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DIVISION OF PHYSICS, MATHEMATICS & ASTRONOMY 

Optical:	Evryscope,	ASASSN,	 HATPI,	ZTF,	CSS-II,	PS2,	Blackgem,	ATLAS,	
DECAM,	HSC	(and	soon,	LSST)	

Radio:	LOFAR,	MWA,	LWA, Apertif,	Meerkat, Askap,	VLASS

MISSING:	Wide-field	Infrared,	Ultraviolet,	X-rays

Gamma-Rays	Fermi,	Swift,	Integral

Multi-Messenger Astrophysics
Discovery Engines

Gravitational	Waves:	LIGO,	Virgo,	LIGO-India,	Kagra,	LISA,	PTA

Neutrinos	and	UHECRs:	Icecube,	Pierre	Auger,	Antares,	SuperK
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August 17, 2017, 12:41:04 UTC

LIGO	Hanford

LIGO	Livingston

Virgo,	Italy

LVC,	Phys.	Rev.	Lett. 119,	161101	(2017)
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The	longest (~	100	s),	loudest (SNR	~	32),	closest (40	Mpc)	signal	we’ve	ever	observed!
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Just 1.7 seconds later:
a burst of gamma-rays!

LVC,	Fermi,	Integral	Astrophys.	J.	Lett.,	2017;	Goldstein	et	al.	2017		
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Localization

Credit:	R.	Hurt



DIVISION OF PHYSICS, MATHEMATICS & ASTRONOMY 

A Panchromatic Hunt

NuSTAR
Hard	X-ray

Neil	Gehrels Swift	Obs.
Soft	X-ray	&	Ultraviolet

Gemini-South	&	VISTA
Infrared

Very	Large	Array
Radio

Six
Optical

Telescopes

Evans	et	al.	2017 Hallinan et	al.	2017
Mooley et	al.	2017

Tanvir et	al.	2017
Kasliwal	et	al.	2017
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8 Independent Searches in Chile
Optical:

1. Swope 40” Las Campanas Telescope (Coulter et al. 2017)

2. MASTER (Lipunov et al. 2017)

3. DLT40 (Valenti et al. 2017)

4. DECam on Blanco Telescope (Soares-Santos et al. 2017)

5. Las Cumbres Observatory (Arcavi et al. 2017)

6. REM (Pian et al. 2017)

Infrared:

1. ESO VISTA (Tanvir et al. 2017)

2. Gemini-South (Kasliwal et al. 2017)
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Role of Galaxy Catalogs

3rd highest	priority	galaxy	in	the	Census	of	the	Local	Universe	(CLU)	list!
Read	more	about	CLU	galaxy	catalog	in	Cook	et	al.	2017;	
Read	about	search	strategy	in	Nissanke et	al.	2013,	Gehrels et	al.	2016

Kasliwal	et	al.	2017c
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Is ZTF Unique?
1. ZTF can respond instantly given the location of Palomar 

Observatory and GW quadrupolar antenna pattern

2. ZTF mapping speed allows us to follow-up all events, including 
the majority which will be coarse two-detector events

3. ZTF 600s depth allows us to be sensitive to events fainter than 
GW170817 by factor of 10 (at 120 Mpc in O3). 

4. ZTF sequence sensitive to both the fast-blue and slow-red 
(e.g., if we do ggg_0, gr_1, ri_2, ri_4, ri_6, gri_15)

5. GROWTH’s panchromatic approach complements ZTF to paint 
a complete astrophysical picture

ZTF	is	a	powerful	discovery	engine.
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Why 600s?

