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“The mathematician plays a game in which he himself invents the
rules while the physicist plays a game in which the rules are
provided by Nature, but as time goes on it becomes increasingly
evident that the rules which the mathematician finds interesting,
are the same as those which Nature has chosen.”

P.A.M. Dirac

“The miracle of appropriateness of the language of mathematics for
the formulation of the laws of physics is a wonderful gift which we
neither understand nor deserve.”

E.P. Wigner
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Introduction

It is the second half of the 19th century, 1876 to be precise. At that time, the
Norwegian mathematician Sophus Lie! undertook an in-depth study of infinites-
imal transformations, paving the way for new algebraic structures that would
later bear his name. These mathematical objects, which Hermann Weyl would
name "Lie algebras" nearly sixty years later, appeared at the time as abstract
constructs, disconnected from any tangible reality. At first glance, nothing sug-
gested that they would play a fundamental role in our understanding of the
physical world.

And yet, the history of science is full of examples where purely theoretical
ideas, developed without any immediate practical application in mind, ulti-
mately find profound resonance in the description of nature. Lie’s work is a
striking illustration of this. For several decades, it remained confined to the
realm of mathematics, until certain visionary physicists sensed its potential.
As early as 1927, Eugene Wigner? emphasized the importance of symmetries
in physics and highlighted the role that Lie groups and algebras could play in
structuring fundamental laws.

However, it was not until the early 1960s that this intuition truly took shape.
At that time, particle physics was in full swing: many particles were being
discovered, but their organization remained unclear. It was then that Murray
Gell-Mann®, in the United States, and Yuval Ne’eman?*, in Israel, independently
proposed an elegant classification based on internal symmetries. By representing
particles using two quantum numbers—isospin and hypercharge—they revealed
remarkable geometric structures: hexagons, regular triangles, and ordered con-
figurations that owe nothing to chance. These patterns correspond precisely to
the weight diagrams derived from Lie algebra theory.

This correspondence between abstract mathematics and physical reality is
striking. Better yet, it does not merely describe what is known; it allows us to

'Lie, S. (1876). Theorie der Transformationsgruppen. Abahandlung I1. Archiv for Mathe-
matik og Naturvidenskab, 1, 152-193

2Wigner, E. (1927). Uber nicht kombinieren de Terme in der neueren Quantentheorie. I1.
Teil. Zeitschrift fir Physik, 40, 883-892. https://doi.org/10.1007/BF01390906

3Gell-Mann, M. (March 15,1961). The FEightfold Way: A theory of strong
interaction symmetry. Office of Scientific and Technical Information (OSTI).
https://doi.org/10.2172/4008239

4Ne’eman, Y. (August 1961). Derivation of strong interactions from a gauge invariance.
Nuclear Physics, 26, 222-229. https://doi.org/10.1016/0029-5582(61)90134-1
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predict what is not yet known. By identifying "empty boxes" in these diagrams,
Gell-Mann anticipated the existence of new particles. One of them, the
baryon, was indeed discovered in 1964, spectacularly confirming the predictive
power of this approach. A theory developed nearly a century earlier had thus
opened a new path for experimental physics.

This success led to a profound rethinking of the very concept of the ele-
mentary particle. From now on, a particle is no longer characterized solely by
its measurable properties, but also by the way it transforms under the action
of a symmetry group. More precisely, it is associated with an irreducible uni-
tary representation of that group. This idea, now central to theoretical physics,
places symmetries at the heart of the description of the microscopic world.

Among these symmetry groups, the Poincaré group holds a special place. It
describes the fundamental symmetries of spacetime: translations in space and
time, rotations, and Lorentz transformations (or "boosts"). The study of its
representations reveals essential properties of particles, notably their mass and
spin. Remarkably, the only constraint imposed by this structure is that the
square of the mass must be real.

This condition, which seems trivial at first glance, actually opens the door
to several possibilities. If the square of the mass is positive, the mass itself can
be positive or negative. If the square is negative, the mass becomes imaginary.
All these situations are mathematically consistent and arise naturally from the
analysis of the representations of the Poincaré group. However, within the
framework of the Standard Model of particle physics, only the possibility of
positive masses is generally accepted, while the others are ruled out for reasons
of interpretation or stability.

Although this choice has proven effective in experiments, it raises profound
questions. Why should certain mathematical solutions—even though they are
permitted by fundamental symmetries—be ruled out a priori? Are there theo-
retical frameworks in which negative or imaginary masses could have physical
meaning? These questions have led some researchers to explore more daring
models, in which these concepts have a legitimate place.

This work is part of this broader effort. It aims to examine the interactions
between quantum mechanics and particles with negative mass. Such an ap-
proach requires a reexamination of the very foundations of theoretical physics,
drawing on both the algebraic structures inherited from Lie’s work and the
fundamental equations of relativistic quantum mechanics.

To carry out this study, the document is organized into four parts.

The first part provides a review of the essential concepts related to Lie
groups and Lie algebras, with an emphasis on the symmetries relevant to physics:
the rotation group, the Lorentz group, the Poincaré group, as well as certain
extensions to more general spacetimes, particularly complex ones.

The second part is devoted to the Dirac equation, which provides the natural
framework for describing relativistic fermions. We will see that this equation,
from its initial formulation, contains rich structures that allow for various inter-
pretations, particularly regarding solutions with negative mass.

The third part opens the door to a field that is still frequently overlooked
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in the scientific community: geometric algebra. We will see that this concept
generalizes the traditional approach and leads, in a completely natural way, to
the emergence of complex rotations for both position and mass.

Finally, a fourth part opens up new perspectives by exploring current and
future research avenues, particularly in the context of quantum field theory,
where the concepts of negative masses could find a coherent framework for
expression.

Thus, from the abstract rigor of 19th-century mathematics to the most con-
temporary questions in theoretical physics, this work offers a journey through
symmetries, representations, and their implications. The aim is to examine how
far these structures can take us, and whether they allow us, beyond established
frameworks, to expand our understanding of particles and their fundamental
properties.



Chapter 1

Group theory

The philosophy of this book is to present concepts as simply as possible. And
we will not deviate from this approach when it comes to groups.

The reason for this is that Lie groups are ubiquitous in quantum physics.
Better still, they were what made it possible, for the first time, to predict the
existence of an elementary particle. This existence was confirmed experimentally
shortly thereafter.

But before we return to this topic, let’s go back to the fundamental concepts.

1.1 What is a group?

Group theory was initiated in the early 1830s by French mathematician Evariste
Galois, with the aim of establishing a method for solving algebraic equations.

A group (G, o) can be seen as a set G of mathematical objects on which you
impose a law denoted by o that has the following four properties:

e the law is internal: Vg;, g» € G, gjogr € G
e there is a neutral element: de € G :Vg; € G, gjoe=eo0g; = g;

1

e there is a symmetric element: Vg; € G, 3g; € G : gjogj_1 :gj_logj =

e
e the law is associative: Vg;, gx, 91 € G, (gjogr) o9 =gj o (gr o gi)
Moreover, if the law is such that
* Vg, 9k € G, gjogk =gk °Y;
then the group is said to be abelian or commutative.

Let’s illustrate this definition with a few basic examples.
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1.1.1 Example 1

The set of integers equipped with the addition operation is a group named
(Z,+). The neutral element is 0 and the symmetric element is given by the
opposite: if g; = j, then g;' = —j, (j =0,£1,£2,...).
Due to the commutativity of the addition of integers, this group is abelian.
Note that restricting oneself to positive integers while still choosing addition
as the law causes one to lose the notion of a group. Indeed, the existence of the
symmetric element is, in this case, ineffective.

1.1.2 Example 2

Let’s complicate things a little with another example. This time, the mathemat-
ical objects are rotations of an equilateral triangle around the triangle’s center
of gravity C'. Consider three rotations:

e gj=rotation with center C, trigonometric direction, and amplitude 0°
e g, = rotation with center C, trigonometric direction, and amplitude 120°
e g3 = rotation with center C, trigonometric direction, and amplitude 240°

The law o will then be the composition of these rotations, i.e., "I perform one
first rotation and then a second one".

What is the effect of each of these rotations?

It is easier to answer this question if we draw one of these triangles.

We can see that the triangle as a geometric object remains unchanged under
each of these rotations. Only the names of the vertices may change.

Under ¢;, the triangle undergoes no transformation; therefore, we have 1 —
1, 2 — 2, 3 — 3 after rotation.

Under g,, vertices have rotated 120° and are now such that 1 — 2,2 —
3,3 — 1.

Under g3, vertices have rotated 240° and we observe that 1 — 3,2 — 1, 3 —
2.
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What if we combine two rotations? For example, we perform g, and then
g3, which we will write as g3 o go. The transformation go brings about the
modifications already mentioned, and if we apply g3 afterwards, we obtain

1-2—-1;2-53—-2;3—-1—3

It’s the status quo, marked by rotation g;. We will write

93292 =aq1
This result clearly shows that a 120° rotation followed by a 240° rotation results
in a 360° rotation and therefore 0°.
We have three rotations and we need to consider all possible sequences, i.e.,
repeat the above reasoning to arrive at the following summary table

’ °© \\91\92\93\
91 || 91 | 92 | 93
92 |92 | 93 | N1
g3 || 93 | 91 | 92

This table allows us to see at a glance that we are indeed dealing with a
(commutative) group. No cell is empty, and each contains one of the elements
g1, g2, or gs. The first property is therefore satisfied. The neutral element is
clearly g1. A look at the table shows us that g1, g3, and go are the symmetric
elements of g1, g2, and g3, respectively. Associativity takes a little longer to
prove, but poses no difficulty.

All three rotations, equipped with the composition law, therefore form a
group.

Should this come as a surprise?

You will have noticed that composing two rotations is equivalent to adding
their angle amplitudes. Thus g5 o go = g3 because 120°+120°=240°.

It is precisely this very simple property of rotations that leads to a group
structure when they are composed.

1.1.3 Example 3

To the three rotations previously considered, we now add three axial symmetries
according to the medians of the equilateral triangle.
We therefore have a total of six transformations characterized by

g1:1—-1,2—-23—3
ge:1—2 23 3—>1
gz3:1—3,2—-1,3—=2
gs:1—2 21,33
gs:1—=1,2—-3 32
gs:1—3,2—-2 31
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The table now becomes

’ © “91‘92‘93‘94‘95‘96‘
g1 || 91 | 92 | 93 | 94 | 95 | Y6
g2 || 92 | 93 | 91 | 95 | 96 | 94
g3 || 93 | 91 | 92 | 96 | 94 | G5
94 || 94 | 96 | 95 | 91 | 93 | 92
g5 || 95 | 94 | 96 | 92 | 91 | §3
ge || 96 | 95 | 94 | 93 | 92 | 91

This group is known as the dihedral group D6. It is a non-abelian group.

A remarkable fact is that it contains a subset that has the structure of
a group. We are, of course, referring to the previously mentioned group of
rotations. We will therefore say that this set is a subgroup of D6.

1.2 What is a Lie group?

We have just seen that an equilateral triangle is invariant under the action of
three rotations, of 0°, 120°, and 240° respectively, forming a group.

Do you need convincing that a square will remain invariant when subjected
to four rotations of 0°, 90°, 180°, and 270°, respectively?

You understand what comes next: a regular pentagon will remain unchanged
under the action of five rotations of 0°, 72°, 144°, 216°, and 288°, also forming a
group.

How far can we go?

Up to the ultimate regular flat shape: the disc. This will remain unchanged
regardless of the rotation you apply to it. In other words, the angle amplitudes
no longer form a discrete set but a continuous one.

This is precisely the principle behind Lie groups.

Let’s illustrate what we have just started discussing using a simple disk. The
equivalents of the vertices are now the points on the circle. If we rotate them
around the center O of the disk, in the trigonometric direction and by an angle
0, they will take the place of other points on the circle.

For example, point A will become Ar:
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But what is the relation between the coordinates (x,y) of A and the coordi-
nates (xf,y!) of Ar?

A little trigonometry is needed.

The angle 0 consists of two angles: 61, which is the part of the angle included
in the first quadrant, and (6 — 61), which is the part of the angle included in
the second quadrant.

We then have

x=rsinfl; y=rcosfl

but also

xl = —rsin(6 — 01); y/ = rcos(f — 61)

if 7 is the radius of the disc.
It is easy to deduce that

xl =xcosf —ysinb
y! = xsinf + ycos b

(1.1)

A very simple way to check that we have not made a mistake is to calculate

o 4 yr?

and see that it is equal to

22 +y?
This clearly ensures the invariance of the circle. In other words, we can say

that the norm in the Euclidean plane is preserved.
Egs. (1.1) can also be written as

(oY= (o oy (2)=ro(2) a2

Here we have our first Lie group! The matrix R(6) characterizes a Lie group
called SO(2).
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Why this name?
The reason for this is simple, and we invite you to remember these specifici-
ties as they will come up frequently.

e The letter S means that the matrix has a determinant equal to 1.

e The letter O indicates the orthogonality of the matrix, in the sense that
the product of this matrix and its transpose gives the identity matrix.

e The number 2 appears in connection with the dimension of the matrix.

However, it is still necessary to verify that the properties of a group are indeed
present!
To do this, we can easily calculate that

R(0)R(6r) = R(0 + 01) (1.3)

The internal law is therefore ensured, as is the existence of the neutral el-
ement (which corresponds to the zero angle) and the symmetric element (67 =
—6). Associativity requires more elbow grease but presents no difficulty.

1.3 What is a Lie algebra?

Let’s reconsider the disk and, rather than taking into account rotations of any
amplitude, let’s focus on rotations of very small amplitude... what are known
as infinitesimal rotations. After all, all the information is already there: we
know the center of rotation, its direction... mno need to perform a gigantic
rotation for that!

But if we recall the series expansions of cosine and sine:

2 4

0059:1—%+Z—4—-~- (1.4)
3 5

sineze—%Jrl%O—-.- (1.5)

we observe that a drastically reduced angle will limit these developments to
their initial stages only.
The rotation matrix

cos —sinf
R(9) = ( sind cosf ) (1.6)
can then be written as
1 0 0 -1\ _
R(&)_(O 1>+9(1 0 ):I+9J (1.7)

The J matrix is precisely the one defined as being associated with the Lie algebra
of SO(2). Mathematicians didn’t rack their brains too much and called this Lie
algebra so(2) (in lowercase letters).
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This time

e The letter s means that the matrix has zero trace.

e The letter o indicates the antisymmetry of the matrix.

e The number 2 is always related to the dimension of the matrix.

Lie algebra therefore appears as the infinitesimal version of its group. The two
correspond to each other through exponentiation:

R(6) = exp(6J) (1.8)

In summary, the nature of the transformations involves considering one or
another type of mathematical structure:

e The transformation is discrete — we are dealing with a group.
e The transformation is continuous — we are dealing with a Lie group.
e The transformation is infinitesimal — we are dealing with a Lie algebra.

Quantum mechanics is not particularly concerned with discrete transformations,
except in very specific cases: Lie structures therefore play a key role in this
theory.

We will now examine some groups and Lie algebras that are of primary
importance in quantum physics. But before that, we must discuss the represen-
tations of groups and algebras.

1.4 What is a group representation?

To make it easier to handle a group, we can give it a representation.

A representation 7' is a mapping of a group G onto a group G/. Each
represented element will therefore be written as T'(g1),7(g2), T(g3), -.., in terms
of elements of GG/. These can be numbers, but also matrices as well as differential
operators. .. we will come back to this later.

What applies to the elements of group G must apply equally to those of
group G.

Thus, if g2 0 g1 = g3 in G, we must ensure that T'(g2) @ T'(g1) = T(g3) in G.
In other words, a representation T is characterized by

T(g2) ®T(g91) = T(g2°91) (1.9)

This last relationship translates into saying that T is a group homomorphism.
Homomorphism and not isomorphism because there may be a difference in the
number of elements.

As an illustration, let us consider two representations of the group generated
by g1, g2, g3, the rotations considered previously and leaving the equilateral
triangle unchanged.
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They must satisfy

’ ° H T'(g1) \ 1(g2) \ T'(g3) ‘
T(g1) || T(g1) | T(g2) | T(g3)
T(92) T(Qz) T(g3) T(Ql)
T(gs) || T(g3) | T(g1) | T(g2)

The first representation is trivial:

T(g1) = T(g2) =T(g3) =1

The group law e is then simply the multiplication of integers. It is easy to
verify that this representation does indeed give the same results as those shown
in the table above.

It is immediately clear why we talk about homomorphism: the three elements
g1, g2, and gz are reduced to a single number for this representation.

The second representation is less obvious. It uses 2-dimensional matrices:

o= (3 1) -3 (G ) -3( S5 )

(1.10)
The group law e is then matrix multiplication.

Group representations can be summarized as follows: the elements are not
the same as those in the group, nor are they composed in the same way, but
they generate the same table... and they are easier to manipulate because they
are concrete!

Not all representations are equally important. Those that are unitary and
irreducible are favored in quantum physics. They are also referred to in the
literature by the acronym "IUR".

Unitarity is a sufficient condition for ensuring the preservation of the prob-
abilistic interpretation of quantum mechanics, as demonstrated by Wigner!.

Irreducibility is related to this. A representation T is irreducible if it is not
possible to find a unitary matrix U such that

1 [ Tl(g) 0
UT(g)U™* _< 0 T2g) ) (1.11)

where T'1 and T2 are themselves two representations of the group.
Our second representation (1.10) is not irreducible since the matrix

5(1 1)

'Wigner, E. (1959). Group Theory and its Applications to the Quantum Mechanics of
Atomic Spectra, Academic Press Inc. (New York)
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leaves T'(g1) unchanged but is such that

1/ —1+4iV3 0
UT(gQ)Ulzz( 0 li\/§>

;( _1_0Ng —1—5(—)1'\/5)

UT(gs)U™"

So, in this case, we have

—

T1(g1) = 1, T1(g2) = 5(—1 +iv/3), T1(gs) = %(_1 —iV3)

[\

T2(g1) = 1, T2(gs) = 1 (1~ V3), T2(gs) = (-1 + V)

It is not difficult to convince oneself that these three complex numbers are also a
representation of the group of three rotations related to the equilateral triangle,
since they are the cubic roots of unity.

1.5 The Lie group SO(3) and the Lie algebra so(3)

Rotations in a plane are all well and good, but we live in a three-dimensional
space!

So we need to take the discussion to the next level: the goal is to consider
any point on a sphere and rotate it in such a way that its new location is still
on that sphere.

In a three-dimensional space, this can be done via three rotations in the
respective planes (z,y), (z, 2z), and (y, z). These three rotations are represented
by the matrices?

cosf —sinf 0 cosf 0 —sinf
Ri(0)=| sinf cosf 0 |,Rz(0)= 0 1 0 (1.12)
0 0 1 sinf 0 cos@
1 0 0
R;(0)=1| 0 cosf —sinb (1.13)

0 sinf cosf

These three matrices have determinant equal to 1, are orthogonal, and have
dimension 3. They generate the Lie group SO(3).

The corresponding algebra is obtained by considering extremely small angles
of rotation:

R1(0) = exp(0J1) ~ I+ 0J1, Ro(6) = exp(0J3) ~ I + 605

2We have used the same notation @ for each of the three rotations for convenience, but it
is clear that the three rotations do not require the same amplitude to be set.
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R3(0) = exp(0J3) =~ T+ 0J3

Here, the matrices Ji, Jo, J3 are explicitly given by

0 -1 0 00 —1 00 0
Ji=[1 0 0], =[00 0 |, Js=[00 —1 (1.14)
0 0 0 10 0 01 0

And that’s where the magic of Lie algebras comes in.

It wasn’t obvious with so(2) since we only had one matrix, but here we have
three. A Lie algebra is, in fact, a vector space equipped with a law called the
"Lie bracket" which takes the form of a commutator:

[A,B] = AB— BA (1.15)
We must therefore apply this law to Jy, Ja, and Js. Let’s do it! We have

[']1"]2} - J37 [‘]?n‘]l} - J27 [J23J3] - ']1 (116)

What you see here is the DNA of Lie algebras: their commutation relations are
unique and allow them to be identified at a glance.

First observation: when you calculate the commutator of two elements of
a supposed Lie algebra, it must return a linear combination of the elements of
that algebra and no new elements. We then say that the algebra is closed.

Second observation: the coefficients of this linear combination perfectly de-
fine the algebra. They are called structure constants.

In the case of the so(3) algebra, a remarkable symmetry, a cyclicity, appears.
The algebra can then be summarized by

[Jj, k) = €ja Ji (1.17)

by considering the antisymmetric Levi-Civita tensor &:
€123 = €231 = €312 = 1; €132 = €213 = €321 = —1 (1.18)

So far, there’s nothing really extraordinary about this. .. three 3-dimensional
matrices. .. big deal! Yes, but this is where representations come into play. Be-
cause we can represent the three generators Jp, Jo, J3 with matrices of any
dimension or even differential operators!

How can these representations be highlighted?
Like this.

First, we redefine the generators of the algebra by complexifying it:

J. = ids; Jy =iy F I (1.19)
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The Lie algebra is then characterized by the following relations:

[, Ji] = £dg, [Ty, -] = 2J, (1.20)
The advantage of doing this is that J, can be seen as a diagonal Hermitian
matrix and Ji as ladder operators, which are Hermitian conjugates of each
other. Patience...it will become clear in a few minutes.
First, the fact that J, must be diagonal implies
Jom >=m|m > (1.21)

whatever |m > may be at this stage. We only know that m is real thanks to
the fact that J, is Hermitian.
Using Egs. (1.20) and (1.21), we have

L Jyplm >= (Ji .+ Jy) |m >= (m+1) Jy [m >

JJ_m>=(J_J, —J_)m>=(m—1)J_|m >

The conclusion is clear: J; increases the value of m by one unit, while J_
decreases it by one unit. This is why they are called ladder operators.
We therefore ask for

Jem>=ciy(m)im+1>, J_m>=c_(m)|lm—1> (1.22)

Now remember that

(J)t=J_ (1.23)

where the notation T stands for the Hermitian conjugate.
It should also recalled that while ket |m > can be represented by a column
matrix, bra < m/| is associated with a row matrix such that

< mlm >= dpmm (1.24)
This leads to

<m+1Jim >=cy(m) <m+1m+1>=ci(m)
and

(cy(m))* = (< m+1|J4|m >)" =< m|J_|m+1 >= c_(m+1) < m|m >= c_(m+1)

Here, notation * refers to complex conjugation.
The equations (1.22) can then be rewritten as

Jpm>=cy(m)m+1>, J_|m >= (cx(m—1))"|m—-1> (1.25)
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From these relations, we deduce that

JoJ_|m >= ey (m—1)*|m > (1.26)

J_Ji|m >= |ey(m)]* m > (1.27)

Let us now turn to a crucial point: representations of a Lie algebra associated
with a compact Lie group are finite-dimensional. Now, SO(3) is a compact
group. Therefore, we must ask that m takes a maximum value as well as a
minimum value. We note j as its maximum value. This necessarily implies that

Jilj>=cr ()i +1>= 0= (j) = 0 (1.28)

Furthermore, it is easy to convince oneself that

<m|[Jy, J-]|m >=<m|JyJ_- — J_Jy|m >= |cy(m — 1)\2 - \ch(m)|2 (1.29)
We also have

<ml|[Jy, J_]lm >=< m|2J,|m >=2m (1.30)

From the last two equations, we deduce the recurrence relation

e (m = )P = les (m)]? +2m (1.31)
This is how, by using Eq.(1.28), we have successively

e+ (G =D =25
ler (G =27 =2(2j - 1)

e (5 = 3)17 =3(2 - 2)
and, in general
les = k)2 = k(2 — k +1) (1.32)
Clearly, this result leads to

les(m)]? = (j —m)(j +m+1) (1.33)

Obviously, we have ¢4 (j) = 0, as expected, but also ¢;(—j — 1) = 0. This
means that m can only take (2j + 1) values, ranging from —j to +j. Another
implication is that j can only take (positive) integer or (positive) half-integer
values.
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Given the importance of this number j as developments progress, we will
henceforth label the states by |j,m > instead of |m > and summarize the
results obtained through the following equations

Jo g, m >=mlj,m > (1.34)
Jplim>=/G-m)G+m+1)[jm+1> (1.35)
J_lim>=G+m)(G—-—m+1)|jm—1> (1.36)
mz—j,—j—i—l,...,j—l,j;j:O,%,1,%,... (1.37)

We must also mention an extremely important operator in Lie algebras: the

Casimir operator.
This operator, a polynomial of the elements of the algebra, is defined by

the fact that it commutes with all the generators of the algebra. In the case of
s0(3), it is given by
1 1 2 2 2
C= §J+J, + iJ,JJr +l=J . —J.+J.=JJ.+J. +J;  (1.38)

Indeed, we have

(C, 0] = [Jad, T = T[Ty L]+ [T ]I = Jod— — Jod_ =0
(C, 4] = Jo[J=, Iy ] = [ Loy I + Ly o] + [ e, J4 e = =J 4+ [ T2, J4 ] =0

[C, J*] = [J+7 J,}J, - [J27 J*] + JZ[JZV J*] + [J27 J*]JZ =J_+ [sz J*] =0
Using Eqgs. (1.34)-(1.36), we can see that

Cljm>=j(G+1)]5,m > (1.39)

Eqgs. (1.34)-(1.37) with (1.39) give us what is known as the D(j) representation
of s0(3).

It can be useful to visualize the actions of the various operators.
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O 10§ e g
J- J+
0.8
0.6
. .

04

0.2
‘ . . "
-1.0 -05 v 05 1.0

Figure 1.1: Action of the ladder operators of so(3)

The number j actually covers what are called the multiplets of so(3), and
the number m specifies the states of these multiplets. Thus

e for j = 0, there is a single state, or singlet, which corresponds to (j =

0,m = 0);

o for j = %, there are two states, or doublet, which correspond to (j =
sym=13%)and (j = 3,m=—1});

e for j = 1, there are three states, or triplet, which correspond to (j =

It is of course understood that, for a fixed value of j, there will be a set of
(2j+1) states (form=y75,7—1,7—2,...,—j+2,—5+1,—j).

These states are represented by dots on the diagram.

The role of ladder operators is to connect the different states within the
same multiplet. Thus, J; will increase the value of m by one unit, while J_
will connect a state characterized by (j,m) to a state labeled by (j, m — 1).

All this may seem rather indigestible, but really, once you have the results,
it becomes child’s play!
Want a representation with 2-dimensional matrices? Just take

111
ST M T T
Both states of the doublet can be achieved via
11 1 1 1 0
S >= S = >= 1.40
55>= (0 ) 35> (1) (1.40)

The diagonal matrix J, can then only be

( ; 0 ) (1.41)
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while the ladder matrices correspond to

J+<8(1)>J_<(1)8> (1.42)

The Casimir operator is, of course, a multiple of the identity operator:

3
c=31 (1.43)

Do you prefer a representation with 3-dimensional matrices? In that case, you
need to consider

j=1,m=-1,0,1

and the states

1 0 0
1,1>=1 0 |,|1,0>={( 1 |,|l,-1>=1{ 0 (1.44)
0 0 1

You then have

I =2

o O O
(an)
N
+
|
S
(e
o
—

o = O

— O O

o O O

|
_
o
o
o

(1.45)
and

C=21I (1.46)

The perceptive reader will have noticed, and perhaps been concerned about,
the fact that these three matrices are not the same as those obtained from Eq.
(1.14):

0 0 O 0 —i 1
=10 0 —i |,Jp= i 0 ),Jo=(4% 0 O (1.47)
0 ¢« 0 -1 0
Don’t panic! If we calculate the Casimir operator in this case, we confirm that
C = 21, meaning that Eqs. (1.45) and (1.47) are two "different" (actually,
unitarily equivalent) realizations of the same representation D(1) of so(3)!
We can also see this directly by considering the unitary matrix

1 0 —iv2 0
U=—1| 1 0 1
\/i 7 0 —1

which allows to switch between them.
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So why choose one over the other? To facilitate the link with physics. In the
D(1) representation adopted in physics literature, the matrix J, is diagonal and
the matrices Jy are Hermitian conjugates of each other, which is much easier
to manipulate in quantum theory.

It should also be noted that this constraint is only feasible because the
original SO(3) group is compact. In other words, its parameters 6 lie within a
finite interval (between 0 and 27, in this case). We will see that this constraint
of having Hermitian conjugate operators will no longer apply once the group is
no longer compact.

1.6 What does that have to do with physics?

The SO(3) group and the so(3) algebra are mathematical concepts related to a
geometric transformation (rotation) and a physical quantity: angular momen-
tum.

More specifically, some representations are associated with orbital angular
momentum, while other representations correspond to what is known as intrinsic
angular momentum or spin.

1.6.1 Orbital angular momentum

In classical physics, rotation refers to kinetic momentum or orbital angular
momentum. This is defined by

T=7A7 (1.48)

which is the vector product of the position vector and the momentum vector,
itself the product of mass and velocity.

Quantum theory retains this notion but adapts it: from now on, it will be
an operator acting on a wavefunction. Let us recall that

Pop¥(t, T) = PO, T) ; Boptlt, ¥) = —i AV ¥(t, 7) (1.49)

As a consequence, we get

oy o oy oY

— vy _ %Y Y — vy _ZY
Lip(t, V) = —ihlyg; —25.), Lyt 7) = —ifi(egr —a52)  (150)
. 5'¢ oy
Ls(t, 7) = —ih(z—— By ) (1.51)
It is easy to convince oneself that
[Ll,LQ] —’Lth, [L3, ] —ZhL27 [LQ,L3] —’LhLl (152)

when acting on ¢(t, 7).
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Cyclicity requires that this be the algebra so(3). And, indeed, by defining,

Ji = %Ll, Jo = %Lg, Js = %Lg (1.53)
we recover relations (1.16).

Since orbital angular momentum involves position and momentum, whose
values are not limited, it is advisable to use differential operators and functions
instead of matrices and column matrices to symbolize operators and states.

What are these functions?

To highlight them, we must leave the cartesian coordinates and consider the
spherical ones:

x =rsinfcosy
y=rsinfsiny (1.54)
z=rcosf

r= \/x2+y2+22,<p:arctang,H:arccos; (1.55)
T /I2+y2+22

This change of variables has implications for the derivatives:

o _ o 9 41 o 1 D
a—g—smecoswg—i—;cosﬁcosap% g S

59 = sin@singp% + %cos@singp% + Tsilne cos @% (1.56)
8% = cos@% — %sinﬂ%
We then have
0 0 .0 cosp O
=2 —yo— =sinp__ = 1.
e I i TR (1.57)
0 sing 0
Jo=r——2—=— — — 1.58
2=, T for ¥ 50 + tan @ dp (1.58)
0 0 0
Jy =y — g = — 1.59
3= Yoz xay Op (1.59)
In total, this gives
0 i 0
Jr =+ =+ — =+ — 1.60
+ = Texp(Fip) (55 tgtn9380) (1.60)
0
J, = —1i— 1.61
5 (161

S S 1.62
¢ 002 sinf 060  sin? 0 Op? (1.62)
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Note these very pleasing results: the so(3) generators now depend only on
the two variables 6 and (. Their eigenstates will therefore be functions of these
two variables alone.

These functions are the so-called spherical harmonics:

204+ 1)l — m)!
Vim(0,9) = \/ L KR expimp) Pun(cos0)s m = —1, =11, -1

(1.63)
In this definition, the functions P, ,,(cos#) are the associated Legendre polyno-

mials, i.e.

(71)m m dl+m
Pin() = (=)

570 (% — 1) (1.64)

Let’s take a specific example to clarify this and consider [ = 1.
We then have

3
Y11(0,¢) = —\/8— exp(ip)sind = {1,1 > (1.65)
T
3
Yi0(0,¢) =1/—cosf =11,0 > (1.66)
4
3 S
Yi-1(0,9) = gexp(fzgo) sinf=|1,-1> (1.67)
It is then easy to verify that the typical relations of so(3)
J:1,1 >=11,1>,J,[]1,0 >=0,J,|1,-1 >= —|1, -1 > (1.68)
Jpl1,1>=0,J4]1,0 >=V2[1,1 >, J 1, -1 >= v/2]1,0 > (1.69)
J_|1,1 >= 21,0 >, J_[1,0 >= V2|1, -1 >, J_|1,-1 >=0 (1.70)

are satisfied.
The Casimir operator returns, of course, each of these functions twice.

So once again, it all seems abstract...but the fact remains: spherical har-
monics are solutions to Schrodinger’s equation when studying an electron. The
numbers [ and m therefore have very specific interpretations. These interpreta-
tions take place within the framework of orbitals, i.e., areas of space around the
nucleus of an atom where the electron is most likely to be found. The number
[, or azimuthal quantum number, describes the shape of the orbitals, while the
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number m, or magnetic quantum number, describes the orientation of these
orbitals.

An illustration would be welcome! We consider the cases [ = 0, 1, 2 but

moving towards real spherical harmonics®:

= (Yim — (=1)™Y1, ) if m <0

Vi = Yioifm=0 (1.71)

I5(Vimm + (=1)"Yim) if m > 0

S

We obtain:

e §
58 3¢ ¢

Figure 1.2: Real spherical harmonics for [ =0, 1, 2

Mathematics is beautiful, isn’t it?
Because you have to realize that the Norwegian mathematician Sophus Lie
developed the algebras that bear his name at the end of the 19th century. When

3Just a graphic requirement. ..
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he died in 1899, it would be another quarter of a century before Schrodinger’s
equation saw the light of day! In other words, Lie algebras were completely
unknown to most physicists at the time. And there were probably lots of people
who thought that "this stuff will never be of any use"!

However, even at this stage, using one of the simplest algebras possible, we
can already see how little vision these people had...

And that’s not all!

The most attentive among you will have noticed that we mentioned the
number ! and not j in the representations of so(3) dealing with the angular
momentum. .. The difference? The number [ is a positive integer, while j also
takes the values 1/2, 3/2, 5/2, etc.

Where did these values go?

To another angular momentum that we will discuss right now.

1.6.2 Intrinsic angular momentum or spin

In 1927, German physicists Otto Stern and Walther Gerlach devised an experi-
ment that would revolutionize the world of quantum physics.

A chamber was heated to a temperature of around 1200 K. Silver atoms were
then expelled from it. They moved toward slits (each 1 mm long) designed to
select atoms traveling in a certain direction. The selected atoms then arrived at
the air gap of an electromagnet, whose shape was chosen so that the magnetic
field created was not uniform. The atomic jet was then deflected by this field
and arrived at a screen.

It was expected that the atoms would be evenly distributed across the screen.
This was not the case: Stern and Gerlach actually observed two spots, resulting
from the impacts of the atoms.

This is typical of quantum theory: instead of continuous values, only a finite
number of values, two in this case, are obtained.

To explain this experimental result, American physicists George Uhlenbeck
and Samuel Goudsmit proposed defining an intrinsic angular momentum or spin
(from the verb "to spin").

The spin of an electron is often imagined as an arrow linked to a ball rotating
clockwise or counterclockwise:

Figure 1.3: Spin up (counterclockwise rotation) and spin down (clockwise rota-
tion) states for the electron
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While this representation is convenient, it is, however, very simplistic: posi-
tions are only marked by probabilities, and Heisenberg’s uncertainty principle
destroys the notion of a vector as an oriented segment. But never mind...we
can keep it in what follows.

These two possibilities of rotation, and therefore orientation of the spin "ar-
row", are found in Stern and Gerlach’s experiment. We will refer to "spin up"
(arrow pointing up) and "spin down" (arrow pointing down).

How can this be translated from a "Lie algebra" perspective?

Rotation means so(3). And two states are needed to mark spin up and spin
down. So we need to use j = 3.

The representation D(3) of so(3), which, as you will recall, highlights two
states, which are realized by Eqgs.(1.40) while the matrices of the algebra are
given by Eqgs. (1.41)-(1.42).

The first state \%, % >, eigenvector of J, with eigenvalue %, will be referred to
as "spin up state". The second state \%, —% >, eigenvector of J, with eigenvalue
—3, will be referred to as "spin down state".

We should also note an unexpected and immediate consequence: if we want
to describe a quantum object, a particle, with spin, we must assign it a matrix
equation.

This fact annoyed quite a few physicists at the time, since Schrodinger’s
equation does not have this matrix character... We will come back to this
later.

1.6.3 Tell me how you transform yourself, and I will tell
you who you are.

This is a curious saying, yet it couldn’t be more true in quantum mechanics.
For example, let’s focus on the representation D(3) of so(3). The rotation
around e_; can be written as

Ty = —% ( - ) (1.72)

and his transition to the group is marked by exponential growth:

_ 1 2 72 _ eXP(*%O) 0
Ry=1+0Js+ 20 Jg + = ( 0 exp(%&) (1.73)
We then have
11 7 11
Z s —29)|=. = 1.74
Ry|3, 5 >=exp(—50) |5 5 > (1.74)

Let’s imagine the situation: we make a complete turn, which corresponds to
9 = 2r... what happens? The state |3, 3 > does not return to itself but to its
opposite! It takes two turns and 6 = 47 to return to its original state.

This is also true for the spin down state, since
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1 1 ) 1 1
5 "5 = exp(29) |2, 5 > (1.75)
A single turn still returns to the opposite state, and only after two turns does
it return to its original state.

It is strange behavior to have to make two turns to return to its starting

state... we don’t often notice this in our daily lives!

R; |

And this is what distinguishes the states of representation D(3) from those
of representation D(1).
Indeed, for D(1), moving from algebra to group and focusing again on rota-

tion with respect to [ , we have

10 0 exp(—if) 0 0
Js=—i| 0 0 O & Ry = 0 0 0 (1.76)
0 0 -1 0 0 exp(if)
So, for instance, we get
R3]1,1 >=exp(—i6)|1,1 > (1.77)

It is clear that, for a complete turn (6 = 2x), the state |1,1 > transforms
into itself. And this is what we expect in our three-dimensional space: a vector
makes a complete turn on itself to return to its initial position.

To distinguish between these different behaviors, we will use different names.

We will say that the states associated with the representation D(3) of so(3)
are called spinors, while those corresponding to the representation D(1) are
called vectors.

