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A Little Bit of History
J. E. Gunn and  B. M. Tinsley, Nature, 257, 454 (1975)

“New data on the Hubble diagram, combined with constraints on the density of the Universe and the 
ages of galaxies, suggest that the most plausible cosmological models have a positive cosmological 
constant, are closed, too dense to make deuterium in the big bang, and will expand for ever. Possible 
errors in the supporting arguments are discussed.”

G. Efstathiou, W. J. Sutherland, and S. J. Maddox, Nature, 348, 705 (1990)

“...We argue here that the successes of the CDM theory can be retained and the new observations 
accommodated in a spatially flat cosmology in which as much as 80% of the critical density is provided 
by a positive cosmological constant, which is dynamically equivalent to endowing the vacuum with a non-
zero energy density. In such a universe, expansion was dominated by CDM until a recent epoch, but is 
now governed by the cosmological constant ...”

J. P. Ostriker and  P. J. Steinhardt, Nature, 377, 600 (1995)

“OBSERVATIONS are providing progressively tighter constraints on cosmological models advanced to 
explain the formation of large-scale structure in the Universe ... The observations do not yet rule out the 
possibility that we live in an ever-expanding open Universe, but a Universe having the critical energy 
density and a large cosmological constant appears to be favoured.”

“... the conclusion today is inescapable that the standard big bang models without the cosmological 
constant are effectively ruled out.”

J. S. Bagla, T. Padmanabhan, and J. V. Narlikar, Comments Astrophys., 18, 275 (1996)
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ABSTRACT
We present spectral and photometric observations of 10 Type Ia supernovae (SNe Ia) in the redshift

range 0.16 ¹ z ¹ 0.62. The luminosity distances of these objects are determined by methods that employ
relations between SN Ia luminosity and light curve shape. Combined with previous data from our
High-z Supernova Search Team and recent results by Riess et al., this expanded set of 16 high-redshift
supernovae and a set of 34 nearby supernovae are used to place constraints on the following cosmo-
logical parameters : the Hubble constant the mass density the cosmological constant (i.e., the(H0), ()

M
),

vacuum energy density, the deceleration parameter and the dynamical age of the universe)"), (q0), (t0).
The distances of the high-redshift SNe Ia are, on average, 10%È15% farther than expected in a low mass
density universe without a cosmological constant. Di†erent light curve Ðtting methods, SN Ia()

M
\ 0.2)

subsamples, and prior constraints unanimously favor eternally expanding models with positive cosmo-
logical constant (i.e., and a current acceleration of the expansion (i.e., With no prior)" [ 0) q0 \ 0).
constraint on mass density other than the spectroscopically conÐrmed SNe Ia are statistically)

M
º 0,

consistent with at the 2.8 p and 3.9 p conÐdence levels, and with at the 3.0 p and 4.0 pq0 \ 0 )" [ 0
conÐdence levels, for two di†erent Ðtting methods, respectively. Fixing a ““ minimal ÏÏ mass density, )

M
\

results in the weakest detection, at the 3.0 p conÐdence level from one of the two methods.0.2, )" [ 0
For a Ñat universe prior the spectroscopically conÐrmed SNe Ia require at 7 p()

M
] )" \ 1), )" [ 0

and 9 p formal statistical signiÐcance for the two di†erent Ðtting methods. A universe closed by ordinary
matter (i.e., is formally ruled out at the 7 p to 8 p conÐdence level for the two di†erent Ðtting)

M
\ 1)

methods. We estimate the dynamical age of the universe to be 14.2 ^ 1.7 Gyr including systematic uncer-
tainties in the current Cepheid distance scale. We estimate the likely e†ect of several sources of system-
atic error, including progenitor and metallicity evolution, extinction, sample selection bias, local
perturbations in the expansion rate, gravitational lensing, and sample contamination. Presently, none of
these e†ects appear to reconcile the data with and)" \ 0 q0 º 0.
Key words : cosmology : observations È supernovae : general

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Department of Astronomy, University of California at Berkeley,

Berkeley, CA 94720-3411.
2 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street,

Cambridge, MA 02138.
3 Departamento de Astronom•" a y Astrof •" sica, PontiÐcia Universidad

Cato" lica, Casilla 104, Santiago 22, Chile.
4 Department of Astronomy, University of Washington, Box 351580,