Future events could be less luminous than GW170817 if:

Ejecta Mass is Lower or

Ejecta Velocity is Lower or

Mass ratio is larger or

Remnant Lifetime is shorter or

Viewing angle is more equatorial
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Figure 1 | Schematic illustration of the components of matter ejected from neutron-

star mergers. Red colours denote regions of heavy r-process elements, which radiate 

red/infrared light. Blue colours denote regions of light r-process elements which radiate 

blue/optical light. During the merger, tidal forces peel off tails of matter, forming a torus 

of heavy r-process ejecta in the plane of the binary. Material squeezed into the polar 

regions during the stellar collision can form a cone of light r-process material. Roughly 

spherical winds from a remnant accretion disk can also contribute, and are sensitive to the 

fate of the central merger remnant. a, If the remnant survives as a hot neutron star for tens 

of milliseconds, its neutrino irradiation lowers the neutron fraction and produces a blue 

wind. b, If the remnant collapses promptly to a black hole, neutrino irradiation is 

suppressed and the winds may be red. c, In the merger of a neutron star and a black hole, 

only a single tidal tail is ejected and the disk winds are more likely to be red. 
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GW170817: A Global Effort

Movie	Credit:	V.	Bhalerao

Total	70	ground-based	 telescopes	+	7	space	telescopes
(The	GROWTH	Team:	18	telescopes,	6	continents,	100+	people)
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Gemini,	Keck
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Students and Postdocs
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Celebrating	a	trio	of	papers	in	journal	Science:	
Evans	et	al.	2017,	Kasliwal	et	al.	2017,	Hallinan et	al.	2017
Gottlieb	et	al.	2017,	Rosswog et	al.	2017,	Mooley et	al.	2017
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I. Nucleosynthesis
Are neutron star mergers the long-sought sites 

of heavy element production?
Lattimer &	Schramm	1974
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Kilonovae: Heavy Element Thumbprint

Kasliwal	et	al.	2017c

Red	- Model	Prediction	from	
Kasen	et	al.	2013,	Barnes	&	Kasen	2013
Black	– Gemini-S/FLAMINGOS-2	Data

See	also	Chornock et	al.	2017,	Troja et	al.	2017
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Spectroscopic Evolution

Pian et	al.	2017,	Nature

Neodymium?
(Kasen	et	al.	2017)

Cs	I,	Te I?
(Smartt et	al.	2017)

Additional	spectroscopic	evolution	datasets:
Shappee et	al	.	2017,	Chornock et	al.	2017,	Smartt et	al.	2017,	Nicholl	et	al.	2017
McCullly et	al.	2017,	Buckley	et	al.	2017,	Kasliwal et	al.	2017

Tanaka	et	al.	2017
Se,	Ru,	Te,	Nd,	and	Er	(
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Solar abundance of Heavy Elements

Rate	/	500	Gpc^-3	yr^-1		
X	Ejecta /	0.05	Msun
=	Observed	Solar	Abundance

LIGO	lower	limit:	>	320	/	Gpc^3	/	yr
PTF	upper	limit:	<	800	/	Gpc^3	/	yr

A	Site	or	The	Site?
e.g.	Hotokezaka et	al.	2018
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A&A proofs: manuscript no. aanda
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Fig. 3. Comparison of a low-Ye (=0.1) matter case, representative for a "tidal" dynamical ejecta, with NIR JHK-band observations from Kasliwal
et al. (2017). The detailed model parameters are shown at the top of the panel, the inset shows the resulting abundance pattern.

We found several parameter combinations that yield good fits to
the NIR lightcurves, which underlines that at the current level of
understanding there is no unique answer to the question what
exactly caused the observed event. An interesting example is
shown in Fig. 3. The parameters (mej = 0.015 M�, Ye = 0.1,
vej = 0.15c,  = 10 cm2 g�1) of this model are characteristic for
a "tidal" component of dynamic ejecta that is ejected immedi-
ately during the merger at its original, very low electron fraction
and produces substantial r-process contributions from A ⇡ 100
up to and beyond the platinum peak, see inset. With the em-
ployed DZ-type nuclear heating rate, an ejecta mass that is char-
acteristic for mergers with near-equal masses, (see e.g. Rosswog
2013, their table 1), conveniently fits all three bands. If instead
the net nuclear heating rate of the FRDM mass model is em-
ployed, a substantially larger mass (⇠ 0.09 M�) is required to
obtain a comparable fit. While such a large ejecta mass cannot
be excluded, it is certainly not the value that is expected from
simulations (e.g. Rosswog 2013; Hotokezaka et al. 2013). The
current LIGO detection mass estimates a range from 1.36 - 2.26
M� for the primary and 0.86 - 1.36 M� for the secondary (Var-
iousCollabs 2017) and therefore allows, in principle, for a very
unequal mass binary. But whether even an extreme mass ratio
NSNS binary can eject such a large amount of mass remains an
open question.
Interestingly, the NIR late-time light curves do not necessarily
prove the presence of either lanthanides or third r-process peak
elements (although based on theoretical modeling their presence
is expected). We can, for example, also obtain a good fit for
an electron fraction (Ye = 0.28) that is large enough to avoid
the production of lanthanides and the third r-process peak and
thus has a lower e↵ective opacity ( = 1 cm2/g), see Fig. 4.
The mass of 0.05 M� could plausibly be ejected from a ⇡ 0.13
M� torus (assuming 40% ejection) and also the electron fraction

