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Abstract

Context. Two long-duration gamma-ray bursts (GRBs) were recently discovered with kilonovae, the signature of r-process element production in a compact binary merger, rather than supernovae. This has forced a re-evaluation of the long-established dichotomy between short bursts (< 2 s, arising from compact binary mergers) and long bursts (> 2 s, a class of massive star core-collapse events).

Aims. We aim to determine whether white dwarf–neutron star (WDNS) mergers and white dwarf–black hole (WDBH) mergers are plausible explanations for long-duration compact merger GRBs, in terms of their galactocentric merger offsets and cosmological rates.

Methods. We modelled the host galaxies of GRBs 211211A and 230307A, and employed binary population synthesis to predict the merger offset distributions of compact binaries. We compared them with the observed (projected) offsets of GRBs 211211A and 230307A. We also investigated the evolutionary pathways to WDNS and WDBH mergers, predicted their cosmological rates, and compared them with inferred volumetric GRB rates.

Results. We find that WDNS mergers occur at lower host offsets than binary neutron star mergers, but that in the specific cases of GRBs 211211A and 230307A, the observed offsets are consistent with either scenario. We predict that WDNS mergers occur at a similar rate to binary neutron star mergers and long GRBs, and that WDBH mergers are a factor of ten rarer, with the caveat that these rates currently carry uncertainties of the order of the magnitude level.

