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A B S T R A C T 

Current prescriptions for supernova natal kicks in rapid binary population synthesis simulations are based on fits of simple 
functions to single pulsar velocity data. We explore a new parametrization of natal kicks received by neutron stars in isolated and 

binary systems developed by Mandel & M ̈uller, which is based on 1D models and 3D supernova simulations, and accounts for 
the physical correlations between progenitor properties, remnant mass, and the kick velocity. We constrain two free parameters 
in this model using very long baseline interferometry velocity measurements of Galactic single pulsars. We find that the inferred 

values of natal kick parameters do not differ significantly between single and binary evolution scenarios. The best-fitting values 
of these parameters are v ns = 520 km s −1 for the scaling prefactor for neutron star kicks, and σ ns = 0.3 for the fractional 
stochastic scatter in the kick velocities. 

K ey words: stars: e volution – stars: neutron – supernovae: general – neutron star mergers. 
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 INTRODUCTION  

eutron stars (NSs) form in the core collapse of stars with initial
asses between approximately 8 and 20 M � (Woosle y, He ger &
eaver 2002 ). The associated supernova (SN) explosions eject 
atter at velocities of ∼ 10 000 km s −1 with a significant degree of

symmetry. Conservation of momentum implies that NSs are born 
ith significant ‘natal’ kicks, which are indeed observed among 
alactic radio pulsars (e.g. Arzoumanian, Chernoff & Cordes 2002 ; 
obbs et al. 2005 ; Faucher-Gigu ̀ere & Kaspi 2006 ; Verbunt, Igoshev
 Cator 2017 ; Igoshev 2020 ). These kicks can eject NSs from

ost environments such as globular clusters (GCs), or disrupt stellar 
inaries if the NS progenitor is a member of a binary . Consequently ,
he natal kick prescription used in models such as rapid binary 
opulation synthesis codes can significantly affect predictions for the 
utcomes of such simulations, including for merging double compact 
bjects (DCOs) that may be observable as gra vitational-wa ve sources
e.g. Broekgaarden et al. 2021a ). 

There are several challenges associated with the detailed modelling 
f core-collapse supernovae (CCSNe; Janka 2012 ; M ̈uller 2020 ). In
ost binary evolution codes, therefore SN remnant masses and kicks 

re typically based on simplified analytical recipes (Hurley, Pols & 

out 2000 ; Fryer et al. 2012 ), or sampled randomly from fits to the
bserv ed v elocities of single pulsars (Hobbs et al. 2005 ; Verbunt
t al. 2017 ). One notable exception is the model of Bray & Eldridge
 2016 , 2018 ), which is a phenomenological model where each natal
ick is determined on the basis of momentum conservation of the SN
emnant; this fit was recently calibrated to pulsar observations and 
ther observed NS populations by Richards et al. ( 2022 ). 
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Recently, Mandel & M ̈uller ( 2020 , hereafter MM20) used find-
ngs from 3D SN simulations and 1D models to propose a new
arametrized model for computing remnant masses and velocities 
rom the pre-SN carbon–oxygen (CO) core mass. Their SN kick 
rescription has a few distinct advantages o v er the commonly used
ick distributions. The MM20 prescription is based on physical 
odels and connects the mass of the material ejected from the
O core, which is expected to be tightly coupled to the explosion
echanism, to the amount of ejected asymmetric linear momentum 

rior to applying momentum conservation, as in Bray & Eldridge 
 2016 ). This allows for the resulting kick prescription to capture
ore information about NS-specific properties than population-level 
ts where all NS kicks are assumed to be drawn from a single
istribution. At the same time, the MM20 model accounts for a
egree of intrinsic stochasticity in explodability and the explosion 
echanism by providing a probabilistic rather than deterministic 

rescription. 
The MM20 model for NS kicks can be parametrized by just two

arameters: v ns , a scaling prefactor for NS kicks, and σ kick (hereafter,
ns because we limit our discussion to NS kicks), a measure of the

catter in the kick distribution. The kick received by an NS of mass
 ns formed from a progenitor with CO core mass M CO is sampled

rom a Gaussian distribution with mean 

kick = v ns 
M CO − M ns 

M ns 
(1) 

nd standard deviation σ ns μkick . With only two parameters to tune, 
he model mitigates the risk of o v erfitting to observational data; in
act, the reproducibility of observations can be viewed as a test of
he model. 

