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How the universe began, what happened at the big
bang, did the universe exist before the bang, are some
of the most profound questions.

But an even more mysterious question is:
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But an even more mysterious question is:

WHAT TICKED OFF ZIDANE????

2

z;"_:
\ ?‘f.‘.‘-d <t
A

A




What 1s Cosmology?




What 1s Cosmology?

"Cosmology 1s concerned with the makeup
of the universe. Cosmetology 1is concerned

with the universe of makeup."

- Prof. Rocky Kolb




Hot Big Bang Model.:

* Some 14 billion yrs ago, the Universe began in a hot
and dense state. It has been cooling down as it expands.

* Through gravitational attraction, small overdense
regions became denser and denser, and eventually
formed galaxies where life could exist.



Hot Big Bang Model.:

* Some 14 billion yrs ago, the Universe began in a hot
and dense state. It has been cooling down as it expands.
* Through gravitational attraction, small overdense
regions became denser and denser, and eventually
formed galaxies where life could exist.
Disclaimer:; “Big Bang Theory 1s a misleading name since the
model s 10thing about the “bang itsell. It 1s a theory that
purports to explain everything that happened after a fraction of a
second after the bang



My list of FAQs:

1. Where did the bang happen? There must be a center for the
explosion, no?

2. What is the universe expanding into?

3. Isthe Earth expanding? Is my body expanding? (YES, but not
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4. How do we know that the universe is expanding?

5. Is the universe infinite?




My list of FAQs:

1. Where did the bang happen? There must be a center for the
explosion, no?

2. What is the universe expanding into?

3. Isthe Earth expandmg" Is my body expanding? (YES, but not

the fault of cosmic cXpansion)
4. How do we know that the universe is expanding?

5. Is the universe infinite?
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1. Where did the bang happen? 2. What is the universe expanding into?
Is the Earth expanding?

- i are .
T
13.] Al laviam aral oy
DalliUull ._idl.:w‘-r

Eupusiine, deiunce belween mubues




1. Where did the bang happen? 2. What is the universe expanding into?
3. Isthe Earth expanding?

“Balloon” analogy:
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A better picture:







1. Where did the bang happen? 2. What is the universe expanding into?
3. Isthe Earth expanding?

“Balloon” analogy:
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Successes of the Big Bang model:

 Accurately predicts relative abundance of light elements (through
nucleosynthesis, about 1s after big bang)

*  Predicts remnant thermal radiation
at around 3K from the moment
when universe became neutral --

this is the cosmic microwave
background radiation

 Explains how small inhomogeneities can
grow over time through gravitational
attraction to eventually form stars and

galaxies.



Still not everyone 1s convinced...
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How the universe began: modern theories of early universe

A few paradoxes:
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How the universe began: modern theories of early universe

A few paradoxes:

. - e -1 ,.-1.... t - -.--I:r‘.- T
» As mentioned earlier, big bang model accounts exquisitely well for what
| a4 1o 4 , S [~ " -4 - P . v a4
1appened 1s after the big bang onwards, but says nothing about the bang itse

"articnliar ‘hat caneed the IiTniverese T = 3 A*/ Ne aYManeSion T eMvyace 1€
* In particular, what caused the universe to expand? The expansion of space 1s

- . e : E j ; Pt

3 vy 1 1t ey ral aettart et re s Tats 74 atr1tyr 1 ety st ra S J

d Fraviiauonal C1icCL, vl we KNOW £ravity 1s aidacuave i :
o o = g

-v--‘*-_.'v']

i A L . R g R e i S eyl o 1. e ey
» And how did all the matter and radiation 1n the umiverse gt created.:

These profound questions find (partial) answers in an
important addendum to the big bang model, which
is called inflation.

Inflation proposes that, a fraction of a second after the big bang,
the universe underwent a burst of tremendously rapid
expansion. The size of the universe grew by a factor of
In seconds!




Brief motivation for inflation: smoothness (horizon) problem
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homogeneous -- same temperature

to 1 part m 100000!!
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»  But distant parts of the sky were not | A
in causal contact at the time when
the radiation was emitted
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How the universe began: modern theories of early universe

A few paradoxes:
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» And how did all the matter and radiation 1n the umiverse get created?
These profound questions find (partial) answers in an
important addendum to the big bang model, which

is called inflation.

Inflation proposes that, a fraction of a second after the big bang,
the universe underwent a burst of tremendously rapid
expansion. The size of the universe grew by a factor of
In seconds!




Brief motivation for inflation: smoothness (horizon) problem
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«  But distant parts of the sky were not | )
in causal contact at the time when
the radiation was emitted
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at causes this burst of exponential growth?

* Newtonian: gravitational force between two
objects depends on their mass and the distance
between them

-

» Einstein: gravitational force also depends on energy...

...but also on pressure!







E.g.: consider 2 boxes filled with gas, same total energy

Gravity can be repulsive!!
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Gravity can be repulsive!!




