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ABSTRACT

Binary neutron star mergers and neutron star–black hole mergers are multi-messenger sources that
can be detected in gravitational waves and in electromagnetic radiation. The low electron fraction of

neutron star merger ejecta favors the production of heavy elements such as lanthanides and actinides
via rapid neutron capture (r-process). The decay of these unstable nuclei powers an infrared-bright

transient called a “kilonova”. The discovery of a population of kilonovae will allow us to determine

if neutron star mergers are the dominant sites for r-process element nucleosynthesis, constrain the

equation of state of nuclear matter, and make independent measurements of the Hubble constant.
The Nancy Grace Roman Space Telescope (Roman) will have a unique combination of depth, near-

infrared sensitivity, and wide field of view. These characteristics will enable Roman’s discovery of GW

counterparts that will be missed by optical telescopes, such as kilonova that are associated with large

distances, high lanthanide fractions, high binary mass-ratios, large dust extinction in the line of sight,

or that are observed from equatorial viewing angles. In preparation for Roman’s launch and operations,

we recommend to (i) make available a rapid (∼ 1 week) Target of Opportunity mode for GW follow-

up; (ii) include observations of the High Latitude Time-Domain survey footprint in at least two filters
(preferably the F158 and F213 filters) with a cadence of ≲ 4 days; (iii) operate in synergy with Rubin

Observatory. Following these recommendations, we expect that ∼1–6 kilonovae can be identified by
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Roman via ToO observations of well localized (A < 10 deg2, 90% C.I.) neutron star mergers during
1.5 years of the LIGO-Virgo-KAGRA fifth (or ∼4–21 in during the sixth) observing run. A sample of

5–25 serendipitously discovered kilonovae can be collected in a 5-year high latitude survey.

1. INTRODUCTION

The first binary neutron star (BNS) merger discov-

ered in gravitational waves (GWs), named GW170817,

was accompanied by a short-duration gamma-ray burst

(GRB; e.g., Abbott et al. 2017a; Goldstein et al. 2017),

an optical/infrared transient (e.g., Coulter et al. 2017;

Arcavi et al. 2017; Tanvir et al. 2017; Lipunov et al.

2017; Soares-Santos et al. 2017; Valenti et al. 2017),

and a radio (e.g., Alexander et al. 2017; Hallinan et al.

2017) and X-ray (e.g., Margutti et al. 2017; Troja et al.

2017) afterglow. The multi-messenger discovery has

led to hundreds of studies addressing, for example,
astrophysics of energetic phenomena (Gottlieb et al.

2018; Mooley et al. 2018; Ghirlanda et al. 2019; Nativi

et al. 2021a,b; Salafia et al. 2019; Salafia & Giacomazzo

2021; Mooley et al. 2022) and cosmology (Abbott et al.

2017b,c; Guidorzi et al. 2017; Hjorth et al. 2017; Ho-

tokezaka et al. 2018; Coughlin et al. 2020a,b; Dietrich

et al. 2020; Wang & Giannios 2021; Bulla et al. 2022;

Palmese et al. 2023). Combining GW and electromag-

netic (EM) information provided us with unique insights

on the equation of state of neutron stars and extreme nu-

clear physics (Bauswein et al. 2017; Margalit & Metzger

2017; Coughlin et al. 2018, 2019a,b; Annala et al. 2018;

Most et al. 2018; Radice et al. 2018; Lai et al. 2019;

Dietrich et al. 2020; Nicholl et al. 2021).
The optical and near infrared (nIR) transient coun-

terpart to BNS and neutron star–black hole (NSBH)

mergers, called a “kilonova” or “macronova” (see Met-

zger 2020, for a review), is powered by the radioactive

decay of heavy elements synthesized in the neutron-rich
ejecta via rapid neutron capture (“r-process”). Observa-

tions of the GW170817 kilonova were used to measure
the heavy-element content of the ejecta (Chornock et

al. 2017; Coulter et al. 2017; Cowperthwaite et al. 2017;

Kasen et al. 2017; Kasliwal et al. 2017; Kilpatrick et al.

2017; Pian et al. 2017; Rosswog et al. 2017; Smartt et al.

2017a; Rosswog et al. 2018; Watson et al. 2019; Kasliwal
et al. 2019). The Spitzer space observatory has provided

us with the most constraining nIR data in the late (neb-
ular) phase, suggesting that elements in the second (120
≤ A ≤ 140) and third (180 ≤ A ≤ 200) r-process abun-

dance peak of the solar heavy element distribution were
synthesized (Kasliwal et al. 2022). Recent reviews of the

∗ Neil Gehrels Fellow

GW and EM observations of GW170817 can be found

in Nakar (2020) and Margutti & Chornock (2020).

The GW and EM observations of GW170817 enabled
extremely broad science, however we have barely peered

into the potential of multi-messenger astronomy to an-

swer profound questions on the origin of heavy elements

in the Universe, cosmology, and fundamental physics.

A population of kilonovae must be found to meet this

purpose. Despite numerous optical and infrared surveys

that have been active during the last decade, kilonovae
have largely remained elusive because of their intrinsic
rarity, rapid evolution, and low luminosity compared to

other extragalactic transients such as supernovae. Lo-

calization skymaps that are issued with GW triggers are

typically coarse, thus wide-field capabilities are required

for discovery of an EM counterpart. Moreover, kilonovae

are expected to be bright in the nIR and could be too

faint to be seen in the optical (e.g., Tanaka et al. 2014;

Kasen et al. 2017). New sensitive, wide-field observato-

ries are therefore needed to enable GW multi-messenger

sciences in the years to come.
In this white paper, we discuss the unique capabilities

of Nancy Grace Roman Space Telescope (hereafter “Ro-

man”) for the discovery and characterization of kilono-

vae, in response to the Call for Input into Roman’s Core

Community Surveys issued on April 11, 2023. We con-

sider two avenues for kilonova discovery: target of op-

portunity observations triggered by GW events detected

in real time, and “serendipitous” identification of kilo-

novae in survey data. We also discuss future work that
will greatly benefit multi-messenger observations with
Roman. Cosmological parameters from Planck Collab-

oration et al. (2020) and the AB magnitude system are

adopted throughout the paper.

2. ROMAN UNIQUE CAPABILITIES FOR

KILONOVA SCIENCE

The Wide Field Instrument (WFI1) is a 288 Mpx op-

tical/nIR camera with an active field of view of 0.281

deg2, excluding detector gaps. It is equipped with 8 sci-

ence filters with overlapping band passes spanning 0.48–

2.3 µm. Roman WFI observations will comprise Core

Community Surveys (CCSs) and General Astrophysics

(GA) surveys. The CCSs will include a High Latitude

Wide Area survey, a Galactic Bulge Time Domain sur-
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vey, and a High Latitude Time Domain (HLTD) survey.
The 19 deg2 HLTD survey will lead to the discovery of

thousands of extragalactic transient sources thanks to
the enormous volume that it will probe. The imaging
sensitivity is reported in Tab. 1 as on the WFI technical
overview webpage1 for 55 s and 1 hr of exposure time,

which we use here as reference for shallow and deep sur-
vey modes.

Roman will achieve a unique combination of i) wide

field of view, ii) depth, and iii) near-infrared sensitiv-
ity. These characteristics make it an excellent discovery
instrument for EM counterparts to neutron star merg-
ers both during GW follow-up via ToO observations as

well as via un-triggered searches in the CCS/HLTD foot-

print.

