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ABSTRACT

We present photometric and spectroscopic observations of 23 high-redshift supernovae (SNe) spanning a range
of z = 0.34-1.03, nine of which are unambiguously classified as Type Ia. These SNe were discovered during the
IfA Deep Survey, which began in 2001 September and observed a total of 2.5 deg? to a depth of approximately
m = 25-26 in RIZ over 9—17 visits, typically every 1-3 weeks for nearly 5 months, with additional observations
continuing until 2002 April. We give a brief description of the survey motivations, observational strategy, and
reduction process. This sample of 23 high-redshift SNe includes 15 at z > 0.7, doubling the published number of
objects at these redshifts, and indicates that the evidence for acceleration of the universe is not due to a systematic
effect proportional to redshift. In combination with the recent compilation of Tonry et al. (2003), we calculate
cosmological parameter density contours that are consistent with the flat universe indicated by the cosmic mi-
crowave background (Spergel et al. 2003). Adopting the constraint that ) = 1.0, we obtain best-fit values of
(Qum, Q) = (0.33, 0.67) using 22 SNe from this survey augmented by the literature compilation. We show that
using the empty-beam model for gravitational lensing does not eliminate the need for {25 > 0. Experience from this
survey indicates great potential for similar large-scale surveys while also revealing the limitations of performing
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surveys for z > 1 SNe from the ground.

Subject headings: cosmological parameters — distance scale — galaxies: distances and redshifts —

supernovae: general
On-line material: machine-readable table

1. INTRODUCTION
1.1. Searching for Cosmological SNe la: Past and Future

It has now been over 5 years since the announcements by
the High-z Supernova Search Team (Riess et al. 1998) and
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Supernova Cosmology Project (Perlmutter et al. 1999) of evi-
dence for the acceleration of the expansion of the universe and
the inferred presence of a nonzero cosmological constant. Since
the implications of this result are so profound for cosmology
and our understanding of fundamental physics, it has been the
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subject of intense scrutiny from several different directions with
attempts to test for further confirmation or any sign of problems.

One goal of the immediate follow-up work was obtaining
better measurements of low and moderately high redshift
(z < 0.5) Type Ia supernovae (SNe Ia) to increase the confi-
dence in their use as standard candles for cosmological pur-
poses. Near-IR observations (Riess et al. 2000) showed no
evidence for extragalactic dust in a single SN la atz ~ 0.5, and
spectra of a separate object at a similar redshift (Coil et al. 2000)
compared very closely with nearby SNe Ia, showing no sign of
spectroscopic evolution. Sullivan et al. (2003) demonstrated
that host galaxy extinction is unlikely to cause the observed
dimming of high-redshift SNe, by comparing Hubble diagrams
as a function of galaxy morphology (see also Williams et al.
2003 for a discussion of host galaxy—SNe correlations).
However, Leibundgut (2001) presented evidence that distant
SNe Ia are significantly bluer than the nearby sample, possibly
indicating photometric evolution that could bedevil analyses
that assume that color corrections can be made based on com-
parison to local SNe Ia.

There have also been continued attempts to discover SNe at
even higher redshifts. An extreme case is the serendipitous
reimaging in the Hubble Deep Field of SN 1997ff (Riess et al.
2001), which added intriguing evidence for an earlier period
of deceleration, with the caveats that it is only a single object
and potentially gravitational lensed (Benitéz et al. 2002). The
sample size of high-z objects has been substantially aug-
mented by recent campaigns described by Tonry et al. (2003;
eight SNe Ia between 0.3 < z < 1.2), as well as Knop et al.
(2003; 11 SNe Ia between 0.36 < z < 0.86).

The ability to discover large numbers of high-redshift SNe
with reliability was made possible by the development of wide-
field cameras with large-format CCDs on large telescopes.
Observing time on these instruments is extremely precious, and
standard practice is to obtain time for a template observation,
followed some weeks later by a second epoch from which to
subtract the first epoch and thus detect SNe (see Schmidt et al.
1998). The observations necessary to obtain a complete photo-
metric light curve of confirmed SNe Ia are then made with other
telescopes that can target individual objects and on which access
to time is somewhat less competitive. Spectroscopic confirma-
tion that a candidate is indeed an SN Ia requires significant time
on 8—10 m class telescopes, and the amount of such time that can
be obtained is often the limiting factor for SN surveys.

The coming years will see atremendous increase in the number
of astronomical surveys taking advantage of the ability of these
wide-field imaging cameras to cover large regions of sky. In a
new twist, these surveys will observe large areas repeatedly in
order to explore the astronomical time domain in unprecedented
ways. This will allow better understanding of a wide range of
transient objects such as asteroids, microlensing events, active
galactic nuclei (AGNs), and SNe, as well as potentially unveiling
previously unknown time-variable phenomena.

This trend has already begun to a limited extent with such
projects as the Deep Lens Survey (Wittman et al. 2002) and
Sloan Digital Sky Survey (York et al. 2000), which in late 2002
began repeat coverage of certain fields in order to search for
variable objects (Miknaitis et al. 2002). Among other surveys
underway is ESSENCE'” (Smith et al. 2002), a 5 yr program to
discover hundreds of SNe Ia over a wide redshift range
(0.2 <z < 0.7) in order to measure the cosmological equation

'7 See http://www.ctio.noao.edu/wproject.
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of state. The exploration of the wide-field, temporal-variability
domain is scheduled to culminate with truly massive under-
takings such as the CFH Legacy Survey'® and PanSTARRS'"®
(Kaiser et al. 2002).

The Hubble Space Telescope (HST ) has also recently entered
the fray with the Advanced Camera for Surveys (ACS; Ford
etal. 1998), giving it wide-field capability. Several objects have
been discovered through observations of the Hubble Deep
Field—North (Blakeslee et al. 2003), and in late 2002 a cam-
paign was begun to discover SNe out to the redshift z ~ 1.7
through strategic placement of GOODS survey observations
(Riess 2002), already yielding numerous objects (Riess et al.
2004). Finally, the extreme of aspirations is the proposed
Supernova/Acceleration Probe (SNAP; Nugent 2001), a satel-
lite mission specifically designed to discover and monitor huge
numbers of SNe [a out to z ~ 1.7.

1.2. The IfA Deep Survey

Beginning in 2001 September, a collaboration of astron-
omers from the Institute for Astronomy (IfA) at the University
of Hawaii-Manoa (UH) undertook the IfA Deep Survey, using
wide-field imagers atop Mauna Kea, Hawaii. This project im-
aged 2.5 deg? in multiple colors (RIZ) roughly every 2—3 weeks
for approximately 5 months, with observations continuing until
2002 April. The major motivation for separating the individual
nights in this manner was to discover and follow large numbers
of'high-redshift SNe. The survey was designed to accommodate
investigations of a wide range of scientific goals, including
searches for substellar objects, galactic structure studies, vari-
able object searches (particularly SNe), and galaxy clustering
studies. Preliminary analysis of survey data has already yielded
at least one substellar object (Liu et al. 2002) and scores of both
high-redshift SN (Barris et al. 2001a, 2001b, 2001c, 2001d,
2002a, 2002c; Barris 2002a, 2002b; Barris, Chambers, & Liu
2002b) and brown dwarf candidates (Graham 2002; E. L.
Martin et al. 2004, in preparation).

The novel feature of this campaign was the use of survey
observations to follow SNe Ia, as well as find them. No prior SN
campaign has been performed in this manner. At the beginning
of any survey, many SNe will be discovered well past maximum
light, which will not be suitable for cosmological studies.
Similarly, SNe that are discovered before or at maximum light
at the end of the survey will not have sufficient follow-up
observations to be useful. However, all of the SNe discovered in
the middle of a continuous survey will have observations on the
rising portion of the light curve, as well as far into the decline,
giving sufficient coverage for light-curve fitting and hence
distance determination.

In this paper we describe the IfA Deep Survey and data re-
duction, as well as results from the SN search. In § 2 we describe
the survey observations. In § 3 we give a brief description of the
pipeline data reduction process, which produces the final
images to be used by all the collaborators. In § 4 we describe the
SN search. In §§ 5 and 6 we discuss the distance measurements
and cosmological analysis, and in § 7 we give our conclusions.

2. OBSERVATIONS
2.1. Survey Science Observations

For most of the scientific goals of the IfA Deep Survey, the
primary concern was overall survey depth. The most important

'® See http://www.cfht.hawaii.edu/Science/CFHLS.
19 See http://poi.ifa.hawaii.edu.
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factors for the SN search component were sufficient depth on
individual nights to detect high-redshift SNe and separation of
the nights so as to allow for continual detection and follow-up
throughout the duration of the survey. The primary instruments
used were Suprime-Cam (Miyazaki et al. 1998) on the Subaru
8.2 m telescope and the 12K camera (Cuillandre et al. 1999) on
the Canada-France-Hawaii 3.6 m Telescope (CFHT).

The survey strategy was designed to provide for the dis-
covery and follow-up of 10—25 SNe Ia with 0.9 <z < 1.2 in
order to distinguish whether the evidence from SNe Ia at lower
redshift for an accelerating universe could actually be due to a
systematic effect proportional to redshift rather than an indi-
cation of a nonzero cosmological constant. The rates of high-
redshift SNe are still quite uncertain (see Pain et al. 1996, 2002,
Tonry et al. 2003), but the rate of SNe Ia in our desired redshift
range is approximately 2-5 deg 2 month~!, depending on
when the individual images are taken. The peak brightness of an
SNIaatz = 1.2isabout/ = 24.3 and Z = 23.6, so each survey
night was designed to provide a signal-to-noise ratio (S/N) of 11
in / band and 7 in Z band at these magnitudes, assuming 0775
seeing. This is a bit less S/N than ideal for Z band, but some
observations were taken with much better seeing that went
deeper (and conversely, some were taken with worse seeing and
therefore went shallower). In addition, the R-band images,
designed for S/N = 10 per observation, can be used to help
distinguish SNe Ia from SNe II, based on the redder color of
high-redshift SNe Ia (see § 4.3).

Fields and observational cadence were chosen to meet the
necessary requirements of all the scientific programs. Primary
considerations included a spread in right ascension to allow for
continuous observation throughout a single night over several
fall and winter months from Mauna Kea; low Galactic extinc-
tion; and whether previous observations, in the same or other
wavelength regions, could be used to augment the scientific
objectives. Five 0.5 deg? fields were chosen for the survey.
Central coordinates of the selected fields are given in Table 1.
The field at 02"27™ (field 0230) was previously used for high-
redshift surveys by the High-z Supernova Search Team (see
Tonry et al. 2003). Field 0848 was chosen to overlap with
previous radio observations, and field 1052 (the “Lockman Hole™;
see Lockman, Jahoda, & McCammon 1986) was chosen for a

TABLE 1

TARGET FIELD CENTRAL COORDINATES

R.A. Decl.
Telescope Field Name (J2000.0) (J2000.0)
CFHT ..ot 0230 02 27 53 +00 35 00
0438 04 38 40 —01 30 00
0749 07 49 55 +10 09 00
0848 08 48 30 +44 15 00
1052 10 52 20 +57 20 00
Subart ......coceeeeeeeneenn 0230E 02 28 46 +00 35 00
0230W 02 27 00 +00 35 00
0438E 04 39 33 —01 30 00
0438W 04 37 47 —01 30 00
0749E 07 50 48 +10 09 00
0749W 07 49 02 +10 09 00
0848E 08 49 43 +44 15 00
0848W 08 47 17 +44 15 00
1052N 10 52 20 +57 33 09
10528 10 52 20 +57 06 51

Note.—Units of right ascension are hours, minutes, and seconds, and units
of declination are degrees, arcminutes, and arcseconds.
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wide range of prior multiwavelength studies (X-ray, Hasinger
et al. 1993; radio, de Ruiter et al. 1997; Ciliegi et al. 2003; IR,
Taniguchi, Kawara, & Matsuhara 1999; Fadda et al. 2002).

The 12K camera consists of twelve 2048 x 4096 pixel
CCDs, with a field of view (FOV) of 45’ x 30’ (0.375 deg?) and
apixel scale of 07206 pixel ~!. Survey fields were observed with
a Mould [ filter, a central wavelength of 8223 A, and a width of
2164 A.

The Suprime-Cam instrument, consisting of a mosaic of ten
2048 x 4096 pixel CCDs, covers a 34’ x 27' FOV (0.255 deg?)
and has an image scale of 0720 pixel~!. The survey fields were
observed with Suprime-Cam with Cousins R and / and Subaru Z
filters. The Z filter at Subaru has an effective wavelength of
9195 A and FWHM of 1410 A (Fukugita et al. 1996). Each of
the five fields was covered by two overlapping Suprime-Cam
FOVs. The central coordinates for the pair of Suprime-Cam
pointings for each field are given in Table 1. For four of the
fields (all except for field 1052), the two Suprime-Cam FOVs
were rotated by 90° relative to the 12K FOV. Thus, the coverage
with two Suprime-Cam FOVs was approximately 34’ x 54’
(=0.5 deg?), compared to 30" x 45’ (accounting for the orien-
tation) with the 12K. For field 1052 the appropriate comparison
is 34’ x 54’ with Suprime-Cam and 45’ x 30’ with 12K, so that
in this configuration there were regions on the edge of the field
that were imaged with the 12K but not with Suprime-Cam, and
vice versa, while for the other fields the 12K FOV is completely
covered by the Suprime-Cam footprint (see Fig. 1 for an
illustration).

