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ABSTRACT

Compact binaries such as double neutron stars or a neutron star paired with a black hole, are strong sources of gravitational waves
during coalescence and also the likely progenitors of various electromagnetic phenomena, notably short-duration gamma-ray
bursts (SGRBs), and kilonovae. In this work, we generate populations of synthetic binaries and place them in galaxies from
the large-scale hydrodynamical galaxy evolution simulation, EAGLE. With our ZELDA code, binaries are seeded in proportion
to star formation rate, and we follow their evolution to merger using both the BPASS and COSMIC binary stellar evolution
codes. We track their dynamical evolution within their host galaxy potential, to estimate the galactocentric distance at the time
of the merger. Finally, we apply observational selection criteria to allow comparison of this model population with the legacy
sample of SGRBs. We find a reasonable agreement with the redshift distribution (peaking at 0.5 < z < 1), host morphologies,
and projected galactocentric offsets (modal impact parameter <10kpc). Depending on the binary simulation used, we predict
~ 16-35 per cent of SGRB events would appear ‘host-less’, i.e. sources that merge with high impact parameters or have hosts
fainter than the detection limit (H > 26).

Key words: transients: gamma-ray bursts —transients: neutron star mergers —transient: black hole - neutron star mergers—

galaxies: general —stars: kinematics and dynamics —binaries: close.

1 INTRODUCTION

The orbits of compact binaries (containing neutron stars or stellar
mass black holes) decay via gravitational wave emission, with
inspiral times ranging from a few Myr to many Hubble times. The
final mergers have become of increasing interest following the first
gravitational wave (GW) detections (Abbott et al. 2016). Where one
or both of the components are a neutron star, such a coalescence can
also produce detectable electromagnetic counterparts, opening the
route to multimessenger astrophysics (Branchesi 2016; Abbott et al.
2017b; Huerta et al. 2019; Mészaros et al. 2019; Murase & Bartos
2019). This was exemplified by the historic discovery of GW170817,
and the accompanying emission from both a kilonova and relativistic
jetted material (Abbott et al. 2017c; Alexander et al. 2017; Arcavi
etal. 2017; Chornock et al. 2017; Coulter et al. 2017; Cowperthwaite
et al. 2017; Evans et al. 2017; Haggard et al. 2017; Hallinan et al.
2017; Imetal. 2017; Kasliwal et al. 2017; Levan et al. 2017; Margutti
etal. 2017; McCully et al. 2017; Nicholl et al. 2017; Pian et al. 2017;

* E-mail: soheb.mandhai @manchester.ac.uk (SM); gpl6@le.ac.uk (GPL);
nrt3@le.ac.uk (NRT)

Shappee et al. 2017; Smartt et al. 2017; Soares-Santos et al. 2017;
Tanaka et al. 2017; Tanvir et al. 2017; Troja et al. 2017; Villar et al.
2017; Corsi et al. 2018; Lyman et al. 2018; Mooley et al. 2018;
Nynka et al. 2018; Resmi et al. 2018; Hajela et al. 2019; Lamb et al.
2019a; Piro et al. 2019; Troja et al. 2019a, 2020).

The kilonova is powered by the radioactive decay of newly
synthesized heavy elements from ejected neutron star material,
and may be the dominant site of r-process nucleosynthesis in our
Universe. The kilonova accompanying GW170817 (AT2017gfo)
was extensively studied from ultraviolet to infrared wavelengths,
thanks to its relative proximity at ~40 Mpc (Abbott et al. 2017c).
However, more typically, the current generation of GW detectors'+?
finds neutron-star containing mergers at ~200 Mpc (Abbott et al.
2018), which combined with the large (10s or 100s of sq. deg.)
error regions, presents a significant challenge to counterpart searches
(Mandhai et al. 2018; Dichiara et al. 2020).

The production of relativistic jets during mergers is less well under-
stood, but is believed to be responsible for the short-duration gamma-

'Third Observing Run (O3).
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Compact binary merger hosts and environments

ray burst (SGRB) emission; these events have typical durations,
Tyy < 2 s (Mazets & Golenetskii 1981; Kouveliotou et al. 1993). This
emission is much brighter and can be seen at cosmological distances,
indeed, apart from GRB 170817A accompanying GW 170817, the
nearest SGRB with a secure redshift is GRB 080905A at z =
0.1218 (Rowlinson et al. 2010) whilst the most distant SGRBs have
been found at z 2 2 (e.g. Levan et al. 2006; Fong et al. 2017,
Selsing et al. 2018). The association of SGRBs with compact binary
mergers confirmed both by analysis of the non-thermal emission from
AT2017gfo (Perego, Radice & Bernuzzi 2017; Wang et al. 2017),
and the evidence of kilonova emission following other SGRBs (e.g.
Tanvir et al. 2013; Jin et al. 2016; Gompertz et al. 2018; Lamb et al.
2019b; Troja et al. 2019b; Jin et al. 2020).

SGRBs were first localized to arcsec precision in the Neil Gehrels
Swift Observatory (hereafter Swift) era, which resulted in the iden-
tifications of host galaxies and hence redshifts (e.g. Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005; Bloom et al. 2006). The
typical redshifts for SGRBs at the depth reached by Swift/BAT is z
< 1 (Lien et al. 2016). These events originate from a wide range
of host galaxies and environments, including some with little or no
ongoing star formation (e.g. Fong et al. 2013; Fong & Berger 2013;
Berger 2014). The Swift rate of SGRB discovery is ~10 yr~!, in
contrast, detectors with larger fields of view such as the Fermi/GBM
(Gamma-ray Burst Monitor) have a rate of ~40 yr~!, although the
Fermi localizations are much worse (typically an ~ few x 10 deg?),
so redshifts are rarely obtained. Since the afterglows of SGRBs are
also typically fainter than those from long-GRBs (Ty, > 2s), the
net result is that the total sample of SGRBs with better constrained
(~arcsec—arcmin) sky-positions is ~140, and only 25-30 per cent
of these have confident redshifts (e.g. Fong et al. 2015a; Lien et al.
2016). It is worth cautioning that the assignation of a given GRB to
the short-hard class is also uncertain in some cases (Bromberg et al.
2013), and also that a small proportion of the candidate host galaxies
may be chance alignments rather than the real host (Levan et al.
2007). The existing sample should be understood to be incomplete
and inhomogeneous, but still sufficient to show general trends.

Based on this observed population of SGRBs, a non-negligible
fraction (~ 15 per cent; Fong et al. 2013) appear to have no obvious
host galaxy. These events are considered ‘host-less’ and are typically
seen at distances 30-75 kpc in projection from the nearest host
galaxy candidate (Berger 2010; Fong & Berger 2013; Tunnicliffe
et al. 2014). Studying the orbital evolution of the progenitor binary
pairs relative to their host galaxy, before they merge, may allow us
to investigate the frequency of progenitors migrating to distances
such that they are classed host-less. Establishing constraints on the
expected projected offsets of SGRBs, and the fraction of host-less
events, may also aid in the efforts to identify the original host
of the progenitor binary where it is uncertain, and by extension
an improved understanding of the distribution of these compact
binary mergers over the cosmological history. This combination of
properties supports the compact binary merger hypothesis, in which
the binary systems can have long lifetimes before merger, and can
receive large kicks during the supernovae in which the compact
remnants were formed (Hobbs et al. 2005; Nakar 2007).

In order to understand the relationship between the offsets of
detected SGRBs and their host galaxies, we created a population
of synthetic binaries and evolved them within hydrodynamically
simulated galaxies. The compact binaries of interest discussed in
this paper are primarily NSNS and BHNS as these are the most
likely progenitors of SGRBs (Narayan, Paczynski & Piran 1992;
Katz & Canel 1996; Narayan, Piran & Kumar 2001; Lee & Ramirez-
Ruiz 2007). Previous studies have also explored the relationship
between galaxies and the offsets of GRBs within static potentials
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(e.g. Bloom, Sigurdsson & Pols 1999; Bulik, Belczynski & Zbijewski
1999; Bloom, Kulkarni & Djorgovski 2002; Belczynski et al. 2006;
Church et al. 2011). In this study, we use updated stellar evolution
prescriptions and evolving galaxy potentials to contrast with and
predict observational SGRB offsets. The search for host galaxies and
EM counterparts to GW events can be challenging as seen with the
follow up of GW190814 (Ackley et al. 2020; Andreoni et al. 2020;
Morgan et al. 2020). Studies such as the aforementioned and the
one detailed in this paper are beneficial in improving the efficiency
of follow-up campaigns by enabling prediction of the most likely
host populations and offsets. We also comment on the merger rates
predicted by our analysis, scaled by LIGO/VIRGO gravitational
wave constraints for NSNS systems.

In this work, Section 2 introduces our code, zELDA, that is used
for the majority of the data analysis; in Section 3, we outline the
results; in Section 4, we compare our results with observations of
SGRBs; in Section 5, we discuss the relationship of the host galaxies
and SGRB localizations; and finally, in Section 6, we summarize our
key findings.

