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Even before GW170817
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The Majestic GW170817
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When two neutron 
stars merge…

… a black hole is born, 
a cocoon breaks out,
heavy elements are made.
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Simulation by Udi Nakar & Ore Gottliebr-process nucelosynthesis - yellow



Early Time is Key

by a jet (Nakar & Piran 2017). The energy deposition is taken
to be a power law in velocity, and an expanding blackbody
photosphere is assumed. The model has five free parameters:
the power-law index s, the initial radius where the shock
heating was deposited R, the ejecta mass Mej, the minimum
expansion velocity v, and the opacity κ.

Metzger et al. (2018) consider both cooling and radioactive
decay in a neutrino-heated, magnetically accelerated wind
created from a hypermassive neutron star that survives
∼0.1–1 s after the merger. As with the cocoon, this mechanism
can heat ejecta at relatively large radii. A similar power-law
energy distribution as in Piro & Kollmeier (2017) is assumed,
though with a larger ejecta mass moving at higher velocities.

Some of the debate around the different models focuses on
whether their inferred parameters for the ejecta mass, velocity,
and opacity, as well as their energetics, are compatible with the
gravitational-wave constraints for this event and with our
assumptions on neutron star and shock cooling physics. Here, I
accept the models as they were presented in their respective
papers and test how consistent they are with the combined
published light curves of the GW170817 kilonova.

4. Analysis

4.1. Comparing Models to the Multi-band Light Curves

The Villar et al. (2017) model was fit by them to a combined
light curve similar to the one presented here, so I take their best
fit as is for comparison. The Kasliwal et al. (2017) model is
numerical so I also take their fit as is. The Piro & Kollmeier
(2017) and Waxman et al. (2017) models, on the other hand,
were not formally fit to the data, so I fit them here to the
combined light curve using MCMC simulations in a similar
way as described for the blackbody fits above (also excluding
the w-, y-, and Y-band data).
The Piro & Kollmeier (2017) shock cooling model is fit to

the first four days of the combined multi-band light curve,
producing a best fit with s=2.7, R=7.1×1010 cm,

= ´ -
:M M4 10ej

3 , v=0.2c, and κ=0.8 cm2 g−1.
The Waxman et al. (2017) model is fit to the full length of the

combined multi-band light curve. I take their fνγ (the energy
fraction carried by neutrinos and γ-rays) to be 0, which is
consistent with their assumption that the dominant energy
deposition is governed by electrons and positrons (in any case,

Figure 5. Bolometric luminosity, photospheric temperature, and photospheric radius from the blackbody fits (circles). The results from the two blackbody fits from
Figure 2 are shown for the first epoch: without any assumptions on the ultraviolet emission at that epoch (blue circle), and including the ultraviolet data from four
hours later (red circle). That difference is enough to change the early behavior of the bolometric light curve from a shallow slope, resembling that of the pure
radioactive emission models (red lines) to a steep slope similar to that of the shock heating, wind heating, and boosted radioactive decay models (blue lines and shaded
region). A radioactive heating rate of t−1.3 is also shown for comparison to the late bolometric evolution (gray line). (The data used to create this figure are available.)
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New UV Opportunity in O5
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Simulations I: Selecting GW triggers
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Simulations II: Distinguishing Models
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Simulations III: Constraining Parameters
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Neutron Star + Black Hole Merger
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When is a neutron star swallowed whole by 
the black hole?

Foucart et al. 2018
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GW190521: 
Candidate AGN Flare Counterparts by Graham et al. 2020, 2023
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Table 3
A Summary of the Seven ZTF AGN Flares that Match LIGO/Virgo Events

LIGO/Virgo alert ID Name Redshift Mlog10 BH( ) Conf. Limit tg te Elog10( ) vmin k vmax k
(Me) (days) (days) (erg s) (km s−1) (km s−1)

GW190403_051519 J124942.30+344928.9 0.438 8.6 0.606 11.7 45.3 51.6 5 990
GW190403_051519 J183412.42+365655.3 0.419 9.1 0.864 12.7 41.0 50.5 15 2300
GW190424_180648 J181719.94+541910.0 0.234 8.0 0.099 12.9 35.6 51.4 1 800
GW190514_065416 J124942.30+344928.9 0.438 8.6 0.754 11.7 45.3 51.6 5 740
GW190514_065416 J224333.95+760619.2 0.353 8.8 0.664 11.3 18.3 50.5 6 1400
GW190521 J124942.30+344928.9 0.438 8.6 0.596 11.7 45.3 51.6 5 1300
GW190731_140936 J053408.41+085450.6 0.5 (8.0) 0.754 7.6 27.4 51.0 1 990
GW190803_022701 J053408.41+085450.6 0.5 (8.0) 0.488 7.6 27.4 51.0 1 920
GW190803_022701 J120437.98+500024.0 0.389 8.0* 0.304 20.2 47.4 51.5 2 780
GW190909_114149 J120437.98+500024.0 0.389 8.0* 0.057 20.2 47.4 51.5 2 1100
GW200216_220804 J154342.46+461233.4 0.599 9.3 0.699 12.0 123.4 51.4 24 1300
GW200220_124850 J154342.46+461233.4 0.599 9.3 0.113 12.0 123.4 51.4 24 1100

Notes. The name used for each AGN is its position in sexagesimal format. BH masses are taken from PyQSOFit (Guo et al. 2018) fits to available spectra for the
sources (see Appendix B) using the virial mass relationship of Ho & Kim (2015) for Hβ and Shen & Liu (2012) for Hα (asterisked values). The rise and decay
timescales are measured in the rest frame of the AGN. vmin k and vmax k are the minimum and maximum kick velocities for the merged BH. “Conf. limit” is the
percentile confidence contour within the 90% credible volume of the event at which the AGN is located. The redshift for J053408.41+085450.6 is a photometric
redshift and is taken from the literature; its spectrum does not have any broad emission features to evaluate a virial mass so a fiducial mass of =Mlog 8BH10( ) is used.