1.7 The Lie group SO(1,3) and the Lie algebra
so(1,3)

We have seen that rotations preserve the norm z? + y? + 22 of 3D-Euclidean
space. Let us now consider transformations that preserve the pseudo-norm
t2 — 22 — y? — 22 of spacetime. The rotations seen previously clearly do the job.
But we need to add three other transformations, which we present hereafter.

1.7.1 Lorentz boosts

Let us consider a reference frame and a second reference frame moving in uniform
linear motion at velocity 74 relative to the first one.

The spacetime coordinates of a macroscopic object will differ depending on
whether the object is placed in the first reference frame or the second. More
precisely, if (¢, 7) are the coordinates of this object in the first reference frame
and (#/, r1) are those of the same object in the second reference frame, we have
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tr=t

These equations are known as the Galilean transformations. They have the
consequence that

V=7 -7 (1.79)

Therefore, the speed of this object is not the same from one frame of reference
to another. This is not important as long as the object is macroscopic, but it
becomes much more delicate if the speed of the object, this time microscopic,
is close to that of light. Indeed, in 1905, Albert Einstein established the theory
of special relativity by postulating that the speed of light must be constant,
regardless of the reference frame. So there is a problem!

It was Dutch physicist Hendrik Lorentz who provided the solution to this
problem.

The speed of movement of the second reference frame is fixed along the xz-axis
to simplify the calculations:

W =0 s (1.80)

Eqs (1.78) are modified by Lorentz to become

ct! = ~y(ct — Bx)
{ al = vy(x — Bet) (1.81)
Here ¢ denotes, as usual, the speed of light while § and v are defined by
v 1
/3’:6;7:\/71)2 (1.82)
=
The number v was, in fact, set to preserve the pseudo-norm:
Etrr —ar? =41 - 2Pt —2?) = Y21 - ) =1 (1.83)
The relation v2(1 — 32) = 1 suggests setting
v =coshp; vy = —sinhy (1.84)
Lorentz boosts are then finally written as
ct! = (cosh p)ct + (sinh )z (1.85)
af = (sinh p)ct + (cosh p)x '

When we leave the plane (ct, z) to move to the entirety of spacetime, setting
c = 1, we ultimately arrive at the three boosts, to which we must add the three
rotations already mentioned, giving us six Lorentz transformations:
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e Three rotations

10 O 0 1 0 0 0
0 1 0 0 0 cosf® 0O sinf
R (0) = 0 0 cosf —sinf Ra(0) = 0 0 1 0
0 0 sinf cosd 0 —sinf 0 cosé
(1.86)
1 0 0 0
0 cosf —sinf 0O
R5(6) 0 sinf cosf® O (1.87)
0 O 0 1
e Three boosts
coshy sinhe 0 0 coshyp 0 sinhy 0
| sinhyp coshy 0 0 . 0 1 0 0
Bile) = 0 0 10 » Ba(o) = sinhey 0 coshyp 0
0 0 0 1 0 0 0 1
(1.88)
coshp 0 0 sinhgp
0 10 0
sinh¢y 0 0 coshy
The pseudo-norm of a 4-vector in spacetime
t
T
r= 1.90
y (1.90
z
being given by
rTgr; g =diag(1,—1,-1,—-1) (1.91)
conserving it requests a transformation involving spacetime coordinates:
rt=Ar (1.92)

This transformation is such that

rrgrr=rTATgAr =rTgr

In other words, we must impose

ATgh=yg (1.93)
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It can be easily verified that the six matrices (1.86)-(1.89) have this charac-
teristic in addition to having a determinant equal to 1. They are said to form
the SO(1,3) group or Lorentz group®.

The group law is obtained by considering a sequence of two transformations:

rl = A17’/ = A1A27"

We have indeed

(A1A2)Tg (A1A2) = ATAT g A A =AJgAs =g

The group law therefore corresponds to simple multiplication

AiAs (1.94)

The existence of the neutral element and the symmetric element are ensured
via the identity I and the inverse A~!, respectively. Associativity is not a
problem either.

We are therefore indeed dealing with a group.

1.7.2 Lorentz algebra and its representations

The six generators of the algebra corresponding to the Lorentz group, which is
obviously called the Lorentz algebra or so(1,3), are obtained from the matrices
of the group, considering extremely small angles:

000 0 0 0 0 0 00 0 0
000 0 0 0 0 1 00 -1 0
=1 000 -1 "2 1o 0o 00 ["=l0o1 0 o
00 1 0 0 -1 0 0 00 0 0
(1.95)

01 0 0 00 1 0 00 0 1

1 0 0 0 000 0 00 00
B=lgooo0 ™= 1000/ =000 o0
00 0 0 000 0 100 0
(1.96)

Note: some of these matrices are Hermitian and others are not; if we multiply them
by the imaginary number 7 as recommended by physicists, nothing changes except that
this time the rotations are Hermitian while the boosts are not. This observation is
related to the fact that the Lorentz group is not compact, since there is no limitation
on the values of the boost parameters. In other words, there is no finite-dimensional
IUR of the Lorentz group. We must therefore expect a mixture of Hermitian and
anti-Hermitian matrices at the algebra level.

4The denomination (1,3) is directly related to the matrix g: one + sign and three — signs.
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The non-zero commutation relations are then

[J1, o] = J3, [J3, 1] = J2, [J2, J3] = 1 (1.97)
[J1,Ko) = K3, [J1,K3] = — K>, [J2, K1] = —K3 (1.98)
[Jo, K3] = K1, [J5, K1) = Ko, [J3,Ka] = — K3 (1.99)
(K1, Ko = —Js, [K3, K1) = —Ja, [Ko, K3] = —J3 (1.100)

Two observations at this stage.
The first is that algebra is invariant under changes

Ji—=Jis Kj——K;5j=1,2,3 (1.101)

The second is that we recognize, in the relations (1.97), the algebra so(3).
This suggests defining

1

Aj= 5 +ikK)) §=1,23 (1.102)
1 . .

Bj=5(J; —iK;); j=1,2.3 (1.103)

It is therefore not difficult to convince oneself that

[A;, Arl = €jm A s [Bj, Byl =€ B j, k,1=1,2,3 (1.104)

[A;, By] = 0,Yj, k =1,2,3 (1.105)

And this is a rather nice result because it means that we have two algebras so(3)
in direct sum (which is marked by Eq. (1.105)).

Simply proceed as before when we were only dealing with rotations and a
single so(3) and move on to complexification:

A+ = ZAl — AQ; A_= ’LA1 + AQ;AZ = ZAg (1106)

B+ = iBl — BQ;B, = iB1 + BQ; Bz = 233 (1107)

Each of these sets leads to a representation D(j) of so(3)...the two sets will
therefore lead to D(j1,42), which is of dimension (251 + 1)(252 + 1).
The explicit relationships are obviously given by

Ay i1, 52,ml,m2 >= /(1 — m1)(j1 +ml + 1)|51,52,m1 + 1,m2 > (1.108)
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A_|j1,52,m1,m2 >=/(j1 + m1)(j1 — m1 + 1)|j1,2,m1 — 1,m2 > (1.109)

A.|j1, 72, m1,m2 >= ml|j1, 52, ml, m2 > (1.110)

B|j1,52,ml,m2 >= /(52 — m2)(j2 + m2 + 1)|j1,j2,ml,m2 + 1 > (1.111)

B_|j1,72,m1,m2 >=/(j2 + m2)(j2 — m2 + 1)|j1,j2,m1,m2 — 1 > (1.112)

B.|j1,j2,ml,m2 >=m2|j1,52,m1l,m2 > (1.113)
Let’s focus on a few specific representations.

1.7.2.1 The representation D(%,O) or left spinor representation

It is of dimension 2 and is characterized by

01 0 0 1/1 0
() (D0 0) g

the generators BL and B, reducing to zero. This leads to

i 1
7= —57 K= —5? (1.115)

where the notation & stands for the Pauli matrices.
At the group level, you need to move to exponentiation:

B =exp(0]); B = exp(ok) (1.116)
In detail, this gives
0 _isin @ 9 _qn?
R, = ( o 2y ZSH‘;Q ) , Ry = ( C.Osg Sm92 > (1.117)
—ising  cosg sing  cosg
_(exp(—i6) 0
Rs = ( 0 exp(26) (1.118)

cosh2  —sinh £ cosh?  isinh €
R (et S ) RS (e At ) IR

_ ( exp(—3%) 0
By = < 0 exp(30) > (1.120)
These matrices are those of the group SL(2,C), i.e., the set of 2x2 matrices
with complex entries and determinant equal to 1.
The representation D(%,0) is called left, and the corresponding matrices of
SL(2,C) act on spinors that are described as left-handed.
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1.7.2.2 The representation D(0, %) or right spinor representation

It is also of dimension 2 and is characterized by

ﬁ7=—%?g}?:%7 (1.121)

Although it corresponds to the previous one by a simple change of sign in ?
and a simple change of sign in ¢ for the group, this representation is different
from the representation D(3,0).

It is said to be right-handed, and the associated matrices of SL(2,C) act on
spinors that are described as right-handed.
1.7.2.3 The representation D(1,0) & D(0, 1)

It is simply the superposition of the two previous ones:
i o 0 1/ -3 0
7“2(0 ?),?_2< ; ?> (1.122)
It is, of course, 4-dimensional.

Another representation of dimension 4, not equivalent to the previous one,
is as follows.

1.7.2.4 The representation D(%7 %) or vector representation

States can be generated according to

1 0
1111 0 11 11 1
e B -— 1.123
|27 27 27 2 > 0 ) |2’ 2’ 27 2 > 0 ( )
0 0
0 0
111 1 0 11 1 1 0
e — e — = —— >= 1.124
|2’2’2’ 2> 1 ’|2’27 2’ 2> 0 ( )
0 1
Matrices of the Lorentz algebra are then given by
01 10 0 -1 -1 0
1| 1 0 0 1 111 0 0 -1
01 10 0 1 1 0
- 0 0 0 0 -1 1
0 0 0 O 11 -1 0o 0 1
Jy = 0 0 0 0 Ky = 3 1 0 o0 -1 (1.126)
0 0 0 1 0 1 -1 0
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0 1 -1 0 0 0 0 O
t| -1.0 0 -1 01 0 O
0 1 -1 0 0 0 0 O
That’s for matrix realizations... but, as we mentioned for so(3) and the

orbital angular momemtum, there are also realizations based on differential
operators:

0 0 0 0 0 0
9,0 4,0 .9 5 _ 9 9 1.12
i Zay yc’?z’J2 oz Zax’JS Yor xay (1.128)
0 3 8 8 9 0

It is a representation of infinite dlmensmn.

There is a more elegant way to write these generators. It uses relativistic
standards:

= (tx,y,2); xp — (E,—z—y— 2) (1.130)
0 0 0 0 0 0 0 0
13 - ) - _——, —, — =0.,1.2 1.131
P =G~ oy "0 % Grar gy as) 0L (118D
All operators are then written uniformly as
JH = i(zhd” — 2V M) (1.132)

having defined

TP =iy, =iy, JP =ids, JO = —iKy, J? = —iK,, J% = —iKs
(1.133)
The presence of imaginary i clearly calls for the complexity of Lorentz algebra,
but it is necessary if we want to consider Hermitian generators.
The commutation relations of the algebra can then be summarized by

[T, J97) = i(g"2J + g"7 IV + g7 4 g7 Jo) (1.134)

where g is, of course, the metric (1.91).
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1.7.3 Connected components of the Lorentz group
As already mentioned, Lorentz transformations are characterized by

rm=Ar; ATgAh=g (1.135)

There are, in fact, four connected components depending on whether

detA=1; Agy > 1 (1.136)
det A= —1; Ago > 1 (1.137)
detA=1; Agp < —1 (1.138)

detA = —1; Aoy < —1 (1.139)

The sign of the determinant leads to transformations that are either proper
(det A = 1) or improper (det A = —1); the sign of the element at the intersection
of the first row and the first column leads to transformations that are either
orthochronous (Agp > 1) or retrochronous (Agy < —1).

These components come from the definition of the group. For example, it is
clear from the definition (1.93) that

det(ATg A) = det(g) < det(AT)det(g)det(A) = det(g) < (det(A))? =1
leading to both possibilities of sign.

The two inequalities for Agp also result from the definition (1.93) of the
Lorentz group. Indeed, it can be written, successively, as

(A"gA)as = gas
& (AT9)av s = gap
& (A9 = gap
< Gu NN = gap

g Al/aAlZﬂ = Gap

Equivalently, by "raising" the index «, we have

AJNG = g% = dap (1.140)
And, taking o = g8 = 0, this implies that

(Aoo)” — Z(Ag‘o)2 =1& (M) =1+ Z(Aj0)2 >1
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This will convince you of the two possibilities: Agg > 1 and Agy < —1.

The four connected components are linked together by discrete symmetry
operators. We haven’t talked much about these operators so far, but they will
play a crucial role later on. They represent only two possible positions, like
being on the right or on the left, with no intermediate position possible.

So let us consider the parity operator P, which affects the position 4-vector
as follows

t t
pl =" (1.141)
Y Y
z —z
and which can therefore be achieved by
P = diag(1,—1,-1,-1) (1.142)

We see that its action on the group matrices is to change the sign of the
determinant, without changing that of Agg, i.e., to give rise to improper and
orthochronous transformations.

A second operator is the time-reversal operator T":

t —t
Tl =" (1.143)
Y Y
z z
which corresponds to
T = diag(—1,1,1,1) (1.144)

It leads to improper and retrochronous transformations.

Finally, the combination of the two operators P and T leads to the fourth
connected component of the Lorentz group.

Of course, these operators P and T are also part of the Lorentz group since

Plgp=g,TT¢T =y (1.145)

We will have the opportunity to return to these operators later, but for now,
let us remember this:

’ H Orthochronous \ Retrochronous ‘

Proper A PTA
Improper PA TA

Table 1.1: Connected components of the Lorentz group
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1.8 The Poincaré group and the Poincaré algebra

Poincaré’s group is interested in proper orthochronous transformations and adds
translations to them. There are four translations, since there are four spacetime
coordinates. Their action is as follows:

rr=r+a (1.146)

Combined with Lorentz transformations, translations lead to the transformation
law

rm=Ar+a (1.147)

This law effectively leads to a group since

rh=MNri+a=MN(Ar+a)+a=Arr+an (1.148)
The group law is thus given by

{3t (1119
The existence of a neutral is ensured via
A=1;a=0 (1.150)
and the existence of a symmetric element as well, with
A=A ar=—-A""a (1.151)

Associativity can also be demonstrated without any difficulty. We are therefore
indeed dealing with a group.

1.8.1 The Poincaré algebra

What interests us are the irreducible unitary representations of this group. The
Lorentz group was not compact, so there is no chance that Poincaré’s group will
be either. Consequently, the IURs of the Poincaré group, which we will denote
U(A,a), are infinite-dimensional. Nevertheless, it may be useful to view them
in the following matrix form

U(A,a) = ( /8 ‘1‘ ) (1.152)

Thus, group law is manifested through

U(A/,a/w(ma):(%' ‘i’)(ﬁ ?)Z(ASA A'aia'):U(A/A,A/aw)
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Any irreducible unitary representation U(A,a) can therefore be decomposed
into

U(A, a) = U(I,a) U(A,0) = U(a) U(A) = ( Lo ) ( oY ) (1.153)

The advantage is, of course, that translations can be treated independently of
other transformations.
In this regard, it should be noted that

Ul)Ua) =UI,a)U(I,ar) =U(I,a+ af) (1.154)

At the last equality, we applied the group law. To continue, it suffices to note
that since addition of numbers is commutative, we have

Ul)Ua)=Ul,a+a)=UI,a/+a)=U(I,at)U(I,a) = U(ar) U(a)

(1.155)
The operators associated with translations therefore commute.
If we move on to algebra via exponentiation
U(a) = exp(—ia, P") (1.156)

we thus obtain the commutation relations that govern the generators of infinites-
imal translations:

[P*,PY] =0 (1.157)

Let’s move on to the next part.
We have

U(A,a)U(A,a) = U(A% Aa + a) (1.158)

by the group law. As we have seen in (1.153), the second member of this equality
can be factorized

U(A,a)U(A,a) = U(Aa + a) U(A?) (1.159)
This is also true for translations, as we have just demonstrated:
U(A,a)U(A,a) = U(Aa) U(a) U(A?) (1.160)

Still according to the group law, it is also possible to split the "Lorentz" part
of the second member:

UA,a)U(Aya) =U(Aa) U(a) U(A)U(A) (1.161)
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But it’s not just the second member! The first member can also be broken
down according to the conventions adopted. As a result, we get

U(a)U(A) U(a) U(A) = U(a) U(Aa) U(A) U(A) (1.162)

The modification of the second term comes from the commutativity of transla-
tions.

Now remove the extremes, on the right and left, by applying their respective
inverses, and you will obtain

U(A)U(a) = U(Aa) U(A) (1.163)

or
UAN)U(a) U H(A) = U(Aa) (1.164)

This result clearly indicates that translation operators do not commute with
Lorentz transformation operators.

Let us now move on to the infinitesimal form to clarify this observation. We
introduce parameters w and e that are negligible to second order:

A =08 +wh s ot =t (1.165)

v

Next, let us consider

UAa)U(14w,e)U (A, a)

With the inverse calculation that was performed in (1.151), this gives
UN,a)U(l+w,e)UAY, —Aa)
and, by applying the group law twice, we are led to

UA(14w),Ae+a) UM, =A™ a) = UAA+w) AL A(L+w)(—A" a) +Ac+a)

In total, we therefore have
UNa) U1l +w,e) U Aya) =U(1 +AwA™!, —AwA ra + Ae)  (1.166)
If we use the operators of algebra in infinitesimal form

U(l—l—w,s):l—%waW—i%PQ (1.167)

this last result is written as

1 1
U(A, a)(5wes J* + g, POYUH (A, a) = i(AwA_l)WJ“” + (—AwA"la+ Ae),, P*
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The terms dependent on € are therefore
U(A,a) PPU' (A a) = A2 P* (1.168)
while those dependent on w lead to
U(A,a) J°U (A a) = AZAT (JH +atP” — a” P") (1.169)
The last relation comes from (1.140) compared with
AN =T & (AN = bap (1.170)
giving then
AZ =AY (1.171)

We then have successively

(AwA™) 0 I = (Aw) T (A ) I = ALw T (A )y I = ALwye (A1) T
and therefore
(AwA_l)u,,J’“’ =wee A7 AT T
The other term of the second member is proved in the same way.
We are therefore faced with the system

U(A,a)PeU~ (A, a) = A2P*

{ U(A,a) 727U~ (A, a) = AgAS (JH + a’ P¥ — a¥ P¥) (1.172)

We still need to consider the infinitesimal form for U(A, a) as for U=1(A, a),
remembering that these are unitary transformations. The inverse will there-
fore be marked by a change of sign in the argument and ultimately lead to a
commutator.

The first equation of (1.172) is written as follows

1
—i [iw,“,J’“’ +e P, Pl =w? Pt
Recalling that operators associated with translations commute, this leads to
[JH", P?] = —i(g"*PY — g"°P")
The second equation of (1.172) becomes, for its part,
1
—1i [§ww,J’“’ +e P, I = wiJM 4 w,] J% +e?P7 — 7 P?

since we eliminate what is of second order and more in terms of € and w.
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We then take into account the commutation relations between translations
and Lorentz transformations so that we are left with only

= W [T, %) = —wfTHT — g I
which leads to
[JHY | JO] = i (gVOTHT 4 gho JVe 4 ghe JoV 4 g7V JOoH)

We thus obtain all the relations characterizing Poincaré algebra:

[P, PY] =0 (1.173)
[JHV, P?) = —i (g"eP” — g2 PH) (1.174)
[JHV, JO%] = i (g"eJHT 4 gho TV + gheJo 4+ go¥ Jem) (1.175)

A very simple way to satisfy these relations is to consider the standard
realization of quantum mechanics:

PF =it (1.176)

JH = i (219" — 27 OM) (1.177)

1.8.2 Casimir operators of the Poincaré algebra

The next step is to look for Casimir operators. Yes... "operatorS" because there
are two of them.
The first one is pretty obvious:

C1=P"P, (1.178)

It commutes, obviously, with translations. With regard to the generators of the
Lorentz algebra, we have

[J!, PP, = i(g"?P" P, — g"®P" P,) +i (g, P*P" — gh P°P") (1.179)
And the metric tensor does its job:

[J#, PeP,] = i (P*P¥ — PYP") +i(P"P* — P*P") =0

The second Casimir operator is much less obvious. It involves the Pauli-
Lubanski pseudo-vector, defined by
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W, = %swg Jve pe (1.180)
In detail, this gives
Wy = J2P3 + J3p? 4 g3 p! (1.181)
Wy = —J%2p3 4 j%p2 - g3 po (1.182)
Wy =Jotp3 — gspt _ j31po (1.183)
W3 = —Jo%p? 4 jo2pt — ji2po (1.184)

We verify that

1

(P! W] = 5 eboa [P, J27] P = —% e’ (7" P? — g P7) P* =0 (1.185)

felege
since we have both symmetry and antisymmetry on the same indices.
We have also successively

1
[‘]Hvag] = 565;,30 ([Juyvjaﬁ]Pg + Jaﬁ[‘]#uapa])

[e%

— %8960 (gyaJ/'LBPU+gM’BJVaPJ+guaJ’BVPU+QBVJOCMPU+9VUJaﬁpﬂfgﬂajaﬁpy)

_ ;.0
=1iC,4,

JUPP —iely, JUP 4 S el JOUP — el TP

Here, it is worth lingering a little. . .

If the indices pu, v, p are all different, the antisymmetry of € and J implies
that o can take only one value in the first two terms of the second member.
This also results in a unique value for 5. On the other hand, «, 8 can take two
values in the last two terms... but the antisymmetry leads to the elimination
of the factor 1/2.

An example will probably make this clearer:

[N W2 =ieq0J° Pt — g3, JPO PO +iehy JPPY —ied P P =0
We can therefore conclude that if the three initial indices are different, the result

can only be zero.
If o = v, we will have
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[JH W] = iy, JV PP — %egﬁu Jes pv (1.186)

(without summation on v!).
For example,

[T W = il g0 J¥1 PP — %e}wo JeB pl

= iehyy (JP P — TP P2 — JPPY) = —iW?
If o = p, we will have
[T WH] = el JUPP 4 St TP pr (1.187)

(without summation on pu!).
For example,

[T WO = —ieg JOOP7 + %5251 Jo0pY

— i€(2)31 (J02P3 _ J03P2 4 J23PO) — —’LW1
In general, we will obtain
[, We] = i (g WH — ge“ W) (1.188)

The second Casimir vector is then constructed from this Pauli-Lubanski
pseudo-vector:

C2 = WHW, (1.189)

Indeed, we have

[T WEW,] = i (92 WHW, — g#W'W, + g"WEW*  — ghWeW™)  (1.190)

& [J WEW,] = i (WHWY — WYWH + WYWH — WEWY) =0 (1.191)

But we still need to give a physical interpretation of these two Casimir
operators.
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1.8.3 Wigner little groups

Let us recall that Casimir’s operator for so(3) allowed us to define either the
azimuthal quantum number [ or the spin s.

What are the quantum numbers involved here?

Before answering this question, we bring in the kets |p,a > .

While the designation a will remain mysterious for a moment, the "p" refers
to the 4-vector formed by the eigenvalues p* of translation operators

PHtp,a >=p"|p,a > (1.192)

These are the same eigenvectors because the operators associated with transla-
tions commute. They are therefore simultaneously diagonalizable.
We will thus have

U(a) |p, « >= exp(—ia, P") |p,a >= exp(—iap) |p, o > (1.193)

But what we want to highlight is not the action of U(a) alone, but that of
U(A,a).

First, we have
UA a)|p,a>=U(a)U(A) |p,a > (1.194)

By making use of (1.164) and replacing in it A by A~!, we obtain

U Y ANU(a)U(A) = U(A ta) (1.195)
Thus, we get

UA,a)|p,a >=UMNUA " a)|p, a >= exp(—iA " ap)U(A) |p,a > (1.196)

For the last equality, we used the result (1.193).
Second, we proceed as follows

Atap = (Ata),p” = (A Y faup” = Maup” = a,(Ap) = aAp =ap
(1.197)
As a result, we are led to

U(A,a)|p, a >= exp(—iA rap)U(A) |p, @ >= exp(—iap)U(A) |p,o > (1.198)

This is where a crucial result, demonstrated by Wigner®, comes into play.
He asserted that a particular case k of {P*} from one of the following three
classes provides complete knowledge of the representations. Here are the classes:

5Wigner, E. (1939). On unitary representations of the inhomogeneous Lorentz group. Ann.
Math. 40,149-204. http://dx.doi.org/10.2307/1968551
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1. Timelike 4-vectors (i.e., positive pseudo-norm): k = (+m,0,0,0)”
2. Lightlike 4-vectors (i.e., pseudo-norm equal to 0): k = (£x,0,0,x)T

3. Spacelike 4-vectors (i.e., negative pseudo-norm): k = (0,0,0,&)”

Before continuing, a word about these names. Why these classes?

They are in fact related to the first Casimir operator of the Poincaré group.
For timelike 4-vectors, this operator will be such that

PP, =m? (1.199)

In other words, with P° = E while the other components of P* are assimilated
to those of the momentum 7, it is Einstein’s relation

E*=7%+m? (1.200)

that is implied. This relation will form the basis of any relativistic quantum
theory. We will have the opportunity to discuss this in greater detail later on.

In one spatial dimension, it is possible to represent this relation graphically.
Simply fix the mass and consider the unique component of the momentum,
denoted p, as the z-axis and the corresponding energy E as the y-axis.

For example, for m? = 16, this gives rise to the following equilateral hyper-
bola

Energy
10
5+
, L L L momemtum
-10 -5 5 10
e s S
”/’ \\"'\
-~ ~
7 —10} S~

Figure 1.4: Visualization of Einstein’s relation in one spatial dimension

It should be noted that the positive energy branch reaches its minimum
at p = 0, m = 4, while the negative energy branch reaches its maximum at
p=0,m=—4.

Only the positive energy branch is currently considered by the vast majority
of physicists, as the experimentally confirmed particles relate to it.
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For lightlike 4-vectors, the Casimir operator will be such that
P*P, =0 (1.201)
It is the light cone, specific to special relativity, that underlies this case.
For spacelike 4-vectors, the Casimir operator will be such that
Prp, = &2 (1.202)
Einstein’s relation is then modified and written as
E?=7p?-¢ (1.203)
Here is the completed graphic:

L momemtum
10

Figure 1.5: Visualization of Einstein’s relation for timelike and spacelike 4-
vectors

With that clarification made, let us return to the IURs of the Poincaré group.

Any 4-vector p other than the chosen representative k will be related to the
latter via a specific Lorentz transformation that we denote by L,:

Lyk=p (1.204)
This relation will also be written later on as
k=L,"p;Vp (1.205)

The two 4-vectors p and k belong to the same class since it is the job of
Lorentz transformations to preserve the pseudo-norm.
A Wigner rotation is then defined by

Ry =Ly AL, (1.206)
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What does this operator do? Here it is:

Rwk=L AL, k=L Ap=Fk (1.207)
Wigner rotations therefore have the characteristic of stabilizing the chosen

representative of each of the three classes. All of these rotations together form
what is called a Wigner little group.

Group because there is also a law associated with it:

Rw (A, p)Rw (A1, pr) = LX; ALy Ly, A Ly, = Ry (A1, prr) = LK/llp// AI1 Ly,

Arpr
(1.208)
with
pr=mpt; AMr=ALy, Ly, A (1.209)
Indeed, we have
Anpit = ALy, Ly, Arpr = ALy k = Ap (1.210)

We now use these Wigner rotations to complete the specification of the states
|p, a0 >.
We obtain successively

U(A) |p,a >= U(MNU(L,) |k, o >
& UN) |p,a >=U(Lap)U(Ly )UMU(Ly) |k, o >

< U(A) |p,a >=U(Lap)U(Rw) |k, >

If we know (and we will know!) the IURs of Wigner’s little groups, this last
result leads to

U(A) [p,a >= U(Lap)Dap(Bw) |k, 8 >= Dag(Rw) [Ap, 8 > (1.211)

In total, we will therefore have the complete action of the Lorentz group on
the basis states:

U(A,a) |p,a >= exp(—iaAp) Dog(Rw) |Ap, 5 > (1.212)

The moral of the story: it is the IURs of little groups that enable us to
determine the IURs of the Poincaré group!

This will therefore be our ultimate task: to highlight these little Wigner
groups.
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1.8.3.1 Wigner little group for timelike 4-vectors

Which operators among (1.86)-(1.89) preserve the chosen representative k =
(£m,0,0,0)7?
It is clear that Ry, R2, R3 do:

Rik = Rok = Rsk =k (1.213)

The Wigner little group of this class is therefore SO(3).
We also have

Cl=m?I (1.214)
and
Wo =0, Wi =FmJ?, Wy =FmJ3*, Wy = Fm J? (1.215)
As a consequence, we obtain
C2=—-m*((JB)? + (P + (J*)H) = —m?s(s+ 1)1 (1.216)

The physical quantities involved in the unitary irreducible representations
of Poincaré’s algebra (or group) for the timelike case are therefore (real) mass
and spin.

Let us emphasize: from a mathematical point of view, mass can be either
positive or negative!

Lie algebras have proven themselves to be particularly efficient: everything
they predicted has always been correct from an experimental point of view, even
if it took decades to confirm! From there, it is only a step to conjecture the
experimental evidence of negative mass particles, which is precisely what more
and more models do.

Of course, in standard physics literature, the only interest is limited to the
case m > 0.

1.8.3.2 Wigner little group for lightlike 4-vectors

The rotation Rj3 clearly ensures the invariance of k = (£x,0,0,x)%.
The two other operators that allow the same result are a little more difficult
to highlight. Indeed, one must consider

[J9, PH] = ig/" PO [J%, P*] = ig P® (1.217)

The fact that P° = P3 thus implies considering J' — J31, J92 4 J23 as well as
J12 which commute with P° and P3.
At the level of Casimir’s first operator, we have

C1=0 (1.218)
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Therefore, particles with zero mass are involved.
This is a result that we also find with the Pauli-Lubanski pseudo-vector since
we have

Wo=-Ws=+xJZ; Wy = Fx(J? +J?); Wy =4k (J - J3) (1.219)
We then check that

[WQ,Wl] = :|:7;/€W2 3 [WQ,VVO] = :ti/in 3 [Wl,WQ] =0 (1220)

This concerns the algebra related to the group formed by two translations
and one rotation, namely the two-dimensional Euclidean group. This group
is non-compact, a fact due to the presence of the translations. The direct
consequence of this is that there is no irreducible unitary representation of finite
dimension.

This can be seen directly through the explicit realization of the infinitesimal
form of Wigner’s rotation:

Wr(a,b,0) =1 +a(J% — ) +b(J% + J*) + 0 J'2 (1.221)
1 a b 0
a 1 -0 -a
eWrab )=, o | (1.222)
0 a b 1

The states of the representation are first labeled by &k and the parameters a, b.
We have, of course,

(JO%' — Y k,a,b >=alk,a,b > ; (J*? 4+ J*) |k,a,b >=blk,a,b > (1.223)
If we define
|k, a,b,0 >= exp(—i 6 J*?)|k,a,b > (1.224)

we obtain

(JO'—T3Y) |k, a,b,0 >= exp(—i 0 J'?) exp(i 0 J') (T —T3) exp(—i 0 J'?) |k, a, b >

(1.225)
We also have
exp(i 0 J'2)(JOF — J3) exp(—i 0 J'?)
1 0 0 0 01 0 O 1 0 0 O
| 0 cosf —sinf 0 10 0 -1 0 cosf sinf 0
| 0 sinf cosf O 000 O 0 —sinf cosf 0
0 0 0 1 01 0 0 0 0 0 1
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implying

exp(i 0 J'2)(J% — T3 exp(—i 0 J'?) = cos 0 (JO — J31) +sin 6 (JO? + J*3)
(1.226)
This leads to

(JO' — 31 |k, a,b,0 >= (acos® + bsin0) |k, a,b,0 > (1.227)

and, consequently, an infinite number of states.

The only way to circumvent this is to not consider translations by setting a
and b to zero, and, consequently, to limit ourselves to the rotation associated
with J'2.

What is the quantum number associated with this operator?

In this case, it is helicity, defined by

%}Ti (1.228)

The only non-zero component of 7 is the one along the z-axis, which will select
J12 only.

The physical quantities that appear in the unitary irreducible representations
of Poincaré algebra (or group) for the lightlike case are therefore (zero) mass
and helicity.

One possible realization of the set of generators of the algebra associated
with the little group in question is

J1?2 = —i:vg

0
JOI—J31:—'—'J02 J23:—'7' o
oz + Y, Ay +Zy8:1:

(1.229)

1.8.3.3 Wigner little group for spacelike 4-vectors
The 4-vector k =(0,0,0,¢)7 is left invariant unde the actions of R3, By and Bs.
The first Casimir operator is such that
Cl=-¢ (1.230)

Thus, it is particles of imaginary mass that underlie this choice. Of course, none
of them have been observed. But, again, Poincaré algebra does not rule them
out.

From the Pauli-Lubanski pseudo-vector, there remains

Wo = €J2 Wy = —£J%2 Wy = ¢J% (1.231)

which generate
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(Wo, Wi = i€Wy ; [Wa, Wyl = iEWy 5 [Wh, Wa] = —iEW)y (1.232)

With one difference between a sign and the algebra so(3), we recognize (the
complexification of) the algebra so(2,1). The corresponding Wigner little group
is therefore SO(2,1).

This will surprise no one: the IURs of so(2,1) are very close to those of
s0(3). Thus, it is possible to define

K o=J%"4J%, K_=—-J%"4+ )% K, =iJ"? (1.233)

and to convince oneself that

(K., Ki]=+K,; [K., K | = —2K, (1.234)

So, the same relations as those of so(3) arise, except for the change of sign in
the last commutation relation.
The Casimir operator also undergoes a sign change since it is equal to

1 1
C=-gK K — K K+ K2 (1.235)

There are four types of representations associated with the algebra so(2,1).

We only present results similar to those of so(3).

A representation uses the same states |j,m > as for so(3) but with the
important difference that the ladder operators will no longer act on m but on
j-..and since there is no limitation on this quantum number, this leads to an
infinite number of states. . .the fault of the boosts, of course!

Nothing beats a simple graphic to understand the situation:

J- J+
. -~ o 3 ? . ™
25 3
K+
® ) 2. ® [
K-
15 :
° 1 $
05
. L . . ‘ -
-3 2 1 = 1 2 3

Figure 1.6: Action of the ladder operators of so(2, 1)

The ladder operators Ji of so(3) connect the states |j,m > to the states
|[7,m £ 1 > for a fixed j; they work on a horizontal line, of length 2j + 1.
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The ladder operators Ky of so(2,1) connect the states |j,m > to the states
|7 £1,m > for a fixed m; they work on a vertical line, of unlimited length.

Specifically we have

. 1.
K.|j,m >= (G +3) lj,m >

K ljm>=VGi-m+1)G+m+1)j+1,m>

K_[j,m >=+/(j—m)(G+m)|j—1,m>

Clj,m >= (m?

D ljm >
- =) |im
2/

(1.236)

(1.237)

(1.238)

(1.239)

There’s no point in dreaming about finite-dimensional matrices here. We
must therefore move towards states of the spherical harmonic type, as we did for
s0(3). But are spherical harmonics really necessary here? Well, no! Indeed, the
generators of so(2,1) only affect the number j, which limits us to the associated
Legendre polynomials. An immediate consequence is that we must restrict the
values of j to integers, which is why we will write it as [ in the following.

The ladder operators of so(2,1) are realized via

d
Ky =sinf— +(+1) cosb

db
K_= —sin9i + 1 cosf
T df
States are then written as
|l, m >= mﬂ (COSQ)
In detail, and for the first states, we have:
0,0 >=1

1 1
[1,1 >= ———sinf; |1,0 >=cosf; |1,—1 >= —sinb

V2 V2
12,2 >=12, -2 >= \/gsinz 6

3 3
2,1 >=—|2,-1 >= —\/;siHGCOSH ;]2,0>=1-— §sin29

(1.240)

(1.241)

(1.242)

(1.243)

(1.244)

(1.245)

(1.246)
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1.9 The su(3,C) algebra and the eightfold way

Other algebras than the ones already mentioned appear in quantum theory,
notably the su(n,C) algebras.

At first glance, these algebras no longer have anything to do with coordinate
transformations such as rotations, but everything to do with what are called
internal symmetries, i.e., those that affect the quantum numbers specific to
elementary particles.

A priori... because we will see that these algebras also concern transforma-
tions involving complex coordinates.

But we are not there yet, and we first propose to get to know these unitary
algebras a little better.

By definition, su(n,C) algebras are generated by n-dimensional Hermitian
(referring to the letter u) matrices with complex elements and having zero trace
(referring to the letter s).

1.9.1 The su(3,C) algebra

The algebra we are interested in® is su(3,C).
It is generated by eight basic matrices, known as Gell-Mann matrices:

L[0 10 L[0 —i0 L1 0 0
F=g{1 00 ) m=y(i 0 0] B=3(0-10
00 0 0 0 0 0 0
(1.247)
L[0 01 L[0 0 i L[0 00
Fi=s{000 |, Bm=2(00 0| K=5(001
100 i 0 0 01 0
(1.248)
L[0 0 0 L (10 0
Fo=-(00 i | . ;=——[0 1 0 (1.249)
2\ o0 i o 23\ o 0 —2

These matrices are indeed zero-trace, Hermitian, and of dimension 3.

Since there are eight of them, it is more tedious to calculate the commutation
relations. But if you are brave enough or have calculation software at hand, you
can confirm the following results:

[Fa,Fgl =i fapc Fo, A, B,C=1,2,...,8 (1.250)

The structure constants, which are completely antisymmetric, are given in this
table:

6 All details concerning this algebra can be found, for example, in Greiner, W. and Miiller,
B. (1989). Quantum Mechanics-Symmetries. Springer-Verlag
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ABC || 123 | 147 | 156 | 246 | 257 | 345 | 367 | 458 | 678

o
N[
N|—=
N|—=
o
o

=

faBe || 1

We note the presence of two diagonal generators. We know that they play an
important role, along with the Casimir operators. Yes...the Casimir operators,
because here too, there are two of them!

