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Abstract

The Vera C. Rubin Observatory’s Legacy Survey of Space and Time is forecast to collect a large
sample of Type Ia supernovae (SNe Ia) that could be instrumental in unveiling the nature of Dark
Energy. The feat, however, requires measuring the two components of the Hubble diagram - distance
modulus and redshift - with a high degree of accuracy. Distance is estimated from SNe Ia parameters
extracted from light curve fits, where the average quality of light curves is primarily driven by survey
parameters such as the cadence and the number of visits per band. An optimal observing strategy is
thus critical for measuring cosmological parameters with high accuracy. We present in this paper a
three-stage analysis aiming at quantifying the impact of the Deep Drilling (DD) strategy parameters
(number of fields, cadence, number of seasons of observation, number of visits per band, time budget)
on three critical aspects of the survey: the redshift completeness (originating from the Malmquist cos-
mological bias), the number of well-measured SNe Ia, and the cosmological measurements. Analyzing
the current LSST survey simulations in a first stage, we demonstrate that the current DD survey plans
are characterized by a low completeness (limited to z ~ 0.55-0.65), and irregular and low cadences
(few days) that dramatically decrease the size of the well-measured SNe Ia sample (by about 30%). We
propose in a second stage a modus operandi that provides the number of visits (per band) required to
reach higher redshifts. The results of this approach are used to design a set of optimized DD surveys
for SNe Ia cosmology in a third stage. We show that most accurate cosmological measurements are
achieved with Deep Rolling surveys characterized by a high cadence (one day), a rolling strategy (each
field observed at least two seasons), and two sets of fields: ultra-deep (z 2 0.8) and deep (z 2 0.6)
fields. We also demonstrate that a deterministic scheduler including a gap recovery mechanism is
critical to achieve a high quality DD survey required for SNe Ia cosmology.

1. INTRODUCTION

Type Ia supernovae (SNe Ia) are transient astronom-
ical events resulting from a powerful and luminous ex-
plosion of a white dwarf. They display a characteristic
brightness evolution, with a luminosity peak about 15
days after explosion, and a slow decrease lasting up to
few months. SNe Ia can be used as standardisable can-
dles to determine cosmological distances. The Hubble
diagram of SNe Ia is the most statistically efficient ap-
proach to constrain the dark energy equation of state
(Betoule et al. 2014; Scolnic et al. 2018a).

The Vera C. Rubin Observatory’s Legacy Survey of
Space and Time (LSST Ivezié¢ et al. 2019) will discover
few millions of supernovae during ten years of operations
(Abell et al. 2009). This number is quite impressive but
in a sense misleading. If the survey is not optimized,
a large fraction of these SNe Ia will be useless for cos-
mological measurements because of large luminosity dis-
tance errors. An optimized survey aims at observing a
large sample (few thousands spanning a broad range of
redshifts to be limited by systematic uncertainties) of
well-measured SNe Ta with distance measurements ac-
curate to better than 2-3%.



The ten-year LSST will image billions of objects in
six bands. 80-90% of the observing time will be dedi-
cated to Wide Fast Deep (WFD) primary survey, which
will cover half of the sky (~ 18000 deg?) at a univer-
sal'! cadence?. The remaining observing time will be
shared among other programs (mini-surveys) including
intensive scanning of a set of Deep Drilling (DD) fields.
It is not clear yet what fraction of SNe Ia observed in
the WFD (DD) survey will be confirmed from spectral
features. But spectroscopically confirmed SNe Ia will
certainly represent a small part of the SNe Ia sample.
Accurate SNe Ia parameters will thus be estimated from
well-measured light curves characterized by a sampling
of few days and high Signal-to-Noise Ratio per band
(SNR?). Obtaining these high quality light curves is
therefore a key design point of the SN survey: the aver-
age quality of the light curves depends primarily on the
observing strategy.

In a recent paper (Lochner et al. 2021a), the LSST
Dark Energy Science Collaboration (DESC) has pre-
sented an analysis of the WFD survey of observing
strategies simulated by the LSST project®. The con-
clusion is that an unprecedented number of high quality
SNe Ia will be observed in the WFD survey (between
120k and 170k) up to redshifts z ~ 0.3. The DD mini-
survey of LSST is critical for observing a sample of high-
redshift and well measured SNe Ia so as to achieve Stage
IV dark energy goals (Albrecht et al. 2006). Optimizing
the LSST DD survey so as to collect a large sample of
well-measured SNe Ia up to high-redshift fulfilling this
requirement while taking into account survey constraints
(budget) is one of the main purpose of this paper. The
work presented is a further step of a process started few
years ago (Scolnic et al. (2018b), Lochner et al. (2021b)).

There are critical LSST survey parameters, such as
scanning strategy, cadence, or filter allocation, that are
not defined yet. Ongoing efforts are being made to define
the requirements to accomplish the four primary science
objectives of Rubin Observatory: dark energy and dark
matter, inventory of the Solar System, transient opti-
cal sky exploration and mapping the Milky Way. As
of 2020, the Survey Cadence Optimization Committee
(SCOC Bianco et al. (2021)) was charged to make spe-
cific recommendations for the survey parameter choices
for LSST (initial survey strategy for ten years) based
on input from the science community. The studies pre-
sented in this paper are part of the global effort aiming

1 Fields are observed with a similar cadence and pattern.

2 The cadence is defined as the median inter-night gap in any fil-

ter. High cadences are characterized by low inter-night gaps.

