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The Universe

The Universe Is Its Components

Composition determines structure

Composition determines dynamics



Composition of Universe
 Personal Observation

 Eyes: Radiation

 Other Senses: Ordinary matter

 Astronomical Direct Observation (Radiation)

 Radio: Cosmic Background Radiation

 Optical: Stars, Galaxies



Indirect Evidence for More
 Large-Scale Structures

 Based on observations of galaxies

 Measure matter density

 Matter clusters

 M=0.3

 But theorists “knew” that Total=1

 Is the rest curvature, or something else?



Measuring Everywhere

 All components affect expansion of Universe

 Measure expansion over redshift

 Need redshift and distance indicator

 Redshifts from spectroscopy

 Distance from, e.g., source of known 

 brightness, size, or density (volume)



Distance will tell

DL = a(t0)r(1 + z)

Luminosity Distance

Luminosity Distance in terms of Omega, w

(flat, constant w)

DL(z) =
c(1 + z)
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Type Ia Supernovae

 SNe Ia found to be similar standard brightness

 Suggested by Kowal (1969)

 SNeIa have width-luminosity relationship

 Phillips (1993) - standardized SNe Ia
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Type Ia Supernovae

 SNe Ia found to be similar standard brightness

 Suggested by Kowal (1969)

 SNeIa have width-luminosity relationship

 Phillips (1993) - standardized SNe Ia

 Now we can measure distances
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(High-z Supernova Team)

Frame Subtraction



(High-z Supernova Team)

Frame Subtraction
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FIG. 12.ÈComparison of the spectral and photometric observations of SN 1996E to those of Type Ia and Type Ic supernovae. The low signal-to-noise
ratio of the spectrum of SN 1996E and the absence of data blueward of 4500 makes it difficult to distinguish between a Type Ia and Ic classi!cation. TheÓ
light and color curves of SN 1996E are also consistent with either supernova type. The spectrum was taken 6 days (rest frame) after the !rst photometric
observation.

tamination of our high-redshift sample. We also excluded
SN 1997ck, which, for lack of a de!nitive spectral classi-
!cation, is an additional threat to contamination of our
sample. With the remaining ““ high-con!dence ÏÏ sample of
14 SNe Ia we !nd the statistical likelihood of a positive
cosmological constant to be 99.8% (3.1 p) from the MLCS
method, a modest increase from 99.7% (3.0 p) con!dence
when SN 1996E is included. For the template-!tting
approach, the statistical con!dence in a positive cosmo-
logical constant remains high at more than 99.9% (4.0 p),
the same result as with SN 1996E. We conclude that for this
sample our results are robust against sample contami-
nation, but the possible contamination of future samples
remains a concern. Even given existing detector technology,
more secure supernova classi!cations can be achieved with
greater signal-to-noise ratios for observed spectra, with
optimally timed search epochs that increase the likelihood
of premaximum discovery, and with an improved empirical
understanding of the di†erences among the spectra of
supernova types.

5.8. Comparisons
The results reported here are consistent with other

reported observations of high-redshift SNe Ia from the

High-z Supernova Search Team et al.(Garnavich 1998a ;
et al. and the improved statistics of thisSchmidt 1998),

larger sample reveal the potential inÑuence of a positive
cosmological constant.

These results are inconsistent at the D2 p con!dence
level with those of et al. who foundPerlmutter (1997),

for a Ñat universe and)
M

\ 0.94 ^ 0.3 ()" \ 0.06) )
M

\
0.88 ^ 0.64 for They are marginally consistent with)" 4 0.
those of et al. who, with the addition ofPerlmutter (1998),
one very high redshift SN Ia (z \ 0.83), found )

M
\ 0.6

^ 0.2 for a Ñat universe and for()" \ 0.4) )
M

\ 0.2 ^ 0.4
)" 4 0.

