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e Speeds of 10-20% the speed of light.

e Qutshine galaxies made of hundreds of billions of stars.

* In ~¥1 month, emits as much energy as the Sun will over its 10 billion
year lifetime.
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sky. (The

e The prefix “super’ distinguishes them from “classical novae” which

are fainter cousins of supernovae (but | won’ t get into those in this
talk).

e The term supernova was coined by Fritz Zwicky in 1926.

e Supernovae observations by humans have been recorded for the past
2000 years.
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nova per century.

e We find around 1-3 new supernova per night these days - most are
very distant ~ 1 billion light years away.
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months.

Supernovae are the explosive
deaths of some stars.
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Bright enoug
for 23 days and was vi
night sky for 653 days.
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living

Canyon, N

this petroglyph in
1054.

The hand shows the relative size of the astronomical objects and the
crescent moon shows the phase and position of the moon relative to
the SN (the large star) on July 4, 1054.
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Danish observational astronomer Tycho Brahe
discovered a SN by eye in 1572.
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German theoretical and observational astronomer Johannes Kepler,
Brahe’ s graduate student, discovered a SN by eye in 1604.
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; bésicélly in our cosmic baékya'rd; It has
been observed from the time it exploded until today. Unfortunately, while it
was visible for a short while with the naked eye, it was only up for folks in the

southern hemisphere.

It was only 170,000 ly away '(1018 rﬁiles‘)
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The ejecta of SN 1987A slamming into material released by the progenitor
system ~20,000 years before the supernova exploded.

Real-Time Decision Making Boot Camp



Core of a
Red Supergiant

JOSE R. DIAZ

The iron core can no longer resist the pressure, collapses, and the

electrons and protons hook-up to make neutrons and neutrinos.
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the
on and burns it
to carbon and oxygen.

As it approaches the Chandrasekhar limit, the carbon ignites in a runaway
thermonuclear explosion.
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t=24.000000
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Merging Neutron Stars  Exploding Massive Stars Big Bang
Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fission
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D. Kasen

brightness

blue data
red data

Kilpatrick et al (2017)

blue model
red model
Kasen et al (2017)

shocked dynamical
v ~0.2¢-0.3¢c
M ~0.01 M.

M~001-00M
v<Qlc

L) L) L) L) L]

4 6 8 10 12
days since merger

neutron star + neutron star
prompt collapse to black hole
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Science §

He invented antigravity in desperation and
abandoned it first chance he got—but it may
be the most powerful force in the universe

By MICHAEL D. LEMONICK '

LBERT EIN: SI’LII\

idea of anti

Fad s i i e

tions. After all, his special and gonar-
al e theorics made the astonishing

besquu.u.dwndst {ched like so much In-
dia rubber. The trouble was that some sort

called it the
“eosmological - term=was Tequired to
make the predictions of general relativity.

NOT S0 DUME What ho called a blinder.
may havo beon a Nobel-callbor disc
match what astronomers believed the ac-
tual universe looked like. And that extra.
term marved the mathematical elegance of
his beloved equations. The great physicist

relieved when the discovery of
the expanding universe in the 1920s Tet
him cross out what he declared was “my
areatest blunder.”

But he might have been a bittoo hasty,
Last week scientists made a powerful case
that Einstein’s blunder may actually have
been anather Nobel-worthy prediction.
Usmg the Hubble Sp:c mmmpe to find

© GRAVITY

© WHAT IT IS; An
ottractive force that pulls
mottor together like a
rubber band

© HOW IT OPERATES;
ens over
Gitanear b tha
distar
galaxles doubles, the,
forca botwoen tham fs
ono-fourth as strong|

® WHAT THAT MEANS:

750 todgy

civo ot slowing the
G

TV Dusgrin by o Lens

Size of WSIblo unive,

andstudya distant super-
nova=an exploding

astronomers from two rival

research teams have

gathered the ' strongest évi-

dence yet that the expansion of

the universe s actually speeding

up, like arocket with its throttle wide
open. And: that ‘means  something is
pushing it.

