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Subject headings: supernovae: general — techniques: photometric

1. Introduction

Over the last decade, type la supernovae (SN Ia) have become increasingly sharp tools for precision
cosmology, with applications of these exquisite distance indicators ranging from our galactic neighbors to
establish the Hubble constant, to halfway across the observable Universe to uncover cosmic deceleration
and acceleration (Riess et al. 2004; Barris et al. 2004; Knop et al. 2003 and references therein). These
cosmological applications of SN Ia rely on accurate, high-precision, and unscheduled measurements of their
light curves in multiple passbands over a period of weeks, presenting a challenge to would-be observers.

The project of collecting a large sample of nearby SN Ia with high-quality, multicolor CCD photom-
etry to be used in cosmological studies began in earnest in 1990, with the Calan/Tololo survey (Hamuy et
al. 1993) that combined a photographic search for SN in the southern sky with a program of CCD followup
photometry obtained with the help of visiting astronomers. Hamuy et al. (1996) present Johnson/Cousins
BVI photometry of 29 SN Ia from this project (27 of which were discovered as part of the survey itself) out
to redshifts z=~ 0.1.

In 1993, astronomers at the Harvard-Smithsonian Center for Astrophysics (CfA) began a campaign of
CCD photometric and spectroscopic monitoring of newly-discovered supernovae at the Fred L. Whipple
Observatory (FLWOQO) on Mt. Hopkins in southern Arizona, and this program has been ongoing ever since.
We employ a similar cooperative observing strategy for the follow-up photometry, whereby the SN moni-
toring program is allocated a small amount of time each night (~20 minutes), with the observations being
carried out by the scheduled observer. Our SN program is also allocated approximately one dedicated night
per month that is used for photometry of the fainter objects, photometric calibration of the SN fields, and
template observations after the SN have faded.

Our cooperative observing strategy has been very successful so far. FLWO BVRI observations of 22
type la supernovae discovered between 1993 and 1996 have been published by Riess et al. (1999) and we
have also undertaken UBVRI photometry and in-depth analysis of a number of individual SN Ia observed as
part of this program: SN 1998bu (Jha et al. 1999), SN 1999by (Garnavich et al. 2004), SN 1998aq (Riess et
al. 2005) and SN 2001V (Mandel et al. 2005, in preparation).

Here we report our UBVRI photometry for 44 SN Ia discovered between 1997 and 2000. The full data
set presented here consists of 2190 observations on 338 nights, and is the largest set of homogeneously
observed and reduced SN la data published to date.
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2. Data and Reduction
2.1. Discovery

Our program of supernova photometry consists solely of follow-up; we search only our email, not the
sky, to find new supernovae. A number of observers, both amateur and professional, are engaged in search-
ing for supernovac. We rely on these searches, as well as prompt notification of candidates, coordinated
by Dan Green and Brian Marsden of the IAU’s Central Burcau for Astronomical Telegrams (CBAT), with
confirmed SN reported in the AU Circulars. In some cases the SN discoverers provide spectroscopic classi-
fication of the new objects, but generally spectroscopy is obtained by others, and reported separately in the
TAU Circulars. With our spectroscopic SN follow-up program at the F. L. Whipple Observatory 1.5m tele-
scope and FAST spectrograph (Fabricant et al. 1998), we have classified a large fraction of the new, nearby
supernovae reported over the last several years and compiled a large spectroscopic database (Matheson et
al. 2003, in preparation).

Given a newly discovered and classified supernova, several factors help determine whether or not we
include it in our monitoring program. Because of their importance, SN la are often given higher priority
over other types, but factors such as case of observability (southern targets and those discovered far to the
west are less appealing), supernova phase (objects whose spectra indicate they are after maximum light
are given lower priority), redshift (more nearby objects are favored), as well as the number of objects we
are already monitoring are significant. Our final sample of well-observed SN Ia is not obtained from a
single well-defined set of criteria, and selection effects in both the searches and follow-up may make this
sample unsuitable for some applications (such as determining the intrinsic luminosity function of SN Ia, for
example). A thorough discussion of the selection biases in the Calan/Tololo supernova search and follow-up
campaign can be found in Hamuy & Pinto (1999).

The discovery data for the sample of SN la presented here are given in Table 1. All of the SN Ia listed
were discovered with CCD images, except for SN 1997bp which was discovered visually, and SN 1999¢f
and SN 1999gh which were discovered photographically. New, systematic CCD supernova searches have
provided the great majority of our sample: the Beijing Astronomical Observatory Supernova Survey (Li et
al. 1996; designated as BAO in Table 1), the UK Nova/Supernova Patrol (Armstrong & Hurst 1996; UK), the
Puckett Observatory Supernova Search (Puckett 1998; POSS), the Tenagra Observatories supernova patrol
(Schwartz 1997; TO), and the Lick Observatory Supernova Search (Treffers et al. 1997; LOSS). In addition,
we note in Table 1 supernovae whose classification as SN Ia is from our spectroscopic monitoring program
described above (designated as “CfA™).

2.2. Observations

All the photometry presented here was obtained with the F. L. Whipple Observatory (FLWO) 1.2m
telescope, with either the “AndyCam”™ CCD camera or the “4Shooter” 2x2 CCD mosaic (Szentgyorgyi et
al. 2003, in preparation). Both instruments use thinned, backside illuminated, anti-reflective coated Loral
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20482 CCD detectors, situated at the f/8 Cassegrain focus. The pixel scale is approximately 0”33 per pixel,
yielding a field of view of over 11’ on a side for each chip. All the data were taken in a 2x2 binned
mode, resulting in a sampling of 0’766 per pixel that is well matched to the typical image quality (175 to
2” FWHM). We have ensured that all data used are within the linear regime of the detectors. Observations
using the 4Shooter taken before October 1998 were made with the “chip 1”7 CCD detector, while those taken
afterwards were made on “chip 37, which has slightly improved quantum efficiency but slightly inferior
cosmetic characteristics.

