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Standard Candles To Cosmology: Measurement

• For a set of standard candles of luminosity L

- Measure flux f

- Measure redshift z

Brighter
Bluer

Fainter
Redder



Standard Candle Hubble Diagram: 
Expansion History if the Universe



Luminosity

Type Ia Supernovae To Cosmology: Measurement

• For Type Ia supernovae (standardizable candle)

- Measure flux f at different times and wavelengths

- Luminosity L of each supernova encoded in the shape and colors 
of multi-band light curves

- Measure redshift z of supernova or host galaxy

Brighter
Bluer

Fainter
Redder



Supernova Hubble Diagram: 
Expansion History if the Universe



LSST: The Next Generation of Ground-
Based Cosmological SN Surveys

DES SN LSST
Wide Deep Main Deep Drilling

Duration 5 CTIO Semesters 10 years
Effective Mirror 

Diameter 3.6 m 6.7 m

Solid Angle 8x3 sd 2x3 sd 18,000 sd O(5)x9.6 sd

Depth/visit 24
griz

25
griz

24/25/24/23/22
u/gr/i/z

26.5/26/25.5/24.5
gr/i/z/y

Cadence 5 days/band 5 days/band 3 days 4 days/band

Numbers 2500 500 1,000,000 50,000



Current and Upcoming 
Surveys Redshift Distributions

WFIRST



Luminosity

Numbers Do Not Tell the Entire 
Story: Light Curve Quality

• Recall that light curve shapes and colors give the luminosity

Simulated SN Ia Light Curves in the Deep 
Drilling Field 

LSST Science Book v2.0

Chapter 11: Supernovae
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Figure 11.4: Same as for Figure 11.3, but now for the deep drilling survey. Note how much better sampled
the light curves are than for the main survey fields.

• SNe Ib/c based on SN1999ex, which lies in the middle of the range defined by the three SNe
discussed in Hamuy et al. (2002);

• SNe IIl from Gilliland et al. (1999);

• SNe IIn based on SN1999el as discussed in Di Carlo et al. (2002) (note however that this
supernova is almost 2 magnitudes dimmer than a typical SN IIn; we have corrected this back
to “normal” luminosity, which we correct for),

• composite SNe IIp based on Baron et al. (2004),

As discussed in Nugent et al. (2002), one should use caution when applying the above templates
to for example, making K-corrections for determination of rates or cosmology.

These templates do not include intrinsic magnitude or color fluctuations. We added intrinsic
magnitude fluctuations, coherent in all passbands, based on Richardson et al. (2002).

In order to simulate SNcc with SNANA, one must define the input supernova rate. Dilday et al. (2008)
found the SN Ia rate from SDSS to be of the form ↵(1+z)� with ↵Ia = 2.6⇥10�5 SNe Mpc�3 yr�1

and �Ia = 1.5. For SNcc, we take �cc = 3.6 to match the observed star formation rate. Various
studies, the most recent being the SuperNova Legacy Survey (SNLS) (Bazin et al. 2009), have shown
this assumption to be valid, albeit with low statistics and limited redshift range. We normalize
the SNcc rate using the observed ratio of cc/Ia from the SNLS survey of 4.5 at z < 0.4, giving
↵cc = 6.8⇥10�5 SNe Mpc�3 yr�1. Further discussion may be found in § 11.11. The relative numbers
of di↵erent types of core-collapse supernovae are poorly known. Our guesses, which we used in the
simulations, are shown in Table 11.1; they are based on Mannucci et al. (2005) and Cappellaro
et al. (1999) for the Ib/c’s, Cappellaro et al. (1999) for SNe IIn, and private communications from
Peter Nugent for SNe IIl.

Given these assumptions, we simulated a population of core-collapse objects using the SNANA code
described in § 11.2. We then fit the simulated photometry of each object in the combined SNe Ia

386

Luminosities



Numbers Do Not Tell the Entire 
Story: Light Curve Quality

• Supernova discovery 
not sufficient to give 
accurate luminosity 

• Shown are examples 
of SNe that are found 
but give poor 
luminosity 
determinations

11.3 Simulations of Core-Collapse Supernova Light Curves and Event Rates
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Figure 11.3: Simulated SNe Ia light curves (dots), along with the best fit model (green curve), for three
representative SNe Ia from the main field that satisfy the selection requirements (§ 11.2.1) with three or
more passbands having a measurement with S/N> 15. The redshift is shown above each panel. The dashed
green curve represents the model error. The red stars are measurements excluded from the fit because
T

rest

< �15 days or T
rest

> +60 days.

a distance modulus and redshift (i.e., a photometric redshift fit; § 11.4), and then determining the
cosmological constraints, biases, and contamination. These results can then be used to optimize
the light curve sampling requirements per passband.

