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Part I : Baryon Asymmetry

® Big Bang Nucleosynthesis (BBN)
® A Brief History of BBN
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Part II : Supernova Cosmology

® Dark Energy
® A Brief History of Dark Energy

® Phllhps Relatlon & Type Ia Supemova
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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 1n the (Dirac’s) theory since I
would like to have the asymmetry between
In nature”
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A Brief History of Deuterium




The First 3 minutes

® 1948 Alpher, Bethe, Gamow

(Physical Review, volume 73, 7, April 1%
“we must imagine the early stage of matter as a highly
compressed neutron gas”
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The First 3 Minutes:
Big Bang Nucleosynthesis

Baryon to Pholton Ralio  x 10710
2 3 4 5 B ¥ &
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Why D/H? :Hayashi Track

 Destruction of D

 Evolution of Pre-Main
Sequence Star

« Hayashi Track




Quasar Absorption Lines: Lya Forest

Q1937-1009
z=3.805

Lya Forest

Q1229-0207
z=1.041

coincidence
Spectrum of Quasar 1 I 1

Lya Forest

T— anticoincidence 4 U

Wavelength
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z=0.571

Lya Forest

1100 1200 1300 1400 1500 1600

Rest Wavelength (R)



10m Keck Telescope (Hawaii)
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CCD 1mage to Spectrum:
Flux Calibration




Flux Calibration
from the same Quasar Spectrum

i (a) Kast Spectrum
“ -
0

(b) CCD Counts

Pl
(ADU/8000s/pixel) (107*® org/s/cm?/R)
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Conversion Ratio

Flux P, Flux P
(107" erg/n/em®/8) (107" erg/a/em®/8) (10" / F)




.

Take Advantage of Other
pectrographs

Lick KAST
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Quasar Absorption Line System

Quantum Mechanics




Themodynamics

150

100

b
n
N
£
&
a
0
<
=
s
=
Q
g
—
=
n
=
&~
4
5

50

1/Mass (Atomic Mass Units)

0:9

1




D/H : Q_Baryon Density
Measurements

Baryon to Photon Ratio 7 x 10~1°
4 5 6 7 8

TQo130-4021

Nucleosynthesis‘
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WMAP
(Cosmic Microwave Background)
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Bi1g Bang Nucleosynthesis vs. CMB

Baryon to Photon Ratio 7 x 10°1%
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Key Issues for precision Baryon
Asymmetry Measurement

1. Standard Star Accuracy (1-2%)

1 . 2 5 O/
—
2. UV Ozone lines ( 0)
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1. Standard Star Spectrum

Flux Calibrated HIRES
HST STIS ——
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2. Ozone Lines in UV
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Variations of Ozone

Year 2004 (Month)
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Normalized

Fell+Felll
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Quasar Continuum Prediction

SDSS J094056.01+584830.2
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Baryon Asymmetry, Why?

« P.J.E. Peebles: “I’m expecting someday,
someone like you will tell me why”

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




Beatrice Tinsley

*D/H=(D/H)p x exp(z/y R/1-R)

 Chemical Evolution

>

Q01304021

Q1009+2956

IPI*M%?—NGQ

Q124313047 T
“ " HS0105+1619 --

e, -

$ Q2206199 ﬂ‘-\\\
Pettini and Bowen LISM ¢ D

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. '0/H] or [Si/H]
"81 3/23




Tinsley predicted A universe 1n 1975
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Accelerating Universe revisited

THeRE is growing evidence that the Hubble constant is of the
orderof 100kms~—*Mpc %, rather thanonly halfasgreat®. The pur-
pose of this paper is to discuss the Friedman models that are con-
sistent with such a large expansion rate, as well as with current
estimates of stellar ages and the density of the Universe. If one
accepts estimates of at least 100 km s-* Mpc~ for the Hubble
constant, and that globular clusters have ages of the order of
16,000 Myr, then the only possible Friedman models of the
Universe are those with a positive cosmological constant and
go < —1. Various independent tests of this conclusion are
suggested.

The oldest globular clusters are currently assigned ages
216,000 Myr (refs 3, 4), so the dimensionless age Hoto is
apparently at least 1.6. Although the cluster ages, and the
estimate of H~ 100, could conceivably be subject to errors of a
factor of two, it is interesting to consider the implications of
taking such a large d|mcnsionl:ss e a1 fce value. To be
specific, models with Hoto = 1.8 will be discussed.