Seattle, WA 98195.
5 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore,

MD 21218.
6 European Southern Observatory, Karl-Schwarzschild-Strasse 2,

D-85748 Garching bei Mu# nchen, Germany.
7 Cerro Tololo Inter-American Observatory, National Optical

Astronomy Observatories, Casilla 603, La Serena, Chile. NOAO is oper-
ated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

8 Mount Stromlo and Siding Spring Observatories, Private Bag,
Weston Creek, ACT 2611, Australia.

9 Visiting Astronomer, Cerro Tololo Inter-American Observatory.
10 Department of Astronomy, University of Michigan, 834 Dennison

Building, Ann Arbor, MI 48109.
11 Institute for Astronomy, University of Hawaii, 2680 Woodlawn

Drive, Honolulu, HI 96822.

1. INTRODUCTION

This paper reports observations of 10 new high-redshift
Type Ia supernovae (SNe Ia) and the values of the cosmo-
logical parameters derived from them. Together with the
four high-redshift supernovae previously reported by our
High-z Supernova Search Team et al.(Schmidt 1998 ;

et al. and two others et al.Garnavich 1998a) (Riess 1998b),
the sample of 16 is now large enough to yield interesting
cosmological results of high statistical signiÐcance. Con-
Ðdence in these results depends not on increasing the
sample size but on improving our understanding of system-
atic uncertainties.

The time evolution of the cosmic scale factor depends on
the composition of mass-energy in the universe. While the
universe is known to contain a signiÐcant amount of ordi-
nary matter, which decelerates the expansion, its)

M
,

dynamics may also be signiÐcantly a†ected by more exotic
forms of energy. Preeminent among these is a possible
energy of the vacuum EinsteinÏs ““ cosmological con-()"),
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ABSTRACT
We report measurements of the mass density, and cosmological-constant energy density, of)

M
, )",

the universe based on the analysis of 42 type Ia supernovae discovered by the Supernova Cosmology
Project. The magnitude-redshift data for these supernovae, at redshifts between 0.18 and 0.83, are Ðtted
jointly with a set of supernovae from the Supernova Survey, at redshifts below 0.1, to yieldCala" n/Tololo
values for the cosmological parameters. All supernova peak magnitudes are standardized using a SN Ia
light-curve width-luminosity relation. The measurement yields a joint probability distribution of the
cosmological parameters that is approximated by the relation in the region0.8)

M
[ 0.6)" B [0.2 ^ 0.1

of interest For a Ñat cosmology we Ðnd (1 p statistical)()
M

[ 1.5). ()
M

] )" \ 1) )
M
flat \ 0.28~0.08`0.09 ~0.04`0.05

(identiÐed systematics). The data are strongly inconsistent with a " \ 0 Ñat cosmology, the simplest
inÑationary universe model. An open, " \ 0 cosmology also does not Ðt the data well : the data indicate
that the cosmological constant is nonzero and positive, with a conÐdence of P(" [ 0) \ 99%, including
the identiÐed systematic uncertainties. The best-Ðt age of the universe relative to the Hubble time is

Gyr for a Ñat cosmology. The size of our sample allows us to perform a variety oft0flat \ 14.9~1.1`1.4(0.63/h)
statistical tests to check for possible systematic errors and biases. We Ðnd no signiÐcant di†erences in
either the host reddening distribution or Malmquist bias between the low-redshift sampleCala" n/Tololo
and our high-redshift sample. Excluding those few supernovae that are outliers in color excess or Ðt
residual does not signiÐcantly change the results. The conclusions are also robust whether or not a
width-luminosity relation is used to standardize the supernova peak magnitudes. We discuss and con-
strain, where possible, hypothetical alternatives to a cosmological constant.
Subject headings : cosmology : observations È distance scale È supernovae : general
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ABSTRACT

We have discovered 16 Type Ia supernovae (SNe Ia) with the Hubble Space Telescope (HST ) and have used
them to provide the first conclusive evidence for cosmic deceleration that preceded the current epoch of cosmic
acceleration. These objects, discovered during the course of the GOODS ACS Treasury program, include 6 of the
7 highest redshift SNe Ia known, all at z > 1:25, and populate the Hubble diagram in unexplored territory. The
luminosity distances to these objects and to 170 previously reported SNe Ia have been determined using
empirical relations between light-curve shape and luminosity. A purely kinematic interpretation of the SN Ia
sample provides evidence at the greater than 99% confidence level for a transition from deceleration to accel-
eration or, similarly, strong evidence for a cosmic jerk. Using a simple model of the expansion history, the
transition between the two epochs is constrained to be at z ¼ 0:46 " 0:13. The data are consistent with the
cosmic concordance model of !M # 0:3; !" # 0:7 (!2

dof ¼ 1:06) and are inconsistent with a simple model of
evolution or dust as an alternative to dark energy. For a flat universe with a cosmological constant, we measure
!M ¼ 0:29"0:05