Conclusions. We demonstrate, solely in terms of galactocentric offsets and event rates, that WDNS mergers are a plausible explanation for GRBs 211211A and 230307A, and long-duration gamma-ray bursts from compact object mergers more generally. WDNS binaries have lower systemic velocities than binary neutron stars, but longer delay times, and ultimately merge with an offset distribution that is not measurably different without large sample sizes. Therefore, offsets and rates alone cannot currently distinguish between compact binary progenitor models for supernova-less long-duration GRBs.
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1. Introduction
Gamma-ray bursts (GRBs) are extragalactic transients that can be broadly described, observationally, as prompt flashes of gamma rays followed by multi-wavelength synchrotron afterglows (e.g. Piran 2004). Their durations are typically measured in terms of T90, the time taken for 90% of the prompt γ-ray flux to arrive. The GRB duration distribution shows bimodality which can be characterised by two log-normals (Kouveliotou et al. 1993). While these distributions overlap, and the positions of the peaks and their overlap depends on the photon energies and instrument sensitivities (e.g. von Kienlin et al. 2020), the standard nomenclature is to describe bursts with T90 < 2 s as short bursts, and those with T90 > 2 s as long bursts. The dichotomy becomes even clearer when the spectral hardness of the emission is considered: short GRBs tend to be spectrally harder than long GRBs (e.g. Narayana Bhat et al. 2016).
Over the past 25 years a picture has emerged in which short and long bursts had two distinct classes of progenitors. The association of long bursts with type Ic broad-line supernovae (Galama et al. 1998; Hjorth et al. 2003), along with their preferential occurrence in the bright regions of typically low-mass, low-metallicity, and star-forming galaxies (Fruchter et al. 2006; Chrimes et al. 2020; Fryer et al. 2025), and the presence of wind-like circumstellar medium profiles in many cases (Eldridge et al. 2006; van Marle et al. 2006), firmly established their nature. These are stripped-envelope, likely rapidly rotating, massive star core-collapse (collapsar) events. In this scenario, the collapsing star launches relativistic jets from the newly formed compact object. If a jet is oriented along our line of sight, we observe a GRB.
Short GRBs, meanwhile, were suspected to be the result of compact binary mergers, likely binary neutron star mergers, in which jets are launched from the combined remnant produced in the merger. The varied host galaxy population, including some ancient elliptical galaxies (e.g. Nugent et al. 2022), and the prevalence of short GRBs occurring at large projected offsets from their hosts (Bloom et al. 2002; Fong & Berger 2013; Tunnicliffe et al. 2014; Fong et al. 2022; O’Connor et al. 2022), was evidence in favour of the merger interpretation. In this scenario, a natal kick imparted in the formation of the (neutron star) remnants (Hobbs et al. 2005; Verbunt et al. 2017; Igoshev 2020; Kapil et al. 2023; Disberg et al. 2024) imparts the binary with linear momentum, and hence a systemic velocity, which can reach hundreds of km s−1 (e.g. Tauris et al. 2017; Disberg et al. 2025). Combined with long gravitational wave in-spiral times, such binaries can eventually merge well outside the stellar light of their host galaxies (e.g. Berger 2010; Fong & Berger 2013; Tunnicliffe et al. 2014; Fong et al. 2022; O’Connor et al. 2022; Gaspari et al. 2024a,b). Further evidence for the binary neutron star (BNS) merger scenario came from the discovery of kilonovae in short GRB optical light curves (e.g. Tanvir et al. 2013; Gompertz et al. 2018; Rastinejad et al. 2021, 2025), the tell-tale signature of heavy r-process elements recently produced in a neutron-rich environment. The BNS model was finally confirmed beyond doubt by the coincident detection of the gravitational wave signal GW170817 (Abbott et al. 2017a) and the short-duration GRB170817A (e.g. Abbott et al. 2017b; Lyman et al. 2018), along with an associated kilonova, AT2017gfo (e.g. Cowperthwaite et al. 2017; Tanvir et al. 2017; Abbott et al. 2017c).
As of the early 2020s, a clear picture had emerged: long-duration spectrally soft bursts are from collapsars, and short-duration spectrally hard bursts are from binary neutron star mergers. However, two events have since challenged this interpretation of the GRB population. The first, GRB 211211A, had an unambiguously long duration of 51 s. In the bimodal model for GRB durations described by two Gaussians, this is far down the tail of the short GRB distribution (Veres et al. 2023). It was also spectrally soft, and therefore – based on the prompt emission alone – indistinguishable from a regular long-duration burst. However, it lacked a supernova to deep limits (strong constraints were possible thanks to a redshift of z = 0.076, in the lowest ∼1% of GRBs Perley et al. 2016), and instead displayed a kilonova in the post-burst light curve remarkably similar to GW170817’s kilonova AT2017gfo (Rastinejad et al. 2022; Yang et al. 2022; Troja et al. 2022). Combined with a projected offset of ∼8 kpc, which places it well outside a low-mass, star-forming galaxy, GRB211211A clearly demonstrated that compact object mergers can in fact produce canonically long-duration GRBs. The second event, GRB230307A, was similarly long-duration and spectrally soft (T90 = 35 s), low-redshift (z = 0.065), lacking a supernova, and again showing a kilonova instead, this time spectroscopically confirmed with JWST (Levan et al. 2024; Yang et al. 2024). GRB 230307A occurred at a large offset of ∼40 kpc from its host galaxy. The association with this galaxy is based on probability of chance alignment arguments (Bloom et al. 2002). If GRB 230307A is placed at the redshift of this galaxy, its kilonova is comparable in terms of luminosity with AT2017gfo, supporting the association.
GRBs 211211A and 230307A have demonstrated that long bursts can arise from compact binary mergers. This is prompting a re-evaluation of previous long-duration events that did not follow the long-collapsar–short-merger dichotomy by lacking supernovae to deep limits. Such events were assigned alternative explanations (e.g. GRB191019A, Levan et al. 2023; Wang et al. 2024a; Eyles-Ferris et al. 2024; Stratta et al. 2025, suggested as the merger of dynamically formed binary in a dense environment, given its offset of less than 100 pc from the host nucleus) or were otherwise considered to be outliers (e.g. GRB111005A, Michałowski et al. 2018, also nuclear). Although challenges to the dichotomy have existed for nearly 20 years (e.g. GRB060614, Fynbo et al. 2006; Gal-Yam et al. 2006; Gehrels et al. 2006; King et al. 2007, lying at an offset of 0.7 kpc), the recent events GRBs 211211A and 230307A stand apart from these examples by occurring at large projected (and host-normalised) offsets from their host galaxies.
It is theoretically difficult to produce sustained accretion in a binary neutron star merger since there is only ∼3−4 M⊙ of extremely tightly bound material present in the system (Zhang 2025). Replacing one of the components with a white dwarf is a possible solution to this problem, provided the binary does not stabilise as an ultra-compact X-ray binary (van Haaften et al. 2012; Bobrick et al. 2017), as stabilised systems can persist on gigayear timescales. White dwarf-neutron star (WDNS) and white dwarf-black hole (WDBH) mergers have been discussed in the context of long-duration GRBs without supernovae for well over 20 years (Fryer et al. 1999a,b; King et al. 2007; Caito et al. 2009; Dong et al. 2018), and such models have seen a revival in interest following the discovery of GRBs 211211A and 230307A (e.g. Yang et al. 2022; Zhong et al. 2023; Lloyd-Ronning et al. 2024; Chen et al. 2024). Such mergers are only viable explanations for SN-less long GRBs if they fail to produce bright optical transients. A number of works have performed detailed hydrodynamic and radiative transfer simulations of WDNS and WDBH mergers. These typically predict faint and fast optical transients (e.g. Paschalidis et al. 2009; Metzger 2012; Margalit & Metzger 2016; McBrien et al. 2019; Zenati et al. 2019, 2020; Gillanders et al. 2020; Bobrick et al. 2022; Kaltenborn et al. 2023; Gottlieb et al. 2025).
Nevertheless, the diversity of behaviour seen amongst kilonovae (Gompertz et al. 2018; Rossi et al. 2020; Rastinejad et al. 2025) may suggest that different populations of compact mergers contribute. BHNS mergers are a possible alternative (e.g. Gompertz et al. 2020). The dynamical timescale suggests that they should produce GRBs of similar duration to BNS mergers, but longer durations are possible if there is substantial fallback accretion (Rosswog 2007; Desai et al. 2019) or an otherwise particularly massive accretion disc (Gottlieb et al. 2023). Another suggestion is that compact binary mergers (typically BNS or WDNS) can produce magnetar-powered GRBs and kilonovae (Metzger et al. 2008; Bucciantini et al. 2012; Gompertz et al. 2013, 2014; Ai et al. 2022), which may explain some of the properties of GRBs 211211A and GRB230307A, including their extended duration (Yang et al. 2022; Zhong et al. 2023; Du et al. 2024; Wang et al. 2024b; Morán-Fraile et al. 2024; Peng et al. 2024; Zhang 2025; Ai et al. 2025). However, recent semi-analytic and numerical results suggest that WDNS mergers are unlikely to produce kilonovae (e.g. Kaltenborn et al. 2023; Gottlieb et al. 2025, and references therein).
One approach to investigating feasible transient progenitor channels is through binary population synthesis. There is an extensive body of literature performing such studies in the context of binary compact object mergers (see e.g. Broekgaarden et al. 2022; Mandel & Broekgaarden 2022, for reviews). Many codes employ stellar evolution prescriptions based on analytic stellar evolution approximations or fits to the results of detailed modelling. Examples of WDNS and WDBH birth and merger rate predictions with such codes include Nelemans et al. (2001), Toonen et al. (2012, 2018, SeBa), Belczynski et al. (2008, StarTrack), Breivik et al. (2020), Lloyd-Ronning et al. (2024, COSMIC), Spera et al. (2015, PARSEC), and Iorio et al. (2023, SEVN). Other codes use detailed binary evolution models. These have fewer simplifying approximations but are computationally far more expensive, limiting the feasibility of running many variations of the code with different modelling assumptions. Examples of work using these codes for compact binaries include POSYDON (Fragos et al. 2023; Andrews et al. 2024), which is built from a grid of detailed MESA (Paxton et al. 2011) models, and the code employed in this paper, BPASS (Eldridge et al. 2019a; van Zeist et al. 2023, 2025; Tang et al. 2024b).
By folding merger rates as a function of metallicity and their delay times (since star formation) through (metallicity-dependent) star formation histories, we can predict event rates and compare them with the inferred volumetric rates of different classes of transients. The predicted rates depend on the specific choices made when modelling the stellar evolution (e.g. the common envelope efficiency, Ivanova et al. 2013), the initial conditions (e.g. binary parameter distributions and the initial mass function, Stanway et al. 2020; Stanway & Eldridge 2023; de Sá et al. 2024), and the cosmic star formation history (e.g. Chruslinska et al. 2019). There are also uncertainties in the determination of the volumetric transient rates to which predictions are compared (e.g. Perley et al. 2016; Ghirlanda & Salvaterra 2022; Salafia et al. 2023).
An additional comparison can be made between the observed transient-host galaxy offset, and expectations for compact merger offsets, taking into consideration the star formation history and gravitational potential of the host galaxy (Bloom et al. 1999; Fryer et al. 1999b; Belczynski et al. 2006; Church et al. 2011; Blanchard et al. 2017; Mandhai et al. 2022; Gaspari et al. 2024b; Wagg et al. 2025). Toonen et al. (2018) modelled the merger offsets of WDNS binaries in this way, using SeBa models, for a dwarf elliptical and spiral galaxy. For this paper we investigated the viability of WDNS and WDBH mergers as a channel for compact mergers producing long-duration GRBs with kilonovae in terms of their merger offsets and volumetric rates. For the first time, we combined binary population synthesis predictions with modelling of the host galaxies of two long-duration GRBs with kilonovae. We compared our predictions with the observed galactocentric merger offsets of GRBs 211211A and 230307A and with the estimated cosmological rate of long and short GRBs. Recent estimates for the volumetric rate of SN-less long GRBs range from far less than 1% of the total long GRB rate (Troja et al. 2022) to as much as several tens of percent (Lloyd-Ronning et al. 2024; Petrosian & Dainotti 2024). Given the challenges in detecting or ruling out the presence of kilonovae in most SN-less long GRBs (largely due to the typical distances and depth of observations), it is currently unclear what fraction of SN-less long GRBs also produce kilonovae (but see Levan et al., in prep.). We therefore frame our rate predictions in terms of the total long GRB rate, to be as agnostic as possible about the relative contributions of core-collapse and merger events to this population.
We adopt a ΛCDM flat cosmology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7 (between supernova type Ia and cosmic microwave background derived values, Riess et al. 2018; Planck Collaboration VI 2020), and all magnitudes are reported in the AB system (Oke & Gunn 1983).
2. Binary population synthesis
2.1. Binary stellar evolution models
We made use of the pre-calculated, publicly available1 Binary Population and Spectral Synthesis v2.2.1 stellar models, which are described in full by Eldridge et al. (2017) and Stanway & Eldridge (2018). These models have been used extensively for electromagnetic and gravitational wave transient progenitor models and rate estimates (Eldridge et al. 2019a; Briel et al. 2022; Ghodla et al. 2022), including studies dedicated specifically to binary black holes (Briel et al. 2023), binary neutron stars (i.e. short gamma-ray bursts, Stevance et al. 2023; Gaspari et al. 2024b, 2025), core-collapse gamma-ray bursts (Chrimes et al. 2020), superluminous supernovae (Stevance & Eldridge 2021), pair instability supernovae (Briel et al. 2024) and supernova light curves (Eldridge et al. 2018, 2019b). There are also several publications comparing BPASS population synthesis predictions with the observed population of detached Galactic binaries (including systems containing at least one white dwarf, van Zeist et al. 2023, 2024, 2025; Tang et al. 2024a,b), and forthcoming papers on BPASS predictions for X-ray binaries (Bray et al. 2025; Eastep et al., in prep.).
The models can trace their lineage back to the STARS code (Eggleton 1971). In binaries, the primary (the initially more massive star) is evolved in detail, while the secondary is evolved with the rapid evolutionary algorithms of Hurley et al. (2002). Models where the primary is evolved in detail are ‘primary models’. Once the primary becomes a remnant – a white dwarf (WD), neutron star (NS) or black hole (BH) – the subsequent model has the original secondary now evolving in detail, with the remnant in orbit. This is a secondary model. The models are provided at 12 metallicities Z2, and are initialised with the binary parameter distributions of Moe & Di Stefano (2017). We adopt the model set with a Kroupa (2001) initial mass function (IMF) where the slope α = −1.30 below 0.5 M⊙, and α = −2.35 between 0.5 and 300 M⊙. All pre-supernova binary orbits are assumed to be circular in BPASS, for full details of the set-up we refer to Eldridge et al. (2017). Mass transfer rates are from Hurley et al. (2002), and are limited by the thermal timescale of the accretor for non-degenerate stars. Accretion onto NSs is Eddington limited, while BH accretion is allowed to be super-Eddington (see Ghodla & Eldridge 2023). Common envelope evolution (CEE) treatment is similar to the γ formalism (Nelemans et al. 2000); for more detail on the way CEE is implemented in BPASS, see Stevance et al. (2023), Tang et al. (2024a), van Zeist et al. (2024).
At each metallicity, every model has a pre-calculated weighting based on the binary parameter distribution and IMF. This weighting corresponds to the number of each system expected in a 106 M⊙ stellar population. All metallicities are considered in the rate calculations (Section 4), while the Z = 0.004 (0.2 Z⊙) and Z = 0.010 (0.5 Z⊙) model sets are chosen for the two host galaxies (see Section 3.1). We have a adopted metal mass fraction of 0.020 as solar metallicity (the BPASS default, Eldridge et al. 2017), but we note that this specific choice has no impact on the analysis.
The detailed models are deemed to end either with the beginning of neon burning, or for lower mass stars, with thermal pulses on the asymptotic giant branch (Eldridge et al. 2008). Core-collapse is deemed to occur if, at the end of the model, the star’s total mass exceeds 1.5 M⊙, the CO core mass exceeds 1.38 M⊙ and the ONe core mass is non-zero. If these conditions are met, an energy injection of 1051 erg is used to determine the mass of the star which unbinds (the ejecta) and which remains bound (the remnant), as described by Eldridge & Tout (2004). Core-collapse remnants less than 3 M⊙ are classified as neutron stars (although we note that the majority are well below this, close to 1.4 M⊙), those heavier than 3 M⊙ are black holes. If the conditions for core-collapse are not met, then the remnant is a white dwarf with a mass equal to the He core mass, or, if the CO core mass is non-zero, the mean of the He and CO core masses.
2.2. Supernovae in binaries and post-SN evolution
If the star undergoes core-collapse as decided above, we determine the outcome of the binary following Tauris & Takens (1998). The effect of (effectively instantaneous, Blaauw 1961; Boersma 1961) mass-loss and the natal kick to the remnant both play a role in determining whether the binary remains bound, and the subsequent orbit. For natal kicks, we use three prescriptions: the distribution of Verbunt et al. (2017, the fiducial distribution adopted in this work), the distribution of Hobbs et al. (2005) and the model of Bray & Eldridge (2016, 2018, see also Richards et al. 2023) which ties the kick velocity to the ejecta and remnant masses. For the first two, we randomly draw kicks from the distributions, and in each case the kick direction is random (isotropically distributed). For black holes, the fiducial approach is to reduce the natal kick by a factor of MBH/1.4 M⊙, but we recognise that the true distribution of black hole natal kicks is uncertain (Mandel 2016; Repetto et al. 2017; Atri et al. 2019; Nagarajan & El-Badry 2025). Natal kicks to white dwarfs are assumed to be negligible. In the formation of a compact binary, if the first remnant forms through core-collapse, we assume that the orbit afterwards is circular (due to the action of mass transfer and tides). We circularise the orbit by replacing a0, the semi-major axis output by the model of Tauris & Takens (1998), with the semi-latus rectum a0(1 − e2), where e is the eccentricity. After WD formation there is no eccentricity, since there is no (significant) natal or Blaauw (mass-loss) kick. Therefore, we only retain the eccentricity output from the model of Tauris & Takens (1998) if the second remnant forms through core-collapse.
For binaries which remain bound up to the point of having two remnants, we model the remaining orbital evolution as being dominated by gravitational wave emission following Mandel (2021). Here, a0 is again the semi-major axis immediately post core-collapse (or WD formation), and the merger timescale τGW is shortened by a factor which depends on the eccentricity (unless the second remnant to form is a WD, in which case we have e = 0). We simply take the τGW timescale as the merger time, neglecting tidal effects or mass transfer in the late stages of the in-spiral, and assume that all compact binaries will merge after τGW. This approximation is discussed in Section 5.2. No assumption is made a priori about which mergers could produce a GRB or kilonova.
	[image: thumbnail]	Fig. 1. Number of compact binary models containing a white dwarf and a core-collapse remnant for each initial semi-major axis a0 (immediately post second remnant formation) and delay time Tdelay. The shading corresponds to the number of compact binaries produced in each 2D bin per 106 M⊙. The left column shows results at one-fifth solar metallicity, on the right at half-solar. Top row: WDNS binaries in which the WD forms first. The eccentricity is retained from the supernova, which occurs second, producing a greater range of semi-major axes with a tail extending to higher values at fixed delay time. Middle row: WDNS binaries in which the NS forms first. Bottom row: WDBH binaries in which the BH forms first. We find no WD1-BH2 models. In each case, the vertical dashed line indicates one Hubble time. The vast majority of such binaries merge on much longer timescales (see Table 1). Verbunt et al. (2017) natal kicks are adopted; equivalent plots with Hobbs et al. (2005) and Bray & Eldridge (2016) kicks are given in Appendix A.