2 zELDA: REDSHIFT ELECTROMAGNETIC
LOCALIZATION AND DEDUCTION
ALGORITHM

The Redshift Electromagnetic Localization and Deduction Algo-
rithm (zELDA)? is a collection of scripts designed to process and
evolve a population of compact binaries within synthetic galaxies.
An overview of the ZELDA code schematic is shown in Fig. 1.# The
objective of zELDA is to determine the orbital and stellar evolution
of binaries relative to their host galaxy environment.

Throughout, we have adopted the same flat (k = 0), A Friedmann
cosmology as used for the EAGLE simulation. Specifically, the
density parameters for matter and dark energy are 2,0 = 0.307
and Q2,0 = 0.693, respectively, and the value for the Hubble constant
usedis Hy = 67.77km s~! Mpc~! (Planck Collaboration XVI 2014;
Furlong et al. 2015).

2.1 Compact binaries

2.1.1 Formation channels

The evolution of binary stars with masses >8 M may result in the
formation of compact binary systems that consist of a neutron star
or a black hole paired with a neutron star, i.e. neutron star—neutron
star (NSNS), or black hole-neutron star (BHNS).

For this study, we have simulated a population of synthetic
compact binaries that are formed from the end-point evolution
of regular, isolated, stellar binary systems. Compact binaries may
also form through dynamical channels (e.g. Rodriguez et al. 2015;
Rodriguez, Chatterjee & Rasio 2016; Fragione & Kocsis 2018;
Rodriguez & Loeb 2018; Samsing & D’Orazio 2018; Andrews &
Mandel 2019; Choksi et al. 2019; Fernandez & Kobayashi 2019), for
example in globular or nuclear clusters, or during galactic mergers
(Palmese et al. 2017), although the merger rate of such binaries
has been estimated to be small when compared to isolated binaries
(Belczynski et al. 2018; Ye et al. 2019).

Recently Santoliquido et al. (2020) have argued that compact
binaries formed in young stellar clusters will have a more significant
contribution to global merger rates, increasing the rate of NSNS

3Repository: https://github.com/hirizon/zZELDA-COMBIN
4COSMOLOPY: http://roban.github.io/CosmoloPy/
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Figure 1. A schematic breakdown of the PYTHON based zELDA coding suite used within this study. Package dependencies include: NUMPY (Oliphant 2006),
MATPLOTLIB (Hunter 2007), SCIPY (Virtanen et al. 2020), COSMOLOPY, PANDAS (McKinney 2010), ASTROPY (Astropy Collaboration 2013; Price-Whelan et al.

2018), and GALPY (Bovy 2015).

mergers by ~50 per cent compared to isolated binaries alone. How-
ever, this conclusion also depends on their assumption of typically
low natal-kicks for neutron stars, which itself seems inconsistent with
the frequent large impact parameters seen for SGRBs. Therefore, we
do not explicitly include dynamically formed systems within our
calculations.

2.1.2 Simulated binary samples

Separate simulations were performed using two independent stellar
evolution and population synthesis codes. For the first case, the
binaries were produced by the Binary Population and Spectral
Synthesis (BPASS v2.1 Eldridge et al. 2017) code® and processed
through the Remnant Ejecta and Progenitor Explosion Relationship
(REAPER) population synthesis code (Bray & Eldridge 2016). We
use two configurations of compact remnant binaries from BPASS
which correspond to the prescriptions highlighted in Bray & Eldridge
(2018). Henceforth, these are referred to as BPASS/Bray® and
BPASS/Hobbs, respectively. In short, both configurations use the
detailed BPASS stellar evolution models; however, the net systematic
kick velocities for each compact object in BPASS/Bray are calculated
from a kick prescription based on the mass ratio of the supernova
ejecta mass and the final mass of the compact object remnant while
for the BPASS/Hobbs data set, the kick was randomly selected from
the Maxwell-Boltzmann distribution outlined in Hobbs et al. (2005).
In each case, the kicks are applied in random directions relative to
the orbital plane of the binaries. The relative number of compact
binaries that are non-disrupted is dependent on the kick prescription
used.

The third set of simulated binaries were produced using the COSMIC
v3.2.0/BSE code (Hurley, Tout & Pols 2002; Breivik et al. 2020).
Binaries produced with BPASS are formed using detailed stellar

SWhilst BPASS V2.2 is available (Stanway & Eldridge 2018), we use an older
version for consistency with the REAPER code.

9The demonstrative binary sample used for the figures and numerical values
in the main text.
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evolution models and prescriptions, whilst COSMIC uses analytical
scalings and is best suited for rapid-population synthesis of binaries.
Including binaries from COSMIC in our analysis allows us to more
densely populate the parameter space, and reduce simulation noise
by increasing the number of models sampled over, in comparison
to the BPASS binaries used. Use of several codes to describe the
stellar and binary evolution also allows us to compare and contrast
results stemming from varied approaches. The net kick velocities
for the COSMIC compact objects are obtained from a Maxwellian
distribution with a velocity dispersion of 265 km s~! which is reduced
by the factor of 1 — fi,, where fj, is the fraction of supernova ejecta
falling back on to the remnant object (Fryer et al. 2012).

The stellar evolution codes provide outputs for a range of discrete
metallicities. We use binaries corresponding to a sub-solar, metal
poor (Z = 0.004) stellar population, a moderately metal abundant
(Z = 0.008) population, and a roughly solar, metal rich (Z = 0.02)
population. The role of metallicity in the formation of the binaries is
discussed in Section 2.3.1. Noticeably, the COSMIC binaries exhibit
lower merger times than the BPASS systems likely owing to the
smaller separations between the compact objects within the sample.
This can be cumulatively attributed to the differences in the adopted
stellar evolutionary prescriptions between both simulations. COSMIC
binaries initially have elliptical orbits and incorporate fallback on to
the compact objects from ejected supernova material. Conversely for
BPASS, the orbits of the binaries are circular and the supernova ejecta
fallback is not considered. Other differences in simulation input frac-
tions are also present and are detailed in Stanway & Eldridge (BPASS
2018) and Breivik et al. (COSMIC 2020). Within the work presented
in this paper, BPASS/Bray is used as a primary fiducial model.

Whilst we expect the majority of NSNS binaries to produce an
EM counterpart such as an SGRB, only BHNS systems with a
comparatively small mass ratio are expected to. The formation of
an EM counterpart depends on the ejecta mass released from the
neutron star when merging with its companion black hole (Tanaka
et al. 2014; Kawaguchi et al. 2016; Foucart et al. 2019; Hinderer
et al. 2019). For more massive black holes the NS can pass the
event horizon before it is tidally disrupted, therefore, stifling the
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Figure 2. The normalized (by population) merger time distributions (i.e. Npin/Nior) for the seeded NSNS and eBHNS type binaries produced using different
binary population synthesis configurations/packages. The top, middle, and bottom panels correspond to binaries with metallicities of Z = 0.004, 0.008, and 0.02,
respectively. The numbers in brackets correspond to the total number of EM-bright unique models that are used for the binary seeding. We note an increase in
systematic noise resulting from the relative rarity of eBHNS systems within the binary simulations used.

formation of an EM counterpart. The mass ratio of the black hole
to neutron star, Q = Mgu/Mys is, therefore, crucial in governing the
mass remaining following the coalescence of the binary (Shibata &
Taniguchi 2011; Ruiz et al. 2020). However, a higher black hole
spin increases the value of Q for which significant NS ejecta is
expected (Barbieri et al. 2019). For this study, we use a Q < 3
threshold for the mass ratio (Hayashi et al. 2021). The notation
of ‘eBHNS’ within this work refers to the potentially EM bright
sub-population of systems that satisfy our condition. This applies to
~ 30-37 per centand < 1 per cent of the BPASS and COSMIC BHNS

binaries, respectively. Notably, COSMIC imposes a mass-gap between
3and 5 My which results in a smaller fraction of BHNS binaries
within the Q threshold. The formation of these systems relative to
the total BHNS population is rare. The number of unique eBHNS
models produced by BPASS and COSMIC are relatively smaller than
the simulated NSNS binaries. Regardless, we have included these
binaries to account for their contribution towards the formation of
SGRBs, although it does lead to a more sparse sampling of the merger
time and kick velocity distributions for eBHNS systems, as is evident
in Figs 2 and 3.

MNRAS 514, 2716-2735 (2022)
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Figure 3. The final systematic velocity distributions corresponding to the
seeded NSNS [upper] and eBHNS [lower] binaries for each simulation
used.

2.2 Cosmological simulations

We place the simulated binaries into environments representative
of the real Universe. To achieve this, we allocate these systems
to host galaxies produced by a cosmological simulation. We use
the publicly available output from the Evolution and Assembly of
GalLaxies and their Environments (EAGLE) project’ (Crain et al.
2015; Schaye et al. 2015; McAlpine et al. 2016), specifically the
RefLO100N1504 sample; the box size of (100 Mpc)® gives us a
large, cosmologically representative volume to work with. Galaxies
with stellar masses in the approximate range, M, /Mg > 108 | are
considered well resolved and successfully reproduce the observed
stellar galaxy mass function to < 0.2 dex (Furlong et al. 2015).
We also include poorly resolved galaxies with masses close to the
baryonic particle mass used in the simulation, ~ 10° M, (Crain et al.
2015), to enable us to gauge the fraction of binaries that are seeded
(see Section 2.3.1) into very small host galaxies, while recognizing
that individual galaxy properties are not well determined in these
cases.

