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Abstract

Context. Thermonuclear explosions of carbon-oxygen white dwarfs as Type Ia supernovae (SNe Ia) play a significant role in the galactic chemical evolution (GCE) of the Milky Way. However, a long-standing and as yet unresolved problem of modern astrophysics concerns the identity of their progenitor.

Aims. We aim to use GCE predictions to help constrain potential SN Ia progenitor scenarios, since it is well known that SN Ia nucleosynthesis yields, in particular the Fe-peak elements, depend on the explosion mechanism.

Methods. We calculated 1140 GCE models and compared the GCE-predicted abundance ratios for four different SN Ia explosion mechanisms – two from sub-Chandrasekhar (MCh) mass progenitors and two from near-MCh mass progenitors – to spectroscopic measurements of Milky Way disk stars, considering both local thermodynamic equilibrium (LTE) and non-LTE (NLTE) assumptions. We calibrated the GCE framework for two sets of massive star yields in order to assess how stellar modelling uncertainties affect the relative contribution from core-collapse supernovae (CCSNe) towards Si, Ca, and the Fe-peak elements.

Results. From a GCE perspective, Si and Ca cannot be used to constrain SN Ia progenitors since there is little variation in their yields between different explosion types. The GCE of [Ti/Fe] and [Co/Fe] are not reproduced by any combination of yields. The [Cr/Fe] ratio is also problematic, since hardly any NLTE data of the disk are available and there are conflicting yields from CCSNe. For [Mn/Fe], neither CCSN yield set are compatible with the NLTE data. For [Ni/Fe], the NLTE data are well fit by one set of CCSN yields, with the best-fitting GCE models having a ∼85% contribution from sub-MCh SNe Ia.

Conclusions. We advise caution when using GCE models to constrain the Galaxy’s SN Ia population, since the results depend on both the choice of CCSN yields and the elemental ratio used as a diagnostic.
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1 Introduction
Type Ia supernovae (SNe Ia) are some of the most luminous events in the universe. They are also appreciated as important beacons of knowledge in the fields of both galactic evolution and cosmology. On a galactic scale, they play a pivotal role in the chemical evolution of Fe and several of its neighbouring elements (Fe-peak elements) in the interstellar medium (ISM; Matteucci 2021). On a cosmological scale, SNe Ia can be used as standard candles for measuring distances due to the correlation between their peak luminosity and light-curve width (the Phillips relation; Phillips 1993), and they were also credited with helping in the discovery of dark energy and the associated expansion of the Universe (Riess et al. 1998; Perlmutter et al. 1999). The fact that the identity of the progenitor and the explosion mechanism for SNe Ia remains unresolved has consequences for these observations1.
Some observational clues regarding the origin of SNe Ia are the absence of hydrogen and helium absorption lines in their spectra, as well as the production of large amounts (∼0.6 M⊙) of radioactive 56Ni in their central regions; the decay of which is responsible for the sharp maxima in their light curves. The discovery of various sub-classes of SNe Ia that deviate spectroscopically from the characteristic ‘normal’ explosions that follow the Phillips relation have fuelled the notion that more than one progenitor channel could lead to SNe Ia (see, e.g. Taubenberger 2017). Furthermore, the fact that SNe Ia are observed in both galaxies undergoing active star formation as well as quiescent lenticular and elliptical galaxies suggests the existence of two distinct populations of SN Ia progenitor that explode over different timescales (Scannapieco & Bildsten 2005; Mannucci et al. 2006).
There is a consensus at least that SNe Ia originate in binary systems in which a carbon-oxygen white dwarf (WD) accretes material from its stellar companion. As the WD grows in mass, its central temperature rises due to compressional heating, eventually triggering a thermonuclear explosion. A number of potential explosion mechanisms have been proposed, depending on whether material is donated from a non-degenerate star (single-degenerate scenario; Whelan & Iben 1973) or another WD (double-degenerate scenario; Iben & Tutukov 1984), and whether the mass of the exploding WD is close to or below the Chandrasekhar mass (MCh ∼ 1.4M⊙).
The relative frequency of SNe Ia events in a population of stars from the single-degenerate and double-degenerate scenarios can be estimated with binary population synthesis (BPS) codes (Belczynski et al. 2008; Ruiter et al. 2011; Temmink et al. 2020), although simplifying assumptions regarding the treatment of otherwise computationally intensive physical processes can lead to substantial differences in the predicted SN Ia rates for different BPS codes (Toonen et al. 2014). There are valid arguments favouring the double-degenerate scenario and the sub-MCh SN Ia explosions from the theoretical point of view, due to the difficulty in forming a MCh progenitor within the single-degenerate scenario (e.g. Denissenkov et al. 2017; Battino et al. 2020) and the lack of ionising UV radiation in extra-galactic observations (e.g. Woods & Gilfanov 2013; Johansson et al. 2016). However, at present, it is unclear which binary configuration(s) may contribute to the SNe Ia that are observed in nature (see, e.g. discussions in Hillebrandt et al. 2013).
Given the uncertainty regarding both the physical progenitor system and the explosion mechanism, a wealth of SN Ia yields have been calculated using detailed stellar nucleosynthesis models covering a large parameter space of initial conditions (for recent reviews regarding these different progenitor conditions, we refer the reader to Livio & Mazzali 2018; Soker 2019; Ruiter 2020). Whilst the majority of SNe Ia have little variation in their spectroscopic and photometric features, their yields are chemically diverse and are particularly sensitive to both the density (mass) of the WD and the explosion mechanism. The yields are also metallicity dependent, as the metallicity of the zero age main sequence progenitor star determines the electron fraction (Ye) during nuclear statistical equilibrium (NSE) in near-MCh WDs, and the neutron excess during α-rich freeze-out in sub-MCh WDs (Hartmann et al. 1985; Gronow et al. 2021b). These nucleosynthesis yields are the cornerstone of galactic chemical evolution (GCE) models that aim to reproduce stellar abundances derived from spectroscopy.