11.3 Simulations of Core-Collapse Supernova Light Curves and
Event Rates

Joseph P. Bernstein, David Cinabro, Richard Kessler, Stephen Kuhlman

Because the vast majority of SNe that LSST will observe have no spectroscopic follow-up, the
scientific return from LSST SNe will be strongly dependent on the ability to use photometric typing
to classify and determine redshifts for these events. In this section we consider the contamination
rate of the cosmological sample of SNe Ia by core-collapse SNe. The simulations described here
assume that we have spectroscopic redshifts for either the SNe or, more likely, the SN host galaxy.
This is certainly not going to be the case for LSST, and these investigations need to be repeated
in the context of photometric redshifts.

Light curves of core-collapse SNe (henceforth “SNcc”; i.e., SNe Ib/c and SNe II) are less standard
and less comprehensively studied than are the detailed models of normal SNe Ia we used above.
Therefore, we take a template approach to modeling SNcc. We utilized the following spectral
templates constructed by Peter Nugent2:

2http://supernova.lbl.gov/~nugent/nugent_templates.html

385

Simulated SN Light Curves Wide Survey

LSST Science Book v2.0



Numbers Do Not Tell the Entire 
Story: Incomplete Spectroscopy

•Spectroscopy (not part of the imaging DES or LSST 
surveys) gives 
•Transients typed as SNIa 
•Host galaxies identification 
•Highly precise redshift

OzDES spectrum of DES Type Ia Supernova



Numbers Do Not Tell the Entire 
Story: Incomplete Spectroscopy

Redshift

Very preliminary DES Hubble diagram 
~900 events 
Scolnic et al. AAS Jan 2016 
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With host spec-z 
With host photo-z 
z from light curve

• DES Hubble Diagram (very 
preliminary!!) 

• has an impressive number of 
transients 

• is an impressive mess 
• Mess is due to lack of 

spectroscopic completeness 
• Contamination from non-Ia’s 
• Host galaxies misidentified 
• Highly uncertain redshifts 

• It has NOT been established 
whether systematic uncertainties 
can be constrained to yield 
precision cosmology from these 
data



Opportunities To Work on 
LSST Today!

• Optimize LSST observing strategy to produce accurate supernova 
luminosities 

• Develop analysis methods for when there is no spectroscopic typing 

• Organize the supernova spectroscopy program: Large-aperture 
telescopes (e.g. GMT) required for success 

• Synergy with DESI 

• Synergy with WFIRST 

• Novel Physics! strongly lensed SNe, isotropy studies, peculiar 
velocities, cross-correlation with other tracers, intrinsic transient 
properites…



Survey Strategy Leads To 
Light Curve Sampling

The LSST Project makes simulations of observations that can 
be used for…



Survey Strategy Leads To 
Light Curve Sampling

11.3 Simulations of Core-Collapse Supernova Light Curves and Event Rates
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Figure 11.3: Simulated SNe Ia light curves (dots), along with the best fit model (green curve), for three
representative SNe Ia from the main field that satisfy the selection requirements (§ 11.2.1) with three or
more passbands having a measurement with S/N> 15. The redshift is shown above each panel. The dashed
green curve represents the model error. The red stars are measurements excluded from the fit because
T

rest

< �15 days or T
rest

> +60 days.

a distance modulus and redshift (i.e., a photometric redshift fit; § 11.4), and then determining the
cosmological constraints, biases, and contamination. These results can then be used to optimize
the light curve sampling requirements per passband.

