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As the Universe Red S h lft

expands, light that
starts from galaxy A...

... has its wavelength
expanded by the time it

gets to galaxy B IV\/

TN

The relative increase in
wavelength (redshift) is a
measure of the relative change in
size of the Universe




Light Cone and Flux

A source at galaxy
A emits photons at
some redshift, ...

... that are now on a shell of a
sphere centered around the
source

The surface area of a sphere of
radius x Is 41 X2

Photon flux diluted by the surface
area




Physics

Gravity predicts the relationship
between redshift and distance

The relationship depends on:

* the geometry of the Universe

* All sources of energy in the
Universe




The Source: Type la
Supernova

e Supernova without H, with Si

* C/O white dwarf gaining material from a binary
companion

* As the white dwarf reaches the Chandrasekhar
mass (1.4 solar mass) a thermonuclear runaway is
triggered

* Two burning phases: subsonic produce
intermedia5t66 mass elements and supersonic
produces Ni

e >10" ergs explosion energy disrupts star

* Debris in homologous expansion

. %bserved light from radioactive decay of **Ni to
Fe

A homogeneous triggered bomb



Supernovae Almost But Not
Perfect Standard Candles

Heterogeneity in supernova
brightnesses and light curve shapes

After correction for foreground dust
supernovae have peak-magnitude
dispersion of ~0.3 mag

We can determine luminosity per
object

After correction for light-curve
shape supernovae become
“calibrated” candles with ~0.15 mag
dispersion
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Estimating the Luminosity of
the Standard Candle

e Supernova luminosities determined from fits of
multi-band light curves

* Depends on light-curve shapes and colors

' —>  Luminosity



Unexpected Energy In the Universe
that is Gravitationally Repulsive

H - H(ACDM)

580 SNe Ia from Unlon 2.1 (SUZUkI et al 2011)
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SN Cosmology -
Fundamental Physics

» Addresses the major puzzle confronting physics today

 Cosmological Principle + General Relativity yields the
Friedmann Equation

S E
(Looks like: Kinetic Energy H? = Tp Gravitational Potential Energy)

e Supernova measurements show

5 , 3G
H # 3 Pknown forms o f energy

87
HQ—F(H) 3 POT H2 ( nnnnnnnnnnnnn gy—l_punknownfom of ene gy)

.’ DARK ENERGY

Modified Gravity! Physics Beyond the Standard
y Model!
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1998 Science Breakthrough
of the Year

High-redshift supernovae
fainter than expected
The Universe is accelerating
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Evolution of SN Cosmology
Computing

circa 1991

Time-critical .
Data Data Transfer Computing

eI D All Shapes And Sizes



Evolution of SN Cosmology
Computing

circa 1995

Time-critical .
Data Data Transfer Computing

... and in parallel rcp of lossy compressed data



Evolution of SN Cosmology
Computing

circa today

Time-critical .
Data Da.ta Transﬁfgr , Computing




Evolution of SN Cosmology
Computing

projected 2020s

Time-critical .
Data Data Transfer Computing

[SST

'\l Archive Site
NCSA Archive Center

n

lllllllllllllll
Long-term Storage (copy 2)
Data Access Center

Data Acceis and User Services

Dedicated Long Haul
Networks

Next generation NCSA

Summit and Base Sites

Telescope and Camera
Data Acguisition

Light Pat

Croastak Correction

vatory Ma et Long-term storage (copy 1)
fducation and Publc Owtreach m Ohilean Data Access Center

NERSC?




Examples of Computing
N Supernova Cosmology
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Distinguishing Supernovae and
Subtraction Artifacts: Human Scanning

Scanner |Nobody |No updates All

Objld 451881

srun 5582 sfield 339
trun 3325 thield 71
rr 10 cc 2

-5.543483 decl -0.802113

2.390 g delta (095

ag [21.532 r_delta |0.68
imag 20.964 i_delta 0.4]
Flags
Ttl Objects 2477

# Scanned 10

Back to initializing page.

Manual Scan Guide

@ [0] None
" [1] Artefact
" [2] Moving



| BL Automatic Scanning
Makes SN Searching Possible

In the first year of an ongoing survey Now a computer does all the
humans spent many hundreds of hours Wwork!

identifying false positives

autoScan DES Y1 Reprocessing Results

No ML ML (r=05)
N- 100,450 7489
(No/Nxa)" 13 0.34

' 1.0 0.990

The computer does an excellent job
Number of candidates reduced by
over an order of magnitude ...
with spurious events filtered out ...
while maintaining high efficiency