The first one is given by

Cl=> Fj (1.251)
A
In the specific case of Gell-Mann matrices, it is equal to
4
Cl= 3 1 (1.252)
The second one is cubic:

C2= Y dapcFaFpFo (1.253)

A,B,C

The coefficients d4pc, which are completely symmetric, are determined via
anticommutation relations:

1
{Fa,Fp} =FaFp+ FpFy = §5AB +dapc Fo (1.254)

Once again, with a little elbow grease or computer assistance, it is not difficult

to convince oneself that

ABC || 118 | 146 | 157 | 228 | 247 | 256 | 338 | 344

=

o=

Si-
N[

dapc

S

w
N|—
N|—
<)
w

ABC || 355 | 366 | 377 | 448 958 668 778 888

!
|
!
S~

1
~ 23 2v3 2v3 2v3

N[
N[=

daBc

The second Casimir operator can thus be evaluated and, in the case of Gell-

Mann matrices, gives

10
C2= 1 (1.255)



CHAPTER 1. GROUP THEORY 53

You have seen the power of ladder operators in the case of so(3) or so(1, 3). .. we
will use them here as well.
To do this, we define

T:I: EFlzl:iFQ, V:t EF4:|:iF5, Uj: EFﬁ:lZZF7 (1256)
We then have
[T, Ty =Ty, [Ty, T_|=2T,; T, = F3 (1.257)
1 3
[V, Vil = Vi, (Vi V] =2V.; Vo = DBy ng (1.258)
1 3
[Uzy U:t] = +Uy, [U+7 U*] =2U,; U, = _§F3 + gFS (1'259)

In order to avoid the awkwardness that you will no doubt have noticed, namely
the recurring appearance of v/3, we define a new operator

2
=7 Fy (1.260)

The states of the representations of su(3,C) will therefore be labeled by ¢, and
Yy, the eigenvalues of the two diagonal operators in question:

Tty >=t |ty > (1.261)

Y|tz7y >:y|t27y > (1'262)

How do ladder operators modify these values? Simply examine the corre-
sponding commutation relations:

[T.,T+) =4T4 5 [V, T4] =0

The operators T therefore have the following actions:
t, >t x1;y—y
We also have
1
[Tza Vi] = iivi ; [Ya Vi} = :tvi

implying that V. are such that

1
tz—>t2:i:§ ; y—yxl

Finally, we notice

1
[TzaUﬂ:] = ¥§Uﬂ: ) [Yu U:I:} = :l:U:I:
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leading to the following actions in what concerns Uy :
1
tz—>tz$§ s y—yxl

As with so(3), a diagram will undoubtedly be useful for visualizing the ac-
tions of each of these ladder operators:

U+ V+
3.0¢ LY ] ? .
251
T- T+
2.0¢= . [ ] e
15+
i V-, U
s ¥ .
1.0 15 20 25

Figure 1.7: Action of ladder operators of su(3,C)

This diagram will also help us understand what follows.

There is a maximum value for ¢,. And, inevitably, the corresponding state,
which we denote |t,maz,y >, must be annihilated by T, V4, and U_, whose
precise purpose is to increase this value.

However, with other scale operators, significant results can be obtained.

This is how the positive integers p and q are defined by

(V—)p+1 |tzmaz7 y >=0, (T—)q+l(v—)p |t2mam7y >=0 (1'263)

The representations involved will then be noted
D(p,q) (1.264)

All this may seem a little abstract... so let’s see what it means with Gell-
Mann matrices!
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We have
1 0 0 1 0 0
1 1
I=-10 -1 0 |, Y=5[01 o0 (1.265)
2 3
0 0 O 0 0 -2
01 0 0 0 1 0 0 0
.=l o0 0 |.Vi=]l0 00 |.U_=]0 0 0 (1.266)
0 0 O 0 0 O 0 1 0
0 0 O 0 0 O 0 0 O
=110 0 [|.V-=]10 0 0 [.Ut=]0 0 1 (1.267)
0 0 O 1 0 0 0 0 O
As a result,
1
|tzmaa:; Yy >= 0 (1268)

is canceled by T4, V4 and U_.

This state is an eigenvector of T, with eigenvalue %, and an eigenvector of
Y, with eigenvalue 3.

We can therefore write

11
tzmrm:a =153 1.2
amany >= 15,5 > (1.269
The action of T_ is
0 0O 1 0
11
T_|5,z>=|[1 0 0 0o |=|1]=l-53> (1.270)
0 0O 0 0

That of V_ is given by
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0 0 0 1 0
11 2
g el = =10,—= > 1.271
Volg 3> 00 0 0 0 10, ~3 (1.271)
1 00 0 1
Finally we have
11 11
25,2 >=0,T-V_|=,- >=0 1.272
Vig 3 >=0T-V_|5, 3> (1.272)
leading to
p=1,¢=0 (1.273)

We will say that the representation underlying Gell-Mann’s matrices is D(1, 0).
Here is a diagram of this representation of su(3, C):

v T- lEzmax,y=
“. s dan tssssssssssassasssanaana .’
02+
L 1 c L L L L L L L PR I L tz
-04 -0.2 02 - 04
_o2bL
u- V+
_04b
—6-6—:"
%

Figure 1.8: Representation D(1,0) of su(3,C)

There is another 3-dimensional representation of su(3,C). It is given by

Fo— —F; (1.274)

In this case, the matrices become
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-1 0 0 -1 0 0
1 1
.= o 10 |, Y=2] 0 -1 0 (1.275)
2 3
0 0 0 0 0 2
0 0 0 0 0 0 00 0
Ty=1 -1 0 0 [|,V4= 0o 00 |,U-=|0 0 -1
0 0 0 -1 0 0 00 0
(1.276)
0 -1 0 00 -1 0 0 0
=10 o o [-V-=]0 0 o0 ,Uc=10 0 o0
0 0 0 00 0 0 -1 0
(1.277)
This time, that means that
0
1 1
tzmaza = =|zy—5 1.2
| y > 1 \2 3> (1.278)
0
-1
1 1 1
T |= —= >= =|-=- - 1.279
Iz —% > 0 | 573> ( )
0
0
11 2
Upl=,—= >= =10, = 1.280
+‘27 3> 0 ‘53> ( )
-1

This representation is very similar to the previous one, but not identical! In
fact, it is such that p =0, ¢ = 1, and therefore it is D(0,1).

The diagram is also different from the previous one; it is its symmetrical
counterpart:
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o8

y
051,
0.4
Ve oo U+
N 0.2
1 . L 1 - 1 tz
04 . -0.2 0.2 04
021
l.'. t s >
. T* - | Zmax y

Figure 1.9: Representation D(0, 1) of su(3,C)

Let’s consider one last representation: the adjoint representation.
It is characterized by two specific features:

e The dimension of its matrices is equal to the number of its matrices (i.e.,

8, in this case)

e The matrices in question are given by

(Fa)Bc = —ifaBc

(1.281)

All you need to know are the constants of structure to highlight them.
Here are the simultaneously diagonalizable matrices:
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0O -2 00 0 0 00O 0000 O O O
2 0 0 0 O 0 00 0000 O 0 O
o 0 00 O 0 00O 0000 O 0 O
;10 0 00 -1 0 00O 00 00 -1 0 O
TZ = 5 5 Y =1
0 0 01 0 0 0 0 0001 0 0 O
o 0 00 O 0 10 0000 O 0 -1
o 0 00 O -1 00 0000 O 1 O
0 0 0 0 O 0 0 0 0000 O 0 O
(1.282)

At this stage, we can already find the eigenvalues of these two matrices and
obtain

1 111
-1,1,—=, —=, =, = 1.2
{ b b 27 272?2’070} ( 83)
for T, and
{-1,-1,1,1,0,0,0,0} (1.284)
for Y.

We will therefore have to consider the states

[1,0 >,10,0 >, 0,0 >, | — 1,0 > (1.285)
Eas=Las -t s b (1.286)
27 b 27 b 27 b 27 -

The state |1,0 > is, of course, the one that must be assimilated to |t,maz, ¥ >-
It will be connected to the other states according to the diagram:
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Uk [ V- U+

Vo U+ v-

s -10} K

Figure 1.10: Representation D(1,1) of su(3,C)

If we continue with the matrix implementation by focusing on ladder oper-
ators, we have

o 0 -2 0 0 0 0 O
0 0 -2 0 0 0 0 O
2 22 0 0O 0 0 0 O
T, % 0 0 O 0 0 1 —i 0
0 0 O 0 0 ¢« 1 O
0o 0 0 -1 -2 0 0 O
0 0 O t —=1 0 0 0
0 0 O 0O 0 0 0 O
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Uy ==

0 0

0 0

This highlights the matrix realization of all the incriminated states.
Up to a normalization factor, they are given by

11,0 >=

0

a|_170>:

1 i 0 0
- 1 0 0
0 0 -1 —i
00 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 V3 iV3

-1 i 0 0

—i -1 0 0

o 0 1 —i

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0

0 0 —V3 V3

o o o o o

62

(1.287)
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0 0
0 0
0 0
|;,1>: ! ,%,—1>: 0 ,|—%,—1>:
i 0
0 1
0 —1
0 0

o o O

63

1

0
(1.288)

There remains the thorny issue of the state |0,0 > or rather the two states

0,0 >!

In fact, they can be obtained from |1,0 > in three different ways (take

another look at the Figure (1.10)!):

0,0 >;=T_]1,0 >
[0,0 >;;=V_Uy|1,0 >

‘0,0 >rrr= U+V7|1,0 >

Fortunately, we have a linear dependency:

‘0,0 >rrr= ‘0,0 >r +|0,0 >rr

So there remains

|0,0 >r= s ‘0,0 >rr=

(1.289)
(1.290)

(1.291)

(1.292)

(1.293)
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We do indeed have eight states!
The adjoint representation of su(3,C) is also denoted D(1,1) according to
the conventions specified above.

In general, the representation D(p, ¢) of su(3,C) has dimension % (p+1)(g+
D(p+q+2).
The Casimir operator C'1 has eigenvalues given by

1
Cl=2("+a"+3p+3q+pa) I (1.294)
Clearly, this confirms the value 3 for representations D(1,0) and D(0, 1) and
the value 3 for representation D(1,1).
The eigenvalues of the second Casimir operator are

1
CQ:E(p—q)(?) +p+2¢)(3+q+2p)1 (1.295)
We indeed find the value =% for the representations D(1,0) and D(0,1). How-
ever, the adjoint representation sees the cancellation of this Casimir operator.

1.9.2 Root system

To this algebra su(3, C), as we could do for all Lie algebras, we will associate a
root system. This is, in a way, the graphical representation of a Lie algebra. It
is also its schematized DNA: as soon as we examine the drawing, we should be
able to say to ourselves, “Good heavens! But of course, it’s su(3,C)!” And this
drawing is as follows: a regular hexagon:

. ™
05}
-T0 -05 05 10
05}
.- .

Figure 1.11: Root system of su(3,C)
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How can we understand this? By using what is known as the Cartan-Weyl
basis.

It highlights, for su(3,C), two diagonal elements (H', H?) and six elements
(Etars Eia2, Ex(a1442)) that are not diagonal. The relations between these
elements are

[H', H*] =0 (1.296)
[HY, Byo1] = £E1q1, [H?, Eyor] =0 (1.297)
1 3
[H', Exa2] = F5 Faa, [H?, Baos] = i%Eﬂﬂ (1.298)
1 V3
[Hlin(al-‘rozz)] = :l:§Ei(a1+a2)v [H27 Ei(a1+a2)] = iTEi(al-i-aQ) (1'299)

What you see appearing here are the so-called roots:

1 V3

202

13

OL1:(1,0)770[17O[2:(7 237

), —a? at +a? = ( ), —at —a? (1.300)
They are determined by analyzing the second member of the commutation re-
lations between the diagonals and the non-diagonals. The result involving H*
will give the first component, while the relation with H? will provide the second
component.

Here, they correspond to vectors in the plane starting from the origin and
ending at the six vertices of the hexagon. Two zero roots must be added,
positioned at the center of the hexagon and linked to the two diagonal elements

(which obviously commute with themselves).

So su(3,C) is this: six vertices placed on a regular hexagon and two points
at the center of this polygon.

With regard to the Cartan-Weyl basis, we must also add the relations
[Bar,E_g1] = 2H" [Ep2, E_p2] = —H'"+V3H?, [E(41 402y, E— (01 4a2)] = H' +V3H?
(1.301)
There, we take the linear combination of H', H? with, to within a factor of 2,

each of the components of the roots.
Finally, we must also impose

[Eat, Eaz) = E(ar 02)s [Bats B—(a14a2)] = —F—a2 (1.302)

[E,ahE,az] = _Ef(a1+a2)7 [E,al,E(a1+a2)] =FE. (1.303)
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[Eaz, Ef(alJra?)] =F_., [E,az,E(auraz)] = —Ligt (1.304)

These relations indicate that the commutator of two non-diagonals related to
different roots produces a non-diagonal related to the sum of these two roots.
All other commutation relations are zero.

All this is typical of the algebra and valid for all representations of su(3,C).
The connection with Gell-Mann’s realization is as follows:

H' =F;, H> = F (1.305)

Eigr = Fi +iFy, Exor = Fs+iFy, By(arya2) = Fy +iF; (1.306)

1.9.3 Weights diagram

But how can we distinguish between representations of the same algebra? By
using a diagram similar to the one of the root system, which in the case of a
representation is called a weights diagram. So, be careful:

Algebra

l

Root system

!

Representation Weights diagram

The weights are obtained by finding the eigenvalues and eigenvectors of the
diagonal elements H', H?

HI | >=m? | > (1.307)
The weights are then the vectors
m = (m',m?) (1.308)

In Gell-Mann’s formulation, it is particularly simple: the eigenvectors are

1 0 0
[Wl>=1 0o |,|v2>=| 1 |, [¥3>=1| o (1.309)
0 0 1

They give rise to the respective weights

1 1 1 1 1

() 7 (aap) ™-(0mp) e
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If we plot their endpoints on a plane, we find the three vertices of an equilateral
triangle, as discussed earlier:

0.2

-04 - -02 02 S04

02}

s-04f

Figure 1.12: Weights diagram of the representation D(1,0) of su(3,C)

This representation is known in physics literature as the representation 3.
We have also referred to it as D(1,0).

1.9.4 Fundamental representations of su(3,C)

We know that there is another three-dimensional representation and that it is
not equivalent to representation 3. It is the representation D(0,1).
Being given by Eq. (1.274), the consequences are

H' - -H'; H* - —H? (1.311)

E:tocl — _E:Fozl ) E:ta2 — —E;Faz ) E:I:(alJroﬂ) — _Eq:(a1+a2) (1.312)

And this does not change the commutation relations of the Cartan—Weyl basis!
In terms of weights, however, this representation is characterized by

1= (i)t () o)

It is clear that these weights are opposite to those in representation 3; we thus
confirm that we are dealing with another representation of su(3,C'), which is
denoted 3* or D(0,1) to distinguish it from the first.
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Graphically, this representation still corresponds to an equilateral triangle,
but with the positions reversed:

Ld
04}
LR R R PP PP ®
02
L T L L I “ 1
-04 -0.2 02 S04
} —02}
. °
So-04f
“

Figure 1.13: Weights diagram for the representations D(1,0) and D(0,1) of
su(3,C)

The fact that the weights diagrams differ for the two representations clearly
indicates that the two representations are different, even though they appear
extremely similar at first glance.

1.9.5 What does this have to do with physics?

That’s all very nice, but once again: what does this have to do with physics?

We're getting to that.

Since the discovery of spin, time has passed, bringing with it a host of
discoveries regarding both particles and quantum numbers.

Thus, in 1947, the existence of particles called kaons was demonstrated.
They differed from the other particles already cataloged to such an extent that
it became necessary to introduce the quantum number S (for "strangeness").
Together with the baryon number B, which takes the value 1 for baryons (pro-
tons and neutrons, in particular) and O for mesons (n mesons, for example),
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they form what is known as hypercharge:

Y=B+S (1.314)

Y...doesn’t that ring a bell?

To this quantum number, we must also add the isospin I proposed by Heisen-
berg to distinguish the proton from the neutron, which were then viewed as two
different states of the nucleon. Isospin is in fact related to the so(3) algebra
because the vector corresponding to it has three components satisfying the re-
lations of this algebra. In particular, the third component I3 is diagonal. The
electric charge is then given by

1
Q=1+ §Y (1.315)
Gell-Mann’s idea emerged in the wake of all these discoveries, and on the surface,

it is very simple:

What if all the points that appear in the su(3, C') weights diagrams actually
corresponded to elementary particles?

Let’s consider the three quarks known at that time: u, d, s. Here are their
quantum numbers:

L | Y |B|S|Q
1 | 1 | 1 2
ul 5 | 5 3]0 3
1|1 1 | 1 1
s| 3| 35 3]0 -3
IRNEINEIE

Now, recall the weights from representation 3 given by Eq. (1.310). It makes
sense, doesn’t it?
We have

m= (13, ?Y) (1.316)

The three quarks are thus placed on the vertices of the weights diagram for
representation 3 of su(3,C).

But we have another fundamental representation: 3*.

It is characterized by the fact that all the weights change sign. Therefore,
the isospin and hypercharge quantum numbers must also change sign. Which

particles have this property? The antiquarks u, d, 3!
The process is set in motion. ..
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1.9.6 The eightfold way

It is 1961. Gell-Mann pursues his idea. This idea will be confirmed, indepen-
dently, by Ne’eman that same year.

Both know that mesons are composed of a quark and an antiquark. From the
perspective of Lie algebras, this leads us to consider the representation 3 ® 3*.

Makes sense, right?

The tensor product ® is defined as follows

alAl a2Al1 alA2 a2A2

al a2 Al A2 bIA1 b2A1 bLA2 Bb2A2
® = (1.317)
bl b2 Bl B2 alBl a2B1 alB2 a2B2

b1B1 b2B1 b1B2 02B2

As you can see, with the representation 3 ® 3*, we obtain 9-dimensional
matrices that are unitarily equivalent to other 9-dimensional matrices consisting
of two diagonal blocks of dimensions 1 and 8, respectively (with zeros outside
these blocks). We will then write

393 =1@8 (1.318)

We are not interested in representation 1 because it is trivial, reducing to the
number 0.

On the other hand, representation 8... yes, indeed: this is the adjoint
representation!

We have already considered it through Eqs. (1.282) in particular giving rise
to

0O -2 00 0 0 00O
2 0 0o 0 0 00
o 0 00 O 0 00
H T, — % o 0 00 -1 0 00 (1.319)
o 0 01 0 0 00O
o 0 00 O 0 10
o 0 00 0 -1 00
o 0 00 O 0 00O
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0000 0 0 0 0
0000 0 0 0 0
0000 0 0 0 0
H2:§Y:i§ 0000 -0 00 (1.320)
0001 0 0 0 0
0000 0 0 -1 0
0000 0 1 0 0
0000 0 0 0 0

Both of these matrices have a zero eigenvalue with a multiplicity of two for the
eigenvectors

T T
<00100000>;<00000001> (1.321)

The vectors

T T
(00000:|:i10) ;(OOO:I:ilOOO
(1.322)
are also simultaneous eigenvectors of H' and H?, with respective eigenvalues
1 1 11
{27_27_272} (1323)
for H' and
_V3 V3 V33 (1.324)
272 27 2
for H?.
Finally, the vectors
T
(iilOOOOOO) (1.325)

are simultaneous eigenvectors of H' and H?, with respective eigenvalues F1
and 0.
Let’s tally up the weights! They are
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) ; (_170) ; (1’ 0)
(1.326)

0,005 0.0): (5.~ Y0 (<2 D L)

|5

In other words, they coincide with the roots!

This is a result that is generally encountered in the study of Lie algebras: the
weights diagram is identical to the roots diagram for the adjoint representation.

Graphically, we are once again looking at the six vertices of a regular hexagon
and the center of that hexagon.

But what physical particles should we place there? Naturally, mesons.

This is 1961, and the number of known mesons is limited. Nevertheless,
they can be accounted for by knowing their isospin (the first component of the
weights) and their hypercharge (the second component of the weights, to within

a factor of é)

K° K*
05+
- m’ln ot
A‘ 1 ' 1 “-
- -
-1.0 -0.5 0.5 1.0
-05+
ST I .
« P

Figure 1.14: Mesons octet

The three m mesons and the four K mesons are in place. Gell-Mann com-
pletes the weights diagram by placing the particle called 7, in the same position
as 0.

Not bad for a theory developed by a Norwegian mathematician nearly sev-
enty years ago—one that no one would have bet a penny on having any future
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use in physics. ..
It’s all the more remarkable because the story doesn’t end there!

Because in addition to mesons, there are also baryons. And since these
particles are made up of three quarks, we’ll have to consider the representation

3933=18808a 10 (1.327)

And here, a new representation emerges involving 10-dimensional matrices.

Its weights diagram takes the form of a triangle with four particles (A=, A?, A+ A+H)
on the top base, three particles (X*~, £*0, ¥*% ) on the level below, two particles
(2*~,Z=*%) on the level below that, and finally the apex...empty.

Using his knowledge of the algebra su(3,C), Gell-Mann was able to predict
the quantum numbers of this new particle. It was confirmed experimentally

shortly thereafter: it is the 2~ baryon:

A AO A+ A++
@ ® - - o TR ()
os5F
Z*'." _-‘ro T
-15 -10 -05 05 10 15
=051
— : —0
-_ . .................. =
L -10f
“15)F
. O

Figure 1.15: Baryons decuplet

We can see this confirmed by the example of su(3,C): Lie algebras are
extraordinarily useful in quantum physics. They have made predictions that,
so far, have all been confirmed by experiment! And remember they predict the
existence of particles with negative mass, based on the representations of the
Poincaré algebra. . .

Let us continue by proposing a generalization of the latter.
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1.10 The complex extension of the Poincaré group

Up until now, like the vast majority of physicists, we have worked with real
spacetime coordinates.

There’s no reason to change that, at first glance.

Well, actually, there is.

The theoretical effect is well known: light passing through a material can
be slowed down depending on the number of interactions it has with the atoms
in that object. Its speed is therefore no longer truly constant, and a time shift
occurs. The catch is that this shift is thought to be imaginary.

Imaginary time is a strange thing. Instead of flowing along a real line—
mostly from the past to the future, or in the opposite direction if we want to
avoid negative energies, as we shall see—it is, in a sense, frozen, and in any case,
orthogonal to real time.

It seemed like pure fantasy until two researchers from the University of
Maryland proved it through an experiment”.

That really throws everything into question.

Because there are no provisions—or almost none—for cases involving com-
plex spacetime coordinates. . .

We'll still present a first result: the generalization of the Poincaré group®

Remember: we defined the Lorentz group as the set of transformations that
leave the pseudo-norm (1.91) invariant for every 4-vector (1.90) in real space-
time.

We generalize this by requiring the invariance of a pseudo-norm given by

rigre (1.328)

and this time it applies to a complex 4-vector

tc
xrc
Yyc

zC

In other words, this amounts to asking for the preservation of the real pseudo-
norm

RTGR; G = diag(1,-1,-1,-1,1,-1, -1, —1) (1.330)

where

"Giovanelli, I.L. and Anlage, S.M. (2025). Physical Interpretation of Imaginary Time
Delay, to appear in Physical Review Letters. DOI: http://doi.org/10.1103/nnk7-xy4v

8Debergh, N., D’Agostini, G., and Petit, J.-P. (2021) On the Poincaré Algebra in
a Complex Space-Time Manifold. Journal of Modern Physics, 12, 218-228. DOI:
10.4236/jmp.2021.123017.
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tr
TR
YR
R=| " | =l a=0,1,2..7) (1.331)
tr

Lr

Yr

<1

By definition, the respective (real) Lie groups that ensure these respective con-
servations are U(1,3,C) and O(2,6). Surprisingly, since one might think that
the two approaches are equivalent, they do not have the same number of pa-
rameters: U(1,3,C) has 16 parameters, while O(2,6) has 29 parameters. We
will see why later.

We immediately impose the constraint that the determinants of the relevant
matrices must be equal to 1. This allows us to move directly to algebra. This
is, in fact, the procedure that was already followed for the Lorentz group. We
therefore consider the groups SU(1,3,C) and SO(2,6) with 15 and 28 parame-
ters, respectively.

Let’s first consider the version with the eight real coordinates, since it is the
most directly accessible based on what we know about the Lorentz group and
its algebra.

1.10.1 The extended real Poincaré group

The (2+6)-D Poincaré group is defined as the set of matrices given by (compare
to (1.152))

Ar a
Ur(ARr,ar) = o (1.332)
0 1
with
ANLGAR =G (1.333)

Its symmetric element is

ARt —Azla
Ug'(Ageag) = | -7 707" (1.334)

0 1
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What types of transformations are covered by the request (1.333)7
Well, a lot!
Acting on the 8-vector given in (1.331), you find

e 12 transformations of boost-type (i.e. involving a -real or imaginary- time
component and a -real or imaginary- space component):

t!, = cosh(602]) to + sinh(6%]) «]
| ( ab? ( ab} | (1.335)
27 = sinh(6%) to + cosh(6%) 27

with j=1,2,3and a, b € {R, I}.

e 12 transformations of rotation-type (i.e. "rotations" between a -real or
imaginary- space component and another -real or imaginary- space com-
ponent):

ik . ik j
al* = cos(67F) ak — sin(67F) ] (1.336)
237 = sin(09%) ok + cos(09%) ]

with j=1,2,3, j#kand a, b € {R, I}.

e 4 rotations between real and imaginary parts of one of the component

', = cos(690) tp + sin(0%°) ¢
R (0")tr (0™) tr (1.337)
th = —sin(0") tg + cos(0°0) t;

g Y 0 in (939
xf = cos(077) xp, — sin(677) x7

_ _ _ (1.338)
zp = sin(097) 2%, + cos(677) a7}

These latest transformations are particularly interesting. Indeed, if we set
0 = 1 for each of these transformations, we obtain the discrete symmetries
linking the connected components of the Lorentz group. This means that these
symmetries, which are discrete in the real case, actually become continuous if
we extend spacetime to complex coordinates.

1.10.2 The extended real Poincaré algebra
The corresponding (2+46)-D algebra is associated with

w
Z - K (1.339)

0 0

where
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Wwl'G=-Guw (1.340)

Following Souriau?, the adjoint representation is characterized by

Z/:UR(AR,G,R)ZUgl(AR,aR) (1341)
Using (1.332) as well as (1.335), this leads to

w=ArwAR (1.342)

and

1= —-ApwAR ag + Ay (1.343)
Then, we consider the torsor p defined by

wWZ)=-Tr(Jw)+PTGy; PR GJT =-JG (1.344)

Do =

and require its invariance

w(Z) = u(Zr) (1.345)

In other words, we have

1 1
3 Tr(Jw)+ PTGy = 3 Tr(JIARwAR") + PP G (-Arw AR ar + Ar7)
(1.346)
by use of Egs. (1.338) and (1.339).
By equating the v—terms, we obtain the transformation law for translation
operators

Pr=AgP (1.347)

and are left with

1 1
§T7‘(Jw) = 5Tr(J/ARwAI_%l) ~ PTGwAR ag (1.348)

Taking a look at the last term of Eq. (1.348), we can see that it is a number
resulting of the product of a transposed 8-vector (PT), a 8 by 8 matrix (G w ARL")
and a 8-vector (ag). This means that we can rewrite it as

PTGuwAR ap =Tr(GwAR ag PT)

Remembering also that the trace is invariant under a circular permutation, we
obtain

9Souriau, J.M. (1997). Structure of Dynamical Systems. Progress in Mathematics.
Springer (Boston). https://doi.org/10.1007/978-1-4612-0281-3
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%TT(AEl JIAgpw) = %Tr(Jw) +Tr(AR'ar PT Gw) (1.349)
We then have

Tr(AR' JIAgrw) = Tr(Jw) + Tr(AR' ap PT Gw) — Tr(Pah G Apw) (1.350)
We thus come to the conclusion that

JI=Ar JGALG +ar PTALG — ArPaf G (1.351)

With Egs. (1.331) and (1.332), we can write the transformations on the
coordinates as

RI=AgrR+ag (1.352)

which can be reversed as

R=GALGR —-GALGagr (1.353)
This implies that the 8-gradient

v=| % | = {8?‘ CA=0,1,2,.., 7} (1.354)

transforms as

Vi=GARGV (1.355)
A simple comparison with Eq. (1.347) allows us to affirm that

P=kGV (1.356)

where k is a real constant. This constant can be chosen as k = ifi (or k = @
if the Dirac constant is taken as being equal to 1, as it will be the case in the
following) in accordance with physics'®. That means that

10which, from a mathematical point of view, is less relevant since it leads us to consider
complex extensions of algebras rather than the algebras themselves.
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o .
%7B:Z

Note that the simultaneous use of (1.347) and (1.352) leads to

Py =i a% =idy; PP =iGAP o4 (1.357)

J=(RPT-PR"G (1.358)

Indeed, we have successively
JI=RPTG—PIR"G=(AgrR+ar) (PTAL)G — (Agr P) (RT AL + b)) G

e JI=Ap (RPT —PR"ALG +ar PP ALG — AgPah G

& JI=ArRJGALG +ar PP ALG — ArR Pak G

We recover (1.351) as expected.
If we expand the last constraint of (1.340), we have

0 Jo1 Jo2  jo3  j04 705 Jjos  jo7
Jo1 0 g2 13 g4 g5 g6 g7
Joz g2 0 J2B g4 g2 J26 2T
. Jo3 13 _y23 0 J34 g5 36 J3T (L359)
_ g4 g4 g2 34 0 45 JA6 gt

JO5 g5 _ 325 _ 735  J45 0 Jgos o7

JO6  _y16 726 _ 736 46 _ 756 0 J67

JO? _J17 _J27 _J37 J47 _J57 _JG? 0
Comparing this expression to (1.358), it is clear that
JAB — i (4 9P — 2P 04 (1.360)
Using

(24, 0P) = —GAP (1.361)

it is straightforward to find out the commutation relations of the (246)-D
Poincaré algebra. They read (compare with Eqs. (1.173)-(1.175))
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[PA, PPl =0 (1.362)

[JAB, PC) = —i (¢A° PP — ¢BCp4) (1.363)

[JAB7JCD] :i(gBCJAD +gADJBC +gACJDB _,’_gDBJCA) (1364)

1.10.3 The complex Poincaré algebra

So far, we’ve been working with eight real coordinates. But the initial goal is
still to reduce them to four complex coordinates!

However, to ensure consistency, we need to consider linear combinations of
the JAB operators highlighted earlier.

Indeed, let’s consider, for example, the action of J*! on the eight real coor-
dinates (the ones that undergo a change, at any rate!). Due to the fact that

JW = ity % —izR a% (1.365)

this generator only changes zr and t;, resulting in

JHop=—ity; J%t = —ixp (1.366)

To reconstruct the complex variable xc = xr + ix; and the complex time
tc =tgr + it7, we must couple J*! to

3} 13}
J® = —itg — —ixr — 1.367
ViR oxr v Otr ( )
such that
J®xr = —itg; J%tp = —ixg (1.368)
This leaves us with two options:
o J4 — JO: we then have
(JH = J®) o = (JM = J%) (xp +ix) = —it; —tr = —tc (1.369)
(JH = J%) o = (JH = J%) (tg +it;) = ix; +xr = z0 (1.370)
o J4 4+ J%: we then have
(JH + T 2o = (J* + J%) (2r +izg) = —it; +tp = 5 (1.371)

(JH + TVt = (JM + %) (tg +it;) = —ix; + xR = 5 (1.372)
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We will clearly distinguish between the two options, since the first is a direct
and fairly natural generalization of a standard Lorentzian boost. The second,
on the other hand, is more unexpected, mixing the variables with their complex
conjugates.

We therefore begin by defining

1. The complex equivalents of the Lorentz boosts:

MOl = (JOl + J45) : M02 = (JOQ + J46) : M03 = (J03 4 J47) (1373)

2. The complex equivalents of the Lorentz rotations:

M12 = (J12 + J56) : M31 = (J?)l + J75) : M23 = (J23 4 J67) (1374)

Let’s take a closer look at these six generators.
We can write them in a more general way:

MM =izl 0b —iat Of +ial OF —iatr O (1.375)
having used (1.329) and its consequence

0

0 C = 6” = g;w 6,,(; (1376)
1% 81:,15 C
as well as
* — 8 KUV Ok

The commutation relations are then (compare with (1.134)):

[M™ MP7) =i (g7 M" + g7 MP* + gPH M + g°# M¥P) (1.378)

These are, of course, the commutation relations of the (usual) Lorentz alge-
bra. The only difference is that the transformations involve complex coordinates
rather than real ones.

What do these operators do?

We get

MY 2l = —ial,; MY gl = —ial (1.379)

M*F gl =ik MR ok = —ial, (1.380)

One immediate implication of these results is that we will be able to represent
the actions of these operators using 4-dimensional matrices by acting on the
complex position 4-vector (1.329).

These matrices are then
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0 —i 00 0 0 —i 0

oo | 000 e [ 0000
0 0 00 ~i 0 0 0
0 0 00 00 0 0
00 0 0 0 0 00

T e e L
0 i 0 0 0 0 00
00 0 0 0 —i 00

MO3 _

o o o o

82
0 0 0 —i
0 00 0
0 00 0
—i 0 0 0
(1.381)
00 0
00 0
00 —i
0 i 0
(1.382)

But right now, we only have six operators. . .there are still twenty-two left!

Let’s start with the following nine!!:

Mglz—JO5—J14;Mg2E—J06—J24; M83E_J07_J34

Mér2E—J16—J25;MglE—J17—J35;Mg«SE—J27—J36

(1.383)

(1.384)

ME =M = 2(J =) s ME - M = 2(J%—J%); ME—ME = 2(J™—J°7)

How do they affect the coordinates? Like this:

05,0 _ . qaq00 .0 _ 0
Ma xc =x0; M vp = —x¢
Jk g _ k. arik k _ J
MC .’L'C = —Tc, MC To = —$C
JJ 00y .0 _ 0 . Jj 00y ,.J _ J

(1.385)

(1.386)
(1.387)

(1.388)

It is worth noting the significance of these operators, which map a coordinate
to its opposite (up to a factor 2) and thus have the same effect as discrete
symmetry operators within the framework of Lorentz algebra.

' The linear combinations might come as a surprise. .. they are, in fact, due to the decision

to consider only so(2,6) at the outset, rather than o(2,6).
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We can summarize these operators as follows:

MEY = 2f.0¢ + x.0p — a0 — wfF ot (1.389)

They combine with the previous six to form the algebra su(1, 3, C'), characterized
by the relations (1.378) and

(M MET] =i g?” MZF + i g7 MEP — i gP" MY —ig?"ME  (1.390)

[MAY, ML) = i g? M" — i g7 MFMP — i g?" MY +ig" M  (1.391)

Since the matrices of su(1,3,C) are of dimension 4, it is not surprising that
we also have

0 1 0 0 0 010 0 0 0
MO — -1 .0 0 0 A0 — 000 M — 00
0 00 0 -1.0 0 0 0 0 0
0 0 00 0 00 0 -1 0 0
(1.392)
0000 0000 0000
A2 00 10 A 00 1 1z 00 0
- , M3 = , M2 =
0100 0000 00 01
00 00 0100 0 0 0
(1.393)
-1 0 0 0 0000
00 0 0100
MP =2 , M =2 (1.394)
0 00 0 00 00
0 00 0 00 00

o o O



CHAPTER 1. GROUP THEORY 84

0000 0000
0000 0000

M =2 , M =2 (1.395)
0010 0000
0000 0001

The set of sixteen generators of u(1, 3, C) yields the elements of the following
group, after exponentiation:

o

coshy sinhp

sinhp coshp

B = exp(ipM°t) = (1.396)

o
o o O

B = exp(ipM"?) = (1.397)

B = exp(ipM®®) = (1.398)

12 12 0 cosf sinf O
R =exp(ifM'°) = (1.399)
0 —sinf cosf O
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R3 = exp(iM3') =

R? = exp(i0M??) =

cosh ¢

Be! = exp(ipMg') =

B = exp(ipM?) =

BE = exp(ipM¢’) =

—isinh ¢
1
12 12 0
R¢ = exp(i0My7) =
0

—isinh ¢

cosh ¢

—isinh

cosh

0 O 0
cosf 0 —sinf
0 1 0
sinf 0 cosd
0 0 0
1 0 0
0 cosf sind

0 —sinf cosf

isinh ¢

o

coshy 0

0
cos
isin 6

0

7sin 0

cos

0

85

(1.400)

(1.401)

(1.402)

(1.403)

(1.404)

(1.405)
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RY = exp(i0MZ') =

R% = exp(i0MZ?) =

P(1) = exp(iE

MY -

P(2) = exp(is M22) =

P(3) = exp(is M) =

cos@ 0 isinf

o o O
jan}
—
(@)

isinf@ 0 cosf

—
o
o

0
0 1 0 0
0 0 cosf isind
0

0 4sinf cos@

exp(—ik) 0 0 O
0 1 00
0 01 0
0 0 0 1

0 0 exp(ik) O

100 0
0 10 0
0 01 0

0 0 0 exp(ix)

86

(1.406)

(1.407)

(1.408)

(1.409)

(1.410)

(1.411)
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Here again, we see that the transition to the complex plane has made it
possible to transform the discrete P and T' symmetry operators into continuous
symmetries through a rotation of the coordinates in the complex plane. The
discrete case is recovered by taking x = .

The remaining generators complete su(1,3,C) to form so(2,6).
What makes them so special?

Let’s see.
Some of them are given by

NOl _ _JOl + J45 : N02 _ _JOQ + J46 : N03 _ —,]03 + J47 (1412)

N12 _ _J12 + J56 . N31 _ _J31 + J75 . N23 _ _J23 4 J67 (1413)
They act on complex coordinates like this:

NY 29 =jals s N9 gl =iz (1.414)

Nk gl = —iafr s No%af =izl (1.415)

It is precisely the complex conjugation in the right-hand side that makes these
operators antiunitary and causes them to lie outside the algebra su(1,3,C).
That’s why they cannot be associated with 4-dimensional matrices.

