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Imagine: ZTF will be 12x Faster! LSST will be 16x Deeper!




GR&GWTH TDA in the LSST era
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PTF: 4 x 10% events/night
ZTF: 3 x 1C ’events/nlght
LSST: 2 x 10° events/night

: develop algorithms & software
Technical . o
for detection & classification
S discover new transient & variable
Scientific
phenomena
Oraariztionsl organize collaborations and
J followup strategies with real data

GROWTH builds a global community ready to
contribute LSST time-domain science!
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GR&GWTH

Global Relay of Observatories Watching Transients Happen
Caltech (USA)

wcore
Discovery 4 5 2. Table Mountain Observatory
17 1,2,3 / Pomona College (USA)
15, 16 \\ ® 3. Mount Laguna Observatory
. =4

Beating Sunrise

GROWTH Network: 1. Palomar Observatory

San Diego State University (USA)
’ e 4. Gemini North Observatory
\' \ . NOAO (USA) - Mauna Kea
e ) A 5. W. M. Keck Observatory
£ X Caltech (USA)
14 / ous 6. Murikabushi Observatory
Yy Tokyo Tech University (Japan)
i ] 7. Lulin One-meter Telescope
.t National Central University (Taiwan)
8. Himalayan Chandra Telescope
Indian Institute of Astrophysics (India)
9. Giant Metrewave Radio Telescope
NCRA (India)
10. IUCAA Girawali Observatory
IUCAA (India)
11. WISE Observatory
Weizmann Institute (Israel)
12. Stella Observatory
Humboldt University (Germany)
13. Nordic Optical Telescope
Oskar Klein Centre (Sweden)
14. Swift Satellite (Ultraviolet and X-ray)
NASA (USA)
15. Expanded Very Large Array (Radio)
NRAO (USA)
16. Fenton Hill Observatory
Los Alamos National Laboratory (USA)
17. Discovery Channel Telescope
University of Maryland/JSI (USA)

+ University of Wisconsin-Milwaukee




GR&GWTH Team Never Sleeps!
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GR: PWTH New Partner: UK
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WELCOME

& LIVERPOOL
, JOHN MOORES Dan Perley

UNIVERSITY Matt Darnley
Paolo Mazzali
lain Steele




GR&GWTH Powerhouse: Young Researchers
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PhD Students
Postdoctoral Fellows 1 uden

Name Home Institution

Name Home Institutions




GR&GWTH Grad/Postdoc Internships
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5 graduate/postdoc internships

Ragnhild Lunnan (Caltech) = Oskar Klein Center, Sweden
Christopher Fleming (Sweden) - Caltech, USA

Monika Soraisam (Germany) = Caltech, USA

Javed Rana (India) = Caltech & Univ. of Maryland, USA
Jessica Sutter (University of Wyoming) = Caltech




GRE)\X/TH Graduate/Postdoc Internships
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Nov,2015

Aug,2016

Monica
Soraisam

; :A_ﬁ

A

2\

Christoffer
Fleming

Jessica Sutter

iPTF M31 transient detection

'f Nebular Spectroscopy of Superluminous
— ;]gO"kjg}g} Supernovae

Ragnhild
Lunnan e Spectral Analysis of stripped envelope

A, supernovae discovered by PTF and iPTF

University

RS Ty Follow-up spectroscopy for Census of the Local
CWVOMING

Universe (CLU) galaxy survey

Observational scheduling for optical EMGW
—| i\fL"\\R\'{LKND follow up & Estimation of GW counterparts

from premerger of binary neutron stars

Javed Rana




GR&GWTH Undergrad Internships
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5 undergraduate summer internships awarded in 2016

Melanie Olaes (SDSU) = Eran Ofek (Weizmann Institute of Science, Israel
Gabrielle Mehta (Pomona College) = Varun Bhalerao (IUCAA, India) + Bryan Penprase (Pomona College)

Shreya Anand (Univ of Maryland) = Wen-Ping Chen (National Central University, Taiwan)
Kit Chinnetti (Caltech) = Matt Darnley (Liverpool John Moores University, UK
Atharva Patil (IUCAA, India) = Chow-Choong Ngeow (National Central University, Taiwan)




GR&GWTH Undergraduate Internships 2016
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Studies of nova N.ovel
eruptions with discovery
the Liverpool technique 58 =
Kit Chinetti (Caltech) Telescope for transient N enp——— ShreyaAna;;ﬁjMD)
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Gabi Mehta (Pomona)




| found a nova!
iPTF16bqy is my first
little contribution to
transient discoveries.