Although the experiment reported here is very similar to
that performed by Perlmutter et al. there are(1997, 1998),
some di†erences worth noting. et al.Schmidt (1998),

et al. and this paper explicitly correct forGarnavich (1998a),
the e†ects of extinction evidenced by reddening of the SNe
Ia colors. Not correcting for extinction in the nearby and
distant sample could a†ect the cosmological results in either
direction since we do not know the sign of the di†erence of
the mean extinction. In practice we have found few of the
high-redshift SNe Ia to su†er measurable reddening. A
number of objects in the nearby sample display moderate
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FIG. 2.ÈLocal standard stars in the !elds of SNe Ia. The stars are listed in and the locations of the stars and SNe are indicated in the !gure. TheTable 2,
orientation of each !eld is east to the right and north at the top. The width and length of each !eld is 96E \ 4@.9, 96H \ 4@.9, 96I \ 4@.9, 96J \ 4@.9, 96K \ 4@.9,
96R \ 5@.0, 96T \ 4@.9, 96U \ 4@.9, 95ao \ 4@.8, 95ap \ 4@.8.

compare the light curves of the high-redshift and low-
redshift samples at the same rest wavelength. By a judicious
choice of !lters, we minimize the di†erences between B and
V rest-frame light observed for distant SNe and their
nearby counterparts. Nevertheless, the range of redshifts
involved makes it difficult to eliminate all such di†erences.
We therefore employ ““ K-corrections ÏÏ to convert the
observed magnitudes to rest-frame B and V &(Oke

Sandage et al. Goobar, & Perl-1968 ; Hamuy 1993b ; Kim,
mutter et al.1996 ; Schmidt 1998).

The cross-band K-correction for SNe Ia has been
described as a function of the observed and rest-frame !lter
transmissions, the redshift of the supernova, and the age of
the supernova (see eq. [1] of et al. Such aKim 1996).
K-correction assumes that the spectral energy distribution
of all SNe Ia of a given age is homogeneous, yet it has been

Find Many SNe Ia
Take Spectrum
Measure Lightcurve
   Width Correction
   Derive Distance
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Revolutionary Results

 High-Z Team; Riess 1998

 Supernova Cosmology Project; Perlmutter 1999

 Distant SNe Ia fainter than in a deceleration model

 Expansion rate of Universe is increasing

 Accelerating Universe
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FIG. 7.ÈBest-!t con!dence regions in the plane for our primary)
M

-)"analysis, !t C. The 68%, 90%, 95%, and 99% statistical con!dence regions
in the plane are shown, after integrating the four-dimensional !t)

M
È)"over and a. (See footnote 11 for a link to the table of this two-M

Bdimensional probability distribution.) See Fig. 5e for limits on the small
shifts in these contours due to identi!ed systematic uncertainties. Note that
the spatial curvature of the universeÈopen, Ñat, or closedÈis not determi-
native of the future of the universeÏs expansion, indicated by the near-
horizontal solid line. In cosmologies above this near-horizontal line the
universe will expand forever, while below this line the expansion of the
universe will eventually come to a halt and recollapse. This line is not quite
horizontal, because at very high mass density there is a region where the
mass density can bring the expansion to a halt before the scale of the
universe is big enough that the mass density is dilute with respect to the
cosmological constant energy density. The upper-left shaded region,
labeled ““ no big bang,ÏÏ represents ““ bouncing universe ÏÏ cosmologies with
no big bang in the past (see Carroll et al. 1992). The lower right shaded
region corresponds to a universe that is younger than the oldest heavy
elements (Schramm 1990) for any value of km s~1 Mpc~1.H0 º 50

on that day : the distribution, abundances, excitations, and
velocities of the elements that the photons encounter as they
leave the expanding photosphere all imprint on the spectra.
So far, the high-redshift supernovae that have been studied
have light-curve shapes just like those of low-redshift super-
novae (see Goldhaber et al. 1999), and their spectra show
the same features on the same day of the light curve as their
low-redshift counterparts having comparable light-curve
width. This is true all the way out to the z \ 0.83 limit of the
current sample (Perlmutter et al. 1998b). We take this as a
strong indication that the physical parameters of the super-
nova explosions are not evolving signi!cantly over this time
span.

