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ABSTRACT

We present BVRI light curves of 165 Type Ia supernovae (SNe Ia) from the Lick Observatory Supernova Search
follow-up photometry program from 1998 through 2008. Our light curves are typically well sampled (cadence of
3—4 days) with an average of 21 photometry epochs. We describe our monitoring campaign and the photometry
reduction pipeline that we have developed. Comparing our data set to that of Hicken et al., with which we have 69
overlapping supernovae (SNe), we find that as an ensemble the photometry is consistent, with only small overall
systematic differences, although individual SNe may differ by as much as 0.1 mag, and occasionally even more.
Such disagreement in specific cases can have significant implications for combining future large data sets. We
present an analysis of our light curves which includes template fits of light-curve shape parameters useful for
calibrating SNe Ia as distance indicators. Assuming the B — V color of SNe Ia at 35 days past maximum light
can be presented as the convolution of an intrinsic Gaussian component and a decaying exponential attributed to
host-galaxy reddening, we derive an intrinsic scatter of ¢ = 0.076 £ 0.019 mag, consistent with the Lira—Phillips
law. This is the first of two papers, the second of which will present a cosmological analysis of the data presented

herein.
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1. INTRODUCTION

The importance of supernovae (SNe) in astrophysics cannot
be overstated. Having luminosities that rival those of their
host galaxies, SNe can be detected out to great distances.
Type Ia supernovae (SNe Ia) have been shown to be accurate
cosmological distance indicators, playing a critical role in the
discovery and subsequent study of the accelerating expansion of
the universe and dark energy (Riess et al. 1998, 2007; Perlmutter
et al. 1999; Hamuy et al. 1996a; Wood-Vasey et al. 2007,
Kowalski et al. 2008; Hicken et al. 2009a); see Filippenko
(2005b) for a review.

Well-sampled, high-precision light curves of nearby SNe
Ia are required to better understand and calibrate SNe Ia at
high redshift. Several groups have undertaken the project of
collecting data sets of SN Ia light curves. The pioneering Caldn/
Tololo Supernova Survey acquired BVRI light curves of 29 SNe
Ia (Hamuy et al. 1996d). The Harvard-Smithsonian Center for
Astrophysics (CfA) Supernova Group has published BVRI light
curves of 22 SNe Ia (Riess et al. 1999) and UBVRI light-curves
of 44 SNe Ia (Jha et al. 2006b). These three data sets have
proven invaluable in establishing and refining the important
relationship between light-curve shape and peak luminosity that
allows SNe Ia to be used as reliable distance indicators (Phillips
1993; Hamuy et al. 1996b; Riess et al. 1995, 1996; Perlmutter
et al. 1997; Phillips et al. 1999). However, a larger sample of
high-quality multi-color SN Ia light curves is required to further
explore the luminosity—width relationship and perhaps find other
nondegenerate parameters that will further improve the utility
of SNe Ia as distance indicators.

The Lick Observatory Supernova Search (LOSS) follow-
up program was initiated over 12 years ago with the goal of
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acquiring an extensive database of SN Ia photometry. This
paper focuses on the results of the first 10 years of our
photometric efforts using the 0.76 m Katzman Automatic
Imaging Telescope (KAIT) and the 1 m Nickel telescope at
Lick Observatory. Over this period, we acquired data for 165
SNe Ia with an average cadence of 3—4 days in BVRI for a total
of 13,778 images. We also developed an automated pipeline
to reduce our data to produce final calibrated magnitudes. In a
forthcoming companion paper (M. Ganeshalingam et al. 2010,
in preparation), we will explore the cosmological utility of our
data set.

The CfA Supernova group recently released their third
extensive, high-quality data set (Hicken et al. 2009b, hereafter
CfA3), more than doubling the sample of published light curves
of nearby SNe Ia. Their data span the years 2001-2008 and
include UBVRIri light curves of 185 SNe Ia. While there is
considerable overlap between the two data sets (69 SNe), and
17 SNe from the LOSS sample were published as part of CfA2
(Jhaetal. 2006b), we contribute light curves of 79 unique SNe Ia.
The Carnegie Supernova Project (CSP) has also published a set
of ugriBV light curves of 35 SNe Ia, and a smaller subset of
YJHK; light curves of 25 SNe Ia (Contreras et al. 2010). We
share 14 overlapping SNe with the CSP data set.