[ Previous | Next )

Independent discovery and spectroscopic classification
of IPTF16bqy (ASASSN-16hf) as a Classical Nova in M31

ATel =9248. K Chiwers (Cultech), M. J. Darnley (LIMU), M. M. Kaslboal (Caltecks, P Mazzall
(LIML), J D. Netll (Cadrech), 5. €. Willlann ¢ Lancaster)
on 15 Jul 2016; 18:59 U'T

Credenstal Certification. Mart Darwey (M Darnloy@iimi ar.uk)

Subyects: Optical. Nova. Transient

llltn_-mﬁ

We report the mdependent discovery of nova candidate \PTF16bqy (ASASSN-16hf. ATel =9245) on
2016 July 1244 UT with I ; v 15 located at RA

DEC =40:08359 (J2000.0: coamssstent with the ASASSN on). and was not
detected m mages taken 2016 July 1047 and earker Photometry of the tramsient with the Samuvel
Osclun 48-1ch relescope 15 sunssarzed m the table below

03321 05

1"t s i 1
We also obtamed a pawr of spectra wuth the SPRAT spectrograph (Paascdk et al 2014) on the 2m

Liverpool Telesco teele ot al 2004) on 2016 July 14.12 and 15.07 UT. An additional spectrum
was obtaned with the SEDM wpectrograph ca the Palomar 60-m telescope oa July 14 The
spectra show Balmer (Ha-G) P Cyam profiles, conststent with the early optically thick phase of a
classacal nova eruption (e “fireball') The Ha P Cviu profiles mdicate ejection velocities of 230x
= 100 km's spectra also show Fe IT (nmltiplets 42 73 79), Na I (5852 A), and O 1 (7713 A)
emussion hoes, with hunts of biue slufted absorption components Clear evolubon of the P Cvgm
peofiles 15 evident between the spectra with the absorption features weakenng and the enussion
strengthemung as the ejecta expands. As such we conclude that iIPTF16bqy 15 the early stage of an
eruption of 3 classecal nova o M3 1 and beloags to the Fe [I taxooonuc class

Fuaally, we comment that the large distance of thas nova from the center of M31 (4053" South and
1338" East of the center of M31, ATel #2245) 13 m ttself noteworthy The enussion line ceaters and
the hammosity of thus nova are however comstent with the nova belonging to M3l

t 4

Ths work 15 t of an mtenmational wndergrachote meermilup supported by the
GROWTH orogram

<3




GR&GWTH Courses
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¥ COMPLETED
. Ay 3: Automating Discovering the Universe
~ Offered at Caltech, Winter 2015

s UPCOMING
b et )
¥ Undergraduate major course
To be offered at Univ of Maryland, Univ. of
Winsconsin Milwaukee and Pomona College

Goal: Ramp up to six co-ordinated courses per
semester by Year 5. Publish curriculum.

Lead: Bryan Penprase

T ol e

i 'arim 1 e




GR&GWTH
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ducators Workshop to co-develop curriculum

ACTIVE LEARNING FLIPPED
= Online
In Class Aqwntxcs ‘ Tutorials for
and Peer Learning Exercises
Conceprual Questions
Projects Using GROWTH data

Topics:

PROJECT-based
and RESEARCH

Shared Journal Article
“case studies”
Student Developed
Reports and Research

Parallel Global Observational Astronomy Course - Possible Weekly Schedule

Week 1 Week 2 Week 3 Week 4

Telescope Design,
CCD detectors,
Astronomical
Coordinates

Astrometry Basic Photometry
Exercise (parallax or (measurement of
orbit determination)  HR diagram)

Begin Project Profess h Miniople
FOIESSOIS ShAr€ sy dent groups can
(semester or Students at

provide 24-hour

. coverage of time-
for photometry  yariable sources

tutorials, and

uarter iple campuse
q ) multiple campuses students pool data

share data

Time-Domain
Photometry - light
curve +
periodogram

Weeks 5+6 Week 7

Submit Proposals for  Presentations and
student projects +  writeups of student
conduct observing work

.

