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Abstract: This talk discusses Einstein\'s special and general theories of relativity in a simple manner. Some simple mathematical argume
included. This leads to a brief description of Loop Quantum Gravity - one of the most popular way of trying to describe gravity using the ide
guantum mechanics. In addition, the Standard model of particle physics, which describes all known particles and their (non-gravita
interactions is explained. We conclude with a description of some recent research which may bring the Standard Model and Loop Quantum
together into a single theory.
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DISCLAIMER

From Wikipedia

“Dr. Sundance O. Bilson-Thompson is an Australian theoretical
particle physicist who has developed ideas in the field of loop
quantum gravity. He was a Visiting Academic at the University
of Adelaide before becoming a full-time academic at the
Perimeter Institute for Theoretical Physics in Waterloo, Ontario,
Canada. He makes terrible puns. Listen for them during his
lectures.”
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OUTLINE

@ General relativity

@ Loop Quantum Gravity

@ Standard Model

@ The standard model from LQG
@ Conclusions/open issues
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LIGHT SIGNALS

A problem with classical physics |

@ By the end of the 19" century, people had noticed
something funny about light
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LIGHT SIGNALS

A problem with classical physics |
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LIGHT SIGNALS

@ By the end of the 19" century, people had noticed
something funny about light

@ It needed an aether with contradictory properties
@ The aether had never been observed

@ Maxwell's electromagnetic equations predicted that light
always moved at the same speed

@ Einstein took this at face value...

A problem with classical physics
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LIGHT SIGNALS

A problem with classical physics

@ By the end of the 19" century, people had noticed
something funny about light

@ It needed an aether with contradictory properties |
@ The aether had never been observed

@ Maxwell's electromagnetic equations predicted that light
always moved at the same speed

@ Einstein took this at face value...

All inertial observers measure the same speed for light
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LIGHT SIGNALS

This has funny consequences.
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LIGHT SIGNALS

This has funny consequences.
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LIGHT SIGNALS

This has funny consequences.
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LIGHT SIGNALS

This has funny consequences.

The faster you travel, the slower others see you measuring the |
passage of time
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A BIT OF MATHS

fime

space
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Special Relativity

Relativity

SPECIAL RELATIVITY

What about FTL travel?
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What about FTL travel?
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Special Relativity
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@ Nothing can move faster than the speed of light.
@ Why not?
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Special Relativity

SPECIAL RELATIVITY

What about FTL travel? ;J

\/1 — = becomes imaginary!

@ Nothing can move faster than the speed of light.
@ Why not?

@ Because nothing can move slower than the speed of light!
Everything in the Universe is moving at the speed of light.

How can this be?
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Special Relativity
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SPECIAL RELATIVITY

What about FTL travel? |

\/ 1 — = becomes imaginary!

@ Nothing can move faster than the speed of light.
@ Why not?

@ Because nothing can move slower than the speed of light!
Everything in the Universe is moving at the speed of light.

How can this be?
We're moving through time, as well as space.
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Special Relativity

space

.. (with apologies to ZZ Top)

@ “world lines” show paths of objects through space and time

oo ® AN Object’s world line is also its time axis.
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Special Relativity

Relativity

PRl YILY

SPECIAL RELATIVITY IN ONE EASY DIAGRAM

-
space

@ Moving through space, an object “trades off” motion
through time - clocks tick slower, length contracts

irsa: 07070010 Page 25/183



Special Relativity

SPECIAL RELATIVITY IN ONE EASY DIAGRAM

=
space

@ Moving through space, an object “trades off” motion
through time - clocks tick slower, length contracts
s oroooi® OO MUCh for objects with constant velocity... page 261163




General Relativity

ACCELERATION

@ On a fixed surface, we can detect gravity l

@ In freefall, there’s no apparent gravity (same as SR)
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ACCELERATION

@ Acceleration (e.g. in a rocket) looks like gravity r

- ooo® HOW can we tell the difference? Page ‘




General Relativiiy

g P RN T
Relativity

ACCELERATION

@ Here's the trick - locally acceleration looks like gravity j'
@ Gravity shrinks space together '
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Relativity

CURVED SPACE

In flat space, a straight path is just a straight path
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CURVED SPACE

Now the path is still straight, as judged against curved space
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Relativity

General Reiaﬁviiy

CURVED SPACE

In flat space, a straight path is just a straight path
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CURVED SPACE

Now the path is still straight, as judged against curved space
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CURVED SPACE

Now the path is still straight, as judged against curved space
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@ Acceleration (right) makes light beams seem to bend

@ Gravity (left) must also bend light beams
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Relativity

A PROBLEM

@ Light travels at the speed of light - which is constant.
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General Relativiﬁ;

A PROBLEM

@ Light travels at the speed of light - which is constant.

