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Basic Questions

What are the contents of the 
Universe?

What is the “shape” of the 
Universe? or What are the rules of 
geometry on cosmic scales?

4



The Homogeneous 
Universe
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The Expanding Universe

1915 - Einstein:  
Theory of Gravity

1927 - Georges Lemaître:  
Expanding Universe
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The Expanding Universe

The Expansion requires no notion of “center”
All point recede from all other points
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The Expanding Universe

1929 - Edwin Hubble made a plot of the distance to 
galaxies against the velocities that galaxies were receding
Today the Hubble expansion rate is 22 (km/s) for every 
million light years of distance
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Einstein after Hubble

“Later, when I was discussing cosmological problems 
with Einstein, he remarked that the introduction of 
the cosmological term was the biggest blunder of his 
life.”

- George Gamow
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Cosmic Timeline

1 sec. to 20 min:
Light Element 

synthesis

400,000 yr: 
CMB 

Produced

Cosmic 
Dark Ages

200 Million 
Years:  First 

Stars

13.7 Billion 
Years: 
Today
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Early Universe Synthesis 
of Light Nuclei
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in the universe is 
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Early Universe Synthesis 
of Light Nuclei

Fred Hoyle

264 ARNETT

2002 PASP, 114:262–264

Fig. 2.—Margaret Burbidge, Geoff Burbidge, Willy Fowler, and Fred Hoyle in July 1971, taken 14 years after the publication of their famous joint paper (B2FH)
in Reviews of Modern Physics. They are shown with a steam train presented to Fowler at a conference in honor of his 60th birthday. This picture is also courtesy

of Don Clayton.

Correctly deduced that heavy elements are synthesized in 
stars, but never supported the Lemaître “Big Bang” Model
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The Geometry of the 
Universe

http://casa.colorado.edu/~ajsh

Closed:  Angles 
Sum To > 180°

Open:  Angles 
Sum To < 180°

FLAT 
(EUCLIDEAN)

Our Universe
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The Cosmic Microwave 
Background
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Observing the CMB

WMAP  http://map.gsfc.nasa.gov
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Observing the CMB
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The Contents of the Universe

4%

26%

70%

Dark Matter
(suspected since 30s
“known” since 70s)

“Dark Energy”
(suspected since 1980s
“known” since 1998)

Normal Matter
(stars 0.4%,  gas 3.6%)
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Dark Matter in the Coma 
Cluster of Galaxies

Fritz Zwicky
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Dark Matter in the Coma 
Cluster of Galaxies

Fritz Zwicky
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Dark Matter in the 
Andromeda Galaxy

The rotation speed of the Andromeda disk 
(~250 km/s) is much larger than expected from 
its light output (Rubin & Ford 1970)

Vera Rubin
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Dark Matter in Disk Galaxies

This problem of excessive rotation speeds is 
typical of disk galaxies
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Dark Matter and the 
Stability of Disk Galaxies
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Hohl 1970:  Disk 
galaxies will evolve into 
strong bars in millions 
of years ➔ puzzling for 
a 14 Billion year old 
Universe
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Dark Matter and the 
Stability of Disk Galaxies
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Hohl 1970:  Disk 
galaxies will evolve into 
strong bars in millions 
of years ➔ puzzling for 
a 14 Billion year old 
Universe

Ostriker & Peebles 1973:  This problem 
could be mitigated if galaxies sit in halos of 
dark matter
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The Modern Era

Large calculations predict the patterns of galaxies 
that we should observe 

today

z=1
8 billion 
year ago
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11 billion 
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Curved 
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Matter & 
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The Modern Era

Observatories can map out the positions of millions 
of galaxies 

The Sloan Digital Sky 
Survey (Pitt. is part of 
the collaboration) in 
New Mexico
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A Universe Map

The Sloan Digital Sky Survey has mapped the 
positions of millions of galaxies 
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Galaxy Clustering 
Patterns

Comparing the patterns in the way galaxies are 
distributed throughout the Universe
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The CMB Bump in 
Galaxies

The “Bump” in the CMB Anisotropy Spectrum 
leaves an imprint on the pattern of galaxies

WMAP  http://
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The CMB Bump in 
Galaxies

The “Bump” in the CMB Anisotropy Spectrum 
leaves an imprint on the pattern of galaxies
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The CMB Bump in 
Galaxies

The “Bump” in the CMB Anisotropy Spectrum 
leaves an imprint on the pattern of galaxies

mean redshift as a function of scale changes so little that varia-
tions in the clustering amplitude at fixed luminosity as a function
of redshift are negligible.

