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The	  prize	  



ON THE WAGER BETWEEN SEAN CARROLL AND BRIAN SCHMIDT 
 
We hereby proclaim a wager made between Sean Carroll and Brian Schmidt. 
The Winner shall, in August 2011, receive the bottle of port purchased by the  
two forementioned people and kept by John Huchra. 
 
Whereas Mr. Carroll sayeth that the value of Ω0, the density parameter of  
the Universe, will be viewed by the consensus of astronomers as being known 
to an accuracy of ±0.3 on August 1, 2011. 
 

Whereas Mr. Schmidt sayeth that the value of Ω0, the density parameter of  
the Universe, will be viewed by the consensus of astronomers as not being  
known to an accuracy of ±0.3 on August 1, 2011. 
 

The tern “consensus” will be agreed upon by Mr. Carroll and Mr. Schmidt. 
If these two cannot come to terms on this point, it then shall be decided by 
Mr. Huchra 
 

Witnessed this 1st day of August in the year of our Lord 1991. 



Image: Sam Moorfield, Swinburne 

Many types of observations = concordance 

Nucleosynthesis 
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scale 
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Peculiar 
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Power spectrum 
of fluctuations 

1.4%	  precision	  



Our task now is different 

ΛCDM is an excellent model  
that explains a wide variety 
of measurements 
 
A lot of what we are doing  
now are self-consistency checks 
  
It is very difficult for a new model 
to explain all the observations 
 
But also difficult to calculate all  
the effects in different models 
 
We need to invest similar energy  
in perfecting other models if we  
want to test them 
 
 



What is Dark  
Energy? 

Gµν = 8πTµν
New Theory 

f(R)  
TeVeS 

Galileon 

New Component 
Vacuum energy 

Quintessence 
Other dark energy 

Inhomogeneities 
Massive void 
Many voids 

Backreaction 



In praise of vacuum energy 

It is predicted by quantum 
 

It has the right equation of state 
 

It is simple and works with GR (Λ) 
 

Is the magnitude problem, 
really a problem? 

 - Ultra-violet catastrophe 
 - Quantum gravity could fix it? 

 - Quantised spacetime? 

 
Is the coincidence problem  

really a problem? 
 - Depends on your measure 

 - Only if you ignore anthropic arguments 
 

 

Do we 
want to 

test other 
models? 



Streams of investigation 

Measure	  parameters	  of	  
the	  theory/model	  

Develop	  other	  theories	  

Explain	  dark	  energy	  

Observational: 

Start	  from	  a	  theory	  and	  
predict	  what	  we’ll	  see	  

Theory 

Fundamental: 

e.g.	  Non-‐linear	  
struct.	  formaFon	  

e.g.	  Lensing	  

e.g.	  ISW	  

e.g.	  Measure	  
parameters	  of	  

ΛCDM	  

e.g.	  Assume	  ΛCDM	  
and	  do	  other	  tests,	  
e.g.	  Neutrinos	  	  



The rest of this talk 

•  Model Testing vs Parameter fitting 

•  Model dependence of large-scale structure (LSS) 

 measurements (including BAO) 

•  What BAO alone actually tell us 

•  New technique for using LSS as a ruler => Topology 

•  New technique for standard candles => AGN 

•  Old technique for standard clocks => Supernovae 

•  New observational survey => OzDES 



MODEL TESTING VS  
PARAMETER FITTING          



What is the value of [parameter]? 
[Matter density; equation of state of dark energy; Hubble’s constant…] 

Data combination 

Model 

Model 

Model 
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WiggleZ  
final results: 
Parkinson 
et al. 2012 



CMB: 
Model 
extensions 

Curvature	  

Massive	  neutrinos	  

Extra	  neutrinos	  

FracFon	  of	  baryonic	  mass	  in	  He	  

EquaFon	  of	  state	  of	  dark	  energy	  

Baryon	  
Density	


Dark	  MaRer	  	  
density	  

Hubble	  	  
const	  	


Clustering	  	  
strength	


Spectral	  
Index	  
	  

Planck XVI, 2013 
 +BAO (blue) 



CMB: 
Model 
extensions 

Hubble’s	  constant	


Dark	  energy	  
equaFon	  	  
of	  state	  	  

Best	  fit	  in	  
standard	  model	  

(ΛCDM)	  

Best	  fit	  in	  
extended	  model	  

(wCDM)	   Planck+WP+highL	  
+BAO	  

H0	  =	  67.80	  ±	  0.77	  

Planck+WP+highL	  
+BAO	  

H0	  =	  71	  ±	  4	  (?)	  
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MODEL DEPENDENCE OF  
LARGE SCALE STRUCTURE & BAO    

      



WiggleZ 



WiggleZ survey fields 
(compared to other AAT surveys) 

7 equatorial fields, each 100-200 deg2  

>9° on side, ~3 x BAO scale at z > 0.5 

Physical size ~ 1300 x 500 x 500 Mpc/h 

 



Example spectrum: z=0.37 

Hα Hβ,OIII OII 



Example spectrum: z=0.72 

Hβ,OIII OII 

Redshifts become less 
certain above z ~ 1 
because we lose Hβ 



Understanding our survey 

z=0.2	  

z=1.0	  

Redshift distribution 



Understanding our survey 

z=0.2	  

z=1.0	  



WiggleZ regions 



Understanding our survey 

z=0.2	  

z=1.0	  
Probability	  of	  finding	  two	  
galaxies	  at	  separaFon,	  r	  	  

Excess likelihood  
of finding two  

galaxies at  
separation r 

Landy-Szalay  
estimator (1993) 

Need to  
calculate  
distances!! 

