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The Basic Question:

Is a cosmological constant model 
consistent with our observations 

of the Universe?



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 SNeIa To Date 
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Equation-of-State Signal

Difference in apparent SN brightness vs. z
ΩΛ=0.70, flat cosmology
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Table 5. Potential Sources of Systematic Error on the Measurement of w

Source dw/dx ∆x ∆w Notes

Phot. errors from astrometric uncertainties of faint objects 1/mag 0.005 mag 0.005

Bias in diff im photometry 0.5 / mag 0.002 mag 0.001

CCD linearity 1 / mag 0.005 mag 0.005

Photometric zeropoint diff in R,I 2 / mag 0.02 mag 0.04

Zpt. offset between low and high z 1 / mag 0.02 mag 0.02

K-corrections 0.5 / mag 0.01 mag 0.005

Filter passband structure 0 / mag 0.001 mag 0

Galactic extinction 1 / mag 0.01 mag 0.01

Host galaxy RV 0.02 / RV 0.5 0.01 “glosz”

Host galaxy extinction treatment 0.08 prior choice 0.08 different priors

Intrinsic color of SNe Ia 3 / mag 0.02 mag 0.06 interacts strongly with prior

Malmquist bias/selection effects 0.7 / mag 0.03 mag 0.02 “glosz”

SN Ia evolution 1 / mag 0.02 mag 0.02

Hubble bubble 3/δHeffective 0.02 0.06

Gravitational lensing 1/
√

N / mag 0.01 mag < 0.001 Holz & Linder (2005)

Grey dust 1 / mag 0.01 mag 0.01

Subtotal w/o extinction+color · · · · · · 0.082

Total · · · · · · 0.13

Joint ESSENCE+SNLS comparison · · · · · · 0.02 photometric system

Joint ESSENCE + SNLS Total · · · · · · 0.13

(Wood-Vasey et al., astro-ph/070141)
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• Hubble bubble trouble

• Gravitational lensing

• Evolutionary effects in SNe

• Biases in low redshift sample

• Search efficiency/selection

Some Potential Systematics 
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Are Nearby SNeIa the 
same as Distant SNeIa?

Yes

Pretty much . . .

As far as we can tell . . .
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Fig. 8.— Luminosity distance modulus vs. redshift for the ESSENCE, SNLS, and nearby

SNe Ia for MLCS2k2 with the “glosz” AV prior. For comparison the overplotted solid line
and residuals are for a ΛCDM (w, ΩM, ΩΛ) = (−1, 0.27, 0.73) Universe.



w=-1.07 +- 0.09 +- 0.13

0.0 0.2 0.4 0.6 0.8 1.0
!M

-2.0

-1.5

-1.0

-0.5

0.0
w 

   
   

SNeIa
BAO

SNeIa+BAO

ESSENCE
+ SNLS

Flat,
constant-w



Global SNIa
Hubble Diagram
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Constraints on w=w0+wa(1-a)
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FIG. 7.ÈBest-Ðt conÐdence regions in the plane for our primary)
M

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

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 identiÐed 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 signiÐcantly 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 Ðnal 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 signiÐcant 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 Ðts, 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 conÐdence 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 unclassiÐed SN 1997ck (z \ 0.97). Regions rep-
resenting speciÐc 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-
Ðtting 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 conÐdence 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 conÐdence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the template-Ðtting 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 unclassiÐed SN 1997ck (z \ 0.97).
Regions representing speciÐc cosmological scenarios are illustrated. Con-
tours are closed by their intersection with the line )

M
\ 0.
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Summary
The accelerating Universe poses a 
significant challenge to theory, 
experiment and observation.

Flat Universe model with a cosmological 
constant works fine.

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

Higher redshift, z>1, to go for variable w

Additional nearby SNIa vital



Summary
The accelerating Universe poses a 
significant challenge to theory, 
experiment and observation.

Flat Universe model with a cosmological 
constant works fine.

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

Higher redshift, z>1, to go for variable w

Additional nearby SNIa vital

Mo’ data . . . Mo’ better . . .