There have been a variety of previous analyses that de-

scribe Roman’s potential for identifying kilonovae, pre-

dominantly focused on serendipitous searches and tar-

geted follow-up analyses. Focusing on serendipitous ob-

servations, Scolnic et al. (2018) found that Roman would
identify ∼ 16 kilonovae similar to GW170817 in a 45 sq.

deg. deep drilling field assuming a 5 day cadence over

a 2 year survey. Chase et al. (2022) evaluated Roman’s

detectability of a grid of kilonova models over time and

redshift, showing that Roman may detect kilonovae out

to z ∼ 1. Hounsell et al. (2018) do not focus on kilono-

vae, but instead estimate the effect of Roman cadence
on identification of supernovae. Ma et al. (2023) show

how Roman could detect ∼ 3 lensed kilonovae in follow-

up of Cosmic Explorer observations of binary neutron

stars.

2.1. Motivation for ToO observations

Follow-up of compact binary coalescence candidates

from interferometric gravitational-wave detectors such

as LIGO (Aasi et al 2015), Virgo (Acernese et al 2015),
and KAGRA (KAGRA Collaboration 2019), together

referred to as LVK hereafter, remain the most promis-

ing pathway to the identification of kilonovae beyond

GW170817. Target of opportunity (ToO) observations

with Roman will consist of tiling the localization proba-

bility skymaps that are issued by LVK when a trigger oc-
curs (Fig. 1). Complementary GW and EM observations

of neutron star mergers enable combined constraints on

the neutron star environment, merger products, and

the original binary system. These opportunities will

only continue to grow with the improved reach of the

gravitational-wave detectors and the sensitivity of facil-

ities such as Roman. Predictions for the sky localiza-
tions produced in forthcoming gravitational-wave runs
indicate that follow-up by wide field-of-view surveys will

be necessary (Petrov et al. 2022). While comprehensive

50% area = 1.38 deg2

90% area = 5.06 deg2

17 fields

Figure 1. An example LVK skymap for a well-localized
event (area A ∼ 5 deg2; 90% C.I.) tiled by Roman. Darker
regions indicate higher localization probability. Purple con-
tours indicate the 50% and 90% confidence intervals of the
probability map. Black contours mark the Roman field of
view, inside which individual detectors (grey patches) are
separated by small gaps.

and deep coverage can be expected in the optical from

the ground, Roman will be one of the only near-infrared

to infrared instruments capable of surveying the ∼few

to tens of square degrees that will be required. While

sky localizations continue to improve, the vast major-

ity of sources will be near threshold, and therefore have

localizations that require tiled coverage by wide-field fa-

cilities.

According to the Roman requirements document from

November 05, 2020, Baseline and Threshold Technical

Requirements #8, “Roman shall have the capability to
respond to ToO requests to point at an object in the sky
within the Field of Regard of the observatory within two

weeks of notification to the Science Operation Center”.

We therefore assume that it will be possible to activate

ToO observations with Roman. As demonstrated be-

low, a time lag of two weeks between a BNS or NSBH

merger and Roman observations is likely too slow a re-
sponse to meet our science goals, so we encourage look-
ing into making it possible to activate ToOs with a faster

turnaround.

2.2. Motivation for serendipitous searches

Follow-up observations of gravitational-wave candi-

dates are not the only way to find kilonovae. Serendipi-
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Filter F062 F087 F106 F129 F158 F184 F213 F146

1 hr 28.5 28.2 28.1 28.0 28.0 27.4 26.2 28.4

55 s 25.5 25.1 25.1 25.0 24.9 24.4 23.7 25.9

Table 1. Sensitivity for 5σ point source detection per filter assuming 1 hr and 55 s of Roman exposure time, as presented on the
WFI technical overview webpage1. In the 1 hr case, the signal-to-noise calculations assume coaddition of four 900 s exposures,
while in the 55 s case it assumes a single exposure.

tous observations of the sky are “free” in the sense that

they do not require re-pointing of the system and open

the discovery space given the much larger set of im-

ages to mine. The survey will yield candidate kilono-

vae, in addition to more common phenomena such as

supernovae, and their identification becomes a techni-

cal and follow-up challenge. However, this method is

highly sensitive to the survey cadence of the system,

given that simply “detecting” an object is not enough,

and confirmation of candidate nature must be done in

real time due to the requirement of follow-up observa-
tions. Their identification requires many coordinated
elements: real-time algorithms filtering and identify-

ing candidates, photometric and spectroscopic follow-

up, and model comparisons to understand their physics.

Therefore, careful considerations of both cadence and fil-

ter selection will have an important effect on the success

of fast transient science cases in general.

3. STRATEGIES

Kilonova discovery with Roman will happen via ToO

observations, triggered by the detection of GW signals
by LVK, and during the extragalactic time-domain sur-
vey. Only JWST will be capable of acquiring spectra of

distant kilonova candidates found by Roman, but ToO

observations with JWST will have to be initiated parsi-

moniously. Adopting a sensible observing strategy (dur-

ing ToOs and CCSs) can significantly increase the dis-

covery rate and enable the unambiguous identification

of a population of kilonovae.

The intrinsic rate of BNS and NSBH mergers is an

important factor to estimate the expected number of

kilonova detections. The rates derived from GW obser-

vations are RBNS = 210+240
−120 Gpc−3 y−1 and RNSBH =

8.6+9.7
−5.0 Gpc−3 y−1 (Abbott et al. 2023). A kilonova is

expected to originate from NSBH mergers when the dis-

ruption of the neutron star occurs outside the innermost

stable circular orbit (ISCO) of the black hole, which de-

pends on the binary mass ratio, black hole spin, and

neutron star equation of state (see e.g., Foucart et al.
2013; Kawaguchi et al. 2016). The detection rates for

BNS and NSBH mergers depend on the sensitivity of the
LVK detectors (Abbott et al. 2020). Roman is expected

to launch in 2027, so its operations will likely overlap

with the fifth and sixth LVK observing runs (O5 and

O6; Abbott et al. 2020). In §4 we discuss the number of

well-localized GW events that we estimated from simu-

lations.
Transient discoveries usually occur via image subtrac-

tion between a new “science” image and an archival

“template” or “reference” image. Even if a new source

is bright and isolated enough to be identified with-

out image subtraction (for example using the Source

Extractor software; Bertin & Arnouts 1996), it is nec-

essary to compare the science image with deep images

where the source is absent to establish its transient na-

ture. Although it is possible that Roman archival images

are available in the sky region where a GW follow-up

ToO is initiated, it is unlikely. Multiple epochs must

therefore be acquired to enable image differencing to re-

veal the presence of the transient, especially when it is

embedded in a luminous host. A deep template when

the kilonova has disappeared (≳ 1–2 months, depending

on the distance) can then be acquired to enable photom-
etry of the kilonova (again, via image subtraction) free
of contamination from the host and from the transient

itself.

In this section, minimal and optimal strategies are

suggested for kilonova discovery via ToO observations

and during the HLTD survey. Our analysis is aided by

a set of kilonova models obtained with the 3D Monte

Carlo radiative transfer code possis (Bulla 2019, 2023).

The most recent grid of possis models, employed in

this work, will also be presented in detail in Anand et

al., in prep. We employ the best fit to the GW170817

kilonova as a baseline model. We refer to it as a “po-

lar” model, labelling it GW170817pol, because of the
relatively small viewing angle (θ = 26deg) between the

observer and the rotation axis of the binary. We then

employ a model GW170817eq with the same parameters

as GW170817pol, but where the viewing angle is equa-

torial (θ = 90deg). Finally, we employed other models

in which physical parameters are varied such as the av-

eraged electron fraction Ye of the dynamical ejecta and
the total ejecta mass. A description of the model param-

eters, together with the adopted values for the different

models, is presented in Tab. 2.

