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I have a dream
Project Description Status

Phase I SPIRITS
(Jencson PhDT)

Target	200	galaxies	with
the	Spitzer	Space	
Telescope

2014-2019
Ongoing

Phase	 II ZTF Classify the reddest	
optical	transients

2018-2020
Ongoing

Phase	 III Palomar	Gattini-IR
(De	PhDT)

15,000	sq deg every night	
in	J-band	to	16.4	mag

Sep 11,	2018
First	Light

Phase	 IV WINTER 1	sq deg yJH camera on	a	
1	meter	telescope

Summer	2020
Just	Funded

The$Wide(field$Infrared$Transient$Explorer

and"surveillance"applications,"offering"extensive"heritage"and"an" intermediate"costDperDpixel" (~3x" lower"
than"HgCdTe)."It"has"a"directDbandgap"cutoff"at"1.68km,"which"greatly"simplifies"designs"for"autonomous"
instruments"not"seeking"KDband"imaging,"since"instrumental"backgrounds"remain"low"with"only"modest"
sensor"cooling"(i.e."dark"current),"and"ambient"temperature"optics."

Using" a" small" demonstration" camera,"we" have" achieved" skyDnoise" limited" photometric" performance"
from"InGaAs"sensors"operated"at"T"="D40C"with"a"warm"optical"train8,9,10,11."This"success,"coupled"with"(a)"
the"unexplored"phase"space"of"time"variability"in"the"IR,"and"(b)"the"recently"highlighted"importance"of"
the"IR"for"studying"electromagnetic"signatures"of"neutron"star"mergers12,13,"motivates"us"to"scale"InGaAs"
focal"planes"to"the"large"field"sizes"needed"for"systematic"surveys"of"explosive"or"timeDvariable"sources."""
B.1. Electromagnetic$signatures$of$the$r$($process$in$neutron$star$mergers$$

On" August" 17," 2017," the" groundbreaking" discovery" of" both" gravitational" waves" (GW)" and"
electromagnetic" radiation" from" a" neutron" star" (NS)" merger" marked" the" dawn" of" a" new" era" in" multiD
messenger"astrophysics14D19."GW170817"lit"up"the"entire"electromagnetic"spectrum,"and"yielded"a"scientific"
bonanza" in" fields" as" wideDranging" as" strong" field" gravity," nucleosynthesis," extreme" states" of" nuclear"
maner,"the"astrophysics"of"relativistic"explosions"and"jets,"and"cosmology."For"the"first"time,"we"saw"realD
time"evidence"of"rDprocess"nucleosynthesis,"which"yields"half" the"elements" in"the"periodic" table"heavier"
than"iron2."Heavy"line"blanketing"from"the"large"density"of"boundDbound"transitions"renders"the"opacity"
of" rDprocessDrich"maner"much"higher" than" the" conventional" iron"peak" elements" (Figure" 2)," shifting" the"
emergent"spectrum"out"of"the"optical"bands"and"into"the"IR"(Figure"3,"top"panel)12,13."Both"IR"photometry"
and" IR" spectroscopy" (revealing" vivid" broad" features)" were" decisive" in" shaping" the" interpretation" that"
GW170817"synthesized">10,000"earth"masses"of"neutron"capture"elements15."

Now" that" the" first" unambiguous" rDprocess" site" has" been" identified," an" exciting" opportunity" exists" to"
characterize" its" astrophysics." Sensitivity" improvements" expected" soon" for"LIGO"O4" (starting"midD2020)"
project"that"NSDNS"mergers"will"be"detected"at"a"rate"of"~1D2"/"month20,"yielding"50D100"events"in"the"next"5"
years" to" address" fundamental" questions" such" as" (a)" Are" NSDNS" mergers" the" only" site" of" rDprocess"
nucleosynthesis?"(b)"Do"they"produce"the"same"relative"abundance"ratios"seen"in"the"solar"neighborhood?"
(c)"Are"the"thirdDpeak"rDprocess"elements"(e.g."Au"and"Pt)"synthesized?"(d)"What"elements"are"made"when"
a" NS" merges" with" a" stellar" mass" black" hole" (BH)?" A" less" fundamental" but" still" relevant" question" is"
whether"such"an"event"rate"will"saturate"the"ToO"budget"of"large"or"national"observatories."

