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ABSTRACT

The Carnegie Supernova Project-11 (CSP-1I) was an NSF-funded, four-year program
to obtain optical and near-infrared observations of a “Cosmology” sample of ~ 100
Type la supernovae located in the smooth Hubble flow (0.03 < z < 0.10). Light curves
were also obtained of a “Physics” sample composed of 90 nearby Type Ia supernovae
at z < 0.04 selected for near-infrared spectroscopic time-series observations. The
primary emphasis of the CSP-II is to use the combination of optical and near-infrared
photometry to achieve a distance precision of better than 5%. In this paper, details
of the supernova sample, the observational strategy, and the characteristics of the
photometric data are provided. In a companion paper, the near-infrared spectroscopy
component of the project is presented.

Keywords: cosmology: observations — galaxies: distances and redshifts — super-
novae: general

1. INTRODUCTION

A key goal of observational cosmology is to constrain the nature of dark energy
through the detailed, accurate, and unbiased measurement of the expansion history of
the Universe. Einstein’s cosmological constant, for which the dark energy equation of
state parameter, w, is precisely —1, is entirely consistent with the most recent results
(Betoule et al. 2014; Scolnic et al. 2018). However, so are several competing models
that are as fundamentally different from each other as they are to the cosmological
constant (e.g., see the review by Yoo & Watanabe 2012). Currently, the tightest
limits on the value of w come from combining observations of Type Ia supernovae
(SNe Ia) with data from other probes, such as the Cosmic Microwave Background and
galaxy clustering. Excluding SNe Ia from these analyses results in considerably weaker
constraints on w (e.g., Sullivan et al. 2011; Betoule et al. 2014). Nevertheless, the
power of experiments such as the Baryon Oscillation Spectroscopic Survey (BOSS;
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Dawson et al. 2013) and its successor, the Dark Energy Spectroscopic Instrument
(DESI; DESI Collaboration et al. 2016), to constrain w is expected to soon match
and perhaps exceed the power of the current state-of-the-art SNe la experiments.

Improving the experiments with SNe Ia is not just a question of observing more
SNe Ia since any survey, no matter how large, will ultimately be limited by systematic
errors related to both the photometric calibration and the physical nature of SNe Ia
(e.g., Conley et al. 2011; Scolnic et al. 2018). In the optical, SNe Ia are not perfect
standard candles. Rather, their successful use in cosmology is due to the discovery
of empirical relations between luminosity, light-curve decline rate, and color that
dramatically decrease the dispersion in peak luminosities (Pskovskii 1977; Phillips
1993; Tripp 1998). These relationships reduce the intrinsic Hubble diagram scatter
typically to ~0.15 mag (~7% in distance). A luminosity correction dependent on
host-galaxy mass has also been introduced (Kelly et al. 2010; Lampeitl et al. 2010;
Sullivan et al. 2010). Recently, this effect has been confirmed by Uddin et al. (2017)
using a sample of 1338 SNe Ia. Interestingly, these authors found that SNe Ia in
hosts with high specific star formation rates display the lowest intrinsic dispersion
(0.08 + 0.01 mag) in luminosity after correction for light-curve decline rate and host
galaxy mass (see also Rigault et al. 2013).

Reducing the Hubble diagram scatter even further is highly desirable, as it directly
leads to tighter cosmological constraints. However, at optical wavelengths, reducing
the scatter has proven difficult, despite many years of effort. Fortunately, obser-
vations in the near-infrared (NIR) offer a way forward. This is because extinction
from dust is reduced in the NIR and because SNe Ia in the NIR are intrinsically
better standard candles (Elias et al. 1985; Meikle 2000). NIR observations may also
avoid possible dimming by dust in the intergalactic medium, currently only poorly
constrained with optical observations (Goobar et al. 2018). The potential of SNe Ia
as distance indicators in the NIR has been clearly demonstrated by Krisciunas et al.
(2004b), Wood-Vasey et al. (2008), Mandel et al. (2011), Barone-Nugent et al. (2012),
and (Stanishev et al. 2018), and by the extensive observations of the first phase of the
Carnegie Supernova Project (CSP-I; Folatelli et al. 2010; Kattner et al. 2012; Phillips
2012; Burns et al. 2014, 2018).

The CSP-I was an NSF-funded project initiated in September 2004 to establish a
fundamental data set of optical and NIR light curves of SNe Ia in a well-defined and
understood photometric system (Hamuy et al. 2006). The CSP-I optical imaging was
obtained on over 1000 nights with the Las Campanas Observatory (LCO) Henrietta
Swope 1 m telescope in the Sloan Digital Sky Survey ugri filters and Johnson BV
filters. The NIR imaging was obtained with the Swope telescope and the LCO 2.5 m
du Pont telescope, mostly in the Y JH bandpasses. Over the 5-year duration of the
project, optical light curves were obtained for 123 SNe Ia, 83 SNe II, and 34 SNe
Ib/Ic/IIb, with NIR photometry having been obtained for ~85% of these. In addi-
tion, over 250 SNe of all types (including 129 SNe Ia) were monitored via optical
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spectroscopy. We have found that the data set for the Type Ia events has allowed us
to improve dust extinction corrections (Burns et al. 2014, 2018) and to investigate
systematic effects in absolute magnitudes possibly due to differences in either age or
metallicity, or both. The CSP-I observations are also being used to gain a deeper
understanding of the physics of SNe Ia (e.g., Hoflich et al. 2010; Hoeflich et al. 2017;
Gall et al. 2018).

The CSP-I SN Ia optical and NIR light curves were published in three data release
papers (Contreras et al. 2010; Stritzinger et al. 2011b; Krisciunas et al. 2017), and
most of the optical spectra have also been published (Folatelli et al. 2013). In a recent
paper by Burns et al. (2018), we have presented a full analysis of the uBgVriY JH
Hubble diagrams for the CSP-I sample using new intrinsic color relations as a function
of the spy color-stretch parameter (Burns et al. 2014). Excluding the u band, which
is affected by Ca II H & K absorption features (Burns et al. 2014), we found peculiar-
velocity-corrected dispersions of 5-7% in distance for the full sample of 120 SNe, and
4-6% for the subset of events with sy > 0.5 and (B — V') < 0.5 mag. However, the
median sample redshift of the CSP-I SNe Ia is z = 0.024, where the root mean square
(rms) effect due to peculiar velocities is ~4% in distance, and therefore is comparable
to the intrinsic dispersion that we are attempting to measure. This limitation can be
overcome by extending observations further into the smooth Hubble flow as shown
by Barone-Nugent et al. (2012), who found a dispersion of 0.08 mag (a distance
error of 4%) for a sample of a dozen SNe Ia that had redshifts 0.03 < z < 0.09. A
similar result was obtained more recently by Stanishev et al. (2018) for a sample of
16 SNe Ia in the redshift range z = 0.037 —0.183. Improving NIR K-corrections offers
an additional refinement in precision since poorly understood K-corrections directly
impact the peak magnitudes of the SNe and inflate both statistical and systematic
errors (Boldt et al. 2014).

In 2011, we began a second phase of the Carnegie Supernova Project (CSP-II) to
obtain optical and NIR observations of SNe Ia in the smooth Hubble flow. Over a four-
year period, light curves were obtained for 214 SNe Ia at redshifts 0.004 < z < 0.137.
NIR spectra were also obtained for 157 SNe Ia. This unique data set should provide an
essential test of the ultimate precision of SNe Ia as distance indicators for determining
the local value of the Hubble constant and constraining the nature of dark energy. The
NIR spectra will also be a valuable resource for studying the physics and progenitors
of SNe Ia (e.g., see Wheeler et al. 1998).