3.1. Minimal Strategies
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Model Mdyn Ye,dyn Mwind θ

(M») (M») (deg)

GW170817pol 0.005 0.20 0.010 26

GW170817eq 0.005 0.20 0.010 90

low Ye, Mej 0.001 0.15 0.010 45

low Ye 0.005 0.15 0.010 26

high Mej 0.010 0.20 0.090 26

low Mej 0.001 0.20 0.010 26

Table 2. Models used for the analysis, from a grid ob-
tained with the 3D Monte Carlo radiative trasnfer code pos-
sis (Bulla 2019, 2023) and presented in Anand et al., in
prep. The grid is constructed with ejecta modelled as in
Bulla (2023) and varying five free parameters: the mass
(Mdyn) and average electron fraction (Ye,dyn) of the dynam-
ical ejecta, assuming an average velocity vdyn = 0.15c, and
the mass (Mwind) of the post-merger disk-wind ejecta as-
suming an average velocity vwind = 0.05c. The best fit
to GW170817, here indicated as GW170817pol because of
the almost-polar viewing angle, was obtained in Anand et
al., in prep. The model GW170817eq has the same param-
eters as GW170817pol but the viewing angle is equatorial
(θ = 90deg). In the other models, we varied the electron
fraction Ye of the dynamical ejecta and the ejecta mass.

The minimal strategies are designed to enable the
identification of a likely EM counterpart to a BNS or

NSBH merger. We require at least two detections in at
least two filters for the following reasons:

• at least two detections are needed to confirm that
the source is astrophysical (i.e., not a detector
artefact, cosmic ray, or near-Earth moving object)

• at least two detections in one filter will allow us to
perform initial image subtraction to find varying

sources in the images, even if the transient has not

completely faded away yet; timely identification

of EM counterpart candidates is extremely impor-

tant for multi-wavelength follow-up with narrow-

field telescopes. They can also help us determine
the rising or fading timescale of the transient,
which will aid photometric classification

• detections in at least two filters at similar epochs

will place (minimal) constraints on the spectral en-

ergy distribution (SED) of the source, and there-

fore on its temperature and bolometric luminosity

• at least two detections in at least two filters at

similar epochs, will help model the source thanks

to the measurement of its color and color evolution

(in other words, the evolution of the SED)

Broadband photometry using the F146 bandpass

(Fig. 2) may appear to be advantageous, but we strongly
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Å
−
1
)

230 Mpc

0.5 1.0 1.5 2.0

Wavelength (µm)

10
−21

10
−20

10
−19

10
−18 1 Gpc

GW170817pol 4 days

GW170817pol 8 days

GW170817pol 12 days

GW170817eq 4 days

GW170817eq 8 days

GW170817eq 12 days
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Roman F062

Roman F087

Roman F106

Roman F129

Roman F158

Roman F184

Roman F213

Roman F146

Figure 2. Kilonova spectra computed with possis (Bulla
2019, 2023) at 230 Mpc (top) and 1 Gpc (bottom). Spec-
tra are shown at three different epochs (4, 8 and 12 d after
the merger) for the best-fit model to GW170817 kilonova
(GW170817pol, solid lines) and for the same model viewed
from an equatorial viewing angle (GW170817eq, dashed
lines), see Table 2 for more details. Rubin LSST and Ro-
man passbands are shown at the top.

discourage it. The main benefit of employing a broad-

band filter is that sources would be observable for a

couple of days longer than using other filters (Fig. 3–

4). F146 would also be less sensitive to different SED

shapes and is more likely to return source detection with

high signal-to-noise ratio (S/N). On the other hand, by

the time the difference in detection limit between F146

and other filters becomes noticeable (2–3 weeks after

merger), dozens of candidate counterparts may be iden-

tified, most of which will likely be too faint for any tele-

scope (aside from JWST and maybe a few others) to

follow them up. It is unrealistic to expect that JWST

will be used for classification of more than a couple of

transients per cycle via disruptive ToO requests. Unlike

broadband photometry, multi-band photometry in other

filters will enable the selection of several EM counterpart

candidates, for which deep multi-wavelength follow-up

can be initiated.

3.1.1. Target of Opportunity

Fig. 3 represents detectability of different kilonova

models at a distance of 230Mpc, which is the median of
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2 4 6 8 10 12 14 16 18
Time from merger (days)

GW170817pol

GW170817eq

low Ye, Mej

low Ye

low Mej

high Mej

F062 F087 F106 F129 F158 F184 F213 F146

2 4 6 8 10 12 14 16 18
Time from merger (days)

GW170817pol

GW170817eq

low Ye, Mej

low Ye

low Mej

high Mej

F062 F087 F106 F129 F158 F184 F213 F146

Figure 3. Per-filter detection at interval of two days for kilonova models described in Tab. 2 at a distance of 230Mpc for an
exposure time of 55s (top) and 1hr (bottom).

the distance distribution (Fig. 5) in O6 for BNS events

better localized than 5 deg2 (used as reference). In most

cases, a kilonova would be detectable for up to 10–12
days from the merger using 55 s exposures and 14–16
days using 1 hr exposures.

Importantly, we note that a 2-week response time as

per the Roman requirements document is barely enough
to enable kilonova detection even at median distances.

To exploit the unique potential of Roman to discover dis-

tant and neutron-rich kilonovae, a rapid (≲ 7 days) ToO
mode is needed. Even if a distant or faint counterpart

is detected at later times (≳ 14 days), its identification
with Roman will have to wait at least a few more days,

when the field is imaged again and image subtraction is

performed. By then, it will likely be too late for multi-

wavelength follow-up in the nIR, optical and at higher

energies to be performed, and there might not be enough

information for unambiguous photometric classification.



Enabling Kilonova Science with Roman 7

2 4 6 8 10 12
Time from merger (days)

GW170817pol

GW170817eq

low Ye, Mej

low Ye

low Mej

high Mej

F062 F087 F106 F129 F158 F184 F213 F146

2 4 6 8 10 12 14 16 18
Time from merger (days)

GW170817pol

GW170817eq

low Ye, Mej

low Ye

low Mej

high Mej

F062 F087 F106 F129 F158 F184 F213 F146

Figure 4. Per-filter detection at interval of two days for kilonova models described in Tab. 2 at a distance of 1Gpc for an
exposure time of 55s (top) and 1hr (bottom).

We therefore recommend that a faster (≲ 7 days) ToO

mode is made possible for Roman.

For GW follow-up observations, we recommend the
following minimal strategy:

• Follow-up observations with Roman should be ini-
tiated for well-localized (A < 10 deg2) BNS and

NSBH events likely to harbor an EM counter-

part (i.e. have remnant ejecta, according to the

HasRemnant parameter estimated by the GW anal-

ysis). We expect ∼ 3 events to meet these criteria

in 1.5 years of O5 and ∼ 9 in 1.5 years of O6 and
lay within the Roman field of regard (Tab. 4–5).

• Two epochs shall be obtained by tiling the whole
90% area of interest (Fig. 1) in F158 and F213 fil-

ters. The first epoch, if obtained in the first week,

can have ≳ 1min of exposure time. The second
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Figure 5. Luminosity distance distributions for well-localized BNS and NSBH mergers (shown in pink and purple, respectively)
expected to be found during the LVK O5 (top) and O6 (bottom) runs. The plots show such distributions for events localized
better than 3 deg2 (left), 5 deg2 (center), and 10 deg2 (right). Median distances are indicated with solid lines and the 1σ standard
deviations are indicated with dashed lines.

epoch, acquired ∼ 4 days later, will require ∼ 1 hr

of exposure time because the kilonova will have

faded significantly (Fig. 6).