The bulk of the survey took place over eight full nights
and five half-nights with Suprime-Cam on Subaru from 2001
October through 2002 April. Target fields were also observed
between 1 and 5 times with queue-scheduled observations with
the 12K at CFHT. Not all nights were photometric, and expo-
sure times occasionally varied depending on conditions. A
summary of observations, including date, exposure time, and
mean seeing value, is given in Tables 2 (CFHT 12K) and 3
(Suprime-Cam).

Exposure times were chosen to achieve approximately the
same survey depth in the three filters, although the required
exposure times for Z were impractically long, and so this filter
did not go as deep as R and /. The long readout time for
Suprime-Cam was also a major factor. For a typical night, 5 o
point-source sensitivities were roughly 25.8 in R, 25.2 in I,
and 24.2 in Z. When the entire survey is combined, the 5 o
point-source depth of the summed images is approximately
27.31in R, 26.7 in I, and 25.6 in Z, varying from field to field as
a result of differences in integration time and seeing conditions
on nights when a particular field might be more heavily rep-
resented. See Figure 2 for a comparison of the depth and area
coverage of the IfA Deep Survey with several other recent
surveys, illustrating where this survey lies in area versus
sensitivity parameter space.

2.2. Astrometric Observations

In addition to the survey science observations, we also
obtained shorter exposures in order to construct astrometric
catalogs of the target fields. These observations, taken with the
CFHT 12K camera, were 120 s in all bands (Mould R, Mould
1, Z). One advantage of these shorter images is that they create
a photometric overlap with an external reference, the USNO-
A2.0 catalog (Monet 1998),%° since the much deeper science

20" Available at http://archive.eso.org/skycat/servers/usnoa.
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Fic. 1.—Configuration of the Suprime-Cam and CFHT+12K FOVs during the IfA Deep Survey. Solid lines depict the two Suprime-Cam FOVs; dashed lines
show the coverage of the single 12K FOV. Shown on the left is the layout for fields 0230, 0438, 0749, and 0848. Shown on the right is the layout for field 1052.

images discussed in the previous section do not contain any
nonsaturated stars from this catalog. The images of each field
were taken with half-CCD offsets to determine astrometry
over the entire survey area.

Object detection software was run on the astrometric images
(findpeaks from the IMCAT package)®' to construct a catalog
of objects to register with the USNO-A2.0 catalog. Solutions
for image mapping parameters were then obtained using a
process developed for weak-lensing studies (see Kaiser 2000
for a detailed mathematical description of the method and
Kaiser et al. 1999 for a more practical summary). Stars brighter
than m =~ 21 are identified in the astrometric images, as well as

21 See http://www.ifa.hawaii.edu/~kaiser.

TABLE 2
CFHT+12K ScienceE OBSERVATIONS

I FWHM

Date MJID Field (s) (arcsec)

52,163.54 0230 8 x 600 0.72

52,174.56 8 x 600 0.68

52,191.43 8 x 600 0.69

52,225.31 8 x 600 0.66

52,263.23 10 x 600 1.06
25,200

52,164.57 0438 8 x 600 0.75

52,176.49 8 x 600 0.72

52,191.50 8 x 600 0.71

52,225.39 8 x 600 0.62

52,263.38 8 x 600 1.14
24,000

52,195.57 0749 8 x 600 0.77

52,225.48 8 x 600 0.77

52,262.50 8 x 600 0.80
14,400

52,191.56 08438 8 x 600 0.78

52,225.56 8 x 600 0.77

52,263.51 8 x 600 1.42
14,400

52,263.57 1052 8 x 600 1.13
4800

the USNO-A2.0 catalog, and a large matrix equation mapping
CCD coordinates to sky tangent plane coordinates is fitted by a
cubic polynomial. We then iterate until the process converges,
rejecting outlying points after each step. Great care was needed
so as not to mistakenly reject large groups of stars in a given
region that may show a systematic offset due to a single
problematic star.

After achieving an acceptable solution (typically requiring
four to six iterations), more sensitive object detection was run
on the astrometric images to augment the catalog with stars faint
enough to overlap with the much deeper science images. Going
deeper means that many objects in the reference catalog will be
faint galaxies rather than stars, but since they are stellar in
appearance, they are still suitable for astrometry.

The end product of this process was a catalog of stars with
extremely accurate relative astrometry (to a fraction of a pixel,
i.e., better than 071), extending to very faint magnitudes
(m ~ 22 for R, [ and m ~ 21 for Z). The catalogs range in size
from about 4000 stars for fields 0230, 0848, and 1052, to 7000
for field 0438, to more than 9500 for field 0749, which is at a
lower Galactic latitude than the other fields.

2.3. Photometric Observations

Photometric observations were obtained at the CTIO 1.5 m
and UH 2.2 m telescopes. Landolt standards (Landolt 1992) and
spectrophotometric standards, which have Landolt magnitudes
and synthetic Z magnitudes, were observed in BVRIZ (Johnson
BV, Cousins R/, and Z as described in Tonry et al. 2003) to set
the magnitude scale of the survey target fields.

Flux measurements for the standard stars were calculated
using 14” diameter aperture magnitudes of isolated local
standards in each field. For each night and filter an atmospheric
extinction coefficient and a color term were calculated. This fit
to air mass and color typically showed a scatter of 0.02 mag, as a
result of the usual difficulties of data reduction: sky errors, flat-
fielding imperfections, atmospheric transparency variations,
CCD nonlinearity, shutter timing errors, and variations due to
point-spread function (PSF) or scattered light.

Our Z-band observations were calibrated by observing
a series of Landolt stars, whose magnitudes were derived
by integrating their spectrophotometry (N. B. Suntzeft 2004,
in preparation) with our bandpass defined by the CTIO



TABLE 3

SUPRIME-CAM SCIENCE OBSERVATIONS

R 1 VA R 1 z FWHM
Date MJID Field (s) (s) (s) Field (s) (s) (s) (arcsec)
52,198.47 0230E 3 x 215 5 x 240 0230W 3 x 215 5 x 240 0.64
52,204.46 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.66
52,231.43 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.63
52,232.26 3 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.64
52,236.24 2 x 280 3 x 215 4 x 240 2 x 280 3 x 215 4 x 240 0.95
52,252.24 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.94
52,283.31 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 4 x 240 0.60
52,288.30 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.70
52,289.32 2 x 280 3 x 215 2 x 240 2 x 280 3 x 215 5 x 180 1.02
. 3 x 180
52,323.25 3 x 215 3 x 240 3 x 215 3 x 240 1.07
4760 6450 11,100 4480 6450 10,740
52,198.55 0438E 3 x 215 5 x 240 0438W 4 x 215 5 x 240 0.69
52,204.56 2 x 280 3 x 215 5 x 240 2 x 280 4 x 215 5 x 240 0.67
52,231.39 3 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.63
52,232.37 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.74
52,236.34 2 x 280 3 x 215 4 x 240 2 x 280 3 x 215 4 x 240 0.89
52,252.34 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.88
52,283.40 2 x 280 3 x 215 3 x 240 2 x 280 3 x 215 3 x 240 0.63
52,288.26 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 3 x 240 0.81
52,289.30 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.82
52,323.33 1 x 280 3 x 215 5 x 240 1 x 280 3 x 215 5 x 240 1.00
52,369.24 2 x 215 3 x 150 0.58
. 120 180
52,377.25 3 x 190 2 x 280 1.02
5050 7000 11,280 5320 7510 10,800
52,231.49 0749E 2 x 280 3 x 215 5 x 240 0749W 2 x 280 3 x 215 5 x 240 0.60
52,232.47 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 4 x 240 0.68
52,236.45 2 x 280 3 x 215 4 x 240 2 x 280 3 x 215 4 x 240 1.08
52,252.44 2 x 280 3 x 215 4 x 240 2 x 280 3 x 215 3 x 240 0.96
52,283.55 2 x 280 3 x 215 3 x 240 2 x 280 3 x 215 3 x 240 0.60
52,288.54 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.66
52,289.54 2 x 280 3 x 215 3 x 240 2 x 280 3 x 215 4 x 240 0.85
52,323.43 2 x 280 3 x 215 5 x 220 2 x 280 3 x 215 5 x 220 0.88
52,369.27 .. 3 x 215 .. .. 3 x 215 0.54
52,377.27 2 x 280 2 x 280 0.75
52,378.31 4 x 240 4 x 240 0.91
5040 5805 9020 5040 5805 8780
52,198.62 0848E 4 x 215 0848W 6 x 215 0.59
52,204.63 3 x 215 4 x 215 0.64
52,231.60 2 x 280 5 x 215 5 x 240 2 x 280 5 x 215 5 x 240 0.57
52,232.53 3 x 215 3 x 215 0.54
52,236.54 2 x 280 3 x 215 4 x 240 2 x 280 3 x 215 4 x 240 1.04
52,252.53 2 x 280 4 x 215 5 x 240 2 x 280 5 x 215 3 x 240 0.92
52,283.53 2 x 280 3 x 215 4 x 240 2 x 280 3 x 215 4 x 240 0.72
52,288.44 2 x 280 3 x 215 5 x 240 2 x 280 3 x 215 5 x 240 0.68
52,289.51 2 x 280 3 x 215 3 x 240 2 x 280 3 x 215 3 x 240 0.61
52,323.52 2 x 280 1 x 215 5 x 220 2 x 280 1 x 215 5 x 220 1.17
52,369.32 3 x 215 3 x 240 3 x 215 5 x 200 0.68
180,200
52,377.30 5 x 240 2 x 240 0.71
3 x 200
52,378.25 2 x 280 2 x 280 0.91
4480 7525 9640 4480 8385 8940
52,232.60 1052N 5 x 215 5 x 240 10528 5 x 215 5 x 240 0.52
52,236.62 2 x 280 3 x 215 3 x 240 2 x 280 3 x 215 3 x 240 0.98
52,252.63 2 x 280 3 x 215 3 x 240 2 x 280 3 x 215 1.07
52,283.64 2 x 280 3 x 215 2 x 240 2 x 280 3 x 215 2 x 240 0.73
52,288.63 2 x 280 3 x 215 4 x 240 2 x 280 3 x 215 0.63
52,289.56 2 x 280 2 x 215 3 x 240 2 x 280 2 x 215 3 x 240 0.60
52,323.61 2 x 280 3 x 215 4 x 220 2 x 280 3 x 215 5 x 220 1.46
52,369.39 9 x 200 8 x 200 0.72
52,377.38 7 x 215 5 x 200 7 x 215 5 x 240 0.83
52,378.35 2 x 280 9 x 240 2 x 280 8 x 240 0.94

3920 6235 10,640 3920 6235 8940
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Fic. 2.—Plot of depth (approximate AB magnitudes) vs. size for several
recent and historical surveys. Diagonal lines show contours of constant volume.
The IfA Deep Survey covers a unique region of this parameter space. Shown
also are SDSS (http://www.sdss.org; York etal. 2000), Deeprange (Postman et al.
1998), EIS (ESO Imaging Survey) Deep, Deep Public (http://www.eso.org/eis),
CFRS (Canada-France Redshift Survey; Lilly et al. 1995), LDSS (Low
Dispersion Survey Spectrograph; Glazebrook et al. 1995), CDFS (GOODS/ESO
Chandra Deep Field—South; http:/www.eso.org/eis), and HDF (Hubble Deep
Field; Williams et al. 1996).

natural system. This system is defined to have (V'—Z) = 0 for
Vega.

The astrometric catalogs described above have accurate
relative photometry, and the CTIO 1.5 m and UH 2.2 m
observations allowed us to put them on an accurate absolute
scale. Calibration of the 0230 field was described by Tonry
et al. (2003), wherein cross-checks with the Sloan Digital Sky
Survey (SDSS; Stoughton et al. 2002) indicate an accuracy as
good as the SDSS zero-point uncertainty of 0.04 mag.

3. PIPELINE REDUCTIONS

Survey science images were initially reduced using a
reduction pipeline created specifically for this purpose at the
IfA. The majority of the pipeline consisted of custom scripts
using the Vista image display and manipulation software. The
search for high-redshift SNe was a time-critical mandate for the
reductions, so the pipeline was designed to be as efficient as
possible. Initial processing took place as soon as the data were
received via FTP from the telescope. A second processing, free
of time pressures and with slight modifications, was performed
after the conclusion of the survey.