2.3. Formation pathways
We now discuss the possible formation channels of WD-NS and WD-BH binaries, and the rates with which they lead to mergers in BPASS. Hereafter, the order in which the remnants form is denoted by a number (e.g. NS1-WD2 for NS first, WD second). We make reference to the four WDNS pathways identified in SEBA by Toonen et al. (2018) (see also Korol et al. 2024). Analogous WDBH systems are possible in each case (e.g. Nelemans et al. 2001; Shao & Li 2021; Lloyd-Ronning et al. 2024). In each case, the total delay time – the time from star formation to merger – includes the stellar evolution and gravitational wave (GW) in-spiral timescales.
Pathway 1 is the direct WD1-NS2 pathway, where the initially more massive star becomes a white dwarf before the secondary becomes a neutron star, due to strong mass transfer onto the secondary. This pathway has delay times as short as a few tens of Myr, because it requires tight orbits to initiate strong mass transfer, and hence reverse the masses. The secondary only fills its Roche lobe once the primary has become a WD. The initial compact binary orbits from this pathway are tight, but also eccentric. This shortens the GW-driven in-spiral, and hence the total delay time, even further. The peak in the delay time distribution at a few tens of Myr (see Figure 2) corresponds to the stellar lifetimes. The tail to longer delay times is due to the GW in-spiral time distribution.
	[image: thumbnail]	Fig. 2. Systemic velocities (at birth) for compact binaries (left), and their total delay time distributions (from ZAMS to merger, right), at 20% solar metallicity (top, similar to the host galaxy of GRB211211A) and 50% solar metallicity (bottom, matching the host of GRB230307A). These results adopt the Verbunt et al. (2017) distribution for neutron star natal kicks (results for alternative natal kicks are given in Figs. A.3 and A.4). Only systems that merge within a Hubble time are shown. We split the WDNS mergers into NS1-WD2 and WD1-NS2 channels; WDBH mergers are however much rarer and exclusively have the BH forming first. These velocities do not include any contribution from the initial galactic orbits of their progenitor systems (see Section 3) for performing offset simulations.



Pathway 2 (NS1-WD2) typically occurs in wider binaries with weak (or without) interactions, such that the primary maintains its status as the most massive star and becomes a neutron star first, with the secondary later evolving into a white dwarf. Delay times can be long for this pathway (up to and beyond a Hubble time) since the upper limit is defined by the lifetime of low-mass stars. Furthermore, the orbits are typically wider and (in our models) are assumed to be circular.
Pathway 3 (WD1-NS2) is a variation of pathway 1, but where the initial mass ratio is close to one, such that the evolutionary timescales for each star are similar and the secondary expands and fills its Roche lobe before the primary has evolved into a white dwarf. Ultimately, the primary still becomes a white dwarf before the secondary becomes a neutron star. Using the HOKI (Stevance et al. 2020) Evolution Explorer (EVE), we find that among the WD1-NS2 channels (pathways 1 and 3), post WD formation at 0.2 Z⊙, ∼75% of the models undergo mass transfer (of any kind) and ∼60% of all models undergo common envelope evolution. At 0.5 Z⊙, 70% of the systems interact post-WD formation and this is exclusively in the form of common envelope evolution.
Finally, pathway 4 (NS1-WD2) resembles pathway 2 in terms of outcome but is more like pathways 1 and 3 in terms of evolution. In this case the initially less massive star gains enough mass to have its evolution accelerated to the point that it undergoes core-collapse first, before the primary evolves into a white dwarf. This pathway is hard to identify in BPASS since the end states of primary models are defined by the remnant the primary produces: in other words, the secondary star cannot end its evolution first. Such systems will contribute to the WD1-NS2 and WD1-BH2 models instead. We note that the time between WD and NS/BH formation in these systems is very short, so the order of formation is likely not critical to the evolution, and in either case the binaries are tight, such that GW in-spiral times will be short (compared with stellar evolution timescales) regardless of whether the eccentricity is retained or not. Again using EVE, we find that among NS1-WD2 models at 0.2 Z⊙, ∼70% of the models interact post-NS formation, of which ∼half is through a common envelope and half through Roche lobe overflow (RLOF). At 0.5 Z⊙, ∼60% interact, of which 2/3 is through a common envelope phase.
We summarise the evolutionary properties of the BPASS WDNS and WDBH populations at two metallicities, and adopting the three natal kick prescriptions, in Table 1. Pathways 1 and 3 are grouped together and are represented by WD1-NS2 and WD1-BH2 models. Pathway 2 is represented by NS1-WD2 and BH1-WD2 systems. As discussed above, pathway 4 is hard to identify in the current version of BPASS and will be contributing to WD1-NS2 and WD1-BH2 models, along with pathways 1 and 3. This will be addressed in a future version of BPASS.
Table 1. 
Merger rate results for compact binaries containing a white dwarf and a neutron star–black hole.

We find that NS1-WD2 channels represent ∼70−90% of the WDNS rate (for mergers within a Hubble time and depending on the natal kicks adopted), even though the probability of any given NS1-WD2 system merging within a Hubble time is lower than for a WD1-NS2 system. This is because the WD1-NS2 channel is rarer, but such systems have tighter (and eccentric) orbits as explained above. The rarity of the WD1-NS2 channel, with respect to NS1-WD2, is in contrast with Toonen et al. (2018) who find that WD1-NS2 mergers dominate the WDNS merger rate. This may be due, in part, to the assumed initial mass ratio distribution, which in the SEBA study of Toonen et al. (2018) is flat, whereas in BPASS, asymmetric binaries are given lower weightings (Moe & Di Stefano 2017). As high mass ratios (as well as tight orbits) are required for pathway 1, this pathway is consequently rarer in our population. We note that BPASS predicts relatively many WDNSs compared to other codes such as SeBa (van Zeist et al. 2023, 2024; Tang et al. 2024b), likely because common envelope ejection is more efficient and results in less orbital shrinkage.
An important caveat is that the above statements apply to all WDNS mergers within a Hubble time; however, the NS1-WD2 mergers are biased towards the upper end of this timescale (i.e. the lifetime of non-interacting low mass stars). Hence, for galaxies with stellar populations younger than ∼10 Gyr, the WD1-NS2 channels will dominate the merger rate in practice.
Finally, we find that WDBH mergers are extremely rare (in common with previous population synthesis results, e.g. Nelemans et al. 2001). In terms of WDBH binaries being born, the rate is around half of the WDNS birth rate at 0.5 Z⊙, and close to parity at 0.2 Z⊙ (see also e.g. van Zeist et al. 2023). This is due to metallicity-dependent mass-loss (e.g. Vink & de Koter 2005; Vink 2008), and hence higher progenitor masses at lower metallicity (Belczynski et al. 2010). However, WDBH binaries are much less likely to merge within a Hubble time than WDNS binaries, and the WD1-BH2 channel does not occur at all in BPASS (at the metallicities investigated). Plotting the initial compact binary separations for WDNS and WDBH populations in Figure 1, we can see that WDBH binaries start wider, and hence far fewer merge within a Hubble time. This is because the progenitors of BHs are more massive, and typically larger. The complete lack of WD1-BH2 systems may be due to the extreme amount of mass transfer that would be required to reverse the evolutionary order in this case, exacerbated by the low weighting of models with high initial mass ratios. Furthermore, the initial model grids, in steps of 0.1 in mass ratio, undersample this region of parameter space.
2.4. Delay times and systemic velocities
For our binary merger offset modelling, the delay time (since star formation) and systemic velocity of the compact binaries are the key parameters of interest. In Figure 4 we show the systemic velocities and delay times for compact binary mergers, at 0.2 and 0.5 Z⊙. We show WDNS (split into WD1-NS2 and NS1-WD2), WDBH and BNS mergers, calculated as described above.
	[image: thumbnail]	Fig. 3. Star formation histories, determined with PROSPECTOR, for the host galaxies of GRBs 211211A and 230307A (from Nugent et al. 2025). Errorbars are given on the SFR estimates at each time step, while the red dashed lines are the constructed histograms that we used to weight the model seeding in time. The populations of both galaxies are dominated by star formation within the last 10 Gyr. This biases the merging WDNS binaries in these galaxies to the WD1-NS2 pathway (see Fig. 2).



	[image: thumbnail]	Fig. 4. WDNS and BNS offsets for the host galaxies of GRB 211211A (top row) and GRB 230307A (bottom row). The offsets are projected assuming random, isotropic viewing angles. The observed projected offsets of GRB 211211A (7.92 kpc) and GRB 230307A (38.9 kpc) are marked in each panel by blue and orange vertical lines respectively.