A" serious" gap" in" worldwide" plans" to" address" these" questions" is" our" lack" of" IR" survey" instruments"
matching"the"scale"of"coarse"GW"localizations"(~10"deg2"with"three"advanced"GW"interferometers20)."With"
a" rich" suite" of" optical" surveys" spanning" different" scales" (e.g.," ZTF6," PanSTARRS21,"ATLAS22,"DECam23,"
HSC24,"LSST3),"we"are"wellDequipped"to"search"for"optical"counterparts"to"NSDNS"mergers,"and"indeed"this"
was" how" the" counterpart" to" GW170817" was" discovered14." However" the" emerging" consensus" is" that"
GW170817"was"a"gift"of"nature"–" it"was" in"our"backyard" (D=40"Mpc)"and"our" lineDofDsight"was" just"~30"
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Figure"1:"Field"of"View"(FoV)"comparison"for"IR"survey"instruments."WINTER’s"FoV"matches"that"of"VIRCAM,"the"
world’s"largest"IR"imager,"but"with">2x"higher"fill"factor."WINTER"has"a"coarser"pixel"scale"to"maximize"mapping"
speed"for"transient"surveys"while"still"operating"near"Palomar’s"Nyquist"limit."VIRCAM"will"be"decommissioned"in"
2020"to"install"4MOST"on"the"VST,"leaving"WINTER"as"the"only"~1○"scale"IR"imager"during"LIGO"O4.And	then	perhaps,	go	to	a	Polar	Location	or	Space…

My Dynamic Infrared Roadmap
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Palomar	Observatory

WINTER	
1m	1	sq deg

(2020)
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Mapping SpeedField of View: Comparison (in cyan)

Gattini FOV
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Palomar Gattini-IR:
Opening up the dynamic infrared sky

A robotic	30cm	telescope	with	a	25	sq deg FoV camera	
Surveys	9,000	sq deg to	J	<	16	mag	every	night!	

In	partnership	with	Anna	Moore	(ANU)

First	light:	September	 11,	2018
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Sky Coverage to date

~9000	square	degrees	mapped	every	night!
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Collage of Palomar Gattini-IR light curves
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Kishalay De

Matt	Hankins
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Last Night
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Supernova in the Milky Way

Adapted	from	Adams	et	al.	2013

Scott	Adams
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SPIRITS is discovering a wide range of 
IR transient sources.

Identified 131+ transients

49 known supernovae

10 candidate obscured 
supernovae

8 likely classical novae

64 eSPecially Red Intermediate-
Luminosity Transient Events 
(SPRITEs)

Jacob	Jencson

Jencson et	al.	2017,	2018,	2019a,	2019b
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Fraction of optically missed, nearby 
supernovae as high as 38%.

Mattila et	al.	2012 Jencson et	al.	2019a

Jacob	Jencson
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16tn

Velocity (km s-1)

v ~ 2000 km s-1

Multiple, luminous IR outbursts before 
terminal explosion

Jacob	Jencson
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Spitzer/IRAC	[4.5]
2016	Aug.	15

Spitzer/IRAC	[4.5]
2011	Feb.	7

Sci. Ref. Sub.

NGC	3556	
(M108)

Swift/UVOT	
UBV
2016	Aug.	29

SDSS

H2O

SPIRITS16tn: an explosion inside a giant 
molecular cloud?

Jacob	Jencson

Jencson et	al.	2018
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Gravitational Waves 
& Electromagnetic Radiation
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Localizing GW170817

Movie	Credit:	R.	Hurt
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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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A Global Effort to Unveil Astrophysics

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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Follow-up of gravitational waves 

Igor AndreoniMay 4th, 2019

Redshift completeness factor

GW190425z GW190426c
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An Infrared Transient from 
Palomar Gattini-IR

8

Figure 2. Discovery image, photometry and spectroscopic follow-up of PGIR19bn. (Left) Top panels show the discovery and
reference image of PGIR19bn, found in follow-up observations of S190425z. The lower panel shows a light curve of the transient
from forced photometry on the images (circles are detections while inverted triangles are upper limits). (Right) Optical spectrum
of the SDSS counterpart of PGIR19bn obtained with Keck LRIS (grey lines are raw spectra, while the black lines are binned),
showing absorption bands of TiO and VO consistent with a galactic M-dwarf.

