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p. 111: To say that physics possesses a certain symmetry, is to 

say that the Action is invariant under the transformation 

associated with that Symmetry. 

mmmwah!  

Action:  path of stable energy, invariant to rotations,  

  path of maximum proper time 





A gauge theory is a type of field theory  in which the  
Lagrangian  is invariant  under a continuous group  of 
local  transformations – i.e., depend on spacetime. 

Yang-Mills Theory:  a gauge theory in which  a field is defined 
everywhere in space, mediated by the exchange of virtual particles 

• When the symmetry group depends on spacetime, it is 
called a local symmetry.  

• The continuous symmetry that depends on spacetime is 
called a gauge group. 

• The transformation that depends on spacetime is called a 
gauge transformation.  
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…but first, a short excursion into SO(n) and SU(n): 

Special Orthogonal Groups of order n: SO(n) are defined: 

 

OTO = 1 and det O = 1  and has n(n-1)/2 degrees of freedom 

 

The group SO(n) consists of rotations in n-dimensional 

Euclidean space, represented by n-dimensional tensors. 

SO(n) represents GLOBAL symmetries that are independent 

of spacetime. 

SO(2): 

for a counter-clockwise 

rotation: 
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SO(3): 

for 3 dimensions, just add the 

z-axis: 
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Global symmetry in Minkowski spacetime (no mass, no gravity) 

DEFINE:  
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For motion along 
the x-axis:  

Rotations in spacetime are SO(4) 



SU(n): Special Unitary groups of order n 

 

complex unitary matrices (det U = 1) 

 

SU(n) represent LOCAL symmetries that DO depend 

on local variations in spacetime. 

 

Examples: GR and symmetries in particle physics 

which depend on local FIELDS, i.e. gauge theories 

 

 



Examples of Gauge Theories 
 
Quantum Electro-Dynamics 
 
QED has the gauge group = U(1) E&M. 
The number of gauge fields is dim(U(1)EM) = 1.  
This gauge field is the photon.  
It couples to charged leptons and quarks.  
 
Does SSB occur: No. So the photon remains massless. 
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U(1) is the group of all possible phase multiplications ei 



Examples of Gauge Theories : Quantum Chromo-Dynamics 
 
QCD has the gauge group SU(3)color. A gauge transformation is  
U ∈ SU(3)color. QCD offers a new way of thinking about matter. 
 
Every quark field of flavor f, say f (x), has an associated color of red, 
green or blue. Define 
 
 
 
 
Construct the gauge-invariant Lagrangian: 
 
 
 
This Lagrangian must be invariant to ‘rotations’ in SU(3). 
There are 32-1 = 8 degrees of freedom, which are the 8 gluon fields. 
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quark color 
space 

color symmetry of quarks  is an exact  
symmetry : each quark can be 
transformed into a different ‘color’ 
quark 

Only around 2% of the mass of 

the proton comes from the three 

valence quarks.  The rest comes from 

the gluon field and virtual quarks. 



isospin 

charge 

strangeness 





The Electro-Weak theory has the gauge group SU(2)left 
×U(1)hypercharge. The number of gauge fields is equal to dim(SU(2)left 
× U(1)hypercharge) = 4. The gauge fields are the Wa

μ , Bμ, a = 1, 2, 3.  
Does SSB occur? Yes. 
 
After SSB, the massive gauge fields are called W±

μ ,Z0
μ while the 

massless gauge field is called the photon.  
 
The W±

μ couple to left handed matter causing flavor changing 
processes like beta decay, the Z0

μ couples to all particles and the 
photon couples to charged matter.  



 

and flavor  

oscillations 

among neutrinos 

 



8 3 1 1 

SU(3) X SU(2) U(1) X ? 



GUT scale: t ~ 10 -43 sec,  

     E ~ 1019 GeV 

The four different forces are now seen as broken symmetries in a low-energy 

universe, reduced from a higher symmetry at higher energies in the first instants 

after “creation.” 



Almost symmetries: A symmetric theory can have asymmetric 
consequences. For example, the equations of a ball and the wheel 
of a roulette are symmetric with respect to the rotation axis, but 
the ball always keeps lying in an asymmetric position. 



