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PHY100 Spring 2010 Midterm 2 grade distribution

» Exam 2: you can do better! £ Entries 27
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» Presentations % 10 20 30 40 50 60 70 80 90 100

s April 14: Great Physicist life, Controlled fusion Grade
@ April 19: Nuclear power, Search for ET life

@ April 21: Music, Nuclear terrorism

@ 2 per day 20 min+discussion/Q&A

@ Want to meet with all groups this week
@ Contact me
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Cosmology

» Scientific study of the large scale structure of the universe
@ Attempt to understand the origin, evolution and fate of the
universe
@ The universe: all matter, space, time and energy

» Remember first lecture:

@ Tycho Brahe (1546-1601): careful observation of sun, moon,
planets

@ Johannes Kepler (1571-1630): elliptical orbits, 3 laws of
planetary motion

@ |saac Newton (1643-1727): Universal law of gravitation + laws
of motion — explained Kepler's laws of planetary motion

@ Albert Einstein (1879-1955): In an accelerated rocket ship, light
would seem to travel on a curved path

@ Gravity = accelerated frame
@ Gravity curves space

PHY100



Gravity btends light

From outside @ Light is not bent because of the
gravitational force 'per se'

A 4\ @ Light moves on a geodesic
(=shortest distance between two
points)

@ So Einstein interprets gravitation
T as a curvature of spacetime
7 @ Gravity warps spacetime
AR _ ,
I @ Light just follows the curvature of

Wiew of our accelerating elevator. The beam af light travels in a straight line [as respresented by the red ling]; it iz the elewvataor S a C e
that iz accelerating. The time interval between each view of the elevator i the zame. We can thus imagine that if we were p
ztanding in the elevator, the beam of ight would thuz appear to follow a curved path, az show below [lower left).

From Uaibems
inside% % 223

Planet surface

Due to the "equivalence principle,” if pou were to stand inzide the elevator, it would not be pozsible to tell whether you
were accelerating [above left) ar whether you were instead placed in a gravitational field, on a planet's surface [above
right]. Aind becausze we know that in an accelerating frame like that in the elevator on the left, a beam of light would
appear to follow a bent path, we ought to obzerve the zame bending of light if we were on a planet's suface. [The effect
of bending iz extremely exaggerated here.) That's how we can conclude that gravity bends light!




General Relativity: tests

BENDING LIGHT

> Bending of light by gravitational field V m

» Gravitational redshift of light V

» perihelion advance of Mercury &

04

» Gravitational waves 4

PHY100



Light travels at a finite speed

Object Lookback time
Sun 8 minutes
Alpha Centauri 4 years
Andromeda Galaxy 2 million years
Seyfert Galaxy NGC1068 16 million years
Quasar (z=0.158) 2 billion years
Galaxy at z=1 7 billion years
Age of universe 13.7 billion years

@ 1 light year: 9x10> m

@ 1 Mpc = 1 Megaparsec = 3x10%? m

@ Light travels NYC-San Francisco in 1/100 second

@ Light travels 1 Mpc in 3 million years

@ The farther away the object, the longer ago light

was emitted
@ Telescopes are time machines!
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Constellations?

» Centaurus

http://www.glyphweb.com/esky/default.htm
HYBRA

CENTAURUS - Sun

--------
LT
LR .
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Our local universe

» Local group: 35 galaxies _. _

» 10 million ly diameter 3 Tabwss ey
» 102 solar masses e
» Part of the Virgo supercluster
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Local supercluster...

» Contains about 100 groups and clusters of galaxies
» 200 million light years diameter
» 10'> solar masses

: Vrr geo st er MEE
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Large scale structure
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Edwin Hubble

» Discovers a surprise in 1929
» Galaxies that are further away appear redder

P All galaxies recede from us, but more distant
galaxies recede from us faster!

Hubble's Plot of Galaxy Velocity & Distance

1 O00—

Recession velocity, vi(km. s y
2
I

100 inch Hooker telescope at

I
Mount Wilson Observatory Distance to galaxy, d
iMegaparsecs)

PHY].OO (1 Megaparsec = 336 millian light years]


http://en.wikipedia.org/wiki/Mount_Wilson_Observatory

Doppler effect

OBJECT RECEDING:
LONG RED WAVES

VVWWW\

OBJECT APPROACHING:
SHORT BLUE WAVES

» Frequency appears higher
to observers in direction of
motion: blueshifted light

» Frequency appears lower to
observers in direction away
from direction of motion:
redshifted light

» Animation

siren emits a
sound at 300 Hz
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http://www.astro.ubc.ca/~scharein/a311/Sim.html#Doppler

Cosmological redshift

» A stretches along with the Universe
» Object receding: longer (redder) A
» Object approaching: shorter (bluer) A

P Use star spectrum to measure velocity of the
source: larger v, larger redshift/blueshift

Hex
I |
400nm SO00nm 600nm 700nm

A red & hift of 2bout A00 A (10 nm) comesponds to & recess ona Abaul 3 100 & = hifL
welocity of about 24,000k m'hour, or sbout 15000 michour.

I I
400nm SO00nm 600nm 700nm

& lmnger red £ hift, he e sbouat TEOA (76 nm) comesponds 1o 2 Abauta 76D A = hifL
recessiona velocity of sbout 135,000 kmdhour, o abouat 24 000 mid'howr.

