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A B S T R A C T 

The association of GRB170817A with a binary neutron star (BNS) merger has revealed that BNSs produce at least a fraction of 
short gamma-ray bursts (SGRBs). As gravitational wave (GW) detectors push their horizons, it is important to assess coupled 

electromagnetic (EM)/GW probabilities and maximize observational prospects. Here, we perform BNS population synthesis 
calculations with the code MOBSE , seeding the binaries in galaxies at three representative redshifts, z = 0.01, 0.1, and 1 of 
the Illustris TNG50 simulation. The binaries are evolved and their locations numerically tracked in the host galactic potentials 
until merger. Adopting the microphysics parameters of GRB170817A, we numerically compute the broad-band light curves of 
jets from BNS mergers, with the afterglow brightness dependent on the local medium density at the merger site. We perform 

Monte Carlo simulations of the resulting EM population assuming either a random viewing angle with respect to the jet, or 
a jet aligned with the orbital angular momentum of the binary, which biases the viewing angle probability for GW-triggered 

events. We find a gamma-ray detection probability of ∼2 per cent , 10 per cent , and 40 per cent for BNSs at z = 1, 0.1, and 

0.01, respectively, for the random case, rising to ∼75 per cent for the z = 0.01, GW-triggered aligned case. Afterglow detection 

probabilities of GW-triggered BNS mergers vary in the range of ∼0 . 3 –0 . 5 per cent , with higher values for aligned jets, and 

are comparable across the high- and low-energy bands, unlike gamma-ray-triggered events (cosmological SGRBs) which are 
significantly brighter at higher energies. We further quantify observational biases with respect to host galaxy masses. 

Key words: galaxies: general – (stars:) binaries (including multiple) : close – (stars:) gamma-ray burst: general. 
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 I N T RO D U C T I O N  

he almost simultaneous detection of gra vitational wa ves (GWs)
nd broad-band photons (gamma-rays through radio) from a binary
eutron star (BNS) merger was a historical event Abbott et al.
 2017c ). It heralded the new age of multimessenger astrophysics,
n era in which the combination of different messengers (in this case
Ws and photons) gives information about a source that could have
ot otherwise been revealed without the multimessenger synergy
Alexander et al. 2017 , 2018 ; Haggard et al. 2017 ; Hallinan et al.
017 ; Kasliwal et al. 2017 ; Margutti et al. 2017 , 2018 ; Troja et al.
017 ; Dobie et al. 2018 ; Lyman et al. 2018 ; Resmi et al. 2018 ; Ruan
t al. 2018 ; Lamb et al. 2019 ; Piro et al. 2019 ). 

Understanding the astrophysical origin of the binary mergers
etected by LIGO–Virgo is of much interest, and deeply connected
 E-mail: rosalba.perna@stonybrook.edu 
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o the environments in which these events occur. Events in galactic
elds are more likely associated with compact object (CO) binaries
ormed via stellar evolution from binary stars (e.g. Tutukov &
ungelson 1973 ; Portegies Zwart & Yungelson 1998 ; Belczynski,
alogera & Bulik 2002 ; Voss & Tauris 2003 ; Podsiadlowski et al.
004 ; Belczynski et al. 2007 , 2017 , 2018 ; Belczynski et al. 2016 ;
e Mink & Mandel 2016 ; Eldridge & Stanway 2016 ; Marchant
t al. 2016 ; Stevenson, Berry & Mandel 2017 ; Giacobbo, Mapelli &
pera 2018 ; Vigna-G ́omez et al. 2018 ; Spera et al. 2019 ; Tanikawa
t al. 2021 ), whereas mergers in globular clusters (e.g. Portegies
wart & McMillan 2000 ; Downing et al. 2010 ; Samsing, MacLeod &
amirez-Ruiz 2014 ; Rodriguez et al. 2015 ; Antonini et al. 2016 ;
odriguez, Chatterjee & Rasio 2016 ; Askar et al. 2017 ; Rodriguez &
oeb 2018 ; Samsing 2018 ; Fragione et al. 2019a ; Fragione, Leigh &
erna 2019b ; Fragione & Loeb 2019 ; Zevin et al. 2019 ; Antonini &
ieles 2020 ; Fragione & Silk 2020 ; Mapelli et al. 2021 ), young

tar clusters (e.g. Banerjee, Baumgardt & Kroupa 2010 ; Ziosi et al.
014 ; Mapelli 2016 ; Banerjee 2017 , 2021 ; Di Carlo et al. 2019 ,
© 2022 The Author(s) 
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020a , 2020b ; Kumamoto, Fujii & Tanikawa 2019 ; Perna et al.
019 ; Kremer et al. 2020 ; Rastello et al. 2020 ; Santoliquido et al.
020 ), or discs of active galactic nuclei (AGNs, e.g. O’Leary et al.
006 ; Miller & Lauburg 2009 ; McKernan et al. 2012 ; Antonini &
asio 2016 ; Bartos et al. 2017 ; Stone, Metzger & Haiman 2017 ;
cKernan et al. 2018 ; Rasskazov & Kocsis 2019 ; Yang et al. 2019a ,

 ; Arca Sedda 2020 ; Arca Sedda et al. 2020 ; Tagawa, Haiman &
ocsis 2020a , b ; Perna, Lazzati & Cantiello 2021a ; Perna et al.
021b ; Tagawa et al. 2021a , b ; Zhu et al. 2021 ) are dominated by
inaries formed via dynamical interactions. In addition to providing 
mportant clues on the formation channels of the CO binaries, host
alaxy identification is key in order to measure the Hubble constant 
Abbott et al. 2017b ; Palmese et al. 2020 ). 

Observational and theoretical studies of the host galaxies of binary 
Os pre-date the detection of GWs (e.g. Perna & Belczynski 2002 ;
loom 2003 ; Voss & Tauris 2003 ; Fan et al. 2005 ; Belczynski
t al. 2006 ; Covino et al. 2006 ; Nakar, Gal-Yam & Fox 2006 ;
’Shaughnessy, Belczynski & Kalogera 2008 ; Piranomonte et al. 
008 ; Antonelli et al. 2009 ; D’Avanzo et al. 2009 ; Guetta & Stella
009 ; Berger 2010 ; Kopa ̌c et al. 2012 ; Margutti et al. 2012 ; Fong &
erger 2013 ; Fong et al. 2015 ). Since the short gamma-ray bursts

SGRBs) have long been suspected to be associated with BNS and 
eutron star–black hole (NSBH) mergers, studies of the galaxy hosts 
av e pro vided remarkable clues on to the evolutionary channels 
eading to the observ ed SGRBs. Ev ents occurring in elliptical 
alaxies are more likely associated with binaries merging after a 
ong delay time, whereas associations with star-forming regions in 
piral and starburst galaxies indicate a more prompt merger. 

Since the detection of GWs from merging COs, there has been a
e vi v al of host galaxy studies to further understand the astrophysical
rigin of the detected events, especially when an electromagnetic 
EM) counterpart accompanies the GW detection. Most recent works 
av e mo v ed be yond the use of semi-analytical models of galaxy
opulation, and rather used galaxy catalogues generated from large- 
cale numerical simulations, which have been coupled with the 
esults of population synthesis calculations of binary evolution. This 
as allowed to explore in better detail the dependence of binary 
ergers of different types of COs on properties of their host galaxies

uch as the stellar mass, star-formation rate, metallicity, and colours 
Cao, Lu & Zhao 2018 ; Adhikari et al. 2020 ; Perets & Beniamini
021 ; Rose et al. 2021 ; Chu, Yu & Lu 2022 ). Mapelli & Giacobbo
 2018 ), drawing upon galaxies from the cosmological box Illustris-1
Vogelsberger et al. 2013 ), found that BNS mergers tend to form and
erge in galaxies with stellar mass ∼10 9 –10 12 M �, while NSBH

nd binary black holes preferentially form in lower mass galaxies 
 < 10 10 M �) but a fraction of them merge in more massive galaxies
ue to the longer time delays. Artale et al. ( 2019 , 2020a ), using
alaxy renderings from the EAGLE simulation (Schaye et al. 2015 ), 
ound that, for all types of CO mergers and for a wide range of
edshifts between 0 and 6, there is a strong correlation between the
inary merger rate and the stellar mass of the host galaxy. They
urther found that at low redshift early-type galaxies give a larger 
ontribution to the merger rate density than late-type galaxies, while 
he trend reverses at redshifts higher than about 1. 