The symmetric state is not the state of minimum energy, i.e., the 

ground state, and in the process of evolving towards the ground 

state, the intrinsic symmetry of the system has been broken.  

 

http://universe-review.ca/R15-12-QFT21.htm 



The symmetric state is not the state of minimum energy, i.e., the ground state, and in 

the process of evolving towards the ground state, the intrinsic symmetry of the system 

has been broken.  

 

 

A small perturbation will cause the rotational symmetry to 

be broken and the system to assume the ground state 

configuration.  
 



Nothing is unstable! 

 

 - Professor Rocky Kolb 

 Fermilab, 1995 

 personal  

 communication 

 



The symmetric state is not the state of minimum energy, i.e., the ground state, and in 

the process of evolving towards the ground state, the intrinsic symmetry of the system 

has been broken.  

 

A small perturbation will cause the rotational symmetry to be broken and the system to 

assume the ground state configuration.  

 

When the symmetry of a physical system is broken in this 

way, it is often referred to as "spontaneous symmetry 

breaking“ (SSB). 



The symmetric state is not the state of minimum energy, i.e., the ground state, and in the 

process of evolving towards the ground state, the intrinsic symmetry of the system has 

been broken.  

 

A small perturbation will cause the rotational symmetry to be broken and the system to 

assume the ground state configuration.  

 
When the symmetry of a physical system is broken in this way, it is often referred to as 

"spontaneous symmetry breaking“ (SSB). 
 

And this is how our current cosmological model 

explains how the universe came into existence! 
 





t=0 – “The Big Bang” 
Is there a “before”? 

http://planck.cf.ac.uk/timeline/universe/bigbang 



Quantum Space Time ->  
Inflation - Hyperexpansion? 

in 10-35 sec  there was 1060  Times Expansion 

 



First Three Minutes –  
Baryogenesis and Nucelosynthsis 



Nucleosythesis depends on Proton to Photon ratio 
ή 

(you are alive because there are no stable mass 5 or 8 elements) 
Vertical axis is mass ratio 



400 Kyr – Ionized to Neutral – Thomson to 
Rayleigh Scattering 

Opaque to Clear - “The CMB” 
 



400 Kyr to 400 Myr - The “Dark Ages” 
The Universe is largely Neutral but no stars yet –  

Baryonic collapse in progress 
simulation rendition– WMAP team 



The Universe goes from an Ionized Plasma to 
Neutral to Ionized 

Approx 0.4 Gyr 
The First Stars Reionize the Universe 

B. Ciardi – Nature 2006 - simulation 





Foreground removed CMB 
fossil light from the edge of the 

visible universe 



CMB temperature power spectrum 
 



26 parameters!  



composition of the universe 

what we thought what we now think 



http://www.esa.int/esatv/Videos/2013/03/Planck_reveals_an_almost_perfect_Universe/Geo
rge_Efstathiou_Professor_of_Astrophysics_University_of_Cambridge_English_The_theory_of_
the_expansion_of_the_Universe 

http://www.esa.int/esatv/Videos/2013/03/Planck_reveals_an_almost_perfect_Universe/George_Efstathiou_Professor_of_Astrophysics_University_of_Cambridge_English_The_theory_of_the_expansion_of_the_Universe
http://www.esa.int/esatv/Videos/2013/03/Planck_reveals_an_almost_perfect_Universe/George_Efstathiou_Professor_of_Astrophysics_University_of_Cambridge_English_The_theory_of_the_expansion_of_the_Universe
http://www.esa.int/esatv/Videos/2013/03/Planck_reveals_an_almost_perfect_Universe/George_Efstathiou_Professor_of_Astrophysics_University_of_Cambridge_English_The_theory_of_the_expansion_of_the_Universe


The Planck Scale:  

When the entire universe 

was contained within its 

own Compton wavelength 

global symmetries! do not depend on spacetime 



One Universe or Many 
Perhaps Infinite 
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figure from 

Professor Jim 

Hartle’s book 

on Gravity 

Parting thought: 

Our universe seems 

to be always on the 

edge of a black 

hole… 



Brian Greene explains String Theory: The next symmetry? 

(embedded video clip) 