11.3 Simulations of Core-Collapse Supernova Light Curves and
Event Rates

Joseph P. Bernstein, David Cinabro, Richard Kessler, Stephen Kuhlman

Because the vast majority of SNe that LSST will observe have no spectroscopic follow-up, the
scientific return from LSST SNe will be strongly dependent on the ability to use photometric typing
to classify and determine redshifts for these events. In this section we consider the contamination
rate of the cosmological sample of SNe Ia by core-collapse SNe. The simulations described here
assume that we have spectroscopic redshifts for either the SNe or, more likely, the SN host galaxy.
This is certainly not going to be the case for LSST, and these investigations need to be repeated
in the context of photometric redshifts.

Light curves of core-collapse SNe (henceforth “SNcc”; i.e., SNe Ib/c and SNe II) are less standard
and less comprehensively studied than are the detailed models of normal SNe Ia we used above.
Therefore, we take a template approach to modeling SNcc. We utilized the following spectral
templates constructed by Peter Nugent2:

2http://supernova.lbl.gov/~nugent/nugent_templates.html
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The LSST Project has makes simulations of observations that 
can be used for… 

simulating observed supernova data



Survey Strategy Leads To 
Light Curve Sampling

The LSST Project has makes simulations of observations that 
can be used for… 

determining distance precisions from the data



Survey Strategy Optimization: SN 
Cosmology Cadence Whitepaper
• LSST Project solicits metrics for science performance 

• http://lsstsciencecollaborations.github.io/ObservingStrategy/ 

• Project provides framework that takes simulated LSST 
observations and returns metric 

• https://confluence.lsstcorp.org/display/SIM/MAF
+documentation 

• SN Cosmology Group actively developing metrics, alternative 
observing strategy 

• led by R. Biswas, M. Lochner, Jeonghee Rho



Nominal LSST Wide SurveyCadence	LC	(x3):	RA=58,	Dec=-27	
New	es6mate	DM,	QM,	CLASS?	

Random	seed	

Random	Seed	

• Wide survey designed to 
cover 18,000 degrees of 
extra-Galactic sky 

• Continuous monitoring 
over the 10 years of the 
survey 

• Sky revisited ~3 days on 
of the filters 

• Result: Poorly sampled 
supernova light curves

Rho 2016 LSST-DESC Collaboration Meeting



Wide Survey Alternative PlanCadence	LC	(x3):	RA=58,	Dec=-27	
New	es6mate	DM,	QM,	CLASS?	

Random	seed	

Random	Seed	

• Wide survey designed to 
cover 18,000 degrees of 
extra-Galactic sky 

• Monitoring every other 
year during the survey 

• Sky revisited ~1.5 days 
on of the filters 

• Result: Better sampled 
supernova light curves

Rho 2016 LSST-DESC Collaboration Meeting



LSST Requires a Different Kind 
of Hubble Diagram Analysis
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Very preliminary DES Hubble 
diagram 

With host 
spec-z 

Pre-DES, LSST DES, LSST



SNe i = 1, · · · , NSN
LC Point j = 1, · · · , Nband, k = 1, · · · , Ndate
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SNe i = 1, · · · , NSN
LC Point j = 1, · · · , Nband, k = 1, · · · , Ndate
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SNe i = 1, · · · , NSN
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Determining the PDF is a 
Computational Challenge

• Able to construct 
parameter PDF’s for 
~100 SNe using 
Affine Invariant 
MCMC (emcee) 
but…



Determining the PDF is a 
Statistical Challenge

• LSST produces >104 SNe! 

• Each SN is associated with several parameters 

• Curse of dimensionality for Metropolis-Hastings MCMC 
algorithms 

• Hamiltonian Monte Carlo is the only algorithm (I know of) that 
successfully handles such huge parameter sets … 

• … but due to an integral in the likelihood I have not got one to 
work 

• A problem for other cosmological probes



Supernova Spectroscopy 
Follow-up Program

• LSST provides photometry only 

• Spectroscopy is critical for SN 
cosmology 

• Redshift, Classification 

• Where to get it? 

• Needs 

• Wide-field MOS: DESI 

• Next-generation large-aperture 
telescopes:  GMT

SN Ia

OzDES spectrum of DES Supernova

Chapter 11: Supernovae
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Figure 11.4: Same as for Figure 11.3, but now for the deep drilling survey. Note how much better sampled
the light curves are than for the main survey fields.