The W7 model of Iwamoto et al. (1999) has historically been the SN Ia yield of choice for GCE models of the solar neighbourhood, due to its close fit to SN Ia spectra and light curves, as well as the fact it provides a reasonable fit to the elemental ratios measured in stars. These ratios include the increase in [Mn/Fe] and the decrease in [α/Fe] after [Fe/H] ∼ −1, which is a consequence of the delayed enrichment from SNe Ia in the ISM with respect to that of massive stars and core-collapse supernovae (CCSNe; Minchev et al. 2013; Snaith et al. 2015). However, the yields for the W7 model are indicative only of a 1D pure deflagration explosion in a near-MCh WD, and the reaction network includes outdated electron capture rates that leads to over-estimations of [Ni/Fe] relative to the solar value. The deflagration of a near-MCh WD is now considered the favoured explosion mechanism of the SN Iax sub-class of SN Ia that make up only a small percentage of the total SN Ia rate (Foley et al. 2013).
In regards to ‘normal’ SNe Ia, a large number of GCE studies have looked to constrain the relative fraction of SNe Ia that have either a sub- or near-MCh progenitor (see, e.g. Seitenzahl et al. 2013a; Kobayashi et al. 2020b; de los Reyes et al. 2020; Eitner et al. 2020; Palla 2021; Sanders et al. 2021). These studies commonly use Mn, or Ni, or both as tracer elements for WD mass, since they are produced during NSE at high densities (Seitenzahl & Townsley 2017; Lach et al. 2020; Keegans et al. 2023); this condition is only met in near-MCh WD, therefore at least some fraction of the SNe Ia that exploded in the past must have been of near-MCh origin in order to reach solar [Mn/Fe] and [Ni/Fe] (Seitenzahl et al. 2013a; Kobayashi et al. 2020b). However, the sub/near progenitor ratio is far from settled. In particular, GCE models predict different estimates for the required fraction of sub-MCh progenitor depending on the specific mixing and fallback parameters of the core-collapse supernovae yields (see, e.g. Gronow et al. 2021b). Recently this issue was addressed by Eitner et al. (2020), who applied a scaling factor to a set of CCSNe yields in order to account for the underestimation of [Mn/Fe] in the GCE models at lower metallicities when compared to non-local thermodynamic equilibrium (NLTE) observations.
In this work, we compare GCE predicted abundances of the Fe-peak elements (Ti, Cr, Co, Mn, and Ni) to observational measurements in stars in order to constrain SN Ia explosion mechanisms in the Galaxy. The GCE framework is calibrated for two sets of massive star yields, one including the effects of rotation, and GCE calculations are made for several SN Ia yields covering a range of potential explosion mechanisms. We are careful to discriminate among the observational datasets based on whether local thermodynamic equilibrium (LTE) or non-LTE (NLTE) is assumed, such that LTE and NLTE analyses are considered separately. Since no NLTE results exist for V, this element is omitted entirely from the analyses. We extend the scope of this investigation to elements other than the commonly used SN Ia progenitor tracers Mn and Ni, because (i) recently it has been shown that Cr and V could potentially be used to probe the explosion pattern of sub-MCh SNe Ia (Leung & Nomoto 2020; Palla 2021) and (ii) the Fe-peak elements are made together in stellar ejecta and therefore their production will be connected. Furthermore, we consider also the evolution of the intermediate mass α-elements Si and Ca, for which a non-negligible contribution from SNe Ia is required to fit the solar abundances (Seitenzahl et al. 2013b; Kobayashi et al. 2020a).
The paper is arranged as follows. In Section 2, we describe the SN Ia yields that are investigated in this work, followed by a description of the GCE code in Section 3. In Section 4, we compare the predicted GCE of the Fe-peak elements for each of the SN Ia yields to observational measurements in stars, we discuss also the differences between the GCE models with rotating and non-rotating massive star yields. GCE models with a combination of SN Ia yields are considered in Section 4.2, and a statistical test is used to determine the respective fraction of SNe Ia from the sub- and near-MCh progenitor channels that best fits the data. Finally, in Section 5 we offer a discussion of the results and our concluding remarks.
2 The SN Ia yields
We investigate the GCE of SNe Ia in the Milky Way by considering the yields for nucleosynthesis models which cover a range of progenitor masses and explosion mechanisms. For deflagration-to-detonation transition (DDT) explosions of near-MCh progenitor we include the yields from Seitenzahl et al. (2013b), Leung & Nomoto (2018), and Townsley et al. (2016). The yields for pure deflagration (PDf) models are taken from Iwamoto et al. (1999), Kromer et al. (2015) and Fink et al. (2014). In terms of sub-MCh progenitor, pure detonation (PDt) yields are taken from the models of Pakmor et al. (2012) and Sim et al. (2010), while we use the double-detonation (DD) yields of Gronow et al. (2021b), Leung & Nomoto (2020), and Shen et al. (2018). We note that the above selection includes a mix of metallicity-dependent and single-metallicity SN Ia yields, where these last are calculated assuming an initial progenitor metallicity of Z = Z⊙. Below we give a brief description of the main characteristics for each of the SN Ia models. Hereafter, the models are labelled according to the following naming convention: (1) shorthand reference, (2) explosion mechanism, (3) progenitor mass in M⊙, (4) He shell mass in M⊙ (DD models only), with (1), (2), (3) and, where appropriate, (4) all separated by an underscore. As an example, the 1.40 M⊙, deflagration-to-detonation transition model of Townsley et al. (2016) is labelled T16_DDT_M1.40.
