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“The history of cosmology shows that in every age devout people believe that they have at
 last discovered the true nature of the Universe.”	




How does research on galaxies relate to cosmology?	


"It is not too much to say that the understanding of why there are these
 different kinds of galaxy, of how galaxies originate, constitutes the biggest
 problem in present day astronomy.	


The properties of individual stars that make up the galaxies form the classical
 study of astrophysics, while the phenomena of galaxy formation touches
 on cosmology.	


In fact, the study of galaxies forms a bridge between conventional astronomy
 and astrophysics on the one hand, and cosmology on the other."	


	
 	
 	
 	
 	
 	
 	
 	
HOYLE 1966	


"Roughly half of all cosmological information lies in the near field – a
 complete understanding of galaxies requires both near field and far field
 cosmology."	

	
 	
 	
 	
JBH 1999; JBH & Freeman 2000-2004; JBH & Peebles 2006	




Overview of lecture series	
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  A brief history of the universe 	

  The story of dark matter	

  First seeds: gaussian random field	

  Gravitational instability on linear scales	

  Silk damping	

  Cosmic microwave background	

  Definition of the standard model	

  Gravitational instability on non-linear scales	

  First stars and metals	

  Extended Press-Schechter theory	

  Zeldovich approximation & Burger's equation	

  Build-up of angular momentum	

  Galaxy formation: spheroids	

  Galaxy formation: disks	

  Gas processes	

  The Local Group	
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Potted history of the universe	


–  The universe starts out hot, dense 
and filled with radiation	


–  As the universe expands, it cools	


•  During the first 3 minutes, particles form	

•  After 370,000 years, atoms form	

•  After 150,000,000 years, stars form	

•  After 400,000,000 years, galaxies and 

quasars form	

•  After 9,000,000,000 years, the Solar 

System was formed	

•  After 13,700,000,000 years, the 

University of Sydney was founded	




Reading: early stages of  structure formation  

Peebles 1993    brings together his earlier books 
Padmanabhan 1993   useful topics 
Guth 1997    intuitive 
Peacock 1999    well organized     (*recommended) 
Kaiser 2002    useful topics 
Longair 2007    up to date on observations 
Binney & Tremaine 2008  useful topics 
Mo, vdBosch & White 2010  comprehensive review (*recommended) 
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These are books on more general topics, so you need published papers to
 establish a narrative.	
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Amazing fact: 	

the existence of the dark sector	


The emergence of the dark sector	


; Freeman 1970	


1998 	
 Schmidt, Riess, Perlmutter: SNIa  accelerating universe 	

	
 	
 	
 	
 	
Nobel Prize a few weeks ago!	
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Dark matter on cluster scales...	


Quality of weak lensing isodensity contours as good as x-ray contours…	


	
 	
 	
 	
 	
 	
 	
Clowe+ 2007	




€ 

GM
R

= v 2(R) = const

ρR2 = const

If the HI rotation curve is correct, then
 there must be undetected matter beyond
 the optical extent of NGC 300...”    
 Freeman (1970) 

Dark matter on galaxy scales…. !

Bland-Hawthorn (Sydney 2012)	
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In the redshift range z~3100 to z~0.5, accretion is driven by 	


the evolution of dark matter...	


Amazing fact:	

The universe was once
 the size of a grapefruit	
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The story of dark matter	
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The story of dark matter	
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The story of dark matter	
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The story of dark matter	
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The story of dark matter	
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The story of dark matter	
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The story of dark matter	
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We now define overdensity	
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comoving	

coords, x	


proper coords	


note how δ(x) 	

evolves with time	
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Since V is very big, we can use periodic boundary conditions	
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W = window function	
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a. initially equal power about mean but in time highly    
 	
asymmetric as voids grow	

b. structures are never spherical nor even ellipsoidal	




Bland-Hawthorn (Sydney 2012)	


Poisson!
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Poisson
 (n=0)!
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Later, power law index n=1 was
 discovered to be a key prediction of
 Guth's inflation (1980).	
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Non-relativistic gravitational
 instabilities in an expanding
 universe	
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Amazing fact: 	

Growth is "stalling" today; 	

growth factor is down 10%	
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Amazing fact: 	

the universe appears to have
 entered a 2nd epoch of inflation	
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Abell 1689	


Amazing fact: 	

Cluster potentials are
 "frozen in" relics of the
 inflationary epoch	


hence we use abundance
 of clusters to constrain
 amplitude of P(k)...	
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i.e. relativistic fluid 
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non-rel. fluid equation solved explicitly
 in these papers; filter mass scale for
 CDM and gas also used.	