Theoretically, evolutionary e†ects might be caused by
changes in progenitor populations or environments. For

example, lower metallicity and more massive SN Ia-
progenitor binary systems should be found in younger
stellar populations. For the redshifts that we are consider-
ing, z \ 0.85, the change in average progenitor masses may
be small (Ruiz-Lapuente, Canal, & Burkert 1997 ; Ruiz-
Lapuente 1998). However, such progenitor mass di†erences
or di†erences in typical progenitor metallicity are expected
to lead to di†erences in the !nal C/O ratio in the exploding
white dwarf and hence a†ect the energetics of the explosion.
The primary concern here would be if this changed the
zero-point of the width-luminosity relation. We can look for
such changes by comparing light curve rise times between
low- and high-redshift supernova samples, since this is a
sensitive indicator of explosion energetics. Preliminary indi-
cations suggest that no signi!cant rise-time change is seen,
with an upper limit of day for our sample (see forth-[1
coming high-redshift studies of Goldhaber et al. 1999 and
Nugent et al. 1998 and low-redshift bounds from Vacca &
Leibundgut 1996, Leibundgut et al. 1996b, and Marvin &
Perlmutter 1989). This tight a constraint on rise-time
change would theoretically limit the zero-point change to
less than D0.1 mag (see Nugent et al. 1995 ; Ho" Ñich,
Wheeler, & Thielemann 1998).

A change in typical C/O ratio can also a†ect the ignition
density of the explosion and the propagation characteristics
of the burning front. Such changes would be expected to
appear as di†erences in light-curve timescales before and
after maximum & Khokhlov 1996). Preliminary(Ho" Ñich
indications of consistency between such low- and high-
redshift light-curve timescales suggest that this is probably
not a major e†ect for our supernova samples (Goldhaber et
al. 1999).

Changes in typical progenitor metallicity should also
directly cause some di†erences in SN Ia spectral features

et al. 1998). Spectral di†erences big enough to(Ho" Ñich
a†ect the B- and V -band light curves (see, e.g., the extreme
mixing models presented in Fig. 9 of et al. 1998)Ho" Ñich
should be clearly visible for the best signal-to-noise ratio
spectra we have obtained for our distant supernovae, yet
they are not seen (Filippenko et al. 1998 ; Hook et al. 1998).
The consistency of slopes in the light-curve width-
luminosity relation for the low- and high-redshift super-
novae can also constrain the possibility of a strong
metallicity e†ect of the type that et al. (1998)Ho" Ñich
describes.

An additional concern might be that even small changes
in spectral features with metallicity could in turn a†ect the
calculations of K-corrections and reddening corrections.
This e†ect, too, is very small, less than 0.01 mag, for photo-
metric observations of SNe Ia conducted in the rest-frame B
or V bands (see Figs. 8 and 10 of et al. 1998), as isHo" Ñich
the case for almost all of our supernovae. (Only two of our
supernovae have primary observations that are sensitive to
the rest-frame U band, where the magnitude can change by
D0.05 mag, and these are the two supernovae with the
lowest weights in our !ts, as shown by the error bars of Fig.
2. In general the I-band observations, which are mostly
sensitive to the rest-frame B band, provide the primary light
curve at redshifts above 0.7.)

The above analyses constrain only the e†ect of
progenitor-environment evolution on SN Ia intrinsic lumi-
nosity ; however, the extinction of the supernova light could
also be a†ected, if the amount or character of the dust
evolves, e.g., with host galaxy age. In ° 4.1, we limited the

Perlmutter et al. (1999, ApJ)Riess et al. (1998, AJ)
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FIG. 6.ÈJoint con!dence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the MLCS method applied to well-observed SNe
Ia light curves together with the snapshot method et al.(Riess 1998b)
applied to incomplete SNe Ia light curves. The dotted contours are for the
same objects excluding the unclassi!ed SN 1997ck (z \ 0.97). Regions rep-
resenting speci!c cosmological scenarios are illustrated. Contours are
closed by their intersection with the line )

M
\ 0.

