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What is 
Dark Energy?

Courtesy of David Weinberg



Three philosophically 
distinct possibilities...

 A “classical” cosmological constant, as envisioned by 
Einstein, residing in the gravitational sector.

 A “Vacuum energy” effect, arising from quantum 
fluctuations in the vacuum, acting as a “source” term

 Departure from GR on cosmological length scales

 Regardless, it’s evidence of new fundamental physics!



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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Matheson et al. (2005)



http://ctiokw.ctio.noao.edu/~sm/w/2006/alerts/2006-S-349/2006-S-349.html
http://ctiokw.ctio.noao.edu/~sm/w/2006/alerts/2006-S-349/2006-S-349.html


One-parameter 
family 

(Supernova Cosmology Project, Kim et al)

Color

Rate of decline

Peak brightness





One-parameter 
family 

(Supernova Cosmology Project, Kim et al)

Color

Rate of decline

Peak brightness

σ ~ 0.13 mag





Apparent Brightness

z=0.48
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SALT2, beta=1.77 (Guy07)
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ESSENCE
 Hubble 
Diagram
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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)
0.0 0.5 1.0 1.5 2.0 2.5

!M

-1

0

1

2

3
!

"

68
.3

%
95

.4
%

95.4%

99
.7

%

9
9
.7

%

99
.7

%
N
o 

Big
 B

an
g

!
tot =1

Expands to Infinity

Recollapses !"=0

Open

Closed

Accelerating

Decelerating

q0
=0

q0
=-0.5

q0
=0.5

^

 

 

 

 

 

 

 

 

 

 

 

 

MLCS

0.0 0.5 1.0 1.5 2.0 2.5

!M

-1

0

1

2

3

!
"

68.3
%

95
.4

%

95.4%

99
.7

%

9
9
.7

%

99
.7

%
N
o 

Big
 B

an
g

!
tot =1

Expands to Infinity

Recollapses !"=0

Open

Closed

Accelerating

Decelerating

q0
=0

q0
=-0.5

q0
=0.5

^

 

 

 

 

 

 

 

 

 

 

 

 

#m15(B)

No. 3, 1998 EVIDENCE FOR AN ACCELERATING UNIVERSE 1023

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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What To Do?

 Think carefully

 Different samples

 Different splits of color vs. extinction

 Understand dust in other galaxies

 Understand any evolution of dust vs. redshift



ESSENCE SNeIa From All 6 Years

~200 SNeIa
2007

2002

2006

2003

2004

2005
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Summary & Future
 The State of LCDM is Strong

 Tackle Extinction vs. Intrinsic Color

 UV - Optical - NIR data

 More nearby SNeIa: +300 from KAIT, CSP, CfA

 SDSS-II, ESSENCE, SNLS joint analysis

 Pan-STARRS1, Dark Energy Survey, LSST

 JDEM with supernovae



ESSENCE Status Summary

 Flat Universe model with a cosmological 
constant works fine.

 w=-1.05 +- 0.11 (stat) +- 0.13 (sys)

 Final ESSENCE results: due in 2008

 Double sample

 Improve systematics

 Reach goal:  w to 10%



Future of Probing the 
Nature of Dark Energy

  SN cosmology tests

  Gravitational lensing

  Galaxy cluster abundances 

  Baryon oscillations

  Particle physics experiments

  Tests of gravity on all scales

signal!



Pan-STARRS

 7 square degree field

 1.8m effective aperture

 24th magnitude in 300 sec

 1 TB / night

 Real-time analysis

 Will find 10,000s of SNe!

 Lensing shear map

Panoramic Survey Telescope & Rapid Response System

http://pan-starrs.ifa.hawaii.edu/

http://pan-starrs.ifa.hawaii.edu
http://pan-starrs.ifa.hawaii.edu


Medium-Deep SurveyPS1 PSDC-230-002-00

Figure 3: Celesitial sphere in Mercator projection showing extinction map from WMAP. The proposed Medium Deep

Fields are marked as black boxes, the white circle is one of the stellar transit fields, and the white square is M31. The

black line at -30 degrees Declination shows the southern limit of the PS1 Steradian Survey pointing centers.

Figure 4: Left: Outside view of the celestial sky tesselated into 6252 fields. Of these fields, 5464 have boresight centers

degrees Declination. Center, the 3 degree field of view of PS1 with an inscribed hexagon of 5.84 square degrees.

Right, the twenty percent overlap from a single tesselation due to the circular field of view.

PS1 MCS 12 September 25, 2006
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LSST

 10 square degree field

 6.5m effective aperture

 24th magnitude in 20 sec

 20 TB / night

 Real-time analysis

 Will find millions of SNe!