3.2. Tests for Systematic Errors

We have performed a number of tests searching for potential
systematic errors in our correlation function. First, we have tested
that the radial selection function is not introducing features into
the correlation function. Our selection function involves smooth-
ing the observed histogram with a boxcar smoothing of width
!z ¼ 0:07. This corresponds to reducing power in the purely
radial mode at k ¼ 0:03 h Mpc"1 by 50%. Purely radial power
at k ¼ 0:04 (0.02) hMpc"1 is reduced by 13% (86%). The effect
of this suppression is negligible, only 5 ;10"4 (10"4) on the cor-
relation function at the 30 (100) h"1Mpc scale. Simply put, purely
radial modes are a small fraction of the total at these wavelengths.
We find that an alternative radial selection function, in which the
redshifts of the random catalog are simply picked randomly from
the observed redshifts, produces a negligible change in the cor-
relation function. This of course corresponds to complete suppres-
sion of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein et al.
2001). We assess these by making a detailed model of the dis-
tribution in color and luminosity of the sample, including pho-
tometric errors, and then computing the variation of the number
of galaxies accepted at each redshift with small variations in the
LRG sample cuts. A 1% shift in the r " i color makes a 8%–10%
change in number density; a 1% shift in the g" r color makes a
5% change in number density out to z ¼ 0:41, dropping there-
after; and a 1% change in all magnitudes together changes the
number density by 2% out to z ¼ 0:36, increasing to 3.6% at
z ¼ 0:47. These variations are consistent with the changes in
the observed redshift distribution when we move the selection
boundaries to restrict the sample. Such photometric calibration
errors would cause anomalies in the correlation function as the
square of the number density variations, as this noise source is
uncorrelated with the true sky distribution of LRGs.

Assessments of calibration errors based on the color of the
stellar locus find only 1% scatter in g, r, and i ( Ivezić et al. 2004),

which would translate to about 0.02 in the correlation function.
However, the situation is more favorable, because the coherence
scale of the calibration errors is limited by the fact that the SDSS
is calibrated in regions about 0N6 wide and up to 15# long. This
means that there are 20 independent calibrations being applied to
a given 6# (100 h"1Mpc) radius circular region.Moreover, some
of the calibration errors are evenmore localized, being caused by
small mischaracterizations of the point-spread function and er-
rors in the flat-field vectors early in the survey (Stoughton et al.
2002). Such errors will average down on larger scales even more
quickly.
The photometric calibration of the SDSS has evolved slightly

over time (Abazajian et al. 2003), but of course the LRG selec-
tion was based on the calibrations at the time of targeting. We
make our absolute magnitude cut on the latest (‘‘uber’’) calibra-
tions (Blanton et al. 2005; Finkbeiner et al. 2004), although this
is only important at z < 0:36 as the targeting flux cut limits the
sample at higher redshift. We test whether changes in the cali-
brations might alter the correlation function by creating a new
random catalog in which the differences in each band between
the target-epoch photometry and the uber-calibration values are
mapped to angularly dependent redshift distributions using the
number density derivatives presented above. Using this random
catalog makes negligible differences in the correlation function
on all scales. This is not surprising: while an rms error of 2%
in r " i would give rise to a 0.04 excess in the correlation func-
tion, scales large enough that this would matter have many in-
dependent calibrations contributing to them. On the other hand,
the uber-calibration of the survey does not necessarily fix all
calibration problems, particularly variations within a single sur-
vey run, and so this test cannot rule out an arbitrary calibration
problem.
We continue our search for calibration errors by breaking the

survey into 10 radial pieces and measuring the cross-correlations
between the nonadjacent slabs. Calibration errors would pro-
duce significant correlations on large angular scales. Some cross-
correlations have amplitudes of 2%–3%, but many others do not,
suggesting that this is simply noise. We also take the full matrix
of cross-correlations at a given separation and attempt to model
it (minus the diagonal and first off-diagonal elements) as an outer
product of vector with itself, as would be appropriate if it were
dominated by a single type of radial perturbation, but we do not
find plausible or stable vectors, again indicative of noise. Hence,
we conclude that systematic errors in !(r) due to calibration must
be below 0.01.
It is important to note that calibration errors in the SDSS pro-