Both instruments have good near-ultraviolet and near-infrared response, and our observations have
been in the Johnson UBV and Kron-Cousins RIbandpasses. The data were taken with two UBVRI filtersets,
the “SAQ” set and the newer “Harris™ set. Observations before December 1998 were taken with the SAO
filterset (the same described by Riess et al. 1999 and Jha et al. 1999), while those taken after May 1999
were taken with the Harris set. Between December 1998 and May 1999 only the Harris UBVR filters were
available, and the [ filter used was from the SAO filterset. Because of the importance of knowing precisely
the bandpasses used for a given observation (particularly for supernova photometry), we discuss these in
greater detail in §2 4.

Our observing approach, combining nightly requests for one or two objects with monthly dedicated
nights, allows us to sample the light curves with the appropriate cadence. Generally observations are more
frequent when the SN Ia are near maximum light, and less frequent (but deeper) as each SN la fades. During
the period of these observations, the FLWO 1.2m was equipped with the 4Shooter or AndyCam usually only
during dark time, with an infrared imager on the telescope when the moon was near full. This unfortunately
leads to ~1 to 2 week gaps in our light curves, but in most cases the light curves are still well-defined and
suitable for distance analyses.

2.3. Differential Photometry

To measure the brightness of the supernova in any image, we perform the photometry differentially with
respect to stars in the field of view, allowing for useful measurements even in non-photometric conditions.
In general we use as many of these comparison stars (or “field standards™) as feasible, choosing stars that
are bright enough to be precisely measured but faint enough to not saturate the detector in the late-time,
deeper images. In addition, we try to choose comparison stars that cover a range of color comparable to
those exhibited by SN Ia over their evolution, though it is often not possible to find stars in the field that are
as blue as SN Ia at or before maximum light. Figure 1 shows K-band finder charts for all of the supernovae
and their associated comparison stars.

All of the CCD observations were reduced uniformly, with bad pixel masking, bias subtraction and flat-
field correction using the NOAO Image Reduction and Analysis Facility (IRAF) CCDPROC package'. In

1TRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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addition, we remove, to the extent possible, the small but non-negligible, amount of fringing for observations
in the /-band via a fringe frame created from combined night-sky exposures of sparse fields.

A major complication in supernova photometry arises in separating light from the SN itself from light
from the underlying galaxy at the SN position. Poor subtraction of the background light can have significant
effects on the supernova light curve shapes and colors (cf. discussion in Riess et al. 1999; Boisseau &
Wheeler 1991). For this reason, we take observations of the supernova fields the following year, after the
SN has faded, to use as templates that are subtracted from all of the previous images. We have used galaxy
subtraction to perform the differential photometry of all the SN Ia except for SN 2000cx, which was located
very far from the nucleus of its (elliptical) host galaxy, where the galaxy background was negligible and
template subtraction only added undesirable correlated noise. For SN 2000cx, we performed point-spread
function (PSF) fitting photometry on the SN and comparison stars, using the DAOPHOT/ALLSTAR (Stetson
1987, 1994) package in [RAF.

For the other 43 objects, we employed template subtraction as follows. Generally a number of late-time
images were taken in each passband with exposure times comparable to or slightly longer than the deepest
images with the SN present, and we chose the set of images with the best seeing to serve as the templates.
For each passband, all of the images were registered to the template, and the image subtraction was per-
formed using the ISIS subtraction package (Alard & Lupton 1998) as modified by B. Schmidt (personal
communication), to allow for more robust selection of regions in the two images suitable for determination
of the convolution kernel (avoiding saturated stars, cosmic rays, and cosmetic defects). We subtracted the
template from each SN image, and replaced a small region around the SN with the template-subtracted ver-
sion. In the typical case, where the template image quality was better than the SN image, we convolved the
template to the SN image, subtracted, and replaced the SN neighborhood from the subtracted image back
into the original SN image. In the rare case, where the SN image quality was better than the template, we
degraded the SN image to match the PSF of the template image, subtracted, and replaced the subtracted SN
neighborhood back into the convolved (degraded) SN image. This procedure ensures that the PSF of the
SN matches the PSF of the comparison stars. We also added artificial stars of known brightness into the SN
images, mimicking the SN subtraction procedure on these stars. Finally, we performed aperture photometry
as well as DoPHOT PSF-fitting photometry (Schechter, Mateo, & Saha 1993) on the SN, comparison stars
and artificial stars in the galaxy-subtracted images. We have checked that the recovered magnitudes of the
added stars match their input magnitudes, and that the aperture and PSF photometry gave consistent results,
generally to better than 0.01 mag. We have also verified that this photometry derived via galaxy subtraction
is consistent with direct PSF photometry for SN where the galaxy background is exceptionally smooth. For
our final differential photometry, we have chosen to use the aperture photometry of the SN and comparison
stars, with an aperture radius given by 0.75 times the FWHM of the PSF.

This general strategy is identical to that used by the High-Z Supernova Search Team (Schmidt et
al. 1998) in analysis of high-redshift SN Ia; while the actual software is in a state of constant evolution,
we have used one incarnation for all the light curves presented here. The result of this process is homoge-
neous and reliable differential UBVRI photometry of each supernova and its associated comparison stars on
the natural system of the observations (i.¢., instrumental magnitudes).
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2.4. Calibration

We calibrate each of the supernova fields following the precepts of Harris, Fitzgerald & Reed (1981),
using the all-sky UBVRI standard stars of Landolt (1992). On photometric nights, we typically observe on
the order of 10 to 15 Landolt fields over a wide range of airmass (generally from 1.1 to ~2). We perform
aperture photometry on the reduced Landolt fields using the APPHOT package in IRAF, using a 6 pixel
aperture radius (~4"’) that is then corrected to a 15 pixel radius (~10"") via a curve of growth defined by a few
isolated, bright stars in each image. We then determine the zeropoints and transformation coefficients linear
in airmass and color from the instrumental magnitudes ubvri to the standard Landolt UBVRI magnitudes
and U-B, B-V, V=R and V-1 colors. For nights when many standard stars were observed, we check
the linear solution by also fitting a quadratic term in color as well as a color times airmass term; in all
cases the coefficients for the higher order terms are negligible, and so we use only the linear solutions.
Because of the different detector and filterset combinations we have used, we take care to keep track of the
transformation coefficients separately. As expected, for a given detector/filterset combination, the variations
in the zeropoints and airmass terms are small but significant, while the color terms are always consistent
within the fit uncertainties.

