

We shall not investigate the properties of these states more. We will only show, that they
exhibit some very peculiar properties, namely that they act like particles with fractional charge

and that they obey neither bosonic, nor fermionic statistics.

Starting with (3.47), we define a new object

U(w) = (H(ZZ - w)) \/%6_65%% H(Zz — 2 (3.50)

where w is a fixed point, which will turn out to be the position of the new particle exhibiting
the strange properties. Recall that the product in this expression runs over all the electrons
that form the droplet.

3.3.1 Fractional charge

First, let us see what charge does the object described by the wave function (3.50) carry. To
do this, we recall result from quantum mechanics, which states that the charge of the particle
is related to the phase picked up by the wave function when the particle is carried along a

trajectory in magnetic field. Namely the phase change is equal to

giad Ade (3.51)

where ¢ is the charge of the particle and A is the vector potential of the field. The phase of the

wave function is log U(w) so the phase change of the wave function on a path parametrized as
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w(T) is

%fm; (% log (2 — w)) _ %;/dzé(z ) J(I{dlog(z —w). (3.52)

We have expressed the sum as an integration over dz with a J-function factor. The second
integral is going to produce a factor of 27¢ for every z; enclosed by the curve, due to multivalued
nature of the complex logarithm. Sum over the d-functions is just the particle density, which
can be expressed as (Jy) /e so the final result we get for the phase change of the wave function
is

(J_0>

e

27 X (area enclosed by the curve). (3.53)

Using the expression for Jy this becomes
evB S = el//BdS = euj{A -d. (3.54)

We have used the fact that B S is the magnetic flux trough the area enclosed by the curve which
we then expressed in terms of the vector potential using the Stokes theorem. So we finally got
the expression for the phase change, which shows that the charge of the object described by
(3.50) is

(3.55)

3.3.2 Fractional statistics and inequivalent representations of the

Heisenberg algebra

Let us now look for Lagrangian, which would describe the dynamics of the excitations (3.50).
This means a Lagrangian, which would lead to

62

" ork

This expression for the current puts (3.29) and (3.20) together and as we have seen leads to

Ju EwaOyAa. (3.56)

the QHE with filling fraction v = k~!. We are not going the derive the Lagrangian here, but

rather prove that he following expression does the job
k _ eB
L= Efuaﬁauaaaﬁ —a (]u + 2—:) . (3.57)

In this expression a, is some yet undermined dynamical field, B, = €,,30,A43 are components

of the electromagnetic field and j, is the current for excitations, i.e.

. . dxn,i
30226(33—:1:”) : jizz 7 r —x,) (3.58)
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where the sum is over the excitations, not the electrons that form the droplet. The equation

of motion for a, is

oL oL
0, = 0
d(0ya,) Oa,
k k , eB
E&/Eavuaa - [Eeuagﬁaag — <]# + 2—;)] =0
k , eB
%@alg@aag = Ju + 2—7: (359)

After adding the standard Maxwell term to our Lagrangian, we obtain the equation of motion

for the electromagnetic potential

€
6MFNV+%5MV0480¢&M = 0

e 2

' e
Jy = —€uap0a0s = et 4

o 2 ﬂewafL@Aa. (360)

We have used the fact that —0,F), is the electromagnetic current. So we see that we have
obtained the desired result for J,, which leads to QHE for k = 2p+1. J, has also a component

that corresponds to the current due to the excitations j,.

The effective coupling between the excitations and the magnetic field is given by the a - j
term in the Lagrangian, so we need to solve the equation of motion for a, to be able to write
an effective Lagrangian for the excitations only. To do this we recall the complex coordinates
and define

al—iaQ
a, = a=—-
2.
a = a:alzm2. (3.61)

Note that the signs in these expressions are not a choice, but are dictated by the signs in the

expression for the derivatives

9 _ 5 1(o _,9

9z 2\ 0x ZaxQ ’

0 - 1/ 0 0

- = S P S .62
7z = 273 (89&1 “a@) ’ (3:62)

since the gauge potentials need to have the same form as derivatives. The equation of motion

for a,, then becomes

k .

%80@78@'% = Jo
2k (0a — 0a) = E oz — xy). (3.63)
12 ~
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To solve these, we make us of the following identity

%(z—lw) = mlz-w)

%( L ) — 76z — ). (3.64)

Z—Ww

The only place the derivatives can have non-zero value is at the singularity. At the singularity

we use Cauchy’s theorem

froc = [ada e —— - /d%ﬂ)iz_lw
= 2mif(w) (3.65)

which proves the previous formula. Now it is trivial to write down the solution to (3.63) as

P
2k —~ Z— Zn ’
. i 1
a = %;E_En. (3.66)

This allows us to write an effective Lagrangian for the excitations

1 1 )
L = Z <§mn$'2) — auJu = Z (Emnxi —az, — azn) =

n

- Sty () (3.7
Zn — Zm  Zn — Zm

n;ém

To see what the statistics of the particles is, we need to see what happens to the wave function
after exchange of the particles. Recall that the boson wave function is symmetric under such
change, while fermion wave function is anti-symmetric, i.e. picks up a minus sign. So let us
have two excitations and lets take one of them and carry it around the other one back to its

original position. The change of phase is given by

) dfg d22 1 ™ 27
j{S _ ﬂ ( _ ) o7, loa(% — 1) — log(2 — )y = = (3.68)

22 — 21 Z9 — 21

The particle exchange corresponds to half of this phase change, so the resulting phase change

is w/k, or
U (wy, wy) = €' (wy, wy ). (3.69)

This shows that the excitations do not follow any of the two standard statistics. Moreover, the

representation of the Heisenberg algebra which describes them is different from the standard
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one. So we are going to encounter the first of the two exceptions of the Stone von-Neuman

theorem.

The canonical momenta corresponding to the Lagrangian

1

are
Pni = My + 0. (3.71)
With the standard Heisenberg algebra commutation relations

[Prsis D) = [Tniy Tmjl =0, [Ty D] = 10i0mm. (3.72)

The corresponding Hamiltonian is

2

H:anin—L:ZW. (3.73)

We notice, that this can be expressed as H = Y PZ/2m,, for the new momenta P,. The

commutation relations for these become

a(lj 8ai

8$7; al’j

2
] S = i%sij(;(:vn — ) (3.74)

[Pn,z'a Pm,j] =1 |:

where we have used the equation of motion for a;. If we define the Hilbert space for these
operators to be the space of functions that vanish if x,, = x,,, for any pair of particles, this com-
mutation relation clearly vanishes. So we obtained a different representation of the Heisenberg
algebra, namely one in terms of P, x, opposing to the p, . We however need to make sure these

is not just an unitary transformation of each another.



Chapter 4

Solving the BCS theory of
superconductivity and representations

of the Heisenberg algebra

The BCS theory, named after Bardeen, Cooper and Schrieffer, is a microscopic theory of su-
perconductivity purposed in 1957. At sufficiently low temperatures, electrons near the Fermi
surface become unstable against the formation of Cooper pairs. Cooper showed such binding
will occur in the presence of an attractive potential, no matter how weak. In conventional su-
perconductors, an attraction is generally attributed to an electron-lattice interaction. The BCS
theory, however, requires only that the potential be attractive, regardless of its origin. In the
BCS framework, superconductivity is a macroscopic effect which results from ”condensation”
of Cooper pairs. These have some bosonic properties, while bosons, at sufficiently low tem-
perature, can form a large Bose-Einstein condensate. Superconductivity was simultaneously

explained by Nikolay Bogoliubov, by means of the so-called Bogoliubov transformations.

In many superconductors, the attractive interaction between electrons (necessary for pair-
ing) is brought about indirectly by the interaction between the electrons and the vibrating

crystal lattice (the phonons). Roughly speaking the picture is the following.

An electron moving through a conductor will attract nearby positive charges in the lattice.
This deformation of the lattice causes another electron, with opposite spin, to move into the
region of higher positive charge density. The two electrons then become correlated. There are
a lot of such electron pairs in a superconductor, so that they overlap very strongly, forming a
highly collective condensate. Breaking of one pair results in changing of energies of remained
macroscopic number of pairs. If the required energy is higher than the energy provided by kicks

from oscillating atoms in the conductor (which is true at low temperatures), then the electrons

35
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will stay paired and resist all kicks, thus not experiencing resistance. Thus, the collective

behavior of condensate is a crucial ingredient of superconductivity.

All three of the BCS trio were awarded the Nobel Prize in Physics for this discovery in 1972.
It was the second award for Bardeen, who got the prize in 1956 for research in semi-conductor

physics.

4.1 Representations of the Heisenberg algebra and gas

of bosons

We will first discuss the case of bosons. This is obviously a different subject then the super-

conductivity of electron gas. However, we will develop a lot of useful apparatus.

States of spinless particles are labeled by a momentum k. Since the particles interact, their
momentum changes, which means destroying states of some momentum and creating particles
of other momentum. This creation and annihilation of particles is conveniently taken into
account using the formalism of creation and annihilation operators. For a fixed value of k, we
get a one-degree-of-freedom case with one set of operators a, af, which was briefly discussed in
the section (1.1). Along the lines of development of this section we start with the dimensional

algebra a,a’ with [a,a] = 1 and we postulate existence of the vacuum state |0), such that
al0) =0
By applying af, we get a new state, that we call |1) = a' |0). We compute
all) = aa' |0) = (14 a'a)|0) = |0)

By acting on this state with the operator af, we produce a new, unnormalized state. We check

the normalization to be!
(0] aaa'a’ |0) = (0| [a, a’a']|0) = (0] a(a’ + a)|0) = 2(0]0) = 2 (4.2)
and therefore we define the new state

[2) = —=(a")?]0) (4.3)

Sl

'We have used the formula

[A, BC] = BJA, BC] + [A, B]C (4.1)
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which is properly normalized. This way, we come up with the states, that are result of n actions
of a' as a basis of the vector space, where the operators a, a’ act. With proper normalization

we have

Iny = ﬁw 0) (4.4)

From the construction we get a' |n) = v/n+ 1|n+ 1) and we easily check the other property
from (4.10)?

—l.a™0) = <5 (@) 0) = Ve -1 (4.6)

Therefor, by postulating the commutation relations we got the corresponding vector space

aln) =

spanned by vectors (4.4), where the operators act in such way that they create and destroy
particles. This can be also done the other way around. We start with a set of n particle states

|n) and define operator, that destroys one particle

aln) =cp|n—1) (4.7)
Then from the definition of the Hermitian conjugate we see, that

alln—1) = ¢ |n) (4.8)

and the Hermitian conjugate a' creates a particle. We also compute a'a |n) = ¢’ ¢, |n) and since
there is nothing else than n to characterize the state, ¢} c, has to be function of n only. Since
a|0) = co|—1) for consistency we need ¢y = 0. This all suggests that a'a is a good candidate
for the number operator so we chose ¢,, = /n. Computing the commutator of a, a’ we get, that

these two obey
[af,a) =1 (4.9)
We see, that starting from the algebra we get the multi-particle states and from the multi-

particle picture we get the same algebra. Therefor, these two descriptions are equivalent.

For the case of a variable momentum l;, the story is very similar. We will omit the vector
sign in the following. For a general value of momentum k, we have an operator ay, that destroys

a particle with momentum k and an operator az, that creates such particle. This means, that

2We have used
[A, B"] = n[A, B|B"! (4.5)

if [A, B] is a c-number.
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if we have a state of ny, particles with a momentum £;, these operators act in the following

fashion

ag, nkl,...,nki,...) = /N, nkl,...,nki—l,...)

aLi Mgy e oy Mgy o) = A/ + 1|0y, ymg, +1,..0) (4.10)
This yields the the usual commutation relations

lar,a]] = On
[ak,al]:[al,a;] =0 (4.11)

This means, that states with different momentum are created and destroyed independently of
each other. We have postulated the properties of operators (4.10) and got algebra with these
commutation relations. As we have seen it can work also the other way around. We postulate
algebra (4.11) and a vacuum state |0), for which ay [0) = 0 for every k and obtain the creation

and annihilation properties of the algebra operators.

Example of a multi-dimensional Heisenberg algebra is a hydrogen atom, where the states

|n, p,m) are given by three numbers. We can study the following transition
12,1,1) — |1,0,0) (4.12)
Formally, we have three different kinds of particles. The initial state is
2,1,1) = A} ,0,0,0) (4.13)
i.e. two particles of the first kind created, one of the second and third kind. The final state is
11,0,0) = af Al ,10,0,0) (4.14)

i.e. one particle of the first kind created and a photon of momentum k created. The transition

(4.12) is described by the following term in the Hamiltonian
Hip = CAI’O’OAQJJG/L (4.15)
It is then easy to calculate the spontaneous emission coefficient in this formalism, namely
(0,0,0] ayAro0HineAb 1 10,0,0) (4.16)

Note, that this result is not present in the books on quantum mechanics, since the situation
does not preserve the number of the particles, which is not possible to describe in the standard

wave-function language.

Statistics in terms of the algebra



4.1. BOSONIC GAS 39

In terms of the creation and annihilation operators, the Hamiltonian of a system of free

particles is
H=Y waa (4.17)
!

We check, that the energy of a particle with momentum £k is

Hal[0) =) "wiafa,[0) = > wiaf6,[0) = wi(af |0)) (4.18)
! !

Hlng,,...) = <Z N,%w,%> Mgy - .. (4.19)

As before, the number operator N, = aLak has the same eigenvectors as the Hamiltonian, with

the eigenvalues the number of particles with corresponding momentum.