Global student

research community can

share data analysis tips
and telescope time
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Authors Title wntrul Hel,
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2 26Ap] 8240 "K 1 006G DA14 A E X RC § u
Kasliwal, M. M. Cenk ) o, Yz Barlow, T Bhalerao, V2 Bellm_E.: PTF Search for an Optical Countespunt to Gravitational wave Transsent GW150914
Cook, D Duggan, we

3 6Ap) 824 60 LN D&2016 A EBF X RC § u
Ofek. E. 0.; Cenko, 8. B.; Shaviv an. G:; Strotjobann, N-L.; Rubia, Az Kulkarni. §. R FTF13efv — An Outharst 510 Days Prior to the SNHust 275 Explosion and Its Radutive Efficiency
Gal-Yam. A.; Sellivam, M.; Cao, Y. % cowshor

] lbAp)_823_147C 1100 082016 A BEF X RC & u
Cao, Y1; Johamsson, J.; Nugent, Peter E.; Goobar, A Nordis, Jakob; Kulkarsa, §. R; Cesko, §. Bradley:  Absence of Fast-moving Iron i an Evtermediste Type T2 Supemnova between Normal and Super- Chandrasekhar
Fox, On D.: Kasliwal, Mansa M.; Fremling, C.: sed 7 cosh

5 21EMNRAS A58 2973p 1000 05/2016 A EF X RC u
Prentice, S. 1.: Mazzali. P, A - Piam, E; Gal-Yam, A ; Kulkarni. S. R.: Rubin, A Corsi, A.; Fremling. C.; The halometric fight cerves and pliyscal parumeters of stripped.envelope supemonas
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5 Ergon, M.: Kasliwal, M.; and author
B 73338 1000 0N2016 A X RC u
g Pz Chen, H.Y; Holz, D E; Cenko. S. . Geheels. N Going the Distance: Mapping Hast Galaxies of LIGO asd Virgo Sources in Three Dimeasions Using Local Cosmagraphy and Targeted Fallow-up

Cannizze, 1., Kasliwal. MM - and 11 coaubes

9 llbAp)_KM._33R 1100 02016 A EF X D RC ou
Ruban, Adum, Gal-Yam, Avishay: De Cua, Annalisa; Hoeesh, Assaf: Khuzoy, Danny; Ofek. Eran O Type Il Supernova Energetics and Comgpuarison of Light Curves to Shock-cooling \(uih
Kulkami, S. R - Arcavi, bar; Manubs, Man: Yaron, Ofer: and 30 coauthoss

1 2 hasel saft020028 1000 U014 A E ou
Belkm, Enc C: Sexar, Branimar pyrad-dhsp: Reduction pipeline for the Palomar Doable Beam Spectrograph

i 2016 Xiv 602084974 1 0060 0216 A RC u
Abbott, B. P- Abbott, R.: Abbott, T. D5 Abernathy, M. R Acemnese. F: Ackley. K., Adans, C; Localwzation and broadbaed follow-up of the gravitational wave transient GW l~lWlJ
Adams. T Addesso. P; Adiakani, R. X.: and 1537 coauther

12 ilbAp) 81N IK 1100 0016 A EF X RC § u
Khazov, D= Yaran, O (ul Yam, A.; Manules, [ Rubin, A Kulkarsa, 8. R Arcave, L: Kacliwal, M. M.;  Flash Spectruscopy: Emissson Lines from the loatzed Circemstellar Matenal arcesd <10-day-old Type [l Supernovae
Ofek.E.0.; Can. Y,

13 2 barXiv EBDITI68T 1100 012016 A X R u
Taddia. F.: Sollerman, J.; Fremling, C.; Migotto, K Gal- Yam, A< Armen, § .= Duggan, G Ergon. M Long-nsing Type [ supersovae from #TF aad COCP
Filippenko. A. V: Franssoa, C.; 2ad 10 coamhor

