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ABSTRACT

The Hubble diagram of Type Ia supernovae (SNe Ia) is the most statistically efficient approach to constraint the Dark Energy equation
of state, and its potential variations with cosmic time. Several supernova surveys are currently taking data, specifically targeting the
z < 0.1 and z > 0.8 regions of the Hubble diagram, with the goal of extending its redshift lever arm. We show that by combining
the low-z and very high-z SNe currently being discovered with the legacy datasets of the last decade, we can triple the current DETF
figure of merit. The advent of LSST, in the fall of 2022, will mark a new era of SN cosmology. SNe Ia being a relatively mature and
statistically efficient probe, tremendous improvements can be expected in the early years of LSST. We show that with only two years
of operations, LSST can deliver O(7000) very high quality SNe Ia in the redshift range 0.02 < z < 1. With additional IR observations
from space, it is possible to extend the LSST Hubble diagram up to a redshift of z ~ 1.5 and reach a DETF figure of merit of almost
500 by 2025. We discuss the main risks attached to this project, notably the impact of photometric calibration, which is today the
dominant systematic affecting SN cosmological measurements. We discuss our plans to reach a calibration accuracy of 0.1% before
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the first light of LSST.
1. Introduction

At the turn of the century, an extraordinary series of cosmologi-
cal observations were published over a little less than three years,
and marked the emergence of what is now our standard cosmo-
logical model, ACDM. The detection of the accelerated expan-
sion of the Universe [38, 41, 49] indicated that the Universe is
filled with some energy density of unknown nature that acts re-
pulsively on large scales; the first measurement of the angular
size of the acoustic peak in the CMB spectrum [12], comple-
mented with the first precise measurement of Hy with the Hub-
ble Key Project [15] favored a Euclidian Universe at critical den-
sity; measurements of the distribution of matter in the Universe
[13], as well as cluster counts [37], supported a low matter den-
sity and confirmed the whole picture: the Universe is at (or very
near) critical density, and made principally of Cold Dark Matter
(CDM, 25%) and Dark Energy (A, 70%).

To date, the 6-parameter ACDM model is in excellent agree-
ment with all the data collected so far [39, 40]. The price to pay
for this remarkable achievement is the introduction in the model
of two components of unknown nature: Dark Matter has eluded
all direct and indirect searches as of today. Dark Energy remains
a mystery, central to modern cosmology. It may be an energy

density such as the cosmological constant, or a dynamical fluid,
or the indication that General Relativity is at fault at cosmologi-
cal scales. This fundamental quest of modern physics has moti-
vated an ambitious observational program that will culminate in
the next decade, with the start of the of the DESI, LSST, Euclid
and WFIRST surveys.

Type Ia supernovae (SNe Ia) have been an essential tool to
understanding the nature of Dark Energy, through the measure-
ment of its equation of state w(z) = P/p, owing to their high,
standardizable luminosities and relatively high rates. Over the
last two decades, SNe Ia have been the main tool for constrain-
ing the expansion history of the Universe in the redshift range
0.005 < z < 1 — our main probe of Dark Energy as of today.
Lengthening the redshift lever arm will allow to improve the con-
straints on w, and possibly shed light on a varying w.

IN2P3 teams have played a leading role in the second gen-
eration surveys that have carried our the first precision measure-
ments of w [4, 10, 52, 7]. They are now heavily involved in two
SN surveys, targeting two critical, currently underconstrained
regions of the Hubble diagram: the Zwicky transient Facility
(ZTF) is currently gathering a sample of ~ 800 SNe Ia at the
low end of the Hubble flow (z < 0.1); a joint Subaru/HST effort,
in the framework of the Subaru Strategic Program (SSP) aims
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at discovering ~ 250 supernovae in the 0.8 < z < 1.5 redshift
range. Together, in combination with the legacy datasets (SNLS
and SDSS), ZTF and SSP have the potential to yield the best
measurement of w(z) before the first light of LSST.

The advent of LSST will dramatically change the state of
SN cosmology. LSST has the power to yield O(10°) well sam-
pled SNe Ia at low to moderate redshifts z < 0.5 and O(10%)
SNe Ia in the 0.5 < z < 1. redshift range. With an appropriate
observing strategy and complementary follow-up in the near-IR
(from either Euclid, WFIRST or even HST), LSST has the po-
tential to map cosmic expansion from z ~ 0.05 to z ~ 1.5 with
an unprecedented accuracy. SNe Ia’s being a mature, statistically
efficient probe, most of this programme can be carried out in the
first years of the LSST survey.

In this paper, we outline a roadmap towards the first con-
straints on a varying Dark Energy equation of state. In section
2 we remind the reader the basics of SN cosmology. We then
describe (section 3) the state of the field, with a focus on the
projects currently taking data. We detail the roadmap towards
the first light of LSST, and we briefly outline a programme for
the first two years of LSST. In the next section (5) we discuss
photometric calibration, the main source of systematics affect-
ing the SN cosmological constraints: the success of the program
outlined in this paper depends on our ability to reach calibration
precisions at the 0.1% level and the IN2P3 teams have designed
a dedicated experiment, starDICE, to overcome the main limi-
tation in the photometric calibration chain. In the last section 6
we discuss specific challenges, in particular, obtaining redshifts
for all supernovae, and identifying photometrically SNe Ia, with
controlled contamination level. We conclude in section 7.

2. The Hubble diagram of Type la supernovae as a
probe of Dark Energy

Method Cosmological constraints on Dark Energy are derived
from measuring the relative variations of luminosity distances to
a set of standard candles as a function of redshift, over a redshift
range large enough to cover the transition from the Dark Matter-
to the Dark Energy dominated eras (z < 1).

Type Ia supernovae are the best standard candles known so
far. They are bright (10'°Lg), relatively easy to detect in large
quantities using modern wide field cameras, and their luminosi-
ties can be standardized at the ~ 10-15% level. SN Ia lumi-
nosity distances are inferred from their observed energy flux:
f=2L 47rd%(z) where £ is the intrinsic restframe luminosity of
the SN. In practice, astronomical fluxes are measured in bounded
spectral bands, so f and L refer to the SN flux integrated in the
same restframe band. To cover the z < 1 redshift range with
silicon detectors, which lose sensitivity above A ~ 1.1um, it is
practical to define £ as the supernova restframe blue flux, i.e.
the SN flux integrated in the conventional restframe B-band at
(1 ~ 4300A).

[, the observed SN flux in the restframe B band cannot be
observed directly. It is inferred from the SN light curves, mea-
sured in several observer frame bands, using a spectrophotomet-
ric model. Such a model is built empirically from a training sam-
ple of well measured supernovae and predicts the SN restframe
spectrophotometric evolution as a function of time. This evolu-
tion varies slightly from SN to SN, and the model also attempts
to capture this diversity. The standard model currently used in
most analyses as of today is SALT2 [17, 18], which parametrizes
SN diversity using two parameters: a curve width (X;) and a rest-
frame color (C). Several efforts are currently underway within
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the community to better capture the SN diversity, building on
the larger training samples available today [47, 29].

SNe Ia fluxes at peak have been found to correlate with other
observables, in particular with light curve width and color. Us-
ing these correlations, it is possible to decrease the SN luminos-
ity dispersion to ~ 15%, hence the dispersion of SN luminosity
distances down to ~ 7%. Other standardization schemes have
been proposed [14] to further reduce this dispersion by a factor
of 2, relying on live high-SNR spectroscopic observations of all
the supernovae, which, as of today, is not feasible on large SN
samples. There is a shared suspicion among SN Ia practitioners
that a three-parameter standardization scheme is probably fea-
sible, which could allow to further improve the quality of the
distances, hence the statistical efficiency of SNe as a cosmolog-
ical probe. Reducing the SN scatter also shrinks the room for
unknown systematic effect potentially hidden on the leftover un-
known intrinsic scatter of SNe Ia.

Systematics Over the last decade, the dominant source of sys-
tematics affecting cosmological measurements with Type Ia su-
pernovae has been photometric calibration. Calibration impacts
cosmology in three different ways. First, the cosmological in-
formation comes from the comparison of nearby (z ~ 0.1) to
distant (z ~ 1) SNe Ia. For nearby (resp. distant) objects, fz is
obtained primarily from light curves measured in the blue (resp.
red) bands of the survey. It is therefore essential to control the
relative calibration of the red and blue bands of the survey. Sec-
ond, we have seen that distances to SNe Ia are inferred using an
empirical model. This model is itself affected by calibration un-
certainties. Finally, the inference process involves integrating the
spectral energy distributions predicted by the SN model in the
survey passbands. We find that uncertainties affecting the shape
of the survey passbands have a sizeable impact on inferered dis-
tances.

In the most recent analyses, calibration systematics are on-
par with statistical uncertainties. Future progress in SN cosmol-
ogy therefore depends on improvements of the photometric cali-
bration methods. As a consequence, several dedicated efforts are
underway (1) to improve our control of the primary flux stan-
dards used to establish the band-to-band calibration and (2) to
develop filter metrology techniques. This work is described in
section 5. Note that a way to mitigate the impact of photomet-
ric calibration is to design the survey so that photons emitted
in the restframe B-band are always directly measured in one of
the survey passbands. This way one does not rely on the model
to extrapolate the SN restframe B-band flux from restframe UV
measurements.

Additional systematics are related to the survey incomplete-
ness at high redshifts, dust properties, evolution of SN popula-
tions with redshift, correlations between SN instrinsic properties
and SN environment. All have been found to be sub-dominant
w.r.t. photometric calibration, and can be mitigated with larger
samples and a good survey design.

Scope of this paper The Hubble diagram of Type Ia super-
novae can be used to constrain other sectors of ACDM. SNe Ia
alone cannot measure H, because their absolute luminosity (L)
is unknown and entirely degenerated with the value of Hy. In
combination with Cepheids variables or the TRGB method to
calibrate their luminosities, SNe Ia are nevertheless the key ele-
ment of the cosmic distance ladder that allows to reach the Hub-
ble flow [42, 16]. Residuals to the Hubble diagram also carry
cosmological information. For example, the low-z end of the
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Hubble diagram is affected by peculiar velocities, i.e. deviations
from the Hubble flow, due to the gravitational pull from large
scale structures of the Universe [25]. With the advent of very
large SN samples at low redshifts, it become possible to mea-
sure the correlations of these deviations, and infer from these
the growth rate of structures in the local Universe. At higher red-
shifts, the SN luminosities are amplified or de-amplified depend-
ing on whether the line of sight is affected by overdense or un-
derdense regions. With sufficient statistics, the cross-correlation
of Hubble diagram residuals with the density observed along the
line of sight may allow to constrain dark halo properties.

In this paper, we focus on using the SN Hubble diagram to
constrain a possibly varying Dark Energy equation of state. A
companion paper (Graziani et al) presents a roadmap towards a
precise measurement of the growth rate of structure in the local
Universe, using nearby SNe Ia from the ZTF and LSST surveys.

3. Projects

In the global effort to prepare the LSST SN survey, IN2P3 teams
have managed to secure access to two of the major surveys of
this decade: the Zwicky Transient Facility (ZTF) and the Subaru
Strategic Program (SSP), respectively targeting the low-redshift
(z < 0.1) and very-high redshift (0.8 < z < 1.5) regions of the
Hubble diagram.

Each of these projects is currently taking data, and prefigures
critical aspects of the LSST survey: ZTF, with 18,000 deg2 Ccov-
ered in several filters, at a high cadence with a very wide field
imager, is a good emulation of the wide component of the LSST
survey. SSP has a smaller field of view than LSST, but similar
sensors, and an observing strategy close to what will be imple-
mented for the LSST Deep Drilling Fields.

Taken alone, neither ZTF, nor SSP does yield strong con-
straints on the Dark Energy equation of state. However, in com-
bination with the existing legacy dataset (notably SNLS and
SDSS), both samples will allow us to build a Hubble diagram
covering the 0.05 < z < 1.5 redshift range and to obtain the
best constraints on a varying Dark Energy equation of state be-
fore LSST first light. This dataset will still have a non-negligible
weight in combination with the first years of LSST data.

The constraining power of the SN Ia sample delivered in the
first years of LSST depends heavily on the observing strategy
chosen by the survey (still under discussion), and on the pho-
tometric calibration accuracy we will be able to obtain. In its
first two years of operation, LSST has the capability to deliver
0(2000) extremely well sampled SNe Ia above z > 0.5 and
0(5000) SNe Ia below z < 0.5. This dataset, in combination
with ZTF and SSP will allow us to reach a DETF figure of merit
of ~ 300 before 2025.

In this section, we describe the three main surveys on our
roadmap: SSP, ZTF and LSST. We then present the expected
precision on a time-varying equation of state: (a) in 2022, from a
joint analysis of the SSP and ZTF samples and (b) in 2025 from
a joint analysis of SSP, ZTF and the first two years of LSST.

3.1. Subaru Strategic Program

Photometric Survey The Subaru Strategic Program (SSP) is
using the 1.8 deg® HyperSuprimeCam (HSC) camera on the 8.2-
m Subaru telescope to carry out a 300-night, three-layer photo-
metric survey. Thanks to its deep-depleted CCDs, HSC not only
has a sensitive z band, but can also image in y band with a high
sensitivity.

It routinely reaches a seeing of 0.6” in the i band. As the
highest etendue survey instrument currently in operation, HSC
has no competitor to find and follow-up very distant (z > 0.8)
SNe Ia. SSP has allocated ~ 22 (equivalent) nights in 2017-
2020 to its two Ultra Deep fields (UD), cadenced specifically to
measure distances to high redshift supernovae. This programme
alone will, over its full life time, deliver about 240 Hubble-
diagram-quality events, among which there will be 120 events
atz <0.8and 120 events at 0.8 < z < 1.1.

Many more supernovae are being detected at redshifts be-
yond z ~ 1.1. In this redshift range, it is necessary to comple-
ment the Subaru/HSC flux measurements with near-infrared ob-
servations. Accurate distance measurements of SNe Ia require
the measurement of their light curves in at least one band, in
order to constrain their light curve width, together with an addi-
tional color in order to fully standardize their luminosities. For
supernovae at z ~ 1.1 and above, HSC can only measure the
light emitted in restframe UV. As a consequence, HSC alone can-
not measure an optical color, which is necessary for obtaining a
standardized luminosity distance. However, adding to the HSC
lightcurve one single IR visit with HST/WFC3 (2 NIR bands)
brings the precision of the distance measurement to par with
what can be obtained at z ~ 0.8 with HSC alone. We thus pro-
posed, and were granted, a large 100-orbit HST program extend-
ing between the last semester of 2016 and the end of 2020. This
IR data means that ~ 50 SNe Ia at z > 1.1 will be of sufficient
quality to be added to the Hubble diagram, bringing the total
number of Hubble diagram quality supernovae to ~ 290.

Redshifts Collecting redshifts for the SNe Ia discovered by
Subaru is a difficult challenge. The AAOmega instrument fiber
spectrograph, mounted on the 4-m Anglo-Australian Telescope
(AAT) has proved extremely effective, up to a redshift of ~ 0.8.
About 100 hours of PI time have been obtained on 8-m and 10-
m class telescopes (VLT/FORS2, Keck/LRIS, Subaru/Focas and
GTC). The missing host galaxy redshifts will be obtained with
the Subaru PFS instrument, a multi-fiber spectrograph, able to
observe 2400 targets simultaneously over a field of view of 1.3
deg? (see section 6.2).

Photometric calibration The SSP dataset is anchored on the
SNLS flux scale with an excellent precision, because both sur-
veys have observed the same fields. The flux metrology chain
from SSP to SNLS to the primary flux standards is redundant
and well understood, and any improvement on the calibration of
the primary flux standards (e.g. starDICE) can be immediately
propagated on both datasets.

The Subaru/HSC filter metrology is a more difficult problem.
The Subaru observatory has built a dedicated bench to measure
the HSC filters if necessary.

3.2. ZTF

Photometric Survey The Zwicky Transient Facility (ZTF) is
using a 47 deg® camera installed on the 48-inch (1.2 m) Schmidt
telescope at the Palomar observatory to observe the transient sky.
The camera is equipped with three filters (g, r, and /) and is a
dedicated instrument for the survey. In addition, the ZTF col-
laboration has a dedicated fully automated low-resolution inte-
gral field spectrograph [the “SED machine” 44, R~100] used for
typing transients discovered by ZTF ; the collaboration also has
observing time on several other higher-resolution spectroscopic
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facilities (P200, Keck, Gemini, NOT, LCO). The survey is ac-
quiring 30s exposures, and covers 3760 deg? per hour with a
typical depth of 20.5mag per visit in all three bands [6].

ZTF is taking data since April 2018. The survey is split into
two subprograms [5]: (1) MSIP (40%), a public survey covering
the northern sky (18,000 deg?) in g and r band every three days ;
(2) the partnership program (60%), observing a third of the MSIP
sky (6,700 deg?) in I and 3,000 deg? with high cadence in two
bands (6 times a day, 3 g, 3 r). A difference imaging pipeline is
run at the end of every exposure and detections are pushed into
an alert stream. Alerts generated during MSIP observations are
made public right away. Thanks to the SEDm, at least all extra-
galactic transients reaching the 18.5mag in any band are typed,
such that the spectroscopic classification completeness rate of
ZTF is 99% to mpeax <17.5 mag, 94% to mpex <18.5 mag, and
89% to mpea <19.0 mag.

During the first 9 months of operations (2018 Apr. 1 to 2018
Dec. 31) ZTF has detected and typed 761 supernovae, 72% of
which being of Type Ia (547, z < 0.12 median ~ 0.06). As part
of the MSIP program, approximately 70% of the supernovae ob-
servations were carried out at the planned 3 days cadence (per fil-
ter), and ~90% of same filter re-visits occurred within < 6 days.
In addition, more than half of them have at least 1 I-band points
(a third have at least 5) and a quarter also have high-cadence
g- and r-band data (127 SNe Ia, [54]). MSIP raw and calibrated
data for year 2018 have been made public mid-2019' and the
partnership data of the first half of 2018 will be public at the end
of 2019.

By the end of the ZTF phase I survey (2020 Dec. 31), the
SN Ia sample should contain ~ 2000 spectroscopically typed
events of cosmological quality with similar cadence and redshift
coverage as those taken during year 2018 (~ 800 should have at
least 5 I-band points). All SNe will have high quality spectro-
scopic redshifts, at least from their hosts: roughly one third from
existing public databases (mainly BOSS), the remainder will be
observed by DESI, with whom ZTF has an agreement.

The Phase II of ZTF (2021 Jan. 1 to 2023 Dec. 31) is under
advanced discussion in the context of 2020 surveys ; WEAVE
and DESI for massive spectroscopic follow-up and LSST for
photometry. The core science program is expected to further fo-
cus on Type Ia Cosmology sciences and mainly on peculiar ve-
locity analyses (see the prospective paper on SN peculiar veloc-
ities). It is planned to extend the MSIP program to 50% of the
survey this time having a 2 days cadence in g and r. The part-
nership program now under discussion will largely increase the
I-band coverage to get at least a few I-band point per target. A
second SEDm is planned to be installed at 2.1m telescope at Kitt
Peak observatory in order to type fainter transients and reach
a 98% completeness down to 19mag. If proceeded as planned,
ZTF Phase II should then add 8,000 high-quality spectroscopi-
cally typed SNe Ia all having few-day cadence in three bands ;
about 5,000 of those will be part of the completeness sample, i.e.
with perfectly known selection function.

Photometric calibration A precise photometric calibration of
the ZTF sample is required for its efficient use in a Hubble dia-
gram. One appealing possibility is to rely on the Gaia photom-
etry and colors of stars around SNe. The required measurement
of the instrument pass-bands can be acquired using the portable
monochromatic source currently developed for starDICE.

! https://www.ztf.caltech.edu/page/drl
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3.3. LSST

Photometric survey The Large Synoptic Survey Telescope
(LSST) is a Stage IV experiment with an effective aperture of
6.7-meters and an imaging camera with field of view of 9.6
square degrees. It will be devoted to a ten-year imaging survey
over about 20,000 square degrees. The key idea of LSST is to
scan the sky deep, wide, and fast with a single observing strat-
egy (defined on a yearly basis). About 90 % of observing time
will be devoted to the Wide-Fast-Deep (WFD) survey. The re-
maining time will be spent on mini surveys to observe specific
regions such as the ecliptic, Galactic plane, and the Large and
Small Magellanic Clouds or to perform deeper observations on
defined location in the sky with the Deep Drilling Field (DDF)
survey. The observing strategy will be optimized for the homo-
geneity of depth and number of visits?> over 20,000 deg? using
six broad bands (ugrizy) from 320 to 1050 nanometers, to a total
point-source depth of r~27.5. Type Ia supernovae may be ob-
served using the WFD and DDF surveys. This corresponds to
about 95% of the total LSST observing time.

Collecting a large sample of well-measured Type la super-
novae is a prerequisite to increase statistics in the Hubble Dia-
gram. It must be associated to significant improvements of four
key components of supernovae science to ensure more precise
measurements of cosmological parameters: SN distance estima-
tion (requiring photometry and flux calibration monitored at the
per-mil level), control of SN astrophysical environment, better
understanding of SN diversity, and a detailed knowledge of the
survey selection function. Completeness of the Type Ia super-
nova sample is critical to fathom this latter point.

About 10% of the Type Ia supernovae observed by LSST will
be spectroscopically confirmed. SN identification and luminos-
ity distance standardisation will be estimated using supernovae
light curves. Accumulating high quality SN light curves implies
specific requirements on LSST observing strategy in terms of ca-
dence (two to three days), inter-night gaps (minimized), season
length (at least 6 months), and depth. Recent studies [28, 50]
have shown that some tuning of the above-mentioned key pa-
rameters is necessary to collect a complete and large sample of
well-measured Type Ia supernovae. Latest simulations demon-
strate that the new scheduler of LSST is able to generate ob-
serving strategies that satisfy the requirements imposed by su-
pernovae science: a complete sample of about 300k of well-
measured Type Ia supernovae can be observed up to z ~ 0.3-0.4
after ten years using the WFD footprint.

The DDF mini-survey is critical for observing high redshift
Type Ia supernovae and to achieve Stage IV Dark Energy goals
of LSST. The location of 4 DDFs (COSMOS, ELLAIS-S1, CDEFS,
XMM-LSS) has already been chosen. The fifth field will be lo-
cated in the south (ADF-S area) to be in synergy with EUCLID
and WFIRST. The DDF observing time will be shared between
SN and AGN communities and should not exceed 5 to 6% of
the total number of LSST visits. The DDF strategy for Type Ia
supernovae is not finalized yet but the goal is to collect a com-
plete sample with a high redshift limit. With a regular cadence
of few days and an exposure time of 48 minutes (96 visits dis-
tributed among grizy bands) per observing night and per field,
it is possible to accumulate a complete sample of about 6000
Type Ia supernovae up to z~ 0.65 after ten years [50]. Strate-
gies leading to higher redshift limit would allow to fully exploit
synergies with near-infrared space telescopes (Euclid, WFIRST)
or optical-infrared telescopes (Subaru). Such strategies would

2 A visit is a 30 second exposure, either a pair of 15-second exposures
("snaps") or one single exposure of 30-second ("no snaps")
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probably consist in observing only two DDFs per season (COS-
MOS each season, and a rolling survey on the four others, two
seasons each) so as to optimize the exposure time per field and
per night and push the redshift limit.

Redshifts Galaxy redshift measurements are critical for the
success of the Type la supernovae LSST survey. The aim is
to have access to spectroscopic redshifts collected by external
surveys (see discussion in sect. 6.2) once the Type la super-
novae have faded.

Photometric calibration The photometric calibration require-
ments for LSST are particularly stringent (see sections 4 and
5 below). Our goal, driven by SN science is to reach 0.1% (1
mmag) in the relative band-to-band flux calibration and 1A in
the control of the passband mean wavelength. Two independent
experiments starDICE and SCALA are being carried out to ad-
dress the main uncertainties affecting the relative flux calibra-
tion, starDICE being designed and driven by IN2P3 teams. Re-
garding the filter metrology, a collaboration has been set up, to
quantify in real conditions on several telescopes (starDICE, ZTF,
Subaru/HSC) the accuracy that can be obtained with the cali-
brated monochromatic pencil beams LSST plans to use.

4. Forecasts : constraints on a time varying Dark
Energy equation of state

We now derive the expected precision on a varying Dark En-
ergy equation of state from a combined analysis of the ZTF,
SSP and an early LSST SN Ia sample. These forecasts are es-
sentially driven by (1) the sample size and redshift lever arm (2)
the quality of the SN light curves and (3) the accuracy of the
survey photometric calibration. We therefore perform forecasts
for three simulated lightcurve samples, representative of the ex-
pected dataset that should be available in ~ 2021, 2023 and 2025,
and two levels of photometric calibration accuracy.

Datasets ZTF and SSP are currently delivering data. Our main
limitation as of today is our ability to collect spectroscopic red-
shifts. Taking this into account, we expect that, by 2021, we will
be in a position to add to the current Hubble diagram the full
SSP sample as well as ~ 800 SNe Ia from ZTF-phase I, limiting
ourselves to the Ia sample with good cadence in all three bands.
This is our 2021 sample.

Then, as ZTF-phase II comes along, we expect to conserva-
tively add about 3000 additional nearby SNe Ia by 2023 to the
2021 sample. This forms our 2023 sample.

LSST is expected to see its first light in the Fall of 2022. In
about two years, the survey has the capability to collect O(2000)
SNe Ia in its Deep Drilling Fields (0.1 < z < 1.1). In the shal-
lower Wide Fast Deep component, the collecting power of LSST
essentially depends on the observing strategy adopted by the sur-
vey. A (very) conservative assumption is that in two years, the
LSST WFD survey can deliver about 5000 very well observed
SNe in the redshift range 0.05 < z < 0.4. Again, LSST will
be limited by its ability to collect the spectroscopic redshifts of
all the well sampled supernovae (see section 6.2). Taking this
into account, we can assume that around 2025, LSST will have
delivered about 7000 well observed SNe in the redshift range
0.05 < z < 1.1. The combination of this LSST dataset with the
previous samples is our 2025 SN sample.

Finally, we are exploring the possibility to complement the
follow-up of a fraction of the LSST supernovae with IR observa-
tions from space, using a strategy similar to what is being done
with SSP. The source of IR observations can be HST in the early
days of LSST, or WFIRST later in the life of the survey. In this
paper, we explore the impact of adding 500 LSST SNe Ia, in the
redshift range 1.1 < z < 1.5, with only one additional visit in
the HST/WFC3 F105w and F140w bands (at 1.05 and 1.1 um
respectively). This dataset is called 2025/HST.

Calibration Photometric calibration precision can be summa-
rized with two sets of quantities: the uncertainties affecting the
relative band-to-band flux calibration and the uncertainties on
the filter passband positions. In this paper, we consider two cali-
bration scenarios: a conservative scenario, where essentially we
stay at the current state of the art (i.e. 0.5% accuracy for the
band-to-band calibration, and 5A for the uncertainty on the fil-
ter positions), and a second scenario, where our more ambitious
calibration goals of 0.1% in flux and 1A in wavelength are met.

Method We use a forecasting method derived from an idea ini-
tially proposed in [2]. The forecasting code takes as inputs sim-
ulated SN light curves representative of the various surveys dis-
cussed above and a calibration covariance matrix (the expected
accuracy of flux calibration and filter metrology). The method
emulates the main steps of a SN analysis, in particular, (1) the
training of a simplified SN spectrophotometric model (2) the
light curve fits with the trained model (3) the standardization
process (4) the final cosmology fit. In order to keep the process
tractable, the time evolution of the supernovae is compressed
into one single amplitude per band.

From these elements, we compute, for each sample and each
calibration scenario, a Fisher matrix, marginalized over all the
parameters but the cosmological parameters (i.e. marginalized
over the SN spectrophotometric model, the SN light curve pa-
rameters, the standardization parameters and the survey calibra-
tion uncertainties). We assess the impact of each scenario, com-
puting its Dark Energy Task Force Figure of Merit [1]:

FoM = |C(wo, wo)|™'/?

To go beyond the simplistic Fisher matrix formalism, we
have implemented an alternative approach inspired from [3] (see
appendix E). It consists in constraining, from the same code,
a binned cosmology, instead of a (w, w,) model. The resulting
binned distance moduli u(z;), along with their covariance ma-
trix, marginalized over all the nuisance parameters encapsulate
all the cosmological information that can be obtained from the
survey, and can be used to produce realistic contours, combined
with other constraints, such as Planck or DESI.

Results Our forecasts are presented on figures 1 and 2. In the
left panels of figure 1, we display the required precision on dis-
tance measurements to reach a precision of 5% (resp. 1%) on w,
along with the expected uncertainties on the difference of dis-
tance moduli between low-z and high-z SNe Ia (which is the
cosmological signal we need to capture in order to measure w).
The right panels show the expected contours in the (w, w,) plane.
Each line corresponds to a different scenario. We show (1) the
situation as of today, with only marginal constraints on (w, w,)
(2) the expected constraints in 2021 (same calibration precision)
(3) the constraints in 2025, combining the ZTF and SSP samples
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Fig. 1. Left panels: sensitivity of the u(z) relation to the Dark Energy equation of state parameter w: differences in distance moduli u(z) between
ACDM measured by [Planck2018] and wCDM for a flat Universe. The green butterfly shows the uncertainty on the difference of low- and high-
redshift distance moduli, which is what we need to measure in order to constrain w. Right panels: constraints on a time varying Dark Energy
equation of state, in the ww, plane for a flat Universe. From top to bottom: (1) state of the art, as of today (2) with the 2021 sample (ZTF + JLA +
SSP) (3) with the 2025 sample (ZTF + JLA + SSP + LSST(2 years) (4) with the 2025 sample and a calibration accuracy of 0.1% in flux and 1A

in wavelength.

with the first two years of LSST (same calibration), along with
the expected constraints from the DESI BAO survey.

The last line shows the impact of an improved calibration:
i.e. reducing the relative band-to-band flux uncertainty to 0.1%,
performing a filter metrology accurate at the level of ~ 1A and
replacing the CALSPEC white-dwarf flux scale by the NIST cal-
ibration (i.e. getting rid of the white dwarf modeling uncertain-
ties). Again, we see that photometric calibration has a tremen-
dous impact on the final constraints on the dark energy equation
of state.

The expected evolution of the figure of merit as a function
of time is shown on figure 2. The upper panel shows a baseline
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scenario, where we successively combine the legacy dataset with
SSP, ZTF-phase I and LSST as they become available, without
making any progress on calibration. The lower panel shows the
relative improvements obtained from (1) adding ZTF-phasell to
the total sample (2) adding HST observations to a selection of
500 of the LSST high-z SNe (3) reaching our calibration accu-

racy target of 0.1% in flux and 1A in wavelength.

This figure has several important implications. First, we note
that we can reach a FoM greater than 400 with only two years of
LSST data. We point out again the impact of photometric cali-
bration, and the importance of reaching our calibration target to
extract the most of the LSST sample. The key to meet this goal is
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the starDICE experiment, and the current filter metrology efforts
[e.g. 46, and §5.3].

Finally, we note that LSST could greatly benefit from exter-
nal datasets, such as ZTF-phase II at low redshifts. Also, com-
plementing the LSST follow-up with near-IR observations from
space (e.g. HST or WFIRST) would allow to to extend the Hub-
ble diagram to a redshift of ~ 1.5 with a significant impact on
the cosmological constraints. Again, the key condition is that
the calibration of these external datasets meet the LSST require-
ments.

5. The key to success : photometric calibration at
the mmag level

5.1. State of the art

As illustrated in figure 1, the distinctive feature of a departure
from the cosmological constant model associated to a 1% change
of the EoS parameter (w = —0.99) is a change of the distance
ratio of only 0.15% in the 0.1 < z < 0.6 redshift range (or equiv-
alently a change of 3 mmag of distance modulii).

The distance modulus estimate of a SN Ia can be thought of
as u ~ B—3E(B - V) — By, where B is the reconstructed peak
magnitude of the event in rest-frame photometric band B and
E(B-YV) its reconstructed color excess used to correct the bright-
ness estimate according to the empirical brighter-bluer law. The
constant By stands for the intrinsic mean magnitude of SNe la
and cancels in distance ratios.

Errors in the differential flux calibration between the bluer
photometric bands (in which the low redshift events are ob-
served) and the redder bands, in which high redshift events fall,
translate directly into a systematic error in the distance ratio,
with a sensitivity exacerbated by the large value (~ 3) of the
brighter-bluer coefficient. For example, applying the above to
the estimate of differences in distance modulii at redshifts 0.1
and 0.6 where bands B, V respectively map to bands g, r and i,
z, one realizes that the result is surely a function of the combina-
tion 2g—3r—2i+3z. This straightforward computation illustrates
the fact that relative errors in band-to-band calibration must be
controlled at the 1 mmag level for a target accuracy in distance
modulii at 3 mmag.

The current approach for flux calibration relies on numer-
ical models of stellar atmospheres. The best established net-
work of spectrophometric standards to date, the CALSPEC
database [8, 9] relies on the numerical computation of the spec-
tral energy distribution (SED) of 3 nearby white dwarfs selected
for their low-extinction and nearly pure-hydrogen atmosphere.
High-resolution spectroscopic observations of the white dwarf
spectra, in particular of the hydrogen lines, set the parameters of
the numerical simulation. Extension of the approach to a larger
number of objects [35] confronts sizeable amount of extinction
by interstellar dust adding up further complexity and room for
systematic errors. While no assessment of the fundamental lim-
itations of this technique has yet been derived, a lower bound on
the current uncertainty level can be obtained from the confronta-
tion of different implementations of the same approach. The lat-
est comparisons of models indicates that the uncertainty budget
on the ratio of the blue and red part of the visible spectrum is of
about 0.5%. The next generation of surveys, in particular LSST,
requires a substantial step-forward in term of photometric accu-
racy to benefit from the one-order-of-magnitude increase in the
available statistics.

5.2. The starDICE project

An alternative to white dwarf models is to anchor the astronom-
ical flux scale on laboratory standards, and more specifically, on
the definition of the optical Watt maintained at the National In-
stitute of Standards and Technology (NIST). NIST uses a cryo-
genic electrical substitution radiometer called POWR [19], that
links the optical Watt to the electrical definition of the Watt. The
principle is to compare the temperature elevation of an absorbing
cavity when illuminated by a laser or when heated using a resis-
tor. POWR can measure fluxes with an accuracy of 107>, NIST
operates a metrology chain from POWR to large area photodi-
odes, which are used to disseminate the NIST flux scale. The
accuracy of NIST calibrated photodiodes is now at the per-mil
level.

The goal of the starDICE experiment is to re-observe the
CALSPEC stars using a dedicated telescope, whose calibration
is being monitored in real time with a stable, NIST-calibrated
light source. The source is made of 24 narrow spectrum LEDs,
covering the wavelength range 4000A < A < 9000A. 1t is cal-
ibrated spectrophotometrically on a dedicated bench, using a
NIST photodiode as the primary flux standard and then trans-
ported on site for operations. The telescope focal length is cho-
sen short enough so that the source cannot be resolved, making
it a very good approximation of an artificial star, of known flux
and spectrum. The telescope observing program consists in iter-
ating between the calibrated source and the CALSPEC targets.
The source is regularly recalibrated on bench.

The key design choices of starDICE have been validated
during the first phase of the experiment (2018-2019). starDICE
phase-II is currently starting, with a new telescope and camera, a
new fainter source. The goal is to accumulate about 200 nights of
data, in order to beat the variability of the atmosphere, and reach
a precision of 1 mmag on the comparison of the CALSPEC and
NIST flux scales over the visible wavelength range. The goal
is to deliver a smooth recalibration function that encodes the
difference between the CALSPEC and NIST flux scales at all
wavelengths, and to eliminate the modeling uncertainties from
the CALSPEC error budget.

5.3. Filter metrology

starDICE is designed to address the problem of controlling the
relative flux calibration at the per-mil level. The other important
contribution to the calibration error budget is the uncertainties
affecting the determination of the survey passbands. To first or-
der, the main quantity of interest is the mean position of the pass-
band in wavelength. For LSST, the goal is to control it with an
accuracy of 1A.

The base plan is to use a “Collimated Beam Projector”
(aka CoBP), i.e. a monochromatic source, installed in the LSST
dome, fed with a tunable laser, and generating a series of
monochromatic pencil beams. The resulting illumination pat-
tern is a series of spots on the focal plane. The comparison of
the spot photometry and the source illumination yields a in-situ
measurement of the survey passbands. The accuracy of the pass-
band determination is being investigated: The starDICE and Har-
vard group are collaborating on a precuror CoBP to be used on
the starDICE experiment. There are plans to build a “traveling
CoBP” to be used to measure the ZTF and Subaru passbands.
This would allow to maximize the cosmological impact of these
samples, to gain experience with this new technique, and to val-
idate the CoBP concept.
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6. Discussion
6.1. Supernova type identification

To construct the Hubble Diagram, surveys first detect super-
novae and then classify them to select those that are standardiz-
able, Type Ia. Classification of supernovae is traditionally done
using spectroscopy. However, obtaining spectroscopy is expen-
sive and telescope time is limited. With the advent of large sur-
veys such as ZTF and LSST discovering up to hundred thousand
SNe, there is not nearly enough telescope time to spectroscopi-
cally confirm each supernova type.

Photometric classification methods provide a typing using
only the evolution of flux with time, light-curve, for a given su-
pernova [24, 21, 33, 27, 36, 32]. These measurements are avail-
able from discovery surveys and do not require additional re-
sources. Photometrically classified SNe can impact positively
the cosmological analyses by: (i) enabling efficient and traceable
use of spectroscopic follow-up and (ii) selecting larger samples
of SNe Ia without spectroscopy for systematic and Dark Energy
studies.

Photometric classification also enables the selection of larger
and more diverse SN Ia samples. Recent supernova surveys have
started to develop cosmology analyses using photometrically se-
lected SNIa samples. Such analysis, although currently limited
by systematics such as contamination, take advantage of larger
and more diverse SN Ia samples [22]. In preparation for next
generation experiments, methods and data challenges are being
developed to obtain high-purity photometric samples using ma-
chine learning [32, 20, 30].

Current constraints of Dark Energy with SNe Ia are limited
by systematic uncertainties. One of the top five systematic un-
certainties arises from spectroscopic selection bias [23, 11]. Ac-
curate partial light-curve classification, with only a handful of
photometric epochs around maximum light, can select in a re-
producible manner supernovae for spectroscopic typing [32, 34].
Thus, efficiently distributing resources in and improving model-
ing of selection biases to reduce its systematic budget. The goal,
for SN cosmology surveys is to ensure that the bias due to con-
tamination by non-Ia transients does not depend on the redshift.
The high-quality of ZTF, SSP and LSST lightcurves should al-
low us to reach very low contamination levels with photometric
identification techniques.

6.2. Obtaining redshifts

Collecting precise galaxy redshift estimations is a key challenge
of the Type Ia supernovae program of LSST. The Time-Domain
Extragalactic Survey (TiDES) of 4AMOST will be used to provide
low-redshift (z < 0.5) corresponding to the WFD survey. The
DDF program could take advantage of the Subaru Prime Focus
Spectroscopy (PFS) observations up to z < 1.

4MOST is a 4-m multi-object telescope to be in operation
late 2022 with a field-of-view of 4.1 deg?. It will survey the
southern sky over 5 years with repeated visits to deep fields.
It will be the premier wide spectroscopic facility (30 deg® per
night) in the southern hemisphere. TiDES is focused on the spec-
troscopic follow-up of extragalactic optical transients and vari-
able sources selected from forthcoming large sky surveys (such
as that from LSST). With 250000 fiber hours over 5-years and a
limiting » magnitude of 22.5 (corresponding to a medium Type
Ia supernovae at z ~ 0.5), TiDES is able to collect ~ 30-40k
live Type Ia supernovae over 5 years up to z ~ 0.5 and 50k host
galaxy redshifts up to z < 1 (after SN has faded). This would
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correspond to about 10-15% of the Type Ia supernovae sample
observed by LSST.

The PFS is a spectrograph system with a fiber positioner sys-
tem mounted at the prime focus of the Subaru telescope. It allows
the simultaneous spectral observation of up to 2400 astronomi-
cal targets at a time using a wide field of view of 1.3 deg?. The
spectra cover the near-infrared regime (from 900 nm to 1800 nm)
allowing a highly efficient observation of the rest-frame optical
spectral features for objects at redshifts 0.8 < z < 2.4. The PFS is
expected to come fully online in late 2021 or early 2022 and will
measure about 4 millions of emission-line galaxies. The DDF
program could thus rely on PFS observations to obtain hosts red-
shifts and to measure spectra of about 10% of live supernovae.

6.3. Astrophysical Biases (host)

SN cosmology relies on the assumption that we are able to pre-
dict the standardized magnitude of SNe Ia as a function of red-
shift or between any sample. However, because the true nature
of the astrophysical phenomenon leading to a Type Ia Supernova
event still remains unclear, this assumption most likely is wrong.
Yet, the scale of this uncertainty might as well be a subdominant
effect in comparison to other systematic uncertainties, such as
photometric calibration, uncontrolled selection function or non-
Ia contamination ; or not.

In the last 10 years, the issue of astrophysical biases in SN
cosmology has become a major topic of study. The first discov-
ered effect was the mass-step [S1]: the fact that standardized
SNe Ia are brighter in massive galaxies than those in low-mass
host. Today, most of the cosmological analysis are accounting
for this effect by making the SNe Ia from high-mass host artifi-
cially fainter (~ 0.1 mag) independently of their redshift or their
sample. Yet, the underlying connection between the host mass
and the supernova is unclear, the question then arises of the va-
lidity of the approach.

Recent studies seem to indicate that the age of the progenitor
might have a leading role in the known SNe Ia astrophysical vari-
ations [26, 43, 45]. It has been claimed since 20 years that SNe
Ia could arise from two populations, one young (<1Gyr) and one
old (>few Gyr) ; aka the "A+B" or "prompt and delayed" models
[48, 31, 53]. The aforementioned recent host analyses are using
the color or the specific star formation rate in the local SN envi-
ronments and they imply that SNe Ia from young environments
(the prompts) are fainter. Since high-mass galaxies have a rela-
tively low fraction of young stars, they largely favor delayed SNe
Ia, which explains why SNe Ia from such galaxies appear on av-
erage fainter. If this is true, then the true "host standardisation”
to apply to SNe Ia most likely is redshift dependent since the
mass-age relation of galaxies is redshift dependent. Models exist
to account for such SN population drift [43], and are currently
being tested.

Fortunately, the new generation of surveys is able to gather a
large sample of SNe Ia clear for any selection effect. The "com-
pleteness sample" of ZTF (see section 3.2) will shortly include
~ 1000 SNe Ia (up to 5000 for ZTF phase II), randomly sampling
the true underlying population of SNe Ia at z < 0.1. Thanks to
such a trivial selection function and because those SNe Ia are
relatively nearby three scenario can be drawn (or any combi-
nation): (1) model the underlying connection between SNe Ia
and their host galaxy could be tested ; (2) find host-related SN-
lightcurve feature ; (3) identify a subgroup of SNe Ia potentially
free. Then, techniques to best account for SNe Ia redshift drift
could be tested and validated on a selection of randomly typed
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SNe Ia (to best sample the true redshift dependent underlying
distribution of SNe Ia) from the LSST deep fields.

In summary, while astrophysical biases are now recognized
as a significant source of systematic uncertainties for SN cosmol-
ogy, the ongoing and new generation of surveys should provide
the sufficient information to enable us to reduce astrophysical ef-
fects at the statistical error level ; providing sufficient effort are
dedicated to this issue.

7. Conclusion

IN2P3 teams are involved in two major SN surveys, targeting
currently underconstrained regions of the Hubble diagram: ZTF
at low redshifts and SSP at high redshift. Combined with the
existing legacy datasets, these news SN Ia samples have the po-
tential to triple the current constraints on a varying dark energy
equation of state, before the first light of LSST. Also, these two
projects prefigure LSST, and allow us to develop codes and know
how that will be essential for the analysis of the LSST data — in
particular, they need to be calibrated with a precision compa-
rable what is needed for LSST. SSP and ZTF are therefore es-
sential milestones in our roadmap towards the first constraining
measurements of the Dark Energy equation of state.

LSST will revolutionize SN Ia cosmology, and has the ca-
pability to produce the first constraining measurement of (w, w,)
in only two years of survey operation. The success of this pro-
gramme depends on our ability to meet several challenges. First,
LSST needs to implement an adequate observing strategy to de-
liver O(10000) very high quality SN Ia light curves. Well sam-
pled light curves in at least 3 bands are key to obtain good qual-
ity standardized distances and allow a well-controlled contami-
nation of the Hubble diagram by non-Ia transients. Second, the
photometric calibration of the survey needs to be accurate at the
0.1% level. Several dedicated calibration projects, notably the

starDICE experiment, are currently underway to meet this chal-
lenging goal.
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