We can formulate the statistics of the bosonic gas in terms of the Heisenberg algebra. The

gas of such particles is described by the partition function®

Z =Tr (e ") (4.21)
We see that
Tr (eiﬂ‘“"ajai) = Z (c.oymgy .. eBualai) My =1 e PP =
n;
= ﬁ (4.22)
and therefore the partition function is
Z = Tr (e_BZl “’l“jal) =Tr <e_ﬂw’“1a£1a’“1 ¢ PRty s ) =
= Z (Mgey s Mgy - - -| o Bk ok, B g Bkl 0y [Ty s Mgy« - -) =
Ty MUk oo
- 11 = (4.23)

where the summation in the second formula is over all the possible combinations of occupation

numbers ng,. We calculate the mean energy as

_BH
(H) = w = —% log Z = ; % log (1 — e*ﬁ”k) = ; eﬁ‘*’k;—lwk (4.24)
We see, that the occupation number of the particles with momentum £ is ﬁ, i.e. the
Bose-Einstein distribution, as expected for the bosonic particles.
3This is an analogue of the classical formula
Z = /d(phase space)e PH (4.20)

which sums over all possible states.
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4.2 Fermionic gas

The difference here is, that the occupation numbers of all the particles can be only 0 or 1.
This is basically the Pauli exclusion principle. Therefor, we need the consecutive action of the

creation operator to vanish, i.e.
chel =0 (4.25)

as an operator, since this holds for any state. This can be achieved by the following commutation

rules?

ckcg—kcjck = 6kl

crC + e = ch}L + cchTck =0 (4.26)

Algebra of operators ck,c,TC with these relations describes the fermionic particles as did the

algebra of operators ay, az describe the bosonic particles.

Alternatively, for a fixed momentum we could have defined operator such that

Olcloy=0 , leloy=0 , (©Oc[)=1 , (lel)=0 (4.27)

c:<01> = cT:<OO> (4.28)
0 0 10

And these obviously yield cfc + ccf = 1 and cfcl = cc = 0, as desired by 4.26, when generalized

From this

to variable momentum. So we see that the fermionic particles are described by an algebra
defined by anti-commutators rather than commutators. This is the ’only’ difference, all the

other computations proceed along the same lines.

The summation in the computation of partition function is much easier now, since the

occupation umbers can be only 0,1. and we get

7 =1r (e Sede) =T (14 e5) (4.29)
k
By the same procedure as for the case of bosons we get

(H) = Zk: %wk (4.30)

4These are not the commutation rules in the usual sence AB — BA, but anti-commutation rules. However,

these define a product in the operator algebra, therefore the name commutation relation.
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which is the Fermi-Dirac distribution for fermions, as expected. This way, we can describe the

electron gas in metal, which is governed by the Hamiltonian
H= Zwkcjck + Z f(c,tﬂckal + h.c.) (4.31)
k k,l

where h.c. denotes hermitian conjugation and a; is the annihilation operator for the photon
of momentum [. The summation over possible electron spins and photon polarizations is not

explicit in this formula.

4.3 BCS theory

This section deals with electrons in a "metal”, which is basically a system, where the electrons
can be considered as an ideal fermionic gas. The interaction of electrons and the ions of the
lattice is reflected into the change of the mass of the electron to a effective mas m,. Moreover,
the electrons interact with the lattice excitations in a electron-phonon interaction. This gives
rise to a attractive effective electron-electron interaction, which in some cases can overcome the

electron repulsion and this effect leads to the superconductivity.

These are actually sufficient conditions for the superconductivity. Namely a free electron
picture and attractive electron-electron interaction that leads to formation of electron pairs.
These pairs then act like bosons and superconductivity is essentially Bose-Einstein condensation

of these "particles”.

Due to the Pauli exclusion principle electrons occupy all the states up to a certain energy,
which is called the Fermi energy Er, with the corresponding momentum kp. This energy is
rather high, of order 10* K. Due to this at any reasonable energy any physical process is going
to occur only for electrons with energy ~ Ep, which is Called the Fermi surface. For a nice
discussion of this and many other aspects of condensed matter physics we refer the reader to
Callaway-Quantum Theory of the Solid State.

The following Hamiltonian governs our problem. Note, that the first terms sis just the regu-

lar free electron Hamiltonian and the second term introduces the electron-electron interaction.

H = Z Ek <CL¢C]€¢ + CLTCkT) — Vb Z ClJrc’TcT—k’iC*kickT (4.32)
k k,k'

where ck,c,TC are creation and annihilation operators for the electron with momentum k& and

corresponding component of spin. Here, ¢, = E, — Ef is the energy difference from the Fermi

surface. Note, that this can be negative. To simplify the notation, we introduce two sets of
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operators

Cky = Ck
Ckr = bk (433)
for the spin up and down operators. The Hamiltonian becomes
H=> e(bbr+ce) = VoY bl e iy (4.34)
k k!
In this sum, we sum over both positive and negative momenta k. The negative sign in the
second terms indicates an attractive force and we see, that the interaction can occur only for

electrons with opposite momenta®. b’s and ¢’s form the usual fermion version of Heisenberg

algebra described by the commutation relations

c_kcil + cilc_k = Oy
bl +bb, = O
C_pC_ +c_jc_p = cT_ch_l + cT_lcTc,/l€ =0
biby + bibe = bLO] 4+ 0ibTh, = 0
bpc_y + c_iby = bpel, + ¢ b =ble + e bl = bl +clpl = 0 (4.35)

To find the ground state of the Hamiltonian, we need to diagonalize it. In order to do so,

we introduce a new set of operators®

A = agep — ﬁkbL

Al = apcl, — Biby (4.36)
where «, 5 are real. Similarly, we introduce

B_;, = oybp + BkCT_k

B, = bl + Brcs (4.37)

the choice of the sign of a’s and 8’s will become clear in a moment. Before we go further note,
that these operators are rather strange, since they combine creation and annihilation operators.
Computing the commutation relation between these we get
A Al + ATA = (a2 + 820w
BB+ BI B, = (o + B} (4.38)

5The term annihilates two electrons in the k, —k states and creates two electrons at the k', —k’ states. Since

the total momentum vanishes, the new state can have any momentum k’.
6This is called a Bogoljubov transformation. It is a very neat trick used widely in physics, where we redefine

our operators in such a way, that we do not spoil the commutation relations, but the Hamiltonian is simpler

when expressed in new operators.
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so if A’s and B’s are to form a representation of the Heisenberg algebra, we need to have
oz + 32 = 1. We can also check that all the other commutation relations vanish, thanks to the
choice of the sign for parameters «, 5. Since A’s and B’s form a proper representation of the
Heisenberg algebra, we can express the Hamiltonian in the terms of these operators. We invert
the definitions (4.36) and (4.37) to get

by = apB_y— BrA]
b = axB', — B
cep = oA+ 5kBT_k
= a Al + BBy (4.39)

We insert these into the Hamiltonian (4.34) and obtain for the free particle part

Z ern(0f — BNk + Nop) +2) et — 2> awbren(BLL AL+ ABLy)  (4.40)
k k

where N, = Al 1A and N_y = = BY wB_r. We see, that this part is no longer diagonal. For the

interaction part we get

Hie = Vo) 2000 BuanfeNi + N i) = Vo ) aw Branfy

k& kK
+ Vo) _owBu(af — BR)(AxBy + BL AL + . .. (4.41)
k,k!

where + ... denotes a number of terms we have neglected, since we are interested only in the
terms up to second order in A’s and B’s. The off-diagonal part of the Hamiltonian Hy + H;,;

is then

Z [Vo(ad — BY)aw B — 2exonB] (AxB_y + B A}) (4.42)

kK

We want this expression vanish, which means that every single coefficient must vanish, since

for different k, operators Ay, B_j are different. Thus we get the following constraint

QEOékﬂk — V()(Oéi — ﬁl%) Z Oék/ﬁk/ =0 (4.43)
K/

together with a? + 372 = 1. The latter one can be solved by introduction of a new parameter
0, such that

ar = sind,

B = cosb (4.44)
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Inserting this into the former constraint and introducing yet another parameter A = %VD > sin 26y

we get

—esin260, — Acos20, = 0
tan20, = —— (4.45)

This is solved by

A
sin 20, = ——=
¢ Ver+ A?
—Ek
Ver+ A2

Finally, inserting this into the definition of A we obtain

cos 20, = (4.46)

1 A
A==V, —_—_ (4.47)
2 Xk: VEEEN
The parameter A is called the gap and this equation the gap equation. This name is going to
become clear in a while, when we will realize that A is the lowest energy excitation energy for
the electrons in the superconducting phase. We solve this equation by changing the sum to

integral over quasi-continuous spectrum

1 “p A
A==V / deG (&) —F— 4.48
Vo | a0 (4.48)
where we have already changed the integration to be over the energies using fangles k) (27)3 =

G(e)de, with G(e) being the degeneracy of the corresponding energy level. The zero energy
level was taken at the Fermi level. wp is the Debye frequency, which is the highest possible
frequency of lattice excitations. We assume that G does not change over the small interval of

energies around the Fermi level and evaluating the integral we get

A 1= VyGosinh™ (%D)] ~0 (4.49)
with two solutions
Wp
VoGo

with Gy = G(0) is the degeneracy of the Fermi energy. In the case of VyGy << 1, which is true
for most of the materials, we get the final formula for the gap

A = 2wpe” T (4.51)
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We see, that this expression has an essential singularity at point Vi = 0, where it does not allow

Taylor expansion and thus this is result, that can not be obtained by a perturbation theory.”

The value of Debye frequency wp depends on the mass of the atoms in the lattice of the
material. So if we measure the gap for materials that consist of different isotopes of the same
element, we can test our theory.® Obviously, this has been done and nicely fits the theory. The
gap is going give the transition temperature to the superconducting state, which explains why

these are so small.

To see, which value of parameter A is preferred, we need to compute the ground state energy
for each case. This can be done without the explicit construction of the ground state, which is
defined by

Ar|G) =B |G) =0 (4.52)
A general state is constructed by
Al . AL BT BT, |G) = (V) (4.53)
with particle numbers
Nel®) = 0k [0) NI [®) =) 6,0 (4.54)
=1 =1

Since V' |G) = 0, we get”

..
H|G) = (2 zk:ekﬁ,f -7 Ek: akﬁka;@,;> Gy =) <ek cos 20; — S Asin 29k> |G)  (4.55)
and the ground state energy as a function of A is

1
Ex = zk: (5k cos 20;, — §A sin 20k) (4.56)
now using the same trick as before with the change of summation to integration we find out
that the energy is

WD

En=— %8\/82 + A? (4.57)

—wp

—1/% for & > 0. Such function is continuous for all z. Moreover,

7Consider function that is zero for < 0 and e
the derivative of any order exists at = 0, but vanishes. So the function admits a Taylor series at x = 0, but
this series is zero for any x > 0. This explains the singularity and also illustrates, that infinite differentiability
does not yield analyticity, i.e. C'° # C¥.

8Different isotopes have different mass but the same electronic structure.

9We drop a term, that vanishes due to > e = 0.
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Here we can assume that A << 1, since V5 << 1 and we get
Ep = ——A* (4.58)

Therefore a non-zero A is energetically preferred. The state |G) is superconducting state. Here,

the Hamiltonian becomes

H = ; V€2 4+ AN + Ny (4.59)

for the energies around the Fermi level, i.e. ¢, = 0, changing the number particle costs a
non-zero energy due to the A? > 0. For small thermal fluctuations, electrons can not jump
to higher energy levels, since there is not enough energy to overcome the gap created by A,
which leads to no dissipation of the flow of electrons and superconductivity is present. On the
contrary, with A = 0, there are energy levels arbitrarily close to the Fermi level, which leads

to a dissipation.

Explicit construction of the ground state

The ground state is given by (4.52). Since any consecutive action of Ay and B_j vanishes,

a good guess for the ground state is

G) = ] frB-rAx |0) (4.60)

where |0) is state of no electrons by, |0) = ¢ |0) = 0. This is
|G) = H Ir <akbk + BkCT_k> <OékC7k - BkbL) 0) = H(_fk> (akﬂk + 513611@{);) 0)  (4.61)
k k

We see, that such state contains a huge number of electron pairs of opposite momenta and spins
(Cooper pairs), that are created by action of cT_ka,L. This means that |G) is not an eigenstate
of the number operator. To get f’s, we compute the normalization. First, we write the ground
state as [ [, Qx |0), which yields

(GIG) = (0]...Q}QIQ1Q> ... |0) (4.62)

Here, we can move the operators QI and @); together, since we always jump over an even number

of other operators, giving an even power of —1 as result. Thus
(GlG) = (0] H QLQx10) = Hfl? (0] arBron By + Brbre_ycl bf = |0)
k k

= [ @ +8H=1 (4.63)
k
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which yields f;, = 8" and

1G) = ] [(u + Brct 40}) [0) (4.64)

k

To see what the overlap of the vacuum state |0) and the new ground state |G) is, we compute

0]G)

oja) = oT] [ak + Buch kb,b} 0y = TT (Ol a + Bect ,51) 10) = T ewe (4.65)

k

Since ay < 1, for an infinite number of possible momentum values k, we get this overlap to

vanish and states |0) and |G) are orthogonal. Moreover, for any finite-particle state
lp) = bt ... cl...|0) (4.66)

the overlap with |G) is just a number x (0|G) = 0 and thus any bounded operator O has a
zero matrix element between |0) and |G), (0| O |G) = 0. Therefore there is no unitary operator

that connects |0) and |G), since such operator would have all the elements vanishing
G) =U|0) = (W|G) =0={[UI0) =Uyg (4.67)

From the group theory point of view, b, ¢’s and A, B as defined by (4.35) and (4.36)(4.37) form
two representations of the fermionic Heisenberg algebra, acting in two different vector spaces,
spanned by (b1)"[0), (¢, )™ |0) and (A})™|G),(B!,)"|G) respectively. These, in principle,
could be equivalent. However, since for infinite dimensional algebra the states |0) are |G)
orthogonal and there is no unitary operator to map one on the other, these representations are
not equivalent and represent different physical phenomena. This is one possible scenario, under
which Stone-Von Neuman theorem (1.2.1) fails.

4.4 Recapitulation

We started with a Heisenberg algebra of operators

[zi,ps] = idy
[2i, 2] = [pip] = 0 (4.68)

from this, we constructed creation and annihilation operators as x+ip, which obey the standard
commutation rules, according to the nature of particles we wish to describe. If the number of
the operators is finite, we can construct only one irreducible representation, giving only one
possible physics. However for infinite number number of operators, we can get different, non-

equivalent representations, yielding different behavior of the particles. More precisely, different
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phase of the system corresponds to a different irreducible representation of the algebra and the
commutation rules. Different representation of the commutation rules gives then a different

representation of algebra of observables, which are constructed from these operators.

Another possible case, where we can get non-equivalent representations is representing an

algebra on a non-connected vector space, which is the case of fractional Hall effect.