Fig. 1 shows the elemental yields relative to Fe for all models investigated in this work. Where yields have been calculated for several WD progenitors with different initial metallicities, only yields for the solar metallicity model are shown. The intermediate mass elements (IMEs) show a clear odd-even effect, with even-Z elements produced more efficiently (e.g. Prantzos 2008; Pagel 2009). In Fig. 1 there is an increase in the elemental yields of the Fe-group elements starting with Ti, which is often classified as an α-element such as O or Si, but from a nucleosynthesis point of view should be classified as an Fe-group element (Woosley & Weaver 1995).
	[image: thumbnail]	Fig. 1 Elemental yields normalised to Fe with respect to solar ratios (Asplund et al. 2021) for the SN Ia models investigated in this work: DDT (blue), PDf (orange), DD (green), and PDt (black). The models shown are based on an explosion of a WD progenitor with Z = Z⊙.



2.1 Deflagration-to-detonation transition (DDT) models
In order for near-MCh progenitors to produce the abundances of intermediate mass elements (e.g. Ne, Mg, Si, S, and Ca) that are observed in the spectra of SNe Ia, prior to detonation the fuel density must decrease, else the subsequent thermonuclear runaway will only produce isotopes at and around the Fe peak (Arnett 1969; Steinmetz et al. 1992). The necessary expansion of the fuel occurs due to the energy released during a subsonic propagation of the combustion front at the onset of C-burning (Röpke 2007). After some time, once the fuel density falls below ∼107 g cm−3, the subsonic deflagration of the combustion front transitions into a supersonic detonation which produces enough nuclear energy to unbind the WD. These explosions are also often referred to as delayed-detonations, due to the period of pre-expansion of the fuel prior to detonation.
In Seitenzahl et al. (2013b), a three-dimensional hydrodynamic code is used to calculate yields for 14 models covering a parameter space of 11 different ignition scenarios. The ignition geometry of the deflagration is determined by the arrangement of the various numbers of spherical ignition kernels (ranging from 1 to 1600), where a higher number of kernels results in a higher degree of spherical symmetry. The ignition setup determines the strength of deflagration and the extent to which fuel can expand prior to the detonation. In this work, we use the model with 100 ignition kernels with a central density of ρc = 2.9 × 109g cm−3, henceforth S13_DDT_M1.40. This model is post-processed by Seitenzahl et al. (2013b) at four different metallicities by reducing the 22Ne mass fraction to 0.01, 0.1, and 0.5 of the solar value (MNe,⊙ = 0.025).
Using a two-dimensional hydrodynamic code, Leung & Nomoto (2018) calculate chemical yields resulting from DDT explosions in near-MCh WDs. However, the authors note that the WD mass is extended down to ∼1.30 M⊙ which could more closely resemble a sub-MCh explosion. SN Ia yields are calculated by post-processing the explosions of WD progenitor covering a large range of model parameters, such as central density, metallicity, and flame shape. Herein, we use the yields from the benchmark model with ρc = 3 × 109 g cm−3 and MWD = 1.38 M⊙ at 7 different metallicities (Z = 0, 0.1, 0.5, 1, 2, 3, 5 Z⊙), hereafter L18_DDT_M1.38. Yields are also calculated at these metallicities for models with initial masses of 1.33M⊙ and 1.39 M⊙, corresponding to central densities of ρc = 1 × 109 g cm−3 and ρc = 5 × 109 g cm−3 respectively. The L18_DDT_M1.33 and L18_DDT_M1.39 models present an excellent opportunity to explore the impact that central density/initial mass of the progenitor has on the GCE of the Fe-group elements.
Finally, we include the DDT model of Townsley et al. (2016) with updated yields from Keegans et al. (2023). The yields are calculated by post-processing the trajectories of the Townsley et al. (2016) model with an extended reaction network of over 5000 isotopes and 75 000 reactions. The model, hereafter T16_DDT_M1.40, uses an artificially thickened reaction front in order for a cell in the computational grid to consist of both unburned and burned material. A reconstruction of the temperature-density history of these cells is then performed to approximate the passing of a fluid element through a reaction front of realistic size (Townsley et al. 2016). The detonation is triggered by inserting a hot spot into the WD progenitor, with a central density at ignition of ρc = 2 × 109 g cm−3.
2.2 Pure deflagration (PDf) models
In contrast to the DDT scenario, if a detonation is not triggered and the combustion front only proceeds as deflagration then the nuclear energy released is insufficient to fully unbind the WD, leaving behind a bound remnant. Since in this regime the flame front propagates outwards at subsonic speeds, material further from the centre of the WD will have time to expand before being burnt and will therefore be synthesised mostly into intermediate mass elements (Röpke et al. 2007). Conversely, fuel near the centre will be burnt at higher densities producing mostly Fe-peak nuclei. The speed of the flame front determines the relative ratio of intermediate-mass to Fe-peak elements, with faster flame speeds producing relatively more of the last. In recent years, pure deflagration explosions have been proposed as potential candidates to explain the subluminous Type Iax (SN Iax) supernovae (Jha 2017). This class of SNe are thought to have short delay times since they are not readily observed in elliptical type galaxies (Foley et al. 2009; Valenti et al. 2009).