@ But light at top of beam has moved further than at bottom
(in same time) - a contradiction?!
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Relativity

A PROBLEM

Pirsa

: 07070010

@ Light travels at the speed of light - which is constant.

@ But light at top of beam has moved further than at bottom |

(in same time) - a contradiction?!
@ No! Time runs more slowly at bottom of beam.
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General Relatb:ii:y

TIME AND GRAVITY

Galileo’s idea of gravity l

What determines the speed of a falling object?
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Relativity

TIME AND GRAVITY

Galileo’s idea of gravity |

What determines the speed of a falling object?
@ A “wind” blowing into the Earth?
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Galileo’s idea of gravity |

What determines the speed of a falling object?
@ A “wind” blowing into the Earth?
@ If so, then all objects would reach the same terminal velocity
@ The distance it has already travelled? i.e. v = kAx
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TIME AND GRAVITY

Galileo’s idea of gravity |

What determines the speed of a falling object?
@ A “wind” blowing into the Earth?
@ If so, then all objects would reach the same terminal velocity

® The distance it has already travelled? i.e. v = kAx
@ Then objects would never start falling, or they'd “fall” up
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TIME AND GRAVITY

Galileo’s idea of gravity [

What determines the speed of a falling object?
@ A “wind” blowing into the Earth?
@ If so, then all objects would reach the same terminal velocity

® The distance it has already travelled? i.e. v = kAx
@ Then objects would never start falling, or they'd “fall” up

@ The time they have spent falling?
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General Relativity

TIME AND GRAVITY

Galileo’s idea of gravity

What determines the speed of a falling object? |
@ A “"wind” blowing into the Earth? |
@ If so, then all objects would reach the same terminal velocity 1

@ The distance it has already travelled? i.e. v = kAX |
@ Then objects would never start falling, or they'd “fall” up ‘

@ The time they have spent falling?
@ Spot on!

v = vy +aAt
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LET'S DO THE TIME-WARP AGAIN

time time

space space

@ Down (strong gravity) is to right-hand-side of each figure |

|
@ Bent time axes = must travel “further” to reach the same |
womoe  MOMent” on RHS than LHS = time runs slower at RHS ..,....e




RELATIVITY

Relativity in a nutshell |

@ Everything moves through spacetime at the speed of light |
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Relativity in a nutshell |

@ Everything moves through spacetime at the speed
@ Spacetime paths are straight lines - “geodesics”
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RELATIVITY

Relativity in a nutshell |

@ Everything moves through spacetime at the speed
@ Spacetime paths are straight lines - “geodesics”

@ Gravity is a modification of spacetime distances and angles
- the “rubber sheet” image (above) is quite misleading
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Gravity

RELATIVITY

Relativity in a nutshell |

@ Everything moves through spacetime at the speed
® Spacetime paths are straight lines - “geodesics”

@ Gravity is a modification of spacetime distances and angles
- the “rubber sheet” image (above) is quite misleading

@ Both time and space distorted - Newtonian effect doubled!
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RELATIVITY

Relativity in a nutshell

@ Everything moves through spacetime at the speed |

@ Spacetime paths are straight lines - “geodesics”

@ Gravity is a modification of spacetime distances and angles |
- the “rubber sheet” image (above) is quite misleading

@ Both time and space distorted - Newtonian effect doubled!
@ Locally spacetime seems flat - Special Relativity rules!
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Gravity

METRIC

Pi

IIIII

(or spacetime) are related to each other.

@ Extra factor when comparing vectors, e.g. measuring
lengths of vectors, and angles between vectors.

Defining distances and angles

@ A metric is a function that tells us how the points in space

|
|
|
|

A-B=33  apb,

: 07070010
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METRIC

Defining distances and angles

@ A metric is a function that tells us how the points in space
(or spacetime) are related to each other.

@ Extra factor when comparing vectors, e.g. measuring
lengths of vectors, and angles between vectors.