At the very end, just as a comment, let is mention that the superconductivity is an effect
of the symmetry breaking. The symmetry that is being broken is the U(1) symmetry of the
electromagnetic interactions. The original vacuum |0) has this symmetry, however the new
vacuum |G) does not. The field responsible for the breaking is the Cooper pair field ¢ =
cLbL + h.c., which had vanishing expectation value in the original vacuum but picks up an

expectation in the new one, since (G|clbl |G) # 0.



Chapter 5

Quarks and the spectroscopy of

hadrons

In this section, we will discuss application of the group theory methods to derive mass spectrum
of the bound states of quarks, the hadrons. We will do this without any knowledge of the strong
interactions, which are responsible for this binding and we will use just symmetry arguments.
Historically, this analysis was done long before the current theory of strong interactions, the
QCD, was established and nothing was known about quarks at that time. Illustrating the
power of symmetry considerations, this is one of the most brilliant thought and exciting stories

in the development of the particle physics theory.

This section heavily relies on the representation theory developed in the appendix A, es-
pecially A.6. Reader should make sure that this material is familiar before proceeding any
further.

5.1 Products of irreducible representations

In the section (A.6), we have classified the irreducible representations of the SU(3) group. We
have also stated, that all the product representations of these representations can be reduced
to a sum of these irreducible ones. Here, we are going to give some explicit examples how this

is done.

First, let’s take the simplest case, the product 3 ® 3*. This is the representation in the
space of tensors ¢;X?, which transforms as ¢;x/ — gig’'drx'. We know, that the reduction is
done by the invariant tensors of the group, which are 5;'», €% = g,5 in the case of SU(3). First

49
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, we contract by &} to obtain
6l oix! = dix' — gie(g™) orx' = (9" 9)kdrx' = erx* (5.1)

This quantity thus does not change under the action of the group and transforms according
to the trivial representation of SU(3), which we denote as 1. Denoting ¢;x* = (¢ - x), we can
write ¢}’ as

_ (X)) g
where @ is traceless ¢ = (. It has 8 independent components and thus transforms according to
the eight dimensional representation 8. In this case, there are not enough indexes to contract

with the € tensor, so we are done. This way, we got 3® 3* =1 & 8.

The next case is the product 3 ® 3, i.e. tensors ¢;1;. Symmetrizing and anti-symmetrizing

we get

bith; — Oi; ;‘ O n Oi; ; ®i

(5.3)

we see, that the first term is a symmetric tensor of rank (2, 0), i.e. the six dimensional irreducible
representation we have denoted 6. In the second term, we can contract the two antisymmetric
indexes with the ¥ tensor to get a object with one upper index, i.e. 3* representation. This
way, we got 3 ® 3 =6 @ 3*.

The same way we get 3* ®3* = 6" G 3. We see, that this is just a conjugation of the previous

case, as expected.

Finally, let us do a more complicated case 8 ® 8, the tensors of the form T;Slk First we try
to contract with the ¢ tensor. The contraction by 5;51’“ gives zero. The contraction by 5}5}“ gives
TiS¥, which can be checked to transform trivially and thus is a trivial representation denoted
as 1. So far we have 8® 8 =16 ...

The completely symmetric part of the tensor, symmetric in all the indexes, is (2,2) repre-

sentation, which is 27 dimensional.

Anti-symmetrization in indexes i, k gives a possibility to contract these two with e,,;z, yield-
ing three lower indexes 7,1, m. Completely symmetric part of this tensor gives (3,0) irreducible
representation 10. Anti-symmetrization in two of these, e.g. j, [ gives again a possibility of con-
traction, giving an upper index. We have ended with a quantity with one lower and one upper
index, i.e. the 8 representation. The same procedure for lower indexes gives representations
10* and a copy of 8 again. Thus, we have 8 ® 8 = 1 & 27 ® 10 & 10* & 8 & 8. The following

diagram describes the story. [a,b] means complete anti-symmetrization in the corresponding
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indexes, (a,b) means complete symmetrization in the corresponding indexes.
8®8="T,Sf

5
%
— TS — 27
= TS5 Uy — Ugim) — 10

— U[jl]m i) V;Z — 8
— TESE S U — UUP - 10

— yllle 5y 8 (5.4)

We see, that (8 ® 8)* = 8 ® 8, thus it is a real representation. Therefor if it contains the

irreducible representation 10, it must also contain the irreducible representation 10*.

5.2 Mesons and Baryons

Mesons and baryons are particles, that form the known matter around us. These are formed
by quarks, that come in six different types (flavors), namely the up, down, strange, charm, top
and bottom quarks. Here, we will deal only with the first three of these flavors, as the other
three are heavy enough to neglect from low energy considerations. The quarks of the same
flavor also come in different kinds, what we call different colors. We therefore have u,, d,, s,
with a = 1,2,3. We should keep in the back of our minds that u, d, s are spinors and therefor

are four component quantities and carry an implicit spinor index.

The quark-quark interaction is governed by the Dirac Lagrangian for fermionic fields, with
a gauged SU(3) color symmetry ¢ — Uq with ¢ = u, d, s, that mixes the different colors of the

same quark. The Lagrangian is
Lpirac = 107" (8,05 + (AL)}) da- (5.5)
Therefor the important part of the Hamiltonian of the theory is

H= .. +a"Abuy 4+ d*Aldy + s° Al sy + myi®u, + mad®d, + +m5s, + . .. (5.6)

b
pas

the Gell-Mann matrices. Note, that in the original Dirac Lagrangian there is no mass term for

where the matrices describing the interactions are A = v#A4% . and Ai’m are gluons and y* are

the quarks. Indeed the quarks enter the theory massless and the mass term in the Hamiltonian

is due to the weak symmetry breaking.

This Hamiltonian has the SU(3)-color symmetry of the Lagrangian. This theory is the

local gauge theory which yields the strong interaction mediated by gluons and is responsible
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for quark dynamics. As mentioned before, we will not consider any details of this part of the

Lagrangian here.

Moreover, we write Q% = (u,,dq, 5,)7 and now Q% with a = 1,2, 3 represents the up, down

and strange quark respectively. Now, we can write the Hamiltonian as
H=... +Q"A"Qpo + m,u"uq + mgd®d, + +my5s, + ... (5.7)

The first term has an explicit SU(3) symmetry distinct from the original color symmetry. If
we take ()5 — gap()3, which yields QL — ggaQ%, we get

QZAZQba — g;agau QiAZQbM - QZAZQba (58)

Oap

This symmetry mixes different kinds of quarks. These are flavors of the quarks and therefor
this symmetry is called the SU(3)-flavor symmetry. However, since the mass terms are not
flavor symmetric, this is not a complete symmetry. The mass term of the Hamiltonian can be

written as Q,M,5Qs, with the mass matrix

m, 0O 0
Maﬁ = 0 mq 0 (59)
0 0 ms,

The masses of the quarks are m,, = 3 MeV,mg =4 MeV,mg = 150 MeV. We are comparing
them with the masses of hadrons, which are ~ 1000 MeV, so as the first approximation, we can
say that m, = mq = my; = Mg << Mpadron, and see what happens.! Now we have a complete

SU(3)-flavor symmetric Hamiltonian
H = .. 4+ QA Qpo + MQuQu + ... . (5.10)

Therefore, as discussed in the first chapter, we should get degenerate states of the energy,
which in this case is the mass. Moreover, these degenerate states should form an irreducible

representations of the symmetry group, which is the flavor-SU(3). Also

Mesons

Physical states are singlets of the SU(3)-color symmetry. This means that the states have

no SU(3)-color indexes, which are denoted a,b in our case. One way to for such a singlet is

IThis looks like and obvious oversimplification. 3 is clearly no way close to 150. Or is it? As mentioned,
we are comparing it with masses of hadrons, which are roughly at least ten times larger. At this scale, 3 and
150 become a little more similar than before. Also, it even though not really exact, this approximation can
give us some very useful insight into what to expect from the theory. And then we can try to make better

approximations or even try to solve the theory. This is what we mean by ’see what happens’.
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Q" Qupdyy = V. (5.11)

So these particles, called mesons, are constituting of a quark and an anti-quark and trans-
form as 3 ® 3* representation. As we have seen, this representation splits into the 1 and the 8
irreducible representation. We therefor expect the mesons to come in one singlet and one octet,
i.e. groups of one and eight, that have a degenerate energy, i.e. the same mass. Remember that
we neglected a difference of mass 150 MeV', so anything within this difference is acceptable in
this approximation.

Looking in to the particle tables, we find these two groups of spin-0 particles

n' 958 MeV
70 135 MeV
nt 139 MeV

(5.12)
n 547 MeV
K+ 494 MeV
K° K° | 498 MeV
and two groups of spin-1 particles
0] 1020 MeV
%, pt | 770 MeV
K** 892 MeV (5.13)
K% K% | 890 MeV
w 782 MeV

As we see the groups do not have perfectly equal mass, since the symmetry is not perfect. We
will need to make corrections to the assumption of equal masses of the quarks. Fortunately (or
as expected), as we will see this can be done and we can correct for these differences. Moreover

this procedure will yield some non-trivial, testable predictions.

Baryons

Another way to construct a SU(3)-color singlet is

Qaa@bﬁ@cvgabc = \Ijaﬁfy- (514)

These particles consist of three quarks and are baryons. Writing down the 3 ® 3 ® 3
representation as 3® (6 ® 3*) = (3 ®6) ® (3 ® 3%), recalling that 3 ® 3* = 1 ® 8 and reducing
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2 3® 6 into 8 ® 10 we obtain
39393=1088a 10. (5.15)

Again checking the particle tables we find a group of eight baryons of spin—%

P 938 MeV
n 939 MeV
¥, %0 1 1189, 1192 MeV
” ’ ¢ (5.16)
=0 1315 MeV
= 1321 MeV
A 1116 MeV
and a group of ten baryons of spin—%
AT AT A AT | ~1232 MeV
yrE 30 ~1385 MeV
~ ¢ (5.17)
=0 = ~1530 MeV
Q- ~1672 MeV

The singlet and the other octuplet are not compatible with Pauli exclusion principle and thus
are not realized as physical states. Considering the 3* ® 3* ® 3* reduction we would find the

anti-particles for these baryons.

We see that the tables indicate the correct groups of particles, however we need to correct

for the different masses of the quarks.

5.3 Mass Correction

Baryon octet
We will show the procedure in detail for the octet of baryons.

Since the masses of the up and down quarks are very similar, compared to the mass of the
strange quark, the second approximation to the masses of the quarks is m, = my # ms, and

we write the mass term as

m, 0 0 A0 0
Q| 0 m¢g 0 |Q=Q[ 0 X 0 |Q (5.18)
0 0 m, 00 X

2We get this by the same procedure as before. In ¢:Tji, we do a complete symmetrization to obtain (3,0), thus
the 10 representation. The anti-symmetric part in ij gives a new upper index and thus a (1, 1) representation,
which is the 8 representation. Remember that the indexes jk are already symmetric, since 7" is an irreducible

tensor.
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The Hamiltonian therefor still has a smaller symmetry group SU(2), that mixes the upper
two entries of (). So we expect the states to fall into irreducible representations of this group.
It is the SU(2)-isospin symmetry. So the original 3 representation of SU(3) is now a 2 @ 1
representation of SU(2), where the top two entries transform as a doublet and the last one as

a singles. This leads to

393=202)e2)e221)e(1el)=3a10262 ol (5.19)
—_—————
octet singlet

where we have used the result 2®2 = 3@ 1 for SU(2). It should be clear, which representations
are understood to be of the SU(3) and which of SU(2).

Looking at the masses of the mesons, we easily find corresponding groups of particles, that

fall into these groups.

Also the octuplet of the baryons does have a triplet of isospin one particles, two douplets
of isospin half particles and one isospin singlet. These are triplet 3°, ¥*, two doublets p, n and

==,2% and A forms a singlet. It seems that we are doing something right, but can we get also

the numbers?

For this, we need to write the Hamiltonian in terms of the composite baryons. To do this,
we need to take couple of steps back.

The baryon octet is and adjoint representation ¢4 of SU(3), i.e.

¢ — gog' (5.20)
So the eight baryons can be rearranged into a 3 x 3 matrix. The ¢ is

13 1 48 1 1 _ i 42 14 i 45
B+ 59 B0 B B B0
_ e 11 i g2 143 148 1 46 i 47
=9 2 ?ﬁ + 7§¢> —17§¢ + 75¢ 59 2— 59 (5.21)
4 45 6 1 AT 3
B R BT RY —%f
where we just explicitly wrote out the Gell-Man matrices (1.43). So we need to correctly identify

particles (5.16) with the components of ¢. This takes some phenomenology and trial and error,

but eventually leads to

0/vV2+ A/V6 st P
¢ = 5T “X/V2+A/NV6 n (5.22)

- =0 _. /2
= V2

We see, that Tr(¢¢) = Tr(gpg " gpg™") = Tr(¢¢) is invariant due to the cyclicity of the trace.

Therefore a reasonable ansatz for the symmetric mass term is A Tr(¢). However the symmetry

(1]
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is broken and we need to have a symmetry breaking mass term. Also, this term should have a

residual SU(2)-isospin symmetry as discussed above.

We introduce a matrix

(5.23)

e

I
o o o
o o o
=

and the mass term (5.18) becomes AQQ + (N — \)QAQ. Term Tr(BAB) does not have the
SU(3) symmetry and introduces the symmetry breaking, as well as the term Tr(BBA) does.

So our final ansatz for the mass term of the Hamiltonian is
aTr(BB) + bTr(BAB) + c¢T'r(BBA) (5.24)
Computing
Tr(BB) = Y%+ 5 5t 4+ 2727 + 2920 4 pp+an + X020 + AA + 272
Tr(BAB) = B.3Bs, == 2 +Z°2%+ %/_XA
Tr(BBA) = ByuBus = pp+ i+ %AA (5.25)

we get m, =m, =a+c,mg=a,mz =a+bmy =a+ %(b—i— ¢). We have 3 parameters and
4 experimental values of masses, therefor we get one constraint as a test of our theory. After

some algebra we get
2(m, + mz) = my + 3ma (5.26)

Using the values form the table (5.16) we find out, that this expression holds up to a very small
0.7% differnece.