Once we have the standard solution for a photometric night, we apply this solution to the instrumental
aperture magnitudes of the comparison stars in each SN field, measured in exactly the same way as the
Landolt standard stars. This yields the standard UBVRI magnitudes of the comparison stars in each SN
field. For most of the fields, we have several calibrations, enabling us to average the results and identify
and eliminate outliers. For a handful of SN, however, we have only one night of photometric calibration,
a somewhat perilous situation. Nevertheless, for every one of these objects we have checked that other SN
fields taken on the same night have photometry that is consistent on other nights, bolstering our confidence
that the photometry of objects with only one night of calibration is not significantly in error. In Table 2, we
present the final comparison star V magnitudes and colors with their uncertainties (in the mean), as well as
the number of photometric nights averaged to yield the results. We also give positions of the supernovae
and comparison stars, referenced to the USNO-A2.0 catalogue (Monet et al. 1998), with a typical root-
mean-square (RMS) uncertainty of +0//3. The location of the supernovae and comparison stars are shown
in Figure 1.

We present the average color terms for each detector/filterset combination in Table 3, along with the
internal uncertainties in the mean. We do not have data on any photometric nights when the AndyCam
and the Harris filters were on the telescope, and thus we could not use observations of standard stars to
determine the color terms for this detector/filterset combination. Instead we used the color terms based on
the calibrated comparison stars themselves (allowing for a variable zeropoint for each frame, given the non-
photometric conditions). For the other detector/filterset combinations, we successfully used this method to
check the color terms for consistency.

Armed with the comparison star standard magnitudes and the color terms for each detector/filterset
combination, we determined the zeropoint for each SN image by transforming the comparison star standard
magnitudes to instrumental magnitudes (using the appropriate color term) and comparing to them to the
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observed comparison star magnitudes. Because the SN is observed at the same time (and thus, airmass) as
the comparison stars, the airmass term is consumed into the zeropoint, which is robustly determined from
the flux-weighted average of the comparison stars. We then use this zeropoint to determine calibrated in-
strumental magnitudes for the SN, and use the linear color term transformation to arrive at the final Landolt
standard magnitudes for the supernova. We keep track of and propagate the uncertainties throughout this
procedure, including photon noise in the instrumental magnitudes, dispersion in the photometric solution,
uncertainties in the transformation coefficients, and internal uncertainty in the zeropoint for each image.
The final standard system UBVRImagnitudes of the supernovae, along with the uncertainties and the detec-
tor/filterset combination are given in Tables 4 to 47. The UBVRI light curves of the 44 SN Ia are shown in
Figure 2 relative to maximum light (defined in the B-band) and corrected for time-dilation to the SN rest
frame (cf. Table 49, §3.2).

We have used linear color transformations between the supernova instrumental magnitudes and stan-
dard magnitudes as has been conventional when presenting SN Ia light curves, but these may be inappro-
priate due to the strong, broad features present in SN spectra, as compared to the stars from which the color
terms are derived. Fortunately, our primary concern is accurate photometry of SN la near and soon after
maximum light, when the SN flux is still dominated by the continuum in this “photospheric™ phase, where
the linear transformations derived from stars would be most appropriate. Furthermore, for most of the de-
tector/filter combinations, the color terms do not strongly suggest the effective wavelengths are far from the
standard bandpasses. The ultimate test, though, is in the light curves, which also give no evidence for sys-
tematic differences between observations taken with different detector/filterset combinations. For instance,
the smoothness of the light curve of SN 1998es (Table 27), observed with both instruments with multiple
filtersets, is evidence of the internal consistency and homogeneity of the photometry. This is particularly
important in the U-band, for which this sample represents the first large collection of SN Ia photometry, but
which is also notoriously difficult to transform to a standard system (see, e.g., Suntzeft et al. 1999; Jha et
al. 1999).

Though we have strived to ensure that the transformations to the standard system result in consistent,
homogeneous photometry, the future uses of these data might nonetheless be limited by the accuracy of
these transformations. It may be more convenient and useful to have the data as measured on the natural
system. Given the color terms in Table 3, it is straightforward to transform the data back to the natural system
(and the natural system magnitudes are available on request). This is only useful, however, in conjunction
with the natural system passbands. We have synthesized these passbands by combining the primary and
secondary mirror reflectivities (taken simply as two reflections off an aluminum surface), the measured filter
transmissions, and the measured detector quantum efficiencies (QE).2 We have assumed that the shape of
the QE curves for the two 4Shooter chips is identical. The synthesized passbands are shown in Figure 3,
along with the standard UX and BVRI passbands of Bessell (1990). Because the U passband is defined by

2We reiterate the footnote of SuntzefT et al. (1999), that the Bessell (1990) passband convention that we adopt also includes a
term in the passband that is a linearly increasing function of wavelength. In this convention, then, the magnitude measured with a
photon counting detector is m = —2.5log { f Fy() KA dxl} + const, where F(2) is the source flux density and R() is the bandpass
response.
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the atmospheric cutoff in the blue, we follow the Bessell convention of realizing this passband at airmass 1.0
(using the IRAF Kitt Peak atmospheric extinction curve, adjusted to match the average observed extinction
coefficients), whereas the BVRI passbands are extra-atmospheric (i.c., airmass 0). As shown in Figure 3,
the correspondence between the natural system passbands and the Bessell standard response curves is quite
good, save for the -band in the SAOQ filterset. The synthesized passbands are also tabulated in Table 48.