S valus of Hute> 1 uplics s prescat expansion rate that
exceeds its past average value, so the Universe must be ac-
celerating—that is, go < 0—and it follows that the cosmological
constant (A) is positive. Lemaitre’s argument for A was of this
form, and others have proposed a positive cosmological cor
stant in various contexts®. Figure 1 of Gunn and Tinsley's*
paper shows that models with Hto = 1.8 lie slightly to the
right of the critical (A = A,) line and have go < — 1. Such models
are of the Lemaitre type, expanding from a singularity with
deceleration up to an inflexion point (at redshift z), then
acceleration forever. (They are not extreme Lemaltre model,
with A/A.—1<1 and ith long quasi-sttic periods near =,
as these have Hofo>1) The models with Hofo = 1.8 have

positive curvature if the dimensionless density parameter Q
exceeds 0.02, and they have an antipole (a redshift z, at which|
the radial coordinate r = ) if Q> 0.08. It is well known that]
the slow-down at z, and focusing effects near z can lead to|
peculiar observational properties (see for, for example, refs 5-11),
as will be shown below.

Table 1 lists some properties of models with Hoty = 1.
and with Q, in the range suggested by dynamical tests'*~,
(Deuterium will be considered later.) Also listed are twol

h A =0, used below for comparison, although|

Table 1 gives the label (a letter and Q,) used below to refer|
to each model.

The Lemaitre models have been chosen to agree with local
cosmological data, so they are subject to global tests ba
on various types of lookback observations, discussed below|

According to various models for radio sources whose com-
ponents are apparently separating faster than the speed off
light's, one can derive single-step ‘distances’ to such sources,
which lead to cosmological tests akin to the well-know
relation between angular diameter and redshift. At small red:
shifts, the distances lead to values of Hy, and at greater red:
shifts, g can be determined. The various source models give
different results, and here for illustration the light-echo model
of Lynden-Bell® will be discussed.

Lynden-Bell? has already shown that nearby superluminal
sources imply Ho, = 110+10 km s~ Mpc~, if his model ig
correct. The procedure for finding g, (and an additional para
meter, Q, or A, at large enough redshifts) is as follows. Wit
of their expansion velocity, v,, which is just c times a projectios
factor determined from the data. The rate of angular expansion,
% is also observed, and it is related to the velocity by x

© Macmillan Journals Lid 1975

1verse 1n 1978



Part II : Supernova Cosmology

® Dark Energy
® A Brief History of Dark Energy

® Phllhps Relatlon & Type Ia Supemova
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. .
Einstein’s A
Kosmologische Betrachtungen zur allgemeinen
Relativitstheorie (1917)

® Poisson’s Equation

V¢ = dmkp

® Rewriting a Poisson’s Equation with A
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A Brief History of Dark Energy
Hints of Dark Energy

Zeldovich 1967

Vacuum Energy could be responsible for cosmological
constant

Tinseley (1975-1978)
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Supernova Type la
Phillips Relation

Low Redshift Type la
Template Lightcurves

V Band

Calan/Tololo SNe la
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Chandrasekhar Limit
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Supernova Cosmology Project:
SNIa+HST+Large Telescopes (CCDs)

Saul Perlmutter
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Discovery of Dark Energy (SCP 1997)

PRELIMINARY ! flat universe omega_m:O.,,Z,A,.G,.a,i.Ol bot 1% g
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Acceralating Universe

Expansion History of the Universe

Permutter, Physics Today (2003)
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Supernova Cosmology Project 2008




SNIa Cosmology Today (2008)

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)

Hamuy et al. (1996)

Riess et al. (1996)

SCP: Perlmutter et al. (1999)

Barris et al. (2003)
SCP: Knop et al. (2003)

Astier et al. (2006)
Miknaitis et al 7)

Redshift
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A Today

Combination of SNe with:

Qn=0.274 £ 0.016(stat) £ 0.012(sys)
Q= 0.285 = 0.020(stat) £ 0.010(sys)
Qr=—0.001£ 0.010(stat) = 0.005(sys)

40



w=P/p : equation of state
( stat err < sys err)

upernova Cosmology Project
)

w = —0.969 £ 0.061(stat) £ 0.065(sys)

.. and allowing for curvature:
w = -1.001 £ 0.071(stat) £ 0.081(sys)
with systematics

ew=-1 : cosmological constant
ew=0 : matter
ew=1/3: radiation
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Key Issues for precision SN cosmology

1. Vega Spectrum & its magnitude (1-2%)
2. Filter Response (2-5%)
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1 : Vega Spectrum

Vega (Alpha-Lya) Spectrum

."\;.\ HST/NICMOS Vega Before 2007 : alpha_lyr_005 fits
Ny . .

