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Overarching Theme

Let’s find new physics!

* The current cosmological model (flat ACDM) requires new physics beyond
the standard model of elementary particles and fields.

 What is dark matter (CDM)?
 What is dark energy (A)?
 Why is the spatial geometry of the Universe Euclidean (flat)?

 What powered the Big Bang?



Overarching Theme

There are many ideas, but how can we make progress?

* The current cosmological model (flat ACDM) requires new physics beyond
the standard model of elementary particles and fields.

 What is dark matter (CDM)? => CDM, WDM, FDM, ...

 What is dark energy (A)? => Dynamical field, modified gravity, guantum
gravity, ...

 Why is the spatial geometry of the Universe Euclidean (flat)? => Inflation,
contracting universe, ...

 What powered the Big Bang? => Scalar field, gauge field, ...



New in cosmology!
Ove Violation of parity symmetry may hold the

answer to these fundamental questions.

* The current cosmological model (flat ACDM) requires new physics beyond
the standard model of elementary particles and fields.

 What is dark matter (CDM)??
 What is dark energy (A)?

 Why is the spatial geometry of the Universe Euclidean (flat)?

 What powered the Big Bang?
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The Plan [13:15-15:00]

2 X 45 minutes

* | ecture 1 “Known Physics” [45 min]

* Break and problem solving (voluntary) {15 min]

o | ecture 2 “New Physics” {45 min] :-.L
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1.1 Parity



Probing Parity Symmetry

Definition

« Parity transformation = Inversion of all spatial coordinates

* (Xv Y; Z) —> (_Xv Y _Z)

* Parity symmetry in physics states:

® [he laws of physics are invariant under inversion of all spatial coordinates.

* Violation of parity symmetry = The laws of physics are not invariant under...
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But, who cares about coordinates?

The key is the coordinate transformation

* You may say, “Coordinates are just a convenient mathematical tool. Physics
should not depend on how we chart the world with coordinates.”

* Yes, that is absolutely correct.

 Coordinate transformations are different. The underlying physical principle
does not depend on the choice of coordinates. However, “how a physical
system appears to change from one coordinate system to another” often

contains useful information.



Continuous Coordinate Transformation - 1

Spatial translation and homogeneity

 We do an experiment in Munich, and repeat it in Tokyo. We find the same
answer (to within the uncertainty).

* This is evidence for invariance under spatial translation. We shift spatial

coordinates by a constant vector ¢, x —> x + ¢, and the physics relevant to the
experiment does not change.

* There Is no special location in space => homogeneity.

* This even implies that the total momentum is conserved!

e Noether’s theorem
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Continuous Coordinate Transformation - 2

Spatial rotation and isotropy

 We do an experiment. We repeat it a few times after rotating the experimental

apparatus at different angles. We find the same answer (to within the
uncertainty).

This is evidence for invariance under spatial rotation. We rotate spatial

coordinates by x —> Rx, where R Is a 3-dimensional rotation matrix, and the
physics relevant to the experiment does not change.

* [here Is no special direction In space => isotropy.

* This even implies that the total angular momentum is conserved!

e Noether’s theorem

Emmy Noether

https://mathshistory.st-andrews.ac.uk
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Parity: Discrete Coordinate Transformation

e We ask, “When we observe a certain phenomenon in nature, do we also
observe its mirror image(*) with equal probability ?”

o (") “Mirror image” is an ambiguous word. A parity transformation is (X, y, z) —>
(-X, -V, -Z), whereas a “mirror image” often refers to, e.qg., (X, y, 2) = (-X, V, 2),
where only one of (X,V,z) is flipped.

12






AR 9 ¥

‘ . R . ’g',.'- “ gAY _(i ' n’y ? ‘ .'_“: ).-'

th equal probability?

;‘““'t"";ﬁ:‘f'\«‘#&f ~.... | "“. s s i
- ". e e oA 'y g‘%&.:u..-"? - 0

-

-

IR ""5«:*.‘.{" A
A\;'}.' b SO

N




Parity and Rotation

e Parity transformation (x —> -x) and 3d rotation (x —> Rx) are different.