In general, they are written as

NW = — 270 + il 0f — i a0 + iat0f" (1.416)

and satisfy the commutation relations

[MM NPP| = —igP" NOH — j g?V NHP — j gPH NV — j gTH NPV (1.417)
[]\451/7 NPJ] — igPUNg# + Z'gaVng _ igpuNéa _ ,L-ga;tNgu (1418)

[N#Y NP| = —i g MoF — i g7 MM — i gPP MY — i g""MP  (1.419)

We see new operators appearing in (1.418). They are defined by

NE = —alr Y + 2l ol + b0 — a0 (1.420)
and act as

NY 2% =ali s NY zl, = 2% (1.421)
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Nék xé == = N'ék zk, = mg (1.422)
We are now ready for the final commutation relations, which, together

with Eqgs. (1.378), (1.390), (1.391), (1.417)-(1.419), define the extension of the
Lorentz algebra to a complex spacetime. Here they are

[M™ NZ| = —i g NI — i g7 NEP — i gP'NET — i g N (1.423)
(MY NE?) = —i gP" N1 — i g7 NHP — { gPHUNYT — g7 NP (1.424)
[NFY NE ] =i g"" MZ" —ig?" ME — i g"P MET + i7" ME (1.425)

[NEY NET) = —i g MOF — i g7 MM — i PP M — i g"" MP"  (1.426)

For the extension to Poincaré algebra, we must consider four additional
operators associated with complex translations, in addition to the operators
MH, MEY, N* and NE”.

These operators are denoted by P* and are given by

d
Fh=idg =ig" 5 (1.427)
C

Of course, complex conjugates should also be considered:

P = —idd = —ig" (1.428)

Uk
oz,

The previous commutation relations are then supplemented by

(M, P = —i g™ Pé+i g Pl ;. MW, P2 = —i gP" P +i g P (1.429)

[ME", P) = —g"P Pt — g?" Pl s [ME", PP = g"PPE* + g”" PE™ (1.430)

[N#Y, PB) = —i gP* PE +i g PL 5 [N#, PLP) = —i gP" Ph+i g PY (1.431)

[NEY, P8 = g P — g™ Pl 5 [N, Pi] = —g™ Pl + g?* Pl (1.432)

[Pt PY] = [P", P*] = [P*, P*] = 0 (1.433)
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1.10.4 The Casimir operators
1.10.4.1 The first Casimir operator

The first Casimir equation is trivially

PTGP (1.434)

in its real version.
But it is, of course, the complex version that is particularly interesting:

C1=|PA)? — |PL? — |P2]> — | P2 (1.435)

By analogy with the real spacetime case, it allows us to define the mass of a
particle in this complex space we are dealing with:

|PO)? = |PE)? — |PE)? — |P2? = m? (1.436)

Just as in the case of Poincaré algebra, the only constraint on the square
of the mass is that it must be real... which allows for positive, negative, or
imaginary masses.

The fundamental difference between what is proposed here and usual Poincaré
algebra is that the energy (associated with P°) is complex!

In the case of rest, where all momentum components except P2 are set to
zero, we thus have

E =m exp(iyp) (1.437)

The specific values ¢ = 0 or ¢ = 7 correspond to the positive and negative
energies found in any relativistic quantum theory (Dirac’s theory -see Chapter
2- foremost among them), but the other values of ¢ clearly lead to something
new.

1.10.4.2 Wigner’s little groups

If we want to consider real, non-zero masses, we simply need to choose a complex
energy such that

|P2)? = m? (1.438)
An example of this class is
m exp(ip)
0
ke = (1.439)
0

0
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To be stabilized by an element of the group means to be annihilated by the
corresponding element of the algebra. The matrices that satisfy this condition
are:

Mlza M317 M233 M(1727M817 Mg’sa Mé'l - M(2727Mg'2 - M(?E’g (1440)

Now, compare Egs. (1.382), (1.393), (1.394) and (1.395) with the Gell-Mann
matrices given in Eqs(1.247)-(1.249). Tt is clear that

0 0 0 0 0 0
M = , M3 = , M3 = (1.441)
0 2F2 0 —2F5 0 2F7
0 0 0 0 0 0
MEF = , M3 = , ME = (1.442)
0 2F1 0 2F4 0 2F6
0 0 0 0
ML — ME = , ME —MZ = (1.443)
0 4F3 0 —2F3+2V3F8

In terms of the Cartan-Weyl basis, we have

1
H! = i (ML — M2, H? = g (ME + ME —2ME?) (1.444)
1 1
Ep =3 (M =i M), E_ar = 5 (M2 +i M) (1.445)
Bor = =5 (M® =i ME), E_ oo = 5 (M® +i M) (1.446)
1 1
N 2 (M31 +ng‘1)7 E_q102= 9 (M31 - ZMg‘l) (1447)

It is the straightforward to see that Eqs. (1.296)-(1.299) as well as Eqgs. (1.301)-
(1.304) are satisfied.

The root system and the matrix representation are unambiguous: the Wigner
little group subtended by real non-zero masses is indeed su(3, C') and it contains
the subalgebra so(3), generated by M2 M3! and M?3, which emerges when
only the real coordinates are considered.

The eigenstates of H'and H? are
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1 0 0 0
0 1 0 0
|¢1 >= ) |1/)2 >= 5 |¢3 >= ) ‘¢4 >= (1448)
0 0 1 0
0 0 0 1
with respective pairs of eigenvalues
1vV3 143 V3
- —), (==, — - 1.44
(O’ 0)7 (27 6 )7 ( 2’ 6 )7 (0’ 3 ) ( 9)

The weights diagram speaks for itself: the representation spanned by this little
group is

193 (1.450)

i.e. D(0,0), the trivial representation corresponding to weight (0,0), and D(1,0),
the fundamental representation of dimension 3 associated with (1.310).

Let’s move on to the next class, that of zero masses, for which we have, for
example

P2 — PP =0 (1.451)

A representative for this class is

K exp(iyp)
0
ko = (1.452)
0

—r exp(ip)

The stabilizing algebra corresponds to

M2 MF Q1= M2+ M*, Q2= M" M Qlc = MP-MZ,Q2c = MY — M3}

(1.453)
Yi= MY - MP Y2= MY + M - 2M% (1.454)

The non-zero commutation relations are
[M'2,Q1)] = —iQ2, [M'*Q2] =iQ1 (1.455)

[M'2,Qlc] = —iQ2¢, [M™*Q2¢] =iQlc (1.456)
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[ME, Q1] =iQ2c, [MF,Q2] =iQlo (1.457)

(MY, Q1c] = —iQ2, [MF,Q20] = —iQ1 (1.458)

(M2 M = —iY1, [Q1,Q1c] = [Q2,Q2¢] = —i Y2 (1.459)
V1, M%) = —4i MZ | [Y1, M) = 4i M12M*? (1.460)
[Y1,Q1] = —2iQl¢, [Y1,Q1¢] = 2i Q1 (1.461)

[Y1,Q2] = 2iQ2¢, [Y1,Q20] = —2i Q2 (1.462)

Generator Y2 hasn’t been forgotten: it commutes with all seven of the other
generators!

This is a feature found, for example, in Heisenberg algebras. In fact, the
algebra in question here is

so(3) & h(4) (1.463)
The subalgebra so(3) is generated by

1 1 1
Jy §(M12 +iME?), J_ = 5(Ml2 —iMi), J. = —7Y1 (1.464)

whereas the part h(4) is the Heisenberg algebra associated with

{Q1,Q2,Q1¢,Q2¢,Y2} (1.465)

The notation © in (1.463) refers to a semidirect sum, implying that the
generators of so(3) do not commute with those of h(4).

It is worth noting, moreover, that the result (1.463) seems more consistent
in its complex form than the little group F(2), which has raised many questions
among researchers.

Finally, let’s discuss the last class, that of imaginary masses, with

|P3)> = —m? = €2 (1.466)

A representative for this class is

ke

(1.467)

& exp(ip)
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The stabilizing algebra is then generated by

MO MO MY MR, M2 M X1 = ME + M, X2 = MZ + MY (1.468)

with commutation relations

[M01,M02] = 3 M12, [M12,M01] — iMO2, [MlQ,MOQ] — _iM01 (1469)

(MO, MO = —i X1, [MO, ME) = —i ME | [MO', M) = i M (1.470)

(M2 M = —i MF, (M2, M%) = —i X2, [M°* M} = —i M2 (1.471)

[M127M8'1] = iM?JQa [MlQaMgQ] =—i Mg'l7 [MlgvMéQ} =—1 (Xl _XZ)

(1.472)

(MO X1) = —4i M2' | (MO, X2] = —2i M2} (1.473)
(M2 X1] = —2i MZ? | [M*? X 2] = —4i MY (1.474)
(M2 X1) = 2i M, [M'?, X2] = —2i M} (1.475)
(M2 X1] = 4i MO (MO, X 2] = 26 M™* (1.476)
(M2 X1) = 2i M*? | [M®?, X 2] = 4i M2 (1.477)

(M, M) = —i M2, (M2, MZ) = —i M2, [M¥, MP] = ~i M (1.478)

Ounce again, this closes to give rise to the algebra su(1,2, C) which includes
the algebra so(1,2) (M, M°2 M'?and Eqs. (1.469)) of the real case as a sub-
structure.
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1.10.4.3 The second Casimir operator

We can reason in a similar way to what was done for the real case and propose
the equivalent of the Pauli-Lubanski 4-vector in the form

W = capc JAB P¢ (1.479)

The constants capc are determined by requiring W to commute with the mo-
menta, as is the case for the standard Pauli-Lubanski 4-vector. We therefore
require

W, PP] = —capc(GAP PE — GEP pAYPC = 2.8, PPPC =0 (1.480)

This implies that capc must be antisymmetric on B, C, in addition to being
antisymmetric on A, B, by construction.
The forms of W are thus, in the generic form

WABC — JABpC _ JACpB | jBCpA (1.481)

That makes a total of 56 contributions! We can identify the four elements that
appear in the real case:

W123 — WO, W023 — 7W17 WOIS — WQ, W012 — 7W3 (1482)

Operator (1.481) is indeed an antisymmetric tensor with respect to the indices
A, B, and B, C. It is also symmetric with respect to the indices A and C.
We verify that it commutes with PP:

[WABC7PD] — [JAB7PD]PC o [JAC7PD]PB + [JBC,PD]PA

& [WABC pDP] = _gAP[PB PC4+GBP[PA, PC|—-GOP[PA, PP =0 (1.483)

How does it commute with JPF? Here are the step-by-step calculations in
detail:

[JABPC o JACPB + JBCPAijE] _ [JAB’JDE]PC o JAB[JDE7PC]

— GBDJAEPC+GBEJDAPC—|—GADJEBPC+GAEJBDPC+GCDJABPE—GCEJABPD
7GCDJAEPB7GCEJDAPB7GADJECPB7GAEJCDPBfGBDJACPELFGBEJACPD
+GCDJBEPA+GCEJDBPA-‘rGBDJECPA+GBEJCDPA+GADJBCPE—GAEJBCPD
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We thus have

[WABC  jDE| — GADyBCE _ GAEWBCD _ BDy ACE
1 GBEWACD | qCDyABE _ GCEW ABD
The second Casimir operator is then given by

02 =WABWype (1.484)

The information still needs to be completed by calculating the final commu-
tation relations:

[WABC’WDEF] — [JABPC _ JACPB + JBC’}pA7 JDEPF _ JDFPE + JEFPD]

— [JAB,JDE]PCPF+JDE[JAB,PF}PC—JAB[JDE,PC}PF—[JAB,JDF}PCPF

—JAB[JEF,PC]PD—[JAC,JDE]PBPF—JDE[JAC,PF]PB+JAC[JDE7PB]PF

{[JAC, JDF|pBpE | JDF[JAC pE|pB_ JAC| DF pB|pE_[JAC jEF|pB pD
_JEF[JAC pD|pBy JAC[JEF pB|pD y[jBC jDE|pApF | DE[JBC pF|pA
_JBC[JDE pA|pF_[JBC jDF|pApE_ DF[JBC pB|pA jBC|JDF pA|pE

+ [JBC, JEF|pApD | JEF[JBC pDpA _ jBC|JEF pA)pD

We finally obtain
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In the real case, the second Casimir operator is evaluated within a specific
system: the rest frame. Here, the rest frame involves canceling out P*, P?, P3, P>, PS
and P7. Of the fifty-six WABC operators, twenty cancel out, and the second
Casimir operator is written as follows

C2 = 4m?(Jiy + J3 + J33)
+4m? (I35 + Jis + Jir + Jas + Jog + I3+ Jis + I3 + I3 + 5 + i+ Jgr)
—4m? cos® o (J3y + 34 + T + Jis + Jis + Ji7)
— 4m®sin® ¢ (Jg) + Jio + Jis + Jos + s + Jo7)
_2m2 sin2<p ({JOl,J14}—|—{J02,J24}+{J037J34}—|—{J05,J45}+{J067J46}—|—{J07,J47})

by using

P =2m cosp; P* = 2m sing

We note that, in the last term of the second Casimir expression, all J4P

terms appear except one: J%, which represents time rotation.
We also note the presence of the usual spin through J'2, J3! and J?3, which
generates so(3)...but there are other possibilities! For example

J15, JlG’ J56

This should come as no surprise: the traditional spin is associated with
spatial rotations. Here, there are multiple combinations of 3D rotations between
one real coordinate and two imaginary coordinates (nine in total), between two
real coordinates and one imaginary coordinate (also nine), and a single rotation
between the imaginary coordinates... That makes a total of twenty different
spins!

The other parts of the Casimir operator (those involving ¢, the angle of
rotation that allows positive energies to be transferred to negative energies)
concern the boosts or "rotations" between a time coordinate (real or imaginary)
and two spatial coordinates (imaginary or real).



Chapter 2

The Dirac equation

The 17th century was the scene of a heated debate between the English physicist
Isaac Newton and his Dutch counterpart, Christiaan Huygens. The former
asserted that light is corpuscular in nature, while the latter maintained that it
is a wave.

In 1909, Albert Einstein' brought everyone to a consensus by proposing a
dual nature: light behaves both like a wave and a particle (known as a photon).
This dual nature is an intrinsic characteristic: light is both at the same time,
and it is only through certain experiments that one of these two aspects becomes
apparent to the researcher conducting the experiment.

To illustrate this duality, here is an equation by the German physicist Max
Planck®:

E=hv (2.1)

The first term represents the particle aspect, the energy F. In the second term,
we see the wave aspect represented by the frequency v. To link these two aspects,
we use what is known as Planck’s constant: h.

The following version of Planck’s equation is often preferred:

E=hw (2.2)
The new frequency w is the angular frequency
w=2mTv (2.3)

and so we see the Dirac constant appear:

h=—=1,0510"3*J. 2.4
o ,051073* J.s (2.4)

IBinstein, A. (1909). Uber die Entwicklung unserer Anschauungen iiber das Wesen und
die Konstitution der Strahlung. Physikalische Zeitschrift, 10, 817-826

2Planck, M. (1901). Ueber das Gesetz der Energieverteilung im Normalspectrum. Annalen
der Physik, 309 (4), 553-563

97
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The French physicist and mathematician Louis de Broglie? takes it even
further! In his 1924 dissertation, he argues that all matter has a wave-like
nature. This is expressed by a second equation:

h
H
(and, in three-dimensional space, ? = h k). This time, the particle world is
characterized by the momentum p, while the wave world is represented by the
wavelength A\ or the angular wavenumber k. Once again, the two worlds are
linked through Planck’s constant or Dirac’s constant.

These are extremely interesting equations, but they do not allow us to de-
termine the properties of a quantum object.

It wasn’t long before, a year later—in 1925—the Austrian physicist Erwin
Schrédinger* developed the equation that bears his name, which would go on
to become the foundation of non-relativistic quantum mechanics. Here’s what
it looks like:

o(t, ) 92 PP

o T Tama T o T o

YOt T)+V(E, Tt T)  (26)

The real function V' (¢, 7) represents the potential energy, while the complex
function (¢, 7) is the wavefunction. It is the latter that contains all the infor-
mation, including the probability of finding the quantum object in a particular
state, as given by the square of its modulus.

There is no strict proof of this equation as such, only a body of evidence
that supports its form. Despite this, it is an incredibly effective equation that
agrees remarkably well with experimental results!

How did Schrédinger come up with this equation?

It was a series of insights that helped him. We’ll mention two of them.

The first is the time evolution of the quantum object. Starting from an
initial time ¢ = 0, we must go from a state w(0,7) to a state w(t,7>). The
conservation of probabilities—as we know from Wigner’s theorem —requires
that this be accomplished via the action of a unitary operator U (¢).

If we restrict ourselves to infinitesimal time translations, we therefore have

dU dU
U(dt) = U(0) + dt Eh:e =1 +adt ﬁhzo

So, we obtain

3de Broglie, L. (1924). Recherches sur la théorie des Quanta. PhD Thesis, Masson, Paris.
https://doi.org/10.1051/anphys /192510030022

4For a summary in English, see Schrodinger, E. (1926). An Undulatory The-
ory of the Mechanics of Atoms and Molecules. Phys.Rev. 28, 1049-1070.
https://doi.org/10.1103/PhysRev.28.1049
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() = U $(0) = 9(0) + dt 2 =0t (0)
or
b(dt) = p(0) U
—a Eh:o%b(o)

Of course, the left-hand side is none other than the time derivative of the wave-
function when we consider the limit as dt — 0. This ensures equality among
operators

d dU
i Eh:o
on the wavefunction.
The catch: this operator is not hermitian. In fact, when expressed this way,

it leads to

au't dU
Ul =1+ (7 l=0 + = li=o)dt = 1

The only way to restore a Hermitian operator rather than an anti-Hermitian
one, as is currently the case, is to multiply the time derivative by the imaginary
unit 4. Thus, the time evolution of the wavefunction will be characterized by®

.0

This explains the left-hand side of Schrédinger’s equation.

The right-hand side is explained, in particular, by the second clue.
Keep in mind that wave-particle duality is the foundation of quantum me-
chanics. In particular, a specific wave solution is

W(t, ) = A exp(—i (wt — K.7)) (2.8)

All that remains is to transform it using Planck’s equation and de Broglie’s
equation:

V(t,T7)=A exp(—% (Bt —7.7)) (2.9)

Schrodinger then requires that this function be a solution to his equation.
What happens to the left-hand side? This:

maw%ﬁ) = Ey(t,7) (2.10)

5The presence of the Dirac constant is necessary to ensure that the units are correct;
without it, the first term of (2.6) would have the dimension of the inverse of time, while the
second term would have the dimension of energy.
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The right-hand side of (2.6) must therefore equal the total energy of the system.
Now, the total energy is the sum of the kinetic energy and the potential energy.
So V(t, 7) is indeed present!

As for the kinetic energy, we observe that

2 2 2 2
AY(t, 7)) = (832+88—+§2) t,7) = 7 U(t, 7)) (2.11)

We then need to multiply by 7% to obtain the equivalent of the classical kinetic
?2

energy o .

And that’s how we can understand Schrodinger’s equation in hindsight.

Schrédinger’s equation remains, even today, a fascinating field of study. ..
but it has two fatal flaws:

¢ It does not take spin into account (which, admittedly, was discovered later)
e It is not relativistic

On this last point, it comes as no surprise: Schrodinger’s equation highlights
an imbalance between time (first derivative) and spatial coordinates (second
derivatives). Naturally, this didn’t bode well for relativity!

It’s the boosts that are going to throw a wrench in the works! After all, they
bring time and space into alignment.

Remember that, for example, and limiting ourselves to a single spatial coor-
dinate, a boost transformation is characterized by

ct! = (cosh ) ct + (sinh p) x
x! = (sinh ) ct + (cosh ) x
In terms of derivatives, this means
0 om0 0 _ 0 1,0
0z~ Oz Ozt | 0w ot ? ow Y on
0 _owo om0 o 10
ot otow Taron  Yon e g s Dt

So what happens to Schrédinger’s equation?

Welg, it’s clear that it changes significantly, notably with cross-derivatives
like 521

If we want to study a relativistic particle—say, a relativistic electron—we
need to quickly set aside Schrédinger’s equation and turn to other theories. . .

Yes, but which ones?

Two equations will stand out from the rest.
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2.1 The Klein-Gordon equation

Remember the first Casimir operator of the Poincaré group

C1=P"P, (2.12)

In the context of timelike 4-vectors, it is equal to m?2.
This is a purely relativistic result to which we must add the quantifications
we just mentionedS:

0
0 _ Y P i
P —E<—>zat, P; =p; < zaxj
When you combine these two results (which is as simple as it is brilliant), you get
the equation proposed by the Swedish physicist Oskar Klein” and his German
counterpart Walter Gordon®:

(2.13)

& L T Dy emte ) =0 @)
a2 \gzz T g2 T g2/ Ve T/ T v T = '
Using the definition of the d’Alembertian

0? 0? 0? 0?

we then get

(@+m?) o, 7)=0 (2.16)

Based on the relativistic conventions mentioned in Eqs. (130)-(131), the Klein-
Gordon equation can be written simply as’

(80, + m?) (t, 7) =0 (2.17)

The Klein-Gordon equation begins to meet the requirements: it is invariant
under Lorentz transformations, which is, of course, obvious given its formula-
tion.

On the other hand:

e Still no sign of the spin

e A disaster in terms of probability

SFrom now on, to avoid unnecessary complexity, we set the Dirac constant and the speed
of light to 1. In other words, we are working in the system of natural units.

7Oskar, K. (1926). Quantentheorie und fiinfdimensionale Relativitatstheorie. Zeitschrift
fir Physik, 37, 895-906. https://doi.org/10.1007/BF01397481

8Gordon, W. (1926). Der Comptoneffekt nach der Schrodingerschen Theorie. Zeitschrift
fir Physik, 40, 117-133. https://doi.org/10.1007/BF01390840

9Fun fact, we could also develop the "imaginary masses" version based on Wigner’s third
little group and propose (88, — m2) (t, ¥) =0
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As for the first problem, it’s no big deal: we’ll reserve the Klein-Gordon equation
for particles with zero spin. Well, we’ll still have to come up with something
else for the electron, but hang in there—we’ll get there!

As for the second issue, it’s more serious.

Indeed, let’s consider the Klein-Gordon equation and multiply it on the left
by ¥*. Let’s also take the complex conjugate of this equation and multiply the
resulting equation on the left by ).

Let’s subtract the two equations we obtained. We then have

Py 0Py

o — v = O Ay — YAy (2.18)
This last equation can also be written as
o, oY N X *
5 G — Vo) = V@ Ve - v V) (2.19)
It can be identified with a continuity equation
dp —
o TVI =0 (2.20)

like the one encountered in electromagnetism. The probability density p and
the probability current density j are then defined by

p= o 2y T =L Ty - uTe) (2.21)

Now let’s look at the "plane wave" solutions (2.9). It is then easy to see that
the probability density is equal to

E
p=— AP (2.22)

What’s the problem, you might ask?

The problem is that the first Casimir operator in the Poincaré group implies
Einstein’s relation

E?=7%+m? (2.23)

which, in turn, leads to the presence of negative energies since

E=+Vp2+m? (2.24)

If we assume that mass m is positive (and that’s what 99.99% of researchers
do...), we end up with a negative probability! That’s quite a problem!

Unless. . . we accept the existence of negative masses! In that case, everything
falls into place!

We’ll come back to this.
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2.2 The Dirac equation

Attempts to reconcile relativity and quantum mechanics have thus far failed.
One man would change all that: the British mathematician and physicist Paul
Dirac.

In 1928, he wrote a landmark article '° that provided the solution everyone
had been waiting for.

We are providing an excerpt here, given the work’s paramount importance.

Here’s the main idea:

Quantum Theory of Electron, G138

§ 2. The Haniltonian for No Field,

Our problem i to obtain a wave equation of the form (2) which shall be
invariant under a Lorents transformation and shall be equivalent to (1) in the
limit of large quantum numbers. We shall consider first the case of no ficld,
when equation (1) reduces to

) (—p'+ P+ me) =0 (3
if one puts
W a2
P=g =g

The symmetry between py and py, Py, Py required by relativity shows that,
since the Hamiltonian we want is linear in 3, it must also be linear in g, pa
and py.  Our wave equation is therefore of the form

(Po + oy + 2Py + apy + Bl g =10, (#)
where for the present all that is known about the dynamical variables or
operators gy, oy, o, B is that they are independent of py, 9y, pa. Py, 7.6, that they
commute with f, o, &y =, Since we are considering the case of a particle
moving in empty space, so that all points in space are squivalent, we should
expect the Hamiltonian not to invelve i, =, =, #;. This means that =, a,,
iy, @ are independent of f, =, z,, x,, 1.2, that they commute with p,. 9, P
#a-  We are therefore obliged to have other dynamical variables besides the
co-ordinates and moments of the electron, in order that =, oy, 25, B may be
functions of them, The wave function ¢ must then involve more variables
than merely x,, zy, 2,4 1.

Equation (4] leads to

0 = (= Py, + aypy - asPs 205 + B (P + P +oape +aapy + B 4
= [—pg® + Emgny® + E {oymg + ) pypy 4 B2 E (B + By p ] (B)

Note that Dirac’s starting point!! is none other than Eq. (3), that is, Ein-
stein’s equation (2.23). He also considers quantification by taking F = i%.

10Dirac, P.A.M. (1928). The Quantum Theory of the Electron. Proceedings of the Royal
Society in London, Series A, 117, 610-624. https://doi.org/10.1098 /rspa.1928.0023
HTts W notation is in fact the energy E
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Finally, his proposal is as simple as it is brilliant: rather than harmonizing
everything by considering second derivatives of the spacetime coordinates, as
Klein and Gordon did, let’s balance the whole thing by considering only first
derivatives, for both time and space. The price to pay? The appearance of the
mysterious a1, ag, a3 and § in (4), whose nature will be specified very soon.

Finally, note the two possible signs that appear in Eq. (5)...

But let us proceed as Dirac did, while adapting his reasoning to relativistic
conventions.
What we must impose is an equation of the form

0
i%ﬁsa?¢+mﬂw (2.25)
In other words, we ask for
potp = —alp; ¢+ mBep (2.26)

We therefore must require

— P+ i +p3+p3
= (—po + a'pr +a’py + a’ps — mf) (po + alpr +a®py + adps — mp)

In the left-hand side, you recognize the Einstein relation and in the right-hand
side, its factorization.

All you need to do is distribute (bearing in mind that the momenta commute,
but not the o/ and 3, which remain as mysterious as ever).

The following constraints are then revealed

(') = (@ = (@ =15 2 =1 (227
ook + okl ={ad,0f} =0, j#k (2.28)
{a’,8} =0, Vj (2.29)

In the last two relations, the anticommutator appears, defined, as we recall, by
{A,B} = AB+ BA (2.30)
By setting
B =a’ (2.31)
we can elegantly summarize these relations as

{a* oV} = 26M (2.32)
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It’s immediately clear that these mysterious objects can’t be numbers, be-
cause numbers aren’t anti-commutative! Matrices, on the other hand, can be. ..

Dirac is therefore looking for four matrices whose squares are the identity
matrix and which anticommute with one another.

These matrices are related to a well-known algebraic structure. Indeed, the
Clifford algebras Cl(p,q) are generated by (p + ¢) matrices that anticommute
with one another, such that p of them have a square equal to the identity matrix,
while ¢ of them have a square equal to minus the identity matrix.

Here, we are clearly dealing with Ci(4).

How can we actually construct these matrices? Like this, for example

000 1 0 0 0 —i 0 0 1 0
0010 0 0 i 0 0 0 0 —1
al = ,a2: ,a3:

010 0 0 —i 0 0 1 0 0 0
1000 i 0 0 0 0 -1 0 0
(2.33)

10 0 0

. 01 0 0
o = (2.34)

00 -1 0

00 0 -1

This is known as the Dirac formulation.
The Dirac equation thus takes the form

Po—m 0 D3 p1 — ip2 P!

0 po—m p1+ip2  —ps3 Y2
—0 (2.35)

D3 p1L—ip2  po+m 0 Y3

p1 +ip2 —Dp3 0 po+m (U

These days, few people still use this formulation, unless they want to high-
light the solutions to the Dirac equation (and we will be no exception).

Instead, they prefer to use a covariant formulation, which is completely
equivalent. This latter approach amounts to factoring the Klein-Gordon equa-
tion as follows!2:

12Note: There are two possible signs for mass!
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(190, +m)(iv* 0y —m) 1 =0 (2.36)
The version that will be chosen by all Standard Model physicists is:

(IO, —m) ¢ =0 (2.37)

The covariant formulation and the one introduced by Dirac are equivalent
simply by multiplying one by ~°.
Thus, we have

0

WO =al, 4t =alal, 42 =al

a?, P =a%? (2.38)
If the matrices v continue to anticommute, their squares become equal to —1,
except, of course, for the matrix v°. They thus generate the Clifford algebra
CI(1,3).

There are several ways to construct these matrices, but we will use two of
them:

e Dirac’s realization:

0 0 0 1 0 0 0 —2 0O 0 1 O
0 0 1 0 0 0 7 O 0 0 0 -1
v = 7= 7=
0 -1 0 0 0 ¢« 0 0 -1 0 0 O
-1 0 0 0 — 0 0 O 0O 1 0 O
(2.39)
1 0 O 0
0 01 0 0
v = (2.40)
0 0 -1 0
o0 o0 -1
e Chiral realization:
0 0 0 1 0 0 0 — 0O 01 o0
0 0 1 0 0 0 4 O 0 0 0 -1
v = Y= Y=
0 -1 0 0 0 2 0 O -1 0 0 O
-1 0 0 O - 0 0 0 0 1 0 O
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o

(2.42)

o

o o O
(e
—

1 0 0
01 0O
Does Dirac’s proposal resolve all the issues noted with the Klein-Gordon
equation? Let’s take a look!

2.2.1 The probabilistic interpretation associated with the
Dirac equation

The Dirac equation is therefore

i%—qf =ad. 7 +ma’ey (2.43)
If we multiply this equation by T on the left, we get
ot % i 0
zwa:w a. 7 v+ mytaly (2.44)
If we consider the Hermitian conjugate equation of (2.43):
ot
— 8—1/; = T T +myial
and if we multiply it by v on the right, we get
ot
—i 6—1/211; = ' ad. Py +myialy (2.45)

Subtracting the two equations (2.44) and (2.45) from one another, we get

.0 .

i 5 (1) = —i V(T y) (2:46)
This sets the probability density of occurrence and the probability current den-
sity to

p=v =+ [P+ [ + vt (2.47)

7 =udy (2.48)

We can therefore note with relief that the probability of presence has re-
turned to positive values.

First problem solved!

Let’s move on to the next one.
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The task is to show that the Dirac equation accounts for spin. Since it is
matrix-based, this looks promising! But these matrices must still be associated
with a spin of 3, since that is the value of the electron’s spin.

To convince ourselves, we need to examine the relativistic invariance of the
Dirac equation.

2.2.2 The relativistic invariance of the Dirac equation
To state the relativistic invariance of the Dirac equation is to show that

(Y'pu —m) p(a") =0 = (Yp1, —m) Yr(xr') =0 (2.49)

The x/*, p/,, are determined by the Lorentz transformations, and we still need
to determine what /(xr*) is.

Let’s first consider the rotation (1.87) as an initial example:

/P = 20

!t = (cos @) ! — (sin ) 22
(2.50)
22 = (sin @) 2' + (cos ) 22

These relations obviously have a direct impact on the derivatives, and we have

Plo = Do
/1 = (cos @ — (sin@
bh ( )pl ( )p2 (2.51)
plo = (sinf) p1 + (cosb) pa
pls =p3
While setting
Y= S.1 (2.52)

the Dirac equation, after rotation, is then written as

(yopo—i—(vl cos 0472 sin 0)py +(—v* sin +~2 cos 9)p2+73p3—m) S, =0 (2.53)

By applying S; ! from the left, we obtain the original Dirac equation if and only
if

57198, =1, 8719°8, =+ (2.54)
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S (v cos O ++%sin6)S, =41, ST (= sinf 4+ 4% cosh)S. =~ (2.55)

Let’s think a while within CI(1,3), since that is the algebra in question. It
consists of 16 elements'S:

e e e
0 B0 e e e s e S e Lo e o
0 A0 A ' G i s A R o e

70717273

The first two constraints (2.54) indicate a commutation with 7% and ~3.
Only four elements satisfy these requirements:

e e e e e B e
The matrix S, is therefore, a priori, a linear combination of these elements:
S, =cl + 29192 + 3909341 + 4494243,
It quickly becomes clear that ¢3 = ¢4 = 0. The remaining parameters are
fixed according to

cl =cl cosf + c2 sin6
c2=-cl sinf — ¢2 cos 0

From there, it is easy to see, using a few well-known trigonometric formulas,
that the matrix S, satisfying these constraints is

0 0
S, = cos 3 + sin 57172 (2.56)

Similarly, the rotations (1.86) result in
0 0 0 0
S, = cos 2 + sin 57273 , Sy = cos 3 + sin 57371 (2.57)

Let’s now consider the first boost of (1.88) as a second example:

13Gee Chapter 3 if it sounds mysterious for you.
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2/? = (cosh ¢) 20 + (sinh )

o1t = (sinh ¢) 2° + (cosh p) x!

(2.58)
x? = 2
P = a®
These relations also affect the momenta:
plo = (cosh¢) po — (sinh ¢) p1
pr1 = —(sinh ¢) pg + (cosh ¢) p1
(2.59)
pla = p2
pls =p3
We set
W1 = Tpap (2.60)

After this boost transformation, the Dirac equation becomes

((7° coshp—~" sinh )po+ (=" sinh g+ cosh )p1 +9pa+77ps —m) Tuth = 0
(2.61)
Invariance then implies the following constraints:

T,V T =77, T, ' T = 7 (2.62)

T (7" cosh p— ' sinh )T, = 40, T (=4 sinh o+ cosh )T, = ' (2.63)

We again fix a set of four matrices that satisfy the first two conditions, namely,
commute with 42 and v3. These matrices are

e e e B e e e
Starting from
el 4+ 24991 4+ 3799243 4 ca 1243
we can see that ¢3 and ¢4 must vanish while c1 and ¢2 are constrained through

cl = cl coshy — 2 sinh p

c2 = cl sinh ¢ — 2 cosh p
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The well-known relations involving hyperbolic functions then yield to

T, = cosh % + sinh %7071 (2.64)
Similarly, the other boosts lead to
T, = cosh% + sinh %7072 , T, = coshg + sinh gvo,ys (2.65)

These six transformations of the wavefunction have an algebraic counterpart
that is obtained by considering infinitesimal angles. The associated matrices are
then

1, . 1. 1
hziff,h:§f¢,L:§¢f (2.66)
Ky = 59090, Ky = 24992 K. = 2097 2.67
2 =00 Ky =577 Ko =597y (2.67)

Using the chiral representation, we can see that

7:—% 70 Kol 70 (2.68)

0 7 2 R

In other words, it is the representation D(%,0)&D(0, £) of the Lorentz algebra—
which we discussed earlier—that underlies the Dirac equation!

Combining left- and right-handed representations, it is described as enan-
tiomorphic

The conclusions are clear:
e The Dirac equation is relativistic
e The Dirac equation describes two particles with spin 4

While the first of these conclusions was entirely expected, the second, on the
other hand, came as a complete surprise! The Dirac equation thus made room
not only for an electron but also for another particle with spin % ... Another
particle, because the representations D(3,0) and D(0, 1) are indeed different!
To learn more about this unexpected mystery guest, we need to turn to
solving the Dirac equation.
But before that, let’s discuss discrete symmetry operators.

2.2.3 How about discussing discrete symmetry operators?

So far, little has been said about them. Given their discrete nature, they don’t
really come into play in group theory, except for linking the connected compo-
nents of a group.

But they will play an increasingly important role.

Let’s list them.
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2.2.3.1 The parity operator P

We have already mentioned it in the context of Lorentz transformations, of
which it is a part.

Its effect is to change the signs of each of the three spatial coordinates and
thus of their derivatives, while leaving time invariant. The action of this operator
on the Dirac equation is thus

(v°po — v'p1 — ¥2p2 — 3ps —m)Pr =0 (2.69)

Let’s recall Wigner’s theorem: every symmetry operator in quantum me-
chanics must be either unitary or antiunitary.

Unitarity is a requirement for continuous transformations. .. But what about
discrete transformations? We have a choice!

Well. . . physicists working within the Standard Model believe we don’t really
have much of a choice: P must be a unitary operator. Roughly speaking, their
argument boils down to this: energy is associated with the operator i%. Parity
has no effect on %. If we wish to consider only positive energies (and this is
what Standard Model physicists want above all else), we must not change the
sign of ¢, which means that P must necessarily be unitary.

But if we allow negative energies to exist, then P may be antiunitary'#
Let’s examine both cases.

If the operator P is considered to be unitary, the Dirac equation (2.69), after
applying the parity operator, must be equivalent to

Py(v°po +v'p1 +v°p2 + ¥ps —m) Py Py = 0 (2.70)

The following identifications come directly from this:

Y1 = Pyy

and

Pyy°Pyt =+°, Puy' Pyt = =4, Puy?Pyt = =42, PuaPyt = =7 (2.71)

It follows easily that Py must commute with v and anticommute with ', ~?2
and v3. Once again, as with any transformation, we search among all sixteen
matrices of CI(1,3) that satisfy these constraints. We find

Py =4° (2.72)

MDebergh, N., Petit, J.-P. and D’Agostini, G. (2018). On evidence for negative energies and
masses in the Dirac equation through a unitary time-reversal operator. Journal of Physics
Communications, 2, 115012. https://doi.org/10.1088/2399-6528 /aaedcc
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If the operator P is considered antiunitary, however, it is written as a ma-
trix followed by the complex conjugate ()* and the equation (2.69) must be
equivalent to

Pav (=" po =+ p1 = v¥ p2 — ¥ ps — m) Pyt Papy* =0 (2.73)

since the p, are defined as the imaginary number ¢ that multiplies the partial
derivatives with respect to the spacetime coordinates.