The images were first bias subtracted using a median value
from pixels in the overscan region of each chip. For the Subaru
data, a median superflat image was constructed from all the
images for a given chip and filter from the entire night. Images
were flattened by dividing by this superflat. For the CFHT 12K
images, dome flats were used to flatten the data, and a fringe
frame was constructed from the entire night. The images were
flattened by the dome flat image, and the fringe frame was
subtracted. The Suprime-Cam observations had small enough
fringing (less than a few percent) that division of the fringe light
instead of subtraction did not significantly affect photometry.
Bad pixels and other chip defects were removed using a mask
created at the start of the campaign, which proved to be suffi-
cient for the entire survey. Any remaining tilt in the sky was
subtracted, and the sky was normalized to a value of 1000 for
ease of software compatibility.
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The flattened images were then mapped to the astrometric
catalogs of the survey fields through detecting (via SExtractor)
and matching stars (using a similar process as described for the
astrometric observations, although now the custom-made as-
trometric catalogs were the reference, rather than the USNO-
A2.0 catalog). Using these astrometric solutions, the images
were warped onto a predefined coordinate system on a sky
tangent plane. The final postwarp images used a pixel scale of
0720 pixel~!, which is similar to both Suprime-Cam and CFHT
12K. The warping process conserves flux and uses a Jacobian to
restore photometric accuracy lost by flat-fielding. Since divid-
ing by the flat field in the prewarp stage equalizes surface
brightness regardless of geometrical distortion of pixel area and
our warping conserves flux rather than surface brightness, the
Jacobian is necessary for accurate photometry.

At this point cosmic-ray (CR) rejection was done and the
images combined. Performing CR rejection at this stage has
the drawback of decreased sensitivity due to smearing of the
CRs during the warping; thus, many were not removed. For
the goal of discovering SNe, this was not an insurmountable
problem, as individual dithers contributing to the final image
of a candidate could be inspected. In the second processing,
performed after the conclusion of the survey, the CR rejection
was performed before, rather than after, the warping stage.
Images were registered by adaptively finding subimages for
which integer pixel shifts gave sufficiently close registration,
and CR rejection was performed after the processing steps of
flattening, pixel masking, etc. This resulted in a significant
improvement in the removal of CRs. After the CR rejection,
the warping was performed with CR masked pixels treated the
same as other bad pixels.

4. SUPERNOVA SEARCH
4.1. Supernova Discovery

In order to perform the SN search, previous / observations
were subtracted from each new set of images to detect photo-
metrically variable objects. Because our first set of observations,
in2001 September, were taken with the CFHT 12K, subtractions
from our first Subarut+Suprime-Cam nights in October could
only be done over the area in common with both telescope FOVs
(the central 0.375 deg? of the 0.51 deg? covered by Suprime-
Cam). In subsequent months we possessed a complete set of
templates that allowed for searching of the entire survey area.

Subtractions were performed largely in the same manner as
for previous SN searches (see Schmidt et al. 1998; Tonry et al.
2003). New software was written (A. Becker et al. 2004, in
preparation), slightly modifying the algorithms of Alard (2000)
and Alard & Lupton (1998) based on insights gleaned from
searches for microlensing, as well as past SN campaigns. Pairs
of observations to be subtracted were compared to determine
the worse seeing night, with the better night then convolved
to match PSFs. Flux levels were matched and the images
subtracted.

Two independent automatic search algorithms were run on
the subtracted images to detect variable sources. The images
were divided into regions 7’ on a side for ease of searching, and
in a typical such region several dozen variable sources were
detected. Approximately half of these were false positives, such
as diffraction spikes around saturated stars or filter mismatches
between CFHT and Subaru. A large number were variable stars
and AGNs, which are typically distinguished from SNe by being
a small fluctuation centered on a constant point source. All
subtractions were searched visually by at least one person, aided
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by the automatic algorithms. In addition to the many false
positives, the automatic detection programs missed some faint
SNe but in general seemed to do a respectable job finding
objects when compared to well-trained searchers. After the
initial search was completed, candidate SNe were inspected by
an additional observer. The constituent images (typically a
single /-band observation was comprised of three separate dither
positions) were also examined to weed out CRs and moving
objects.

Ideally, the fact that we had observations in three filters
would have been extremely useful in distinguishing between
SNe Ia and SNe II based on the difference in color at early times
(at high redshifts, SNe II are much bluer than SNe la in R/Z). In
practice, however, reducing and searching the /-band data alone
consumed all available resources. Upon further inspection of
the IfA Deep Survey observations, we should be able to provide
an excellent assessment of whether theoretical photometric
discriminatory tests (see Poznanski et al. 2002) are actually
useful for real-world surveys. We have already begun to use
them for the purposes of augmenting our sample, as described
in § 4.3.

Our continuous search strategy did enable us to attempt to
differentiate between the types of SNe based on the shape of
their early light curve. SNe II have extremely heterogeneous
light curves (see Leibundgut & Suntzeff 2003 and references
therein). One major subclass, SN II-P, exhibits a very short rise
to maximum light, followed by a plateau in brightness. After a
detection we were usually able to compare with an observation
made a week or two previously. Quite often the SN was present
in this prior epoch but faint enough that it was not detected by
our searchers, indicating a gradual rise and hence a likely SN Ia
rather than an SN II. Alternatively, if the object was not present
at all in this previous epoch, it was more probably an SN II or an
SN Ia at a much lower redshift.

After this rigorous inspection process candidates were
prioritized and forwarded to the spectroscopic observers, who
were usually already waiting at the telescope.

4.2. Spectroscopic Observations

Although the continuous nature of the IfA Deep Survey
naturally provided for photometric follow-up of SN candidates,
guaranteeing successful spectroscopic follow-up was still
problematic. The only possibility for SN surveys is to rely on
time allocation committees to schedule observing nights a
few days after the photometric search observations and hope
that SN candidates for spectroscopy will be ready in time.
Complications can arise from many uncontrollable issues: the
photometry night may have poor conditions, the searchers
may encounter hardware and/or software problems, the timing
between photometric and spectroscopic nights may end up
being too short, among other pitfalls. Despite the difficulty in-
volved, measurement of redshift and identification as an SN Ia
is necessary to be able to use a SN for cosmological purposes.

We arranged spectroscopic resources on many telescopes
over the course of the IfA Deep Survey, primarily the Keck I
and II telescopes, with the VLT also playing a major role,
although it was unable to reach our northernmost fields. Ad-
ditional spectroscopic observations were made with the
Magellan telescope, although it was not used for identification
of any of the high-z SNe Ia discussed here.

We observed a total of 63 objects spectroscopically during
six separate observing runs (four with Keck, in addition to
one each with the VLT and Magellan) spaced throughout the
duration of the survey. We were also able to observe a small
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number of SN host galaxies in late 2002 during the first year
of the ESSENCE project (Smith et al. 2002).

4.2.1. Keck II ESI

We obtained spectra of SN candidates with ESI (Sheinis et al.
2002) on the Keck II telescope during two separate observing
runs in 2001 October and November. On all nights we used a 170
slit for the observations, with a spectral resolution of ~1.4 A.
The slit was oriented along the parallactic angle, or to include
either the nucleus of the host galaxy or a nearby bright star.
Between integrations the target was moved along the slit to re-
duce the effects of fringing and increase confidence in identi-
fying the SN spectrum. On October 21-22, the seeing was 076—
0”8. For November 1618, the seeing was 075-076 on the first
night and 077-0”8 on the final two nights. The standard stars
BD +17°4708 and BD +28°4211 (Oke 1990) were used for flux
calibration. Standard CCD processing and optimal spectral
extraction were done with IRAE, with our own IDL routines
used to calibrate the wavelengths and fluxes of spectra and to
correct for telluric absorption bands.

We also obtained spectra with ESI on 2002 November 6
during ESSENCE project observations in order to measure
additional redshifts of host galaxies. Seeing was 078—079, and
observational setup and reduction were the same as described
for the 2001 nights.

4.2.2. Keck I LRIS

Additional spectra of SN candidates were obtained with
LRIS (Oke et al. 1995) on the Keck I telescope during two
separate observing runs in 2001 December and 2002 January.
On December 22, the seeing was approximately 1”, with high
cirrus. On January 16—17, the seeing was 171-1”8 on the first
night and 2”"-3" on the second night. We used a 170 slit for the
observations. The spectral resolution is ~6.2 A for the red end
(6500—10000 A) and 9.2 A for the blue (3300-6900 A). Be-
tween integrations we moved the target along the slit for the
reasons described above. In December standard star BD
+17°4708 (Oke & Gunn 1983) was used for flux calibration,
while in January standard stars BD +17°4708, BD +26°2606,
and BD +28°4211 (Oke 1990) were used.

As with the ESI observations, we used IRAF for standard
CCD processing and spectral extraction and IDL for calibrating
the wavelengths and fluxes of spectra and removing atmo-
spheric absorption bands. We used the 300/5000 grism on the
blue side over the range 3300-6900 A, which was matched to
the D680 dichroic. On the red side, we used the 400/8500
grating over the wavelength range 650010000 A. Typically
the two sides were tied together over the range 6500—6600 A.
There were any number of anomalies in the overlap range,
which were minimized as much as possible, but some compli-
cations were unavoidable. Specific problems encountered
included (1) second-order light on the blue side, (2) wave-
length-dependent time variations in the dichroic, and (3) re-
flections from bright stars landing on targets on the blue side.
We were able to work around the second-order blue light in our
standard stars and ignore it in our objects (which are red). We
also corrected for the variations in dichroic transmission to the
red side, but not in the reflectance to the blue side. There is an
increase in noise, and possible spurious features exist near the
overlap region.

4.2.3. VLT FORS
We also obtained spectra of SN candidates with FORS1

on the VLT during an observing run on 2001 December 13 and
14. On December 13, the seeing varied from 077 to 1”8. On



578 BARRIS ET AL.

December 14, the seeing changed rapidly from ~077 to 173
until heavy clouds moved in midway through the night, so that
most of the subsequent data did not have enough signal for
analysis. We used a 170 slit for all observations, with a 300
line mm~! grating. The slit was oriented to include the nucleus
of the host galaxy. FORS1 is mounted behind an atmospheric
dispersion compensator, and we do not expect any wave-
length-dependent effect due to the setting of the slit at an angle
different from the parallactic angle. Between integrations the
target was moved along the slit to reduce the effects of fringing
and for ease of identifying the SN spectrum. During the night
of December 13 we observed EG 21 and LTT 3218 as spec-
troscopic standards (Hamuy et al. 1992, 1994) at the begin-
ning and end of the night, respectively.

The spectra were first corrected by bias subtraction and
division by a dome flat. The wavelength scale was established
through calibration observations of an HeCuAr lamp observed
during the afternoons before and after the observations. The
wavelength solution was then verified against night sky lines.
The extraction of the spectra was carefully done to control the
contamination by the underlying host galaxies. The spectra
were then flux calibrated using the sensitivity functions derived
from the standard stars.

4.3. Supernova Classification

SNe Ia are defined by the presence of Si 1 16355 and Ca 1
H+K 113934, 3968 and typically show numerous broad
undulations in their spectrum (see Filippenko 1997). For the
redshifts targeted during this survey, the Si 1 line was not
observable with visible spectroscopy, although we often could
identify the Ca features, 4000 A break, and other SN Ia fea-
tures. Among the features that may be used to uniquely
identify an SN Ia when Si 1 is not observed is the double-
bump feature near 4000 A created by the combination of Fe 1
44555 and Mg 1 /4481. Typically the redshift was measured
through host galaxy emission, most often the [O 1] doublet at
243726, 3729. This doublet is often unresolved by many
instruments and so appears as a single prominent feature,
which in many cases could be interpreted as [O ] at high
redshift or Ha at low redshift. One means of distinguishing
between these choices is the brightness of the host galaxy.
Another is that Ha is likely to be accompanied by such lines
as [N u], [S u], or [O m], so the lack of these other features
indicates that [O 1] is more likely. The ability to resolve this
doublet will remove all doubt, and this was one advantage of
using ESI, with its much greater resolving power compared to
LRIS for spectroscopic observations (note the values for each
instrument given in §§ 4.2.1 and 4.2.2).

SNe were identified by matching spectral features with those
of SNe Ia through a program called SNID (J. L. Tonry 2004, in
preparation), which cross-correlates an observed spectrum
against a set of template spectra to determine the SN type,
redshift, and age. SNID uses a set of 171 template spectra that
span a large range of SN Ia properties (a small number of
templates for other types of SNe are also used, although the
diversity of SNe Ib/c and SNe II makes their usefulness more
limited than for the relatively homogeneous SNe Ia). The best
matches are reported in terms of a correlation value . Com-
parisons at very different redshifts may require trimming the
spectrum to varying degrees, and so SNID weights the corre-
lation value by the amount of overlap between the spectrum and
template (abbreviated “lap”), producing a parameter » X lap,
which is used to determine which template matches are of
highest significance.
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Table 4 contains positions and Galactic extinction values for
23 SN candidates that we believe are truly SNe Ia, with spec-
troscopic observations described in Table 5 and images shown
in Figures 3 and 4. Tables 6 and 7 give information on the
redshift determination and SNID analyses, respectively. Nine
objects are identified as unambiguous SNe Ia, meaning that they
produce a strongly significant best-fit SNID correlation value at
the same redshift as indicated by their host galaxy emission
lines. The exception is SN 2002ad, for which the best SNID
value is at z ~ 0.77, while the second most likely value is
z = 0.514, which agrees with the host galaxy emission. How-
ever, the match at z = 0.765 is with a template from just past
maximum light, whereas the z = 0.514 match is at nearly 2
weeks past maximum, agreeing with the light curve. We
therefore include SN 2002ad as an unambiguous SN Ia at the
host galaxy redshift. Spectral matches for these nine SNe Ia as
determined by SNID are shown in Figure 5. Note the presence
of Sin 26355 in SN 2001iv and SN 2001iw and evidence of the
double peak at ~4000 A in the other seven SNe, indicating that
these are indeed SNe Ia.