Meson octet

The same procedure would give the same condition also for the octet of the scalar mesons,
however now with the masses squared, since the corresponding scalar mass term is m2?¢? op-

posing to m@e@. As one can check, condition
2(mi+ + mio) = m2 + 3m} (5.27)

is again satisfied to a great precision.

Baryon decuplet
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A similar approach will lead also to the corrections of the masses of the decuplet baryons

(5.17). As before, we write the new mass ansatz as
¢"* MM M G (5.28)
where

M; = a (65 4 b6"6j3) (5.29)

J

Therefor the mass of a particle is a®(1+b#3), where #3 is number of 3-indexes in the irreducible
representation corresponding to the particle. This means, that particles should form groups

with equally separated mass, according to the number of 3-indexes.

Looking at the deculplet, we expect
10=40302c1 (5.30)

Where the 4 corresponds to the representation of SU(2) where no index ¢, is 3, 3 corresponds
to one index being 3, i.e. ¢;j3 and similarly for 2 and 1. Moreover the first particles should
3

have isospin 3, next ones isospin 1, etc. This means that the first group are the A particle,

second the Y particles, third = particles and finally 2 particle.
Looking at the table (5.17), we see, that the differences are 153 MeV, 145 MeV, 142 MeV

which is again very accurate. Note, that the ) particle was predicted this way, as a missing
decuplet particle, with a mass one step larger than the = particles. The later discovery of this

particle was a huge argument in favor of the quark model.

Particle interactions

As it turns out, group theory can tell us something also about the particle interactions. If

we denote the matrix describing the baryon octet B and the scalar meson octet M, the term
MTr(BBM) + \Tr(BBM) (5.31)

describes interaction of two baryons and a meson. For example if we extract the part that

governs the interaction of p,n with n, 7 we find the corresponding terms in the Hamiltonian

0
Ao [(ﬁp — nn) % + apnt + ﬁmr_} (5.32)
and
{—i)\ +A i} (pp + nn) (5.33)
NG 1 2 NG pp U :

From these two terms, we could get the branching rations for different reactions or production

rates based purely on the group theroy.
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Chapter 6

Conformal symmetries, isometries,

phase transitions, etc.

The physical motivation of studying conformal symmetries is vast. In two dimensional statistical
mechanics, all the phase transitions have conformal symmetry at the transition point and also
other way around, all the possible phase transitions in the 2D models can be characterized by
the conformal symmetries. In string theories one dimensional string sweeps a two dimensional
world-sheet in the space-time. Requirement of conformal symmetry on this two dimensional
surface gives rise to a variety of physical phenomena, which seem to describe all the known
physics. We will shortly see, why two dimensional problems play such an important role in the

conformal symmetric theories.

6.1 Description of conformal transformations

Let us begin with an n-dimensional space, in which we have a metric!
ds® = g drtde” = gyda'da® + godr'da® + ... wrv=12...,n (6.1)

which gives distance between two points and is a generalization of the usual distance in R"
given by Pythagoras’ theorem. We now impose an infinitesimal coordinate transformation,

given by a vector function &

= at + EH(x) (6.2)
LCouple of examples of metrics which might be familiar to the reader are
20 1020 002 12 102002 102 w2 0742 142 20 1,20 7.2 2GM 1 2 2302 2 . 293,2
dxi+dxs+des , dre+rodf +re sin® 0de” | dt*—(da+dy“+dz*), [ 1 — )1 2w dr®—r*df*—r* sin” 0d¢

T

59



60 CHAPTER 6. CONFORMAL SYMMETRIES

Symmetries of the space, or isometries (meaning 'the same metric’), are then transformations,

that leave the metric unchanged ds*(x + &) = ds*(x). We compute

ds*(x + &) = gu(z+&)d(x+rd(z +£)" =
¢ ae

v ag v Vo « v a o
= gudaztdx” + a—;adx“dx % + gudxdx prn + gude dx“% (6.3)

where we have dropped terms of higher order in £&. Therefore if £ represents an isometry, it
must obey the following condition

0 09w agr a¢”

+ o + ov
§ ox® I ox™ g ox™

=0 (6.4)

This equation is called the Killing equation? and the solutions are called the Killing vectors®.
This equation characterizes all the possible continuous symmetries of the space, it can however

not give discrete symmetries, as these are not composition of infinitesimal ones.

For the Minkowsky metric g, = 1, = diag(1l, —1, -1, —1) we get an equation

et~ 67
which has the following general solution
§u = au +wua” (6.8)
and
= ot + ot + wha” (6.9)

Here a, are translations in the space-time and w,,, is anti-symmetric.

Space part w;; is in the most general form 6ijk9k, thus 5ijk9kxj is a rotation. The time
components w; represent the boosts. Note, that if w;g is non-zero, we get dz° = w;pz". However,

the anti-symmetry of w yields that also wp; is non-zero and z° will change too. Time and space

2This equation is covariatly invariant and thus although giving results in particular coordinates, these are

not coordinate dependent. The invariance is obvious from the form

9ua Vi€ + 9ua V" =0 (6.5)
Just use
o 850‘ o ¢v
V.4 = e + FWE (6.6)

and see that it is the same.
30bviously, the dramatic potential of the Killing vectors will be recognized by the Hollywood produces very

shortly. Killing vector, that went wrong and by changing the metric conditions tears its victims apart is a
certain block-buster.



6.1. DESCRIPTION OF CONFORMAL TRANSFORMATIONS 61

are interconnected and transform together. This is the essence of the special relativity and
all the theory can be build up just from the group considerations of invariance of Minkowsky

space-time.

The same result holds for the Euclidean space, where g, = 0,, = diag (1,1,1,1). Namely,
equation (6.9) describes the most general isometry of this space. However raising the space
index in w does not produce a minus sign.

To illustrate this, consider the only nonzero element to be wy; = w. The the transformation
is

2 — 2%+ wiz!

vt = ot wia® (6.10)

in both cases. However for Euclidean case we obtain

20 = 20 +wx1

' — 2l twpr® =2 +wpr’ = 2! — wa? (6.11)

while for Minkowsky case again

20— 20 —|—w;1:1

vt = oty =2t — wier® = 2t +wa® (6.12)

So the time component mixes with the spatial ones in a different way.

Conformal transformations

Before, we have constrained the transformations by condition dds? = 0, which leaves the
space completely intact. However, we can ask less constraining question and seek transforma-
tions that do change the metric, but by a constant, i.e. just scale all the distances by a factor.*

These are conformal transformations.
Similarly as before, this condition leads to the equation®

3gw %38 a¢”

504 + NVa o —}—guua o = )\gl“/ (613)

We can determine the constant A by multiplying this expression by ¢g"” and taking the sum

" (éa%> ot g s

s s p log(det g) + 2895"‘ (6.14)

4Tt is not too difficult to see, that such transformation preserves angles.
5Note, that this transformation scales the metric by 1+ A not )\, since 0Gu = M-
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We have used the following formula
Tr(g '0,9) = 0. Tr(log g) = 0, log(det g) (6.15)

which follows from the definition of the variation of a matrix dlog M = M~1dM. After some

algebra we can express A from (6.14) as

1 2 0
~ /dot g n Oz, (&M@) (6:16)

yielding the conformal Killing equation

6% g/w af“ agll 1 2 a
y y = - o/ det y 1
¢ 9 Oz T 9n x®  y/det gn Oz, (5 © g>gu (6.17)

6.2 Conformal transformations of the plane

For the flat plane, we have g,,, = d,, where p, v = 1,2, which turns conformal Killing equation
(6.17) into

O | O 5 0 (6.18)

oxt  dxv M oxe

which gives two independent equations

_ 0 064
(v) = (1,2),(2,1) 52l = 5.8
- 06 _ 06
(/L, V) - (171>7(272) 8:1,’1 - 8$2 (619)

This set of equations is just Cauchy-Riemann equations for the real and imaginary part of
an analytic complex function. Therefor a complex function ¢ will always give a conformal
transformation of the plane, by taking & = Re& , & = Im¢, where all these function are
functions of 2 = xy + w9, Z = 11 — ixy. One can check, that due to (6.19)°

o 1, 0 0 ey
9 ( +1 ) (&1 +i&) =0 (6.20)

81’1 0x2

which means that ¢ is function of z only.” We know, that if we demand ¢ to be defined on

the whole complex plane, the only possible solution is & = const, so we need to allow some

6To see, that this combination of 8%1 and 8%2 is equal to % note for example, that then

0z 0z
_— = 1 _— =
0z T 0z 0

7And consequently ¢ function of Z only.
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singularities. The next most simple possibility is to have ¢ singular for z = 0 and z — oc.
This corresponds to imposing some boundary conditions on our physical states. Expanding

this function into Laurent expansion, we get

£(z) = Z a2t (6.21)

n=—0o0

where a,, are arbitrary constants, yielding infinite number of conformal transformations of the

plane.8

To obtain the generators of these transformations, we write the transformation as
z— z+E&(2) (6.22)

under which a function f(z) changes as

of 4 0
5 = fle+€) = F(:) = €L =S a2y (6.23)
From here, we can identify the generators as’
L= - L 04140 (6.24)
n az ) Y Y

To obtain the commutation rules, we act on a general fucntion f

0 of 0 of of
_ .n+l1 m—+1 . m+l n+1 — _ m+n+1
(L, L) f = 2 5 (z _82) S (z —(%) (m—n)z 5. (6.25)

which yields
[Lpn, L] = (n—m) Ly, 1p (6.26)

Algebra of operators with such commutation rule is called Virasoro algebra.

6.3 Quantum corrected Virasoro algebra and phase tran-
sitions
We have the generators of the conformal transformations as acting on the functions f(z), namely

(6.24). However, for a quantum theory, we need more than that. In this theory, we have a

Hilbert space H of states, and all reasonable operators are to be operators on this Hilbert space.

8This is not true for higher dimensions and n-dimensional space R™ has for n > 2 conformal symmetry group
SO(n + 2).
9The minus sign is a convention.



64 CHAPTER 6. CONFORMAL SYMMETRIES

Therefor we need to express the Virasoro generators in the terms of some fundamental operators.
Recalculating the commutation relations gives the following correction to the commutation rule
(6.26)

[Lm Lm] = (7’L - m)Lm-i-n + é(ni% - n)én—i-m,o (627)
We got an extra central term, that is non-zero for m = —n. There are few notes to be made

about this expression

e An obvious thing to do is to try to redefine the operators L, — L., such that the new

operators obey the old commutation rule. One can see, that this is not possible. Let

L,=1L,+1,and let [L,, L] = (n —m)L,ym + K(m,n). Then
K = [Lp, L] + [l Lin) + [, ) — (0 — m) s, (6.28)
However one can see that this contradicts the Jacobi identity.

e For a better idea how this procedure work, let us give an example how these quantum
generators are found for the Galileian boost. This is transformation to a moving frame,

i.e. transformation x — x — vt, where v is the speed of the frame. Functions change like

F() > flo = vt) = () — v £ () (6.29)

and thus the generator is —ta%. To realize it on a general Hilbert space, we need to
find an operator G, that generates the corresponding transformation U. Under such

transformation, operators  and p change in the following fashion

p — p—v (6.30)
Operator O transforms as UTOU, thus the change of the operator is
60 = il0,G] (6.31)

yielding [z, G] = jut, thus G = vtp + q(Z), where ¢ is a function to be determined. For

A

O = p we get [p, G] = v giving ¢(2) = —2v. Together, we got for the generator of the
Galileian boost
G =v(th — 2) (6.32)

e Let us give a glimpse of how this is done for the case of Virasoro algebra. For a massless

scalar field ®, the energy-momentum tensor is

Ty = 0,80,5 — %nw,(ﬁc,@)(aa@) (6.33)
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where the energy density is H = [ Tyo. This way, we can identify the generators (6.24)
with the components of the energy-momentum tensor and after recalculating the commu-

tation rules obtain the quantum correction in (6.27)

e The factor 5 in the correction in (6.27) comes from the regularizing the sum Y, n. Using

the analytical continuation of the Riemann (-function ((z) = >~ n~*, which can be

1

defined uniquely, gives ((—1) = — 3.

Parameter c is called the central charge and characterizes the theory. All unitary represen-
tations of this algebra give all the possible conformal theories in 2D. As we will later see, the
unitarity condition does not allow all the possible values of ¢. These are some examples for

some values of ¢

e c =1 gives so called X4 model in statistical mechanics

e for ¢ < 1 we have a discrete set of ¢ due to the unitarity, these include the Insing model,
tri-critical Insing model, 3-state Pots model, RSOS model, etc.

e ¢ = 26 is the bosonic string theory
e ¢ = 10 is the super-string theory

e for a Lie group with structural constants fo¢fm¢ = (46 and k an integer we get

c= kk‘ngG, which give WZW models, for the case of SU(2) this is spin % Heisenberg

model in two dimensions

e the case ¢ = —2 is believed to describe turbulence in hydrodynamics

However cases of ¢ < 0 are not unitary.

Phase transitions

We will distinguish two kinds of phase transitions. First and second order. Sometimes, sec-
ond order transitions are distinguished further into higher order ones. The first order transitions

are points with non-zero latent heat, i.e. it takes some energy to change the state.

The second order transitions are more subtle. When computing the correlation function,

we get

(@ ()0 (y)) e'w/ﬁm

(6.34)

where ¢ is the correlation length. For example for the filed theory given by the Hamiltonian

H = %f(8®)2 +m2®? we get £ = m~! and in statistical mechanics m? oc T. The second order
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transitions are characterized by £ = oo, i.e. m = 0 at the point of transition 7" = T. Thus, at

this point
1
P(x)P(y)) x 6.35
(@(x)2(y)) P— (6.35)
We see, that under the scaling transformation x,y — Ax, Ay this quantity changes as
1 1
O(x)P - — 6.36
@@ ~ 5 (6.36)

Rescaling the fields ® — A\7/2® gives a complete scaling symmetry of the theory. This scaling

is done by the Ly generator, since
(1+elg)z=(14¢€20,)2=(1+¢)z= Az (6.37)
The following theorem yields the conformal symmetry.

Theorem 6.3.1. If a (field) theory has local interactions, then scaling invariance implies full

conformal invariance.

