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A Renaissance in
Time Domain Astronomy

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



TDA in the LSST era

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



Organizational Chart



Beating Sunrise



Team Never Sleeps!

+ Przemek Wozniak



Dan Perley
Matt Darnley
Paolo Mazzali
Iain Steele

New Partner: UK

GROWTH is growing!

WELCOME



Powerhouse: Young Researchers



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

5 graduate/postdoc internships

Grad/Postdoc Internships
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Monica 
Soraisam

Ragnhild
Lunnan

Christoffer
Fleming

Javed Rana

Jessica Sutter

iPTF M31 transient detection

Nebular Spectroscopy of Superluminous
Supernovae

Spectral Analysis of stripped envelope 
supernovae discovered by PTF and iPTF

Follow-up spectroscopy for Census of the Local 
Universe (CLU) galaxy survey

Observational scheduling for optical EMGW 
follow up & Estimation of GW counterparts 
from premerger of binary neutron stars

Graduate/Postdoc Internships



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)

5 undergraduate summer internships awarded in 2016

Undergrad Internships



Atharva Patil (IUCAA)

Shreya Anand (UMD)
Melanie Olaes (SDSU)

Gabi Mehta (Pomona)

Kit Chinetti (Caltech)

Undergraduate Internships 2016

Studies of nova 

eruptions with 

the Liverpool 

Telescope 

Novel 

discovery 

technique 

for transient 

detection

Astronomical image

and data analysis

Roboticizing the 

Lulin One-meter 

telescope

Investigation 

of stellar 

clusters



Undergraduate Internships 2016

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



Courses

COMPLETED
Ay 3: Automating Discovering the Universe 
Offered at Caltech, Winter 2015

UPCOMING
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





Publications
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Supernova Discoveries
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23 SNe from 1006 to 1930

Zwicky + Amateurs

KAIT

High-Z Searches

SNF and SDSS & SNLS

Calán-Tololo Search

PTF, LSSN, CRTS (~700/yr)



I. Infant Supernovae

Gal-Yam et al. 2014, Nature

Connecting the type of star to its explosion

Young Type I: Yi Cao (PhDT)
Young Type II: Adam Rubin (PhDT)
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The Gap
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The Gap
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III. Dawn of Gravitational Wave Astronomy



The Gold Rush: Light from Gravitational Waves

e.g.  Li & Paczynski 1998, Kulkarni 2005,  Roberts et al. 2011, Nakar & 
Piran 2011, Barnes et al. 2013, Kasen 2013, Grossman et al. 2013

4 Metzger et al.

F igur e 1. Radioact ive heat ing rate per unit mass Ė in NS

merger ejecta due to the decay of r -process material, calculated

for the Ye = 0.1 ejecta t rajectory from Rosswog et al. (1999)

and Freiburghaus et al. (1999). T he total heat ing rate is shown

with a solid line and is divided into cont r ibut ions from β− decays

(dotted line) and fission (dashed line). For comparison we also

show the heat ing rate per unit mass produced by the decay chain
56 Ni → 56Co → 56 Fe (dot-dashed line). Note that on the ∼ day

t imescales of interest for merger t ransients (t ∼ tp eak ; eq. [3])

fission and β− decays make similar cont r ibut ions to the total r -

process heat ing, and that the r -process and 56Ni heat ing rates

are similar.

weeks) is one of the defining characterist ics of kilonovae from

NS mergers.

Provided that t he radioact ive power can be approxi-

mated as a decreasing power-law in t ime Q̇ ∝ t− α with

α < 2, the brightness of the event depends most sensit ively

on the amount of radioact ive heat ing that occurs around

the t imescale tp eak : Qp eak =
t p eak

Q̇dt ≈ Q̇(tp eak )tp eak =

f M ej c
2 , where f 1 is a dimensionless number (LP98).

Paramet rized thus, the peak bolomet ric luminosity is ap-

proximately

L p eak
Qp eak

td (Rp eak )

≈ 5 × 10
41

ergs s
− 1 f

10− 6

v

0.1c

1/ 2 M ej

10− 2M

1/ 2

,

(4)

and the effect ive temperature is given by

Tp eak
L p eak

4πR2
p eakσ

1/ 4

≈ 1.4 × 10
4

K
f

10− 6

1/ 4 v

0.1c

− 1/ 8 M ej

10− 2M

− 1/ 8

(5)

Note that L p eak ∝ f , yet the value of f is left as a free

parameter in the LP98 model, with values up to f ∼ 10− 3

considered plausible a prior i . In §3.2 we present explicit cal-

culat ions of Q̇ and show that the effect ive value of f is

∼ 3× 10− 6 . Thus, for M ej ∼ 10− 2 M we expect a t ransient

with peak luminosity ∼ 1042 ergs s− 1 (bolomet ric magni-

tude M b ol ≈ − 16) and a photospheric temperature∼ 104 K ,

F igur e 2. Final abundance dist ribut ion from the fiducial model

with Ye = 0.1 (Fig. 1), shown as the mass fract ion versus

mass number A. M easured solar system r -process abundances are

shown for comparison with black dots. T hey are arbit rar i ly nor-

malized to the computed abundances for A = 195.

corresponding to a spect ral peak at opt ical/ near-UV wave-

lengths.