3 https://community.lsst.org/t/community-survey-strategy-highlights.

to define optimal strategy parameters to accomplish the
scientific objectives of the Rubin Observatory.

This paper deals with the interplay between the DD
strategy and the SNe Ia sample collected by the sur-
vey. We perform a detailed study of the impact of
the strategy parameters (number of fields to observe,
number of seasons, season lengths, number of visits per
night and per field) on the SNe Ia sample quality to as-
sess whether observing supernovae up to z ~ 0.8-0.9 is
achievable given design constraints, including in partic-
ular the number of visits alloted to DDFs. This article
is subdivided into eight sections. The requirements for
supernovae and the design constraints of the DD pro-
gram are presented in Section 2 and Section 3. The
metrics used to assess observing strategies are defined
in Section 4 and used in a detailed analysis of LSST
simulations in Section 5. One of the conclusions of this
analysis is that the samples collected with the proposed
strategies could be too shallow and we propose in Sec-
tion 6 a method aiming at increasing the depth of the
DD survey. We use the results of this method to de-
sign optimized DD scenarios that would achieve the goal
of observing high quality SNe Ia up to higher redshifts
(Section 7 to Section 9).

2. REQUIREMENTS FOR SUPERNOVAE

SNe Ia have been demonstrated as precise and reliable
distance indicators in the last few decades. Distances are
derived from SNe Ia parameters that are infered from
photometric light curves. The accuracy of the distance
estimation reflects the precision of the photometric mea-
surements. We discuss in the following (subsection 2.1)
the light curve quality criteria that are required to ob-
tain accurate distance measurements.

Supernovae surveys are magnitude limited and gather
samples affected by a selection effect called the
Malmquist bias (Malmquist 1922, Teerikorpi 2015, and
references therein): brighter SNe Ia are preferentially
discovered at the faint limits of the survey. This redshift-
varying bias has an impact on the measurement of the
cosmological parameters and is to be taken into account
in the design of the survey (subsection 2.2).

2.1. Distance measurement and well-measured
supernovae

The diversity of SNe Ia light curves is usually
parametrized by three parameters: an amplitude
(brightness), a color and a light curve width (shape).
The Tripp estimator (Tripp & Branch 1999 and ref-
erences therein) uses the B-band absolute magnitude,
the (B-V) color, and the rate of decline during the
first 15 days after maximum, Am,s, to standardize the
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SNe Ia brightness and estimate the distance. In the
SALT?2 light curve model (Guy et al. 2007, 2010), the
distance modulus, u, is defined for each SN Ia by:

w=mp+ar,—pc—M (1)

where mp = —2.5 logio(zo) + 10.635, where xq is the
overall flux normalization, x; describes the width of the
light curve, c is a restframe color equal to B-V at peak
brightness. For each SN Ia, mp, x1, ¢ parameters are
estimated from a fit of a SN Ia model to the measure-
ments of a multicolor light curve. «, 8 and M are global
parameters estimated from the data. M is the B rest-
frame magnitude. « and S are global nuisance parame-
ters quantifying the correlation between brightness with
x1 and ¢, respectively. The three parameters «, 8, M are
fitted along with cosmological parameters by minimiz-
ing the distance scatter. Accurate luminosity distances
(i.e. accurate estimation of the SNe Ia standardisation
parameters mp, 1, c) are thus critical to constrain cos-
mological parameters with better precision.

z

Figure 1. Contributions to the uncertainty of the dis-
tance modulus o, as a function of the redshift. Three com-
ponents are represented: the color component (Bo.), the
stretch component (aos,) and the amplitude component
(0m;)- The color component starts to contribute signifi-
cantly to the distance uncertainty above fo. ~ 0.12 (or
equivalently o. ~ 0.04). This threshold corresponds to a
redshift limit value (here 0.71) for the observation of well-
measured SNe Ia. These results were obtained from full sim-
ulation of SNe Ia light curves (regular cadence of one day).
SNe Ia parameters were estimated from a SALT?2 fit (see
Section 4 for more details).

The relative contribution of the SN ITa parameter er-
rors to the uncertainty on the distance modulus o, is
driven by the values of the nuisance parameters a and
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B. Recent measurements (Scolnic et al. 2018a, Abbott
et al. 2019) confirm that S is larger than 3, that « is
around 0.16 and that measured values of z; and ¢ lie in
limited ranges, [—3.0,3.0] and [—0.3,0.3], respectively.
The consequence is that the color term Bo. is domi-
nant in the o, budget as illustrated in Fig. 1. The
dispersion of Hubble residuals due to the intrinsic scat-
ter of standardized SNe Ia brightness (Brout & Scolnic
2021) is of 0.12-0.14 mag (Betoule et al. 2014, Scolnic
et al. 2018a). The measurement uncertainties on the
color above ~ 0.04 will thus make a significant contri-
bution to the distance modulus errors. The requirement
oc < 0.04 is one of the main criteria (see Section 4) that
designates a well-measured SN Ia. It implicitly defines
a redshift limit 2y, (Fig. 1) above which SNe Ia light
curve measurements lead to inaccurate distance estima-
tion and:
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Figure 2. Color uncertainty as a function of the Signal-
to-Noise Ratio per band. Requiring o.< 0.04 is equiva-
lent to applying the following selections: SNR' > 59 and
SNR?* > 39 and SNRY > 20. These results were obtained
from full simulation of SNe Ia light curves for a medium
SN Ia (regular cadence of one day). SNe Ia parameters were
estimated from a SALT?2 fit (see Section 4 for more details)