Space Telescope Sclence Institute I Balti-
more, Md., leader of tse collsboration, "and
20 ideas will fall out” For now, the un-
Known force s simply being called “darken-
exgy,” to emphasize its mysterious nature.
But its existence is becoming hard to
dispute. The first hint came a couple of

TIME; APRIL 36, 9001

Stper nova 41 biion /S
years ago, abserved
by Hubble telescope
over past féw years

Years ago, when two

independent teams of astran-

‘omers tried to calibrate the cosmic expan-
sion'using Type Ta supernovas,a kind of
exploding star whose intrinsic brightness
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EXPANSION |
SLOWING DOWN

is highly consistent.
Cogmparing the known bright-

ness of such  supernova with how beight it
appears in tho Sy gives a ood measure of

how far away ft fs—and thus how loog ago |

EXPANSION |
| SPELDING UP.

WHAT T IS: A property.
of emply space that

away
each other Is twico a3
strong.

WHAY THAT MEANS:
the universe expands

overwhelmed g7:
30, the cxpansion i got
faiter and fastor

in cosmic history fts light
was _emitted. Then,
measuring how fast cach su-
pemova i€ moving away from
Earth in the overall ballooning
of the universe, it can be deter-
mined what the expansion rate was
at different times in the past.
To. cveryone’s astonishment, both |
oups found that instead of the gradual,
gravity-driven slowdown they expected.
the rate was getting faster. Says Saul Perl-
multer’ of Lawrence Berk
Laboratory in Californi

of the groups: “We spoat at least a year |

struggling to understand what we were

In the end, both groups decided

that dark encrgy, functioning as a kind of
antigravity, was their best gucss,

Critics ux\xd that there mP)\! be a

TIME APRIL 36

moro conventional explanation, such asine
tergalactic dust, which could contaminate
the brightness measurements. But tho now
observations seem to have closed that Joop-

| Bole. The newly identified supernova went
off about 11 billion years ago—about S0%
further back in time than (the previous
record bolder, *If the dust were there,”
says Lawrenco Berkeloy astrophysicist Po-

ont, amember of Perlmatter’s team

“earch, “the suparnova would have boen
much dimmer than it was.™
6 NEW SUPOITOVR'S TEmOencss Wik

even more impartant for another reason.

“1f dark energy is really the explanation for
| what we 500, says Ricss, a member of the

rival team, “then its effect should have
| been weaker in the carly universe.” That's
| because whilo the force of gravity between
| Zalaxics falls as they move farther apart,

dark energy fsa property of space and gets

stronger as the universe expands. Shortly

after the Big Bang, when the universe took

up relatively little space, ther

much dark encrgy. Now mech bigg:

modern universe has more space and thus

more oncigy to shove galaxies apart. Sure
; enough, this distant supemeova shows that
‘ the expansion was slower loag 3go.

While the now observations go a Jong,

| way toward confirming that dark energy h
| real, astronomers would love to see a' fow.
| more distant supecnovis, justito be sure.
| Unfortunately, that won't be Rappening
| soon. The Hubble pictures that Riess and
| Nugent znalyzed were all taken purely by
| chance, whilothe Mcsmpcun!ookm;- (o«

| to such a project—and indeed, Petlmutter

by | and others aro working on that idca, al-

| though it will take years to get off the
| ground. ‘
If space really docs secthe with dark
caiergy, thofate of the universe, a matter of
| lomtanding debate, il be clear. With

moge of the stulf tomorrow than today, the
cosmos shoukd ﬂ, apact faster and faster as
time gocs will b £o Big Crunch,
as somo have pwtllcled, with billions  of

now, our Milky Way

| alone in empty space, with fts nearest
neighbors too far nway to see. In the end,
the stars will simply wink out—and the uni+
verse will end not with a bang but with the.

| meekest of whimpers.



dawn —when t
good. Often the astronome
make it back to Berkeley with the

tapes before all the data was in... < o
-l..! !
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Lunar Calandar