R is a continuous transformation and the determinant of R is det(R) = +1.

* Parity is a discrete transformation and the determinant is -1, as

1 —I —1 O 0
y | =2 | —y | = 0 -1 0

A\
|
A\
-
-
|
e
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Parity = Mirror + 2d Rotation

* One may think of parity transformation as a
mirror in one of the coordinates (e.g., z —> -z)
and rotation by 1t In the others.

e [ et’'s demonstrate it!

16



|
-

4

Z->2 =-2 K

v ”(
g S I'ﬂ
H
,-
-
= ‘.I"‘
- _ .

v ".
YR

LY
% v
3 3 .
L -
r | )
":-\,,

- " -
Left-handed system L Right-handed system#§




Rotation
In X-y

sin 6 wa|
cos 0 -

cos ¢

Right-handed system®



1.2 Pseudovector, Pseudoscalar



Parity Transformation: Vector

E.g., momentum, electric field

8:2,'
P = Pz€x T Py €y + D2€; €; IS a unit vector.

L ] A /] A/ /] Al
£z p = pajegc +pyey +pzez

L /] A ] A ] A
= —ply — Py — PLE;

O
(d\

* p is the same vector, written using two different basis vectors.

* Therefore, p’s components are transformed as (p;, p;, p;) = (—Pz, —Py; —P2)
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Parity Transformation: Pseudovector

E.g., angular momentum, magnetic field

 Orbital angular momentum, L. = r X p, is a pseudovector. Ilts components do
nhot change under parity transformation: / / I\ __
2 9=t pantty (Lw7Ly7Lz) o (LIIHL’!/?LZ)

- Bothr = (X, Y,Z) and p = (p,, p,, p,) are vectors whose components
change sign. Thus, their products do not change, e.g.,

L =Y'p — Z’p;

= (=Y)(—pz) — (—Z)(—py)
= L.

D

g 7 arkive 20B.6409 [phmclass-ph]




Parity Transformation: Pseudoscalar

How to test parity symmetry?

* A dot product of a vector and a pseudovector is a pseudoscalar.
 Like a scalar, a pseudoscalar is invariant under rotation.
 But, a pseudoscalar changes sign under parity transformation.

 Experimental test of parity symmetry: Construct a pseudoscalar and see if
the average value is zero. If not, the system violates parity symmetry!

» Example: a dot product of particle A's momentum and particle B’s angular
momentum: P, - L. Measure this and average over many trials. Does the

average vanish, (p, - Lg) =07
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1.3 Discovery of Parity Violation
In B-decay (weak interaction)



| etters to the Editor,
Physical Review, 105, 1413 (1957)

Experimental Test of Parity Conservation
in Beta Decay™

C. S. Wu, Columbia Unzversity, New York, New York
AND
E. AMBLER, R. W. HAywArD, D. D. Horpes, aAnD R. P. Hupson,

National Bureaw of Standards, Washington, D. C.
(Received January 15, 1957)

N a rccent paper! on the question of parity in weak
interactions, Lee and Yang critically surveyed the
experimental information concerning this question and
reached the conclusion that there is no existing evidence
either to support or to refute parity conservation in weak
interactions. They proposed a number of experiments on
beta decays and hyperon and meson decays which would
provide the necessary evidence for parity conservation
or nonconservation. In beta decay, one could measure
the angular distribution of the electrons coming from
beta decays of polarized nuclei. If an asymmetry in the

Tl 0055500
\° > RO @c

ONi| on Archives

Chlen Shlung Wu

Chen-Ning Yang Tsung-Dao Lee



Wu et al. (1957)

The Wu Experiment of B-decay

60Co —> ONi + e~ + Ve + 2y

P

Electron momentum
(vector) J

Parity transformation

Nuclear spin q @_Qj =J

angular momentum :
(pseudovector) Pe = Pe

* Electrons must be emitted with equal probability in all directions relative to J, if
parity symmetry is respected in 3-decay.