duce large-angle correlations only along the scan direction. Even
if errors were noticeably large, they would not produce narrow
features such as that seen at the 100 h"1 Mpc scale for two rea-
sons. First, the projection from the three-dimensional sphere to
one-dimensional strips on the sky necessarily means that a given
angular scale maps to a wide range of three-dimensional sepa-
rations. Second, the comoving angular diameter distance used to
translate angles into transverse comoving separations varies by a
factor of 3 from z ¼ 0:16 to 0.47, so that a preferred angle would
not map to a narrow range of physical scales. We therefore ex-
pect that calibration errors would appear as a smooth anomalous
correlation, rolling off toward large scales.
Breaking the sample into two redshift slices above and below

z ¼ 0:36 yields similar correlation functions (Fig. 4). Errors in
calibration or in the radial selection function would likely enter
the two redshift slices in different manners, but we see no sign of
this. In particular, the bump in the correlation function appears in
both slices.While this could in principle give additional leverage

Fig. 3.—Same as Fig. 2, but plotting the correlation function times s2. This
shows the variation of the peak at 20 h"1 Mpc scales that is controlled by the
redshift of equality (and hence by "mh

2). Varying "mh
2 alters the amount of

large-to-small scale correlation, but boosting the large-scale correlations too
much causes an inconsistency at 30 h"1 Mpc. The pure CDM model (bottom
line) is actually close to the best fit due to the data points on intermediate scales.
[See the electronic edition of the Journal for a color version of this figure.]

EISENSTEIN ET AL.564 Vol. 633
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The Oscillation Bump

With the rules of geometry fixed by the CMB, the 
size of the bump tells us the amount of matter in the 
Universe

25

1. CMB modeling issues

With any data set, it is prudent to be extra cautious
regarding the most recent additions and the parts with
the lowest signal-to-noise ratio. In the WMAP case, this
suggests focusing on the T power spectrum around the
third peak and the large-scale E-polarization data, which
as discussed in Section IVB 1 were responsible for tight-
ening and lowering the constraints on ωm and τ , respec-
tively.

The large-scale E-polarization data appear to be the
most important area for further investigation, because
they are single-handedly responsible for most of the dra-
matic WMAP3 error bar reductions, yet constitute only
a 3σ detection after foregrounds an order of magnitude
larger have been subtracted from the observed polar-
ized CMB maps [2]. As discussed in [127] and Sec-
tion IVB1, all the WMAP3 polarization information is
effectively compressed into the probability distribution
for τ , since using the prior τ = 0.09 ± 0.03 instead of
the polarized data leaves the parameter constraints es-
sentially unchanged. This error bar ∆τ = 0.03 found
in [7] and Table 2 reflects only noise and sample vari-
ance and does not include foreground uncertainties. If
future foreground modeling increases this error bar sub-
stantially, it will reopen the vanilla banana degeneracy
described in [33]: Increasing τ and As in such a way
that Apeak ≡ Ase−2τ stays constant, the peak heights re-
main unchanged and the only effect is to increase power
on the largest scales. The large-scale power relative to
the first peak can then be brought back down to the
observed value by increasing ns, after which the second
peak can be brought back down by increasing ωb. Since
quasar observations of the Gunn-Peterson effect allow τ
to drop by no more than about 1σ (0.03) [170, 171], the
main change possible from revised foreground modeling
is therefore that (τ, ΩΛ, ωd, ωb, As, ns, h) all increase to-
gether [33]. For a more detailed treatment of these issues,
see [172].

A separate issue is that, as discussed in Section IVD,
reasonable changes in the CMB data modeling can easily
increase ns by of order 0.01 [39, 127, 154–156, 158], weak-
ening the significance with which the Harrison-Zeldovich
model (ns = 1, r = 0) can be ruled out.

