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In this supernova explosion, the temperature and density reach the point at 
which the C and 0 nuclei fuse and produce higher mass nuclei. The fusion process 
stops at 56Ni, a radioactive isotope with an equal number of protons and neutrons. 
In fact, an enormous amount of 56Ni is produced, typically 0.6 of a solar mass. 
In the explosion, the newly produced material is ejected with velocities of about 
10,000 km/set to 30,000 km/set. At first, the exploding star is too small to be 
seen. Over a period of a few days, however, it expands rapidly and its brightness 
reaches a maximum value, in about 18 days, in the rest system. It is during this 
period that we first discover the SN as we will describe below. The light observed 
is produced by ionization from the decay products of 56Ni and its daughter isotope 
56Co. The 56Ni isotope has a half-life of about six days and 56Co has a half-life 
of 77 days, so it is primarily the 56Co decay that is powering the supernova at 
maximum light. Finally, 56Co decays to stable 5sFe. 

3. The Observation of 42 SNe 

All the same, not all SNe Ia have exactly the same brightness at the peak of the 
light curve. There is a dispersion of about 0.24 to 0.5 magnitudes (depending on 
the sample selection criteria) in the maximum brightness distribution.’ Phillips’ 
noted a correlation between the brightness and the decline rate of the SNe Ia. 
We express this correlation (Perlmutter et al., 1997, Ref. 3) in terms of a stretch 
parameter s applied to the time axis in the light curve of the SN. Thus, s affects 
both the rise rate and the decline rate of the SN. The greater s, meaning the wider 
the SN light curve, with reference to the standard Leibundgut4 curve, the brighter 
it is. We measure typical values for s from 0.8 to 1.2 with a few outliers above and 
below these values. We find a correction to the B-band absolute magnitude M of 
-cu(s-1). In our analysis, we apply this correction to the apparent magnitude mB 
giving an effective magnitude megfctive = ms + cr( s - 1) , which then corresponds to 
a unique value of the absolute magnitude M with an uncertainty of approximately 
0.17 magnitudes or ~17% in flux. (This dispersion can be improved still further 
with multiple filter-band constraints on extinction; see discussions in Perlmutter 
et ~1.~ and references therein.) In theoretical models, it has been suggested that 
this light curve width-luminosity relation can be understood in terms of varying 
amounts of 56Ni produced, and hence, variation in the temperature of the ejecta. 

In an ongoing systematic search we have, over the last six years, discovered and 
studied 75 SNe. The majority of these were the most distant SNe ever observed. 
We have now completed the analysis of 42 of these SNe. The analysis of the first 
seven of our SNe has already been published (Perlmutter, 1997).3 An additional 
SN at I = 0.83 has been measured with the Hubble Space Telescope and added 
to this sample (Perlmutter, 1998a, Ref. 6). The first analysis of a 40-supernova 
sample was presented at the January 1998 meeting of the American Astronomical 
Society (Perlmutter, 1998b, Ref. 7); The current, more extensive analysis5 agrees 
with those results-as well as with a subsequent analysis of 16 SNe by the Hi-Z 
Supernova Search Team (Riess et al. 1998).s 

When we began our program, only one high-redshift supernova had been dis- 
covered (18 days past maximum).g We developed a technique that made it possible 
to discover batches of high-redshift supernovae, while still on the rise to maximum 
light in a systematic, predictable way. About twice a year, during two sets of 
two nights at the telescope, our procedure is to take about 50-70 different CCD 
images, depending on the depth in redshift we are trying to achieve. Each image 
covers about 15 x 15 square minutes of arc on the sky. The total area covered is 
thus about 3-4 square degrees. The first set of images are considered as “refer- 
ence” images. The second set observed about three weeks later, are the “search” 
images in which we hunt for the new light due to a supernova. The timing relative 
to the moon is critical, since we deal with such dim objects that they are difficult 
to observe at or near full moon. We take our reference images just after the new 
moon and our search images just before the next new moon. After the discovery, 
we take follow-up images of the SNe as well as the spectra. 

The new supernova in this sample of 42 were all discovered while still bright- 
ening, using the Cerro To1010 four-meter telescope with the 2048* prime-focus 
CCD camera or the 4 x 2048* big throughput camera. The supernovae were fol- 
lowed with photometry over the peak of their light curves, and approximately two 
to three months further (- 40-60 days in their restframe) using the CT10 4-m, 
WIYN 3.6-m, ES0 3.6-m, INT 2.5-m, and WHT 4.2-m telescopes. (SN 1994ap 
and other more recent supernovae have also been followed with HST photome- 
try.) The supernova redshifts and spectral identifications were obtained using the 
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Figure 1: (a) Hubble diagram for 42  high-redshift SNe Ia from the Supernova 
Cosmology Project, and  18  low-redshift SNe Ia from the Cal&n/Tololo Supernova 
Survey, after correcting both sets for the SN Ia light curve width-luminosity rela- 
tion. The inner error bars show the uncertainty due  to measurement  errors, while 
the outer error bars show the total uncertainty when the intrinsic luminosity dis- 
persion, 0.17 mag, of light curve-width-corrected SNe Ia is added  in quadrature. 
The unfilled circles indicate supernovae not included in Fit C. The solid curves 
are the theoretical megffective( ) f z or a  range of cosmological models with zero cos- 
mological constant as indicated on  the figure. (b) The magni tude residuals from 
the best-fit flat cosmology for the Fit C supernova subset,  (a,, a,) =  (0.28,0.72). 
The curves are for a  range of flat cosmological models as indicated on  the figure. 
(c) The uncertainty-normalized residuals from the best-fit flat cosmology for the 
Fit C supernova subset,  (RM,&) =  (0.28,0.72). 

