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Abstract

In this review, we have reached from the most basic definitions
in the theory of groups, group structures, etc. to representation the-
ory and irreducible representations of the Poincare group. Also, we
tried to get a more comprehensible understanding of group theory by
presenting examples from nature around us to examples in mathemat-
ics and physics and using them to examine more important groups in
physics such as the Lorentz group and Poincar’e group and representa-
tions It is achieved in the physical fields that are used in the quantum
field theory.
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1 Introduction

In this report, we examine the irreducible representations of the Poincaré
group. For this, we start with the definition and structure of the theory of
groups, and with the basic definitions, we try to define the groups and sym-
metries that we do in our daily life, and a little further, we try to examine
them more deeply. After we encountered a simple definition and some simple
and physical examples about groups in the first chapter, we try to define the
structures of groups with a little focus. This will help us to have a closer
connection with what we will see in the next chapters.

After these two chapters, we will discuss an important part of the theory
of groups, which are actually very concrete examples of what we have dealt
with so far. We will start with very simple groups like G L, (R) and gradually
we will talk about groups that do not appear very commonly in physics like
SP(2,R) but are very important, and we will check all the information we
got from the previous chapters for these groups.

In the following, we will examine how groups perform actions in reality and
somehow establish a connection between mathematics or even physics with
nature. After that, we will discuss one of the most important parts of the
theory of groups called Lie group and Lie algebra, which contains the effects
of all the previous chapters, and for this reason, we will try to define all the
topics related to this part, such as Topology and Manifold, etc. in a very
precise manner.

In the chapter on the theory of representations, which is the main part of
this report, we have very briefly tried to define the basic definitions of repre-
sentations in the theory of Lie groups and algebras, and we have stated and
proved one of the most basic lemmas in this theory, which is strongly The
need for our work is in the last chapters. In the last two chapters, we tried
to summarize two of the most important groups by using the information
obtained from the previous chapters, and then we obtained the irreducible
representations for the Poincaré group using the previous chapters.

Finally, I must thank Mrs. Mohammad Sadeghi for her careful editing and
proofreading of the text. And I have a special thanks to Dr. Najafizadeh for
the important and influential comments he gave me in editing this review.



2 Group Theory

2.1 Introduction to the Group

In our daily life, we come across many symmetries. From the symmetry of
a flower to a landscape or a building in terms of architecture or coloring.
In the description of nature as we encounter it in physics, symmetry plays
a more fundamental role and its effect is not limited to art and aesthetics.
In physics and in general, we come across more and more symmetries. For
example, three-dimensional space has translation and Rotation symmetry. In
other words, it is the same as the laws of physics or nature regarding transfer
and rotation in three-dimensional space. The four-dimensional space-time
has more and deeper symmetries. The laws of nature are the same in the
internal frame of reference that is moving in a straight line with respect to
each other, and for this reason, we cannot know the movement of the internal
frame of reference that I am riding on with any physical experiment.

At the microscopic level, there are other symmetries. These symmetries are
not as obvious as the symmetries of a flower, but they have important physical
effects. For example, the strong nuclear force is completely symmetric with
respect to the exchange of protons and neutrons. This symmetry is a discrete
symmetry that is described by the Z; group. We can say that the strong
nuclear force acts on only one nucleon and it can be in one of two states,
which we call proton and neutron, just like electron spin. For this reason, we
call this symmetry isospin symmetry.

Now, on the other hand, in quantum mechanics, we know that we can expand
the state of a particle in terms of the bases that make up that space, so in
this example, we can define the state of a particle as

|W) = al|proton) + b|neutron)

Therefore the nucleon is described by the binary vector which has symmetry
under the U(2) group.

In the microscopic world, we have many symmetries like color symmetry and
gauge symmetry[1][2][3][4]. Group theory is a branch of mathematics that
describes symmetry precisely. In general, symmetry means that an entity
or object does not change under the influence of a certain set of actions and
leaves the feature or property of that object intact. For example, if we assume
that the object is a vase that is symmetric about its z-axis, then it means
that it is symmetric under a set of actions that rotate the object about its
z-axis by an angle 6.

In other words, if we consider the object O and consider the property or char-
acteristic we want about the object as P(O) and action g, then g preserves
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our property if we have
0" = g(0) = P(O) = P(4(0)) = P(O)

. . !
Now consider another action g where

’ ’

0" =¢'(0)=4g(9(0)) = (9'9)(0)

Then ¢ g preservers P because
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P(0") =P((g'9)(0)) = P(g

Therefore, we can say that the set of operations that preserves the property
of the object is closed compared to the operation of multiplication. Also in
this set, there is an action like e that does nothing on the object so e(O) = O
then we have

€g=ge=4g
and if we have action, g~! where

g lg=g9 ' =e

Then this set of actions with multiplication is Group [5].

2.2 Group

Now that we have explained symmetries and groups, we want to define groups
more precisely and mathematically.

Definition 2.1 (Group). A Group is a non-empty set G with a binary op-
eration on G, here denoted ” *” that x : G x G — G are satisfied

1.Va,be G |laxbe G (1)
2.Va,b,ce G| (a*xb)xc=ax*(bxc) (2)
3.FdeeGlexa=a (3)
4.VaEG,Ela_leG]a_l*a:a*a‘lze (4)

if axb=0x%a then G is Abelian Group.
Let us have some basic theorems of the group.

Theorem 2.1 (Uniqueness). The identity element of the group is unique.



Proof. Assume, e and e are identity elements of G. So

VgeGlexg=¢€¢ xg=g—e=¢e

O
Theorem 2.2 (Uniqueness). The inverse element of the group is unique.
Proof. Assume, g;' and g, ' are inverses elements for g. Then

gilxg=gstxg=c— gl =g;'

O
Theorem 2.3. For all g € G we have, (¢7!) 1 =g
Proof. Assume, g~' € G. Then inverse element of g7 is (¢71)~1. So

() xlg) =e
If g is the right action then
(9" =y
O

Theorem 2.4. For all g, g» € G we have, (g192)"' = g5 97"

Proof. Assume, (g192)"' € G. Then inverse element of (g1g2)~" form Theo-
rem 2.3 is g1g2. So

(9192)_1(9192) =€

If g; and ¢, right action then

(9192) " =95 91"

]

Definition 2.2 (Order). The order of a group is the number of its elements
and is donated by |G|. If a group is not finite, one says that its order is
infinite.

There are different types of groups such as finite groups, infinite groups,
and continuous groups. . ..
First, we define finite groups.



2.3 Finite group

Definition 2.3 (Finite group). In abstract algebra, a finite group is simply
a group with a finite number of elements.

One of the most famous finite groups is the Cyclic group, which is defined
as follows.

Definition 2.4. A group is called cyclic if it can be generated by a single
element. In other words, there exists an element a € G, all elements of GG
come from the set

<z>={.., 0 ex" .} (5)
T 1s a generator.

The notation for the group generated by S is < S >.
Note for an infinite group, we need to consider inverses explicitly. For a finite
group, inverses occur in the positive powers [6].

Example 2.1. The Cyclic Group Z,, define as below
Z,:=10,1,...,n—1} modn
This Group is called a Cyclic group whose order is n.

Example 2.2. The Cyclic Group Z,, where p is prime number and define
as below

Z,={0,1,..,p—1} mod p
This Group is called a Cyclic group whose order is p.

Example 2.3. Consider Figure 1. The following two actions can be per-
formed on this form. An e action that does nothing and a m, action that
rotates the shape reflected around the y-axis. Therefore, we can say, the
symmetry group of this object is Zy = {e, m,}.

Example 2.4. Consider Figure 2. The following three actions can be per-
formed on this form. An e action that does nothing a 7, action that rotates
the shape reflected around the y-axis and a m, action that rotates the shape
reflected around the x-axis. Therefore, we can say, the symmetry group of
this object is Zy = {e, m,, my, mpm, }.



Figure 1: Fern - bilateral symmetry [7].

Figure 2: This photograph has bilateral symmetry from left to right and from

top to bottom due to the reflection of the landscape in water [7].

Example 2.5 (Pauli group). Two-dimensional matrices known as Pauli ma-

trices are as follows
(o) () e 5
10 v 0 0 —1
These matrices have this relation
005 = 16,10k
So we have a non-Abelian group
Go = {+£I,+04, too, +ios}
and also

Gl = {:l:[, :|:0'1, :|:0'2, :|:O'3, :|:ZI, :l:z'al, :I:iUQ, :tiUg}

8
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Definition 2.5 (Symmetric group). The symmetric group has some proper-
ties

1. The elements of the group are permutations on the given set (i.e., bijective
maps from the set to itself).

2. The product of two elements is their composite as permutations, i.e., func-
tion composition.

3. The identity element of the group is the identity function from the set to
itself.

4. The inverse of an element in the group is its inverse as a function [§].

Example 2.6 (Permutation group). A famous example of this group is the
Permutation group, which is represented by .5,,, and a member of this group
can be shown as follows

1 2 ... n
= (a(l) a(2) ... a(n)) (9)
Since this group itself is a type of the symmetric group, if o, 8 € S, then

af € S,. Therefore S,, is closed under multiplication and for all o € S,,,
there is inverse, o™ € S,,.

Example 2.7. Consider S,. The elements of Sy are

NN

Then we have abelian group, S = {e, a}.

Example 2.8. Let’s consider S3. The elements of S5 are
1 2 3 1 2 3 1 2 3
6:(123)’0‘:(21?)’5:(132) (11)
1 2 3 1 2 3 1 2 3
7:<321)’5:<231>’77:(312> (12)

This group is non abelian and S3 = {e,a 3,7, ,n}.

2.4 Infinite group

Unlike finite groups, the order of an infinite group does not become a finite
number. One of the most famous examples of infinite groups is the Permu-
tation group.

Example 2.9 (Z group with integer addition). Set of Integer numbers with
integer addition also called Z.



Example 2.10 (Z — {0} group with integer multiplication). Set of Integer
numbers except 0 with integer multiplication also called Z — {0}.

Example 2.11 (R group with addition). Set of Real numbers with addition
also called R.

Example 2.12. One of the most famous groups is Braid group [9]. This
group is very important in the study of node topology.

Definition 2.6 (Braid group). Suppose there are n points pi,...,p, in a
plane and consider a plane parallel to this plane with these points. Now
consider a set of curves that connect the bottom point to the top plane
points, provided that these curves do not intersect each other, but can have
any desired shape. Mathematically, we say that only the Homotopy class
[10, 11] of curves is important to us, and not the curves themselves, and for
this reason, every set of curves, or in other words, its homotopy class, is a
member of the braid group [5]. In mathematically

71 [0,1] = R* x [0, 1] [ 4(8) = (12(8),- -, 3()) (13)
where
1(0) = p1, -7 (0) = pn (14)
and endpoints are permutations of initial points, in other words, (71 (), ..., v.(1))

is permutations of initial points.

Each member of the Braid group is a curve set or homotopy class. We display
the members of this group with letters «, 3, ... and Braid group has called
Bn

For example in Figure 3 one of element of B3 which o = (y1(1),72(1),73(1)) =
(1,3,2) € Bs.

And because homotopy class is important for us and the elements dependent
on it, we have equivalence in some curves. For example Figure 4 we have
equivalence in Bjy.