In this paper, we use observational data of single pulsar velocities
o constrain these two parameters for NS natal kicks and study some
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Figure 1. Pulsar transverse velocity data from W21 , plotted in ascending 
order of median v elocity. F or each pulsar, the median transv erse v elocity is 
plotted in red, while the 5–95 per cent confidence interval is shown in blue. 
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f the properties of the resulting kick distributions. The rest of this
aper is organized as follows. In Section 2 , we briefly introduce the
ulsar velocity data that will be used to constrain the MM20 model
arameters ( v ns and σ ns ). In Section 3 , we apply these constraints to
he scenario where all observed pulsars originate from single stellar
volution. In Section 4 , we explore the more realistic scenario where
ll the pulsars originate in binary systems. In Section 5 , we discuss
he impacts of the MM20 natal kick model on local detection rates
or binary NSs (BNSs), as well as NS retention rates in GCs. 

 PULSAR  VELOCITY  OBSERVATIONS  

he velocity observations in this study come from astrometric
easurements of isolated pulsars obtained using very long baseline

nterferometry, as these have superior precision and a v oid systematic
ncertainties associated with other distance measurements (Deller
t al. 2019 ). The data set is a collection of bootstrapped fits for
he parallax, positions, and transv erse v elocities for 81 pulsars as
ompiled by Willcox et al. ( 2021 , hereafter W21 ). This data set
xcludes known binary pulsars, millisecond pulsars, and GC pulsars,
o that the observed proper velocities of pulsars in the data set are
rimarily a consequence of the natal kick received during SNe. The
elocity distribution of these pulsars is shown in Fig. 1 . 

 SINGLE  STELLAR  EVOLUTION  MODEL  

n order to use pulsar data from W21 to constrain model parameters
n MM20, we must obtain predictions for NS kick distributions using
he MM20 parametrization. To begin, we obtain these distributions
NRAS 519, 5893–5901 (2023) 
sing the single stellar evolution ( SSE ) simulation mode in the
OMPAS rapid population synthesis code (Stevenson et al. 2017 ;
eam COMPAS 2022a , b ). This codifies the assumption that the
ulsars in the W21 data set originate from single stars. The alternative
o this assumption is explored in Section 4 . 

.1 Simulated kick distributions 

e simulate single stars with the SN kick and remnant mass prescrip-
ion from MM20, which is implemented as the MULLERMANDEL
rescription in COMPAS . The NS kick scaling prefactor v ns and
he kick scatter parameter σ ns are varied across simulations to
onstruct a grid that spans the range v ns ∈ [400, 425, 450, 475,
00, 525, 550, 575, 600, 625, 650, 675, 700] km s −1 and σ ns ∈
0.1, 0.2, 0.3, 0.4, 0.5], where the ranges were selected based on
reliminary likelihood tests. For each configuration of this 13 × 5
arameter space, we simulate 10 6 stars starting from zero age main
equence (ZAMS). The initial mass of each star is drawn from the
roupa ( 2001 ) initial mass function (IMF) with mass limited to

he range [5 M �, 150 M �]. The lower limit of this range is chosen
ecause lower mass stars do not typically form NSs, even following
nteractions during binary evolution. The upper limit comes from
he typical maximum observed mass of stars. The initial metallicity
or all the stars is set to solar metallicity Z � = 0.0142 (Asplund
t al. 2009 ), since the pulsar observations to which the NSs will be
ompared are all in the Milky Way Galaxy. All the other parameters
re set to the COMPAS defaults. 

From the total population of simulated stars, we select the stars
hat experience CCSNe and leave behind NS remnants to create a set
f single pulsars. We ignore the possibility of electron-capture su-
ernovae (ECSNe) under the assumption that single stars experience
redge-up, making it less likely for them to undergo ECSNe (Miyaji
t al. 1980 ; Podsiadlowski et al. 2004 ); this is consistent with the
bservational constraints from W21. Note that, since these stars are
imulated in isolation, their final velocities are the same as the SN
atal kicks. Some of the resulting velocity distributions are shown in
ig. 2 . 
When σ ns is kept constant, the effect of increasing v ns is to shift

he peak of the velocity distribution to the right and broaden it. Thus,
n average, NSs receive larger natal kicks for larger values of v ns .
he effect of changing σ ns while holding v ns constant is slightly
ore nuanced. The general behaviour is towards a broader spread in

ick velocities at higher σ ns , as expected. At lo w v alues of σ ns , the
ick distributions show an additional feature that is the imprint of the
reatment of remnant masses in the MM20 model. The prescription
s parametrized such that stars with a CO core mass below 3 M �
ypically lose a smaller fraction of their mass to the SN ejecta as
ompared to stars with a CO core mass abo v e 3 M � (see fig. 1 of
M20). As a result, stars with CO cores belo w 3 M � recei ve smaller

icks than those with CO cores abo v e 3 M �. This effect can be
bserved as a dip in the velocity distributions at around 450 km s −1 

n the bottom plot of Fig. 2 for low σ ns . This effect is less pronounced
or higher values of σ ns , where the substructure is smoothed out by
he larger scatter of kicks. Conversely, large values of σ ns increase the
pread in kick velocities, but also lower the peak of the distribution. 