3 R A D I OA CT I V E H EAT I N G

3.1 N et wor k Calculat ions

In this sect ion we present calculat ions of the radioact ive

heat ing of the ejecta. We use a dynamical r -process network

(Mart ı́nez-Pinedo 2008;Petermann et al. 2008) that includes

neut ron captures, photodissociat ions, β− decays, α− decays

and fission react ions. The lat ter includes cont ribut ions from

neut ron induced fission, β delayed fission, and spontaneous

fission. The neut ron capture rates for nuclei with Z 83 are

obtained from the work of Rauscher & Thielemann (2000)

and are based on two different nuclear mass models: the

Finite Range Droplet Model (Möller et al. 1995) and the

Quenched version of the Extended Thomas Fermi with

St rut insky Integral model (ETFSI-Q) (Pearson et al. 1996).

For nuclei with Z > 83 the neut ron capture rates and

neut ron-induced fission rates are obtained from Panov et al.

(2009). Beta-decay rates including emission of up to 3 neu-

t rons after beta decay are from Möller et al. (2003). Beta-

delayed fission and spontaneous fission rates are deter-

mined as explained by Mart ı́nez-Pinedo et al. (2007). Ex-

perimental rates for alpha and beta decay have been ob-

tained from the NUDAT database.1 Fission yields for all

fission processes are determined using the stat ist ical code

ABLA (Gaimard & Schmidt 1991; Benlliure et al. 1998). All

heat ing is self-consistent ly added to the ent ropy of the fluid

following the procedure of Freiburghaus et al. (1999). The

change of temperature during the init ial expansion is de-

termined using the T immes equat ion of state (T immes &

Arnet t 1999), which is valid below the density ρ ∼ 3 × 1011

g cm− 3 at which our calculat ion begins.

As in the r -process calculat ions performed by

Freiburghaus et al. (1999), we use a Lagrangian density ρ(t )

1 ht t p: / / www. nndc. bnl . gov/ nudat 2/

c ???? RAS, M NRAS 000, 1–15

Figure from Metzger et al. 2010, 2014
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Blue Emission: 
SPEED

Speed of Response
Speed of Software 
Speed of Follow-Up



Coarse GW Localizations

e.g. Kasliwal & Nissanke 2014, Singer et al. 2014









GW150914:  All candidates classified in 2 hours!
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IV. Asteroids

This 10m asteroid came within ¼ 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.

2 hours later

P
h

D
T:

 A
. W

as
zc

za
k

iPTF discovery of NEA 2014 JG55

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

• Improve orbit solutions of 
possible impactors

• Fast characterization of 
compositional properties

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

• Search for binaries, tumblers and 
erratic rotators (super-fast/slow)
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Graduate Student 
Funding

17%

Postdoc 
Funding

25%

Undergrad 
Internships

2%Computer and Page 
Charges

4%

Travel including 
Internships and 

Conferences
5%

Program Leadership 
and Administration

10%

Evaluation 
Expenses

5%

Total Sub-award 
to other US 
institutions

20%

Participant Support 
including Participant 

Internships
9%

Annual Team 
Meeting

3%



GROWTH Team



GROWTH Team cont…



SPIRITS:
SPitzer InfraRed Intensive Transients Survey

147 transients (35 SPRITEs)
1948 variables/year

Cycles 10-12 
1130 hours of Spitzer mid-IR
190 Galaxies x 10 epochs
(PI Kasliwal)

Every Year:
110 nights of near-IR imaging
66 nights of optical imaging
33 nights of spectroscopy

Kasliwal et al. 2016b, ApJ, submitted

A New Infrared Discovery Engine?



Neutron Star + Black Hole
and then there is light!



Blue Flash (~hours)  & Red Transient (~days)

e.g.  Li & Paczynski 1998, Kulkarni 2005,  Roberts et al. 2011, Nakar & 
Piran 2011, Barnes et al. 2013, Kasen 2013, Grossman et al. 2013

4 Metzger et al.

F igur e 1. Radioact ive heat ing rate per unit mass Ė in NS

merger ejecta due to the decay of r -process material, calculated

for the Ye = 0.1 ejecta t rajectory from Rosswog et al. (1999)

and Freiburghaus et al. (1999). T he total heat ing rate is shown

with a solid line and is divided into cont r ibut ions from β− decays

(dotted line) and fission (dashed line). For comparison we also

show the heat ing rate per unit mass produced by the decay chain
56 Ni → 56Co → 56 Fe (dot-dashed line). Note that on the ∼ day

t imescales of interest for merger t ransients (t ∼ tp eak ; eq. [3])

fission and β− decays make similar cont r ibut ions to the total r -

process heat ing, and that the r -process and 56Ni heat ing rates

are similar.

weeks) is one of the defining characterist ics of kilonovae from

NS mergers.