• Late-time (> 1 month) templates shall be acquired

with ∼ 1 hr exposures only on those pointings of

the tiling grid where confirmed or most probable

counterparts are found

The F158 and F213 filters were chosen for three rea-
sons. The first is to take full advantage of the nIR ca-

pabilities of Roman, which can enable discovery of kilo-
novae missed by optical telescopes (Fig. 6–7), or provide

excellent photometry in complementary regions of the

spectrum. The second is because kilonovae are expected

to be longer lived and brighter in the nIR than in the

optical (Fig. 2–7). The third is that “skipping” one of
Roman’s consecutive bands (in this case F184, which is

placed between F158 and F213, see Fig. 2) will enable
more robust modeling of the SED.

3.1.2. Serendipitous

Roman has the opportunity to discover kilonovae
serendipitously during the HLTD survey. Here, we con-

sider a baseline footprint of 19 deg2, which is small in

comparison to ground-based surveys such as the Zwicky

Transient Facility, Pan-STARRS, ATLAS, ASAS-SN,

or Rubin. For example, the Rubin Legacy Survey of

Space and Time (LSST) survey footprint will cover

∼ 18, 000 deg2 (Ivezić et al. 2019). However, the vol-
ume probed by Roman will be enormous because of the

depth it can reach, thus hundreds of transients will be

detected. As during GW follow-up, it will be impossi-

ble to spectroscopically classify all the transients found

by Roman, the vast majority of which will be fainter

than 23mag AB. In fact, 8m-class optical telescopes on
the ground can typically characterize sources as faint
as ∼ 22mag in about 1 hr of wall clock time with low-

resolution spectroscopy. Photometric classification – or
at least pre-selection of kilonova candidates – will be
the only way to identify a population of these elusive
sources.

Dedicated kilonova searches have been carried out
with wide-field instruments (e.g., Doctor et al. 2017;

Bianco et al. 2019; Andreoni et al. 2020, 2021; McBrien

et al. 2021). Aided by observations of GW170817 kilo-

nova and the availability of kilonova model grids (e.g.,
Kasen et al. 2017; Bulla 2019), these searches have pro-

vided tools and know-how to discriminate between kilo-

nova candidates and the most common classes of extra-
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Figure 6. The luminosity, evolution timescale, and color of kilonova light curves depend on the inclination of the merging
binary as well as on the mass and composition of the ejecta. In these plots, kilonovae are placed at a luminosity distance of
230Mpc, which is the median distance expected for BNS detection in O6 for events localized better then A < 5 deg2 (Fig5).
Top: a kilonova similar to GW170817 viewed from a quasi-polar angle (left, best fit to GW170817; Bulla 2023, Anand et al., in
prep) and viewed from a quasi-equatorial angle (right), in the Rubin/LSST and Roman photometric bands. Then kilonovae are
shown with most parameters unchanged from the best fit to GW170817 but with lower ejecta mass, electron fraction Ye, and
45 deg viewing angle (center left), low (center right) electron fraction, high (bottom left) and low (bottom right) ejecta masses.
See Tab. 2 for details about the models. Horizontal lines represent source detection limit for the Zwicky Transient Facility (ZTF;
Graham et al. 2019; Bellm et al. 2019) optical survey, Rubin, and Roman. The light curve is brighter and longer-lived in the
nIR than in the optical in all cases after the first week from the merger. The advantage of observing in the nIR instead of in
optical bands is particularly evident for kilonovae observed at equatorial viewing angles and with low electron fraction in their
ejecta.
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Figure 7. Same as Fig. 6, but where the kilonovae are placed at a luminosity distance of 1Gpc.

galactic transients. In the infrared, more work needs to

be done to achieve robust photometric classification of

kilonova candidates. As explained above, multiple de-

tections in at least two filters are the absolute minimum

requirement to be able to monitor the evolution of lumi-
nosity and color of the transients. A systematic cadence
also makes it possible to establish if a transient is fast
(i.e., it appears and fades away within a few days), as

expected from kilonovae, or if it is evolving slowly like

supernovae and tidal disruption events.
For the minimal HLTD survey, we envision observa-

tions that are:

• regularly cadenced in time; same-night observa-

tions of the same field in different filters are

strongly encouraged. Same-night observations of

the same field in the same filter have a much

smaller impact in the nIR than in the optical (see

for example Fig. 6), thus they are not considered

in this work

• cadenced such that a kilonova can be detected at

least twice in at least two filters (preferably F158
and F213)

• similarly to the case of ToO observations, we deem

it more useful to carry out the HLTD survey in nIR
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filters and avoid the broadband filter F146. This
will enable more robust photometric classification,

SED modeling, and will provide a unique comple-

ment to synergetic observations in the optical and

at other wavelengths

• including deep (∼1 hr) observations in at least two

filters

These recommendations are derived from the metrics

described in section §4.

3.2. Optimal Strategies

Optimal strategies will increase the scientific return
of the minimal strategies by providing better-sampled

light curves in 3 nIR bands.

3.2.1. Target of Opportunity

The optimal ToO strategies for GW follow-up are
based on the minimal strategy described in §3.1.1. We

recommend the following optimal strategy:

• Roman follow-up should be initiated with the opti-

mal strategy for well-localized (A < 10 deg2) BNS

and NSBH events likely to harbor an EM coun-

terpart. The minimal strategy should be applied

for the follow-up of less well-localized GW sources

(for example, 10 deg2 < A < 15 deg2) to increase
the total sample of identified kilonovae. The ongo-

ing fourth LVK observing run (O4), which is due

to continue until the end of 2024, will give us a

better handle on the event rates to expect in O5

and O6.

• Three epochs shall be obtained by tiling the whole

90% area of interest (Fig. 1) in F158, F184, and

F213 filters. This will provide data for excellent
SED modeling of the kilonova as well as the other
candidates, enabling robust photometric classifi-
cation and monitoring of the temperature and lu-

minosity evolution. This is even more valuable if

observations are conducted in synergy with optical

observatories. Like for the minimal strategy, the

first epoch, if obtained early, can have ≳ 1minute
of exposure time. The second and third epochs,

acquired∼ 4 and∼ 8 days later, will require∼ 1 hr

of exposure time.

• If a counterpart is identified, a fourth epoch should

be obtained in F158, F184, and F213 filters with

> 1 hr of exposure time ≳ 3 weeks from the
merger. This epoch will be important to estimate

the amount of r-process elements from the sec-

ond and third abundance peaks (e.g., Hotokezaka

& Nakar 2020; Hotokezaka et al. 2021; Kasliwal

et al. 2022), which is one of the science goals that
Roman is uniquely capable of achieving.

• Late-time (> 1 month) templates shall be acquired
with ≳ 1 hr of exposure time in the whole region

tiled during the follow-up if a counterpart is found

only after the second epoch. These will not only

be used to obtain accurate photometry of the EM

counterpart (free of contamination from the host

and from the kilonova’s own flux), but they will

also enable serendipitous fast-transient science in
the large volume observed during the follow-up.

3.2.2. Serendipitous

In the same spirit, for the optimal strategies for

serendipitous kilonova discovery we recommend HLTD
observations that are:

• regularly cadenced in time and with multi-band
observations occurring on the same day

• cadenced such that a kilonova can be detected

at least twice in at least three filters (excluding

F146), or at least three times in at least two filters

• including deep (∼1 hr) observations in at least two

filters

• carried across a larger footprint, possibly with area

A > 40 deg2 (see §4), to enable the identification of
a sample of elusive kilonovae with low ejecta mass

and/or with high neutron content in the ejecta

(i.e., with low electron fraction)

These recommendations are derived from the metrics
described in section §4.