In Section 2, we describe the mechanics behind our photom-
etry follow-up program, including how the SNe in this paper are
discovered and the resources used to observe them. In Section 3,
we outline our data-reduction procedure. We address concerns
of systematic errors in our reduction procedure in Section 3.5,
finding that the systematic error in our data set is 0.03 mag in
BVRI after considering a number of possible sources. We present
our results in Section 4. To ensure the quality of our photometry,
we do extensive comparisons to previous manual reductions of
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data presented here and to results for the same SNe from differ-
ent telescopes. In particular, we do an in-depth comparison to
the CfA2 and CfA3 data sets, finding that in general the results
are consistent with small overall systematic differences with a
few notable exceptions. Comparisons to the CSP data set have
not been attempted because their results are given only in the
natural system of the 1 m Swope telescope. Future studies of
the overlap between these three data sets will be invaluable to
studies of the systematics that plague SN Ia photometry from
different telescopes and CCD/filter combinations. A discussion
of light-curve properties from our sample is presented in Sec-
tion 5, and our conclusions can be found in Section 6.

2. OBSERVATIONS
2.1. Discovery

Our photometric follow-up program is an extension of LOSS
using KAIT (Li et al. 2000; Filippenko et al. 2001; Filippenko
2003, 2005a; A. V. Filippenko et al. 2010, in preparation).
KAIT is a robotic telescope which is dedicated to the search
and monitoring of optical transients, with a priority placed on
SNe. It is based on the earlier Berkeley Automatic Imaging
Telescope (Richmond et al. 1993). The search strategy is
designed to optimize the capabilities of a small, lightweight
telescope, finding SNe within a week of explosion. KAIT
typically visits the same galaxies every 3-7 days, taking a
16-20 s unfiltered exposure which on a good night probes down
to ~19 mag (~R band; Li et al. 2003a). New observations are
automatically compared with archived galaxy template images.
Human image checkers examine each SN candidate the next
day, and the best candidates are flagged and reobserved that
night. Confirmed SNe are promptly announced to the SN
community through International Astronomical Union Circulars
(IAUCs) and Central Bureau Electronic Telegrams (CBETS).
We make an effort to spectroscopically classify and monitor
newly discovered SNe with time allocated to us on the 3 m
Shane telescope at Lick Observatory using the Kast double
spectrograph (Miller & Stone 1993). LOSS candidates are
posted publicly to encourage other SN groups to use their
resources to monitor and classify the objects spectroscopically,
ultimately maximizing the scientific utility of our discoveries.

Supernovae discovered by LOSS are the dominant source for
LOSS photometric follow-up efforts, making up 64% of the
observed sample. Our own archival images provide constraints
on the rise time of new transients, allowing us to start BVRI
monitoring soon after discovery. The remaining discoveries
come mostly from the dedicated efforts of amateur astronomers
such as the Puckett World Supernova Search which accounts for
~9% of our sample.

Emphasis is placed on monitoring nearby SNe of all types
that are found before maximum light, with a special effort to
catch SNe Ia in the Hubble flow out to redshift z ~ 0.05. We try
not to discriminate between SN Ia subclasses; however, our final
sample of 165 most certainly suffers from observational bias and
does not reflect the true demographics of SNe Ia (e.g., Li et al.
2001a, 2001b). For a discussion on the observed luminosity
function from a complete SN sample, see Li et al. (2010).

Although the focus of this paper is LOSS’s contribution to
studies of SNe Ia, LOSS’s collection of SN II-P images has been
reduced using the same photometry pipeline. The SN II-P light
curves and spectra have been used by Poznanski et al. (2009)
to refine their use as cosmological distance indicators. A more
detailed analysis of ~60 SNe II is underway (D. Poznanski
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et al. 2010, in preparation) and will contain a public release of
the data. In time, we will also make available our smaller data
set of SN Ib/c light curves.