the region before the merger. Due to its distance and572

discovery mag, several facilities followed-up this source.573

The LOT group in Taiwan imaged the object 6 hours574

after the transient set in Palomar (Tan et al. 2019b);575

later that day, the LT continued the monitoring. On576

average, this object was imaged every 1.3 hours within577

the first 26 hours after the merger. The first spectrum578

for this object came from the Himalayan Chandra Tele-579

scope (HCT) about 10.67 hours after the trigger (Pavana580

et al. 2019), showing a strong H↵ line at a redshift of581

z = 0.024. This was confirmed 8 hours later by the LT582

team with the Spectrograph for the Rapid Acquisition583

of Transients (SPRAT) (Piascik et al. 2014), who clas-584

sified it as a young SN Type II (Perley et al. 2019a),585

based on the characteristic P-Cygni profile in the LT586

spectrum. An additional spectrum was taken about 10587

hours later with the DeVeny spectrograph mounted on588

the 4.3m DCT (Dichiara et al. 2019), showing similar589

strong H↵, featureless continuum features as well as a590

Telluric absorption line, furthermore confirming the SN591

classification (see Figure 4).592

3.3.2. ZTF19aarzaod593

Similarly, ZTF19aarzaod was discovered by ZTF594

2.15 hrs after the merger (Kasliwal et al. 2019b) with595

no previous history of variability up to g > 20.01. The596

redshift of the host galaxy is z = 0.028, putting the597

transient at a distance of 128.7 Mpc. The transient598

is o↵set by 8.23 arcsec from the host galaxy and its599

absolute magnitude at discovery was r = �15.3, also600

consistent with a GW170817-like KN. ZTF19aarzaod601

was extensively followed-up with various observatories602

and on average was imaged every 1.72 hours during the603

first day. Spectroscopic observations of ZTF19aarzaod604

were taken with RSS mounted on SALT on UT 2019-605

04-26.0 under a special gravitational-wave follow-up606

program 2018-2-GWE-002 and reduced with a custom607

pipeline based on Pyraf routines and the PySALT pack-608

age (Crawford et al. 2010). The spectrum covered a609

wavelength range of 470-760 nm with a spectral resolu-610

tion of R = 400. The spectrum shows broad H↵ emission611

along with some He I features (see Fig. 4) classifying612

it as a type II supernova at z = 0.028 (Buckley et al.613

2019).614

3.3.3. ZTF19aasckkq615

Coughlin	et	al.	2019c

Kishalay De Matt	Hankins
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S190425z: Second NS-NS merger 
(from 1 GW interferometer)

90%	localization	was	10,000	sq deg (updated	to	6000	sq deg)!
15	young	ZTF	candidates,	 2	consistent	with	kilonovae photometrically,
Case	closed	 in	30	hours.	

Coughlin	et	al.	2019c

Michael	 Coughlin
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The Zwicky Transient Facility (ZTF)

Igor AndreoniMay 4th, 2019

Bellm et al. (2019a, b), Dekany et al. (2019), Bellm et al. (2019b), Graham et al. (2019), 
Masci et al. (2019), Patterson et al. (2019), Mahabal et al. (2019), 

Tachibana & Miller  (2019), Kasliwal et al. (2019)

Samuel Oschin 48-inch Schmidt 
telescope, Palomar Observaotry

576 megapixel

Field of view: 47 deg2

Limiting magnitude: 20.5 mag

3760 deg2/hour 

ZTF g, r, i filters
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Two Public Surveys
•All-sky gR at 3-day cadence
•Galactic plane gR at 1-day cadence
•Real-time public alert stream in LSST format since 
June 2018! Delay of ~7 minutes between observation 
and alert packet dissemination. 

•Event Brokers: ANTARES, LASAIR, ALERCE, MARS
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Needle in Haystack