14 2015 Xi ) 1 000 1201S A X R u
Coest, A2 Gul-Yam, A - Kulkarni, § ral, D. A Mazzale, P. A Cenko, S B Kashiwal, M_M Radio cbservatvons of a sample of broad-Emed type ke superonae discovered by FTRPTE: A search for relativistic explosions
Cao, Y.; Horesh. A; Pallivaguru, N yerithor

15 W1SAp)_814_LUBY 1000 122015 A EF X B RC SN U

Yan, Lin; Quimby, R.: Ofek, E: Gal-Yam, A2 Mazzali. P Perkey, D Vieeswijk. P. M. Leloadas G
De Cia, A= Masci, F.: and 7 coauthiory

Detectica of Broad Ha Emission Lines m the Latetime Spectra of 2 Hydrogen-poar Saperlumisoes Supemova
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Supernova Discoveries .

PTF, LSSN, CRTS (~700/yr

<— 23 SNe from 1006 to 1930 \

SNF and SDSS & SNLS

1000

800

> 600 High-Z Searches \
+ KAIT
400
Calan-Tololo Search \
200

Zwicky + Amateurs

0
1930 1940 1950 1960 1970 1980 1990 2000 2010
year

July 25, 2016



GR&GWTH l. Infant Supernovae
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Connecting the type of star to its explosion

55 B 17 3
| | He = Keck

first P48 image & 18

first candidate loaded in database 457 He I T €19
automated transient alert | o

Keck spectrum af s 20

SWIFT observation B oq
LCOGT observati 8

35~ 22

0O 6 12 18 24 30 36 42 48
{ ‘/L/ . Time since explosion [hours]

Il

Fx [erg cm2s™ Ang"1]

EVLA triggered

kj\) He l He l
2.5 cIv
.
LCOGT triggered

| [ 1] |
\ \ CARMATtriggere sl
SWIFT triggered w |

.

second candidate loaded in database
second P48 image O'SW |
0 3 6 9 12
0

Hours since 03:30:00 September 3 [PST]

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

Young Type I: Yi Cao (PhDT) Gal-Yam et al. 2014, Nature

Young Type Il: Adam Rubin (PhDT)
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Peak Luminosity [MV]
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I1l. Dawn of Gravitational Wave Astronomy

Black Holes of Known Mass
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GW150914

X-Ray Studies

LVT151012
GW151226
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The Gold Rush: Light from Gravitational Waves
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Blue Emission:
SPEED

Speed of Response
Speed of Software
Speed of Follow-Up
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Coarse GW Localizations

> 30

20-30

r {15.0-20.0

r (12.0-15.0

- 1< 12.0

. . . GW SNR
e.g. Kasliwal & Nissanke 2014, Singer et al. 2014
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* Palomar (Zwicky)
Transient Factory

Hale 200" Telescope




GR&GWTH

Global Relay of Observatories Watching Transients Happen

Global Relay
of Observatories
Watching Transients Happen

Israel
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Merging Neutron Stars -
Emit Gravitational Waves Model Light Curves

NN

T 59

Model Opacity Free Neutron
(cm?/gm) Mass (gm)

g = A 30 6x10%
N B 3 6x102
M A C 3 6x10%
y @
=
5 — :
)
l: C
[+a)
| PRt e P ¢ P S, e A N 1 1 1 L L " 1 1 1 " i " 1 " n L X 1 X 2 L L l
-10 -5 0 +5 +10 +15 +20 +25

Time Since Neutron Star Merger (hours)

v - 0 Event identified by ZTF

8‘ — C;) ZTF/Palomar Himalayan Chandra ZTF/Palomar
% _5 © Gemini, Keck, Subaru Wise Gemini, |
9 @ = Luli Nordic Optical

— o ulin ordic Optica
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GW150914: All candidates classified in 2 hours!