The simulation is split into 28 non-uniformly spaced epochs
spanning from z ~ 15 to z ~ 0. The use of EAGLE cosmological
simulations allows binaries to be seeded in galaxies over cosmic
time. These galaxies will undergo mergers and produce typically
larger galaxies of varied morphologies (Qu et al. 2017) before the

"http://icc.dur.ac.uk/Eagle/database.php
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binaries coalesce. Thus, by tracing the evolution of the binary systems
within the evolving potential of the host, we can extract the galaxy
properties when the compact binary coalesces.

2.3 Algorithm functionality

2.3.1 Binary seeding in EAGLE galaxies

For each cosmological epoch available in our selected EAGLE sample,
we seed the simulated binaries in galaxies in proportion to their star
formation rates and the averaged global metallicity. As the binaries
form in discrete snapshots, a birth time offset is applied to create
a continuous distribution of binary formation redshifts. Previous
studies have used similar techniques to predict the morphology of
binary merger host galaxies (e.g. Mapelli et al. 2018; Artale et al.
2019; Jiang et al. 2020).

Within zELDA, the binaries are seeded within their host galaxies
at a distance that is weighted by the mass profile of the stellar
disc. The evolution of the binary is traced from the birth of the
progenitor massive stars to the point at which the final compact binary
coalesces. The stellar evolutionary lifetime of each star is typically
short (~10 Myr), and usually ends with a core-collapse supernova,
leaving behind a compact remnant. Each supernova provides the
system with a natal-kick velocity (Belczynski & Bulik 1999; Fragos
et al. 2009; Giacobbo & Mapelli 2018). In some cases, the imparted
impulse may disrupt the system entirely, and therefore, a compact
binary is never created. For surviving compact binaries, the direction
of the kick is applied to the entire system randomly with respect to the
galactic plane. For sufficiently large kicks and long lifetimes, systems
may migrate to great distances from their hosts before merging,
consistent with the prevalence of SGRBs that are either apparently
host-less or at large offsets on the sky from their likely hosts (e.g.
Fong et al. 2013; Berger 2014; Tunnicliffe et al. 2014; Zevin et al.
2019; Gompertz, Levan & Tanvir 2020).

The overall star formation rate density within the EAGLE sim-
ulation is noted to be 0.2-0.5 dex lower than the observed rate
density (Furlong et al. 2015). For the purpose of this study, we
assume the star formation in different galaxy types reflects the real
Universe (Madau & Dickinson 2014), despite the offset in the overall
normalization. We stack the ordered EAGLE galactic star formation
rates within a snapshot to obtain the cumulative star formation rate
(CSFR). For each binary, a random value between zero and the
maximum CSFR is then selected, and the corresponding galaxy is
taken as the host. Galaxies with higher star formation rates, are
therefore, more likely to host binaries. We use three sub-samples
for the synthesized binaries. These consist of a low-metallicity
(Z = 0.004), an intermediate-metallicity (Z = 0.008), and a high-
metallicity (Z = 0.02) population (see Section 2.1.2). The binaries
are seeded into galaxies based on the averaged star-forming gas
metallicity, Zy,. This quantity is allocated to bins corresponding to
the three binary metallicity populations used. An associated binary
from these populations is then selected and seeded into a binned
host galaxy, i.e. low-met binaries are seeded in galaxies with Zgy <
0.006, intermediate binaries in galaxies with 0.006 < Z,,; < 0.014,
and high-metallicity binaries in Zy, > 0.014. The binaries are drawn
according to a Kroupa IMF (Kroupa 2001) profile for the primary
stellar component.

Fig. 2 shows the population density of the seeded binaries as a
function of 7 erge, the total system lifetime (i.e. stellar evolution plus
in-spiral lifetimes), for all metallicities used. The relative fraction of
binaries merging with a given lifespan varies between the type (i.e.
NSNS or eBHNS) and the metallicity of the binary. The total natal-
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Figure 4. Comoving volumetric rate of NSNS (blue) and eBHNS (orange) compact binary mergers normalized by the local LIGO/Virgo gravitational wave
rate, 320f‘2‘38 Gpc =3 yr~! for NSNS systems (Abbott et al. 2021a). The shaded regions correspond to the rates contained within the upper and lower bound of
the LIGO/Virgo estimate used. The cyan lines in the bottom panels show the relative ratio of NSNS against eBHNS systems. The plotted points correspond to
the local volumetric rate estimates for NSNS, and BHNS (45f;§ Gpc_3 yr—!) (Abbott et al. 2021b) mergers.

kick velocity distribution of the seeded NSNS and eBHNS binaries
is shown in Fig. 3.

For the different binary evolution codes, the rate of merging
compact binaries as a function of redshift is shown in Fig. 4. These
rates have been normalized using the LIGO/Virgo O3 estimate of
3201";38 Gpc 3 yr~! for the merger rate density of NSNS systems
(Abbott et al. 2021a). The NSNS merger rate density always exceeds
that of EM-bright eBHNS, but the ratio varies significantly between
our three simulations, as demonstrated by the cyan lines in the figure.

2.3.2 Orbital evolution of kicked compact binaries within their host
potentials

For binaries that remain intact, we trace their orbital evolution within
their host galaxies. The morphology and potential of the galaxy
evolves according to its descendant in the following EAGLE snapshots
encountered during the lifetime of the orbit. The gravitational
potential is modelled as a static well until the next snapshot, where
it is updated if the host evolves or merges.

In our study, the global potential is composed of three contributors,
a Navarro—Frenk—White (NFW; Navarro, Frenk & White 1996)
profile for the dark matter halo, and two Miyamoto—Nagai (MN;
Miyamoto & Nagai 1975) potentials for the stellar and gas bodies.
The prescriptions for the galactic potential are scaled accordingly by
the component masses for the EAGLE galaxies. The potential for the
NFW profile is described by equation (1). The EAGLE simulation
provides particle information corresponding to the galaxies which
can be used to construct the gravitational potentials. However, this
would be significantly more computationally expensive with little
practical gain. As such, we do not expect a significant difference
between the two methods when averaged over the total population

of galaxies.

4 GpoR? r
() = —fln(l + Rf), (1

s

where G is the gravitational constant, p, is the central density, Ry
the scale radius, and r is the radius from the central axis of the
galaxy. R; is fixed by requiring that the half-mass radius for the halo
matches that reported in EAGLE. The MN potential on the other hand,
is constructed with the following general prescription

-GM
[rz + (a + (ZZ + b2)1/2)2]1/2’

where z is the height relative to the galactic plane, a is the scale-
length, b is the scale height. Increasing the ratio of b/a dictates
whether the geometry of the galaxy is more disc-like (b < @) or more
spheroidal (b > a).

The MN potential (see equation 2) for the stellar distributions
are created assuming a non-flat potential. We can approximate the
scalelength, a, by applying a similar minimization for the half mass
of the component as seen with the estimates of R;. The scaleheight,
b, is approximated using the relation, b = a[(1 — €)/€]?, where € is
the stellar ellipticity for the EAGLE galaxy. A Milky Way-like galaxy
has an approximate scale length ratio of b/a ~ 0.1.

The morphological structure can be quantified using the «,, =
(€ 41— T)/2 diagnostic described in Thob et al. (2019), where
T is the triaxiality of the galaxy. We broadly distinguish early-/late-
type morphologies based on a fiducial value of «. Galaxies with «,,, <
0.4, are assumed to be early-type galaxies, with late-types assumed to
have o, > 0.4. We note that this is an essentially structural definition,
and at higher redshifts other typical characteristics of early-type
galaxies, such as low specific star formation rate, will not apply. For

O(r,z) = 2)
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Table 1. A population breakdown of EM bright compact binary mergers according to the probable observed host classification, for the binary simulations
used. The bottom segment of the table compares the total simulated ‘BAT-detectable’ SGRB progenitors against the demographics breakdown of observed
SGRBs from Fong et al. (2013). The square brackets indicate the demographics of systems expected to exhibit bright afterglows. A further breakdown of
the host-less population is highlighted beneath the divisions for the ‘NSNS’, ‘eBHNS’, and ‘BAT-detectable SGRB Progenitors’ segments. Faint galaxies are
defined as sources with a magnitude, H > 26, while binaries are considered remote if Pchance > 0.05.

Binary source BPASS/Bray (per cent) BPASS/Hobbs (per cent) COSMIC (per cent) Fong et al. (2013) (per cent)
NSNS
Early-type galaxies 26.5 20.8 26.5 -
Late-type galaxies 50.7 40.5 51.5 -
Total Obs. Host-less 22.9 38.7 22.1 -
Faint galaxies 0.9 1.4 5.8 -
Remote binaries 14.1 25.7 9.1 -
Faint Host + Remote 7.8 11.7 7.2 -
eBHNS
Early-type galaxies 29.6 25.0 19.3 -
Late-type galaxies 38.0 28.8 63.9 -
Total Obs. Host-less 324 46.2 16.8 -
Faint galaxies 1.5 29 1.8 -
Remote binaries 24.5 31.7 13.1 -
Faint host + remote 6.4 11.6 1.8 -
BAT-detectable SGRB progenitors?