With the above-mentioned exceptions, parameter mea-
surements now appear rather robust to WMAP modeling
details. We computed parameter constraints using the
WMAP team chains available on the LAMBDA archive.
We created our own chains using the CosmoMC pack-
age [102] for the vanilla case (of length 310,817) as a
cross-check and for the case with curvature (of length
226,456) since this was unavailable on LAMBDA. The pa-
rameter constraints were in excellent agreement between
these two vanilla chains. For a fair comparison between
WMAP team and CosmoMC-based chains, the best-fit
χ2 values listed in Table 3 have been offset-calibrated so
that they all give the same value for our best fit vanilla
model.

FIG. 21: The key information that our LRG measurements add
to WMAP comes from the power spectrum shape. Parametrizing
this shape by Ωm and the baryon fraction Ωb/Ωm for vanilla mod-
els with ns = 1, h = 0.72, the 95% constraints above are seen to
be nicely consistent between the various radial subsamples. More-
over, the WMAP+LRG joint constraints from our full 6-parameter
analysis are seen to be essentially the intersection of the WMAP
and “ALL LRG” allowed regions, indicating that these two shape
parameters carry the bulk of the cosmologically useful LRG infor-
mation.

2. LRG modeling issues

Since we marginalize over the overall amplitude of
LRG clustering via the bias parameter b, the LRG power
spectrum adds cosmological information only through
its shape. Let us now explore how sensitive this shape
is to details of the data treatment. A popular way to
parametrize the power spectrum shape in the literature
has been in terms of the two parameters (Ωm, fb) shown
in Figure 21, where fb ≡ Ωb/Ωm is the baryon fraction.
Since we wish to use (Ωm, fb) merely to characterize this
shape here, not for constraining cosmology, we will ig-
nore all CMB data and restrict ourselves to vanilla mod-
els with ns = 1, h = 0.72 and As = 1, varying only the
four parameters (Ωm, fb, b, Qnl). Figure 21 suggest that
for vanilla models, the two parameters (Ωm, fb) do in
fact capture the bulk of this shape information, since the
WMAP+LRG joint constraints from our full 6-parameter
analysis are seen to be essentially the intersection of the
WMAP and “ALL LRG” allowed regions in the (Ωm, fb)-
plane.

a. Sensitivity to defogging Figure 21 shows good
consistency between the power spectrum shapes recov-
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Type Ia Supernovae

Occur when a white dwarf accretes mass from a 
companion that pushes it up to 1.3 times the mass of 
the sun
Because they always occur at this critical mass, they 
have a fixed luminosity
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Type Ia Supernovae

Objects with a fixed luminosity are called 
“standard candles”
They measure effective distances in the 
Universe

29



The Accelerating 
Universe

Supernova appear dimmer than naively expected 
➔ The Universal Expansion is Accelerating!
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The Accelerating 
UniverseNo. 2, 1999 ) AND " FROM 42 HIGH-REDSHIFT SUPERNOVAE 581

FIG. 9.ÈIsochrones of constant the age of the universe relative toH0 t0,
the Hubble time, with the best-Ðt 68% and 90% conÐdence regions inH0~1,
the plane for the primary analysis, Ðt C. The isochrones are labeled)

M
-)"for the case of km s~1 Mpc~1, representing a typical value foundH0 \ 63

from studies of SNe Ia (Hamuy et al. 1996 ; RPK96; Saha et al. 1997 ; Tripp
1998). If were taken to be 10% larger (i.e., closer to the values inH0Freedman et al. 1998), the age labels would be 10% smaller. The diagonal
line labeled accelerating/decelerating is drawn for q0 4 )

M
/2 [ )" \ 0

and divides the cosmological models with an accelerating or decelerating
expansion at the present time.

due to small-scale clumping of mass as a separate analysis
case rather than as a contributing systematic error in our
primary analysis ; the total systematic uncertainty applies to
this analysis as well. There are also several more hypotheti-
cal sources of systematic error discussed in ° 4, which are
not included in our calculation of identiÐed systematics.
These include gray dust [with [R

B
(z \ 0.5) 2R

B
(z \ 0)]

and any SN Ia evolutionary e†ects that might change the
zero point of the light-curve width-luminosity relation. We
have presented bounds and tests for these e†ects, which give
preliminary indications that they are not large sources of
uncertainty, but at this time they remain difficult to quan-
tify, at least partly because the proposed physical processes
and entities that might cause the e†ects are not completely
deÐned.