fe :I!w ||v: ":.u u: IPTFISCyO" SN la @ z=0.03
1 | 1
o) |
1 |
1 1 I 1 2 I :
i . uPTFlSc’p' Nuclear @ z=0.03
Fe e i) " s X .pTFlscys' SN la @ z=0.05
| 1
1 1 |
1 1 |
1 1 1 1 |
- i Hi' n‘ iPTF15cym: SN Il @ z=0.06

log f)

ha! ' Hal iPTF15cyq: SN Il @ 2=0.06

Kasliwal et al. 2016a

5000 6000 7000 8000 3000
New Ref Sub SDSS Observed Wavelength (A)




GR&GWTH IV. Asteroids

Global Relay of Observatories Watching Transients Happen

iPTF discovery of NEA 2014 JG55

* Rapid response of fast-moving
asteroids before they are lost

2 hours later , _
; * Improve orbit solutions of

possible impactors

* Fast characterization of
compositional properties

PhDT: A. Waszczak

* Monitoring mass loss events
(i.e. active asteroids)

* Search for binaries, tumblers and
erratic rotators (super-fast/slow)

This 10m asteroid came within % of the earth-moon distance!
The streak became brighter by 1 mag and faster by 50% in 2 hours.

ZTF should be 20x better. GROWTH follow-up is key.
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Global Relay of Observatories Watching Transients Happen

Participant Support Annual Team
including Participant Meeting Graduate Student
Internships 3% Funding

9% 17%

Total Sub-award
to other US

institutions
20% Postdoc
Funding
25%
Evaluation
Expenses
5%

Travel including
Internships and
Conferences
5%

Computer and Page
Charges
4%




GR&GWTH GROWTH Team
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SENIOR INVESTIGATORS

Mansi Kasliwal Ariel Goobar

PR PAL INVESTIGATOR Professor (Stockholm Un T
# Homepage
Thomas Prince Eran Ofek

# H = e
# Homepags

Gadiyara C Anupama

e-nuz.e @« =




GR&GWTH GROWTH Team cont...
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Robert Quimby Varun Bhalerao

David Kaplan Stuart Vogel
Przemek Wozniak Brad Cenko
'; Homepage - &4 E g
® H cUggE"
Chow-Choong Ngeow Melissa Hayes-Gehrke




Mid-IR Luminosity [3.6]

-20
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SPitzer InfraRed Intensive Transients Survey

SPIRITS:

- Supernovae

Type IIb (SN2011dh)

Type la (SN2014J

*

Novae

dust-dominated (V1668 Cyg)
metal-dominated (QU Vul)

" /Intermediate Luminosity Red Transient

SPRITE

10

100

Time Since Explosion (Days)

Kasliwal et al. 2016b, ApJ, submitted

Cycles 10-12
1130 hours of Spitzer mid-IR

190 Galaxies x 10 epochs
(Pl Kasliwal)

Every Year:

110 nights of near-IR imaging
66 nights of optical imaging
33 nights of spectroscopy

147 transients (35 SPRITEs)
1948 variables/year

A New Infrared Discoverv Engine? B



Neutron Star + Black Hole

and then there is light!
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Blue Flash (~“hours) & Red Transient (~days)

~hours

abundance

=
o

-6

10

110 120 130 140 150 160 170 180 190 200 210
A
Figure from Metzger et al. 2010, 2014
e.g. Li & Paczynski 1998, Kulkarni 2005, Roberts et al. 2011, Nakar &

Piran 2011, Barnes et al. 2013, Kasen 2013, Grossman et al. 2013




GR&GWTH . Infant Type la SNe
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-17

- Rabinak and Waxman, 2011 —16f
Kasen 2010 R=10R -15

-16 Piro et al., 2010 —14f
----- L ot? e e e e, —-——-—a -

| !
[EP—
=N

|
-
~

| I T I
[ e
w D o
T T T

g-band absolute magnitude
|

Absolute Magnitude
|

-8 :
0.0 0.5 1.0 15
days since explosion

Nugent et al. 2011, Lietal. 2011, |
Horesh et al. 2011, Bloom et al. 2011 0o 2 4 6 8 10 12 14 16 18
+ 122 more papers

Cao et al. 2015, Nature
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Global Relay of Observatories Watching Transients Happen
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