The uncertainty on my, x1, and ¢ is driven by the
quality of the collected light curves which is defined by
the sampling frequency of the measurements (cadence of
observation) and by the light curve points uncertainties
(observing conditions). . estimation is a function of the
Signal-to-Noise Ratio (SNR) per band b, SNR?, defined
by:
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where f°, and o are the fluxes and flux uncertainties.
The summation runs over the number of light curve
points. Requiring o, < 0.04 is equivalent to requiring a
minimal SNR per band (Fig. 2) and the link between
2im and SNR? may be written:

A(SNR? > SNRY . ) = 0. < 0.04 = 21jm, (4)

min
where the logical symbol A means that the require-

ment SNR” > SNRY. is to be fulfilled for all the con-
sidered bands.

2.2. Redshift completeness

As with all flux-limited surveys, a larger fraction of
bright SNe Ia of the DD survey will systematically be
observed at high-redshift. SNe Ia observed at the fainter
ends of the luminosity distribution are characterized by
a mean intrinsic peak brightness higher than the mean of
the whole sample. This bias increases with redshift and
affects the distance estimation: the effective luminosity
is biased towards brighter values. This leads to shorter
distance measurements.

It is possible to estimate distance biases using simula-
tion of the unobserved events (Kessler et al. 2013, Scol-
nic & Kessler 2016). Recent cosmological analysis (Scol-
nic et al. 2018a, Riess et al. 2019) use the BEAM with
Bias Corrections (BBC) framework (Kessler & Scolnic
2017) which includes corrections dependent on « and
in the SNe Ia cosmology likelihood. With this method,
the distance bias corrections have a clear impact on the
cosmological measurements (the shift of the dark en-
ergy parameter w decreases from 7% to 1%) but the
systematic uncertainty related to the selection bias still
accounts for more than 20% of the total systematic er-
ror budget (Scolnic et al. 2018a). An incomplete high
redshift sample is thus affected by a systematic un-
certainty (due to selection bias) that could be domi-
nant in high-redshift, magnitude-limited surveys like the
LSST DD survey. More importantly, the Malmquist
bias leads to a decrease of the number of SNe Ia for
Z 2> Zcomplete: the fraction of higher redshift SNe Ia de-
creases with Zeomplete. The redshift completeness value
has thus an impact on SNe Ia cosmology since accu-
rate cosmological measurements with a Hubble diagram
heavily rely on the distribution of the number of well-
measured SNe Ia as a function of the redshift, N(z). We
will quantify this impact in Section 7.

There are two ways to optimize the cosmological con-
straints from SNe Ia in a budget-limited survey. In a first
scenario, the total number of well-sampled SNe Ia can
be maximized by observing all the DD fields for ten
years. The second approach consists of maximizing the
redshift completeness by observing the DD fields a lim-
ited number of years. We will study these two types

of scenarios, (high Ngn, low Zcomplete) and (low Ngy,
high Zcomplete), it the following (Section 7).

3. OBSERVING STRATEGY CONSTRAINTS

The design parameters are the number of fields to be
observed, the number of seasons of observation and the
season length, the cadence of observation, the filter al-
location, and the total observing time budget.

The Rubin Observatory defined in 2012* four extra-
galactic Deep Drilling Fields: COSMOS, ELAIS-S1,
XMM-LSS, CDF-S (Tab. 1). More recently, the DESC
collaboration has supported the LSST DDF coverage of
the southern deep fields area (Lochner et al. 2021b) to
ensure contemporaneous observations with Euclid (Lau-
reijs et al. 2011; Amendola et al. 2013) and Roman Space
Telescope (Spergel et al. 2015), at the begining and at
mid-term of the LSST survey, respectively.

Table 1. Location of the DD fields considered in this study.
AKARI Deep Fields (ADF-A and ADF-B) are examples of
southern fields in the Euclid/Roman area simulated in LSST
observing strategy.

Field Central RA | Central Dec
Name (J2000) (J2000)
ELAIS-S1 00:37:48 -44:01:30
XMM-LSS 02:22:18 -04:49:00
CDF-S 03:31:55 -28:07:00
COSMOS 10:00:26 +02:14:01
ADF-A 04:51:00 -52:55:00
ADF-B 04:35:00 -54:40:00

The number of observed supernovae is proportional
to the number of seasons of observation and to the sea-
son duration (Perrett et al. 2012). The season length
of a field is equal to the period of observability® which
depends on its location w.r.t. the Vera C. Rubin Obser-
vatory. It is driven by the nightly observable time that
can be converted to a number of visits of 30 s per observ-
ing night (Nyisits). The estimation of the season length
as a function of the total number of visits for the fields
defined in Tab. 1 (Fig. 3) suggests a decrease from 275-
200 to 150-100 days when Nyisits increases from 1 to 400.
Season lengths of at least six months are required to col-
lect at least 80% of SNe Ia of the northernmost fields.

4 http://ls.st/bki.