Early-type galaxies 30.2 [31.4] 23.8 [30.0] 23.6 [25.1] z17
Late-type galaxies 50.6 [63.1] 41.5 [59.7] 61.0 [67.6] ~47
Total Obs. Host-less 19.2 [5.6] 34.8[10.3] 15.5[7.3] z17
Faint galaxies 0.3[0.3] 0.6 [0.6] 2.7[1.6] -
Remote binaries 15.1 [4.5] 28.8 [8.6] 10.1 [4.3] -
Faint host + remote 3.710.8] 5.411.2] 2.7[1.5] -

“The demographics fractions corresponding to a sub-population of SGRB progenitors merging in afterglow-bright environments (see Section 4.2).

galaxies where «,, can not be determined due to the absence of the
required shape parameters, we use the red/blue sequence criterion
discussed in Correa et al. (2017). This affects < 5 per cent of the
early-type galaxy classifications made.

The effects of galaxy mergers on the binary are approximated
within zELDA. If the host merges with a larger galactic dark matter
halo, we apply a pseudo-kick equivalent to the maximum circular
velocity of the major halo in a random direction to approximately
account for the velocity offset entailed in switching to the new
origin. Tidal interactions with the central supermassive black-holes of
galaxies can also result in the disruption of binaries (Amaro-Seoane,
Miller & Kennedy 2012; Mainetti et al. 2016). Similar effects may
also arise from interactions with nearby gravitating bodies such as
satellite galaxies. However, in the analysis underlined in this paper,
we do not consider the effects of the central black hole or nearby
neighbouring galaxies as the resulting gravitational intricacies from
these are beyond the scope of this paper.

The orbital and galaxy dynamic prescriptions that are used in
zELDA incorporate functionality from the GALPY® PYTHON package,
(Bovy 2015) using the relevant mass, radius, and shape properties
from the EAGLE simulation.

3 HOST GALAXIES OF COMPACT BINARY
MERGERS

Table 1 shows the host galaxy demographics broken down for each
binary simulation. Figs 5, 6, 814 and Tables 2 and 3 correspond to

Shttp://github.com/jobovy/galpy

MNRAS 514, 2716-2735 (2022)

BPASS/Bray binaries. The equivalent results for BPASS/Hobbs and
COSMIC are found in Appendices® A and B, respectively.

3.1 Galaxy host characteristics of coalescing binaries

The majority of binaries seeded within the EAGLE galaxies are born
within 0.5 < z < 3 and merge within 0 < z < 1. The distribution
of the merger time varies between different prescriptions for binary
formation. This enables us to gauge the typical age and relative
binary population as a function of redshift (Chruslinska, Nelemans &
Belczynski 2019). The understanding of binaries merging within
their host galaxy is also pivotal in providing insight into the chemical
enrichment of the host galaxy (Shen et al. 2015; van de Voort
et al. 2020). Similarly, ejected systems have relevance for our
understanding of the enrichment of the intergalactic medium.

The successful association of a compact binary and its host galaxy
can further yield constraints on the system’s merger timescale, if
the star formation history of the host is known (McCarthy, Zheng &
Ramirez-Ruiz 2020). In Figs 5 (NSNS), and 6 (eBHNS), we show
the relationship between the host galaxy mass and SFR at various
redshift ranges for merging binaries. Colour coding shows the binary
lifetimes. which range from 10s to 1000s of Myr. At lower redshift
(z < 1),alarge fraction of BPASS/Bray and BPASS/Hobbs merging
binaries have lifespans of Tperge > 1000 Myr. These systems formed
at earlier epochs (z > 1) within actively star-forming galaxies, but
ultimately merge when the host is in a more quiescent phase.

9The appendices are available online on the journal website.
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Figure 5. [BPASS/Bray — NSNS] The star formation rate (¢) against stellar mass (M) evolution of NSNS merger hosts. In each panel, the point colours
represent the binary merger time. The vertical dashed line indicates the resolved threshold for EAGLE galaxies (see Section 2.2). The hosts of ejected binaries
are represented in grey. Galaxies that are considered observationally faint (apparent magnitude H > 26) are depicted as purple triangles, the indicated hatched
region within 1o deviation from the mean ¢ and M, of this population. The purple crosses indicate the host properties of localized SGRBs and their ¢ and M,
uncertainties, (Leibler & Berger 2010; Berger 2014). The cyan point corresponds to the galaxy (NGC 4993) that is the known of host of SGRB 170817A (Im
etal. 2017; Levan et al. 2017) — the EM counterpart of the binary neutron star GW detection, GW170817. In each panel, the percentage of predicted late/early
merger hosts are indicated. The estimated total population of host-less binaries (see Section 3.2.2) and faint hosts are also stated.
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Figure 6. [BPASS/Bray — eBHNS] The star formation rate (¢) against stellar mass (M) evolution of eBHNS merger hosts. In each panel, the point colours
represent the binary merger time. The vertical dashed line indicates the resolved threshold for EAGLE galaxies (see Section 2.2). The hosts of ejected binaries
are represented in grey. Galaxies that are considered observationally faint (apparent magnitude H > 26) are depicted as purple triangles, the indicated hatched
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M, uncertainties, (Leibler & Berger 2010; Berger 2014). In each panel, the percentage of predicted late/early merger hosts are indicated. The estimated total

population of host-less binaries (see Section 3.2.2) and faint hosts are also stated.
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Figure 7. The population normalized (N/Nyi,) migrated distance distributions over all redshifts, for the BPASS/Bray, BPASS/Hobbs, and COSMIC simulated
NSNS (blue) and eBHNS (orange) compact binaries. The fainter red lines correspond to the total population of seeded binaries, inclusive of non-bright EM
systems (refer to Section 2.1.2). Relative to the COSMIC binary models sampled over, fewer unique BPASS models are used within our simulation. The resolution
of the binned population is therefore limitedx. xSecondary and tertiary peaks are artefacts of noise. The green dashed line corresponds to a distance of 10 kpc.

Coalescing binaries within z < 0.4 have host galaxies with a
median stellar mass between M, ~ 1.5-3 x IOIOMO, and a star
formation rate within the range ¢ ~ 1.3-2.1 My, yr~!. These galaxies
tend to be massive, star-forming, and disc dominated (e.g. Calvi
et al. 2018). For comparison, the Milky Way has a stellar mass,
M, ~ 6 x 10! Mg, and a star formation rate of, ¢ ~ 1.6 Mg yr~!
(Licquia & Newman 2015). The purple crosses marked in Figs 5 and
6 indicate the properties of galaxies associated with localized SGRB
detections, for the subset of cases for which these host parameters
have been estimated. Generally, the majority of these galaxies are
consistent with the expected hosts of merging compact objects
predicted by zELDA. For the lowest redshift slice, the overplotted
properties of the host galaxies reside below the peak of the host
distributions. We note that intrinsically very faint hosts may be
missed, or unidentified, in follow-up observations, so their absence
in the observed sample may not be surprising. The properties of
the NSNS merger host associated with GW170817, NGC 4993,
falls within a region where very few galaxies are expected to host
coalescing NSNS systems. An event such as this is rare based on the
zZELDA predictions.

We distinguish between early and late-type host galaxies at the
point of coalescence based on the morphological criteria described
in Section 2.3.2. Approximately 50-70 per cent of mergers for BPASS
compact binaries appear to originate from late-type galaxies at all
redshifts in each simulation. For the COSMIC sample, the fraction
of binary mergers originating from late-type hosts can range up
to ~ 80 per cent. We note that Artale et al. (2020a) performed
a similar simulation based on EAGLE, and concluded that at low
redshifts (z < 0.1) early-type galaxies dominate the host population.
However, the discrepancy between our studies is due to a different
approach in distinguishing galaxy morphologies. Specifically, they
define early-type galaxies to have specific star formation rates,
SFR/M, < 107"9yr=!. This means that many galaxies that we
classify as late-type discs at low redshifts are considered early-types
within their work based on their star formation rate criterion.

A non-negligible fraction of these binaries are shown to migrate
to distances where they are considered to be host-less (elaborated on
in Section 3.2.2); the host galaxies for these systems are depicted as
grey squares in Figs 5 and 6. The figures also indicate galaxies that

could be missed with an observational follow-up, as they are faint (H
> 26; purple triangles). Small spiral/dwarf galaxies, and more distant
intrinsically brighter galaxies, are likely to fall into this category due
to their low apparent luminosity. The overall galaxy demographics
including the contribution of host-less systems is shown in Table 1.

3.2 Projected galactocentric distance at merger

3.2.1 The impact parameter

By following the evolution of binaries from their birth to their
coalescence, we are able to observe the overall migration distance
during their lifetimes. In our simulations, these are turned into
projected on-sky distances by choosing random orientations for each
host galaxy and calculating the corresponding impact parameter.

Fig. 7 shows the global distribution of the migration distances that
the NSNS and eBHNS mergers exhibit for the various population syn-
thesis codes used. We find ~ 60-70 per cent of NSNS and eBHNS
mergers occur within < 10kpc (indicated by the vertical dashed
line) from the centre of their host galaxies, for BPASS/Bray binaries.
For BPASS/Hobbs binaries, ~ 50 per cent of binaries are retained
within this distance. For COSMIC binaries, ~ 70-80 per cent of
systems merge within this distance. In extreme cases, we find
< 1 per cent of these binaries merging at galactocentric distances
> 1 Mpc for BPASS/Bray and COSMIC binaries, and < 5 per cent
for the BPASS/Hobbs population.