Binaries in which the WD forms first are much faster, due to the lower mass in these systems at the time of supernovae, and have systemic velocities comparable to those of BNSs (see Figure 2). Our results are similar to those of other population synthesis studies in terms of the distribution shape and maximum velocities reached (e.g. Toonen et al. 2018; Korol et al. 2024). The delay time distribution for WD1-NS2 systems follows 1/t beyond the progenitor lifetimes, as expected, where the delay is dominated by the GW-driven in-spiral time. For NS1-WD2 binaries – at least those which merger within a Hubble time – stellar evolution dominates the delay time.
The delay time distributions presented here are shifted to longer delays compared with previous BPASS results (e.g. Eldridge et al. 2019a). Consequently, there are fewer mergers within a Hubble time, and the volumetric event rates are lower. This is primarily due to improvements in the gravitational wave in-spiral time calculation3, but also updates to the rejuvenation of secondary stars during mass transfer (Ghodla et al. 2022; Briel et al. 2023).
3. Merger offsets
In this section, we model the host galaxies of GRBs 211211A and 230307A, seed our binary population synthesis models in these galaxies in space and time, and predict the merger offset distribution for WDNS and BNS populations around these galaxies. This is then compared with the observed galactocentric offsets of GRBs 211211A and 230307A.
Our methodology follows that of Church et al. (2011), Gaspari et al. (2024b), and Gaspari et al. (2025). The procedure involves the modelling of the star formation history, for seeding the BPASS binaries in time; modelling the light profile, for seeing the binaries in space; and modelling the potential, including contributions from the stellar component and a dark matter halo. The trajectories of compact binaries can then be followed until the point of merger. The process is briefly described below, but for a full description we refer to Gaspari et al. (2025). Details of the two host galaxies are provided in Table 2.
Table 2. 
Summary of host galaxy and GRB offset parameters.

3.1. Host galaxy models
3.1.1. Star formation histories
We employ non-parametric star formation histories (SFHs) for the host galaxies of GRBs 211211A and 230307A, derived from PROSPECTOR SED-fitting (Leja et al. 2019; Johnson et al. 2021) with MIST stellar populations by Nugent et al. (2025). The star formation histories are shown in Figure 3, with characteristic ages given in Table 2. The initial binary stellar models (at ZAMS) are seeded in time in proportion to the SFR at each time step. The total delay time is then the stellar evolution timescale of the longer-lived star, plus the gravitational wave in-spiral time. The dominant contribution to the delay time depends on the evolutionary pathway, as discussed in Sections 2.3 and 2.4. Although the ages of these galaxies are quite far down the delay time distribution for WDNSs (see Figure 2), which might suggest that these are not the likeliest hosts for WDNS mergers, we note that the same is true for BNSs.
3.1.2. Stellar light profiles
We model the stellar light of the host galaxies of GRBs 211211A and 230307A as infinitely thin discs described by Sérsic profiles (Sérsic 1963). For the host of GRB 211211A we adopt the morphological fit parameters of Troja et al. (2022), based on HST/F184W imaging. These are a half-light radius re of 1.58 kpc (this is the projected physical half-light radius at z = 0.076) and a Sérsic index n = 1. For the host of GRB 230307A, a single Sérsic produces a poor fit, so we instead use two components (Levan et al. 2024). The first has effective radius re = 0.03 kpc with n = 0.50 and an effective surface brightness at re of μe = 0.47 MJy/sr, the second has re = 2 kpc, n = 1.05 and μe = 0.35 MJy/sr (where μe is used for the relative scaling of the two components). The stellar models are then seeded in proportion to the surface brightness at each location in the disc.
3.1.3. Potentials
We next require a gravitational potential to accurately follow the trajectory of the kicked binaries. We model the potential as having two components, the stellar disc and a dark matter (DM) halo. The potential of the disc is modelled as a double exponential with scale height related to the scale length by a factor γ = 0.2 (Gaspari et al. 2025, and references therein). For the dark matter halo we use the methodology of Church et al. (2011, and references therein). Succinctly, the DM halo mass depends on the B-band absolute magnitude MB of the galaxy, its morphologic type and its effective radius re (Thomas et al. 2009). For the host of GRB 211211A we use MB from Gaspari et al. (2025). For the host of GRB 230307A we use the best-fit intrinsic (non-extincted) host spectrum from Levan et al. (2024) and apply a B-band filter response function (Rodrigo & Solano 2020; Rodrigo et al. 2012) to obtain MB. Following Gaspari et al. (2025) we assume that the potentials are static: this is a limitation of the approach, but is hard to address without cosmological simulations (Kelley et al. 2010; Wiggins et al. 2018) which apply to populations at a statistical level, rather than to individual, observed host galaxies. However, we note that the hosts of GRBs 211211A and 230307A are star-forming with disc-like morphologies, suggesting that they have not undergone major mergers (e.g. Skibba et al. 2009).
3.2. Offset predictions
Given binary stellar populations, stellar light distributions and star formation histories (for seeding the populations in space and time), and potentials (to trace the trajectories of binaries which stay bound after supernovae), we can now model the merger offset distribution of compact binaries around the host galaxies of GRBs 211211A and 230307A. The binaries are initialised on circular velocities defined by the galactocentric radius and enclosed mass, and given random orbital plane orientations with respect to the galactic plane (Gaspari et al. 2024b, 2025). Tracking the trajectories of binaries post SN1 and SN2 (in the BNS case), we follow the binaries through the potential until the point of merger and record the position. The final offset distributions are projected assuming random viewing angles. These final distributions are weighted by both the BPASS weightings, and a weighting arising from the SFH. They can be considered as probability distributions for where we expect to see a merger today. The results are shown in Figure 4 for both host galaxies and for the three neutron star natal kick distributions. Although only a few hundred distinct (WDNS) models contribute to mergers at each metallicity, the large number of random starting positions and kick velocities has the effect of smoothing this granularity and producing the smooth, continuous offset distributions shown. In Table 3 we list the fraction of mergers, for all combinations of progenitor, kick and host galaxy, which occur at or below the observed projected offset of the GRB. In nearly every case, the observed offset is consistent with either a BNS or a WDNS progenitor. The offset of GRB 230307A is at the upper end of the predicted range, however, with a probability for offsets this high or higher of ∼10%.
Table 3. 
Fraction of simulated merger offsets below the observed offset for GRB 211211A and 230307A, for various combinations of compact binary and natal kick.

4. Volumetric rates
Another observational constraint on the progenitors of long-duration compact merger GRBs is their volumetric event rate. We calculate, at every BPASS metallicity, the number of compact binary merger progenitors born per 106 M⊙ of star formation, and the total delay times (from ZAMS to merger) associated with each binary. The total number of BNS, NSBH, WDNS and WDBH mergers within a Hubble time, per 106 M⊙ of stars formed, is shown in Figure 5 as a function of metallicity. The apparently stochastic nature of these results as a function of Z is due to the relatively small number of relevant models in the model grid, and the complexities introduced by binary evolution, which results in ‘randomness’ on top of broader trends. In general, compact binaries containing a NS or BH are rarer at higher metallicities, where mass-loss rates are higher. This effect is most pronounced for BH formation and weaker for NSs (van Son et al. 2025). We can also see a trend for WDNS mergers to strongly prefer low Z, this arises because (i) nuclear timescales are shorter at lower Z and (ii) stars are more compact at lower Z, allowing them have tighter orbits (Jia & Li 2014). Both effects increase the number of systems merging within a Hubble time.
	[image: thumbnail]	Fig. 5. Total number of BNS, NSBH, WDNS, and WDBH binaries merging within a Hubble time, per 106 M⊙ of stars formed, as a function of metallicity.



We next apply a metallicity-dependent cosmic star formation history (CSFH) prescription to determine volumetric merger rates as a function of redshift, as shown in Figure 6. We adopt the star formation history of Madau & Dickinson (2014), with the metallicity dependence of Langer & Norman (2006). The CSFH defines the volumetric star formation rate, at each of the 12 BPASS metallicities, as a function of redshift. We refer the reader to Chruslinska & Nelemans (2019) and Briel et al. (2022) for discussion of how different CSFHs impact transient rate predictions. In addition to WDNS, WDBH and BNS systems, we include BHNS and binary white dwarf (BWD) mergers, as well as the core-collapse supernova rate (for other BPASS transient rate predictions see Eldridge et al. 2019a; Briel et al. 2022, 2023). The conditions for core-collapse versus WD formation are as described in Section 2. Due to the relatively small number of models producing mergers involving a WD within a Hubble time, the rates are stochastic, with a scatter of around an order of magnitude at low redshifts. The effect is particularly noticeable at low redshifts, where equal time steps represent smaller redshift steps, a small number of highly weighted long-delay time models start to contribute, and the overall number of models contributing to the merger rate drops due to increasing metallicity over cosmic time (Fig. 5). In the interests of visual clarity, we show a rolling average of the WDNS, WDBH and BWD rates, in addition to the un-averaged, more stochastic rates. We also show in Figure 6 the local Universe (z = 0) BNS merger rate, determined from LIGO/VIRGO/KAGRA gravitational wave observations (Abbott et al. 2023), and the volumetric rate of long-duration GRBs (under certain assumptions for the luminosity function and jet opening angles, Ghirlanda & Salvaterra 2022).
	[image: thumbnail]	Fig. 6. Volumetric merger rates as a function of redshift. The cosmic SFH history of Langer & Norman (2006) is adopted. Also shown is the core-collapse supernova rate. The shaded grey region on the left indicates the range of possible BNS merger rates in the local Universe (z = 0), constrained solely from LIGO/VIRGO/KAGRA gravitational wave observations (Abbott et al. 2023). Short GRB volumetric rate estimates are consistent with this (Salafia et al. 2023). In addition to the rolling average of the WDNS, WDBH, and BWD rates (see text), the unaveraged rates are shown in paler shades. The dash-dotted red line is the derived intrinsic rate of LGRBs from Ghirlanda & Salvaterra (2022).