Now we have to define an action, an identity element, and an inverse ele-
ment for this group according to the definition. The operation of multiplying
this group is to assume that « and § are two homotopy classes (set of curves)
as follows

a=(ay,...,an) , B=P1,---,0n) (15)

10



Figure 4: They are equivalent

that the indices define our initial points and the member’s action and oper-

ation of multiplication is

(a1, ... o)

(51;---7ﬁn)

So
Ba = (Bays- - Ban)

For example, if in B; we have

a=(231), f=(1,3,2)
pa=(1,3,2)

11



In Figure 5 we plot Sa for Bs. So we define the multiplication operation
for the Braid groups. Let’s define the identity element in the Braid group.
As we know the identity element, is an element that does not work on other
elements, ie. so in the braid group the identity element is a homotopy class
that does not work in the Braid group except that it connects the lower
points to the upper points without any screws.

Figure 5: The multiplication operation in the Braid group, Bj for « = (2,3, 1)
and 8 = (1,3,2).

Now we can define the inverse element. Consider v : [0,1] — R? is curved.
A curve that goes in the opposite direction is defined as follows

) = (1 — 1) (19)
So the inverse element of the Braid group define
=) (20)

Therefore we define the Braid group by multiplication operator, identity
element, and inverse element.

2.5 Continuous group

Definition 2.7 (Continuous group). In a very general definition, it can be
said that there are infinite groups whose elements are uncountable.

Example 2.13 (Invertible functions). The set of invertible functions on
[0,1] € R, together with the multiplication operation, is a continuous group.

Example 2.14 (GL). The set of invertible linear transformations on a vector
space V' that is represented by GL(V') is called the group of general linear
transformations on V. If V' is a n-dimensional vector space on field F then

GL,(F).

12



As we know, each of the inverse linear transformations in the vector space
can be represented as a matrix.

Example 2.15 (SL,(R)). A subset of matrices GL,(R) that det(A) = +1
is the group of real n-dimensional matrices denoted by SL,(R).

Example 2.16 (O,(R)). A subset of matrices GL, (R) that are orthogonal,
ATA = I, is the group of real n-dimensional matrices denoted by O, (R).

Example 2.17 (SO, (R)). A subset of matrices O, (R) that are orthogonal,
ATA = I, and det(A) = +1 is the group of real n-dimensional matrices
denoted by SO, (R).

Example 2.18 (U(n)). A subset of matrices GL,(R) that is unitary is the
group of real n-dimensional matrices denoted by U(n).

We will discuss this section further.

2.6 Multiplication table

Now that we have defined the types of groups and given examples for them,
we come to the point where we can define a multiplication table for each
group. For example, consider the group S3. From example 2.8, we know that

the elements of this group are as follows
1 2 3 1 3 1 2 3
6:(123>’O‘:(2 3)’5_(132> (21)
1 2 3 1 3 1 2 3
7:(3 2 1) ’ 52(2 1) ’ ”_(3 1 2) (22)

Now we can have a multiplication table for this group as follows

W N~ N

OIS |2 (R | >

I | R |||

QLIS |||

SR EGV RoN R . I (S 1) NS)

I ||| 2|
WR [ | |22
| [ DR IR IS

Example 2.19. Consider G; = {1, —1} under multiplication. The Multipli-
cation table of GGy is

13



. -1
1 117]-1
-1]-11]1

which acts like group G = {e,a} , a* =e.

Example 2.20. Consider G5 = {0, 1} under addition mod 2. The Multipli-
cation table of Gy is

+ 0|1
0 |01
1 1110

which acts again like group G = {e,a} , a®> =e.

Example 2.21. Consider G5 = {(é (1)) : ((1] (1))} under multiplication.
The Multiplication table of G is

(0%

e e |
e

where e = ((1) (1)) and a = ((1) é) Which acts again like group G =

{e,a} , a*=e.

As we have seen, these groups acted with a group of the equivalent or were in
some way Isomorphism. In the next sections, we will discuss this similarity
between groups.

14



3 Group Structure

Understanding group structures helps to understand groups and the relation-
ships between them and their related issues.

3.1 Subgroup

Definition 3.1. A subset H of a group G is called a subgroup if it is not
empty, closed under group operation, and has inverses. The notation H < G
denotes that H is a subgroup of G.

Every group G has two trivial subgroups, e and the group G itself. Let’s
look at a few examples

Example 3.1. nZ is a subgroup of Z.
Example 3.2. Z is a subgroup of Q under addition.

Example 3.3. The set S = {a + bv/2 | a,b € Z} is a subgroup of R under
addition.

Example 3.4. SL,(R) is a subgroup of GL,(R) under addition.
Example 3.5. O,(R) is a subgroup of GL,(R) under addition.
Example 3.6. SO, (R) is a subgroup of O,,(R) under addition.
Example 3.7. {e,a} is a subgroup of Ss.

Example 3.8. {e,0,} is a subgroup of Pauli group.

Based on the definition and examples of subgroups, we express and prove
theorems in subgroups.

Theorem 3.1. If H is a subset of G then H is a subgroup of G if and only
if

1. Va,be H | abe H
2.Ya€eH | ateH

Proof. If H is a subgroup of G then 1 and 2 are trivial. Let’s assume 1 and
2 be established, we have

ab=aa ' =ec H (1)

then e € H and H is a subgroup of G. O

15



Theorem 3.2. If G is a finite group and H is a subset of G then H is a
subgroup of G if and only if

1. Ya,be H | abe H

Proof. If H is a subgroup of GG then 1 is trivial. Let’s assume 1 is established.
Consider {a,a?,...,a"} € H and from 1 we have aa™ = a"™ € H. Then
dm < n+ 1 where

a"'=a" e H (2)
a"ttm =g =e € H (3)
then H has inverse element and e € H so H is a subgroup of G. [

3.2 Cosets

In the theory of numbers, two numbers a and b remain to the number n if
their difference is a multiple of n, that is a — b = kn then we call a and b are
equivalent. For example if a,b € Z and have nZ group then a and b are
equivalent if @ — b in subgroup of nZ. In other words

a~b — a—-benkZ (4)
Let’s define equivalent in a subgroup.
Definition 3.2. If H is a subgroup of G then
a~pb mod H — ab™' e H (5)
where ~p is a right equivalent.

In other words, assume h € H then ab~' = h or a = bh. Therefore, if
we want to find all the elements equivalent to a, we must multiply all the
elements of h € H from the right side. In this way, a subgroup of G is
obtained, which is as follows

aH :={ah | he H} (6)

this set is called the Right coset of a.
In this set, all elements are equivalent to each other, and any element which
is equivalent to a is in this set.

Definition 3.3. If H is a subgroup of G then
a~pb modH — a'beH (7)

where ~ is a left equivalent.

16



As in the previous definition, we have
Ha:={ha | he€ H} (8)

this set is called the Left coset of a.

Note that two equivalence relations 6 and 8 Partition a group into two dif-
ferent types and they are different from each other. For example, in Figures
1 and 2, we showed Right cosets and Left cosets. Now, if H is a finite

Figure 6: In 1 right cosets of a, b, . .. and in 2 left cosets of a, b, . ... As shown,
these two types of equivalence are different.

subgroup, then all cosets have the same number of elements as the number
of elements of H or the order of H, and at this point, we can define a new
theorem.

Theorem 3.3 (Lagrange). If H is a subgroup of a group G, then |H| | |G].

Proof. Considering that the number of elements of each coset is equal to the
order H, assume {ay,...,a,} € G then

a1 H| = |axH| = ... = |a,H|=H 9)
Gl =) laH|+|H|=kH| — |H|||G| (10)
[l

Definition 3.4. If a € G we call the smallest number m, which is a™ = e,
the order of a, and denote it by |a|. If there is no exist m then the order of
a is infinite.

Theorem 3.4. For all a in G we have |a| | |G]

Proof. As we know consider < a >= {e,a,a?, ...} and from proof of Theorem
2.6, < a > is a subgroup of G. So from Theorem 2.7, we have |a| | |G|. O

Now, from this theorem, we can reach interesting theorems in group the-
ory and number theory. We do not prove these theorems and can see their
proof in [12][13][14].

17



3.3 Normal subgroup

As we have shown, the right coset and the left coset are not necessarily the
same, but in a special case, these two can be the same. In other words, we
can write bh as h'b for every b € G and h € H where b’ € H.

Definition 3.5. H is a normal subgroup of G if
VgeG,VheH | ghg'lecH (11)

Note for normal subgroups the right and left cosets are equal. In Figure

7 this point is shown.

Figure 7: For a normal subgroup the right and left cosets are equal. That
means aH = Ha and it is shown as [al, [0], . ..

Theorem 3.5. If H is a normal subgroup of GG then for all a € G we have
aH = Ha.

Proof. First, we prove that aH C Ha. So if x € aH then x = ah and
r=ah=h'a € Ho— aH C Ha (12)
On the other hand to prove Ha C aH
©=ha=ah € aH — Ha C aH (13)
So aH = Ha. O
Theorem 3.6. H is a normal subgroup of G if and only if
VgeG | gHg'=H (14)

Proof. First, assume H is a subgroup of GG then from Definition 2.12 we have
gHg™' C H. Now consider h € H and then

h=g(gthg)g ™t =gh'g~t € gHg™" (15)
— H C gHg™* (16)
SogHg ' = H. ]

18



Now, according to the definitions and theorems, we will give some exam-
ples of normal subgroups.

Example 3.9. SL,(R) is a normal subgroup of SL,(R).

Example 3.10. In SL,(R) the subgroups which have I and —I matrices are
normal subgroup.

Example 3.11. Every subgroup of an abelian group is the normal subgroup.

3.4 Factor group

According to the definition of a normal subgroup, now we want to make a
new definition of all normal subgroups of a group.

Definition 3.6. Let H be a normal subgroup of G. Define the set G/H
to be the set of all left(right) cosets of H in G and define a multiplication
operation for all cosets which if [a| = aH (Ha) then [a][b] := [ab]. So G/H is
a group and called Factor group.

Let’s take a few examples.

Example 3.12. Consider G = Z and H = nZ. As mentioned in example
2.28, H = nZ is a normal subgroup. The subgroup H has the following
cosets

k] =k+H=k+nZ={k+na | a€Z} , k=0,1,... (17)

In other words, [k] is the class of all numbers whose remainder when divided
by n is equal to k. So

K]+ = [k +1] (18)
then [k + n] = [k]. Therefore we have
Z/nZ7 =7, (19)

Example 3.13. Assume G = U(2) and H = SU(2) is a normal subgroup
cause if h € H = SU(2) then det(h) = det(ghg™') = 1. Now we have

g=c2 (5 1) U@ | l=gn=lgh U@ | detlg) =) (20
and
l9)lg] = [e°][e"] = [¢“T) = [g9]] (21)
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So

U(2)/SU12)=U(1) (22)
and more generally

U(n)/SU(n) =U(n) (23)

Example 3.14. Assume G = U(2) and H = U(1) is a normal subgroup
cause if h € H = U(1) then det(h) = det(ghg™) = 1. Now

g=c (5 1) U@ |l =gh={ah U@ | datg) =1} (21)
then

U(2)/U(1) = SU(2) (25)

3.5 Homomorphism and Isomorphism

As we said in the previous sections G; = {1,—1} under multiplication,

G5 = {0, 1} under addition mod 2 and G5 = { é (1) : ? (1)
tiplication although they look completely different, they all act like G =
{e,a} , e = a® All three are the equivalent of G = {e,a}. The equiva-
lent of these three groups means that they can be mapped to each other so
that their multiplication table does not change. These groups have the same
structure and cannot be considered as three different groups. In this section,
we discuss the equality or Isomorphism between groups.