2.2. Telescopes

The images in our data set were acquired using the 0.76 m
KAIT and the 1 m Nickel telescope, both at Lick Observatory
located on Mt. Hamilton just outside of San Jose, CA. The site
typically has an average seeing of ~2”, with some seasonal
dependence.

A vast majority of our observations (94%) were taken with
KAIT. KAIT is completely robotic, operating only via software.
Observations of an SN are initiated by creating a request file
which contains the right ascension and declination of the SN
along with that of a nearby guide star. For a standard observation,
we expose in B for 6 minutes and in VRI for 5 minutes each,
and we set a cadence of 2-3 days. The request file is sent to
a master scheduler program which determines the best time to
observe the field in between observations conducted for the SN
search. At night, KAIT automatically observes the field without
the need for any human intervention.

Time on the Nickel telescope was originally requested with
the intent to calibrate SN fields against Landolt standard stars
(Landolt 1983, 1992). Before 2006, the Nickel required the
observer to control the telescope locally from the control room
adjacent to the dome, and the major constraint on the number of
nights we could obtain was the amount of time observers were
able to spend driving to and from Mt. Hamilton. After 2006, the
forward-thinking staff of Lick Observatory initiated a program
to enable remote observing, allowing our group to observe from
the University of California, Berkeley campus (and other groups
from UCB and other campuses as well). To take full advantage
of this, we increased the number of active Nickel observers from
1 to 5 (including many undergraduate students), and expanded
our observing campaign on the Nickel to include the monitoring
of more distant SNe and to complement (primarily at late times)
data taken with KAIT.

KAIT has a Ritchey—Chrétien mirror set with a focal ratio
of f/8.2. It has been outfitted with three different CCDs
during the interval 1998-2008. Prior to 2001 September 11,
data were taken with an Apogee back-illuminated chip having
512 x 512 pixels. The CCD was then changed to a newer
Apogee chip with the same number of pixels though with higher
quantum efficiency redward of 4000 A. On 2007 May 12, the
camera was changed once again to a Finger Lakes Instrument
(FLI) camera of the same size. All three CCDs have a scale
of 0/8 pixel™!, giving KAIT a field of view of 6!7 x 6!7.
The CCD is thermoelectrically cooled to 60° C below ambient
temperature. Standard BVRI broadband filters were used to
obtain our images, though we switched BVRI filter sets on 1999
February 20. In total, we have had four combinations of CCD/
filter sets on KAIT: Apogee/Old BVRI (KAIT1), Apogee/New
BVRI (KAIT2), Apogee2/New BVRI (KAIT3), and FLI/New
BVRI (KAIT4).

The 1 m Nickel is a Ritchey—Chrétien telescope with a
primary mirror focal ratio of f/5.3. The CCD is a thinned,
Loral, 2048 x 2048 pixel chip. Having a scale of 0”184 pixel ™',
the field of view of the Nickel is 6!3 x 6!3. With a typical seeing
of 2, our images are oversampled; thus, in practice, we bin the
pixels by a factor of two to reduce the readout time.

Normalized throughput curves for our four KAIT combina-
tions and the Nickel telescope are compared with the standard
Bessell (1990) curves in Figure 1. The throughput curves are
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Figure 1. Transmission curve for the four different KAIT configurations and

Nickel 1 m telescope compared with the standard Bessell (1990) BVRI curves
plotted in solid black.
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obtained by multiplying the transmission function of each fil-
ter by the quantum efficiency of the CCD and the atmospheric
transparency at Lick Observatory. Filter transmission curves for
the two different KAIT filter sets were measured in a labo-
ratory using a Varian Cary 5000 spectrophotometer. The first
Apogee CCD mounted on KAIT was also measured in a labo-
ratory. The filter transmission for the Nickel was downloaded
from the Mt. Hamilton Lick Observatory page.* The quantum-
efficiency curves for the remaining CCDs are taken from the
manufacturer’s claims. In general, there is good agreement be-
tween each filter response and its corresponding Bessell curve.
The largest deviations from the Bessell curves appear in the R/
bands for the old KAIT filter set (KAIT1) and for the 7 band at
the Nickel telescope. Characteristics for each photometric band
can be found in Table 1.