To characterize the e†ect of the identiÐed systematic
uncertainties, we have reÐt the supernovae of Ðt C for the
hypothetical case (Ðt J) in which each of the high-redshift
supernovae were discovered to be 0.04 mag brighter than
measured, or, equivalently, the low-redshift supernovae
were discovered to be 0.04 mag fainter than measured.
Figure 5e and Table 3 show the results of this Ðt. The best-
Ðt Ñat-universe varies from that of Ðt C by 0.05, less)

M
flat

than the statistical error bar. The probability of is)" [ 0
still over 99%. When we Ðtted with the smaller systematic
error in the opposite direction (i.e., high-redshift supernovae
discovered to be 0.03 mag fainter than measured), we Ðnd
(Ðt I) only a 0.04 shift in from Ðt C.)

M
flat

The measurement error of the cosmological parameters
has contributions from both the low- and high-redshift
supernova data sets. To identify the approximate relative
importance of these two contributory sources, we rea-
nalyzed the Ðt C data set, Ðrst Ðtting and a to theM

Blow-redshift data set (this is relatively insensitive to cosmo-
logical model) and then Ðtting and to the high-)

M
)"redshift data set. (This is only an approximation, since it

neglects the small inÑuence of the low-redshift supernovae
on and and of the high-redshift supernovae on)

M
)" M

Band a, in the standard four-parameter Ðt.) Figure 5 shows
this Ðtted as a solid contour (labeled Ðt M) with the)

M
-)"1 p uncertainties on and a included with the systematicM

Buncertainties in the dashed-line conÐdence contours. This
approach parallels the analyses of Permutter et al. (1997e,
1998b ; 1997f) and thus also provides a direct comparison
with the earlier results. We Ðnd that the more important
contribution to the uncertainty is currently due to the low-
redshift supernova sample. If three times as many well-
observed low-redshift supernovae were discovered and
included in the analysis, then the statistical uncertainty
from the low-redshift data set would be smaller than the
other sources of uncertainty.

We summarize the relative statistical and systematic
uncertainty contributions in Table 4.

6. CONCLUSIONS AND DISCUSSION

The conÐdence regions of Figure 7 and the residual plot
of Figure 2b lead to several striking implications. First, the
data are strongly inconsistent with the " \ 0, Ñat universe
model (indicated with a circle) that has been the theoreti-
cally favored cosmology. If the simplest inÑationary theo-
ries are correct and the universe is spatially Ñat, then the
supernova data imply that there is a signiÐcant, positive
cosmological constant. Thus the universe may be Ñat or
there may be little or no cosmological constant, but the
data are not consistent with both possibilities simulta-
neously. This is the most unambiguous result of the current
data set.

Second, this data set directly addresses the age of the
universe relative to the Hubble time, Figure 9 showsH0~1.
that the conÐdence regions are almost parallel to)

M
-)"contours of constant age. For any value of the Hubble con-

stant less than km s~1 Mpc~1, the implied age ofH0 \ 70
the universe is greater than 13 Gyr, allowing enough time
for the oldest stars in globular clusters to evolve (Chaboyer
et al. 1998 ; Gratton et al. 1997). Integrating over and)

Mthe best-Ðt value of the age in Hubble-time units is)",
or, equivalently,H0 t0 \ 0.93~0.06`0.06 t0 \ 14.5~1.0`1.0(0.63/h)

Gyr. The age would be somewhat larger in a Ñat universe :
or, equivalently,H0 t0flat \ 0.96~0.07`0.09 t0flat \ 14.9~1.1`1.4(0.63/h)

Gyr.
Third, even if the universe is not Ñat, the conÐdence

regions of Figure 7 suggest that the cosmological constant
is a signiÐcant constituent of the energy density of the uni-
verse. The best-Ðt model (the center of the shaded contours)
indicates that the energy density in the cosmological con-
stant is D0.5 more than that in the form of mass energy
density. All of the alternative Ðts listed in Table 3 indicate a
positive cosmological constant with conÐdence levels of
order 99%, even with the systematic uncertainty included in
the Ðt or with a clumped-matter metric.