Through synthetic photometry, we have verified that the natural system passbands yield color terms
consistent with those directly measured, cf. Table 3. We have also tried to constrain the natural system
passbands directly, though observations of spectrophotometric standard stars on the photometric night of
2001 October 24 UT with the FLWO 1.2m telescope using chip 3 of the 4Shooter and the Harris filterset. We
took multiple UBVRI observations of the following eight tertiary spectrophotometric standard stars (Massey
et al 1988; Hamuy et al. 1992), over a wide airmass range throughout the night: BD +28°4211, Feige
34, Feige 110, G191B2B, Hiltner 600, LTT 9239, LTT 9491, and Wolf 1346. All of these stars also have
published spectrophotometry in the red to 1um (Massey & Gronwall 1990; Hamuy et al. 1994), allowing us
to measure synthetic BVRI magnitudes. The ground-based spectrophotometry does not extend far enough
to the blue with enough precision to synthesize U magnitudes (the Bessell UX passband extends down to
300 nm), and so for the U-band we have used the results of Bohlin, Dickinson, & Calzetti (2001), who give
HST/STIS fluxes for five of the standards (BD +28°4211, Feige 34, Feige 110, G191B2B, and LTT 9491)
extending below the atmospheric limit.

For each passband, we model the response curve as a cubic spline through a number of spline points
spaced equally over the wavelength region where we expect a nonzero response. For each observation in the
passband (~20 each in BVRI and 13 in U), we correct the standard star spectrum for atmospheric extinction
(as above, to zero airmass for BVRI and 1.0 airmass for U), and synthesize photometry using the model pass-
band. We find the best-fit model passband by minimizing the residuals between the synthetic and observed
magnitudes, using a downhill-simplex (amoeba) method (Press et al. 1992). Our model is specified by the
amplitudes (restricted to between zero and one) at the fixed spline points, with the normalization adjusted
to vield a fixed zeropoint. The number of spline points in our model is somewhat arbitrary, limited by the
number of individual measurements (~20 in BVR/ and 13 in U). We have found that, in general, having
fewer spline points is generally advantageous, avoiding pathological cases and overfitting the measurements
at the expense of detailed information about the shape of the response curve. We have also imposed con-
straints that the model passband is “reasonable™; it is forced to zero at the ends and not allowed to be wildly
oscillatory.

Given these constraints, the best-fit model passbands from the spectrophotometric data are shown in
Figure 4, along with the 4Shooter/Harris passbands synthesized from the CCD QE curves, filter transmis-
sions, etc. from Figure 3, and the Bessell (1990) passbands. Because of the somewhat arbitrary nature of
the model, as well as uncertainties in the photometry, these best-fit response curves should be viewed as
“typical” realizations of the true response, rather than exact representations. There is a range of models
that fit the data reasonably well (with a dispersion of ~0.02 mag in BVRI and ~0.04 mag in U, similar to
the scatter typically exhibited by the Landolt standards), and this range overlaps well with the calculated
passbands. A few of the discrepancies between the solid and dashed curves seem to be robust; in particular,
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the spectrophotometric data favor a Bresponse which is narrower than the filter transmission would predict.
To test this definitively, we would need a larger data set, with more spectrophotometric standards.

Though we have only tried this exercise with one detector/filterset combination, the results suggest
that the match between the best-fit model passband and the calculated passbands is generally good, with
the calculated passband yielding photometry always within 2¢ of the best-fit. Furthermore, the constancy
of the color terms for a particular detector/filterset indicates that effects such variable detector response or
mirror reflectivity (due to cleanliness, for instance) do not significantly affect the natural system bandpasses.
We thus conclude that the response curves shown in Figure 3 and Table 48 are good representations of the
natural system.

3. Results
3.1. Comparison with Published Photometry

A number of the supernovae presented here have published photometry from other groups. Because of
the difficulties in supernova photometry (correcting for galaxy contamination, transformation to the standard
system, etc.), systematic differences between SN photometry from different telescopes are common. These
differences are generally small, at the level of a few hundredths of a magnitude (see, e.g., Suntzeff et al. 1999;
Jha et al. 1999; Riess et al. 1999), though larger differences can occur with worse filter mismatches. In
this paper, we strive to present photometry that is internally as homogeneous as possible, but it is still
useful to compare these data with independent observations. When the systematic difterences are small,
combining these independent data sets is highly desirable, producing dramatic improvements in the light
curve sampling.

3.1.1. SN 1997bp

Altavilla et al. (2004) present photometry of 18 SN Ia from ESO (La Silla) and Asiago Observatories
including four objects also presented here. For SN 1997bp in NGC 4680, the two data sets are quite com-
plementary in supernova phase, with the Altavilla et al. photometry filling in a gap in our light curve just
after maximum light. Based on the few contemporaneous points, the photometry shows good agreement
in BVRI, with offsets <0.05 mag. However, the U-band photometry is more discordant; the Altavilla et
al. measurements of SN 1997bp are ~0.15 mag fainter in {J than the photometry presented here.

3.1.2. SN 1997br

Li et al. (1999) present extensive BVRI photometry of SN 1997br in ESO 576-40 from observations at
the Beijing Astronomical Observatory 0.6m and the Lick Observatory 0.76m Katzman Automatic Imaging
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Telescope (KAIT). There is good agreement in the V and I-band photometry presented by Li et al. and
that presented here (r.m.s. offsets < 0.05 mag), but there are larger, systematic differences in B (an rm.s.
offset of 0.08 mag, with the Li et al. photometry fainter before maximum light but brighter at later times
> 30 days after maximum light). The most significant discrepancy is in the K photometry, where the Li
et al. photometry is fainter than the FLWO photometry by ~0.18 mag on average, and approaching ~0.25
mag even near maximum light. The field comparison stars we have in common show good agreement?.
However, the color terms presented by Li et al. are relatively large in R, e.g., (v—1)/(V-EK) = 1.20 for
the KAIT observations, and the photometry differences correlate well with the SN color, implying that the
transformation to the standard system is the likely culprit.