A-B— Z?:] ah = A-B= Z?Al Z}:l g{fafbf

irsa: 07070010 Page 55/183




Gravity

METRIC

@ In flat space the metric is just a unit matrix

R RS
gi=10 10 (1)
oo T
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METRIC

@ In flat space the metric is just a unit matrix

8ij =

(10
0 1
0 0

-0 O

@ In flat spacetime (SR), the metric is

irsa: 07070010

NMuv =

OO QO =

0

1
0
0

—

0 0
0 0
1 0
g -1 |

(1)

(2)
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METRIC

@ In flat space the metric is just a unit matrix

[ 1 @ 0
=10 1 0 (1)
L@ O 1
@ In flat spacetime (SR), the metric is
1 6 g @ |
O 1 0 O
=0 0 1 o @)
| 0 0 0 -1 |

@ Far from sources of gravity (GR), or at short distances
Pirsa: 07070010 gpv — TJ#V

Page 58/183




GRAVITY

Two important principles from general relativity

@ General covariance
The laws of physics should have the same form, no matter |

how you choose your coordinates. |

@ Diffeomorphism invariance |

The connections between points in spacetime are “blind” to |
the shape of spacetime |

@ The coordinates are ultimately meaningless '|
@ We want a theory that is background independent e.g.

guv 7 NMuv +hpy
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STUDYING MOTION

What's the best way to study the motion (dynamics) of a
physical system?

irsa: 07070010 Page 60/183



Gravity

STUDYING MOTION

What's the best way to study the motion (dynamics) of a
physical system?

@ Rolling billiard balls...
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STUDYING MOTION

What's the best way to study the motion (dynamics) of a
physical system?

@ A swinging pendulum...
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Gravity

STUDYING MOTION

What's the best way to study the motion (dynamics) of a
physical system?

@ Clothes in a washing machine...

irsa: 07070010 Page 63/183




STUDYING MOTION

What's the best way to study the motion (dynamics) of a
physical system?

@ Ripples on a pond...
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Gravity

STUDYING MOTION

What's the best way to study the motion (dynamics) of a
physical system?

@ Rolling billiard balls... |
@ A swinging pendulum... |
@ Clothes in a washing machine... |
@ Ripples on a pond... |

Find a conserved quantity - one that doesn’t change as the
system changes
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HAMILTONIANS

Total energy ,

@ H=K-+V Ie. Kinetic energy plus potential energy

irsa: 07070010 Page 66/183




HAMILTONIANS

Total energy |

@ H=K-+V ie. Kinetic energy plus potential energy
@ H is a function of position, momentum, and time
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HAMILTONIANS

Total energy

@ H=K-+V Iie. Kinetic energy plus potential energy
@ H is a function of position, momentum, and time

@ Generalised coordinates, ¢, and momenta, p
e.g. for a pendulum, ¢ = angle from vertical

IH dq

on on _op
dp Ot

R e

@ Works for everything from atoms to stars

(3)

———
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HAMILTONIANS

H=f + k2 (4)




HAMILTONIANS

For a mass on a spring.. |

2
W
H—2m+2kx (4)
JH p dx oH _dp
o e TR T a (5)
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HAMILTONIANS

Pirsa: 07070010.

m

dx
djl

Gravity

= —kx

ile. ma=F

(4)

(6) |

Page.71/483
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HAMILTONIANS

H:ﬂ+§kr‘ (4)
JH p dx oH _dp
dp m dt s _ﬁ__kx dr (5)

aaaaaaa 183
g /




HAMILTONIANS

P .5 |
H=—+—kx° 4

T 3 i
dzx__kx . . 6
B = ie. ma—F ( )I
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Gravity

A HAMILTONIAN FOR GENERAL RELATIVITY

Apply this to the spacetime field
@ GR teaches us that spacetime is dynamic

@ We can apply the Hamiltonian approach to spacetime itself

@ In 1986 A. Ashtekar rewrote the GR Hamiltonian in terms
of

@ Coordinates - connections that transport along a path
through space
@ Momenta - A conjugate “electric field”

@ The connections (paths) create networks in space.

irsa: 07070010 Page 74/183




HAMILTONIANS
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m‘é}f — —kx ie. ma=F (6) |




A HAMILTONIAN FOR GENERAL RELATIVITY

Apply this to the spacetime field

@ GR teaches us that spacetime is dynamic |

@ We can apply the Hamiltonian approach to spacetime itself |
@ In 1986 A. Ashtekar rewrote the GR Hamiltonian in terms I
of |

e Coordinates - connections that transport along a path !

through space
@ Momenta - A conjugate “electric field”

@ The connections (paths) create networks in space. :
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NETWORKING

® Networks inserted into manifolds (spaces without medtrics)
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Gravity

NETWORKING

@ Diffeomorphism invariance means these two graphs
(networks) are the same!
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Gravity

BUILDING UP SPACETIME

@ Counting lines tells you area, counting nodes tells you |
volume, for part of the manifold |
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NETWORKING

@ Diffeomorphism invariance means these two graphs
(networks) are the same! |
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Meraiuvity

Gravity

BUILDING UP SPACETIME

@ Counting lines tells you area, counting nodes tells you
volume, for part of the manifold

|
i
J
|
|
.!
|
|
I
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