4. METRICS AND FIGURES OF MERIT

4.1. Target of Opportunity

The number of kilonovae expected in the volume that

Roman will probe is set by the instrument limiting mag-

nitude combined with the neutron star merger rate (i.e.,

number of events per unit of time and volume), the kilo-

nova luminosity function (i.e., the distribution of peak

luminosity), or the distribution of physical quantities

such as the ejecta mass, velocity, and composition. For

ToO observations, the number of expected LVK trig-

gers, their localization, and the expected distance dis-

tribution are also important factors. Some constraints

on the kilonova luminosity function were derived from

the study of kilonova candidates found during follow-up

of short GRBs (e.g., Gompertz et al. 2018; Ascenzi et al.
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2019; Rossi et al. 2020) and the non-detection of coun-
terparts — barring GW170817 — during the follow-up

of GW events in the second and third LVK observing run

(Kasliwal et al. 2020). However, the kilonova luminosity

function remains highly uncertain, so we present results
obtained for a number of kilonova models as described

at the beginning of §3 and in Tab. 2.
The number of detected counterparts via ToO obser-

vations will depend on the number and nature of well-

localized triggers that will be issued by the LVK net-

work. We use the data-driven observing scenario simu-

lations of Petrov et al. (2022) to determine the expected
number and distance distribution of ToO triggers from

BNS and NSBH events in O5 and O6. We assume a fidu-

cial duration of 1.5 years for both O5 and O6, and use

the current best estimates at time of writing for the BNS

(NSBH) merger rate of 210+240
−120 (8.6+9.7

−5.0) Gpc−3year−1

(The LIGO-Virgo-KAGRA Collaboration 2023; Cough-
lin et al. 2022; Singer et al. 2022). For O5 and O6, we

determine the expected number of ToO triggers for each
of 3 localization thresholds by selecting only those events
from the Petrov et al. (2022) simulations with 90% con-

fidence interval (C.I.) GW sky localization areas ≤ 3,

5, and 10 square degrees. Assuming a field of view of

0.281 deg2, it would take 11, 18, and 36 pointings to
cover those sky areas with Roman. Analysis for larger

sky areas can be carried out in the future, depending on
updated rates and specific constraints on Roman ToO
observations.

The expected total number of GW events for each

threshold are presented in Table 4, and the correspond-

ing expected number of Roman ToO triggers — account-
ing for Roman’s field of regard and assuming isotropy

of GW events (Essick et al. 2023) — are presented in
Tab. 5. The corresponding distributions of event dis-

tances are shown in Fig. 5, with summary statistics pre-

sented in Tab. 6. We neglect the impact of erroneous

ToO triggers due to false-alarm GW alerts from ter-

restrial sources, as such false-alarm alerts are unlikely

to meet stringent localization requirements. Addition-

ally, it is worth noting that at most 10-20% of NSBH

mergers are expected to yield an electromagnetically-

bright counterpart (Biscoveanu et al. 2023; Broekgaar-

den et al. 2021; Drozda et al. 2022; Fragione 2021;

Román-Garza et al. 2021). As such, the values quoted
here for NSBH merger ToO triggers are likely optimistic

in terms of prospects for detection of NSBH EM counter-
parts. These numbers should be nonetheless representa-
tive of the expected ToO trigger rate; even the absence
of an EM counterpart is scientifically interesting (e.g.,

Coughlin et al. 2020c) and a sufficiently well-localized

Lim M=−14 M=−15 M=−16 M=−17

25.0 0.07+0.08
−0.04 0.24+0.27

−0.13 0.74+0.84
−0.42 2.15+2.45

−1.23

28.0 2.15+2.45
−1.23 5.73+6.54

−3.27 13.89+15.88
−7.94 30.48+34.84

−17.42

Table 3. Number of kilonovae expected to be there ev-
ery year in the HLTD survey area with absolute magnitudes
ranging from M = −14mag to M = −17mag given magni-
tude limits of 25mag and 28mag, which correspond to ap-
proximate magnitude limits for 55s and 1hr of Roman inte-
gration time. A BNS rate of 210+240

−120 Gpc−3 y−1 is assumed
(Abbott et al. 2023) and an area of 19 deg2 for the Roman
HLTD survey.

merger will likely prompt ToO observations regardless

of the inferred NSBH masses.
We stress that, even during ToO observations, the

mere detection of a transient is unlikely going to be

enough to identify a robust kilonova candidate at large

distances. Deep multi-band photometry is required.

4.2. Serendipitous

Expected numbers of sources detectable in a 19 deg2

survey footprint over a range of absolute magnitudes

are presented in Tab. 3. This represents the potential of

detecting kilonovae reaching a certain luminosity when

the observations are performed.

In order to quantify the impact of different observ-
ing strategies for serendipitous kilonova identification,

we developed a multi detect metric, which returns the

number of kilonovae detectable at least N times in at
least M filters. We injected 100,000 kilonovae for each
model, uniformly distributed in comoving volume be-

tween 100 Mpc and 7Gpc (z ∼ 1). We then assumed a

set of regular time gaps between observations and shifted

the phase of the kilonovae to simulate realistic recovery

rates. The time gaps that we explored are of 2, 4, 8,

and 16 days between returns to the same field with the

same filter(s). The results of our analysis are summa-

rized in Tab. 7–11. We assumed a footprint of 19 deg2

in all tables but in Tab. 11, where the area was doubled.

The number of kilonova detections scale linearly with

the area, so it is straightforward to calculate the num-

ber of events expected if wider or smaller footprints are
considered.

Based on Tab. 7–11, we can draw the following con-

clusions:

• Employing 55 s exposures for the survey can yield

∼ 1 kilonova per year only for observations per-

formed in all filters with a cadence of 1-2 days.
This is hardly efficient. If ∼ 1minute exposures

will be employed in the HLTD survey, the survey

area should be increased to > 40 deg2 to recover
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Area
Estimated Number of GW Events

O5 BNS O5 NSBH O6 BNS O6 NSBH

≤ 3 deg2 2.2+2.7
−1.2 0.3+0.4

−0.2 5.5+6.8
−3.1 0.8+1.1

−0.6

≤ 5 deg2 3.6+4.5
−2.0 0.6+0.8

−0.4 10.7+13.3
−6.0 1.6+2.1

−1.1

≤ 10 deg2 6.7+8.3
−3.7 1.1+1.5

−0.8 19.6+24.3
−11.0 3.0+4.0

−2.1

Table 4. Estimated number of GW events, broken down
across merger type and LVK observing run, for three differ-
ent thresholds of GW sky localization area. Quoted values
are the median and 90% C.I. ToO trigger count, assuming
log-normal astrophysical merger rate uncertainty and Pois-
son counting uncertainty following the methodology of Singer
et al. (2022).

Area
Estimated Number of ToO Triggers

O5 BNS O5 NSBH O6 BNS O6 NSBH

≤ 3 deg2 0.9+1.1
−0.5 0.1+0.2

−0.1 2.3+2.8
−1.3 0.3+0.5

−0.2

≤ 5 deg2 1.5+1.9
−0.8 0.2+0.3

−0.2 4.4+5.5
−2.5 0.7+0.9

−0.5

≤ 10 deg2 2.8+3.4
−1.5 0.5+0.6

−0.3 8.1+10.0
−4.5 1.2+1.6

−0.9

Table 5. Estimated number of GW ToO triggers that will
fall within the Roman field of regard.

∼ 1 kilonova similar to GW170817, or kilonovae
with higher ejecta masses.