In this paper, details of the photometric portion of the CSP-II are presented. In
62, the CSP-II “Cosmology” and “Physics” SNe Ia subsamples are described in more
detail, along with a third homogenous subsample discovered by the La Silla-QUEST
(LSQ) supernova survey. Next, in §3, the observing strategy is presented. This
is followed in §4 and §5 with details of the photometric reductions. In §6, sample
optical and NIR light curves representative of the full data set are given, followed by
a summary of conclusions in §7.
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2. SUPERNOVA SUBSAMPLES

The CSP-II covered four observing seasons spanning 7-8 months each and centered
on the Chilean summer, beginning in October 2011 and ending in May 2015. A final
total of 214 SNe Ia was observed with redshifts in the range 0.004 < z < 0.137.
Table 1 provides basic information for each SN including coordinates, host-galaxy
identifications, and heliocentric redshifts. Also listed are the discovery programs
from which the SNe were drawn and the sources of the classification spectra that
identified these events as SNe Ia. In cases of multiple discoveries of the same SN,
the name of the survey that first posted the discovery is listed first, and the SN is
identified by the name given by the first discoverer. The horizontal lines in the table
separate the SNe into the main survey groups (ASASSN, CRTS, KISS, LSQ), etc.).

We divide the full sample of 214 SNe Ia into three subsamples as illustrated in
Figure 1 and described in the remainder of this section.

Cosmology [125]

Physics [90]

66

‘Others

Figure 1. Venn diagram illustrating the subsamples into which the 214 SNe Ia observed
by the CSP-II are divided. Note the significant overlap between the Cosmology, Physics,
and LSQ subsamples.

LSQ [72]
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2.1. Cosmology Subsample

The primary goal of the CSP-II was to obtain optical and NIR light curves of a
sample of at least 100 SNe Ia located in the smooth Hubble flow out to a redshift
of z ~ 0.1. These SNe, which comprise the CSP-II “Cosmology” subsample, were
selected for photometric follow-up via the following criteria:

e Discovered before mazimum light at optical wavelengths. One of the few disad-
vantages of observing SNe Ia in the NIR is that maximum brightness occurs 3-5
days before B maximum. Hence, to ensure that NIR photometry was obtained
within a few days of NIR maximum, SNe discovered before optical maximum
light were given highest priority for follow-up observations.

e Spectroscopically confirmed to be a normal SNe Ia.*” Surveys such as the Sloan
Digital Sky Survey-I1I Supernova Survey, the Supernova Legacy Survey (SNLS),
and the Supernova Cosmology Project (SCP) have shown that combining mag-
nitude and color information allows an “educated” guess to be made as to the
SN type (Sako et al. 2011; Bazin et al. 2011; Suzuki et al. 2012). Nevertheless,
spectroscopy is vital for confirmation purposes and determining the approxi-
mate light-curve phase, as well as for eventual sub-typing.

e Discovered preferably in an untargeted search. A weakness of the CSP-I SNe Ia
sample is that nearly 90% of the events were found in targeted searches that are
strongly biased toward luminous host galaxies (e.g., Kelly et al. 2010). Hence,
for the CSP-II, preference was given to SNe la discovered in untargeted searches
to ensure that the sample was as complete and unbiased as possible concerning
host-galaxy type, luminosity, and metallicity.

e Host-galaxy redshift in the range 0.03 < 2z < 0.10. Many of the SNe Ia in
the CSP-ITI Cosmology subsample appeared in host galaxies with cataloged red-
shifts. However, approximately one third of the events were discovered in dis-
tant or low-luminosity hosts whose redshifts were unknown. In these cases, we
relied on the redshift estimated from the classification spectrum with software
tools such as SNID (Blondin & Tonry 2007), SUPERFIT (Howell et al. 2005),
and GELATO (Harutyunyan et al. 2008) in deciding whether or not to obtain
follow-up photometry. We have since obtained redshifts for nearly all of these
host galaxies (see §3.6).

The 125 SNe Ia comprising the Cosmology subsample cover a redshift range of
0.027 < z < 0.137, with a median redshift of z = 0.056. Table 2 summarizes the
various supernova surveys from which these SNe were drawn. Fully 96% came from
untargeted searches, with nearly half (48%) of the subsample having been discovered

27 In this paper, “normal” SNe Ia are defined to include “Branch-normal” events (Branch et al.
1993) as well as the 1991T-like (Filippenko et al. 1992b; Phillips et al. 1992) and “transitional”
(Hsiao et al. 2015) events which, while considered by some as extreme, nevertheless fall on the
luminosity versus decline-rate relation for SNe Ia (Burns et al. 2018).
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Table 2. CSP-II Cosmology Subsample

Sources
Source Untargeted? # of SNe Percentage

LSQ? Yes 60 48.0%
CRTSP Yes 15 12.0%
ASASSN¢ Yes 14 11.2%
PTF/iPTF4 Yes 12 9.6%
OGLE® Yes 10 8.0%
psif Yes 4 3.2%
KISS® Yes 3 2.4%
SMTh Yes 1 0.8%
MASTER! Yes 1 0.8%
120 96.0%

BOSS! No 3 2.4%
Other! No 2 1.6%
5 4.0%

@La Silla-Quest Low Redshift Survey (Baltay et al. 2013)

b Catalina Real Time Transit Survey (Djorgovski et al.
2011)

¢ All-Sky Automated Survey for SuperNovae (Shappee et
al. 2014; Holoien et al. 2017)

dPalomar Transient Factory (Law et al. 2009) /Interme-
diate Palomar Transient Factory (Kulkarni 2013)

€ OGLE-IV Real-Time Transient Search (Wyrzykowski
et al. 2014)

fPan-STARRS1 Medium Deep Survey (Kaiser et al.
2010; Scolnic et al. 2018)

9Kiso Supernova Survey (Morokuma et al. 2014)
hSkyMapper Transient Survey (Scalzo et al. 2017)

 Mobile Astronomy System of TElescope Robots (Gor-
bovskoy et al. 2013)

J Backyard Observatory Supernova Search http://
bosssupernova.com/

kItalian Supernovae Search Project http:
//italiansupernovae.org/en/project/description.html

! Gagliano et al. (2013); Kiyota et al. (2013)

by the La Silla-QUEST Low Redshift Supernova Survey (Baltay et al. 2013). The in-
dividual SNe belonging to the Cosmology subsample are identified in the final column
of Table 1 by the letter “C”.

The top panel of Figure 2 shows a histogram of the heliocentric redshifts of the
Cosmology subsample. The arrow indicates the median redshift of the CSP-I sample.
In Figure 3, histograms of the epoch with respect to the date of B maximum of the
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first imaging observations in the optical and the NIR for the Cosmology subsample
are displayed. As may be seen, optical imaging was obtained for half of the subsample
at —4 days or earlier, and —2 days or earlier in the NIR.

40F Cosmology Subsample Targeted
—= Untargeted

CSP1
30 )]

20

10

\\\Illllllll\m

LSQ Subsample

(=]

Number of SNe
s 8 &8 &
T T 11T ‘ LU ‘ T T 17T ‘ T T 17T ‘ T T T 11T ‘ T T 17T ‘ T T 17T ‘ TTT

|

Physics Subsample
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ZcmB

Figure 2. (Top) Histogram of heliocentric redshifts of the 125 SNe Ia comprising the
Cosmology subsample, and (bottom) the 90 SNe Ia in the Physics subsample. In the top
panel, the median redshift of the CSP-I sample is indicated by an arrow. The middle panel
displays a histogram of the redshifts of the LSQ subsample.