Figs 8 and 9 show the impact parameter distributions, where the
impact parameter corresponds to the projected on-sky separations,
split by the host galaxy characteristics (stellar mass and star formation
rate) and redshift. Generally, binaries with high velocities have a
higher likelihood of overcoming the gravitational potential of their
host galaxy and thus travelling further before coalescing. For low-
mass galaxies such as small disc or dwarf galaxies, the likelihood
increases as the gravitational potential is weaker and therefore, easier
to escape. As such, these galaxies are expected to retain very few
binaries. We see this for both NSNS and eBHNS systems in the top
panels of both figures.

For binaries merging in larger galaxies such as large spirals
(middle and bottom panels) or ellipticals (bottom panel), the

MNRAS 514, 2716-2735 (2022)
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Figure 8. [BPASS/Bray — NSNS] For varied redshift slices, each panel corresponds to a breakdown of the impact parameter distributions for different galaxy
masses (row), and star formation rates (column). Each histogram is composed of the number of binaries with a given impact parameter normalized over the
total summation of merging systems within the respective panel and redshift. The dashed vertical line corresponds to the galaxy averaged impact parameter
corresponding to the Pchance limit used to identify systems that may be potentially classed as host-less. A numerical breakdown of each panel is shown in Table 2.

coalescence is likely to occur within ~ 10kpc and therefore, close
to or within the host galaxy. Tables 2 and 3, show the fractions of
binaries merging in each panel per redshift slice, corresponding to
the aforementioned figures.

3.2.2 Chance alignment of binaries and their host galaxies

A binary is considered host-less if the offset from its host is likely
to be observationally registered as a chance alignment, with a
probability, Pcpance > 0.05 (e.g. Fong et al. 2013) and/or if the host
is fainter than H > 26. The Pchance quantity is calculated using the
prescription for chance alignments from Bloom et al. (2002) and
defined as

Pchance =1- 67717 (3)
where
n=mnrlo(<m). (4)

Here, r; is an angular distance that is determined based on the offset
of a binary merger relative to the centre of its host, and the size of the

MNRAS 514, 2716-2735 (2022)

galaxy. Specifically, if a binary merger occurs at a projected radius
less than twice the projected half mass stellar radius (R,.) of its host
galaxy, it is assumed to be ‘within’ the host and r; is set to r; =
2R,. For mergers occurring further out from their host galaxy centre
ri =1/ R(Z) + 4R2, where Ry is the angular offset between the centre
of the host and the site of the merger. o (< m) is the mean surface
density of galaxies brighter than the H-band magnitude (m) of the
host galaxy.

Our procedure differs slightly from the original Bloom et al.
(2002) prescription in that we use the projected half-mass stellar
radius in place of the half-light radius; and we use H-band rather
than r-band magnitudes as early-type galaxies in particular tend
to become rapidly fainter in the r band at z = 1 due to the
redshifting of the 4000 A break through the filter passband. H band
number counts for field galaxies are taken from Metcalfe et al.
(2006), Frith, Metcalfe & Shanks (2006), and we use a polynomial
interpolation between the values to extract the mean surface density
for any H-band magnitude. In the context of our simulations, we
use the given apparent magnitude of the host galaxies reported by
EAGLE.
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Figure 9. [BPASS/Bray — eBHNS] For varied redshift slices, each panel corresponds to a breakdown of the impact parameter distributions for different galaxy
masses (row), and star formation rates (column). Each histogram is composed of the number of binaries with a given impact parameter normalized over the
total summation of merging systems within the respective panel and redshift. The dashed vertical line corresponds to the galaxy averaged impact parameter
corresponding to the Pchance limit used to identify systems that may be potentially classed as host-less. A numerical breakdown of each panel is shown in Table 3.

The H > 26 criterion accounts for hosts that appear faint (partic-
ularly those at higher redshift) and therefore are likely to be missed
when following up SGRBs, resulting in them being classified as
host-less by observers. Recognizing the existence of these cases is
essential when accounting for potential observational biases that can
arise with SGRB samples.

The total fraction of NSNS and eBHNS that will appear to be
host-less is shown in Table 1 for each binary simulation used. A
breakdown of the fraction of binaries that fulfill our host-less criteria
is shown for each panel of Figs 8 and 9 within the second sections of
Tables 2 and 3.

4 SIMULATING OBSERVATIONAL SELECTION
EFFECTS
4.1 Luminosity function and selection

We produce a simulated population of observable SGRBs assuming
the broken power-law intrinsic luminosity function for SGRB peak

luminosities from Paul (2018)

%) L < 105218 erg s,
®(L) x (1052-18ergs " 16 3)
m) L > 10> ergs™.

A broken power law is consistent with the findings in Wander-
man & Piran (2015), Ghirlanda et al. (2016); alternatively, see
Yonetoku et al. (2014), Sun, Zhang & Li (2015) for examples
of single power-law luminosity functions. As the distribution of
intrinsically low-luminosity SGRBs is poorly constrained, we fix
the cut-off at 10¥ ergs~' (Mogushi, Cavaglia & Siellez 2019).
As such, the luminosities, L, are drawn from a distribution within
the range 10* < L < 10 erg s~!'. The ascribed SGRB luminosity
has no dependence on the binary characteristics, since we lack any
theoretical or observational mapping that would motivate this. Whilst
some SGRBs, such as GRB 170817A, exhibit luminosities below our
minimum, these events are expected to account for a small fraction
of the cumulative observed population (Tan & Yu 2020). We use a
sensitivity of 0.2 phs™! cm~2 to estimate the fraction of GRBs that

MNRAS 514, 2716-2735 (2022)
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Figure 10. [BPASS/Bray] The distribution of the NSNS and eBHNS binary
mergers from our study that is likely to produce SGRBs detectable by
Swift/BAT, excluding host-less systems, refer to Section 3.2.2. The magenta
histogram outlines the total population of BAT-detectable SGRBs with
identifiable hosts. The lime histograms corresponds to the subset of events
merging in afterglow-bright environments, (n > 10~ cm~3). The orange
points correspond to the population of Swift observed SGRBs within redshift
bin sizes of z = 0.2, with a Poisson uncertainty.
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Figure 11. [BPASS/Bray] A density map of the impact parameter and
redshift for binaries that are expected to produce an SGRB within Swift/BAT’s
detection sensitivity range and are not considered host-less (see Section 3.2.2).
In both cases, offsets and redshifts corresponding to SGRB-galaxy from
literature are plotted with their relevant uncertainties, refer to Table 5. The
contour levels shown, proceeding outwards, indicate the ~ 25, 50, 75, 90,
and 98 per cent enclosed synthetic merging binary population. The total
binary population is comprised of both NSNS and eBHNS binaries.

would be detectable by Swift/BAT. We apply a Band function (Band
et al. 1993) with an index o = 0.5 and g = 2.25 for the distribution
below and above Ep, respectively, where E, is the spectral peak
energy given by the relation for SGRBs found by Tsutsui et al.
(2013).

4.2 Afterglow dependence on environment

GRB afterglows are thought to arise when the relativistic jet impacts
and shocks the external ambient medium, producing long-lived
emission from radio to X-ray (Zhang et al. 2006, 2007). Identifi-
cation of candidate host galaxies, and hence redshifts and impact

MNRAS 514, 2716-2735 (2022)
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Figure 12. The ratio of NSNS (solid) and eBHNS (dashed) mergers (V)
per unit luminosity (L) in bins of absolute magnitude, for all galaxies in the
simulation volume (restricted to redshift z < 0.05, and the BPASS/Bray
model). Shown are results for the g/z/H band: of these, the g band is
generally flatter, indicating that merger rate is, on average, more nearly
directly proportional to luminosity in this band. Note that the luminosity
scale here is arbitrary, so there is no particular significance to the relative
values of N/L.

parameters, relies on the ~arcsec localizations that come from X-ray
and optical/nIR detections, rather than the ~arcmin positions that
are produced by the Swift/BAT. For some SGRBs, particularly those
with ‘extended soft emission’ (Mészaros & Rees 1997; Sari, Piran &
Narayan 1998), the X-ray localization may be found independently
of afterglow detection, however, more commonly observations of the
afterglow is necessary. Thus there is the possibility that SGRBs in low
density environments may be selectively lost from the observational
sample we consider here. In this section, we outline an approach to
introduce this into the simulations, which may indicate a plausible
maximum size of this selection bias.

The average gas density, 7, surrounding a galaxy will decrease with
increasing distance from the galaxy core, therefore, the afterglows
from bursts at large separations from their host will typically have
fainter afterglow emission (Perna & Belczynski 2002). The maxi-
mum luminosity distance, Dy, for the peak afterglow emissions
to be above a given threshold depends on the ambient density as
Dinax o< n?+ D8 assuming slow-cooling and an observed frequency
above the characteristic synchrotron frequency at the peak, where p
is the relativistic electron distribution index in the shock — typically
p ~ 2.4 (Fong et al. 2015a). The afterglows of SGRBs can be
used to put constraints on the ambient density, where the earliest
afterglow detection can be used to constrain the minimum density.
Using this minimum ambient density and an assumed galaxy gas
density profile, O’Connor, Beniamini & Kouveliotou (2020) infer
a maximum impact parameter distribution for the population of
observed SGRBs.