• Deep multi-band observations (∼ 1 hr of exposure

time) can yield up to ∼ 9 kilonovae similar to

GW170817 per year, detected in at least two filters

(Tab. 7), assuming a survey footprint of 19 deg2. If

only the F158 and F213 filters are employed, up

to ∼ 7 (∼ 5) kilonovae similar to GW170817 can
be recovered per year at least twice (three times)

in both filters, as shown in Tab.8 (Tab. 11). If the

observations are spaced by at most 4 days, we can

expect to detect up to ∼5 (∼ 2.5) kilonovae similar

to GW170817 in the F158 and F213 filters.

We recommend that the HLTD survey includes obser-

vations of the footprint in at least two filters (preferably

F158+F213) with a ≲ 4 days time gap between returns

to the same field. Observations in the two filters should

occur on the same day to enable color and color evo-

lution to be measured. Such a strategy would greatly

complement Rubin observations, if a synergy between

the two observatories is put in place (see also §5).

Future studies should address whether requiring at

least 2 detections in at least 3 filters (Tab. 9), as op-

posed to requiring at least 3 detections in at least 2
filters (Tab. 10–11), better enables photometric classifi-

cation and separation of kilonova candidates from other

nIR transients.

Area
Luminosity Distance (Mpc)

O5 BNS O5 NSBH O6 BNS O6 NSBH

≤ 3 deg2 130+71
−71 226+138

−138 171+82
−82 296+154

−154

≤ 5 deg2 164+83
−83 284+167

−167 230+105
−105 380+220

−220

≤ 10 deg2 200+113
−113 374+226

−226 274+142
−142 473+282

−282

Table 6. Median and 1σ bounds of the luminosity distance
distributions shown in Fig. 5.

5. SYNERGIES

To maximize multi-wavelength monitoring at high ca-
dence, synergy with multi-wavelength time-domain sur-

veys should be organized. A particularly productive syn-

ergy can be put in place between Roman and Rubin Ob-

servatory, which will provide cadenced observations with

neighboring passbands from 300 nm to 2000 nm. We rec-

ommend that Rubin Deep Drilling Fields (DDF2, which
include COSMOS, ELAIS S1, XMM-LSS, and Extended

Chandra Deep Field-South) are considered among the

preferred regions of the sky where the HLTD survey will

occur. A synergy between Roman and Rubin will also

be valuable during ToO observations (see for example

Andreoni et al. 2022, regarding GW follow-up with Ru-

bin), as they will likely be the only facilities that can
detect distant or intrinsically faint kilonovae. Cadenced
observations in both optical and nIR bands will enable
accurate modeling of multi-component kilonovae such

as GW170817 (e.g., Cowperthwaite et al. 2017; Kasen

et al. 2017; Kasliwal et al. 2017; Smartt et al. 2017b;

Villar et al. 2017).

While kilonovae could be too faint to be detected in
the optical (even by Rubin, which can observe > 2 mag-

nitudes deeper than most wide-field telescopes at com-

parable exposure times, see Fig. 6–7), Roman will be

able to successfully identify kilonovae even when the

ejecta are particularly neutron rich or have low mass,

and when the viewing angle is more equatorial. We note

that extremely low ejecta mass, even down to orders of
magnitude below what considered in the “low Mej” case

considered here, are expected for high mass mergers such

as GW190425 (Camilletti et al. 2022; Foley et al. 2020;

although with large uncertainties depending on various

factors including mass ratio and neutron star equation

of state), one of the two high confidence binary neu-

tron star mergers detected so far in GWs. Such low

ejecta masses would result in a kilonova that is orders

of magnitude fainter than GW170817, and potentially

fainter than the models considered here, which would

lower the probability of detection from ground-based op-

2 https://www.lsst.org/scientists/survey-design/ddf

https://www.lsst.org/scientists/survey-design/ddf
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tical searches, including Rubin. Given the broad neu-
tron star mass distribution found by LVK (Abbott et al.

2023), and the fact that the more massive events are

also louder (in GWs) than their less massive counter-

parts at the same distance, it is also possible that the

next binary neutron star detections will include a sig-

nificant fraction of high mass binaries like GW190425.
These will potentially have very low ejecta mass, mak-
ing Roman a unique telescope to detect electromagnetic

counterparts to LVK GW sources.

This effort will be consistent with other synergies that

are currently being organized. For example, systematic
radio monitoring of the Rubin DDF with the upcom-

ing Deep Synoptic Array 3 (DSA-2000). These syner-

gies will naturally result in rich data sets to mine for

kilonovae and will be crucial to diagnose the nature of

transients of different classes, especially those too faint

(intrinsically or because of their distance) for spectro-

scopic follow-up observations. These will constitute the

overwhelming majority of transients discovered with Ro-
man and Rubin.

6. SUMMARY AND FUTURE WORK

This white paper is in response to the call for commu-

nity input issued on April 11, 2023. We have discussed
here how the unique capabilities of Roman can benefit
multi-messenger astronomy and kilonova astrophysics to
aid the definition of the Core Community Surveys.

Roman is uniquely placed to enable GW multi-
messenger science. However, this may only be achievable
if Roman observing programs include ToO observations

with a response time more rapid than the 2 weeks indi-

cated in the Roman requirements document. We expect

that ∼1–6 ToO observations can be performed with Ro-
man to follow-up well localized (A < 10 deg2, 90% C.I.)

BNS or NSBH mergers during 1.5 years of LVK O5, or

∼4–21 during 1.5 years of O6.

For the HLTD survey, we recommend that it in-

cludes observations of the footprint in at least two fil-

ters (preferably the F158 and F213) to be acquired on

the same day, and repeated regularly with a cadence

of ≲ 4 days. Assuming a footprint of 19 deg2, we ex-

pect this strategy to yield up to 1–5 kilonovae similar

to GW170817 per year and build a rich sample of 5–25

serendipitously discovered kilonovae by the end of the

5-year survey. As of June 2023, no confirmed kilonovae
have been found in wide-field survey data independently
of gamma-ray burst or GW triggers, thus such a sample
of kilonovae discovered by Roman will be invaluable to

understand their diversity and the possible dependence

on redshift.
A choice of the time-domain survey footprint that

maximizes synergetic observations with Rubin Obser-

vatory is strongly recommended (see §5).

Real-time data processing will be a necessary ingre-

dient to the success of multi-messenger projects with

Roman. It will enable the identification of kilonovae
while they are still bright and the activation of multi-
wavelength follow-up. This is important for both ToO

observations and serendipitous kilonova searches.

Future work is planned to further improve the rec-

ommendations put forward in this white paper. For

instance, we plan to study in greater detail kilonova

photometric classification in the infrared, which can

improve the minimum requirements for the survey de-

sign. The ability to use Roman (or Roman + Rubin)

light curves to discriminate between kilonovae and other

types of extragalaxtic transients such as supernovae will

be crucial. The creation of a metrics analysis framework

(MAF), similar to the one developed4 for Rubin LSST,

can greatly help evaluate what the best CCS strategies
can be for a broad range of science cases.

MWC and AT acknowledge support from the National
Science Foundation with grant numbers PHY-2010970

and OAC-2117997.
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3

Software: astropy (Astropy Collaboration et al.