The normalized PDF comes from dividing this relative
PDF by its sum over all possible states,

p(H0, )
m
, )" o l0)

\ exp ([s2/2)
/~== dH0 /~== d)" /0= exp ([s2/2)d)

M
, (10)

neglecting the unphysical regions. The most likely values for
the cosmological parameters and preferred regions of
parameter space are located where is mini-equation (4)
mized or, alternately, is maximized.equation (10)

The Hubble constants as derived from the MLCS
method, 65.2 ^ 1.3 km s~1 Mpc~1, and from the template-
!tting approach, 63.8 ^ 1.3 km s~1 Mpc~1, are extremely
robust and attest to the consistency of the methods. These
determinations include only the statistical component of
error resulting from the point-to-point variance of the mea-
sured Hubble Ñow and do not include any uncertainty in
the absolute magnitude of SN Ia. From three photoelec-
trically observed SNe Ia, SN 1972E, SN 1981B, and SN
1990N (Saha et al. the SN Ia absolute magni-1994, 1997),
tude was calibrated from observations of Cepheids in the
host galaxies. The calibration of the SN Ia magnitude from
only three objects adds an additional 5% uncertainty to the
Hubble constant, independent of the uncertainty in the zero
point of the distance scale. The uncertainty in the Cepheid

distance scale adds an uncertainty of D10% to the derived
Hubble constant & Walker(Feast 1987 ; Kochanek 1997 ;

& Freedman A realistic determination of theMadore 1998).
Hubble constant from SNe Ia would give 65 ^ 7 km s~1
Mpc~1, with the uncertainty dominated by the systematic
uncertainties in the calibration of the SN Ia absolute magni-
tude. These determinations of the Hubble constant employ
the Cepheid distance scale of & FreedmanMadore (1991),
which uses a distance modulus to the Large Magellanic
Cloud (LMC) of 18.50 mag. Parallax measurements by the
Hipparcos satellite indicate that the LMC distance could be
greater, and hence our inferred Hubble constant smaller, by
5% to 10% though not all agree with the inter-(Reid 1997),
pretation of these parallaxes & Freedman(Madore 1998).
All subsequent indications in this paper for the cosmo-
logical parameters and are independent of the value)

M
)"for the Hubble constant or the calibration of the SN Ia

absolute magnitude.
Indications for and independent from can be)

M
)", H0,

found by reducing our three-dimensional PDF to two
dimensions. A joint con!dence region for and is)

M
)"derived from our three-dimensional likelihood space

p()
M

, )" o l0) \P
~=

=
p()

M
, )", H0 o l0)dH0 . (11)

FIG. 7.ÈJoint con!dence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the template-!tting method applied to well-
observed SNe Ia light curves together with the snapshot method et(Riess
al. applied to incomplete SNe Ia light curves. The dotted contours1998b)
are for the same objects excluding the unclassi!ed SN 1997ck (z \ 0.97).
Regions representing speci!c cosmological scenarios are illustrated. Con-
tours are closed by their intersection with the line )

M
\ 0.





Concordance 
 CMB

 M +   1

 Galaxy Clusters, Large Scale Structure

 M  0.3

 SNe Ia

 M -   0.4



Composition of Universe

Baryons
4%

Dark Energy
73%

Dark Matter
23%

c.f. Astier06, Spergel06, Eisenstein05, Perlmutter99, Riess98



What Is Dark Energy?
 Repulsive component

 Negative pressure

 Everywhere

 No observed structure

 Particle Physics?

 Cosmological Constant?

 Modification of GR?



Thoughts on Theories 



Thoughts on Theories 
 Too many theories!



Thoughts on Theories 
 Too many theories!

 ADS gives 1425 hits for ‘quintessence’ alone



Thoughts on Theories 
 Too many theories!

 ADS gives 1425 hits for ‘quintessence’ alone

 (To be fair ADS ‘supernova’ gives 42895 hits)



Thoughts on Theories 
 Too many theories!

 ADS gives 1425 hits for ‘quintessence’ alone

 (To be fair ADS ‘supernova’ gives 42895 hits)

 Far too many models



Thoughts on Theories 
 Too many theories!