Given the potentially revolutionary nature of this third
conclusion, it is important to reexamine the evidence care-
fully to Ðnd possible loopholes. None of the identiÐed
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The Accelerating 
UniverseNo. 2, 1999 ) AND " FROM 42 HIGH-REDSHIFT SUPERNOVAE 581

FIG. 9.ÈIsochrones of constant the age of the universe relative toH0 t0,
the Hubble time, with the best-Ðt 68% and 90% conÐdence regions inH0~1,
the plane for the primary analysis, Ðt C. The isochrones are labeled)

M
-)"for the case of km s~1 Mpc~1, representing a typical value foundH0 \ 63

from studies of SNe Ia (Hamuy et al. 1996 ; RPK96; Saha et al. 1997 ; Tripp
1998). If were taken to be 10% larger (i.e., closer to the values inH0Freedman et al. 1998), the age labels would be 10% smaller. The diagonal
line labeled accelerating/decelerating is drawn for q0 4 )

M
/2 [ )" \ 0

and divides the cosmological models with an accelerating or decelerating
expansion at the present time.

due to small-scale clumping of mass as a separate analysis
case rather than as a contributing systematic error in our
primary analysis ; the total systematic uncertainty applies to
this analysis as well. There are also several more hypotheti-
cal sources of systematic error discussed in ° 4, which are
not included in our calculation of identiÐed systematics.
These include gray dust [with [R

B
(z \ 0.5) 2R

B
(z \ 0)]

and any SN Ia evolutionary e†ects that might change the
zero point of the light-curve width-luminosity relation. We
have presented bounds and tests for these e†ects, which give
preliminary indications that they are not large sources of
uncertainty, but at this time they remain difficult to quan-
tify, at least partly because the proposed physical processes
and entities that might cause the e†ects are not completely
deÐned.

To characterize the e†ect of the identiÐed systematic
uncertainties, we have reÐt the supernovae of Ðt C for the
hypothetical case (Ðt J) in which each of the high-redshift
supernovae were discovered to be 0.04 mag brighter than
measured, or, equivalently, the low-redshift supernovae
were discovered to be 0.04 mag fainter than measured.
Figure 5e and Table 3 show the results of this Ðt. The best-
Ðt Ñat-universe varies from that of Ðt C by 0.05, less)

M
flat

than the statistical error bar. The probability of is)" [ 0
still over 99%. When we Ðtted with the smaller systematic
error in the opposite direction (i.e., high-redshift supernovae
discovered to be 0.03 mag fainter than measured), we Ðnd
(Ðt I) only a 0.04 shift in from Ðt C.)

M
flat

The measurement error of the cosmological parameters
has contributions from both the low- and high-redshift
supernova data sets. To identify the approximate relative
importance of these two contributory sources, we rea-
nalyzed the Ðt C data set, Ðrst Ðtting and a to theM

Blow-redshift data set (this is relatively insensitive to cosmo-
logical model) and then Ðtting and to the high-)

M
)"redshift data set. (This is only an approximation, since it

neglects the small inÑuence of the low-redshift supernovae
on and and of the high-redshift supernovae on)

M
)" M

Band a, in the standard four-parameter Ðt.) Figure 5 shows
this Ðtted as a solid contour (labeled Ðt M) with the)

M
-)"1 p uncertainties on and a included with the systematicM

Buncertainties in the dashed-line conÐdence contours. This
approach parallels the analyses of Permutter et al. (1997e,
1998b ; 1997f) and thus also provides a direct comparison
with the earlier results. We Ðnd that the more important
contribution to the uncertainty is currently due to the low-
redshift supernova sample. If three times as many well-
observed low-redshift supernovae were discovered and
included in the analysis, then the statistical uncertainty
from the low-redshift data set would be smaller than the
other sources of uncertainty.

We summarize the relative statistical and systematic
uncertainty contributions in Table 4.

6. CONCLUSIONS AND DISCUSSION

The conÐdence regions of Figure 7 and the residual plot
of Figure 2b lead to several striking implications. First, the
data are strongly inconsistent with the " \ 0, Ñat universe
model (indicated with a circle) that has been the theoreti-
cally favored cosmology. If the simplest inÑationary theo-
ries are correct and the universe is spatially Ñat, then the
supernova data imply that there is a signiÐcant, positive
cosmological constant. Thus the universe may be Ñat or
there may be little or no cosmological constant, but the
data are not consistent with both possibilities simulta-
neously. This is the most unambiguous result of the current
data set.