Figure 3. The ZTF g- and r-band light curves for the flares associated with LIGO/Virgo events. A GP fit to the data combining a mean flare function and a damped
random walk kernel is shown with its predicted uncertainties (blue shaded region).
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Lessons Learned



ZTF Promptly Mapped Coarse O3 localizations

LVC O3a Summary: 13 Triggers

BNS: Five triggers
(median distance: 227 Mpc)

NSBH: Eight triggers
(median distance: 354 Mpc)Median localization in O3: 4480 sq deg
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Follow-Up Follow-Up Follow-Up
2,116,846 ZTF	alerts inside 13	GW	event localizations	within	3	days	of	merger

2199	ZTF	candidates	selected	by	multi-step	machine	learning
(presented for	human	vetting)

127 ZTF	candidates	selected	and	announced	
(via	GCN	circulars)

70 remaining after follow-up	spectroscopy
(Keck,	GTC,	Gemini, P200,	LDT,	SALT,	APO,	HCT,	LT)

14 remaining after	follow-up photometry
(LT,	LCO,	KPED,	GIT,	LOT,	P60,	P200,	Gemini,	Keck,	

GTC, LDT,	APO,	Swift)

0 remaining after	new	GW	map/archival	
analysis/detailed	inspection

0	kilonovae

Kasliwal et al. 2020

Mansi M. Kasliwal / UVEX Workshop



137 Scientists

37 Telescopes

38 Science Programs

100,000 events/night

5603 Supernovae to date

182 Refereed Journal 
Papers in 5 years

8236 citations

h-index 42
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Kasliwal et al. 2019a
In collaboration with UCB, the next generation open-source Fritz is now live 
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Is GW170817 the norm? 23
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Figure 12. Constraints on the underlying luminosity function of kilonovae represented as the maximum allowed fraction of
kilonovae brighter than a given peak absolute magnitude. Constraints are derived at a 90% confidence level. We show constraints
assuming flat photometric evolution (orange squares) and fading by 1 mag day�1 (green stars). We also show the event-by-event
constraint based on a median estimate (yellow circles, dotted line). We correct this median estimate by the probability that the
GW alert was terrestrial (red circles, dotted line). We compare to a model grid published in Kasen et al. 2017 (dashed black
line) and find the limiting line suggests some kilonovae must either have Mej < 0.03M� or Xlan > 10�4. The limiting line
(blue dashed line) for another model grid (Dietrich et al. 2020; Bulla 2019) suggests that some kilonovae must be fainter than
GW170817 with Mej,dyn < 0.005M� or Mej,pm < 0.05M� or � > 30�.

Oates, S., Page, K., Breeveld, A., et al. 2020b, GCN, 27153,1300

11301

Oke, J. B., Cohen, J. G., Carr, M., et al. 1995, PASP, 107,1302

3751303

Patterson, M. T., Bellm, E. C., Rusholme, B., et al. 2019,1304

PASP, 131, 0180011305

Perley, D., & Copperwheat, C. 2019, GRB Coordinates1306

Network, 25720, 11307

Perley, D., & Copperwheat, C. 2019, GCN, 26426, 11308

Perley, D. A. 2019, PASP, 131, 0845031309

Perley, D. A., Ho, A. Y. Q., & Copperwheat, C. M. 2019a,1310

GRB Coordinates Network, 25643, 11311

Perley, D. A., Goobar, A., Kasliwal, M. M., et al. 2019b,1312

GRB Coordinates Network, 24331, 11313

Pian, E., D’Avanzo, P., Benetti, S., et al. 2017, Nature,1314

551, 671315

Piascik, A. S., Steele, I. A., Bates, S. D., et al. 2014, in1316

Society of Photo-Optical Instrumentation Engineers1317

(SPIE) Conference Series, Vol. 9147, Proc. SPIE, 91478H1318

Piro, A. L., & Kollmeier, J. A. 2018, ApJ, 855, 1031319

Pozanenko, A. S., Barkov, M. V., Minaev, P. Y., et al.1320

2018, The Astrophysical Journal, 852, L301321

Rhodes, L., Fender, R., Williams, D., et al. 2019, GRB1322

Coordinates Network, 24226, 11323

Rigault, M., Neill, J. D., Blagorodnova, N., et al. 2019,1324

A&A, 627, A1151325

Roming, P. W. A., Kennedy, T. E., Mason, K. O., et al.1326

2005, SSRv, 120, 951327

Rosell, M. J. B., Rostopchin, S., Zimmerman, A., et al.1328

2019, GRB Coordinates Network, 25622, 11329

Rosswog, S. 2005, ApJ, 634, 12021330

Kasliwal  et al. 2020

Mansi M. Kasliwal / UVEX Workshop



But what is the rate?

Andreoni, Coughlin et al. 2021

Igor Andreoni Michael 
Coughlin
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Namaskar
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Anand, Coughlin et al. 2020

Shreya Anand
(Grad 3rd Year) 



April 26, 2019

GROWTH Team undertook a co-ordinated
search mapping the full area with four
discovery engines worldwide.

Shreya Anand
(Grad 3rd Year) 
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August 14, 2019
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Andreoni, Goldstein et al. 2019c

Upper limits suggest that either opacity was too high or the mass ratio was too high.
See also Morgan et al. 2020 (independent analysis by DESGW team) 

Igor Andreoni Danny Goldstein
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DG19wxnjc

• Right Place
• Right Time
• Right Distance
• Right Luminosity
• Right Color Evolution

BUT… spectrum is truthBUT Helium!
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