0:03 (equivalently, !" ¼ 0:71). When combined with external flat-universe constraints, including the
cosmic microwave background and large-scale structure, we find w ¼ $1:02"0:13

0:19 (and w < $0:76 at the 95%
confidence level) for an assumed static equation of state of dark energy, P ¼ w"c2. Joint constraints on both the
recent equation of state of dark energy, w0, and its time evolution, dw=dz, are a factor of %8 more precise than
the first estimates and twice as precise as those without the SNe Ia discovered with HST. Our constraints
are consistent with the static nature of and value of w expected for a cosmological constant (i.e., w0 ¼ $1:0,
dw=dz ¼ 0) and are inconsistent with very rapid evolution of dark energy. We address consequences of evolving
dark energy for the fate of the universe.

Subject headings: cosmology: observations — distance scale — galaxies: distances and redshifts —
supernovae: general

On-line material: machine-readable tables

1. INTRODUCTION

Observations of Type Ia supernovae (SNe Ia) at redshift
z < 1 provide startling and puzzling evidence that the ex-
pansion of the universe at the present time appears to be
accelerating, behavior attributed to ‘‘dark energy’’ with neg-
ative pressure (Riess et al., 1998; Perlmutter et al. 1999; for
reviews, see Riess 2000; Filippenko 2001, 2004; Leibundgut
2001). Direct evidence comes from the apparent faintness of
SNe Ia at z # 0:5: Recently expanded samples of SNe Ia have

reinforced the statistical significance of this result (Knop et al.
2003), while others have also extended the SN Ia sample to
z # 1 (Tonry et al. 2003; Barris et al. 2004). Observations of
large-scale structure (LSS), when combined with measure-
ments of the characteristic angular size of fluctuations in the
cosmic microwave background (CMB), provide independent
(although indirect) evidence for a dark energy component (e.g.,
Spergel et al. 2003). An independent, albeit more tentative,
investigation via the integrated Sachs-Wolfe (ISW) effect also
provides evidence for dark energy (Scranton et al. 2003). The
magnitude of the observed acceleration was not anticipated by
theory and continues to defy a post facto explanation. Candi-
dates for the dark energy include Einstein’s cosmological
constant " (with a phenomenally small value), evolving scalar
fields (modern cousins of the inflation field; Caldwell et al.
1998; Peebles & Ratra 2003), and a weakening of gravity in
our 3þ 1 dimensions by leaking into the higher dimensions
required in string theories (Deffayet et al. 2002). These expla-
nations bear so greatly on fundamental physics that observers
have been stimulated to make extraordinary efforts to con-
firm the initial results on dark energy, test possible sources
of error, and extend our empirical knowledge of this newly
discovered component of the universe.

Astrophysical effects could imitate the direct evidence from
SNe Ia for an accelerating universe. A pervasive screen of

1 Based on observations with the NASA/ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by AURA,
Inc., under NASA contract NAS5-26555.

2 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore,
MD 21218.

3 Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive,
Honolulu, HI 96822.

4 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street,
Cambridge, MA 02138.

5 Department of Astronomy, 601 Campbell Hall, University of California,
Berkeley, CA 94720-3411.

6 European Southern Observatory, Karl-Schwarzschild-Strasse 2, D-85748
Garching, Germany.

7 Department of Astronomy, 105-24, California Institute of Technology,
Pasadena, CA 91125.

8 Department of Physics and Astronomy, Johns Hopkins University,
Baltimore, MD 21218.
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empirical relations between light-curve shape and luminosity. A purely kinematic interpretation of the SN Ia
sample provides evidence at the greater than 99% confidence level for a transition from deceleration to accel-
eration or, similarly, strong evidence for a cosmic jerk. Using a simple model of the expansion history, the
transition between the two epochs is constrained to be at z ¼ 0:46 " 0:13. The data are consistent with the
cosmic concordance model of !M # 0:3; !" # 0:7 (!2

dof ¼ 1:06) and are inconsistent with a simple model of
evolution or dust as an alternative to dark energy. For a flat universe with a cosmological constant, we measure
!M ¼ 0:29"0:05