» SALT2 Default : alpha_lyr_stis_002 fits

Latest (Apr 08) : alpha_lyr_stis_003 fits

—
<
~
Y]
E
-
[%2]
-
(=2}
-
[0}
@
o
~—
x
S
<
L
x
=
L

8500 9000 9500
Wavelength (A

Hayes 1985 : 3.44 + 0.05 x 10° @ 5556A




Problem 2a : Landolt Response

Reverse Engineering
Maiz-Appelleraiz (2006) vs. SALT

Reverse Engineering Landolt System Filter Response : STScl vs. SALT
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Problem 2b: HST/ACS Response

Bruzual—Persson Gunn—Stryker Stars

o Bruzual—Persson Gunn—Stryker Stars
Pickles Stars
— GAIA Stellar Model Z= 0.0, log(g)=5
GAIA Stellar Model Z= 0.0, log(g)=0
GAIA Stellar Model Z=-3.0, log(g)=5
GAIA Stellar Model Z=-3.0, log(g)=0
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Problem 2b: HST/ACS Response

Bruzual—Persson Gunn—Stryker Stars

" o.Bruzual—Persson Gunn—Stryker Stars
Pickles Stars
. GAIA Stellar Model Z= 0.0, log(g)=5
“GAIA Stellar Model Z= 0.0, log(g)=0
GAIA‘Stellar Model Z=-3.0, log(g)=>5
GAI_}\ Stellar Model Z=-3.0, log(g)=0

COSMOS Stars
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Problem 2¢ : HST/ACS Response

Reverse Engineering Filter Response : STScl vs. STScl (Bohlin 07)

o)
2]
c
&
0}

o

g
o}

he|

™
E
S
)
pzd

7500

) STScl ACS F814W(l)
=W ACS F814W(l) : Bohlin 07
STScl ACS F850LP(Z) =
S F850LP(Z) : Bohlin 07« weveee

8000 8500 9000 9500 10000 10500 11000
Wavelength (A




3. Dust Free SNla
HST/ACS Cluster Suervey

219 HST orbits BTG | A Cor7ow et o
SNe at z < 0.8 not shown |
(a
25 clusters 3
0
09<z<14 é
ACS1,zband K
=
NICMOS J

Observer Days
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HST/ACS Detector Limit

>upsernova

Xposure

Point Source
Sky

Read Out Noise
Dark Current

® Theory

22 23

Observed Magnilude
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Before Calibration

. 98 Calaxies S0z 21 /14 . 98 Calaxies
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After Calibration:
Detection Limit 1s achieved

Measured STD
Assigned Error

Exposure Time Calculator
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4. SNIa Diversity

4000 4500 5000 5500 6000 6500 7000

Wavelength
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PCA application to SNIa Spectra
Studies of SNIa Diversity

® SNiIa diversity studies (Dust or Intrinsic)

T. Matheson et al (2008) + Literature Spectra

20 SNIa spectra + 60 SNIa more (ongoing)
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Eigenspectra

® |st Eigenspectrum

=> color but slope 1s
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PCA: Components vs Residual
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Cardell’’s Law on PCA diagram
cl vs.c2
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Cardelli’s Law on PCA Diagram
cl vs.c3 & c2 vs. c3
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Casel :
Cardelli’s Law 1s working

Class II Hsiao Template at Day Max plotted against SN1997dt

Hsiao with Ry, 3.1 and A, 1.820 ———
Supernova
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OF:
Cardelli’s Law is NOT Working
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Cosmology: Raw Data

ubble Diagram

Hubble Law Hy = 71.9
Supernovae
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Cosmology: Stretch Corrected

Hubble Law Hy = 71.9
Supernovae with Stretch Correction
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Cosmology: Color Corrected

Hubble Law Hy = 71.9
Supernovae with Color Correction
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Cosmology: Stretch and Color Corrected

Hubble Law Hy = 71.9
Supernovae with Stretch and Color Correction
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Cosmology: PCA Weight 1 Corrected

Hubble Law Hy = 71.9
Supernovae with First Normalized Weight Correction
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Cosmology: Color, Stretch, and
PCA Weightl Corrected

ubble Diagram

Hubble Law Hy = 71.9
Supernovae with Stretch, Color, and First Normalized Weight Correction
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SNIa Time Evolution by PCA
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ACDM works for 13.7 Gyrs

Density / Critical Density
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— 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 1s called research. (A. Einstein)
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PCA application to Galaxy Spectra

|. Galaxy Spectral Classification

SDSS 12,000 Spectra

Nao Suzuki
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PCA: Components vs

SDSS Galaxy : Residual Fraction of Components

g
o
=
Q
=
—
e
—
[xe'
i
o
. v—
74]
[P
A




Spectral Diversity : c|
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Spectral Diversity :
cl vs c3 & c2 vs c3




PCA application to Galaxy




PCA application to Galaxy
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Future Plans | : SNAP




Precision Cosmology
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Problem 4: UV Spectrum

G191B2B STIS
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Observed UV Feature

Blue: Grism(830/3460) Red: Grating(1200/5000)

<a> BD28 STIS -
(b) BD8 CCD Counts ~
I R I o It L L L I

Suzuki et al. 2003
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Ozone Transmission
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Atlas of Representative Stellar
Spectra
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Annual Change of Ozone

Year 2004 (Month)
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Keck/HIRES vs. HST/STIS

BD28 4211

Flux Calibrated HIRES
HST STIS ——
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Hell Line

BD28 4211: HIRES Echelle Order #76 and Hell(4685A) Line

Flux Calibrated HIRES
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