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A Brief History of BBN

Wolfgang Pauli wrote a letter to Hiesenberg 
right after the discovery of postitron (1933)
“I do not believe in the (Dirac’s) theory since I 
would like to have the asymmetry between 
particle and negative electricity in nature”
Baryon Asymmetry = 
= (particle-antiparticle) / (particle+antiparticle)
= baryon / photon



Chushiro Hayashi (1920-)

Beatrice Tinsley (1941-1981)

A Brief History of Deuterium



The First 3 minutes

• 1948 Alpher, Bethe, Gamow 

   (Physical Review, volume 73, 7, April 1st)
    “we must imagine the early stage of matter as a highly  

compressed neutron gas”

1950 Hayashi : n-p Equilibrium

“Once Hayashi recognized the role of n-p
      equilibration, the frame work of big bang
      nucleosynthesis calculation has not 
      varied significantly. “



The First 3 Minutes:
Big Bang Nucleosynthesis



Why D/H? :Hayashi Track

• Destruction of  D
• Evolution of Pre-Main

Sequence Star
• Hayashi Track



Quasar Absorption Lines: Lyα Forest



10m Keck Telescope (Hawaii)



3m Lick  (San Jose)



CCD image to Spectrum:
 Flux Calibration



Flux Calibration 
from the same Quasar Spectrum



Take Advantage of Other 
Spectrographs



Quantum Mechanics
Quasar Absorption Line System
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  D/H : Ωb Baryon Density 
Measurements



WMAP 
(Cosmic Microwave Background)



Big Bang Nucleosynthesis vs. CMB



Key Issues for precision Baryon 
Asymmetry Measurement

1. Standard Star Accuracy (1-2%)

2. UV Ozone lines (2-5%)

3. Intrinsic Quasar Spectrum diversity 

(PCA diversity study)
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1. Standard Star Spectrum



2. Ozone Lines in UV



Variations of Ozone



3. Quasar Spectral Diversity



Quasar Continuum Prediction



Baryon Asymmetry, Why?
• P.J.E. Peebles:  “I’m expecting someday, 

someone like you will tell me why”

•  Paul Steinhardt:  “It is still far, but maybe we can 
explain that”

•  Sir Martin Rees: “We don’t have a good theory, 
today”

•  Stephen Hawking:
“We may need to realize that the universe is not 

unique”
 



Beatrice Tinsley

• Chemical Evolution
•D/H=(D/H)p x exp(z/y R/1-R)

Univ of Canterbury ’63 MS
Univ of Texas in Austin ’67 phD
’68-’74 adopted son & daughter
Hale Observatory, Lick Observatory,
Caltech, Univ of Maryland, Univ of Texas
’75 Associate Prof. at Yale, ’78 Full Prof.
’81 3/23



Tinsley predicted Λ universe in 1975



Tinsley insisted Λ universe in 1978
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Einstein’s Λ 
Kosmologische Betrachtungen zur allgemeinen 

Relativätstheorie (1917)

• Poisson’s Equation

• Rewriting a Poisson’s Equation with λ

• where λ denotes the universal constant.  If ρ be 
the uniform density of distribution of mass, 
then     

∇
2φ − λφ = 4πκρ

∇
2φ = 4πκρ

φ = −

4πκ

λ
ρ0



A Brief History of Dark Energy
Hints of Dark Energy

• Zeldovich 1967

Vacuum Energy could be responsible for cosmological 
constant

• Tinseley (1975-1978) 

• Alcock Paczynski Test (1979)

• Galaxy Number Counts (1985-95)

• Globular Cluster Age, Galaxy Chemical Evolution

• Concordance Model (‘90s)
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Supernova Type Ia
Phillips Relation
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Chandrasekhar Limit
1.4 Solar Mass

• 1.4 Solar Mass Limit

1910-1995



35

Supernova Cosmology Project:
SNIa+HST+Large Telescopes (CCDs)

 Saul Perlmutter



Discovery of Dark Energy (SCP 1997)

Gerson Goldhaber 
reported non-zero Λ 
in Sep ’97



37

Acceralating Universe
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Supernova Cosmology Project 2008



SNIa Cosmology Today (2008)
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Λ Today

40

Combination of SNe with:
BAO (Eisenstein et. al., 2005)
CMB (WMAP-5 year data, 2008)
For a flat Universe:
… and with curvature:

Ωm = 0.274 ± 0.016(stat) ± 0.012(sys)
Ωm = 0.285 ± 0.020(stat) ± 0.010(sys)
Ωk = −0.001± 0.010(stat) ± 0.005(sys)



w=P/ρ : equation of state 
( stat err < sys err)
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w = −0.969 ± 0.061(stat) ± 0.065(sys)
SNe + BAO + CMB
... and allowing for curvature:
w = −1.001 ± 0.071(stat) ± 0.081(sys)
with systematics

•w=-1  : cosmological constant
•w=0   : matter
•w=1/3: radiation

E ∝ a
−3(1+w)



Key Issues for precision SN cosmology

1. Vega Spectrum & its magnitude (1-2%)

2. Filter Response (2-5%)

3. Dust Extinction (HST/ACS cluster survey)

4. Intrinsic SNIa diversity 

(PCA diversity study)
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• Hayes 1985 :  3.44 ± 0.05 × 10-9 @ 5556Å 

 1 : Vega Spectrum



U
U B

Problem 2a : Landolt Response
Reverse Engineering

Maiz-Appelleraiz (2006) vs. SALT



Problem 2b: HST/ACS Response



Problem 2b: HST/ACS Response



ACS F850W (z)
Δλ= -94Å 

Problem 2c : HST/ACS Response



3. Dust Free SNIa 
 HST/ACS Cluster Suervey

• 219 HST orbits

• 25 clusters 

• 0.9 < z < 1.4 

• ACS i, z band

• NICMOS J
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SNLS, Oxford  June 2008 : Nao Suzuki

HST Cluster Project
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HST/ACS Detector Limit

• Theory
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Before Calibration
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 After Calibration:
Detection Limit is achieved 



4. SNIa Diversity
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PCA application to SNIa Spectra
Studies of SNIa Diversity

• SNIa diversity studies (Dust or Intrinsic)

       T. Matheson et al (2008) + Literature Spectra

       20 SNIa spectra + 60 SNIa more (ongoing)

• 2. SNIa time series





Eigenspectra

• 1st Eigenspectrum

    => color but slope is 
different from extinction 
law

• ~ 90% of residual 
goes to first 3 
components

• 1st+2nd distinguishes 
dust or intrinsic color



PCA: Components vs Residual

76%

8.6%
6.7%
2.5%
2%









Cardelli’s Law on PCA diagram
c1 vs. c2



Cardelli’s Law on PCA Diagram 
c1 vs. c3 & c2 vs. c3



Case1 : 
Cardelli’s Law is working



 Case2 : 
Cardelli’s Law is NOT working



Cosmology: Raw Data



Cosmology: Stretch Corrected



Cosmology: Color Corrected



Cosmology: Stretch and Color Corrected



Cosmology: PCA Weight 1 Corrected



Cosmology: Color, Stretch, and 
PCA Weight1 Corrected
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ΛCDM works for 13.7 Gyrs



Summary

• For JDEM era, we need to reduce systematic 
errors: 1.Vega Spectrum, 2. Filter Response, 
3. SNIa diversity and expect for unexpected.

• We don’t know what we are doing, that’s why 
it is called research. (A. Einstein)
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PCA application to Galaxy Spectra

• 1. Galaxy Spectral Classification

•      SDSS 12,000 Spectra

        Nao Suzuki

• 3. Physical interpretation



Eigenspectr

• 1st Eigenspectrum

    => color with emission 
lines

• ~ 90% of residual 
goes to first 3 
components

• Coefficient 
distribution is not 
gaussian



PCA: Components vs 
Residual

76%

8.6%
6.7%
2.5%
2%

75.6%

10.4%

5.1%3.3%
1.7%



Spectral Diversity : c1 vs. 
c2



Spectral Diversity : 
c1 vs c3 & c2 vs c3



PCA application to Galaxy



PCA application to Galaxy
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Future Plans I : SNAP

SuperNova Acceleration Probe

• Dark Energy Probe

• Supernovae

• Weak Lensing
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Precision Cosmology



Problem 4: UV Spectrum



Suzuki et al. 2003

Observed UV Feature



Sir William Huggins                      
(1824-1910)

Ozone Transmission



Atlas of Representative Stellar 
Spectra
(1899)



Annual Change of Ozone



Keck/HIRES vs. HST/STIS



HeII Line