In order to be able to compare the results of simulations with
ctual data, and hence verify/dispute/discriminate among various 
O models, it is of paramount importance to understand whether 

he population of electromagnetically detected CO mergers, which is 
he one allowing host galaxy identification, is biased with respect to 
he underlying merging population. The longer wavelength afterglow 

adiation following the prompt gamma-rays, which is key to galaxy 
ssociation, depends on the density of gas in the medium. Hence, 
alaxies of different masses, and different merger locations within 
he same galaxy, will produce different brightness for the afterglow 

adiation, even for similar intrinsic properties of the source (that is jet
nergetics, microphysical parameters associated with the afterglow 

mission, and viewing angle with respect to the observer). Whether 
his may result in a bias of the galaxy-detected BNS population (and,
f so, by what extent), is an open question which we address in this
ork. 
More specifically, here we couple the computation of stellar 

inaries leading to BNS mergers performed with the code MOBSE 

Giacobbo et al. 2018 ), with the galaxy catalogue from the Illustris
NG50 simulation (Pillepich et al. 2019 ), and state-of-the-art numer- 

cal modelling of the afterglow radiation from BNS mergers (Lazzati 
t al. 2018 ), to predict the broad-band emission properties of the BNS
erging population, for three representative redshifts ( z = 0.01, 0.1,

nd 1), and for a range of galaxy masses. We predict the fraction
f BNS mergers expected to yield detectable radiation in various 
epresentative bands, and we investigate the extent to which the 
bservable population is biased with respect to the intrinsic sample. 
ur paper is organized as follows: In Section 2 , we summarize the
arious ingredients of the modelling; Section 3 describes the results 
f the simulated population of EM sources, and analyses biases with
espect to the intrinsic one. We summarize in Section 4 . 

 M E T H O D S  

.1 Population synthesis calculations of binary stars leading to 
NS mergers 

s discussed in the introduction, binary COs, and in particular BNSs
f interest here, can form via a variety of formation channels, which
re fa v oured in different environments. In this work, we specifically
ocus on BNS systems formed from isolated binary star evolution 
ia common envelope. 
The evolution of stars in binary systems, and hence the properties

f BNSs at the time of mergers, have been the subject of numerous
nvestigations using population synthesis codes (e.g. Tutukov & 

ungelson 1973 ; Portegies Zwart & Yungelson 1998 ; Bloom, Sig-
rdsson & Pols 1999 ; Belczynski et al. 2002 , 2007 , 2016 , 2017 ;
oss & Tauris 2003 ; Podsiadlowski et al. 2004 ; O’Shaughnessy,
alogera & Belczynski 2010 ; de Mink & Mandel 2016 ; Eldridge &
tanway 2016 ; Marchant et al. 2016 ; Stevenson et al. 2017 ; Giacobbo
t al. 2018 ; Mapelli & Giacobbo 2018 ; Vigna-G ́omez et al. 2018 ;
eijssel et al. 2019 ; Tang et al. 2020 ; Mandel & Broekgaarden
021 ; Tanikawa et al. 2021 ), coupled with either semi-analytical
rescriptions for galaxy modelling and evolution (e.g. Perna & 

elczynski 2002 ; Belczynski et al. 2006 ), or with results from
umerical simulations of galaxy formation (e.g. Artale et al. 2019 ,
020a , b ; Briel et al. 2021 ; Mandhai et al. 2021 ; Chu et al. 2022 ). The
redicted global rates suffer from rather large uncertainties due to 
 combination of not-well-constrained model inputs (i.e. the initial 
ass function, the metallicity and its cosmic evolution, the star- 

ormation rate, and the natal kick prescription), and the physics of
ommon envelope evolution (e.g. Dominik et al. 2013 ; Chruslinska 
t al. 2018 ; Mapelli & Giacobbo 2018 ; Chruslinska, Nelemans &
elczynski 2019 ; Santoliquido et al. 2021 ). In this work, to minimize

he influence on our results from the uncertain, redshift-dependent 
nput parameters, we focus on selected representative redshifts slices, 
nd on the statistical properties of the galaxies at those redshifts as
erived from state-of-the-art cosmological simulations (Section 2.3 ). 
Isolated binary evolution is modelled using the population syn- 

hesis code MOBSE (Giacobbo et al. 2018 ). In the following we
MNRAS 512, 2654–2668 (2022) 
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ummarize the key elements and assumptions of this code, while
ore details can be found in the papers cited abo v e. The mass-loss

ate of a massive hot star of metalllicity Z is modelled according
o the prescription Ṁ ∝ Z 

β , where β is a parameter dependent
n the Eddington ratio (Giacobbo et al. 2018 ). The initial mass
unction follows the Kroupa law (Kroupa 2001 ) in the high mass
ange, that is d N /d M ∝ M 

−2.3 . The orbital periods, eccentricities,
nd mass ratios of the massive binary stars are drawn from Sana
t al. ( 2012 ), yielding the distribution F ( q) ∝ q −0 . 1 with q ∈ [0.1–1]
or the mass ratio q = m 2 / m 1 ; the orbital period P is drawn from

( � ) ∝ � 

−0 . 55 with � = log ( P /d) ∈ [0.15–5.5] and the eccentricity
 from F ( e) ∝ e −0 . 42 with 0 ≤ e ≤ 0 . 9. 

The metallicity distribution comes directly from the Illustris
NG50 simulation. Our simulation grid with MOBSE has 12 values
f metallicity between Z = 0.0002 and Z = 0.02. Mass transfer via
oche lobe o v erflow is modelled according to the prescription of
urley, Tout & Pols ( 2002 ), yielding a nearly conserv ati ve mass

ransfer if the accretor is a non-degenerate star. 
The assumed functional form of the neutron star (NS) kick

istribution is 

 kick = f H05 
m ej 

〈 m ej 〉 
〈 m NS 〉 
m rem 

, (1) 

here m ej is the mass of the ejecta, m rem 

is the mass of the compact
emnant, 〈 m NS 〉 is the average NS mass, and 〈 m ej 〉 is the average
ass of the ejecta associated with the formation of a NS of mass

 m NS 〉 from single stellar evolution. Finally, f H05 is a random value
xtracted from a Maxwellian distribution with one-dimensional root
ean square σ 1D = 265 km s −1 . We use a Maxwellian distribution
ith σ 1D = 265 km s −1 because this matches the proper motions of
oung pulsars in the Milky Way 1 (Hobbs et al. 2005 ). We refer to
iacobbo & Mapelli ( 2020 ) for more detail on the kick model. 