3. DATA REDUCTION

High-precision light curves (omse S 0.03 mag) of nearby
SNe are required to properly interpret SN data collected at high
redshifts to derive cosmological parameters. Imperfections in
data reduction can produce systematic errors which propagate
into inaccurate measurements of cosmological parameters (e.g.,
Boisseau & Wheeler 1991). Our data set is composed of BVRI
images of 165 SNe with an average of 21 epochs per SN, making
it impractical to manually reduce our data. Hence, we developed
a software reduction pipeline that requires a minimal amount of
human interaction yet provides an error-control flow system to
deal with problematic data. Our reduction pipeline consists of
three main processes: field calibration, galaxy subtraction, and
differential photometry. Each of these will be described in the
following sections.

3.1. The Calibration Pipeline

To calibrate the instrumental magnitudes of an SN to the Lan-
dolt system (Landolt 1983, 1992), the local standard stars in the

4 http://mthamilton.ucolick.org/techdocs/filters/phot_filt_curves.html.
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Table 1
Characteristics of Photometric Bands
System Filter Central Wavelength (A) FWHM (A)
KAITI B 4369 954
Vv 5402 914
R 6720 2123
1 8191 1760
KAIT2 B 4364 1022
Vv 5389 911
R 6297 1249
1 8077 1493
KAIT3 B 4398 971
Vv 5397 921
R 6323 1297
1 8076 1492
KAIT4 B 4445 907
Vv 5389 909
R 6273 1202
1 8061 1471
Nickel B 4369 898
Vv 5329 828
R 6259 1189
I 8125 1673

Notes. The central wavelength is defined as the wavelength between half-
maximum transmission. FWHM is defined as the width between half-maximum
transmission.

SN fields need to be calibrated on photometric nights, so that dif-
ferential photometry can be converted to absolute photometry.
The importance of the accuracy of these photometric calibra-
tions cannot be overlooked. As will be discussed in more detail
in Section 4, one major source of the differences among pub-
lished photometry for the same SNe comes from the differences
in the calibrations. An error in the calibration will be directly
transferred to the final photometry of an SN; thus, the goal
of our calibration pipeline is to obtain reliable, self-consistent
calibrations for each of the SN fields in our database.

We used both KAIT and the Nickel telescope for the cali-
brations of our SN fields. KAIT is a robotic telescope, so when
we need to conduct calibrations on a promising photometric
night, we override the automatic schedule with a manually pre-
arranged calibration sequence. For the Nickel observations, we
have a long-term project with the main goal of photometric cal-
ibration of the SNe in our photometry database. Over the years,
the observations obtained with Nickel have evolved from on-site
observing with a frequency of two nights per month to remote
observing with a higher cadence (6-9 nights per month). In to-
tal, observations were performed over ~50 photometric nights
at KAIT and ~100 at the Nickel telescope. Given the impor-
tance of field calibration, we try to visit fields at least twice and
on average five times. SN 2008ar is the only SN in our sample
which has just a single calibration. Calibrations for other fields
from that same night are consistent with previous results, giving
us confidence that the night was indeed photometric. We plan,
however, to obtain more calibrations for this particular field in
the future, and we will update the photometry if necessary.

For the calibration sequence on each photometric night,
we arrange observations of Landolt standard stars at different
airmasses throughout the night. On each photometric night,
usually about 20 Landolt fields are observed at KAIT or 12—18 at
the Nickel telescope. The numerous standard-star observations
enable us to derive a reliable calibration solution if the night is
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Figure 2. Instrumental magnitude of a Landolt standard star measured with
aperture photometry as a function of aperture size. For this example, the FWHM
of the image is approximately 5 pixels (~1”5). When performing absolute
photometry to calibrate our SN fields, we use an aperture of 5 x FWHM of
the image to sum all of the flux. As shown in this example, the instrumental
magnitude asymptotically approaches its total flux value. Using an aperture
radius equal to 5 x FWHM is sufficient to measure the total flux of our point
sources.

photometric, and to identify a nonphotometric night when the
solution shows large scatter due to clouds. Whenever possible,
the SN fields are observed at an airmass that is encompassed by
that of the standard-star fields (airmass usually 1.0-2.0).