6

3. CANDIDATES388

We now briefly describe the candidate filter criteria389

for the ToO program for ZTF and Palomar Gattini-390

IR (see Coughlin et al. 2019a for further details). For391

GROWTH-India, LOT, and KPED, we did not iden-392

tify any viable counterparts without previous history of393

variability in the analysis.394

3.1. Candidates from ZTF395

For ZTF, all transients flagged for follow-up required396

at least two detections separated by 15 minutes in or-397

der to remove asteroids and other transient objects. We398

used the Pan-STARRS1 point source catalog (PS1 PSC;399

Tachibana & Miller 2018) to remove candidates associ-400

ated with likely point sources (i.e., stars). Full details on401

the PS1 PSC can be found in Tachibana & Miller (2018);402

briefly, the authors build a machine learning model that403

determines the relative likelihood that a PS1 source is a404

point source or extended based on PS1 colors and shape405

measurements. The model is trained using sources ob-406

served with the Hubble Space Telescope, achieving an407

overall accuracy of ⇠94%, and classifying ⇠1.5⇥109 to-408

tal sources.409

We also used a real-bogus (RB) classifier to remove410

common image subtraction artifacts (Mahabal et al.411

2019). This method consists of a random forest classifier412

trained with real objects and artifacts from ZTF images,413

separating objects with an accuracy of ⇠89%. In order414

to capture the majority of real events, the threshold was415

set to RB > 0.25. In addition, the transients must have416

brightened relative to the reference image, leading to a417

positive residual after the image subtraction. Further-418

more, the program excluded all objects within 20 arcsec419

ofm
AB

< 15 stars to avoid artifacts from blooming. The420

final step involved constraining the search to events that421

have no historical detections prior to three days before422

the trigger.423

This filtering scheme reduced the number of ZTF424

alerts from 50802 to 28 for the first night and from425

287844 to 234 relevant candidates for the second night.426

A more detailed breakdown on the number of alerts that427

successfully met the criteria at each filtering step can be428

found in Table 1.429430

The candidates that passed these criteria were filtered431

and displayed by the GROWTH Marshal, a tool devel-432

oped for astronomers to have unified access to discovery433

streams and to coordinate follow-up observations (Kasli-434

wal et al. 2019a). The GROWTH Marshal contains435

historical lightcurves (including upper limits) for each436

object and also performs cross-matches with external437

catalogs.438

Table 1. Filtering results for both ZTF nights. The quan-
tities represent the number of alerts that passed a particu-
lar step in the filter. Each step is run over the remaining
alerts from the previous stage. The criteria are described in
Section 3.1 and the total number of relevant candidates is
highlighted.

Filtering criteria # of Alerts
on April-25

# of Alerts
on April-26

ToO alerts 50,802 287,844

Positive subtraction 33,139 182,095

Real 19,990 118,446

Not stellar 10,546 61,583

Far from a bright source 10,045 58,881

Not moving 990 5,815

No previous history 28 234

From our list of remaining candidates, we subjected439

each candidate to a thorough human vetting process440

to determine whether the transient could be a viable441

counterpart to GW190425. Through this vetting pro-442

cess, we removed candidates whose coordinates were443

inconsistent with the GW localization, and candidates444

that had historical lightcurves in Pan-STARRs1 Data445

Release 2 (Flewelling 2018). We flagged Active Galac-446

tic Nuclei (AGN) based on the WISE colors (Wright447

et al. 2010) for each transient and its o↵set from the448

nucleus of the galaxy. Furthermore, we prioritized can-449

didates whose photometric/spectroscopic redshift was450

consistent with the GW distance estimate, and whose451

extinction-corrected lightcurve exhibited rapid color452

evolution initially. For the most promising candidates453

in our vetted list, we performed forced photometry at454

the position of the source to ensure there were no his-455

torical detections with ZTF.456

Our first night of observations yielded only two such457

candidates that passed both the automatic filtering458

and human vetting processes. These two candidates459

ZTF19aarykkb and ZTF19aarzaod, were discovered us-460

ing Kowalski2, an open-source system used internally at461

Caltech (primarily) to archive and access ZTF’s alerts462

and light curves (Duev et al., in prep.). Specifically, we463

used Kowalski’s web-based GUI called the ZTF Alert464

Lab (ZAL), where users can e�ciently search and pre-465

view alert packet contents. We queried for the alerts466

detected on that night, requiring them to have a RB467

score of 0.2 or higher and at least 2 detections after the468

GW190425 event. Furthermore, the candidates had to469

be detected in the positive (science minus reference) im-470

ages and not be near to a known Solar System object.471

2
https://github.com/dmitryduev/kowalski

Coughlin	et	al.	2019c
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Gemini,	Keck

ATCA,	ASKAP,	 VLA,	GMRT

GROWTH-India
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Team Never Sleeps
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GROWTH 
Marshal:

137 Scientists

38 Science 
Programs
that filter

100,000 
events/night

1655
Supernovae

per year

37
Telescopes
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rm

Kasliwal	et	al.	2019a
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11

Figure 4. Spectra of all the candidates for which spectroscopic data were taken. The transient name and instrument used to
obtain the spectrum are noted on the right hand side of the plot. We show the spectrum for AT2019ebq/PS19qp in its own panel
given the di↵erent wavelengths covered from the other transients. The dotted gray lines show the characteristic features in each
spectrum that helped with its classification. These four transients were all classified as core-collapse SNe. Their classification
and phase for each transient is as follows: ZTF19aasckkq - SN IIb, 7 days; ZTF19aarykkb - SN II, 1 day (Dichiara et al. 2019);
ZTF19aarzaod - SN II, 0 days (Buckley et al. 2019); AT2019ebq/PS19qp - SN Ib/c, 1 day (Jencson et al. 2019).

second, to 15 previously unidentified candidate counter-726

parts. We also show how with the follow-up resources727

available to GROWTH, we can rule out these objects as728

viable candidates.729

Comparing to GW170817, which had an absolute730

magnitude of about �16 in g, r, and J-bands, the ap-731

parent magnitude in these bands for the distribution of732

distances to this source is m
AB

⇡ 19� 20.5. This varies733

between 1mag brighter than to near the detection limit734

for ZTF for this analysis, indicating ZTF is well-primed735

for detecting a GW170817-like source at these distances.736

We expect that a closer or brighter than expected source737

should be detectable with Palomar Gattini-IR.738

As a cross-check of the number of sources we are739

identifying, we make a back of the envelope cross-check740

with the core-collapse supernova rates, taking as a fidu-741

cial rate 1.04 ⇥ 10�4Mpc�3yr�1 (Taylor et al. 2014).742

The 90% localization volume of the gravitational-wave743

skymap is ⇠ 2.1 ⇥ 107Mpc3. As stated above, we cov-744

ered about 46% of the skymap, meaning we expect to745

detect ⇠ 2.1⇥107Mpc3⇥1.04⇥10�4Mpc�3yr�1⇥0.46 ⇡746

1000yr�1. Since the distribution of Type II SNe at peak747

luminosity falls between absolute magnitudes of ⇡ -15748
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Photometric Follow-up

12

Table 2. Follow-up table for the Palomar Gattini-IR candidate described in Section 3.2 and the 15 most interesting ZTF
candidates from Kasliwal et al. (2019b) and Anand et al. (2019). The sources with a star (*) have photometric evolution
inconsistent with the evolution of a KN (Section 3.3). We list follow-up by all GROWTH teams and the first non-GROWTH
team that helped classify the transient. Spectra obtained with SALT (Buckley et al. 2019) and SOAR (Nicholl et al. 2019) were
critical in classifying ZTF19aarzaod, ZTF19aasckwd, and ZTF19aasckkq. GROWTH teams acquired spectra of ZTF19aarykkb
with HCT, LT, and DCT (Pavana et al. 2019; Perley et al. 2019a; Dichiara et al. 2019) and also provided useful photometric
data towards the classification of these transients (Perley et al. 2019b; Ahumada et al. 2019b; Bhalerao et al. 2019; Ahumada
et al. 2019a; Tan et al. 2019b).

Candidate Coordinates (RA, Dec) Discovery Mag. Classification Spectroscopic facilities Photometric evolution