.2 Mergers in host galaxies from the Illustris TNG50 
imulation 

he host galaxies of binary COs are selected from the cosmological
agnetohydrodynamical simulation TNG50 (Marinacci et al. 2018 ;
aiman et al. 2018 ; Nelson et al. 2018 , 2019a , b ; Pillepich et al.
018a , b , 2019 ; Springel et al. 2018 ), the third and final of the
llustrisTNG project. TNG50 initially contains 2160 3 dark matter
articles and the same number in gas cells in a volume of (50 Mpc) 3 . It
as an average spatial resolution of ∼70–140 pc, and is able to resolve
aryonic masses down to 8.5 × 10 4 M �. The simulation includes
ev eral ke y elements of subgrid physics, such as star formation,
ooling, supernova and AGN feedback, accretion and mergers, and
ormation of supermassive black holes (Vogelsberger et al. 2013 ;
illepich et al. 2018a ). At a redshift of 1, Illustris TNG50 samples
bout 6500 galaxies with stellar mass larger than 10 8 M � at an
nparalleled level of detail, resolving internal structure of galaxies
nd providing insight into their chemo-dynamical evolution. The
imulation spans a large swath of cosmic history, from very high
edshifts to the present time. The initial conditions of the simulation
eries have been created at z = 127. In this work, we focus on three
edshift snapshots: z = 0.01, 0.1, and 1. These encompass the range
n which (at least the brightest) EM counterparts from SGRBs can
e detected, while the lowest redshift, corresponding to a distance of
45 Mpc, is within the current LIGO–Virgo horizon. Analysis of the
NRAS 512, 2654–2668 (2022) 

 We note ho we ver that this is an assumption which has been debated 
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c  

s  
imulated EM counterparts at this redshift will allow us to evaluate
he probability of detecting an EM counterpart to a GW-detected
NS merger. 
The catalogues of merging BNSs are coupled with the galaxies in

he Illustris TNG50 simulation following the formalism developed
y Mapelli et al. ( 2017 ). The MOBSE simulations provide, for each
inary system which merges in less than the Hubble time, the
S masses and the delay time t delay between the formation of the
rogenitor stars and the BNS merger. For a given stellar mass
article M TNG50 formed at a redshift z TNG50 and with metallicity
 TNG50 in the Illustris TNG50 simulation, we associate a number
 BNS of BNSs from progenitors stars with the closest metallicity to
he MOBSE tables ( Z TNG50 ∼ Z BSE ) as 

 BNS = N BSE 
M TNG50 

M BSE 
f corr f bin . (2) 

ere, N BSE is the number of merging BNS within the simulated subset
f initial stellar mass M BSE with MOBSE , f bin = 0.4 is the assumed frac-
ion of stellar mass in binaries, and f corr = 0.285 corrects for the fact
hat only binaries with primary mass larger than 5 M � are simulated.
he correction factor f corr is calculated assuming that the universal

nitial mass function of stars is described as in Kroupa ( 2001 ), and
orresponds to the fraction of the total initial stellar mass that we
xpect in stars with mass ∈ [0.1, 5] M �. A binary fraction f bin = 0.4
s the observed binary fraction in the local Univ erse inte grated across
ll possible stellar masses (Moe & Di Stefano 2017 ). The lookback
ime of the merging BNSs in the Monte Carlo selected sample, t merg ,
s given by t merg = t form 

− t delay , where t form 

is the lookback time at
hich the particle in the Illustris TNG50 simulation has been formed.
For each of the three representative redshift snapshots from the

NG50 simulations, we divide a sample of randomly selected
alaxies into four stellar mass bins: 8 < log [ M gal , 1 / M �] < 8 . 75
referred to M1 in the figures label), 8 . 75 < log [ M gal , 2 / M �] < 9 . 5
referred to as M2), 9 . 5 < log [ M gal , 3 / M �] < 10 . 25 (M3), and
0 . 25 < log [ M gal , 4 / M �] < 11 (M4). This subdivision allows us
o investigate whether there is any mass dependence in the statistical
roperties of the BNS mergers, and, if so, whether this may affect
he BNS observability in EM emission. The relative fraction of BNS
erger events in each mass galaxy bin is displayed in Fig. 1 for

he sample of galaxies at each redshift snapshot of our study. In
ach considered redshift bin, the relative fraction of BNS mergers
cales with the mass of the host galaxy: The most massive galaxies
end to host more BNS mergers with respect to low mass galaxies.
s already discussed in previous work (Mapelli et al. 2018 ; Artale

t al. 2019 , 2020a ), the formation rate of BNSs is mainly sensitive
o the star-formation rate of the host galaxy and barely affected by
etallicity. Moreo v er, the delay time of a coe v al BNS population

cales as ∼t −1 (Dominik et al. 2012 ; Mapelli et al. 2018 , 2019 ).
ence, the most massive galaxies in our sample, which, at high

edshift, are also associated with the highest star-formation rate, host
he largest number of mergers (Artale et al. 2020a ). 

At low redshift ( z = 0.01), the star-formation rate of the most
assive galaxies is significantly quenched (e.g. Moffett et al. 2016 ).
ence, the relative fraction of BNS mergers in low-mass galaxies
ecomes more important at lo w redshift. Ho we ver the amount of
ass locked in the most massive galaxies at low redshift is so large

Moffett et al. 2016 ) that massive galaxies still dominate the merger
ate per galaxy (e.g. fig. 5 of Artale et al. 2020a ). 

Fig. 2 shows the velocity distribution of the centre of mass of
he binaries ( v kick ) at redshift z = 0.01. To make this figure, we
onsidered the centre-of-mass velocity of each binary system after the
econd supernova explosion, as described in Hurley et al. ( 2002 ). The
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Figure 1. The fraction of BNS merger events in galaxies grouped in four 
mass bins (galaxy stellar mass). From left to right at each of the three redshift 
snapshots: 8 < log [ M gal , 1 / M �] < 8 . 75, 8 . 75 < log [ M gal , 2 / M �] < 9 . 5, 
9 . 5 < log [ M gal , 3 / M �] < 10 . 25, and 10 . 25 < log [ M gal , 4 / M �] < 11. 
The relative fractions are directly proportional to the mass bin, reflecting 
the fact that BNS mergers are produced without biases with respect to the 
galaxy mass, per unit mass. Note that the fractions in the various mass bins 
are normalized to one for each redshift snapshot; hence the relative fractions 
should only be compared within the same snapshot. 

Figure 2. Probability distribution function of the binary kick velocities in the 
centre of mass. Black dash–dotted thick line: Kick velocities at z = 0.01 from 

the TNG50 simulation. Solid thin lines from yellow to blue: Kick velocities 
at z = 0.01 divided by the metallicity of the progenitor binary star ( Z = 0.02, 
0.006, 0.008, 0.012, and 0.02). 
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Figure 3. Distribution of the binary time delays at the three redshift snapshots 
of our study. These represent the times elapsed between BNS formation and 
BNS merger due to GW emission. 
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entre-of-mass velocity v kick is very sensitive to the natal kick model 
e adopted in our simulations (Giacobbo & Mapelli 2020 ). Systemic 
elocities at z = 0.01 peak at ∼250 km s −1 and are mainly the
ngerprint of BNSs produced by progenitors with solar and slightly 
ubsolar metallicity (see Giacobbo & Mapelli 2020 for more details). 

Fig. 3 shows the time delay distributions at the three snapshots. It
s evident that the time delay is generally longer for binaries merging
t lower redshifts. The delay time of a coeval population of BNSs is
pproximately d N /d t ∝ t −1 . Ho we v er what is observ ed at low redshift
s not a single coe v al population of BNSs, but rather a piling up of
ifferent populations with different ages. Most of the BNSs merging 
t z ∼ 0.01 come from the tail of the t −1 distribution for large t and
re the result of multiple episodes of star formation across the cosmic
ime (see fig. 4 of Mapelli et al. 2018 and Beniamini & Piran 2019
or a discussion within the context of the Galactic BNSs). On the
ther hand, most of the BNSs merging at z ∼ 1 (cosmic time closer
o the peak of the star-formation rate) formed in the most recent burst
f star formation and come from the low t end of the t −1 distribution.
The velocity and time delay distributions are used to compute the

istribution of the BNS merger sites, with their birth sites computed
s described below. For each binary characterized by a centre-of- 
ass velocity v kick and a merger time t delay , its merger location is

omputed by numerically integrating its orbit in the potential (stars +
as + dark matter) of the corresponding host galaxy. The direction of
he kick velocity is assumed to be randomly distributed with respect
o its position within the galaxy; this velocity is added to the local
otational velocity of the binary within the corresponding galactic 
otential assuming a random orientation for the orbit. Each orbit is
ntegrated for a time corresponding to the delay time between the
ormation of the binary and its merger. We note that this procedure
mplicitly assumes that the galaxy potential does not evolve during 
he traveltime of the BNS between formation and merger. Therefore, 
e do not account for the changing potential that would occur if

