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Goa Talk 

Milky Way = Universe 
 

Axel Mellinger 



Goa Talk 

1917: 

Einstein stuck in 
the cosmological 
constant to 
make a static 
Universe 

Universe = Milky Way Galaxy 

 



Goa Talk 

Edwin Hubble showed 
the Milky Way was 
not the whole 
Universe.   

We live in a Universe 
of galaxies, each 
equivalent to the 
Milky Way.	




Vesto Melvin Slipher 
Lowell Observatory 

Measured spectra of 
the “nebulae” 
 
Found velocities much 
bigger than for stars in 
the Milky Way 
 
Almost all of them 
away from us-- 
redshifted 



Goa Talk 

Hubble’s Own 1929 Hubble Diagram	


Redshift proportional to distance 



1931:  Einstein visits Mt Wilson 



Gamow dubs a blunder 
From My World Line 



Georges Lemaître S.J. + MIT Ph.D. 
“Everything happens as though the energy in vacuo would be 
different from zero…we associate a pressure p = -ρc2 to the 
density of energy ρc2 of vacuum.  This is essentially the meaning 
of the cosmological constant λ.”   
PNAS 20, 12 (1934) 



Goa Talk 

  

  
No Λ! 



Goa Talk 

Thermonuclear 
exploding stars   
~ 4 x 109 Suns 

106 brighter than 
Miss Leavitt’s 
stars  

~1 SNIa /century 
in a galaxy 
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First wide-field survey 
telescope 
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Fritz Zwicky: 

Supernova 
Pioneer 

Dark Matter 
Pioneer 

Gesture 
Pioneer 





 
Charlie Kowal 
(1940-2011) 
 
Note the imaging 
technology of 1968! 
 
Monthly searches in 
the dark of the moon 
at Palomar with 48” 
and 18”  
 
Paleolithic PanSTARRS 

The Beginning of 
Supernova Cosmology 
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Kowal (1968) 
ü   Had distances good to 
~30% from SN I 

Speculated that individual 
measurements might be 
good to 5-10%   

“It may even be possible to 
measure the second-order 
term in the redshift-
magnitude relation when 
light curves become available 
for very distant supernovae.” 

 

 



The intercept is well-determined: Ho  
(Riess et al. 2009) 74.2 +/- 3.6 km/s/Mpc =>  Ωmh2 

CfA3 data set 
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What is the history of 
cosmic expansion? We 
need to look deep into the 
past 



Goa Talk 



Goa Talk 

Technology of 
the 1990’s: 

CCDs--as in 
digital cameras 

0.24 Megapixels 



Like the Vikings, the Danes were 
there a long time ago! 1989 
 
 
 
 
 
 
 
 
 
 

SN1988U: 
SN Ia  z=0.31 
For cosmology! 
Real-time image registration, 
scaling,subtraction 
Monthly searches 
Scheduled follow-up 



Today: gigapixel cameras! 



Brian Schmidt explains to his 
thesis advisor how easy this will be 
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Searching by Subtraction 
inexpensive labor under careful supervision--

computers! 



Goa Talk 

Light Curves: Clues to 
Luminosity 

Related to 56Ni 
produced in the 
explosion 

Mark Phillips (1992) 

Riess, Press & Kirshner 
(1995, 1996) 

Goal: better distances, 
determination of 
extinction by dust 

SALT, Sifto… 
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Brighter stars have 
slower declines in B 
and V (I is different) 

Light Curve Shapes => L 
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Dust both dims and reddens: 
Adam Riess showed how to 
account for this  



N~200 
Approaching the 
end of statistical 
limits-- now the 
errors are 
systematic. 
 
The largest of 
these is due to 
light curve fitting + 
dust properties. 
 
Conley et al (2007) 
Kessler et al 
(2009)  σ~0.15 mag	


Scatter to faint mags 
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1/100 years ~ 1/5000 weeks => 5000 galaxies 
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Also fabricated in supernovae:  High-Z Team 



Searching for 
cosmic 

deceleration 

 
a’’ ~ qo ~ -(Ωm/2 + ΩΛ)	


	


So, for ΩΛ = 0,  expect to see 
deceleration	
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If you are interested in 
the details of the 
discovery-- I cannot 
recommend a better 
book. 



July 1997 Ap.J.:SCP: No Λ 
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Eureka! or  
“What’s wrong with this?” 
Adam Riess’s notebook 
Fall 1997 
 

Negative Mass?
That seemed strange!

Universe is not slowing
down-- it’s speeding up!
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1998 Data: 
Riess et al. 