0:03 (equivalently, !" ¼ 0:71). When combined with external flat-universe constraints, including the
cosmic microwave background and large-scale structure, we find w ¼ $1:02"0:13

0:19 (and w < $0:76 at the 95%
confidence level) for an assumed static equation of state of dark energy, P ¼ w"c2. Joint constraints on both the
recent equation of state of dark energy, w0, and its time evolution, dw=dz, are a factor of %8 more precise than
the first estimates and twice as precise as those without the SNe Ia discovered with HST. Our constraints
are consistent with the static nature of and value of w expected for a cosmological constant (i.e., w0 ¼ $1:0,
dw=dz ¼ 0) and are inconsistent with very rapid evolution of dark energy. We address consequences of evolving
dark energy for the fate of the universe.

Subject headings: cosmology: observations — distance scale — galaxies: distances and redshifts —
supernovae: general

On-line material: machine-readable tables

1. INTRODUCTION

Observations of Type Ia supernovae (SNe Ia) at redshift
z < 1 provide startling and puzzling evidence that the ex-
pansion of the universe at the present time appears to be
accelerating, behavior attributed to ‘‘dark energy’’ with neg-
ative pressure (Riess et al., 1998; Perlmutter et al. 1999; for
reviews, see Riess 2000; Filippenko 2001, 2004; Leibundgut
2001). Direct evidence comes from the apparent faintness of
SNe Ia at z # 0:5: Recently expanded samples of SNe Ia have

reinforced the statistical significance of this result (Knop et al.
2003), while others have also extended the SN Ia sample to
z # 1 (Tonry et al. 2003; Barris et al. 2004). Observations of
large-scale structure (LSS), when combined with measure-
ments of the characteristic angular size of fluctuations in the
cosmic microwave background (CMB), provide independent
(although indirect) evidence for a dark energy component (e.g.,
Spergel et al. 2003). An independent, albeit more tentative,
investigation via the integrated Sachs-Wolfe (ISW) effect also
provides evidence for dark energy (Scranton et al. 2003). The
magnitude of the observed acceleration was not anticipated by
theory and continues to defy a post facto explanation. Candi-
dates for the dark energy include Einstein’s cosmological
constant " (with a phenomenally small value), evolving scalar
fields (modern cousins of the inflation field; Caldwell et al.
1998; Peebles & Ratra 2003), and a weakening of gravity in
our 3þ 1 dimensions by leaking into the higher dimensions
required in string theories (Deffayet et al. 2002). These expla-
nations bear so greatly on fundamental physics that observers
have been stimulated to make extraordinary efforts to con-
firm the initial results on dark energy, test possible sources
of error, and extend our empirical knowledge of this newly
discovered component of the universe.

Astrophysical effects could imitate the direct evidence from
SNe Ia for an accelerating universe. A pervasive screen of
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Where Do We Stand? 
After...

Space Telescope Science Institute, Baltimore, MD
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What is Dark Energy?



“Dark Energy is made 
from an exclusive blend of 

vital L-amino acids, 
beneficial vitamins and 
bionutrients that allows 
faster and greater ion 
penetration of the cell 

walls, visibly enhancing the 
rate of growth”

GrowLightSource.com

What is Dark Energy?



Cosmic Acceleration

Modified Gravity Dark Energy

H2 − H

rc
=

8πG

3
(ρ + ρV )

Vacuum Energy 
(Cosmological Constant)

Modification of Friedmann 
equation (5D Gravity)

Scalar Fields
Evolving Equation of State

Phenomenological 
modification to the GR 

Lagrangian

New Physics/Surprises?



Dark Energy Equation Of State

p = wρT ν
µ = diag(ρ,−p,−p,−p)

w = 1/3 w = 0 w < −1/3

For Cosmological Constant... w = −1



“Seeing” The Dark Energy



“Seeing” The Dark Energy

H(z) = H0

[
Ωm(1 + z)3 + Ωk(1 + z)2 + (1− Ωk − Ωm)F (z)

]1/2

...via its effect on the expansion of the Universe
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“Seeing” The Dark Energy

H(z) = H0

[
Ωm(1 + z)3 + Ωk(1 + z)2 + (1− Ωk − Ωm)F (z)

]1/2

...via its effect on the expansion of the Universe

Approaches...