Meaning. If the Hilbert space caries an unitary representation of the Ly operator (the theory
is scaling invariant), then it must carry an unitary representation of the whole Virasoro algebra

(the theory has the conformal symmetry).

At the transition point, we can fully describe the system in the terms of this algebra.

6.4 The Insing Model

This model describes magnetic phase transitions, where at high temperatures the system is
disordered, however for lower temperatures some order occurs. Heisenberg model gives the

following Hamiltonian for the spins on a lattice
H=->"J;5"5 (6.38)

This expression already includes the electrostatic energy and the exclusion principle. J;; is a
coupling between two spins at sites ¢ and j, for J > 0 the aligned position is preferred, for
J < 0 the anti-parallel position of spins is preferred. In the following, we will assume, that all
the spins are aligned in one direction and thus S — ¢ = +1, however all that follows can be
generalized for a general direction of the spin. For the nearest neighbor approximation (6.38)

changes into!"

H=-JY o041 , o=+l (6.39)

10This sum goes over four sites i + 1 for every site i.
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Coupling with the external magnetic field is introduced by an extra term ), go; B.

One dimensional Heisenberg chain was solved by Bethe in 1931, two dimensional problem
was solved by Onsager in 1941. The phase transition point is defined by (o) # 0 under and
(o) = 0 above the T, This can be done by explicit calculation of

Tr (ae‘ﬂH )

(o) = =) (6.40)

Using the conformal symmetry of the problem, we can get Kadanof scaling relations, giving
relations between several parameters of the theory near the transition temperature To. We
define a new temperature parameter ¢ as

T—-Tc
Tc

The mean magnetization is then function of ¢ and B.

e = (6.41)

We will also introduce a procedure, called block spinning. Here, the summation in 7'r (e*ﬁH )
is not done site by site, by by the block of several spins. This is equivalent to first doing the
calculations over a square of L x L spins and than considering this square as new object in
a different Insing model. Now we ask, how do the properties of the model scale under block

spinning.

e s —

Let us denote parameters of the new model by tilde. Temperature scales as distance, so
& = Le. Magnetic field scales as an unknown power of the distance B = L*B and there are L9
sites in one block in the d-dimensional space. To obtain the mean magnetization, we define the

free energy F' = —% log Z. We compute

OF  10logZ 1 0Z  Tr(oe M)
9B B 0B BZ0B Y Tr(e—PH)

so the mean magnetization can be computed as variation of the free energy. Since the free

= g(0) (6.42)

energy is an extensive quantity and the free energy of L? sites is L? times the free energy of
one site, we get
LSF = 6F = g(5)6B = L% (0)6B (6.43)

——
OF
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which yields
(5) = L (o) (6.44)

Since magnetization is a function of £ and B, and moreover the same function for both block

spinned and the original system, we get
f(Le,L*B) = L™ f(e, B) (6.45)

where (o) = f(e, B). Realizing, that this function f can not be function of ¢ and B indepen-
dently and that £/B'* = ¢/B we can see that f must be in the form

fle,B)=¢"f (Bf/m) (6.46)

We know, that below the transition point, i.e. & < 0, there is a non-zero magnetization as
B — 0, yielding (o) = ¢4~ f(—o0) and thus

(o) < (T =Tp)*™™  as T — T¢ from bellow (6.47)

Similarly, for temperatures above the transition temperature, the net magnetization is propor-
tional to the external field (o) = xB, where x is the susceptibility of the system. Therefor we
need f o< B which yields

/) () o

and
X(T) o< (T — Tg)*%" as T'— T¢ from above (6.49)

So if we can determine z, we can get measurable predictions for the temperature behavior of (o)
and Y near the transition point. Since the two are connected, measuring one gives a prediction

for the other one. However, we can go a step further and get one more condition.

If the site length is a, then the two-point correlation functions are

1
anli — j|"
1

(0:0;) = Trami = g7 (6.50)

(gio)

since the site length of the block spinned system is La. Using (6.44), we get
<&Z&]> = L2d72x<0'1'0'j> (651)

This yields n = 2x — 2d. This parameter can be computed from the Virasoro algebra.



6.4. THE INSING MODEL 69

An Aside : Block spinning and renormalization group

The idea of block spinning is closely connected to renormalization group techniques used in
the quantum field theories. The formulation of this approach that we are going to present is
due to Wilson.

We start by defining our theory with the Hamiltonian H and the partition function

Z=Y et (6.52)

The trick is to introduce a momentum cutoff 14; and split the sum in the partition function into

momenta smaller and larger that p,

Z=> > e (6.53)

k<py k>p1

We can perform the sum over the momenta larger than p; and call the result

o BH (1) (6.54)

for some function H.f¢(41). We have made explicit the dependence of this function on the cutoff
momentum we choose. So we have a new theory, that is given by the new effective Hamiltonian.
This is like block spinning since k ~ 1/L. Now we can repeat the same procedure for a different

cutoff gy < g

z=3 3 ey (6.55)

k<po po<k<py

to obtain a new effective Hamiltonian H g)f(ul, t2). Repeating this procedure, we get set of

effective Hamiltonians

HLy (), Gy, o), HE ) (s iz i), - (6.56)
If we take p’s fine enough, we can consider a smooth function H,s¢(p) and

Z =3 e s (6.57)

k<p

At the point of a phase transition, the theory looks the same on any scale, or for any momentum,
and thus
aHeff _

5 =0 (6.58)

The derivative of the effective Hamiltonian is called the Beta function and we look for it’s zeros

to- Hepp(p10) then describes the phase transition theory.
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6.5 The unitary representations of Virasoro algebra

At this point, we will construct the unitary representations of the Virasoro algebra.

But first, let us recall how this was done for the su(2). Starting from the highest state |j),
for which J; |j) = j|j) and J, |j) = 0, we construct lower states by successive action L_, until
we come to state |—7), which is annihilated by J_. This way, we get 2j + 1 dimensional vector

space spanned by all the states |j),...,|—7).

For the Virasoro algebra, we observe, that the operators Ly, Ly, L_; close under the com-

mutation rule (6.27), since
[Li,L_1] =2Ly [Lo,L1] = —14 [Lo, L] =L, (6.59)

These commutation rules very similar to the rules of su(2) algebra and form si(2, C) algebra.
However, if we try to find a closed subalgebra for higher n’s, we fail. For example for n = 2,

we get
c
[Lo, L o] = 4L+ 5 [Lo, Lo] = —2L, (L1, Lo) = —Ls ... (6.60)
so beyond n = 1,0, —1 we need to include the whole algebra and there is no closed subalgebra.

Now, we will construct the unitary representations. Let us have a state |h), which is
the eigenstate of Ly, i.e. Lo|h) = hlh), and is normalized, i.e. (h|h) = 1. Observing the
commutation relations we see, that L, for n > 0 act like creations operators and for n < 0 like

annihilation operators. Thus, we postulate
Lolh)y=0 n>1 (6.61)
Then we construct all the possible states

Lylh) , Lslh)
L2 |k LZ,0h)

(6.62)
Since L', = L,, computing the norm of the state L_; |h), we get
(h| LiL_1|h) = (h|[L1,L_4]|h) =2h >0 (6.63)
——

2L
where the last conditions comes from the fact, that the norm needs to be non-negative. Therefor,
we got h > 0. For states |a) = L?, |h),|B) = L_o |h) we get

(alay = 2h(4h+1)

(B18) = ah+

(@) = 6h (6.64)
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Since these two states are not orthogonal, for the bases we would have to find an orthogonal
linear combination of the two. However here, we just need a condition on the norms, which

can be obtained from the matrix

() (al8)
M‘(<am> <5\5>) (6:65)

namely by the condition det M > 0. The eigenvalues of this matrix m;, my are the norms of

the orthogonal combination states, which need to have both non-negative norm. This yields

(8h? + 2h)(4h + ¢/2) — 36R* > 0
32h* + (4c — 28)h+c > 0 (6.66)

This condition allows only some h’s for a given c. Similar analysis can be done systematically
for all the states, yielding the possible values of h for a given c. For such states, representation
derived from |h) by the described method yields an unitary representation of the Virasoro
algebra.

For ¢ > 1, all the values of h > 0 are allowed. For ¢ < 1, we get a 'minimal series’

6

S P
‘ m(m + 1)

m=2,3,... (6.67)

This is a discrete set of numbers ¢, that allow a unitary representation. For a given m, we get

((m—l—l)p—mq)2 p=1,2,...,m—1
dm(m + 1) g=1,...,p

hpq = (6.68)

As for the case of su(2), where the number, characterizing the representation could be associated

with some physical quantities, the numbers h(, ) determine the physics of the problem.

For the case m = 2 we get h = 0, which is a trivial one dimensional representation. For

m = 3, we get ¢ = % and possible values of h for (p, q)

h(l,l) - 0
1
hey = 3
hoy = — (6.69)
T ‘
Since L_; = —d,, we can understand the consecutive action of L_; on (h(Ll), h(2,1), h22)) as

spreading the triplet over the whole space. As mentioned before, the case m = 3 is the case of
the Insing model. Here, h(z2) can be associated with the spin density, thus the spin operator

will scale with the factor %. Therefor

1 1

(0(2,2)0(', 7)) = (z — 2/)1/8(5 — 2/)1/8 - |z — .1'/‘1/4

(6.70)
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giving value
1

1
=7 r=gt

in (6.50) and giving predictive power to the scaling relations.

A similar analysis will work for higher m’s. At the end, let us note, that there are operators,
that do not change the number ¢ of the theory. Such operators are called irrelevant, since their

addition does not change any properties of the theory.



Appendix A

Notes on the theory of Lie group, Lie

algebras and their representations

In this section we review some basic group theory and develop the theory of representations of
Lie groups. As mentioned before, first couple of sections do not require this material, however

starting with the section 5 it becomes quite important.

The discussion is far from complete and we summarize only a couple of results that are

relevant for the topics covered in the main text.

A.1 Groups

The importance of groups in physics is hard to overestimate. This follows from the fact that
transformations of objects form a group and therefore anytime we want to describe transfor-

mations in physics we encounter group theory.

Definition. Group is the set of elements G = {g, ...} with a composition rule o : G x G — G

and these properties
a) it is closed, i.e. Vg1,92 € G, g10¢gs € G,
b) associativity, i.e. g1 o (ogs2 0 g3) = (g1 © g2) © gs,
c¢) there is an identity element, i.e. 3e € G,YVg € G, eog=goe =g,
d) there is an inverse element, i.e. Vg € G g€ G, gog=gog =,

Note that the group is not required to be commutative, i.e. in general g; o go # g2 © g;.

From now on, we will omit the composition sign and simply denote g, o g2 = ¢19>.

73
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Examples of groups.

e / - cyclic group of order N, with elements
Lw,...,w¥ (A.1)

where w = e'~ and the composition rule being the usual multiplication of complex
numbers. We can see that this is essentially rotating around a circle, where multiplication

27k

by w* turns the circle around by =7 A different realization of this group is the set of

natural numbers 0,1,..., N — 1 with the composition rule being the sum modulo .

e Permutation group - permutations of N elements set with the composition rule being a

consecutive permutation. Obviously this group has N! elements.

e Rotations in three dimensions - we have a space R? described by two coordinates z, s
and the rotation by angle 6 is given by

2 [T CO.SQ sin 0 T\ R(O)F (A2)
Ty —sinf cosf To

Explicit calculation would show, that R(6,)R(62:) = R(61 + 63), so we obtain closure.
Identity is clearly given by R(0) and inverse by R7!(6) = R(—#), so this follows the
definition of group. The number of elements of this group is infinite and the elements are
parametrized by 6 from interval [0,27), which is a circle. Note that because of this all

the cyclic groups are subsets of this group. Let us now define this notion better.

Definition. We call a subset H of a group GG, H C G, a subgroup, if H is a group under the

same composition rule as G.

Obviously, every subgroup must contain the identity e.

Examples.
e In Z, = {1,i,—1,—i} the set {1, —1} forms a subgroup, which is Z,. Generally Z, is a
subgroup in Zs,.

e The rotations of the three dimensional space form a group. Rotations around a fixed axis

in the space form a subgroup of this group.

A very nice review and development of group theory relevant for quantum mechanics and

subsequently chemistry is Cotton - Chemical Applications of Group Theory.



A.2. (MATRIX) REPRESENTATIONS OF GROUPS 5

A.2 (Matrix) Representations of groups

Definition. n-dimensional matrix representation of a group G is a mapping p : G — M,
which maps elements of group G onto the n x n matrices and respects the composition rule,

1.e.
95 GLg D Gygs D Gsgigo =95 = GGy = Gs. (A.3)

Matrix representation is then homomorfism of the group G and the set of n x n matrices M,,.

This for example implies that
eI, , g5G (A.4)

However, two elements of the group G can be mapped onto the same matrix.

Matrix representations are very special case of group representations, however they are the
most important ones, since in physics we deal usually with Hilbert and other linear spaces,

where introduction of a basis turns every representation into a matrix representation.

Example. We already had Z, = {1,i, —1, —i}, which is a one dimensional representation

of Z4. One can see, that also matrices

. . 10 0 1 -1 0 0 -1
oL ()G ()

satisfy the same composition rules and thus this is a two dimensional representation of Zj.

Representation
{[na_[naLn_[n} (A6)

is n-dimensional with two elements of Z, being mapped onto the same matrix.

Equivalent, reducible and irreducible representations
If we have a representation p of a group GG, we can generate a new representations by a
similarity transform, i.e.

ps:g— ST'GS (A.7)

with S a fixed invertible n x n matrix. However, these representations are in no sense different.
The change p — ps is just a change of a basis in the linear space, on which the matrices act

and brings no new information.
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Definition. Representations pq, po, for which
GV =571¢935 vge @ (A.8)

for some fixed invertible matrix S are called equivalent.

Such representations have the same properties and do not need to be treated separately.

We got two different representations of group Zy, one dimension representation (A.6) and
two dimensional representation (A.5). We can now construct a three dimensional representation

of this group by simply putting these two matrices into one

R OR 1 00 ¢t 0 0 -1 0 0 - 0 0
( 0 QO ) = 0Oo10},10 0 1191, 0 -1 0 ; 0 0 -1 AL9)
0 01 0 -1 0 0 0 -1 0 1 0

We see that neither this is a new representation, just two different representations living next to
each other. We call such representation reducible, since it reduces into different, less dimensional
representations. We could see this by the block-diagonal form of matrices (A.10). However,

using the similarity transform (A.8), we could mess things up and un-diagonalize these matrices.