5 An astronomical target is said to be observable if it is visible
(i.e. for Rubin Observatory with altitude 20° < alt < 86.5°and

airmass < 1.5) for a minimal amount of time.


http://ls.st/bki

Nyisits
50 100 150 200 250 300 350 400
oo - -+ Euclid/Roman
260 'R --- CDFS
, . —— COSMOS
240 - S
=< o —-— ELAIS
7 N L P XMM-LSS
£.220 ~ AN
=
S e TR ~
< "N
S 200 e
c ~. S
[ L
= SO
S 180 T
o S~
3 : s'.\.\
% 160 S~
= ~
140 >
120
100
0.5 1.0 15 2.0 25 3.0

Observable time [h]

Figure 3. Maximal season length as a function of the nightly
observable time (in hour) (lower z-axis) or the number of vis-
its of 30s (upper x-axis) per observing night. Fields are ob-
servable if the following requirements are met: 20°< altitude
< 86.5°% airmass < 1.5. This plot was made using scripts
and tools of the LSST scheduler. The black line corresponds
to a season length of 180 days.

Maximizing season length is particularly important in
the DDFs because of time dilation. High-z SNe Ia light
curves last longer than low-z ones. SNe Ia collected at
the beginning and at the end of the season are charac-
terized by poorly reconstructed light curves leading to
inaccurate distance measurements. Time dilation effects
may be quantified as an effective season length decreas-
ing with z.

A regular cadence of observation (~ 3 days max) is
required to collect well-sampled light curves (LC). The
number of large gaps (> 10 days) between visits de-
grades the measurements of luminosity distances, and
potentially result in rejecting large sets of light curves
of poor quality.

Measuring cosmological parameters with high accu-
racy requires observing SNe Ia over a wide redshift range
z € ]0.01,1.1]. Five filters of the VRO have thus to be
used: g¢,7,i,2z,y with a number of visits per band and
per night depending on the redshift completeness of the
survey (Section 6).

It is expected that 5-15% of the total number of
LSST visits will be alloted to the DD program and
shared among science topics interested by DD observa-
tions (such as AGN, supernovae, photo-z training, ...).
The DD budget is defined as the fraction of observing
time alloted to DDFs during the survey. For the sake
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of simplicity we will assume that the exposure time of
observation does not change during the survey. In that
case the budget is defined by:

DDbudget — NDD (NDD + NnonfDD) (5)

visits visits visits

where NP2~ is the total number of visits (for the
10 years of Rubin Observatory operation) allocated to

DDFs and is defined by:

Niclds Nacason
NDithes = Z Z NVicits night % Seaslen” /cad” (6)
i=1  j=1

where Ngelgs is the number of DD fields, Ngeason the
number of season of observations per field, seaslen the
season length (in days), cad the cadence of observation,
and Ngisits’night the total number of visits per observing
night, per field, and per season. The total number of vis-
its corresponding to all fields but the DDFs, N7~ DD,
was estimated from a sample of LSST simulations and
set to 2122176 visits (10 years of survey). The budget
is fairly strongly dependent on the number of visits per
observing night and on the season length (Fig. 4): the
total number of visits is multiplied by 5 if the budget

increases from 3% to 15%.

4. METRICS TO ASSESS OBSERVING
STRATEGIES

The metrics used to assess observing strategies are es-
timated from full simulation and fit of light curves. We
have used SNCosmo®(Barbary et al. 2016), a Python
library synthesising supernova spectra and photometry
from SN models. It includes a lot of supernova mod-
els (SALT2, MLCS2k2, Hsiao, Nugent, PSNID, SNANA
and Whalen models), as well as a variety of built-in
bandpasses and magnitude systems. It includes func-
tions for fitting and sampling SN model parameters
given photometric light curve data. We have used
the SALT2 model (Guy et al. 2007, 2010) where a
SNe Ia is described by five parameters: =z, x1, ¢, z,
and Tp, the time of maximum luminosity. A flat-ACDM
model was used to estimate cosmological distances, with
Hy= 70kms™', ©,, = 0.3 and Q4 = 0.7.

In SALT?2, model uncertainties of g and r bands (rest-
frame UV) light curves fluxes are large (Guy et al.
2007), and g and r observations with relative error model
larger than 5% have not been considered in this study.
This requirement implies that the list of filters useful
to measure photometric light curves (observer-frame) is
redshift-dependent (Tab. 2).

6 https://sncosmo.readthedocs.io/en/latest /index.html
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Figure 4. Budget contours in the plane (Nyisits, season
length) for a configuration of 5 fields with two (black) or
ten (red) observing seasons per field and a cadence of one
day. The number of visits dramatically decreases with the
number of seasons of observation when the time budget is
limited. For a typical season length of 180 days and a budget
extending from 3% (minimal) to 15% (maximal), the number
of visits ranges from 7 to 42 for 10 seasons (dashed red lines).
Decreasing the number of seasons to 2 lead to an increase of
the possible number of visits, from 36 to 208 (solid black
lines).

Table 2. List of filters useful to measure photometric light
curves (observer-frame) as a function of the redshift.

z | [0.01,0.1] | [0.1,0.35] | [0.35,0.65] | [0.65,1.1]

bands gri griz rizy izy

Following the requirements for supernovae (Section 2),
we rely on two metrics to assess observing strategies:
the redshift completeness zcompiete, and the number of
well-measured SNe Ia, Ngﬁzwmpl“” A well-measured
SNe Ia is defined by the following tight selection cri-

teria:

e only light curve points with SNR > 1 are consid-
ered;

e at least four (ten) epochs before (after) maximum
luminosity are required, as well as at least one
point with a phase” lower (higher) than -10 (20);

e 0. < 0.04 is required to ensure accurate distance
measurement.

The redshift limit is defined as the maximum redshift of
supernovae passing these selection criteria.