he host galaxy were to merge with another galaxy during the BNS
raveltime. Various studies show that the number of galaxy mergers 
s a function of the cosmic time depends on both galaxy mass
nd redshift. Massive galaxies are more likely to be affected by
ajor mergers during their formation assembly at high redshifts, 

ecreasing their probability at lower redshifts (see e.g. Genel et al.
010 ; Rodriguez-Gomez et al. 2015 ). In particular, those numerical
tudies with the Illustris simulation find that the rate of a major
erger (i.e. between two massive galaxies with mass ratio < 1/4) is
 0.02 Gyr −1 at redshifts z < 1. 
Fig. 4 shows the radial distribution of BNS birth sites (dashed

ines) and merger sites (solid lines) for the galaxies in the four mass
ins described abo v e, and for the three redshift snapshots in our study.
he distribution of the merger sites depends on the distribution of
irth sites, the velocity distribution of the binaries, their traveltime 
MNRAS 512, 2654–2668 (2022) 
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Figure 4. Radial distributions of BNS birth sites (dashed lines) and merger sites (solid lines) within their host galaxies. From left to right, the panels display 
the distributions at three representative redshifts from the Illustris TNG50 simulation. For each redshift, the distributions are displayed for galaxies in four 
stellar mass bins: [M1]: 8 < log [ M gal , 1 / M �] < 8 . 75, [M2]: 8 . 75 < log [ M gal , 2 / M �] < 9 . 5, [M3]: 9 . 5 < log [ M gal , 3 / M �] < 10 . 25, and [M4]: 
10 . 25 < log [ M gal , 4 / M �] < 11. 
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p to merger (time delay), and the potential of the galaxies in which
he y are hosted. F or a giv en merger location, kick velocity, and time
elay, the BNSs will travel more in the smaller galaxies, due to their
maller gravitational potentials. This trend is evident in Fig. 4 : For
xample, at all redshift snapshots, about 40 per cent of BNSs from
he smaller galaxy group (M1 in the figure) is found at distances
 50 kpc. On the other hand, a smaller fraction reaches larger radial

istances in the most massive galaxy groups. These results are in
road agreement with those of Belczynski et al. ( 2006 ). We should
ote that these radial distributions (and thus offset distributions) are
ot meant to be for direct comparison for observations of SGRBs.
his is because merging BNSs can only be localized if their emission
s SGRBs can be detected. Ho we ver, detections are biased towards
he brightest events, which are on average the ones in the innermost
arts of the galaxies (see also discussion in Mandhai et al. 2021 on
his point). 

The distributions of the ISM densities corresponding to the merger
ites distributions of Fig. 4 are displayed in Fig. 5 . Each value of
he distribution is essentially determined by the mass of the galaxy
less massive galaxies have on average lower ISM densities), and by
he location of the BNS merger within that galaxy. Both effects
ontribute to an ISM density distribution which is considerably
iased to wards lo w v alues in the small galaxy sample, compared
o the larger galaxies. As discussed in the following, the density
istributions hence bias the observability of afterglow emission from
NS mergers towards larger galaxies. 

.3 EM radiation from BNS mergers 

he association between GW170817 and GRB170817A has con-
rmed that BNS mergers yield transients with properties consistent
ith those of the cosmological GRBs (Lazzati et al. 2018 ; Mooley

t al. 2018 ; Beniamini et al. 2019 ; Salafia et al. 2019 ). Therefore,
e model the EM counterparts to the BNS mergers following the

heory developed for SGRBs, and refined for the modelling of
RB170817A. 
More specifically, we consider as input data a ‘structured’ jet that

s a jet whose angular properties (energy distribution and Lorentz
actor) have been molded by the interaction with the ejecta of a
NS merger. The jet simulations, which were performed by Lazzati
NRAS 512, 2654–2668 (2022) 
t al. ( 2017 ) with the code FLASH (Fryxell et al. 2000 ), start with a
op-hat jet of angular size 16 deg, as typically inferred for SGRBs
Fong et al. 2015 ), energy L j = 10 50 erg s −1 , engine duration
 s, and Lorentz factor � 0 = 300, and evolve the jet within an
jecta described by a density profile n = n 0 ( r/r 0 ) −2 e −r/r 0 , with r 0 =
0 18 cm and n 0 = 10 6 cm 

−3 , made to reproduce results from realistic,
eneral relativistic magnetohydrodynamic (GRMHD) simulations
e.g. Kawamura et al. 2016 ; Ciolfi et al. 2017 ; Radice 2017 ; Kiuchi
t al. 2018 ; Foucart et al. 2019 ; Most, Papenfort & Rezzolla 2019 ;
uiz, Tsokaros & Shapiro 2020 ; Camelio et al. 2021 ; Murguia-
erthier et al. 2021 ). 
The prompt radiation is computed assuming that the outflow

issipates its internal energy at some radius R rad from the engine, and
he observed bolometric flux is calculated by adding the contributions
f the local emission from the whole emitting surface, boosted to the
ourth power of the Doppler factor [1 − βcos θ ] −1 , where β is the
peed of the jet divided by the speed of light, and θ is the angle that
he local photon makes with the normal to the emitting surface. The
pectrum is assumed to be a Band one (Band et al. 1993 ), that is a
roken power law with photon spectral indices of αph = −1 below a
eak of 500 keV in the comoving frame, and βph = −2.5 above it. The
esults of the light-curve computation are displayed in Fig. 6 , which
pecifically shows the peak luminosity in the Fermi/GBM (Gamma-
ay Burst Monitor) observation band. At a viewing angle of about
5–30 deg, the luminosity matches that observed in GRB170817A. 
After the structured jet has released the prompt emission, it

ropagates into the external medium where it generates an external
hock and eventually dissipates its energy. In the process, particles
ccelerated by the shock emit synchrotron radiation thanks to the
agnetic fields generated downstream of the shock. This radiation,
hich spans the wide EM range from the X-rays to the radio, is

he so-called afterglow. We compute afterglow light curves and
pectra using standard techniques (Sari, Piran & Narayan 1998 ;
anaitescu & Kumar 2000 ; Granot et al. 2002 ; Rossi et al. 2004 ;
eniamini, Granot & Gill 2020 ), involving the integration of the

ocal emission o v er the equal arri v al times, for an observer located at
ny line of sight with respect to the jet axis. The afterglow radiation
epends on the microphysical shock parameters that describe the
article distribution and magnetic field intensity downstream the
hock. These are parametrized via the fraction εe of energy which
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Figure 5. Distribution of interstellar medium (ISM) densities at the BNS merger site locations. From left to right, the panels display the distributions at three 
representative redshifts from the Illustris TNG50 simulation. For each redshift, the distributions are displayed for galaxies in four stellar mass bins: [M1]: 
8 < log [ M gal , 1 / M �] < 8 . 75, [M2]: 8 . 75 < log [ M gal , 2 / M �] < 9 . 5, [M3]: 9 . 5 < log [ M gal , 3 / M �] < 10 . 25, and [M4]: 10 . 25 < log [ M gal , 4 / M �] < 11. 