Definition. If all matrices G can be brought to a block diagonal form by a single similarity

transformation, the representation is reducible.

Thus, reducible transformation is equivalent to a block diagonal one and the linear space

where the matrices act has an invariant subspaces, which do not mix among themselves, or

av o .. (D PELOOME)
gv = 0o G® ... v® | = | G@u® || (A.10)

If the representation can not be brought to the block-diagonal form, it is irreducible. If we
manage to describe all the irreducible representations of the particular group, we have described

all the possible representations, since the rest are just build up from these.!

A.3 Lie groups and Lie algebras

We have mentioned the group of rotations in the 2D and 3D space. This is a continuous group,

that has an uncountably infinite amount of elements. This is a special case of what we call the

!This a rather non-trivial property of the group G that is called complete reducibility. However it is not
true for all the groups. Here, we will just state that all the representations we will come across are completely
reducible.
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Lie group. Elements of such groups are described by a continuous index and the dimension of

the group is the number of indexes needed to describe particular element.

We will denote G the Lie group and G it’s corresponding Lie algebra. For specific cases, we

will use upper case letters for groups and lower case letters for algebras.

Definition. Lie group is a group with continuous indexes describing the elements of the group

and in which the composition rule satisfy

a) in gp, 9o, = go(0,,6,), the function © is analytical in both arguments,
b) in goga(ey = e, the function « is analytical.

Analyticity of the functions allows us to work with power series expansions. Without loss
of generality, we will take the unity of the group to correspond to = 0. An element of the
group very close to an element g(f) can be written as

00(a,b)

9(0" +08") = g(0')g(66") = g [€°(0,00)] = g |©7(6,0) + 66" — -

] . (A1)

In this expression, i labels the different directions in the parameter space.
Now consider a function on the group. This could be thought of as a function on the #-space,
ie.
flg) = flg(0)] = f(8). (A.12)
Strictly speaking the first and the last f are a different function, but we hope that it is clear

which function we mean. Now using the previous formula, we get

) ) ) . 0
f [g(@Z + 591)} =f (9’ + 59’“]\7,1) = f(0)+ (50’“N,2 8(5@' , (A.13)
where we have denoted
k
N, = M . (A.14)
db a=60,b=0
We define?
-0
X = Nk(G)zaei. (A.15)

These operators provide translation in the space of functions on the group. They themselves
form a vector space. When we try to compute the commutators of these operators, we get a
very messy formula

LON]
— i aef

- o0~ \ "t og

JON/ ONI\ of JON/

)(N—l)jxaf ., (A.16)

2In this formula we stress for the first and the last time that N depends on the 6.
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where we have used that the inverse of N exists due to the group properties. However, Lie

proved things are not so bad.

Theorem A.3.1 (Lie (first) theorem). For the commutators of X s
[ Xo, Xp) = C5 X, (A.17)
the parameters C' are independent of 6.

Meaning. We can do the analysis at any point of the group, results do not depend on this.

Namely, we can do the analysis at the unity of the group.

We now make a step in what seems a different direction, but as we will shortly see, it is
not. Recall the definition of algebra as a linear vector space with a bilinear product, that is

not necessarily associative. This product is usually denoted as®
[Va, Vil = fauVe (A.18)
where V, is a basis in the algebra. If this product is antisymmetric
Vo, Vil = =[Vi, Vol = [ =/ (A.19)
and obeys Jacobi identity
[V Vol Ve + [[Ve, Vi Va] + (Ve Val Vi) = 0
wfat folh+ fiadd = 0, (A.20)

we call this algebra a Lie algebra. Note, that the Jacobi identity is trivial if we assume asso-

ciativity.

Theorem A.3.2 (Lie (second) theorem). For every Lie group, there is a corresponding Lie

algebra G, which is isomorphic to the commutator algebra of the translation operators (A.17).

Meaning. Multiple Lie groups can correspond to the same Lie algebra. However algebra
corresponds to only one group G. All the other groups can be obtained from the covering
group by the identification of points. In this way, the Lie algebra is sensitive only to local
behavior of the group, and not to it’s global geometry. As an example, groups SU(2) and
SO(3) have the same Lie algebra.

A very nice reference for much more details about this topic is Gilmore - Lie Groups, Lie

Algebras and Some Applications.

3The notation is due to the fact, that any associative algebra is a Lie algebra with the "new” product defined

as a commutator [a,b] := ab — ba.
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Exponential mapping

We start at the identity of the group. We set identity to correspond to 8 = 0, i.e. e = go.
For small values of thw group parameter we get g. = e + g,x;. Large steps on the group can
be done by successive infinitesimal steps. Let us consider only one dimensional walk. For N

steps of length ¢ we get

0 N
go=(1+¢ex)...(1+ex) = (1+ex)V = (1—|—Nx) : (A.21)
we now take limit of N — oo,e — 0 with a fixed 6 to obtain
go = €. (A.22)

This way we can get to any gy € G as a composite of walks in all the group directions and

(== eeama_ (AQ?))

The usual procedure is as follows. We are given the group G in a defining representation.
Then, using this representation we obtain the corresponding algebra in terms of the coefficients
c.. From this, we construct different representations of the algebra and by (A.23) different

representations of the original group.

Clasification of Lie algebras

From (A.19) we get that the parameters C' in (A.17) are anti-symmetric in a,b. The Jacobi
identity (A.20) becomes an algebraic equation for C’s and solving it gives a complete classifi-
cation of all possible Lie algebras. This classification was done by Killing and Cartan. They

have found out, that there are four different sets of Lie algebras

Cn = sp(2n)
D, = so(2n) (A.24)
for every n = 1,2, ... and set of five anomalous algebras®
Es, Er, Eg, G, Fy. (A.25)

All of these have huge application in physics, sp(2n) algebras are connected to the canonical
transformations in classical and quantum mechanics, su(n + 1) as unitary transformations in
quantum mechanics, so(n) as rotations of space and as Lorentz transformations. The anomalous

algebras found their use in more exotic theories, such as string theories.

4The fact, that we have exactly five such algebras is closely connected to the fact, that there are five Platonic
bodies.
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A.4 The most important Lie groups

Orthogonal groups O(n)

These groups are the sets of all real orthogonal transformations in n dimensions. As matri-

ces, these are given by n X n matrices, that obey
R'R=RR" =1, (A.26)

i.e. RT = R~!. If also det R = 1, we call these special orthogonal matrices®. To see what these

transformations represent, we compute the length of a vector
@' —yP = (" —y)" (@ —y) = (e —y) " RTR(z —y) = o — y*. (A.27)
This means such transformations leave the length of a vector unchanged, thus are the rotations

in n dimensions.

We could consider a different scalar product in this equation. For example in the special
theory of relativity, length of the 4-vector is given by x? + 22 + 22 — ¢2. If we are looking for

the transformations, that leave such length unchanged, we seek matrices X, for which
XTnx =n | (A.28)
with n = diag(1,1,1,—1). Such transformations are Lorentz transformations and form O(3, 1)
group.
All scalar products are given by signature (k,[) and the matrix 7 is given by
n=diag(1,...,1,—1,...,—1). (A.29)
k l

Transformations, that preserve this scalar product form the group O(k,1). For example confor-
mal transformations in 3 dimensions form group O(4, 2). If we deal with propagation of light,

we need only conformal symmetry, since for light ds? = 0.

Unitary groups U(n)

This groups are formed by unitary transformations in n dimensional complex space, i.e. by

n X n complex matrices, for which

vv=uvvt=1, = U'=U" | (A.30)

5The previous formula implies det R = £1 and the group splits into two disconnected parts and we clearly

need the one containing the identity. The two parts are connected by the reflections xz; — —x; for some 1.
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where Ut = (U*)T. Again, if det U = 1, we call it special unitary group SU(n). In physics,
these group occur whenever unitarity is important. SU(2) is the group of rotations and spins
in quantum mechanics, also iso-spin group that rotates nucleon states, SU(3) is group of the
quark model, SU(3) ® SU(2) ® U(1) is the symmetry group of the standard model.

Symplectic groups Sp(2n)

Important matrices in both classical and quantum mechanics are 2n-dimensional matrices
in the block diagonal form 2 = diag(w, ... ,w), with
——

n

0 1
w:(_l 0). (A.31)

Naturally, the set of transformations, that preserve such matrix are going to play a huge role.
Such 2n x 2n matrices S, for which STQS = Q, form a symplectic group. Observing the
Poisson brackets or commutator of classical and quantum mechanics, we see, that €2 represents
the canonical structure and thus Sp(2n) are canonical transformations, which preserve such

structure.

A.5 The explicit construction of the representations of

SU(2)

We will illustrate the properties of the Lie algebras on this particular example.

The SU(2) group is formed by 2 x 2 unitary matrices, for which UTU = I, and detU = 1.

Since in the defining representation ¢ is an unitary matrix, we can write it as

g=¢eh" | (A.32)
where h is some hermitian matrix hf = h. Using det e = 7™ we get that trace of h vanishes.
Thus

a b1 —ifs
h = 4 = aog + fioy + Baoy (A.33)
( B+ B2 —Q )

where «, (1, B2 are real numbers and o; are usual Pauli matrices. Thus, any element of the
SU(2) group can be written as

g = 2t (A.34)
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For infinitesimal #’s this turns into

with ), = 304 being the generators, i.e. the basis in the Lie algebra su(2) in the defining

representation. The commutation relations for Pauli matrices can be computed explicitly as
[xav xb] - igabcxc ) (A36)

which is now the defining relation for su(2) algebra. If we construct any three operators, that
obey this commutation rule, we have found a representation of the algebra. These operators

then need not to be two dimensional.

A different way to obtain su(2) algebra is to consider any general 2 x 2 complex matrix

(A.37)

. ag +tas ta; +a
M:a0[2+lak0k:< 0 3 ! 2)

ia1 — Q2 QAg — Z'(l3
with a’s real. Constraint det M = 1 gives a2+ a? + a3 +a? = 1, i.e. a 3-sphere in 4 dimensional

space. Thus, the group SU(2) is isomorphic to S, or a unit sphere in the space of quaternions.

Now, let us act by these matrices on some two dimensional vector space ¢ = (¢1, ¢2) and
¢ = g¢ or ¢ = gi;¢;. And let us have a representation on the product of two vector spaces,

with elements ¢;x;, where the group acts as

X = GirgjPrXi- (A.38)
We easily check, that this is a representation, since

X = 93095 9 9 D Xm = (9P 9D)in (929D 0B X (A.39)

This quantity transforms as a 2-tensor. In general ,tensors are defined by their transformation
rule under the action of the group. Tensor ¢; _; is a quantity, that transforms in the following

way

G j = Gik - - - Gj1Pk..1- (A.40)
A special kind of tensors turn out to be very important, because of the following theorem.

Theorem A.5.1. The reduction of tensor representations to the irreducible representations can
be dome using the invariant tensors and for any compact group, any unitary representation can

be obtained by such reduction of products of the defining representation.
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All the tensors are obtained as a product of ¢;’s and are generally reducible.

We can straightforwardly check, that the antisymmetric tensor ¢;; is invariant under the

action of SU(2).

52]‘ = GikGji€k = G11922 — Y12921 = €55 det g = €45 (A.41)
Following theorem stops us from looking further.

Definition. The rank of the Lie algebra is the maximum number of mutually commuting

linearly independent elements.

The rank of su(2) is 1, since no two o; commute.

Theorem A.5.2. The number of the invariant tensors of the Lie algebra and corresponding

Lie group is equal to the rank of the algebra.

If we have cgj = girgjiCrl, We can define a new quantity
Cc = EijCZ‘j. (A42)

We can easily check, that this is a scalar quantity®

d = 5ijc;j = e gingjicm = det(g)e" ey = ¢ (A.43)
and thus deserves no indexes. c¢ then forms a trivial representation, when all the elements
are mapped onto the identity matrix ¢ — I,,. We have so far the trivial one dimensional
representation ¢ and the defining two dimensional representation ¢;. Also, as we have seen, the
tensors c¢;; form a representation, which is 4 dimensional. In general, it is described by 4 x 4

matrix M and we have

/

‘11 C11
/
C C12
2 =M : (A.44)
/
Co1 €21
/
Cog C22
However we can see that
y
Clg — Co1 = € JCZ‘J‘ =Cc |, (A45)

5This means it does not change under the action of the group, i.e. in transforms according to the trivial

representation.
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so if we make a linear transformation such that some element becomes cio5 — ¢o1, then this

element is going to transform trivially. That way, we get

C12 — C21 1 0 C12 — C21
()

The 4 dimensional representation is a reducible and reduces into one and three dimensional
representations. As we will see, these are irreducible. We write ¢;; = (Cij — %&?ijc) +%€ijc, where
we have not changed the ¢ and its transformation rule. Evaluating this we find out, that c¢;;
splits into

a_ 1 s _ Cij + Cji

A4S = g,

1] 2 (¥ 2 (A47)

i.e. the symmetric and the antisymmetric part. We already know that c;‘} transforms under a

trivial representation, we can see that c;s;.

Cr + Ci;
2

1
cii = 5 (gimgicn + girgucn) = gikgi

5 = gikgich (A.48)

is transformed also under some representation of SU(2). Thus we need to transform

C11 C12 — C21
C12 C11
o — cavten , (A.49)
C22 C22
which is done by matrix
01 —10
1 0 0 O
S = S (A.50)
0 5 35 0
00 0 1

Therefor this matrix is the similarity transform, that brings the matrix M into block diagonal
form. This could be seen also after block-diagonalizing the matrix M, however our approach
was much easier to do. The three dimensional representation is irreducible, since we have no

more invariant tensors to contract with.

We found out, that the product representation 2® 2 reduces into sum of two representations

1 & 3. We will denote the representations by a bold face number. This is the quantum

mechanical case of the composition of two spins %, where we get either spin 0, or spin 1.

Coefficients in the matrix S are the corresponding Clebsch-Gordan coefficients”.