For binaries capable of producing an SGRB e.g. NSNS, and
eBHNS systems, (see Section 2.1.2), we estimate the fraction that
merge in a very low density environment, defined by Fong et al.
(2015a) as n < 10~*cm™3. Based on the location of the merger
with respect to its host galaxy, we estimate the ambient density by
considering the gas mass contained within an EAGLE aperture. These
apertures are composed of spheres with sizes of 1, 3, 5, 10, 20, 30,
40, 50, 70, and 100kpc. We split these spheres into shells based
on the radii of neighbouring apertures and calculate the spherically
averaged gas density. We added an additional hot gas component,
similar to the approach described in O’Connor et al. (2020). This
secondary component is described by the Maller & Bullock gas
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Figure 13. [BPASS/Bray] The distribution of host-less (see Section 3.2.2) binary merger offsets against redshift, z, corresponding to different ranges of photon
flux, ®. The colour of the points indicate the brightness of the host galaxy within the H band, with redder points indicating brighter host galaxies than the bluer

points.
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Figure 14. [BPASS/Bray] The impact parameter distribution for the pop-
ulation of SGRB compatible NSNS and eBHNS binaries expected to be
observable by Swift/BAT for (i) all systems (lilac dashed), (ii) systems with
hosts only (orange dotted). The blue line corresponds to a sample of SGRBs
with known redshifts and offsets (blue) inclusive of non-Swift detected events.
Refer to Table 5 for sources used.

model (Maller & Bullock 2004; Fang, Bullock & Boylan-Kolchin
2013),

3.7 3.7 02
PP @) = py |1+ =il +x) = (1 +e)| ©)

v

where p, is the density at the virial radius, r, (Carlberg et al. 1997),
corresponding to an overdensity parameter of A, = 200; x is the ratio
of r/R; and ¢, is the concentration parameter (e.g. Bullock etal. 2001;
Comerford & Natarajan 2007). Using this prescription, we identify
the fraction of the SGRB progenitor mergers that occur in environ-
ments with n < 107 cm™ as afterglow-faint. Mergers occurring in
denser environments are considered to be afterglow-bright.

The total population of the simulated SGRB progenitors merging
in environments with low ambient densities is shown in the first
half of Table 4. This is further split according to whether the
merger fulfills our criteria for being host-less or not. The proportion
of mergers occurring in low density media is therefore somewhat
increased over the whole population. Notably, the proportion of host-
less BAT-detectable SGRBs formed by COSMIC and BPASS/Bray
binaries merging within afterglow-faint environments are broadly
consistent, within errors, with the estimated fraction of SGRBs
occurringinan < 10~* cm™3 ambient density medium by O’Connor
et al. (2020), whereas the ~35 percent fraction of SGRBs in low
density environments predicted by the BPASS/Hobbs simulation is
rather in excess of the observations.

In Fig. 10, we compare the redshift distribution of observed SGRBs
against our predictions for the BAT-detectable mergers with host
associations. The agreement is generally reasonable, although the
finding of several SGRBs at z 2 1.7 is harder to reconcile with the
small numbers predicted at those redshifts. This may suggest that the
bright-end slope of our adopted luminosity function (equation 5) is
rather too steep.

MNRAS 514, 2716-2735 (2022)
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Table 2. [BPASS/Bray — NSNS] A breakdown of the relative binary mergers occurring within each panel of Fig. 8. The top division refer to the relative
fractions of binaries coalescing for a given redshift slice. The last column indicates the population of the binaries contained within each slice as a percentage
of the cumulative population. The second section of the table shows the estimated host-less population per panel [overall fraction corresponding to the redshift
slice] based on the criteria defined in Section 3.2.

! 2 3 4 > 6 7 8 K Total population (per cent)
‘ Binary fraction (per cent) pop P
00<z<04 4.6 0.1 0.0 9.9 33.9 0.0 5.5 38.0 8.0 10.6
04<z<1.0 54 0.5 0.0 5.5 39.8 0.9 2.2 28.8 17.0 424
1.0<z<20 7.8 2.2 0.0 2.1 43.8 7.6 0.2 11.8 24.5 36.5
20<z<3.6 11.4 6.0 0.0 0.9 41.4 22.4 0.0 24 15.6 10.5
Host-less fraction/panel [Relative to z-slice] (per cent) Total host-less fraction
(per cent)
00<z<04 868[4.0] 67.9[0.1] 0.0[0.0] 342[3.4] 14.9[5.0] 13.3[0.0] 14.8[0.8] 5.3[2.0] 2.8[0.2] 15.5
04<z<1.0 905[49] 659[0.3] 0.0[0.0] 40.8[2.2] 189[7.5] 9.4][0.1] 12.1[03] 6.3[1.8] 5.2[0.9] 18.0
1.0<z<20 93.1[7.2] 76.8[1.7] 0.0[0.0] 51.3[1.1] 259[11.4] 7.8[0.6] 6.0[0.0] 7.3[09] 6.5][1.6] 24.4
20<z<3.6 965[11.0] 86.2[5.1] 25.0[0.0] 67.9[0.6] 37.3[154] 8.5[1.9] 0.0[0.0] 6.8[0.2] 8.7[1.4] 35.6

Table 3. [BPASS/Bray — eBHNS] A breakdown of the relative binary mergers occurring within each panel of Fig. 9. The top division refer to the relative
fractions of binaries coalescing for a given redshift slice. The last column indicates the population of the binaries contained within each slice as a percentage
of the cumulative population. The second section of the table shows the estimated host-less population per panel [overall fraction corresponding to the redshift
slice] based on the criteria defined in Section 3.2.

! 2 3 4 > 6 7 8 Total population (per cent)
c Binary fraction (per cent) pop p
00<z<04 5.5 0.2 0.0 12.3 31.4 0.0 5.3 35.2 10.1 8.5
04<z<1.0 7.3 1.2 0.0 5.8 42.4 0.8 1.9 24.0 16.6 31.5
1.0<z<20 54 2.9 0.0 1.5 54.2 8.9 0.1 6.9 20.1 44.1
20<z<3.6 2.5 2.7 0.0 0.4 43.1 32.6 0.0 1.7 17.0 15.9
Host-less fraction/panel [Relative to z-slice] (per cent) Total host-less fraction
(per cent)
00<z<04 939[52] 56.2[0.1] 0.0[0.0] 559[6.9] 31.8[10.0] 0.0[0.0] 10.8[0.6] 8.9[3.1] 3.6[04] 26.2
04<z<10 90.0[6.6] 589[0.7] 0.0[0.0] 59.5[3.5] 41.4[17.5] 18.6[0.1] 15.7[0.3] 12.1[29] 8.7[1.4] 33.1
1.0<z<20 87.7[48] 69.2[2.0] 0.0[0.0]1 69.6[1.0] 38.7[21.0] 14.5[1.3] 17.9[0.0] 13.7[0.9] 11.7[24] 334
20<z<3.6 915[23] 682[1.9] 0.0[0.0] 64.5[0.3] 29.6[12.8] 8.3[2.7] 0.0[0.0] 8.1[0.1] 13.5][2.3] 223

Table 4. Summary of the fractions of SGRB progenitors merging in environments with ambient
densities < 10~* cm™3, for each binary simulation used. Systems are considered host-less if the host

galaxy has a magnitude, H > 26, and/or if the offset of the binary is such that Pcpapce > 0.05.

Binary simulation

All SGRB progenitors (per cent)

BAT-detectable (per cent)

With host Host-less Total With host Host-less Total
BPASS/Bray 49 14.9 19.9 9.3 14.8 242
BPASS/Hobbs 2.9 26.1 29.0 7.0 28.1 35.0
COSMIC 1.7 8.9 10.6 3.6 9.1 12.7

S IDENTIFYING THE HOST GALAXIES OF
SGRBS

5.1 Comparing study predictions against observations

Binaries capable of producing SGRBs within the sensitivity threshold
of Swift/BAT are shown in Fig. 11. We have overlaid offset and
redshift information for SGRBs noted in literature. There is a
relatively high concentration of zZELDA processed binaries at redshift
~0.5 with relatively low impact parameters, ~ 10 kpc. The observed
localized SGRBs tend to cluster at low redshift (z < 1) with
spatial offsets < 100 kpc from their likely hosts. This is found to
be consistent with the peak concentration predicted by the binary
simulations used.

MNRAS 514, 2716-2735 (2022)

The identification of the parent galaxy associated with an SGRB
is often non-trivial, especially for events with no bright galaxies in
or near their localization uncertainty region, or in cases where no
arcsec level localization was obtained in the first place. Campaigns
aiming to successfully isolate and identify the hosts of these events
have been ongoing throughout the Swift era (e.g. Levan et al. 2007;
Berger 2009; Fong et al. 2013; Berger 2014). A host that has a low-
apparent luminosity may easily be missed when searching within
or around the localization uncertainty of a given SGRB detection.
Apart from the rare cases where the SGRB is located on or close to an
obvious bright (typically low redshift) galaxy, the first requirement
is to conduct a deep-imaging of the field of sky surrounding the
region of the burst. This is often provided by follow-up imaging of
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the afterglow following the SGRB. Ultimately, associations made
between the burst and the host galaxy is probabilistic given that
the galaxy could be within the localized field by chance, see
Section 3.2.2.