The remaining 14 objects are divided into two groups: 11
with host galaxy redshifts that do not correspond to a strong
SNID match, and three for which there is a significant SNID
correlation with an SN Ia template but no host galaxy emission
with which to compare. Of the group of 11, four (SN 2001fo,
SN 2001hs, SN 2002W, SN 2002X) have peak values of r x
lap > 3.0 and so, based purely on SNID correlation values,
appear to be as strong SN la candidates as SN 2002ad. The
spectral matches are not convincing, however, and we are un-
willing to accept these fits as significant (contamination of a
spectrum by galaxy light often makes it impossible to clearly
discern SN features, so they are still possible SNe Ia). One of the
11 objects (SN 2001jn) was observed in 2002 November, long

TABLE 4
IfA Deep SurvEY TYPE la SUPERNOVAE

RA. Decl. EB-V)'

SN (12000.0) (12000.0) (mag)

20010 oo, 04 37 41.45 —012933.1 0.037
2001fs . 04 39 30.68 —01 28 21.9 0.030
200108 ..ooooeveeeeeeeseeeeenns 04 39 22.39 —013251.4 0.032
2001, 07 50 35.90 +09 58 14.2 0.021
08 49 24.61 +44 02 22.4 0.031

08 49 45.85 +44 15 31.8 0.032

07 50 13.53 +10 17 10.4 0.022

07 50 39.32 +10 20 19.1 0.022

10 52 18.92 +57 07 29.6 0.009

10 52 24.28 +57 16 36.1 0.007

02 26 33.31 +00 25 35.0 0.032

02 28 07.13 +00 26 45.1 0.028

02 29 00.29 +00 20 44.2 0.026

04 39 13.82 —01 23 182 0.033

04 40 12.00 —0117 45.9 0.031

08 46 31.40 +44 03 56.6 0.030

07 50 31.24 +10 21 07.3 0.023

0229 05.71 +00 47 20.1 0.030

08 47 54.42 +44 13 42.9 0.029

08 48 30.54 +44 15 353 0.029

07 48 45.28 +10 18 00.8 0.024

20028b.......ooooeeeeereerenn, 07 48 55.70 +10 06 06.3 0.020
2002ad......oooooeeeereee, 10 50 12.19 +57 31116 0.007

Note.—Units of right ascension are hours, minutes, and seconds, and units
of declination are degrees, arcminutes, and arcseconds.
? Galactic extinction from SFD98.
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TABLE 5

IfA Deep SUurRVEY SN Ia SpEcTROSCOPIC OBSERVATIONS

Integration

SN MJD Date® Instrument (s)
2001fo .. 52,204.0 Oct 21 Keck I ESI 4400
2001fs... 52,205.0 Oct 22 Keck II EST 5400
2001hs.. 52,2329 Nov 18 Keck IT ESI 5400
2001hu.. 52,233.0 Nov 18 Keck I ESI 7800
2001hx 52,233.0 Nov 18 Keck II EST 3000
2001hy. 52,2321 Nov 17 Keck IT ESI 5500
2001iv .. 52,257.4 Dec 13 VLT FORSI1 2400
2001iw.. 52,257.3 Dec 13 VLT FORS1 2400
2001ix .. 52,267.1 Dec 22 Keck I LRIS 3000
20011y .. 52,267.2 Dec 22 Keck I LRIS 600
2001jb .. 52,266.9 Dec 22 Keck I LRIS 2400
2001jf ... 52,266.8 Dec 22 Keck I LRIS 3600
2001jh .. 52,257.1 Dec 13 VLT FORSI1 5400
2001jm 52,257.2 Dec 13 VLT FORSI1 5400
2001jm 52,267.0 Dec 22 Keck I LRIS 5400
2001jn 52,585.0 Nov 06 Keck II ESI 2700
2001jp 52,267.1 Dec 22 Keck I LRIS 1200
2001kd.. 52,232.0 Nov 17 Keck II ESI 7200
2002P ... 52,291.8 Jan 16 Keck T LRIS 3600
2002W.. 52,292.1 Jan 16 Keck T LRIS 3600
2002X... 52,292.0 Jan 16 Keck I LRIS 2100
2002aa.. 52,292.0 Jan 16 Keck T LRIS 1200
2002ab............... 52,292.0 Jan 16 Keck I LRIS 900
2002ad............... 52,292.1 Jan 16 Keck I LRIS 1800

4 All dates are 2001 except for 2001jn, which was taken in 2002.

after the SN had faded from view, so that an SNID analysis is
not possible. The final group of three SNe (SN 2001fs, SN
2001ix, SN 2001jm) do not possess visible host galaxy emis-
sion but do produce convincing matches with template SNe Ia
via SNID, as shown in Figure 6. However, SNID often produces
a series of correlation peaks at discrete redshifts, as a result of
successively matching different features in the spectrum of an
SN Ia with alternate template features at different redshifts.
Because of this ambiguity, we are unwilling to state purely on a
spectroscopic basis that these objects are SNe Ia at the quoted
redshift. Inspired by our substantial high-quality photometric
information, we have pursued further investigations to deter-
mine whether they may be added to our sample with confidence
that they are indeed SNe Ia.

A first test of these additional objects is to compare their
photometric observations with what one would expect from
various types of SNe at the measured redshift. SNe Ia have been
subjected to sufficient scrutiny in recent years that there is a
good understanding of their general properties and a large
number of well-observed objects. We have used two examples
to demonstrate the breadth of parameter space that SNe Ia can
be expected to cover: SN 1995D (Riess et al. 1999a) is a bright
SN Ia, with A = —0.42 as measured by Riess et al. (1998) and
A = —0.44 from the MLCS method from this paper (see § 5.1);
and SN 1999by is one the most subluminous SNe Ia ever ob-
served (Garnavich et al. 2003). At redshiftz > 0.8, objects such
as SN 1999by will be too faint for detection at the m ~ 24.3
I-band sensitivity of our survey, but it can still serve as an
illustrative limiting case for faint SNe Ia.

SNe II are more difficult because they are a less uniform
population than SNe Ia (see Leibundgut & Suntzeff 2003). We
have selected single spectroscopic observations of SN 1998S
(Lentz et al. 2001; Leonard et al. 2000) and SN 1999em (Baron
et al. 2000; Leonard et al. 2002) to serve as our templates. SN

23 HIGH-REDSHIFT SNe FROM IfA DEEP SURVEY 579

19988 is an SN IIn that was observed at maximum brightness,
and SN 1999em is an SN II-P that was also observed near
maximum. These two objects can only begin to describe the
vast diversity of SNe II and were chosen primarily for their
extensive spectral coverage into the UV.

These templates allow us to determine the expected photo-
metric colors as a function of time for the various classifications
of SNe. Figure 7 shows R—Z as a function of time relative to
maximum brightness for 17 of the IfA Deep Survey SNe, di-
vided into redshift bins of 0.1, from z = 0.60 to 1.0. Contours
indicate the expected evolution of the two SN Ia templates at
these redshifts. For the SNe II, we calculated R—Z boundaries
of each redshift range for both of the templates and inflated each
color region by 0.15 mag to allow for evolution and uncertainty
in the true dispersion of the population. The times relative to
maximum are calculated using light-curve fits from § 5.1.

The IfA Deep Survey SNe, whether spectroscopically
confirmed as SNe Ia or not, are all consistent with the contours
predicted by the SN Ia templates. Many are not inconsistent
with the SN II contours as plotted, however, particularly those
at very early times, as well as some at low redshift. For the
very highest redshifts, the likely SNe Ia are all far too red by a
week past maximum light to be consistent with SNe II. Fur-
thermore, as expected, at higher redshifts the SNe lie along the
contours defined by the bright SN Ia 1995D, rather than the
subluminous SN 1999by.

These plots do not include contours for SNe Ib/c, as a result
of the lack of suitable early-time templates in the UV. SNe Ib/c
are typically much fainter than SNe Ia [with a luminosity
function as given by Richardson et al. 2002 of Mp(Ib/c) =
—18.04, compared to Mp(la) = —19.46], so we do not expect
to be significantly contaminated at high redshift by these
objects for the same reasons as for the faint SN Ia 1999by.
However, SN Ic 1992ar (Clocchiatti et al. 2000) was potentially
one of the brightest SNe of any type ever observed, pointing out
the risk in any argument based on the luminosity function.
Richardson et al. (2002) further note that five of the 18 SNe Ib/c
in their sample (including SN 1992ar) are as bright or brighter
than SNe Ia, possibly suggesting a bimodal distribution of faint
and bright events.

Since these 14 SNe are all consistent with SNe Ia at the ap-
propriate redshift (although not necessarily inconsistent with
other types of SNe), we have decided to continue to include them
in our sample. In § 5.1 we mention a goodness-of-fit criterion that
was used to further bolster our confidence in their inclusion.
When we perform cosmological density parameter calculations
in § 6, we do so using our entire sample of SNe discussed here,
as well as with only the nine unambiguous SNe Ia.

4.4. Discussion of IfA Deep Survey Yield

In § 2 we noted that the IfA Deep Survey was expected to
discover and monitor 10—25 SNe Ila in the redshift range of
0.9 < z < 1.2. However, here we have reported only four such
objects, with an additional eight at slightly lower redshift
(0.8 < z < 0.9). This raises a question that was the subject of
much discussion even while the survey was still in progress:
Why did we find so few SNe Ia at the highest redshifts?

The first possible answer is that we expected far too many
objects as a result of overestimating the rates of SNe Ia at these
redshifts. While it is possible that previous surveys with a lower
sensitivity have overestimated the SN rate at extremely high
redshifts, there have been enough surveys (see Tonry et al.
2003) exploring out to high redshifts to indicate that our yield
was unexpectedly and anomalously sparse. The continuous
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Fi. 3.—I-band Subaru images centered on the location of each of the nine IfA Deep Survey SNID-confirmed SNe Ia (indicated with a circle), taken as close to
peak brightness as possible. Images are 20” on a side. North is up and east to the left.

nature of the IfA Deep Survey, which has allowed us to augment
our yield beyond those spectroscopically confirmed SNe Ia,
means that we will be able to re-search the observations and
potentially discover SNe that may have been missed during the
survey (for example, SNe at the cores of galaxies may be
misclassified as AGNs). It will, of course, be impossible to
obtain an SN spectrum at this time, but in many cases we should
be able to measure a host galaxy redshift, as was done with the
2002 November observation of SN 2001jn.

There are several additional potential explanations related to
the details of the survey and its implementation. The first of
these could be that our survey did not go as deep as we had
initially expected. Another possible answer is that we did not do
a complete job of discovering SNe that were present in the
observations. We did indeed discover z ~ 1 SNe Ia (objects at
this flux level were not difficult to spot), as well as numerous
other similar objects that were not spectroscopically confirmed,
so we do not feel that either of these explanations is correct.
However, in any magnitude-limited survey a luminosity bias
must be expected, so it may be that our sample is simply not
complete to redshift z ~ 1 despite our expectations. There are
also possible spectroscopic explanations analogous to the above

speculations. For SNe atz & 1, at the extreme limits of what can
be observed, good luck in both the timing and conditions of
spectroscopic nights is crucial for successful observations.
These concerns with both the photometric and spectroscopic
observations illustrate the extreme difficulty in attempting
large-scale surveys for z ~ 1 SNe from the ground. Even with
regular and frequent access to telescopes with the ability to
detect such SNe, the vagaries of the atmosphere cannot be
predicted in advance. And even when provided with advanta-
geous weather, the exposure times required for spectroscopic
confirmation mean that only a small fraction of discovered SNe
will be properly observed spectroscopically. The recent dem-
onstration of the ACS grism on HST to obtain an identifiable
spectrum of a z = 1.3 SN Ia (Riess et al. 2004) shows that the
future of z > 1 SN surveys is undoubtedly in space.

4.5. Supernova Light Curves

As discussed by Novicki & Tonry (2000) and Tonry et al.
(2003) and expounded upon by B. J. Barris, M. C. Novicki, &
J. L. Tonry (2004, in preparation), we have developed a new
method for calculating SN light curves. The classic method for
measuring SN fluxes is to obtain a template image, typically
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FiG. 4—I-band Subaru images centered on the location of each of the 14 additional SNe Ia (indicated with a circle), taken as close to peak brightness as possible.

Images are 20” on a side. North is up and east to the left.

either at the start of a campaign (before the SNe to be dis-
covered have exploded) or at the end (often up to a year after
the conclusion of the campaign, to ensure that the SN has
faded completely), in which the SN will not be present, so that
the result of subtracting from an image of the SN will yield the
correct flux. If the template actually has a low level of SN flux,
the derived magnitudes will be incorrect. If it is necessary to
wait up to a year to obtain a template image, there will be a
significant delay in producing results. Furthermore, if this
template image has poor seeing or low S/N, it will create large
uncertainties in measured flux even if the SN images them-
selves are of high quality.