is in the range expected for matter that has been exposed to a
merger background neutrino field (Qian & Woosley 1996; Ross-
wog 2014; Perego et al. 2014). Only the velocities are larger (by
a factor of ⇠ 2) than what simulations (Fernandez & Metzger
2013; Just et al. 2015) have found so far for unbound torus mat-
ter.
Obviously, models that use only one value for electron fraction
and velocity, respectively, are oversimplifications and what has
been observed is likely a superposition of distributions of physi-
cal conditions.

4. Discussion

The observation of GW170817 is a milestone. The first direct
observation of a neutron star merger and its coincident electro-
magnetic detection has finally proven two long-held suspicions,
namely i) that such mergers are a source of short GRBs and –as
we have argued here– ii) it provides a first direct proof that their
ejecta are a major source for the cosmic r-process nucleosynthe-
sis.
We have explored the radioactive heating rate for a broad range
of physical conditions and we find that the decline of the ob-
served bolometric luminosity of AT2017gfo agrees well with the
decay produced by matter with Ye . 0.3, but not larger. This
provides direct observational evidence for neutron star mergers
being a major nucleosynthesis site and confirms earlier purely
theoretical or indirect observational conclusions (Lattimer &
Schramm 1974; Rosswog et al. 1999; Freiburghaus et al. 1999;
Korobkin et al. 2012; Hotokezaka et al. 2015; Beniamini et al.
2016).
Using nuclear network calculations employing the FRDM nu-
clear mass model, we derive a lower limit on the ejecta mass of
⇡ 1.5 ⇥ 10�2 M� to explain the bolometric luminosity. Due to

Article number, page 4 of 7

S. Rosswog et al.: The first direct double neutron star merger detection: implications for cosmic nucleosynthesis.
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Fig. 4. Comparison for a model without lanthanides and third r-process peak ejecta. Properties like in this model are expected for matter unbound
from an accretion torus. The small inset shows the corresponding nucleosynthesis.
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Fig. 5. Needed event rates, scaled to an ejecta mass of 0.03 M�, if NSNS
mergers are to produce all r-process (in solar proportions) above a min-
imum nucleon number >A (solid black line). Also shown are the esti-
mated rates (90% conf.) for NSNS mergers from the population synthe-
sis study of Kim et al. (2015), the sGRB rates based on SWIFT data
from Petrillo et al. (2013) and the LVC estimate based on the first de-
tected NSNS merger event.

uncertainties in the nuclear physics far from stability, this limit
could potentially be reduced by a factor of up to ⇠ 5. Even in
this most pessimistic case the real ejecta amount would likely be
⇠ 1% of a solar mass, which is a substantial amount in a cosmic
nucleosynthesis context. Based on this first detected GW-event,
the NSM rate (90% conf.) is estimated as 320 - 4740 Gpc�3 yr�1

(LIGO-Virgo collaboration 2017), compact object merger rate
estimates based on SWIFT sGRB data point to ⇠ 500 � 1500

Gpc�3 yr�1 (Petrillo et al. 2013) while recent population synthe-
sis studies (Kim et al. 2015) estimate the rate3 as 244+325

�162 Gpc�3

yr�1o, which means that within the rate uncertainties, neutron
star mergers can well produce all the r-process elements in the
MW (Mr ⇠ 19 000 M� ; Bauswein et al. e.g. 2014; Shen et al.
e.g. 2015; Rosswog et al. e.g. 2017),

Mr ⇠ 17 000M�
 RNSNS

500Gpc�3 yr�1

!  
m̄ej

0.03M�

!  
⌧gal

1.3 ⇥ 1010yr

!
.