Definition 3.7. Let (G,.) and (H,*) be groups and f : G — H. Then f is
a homomorphism if

Vgi,92 € G | f(91-92) = f(g1) * f(92) (26)

Then G and H are homomorphic.

} under mul-

Definition 3.8. If a homomorphism is also a bijection, then it is called an
isomorphism. Then G and H are isomorphic.

From the definitions above, two theorems can be reached.

Theorem 3.7. If ¢ and ¢ are identity elements of G and H, respectively
and G and H are isomorphic then

fle)=e
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Proof. From Definition 2.15, if gy = e = g, and ¢ = f(g1) = f(g2) then
fle)=e

Theorem 3.8. If G and H are isomorphic then

flg™) =flo)™ (29)
Proof. From Definition 2.15, if gy = g and g~ = g, then we have

flag ) =Fflo)=flgH=Ffle)=¢ = flg") = fg)" (30)
0

In the following examples, we discuss the homomorphism and isomor-
phism of the groups that we have met so far.
Example 3.15. A map f : GL,(R) — SL,(R) where f(g) = is a
homomorphism.

_9

det(g)’

Example 3.16. A map f : GL,(R) — R — {0} where f(g) = det(g), is a

homomorphism.

Example 3.17. Consider U(1) = {¢* | ¢ € [0,27]} and

s02) = {( €0 SOY g 0,24]}. Now define f: SO(2) — U(1)

—sinf cosf) ’ ’ ' ' ’

Then U(1) and SO(2) are isomorphic.(Proof [5] [15].)

Example 3.18. Consider Z and nZ. Let’s define f : Z — nZ. So we have
f:Z—nZ, V2€Z | f(z) =nz , flnz)==z (31)

Thus

Vai,20 €Z | f(z1.22) = nz1z2 = f(21) f(22) (32)
So Z and nZ are isomorphic.
Example 3.19. By and Z are isomorphic.(Proof [16])

Now we represent theorems about homomorphism that are very practical
and important.

Theorem 3.9. If f : G — H is a homomorphism, then Ker(f) is a normal
subgroup of G, and I'm(f) is a subgroup of H.
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Proof. Assume a,b € Ker(f) then from definition of ker(f) we have
fla)=¢ = f(b) . flab) = fla)f(b) =€ —abe Ker(f)  (33)
fla)=¢", (fla)™ =fa™) =€ —a™" € Ker(f) (34)

So from eqs.33 and 34, we obtain Ker(f) is subgroup of G. Let’s prove the
Ker(f) is a normal subgroup. So consider a € Ker(f) and g € G then

fla) = f(gag™) =€ — gag™" € Ker(f) (35)

So Ker(f) is a normal subgroup of G.
Let’s assume a’,b € Im(f) then from definition of Im(f) we have

a =fla) , b =f(0b)—ab eIm(f) (36)
d =[(a) , a7t =fla™h) »"e Im(f) (37)
Therefore Im(f) is a subgroup of H. O]

Theorem 3.10. A map f : G — H is an isomorphism if and only if f is
bijective and Ker(f) = {e}.

Proof. Consider f(a) = f(b) then we have

fla) = f(b) = fla)f7H(b) = flab™!) = ¢ (38)
f(flab™))=abt=e—=a=0 (39)
[

Theorem 3.11. If amap f: G — H is a homomorphism then G/Ker(f) ~
Im(f).

Proof. As we know from Theorem 2.13, that Ker(f) is a normal subgroup
of G and so G/Ker(f) is a closet. We define a map f : G/Ker(f) — Im(f)

where
Vla] € G/Ker(f) , f([a]) =z € Im(f) (40)
Now we prove the map is isomorphism. So

Via], [b] € G/Ker(f) , f(la])f([b]) = f([a][b]) : Homomorphism  (41)

if f(la]) = (o)) = f(la))f7H(]) = flab™) = ¢ — [a] = [0] : Bijecti&eZ)

So G/Ker(f)~ Im(f). O
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Now let’s examine an important example about isomorphic in physics.

Example 3.20 (SU(2)/Zy ~ SO(3)). As we know in Example 2.17, the
rotation group in three-dimensional is SO(3). Let’s assume A € SO(3) is a
rotation and 7, 7' € R3 are vectors in euclidean space. Then

7 = AT (43)

where 7" is rotation of 7.
On the other hand, by using Pauli matrices, it can be said that every rotation
can be represented by these matrices. In other words

V7@ eR®, P:= (x—ily x:zzy) =10, =7.0 (44)

Now from U € SU(2) we have
P =uprut (45)

and
Vi EeRY, P e (Hy fv_—z%y) — =TT (46)

Therefore U rotate 7 to 7 in three-dimensional and the interesting point
is P and U are two-dimensional matrices! Therefore eqs.43 and 45 are equiv-
alent. Now consider two roration

P AT a7 (47)
P =vuPUT, P=vuprUt (48)

SO
7)// _ A,A? (49)
P// _ U/P/U/T _ Pu _ U/UPUTU/.'. _ (U/U)P(U/U)T (50)

Therefore SU(2) and SO(3) are homomorphic but not isomorphic because
the map is not bijective and U and —U generate rotation so we have

SU(2)/Zs ~ SO(3) (51)
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4 Matrix groups

Whenever V' is a real vector space, the set of invertible linear transforma-
tions from V to itself forms a group. When we choose a basis for the vector
space, we can represent each transformation as a matrix. As a result, the
node of linear transformations on a linear space is nothing but a group whose
elements consist of invertible matrices, which are called matrix groups. Each
group can be represented as a set of matrices, and in quantum mechanics,
which is known as a fundamental framework for describing nature, it has a
linear structure and physical states are represented in Hilbert space, and any
type of transformation on these vectors are represented as a linear transfor-
mation with a matrix. In this section, we examine the most important matrix
groups and in each case, we deal with infinitesimal transformations because
these small transformations are used to obtain the generators of each group

[5].

4.1 General linear group

A large and very important class of groups is defined as linear transforma-
tions on a vector space. The set of invertible linear transformations on a
vector space V' that is represented by GL(V) is called the group of general
linear transformations on V [5].

On the other hand, any transformation is an operator(map), and each map-
ping can be transformed into a matrix using the bases of the vector space on
which the transformations were defined. Therefore if T" is a map on vector
space V with field T, T is a matrix in which the elements of this matrix are
in field F. If the vector space has n dimensional then the group of general
linear transformations on V with field F is called GL,(F).

Now consider G Ls(R)

GLQ(R):{(CCL Z) | a,bc,d€ R, ad—be#£ 0} (1)

This group is the simplest group of the general linear group. As we shown
GLy(R) has 4 parameters so it is 4 dimensional group. On the other hand,
this group is a continuous group or topological group and by changing the
parameters, we can move from one point to another in this group.
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4.2 Special linear group

Definition 4.1. A subset of matrices GL,(R) that are det(A) = 1, is the
group of real n-dimensional matrices denoted by SL,(R). In other words

SL.(R) = {g € GL.(R), | det(A) =1} (2)

The simplest group of the special linear group is SLs(R) where define

SLs(R) = {g € GLs(R), | det(A) =1} (3)

Let’s obtain generators of this group. There are two methods to get the
generators of a group, we use the first method to get the generators and
we will present the second method in the further sections. We know that
SLy(R) is a three-parameter group. On the other hand, when we are near
the identity element of the group, the parameters of the group can be written
as follows

gESLR) , g=I+L~ (Elliz 611__;2) (4)
then
det(g) =det(I+L)=1+tr(L)=1—tr(L) =0 (5)
So
RN ) N ) PO R
~ I+ 6Ty + 15 + €315 (7)
Therefore

O R ) RS (R B

are generator of SLy(R). Now, if we assume that €, €, €3 is not small
enough, we can assume 6; that not very small and define N which is too
large. Then we have

0 02 03

~I1+ =T+ =T+ =T
g +N1+N2+N3 (9)
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On the other hand from the property of the group, every group is closed so

0 0 0
g~ (I+ =T+ =Ty + —=T5)N

N N N (10)

and in N — oo we have

O, 0y 0
(I + 5 T1+ o To Ty = Tttt (11)

lim
N—oo
Therefore if we change 6;, an element of the group is generated. Note matrices
in eq. 8, are pauli matrices

T1:O'1 s TQZ—iO'Q s T3:O'3 (12)

so the generators and elements of SLy(R) are rotation in R3.

4.3 Orthogonal group

Definition 4.2. A subset of matrices GL,(R) that are orthogonal, ATA = I,
is the group of real n-dimensional matrices denoted by O,,(R). In other words

O,(R) = {A € GL,(R), | ATA=1T} (13)

Example 4.1. The set of 2-dimensional and real orthogonal matrices is a
group, which is denoted by O2(R).

Example 4.2. The set of 3-dimensional and real orthogonal matrices is a
group, which is denoted by O3(R).

Let’s consider Oo(R). This group invariant the inner product in R? space.
According to the definition of the orthogonal group, it can be concluded from
AYA = I, det(A) = 41 so this group is not continuous or topological then we
can not define a generator for this group. In Figure 8 we have shown O,(R)
and its subgroup. A subset of these matrices whose determinant is equal to
+1 is a group. This group name is Special orthogonal group.

4.4 Special orthogonal group

Definition 4.3. A subset of matrices O, (R) that are orthogonal, ATA = I,
and det(A) = +1 is the group of real n-dimensional matrices denoted by
SO,(R). In other words

SO,(R) ={A € GL,(R), | ATA=1, det(A) = +1} (14)
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Figure 8: As we shown O,(R) is not continuous and not connected in topo-
logical. Cause we can not move between two points in O(n).

In SO5(R), for all A € SO5(R) we can show

e ( cos O sin 9) 0elo,2n] (15)

—sin @ cosf

Given that this group is continuous, we can define and obtain the generator
as before. So

AeSO,R) , A~T+L (16)
AAT =T+ L+ L =T L+L =0 (17)
det(A) =det(I+L)=1+tr(L)=1—tr(L)=0 (18)

Now consider

o
L= (7 ?) (19)
from eqs.17 and 18, £ has this properties, so
I e + a* B + ’Y* . 0 0
tr(L)=a+d=0 (21)

Therefore £ can be
. i€3 —€9 + Z.El
L= (62 + iEl —i63 )
01 0 -1 . 1 0
oy o)re(l V)ra( b)) @
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Then

01 0 -1 . 1 0 .
T1:<1 O>IO'1 s T2:<1 0>:—ZO'2 s T3:<O _1):ZO'3 (23)

So we obtain generators of SO2(R). Now all elements of this group are

g = ecrTiterTatesTs (24)

by change ;.

In the next sections, we will discuss a subgroup of O(1,3) that has very
important effects in physics. This subgroup, represented by SO™(1,3), in-
variant the inner product < 77, ¥ >= 2%° — z'y! — 22y* — 23y3, which we
call Lorentz group.

4.5 Unitary group

Definition 4.4. The unitary group is a subgroup of the general linear group
GL(n,C) and is denoted by U(n).

This group invariant inner product in C™ and because the determined of this
group also is a pure phase, then this group is a continuous(Topological) group
and we can define generators. Let’s define the Special unitary group.