Our new method, dubbed N(N — 1)/2, collects all obser-
vations of a given SN, subtracts every pair of images, and solves
a corresponding matrix of flux differences. Novicki & Tonry

(2000) demonstrated that this can lead to a decrease in uncer-
tainties by a factor of v/2, as a result of effectively using every
image as a template, thus eliminating dependence on a single
exposure. Since there is no predefined zero-flux template in the
N(N — 1)/2 method, there is an ambiguity in the flux zero
point, which creates interesting issues for photometric fitting of
SNe that are discussed more in § 5.1.

The light curves for our 23 SNe as calculated via the N
(N —1)/2 method are given in Table 8. These tables include
the date of each observation and the measured flux of the SNe,
as well as information from the fits of the data, described below.
All flux values are scaled so that flux =1 corresponds to
m = 25.0, so that magnitudes can be calculated by

m = —2.5log (flux) + 25.0.



TABLE 6

SN SPECTROSCOPIC IDENTIFICATIONS

SN

Identification

2001fo.
2001fs..
2001hs.
2001hu.
2001hx
200THY .o
20011V woviieeeeieieieeeeeie e
200T1W.oeieieieeeeeeieie e
2001ix .
2001y .
2001jb .

2001Kd...coiiiiiiiiccc
2002P ..
2002W.
2002X..

z=0.772 £ 0.001 from host [O 1]

z=0.874 + 0.010 from correlating with SN Ia features

z=0.833 4+ 0.001 from host [O 1], [O ui]

z=0.882 4+ 0.001 from host [O n]; clear SN Ia features, strong correlation via SNID

z=0.799 £ 0.001 from host [O 1]

z=0.812 £ 0.001 from host [O 1], possible H3

z=0.3965 + 0.0003 from host Ho, Hf3, [O m]; clear SN Ia features, strong correlation via SNID
z=10.3396 £ 0.0001 from host Hev, [O m]; clear SN Ia features, strong correlation via SNID
z=0.711 £ 0.010 from correlating with SN Ta features

z=0.568 &+ 0.001 from host [O 1], Hp; clear SN Ia features, strong correlation via SNID
z=0.698 + 0.001 from host [O u], [O ], and HB

z=0.815+0.001 from host [O u], [O mi]

z=0.885 4 0.001 from host [O n]; clear SN Ia features, strong correlation via SNID

z=0.978 £ 0.010 from correlating with SN Ia features

z=0.645 £ 0.001 from host [O 1]

z=0.528 4+ 0.001 from host [O u], [O ui], HF; clear SN Ia features, strong correlation via SNID
z =10.936 £ 0.001 from host [O 1], 4000 A break apparent

z=0.719 + 0.001 from host [O n]; clear SN Ia features, strong correlation via SNID

z=1.031 4+ 0.001 from host [O 1]

z=0.859 4+ 0.001 from host [O u], [O m], HB

z=0.946 + 0.001 from host [O 1], 4000 A break apparent

20028D....c.ceeiiiiieieee z=0.423 £ 0.001 from host [O u]; clear SN Ia features, strong correlation via SNID
2002ad....c.coeeiieiee e z=0.514 £ 0.001 from host [O 11]; SN Ia somewhat diluted by host galaxy; good correlation via SNID
TABLE 7
SNID INFORMATION
SN Zem Epoch” Zhest SNID 7 x lap® tsniD” zsNip(Zem)” 7 % lap(zem)” tsnip(Zem)”
2001hu®......... 0.882 -2.9 0.869 5.8 —1.8
2001iv® 0.3965 4.2 0.398 6.7 —0.5
2001iw° ......... 0.3396 5.1 0.342 9.3 2.4
2001iy°.......... 0.568 9.9 0.570 6.0 3.8
2001jh°.......... 0.885 3.5 0.901 7.3 —3.8
2001jp°...e... 0.528 -3.6 0.535 6.7 —5.7
2002P°........... 0.719 -6.2 0.717 4.9 -2.8
2002ab° ......... 0.423 3.9 0.420 6.8 0.6 ... . .
2002ad" ......... 0.514 15.2 0.765 53 1.9 0.510 3.0 11.8
2001fo" .. 0.772 -3.7 0.413 5.7 —7.6 0.774 3.9 14.5
2001hs'... 0.833 —5.8 0.806 5.4 4.6 0.826 5.1 -3.1
2001hx".......... 0.799 —0.3 1.048 5.6 0.7 12 .
2001hy"......... 0.812 -13 1.114 5.7 3.8 0.813 2.2 -0.9
20015b".......... 0.698 8.5 0.218 5.6 —43 ... 2.0 .
200156 .......... 0.815 0.2 . ... 0.827 2.8 3.0
2001jn" ......... 0.645 . ... . . . .. ..
2001kd".......... 0.936 8.5 0416 5.6 —6.1 0.938 2.3 11.0
2002WE.......... 1.031 —4.1 1.053 4.5 —4.8
2002X" 0.859 —4.0 0.863 35 —4.8 ... .. .
2002aa’ 0.946 9.5 0.499 4.9 11.1 0.944 2.9 -14
2001185 .......... ... -0.9 0.874 7.7 —5.4
2001ix5.......... ... —0.9 0.711 10.2 -1.0
2001jmé......... ... —0.6 0.978 4.1 -5.0

# Host galaxy redshift as reported in Table 6.

® As determined by MLCS fits (see § 5.1).

¢ Best-fit parameters as determined by SNID. For SN 2001jf, there were no template matches with (lap) > 3.0. SN 2001jn was observed in
2002, long after the SN had faded from view.

4 SNID parameters determined while constraining the redshift to the host galaxy redshift as determined by emission lines.

¢ Nine SNe for which there is unambiguous spectral confirmation by SNID as an SN Ia at the host galaxy redshift.

" Eleven SNe for which there is substantial photometric evidence, but not unambiguous spectral confirmation, for identification as an SN Ia at
the host galaxy redshift.

dg Three SNe for which there is clear spectral identification by SNID as an SN Ia, but no host galaxy emission with which to confirm the

redshift.
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Fi. 5.—Spectra of the nine SNe with spectral matches to local SNe Ia as determined by SNID. The spectra have been smoothed by taking a weighted median
of FWHM 80 A. Both spectra and template are shown as F;. Observed wavelength is indicated along the tops of graphs, with all wavelengths given in
angstroms.

This is, of course, not properly defined for values of flux less
than 0, which indicate the lack of a detection in the given

observation.

Uncertainties in magnitudes can be calculated directly from
the uncertainties in flux according to the formula

although these values will not be precise, as the uncertainties
in magnitude are not symmetric as a result of the logarithm

o(mag) = 2.5 log [1 + o(flux) /flux)],

operation.
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4.6. HST Photometric Observations

Our HST Cycle 10 allocation allowed us to obtain light
curves of several SNe with WFPC2 using the F850LP filter.
Since the IfA Deep Survey involved five different field posi-
tions, we could not predict in advance the location of the best

SN candidate(s) for each month. The Telescope Time Review

Board approved our request to change our observations to

Targets of Opportunity (ToO), which allowed us to pick the best

SN candidate, regardless of position.
After spectroscopically observing our candidates and con-

firming their identity as SNe Ia at a desirable redshift, selected
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FiG. 6.—Spectra of the three SNe without a host galaxy emission redshift but with spectral matches to local SNe Ia as determined by SNID. The spectra have been
smoothed by taking a weighted median of FWHM 80 A. Both spectra and template are shown as F;. Observed wavelength is indicated along the tops of graphs, with
all wavelengths given in angstroms.
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Fi. 7.—R—Z colors of the IfA Deep Survey SNe Ia as a function of time relative to maximum brightness. Spectroscopically confirmed SNe Ia are indicated with
a square. Several contours are shown to indicate the range of different types of SNe over the redshift range indicated in each plot. SN 1995D is a bright SN Ia (solid
lines), and SN 1999by is an extremely subluminous SN Ia (dashed lines). SNe 1l (dot-dashed lines) are represented by extrapolation from single measurements of
SN 1998S and SN 1999em, inflating the width by 0.3 mag to allow for evolution. The objects without spectroscopic confirmation as SNe Ia are all photometrically
consistent with being so. Except at very high redshift, they are not inconsistent with the SN II regions, however.

objects were sent to HST for observation. The process of
discovery, spectroscopic analysis, and notification to STScl of
the ToO targets creates an unavoidable time gap of about 10—
12 days between the discovery and the first ST observations.
Typically, the discovery epoch of a high-z SN is a few days
before maximum brightness, and although the time dilation
factor of (1 + z) works to lessen the delay in the rest frame,
none of our HST light curves begin until past maximum light.
We observed SN 2001hu, SN 2001jf, and SN 2001jh, with
relevant information given in Table 9.

Each SN observational epoch consisted of approximately
three to five orbits. The data were combined using the drizzle
procedure outlined by Koekemoer et al. (2002).>? Determining
accurate photometry from the WFPC2 images requires prop-
erly correcting for various CCD and optical effects, most
importantly the nonunity charge transfer efficiency (CTE). We
followed the procedure outlined by Dolphin (2000) in order to
measure reliable PSF-fitting photometry. Along with the
magnitude of the SN, a few nearby stars were measured with
the same photometric method. There were five epochs for SN
2001jh and six each for SN 2001hu and SN 2001jf, so the
same stars were measured several times with consistent
results.

We also obtained ACS images well after the comple-
tion of the survey to serve as templates in order to subtract
in the same manner as for the ground-based observations.
These subtractions were not done using the N(N —1)/2
method but rather used the classic single-template method.
This was done for the sake of simplicity but should be
acceptable since none of the problems associated with the

22 HST Dither Handbook, available at http://www.stsci.edu/instruments/
wipc2/Wipce2 driz/dither handbook.html.

single-template method are an issue (poor seeing, S/N, or
timing of the template).

5. DISTANCE DETERMINATION
5.1. The Multiwavelength Light-Curve Shape Method

In order to use these SNe Ia for cosmological analysis, we
created a new version of the Multiwavelength Light-Curve
Shape (MLCS) analysis method (see Riess, Press, & Kirshner
1996, hereafter RPK96; Jha 2002). This new implementation
was developed in consultation with authors of previous ver-
sions of the MLCS fitting code and features few substantial
changes from them. The MLCS method simultaneously fits for
distance modulus (m—M), Ay, and A, a parameter defined by
the difference in absolute magnitude between a given SN and a
fiducial SN Ia. This A parameter therefore describes the shape
of the SN light curve, since there is a correlation between ab-
solute magnitude and light-curve shape (see Phillips 1993).

We first constructed MLCS templates through iteratively
fitting a sample of 32 low-z SNe Ia taken from the Calan/
Tololo survey (Hamuy et al. 1996), as well as from Riess et al.
(1999a) and Jha (2002). At the end of this training process the
fits to these 32 SNe Ia produced a scatter of 0.14 mag around
the Hubble diagram.

K-corrections were calculated using the formulae described
in Kim, Goobar, & Perlmutter (1996) and Schmidt et al. (1998),
using a set of 135 SN Ia spectra ranging from 14 days before
maximum light to 92 days after maximum light. As de-
scribed by Nugent, Kim, & Perlmutter (2002), as well as
Germany et al. (2004), before applying the K-correction for-
mulae, the SN Ia spectra are first matched to the B—J color of
the MLCS template by applying the Savage & Mathis (1979)
reddening law. The Schlegel, Finkbeiner, & Davis (1998,
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TABLE 8
SN 2001fo OBSERVATIONS

585

MJD Flux® o(flux)® Epoch (Rest) K-Correction (o)
I —B
52,164.57........ 0.000E+00 3.856E—02 —-259
52,176.49........ 2.121E-02 1.845E—01 —19.2 .
52,191.50........ 2.818E+00 1.967E—-01 —10.7 —1.128 (0.040)
52,204.59........ 7.106E+00 3.066E—01 —34 —1.160 (0.040)
52,225.39........ 5.854E+00 1.941E—01 8.4 —1.205 (0.040)
52,231.38 4.173E+00 2.044E—-01 11.8 —1.235 (0.040)
52,232.35........ 4.051E+00 2.166E—01 12.3 —1.239 (0.040)
52,236.34........ 3.309E+00 2.796E—01 14.6 —1.256 (0.040)
52,252.35........ 1.309E+00 2.404E—01 23.6 —1.277 (0.040)
52,263.38........ 1.137E+00 3.753E—-01 29.8 —1.269 (0.040)
52,283.39........ 5.289E—01 1.452E—01 41.1
52,288.23........ 8.426E—01 1.163E—-01 43.8
52,289.38........ 3.406E—02 3.471E-01 445
52,323.35........ 2.828E—02 3.683E—-01 63.7
52,369.25........ —5.399E-01 3.747E-01 89.6
52,204.53........ 5.952E+00 1.696E—01 —-34
52,231.34........ 2.502E+00 1.690E—01 11.7
52,232.34........ 2.243E+00 1.387E—01 12.3
52,236.38........ 1.885E+00 1.885E—-01 14.6
52,252.38........ 6.506E—01 1.291E-01 23.6
52,283.36........ 2.139E-01 1.228E—01 41.1
52,288.25........ 2.302E-01 1.480E—01 43.9
52,289.27........ 2.151E-01 6.303E—02 44.4
52,323.37 —3.381E—-01 3.923E-01 63.7
52,377.25........ 0.000E+00 2.167E—-01 94.1
Z,Z—V

52,204.54 7.411E+00 3.003E-01 -34 —1.077 (0.095)
52,231.39 5.316E+00 2.354E—-01 11.8 —1.003 (0.095)
52,232.40........ 5.593E+00 3.003E—-01 12.3 —0.995 (0.095)
52,236.31........ 4.301E+00 3.583E—01 14.5 —0.961 (0.095)
52,252.31........ 2.334E+00 3.156E—-01 23.6 —0.860 (0.095)
52,283.43........ 5.255E-01 3.412E-01 41.1 .
52,288.29... 1.264E+00 2.423E-01 43.9
52,289.23 1.053E+00 3.583E—-01 444
52,323.31 0.000E+00 5.357E-01 63.6

Notes.—Table 8 is published in its entirety in the electronic edition of the Astrophysical Journal.
A portion is shown here for guidance regarding its form and content.