"Due to a different normalization, the usual Clebsch-Gordans coefficients are a square root of these.
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We can apply the same analysis to higher order tensors. Let us have a tensor of the order k
iy i, (A.51)

and let us contract indexes i, %3 by the € tensor to obtain tensor of the order k — 2
E Dy i i (A.52)

This enables us to deal only with the symmetric tensors, since the non-symmetric part can be
contracted to obtain a lower order symmetric tensor.® Symmetric tensor of order k has k + 1
independent components?. Thus SU(2) can have any dimensional representation. As we will

see, this is not the case in general.

To find out, how the algebra represents, we express ¢;; = 0;; + i, (%“)” for infinitisemal
and find

(I)zlzk - g’Ll]l s 'glkjkq)ﬂ---]k -

(04 (04
= q)lllk + ’L@a (—) q)jiiz...ik + ...+ l‘ga (—) q)il---ik—ljk‘ (A53)
2 /i 2 Jikik
We also should get
for some generators J, of the representation, which yields
Oq Oq
JaCDil...ik = <_> <Dj1i2,,_ik + ...+ <—> (I)il---ik—ljk' (A55)
2 Jiij 2 Jirin

Namely for J3 the possible values of o03/2 acting on the tensor are j:%, giving the possible
resulting eigenvalues of J; from —k/2 to k/2. If we denote this number j, we get for the

dimension of the representation 25 + 1. This is the usual angular momentum representation of
SU(2).

We will now introduce the Casimir operators, which will turn out to be very useful to
analyze the representations. The Lie algebra su(2) is a vector space spanned by the generators
04/2 = tq. The definition and the properties of Casimir operators are however independent for

any representation of any Lie algebra. Using these generators, we can get more matrices

Iojits tays tartass tar tagtags -+ s Lay - - - Loy, (A.56)

8Remember how this worked for the case of 2-tensors. Using the ¢ tensor, we got the anti-symmetric part
c?, leaving the symmetric part ¢°.

9Remember that the indexes can have values 1,2 and due to the symmetry, all ones can be brought to the
left side.
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We know, that for a product of more than k generators we get a matrix, that is a linear
combination of previous ones. The matrices (A.56) span a new algebra, which is in general
different than the starting Lie algebra, since the products need not to be its elements. This

algebra is called the enveloping algebra.

Definition. Elements of the enveloping algebra, that commute with all the generators ¢,, and

thus with all the elements of the Lie algebra, ale called Casimir operators, i.e.

[Cortd =0 Vi, (A.57)

We stress once again that in general, these operators are not elements of the Lie algebra.

Theorem A.5.3. The number of linearly independent Casimir operators is given by the rank

of the algebra.
For su(2), we have one Casimir operator, namely J? = J;J; + JoJy + J3J3. We know, that
there is no other such operator.

As a further example let us show the reduction of the 2 ® 2 ® 2 product representation
reduces. First we observe that 202 ®2 = (1®3) x2 =2 (3®2). The element of 3 ® 2
is @ik = ¢jik. According to our theorem, we should contract with the invariant tensor, which
is €;;. There is now point in contracting with first two indexes, since they are symmetric and
this contraction would vanish anyway. So we ¢;;x€,; has only one index and transforms as 2
representation. What is left then is the symmetric part, which has three symmetric indexes

and therefor is an irreducible representation 4. Finally
20202=20204. (A.58)

As expected we got the formula for composition of three spins.

A.6 The explicit construction of the representations of
SU(3)
The defining representation of SU(3) is formed by 3 x 3 unitary matrices with determinant
equal to 1
glg=1I; , detg=1 (A.59)
Since g is unitary, it can be written as e with h hermitian and traceless

ht=h |, Trh=0. (A.60)
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Space of these matrices is therefor 8 dimensional, as is the group itself. A general element of
the Lie algebra su(3) can be written as h = 6,2, with @ = 1,...,8 and X, the Gell-Mann

matrices

010 0 —i 0
AM=1]1100 , A=11i 0 0 ,
000 0 0 0
1 0 0 001
As=1]10 -1 0 ; AM=1000 ;
0 0 0 1 00
00 —2 0 00
=100 0 , =10 01 ;
¢ 0 010
00 O ] 10 0
M= 0 0 —i , Ag = 3 01 0 (A.61)
0 7 0 00 -2
The defining commutation relation can be computed to be
Aa Ap - pabe e
—, = | =if"—=. A.62
AR (A.62)

The explicit form of f%¢ is rarely needed. It can also be seen that one can pick up to two
mutually commuting Gell-Mann matrices, which yields 2 as the rank of the algebra. Therefore,

this algebra has two invariant tensors and two Casimir operators.

In the defining representation of the SU(3) we have T = X\*/2. It is three dimensional and
given by

¢2 = 0ij®; (A.63)
with 2,7 = 1,2,3. There is however one more three dimensional representation, given by
A
Ta - _?a- (A64)

These are easily checked to follow the commutation relation of su(3) algebra (A.62). We see,
that at the group level

. A
¢iTobe — =100 — g, (A.65)

thus this representation is given by g — ¢g*.1° We should ask the question of (ir)reducibility of
this representation. This is answered affirmatively.

10Tn this expression, the first g is understood as an abstract element of the abstract SU(3) group, the second
g as a matrix in the defining representation.
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However for SU(2) we do not get a truly new representation. We compute get

q 620,1%1 _ 619171—5-19272—1—29373 7
T
g* — e—iga%l — 6—i61%+i62%—i93%3. (A66)
W USING 0109 = —09071, 0309 = —0903 W
Now us , 03 3 we get
300 %L 4000 T2 0. T3
g = oge T RT3 50— Glag, (A.67)

which is a similarity transformation and therefor g and ¢g* representations of SU(2) are equiv-
alent. This property is called pseudo-reality, since an element and its complex conjugate are

not the same, but are equivalent.!!

However for SU(3), the g — g* can not be expressed as a linear transformation and we get

different representations, which we denote

3 ¢ = gio;

3 X'=gly (A.68)
and we will distinguish between the parts transforming according one or another representation
by the upper/lower position of the corresponding index. Also we have denoted ¢ = (g*);;.

This way a general tensor of rank (p, ¢) is a quantity, which transforms under the action of the
group it the following fashion

CPre — gk .gjpk”gjlzl . .giqlchl"'Jp. (A.69)

i1 ir.ip
One can easily check, that two consecutive translation give the expected result ¢’ = (g™ g)C.

We now need to look for the invariant tensors. We know, that there are going to be two

such tensors. By inspection we find that (53 is invariant

5? = gjkgilfszk = gik(gT)kj = (ggT)f = 55 (A.70)
and the complete anti-symmetric Levi-Chivita tensor €;; or £k is invariant

e = g1gimgine™™ = det g = £'IF, (A.T1)

Note, that the first fact is the consequence of the unitarity of the group and the second of the
specialty of the group. We need not to look any further and we know we have found all. By
the theorem A.5.1 we also know, that we can get all the irreducible representation from the

reduction of tensor representations by contractions using these invariant tensors.

HThis fact can be traced back to the anti-commutation rules for Pauli matrices and to the fact, that su(2)
forms a Clifford algebra with the anti-commutator {o?,07} = §¥.
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We are now going to do this and characterize the irreducible representations of the SU(3).

Starting with two index object C;;. We contract with € to obtain C;e¥* and inspect the

transformation of this object.
ijk\/ i * n
(Cijg ]k) =& ]kgipgjqcpq = Gon (Cpge™™) (A.72)

where we have used £;19ip9jq = Epgndin = Epgng"™™ which follows from €;;x9ipJjqJkn = Epgn and
the unitarity of g. The quantity C;;e”* therefor transforms according to the 3* representation

and therefore deserves an upper index. So it is convenient to write
dige’ = X", (A.73)

Here we can see why 0] was not among invariant tensors in the case of SU(2), as it is for case of

any higher rank special unitary group, there was nothing to contract with only lower indexes.

We therefor take C? and contract with &, which gives for ¢ = €74’
¢ =g"gnCr8l = (') C = (A.74)

which transforms as a scalar, and therefor rightfully got no indexes. Using the d tensor, we can

always bring tensor of rang (p, q) to tensor of rank (p —1,¢ — 1).

Therefore the irreducible tensors'? give zero after a contraction between any two upper and
lower indexes. They are also completely symmetric in all upper and in all lower indexes, since
any anti-symmetry can be contracted with € tensor to a new lower or upper index respectively.
Any symmetric pair of indexes does not allow for contraction with e, since this contraction

would be zero.

So in general, the irreducible tensors are those, which give zero in any contraction with all

the invariant tensors.

What is the dimension of space of completely symmetric traceless tensors? The symmetric

part has dimension'?

p+D+2) (¢+1)(g+2)

> 5 (A.76)

2Tensors, that transform according to an irreducible representation.
13 All the ones can be put to the left, all the threes to the right, so we need to count all the possibilities of

1...112...2)3...3 (A.75)

p

which is as picking a place, where ones become twos and where twos become threes, i.e. picking two of p + 1

elements (the spaces between indexes).
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however we need to subtract the dimension of traceless tensors, which is the same as dimension
of (p — 1,q — 1) symmetric, thus (p + 1)p(¢ + 1)p/4. The dimension of (p, q) representation of
SU(3) is therefor

S0+ D@+ +q+2) (AT7)

Some simple cases

e First we consider the case (p,q) = (0,0). Using (A.75) this representation turns out to
be one dimensional, i.e. a trivial representation g — id with transformation ¢ — ¢. For
(p,q) = (0,1) we get the 3 dimensional representation 3 with transformation ¢, = g¢;;¢;
and thus the defining representation. For (p,q) = (1,0) we get also a 3 dimensional

representation, with transformation rule " = ¢¥ 7, which is the 3* representation.

e The first new case comes with (p,q) = (1,1). The dimension of such representation is
8 and we call it the adjoint representation. Here vectors ¢; are by construction 3 x 3
traceless matrices and therefor are a linear combination of Gell-Mann matrices. The

transformation rule becomes

¢ = gadf(ghF
¢ = gog' (A.78)

and under the group action the matrix ¢ undergoes the conjugation. We see, that this is

a representation of the group on itself, since here ¢’s are elements of the group.

Any matrix ¢ can be written as

¢ = V29" (A.79)

)\a
\/§ )
where we have chosen the factor v/2 to get a normalization T (¢¢) = ¢%¢®. In (A.78),

02T

we write the group elements as e and take an infinitesimal 6’s to obtain

Iaﬁ_ a&_'b)\_bi c
ﬁqﬁ\/ﬁ—ﬁqﬁﬁ w[\@,ﬁ]m
——

Z‘fabc%
(b/a — ¢a + fabceb¢c (ASO)
The quantity f*¢0° is a 8 x 8 matrix'* and previous equation can be written as

¢ = (Ig +iT"")¢ | (A.81)

4 Having two indexes both ranging form 1 to 8.
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with matrix ¢ understood as a column vector of its independent components and eight
matrices T defined as (T°),. = —if®¢. This, however was only an infinitesimal transfor-

mation, the finite transformation given by
1 _iTbeb
¢ =e"" 0. (A.82)

We can see that this representation is defined purely by the structure constants, that have
defined the algebra. The dimension of T7s is given by the number of the indexes in f¢
and therefor the adjoint representation has the same dimension as the group itself. To

check, that T’s form the 8 dimensional representation, we need to check that
[T T = ifTe. (A.83)

When we write down the commutator as T°T° — T°T, use the definition of 7”s involving
fa we find out, that this is a consequence of the Jacobi identity for the original Lie

algebra, which states
([, 2%, ] + [[t°, ], %] + [[t°, t°], 1] = 0. (A.84)

One can check, that the same procedure for SU(2) yields the infinitesimal transformations
ol /2 = R%(0)o°/2, where R is the infinitesimal rotation matrix (2.3). Thus, the adjoint

representation of the SU(2) group are the usual 3D rotations.

Note, that every group has a representation like this, since we can always define gpg=!.

e For further irreducible representations we get (p,q) = (2,0), (p,q) = (0,2), which are
both 6 dimensional and are labeled as 6 and 6*. Similarly (p,q) = (3,0), (p,q) = (0,3)
are 10 and 10*. For (2,2) we get 27. And so on.

e Note that (p,q) and (g, p representations are related. They have the same dimension and
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Appendix B

Problems and Exercises

This section includes the problems, that have been assigned as homework problems or have
been a part of (take home) final exam, when the material was tought as a course. Some of the
problems are ment as excerscises to gain deeper understanding of the topics discusses in the
main text, some of the problems are more or less independent of the text and give a glipse of

some other interesting topics that could not have been discussed.

Order of the problems follows the order in which the material is presented in the text, with

additional topics following afterwards.

Problem 1. We consider the shell model of the nucleus described as an isotropic three-
dimensional harmonic oscillator. Obtain the degeneracies of the lowest 4 states. By the ex-
clusion principle, we can put two protons (because the proton has spin % ) in each orbital
state. Similarly, we can put two neutrons for each orbital state. Obtain the atomic numbers
and atomic weights of nucleii with filled shells for the lowest four cases. These should give the
lowest ”"magic numbers” for which there is exceptional stability for the nucleus; the higher ones

require considerations of spin-orbit interaction in the nucleus, which we shall not discuss here.

Problem 2. The Hamiltonian for a charged particle (of electric charge e) moving in the field

of a magnetic monopole of magnetic charge g (located at the origin) can be written as

1L IT;
H = (B.1)
2m

where II; = p; — eA;. The basic commutation rules in terms of these variables are

[ZL’Z‘, HJ] = 3 51‘]‘
. Ty
[Hi,Hj] = 1 €9 €k T_S (B2)
We define the angular momentum operator
Ji = Ez'jkxj]:[k — CE (B3)
r
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Determine ¢ from the required commutation rules

[Jz LU]'] = iGiijfk

[Ji IL;] = deglly (B.4)

What is the condition on eg if we require & - J to be quantized in units of half-an-integer? (This

condition is the famous Dirac quantization condition for magnetic charges.)

Problem 3. The Landau problem on the sphere of radius r refers to the motion of a charged
particle on a sphere with a constant radial magnetic field B. (We may think of a magnetic
monopole sitting at the center of the sphere.) Since any motion on a sphere is an angular
rotation, we can discuss this in terms of two sets of angular momentum operators L;, R;,
i =1,2,3, with [L;, R;] = 0. R; correspond to the usual p — eA’s, the L; correspond to the

magnetic translations. The Hamiltonian is given by

_ Ri+R3

2mr?

