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Cosmological Confusion 
…revealing common misconceptions 
about the big bang, the expansion of the 
universe and cosmic horizons. 



The basics 
Horizons 

Stretching Space 
Measuring time dilation 

Tamara Davis, Cosmological Confusion, 
Oxford RAL, 9 June 2010 

Cosmological confusion 

  Dark energy – the first confusion. 

  The basics – coordinates and velocities 

  Horizons – limits of knowledge 

  Can space expand faster than the 
speed of light? 

  Stretching space – What is expanding 
space?  What expands when space 
expands? Are galaxies dragged along 
by the expansion? 

  Where does the energy go in the 
cosmological redshift? 

Can the laws of physics change with time? 
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Observations 

  The universe is expanding, v=HD 

  The expansion is SPEEDING UP!!  

(Contrary to everything we thought we knew about gravity!) 
3 
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Type Ia supernovae 
Are incredibly bright 

Most likely the explosion of a white dwarf 
that is sucking material from a companion  

triggered when mass reaches 1.4 Msolar 

Are of known luminosity 

EXCELLENT 
STANDARD 
CANDLES! 
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How to measure deceleration 

Brightness gives distance… 

…which also gives time. 

Redshift gives velocity… 

Velocity vs time gives de(ac)celeration 
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Two competing teams 
  1998/1999 

Brian 
Schmidt: 
High-z 
supernova 
team 

Saul Perlmutter: 
Supernova 

 Cosmology  
Project 

vs 
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Expected results 
  Three camps (as classified by Brian Schmidt) 

C. People with few friends 
Universe is open 
Inflation is correct 
=>Universe dominated by  
Cosmological Constant 

ΩΜ + ΩΛ = 1 

ΩΜ 
0.0 1.0 0.3 

A. Theorists 
Inflation is correct 
=>Universe is flat 
Hubble’s const < 60 

ΩΜ = 1 

Theorists 

B. Observers 
Universe is open 
=>Inflation is wrong 
Hubble’s const < 80 

ΩΜ = 0.3 

Observers 
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Observers 
Theorists/CMB 

Perlmutter and Schmidt 2003 

Outcasts 



The basics 
Horizons 

Stretching Space 
Measuring time dilation 

Tamara Davis, Cosmological Confusion, 
Oxford RAL, 9 June 2010 

The Universe we thought we knew... 
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The Universe we live in... 
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Revolution in Fundamental Physics 
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Path had already been paved 
  Explained number counts of galaxies 
  Explained the age of the oldest stars 

9Gyr 13.7Gyr 
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Tamara Davis, Cosmological 
Confusion, 29 August 2008 
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Metric and equation of motion 

Friedmann-Robertson-Walker metric 

ds2 = -c2dt2 + R2(t) [ dχ2 + Sk
2

 (χ)(dθ2+sin2θ dφ2) ] 

Radially:  ds2 = -c2dt2 + R2(t)dχ2  

Photon:  ds=0  ⇒  c = R dχ/dt 

Time slice:  dt=0  ⇒  D = Rχ  

Velocity:  v= dD/dt = (dR/dt)χ + R(dχ/dt) 

14 

χ	

R 

Rχ	
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Metric and equations of motion 

  Geodesic equations 

  Only non-vanishing 
Christoffel symbols 

  Friedmann equations 

15 

€ 
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Two types of velocity 

  Velocity 

    Recession velocity    

             Peculiar velocity     (photons) 

16 

€ 

v =
dR
dt
χ + R dχ

dt
= vrecession + vpeculiar

€ 

vrecession = ˙ R χ =
˙ R 
R

D

vrecession = HD

⇒ H =
˙ R 
R

€ 

vpeculiar = R ˙ χ 

χ	

R	


€ 

c = R ˙ χ 

VIOLATES 
SPECIAL 

RELATIVITY 
?? 
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W
h

o
 tru

sts M
o

n
ty? 

The universe itself keeps on  
expanding and expanding, 

In all of the directions it can whizz, 
As fast as it can go, 

That’s the speed of light you know, 
Twelve million miles a minute  

and that’s the fastest speed there is 

Monty Python, The Galaxy Song 
17 
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Other metrics, other velocities 

  Velocity is a coordinate dependent property 

  Redshift is measurable and coordinate independent 

  We choose FRW because 
  it describes an homogeneous and isotropic universe 

  time is the proper time of comoving observers 

  synchronicity can be measured by the CMB temperature  

  it makes calculations simple 

  Other metrics are equally valid,  
  conformal:        ds2 = R2(t) [ -c2dt2 + dχ2 + Sk

2
 (χ)(dθ2+sin2θ dφ2) ] 

We need to understand the implications of our coordinate choice 

18 
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Superluminal recession 

  Yes, recession velocities can exceed the speed of light. 

  This DOES NOT violate special relativity 
  Nothing ever overtakes a photon 

  Photons always travel at c 

Nothing recedes faster than the speed of light                        
in any inertial frame. 

  There exist metrics that do not have superluminal 
recession. 

19 
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Shine a torch 

  How far will the light reach? 