2013, 2018), matplotlib (Hunter 2007)
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Model KN/y KN/y gap 2d KN/y gap 4d KN/y gap 8d KN/y gap 16d

gap 1d gap 2d /gap 1d gap 4d /gap 1d gap 8d /gap 1d gap 16d /gap 1d

Exposure: 55s

GW170817pol 0.5+0.6
−0.3 0.3+0.4

−0.2 0.6 0.2+0.2
−0.1 0.4 0.1+0.1

−0.1 0.2 < 0.1 0.0

GW170817eq 0.1+0.1
−0.0 0.1+0.1

−0.0 1.0 0.1+0.1
−0.0 1.0 < 0.1 0.4 < 0.1 0.2

low Ye, Mej 0.1+0.1
−0.1 0.1+0.1

−0.1 0.8 0.1+0.1
−0.0 0.5 < 0.1 0.2 < 0.1 0.2

low Ye 0.2+0.2
−0.1 0.1+0.1

−0.1 0.8 0.1+0.1
−0.1 0.7 0.1+0.1

−0.0 0.4 < 0.1 0.2

low Mej 0.3+0.4
−0.2 0.2+0.2

−0.1 0.7 0.1+0.2
−0.1 0.5 0.1+0.1

−0.0 0.2 < 0.1 0.1

high Mej 3.2+3.6
−1.8 2.2+2.5

−1.3 0.7 1.8+2.0
−1.0 0.6 1.0+1.2

−0.6 0.3 0.6+0.6
−0.3 0.2

Exposure: 1hr

GW170817pol 9.2+10.5
−5.3 7.4+8.4

−4.2 0.8 2.6+3.0
−1.5 0.3 2.0+2.3

−1.1 0.2 1.3+1.5
−0.8 0.1

GW170817eq 1.3+1.5
−0.7 1.2+1.4

−0.7 0.9 1.0+1.2
−0.6 0.8 0.6+0.7

−0.3 0.5 0.4+0.4
−0.2 0.3

low Ye, Mej 2.7+3.1
−1.6 1.5+1.7

−0.9 0.5 1.3+1.5
−0.8 0.5 0.5+0.6

−0.3 0.2 0.4+0.5
−0.3 0.2

low Ye 4.6+5.3
−2.6 3.0+3.5

−1.7 0.7 2.1+2.4
−1.2 0.5 1.3+1.4

−0.7 0.3 0.7+0.8
−0.4 0.2

low Mej 7.7+8.7
−4.4 4.3+4.9

−2.5 0.6 2.5+2.9
−1.4 0.3 1.5+1.7

−0.8 0.2 0.7+0.8
−0.4 0.1

high Mej 16.7+19.1
−9.6 16.7+19.1

−9.6 1.0 14.1+16.1
−8.0 0.8 8.8+10.1

−5.0 0.5 4.6+5.3
−2.6 0.3

Table 7. For each model, we computed the expected kilonova (KN) detections in the HLTD survey per year using a multi detect

metric in which we required at least N=2 detections in at least M=2 filters. The broadband filter F146 was excluded from the
calculation. The area considered was A = 19deg2 and the kilonova rate was assumed to be RBNS = 210+240

−120 Gpc−3 y−1. Rarer
kilonovae from NSBH mergers could also be found. The first column shows the model name (see Tab. 2); the second, fourth,
sixth, and eighth columns present the expected number of kilonovae detected within the survey footprint assuming regular time
gaps between observations of 2, 4, 8, and 16 days. The third, fifth, seventh, and ninth columns indicate the ratio between the
number of kilonova recovered with 2, 4, 8, 16 days and a gap of 1 day. The total number of kilonovae expected to happen in
the volume of interest (i.e., within a luminosity distance of ∼ 7Gpc) is 16.7+19.1

−9.6 y−1.

Model KN/y KN/y gap 2d KN/y gap 4d KN/y gap 8d KN/y gap 16d

gap 1d gap 2d /gap 1d gap 4d /gap 1d gap 8d /gap 1d gap 16d /gap 1d

Exposure: 55s

GW170817pol 0.1+0.1
−0.0 0.1+0.1

−0.0 1.0 0.1+0.1
−0.0 1.0 < 0.1 0.6 < 0.1 0.2

GW170817eq < 0.1 < 0.1 1.0 < 0.1 0.7 < 0.1 0.4 < 0.1 0.2

low Ye, Mej < 0.1 < 0.1 0.9 < 0.1 0.5 < 0.1 0.3 < 0.1 0.2

low Ye < 0.1 < 0.1 1.0 < 0.1 0.9 < 0.1 0.5 < 0.1 0.3

low Mej < 0.1 < 0.1 1.0 < 0.1 0.7 < 0.1 0.4 < 0.1 0.2

high Mej 0.4+0.4
−0.2 0.3+0.4

−0.2 0.9 0.3+0.4
−0.2 0.9 0.3+0.3

−0.2 0.8 0.2+0.2
−0.1 0.5

Exposure: 1hr

GW170817pol 3.2+3.6
−1.8 2.2+2.5

−1.3 0.7 2.2+2.5
−1.3 0.7 0.7+0.8

−0.4 0.2 0.6+0.6
−0.3 0.2

GW170817eq 0.9+1.1
−0.5 0.9+1.0

−0.5 1.0 0.7+0.9
−0.4 0.8 0.5+0.6

−0.3 0.5 0.3+0.3
−0.1 0.3

low Ye, Mej 1.3+1.5
−0.7 1.2+1.4

−0.7 1.0 0.9+1.0
−0.5 0.7 0.5+0.6

−0.3 0.4 0.3+0.4
−0.2 0.3

low Ye 1.3+1.5
−0.7 1.3+1.5

−0.7 1.0 1.1+1.3
−0.6 0.9 0.7+0.8

−0.4 0.6 0.4+0.5
−0.2 0.3

low Mej 2.4+2.7
−1.4 1.7+1.9

−1.0 0.8 1.2+1.4
−0.7 0.5 0.6+0.7

−0.4 0.3 0.3+0.4
−0.2 0.2

high Mej 16.7+19.1
−9.6 16.7+19.1

−9.6 1.0 13.2+15.1
−7.5 0.8 7.6+8.6

−4.3 0.5 4.4+5.1
−2.5 0.3

Table 8. Same as Tab. 7, but employing only the F158 and F213 filters. At least two detections in each filter are required
(N=2, M=2).
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Model KN/y KN/y gap 2d KN/y gap 4d KN/y gap 8d KN/y gap 16d

gap 1d gap 2d /gap 1d gap 4d /gap 1d gap 8d /gap 1d gap 16d /gap 1d

Exposure: 55s

GW170817pol 0.3+0.4
−0.2 0.2+0.2

−0.1 0.6 0.1+0.1
−0.0 0.2 0.1+0.1

−0.0 0.2 < 0.1 0.1

GW170817eq < 0.1 < 0.1 0.6 < 0.1 0.6 < 0.1 0.2 < 0.1 0.3

low Ye, Mej 0.1+0.1
−0.0 0.1+0.1

−0.0 0.8 < 0.1 0.5 < 0.1 0.2 < 0.1 0.2

low Ye 0.1+0.1
−0.1 0.1+0.1

−0.1 0.8 0.1+0.1
−0.0 0.6 < 0.1 0.3 < 0.1 0.2

low Mej 0.2+0.2
−0.1 0.1+0.2

−0.1 0.7 0.1+0.1
−0.0 0.4 0.0+0.1

−0.0 0.2 < 0.1 0.1

high Mej 1.3+1.5
−0.7 1.3+1.5

−0.7 1.0 1.2+1.4
−0.7 0.9 0.7+0.8

−0.4 0.6 0.4+0.5
−0.2 0.3

Exposure: 1hr

GW170817pol 4.5+5.1
−2.6 3.8+4.4

−2.2 0.9 2.2+2.5
−1.3 0.5 1.4+1.6

−0.8 0.3 0.4+0.4
−0.2 0.1

GW170817eq 1.0+1.2
−0.6 0.9+1.0

−0.5 1.0 0.7+0.8
−0.4 0.8 0.5+0.5

−0.3 0.5 0.3+0.3
−0.1 0.3

low Ye, Mej 1.7+2.0
−1.0 1.2+1.4

−0.7 0.6 1.0+1.2
−0.6 0.5 0.6+0.7

−0.3 0.3 0.3+0.4
−0.2 0.2

low Ye 2.5+2.8
−1.4 2.2+2.5

−1.2 0.9 1.6+1.8
−0.9 0.7 0.8+1.0

−0.5 0.4 0.4+0.5
−0.3 0.2

low Mej 3.5+4.0
−2.0 2.3+2.6

−1.3 0.6 1.5+1.7
−0.8 0.4 0.8+0.9

−0.4 0.2 0.6+0.7
−0.3 0.2

high Mej 16.7+19.1
−9.6 16.7+19.1

−9.6 1.0 13.1+15.0
−7.5 0.8 7.3+8.3

−4.2 0.4 4.1+4.7
−2.3 0.2

Table 9. Same as Tab. 7, but at least two detections in at least three filters are required (N=2, M=3).