Fong et al. (2013) analysed the host demographics for 36 well
associated SGRBs (i.e. events with convincing host galaxies backed
by afterglow observations), finding that ~47 percent have late-
type hosts, ~17 percent early-type, ~17 percent host-less, and
~19 per cent are ‘inconclusive’ owing to their uncertain association
with a nearby galaxy. Comparing our predictions (refer to the
final segment of Table1) with these values we find reasonably
consistent fractions for SGRBs arising from late-type galaxies (e.g.
BPASS/Bray: ~ 51 per cent). For the early-type hosts we predict a
higher fraction (e.g. BPASS/Bray: ~ 30 per cent), although given the
limited statistics, and the possibility that some of the ‘inconclusive’
cases could in fact be early-type hosts, we do not think this is a
serious discrepancy. Similarly, the host-less population fraction of
BAT-detectable SGRBs only slightly varies from the Fong et al.
(2013) numbers for the BPASS/Bray and COSMIC simulations,
which could easily be accounted for if some ‘inconclusive’ cases
are ultimately considered host-less, combined with the observational
selection bias against localizing afterglow-faint SGRBs since they are
also more likely to be host-less (cf. Table 4). For BPASS/Hobbs, the
~35 per cent host-less fraction is only consistent with the observed
population if the majority of the ‘inconclusive’ population from Fong
et al. (2013) is considered host-less.

5.2 Implications for host searches for GW detected events

The rich science returns from observations of neutron—star compact
binary mergers in both gravitational waves and electromagnetic
radiation has been exemplified by the case of GW170817 (e.g.
Abbott et al. 2017a, b). However, even with the current three
advanced GW detectors, positional error regions are typically 10s
or 100s of sq-deg in size, while the distance range for such events
is ~few x10?> Mpc (Abbott et al. 2018). This is challenging both
in terms of sky area and depth required to locate EM counterparts,
apart from the rare cases of on-axis SGRBs. To aid in mapping these
error regions, particularly with narrow-field optical, near-IR or X-
ray instruments, various strategies have been suggested to prioritize
observations based on the known positions and properties of potential
host galaxies (e.g. Evans et al. 2016; Gehrels et al. 2016; Artale
et al. 2020b).

A question arises as to how to weight the galaxies in such schemes,
most simply by making use of their absolute luminosities in some
pass-band (since that information is more widely available than,
for example, more detailed characterization of their star formation
histories). With this in mind, in Fig. 12 we plot the ratio of the number
of mergers (restricted to z < 0.05) occurring per unit luminosity
(averaged over all galaxies in the simulation box), as a function of
host absolute luminosity, in various pass-bands. A situation in which
binary merger rate was exactly proportional to luminosity would
result in completely flat curves in this diagram. As can be seen, this
is most nearly the case for the g band (both NSNS and eBHNS),
which may reflect the balance between an enhanced rate of mergers
from relatively young (and therefore bluer) stellar populations and
the overall dominance of intermediate and older (redder) populations.
In contrast, the (near-IR) H-band magnitude does not provide such a
good tracer of merger likelihood, presumably due to large early-type
(elliptical/lenticular) galaxies being bright in that band, but producing
comparatively few mergers.

2731

5.3 Implications for SGRB host identification

Successfully ejected binaries with long lifespans are likely to merge
further away from their hosts due to prolonged migration. The greater
their galactocentric radius, the lower the likelihood of a successful
association with their parent galaxy, which, as we have seen in
previous sections, will bias SGRB redshift samples, for example.
It is therefore interesting to ask, if an SGRB detected by Swift/BAT
is found to be host-less, what can we say about its likely redshift and
offset from its parent galaxy, based solely on the peak gamma-ray
luminosity?

Fig. 13 shows the distribution of the resulting offsets with redshift
for host-less merging systems. Each panel corresponds to a range of
peak photon fluxes, @, that would be detected by BAT. The colour of
each point corresponds to the H-band magnitude of the host galaxy.
The majority of events with high photon fluxes ® > 100cm™2s~!
occur between 0.1 < z < 0.5. At all fluxes there are some mergers
that are low redshift and have large offsets (>100 arcsec) on the sky
from their hosts, making association very challenging. For SGRBs
with low photon fluxes (<1 phs~' cm™2; refer to the final panel of
Fig. 13) close to the BAT detection threshold, the fraction of these
events with faint host galaxies (H > 26) is found to be ~ 23, ~ 19,
and ~ 38 per cent for BPASS/Bray, BPASS/Hobbs, and COSMIC
simulations respectively.

5.4 Impact parameters of SGRBs

In Fig. 14, we compare the impact parameters for an observed
sample of 32 SGRBs with well-constrained offsets and redshifts
(see Table 5) against our simulated BPASS/Bray SGRB progenitor
systems that are detectable by Swift/BAT (for the same comparison
with BPASS/Hobbs, and COSMIC binaries see figs A8 and BS).
The median of the observed SGRB impact parameters is ~ 5.5 kpc.
In comparison, for all simulated BAT-detectable SGRBs, we find
median impact parameters of 6.1, 11.6, and 4.2 kpc for BPASS/Bray,
BPASS/Hobbs, and COSMIC, respectively. When the host-less
population of progenitors are excluded, these values are revised to
4.7,6.2, and 3.8 kpc.

In Table 6, we present the rejection levels for the two-sample
Kolmogorov—Smirnov (KS) tests comparing impact parameters for
the observed SGRB sample and each binary simulation. We conduct
this test for the whole BAT-detectable SGRB samples as well as
the sub-samples of afterglow-bright events (see Section 4.2). The
most relevant comparison is with the ‘with host” samples: COSMIC
simulations perform poorly in these tests, due to the typically
short life-times and consequently low impact parameters that it
produces. Otherwise BPASS/Hobbs matches well, and BPASS/Bray
is marginally consistent with the observed sample. The results do
not vary significantly if restricted to ‘afterglow-bright’ systems.
Finally, we note that all simulations are reasonably consistent with
the < 10 kpc median SGRB galactocentric offset estimated by
O’Connor et al. (2020).

6 SUMMARY

Using our new zELDA code suite along with binary population
synthesis codes, specifically BPASS and COSMIC, in addition to
the cosmological simulation, EAGLE, we have traced the orbital
evolution and host properties of a population of simulated isolated
compact binaries from birth to coalescence. We use three binary
simulated populations with varied prescriptions which are referred
to as, BPASS/Bray, BPASS/Hobbs, and COSMIC. The key differ-
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Table 5. Redshift and impact parameter values for the SGRBs used within
this study. The Ejg, is calculated from Swift/BAT’s 15-350 keV energy band.

GRB z IP [kpc]  Eio [x 10* erg] Refs.
0505098 0.225 63.40 7.42 [1-5]
050709 0.161 3.64 29.6 [1-4, 6]
050724 0.258 2.579% 83.9 [1-4,7]
050813 0.719 35.50 219 1,3,8]
051210 >1.400 >24.90 2480 [1,3]
051221A 0.550 0.767922 2680 [1-4,9-10]
060502B 0.287 73.30 49.2 (14, 11]
060801 1.130 17.60 2290 [1-4, 12-13]
061006 0.436 3.50 1070 [1-3, 14]
061210 0.410 15.60 552 [1-4, 15-17]
070429B 0.902 4.70 460 [1-4,15, 18-20]
070707 <3.6 - 178 000 (1,18, 21]
070714B 0.923 3.10 3340 [1-4, 15, 18, 22]
070724A 0.457 5.46 7014 39.7 [1-4, 15, 18, 23-24]
070729 0.800 *01 321 188 897 3]
070809 0.473 35.40 140 [1-2, 15, 18]
071227 0.381 15.50702 204 [1-3, 1415, 18]
080503 <4.000 - 16200 [1, 18]
080905A 0.122 18.50 16.1 [1-4, 18, 25]
090305A  <4.100 - 36000 (18]
090510 0.903 9.40 4980 [1-3, 15, 18, 26]
100117A 0.915 1324033 1100 [1-3, 15, 18]
100206A 0.407 21.901%10 263 [1-2,27-28]
100625A 0.452 <19.80 525 [1-2,27]
100816A 0.804 10.07 7730 [29-30]
101219A 0.718 3.50 3500 [1-2,27,31-32]
111117A 2211 10.67179 19800 [2,33-34]
120804A 1.300 2.207120 18200 [2,27,35]
130603B 0.356 5211017 803 [2, 18,27, 36-37]
140903A 0351 0.5%02 90.7 (2, 38-40]
150101B 0.134 7.35%000 5.84 [2, 41-43]
150424A 0.300 22.50 1080 [2, 44]
160410A 1.717 ~0 1590 [45-46]
160624A 0.483 <1191 192 (2, 47-48]
160821B 0.162 16.40 13.9 [2,49-51]
170428A 0.454 6.901 70 663 [2,52]
170817A 0.001 2.13 0.031¢ 12, 53]
181123B 1.754 5.087) 3% 10400 [54]
200522A 0.554 0.937915 287 [48, 55]
200826A 0.748 - 13000 [56]
201221D 1.046 - 6660° [57]