4.6 Special unitary group

Definition 4.5. A subset of matrices U(n) that are orthogonal, ATA = I,
and det(A) = +1 is the group of complex n-dimensional matrices denoted by
SUL(R). In other words

SU.(R)={AcU(n), | ATA=1, det(A) = +1} (25)

Let’s consider g € SUy(R) = SU(2). So generators of this group are
o iEg —€9 + ’iEl
L= (62 + iEl —i€3 )

. 01 . 0 —1 . 1 0
= 1€1 (1 O) + 12€9 <Z 0) + 1€ <O _1) (26)
(0 1 . (0 —2 . (1 0 .
T1:z<1 O):Zgl,TQZZ(i 0>:202,T3:z<0 _1):203

(27)
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Now we can assume (€1, €9, €3) = 0(n1,ng,n3) that n = (ny, ng, n3) is a unit
vector, so we have

g~=1+ Mo =T (28)
Therefore all elements of SU(2) generate by 7 and @ from eq.28.

As mentioned, the group U(n) can invariant the inner product in C™ and
according to the defined metric, any subgroup of U(p, q) can be defined that
is true in the defined inner product. There is no need for these groups in this
article, so we will not discuss them [17] [18] [19].

4.7 Sympletic group

This group is very important in classical mechanics. This group represents
all canonical transformations on a phase space, which in classical mechanics
is the phase space (z,p), and the vectors of this space, which act on a space

R2, can be represented as g = Z . In this space, we define an inner product

as follows

< g, f >i=x4pf — Ty (29)

where this inner product is from classical mechanics [11] [20] [21].On the
other hand, we can show the inner product 29 in matrix notation

<g.f>=g"Jf (30)
0 1\. . . ;
where J = (_1 O) is called Sympletic matrix. Let’s define SP(2,R)
that invariant inner product
SP(2,R)={S € GL(2,R) | STJS =7, det(S) =1} (31)

So obtain the generator of this group.

S~I+L (32)

and
STJS =J =LY T+JL=0 (33)
det(S)=1—tr(£) =0 (34)
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Therefore L is

L = ( €3 €1+ 62) = ElTl —+ €2T2 —+ €3T3 (35)
€1 — €9 —€3
where
T1 =01 , T2 = —7;0'2 R T3 = 03 (36)

So all of the elements of SP(2, R) generate by changing ¢; in S = ec1TiteelztesTs,
As seen in special linear group SL(2,R) the generators are same with the
generators of SP(2,R), so SL(2,R) and SP(2,R) are isomorphic, but just
in 3-dimensional [5] [22] [23].
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5 Group Action

After getting acquainted with matrix groups, in this section, we will discuss
the action of groups on sets, and in general, we will examine the importance
of the use of groups in nature. As it was said in the introduction of this
chapter, we are looking for a property of the object or body that is under
our investigation, and by performing actions on this object, we are looking
for its new property. If the property of our object does not change before
and after the action, we say that our object is symmetrical with respect to
the action performed. For example, consider a jar. If we rotate this jar with
respect to its z-axis and its geometric properties do not change, we say that
this jar is symmetrical with respect to the jars around the z-axis. In this
section, we consider the jar as a set and assign the rotations around the z-
axis as a group as we discussed, and examine the action of this group with
respect to the said set.

Definition 5.1. A left action of a group G on a set M is a map
¢:GxM—>M (1)
such that:
1. Vme M | ¢(e,m)=m
2. Yme M ,Va,be G | ¢(a,d(b,m)) = ¢(ab,m)

In Figure 9 we have shown the meaning of the action(left action) of a group
on a set.

M

Figure 9: A left action of a group on a set means we can relate between
points on a set by a map.

Let’s give some examples.
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Example 5.1. Consider G = Zy = {I,—I} and M = R and define left
action ¢ : Zo x R — R. By definition we have

ILVmeR | ¢(I,m)=m (2)
2¥m eR, Va,beZy | ¢(a,p(b,m)) = p(ab,m) (3)

Example 5.2. Consider G = {@ | @ € R?} and M = R?. Let’s define left
action ¢ : G x R?* — R3 which

Vit eR3, VT €G | 6(T, M) =atm (4)

Example 5.3. Assume G = SO(2) and M = S'. As we know SO(2) is a
rotation group in 2-dimensional and S* is a 2-dimensional sphere. So the left
action ¢ : SO(2) x St — S! which

Olg,7)=7T", g€ SO?2) and 7,7 € S (5)

For more examples, you can refer to specialized sources of group theory [4]
[5] [24] [25] [26]. Let’s give some definitions and theorems which not proven.

Definition 5.2. If there is point like my € M such that Vg € G, ¢(g, mg) =
mg then my is a fixed point of action group on M.

For example in Example 2.24, 0 € R is a fixed point of action Z,.

Theorem 5.1. Assume m € M and G action on M. Then the elements of
G which are fixed m are elements of a subgroup of G and it is called fixed
point subgroup.

Definition 5.3. A action of a group G on a set M is called transitive when
the set is nonempty and there is exactly one orbit [26].

Theorem 5.2. If a group G on a set M is transitive then the fixed point
subgroups of all points are isomorphic.

Theorem 5.3. If an action of G on M is transitive and H is a fixed point
subgroup then there is a bijection between G/H and M.
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6 Lie group and Lie algebra

In this section, we will examine continuous groups or topological groups.
These groups, as their name suggests, are groups that can be moved from
one point to another point in the group by continuously changing one or more
parameters, and then we will define the Lie group and the characteristics of
this group. Therefore, at the beginning, we define topology and manifolds,
and by using them, we get to know topology groups, Lie groups, and Lie
algebras.

6.1 Topology

Definition 6.1. Let X be a set. A topology on & is a collection 7 of
subsets of X that satisfy the following three requirements:

l.0etand X €1

2. Given U C 7, we have U{U : U € U} € 7 (Closure under arbitrary
unions)

3. Given U; and U, € 7, we have U; N U, € 7(Closure under finite inter-
sections)

Members of a topology are called open sets.

Example 6.1 (Discrete topological space). Let X be an arbitrary set, 7 =
P(X) where P(X) is the power set of X: the set of all subset of X'. Then 7
is called the discrete topology.

Example 6.2. When 7 = {), X'} then is called the indiscrete topology.

Definition 6.2. The elements of the Euclidean topology on R" are unions
of open balls in R™. This topology is donated by ||.||,.

Definition 6.3. A set X together with a topology 7 on X form a topological
space. This is denoted by the pair (X, 7).

We will not go further into the basic definitions of topology due to the
large amount of material and the interestingness of the theorems, and it is
suggested that if you are interested in these materials, refer to [10] [27] [2§]
[29] [30] [31] [32].
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6.2 Manifold

Definition 6.4. M is an m-dimensional differentiable manifold if:
1. M is a topological space.
2. M is provided with a family of pairs {(U;, ¢;)}.

3. {U;} is a family of open sets which covers M, that is,U;U; = M. ¢; is
a homeomorphism from U; onto an open subset Ui/ of R™.

4. Given U; and U; such that U; N U; = 0, the map v¢;; = ¢; o gzﬁj_l from
¢;(U; NU;) to ¢;(U; NU;) is infinitely differentiable.

In Figure 10 we have shown.

Figure 10: A homomorphism ¢; maps U; onto an open subset UZ-' C R™,
providing coordinates to a point p € U;. If U; N U; = (), the transition from
one coordinate system to another is smooth.

The pair (U;, ¢;) is called a chart while the whole family {(U;, ¢;)} is

called, for obvious reasons, an atlas. The subset U; is called the coordi-
nate neighborhood while ¢; is the coordinate. On the other hand, the
homeomorphism ¢; is represented by m functions {z'(p),...,2™(p)}. The
set {x'(p)} is also called the coordinate.
If the union of two atlases {(U;, ¢;)} and {(V},;)} is again an atlas, these
two atlases are said to be compatible. The compatibility is an equivalence
relation, the equivalence class of which is called the differentiable struc-
ture.
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Example 6.3. The Euclidean space R" is the most trivial example, where
a single chart covers the whole space and ¢ may be the identity map.

Definition 6.5. Let F': M — N be a map from an m-dimensional manifold
M to an n-dimensional manifold N. A point p € M is mapped to a point
F(p) € N and take a chart (U, ¢) on M and (V,) on N, where p € U and
F(p) € V. Then F has the following coordinate presentation:

YoFog¢ ' :R"™ - R" (1)

Now if we write ¢(p) = {z'} and ¥(F(p)) = {y’} then y = o Fo¢ ' (z). If
y=1o0Fog¢ !(x), or simply y/ = F7(x%), is C* with respect to each z‘, F
is said to be differentiable at p.

Let’s define the tangent vectors and then the tangent space to the mani-
fold at a point. In the future, we will see that by using these definitions, we
can generalize the concept of generators in Lie groups, and it will help us a
lot in the theory of groups.

6.3 Tangent vectors and tangent fields

Definition 6.6. A tangent vector or contravariant vector, or simply a
vector at py € M, where M is an n-dimensional manifold, call it X, assigns
to each chart (U, x) holding pg, an n-tuple of real numbers

Xip = (Xbooo XD) (2)

such that if po € U NV, then

=3 2% | 3)

J
Oxy;

and in matrix notation
XV = CVUXU (4)

where cy 7 is called transition function that is the n x n Jacobian matrix
at the point py.

Now we can define a new definition that considers vectors as differential
operators.
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Definition 6.7. In FEuclidean space, an important role is played by the
notation of differentiating a function f with respect to a vector at the point

p

= 2+ i )

and if (x) is any cartesian coordinate system we have

D) =3 |35 e ©)

J

D’U(f)

This is the motivation for a similar operation on function on any manifold
M.

If X is a vector at p € M™ we define the derivation of f with respect to the
vector X by

X,(f) = Dx(f) = ¥ | 5] o x )

So we can define

o,
— J_—
X =2 X5 (8)
J
Definition 6.8. The tangent space to M" at the point p € M", written
M or T,M", is the real vector space consisting of all tangent vectors to M"
at p. If (z) is a coordinate system holding p, then the n vectors

0 0
OXT| T 9Xm

p

p

(9)

p

form a basis of this n-dimensional vector space and this basis is called a
coordinate basis or coordinate frame.

Definition 6.9. A vector field on an open set U will be the differentiable
assignment of a vector X to each point of U; in terms of local coordinates

X = ZXj(x)% (10)

where the components z7 are differentiable functions of (x). In particular,

each % is a vector field in the coordinate patch. To make it easier to

understand the definition, see Figure 11.

For more on manifolds and differential geometry, see [10] [11] [33] [34].
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Tp M

o . . . _ 8 _ 8 _ a .
Figure 11: A coordinate basis, e1 = 357), , €2 = 55lp » €2 = 3%3/p in Ty M
which are tangent to M.

6.4 Topological group

Definition 6.10. A topological group (G, x, ) consists of a group (G, %)
and a topology 7 on GG and there is a continuous map which

K:GxG—=G , (g,h)— g 'h (11)
We then call 7 a group topology on G.

We can define topological groups in another way, which we will need in
the future

Definition 6.11. A topological group (G, x, ) consists of a group (G, %)
and a topology 7 on G for which the multiplication map

GxG—=G, (g,h)— g*xh=gh (12)
and the inversion map

GG, g—g! (13)

6.5 Lie group

After all the definitions of topology, manifold, and its details and topological
group, we will define the Lie group.