It was impractical to manually reduce the very large number
of photometric calibration data, so a calibration pipeline was
developed. The pipeline does the following processing, with
manual interactions required for some of the steps.

1. Pre-processing of the images. This includes removal of the
bias and dark current, and flatfielding.

2. Reduction of the standard-star observations. First, an
astrometric solution is obtained for an image to identify
Landolt stars based on their location in the database. Next,
aperture photometry is performed on all of the standard stars
with a small, optimal aperture of radius roughly the full
width at half-maximum intensity (FWHM) to increase the
signal-to-noise ratio (S/N). Finally, an aperture correction
is derived using the brightest (but not saturated) stars to
convert the small-aperture measurement to an aperture that
is large enough to include all of the flux. In a majority of
cases, we find that an aperture of ~5 x FWHM is sufficient
to account for the total flux of the star as demonstrated in
Figure 2. The aperture corrections are visually inspected
before they are applied to all of the standard stars.

3. Finding the photometric solution. The instrumental magni-
tudes from the absolute aperture-corrected photometry and
the airmasses of the standards are input to the PHOTCAL
package of IRAF, to solve for the extinction coefficients
and color terms of the filters using equations of the form

b=B+Cg(B—V)+kpXp+ constant,
v=V +Cy(B—V)+kyXy + constant,

r = R+ Cgr(V — R) + kg Xg, +constant, and
i=1+C;(V—1I)+k;X;+ constant.

5 IRAF, the Image Reduction and Analysis Facility, is distributed by the
National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy (AURA), Inc., under
cooperative agreement with the National Science Foundation (NSF).
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In the above set of equations, lower-case letters represent
the magnitudes in the natural system of the telescope, upper-
case letters are magnitudes in the Landolt system, X; are the
airmasses of the observation, C; are linear color terms, and
k; are extinction coefficients. We tested the inclusion of a
color term proportional to airmass, but found that it did not
significantly improve the scatter in the fit.

This is an interactive process. Ideally, if the night is
photometric, all standard stars should be used in the
solution. However, due to cosmic rays, CCD defects, or
poor S/Ns for some fainter standard stars, there are often
outliers in the solutions. We carefully remove the outliers
in an attempt to achieve solutions with the following
precisions: root-mean square (rms) < 0.04 mag for KAIT
B, <0.03 mag for KAIT VRI, <0.03 mag for Nickel B, and
<0.02 mag for Nickel VRI. We also check the number and
source of the outliers to identify nonphotometric nights. If
a relatively large fraction (Z15%) of the data points are
outliers, or if all stars in a particular image are outliers
(a sign of cloud cover during the exposure), the night is
marked as being nonphotometric.

4. Reduction of the SN fields. The instrumental magnitudes
of the local standard stars are first measured with a small
optimal aperture. Aperture corrections are then determined
from several bright stars and applied to all of the stars. The
photometric solution derived from the Landolt standard
stars is applied to derive the magnitudes of the local
standard stars in the standard system.

5. Combining the calibrations from different photometric
nights. For the calibrated magnitudes of a star in any band,
an iterative process is invoked to remove 3¢ outliers until
the final average value has rms < 0.03 mag. The error of
the calibrated magnitude is calculated as rms/+/N, where
N is the total number of calibrations used in deriving the
average (following the definition of the standard deviation
of the mean). An example of this process is shown in
Table 2.

3.2. Galaxy Subtraction

A majority of SNe are found close to bright regions of
their host galaxy, requiring galaxy subtraction to isolate the SN
flux before photometry can be performed accurately. Template
images of the host galaxy are obtained on a clear night during
a dark run after the SN has faded beyond detection. Host-
galaxy templates are visually inspected and chosen to have low
background counts and an FWHM of <270. In cases where we
had multiple high-quality templates, the images are registered
and added together to produce a single deeper template.