H

The magnetic field enters in the rule that the eigenvalue of R3 must be n = 2eBr?. The other

constraint is that we must only consider states with L? = R%.

a) Calculate the spectrum of H including the degeneracy.

b) In the limit of large spheres, r — oo, what is the limit of the energy eigenvalues and the

degeneracy per unit area ? Compare your results with those on the plane.

Problem 4. As I have discussed in class, the SU(3)-algebra can be given in terms of the
operators

_ T
T = a, t%aj

where o = 1,2,...,8 and 7,7 = 1,2, 3, and there is summation over ¢, j in the above formula.
The quadratic Casimir operator, the analogue of J? for angular momentum, is given by C' =
S, TeT*. Calculate C in terms of n = ala; + abag 4 alas. T have given explicitly the (3 x 3)-

matrices t*, but you do not need that; you can use the completeness relation for (3 x 3)-matrices,

v 1 1
D titon = 50ndim = 0i0mn

The above completeness relation uses the normalization Tr(t*t%) = 65,

Problem 5. We define the operators

T, 4 N S5 .
Alzé(pm—l), No==(p-p+1), Asg=2-p—1i
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Show that these operators obey the algebra
[Ai,Aj] = _ieijkAk

(This is the SO(2,1)-algebra.) The Hamiltonian for the Hydrogen atom (or Kepler problem)

can be written as

Express this in terms of the A;.

Problem 6. Consider the \* matrices of SU(3). Show that the matrices %)\“, a=1,2,3, form
an SU(2) subalgebra. What is the j-value of the representation defined by these? Also show
that A%, —A\5 A" form an SO(3) subalgebra. What is the spin of the representation of SO(3)
defined by these matrices? The definition of these matrices is given below.

010 0 — 0 1 0 0
AM=1|10 01, X=1i 0 0], Aa=10 =1 0
0 0O 0 0 0 0
0 01 00 —2 000
AM=1(0 0 0f, A=10 0 0 [, =0 0 1
100 t 0 0 010
00 O ] 1 0 0
AM=10 0 —if, Xd=—7=]101 0
0 ¢+ O V3 0 0 -2

Problem 7. Use tensor methods to reduce to a sum of irreducible representations the following
products for representations of SU(3): 6 ® 3*, 6* ® 3" and 8 ® 3.

Problem 8. The SU(2) Kac-Moody algebra is given by a set of operators J% a = 1,2,3,

n =0,+1,+£2,--- which obey the commutation rules
[Jo, I8 =ie®™ S+ K m 60min0 (B.5)

m,n are integers, K is a constant. From these rules, notice that J_,,, n > 0 behave a bit like
creation operators and J,, n > 0 behave like annihilation operators. So we define a vacuum

state which obeys J¢|0) = 0, n > 0. Define a current operator

s =Y Ziil (B.6)

Calculate the two-point function (0|J%(z)J°(w)|0). (This problem arises in conformal field
theory and classification of second order phase transitions.)
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Problem 9. Consider a three-dimensional current algebra Hamiltonian given by

H=3 [ @ (ha)dla) + J@)I) (B.7)
where the currents obey
[J0<f’t)v‘]0(_‘7t)] =0
o0, (5. 0] = iz )
[Ji(Z,t), J;(y,t)] = 0

The J’s generate some quasiparticle excitations; if A' is the creation operator for such a quasi-

particle, it should obey the ’eigenvalue’ equation
[H Al = E Al (B.8)

where E is the energy. Assume Af is of the form
Al = /d3£U f(x)Jo(x) + &(z)Ji(x) (B.9)

Use this in the eigenvalue equation to find possible solutions for f(z), & (x) and obtain the eigen-
values as well. What is the mass of the excitation? (This problem occurs in problems involving
spontaneous symmetry breaking and Goldstone bosons, e.g., the current algebra treatment of

pi-mesons.)

Problem 10. We consider the density p(Z,t) and the velocity field v;(#,¢). The Hamiltonian

is given by
1
H:/d?’:x [ﬁpvivi + U(p)}

where U(p) is som potential energy which depends on the density. If the commutation rules

are taken as

[p(l_‘),t),p(_',t)] =0
@, 0, p5:8)] = iz )

i — O (T Gy —
p(x) (al J 8] 1)( 7t> 5 ( y)

one can calculate the equations of motion using the Heisenberg equation

0A
ZE = [A, H]

Show that one can reproduce the equations of motion for a perfect fluid. Obtain also the

commutator of [ d*z p(Z,t) with density and velocity.
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Problem 11. Consider functions f(z,p) and h(x,p) which are functions of the usual classical
variables z¢ and p’, i = 1,2,3. These are not operators. Define a new kind of product, called

the star product which depends on a parameter h, of two functions by

- th o , tho
h O R G I
oo =1 (24 G = 5 %) o
This can be evaluated by expanding the first term on the right in a Taylor series around z, p.
From this definition, obtain a? x 27, x' x p?, p' * p/, all to first order in h. Calculate also
wix ! —adxat, 2t p! —pl k2t plxp! — p? x p® and show that the star algebra reproduces the

Heisenberg commutation rules. (This is the basis of the so-called deformation quantization.)

Problem 12. Consider the operators

o n
=73
Ji = —22%+nz

0
Jo = =

0z

where z is a complex variable and n is a positive integer. Show that these obey the commutation
rules of angular momentum. The states can be taken as analytic functions of z. The operators
Jy and J_ do not seem to be adjoints of each other as given. If f and h are two functions

corresponding to two states, assume that the scalar product is of the form
(1) = [ dedz plz.2) hf

(Keep in mind that f depends only on z and h depends only on z.) p(z, 2) is a weight function

for the scalar product. Require the self-adjointness conditions

/dde p(z,2) Joh f = /dzd,? p(z,2) h(J_f)
/dzdz p(z,2) Jsh f = /dzdz p(z,2) h(Jsf)

Use this to calculate p(z, z), up to a multiplicative constant. What is the highest power of z
allowed in a function f of finite norm? (This problem is related to the coherent state represen-

tation of the angular momentum algebra.)

Problem 13. Consider an infinitesimal Lorentz transformation along the z!'-direction defined
by

/ / / /
T1— =T+ V%, Ty= To+ VT, ,Ty =9, ,T3=1IT3
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Write this as z), = v, + v(1).,7,, where u,v = 0,1,2,3. Identify ;. Calculate the matrix
exp(01;) by expanding the exponential. Show that

93;1 = [exp(011)]w o

reproduces a finite Lorentz transformation if tanh # = v. Identify similarly I and /3. Obtain
the commutator [I;, ;] and show that it generates a spatial rotation. (This is crucial in under-
standing the Thomas precession of spin which in turn is important for the gyromagnetic ratio

and spin-orbit interaction for relativistic electrons.)

Problem 14. The canonical commutation rules for a scalar field are

¢(fa t) Qb(_’, t) - QS(_: t) gb(f? t) =0
O(Z, 1) m(7,t) — m(G,1) 6(F 1) = 6P (x—y)
(&, ) n(y,t) — w(y,t)m(Z,t) = 0

(You do not need to know more field theory for this problem.) The Hamiltonian is given by
1
H = /dgm 5 (77 4+ (V§)* + m*¢?]
(All operators in the brackets are at the same point Z.) Let

At :/d?’x [w(Z) p(Z) + v(@) m(T)]

Impose the equation

[H, Al = E AT (B.10)

for some constant “eigenvalue” E. Solve for u, v and identify the eigenvalues E. Notice that if
we have (B.10), and |0) is the vacuum state with H |0) = 0, then AT |0) is an eigenstate of the

Hamiltonian.

Problem 15. Define four «-matrices by

n = (a+al), 72 = i(a —al)
y3= 0+, =0

where af, a and b', b are two independent sets of fermionic creation and annihilation operators.
a) Show that these obey the Clifford algebra

'VM’VV—"’VV’VM = 25uu

(This is the same set of conditions as the algebra of y-matrices of the Dirac equation.)
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b) There are only four states possible for this set, namely, |0) (defined by a |0) = b|0) = 0),
a']0), b7 |0) and a'b' |0). Obtain v, as matrices acting on these states. This will give you

one solution for the Dirac matrices.
Problem 16. The Hamiltonian for a charged particle (of electric charge e) moving in the field

of a magnetic monopole of magnetic charge g (located at the origin) can be written as

IT,11; A
H= .
2m + 212

(B.11)

where II; = p; — eA;, and we have also added a separate potential proportional to r=2. The

basic commutation rules in terms of these variables are

Tk

[l’i7ﬂj] =1 51']‘, [HZ,H]} =1 eq Eijk T_?’ (B12)
(This part is common with an earlier assigned problem.) Define the operators
1 2 m o
D:tH—ZL(:v-H+H-x), K=—t H+2tD+§r (B.13)
a) Obtain the closed algebra of H, K and D.
b) Define
1 1

Rewrite the algebra of H, K, D you found in part a) using these.
c) Show that M2+ M2 — M3 commutes with all M;. (In other words, it is a Casimir operator.)

Problem 17. In class I obtained the ground state of the BCS superconductor as

&) = [ [ + Bty ) 10)

k

where oy, = sin 6y, and 5, = cos 8. I have also given the formulae relating these to the gap A.

We define the electric charge operator as
Q=-cY (yer + tb)
k

We also define the Ginzburg-Landau field (or the field representing the Cooper pair) as
¢ = cT_k b,t;

Calculate the expectation values (G| @ |G) and (G| ®* |G). (These will establish that the state

|G) spontaneously breaks the U(1) invariance of electromagnetic interactions.)
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Problem 18. To a very good approximation, the nuclear forces binding protons and neutrons
into nuclei are independent of spin and isospin. (Isospin is the symmetry between protons
and neutrons for nuclear forces.) This means that we can take the four states [p 1), [p | ),
|n 1) and |n | ) to transform as the fundamental 4-dimensional representation of the group
SU(4). (This enlarged symmetry idea is due to Wigner and is called the Wigner SU(4).) By
the Pauli principle, the states you can obtain corresponding to the same orbital state in the
nuclear potential must be antisymmetric. Consider nuclei with 3 nucleons (either protons or
neutrons). Identify the antisymmetric representation obtained by reducing 4 ® 4 ® 4 of SU(4).
Physically what are these nuclei? (This will illustrate the point. The real use of this symmetry
is for nuclei of much higher atomic weights, for which this method can be used to classify all

the nuclear isobars.)

Problem 19. Consider a charged particle which is in an isotropic harmonic oscillator potential
in three dimensions, so that the symmetry group classifying the states is SU(3). In this case, the
states must all be symmetric, so that the lowest states transform as the 1, 3, 6 and 10 of SU(3).
An electric field is now applied in the z-direction, so that the symmetry of the Hamiltonian
is reduced to the SU(2) subgroup corresponding to the x and y directions. Without doing
dynamical calculations, obtain the splitting structure of energy levels under this perturbation,

by decomposing the above four SU(3) representations into SU(2) irreducible representations.

Problem 20. The low energy dynamics of pseudoscalar mesons can be described by the La-

grangian
L:%Tr[c’)“@@u@} - %Tr[cI)?M} (B.15)
where M is of the form
a 0 0
M=10 a 0 (B.16)
0 0 p

This form incorporates the fact that SU(3) is only an approximate symmetry. The matrix ®

was given in class as

\%WO + \/Lén Tt K*
- S

P = T 5T+ gn KO (B.17)
_ —0
K K ~\/2n
where each letter represents the field corresponding to the particle of the same name. Obtain
the possible mass-squared relations among the mesons. (Notice that M represents the square

of the mass.)

Problem 21. The Laplace operator on a two-sphere (S5?) is given by L? where L; is the angular

momentum operator. This is seen by writing —V? in spherical coordinates and then setting



101

the radius r to be a constant, say R. This means that the eigenvalues of the Laplacian on the
two-sphere are (I + 1) with degeneracy 21 + 1. A similar analysis can be done for many other

spaces, giving a purely algebraic way of solving the Laplace equation.

For this problem, we will consider the three-sphere (S®) given by z? + 22 + 22 + 22 = R
This has a symmetry given by SU(2) x SU(2), i.e., two independent SU(2)’s, with generators
M; and N; respectively. The derivative operator can be taken as K; = %(MZ — N;) and the spin
of the particle on which the Laplacian acts is S; = M; + N;. (Spin makes a difference to the
eigenvalues of the Laplacian because the curvature of S3 couples to the spin, something you

may have learnt in the course on General Relativity.)

a) Obtain the commutators [K;, K|, [S;, K;] and [S;, S;].

b) Taking the Laplacian as K? = K;K;, obtain the eigenvalues and degeneracy of the Lapla-
cian acting on a field of spin s = 0, % (While this can be done for all fields of all spins,
for this problem it is sufficient to consider spins zero (i.e., a scalar field) and half (i.e., a
spin—% field like the electron).) This can be done by starting with two independent repre-
sentations of the two SU(2)’s and then combining them to form states corresponding to

S.

Problem 22. The Korteweg-de Vries (KdV) equation describes a variety of phenomena in
physics including shallow water waves traveling in one dimension. It has soliton solutions and
historically was the first example of a soliton. The equation is given by

0 ok ou

where U(z,t) is the height of the wave. We consider two distinct sets of commutation rules.

Commutation rule A:

0, 1),U(y, 0] = 80, 1) bl ) — e —y) (B.19)
Commutation rule B: 5
U(z,2), Uy, )] = 5-d(z — y) (B.20)

a) Find the Hamiltonians H4 and Hp to be used with the commutation rules (A) and (B)
respectively, so as to get the KdV equation as the Heisenberg equation of motion. (The
fact that there are two CR’s and two Hamiltonians is related to the integrability of the
theory.)

b) Show that the quantity [dz U is conserved, in addition to the two Hamiltonians.
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¢) Show that the KdV can be written also as

oL
E - [L7B]
L = —D*+U(x,t) (B.21)

B = 4D>*—-3U D -3D U

where D is the operator 0/0x = ip. Notice that L is a Schrodinger operator with a
time-dependent potential U(z,t).

d) From the above result, show that the spectrum of L is unchanged when the potential

U(z,t) changes in time according to the KdV.