Definition 6.12. A Lie group is a differentiable manifold G endowed with
a product, that is, a map

GxG—=G, (g,h)— gh (14)

making G into a group. We demand that this map, as well as the inversion
map

G—=G, g—g! (15)
be differentiable.
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Example 6.4. Consider SLy(R) = SL(2,R). From eq.3 we know
g(€o, €1, €2, €3) = (Z) i : Z; : Z) (16)
On the other hand, det(g) = 1, so
-6 —atea=1 (17)
Therefore manifold SL(2,R) is a hyperbole in 3-dimensional and
g(€o, €1, €2,€3)9(60,01,02,03) = g(eg + 0o, €1 + 01, €3 + O, €3 + 03) (18)
g(€o, €1, €2, €3) = g(—€g, —€1, —€2, —€3) (19)
So SL(2,R) is a Lie group.

Example 6.5. Consider SO3(R) = SO(2,R). From eq.23 we obtain the
generators and every element is

€ + 'iEg iEl — €2
9(607 €1, €2, 63) - <7:€1 + €s € — 7:63) (20)

So the manifold of the Lie group SO(2,R) is a sphere in 3-dimensional and
we have

g(€o, €1, €2,€3)9(00, 01, 02,05) = g(eo + O, €1 + 01, €2 + Oz, €3 + 03) (21)
g(eo, €1, €2, €3) = g(—€o, —€1, —€2, —€3) (22)
So SO(2,R) is a Lie group.

Example 6.6. Consider G = U(1) and g = ¢ € U(1) so the manifold G is
St and the map and inversion are

9(0)g(¢) = g(0 + ¢) (23)
97 '(0) = g(—0) (24)

So U(1) is a Lie group.
Example 6.7. Consider SU(2,R). From eq.27

Y ) + i€3 —€2 + ’iEl
g €9 + iEl €y — i€3

eteatetea=1 (25)

So

Therefore manifold SU(2,R) is a sphere in 3-dimensional and
g(€o, €1, €2, €3)g(0, 01, 02,03) = g(eo + o, €1 + 01, €2 + 02, €3 + 03) (26)
g(eo, €1, €2, €3) = g(—€o, —€1, —€2, —€3) (27)
So SU(2,R) is a Lie group.
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6.6 Lie algebra

Definition 6.13. A Lie algebra is a vector space g over a field F' with an
operation [,] : g X g — g which we call a Lie bracket , such that

L. Ve,yeg , [x,y] =—[y,z] Skew symmetric
2. Ve,y,z €9, [[xv],2] + [y, 2], 2] + [[z,2],y] =0 Jacobi Identity

%
Example 6.8. Consider R? with the exterior product, [7, b]=axbisLie
algebra.

Example 6.9. In classical mechanics, the function space in phase space by
Lie bracket that is Poisson bracket, is a Lie algebra.

~[0f 09 dg Of
[fa g](p7 Q) = Z |:6qZ @pi B aQi api

i=1

(28)

Example 6.10. Let 2% = M™ ™ be a vector space, then by commutator
bracket, 2 is a Lie algebra.

Example 6.11. Consider { = T,M" is a tangent space of manifold M".
Then by commutator bracket, il is a Lie algebra.

Example 6.12. If B, (R) = {a;; € GL,(R) | a;; =0 for i > j} be a vector
space then, b, (R) by commutator bracket is a Lie algebra.

Now that we have defined Lie algebra, we want to define the Lie algebra
of the Lie group and use it to obtain the elements of the Lie group. As we
know from Definition 6.12, a Lie group is a differentiable manifold with some
properties, and from Definition 6.13, we got a Lie algebra is a vector space g
by Lie bracket. Now we want to know what is the relation between the Lie
group and Lie algebra and if is there any relation or not.

Definition 6.14. A Lie algebra homomorphism (isomorphism) is a
linear homomorphism (isomorphism) between Lie algebras f : g1 — go such

that for all z,y € g1, f([z,y]) = [f(x), f(y)].

Definition 6.15. Let (G,*) be a Lie group and let L, : G — G be the
left multiplication diffeomorphism h — g % h. A vector field X is called
left-invariant if (L,) * X = X for all g € G.

Definition 6.16. Let (G, %) be a Lie group and V is a vector field of manifold
G, then Lie(G) is the set of all left-invariant vector fields on a Lie group G.
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Theorem 6.1. The evaluation map 7 : Lie(G) — T.G is a linear isomor-
phism.

So if G is a Lie group that is an n-dimensional real manifold. Then Lie(G)
is an n-dimensional real vector space.

Theorem 6.2. Lie(G) is a Lie algebra under the bracket operation [X, Y] =
XoY —-YoX.

Definition 6.17. Let GG be a Lie group. The Lie algebra of GG, denoted g,
is T.G under the bracket operation [X,Y] =X oY —Y o X.

Now suppose {T1,...,T,} are the basis of the Lie algebra g. So from
Definition 6.13, because g is a vector space we have

T3, Tj] = f5T (29)

where £} is called the Structure constants of the Lie algebra and from the
Jacobi Identity we have

i Sk + ik Somi + i fng = 0 (30)

Theorem 6.3. Consider a map exp : g — G that is called Expotential
map. Let’s suppose {17,...,T,} are the basis of g. Then {T3,...,T,} are
the generators of the Lie group G.

So from Theorem 6.3, we can consider every element of the Lie group can
obtain

g=¢"l (31)
and the generators
99
aez o ( )

Theorem 6.4. For any matrix A, det e = e 4.

Proof. Consider A is a n-dimensional matrix with eigenproblem, Av = v,

then from the power series for e we have ev = e*v. So the eigenvalues of

et is exp(\1), ..., exp(\,) then

det e = TLiexp(\;) = e 4 (33)
[
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Now we will examine Lie algebra for the groups we were familiar with.

Example 6.13. We know the generators of SL(2,R) are

O R ) RS (R B

or for simply

1/0 1 1/0 1 1/(1 0
Sl_§<1 0) ’ S2_§<—1 0) ’ S3_§<o —1) (35)

So the Lie algebra of SL(2,R) is sl(2,R) and the bases are 35 with commu-
tation relations is

[S1, 5] = =53, [52,85] = =51, [95,51] = =5 (36)
Therefore from Theorem 6.4
sl(2,R) = {X € Ma,2(R) | tr(X) =0} (37)
Example 6.14. Consider SO(2,R). The generators from eq.23 are

01 0 -1 1 0
T1:(1 0)=M23 ; T2:(1 O>=U31 ; Tsz(o _1):]\/[12

(38)
So s0(2,R) is a Lie algebra and commutation relations is
1,1y = T3 , [T, T5) = -1, , [15,T1] = —T> (39)
Therefore
50(2,R) = {X € My,o(R) | X' =-X"1 | tr(X)=0} (40)
Example 6.15. Let’s consider SU(2,R). From eq.27 the generators are
T1:i<(1) é) =0y ngi(? _OZ) =0y | ngi(é _01) = joy
(41)
and the commutation relations are
T, T = —T5 , [T, T3)=-T1 , [T3,T1] = —T> (42)
So su(2,R) is a Lie algebra of the Lie group SO(2,R) and
su(2,R) = {X € Myyo(R) | XT=-X", tr(X) =0} (43)
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7 Representations theory

In this section, we define representation theory in groups, Lie groups, and
Lie algebras. In simple words, the representation of a group is to assign to
each element of the group, g, a matrix-like D(g) that does not change the
multiplication table of the group.

In order to better understand why we need to display groups, let me give an
example. Suppose we have a group like G = {e,a}, and we have an object
like a flower. Suppose the action of an on this flower causes the flower to
rotate 180 degrees relative to the x-axis. We do not know exactly how this
element of the group acts on a flower in space. For this to happen, we have
to consider the flower as a quantum state [¢) in the Hilbert space H and
consider the action of the element on the flower as an operator that

Ala) : H —H (1)

so we have A(a) |¢)). On the other hand, we expect that the inner product
of our quantum state does not change with itself, so A(a) must be a unitary
operator. Now, if this Hilbert space has bases, then A(a) can be represented
as a matrix in terms of those bases.

7.1 Representation of a group

Definition 7.1. Let G be a group. A representation D of G is a homomor-
phism from G to the endomorphism group of a vector space V' over a field F
(End(V)).

D:G— End(V) (2)
Note that for D to be a homomorphism, it needs to satisfy for all g,h € G
e D(g9)D(h) = D(gh)
e D(e)=1
Example 7.1. Consider Cy, the cyclic group of order 4
Cy={e,a,a’ da’} (3)

p@=(g 1)« p@=(7 7)

Let’s consider



and D(a?) = ((1) (1)

2-dimensional. Let’s represent C4 in 1-dimensional. Consider ™ and then

= D(e). So this is one of the representations of Cy in
De)=1, D(a)=eT , D@ =eT |, D®)=eT (4)
Example 7.2. Let’s G be any group and define
D:G— End(V) (5)
by
vgeG | D(g)=1 (6)
Then this is a Trivial representation of G.

Example 7.3. Let’s consider Pauli’'s group that is defined in 8. We can
represent this group in 2-dimensional

o= (1) o= 5)  pe=(3 L) @

which for simply D(o;) = o;.

Example 7.4. Consider G = S,,. So the representation of S,, in 1-dimensional
is

D(g)=1 , giseven permutation

D(g) = —1 , gis odd permutation

Theorem 7.1. If D : G — End(V) is a representation and S € End(V) is
a linear transformation then D’ = SDS™! is a representation.

Proof. Let’s assume D’ = SDS™! is a representation so

D/(gl)D/(QZ) = SD(gl)S_lsD(92)S_1 = SD(gl)D(gz)S_l
= 5D(g192)S™" = D'(192) 8)
So D' = SDS™! is a representation of G. O

Definition 7.2. Let’s D : G — End(V) and D' : G — End(V) are two
representations of G. Then if there is S € End(V) that D' = SDS™! the
representations are equivalent.
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Example 7.5. Consider Z = {e,a}. Then we can obtain two representation

po=(y 1) p@=( ) )

pe=(; 1) pa=(; ) (10

. : . . 1 1
These two representation of Z is equivalent cause there is S = \/Li ( )

1 -1
which D'(g) = SD(g)S™! for all g € G.

Definition 7.3. Let’s consider Dy : G — End(V') and Dy : G — End(W).
Then there is a representation of G

and

(Dy ® D2)(g9) : G — End(V @ W) (11)

and

w0090 = (74 pi,) (12

Definition 7.4. A non-zero representation V' of G or g is called irreducible
if it has no subrepresentations other than 0, V. Otherwise, V is called re-
ducible.

This definition means that the representation that cannot be diagonalized
in any basis is irreducible representation.

Example 7.6. Consider Z = {e,a}. We know the 1-dimensional represen-
tations of Z are

D(e)=1, D(a)=1 (13)
and
D(e)=1, D(a)=-1 (14)

and the 2-dimensional representations are

p'e=(g 1) v@=(7 ) (15)

But from Example 7.5 we obtain S and the representation in 2-dimensional
is diagonal so D" (g) = D(g) ® D'(g).
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Now we will state two simple theorems that will help us prove some
concepts in the future.

Theorem 7.2. Any representation of a finite group is equivalent to Unitary
representation of the finite group.