The most widely used SN Ia nucleosynthesis yields in GCE models of the Milky Way are those of Iwamoto et al. (1999), hereafter I99_PDf_M1.40, based on the W7 pure deflagration model of Nomoto et al. (1984). The progenitor WD is constructed from a mass grid of 200 zones within an implicit Lagrangian hydrodynamics code, using reaction network data from Thielemann et al. (1996). The explosion is modelled starting from a WD of mass M = 1 M⊙, which grows by accreting H-rich material at a steady rate of M˙ H = 4 × 10−8 M⊙ yr−1 until carbon is ignited at a central density of ρc = 2.5 × 109 g cm−3. Following this, the convective core undergoes thermonuclear runaway at Tc ≈ 8 × 108 K and ρc = 2.12 × 109 g cm−3, with a laminar flame propagation speed of 10% − 30% of the sound speed, which results in a significant overproduction of 58Ni due to the fast burning front producing too much material in the range Ye = 0.47–0.485. This can be partially solved by reducing the metallicity of the zero-age main sequence progenitor from [Fe/H] = 0 to [Fe/H] = −1 (see Figure 6 in Thielemann et al. 2003). Recently, the W7 model was post-processed by Leung & Nomoto (2018) with updated nuclear reaction network and electron capture rates; these revised yields provide a much better match with [Ni/Fe] at solar metallicity (Palla 2021).
As in Seitenzahl et al. (2013b), Fink et al. (2014) perform three-dimensional hydrodynamical simulations of an exploding WD for different numbers of ignition kernels. Although they use the same initial conditions as the former, the combustion front never becomes supersonic. As is the case for the DDT simulations in Seitenzahl et al. (2013b), we use the yields from the model with 100 ignition kernels, hereafter F14_PDf_M1.40, in our GCE analysis.
Kromer et al. (2015) simulate the explosion of a 1.4 M⊙ hybrid WD with ρc = 2.9 × 109 g cm−3 following an off-centre deflagration, hereafter K15_PDf_M1.40. The WD has a so-called “hybrid” structure, comprising a CO core surrounded by an ONe mantle, and is formed as a late evolutionary stage of super asymptotic giant branch stars (Denissenkov et al. 2013). The abrupt change in the composition profile of these stars is thought to lead to lower 56Ni yields, and as such they are postulated to be a potential progenitor scenario for the faintest SN Iax, such as SN 2008ha.
2.3 Double-detonation (DD) models
The DD progenitor system involves the accretion of He-rich material onto the surface of a sub-MCh WD from its binary companion via Roche-lobe overflow (Woosley & Weaver 1994; Livne & Arnett 1995). The companion can be either a helium-burning star, a helium WD, or hybrid WD, with the single-degenerate channel giving rise to short delay times (Ruiter et al. 2011). Regardless of whether the binary system is single- or double-degenerate, the detonation of CO material in the core of the WD is triggered by a preliminary He-shell detonation due to the compressional heating of the accreted material onto its surface.
In Gronow et al. (2021a), yields are calculated resulting from the DD explosions of WD progenitor with core masses from 0.8 M⊙ to 1.1M⊙ and shell mass between 0.02M⊙ and 0.1 M⊙. The temperature and density of the hydrodynamic simulations are mapped out by 2 million tracer particles with a reaction network of ∼30 key isotopes. The explosion is then post-processed with an extended nuclear network to obtain yields for a primary WD progenitor with initial metallicity equal to solar metallicity. The work of Gronow et al. (2021b) extends the yield set to explosions from progenitor of initial metallicities of 0.01, 0.1 and 3Z⊙. In this work, we consider the yields from the M10_03 (1 M⊙ core with 0.03M⊙ shell mass) model at all metallicities, hereafter G21_DD_M10_03, since the authors claim that this model best matches the solar values of Ti, V, and Cr.
The DD explosions of sub-MCh WD simulated in Leung & Nomoto (2020) are based on the same two dimensional hydrodynamic code used in Leung & Nomoto (2018). Again, yields are calculated for a large parameter space of initial conditions including metallicity, mass, and the geometry of the He detonation (bubble, spherical, ring). Metallicity-dependent yields are calculated for three “benchmark” models (one for each detonation trigger) that have the smallest He shell, whilst also being able to eject ∼0.6 M⊙56Ni in line with most ‘normal’ SN Ia observations. From these, we include the benchmark models with a ring (Y) and spherical (S) He detonation configuration. In a Y-type detonation, the He detonation is initiated as a ring around the rotation axis of the WD, whereas in an S-type detonation the He detonation is spherical and takes place 50 Km above the He/CO interface. Henceforth, we refer to these models as L20_DD_M11_05(Y) and L20_DD_M10_05(S), respectively. We choose to include these two benchmark models because they have an identical He envelope mass MHe = 0.05 M⊙, as opposed to MHe = 0.1M⊙ for the bubble He detonation, therefore they offer a more direct probe of the effect of He detonation pattern, rather than MHe, on the GCE of the Fe-group elements. The effect of MHe on the GCE can be seen by comparing the models of Leung & Nomoto (2020) to, for example, G21_DD_M10_03 which has MHe = 0.03 instead.
The final set of DD yields investigated in this work are based on post-processing of the 1.0 M⊙ model in Shen et al. (2018), hereafter S18_DD_M10_00. The classification of this model as a DD detonation is somewhat tenuous, since the explosion is based on a “bare” C/O WD with no He shell – the explosion is representative of a double-detonation of a CO WD resulting from the rapid accretion of material from a low-mass He WD companion (see also Shen & Moore 2014). The detonation in the core is ignited artificially by inserting a hot spot of ∼2 × 109 at its core. For the purposes of this work we consider this model representative of a dynamically driven double detonation, where the He detonation triggers the C detonation but that the ashes of the latter dominate the yields since the He shell mass is negligible. We include in our GCE updated yields from Keegans et al. (2023), calculated by post-processing the S18_DD_M10_00 model and using the same nuclear reaction network as for T16_DDT_M1.40.
