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A B S T R A C T 

The merger locations of binary neutron stars (BNSs) encode their galactic kinematics and provide insights into their connection 

to short gamma-ray bursts (SGRBs). In this work, we use the sample of Galactic BNSs with measured proper motions to 

investigate their kinematics and predict their merger locations. Using a synthetic image of the Milky Way and its Galactic 
potential we analyse the BNS mergers as seen from an extragalactic viewpoint and compare them to the location of SGRBs on 

and around their host galaxies. We find that the Galactocentric transverse velocities of the BNSs are similar in magnitude and 

direction to those of their Local Standards of Rest, which implies that the present-day systemic velocities are not isotropically 

oriented and the peculiar velocities might be as low as those of BNS progenitors. Both systemic and peculiar velocities fit a 
lognormal distribution, with the peculiar velocities being as low as ∼22–157 km s −1 . We also find that the observed BNS sample 
is not representative of the whole Galactic population, but rather of systems born around the Sun’s location with small peculiar 
velocities. When comparing the predicted BNS merger locations to SGRBs, we find that they cover the same range of projected 

of fsets, host-normalized of fsets, and fractional light. Therefore, the spread in SGRB locations can be reproduced by mergers of 
BNSs born in the Galactic disc with small peculiar velocities, although the median offset match is likely a coincidence due to 

the biased BNS sample. 

Key words: binaries: general – gamma-ray burst: general – stars: neutron – Galaxy: stellar content – Galaxy: structure. 
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 I N T RO D U C T I O N  

he merger of a binary neutron star (BNS) can manifest itself
ith a variety of transient phenomena. This includes short-duration 
amma-ray bursts (SGRBs) and their afterglows, gravitational waves, 
nd kilonovae, as shown by the multimessenger observations of 
W 170817 (Abbott et al. 2017 ). Although all of these transients

an be used to inform the physics of the mergers (Lee & Ramirez-
uiz 2007 ; Nakar 2007 ; Metzger 2017 ), SGRBs occupy a privileged
osition due to their luminosity, which makes them the easiest to 
etect (Metzger & Berger 2012 ; Burns 2020 ). Consequently, SGRBs
rovide the largest sample for analysis, and to date we have more
han three decades of literature that explores their connection to BNS

ergers (Eichler et al. 1989 ; Narayan, Paczynski & Piran 1992 ; for
e vie ws see Berger 2014 ). The evidence supporting BNS mergers as
rogenitors are both indirect, such as the lack of association with 
upernovae, the redshift distribution, the demographics and location 
f their host galaxies (Berger 2014 ), and direct, namely the concur-
ent detection of GRB 170817A and GW 170817. It is important to
ote, ho we ver, that BNS mergers do not have a one-to-one relation
 E-mail: nicola.gaspari@ru.nl 
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ith SGRBs, since it is likely that not all SGRBs are produced by
NS mergers (Thompson & Duncan 1995 ; Qin et al. 1998 ; Le v an
t al. 2006 ; Metzger, Quataert & Thompson 2008 ; Troja et al. 2008 ;
ompertz, Le v an & Tanvir 2020 ), and not all mergers produce an
GRB (Rastinejad et al. 2022 ; Salafia et al. 2022 ; Sarin et al. 2022 ).
A key piece of evidence connecting BNS mergers to SGRBs is their 

ocation within the host galaxy. Upon their formation in core-collapse 
upernovae, neutron stars (NSs) receive natal kicks, as evidenced by 
he observed peculiar velocities of young Galactic pulsars (Hobbs 
t al. 2005 ; Verbunt, Igoshev & Cator 2017 ). When the NS is in a
inary, the natal kick adds to the systemic recoil due to the mass-
oss (also known as Blaauw kick, Blaauw 1961 ; Boersma 1961 ), and
esults in a kick to the binary barycentre of up to several hundred
m s −1 (Tauris et al. 2017 ; Vigna-G ́omez et al. 2018 ; Andrews &
ezas 2019 ). Combined with the gra vitational-wa ve in-spiral time,
hich can be as long as several Gyr or more, BNS can therefore
igrate and merge well outside their host galaxy of origin (Bagot,
ortegies Zwart & Yungelson 1998 ; Portegies Zwart & Yungelson 
998 ; Bloom, Sigurdsson & Pols 1999 ; Fryer, Woosley & Hartmann
999 ; Perna & Belczynski 2002 ; Voss & Tauris 2003 ; Belczynski
t al. 2006 ; Zemp, Ramirez-Ruiz & Diemand 2009 ; Church et al.
011 ; Behroozi, Ramirez-Ruiz & Fryer 2014 ; Mandhai et al. 2022 ).
his is observed in the host-offset distribution of SGRBs, which 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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ccur at larger projected radii from their hosts than any other class
f transient (Fong, Berger & F ox 2010 ; F ong & Berger 2013 ; Zevin
t al. 2020 ; Fong et al. 2022 ), and it is not expected in other progenitor
cenarios (e.g. Fryer, Woosley & Hartmann 1999 ; Berger 2011 ;
ehroozi, Ramirez-Ruiz & Fryer 2014 ). Nevertheless, a modest

raction ( ∼20 per cent) of SGRBs are apparently ‘hostless’ (namely
here is no underlying galaxy nor a single galaxy to clearly assign
s their host), and although this is not at odds with BNS mergers, it
eaves open questions about the nature of largest offsets (Berger 2010 ;
unnicliffe et al. 2014 ; O’Connor et al. 2022 ). Possible explanations
re that BNSs received high systemic kicks (O’Connor et al. 2022 ),
ecei ved lo w systemic kicks (Beniamini & Piran 2016 ) but were
orn either in globular clusters (GCs; Grindlay, Portegies Zwart &
cMillan 2006 ; Lee, Ramirez-Ruiz & van de Ven 2010 ; Church

t al. 2011 ) or in the outer regions of the host (Perets & Beniamini
021 ), or that they simply reside in a faint and/or distant host which
as not been correctly identified (e.g. Le v an et al. 2007 ). 

Understanding the merger locations of BNSs is also important
n the context of Galactic chemical enrichment. BNS mergers are
hought to be important sites for the production of r-process elements
Eichler et al. 1989 ; Freiburghaus, Rosswog & Thielemann 1999 ;
osswog et al. 1999 ; Kasen et al. 2017 ; Pian et al. 2017 ; for

e vie ws see Co wan et al. 2021 ) due to the neutron-rich ejecta
nd kilono vae the y produce. There hav e been efforts to understand
alactic r-process enrichment in the context of BNS mergers in

he Milky Way (Symbalisty & Schramm 1982 ; Eichler et al. 1989 ;
reiburghaus, Rosswog & Thielemann 1999 ; Argast et al. 2004 ;
atteucci et al. 2014 ; Shen et al. 2015 ; van de Voort et al. 2015 ;
ehmeyer, Pignatari & Thielemann 2015 ; Beniamini, Hotokezaka &

iran 2016 ; C ̂ ot ́e et al. 2018 , 2019 ; Hotokezaka, Beniamini & Piran
018 ; Kobayashi et al. 2023 ), and r-process deposition on Earth has
lso been linked to kilonovae in the local few kpc (Bartos & M ́arka
019 ; Wang et al. 2021 ). Therefore, understanding the locations of
NS mergers has wide-ranging implications. 
In this paper, we combine two approaches to studying BNS
ergers – the locations of SGRBs, and the Galactic BNS population.
e evolve a sample of Galactic BNSs forwards in time through the
alactic potential to determine their future merger locations. We
lace the merger locations in the context of the Milky Way as seen
xternally, and compare these results with observations of SGRBs in
nd around their host galaxies. The paper is structured as follows.
n Section 2 we describe our Galactic BNS sample, model for the
alactic potential, and a prescription for producing a synthetic Milky
ay image. Section 3 analyses the present-day velocities of observed
alactic BNSs and discusses their implications for birth locations and
elocities. Section 4 presents results for BNS merger locations and
heir measurements as viewed from afar. Section 5 outlines possible
ystematics in the methodology, before we summarize and conclude
n Section 6 . 