• SNe Ib/c based on SN1999ex, which lies in the middle of the range defined by the three SNe
discussed in Hamuy et al. (2002);

• SNe IIl from Gilliland et al. (1999);

• SNe IIn based on SN1999el as discussed in Di Carlo et al. (2002) (note however that this
supernova is almost 2 magnitudes dimmer than a typical SN IIn; we have corrected this back
to “normal” luminosity, which we correct for),

• composite SNe IIp based on Baron et al. (2004),

As discussed in Nugent et al. (2002), one should use caution when applying the above templates
to for example, making K-corrections for determination of rates or cosmology.

These templates do not include intrinsic magnitude or color fluctuations. We added intrinsic
magnitude fluctuations, coherent in all passbands, based on Richardson et al. (2002).

In order to simulate SNcc with SNANA, one must define the input supernova rate. Dilday et al. (2008)
found the SN Ia rate from SDSS to be of the form ↵(1+z)� with ↵Ia = 2.6⇥10�5 SNe Mpc�3 yr�1

and �Ia = 1.5. For SNcc, we take �cc = 3.6 to match the observed star formation rate. Various
studies, the most recent being the SuperNova Legacy Survey (SNLS) (Bazin et al. 2009), have shown
this assumption to be valid, albeit with low statistics and limited redshift range. We normalize
the SNcc rate using the observed ratio of cc/Ia from the SNLS survey of 4.5 at z < 0.4, giving
↵cc = 6.8⇥10�5 SNe Mpc�3 yr�1. Further discussion may be found in § 11.11. The relative numbers
of di↵erent types of core-collapse supernovae are poorly known. Our guesses, which we used in the
simulations, are shown in Table 11.1; they are based on Mannucci et al. (2005) and Cappellaro
et al. (1999) for the Ib/c’s, Cappellaro et al. (1999) for SNe IIn, and private communications from
Peter Nugent for SNe IIl.

Given these assumptions, we simulated a population of core-collapse objects using the SNANA code
described in § 11.2. We then fit the simulated photometry of each object in the combined SNe Ia

386



OzDES: A Collaboration Created To Serve 
DES Spectroscopy Needs

• Spectroscopic follow-up of 
DES deep fields with the 4m 
Anglo-Australian Telescope, 
AAOmega-2df 

• AAT AAOmega-2df allows 
392 fiber-fed optical 
spectroscopy 

• 2 square degree closely 
matches 2.2 s.d. field of view 
of DECam 

• 5-year survey started 2013 
• 100 nights of AAT time



CAASTRO Annual Retreat 2015

AAT redshifts of SN hosts

Completeness towards r=24 
will increase 
as we re-observe hosts GAMA is here

AAT gets the redshift

C. Lidman



CAASTRO Annual Retreat 2015

Transients

More than 100 SNe spectroscopically
confirmed 

Most are Type Ia SNe (up to z~0.6)

Several Type Ibc SNe 

A dozen Type II SNe

Two super-luminous supernova

Published in 16 ATels

More to come as we reanalyse
data from earlier runs

Type Ia

Type II

AAT provides part of the sample for training

C. Lidman

90% of DES transient 
types from OzDES



CAASTRO Annual Retreat 2015

AAT redshifts of SN hosts

Issues

• The wrong host was identified

Simulations suggest an accuracy of 97% with 98% accuracy

At the AAT, we can target multiple hosts.

• Some SNe are hostless. These will be lost from SN Hubble 
Diagram

• Properties of the SN correlate with the properties of the host

Host Identification

– 3 –

SN

Fig. 1.— An illustrated example of the problem of host galaxy identification. The supernova

(labeled “SN”) lies in between two galaxies. The centroid of the smaller galaxy to the right

is closer to the SN in angular separation than the centroid of the larger galaxy on the left,

but it is possible that the smaller galaxy is a distant background galaxy. The blue arrows

indicate the light radii of the galaxies (approximated as ellipses) and point toward the SN

position. This “directional light radius” (DLR) is discussed in Section 3. A real scenario

similar to this schematic can be seen in Figure 2 of Dawson et al. (2009).

2015). In Figure 1 we present a schematic illustrating one example of the di�culty in host

galaxy identification.