2.2. Physics Subsample

To realize the full potential of SNe Ia as distance indicators at NIR wavelengths, we
must determine accurate K-corrections, which account for the effect of cosmological
expansion upon the measured magnitudes (Oke & Sandage 1968). Poorly understood
K-corrections directly impact the peak magnitudes of the SNe and inflate both statis-
tical and systematic errors. Prior to the CSP-II, NIR spectra had been published for
only 33 SNe Ia, with the total number of useful spectra amounting to 75. Boldt et al.
(2014) used this sample to study the errors inherent in NIR K-corrections. Their main
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Figure 3. (Top) Histogram of the epoch with respect to the date of B maximum of the
first optical imaging observations of the 125 SNe Ia comprising the Cosmology subsample,
and (bottom) similar histogram for the first NIR imaging observations. The arrows in each
panel indicate the medians of the histograms corresponding to —4 days for the first optical
photometry and —2 days for the first NIR observation.

finding was that uncertainties due to the diversity of spectral features from object to
object are the dominant source of error at maximum light. Boldt et al. demonstrated
that, with the small number of spectra in hand, K-correction uncertainties in the Y,
J, and H bands amounted to 0.04, 0.06, and 0.10 mag for a SN Ia at z = 0.08. For a
sample of 59 spectra of 10 SNe Ia — 35 spectra of which overlapped with the Boldt
et al. sample — Stanishev et al. (2018) recently found somewhat smaller dispersions
of 0.03 and 0.04 mag in the J and H K-corrections at z = 0.08. Much of the diversity
in the spectral features is known to correlate with the light-curve decline rate (Hsiao
2000), but to quantify this requires a much larger NIR spectral sample.

To attack the NIR K-correction problem, the CSP-II, in conjunction with the
Harvard-Center for Astrophysics Supernova Group, initiated in 2012 a program of
NIR spectroscopic observations of a large “Physics” subsample® of nearby SNe Ia at
z < 0.04. This collaboration is described in detail in an accompanying paper (Hsiao et
al. 2018). In order to quantify the light-curve properties of this subsample, it was nec-
essary to obtain optical imaging with a cadence and signal-to-noise ratio comparable

28 We choose to refer to these SNe as the “Physics” subsample since, as described in detail in
Hsiao et al. (2018), the NIR spectral data are also an invaluable resource for studying the physics
and the progenitors of SNe Ia.
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to (or better than) that obtained for the Cosmology subsample. Although imaging in
the NIR was not a requirement for the Physics subsample, it was nonetheless obtained
for 89% of the SNe. The same basic criteria used for the Cosmology subsample were
also applied in selecting the SNe to be included in the Physics subsample, although at
these lower redshifts, a higher fraction (39%) of the events were discovered in targeted
searches. The Physics subsample also includes several fast-declining, SN 1991bg-like
(Filippenko et al. 1992a; Leibundgut et al. 1993; Ruiz-Lapuente et al. 1993) events
that, because of their low luminosities, are not well represented in the Cosmology
subsample.

A total of 90 SNe Ia with a median redshift of z = 0.021 comprise the Physics
subsample. Table 3 provides information on the supernova surveys from which these
SNe were drawn, and Table 1 lists the individual SNe (identified by the letter “P” in
the final column). Their distribution as a function of redshift is plotted in the bottom
panel of Figure 2. Note that there is some overlap between the Physics and Cosmology
subsamples, with 21 of the SNe (23%) in the Physics subsample also forming part of
the Cosmology subsample.

2.3. La Silla-QUEST Subsample

The La Silla-QUEST supernova survey was fundamental to the success of the CSP-
II, contributing nearly half of the SNe Ia making up the Cosmology subsample. The
LSQ subsample is particularly important since it was an untargeted search with ho-
mogeneous selection criteria. The recent dark energy analysis of the Pantheon sample
of SNe Ia by Scolnic et al. (2018) found that systematic errors are still a serious prob-
lem, particularly in modeling the low redshift sample because of the uncertainty of
whether it is volume or magnitude limited. Calibration errors, which in the Pantheon
sample are twice as large for the low-redshift events compared to the high-redshift
SNe, also continue to be a significant additional source of systematic error. The LSQ
subsample observed by the CSP-II addresses both of these issues.

The CSP-II obtained light curves of a total of 72 SNe Ia discovered by the LSQ
survey, spanning a redshift range of 0.009 < 2z < 0.137. Preliminary photometry
of 31 of these SNe was published by Walker et al. (2015). The LSQ subsample is
identified in Table 1 by the letter “L” in the last column. Their redshift distribution
is plotted in the middle panel of Figure 2. Note that 83% of the LSQ events are also
members of the Cosmology subsample, and 13% overlap with the Physics subsample.
NIR photometry was obtained for 85% of the LSQ subsample.

2.4. Other SNe Ia

Table 1 also includes 11 SNe Ia for which photometric observations were obtained,
but which do not fit into any of the three aforementioned subsamples. These objects
are identified by a blank entry in the “Subsample” column of the table. All have
redshifts too small (z < 0.026) to be included in the Cosmology subsample, and since
NIR spectroscopy was not obtained they do not qualify for the Physics subsample.



PHILLIPS ET AL.

Table 3. CSP-II Physics Subsample
Sources

Source Untargeted? # of SNe Percentage
ASASSN? Yes 27 30.0%
LSQP Yes 9 10.0%
CRTS® Yes 8 8.9%
PTF/iPTF4 Yes 7 7.8%
PSi1¢ Yes 4 4.4%
KI1ssf Yes 1 1.1%
MASTERS Yes 1 1.1%
OGLE" Yes 1 1.1%
ROTSE-IIT! Yes 1 1.1%

59 65.6%
BOSS! No 14 15.6%
CHASEk No 3 3.3%
TAROT! No 2 2.2%
TNTS™ No 1 1.1%
Other™ No 11 12.2%

31 34.4%

@ All-Sky Automated Survey for SuperNovae (Shappee et
al. 2014; Holoien et al. 2017)

bra Silla-Quest Low Redshift Survey (Baltay et al. 2013)

¢ Catalina Real Time Transit Survey (Djorgovski et al.
2011)

dPalomar Transient Factory (Law et al. 2009) /Interme-
diate Palomar Transient Factory (Kulkarni 2013)

€Pan-STARRS1 Medium Deep Survey (Kaiser et al.
2010; Scolnic et al. 2018)

fKiso Supernova Survey (Morokuma et al. 2014)

9 Mobile Astronomy System of TElescope Robots (Gor-
bovskoy et al. 2013)

ROGLE-IV Real-Time Transient Search (Wyrzykowski
et al. 2014)

i Robotic Optical Transient Search Experiment IIT (Ak-
erlof et al. 2003)

J Backyard Observatory Supernova Search http://
bosssupernova.com/

k CHilean Automatic Supernova sEarch (Pignata et al.
2009)

l Télescopes a Action Rapide pour les Objets Transitoires
(Klotz et al. 2008)

MTHU-NAOC Transient Survey (Zhang et al. 2015)

Oltagaki et al. (2011); Nakano et al. (2011); Cox et
al. (2012); Itagaki et al. (2012); Rich et al. (2012);
Nishiyama et al. (2012); Yusa et al. (2012); Gagliano
et al. (2013); Cortini et al. (2013); Kiyota et al. (2013);
Kot et al. (2013)
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However, the light curves for these SNe are still of value, and so we include them in
the full sample of CSP-II SNe Ia.

2.5. Other Types of SNe

The emphasis of the CSP-II was on observing the light curves and spectra of normal
SNe Ia. Nevertheless, data were obtained for other types, including peculiar SNe Ia
(five SN 2002cx-like events and four possible “super-Chandrasekhar” SNe), four super-
luminous SNe, and several core-collapse and stripped core-collapse events. The CSP-
IT observations of these SNe will be presented in future papers.