While on the topic of the CSFH, we might expect given the strong low-Z preference in Figure 5 to find WDNS and WDBH mergers in low-Z galaxies. However, GRBs 211211A and 230307A were at low redshifts, where very low Z star formation is rare, which should be accounted for. Furthermore, for long delay times, the metallicity of the host may change substantially during the in-spiral of the binary. Expectations for the host metallicities are therefore more complex that what we see in Figure 5, and in any case difficult to assess at present with such a small sample size.
The inferred volumetric rates of GRBs as a function of redshift is highly sensitive to the energy band of the detectors, biases in follow-up observations (required to determine the redshift), as well as assumptions about the GRB luminosity function and beaming angles. Further more, compact binary merger rate predictions from population synthesis codes are affected by an array of factors, from assumptions about the initial binary parameter distributions, to how the various phases of binary stellar evolution are modelled. These all play into large (order of magnitude) systematic uncertainties on the rates (e.g. Claeys et al. 2014; Broekgaarden et al. 2022). Perhaps the best way to quantify these uncertainties is to compare rate predictions from different population synthesis codes, and rates inferred using different methods (e.g. Galactic binary population observations). In Table B.1 of Appendix B we list our WDNS and WDBH merger rates – in the form of predicted Galactic merger rates – alongside other estimates from the literature. This demonstrates the order of magnitude uncertainty on the rates, not only between population synthesis codes, but also between different (direct) observational constraints.
Given these caveats and proceeding under the assumptions outlined throughout this paper, we find that at z < 0.5, both BNS and WDNS mergers occur at a similar rate to long GRBs. This leaves open the possibility of large fraction of long GRBs arising these channels, dependent on the detailed criteria for successful merger and GRB launching as we discuss in the next section. WDBH mergers are a factor of 10 rarer, but we again stress that the order of magnitude observational and theoretical rate uncertainties (see Table B.1) preclude definitive statements at this time.
5. Discussion
5.1. Modelling assumptions
The results presented in this paper depend on the assumptions inherent to binary stellar evolution modelling and population synthesis. For example, an implication of the high common envelope (ejection) efficiency in BPASS is that it predicts relatively few Thorne-Żytkow objects (TZOs Thorne & Zytkow 1977), which are only possible if the common envelope phases survives long enough for the NS or BH to in-spiral and ultimately settle at the core of the other star. In BPASS, TZOs are rare since the common envelope is quickly ejected, leaving the NS or BH in a (tighter) orbit around the low mass star, which ultimately continues to evolve into a WD. Observational constraints on Galactic WDNS binaries, both with electromagnetic and GW observations with LISA (Amaro-Seoane et al. 2017; Colpi et al. 2024), will be a important observational anchor point against which population synthesis can be calibrated going forwards (e.g. Korol et al. 2024), helping to resolve the current merger rate discrepancies (Table B.1).
While we have adopted three NS natal kick distributions, we have not explored variation in BH kicks in a similar way. This is due to the lack of well-defined observational distributions for this population, but the real distribution is likely between the one adopted in BPASS and one closer to that of pulsars (Repetto et al. 2017). Our adopted black hole kicks are therefore at the low end of literature estimates, and we note that increasing them would decrease the WDBH merger rates even further (as more of these binaries would unbind up BH formation).
5.2. Merger, GRB, and kilonova criteria
It is worth considering that not all WDNS binaries which come into contact will merge, which has been the implicit assumption made thus far in this paper. If the donor white dwarf is low-mass (see van Haaften et al. 2012; Bobrick et al. 2017; Kaltenborn et al. 2023, who suggest less than 0.2−0.3 M⊙), then the in-spiral can be arrested and a stable ultra-compact X-ray binary can form. Similar results have been found for WDBH systems (Church et al. 2017). However, such low mass WDs are rare, constituting only a few percent of the population both observationally (e.g. McCleery et al. 2020) and in the BPASS models. Therefore our assumption that all WDNS in-spirals lead to merger is, for the purposes of this work, a reasonable approximation.
Other considerations include whether accretion rates in WDNS mergers are high enough to launch a GRB, or if the merger conditions are suitable for producing a kilonova. GRB launch is likely only plausible for mergers with less asymmetric mass ratios q (defined as MWD/MNS), and hence large disc masses (up to a few tenths of a solar mass, Kaltenborn et al. 2023). Similarly, kilonovae require accretion rates (and hence disc densities) high enough to neutronise the gas, which is considered unlikely in WDNS mergers (e.g. Kaltenborn et al. 2023; Gottlieb et al. 2025, and references therein).
To explore the impact of these additional criteria, for half-solar metallicity and Verbunt et al. (2017) natal kicks, we select WDNS models with q > 0.5 and which in-spiral within a Hubble time. These binaries are expected to merge and produce relatively large disc masses, making them more likely GRB (even if not kilonova) progenitors. We find that they have systemic velocities, delay times, and hence merger offsets, which are not substantially different from the overall population of WDNS mergers: a median of [image: equation] km s−1 versus [image: equation] km s−1 for all WDNS mergers, where the uncertainties represent the central 68% of the distribution (i.e. they bound the 16th to the 84th percentiles). For the ages, we find medians of log10(age/yr) = [image: equation] versus log10(age/yr) = [image: equation]. These values are calculated from the simulated populations shown in Figure 1, with each contributing model weighted as described in Sect. 2. However, binaries with q > 0.5 constitute only 30% of the merging WDNS population in our models, and the fraction declines rapidly as the mass ratio approaches one, as the WD mass distribution peaks around 0.5−0.6 M⊙. Therefore, strict constraints on qmin result in a smaller fraction of long-duration GRBs which can plausibly be explained by WDNS mergers. Events with massive white dwarfs, exceeding qmin > 0.9, are predicted to be as rare as WDBH mergers. In this case, WDNS mergers could contribute no more than ∼10% of the LGRB rate, modulo the order of magnitude rate uncertainties discussed in Section 4.
5.3. Offsets as progenitor probes
We have shown that the galactocentric merger offsets of different compact binaries are expected to have different distributions (see also Gaspari et al. 2025); however, these differences can be subtle. Indeed, it is clear from Figure 4 that the offset alone is not a strong constraint on the specific binary progenitor of any given merger event. However, if a large sample can be constructed, such constraints may be possible on a population level. To quantify this, we draw 100 samples of size N from the WDNS and BNS offsets distributions for GRBs 211211A and 230307A, with Verbunt et al. (2017) kicks, and perform a Kolmogorov–Smirnov (KS) consistency test, noting the mean p-value for each N. We decrease N incrementally until the KS-test can no longer reject the null hypothesis that the distributions have the same parent distribution, using a (mean) p-value of 0.05 as the threshold. In both cases, we find that for sample sizes N ⪆ 100, our predicted WDNS and BNS distributions can be distinguished at 2σ significance. In the scenario that WDNS mergers are solely responsible for long GRBs with kilonovae, and BNS mergers are solely responsible for short GRBs, then this could be tested observationally, but the real situation is likely far more complex. BNS mergers might also contribute to long GRBs with KNe, NSBH mergers may play a role in both populations, and WDNS mergers may not even produce GRBs and KNe. Despite these uncertainties, we have demonstrated that we cannot make strong statements about any given transient having a WDNS progenitor based on its offset alone. However, low-mass host galaxies provide much better constraints on both the natal kicks being imparted, and the nature of the compact binary (Gaspari et al. 2025), since the binaries are more likely to reach escape velocity, and the potential has less influence on the eventual merger offset distribution. Furthermore, when comparing offsets from different galaxies, the host-normalised offset should be used (e.g. Fong et al. 2022).
An important caveat when using offsets as a constraint is that host galaxy associations are not always robust (e.g. Levan et al. 2007; Tunnicliffe et al. 2014). Pchance arguments naturally favour bright hosts, unless the offset from a faint galaxy is very small (e.g. Nugent et al. 2024) and the localisation is good (i.e. a subarcsecond localisation from an optical counterpart Levan et al. 2007; Berger 2010). Galaxies with higher Pchance values should not be ruled out if we are to avoid a bias against high-offsets in our samples (Gaspari et al. 2025). Of the GRBs studied in this work, GRB 230307A in particular lies at a very large offset, but the association is made not only by Pchance but also energetics and spectroscopic arguments – placing it at the distance of the putative host yields a similar kilonova luminosity to other events, and with spectroscopic features (e.g. Te) at consistent wavelengths (Levan et al. 2024). GRB 211211A meanwhile is much closer in projection to its putative host, with a Pchance value of just 1.4%, and no underlying alternative host even in deep Hubble Space Telescope imaging (Rastinejad et al. 2022). Therefore, the host associations for these two GRBs are considered secure. In both cases, the kilonovae display remarkable photometric and temporal similarity with previously confirmed events (e.g. AT2017gfo, Tanvir et al. 2017), as well as similar spectroscopic features (Gillanders et al. 2023).
Given that GRBs 211211A and 230307A are at low redshifts, it is also worth noting that we predict WDNS mergers in particular to become more common with respect to BNS and NSBH mergers at lower redshifts. The current lack of a redshift distribution for SN-less long GRBs/long GRBs with kilonovae specifically limits the use of rates as a tool for inferring an evolving contribution from non-core-collapse progenitors (but see Lloyd-Ronning et al. 2024; Petrosian & Dainotti 2024; Levan et al. prep.). Other than offsets and volumetric rates, kilonova properties (Gompertz et al. 2018, 2023; Wang et al. 2024a; Rastinejad et al. 2025; Gottlieb et al. 2025) may also provide insight into the specific progenitors of long-duration merger GRBs.
Alternative ideas for long-duration SN-less GRBs include other kinds of compact binary merger (e.g. NSBHs, Gottlieb et al. 2025) or failed supernova (core-collapse events with no or very faint supernovae, Woosley 1993; Fryer et al. 1999b). The offsets of SN-less long GRBs, regardless of whether a kilonova is detected or ruled out, offer crucial insight: large host offsets strongly favour a compact binary progenitor of some variety.
5.4. Alternative progenitor pathways involving a white dwarf
An alternative route is white dwarf accretion (or merger) induced collapse (AIC). Some models suggest that AIC events can produce GRBs and kilonovae (Levan et al. 2006; Dessart et al. 2007; Ruiter et al. 2019; Batziou et al. 2025; Cheong et al. 2025), but this is far from certain (e.g. Fryer et al. 1999c; Dessart et al. 2006; Gottlieb et al. 2025). Since white dwarfs do not receive substantial natal kicks, it is hard to eject them from their host galaxies. A possible solution is to have such events occurring in extended halos or globular clusters (Perets & Beniamini 2021), but events such as GRB 230307A – at an offset of 40 kpc – are likely beyond the halo and globular cluster distribution (e.g. Spitler et al. 2008; Lomelí-Núñez et al. 2022). Dynamical ejections of binaries from globular clusters may, however, extend the offset distribution further in this scenario (e.g. Shara & Hurley 2006; Weatherford et al. 2023). AIC may also play a role in producing WDNS and WDBH binaries by producing the NS or BH component from a WD or NS respectively (e.g. Chen et al. 2023).
Finally, we recognise that this work focuses solely on field binaries. Although globular clusters likely see an elevated WDNS formation rate due to dynamical interactions (e.g. Kremer et al. 2018; Korol et al. 2024, and references therein), only a small fraction of the total stellar mass in any given galaxy is in globular clusters. Following from this, and based on the results of simulations and constraints from type Ia supernovae, the rate of dynamically formed mergers is unlikely to be competitive with mergers in the field (e.g. Sadowski et al. 2008; Washabaugh & Bregman 2013; Ye et al. 2020). Nonetheless, future work should consider the contributions from the AIC and dynamical formation scenarios.
5.5. Other transients from WDNS and WDBH mergers
Even in the case that WDNS and WDBH mergers do not produce GRBs or kilonovae, our predictions for the rates, systemic velocities and merger times of these systems still hold. Possibilities for alternative transients from NSWD mergers in particular include subluminous type Ia and type Iax supernovae (Metzger 2012; Lyman et al. 2014; Bobrick et al. 2022), rapidly fading bright transients (McBrien et al. 2019; Gillanders et al. 2020), or fast and faint optical transients (Margalit & Metzger 2016; Zenati et al. 2019, 2020). In any case, WDNS and WDBH mergers should produce transients of some kind. They may occur at a comparable rate to BNS and NSBH mergers (Figure 6), and could be found well outside their host galaxies.
6. Conclusions
In this paper we performed population synthesis of WDNS and WDBH binaries using the BPASS code to investigate their evolutionary pathways and determine volumetric merger rates. We simulated the merger offset distribution of BNS and WDNS binaries around the host galaxies of long-duration GRBs from compact binary mergers for the first time, following suggestions in the literature that WDNS mergers can explain these events. Our conclusions are as follows:

	
Within our host galaxy and fiducial stellar population models, WDNS mergers are consistent with the observed projected offsets of GRBs 211211A and 230307A.



	
Binary neutron star merger offsets are also consistent with GRBs 211211A and 230307A. WDNS binaries merge at lower offsets than BNSs; however, we predict that the disparity will only become apparent for large sample sizes of order ∼100. Therefore, offset alone is not a effective way to distinguish progenitors on a case by case basis. The picture is complicated by the possibility of other compact binary progenitors for SN-less long GRBs with kilonovae, such as BHNS mergers, and the fact that WDNS mergers may produce different transients altogether.



	
We find that the rate of WDNS mergers at low redshift (z < 0.5) is similar to the BNS merger and intrinsic long GRB rate. If low mass asymmetry is required for a successful GRB, the rate drops by as much as another factor of ten (if mass ratios close to one are imposed), similar to the WDBH merger rate. In this case, WDNS mergers can explain at most ∼10% of long GRBs at low redshift. However, large (order of magnitude) observational and theoretical uncertainties preclude definitive statements based on volumetric rates at this stage.




In summary, we have shown that WDNS mergers are relatively frequent events (with respect to BNS mergers), and are capable of occurring at large offsets from their host galaxies, which we have demonstrated with the host galaxies of two long-duration GRBs with kilonovae for the first time. These results corroborate previous work in this area with different population synthesis codes (e.g. Toonen et al. 2018). In future, a reduction in GRB rate uncertainties – particularly in the rate of SN-less long-duration GRBs and those with kilonovae – along with a reduction in binary stellar evolution modelling uncertainties – will enable stronger statements on their origins based on events rates. A large sample of SN-less long GRB offsets will also allow us to investigate if there is a difference with respect to short GRBs, but only if statistically significant sample sizes can be reached. The strongest evidence, however, for a merger involving a white dwarf would be a LIGO/VIRGO/KAGRA gravitational wave non-detection of a nearby SN-less long-duration GRB, given that mergers involving a WD lie well below the frequency range of these detectors (e.g. Morán-Fraile et al. 2024).


1 bpass.auckland.ac.nz


2 Metallicities Z by mass fraction: 10−4, 0.001, 0.002, 0.003, 0.004, 0.006, 0.008, 0.010, 0.014, 0.020, 0.030, and 0.040.


3 Specifically, the eccentric semi-major axis is now used in the gravitational wave in-spiral time calculation when the second remnant to form is a product of core-collapse, rather than the smaller circularised value.
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Appendix A:  Additional figures
Here we provide equivalents of Figures 1 and 2, but using Hobbs et al. (2005) and Bray & Eldridge (2016) natal kicks.
	[image: thumbnail]	Fig. A.1. Same as Figure 1, but with the natal kicks of Hobbs et al. (2005).



	[image: thumbnail]	Fig. A.2. Same as Figure 1, but with the natal kick prescription of Bray & Eldridge (2016).



	[image: thumbnail]	Fig. A.3. Same as Figure 2, but with the natal kick distribution of Hobbs et al. (2005).



	[image: thumbnail]	Fig. A.4. Same as Figure 2, but with the natal kick prescription of Bray & Eldridge (2016).




Appendix B:  Merger rate comparisons
In Table B.1 we compare our predicted WDNS and WDBH merger rates, both with other population synthesis models and with rates derived from observations of Galactic binaries. The BPASS WDNS predictions lie between those of SeBa and rates derived from observations of WDNS binaries (detached and interacting). Comparing with SeBa, the substantially lower BPASS merger rate can also be seen in the binary WD population, and is due to different treatments of mass transfer stability and the common envelope phase (van Zeist et al. 2025). This ultimately produces compact binaries with wider initial orbits than SeBa, and hence lower merger rates (due to longer GW in-spiral times), even though BPASS predicts more compact binaries containing a WD overall (Tang et al. 2024a,b).
Table B.1. 
Literature predictions for WDNS and WDBH merger rates, R, based on the discussion of Toonen et al. (2018).
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	[image: thumbnail]	Fig. 1. Number of compact binary models containing a white dwarf and a core-collapse remnant for each initial semi-major axis a0 (immediately post second remnant formation) and delay time Tdelay. The shading corresponds to the number of compact binaries produced in each 2D bin per 106 M⊙. The left column shows results at one-fifth solar metallicity, on the right at half-solar. Top row: WDNS binaries in which the WD forms first. The eccentricity is retained from the supernova, which occurs second, producing a greater range of semi-major axes with a tail extending to higher values at fixed delay time. Middle row: WDNS binaries in which the NS forms first. Bottom row: WDBH binaries in which the BH forms first. We find no WD1-BH2 models. In each case, the vertical dashed line indicates one Hubble time. The vast majority of such binaries merge on much longer timescales (see Table 1). Verbunt et al. (2017) natal kicks are adopted; equivalent plots with Hobbs et al. (2005) and Bray & Eldridge (2016) kicks are given in Appendix A.
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	[image: thumbnail]	Fig. 2. Systemic velocities (at birth) for compact binaries (left), and their total delay time distributions (from ZAMS to merger, right), at 20% solar metallicity (top, similar to the host galaxy of GRB211211A) and 50% solar metallicity (bottom, matching the host of GRB230307A). These results adopt the Verbunt et al. (2017) distribution for neutron star natal kicks (results for alternative natal kicks are given in Figs. A.3 and A.4). Only systems that merge within a Hubble time are shown. We split the WDNS mergers into NS1-WD2 and WD1-NS2 channels; WDBH mergers are however much rarer and exclusively have the BH forming first. These velocities do not include any contribution from the initial galactic orbits of their progenitor systems (see Section 3) for performing offset simulations.
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	[image: thumbnail]	Fig. 3. Star formation histories, determined with PROSPECTOR, for the host galaxies of GRBs 211211A and 230307A (from Nugent et al. 2025). Errorbars are given on the SFR estimates at each time step, while the red dashed lines are the constructed histograms that we used to weight the model seeding in time. The populations of both galaxies are dominated by star formation within the last 10 Gyr. This biases the merging WDNS binaries in these galaxies to the WD1-NS2 pathway (see Fig. 2).
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	[image: thumbnail]	Fig. 4. WDNS and BNS offsets for the host galaxies of GRB 211211A (top row) and GRB 230307A (bottom row). The offsets are projected assuming random, isotropic viewing angles. The observed projected offsets of GRB 211211A (7.92 kpc) and GRB 230307A (38.9 kpc) are marked in each panel by blue and orange vertical lines respectively.
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	[image: thumbnail]	Fig. 5. Total number of BNS, NSBH, WDNS, and WDBH binaries merging within a Hubble time, per 106 M⊙ of stars formed, as a function of metallicity.
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	[image: thumbnail]	Fig. 6. Volumetric merger rates as a function of redshift. The cosmic SFH history of Langer & Norman (2006) is adopted. Also shown is the core-collapse supernova rate. The shaded grey region on the left indicates the range of possible BNS merger rates in the local Universe (z = 0), constrained solely from LIGO/VIRGO/KAGRA gravitational wave observations (Abbott et al. 2023). Short GRB volumetric rate estimates are consistent with this (Salafia et al. 2023). In addition to the rolling average of the WDNS, WDBH, and BWD rates (see text), the unaveraged rates are shown in paler shades. The dash-dotted red line is the derived intrinsic rate of LGRBs from Ghirlanda & Salvaterra (2022).
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	[image: thumbnail]	Fig. A.1. Same as Figure 1, but with the natal kicks of Hobbs et al. (2005).
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	[image: thumbnail]	Fig. A.2. Same as Figure 1, but with the natal kick prescription of Bray & Eldridge (2016).
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	[image: thumbnail]	Fig. A.3. Same as Figure 2, but with the natal kick distribution of Hobbs et al. (2005).
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	[image: thumbnail]	Fig. A.4. Same as Figure 2, but with the natal kick prescription of Bray & Eldridge (2016).
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        Number of compact binary models containing a white dwarf and a core-collapse remnant for each initial semi-major axis a0 (immediately post second remnant formation) and delay time Tdelay. The shading corresponds to the number of compact binaries produced in each 2D bin per 106 M⊙. The left column shows results at one-fifth solar metallicity, on the right at half-solar. Top row: WDNS binaries in which the WD forms first. The eccentricity is retained from the supernova, which occurs second, producing a greater range of semi-major axes with a tail extending to higher values at fixed delay time. Middle row: WDNS binaries in which the NS forms first. Bottom row: WDBH binaries in which the BH forms first. We find no WD1-BH2 models. In each case, the vertical dashed line indicates one Hubble time. The vast majority of such binaries merge on much longer timescales (see Table 1). Verbunt et al. (2017) natal kicks are adopted; equivalent plots with Hobbs et al. (2005) and Bray & Eldridge (2016) kicks are given in Appendix A.