Prior to the era of large SN surveys, the number of SNe discovered was low enough

that host galaxies could be identified by visual inspection of images. With the advent of

SN surveys such as the Supernova Legacy Survey (SNLS) and the Sloan Digital Sky Survey-

II Supernova Survey (SDSS-SNS), came more automated methods. For example, for SNLS,

Sullivan et al. (2006) defined a dimensionless parameter, R, that is an elliptical radius derived

from outputs of SExtractor (Bertin & Arnouts 1996) and computed for every candidate host

galaxy. R connects the SN position to the galaxy center and is a measure of the SN-host

separation normalized by the apparent size of the galaxy. For each SN, SNLS selected the

galaxy with the smallest value of R as the host, under the condition that R  5. In Sako

et al. (2014), SDSS-SNS used a method based on Sullivan et al. (2006) and defined a quantity

termed the directional light radius (DLR). The DLR is the elliptical radius of a galaxy in

the direction of the SN in units of arcseconds. In Figure 1, the DLR for each galaxy is

Gupta et al. 2016

C. Lidman



AAO, March 15, 2016

Other OzDES Science Goals

Photo-z calibration
One of the reasons DES wants us

Other transients
+ the unexpected!

4.0

3000

C. Lidman

There are many more fibers than supernova targets



WFIRST SN Program

 

Section 2: Science 19 

equation, or from still more radical modifications such 
as extra spatial dimensions. Observationally, the route 
to addressing these questions is to measure the histo-
ries of cosmic expansion and growth of structure with 
the greatest achievable precision over the widest ac-
cessible redshift range.  

As defined by NWNH, one of WFIRST’s primary 
mission goals is to “settle fundamental questions about 
the nature of dark energy, the discovery of which was 
one of the greatest achievements of U.S. telescopes in 
recent years.” (Following common practice, we will use 
“dark energy” as a generic term that is intended to en-
compass modified gravity explanations of cosmic ac-
celeration as well as new energy components.) It will do 

so using three distinct surveys that enable complemen-
tary measurements of the expansion history and struc-
ture growth. In each case, the larger collecting area and 
higher angular resolution of WFIRST-2.4 afford signifi-
cant advantages relative to the DRM1 design. The 
WFIRST-2.4 dark energy program is summarized below 
and described at greater length in Appendix C. Further 
background on the measurement and forecast methods 
can be found in the Green et al. report1, in papers by 
Wang et al.4,5,6 on cosmological constraints from galaxy 
redshift surveys, and in the comprehensive review arti-
cle of Weinberg et al.7  

Figure 2-1 presents an overview of the WFIRST-
2.4 dark energy program. With the observing strategy 

Figure 2-1: A high-level view of the WFIRST-2.4 dark energy program. The supernova (SN) survey will measure the 
cosmic expansion history through precise spectrophotometric measurements of more than 2700 supernovae out to 
redshift z = 1.7. The high-latitude survey (HLS) will measure redshifts of more than 20 million emission-line galaxies and 
shapes (in multiple filters) of more than 500 million galaxies. The former allow measurements of “standard ruler” dis-
tances through characteristic scales imprinted in the galaxy clustering pattern, while the latter allow measurements of 
matter clustering through the “cosmic shear” produced by weak gravitational lensing and through the abundance of 
galaxy clusters with masses calibrated by weak lensing. As indicated by crossing arrows, weak lensing measurements 
also constrain distances, while the galaxy redshift survey provides an alternative measure of structure growth through 
the distortion of redshift-space clustering induced by galaxy motions. Boxes in the middle layer list the forecast aggre-
gate precision of these measurements in different ranges of redshift. These high-precision measurements of multiple 
cosmological observables spanning most of the history of the universe lead to stringent tests of theories for the origin 
of cosmic acceleration, through constraints on the dark energy equation-of-state parameter w(z), on deviations ΔG(z) 
from the growth of structure predicted by General Relativity, or on deviations between the gravitational potentials that 
govern relativistic particles (and thus weak lensing) and non-relativistic tracers (and thus galaxy motions). 