Throughout, magnitudes are reported in the AB system (Oke &
unn 1982 ), and a flat Lambda cold dark matter cosmology is

dopted with H 0 = 70 km s −1 Mpc −1 and �m 

= 0.3. 

 M O D E L S  

.1 Merger locations of the Galactic BNSs 

e collected our sample of Galactic BNSs from the ATNF catalogue
Manchester et al. 2005 ), 1 and their properties are summarized in
NRAS 527, 1101–1113 (2024) 

 http:// www.atnf.csiro.au/ research/ pulsar/ psrcat

b  

2

able 1 along with the estimated merger times τ gw for a gravitational-
adiation-driven inspiral (Peters 1964 ). Out of the 15 confirmed BNSs
we exclude possible NS–WD binaries), eight have measured proper
otions, and fiv e hav e both proper motions and τ gw < 14Gyr. Since

ur primary objective is to make predictions about BNSs merging
ithin an Hubble time, only the last five are employed in our fiducial
odels. The remaining BNSs are used to test for systematic effects

n our methodology. 
To predict the BNSs merger locations we produce 10 4 realizations

f the Galactic trajectory of each binary, starting from as many
ealizations of their present-day positions and velocities. These initial
onditions are generated through a Monte Carlo (MC) simulation,
hich employs observational uncertainties and allows us to propa-
ate them to the predicted merger locations. 

.1.1 Initial positions and velocities 

o compute the BNSs initial positions, we assume that right ascen-
ion, declination, and distance follow Gaussian distributions with
ean equal to the estimated values and standard deviation equal

o the respective uncertainties. These distributions are sampled 10 4 

imes for each binary, giving as many realizations of their initial
osition. 
The distances listed in Table 1 without uncertainties are estimates

btained from the dispersion measure (DM) using the electron-
ensity model of Yao, Manchester & Wang ( 2017 ). For J0453 + 1559,
1411 + 2551, and J1518 + 4904, we also report the DM distances
btained with the model of Cordes & Lazio ( 2002 ), which will be
sed in Section 5.1 for comparison. On the DM distances we assume
 conserv ati ve 20 per cent uncertainty, as done by Tauris et al. ( 2017 ).
or B2127 + 11C, as it is likely bound to the GC NGC 7078 (Kirsten
t al. 2014 ), we assume its position to be that of the GC (see Table 2 ).
nother exception is made for the distances of J0737 −3039A/B

nd J1756 −2251, for which we use the non-Gaussian probability
istributions given by Verbiest et al. ( 2012 ). 2 The BNS present-day
ositions are shown in Galactocentric coordinates in Fig. 1 . 
To compute the BNS initial velocities, we apply the same MC

pproach to the proper motions in right ascension and declination.
e assume that the proper motions have Gaussian uncertainties
ith standard deviation equal to the observational uncertainties,

nd we produce 10 4 realizations for each binary. Each realization
s then converted to linear units (i.e. km s −1 ) using one of the
istance realizations, and the transverse component of the Sun’s
elocity is added to obtain the BNS transverse velocity V t in the
alactocentric frame. Since we have no observational estimates for

he radial velocities V r but for B2127 + 11C (for which we use the
adial velocity of NGC 7078), we obtain the 3D velocities through
n MC simulation of their orientations θ with respect to the line of
ight (LoS). 

For our fiducial models, we assume that the BNSs systemic
elocities are isotropically oriented in the Galactocentric frame, and
e hence compute V r as 

 r = V t cot θ, (1) 

here θ = arccos u and u is a real value uniformly sampled 10 4 times
etween 0 and 1. Hereafter, we will refer to the systemic velocities
btained with this assumption as Galactocentric-isotropic velocities.
f the sample were bigger, we could test the isotropy assumption e.g.
y comparing the mean value of 1D velocities to that of 2D velocities,
 http:// psrpop.phys.wvu.edu/ LKbias/ 
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Table 1. BNS sample used in this work. The columns list the pulsar, the right ascension and declination, the proper motion in right ascension and declination, 
the distance from the Sun, the merger time, and the references for the listed values. Values in parenthesis are the uncertainties in the preceding digits. 

RA Dec. μα μδ Dist. τ gw Ref. 
Radio pulsar [deg] [deg] [mas yr −1 ] [mas yr −1 ] [kpc] [Myr] 

J0737 −3039A/B 114.46353508(11 ) − 30.66130953(3 ) −3.82(62) 2.13(23) 1 .1(1,2) 85 (a) 
B1534 + 12 234.291507208(13 ) 11.932064964(17 ) 1.482(7) −25.285(12) 1 .051(5) 2735 (b) 
J1756 −2251 269.19430755(7 ) − 22.866486(6 ) −2.42(8) 0(20) 0 .73(24,60) 1457 (c) 
B1913 + 16 288.86666425(13 ) 16.10760744(14 ) −0.72(11) −0.03(14) 4 .1(7,20) 301 (d) 
B2127 + 11C 

a 322.5050175(5 ) 12.1772803(12 ) −1.3(5) −3.3(10) 25 .000 215 (e) 
J0453 + 1559 73.4392237(3 ) 15.9892517(17 ) −5.5(5) −6.0(42) 0 .522 b – 1.07 c 1 456 721 (f) 
J1411 + 2551 212.828608(13 ) 25.852331(20 ) −3(12) −4(9) 1 .131 b – 0.98 c > 465446 (g) 
J1518 + 4904 229.56999618(7 ) 49.07618089(5 ) −0.67(4) −8.53(4) 0 .964 b – 0.63 c > 8826539 (h) 

J0514 −4002A 

a , d 78.5278863(9 ) − 40.0469147(6 ) 5.19(22) −0.56(25) 25 .000 507 733 (i) 
J0509 + 3801 77.3824504(11 ) 38.021690(4 ) – – 1 .562 b 579 (j) 
J1757 −1854 269.2657683(3 ) − 18.9009378(20 ) – – 19 .559 b 76 (k) 
J1811 −1736 272.979308(13 ) − 17.61047(12 ) – – 4 .419 b > 1794804 (l) 
J1829 + 2456 277.3944450(9 ) 24.9383869(9 ) – – 0 .909 b > 55375 (m) 
J1913 + 1102 288.3710592(13 ) 11.034928(3 ) – – 7 .140 b > 465 (n) 
J1930 −1852 292.623815(3 ) − 18.862853(17 ) – – 2 .004 b > 1e8 (o) 
J1946 + 2052 296.55888(3 ) 20.87351(3 ) – – 3 .510 b > 46 (p) 
J1753 −2240 d 268.41603(3 ) − 22.6783(3 ) – – 3 .232 b – (q) 
J1755 −2550 d 268.910000(17 ) − 25.8394(5 ) – – 4 .891 b – (r) 
J1759 + 5036 d 269.940300(13 ) 50.615822(6 ) – – 0 .543 b > 179604 (s) 
J1807 −2459B 

a , d 271.8369634(3 ) − 25.000532(5 ) – – 3 .045 b 1 039 373 (t) 
J1906 + 0746 d 286.70358(17 ) 7.77386(20 ) – – 7 .4(14,25) 309 (u) 