Altavilla et al. (2004) report 3 epochs of BVRI photometry of SN 1997br and these show good agree-
ment (< 0.05 mag) with the FLWO photometry presented here (also showing a similar offset when compared
to the Li et al. R-band data). Altavilla et al. also present two U-band points, in fairly good accord (< 0.1
mag) with the FLWO photometry.

3.1.3. SN 1997cn

Turatto et al. (1998) present UBVRI photometry of SN 1997¢n in NGC 5490 from a number of tele-
scopes at ESO, La Silla. Our photometry agrees well with theirs in Band V; in U our photometry is generally
brighter by ~0.15 mag, but is consistent within the photometric uncertainties for this faint object. Our K and
I-band photometry is also brighter, by ~0.08 mag. We have one comparison star in common with Turatto et

al. (their star 2 is our star 9) and our photometry for this star agree within the reported uncertainties in all
bands.

3.1.4. SN 1998de

Extensive BVRI observations of SN 1998de in NGC 252 are presented by Modjaz et al. (2001). The
data presented there have been K-corrected to the SN rest frame, and to facilitate direct comparison with our
observations, M. Modjaz has kindly supplied us with their standard magnitudes before K-correction. Our
data set is relatively sparse compared to that presented by Modjaz et al.* but the agreement is very good
before maximum light (< 0.05 mag). Our /-band data taken about 45 days past maximum light show a large
discrepancy (~0.4 mag), likely a result of the transformation to the standard system at a phase when the
SN spectrum is highly non-stellar. Comparison star C of Modjaz et al. is the same as our star 8, and our

3The finder chart presented by Li et al. (1999) seems to indicate their star E corresponds to our comparison star 6, but the
photometry in their Table 1 matches our photometry of comparison star 5, which is somewhat fainter and much redder than star 6.
Because of its faintness, Li et al. do not assign much weight to this star, so it is unlikely to explain the discrepant K magnitudes.

4This is due to the fact that the SN peaked at the end of July, just as FLWO undergoes a month-long shutdown because of the
southern Arizona monsoons.
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calibration is consistent.

3.1.5. SN 1999aa

Krisciunas et al. (2000) present BVRI observations of SN 1999aa in NGC 2595 that very nicely com-
plement the data presented here. In addition the photometric agreement is superb, with r.m.s. offsets < 0.03
mag near maximum light and < 0.06 mag at late times. Combining the data sets yields an excellent light
curve for this object.

Altavilla et al. (2004) present 3 epochs of UBVRI photometry of SN 1999aa, with good accord in BVR at
the level ~0.04 mag, with larger discrepancies in [ (~0.1 mag at 30 days past maximum light and ~0.2 mag
at 60 days past maximum light). The U-band agreement is also good: ~0.05 mag at +30 days and ~0.1 mag
at +60 days.

3.1.6. SN 1999cl

Krisciunas et al. (2000) also present BVRI observations of the nearby SN 1999¢l in NGC 4501 (M88).
The data are not as extensive as for SN 1999aa, nor is the photometric agreement as good. The two sets
agree relatively well in all bands at maximum light (~0.03 mag), but the photometry of Krisciunas et al. at
about a month past maximum is brighter than our (single) late time point at that epoch by 0.1 to 0.3 mag
in the different bands. Moreover, the discrepancy is larger in the red. This is a good indication of con-
tamination from the host galaxy; indeed, Krisciunas et al. note that SN 1999¢cl might be an object where
galaxy subtraction would improve their aperture photometry performed without a template. Our late-time
images after the SN had faded show that the host galaxy makes a non-negligible contribution to the flux at
the position of the supernova. Based on this discrepancy, Krisciunas et al. have reanalyzed their data for
SN 1999¢l with subtraction of host-galaxy template images, and the new results bring the photometry into
much better agreement (K. Krisciunas, personal communication).

3.1.7. SN 1999k

Extensive BVRI photometry of SN 1999¢k in UGC 3329 is provided by Krisciunas et al. (2004), sup-
plemented by the handful of data points presented here. Comparing the one epoch common to both data
sets shows good agreement (~0.05 mag) in Band 7, as well as excellent agreement (~0.01 mag) in Vand R
In addition, Krisciunas et al. list BVRI magnitudes for two of the field comparison stars we have used, with
excellent agreement (~0.01 mag) in all bands.
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3.1.8. SN 1999gp and SN 2000ce

Krisciunas et al. (2001) present BVRI photometry of five SN Ia, including SN 1999gp in UGC 1993
(with galaxy subtraction) and SN 2000ce in UGC 4195. For SN 1999¢gp, the two sets of photometry match
extremely well (< 0.03 mag), with only a small (~0.05 mag) consistent difference in the K band photometry.
This discrepancy can be traced directly to the comparison stars, as the ones in common show an identical
offset. Our comparison star photometry for the SN 1999gp field comes from 5 photometric nights, with con-
sistent K photometry on all epochs. We thus recommend that the Krisciunas et al. SN 1999gp K photometry
be adjusted 0.05 mag brighter to be consistent with the data presented here. As in the case of SN 1999aa,
the data sets are nicely complementary.

The light curve of SN 2000ce also benefits from the combined data sets. In fact, the overlap is very
slight (we have two epochs in common, and only one for all the bands simultaneously). Nonetheless, the
agreement of the photometry at these epochs is good (<0.04 mag).