      

    

  
    
      Fig. 2. 
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        Systemic velocities (at birth) for compact binaries (left), and their total delay time distributions (from ZAMS to merger, right), at 20% solar metallicity (top, similar to the host galaxy of GRB211211A) and 50% solar metallicity (bottom, matching the host of GRB230307A). These results adopt the Verbunt et al. (2017) distribution for neutron star natal kicks (results for alternative natal kicks are given in Figs. A.3 and A.4). Only systems that merge within a Hubble time are shown. We split the WDNS mergers into NS1-WD2 and WD1-NS2 channels; WDBH mergers are however much rarer and exclusively have the BH forming first. These velocities do not include any contribution from the initial galactic orbits of their progenitor systems (see Section 3) for performing offset simulations.

      

    

  
    
      Table 1. 

      Merger rate results for compact binaries containing a white dwarf and a neutron star–black hole.

      
        


	
	Verbunt et al. (2017)
	Hobbs et al. (2005)
	Bray & Eldridge (2016)



	Binary
	fmerge
	fbin
	log10(N/M⊙)
	fmerge
	fbin
	log10(N/M⊙)
	fmerge
	fbin
	log10(N/M⊙)





	Z = 0.5 Z⊙



	




	WD1-NS2
	0.03
	0.22
	−6.52
	0.10
	0.28
	−6.56
	0.01
	0.14
	−6.69



	NS1-WD2
	10−2.5
	0.78
	−5.98
	0.01
	0.72
	−6.14
	10−2.6
	0.86
	−5.92



	WD1-BH2
	–
	–
	–
	–
	–
	–
	–
	–
	–



	BH1-WD2
	10−3.3
	1.00
	−7.18
	10−2.9
	1.00
	−7.11
	10−3.3
	1.00
	−6.97



	




	Z = 0.2 Z⊙



	




	WD1-NS2
	0.03
	0.12
	−6.38
	0.14
	0.23
	−6.17
	0.01
	0.05
	−6.63



	NS1-WD2
	0.01
	0.88
	−5.52
	0.02
	0.77
	−5.64
	0.01
	0.95
	−5.37



	WD1-BH2
	–
	–
	–
	–
	–
	–
	–
	–
	–



	BH1-WD2
	10−3.4
	1.00
	−7.13
	10−3.4
	1.00
	−7.35
	10−3.2
	1.00
	−6.71





      

      
Notes. Results are shown for the three natal kick prescriptions (Verbunt, Hobbs, and Bray, left to right), and both metallicities considered in this work (0.5 Z⊙ above the horizontal line, 0.2 Z⊙ below it). fmerge is the fraction of binaries from each formation pathway that merge within a Hubble time. fbin is the fraction of mergers within a Hubble time, for each class of binary (e.g. WDNS), arising from each pathway within that class (e.g. NS1-WD2). We also list the number of mergers from each pathway in a Hubble time, per solar mass of stars formed. Although they dominate mergers within a Hubble time, at ages ≲10 Gyr, the direct (NS1 and BH1) channels are negligible and the reverse channel dominates. The WD1 pathways are therefore over-represented in the GRB host stellar populations studied in this work, which are < 10 Gyr old (see Figure 3).



    

  
    
      Fig. 3. 
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        Star formation histories, determined with PROSPECTOR, for the host galaxies of GRBs 211211A and 230307A (from Nugent et al. 2025). Errorbars are given on the SFR estimates at each time step, while the red dashed lines are the constructed histograms that we used to weight the model seeding in time. The populations of both galaxies are dominated by star formation within the last 10 Gyr. This biases the merging WDNS binaries in these galaxies to the WD1-NS2 pathway (see Fig. 2).

      

    

  
    
      Fig. 4. 
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        WDNS and BNS offsets for the host galaxies of GRB 211211A (top row) and GRB 230307A (bottom row). The offsets are projected assuming random, isotropic viewing angles. The observed projected offsets of GRB 211211A (7.92 kpc) and GRB 230307A (38.9 kpc) are marked in each panel by blue and orange vertical lines respectively.

      

    

  
    
      Table 2. 

      Summary of host galaxy and GRB offset parameters.

      
        


	
	GRB211211A
	GRB230307A





	z
	0.076 (a)
	0.065 (b)



	MB
	−17.38 (c)
	−18.77



	log10(M⋆/M⊙)
	8.84[image: equation](a)
	9.28 ± 0.01 (b)



	tm/Gyr
	2.53[image: equation](d)
	1.00[image: equation](d)



	r50/kpc
	1.6 (e)
	0.03/2.04 (b)



	Sérsic n
	1.0 (a)
	0.5/1.1 (b)



	Z/Z⊙
	0.20[image: equation](a)
	0.57[image: equation](b)



	rgrb/kpc
	7.92 ± 0.03 (a)
	38.9 (b)





      

      
Notes. References are listed below. If the value is not referenced, it was calculated for this work. The host of GRB 230307A is modelled with two Sérsic components (see text). For star formation histories we used the non-parametric fits of Nugent et al. (2025, see Figure 3).

(a) Rastinejad et al. (2022)


(b) Levan et al. (2024)


(c) Gaspari et al. (2025)


(d) Nugent et al. (2025)


(e) Troja et al. (2022).




    

  
    
      Table 3. 

      Fraction of simulated merger offsets below the observed offset for GRB 211211A and 230307A, for various combinations of compact binary and natal kick.

      
        


	
	
	f(rmerge < rgrb)



	Binaries
	Kicks
	GRB211211A
	GRB230307A





	WDNS
	Verbunt
	0.63
	0.94



	BNS
	Verbunt
	0.52
	0.84



	




	WDNS
	Hobbs
	0.39
	0.85



	BNS
	Hobbs
	0.34
	0.74



	




	WDNS
	Bray
	0.85
	0.99



	BNS
	Bray
	0.71
	0.57





      

      
Notes. If greater than 95% of the population are merging within the observed offset, we disfavour the model, although this only occurs for GRB 230307A and the WDNS+Bray combination.



    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Total number of BNS, NSBH, WDNS, and WDBH binaries merging within a Hubble time, per 106 M⊙ of stars formed, as a function of metallicity.

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Volumetric merger rates as a function of redshift. The cosmic SFH history of Langer & Norman (2006) is adopted. Also shown is the core-collapse supernova rate. The shaded grey region on the left indicates the range of possible BNS merger rates in the local Universe (z = 0), constrained solely from LIGO/VIRGO/KAGRA gravitational wave observations (Abbott et al. 2023). Short GRB volumetric rate estimates are consistent with this (Salafia et al. 2023). In addition to the rolling average of the WDNS, WDBH, and BWD rates (see text), the unaveraged rates are shown in paler shades. The dash-dotted red line is the derived intrinsic rate of LGRBs from Ghirlanda & Salvaterra (2022).

      

    

  
    
      Fig. A.1. 
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        Same as Figure 1, but with the natal kicks of Hobbs et al. (2005).

      

    

  
    
      Fig. A.2. 
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        Same as Figure 1, but with the natal kick prescription of Bray & Eldridge (2016).

      

    

  
    
      Fig. A.3. 
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        Same as Figure 2, but with the natal kick distribution of Hobbs et al. (2005).

      

    

  
    
      Fig. A.4. 
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        Same as Figure 2, but with the natal kick prescription of Bray & Eldridge (2016).

      

    

  
    
      Table B.1. 

      Literature predictions for WDNS and WDBH merger rates, R, based on the discussion of Toonen et al. (2018).

