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1913: Redshift (not) of M31

Vesto Slipher (1875-1969)



1917

Proc. Amer. Phil. Soc., 
56, 403 (1917)

21/25 redshifted



The Great Debate
Are nebulae clouds of gas, 
or distant systems of stars?

1924: Hubble solves the 
problem by finding Cepheid 
variable stars in M31

1 galaxy  =  100 billion stars





Stellar Populations

http://heritage.stsci.edu/2005/12a/index.html




1981: Inflation solves the 
causal horizon problem

What if the vacuum density was extremely high in the past?
 (needs 1080

 

kg m-3

 

to dominate at the GUT era (10-26 today)

Antigravity can blow a big bubble from a subatomic patch

X > e60

ct at GUT era 
= 10-26 m us at GUT 

era (1 cm)



The CDM model (Peebles 1982, Bond & Szalay 1983)

varying the matter density
times the Hubble constant

varying the
inflation model

varying the
baryon fraction

Density fluctuation: 
 

=  k e(-ikx)

2(k)  =  d2/d ln k  ~ k4 rms
2



2005



Fair samples of cosmological structure

2dFGRS cone diagram: 4-degree wedge



A golden CMB decade: COBE to WMAP



The standard cosmological model 


 

Normal (baryonic) matter


 

Dark matter: collisionless; interacts via 
gravity only



 

Dark energy: a homogeneous 
component; negative pressure drives 
an accelerating expansion



 

Start of expansion in 
inflationary phase 
dominated by energy 
density of a scalar field, 
possibly like dark energy



 

Quantum fluctuations in 
field seed structure 



So what’s the problem?


 

It might be right
–

 
Particle physicists have spent 40 years testing their 
standard model


 

Cosmology is not fundamental: should be able to 
dissect each ingredient
–

 
What is the dark matter?

–
 

What is the dark energy?
–

 
Why is there a baryon asymmetry?

–
 

Can we prove that inflation really happened?


 
Need to understand formation of stars and galaxies
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CMB: signatures of inflation
(1) Tilt:

Degenerate with 
matter content

spectrum / (scale)n-1   

simple predictions:  
|n-1| ~ 1%

(2) Tensors:

Primordial gravity 
waves. Large scales 
only

now: r = T/S < 0.3  
target: r = 10-3  – 10-5

variance 
in T



Constraints on 
inflation 

(Komatsu et al. 2008) 

Simple scale-invariant n=1 
spectrum without relic gravity 

waves ruled out



Tensors from B-mode polarization



Polarization foregrounds from WMAP3



2009 
 

2012: Planck



2009 
 

2012: Planck



Dark matter



Dark Matter since Zwicky 1933

Gravitational Lensing: total mass ~ 5 x (stars + gas)



Bullet cluster: DM looks 
collisionless



Testing CDM: intergalactic gas

Probe smallest scales 
(<1Mpc):

Limit tilt and free- 
streaming damping


 

mDM > 8 keV

(Boyarsky 0812.0010)



(almost) direct 
detection

Fermi 
Haze



Effect of massive neutrinos



 

= 0.05



 

= 0.1



 

= 0.02

Free-stream length: 
80 (M/eV)-1 Mpc

(m h2 = M / 93.5 eV)

M ~ 1 eV causes 
lower power at 

almost all scales, or 
a bump at the largest 

scales 



Discriminating neutrino hierarchies

standard

inverted

Major target: 
limit below 
0.1eV on 
summed 
masses (or 
detection):

Factor » 5 
improvement



Do we understand galaxy formation 
and evolution within the DM?

http://heritage.stsci.edu/1999/41/index.html


Aquarius: high-resolution haloes



Galaxy assembly: upside-downsizing

Pérez-González et al. (2008)



Opposite to buildup of virialized 
haloes (

 
= 200 <>)



Dark energy



The concept of vacuum energy
(1) Einstein (1917): want static universe. Introduce 

cosmological constant as curvature of vacuum

(2) Zeldovich: regard as vacuum energy density

(3) Must have antigravity properties



Inference of DE comes from assuming Friedmann:

Extra term

Is DE a physical component, or a failure of Einstein 
gravity? (not of GR)

Lensing measures sum of potentials; clustering tests 
perturbation growth law (measure °)

– but is DE just a problem with gravity?



How can we tell?