Given the known realizations of the matrices v*, this last equation reduces
to

Pav(—"po — 7'p1 + v?p2 — 73 — m) Py Pavp™ = 0 (2.74)

So we have to impose

Yl = Payy*

and

Pavy° Py = =2, Pavy' Pay =", Pavy*Pay = =7, Pavy*Pry = 7°
(2.75)
It follows that, from a matrix perspective, P4y must commute with ! and 73

and anticommute with 7° and v2. Consequently, we obtain

Pay ="7?()* (2.76)

Note this difference: P = I, whereas P3,, = —1I.

2.2.3.2 The time-reversal operator T

Tts effect is to change the signs of the single time coordinate and, consequently,
of its derivative. The resulting Dirac equation is therefore

(=7v"po +v'p1 + P2 +¥Pps —m) P = 0 (2.77)

What is the consensus among Standard Model physicists?

It once again hinges on the sign of the energy i%. Here the time derivative
changes sign! So, to avoid negative energies, the imaginary part ¢ must also
change sign! And this can only be achieved through a complex conjugation—
and thus, an antiunitary operator. In contrast, negative energies are associated
with a unitary T operator.

If the operator T is considered to be unitary, the equation (2.77) must be
equivalent to

T (v°po + ¥'p1 + ¥2p2 + ¥*ps — m) Ty, ' Tyap = 0 (2.78)
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The following identifications are a direct consequence of this:

Y1 = Ty

and

Tuy'Ti " = =", Tuy' Tyt =AY, Tuy’ Tt =42, Tu* Ty =+ (2.79)

It follows easily that 7y must anticommute with v and commute with !, ~?
and 3. Consequently, we have

Ty =v'7%y (2.80)

If the operator T is considered to be antiunitary (which, as we recall, is
the consensus among Standard Model physicists), the equation (2.77) must be
equivalent to

Tav (=7 po = 01 =¥ p2 — 7% p3 — m) T Tav* =0 (2.81)

or

Tav (—°po — v'p1 +7?p2 — ¥3ps — m) Tyt Tavyy* =0 (2.82)
We thus ask for

Pr = Tapy™

and

Tavy’ Tyt =7, Tav ' T = =Y TavY* Tl =2, TavY* Tl = —

It follows that the matrix part of T4y must commute with v° and 72 and
anticommute with 4! and 7. Consequently, we obtain

Tav =~"'7%()" (2.84)

Note that, once again, Tg = I, whereas TE‘U =—1.

2.2.3.3 The charge conjugation operator C'

For this operator, which changes the sign of the charge, we need the Dirac
equation with an electromagnetic field'®:

15The field is represented there by the 4-vector potential Ay
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(V" (pu —€Ap) =m) ¥ =0 (2.85)
We take the complex conjugate of it and multiply on the left by iy2. We get
(i (—pu — €A,) —imy?)Y* =0 (2.86)
It is easy to verify using matrix realizations that
R = (2.87)
As a result, we have
(’Yﬂ(pu + BA;L) - m) (WQW) =0 (288)

In other words, the operator that changes the sign of the charge is

C =iy?()* (2.89)

And since this only concerns the charge and doesn’t affect the energy, ev-
eryone agrees: this operator is antiunitary.

There are several observations to be made at this stage.

The first is that the situation is like we’ve missed out one half the world. ..
There is, in fact, one part of the world where the energy is positive (and everyone
agrees on that) and another part where the energy is negative (and few people
want that!).

These two perspectives represent different choices, but both are equally
valid—according to Wigner’s theorem!

Let’s summarize the situation in a table:

E>0 E<0
unitary antiunitary
T || antiunitary unitary

A second point to note is these two results

PyTav = —PavTy =7°7v'4*(0)* (2.90)
0010
0,1,2.3 5 0001

OPUTAU = —CPAUTU = i’y Yy =y = (2.91)
1 0 00
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This is an important point because it is not the P,C or T symmetries individ-
ually that play a crucial role in physics, but rather their product.

Finally, we introduce the v° matrix, which will play an important role in
what follows.

2.2.4 Solutions to the Dirac equation

We take equation (2.43) and apply it to

Y = exp(—i(Bt —p. 7)) @ (2.92)
We get,
-E4+m 0 p3 pl —ip2 !
0 —-E+m pl+ip2  —p3 2
o0 (29
p3 pl—ip2 —FE—m 0 >
pl + ip2 —p3 0 —E—m o

In this last expression, the pj’s are no longer operators but numbers, thanks to
the "plane wave" exponential. We are therefore dealing with a system of four
equations with four unknowns:

E —m)e' =p3¢® + (pl —ip2)p*

)
E —m)¢? = (pl 4 ip2)¢® — p3 o* (2.00)
)

E 4+ m)p? = p3 o' + (pl — ip2)p?

(
(
(
(B +m)p* = (pl +ip2)p" — p3¢°

If the electron were at rest, only the first four terms would remain, subject to
Einstein’s constraint

E?=m? (2.95)

If E = m, the solutions are referred to as positive-energy states and take the
form

1 0
0 1

; (2.96)
0 0

s}
s}
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If E = —m, then we have two negative-energy states, which are
0 0
0 0
; (2.97)
1 0
0 1

The term has been coined: negative-energy states!

They are inherent in any relativistic theory, since we rely on Einstein’s
equation, which specifies only the square of the energy! But keep in mind
that the vast majority of Standard Model physicists do everything—absolutely
everything—to avoid these states.

In the meantime, here they are. Of the four solutions, two are associated
with positive energies and two are linked to negative energies.

If we solve the system in general, we get!®

3 p3 .4_p1+ip2

= = 2.98
E+m’ E+m (2.98)
if we set ! =1 and p? = 0 and
3 pl—wp2 4 p3
— . = _ 2.99
i Sl Tim (2.99)

if o! =0 and 2 = 1.

These are the two states of positive energy.

The two states of negative energy are determined by successively setting
03 =1,0* =0 and ©? = 0, ¢* = 1, yielding respectively

»3 pl + ip2

1:E—m;¢2:7E—m (2.100)
pl —ip2 p3

TEw Y T Eom (210

16The system does not specify all four functions, but only two of them... which leads to
different formulations depending on the choices made, based on how they will be used later
on. You’ll find one possible option here, but there will be others in following Chapters.
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The full range of solutions is therefore

E 0
T p(—i(Bt— F.T)) (2.102)

2F p3

E+m

pl+ip2
E+m

Y=

m 1
Edm o(—i(Bt—7.7)) (2.103)

Vo = 2F pl—ip2

Vo1 = E—m exp(—i(Bt—p.7) | " (2.104)

" exp(—i(Et — 7.7))

5 (2.105)

E4+m

The normalization factor /=% is explained by the square norm of the

solutions. For example, if it were absent, we would have

; B P2 2E
Yra¥ra =1+ (E+m)?  (E+m)

However, the desired value must be equal to 1.

2.2.5 So, should we accept these negative energies or not?

That’s the big knot in the Dirac equation. And it won’t win him any friends. ..
Let’s quote Niels Bohr’s charming remarks:
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"Dirac’s theory is good for nothing except as bait to capture elephants in Africa. If
they saw it written on a sign, the elephants—which are intelligent animals—would be
mesmerized. We could then easily capture them and send them to a zoo."

or Werner Heisenberg:

"The saddest chapter in modern physics is and will remain Dirac’s theory... I
consider it scholarly rubbish that no one can take seriously.”

Well, it just goes to show that we know how to communicate in a considerate
way in the world of scientific research. ..

What is it that bothers these two giants of quantum physics so much?

Negative energies and their interpretation via the Dirac sea.

The latter can be summarized by the following diagram:

Energy

05 10 15 20 25

2L

Figure 2.1: Dirac’s sea

Since everything starts from Einstein’s relation (2.23), we have a double
series of energies. Those corresponding to rest in Egs. (2.95), then at the first

non-zero momentum pl = ||pl]]:

E =+/pl2 + m? (2.106)

and so on. The greater the momentum, the greater the positive energies and
the smaller the negative energies (though they are large in absolute terms).
Dirac’s interpretation is that the lowest-energy negative states are occupied
first (by the fastest electrons).
Why, then, do some occupy the higher energy levels? Because they are forced
to do so by the Pauli exclusion principle.
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The Austrian physicist Wolfgang Pauli demonstrated the behavior of fermions—
particles with half-integer spin, which include electrons. They are antisocial in
nature: no more than two electrons per energy level, and even then, these two
electrons must be such that one has a spin up while the other has a spin down.

So, as soon as the lowest energy level is occupied by its two electrons, the
next two electrons occupy the next higher energy level, and so on.

The negative energy levels are thus all occupied—with the possible exception
of one or two "holes"—and the subsequent electrons occupy the positive energy
levels.

Dirac claimed that we would never observe electrons with negative energy,
much like the underwater creatures that live in the deep sea. That doesn’t mean
they don’t exist. ..

But he was so harshly criticized that he proposed another explanation in
1931'7. Since electrons with negative energy cannot exist, we’ll send them into
the positive energy zone!

Look at Figure (2.1): to make this big leap from E = —m to E = m, the
"politically correct” electron must have an energy equal to 2m. Its charge, of
course, remains unchanged.

Let’s think about this for a moment. .. an energy of 2m, a charge differential
of zero. .. this could also correspond to two particles:

1. an electron with spin 1/2, mass m and charge (—e)
2. a particle with spin 1/2, mass m, and charge e

This mysterious particle therefore has all the characteristics of an electron, ex-
cept for its charge, which has the same absolute value but a positive sign.

Dirac gave this particle a name: the antielectron.

The electron is described by the left representation D(3,0) of the Lorentz
algebra; the antielectron is described by the right representation D(0, %) of
the Lorentz algebra. These are different representations, so the particles are
different as well.

The Dirac equation, which is characterized by these two representations,
thus implies the existence of this mysterious antielectron.

But theoretical particles are proposed all the time without their existence
necessarily being confirmed experimentally. . .

That won’t be the case here.

A year later, in 1932, the American physicist Carl Anderson proved the exis-
tence of this antielectron. He achieved this by studying the particles present in
cosmic radiation using a cloud chamber. Indeed, when a charged particle passes
through this cloud chamber, its trajectory is revealed by the vapor condensing
into fine droplets. The charge of this particle can be determined by observing

Dirac, P.A.M. (1931). Quantised singularities in the electromagnetic field. Proceedings of
the Royal Society of London, SeriesA133, 60-72. https://doi.org/10.1098/rspa.1931.0130
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how its trajectory is deflected when the chamber is subjected to a magnetic
field.
And what happens? Anderson observes two different curvatures'®:

i fre e ¥ ileai

Figure 2.2: Anderson’s experiment

An electron would have left a mark along the arc on the right. The fact that
the curvature of the observed arc—on the left—is different indicates that we are
dealing with a particle other than the electron.

Experimental confirmation of a particle very similar to the electron, then!
Rather than calling it an antielectron, it was decided to name it the "positron".
This marked the birth of antimatter!

And that’s when you want to say, "Not so fast!"
Yes. .. because the radius of curvature of the observed arc is given by
muv
R= B (2.107)

In this equation, m is the mass of the particle, v is its velocity, ¢ is its charge, and
B is the strength of the magnetic field to which it is subjected in the experiment.

The field and the velocity must necessarily be identical regardless of the
nature of the particle. This means that the sign of the radius of curvature can
depend only on 2.

Just think about it... it’s 1932, and the conclusion is obvious: it’s the
charges that have opposite signs! But are we still convinced of that today?

The question is certainly worth asking, and that is precisely what Belgian
researcher Daniel Dubois and his colleague, French researcher Gilles Nibart, do
in an article with an unequivocal title'®.

Did Anderson’s experiment demonstrate the existence of a particle with
opposite charge or negative mass?

8Image source: https://laradioactivite.com/articles/le-phenomene /positon

9Dubois, D.M. and Nibart, G.N. (2022). What if the positron never existed? What if the
antielectron is a negative mass electron? Journal of Physics: Conference Series 2197, 012006.
DOI 10.1088/1742-6596,/2197/1/012006
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2.2.6 The Feynman-Stueckelberg approach

Attentive readers will have noticed that, while the "mysterious guest" in Dirac’s
equation was named the antielectron by its creator, it was the positron that
emerged from Anderson’s experiment.

Antielectron and positron. . . are they the same thing?

Well, not really!

We are in an era when negative energies are causing a stir among physicists—
with the exception of Dirac.

What should we do if they appear anyway?

Remember, energy is

)
E=ig (2.108)

If we want to change the sign of the energy, we have only two options: play with
the imaginary 4, or imagine a time arrow that runs in reverse!

Changing the sign of the imaginary part ¢ is what Dirac did in 1931. In-
deed, his charge conjugation operator is antiunitary, and thus possesses complex
conjugation.

The idea of reversing the arrow of time was first proposed by the Swiss
physicist Ernst Stueckelberg?® and later taken up by the American physicist
Richard Feynman?!.

Feynman actually came up with a brilliant idea based on this: the diagrams
that bear his name.

We’ll explain using this example:

b
s

Figure 2.3: Feynman diagram

203tueckelberg, E.C.G. (1942). La mécanique du point matériel en théorie de relativité et
en théorie des quanta. Helv. Phys. Acta, 15, 23-37. https://doi.org/10.5169/seals-111289

2lFeynman, R.P. (1949). The theory of positrons. Phys.Rev., 76, 749-759.
https://doi.org/10.1103/PhysRev.76.749
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There are conventions for reading Feynman diagrams: here, the arrows rep-
resent two electrons, and the wavy line represents a photon.

This diagram is interpreted as follows: the horizontal direction represents
time; the vertical direction represents position; on the left side, two electrons
move closer to each other over time. When the distance between them reaches a
certain value, since they have identical charges, they will repel each other. This
action is due to electromagnetic interaction and, more specifically, to its agent,
the photon.

But what if we rotate this diagram 90 degrees? We get this:

Figure 2.4: Time reversal in the Feynman diagram

Some arrows still represent electrons for which time flows from the past to
the future. But the other arrows indicate that time flows from the future to the
past! Feynman tells us that these will be associated with antimatter, specifically
the positron.

So, this diagram, read from left to right, tells us a story.

Episode One: an electron e~ encounters a positron e™ and they annihilate
to produce energy in the form of photons ~:

e +et = y4y (2.109)

Episode Two: this energy will spontaneously create matter and antimatter:
Y+ e +et (2.110)

Does this perspective make a difference in solving the Dirac equation?
Yes. It implies that we must now set

vl

Y(t, 7)) = Nexp(i(Et — 7.7))v = Nexp(i(Bt —ip.7)) (2.111)
v3

v4



CHAPTER 2. THE DIRAC EQUATION 124
reducing the Dirac equation to

(E 4+ m)vl = p3v3 + (pl —ip2)vd

(E+m)v2 = —p3vd+ (pl + ip2)v3

(2.112)
(E —m)v3 = p3vl + (pl — ip2)v2
(E —m)vd = —p30v2+ (pl +ip2)vl
The four solutions obtained are then
p3 pl—ip2
E+m E+m
pl+ip2 __p3
vy = E+m Uy = E+m (2113)
1 0
0 1
1 0
0 1
v-1= yU—2 = (2114)
3 pl—ip2
E—m E—m
pl+tip2 __p3
E—m E—m
up to a normalization factor. As before, it is obtained by setting
v1,1v+71 = v1’2v+72 = vi’lv_J = vi,Qv_g =1
which results in
E+m
N = 2.115
5F ( )

for positive energy states and

E—-m
N = 2.11
V2 (2.116)
for negative energy states.

That’s right... with this approach, we can’t escape negative energy either!

But let’s summarize the different approaches.
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2.2.7 We should probably wrap things up, right?
So we can summarize the previous developments this way:
ELECTRON
E > 0 ; spin up E > 0 ; spin down
1 0
E+m 0 E+m 1
\/ T2g exp(— 77 \/ 55 exp(— Et—?? _
p3 pl—ip2
E+m E+m
pl+ip2 __p3
E+m E+m
POSITRON
E > 0 ; spin up E > 0 ; spin down
pl—ip2 p3
E+m E+m
_p3_ pltip2
Etm exp(i(Et — 7.7)) - Em \/ S exp(i(Et — 7.7)) Etm
0 1
1 0
ANTIELECTRON
E < 0 ; spin up E < 0 ; spin down
3 pl—ip2
E—m —m
pl4ip2 __p3
EQE exp(—i(Et — ? ? E=m EQE exp(—i(Et — ? 7 Emm
1 0
0 1
ANTIPOSITRON
E <0 ; spin up E <0 ; spin down
0 1
E— 1 | E— 0
5F exp(i Et—?? T exp(i ?7
pl—ip2 p3
E—-m E—-m
__p3 pltip2
E—m E—m
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The electron and the antielectron are the two particles identified by Dirac as
early as 1928. The former has positive energy, while the latter is characterized
by negative energy.

Stueckelberg and Feynman retained the electron, but abandoned the anti-
electron in favor of the positron—which has positive energy—by performing a
time reversal.

The electron (positive matter) is the common element in both approaches.
Another common element is the exclusion of the antipositron (negative matter).

It is the sign of antimatter that distinguishes the two approaches: negative
in Dirac’s model, it becomes positive in the Stueckelberg-Feynman model.

In both approaches, the spin is specified by applying the rotation matrix
about the z-axis to the bispinors, which are assumed to be at rest. For example

1 0 0 0 1 1
1o =10 o 0| 0
210 0 1 o0 o | 2| o

0 0 0 —1 0 0

If the eigenvalue is 1/2 (as in this case), the state is spin up. If the eigenvalue
is -1/2, the state is spin down.

But how do we transition from one state to another? By applying which
operator?

That is what we will now examine.

The charge conjugation operator is

0 0 0 1
) 0 0 -1 0
C=i?()" = 0" (2.117)
0 -1 0 O
1 0 0 O
When applied to the electron’s spin-up state, it gives
0 0 0 1 1
E 0 0 -1 0 0
;Em exp(i(Et — 7. 7))
3
010 o || 2
1 0 0 0 pl-ip2

E+m
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pl—ip2
E+m
E+m e
=/ exp(i(Et — 7.7)) Etm
2F 0
1

We thus recover the spin-up state of the positron. It is easy to see that the same
holds true for the spin-down states.

The states of the positron are therefore obtained by applying the charge
conjugation operator C' to the states of the electron, and vice versa.

The states of the antiproton can also be obtained by applying the charge
conjugation operator C' to the states of the antielectron, and vice versa.

The operator C' therefore changes the sign of the charge but not that of the
energy or the spin.

How can an electron in the spin-up state transition to one of the two states of
the antielectron? Well, it can’t... unless we change the sign of the mass! Gen-
erally speaking, this antielectron would only make sense if it had both negative
energy and negative mass.

If we change the sign of the mass—recalling that this was an option included
in Dirac’s original approach in 1928—then it is the operator represented by the
matrix

00 10
. 000 1
45 = (2.118)
1000
010 0

that mediates the transition between electron states and antielectron states.
The ~° operator therefore changes the sign of the energy but not that of the
charge or the spin. This change must be accompanied by a change in the sign
of the mass.
The explanation for the change in the sign of the mass is very simple:

V(P (pu — eAy) —m)p = —(y*(pp — eAy) +m) 7 (2.119)

since 7° anticommutes with each of the y*.

Since spin plays a less significant role in classifying states based on the
sign of their energy®?, we conclude that there are four types of states (positive-
mass matter, negative-mass matter, positive-mass antimatter and negative-mass

22(learly, energy and mass have the same sign. These wavefunctions are therefore also
classified according to the sign of the mass.
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antimatter) that can be represented as follows using the chiral realization of the

~* matrices:

Matter £ > 0
,wl
¢2
¢ p—
,(/}3
w4
Matter E < 0
_1/)1
_wQ
CPyTavy = —CPayTyyp =45 =
¢3
q/)4
Antimatter £ > 0
Pt
_w3*
O = in2* =
,11,2*
Pl
Antimatter E < 0
_1/)4*
Y3
PyTavy = —PayTyyp = iy =
_¢2*
Pl

2.2.8 Chirality

We have just seen that it is the matrix v° that links the electron and its positive-
energy antiparticle to their negative-energy (and negative-mass) counterparts.

Table 2.2: List of matter-antimatter wavefunctions
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This matrix is well known in Dirac theory: it is the matrix associated with
chirality.

Chirality? What does that mean?

Whenever you need to tell your left from your right, you’re using chirality.

Take a look at your two hands. They have the same parts: five fingers, the
same relative sizes, and so on. And yet, they’re different! On your right hand,
the thumb is on the left, and on your left hand, the thumb is on the right.
Even if you press your palms together to swap the positions of the thumbs and
other fingers, your hands are still different. You had to rotate your right hand
counterclockwise and your left hand clockwise to bring them together.

Based on this observation, no matter what you do, your left hand is always
different from your right hand... we say that your hands are chiral. In other
words, it is necessary to distinguish a right side from a left side.

However, when you bring your two hands together, the whole is no longer
chiral: mirror symmetry is preserved for both hands as a whole. We say that
the system consisting of your two hands is enantiomorphic.

For reasons that aren’t entirely clear, nature tends to favor chirality. This
is especially true when it comes to small objects like molecules or particles.

It’s easy to tell whether a macroscopic object is chiral or not. It’s harder to
say the same for a microscopic object.

It was the French chemist and physicist Louis Pasteur who introduced the
concept of chirality at the molecular level.

Two diagrams will suffice to explain the concept.

Figure 2.5: Example of a chiral molecule : CHBrCIF or Bromochlorofluo-
romethane

On the left is the original molecule. On the right is its mirror image. If we
rotate the mirror image so that the fluorine returns to its original position, we
see that the positions of the chlorine and bromine have switched. The molecule
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is therefore chiral.

Is the orientation really that important?

Oh yes! The left-handed form of a molecule may have therapeutic effects,
while its right-handed form can be harmful. For example, L-DOPA has proven
to be an effective treatment for reducing tremors, particularly in cases of Parkin-
son’s disease. On the other hand, the D-DOPA form not only fails to provide
any relief to patients but can even cause harmful side effects such as granulocy-
topenia, which weakens the immune system.

Another example: the infamous thalidomide. The right-handed form has a
sedative effect and alleviates nausea, while the left-handed form is teratogenic.

However, unlike chemical laboratories, which can produce both right-handed
and left-handed versions, it appears that nature favors certain versions over
others. Sugars, for example, are exclusively dextrorotatory (i.e., right-handed)
molecules. This is indicated by the right-handed polarization of light. DNA is
also found exclusively in its right-handed form. Conversely, all amino acids are
levorotatory (i.e., left-handed).

Why does nature favor one version over the other? Why this version rather
than the other? Various hypotheses have been put forward, including the ex-
traterrestrial origin of the imbalance. There appears to be a chiral force that
favors either the right-handed or left-handed form, depending on the molecule
being studied. This chiral force is thought to originate from circularly polarized
light?®. And, in fact, such infrared light was reportedly detected in the Orion
Nebula in 1998.

But we have to admit that researchers don’t have any truly convincing ex-
planation at this point. ..

Well, all of that has to do with molecules. But what about elementary
particles?

In the absence of other information, researchers use a highly mathematical
definition based on group theory. The chirality of an electron or any particle is
defined through a representation of the Lorentz algebra. Remember that there
are two representations associated with the Dirac equation:

1 1
5:0): D(O,3)
The first is the left-handed version and applies only to the electron. The second
is the right-handed version and applies only to the positron.

From the perspective of chirality, matter would therefore be left-handed and
antimatter right-handed. The Dirac equation, which contains both versions, is
enantiomorphic.

But how do we switch from one version to the other? Using the ° matrix!

The two parallel worlds we mentioned in the previous Sections—the world
of positive energies and masses (that is, the world of electrons and positrons)

D(

23The magnitude of the electric field remains constant, while its direction changes as it
rotates.
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and the world of negative energies and masses (in other words, the world of
antielectrons and antipositrons)—are thus connected by the chirality matrix.

Our world, for reasons unknown, has favored left-handed matter and right-
handed antimatter, but by reversing the chirality, its mirror world—composed
of right-handed antimatter and left-handed matter—could, in principle, become
visible to us.



Chapter 3

The geometric algebra point
of view

We mentioned Clifford algebra CI(1, 3) in the previous chapter, and it is obvious
that we cannot speak of this algebraic structure without referring to geometric
algebras. The reason is simple: it was the English mathematician William Clif-
ford who invented the concept of geometric algebra in 1878. He unfortunately
passed away a year later and this idea did not have time to receive the publicity
it deserved. This viewpoint is thus relatively unknown in the scientific world de-
spite the remarkable work done in particular by David Hestenes! to rehabilitate
it.

Geometric algebras are extremely powerful, yet also disconcerting at first
glance. For example, you will be asked to forget one of the things you have
learned since your earliest childhood, namely that you don’t add apples and
pears. ..

But let’s look at this in detail.

3.1 The foundations

We introduced the concept of algebra in chapter 1, by discussing Lie algebras.
Algebras are vector spaces equipped with a specific "multiplication" law and,
in the case of Lie algebras, it is the "commutator" law. Similarly, a geometric
algebra is a vector space equipped with a law called the geometric product?:

ab=ab+aANb (3.1)

IFor a review, see, for instance, Hestenes, D. (2003). Spacetime Physics with Geometric
Algebra. American Journal Physics, 71, 691-704. https://doi.org/10.1119/1.1571836
2The elements of this vector space are denoted by a lowercase letter, without an arrow.

132
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The geometric law combines two vectors (also called 1-vectors) a and b to
give rise to

e a scalar (or O-vector) through a.b
e a bivector (or 2-vector) through a A b

Everyone knows what a scalar is. The term bivector is undoubtedly more mys-
terious.

The idea is quite simple. We know vectors can be seen as segments of lines
to which we give an orientation. Similarly, bivectors are oriented segments of
planes. The shape of these parts of a plan is irrelevant as long as they have the
same area and orientation:

anb aanb

D/ DAL

Figure 3.1: Two representations of the same bivector a A b

Later, we will also define trivectors -or 3-vectors- as oriented segments of 3D
spaces and so on.
The definition (3.1) implies two products:

e an inner product or dot product denoted by ”.”. It is the usual scalar
product when only vectors are involved. One of its characteristics is that

it is symmetric:
a.b="b.a (3.2)

e an outer product or wedge product denoted by ” A”. In contrast to the
first product, it is antisymmetric:

ahNb=—-bAa (3.3)
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(57 15

Figure 3.2: Antisymmetry of the wedge product

When the two vectors a and b are parallel, the outer product vanishes due
to antisymmetry and only the symmetric contribution of the inner product
remains. In this case,

ab = ba (3.4)

A consequence of this is®

aa=aa=a, a € R (3.5)

This is known as the contraction axiom. It follows that

a”t=— (3.6)

When the two vectors a and b are orthogonal, the inner product becomes
zero, leaving only the antisymmetric contribution of the outer product. In this
case, we have

ab = —ba (3.7

The degree of commutativity in the geometric product therefore measures, in
a way, the direction of a with respect to b. If they are collinear, we have
commutativity and if they are orthogonal, anticommutativity emerges:

a//bsanb=0<ab=ab< ab=ba

albeab=0sab=aANbs ab=—ba

This explains the two terms in (3.1). They result from the decomposition of
the vector b into two components, one parallel to a and the other perpendicular
to a:

ab:a(b//"‘bj_) :a,.b//+a/\bJ_

3The reason why a can be negative is related to the metric of the original vector space.
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In other words, the geometric product contracts parallel directions and expand
perpendicular directions:

by b

U -

by

-

Figure 3.3: Visualization of the geometric product

Generally speaking, we have

1
2

From two 1-vectors, the inner product creates a 0-vector: it lowers the grade
of the vectors. On the contrary, starting with two 1-vectors, the outer product
creates a 2-vector: it raises the grade of the vectors. This product therefore
allows the creation of 3-vectors, 4-vectors, etc. (depending on the dimension of
the initial vector space).

More specifically, if the initial vector space has dimension n and an orthonor-
mal basis denoted by ey, es, ..., e,, the geometric product allows to create 2"
elements:

a.b (ab+ba); anb= %(ab — ba) (3.8)

e 1 O-vector: 1
e n l-vectors: e;, j=1,2,...,n

. @ 2-vectors: ejer, J,k=1,2,..,n

e 1 n-vector: ejeses...ep

The unique n-vector is called the pseudoscalar unit. It is the one who determines
the orientation of the space.

A multivector is a real linear combination of these 2™ elements:

A4 ej + I* ejer + ... + " lejeses...ep
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The set of these multivectors, equipped with addition, multiplication by
a scalar and geometric product, is defined as the geometric algebra itself or,
equivalently, the Clifford algebra Cl(p, q) if p and ¢ basis vectors have a square
equal to +1 and -1, respectively.

Let’s illustrate these considerations on R2.
There are two basis vectors, orthonormal:
€1 ,€2 (39)
The inner product gives rise, through e? and e3, to the O-vector 1 while the
outer product is such that
€1 A €y = €1€2 (310)

The corresponding geometric algebra is thus of dimension 4. No need to say
that it coincides with the Clifford algebra CI(2).
We can summarize this in a table:

R? | CI(2) | Grade
1 0
e1 ey 1
es es 1
e1es 2
A multivector of C1(2) is:
v=+cler+ ey +Aeren, et eR (3.11)

It is also written as

V=<A>)+<A> +<A>,

referring to the grade of the elements of the algebra A = CI(2).
The even part of this multivector is

o= 4+ cBeres =< A>q+ < A >,

while the odd part is just a vector:

vp=cleg+ctes =< A >
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Two major observations at this stage:
e The square of the pseudoscalar unit is equal to -1:
(e1e2)? = eregeren = —eted = —1 (3.12)

It is then customary to say that this unit plays the role of the imaginary i. In
other words, the even part of C1(2) is isomorphic to the set of complex numbers.

e The pseudoscalar unit rotates e; to —es:
e1ege) = —etey = —ey (3.13)
It therefore rotates e; by 90° clockwise. It also rotates es to eq:
e1egeg = eleg =e (3.14)

which is also a 90° clockwise rotation.

€2

€1 &

-ey

It is true for the basis vectors but also for any vector of R2. The position
occupied by the pseudoscalar unit reveals the direction of rotation: clockwise if
the pseudoscalar unit multiplies the vector on the left and counterclockwise if
it is applied on the right

e1eav] = ey — cleg ; V1 e1eg = —c?eq + cleg (3.15)

This is yet another illustration of the mantra of geometric algebra: the
geometric product contracts parallel directions and expand perpendicular direc-
tions.
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) Eez

Figure 3.4: Contraction of parallel directions-expansion of perpendicular direc-
tions

3.2 Reflections and rotations

Besides what we have just mentioned, there is another crucial thing to under-
stand in geometric algebra: some multivectors represent geometric transforma-
tions rather than geometric objects.

Thus, Clifford algebras are naturally connected with transformations such
as reflections and rotations.

Let’s stay in R? for a moment. What follows can be transposed to any vector
space, but R? does indeed allow for optimal visualization.

Consider a 1-vector a and reflect it with respect to the 1-vector u :
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-a -u'au
Figure 3.5: Reflection of a

This reflection is given by

Indeed, we have

utau=u""(a; +as)u
Remember now (3.4) and (3.7) and you will be convinced that
a//u:ua// a1 U= —-Uuaj
leading to
ultau = a//—ay

which is the desired result.

139

Furthermore, it is clear that the reflection of a across a line perpendicular

to u is marked through
—ulau
As a numerical example, we consider the vector
a=-e1+2ey

Let’s reflect it along
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1
u= 3(361 +dey)=u"t

Note that u has been normalized. This is something we will do systematically
going forward. If that weren’t the case, this normalization factor would be
carried over to the calculation of the inverse.

We have

1
u tau 3e1+4es)(er +2e2)(3er +4ez) = —(41eg + 38e29)

25 25
A simple graph proves that this vector is indeed the object sought.

It is well known that two successive reflections are equivalent to one rota-
tion and that the angle of rotation is exactly twice the angle between the two

intersecting lines. This is denoted, in algebraic geometry, by the appearance of
what is called a rotor

R=uv

in the sense that

R YMR=v"'(w"tau)v

A rotation is therefore considered equivalent to the geometric product of two
(normalized) 1-vectors:

R=w=uv+uAv
Moreover we know that

ww = cosg (3.16)

if g is the angle between u and v. On the other side, the wedge product is
related to the area of the parallelogram built on u and v:

0
UAV = sinieleg (3.17)
These two results lead to
0 .0
R = uv = (cos 3 + sin 3 e1e2) (3.18)

Now, ejes behaves like ¢ and it is clear that

0
R = uv = exp(eez 5) (3.19)

In general, the rotor thus specifies the angle of rotation, as well as the plane
(u,v) in which the rotation takes place and its direction (clockwise if u A v and
counterclockwise if v A u).
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We note that

R™! = vu = exp(—ejes 5)

So if we want to subject the vector a to a rotation of amplitude 6 in the
direction u to v, we simply need to consider

6 6
' = R™'a R = exp(—ejen 5) a exp(erez 5) (3.20)

which gives the desired result.

One might be surprised by this formula, frequently called "the sandwich
formula" for obvious reasons. One might indeed think that it would be simpler
to apply the rotor only once, doubling the amplitude of the angle and defining

al = a R(20) = a exp(e1e20)

And that would be perfectly the case if we were to limit ourselves permanently
to R?! But you only need to go up to R? to be convinced that this option is no
longer valid.

Let’s consider an example to prove that this formula leads to a dead end.
Take the vector

a = 2eq + 3eg + 4es

Let’s rotate it 90° in the plane (e1, e3) (which is equivalent to saying around es).
Equation (3.20) gives the desired result:

T T
al = exp(—ejes Z) a exp(eez Z)

& al = (cos(%) —e1en Siﬂ(%)) a (COS(Z) +erezsin(7))

1N

1

&S al= 5(1 —e162) (2e1 + 3ez + deg) (1 + e1e2)
1

& al = 5(—61 + 5ea + dez — dereses) (1 + eren)

al = —3eq + 2es + 4deg

However, the simplified proposal leads to

al = a exp(ejey g) = (2e1 + 3egy + 4de3) e1e9 = —3e1 + 2e9 + dejeses

The presence of the third term means that a/ is no longer a vector and we must
therefore necessarily resort to "the sandwich formula" (3.20).
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3.3 The space algebra

The initial vector space is R® and the geometric algebra is CI(3) -also called the
space algebra in this case-:

R3 | Ci(3) | Grade
1 0
el eq 1
) ) 1
es es 1
eiés 2
eseq 2
eses 2
ejezes 3

The space algebra is made of 8 elements : 1 scalar, 3 vectors, 3 bivectors
(also called pseudovectors) and 1 trivector (or pseudoscalar). If you feel you
recognize this series of numbers, you are not seeing things because it is indeed a
line of Pascal’s triangle, a characteristic that will be present in every geometric
algebra.

A multivector is here

v=2c" + clel + 0262 + 0363 + 6126162 + 0316361 + 0236263 + 04616263
with 2, ¢!, ..., ¢* € Ror

V=<A>)+<A>1+ < A>3+ < A>;

Let’s return for a moment to the term "pseudo". What do we get when we
apply the pseudoscalar unit to the scalar or vectors? This:

€1€2€3 1= €1€2€3 (3.21)

€1€2€3 €1 = €9€3 ; €1€2€3 €3 = €3€1 ; €1€2€3 €3 = €162 (3.22)

So, respectively the pseudoscalar unit and the pseudovectors. We will say that
scalars and pseudoscalars as well as vectors and pseudovectors avec Hodge duals.
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In a more general way, the Hodge dual of a k-vector X is defined as

k(k—1)

*X=(-1)"2 IX

where [ is the pseudoscalar unit. It is such that

XxX=1

A particularly clear way to illustrate this duality is through the use of the
matrix realization of the space algebra. In this case, we are using Pauli matrices:

1 0
11, = (3.23)
0 1
0 1 0 —1 1 0
ep —ol= , ey — 02 = ,e3 =03 =
1 0 i 0 0 -1
(3.24)
0 1 0 1 i 0
egesz — 1ol = , €31 —> 102 = , €160 — 103 =
i 0 -1 0 0 —1
(3.25)
i 0
€1€62€3 — iIQ = (326)
0 1

Therefore, as in the case of Ci(2), we note that considering the dual of an
element amounts to multiplying it by <.

We note that the role of the imaginary i can be attributed to four elements of
Cl1(3), namely eges, eseq, ejes besides the pseudoscalar unit ejeqes. This leads
to identifying the even part {1, eges, ezeq, e1ea} with the set of quaternions?.

The position vector of the space algebra is defined by

) x> b — ix?
r=1a'e; = (3.27)

x4 ia? —z3

The fact that it undergoes a rotation of amplitude 6 in the plane (e, ez), for
instance is noted through

4Quaternions were introduced by the Irish mathematician William Hamilton in 1843. They
are generated by i,j and k such that i2 = j2 = k2 = ijk = —1.
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0 0
Rz R = exp(—ejen 5) x exp(eres 5) (3.28)

This gives rise to

exp(—ejes 5) e1 exp(erey 5) = cos(f) e1 + sin(0) eq,

exp(—ejes 5) es exp(ejes 5) = —sin(f) e + cos(6) ea

that is to say

x! = (x' cos(f) — z%sin(0))e; + (2! sin(8) + x2 cos(h))es + zes (3.29)

Besides, we have

0 0
Rz R = exp(eren 5) x exp(—ejeg 5) (3.30)

& ar = (2! cos(h) + 22 sin(0))er + (—z' sin(0) + 22 cos(6))ey + 2Pe3  (3.31)

Let’s conclude this Section by saying a few words about the cross product. It
is very close to the wedge product, and yet these two concepts are not equivalent.
Indeed, we know that

axb=(a’®—a®v?)es + (a®b* — a'b®)es + (a'D? — a®bt)es (3.32)
if
a=a'e + a%es + a’es ;b= bley + bPes + b3es

On the other hand, we have

anb=(a*b® — a®b?)eges + (a®b' — a'b)ese; + (a'b? — a®bl)ejen (3.33)

Objects (3.32) and (3.33) therefore have exactly the same norm but their nature
is different: axial vector for one and bivector for the other. This result states
that the cross product is the Hodge dual of the wedge product (only in R?, of
course). The duality operation interchanges a plane with a vector perpendicular
to that plane:
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A rather remarkable consequence concerns mirror symmetry. Take the ex-
ample of a loop carrying an electric current. This generates a magnetic field,
usually defined by a cross product. Its symmetrical counterpart is a magnetic
field directed in the opposite direction (hence the name axial vector...). How-
ever, if we consider the wedge product instead of the cross product, we will not
have two different vectors but a single bivector with a different orientation on
either side of the mirror.