» This was not observed: (p. - J) # 0. Parity symmetry is violated in B-decay!
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“This Month in Physics History”, APS News, October 2022

Initial reaction
Many physicists did not believe it initially.

 Jo Lee and Yang’s theoretical paper on parity violation in -decay:

Moyioliqig-H13 Jep Alyosep|ig

* Wolfgang Pauli said, “Ich glaube aber nicht, dal3 der Herrgott ein schwacher
Linkshander ist” (I do not believe that the Lord is a weak left-hander).

 [o Wu’s discovery paper:

 Wolfgang Pauli said, “Sehr aufregend. Wie sicher ist die Nachricht?” (Very
exciting. How sure is this news?)

 This was shocking news. The weak interaction distinguishes between
left and right!

* |n this lecture we ask, “Does the Universe distinguish between left and right?”



1.4 Helicity



Momentum and spin of a massless particle

* |Imagine a photon (y) traveling at the speed of light with a momentum vector p.

QO—-

 The photon is a spin-1 particle. The spin angular momentum vector S is a
pseudovector. We then define “parallel” (right-handed) and “antiparallel” (left-
handed) states as

°-§L> p “Parallel” (right-handed): 9 - P> 0
S<—G—> p “Antiparallel” (left-handed): S - p < 0



Momentum and spin of a massless particle

* |Imagine a photon (y) traveling at the speed of light with a momentum vector p.

QO—-

 The photon is a spin-1 particle. The spin angular momentum vector S is a
pseudovector. We then define “parallel” (right-handed) and “antiparallel” (left-
handed) states as P

°-§L> p “Parallel” (right-handed): S-p >0 S Q/(

S — p “Antiparallel” (left-handed): S - p < 0
4_“ 29 p Right-handed




Momentum and spin of a massless particle

* |Imagine a photon (y) traveling at the speed of light with a momentum vector p.

QO—-

 The photon is a spin-1 particle. The spin angular momentum vector S is a
pseudovector. We then define “parallel” (right-handed) and “antiparallel” (left-
handed) states as

P
°'§L> p “Parallel” (right-handed): 9 - p >0 )\9%

S<—G—> p “Antiparallel” (left-handed): S - p < 0

Left-handed



Helicity Is a pseudoscalar

Party transformation changes “right-handed” to “left-handed” and vice versa

 For massless particles, we define the “helicity”, A, as

S . P — )\ h * Ais a pseudoscalar because itis a
| | product of a momentum vector (p)
p and a spin pseudovector (S).
* For a photon, A=+1. S =S  On the other hand, “scalar”, such as

p2 and S2, does not change sign.

P Parity
S transtormation 7J » For a graviton, A=+2.
§/( % ;  Asymmetry between A=x1 and =2 is

the sign of parity violation!

Right-handed Left handed
A=+1 A=-1



Right-handed

Helicity and circular polarization 9{1

/

‘ by

P

 A\=+1 states of a photon describe circular polarization.

 A\=+1: Right-handed circular polarization

: : : Many photons
 A\=—1: Left-handed circular polarization - Electromagnetic wave

The arrows show directions of
the electric field vector E.

* Linear polarization is given by a super position of A=+1 states with the equal
number of photons. Linear polarization carries no angular momentum!

* This means that circular polarization is a more fundamental state for photons.
Circularly polarized light carries angular momentum, which is equal to

(N, — N_)h where N, is the number of A=+1 photons.
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1.5 Parity Symmetry in
Electromagnetism (EM)




Throughout this talk, | will assume homogeneity and isotropy of space (invariance under 3d translation and rotation).

Maxwell’s Equations

In Minkowski space, Heaviside units and c=1

V-E=p, -E4+VxB=]
V-B=0, B+VXE=0

 These equations are invariant under Poincare transformation (spatial
translation and rotation and Lorentz boost).
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Throughout this talk, | will assume homogeneity and isotropy of space (invariance under 3d translation and rotation).