CR/ Bad
Bad Column  Sub Leveraged LBL computing and machine

Goldstein et al. 2015 learning expertise



After Discovery Supernovae
Get More Measurements

SNLS-04D31k
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Uncertainty in SN Model

e Supernova distances determined from fits of multi-band
light curves

 Depends on magnitude at peak brightness, light-curve
decline rate, and color

Flux

SNLS-04D31k

— Luminosity




Uncertainty in SN Model

—l.uminosity

—Luminosity
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Uncertainty in SN Model Leads

e Bulk of high-quality SN measurements in

—0.5
optical wavelengths and near peak N
2 —1.0f—rpii/ N
 SNe less well understood in UV and NIR, | /
: -1.5}
well before and well after peak brightness |
e [ssue manifest in discrepancy of distances 00 02 o 40 0.6 08 O
from different light-curve fitters S e
! ol A2 Al (e)
SALT?2

* Inconsistent U-band templates -0.5)

= _10_ '.
* Different interpretation of color L)

~1.5}

 Different priors _—

.....

0.0 0.2 0.4 C)6 Q.8 ©
Kessler et al. (2009) 0
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Make a Better SN |a Model

SN la models used for cosmology have two
parameters: light-curve shape and color

SN la are physically expected to and exhibit much
more diversity: multi-color, spectral features, host-
galaxy properties

e Sophisticated statistical technigues required to
tease out signal (see e.g. Mandel et al. Apd, 842,
93, 2017)



-Ishing Expedition
S\Igla I\/Ipo de Spectral features
B determmelabsolute ntrinsic
| magnitude magnitude
magnitude .
covariance
U\ |+ duD)
B . L(SBD
V]~ N |+ ovD
R - NrAs|H+ OrD
1) 61D )
latent
extrinsic color
obsgrved linear model
magnitudes
observed data
spectral covariance
features

intrinsic spectral features
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lmaging Surveys Not the

Entire Story: Spectroscopy

e Spectroscopy used to make Hubble
diagram

e Transients typed as SNla
e Host galaxies identification

* Highly precise redshift

o |t takes more telescope time to

spectroscopically type SNe than get
light curves

e Can’t get spectrum of every LSST
SN

* Not part of the imaging DES or LSST
IMAGING surveys
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Distance Modulus

New Cosmology Analysis
Required
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Miknaitis et al. (2007

Astier et al. (2006)

Knop et al. (2003) (SCP)
Amanullah et al. (2008) (SCP)
Barris et al. (2004)
Perimutter et al. (1999) (SCP)

Hicken et al. (2009)
Kowalski et al. (2008) (SCP)

Riess et al. (1999)
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Cluster Search (SCP)
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Redshift

1.4

 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
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First-Generation Code
Implemented

Input Cosmology IF
Simulated ugly Hubble Diagram »Generative and simulated
models are identical
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Cosmology Analysis Now
Requires Supercomputing
 Implemented and tested } -

analysis fitting ~1000
parameters

e S00n to be applied on
real data

 Run at a computing
center



Next Generation Supernova
Experiments: A New Paradigm

A Project releases 10M
transient discovery alerts per
night

Each alert does not provide all
available information that
inform transient classification

Challenge: Pick out the few
objects that | am interested in

Data volume and transter
requirements point to
supercomputing facility

LSST o
. o
1,000 images / night { % Updated _—=
—~e— \," . b, ————p| Calibration Thumbnails
Existing b daily Data
Catalogs
terl)
Jeereny Measurement
Recalibration
Querles ----------- -P - T ‘ ANTARES
' Locus

Aggregated
AstroObject Catalog
(curated)

AstroObject
Association
forking

AstroObject-

Locus-Aggregated
Annotated Alerts

Derive
Features

ingestion
New Annotated Alerts g
AstroObject Other
Identification external ———
Feature alerts ' Feature
Derivation Algorithms
— ' (curated)
Theoretical ' Alert '
Predictions Replica ——
' Extended Alerts CoalZscing ' Characterization
Algorithms
] r (curated)
' forking [ R—
] Characterization
Annotated ' Taxonomy of
] Codlesced ' Characterizations
' . Alerts (curated)
' 1,000 / image | Characterized Alerts
7 ! y Offline
Moving Position Alert Analysis
Objects Estimation Routing B IZ
(curated) | roker
l start at image
acquisition
) —
' 100 / image Level | Alerts o
Movi Filtering Filter
oving Trees ini
Object Training
Identification (curated) Professionals
citizen scientists
External
1.0/ image Level Il Alerts filte Alert
novi

. 4

Ultra Characterization and Filtering

Thumbnail
Reattachment

Novel Alerts

"Rarest of the Rare"

0.1 / image

21 April 2014 JDK

ANTARES: A Prototype Transient Broker System

Saha et al. (2014)

Aggregation

External alert

Brokers

Researchers
and public



To Conclude...

Computers enable otherwise inaccessible scientific
discovery

Supernova cosmology is now firmly in the
supercomputing domain

The vast majority of (supernova) cosmologists are not
computing whizzes

A user-friendly point of entry to supercomputer
processing facilitates scientist and computer
productivity