Provided that t he radioact ive power can be approxi-

mated as a decreasing power-law in t ime Q̇ ∝ t− α with

α < 2, the brightness of the event depends most sensit ively

on the amount of radioact ive heat ing that occurs around

the t imescale tp eak : Qp eak =
t p eak

Q̇dt ≈ Q̇(tp eak )tp eak =

f M ej c
2 , where f 1 is a dimensionless number (LP98).

Paramet rized thus, the peak bolomet ric luminosity is ap-

proximately

L p eak
Qp eak
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≈ 5 × 10
41
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1/ 4

≈ 1.4 × 10
4

K
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(5)

Note that L p eak ∝ f , yet the value of f is left as a free

parameter in the LP98 model, with values up to f ∼ 10− 3

considered plausible a prior i . In §3.2 we present explicit cal-

culat ions of Q̇ and show that the effect ive value of f is

∼ 3× 10− 6 . Thus, for M ej ∼ 10− 2 M we expect a t ransient

with peak luminosity ∼ 1042 ergs s− 1 (bolomet ric magni-

tude M b ol ≈ − 16) and a photospheric temperature∼ 104 K ,

F igur e 2. Final abundance dist ribut ion from the fiducial model

with Ye = 0.1 (Fig. 1), shown as the mass fract ion versus

mass number A. M easured solar system r -process abundances are

shown for comparison with black dots. T hey are arbit rar i ly nor-

malized to the computed abundances for A = 195.

corresponding to a spect ral peak at opt ical/ near-UV wave-

lengths.

3 R A D I OA CT I V E H EAT I N G

3.1 N et wor k Calculat ions

In this sect ion we present calculat ions of the radioact ive

heat ing of the ejecta. We use a dynamical r -process network

(Mart ı́nez-Pinedo 2008;Petermann et al. 2008) that includes

neut ron captures, photodissociat ions, β− decays, α− decays

and fission react ions. The lat ter includes cont ribut ions from

neut ron induced fission, β delayed fission, and spontaneous

fission. The neut ron capture rates for nuclei with Z 83 are

obtained from the work of Rauscher & Thielemann (2000)

and are based on two different nuclear mass models: the

Finite Range Droplet Model (Möller et al. 1995) and the

Quenched version of the Extended Thomas Fermi with

St rut insky Integral model (ETFSI-Q) (Pearson et al. 1996).

For nuclei with Z > 83 the neut ron capture rates and

neut ron-induced fission rates are obtained from Panov et al.

(2009). Beta-decay rates including emission of up to 3 neu-

t rons after beta decay are from Möller et al. (2003). Beta-

delayed fission and spontaneous fission rates are deter-

mined as explained by Mart ı́nez-Pinedo et al. (2007). Ex-

perimental rates for alpha and beta decay have been ob-

tained from the NUDAT database.1 Fission yields for all

fission processes are determined using the stat ist ical code

ABLA (Gaimard & Schmidt 1991; Benlliure et al. 1998). All

heat ing is self-consistent ly added to the ent ropy of the fluid

following the procedure of Freiburghaus et al. (1999). The

change of temperature during the init ial expansion is de-

termined using the T immes equat ion of state (T immes &

Arnet t 1999), which is valid below the density ρ ∼ 3 × 1011

g cm− 3 at which our calculat ion begins.

As in the r -process calculat ions performed by

Freiburghaus et al. (1999), we use a Lagrangian density ρ(t )

1 ht t p: / / www. nndc. bnl . gov/ nudat 2/

c ???? RAS, M NRAS 000, 1–15

Figure from Metzger et al. 2010, 2014
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II. Infant Type Ia SNe

Nugent et al. 2011,  Li et al. 2011,
Horesh et al. 2011, Bloom et al. 2011
+ 122 more papers 
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Figure 1: Swift/UVOT lightcurves of iPTF14atg. iPTF14atg lightcurvs are shown in 

red circles and lines and are compared with those of other SNe Ia (gray circles). The 

magnitudes are in the AB system. The 1-σ error bars include both statistical and 

systematic uncertainties in measurements. Lightcurves of other SNe and their explosion 

dates are taken from previous studies
13,26

. In each of the three UV bands (uvw2, uvm2 and 

uvw1), iPTF14atg stands out for exhibiting a decaying flux at early times. The blue and 

black dashed curves show two theoretical lightcurves derived from companion interaction 

models
9
. 

 

Days since Explosion
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Statistics

Khazov et al. 2016, Rubin et al. 2016


