C0 30.4,27.10,27.12 | Due Friday Nov. 16
(=28.10, 25.10, 25.12 1sted.) .
In 30.4, use Tong o GuT epoch = 102 K ‘ 1o owal agenda:

Homework for next Wed—Nov. 14: ‘

« Inflation

The Syllabus:

Wednesday 11/7

Midterm 2

Week 11: 11/9

[30.1] The very carly universe and inflation

* Present-day structure
» The case for dark matter
 Gravitational lenses
* The nature of dark matter
* The growth of structure
« Galactic evolution

Week 12: 11/12-11/16

The Structure of the Universe & Evolution of Galaxies
[27.3] Clusters of galaxies
[28.4] Using quasars to probe the universe (gray. lenses)
What is dark matter?

Week 13: 11/19+11/21

"[30.2] The origin of structure; WMAP measurements.

Friday 11/23

Thanksgiving Holiday

Week 14: 11/26-11/30

[26.1] Interaction of galaxies
[26.2] The formation of galaxies
Steller Population Synthesis

Week 15: 12/3-12/7

Quasars & Active galactic Nuclei (AGN) e may not get to here.

[28.2] Unified model of AGN ... (Skip [28.1], [28.3])
[18.2] Accretion Disk description pp. 661-666
[24.4] The Galactic Center

Tuesday 12/11

Final Exam 3-5PM
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The History of the Universe

Nucleosynthesis
Cosmic Microwave
Background
First Galaxies

high
density

low
density

1072 Sec. 1 Second 300,000 Years 1 Billion Years 13.7 Billion Years
Time 2

Event Age of U. | Redshift | °K
Planck time; Gravity separated out 1043 sec 1074 1032 hot
Strong nuclear force separated out 10738 sec 107! 102
Inflation 10736 sec - -
Electromagentic, Weak nuclear forces 10712 sec 104 1015
Nucleosynthesis of H, He, Li 1 sec - 3 min 108 10°
Decoupling of CMB 300,000 yrs 1100 3000
Galaxy Formation 950 million yrs 6 19 cool
Now 13.7 billion yrs 0 2.73




Freezing out the forces. Theory of

Everything
Time after Temparature
Big Bang of universe
1025 10% K B
Grand Unified
Theory
0% s
10712 ||niri'|’:"|‘|‘|‘nu e
_ Electroweak
10 s g
2 -
3 2
g
E
% Time ——
o)
w L 1 1 L)
5w 131? s al 3K 1) 18 16 14 12 1] 6 4 2 0
E= now) Log g (ETH(GeV)
Fig. 30.2
The Planck Time

Relative strength

Time: -

e Y WY T S S T — ]
0 K 16 M 12 W &8 & 4 2 0
Log,q (47 {GeV)

* Dimensional arguments

¢ Planck time e %6 . 5x104s
P 'c_g

 Planck mass wip s K = 2x 108 kg
G

« Planck length 4, = S‘!—E = 2x1035m

c__l

» Before this, everything fuzzed out by uncertainty principle.




Three Problems for
Friedmann-Robertson-Walker Universes

1. Causality and the particle horizon 8
7 =05
p )
2. Flatness =5
§ 4 Q=1
. is
3. Matter-antimatter asymmetry of A s
i} o
3. Absence of magnetic monopoles R o ST
The Particle Horizon
Fig. 29.22

_ Proper distance from
~ & Earth to particle

4 17 < horizon as function of
time, including A.

dyflcty)
2

N L L1 o
00 02 04 06 08 10 12 14 16 L8 20

Fork=0,A=0, Q=1 example:

« Radiation era: R(?) ~ 2 dyt) =2ct  @t) =d,(t)/R(t) ~ ">
e Matter Era: Rt) ~ 3 dyt) =3ct @) =d,0)/R(1) ~ 17
As time passes, we can see larger and larger fraction of universe.

=>» causally connected fraction of universe is constantly growing.




Cosmic Microwave Background is smooth
to about 1 part in 10°

* Yet regions in causal contact at
time of decoupling should
subtend only ~2° on sky.

Blue = 0°K
Red =4°K

* How do regions 180° apart know
about each other?

r

Blue = 2.724°K

: Red =2.732°K
Now Dipole Anistropy
A ~ 1 part in 300

Recombination |-

After removing
dipole
Red — blue = 0.0002°K
~ 1 part in 103

All Universes ~ “flat” (p ~ p,) at early times.

*  Homework problem 29.9 will show: Qcy- /1(_“ - ket ‘
dARIdt — o as t = 0 A (ehty (9154
* In terms of redshift, for large z : |y > \ 11-," ‘ \
\ . . (29.43)
T‘E‘ >3 Gaaye  forallvalues of k.

Tiny departures from (p = p_) at small # (large z) grow into much larger departures
than are observed.

T T T T T T T T T T
o
} \‘9@\
= Density 1 ns after BB %
3 ,a\?'%
. e
The Flatness Problem: . o e
= b {
. (%] ,1‘6
Q, close to 1 at present time. 8 P (035
+ But this requires incredible o oy
.. o &
precision at start (t = 0). a 747,225 917,218,507 401,284,017 gm/ce
« D Q, exactly=1
1 1 1 1 1 1 1 1 1 1
0 10




The solution: Inflation

(probably)
(maybe)
1060
Extremely rapid expansion of universe 104l Scale of observable
universe (standard -
* due to release of energy in “phase ’g 1020 big bang model)
change” . e
3 L
& !
©
T - I
like ice to water. 8 1020 +—Scale of observable
| universe {inflationary A B
10740 4 model)
10789 -
1 L

1 | [ | |
107% 10% 1072 107"% 10 105 10"
Universe became Time {Seconds) Present
10%3 times larger
within 10-32 seconds.