Images are bias subtracted and twilight-sky flatfielded auto-
matically at the telescope. Cosmic rays are removed using the
cosmicrays procedure in the IRAF DAOPHOT package. We
adopt parameters which ensure the replacement of obvious cos-
mic rays (objects with a small FWHM compared to the average
FWHM constrained by the nights with the best seeing) with
background values while not affecting objects having stellar
profiles.

Data images are registered to the template image by matching
congruent triangles formed by objects which have a peak
intensity value that is above the background in both images.
The data image is then geometrically mapped to the template
image using the geomap routine in IRAF.

Two independent template-subtraction routines were em-
ployed with our data set, providing a consistency check for
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Table 2
Example of the Calibration Pipeline Output
R.A. (hr) Decl. (deg) B (mag) V (mag) R (mag) I (mag) Telescope

14.370000 —0.392374 17.261 X 16.687 16.295 15.868 20070616_kait
14.370002 —0.392362 17.354 16.731 16.280 15.862 X 20070617 _kait
14.370001 —0.392341 17.289 16.711 16.282 15.917 20080118_kait
14.369999 —0.392355 17.291 16.679 16.263 X 15.918 20080119_kait
14.369999 —0.392362 17.367 16.725 16.342 15.954 20070609_40in
14.369999 —0.392362 17.367 16.706 16.370 15.950 20070616_40in
14.369998 —0.392348 17.350 16.708 16.345 15.945 20070617_40in
14.369999 —0.392355 17.354 16.706 16.333 15.958 20070708_40in
14.369998 —0.392345 17.427X 16.750 16.386 X 15.927 20070805_40in
14.369999 —0.392362 17.370 16.748 16.344 15.954 20070804 _40in
14.369999 —0.392341 17.265 X 16.660 16.292 15.963 20070811_40in
14.370000 —0.392328 17.357 16.736 16.359 15.963 20070812_40in
14.370001 —0.392346 17.372 16.761 16.340 15.971 20070820_40in
14.369999 —0.392326 17.359 16.528 X 16.355 16.032 X 20070821_40in
14.370002 —0.392346 17.376 16.752 16.327 15.956 20070824 _40in
14.369999 —0.392333 17.375 16.731 16.337 15.901 20080112_40in
Average:

14.369997 (15) 16

—0.392349 (05) 16

17.352 (008) 13

16.719 (008) 15

16.329 (008) 14

15.939 (008) 14

Notes. This is for a star in the SN 2007af field, which has been observed on 16 photometric nights. The entries marked with an “X” are removed during
the iterative process and are not used to calculate the final SN magnitude.

our photometry. Subtraction method 1 (SM1) is based on the
ISIS package (Alard & Lupton 1998) as modified by Brian P.
Schmidt for the High-z Supernova Search Team (Schmidt et al.
1998). The convolution kernel is computed as a function of po-
sition using stars in both images chosen automatically by ISIS.
Ideally, the software avoids saturated stars, stars with nonstel-
lar profiles, and cosmic rays. Our default parameters use three
stamps in the x-direction and three stamps in the y-direction to
determine the spatial variation in the kernel. The image with
the better seeing (in most cases the template) is then convolved
to match the seeing of the other image and the two images are
subtracted. A 60 x 60 pixel square centered on the SN in the
subtracted image is then copied onto the corresponding region
in the observation image.

Subtraction method 2 (SM2) determines the convolution
kernel with the IRAF task psfmatch (Phillips & Davis 1995)
using three field stars chosen in the template image that are well
above the background and are not saturated. Similar to SM1, the
image with the better seeing is then convolved to the other image
using the averaged kernel. Unlike SM1, which automatically
finds stars to compute the kernel, SM2 uses the same three stars
for all of the data images associated with a particular template.
The intensity of the two images is matched using a rectangular
region of 60 x 60 pixels centered on the brightest star. The
images are then subtracted. As in SM1, the SN in the subtracted
image is pasted back onto the observation image. An example
image from our subtraction pipeline is shown in Figure 3.

As both of these subtraction methods are automated, it is
inevitable that our software will produce poor subtractions for
data taken under less than optimal conditions. In the worst of
circumstances, such as data taken during bad weather or poor
seeing conditions, we are left with no choice but to eliminate data
that fail both subtraction pipelines. To minimize the number of
discarded images, we have implemented an error-control system
to salvage images that initially cause the subtraction pipeline to
fail.