2.4 Pure detonation (PDt) models
Sub-MCh WDs are proposed to explode as PDt if there is no helium-rich outer shell. A problem with most DD explosion models is the tendency to overproduce 56Ni due to the He-shell detonation prior to core detonation. However, whilst the absence of such a He-shell in theory produces light curves and spectra that can better match observations, it presents a new problem as to how the core detonation is triggered. One such solution is the violent merger of two WDs due to loss of angular momentum, which can nullify the need for a preliminary surface detonation of He in order to trigger a carbon detonation in the core. In this case, the material accreted onto the primary is rich in C+O rather than He which could lead to brief periods of C ignition on the WD surface. This class of SN Ia would appear less luminous than those sub-MCh progenitor that experienced a He detonation, since in the latter large amounts of 56Ni are produced during burning in the He shell.
Pakmor et al. (2012) model the explosion resulting from the violent merger of two WDs with masses 0.9 and 1.1 M⊙, hereafter P12_PDt_VM. The binary system is evolved beginning with the coalescence of the stars and the subsequent detonation is triggered due to the heating and compression of material at the surface of the primary, which causes hot spots to form deeper inside the star. The nucleosynthesis is calculated by post processing the temperature and density profile recorded by 106 tracer particles.
Although the violent merger scenario is a plausible site for PDt progenitor, the resulting mass of the WD remnant could exceed MCh in the case where the mass ratio of the merging WDs is ≲ 0.8 (Pakmor et al. 2011; Sato et al. 2016) leading to an accretion-induced collapse of the WD remnant to a neutron star (see e.g. Liu & Wang 2020). The exact physical conditions that determine whether a merging binary system of two CO WDs results in an accretion-induced collapse or violent merger are still not fully clear. Therefore, it is not uncommon for models of PDt SN Ia explosions to remove the ambiguity surrounding the detonation trigger and instead concern themselves only with the timeframe starting from core detonation. This latter approach is adopted by Sim et al. (2010), who use one-dimensional hydrostatic models to explore PD explosions in WDs with masses from 0.97 to 1.15 M⊙. The models consider only the explosion in a numerical context without consideration of the underlying trigger for the detonation. In this work, we use the yields from the 1.06 M⊙ C+O WD model, hereafter S10_PDt_M1.06, since its light curve is in good agreement with observations. We choose not to use the 1.06 M⊙ C+O+Ne WD with higher initial Ne composition as this model produces a higher abundance of Fe-group elements but comparatively less intermediate mass elements.
3 The chemical evolution code
We use the OMEGA+ GCE code (Côté et al. 2017, 2018) to model the evolution of chemical abundances in the Galaxy. The GCE framework is calibrated based on the Milky Way’s disk and takes into account present day observational estimates for the star formation rate (SFR; M*), the gas infall rate, supernovae rates, and the total mass of gas (Mgas) in the Galaxy. OMEGA+ is a two-zone model comprised of a central cold gas reservoir with active star formation that contains all stellar populations in the Galaxy; this is encompassed by a hot gas reservoir devoid of star formation and stellar populations. These zones are referred to henceforth as the “galaxy” and the “circumgalactic medium” respectively, and gas can circulate between the two zones via galactic inflows and outflows. The change in the total mass of gas in the Galaxy at time t is
[image: equation](1)
where the terms on the right-hand side of the equation are, from left to right, the gas inflow rate into the Galaxy from the circumgalactic medium, the rate at which gas is returned to the ISM from stellar ejecta, the star formation rate (SFR), and the rate of gas outflow from the Galaxy into the circumgalactic medium due to stellar feedback. Below we describe each of these four terms in more detail.
Beginning firstly with the gas inflow rate [image: equation], for all of our GCE calculations in this work we assume that the formation of the Milk Way disk can be attributed to two distinct infall episodes. In this two infall model, the gas inflow rate [image: equation] is given by (Chiappini et al. 1997)
[image: equation](2)
where each exponential term describes a separate infall episode. The second infall is delayed by tmax = 1.0 Gyr with respect to the first and occurs over a much longer timescale: τ1 ⋍ 0.7 Gyr for the first infall compared to τ2 ⋍ 7 Gyr for the second. The normalisation constants A1 and A2 are chosen so as to best reproduce the current estimated mass of gas in the Galactic disk as derived by Kubryk et al. (2015).
Mechanical energy released from CCSNe can propel gas out of the Galaxy into the CGM. Since these galactic out-lflows are driven by stellar feedback, the outflow rate [image: equation] is proportional to the SFR, such that
[image: equation](3)

The SFR [image: equation] is a linear function of Mgas,
[image: equation](4)
where f⋆ represents the star formation efficiency in units of [yr−1]. At each timestep, the OMEGA code converts some amount of the gas in the Galaxy into a simple stellar population (SSP). The mass of the SSP is determined by the current star formation rate and the distribution of stellar masses it contains is based on the chosen initial mass function (IMF); in this work we adopt the IMF of Kroupa et al. (1993). All stars in a given SSP are assumed to be born simultaneously with a chemical composition identical to that of the gas reservoir at that time. However, the stars in an SSP will eject their yields into the ISM over different timescales depending on the specific delay-time distribution function. The Stellar Yields for Galactic Modeling Applications (SYGMA; Ritter et al. 2018) module is called by OMEGA at each timestep to calculate the composition of the stellar ejecta from all SSPs in the system based on the mass- and metallicity-dependent stellar yields being used.