.2 Likelihood calculation 

omputing the relative likelihoods of configurations with different
 ns and σ ns requires us to devise a formalism to compare the pulsar
istribution from W21 to the simulated kick distributions from
ection 3.1 . We e v aluate the likelihood of the observed data given

art/stad019_f1.eps
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Figure 2. NS velocity distributions for various MM20 natal kick prescrip- 
tions. The top figure shows the effect of varying v ns , while σ ns is held 
constant. The bottom figure shows the effect of varying σ ns for a fixed v ns . The 
velocity distributions for all values of ( v ns , σ ns ) were obtained by sampling 
a population of single stars from the Kroupa ( 2001 ) IMF and evolving them 

using the SSE mode in COMPAS . 
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Figure 3. Likelihoods for the range of simulated ( v ns , σ ns ) models from 

MM20, calculated for single stellar evolution, and normalized so that the 
maximum likelihood is unity. The likelihood distribution is fitted to a 
2D Gaussian, and the parameter space within 1 σ (2 σ ) of the most likely 
coordinate is highlighted in red (orange). 
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n each simulated parameter configuration from the MM20 model. 
e will call a given natal kick distribution model M ( θ), where
= { v ns , σns } for the MM20 model. 
We follow W21 in treating each set of bootstrapped pulsar veloc- 

ties for pulsar i as a set of samples from the posterior distribution,
hich, under the assumption that the measurements correspond to 
niform priors on pulsar velocities, is proportional to the likelihood 
f making the pulsar observation { d i } given the particular recorded
ransv erse v elocity value v i , k . Here, v i , k is the k th sample of the i th
ulsar. Then, the likelihood of observing pulsar { d i } given model
 ( θ) is approximated by a Monte Carlo average over the samples

hosen from the posterior, 

( d i | M ) = 〈 p( v i,k | M ) 〉 k . (2) 

ere, p( v i,k | M ) is the probability of drawing a given velocity, which
ppears in the data set, from model M . 

Finally, the probability of drawing all N pulsars from model M is 

( d| M ) = 

N ∏ 

i= 1 

p( d i | M ) . (3) 

The observed pulsar velocities are transverse 2D velocities, 
hereas the simulations described in Section 3.1 produce 3D veloci- 

ies. In order to compare the simulated velocities to the posteriors, we
roject the simulated velocities on to the transverse plane assuming 
sotropic orientation in 3D space, i.e. 

 2D = v 3D sin θ, (4) 
here θ is sampled such that p ( θ ) = sin θ . The resulting likelihoods
or the set of simulated MM20 models are shown in Fig. 3 . 

.3 Best-fitting parameters 

mong the simulated models, the likelihood peaks are for the v ns 

 550 km s −1 and σ ns = 0.3 model. Ho we ver, we only simulate
ertain values of ( v ns , σ ns ), and the ‘true’ parameter values may lie
omewhere in between the discrete models included in this analysis. 
herefore, we approximate the likelihood distribution o v er parameter 
pace as a 2D Gaussian to more precisely estimate the maximum
ikelihood values of ( v ns , σ ns ). The resulting parameters are v ns 

 550 ± 112 km s −1 and σ ns = 0.30 ± 0.16, where the quoted
ncertainties encompass the 95 per cent credible intervals under the 
ssumption of flat priors on v ns and σ ns . 

It is also important to determine whether the MM20 models in
uestion are consistent with the pulsar data set, since a poor model
ould be preferred o v er ev en worse ones without actually matching
he data. We limit this analysis to the top three most likely models,
ereby identified for brevity as (550, 0.3), (525, 0.3), and (575, 0.3), in
rder of likelihood. We compare the resulting velocity distributions to 
he W21 pulsar data visually by studying their cumulative probability 
istribution functions (CDFs). The complete pulsar data set from 