Parity-flipping Maxwell’s Equations

In Minkowski space, Heaviside units and c=1

(=V)-(-E)=p, —(-E)+(-V)xB=(-j)
(-V)-B=0, B+ (~V) x (-E) =0

 These equations are invariant under Poincare transformation (spatial
translation and rotation and Lorentz boost).

* They are also invariant under parity transformation, if E and j are vectors, p Is
a scalar, and B Is a pseudovector.
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Throughout this talk, | will assume homogeneity and isotropy of space (invariance under 3d translation and rotation).

Maxwell’s Equations in a covariant form

V-E=p, -E+VxB=j

 These equations can be written in a covariant form as

Dual tensor

T

MZO,172737 jN:(p’j), 8“:8/8;13“, x“:(t,x)




Antisymmetric Field Strength Tensor, FWv

E, E, E,
0 B, -B,

~B, 0 B,
B, -B, 0

+1 if (i,j,k) is even permutation of (1,2,3)

ewk — — 71 if (i,j,k) is odd permutation of (1,2,3)
B o B o By e B Levi-Clvita () otherwise
F'=_B, ,F*?*=_B, F¥=_B, symbol 989 =] ¥ =1 "=1],...



Antisymmetric Field Strength Tensor, F,v
Fuv = =Fuy

Py = nuanyﬁFO‘ﬁ where Nya = diag(—l, 1,1, 1)

0 -E, —E, —E,
E, 0 B, -B,
E, —-B, 0 B,
Lo

This Is a scalar and is invariant
under parity transformation.




Dual Field Strength Tensor, Fuv

~ ~ if (u,v,a,p) Is even perm.
FHv = —F +1 of (0,1,2,3)
F;u/ _ EEuuaﬁFaﬁ here euuaﬂ _ | If (p,v,a,fﬁ)ois1 ozdgl perm.
Levi-Civita of(0,1,2,3)
symbol 0 otherwise

0 . b, B, » Equivalently,
- — B, 0 —F, By -

- —8, B, 0 —F,
—B, —Lh, Py 0

e Therefore,

N nl 2 . This is a pseudoscalar and changes
Il = F“VF = —4B - E sigh under parity transformation!




1.6 Action Principle for EM



O, F* = jH  9,FH =
What is the action that gives Maxwell’s equations?
In Heaviside units and c=1

e The answer IS

1
| = —Z /d4$ F2 =t /d4$ Auju d*x = dtd°x

with |
Vector potential

Fo, =0,A, —0,A, where A, =(—¢,A)

Therefore {FZO j &LAO i Az = * K = _v¢ — A
Fij :azA] —ain :eijkBk *B:V X A




o, F* = j* Y§,F* = ()
What is the action that gives Maxwell’s equations?
In Heaviside units and c=1

e The answer IS

1
I:—Z/d4$ F2‘|‘/d4$ Auju d*x = dtd°x

with

Fo, =0,A, —0,A, where A, =(—¢,A)

One set of Maxwell’s equations is simply given by the definition of Fv:

8, 0,5 (0, As ~ D3 Aa) = 70,0, 45]= O




Yo,F* = jit Y9,FH =

What is the action that gives Maxwell’s equations?

In Heaviside units and c=1

4

1
I:——/d4:v F2+/d4az A"

* The idea: The equation of motion for A, is the path that gives a
stationary point. For a small change in A,—> A,y + 0A,, the

corresponding change in | —> [ + 6l is also small.

51 = / d*z F*9,(6A,)

Integration

by parts

/d4x (0A4,)7"

Hint:

§(F?) = 2F*§F,,
— —4F"9,(8A,)

- [te o a, =0



1.7 Propagation of EM Waves




Finding symmetries in the action

It Is like a treasure hunt!

1
I:_Z/d4$ Fz-l—/d493 A"

* This action is invariant under spatial translation, rotation, and parity
transformation.