(1) Dark Energy equation of state

-
 

Ratio of pressure to energy density  w = P / 
 

c2

-
 
w = –

 
1 for cosmological constant

-
 

Linear model   w(a) = w0

 

+ wa

 

(1-a)
 

a = 1 / (1+z)

(2) Evolution of density fluctuations

-
 
/

 
measures small-scale gravity

-
 

Growth at a different rate to DE prediction indicates 
need for modified gravity



Observing scales in redshift space
(1)

 
Matter-radiation horizon:

123 (m

 

h2 / 0.13)-1  Mpc

(2) Acoustic horizon at last scattering :

147 (m

 

h2 / 0.13)-0.25

 
(b

 

h2 / 0.024)-0.08 Mpc

Observe transversely or radially:

µ
 

= L / D(z) or dz
 

= L / [c/H(z)]

Assume average scale depends on 
DV

 

=(D2[c/H])1/3

r





Alcock-Paczynski distortions



Combining BAO and RSD

Kaiser flattening at 
~ 10-20 Mpc

 

from 
peculiar velocities.

Little affect on BAO 
ring 

SDSS LRG Redshift-space 2D (,) Gaztanaga et al. 0807.3551



Redshift-Space 
Distortions


 

RSD due to peculiar 
velocities are 
quantified by 
correlation fn (,).


 

Two effects visible:
–

 
Small separations 
on sky:  ‘Finger-of-

 God’;
–

 
Large separations 
on sky: flattening 
along line of sight. 

r 



2dFGRS Nature 2001



Kaiser and A-P degeneracy
Simple theory (linear + FoG):

But Kaiser dynamical flattening is approximately 
degenerate with A-P geometrical flattening: ¯eff =(F-1)/2

Ballinger et al. 1996



Measuring the growth rate


 

Peculiar velocities come from fg
 

(a)=d ln
 


 

/ d ln
 

a


 

But measure ¯ = fg
 

/b
–

 
b from bispectrum?


 

Safer to say b = ¾gal / ¾m (CMB | pars)
–

 
But remember ¾gal is affected by A-P



DETF figure of merit
w(a) = w0

 

+ wa (1 −

 

a): w = w0

 

today & w = w0

 

+ wa

 

in the far past

Marginalize over all other parameters and find uncertainties in w0 and wa

2008: add 
higher 
order w(a) 
variations 
plus quote 
error on 



Figures of merit



 

DE is just a term in Friedmann: probing non-GR is at least as 
important as measuring w



 

But most people are happy not to consider (a); thus should avoid 
too much emphasis on variation in w



 

w = w0

 

+ wa

 

(1-a) is better regarded as measuring wp

 

. Rejection of w 
= –

 

1 less likely from poorly measured wa



 

PCA of w(a) interesting, but not a strong driver



 

Suggests focus on 

 

– wp

 

plane



Combining RSD and BAO
BAO depend on just w if matter content is known 
(assumed from CMB). RSD depend on both w and 

Redshift

Both derivatives 
around -0.3 at z = 1

d ln f / d 

d ln f / d w



DE-gravity degeneracy



0.55

–1         wp

RSD BAO 
 

+ w = x1 § y1

w = x2 § y2

Good to have both 
errors comparable.

Good case for FoM 
based on joint area 
of confidence 
ellipsoid in this plane



Allowing for Alcock-Paczynski

Fergus 
Simpson + 
JAP:

Overall 
uncertainty 
in 

 
can be 

~2.5 x figure 
for w = -1

Base FoM 
on area in    
–w plane

Assume 10 (Gpc/h)3



Effect of redshift on 
degeneracy direction 

Effect of assuming flat

0.5

1

2



 

=0.01



The really big question:

Universe or Multiverse?



Classes of Multiverse (Tegmark)


 

Type 1: Distant regions


 

Type 2: Physically distinct 
universes (inflationary 
bubbles; branes) 


 

Type 3: QM many worlds

Type 2 most interesting, 
as physics can vary 
(landscape)



Extra dimensions



Possible test: varying constants



Cosmic puzzles if DE is 

The Scale Problem:    Surely Emax

 

is 
> 100 GeV, not 2.4 meV?

The why now 
problem

time

density

matter

vacuum now

future is vacuum 
dominated

Zeldovich 1967



The answer to ‘why now’ must be anthropic



 

One-universe anthropic
–

 

Life (structure) only after matter-

 
radiation equality

–

 

Not controversial
–

 

k-essence would do
–

 

But need to solve classical =0 
problem



 

Many-universe anthropic
–

 

Predates landscape, but requires 
new physics for variable 

–

 

Can we ‘detect’

 

the ensemble? 
–

 

Sound logic (exoplanets)



Weinberg’s prediction



Conclusions
•

 
Galaxy clustering and the CMB define a standard model 
for structure formation

•
 

Next-generation surveys will either rule out 
 

or prove w 
= 1 to 1%, and will test gravity up to 100 Mpc

•
 

Must consider exotic DE and modified gravity equally

• e.g. must not claim new gravity if w=-1 is assumed

•
 

Galaxy surveys probe BAO+RSD combination 

• Result is w-°
 

anticorrelation

•
 

Either way, need a solution to the classical 
 

problem, 
or will have to accept a multiverse

 
picture
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