3.1.9. SN 2000cx

Li et al. (2001) and Candia et al. (2003) present an immense data set in UBVRI for the unique SN
2000cx in NGC 524, with an additional two epochs of UBVRIreported in Altavilla et al. (2004). The
photometry presented here is also quite extensive, except for the fact the SN was discovered in mid July,
Just prior to the aforementioned August shutdown of FLWO. Thus, our data set consists of only set of points
near maximum light, before a large number of observations beginning a month later. The data taken together
comprise the most optical photometry of any SN Ia, and generally show good photometric agreement, at the
level of ~0.05 mag, as far as 100 days past maximum light (see Figure 3 of Candia et al.). At even later
times, the agreement is still generally good, though there are some larger discrepancies, worst in /-band
where the FLWO data and the KAIT data of Li et al. differ by ~0.4 mag. Candia et al. provide more detailed
comparisons of subsets of this large data set.

Though we have described photometric agreement from different telescopes at the level of < 0.05
mag as “good”, it nonetheless remains the case that these differences are systematic and often exceed the
nominal published uncertainties. The problem is almost certainly caused by variations in the photometric
passbands at different sites that cannot be corrected by a simple linear transformation based on a broad-
band color. Some of these discrepancies can be overcome by corrections derived from direct application
of instrumental passbands to supernova spectrophotometry (e.g., Jha et al. 1999). Stritzinger et al. (2002)
have formalized this idea through “S-corrections™ determined in analogy to K-corrections. However, the
calculated S-corrections have not always proved effective in reconciling discordant photometry. In addition,
accurate S-corrections require accurate knowledge of both instrumental bandpasses and SN spectrophotom-
etry, neither of which are always available. These issues in combining photometry from different sites are
compounded in cosmological applications of SN Ia over a wide range of redshifts, and will be an important
source of systematic uncertainty that must be controlled in the era of precision cosmology.
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3.2. SN and Host Galaxy Properties

In Table 49 we list basic data about each SN Ia. The host-galaxy heliocentric redshifts listed are taken
from the Updated Zwicky Catalog (Falco et al. 1999) if possible, and from the NASA/IPAC Extragalactic
Database® (NED) otherwise, where we favor optical redshifts over H I redshifts if there is a discrepancy.
For three objects, host galaxy redshifts were not available, and we report them here based on spectroscopy
with the FLWO 1.5m telescope plus FAST spectrograph (Fabricant et al. 1998) and cross-correlation with
galaxy templates: the host of SN 1997dg, czlio = 9238 + 14 km s7!; the host of SN 1998dx (UGC 11149),
Celio = 16197 + 32 km s7!; and the host of SN 2000cf (MCG +11-19-25), cetio = 10920 + 20 km s7!.

The supernovae in the sample range from heliocentric redshifts of 1968 to 16197 km s~!, with median
and mean redshifts of 4888 and 5274 km s™!, respectively. The mean redshift is significantly less than both
the original CfA sample of Riess et al. (1999; €z ~ 7500 km s™') and the Calan/Tololo sample of Hamuy et
al. (1996a; ¢z ~ 13500 km s~!). Nonetheless, most of the objects are in the Hubble flow; 39 of the 44 SN
Ia have cz> 2500 km s™! in the CMB rest frame, a slightly larger fraction than the original CfA sample (17
out of 22).

The host-galaxy morphology information shown in Table 49 is taken from NED, and the supernova
offset from the nucleus is taken from the IAU CBAT list of supernovae®. Gallagher et al. (2005) present an
analysis of correlations between these properties and SN luminosity. In Table 49 we also list the Galactic
reddening towards each supernova, derived from the dust maps of Schlegel, Finkbeiner & Davis (1998).

3.3. Light Curve Properties

In Table 50 we list the times of maximum light in B for cach supernova, as determined from either a di-
rect polynomial fit to the Blight curve, or from MLCS2k?2 fits (Jha, Riess, & Kirshner 2005, in preparation).
We also present the epoch of the first observation in our data set (measured in the SN rest frame). Over half
the objects (25 out of 44) have observations before maximum light, and seventy percent (31 out of 44) have
observations earlier than 5 days past maximum light.

We have also fit the BV light curves of our supernova sample to determine maximum light magni-
tudes and the parameter Amys(B), that has been shown to correlate with the supernova intrinsic luminosity
(Phillips 1993). Though originally defined as the measured decline rate of the supernova in B from maxi-
mum to 15 days past maximum light, we follow Hamuy et al. (1995, 1996a) where Amys(B) is a parameter
in a multi-dimensional fit to template light curves (each with a predefined Amys(B)). We have followed the
recipe of Hamuy et al. (1996a) in our fits, using a parabolic fit through the minimum reduced x? in a fit of
the BV light curves to each of a set of templates (“de”-K-corrected and time-dilated to the observer’s frame,

3The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California Institute of Technol-
ogy, under contract with the National Aeronautics and Space Administration.

Shttp://cfa-www.harvard.edu/iau/lists/Supernovae.html
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for each SN). We have used the six BVI templates presented by Hamuy et al. (1996b), and augmented this
sample with templates based on an additional four well-observed SN Ia in order to produce more robust
measurements of Amys(B): SN 1995al (Riess et al. 1999; Amys5(B) = 0.83), SN 1998aq (Riess et al. 2005;
Ams(B) = 1.13), SN 1998bu (Suntzeff et al. 1999; Jha et al. 1999; Amy5(B) = 1.01) and SN 1999by (Gar-
navich et al. 2004; Amys(B) = 1.90). We were able to get reliable Amys(B) measurements for all but four of
the SN Ia’; these values (not corrected for host-galaxy reddening) and their uncertainties (estimated from the
curvature of the best-fit parabola) are listed in Table 50. We also present the BVI magnitudes at maximum
light (in B) for cach SN determined from the best-fit template.

To further explore the light curve properties of this sample, and in particular, to study the U-band
light curves, we have also fit the light curves to templates, based on the timescale stretch parameterization
developed by the Supernova Cosmology Project (Perlmutter et al. 1997, 1999; Goldhaber et al. 2001).
The stretch template presented by Goldhaber et al. (2001) is only for the B-band; we would like to fit the
UBV light curves, for which the simple stretching of the time axis does a good job of fitting the observed data.
To construct U and V-band templates, one possibility is to use composite light curves, combining a large
number of supernovae to produce an average template. However, because some objects are better sampled
in different bands, the average templates produced this way might not consistently represent a supernova of
“average” light curve shape and/or luminosity. For this reason, we have constructed UBV templates based
on photometry of a single supernova, the well-observed SN 1998aq (Riess et al. 2005). To retain consistency
with the Goldhaber et al. (2001) normalization, we have corrected our SN 1998aq UBV stretch templates to
s =1, by fitting the Btemplate to the SCP1997 template presented in that paper.