Figure 6. Isotropic peak luminosity in the Fermi/GBM band as a function of 
the viewing angle with respect to the jet axis. The initial jet parameters are 
those typical of a SGRB, and the luminosity at θobs ∼ 25–30 deg matches 
that of GRB170817A. 
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oes to the electrons, and the fraction εB of energy which goes into the
agnetic field. Here, we adopt the values of these parameters which 

rovided the best fit to the broad-band light curves of GRB170817A: 
e = 0.03 and εB = 0.003, and the index of the electron distribution
 = 2.13. With these fixed, we ran a grid of light curves for a range
f number densities of the ISM between 10 −6 cm 

−3 and 100 cm 

2 . 
Fig. 7 shows, for two representative viewing angles θview = 2 deg 

top panels) and θview = 45 deg (bottom panels) with respect to 
he jet axis, the afterglow light curves in three representative bands 
X-rays, optical, and radio) for a range of number densities in the
nterval n = [10 −3 –10] cm 

−3 , which encompasses a good fraction of
he density values expected at the BNS merger sites (cfr. Fig. 5 ). A
isual comparison between upper and lower panels (note the same 
cale on the y -axis) immediately highlights the strong dependence 
f the luminosity on the viewing angle with respect to the line of
ight to the observer. Hence, GW-detected BNS mergers, which are 
ore likely to be seen at larger viewing angles with respect to the
osmological SGRBs, are expected to have on average significantly 
immer luminosities than these bursts, which can only be detected 
hen close to on-axis. 
An important feature to notice of the of f-axis afterglo w light curves

s that their peak brightness occurs much later than for the on-axis
RBs. This is because the maximum luminosity is achieved when 

he Doppler factor of the emitting jet becomes on the order of � ∼
/ θview , and hence radiation from the more energetic central regions
f the jet can reach the observer. The specific time at which this
appens depends on the medium density. At higher densities, the 
last wave decelerates more quickly, and emission from the central 
et regions enter the line of sight at earlier times. At 45 ◦ angle,
ll frequencies shown are abo v e the self-absorption frequency, and
herefore the peak luminosity is larger for larger densities in all the
ands, reflecting the larger fraction of emitting electrons for higher 
ensities (see e.g. Sari et al. 1998 ). On the other hand, the radio band
s below the self-absorption frequency for the on-axis light curves, 
ausing the radio emission in denser media to be dimmer due to the
arger opacity of the blast wave. 

Another feature of the light curves which is worth noticing (and
hich will play a role in the interpretation of the statistical results

or the EM emission), is the fact that, while at small viewing
ngles (upper panels) the peak specific flux of the radio emission
s comparable to that in the optical, and only moderately larger than
he peak flux in X-rays, at large viewing angles (bottom panels),
he radio brightness is significantly larger than the optical, and even

ore so than the X-ray one. This is because the physical reason for
he peak of the light curves in different bands is different for on- and
ff-axis observ ers. F or on-axis observ ers the peak is due to the fact
hat the spectrum mo v es to wards lo wer frequencies as the fireball
ecelerates, maintaining a constant peak specific flux (Sari et al. 
998 ). Higher frequencies peak earlier in time but, as long as there
s no self-absorption, all bands peak with the same specific flux. For
f f-axis vie wers, instead, the peak is due to the entering of the core
mission within the line of sight. While the wings contribute to the
bserved emission, the core dominates at all bands after it becomes
isible. In this case the peak happens almost simultaneously in all
ands, since it is a geometric effect. In most relevant cases, since
he emission peak is seen at large angles form the core and at late
imes, the peak frequency is at low frequencies and lower frequencies
MNRAS 512, 2654–2668 (2022) 
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Figure 7. ISM density dependence of the afterglow luminosity density in three representative bands (radio, optical, and X-rays; from left to right) and for an 
on-axis viewing angle ( θview = 2 deg, top panels), or for a more generic and likely viewing angle, θview = 45 deg (bottom panels) with respect to the jet axis. 
Note that the scale on the y -axis is the same in all the panels, highlighting the significant drop in luminosity at larger viewing angles. 
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ppear brighter for off-axis observers. This results in a ratio between
he radio and the X-ray peak fluxes which is much larger at larger
iewing angles than near the core. 
The grid of light curves will be used, together with the infor-
ation on the BNS sites provided by the calculations described in
ections 2.1 and 2.2 , to predict the statistical properties of the BNS
M counterparts in Section 3 . 

 RESULTS:  M O N T E  C A R L O  SIMULATION  O F  

H E  EX P ECTED  EM  S O U R C E  POPULATION  

e generate the observable population, at each redshift snapshot and
or each of the four galaxy mass bins, by performing Monte Carlo
andom realizations for each of these subpopulations. For each case
e run 10 5 different random realizations. The merger sites are drawn

rom the probability distributions of Fig. 4 , and the corresponding
mbient densities from the curves of Fig. 5 . The inclination angle of
he jet is assumed to be isotropically distributed on the sky. 

Fig. 8 shows the distributions of gamma-ray fluxes (prompt emis-
ion) from BNS mergers in host galaxies at our three representative
edshifts z = 0.01, 0.1, and 1 (corresponding to luminosity distances
f about 45 Mpc, 480 Mpc, and 7 Gpc, respectively). Since the
rompt emission is independent of the ambient medium of the host
alaxies, the BNS population has not been subdivided by groups in
alaxy mass. The relative number of prompt (gamma-ray) events for
ach galaxy mass bin is simply proportional to the relative number
f BNS mergers in that mass range (cfr. Fig. 1 ). For an immediate
NRAS 512, 2654–2668 (2022) 
auging of the fraction of detectable events by current gamma-ray
etectors, the vertical line indicates the flux value 10 −8 erg cm 

−2 s −1 ,
orresponding to the detection threshold of the Swift BAT (Burst Alert
elescope) detector for a typical GRB spectrum. 2 In the case of the
ermi BAT detector, the sensitivity is provided in photon counts, 3 and

he conversion to fluence requires a spectral assumption. Ho we ver,
oting that the weakest detected burst in the Fermi catalogue (Bhat
t al. 2016 ) has a flux 2 × 10 −8 erg cm 

−2 s −1 , we can assume that the
hreshold fluxes of the two instruments are roughly comparable. The
gure shows that the fraction of detectable events is quite small,
2 per cent , at the highest simulated redshift of z = 1, and it

emains still small, ∼10 per cent at the z = 0.1 snapshot. The small
robability of a prompt gamma-ray detection at these higher redshifts
s a result of the fact that since the direction of the jet axis is assumed
o be uncorrelated with the viewing angle, a large majority of events
re being caught at large viewing angles, where the luminosity is
onsiderably dimmer (cfr. Fig. 6 ). 

The smallest redshift of z = 0.01, corresponding to a luminosity
istance of about 45 Mpc, is within the current horizon of LIGO and
irgo to BNS mergers (Abbott et al. 2016 ), and it is comparable to

he distance of GW170817 (Abbott et al. 2017a ). At this distance,
bout 40 per cent of the gamma-ray counterparts to BNS mergers
re expected to be detected by current satellites. This probability is

art/stac685_f7.eps
https://swift.gsfc.nasa.gov/about_swift/bat_desc.html
https://gammaray.msfc.nasa.gov/gbm/instrument/


EM counterparts of BNS merg er s 2661 

Figure 8. The fraction of BNS merger events, with jet properties similar to 
those of GRB170817A, which have peak flux in gamma-rays larger than F γ , 
as a function of F γ and for four different distances. The smallest distance 
of z = 0.01 ∼ 45 Mpc is within the current horizon of LIGO–Virgo for 
BNS mergers. The orientation of the jet with respect to the observer is 
assumed to be random on the sk y e xcept for z = 0.01, where both the random 

orientation (solid line) and the GW-detected case (dashed line) have been 
simulated. As expected, at cosmological distances the detectable fraction of 
gamma-ray events with current detectors is rather small, since the luminosity 
drops rapidly with angle (cfr. Fig. 6 ) and hence only jets observed at small 
enough viewing angles are luminous enough to allow detection. Note that the 
displayed probabilities do not account for the field of view of the instruments 
(9.5 sr for Fermi and 1.5 sr for Swift ). 
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nhanced if we account for the fact that for BNS mergers whose
rst trigger is in GWs, the viewing angle may be correlated with

he jet axis. More specifically, if the jet axis is in the direction of
he orbital angular momentum of the binary, then the distribution 
f viewing angles will be determined by the detection probability 
f GW detectors. We hence consider also this situation, which is
he rele v ant one for e vents within the LIGO–Virgo horizon. The
etection probability as a function of the angle i between observer 
nd rotation axis of the binary can be written as (Schutz 2011 ) 

 ( i) = 0 . 076076 (1 + 6 cos 2 i + cos 4 i) 3 / 2 sin i. (3) 

or the lowest redshift of z = 0.01 we ran a Monte Carlo simulation
ith the assumption that the viewing angle with respect to the jet,

hat is θview is equal to i . The results are shown with the dashed line in
ig. 8 . The detection probability with the Fermi and Swift satellites
ises to about 75 per cent. One point to note is that, to read off all
he curves in Fig. 8 as actual observing probabilities without any 
rior on the sky localization, they should be corrected for the field of
iew of the observing instruments. This is 9.5 sr for Fermi (giving a
orrection factor of ∼0.75, and 1.5 sr for Swift (giving a correction
actor of ∼0.1). 