Amazing fact:  
dark matter is the only reason
 structure below 10 Mpc survived
 the epoch 3100 < z < 1100 

Silk damping (1968): 
sound waves wipe out
 fine structure 
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Growth of fluctuations	

•  Linear theory 

•  Basic elements have
 been understood for 30
 years (Peebles, Sunyaev
 & Zeldovich) 

•  Numerical codes agree
 to better than 0.1%
 (Seljak+ 2003) 

CMBFAST (Seljak & Zaldarriaga 1996)  
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relativistic fluid eqn solved explicitly	




Foreground contamination 370,000 years
 after the Big Bang — photons and
 baryons took 120,000 years to decouple… 

The CMB fluctuations are a
 byproduct of the first epoch of
 accretion. 

The photon-baryon fluid reacted to
 the collapse of DM, which took
 place even before neutrals existed! 
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Ka - 33GHz	
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Q - 41GHz 	
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V - 61GHz	
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W - 94GHz	
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W - 94GHz	
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5º	

2º is causally connected at z~1100	


The sky contains 10,000 of these
 independent cells	


Cold spots are evidence for
 mass concentrations since
 photons lose energy here	




FOREGROUND CORRECTED MAP	
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Where is the information?	


Separate signal above/below 1o… 

Take the CMB map… 
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Foreground contamination 370,000 years after
 the Big Bang — photons and baryons took
 120,000 years to decouple…	


cosmic variance	


Amazing fact:	

We observe direct evidence for
 perturbations laid down during
 inflation in the first picosecond!	
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z=3233	

Δz = 195§	


z = 1089	


matter-energy
 equality	


matter-energy
 decoupling	


The dominant acoustic peaks are due
 to the collapse of CDM blobs and the
 oscillation of the baryon-photon fluid
 into and out of these blobs, i.e. bulk
 motions.	


In the linear regime, the
 underdensities contribute as much
 as the overdensities, such that the
 cold and hot spots contribute
 equally to the peaks. 	


sound speed ~ c	


sound horizon ~ event horizon ~ 2o	


§ washes out structure
 on scales below 8'	
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Determining basic parameters	


Baryon Density	

Ωbh2 = 0.015, 0.017 ...0.031	


also measured through D/H	
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Determining basic parameters	


Matter Density	

Ωmh2 = 0.16, ... 0.33	
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Determining Basic Parameters	

Angular Diameter
 Distance	

w = -1.8,..,-0.2	


When combined with
 measurement of matter
 density constrains data to a
 line in Ωm-w space	
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1 deg	
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BAO first detected by 	

Peacock et al 2001 (2dFGRS)	
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Sloan impact	


Eisenstein	


Peacock	
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Consistent Parameters	


€ 

Ω = ρ /ρcrit

€ 

ρcrit = 3Ho
2 /8πG

€ 

h = Ho /100



The standard ΛCDM model	

•  on large scales, the universe is homogeneous and isotropic	

•  the geometry of the universe is flat	

•  the dark matter is cold	

•  the relative densities of DM, DE, baryons are established

 by WMAP	

•  the initial density fluctuations were small, described by a

 GRF, with P(k) ≈ k	
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Are there surprises in store?	


•  Surely there are!	


•  After all...	

–  why the inflaton field? 	

–  why the dark sector?	

–  why do we live in a special time?	


•  Our baryonic 4% universe is defined by a myriad of parameters. Do 
we really believe that the dominance of the dark sector is sustained 
by two constants?	


“The history of cosmology shows that in every age devout people believe	


that they have at last discovered the true nature of the Universe.”	
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Are there surprises in store?	


•  Dark sector comprises more than one component (i.e. 
new states of warm matter & energy; dark antimatter?)	


•  Dark sector self-annihilates or interacts with baryons (but 
we cannot be sure until we tackle the panoply of known 
mechanisms e.g. Galactic Centre; Su et al 2010)	


•  Missing dimensions are revealed (e.g. LHC in 2012-13)	


“The history of cosmology shows that in every age devout people believe	


that they have at last discovered the true nature of the Universe.”	
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Conclusions	


•  There are known knowns	

•  There are known unknowns	

•  There are unknown knowns	

•  There are unknown unknowns	
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