Proof. Let’s consider D : G — End(V') and we have an inner product such
that

<,y >=>Y (D(g)z,D(g)y) (16)

g

Therefore
<,y >=< D(g)z,D(g)y > (17)

Now assume {e;}¥, and {e;}¥, are basis of (,) and <, >, respectively and
there is S' which

Se; =e; (18)
So
< Sz, Sy >=< S(zie;), S(yse;) >= wiy; < €;,€; >= (,y) (19)
Then
(D(g)z, D(g)y) = (S~ D(g)Sz,S7"D(g)Sy) = Sz, Sy = (v,y)  (20)
Therefore D is a Unitary representation. O]

Theorem 7.3. If M commutes with unitary matrix U then hermitian ma-
trices M4 are commute with U where

My =M+M" | M_=i(M— M (21)
Proof. 1f [M,U] = 0 then we have [MT, U] = 0 so

(M, U] =M+ M U] =[MU|+ M, U =0 [M,, U =0 (22)
[M_, U] = [i(M — M"),U] =i[M,U] —i[M",U] =0 — [M_,U] =0 (23)

]
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7.1.1 Schur’s lemma

An important theorem, which is used to derive a lot of results on the irre-
ducible representations of finite and compact groups is that known as Schur’s
lemma [35] [36] [37].

Lemma 1 (Schur’s first lemma). If D is an irreducible representation of
finite group G and M is a matrix that commutes with D(g) for all ¢ € G
then M = A for some A € C.

Proof. First from Theorem 7.2 and 7.3 we know D is a unitary representation
and M, is commutes with D, so

Vged | [D(g),M.] =0 (24)

On the other hand cause M, is a hermitian matrix so the eigenvectors are
the basis of the vector space and we have

M |mi,) = A ms,) (25)

where ¢ is the degenerate. Now from eq.24 we obtain

M. (D(g) |my,)) = A(D(g) Im,)) (26)
So
Di(g) 0 ... 0
Dig)=| 0 Dafg) ... 0 (27)

where Di(g) is a matrix with n;-dimensional etc but because D is a irre-
ducible representation so M, = al and for M_ we have the same way so we
obtain M = AI for some A\ € C. m

Lemma 2. If D and D are irreducible representations of finite group G with
dimension d and d', respectively and there is d x d matrix M such satisfy

VgeG , D(g)M = MD'(g) (28)

if d and d are not equal then M = 0 and if d and d are equal then M is
invertible matrix.
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Proof. Assume V is a vector space and the bases are {|m;)}%,. So the
representation D is

d

D(g) [mi) = Y _(D(9))siIm;) (29)

J=1

and every vector in V' is shown by
d
|6i) =D M [my) (30)
j=1

Now
d

9)¢i) = Z g)|m;) = Z Z M;i(D(g))j ) = ZD,(g)ik m;)

j=1 k=1 i=1

Therefore, the action D(g) on each of the vectors is again a linear combination
of the same vectors in our vector space but D is an irreducible representation,
the vector space must be () or V. If () we have

mi) =0 — M =0 (31)

If V is a vector space we have two cases. If |m;) are independent then d = d’
and det(M) # 0 and if |m;) are dependent then d > d. Now if we construct
for the transpose of M then we conclude if d # d then M =0 and if d = d
then det(M) # 0. O

7.2 Representations of Lie algebras

Definition 7.5. A representation of a Lie algebra g is a Lie algebra
homomorphism

p:g— End(g) (32)

Definition 7.6. If A € g, we define Adjoint action of A on g as the
endomorphism ad(A) : g — g with ad(A)(B) = [A, B] for all B € g. The
map ad : g — End(g) is called the Adjoint representation of g.

Definition 7.7. Let’s g is a finite dimension the trace of the composition of
two such endomorphisms defines a symmetric bilinear form

K(z,y) = tr(ad(z) o ad(y)) (33)

is called Killing form of g.
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Now, like the representation theory of groups, we can define equivalence
definitions for the representation theory of Lie algebras

Definition 7.8. A subspace W of V is called invariant if
p(g) ={p(x)w [ reg, weW}CW (34)

A representation p of g on V is reducible if a proper nonvanishing invariant
subspace W of V' exists.

A representation p of g on V is irreducible if no nontrivial invariant subspace
of V exists [38].

7.2.1 Schur’s lemma

Lemma 3. Let g be a complex Lie algebra and p its representation on a
finite-dimensional vector space V

e Let p be irreducible. Then any operator A on V' which commutes with
all p(z),

Veeg | [Ap()=0 (35)
has the form A = AI for some complex number .

e Let p be fully reducible and such that every operator A on V' which
commutes with all p(x) has the form A = I for some complex number
A. Then p is irreducible.

Therefore, according to Schur’s lemmas for the representation theory of
Lie algebras, if we can find an operator or operators that commute with the
bases of our Lie algebras, then the representations of Lie algebra are irre-
ducible.

In order to find these operators, it is necessary to know Universal en-
veloping algebras, which is discussed in detail in [39] [40] [41] [42], and
we only examine the formation of these operators, which are called Casimir
operators, in Lie algebras and apply them in the last chapters.
Let us consider a semisimple complex Lie algebra g [43] with d-dimensional
and its Killing form K. Consider {e;}¢, and {e¢"}¢_, are basis of g and dual,
respectively such that

K(e;,el) =6 (36)
and we have

lei, e;] = flex (37)

]
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where Z’; is structure constant. So from the property of the Killing form
K(eiv [€j>6/k]) = _K([ehej]ve,k) = _fgLK(emﬂek) = - 17551 == z]; (38)
d
= K(€i7 Z ]]'cmelm> (39)
m=1
So

d
e =D fime™ (40)
m=1

Let’s construct an element of the universal enveloping algebra (g) of the
form

d d
C’:Zei®e,i:Ze/i®ei (41)
i=1 i=1
Now commute C' with any elements of g
d d
Ves€g | [e,,Cl=[e;,Y ei®e’]=) [eje;@e’] =0 (42)
i=1 i=1

So C' is a Casimir operator of g. It is called the quadratic Casimir
operator [38].

7.3 Irreducible Representation of su(2)

As before we obtain the generators of SU(2) group then because the SU(2)
algebra is a Lie algebra, the generators are the basis of su(2). Now we want
to obtain the irreducible representation of this algebra and in the future,
these representations help us to obtain the irreducible representations of the
Poincaré group. Let’s rewrite the generators or basis of su(2)

A3 - b ) ke bl 8-
So the commutator relation is

15, T;] = i€ Ty (43)
Let’s define the two operators are called Raise and Lower operator

T, =T, +iT (44)
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Notice that formally, these are not elements of the algebra s1(2) since we have
taken a complex linear combination of the generators. These are elements of
the complex algebra denoted by A; [38]. So

[Ty, T3] = £T4 (45)
[T, T ] = 2T; (46)

Now we can define Casimir operator
C=T}+T5+T; (47)

so C' commutes with all generators(basis) of su(2). Therefore [C, T3] = 0 and
eigenstates of Tj is

The operators T raise and lower the eigenvalue of T3 since using
TBT:E |j7 m> = ([T37 T:I:] + T:I:T3) |ja m> = (m + ]-)T:I: |ja m> (49)

We are interested in finite representations and therefore there can only exist
a finite number of eigenvalues m in a given representation. Consequently,
there must exist a state which possess the highest eigenvalue of T3 which we
denote j

T, |j,5) =0 (50)

Again, since the representation is finite there must exist a positive integer [
such that

(T-)"* 15,5y =0 (51)

and we can rewrite the Casimir operator by raising and lowering the operator

C:ﬁ+ﬁ+ﬁ:ﬁ+;ﬂT+Tﬂ) (52)
SO
Clid) = [T+ 50T+ TTGG) = G+ D) (59)
Then
Cljym) =G+ 1) 1j,m) (54)
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where |j,m) = (T-)"|7,7) = |j,j —n). From Schur’s lemma, in an irre-
ducible representation, the Casimir operator has to be proportional to the
unity matrix and so

C=T>=j(G+1)I (55)
Now from eq.52 we have
T,\T =C—-T;+1Ts
TT(T) 5. =G +1) =G =D+ (G + D15, 7) =0
SO
JU+) =G =D+ G+ =021 -D(I+1)=0 (56)

Since [ is a positive integer, the only possible solution is [ = 2j. Therefore,

the spin satisfy is j = 0,3,1,3,...
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8 Lorentz Group

As stated in the definition of the orthogonal group, a group represented by
O(p, q) is a group preserving the inner product < ?, 7 >= xTny, where n
is called the metric. A subgroup of this group is called the Lorentz group
and is represented by x. In this section, we will review everything we have
learned so far for the Lorentz group and in the next section for the Poincaré
group. First, we review special relativity.

8.1 Special relativity

In 1905, Albert Einstein caused a great revolution in physics and mathemat-
ics by presenting his special theory of relativity [44] [45]. This theory is based
on two principles:

e The velocity of light is the same in all internal systems.

e The fundamental laws of physics have the same form in all internal
systems.

From the second principle, a point in Minkowski space the contravariant
space-time four-vector

ot = (2%, 21, 2%, %) = (ct, 2") = (ct, %) (1)

and from the first principle follows for light in two different internal systems
we have

(ct)? —x% = (ct')? — x? (2)

This condition defines the Minkowski metric

1 0 0 O
e ®
0o 0 0 -1
We can rewrite eq.2 as below
G = G T (4)

Now from the metric 3 we can define the covaraint space-time four-vector

X, = g;w$y (5)
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where
X, = (x0,$17$27 1'3) = (Ct7 _xl) = (Ct7 _X) (6)

So the eq.4 is the inner product in Minkowski space-time and is invariant in
different internal systems

ahx, = x/“x; (7)

Furthermore, the obvious identity

guudz:g;m (8)
where
1 0 00
0100
Vo S
%=%=10 01 0 (9)
0001

Let’s consider the contravariant energy-momentum four-vector. First from
the second principle

E? = M?c¢* + p*? , E? = M +p?& (10)
SO
E, o, E.,
_p2=(Ey2_ 11
(Z) =P =(_)-p (11)

Therefore the contravariant energy-momentum four-vector is

E . E
=% 0" p°) = (=:p) =(=p) (12)
and we have
g/wpupy = g;wp/uply (13)

So the covariant energy-momentum four-vector is

E E

p" = (po,p1,p2,p3) = (;’ —pi) = (? —p) (14)
and the same eq.7 we have
P =p"p, (15)
Now from eqgs.10 and 11 we obtain
', = M*c? (16)
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8.2 Defining of Lorentz group

Now, as we said before, the orthogonal group was the set of elements that
maintained our usual inner product. As you have seen, in special relativity
our space is Minkowski space and its inner product depends on Minkowski
metric 3. Now we want to check what elements preserve this inner product.
We denote the set of all these elements by O(1,3) where 1 represents time
and 3 represents space coordinates.

Definition 8.1. A set of matrices that are ATgA = ¢ which ¢ is a Minkowski
metric is a Lorentz group and denoted by O(1,3).