 ADS gives 1425 hits for ‘quintessence’ alone

 (To be fair ADS ‘supernova’ gives 42895 hits)

 Far too many models

 Even worse



Thoughts on Theories 
 Too many theories!

 ADS gives 1425 hits for ‘quintessence’ alone

 (To be fair ADS ‘supernova’ gives 42895 hits)

 Far too many models

 Even worse

 Can fit anything



Thoughts on Theories 
 Too many theories!

 ADS gives 1425 hits for ‘quintessence’ alone

 (To be fair ADS ‘supernova’ gives 42895 hits)

 Far too many models

 Even worse

 Can fit anything

 Parameterize by ‘w=P/rho’ (Weller 2001)
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Dark Energy Task Force Report 
     (Albrecht06 et al., astro-ph/060829)

Methods

  Baryon Acoustic Oscillations

  Galaxy Clusters

  SN Ia Luminosity Distances

  Weak Lensing

How should we measure w?



Equation-of-State 

Difference in luminosity distance modulus vs. z
ΩΛ=0.70, flat cosmology



All I want is a 
well-motivated theory!



The Basic Question:

Is a cosmological constant model 
consistent with our observations of 

the accelerated expansion Universe? 



The Basic Question:

Is w = -1 ?



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

 6-year project on CTIO 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
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ESSENCE Spectra

Matheson et al. (2005)
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Apparent Brightness

z=0.48

MLCS2k2 (Jha07)
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Some Potential Systematics 
 Hubble bubble trouble (Jha07, Conley07, Wang07)

 SN Ia color variation vs. host galaxy dust

 Photometric calibration

 Evolutionary effects in SNe

 Gravitational lensing

 Contamination by non SNe Ia 

 Biases in low redshift sample



Photometric Calibration 
Critical!

3% absolute offset in overall ZP with 
respect to nearby SNIa sample

zp = 0.03 => w = 0.05

3% relative offset in color ZP

color = 0.03 => w = 0.10

(w = change in the marginalized mean value of w)



K-Corrections
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Normal Ia Don’t 
Evolve

  Are distant low S/N spectra consistent with 
nearby high S/N spectra?

  Sure

 Is the lightcurve width the same?

  Looks good

  Are the colors the same

  Yes



(Lidman 2005, 
A&A, 430)

Fig. 17.— The time sequence of high redshift supernova spectra in order of rest-frame date relative to
maximum light, as determined from the light curve (!lc). Spectra of the nearby Type Ia, SN 1992A are
interspersed for comparison.
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Constraints: w=w0+wa(1-a)
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FIG. 7.ÈBest-!t con!dence regions in the plane for our primary)
M

-)"analysis, !t C. The 68%, 90%, 95%, and 99% statistical con!dence regions
in the plane are shown, after integrating the four-dimensional !t)

M
È)"over and a. (See footnote 11 for a link to the table of this two-M

Bdimensional probability distribution.) See Fig. 5e for limits on the small
shifts in these contours due to identi!ed systematic uncertainties. Note that
the spatial curvature of the universeÈopen, Ñat, or closedÈis not determi-
native of the future of the universeÏs expansion, indicated by the near-
horizontal solid line. In cosmologies above this near-horizontal line the
universe will expand forever, while below this line the expansion of the
universe will eventually come to a halt and recollapse. This line is not quite
horizontal, because at very high mass density there is a region where the
mass density can bring the expansion to a halt before the scale of the
universe is big enough that the mass density is dilute with respect to the
cosmological constant energy density. The upper-left shaded region,
labeled ““ no big bang,ÏÏ represents ““ bouncing universe ÏÏ cosmologies with
no big bang in the past (see Carroll et al. 1992). The lower right shaded
region corresponds to a universe that is younger than the oldest heavy
elements (Schramm 1990) for any value of km s~1 Mpc~1.H0 º 50

on that day : the distribution, abundances, excitations, and
velocities of the elements that the photons encounter as they
leave the expanding photosphere all imprint on the spectra.
So far, the high-redshift supernovae that have been studied
have light-curve shapes just like those of low-redshift super-
novae (see Goldhaber et al. 1999), and their spectra show
the same features on the same day of the light curve as their
low-redshift counterparts having comparable light-curve
width. This is true all the way out to the z \ 0.83 limit of the
current sample (Perlmutter et al. 1998b). We take this as a
strong indication that the physical parameters of the super-
nova explosions are not evolving signi!cantly over this time
span.