Another way to understand how pressure gravitates:

Newtonian says: acceleration of particle due to big sphere of
dust 1s

(Thinking of R(t) as radius of sphere, ther
— this describes the cosmological expansion
according to Newton)




Another way to understand how pressure gravitates:

Newtonian says: acceleration of particle due to big sphere of
dust is

(Thinking of R(t) as radius of sphere, ther
— this describes the cosmological expansion
according to Newton)

Finstein says: pressure gravitates too!

So in this precise sense pressure gravitates!



How negative pressure leads to inflation:

If pressure 1s sufficiently negative, then have accelerated expansion

and exponential expansion:
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Mapping The Universe: with the Sloan Digital Sky Survey (SDSS Data Release 4)
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Mapping The Universe: with the Sloan Digital Sky Survey (SDSS Data Release 4)













INTERLUDE: “Google Universe”

http://astro.uchicago.edu/cosmus/projects/sloanmovie/
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http://astro.uchicago.edu/cosmus/projects/sloanmovie/




O RECAP:

Einstein teaches two important lessons:
1. Not only mass and energy gravitate, but also pressure

2. Energy can’t be negative, but pressure can. And
negative pressure leads to exponential expansion.
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O RECAP:

Einstein teaches two important lessons:
1. Not only mass and energy gravitate, but also pressure

2. Energy can’t be negative, but pressure can. And
negative pressure leads to exponential expansion.

But all forms of matter we are fammliar with
have positive pressure.

So where’s the beef ?....




Recall the optimism of those
who are used to searching...




Recall the optimism of those
who are used to searching...

"The absence of evidence
is not evidence of absence."




To understand the “beef”, we will walk through a few abstract but

crucial concepts.

1. Fields: We are used to electric and Inagnetlc ﬁelds They
carry energy and permeate space prit for inflai
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o understand the “beef”, we will walk through a few abstract but
crucial concepts.

1. Fields: We are used to electric and magnetic ﬁelds. They
carry energy and permeate space. The culprit for inflation is
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2. Potential energy: In mechanics, potential energy 1s associated
with interactions. Fields that interact therefore also have
potential energy. Smce fields permeate space, so does their
potential energy otential energy associated with our
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3. Potentlal energy 1s a form of energy with negatlve pressure.
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3. Potential energy 1s a form of energy with negative pressure. 7he
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4. If there 1s any matter present early on, it will rapidly get diluted
by the exponential expansion of inflation. So an inflating
universe 1s nearly empty.

As usual, potennal energy can be converted into other forms of
energy. The potenti sz nergy of our inflaton gets converted into
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As an analogy, consider particle with potential V(x), which starts “at

the top of the hill™:

» Initially, particle rolls slowly *  When it rolls off the flat part,

=> total E is mostly potential potential gets converted to
kinetic energy.




As an analogy, consider particle with potential V(x), which starts “at
the top of the hill™:

« Initially, particle rolls slowly * When I rolls off the flat part,
=> total E is mostly potential p-f)teqtlal gets converted to
kinetic energy.
r inflaton field behaves very much like this particle, except that it and its
potential energy are at every point in space. Apart from this subtle
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he story of our observable universe:

Dark Energy
Accelerated Expansson
Aftergiow Light
Pattern Dark Ages DvelOpement of
400,000 yrs Galazes. Planets elc

1st Stars
about 400 mellion yrs

Big Bang Expans:on

11.7 willon years
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Then add quantum mechanics to the story: it 1s possible for inflaton to
fluctuate up the hill. This keeps inflation going. Although our
observable universe stopped inflating, “out there” space 1s still
inflating, creating (infimtely-many) other pocket universes.

SELF-REPRODUCING COSMOS appears as an exfended branching ﬂl-. inflanonary
bubbles. Changes in color represent “mutations” in the kiws of physics from par-
ent universes. The properties of space in cach bubble do not depend on the time
when the bubble formed. In this sense, the universe as a whole may be stationary,
even though the interior of each bubble is described by the big bang theory
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kinetic energy.
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e story of our observable universe:

Dark Energy
Accelerated E xpansson
ARergiow Light
Pattern Dark Ages Development of
400.000 yrs Galaxes. Planets elc

1st Stars o
about 400 msllion yrs -

Big Bang Expansion

11.7 billion years




Then add quantum mechanics to the
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observable universe stopped inflating, “out there” space 1s still
mnflating, creating (infimtely-many) other pocket universes.

SELF-REPRODUCING COSMOS appears as an exfended branching ﬂl. inflationary
bubbles. Changes in color represent “mutations” in the kaws of physics from par-
ent universes. The properties of space in each bubble do not depend on 11}!’ ome
when the bubble formed. In this sense, the universe as a whole may be stationary,
even though the interior of each bubble is described by the big bang theory.




A few remarks to conclude:

Observations are testing inflation.

Inflation does not answer the question of how the universe
started. In the past of every observer, there is still a big bang.

Alternative 1deas propose that big bang 1s a bridge between
contracting and expanding universe (ekpyrotic/cyclic models).
Big bang 1s collision between parallel universes (branes).

http://www.physics.princeton.edu/~steinh/
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