21 is comprised of 81 pulsars, each with a set of equally likely
ossible inferred transverse velocities. Thus, each observational 
ulsar data set CDF is constructed from 81 observed velocities, one
andomly sampled from each pulsar. Each MM20 model CDF is 
onstructed by sampling 81 NSs from the full simulated single NS
atalogue and projecting their velocities isotropically on to the sky 
lane using equation ( 4 ). The CDFs of the transv erse v elocities of
he best-fitting MM20 models, as well as the W21 pulsar data set,
re shown in Fig. 4 . All three MM20 models produce NS transverse
MNRAS 519, 5893–5901 (2023) 
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Figure 4. CDFs for the transv erse v elocities of the three most likely SSE 

kick models following the MM20 parametrization (red, green, and blue in 
order of likelihood), along with pulsar transv erse v elocity data from W21 
(shown in black). The 2D transv erse v elocities are calculated by taking the 
final NS velocities from each simulation and projecting them isotropically 
using equation ( 4 ). All data sets are represented using 50 CDF realizations, 
with 81 data points each to match the 81 pulsars in the W21 data set. 
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elocity CDFs that are visually compatible with the W21 single
ulsar population. 
In order to quantitatively check whether these models are con-

istent with the W21 pulsar data set, we perform a Kolmogorov–
mirnov (KS) test. The formal KS test reveals that all of the three
ost likely SSE models are consistent with the W21 data set, with
 -values ranging from 0.4 to 0.7. Evidently, we fail to reject the
ull hypothesis that the observed data set could be drawn from the
istribution predicted by any of these models. 

 BINARY  EVOLUTION  MODEL  

o far in this work, we have only considered the velocity distributions
f initially single NSs. Ho we ver, the v ast majority of massi ve stars
re born in binaries or higher multiplicity systems (Sana et al. 2012 ;
oe & Di Stefano 2017 ). At the same time, several binary evolution

odes model SN kick velocities based on single pulsar observations.
 priori, we may expect that, for the same assumed natal kick velocity
istribution, the binary channel would yield a different distribution of
ingle pulsar v elocities. F or e xample, NSs recei ving lo w natal kicks
NRAS 519, 5893–5901 (2023) 
re more likely to be retained in binaries than those receiving high
atal kicks, creating an additional selection effect. Consequently,
here is a risk that inferring the natal kick distribution from observed
ingle pulsars under the assumption of the single-star evolution
cenario may lead to misleading results. As such, it is important
o also study the inference on parameters ( v ns , σ ns ) from binary
tellar evolution models. 

.1 Simulated kick distributions 

he procedure for simulating a kick distribution while accounting
or binary interactions is almost identical to Section 3 , except that
e run COMPAS in binary stellar evolution ( BSE ) mode. As before,

he SN kick and remnant mass prescription is defined according to
M20, with the rele v ant parameters being varied across the ranges

 ns ∈ [400, 425, 450, 475, 500, 525, 550, 575, 600, 625, 650, 675,
00] km s −1 and σ ns ∈ [0.1, 0.2, 0.3, 0.4, 0.5] km s −1 . Each simulation
onsists of 10 6 binaries, where the mass of the more massive ZAMS
tar in each binary, i.e. the primary mass ( m 1 ), is drawn from a
roupa (2001) IMF in the range [5 , 150] M � as before. All the binary

volution parameters are set to the COMPAS defaults. The mass of the
econdary star ( m 2 ) is then chosen so that the mass ratio q = m 2 / m 1 

ollows a uniform distribution on [0.01, 1] with m 2 ≥ 0 . 1 M �. The
nitial semimajor axis of the binary is sampled from a uniform-in-log
istribution on [0.01, 1000] au. All the binaries are generated with
ero initial eccentricity, and at solar metallicity ( Z = Z � = 0.0142).
f a binary is disrupted by the first SN, the companion star is evolved
urther to account for the possibility that it too experiences an SN
nd an additional kick. 

Unlike the SSE scenario, we allow for ECSNe in the binary
volution scenario, as Roche lobe o v erflow in a binary system can
uppress dredge-up and allow for electron-capture (Podsiadlowski
t al. 2004 ; Ibeling & Heger 2013 ; Dall’Osso, Piran & Shaviv 2014 ;
oelarends et al. 2017 ). In COMPAS , stars explode in ECSNe if

he y hav e helium core masses between 1.6 and 2.25 M � at the
ase of the asymptotic giant branch, lose their hydrogen envelopes
hrough mass transfer, and reach a CO core mass of 1.38 M � (Team
OMPAS 2022b ). Furthermore, COMPAS assumes that whenever
lready stripped naked helium stars o v erflow their Roche lobes
fter the helium main sequence (case BB mass transfer), they lose
heir entire helium envelopes but none of their CO core mass and
xplode in ultra-stripped supernovae (USSNe; Tauris, Langer &
odsiadlo wski 2015 ). Ho we v er, the amount of mass remo v ed from

he donor during case BB mass transfer is uncertain (Tauris et al.
015 ; Laplace et al. 2020 ), and some helium envelope may be
etained at the time of the USSN (Yao et al. 2020 ). ECSN and USSN
atal kicks follow the same prescription as other NS natal kicks in
he MM20 model. 

