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The History of Cosmic Expansion
Observations
! The Universe is Expanding.
! CMB -> Hot Big Bang! (inflation)

Theory & Principles (corroborated by observations)
! General Relativity
! Homogeneous & isotropic on large scales
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How (we think) Nature Makes a Type Ia Supernova

White Dwarf

 Homogeneity: 1.4 Mʘ, 1051 ergs
 Negligible hydrogen, lots of Intermediate Mass Elements
 Mature progenitors 
 Models (delayed-detonation) good fit to observations



25% fainter than
ΩM = 0.3 ΩΛ = 0.0



Searching for the Epoch of Deceleration
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The GOODS ACS Treasury Program… 
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ABSTRACT
We present results from the Hubble Higher-z Supernova Search, the first space-based open field survey

for supernovae (SNe). In cooperation with the Great Observatories Origins Deep Survey, we have used
the Hubble Space Telescope with the Advanced Camera for Surveys to cover ∼ 300 square arcmin in the
area of the Chandra Deep Field South and the Hubble Deep Field North on five separate search epochs
(separated by ∼ 45 day intervals) to a limiting magnitude of F850LP ≈ 26. These deep observations
have allowed us to discover 42 SNe in the redshift range 0.2 < z < 1.6. As these data span a large
range in redshift, they are ideal for testing the validity of Type Ia supernova progenitor models with the
distribution of expected “delay times,” from progenitor star formation to SN Ia explosion, and the SN
rates these models predict. Through a Bayesian maximum likelihood test, we determine which delay-
time models best reproduce the redshift distribution of SNe Ia discovered in this survey. We find that
models that require a large fraction of “prompt” (less than 2 Gyr) SNe Ia poorly reproduce the observed
redshift distribution and are rejected at > 95% confidence. We find that Gaussian models best fit the
observed data for mean delay times in the range of 3 to 4 Gyr.
Subject headings: Surveys—supernovae: general

1. introduction

Type Ia supernovae (SNe Ia) have proven that they are
unequivocally suited as precise distance indicators, ideal
for probing the vast distances necessary to measure the ex-
pansion history of the Universe. The results of the High-z
Supernova Search Team (Riess et al. 1998) and the Su-
pernova Cosmology Project (Perlmutter et al. 1999) have
astonishingly shown that the Universe is not decelerating
(and therefore not matter dominated), but is apparently

accelerating, driven apart by a dominant negative pres-
sure, or “dark energy.” Complementary results from the
cosmic microwave background by WMAP (Bennett et al.
2003) and large-scale structure from 2dF (Peacock et al.
2001; Percival et al. 2001; Efstathiou et al. 2002) congru-
ously show evidence for a low matter density (ΩM = 0.3)
and a non-zero cosmological constant (ΩΛ = 0.7), but nei-
ther directly require the presence of dark energy.

However, it is possible that there are astrophysical ef-
fects which allow SNe Ia to appear systematically fainter

1
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Type Ia Supernova Discoveries at z > 1 From the Hubble Space

Telescope: Evidence for Past Deceleration and Constraints on

Dark-Energy Evolution1

Adam G. Riess2, Louis-Gregory Strolger2, John Tonry3, Stefano Casertano2, Henry
C. Ferguson2, Bahram Mobasher2, Peter Challis4, Alexei V. Filippenko5, Saurabh Jha5,
Weidong Li5, Ryan Chornock5, Robert P. Kirshner4, Bruno Leibundgut6, Mark Dickinson2,

Mario Livio2, Mauro Giavalisco2, Chuck Steidel7, Txitxo Benitez8 and Zlatan Tsvetanov8

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 attributed to dark energy. 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 extend the Hubble diagram to 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 99.6% confidence level for a transition
from deceleration to acceleration or similarly, strong evidence for a cosmic jerk.
The transition between the two epochs is constrained to be z = 0.48 ± 0.13

using a simple model of the expansion history. The data are consistent with
the cosmic concordance model of ΩM ≈ 0.3, ΩΛ ≈ 0.7 (χ2

dof = 1.06), and are

1Based 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 NAS 5-26555.

2Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218.
3Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822.
4Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cambridge, MA 02138.
5Department of Astronomy, 601 Campbell Hall, University of California, Berkeley, CA 94720-3411.
6European Southern Observatory, Karl-Schwarzschild-Strasse 2, Garching, D-85748, Germany.
7Department of Astronomy, 105-24, California Institute of Technology, Pasadena, CA 91125.
8Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218.

Year 1 399 orbits: Deep 
extragalactic studies
134 orbits: ToO 6 - 8 SNe 
at 1.2 < z < 1.8

Year 2 260 orbits w/ Supernova 
Cosmology Project!

Year 3 360 orbits for supernova 
studies.

Year 4 parallel data survey 
(incl. UDF)

Year 5 186 orbits for high-z SNe
AND H0!

18% of HST time
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A Cosmic Jerk: 
Deceleration gave way to Acceleration, 
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The New SN Ia Hubble Diagram

97ff

– 42 –

0.5 1.0 1.5 2.0

z

30

35

40

45

!