In this work, we include in our GCE framework the yields of low- and intermediate-mass stars (LIMS) and massive stars, together with the SN Ia yields described in Section 2. The LIMS yields of Cristallo et al. (2015) are used in all of our GCE calculations, however, we perform two sets of independent GCE calculations using the massive star yields of Limongi & Chieffi (2018) (hereafter LC18) and Nomoto et al. (2013) (hereafter N13). For LC18, the yields are weighted according to a metallicity-dependent function of the rotational velocity as derived by Prantzos et al. (2018), and we include in the IMF massive stars up to 100M⊙, however, stars more massive than 25M⊙ are assumed to collapse to a black hole and thus contribute to chemical enrichment only by virtue of their winds (i.e. set R in Limongi & Chieffi 2018). The explosion of the star is initiated by means of a “kinetic bomb”, where at some interior mass coordinate an expansion velocity is imparted that is sufficient to entirely eject material exterior to the Fe core. For the N13 yields, we do not assume any contribution from hypernovae, and the upper limit for the IMF is restricted to 40M⊙ so that Z = Z⊙ = 0.014 at [Fe/H] = 0 (see also Gronow et al. 2021b, where the upper mass limit is also curtailed). In contrast to LC18, the explosions are triggered using a “thermal bomb” – that is, the outwardly propagating shockwave is driven by artificially inserting a hot spot into the innermost regions of the star. In all GCE models the transition mass between LIMS and massive stars is set to 8M⊙ (see, e.g. Karakas & Lattanzio 2014). We choose to run GCE calculations for both sets of massive star yields because in Gronow et al. (2021b) it was found that the choice of massive star yields has large implications for the relative contributions from sub- and near-MCh SN Ia progenitors towards the solar Mn abundance.
We adopt a fiducial delay-time distribution (DTD) for SNe Ia of the form t−1.07 as derived by Maoz et al. (2012). This DTD is normalised so that ∼10−3 SNe form per stellar mass in a SSP, which is to the same order of magnitude as rates derived from observations (for comparison, a compilation of observed Galactic SN Ia rates are given in Table 5 of Côté et al. 2016). A power law form for the DTD is expected for double degenerate systems in which the delay time is dominated by the merger timescale, assuming the distribution for the orbital separation S of binary stars follows f (S )dS ∼ S −1 (see Ruiter et al. 2009). Indeed, a power law DTD with exponent ≈ − 1 has also been found to have the best fit to the observed SN Ia rate in nature (Totani et al. 2008; Maoz et al. 2012). On the other hand, delay times for single degenerate systems will depend mostly on the evolutionary timescale of the donor (Ruiter et al. 2009). However, Matteucci et al. (2009) demonstrated that DTDs calculated using either single or double degenerate scenarios lead to a very similar chemical evolution of [O/Fe] vs [Fe/H]. Similarly, we find negligible difference for the GCE of Fe-group elements when using instead the DTD calculated by Ruiter et al. (2014) for a WD accreting from a non-degenerate companion.
4 Galactic chemical evolution predictions
4.1 Comparison to observations for individual SN Ia yields
Fig. 2 shows the evolution of [O, Si, Ca, Ti, Cr, Mn, Co, Ni/Fe] versus [Fe/H] for the Milky Way disk as predicted by our GCE model with N13 massive star yields. Fig. 3 shows the same but for LC18 massive star yields. Panels shaded in grey contain only NLTE data, whereas those that are unshaded contain only LTE data. The GCE predictions are normalised to the solar values of Asplund et al. (2021) and Grevesse et al. (2007) for NLTE and LTE data, respectively. The top (bottom) set of panels includes SN Ia yields from near (sub)-MCh WD progenitor and the lines are colour coded according to the explosion mechanism: DDT (blue), PDf (orange), DD (green), and PDt (black). The GCE code is calibrated to reach [Fe/H] ≈ 0 at the time of the birth of the Sun (t⊙ = 8.6 Gyr) based on global properties of the Milky Way’s disk (e.g. star formation rate, gas inflow rate, mass of gas, etc.) and current estimates for supernovae rates (both SNe Ia and CCSNe). However, due to the fact a bound remnant remains following the PDf explosions of F14_PDf_M1.40 and K15_PDf_M1.40, less material is ejected from these SNe Ia and so the associated GCE tracks have a lower final [Fe/H] than the other models. In addition to the GCE predictions that include an SN Ia contribution, we show with a grey line the evolution of [X/Fe] but with no contribution of X from SNe Ia (i.e. only the contribution from massive stars). For those datasets that are delineated into different stellar populations, or datasets where recommended parameters for such are given, thick and thin disk stars are plotted separately in red and blue, respectively. Otherwise, disk stars are plotted in grey.
4.1.1 The α-elements (O, Si, Ca)
While O is only produced by massive stars, our GCE models indicate that SNe Ia contribute around 15–20% of the Solar Si and Ca. The NLTE corrections follow the same general trend for the [O, Si, Ca/Fe] data – at [Fe/H] & −1.0 the corrections are mostly positive but are negative at higher metallicities. For Si and Ca the corrections are small, generally confined to & |0.1| dex at the metallicity limits plotted in Figs. 2 & 3. The NLTE corrections are larger for O, reaching NLTE − LTE ≳ |0.2| dex for [Fe/H]> 0.5. The metallicity trend of the α-elements is well known, having a well defined super-solar plateau in the low-metallicity regime due to the ejecta of massive stars, which then turns downwards sharply after [Fe/H] > −1 as SNe Ia begin to contribute large amounts of Fe (e.g. Matteucci & Greggio 1986).