What does inflation predict for geometry of present universe?

108
U . b 108 Sc_aleofogrvn;blr:
niverse pecame _—— gg‘g’;:‘; [mdau |~
10%3 times larger g L
L - 1
within 10-32 seconds. £ oml | Scalo o observable
! universe (inflationary A 2
10740 J model)
e Predicts a flat universe ~__Le-""7
IO‘M C 1 1 1 1 I} il |
* £2)=1.000000.... 1045 105 10 10t 105 107 10%9
e As far out as we can see Time {Seconds) Present

 red circle = horizon

= most distant place from which light has had time 16
travel.

» Solves flatness and horizon problems.

Ball = Earth
=107= 10,000,000 times bigger.
Inflation of universe
=10*=10,000,000,000,000,000,000,000,000,000,000,000,000,000,000
times bigger.

Before
Inflation
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1. INTRODUCTION

The pt of inflation was introduced into gy by Guth (48)
aboutademdeaso Itlaswerawda :emarkabledewofm‘pom
both positive and negative, from physi By hindsight, the idea

a natural q! of the pt of the phase transition, which is
believed to have occurred in the very early epochs of the big bang universe,
when the breakdown of the so-called grand unification symmetry took
plaw When:twasﬁ:stproposed theconceptwnssomewbatd.tﬁmﬂlto

, a8 it combi |deasl‘r0mparuclephmvnththnm
from the general theory of relativity. Even today, controversy remains
about important questions, e.g.: Was there really an inflationary phase in
the universe? If yes, what was the physical mechanism behind it? Given
the mode of inflation, what tangible relics should that era have left for
today?

Freezing out the forces. Theory of
Everything
Tima after Temperature
Big Bang of universe
10*+s 10%2 K -
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Phase changes and latent heat

» Apply heat energy at a steady rate to a fixed quantity of H,0
*  How does the temperature change?

g Y
g 4 A
=
g { Sotia=>Liguid [Gas|
2 Solid[ | | rai Liquid=>G
3 ==
= _I oli | s A igui as|
o : Liguid
T [ x:
E *
Supercooling .
P £ Time =»
Inflation = _
unification S
* At extremely early stage of universe: Hloctmuweak
e t~1034s
e T~102K
e r=ct~3x102 m
* No baryons yet
 Gravity is a separate force, but E&M, R S R N G
strong, weak forces still joined (GUT) Logia (1) (Ge¥)

» Expansion = cooling = “false vacuum”

From
* Quasi-stable energy state above true ground state “Inflation for Dusarmies” .
VypthTH Taid s Astronomer

0}~ False vacuum

Potential Energy =

1
] o5 w0 5
— /00" Gev) —>

Figure 4 The Coleman-Weisberg potential that was used is the Erst major revision of the
Figee § The potential encegy of the Higs bl ¢4 varios temperntares in (e eeiginal =laticasry model

’ Strength of Higgs field =




False Vacuum = Inflation

* Fixed energy density.

a STANDARD COSMOLOGY
1 [ADIABATIC (RT = const)
+ Same effect as large value of i

cosmological constant.
RS e -

(3 u,/)ﬂc"*_ Upear Unne

o o Topar
AT INFLATIONARY COSMOLOGY
tle '
R({\ = Q‘t [ ?':. T
F i=o by 0F 3xi0™
ft’ -
L= ETG Uype o o ADIABATIC

REHEATING, RT MNCREASES

BY FACTOR OF 3x10%2
.

Exponential expansion until universe

falls into true lowest energy state. wl \
LE Too&Y
* Then, reheating. AT SO —
* Vacuum energy density (latent heat)
gets converted back to radiation Vacuum Energy £A o
energy.

Predict u,,. ~ 2¢7/ hG* = wﬁ"‘ Jm3
False vacuum: u = 10% J m-3 ‘

vs. Observed u , = 6 X 10-10 J m-3

Effects of inflation

* Amount of expansion

Inflation ends when strong nuclear force separates off.
* Duration: ~1032s

e Size increase: 4 ~ €190 ~ 3x1043

e [ Narlikar, Liddle & Lyth give ¢’ = 1030]

» Effect on curvature
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Effect on particle horizon

’ Example for flat A = 0 case.
Co-moving coordinate distance to last scattering surface

: Size of Today’s
Observable Universe
Use QG = (?J( t )

Now  4x10%°m
i t o 4x10% m
cdb - 3¢ ’rw .
o t‘ h.s;\‘ .
F s ff{l] =R LS

. 4 m

rl
Co-moving coordinate dlstance from last scattering surface to particle
horizon seen from that surface:

104210 m

foo . : =¥
toss inflation
D ss = ‘U(J&nf j cdt A
L RO ° @ Dr @ gs
= Aw’l
@, = w{{.“a) e 2_5_*\
L=

{— JY{.STL .
a (b, o) ~Aa(t )= ?m r)-F\ wsg

Ratio of these distances:
o) (0 A WU G ArTe?
w (*o ;{_ts-;\

Dilution of monopole density by factor A= ~ 10-130 [10°9]
(Effects on growth of structure)
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