For the longer wavelength (afterglow) radiation, we perform 

ifferent sets of calculations for the z = 0.01 snapshot than for
he z = 0.1 and z = 1 snapshots. For the former, which is well
ithin the current horizon for GW detections, we simulate the two 

ases discussed abo v e for a GW-triggered e vent: random vie wing
ngle if the jet direction is uncorrelated with the orbital plane of the
inary, and viewing angle drawn from the probability distribution 
n equation ( 3 ) if the jet is pointing roughly perpendicular to the
rbital plane of the merging NSs. On the other hand, for the higher
edshift snapshots which are beyond the GW current horizon to 
NS mergers, we simulate the current astrophysical scenario of the 

standard’ cosmological SGRBs, which are first triggered in gamma- 
ays, and then followed at longer wavelengths. Hence for these we
ill restrict the distribution of viewing angles to those for which the
rompt emission is abo v e the detection threshold of Swift and Fermi .
Figs 9 and 10 show the fraction of afterglows from BNS mergers

ith flux larger than a certain value (displayed on the y -axis), as
 function of time from the merger, in three different observation
ands: radio, optical, and X-rays; from left to right. For each flux,
he probabilities are separately displayed for BNS merger events in 
he four mass bins of our study. While Fig. 9 assumes a random
istribution for the viewing angle with respect to the emitting jet,
ig. 10 has been computed with the viewing angles drawn from the
robability distribution in equation ( 3 ). The contour lines in both
gures represent the fraction of simulated events with flux abo v e the
orresponding values on the y -axis, at the observing times (from the
ime of merger) indicated in the x -axis. A common feature among
ll panels is that bright events only happen at earlier times and with
mall probability, with the dimmest, late-peaking events being more 
robable. This is due to the fact that both increasing the viewing angle
nd decreasing the interstellar density result in less bright events that
eak at late times (weeks to months). The pre v alence of intermediate
ensities (Fig. 5 ) and the geometry that fa v ours large viewing angles
esults in rare, early-peaking, bright events and more common, late- 
eaking dim ev ents. Ev ents peaking at more than a few months are
nstead extremely rare because the viewing angle cannot exceed 90 ◦

nd binaries merging in extremely low densities are rarer (Fig. 5 ). 
A visual comparison between Figs 9 and 10 shows that the latter

as a larger fraction of brighter events, and that the time from
he merger at which the events reach their maximum brightness is
ypically smaller. This results from the fact that the events in Fig. 10
re selected with a bias towards smaller viewing angles with respect
o the completely random selection of the events in Fig. 9 . Smaller
iewing angles imply both brighter emission as well as earlier peak
mission. 

The figures also indicate, with a horizontal line, representative 
hreshold detections of current instruments, that is Chandra and 
wift in X-rays, Hubble Space Telescope (HST) and Robotic follow- 
p for the optical, and a 1 h integration time on the Very Large
rray (VLA) for the radio. These instruments were among the ones
hich detected the afterglow emission of GRB170817A. The results 
f Fig. 10 imply that an event like GRB170817A, which was initially
riggered in GWs and which had a viewing angle inferred from EM
mission consistent with that from GWs, had a probability ∼0.5 of
eing observed in all afterglow wavelength bands (recall the redshift 
f z = 0.01 corresponds to a distance of 45 Mpc, close to that of
W/GRB170817A). 
Next we examine the dependence on the galaxy mass, studied 

y means of the four rows in Figs 9 and 10 . In both cases, there
s a clear bias against detection of events from smaller galaxies.
he exact value varies depending on the band, and is slightly
ifferent between the two choices of viewing angles. A quantitative 
omparison between the peak emission from events in the least 
assive galaxy group (M1) and the most massive one (M4) shows

hat, for example, in the radio band, there is an enhanced probability
y a factor of ∼2.5: 1 of detecting an event from a massive galaxy
han one from a smaller one (assuming the intrinsic number of events
eing the same). Therefore, in addition to being disfa v oured by
vent number (cfr. Fig. 1 ), BNS mergers in small galaxies suffer
MNRAS 512, 2654–2668 (2022) 
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Figure 9. Probability of detecting an EM counterpart in three wavelength bands (radio, optical, and X-rays; from left to right) as a function of time from the 
merger event, for BNS mergers in galaxies at the redshift snapshot z = 0.01. From top to bottom, the various panels refer to the four galaxy mass bins of our 
study. The numbers in the contour lines represent the fraction of BNS mergers with flux larger than the corresponding value (on the y -axis) at the corresponding 
time to the x -axis. Here, the viewing angle with respect to the jet axis is drawn from a random distribution. 
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y a selection bias, which makes their detectable fraction suppressed
ompared to the intrinsic value. This results from the combinations
f tw o f actors: (i) in small galaxies the ISM density is generally
ower than in larger ones; and (ii) in smaller galaxies, BNSs travel
o further distances given the smaller potential (cfr. Fig. 4 ), hence
urther contributing to a lower density of the ISM at their merger
ites (cfr. Fig. 5 ). 

For the higher redshifts snapshots z = 0.1 and z = 1, which are
eyond the current LIGO–Virgo horizon we simulate the statistical
roperties of the EM counterparts from BNS mergers as for the
tandard cosmological SGRBs. More specifically, we consider a
andom distribution on the sky of the viewing angle θview with respect
o the observer line of sight. We then compute the gamma-ray flux in
he Swift/XRT (X-ray Telescope) and Fermi/GBM bands. As observed
bo v e, the threshold sensitivities are roughly comparable for these
wo instruments. If the flux is abo v e the detection limit, then we
ompute its afterglow based on the merger location of the BNS within
ts corresponding host galaxies. Given the anticorrelation between
ux and viewing angle (cfr. Fig. 6 ), this procedure is practically
qui v alent to selecting the maximum viewing angle, θview, γ , which
an allow detection at the given redshift. We find θview, γ ∼ 29.4 deg
or merger events at z = 0.1, and θview, γ ∼ 11.5 deg for those at the
edshift z = 1. 
NRAS 512, 2654–2668 (2022) 
The detection probabilities for the afterglows of the SGRBs trig-
ered in gamma-rays are given in Figs 11 and 12 for the two redshifts
 = 0.1 and z = 1, respectively. The general trends with galaxy mass
re similar to those found at z = 0.01, and that is that low-mass
alaxies are selectively disfa v oured for afterglow detection. Since
his is the key to localize the burst and hence measure its redshift
ia host galaxy identification, we conclude that the population of
GRBs does not represent an unbiased distribution with respect to

he underlying one with respect to the galaxy host. This needs to be
ept in mind when comparing theoretical models of SGRBs from
NSs with the statistical properties of their host galaxies. 
If the afterglow properties of GRB170717 are indeed represen-

ative of the bulk of the cosmological SGRBs, then our simulations
redict that at least half of the events should be detectable with current
-ray detectors and an optical telescope such as the HST . In the

adio, an hour of integration time with the VLA yields �10 per cent
f detectable events. 
Generally speaking, the relati ve observ ability in dif ferent bands