High Latitude Survey 

The WFIRST-2.4 Dark Energy Roadmap 

Supernova Survey 

wide, medium, & deep imaging 

+ 

IFU spectroscopy 

2700 type Ia supernovae 
z = 0.1–1.7 

spectroscopic: galaxy redshifts 

20 million Hα galaxies, z = 1–2 

2 million [OIII] galaxies, z = 2–3  

imaging: weak lensing shapes 

500 million lensed galaxies 

40,000 massive clusters 

standard candle distances

z < 1 to 0.20% and z > 1 to 0.34% 

standard ruler 
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equation, or from still more radical modifications such 
as extra spatial dimensions. Observationally, the route 
to addressing these questions is to measure the histo-
ries of cosmic expansion and growth of structure with 
the greatest achievable precision over the widest ac-
cessible redshift range.  

As defined by NWNH, one of WFIRST’s primary 
mission goals is to “settle fundamental questions about 
the nature of dark energy, the discovery of which was 
one of the greatest achievements of U.S. telescopes in 
recent years.” (Following common practice, we will use 
“dark energy” as a generic term that is intended to en-
compass modified gravity explanations of cosmic ac-
celeration as well as new energy components.) It will do 

so using three distinct surveys that enable complemen-
tary measurements of the expansion history and struc-
ture growth. In each case, the larger collecting area and 
higher angular resolution of WFIRST-2.4 afford signifi-
cant advantages relative to the DRM1 design. The 
WFIRST-2.4 dark energy program is summarized below 
and described at greater length in Appendix C. Further 
background on the measurement and forecast methods 
can be found in the Green et al. report1, in papers by 
Wang et al.4,5,6 on cosmological constraints from galaxy 
redshift surveys, and in the comprehensive review arti-
cle of Weinberg et al.7  

Figure 2-1 presents an overview of the WFIRST-
2.4 dark energy program. With the observing strategy 

Figure 2-1: A high-level view of the WFIRST-2.4 dark energy program. The supernova (SN) survey will measure the 
cosmic expansion history through precise spectrophotometric measurements of more than 2700 supernovae out to 
redshift z = 1.7. The high-latitude survey (HLS) will measure redshifts of more than 20 million emission-line galaxies and 
shapes (in multiple filters) of more than 500 million galaxies. The former allow measurements of “standard ruler” dis-
tances through characteristic scales imprinted in the galaxy clustering pattern, while the latter allow measurements of 
matter clustering through the “cosmic shear” produced by weak gravitational lensing and through the abundance of 
galaxy clusters with masses calibrated by weak lensing. As indicated by crossing arrows, weak lensing measurements 
also constrain distances, while the galaxy redshift survey provides an alternative measure of structure growth through 
the distortion of redshift-space clustering induced by galaxy motions. Boxes in the middle layer list the forecast aggre-
gate precision of these measurements in different ranges of redshift. These high-precision measurements of multiple 
cosmological observables spanning most of the history of the universe lead to stringent tests of theories for the origin 
of cosmic acceleration, through constraints on the dark energy equation-of-state parameter w(z), on deviations ΔG(z) 
from the growth of structure predicted by General Relativity, or on deviations between the gravitational potentials that 
govern relativistic particles (and thus weak lensing) and non-relativistic tracers (and thus galaxy motions). 
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LSST-WFIRST Synergy
This is a mutual LSST-WFIRST win-win:!

Current SN program concepts with and without LSST discoveries at z < 0.8. 

Program Concept Number of SNe FoM  (±~10) 

z = 0.1--0.4 0.4--0.8 0.8--1.7 Without Rv 
drift syst. 

With the 
systematics 

2-band WFIRST imaging discovery and 
lightcurves. Spectrophotometric time series. 420  912  606  350 300 

LSST & WFIRST imaging discovery and 
lightcurves. Spectrophotometric time series. 591  1,712  909  460 360 

Note:   These numbers are based on full simulations with more optimal exposure time/
redshift distributions, correlation-accounted systematics, host-galaxy light, and vetted 
ETCs, not the straw-man SDT notional program. 

Perlmutter 2016 LSST-DESC Collaboration Meeting
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WFIRST SN 

LSST+WFIRST SN 
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Designing a Joint LSST/
WFIRST SN Survey

• Timing 

• Fields 

• Exposure times and cadence 

• Serious study has not yet begun!



Conclusions
• Type Ia Supernovae remain a powerful probe of 

dark energy into the next decade 

• LSST is the next survey that will discover 
overwhelmingly huge numbers of SNe Ia 

• Lots of work necessary to ensure that those 
discoveries are used effectively 

• Opportunities for new projects and participation in 
existing ones