In fitting our stretch templates to the data, we generally follow the methodology of Goldhaber et
al. (2001) as applied in their analysis of the Calan/Tololo sample (Hamuy et al. 1996a). We restrict the
light curves to between —10 and +40 days in the SN rest frame, and we only include objects with photom-
etry commencing earlier than 5 days after maximum light. Because we are interested in understanding the
general light-curve properties of these SN Ia, we allow the fits to be as unrestrictive as possible: we fit for
the stretch individually in each of the three bands, and allow the times of maxima to vary in each band (plus
or minus a few days), as well as individually fitting for the UBV peak magnitudes®. We also impose an error
floor on the photometry equal to 0.007 times the peak flux, as did Goldhaber et al. (2001, see their Table 7);
while this is negligible near maximum, it becomes the dominant uncertainty in the photometry at late times
(for instance, corresponding to +0.2 mag in the U-band at +40 days). As in the Amys(B) fits above, we fit
the data in the observer’s frame (de-K-correcting and time-dilating the templates).

The limits on the epoch of first observation, and the requirement that we need > 5 points between —10
and +40 days in each of the three bands for a meaningful fit limits the application of this method to 22 of

"The four objects include SN 1998D and SN 1999¢w, for which the first observation was well after maximum light; SN 1998co,
for which the data are quite sparse; and SN 2000cx, whose light curve is unique among all SN Ia (Li et al. 2001).

8We fit the data in magnitude space, rather than flux space, out of convenience. Because we are only fitting the light curves
between —10 and +40 days, the difference between the two approaches is negligible. Determining rise-time information at very
carly epochs clearly benefits from fitting in flux space, where negative and zero fluxes are common.
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the 44 SN Ta presented here. The results are presented in Table 51, listing the UBV peak magnitudes and
timescale stretch factors, along with the differences in the time of maximum light in U and V relative to
temax, all with error estimates given by the formal uncertainties in the fit.

4. Discussion: U-band Light Curves

The U-band photometry presented here, while just a fraction of the whole dataset, is the first large
sample of homogeneously observed and reduced U photometry of SN Ia. The BVRI properties of SN Ia
are well-studied, and while our data provide a much expanded sample of BVRI light curves, here we focus
on the new clement, the U-band data. Though a number of other SN Ia individually also have published
U-band photoelectric or CCD photometry, the difficulties of transforming this photometry (with the variety
of instruments, filters, sensitivities, etc.; see, ¢.g., Schaefer 1995; Suntzeft et al. 1999) to a standard system
leads us first to examine the U-band properties of SN Ia from FLWO observations alone, as we have taken
care to ensure internal consistency.

Figure 5 shows the composite U-band light curve of the 44 SN Ia presented in this paper, along with
six other SN Ta with U data from the FLWO 1.2m: SN 1995al and SN 1996X (for which BVRI light curves
were presented by Riess et al. 1999), SN 1998aq (Riess et al. 2005), SN 1998bu (Jha et al. 1999), SN 1999by
(Garnavich et al. 2004), and SN 2001V (Mandel et al. 20053, in preparation). Of the UBVRI passbands, the
SN Ta light curve declines fastest in U, with an average SN la dropping ~1.5 mag in U over the first 15 days
after By, as compared to only a ~1.1 mag drop in Band ~0.5 mag drop in V over that time period. Over
the first 30 days after By, the declines in U, B, and V are ~3.2, ~2.6, and ~1.4 mag, respectively. At late
time, ¢ = 35 days after B maximum light, the U-band light curves follow the typical exponential decline,
decaying at 0.020 + 0.001 mag day™'.

In Figure 6 we plot the distribution of the epoch of U-band maximum light relative to B-band maximum
light, using the stretch templates results for the 22 SN Ia listed in Table 51, along with the 6 additional SN
[a listed above. As can also be seen in Figure 5, the SN Ia clearly peak earlier in the U-band than in B, with
an average time offset of —2.3 days and a dispersion of only 0.4 days. The earlier peak in U also implies
the decline rate in U relative to maximum light in U is not so different from the decline rate in B relative
to maximum light in B. A typical SN Ia that drops ~1.1 mag in B over the first 15 days after maximum
light (as above), declines by ~1.2 mag in U over the first 15 days after U maximum. We note that our
precise photometry confirms the result of Leibundgut et al. (1991), who found that maximum in light in
U occurs ~2.8 days before maximum light in B, based on a compilation of heterogencous photoclectric
UBV photometry.

The decline rate in U is well correlated with the decline rate in B, as shown in Figure 7, which plots the
timescale stretch factors for the 28 SN Ia described above. However, as the figure also illustrates, there is a
significant scatter. The relationship between the stretch factor in V and the stretch factor in Bis considerably
tighter. Nonetheless, these correlations imply that U light curves can provide leverage in determining the
intrinsic luminosities of SN Ia. The best-fit linear relations between sy, sp, and sy are given in the figure.
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Given the scatter, the relations are consistent with a “universal” stretch, s = sy = sg = sy, though the data
for a number of objects individually favor slightly different stretch factors in each band. The slope of the
luminosity/stretch relation is ~1.7 (Nugent, Kim, & Perlmutter 2002), meaning that the dispersion in the
sy-sp relation (o = 0.08) translates into an uncertainty of o =~ 0.14 mag in luminosity, comparable to the
typical dispersion in measuring SN Ia distances (e.g., in the stretch/luminosity relation itself). Similarly, the
dispersion in the sy-sp relation corresponds to o = 0.09 mag.

