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Standard Candles To Cosmology: Measurement

Fainter
Redder

Brighter
Bluer

® For a set of standard candles of luminosity L
= Measure flux f

= Measure redshift z



Standard Candle Hubble Diagram:
Expansion History if the Universe
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Type la Supernovae To Cosmology: Measurement

Fainter
Redder

Brighter
Bluer

For Type la 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
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- Measure redshift z of supernova or host galaxy



Supernova Hubble Diagram:
Expansion History if the Universe
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LSST: The Next Generation of Ground-
Based Cosmological SN Surveys

Duration

Effective Mirror
Diameter

Solid Angle

Depth/visit
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Numbers
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Current and Upcoming
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Flux

Numbers Do Not Tell the Entire
Story: Light Curve Quality

* Recall that light curve shapes and colors give the luminosity
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Numbers Do Not Tell the Entire
Story: Light Curve Quality

Simulated SN Light Curves Wide Survey

* Supernova discovery
not sufficient to give
accurate luminosity

* Shown are examples
of SNe that are found
but give poor
luminosity
determinations
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Numbers Do Not lell the Entire
Story: Incomplete Spectroscopy

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

OzDES spectrum of DES Type la Supernova

000000000000000000000000000000000000
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Numbers Do Not lell the Entire
Story: Incomplete Spectroscopy
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* 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-la’s
* Host galaxies misidentified
* Highly uncertain redshifts
* [t has NOT been established
whether systematic uncertainties
can be constrained to yield
precision cosmology from these
data



Opportunities To Work on
| SST 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

Project makes simulations of observations that can
be used for...

he LSS

20 deg elevation limit —— Galactic plane

+ Zenith

Simulation enigma_1189: night25

75°

-75°
Aitoff plot showing HA/Dec of simulated survey pointings

—— Ecliptic plane

Year 0 Day 25.3690

® Moon (Dark=Full)
(Light=New)
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Survey Strategy Leads To
_ight Curve Sampling

The LSST Project has makes simulations of observations that

can be used for...
simulating observed supernova data
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Survey Strategy Leads To
_ight Curve Sampling

The LSST Project has makes simulations of observations that
can be used for...
determining distance precisions from the data
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Survey Strategy Optimization: SN
Cosmology Cadence Whitepaper

LSST Project solicits metrics for science performance

» http://Isstsciencecollaborations.github.io/ObservingStrategy/

Project provides framework that takes simulated LSST
observations and returns metric

* https://confluence.Isstcorp.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 Survey
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cover 18,000 degrees of
extra-Galactic sky

* Continuous monitoring
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Wide Survey Alternative Plan

» 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
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Rho 2016 LSST-DESC Collaboration Meeting



Distance Modulus

| SST Requires a Different Kind
of Hubble Diagram Analysis

Pre-DES, LoST DES, LSST
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e Able to construct

Determining the PDF Is a
Computational Challenge

parameter PDF’s for ™ €|
~100 SNe using ot oNF
Affine Invariant
MCMC (emcee)
but...




Determining the PDF Is a
Statistical Challenge

LSST produces >10* 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 ...

e ... but due to an integral in the likelihood | have not got one to
WOork

A problem for other cosmological probes



Supernova Spectroscopy
Follow-up Program

e LSST provides photometry only

Spectroscopy is critical for SN
cosmology

 Redshift, Classification
 Where to get it”
e Needs

» Wide-field MOS: DESI

* Next-generation large-aperture
telescopes: GMT
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OzDES: A Collaboration Created To Serve
DES Spectroscopy Needs

Spectroscopic follow-up of
DES deep ftields with the 4m
Anglo-Australian Telescope,
AAOmMega-2dt

AAT AAOmega-2df allows "3
392 fiber-fed optical
spectroscopy

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

5-year survey started 2013
100 nights of AAT time




AAT gets the redshift

200 Galaxies that host a transient

1 all - 4198 objects
Bl qop > 2 - 2487 objects

600} ]
B qop > 3 - 1854 objects
500}
Completeness towards r=24
will increase
400 as we re-observe hosts

/

300

200

100

25

r mag

CAASTRO Annual Retreat 2015 C leman



AAT provides part of the sample for training

Rest Wavelength [A] at z=0.395
4000 5000 £000

30
[ I I I

a0

. oF Type la
More than 100 SNe spectroscopically

confirmed

Most are Type la SNe (up to z~0.6)
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Host Identification

Issues

e The wrong host was identified

Gupta et al.2016

Simulations suggest an accuracy of 97% with 98% accuracy

At the AAT, we can target multiple hosts.

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

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

CAASTRO Annual Retreat 2015 C leman



Other OzDES Science Goals

AGN
~500 reverbero’non mapped

z<4O

—

\Goloxy Glusters - 4 .
# counts + x
~ 20 Z s/clus’rer

§ - ~ClusTer cosmology

' Dynom|col masses -
cf SZ from SPT ;

Other transients

+ the unexpected!

Black hole evolution
AGN feedback
AGN as standard candles

Radio galaxies
ATLAS 21em :

~2500 &

~ 9 .

Radio mode feedback
and local environment

There are many more fibers than supernova targets

AAO, March 15, 2016 C |_|dman



WFIRST SN Program

Supernova Survey

wide, medium, & deep imaging
+

IFU spectroscopy

2700 type la supernovae
z=01-1.7

|

standard candle distances
z<11t00.20% and z> 1t0 0.34%




WFIRST SN Program

Incre%se numbp rcﬁfs pernovae |SuUpernova Survey

e U
by letthid ESST A6 the disdovery—

> -wide; medium, & deep imaging
+
_—» |FU spectroscopy

—266 type la supernovae
3200 z=0.1-1.7

|

Supernova chromatic light curves

standard candle distances
z<11t00.20% and z> 1t0 0.34%




| SST-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

0.1--0.4 | 0.4--0.8 | 0.8--1.7 | Without Rv | With the
drift syst. systematics

2-band WFIRST imaging discovery and
lightcurves. Spectrophotometric time series.

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.

Perimutter 2016 LSST-DESC Collaboration Meeting



| SST-WFIRST Synergy
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Designing a Joint LSST/
WHFIRST SN Survey

* Timing

e Flelds

* EXxposure times and cadence

e Serious study has not yet begun!



Conclusions

Type la 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 la

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

Opportunities for new projects and participation in
existing ones