Notes. a Associated with a GC. b Estimated from DM following Yao, Manchester & Wang ( 2017 ). c Estimated from DM following Cordes & Lazio ( 2002 ). d Not 
a confirmed BNS. 
Refer ences. (a) Bur gay et al. ( 2003 ); Kramer et al. ( 2006 ); Deller, Bailes & Tingay ( 2009 ); Verbiest et al. ( 2012 ). (b) Stairs et al. ( 2002 ); Fonseca, Stairs & 

Thorsett ( 2014 ). (c) Ferdman et al. ( 2014 ). (d) Weisberg, Nice & Taylor ( 2010 ); Weisberg & Huang ( 2016 ); Deller et al. ( 2018 ). (e) Jacoby et al. ( 2006 ). (f) 
Martinez et al. ( 2015 ). (g) Martinez et al. ( 2017 ). (h) Janssen et al. ( 2008 ). (i) Ridolfi et al. ( 2019 ). (j) Lynch et al. ( 2018 ). (k) Cameron et al. ( 2018 ). (l) Mignani 
( 2000 ); Corongiu et al. ( 2007 ). (m) Champion et al. ( 2004 , 2005 ) (n) Lazarus et al. ( 2016 ). (o) Swiggum et al. ( 2015 ). (p) Stovall et al. ( 2018 ). (q) Keith et al. 
( 2009 ). (r) Ng et al. ( 2018 ). (s) Agazie et al. ( 2021 ). (t) Lynch et al. ( 2012 ). (u) van Leeuwen et al. ( 2015 ). 

Table 2. Properties of the GCs associated with a Galactic BNS. The columns list the pulsar, the associated GC, the right ascension and declination, the distance 
from the Sun, the proper motion in right ascension and declination, and the mean radial velocity. The values in parenthesis are the uncertainties in the preceding 
digits. Data are taken from Baumgardt et al. ( 2019 ). 

RA Dec. Dist. μα μδ V r 

Radio pulsar GC [deg] [deg] [kpc] [mas yr −1 ] [mas yr −1 ] [km s −1 ] 

B2127 + 11C NGC 7078 322 .493042 12.167001 10 .22(13) − 0 .63(1) − 3 .80(1) − 106 .76(25) 

J0514 −4002A 

a NGC 1851 78 .528160 −40.046555 11 .33(19) 2 .12(1) − 0 .63(1) 320 .30(25) 
J1807 −2459B 

a NGC 6544 271 .835750 −24.997333 2 .60(27) − 2 .34(4) − 18 .66(4) − 38 .12(76) 

Note. a Not a confirmed BNS. 
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s done for isolated pulsars by Hobbs et al. ( 2005 ). Ho we ver, the
mall sample size prevents us from doing so, hence the sole purpose
f this assumption is to best reflect our ignorance about the radial
elocities. 

We also provide a second estimate for the radial velocities, 
btained assuming that the peculiar velocities in the BNSs Local 
tandards of Rest (LSRs) are isotropically oriented. Here, we define 
s BNS LSR the frame of reference centred on the BNS location, and
oving on a circular orbit around the Z -axis of the Galactocentric

rame. Under this assumption, we get V r by first subtracting the LSR
ransv erse v elocity v ector V t, LSR from the BNS transv erse v elocity
ector V t , and then computing V r from the residuals, namely 

 r = ‖ V t − V t, LSR ‖ cot θ + V r,LSR , (2) 

here V r,LSR is the BNS LSR radial velocity. Hereafter, we refer to
hese realizations as LSR-isotropic velocities. This second estimate 
s moti v ated by the possibility that Galactic BNSs might receive
mall systemic kicks from the second supernova (Beniamini & Piran 
016 ), which would result in small peculiar velocities (Andrews &
ezas 2019 ). The systemic velocities V and the peculiar velocities
 

LSR = ‖ V − V LSR ‖ obtained under the two assumptions are shown
n Fig. 2 . 

The initial conditions are computed using the default values for 
he Sun Galactocentric position and velocity from ASTROPY v4.0 3 

Astropy Collaboration 2022 ). 

.1.2 Galactic trajectories 

he Galactic trajectories defined by each realization of initial position 
nd velocity are computed with GALPY 4 (Bovy 2015 ) using the
alactic potential model of McMillan ( 2017 ). The trajectories are
MNRAS 527, 1101–1113 (2024) 

http://www.astropy.org
https://github.com/jobovy/galpy
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Figure 1. Present-day positions of the Galactic BNSs o v er a synthetic Milky 
Way image. The triangles indicate binaries with measured proper motions, 
while the red markers indicate binaries merging within a Hubble time. The 
dots indicate binaries without measured proper motions. The star-shaped 
marker indicates B2127 + 11C, which is associated with the GC NGC 7078. 
The underlying image is our fiducial model for a Milky Way image if it were 
located at z = 0.5 and observed with a PSF FWHM of 0.1 arcsec, and a 
pixel size of 0.05 arcsec px −1 (see Section 2.2 for details). The centre of 
the edge-on image reaches 18.3 mag arcsec −2 , and both images are cut at a 
limiting surface brightness of 25 mag arcsec −2 . 
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Figure 2. Galactocentric systemic velocities V and peculiar velocities in the BN
B2127 + 11C). The upper panels show the total cumulative distributions of V and
the solid lines are lognormal distribution fitted to the MC simulations. The midd
LSR-isotropic velocities for each single BNS considered. The boxes extend from th
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volved up to the merger time τ gw of the respective binary, and the
nal positions are assumed to be the merger location. As we start
rom 10 4 initial conditions for each BNS, we end up with the same
umber of merger locations. 

.2 Synthetic image of the Milky Way 

o analyse the BNS merger locations in the same way as SGRBs on
heir host, we need to reproduce how the Milky Way appears from a
osmological distance. To do so, we employ the Milky Way synthetic
mage of Chrimes et al. ( 2021 ), upgrading their 2D face-on model to
D so that we can include the effects of a random viewing angle. 

.2.1 Model structure: bulg e , disc, and spiral arms 

n the following section, we provide a brief o v erview of the Galactic
omponents combined to create the synthetic image, while a thorough
escription can be found in Chrimes et al. ( 2021 ). 
The bar -b ulge is modelled with the triaxial boxy Gaussian distri-

ution fitted on Mira variables by Grady, Belokurov & Evans ( 2020 ),
.e. 

bar = ρb,0 exp ( −0 . 5 m 

2 ) , (3) 

here 

 = 

⎧ ⎨ 

⎩ 

[ (
x 

X b 

)2 

+ 

(
y 

Y b 

)2 
] 2 

+ 

(
z 

Z b 

)4 
⎫ ⎬ 

⎭ 

1 
4 

(4) 
S LSRs V 

LSR of the Galactic BNSs with measured proper motions (except 
 V 

LSR . The dashed lines are distributions from the MC simulations, while 
le and bottom panels sho w, respecti vely, the Galactocentric-isotropic and 
e first to the third quartiles, with the orange line on the median value. 
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ith ( X b , Y b , Z b ) = (2.05, 0.95, 0.73) kpc, and ρb, 0 is the normaliza-
ion factor. The angle between the bar -b ulge semimajor axis and the
alactic-Centre LoS is assumed to be 27 ◦ (Wegg & Gerhard 2013 ). 
The disc is modelled with a double exponential disc 

disc = ρd,0 exp 

( 

−
√ 

x 2 + y 2 

R d 

) 

exp 

(
− | z| 

Z d 

)
, (5) 

here R d = 2.6 kpc and Z d = 0.3 kpc. These scale values are
ypical estimates for the Milky Way thin disc, which is the dominant
omponent of the disc stellar light (Bland-Hawthorn & Gerhard 
016 ). 
The spiral arms are mapped following the method of Reid et al.