400nm 500nm 600nm 700nm
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http://brahms.phy.vanderbilt.edu/~rknop/astromovies/cosmoz2.avi

Universe expanding

_-""J-.-

P Galaxies are receding in all directions

» Same amount in all directions: uniform, except for local exceptions

P It's not that galaxies are moving through space: space itself is
expanding

» No need to think our galaxy is at the center of universe

P Expansion of space makes effect same to all observers throughout the
universe: it is the same seen from another galaxy

» Cosmological Principle: the axiom that the universe is isotropic and
homogeneous

@ Does not apply to stars within Milky Way Galaxy, or to bright, nearby
galaxies

@ Applies to the average distribution of galaxies on the largest scales

@ Implies that we are not a privileged observer
PHY100 16




The Universe is expandlng'

Size
Size Today

» Measure distance to get
“lookback time” (how long the
light took to reach us)

» Measure redshift to get amount
of expansion over that time

» Extrapolate back in time: find
the age of the universe is 13.7 1.0
billion years

0.5

Today

The / — —_—
Big Bang Back in time Forward in time
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1929

» Hubble's constant: ~70 km/s per Mpc

PHY100
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30000

20000

Velocity [km/sec]

10000

1929 data fits
in here — ¢
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— Empty Model
m——— Flat Dark Energy Model

e = Closed Dark Energy Model

Einstein - de Sitter Model
----- Dusty EdS Model

e = Closed Matter Only Model

de Sitter Model
----- Evolving Supernovae
® Binned astro-ph/0402512 Data
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. Accelerating
. Size :
Looking at standard - Universe Low-mass
Size Today
candles (Type la Universe
supernovae) far enough
back in time, we
discovered that the
expansion of the Universe
Is accelerating!

1.0 =

Today
Years in the Past «— t — Years from Today
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Time since the
Big Bang [years)

= 300 thousand

=~ 500 million

=1 Bullior

~ G hillion

~ 13 billion

A Schematic Outline of the Cosmic History
+The Big Bang

The Universe filled
wilh ionized gas

+The Universe becomes
neutral and opaque

The Dark Agas start

Galaxies and Quasars
Begin to form
Tha Relonization starls

L]
. L . The Cosmic Renaissance
- » N The Dark Ages and

\"“Qﬁ.u
3 ’ ¥ 4 Reionizalion complels,

v ! - : the Universe becomes
i3 Iranﬁparen: Hﬁﬁlﬂ

Galaxies evolve

The Solar System forms

Today: Aslronomears
i figure it all out!

Big Bang

P Expansion implies early
Universe was dense and
hot

P Further back in time you
go, the more uncertain the
theory becomes

P Predicts a Microwave
Background




Big quark-gluon proton & neutron formation of formation of ~ star dispersion of today
H““g phi AT {“mli}li{_ﬁ"l'l h_'r“'-l'l'l.‘l 55 ML Iti meul r.II AtDIms 'I{I rimat il'lﬂ IS \1I L fh" memts
AN, :-”]'I'. K 10" K i{lu K 4,000 K 20 K- '.?: ‘s s _Trh ’ H'J
time 10-%s 0rts 3 min 400,000 yr | = 10 yr >1 = 10 yr 15 % 10 yr

Hot Big Bang predicts this evolution:

» Initially hot plasma of protons, neutrons, electrons and photons,
like a fog

» When the universe grows, it cools down, when it is cool enough
neutral stable atoms can form (4,000 K or after 400,000 years)

» These atoms no longer absorb all the light (thermal radiation)
» The universe becomes transparent instead of a fog

» Those same photons can be seen today as a very cool glow:
equally distributed in the sky

» Massive redshift: T = 4,000 K> T__ = 3 K (Perfect blackbody)

» Cosmic Microwave Background (“CMB”)
PHY100 23



Intensity [MJy/sr]

Evidence for Big Bang (1)

Wavelength [mm]
1 0.67 0.5
|

400 -

300 -

200 -

100 -

- - ™ P Cosmic Microwave

FIRAS data with 400G errorbars | Background
2.725 K Blackbody

» Uniform and isotropic signal
» Perfect blackbody

1 P Penzias and Wilson (1964)
» Nobel 1978

PHY100
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Evidence for Big Bang (2)

» Nucleosynthesis: t = 100 seconds

» We see the predicted distribution of light nuclei in the universe

Time after Big Bang (s)
10 10? 10°

104

1078

Mass fraction

10—“] i

10*12
3.0 X 10°

0.3x10° 0.1x10°

1.0 x 10°
Temperature (K)

http://www.astro.ucla.edu/~wright/BBNS.html
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Evidence for Big Bang (3)

» Morphology, composition, and distribution of galaxies
» Galaxies formed 1 billion years after BB

@ Clusters and super clusters have formed later
» Populations of stars have been aging and evolving

@ More distant galaxies (younger) are different from closer
(older) galaxies

» Star composition

@ Very distant stars (first generation) are mostly H and He
@ Older stars (like our sun) have traces from heavier elements
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Summary

P Big Bang theory: the expansion of the universe began at a
finite time in the past, in a state of enormous density and
pressure (Weinberq)

@ Tightly constrained by observations

@ Highly successful family of theories with no obvious
competitor

» Many unanswerable questions: many based on
misconceptions or simply unobservable!

@ Where did the Big Bang occur?

@ What is the Universe expanding into?
@ What happened before the Big Bang?
@ Are there many universes?
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