(3)

Clearly, which rate is needed depends on which r-process
elements are produced. In Fig. 5, we show as solid black line
the required event rate (scaled to an ejecta mass of 0.03 M�)
under the assumption that NSMs produce all r-process (in solar
proportions) above a limiting nucleon number >A. So if all
r-process is produced, an event rate of about 560 (0.03 M�/m̄ej)
yr�1 Gpc�3 is needed. While compatible with all shown rate
estimates, observations of metal-poor stars actually suggest
at least two r-process production sites (Sneden et al. 2008)
and –while disfavoured for producing the 3rd r-process peak–
supernovae could plausibly contribute lower mass r-process.
If instead, NSMs should only produce r-process beyond the
second peak (A > 130), a rate of only 70 (0.03 M�/m̄ej) yr�1

Gpc�3 would be required. The early blue emission observed
in AT2017gfo, however, is most naturally explained with
lower-opacity ejecta and therefore argues for the production
of at least some lower-mass r-process material, which would
also be consistent with recent theoretical studies (Wanajo et al.
2014; Perego et al. 2014; Just et al. 2015; Wu et al. 2016). This
could point to rates between the above two extremes. From the
3 We use the density of Milky Way equivalent galaxies of Abadie et al.
(2010) to transform between di↵erent units.

Article number, page 5 of 7

Just	the	first	two	peaks	can	explain	the	
ground-based	IR	light	curve?	
Rosswog et	al.	2017



DIVISION OF PHYSICS, MATHEMATICS & ASTRONOMY 

Reddest detection with Spitzer
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II. Jet Physics
Are neutron star mergers progenitors of short 

hard gamma-ray bursts?
Eichler et	al.	1989,	Paczynski 1989
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What it is not

Surprise	#	1:	Weaker	than	a	sGRB by	10,000x
Surprise	#	2:	Delayed	onset	of	Radio/X-rays	
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UVOIR Light Curve
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Evans	et	al.	2017,	Kasliwal	et	al.	2017c	

Surprise	#	3:	Too	Bright	and	Blue	at	Early	Time

See	also:
Andreoni et	al.	2017
Arcavi et	al.	2017
Cowperthwaite et	a.	2017
Coulter	et	al.	2017
Drout et	al.	2017
Lipunov et	al.	2017
Lyman	et	al.	2017
Pian et	al.	2017
Soares-Santos	et	al.	2017
Smartt et	al.	2017
Tanvir et	al.	2017
Utsumi et	al.	2017
Villar et	al.	2017
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A New Model: The Cocoon Breakout

Kasliwal	et	al.	2017c
Gamma-ray	Modeling	 in	Gottlieb	et	al.	2017b;	More	analytics	 in	Piro&	Kollmeier 2017
Cocoon	for	NS	mergers:	Lazzati et	al.	2017a,b,	Gottlieb	et	al.	2017a,	Hotokezaka et	al.	2015
Simulations:	Aloy et	al.	2005,	Nagakura et	al.	2014,	Murguia-Berthier et	al.	2014	,	Duffell et	al.	2015	
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Cocoon Explains Gamma-Rays

Gottlieb	et	al.	2017b

1.	Smooth	Profile
2.	Two	Spectral	
Components
3.	Low	luminosity
4.	Time	lag
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Radio Prediction on Oct 16

Prediction:	Gottlieb	et	al.	2017b,	Data:	Hallinan et	al.	2017
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Cocoon Explains Radio

Mooley et	al.	2017,	Hallinan et	al.	2017
See	also:	Alexander	et	al.	2017
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Cocoon Explains X-ray and Optical