HST Discovered

Ground Discovered

0.0 0.5 1.0 1.5 2.0
z

-0.5

0.0

0.5

!
(m

-M
) 

(m
a
g
)

w=-1.2, dw/dz=-0.5

w=-0.8, dw/dz=+0.5

 Empty ("=0)

"M=0.27, "#=0.73

"
M=1.0, "

#=0.0

high-z gray dust 

pure acceleration: q(z)=-0.5

~ pure deceleration: q(z)=0.5

Evolution ~ zBinned Gold data

Fig. 13.—

m
-M

 (m
ag

)



DL = cH−1
0 (1+z)|Ωk|−1/2S

{
|Ωk|1/2

∫ z

0
dz′[(1+z)2(1+ΩMz)−z(2+z)ΩΛ]−1/2

}

 

! "#

$%&'!&'(!'%)'(*&!+(,*%&-!./01&02&%3,*!%,!&'(!(24/-!5,%6(4*(7!!8,2/-&%1!94(+%1&%3,!%*!

93**%:/(!.34!&'(!mass function!dN / ;dM dV)!3.!&'(*(!424(!(6(,&*!9(4!0,%&!13<36%,)!

63/0<(!9(4!0,%&!1/0*&(4!<2**7!!=426%&2&%3,2/!N>:3+-!<3+(/%,)!12,!943+01(!(6(,!<34(!

94(1%*(!94(+%1&%3,*!3.!&'(!<2**!.0,1&%3,7!!?,(!12,!%,!94%,1%9/(!<(2*04(!&'(!2:0,+2,1(!3.!

1/0*&(4*!3,!&'(!*@-A!dN / ;dM d!!dzB.!!C'%*!%*!*(,*%&%6(!&3!+24@!(,(4)-!%,!&$3!$2-*D!!E%4*&A!

&'(!13<36%,)!63/0<(!(/(<(,&!+(9(,+*!3,!+24@!(,(4)-A!*3!1/0*&(4!130,&*!+(9(,+!093,!&'(!

(F92,*%3,!'%*&34-7!!G(13,+A!&'(!<2**!.0,1&%3,!%&*(/.!%*!*(,*%&%6(!&3!&'(!2<9/%&0+(!3.!

+(,*%&-!./01&02&%3,*H!%,!.21&!%&!%*!(F93,(,&%2//-!*(,*%&%6(!&3!&'(!)43$&'!.0,1&%3,!g;zB!2&!

.%F(+!<2**!M.!

!

 

 

Fig. VI-5: Galaxy clusters as viewed in three different spectral regimes: top left, an 

optical view showing the concentration of yellowish member galaxies (SDSS); top right, 

Sunyaev, Zel’dovich flux decrements at 30 GHz (Carlstrom, et al. 2001); bottom, x-ray 

emission (Chandra Science Center).  These images are not at a common scale. 
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ΩΛ only describes ρvac

If a perfect fluid (and constant),

Pvac = −ρvacc
2

U = P∆V saysthen
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Equation of state parameter reveals nature of Dark Energy!
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The Next Step:
critical observations

Galaxy Cluster counts (# of large structures)
Baryon Acoustic Oscillations (BAO)
Supernovae
Weak Lensing

And somewhat later:
Integrated Sachs-Wolfe effect
GRBs as standard candles
Gravitational Wave experiments



SNLS, ESSENCE -- Constrains on w via 
supernovae <z>=0.5. SNLS already a 100’s!

SDSS -- constraints on ΩM/growth of 
structure via CL & weak lensing, SN result 
expected. 

WMAP -- BAO, SZ, & critical distance to 
z=1089

SHOES -- Simultaneous constraints on H0 and 
w’(wa) via supernovae & cepheids.

The Future...
Is NOW!



Dark Energy Survey

Pan-STARRS-4

ALPACA

Cornell-Caltech Atacama Telescope

Cluster Imaging eXperiment (CIX)

A little further down 
the road... < 5 yrs.

approx.
1000°’s

SZ cluster 
detection



HST + WFC3 & COS!



SKA- Next logical step beyond ALMA,  
approx. 2 orders of mag. more sens. than VLA!

Still further yet...
 approx. 10 yrs.

LSST: 8-m “all sky” surveyor. 
10,000°’s! Hemisphere every week!

GSMT: ultra deep optical & IR.
! - Giant Magellan Telescope
! - Thirty-Meter Telescope



Constellation-X: Next logical step from Chandra

JWST

The distant, uncertain future...

space-based projects



The distant, uncertain future...

space-based projects

Joint Dark Energy Mission 
(NASA/DOE)

JEDI SNAP



Closing in on Dark Energy: The Near Future

Rejection of Λ : 
i.e., wo ≠ -1 or w’ ≠ 0 

would be a tremendous
breakthrough!

  CFHT L,
ESSENCE,
Sloan DSS,
Carnegie
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JDEM/SNAP? ~2015-2020SDSS ESSENCE

C F H T L

HST Surveys

Kait/SN
Factory

Phase Space of Supernova Dark Energy Surveys

Current Published 
SNe

Panstars/LSST?



The End