PGIR19bn 15:29:37.43 +33:57:37.0 J = 15.0 M-Dwarf KECK LRIS

ZTF19aarykkb 17:13:21.95 �09:57:52.1 r = 18.63 SNII HCT, LT, DCT

ZTF19aarzaod 17:31:09.96 �08:27:02.6 r = 20.11 SNIIn SALT

ZTF19aasckwd 16:52:39.45 +10:36:08.3 r = 20.15 SN Ia SOAR

ZTF19aasckkq 16:33:39.14 +13:54:36.7 g = 20.86 SN IIb P200, SOAR

ZTF19aasbphu 16:22:19.95 +21:24:29.5 r = 19.71 Nuclear* – �m/�t = 0.11

ZTF19aaryxjf 16:58:22.87 �03:59:05.1 g = 19.95 SN* – �m/�t = �0.014

ZTF19aarxxwb 19:14:46.40 �03:00:27.0 g = 18.89 SN* –. �m/�t = 0.12

ZTF19aasdajo 16:57:25.21 +11:59:46.0 g = 20.7 SN* – �m/�t = 0.045

ZTF19aasbamy 15:25:03.76 +24:55:39.3 g = 20.66 SN* – �m/�t = 0.01

ZTF19aarycuy 16:16:19.97 +21:44:27.4 r = 20.07 SN* – �m/�t = 0.02

ZTF19aasbaui 15:40:59.91 +24:04:53.8 g = 20.49 SN* – �m/�t = 0.01

ZTF19aasejil 17:27:46.99 +01:39:13.4 g = 20.53 SN* – �m/�t = 0.01

ZTF19aascxux 17:13:10.39 +17:17:37.9 g = 20.56 SN* – �m/�t = 0.06

ZTF19aashlts 16:52:45.01 �19:05:38.9 r = 19.95 SN* – �m/�t = 0.03

ZTF19aasfogv 17:27:22.32 �11:20:01.9 g = 20.53 SN* – �m/�t = 0.01

to -20 mags (Richardson et al. 2014), brighter than the749

expected distribution at peak for KNe, our follow-up750

observations with ZTF should have detected all of the751

bright, and most of the dim Type II SNe. Having taken752

images for about 12 hrs during the nights, we would ex-753

pect to detect ⇠ 1-2 per day, consistent with the 2 early-754

time supernovae highlighted in this paper.755

Going forward, prioritizing further automatized clas-756

sification of objects can lead to more rapid follow-up and757

dissemination of the most interesting objects. For exam-758

ple, the inclusion of machine-learning based photometric759

classification codes such as RAPID (Muthukrishna et al.760

2019) will help facilitate candidate selection and priori-761

tization. We are also actively improving the scheduling762

optimization, including examining the use of the “sec-763

ondary” ZTF grid, which is designed to fill in the chip764

gaps.765

The follow-up of GW190425 highlights two important766

points. The first is that rapid dissemination of updated767

GW skymaps is useful for tiling prioritization. This768

helps mitigate the e↵ects of shifting localization regions,769

including potentially decreasing sky areas. The second is770

that we are capable of performing nearly all-sky searches771

with ZTF and Palomar Gattini-IR and conducting the772

necessary follow-up with partner facilities, even in the773

case of a single-detector GW trigger. One caveat to774

this conclusion is that in general, single-detector local-775

izations will include regions on the sky not accessible to776

one ground-based facility alone; this motivates the use of777

coordinated networks of telescopes with worldwide cov-778

erage (Nissanke et al. 2013; Kasliwal & Nissanke 2014).779

But we have demonstrated that the network on hand780

is capable of overcoming the challenges of rapidly and781

e�ciently searching for optical counterparts in this new782

era of gravitational-wave astronomy.783
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Alternative Semiconductor TechnologyThe$Wide(field$Infrared$Transient$Explorer

and"surveillance"applications,"offering"extensive"heritage"and"an" intermediate"costDperDpixel" (~3x" lower"
than"HgCdTe)."It"has"a"directDbandgap"cutoff"at"1.68km,"which"greatly"simplifies"designs"for"autonomous"
instruments"not"seeking"KDband"imaging,"since"instrumental"backgrounds"remain"low"with"only"modest"
sensor"cooling"(i.e."dark"current),"and"ambient"temperature"optics."

Using" a" small" demonstration" camera,"we" have" achieved" skyDnoise" limited" photometric" performance"
from"InGaAs"sensors"operated"at"T"="D40C"with"a"warm"optical"train8,9,10,11."This"success,"coupled"with"(a)"
the"unexplored"phase"space"of"time"variability"in"the"IR,"and"(b)"the"recently"highlighted"importance"of"
the"IR"for"studying"electromagnetic"signatures"of"neutron"star"mergers12,13,"motivates"us"to"scale"InGaAs"
focal"planes"to"the"large"field"sizes"needed"for"systematic"surveys"of"explosive"or"timeDvariable"sources."""
B.1. Electromagnetic$signatures$of$the$r$($process$in$neutron$star$mergers$$