 2019 ), using young stellar object masers and H II regions from
rquhart et al. ( 2014 ) as tracers. To a v oid the shadow produced
y dust absorption behind the bar -b ulge, we only use the lower half
f the map, at Galactocentric coordinates X ≤ 0 (see Fig. 1 ), while
he upper half is replaced by a reflected lower half. 

The synthetic images are produced in two bands, namely the I and
he B band. The normalization factors ρb, 0 and ρd, 0 are tuned so 
hat the total luminosity of the respective components matches the 
bservational estimates. In the I band we match the luminosities 
iven by Flynn et al. ( 2006 ), namely 10 10 L � for the bar -b ulge,
nd 3 × 10 10 L � for the disc including spiral arms. For the B
and we use instead the B − I colours of Milky Way analogues
rom Licquia, Newman & Brinchmann ( 2015 ). We use B − I =
.41 for the bulge-bar and B − I = 1.62 for the disc including
rms, which give, respectively, a total luminosity of 0 . 11 × 10 3 L �
nd 0 . 67 × 10 3 L �. The I -band luminosities are corrected for dust
xtinction, while the B -band luminosities are not (for details see 
hrimes et al. 2021 ). 
The fraction of disc luminosity arising from the spiral arms alone 

s assumed to be equal to the arm strength, which is the relative
mplitude of the second- to fourth-order Fourier components of the 
zimuthal light profile along elliptical isophotes (e.g. Yu et al. 2018 ).
or the I band we use an arm strength of 0.15 (e.g. D ́ıaz-Garc ́ıa et al.
019 ; Yu & Ho 2020 ), while for the B band we use 0.20 (Yu et al.
018 ), both of which are typical values for Milky Way analogues. 

.2.2 Photometry and half-light radius 

he method described in the previous section gives an analytical 
odel of the Milky Way luminosity density in units of e.g. L � pc −3 .
o produce a 2D image, the model is first projected along an arbitrary
oS, then processed to mimic the effects of redshift and instrumental 

esolution to simulate observations with a given instrument of the 
alaxy as viewed at an arbitrary redshift. 

We start with a grid of points in Galactocentric coordinates. The 
rid is rotated by a phase φ along the Z -axis and by a inclination i
long the Y -axis, in order to be aligned with the chosen LoS. The
nalytical 3D model is e v aluated on the grid and summed along
he X -axis with a Riemann sum, to get a 2D image of the surface
rightness I in units of L � pc −2 . The number of grid points is chosen
uch that a double Riemann sum of the image gives a total luminosity
iffering by less than 1 per cent from the prescribed value. 
We then chose the observer redshift z, the point spread function 

PSF), and the pixel scale of the image (i.e. the angular resolution).
he 2D grid is converted from linear to angular units (e.g. from
c to arcsec) using the angular diameter distance D A ( z), and the
mage is first convolved with a Gaussian PSF of given full width at
alf-maximum (FWHM) and then downsampled to the pixel scale. 
he last step is done using measure.block reduce from the 
cikit-image library (van der Walt et al. 2014 ). For the fiducial
odels we use z = 0.5, a pixel size of 0.05arcsec px −1 , and a PSF
WHM of 0.1arcsec. The fiducial redshift is chosen because the 
edian redshift of our SGRB sample is z = 0.46, while the other two

alues are typical for the SGRB hosts observations, for which the
omparison sample used here is predominantly taken via the Hubble 
pace Telescope ( HST , see Table 4 for references). The possible
ystematics introduced by this choice of parameters are discussed in 
ection 5.4 . 
For our purposes, namely computing half-light radii and fractional 

uxes, we need to measure the Galaxy total flux from the images.
ince its value depends on the image depth, we need to simulate

he background noise. To do so, we first convert I from L � pc 2 to
 � arcsec 2 using the angular distance D A . Then, we convert the
urface brightness from L � arcsec 2 to mag arcsec 2 using 

= −2 . 5 log I + 5 log 

(
D L 

10 pc 

)
− 2 . 5 log (1 + z) + M �, (6) 

here μ is the surface brightness in magnitude units, D L ( z) is
he luminosity distance, and M � is the absolute magnitude of the
un, i.e. 4.51 in the I band and 5.31 in the B band (Willmer
018 ). Finally, we chose a limiting magnitude μlim 

and set to
 = 0 and μ = μlim 

all those pixels with μ > μlim 

. In our
ducial models we use μlim 

= 25 mag arcsec 2 , moti v ated again by
he typical values of the SGRB host observations. The edge-on 
nd face-on images obtained with the fiducial set-up are shown in 
ig. 1 . 
The half-light radius r e is given as the semimajor axis of the

sophote enclosing half of the total flux. We use elliptical isophotes,
tted using isophote.Ellipse.fit image from the pho- 
utils package (Bradley et al. 2023 ). 

 SYSTEMIC  A N D  PECULI AR  V E L O C I T I E S  

efore analysing the merger locations, it is worth taking a closer
ook at the BNS present-day v elocities, as the y bear some insight
ot only about the predicted merger locations but also about the
NS properties themselves. In the following section we consider 

he seven BNSs with measured proper motion, with the exception 
f B2127 + 11C, which is likely bound to a GC, and thus has
 proper motion which might be biased by the GC internal 
ynamics. 

.1 Transv erse v elocity of the BNSs and their LSR 

et us consider the BNS transv erse v elocities V t . When we compare
hem to the transverse velocities of their respective LSRs V t, LSR 

namely the circular velocity at their position), we find that the two
ave similar magnitudes and directions in all but two cases (see
ig. 3 ). This suggests that the BNS systemic velocities are (i) not

sotropically oriented in the Galactocentric frame, and (ii) not much 
ifferent from the velocity of their LSR, or in other words, they have
mall peculiar velocities with respect to their LSR. From Fig. 3 ,
e notice that this is due to the tangential component of the Sun’s
elocity V t, � being aligned to V t, LSR , and dominating over the BNS
roper motions. We also notice that V t, LSR are almost completely in
he tangential direction, since V t, LSR is ∼200 km s −1 in all but two
ases. 

For the reason discussed in the previous paragraph, we conclude 
hat the BNS systemic velocities inferred under the assumption 
f Galactocentric-isotropy (equation 1 ) might be o v erestimated. 
MNRAS 527, 1101–1113 (2024) 
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Figure 3. Transverse velocities of the BNSs in Fig. 2 . The axes are arbitrarily 
oriented so that the LSR transverse velocity vectors V t, LSR lie on the x -axis. 
The grey triangles indicate the LSR transverse velocities V t, LSR , green arrows 
indicate the BNSs transv erse v elocities V t , and the light-green arrows indicate 
the transverse component of the Sun velocity V t, �. The dashed green lines 
enclose the 1 σ regions of V t , while the grey shaded areas are the 1 σ regions 
of V t, LSR , both obtained from a Gaussian kernel density estimation of our 
MC simulations. These 1 σ regions represent the uncertainties from the on- 
sky locations and proper motions, and the distance estimates. The dotted 
black lines of J0453 + 1559, J1411 + 2551, and J1518 + 4904 enclose the V t 

1 σ regions when the DM distance is estimated from Cordes & Lazio ( 2002 ) 
instead of Yao, Manchester & Wang ( 2017 ). 
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nstead, those inferred under the assumption of LSR-isotropy (equa-
ion 2 ) likely provide a lower limit, since similar V t and V t, LSR 

ould result in small radial velocities. This becomes clear when
omparing the systemic and peculiar velocities V and V 