Figure 2: The 68%, 90%, 95%, and  99% conf idence regions in the RM-RA plane from 
Perlmutter et oL6 (see this reference for details of the fit procedure). (The table of this 
two-dimensional probability distribution is available at http://www-supemova.ZbZ.gov/.) 
In cosmologies above the 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,” represents “bouncing 
universe” cosmologies with no Big Bang in the past. The lower right-shaded region 
corresponds to a universe that is younger than the oldest heavy elements, for any value 
of Ho 2 50 km s-l Mpc-l. 
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Figure 3: (a) The distribution of the observed light curve width w for the 18 of the 
Calin/Tololo SNe (broken line histogram) with an area normalized to 42 and the 
SCP data for 42 fully analyzed SNe (solid line histogram). (b) The corresponding 
stretch distributions s defined as the observed light curve width divided by 1 + z 
for each SN. 

Figure 4(a) shows the distribution of w versus 1+ z for both the Calan/Tololo 
data and the SCP data. As can be noted, except for two outliers in the SCP data 
and three in the Calan/Tololo data, 0.8 < s < 1.2. In Fig. 4(b), we show the 
stretch distribution s versus 1 + z. 

In Fig. 5(a), we show the R-band photometry points, individually K-corrected 
to the B-band for the SNe with 0.30 < .z < 0.70, aligned at maximum light in the 
observer system. The measured points for SNe with 0.45 < z < 0.70 are shown 
in red, the points from SNe with 0.30 < z < 0.45 are shown in green. Also shown 
are points (violet) from the 18 SNe from the Cal&n/Tololo study in the B-band 
(Hamuy, 1996) with z < 0.11, these are also K-corrected. These 18 SNe were 
chosen out of 29 SNe by having been discovered prior to five days after maximum 
light. Figure 5(b) shows the same data averaged over all SNe in each z band. 
Figure 5(b) also shows the same data with the SCP data averaged over the entire 
0.30 < z < 0.70 interval and averaged over two days. Finally, Fig. 5(b) shows the 
rest system Leibundgut curve extended down to the explosion time (Nugent et al., 
1999, Ref. 22, Goldhaber et al., 1999, Ref. 23). These figures illustrate the time 
dilation effect clearly. The width of the light curves are z dependent in the observer 
system. The nearby SNe (violet points) approximate the rest system curve, while 
the high-redshift data (green and red points) give wider distributions. This time 
dilation is particularly clear in Fig. 5(c). The (violet) low-z points follow the curve 
while the (green) outer points are clearly much wider, indicating time-dilation. 

We now transform the time axis from the observer frame to the rest frame by 
dividing the appropriate 1 + z for each data point of each of the SNe, and then 
divide the time axis by s as well. In Fig. 6(a) and 6(b), we note excellent overlap 
of all the individual photometry points. Thus with one parameter s and the time 
dilation 1 + z, all the normalized and aligned SNe fit a single curve. The relations 
between stretch, color and brightness as noted by Riess et al.” will be discussed 
in detail in terms of stretch in an upcoming publication (Kim et al., 1999, Ref. 
23). 

9. Time Dilation and Doppler Shift-An Example 

The time dilation effect can be understood in terms of the Doppler shift. We 
present a simple example of this. 
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Figure 6: (a) The photometry points for the same three sets of SNe, transformed 
to the rest system and corrected for the stretch factor s. (b) The same data as 
in (a) averaged over each day. All the points are consistent with the extended 
Leibundgut curvez4 indicating that the single parameter s, combined with the 
expansion factor 1 + 2, falls on a unique curve. 

We note that the upper limit of the observed redshift z = 0.7 corresponds to 
p = 0.49 and that p = 0.5 corresponds to z = 0.73. Consider two points in time 
on the light curve symmetric around the peak and four weeks apart, in the SN rest 
system for z = 0.73. When the light emitted from the first point reaches us, we 
start our clock in the observer frame. When the light is emitted from the second 
point the SN will, by the expansion of the universe, be at a greater distance from 
our telescope. With p = 0.5, this extra distance will be two light weeks. From 
this classical effect alone, the two points in the observer system will be six weeks 
apart, a time dilation of 1.5. Thus, time-dilation measures the expansion of the 
universe directly. The relativistic version is given by 1 + z = dm 
which equals ~(1 + /3), where 7 = l/m. For the redshift values we are 
dealing with, the 7 factor is only a small correction 1.15 to give 6.93 weeks in the 
observer frame. The main effect we are observing is thus the direct expansion of 
the universe. The same argument also holds for the redshift of the light emitted 
by the SN, where we now think of the two points as two adjacent crests of the 
light wave. 
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