Fiducial model. 



Correlation function vs Power spectrum 

SeparaFon	  

Co
rr
el
aF

on
	  

Blake,	  Davis,	  Poole,	  
Parkinson	  et	  al.	  2011	  	  	  

Power spectrum Correlation Function 

BOSS	  

Blake,	  Davis,	  Poole,	  
Parkinson	  et	  al.	  2011	  	  	  



Understanding our survey 

z=0.2	  

z=1.0	  
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Use sims to make non-linear corrections 

Make model 

  Ων	




ASSUMPTION(?): 
HOMOGENEITY 



Fractal dimension (Scrimgeour et al., 2012) 

BAO	  peak	  



Fractal models 

Scrimgeour,	  Davis,	  Blake	  et	  al.	  2012	  



MEASURING THE DISTANCE 
SCALE 



Measuring the distance scale 

BAO	  

CMB	  

Two	  TangenFal	   One	  Radial	  



Many ways to use BAO 

A(z)	  alone	  

dz	  alone	  

(Fig:	  Davis;	  Data	  from	  
Percival	  et	  al.	  2010	  and	  
Blake	  et	  al.	  2011)	  



Many ways to use BAO 

dz	  +	  ΩMh2	  prior	  

dz	  +	  h	  prior	  



NEW STANDARD RULER  
         - TOPOLOGY 



Topology: Genus curve 
Berian	  James	  
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(dashed)	  

Smoothing	  =	  
10Mpc	  	  

(non-‐linear)	  

Smoothing	  =	  30Mpc	  
(more	  linear)	  



Quantifying Topology  
 – Minkowski Functionals 

Genus 
or Euler 
4π(1-g) 

Area 

Curvature 

Black	  =	  WiggleZ	  
Red	  	  	  	  =	  GiggleZ	  

Blake,	  James,	  
Poole	  2013	  	  

Blake,	  James,	  Poole	  2013	  (submiRed)	  



NEW STANDARD CANDLE 
          - QUASARS (AGN) 



Active galaxies – reverberation mapping 

Hot	  central	  core	  
(accreFon	  disk)	  

VARIABLE	  

Ionising	  
Flux	  α	  	  1/r2	  

	  

Ionised	  region	  
(size	  depends	  on	  	  
luminosity	  of	  core)	  

r	  

Broad	  line	  region	  
(Line	  depth	  depends	  on	  	  
luminosity	  of	  core)	  

VARIABLE	  

Time	  Delay	  !!	  
r	  =	  ct	  

Measure	  t	  	  
=	  you	  know	  r	  

Know	  r	  
=	  you	  know	  the	  flux	  

You	  have	  a	  	  
standardisable	  

candle	  



First Quasar Hubble Diagram 

(Watson,	  Denney,	  
Vestergaard	  &	  Davis	  2011)	  

AGN	  as	  Standard	  
Candles	  

Observational 
uncertainty 
contributes 
σ ~ 0.36mag 

Potentially 
σ ~ 0.16mag 

Biggest contributor is 
extinction uncertainty 

σ ~ 0.10mag 

Scatter 
σ ~ 0.50mag 



NEW SURVEY 
          - OZDES 



Spectroscopic follow-up of Dark Energy Survey targets 
 

100 nights awarded on AAT  
Over 5 years 

First observations two weeks ago! 



OzDES Targets 

Supernovae 
~ 4000 type Ia 

z < 1.2 

AGN 
~ 500 reverb’n mapped 

z < 3.0 

Galaxy Clusters 
# counts +  

~ 20 z’s/cluster 

Strong lenses 
~ a few 

Radio galaxies 
ATLAS 21cm  

~2500  

Photo-z calibration Other transients 



Why the AAT is a good match... 

DECam	  Fles	  

400	  fibres	  



First DES SNe spectroscopically confirmed 



The AAT in January 2013… 







House	  



But all is well. 

Ángel	  R.	  López-‐Sánchez	  
(Small print:   This photo was taken before the fires.) 

(Except	  maybe	  for	  these.)	  