Ruan et	al.	2017,	Pooley	et	al.	2017
Troja et	al.	2017,	Haggard	et	al.	2017,	Margutti et	al.	2017	
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Figure 3 Light curve and spectra for Gaussian structured jet model. The current
observed light curve and spectral energy distribution of the afterglow at radio, optical and
X-ray wavelengths can be described by an off-axis structured jet. Left panel: Off-axis af-
terglow light-curve. Thick dashed grey and dashed purple lines indicate 3 GHz and 1 keV
flux density respectively, overlaid with radio12,13 and X-ray data14,17,50,51. Upper limits are
shown as triangles. The green dashed line indicates HST near-IR F140W frequency while
blue dashed and orange dashed lines show HST optical F606W and F814W fluxes. Our
optical detections are indicated as error bars on the optical light curves and our near-IR
flux limit is shown as an open triangle. Right panel: The model spectra at 14.9 days
(red) and 108 days (blue) post-merger compared to radio12,13 and X-ray data14,17. The
X-ray flux at 15 days is shown at 1 keV as an error bar (see Methods). At 108 days,
the X-ray data are shown as a spectral slope due to better spectral index constraints;
the grey shaded region indicates the 1� bounds on the slope.14 Our optical detections at
⇠110 days are indicated by error bars. Uncertainties shown are 1�.

The first break in the model light-curve is the jet deceleration time for an off-axis observer,
t / E1/3n�1/3

�

�8/3a�1, where before the break the flux is / t3 and the jet is assumed not to
expand sideways. A higher jet core Lorentz factor moves this break to earlier times. Each jet
component will have a beaming angle equal to a given angle i at post-merger time
t / E1/3n�1/3i8/3 for an on-axis observer, ✓

obs

= 0, or at a factor a�1

= (1�� cos i)/(1��) ⇠ 2

of the on-axis time for an off-axis observer at an inclination i = �

�1. Here E = 2EK✓
�2

0

is the

11

Lyman	et	al.	2018
Margutti et	al.	2018
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Alternate: Geometry and Ye?

Evans	et	al.	2017
See	also	Kasen	et	al.	2017,	Metzger	2017,	Cowperthwaite et	al.	2017,	Villar et	al.	2017
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Figure 1 | Schematic illustration of the components of matter ejected from neutron-

star mergers. Red colours denote regions of heavy r-process elements, which radiate 

red/infrared light. Blue colours denote regions of light r-process elements which radiate 

blue/optical light. During the merger, tidal forces peel off tails of matter, forming a torus 

of heavy r-process ejecta in the plane of the binary. Material squeezed into the polar 

regions during the stellar collision can form a cone of light r-process material. Roughly 

spherical winds from a remnant accretion disk can also contribute, and are sensitive to the 

fate of the central merger remnant. a, If the remnant survives as a hot neutron star for tens 

of milliseconds, its neutrino irradiation lowers the neutron fraction and produces a blue 

wind. b, If the remnant collapses promptly to a black hole, neutrino irradiation is 

suppressed and the winds may be red. c, In the merger of a neutron star and a black hole, 

only a single tidal tail is ejected and the disk winds are more likely to be red. 
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Alternate: A single-component model?4
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FIG. 3.— The estimated bolometric light curve of GW170817/AT 2017gfo. The blue-empty circles show the estimates based on fitting blackbody spectra to the
photometric points. The filled triangles are based on trapezoidal integration of the photometric data points, while the filled stars represent the integration of the
X-Shooter spectra. The bolometric light curve is highly uncertain after t ≈ 7 day, as at this stage we cannot rule out that we miss some of the emission in the IR.
The solid line shows a broken power-law fit to the trapezoidal integration of the photometric data points-based light curve, with parameters given in Table 1. The
thick-solid gray line shows the best-fit exponential to the data between t = 2 to t = 15 days, while the thin-solid gray lines shows the extension of this fit before
t = 2 days. The best-fit exponential has a decay timescale of −3.6± 0.3 days.

may come from the broad-band photometry of the event. The
reason is that the opacity of some elements may be very sen-
sitive to wavelength (see discussion in §4.2). Figure 4 shows
the fraction of luminosity emitted in the IR (1 − 2.45µm)
compared with the entire observed luminosity. Black points
represents the estimates based on the integration of the spec-
troscopic data, and gray points represents the trapezoidal in-
tegration of the photometric data without the Rayleigh-Jeans
extrapolated tail. The red squares shows the fraction of the
extrapolated Rayleigh-Jeans tail.