The [O/Fe] evolution is generally well reproduced by the GCE models. In particular, the N13 models best fit the thick disk but slightly overproduce [O/Fe] relative to the thin disk, whereas the LC18 models slightly underproduce at low metallicities but better fit the higher metallicity data. The PDf models do not exhibit as sharp of a “knee” at [Fe/H]= −1.0 due to the lower amounts of Fe ejected compared to the other explosion types. The N13 models slightly overproduce [Si/Fe] compared to observations, however, the LC18 models fit the LTE and NLTE data well. The [Ca/Fe] is ∼0.15 dex higher from LC18 CCSNe than N13, which leads to the latter better reproducing the low-metallicity plateau and bulk of the thick disk observations at [Ca/Fe] ≈ 0.35. Due to the burning at comparatively lower central densities in the PDf models, the K15_PDf_M1.40 and F14_PDf_M1.40 GCE tracks with LC18 CCSNe initially show a small increase from the plateau value of [α/Fe] after [Fe/H] = −1. Furthermore, since these two models eject comparatively lower amounts of Fe, they also have higher final [α/Fe] abundance ratios than other explosion types. The other GCE tracks show little variation between explosion types and masses of the WD progenitors.
4.1.2 Titanium
The observed Ti versus metallicity relationship is well known to mimic that of the lighter α-elements. However, it can also be classified as an Fe-peak element from a nucleosynthesis stand-point since it is synthesised in the same region as Fe during a SN (Keegans et al. 2023). As first determined by Bergemann (2011), the NLTE corrections for Ti I can be in excess of 0.1 dex and therefore it is safer to use Ti II lines in GCE analyses. The NLTE correction to Ti II lines are negative but very small, typically less than 0.02 dex (Zhao et al. 2016), and so the following analysis for the comparisons to GCE are applicable to both LTE and NLTE datasets. Whilst this paper was in its final stages Mallinson et al. (2024) was published, which provides 1D NLTE effects on Ti abundances for a large sample of stars. They find that NLTE corrections are generally large and positive at very low-metallicities, which further exacerbates the current dichotomy between observations and GCE predictions.
Regardless of whether massive star yields are taken from N13 or LC18, the GCE predictions underproduce [Ti/Fe] relative to observations, at least prior to SN Ia enrichment in the ISM; this is a known phenomena of GCE models (see, e.g. Kobayashi et al. 2006; Hughes et al. 2008; Romano et al. 2010; Mishenina et al. 2017; Kobayashi et al. 2020a). This is due to CCSN models currently underproducing 48Ti, that is the most abundant Ti isotope (Timmes et al. 1995). In particular, the production of its parent radioactive nucleus, 48Cr, is sensitive to the SN explosion conditions. For instance, Leung et al. (2023) highlighted that explosions with a strong α-rich freezeout, such as a jet-driven CCSNe, could yield high Ti enrichment and therefore be significant contributors of Ti in the Galaxy. The inclusion of such asymmetrical explosion geometries in GCE models could provide a better fit to the [Ti/Fe] data (Kobayashi et al. 2020a), but these events are still fairly poorly constrained.
In both Figures 2 and 3, all DDT models (blue lines) initially exhibit a steady decrease in [Ti/Fe] with [Fe/H], with only the L18_DDT_M1.39 model plateauing at [Fe/H] ∼ −0.3. The PDF models (orange lines) all behave slightly differently: for K15_PDf_M1.40 [Ti/Fe] steadily increases, with the rise becoming more gradual over time; I99_PDf_M1.40 decreases almost linearly with metallicity; F14_PDf_M1.40 rises at first before decreasing. The PDt models (black lines) show a similar trend to the DDT models. There is a large spread in [Ti/Fe] for the DD models (green lines), with both G21_DD_M10_03 and L20_DD_M11_05(Y) approaching solar [Ti/Fe], whereas S18_DD_M10_00 and L20_DD_M11_05(S) remain below [Ti/Fe] ∼ −0.2 across the whole metallicity range. At [Fe/H] = 0 there is a ∼0.3 dex difference in [Ti/Fe] for L20_DD_M11_05(Y) and S18_DD_M10_00. The discrepancies between the DD models for Ti can be explained by considering the fact that the most abundant isotope of Ti in the ejecta of these models, irrespective of the metallicity of the progenitor, is 48Ti. At higher temperatures (> 8 GK) 48Ti is directly produced, however, at lower temperatures the largest contribution is from the decay of 48Cr (Keegans et al. 2023). Since this radiogenic contribution will depend strongly on the burning that takes place during He detonation, the production of Ti will be higher for models with larger MHe. This explains why L20_DD_M11_05(Y) can produce supersolar amounts of Ti, and why the bare (i.e. no He shell) CO WD model S18_DD_M10_00 behaves so similar to the PDt models for this element.
	[image: thumbnail]	Fig. 2 Predicted evolution of [X/Fe] versus [Fe/H] in the Milky Way’s disk for O, Ca, Si, and the Fe-peak elements for the GCE models with N13 CCSN yields. The top and bottom panels show predictions with near- and sub-MCh SN Ia yields, respectively. For each element, LTE (panels without shading) and NLTE (shaded) observational data are plotted separately. The GCE tracks are colour coded according to the explosion mechanism (see text), where the grey line shows the evolution of [X/Fe] with no contribution from SNe Ia (i.e. assuming only a contribution to X from CCSNe). See Table 1 for the list of observational datasets used.



Table 1 
List of LTE and NLTE observational datasets used for each element.

4.1.3 Chromium
The LTE data for [Cr/Fe] is mostly flat and close to the solar value at all metallicities. The NLTE data from Bergemann & Cescutti (2010) is only calculated for two disk stars and the Sun, and at present closely resembles the flat metallicity trend derived using LTE analysis. However, the discrepancy between LTE Cr I and NLTE Cr I data increases at lower metallicities, up to about 0.2 dex at [Fe/H] −1.2 (Bergemann & Cescutti 2010) within the metallicity range considered in this work; this could lead to a non-flat pattern for NLTE Cr once more data becomes available. Therefore, caution should be maintained for the GCE results fitting Cr, and a new analysis should be done once the NLTE [Cr/Fe] pattern with respect to metallicity is well constrained by observations.