Model KN/y KN/y gap 2d KN/y gap 4d KN/y gap 8d KN/y gap 16d

gap 1d gap 2d /gap 1d gap 4d /gap 1d gap 8d /gap 1d gap 16d /gap 1d

Exposure: 55s

GW170817pol 0.2+0.2
−0.1 0.1+0.2

−0.1 0.7 0.1+0.1
−0.1 0.6 0.1+0.1

−0.0 0.3 < 0.1 0.0

GW170817eq 0.1+0.1
−0.0 0.1+0.1

−0.0 0.9 0.0+0.1
−0.0 0.8 < 0.1 0.5 < 0.1 0.0

low Ye, Mej 0.1+0.1
−0.0 0.1+0.1

−0.0 0.8 < 0.1 0.6 < 0.1 0.2 < 0.1 0.0

low Ye 0.1+0.1
−0.1 0.1+0.1

−0.1 1.0 0.1+0.1
−0.0 0.7 < 0.1 0.4 < 0.1 0.0

low Mej 0.1+0.1
−0.1 0.1+0.1

−0.1 0.8 0.1+0.1
−0.0 0.5 < 0.1 0.3 < 0.1 0.0

high Mej 1.3+1.5
−0.7 1.3+1.5

−0.7 1.0 1.0+1.2
−0.6 0.8 0.6+0.7

−0.4 0.5 < 0.1 0.0

Exposure: 1hr

GW170817pol 5.8+6.6
−3.3 3.2+3.6

−1.8 1.0 2.0+2.3
−1.2 0.6 0.9+1.0

−0.5 0.3 < 0.1 0.0

GW170817eq 1.1+1.3
−0.7 1.0+1.1

−0.6 0.9 0.7+0.8
−0.4 0.7 0.6+0.7

−0.3 0.5 < 0.1 0.0

low Ye, Mej 1.3+1.5
−0.7 1.1+1.2

−0.6 0.8 0.7+0.8
−0.4 0.6 0.4+0.4

−0.2 0.3 < 0.1 0.0

low Ye 1.6+1.9
−0.9 1.4+1.6

−0.8 0.9 1.0+1.2
−0.6 0.7 0.6+0.7

−0.4 0.4 < 0.1 0.0

low Mej 2.3+2.6
−1.3 1.7+1.9

−1.0 0.7 1.0+1.1
−0.6 0.4 0.6+0.7

−0.3 0.3 < 0.1 0.0

high Mej 16.7+19.1
−9.6 15.4+17.6

−8.8 0.9 11.6+13.2
−6.6 0.7 7.1+8.1

−4.0 0.4 < 0.1 0.0

Table 10. Same as Tab. 7, but at least three detections in at least two filters are required (N=3, M=2).
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Model KN/y KN/y gap 2d KN/y gap 4d KN/y gap 8d KN/y gap 16d

gap 1d gap 2d /gap 1d gap 4d /gap 1d gap 8d /gap 1d gap 16d /gap 1d

Exposure: 55s

GW170817pol 0.1+0.1
−0.1 0.1+0.1

−0.1 0.8 0.1+0.1
−0.1 0.8 < 0.1 0.3 < 0.1 0.0

GW170817eq < 0.1 < 0.1 0.8 < 0.1 0.5 < 0.1 0.4 < 0.1 0.0

low Ye, Mej 0.1+0.1
−0.0 0.0+0.1

−0.0 0.9 < 0.1 0.6 < 0.1 0.3 < 0.1 0.0

low Ye 0.1+0.1
−0.0 0.1+0.1

−0.0 1.0 0.1+0.1
−0.0 0.7 < 0.1 0.4 < 0.1 0.0

low Mej 0.1+0.1
−0.0 0.1+0.1

−0.0 0.8 < 0.1 0.5 < 0.1 0.2 < 0.1 0.0

high Mej 0.6+0.7
−0.3 0.6+0.7

−0.3 1.0 0.6+0.7
−0.3 1.0 0.5+0.6

−0.3 0.9 < 0.1 0.0

Exposure: 1hr

GW170817pol 4.4+5.1
−2.5 2.6+2.9

−1.5 1.0 2.3+2.6
−1.3 0.9 1.4+1.6

−0.8 0.6 < 0.1 0.0

GW170817eq 1.7+1.9
−1.0 1.5+1.7

−0.8 0.9 1.3+1.5
−0.7 0.8 0.8+1.0

−0.5 0.5 < 0.1 0.0

low Ye, Mej 2.2+2.6
−1.3 1.9+2.2

−1.1 0.8 1.2+1.4
−0.7 0.5 0.6+0.6

−0.3 0.2 < 0.1 0.0

low Ye 2.6+2.9
−1.5 2.5+2.8

−1.4 1.0 1.9+2.2
−1.1 0.7 1.1+1.2

−0.6 0.4 < 0.1 0.0

low Mej 2.6+2.9
−1.5 2.3+2.6

−1.3 0.9 1.5+1.7
−0.8 0.6 0.8+0.9

−0.4 0.3 < 0.1 0.0

high Mej 33.5+38.3
−19.1 27.5+31.5

−15.7 0.8 20.7+23.7
−11.8 0.6 12.2+14.0

−7.0 0.4 < 0.1 0.0

Table 11. Same as Tab. 7, but employing only the F158 and F213 filters and requiring at least three detections in each filter
(N=3, M=2). The footprint area was also doubled (A = 38deg2) to provide values also for the 55 s survey scenario. The total
number of kilonovae expected to happen in the volume of interest (i.e., within a luminosity distance of ∼ 7Gpc) is 33.5+38.3

−19.1 y
−1.
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Singer, L., Kiendrébéogo, W., & Tnarikawa. 2022,

Lpsinger/Observing-Scenarios-Simulations: Version 2,

Zenodo, doi: 10.5281/ZENODO.5206852

Smartt, S. J., Chen, T.-W., Jerkstrand, A., et al. 2017a,

Nature, 551, 75, doi: 10.1038/nature24303

Smartt, S. J., Chen, T. W., Jerkstrand, A., et al. 2017b,

Nature, 551, 75, doi: 10.1038/nature24303

Soares-Santos, M., Holz, D. E., Annis, J., et al. 2017, ApJL,

848, L16, doi: 10.3847/2041-8213/aa9059

Tanaka, M., Hotokezaka, K., Kyutoku, K., et al. 2014,

Astrophys. J., 780, 31, doi: 10.1088/0004-637X/780/1/31

Tanvir, N. R., Levan, A. J., González-Fernández, C., et al.
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