- LN

_—II Scheduled Follow-Up
/il Spectroscopy at Keck
— /’//// Scheduled Follow-Up

5 - e - Imaging at Hubble,

WIYN, Isaac Newton

50-100

/@——“ Fields

Almost 1000
Galaxies per .~
Field

Hubble

Brightness

Berkeley O
Lab O Isaac Newiton

O

Time

RESULT: ~24 Type la supenovae
discovered while still brightening,
at new moon

; T
Cerro Tololo o
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= 3 Weeks || _ Supernova
Before Discovery
1] ‘
, : (aé seen from
e AL * telescopes S —
e ' : on Earth)
e |

' ot d Difference
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The Calan/Tololo Survey by Hamuy
et al. pinned the low-z part of the
Hubble diagram, while the work of

Riess et al. and

Perlmutter et al. got the high-z
end.

Turns out it is easier to find them

at high redshift than low redshift....

Universe
Eventually
Recollapses

O

Calan/Tololo
Survey

T TTTI

MORE REDSHIFT
(More total expansion since light left the Standard Candle)

| IR —

Supernova
Cosmology
Project

1 1

0.01

relative brightness
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(Further back in time)
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Cuts were made based on shape,
motion, etc., and a scanner
would have to look at ~5
candidates per image.



NEAT Search Facilities

X
0’&‘%}9 R

Site: Haleakala Palomar I 5

2
Aperture: 1.2m {7 '&\QQ i
Nights/Month: 18 dark/gray  1° W ot » dark/gray
Imager Format: 4k x 4k o 16k x 24k
hpager .chle: 334/ *-“\C‘ - pixel 0.50" / pixel
Field of View: ’ 6Q L i d 2.3°%4.0°
Filters: Py R open 4 fixed filters
Exposures: 66%6(‘ W sec 3% 60 sec TBD
Reado QO 50‘$XG 20 sec 20 sec JHEIR
Nig. A0 o 60000° 30001° (2000 O°)
Start. Q% Mar 2000 Feb 2001 ~Dec 2001

Data (—ompressed): | 12 Gbyte/night 17 Gbyte/night (28 Gbyte/night)
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bandwidth of a
wagon filled with DAT tapes...
achieved 200 kB/s

Las Vegas

Arizona

D
Bho
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= 2 Cadences (Mar. - Nov.) 2009
» Nightly (35% of time) on nearby galaxies and clusters (g/r)
= Every 3 nights (65% of time) on SDSS fields with minimum coverage of 2500 sq deg. (r) to
20th mag 10-sigma
» H-alpha during bright time (full +/-2 days)

Nov-Feb, minute cadences on select fields.
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Discovery and Follow-up

Instrumentation, system
design, first results

Law, Kulkarni, Dekany et al. 2009 PASP 121 1395L

Science plans Rau, Kulkarni, Law et al. 2009 PASP 121 1334R

2010 survey status Law et al. 2010 SPIE 7735
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Data SIO, NOAA, U.S: Navy, NGA, GEBCO
©2012 Cnes/Spot Image

Image © 2012 TerraMetrics ¥ 5 )
Data LDEO-Columbia, NSF, NOAA S : : B NG
lat 33.020000° lon -116.630000° elev 3197 ft 2 T Eyealt; 198.84 mi
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92 Mpixels, 1” resolution, R=21 in 60s
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PAE Key Projects

Various SNe

Dwarf novae

Transients in nearby galaxies

Core collapse SNe

RR Lyrae

Solar system objects

CVs

AGN

AM CVn

Blazars

Galactic dynamics

LIGO & Neutrino transients

Flare stars

Hostless transients

Nearby star kinematics

Orphan GRB afterglows

Type Ia Supernovae

Eclipsing stars and planets

Tidal events

H-alpha % sky survey

The power of PTF resides in its diverse science goals

and follow-up.
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v P Detected transients
will be followed up using
a wide variety of optical
and IR, photometric and
spectroscopic followup
acilities.