The redshift of a complete sample, zcomplete, iS €sti-
mated from the redshift limit distribution, leirljl,faint’ of a
simulated set of intrinsically faint supernovae (i.e. with
(z1, ¢) = (-2.0, 0.2)) with Ty values spanning over the
season duration of a group of observations. Zzcomplete 1S
defined as the 95th percentile of the leiyn,faint cumulative
distribution.

The metrics are measured in HEALPix (Gorski et al.
(2005)) pixels of size 0.21 deg? over the region of the
DDFs. For each pixel in the sky light curves are gen-
erated from observations of the simulated survey. Flux
errors are estimated from the 5-¢ point source limiting
magnitude (5-0 depth). Light curves are fitted (using
the SALT2 model implemented in SNCosmo) to esti-
mate SNe Ia parameters.

5. ANALYSIS OF LSST SIMULATIONS

LSST project has periodically released sets of simu-
lations containing a large number of survey strategies.
The simulations analyzed in this section were performed
with the Feature-Based Scheduler (FBS Naghib et al.
2019) based on a modified Markov Decision Process
that maximizes the scientific outcome of the Vera C.
Rubin Observatory during its ten-year survey. It al-
lows a flexible approach for scheduling. The sequential
decisions of which filter and which pointing to select
are estimated from features (weather conditions/image
depth, slew time, footprint) to optimize observing strat-
egy. The output of the simulations is composed by a set
of observing parameters® estimated at the center of the
field of view of the telescope. These parameters serve
as input for the generation of SNe Ia light curves (Sec-
tion 4).

The diversity of DD scenarios proposed in LSST sim-
ulations is rather limited and we have chosen to ana-
lyze a representative set of DD surveys on the basis of
the following criteria: number of visits (and filter al-
location) per observing night, cadence of observation,
dithering, and budget. The list of LSST simulated ob-

t—To
1+z

7 The phase of a LC point at time t is equal to

8 The list of parameters is available at
https://github.com/lsst /sims_featureScheduler.
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serving strategies considered in this study is given in
Tab. 3.

Four sets of observing strategies can be defined from
Tab. 3 according to the filter allocation per night,
the parameter that has the most significant impact on
Zoomplete Value : baseline-like (11 observing strategies),
agn, daily, and desc family. Estimation of the pair
metric (N§§Z°°mple°e, Zeomplete) (defined in Section 4) for
these families shows (Fig. 5) that higher redshift limits
are reached for the baseline-like family. Most (10/11)
of these observing strategies reach Zcomplete ~ 0.65.
ddf_heavy, the strategy with the largest DD budget,
reaches Zeomplete ~ 0.72 and also collects the larger num-
ber of well-sampled SNe Ia. daily and desc are charac-
terized by a lower depth but by a significant number of
well-measured SNe Ia.

The metric output (N§§Z°°‘“ple°e, Zeomplete) 18 driven
by the probability of a SNe Ia light curve to fulfill the
requirements defined in Section 4 (see Appendix A for
more details). This observing efficiency depends on the
signal-to-noise ratio per band which is defined by the
sampling frequency of the light curve points. The num-
ber of well-sampled SNe Ia is thus strongly dependent
on the cadence of observation, as illustrated in Fig.

6 (top): as expected, higher cadences lead to higher

ZSZcomplete
(NSN s Zcomplete)-

Observing strategies studied in this paper are charac-
terised by a wide range of cadences (Fig. 6, top). Only
two surveys, ddf_heavy and daily, have more than 50% of
their observations with a 1-day cadence (Tab. 4). base-
line and dither_00, two of the strategies with the lowest
Néﬁzmmp“’“e, present a large fraction of observations with
a cadence of at least 3 days. These cadence distributions
can be explained by some period with no observations.
Two sources of gaps can be identified. One is the tele-
scope downtime due to clouds and/or telescope mainte-
nance. The other is the scanning strategy, when choices
have to be made on which fields are to be observed on
a given night. Inter-night gaps arising from telescope
downtime lead to about 16-20% of nights without ob-
servation per season and are not expected to exceed few
days (except for longer maintenance periods that could
last up to 16 days see Section 9). But the cadence may
significantly increase for gaps higher than ~ 10 days.
Large gaps of few tens of days lead to a dramatic de-
crease of the cadence of observation, as illustrated in
Fig. 6 (bottom).

The Rubin Observatory will provide a combination of
large-scale dithers at each point of observation. Dither-
ing patterns are composed of translational and rota-
tional dithers (Awan et al. 2016). The former corre-
sponds to offsets of the telescope pointings, the latter to
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offsets of the camera rotational angles. We have studied
the impact of the translational dithering on the metrics.
It is expected to affect both the number of well-sampled
supernovae and the redshift completeness for each of the
pixels of the field. With no dithering, N;%z“’mpl”t” and
Zeomplete distributions are uniform across the whole field
area. The translational dithering has an impact on edge
pixels which are thus characterized by a lower cadence
w.r.t. central pixels. A decrease of both Ng;zw’“ple‘e and
Zeomplete (Per pixel) is then observed for edge pixels.
Zeomplete tends to decrease with an increase of the trans-
lational dither offset (tdo), with a greater effect for high
cadences. The number of supernovae is the result of the
trade-off between two effects (Fig. 7): an increase of the
survey area (which increases with tdo) and a decrease of
the cadence ( which decreases with tdo). The increase
of the survey area lead to an increase of the number of
supernovae for high cadences and low tdo values.

