
Now entertain conjecture of a time !  
When creeping murmur and the poring dark �
Fills the wide vessel of the universe.�

 Shakespeare, Henry V, act IV �



“Anyone can do astronomy when 
it is clear.” �

– Olin Eggen, 1980 �
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NOAO�

“No important science has ever 
been done at the National 

Optical Observatory.”�

Famous National Academy astronomer - 1992 �



NOAO�

“I could run this place for 
$300,000 per year.”�

Said by an astronomer on an NSF site review panel 
of CTIO around 1998.�



NOAO�

“We should shut down NOAO 
and give the money to the 

better observatories.”�
Said by a different famous NAS astronomy member, 

1992 �



“NOAO – that is a 
place where a Lick 
graduate would 
go.”�

Said by an astronomer when they 
heard that Suntzeff was going 
to CTIO. 1982 �





My version of the history 
of Dark Energy�

Rashoman effect �







Can Type Ia Supernovae be 
used to measure distances? �

Kowal (1968)�
Colgate (1979)�



SN1994D �

Supernovae! �

P. Challis�

CfA & NASA�



SN spectra�

Type Ia�

Core 
Collapse�

Type Ib/c & 
Type II �



General light curves� 56Ni  
56Co  
56Fe�

Leibundgut & 
Suntzeff 98 �



Sandage & Tammann 1993 �

Phillips, M.M. et al 1987 – first CCD �
light curve. Used A. Phillips software�



Calán/Tololo Survey�
1985 Sandage and Tammann give up their SN survey. 

Sandage urges Suntzeff to consider a CCD study for 
light curves�

1986-9 SN1986G and SN1989B show that Type Ia SNe are 
not the same.�

1987 – SN1987A! �

1989 – UC Santa Cruz meeting where redoing the Maza 
survey is discussed�

1990-1996 - The Calan/Tololo Survey�

1994 - Brian Schmidt and Suntzeff form the High-Z Team.�



NOAO "�

“Suntzeff has now fallen in with the 
devil*, and he had such a good 
career ahead of him.”�

In a letter to Olin Eggen from Allan Sandage, 
1990.�

* Mark Phillips�



IRAF�
Fill in the blank: �

“IRAF is total ****”�

“*** is way better than IRAF.” �

“Anyone that uses IRAF is a(n) ********.”�

“We don’t use IRAF at C**tech”�

All I can say to that is “flpr.” �



Calán/Tololo Survey�



Calán/Tololo�
•  Use Schmidt plates or films  - 25 sq-deg �

•  Send the next morning to UChile on the bus to be 
scanned for new SNe.�

•  Follow-up possible SNe starting the next night on the 
0.9m/1.5m/4m�

•  CCD follow-up scheduled *before* the SNe were 
discovered. This was NOT invented by SCP.�

•  Use Drew Phillips kernel matching in IRAF for image 
subtraction (made for SN1987A). Once again, this was 
NOT invented by the SCP�



Calán/Tololo�

•  The Calán/Tololo goal was to provide the best 
calibration of distances to Type Ia SNe.�

•  Combined with this calibration, and the HST 
Cepheid calibration project by Saha/Sandage/
Tammann, we could measure the most accurate 
value of H0. �

•  By 1996, we had measured a precise Hubble 
diagram in the quiet Hubble flow �



Calán/Tololo�
•  We also provided CCD light curves to host galaxies with 

HST Cepheid distances.�

•  Ultimately the Saha/Sandage/Tammann data were 
subsumed by the H0 Key Project of Kennicutt, Mould, and 
Freedman. �

•  In their now famous 2002 paper, Freedman et al 
combined their distances to host galaxies of Type Ia 
SNe, our measurements of light curves of SNe in these 
galaxies, and our quiet Hubble flow to derive the most 
accurate value of their Hubble constant.�



Phillips 1993 breakthrough�



CCD light curves - Lira�

Suntzeff (1994)�

Paulina Lira �



Calán/Tololo�

Maza et al 1994 � Hamuy et al 1996 �



Calan/Tololo�

Hamuy et al 1996 �
Indicates that there are �

two populations of Ia SNe�



Hubble Constant �

+ � = H0 �

Hamuy et al 1996 � Suntzeff et al 1999 �

+ HST Cepheid 
calibration �



Effects of 
correction to 

Δm15 �



Absolute 
magnitudes 
of Type Ia 

SNe�

H, K probable standard candles, 
Krisciunas etal 2003.� →�

↑ �
brighter�



High-Z Supernova Team�

•  Brian Schmidt & Nicholas Suntzeff 1994 �

•  Brian writes the software – “three 
months, maximum”�

•  I would run the observing program at CTIO�

•  We would be a small team to compete with 
the SCP�



High-Z SNe �
•  We had the luminosity calibration from C/T �

•  We had the experts – Phillips, Hamuy, Leibundgut, 
Garnavich, Spyromilio, Riess, Schmidt �

•  We had the image subtraction software from Drew 
Phillips�

•  The numbers were that we should find around 4 SNe per 
sq-deg per month�

•  We figured we could easily catch up to the SCP�

•  And we were pure anarchy�



The rules…�

•  The person who did the most work would be 
first author�

•  Every semester the whole “team” would work 
for the next institution on the list: AAO, 
ESO, Harvard, Washington, Berkeley – and 
they would publish�

•  Brian would be in charge of the software and 
overall project anarchy and I would be in 
charge of the observing and photometry�



The High-Z Team�



The Cosmology�



brighter�

fainter �0.2 mag �Peak effect 
for L is at 

about 
z~0.8.�

We are 
looking for 
about a 
0.25m 
effect.�

Distance Modulus II �



Equation-of-State Signal�

Difference in apparent SN brightness vs. z�
ΩΛ=0.70, flat cosmology�

Assume  
P = wρc2 �



Acceleration �

Riess et al 1998 � Perlmutter et al 1999 �



The Basic Question: �

Is a cosmological constant model 
consistent with the data? �

Is w=-1?�



The ESSENCE Survey�
"   Determine w to 10% or w!=-1 �

"   6-year project on CTIO/NOAO 
4m telescope in Chile; 12 sq. 
deg.�

"   Wide-field images in 2 bands �

"   Same-night detection of SNe�

"   Spectroscopy �

"   Keck, VLT, Gemini, Magellan �

"   Goal is 200 SNeIa,  0.2<z<0.8 �

"   Data and SNeIa public real-time�



Gold⇒Union⇒Constitution⇒
what the **** set �

SDSS SN plot �

Lesson in plotting �

⇓ �

Being from Texas, I suggest 
the Confederate Set is 

next�



High-z project �

I-band measurements�



Hicken et al 2009 �



SNe and GRB’s�
Wright (2007) �



45 
45 �

Union2 SN Set 
•  Complete SALT2 reanalysis, refitting 17 data sets 

•  555 SNe Ia (166+389) - new z>1 SN, HST recalib 

•  Fit ΔMi between sets and between low-high z 

•  Study of set by set deviations (residuals, color) 

•  Blind cosmology analysis! 

•  Systematic errors as full covariance matrix 

Amanullah et al., ApJ submitted 2009 

Courtesy of D.Rubin 



46 
46 �

BigBOSS:	


Ground-Based Stage IV	


Dark Energy Experiment	





47 
47�

Why not just settle for a cosmological constant Λ?  

→ For 90 years we have tried to understand why Λ 
is at least 10120 times smaller than we would expect 
– and failed. 

→ We know there was an epoch of time varying 
vacuum once – inflation.  

Courtesy of E. Linder 



Courtesy of E. Linder�



49 
49 �

We need to explore further frontiers in high energy 
physics, gravitation, and cosmology. 

New quantum physics? Does nothing weigh something? 
Einstein’s cosmological constant, Quintessence, String theory   

New gravitational physics? Is nowhere somewhere? 
Quantum gravity, extended gravity, extra dimensions?   

Courtesy of E. Linder 



50 
50 �

12 years after today, where will we be?  