Liverpool Telescope

P200

The power of PTF resides in its diverse science goals
and follow-up.
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Palomar

48” Telescope
100 TBs of Reference Imaging

- | Computing-1/0 |
Microwave Relay Reference

Astrometric
Image

Solution :
Creation

Real-Time
Trigger

SDSC to ESNET

Image Image ~ Nightly Image
Processing / Subtraction Stacking
Detrending

Networking Star/Asteroid Transient Heavy DB
Data Transfer Rejection Candidate Access

NERSC Data
Transfer Node

500 GB/night

1.5B objects in DB

Scanning Page Wake Me Up —
Real Time Trigger

Publish to Web
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4096 X 2048 CCD images - over 3000 per night — producing 1.5M bogus detections,
50k known astrophysical objects and only 1-2 new astrophysical transients of interest

every night. Machine learning is used to wade through this sea of garbage.
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referen

Candidates 890M 197M
Transients 42945 3120
All in 851 nights.

An image is an individual chip (~0.7 sq. deg.)
The database is now 1 TB.
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2.5 MB/s 12 MB/s

NERSC GLOBAL FILESYSTEM

250TB (185TB used) One of 4 such pipelines
running at NERSC.

Real-Time Decision Making Boot Camp




@
=)
o

5
<
=

e
=
7

[
o
e

2

E
=}
Z

100

]
(o))

W
=)

Typical night: 2012-07-06

20 30 40 50
Minutes from Observation to Candidates in database
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(13 . k)
es real-time
btractions really mean?

For 95% of the nights all
images are processed,
subtractions are run,
candidates are put into the
database and the local
universe script is run in <

| hr after observation.

Median turn-around is 30m.

Now forced to be reduced
to < |5min due to following
discoveries:
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project
Scale Scientific
Vorkflow Analysis and

Prediction), funded through
the ASCR LAB-1088 call
(Analytical Modeling for
Extreme-Scale Computing
Environments), we have
been able to understand
and eliminate a lot of our
inefficiencies and decrease
the turn-around by an
order of magnitude!

Better use of the Lustre
filesystem (for everything),
better use of OpenMP in all
codes, reserved nodes, etc.
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instrumented for timings.

Identified and fixed

python load time on
Edison (I5min to 5 sec).

Moved all I/O in
processing to Lustre
/scratch filesystem
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Now optimizing db

0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 960 access
time (seconds)

Typical turnaround is now
Yi Cao’s Caltech thesis May 3, 201 6. < 5 minutes for 95% of the

Became an eScience Postdoctoral Fellow data!
Real-T‘me Decision Making Boot Camp

at University of Washington = Google




Running .
Loading the db with discoveries
Performing difficult geometric queries to match with known

stars, asteroids, previous discoveries, etc.

Copying data from scratch to project
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For 8 hours every night, we now know more about the

NERSC center than they do in real-time.
170 I I I I I I I

. Given 3000 images per night with 39 -
checkpoints for each, we are

monitoring some aspect of NERSC
or ESnet every quarter second.

160 —

150 —

Time (seconds) from P48 to NERSC
=
S
I

130
16:00:00 20:00:00 00:00:00 04:00:00
Time of Day (PST)




DB Access

5 I | I R | I | I | I | I

| Decent correlation between number of objects and

the total time for our queries with some scatter
likely due to ove:'!.applng queries.

W
!

()
!

time / median (time)
[

0 250 500 750 1000 1250 1500
# of candidates




I/O time on Cori
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1000 - Now exploring relationship between nightly =

. conditions and the bulk of the data through ML:

100 | =

2 i

s I j
g While getting a hold of the outliers via

> 10 . . =

< F NERSC system information. -

+* - .