3.4 The 4D-space algebra

Here we go up to R* and CI(4), respectively. The elements concerned are given
in the table below:

R* Cl(4) Grade
1 0
€1, €2, €3, €4 €1, €2, €3, €4 1
€1€2, €1€3, €1€4, €2€3, €2€4, €3€4 2
€1€2€3, €1€2€4, €1€3€4, €2€3€4 3
e1e06e36y 4

One possible matrix realization is

1— (3.34)
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0 —ioj 0 I
e; — ,eq — L j=1,2,3 (3.35)
icj 0 I 0
—i0j 0 ol 0
ejeq — , €j€k —> 1€k , 4k, 1=1,2,3 (3.36)
0 0] 0 ol
0 ol 0 I
€j€ertqy — ié‘jkl , €1€2€3 — s T k‘, l= 1,2, 3 (337)
ol 0 -1 0
I 0
€1€2€e3€64 — (338)
0 —I

One might think that this is simply an immediate generalization of previous
cases. It is by looking at rotations that we understand that this is hardly the
case. This will be particularly evident if we look at the rotation matrices for
R2, R? and R*, respectively:

cos@ —sinf 0 O

cosf) —sinf 0
cosf) —sinf sinf cosf 0 O
— sinf cosf O —
sinf  cos® 0 0 1 0
0 0 1

0 0 0 1

In R?, there is only one plane, let’s say (ey,es). Nothing is fixed except the
point which is the center of rotation.

In R3, there can be three rotation planes: (eq,ez), (€1,e3) and (eg, e3). Here,
we have chosen (e1,ez). The e3 axis is therefore fixed. .. hence the presence of
the "1" at the intersection of the third row and the third column. We could, in
fact, speak of rotation around ez rather than rotation in (eg, ez). But geometric
algebra is clear: we must refer to the plane of rotation.

In R?%, an entire plane is fixed. Marked here by the vectors e; and ey, it is
orthogonal to the plane in which the rotation takes place. Since an entire plane
is freed up, another rotation can be installed there:
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cosf) —sinf 0 0
sinf  cos@ 0 0
R(0, ) = (3.39)
0 0 cosp —sing
0 0 sing  cosp

We are thus witnessing a simultaneous rotation in two orthogonal planes. And
this is where it becomes remarkable. We know that it is impossible to transform
a left hand drawn on a sheet of paper into a right hand on the same sheet
without going through a reversal, that is to say a movement that seeks the third
dimension. Similarly, we observe that it is impossible to change the chirality
of a three-dimensional object without going through a higher dimension. So,
unlike what happens in 3D, these rotations R(#, ) can induce reflections. For
instance, taking = 0 and ¢ = 7, we have

1 0 0 0
01 0 0
R(0,7) = (3.40)
00 -1 0
00 0 -1

Thus, from our 3D perspective, we observe the z — —z reflection. Of course,
it is also accompanied by a reflection at the level of the fourth dimension, but
this escapes us.

We can also observe total reflection when considering isoclinic rotations.

If the two angles 8 and ¢ are equal, the rotation R(0, @) is called left isoclinic:

cosf) —sinf 0 0
sinf cos6 0 0
Rp(0) = =cosf +sinfees (3.41)
0 0 cosf) —sinf
0 0 sinf  cos6

If the two angles are opposite, the rotation is right isoclinic:

cosf) —sin6 0 0
sinf  cosf 0 0
Rr(0) = = cos 0 + sinfesey (3.42)
0 0 cosf sinf

0 0 —sinf cosf
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An isoclinic rotation of 180° is thus equivalent to

RL(T(') = RR(W) = (343)

and each of the coordinates goes to its opposite.

Another notable aspect of the transition to 4D is the existence of non-simple
bivectors. A bivector is simple if its square is real. Any of the CI(3) bivectors
is simple because

(2eres + Bleger + Beges)? = —(c12)? — (31)2 — (c23)2

For Ci(4), this is no longer the case. For instance, we have

(erea + 6364)2 = -2+ 2¢e1e9e3e4

This is where the pseudoscalar unit will take on a new dimension. Indeed,
the operators

1
Pi = 5 (1 + 61626364) (344)
are projection operators in the sense that

P!=P., P,P. =P P, =0 (3.45)
Acting on the CI(4) bivectors, they give rise to

1

Pyejes = —Presey = 3 (e1ea — eseyq) (3.46)
1

P+€3€1 = —P+€264 = 5 (6361 — 6264) (347)
1

Pieses = —Prejey = 3 (eges — e1e4) (3.48)
1

P_ejea = P_eseq = 5 (6162 + 6364) (349)
1

P_eze; = P_esey = 5 (6361 + 6264) (350)

1
P_€263 = P_6164 = 5 (6263 + 6164) (351)
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Consequently, the projectors have the effect of combining the bivectors in
such a way that they generate two so(3) in direct sum. In other words, the
simple bivectors, when multiplied by the projectors Py, are related to isoclinic
rotations.

3.5 The spacetime algebra

As its name suggests, this geometric algebra is based on spacetime and its
four elementary vectors, one -ep-with a square equal to 1 and the other three
-e1, €2, e3- with a square equal to -1.

Clearly, this algebra is none other than Clifford algebra Ci(1,3) and it’s very
close to Cl(4). Like this last one, it is generated by 16 elements:

e 1 scalar (grade 0): 1
e 4 vectors (grade 1): eg, e, €2, €3
¢ 6 bivectors (grade 2): eger, egea, eges, e1ea, eseq, exes
¢ 4 pseudovectors (grade 3): egeiea, egeser, egeses, e1eaes
¢ 1 pseudoscalar (grade 4): egejeazes
Some of these elements have a square equal to 1:
1, eg, epe1, epea, epes, e1e2e3
They are said to be timelike. Others have a square equal to -1:

€1, €2, €3, €1€2, €3€1, €2€3, €0€1€2, €0€3€1, €0€2€3, €0€1€2€3

They are spacelike elements.
A linear combination can give rise to lightlike objects. For instance, we have

(60 + 61)2 =0

€o

Future -~

Past ™.

Figure 3.6: Timelike, spacelike and lightlike 1-vectors
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A matrix form is available®:

I 0
1 (3.52)
0 I
0 I 0 oj
ey — y €5 — ,7=12,3 (353)
I 0 —gj 0
—oj O ol
eoe; — , ejer — —i€jk , 4k, 1=1,2,3 (3.54)
0 oj 0 ol
0 ol 0 —il
€o€jek — —iEjkl , €1€2€3 — s j, k, | = 1, 2, 3
ol 0 il 0
(3.55)
il 0
epe1€ege3 — (356)
0 —il

If we compare with the realization of Cl(4), we find that the basis vectors
e; have been multiplied here by —i.

Of these 16 elements, 8 form a subalgebra. These elements are the even part
of the spacetime algebra:

1, egej, ejex, eperezes, j, k=1,2,3 (3.57)
It is obvious to see because these are the only "block"-diagonal matrices. We
also have
(eoej)2 =1, egejeper, = —ejey

so that we can identify this subalgebra with the space algebra discussed earlier:

11, 0j <> —epej, 0jok < —ejer, 010203 « egerezes (3.58)

It is this observation that leads to what is called spacetime split. A spacetime
vector X = z*e, can be split according to

51t is noted here that the pseudoscalar unit is no longer totally assimilable to the imaginary
i, in the sense that it does not commute with each of the sixteen elements of the spacetime
algebra.
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Xeg :xo—l—xjejeo =t+aloj
in the observer’s frame eg.

The most general element of this even part will be written as

My=<A>g+<A>+<A>,

i.e.

MO =1 + C2€ege1 + C3 epgea + 4 epe3 + C5 €162 + Cg €3€1 + C7 eae3 + Cg €gerez€s

(3.59)
or
a b 0 0
c d 0 0
My = (3.60)
0 0 d —c*
0 0 —-b* a*
with
a=c1 —Cq4 — iC5 +iCg
b= —co +icg —cg—icy
(3.61)
c= —c9 —ic3 + cg — iC7
d=c1+cy+ics +icg
a b
This naturally leads to a first conjugation of Ny =
c d
— d*  —c*
—-b* a*

What is the physical meaning of this operation ?

To find out, let’s take advantage of the fact that the even part of the space-
time algebra coincides with the space algebra. Going from Ny to Ny or vice-versa
leads to the following changes

Cg <> —Cg, C3 <> —C3, C4 <> —C4, Cg <> —Cg (363)

that is to say (see (3.58)-(3.59))
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0j < —0j

In other words, this conjugation amounts to inverting all the vectors of R3.
It is therefore the equivalent of the parity operator, from the point of view of
geometric algebra.

This is for the even part of the spacetime algebra. In what concerns the odd
part, we have

My =<A>1 +< A>3
that is to say

My =dieo+drer +dsex+dyes+dseperes + dg epeser + dr egeses + dg erezes

(3.64)
It is equivalent to
0 M
My=| _ (3.65)
Ny O
In general, a multivector in spacetime algebra is therefore written
No M
M = My+ M, = P (366)
N1 Ny

Another remarkable point is that the even part of the spacetime algebra can
also be written as the sum of a vector of the space algebra and its dual. Indeed,
Eq. (3.59) can also be written as

Moy = ¢1 + co eger + cs epea + cq epes + epereaes(cs + cr eger + cg epes + ¢5 epes)
(3.67)
or

My =z + yegereaes (3.68)
This leads us to define four types of sets in spacetime algebra:
1. The even part (E): My = = + yepereaes
2. The odd part (O): Myey = zeg — yereses
3. The dual even part (DE): Myegereses = —y + x egereses

4. The dual odd part (DO): My ejeses = yeg + xejeaes
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3.6 Some tedious but necessary calculations

Before continuing, it is useful to present some results, all related to conjugations.

3.6.1 The conjugation M

We have already mentioned a first type of conjugation: that which consists of
reversing the direction of all the basis vectors of the space algebra. This one is
called the grade involution and is noted using the symbol M.

This means that for the even multivector (3.59), we have

a b
NQ = (Cl +Z.08)If (CQ +iC7)O’1 - (63 +’L‘06)O'27 (04 +iC5)O’3 = (369)
c d
and
—~ d* —c*
No = (c1 —icg)I + (ca —icr)ol + (c3 —icg)o2 + (cy —ic5)03 =
—-b*  a*
(3.70)

When applied to the even part My of the spacetime algebra, it is clear that this
conjugation has no effect:

— Ng O
My = . =< A>)+<A>r+<A>y (3.71)
0 Ny

However, it changes the sign of the odd part of this algebra:

— 0o M
M, = — e =—<A> —< A>3 (3.72)
Ny 0
Moreover, it is easy to convince oneself that
MaMp = MaMp (3.73)

for any matrices M4 and Mp of dimension 2.

3.6.2 The conjugation M

The second conjugation or reverse conjugation M corresponds to permuting the
order of the vectors within the wedge product in the sense that
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€j€k — €L€j = —E€€L ;€5ELE] — €l€LE; = —E€4ELE] ; €pE€1€2€3 —r €3€2€1€0 = €pe1€2€e3

In other words, we have (see Eqgs. (3.59) and (3.64))
My=<A>)—<A>y+<A>, (3.74)

My =<A> —<A>s (3.75)

This has various implications, including

_ No O
My = N (3.76)
0 Ny
with
__ d -b — a* c*
NO = s NO = (377)
—c a b*  d*
Similarly, we have
. 0 N
My=1| (3.78)
Ny 0
A final remark is that
MaMp = MMy (3.79)

3.6.3 The conjugation M

This third conjugation, referred to as the Clifford conjugation, arises naturally,
as we have seen above. It results, in fact, from the successive applications,
whatever the order is, of the two preceding conjugations.

So we have
My=<A>)—< A>3+ <A>, (3.80)
Mi=—<A> +<A>; (3.81)
and
- Ny O . 0o N
M, = AM=—| (3.82)
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Of course, we also get

MaMg = Mg Ma (3.83)

3.7 Relativistic invariance through the spacetime
algebra

As in the space algebra approach, a position vector is defined as a linear com-
bination of the basis elements:

0 0 20+ 23 2t —ix?
0 0 ot +ia? 20— 28 0 =x
X =ate, = =
20— a3 —zl 4 ix? 0 0 z 0
—z' —iz? 20423 0 0
(3.84)
This is therefore an element of the odd part of the spacetime algebra.
It contains the position vector of the space algebra:
29+ 23 ! —ix?
r=2"+2.7 = (3.85)

ot 4+ix? 20— 23
as well as its conjugate counterpart, which clearly corresponds to an action of
parity

20 — 23 —zl 4 z?

T=2"-7.7 = (3.86)

—zl — 22 9 + 2°

Note that the spacetime metric is then nothing other than the determinant
of z or Z, indifferently:

det(z) = det(z) = 'z,

Before going any further, it is useful to note the following observations.
First, we can see that

co=1" ¢ =7 (j=123) (3.87)

Since the metric is different from that of the space algebra, this leads us to
write that (compare with (3.28)-(3.30)):



CHAPTER 3. THE GEOMETRIC ALGEBRA POINT OF VIEW 156
0 6
X1 =exp(—ejeg 5) X exp(erez 5) (3.88)

& X1 = 2%+ (2! cos(0)+2%sin(6))ey +(—z' sin(f) 422 cos() )ea+aes (3.89)

and

0 0
X1 = exp(eres 5) X exp(—ejes 5) (3.90)
& X1 =2+ (2! cos(0) —x? sin(0))e; + (—x sin(0) + 22 cos(0) )ea +ae3 (3.91)

The metric therefore implied a change in the direction of rotation. Here is an
illustration on X = ey :

€

R27'e, R2 R17'e;R1

» €1

Figure 3.7: Actions of the rotors R1 = exp(ejes §) and R2 = exp(—eje2 §) on
e

Let’s now consider hyperbolic rotations or boosts.
As we have seen in Chapter 1, boosts are characterized by (1.81) or

t/:ﬁ(t—’l}l')

xl:ﬁ(l’—vt)
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when (1+1) dimensions are considered and c= 1.
Take now the timelike vector
u=2eg
A boost transforms it into

2 2v
en —
V1 =2 0 V1— 02

So, if v = +0.5 or v = 0.8, for example, we respectively have

ul = e

ul =2.3leg F1.15e1, uw = 3.33¢eg F 2.67 ¢,

These images are represented in the graph below, and, of course, we can
confirm that a boost does not change the nature of the initial vector in any
way: starting from a timelike vector, directed towards the future, we obtain a
set of timelike vectors, also directed towards the future. Their extremities form
the upper half of the equilateral hyperbola with equation y? — 22 = 4 :

From a timelike vector directed towards the past, we get a set of vectors
with the same features.
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It is also true if we start with a spacelike vector:

From the perspective of geometric algebra, a boost is considered a rotation
in the plane bounded by the timelike vector ey and a spacelike vector e;.
So, we respectively have

X1 = exp(—epeq %) X exp(eper %) (3.92)

& X1 = (2° cosh(ip) + z* sinh())eg + (2° sinh(p) 4 x! cosh(p))ey + x2es + z3e3
(3.93)
and

X1 = exp(eger %) X exp(—eper %) (3.94)

& X1 = (2° cosh(p) — 2! sinh(g))eg + (—2° sinh(p) + ' cosh(p))es +2%es +a3e3
(3.95)
Once again, an illustration will be welcome:
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B2leyB2 Bl le; Bl

<0

Figure 3.8: Actions of the rotors B1 = exp(epe; %) and B2 = exp(—egpe1 ) on
€o

We draw inspiration from the rotors in (3.88)-(3.90) to propose

R1(0) = exp(—ezes g), R3(0) = exp(—ezer 2)7 R3(8) = exp(—ezez g) (3.96)

Indeed, with the realization (3.54), it is clear that

0 )
cos(3) +toj sin(3 0
R;(0) = ) ) ,i=1,2,3 (3.97)
0 cos(%) +ioj sin(%)
It has the form (3.66) with N; = 0 and
o, . . .0
Ny = COS(E) +i0j sm(§) (3.98)

So, for example, when j = 1, we are led to

No=| (3.99)
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and we find the rotation in the plane (eq, e3) marked by the matrix R;(0) given
in (1.86).
We can now turn our attention to the boosts that are associated with

Bi(g) = explever £, Baly) = expleoes £), Baly) = expleoes ), (3.100)

Using the realization (3.54), we obtain

cosh(£) — oj sinh(£ 0
Bj(p) = ) % j=1,23
0 cosh(%) + oj sinh(%)
(3.101)
In other words, it is once again an even element of the spacetime algebra. We
have

No,j = cosh(%) —0j sinh(%) (3.102)

and, for j = 1 for example, we recover the hyperbolic rotation in the plane
(eo,e1) marked by the matrix B;(¢) given in (1.88).

By a similar line of reasoning for R2(0), R3(0), B2(v) and Bs(p),we find
the six Lorentz transformations, as expected. The six matrices Ny ; are 2x2
matrices with complex elements and whose determinant is equal to 1. In other
words, these are the matrices of the group SL(2,C). This is not surprising since
the group SL(2,C) is the universal covering of the Lorentz group.

What’s more surprising is that there’s a seventh transformation! It is related
to the pseudoscalar unit since it is defined by

A
R(XA) = exp(—eqerezes 5) (3.103)
It is easy to see that
Xr=R1)\) X R(\) = cos(\) X +sin(\) IX (3.104)
Clearly, we have
No O exp(—i\ 0
R=| " _ | M= = ‘ (3.105)
0 N 0 exp(—3A)

Since it is not defined through bivectors and, therefore, not related to SL(2,C),
Ny has a determinant different from 1, in general.
Eq. (3.104) means that
x! = exp(i\) x (3.106)
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In other words, this -unexpected- seventh transformation is nothing but a com-
plex rotation of the position.

All the Lorentz transformations can be summarized by

No O No O
X

X1 = N N (3.107)
0 Ny 0 N
i.e.
21 = Ny No (3.108)
The seventh one corresponds to
Ny 0 Ny 0
X = X . (3.109)
0 Ng 0 N
or
2! = Ny x Ny (3.110)

We can, equivalently, analyze transformations based on the odd part of the
spacetime algebra®. This time, we have

=N 7N, (3.111)
or
al =N, Z N, (3.112)
instead of (3108) and (3.110). Taking (see (3.98) and the following)
o, . .. 0
Ny ;= COS(Q) +i0j sm(i), =123 (3.113)
N, . — ¥ . Py o
1, = cosh(i) —0j smh(5)7 j=123 (3.114)
and
N, = exp(—%)\)f (3.115)

we see that (3.113)-(3.115) lead us to the same transformations as those men-
tioned above, up to the fact that

ot — =zt 2?5 —2?, 23— a2

6Debergh, N. and Petit, J.P. (2023) On Spacetime Algebra and Its Relation with Negative
Mass. Reports on Mathematical Physics, 91, 165-181. DOI: 10.1016/50034-4877(23)00023-X
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This is obviously due to the fact that x was replaced by Z. This means that
going from an even transformation to an odd transformation actually involves
the parity operator, in a natural way. In other words, and based on the table
1.1, we are dealing here with improper orthochronous transformations.

Is there therefore a way to highlight retrochronous transformations? And
how?

To do this, one only needs to consider Hodge’s duals. But not only that. In
fact, we are going to consider the complex version of the spacetime algebra.

Indeed, an even transformation when modified by the pseudoscalar unit
(3.56)

My — —iegeieaes My

is such that

2! = —Npx Ny (3.116)
It is equivalent to ask for

0 1 2

20— =20 2t - —at, 2?2 - —2?, 23 > -3 (3.117)

So, it is the PT transformation that is related to this case. Referring once again
to the table 1.1, we can therefore affirm that it is the proper retrochronous
transformations that are underlying here.

What is missing then are the improper retrochronous transformations which
are obtained from the only time-reversal operator 7. In the framework of the
spacetime algebra, they are found by considering the dual odd transformations.

It’s already time for a recap.

We have seen that the spacetime agebra highlights the six usual Lorentz
transformations but also a seventh transformation whose nature is a complex
rotation on coordinates. Moreover, improper versions via odd transformations,
as well as retrochronous versions through dual transformations, appear here in
a very natural way.

Let’s analyze this more precisely by observing a representative of some of
the transformations:
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Proper/orthochronous
cos g + 01 sin g 0
R =
0 cosg + 401 sin g
cosh & — ol sinh & 0
By =
0 cosh £ + o1 sinh
R exp(—i3) 0
5N
0 exp(ig)
Proper /retrochronous
cos g + 101 sin g 0
R, =
0 —cosg—ial sing
cosh £ — o1 sinh £ 0
B, =
0 —cosh £ — o1 sinh £
5N
exp(—i5) 0
R= 2
Y
0 —exp(i5)
Improper /orthochronous
0 cos g + 201 sin g
R, =
0 | : -0
cos 5 +i0l sin 3 0
0 cosh & — ol sinh £
By =
cosh & + ol sinh 0
R 0 exp(—i3)
exp(i) 0
Improper /retrochronous
0 cosg + 0l sing
R =
fcosgficrl sing 0
0 cosh & — ol sinh £
B, =
—cosh & — ol sinh £ 0
R 0 exp(—i%)

163
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The first observation is that each of these matrices has a determinant equal
to 1. We are therefore dealing with the Lie group SL(4,C). It clearly generalizes
the group SL(2,C) which underlies the usual Lorentz transformations.

The second observation is that the proper transformations clearly involve
two simultaneous rotations. To obtain the retrochronous case from the or-
thochronous one, we must perform

0—=0+m o= p+im, A= A+7

in the plane (es, e3) while the transformations in (eg,e1) (for the specific cases
we have considered) are invariant.

A third observation is that geometric algebra allows us to consider, through
the odd part of the spacetime algebra, the discrete symmetries P and T. The
fact of considering the odd part ensures in fact that we keep a determinant equal
to 1 whereas this is impossible in the traditional approach.

Two tables will be particularly useful for summarizing the results at this
stage.

Proper/orthochronous Improper/orthochronous
Even Odd
2! = Ny x Ny Lorentz =N 2N,
xl = va() T ]/\7\0 z! = N_; ENI
Proper /retrochronous Improper/retrochronous
Dual even Dual odd
2t = —Npz Ny Lorentz =N, 7N,
x/:—Z%J:Z/VB x/:—],\fvlil/\f\l
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Proper/orthochronous Improper/orthochronous
Ry cos(4) —sin() ezes cos(4) eg — sin() egeses
Ry cos(4) —sin(§) ezer cos(4) eo —sin(4) egezer
R; cos(4) —sin(§) eres cos(4) eg — sin(§) egeren
By cosh(%) + sinh(%) eper cosh(%) ep — sinh(%) ey
By cosh(%) + sinh(%) eges cosh(%)eg — sinh(%) ez
Bs cosh(¥) + sinh(%) eges cosh(%)ep — sinh(%)e3
R cos(3) — sin(3) egerees cos(3) eg + sin(3) erezes
Proper/retrochronous Improper /retrochronous
Ry —icos() egeresez — isin(4) eges icos(d)ereses +isin(g) e
Ry —icos() egereses —isin(§) eges icos(d)ereses +isin(g)es
Rs —zcos(g)eoelegeg —zsm(g)eoeg icos(g)elegeg —|—ism(g)
By | —icosh(%)epereses — isinh(%)eses | icosh(¥)erezes —isinh(2) epezes
By | —icosh(%)epeieaes —isinh($)eser | icosh(¥)ejezes —isinh(%)egese;
Bs | —icosh(%)epereses —isinh(%)eren | icosh(¥)erezes —isinh(F)eperer
R —icos(3) eperezes — isin(3) icos(3)erezes —isin(3) eo

It is remarkable that the spacetime algebra contains within itself the set of
transformations of the complete Lorentz group.
Furthermore, if we denote M as the generic matrix of the seven proper

orthochronous transformations, we note that

e the improper orthochronous transformations are obtained through M ey,
i.e. under the action, on the right, of the unitary parity operator P;

the proper retrochronous transformations are obtained through —iM ege;eqes,

i.e. under the action, on the right, of the chirality operator, also respon-

sible for the change of sign in the mass;

the improper retrochronous transformations are obtained through i M ejeses,
i.e. under the action, on the right, of the unitary time-reversal operator

T.

)
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One final observation to conclude this Section.

The elements of the dual, associated with retrochronous transformations,
require consideration of a complex extension of the spacetime algebra.

This is a development quite similar to what was proposed in (3.23)-(3.26)
in the sense that we leave Cl(1,3) to consider C(2,3) through the new vector
basis

egl = eg, e1! = eq, eal = es, e3l = ez, e4l = iegeies€e3 (3.118)

The pseudovectors now read

eglerleales! = egereaes, eplerlesley = —ies (3.119)

and

egleilesley! = 1eq, egleslegley) == —ieq, e1leslesley] = —ieg (3120)

The algebra spanned by the corresponding bivectors is obviously so(2, 3). So
there are four additional transformations, besides the Lorentz transformations:
a circular rotation and three hyperbolic rotations.

Note that these additional transformations have nothing to do with those
mentioned in the Section 1.10 devoted to the complex extension of the Poincaré
group. They encompass here a fifth dimension.

For the transformations discussed in the first Chapter, we must go up to
C1(2,6), whose 28 bivectors generate so(2,6). We then recover the set of trans-
formations of Section 1.10. For example,

cos(i) - sin(i) epeq

leads to (1.337), where eg is associated with real time while ey is related to
imaginary time.

3.8 The Dirac-Hestenes equation

In geometric algebra, it is common practice to replace the column matrix de-
scribing the wavefunction with a square matrix. More specifically, the wave-
function is a multivector in the even part of the spacetime algebra, being of the
form (3.60):

wl _w4* 0 0
2 3
Vo = v 00 (3.121)
0 0 w3 7w2*

0 0 ,¢4 d}l*
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The next step is to transform the Dirac equation (2.85) concerning a bispinor
into a new version that would act on the matrix (3.121).

To that end, we

59
”
"
2

_i¢4
i?
>

—iwl

note that

< 70 =

& 70y’ =

v
gt oyt
0 0
0 0
gt gt
vy
0 0
0 0
—ipt it
i —ig?
0 0
0 0
vy
—pt =yt
0 0
0 0
—ipt —ip
—ip? i
0 0
0 0

0 0
0 0
,(/}1 _,(/}4*
wQ ¢3*
0 0
0 0
_w2 _w3*
_wl ¢4*
0 0
0 0
Z"(/JQ “/}3*
_“/)1 “/)4*
0 0
0 0
_wl 1b4*
w2 w?)*
0 0
0 0
_i¢3 —i¢2*
_Zw4 Zwl*

(3.122)

(3.123)

(3.124)

(3.125)

(3.126)
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If we multiply Eq. (2.85) by —i, we obtain, in direct correspondence via
(3.122)-(3.126):

o’ + er" Aoy’ VP yt +mypory?yt =0
Then, we simply multiply on the right by v2y'+% to obtain the final version of
the Dirac equation in geometric algebra:

Y (Outhor* vt — e Aypo) = mipor° (3.127)

This equation is known as the Dirac-Hestenes equation or real Dirac equa-
tion.

We can also do the reverse process, namely starting from this equation and
finding the Dirac equation in its traditional form. To do this, it suffices to
consider u such that

1

0 2.1 . 0
You = u, Yy u=1tiu, You =% = u = (3.128)

1

0

Then multiplying (3.127) by u on the right, we find the Dirac equation.

3.9 The real 2x2 Dirac equation

One remarkable thing is that since the wavefunction is expressed solely using
the even part of the spacetime algebra, and this part is isomorphic to the space
algebra, it is possible to reformulate the Dirac equation in terms of 2-dimensional
matrices. To this end, we note that

0
Yo = v (3.129)
U
if
1 4%
o= 1/)2 i (3.130)
(R

The next step is to decompose the Dirac-Hestenes equation into blocks along its
antidiagonal to hightlight the corresponding equation. Indeed, when multiplying
(3.127) by 424! on the right, we have
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0 V 0 A v 0 v 0 0201 0
R —e| =m
vV 0 A 0 0 ¢ 0 ¢ 0 o201
Here, we have defined”
V=8y- 3.V, A=A - .4 (3.131)
and consequently
V=0 + 3.V, A=A+ 3.4 (3.132)
So, Eq. (3.127) now reduces to
Vpop=eApo2ol + mpo2ol (3.133)
and its conjugate
(3.134)

Ve = eg@a2al+m<ﬁo2al

However, we can also construct them starting from the Dirac equation:

(V(O +ie Ay) +im) =0 (3.135)

which is equivalent to
V+ieA)n+imé€=0
(A A) (3.136)
(V+ieA){+imn=0

if the chiral realization is used.
A side remark: we had noted that the negative energy and mass solutions

were obtained by applying the matrix +® associated with chirality to the positive
energy and mass solutions. In other words, via the changes

§—=&,n— -1
This is particularly clear here since the equations (3.136) are invariant under

these changes accompanied by m — —m.
Now, if we take the complex conjugate of these equations (3.136) and mul-

tiply them on the left by —ioc2, we get
"In the 4x4 formulation, V is defined through V = v*d,.
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V —ie A) (—io2n*) —im (—io2£%) = 0
( ) (—io2n") (—io2€7) (3.137)
(V—icA)(—io2&*) —im (—io2n*) =0
after noticing that
—ig2V* =V (—i02), —ic2V* = V (—io2) (3.138)
Taking care of both results (3.136)-(3.137), we have

\Y < n —io2&* )+ieA < n o2& )+z’m < ¢ o2 ) (3.139)

We conclude by noting that

@ = ( € —io2n* ) (3.140)
so that Eq.(3.139) coincides with Eq. (3.133).

This equation (3.133) is called the real 2x2 Dirac equation.
There are a few observations to note at this stage.

o If we take

pr=cp=pl=cp
where c is a complex constant, we have

*

Vol = e A@ro2ol +m S pro201 (3.141)
C

An imaginary constant ¢ thus allows us to highlight negative masses. This
demonstrates once again the power of the pseudoscalar unit.

o If we ask for
ol =cpo3 = pl=—c"po3
we obtain

*

Vol =eAplo2el —m ‘¢ ol o201 (3.142)
c

This time, it is a real constant ¢ that allows us to consider negative masses.

We therefore have two cases in which the mass becomes negative: ¢/ = i@
and ¢/ = p 3. At the level of the wavefunction v, both cases lead respectively
to

Y =", Yr = =iy’ ¢ (3.143)
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These are two clearly equivalent results in the traditional approach to the Dirac
equation, since it is only in geometric algebra that the imaginary i plays a
distinctive role due to the simultaneous presence of ¢ and @ within the same
equation.

Let’s move on to the next two results.

e If we have
ol=cpol = pl=—c*pol

the real 2x2 Dirac equation is now

*

Vol = —e Aplo20l +m c ol o201 (3.144)
c

So, once again, a negative mass is conceivable provided that we take ¢ to be
imaginary. But the novelty is that we are clearly dealing with a charge conju-
gation.

This is a result that we will also obtain in the following case.

o If we consider
pl=cpa2= pl = —c*po2

we still have

*

Vol = —e A@roa2ol +m S pro201 (3.145)
C

Again, the two cases coincide at the level of the traditional approach, up to a
multiplication by 4, and give rise to

0 0 0 —c
0 0 ¢ 0 | |
Y= 4
0 ¢ 0 0
—* 0 0 0

This is an expected result since we recognize the v? matrix followed by a complex
conjugation or the same with the 7° matrix in addition if we change the sign of
the mass with an imaginary c.
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3.10 Symmetries of the real 2x2 Dirac equation

The Dirac equation is this set of four equations:

(8o + 83)Yp* + (01 — iD2)p? + imap® = 0
(0o + O3)Y** — (81 — i02)Y>* —imap** =0

(3.146)
(Do — 03)* + (01 + id)Y* +imy* =0
(80 — 83)1/)3* - (81 + i82)¢4* — imd)l* =0
as well as their complex conjugates.
It is already clear at this stage that the following transformations
P e =yt PP e (3.147)

leave these equations invariant. Take a moment to look at Table 2.2 and you
will be convinced that these transformations link matter with positive mass and
antimatter with positive mass.

At the level of ¢ =(3.130), this leads to

p < pol (3.148)
as already noticed.

Having made this initial observation, let us now consider the real 2x2 free
Dirac equation

Vo—mepo20l =0 (3.149)
as well as its transformation

VIph—mtpt o201 =0 (3.150)

Knowing the transformations affecting the coordinates, and therefore V/, we
still need to find the values of m/ and

or = (3.151)

3.10.1 The even (proper) symmetries

In general, taking into account (3.69) and (3.108), we have
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2%+ 231 = (|a]® + [b]*)2° + (a*b + ab*)zt +i(a*b — ab*)2? + (|al® — |b]?)2?
2% — 231 = (|c|? + |d]?)2° + (¢*d + cd*)zt +i(c*d — cd*)a® + (|c|? — |d|*)a3

2l —ix?r = (ac* + bd*)2° + (ad* + be*)zt + i(—ad* + be*)z? + (ac* — bd*)x®

2l +i2?r = (a*c + b*d)a® + (a*d + b*e)xt +i(a*d — b*c)x? + (a*c — b*d)a3

This implies

0o — 03 = (|b]? + |d|?)0o’ + (b*d + bd*)O1/ + i(—b*d + bd*) Dzt + (|b]*> — |d|?)Ds/
9o + 03 = (la]* + |¢|*)o! + (a*c + ac*)Oy! + i(—a*c + ac*)dal + (|a]? — |c|*)Ds/
O + 1102 = (ab* + cd*)0p! + (b*c + ad*)011 + i(—b*c + ad*) 0ol + (ab* — cd*)05!

01 — 102 = (a*b+ ¢*d)0p! + (bc* + a*d)01! + i(bc* — a*d)02! + (a*b — ¢*d)0s!
In other words, we have

V' = Ny V No (3.152)
Let us now take the rotation R;(#) characterized by

a=d= cos(g), b=c=—i sin(g) (3.153)

as an example. Eq. (3.150) reads

0)0s + isin(6)0s)** +im/ o' =0

4%

01 +icos(0)ds —isin(6)0s3)¢

+( (0) (0)

0)03)p>* + (01 — i cos(0)ds + isin(0)ds)p'* + im/ p? = 0
+( (0) (0) —imrg® =0
+( (0) (0)

)¢
)et
)
)

01 + i cos(0)0y — isin(6)03)p>* —im/p* =

All of this must be related to (3.149), which can only be done iff

' = A(icos(§) ¢! +sin(§) ¥?) + B (sin(5) ¥** — icos(3) v**
* = exp(ix) (=B (icos(§) ¥ +sin(5) ¥?) — A* (sin(§) v** —icos(§) ¥*))
0

)

“( :

o = A(sin(§) ¥! +icos(§) ¥2) + B (icos() v — sin(4) v**)
0

(

¢t = exp(ix)(=B" (sin(§) ¥' +icos(§)¥?) — A* (icos(§) ¥** —sin(§) ¥*))
3.154)



CHAPTER 3. THE GEOMETRIC ALGEBRA POINT OF VIEW 174

In these equations, A and B are complex constants and x is defined by

m/ =m exp(—ix) (3.155)

This result stems from the fact that the equations naturally impose

[mr|? = |m)?

Egs. (3.154) mean that

1A —iB*exp(iy
1B —iA*exp(ix)

and, as we will see, this will be the case for each of the Lorentz transforma-
tions.
Let us dwell for a moment on the matrix

N 1A  —iB*exp(iy) (3.157)
iB —iA*exp(ix)
It can be successively equal to the eight elements of the space algebra, namely
1. [ifA=—i, B=0,x=0
2. 01if A=0,B=—-i,x=0
3. 02if A=0,B=1,x=0
4. 03if A=—i, B=0,x=m
5 ilifA=1,B=0,x=n7
6. iclif A=0,B=1,x=m
7.i02if A=0,B=i,x=7
8. 103ifA=1,B=0,x=0

We now have all the pieces in hand to analyze the complete set of Lorentz
transformations. Eq. (3.150) can be written successively

NoVNoNo@N —mI Ny N o201 =0 (3.158)

No (V NoNo @ N —m exp(—ix) ¢ N o201) =0 (3.159)
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NoV (No No @ N + exp(—ix) $o201 N 0201) = 0 (3.160)
Through these differents steps, we have made use of (3.150), (3.152), (3.155)
and (3.156).
It is easy to convince ourselves that
0201 N 0201 = — exp(ix) N (3.161)
We thus obtain
NoV (No No N — oN) = Ny V (det(No)* — 1)pN =0 (3.162)
by use of
No No = (ad — be)*I = det(No)*I (3.163)

Now, each of the six Lorentz transformations is such that det(Ny) = 1.Eq.
(3.162) is therefore satisfied and we can conclude that Eqs. (3.155) and (3.156)
characterize the even Lorentz symmetries of the real 2x2 Dirac equation.
The additional symmetry still needs to be considered. Indeed, in this case,
we have
xl = exp(i\) x (3.164)

and we get

VI =exp(—i\)V (3.165)
This implies that, while (3.155) is still true, while (3.156) now reads
1A iB*exp(iyx
ol = No (ix) = NypNo3 (3.166)
iB A% exp(ix)

with Ny = exp(—£A)I. In other words, Eq. (3.156) is still valid up to the
transformation y — x + 7.