2.2. Simple fits to the bolometric light curve, effective
temperature and photospheric radius

Next, we fitted a broken power-law to the bolometric light
curve based on the trapezoidal integration of the photometry.
The best fit broken power law is presented in Figure 3. We
find that the data are described well by a power-law with two
breaks. The best fit values are given in Table ??. We also
attempted to fit an exponential decay to the light curve, and
the best fit is shown as the dashed line in the figure. The
implications are discussed in detail in § 4.

In the broken-power law description, the most robust fea-
tures of the light curve are as follows. (i) At t = 1 day the
bolometric luminosity is about 6× 1041 erg s−1. (ii) Between
t > 1 day and t = 6.7± 1.1 day the bolometric light curve is
well represented by a power-law decay with a power-law in-

10
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0.2

0.4
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0.8

1

spec

phot

extrapolated IR

FIG. 4.— The fraction of the luminosity emitted in the IR (1 − 2.45µm)
compared with the entire observed luminosity. Black points represent the es-
timates based on the integration of the spectroscopic data, and gray points
represent the trapezoidal integration of the photometric data without the
Rayleigh-Jeans extrapolated tail. The red squares show the fraction of
the extrapolated Rayleigh-Jeans tail. We note that the spectra taken after
t = 10 days are very noisy and may suffer from background subtraction and
calibration issues.

dex of −1.00± 0.06. (iii) At t = 6.7± 1.1 day there is some
indication for a break in the light curve, followed by a steeper
decay rate. We cannot rule out however the possibility that at

Waxman	et	al.	2017
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The fate of the jet is not yet clear

Also	referred	to	as	“structured	jet”
e.g.	Lazzati et	al.	2017c,	Lyman	et	al.	2018
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Figure 3: The afterglow emission compared with the radio[3] and X-ray[4, 5] data. Shown are
two simulations, one with a choked jet and one with a successful jet, in both the observer is
at 0.6 rad (see Methods). The choked jet simulation is the same as in figures 1 and 2. The
afterglows parameters are ✏e = 0.1 and p = 2.2 in both simulations and n = 10�3 cm�3,
✏b = 10�3 for the choked jet and n = 10�4 cm�3, ✏b = 0.03 for the successful jet. Both models
fit the observations very well and in both the cocoon dominates the emission during most (if
not all) of the available observations. The models start to deviate only after about 250 days. At
this time the jet dominates the emission of the successful jet case and following the peak of the
jet contribution the emission declines. The decline following the peak of the jet contribution
is general, although the timing of the peak varies between different models and it depends on
the jet energy and the external density. We note that the jet in the successful case is extremely
energetic with an isotropic equivalent luminosity of 4.4 ⇥ 1052 erg/s which is unusually high
for sGRBs. This is the main reason, together with the low density, that its contribution starts so
late. The choked jet light curve also declines but this begins on time scales that are longer than
1000 days, in this specific case. This can also vary with the total energy in the cocoon and with
the ISM density.

4

Nakar et	al.,	submitted

Blue	=	Successful	Jet,	
Orange	=	Choked	Jet
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We	have	learned	so	much…

but	this	is	just	the	beginning!

What	is	the	rate	of	neutron	star	mergers?	

Is	this	the source	of	heavy	elements?

How	bright,	blue	and	ubiquitous	 is	the	early	emission?

Does	a	cocoon	 accompany	 every	neutron	star	merger?	
What	is	the	fate	of	the	jet?	Is	there	a	connection	 to	sGRB?

Can	we	directly	infer	the	nature	of	the	remnant?

What	does	a	neutron	star	+	black	hole	merger	look	like?
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Best is that ZTF may find a 
kilonova even without  a trigger 

from GW detectors…
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