


Introduction

Webulae ae other galaxies ~ ¥\0t In accord with popular pejudice ér

a steady state unavse
¥They are distributed isotppical
¥?63/Shlft inoeasing with dlostani(/: ¥Prompts Einstein to adl cosmological

¥erop. expanding unarse constant;then abandon it
A : ¥Cosmological constant moback in style
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Introduction

H2 _ (g) ’ 8l I\ K ab Scale factor

a — 3 M 3 a2 k={1,0,+1}

b Cuwature parameter

Isotropy + Homogeneity= GR = FRV universe

Evolution described b abose equation.
Take present da valuedHpo andap = 1,and divide though lg/ Ho.
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¥ In non-graitational plysicspnly energy
diferencesre relevant. (Zero-point of
potential energ ma be selected
arbitrarily; kinetic enery ma be
eliminated § boosting to est frame)
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¥ QM tells us that the grund state energof a
guadratic degre of frreedom ISE) = fhiw/2

¥ In QFT we have a contilum of states whose
Integral dierges!

¥Choose a small scale cutoff wieane lose

l
e Q g’ - o ‘ !ﬁ - ‘ A . , , ) ‘ # fr.a) AR .
o P LT « NI gl ") AR NP W e TR Tt
o R e S rJ" Ly o e (O r‘ﬂbﬁ e et i o e o e A EIRR N .
", -!: 3 -___J-_._ [ bru""r_ ‘i ,:":"..__ H .': _.': e 1'5 Eh i 'r -'S.I'__. ; -“' "Ilr Tﬂ -r_E!'_‘tl E e M - A Y .'_a:_; .'_u,:..a-'_ Py e :_ _..._.' = -: '-‘r"-"':'-,' ":‘, Rt l"""in __i-l-sii';.:'- r:'l:":i:u:_"_ p! r £ bk -~ ;_' T ri -.lll_!-:'.‘. oL 38 e
A Fa e i el % o ¥ L it ] b o M b =y ..: b g _.i , e W '. b i i o iy




¥ OBaO cosmological constant that cance
ground state energies?
Given the large omber of beldghat
would be quite a coincidence
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Expansion Dynami

Rawrite the Prst equation as

" da 1 5
A =14+Ow ——1 4+Qpr(a”—1)
I a

Alternatively, we ma cast things in terms ofxs  and
|

Lisie=ssun et o salan i
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Q. (including Q,)

¥ Recollpse in@itable br A < 0,since it vorks in the
same diection as graity.

¥ If A >0 and ifQ,, isnot too largthe universe will
expand orever (asymptoticayl deSitter).



c ?
o) ()]
Q O
@) O
> )
S o
© ©
Q. o
o n

¥ For vey larg , ,a(!) & o for any times! Easy to
test: we should see no objects witledshift geater
thanz,.« = 1/ann ! 1. Ruled out ¥ high edshift
guasars and the CMB.

¥ OLoitering unerse:O limiting case of bouncing
unierse




Expansion Histoy
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Description

flat, matter dominated, no A
open, plausible matter, no A
flat, A plus plausible matter
open, minimal matter, no A
flat, A plus minimal matter




Lookba}cleme

StaltWIth.Zi — 1 4 Qy 5—1 +Qa(a? — 1)

and change variables usiag 1/ (1 +2) andt= 7Hy *

Integrate to Pnd lookback timeif a given redshift.
Time inceases with in@asing), decreasing,,
Asymptoticalf goproaches age of uravse

ode ot A Description

0 flat, matter dominated, no A
0.1 0 open, plausible matter, no A
0.1 0.9 flat, A plus plausible matter
0.01 0 open, minimal matter, no A
0.01 0.99 flat, A plus minimal matter
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Age of the Unierse

Age of Universe in units of H,™
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Distance Meas@s

In order to determine the expansion histgrof the
universe we would like to measue the expansion factor
R(t)and the coodinate radial distancet).

But R,r,andt are not directly measurable

Ratherwe can measw@ things lile:

¥Redshift:(t) = Ry/R(t)! 1

¥Angular Diameter Distanceds = D/

¥Proper Motion Distanced,,, = u/0

¥Luminosity Distanced, = \/L/ 4! F

The relations between the measurables afthndr are:
B = e ke = Bl Oy = e



Distance Meas@s

We also hge a relation between radial distance tvaled and
coordinate time elpsed br a light ray (null geodesic):

d - 1/ 2 1 — k2 :
dr _° _goo Y2 _ V1-—kr for the FRN metric.
dt Jrr R

Integrating oer t givesr(t) which can be combined with andz to
give ary of the abae distance measas.

Description

flat, matter dominated, no A
0.1 0 open, plausible matter, no A
0.1 0.9 flat, A plus plausible matter
0.01 0 open, minimal matter, no A
0.01 0.99 flat, A plus minimal matter
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Comoving Densit

The wlume element in the B metric IS
A—kr) 2T T A rQH2 a2

Direct dependence on cuature!
Any deviation fomV « 43, indicates non-Rat geometr

This Is a pwerful techniquebut only If the e/olution of the
population Is well understood.

dV = R}

d(dy)dQ.

Description

flat, matter dominated, no A

open, plausible matter, no A
0.9 flat, A plus plausible matter
0 open, minimal matter, no A
0.99 flat, A plus minimal matter

comoving volume derivative H,’dV/(dzdQ)

redshift z



Growth of Rerturbations

Linear Rrturbation debned as a density enhancemehtdp/p.
Plot of linear peturbation gowth compaed to v =1, & =

For bxed ! v, growth

Linear Perturbation Growttj

relative to Q,=1,2,=0 Sto PS abun d
leoi—alaas
for an open unierse
but around
S QX;/ :

A for a [Rat unrerse

Q. (including Q)



ensing Rybabllities

Relative Lens Probability
forz, =2
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Quantum cosmolog.a possible solutio

In the absence of abgd quantum theoy of gravity,
start from the path integraldrmalism:

( !)N/Dx g/ Sbd/h

Now, consider theDstatesO to be 3D slices of the 4D

spacetime
Perform Wick rotation so that the metrlc becomes

Iclidian and t tl o_f “omes Ima 0
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We caniQ@lo that integralput sveep the details under a
rug and debPne and efitive action|:

~TIMJ/h /DM —Se[MJ/h

where M is theOclassicalO spamevihich I is stationay.
For large spaceshe leading term is just that of GR.

1 | 4
[ = 167G d*z\/g(2A — R) +
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But A isnCreally a free parameter!”

¥\-like scalar peld...? (No otheeason ér it)

¥Normholes...? (fée in the action and
produce a distribution of valuei A)

¥Other problems: Euclidian action not
bounded belw (1)
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Stadium Expans

2004 2006 2008 2010




Stadium Expansion

2004 2006 2008 2010




Stadium Expansion

2004 2006 2008 2010




