Friday, April 20,2012
Reading: Chapters 11 (omit 11.6), 12, 13, 14

Wheeler on travel on Monday, will show Episode 1 of The
Elegant Universe, an introduction to quantum gravity and string
theory.

Astronomy in the news?

Shuttles being distributed to museums.

Fewer neutrinos detected from gamma-ray bursts than some
theories predict. My Texas colleague, Pawan Kumar (who proved
that gamma-ray bursts emit their energy in jets) has an excellent
theory where the energy of the gamma-ray jet is carried in
magnetic fields, not particles. This theory would naturally predict
fewer neutrinos.



News:

Wonderful poster exhibit in the Welch hallway on the contributions
of the Muslim culture to science, math, and astronomy.

April 6 issue of Science Magazine has a personality-based analysis
of the winning of the Nobel Prize for Physics for discovering the
acceleration of the Universe with Type Ia supernovae. Chattering
topic at the meeting I attended over last weekend.



Goal:

To understand the nature of dark matter and how it
affects the Universe.



“Space-time diagrams” illustrate how the Big Bang led
to inflation, then deceleration, and now acceleration



The Fate of the Universe?

If the acceleration stays constant, the fate is rather dismal: galaxies will
be pulled infinitely far apart, then even small mass, long-lived stars age
and die, protons, neutrons and electrons will decay to photons, black
holes will evaporate by Hawking radiation.

The result would be an empty Universe filled with dilute radiation.
We know so little about the Dark Energy, that it could do other things.

It could get stronger, leading to a Big Rip with atoms and the very
fabric of space being pulled apart (most physicists think this unlikely).

It could reverse sign and gravitate, leading to the recollapse of the
Universe in a Big Crunch.



Goal:

To understand how physicists are attempting to cope with
the existence and nature of the acceleration of the Universe
driven by Dark Energy.



Einstein’s theory of the behavior of the Universe contained a
“Cosmological Constant” that could be positive, negative, or zero.

Einstein first argued it was positive in order to provide an anti-
gravitating force to counteract gravity to keep the Universe from
expanding or contracting. Then the expansion of the Universe was
discovered, and he called it a “blunder.”

Current results on the expansion are consistent with the Dark Energy
behaving in accord with Einstein’s Cosmological Constant.

Even if true, we still need to know what it 1s, physically! Why does
this “constant” have the value it does? Sort of like asking why the
speed of light has the value it does.



Theories of quantum fields suggest that the Dark Energy could or
should vary with time and space.

One theory called “quintessence” (the fifth essence, after the Greek
earth, air, fire, and water) would have that property.

Other theories call for interaction with other 3D Universes
“elsewhere” in hyperspace.

The race 1s on to determine whether the Dark Energy is constant
(Einstein’s cosmological constant) or not (some quantum field).

Texas astronomers will be doing the Hobby-Eberly Telescope Dark
Energy Experiment (HETDEX) starting next winter for three years
to try to answer this question.



One Minute Exam

As an explanation for the Dark Energy, a quantum field would be
different from Einstein’s Cosmological Constant because a
quantum field would

‘ Be constant 1n space
- Vary in time

I Gravitate

1 Anti-gravitate



Goal:

To understand why we need a new theory of Quantum
Gravity and the ideas involved in the attempt to construct

that theory.



Quantum Gravity - The Final Frontier

The remainder of the class will be spent exploring various aspects
of the most fundamental i1ssue of modern physics: reconciling
Einstein’s theory of gravity as curved space with the quantum
theory of how things behave at a fundamental microscopic level.

The problem - each of these great theories of 20th century physics
contradict one another at a fundamental level.



Einstein’s theory predicts singularities at the beginning of the
Big Bang and in the centers of black holes where matter is
crushed to a point with infinite density, time and space come to a
halt. Quantum theory says the position of nothing, not even a
singularity, can be specified exactly (the Uncertainty Principle
applied to singularities).

Quantum theory is designed to work in flat, or gently curving
space. It does not make sense when the curvature of space is
tighter than the “wavelength,” the uncertainty in position, of a
particle.

Each great theory of 20th century physics contradicts the other!



Can use current theories to “predict” the conditions for which the
theoretical collision occurs, where the theory of quantum gravity is
most crucially needed, effectively the scale of length where quantum
uncertainty and space-time curvature are equal.

Planck length - about 10->3 centimeters, vastly smaller than any
particle, but still not zero!

Planck density - about 10°3 grams/cubic centimeter, huge, but not
infinite!

Planck time - about 10-** seconds, short, but not zero! Cannot predict
earlier times in the Big Bang.

On the Planck scale, space and time themselves could be quantum

uncertain, “up” “down” “before” “after” difficult if not impossible to
define.

Spacetime becomes a “quantum foam™ (a poetic concept without a
mathematical/physical framework).



Quantum .
From Brian
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Universe



We need an embracing theory of quantum gravity that will
reduce to ordinary gravity and ordinary quantum theory where
they work well (away from singularities and with non-severe
curvature - same thing!), but will also tell us what a
“singularity” really 1is.

Quantum theory, Weak gravity

flat space Einstein Very weak gravity
> >

Atoms, < . Newton

molecules Event horizons

particles ’ Black holes

Hawking radiation

The world of the small The world of the large



One Minute Exam

In a theory of quantum gravity, the singularity in a black hole
would have a density of

‘ infinity
- about 10%° grams/cubic centimeter
I about 10-3 grams/cubic centimeter

l, about 10-% grams/cubic centimeter



Goal:

To understand how Einstein’s theory predicts worm holes
and time machines and how we need a theory of quantum
gravity to understand if those are really possible.



Worm Holes and Time Machines
(Chapter 13)

Amazing mathematical developments in the context of Carl
Sagan’s Contact by Kip Thorne and Igor Novikov:

Einstein’s equations allow the possibility of worm holes. To be
stable, they must be held open by some imagined “substance”
that anti-gravitates.

Highly curved space, but no singularity.

The Dark Energy gives a hint that such a “substance” could
exist.



Wormbholes

Serious physics lesson - leads to need for quantum gravity

Wormhole - connection from one place in 3D space to another
(through hyperspace? Do not need to know to construct 3D solution)

Result - highly curved space, but no event horizon, no singularity
Use 2D Embedding Diagram to help picture what is going on in 3D

space (balloon: but can’t connect, would need to tear rubber and
reconnect)