LSR from
he two assumptions. In the middle and bottom panels of Fig. 2
e see that while we obtain similar V from the two assumptions, the
alactocentric-isotropic V 

LSR all peak around ∼200 km s −1 , whereas
he LSR-isotropic ones are distributed between ∼10 and ∼200 km
 

−1 . These latter estimates co v er the same range of values as the
NS progenitors, namely NS-hosting high-mass X-ray binaries (see
g. 2 from Fortin et al. 2022 ), and that they get as low as the velocity
ispersion in the thin disc (Robin et al. 2003 ). 
The cumulative distributions of V and V 

LSR for all the BNSs with
easured proper motions (except the one in the GC, i.e. B2127 + 11C)

re fitted with the lognormal distribution 

 ( x, α, β, γ ) = 

1 

xβγ
√ 

2 π
exp 

[
− 1 

2 γ 2 
log 2 

(
x − α

β

)]
(7) 

sing scipy.stats.lognorm.fit (Virtanen et al. 2020 ). The
ts are shown in the upper panels of Fig. 2 and the fitted parameters
re reported in Table 3 . For the whole sample, we find V ≈ 285 + 190 

−113 

m s −1 and V 

LSR ≈ 182 + 209 
−100 km s −1 under Galactocentric-isotropy,

nd V ≈ 245 + 81 
−56 km s −1 and V 

LSR ≈ 58 + 99 
−36 km s −1 under LSR-
NRAS 527, 1101–1113 (2024) 
sotropy. This lower value is also consistent with that inferred by
eniamini & Piran ( 2016 ). 
Despite the qualitative differences resulting from the two assump-

ions, we do not expect them to produce quantitative differences in
he merger locations. Indeed, both assumptions result in systemic
elocities that are close to the circular velocity ( ∼230 km s −1 , Bovy
t al. 2012 ; McMillan 2017 ) and well below the escape velocity
t the Sun location ( ∼500–600 km s −1 , Piffl et al. 2014 ; Monari
t al. 2018 ). Therefore, they should lead to similar merger offsets.
 quantitative analysis of their effect on the results is provided in
ection 5.2 . 

.2 Implications for birth locations and velocities 

s mentioned in the previous section, almost all the BNSs with proper
otions have V t closely aligned to V t, LSR , which hints that V is likely

ot isotropic. The deviation is evident when comparing the angles θ
etween V t and V t, LSR to the isotropic distribution, as shown in the
eft-hand panel of Fig. 4 . The V t − V t, LSR alignment also implies
hat the BNSs might have peculiar velocities V 

LSR as low as those
f their progenitors. This in turn suggests that our sample might be
iased towards systems that received low kicks to the barycentre
ollowing the second supernova, and raises the question about how
ow the kicks should be in order to reproduce the observed θ . 

To this end, we employ a toy model to check the range of suitable
icks. We simulate the trajectories of 10 5 point masses with circular
rbits in the Galactic disc after receiving a kick V 

LSR 
in . We test seven

ifferent kick magnitudes, namely 50, 100, 200, 300, 400, 500, and
00 km s −1 , and for each of these values we seed the point masses in
he plane at Z = 0 using equation ( 5 ) as probability distribution. The

asses are initialized with a velocity equal to the circular velocity
lus a kick V 

LSR 
in in a random direction. The trajectories are integrated

or 5 Gyr, and we record location and velocity at 300 random times
etween 0 and 5 Gyr. Of all the locations we record, we select
hose that fall within 1 kpc from the Sun since the BNS sample is
iased to this region, and compute the angle θfin between V t and
 t, LSR . The respective starting radial positions R in are recorded 

s well. 
The left-hand panel of Fig. 4 shows a comparison between the
easured θ distribution and the predicted θfin distributions for each

alue of V 

LSR 
in . We find that lower kicks result in angles skewed

o wards small v alues (meaning V t is mostly aligned to V t, LSR ), while
t higher kicks the angle distribution steepens at both low and high
alues (meaning V t is either aligned or anti-aligned to V t, LSR ). The
easured θ distribution is well reproduced with kick magnitudes up

o 100–200 km s −1 , which are compatible with the values inferred
rom the observed SGRB offsets ( ∼20–140 km s −1 , Fong & Berger
013 ). We find that strongly kicked systems probe the inner regions
f the Galaxy, while weakly kicked systems probe only a region close
o the Sun, as shown in the middle panel in Fig. 4 . 

Since each realization with different kicks in the disc start with
he same number of binaries, the right-hand panel of Fig. 4 shows
hat the number of binaries with 1 kpc of us in the strong-kick
cenarios is < 40 per cent of the weak-kick scenarios. Therefore a
odest population of strongly kicked binaries would not be reco v ered

n the BNS samples that we have to date. Taking into account that
opulation synthesis predicts an anticorrelation between kicks and
erger times (e.g. fig. C1 in Vigna-G ́omez et al. 2018 ), hence that

trongly kicked BNSs should be even rarer in the Milky Way given its
ge and low star formation rate, the V t − V t, LSR alignment suggests
hat our sample probes only the BNS population born with small
 

LSR 
in at around the same Galactocentric radius as the Sun. In other
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Table 3. Parameters of the lognormal distributions fitted to systemic ve- 
locities V and peculiar velocities V 

LSR . The last four rows report median 
values μ and 16th–84th percentiles, using DM distances from either Yao, 
Manchester & Wang ( 2017 ) (two upper rows) or Cordes & Lazio ( 2002 ) (two 
lo wer ro ws) for J0453 + 1559, J1411 + 2551, and J1518 + 4904. 

V V 

LSR 

Galcen-iso LSR-iso Galcen-iso LSR-iso 

α 8.48 21.35 −11.14 0.46 
β 276.16 226.13 192.91 57.66 
γ 0.53 0.30 0.74 1.01 
μ [km s −1 ] 285 245 182 58 
1 σ [km s −1 ] 172–475 189–326 82–391 22–157 

μ [km s −1 ] 284 247 182 60 
1 σ [km s −1 ] 175–474 192–323 83–391 23–159 
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ords, that our sample is neither representative of the BNSs born in
he central regions, nor of the BNSs residing in the outer regions of
he Milky Way. 

 M E R G E R  L O C AT I O N S  

n the following sections we analyse the merger locations of the five
alactic BNSs with measured proper motions and τ gw < 14Gyr, 
 v er the fiducial Milky Way image in the I band. We refer to this set-
p as the fiducial model. The analysis employs three observables: 
he projected offsets r h , the normalized offset r n , and the fraction
f light f light . The first observable is the on-sky projection of the
erger offset from the Galactic Centre, the second is the projected 

ffset expressed in units of r e , and the third is the fraction of total light
ontained in pixels dimmer than the one at the transient location. The
ast two observables are commonly used in the analysis of transients
ocations on their hosts (e.g. Bloom, Kulkarni & Djorgovski 2002 ; 
ruchter et al. 2006 ), including SGRBs (e.g. Berger 2014 ). 
We choose the viewing angles with which to project the 3D 

alaxy model on to a 2D image, for each merger, from an isotropic
igure 4. Left. Distribution of angles θfin between V t and V t, LSR for different 
bserved θ from Galactic BNSs, while all the other solid coloured lines are pred
agnitude, as explained in Section 3.2 . The colour code for the kick magnitude V 

LS
in 

or point masses with isotropic velocities, located at random positions within 1 kpc 
p within 1 kpc of the Sun for different kicks V 

LSR 
in . As we can see, high V 

LSR 
in allo

o systems with R in ≈ R �. Right. Counts of the point masses that end up within 1 
 

LSR 
in increases, the systems found around the Sun becomes less numerous. 
istribution. The possible values for i and φ are distributed o v er a
iscrete grid with 10 values for i and 20 for φ. In particular, we use
 = arccos ( u ) where the u are 10 evenly spaced values in [0,1], and

are 20 evenly spaced values in [0, π ]. 
The predictions are then compared to a sample of observed 

GRBs, listed in Table 4 . The sample is a subset of the SGRBs
nalysed by Fong et al. ( 2022 ), selected for having measured r n . The
 light values are collected from various works in the literature (see
able 4 for the references). 