Note. References: [1] Tunnicliffe et al. (2014) [2] Gompertz et al. (2020) [3] Kann
etal. (2011) [4] Church et al. (2012) [5] Bloom et al. (2006) [6] Fox et al. (2005) [7]
Prochaska et al. (2005) [8] Foley, Bloom & Chen (2005) [9] Berger & Soderberg
(2005) [10] Soderberg et al. (2006) [11] Bloom et al. (2007) [12] Cucchiara et al.
(2006) [13] Racusin, Burrows & Gehrels (2006) [14] D’ Avanzo et al. (2009) [15]
Leibler & Berger (2010) [16] Ziaeepour et al. (2006) [17] Berger (2006) [18]
Fong & Berger (2013) [19] Perley et al. (2007) [20] Holland, de Pasquale &
Markwardt (2007) [21] Piranomonte et al. (2008) [22] Graham et al. (2009) [23]
Berger et al. (2009) [24] Kocevski et al. (2010) [25] Rowlinson et al. (2010) [26]
Rau, McBreen & Kruehler (2009) [27] Berger (2014) [28] Cenko et al. (2010)
[29] Tanvir et al. (2010) [30] Im et al. (2010) [31] Kuin & Gelbord (2011) [32]
Chornock & Berger (2011) [33] Selsing et al. (2018) [34] Margutti et al. (2012)
[35] Berger et al. (2013) [36] Thone et al. (2013) [37] Levan et al. (2013) [38]
Levan et al. (2014) [39] Cucchiara et al. (2014) [40] Troja et al. (2016) [41] Levan
et al. (2015) [42] Fong et al. (2015b) [43] Fong et al. (2016) [44] Castro-Tirado
et al. (2015) [45] Selsing et al. (2016) [46] Selsing et al. (2019) [47] Cucchiara &
Levan (2016) [48] O’Connor et al. (2021) [49] Lamb et al. (2019b) [50] Troja et al.
(2019b) [51] Acciari et al. (2021) [52] 1zzo et al. (2017) [53] Abbott et al. (2017¢)
[54] Paterson et al. (2020) [55] Fong et al. (2021) [56] Rothberg et al. (2020) [57]
de Ugarte Postigo et al. (2020).

“Calculated using Fermi/GBM’s 10-10 000 keV energy band.
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Table 6. Two sample Kolmogorov—Smirnov test rejection levels for the
simulated BAT-detectable SGRB progenitors impact parameters as com-
pared against observed SGRBs. The second half of data includes the KS-
test rejection levels for the subset of systems that merge in afterglow-bright
environments, refer to Section 4.2.

BAT-Detectable SGRBs Kolmogorov—Smirnov test rejection (per cent)

BPASS/Bray  BPASS/Hobbs ~ COSMIC
All 18 95 81
With Host only 92 64 98

Afterglow bright events

All 90 42 98
‘With Host only 95 79 99

ence between the samples is the employed natal-kick prescriptions
and merger time distributions. Most seeded BPASS/Bray binaries
merge on relatively long time-scales of 1-10 Gyr with the major-
ity of natal-kick velocities ranging between ~ 100 and 300 kms~';
BPASS/Hobbs systems exhibit a broader range of lifespans with
higher kick velocities, with the modal velocity at v ~ 350kms™!;
COSMIC systems merge with comparatively short lifespans, <
100 Myr and natal-kick velocities that are typically < 100kms~".
Despite these differences, we find some conclusions are common to
all the models, specifically:

(i) For NSNS and eBHNS SGRB progenitors at merger, we find
~ 50-70 per cent of the hosts to be late-type galaxies, at all redshifts.
For COSMIC binaries, the upper limit on this demographics estimate
can extend to ~ 80 per cent.

(i) A consequence of this is that, for low redshift events z
< 0.05 (i.e. within the current range of GW detection), we find
the majority of mergers to arise from relatively blue, star-forming
hosts. Thus, we find the g band to be best suited for predicting
compact binary merger rates in low redshift galaxies, and hence
useful for weighting/prioritizing galaxies for gravitational wave
electromagnetic follow-up observations.

(iii) The modal average of the radial offset from the centre of
the host galaxy at the time of merger is S 10 kpc. For each binary
population used, these values range between ~ 5and 10kpc for
BPASS/Hobbs systems and eBHNS mergers from the BPASS/Bray
sample. For BPASS/Bray NSNS and COSMIC systems, this range
varies between ~ 2.5and 5kpc. Long-lived systems with Tmerge <
1 Gyr can potentially travel well beyond 100 kpc from their host
galaxy provided that they have natal-kick velocities that are sufficient
for them to escape the gravitational potential of their host galaxy.

To gauge the consistency of the ZELDA processed binaries and their
hosts we compare against the population of well-localized short-
duration gamma-ray bursts (SGRBs) (i.e. events with convincing
host galaxies and offsets). We achieve this by simulating Swift/BAT
observations of NSNS and eBHNS mergers from our study, using an
assumed luminosity function consistent with literature estimates.

Observationally, some SGRBs have been found to be ‘host-less’, in
the sense that there is no clear association with a galaxy, presumably
due to either large offsets at merger and/or because the host is very
faint. GRBs without a confident host association will typically have
no redshift and impact parameter estimates, biases of these cases must
be considered in our comparison. To mimic this, we define simulated
binaries to be ‘host-less’ if either the parent galaxy has a greater than
5 per cent probability of being simply a chance alignment based on
the impact parameter (i.e. projected radial offset from galaxy centre)
and apparent magnitude of the galaxy, and/or has a host galaxy
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with a H-band magnitude of H > 26 (i.e. requiring deep follow-up
observations, e.g. with HST to detect). Our findings are:

(i) For both the BPASS/Bray and COSMIC simulations, we
find the hosts of the simulated SGRBs to be ~50-60 percent
late-type, and ~15-20 percent host-less, in reasonable agreement
with the demographic distribution of observed hosts (Fong et al.
2013). In contrast, the BPASS/Hobbs sample predicts a much higher
proportion of host-less events (~35 percent), due largely to the
typically higher kick velocities, which is likely in excess of the host-
less fraction observed.

(ii)) The impact parameter distribution of the simulated BAT-
detectable SGRBs for BPASS/Bray and BPASS/Hobbs are reason-
ably consistent with the observed SGRB offsets. In this comparison,
however, the COSMIC simulation underpredicts the offsets that are
observed, which is a consequence of the lower kick velocities and
shorter lifetimes.

It is interesting to ask the question, if an SGRB is found to be
host-less, can our simulations give a prior expectation for its most
likely redshift, host and projected offset?

(i) For the brightest host-less simulated SGRBs (those with peak
fluxes >10? photons cm~2 s~ '), the parent galaxies are found to be
always at redshifts z < 1 and offsets are typically tens of arcsec,
but can range up to in excess of ~103 arcsec (as expected, the
BPASS/Hobbs simulation typically results in rather larger offsets).

(ii) At the other extreme, for bursts close to the Swift/BAT
detection threshold, we find that the majority of events (for all
simulations) to be z < 1, but with a significant tail to higher
redshifts. Notably, for these faint bursts, a sizable fraction of events
(~ 23, ~ 19, and ~ 38 per cent for BPASS/Bray, BPASS/Hobbs,
and COSMIC populations, respectively) are found to be host-less by
virtue of their hosts being faint (H > 26) rather than having large
impact parameters.

As a final step, we also considered an additional selection effect,
namely that bursts arising in a low ambient density medium (defined
here as n < 10™*cm™?) are expected to have on average fainter
afterglows, and so would be selected against in observed samples
that rely on detection of X-ray or optical counterparts for precise
localization.

(i) We estimate the fraction of BAT-detectable SGRBs aris-
ing from such low density environments. For the BPASS/Bray,
BPASS/Hobbs, and COSMIC samples these fractions are found to
be ~ 24, ~ 35, and ~ 13 per cent, respectively.

Overall, we conclude that of the three population synthesis models
considered, BPASS/Bray gives results most closely aligning with
the available observational constraints i.e. host demographics, and
impact parameter distributions. This may be expected as it includes
the most sophisticated binary evolution modelling, although this
conclusion reflects most strongly the differences in kick velocity
than merger time distributions.

Our study does not include binaries that are formed through
dynamical processes, for example in globular or open clusters. In
comparison to isolated systems, the merger rate of dynamically
formed binaries has generally been estimated to be significantly
lower. As such, isolated EM-bright compact binaries are expected
to be the dominant channel for producing the observed population
of SGRBs. If these systems are found to be more common, for
instance due to their formation in young stellar clusters, then it will
be important to account for their contribution. With further host
associations of SGRBs and/or with gravitational waves produced
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by NSNS and BHNS compact binary mergers, we will be able
to further refine and improve constraints on the demographic and
offset estimates derived and discussed in this work. Similarly, with
a greater sample of observed SGRBs, predictions for the physical
input parameters such as the total net-kick velocity and merger
time distributions can be tested from the comparison with associated
impact parameters.
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