In summary, the LSST simulated strategies lead to the
observation of a sample of well-measured SNe Ia with a
rather 1ow Zgomplete, the redshift limit of the complete
cosmology-grade SNe Ia sample. It will be shown in the
following (Section 7) that reaching zcomplete ~ 0.6 is not
sufficient to achieve a measurement of w with a high de-
gree of precision. Zeomplete is mainly driven by SNR? val-
ues (Eq. 3) which depends on the number of visits in the
corresponding band N,  (Section 6). The number of
visits per band has thus to be increased to reach higher
Zcomplete- We propose in Section 6 a method for assess-
ing the relationship between Nf,isits and Zcomplete- Lhe
second conclusion of these studies is that the cadence is a
key parameter to collect a large sample of well-measured
SNe Ia. High cadences are favored to maximize SNRP.
Large inter-night gaps are harmful as they lead to a de-
crease of the number of well-measured supernovae. It is
critical to reduce the inter-night gaps originating from
the survey strategy so as to maximize the size and depth
of the well-measured SNe Ia sample. Finally, larger
translational dithers reduce the DDF area with high ca-
dence and lead to a dramatic decrease of the number of
well-sampled SNe Ta for low cadence (2 3 days) strate-
gies.

6. OPTIMIZATION OF THE NUMBER OF VISITS

The analysis of LSST simulations has shown (see Sec-
tion 5) that it seems difficult to collect complete samples
of SNe Ia with redshift higher than zcompiete ~ 0.55-0.65.
The proposed cadences of observation, filter allocation
and season lengths do not allow to reach higher redshifts
for a DD budget of ~ 5%. According to Eq. 4, reaching
higher zcomplete Tequires increasing SNR?.
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Table 3. Survey parameters for the list of observing strategies analyzed in this paper. For the cadence and season length, the
numbers correspond to ADFS1/ADFS2/CDFS/COSMOS/ELAIS/XMM-LSS fields, respectivelly. The numbers following the
filter allocation (Nyisits column) are the minimum and maximum mean fraction of visits (per field over seasons) in the filter
distribution. Only filter combinations with a contribution higher than 0.01 have been considered.

Observing cadence Nuisits season length area | DD budget | family
Strategy [days] u/g/r/i/z/y [days] [deg2] (%)
agnddf_v1.5_10yrs 2.0/2.0/2.0/2.0/2.0/2.0 -/1/1/3/5/4 [0.99-1.] 164/165,/235/189/171/177 | 112.9 3.4 agn
baseline_v1.5_10yrs 4.5/4.5/10.0/4.0/4.5/5.0 | -/10/20/20/26/20 [0.28-0.43] | 131/131/200/164/150/152 | 109.7 4.6 baseline
8/10/20/20/-/20 [0.56-0.71]
daily_ddf_v1.5_10yrs 2.0/2.0/2.0/2.0/2.0/2.0 -/1/1/2/2/2 [0.60-0.61] 161/161/236,/188/171/178 | 113.5 5.5 daily
1/1/1/2/-/2 [0.38-0.39]
ddf_heavy_v1.6_10yrs 2.0/2.0/2.0/2.0/2.0/2.0 | -/10/20/20/26/20 [0.26-0.39] | 116/116/201/167/152/150 | 110.6 13.4 baseline
8/10/20/20/-/20 [0.60-0.72]
-/2/4/8/-/- [0.37-0.5]
descddf_v1.5_10yrs 2.0/2.0/3.0/2.0/2.0/2.5 -/-/-/-/25/4 [0.30-0.38] 147/146/228/178/165/171 | 112.5 4.6 desc
/11114 [0-19-0.25]
dm_heavy_v1.6_10yrs 7.5/6.0/14.0/8.5/8.0/7.0 | -/10/20/20/26/20 [0.31-0.45] | 119/119/195/142/139/138 | 188.6 4.6 baseline
8/10/20/20/-/20 [0.54-0.68]
ddf_dither0.00_v1.7_10yrs | 4.0/4.0/6.0/2.0/3.0/3.0 | -/10/20/20/26/20 [0.17-0.43] | 121/123/204/165/153/159 | 69.2 4.6 baseline
16/10/20/20/-/20 [0.56-0.81] | 121/123/204/165/153/159 | 69.2 4.6
ddf_dither0.05_v1.7_10yrs | 4.0/4.0/6.0/2.0/3.0/3.0 | -/10/20/20/26/20 [0.16-0.42] | 116/116/218/168/153/161 | 71.8 4.6 baseline
16/10/20/20/-/20 [0.57-0.83]
ddf_dither0.10_v1.7_10yrs | 4.0/4.0/6.0/2.0/3.0/3.0 | -/10/20/20/26/20[0.19-0.43] | 120/120/220/165/150/165 | 74.7 4.6 baseline
16/10/20/20/-/20 [0.57-0.81]
ddf_dither0.30_v1.7_10yrs | 4.0/4.0/6.5/3.0/3.0/3.0 | -/10/20/20/26/20 [0.21-0.45] | 118/118/201/167/146/146 | 83.5 4.6 baseline
16/10/20/20/-/20 [0.54-0.78]
ddf_dither0.70_v1.7_10yrs | 4.5/4.5/9.0/4.0/4.0/4.25 | -/10/20/20/26/20 [0.19-0.43] | 123/137/201/163/146/146 | 104.5 4.6 baseline
16,/10,/20,/20/-/20 [0.57-0.79)
ddf_dither1.00_v1.7_10yrs | 4.0/4.0/14.0/5.5/5.0/5.0 | -/10/20/20/26/20 [0.23-0.43] | 113/118/198/153/143/143 | 124.4 4.6 baseline
16/10/20/20/-/20 [0.56-0.77]
ddf_dither1.50_v1.7_10yrs | 4.5/4.5/16.5/8.5/6.75/6.0 | -/10/20/20/26/20 [0.20-0.42] | 121/121/196/145/135/139 | 159.3 4.6 baseline
16/10/20/20/-/20 [0.57-0.79]
ddf_dither2.00_v1.7_-10yrs | 4.0/4.0/19.0/12.0/9.5/9.0 | -/10/20/20/26/20 [27-44] 112/111/193/137/118/133 | 199.3 4.6 baseline
16/10/20/20/-/20 [0.57-0.79]

Table 4. Cadence distribution for a set of strategies studied
in this paper. The cadence is estimated from nightly visits
corresponding to all the filters grizy for all the strategies but
descddf which is characterized by observations related to gri
and zy filters nightly interleaved (i.e. gri visits one night
and zy visits the night after).

cadence

1-d 2-d 3-d 4-d > 5-d
Strategy

agnddf 37.6% | 56.5% | 5.0% | 0.7% | 0.1%
baseline 0.0% | 28.8% | 44.7% | 11.9% | 14.6%
daily 56.4% | 21.2% | 11.2% | 5.6% 5.6%
dither0.00 0.0% | 36.1% | 43.7% | 14.4% | 5.8%
ddfheavy | 62.4% | 22.8% | 10.5% | 3.2% | 1.1%
descddf 9.9% | 58.9% | 16.4% | 7.0% 7.8%
dm_heavy 0.0% | 31.0% | 39.3% | 18.4% | 11.2%

The signal-to-noise ratio per band is the complex re-
sult of the combination of the SN Ia flux distribution (z-
dependent), the number of visits per band, the cadence
of observation, and observing conditions (5-¢ depth). It
is thus not possible to estimate the observing strategy
parameters required to reach higher redshifts from the
results of Section 5 (by a simple rescaling for instance).
This is why we present in this section a study to assess
the relationship between the redshift completeness and
the number of visits per band and per observing night
(for a defined cadence). The optimized number of visits
per band required to reach higher redshifts estimated
with this approach is a key parameter to build DD sce-
narios consistent with the list of constraints presented
in Section 2 and in Section 3.

As described in Eq. 5 the DD budget depends primar-
ily on 5 parameters: the number of fields to observe, the
season length (per field and per season), the number of
seasons of observation (per field), the cadence of obser-
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vation (per field and per season), and the number of
visits N®. .. per filter and per observing night. N2 .. is

visits visits
related to SNR? through the flux measurement uncer-

tainties 0?. In the background-dominated regime one

has o ~ of where o is equal by definition to

b
ot=1 (")

where f is the 5-0 flux related to the 5-0 depth mag-
nitude m$ through:

ml = —2.5log f2 + 2p° (8)

where zp® is the zero point of the considered filter. m}

is related to N, through:
mg - Tnlgsingle ~ 1.25 log(NSisits) (9)
where mg’smgle is the 5-0 depth corresponding to a sin-

gle visit, a parameter depending on observing condi-
tions. These equations (7)-(9) describe the relation-
ship between SNR? and Nb_ .. The requirement
b b : b b
SNR” > SNRp;, is equivalent to Ny,c > NUiGies min
and Eq. (4) may be written:
ANYe > NP

visits = visits,min

) = 0.<0.04 = 2z, (10)

where the logical symbol A means that the requirement

No e > NEisit&min is to be fulfilled for all the consid-
ered bands. The relations (4) and (10) are not univocal.
Many SNR? (N%,...) combinations lead in fact to the
same result and constraints have to be applied to choose
optimal configurations.

We have used the following method to estimate
NS iis(2). A systematic scan of the SNR parameter
space (SNR9, SNR", SNR?, SNR?, SNRY) is performed.
Median observing conditions estimated from DD simu-
lations are used, namely mg’smgle = 24.48, mg’smgle =
23.60, mEo "8 = 24,03, mZ e = 22.97, myoEe —
22.14. For each SNR combination and for a set of ca-
dences (1 day to 4 days), light curves of an intrinsically
faint SNe Ia (i.e. with ;7 = -2.0, ¢ = 0.2) in the red-
shift range [0.01,1.0] are simulated using templates and
SNe Ia parameter errors (o¢, 0y,) are estimated using
the Fisher Matrix formalism. This approach consider-
ably reduces the processing time (compared to full simu-
lation+fit) while ensuring the highest degree of accuracy
of the LC points (fluxes and flux errors) and of the super-
novae parameter errors. The light curves fulfilling the
requirements defined in Section 4 are used to define the
SNR parameter space, or equivalently the Ny;si¢s param-
eter space (N\g/isits’ N:isits’ Niisits’ Niisits’ N\y/isits) accord-
ing to Eq. 10, corresponding to well-measured SNe Ia.
Optimal combination are selected by minimizing the to-
tal number of visits per observing night and by requiring
a maximum number of y-band visits. This selection aims
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Figure 6. Median number of well-measured supernovae

< . .
Ngn “"P'* as a function of the cadence of observation (top)

and median cadence as a function of maximal inter-night gap
(bottom) for a set of LSST simulated strategies studied in
this paper. Yellow areas correspond to observing strategy
parameters (cadence and max inter-nigh gaps) leading to a
high quality SNe Ia sample.

at reducing the (potentially severe) systematic effects
affecting the y-band measurements (High et al. 2010).
The result is displayed in Fig. 8 (top) for a 1 day ca-
dence. The number of visits strongly increases with the
redshift completeness for zcomplete 2, 0.7 where only
three bands izy can be used to construct SNe Ia light
curves. About 130 visits (1 hour and 5 minutes of ob-
servation) are required to reach Zcomplete ~ 0.8 for a
one day cadence. Since the number of visits required
to reach a given Zcomplete value increases linearly (as a
first approximation) with the cadence, this corresponds
to ~ 3.25 hours of exposure time per night for a 3-day
cadence.