Second, this data set directly addresses the age of the
universe relative to the Hubble time, Figure 9 showsH0~1.
that the conÐdence regions are almost parallel to)

M
-)"contours of constant age. For any value of the Hubble con-

stant less than km s~1 Mpc~1, the implied age ofH0 \ 70
the universe is greater than 13 Gyr, allowing enough time
for the oldest stars in globular clusters to evolve (Chaboyer
et al. 1998 ; Gratton et al. 1997). Integrating over and)

Mthe best-Ðt value of the age in Hubble-time units is)",
or, equivalently,H0 t0 \ 0.93~0.06`0.06 t0 \ 14.5~1.0`1.0(0.63/h)

Gyr. The age would be somewhat larger in a Ñat universe :
or, equivalently,H0 t0flat \ 0.96~0.07`0.09 t0flat \ 14.9~1.1`1.4(0.63/h)

Gyr.
Third, even if the universe is not Ñat, the conÐdence

regions of Figure 7 suggest that the cosmological constant
is a signiÐcant constituent of the energy density of the uni-
verse. The best-Ðt model (the center of the shaded contours)
indicates that the energy density in the cosmological con-
stant is D0.5 more than that in the form of mass energy
density. All of the alternative Ðts listed in Table 3 indicate a
positive cosmological constant with conÐdence levels of
order 99%, even with the systematic uncertainty included in
the Ðt or with a clumped-matter metric.

Given the potentially revolutionary nature of this third
conclusion, it is important to reexamine the evidence care-
fully to Ðnd possible loopholes. None of the identiÐed
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The Accelerating 
UniverseNo. 2, 1999 ) AND " FROM 42 HIGH-REDSHIFT SUPERNOVAE 581

FIG. 9.ÈIsochrones of constant the age of the universe relative toH0 t0,
the Hubble time, with the best-Ðt 68% and 90% conÐdence regions inH0~1,
the plane for the primary analysis, Ðt C. The isochrones are labeled)

M
-)"for the case of km s~1 Mpc~1, representing a typical value foundH0 \ 63

from studies of SNe Ia (Hamuy et al. 1996 ; RPK96; Saha et al. 1997 ; Tripp
1998). If were taken to be 10% larger (i.e., closer to the values inH0Freedman et al. 1998), the age labels would be 10% smaller. The diagonal
line labeled accelerating/decelerating is drawn for q0 4 )

M
/2 [ )" \ 0

and divides the cosmological models with an accelerating or decelerating
expansion at the present time.

due to small-scale clumping of mass as a separate analysis
case rather than as a contributing systematic error in our
primary analysis ; the total systematic uncertainty applies to
this analysis as well. There are also several more hypotheti-
cal sources of systematic error discussed in ° 4, which are
not included in our calculation of identiÐed systematics.
These include gray dust [with [R

B
(z \ 0.5) 2R

B
(z \ 0)]

and any SN Ia evolutionary e†ects that might change the
zero point of the light-curve width-luminosity relation. We
have presented bounds and tests for these e†ects, which give
preliminary indications that they are not large sources of
uncertainty, but at this time they remain difficult to quan-
tify, at least partly because the proposed physical processes
and entities that might cause the e†ects are not completely
deÐned.

To characterize the e†ect of the identiÐed systematic
uncertainties, we have reÐt the supernovae of Ðt C for the
hypothetical case (Ðt J) in which each of the high-redshift
supernovae were discovered to be 0.04 mag brighter than
measured, or, equivalently, the low-redshift supernovae
were discovered to be 0.04 mag fainter than measured.
Figure 5e and Table 3 show the results of this Ðt. The best-
Ðt Ñat-universe varies from that of Ðt C by 0.05, less)

M
flat

than the statistical error bar. The probability of is)" [ 0
still over 99%. When we Ðtted with the smaller systematic
error in the opposite direction (i.e., high-redshift supernovae
discovered to be 0.03 mag fainter than measured), we Ðnd
(Ðt I) only a 0.04 shift in from Ðt C.)