3. OBSERVING STRATEGY
3.1. Optical Imaging

As was the case for the CSP-I, nearly all of the optical imaging during the CSP-II
was obtained with the LCO Swope telescope. Generally speaking, for redshifts less
than < 0.04, the same complement of ugriBV filters used by the CSP-I was also
employed. For redshifts greater than this, a subset consisting of the BVri filters was
normally used. FEach SN was typically observed every 2-3 days from discovery until
at least 2-3 weeks past maximum to sample the light-curve maxima and early decline
rates as thoroughly as possible. Optical imaging of candidate SNe was often initiated
before a classification spectrum was obtained. A quick reduction of the photometry
was made the morning after each observation, allowing a nearly “real-time” update of
the light curves on the CSP-II webpage, with the calibration improving as data were
obtained on more photometric nights. If spectral observations subsequently showed
that the target was not a SN Ia, we usually discontinued the optical imaging.

As was also done for the CSP-I, the LCO 2.5 m du Pont telescope was used to obtain
most of the host-galaxy reference images in ugriBV. This telescope was also used
to obtain a small amount of imaging of SNe being actively followed during scheduled
nights.

3.2. NIR Imaging

SNe Ia are excellent standard candles in the NIR when observed at maximum light
(e.g., Krisciunas et al. 2004a; Kattner et al. 2012). When combined with optical
photometry, NIR observations at maximum also afford the most precise measurement
of the host-galaxy dust reddening (Krisciunas et al. 2000; Mandel et al. 2011; Burns
et al. 2014, 2018). While the strength of the prominent NIR secondary maximum is
a strong function of the decline rate (Hamuy et al. 1996), there is significant scatter
in the correlation (Krisciunas et al. 2001; Burns et al. 2014). Hence, to ensure the
highest precision for measuring both the host extinction and distance from optical
and NIR observations, it is best that NIR photometry be obtained within ~1 week
of optical (B-band) maximum if at all possible (Krisciunas et al. 2004b). As shown
in Figure 3, only a small fraction (11/125) of the SNe in the Cosmology subsample
do not meet this condition.
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The SNe in the CSP-I sample were sufficiently nearby and bright enough that all of
the optical and most of the NIR imaging could be obtained with the Swope telescope.
However, extending NIR observations to z ~ 0.1 requires a larger telescope, and so a
more economical approach was necessary for the CSP-II. We requested approximately
one week of NIR imaging each bright run with the du Pont 2.5 m telescope during the
CSP-II observing campaigns to cover the primary maxima of ~5 SNe Ia per bright
run. For SNe at z < 0.07, imaging was generally obtained in the Y, J, and H bands,
while for more distant targets, observations were typically restricted to the Y and
J filters. In a few cases (< 10%), only the Y filter was used. At least four epochs
of NIR imaging were obtained for 66% of the SNe in the Cosmology subsample, and
at least three epochs were obtained for 82%. Sparse sampling of the NIR maximum
of SNe Ia has been successfully employed in the past by Krisciunas et al. (2004a),
Freedman et al. (2009), Barone-Nugent et al. (2012), and Weyant et al. (2014, 2018).

Although most of the NIR photometry for the CSP-II was acquired with the du Pont
telescope, we obtained a few epochs of additional imaging (1-2 epochs) with the LCO
Magellan Baade 6.5 m telescope for nine SNe Ia. Many of the NIR host galaxy images
were also acquired with Magellan Baade.

3.3. Optical Spectroscopy

Optical spectroscopy near maximum light provides an essential tool for character-
izing the diversity of SNe Ia which, in turn, is related to the progenitor systems and
explosion mechanism (e.g., Blondin et al. 2012; Folatelli et al. 2013). In total, 308
optical spectra were obtained of more than 100 of the SNe Ia in the Cosmology and
Physics subsamples. These spectra were acquired with the du Pont and Magellan
telescopes at LCO and with the 2.5 m Nordic Optical Telescope (NOT) at the Obser-
vatorio del Roque de los Muchachos with the principal aim of determining the type,
phase, and approximate redshift of the SN targets. Through these observations and
the NIR spectroscopy described in §3.5 and Hsiao et al. (2018), the CSP-II was able
to classify ~20% of the SNe in both the Cosmology and Physics subsamples (listed as
“CSP” in the Classification column of Table 1). Many of the remaining targets were
classified by the Public ESO Spectroscopic Survey of Transient Objects (PESSTO)
with the ESO La Silla 3.6 m NTT (Smartt et al. 2015). With the CSP-II, PESSTO,
and other publicly-available spectra, 114 of the SNe in the Cosmology and Physics
subsamples were observed within +4 days of maximum light. These data will be
presented and analyzed in a future paper (Morrell et al., in preparation).

3.4. Optical Integral Field Spectroscopy

The pioneering work of the Caldn/Tololo Project showed that SNe Ia luminosities
are correlated with host-galaxy morphologies and colors (Hamuy et al. 1995, 1996,
2000). More recently, evidence has been presented that SNe Ia Hubble diagram residu-
als correlate with global host-galaxy parameters such as total mass and star formation
rate (Kelly et al. 2010; Lampeitl et al. 2010; Sullivan et al. 2010; Rigault et al. 2013;



CSP-1I: NEAR-INFRARED HUBBLE DIAGRAM FOR SNE IA TO 2 ~ 0.1 23

Uddin et al. 2017). In order to examine these effects for the CSP-II sample of SNe Ia,
a program of integral field unit (IFU) host-galaxy spectroscopy is being carried out
with both the Multi Unit Spectroscopic Explorer (MUSE) on the ESO VLT (Bacon
et al. 2010) as part of the All-weather MUse Supernova Integral-field Nearby Galaxies
(AMUSING) survey (Galbany et al. 2016), and the Potsdam Multi-Aperture Spec-
trophotometer (PMAS) on the 3.5m Calar Alto telescope within the PMAS/PPak
Integral-field Supernova hosts COmpilation (PISCO) program (Galbany et al. 2018)
for those targets in the northern hemisphere. In addition to the global host proper-
ties, these IFU data will provide spectral information on the immediate environments
of the SNe — e.g., line-of sight gas-phase and stellar metallicity, stellar age, and star-
formation rates — allowing a detailed study of the correlations between the SNe ITa
Hubble diagram residuals and the local environmental properties.

3.5. NIR Spectroscopy

NIR spectroscopy was a new and vital component of the CSP-II. During the four
campaigns, NIR spectra were obtained of 157 different SNe Ia. These observations
were carried out using the Folded-port IR Echellette (FIRE) on the LCO Magellan
Baade telescope and through target of opportunity (ToO) time obtained principally
with the Gemini North and South 8.1 m telescopes, the NASA Infrared Telescope
Facility (IRTF), and the ESO Very Large Telescope (VLT'). This set of NIR spectra is
more than 15 times larger than the previous largest sample (Marion et al. 2009). The
FIRE spectra account for 80% of the total spectra obtained, but the ToO observations
were crucial for obtaining spectral coverage at the earliest epochs. More than 70% of
the SNe Ia observed have at least 3 epochs of NIR spectral observations, and more
than 10 epochs were obtained for 15 SNe. Whenever possible, we also attempted to
obtain simultaneous optical spectroscopy to match the NIR observations. The NIR
spectroscopy part of the CSP-II is presented in detail in the accompanying paper by
Hsiao et al. (2018).

3.6. Host-Galaxy Redshifts

The majority of the SNe Ia in both the Cosmology and Physics subsamples were
discovered in untargeted searches. Approximately one-third of the events selected for
follow-up appeared in distant or low-luminosity hosts whose redshifts were unknown.
A program of host-galaxy spectroscopy was initiated to measure redshifts for these
SNe. Spectra of 40 of the hosts were obtained with the Wide-Field CCD (WFCCD)
spectrograph on the du Pont telescope. For the faintest galaxies, it was necessary to
use the Magellan telescopes. Spectra of 19 hosts were taken with the Inamori Magellan
Areal Camera and Spectrograph (IMACS) on the Baade telescope, and another 5
galaxies were observed with the Low-Dispersion Survey Spectrograph (LDSS3-C) on
the Clay telescope. Redshifts were obtained for an additional 11 host galaxies from
our optical integral field spectroscopy program.
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The resulting redshifts are listed in Table 4, which gives the number of absorption
and emission lines used to calculate the redshifts for each host-galaxy spectrum, and
the rms errors of the final redshift values. These redshifts are also included in Table 1.
Note that there are eight galaxies in Table 1 for which a redshift has not yet been
measured.



25

NEAR-INFRARED HUBBLE DIAGRAM FOR SNE IA TO 2z ~ 0.1

CSP-11

abod jrou uo panuuod ¥ 2)quJ

0 0 M M I M M F W F I A~ 0 MO 0O f MmN o

¢000°0 + 9060°0
1000°0 F 12010
¥000°0 F ¢¥90°0
¢000°0 F 9020°0
1000°0 + T80T'0
1000°0 F ¥€60°0
1000°0 + ¢¥90°0
€000°0 F ¥660°0
1000°0 + €070°0
¢000°0 F €2L0°0
1000°0 + ¢LL0°0
T000°0 + G890°0
¥000°0 F 68L0°0
T000°0 + €9€0°0
¢000°0 + ¢L60°0
¢000°0 + €800°0
¢000°0 + €¥¢0'0
€000°0 F 80200
T000°0 + 98200
T000°0 + 8€€0°0
T000°0 + 8LT00
1000°0 + 60200
¢000°0 + ¢vc0'0
1000°0 + 8ST0°0
T000°0 + 91200

— = N N A A~ 4 F NN A A NN F N MmN A~ MM A

COVCVT1-988GC1E0 XSVING
€'9GLTEE-RG69CCS0r DSVXHTVD
9070€8T+SLECOVTOL XSVING
27008T9T-88"GI8STVOl DSVXHTVD
9'GC0EVT-GR'6EESCTIL DSVXHTVD
CLSLTPT-G8°LTGSOTL DSVXHTVD
C'CSVCLO-08'TVLIOTL DSVXHTVD
€908V6T1-79€0TES0 XSVING
snowAuour

G'80€ETT+TE 8€LG60 SSAS
7'CET0T0-9L°90€0CTL SSAS
snowAuoue

¢'0CVEET-LE'90CS0TL DSVXHTVD
snowduoue

snowAuoue

C'8TEETE-08'9TEVETIL DSVXHTVD
G610 D -99¢ OSH
009250-¢°€T€09Td SHUDT
T'T6GC90+69°916£60r SSAS
€'9CGETC-9V 6V.LSGTVOL DSVXHTVD
Lv0 D -€1T OSH
1'706997-G6°L79010L DSVXHTVO
€8GLV¥0+SLYTESTTL XSVING
C'618VCS-CE EVII8IL DSVXHTIVO
¢10 D 8G0 OSH

mdSz1DST

uBgIOST

JO8Z1OST

T TIOST

PZTOST

10eg1OST

b3eg1OST

®g1OST

SQITOST
STELTT+6ELE60:8TEOVISSD
ZET010-L0€0G1:9¢TOVISSD
(SeCTOZNS) 0T6G8T-CSTSIT:GTE0ETSSD
YEree1-90¢S0T:€0€0E1SSD
(PEETOTNS) LZ8TOT+IFSEE0:STE0ETSSD
TE€908T-918€G1:GCE0GISSD
XYGT-NSSVSV
I8GT-NSSVSV
wqgT-NSSVSV
SegT-NSSVSV
[eST-NSSVSV

oWy T-NSSVSV
MIFT-NSSYSV
PIPI-NSSVSV
z[FT-NSSVSV
nYpT-NSSVSV

(]

Hsoul[

o2 H
q z

e(s)1uomImagsuy

Axerer) S0

NS

SYIYspay Axerey) JsOH Jo sjyuoumomsesy [-4SD ¥ O[qeL



PHILLIPS ET AL.

26

abvd jxou U0 panuUWU0D ¥ 219D ]

¢000°0 F 0680°0 i 0607%%9-17252050l XSVING GT0-NS-€T02-dTDO0
€ 6000°0 F ¢820°0 1 0°972EF0+£9°6550€0r SSAS ¢°8€2EV0+68'6250€0r LO HHLSVIN
iZ 1000°0 F 00L0°0 4 G TFLTCT+06°80€0L1L SSAS elegTOST
4 1000°0 F 91600 1 $19GGG0+90STOEITL XSVING orecTOST
g 2000°0 F 9680°0 1 L'6€T09T-L9° 109070 DSINXHATVD AOBFIDST
7000°0 F L1210 4 €118170-G02E82E0r XSVING wWSFTOST
z 100°0 F 8L0°0 1 08€21TS-6T65V 100 XSVING SUFIOST
2 1000°0 F 2180°0 1 8°02T0S0-16 TISTHId (Ld)SMNINAY (fapTdOST
9000°0 F 8850°0 1 7££6595-792E6S6TL SSVING AQQPTDST
id 1000°0 F 86%0°0 1 6'7SECTT-C9CCIVITL DSVXHATVD wyepTHSTT
e 1000°0 F 6050°0 4 18FSTE-09LVEVETL XSVING oqeyIDST
g £000°0 F 9080°0 1 0'6292€1-8S"80FCETL DSVXHATVD SELAteINg |
id 1000°0 F $690°0 4 §'2E0790+€8°GOFTOTL SSAS dapIDST
g 1000°0 F 9680°0 1 snowuoue Ay TOST
id 1000°0 F 922070 1 Z'90LEST-LT'€CTOTIL DSVXATVD BAFIOST
g ¢000°0 F ¥50°0 1 62€0295-61'¢01€£0d (rd)SMINNAY wspeTHST
iZ 1000°0 F 8€0T°0 4 snouwrduoure ybpeIdST
id £000°0 F 60S0°0 1 & 7S90L1-19'806201L DSYXHATVD wdpgIdHST
g 1000°0 F $€60°0 ! 1°6106L6-09'7ECTG0r DSINXHATYD (qPEIOST
€000°0 F 1080°0 71 dT1080S dSO'T ApeTdST
id 7000°0 F 81¥0°0 1 9%000£0-+£9559091 XSVING £AgTDST
€ 1000°0 F T980°0 4 REETTT-CFESTETd SHUD'T JAeTOST
id ¢000°0 F LGL0°0 1 £°GPe080+LL 0TFFEIL SSAS bIeTDST
g000°0 F ¥££0°0 7' G600060-0£T 1660 XSVING 24z 1OST
id 1000°0 F €100 1 G'GECT6E-G9'8ELOTIL DSVXHATVD fAyzIOST
L 1000°0 F €L¥0°0 1 L°200V20-€V"€VeFe0r DSVXATVD ouyzIOST
9 ¢000°0 F ¥1L0°0 1 £EE6CIT-TRT0TE0r XSYING wlyz1OST
g ¢000°0 F T00T°0 i2 0°STVIPE-8S €0VZ0r DSVXHATVD wz3gIHST
) q MPHZ e(s)ruomImagsuy Axerer) 1S0H NS
Hseul|

(ponunuoo) § o1qeq,



27

CSP-1I: NEAR-INFRARED HUBBLE DIAGRAM FOR SNE IA TO 2 ~ 0.1

(8.61) oSepurg Jo ] 9[qR], WO U e} dIe JJIYSPII oY) 99R[NO[eDd
0} posn saanjes) o3 JO SYISUS[PABA\ “HIYSPAI o) 9Insedaw 03 pasn saul] (o) uolssiwe pue () uorydiosqe jo vquiny ,

*SUOT}ISPISUOD UOTPN[OSAI [RIUSWNIISUT oIy pajdope ST T0QQ’Q JO I0IId WNWIUITW | "UWN[OD [eUl Ul
Po9sI] saanjes) oY} Jo oSerane pPajSIoM-IPIM-JUS[eAINDd J1[} WO PAALISD SeM JUSTISINSEBIUI PIYSPAI DLIFUSDOT[Y YT, q

Nedd/SVINd+W ¢'¢ 03y

T®Ee) g HSAWHITIA 7 ‘€SSATHARID ue[PSeN ¢ ‘SOVINI+opeed UWe[PSeN g ‘ADOJIM+IUOJ mp Ty
9 g000'0 F 2€€0°0 g VTETEPE+69'LT0S00L SSO (IIZTOZN'S) TOTIMINS
g 0000 F 2650°0 € snowfuoue 06TPPES-TSEESTEOL LINS
g g000'0 F 8520°0 v (DTT0ENS) TOAHN €080 DI CISE9T+T'GE6ETIL EHSIOY
p) 1000°0 F €160°0 (4 0°VVTr60+LE LGSTETL DSVXATVD onpTALdY
v T000°0 F 1S£0°0 4 G'LE0TIT+9Z 6£EV80r SSAS OJOLTALAY
9 g000°0 F §280°0 T 8'2G00CT+L6'SVITTEL DSVXATVD MPETALY
9 T000°0 F ¥190°0 4 L'GEVESTHII 0G90ETL SSAS qUeeT AL
20000 F €£490°0 I 1609892 +V9TZGETEL XSVING uddi14Ld
g £000°0 T £€€0°0 T T'TESETO+8Y TIETITL DSVXATVD ASGTSd
8 000°0 F §290°0 I LGTEVSL-868TLEGOL XSVING IPI-NSF102-dTDO
€ T000°0 F 7990°0 T §'6120$9-¢0"Tg0v00d (rd)SMNNIV LOT-NSFT0Z-ATOO
9 000°0 F 22¥0'0 € snowfuoue 120-NSF102-dTDO
9 g000'0 F 70700 T 88TEVSL-GTL08EI0r XSVING SPT-NS-€T06-HTDO
€ g000°0 F L650°0 4 snowfuoue 9ZT-NS-€106-HTDO
g000'0 F 71900 T 98£€€££9-9L0E8SG0l XSVING €2T-NS-€T06-HTDO
g 0000 F 06L0°0 T €620999-GTIPVIS0L XSYING STT-NS-€106-HTDO
g T000°0 F 8980°0 7T 6,5L2L9-L8609VTOL XSVING 60T-NS-€T06-HTDO
) q MPHZ e(s)ruomImagsuy Axerer) 1S0H NS
oSoUT]

(ponunuoo) § o1qeq,



28 PHILLIPS ET AL.

4. OPTICAL PHOTOMETRY
4.1. Swope 1 m Telescope

As detailed in Krisciunas et al. (2017), the CSP-I employed the “SITe3” CCD
camera and a set of Sloan Digital Sky Survey ugr: and Johnson BV filters on the
LCO Swope telescope to obtain optical light curves of the target SNe. The same
setup was used for the first two campaigns of the CSP-I1.?° However, for the third
and fourth campaigns, the SITe3 camera was replaced with a new camera housing
an e2V 4112 x 4096 pixel, deep depletion CCD with 15 pum pixels, four read-out
amplifiers, and a two-layer anti-etalon, anti-reflection coating. At the focal plane of
the Swope telescope, this corresponds to a 30" x 30" field with 0.”435 pixels. This
is a larger field than was required for the CSP-II observations, and so we used only
quadrant 3 of the detector since it had the best linearity characteristics.

The relative throughputs of the ugriBV passbands with the new e2V CCD were
measured in October 2013 using a monochromator and calibrated detectors (Rheault
et al. 2014). As expected, the quantum efficiency of the e2V CCD was found to be
more uniform and sensitive, both in the blue and the red, than the SI'Te3 CCD. The
response functions (telescope + filter + CCD camera + atmosphere) for the SITe3
camera are plotted in cyan in Figure 4 . These are based on measurements made at the
telescope in January and July 2010 using the same monochromator (see Stritzinger
et al. 2011b, for the calibration details). Plotted in red in Figure 4 are the response
functions for the e2V camera. The curves for both detectors have been normalized
using the r band. The B, g, V, and i filters with the e2V CCD show increased
sensitivity compared to the r filter than was the case with the SI'Te3 detector.

The methodology of the CSP photometric reductions is explained in detail in Krisci-
unas et al. (2017), but we briefly reproduce it here for completeness. First, we solve
for color terms and extinction based on observations on photometric nights of Lan-
dolt (1992) and Smith et al. (2002) standard stars. We then fit the instrumental
magnitudes, ugribv, via the following equations:

u = u +k,X ew X (v — ¢)— G, (1)
9 =9 +kX —ex(g —1)= ¢, 2)
r=171 +kX —ex( — 1) ¢, (3)
i =14 +kEX —gx( —1)— G, (4)
b=DB +khX — gx(B - V)= G, (5)
v =V +kX — ex(V — )= ¢, (6)

where u'¢'r'i’ BV correspond to magnitudes in the standard system, k) are the extinc-
tion coefficients, X is the airmass, €y are the color terms, and () are the zero points.

29 All of the V-band images taken during the CSP-II were obtained with the “V(LC-3009)” filter
(see §6.1.1 of Krisciunas et al. 2017, for more details).
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Figure 4. (Cyan) Optical filter response functions for the Swope telescope and SI'Te3 CCD
camera used during the first two campaigns of the CSP-II. This is the same system used
during the CSP-I. (Red) Optical filter response functions for the Swope telescope and €2V
CCD camera used during the final two campaigns of the CSP-II. The B and V curves are
plotted with dashed lines to aid in their discrimination. Note that the curves give the total
relative throughput (telescope + filter + CCD camera + atmosphere) for an airmass of 1.2.

During the CSP-I project, ~10 standard stars were observed per photometric night to
determine the extinction and color terms. These were found to be highly stable over
five years (see Figures 4 and 5 of Krisciunas et al. 2017). Hence, a slightly different
calibration strategy was implemented for the CSP-II. The number of standard stars
observed per night was decreased to ~4-5, but standard-star observations were taken
on as many clear nights as possible. As a result, data for determining extinction and
color terms were obtained on considerably more nights during the CSP-II compared
to the CSP-IL.

Figure 5 displays the evolution of the nightly values of the zero points during the
CSP-II. As mentioned above, the detector in use for the first two years was the same
SITe3 CCD used during the CSP-I. The significant jump in sensitivity at the end of
year 2 is due to two nearly equal effects. The first is the washing of the primary mirror
(indicated by the vertical gray dashed line), and the second is the higher quantum
efficiency of the e2v CCD, which was put into operation immediately following the
mirror washing. Each of these effects separately appears to have produced an increase
in sensitivity of ~50%. The steady decline in sensitivity observed for both detectors
is due to the accumulation of dust and aerosols, principally on the primary mirror.
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The periodic dips in sensitivity correspond to the Chilean midsummer and most likely
are due to an increase in atmospheric haze that is typical at this time of the year
(Krisciunas et al. 2017).
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Figure 5. Nightly photometric zero-points derived from observations of local standard stars
observed on clear nights with the LCO Swope telescope during the four years of the CSP-II.
The solid vertical gray line corresponds to when the primary mirror of the telescope was
aluminized; the dashed vertical gray line indicates when the primary mirror was washed,
and also when the SITe3 detector was replaced by an e2v CCD. The few points falling below
the general trend correspond to nights that appeared cloudless but were not photometric.
See text for further details.

Table 5 compares the final mean extinction and color coefficients for the
Swope + e2V system with those of the Swope 4+ SITe3. As was observed for the CSP-I
(Krisciunas et al. 2017), the extinction terms were remarkably consistent during the
four years of the CSP-II, testifying to the photometric stability of the atmosphere
above LCO. As expected, some small differences are observed between the color co-
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Table 5. Optical Photometric Re-
duction Terms: SITe3 vs. e2V

Filter = Swope+SITe3 Swope+e2V
Extinction Coefficients®
u 0.511 £ 0.057  0.509 + 0.060
B 0.242 + 0.022 0.233 £ 0.027
g 0.191 + 0.021 0.186 £ 0.027
14 0.144 + 0.018 0.135 + 0.026
r 0.103 £ 0.019  0.094 + 0.022
7 0.059 £ 0.020  0.057 + 0.020
Color TermsP
u 0.046 £ 0.017 0.030 £ 0.020
B 0.061 £ 0.012 0.091 + 0.015
g —0.014 £ 0.011 —0.005 4+ 0.014
1% —0.058 + 0.011 —0.062 + 0.015
r —0.016 £+ 0.015 —0.001 £ 0.022
i —0.002 £ 0.015 0.021 £+ 0.018

@Measured in magnitudes per airmass. All
unncertainties in this table are the “stan-
dard deviations of the distributions,” not the
standard deviations of the means.

b See equations 1-6 for which standard colors
are used in combination with these coeffi-
cients to obtain the color correction terms
for the optical photometry.

efficients, with the largest changes being in the blue (the w and B filters) and the red
(the 7 filter).

To measure final light curves for the SNe, we first established local sequence stars
in each of the SN fields from observations of Landolt (1992) and Smith et al. (2002)
standard stars. The underlying host-galaxy light was then subtracted from each SN
image using host-galaxy reference images acquired after the SN had disappeared.
These images were obtained mostly with the SITe2 CCD imager on the du Pont
telescope. However, reference images for a number of SNe were acquired with the
SITe3 CCD on the Swope telescope in good seeing (< 1”) conditions. Magnitudes for
the SN were then measured differentially with respect to the local sequence stars using
point-spread-function (PSF) photometry (for further details, see Krisciunas et al.
2017). As a matter of policy, the CSP has been publishing all of its optical (and NIR)
light curves in the natural photometric system of each telescope/instrument/filter

combination, which is the “purest” form of the data (see §5.1 of Krisciunas et al.
2017).

4.2. du Pont 2.5 m Telescope

The LCO du Pont 2.5 m telescope was used with the facility Tekb CCD camera
to obtain host-galaxy reference images as well as a small amount of SN follow-up
photometry. As discussed in detail in §6.1.2 of Krisciunas et al. (2017), experiments
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carried out on two SN fields observed in both the Swope SITe3 and du Pont 4+ Tek5
systems confirm that the SN photometry obtained in the ugriBV filters with the
du Pont + Tekb is on substantially the same natural system as the Swope + SITe3
camera.

5. NIR PHOTOMETRY
5.1. du Pont 2.5 m Telescope

NIR imaging in the Y JH filters of the CSP-II SNe was obtained with RetroCam
on the du Pont telescope. RetroCam employs a Rockwell 1024 x 1024 HAWAII-1
HgCdTe array with 18.5 um pixels. This is the same NIR imager used at the Swope
telescope during the CSP-1.° RetroCam on the du Pont telescope gives a field of
3./4 x 3.4 and a pixel size of 0.”201. For host galaxies that were larger than the
dither pattern, separate sky images were obtained.

- —— du Pont + RetroCam Swope + RetroCam
1.0

B
B8 =
on
=] L i
o
—
£ 0.6 |
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< 04} -
&

021 =

0.0 J | | LA | J | \A

‘ 10000 12000 14000 16000 18000
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Figure 6. (Cyan) Y JH filter response functions for the LCO Swope telescope and Retro-
Cam imager used during the CSP-I; (Red) the LCO du Pont 2.5 m telescope and Retro-
Cam used for NIR imaging during the CSP-II. Note that the curves give the total relative
throughputs (telescope + filter + camera + atmosphere) for an airmass of ~1.2.

In October 2013, Rheault et al. (2014) made spectrophotometric measurements of
the RetroCam Y JH bandpasses on the du Pont telescope, which can be compared
with similar data collected in January 2010 with the same monochrometer when

30 Note that all of the RetroCam .J-band observations made during the CSP-II were obtained with
the “Jres” filter (see §6.2.1 of Krisciunas et al. 2017, for more details).
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RetroCam was on the Swope telescope (Krisciunas et al. 2017). This is shown in
Figure 6, where the total relative throughputs (telescope + filter + camera + atmo-
sphere) are shown for RetroCam on the Swope and du Pont telescopes. As may be
seen, the transmission functions of the Y and J bands did not change significantly
between the two measurements. The most significant difference is in the H filter and
is likely ascribed to variations in either or both of the reflective and transmissive prop-
erties of the optics of the two telescopes. Most importantly, for all three bandpasses,
the filter edges have not shifted significantly in wavelength.

The NIR imaging of the SNe was calibrated to local sequence stars established in
the fields of each of the SNe. Calibration of the local sequence stars was carried
out through observations on photometric nights of ~4-5 of the Persson et al. (1998)
standard stars. In analogy to the optical filters, the photometric transformation
equations for the measured instrumental magnitudes, yjh, are:

Yy = Y;td + kyX — €y X (Jstd - Hstd) - (y ) (7)
j - Jstd + k]X - € X (Jstd - Hstd) - Cj ’ (8)
h = Hgqa +knX — en X (Jga — Hga) = G s (9)

where k) are the extinction coefficients, X is the airmass, €, are the color terms, and
() are the zero points. In these equations, Jyq and Hgq are the magnitudes given in
Persson et al. (1998), and Yjiq is the magnitude in the RetroCam Y-band standard
system defined by Krisciunas et al. (2017).

Zero points derived from RetroCam during the 4+ years of the CSP-II are plotted
in Figure 7. Note that these do not show the steady decline in sensitivity observed
for the CCD detectors on the Swope telescope (cf. Figure 5). This is likely because
the primary mirror of the du Pont telescope is cleaned with COs on an approximately
weekly basis, whereas the closed-tube design of the Swope telescope does not permit
this.

Extinction coefficients in the Y, J, and H filters for RetroCam on the du Pont
telescope were derived through a simultaneous Markov chain Monte Carlo fitting in
the mixture model framework (Hogg, Bovy, & Lang 2010) of all the CSP-II RetroCam
nights. This procedure assumes a unique free parameter for the extinction coefficient,
a fixed value of the color term estimated from synthetic photometry of model stellar
atmospheres (see below), and the nightly zero point values. The resulting values are
given in the top half of Table 6. We note that these differ slightly from the extinction
coefficients measured with RetroCam on the Swope telescope during the CSP-I, but
fall within the dispersion of the latter values (see Figure 8 of Krisciunas et al. 2017).

The NIR color terms could not be measured at the telescope due to the small color
range, +0.19 < (J — H) < 40.35 mag, of the Persson et al. (1998) standard stars
employed for the nightly photometric calibration. However, since we have precise
spectrophotometric measurements of the NIR filter bandpasses, color terms can be
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Figure 7. Nightly photometric zero-points derived from observations of standard stars
observed on clear nights with RetroCam on the LCO 2.5 m du Pont telescope during the
four years of the CSP-II. The dashed vertical gray lines indicate when the primary mirror was
washed, and the solid vertical line corresponds to when the primary mirror was aluminized.

estimated from synthetic photometry of model stellar atmospheres. This was done
for the RetroCam Jrco and H filters on the du Pont telescope in Appendix C of
Krisciunas et al. (2017), and the resulting values, reproduced in Table 6, were shown
to be consistent with observations made of the red stars listed in Table 3 of Persson et
al. (1998). As expected from the close agreement of the RetroCam Y filter bandpasses
on the Swope and du Pont telescopes (see Figure 6), the color term for this filter is
negligible since the standard system is defined to be the natural system of RetroCam
on the Swope telescope (Krisciunas et al. 2017).

Final measurement of the SN light curves was carried out in an analogous way to
the optical photometry. Local sequence stars were established in each of the SN fields
and magnitudes for the SNe were measured differentially with respect to these.

5.2. Magellan Baade 6.5 m Telescope
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Table 6. NIR Photometric Reduction
Terms

Filter du Pont 4+ RetroCam Baade + FourStar

Extinction Coefficients®

Y 0.069 £ 0.006
J 0.101 £ 0.006
H 0.056 £+ 0.007

Color TermsP
Y 0.000 0.106
J 0.019 0.001
H —0.039 —0.040

@Measured in magnitudes per airmass. Unncertainties
in the extinction coefficients are the “standard devi-
ations of the distributions,” not the standard devia-
tions of the means.

bSee equations 7-9 for which standard colors are used
in combination with these coefficients to obtain the
color correction terms for the NIR photometry. The
color terms in this table are estimated from synthetic
photometry of Castelli & Kurucz (2003) stellar at-
mosphere models. The extinction coefficients mea-
sured for the du Pont + RetroCam were assumed for
Baade + FourStar.

Host-galaxy reference images were obtained mostly with the FourStar imager (Pers-
son et al. 2013) on the Magellan Baade telescope due to the superior throughput and
image quality of this instrument. (Some reference images were also obtained with
RetroCam on the du Pont telescope on nights of excellent seeing.) As mentioned
in §3.2, a few active SNe were also observed with FourStar. FourStar employs four
HAWAII-2RG detectors that cover a 10.8 x 10.’8 field of view with a pixel scale of
0.”159. Filter response functions for the FourStar filters are illustrated in Figure 8.
Note that FourStar does not have a Y filter, but the J1 filter provides a useful alter-
native. When imaging CSP-II SNe, the target was centered typically in chip 2. If the
host galaxy was larger than the dither pattern, the target was alternately positioned
in chip 2 and chip 4 to construct sky images in both chips.

The Persson et al. (1998) red stars are far too bright to be observed with FourStar
on the Magellan Baade telescope, and so we must also estimate the color terms for this
instrument from synthetic photometry of model atmospheres. The resulting values
are listed in Table 6.

6. FIRST RESULTS

Figure 9 displays optical and NIR light curves of four SNe Ia in the Cosmology
subsample observed during the first CSP-II campaign. These objects were selected as
representative of both the range of data quality and redshifts covered by the subsam-
ple. The photometric measurements have been fitted with the SNooPy (“SuperNovae
in object oriented Python”; Burns et al. 2011) package.
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Figure 8. Filter response functions for the Baade telescope and FourStar imager. The
FourStar filters are plotted in cyan and are compared with the du Pont + RetroCam filters,
which are plotted in red. FourStar does not have a Y filter, but the J1 filter provides a
reasonable approximation (see Contreras et al. 2018). Note that the filter curves give the
total relative throughputs (telescope + filter + camera + atmosphere) for an airmass of
~1.2.

In the left half of Figure 10, histograms of the B-band decline rate, Ami;(B), of
the SNe Ia in the Cosmology and Physics subsamples are plotted as determined from
the SNooPy template fits. In the right half of this figure, histograms of the color
stretch parameter, sgy (Burns et al. 2014), are also plotted. The distribution of
the decline-rate parameters for the two subsamples differs only slightly in that the
Physics subsample has relatively more fast decliners (smaller stretch). This may be
due to that fact that 34% of the SNe Ia in the Physics subsample come from targeted
searches monitoring predominately massive galaxies, where the vast majority of the
fast decliners are found.

The final photometry data release for the full CSP-II sample of 214 SNe Ia is planned
for 2019. Note that light curves and spectra for a few individual objects observed
by the CSP-II have already been published: L.SQ12gdj, a slow-declining, UV-bright
SN Ia (Scalzo et al. 2014); iPTF13ebh, a transitional SN Ia showing strong NIR
C I lines (Hsiao et al. 2015); SN 2011iv, a transitional SN Ia that was discovered in
the same Fornax cluster galaxy that hosted SN 2007on, another transitional SN Ia
observed during the CSP-I (Gall et al. 2018); SN 2012fr, a nearby, peculiar SN Ia
observed within a day of explosion (Childress et al. 2013; Contreras et al. 2018);
ASASSN-14lp, a bright SN Ia also discovered within two days of outburst (Shappee
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Figure 9. Light curves of four representative SNe Ia (PTF11pbp, LSQl4ahc, LSQ12hzs,
and LSQ12gln) are plotted with offsets for clarity. In most cases, the error bars representing
the statistical uncertainties are smaller than the symbols. The data have been fitted using
the “max_model” option in SNooPy (Burns et al. 2011) which fits the maximum magnitude
in each filter using a template generator based on well-observed optical and NIR light curves
from the CSP-I The solid lines represent SNooPy fits to each filter’s light curve, while the
dashed lines represent the + 1o errors in the light-curve templates. The filter names and
magnitude offsets are labeled to the right of each light-curve.

et al. 2016); SN 20127, a luminous SN Tax (Stritzinger et al. 2015); and SN 2013by, a
Type IIL SN with a sharp light curve decline after a short, steep plateau/linear decline
phase (Valenti et al. 2015). Optical and NIR photometry of two SNe la observed by
the CSP-II, SN 2012ht and SN 2015F, that appeared in host galaxies with Cepheid
distances is presented in Burns et al. (2018).

7. CONCLUSIONS

This paper has presented a summary of the second phase of the Carnegie Supernova
Project, which was carried out between 2011-2015. Photometry was obtained for a
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Figure 10. Histograms of the B-band decline-rate parameter, Am5(B) (left panel), and
the color stretch parameter, spy (right panel) for the Cosmology and Physics subsamples.

total of 214 SNe Ia with host-galaxy redshifts in the range 0.004 < z < 0.137. A
“Cosmology” subsample of 125 SNe with both optical and NIR light curves at a
median redshift of z = 0.056 is described. These SNe, along with the subsample of 72
SNe Ia discovered by the La Silla-QUEST survey, will be used to study the intrinsic
precision of SNe Ia as cosmological distance indicators and to measure the local
value of the Hubble constant. Light curves and NIR spectroscopy were also obtained
of a second “Physics” subsample of 90 SNe Ia at a median redshift of z = 0.021.
This subsample will be used to determine precise NIR K-corrections and to study
the explosion physics and progenitors of SNe Ia. The 214 SNe Ia monitored by the
CSP-II combined with the 123 SNe Ia observed during the CSP-I (Krisciunas et al.
2017) constitutes a sample of more than 300 SNe la with precise light curves in
a well-understood photometric system. This data set will provide a definitive low-
redshift reference for future rest frame optical and NIR observations of SNe Ia at
high redshift with next-generation dark energy experiments such as the Euclid and
WFIRST missions, and the LSST Dark Energy Science Collaboration.
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spectrograph), Swope (SITe3 CCD imager, e2v 4K x 4K CCD imager), du Pont
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