CMB: Planck data, ground based polarization and 
CMB lensing 

BAO: BOSS (on sky), WiggleZ, SuMIRe, HETDEX… 

Clusters: SZ Effects - ACT, SPT 

Supernovae: smarter, not just more 

Multiprobe: DES, KDUST? (Dome A), GMT? 

NASA/DOE JDEM?  ESA Euclid?  LSST? 

Stage IV from the ground - BigBOSS 
Courtesy of E. Linder 



51 
51 �

Today we know the dark energy equation of state, 
constant w to ~10%.  

Future experiments look bright for dark physics.   We 
must test for varying w (no real theory predicts constant 
w).  

If w(a) ~ -1, is Λ the conclusion?  

No!  Many, diverse physics theories give w(a)~-1. 

Approaching Λ: Microphysics, High Energy Physics, 
Gravity.   

Courtesy of E. Linder 



52 
52 �

Barotropic fluids are defined through an explicit 
equation of state P=p(ρ). 

The dynamics is related to microphysics 
     wʹ′ = -3(1+w)(cs

2-w) 

Since this has an attractor solution at w=-1, it may 
motivate w~-1 today. 

For analysis, just need stability/causality condition  

   0 ≤ cs
2≤ 1 

Interesting results ensue… Linder & Scherrer 2009 

Courtesy of E. Linder 



53 
53 �

At high z, barotropic DE tracks the matter - no fine 
tuning problem!  

Then barotropic DE evolves rapidly (w decreases 
from -0.1 to -0.9 in a factor <4 of expansion) - no 
coincidence problem! 

So w0≈-1 is easily achievable 
(unlike for tracking quintessence). 

Barotropic DE “predicts”   
w0≈-1. 

Courtesy of E. Linder 



54 
54 �

One of the main problems in coming up with a dark 
energy theory is making it look natural.  

Why aren’t the initial conditions characteristic of the 
high energy universe?  

How is it protected against quantum corrections?  

The cosmological constant suffers both problems.  

Some quintessence solutions avoid the first through 
attractor solutions, e.g. exponential, inverse power law.  
Some quintessence avoid the second through 
symmetries, e.g. PNGB.  

DBI action solves both with relativistic kinematics. 



55 
55 �

Define 
just like Lorentz boost factor. 

Quintessence lagrangian recovered when 
i.e. 

Dirac-Born-Infeld (DBI) action arises from volume 
traced out by 3-brane in 10D spacetime. 

DBI-type action applied to many scenarios in 
different approximations, e.g. rolling tachyon 
(Chaplygin gas), k-essence, k-inflation, etc. 

Silverstein & Tong 2004   Alishahiha, 
Silverstein & Tong 2004 

Courtesy of E. Linder 



56 
56 �

Class 1 leads to cosmological constant attractor, 
despite no nonzero ground state.  

1+w ~ 1/(ln a) 

w=-1 in past, and attracted 
toward w~-1 in future.  So 
today, not so far from w=-1. 

Deviation from w=-1 related 
to “mass” µ2=(V/T)Pl. 
Directly constrain string 
theory physics.  

Courtesy of E. Linder 



57 
57 �

GR has spacetime curvature as the essential 
dynamical variable.  

The Einstein-Hilbert action is 

Consider a generalization, called f(R) theories: 

f = constant is a cosmological constant term, e.g. R-2Λ   
fR (linear term) acts to redefine GNewton      fRR is 
key new element, with fRR>0 to avoid pathologies. 

see reviews by Durrer & Maartens 0811.4132, Sotiriou & Faraoni 0805.1726 



58 
58 �

Combination cr is determined by the matter density 
today Ωm, so there is one more free parameter, c.  

R approaches a constant in the future - de Sitter.  

Courtesy of E. Linder 



59 
59 �

STScI 

95% of the universe is unknown! 

New 
Stuff Old New 

Stuff 

Us 

Us 



NOAO�

“No important science has ever 
been done at the National 

Optical Observatory.”�

Famous National Academy astronomer - 1992 �


