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Abstract The primary agent for Type Ia supernova cosmology is the uni-
formity of their appearance. We present the current status, achievements
and uncertainties. The Hubble constant and the expansion history of the
universe are key measurements provided by Type Ia supernovae. They were
also instrumental in showing time dilation, which is an direct observational
signature of an expansion. Connections to explosion physics are made in
the context of potential improvements of the quality of Type Ia supernovae
as distance indicators. The coming years will see large efforts to use Type
Ta supernovae to characterise dark energy.

1 Background

The monolithic picture of Type Ia supernovae (hereafter SNe Ia) of a decade
ago has undergone significant refinements. The observational diversity of
SNe Ia includes ranges in luminosity, light-curve shape, colour, spectral
evolution, and host galaxy environment (e.g. see Branch & Wheeler 2017,
Maguire 2016 and Taubenberger 2016 for summaries on SNe Ia). Although
almost certainly thermonuclear explosions of carbon-oxygen white dwarf
stars, in detail we now believe that SNe Ia are the result of possibly different
explosion mechanisms after a variety of evolutionary paths towards the
explosion. This has opened a rich research field to understand binary stellar
evolution and explosion physics. At the same time, the observed diversity
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has occasionally raised doubts as to whether the cosmological results of
SNe Ia are reliable.

SNe Ia are used in three specific areas of cosmology. Historically, they
have been employed as an accurate distance indicator to determine the
local expansion rate of the Universe (e.g. Leibundgut 2016, Saha and Macri
2016, and references therein), to demonstrate that cosmological redshifts
and time dilation are connected as predicted in all theories based on general
relativity (Leibundgut et al. 1996, Riess et al. 1997, Goldhaber et al. 2001,
Blondin et al. 2008), and to map the expansion history of the universe,
which led to the original discovery of the accelerated expansion (Riess et
al. 1998, Perlmutter et al. 1999), and more recent studies investigating
the nature of dark energy (Betoule et al. 2014, for reviews see Leibundgut
2001, Perlmutter & Schmidt 2003, Leibundgut 2008, Goobar & Leibundgut
2011). The distance determination is critical for the Hubble constant and
the expansion history, while the uniformity of the light curves and spectral
evolution was used to show how time dilation acts on distant supernovae.

Establishing the uniformity of SNe Ia has been an important factor in
their cosmological application. SNe Ia are observed to explode with approx-
imately the same luminosity to within around a factor of two, presumably
due to the similarity of the triggering white dwarf mass and therefore the
amount of nuclear fuel available to burn. More detailed observations have
led to sophisticated treatments and standardisations, involving light curves,
spectra, and the star-formation rate and stellar masses of the SN Ia host
galaxies. The light-curve shape vs. luminosity relation as originally intro-
duced by Phillips (1993) was the most important improvement to achieve
distance accuracies required to detect the acceleration and to bring the
uncertainty in the determination of Hy to less than 5% (see Phillips and
Burns 2016, for a review on the different light curve correction methods).
Today, the most popular correction methods are SALT2 (Guy et al. 2007),
MLCS2k2 (Jha et al. 2007), SNooPy (Burns et al. 2011) and SiFTO (Conley
et al. 2008). There are differences in how these methods apply the correc-
tions and in their training sets, but the results appear quite robust and only
subtle differences remain.

One critical parameter is how reddening is implemented: this is a free
parameter combining colour and absorption in the cosmological interpreta-
tion of SALT2 and SiFTO (e.g. Tripp 1998), but follows an astrophysical
reddening law in MLCS2k2 (albeit with a non-standard Ry ) and SNooPy.
While these simple approaches are adequate for the current generation of
experiments, they are unlikely to be sufficient as SN Ta measurements be-
come ever more precise. Recent studies have provided evidence that the
colour-luminosity parameter (‘5’) may evolve with redshift (e.g. Shariff et
al. 2016); evidence that the SN Ta colour corrections can produce biased pa-
rameters if the underlying SN colour distribution is not accurately known
(e.g. Scolnic & Kessler 2016); evidence for diversity in the extinction laws
affecting SNe Ta (Amanullah et al. 2015); and long-standing evidence that
conflating SN extinction and intrinsic colour variation into one parameter
can (as might be expected) produce biased results(e.g. Mandel et al. 2017).



These effects will lead to the handling of SN colour becoming a dominant
uncertainty in upcoming analyses.

The most direct and easiest way to show that SNe Ia yield good (rel-
ative) distances is the Hubble diagram. Good standard candles delineate
a line with a fixed slope, given by the linear expansion in the local uni-
verse (z < 0.1), when plotting observed magnitude versus the logarithm
of the redshift (m o« 5log(z); see Fig. 1). The zeropoint of the expansion
line is a combination of the Hubble constant and the absolute magnitude
of the distance indicator. The scatter around this slope gives an indication
on the precision of the standard candle. After correction by the methods
mentioned above, SNe Ia provide individual distances of better than 6%
(e.g. Riess et al. 2016, Dhawan et al. 2018). This argument is completely
independent of any knowledge of the physical nature of SNe Ia and can
be regarded as entirely empirical. The Hubble diagram has traditionally
been used to establish the quality of distance indicators (see the reviews by
Branch 1982, 1998, Branch & Tammann 1992).

Although nearly all published cosmological constraints have been made
with distance estimators constructed in the rest-frame optical, redder wave-
lengths have the potential to provide superior distance estimates. Fig. 1
shows the rest-frame J—band Hubble diagram of nearby SNe Ia (from
Dhawan et al. 2018; a discussion of earlier SNe Ia infrared Hubble dia-
grams can be found in Krisciunas 2016). In this case no correction to the
J—band peak magnitude has been applied: the SNe Ia have been treated
as pure standard candles. The slope of the line has been fixed to the fidu-
cial slope for the linear expansion. The fit is extremely good with a scatter
around the Hubble line of 0.12 magnitudes. It is clear from the uncertain-
ties for each supernova that the scatter is intrinsic to the SN Ia sample and
a suitable correction might decrease it further. However, there is no clear
correlation with other observables (colour, light-curve shape in the optical
bands, host galaxy properties; see Dhawan et al. 2018 for a discussion). The
scatter should be compared to a standard variation of 0.128 magnitudes for
271 optical light curves with 0.01 < z < 0.15 used in Riess et al. (2016).

A second method to establish the uniformity of a (normalised) lumi-
nosity is by sampling SNe Ia at known distances. If the used distances are
absolutely calibrated, then this method is more powerful than the Hubble
diagram. Measuring exact distances to SNe Ia has the problem that the
volume reachable by reliable distance indicators is rather limited and the
low rate of SNe Ia leads to very small samples. The Hubble Space Telescope
(HST) was critical for this method (see Saha and Macri 2016, for a review
of these programs) and has by now yielded a sample of 19 SNe Ia with
Cepheid distances (Riess et al. 2016). The Cepheids were measured in the
near-infrared (1.6um) to reduce uncertainties in phase calibrations and ab-
sorption. The standard deviation among the absolute luminosities of these
19 SNe Ia with Cepheid distances is 0.17 magnitudes. This is larger than
the scatter in the relative distances measured through the Hubble diagram
(as already pointed out by Dhawan et al. 2018). Nevertheless, this means
that the SNe Ia in the calibrator set show individual distance uncertainties
of about 8%.
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Fig. 1 The Hubble diagram of SNe Ia in the rest-frame J—filter. No correction
has been applied to the maximum magnitudes. The slope of the line is fixed by the
linear expansion in the local universe. Data from Dhawan et al. (2018).

These two independent methods show that SNe Ia currently provide the
most accurate individual distances at cosmological scales. Even though the
physics of explosion and radiation transport may not be fully understood,
the observed uniformity of the light curves and the empirical normalisation
methods yield an excellent consistency in the local universe.

2 SN Ia cosmology

As already indicated, SNe Ia play decisive roles for the determination of the
Hubble constant and the mapping of the expansion history of the universe
and hence the contribution of various energy components to the cosmic
expansion.

2.1 Hubble constant

SNe Ia are the secondary distance indicators to step from the gravitation-
ally bound systems, like the Local Group and the Virgo Supercluster, into
the Hubble flow, where the cosmic expansion dominates. Once the best-fit
expansion line in the Hubble diagram is determined, the Hubble constant
can be found from the line zeropoint and an independent measurement of
the absolute magnitude of SNe Ta at maximum (M,,q,). Attempts to derive
the absolute magnitude from models have so far failed due to insufficient
knowledge of the explosions and the variety displayed amongst SNe Ia (e.g.
Stritzinger & Leibundgut 2005).



The direct way of measuring M4, is through Cepheid distances, which
themselves are anchored by geometric methods. This has been the classic
distance ladder approach (see Jacobi et al. 1992 for a comprehensive de-
scription of early methods). The HST key program (Freedman et al. 2001)
and the SN Ia programs by Sandage, Tammann and Saha, and SHyES (see
Saha and Macri 2016, for a complete bibliography of these efforts) have
reduced the distance ladder to three steps: a local (geometric) anchor to
calibrate the Cepheid period-luminosity (Leavitt) relation, calibrate SNe Ia
with Cepheid distances and then use the Hubble diagram to step into the
Hubble flow. Most prominent anchors are geometric distances to Milky Way
Cepheids, eclipsing binaries in the Large Magellanic Clouds and the water
megamasers in NGC 4258 (Humphreys et al. 2013). By reducing the num-
ber of steps in the distance ladder the sources of uncertainty have been
diminished significantly. Nevertheless, there remain several systematic un-
certainties, which will need to be addressed in the future. Among them are
the influence of metallicity on the Leavitt relation of the Cepheids and some
slight incompatibilities of the different anchors. It is a great achievement
that the Hubble constant has been determined to a few percent!

2.2 Time dilation

Universe models based on General Relativity predict time dilation due to
the expansion of the universe. Non-expanding models typically do not pre-
dict time dilation for distant objects. The SN Ia light evolution can be used
as accurate ‘clock’ to measure time dilation in distant objects. This had been
suggested already shortly after supernovae were discovered as a class (Wil-
son 1939) and was confirmed only some 50 years later, first through light
curves (Leibundgut et al. 1996, Goldhaber et al. 2001) and then in the spec-
tral evolution (Riess et al. 1997, Blondin et al. 2008). Fig. 2 shows a compar-
ison of the observed B light curves of nearby SNe Ia (z < 0.1) and observed
R light curves of SNe Ia from the JLA sample with 0.45 < z < 0.55. The
B filter is redshifted into R at z ~ 0.5 (e.g. Schmidt et al. 1998). Despite
considerable diversity in light curve shape that can be seen in the local and
the distant SN Ia samples, the high-redshift SNe Ia clearly have a wider
peak and a significantly larger rise time. These are the signatures of time
dilation. Quantitative analyses confirm the expected factor of 1 4+ z (Lei-
bundgut et al. 1996, Goldhaber et al. 2001, Blondin et al. 2008). All distant
supernova light curves are now routinely corrected for time dilation.

2.3 Cosmic expansion history

SNe Ia are the most mature and well-exploited probe of cosmic acceleration,
and remain a highly-competitive and immediate route to constraining its
nature. In a homogeneous and isotropic universe, i.e. using the Robertson-
Walker metric, the scale factor changes according to the energy content
of the universe. In older formulations, the deceleration parameter was de-
termining the fate of the universe (e.g. Sandage 1961) and cosmology was
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Fig. 2 Observed light curves of SNe Ia in the local universe (z < 0.1) in B and
at a redshift 0.45 < z < 0.55 in R. The normalisation is at the time of maximum
and the individual light curves have been shifted to the same maximum brightness.
The stretching of the observed R light curves relative to the local B light curve is
apparent.

referred to as the search for two numbers (Hy and go; Sandage 1970). The
discovery of the accelerated expansion (Riess et al. 1998, Perlmutter et
al. 1999) and the corresponding existence of Dark Energy (in Friedmann-
Lemaitre models) has been widely documented. The simple argument on
the accuracy of the distance indicator used in the local Hubble diagram
cannot be applied at large distances, since deviations from the linear ex-
pansion are the measurement. Critical assumptions for this application are
that the corrections applied to the nearby SNe Ia are valid throughout the
observed redshift range, that no selection biases affect the distant sam-
ples and that the corrections for redshift and absorption can be controlled.
A thorough discussion of many of these fundamental assumptions can be
found in Goobar & Leibundgut (2011).

When combined with Planck CMB measurements and Baryon Acous-
tic Oscillation results, current SN Ia samples measure the average dark
energy equation-of-state parameter w to around 4-4.5%. The state of the
art until recently was the combination of the Sloan Digital Sky Survey-II
(SDSS-II) SN program and the first three years of the five-year Canada-
France-Hawaii Telescope Supernova Legacy Survey (SNLS), plus various
other sources (Betoule et al. 2014). They presented a sample of 740 spec-
troscopically confirmed SNe Ta from 0.1 < z < 1 (374 from SDSS, 242
from SNLS). The joint light-curve analysis (JLA) in Betoule et al. (2014)
has become the default for cosmological applications of SNe Ia, is most
frequently used in comparison with other methods to measure the cosmo-
logical parameters (e.g., Planck; Planck Collaboration et al. 2016) and is



the de facto standard of SN Ia cosmology. The cosmological analysis of
the full five-year SNLS and the ESSENCE SN Ia search (Narayan et al.
2016, 213 spectroscopically confirmed SNe Ia) have not yet been presented.
Since the systematics of the photometric systems are critical, it is very
difficult to combine the SNLS and the ESSENCE data sets for a cosmo-
logical analysis. So far, no attempt has been made to combine these data
sets. Underlying this problem is the difficulty of absolute calibration of the
photometric systems between the different telescopes and instruments (e.g.
Scolnic et al. 2014) and the subsequent uncertainties in colour, reddening
and K-corrections.

New attempts to combine large SN Ia samples have been made by Scol-
nic et al. (2017) and Jones et al. (2018). By adding 276 spectroscopically
confirmed SNe Ia from the Pan-STARRS1 Medium Deep Survey to the
JLA sample, the total number of SNe Ia in the analysis increases to 1049
objects. The conclusions remain unchanged and the uncertainties have de-
creased slightly. For a constant equation of state parameter w in a flat
universe the uncertainty is now about 4%.

With these large samples, it has been clear for several years that the re-
sults are now dominated by experimental systematic uncertainties (Conley
et al. 2011), and reducing the statistical error with a larger sample of the
same type will only provide limited improvement over the current result.
This also means that new data samples based on the same experimental
methodology, in particular photometric calibration of the observed optical
SN Ia fluxes, will not yield improvements in accuracy.

The SN Ia likelihoods are typically orthogonal to other measurements
of cosmological parameters (e.g. Bahcall et al. 1999) because of the lower
mean redshift compared to most other methods (see Goobar & Perlmutter
1995, for an illustration of this effect). SNe Ia currently also sample the
redshift space out to z ~ 1.4 more densely than any other method. While
the CMB provides a snapshot at z = 1000, Baryonic Acoustic Oscillation,
weak lensing and redshift space distortions typically provide measurements
at a few redshifts. The latter methods rely on large statistical samples to
overcome the considerable individual distance uncertainties. The accuracy
to a few percent in distances have allowed the SNe Ia to provide a much
denser sampling with a significantly smaller investment of observing time.

3 SN Ia physics

Taken at face value, the simplicity of the SN Ia technique in cosmological
applications — comparing the relative brightnesses of events at different
redshifts — suggests the ultimate accuracy of their use may only be limited
by the extent to which relative calibrations of their fluxes can be performed.
But this is an oversimplification, and ignores the considerable ignorance of
the detailed underlying physics governing SN Ia explosions.

The compactness of the progenitor stars of SNe Ia has been demon-
strated by the non-detection in deep pre-explosion imaging of the nearest,
unobscured SN Ta in decades, SN 2011fe (Nugent et al. 2011, Li et al.
2011). The progenitor star is very likely in a binary system, in which the



progenitor white dwarf can be disturbed, or gain mass, and thus explode.
But the configuration of this progenitor system prior to explosion remains
uncertain.

Searches for compact objects in young SN remnants have so far come up
empty handed, indicating that the secondary star is most likely destroyed
(e.g. Kerzendorf et al. 2017). There are indications that some SNe Ia ap-
pear associated with circumstellar gas (Patat et al. 2007, Sternberg et al.
2011, Maguire et al. 2013, Sternberg et al. 2014, Cikota et al. 2017), which
presumably came from a companion to the white dwarf. Sometimes this
circumstellar material can be very dense, and interactions with it almost
drown out the classical SN Ia signature (e.g., Dilday et al. 2012). But the
majority of SNe Ia are consistent with originating from systems of (at least)
two white dwarfs in clean environments, with no indication of circumstellar
material (Phillips et al. 2013).

The main observational characteristics of SNe Ia are the light curve
shapes, which reflect a combination of explosion energy, nickel mass, ejecta
mass and composition, and spectral evolution, which traces the ejecta struc-
ture and element stratification, if present. The variety of SNe Ia has been
described in Maguire (2016), Taubenberger (2016) and Jha (2017).

The majority of SN Ia display very similar characteristics. In particular,
the success in applying the Phillips relation for light-curve shape leading to
a small scatter in the Hubble diagram, is testimony to the uniformity of a
majority of the explosions. There appears to be a continuity in the distribu-
tion of light-curve widths and peak luminosity. This has been connected to
a possible diversity in the nickel mass produced in the explosion (Nugent et
al. 1995, Contardo et al. 2000, Dhawan et al. 2016). A possible connection
to the ejecta mass was established later (Stritzinger et al. 2006, Scalzo et
al. 2014a,b).

Several distinctions have been introduced among the fast-declining SNe Ia.
Taubenberger (2016) provides an exhaustive overview. Many different be-
haviours have been observed and no clear consensus on a possible physical
interpretation of the diversity has emerged.

Several special sub-classes of SNe Ia have been identified. One such are
the SNe Iax (Foley et al. 2013, Jha 2017). They have originally been identi-
fied through the observations of the peculiar SN 2000cx (Li et al. 2001) and
SN 2002cx (Li et al. 2003). SNe Iax are SNe Ia with a faster evolution (fast
rise-times and typically also a fast decline-rate after maximum) and low
expansion velocities (see Jha 2017, for an overview of SN Tax properties).
Most importantly, these SNe Ia show a lower luminosity when compared to
most other SNe Ia. Another distinguishing characteristic is the lack of a sec-
ond maximum in the near infrared light curves. It has been suggested that
SNe Tax come from pure deflagration explosions (e.g. Phillips et al. 2007)
and it seems that at the low luminosity end of the SN Ia distribution a differ-
ent explosion mechanism might be in place than for the regular-luminosity
objects (Dhawan et al. 2017). Some SNe Tax might not completely inciner-
ate and leave a stripped white dwarf behind (Fink et al. 2014). SNe Iax can
be cleanly separated from regular SNe Ia and are eliminated from SN cos-



mology samples. Due to their lower luminosities they are also discriminated
against in distant SN samples.

More problematic for cosmology are ‘overluminous’ SNe Ia. The first
such object identified was SN 1991T (Filippenko et al. 1992, Phillips et al.
1992). While somewhat more luminous than the majority of SNe Ia, it is still
considered to be connected to the bulk of SNe Ia. Its light-curve shape fits
onto the Phillips relation, and its luminosity can be normalised. A separate
class of ‘super-Chandrasekhar’ mass SNe Ia has been observed. The first
example of these objects was SN 2003fg (Howell et al. 2006). The best ob-
served super-Chandrasekhar SNe Ia appear to be SN 2007if and SN 2009dc
(see Taubenberger 2016, for a summary of all known objects at the time).
These overluminous SNe Ia are characterised by a long rise-time, which
leads to estimates of nickel masses in excess of the Chandrasekhar mass
(hence the name). They appear UV bright and display blue colours around
maximum, but also are more luminous at infrared wavelengths, where most
other SNe Ia reach rather similar peak luminosities. Super-Chandrasekhar
mass SNe la are further characterised by lower ejecta velocities. Simple
models predict ejecta masses up to 2 or 3 Mg (Taubenberger et al. 2011).
It is not obvious how such superluminous SNe Ia can be identified in the
cosmological samples. For a given redshift they would indicate a larger
distance and hence could mimic acceleration, if they would represent a sig-
nificant fraction of the most distant supernovae. Due to Malmquist bias one
expects the fraction of luminous SNe Ia to increase with distance. However,
the intrinsic rate of these events is believed to be very small — to date, no
clear superluminous SNe Ia have been identified through their slow rise and
the blue colours in the distant samples.

While understanding the SN Ia physics is exciting in its own right, it has
no direct influence on the capability of (normal) SNe Ia to determine accu-
rate distances. Knowing the exact explosion mechanism and the radiation
transport involved in these explosions may provide additional refinements
in the normalisation methods, like the light-curve shape and colour correc-
tions and the potential dependencies on host galaxy properties. If different
explosion mechanisms for subgroups of SNe Ia could be identified, then a
cleaner sample might be constructed. However, the identification criteria
need to be clear and simple so that they can be applied to noisy data from
faint, distant objects.

4 Sources of Uncertainty

Cosmological results from SNe Ia depend on a number of systematic un-
certainties. The statistical error has been reduced to rather small levels
(about half the total uncertainty; Betoule et al. 2014). Reducing it further
with increased samples will not overcome the systematic problems with the
distance measurements of SNe Ia. An important limiting factor was the re-
quired accurate photometry of the SNe Ia. The latest projects have placed
a strong focus on uniform photometry and have mostly used a single tele-
scope/instrument combination to avoid cross-calibrations of different pho-
tometric systems. Major fundamental uncertainties are the normalisation
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of the luminosity through the light shapes, colours and host galaxy proper-
ties, which are coupled with the unknown absorption in the host galaxy and
potential variations of the absorption law in different galaxies. The solution
for colour, absorption and K-corrections are intimately connected and are
difficult to disentangle.

From Section 3 it is also clear that a better understanding of the pro-
genitor channels and the explosion physics will help in selecting clean SN Ia
samples at all redshifts. Any secular evolution, e.g. potential dependencies
of the peak luminosity on stellar metallicity, could influence the cosmolog-
ical measurement. So far, they appear unlikely, but independent tests have
been sparse. The main argument against a metallicity dependency is that
the local SNe Ia cover a much wider range in metallicities than distant ones,
where the average metallicity is presumably smaller. Hence the observed
scatter would be largest for nearby SNe Ia. Also, the white dwarf produced
in the stellar core by the nuclear burning should be mostly independent of
metallicities.

A promising way forward are observations of SNe Ia in the rest frame
near-infrared. At these wavelengths the absorption is greatly diminished and
SNe Ia behave much more uniformly around maximum light (Krisciunas et
al. 2004, Dhawan et al. 2015). The difficulty is to obtain restframe near-
infrared light curves of distant SNe as the light is redshifted into wavelength
regions with high sky brightness essentially preventing detecing the SNe Ia
beyond z = 0.3 from the ground. The best near-IR Hubble diagrams are
from Freedman et al. (2009), Barone-Nugent et al. (2012), Stanishev et al.
(2015) and Krisciunas (2016). Extending them to higher redshifts requires
space observations. Fuclid and in particular WFIRST will aim to obtain
such measurements in the next decade and will significantly reduce the
uncertainties due to absorption and colours.

5 Current surveys

Three distinct phases of SN Ia surveys can be discerned. The first, the
early SN searches, were essentially trying to find as many SNe as possible,
and establish them as good distance indicators (see Leibundgut 2016, for a
historical account). During the 1980s and 1990s SNe Ia were mostly used
to measure an accurate value of the Hubble constant (most notably the
Calén/Tololo survey; Hamuy et al. 1996). Discovering distant SNe Ia and
cosmic acceleration took most of the decade between 1988 and 1998 (see
Garnavich 2017, for a summary), followed by another decade to confirm the
discovery (Riess 2016, provides a historical overview).

The second phase has been concerned with establishing the machinery
required to make the discovery of SNe Ia routine. Survey such as SNLS,
SDSS-SN, and ESSENCE, together with large allocations of spectroscopic
follow-up time on 8m-class facilities, made the discovery and confirmation
of SNe Ia up to z = 1 common place. This phase is responsible for the
current state-of-the-art cosmological constraints.

The third phase, which we have just entered, is the establishment of
samples of such size that spectroscopic follow-up of all events is no longer
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practical. The cosmological results from the Pan-STARRS1 Medium Deep
Survey have been published by Rest et al. (2014). The full sample is being
published now (Scolnic et al. 2017). The results confirm the cosmological
parameters of the previous studies (see Section 2.3).

The Dark Energy Survey (DES) will discover about 4000 SNe Ia. The
critical host galaxy redshifts are collected in a separate observing program
on the AAT, OzDES (Childress et al. 2017). DES should finish with a
superior photometric calibration compared to earlier efforts (SNLS, SDSS)
and thus should result in reduced uncertainties. DES will also be able to
construct Hubble diagrams and perform cosmological analyses for large sub-
samples of SNe Ia, equivalent in size and power to SNLS, for the first time,
providing a very sensitive test of astrophysical systematic uncertainties.

At lower redshifts, searches for, and studies of, nearby events continue.
The SHoES project continues to observe Cepheids in nearby galaxies with
well-observed SNe Ia. Gaia will provide a new calibration of the Cepheid
period-luminosity calibration by determining exact distances to many Cepheids
in the Milky Way. This will further reduce the systematic uncertainty in the
determination of Hy. It appears important to continue to define additional
geometric distance indicators to calibrate the SNe Ia.