On" August" 17," 2017," the" groundbreaking" discovery" of" both" gravitational" waves" (GW)" and"
electromagnetic" radiation" from" a" neutron" star" (NS)" merger" marked" the" dawn" of" a" new" era" in" multiD
messenger"astrophysics14D19."GW170817"lit"up"the"entire"electromagnetic"spectrum,"and"yielded"a"scientific"
bonanza" in" fields" as" wideDranging" as" strong" field" gravity," nucleosynthesis," extreme" states" of" nuclear"
maner,"the"astrophysics"of"relativistic"explosions"and"jets,"and"cosmology."For"the"first"time,"we"saw"realD
time"evidence"of"rDprocess"nucleosynthesis,"which"yields"half" the"elements" in"the"periodic" table"heavier"
than"iron2."Heavy"line"blanketing"from"the"large"density"of"boundDbound"transitions"renders"the"opacity"
of" rDprocessDrich"maner"much"higher" than" the" conventional" iron"peak" elements" (Figure" 2)," shifting" the"
emergent"spectrum"out"of"the"optical"bands"and"into"the"IR"(Figure"3,"top"panel)12,13."Both"IR"photometry"
and" IR" spectroscopy" (revealing" vivid" broad" features)" were" decisive" in" shaping" the" interpretation" that"
GW170817"synthesized">10,000"earth"masses"of"neutron"capture"elements15."

Now" that" the" first" unambiguous" rDprocess" site" has" been" identified," an" exciting" opportunity" exists" to"
characterize" its" astrophysics." Sensitivity" improvements" expected" soon" for"LIGO"O4" (starting"midD2020)"
project"that"NSDNS"mergers"will"be"detected"at"a"rate"of"~1D2"/"month20,"yielding"50D100"events"in"the"next"5"
years" to" address" fundamental" questions" such" as" (a)" Are" NSDNS" mergers" the" only" site" of" rDprocess"
nucleosynthesis?"(b)"Do"they"produce"the"same"relative"abundance"ratios"seen"in"the"solar"neighborhood?"
(c)"Are"the"thirdDpeak"rDprocess"elements"(e.g."Au"and"Pt)"synthesized?"(d)"What"elements"are"made"when"
a" NS" merges" with" a" stellar" mass" black" hole" (BH)?" A" less" fundamental" but" still" relevant" question" is"
whether"such"an"event"rate"will"saturate"the"ToO"budget"of"large"or"national"observatories."

A" serious" gap" in" worldwide" plans" to" address" these" questions" is" our" lack" of" IR" survey" instruments"
matching"the"scale"of"coarse"GW"localizations"(~10"deg2"with"three"advanced"GW"interferometers20)."With"
a" rich" suite" of" optical" surveys" spanning" different" scales" (e.g.," ZTF6," PanSTARRS21,"ATLAS22,"DECam23,"
HSC24,"LSST3),"we"are"wellDequipped"to"search"for"optical"counterparts"to"NSDNS"mergers,"and"indeed"this"
was" how" the" counterpart" to" GW170817" was" discovered14." However" the" emerging" consensus" is" that"
GW170817"was"a"gift"of"nature"–" it"was" in"our"backyard" (D=40"Mpc)"and"our" lineDofDsight"was" just"~30"
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Figure"1:"Field"of"View"(FoV)"comparison"for"IR"survey"instruments."WINTER’s"FoV"matches"that"of"VIRCAM,"the"
world’s"largest"IR"imager,"but"with">2x"higher"fill"factor."WINTER"has"a"coarser"pixel"scale"to"maximize"mapping"
speed"for"transient"surveys"while"still"operating"near"Palomar’s"Nyquist"limit."VIRCAM"will"be"decommissioned"in"
2020"to"install"4MOST"on"the"VST,"leaving"WINTER"as"the"only"~1○"scale"IR"imager"during"LIGO"O4.

The$Wide(field$Infrared$Transient$Explorer

degrees"from"the"pole."Both"factors"yield"a"bright,"blue"optical"counterpart,"conducive"to"localization"by"

small" optical" telescopes." Theory" suggests" that" this" requires" substantial" serendipity," because" optical"

emission"is"highly"model"dependent"(Figure"2)1,15,25,26,27."It"may"require"a"view"of"polar"regions"with"high"

ejecta"velocity"and"low"opacity."Or," it"may"need"suppressed"optical"opacity"via"neutrinoDirradiated"disk"

winds28."Or," it" could" require" an" extended" survival" period" of" the" hypermassive"NS" remnant" before" BH"

collapse29."Optical"emission"is"never"predicted"for"NSDBH"mergers,"or"high"massDratio"NSDNS"events."Even"

when"optical"emission"is"present,"it"decays"on"~1"day"timescales30."