      
        


	
	
	R [yr−1]



	Code/constraint
	Reference
	WDNS
	WDBH





	BPASS
	This work
	1.4×10−5
	1.8×10−7



	BSE
	Shao & Li (2021)
	-
	< 3×10−6



	SeBa
	Toonen et al. (2018)
	(1-2)×10−4
	-



	SeBaa
	Nelemans et al. (2001)
	1.4×10−4
	1.9×10−6



	




	Pulsar binaries
	Bobrick et al. (2017)
	2.6×10−4
	-



	X-ray binaries
	Cooray (2004)
	(1-10)×10−6
	-



	WDNS binaries
	Kim et al. (2004)
	4.1×10−6
	-



	WDNS binaries
	Davies et al. (2002)
	10−5 - 10−4
	-





      

      
Notes. Population synthesis rates are provided above the horizontal line and, unless otherwise indicated, assume a constant star formation rate of 3 M⊙ yr−1. We provide BPASS merger rates at metallicity Z = 0.010 (by mass fraction). Merger rates derived from observed Galactic binary populations are listed below the line.

(a) Assumes an exponential SFH with a present-day SFR of 3.6 M⊙ yr−1




    

  OEBPS/aa55128-25-eq8.gif





OEBPS/aa55128-25-eq9.gif
RERE]






OEBPS/aa55128-25-fig9_small.jpg





OEBPS/aa55128-25-eq4.gif





OEBPS/aa55128-25-eq5.gif





OEBPS/aa55128-25-eq6.gif





OEBPS/aa55128-25-eq7.gif









OEBPS/aa55128-25-fig5_small.jpg





OEBPS/aa55128-25-eq1.gif





OEBPS/aa55128-25-fig2_small.jpg





OEBPS/aa55128-25-eq2.gif





OEBPS/aa55128-25-eq3.gif





OEBPS/aa55128-25-fig8_small.jpg
G| | ]





OEBPS/aa55128-25-fig1.jpg
0.5Z¢

Z

7=0.2Z¢

“INOL/N

“INOT/N
z & b L &

Y

FINGOT/N

p
T & g

7
B

........... B | D =1 B
™ =
B -
o ™ Eha o
z g
et 1
< <
= e
8 -2 |8 -z |8 .
o g = 2z
a = & 3 &
%] o
= - Z - = .
1 © °
' EEEEERE S & & & = n = I EEEEER
3 3 R 2 3 3 2 2 33 3
Amvm \ o.E@VQ—WOq m kl A(m \ Juy @v:—wO‘H
FINOL/N CINGO1/N CNG0T/N
& = :t L L z = & L L z = t L L
e —— e —— e ——
2 2 2
= =
B -
ESa o ™~ o
Ey k]
< <
= =
~ [ | o
9] ©» s 1A 2| Aa ®
% 2| = g =
a = - s} X
@0 o=
= - Z - = -
< < ©
g 5 2 = 3 z = s = L C & ¢ = S % % w & ® % w
3 33 3 3 = 33 3 32333 R

(o1 / myoisor

(e / ez

) 01807

Logio(Tqelay / y1)

LOglO(Tdeluy / yr)





OEBPS/aa55128-25-fig2.jpg
=== WDI-NS2
10-12 = = NSI-WD2
0.8 ol — BNS
|
ST == BuD
i Al WDBH
0.6 1o
= o
a = 107
O
0.4 — = WDI-NS2 £ .
= NS1WD2 g 10
—BNS
0.2 M
== All WDBH 1071
Al WDNS 1 |H
0.0 T T 10717 T T +
0 100 200 300 0 500 600 7 8 9 10
Viys [km/ Log10(Tdelay/yrs)
—N R
7=0.5Z¢,
1.0 7 1071
== = WDI-NS2
1012 NS1-WD2
0.8 Ll BNS
|
2 s = = BWD
| = —— All WDBH
0.6 o
& -
a =Tl ra
O w
0.4 = = WDI-NS2 -
= = NSI-WD2 g i
0.24 =
= All WDBH 1071
— All WDNS
0.0 . . . : 1017
0 100 200 300 400 500 600

Vs [km/!

Log10(Tdelay/yrs)





OEBPS/aa55128-25-fig3.jpg
SFR [Mo/yr]

107t

GRB211211A host

GRB230307A host

SFR [Mo/yr]

10°

| 1 *

10° 107t

Lookback time [Gyr]

102

10!

10° 107t

Lookback time [Gyr]





OEBPS/aa55128-25-fig4.jpg
CDF

CDF

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

Projected offset [kpc] Projected offset [kpc] Projected offset [kpc]

GRB211211A

GRB230307A





OEBPS/aa55128-25-fig5.jpg
BNS

NSBH

WDNS

‘WDBH

0.005 0.05 0.1 015 0.2 0.3 04 0.5 0.7 1.0 1.5 2.0

Metallicity Z/Z





OEBPS/aa55128-25-fig6.jpg
107 BWD

BNS
= WDNS
108
(5 WDBH
8« BHNS
S All CCSNe
‘5-4
> 00
\
=R
< 10
—
~+
g 102
>
[Sa)

10!

10°

'S
S

3
Redshift z





OEBPS/aa55128-25-fig7.jpg
7=0.5Z¢,

7=0.2Z;

El

FINOT/N

2 T
E 2

102
104

CING0T/N
T

104

- - p
E E 2 S

“IN0T/N
1

,
2 2

10t
10°
10

............ 2 2 2
= = =
-~ B B
o ™~ o ™~ o ™~
£ z z
s 3 3
] E E
g g g
B -= [ A «= | 8 ==
Z 20 W 20 W 20
= | 3|2 3| 3
a 7 ==}
= - Z - a -
- ° °
S w2 o m oS w2 on S w2 o m oS w2 on S w2 o m S w2 o9
$ 33 3% 3 ¢2 8 S 3338 32 8 S 3338 3 28 32
(4 / "he)0tSoy (4 / "ve)0tSo] (4 / "ve)0tSory
“INOT/N CIG01/N CING0T/N
z & & & & ER- N R
[ — [ —— [ ——
|||||||||||| 2 [Tttt 2 [T 2
= = =
B - B
= - ™~ -~
z z z
3 S 3
E < E
g g g
& «= | A -z | A “ 2
4 2| = g1z El
a =} o = 4 =
= 12} Jan
= - Ed - = -
PR A A S G S S o A S O S S T T
2 = S 2 ] 2

=
=

3?& \Jm_:&_:moq1

5

Aow \2 ) .:mloq -

3A@M \Q:Ewo.v Smoq h





OEBPS/aa55128-25-fig8.jpg
7=0.27,

WDI-NS2

0.5
. T H g 10
Logio(Taelay / y7)
4.0
NS1-WD2
0.5
6 7 8 9
Logio(Tdelay / y7)
4.0
BH1-WD2
0.5
6 7 9

8
Logio(Tdelay / ¥y7)

4.0
10"
— 35
©
1w o2 3.0
Z =25
= g
L2 :
0 &
0 15
10-2 ]
=}
1.0
10°° 0.5
4.0
'
10 3.5
w 3.0
= 25
2
107" = 2.0
- 15
1.0
10 05
4.0
10! 35
©
" o 30
o~
z - 25
=] H
(LS & 20
215
,. Q-
10°2 =
1.0
10°% 0.5

7=0.5Z¢,
‘WD1-NS2 E
-
- -
i
p . H 9 10
Logio(Tqelay / yr)
NS1-WD2
p . H 9 10
Logio(Tqelay / yr)
BH1-WD2
6 7 8 2

Logio(Tqelay / yr)

10!

10°

107"

102

10°%

10"

10"

107"

102

0%

10°*

N/10°M,






OEBPS/aa55128-25-fig10_small.jpg





OEBPS/aa55128-25-fig9.jpg
7=0.2Z¢

10~

=== WDI-NS2
10-12 == = NSL-WD2
0.8 = — BNS
|
ST == BuD
i i Al WDBH
[, 06 1o
=
a =7 U "—I =1
O J
044 = = WDI-NS2 £ . - 1l
== = NSL1-WD2 g - e f |
024 — BNS 5 | I hf
- 16
m— All WDBH 10
Al WDNS !["
0.0 1017 T T T
0 100 200 0 500 600 7 8 9 10
Logio (Tdelav/yrs)
—N R
7=0.5Z¢,
1.0 7 1071
== = WDI-NS2
1012 NS1-WD2
0.8 Ll BNS
|
£ s = = BWD
i E —— AuwbBH
0.6 S
& - |
8 =T (U n _|I r
|
0.4 = = WDLNS2 £ . I||||| J 0
— = NSL-WD2 g -1 nnir
o = 1 '] 1
. — BNS m 1 -~
0.2 16 1,7 = 1
A1l WDBH 10 1 || J | -
— All WDNS [T Iy
0.0 ; . . . : 1017 — — .
0 100 200 300 400 500 600 7 8 9 10

Vsys [km/

Logio (Tdelay/yrs)





OEBPS/aa55128-25-fig1_small.jpg
sl i

il





OEBPS/dash.png





OEBPS/aa55128-25-fig4_small.jpg





OEBPS/aa55128-25-fig7_small.jpg





OEBPS/aa55128-25-fig3_small.jpg
i





OEBPS/aa55128-25-fig10.jpg
CDF

CDF

0.8

0.6 4

0.4 4

0.2

0.0

0.84

0.6 4

0.41

0.24

0.0
0

=== WDI-NS2
e — = NSL-WD2
o — BNS
I; 10718 == BuD
- Al WDBH
210 r'-l =1
J
WDI-NS2 £ . 111
NS1-WD2 g I el
BNS A 11 || - 1l
7 10-16 I I I - I I
All WDBH 1 =] ‘I
All WDNS 1 n- a1
: . 1017 [ —L )
100 200 300 500 600 6 7 8 9 10
Vs [km/! Log10(Tdelay/yrs)
—N R
7=0.5Z¢,
101
== = WDI-NS2
e NS1-WD2
= BNS
2 s = = BWD
T>‘>\ — All WDBH
S ¥
=
2 10 r|_|l: ra
|
WDI-NS2 £ . |||||I J r
NS1-WD2 g |||||I r
BNS A 101 1
1l WDBH 1071 I
1 WDNS 1
g . . : 1017
100 200 300 500 600 6 7 8 9 10

; [km/!

Log10(Tdelay/yrs)






OEBPS/aa55128-25-fig6_small.jpg