? Magnitudes may be calculated from all flux values by mag = —2.5 log (flux) + 25.0.

" Magnitude uncertainties may be calculated from all flux uncertainties by o(mag) =

2.51og (1 + o(flux) /flux).

hereafter SFD98) Galactic extinction is applied to the SN Ia
spectra set, and the spectra are then stretched by the appropriate
factor of (1 + z). These modified spectra are used to calculate
the K-correction, providing a series of K-correction estimates as
a function of SN age, which is fitted with a three-knot spline.
The resulting K-corrections are interpolated from this spline,
and the uncertainty in the K-corrections is estimated from the
scatter about the fitted relationship. These K-corrections are
then used to fit the best template (which has its own B—V
evolution based on its intrinsic color and fitted extinction),
with this new B—V evolution used in place of the MLCS
template and the subsequent steps repeated until conver-
gence is reached. Typically, this iterative process changes the
K-corrections by less than 0.03 mag.

Calculating proper K-corrections depends on knowing the
shape of'the light curve (i.e., the MLCS A parameter), as well as
the reddening of the SN spectrum (4y). Thus, in the fitting
procedure we were forced to select given input values for A and
Ay, determine the necessary K-corrections for such a light-
curve shape, and then fit for the best output set of parameters. If
the best-fit values of A and Ay were equal to the input values
(arigid constraint of within 0.01 for each parameter was used),
then the solution was deemed acceptable. During the fit pro-
cedure, the constraint that 4, > 0 was applied, rather than
allowing for a solution with negative extinction. This eliminates
the need to apply a Bayesian prior after the fact (as done by
RPK96), which affects 4, while leaving untouched the other,
correlated, parameters (m—M) and A.
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TABLE 9
HST WFPC2 F850LP OBSERVATIONS

Integration

SN MJD (s) Magnitude o(mag) Epoch (Rest) K-Correction (o)
2001hu.........c...... 52,280.23 5600.0 23.880 0.106 15.8 —0.929 (0.138)
52,287.10 5600.0 24.304 0.152 19.4 —0.851 (0.138)

52,294.45 5600.0 24.422 0.163 233 —0.773 (0.138)

52,301.45 7500.0 24.663 0.173 27.0 —0.710 (0.138)

52,305.19 7500.0 24.499 0.148 29.0 —0.682 (0.138)

20015 e 52,271.07 5600.0 23.551 0.105 2.5 —0.864 (0.104)
52,277.08 5600.0 23.615 0.126 59 —0.905 (0.104)

52,284.09 5600.0 24.121 0.168 9.7 —0.902 (0.104)

52,291.50 5600.0 24.198 0.173 13.8 —0.856 (0.104)

52,299.32 7500.0 24.276 0.148 18.1 —0.794 (0.104)

52,303.26 7500.0 24.301 0.157 20.3 —0.763 (0.104)

2001jh v 52,246.70 5600.0 23.894 0.134 4.4 —0.975 (0.136)
52,253.52 5600.0 24.091 0.148 8.0 —0.968 (0.136)

52,259.79 5600.0 23.376 0.195 11.3 —0.885 (0.136)

52,266.48 5600.0 24.424 0.184 14.9 —0.776 (0.136)

52,275.69 7500.0 25.582 0.323 19.8 —0.671 (0.136)

52,282.63 7500.0 25.644 0.428 23.5 —0.629 (0.136)

For each MLCS run on an SN, the appropriate SFD98
Galactic extinction is applied to the light curve (for the Z filter
used here, we calculated a value of A/E_y of 1.520 following
the description from SFD98), the points are shifted so thatz = 0
at t = t, and the time dilation factor of (1 + z) is applied. For
high-redshift objects (z > 0.7), we K-corrected / band to B, and
Z to V, to match with the filters we had used to train the
MLCS method. For SN 2001hu, SN 2001jf, and SN 2001jh we
also K-corrected F850LP to V. For low-redshift objects
(z < 0.7) we shifted R and 7 bands to B and ¥, respectively.
Tables 8 and 9 include K-correction values for the filters used in
MLCS fitting. Our MLCS templates extended from 10 days
prior to maximum light in the rest frame to 40 days post-
maximum. The reason for this late-time cutoff was that the
templates were created with this survey in mind and so were
tailored for SNe Ia at z =~ 1.0, which will fade from visibility
by this point in the light curve, rather than for lower redshift
objects, which will still be visible. The early-time cutoff is due
to the paucity of low-z SN observations at earlier epochs
for constructing MLCS templates. However, we have ex-
tended our fits to earlier times using a prescription similar to
that of Riess et al. (1999b), with a slight modification to
account for zero-point differences. This extension allows us
to take advantage of the unprecedented number of very early
light-curve points provided by the continuous nature of the
survey.

The use of the N(N —1)/2 method for producing light
curves did lead to some complications in the light-curve
analysis due to the ambiguity concerning the flux zero point.
The proper way to account for this is to recognize that the
flux zero point is in fact a free parameter and fit for it ac-
cordingly. Thus, our MLCS code, in addition to fitting for the
time of maximum 7, (externally, through iteration), distance
modulus (m—M), extinction 4y, and MLCS delta parameter
A (constrained to lie between —0.6 < A < +0.6), also fits
for offsets in each filter, 65 and 6). These offsets are done in
flux, not magnitude, since these are flux differences rather
than a multiplicative factor.

A further constraint was placed on satisfactory values of ¢z
and 6. We can ascertain that our zero points are roughly re-
liable, since our time baseline is long enough that, in prac-
tice, there is always an observation with little or no SN flux.

Because of our confidence in the general accuracy of our flux
zero point, we only accept solutions with small values for 65
and ¢y. In addition, for SN 2001hu, SN 2001jf, and SN 2001jh,
we did not fit for a flux offset for the F§50LP points, as these
magnitudes were calculated using the single-template method.

Best-fit MLCS parameters (m—M, Ay, A) for the IfA Deep
Survey SNe Ia are given in Table 10. Table 8 includes the values
for time relative to B-band maximum in the SN rest frame for
every observation. Uncertainties in the parameters (m—»M,
Ay, A)were calculated in the same way as given in RPK96. Light
curves with MLCS fits are shown in Figure 8 for the nine
spectroscopically confirmed SNe Ia and in Figure 9 for the 14
additional SNe Ia. In these figures, we have plotted the flux
values for all SNe scaled so that mag = 25 corresponds to a
value of flux = 1.

We have also included in Table 10 the x%/N values for the
MLCS fits for all 23 SNe. The fits are quite good for all of the
SNe Ia, both spectroscopically confirmed with SNID and
otherwise. These x2/N values for the 14 likely SNe Ia lend
further confidence to their identification as SNe la and inclusion
in our sample.

5.2. Additional Fitting Methods

In addition to MLCS fits, we also analyzed the SN Ia
light curves with the Bayesian Adapted Template Match
(BATM) method (J. L. Tonry 2004, in preparation) and dm15
(Germany 2001). BATM uses a set of approximately 20 well-
observed nearby SN light curves in combination with ~100
observed spectral energy distributions (SEDs) in an attempt to
span the expected behavior of SNe Ia. For all pairs of light
curve and SED, BATM calculates likelihoods as a function of
distance d, extinction Ay, and time of explosion f,, further
marginalizing over ¢, and applying a prior on Ay as described
by Tonry et al. (2003), in order to measure d and Ay. The
dml5 method is a modification of the Am;s method of
Phillips et al. (1999), which utilizes the facts that the decline
in magnitudes of SNe Ia in the first 15 days after B-band
maximum light correlates with luminosity and that the late-
time color curves of all unreddened SNe Ia are uniform, re-
gardless of decline rate (Lira 1995; however, the peculiar
SN Ta 2002cx [Li et al. 2001] does not follow the standard
Lira relation). In the dml15 method, a set of 15 template
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SN Ia MLCS Fit PARAMETERS

TABLE 10

SN Redshift max m—M (o)* Ay (o) A XN
2001fo"... 0.772 52,210.5 42.81 (0.22) 0.04 (0.26) —0.08 0.82
200115° ... 0.874 52,206.6 43.18 (0.36) 0.08 (0.42) 0.59 391
2001hs® .. 0.833 52,2435 43.18 (0.30) 0.01 (0.25) 0.15 0.58
2001hu’ .. 0.882 52,238.5 43.46 (0.38) 0.00 (0.36) 0.30 1.17
2001hx".. 0.799 52,2335 43.65 (0.36) 0.03 (0.29) 0.01 1.49
2001hy® 0.812 52,2345 43.52 (0.41) 0.01 (0.35) 031 111
20011V oo 0.3965 52,251.6 41.45 (0.17) 0.03 (0.17) —0.03 2.49
2001iwd.. 0.3396 52,250.5 41.24 (0.17) 0.18 (0.16) —0.28 3.94
2001ix¢ 0.711 52,268.6 43.22 (0.25) 0.11 (0.30) —0.59 2.70
2001iyd ................. 0.568 52,251.6 42.21 (0.23) 0.00 (0.24) —0.04 2.04
2001jb"... 0.698 52,252.5 43.24 (0.45) 0.00 (0.42) —0.04 1.52
2001 0.815 52,266.5 43.80 (0.30) 0.02 (0.40) ~0.33 1.42
2001jhCl ................. 0.885 52,250.5 43.59 (0.23) 0.02 (0.20) —0.47 1.06
2001jm°.. 0.978 52,258.4 43.49 (0.31) 0.01 (0.28) —0.12 0.90

0.645 52,264.4 42.83 (0.32) 0.00 (0.41) 0.36 1.71
0.528 52,272.6 42.53 (0.21) 0.00 (0.32) —0.56 2.59
0.936 52,215.5 43.79 (0.44) 0.01 (0.41) —0.21 0.43
0.719 52,302.5 43.06 (0.49) 0.02 (0.47) —0.35 2.41
1.031 52,300.5 43.96 (0.89) 0.01 (0.50) —0.58 0.37
0.859 52,299.5 42.76 (0.64) 0.01 (0.33) 0.60 1.44
0.946 52,273.5 43.89 (0.55) 0.01 (0.62) —0.38 1.35
2002ab" ................ 0.423 52,286.5 41.87 (0.19) 0.08 (0.16) —0.44 1.07
2002ad ... 0.514 52,269.1 42.16 (0.25) 0.01 (0.41) ~0.08 115

# All distances calculated using Hy = 72 km s~! Mpc~! (Freedman et al. 2001).
® Eleven SNe for which there is substantial photometric evidence, but not unambiguous spectral confirmation, for
identification as an SN Ia at the host galaxy redshift.
¢ Three SNe for which there is clear spectral identification as an SN Ia, but no host galaxy emission with which
to confirm the redshift.

4 Nine SNe for which there is unambiguous spectral confirmation as an SN Ia at the host galaxy redshift.
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light curves of nearby SNe Ia is used to measure distance
d, marginalizing over #, and Ay for each template with an
acceptable fit.

Results of light-curve fits for the IfA Deep Survey SNe Ia
from each of these two methods are given in Table 11 (the dm15
method was not used for SNe at z > 0.8 because of the lack of
observed filters to match its templates). The three methods are
all quite consistent with each other, with scatter between each
pair of methods of ~0.1 mag. We have also combined all our
measurements into a single value for distance in the same
manner as Tonry et al. (2003). Zero-point differences between
each method were computed by comparing common SN mea-
surements, distances placed on a Hubble flow zero point (dH,),
and the median selected as the best distance estimate. Uncer-
tainty in the distance estimate was taken from the median of
the error estimates from the individual methods, scaled down
by the % power of the number of contributors. As described
by Tonry et al. (2003), this median procedure is not expected
to significantly improve the accuracy of the final estimate,
but ideally it will result in a more Gaussian-like distribution.
SN properties derived by combining results from all the
methods are included in Table 12 in a form designed to be
similar to those given by the summation of Tonry et al. (2003).

6. COSMOLOGY WITH IFA DEEP SURVEY SUPERNOVA

Tonry et al. (2003) collected redshifts and distances for all
published SNe Ia at cosmological distances. Whenever pos-
sible, they also performed various light-curve fits to the
published photometry in order to place as many as possible on
a common system. They present redshift and luminosity dis-
tance for a total of 230 SNe Ia. However, this includes many

objects that may be unsuitable for cosmological analysis,
particularly those that are heavily extinguished or are nearby
enough for velocity uncertainties to be a major problem.