20 
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Events we can have seen Events we will be able to see 

t =0 

tend 

us distance 

Objects we can see at a particular time 

tim
e 



The basics 
Horizons 

Stretching Space 
Measuring time dilation 

Tamara Davis, Cosmological Confusion, 
Oxford RAL, 9 June 2010 

22 



The basics 
Horizons 

Stretching Space 
Measuring time dilation 

Tamara Davis, Cosmological Confusion, 
Oxford RAL, 9 June 2010 

23 

ds2 = R2(t) [ -c2dt2 + dχ2 + Sk
2

 (χ)(dθ2+sin2θ dφ2) ] 
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gravitational redshift 

gravitational time dilation 

redshift into un-observability 

Black hole’s event 
horizon 
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event horizon 

Someone else’s 
cosmological event 
horizon 

~15 Glyr	


cosmological redshift 

cosmological time dilation 

redshift into un-observability 
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Do all universes have event horizons? 

  No. 

  Only eternally 
expanding and 
accelerating universes 

27 
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Does space stretch its contents? 

  True or false: 

“Galaxies do not stretch with the expansion of space 
because gravity holds them together.” 

28 
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Thought experiment 

  After release the untethered 
galaxy (neglecting the gravitational 
interaction of the two galaxies themselves) 
  Stays at a constant distance 
  Immediately gets caught by 

the expansion of space and 
recedes with the Hubble flow 

  Is slowly dragged away by the 
expansion of space until it 
rejoins the Hubble flow 

  Moves towards us 
  The answer depends on 

whether the universe is 
accelerating or decelerating 

29 
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  Answer: 

No. Objects are not 
stretched by the 
expansion of the 
universe.  

They are stretched 
(or compressed) 
by the 
acceleration     
(or deceleration) 
of the universe. 
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Where does 
the energy 
go when 
photons are 
redshiftted 
by the 
expansion 
of space?? 

Tamara Davis, Cosmological Confusion 
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Peculiar velocity decay 

  Peculiar velocities decrease with time: v∝1/R 

  Can be understood as a simple change of reference frame 

  But why does the peculiar velocity of a spaceship decay while 
the peculiar velocity of a photon doesn’t? 

34 

vpec=0.1c 
=30,000km/s 

vrec=1,300km/s 

vpec=28,700km/s 

D=19Mpc 

Messier 87 
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Peculiar momentum decay 

p ∝ 1/R for both photons and massive particles 

Use the relativistic formula for converting velocities between frames and matter 
behaves just like photons, with v ∝ 1/R the non-relativistic limit 

35 

(Derivation optional: 
1. from geodesic equations 
2. by integrating over 

infinitesimal Lorentz 
transformations) 
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Relative velocities! 

  Both photons and matter are being measured from 
different reference frames as they pass by galaxies that 
were initially receding from them 

  So there is no loss of energy, just different perspectives 

vpec=0.1c 
=30,000km/s 

vrec=1,300km/s 

vpec=28,700km/s 

D=19Mpc 

Messier 87 
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But wait!   
  Add up energy in a comoving 

volume – not conserved. 

  But if you believe Noether’s theorem 
– conservation is on secure footing.  

  Um? 

  Impossible sometimes to 
unambiguously add up the total 
energy in a volume of space (can’t 
decide which volume is the right 
one to choose… time is arbitrary).  

  Noether’s theorem doesn’t apply 
when time-symmetry is broken.  
Therefore doesn’t necessarily apply 
to the universe as a whole.  
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How can we prove redshifts are due to 
expansion? 

  Candles, rulers and clocks 

38 
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Measuring  
time dilation 

  If redshifts are due to 
recession velocities 
then we expect an 
accompanying time 
dilation of (1+z) 

Tamara Davis, Cosmological Confusion, 29 
August 2008 

39 
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Tamara Davis  
DARK chat 

27 May 2009 

40 

!!!  SHOCKING NEWS  !!! 

ASTROPHYSICISTS CONFIRM  
EXPANSION OF UNIVERSE 
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Supernovae as clocks 

  Brighter = wider 

  Are we only seeing bright 
SNe further away? 

41 
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Supernovae as clocks 

42 
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Previous measurements 

  Leibundgut 1996, Goldhaber 
2001 saw this effect in SN light 
curves (right). 

  Riess et al. 1997 and Foley et 
al. 2005 each used the 
spectra of a single supernova 
to measure time dilation at a 
single redshift 

  Blondin et al. 2008 (ESSENCE) 
used the spectra of 13 
supernovae over a range of 
redshifts 
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Dedicated SN search 

  Target of opportunity 
on European Southern 
Observatory’s VLT   
(8m optical telescope) 

  Motivated by need to 
check high-z SNe are 
the same as low-z SNe 

  35 spectra of 13 SNe 
(each spectrum ~1hr) 

44 
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Tools for your arsenal 

  Is there an edge to space? 
  Well, there’s a limit to how far we can see. 

  Does the expanding universe stretch things inside it? 

  What causes the expansion? 
  Nothing is necessary, not since the original inflationary push. 

  What is the universe expanding into? 
  Nothing is necessary, and beyond our observable universe is 

unknown. 

  What came before the big bang? 
  Unknown. 

  What will be the fate of the universe? 
  Expand forever, see nothing but our isolated pocket of galaxies 

46 
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Can’t distinguish from SR 

  Cosmological time dilation predicts: 

  Special relativistic time dilation seems to 
have a different relationship: 

  But once you take into account the extra 
distance light has to travel (vdt0/c) you 
realise SR predicts the same: 
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Metric and equations of motion 

  Geodesic equations 

  Only non-vanishing 
Christoffel symbols 

  Leaves two 
equations 

48 
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