.1 Projected offsets 

e produce 10 4 realizations of the r h distribution by picking 1 out
f the 10 4 merger locations for each of the five Galactic BNSs.
he cumulative r h distributions are shown in the left-hand panels of
ig. 5 , together with those of the SGRBs. The latter are produced
ith an MC simulation, assuming the SGRB offsets in Table 4
ave Gaussian uncertainties with standard deviation equal to the 
bservational uncertainties. We produce 10 4 realizations of such 
istributions, so that we can compare them one-to-one to those of
he Galactic BNSs. 

The Kolmogoro v–Smirno v (KS) test cannot reject the null hypoth-
sis at a significance level below 5 per cent in virtually all realizations.
n particular, the null hypothesis is rejected in < 0.3 per cent of cases
hen comparing the BNS mergers to the whole SGRB sample, 

n < 0.5 per cent of cases when comparing to SGRBs with late-
ypes host (type Q and T in Table 4 ), and in < 0.1 per cent when
omparing to SGRBs with early-types host (type SF in Table 
 ). Note that the BNSs merger realizations are not independent, 
hus one should not expect to reject the null hypothesis at a
 per cent significance level in ∼5 per cent of cases, as per 
efinition. 
The median projected offset of the BNS mergers is 〈 r h 〉 ≈ 6 kpc

see Fig. 5 ). This value is similar to the BNS present-day offsets,
hich due to observational bias is around the Galactocentric radius 
f the Sun, i.e. R � ≈ 8 kpc (which is on average 20 per cent smaller
MNRAS 527, 1101–1113 (2024) 

kicks V 

LSR 
in . The green lines labelled ‘BNS sample’ are realizations of the 

ictions for binaries in an exponential disc after an isotropic kick of given 
R is shown in the right plot. The grey dotted line is the distribution predicted 

from the Sun. Centre. Initial radial positions R in of the point masses that end 
w us to probe the inner Galactic regions, whereas low V 

LSR 
in bias the sample 

kpc of the Sun for different kicks V 

LSR 
in , normalized to the highest value. As 
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Figure 5. Projected offsets r h (left), normalized offsets r n (centre), and fraction of light f light (right) for BNS mergers and SGRBs. The solid thick lines represent 
the median distributions of SGRBs, either for the whole sample (upper panels) or divided by host type (lower panels). The dashed thick lines represent the 
median distributions of BNSs mergers from our fiducial model. The semitransparent lines are the single realizations of the corresponding distributions. The 
insets show the distribution of the p -values from the KS test when comparing all the realizations one-to-one, with the shaded area indicating the 5 per cent 
region. 
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pon projection), 5 and it is a result of the systemic velocities being
lose to the circular velocity, and well below the escape velocity
t the Sun location. By chance, these values are similar to the
edian projected offset of the SGRBs, which is 〈 r h 〉 ≈ 8 kpc (see
ig. 5 ). When taken together with the small radial displacement

n the BNS trajectories, this suggests that the similarity between
he r h distributions of SGRBs and BNS mergers might be simply a
oincidence, resulting from the BNS sample being biased towards
ystems located close to the Sun. Or in other words, if the Sun were
ocated at a significantly larger (or smaller) Galactocentric radius,
hen we might find the same BNSs mergers peaking at a different r h .
e vertheless, it is note worthy that our models predict merger offsets

hat are comparable to the upper tail of the SGRB distribution despite
his bias. 

.2 Normalized offsets 

he cumulative distributions of r n for the BNS mergers are shown
n the middle panels of Fig. 5 , together with those for the SGRBs.
NRAS 527, 1101–1113 (2024) 

 Consider a point on a sphere with Cartesian coordinates ( x , y , z) = 

 ρcos φsin i , ρsin φsin i , ρcos i ). The projected radius on the xy -plane is R = 

sin i . The expected value of R assuming an isotropic random orientation is 

 R〉 = 

∫ 2 π
0 d φ

∫ π
0 ρ sin 2 i d i 

∫ 2 π
0 d φ

∫ π
0 sin i d i 

= 

π
4 ρ ≈ 0 . 8 ρ. 

S  

f  

2  

t  

c  

a  
imilarly to the r h , the KS test cannot reject the null hypothesis at
 significance le vel belo w 5 per cent in virtually all realizations. In
articular, the null hypothesis is rejected in < 0.5 per cent of cases
hen comparing the BNS mergers to the whole SGRB sample, in
 0.4 per cent of cases when comparing to SGRBs with late-types

ost, and in < 0.1 per cent when comparing to SGRBs with early-
ypes host. Overall, we find that the projected offsets of the various
amples agree better when normalized to r e , as already noted by
ugent et al. ( 2022 ). 
The inclusion of Milky Way’s morphological properties in our

nalysis, e.g. r e , raises the question about ho w representati ve our
alaxy is with respect to the SGRB host population. Although a thor-
ugh comparison is beyond the scope of this work, a brief discussion
s already insightful. The Milky Way is a very bright yet relatively
ed spiral galaxy, which likely belongs to the green valley in the
olour–magnitude diagram (Mutch, Croton & Poole 2011 ; Licquia,
ewman & Brinchmann 2015 ; Boardman et al. 2020 ). Although its

otal stellar mass ( M � ≈ 6 × 10 10 M �, Bland-Hawthorn & Gerhard
016 ) is around the median value for transitioning/quiescent (T/Q)
GRB host and 1 σ higher than star-forming (SF) hosts, its star
ormation rate ( ̇m � ≈ 1 . 65 M � yr −1 , Bland-Hawthorn & Gerhard
016 ) is 2 σ higher than any T/Q host and below ∼70 per cent of
he SF hosts (see fig. 5 from Nugent et al. 2022 ). Thus, we cannot
onclusively compare the Milky Way with either Q/T or SF hosts
lone, but we can conclude that our Galaxy is at least more massive
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Table 4. The SGRB sample used in this work. The columns list the host type, 
the redshift, the projected offset from the host centre in kpc r h , the projected 
offset in units of the host’s half-light radius r n , and the fraction of light at the 
SGRB position f light . Hosts are classified into star-forming (SF), transitioning 
(T), and quiescent (Q). Host types are taken from Nugent et al. ( 2022 ), while 
the remaining is from Fong et al. ( 2022 ). 

