Reading Ahead

e CHAPTER 7 (all)

— Read the entire chapter with emphasis on pp220-end.
— I will extensively supplement to material in the text.

e CHAPTER 8 (parts)

“The Matter and Energy Content of the Universe”
“In the Beginning”
“The Supercomputer Approach [to modeling structure]”
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Why Measure the Density?
EINSTEIN: Density is Destiny!

_____

Separation of two distant galaxies

Open

low density, p < P,

Critical Uriverse
/itica? density, p = P,

“Flat”

high density, p > p.
Closed

Big Bang

' Now BigCrunch

Time

“p” = actual cosmic density




Flatness is reached at the
ultimate setch limit.
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Flatness is a very special case.
It requires a “finely tuned” universe!
So the odds of flatness are slim.



DENSITY IS
DESTINY

Mass denstiy = p
. = critical density

Q = p/p,

2 >1 Universe
eventually collapses

2 <1 Universe
expands while gently
slowing down (forever)
2 =1 Avery special
and improbable case

CILOSED

Q>1

RAPID
DECELRATION

MODEST
DECELERATION




WHO CARES
ABOUT Hoz
COSMIC
DENSITY?

Mass denstiy = p
. = critical density

Q = p/p,

2 >1 Universe
eventually collapses

2 <1 Universe
expands while gently
slowing down (forever)
2 =1 A very special
and improbable case

CILOSED
finite
unbounded
“positive” curva

Fate: collapse

Zero curvature

Fate: cometor




ANY (ALL) OF
THESE CAN %~

EXPAND,
BUT THE MASS

DENSITY PARAMETER
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NEVER CHANGES.

THAT IS, THE
SHAPE OF SPACE
IS FIXED WHEN
THE UNIVERSE
WAS BORN.



WHAT'S THE
ANSWER?

Q.>1

NO THEORETICAL
PREDICTION!/

DESIGN AN
EXPERIMENT TO

GRAVITATIONAL
MASS p.

CURVATURE IN
HUBBLE LINE!




The effort greatly expanded S
through the 1990s. - 30,000 kmys

1950s to 1980s | QUL S
Sandage and manymilky Way Lo e 5
others use the galaxy Sy SRR e S TP
200-inch telescope
to estimate the

density of galaxies

But the luminous
mass density was
10-100 x too small to
close the Universe!

(radial
motions)
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Cosmic Deceleration Measures Gravitational Mass

(**all mass** whether visible or not)
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° H, is the slope of the Hubble Law
For any and all pairs of galaxies:
Speed = H, * distance (this graph)
Separation = speed * age of Universe T

Thus T = distance/speed = 1 / H,
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Figure 2.5 A plot of velocity versus estimated distance for a set of 1355 galaxies. A straight-
line relation implies Hubble’s law. The considerable scatter is due to observational uncertain-
ties and random galaxy motions, but the best-fit line accurately gives Hubble’s law. [The
z-axis scale assumes a particular value of Hy.]
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Curvature!
At long last!

But. ..

The curvature
went the wrong
way!!

The data
refused to fit
any classical
model of
deceleration.
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Early SNIa Results
for Curvature:

Something’s
very
strange! &£

average distance between galaxies
(based on redshift
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Expansion of the Universe
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Supernova apj

First detection of Dark Energy (1998)
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If data are in the red
area, the expansion of the
universe is slowing down.

This curve assumes a flat universe with no dark
energy. This is a poor fit to the data (distant
supernovae are fainter than this curve predicts).
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AVERAGE DISTANCE

Surprise!
Dark Energy Changes the Game
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The expansion of the Universe started increasing 5 billion years ago!



Also strange:
2018 Results for the slope H,
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Is the difference real or unrecognized systematic error?

Taken at face value, the rate of cosmic expansion is *10%
faster now than when the CMB radiation was emitted!