Astronomical 
Journal  

September 1998 

Perlmutter et al. 
Astrophysical 
Journal  

June 1999 

 

 



Goa Talk 

Improvements 
since 1998: 

Bigger 
samples 

Higher 
redshift 

Lower 
systematic 
errors: the IR 
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Today’s Sample~500 SN Ia 



What do the 
supernovae measure? 
 
Cosmic Age! 
 
ΩΛ - Ωm : 
 
the difference 
between the 
acceleration due to 
the dark energy and 
the braking due to 
gravitation 
 
Perpendicular to CMB 
which measures  
 ΩΛ + Ωm  
 
 
 



Figure from Suzuki et al.  
astro-ph 1105.3470 
 
Based on Low z: (Calan-
Tololo + CfA1 +CfA2 + 
CfA3 + Sloan) + 8 from 
SCP (Kowalski 2008) 
 
ESSENCE + SNLS + 
Higher-Z+ 6 from SCP 
“Union 2” 
 
Ωm = 0.27 +/- 0.01 
ΩΛ  = 0.73 



dark energy 

dark matter 

atoms 
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Putting Λ on the Right 
Hand Side 



Goa Talk 

Is the Dark Energy the 
Cosmological Constant? 

Not good quantitative 
agreement! 

 
Other possibilities: something 

that is not constant 
 
Modifications to gravity? 
 
Cannot tell from expansion 

history alone 
Need other information-- 

growth of structure  
 



1 + w = -0.01 
+/-0.06 +/- 0.10 
(sys) 
 
Consistent with a 
cosmological 
constant--but does 
not rule out 
modifications of 
gravity  
 
How do we diminish 
the systematic errors? 
 
Use information about 
host galaxies, from 
spectra, and avoid 
problems with dust! 
 
Most promising: 
NIR observations  Figure from Suzuki et al. (2011) 
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a’’~ - (ρ + 3p) 

ρ ∼ (1+ z)3  
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Searching for Supernovae                     
with HST  

Back to the age of 
deceleration 



Goa Talk 

The Rise and Fall of a Distant 
Supernova 
Aug 1 Sept 22 Oct 1 Oct 5 Oct 10 Oct 20 Oct 30 Oct 31 Nov 17 Nov 25 



Evidence for 
a change in 
cosmic 
acceleration: 
‘cosmic 
jerk’ 

Future: 

Acceleration 
without 
end? 

Big rip? 



The Future 
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The biggest uncertainties now are systematic errors and the 
worst of these come from dust and light curve fitters   
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Dust both dims and reddens -- but 
less so in the infrared 
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J, H, Ks image from PAIRITEL 

Make the measurements in the infrared! 



Kaisey Mandel 

Using a Bayesian model to 
combine optical and IR data 
for SN Ia, predict distances, 
and determine dust 
properties. 
 
 
BayeSN inference : Kaisey 
Mandel 
ApJ 704, 629 (2009)  
ApJ 731, 120 (2011) 
 

Needs Job! 



Optical: standardizable candles 

IR:  standard candles! (and less 
trouble with dust!) 



The Payoff 



Could we get this advantage for the 
high-z supernovae?  RAISIN 
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Use WFC3 to get rest frame IR of 
moderate redshift SN Ia!   
SNIA in the IR = RAISIN 



Pan-STARRS 
Medium-Deep Fields 
 
Good light curves at z~0.4 
Real production now 
7 square degrees  
0.26 “/pixel 



Spectra from Magellan, MMT, Gemini 

Key to the RAISIN program to get 
restframe IR of SN Ia 
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Only in space! 
Rest frame IR measurements of z~1 supernovae are not possible 

from the ground  
Go as far into the IR as technically feasible! 
Sky is very bright in NIR: >100x brighter than in space 
Sky is not transparent in NIR: absorption due to water is very 

strong and extremely variable 



JWST will be excellent for the rest 
frame IR of SN Ia at 0.2< z <1 
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Giant Magellan Telescope 

• GMT 
Compared to 
Eye-- 

Area: 108 

Resolution: 104 

 

Compared to 
HST-- 

Area: 102  

Resolution: 10 
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Cosmic Deceleration from Dark Matter, 
then Acceleration from Dark Energy! 

Deceleration 



EUCLID 
 
Baseline: 
Baryon 
Oscillations 
Weak Lensing 



SNEUCLID 
 
Baseline: 
Baryon 
Oscillations 
Weak Lensing 
Could do a 
good job 
with 
supernove 



Our Future? 



Our future? 

Milky Way = Universe!? 