The robustness of SM1 ensures that a subtracted image will
always be output, though the quality of the subtracted image may

be questionable if SM1 mistakenly uses a nonstellar source to
construct the kernel. The most likely candidates for stamps that
produce bad subtractions are cosmic rays that elude removal
and galaxy nuclei from either the host galaxy or background
galaxies. In such cases, our recourse is to identify suspect images
and manually choose stamps until a satisfactory subtraction
is obtained. The identification of such subtractions is done
by the inspection of the final light curve. Comparison of the
results of SM1 to SM2 generally indicates when one subtraction
method fared better than the other. In cases where SM2 produces
superior results, it is usually because the stamps chosen by SM2
are set a priori while SM1 chooses stamps on the fly.

For SM2, there are two main sources of potential failures:
a bad point-spread function (PSF) for the kernel and an error
in the intensity transformation. In the case of a bad PSF from
one of the three stars, the convolution kernel is computed using
the average of the remaining two stars. In the event that all
three stars prove problematic (as in a case where none of the
three stars is present in the data image), the pipeline exits without
producing a subtraction. If the intensity matching first fails using
the brightest star of the three stars, SM2 then uses a 60 x 60 pixel
square about the next-brightest star.

An analysis of our finalized photometry shows that 81%
of our data uses the results from both SM1 and SM2, 18%
from only SMI1, and 1% from just SM2. Of the two subtrac-
tion algorithms, SM1 produced the most robust results, yield-
ing better subtractions in instances where our galaxy tem-
plate was not optimal. In most instances where SM2 gave
superior subtractions, better SM1 subtractions could be pro-
duced by manually choosing stars to compute the convolution
kernel.

A minority of SNe in our data set occurred far from the
nucleus of the host galaxy and do not suffer from significant
galaxy contamination as determined by inspection of late-time
images. For these SNe, images were only registered before
performing differential photometry. Table 3 contains a list of
SNe which did not require galaxy subtraction, together with
their offset from the host-galaxy nucleus.
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Before Galaxy Subtraction

Figure 3. Example of our galaxy subtraction pipelines. The top image shows
SN 2003gq on 2003 August 1 UT. The SN is embedded deep within the host
galaxy. We can isolate the flux of the SN using our galaxy subtraction pipelines
and paste a stamp of the subtracted image onto the data image at the position of
the SN.

3.3. Differential Photometry

Differential photometry was performed using the PSF-fitting
method in the IRAF DAOPHOT package (Stetson 1987) to
measure the SN flux relative to local standards in the field.
Depending on the field, three or more of the brightest stars
are chosen manually to construct a model PSF. Using a fitting
radius equivalent to the FWHM of each data image (usually
3-5 pixels), the PSF is modeled out to 20 pixels. Instrumental
magnitudes are measured for the SN and local standards of
sufficient brightness found in the calibration pipeline.

The instrumental magnitudes are transformed into the stan-
dard Landolt system using the following system of equations:

b= B+ Cp(B — V)+ constant,
v=V+Cy(B—V)+ constant,

r = R+ Cgr(V — R) + constant, and
i=1+C;(V—1I)+ constant.

LIGHT CURVES FOR 165 SNe Ia 423

Table 3
SNe Not Requiring Galaxy Subtraction

SN East () North (")

1998de 71.9 34
1999gh 52 15.8
2000cx —23 ~109.3
2001ah 43 324
2001cj -7.6 352
2003fa 95 48.9
2004E 32 204
2005ct —15.7 123
2006bt —44.4 229
2006cp 19.9 —15.3
2006em 214 50.9
2007t 55 —335

Note. SN offsets from the host-galaxy nucleus are
given.

In the above set, the lower-case bandpass letters on the left-hand
side are instrumental magnitudes and the upper-case bandpass
letters are the transformed Landolt magnitudes. The coefficients
C; represent the averaged color terms found from multiple
photometric nights. The zero point and effects of atmospheric
extinction are absorbed into a constant which drops out i