epends on both the viewing angle and the ambient density. The
atter is a more important factor for the radio band than the X-ray
and at the times at which the emitting flow is in the so-called
ynchrotron radiative regime, i.e. a regime in which radiative losses
re significant. This regime, which is satisfied at emitting frequencies
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Figure 10. Same as Fig. 9 but with the jet angle assumed to coincide with the perpendicular to the orbital plane of the binary, and hence the probability 
distribution for the viewing angle (assuming a GW trigger) given by equation ( 3 ). 
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bo v e a critical frequency value, is hence more likely satisfied for
he higher energy bands than the lower one. Once in this regime,
he emission becomes independent of the ambient density (Sari et al. 
998 , see also discussion in Saleem et al. 2018 ). 
A noticeable difference between the population of GW-detected 

fterglow counterparts, and the population of gamma-ray triggered 
fterglow counterparts at the higher redshift snapshots z = 0.1 and 
 = 1, is the fact that in the latter cases, the relative fraction of
-ray to radio (and optical) detectable counterparts is significantly 
igher than for the former. This is a direct consequence of the fact
hat gamma-ray triggered events are generally selecting out at much 
maller viewing angles than GW-detected events. As shown by Fig. 7 
nd discussed in the corresponding text, at smaller viewing angles 
he X-ray/radio relative flux is much larger than it is when the event
s observed from large viewing angles. For this reason, since the 
aximum viewing angle θview, γ (to trigger bursts in gamma-rays) 

s smaller for the z = 1 events than it is for the z = 0.1 ones, the
endency for the X-ray flux to be brighter than the radio one is further
nhanced in the higher redshift snapshot than it is in the z = 0.1 one.

We note that in the Monte Carlo simulations leading to Figs 10 –
2 we did not include the contribution from the kilonova, which 
as observed for GW170817 (Abbott et al. 2017c ; Arcavi et al.
017 ; Chornock et al. 2017 ; Coulter et al. 2017 ; Cowperthwaite
t al. 2017 ; Drout et al. 2017 ; Kasen et al. 2017 ; Pian et al. 2017 ;
martt et al. 2017 ; Soares-Santos et al. 2017 ; Tanvir et al. 2017 ). The
aximum flux in the optical (red) was around 200 μJy at about 1 d.
t the redshift of z = 0.01 (roughly the distance to GW170817), this

uminosity is comparable to the brightest afterglows in Fig. 9 and 10 .
ore specifically, the kilonova luminosity exceeds the maximum 

fterglow luminosity (in the red band used here) for viewing angles
view � 10 deg for an ambient density n ISM 

= 0.01 cm 

−3 (higher
ensities correlate with larger values of θview for the kilonova and 
fterglow luminosities to be comparable, and vice versa). 

We further note that the afterglow calculations have not included 
bsorption by line of sight material within the host galaxy. This might
ffect optical and X-ray detectability due to dust absorption and 
hotoionization, respecti vely. Modelling this ef fect would require 
ssumption on metallicity and dust to gas ratios (as well as tracking
heir time dependence due to the burst radiation, see Perna, Lazzati &
iore 2003 ) that are uncertain and beyond the scope of this work. 
In order to more directly connect with observational predictions 

or EM counterparts detectability, in Fig. 13 we show the fraction of
vents with flux larger than the flux limit in our three representative
ands, using the Chandra limit in X-rays, the HST limit in the optical,
nd 1 h integration time for the VLA. The fractions are shown as a
unction of time, and represent the integration of the events over all
he mass bins within the corresponding time interval of the bin. As
uch, they are dominated by the largest galaxies (cfr. Fig. 1 ). For the
 = 0.01 snapshot, we considered the case of random inclination of
he viewing angle, for homogeneity with the higher redshift snapshots 
MNRAS 512, 2654–2668 (2022) 
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M

Figure 11. Same as Fig. 9 but for the sample of galaxies at the redshift snapshot z = 0.1, and with the condition of a viewing angle (with respect to the jet axis) 
randomly chosen but such that θview ≤ θmax, γ , where θmax, γ is the maximum value for which the gamma-ray emission is large enough to trigger the Swift/BAT 
and Fermi/GBM detectors. At the redshift of z = 0.1, we find θmax, γ ∼ 29.4 deg, for the GRB170817A-like event adopted here. This situation simulates the 
one of the standard cosmological SGRBs; that is BNS mergers outside of the current LIGO–Virgo GW horizon, which are routinely triggered by their prompt 
gamma-ray emission and later searched at longer wavelengths. 
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isplayed in the same panels. The general trend is for the higher
edshift events to have a higher probability to be detected at earlier
imes (as already shown by a visual comparison of Figs 9 , 11 , and
2 ), but more evident here as the results for the different redshifts
re displayed in the same panel. Physically, this is due to the fact
hat events from higher redshifts are detected for smaller viewing
ngles, when the emission is brighter at earlier times (cfr. Fig. 7 ).
M counterparts from z ∼ 1 have a highest chance to be detected on
 time-scale of a few hours, whereas events from z ∼ 0.01 become
righter after several days to several weeks. 
Before summarizing and concluding, we remind the reader that all

he numbers quoted in this result section are ‘theoretical’, i.e. simply
omputed assuming that the source flux exceeds the flux limit of
he instrument. In practice, an actual detection may require a certain
ignal-to-noise ratio, and hence this would reduce the fraction of
hat are considered detections. 

 SUMMARY  A N D  DISCUSSION  

he association of GW170817 with GRB170817A, and the recog-
ition that the latter has properties fully consistent with those
NRAS 512, 2654–2668 (2022) 
f the standard cosmological SGRBs, has opened a new line of
nvestigation of SGRBs, and in particular their detectability in
onnection with GW-triggered BNS mergers. The observed variety
f SGRB luminosities is consistent with being largely driven by
ie wing angle ef fects, with GRB170817A being a rather typical
vent among the well-studied set of cosmological SGRBs (Wu &
acFadyen 2019 ). 
In this work we have performed a comprehensive study of

he EM counterparts expected from BNS merger events, using
he intrinsic source properties of GRB170817A as a template.
ur population of BNSs is generated via population synthesis

alculations with the code MOBSE , and seeded in a sample of
alaxies from the TNG50 simulation, at three representative redshifts
f z = 0.01, 0.1, and 1, straddling the range of GW-detected
vents and that of the standard cosmological SGRBs, detected in
amma-rays. 

We have studied the BNS population by dividing their host galaxies
rom the TNG50 simulation in four mass groups at each redshift
napshot, with the goal of unco v ering possible biases of the observed
opulation with respect to the intrinsic one. Our analysis unco v ered
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Figure 12. Same as Fig. 11 but for the sample of galaxies at the redshift snapshot z = 1, with the condition of a viewing angle smaller than a maximum value 
to allow gamma-ray trigger of the event by the Swift/BAT and Fermi/GBM detectors. At the redshift of z = 1, we find θmax, γ ∼ 11.5 deg. 

Figure 13. Fraction of events (summed over all galaxies in the sample for each redshift snapshot) with flux larger than the flux limit in the corresponding 
time-interval bin. The value of the flux limit has been assumed to be 1 h integration on VLA in radio, the HST limit for the optical, and the Chandra limit in 
X-rays. For the z = 0.01 case we considered the scenario of random viewing angle, for homogeneity with the higher redshift cases. 
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Additionally, the comparative analysis of the afterglow counter- 
arts to GW-triggered ev ents, v ersus gamma-ray triggered ev ents (i.e. 
he standard cosmological GRBs) has unco v ered some interesting 
ifferences among the two populations, even as the underlying source 
s the same. 
Our main results are summarized in the following: 
GRB170817A, first detected in GWs and later followed up in the

M spectrum, appears to be a rather common/typical event for the
NS merging population. Our population synthesis calculations of 
NSs at the redshift snapshot z = 0.01 of the TNG50 simulation,
MNRAS 512, 2654–2668 (2022) 
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hich, corresponding to a distance of ∼45 Mpc, is very close to
hat of GW170817 (40 Mpc), shows that the broad-band detection of
RB170817A had a sizeable probability. 4 In gamma-rays, the Fermi
BM detector would have ∼30 per cent probability to detect such

n event if its EM emitting jet were uncorrelated with the orbital
lane of the merging NSs (having corrected the detection probability
f Fig. 8 by the field of view of 9.5 sr of this telescope), and of
60 per cent for the situation in which the relativistic jet is roughly

ligned with the orbital angular momentum of the binary, as found to
e the case for this source (and again taking into account the reduction
n probability due to the limited field of view of the telescope). 