In" contrast," bright" infrared" emission" (peaking" at" 1.0D1.2km)" from" radioactive" decay" of" neutronDrich"

isotopes"should"be"ubiquitous"and" independent"of"geometry,"opacity," remnant" lifetime"and"mass" ratio,"

and"the"IR"counterpart"remains"bright"for"a"week"or"more."Thus,"a"systematic"and"unbiased"search"for"EM"

counterparts"to"NSDNS"and"NSDBH"mergers"is"optimally"undertaken"in"the"infrared.""

WINTER" will" be" able" to" detect" LanthanideDrich"

kilonovae"throughout"LIGO’s"full"search"volume,"

and" track" their" photometric" evolution" on"

weeklong" timescales." Figure" 3" (bonom" left)"

depicts"the"depth"to"which"WINTER"can"scan"a"20"

deg2"search"region"in"one"night"(shaded"green,"4D

hour"visibility),"or"through"coDaddition"of"3"nights"

(shaded" yellow)" since" the" transient" brightens"
during" this" time" in" the" IR."Overlaid"curves"show"

the" JDband" evolution" of" GW170817," but" offset"

from"its"actual"distance"(40"Mpc)"to"100,"150,"and"

190"Mpc"(the"NSDNS"detection"horizon"for"LIGOD

O4)." If" construction" begins" this" year," WINTER"

will"come"online" just"as"LIGO"and"Virgo"achieve"

this"sensitivity"goal"for"the"Advanced"phase20."

WINTER’s" large" FoV" and" negligible" overheads"

are"unique"for"fast"volumetric"mapping"in"the"IR."

The" only" comparable" IR" instruments" in" use" are"

VISTA/VIRCAM"and"UKIRT/WFCAM"(Figure"1)."

Although" these" are" on" larger" telescopes," both"

instruments" are" deep" into" the" overheadDlimited"

regime" (i.e." readout+slew" >" exposure" time)" for"

kilonova" mapping," in" which" case" FoV" becomes"

the"bonleneck."Consequently"WINTER"can"survey"
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Figure"2:"Cartoon"depiction"of"electromagnetic"counterparts"to"NS"mergers1,"with"heavy"rDprocess"IR"emission"(red)"

and" light" rDprocess"UV/optical" emission" (blue)."All"models" produce" an" IRDbright" torus" in" the"merger" plane" that"

emits" isotropically"and"would"be" seen"by"WINTER."A"UV/optical"flash" is" sometimes"visible"when" the"merger" is"

favorably"oriented"to"view"squeezed"dynamical"ejecta,"or"when"neutrino"flux"lowers"the"neutron"fraction"yielding"a"

blue"disk"wind"(a)."Mergers"resulting"in"prompt"black"hole"formation"(b,c)"produce"only"red/IR"disk"winds."
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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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Figure" 3:" Top:" Model" spectra" for" radioactive" decay" of" rD

process"elements"at"t"="2"days,"scaled"to"match"in"J5."Colors"

denote"varying"lanthanide"fractions"as"indicated"in"legend."

Bo;om$ Left:$ Evolution" of" J" flux" for" GW170817" offset" to"

varying" distances" as" indicated." WINTER" will" detect" such"

events" over" 20" square" degrees" in" 4" hours" at" 150" Mpc"

(green),"or"190"Mpc"in"a"12Dhour"map"(yellow)."Bo;om$Right:"
Evolution"in"(z"D"J)"color"for"the"models"shown"in"top"panel.
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Figure" 3:" Top:" Model" spectra" for" radioactive" decay" of" rD

process"elements"at"t"="2"days,"scaled"to"match"in"J5."Colors"

denote"varying"lanthanide"fractions"as"indicated"in"legend."

Bo;om$ Left:$ Evolution" of" J" flux" for" GW170817" offset" to"

varying" distances" as" indicated." WINTER" will" detect" such"

events" over" 20" square" degrees" in" 4" hours" at" 150" Mpc"

(green),"or"190"Mpc"in"a"12Dhour"map"(yellow)."Bo;om$Right:"
Evolution"in"(z"D"J)"color"for"the"models"shown"in"top"panel.
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