GRB Type z r h r n f light 

[kpc] [ r e ] 

050509B Q 0.23 55.19 ± 12.43 2.59 ± 0.58 –
050709 SF 0.16 3.76 ± 0.056 2.00 ± 0.03 0.09 a 

050724 Q 0.25 2.74 ± 0.08 0.67 ± 0.02 0.33 a 

051210 SF 2.58 29.08 ± 16.34 5.65 ± 3.17 –
051221A SF 0.55 2.08 ± 0.19 0.89 ± 0.083 0.65 a 

060121 – – 0.97 ± 0.37 0.18 ± 0.069 0.41 a 

060313 – – 2.60 ± 0.55 1.39 ± 0.3 0.00 a 

060614 SF 0.13 0.70 ± 0.79 0.86 ± 0.97 –
061006 SF 0.46 1.39 ± 0.29 0.37 ± 0.077 0.63 a 

070429B SF 0.90 6.00 ± 13.44 1.17 ± 2.62 –
070707 – – 3.25 ± 0.24 1.11 ± 0.083 0.00 a 

070714B SF 0.92 12.33 ± 0.87 5.17 ± 0.37 0.00 a 

070724 SF 0.46 5.52 ± 0.18 1.49 ± 0.048 0.23 a 

070809 T 0.47 34.11 ± 2.75 9.34 ± 0.75 –
071227 SF 0.38 14.74 ± 0.26 3.08 ± 0.055 0.00 a 

080503 – – 7.31 ± 0.24 3.46 ± 0.12 –
090305 – – 3.49 ± 0.24 1.19 ± 0.083 0.30 a 

090510 SF 0.90 10.51 ± 2.92 1.66 ± 0.46 0.00 a 

090515 Q 0.40 76.19 ± 0.16 13.98 ± 0.03 0.00 a 

091109 – – 4.22 ± 0.41 1.93 ± 0.19 –
100117A SF 0.91 1.35 ± 0.32 0.61 ± 0.14 0.54 a 

130603B SF 0.36 5.40 ± 0.20 0.71 ± 0.027 0.35 a 

130912A – – 3.90 ± 1.06 1.41 ± 0.38 –
131004A – 0.72 0.80 ± 0.22 0.25 ± 0.068 –
150101B Q 0.13 7.36 ± 0.072 0.78 ± 0.0076 0.21 b 

150424A – – 3.41 ± 0.32 1.50 ± 0.14 –
160303A SF 1.01 15.31 ± 0.90 3.42 ± 0.20 –
160624A SF 0.48 9.63 ± 6.24 2.37 ± 1.54 –
160821B SF 0.16 15.74 ± 0.03 4.24 ± 0.008 –
170817A Q 0.01 2.125 ± 0.001 0.64 ± 0.03 0.54 c 

200522A SF 0.55 0.93 ± 0.19 0.24 ± 0.048 0.95 d 

211106A – – 0.79 ± 0.29 0.49 ± 0.18 –
211211A SF 0.08 7.92 ± 0.029 3.20 ± 0.01 –

Note . References. a F ong & Berger ( 2013 ), b Fong et al. ( 2016 ), c Fong et al. 
( 2017 ), d Fong et al. ( 2021 ) 
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han half of the Q/T hosts, and in the upper quartile of the whole host
opulation. Despite this, it has been suggested that the scale length 
 d of the Milky Way disc is anomalously small (Malhotra et al. 1996 ;
ammer et al. 2007 ; Licquia, Newman & Bershady 2016 ; Boardman

t al. 2020 ). Based on the luminosity–velocity–radius (LVR) scaling 
elation, Licquia, Newman & Bershady ( 2016 ) find that the Milky

ay R d is half of the typical value of similar galaxies, which is R d 

5 kpc, and that our Galaxy lies farther from the LVR relation than
90 per cent of other spiral galaxies, in agreement with Hammer 

t al. ( 2007 ). 
These remarks suggest that even if the Milky Way would be 

epresentative of the most massive SGRB hosts, the size of its stellar
isc could play a role in shifting the r n distribution of BNS merger
o lower values, supporting even more our claim that the agreement 
e find between BNS mergers and SGRBs is a cosmic coincidence. 
evertheless, we do not investigate the impact of a different R d since

he stochastic spread in the predictions would still be dominant in 
he KS test. 
.3 Fraction of light 

he cumulative distributions of f light for the BNS mergers are shown
n the right-hand panels of Fig. 5 , together with those for the
GRBs. Similar to the previous cases, the KS test cannot reject the
ull hypothesis at a significance le vel belo w 5 per cent in virtually
ll realizations. In particular, the null hypothesis is rejected in 
 0.01 per cent of cases when comparing the BNS mergers to either

he whole SGRB sample, to SGRBs with late-types host, or to SGRBs
ith early-types host. We note that all the f light distribution is skewed

o the left, meaning that both BNS mergers and SGRBs do not
race the stellar light, and that they are more likely found in the
immer pixels. The remarks we made in the previous section about
he Milky Way R d have also implications for the f light distributions of
NS mergers, as a more compact disc would skew the distributions
ven more to the left. Ho we ver, we do not test a different R d as the
ignificant stochastic spread would still dominate in the KS test, as
entioned earlier. 

 SYSTEMATICS  

.1 DM distances 

o estimate the distance of J0453 + 1559, J1411 + 2551, and
1518 + 4904, we use their DM together with the model for the
ree-electron density in the Milky Way from Yao, Manchester & 

ang ( 2017 ). Different electron-density models however can lead 
o different distance estimates, therefore we want to test the impact
f our specific choice of model. To do this, we compare the results
btained with the model of Yao, Manchester & Wang ( 2017 ) to those
btained with the widely used model of Cordes & Lazio ( 2002 ). 
First of all, we note that all three BNSs with DM distances have
erger times greater than the Hubble time, therefore we do not use

hem for our fiducial models of r h , r n , and f light . For this reason,
he choice of a specific electron-density model do not impact our
esults on the BNS merger locations. Regarding the BNS velocities 
nstead, we note that the two different models give similar results. The
ognormal distributions fitted to both V and V 

LSR have the same mean
alue and 1 σ interval regardless of the electron-density model, as 
eported in Table 3 . The angles θ between V t and V t, LSR are also not
ffected by a different electron-density model, as shown in Fig. 3 . We
o not show a comparison between the θ distributions from the two
lectron-models as they overlap and would not be distinguishable. 
herefore, we also conclude that our results involving the BNS 

ystemic velocities are not affected by the choice of electron-density 
odel. 

.2 Isotropy assumptions 

he toy model discussed in Section 3.2 has not only implications
or ho w representati ve the BNS sample is of the whole Galactic
opulation, but also for our estimates of the radial velocities V r . The
 t − V t, LSR alignment disfa v ours the assumption of isotropy under
hich we obtain V r for our fiducial model, and also fa v ours kicks
ith magnitudes less than or equal to the circular velocity, which
eans that the systemic velocities might still encode the Galactic 

otation (although the velocity is not conserved during the orbit). 
To check the impact of the isotropy assumption, we perform the

nalysis in Sections 4.1 −4.3 on models employing LSR-isotropic 
elocities instead of the Galactocentric-isotropic ones, while keeping 
ll the other parameters unchanged. In this variation we compute V r 

y de-projecting the residuals ‖ V t − V t, LSR ‖ on a random angle, thus
MNRAS 527, 1101–1113 (2024) 
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M

Figur e 6. Mer ger times τ gw against Galactocentric radii R , heights Z , and 
preculiar velocities V 

LSR for the BNSs in Fig. 2 . The error bars extend from 

the 16th to the 84th percentiles, and are smaller than the marker when not 
visible. 
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imulating the extreme case in which the systemic velocities are the
ircular velocities at the BNSs locations plus some peculiar velocity.
hen comparing r h , r n , and f light of BNS mergers to those of SGRBs,

he KS test gives the same results as for the fiducial model, namely
t cannot reject the null hypothesis below a 5 per cent significance
evel in virtually all the cases and for all three observ ables, e ven
hough the LSR-isotropic velocities decrease the higher values of r h 
nd increase those of f light . This result reflects the fact that even if
alactocentric- and LSR-isotropic velocities cover different ranges,

hey are still both close to the circular velocity and well below the
scape velocity at the Sun’s location, as discussed in Section 3.1 .
he distributions of observables predicted by the two assumptions
re compared in Fig. 7 , where we see that the two deviates only for
 h and r n at high values. 