The results from the distance fits from the previous section
are illustrated on a Hubble diagram in Figure 10, which includes
all of our SNe Ia, as well as those from Tonry et al. (2003).
These figures show the result of subtracting the distance mod-
ulus predicted from an “empty universe,” i.e., a cosmology
with (£, Q) = (0.0, 0.0), from that measured for each SN.
Although the distances given in Tables 10 and 11 are in the form
of (m—M) for the sake of familiarity, to construct the figures we
only need use the values from Table 12, which have no de-
pendence on H,. Immediately obvious on the plot is the large
number of literature points at z ~ 0.5 with a positive deviation,
which is the signature of an accelerating universe and a cos-
mological constant-like term. SN surveys targeting z ~ 0.5
were well placed to detect the presence of 2. A survey for SNe
at z = 1.0, on the other hand, is designed to target the redshift
region where the deviation between an €2,-dominated universe
and a systematic effect proportional to redshift is large. This was
the goal of the IfA Deep Survey, although it turned out that we
discovered SNe over a fairly large range in redshift, as well as
many fewer than expected at z = 1, as discussed in § 4.4.
Nevertheless, the number of z > 0.7 SNe (15; see Table 12) that
the IfA Deep Survey has added to what was heretofore an ex-
tremely sparse region of redshift space is still substantial,
doubling previously published results (12 from the collection
presented by Tonry et al. 2003, plus three from Knop et al. 2003
that are not included in this analysis).

We have also taken medians by redshift bins in order to
better illustrate the overall trend with redshift, using the subset
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Fic. 8.—Light curves for the nine IfA Deep Survey SNID-confirmed SNe Ia. Ground-based data are plotted as observed for the two filters fitted with MLCS (R, 1
forz < 0.7 and 7, Z for z > 0.7), with the MLCS fit shown by solid lines. In addition, F850LP (triangles) points for SN 2001hu and SN 2001jh are shown with a shift
equal to the difference in K-corrections from Z — V and F850LP — V to better illustrate the fit to the data.

of 200 literature SNe with Ay < 0.5 plus 22 from this survey
and requiring that bins must have a width of at least 0.25
in logz and contain at least 20 SNe. Results are shown in
Figure 11. Our new SNe have continued to fill in the highest
redshift bins and show an even more rapid and sharp turnover
than was observed by Tonry et al. (2003). The median mag-
nitude deviation relative to an empty universe for the highest z
bin, calculated as 0.00 mag in Tonry et al. (2003) for 12
objects centered at z = 0.87, is now —0.07 mag for 20 objects
centered at z = 0.89, while the uncertainty in this bin, esti-
mated by the 68% scatter of points in the bin, is 0.07 mag
compared to 0.08 mag from the Tonry et al. (2003) sample.
These changes are due to the fact that the SNe at z > 0.85,
which are predominantly from this survey, are overwhelm-
ingly brighter than the empty-universe cosmology, compared
to those at slightly lower redshift, which tend to be fainter than
this model. Although the region at z =~ 1 is still underpopu-
lated, it is becoming more and more apparent from the sample
presented here that the trend of the population of SNe Ia at
z > 0.5 is more consistent with the turnover predicted by an
Q-dominated cosmology rather than a systematic effect that
increases with redshift (see Fig. 11).

6.1. Cosmological Density Parameter Determination

We now turn to determination of cosmological density
parameters from the SN data. We wish to calculate 2 as a
function of the parameters (Hy, {2, {24). Since we have SN Ia
distances over a wide range of redshift, we are able to mar-

ginalize over H, and concentrate solely on the {2 parameters.
H, appears as a quadratic term in Y2, as shown below, so it
appears as a separable Gaussian factor in the probability to be
marginalized over, and doing so over H, is equivalent to
evaluating x? at its minimum with respect to H,.

The distance modulus for the observations can be rewritten as

(m — M), = 5(log (dHy)) +25 — 51log Hy ;.-

obs

For a given cosmology, the luminosity distance can be
expressed as

dlum :f(27 QMa QA)/HOQ'
Therefore,

(m—M), 4 = Slogf +25—5logHya,

mode!

where the Hubble parameter Hj, used for calculating the
model is not necessarily equal to that used for the observa-
tional data (Hp ). This would not be by choice but rather
reflects the fact that the distances presented by Tonry et al.
(2003), which are tied to the Hubble flow, are related to the
“true” H, only by a fit parameter and therefore any new fit of
distance must revisit this parameter, necessitating margin-
alization over H,.



1 4
BE 2001fo o | 2001fs o 200ths | ,s
8F i L
3 6F 123 3 2F t 24 5 af
[ = [ 7 [ -
; = 124 1 425 2F - g;
OF o o 23 ° s 425 0 +:26 0-+0 S o Az
12 7 = 4 g 8 7 8
"oF 8 3 @ 6F +23
x 4 x 24 x )
3 6F 23 32 ] 5 af
(e =~ w ™ -
; = 124 1 ] gg 2F - g;
of ® g i o¥ b 3 oo a
-50 0 50 100 150 0 50 100 -50 0 50 100 150
Days Relative to Maximum (Obseryed) Days Relative to Maximum (Observed) Days Relative to Maximum (Observed)
- 5 23 2 10F - 3
& ! 2001hx F 2001hy 3 | 2001ix
4F 3L 6F ° 23
x o x i x
2 b M 4 24 2 2} 22 4t 15
J25 4 425 2F 7
oF4ee 4 s 26 0_’+ l 4 = 26 oF = 2:
6F = 23 5F z 10F 1 o
z H o z 8 sk z Qo
4 @ L E -123
x o x 3 i « 6
£ 2 /\H\ 1 <2t /‘L\‘\ . G 1 24
125 1F + E 25 2F E
ok # bu 326 of o o py 926 of l“"'%
-50 0 50 100 150 -50 0 50 100 150 -50 0 50 100
Days Relotive to Moximum (Observed) Doys Relotive to Moximum (Observed) Doys Relaotive to Moximum (Observed)
i B 2001jb s 2001jf 8 2001jm | ,4
4 3 J 2k 3 6F
x 3 x 3 s x 4 -
2 b - 24 2 SF - 24 2 , M 12
1 J25 1F 425 3 3
0 + ° +o§ = 26 OF® oé0 o =§g ofe o ote 4 =2z5
5 z - S H 8 7 8
R @ :F 44 8 6f {23
x 3 x 3 s x 4 -
H 2 1% = 2F 1% Z 2 424
1 25 1F 422 3 E
0 = 526 ofF +ﬂ 526 oF lillﬂ i®»
-100 -50 0 50 100 -100 -50 0 50 100 -100 -50 0 50 100 150
Days Relative to Maximum (Observed) Days Relative to Maximum (Observed) Days Relative to Maximum (Observed)
5 . sf 2001kd o 200200
Al 2001jn p 3
x 3 i x 3 | x 5
R 24 53 m 24 23 124
1 125 1 {25 1 25
o .. / s 328 o/} R * 378 b+ s/t s 428
5 z 5 7 ES 6 7 z
4 R 8 4 © 3 3
x 3 i x 3 | x 5
G:- 2 24 .TD. b . 24 .TD. > - 24
1 125 1 {25 1 25
0 . REL: 0 b 426 o i 326
-50 0 50 100 0 50 100 150 200 -50 0 50 100
Days Relative to Maximum (Observed) Days Relative to Maximum (Obseryed) Days Relative to Maximum (Obseryed)
= e 23
sf T 2002w 1% oF 2002X
x 4F x ar
c oF 24 g L 24
425 - 25
O-++‘ b0 © 3 26 ofe $e° o + 4 26
E = 23 E
6 Z = 6 z £
« 4F 8 < 4r e
& o 424 2 oF _ zz
125 .
ok o} .L 328 of o 4 o 3428
-100 -50 0 50 100 -100 -50 0 50 100

Doys Relative to Maoximum (Observed)

Days Relative to Maximum (Observed)

Fic. 9.—Light curves for the 14 additional SNe Ia. Ground-based data are plotted as observed for the two filters fitted with MLCS (R, [ for z < 0.7 and 7, Z for
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TABLE 11

SN Ia LigHT-CURVE FIT PARAMETERS

SN Redshift — m—Mpxr 0 Ayparw (0) M—Mamis 00 EB—V )gmis (0) dml5 (o)
2001fo”.. 0.772 43.00 (0.20) 0.04 (0.08) 42.88 (0.18) 0.07 (0.03) 1.08 (0.12)
2001£° .. 0.874 43.84 (0.50) 0.49 (0.34) " - .
2001hs” . 0.833 43.45 (0.34) 0.20 (0.27)
2001hu. . 0.882 43.74 (0.51) 0.40 (0.34) . .. .
2001hx"............. 0.799 43.81 (0.44) 0.29 (0.31) 43.24 (0.33) 0.20 (0.07) 1.27 (0.32)
2001hy"............ 0.812 43.96 (0.37) 0.18 (0.26) " .. .
2001iv9 . 0.3965 41.20 (0.22) 0.54 (0.21) 4131 (0.25) 0.20 (0.05) 1.09 (0.16)
2001iw ... 0.3396 40.78 (0.32) 0.58 (0.22) 40.88 (0.21) 0.23 (0.03) 1.13 (0.20)
2001ix°.. 0.711 43.14 (0.28) 0.14 (0.21) 43.09 (0.20) 0.00 (0.04) 0.99 (0.17)
2001iy".. 0.568 42.35 (0.17) 0.09 (0.14) 42.23 (0.21) 0.00 (0.03) 1.19 (0.14)
2001jb°... ) 0.698 43.09 (0.42) 0.30 (0.31) 42.84 (0.25) 0.22 (0.05) 1.19 (0.18)
20010, 0.815 43.90 (0.32) 0.15 (0.22) . .. .
2001jhY . 0.885 43.40 (0.45) 0.20 (0.26)
2001jme ........... 0.978 43.87 (0.26) 0.09 (0.17) " .. .
2001j0° . 0.645 43.00 (0.35) 0.48 (0.30) 42.68 (0.20) 0.36 (0.04) 0.89 (0.11)
2001jp% e 0.528 42.42 (0.15) 0.03 (0.07) 42.40 (0.15) 0.02 (0.03) 0.85 (0.10)
2001kd® 0.936 4373 (0.42) 0.27 (0.30) " ... "
2002p¢ 0.719 42.99 (0.33) 0.13 (0.20) 42.97 (0.23) 0.00 (0.03) 1.10 (0.16)
2002W° 1.031 43.66 (0.48) 0.19 (0.27)
2002X° ) 0.859 43.63 (0.43) 0.28 (0.31)

200222 ............. 0.946 43.86 (0.20) 0.06 (0.13) . .. .
2002ab° ... 0.423 41.55 (0.15) 0.07 (0.12) 41.78 (0.19) 0.05 (0.04) 0.99 (0.14)
2002ad" ............. 0.514 42.29 (0.35) 0.29 (0.28) 42.12 (0.40) 0.11 (0.10) 1.10 (0.28)

* All distances calculated using Hy = 72 km s~! Mpc~! (Freedman et al. 2001).
® Eleven SNe for which there is substantial photometric evidence, but not unambiguous spectral confirmation, for identification as an
SN TIa at the host galaxy redshift.
¢ Three SNe for which there is clear spectral identification as an SN Ia, but no host galaxy emission with which to confirm the redshift.
9 Nine SNe for which there is unambiguous spectral confirmation as an SN Ia at the host galaxy redshift.

TABLE 12

SN Ia SummARY

Ju pll

SN (deg) (deg) z log (cz) (log (dHy)) + (Ay)
2001f0"........... 197.647 —30.139 0.772 5.364 5.434 0.030 0.10
2001£5" .......... 197.895 —29.739 0.874 5.418 5.560 0.076 0.28
2001hs". 197.949 —29.806 0.833 5.397 5.521 0.057 0.11
2001hu® 210.560 17.621 0.882 5.422 5.577 0.078 0.20
2001hx* 176.770 39.195 0.799 5.379 5.587 0.060 0.32
2001hy" .......... 176.490 39.264 0.812 5.386 5.605 0.069 0.10
20011V ... 210.219 17.674 0.3965 5.076 5.120 0.034 0.41
2001iw° .......... 210.217 17.792 0.3396 5.008 5.034 0.033 0.50
2001ix" 149.779 53.346 0.711 5.329 5.485 0.042 0.08
2001iy°. 149.577 53.253 0.568 5.231 5.304 0.033 0.03
2001jb". 166.500 —54.195 0.698 5.321 5.476 0.064 0.34
2001jf*.. 167.004 —53.939 0.815 5.388 5.628 0.055 0.09
2001jh°........... 167.404 —53.880 0.885 5.424 5.557 0.059 0.11
2001Gm°.......... 197.771 —29.755 0.978 5.467 5.593 0.051 0.05
2001jna’d ......... 197.822 —29.500 0.645 5.286 5.423 0.053 0.55
20015p° e 176.714 38.677 0.528 5.199 5.341 0.023 0.03
2001kd™.......... 210.190 17.767 0.936 5.448 5.609 0.076 0.14
2002P°............ 166.969 —53.518 0.719 5.334 5.455 0.050 0.05
2002W* 176.516 38.931 1.031 5.490 5.619 0.123 0.10
2002X* 176.481 39.039 0.859 5.411 5.496 0.096 0.14
2002aa". 210.043 17.353 0.946 5.453 5.633 0.068 0.04
2002ab° .......... 210.250 17.306 0.423 5.103 5214 0.030 0.10
2002ad” .......... 149.609 52.870 0.514 5.188 5.289 0.053 0.22

% Eleven SNe for which there is substantial photometric evidence, but not unambiguous spectral confirmation, for
identification as an SN Ia at the host galaxy redshift.
® Three SNe for which there is clear spectral identification as an SN Ia, but no host galaxy emission with which to

confirm the redshift.