M
flat

The measurement error of the cosmological parameters
has contributions from both the low- and high-redshift
supernova data sets. To identify the approximate relative
importance of these two contributory sources, we rea-
nalyzed the Ðt C data set, Ðrst Ðtting and a to theM

Blow-redshift data set (this is relatively insensitive to cosmo-
logical model) and then Ðtting and to the high-)

M
)"redshift data set. (This is only an approximation, since it

neglects the small inÑuence of the low-redshift supernovae
on and and of the high-redshift supernovae on)

M
)" M

Band a, in the standard four-parameter Ðt.) Figure 5 shows
this Ðtted as a solid contour (labeled Ðt M) with the)

M
-)"1 p uncertainties on and a included with the systematicM

Buncertainties in the dashed-line conÐdence contours. This
approach parallels the analyses of Permutter et al. (1997e,
1998b ; 1997f) and thus also provides a direct comparison
with the earlier results. We Ðnd that the more important
contribution to the uncertainty is currently due to the low-
redshift supernova sample. If three times as many well-
observed low-redshift supernovae were discovered and
included in the analysis, then the statistical uncertainty
from the low-redshift data set would be smaller than the
other sources of uncertainty.

We summarize the relative statistical and systematic
uncertainty contributions in Table 4.

6. CONCLUSIONS AND DISCUSSION

The conÐdence regions of Figure 7 and the residual plot
of Figure 2b lead to several striking implications. First, the
data are strongly inconsistent with the " \ 0, Ñat universe
model (indicated with a circle) that has been the theoreti-
cally favored cosmology. If the simplest inÑationary theo-
ries are correct and the universe is spatially Ñat, then the
supernova data imply that there is a signiÐcant, positive
cosmological constant. Thus the universe may be Ñat or
there may be little or no cosmological constant, but the
data are not consistent with both possibilities simulta-
neously. This is the most unambiguous result of the current
data set.

Second, this data set directly addresses the age of the
universe relative to the Hubble time, Figure 9 showsH0~1.
that the conÐdence regions are almost parallel to)

M
-)"contours of constant age. For any value of the Hubble con-

stant less than km s~1 Mpc~1, the implied age ofH0 \ 70
the universe is greater than 13 Gyr, allowing enough time
for the oldest stars in globular clusters to evolve (Chaboyer
et al. 1998 ; Gratton et al. 1997). Integrating over and)

Mthe best-Ðt value of the age in Hubble-time units is)",
or, equivalently,H0 t0 \ 0.93~0.06`0.06 t0 \ 14.5~1.0`1.0(0.63/h)

Gyr. The age would be somewhat larger in a Ñat universe :
or, equivalently,H0 t0flat \ 0.96~0.07`0.09 t0flat \ 14.9~1.1`1.4(0.63/h)

Gyr.
Third, even if the universe is not Ñat, the conÐdence

regions of Figure 7 suggest that the cosmological constant
is a signiÐcant constituent of the energy density of the uni-
verse. The best-Ðt model (the center of the shaded contours)
indicates that the energy density in the cosmological con-
stant is D0.5 more than that in the form of mass energy
density. All of the alternative Ðts listed in Table 3 indicate a
positive cosmological constant with conÐdence levels of
order 99%, even with the systematic uncertainty included in
the Ðt or with a clumped-matter metric.

Given the potentially revolutionary nature of this third
conclusion, it is important to reexamine the evidence care-
fully to Ðnd possible loopholes. None of the identiÐed
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The Full Pie

4%

26%

70%

Dark Matter
ΩDM = 0.26

“Dark Energy”
ΩDE=0.70

Normal Matter
ΩBARYON = 0.04

The Universe is FLAT When ΩBARYON + ΩDM + ΩDE = 1
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Lensing Support for 
Dark Matter
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Lensing Support for 
Dark Matter
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The Future

Both Dark Energy and Dark Matter effect the 
efficiency of gravitational lensing

Detailed surveys measuring the effects of 
gravitational lensing on galaxies will hopefully 
give us clues to the properties of Dark Matter 
and Dark Energy
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The Future

36



Summary
We have good evidence that:

The Universe is only 4% normal matter
The Universe is 24% dark matter
The Universe is 72% dark energy
The Universe if flat
Structure in the Universe has been around for 
only about 13.7 Billion years
We can trace most of this history reliably!

This is an impressive achievement
The future will lead to more fundamental insights 
into the nature of the dark stuff
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