1:_ I | |

0.1 Illllll llllllll lllllllllll

0 1 2 3 4 5 6 7 8 9 10

time / median(time) for a given subtraction (field-chip)




2Q030219_R_equ_0_0.fits
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L
191
S Y 1 |
= 0.107, \o = -
g 20} o Nitoy o,
é + 58 dg,
w 50L 4 for 50M , star Y
B 21f ¥
oc . + + # 80q Y
Wil i
29} ' ' W,}
" " 20.8 day
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23 10—17 ‘n“ﬂ,a‘ A wy ]
| il L“"‘"'f%\?\"ﬂf
2 4 L L L —1 2 1. 1 | 1 1
-60 -20 0 20 40 60 4000 5000 6000 7000 8000 9000
JD —2455428.722 [day] Rest-frame wavelength [A]

SN 2010mc - Ofek et al. (2013) Nature & SN 2011ht — Fraser et al. (2013) ApJ]

Possible Explanation: Super-Eddington fusion luminosities, shortly prior to

core collapse, drive convective motions that in turn excite gravity waves that
propagate toward the stellar surface and eject substantial mass.
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rmew Hy Pariw My

(a) A (b) - (c)

(a) 102M, ejected one month earlier during pre-outburst ~2000 km/s

(b) At day ~ 5, the SN shock front (grey line at 10* km/s) is ionising the inner
and outer shells which produce the broad and narrow H emission
seen in the early-time spectra.

(c) At day ~ 20, the SN shock engulfs the inner shell, and the intermediate width HX
vanishes and narrower features appear: pre-pre-outbursts.
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Overcoming wide & fast:
iPTF13bxl in 71 deg?!

. . 1d 24%6 ohin 11 | | 7= Co-added reference image
iPTF13bxl \ ». . PTF ﬁéld 3486, ch;p 11 aa _ ]

Ny

/

Singer et al. 2013
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The

OW:

IPTF13dsw at z=1.87!

Kasliwal éet al. 2013b

Overcoming
Wide, Fast & Faint

Pinpointing the afterglow
amidst 30,000 candidates

g Boot Camp



Rest (z=1 98) Wavelength (A)
1342 1678 2013 2349 2685 3020

z=1.98!!
Fell, Mgll, Ly-«

10

205 * -254

4000 5000 6000 7000 £000 9000
21 249 Observed Wavelength (A)

iPTF14yb
Cenko et al. 2014

IPN found a GRB (localization ~200-300 sq. deg.)
~15 min before first detection




o SN2013cur | SN2013cu (iPTF13ast)

v 30 upper limits Gal-Yam et al. (2014) Nature
099000, voq ¢ ¢ Swift U,UVW1
®

parabolic fit

N
©

N
©

iR
N

first P48 image
first candidate loaded in database
automated transient alert
Keck spectrum

SWIFT observation
//A/LCOGT observati
[ ] I |
|
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o
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[\ I \S]
[\

: : : CARMA triggere]
10 15 20 25 30 35 EVLA triggered

MJD-56414.93 [days] SWIFT trigoeed 0c ¢

second candidate loaded in database
second P48 image

0 3 6 ) 12
Hours since 03:30:00 September 3 [PST]
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— SN 2013cu, 15.5 hours  (a)
—— 50 kk WNL model

—— 56 kK WNL model

—— HD 192163 (WN6h)

.

) LV

5000 5500 6000 6500 7000 7500 8000 8500 9000
Rest Wavelength [Ang]
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x107"

| —— SN2013cu (Ib)
——— SN 19934 (lib)
~ SN 2011dh (IIb)
——— SN2004et (1I-P)
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e 10 new transients found that night

* Pipeline was slow, running 6 hrs behind normal due to catching

up from a kernel “update” on the NERSC machines.

e An IP address at Caltech had just been changed, thus we could
only save things by hand....

Peter Nugent Real-Time Decision Making Boot Camp



Y ,‘?ﬁ. | L= MEe 0 M101 has given birth to 11Kly

" o g e ey :.-5;_" ~ Check it out, alert the troops!!!”

. Y : '- :*; = - . - .l.l'
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S PTE1kly

Aug. 23, 2011 : Aug. 24, 2011

Real-Time Decision Making Boot Camp

~1/1000 as bright
as the SN reached
at peak
brightness.