It is known that the restframe UV region is subject
to large fluctuations between SNe Ia in the SALT?2 light
curve model (see Section 4). One of the consequences is
that only three (two) bands, i, z,y (z,y), may be used to
reconstruct light curves for redshifts higher than ~ 0.7
(~ 1.1). The SNe Ia parameter errors depend on the
SNR values, but also on the shape of the light curves
per band. The contribution of SNRY to the SNe Ia pa-
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Figure 7. Ratio of the number of supernovae
Ngn /NEEher (top) and Zeomplete difference (bottom) as
a function of translational dither offset. The simulations
labelled as ‘Fakes’ (dotted lines) correspond to regular ca-
dences (1, 2, 3, 5 days) with median observing conditions
(5-0 depth single exposure: 24.13/23.84/23.45/22.74/22.10
for g/r/i/y/z bands, respectively.)

rameter errors tends to increase with zcomplete if the
total number of visits remains relatively constant. A
high number of NY_.  for l1ow Zcomplete(~ 0.7) leads
to a net loss of well-sampled SNe Ia because of bad
color measurements. The optimal NY, . = as a function
of Zeomplete has been estimated by computing the red-
shift limit of a medium SNe Ia in configurations with
5 < NY ... < 80. Requiring a zji, variation lower than

0.01 leads to the results of Tab. 5.

Table 5. A set of optimal numbers of y-band visits as a
function of zcomplete-

Zeomplete | 0.65 | 0.70 | 0.75 | 0.80 | 0.85 | 0.90
NY 3 7 16 21 30 38

visits

-%- Fakes - cad: 5 days
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Figure 8. Top: number of visits per observing night as
a function of the redshift completeness. 131 visits with
the following filter allocation (N9 v Ny z

visits? visits» visits» visits»
NY e)=(2, 9, 45, 64, 11) are required per observing night to
reach Zcomplete~0.8 for a cadence of one day. Bottom: bud-
get per field and per season of observation as a function of
Zeomplete- A 1-day cadence and a season length of 180 days
have been assumed. Observing a field every night for 180
days with a redshift completeness of 0.80 corresponds to a

budget of 1.1%.

It is possible to estimate the budget per field and per
season of observation as a function of Zcomplete by using
Eq. 5 and the results of Fig. 8 (top). As expected (Fig.
8, bottom) a significant increase is observed for higher
redshifts and the observation of a field for 180 days with
Zeomplete ~ 0.9 requires a budget of 2%.

The optimized number of visits required to reach
higher redshift completeness is the last piece of the puz-
zle to be included in the budget estimator (Eq. 5). We
have now the tools to design realistic and optimal DD
scenarios.

7. OPTIMAL LSST DD SURVEYS FOR
COSMOLOGY WITH SNe Ia

In the following, we examine three key points of the
surveys (redshift completeness, cadence of observation,
and cosmological measurements) before presenting a set
of optimized scenario.

Redshift completeness—Spectroscopic datasets from cos-
mological endeavors overlapping with LSST in area and
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timing are essential for SNe Ia cosmology. They pro-
vide enormous added benefits through (a) the follow-
up of a subset of the full sample of well-measured su-
pernovae (to improve the models used to build train-
ing sample for photometric classification), and (b) the
measurement of host-galaxy redshifts with high accu-
racy. Three of the spectroscopic resources contempora-
neous with LSST, Dark Energy Spectroscopic Instru-
ment (DESI Aghamousa et al. 2016), Primary Focus
Spectrograph (PFS/Subaru Tamura et al. 2016) and
4MOST (de Jong et al. 2019), will provide vital live
spectra and host spectroscopic redshifts (Mandelbaum
et al. 2019).

DESI is a ground-based dark energy experiment used
to conduct a five-year survey that will cover 14,000 deg?.
More than 30 million galaxy and quasar redshifts will be
measured to study baryon acoustic oscillation and the
growth of structure through redshift-space distorsions.
The DESI survey will overlap with at least 4000 deg? of
the LSST footprint in the northern hemisphere.

The PFS/Subaru spectroscopic follow-up survey is de-
signed to observe two of LSST DDFs accessible from
the Subaru telescope: COSMOS and XMM-LSS. About
2000 spectra of live supernovae and 20,000 host galaxy
redshifts up to z ~ 0.8 will be collected after 10 years.

The 4MOST Time-Domain Extragalactic Survey
(TiDES Swann et al. 2019) is dedicated to the spectro-
scopic follow-up of extragalactic optical transients and
variable sources selected from e.g. LSST. The goal is to
collect spectra for up to 30,000 live transients to z ~ 0.5
and to measure up to 50,000 host galaxy redshifts up to
z ~ 1. This corresponds to both the DD and the WFD
fields.

Two sets o