* [tis also invariant under the following “gauge transformation”,
Integration

AIUJ — AN’ —I— 8“]( Hin byparts

f Oup)i* % ~ [ dz 18,5 =0

 Here, f is an arbitrary scalar function. due to the charge conservation:
& Ouj' =0mpp+V-3=0



Finding symmetries in the action

It Is like a treasure hunt!

1
I:_Z/d4$ Fz-l—/d493 A"

* This action is invariant under spatial translation, rotation, and parity
transformation.

* [tis also invariant under the following “gauge transformation”,

" Integration
¢ — ¢ - f Hint: by parts
A—)A‘|‘vf / (Ouf)” /d4$f6uju:0

 Here, f is an arbitrary scalar function. due to the charge conservation:
& Ouj' =0mpp+V-3=0




Warm-up: The wave equation for A¢

Maxwell’s equations in vacuum

» Maxwell’s equations in vacuum 8VF‘“/ — () gives
—[AP + n*90,(0,A") =0
where
32
1 =n*008 = —25 +V? 0" =diag(-1,1)

Ot?
AP =n"% A, = (Qba A)

* Now, using invariance under the gauge transformation, we can set 8,/ AY =0
by choosing1f = —0,A"inA, =+ A, 4+ 0,f. Then...



Warm-up: The wave equation for A¢

The use case of the gauge invariance

“Lorenz gauge condition”

 Maxwell’'s equations in vacuum 8VF“V — () and 8VAV — () gives
JA* =0 =
é > | oo
] =n""0,08 = —
17008 = "5z TV
At =nt%Aq = (¢, A) with ¢+ V- A =0

 The number of degrees of freedom for Avis 3 due to the Lorenz gauge condition.

The equation for a wave
traveling at the speed of light!

where
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Physical degrees of freedom of EM waves
3?7 27?

 We know that photons must have only 2 helicity states, A=+1 (two circular
polarization states).

* Shouldn’t the number of physical degrees of freedom be 2, instead of 37
The answer is yes.

 The Lorenz gauge does not fully specify A4, We can still add
which satisfies [ ] fo = ()

* Choosing f2 will fully specify Av. This leaves 2 degrees of freedom.
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EM waves must be transverse

The arrows show directions of
the electric field vector E.

e |[tis common to choose f and f» such that

[ \ Creilt Wlklloedla‘
6b=0 V-A=0

“““"/ ,:‘
A\\ /‘
A
iIn vacuum “Coulomb gauge condition” )4

 We have 2 conditions. That leaves 2 degrees of freedom for EM waves.

"'f’
* This choice is consistent with the Lorenz gauge condition qb +V-A=0

« V - A = (0 requires that the EM wave be transverse, i.e., the change in A is
perpendicular to the direction of propagation of the EM wave.

 We will use this condition throughout the lecture.
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Maxwell’s equations In vacuum

Expanding space, in Heaviside units and c=1

* |n expanding space, one obtains

O O
//_ ) h /
A VA =(0| where __87_—a8t

 Remarkably, it takes the same form as in non-expanding space, except for
the change of variables from the physical time, t, to the conformal time, T.

 The distance between two points in 4d spacetime:
ds® = Nuvdxtdzr” = —gP 1 g [Non-expanding space]
— —dt? + a®(t)dx* = a®(7)[—d7* + dx?] [Expanding space]
= gy dztdr” with H = (’7‘, X) Juv = a*diag(—1,1) = GQUW



Recap: Lecture 1

Known Physics

e Parity transformation changes “right-handed” to “left-handed” and vice versa.

* Violation of parity symmetry: Nature distinguishes right- and left-handed
states, which has been observed in 3-decay.

* Transformation properties:
* Vector (such as momentum) changes sign under parity transformation.
 Pseudovector (such as angular momentum and spin) does not.

 Pseudoscalar (such as helicity) does => Key to testing for parity violation!
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Problem Set

Prelude to the next lecture

Show that FI:' IS a total derivative and can be written as

F F# = 28,(A, B