As in the SSE scenario, we select only those stars that have become
nbound from their binary companion and ended their evolution
s NSs in order to reco v er the single pulsar population. Note that
he final velocities of single pulsars that originate in binaries may
e different from their natal kicks. This is because pre-SN orbital
elocities contribute to the speeds of ejected pulsars, while the speeds
f pulsars formed from secondaries may be impacted second hand by
oth asymmetric natal kicks and symmetric mass-loss (Blaauw 1961
icks) experienced by the primaries. We do not explicitly select
ulsars based on their spin periods in the simulated population,
ven though millisecond pulsars are excluded from the single-pulsar
ata set. Ho we ver, first-born pulsars in binaries disrupted by the
econd SN represent only ∼1 per cent of the total simulated pulsar

art/stad019_f4.eps
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Figure 5. NS velocity distributions for some of the configurations in ( v ns , 
σ ns ) space from the MM20 model. The solid (dashed) lines correspond to 
distributions simulated via binary (single) stellar evolution. 
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MM20, calculated for binary evolution, and normalized so that the maximum 
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model is highlighted in red (orange). 
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opulation, and only a fraction of these are likely to be millisecond
ulsars, so this choice is unlikely to impact our conclusions. 
Some examples of the resulting velocity distributions, along 

ith the corresponding curves from the SSE models, are shown in 
ig. 5 . The modelled velocities of single pulsars produced through 
inary evolution are mostly similar to those arising from single-star 
 volution, with a fe w notable dif ferences. As noted abo v e, the BSE

cenario includes NSs ejected by ECSNe and USSNe, as well as
Ss ejected by SN events experienced by their binary companions. 
hese stars typically have lower final velocities than NSs from the 
ingle evolution scenario, all of which receive kicks due to CCSNe
nly. As such, we see a larger number of lower velocity pulsars
n the BSE distributions when compared to SSE . Furthermore, we 
xpect the velocities of all ejected stars in the BSE scenario to have a
arger statistical spread because of the stochastic addition of orbital 
elocities to SN kicks. 

.2 Likelihood calculation 

e project the simulated pulsar velocity distributions on to the sky
lane using equation ( 4 ), and then compute the likelihood for each
SE model parameter configuration as described in Section 3.2 . The 
esulting likelihoods are shown in Fig. 6 . 

As expected from the similarity of single-pulsar velocities pre- 
icted by single and binary evolution channels (see Fig. 5 ), the
ntroduction of binary interactions does not significantly shift the 
ikelihood of the underlying natal kick prescriptions. Most of the 
isrupted binaries that would lead to single pulsars are wide, and 
heir orbital velocities are very low compared to the SN natal kick. As
 result, the final velocities of the ejected NSs are primarily set by the
atal kicks, with only a small additional spread due to initial orbital
elocity. Compared to the SSE scenario, the presence of additional 
ow-velocity pulsars and higher scatter due to binary interactions 
ead to slightly lower preferred values of v ns and σ ns . Despite these
ifferences, it is worth noting that the preferred models in the BSE

cenario are largely the same as in the SSE scenario, with the (550,
.3), (525, 0.3), and (575, 0.3) models all remaining within 1 σ of the
ost likely configuration. 

.3 Best-fitting parameters 

itting a 2D Gaussian to the likelihood distribution, we estimate 
he best-fitting parameters to be v ns = 520 ± 116 km s −1 and

ns = 0.3 ± 0.17, where the quoted uncertainties encompass the 
5 per cent credible intervals. We confirm from this calculation that
he single and binary best-fitting models are well within statistical 
ncertainty of each other. The consistency between the single and 
inary models justifies the use of single pulsar observations to infer
he natal kick distribution of stars evolving both in isolation and in
inaries. Furthermore, this consistency suggests that the inferred kick 
odel is unlikely to be impacted by uncertainties in binary evolution
odels. 
To visually confirm that the three most likely BSE MM20 models:

525, 0.3), (500, 0.3), and (550, 0.3) are consistent with the pulsar
opulation, we plot CDFs of their predicted single NS transverse 
elocities. These CDFs are shown in Fig. 7 , and are computed
sing the method described in Section 3.3 . Once again, the models
roduce single NS populations that appear to mostly o v erlap with
he distribution of single pulsars from observational data. 