We can also examine the correlation between the timescale stretch factors and Amns(B) for these 28
SN Ta (cf. Table 50); the results are shown in Figure 8. The correlation between Ams(B) and s is clear,
with sy and sp producing a tighter relationship. It also appears that much of the dispersion comes at the
low Amys(B) (large s) end of the diagram, implying that there may be larger intrinsic variation in the light
curves of the most luminous SN Ia. The dispersions in Amys(B) are 0.17, 0.12, 0.10 for the relations with
sy, sp, and sy, respectively. Using the luminosity-Ams(B) relationship presented by Phillips et al. (1999),
the luminosity scatter corresponding to these dispersions are 0.14, 0.10 and 0.08 mag, similar to the results
above directly comparing stretch to luminosity. We note that the relations between Amys(B) and s presented
in Figure 8 match well the results of Garnavich et al. (2004; see their Figure 6).

In addition to the U-band light curve shapes, we can explore the U— B color with this data set. We
display 27 SN Ia’ in the color-color diagram shown in the top panel of Figure 9. We note that the stretch-
template fits to the peak magnitudes include the eftects of K-correction, which can be significant, particularly
in the U-band (K7 ~ 0.12 mag for z = 0.03 at maximum light; Jha, Riess, & Kirshner 2005, in preparation).
We have also corrected the colors for (the generally small) Galactic reddening (cf. Table 49), assuming the
Ry = 3.1 extinction law of Cardelli, Clayton, & Mathis (1989). For 23 of the 27 SN Ia, we were also
able to correct for the host-galaxy extinction, via measurement of the tail B— V evolution and the method of
Lira (1995) and Phillips et al. (1999), as described in detail in Jha, Riess, & Kirshner (2005, in preparation).
The colors corrected for host-galaxy reddening are shown in the bottom panel of Figure 9. These results
sharpen those of Schaefer (1995) and Branch, Nugent, & Fisher (1997), who display relations between the
U- Band B— Vmaximum light colors of SN Ia based on a handful of objects with heterogeneous photometry
from diverse sources.

The lower panel figure shows a tight relation between the intrinsic B—V and U- B color at maximum
light. In this plot, normal SN Ia have B— V~ —0.1 (e.g., Phillips et al. 1999)!°_ and there is a strong clustering
of objects at this value. Note, however, the wide span of UU— B colors (from about —0.2 to —0.8) for these
normal SN Ia. This is not an artifact of the reddening correction, nor can it be explained by variation in the
extinction law in these external galaxies. If there were strong variations in the extinction law, because of the
patchiness of interstellar dust, we would expect the top panel of Figure 9 to show a swarm of points at the

“We show 27 SN Ia rather than 28, because we exclude the highly-reddened SN 1999¢l, for which there is strong evidence from
near-infrared photometry that the extinction law varies significantly from the canonical Ry = 3.1 law (Krisciunas et al. 2000; Jha,
Riess, & Kirshner 2005, in preparation).

OPhillips et al. (1999) find the “pseudo”color Bpmax — Vmax = —0.07 for normal SN Ia. Because Viax = Vimax — 0.02, their
result implies (B— V)pmax =~ —0.09 for normal SN Ia.
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lower left (corresponding to an unreddened locus) with the remainder of the points fanning out toward the
upper right (corresponding to different amounts of extinction and reddening), which is clearly not what we
see. We conclude that the intrinsic variation in U— Bcolor at maximum light is significantly greater than the
variation seen in B—V.

Do these color variations correlate with light-curve shape or luminosity? There is strong evidence that
objects with intrinsically red B—V colors at maximum are the fast-declining, low-luminosity SN Ia (see,
¢.g., Garnavich et al. 2004 and references therein). The bottom panel of Figure 9 shows that the red objects
in B—V are also red in U-B. A direct check on the relation between color and light-curve shape is shown
in Figure 10, which plots the intrinsic U— Band B— V maximum light colors against the measured timescale
stretch factor (in V). The relationship between B— V and sy shown in the lower panel is in good accord with
the results presented by Phillips et al. (1999) and Garnavich et al. (2004). The U- Bresults in the top panel
show that the U— Bcolor is well-correlated with stretch (and therefore, luminosity) over the whole range of
luminosity in the sample. However, the scatter is also greater in /- B, implying that there is a significant
intrinsic dispersion U-band peak brightness even after accounting for variations in light-curve shape. A
simple linear fit to the data in the top panel of Figure 10 implies that this intrinsic dispersion is ¢y = 0.12
mag. It would be interesting to check whether this increased dispersion is related to other factors, such
as progenitor metallicity, as some theoretical studies have indicated that the these factors may have more
significant effects in U than in BVRI (¢.g., Hoflich, Wheeler, & Thielemann 1998).

It is clear that the analysis of these U-band light curves and their relation to light curves in BVRI and
ultimately, precise distances, is intimately tied to the luminosity and extinction of each SN. To further
explore these relations, a profitable strategy would be to incorporate the U-band light curves into the general
framework of the Multicolor Light Curve Shape analysis presented by Riess, Press, & Kirshner (1996). We
present the methods and results of this incorporation in Jha, Riess, & Kirshner (2005, in preparation).

We thank the avid supernova searchers who scan the sky and allow us to be successful in finding
supernovae in our inboxes. We are also grateful for the efforts of Dan Green at the TAU CBAT for enabling
our follow-up observations. We thank Paul Green, Scott Kenyon, Jeft McClintock, and Kenny Wood for
assistance with the observations, Brian Schmidt for robust software, and Adam Riess, Nick Suntzeft, Dimitar
Sasselov, and Alyssa Goodman for enlightening discussions and comments. We appreciate the helpful
suggestions of the referee, Mario Hamuy, in improving the paper. This work was supported in part by an
NSF Graduate Research Fellowship and the Miller Institute for Basic Research in Science.
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Fig. 1.— Continued
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