.3 Initial conditions 

f the eight confirmed BNSs with measured proper motion, only
he five with τ gw < 14 Gyr have been used to predict the merger
ocations. We now employ the remaining three to understand how
ur results depends on the specific initial positions and velocities. To
redict the merger locations of these three, though, we cannot not use
heir true τ gw , since they are at least an order of magnitude greater
han the Hubble time (see Table 1 ) and they might lead to unphysical
ffsets, i.e. in the case of unbound trajectories. Instead, we use one
f the five BNSs τ gw that are below 14 Gyr, motivated by the fact
hat the τ gw do not show correlation with neither the BNSs positions
or their peculiar velocities, as shown in Fig. 6 . 
To do this, we repeat the analysis from Sections 4.1 −4.3 , but

his time we swap the initial conditions of each realization with the
resent-day position and velocity of BNSs randomly drawn among
he eight measured proper motions while keeping the τ gw unchanged.
he KS test results remain the same of the fiducial model, namely the
NRAS 527, 1101–1113 (2024) 
est cannot reject the null hypothesis below a 5 per cent significance
evel in virtually all the cases, for all three observables and for both
alactocentric- and LSR-isotropic velocities. As shown in Fig. 7 , this
 ariation af fects only the f light distribution ske wing it more to wards
mall values. 

.4 Band and resolution of the synthetic image 

astly, we test our choice of parameters for the fiducial Milky way
mage. Since the vast majority of SGRBs observables we collect are
btained from HST observations, we only test the effects of different
edshifts together with different bands, without investigating the
mpact of PSF and pixel size. 

In the fiducial model, we modelled the Milky Way image using
 = 0.5 and the surface brightness in the I -band μI . The choice of
edshift is moti v ated by the median redshift of the SGRB hosts, while
he choice of band is moti v ated by the SGRB hosts being observed

ostly in red bands (e.g. HST F 814 W ). This combination ho we ver is
nphysical, since the observer-frame I band correspond to the rest-
rame V band for a galaxy at z = 0.5. To test how it might impact
ur results, we repeat the analysis from Sections 4.1 −4.3 with two
ifferent synthetic images, one with z = 0.2 and μI and the other
ith z = 0.7 and μB . These two redshifts mark the 16th and 84th
ercentiles of the SGRB redshifts. For the higher redshift we use the
 band to mimic the bandshift, since light emitted in the B band at
 = 0.7 would be observed approximately in the I band. For the lower
edshift we still use the I band, which is a better approximation than
he fiducial model since the observer-frame I band correspond to the
est-frame R band at z = 0.2. 

When comparing r h , r n , and f light of BNS mergers to those of
GRBs, the KS test gives the same results as for the fiducial model,
amely it cannot reject the null hypothesis below a 5 per cent signif-
cance level in virtually all the cases and for all three observables.
his holds for both images, and for both Galactocentric- and LSR-

sotropic velocities. Fig. 7 shows that these variations do not produce
ignificant differences in the predictions. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work we predicted the merger locations of the Galactic BNSs,
nd compared them to the locations of SGRBs on their hosts. We
ompared in particular the projected Galactocentric offsets r h , the
ost-normalized offsets r n , and the fraction of light f light . 
Our fiducial model employs only 5 out of 15 confirmed BNSs,

hosen for having measured proper motions and merger times τ gw 

elow the Hubble time. Their present-day Galactocentric positions
nd velocities are computed through an MC simulation that employs
he on-sky positions and proper motions, distances estimated from
he BNS DMs, and radial velocities obtained by de-projecting the
ransv erse v elocity on to an isotropic orientation. The BNS trajecto-
ies are evolved in the Galactic potential starting from the present-day
onditions up to τ gw . The merger locations are then analysed on a
ynthetic image of the Milky Way, as if they were observed from a
osmological distance. The Galaxy model is composed of a bulge/bar
lus a double-exponential disc, and the image is made for isotropic
iewing angles in the I band, assuming z = 0.5, PSF FWHM of 0.1
rcsec, pixel size of 0.05 arcsec px −1 , and limiting surface brightness
f 25 mag arcsec −2 . 
When converting the present-day BNS proper motions into Galac-

ocentric transverse velocities V t , we find that V t are similar in
agnitude and direction to the transverse velocity of each BNS
ocal Standard of Rest V t, LSR in all but two cases. The similar
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Figure 7. Distributions of observables predicted for the Galactic BNS mergers under several assumptions. Besides the predictions from the fiducial model, the 
other variations are meant to test different systematic effects that might arise from our methodology. Galactocentric- and LSR-isotropic distributions test the 
assumption of isotropy used to estimate the BNS radial velocities. Distributions from the permutated sample are obtained by permutating the initial conditions 
within the BNS that have measured proper motions but no constrain on the merger time, and are meant to test the dependency on the initial conditions within our 
sample. Distribution for the MW at z = 0.2 and z = 0.7 are obtained by changing band and angular resolution for the Milky Way image, to test the dependency 
on the image parameters. 
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irections suggest that BNSs have systemic velocities V which are 
ot isotropically oriented in the Galactocentric frame, but are rather 
ligned to the LSR velocity. The similar magnitudes suggest instead 
hat BNSs have small peculiar velocities V 

LSR with respect to the LSR
elocity. Using V t , we compute two different estimates for V , one
ssuming V is isotropic, and the other assuming V 

LSR is isotropic. 
e show that both systemic and peculiar velocities predicted for the 

bserved Galactic BNSs fit a lognormal distribution. 
Upon comparison with SGRBs, we find that our predicted BNS 

erger locations co v er the same ranges of r h , r n , and f light as the
GRBs. We compare all the observables predicted for BNS mergers 

o those of the SGRBs with a KS test, which shows statistically
on-significant differences in all cases. This could be attributed to 
he large spread in our predictions rather than the distributions being 
ntrinsically similar. 

We test our results against a range of systematics that might be
nduced from our methodology. We find that the results from the 
ducial model are robust against biases induced by the specific initial 
onditions of the trajectories, our estimates of the radial velocities, 
nd our choice of parameters for the Milky Way synthetic image. 
o we ver, we find e vidence that our BNS sample is not representati ve
f the whole Galactic population, being biased towards systems that 
ie at around the same Galactocentric distance of the Sun, and have
mall peculiar velocities in their LSR. Thus, our sample is likely not
epresentative either of the BNSs born in the inner regions of the
alaxy, or of those dwelling in the outer regions. 
Although the connection between BNS mergers and SGRBs is 

upported by almost two decades of literature, we find that the 
greement between the two shown by our analysis is non-trivial. 
he small peculiar velocities of the BNSs in our sample result in
mall radial displacements between the start and the end of their 
rajectories. That is to say, being all located at R ≈ 8 kpc, they
lso merge at R ≈ 8 kpc. Coincidentally, this is also the median
ffset of SGRBs. Furthermore, although the Milky Way is likely 
epresentative of the most massive SGRB hosts, its stellar disc might 
e more compact than similar spiral galaxies, which could result in 
ower r n and f light . For this reason, we claim that the agreement we
nd between Galactic BNS mergers and SGRBs is likely a cosmic 
oincidence. Regardless, our results are noteworthy in the fact that 
e are still able to reproduce the highest values of r h and r n , and

he lowest values of f light , for BNSs that start, travel, and merge
lose to the stellar disc. Also, our results suggest the need of further
nvestigation into how representative the observed Galactic BNSs 
re compared to the whole Galactic population. A follow-up should 
nalyse the observational biases characterizing the observed BNS 

ample, and could reveal new implications for the physical processes 
o v erning their systemic velocities. 
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