We also use a formal KS test to compare the transverse velocity
istribution obtained using the three most likely BSE simulations to 
he W21 data. The resulting p -values range from 0.3 to 0.6, which
hows that we fail to reject the null hypothesis for any of the three
ost likely models. Evidently, the single-pulsar population obtained 
MNRAS 519, 5893–5901 (2023) 
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Figure 7. CDFs of the single pulsar transverse velocities from the three 
most likely MM20 natal kick models, simulated using BSE, along with pulsar 
transv erse v elocity data from W21. The transv erse v elocities for the simulated 
models were calculated using equation ( 4 ), and all data sets are represented 
using 50 CDF realizations with 81 data points each. 
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Figure 8. Velocity distributions of ejected single NSs, simulated using the 
following two SN kick prescriptions: the (520, 0.3) MM20 model, and a 
Maxwellian distribution with σCCSN , rms = 265 km s −1 (Hobbs et al. 2005 ) 
and σECSN, rms = σUSSN , rms = 30 km s −1 (Vigna-G ́omez et al. 2018 ). 
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y applying the MM20 natal kick prescription to binary systems is
onsistent with the W21 data set. 

 DISCUSSION  

aving identified the best MM20 parameters to reconstruct the
bserved single young pulsar population, we can now investigate
ome of the implications of this SN model. 

.1 BNS detection rates 

 natural application of the SN kick model is to study the resulting
etection rate of BNS systems by the LIGO/Virgo/KAGRA (LVK)
etwork during the latest O3 science run, so that we may check if
he predicted BNS population is consistent with observations. We
hoose to compare the detection rate rather than the intrinsic merger
ate inferred by Abbott et al. ( 2021 ), since the inferred merger rate is
 ery sensitiv e to the choice of underlying mass distributions, which
re generally not consistent with our astrophysical predictions. We
se the COMPAS population synthesis code to simulate two different
CO populations, each with 2 × 10 7 initial binaries, such that we

an compare their BNS detection rate predictions. 
NRAS 519, 5893–5901 (2023) 
(i) MM20: In the first population, we draw natal kicks from the
M20 prescription with v ns = 520 km s −1 and σ ns = 0.3 following

he best-fitting parameters identified in Section 4.3 . The prescription
s consistent across the various SN types: CCSNe, ECSNe, and
SSNe. This means that any differences in the kick velocities
etween SN types emerge only as a consequence of the CO core
asses of the progenitors and the NS remnant masses. 
(ii) Maxwellian: In the second population, we draw natal kicks

rom a Maxwell–Boltzmann distribution with the 1D root mean
quare velocity σ kick,rms being determined by the type of SN. For
CSN, we set the 1D root mean square velocity to σkick, rms =
CCSN , rms = 265 km s −1 , following Hobbs et al. ( 2005 ). The ECSN
nd USSN kicks are set to σECSN, rms = σUSSN , rms = 30 km s −1 

Vigna-G ́omez et al. 2018 ). These parameters are chosen because
hey represent some of the most commonly used SN kick prescrip-
ions. 

The rest of the binary parameters are kept consistent between the
wo sets of populations, and are identical to the simulations described
n Section 4 . Some of the physical assumptions, such as the uncertain
hysics of mass transfer and common envelope evolution, may vary
ignificantly and change our results (e.g. Broekgaarden et al. 2021a ).
o we ver, our primary goal here is to consider specifically the impact
f the SN kick prescription rather than to faithfully reproduce the
erging BNS population. 
One change from previous sections is in the metallicity distribu-

ion, where instead of evolving all the binaries at solar metallicity, we
ample from a loguniform distribution of metallicities in the range
0.0001, 0.03]. This is done to capture the evolution of the BNS
ormation and merger rate density evolution o v er cosmic history. The
istributions of single NS velocities in the two simulated populations
re shown in Fig. 8 . 

The method for calculating the BNS detection rate of each
imulated population follows the procedure described in Neijssel
t al. ( 2019 ) and Broekgaarden et al. ( 2021b ). Our simulation
ccounts for only a fraction of the total stellar mass in the Universe,
ince we ignored primary stars with mass below 5 M � and single
tars. Therefore, we first calculate the total star-forming mass (SFM)
epresented by our simulation at each value of metallicity Z i . The
otal number of BNS systems formed in the simulation can then
e normalized to obtain a BNS formation rate per unit SFM, i.e.

art/stad019_f7.eps
art/stad019_f8.eps
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Table 1. Predicted O3 detection rates of BNSs 
in populations evolved using two different SN 

kick prescriptions, as described at the beginning 
of Section 5.1 . The uncertainties represent the 
95 per cent confidence intervals. The MSSFR 

prescription used in the calculation is from Nei- 
jssel et al. ( 2019 ). 