The Nearby SN Factory has assembled several hundred SNe Ia with de-
tailed observations. The cosmological results are encouraging, although a
final publication on Hj is still outstanding. A correlation between the peak
luminosity and the local star formation rate in the region where the SN oc-
curred has been found (Rigault et al. 2015) and a new method by searching
for SN Ta ‘twins’ at different redshifts has been proposed to improve the
relative distance measurements (Fakhouri et al. 2015). The dense sampling
has also been used to investigate the local flow field (Feindt et al. 2013).

SNe Ia for the purposes of cosmology have not been the main focus of
other nearby searches. The Palomar Transient Factory contributed several
important observations of SN Ia and how we can understand the physics
of these explosions better. The PESSTO/ePESSTO survey (Smartt et al.
2015) has focused on peculiar objects and has given SNe Ia lower priority.
The All-Sky Automated Survey for Supernova (ASAS-SN; Holoien et al.
2017a,b,c) is searching for very bright, nearby SNe and emphasises the new
physics that can be learned from high-cadence observations.

Another promising approach is to observe SNe Ia in the restframe near-
infrared. This has been attempted with HST through two programs fol-
lowing SNe Ia detected by Pan-STARRS1 and the DES. Because of the
decreased systematics even a small fraction of the NIR light curves can
yield cosmological parameters that will be competitive. So far, the results
of these programs have not been published.

6 The Future

Supernova cosmology is well-established. SNe Ia remain the foremost sec-
ondary distance indicators for the Hubble constant. There is no other dis-
tance indicator in the local universe, which can match the accuracy provided
by SNe Ia. It is conceivable that the primary distance indicators might be
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expanded into the Hubble flow but progress has been slow. Megamasers in
galaxy cores appeared for a while as the most promising candidate for a
precise determination of Hy, but there have been only very few objects with
the required geometry. An alternative are Type II supernovae through the
expanding photosphere method and related methods (Nugent and Hamuy
2016 provide an overview of the current developments in this area). Exten-
sions to higher redshifts are starting to appear (Gall et al. 2017, de Jaeger
et al. 2017a,b).

Searches for distant SNe Ia will be dominated by near whole-sky, high-
cadence surveys. The Large Synoptic Survey Telescope (LSST) will find
hundreds of thousands of transient candidates every night, and probably
in excess of 100,000 SNe Ia after five years. It will provide huge statistical
light-curve samples, but spectroscopic follow-up will be limited: a major
systematic uncertainty will be the photometric classification (and redshift
measurement) of the SN detections. Large multiplex spectrographs, such as
4MOST at the ESO/VISTA telescope, are the most promising solution and
will provide redshifts of host galaxies — very similar to OzDES forDhawan
DES — and spectra of thousands of the SNe providing spectroscopic classifi-
cations. But even with 4MOST and other facilities, spectroscopic resources
will not be available to target all candidate SNe, and photometric classifica-
tion techniques are therefore critical for LSST SN Ia cosmological analyses.
Plans to harness such statistical samples and improve on systematics are
being developed. It remains to be demonstrated that these methods will be
able to overcome the above challenges.

The space projects Fuclid and WFIRST will also be major steps in SN
Ta cosmology. Astier et al. (2014) chart an extension program for Euclid (the
Dark Energy Supernova Infra-Red Experiment: DESIRE) to build a densely
sampled Hubble diagram to z < 1.5 containing nearly 20000 SNe Ia. Part
of this sample would be gathered from the ground, while the high-redshift
component would be obtained in a 6-month extension of the Fuclid mission
with observations dedicated to distant supernovae. SNe Ia are part of the
core program of the WFIRST mission. It will provide Hubble diagrams at
many different wavelengths and in particular provide the restframe near-
infrared.

The goal must be to measure any time dependence of the equation of
state parameter. The uncertainties on a constant w in a flat cold dark matter
universe have been reduced to very small values. There are many theories,
which allow for a variable w but constraining any time-dependent w(t) has so
far been rather inconclusive. The required control on the individual distance
measurements are very stringent and have not been achieved so far.

Supernova measurements remain at the core of observational cosmol-
ogy. They make a unique contribution through their exquisite individual
distances. As stellar objects that can be observed across more than half the
known universe, they achieve with small samples what needs huge statis-
tics for other objects (weak lensing, redshift surveys, baryonic acoustic os-
cillations, cosmic microwave background fluctuations) and complement the
other methods.
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