Young Type la Supernova PTF11kly in M101

ATel #3581; Peter Nugent (LBL/IUCB), Mark Sullivan (Oxford), David Bersier (Liverpool John
Moores), D.A. Howell (LCOGT/UCSB), Rollin Thomas (LBL), Phil James (Liverpool John
Moores)
on 24 Aug 2011; 23:47 UT
Distributed as an Instant Email Notice Supernovae
Credential Certification: R. C. Thomas (rcthomas@lbl.gov)

Subjects: Optical, Supernovae

Referred to by ATel #: 3582, 3583, 3584, 3588, 3589, 3590, 3592, 3594, 3597, 3598, 3602, 3605,
3607, 3620, 3623, 3642

The Type Ia supernova science working group of the Palomar Transient Factory (ATEL #1964)
reports the discovery of the Type la supernova PTF11kly at RA=14:03:05.81, Dec=+54:16:25.4
(J2000) in the host galaxy M101. The supernova was discovered on Aug. 24 UT when it was at
magnitude 17.2 in g-band (calibrated with respect to the USNO catalog). There was nothing at this
location on Aug 23 UT to a limiting magnitude of 20.6. A preliminary spectrum obtained Aug 24
UT with FRODOSPEC on the Liverpool Telescope indicates that PTF11kly is probably a very
young Type Ia supernova: Broad absorption lines (particularly Ca II IR triplet) are visible. The
presence of an H-alpha feature is confidently rejected. STIS/UV spectroscopic observations on the
Hubble Space Telescope are being triggered by the ToO program "Towards a Physical
Understanding of the Diversity of Type Ia Supernovae" (PI: R. Ellis). Given that the supernova
should brighten by 6 magnitudes, the strong age constraint, and the fact that the supernova will soon
be behind the sun, we strongly encourage additional follow-up of this source at all wavelengths.
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23 August - & 24 August 4 25 August -

It was caught 11 hours after explosion, and has been followed by almost every
professional telescope on earth and in space — could be seen in binoculars.

These observations have led to the best constraints to-date for the progenitors of
these supernova, and have added several new wrinkles on how these runaway
thermonuclear explosions take place.
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Signals in synchrony

When shifted by 0.007 seconds, the signal from LIGO's

observatory in Washington (red) neatly matches
the signal from the one in Louisiana (blue).

® LIGO Hanford data (shifted) @ LIGO Livingston data

Strain (10%)

0.30 0.35 0.40

Time (seconds)

g ¢15¢cyt
200 o15cyk i -
®15cY815¢yn
015‘:):)15()[5% +15cym
o15cyo
10% bt
00 oo il
. Kasliwal et al. (2016)
1100 biv L [ o ; S o
(arXivand ApJL) 1
045 :
10h30m OOIm 9h3:0m Odm 8h3:0m Odm 7h§0m
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up, to get on the
optical companion for
a GW trigger.

renlkem: qu: 15cys: SN la @ z=0.05

L | T T
Hal 15¢cym: SN Il @ z=0.06
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Magnitude at 80 Mpc (AB)
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2.5 MB/s 12 MB/s

NERSC GLOBAL FILESYSTEM Trigger new
250TB (185TB used) subtractions:

output now greater

than input ~
Real-Time Decision Making Boot Camp 1 TB/night




PTF/iPTF, 7.3 deg? ZTF, 47 deg? LSST, 9.6 deg?

—+——1 deg
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ZTF will survey an order of magnitude faster than PTF.

3750 deg?/hour
= 311 survey in 8 hours

Active Area
Overhead

>250 observations/field/year

Time | 4086C | <losec for uniform survey
Optimal
Exposure 60 sec | 30 sec

Time

Relative Areal
Survey Rate

Relative
Volumetric 1x 12.3x
Survey Rate

New ZTF camera:
16 6k x 6k e2v CCDs

Existing PTF camera
MOSAIC 12k




time
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LR
Y - LSST - 15TB data/night
\ Only one 30-m telescope

How many triggers can we handle???
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Be careful what you E E
wish for... | '
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