3.10.2 The odd (improper) symmetries
Now, let us turn to improper transformations which are obtained from proper
transformations by performing

T =

And as we have emphasized, this is the action of the parity operator. So, we
have
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2%+ 231 = (|a]® + |b]*)2° — (a*b + ab*)zt —i(a*b — ab*)2x? — (|al® — |b]?)2?
2% — 231 = (|c|? + |d]?)a° — (¢*d + cd*)zt —i(c*d — cd*)a® — (|c]? — |d|*)a3

2t —iz? = (ac* + bd*)2° — (ad* + bc*)z! — i(—ad* + be*)x? — (ac* — bd* )23

21 +ix?r = (a*c + b*d)a® — (a*d + b*c)xt —i(a*d — b*c)ax® — (a*c — b*d)a3

leading to

o — 93 = (|a]® + |c[?)Do! + (a*c + ac*)O1! + i(—a*c + ac*) Dot + (|al? — |c[?)Dsr
Do + 03 = (|b]? + |d|?)0o! + (b*d + bd*)Or/ + i(—b*d + bd*) Dot + (|b|> — |d|?)D3!
By +i0s = —(ab® + cd*)Ay! — (b*c + ad®)n! — i(—b*c + ad*) Dot — (ab* — cd*)y!

01 — 10y = —(a*b+ ¢*d)0o! — (be* 4+ a*d)01! — i(be* — a*d)0a — (a™b — ¢*d)D3/
Therefore, Eq. (3.152) becomes

V' =N, VN (3.167)

Let us focus once again on the rotation R;(#) characterized by (3.153).
The key is once again to connect Eqs. (3.146) to

(0o + sin(0) 9z + cos(0)d3)p?* + (=01 + i cos(0)dy — isin(0)ds)p?* + iml o = 0
(0o + sin(6) 0z + cos(0)d3)p>* + (=01 + i cos(0)a — isin(6)d3)p'* + im/p? = 0
(0 — sin(0)0 — cos(0)03)** + (=01 — i cos(0)Ds + isin(0)d3)p** —ims 3 =0
(0o — sin(0) 0z — cos(0)d3)p'* + (=01 — i cos(0)da + isin(0)ds)p>* — ims p* = 0

As it can be verified, the solutions are

o' =B (sln(g)wl* icos(g)wQ*)+iA(cos(g)w3—isin(g) )
isin(§) Y1 + cos(§) %) — B* (icos(§) ¢* + sin(§) ¢*))
g)wl*—|—zsm(g)w2*)+A(sm(g)w3—|—zcos( )

A* (co

?)
s(3) V' +isin(§) ¥>*) — B* (sin(3) ¥* + i cos(§) ¥*))
(3.168)
The conclusion is inescapable: Eq. (3.155) is still valid, but Eq. (3.156) is now
written as

? = exp(i x) (14" (
@3 =B (cos(

! = exp(ix)(—i
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o' =NigN (3.169)

This result can be extended to each of the other Lorentz transformation.
Indeed, from (3.150) we have

N1V N, Ny N —m/Ni pN o201 =0 (3.170)
& N (VN{ Ny N —m exp(—ix) N o201) = 0 (3.171)
N1V (N1 Ny — 1) N = Ny V (det(N1)* — 1) N = 0 (3.172)

And this is obviously true because det(N;) = 1 for Lorentz transformations.

The case of the symmetry R is slightly different, as it was for the even
operators. We have here

1A iB*exp(ix
ol =N1p () =N pNo3 (3.173)
iB  iA*exp(iy)
3.10.3 The discrete symmetries P and T
We have seen the essential role played by the N matrix.

Before analyzing the parity and time-reversal operators, let us examine its
impact on the real 2x2 Dirac equation with interaction (3.133). The question is:
are there other solutions to this equation, and what are they? In other words,
we are looking for e/, m/ satisfying

V! =el Apl o201 4+ ml ol o201 (3.174)

with

ol =pN (3.175)
We have

V(@N) = e/ AGN 0201 +m/ o N 0201

or, by using (3.133)

e APo201 N + mpo201 N = et AP N 0201 + m/ o N 0201 (3.176)

The system
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eo2o0l J/\f = 6/N0’20’1
(3.177)

mo2ol N = m/ N o201

follows from this.
The first equation leads to

ec/=cfor B=0
e ¢c/=—cfor A=0

The second equation confirms a rotation of the mass in the complex plane in
the sense that

m/ = m exp(—iy) (3.178)

So, the real 2x2 Dirac equation involves four types of "matter", as expected:

Positive matter B=0;x=0 Pl = 1Ay

Positive antimatter | A=0; x =0 | ¢/ = —B~%y*

Negative matter B=0;x=m W = iA~yOY

Negative antimatter | A=0; y =7 | ¥/ = —B~5y2y*

Therefore, up to insignificant complex numbers, we do indeed find the results
in Table 2.2

3.10.3.1 The parity operator

The action of the parity operator on derivatives implies that

V=V (3.179)
Eq. (3.174) now reads

V@l = et Apra201 + ml gl 0201 (3.180)

Using the same approach as previously developed, it is easy to convince oneself
that

@l =@N; pr=pN (3.181)

and
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eoc20l N = e/ N o201

R (3.182)
mao201l N =m/ N o201
Therefore, the conclusions are obvious:
e e/=efor B=0
e ¢s=—cfor A=0
e m/=m exp(ix)
We can summarize these results in a table:
Positive matter B=0;x=0 W =i A~y
Positive antimatter | A=0; x =0 | /= —B~%y%y*
Negative matter B=0;x=7|yr=—-A~"23y
Negative antimatter | A=0; y =7 | ¢/ =iB~y3yh*
In other words, we have
o= (3.183)
and
U =~% (3.184)

when A = —i, B=0, x = 0. So, N = I corresponds to the parity operator in
its unitary form (2.72). This confirms what we have stated on several occasions:
conjugation @ is nothing other than the action of parity. Moreover, this leads
to the fact that mass is unchanged.

The antiunitary version is given in (2.76) and gives rise to

T R (3.185)
It corresponds to N = —o2 so that

ol = Go2 (3.186)

Here again, the mass retains its positive sign.

This table shows several things. One of them is that the antiunitary operator
in the traditional version uses antimatter with positive mass.

Note also that, as usual, antimatter is represented by a complex conjugation
and a multiplication by 2 in the traditional version while changing the sign of
the mass is equivalent to multiplying the wavefunctions by v°. Negative matter
and negative antimatter are also the Hodge duals of positive matter and positive
antimatter.



CHAPTER 3. THE GEOMETRIC ALGEBRA POINT OF VIEW 180

3.10.3.2 The time-reversal operator

The action of the time reversal operator is dp — —0p which translates, in
geometric algebra, to

Vi=-V (3.187)

In other words, the equation to consider is here

Vol = —el APl o201 — mi o 6201 (3.188)
The solutions of this equation are

ol =0N (3.189)

and

ec20l N = —e/ N 0201
R (3.190)
mo20l N = —m/ N o201
We conclude that
ec/=cfor A=0
e ¢/=—cfor B=0

e m/ = —m exp(ix)

The table is now

Positive matter A=0; x=7 | Yr=iB~y3yly*

Positive antimatter | B=0; y =7 | ¥/ = —A~vy'"2y3y

Negative matter A=0; x=0 | ¢r=—-By"%y*

Negative antimatter | B=0; y =0 W1 =i Ay

If we take A = —1, B =0, x = 7, we obtain N = —I and the unitary version
given by (2.80).

The choice A = 0, B = i, x = 7 leads to N = i02 and the traditional
anti-unitary version associated with (2.84). Both versions are associated with
positive masses.

The observation is clear: the time-reversal operator is none other than the
dual of parity for the wavefunction relevant to algebraic geometry.
This implies that
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e the parity operator for positive matter coincides with the time-reversal
operator associated with negative antimatter

e the parity operator for negative antimatter coincides with the time-reversal
operator associated with positive matter

e the parity operator for negative matter coincides with the time-reversal
operator associated with positive antimatter

e the parity operator for positive antimatter coincides with the time-reversal
operator associated with negative matter

The symmetry of our world is therefore more than remarkable!

A word on (3.155) to end this Section.

We could also have mentioned an eighth transformation, besides the Lorentz
transformations and the R-symmetry. This results from the fact that the matrix
Ny is complex, and therefore its determinant is also complex, in general. We
note it as

det(Ny) = ng exp(—iA)
Let us think about it. Eq. (3.152) can also be written as

V = No VI Ny (3.191)

as it can be easily verified. The real 2x2 Dirac equation (3.149) is then equivalent
to

NoVINg G —mpa20l =0 (3.192)
The transformed wavefunction is
o' =NypN = gr=Nyp N (3.193)
This implies that
No (VIGINTY) —mpo201 =0 (3.194)
Asking for invariance is requiring that

Viph —mt plo201 =0 (3.195)
We thus have

No (m/Ngp N o201 N~ 0201) +me =0 (3.196)

Moreover, it is easy to prove that

N o201 N 6201 = —exp(ix) I (3.197)

leading us to
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mt exp(ix) No No =m (3.198)
Keep in mind (3.77) and you will be convinced that

(ad — be) m! = exp(—ix) m (3.199)
The factor (ad — be) is simply the determinant of Ny. In other words, we have

m = ni exp(—i(x — A))m (3.200)
0
Of course, for each of the Lorentz transformations, we have ng = 1 and A = 0,
so we recover the only result (3.155).
We could have considered a transformation such as ng # 1 and A = 0, for
instance. However, this transformation does not preserve the pseudonorm of
spacetime:

'z, = det(xl) = det(Non%) = ng exp(i\) "z, ng exp(—i)\) = ng vtz

ng is therefore a parameter of dilation (or contraction if ng < 1) of spacetime
distances. It is such that

1
m/ = — exp(—ix)m (3.201)
no

The conclusion is inescapable: where distances become smaller due to the
contraction factor ng, masses and therefore energies become greater.

The time has come to conclude this Section.
What have we learned or confirmed?

e Dirac’s equation highlights, in a completely natural way, negative masses
(or energies).

e In the context of geometric algebra, these negative masses are obtained
from the operator associated with chirality, as in the traditional approach.
But they also appear thanks to the time-reversal operator, whether it is
unitary or antiunitary.

e A rotation of the mass in the complex plane arises naturally through the
invariance of the real 2x2 Dirac equation.

e Geometric algebra also allows us to put in evidence an additional symme-
try to the Lorentz transformations and this symmetry corresponds to a
rotation, in the complex plane, of the position as well as of the mass.

e Finally, there is a contraction factor which, while reducing the distances of
spacetime, increases the masses and therefore the energies that are relative
to them.



Chapter 4

Perspectives in quantum field
theory

Group theory is clear: negative masses are an integral part of the symmetry
group of any relativistic theory. Geometric algebra confirms this view through
a rotation of mass in the complex plane, which occurs naturally.

If negative energies regain their place, if negative masses must be taken into
account, that means we have to rewrite the entire quantum field theory!

But let’s talk about it.

And since it uses annihilation and creation operators, let’s see what they
consist of using the simple example of the harmonic oscillator.

4.1 The harmonic oscillator

The one-dimensional harmonic oscillator is the system whose Hamiltonian is
given by
IR ST R S
H=_—p" 4+ —mwzx (4.1)
2m 2

In quantum theory, momentum p is defined by —i%, such that

[p,x] = —i (4.2)

By defining the operators a and af as

. /mwx+ 1 p o [mw 1
a=4/— —pia = —2 — ——
2 vV 2mwp ’ 2 vV mep

and inverting them as

(a+ah) (4.3)
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this Hamiltonian is written as

The above definitions also imply
[a,al] =1
and, using this result, the Hamiltonian is
t 1
H=w(a'a+ 5)
It’s easy to convince oneself that
[H,a] = —wa; [H,a'] = wa'
The operators a and a' are then regarded as scaling operators:
e a decreases the energy value of w

e a' increases the energy value of w

Energy

0 1 1 1 1l L
0.0 05 1.0 15 20 25

Figure 4.1: Harmonic oscillator energies
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For these reasons, a is called the annihilation operator, while a' is called the
creation operator.
It is therefore customary to define the ground state |0 > by

al0 >=0 (4.8)

from which we immediately conclude that the lowest energy of the harmonic
oscillator is 3.

The other states |n > and other energies (n+ 3)w are obtained by applying
the operator a', n times to |0 > .

4.2 The Klein-Gordon scalar field

The basic idea is simple and relates to what is known as second quantization:
replacing wavefunctions with fields.

A field is defined at every point (¢, 7) in spacetime. If the result is a number,
the field is called scalar and denoted by ¢(¢, 7)

This field is more consistent with physical reality because it involves multiple
particles rather than a single one, as quantum mechanics has done up to now.
It is also more difficult to grasp because there are an infinite number of degrees
of freedom (at least one per point...).

It all starts with a Lagrangian density, which, in the case of the Klein-Gordon
equation, is given by

1 1 1. 1 1
L= 50,0"6 — Sm*¢? = 267 — S(V6)? — Jm?e? (4.9)

The scalar field ¢ is real and depends on the four spacetime coordinates (t, ?),
which are summarized by the notation 7.

How can we verify that this Lagrangian density is valid? By using the Euler-
Lagrange equation

oL oL
% ) =" (410
Indeed, we have successively
oL 9
oL 1 0 1 9
=_ 9,,0Md) = = "9 ,00,p) = OH 4.12

The Euler-Lagrange equation thus becomes (up to a sign, which is insignificant)

(0,0" +m*) p(r) =0 (4.13)
This is indeed the Klein-Gordon equation.
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For every field ¢, there corresponds a conjugate moment denoted by Il and
defined by

I, = oL (4.14)
¢
For the Klein-Gordon field, we have
M, = ¢ (4.15)

This allows us to introduce a Hamiltonian density given by

H=T,p—L (4.16)
In the Klein-Gordon context, it follows that

1. 1 1
H=-¢*+ (V) + 2m2¢? (4.17)
2 2 2
We are now ready to write the Klein-Gordon field in detail using annihilation

and creation operators.

Keep in mind that this field must be such that

[6(t, 71), $(t, 7)) = 0; [Ty (t, 1), T (¢,73)] = 0 (4.18)

[6(t,71), Ty (t,72)] = 1 6 (] — 13) (4.19)

where §(3) is the Dirac distribution (which means here that only the case ﬁ — 3
yields a non-zero result). These claims are, of course, based on the entirely
analogous results of quantum mechanics:

[z,2] = 0; [p,p| = 0; [z,p] =i (4.20)

The first step in deriving the Klein-Gordon field is to use a Fourier transform
and its inverse:

o(t, 7)) = / d7 exp(—iP. 7)o, 7) (4.21)
0. 7) = Gz [ 4T expli T T 9 T) (4.22)

We then recall that ¢(¢, ?) is a solution to the Klein-Gordon equation

@2 — V2 £ m2) é(t, 7) = 0 (4.23)

Of course, this means that

(@2 + P2 +m?) o(t, P) =0 (4.24)
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By defining

wy =V P2+m? (= Ey) (4.25)

the previous equation can be interpreted as that of a harmonic oscillator vibrat-
ing at the frequency w-. The solution is therefore obvious:

6(t, ) = L(P) exp(—iwyt) + 62(F) expliwy1) (4.26)

At first glance, there are two "constants" of integration, but we must not forget
that ¢(¢, ?) must be real; in other words, gb(t,?) = ¢I(t, ?), which implies,
via the Fourier transform, that

((E(ta ?))T = (E(t’ _?) (427)

When applied to the highlighted solution, this leads to

P2(P) = o1'(-7) (4.28)

So we have
o(t, F) = 61(P) exp(—iwpt) + ¢1T (=) exp(iwyt) (4.29)
and
(t, ) = —iwpdl(P) exp(—iwpt) +iwpdl (=) exp(iwpt)  (4.30)

We then factor out ¢1(7) as follows:

_ 1!

oLV = 3

3t 7) + w;ngu, 7)) expliwt) (4.31)

Returning to the original fields, we get

61(F) = % / 47 exp(—i(F.7 —wt) (66, 7) + W;H(b(t, 7)) (432)

Let’s calculate the commutation relations for this field and its Hermitian
conjugate. We have

61670, 61681 = 1 [ artard exp(—iGl. 7T - ) exp(—i(78.78 — wp0)
(6(t,71) + w;m(a ), 6(6,73) + sznau )

Using the results (4.18)-(4.19), we obtain
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[¢1(ﬁ),¢1(ﬁ)} /d?d? exp(— ﬁ H w?t exp(— ])373 w—ﬁt

R ROl S
i GG RSED

and

6151).0168) = § [ arf expl-iGo -0 exp(—i(p8 - 7_;3)

The distribution
/ darl exp(— ﬁ +]§ H (2m 3(5(3)(ﬁ +1§) (4.33)

implies ﬁ = —])3 and we have

161, 0168) = E expiain (- - Ly=0 sy

Wt it
since, by definition, Wit =W
We apply the same reasoning to the next commutator. We have, in order:

[61(pl), 611 (p2)] = / dridrd exp(~i(pl.rl — woit) exp(i(B.rd — w3t))
) 4 T (), et 73) — — T 73
o0, + M6 7). 00,73) - ot )

and

614,017 G8) = 1 [ arf exp(—itoL.it -0 expliE -0 1?+13)

In total, we get

b or1Gd) = 275 2 09t -7 (4.39

These results lead us to define the annihilation and creation operators as

= 203 ¢1(F); a' (F) = 2wz ¢11(P) (4.36)
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We thus have

a(pl), a(p2)] = 0 = [al (p1), a' (3)] (4.37)
a(pl),at(@3)] = (27)2 63 (pl — p3) (4.38)

As they come from the Klein-Gordon field, related to the spin 0 case, these
operators are said bosonic.

Putting all the information together, the Klein-Gordon field can ultimately
be written as

-1 / - 1 ‘ B
o(t, 7)) = K dyp Ners (a(P) exp(i(P.7 wpt))
+al (7)) exp(— ?7—w?t )))
Note the change ? — f? in the second term. Such a change is perfectly valid

since we are integrating over all values of 7.
We also have

I,y (t, 7) = —

/ 472 (0(F) expli(F 7~ wyt)
—d(P) exp(=i(F.T - wyt)

So, everything seems to be going well at first glance, but in fact, there’s a
major problem. And this problem lies in the Hamiltonian.

To highlight it, and to simplify the calculations somewhat, we use the fol-
lowing versions of the fields (assuming ¢ = 0):

exp( z? 7 ? ) +al(— ?)) (4.39)

(2m)?

(7)) =

@r /WF

I (7 T expli P 7) (a(F) —al (- 7)) (4.40)

The Hamiltonian density is

H= %(Hi + (Vo) + m*¢?) (4.41)

Let’s calculate each of the contributions.
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The first one gives

%Hi = —m/dpﬁdﬁ flgws exp(i(ﬁ +;§)7
(a(pl) — a (—p1))(a(pd) - af (—p2))

The second is equal to

/dﬁd? pl 3 exp(i(pl + 2). 7

.
(V67 =~ 1507 N
(a(pl) + o' (—p1))( ﬁ)w*(—ﬁ»

2

Finally, the third one is simply

m?2
5706 = gy | P~ cxp(ilpl + ).7)

p1™p
(a(pd) + a' (=p1)) (a(p2) + af (~p2))
You're probably getting used to this by now: the exponential function

exp(i (ﬁ +ﬁ) ') yields a meaningful result only 1fp? ﬁ (=-7).
We then have

/7 7= ((F) - ol (~P)(a(F) - af (- 7))
2+ m?
/wyw:%

Here, too, we're starting to get the hang of it:

+

(a(F) +al (= 7)) (a(T) + ' (= 7))

W =wW_g; T2+m?= w% (4.42)

This leads to the following simplifications:

1
H = o [ 7 3 (el )~ P (7))
+(a(P) + ot (=))(a(F) + o' (7))

And, after applying the distributive property and the standard substitution
-9 — ¢, we have
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L / 07 w {a(F),a' (F)} (4.43)

~ 2(2m)3

This is the "quantum field theory" version of the Klein-Gordon Hamiltonian.

You have to admit, it looks a lot like the output of a simple harmonic os-
cillator (4.4). The problem—and it’s no small onel—is that while version (4.6)
wasn’t particularly problematic for this simple oscillator, it becomes a disaster
in the context of quantum field theory, since we have

1 1
= g [ AP er @ (D) +500%900) (44
If the vacuum state is defined by

a(P)|0>=0, vy (4.45)

its energy is then given by

Fo— 1 / A7 w3 6 (0) (4.46)

And here, it’s no longer just a matter of adding a single %, but of taking into
account an infinite number of 2? ! To be more precise, it’s actually a double
infinity. . .

The first follows from the definition of the Dirac distribution:

(2m)36C)(7) = / A7 exp(ip.7) (4.47)

If we let 7 tend to 0, we obtain

(2m)363) (0) = / dz (4.48)

And what do we have on the right-hand side? An infinite volume.
This is what’s known as infrared divergence. Physicists get rid of it by
reducing it to a finite volume V. So, they assume

(2m)263)(0) =V (4.49)

They then reason that if this divergence arises, it is because we are calculating
the total energy rather than the energy density, which they define as

_E lfd?w? 53 (0)
co=20 = 2 S (4.50)

As a result, they obtain

= 55 /m? /dwm /dppm
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The last equality follows from a transformation to spherical coordinates using
the Jacobian p? sin 6.

All that remains is to calculate a simple integral...and it diverges wildly!
This is the second divergence, which is now called "ultraviolet".

So playing around with a finite volume wasn’t enough: there remains a major
divergence.

One might say that it manifests at high energies (since the problem stems
from the infinite limit of the integral) and that we must therefore simply avoid
those energies... while remaining aware that a new theory will be needed to
resolve all these issues.

That’s still a lot to swallow, especially since those same people were so picky
about negative energy!

One of the best images' to sum up the situation is this one:

But let’s move on to the Dirac equation and see what the situation is in
quantum field theory.

4.3 The Dirac field

Before discussing the Lagrangian or the field, let’s return to the Dirac equation:
(i 0y —m)P(r) =0 (4.51)

The solutions to this equation will play a crucial role in what follows.

We will therefore consider the "standard" solutions found in the physics
literature: this requires using the chiral realization and making appropriate
choices for the two functions, within the spinors, which can be considered free.

Is this the simplest option? No. But it is the one that almost everyone uses.

4.3.1 Properties of solutions to the Dirac equation

We define, as usual, the positive energy solutions (p° > 0) as

Y(r) = u(p) exp(—ipr) (4.52)

ISource: https://www.youtube.com/watch?v=00Q7BhIfATY
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We thus have

(Y'pu —m)u(p) =0

With the chiral realization, this is equivalent to

-m  po ul(p
(®) =0 (4.53)
pe —m u2(p)
In this formulation, we have defined
po=puot =po— PO ;pe=po+ V.7 (4.54)

Note that in the geometric algebra language, it would have simply written
as

po=p, po=p

The Dirac equation then boils down to having

1 = —u2 4.55
ul(p) = 22 w2 (p) (455)
since the other constraint
po
u2(p) = — ul(p) (4.56)
m
is automatically satisfied with
[ Lo Lo —o
u2(p) = —poul(p) = —5popou2(p) = —5(py — P°) u2(p) = u2(p)

How can we reveal symmetry in these solutions? In the case of rest where
7 =0 and py = m, it is simple since we can take ul(ﬁ> =0)= u2(§> =0).

The normalization factor can be fixed to simplify subsequent calculations.
Therefore, we choose

(s)
A (F = 0) = i g( | (457)
5 S

by distinguishing spin up ((s) = (+)) from spin down ((s) = (—)) by two
different choices for £(%), for example:

e | Moo (4.58)
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Simply apply a boost to exit rest mode:

u (7)) = exp(—inp.K) u (P =0) (4.59)

Here, we did not make three angles (¢!, ¢?, ¢3) appear via exp(—i ??) but
n and p defined by

17, ._ 7

E
coshn= —;sinhnp=—;p= (4.60)
m m [Edl

The definition of 7 is, of course, related to E2 = P2 + m?2.
In the chiral realization, we have successively

R —pF 0 2 3 [ —pd 0
exp(—inp.?) = I—l—g + %I—l— Z—g +
0 po 0 po
cosh # — sinh gﬁ? 0 K& 0
0 cosh 4 + sinh P 0 K-)
where
1 . 1 ~
KHMEimmgﬂ1_p?y+§mm_gﬂ1+p?) (4.61)
) 1 n 5= 1 n 55
K= iexp(i)(l +p. o)+ iexp(—i)(l —p.d) (4.62)

Given the definition of 7, it is clear that

exp(2) = TN ey JEZIIZ (4.63)

Therefore, we deduce that

. 1 E—|7l 0
exp(—mp.?) = W (4.64)
0 E+ 7]l
if p.& =1 and
L 1 E+7l 0
exp(fmp.?) = T (4.65)
0 E—-7PIl

if 157 = —1. Which we can summarize as
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1 VE-T7 .7 0 1 Voo 0

exp(—inﬁ.?) = — -

vm 0 VE+T5 ) V'l o uw

(4.66)
We thus have two positive energy solutions:
/pa £(5)
ul? (p) = (4.67)
A /pE 5(5)
And what about negative energy solutions?
We can define
¥(r) = v(p) exp(—ipr) = v(—p) exp(ipr) (4.68)
which we will more readily write
¥(r) = v(p) exp(ipr) (4.69)

since, in any case, v(p) is to be determined.

The change of sign in the exponential function induces a change of sign in
the mass (which confirms, once again, that negative energy and negative mass
go hand in hand):

(Ypu +m)v(p) =0 (4.70)

Everything then unfolds in the same way as it was done for positive energies,
and we obtain

55 ()
—vpon'®

the spinor (®) being free, with the only constraint of being of norm equal to 1
(and orthogonal to each other if the s differ).

o (p) = (4.71)

We will need a whole series of properties relating to these four solutions.
Let’s highlight them.

First, this one:
> u ) (p) = v +m (4.72)
with

) (p) = u' (p)° (4.73)
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It is easily demonstrated since

5 (o)
S pE(p) =" \/\/]ii(s) (x/ﬁ&(s” Jﬁﬁ“”)
s s po

It is clear that

1 0
e[V (1)< [©) (0 1)=s
0

s 1

So this results in

(po)(po) po

> ul (p)ya) (p) =
s po (po)(po)

We also remember that

(po)(p5) = (B~ F.F)NE+P.7) = B> — B> = m?

The conclusion is inescapable:

m E - ??
E u® (p)a'® (p) = =Y'pu+m
s ) ) E+ ?7 m o

Next, these two properties:

ﬂ(s/) (p)u(s) (p) — 2m, 65’8 : u(sl)T(p)u(s) (p) = 2po §5!s

We also demonstrate them. We have

5(5)
—(s/) (s) — = +(s1)t (st > \/ﬁ
) = (Vi e e

and
g(sl)Tf(S) — §s!s

We thus obtain

7 (p)ul®) (p) = 8 (\/p7 VBT + /D7 \/p7) = 2m 6"

196

(4.74)

(4.75)

(4.76)

(4.77)

(4.78)

(4.79)

(4.80)

(4.81)

(4.82)
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In the same way, we have

(s)
W) = (e vimee ) e | 72 459
Vi

We also have the corresponding properties for negative energy states:

Z v (p)5) (p) = y*p, —m (4.84)
TG (P (p) = —2m 6%'° (4.85)
v (p)o) (p) = 2pg 6°'° (4.86)

And, finally, mixed relations:

el (p)v(s)(p) — N (p)u(S)(p) =0 (4.87)

WG (=) = o (F ) (- F) =0 (4:89)

We demonstrate one for each of the results.

(s)
TGN ()0 () = 5 c(snt (s/)T) Vb 4.89
T 0) = (e e . (439)

It is clear that the only way to obtain a potentially non-zero result is to consider
s/ = s. We then have

VPT /P~ /po /1T =0

The second (where the change of sign on ? justified the change in notation):

5 ()
U(S/)T(?)U(S)(_ﬁ) — < \/ﬁg(SI)T \/ﬁg(sf)’r ) VI =0 (4.90)
_\/wn(S)

We can finally move on to quantifying the solutions!
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4.3.2 The Dirac field
The Dirac Lagrangian is defined by

L= (iv"9, —m) (4.91)

Since it involves two fields, 1) and v, there are two resulting Euler-Lagrange
equations:

oL oL
3~ @) =° (492)
and
OL 5. (9L y_y (4.93)

= ( p—
oy " 0(0u)

The second one gives the result directly:
(iv"9, —m)y =0

that is to say the Dirac equation.
The first one implies

oL —

aw -~
and

oL — oL _
=iy — O (==——) = i0,Yy"
a0 T G T
It is customary to write this last result as
i oyt
This yields the second equation,
@(z'b_ﬂ“ +m)=0 (4.94)

which is, essentially, the Hermitian conjugate of the first.
We also have

_ 0L =
M= 3000 Wy = (4.95)

Since u(®) (p) exp(—ipa) and v(*)(p) exp(ipz) are solutions to the Dirac equa-
tion, the spinors

W (P) exp(iP.T); v'(P) exp(—ip.T) (4.96)

are eigenfunctions of its Hamiltonian, with respective eigenvalues F and —E.
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But here’s the thing... negative energies aren’t welcome, as you know!

Furthermore, physicists keep in mind the form (4.39) of the Klein-Gordon
field. It therefore seems to them that the best option is to assume that the
Dirac field is linear with respect to the annihilation and creation operators.

But annihilate or create what?

Here is what Dirac wrote on page 293 of his book?:

“The annihilation of a negative-energy electron is to be understood as the
creation of a hole in the sea of negative-energy electrons, or the creation of a
positron.”

In other words, the Dirac field will be linear, and its linearity will apply not
only to the annihilation operator bs(?) of a positive-energy electron but also
to the creation operator ¢l (7') of a positron, which is also positive-energy.

The Dirac field is thus defined by

1 1 s . s :
86) = s | 0 S i)l () (F) explie)
(4.97)

Its Hermitian conjugate is then

01 = s | 40 g O F) expline) (7)o (F) explipe)

(4.98)
and we also have

_ 1 1 . (s .
70) = s | €0 SO T () explipa) s (F) 7 (F) explipe)

(4.99)
These two fields are also linear with respect to the annihilation and creation
operators.
Note (and this is obvious, if only because of the factor \/2E7) that all
energies are considered positive. This is a postulate on which all subsequent
developments are based.

Let’s go back to the fields. These are fermionic fields... so it is the anti-
commutation relations (rather than the commutation relations) that will come
into play here.

We will therefore set

2Dirac, P.A.M. (1958). The Principles of Quantum Mechanics, 4th Edition, Oxford Uni-
versity Press
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{5 (p1), b1 (pB)} = {er (o), L (p)} = (27)%6) (p1 — P35, (4.100)

(the other relations are always zero).
We then calculate the anticommutation relations between the fields at the
same time, which amounts to considering

NP exp(iP.7)
+CZ(?)U( (7) exp(=ip . T))

W)=Yt =0,7) =

2E4

which can also be written more simply as

u () +el (=) v (=) exp(iT . T)

(4.101)

1 s 1
0@ = G [ P T 0()

For example, we have

1 ! B (5l ya)
2n)s \ﬁ%ﬂﬁg]m@hm@m (1 (v2)
+ {es(—pl), el (~8) 1o (—p1) o (~22)) 1° expli(p]. 7 — 12.77))

We have already used all the zero anticommutation relations in this result. By
exploiting those that are not zero, we get

(), 01 (7)) = /fmﬁﬁ

(@) = g [ d g T G o)
+ 00 (—pl)p® (1)) 1 exp(i(pl. 7 — p1.7))

Now is the time to remember (4.72) as well as

Z“() =7"pu —m@Zv“ (=P (=) ="po —¥'p; —m

(4.102)
We then have

{v(@), v (V)} =

/d3p1 2Eﬁ exp( zﬁ - 7

(("°po +¥'pj + m)¥° + (°po — ¥/ pj — m)7°)

1
(2m)?
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This leads to

WV T = g [ 9 g el (7 7))

= (2;)3 /d3p1 exp(iﬁ.(? — 7)) =80T - )

i.e. the expected anticommutation relation between the Dirac fields.
Let us now calculate the Hamiltonian.

The Hamiltonian density is
H =TI — L = it)T9otp — 770 ("0 — m)y = —ihT"97 99 + mapT7 %

In other words, we have
H=0 (7.5 +m)y (4.103)

First, we calculate

, 1 1 .
(7 tmv= s [ S0P T ()
+c (=) T +mpw (7)) exp(iP . T)
Next, we need to call on

(Vo —m)u(p) = 0 (7.7 +m)u™(P) = 1"pou® (V) (4.104)

(Vpp +mv(p) =0 (7.7 +mpo) (=F) = —"po v (=)  (4.105)

This gives us

(-7 Fm) v = i [ @S2 S0P F) - (T (<) e T)

(2m)?

Of course, here—as is generally the case throughout the calculations—we
consider only positive energies, taking into account that po = E.
We are now ready to calculate the Hamiltonian:

H= /d% wwo(—ﬁ.? +m)y (4.106)
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We have

1 3.3 1 3 o1
(27r)6/d xdpldp22

> (b1 E2)u ™ (03) + e (~p)o ™ (—pB)) exp(—ipt. T)
> (b (p])u (1) — i (—pl)o® (—pl)) exp(ipl. 7)

S

H =

ST

We bring the properties

DT E3)0® (—pl) = v (—p3)u® (1) = 0 (4.107)

into play as well as the integration over spatial coordinates, which yields a
distribution §¢) (ﬁ — ﬁ), in other words, an equality ﬁ = ﬁ = ?
We obtain

1 = [ 05 SOU@ 0 @l ()= @)l (F) (7)o ()

by making the substitution 7 — —7 in the second term.
This expression can be further simplified by using

U(T)T(?)U(S)(?) = 2pd”* = U(T)T(?)U(S)(?) (4108)
We finally have

H= (2717)3 /d3p Ep Z(bi(?)bs(?) — ()l (D)) (4.109)

If we take into account the anticommutation relations involving the operators
¢s(7) and ¢l (), this Hamiltonian can also be written as

= (271r)3 /d3p E3 Y (0L(P)bs(F) + cl(P)es(P)) + Eo (4.110)

It is in the vacuum energy that we find, once again, a divergence through
5@ (0):

Ey = —Q/dgp E= §®)(0) (4.111)

If you're observant, you’ve probably noticed that this fermionic divergence
has the opposite sign of the bosonic divergence of the Klein-Gordon Hamilto-
nian... the vacuum energy is negative here!
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This is what gave rise to the idea of supersymmetry! Researchers were
inspired to propose that if a fermionic field were coupled to a bosonic field,
the divergences would cancel each other out and there would no longer be any
problem. ..

Unfortunately, this implied the existence of new particles, the superpartners.
Each fermion would have had to correspond to a new boson particle, and vice
versa. Unfortunately... because these new particles have never been detected,
despite intensive and costly research.

4.3.3 Discrete symmetry operators

We will study discrete symmetry operators within the framework of this quan-
tum field theory.
The approach will always be the same:

e Examine the commutation or anticommutation relations of the discrete
symmetry in question with the ten generators of the Poincaré algebra

Deduce its action on spin-3 states

Deduce its action on creation and annihilation operators

Apply these results to the Dirac field

Analyze the impact of these changes on spinors, which are solutions to the
Dirac equation

Conclude

4.3.3.1 The parity operator P

Let us recall that its action is characterized by

t—st; 7 — -7

which, with respect to the ten generators of the Poincaré algebra

T = i(zh9” — 2 Om), P* = id"

clearly leads to

{Py. P} =[Py, Po) = [Py, ) = {Py. K} =0 (4.112)

if it is considered unitary (and recall that this is necessary if we wish to avoid
negative energies).

We then introduce the action of P on spin-$ states.

In the unitary case, the parity operator commutes with rotations, which
implies that spin remains unchanged. We therefore set

1
PU|?:07s:f>:77|?:O,s:

5 > (4.113)

DN =
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where the factor 7 is a simple phase factor®
For the spin-down state, we have, in order:

>= (JZ—ZJy)PU|? =0,s=
(4.114)
The last equality follows from the fact that the parity operator commutes with

DN | =

1
Py|P =0,5 = -5 >= Py(Jo—iJy)|T =0,s =

DN | =

and has no effect on 1.
We then have

1 1
PU|?:O,s:—§ >:77|?:O,s:—§> (4.115)
We’ll now exit the rest state by applying a boost:
PU|?aSi >= PUB(?”?:OaSi > (4116)
But what is inside B(7')? Essentially, an exponential function with the boosts

? multiplied by ¢ as its argument. Py does not affect the imaginary part but

results in a "-" sign due to the presence of the K with which it anticommutes.
We thus have

Py|¥, s+ >= PyB(P)|¥ = 0,54 >= PyB(7P)P; ' Py|P = 0,5+ >
=nPyB(P)P;Y P = 0,54 >=B(-7)|¥ = 0,54 >

In the end, we get

Py|P,se>=n| =1, ss > (4.117)

Antimatter leads to the same result, but with a phase factor that is, a priori,
different from 7.

We are now at the stage of examining the impact of discrete symmetries on
the creation and annihilation operators.

To do this, we consider the vacuum state, which remains unchanged under
the action of discrete symmetry operators.
So, for example, we will have

1

Pyl (F)Pyl0 >= Py iol(P)|0 >= —==Py ! T, 5 >= —oe|~ .5 >= (- )

A /2E7 A /2E?

We will thus note the actions of Py on the creation and annihilation opera-
tors for matter and antimatter:

3A quick note: For convenience and to avoid cumbersome notation, we denote all phase
factors as n. It goes without saying that these factors are not all equal, and we will distinguish
between them whenever necessary.
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P[;lbs(?)PU = 77;; bs(_?) 5 Pglcs(?)PU = 77: cs(_?) (4'118)

Py (P)Py = bl(= ) : Py el(P) Py = necl(-7) (4.119)

We apply the results related to Py to the Dirac field:

PP = (o [ 40— ST ) el i)

+ el (=) v () explipz))

A little trick: change P to —p and introduce T = (t, — ).
We then have

pr=pz° — P.7 —pz

under parity action and

Pyl (z)Py =

[ 0 g S0 T espl-iv)

1
(2m)3
+ 1 el (F) v (=F) exp(ip))
After all, it’s easy to convince oneself that
W (=) = U (F); o (=F) = =120 (F) (4.120)

to get

> 05 bs(F) ul®) (F) exp(—ip)
— e cl(P) v (T) exp(ipZ))

By setting 7. to be a real number equal to —n, (which indicates that the
electron and positron will have opposite intrinsic parities), we finally obtain

1 1
PPy = G [ =

Pyl y(t, @) Py = mpy 9(t, =) (4.121)

This result will come as no surprise to anyone, given what we have discussed
about the parity operator in quantum mechanics.
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4.3.3.2 The time-reversal operator

Its action is characterized by

t—>—t: 7 -7

We know that it is antiunitary if we want to avoid negative energies.