¢ Nine SNe for which there is unambiguous spectral confirmation as an SN Ia at the host galaxy redshift.
4 SN 2001jn is not included in our cosmological fits because of (4y) > 0.5.
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Fic. 10.—Hubble diagram showing the magnitude deviation with respect to an empty universe of the 23 IfA Deep Survey SNe la (large diamonds), as well as
previously published SNe Ia at similar redshift collected by Tonry et al. (2003). This diagram is constructed from the values given in Table 12 and requires no
assumption about the value of H,. From top to bottom, solid lines represent cosmologies with (2, Q24) = (0.3, 0.7), (0.3, 0.0), and (1.0, 0.0), respectively. Note
that the maximum positive deviation of an {2,-dominated universe occurs at z ~ 0.5. The right panel is focused on high redshift to more clearly show the IfA Deep
Survey SNe. Also shown are the effects of a systematic effect proportional to z (dot-dashed line).

Calculating x? is simply the sum over all SNe

2 _ [0 = M)y — (= M) ]’
T oflog @Y

_ Z [5(log (dH,)) — 5logf + 5 log (Ho,z/H0,1)]2
{50l(log (aHy))]}*

where, as in Tonry et al. (2003), we also add a 500 km s~!
uncertainty in quadrature to the redshift errors given therein to
account for uncertainties due to peculiar motions.

For any cosmology (€, 25; 2), fis a given, and the ratio
Hy»/Hy, is an unknown parameter on which x? depends. The
minimum value of X2 occurs where this parameter has the value

log < Hoz ) =
HO,I min

)

5>{oltog (arip))*}

Magnitude Deviation
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Redshift
Fic. 11.—Literature SNe (diamonds) shown along with median values

binned by redshift (squares). Individual points are shown without error bars
for the sake of clarity. Redshift bins contain a minimum of 20 SNe Ia. From
top to bottom, solid lines represent cosmologies with (£23,,24) = (0.3, 0.7),
(0.3, 0.0), and (1.0, 0.0), respectively. Also shown is a systematic effect
proportional to z (dot-dashed line), which does not correspond well with the
highest redshift bins.

S[{log (dHy)) ~ log/1/{ol{log (dHo)))* }

We then convert to a probability value proportional to
exp (—0.5x2), with x? evaluated at this minimum, which
allows us to determine contours of constant probability density
for (€2,,,, Q2p).

We can now add our new high-redshift SNe to the previously
published SNe and investigate the implications for cosmology.
For determination of cosmological parameters, Tonry et al.
(2003) used cutoffs of z > 0.01 and 4y < 0.5, and we have
chosen to adopt the same restrictions, leaving a sample of 172
objects. A first test is to calculate cosmological parameter best-
fit regions using only the IfA Deep Survey SNe. The low-z data
set is crucial to constrain the Hubble constant, so we include
objects with z < 0.30, but no objects at higher redshift save the
22 IfA Deep Survey SNe with 4, < 0.5 (eliminating SN
2001jn, as seen by Table 12). This reduces the sample size to 98
from the compilation by Tonry et al. (2003) and 22 from this
study, for a total of 120 objects. With these 120 SNe Ia, we
obtain a best-fit value of x> = 97.7 at (2, 1) = (0.27, 0.36).
Corresponding probability contours derived from this sample
are shown in Figure 12a. The best-fit value with Q1 = 1.0
(consistent with measurements of the cosmic microwave
background [CMB]; see below) is (€2, 24) = (0.42, 0.58). If
we further restrict our high-z sample to only those nine SNe Ia for
which we obtained unambiguous spectral SN Ia confirma-
tion, for a total set of 107, the minimum value of x> = 85.2
occurs at (2, 24) = (0.09, 0.15) (see Fig. 12b). The fact that
X2/N is much less than 1 is due to the 98 SNe Ia at z < 0.30,
whose contribution to }2 for an empty universe is 77.3. The
nine IfA Deep Survey SNe identified as SNe Ia by SNID con-
tribute approximately eight units of y?, with the additional
13 SNe Ia contributing approximately 12 units, indicating both
that there is no sign of a difference in the distributions of the
two subsamples, as might be feared if there were incorrectly
identified SNe Ia in the latter, and that our distance uncertainties
are reasonable.

The fact that the IfA Deep Survey SNe agree well with an
empty-universe cosmology is to be expected based on their
redshift distribution. As is seen by the models plotted in
Figure 10, in the redshift range z = 0.8 —1.0 the difference
between an {2y-dominated universe and an empty universe is
decreasing, meaning that there is little power to differentiate
between these models from such SNe.

Adding our 22 SNe Ia to the full Tonry et al. (2003) data set of
172 objects and following the same procedure, we obtain the
contours shown in Figure 12¢. The best-fit value is x> = 195.5
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FiG. 12.—The 68%, 95%, and 99.5% confidence contours for the sample of (¢) 98 SNe Ia with 0.01 < z < 0.3 plus 22 from this survey (120 total), (b) 98 SNe Ia
with 0.01 <z < 0.3 plus nine from this survey with SNID confirmation (107 total), (¢) 172 SNe Ia with z > 0.01 and 4y < 0.50 from Tonry et al. (2003) plus 22
from the IfA Deep survey (194 total), and (d) the same sample as (c), calculated with the Dyer-Roeder empty-beam cosmology. These contours are shifted to lower
values of 2, and higher values of €);, with the trend becoming more pronounced at higher values of €2, thus greatly elongating the contours.

at (Qy,, Q4) = (0.71, 1.28). These contours are quite similar to
those obtained by Tonry et al. (2003), who found a best fit at
(2, Q4) = (0.69, 1.34), which is to be expected since the
new data are statistically compatible with the Tonry et al. (2003)
set. If we add the constraint that 2, = 1.0, we obtain a best fit
at (2,,Q4) = (0.33, 0.67). It is interesting to note, as did
Tonry et al. (2003), that the SN results intersect the line a1
= 1.0 at the point that is also consistent with constraints from
the Two Degree Field (2dF) survey of Q3,4 = 0.20 4+ 0.03.
The best-fit value for the sample of 194 SNe Ia, however, is
far from the Qa1 = 1.0 line, although it is consistent with such
values. The IfA Deep Survey SN contours, while larger as a
result of smaller sample size, are centered closer to this line. The
majority of objects at z ~ 0.5 lie above the (£, Q) = (0.3,
0.7) model, pushing 2 higher, while those atz > 0.7 mostly lie
below the line, which pushes €2, higher in order to compensate,
moving the contours into the region seen in Figure 12¢. The
reason can be seen from the median values given in Figure 11,
where the population of SNe at z ~ 0.4 — 0.6 becomes fainter
than those at lower redshift, only to have an extreme drop again
for the highest redshift bin. These subsamples are drawn from
many different sources, and within any previous study there was
often a very heterogeneous mix of observations. For example,
the light curves presented by Tonry et al. (2003) were obtained
on as many as six different telescope/instrument combinations,
even within a single filter, introducing many possibilities for
photometric errors. By contrast, the uniformity of the obser-
vations and reductions of the IfA Deep Survey should minimize
such possible sources of bias, while still subject to systematic
errors such as uncertainties in K-corrections. Another possible

source of systematic errors involves our dependence on the
Z filter, whose photometry is ill defined compared to other
filters.

We can also explore the possible effects of gravitational
lensing on our results. In order to do so, we perform the above
calculations with Dyer-Roeder (DR) distance formulae
(Fukugita et al. 1992; see also Dyer & Roeder 1972, 1973),
which allow for the fact that the space through which light is
propagating is inhomogeneous. In the above calculations, we
have used the standard Robertson-Walker metric, which treats
the distribution of material in the universe as being completely
smooth. Depending on the true distribution, this may intro-
duce errors in our cosmological parameter determination, as
demonstrated by Kantowski (1998). An alternative model to
consider is one in which light from the SNe travels along a
path entirely devoid of matter, hence the term “empty beam,”
in contrast to “filled beam” for the standard model. There are
also intermediate possibilities to consider, although we limit
ourselves to the empty-beam alternative.

As shown by Holz (1998), an empty-beam model tends
toward higher values of €2, and lower values of (2. The
likelihood contours also become greatly elongated, particu-
larly toward higher values of €2,. This effect is seen in the
comparison of our contours from Figure 12¢ and those from
an empty-beam calculation, shown in Figure 12d. Although
these contours extend to extremely large values of (£2,,, 2,), it
is clear that adopting the empty-beam model still requires a
nonzero value of €2,.

However, there is also the potential for magnification due to
gravitational lensing to affect our results. The probability for
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significant magnification of sources at z =~ 1 is low (see Barber
et al. 2000), but when combined with potential systematic
effects, such as a selection bias for such brightened objects, it
could become important and partially account for the distri-
bution of ourz > 0.8 SNe Ia, which lie brighter than the favored
(2, Q) = (0.3, 0.7) model.

6.2. Comparison with WMAP

Recent results from high angular resolution observations of
the CMB with the Wilkinson Microwave Anisotropy Probe
(WMAP; Spergel et al. 2003) have produced extremely tight
regions of acceptable cosmological parameters that we can
compare with our derived values. They find that the universe is
consistent with being flat (21 = 1.02 £ 0.02). All plots in
Figure 12 indicate the line Qi = 1.0. As was noted in the
previous section, the 1 o uncertainties for the full set of 194 SNe
Ia no longer overlap with this line. The contours from the IfA
Deep Survey are larger, since they are based on a smaller
sample, but are centered at values in better agreement with
those preferred by the CMB. As mentioned above, it is expected
that the best-fit contours for our SNe should lie closer than the
full literature sample to an empty-universe model, based on
redshift distribution, although the improved agreement with the
CMB may also be due to the homogeneous nature of our sample
minimizing systematic effects, which would bode well for fu-
ture large-scale surveys that will have similar (although much
larger) data sets.

7. CONCLUSION

We have described in detail the observational strategy and
data reduction of the IfA Deep Survey as undertaken by a
collaboration of IfA astronomers in late 2001 and early 2002, as
well as the SN search component carried out by the High-z
Supernova Search Team. This survey has already served as an
unprecedented photometric data set for continuous detection
and follow-up of high-redshift SNe, of which over 100 candi-
dates were discovered (Barris et al. 2001a, 2001b, 2001c,
2001d, 2002a, 2002b, 2002c¢; Barris 2002a, 2002b), including
the 23 SNe presented here. Preliminary analysis of survey data
has also already yielded numerous substellar objects (Liu et al.
2002; Graham 2002; E. L. Martin et al. 2004, in preparation),
indicating that large numbers of such objects will be discovered
with more detailed inspection of the data. Similarly, the photo-
metric data set produced by this survey has great promise for
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many areas of research such as AGN studies, galactic structure,
and galaxy clustering. The survey also anticipates even more
ambitious future projects that will repeatedly image large
patches of sky over extended periods of time, such as
PanSTARRS, LSST, and the proposed SNAP.

These 23 SNe include 15 that double the previously pub-
lished sample size of z > 0.7 SNe. This region of redshift space
is extremely important for distinguishing between systematic
effects and cosmological evolution. These SNe, in combination
with the published body of SNe Ia, do not show evidence for
continuing to grow ever fainter at higher values of z, as would
be expected by a systematic effect proportional to redshift (see
Figs. 10 and 11). We have performed cosmological density
parameter fits using different subsets of the 23 SNe: the sample
of nine objects that are unambiguously spectroscopically
identified as SNe Ia, and the sample of 22 that have 4y < 0.5
(see Table 12). Both samples are consistent with the geometri-
cally flat universe preferred by studies of the CMB (Fig. 12).
With the constraint of Q1 = 1.0, we obtain a best fit at (2,,,
Q4) = (0.33, 0.67) using our set of 22 and the literature
collection presented by Tonry et al. (2003). Future studies
that will produce similarly homogeneous data sets on an even
larger scale may continue to show better agreement with the
CMB and other constraints on cosmological density parameters,
as our subsample does compared to the full literature sample.

Our yield, although impressive, was smaller than anticipated,
demonstrating the difficulty of successfully finding SNe Ia at
z =~ | and higher from the ground, even with a well-planned and
executed survey using some of the world’s largest telescopes.
Spectroscopic resources, in particular, continue to be a strongly
limiting factor for such SN surveys. To collect much larger
numbers of these SNe in a reasonable time period will certainly
require leaving behind operations from the ground.
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