Theoretically, evolutionary e†ects might be caused by
changes in progenitor populations or environments. For

example, lower metallicity and more massive SN Ia-
progenitor binary systems should be found in younger
stellar populations. For the redshifts that we are consider-
ing, z \ 0.85, the change in average progenitor masses may
be small (Ruiz-Lapuente, Canal, & Burkert 1997 ; Ruiz-
Lapuente 1998). However, such progenitor mass di†erences
or di†erences in typical progenitor metallicity are expected
to lead to di†erences in the !nal C/O ratio in the exploding
white dwarf and hence a†ect the energetics of the explosion.
The primary concern here would be if this changed the
zero-point of the width-luminosity relation. We can look for
such changes by comparing light curve rise times between
low- and high-redshift supernova samples, since this is a
sensitive indicator of explosion energetics. Preliminary indi-
cations suggest that no signi!cant rise-time change is seen,
with an upper limit of day for our sample (see forth-[1
coming high-redshift studies of Goldhaber et al. 1999 and
Nugent et al. 1998 and low-redshift bounds from Vacca &
Leibundgut 1996, Leibundgut et al. 1996b, and Marvin &
Perlmutter 1989). This tight a constraint on rise-time
change would theoretically limit the zero-point change to
less than D0.1 mag (see Nugent et al. 1995 ; Ho" Ñich,
Wheeler, & Thielemann 1998).

A change in typical C/O ratio can also a†ect the ignition
density of the explosion and the propagation characteristics
of the burning front. Such changes would be expected to
appear as di†erences in light-curve timescales before and
after maximum & Khokhlov 1996). Preliminary(Ho" Ñich
indications of consistency between such low- and high-
redshift light-curve timescales suggest that this is probably
not a major e†ect for our supernova samples (Goldhaber et
al. 1999).

Changes in typical progenitor metallicity should also
directly cause some di†erences in SN Ia spectral features

et al. 1998). Spectral di†erences big enough to(Ho" Ñich
a†ect the B- and V -band light curves (see, e.g., the extreme
mixing models presented in Fig. 9 of et al. 1998)Ho" Ñich
should be clearly visible for the best signal-to-noise ratio
spectra we have obtained for our distant supernovae, yet
they are not seen (Filippenko et al. 1998 ; Hook et al. 1998).
The consistency of slopes in the light-curve width-
luminosity relation for the low- and high-redshift super-
novae can also constrain the possibility of a strong
metallicity e†ect of the type that et al. (1998)Ho" Ñich
describes.

An additional concern might be that even small changes
in spectral features with metallicity could in turn a†ect the
calculations of K-corrections and reddening corrections.
This e†ect, too, is very small, less than 0.01 mag, for photo-
metric observations of SNe Ia conducted in the rest-frame B
or V bands (see Figs. 8 and 10 of et al. 1998), as isHo" Ñich
the case for almost all of our supernovae. (Only two of our
supernovae have primary observations that are sensitive to
the rest-frame U band, where the magnitude can change by
D0.05 mag, and these are the two supernovae with the
lowest weights in our !ts, as shown by the error bars of Fig.
2. In general the I-band observations, which are mostly
sensitive to the rest-frame B band, provide the primary light
curve at redshifts above 0.7.)

The above analyses constrain only the e†ect of
progenitor-environment evolution on SN Ia intrinsic lumi-
nosity ; however, the extinction of the supernova light could
also be a†ected, if the amount or character of the dust
evolves, e.g., with host galaxy age. In ° 4.1, we limited the

Perlmutter et al. (1999, ApJ)Riess et al. (1998, AJ)
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FIG. 6.ÈJoint con!dence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the MLCS method applied to well-observed SNe
Ia light curves together with the snapshot method et al.(Riess 1998b)
applied to incomplete SNe Ia light curves. The dotted contours are for the
same objects excluding the unclassi!ed SN 1997ck (z \ 0.97). Regions rep-
resenting speci!c cosmological scenarios are illustrated. Contours are
closed by their intersection with the line )

M
\ 0.