Natal kick model BNS detection rate 
(yr −1 ) 

MM20 0.09 ± 0.01 
Maxwellian 0.14 ± 0.02 
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 N form /d M SFM . We can then obtain the formation rate of BNS systems
t a given metallicity Z i per unit SFM, with component masses m 1 ,
 2 and delay time t delay , defined as 

 BNS ( Z i , t delay , m 1 , m 2 ) 

= 

d 4 N form 

d M SFM d t delay d m 1 , d m 2 
( Z i , t delay , m 1 , m 2 ) . (5) 

Here, t delay refers to the time between formation of the ZAMS
inary and merger of the BNS system. We can then calculate the
NS merger rate by inte grating R BNS o v er metallicity and time, such

hat the merger rate density (per unit time per unit comoving volume
er unit component masses) at a time t m , for binaries with masses m 1 

nd m 2 , is given by 

 m ( t m , m 1 , m 2 ) 

= 

∫ 
d Z i 

∫ t m 

0 
d t delay MSSFR ( Z i , t form ) 

× R BNS ( Z i , t delay , m 1 , m 2 ) . (6) 

ere, MSSFR( Z i , t form ) = MSSFR( Z i , z form ) is the metallicity specific
tar formation rate (MSSFR) and the formation time is t form = t m −
 delay . The MSSFR is given by 

SSFR ( Z i , z form ) = 

d 3 M SFR 

d t s d V c d Z i 

( z form ) 

= 

d 2 M SFR 

d t s d V c 
( z form ) × d P 

d Z i 

( z form ) , (7) 

here t s is the time in the source frame of the merger and V c is the
omoving volume. 

The first term in equation ( 7 ) corresponds to the cosmological star
orming rate . We use the preferred SFR model from Neijssel et al.
 2019 ), which is based on the phenomenological form developed 
y Madau & Dickinson ( 2014 ). The second term is a metallicity
ensity function, which is also set to the fiducial model from Neijssel
t al. ( 2019 ), i.e. a lognormal distribution in metallicity whose form
ollows Langer & Norman ( 2006 ). Note that, although the MSSFR
hoice significantly impacts the merger rate density, this impact 
s generally least important for BNS merger rates (Chruslinska, 
elemans & Belczynski 2019 ; Neijssel et al. 2019 ; Broekgaarden 

t al. 2021a ). We follow these prescriptions across all calculations 
resented in this work. 
As a final step, we convolve the merger rate with observational 

election effects as described in Barrett et al. ( 2018 ) to estimate the
ra vitational-wa ve detection rates. We use the LIGO O3 sensitivity
urve and a signal to noise threshold of eight in a single detector as
roxy for detectability by the network. 
The resulting detection rates for the two models are shown in 

able 1 . The errors on the quoted value represent the 95 per cent con-
dence interval from 500 bootstrapped calculations. As mentioned 
arlier, these statistical errors are much smaller than the possible 
ystematic errors stemming from uncertain assumptions about other 
hysics that we kept fixed across the models. So far, there have
een at least two confirmed BNS detections identified by the LVK
ollaboration o v er an observing span of less than two years (Abbott
t al. 2021 ). The detection rate computed using the MM20 (and
axwellian) natal kick prescription and presented in Table 1 falls 

hort of the current LVK detection rate. This points to the need
or other impro v ements to the binary evolution model, such as in
he treatment of the common envelope phase (e.g. Hirai & Mandel
022 ); ho we ver, our goal here is to focus on the impact of natal kick
rescriptions. 
For the same set of assumptions about SFR and cosmic metallicity

volution, the local BNS detection rate given by the MM20 model
s slightly lower than the Maxwellian model. When studying the 
nderlying BNS populations, we find that of all SN events where
he remnant is an NS, the MM20 model disrupts a larger fraction of
inaries than the Maxwellian model. This is perhaps counterintuitive, 
s Fig. 8 shows that the ejected NS velocities predicted by the
M20 model are systematically lower than those obtained from the 
axwellian distribution. The difference in the fraction of disrupted 

inaries can be understood by separately considering different types 
f SN events. 
While the MM20 model fa v ours lower CCSN kicks than the
axwellian model, these kicks are generally high enough in both 

ases to eject most NSs from their binary systems. Indeed, CCSNe
ject ∼ 98 . 1 per cent of the NSs they are applied to in the Maxwellian
opulation, and ∼ 97 . 7 per cent NSs in the MM20 population. The
CSN kick distributions are largely consistent between the two pop- 
lations, and we find that ECSNe eject NSs roughly 52 . 4 per cent and
6 . 4 per cent of the time in the Maxwellian and MM20 populations,
especti vely. The main dif ference between the two populations arises
n the case of USSNe. We find that the Maxwellian USSNe kicks
ject ∼ 1 . 4 per cent of NSs they are applied to, while the MM20
SSNe eject ∼ 39 per cent . In summary, the MM20 model has a

ower NS ejection rate for CCSNe, but a higher NS ejection rate for
CSNe and USSNe when compared to the Maxwellian prescription. 