DES	  discovers	  10,000	  SNe	  (approx)	  
OzDES SNe 

4,000	  have	  well-‐sampled	  light	  curves	  

2/3	  host	  redshirs	  with	  AAT	  

Catch	  500	  
while	  acFve	  

Comparison:	  
SNLS	  =	  472	  	  

2x	   8x	  

Target	  all	  AcFve	  SNe:	  	  10	  per	  field	  /year	  	  
Target	  as	  many	  host	  galaxies	  as	  possible:	  	  400	  per	  field	  /	  year	  
	  	  	  	  	  	  	  	  	  	  	  (repeatedly	  return	  to	  field	  to	  build	  up	  depth	  on	  hosts)	  
	  

z=1.2	  

z=1.0	  

10	  Fields	  	  
30	  sq	  deg	  
g	  r	  i	  z	  

~	  5	  day	  cadence	  
for	  5	  months	  

(T
he
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	  g
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	  b
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Host galaxy cosmology 

Proof of concept using  
SDSS-II (Campbell et al. 2013)  
SNLS (Lidman et al. 2013) 
 
Photometric SN classification 
achieved 96% purity 
Sufficient to give unbiased 
cosmological results 

(Campbell et al. 2013) 

Campbell	  et	  al.	  2013	  

Larger	  scaRer	  is	  a	  
selecFon	  effect,	  not	  
intrinsic	  
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Science - Cosmology 

Hubble	  
Diagram	  

Split	  by	  
host	  
type	  

Split	  by	  
posiFon	  
in	  host	  

Look	  for	  anisotropies,	  
peculiar	  veloci3es,	  voids	  	  

Split	  by	  
direcFon	  

Tracers	  
of	  

peculiar	  
velocity	  

DeviaFon	  
from	  
Hubble	  
Diagram	  SN	  

lensing	  

Fit	  to:	  
-‐  Standard	  cosmological	  model	  
-‐  ModificaFons	  of	  gravity	  
-‐  Inhomogeneous	  models	  
-‐  Time-‐varying	  or	  anisotropic	  dark	  energy	  

Control	  systema3cs	  

Measure	  
Fme-‐
dilaFon	  



Weak Lensing of SNe 

•  Apparent SN luminosities 
affected by lensing 
convergence 

•  Already measured by SDSS-II 
and BOSS (Smith et al 2013) 
–  correlation between SN 

Hubble residual and 
convergence 

•  New SALT fit parameter 

 =
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•  Used to measure bias 
of foreground galaxies 

µ =mB �M + ↵x
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(Smith	  et	  al	  2013)	  



Supernovae as clocks 

56	  



Measure time dilation 

Blondin, Davis et al. 2008 



Science - Supernovae 

Progenitors?	  
MulFple	  
channels?	  

Delay	  Fme	  
distribuFon	  	  

Host	  
properFes	  
vs	  light	  
curve	  
stretch	  

From	  what	  popula3ons	  
are	  SNe	  born?	  

Stellar	  
populaFon	  
synthesis	  
of	  hosts	  

Are	  SNe	  different	  in	  
different	  environments?	  

Dust	  and	  
SN	  

colour	  
terms	  

Does	  
stretch	  vs	  
host-‐mass	  
change	  
with	  z?	  

Redshir	  
distribuFon	  

Are	  colours	  
different	  in	  
different	  
hosts?	  

Feeds	  back	  into	  
cosmology	  

SN	  rates	  
vs	  z	  

SpaFal	  
distribuFon	  
of	  SNe	  in	  
hosts	  

Physics	  of	  
addiFonal	  

10k?	  

Intra-‐cluster	  
of	  hostless	  

SNe	  

Core	  
collapse	  
SNe	  



Science – AGN + Other Transients 

Other	  
transients	  

Asteroids	  
and	  Kuiper	  
belt	  objects	  

Fast	  
transients	  
(<	  1	  day)	  

GRB	  
Arerglows	  

Tidal	  
disrupFon	  
flares	  from	  
supermassi
ve	  BHs	  

AGN	  

Black	  hole	  
mass	  

evoluFon	  

AGN	  
science	  

Feedback	  

Cosmology	  

Standard	  
Candles?	  



Clusters  
 - # density vs redshift (cosmology) 
 - dynamical masses (c.f. SZ) 

 
Radio galaxies 

 -  Get z’s for ATLAS targets 
 - Radio feedback & local environment 

 
Photo-z calibration 
 
Serendipity 

Transients Science – The rest!! 



How do we UNDERSTAND dark energy? 

Just because we can  
measure it precisely 
doesn’t mean we  
understand it. 
 
But not understanding,  
doesn’t mean we can’t use it   
(e.g. electricity, supernovae)  
 
Is it time to test dark energy 
in the lab? 
Can we make hoverboards? 





Summary 

Cosmology is now a precision science 
Our results are model dependent (almost always) 
We need several streams of investigation: 
 
 
 
 
 
Lots of new measurements are on their way 
 

Measure behaviour of 
dark energy?  

(Difficult, or impossible, 
without a model.) 

Measure parameters 
of ΛCDM more 

precisely 

Test other explanations 
of dark energy 



	  
	  
	  
	  
	  
	  
	  

Bernstein	  et	  al.	  2012	  

Simulated	  data	  



The beginning of knowledge  
is the discovery of something  
that we do not understand. 

 - Frank Herbert 

What senses do we lack,  
that we can not see and hear  
another world all around us? 

 - Frank Herbert (?) 



Some models 
can’t be distinguished 
using only distance data 

Cardassian	  

General	  Chaplygin	  

ΛCDM	  

ΛCDM	  

Davis et al. 2007 



WiggleZ cosmology fits 

Blake,	  Davis,	  et	  al.	  2011	  