We consider that the two internal systems are connected by a linear co-
ordinate transformation A which is called Lorentz transformation

M= Alg” (17)

Now, to show that the set of A with multiplication forms a group, we check
the condition of the group

e Close
VAL Ay € O(1,3) | (AAs)Tg(A1As) = ATATgA A,
= A;9A2
=g
e Associativity
VAL, Ay, As € O(1,3) | [(A1A2)As)Tg[(A1A2)As] = AS[AT(ATgAL)A5)As
= Aj(AlgAs)As
= A§9A3
=g
e Identity element

A, VA € O(1,3) | (AA)Tg(AAN) =ATgh =g

e Inverse element

VA,FAT € O(1,3) | AMTgAT =g

So O(1, 3) is a group. Now we can be classified with respect to the following
two properties:
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1. From O(1,3) we have

AfgA = g ,det(ATgA) = det(AN)det(g)det(A) = det(g)(detA)? = det(g)
— (det A)* =1
— det(A) = £1 (18)

2. From condition of O(1,3) we have
N 9opN) = Guv (19)
and for py =v =10
AGgopAG = (AD)” — (AD)* = goo = 1
So

(Ag)* =1+ (Ay)* =1 (20)

A Lorentz transformation A with A8 > 1 is called orthochronous and
AJ < —1 is called non-orthochronous.
So O(1, 3) has 4 districts such that

0(1,3)f ={A € O(1,3) | det(A) =1, Aj>1}

O0(1,3) ={A € O(1,3) | det(A) =1, Aj < —1}

0(1,3); ={A € O(1,3) | det(A) = -1, Ag > 1}

0(1,3)] ={A € O(1,3) | det(A) = -1, Aj < -1} (21)

As it is known, O(1,3) is not a continuous group (topological group) so
we can not define the generators. From O(1,3) and the districts we know
O(1,3); and O(1,3)] are not subgroup of O(1,3) cause det(A;)det(Ay) =
1¢ O(1,3); or O(1,3), . In fact, these districts are about time reversal and
parity inversion. The important district is O(1, 3)T+ which is a subgroup and
is called Special Lorentz group.

8.3 (Generators

As we had in the previous chapters, we can obtain the generators of a group
with infinitesimal transformations around the Identity element. So

Ax=T+L (22)
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and from another condition
gL+ Lig=0 (23)

so we obtain

0 6, 0 05

. (91 0 —E€3 €9
E_ 62 €3 0 —€1
03 —€9 €1 0
= 01 My + 023M5 + 03M3 + €1 Ly + €aLy + €3L3 (24)
where
01 0O 0010 00 01
1 000 00 0O 00 0O
Mi=to o000l M™=|1000] M=[og00o| ®
0 00O 00 0O 1 00 0
0O 0 0 O 0O 0 0 O 00 0 O
0 00 O 0O 0 01 00 -1 0
Li=lo o0 =110 0o ool "= |o1 0 o
0 01 O 0 -1 0 O 00 0 O
(26)
So all elements of O(1,3); can generated by 6; and ¢;
A= eﬁj/ﬁ?'f (27)

Now we want to prove that the M; and L; are generators of Boost and
Rotation, respectively and 6 and € are the direction of boost and rotation.

e Boost.

Consider § = (01,0,0) so

o0 0. M )n S (91M1)2n S (91M1)2n+1
A — 91M1 fd ( 1 1 — e A— - 7 28
c nz:% n! e%% 2n! + Z (2n + 1)! (28)
we know
1 0 00 01 00
2n __ 2 0100 2n+1 o 1 000
MT=Mi=10 00 0of M =M=140 0 0
0 00O 00 00
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SO

01 M 2 = 0" — !
A ="M — M 71 M e T
‘ 1;1277,!+ 1%(2714—1)!
coshf; —sinh6; 0 0
=1+ Mf(cosh 0y — 1) — My sinh 0, = —sinhfy  cosh6y 00
0 0 10
0 0 0 1
(29)
On the other hand from Lorentz’s transformation, we have
t = cosh 0t — sinh 6,z
x = cosh 0z — sinh 0,
y =y
2=z
so Lorentz’s transformation matrix is
t coshf; —sinh#; 0 O t
z | —sinh¢; coshf; 0 0O T
Yy 0 0 1 0|y (30)
Z 0 0 01/ \z

Therefore from eqs.29 and 30, we conclude M; is one of the generators
of boost in direction x so the M; are the generators of the Boost.

Rotation

Consider € = (ey,0,0)

Can (@l K (al)™ S (e L)
A=c _Z n! _Z 2n! +Zm (31

n=0 even odd

and

~

— o

3

|

—

I

—_

~—

3
o O O O
o O O O
o= O O
— o O O
o O O O
S O O O
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o0 _1)n€2n o (_1)n+162n+1
A=l =2 e — L -~ 1
c L2 o) ! de: 2n+1)!

10 0 0
01 0 0
0 O «cosep sine
0 0 —sine; cose

=1+ L3(1—cose) + Lysine = (32)

On the other hand, if we rotation coordinates along the x-axis we have

! .
Y = Ccos€ry +Smerz

2 = —sin €1y +coserz
and
t 10 0 0 t
T 0 1 0 0 T
y | |0 0 cose sine y (33)
2 0 0 —sine; cose z

So from eqs.32 and 33, L, is the generator of rotation along the z-axis.
Therefore the L; are the generators of the Rotation.

8.4 Lorentz algebra

Now we obtain all the steps algebraically for the Lorentz group and show
what structure the Lie algebra or Lorentz algebra has.

The A is described in total by 16 degrees of freedom, where the invariance
19 leads to 10 restrictions. Therefore the dimension of the Lorentz group is
16 — 10 = 6. Now by infinitesimally from the unity element we have

AT +wh=gh +wh (34)

Note w! is represent £ in the previous section. Now from the condition of
the Lorentz group we obtain

AzAggUP = (gZ + w;)(Qﬁ + wg)gap
= 9290900 + 959n90p T WiG0Gep T Wi Gop

~ Guv + o + Wy = Guv (35)
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So
Wy + Wy = 0 (36)

The set of all anti-symmetric 4 x 4 matrices w,,,, are called the Lorentz

algebra of the Lorentz group.
Now we can be represented the elements w¥ of the Lorentz algebra as

(37)

ag K 1 (o K K g
wh = g7 grwer = (97 9, — 9™, )Wor

So we can define
(L") = g™ g5 = g™g? (38)

By comparing 24 and 38, we find that these two equations are the same,
and therefore L°" is proportional to the generators obtained in the previous

section. So

Therefore from the Lie bracket in Lie algebra, L* are the basis of Lorentz

algebra and we can commute the generators so
LWL — (LR LG = (L) (L) — (L7 (D)

([, L)) = (
= (9""Gm — 9" 9m) (97" g5 — 9" 9%)
— (979 — 9" 90 ) (9" 95 — 9" g5)
=9"9m9""95 — 9" 99" 95 — 9" 919" " 95 + 9" 919" 95
" gmd"" 95 + 9" 99" 95 — 9" 979" 95

— 979995+ 97" 99" 95
=9"9" 95 —9"°9"" 95 — 9" 9" 95 + 9”9
+9°°9" g5 + 9" 97" 95 — "9 9
= 9" (9" 95 — 97"95) + 9" (9" 95 — 9" 95)

oo N)

"5 — 97" 9™ g5

— 9" (9" 95 — 9" 95) — 9" (9" 95 — 9°° 95
_ (gunLua + gl/O'L/Mi _ guaLun _ guanU)g (41)

So
[L;,Ll/’ LO’H] — g,U,IiLI/O' + guaLum . guaLw@ o gw@Lua
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and from Lie algebra
(L[] = fe,tzuamLeg (43)
where the structure constants are given by
=g gl gl + 979k 9 — "7 998 — 97" gt gl (44)

Now from 39, 40, and 43 we can obtain the commutation relation with the
boost and rotation generators

1 4 1 oK 1 4 OR 1 VOR €
[Li>Ll] = [561';“/[1“ ’§€lUNL ] = Zeijkelmn[[/u 7L ] = Zeiuuelmﬂfi‘ L ¢
1 K VUV O vo K oV _ K VR g €
= JCmeion(9"0 97 + 977 9L9¢ — 9”790 9¢ — 99l gD LS
1 K UV vo o UV VK €
= Zeiuy(g# 9 €tk + g ggela( - gu 9e €lo¢ — g ggelCn)L ¢
1
= Z‘L(gunemeekn + gyaeieuelUC - guoei,ueelag“ - gymeieuelCH)LEC
= (€ceicn + Ectioc + Eceiog — efveicn) L
1
= §€ZGZU<L€C = €Ly = €ito Lo
and
[Miy M]] — [L0i7 LO]] — g()jLiO 4 giOLOj o QOOLij o gijLOO
= —LY = —€;,Lg
and
1 . 1 .
L6, M;) = e, 1] = el D, 171
1 . . . .
= 561‘;”(9’”[/0 + g”OL’” _ guoLw _ gVJLMO)
= €iju L = €6 M),
So we yield
[Liy Ll] - 6ila'-[/(r (45)
[M'i> Mj] = _EijkLk (46)
(L, M;] = €My, (47)
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8.5 Representations of Lorentz group in physical field

Let’s consider a scalar field ¢(a*). We know it is invariant with respect to
any Lorentz transformation so from eq.17 we have

/ /

¢ (z") = p(a") = p((A™1))a") (48)

Now by infinitesimal Lorentz transformations in first order and eq.37 we
obtain

8 (@) = Blat + (L") = (1= Jwou o) (49)

where
L7F = —(L7")!a" 0, (50)
From eq.38 we can obtain
L7" = —(L™)2" 0, = —(g™"g5 — 9™'g})2" 0,
= —(9""g;2"0, — g™ gy 3" 0)) = 270" — 2" 0” (51)

Note Lo* is angular momentum operator. Let’s obtain the commutation
relation

(LM, L7F] = [28" — ¥ 0", a° 8" — 28]
= [x#0", 2°0"] — [xH0”, 20| — [xVO*, 27 O] + [x¥OH, 2”07 ]
— (D — LT — (¢ — gro DY)
(D — gt + (¢ — ¢ )
= g"7 (20" — x"OH) + g""(2¥ 07 — x70")
+ g"" (270" — 2 07) + g"7 (20" — " O")
_ o g genfve _ gusfue _ guo o

So
[iuu’ IA/cm] _ glzo'j'//,m + gunﬁua . guni/ua - guaium (52)
Now we can obtain commute L* between L8

[, 19%) = [—(L)22"0,, L] = (1278, L]
= —L"[270,, L] + L, L*)270),
. (5)
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On the other hand, from the four-momentum operator in quantum mechanics

= ik (54)
SO

s 4 AR K A0

£ = Lo — o) (55)

Now from eq.49, we can define the operator which infinitesimal transform [1]

R(w) = §w(mf/’”“ . 0zt = R(w)at = wha” (56)

Let’s Consider a vector field A”(z#). The vector field is transformed by
Lorentz transformation so

A" (at) = A A7 (a#)
= ALAT (A7)
= (95 + w)A7((gk — wi)a") = (g5 + W) A7 (2" — wia™)
= (95 +wy) (A7 (2") — wiz"9, A (z))
= A"(2") + wi A% (at) — wha"0,A" (x)
= (95 + Wy — gowia"0,) A7 (")

1 v v 1 K UV g
= [QZ + §wun(gmgu — Guo ) + 5“1# 9o (240 — xﬂaﬂ)}A (")
1 -
= [I = Sw" My A7 (") (57)

where

(M;m) (gnagu g,ucrg,:) + gZ(Iuaﬁi - xnap,) - (L;m)?r + ng/MH (58)

and the commutation relation is

[Mp,m M ] [ nv + L;wu Lan + Lan]
= [Luws Low] + (L Low] + [y Lo + [Lyss Low]
= [Lyws Low] + [Ly, Lo

= gumLua + gl/O'LMH - guaLun - gunLua
+ gunLua + gVUL;u@ - guaLw@ - gwiLuU
= g,LmMucf + gl/aM/us - guchwi - gmM/m

So
[Mp,w M ] g;li/U + gVUMp,H - g;me - gwaucf (59)
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9 Poincaré Group

In this chapter, we will examine one of the most important groups in the
Minkowski space called Poincaré Group, and like all groups, we will ex-
amine the structures of the group and its algebra and in the last part of this
chapter, we will examine the irreducible representations of this group.