n our simulations, we find that USSNe are critical in forming
erging BNS, with 96 per cent of BNS that would merge within 

4 Gyr experiencing a USSN as the second SN in the binary. This
s consistent with Tauris et al. ( 2015 ), who conclude that for a BNS
ystem to merge promptly, the second SN must happen in a very close
inary where the secondary would have been ultrastripped by case 
B mass transfer. The greater fraction of disruptions due to larger
SSN kicks in the MM20 model directly translates into a decrease

n predicted BNS detection rates. 

.2 Globular cluster retention 

he NS kick distribution predicted by the MM20 (520, 0.3) model
an also be used to estimate the fraction of NSs retained in GCs,
hich host far more NSs than expected if natal kicks are large given

he typical escape velocities of ∼50 km s −1 (e.g. Sigurdsson 2003 ).
e find that for an escape velocity of 50 km s −1 , 6.2 per cent of all

he NSs formed in binaries in a GC would remain in the cluster for
ur preferred model. We can compare this to the retention fraction
redicted using the Maxwellian kick model, which is 6 . 7 per cent .
hese retention fractions follow the trend we observed in Section 5.1 ,
here the MM20 kick model results in more NS ejections than the
axwellian model. Among NSs that evolve alone, the MM20 model 

esults in the retention of ∼ 1 per cent of NSs in a cluster, while the
axwellian model leaves only ∼ 0 . 2 per cent of single NSs in GCs.
MNRAS 519, 5893–5901 (2023) 
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.3 Implications 

he MM20 model may o v erestimate the e xplosion energies for SNe
ith little support by turbulent convection, as is likely the case

or ECSNe and USSNe. Furthermore, those explosions tend to be
ore clumpy and less unipolar, which implies that the momentum

nisotropy is lower than for classical CCSNe. Reduced ECSN and
SSN kick velocities could be consistent with the reduced explosion

nergies predicted for USSNe and possibly matching observations of
SSN candidates (Suwa et al. 2015 ) as well as models that predict
 few km s −1 ECSN natal kicks (Gessner & Janka 2018 ). In fact,

iven the paucity of direct observational constraints on the natal
icks associated with ECSNe and USSNe, binary survi v al and GC
etention may be strong indicators of the need to reduce these kicks in
he MM20 model. A possible alternative to the MM20 model would
raw ECSN kicks from Maxwell–Boltzmann distributions with 1D
oot mean square speeds of 5 km s −1 and halve USSN kicks relative
o those of CCSNe with the same progenitor core masses and remnant

asses. This would not appreciably impact the velocity distribution
f observed single pulsars, but would increase BNS merger rates
y up to a factor of three by suppressing ECSN and USSN binary
isruptions. 
On the other hand, even a factor of three increase in the predicted

etection rate would not bring predictions in line with gravitational-
ave observations. This discrepancy is not unexpected, because

he physics of mass transfer, particularly ultrastripping, is almost
ertainly incomplete in rapid binary population synthesis models.
 or e xample, these models fail to accurately predict the observ ed
eriod–eccentricity distribution of Galactic BNS observed as radio
ulsars (Andrews & Mandel 2019 ) or their mass distribution (Vigna-
 ́omez et al. 2018 ). Meanwhile, Schneider, Podsiadlowski & M ̈uller

 2021 ) proposed that the structural changes brought on by mass
ransfer may impact the explodability of a star, and hence its remnant

ass and kick. 

 CONCLUSIONS  

he best-fitting MM20 SN natal kick parametrization explored in
his work has several desirable characteristics. Compared to the

ost commonly used empirical fits such as the Maxwellian model,
he MM20 model produces velocity distribution that are physically

oti v ated by SN simulations and accounts for the impact of progen-
tor and remnant masses on natal kicks while retaining a degree of
tochasticity. Our kick model produces single NS populations that
re consistent with single pulsar observations while fitting only two
ree parameters. 

We used the transverse velocities of single NSs as the only
bservational constraint for inferring natal kick parameters. The
elocities of binaries that retain NSs, such as black widow and
edback pulsars and NS low-mass X-ray binaries, could provide
dditional constraints, but the inference will be more sensitive to
ther assumptions about binary physics, such as mass transfer.
dditionally, while we limited this work to kicks received by NSs,

t would also be interesting to constrain black hole natal kicks and
tudy how they affect mergers involving one or more black holes.
e leave this work for future studies. 
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