Our calculations of the distribution of the merger sites of BNSs
ithin the sample of galaxies from the TNG50 simulation has

llowed us to predict the distribution of ISM densities, and thus
he afterglow brightness as a function of time and wavelength. At
he redshift of z = 0.01, about 20–30 per cent of BNS mergers are
xpected to have detectable afterglow radiation for randomly oriented
ets, whereas the fraction is enhanced to ∼40 −50 per cent for jets
ligned with the orbital angular momentum of the binary (these
robabilities assume prior localization from the prompt emission).
herefore, the binary NS merger event GRB170817A appears to
e representative of the theoretically predicted population of BNS
ergers in the local Universe. 
To date, there has been only one other reported GW-detected BNS
erger event, GW190425 (Abbott et al. 2020 ), at a distance of about

55 Mpc. Both the Fermi/BAT (Fletcher, Fermi-GBM Team & GBM-
IGO/Virgo Group 2019 ) and the Swift / XRT telescopes (Sakamoto
t al. 2019 ) were located in unfa v ourable positions for observability,
ith ∼45 per cent of the GW localization area located behind the
arth. This, combined with the large distance of the e vent pre vented a
recise localization of the source, hampering follow-up from ground-
ased observ atories. Se veral candidate transients were detected, but
ere all eventually discarded as counterpart to the BNS merger (Song

t al. 2019 ; Paterson et al. 2021 ). 
Our study of the theoretically predicted properties of the BNS

opulation in their host galaxies shows that there is a significant bias
owards detecting events in large galaxies with respect to the smaller
nes. More specifically, for nearby BNS mergers which are GW-
riggered, the probability of detecting an afterglow from a galaxy in
he interval range 8 < log [ M gal , 1 / M �] < 8 . 75 is suppressed by
bout a factor of two with respect to BNS mergers in galaxies of mass
ithin 10 . 25 < log [ M gal , 1 / M �] < 11. Since afterglow detections

re key to host identification, this bias needs to be accounted for
hen extracting physical information on the underlying distribution
f BNS mergers. 
In addition to the snapshot at z = 0.01, which is well within the

IGO–Virgo current horizon, we studied the properties of the BNS
opulation and its detectable counterparts also at the two higher
edshift snapshots from TNG50 of z = 0.1 and z = 1. BNSs
rom a redshift distance z = 1 are beyond detection by current
W detectors, even at design sensitivity, but are expected to be
etectable with the future Einstein Telescope (Punturo et al. 2010 )
nd the Cosmic Explorer (Dwyer et al. 2015 ). On the other hand,
NS mergers occurring at z ∼ 0.1, while beyond the horizon of

he current instruments, will be within reach of LIGO and Virgo
t design sensitivities, 5 and even more so with the addition of
NRAS 512, 2654–2668 (2022) 

 We remark that this statement specifically refers to the probability of 
bserving the broad-band EM counterpart to GW170817. On the other hand, 
he host galaxy of this event appears somewhat unusual (Palmese et al. 2017 ). 
 https://dcc.ligo.org/LIGO-T1800133/public 

t  

P  

E  

M  

f  

1

AGRA and LIGO-India (Nissank e, Kasliw al & Georgie v a 2013 ;
or a comparison among detectors see e.g. fig. 1 of Yu et al. 2021 ). 

For BNS mergers which are outside of the detectable GW horizon,
etection relies on the observation of the gamma-rays emitted by the
elativistic jet launched in association with the merger. These are the
tandard cosmological SGRBs (or at least a fraction of them, if a
ontribution is given also by NSBH mergers). The initial gamma-ray
rigger is then used to search for the follow-up afterglow radiation.
or a gamma-ray detection with the Swift XRT and Fermi GBM

elescopes, we find that a GRB170817A-like event would need to
e observed within a viewing angle from the jet axis of ∼29 deg at
 = 0.1, and of ∼11 deg at z = 1. At these smaller viewing angles,
he afterglow brightness ratio X-ray/O, but especially X-rays/R is
arger than it is at larger viewing angles. As a result, a relatively
arger fraction (compared with the GW-detected events) will be seen
n X-rays than in optical, and even more so in radio. 

It is interesting to compare our theoretical results with observations
f cosmological SGRBs. As summarized in the re vie w by Berger
 2014 ), for SGRBs, the broadest and most homogeneous data set
s in the X-ray band from the Swift/XRT satellite, with about 50
-ray afterglow detections. Of these, about half have also optical

fterglow detection, and only a handful do so also in radio. The
road consistency between our theoretical predictions and the broad-
and observations of the cosmological SGRBs, having taken the
et properties of GRB170817A as ‘canonical’, provide yet another
iece of evidence that indeed the bulk of the cosmological SGRB
opulation is produced by GRB170817A-like events. 
Looking into the future, while here we have made the first step in

ombining state-of-the art population synthesis calculations, galaxy
imulations and numerical broad-band light curves to theoretically
redict the observable properties of the SGRB population from
RB170817A-like BNS mergers events, there are several natural

xtensions of our study which we plan to address in future work. First
s to consider a range in the intrinsic microphysical jet parameters.
ince GRB170817A appears to be an average event compared to

he bulk of SGRBs (Wu & MacFadyen 2019 ), we do not expect
n y quantitativ e change in the results, but there will be a spread in
he luminosity brightness distributions. On the other hand, more
ignificant changes can result from uncertainties intrinsic to the
opulation synthesis modelling (see e.g. Broekgaarden et al. 2021
or a recent discussion on this topic). 

An important extension of our work will be a similar study like
he one we did here for field BNSs but for dynamically formed
NSs. It will then be interesting to compare statistically the EM
redictions for the two populations, to see whether there are any
elltale features which can help discriminate the two formation
hannels. Additionally, it will be useful a comparison with the EM
roperties of an NSBH merging population (albeit to date we are
acking an observationally derived prototype light curve such as for
he case of GRB170817A) to help assess the fraction of SGRBs (if
ny) which is due to this interesting formation channel. 

C K N OW L E D G E M E N T S  

P and YW gratefully acknowledge support by NSF award AST-
006839. MCA acknowledges financial support from the Aus-
rian National Science Foundation through FWF stand-alone grant
31154-N27. MM and FS acknowledge financial support from the
uropean Research Council for the ERC Consolidator grant DE-
OBLACK, under contract no. 770017. DL acknowledges support

rom NASA grant NNX17AK42G (ATP) and NSF grant AST-
907955. 

https://dcc.ligo.org/LIGO-T1800133/public


EM counterparts of BNS merg er s 2667 

D

A
a
s
I
a

R

A
A
A
A
A
A  

A
A
A
A
A
A

A
A  

A
A  

A  

A  

A  

B
B
B
B
B
B
B  

B  

B  

B  

B
B
B
B  

B
B
B
B
B
B
B  

B
C  

C

C
C  

C
C
C  

C
C
C
D
d
D  

D  

D
D
D  

D  

D  

D
D  

E
F
F

F
F
F  

F
F
F  

F
F
G  

G
G
G
G
H  

H
H
H
K  

K
K  

K  

K
K
K
K
L
L  

L

L

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/2/2654/6547794 by libraryerm
s@

stonybrook.edu user on 05 April 2022
ATA  AVA ILA BILITY  

ll the simulation data produced for this paper will be made 
vailable upon request. The latest public version of the population 
ynthesis code MOBSE can be downloaded from this repository. The 
llustrisTNG simulations, including TNG50, are publicly available 
t this link. 
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