 Lensing, BAO, Clusters

Large Synoptic Survey Telescope



Strongly Lensed SNeIa

 100,000s of high-z SNeIa
 0.1-1% should be strongly lensed

 Multiply-imaged SNeIa
 time-delay with known magnification
 Measure H0

 improve complementary cosmological constraints
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precision probes – Type Ia SNe, BAO, and weak lensing –

LSST will be a powerful tool for studying the properties of 

dark energy and its evolution.
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In its normal survey mode, LSST will discover more than 280,000 Type Ia supernovae (SNe Ia) per year across the visible sky to a redshift of ~0.8. With a deep, pointed search in three 10-deg2

fields, it will discover and closely monitor 30,000 SNe annually to a redshift of z ~1.2. Using these SNe for cosmology will rely upon spectroscopic follow-up capabilities and upon novel methods 

of deducing photometric redshifts from multi-band supernova light curves. This poster provides a sample of how LSST SNe Ia will be used as cosmological probes. A primary goal will be to 

detect systematics affecting the supernova cosmology program and, at the same time, to constrain cosmological parameters. This will be feasible because LSST's extremely large sample size 

allows for multiple parameter fits which can self-calibrate systematics in ways not accessible to current surveys. The systematic relations deduced from these SNe will be helpful for current and 

future space-based projects targeting SNe at even higher redshifts. Such large samples will also enable discoveries of SNe Ia affected by foreground gravitational lensing. We explore the use of 

LSST's SNe in constraining the behavior of dark energy and show how their combination with baryonic oscillation investigations will make LSST a particularly powerful experiment to this end. 

Finally, we show how the distribution of so many well-observed SNe across the sky will constrain the angular variation of cosmological parameters.
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LSST Opens up the 
Skies

Data will be immediately publicly 
available

Allow all colleges and institutions to do 
research with big telescopes

Will change the nature of research
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LSST & Supernovae
 LSST will find millions of supernovae

 Hundreds of thousands well-studied z < 1.2

 Tens of thousands z < 0.3 

 Opportunity for SN science on a new level

 Cosmology and Dark Energy

 Supernovae qua supernovae

 SNe trace structure

 Rates: star-formation, galaxy environments

 New brilliant ideas . . .
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LSST SN Ia (M, w)
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precision probes – Type Ia SNe, BAO, and weak lensing –

LSST will be a powerful tool for studying the properties of 

dark energy and its evolution.
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In its normal survey mode, LSST will discover more than 280,000 Type Ia supernovae (SNe Ia) per year across the visible sky to a redshift of ~0.8. With a deep, pointed search in three 10-deg2

fields, it will discover and closely monitor 30,000 SNe annually to a redshift of z ~1.2. Using these SNe for cosmology will rely upon spectroscopic follow-up capabilities and upon novel methods 

of deducing photometric redshifts from multi-band supernova light curves. This poster provides a sample of how LSST SNe Ia will be used as cosmological probes. A primary goal will be to 

detect systematics affecting the supernova cosmology program and, at the same time, to constrain cosmological parameters. This will be feasible because LSST's extremely large sample size 

allows for multiple parameter fits which can self-calibrate systematics in ways not accessible to current surveys. The systematic relations deduced from these SNe will be helpful for current and 

future space-based projects targeting SNe at even higher redshifts. Such large samples will also enable discoveries of SNe Ia affected by foreground gravitational lensing. We explore the use of 

LSST's SNe in constraining the behavior of dark energy and show how their combination with baryonic oscillation investigations will make LSST a particularly powerful experiment to this end. 

Finally, we show how the distribution of so many well-observed SNe across the sky will constrain the angular variation of cosmological parameters.
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Future of Cosmology
 Luminosity Distance

 SNeIa:  SNAP; PanSTARRS, LSST
 GRBs?

 Angular Diameter Distance
 Large Scale Structure

 Baryon Acoustic Oscillations
 Lensing/Shear

 Cosmic Microwave Background
 Planck

 Gravity
 LIGO, LISA



Summary

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

The current data are consistent with 
    a “simple”  w = − 1,  = 1

Upcoming projects have great potential
to yield new insights into dark energy









MDS survey 



SN Ia Colors
 It’s been hard to disentangle intrinsic SN Ia colors 

from reddening due to dust

 Do SNeIa have an intrinsic color-luminosity 
relationship?

 MV = c E(B-V)

 Dust extinction has the equivalent through RV

 MV = AV = RV E(B-V) 



SNeIa in NIR

 SNeIa are more standard in near infrared

 Krisciunas seminal work 2000-2004 w/ 17 SNeIa

 Recent confirmation: Wood-Vasey 2007

 New homogeneous sample from PAIRITEL

 Doubled sample of SNeIa



PAIRITEL: SN 2006D
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H-band Hubble Diagram
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