(2) Standard Rulers:  Angular Diameter Distance via BAO 

Eisenstein et al. (2005), Eisenstein, Seo, and White (2006)
Sunday: Nikhil’s Talk

Gaztanaga, Miquel, and Sanchez (TODAY); arXiv:0808.1921



“Seeing” The Dark Energy

H(z) = H0

[
Ωm(1 + z)3 + Ωk(1 + z)2 + (1− Ωk − Ωm)F (z)

]1/2

...via its effect on the expansion of the Universe

Approaches...

(3) Standard Rulers:  Distance to Last Scattering Surface 

Wang and Mukherjee (2007)
Komatsu et al. (2008)

RCMB =
√

ΩmH2
0

c
r (zCMB)



“Seeing” The Dark Energy

H(z) = H0

[
Ωm(1 + z)3 + Ωk(1 + z)2 + (1− Ωk − Ωm)F (z)

]1/2

...via its effect on the expansion of the Universe

Approaches...

(4) Weak Lensing Tomoraphy 

Wittman et al. (2001, 2002)
Hu and Keeton (2002

Ludovic’s Talk this Morning

Galaxy Shear

Photo-z



DE EOS Revisited: Different Approaches...

(A) Parameterize w(z)

Chevallier & Polarski (2001)
(Linder 2003)

[Adopted by the DETF]

w(a) = w0 + (1− a)wa



DE EOS Revisited: Different Approaches...

(A) Parameterize w(z)

Chevallier & Polarski (2001)
(Linder 2003)

[Adopted by the DETF]

w(a) = w0 + (1− a)wa

(B) Non-Parametric w(z)

For a review: Please see Sahni and Starobinsky (2006) [arXiv:astro-ph/0610026]

Unbiased Estimate of DE Density (Wang & Lovelace 2001)
Principal Component Approach (Huterer & Starkman 2003)
Uncorrelated Estimates (Huterer & Cooray 2005)
Regularized Free Form Estimator (Saini 2003)
Differential Method (Daly & Djorgovski 2003)
Smoothing SNa data with Gaussian Kernel (Shafieloo et al. 2006)



D.S., S. Sullivan, S. Joudaki, A. Amblard, D. Holz, A. Cooray; PRL, 100, 241302 (2008)

Binned Estimates: Future w1 0-.07

w2 .07-.15

w3 0.15-.3

w4 0.3-0.6

w5 0.6-1.2

w6 1.2-2.0
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Binned Estimates: Future w1 0-.07

w2 .07-.15

w3 0.15-.3

w4 0.3-0.6

w5 0.6-1.2

w6 1.2-2.0



So Far So Good...
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Systematic Matters!

ΩΛ = 0.713+0.027
−0.029(stat)+0.036

−0.039(sys)

w = −0.969+0.059
−0.063(stat)+0.063

−0.066(sys)
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Influence of Gravitational Lensing?

Fobs,lensed(z, n̂) = µ(z, n̂)Fobs,true(z)

D.S., A. Amblard, D. Holz, A. Cooray; ApJ, 678, 1 (2008)

Weak lensing can modify the SNa flux & bias estimates of w

If a large # of SNe per redshift bin is available: Bias < 1%



SNe Ia: Systematic Uncertainties
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Evolution based on Two SN Populations 

Scannapieco & Bildsten 
(2005)



Evolution based on Two SN Populations 

Howell et al. (2007)0
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Is there a Signature in the Hubble Diagram?
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Is there a Signature in the Hubble Diagram?

m−M = 5 log
(

dL

Mpc

)
+ 25 +M+ δD ∗ fD(z)

D.S., A. Amblard, A. Cooray, and D. Holz; ApJL, 684, L13 (2008)  

With current data (192 SNe from 
Davis et al. 2007), the residual is 

consistent with zero:            

δD ∼ (5± 9)%

With future data, one will be able to 
constrain the residual much better.



Effect on the EOS Estimates: Bias in “w”

D.S., A. Amblard, A. Cooray, and D. Holz; ApJL, 684, L13 (2008)  

Correlation~1-sigma bias in “w”

200 indep. mocks analyzed
δD = 0.025



Uncertainty in Star Formation: Bias in “w”

D.S., A. Amblard, A. Cooray, and D. Holz; ApJL, 684, L13 (2008)  

Bias in “w”Delayed Fraction
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