This means that it is impossible to represent it by a single matrix. .. this
matrix would necessarily have to be followed by a complex conjugation.

As before, we are primarily interested in the relationships between the dis-
crete symmetry operator and the operators of the Poincaré algebra:

(Tav, P} = [Tav, Po) = {Tav, T} = [Tav, K] =0 (4.122)

So we will have

1 1
Tav|F =0,s=5>=n[F=0s=—3> (4.123)

And, regarding the spin-down state,

N | —

1 1
Tav|P =0,s = -5 >= Tav (Jo—id,)| T = 0,8 = = >= —(Jp+iJ,)Tav|T = 0,5 =

2

1 1
:fn(Jm+in)|?:O,s:f§ >= 77)|?:0,s:§ >

These relations can be summarized as follows:

Tav|P = 0,52 >= 2|7 = 0,55 > (4.124)
Finally, if we apply a boost to these states:

Tav| P, s+ >=TavB(P)| P = 0,54 >= Tuy B(P)Tap:Tav|P = 0,54 >
= TavB(P)T4) | P = 0,55 >=4nB(=7)| P = 0,55 >

and, in the end,

Tav|P, s >=+n|— T, s5 > (4.125)
What we’ll note

TAUl?a §>= i77 (02)85/‘ - ?7 s> (4'126)

We will thus note the actions of T4y on the creation and annihilation oper-
ators for matter and antimatter:



CHAPTER 4. PERSPECTIVES IN QUANTUM FIELD THEORY 207

Tibs(P)Tav = =ing (02)ssrbsr (=) ; Tares(P)Tav = —ini (02)ssrco (= P)
(4.127)

Tyl () Tav = —imy(02)5s bl (= F); Taisel (F)Tav = inc(t’?)ss/ci/((ﬁ))
4.128

We apply these results to the Dirac field

S (i (7)) U () explipe)

— ine(02) sl (= F) 01" (F) exp(—ipz))

Once again, we change 7 to —F and introduce now 7 = (—t, ?)
We then have

Tyh(z)Tay = (271r)3/d317

pr=p2° — P.7 — —p7 (4.129)
and
TR = s [ €0—pe S 02wt ()l (P explin

— ine(02)ssrcl, (F) 0" (= F) exp(ip))
We need to try to connect —i(62)sybs () ul)*(=F) to be(P)ul)(F).

But given the form of the spinors, it’s anything but easy!

In fact, they involve operators such as ,/po. However, taking the complex
conjugate of these operators is not done by considering the complex conjugate
of the radicand. ..

Instead, we must return to the alternative formulation of these operators:

V7 =3B IBI0-57) + B IFI0+57)  (@4130)
=SB IFI0-52) + JE+ PO +57) (4131

The complex conjugation then applies only to 02, and to account for this
single sign change, we write
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(\/ﬁ)*:%a2\/E+||? D)+ JE— [T = 5.7))02 = 02\/p502

(4.132)
(Vi) = 502 B~ P10+ 5.7) + /B + [ F1%(1 - 5.9))02 = 02/pm02
(4.133)
We then have
2 2¢(+) 2 9¢(=)
S (02 (B (7 = b7 | VT |y | VPO
s 02y/poo2e) o2y/pao2£-)
It is clear that
026 = je() s 52¢(0) = e (4.134)
from which it comes
2 0
Z ~i(02) 55 by (P)u (=) = —i 7 st(ﬁ)u(s)(ﬁ) = —7173255(?)u( )
s O 0'2 s s

Similarly, one can convince oneself that

Y —i(02)sscl (PN (=F) = ="y cl(P)ol

S

We thus obtain

TR T = (s [ @ S0 (F) exp(in
+1e(=y"*)el (T )0 (F) expl(ip))

If we take 7. to be a real number equal to 7, we finally have

T (t, 7)) Tav = —my' v o(—t, @) (4.135)

This is perfectly consistent with what had been demonstrated in the field of
quantum mechanics.
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4.3.3.3 The charge conjugation operator

This operator is an internal symmetry operator and has no effect on the coor-
dinates. All it does is convert matter into antimatter and vice versa.
As a result,

C|?7 § >p= 77b|?75 >c; C|?7S >c= n6|?73 >p (4136)

with implications for the creation and annihilation operators:

C_lbs(?)c = nccs(?) ; C_lcs(?)c = nbbs(ﬁ) (4137)

CBI(P)C = niel(F); Cel(F)C = mpbl (V) (4.138)

What are the implications for the Dirac field?

) 1 .1 . ,
O = s [0 T s (P sl
+ b1 () 0 (F) expipr))

Given the expression we’ve obtained, we should be able to relate it to

1 1 .
1) = g [ 0 g ST ) esplinn)
e ()0 (7) expl—ipa)

However, to do this, we must find a relation between u(s)*(?) and v(s)(?), as
well as between v(s)*(?) and u(s)(?).

We have
02/poo2€) 0 02 /pon®)
W () = i F O
02./poo2€®) —02 0 —/pon'®
by choosing
n® =io2¢® (4.139)

The complex conjugate of the last result then leads to

v (F) = —in2uD(P) (4.140)

As a result,

=)
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C (@O = (i) [

CaE >~ (neeu(7) v (F) exp(—ipa)

+ bl (7)) w* () explipx))

1
A /QE?

and
CU()C = o (—in?) / @ —— (3 (el (7) o) () explipe)
(2r)? NN

+ mubs (7)) ul®) (F) exp(—ipz)))T

By choosing real and equal phases, this expression becomes

O™ (2) O = —imy (¥ (2)7*)" (4.141)

4.4 What if we took it a step further?

In order to generalize what was presented earlier, we must first introduce the
solutions to the Dirac equation for both positive and negative masses.

4.4.1 Solutions to the Dirac equation: Would you like to
know a little more?

In Hamiltonian form, the Dirac equation is written as

0
i aif = (—i .V £mB) v (4.142)
Here, you’ll find both versions, and the equation with the "-" sign in front of m
is the one for negative masses (in other words, m is considered strictly positive).
If we set
Y =exp(—ieEt+ip.7) ¢ (4.143)
this equation becomes
eEp=(a. 7 +mp) e (4.144)
where ¢ = 41 refers to positive energies and € = —1 to negative energies.

With the Dirac realization, these equations are written as

1 1
l=—— 72 02=— 3 F ol 4.145
4 Fm+eFE ?90 g +m +eFE 7@ ( )

This gives us the full set of possibilities.
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Positive energy and positive mass

exp(—iEt + 277) = exp(—ipx)

ul

u2
(p3ul+(pl—ip2)u2)
E+m

(pl+ip2)ul—p3u2)
E+4+m

u)(F,m) =N 0 (F,m) = N

(p3u3+(pl—ip2)ud)

E—m

((pl+ip2)u3—p3ud)

E—m

u3

u4

Positive energy and negative mass

exp(—iEt 4+ ip.T) = exp(—ipz)

ul

u2
(p3ul+(pl—ip2)u2)
E—-m
(pl4+ip2)ul—p3u2)

—m

u (P, —m) =N WO (P,—m) =N

(p3u3+(pl—ip2)ud)
E+m

((p1l4ip2)u3—p3ud)
E+m

u3

ud

Negative energy and positive mass

exp(iBt —ip.7) = exp(ipz)

ul

u2
(p3ul+(pl—ip2)u2)
E—m

_ (p1+ip2)ul—p3u2)
E—m

u(s)(—?, —m) =N

; U(S) (7?7 7m) =N

E+m

((pl+ip2)u3—p3u4)
E+m

u3

ud

Negative energy and negative mass

exp(iBt —i . 2) = exp(ipz)

o (p3u3+(pl—ip2)ud)

ul yomr
u2 _ ((p1+ip2)u3—p3ud)
u) (=7, m)=N W) (=P, m)=N -
_ (p3ul+4(pl—ip2)u2) u3
E+m
_ (p1+ip2)ul —p3u2) ud
E+m
One might naively think that there are sixteen solutions in total... Nothing

could be further from the truth.
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In fact, it’s not hard to convince oneself that

WO & m W T m); (T, —m) =

A OIS S
-m
(4.146)
Therefore, we need to consider only eight of the sixteen solutions. We choose

u(S)(?a m) ) U(S)(?v _m) ) U(s)(_?> _m) ) U(s)(_?, m) (4.147)

to be consistent with the choice made in the "standard" literature, which con-
siders only u(s)(?7 m), v(s)(?, —m).

We conclude this SubSection by setting a normalization factor and highlight-
ing a few properties.
The final solutions to consider are:

£e)
u®(P,m)=vE+m (4.148)
77 ¢(s)
E+m
£
u® (=7, m)=vVE+m (4.149)
E+m
v (TP, —m) =VE +m tm (4.150)
n(®)
Z.7 ,,7(9)
v (P, -m)=VE+m - BEm (4.151)
)
They satisfy the following properties:
uOTEP, m)u (£, m) = 2E 67 (4.152)
(P, mu (£, m) = 2m " (4.153)

ST, m)ya (P, m) = By £ 7P +m (4.154)
v LT, —m)w (£, —m) = 2E 6" (4.155)

7 (7, —m)o " (£, —m) = —2m 6" (4.156)
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> o (EP, —mpp (P, -m) = By £ 7P —m (4.157)
In these relations, as usual, the notation 1 denotes the Hermitian conjugate, and
7 (£ 7, m) = uDNET, m); (T, m) = oD (EF,m)° (4.158)

4.4.2 Different Dirac fields

Let’s take a moment to revisit the Dirac field, using the conventions from the
previous Section:

1 1 . ,
P(x) = (27)3 /dgp m g(bs(?)u( )(7,m) exp(—ipz)
+ (P (T, —m) exp(ip))

In the first term, we recognize the destruction of a fermion with positive
energy and mass—in other words, the annihilation of an electron.

But what about the second term?

It represents the creation of a fermion with positive energy and negative
mass, but the wave argument has changed sign! Tt is this change that makes it
a positron! This is antimatter according to the Feynman-Stueckelberg interpre-
tation.

To avoid any ambiguity, it must be written using equations.

The spinor v(*) (', —m) is solution of

(Vpu +m) v (P,—m) =0 (4.159)
but the wavefunction v®)(7, —m) exp(ipz) is solution of
i%f = (—i@.V +mB) v (4.160)

The Dirac field is therefore what we might call a "positive energy and positive
mass" field. When exp(—ipz) — exp(ipz), matter becomes antimatter.

This change in the wavefunction is crucial.

Consider the standard Dirac equation

(V*pu —m)ul®) (P,m) =0 (4.161)
Depending on the choice of plane wave, the mass will change sign:
0

ia(u(s)(?, m) exp(—ipzr)) = (=@ .5 +mB)u® (F,m) exp(—ipz) (4.162)
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0] .
ia(u(s)(ﬁ m) exp(ipz)) VA (P, m)exp(ipz)  (4.163)
This leads us to create a summary table—which will be very useful later
on—in which we summarize all eight solutions, four associated with a positive
mass and four associated with a negative mass:

Positive mass Negative mass

ul?) (P, m) exp(—ipz) ul®) (P, m) exp(ipz)
v (F, —m) exp(ipz) v (P, —m) exp(—ipz)
o) (=T, m)exp(ipz) | v (=T, m)exp(—ipz)

u®) (=P, —m) exp(—ipz) | ul® (=P, —m)exp(ipz)

One field that differs from Dirac’s—and that one might think of—is the
"positive mass" field:

66 = s [ 0 S (CLa IO )N (F ) sl ip)

+(C30(T) + C4bL ()0 (7, —m) exp(ipz)
+(C5 cs(?) +C6¢f ? (s) ?,m ) exp(ipx)
+(CTdy(P) +C8 d*(?))u(s (=7, —m) exp(—ipz))
The operators as(?) and af (?) annihilate and create an electron, respec-
tively; the operators bs(?) and bl(?) annihilate and create a positron, respec-

tively; you get the idea. ..
The only nonzero anticommutation relations are

{as(pl), al ()} = {bs(p1), bl (PB)} = (27)25) (I — D)3, (4.164)

{es(pl), ch@B)} = {do(pl), di (p2)} = (27)*6® (] — pB)S, (4.165)

The coefficients C,j = 1,...,8, are complex numbers that will be deter-
mined later. Clearly, the Dirac field corresponds to C; = Cy = 1;Cy = C3 =
Cs =Cs=Cr=0Cs=0.

The first thing to note is that
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P(t=0,7) =

Gy
+(C3 bs(—F)+C4b1(—?))v< (=7,

) +C2al(F))ul (F,m)

) (C5es(—T)+C6cl (

7)) (F,m)
+(CTdy(P) + C8dL(P)u'®) (-7

) exp( 17.7
This means that, when time is not taken into account, the "positive mass—
negative energy" solutions coincide with the "positive mass—positive energy
solutions.

We can therefore simplify things by considering only

Y(t=0,7) = /

+ (O3 by

((Clas(p )—|—C’2a ﬁ ul®) ﬁ
/2E

—H +C4bl —ﬁ v(®) —ﬁ
and

)) exp(ipl. @)

1 1 " . r
V=07 = G / d*p2 Yo > Al (03)+C2" ap (7)) uT (53, m)

+(C3* b (=p3) + C47 b,

(=p2))0 ™ (—pB, —m)) exp(—ip3.7)

The anticommutation relations involving the annihilation and creation operators
then imply

{v(@), v (Y)} =

1
3 2 2),,(9) ()
g [ 555 SUCIPHIC (3, i (7
+ (|C3)2 + [C4) o (=, —m)T™) (=7,
And, using the properties of spinors, we obtain

—m))7’ exp(iT (T — ¥))

@) = g [ 05 ; SO +1C2) By =77 +m

+(IC3) + |C4)(BEpy* + 7.7 —
The expected relation

m))y’ exp(iP (T — 7))

{(@), 0" (Y)} =@ (@ - ) (4.166)
follows from this if we impose
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[C1]? + |C2* = |C3]° + |C4)> = 1 (4.167)
Next, we need to calculate the Hamiltonian

o= / Bt (@i 7. + m)u(T) (4.168)

The first step is to note that

(—i7.¥ +m)(T) = T
> ((Clay(P) + C2al(P)(F T +m)ul” (P, m)

S

+(C3by (=) + C4bL (=P (T T +m)o™) (=P, —m)) exp(i P.7)

And, recalling the equations governing the spinors u(*) (?, m) and v(*) (f?, —m),
we obtain

E?

(=7 ¥ +m)p(7

Z((mas >+02a (7)ul (F,m)

—(C3by(=F) + CABL (=) ) (=7, —m)) exp(i P . T)

The final Hamiltonian is then given by

dSpZ C1*al(F) + 02" as(P))(Clas(P) + C2al(F))

— (C3°DL(T) + C4" by (P))(C3b,(F) + C4bL(T))

There are two points to discuss.
1.C2=C3=0; |C1]*=|C4]* =1

This corresponds to the annihilation of an electron and the creation of a
positron, which is the standard theory.
The Hamiltonian is

d’p Z )+ BL(P)be (7)) — Eo (4.169)
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with

Ey=2 / d*p E56®(0) (4.170)
2.C1=C4=0; |C2>=|C3*>=1

This corresponds to the annihilation of a positron and the creation of an
electron.
The Hamiltonian is then

&p Y (—al(P)as(P) = bl(7)bs(P)) + Eo (4.171)

This means that the vacuum energy is still associated with a divergence, but
of the opposite sign compared to the previous case.

Of course, this shouldn’t particularly excite us, since it’s just a "switch"
between destruction and creation.

But let’s keep this result in mind as we move on to the next case, which is
that of negative masses.

If we return to the summary table, we see that it’s natural to propose defining
the field of negative masses by*

/ ﬁ S (DLay(F) + D2al (7))u (7, m) exp(ipz)

+(D3by(P) + DAbL(P)v" (?, —m) eXp( ipz)
+ (D5 cs(?) + D6l ? v ?, m) exp(—ipz)
+ (D7dy(T) + D8dL(T))u (=7, —m) exp(ipx))

As noted earlier, we see that, when time is not taken into account, the
"negative mass—negative energy" and "negative mass—positive energy" solutions
are inseparable.

We therefore have

= ! as(— al(—pD)u'® (—pl,m
Bt =0,7) = / Yo S (D1 ay(—ph)+D2al(—ph))u® (—p, m)
+ (D3by(pl) + Dabl (p1))o®) (p1, —m)) exp(ipl. 7)

4The annihilation and creation operators have been designated by the same letters, just to
avoid going through the entire alphabet... but it is clear that these are different operators
from those used for positive masses.
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and

———— Y (D1* al (—p2)+D2* a, (—p2))ul”) T (~pB, m)

T

WH(E=0.7) = Gy
+ (D3 b (p2) + DA" b, (p2))0 1 (pB, —m)) exp(—ip2. )

We then successively have

W@ = g [ 4 g SAPIHDZ T )i T

+ (D32 + | D42 ) (B, =m)o™ (B, —m) ) exp(i P (T ~ 7))

and

WD) = s [ 49 g LD+ 1D By + 7 7 +m)

S

+ (ID3)> + |DAP) (B3’ = 7.7 —m) exp(i P.(T — )
We do indeed find

{0(@), 01 (¥)} =697 - 7) (4.172)
provided that the coefficients are set according to
|D112 +|D2? = |D3> + | D4 = 1 (4.173)
Now it’s the Hamiltonian’s turn! Here we have
H=9(—i7.% —m) (4.174)
You're starting to get the hang of these calculations. ..
It comes
(=7 ( . /2E

Z D1 as( ?+D2a N T —m)u® (=7, m)
+ (D3bs(P) + DAL(P)) (T T — mpw (P, —m)) exp(iP. 7)

from which it follows that



CHAPTER 4. PERSPECTIVES IN QUANTUM FIELD THEORY 219

(7% = mpu() = oo [ @S2
> (=(Dlay(=F) + D2al(=P)u' (=T, m)
+ (D3bs(T) + DAbL (P (T, —m)) exp(i P . 7)

So, the Hamiltonian is ultimately

d’p Z (D1*al(P) + D2" as(P))(Dlas(F) + D2al(F))
+ (D3 bL(T) + D47 bs(7)) (D3 bs(F) + DAbL(F))
Once again, we have two cases to discuss.

1.D2=D3=0; |[D1|? = |[D4]2 =1

This corresponds to the annihilation of an "electron" with negative mass
and the creation of a "positron" that also has negative mass.
The Hamiltonian is

dp Z(fai@)as(?) —bl(P)bs(T)) + Eo (4.175)

2.D1=D4=0; |D2|?> =|D3|* =

This corresponds to the annihilation of a "positron" and the creation of an
"electron".
The Hamiltonian is then

d’p Z )+ bL(F)bs (7)) — Eo (4.176)

This is where things get interesting right away! In fact, it is possible to offset
the negative divergence observed when an electron is destroyed and a positron
is created by the positive divergence calculated when their negatively charged
counterparts are annihilated and created. ..

This result is attributed to Canadian researcher Benoit Guay®.

And that is exactly why supersymmetric theories were developed!

However, despite long, intensive, and costly research, no experiment has yet
detected even a single supersymmetric particle. . .

Perhaps if we looked into the realm of negative masses, things might change. . .

5Guay, B. (2022). Experimental test to verify whether quantum states of
conjugated mass and energy exist. Mod. Phys. Lett. A37, 2250013
https://doi.org/10.1142/S0217732322500134
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4.4.3 The Effect of Discrete Symmetry Operators on So-
lutions

Let’s examine the effects of the various parity and time-reversal operators on
the solutions to the Dirac equation.
4.4.3.1 The unitary parity operator Py

As a reminder,

Pylas(P) Py = myas(=7); Py'lal(P)Py = naal(—7) (4.177)

And, of course, similar relations hold true for the other operators of annihilation
and creation.
Its effect on the positive-mass field is therefore as follows:

P V@R = s [ €0 SO ATzl (=T () exp(-ip)

+(C3n5 bo(=F) + CAny b (=)0 (B, —m) exp(ipz)
+(C577: Cs(_?)+06770 ?))U (= ?,m p(ipz)
+(CTnids(—=T) + C8na dl(—ﬁ))u(é)( P, —m) exp(—ipz))

By reintroducing 7 = (¢, — @), we can write

as +C2 Na ai(?))u(é)(—?, m) eXp(_ip&'\)

Py '4(z) Py

Gy
(03% 5(7)+C477bbf(7))( (=7, —m) exp(ipZ)
+(C51; es(P) + Chnec (?)) (7, m) exp(ipz)

+(CT0; ds(F) + C8na di(P))u'™ (P, —m) exp(—ipZ))

It’s time to go back to the spinors and see that

W(FP,m) =1 u (T, m); v (FF,m) = % (T ,m)  (4.178)

to get
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PPy = o’ [ a0 SO an(F) O al ()7,

- (C3 1 bs(F) + Cdmp bT(?))v(s)(?,—m) xp(ipZ)
—(C5n2 cs(?) +C67.c ? ,m) exp(ipT)
+(CTdy(P) + C8na dww ><—?, —m) exp(—z‘pf))

Finally, we have
P, T )Py = nay° v(t, =) (4.179)
provided that all parities n are real and satisfy n, = —np, = —n. = 4.

The same reasoning applies to the negative mass field:

PPy = s [ d'p e S0 (P02 ol P,
—(Dsnb (?)+D4nbbT(?))v <?,—m>exp( —ip?)
— (D57 ¢s(T) + D61, ¢t (P))0') (=T, m) exp(—ipZ)
+ (D70} dy(P) + D81g di(7)) u“) —7, —m) exp(ipZ))
and

Pyt @) Py = 0o 70 9(t, =) (4.180)

4.4.3.2 The antiunitary time-reversal operator T4y

We would also like to highlight his work:

TXI}GS(?)TAU = _“72(‘72)58’%’(_?)5 TX(}“E(?)TAU = _ina(02)85’al(_?)
(4.181)
It should also be noted that pz = p2° — 7 - 7 — —pZ, where T = (—t, Z).
Furthermore, since the operator T4y is antiunitary, it changes the sign of the
imaginary unit ¢. Overall, the exponentials do not change sign.
As for the field of positive masses, we have

m) exp(—ipZ)

m) exp(ipT)
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. R 1
TAUd’(ZE)TAU = W/dgp \/2E7?
Z(—iC’l e (02)83/%/(?) — 1021, (a?)ss/ai,(ﬁ))u(s)*(—ﬁ, m) exp(—ipT)

S

+ (_7’03 77; (02)ss/b (?) —iC4 U (JQ)SS/b (?))v(s ( ?7 _m) exp(ipf)
+ (—iC5 0k (02)ssrcsr (? —iC6 1 (02)ss ci,(?)) (3)*(?,771) exp(ip)
+ (_ZO7 nd (02)ss’ds/(?) —iC81nq (02) s/d (?)) S)*(?a _m) exp(—ip%)

The goal, then, is to find a matrix M such that

Mu(F,m) = —uH* (= F,m); MuD(F,m) =" (~F,m)  (4.182)

Mo (P, —m) = = (=P, —=m); Mo (P, —m) = (=7, —m)
(4.183)

Mo (= F ,m) = —vO*(F,m); Mo (= F,m) = (F,m)  (4.184)

Mu(i)(_?v _m) = —’LL(+)*(7, _m) 5 MU(JF)(_?a _m) = u(i)*(?v _m)
(4.185)
The matrix M = —~v'43 clearly satisfies the requirements.
Thus, we have

Toow(t, @) Tav = —na v * (—t, ) (4.186)

provided that the 7’s are real and n, = 1, = 1. = 1g4-

In the field of negative masses, the same relations must be imposed, and
consequently, the same matrix satisfies the requirements. Thus, we again have
the same relation.

4.4.3.3 The antiunitary parity operator P,y

Here is an operator that, to the best of our knowledge, has never been discussed
in the literature... in quantum field theory, at least.
It is such that

[Pav, P] = {Pav, P*} = {Pav, 7} = [Pav, K] = 0 (4.187)

The parity operator anticommutes with rotations, which implies a reverse spin.
We therefore set
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1
PAU‘?:Ou‘S:ﬁ

For the spin-down state, we have, in order

1
>=n[¥ =05=—5> (4.188)

1 1
Pu|7 =0,s = -5 >= Pay(Jo—iJ,)| P = 0,5 = = >= —(Jp+iJ,)Pay|T = 0,5 = = >

2

N =

The last equality follows from the fact that the parity operator anticommutes

with J and changes the sign of i.
We then have

> (4.189)

N | =

1
PAU'?:OaSZ_i >:_n|?:058:

We come out of the rest with a boost:

Pay| 7,5+ >= PauyB(T)|7 = 0,54 >

Here, P4y acts on the imaginary part but not on the I_g with which it commutes.
Thus, we have

Pay|P, 52 >=PauyB(P)|P = 0,52 >= PayB(P)Py;Pav| P = 0,5+ >
= 2nPavB(T)Pyp|T = 0,55 >=2nB(-7)[¥ =055 >

In the end, we get

PAU|773i >= 49| — ?,s; > (4.190)

The change in the phase’s sign has certain consequences. The first is that
P%, = —I since

Piy|T sy >=n"Pav| = B,s- >= —[nf*|F s >=—|T,sp. > (4.191)

P%U‘?a S_ >= —U*PAU| - ?v S+ >= _|T]|2|77 S_ >= _|77 s_ > (4]‘92)
and the second is the consequence that follows from the first:

Pyt =—Pav (4.193)

Note that the equations can also be written in this form:

Pau| 7,5 >=in(02)se| — P,5 > (4.194)

For now, there is no difference from TAU. ..but we must take the following
result into account.



CHAPTER 4. PERSPECTIVES IN QUANTUM FIELD THEORY

224

According to the results of quantum mechanics, Pqy is fixed according to

Pav =7°7*()*
That means we’re going to have to assess
Payu (£ ,m) ; Papv™(£7, —m)
We have
s T oe(s)
0 o2 £6) — 026
o2 0 TT ) 72 ()
For s = +, this leads to
Pagu™ (P, m) = iv (=, —m)
and for s = —
PAUU(_)(?a m) = _Z.’U(+)*(_?a _m)
We will write
Pagu® (P, m) = —(02) e vV (=P, —m)
Similarly, it is shown that
Pagul (=T, m) = —(02) 550" (T, —m)
Pagv® (T, —m) = —(02) s (=7, m)
PapvD (=, —m) = —(62)5u)*(F,m)

(4.195)

(4.196)

(4.197)

(4.198)

(4.199)

(4.200)

(4.201)

(4.202)

We will need to take this into account for the P4y actions on the creation

and annihilation operators.
So we have
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PX(}GS(?)PAU = 77;(‘72)88'173/(*?) PAUQ (?)PAU = *Ua(UQ)es/b (— )
(4. 203)

Pribo(B)Pav = 03 (02)swas (=) : Pabl(F)Pav = —my(02)swal, (- F)
(4.204)

Pujes(P)Pav = 1(02)swrdo (= T) 5 Parel(F)Pav = —1e(02)ssdl ()
(4.205)

PgédS(?)PAU =ny(02)ssrcsr (= ) PA(}dT( )Pav = *nd(02)55’ci/(*?)
(4.206)

It is interesting to note that the effect of P4y is, in a sense, the combined
action of Tay (for the change ¥ — —J and s4+ — s= ) and the charge con-
jugation operator (in the sense that a<s b, al <+ b'). So here is another way to
obtain antimatter.

Let’s apply these results to the positive mass field.

_1 1
PAUlD(x)PAU = W 3p \/E
D (C10; (02)swrbe (F) = C21a (02) 50 bl (T))u* (=7, m) exp(ipZ)

S

+ (C3my (02)ssr as (?) Cdny (02)ss a (?))’U(S (- ? m) exp(—ipT)
+ (C5nk (02)5sr d /(?) C6ne (02)ssr di,(? p(e)* ? m) exp(—ipT)
+(CT05 (02)ssr €or (F) — C81a (02)ssr L, (F))u)* (T, —m) exp(ipa))

Given the results we have just shown, this field is equivalent to

Zecl s bs(P) + C2n, bi(?»v(s)(?, —m) exp(ipt)

S

+ (=C31; as(T) + Cdnp al(T))u'™ (P, m) exp(—ip2)
+ (—=CTnjes(F) + C8na el () (=7, m) exp(ipz))
+ (—=C51; dy(P) + C6n. di(P))u'™ (=T, —m) exp(—ipz)

To recover the entire field, we must set
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—CO3nf =CC1, C Oyt = —C2C3, Cdy = CC2, Oy = CC4  (4.207)

—C'Ty = C C5,—Chnyt = CCT, C8ng = C C6, Cone = CC8  (4.208)

However, these constraints are incompatible with what we noted regarding the
Hamiltonian.

For example, the first case is C2 = C3 = 0,|C1|?> = |C4]?> = 1, and this
clearly contradicts what is stated above. ..

The result will, in fact, be that starting from one field, we will find another
field. This is a result that Frédéric Henry-Couannier® had already obtained
concerning the unitary time-reversal operator.

Thus, starting from the Dirac field

U(x / \/ﬁ Z (Clas(P)u® (T, m) exp(—ipz)

+ CAB (B0 (F, —m) exp(ipz))
we find

Pry(x)Pay = ﬂ o /d‘°’ \/ﬁ D (=Clpsby (P (T, —m) exp(ipZ)

C4?7bas(?)u(s) (7, m) exp(—ipZ))

i.e. the creation of an electron that has undergone the transformation T -7
and the annihilation of a positron, using the same geometric operation.
The situation is identical for the field of negative masses, since we have:

1
@2n) el

> (D10} (02)ssrbe (F) — D20 (02) 50 bL, (7))ul* (=P, m) exp(—ip)

S

+ (D3n (02)ssr GS’(?) D4y (02)ss ay (?)) (s)*( ?a —m) exp(ipT)
+ (D57} (02)sw der (T) = D60 (02) 5 AL, (F))0)* (T, m) exp(ip?)
+ (D7 772 (02)55/ Cs/(?) D38 Nd (02)55’ c /(?)) S)*(?a 7m) exp(fipf))

It follows that

Py (x)Pav =

6Henry-Couannier, F. (2005). Negative energies and time reversal in Quantum Field The-
ory, Preprint hal-00001476v6
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_ 1 1
Piyt(z)Pay = hE 0 Q/dgp Es

Z(—Dlnébs(? + D27, b (P (T, —m) exp(—ip)

S

+ (=D3n; as(P) + Ddny af (7))U(S)(?7m) exp(ipT)
+ (=D5n} dy(P) + D6 1. di(T))ul™ (=T, —m) exp(ipZ)
+ (=D7njcs(P) + D8na cl(P)v') (=P, m) exp(—ip))

Once again, to recover the entire field would require setting

C D1 =—D3y;, C D2 = Ddn,, C D3 = —D1n*, C D4 = D2,  (4.209)

C D5 = —D7n}, C D6 = D81y, C D7 = —D5n?, C D8 = Db, (4.210)

This is incompatible with the constraints associated with the Hamiltonian.

So, once again, we find another field arising from a certain field. Thus, the
annihilation of a "negative-mass electron" and the creation of a "negative-mass
positron" will become the annihilation of a "negative-mass positron" and the
creation of a "negative-mass electron" both of which have undergone the mirror
symmetry 7 -7

4.4.3.4 The unitary time-reversal operator Ty
It is such that
Ty, P) = {Ty, P°} = [Ty, 7] = {Tv, K} = 0 (4.211)

So, we will have

> (4.212)

DN | =

1
Ty[¥ =05 =5 >=n|7 =05 =

and

>= (Jo—iJ,)Tu|P = 0,5 =

1
TUW:O,S:—5 >=Ty(Jp—iJy)| P =0,5 = >

N |~
N |

to finally obtain

1 1
Ty|P =0s=—5>=n|P =05=—5> (4.213)

With the boost, it comes
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To|7, s+ >=TuB(7)|T = 0,5+ >= Ty B(P)T; ' Tv|P = 0,54 >
=Ty B(P)I; 7 = 0,50 >=nB(-P)|[P = 0,51 >

In the end, we get

Ty P ss >=n| = 7,52 > (4.214)

There seems to be no difference from what Py does... And yet, there is!
In fact, using Dirac’s formulation, we have

0 —il
Ty = 717273 = (4215)
il 0

with the result that

Tyu® (£F,m) = ) (FF, —m); Tpo (£7, —m) = =i (TP, m)

(4.216)
We therefore require
Ty as(P) T = mibs (=) 5 Ty al(P)Tu = nabl(=7) (4.217)
Ty bs ()T = mjas(=T); Ty 'bl(F)Tu = mal(=7) (4.218)
Ty tes(P) Ty = nids(=7); Ty el (P) T = nedl (=) (4.219)
Ty ds(P) Ty = mies(=7); Ty di(P)To = nacl(=7) (4.220)

In the positive mass field, this results in

_ 1 1
T3 = s [ @05
Z(Cl 05 bs (7)) + C2na b (P))ul® (=P, m) exp(ip)

S

+ (O35 ag(F) + Cdny al (7))o (=7, —m) exp(—ipi)
+ (517 do(T) + C6ne d (7)o" (7, m) exp(—ipT)
+ (O es(P) + C8na cl(F))u'™ (7, —m) exp(ipT))

In this expression, we note that exp(—ipx) has been replaced by exp(ipT).
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We can also write

Ty ' p(2)Ty = 3717273/d3 ey

Z(Z(Cl 1 bs(F) + 200 b5 (P)v*) (—p, —m) exp(ip)

S

— (O3 ay(F) + Cdy al (F))u' (T, m) exp(—ip)
—i(C5; dy(F) + C6ne di(P)u (=7, —m) exp(~ipz)
+i(CTnges(T) + C8nacl(F))0) (=7, m) exp(ipt))

Let’s be clear: if we were to force a relation like

Ty '(@)Ty = Dy (@) (4.221)

we should require

DC1=-iC3n;; DC3=iCln;; DC2= —iC4ny; DC4=1iC2n, (4.222)

DC5=iCTn); DC7T=—iCbhn; DC6 =iC8ny; DC8 = —iC6n. (4.223)

However, such relations are incompatible with the constraints imposed by the
Hamiltonian. . .

Once again, these are different fields that one would obtain if the annihilation
and creation operators had been interchanged via the transformation ¢ — —t.

Let’s finally move on to the field of negative masses. We have

Ty () Ty = 3717273

J@
Z(z(Dl 1 bs () + D21a bl (7)) (P, —m) exp(—ip)

s

—i(D37; as(?)+D4nbaT(7)) (5)(? m) exp(ip¥)
—i(D5n; dy(T) + D67 df(F))u') (=7, —m) exp(ip?)
+i(D7né‘cs(?)+D8mc (?)) (=7, m) exp(—ipZ))

This would confirm that

Ty (@) Ty = C o'y 4 (@) (4.224)
if
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C D1 =—iD3y}; CD3=iDln’; C D2 = —iD4n,; C D4 =iD2p, (4.225)

C D5 =iDTy},; C DT = —iD5y*; C D6 = iD8ny; C D8 = —iD6n.  (4.226)

But we must set these relations aside and consider only parts of fields in order
to discover other parts. ..

In any case, these "iconoclastic" versions of P4y and Ty open up new hori-
ZOns. . .

Should we see this as the creation of a different kind of antimatter?

Only time will tell. ..



Conclusion

The central question addressed here is that of the physical relevance of negative
masses within the framework of relativistic quantum mechanics and quantum
field theory. The analysis suggests that, from the perspective of fundamental
mathematical structures, there is no a priori reason to rule them out. Indeed,
negative masses appear naturally in group theory, and more specifically in the
unitary irreducible representations of the Poincaré group, which forms the basis
of spacetime symmetries. Their presence is therefore not artificial, but results
directly from the algebraic properties of the formalism.

Furthermore, it has been shown that the introduction of such masses could
play a regulatory role in certain theoretical contexts. Similar to the mech-
anisms proposed in supersymmetry, where contributions with different spins
help to cancel out divergences, particles associated with negative masses could
contribute to a natural annihilation of these divergences arising in quantum
field theory. This analogy suggests that studying them could offer a conceptual
alternative or complement to the approaches currently being explored.

These factors argue in favor of a thorough examination of these solutions,
similar to the scrutiny that has been given to supersymmetric theories. A first
step—one of considerable scope—would be to reformulate quantum field theory
by explicitly incorporating these additional degrees of freedom. Such an under-
taking would require revisiting the very foundations of the theory, both from a
formal standpoint and in terms of its physical implications.

However, even if such an extension were to prove coherent and fruitful, it
would constitute only an initial step. Indeed, previous work, notably that of
Terletsky”, has highlighted remarkable properties concerning composite systems
of particles with different masses. These results show that the overall nature of
a system depends on the relative combination of positive and negative masses,
leading to configurations whose effective mass can be positive, zero, negative,
or even imaginary. In particular, the introduction of negative masses inevitably
implies the possibility of imaginary masses in certain configurations.

This observation is of major conceptual importance. It suggests that the
acceptance of negative masses cannot be considered in isolation from a broader
expansion of the theoretical framework, one that includes objects whose prop-

TTerletsky, J.P. (1962). Masses propres positives, négatives et imaginaires. Journal de
Physique et le Radium, 23, 910-920. 10.1051/jphysrad:019620023011091000
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erties go beyond those traditionally accepted in particle physics. In this sense,
the systematic exclusion of these solutions could limit our understanding of
fundamental structures.

In conclusion, the study of negative masses is not merely a matter of the-
oretical curiosity, but represents a serious avenue for exploring new physical
structures. It calls for a reconsideration of certain implicit assumptions of the
Standard Model and paves the way for potentially fruitful developments, both
mathematically and physically. The challenge now is to determine whether these
extensions can be coherently integrated into an experimentally testable frame-
work, and whether they can shed new light on the current limits of theoretical
physics.