9.1 Defining of Poincaré group
Definition 9.1. Poincaré transformation in Minkowski space are put
together from a Lorentz transformation A% and a shift a*

" = Ata¥ + at (1)
Note the Poincaré transformation only leaves distances between four-vectors
invariant:

G (" = y") (2" = ¥") = g (mlu - y’u)(x"/ - y/,,) (2)
Therefore, Poincaré transformations are also called to be inhomoge-

neous Lorentz transformations.
Now we show a set of (A, a) forms a group P (Poincaré group).

e Close
V(A1 a1), (Ao, a2) € P | ab = ALz} + af
= Ay, (AT, +af) + ay
= Ay AT, 2] + Ay af + ay
= Alx] +a"
So
(AQ, (Zg)(Al, Cll) = (AQAl, AQCLl -+ CLQ)

e Associativity
V(Alu al)a (A27 a2)7 (A37 CL3) S 7)
(As, a3)[(Az2, a2) (A1, a1)] = (As, a3) (A2, Asas + ay)
= (A3A2A1, AsAgas + Asay + as) = [(As, a3)(Ag, a)] (A, a1)

e Identity element
A(71,0),V(A,a) € P | (I,0)(A,a) = (A, a)
e Inverse element

V(A a),3(A, ) €P | (Aa) Tt (Aa) = (AL, —Ata) (A, a) = (1,0)

So the set of (A, a) forms a Poincaré group P.
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9.2 Poincaré algebra

First, in order to investigate the Poincaré algebra, it is necessary to obtain
the infinitesimally transforms for the rotation and translation, so

e Lorentz transformations
As we obtained in Lorentz transformations eq.56, we know the operator
of the infinitesimal rotation is

1 . .
R(w) = §mem , 0zt = R(w)zt = wha” (3)

e Translations
Let’s consider the infinitesimal space-time translation of the form

dzt = e (4)

can be generated by the infinitesimal translation operator

R(e) = é"P, = €40, (5)
so that
R(e)zt = ¢ Pyat = €9, = e = dat (6)

Therefore the generator of the translation is P, and Lie bracket is
[P/MI:)V] = [awal/] =0 (7)

Note P is proportional with p.

Now if in addition to infinitesimal Lorentz transformations we consider the
infinitesimal translations we have the infinitesimal Poincaré transformation

A

dzt = e + wha” = R(e,w)a (8)
where

~ A 1 ~
R(e,w) =€, P" + Qw“,,L“” 9)

So the generators of the Poincaré group are Pt and L*. Therefore the Lie
algebra of the Poincaré group (Poincaré algebra) basis are the generators so
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we have a commutation relation by Lie bracket. As before we obtained 52
and 7 so

[Pr, L] = [0",2"0° — a70"] = [0, 2" 0°) — [9", 270"
— g,u,uﬁo _ xuao&u _ g,uoau _ xcra,uau — g,uzzaa _ g,ucraz/

= g™ P — g"" P (10)
So
[P*, P =0 (11)
[ L,u,l/7 E(m] — g I g jve _ g~ fro _ g jve (12)
[P*, L] = g"' P — g"7 P” (13)

Therefore ]5“ and L"? are generators of Poincaré algebra and they have the
commutation relation 11, 12 and 13.

Note that usually in books and articles, they write L*" as MY’ and we
continue in the same general way [1] [2] [46] [47].

9.3 Casimir operators of Poincaré algebra

As we found out in the chapter on Lie algebra representation Theory, accord-
ing to Schur’s lemma, if p is an irreducible representation and if an operator
like p(c) is found that commutes with all generators of the algebra, then that
operator is proportional to the unit operator and called Casimir opera-
tors. Now in Poincaré algebra, the first Casimir operator is given by the
scalar product of the momentum operator with itself

P*=g,, PP’ = P"P, (14)
Let’s commute all generators of Poincaré algebra

[ “Pwpy] :pu[ﬁ)/upy] + [pu’pl’]]f)u
=0 (15)
(P2, M™] = [P P,, M"| = P°[E,, M™] + [P7, M™]P,
= P7(ghP" = gy P) + (¢"7 P — g P*) P,
— PrPY — PYPF 4 PRPY — PYPH
=0 (16)
So P? is the first Casimir operator of Poincaré algebra.
Let’s define a new vector operator, known as the Pauli-Lubanski operator
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[1] [48] [49] [50] [51], from the generators of the Poincaré algebra as
A 1 A
Wh = 56“”)‘pP,,M)\p (17)
Now commute the new operator with the generators of Poincaré algebra
A . I A A 1 N Ao PPN
(WH P°| = WHP? — PWH = §EWP(PVMAPPU — P°P,M,,)
1 A A A A A A A A
- 56“”AP(P,,MAPP" — P,P°M,, + P,P°M,, — P’P,M,,)
1 PN - Aa s 1 A -
= 5B My, PO)+ [Py, P7IMyy) = SV P, (M, 7]
1 VAP D oD oD 1 v op D 1 v op D
= 56# A”P,,(gpPA _ g)\pp) = 56# )\pgppyp)\ _ §€u ’\”g,\P,,Pp
=0 (18)

and for simply we define [1]

Ay 1 A
M = 55“”’\p1\/[)\p (19)
we can write Pauli-Lubanski operator also as
s L g p 5 AT
w 26 P M)\p =P,M (20)
Now we obtain commutator with Mm
1
[MW”M ] [2 ,uuM)\P?MUT] - 2 /JJ/[MAP7M ]
1 N .
2 ;u/(gpaM/\T + g)\TM ngM)\J - g)\aMpT)
1 1 1 N 1 N
= _2€ZVJMPT +5 9 ,uszMPU +5 92 ,uZ/TMPU - §€ZU0'MPT

1 1
- Mp‘l’ + 6 Mpo' = GZVJ(_QEpTM[SC) + Ezur(_§epaM5C)

1 1,
= QGZVT paﬂ46<-+ 5 o pTA46<

1
= 59 (9095 = 9500) + 6,(90.970 — 95.9»)

+ 95(9290r — G090r) — 0 4> T| Mg

~ A ~ ~ A ~
—~ —~ —~ —~ —~ —~

1
= §[g,u7'(M1/U - Mm/) + ngm - M,ngﬂ/ - Mc',uguf - MU,LLQVT

~
—~

— M,ugor — 0 > 7]

~ ~

= M;M'guo + Muagm- - M,uaguT - Ml/'rg;w
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So

~ ~ ~

[Muw MO’T] = M/M'glla + Muagur - Muagl/’r - Mm'gua (21)

~ ~

Let’s commute W* with M,, With the help of equation 21

. . oA pr . A pv oA
[Wﬂv MO’T] = [PVM aMaT] = [Pllv MO'T]M + PV[M 7Mcr7']
~ Pl N A _V KM ~V
:(gVO'PT_gVTPG')M +PV(MTgZ+Mag7'L'L_MO'g7I{_MTg¢/;)
. RV N RV A ~
= 9¢P M, — gt P M, = gtWe — giW, (22)

So W* not commutes with the generator of Poincaré algebra. Let’s define
W? = WHW, and investigate can commute with all generators or not. So

(W2, PY] = [WHW,,, P*] = WHW,, P"] + [WH, P W, =0  (23)
and
(W2, M,,| = [WHW,,, M,,] = WHW,, M,,] + [W*, M, ]W,
= W“(%UWT - ngU) + (g;wWT - guTWo)Wu
= W, W, — W, W, + W, W, — W, W,
=0 (24)
So the second Casimir operator of Poincaré algebra is W?2 = W“Wu.
Therefore P? and W? represent the only Casimir operators of the algebra

and consequently, the representations can be labeled by the eigenvalues of
these operators.

9.4 Irreducible representations of the Poincaré Group
The irreducible representations of the Poincaré Group can be classified into
two distinct categories.

9.4.1 Massive Representation

To find unitary irreducible representations of the Poincaré algebra, we choose
the basis vectors of the representation to be eigenstates of the momentum
operators. The eigenstates of the momentum operators |p) are, labeled by
the momentum eigenvalues, p,,, satisfying

By Ip) = p,Ip) (25)
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and in this basis, the eigenvalues of the operator p? = FA’“JAD“ are

P2 |p) = p"py |p) (26)
On the other hand, we know in special relativity

P’ =p'p, =m? (27)
where m is the rest mass of the single particle state and we assume the rest

mass to be non-zero. Now we want the operator W? acting on a state so
before we obtain W? in new form

A A 1 A A A A
W?=WHW, = ZEW%ZT@“ My, P, M, P,

AT X pT ¢ . po Ao pC Ao pT

[—g"7 ("™ — g™ g"") — ¢"" (¢ ¢" — 9™ g") — 6" (¢"g
1
- g)\Tng)]M)\pPVMTCPO'

1 .~ -~ . A A A .
= —§MAPP,,MAPP” — My, P, M P*

= LN (NP9 4 PP — g PV PY) = N (NI PP 4 4P P

— g)P"P?)

= NPV P N NI, PP (28)
Let’s go to the rest frame of the massive particle. In this frame we have

pu = (m,0,0,0) , p*=p'p,=m’ (29)

so the operator W2 acting on a state, takes the form

W2 |p) = (=5 MMy, P — My, M P, P*) )

1 - . e a
= 5 MMy, P |p) = My, MNP, P |p)

_ —%m2M)"’M)\p 1) — m2 N MO [p)
_ —%m2(2M0)‘M0>\  NI9 ML) [p) + m2 NI Ny [p)
= w9 ) (30)
Now from eq.51, M = efjjk
W2 |p) = —%mQM”Mij p) = m*J*Jj, [p) = —m>J* |p)

= —m?s(s+1)|p) (31)
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We took help from eq.56 f9r the last line.
So p, = (0,0,0,m) and W, = (0, —mJ) and the spin satisfy for Massive

particles is s = 0, ;, 1, g, ... . As is clear the eigenspace of the momentum

operator is, as we have seen, a representation of SU(2). So Massive fields
are classified by irreducible representations of SU(2) that deter-
mines spin.

9.4.2 Massless Representation

In contrast to the massive representations of the Poincaré group, the repre-
sentations for a massless particle are slightly more involved. The basic reason
behind this is that the little group of a lightcone vector is not so obvious
[1] [52]. In this case, we have

P'pu=0, pu=(p,0,0,p) , p#0 (32)
So
P2p) =0 (33)
and from eq.18 we have
P,WV*|p) =0 (34)

There now appear two distinct possibilities for the action of the second
Casimir WW? on the states of the representation, namely

W2 =WHrW, #0 or W?=WHIV, =0 (35)
In massless particles if T2 # 0 then we have infinite representations of spin

values [1], in other words, Continuous spin representations [53]. So we
consider W2 = 0 then we can define W* by the momentum operator so

W = —PFh (36)

where h is called proportionality factor operator [1]. Let’s determine h

“ 1 A
WH|p) = e P, My, [p) (37)

then from eq.32
1 1
WO p) = 5" il p) = Seinpileseh) [p) = —p - I |p) (38)

Comparing with eq.36 we conclude that

p-J J
p
Therefore we obtain helicity for Massless particles.

h = (39)
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