The normalized PDF comes from dividing this relative
PDF by its sum over all possible states,

p(H0, )
m
, )" o l0)

\ exp ([s2/2)
/~== dH0 /~== d)" /0= exp ([s2/2)d)

M
, (10)

neglecting the unphysical regions. The most likely values for
the cosmological parameters and preferred regions of
parameter space are located where is mini-equation (4)
mized or, alternately, is maximized.equation (10)

The Hubble constants as derived from the MLCS
method, 65.2 ^ 1.3 km s~1 Mpc~1, and from the template-
!tting approach, 63.8 ^ 1.3 km s~1 Mpc~1, are extremely
robust and attest to the consistency of the methods. These
determinations include only the statistical component of
error resulting from the point-to-point variance of the mea-
sured Hubble Ñow and do not include any uncertainty in
the absolute magnitude of SN Ia. From three photoelec-
trically observed SNe Ia, SN 1972E, SN 1981B, and SN
1990N (Saha et al. the SN Ia absolute magni-1994, 1997),
tude was calibrated from observations of Cepheids in the
host galaxies. The calibration of the SN Ia magnitude from
only three objects adds an additional 5% uncertainty to the
Hubble constant, independent of the uncertainty in the zero
point of the distance scale. The uncertainty in the Cepheid

distance scale adds an uncertainty of D10% to the derived
Hubble constant & Walker(Feast 1987 ; Kochanek 1997 ;

& Freedman A realistic determination of theMadore 1998).
Hubble constant from SNe Ia would give 65 ^ 7 km s~1
Mpc~1, with the uncertainty dominated by the systematic
uncertainties in the calibration of the SN Ia absolute magni-
tude. These determinations of the Hubble constant employ
the Cepheid distance scale of & FreedmanMadore (1991),
which uses a distance modulus to the Large Magellanic
Cloud (LMC) of 18.50 mag. Parallax measurements by the
Hipparcos satellite indicate that the LMC distance could be
greater, and hence our inferred Hubble constant smaller, by
5% to 10% though not all agree with the inter-(Reid 1997),
pretation of these parallaxes & Freedman(Madore 1998).
All subsequent indications in this paper for the cosmo-
logical parameters and are independent of the value)

M
)"for the Hubble constant or the calibration of the SN Ia

absolute magnitude.
Indications for and independent from can be)

M
)", H0,

found by reducing our three-dimensional PDF to two
dimensions. A joint con!dence region for and is)

M
)"derived from our three-dimensional likelihood space

p()
M

, )" o l0) \P
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=
p()

M
, )", H0 o l0)dH0 . (11)

FIG. 7.ÈJoint con!dence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the template-!tting method applied to well-
observed SNe Ia light curves together with the snapshot method et(Riess
al. applied to incomplete SNe Ia light curves. The dotted contours1998b)
are for the same objects excluding the unclassi!ed SN 1997ck (z \ 0.97).
Regions representing speci!c cosmological scenarios are illustrated. Con-
tours are closed by their intersection with the line )

M
\ 0.
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SN Ia Status Summary
Dark energy definitely exists

CDM works fine.

 w=-1 +- 0.1 (stat) +- 0.1 (sys)
 Final ESSENCE & SNLS results: 2008-2009

 Triple distant samples: ~700 SNeIa @ z > 0.2

 More nearby SNe Ia (~100 @ z<0.1)

 SDSS SNe Ia (~300 @ 0.1<z<0.3)

 Reach goal:  w to 10%



Summary
 The accelerating Universe poses a significant 

challenge to theory, experiment and 
observation.

 Current goal:  w to 10% or w != -1

 The SNIa data are consistent with a flat 
Universe with a cosmological constant.

 The future awaits