Comparing Figures 2 and 3 we see disparities between Cr production for the GCE calculations made using the two sets of massive star yields – there is a ∼0.4 dex higher [Cr/Fe] abundance at [Fe/H] & −1.5 for the GCE predictions using N13 massive star yields. Despite this, the majority of GCE tracks, irrespective of the choice of massive star yields, are in good agreement with the observational data after [Fe/H] ≳ −1 (notably, the yield combination of LC18 and L20_DD models remain subsolar at all metallicities).
In Fig. 2, the onset of SN Ia enrichment is met by a steepening drop in [Cr/Fe] with increasing [Fe/H]. Neither the detonation mechanism nor the mass of the WD progenitor seem to have a pronounced effect on the rate of decrease. In Fig. 3, the predicted [Cr/Fe] increases and then begins to plateau around solar metallicity.
In contrast to the evolution of Ti and V, there is a negligible difference in the Cr evolution for models with different He detonation geometries (i.e. models L20_DD_M11_05(Y) and L20_DD_M10_05(S)). In fact these models underproduce Cr compared to the two other DD models, S18_DD_M10_00 and G21_DD_M10_03, which initially suggests that a prominent production channel of Cr that is included in the reaction networks of Keegans et al. (2023)2 and Gronow et al. (2021a) is absent in the reaction network of Leung & Nomoto (2020). However, Palla (2021) find that Cr production is increased for the Leung & Nomoto (2020) benchmark model with aspherical detonation pattern, resulting in super-solar abundances of [Cr/Fe] – the S-type detonation produces sub-solar abundances as found in this work. In Palla (2021), the aspherical yields are taken from the Leung & Nomoto (2020) benchmark model with X-type He detonation, which has a He shell twice as massive (i.e. MHe = 0.1M⊙) as those of L20_DD_M11_05(S) and L20_DD_M11_05(Y) used in this work. The significance of the He shell detonation on Cr production is called into question however, when we consider that the S18_DD_M10_00 model with no He shell, as well as all PDt models, can produce [Cr/Fe] values that agree well with the observational data.
The complexity of Cr production can be somewhat explained by considering that although Cr has four stable isotopes (50,52,53,43Cr), the solar abundance of this element comes almost entirely from the contribution of 52Cr (∼84% of solar). The bulk of 52Cr production, regardless of progenitor mass, is as the radiogenic 52Fe at intermediate temperatures ∼5–6 GK during incomplete Si burning (Iwamoto et al. 1999; Keegans et al. 2023). This means that the Cr yield has very little dependency on the initial metallicity of the progenitor. Instead, Cr production is sensitive to conditions affecting nucleosynthesis during the explosion (Keegans et al. 2023). This is particularly true when we compare [Cr/Fe] for L18_DDT_M1.33, L18_DDT_M1.38 and L18_DDT_M1.39, which have different central densities. At higher metallicities, the high density model leads to an overproduction relative to the solar value, whereas [Cr/Fe] is underproduced by the low density model. Finally, we note that all PDf models produce [Cr/Fe] that is consistent with observations.
	[image: thumbnail]	Fig. 3 Same as Fig. 2 but for LC18 CCSN yields.



4.1.4 Manganese
A key feature of Mn production in SNe Ia is the dependency on progenitor mass. For this reason, the [Mn/Fe] ratio has been used extensively as a tool to constrain the number of WD progenitor in the Galaxy of either a sub-MCh or near-MCh origin.
There are large differences in the observed evolution of [Mn/Fe] in disk stars depending on whether NLTE corrections are applied to the data or not. The data based on LTE analysis is highly sub-solar at low metallicities, and shows [Mn/Fe] only increasing after [Fe/H] = −1. However, recent studies have shown that Mn I lines in particular are strongly affected by NLTE effects (Bergemann et al. 2019). NLTE observations of disk stars suggest that [Mn/Fe] does not strongly evolve with metallicity, but instead remains close to the solar value even at [Fe/H] & −1.5. As can be seen in Figures 2 and 3, the GCE tracks more closely fit the LTE rather than NLTE data at low metallicities. Since CCSNe dominate the Mn production in the Milky Way at [Fe/H] ≲ −1, a potential solution to fit the NLTE data at low metallicities is to assume an enhanced production of Mn from CCSNe (Eitner et al. 2020; Palla 2021). However, in order to remain self-consistent, if the Mn yield is artificially increased then considerations must also be made regarding changes in the yields of other iron-group elements such as Ti and Cr, as well as α-elements such as Ca that are produced in the same conditions and by the same nucleosynthesis processes as Mn in CCSN ejecta (Woosley & Weaver 1995; Thielemann et al. 1996; Chieffi et al. 1998). For the GCE models in this work we prefer to consider only the unmodified yields as calculated by stellar nucleosynthesis models, but we acknowledge that for some elements this self-consistent approach will lead to less than desirable fits to the observational data.
The only stable isotope of Mn is 55Mn, which is predominantly made as the radioactive 55Co during deflagration and freeze-out from NSE, assuming small mass fractions of 4He (Seitenzahl et al. 2013a). At densities below ρ ∼ 2 × 108g cm−3, 55Co is destroyed via the reaction 55Co(p,γ)56Ni, which leads to a lower production of Mn from sub-MCh progenitor. In Figures 2 and 3 supersolar [Mn/Fe] at [Fe/H] > 0 is obtained for GCE models with pure deflagration explosions, or SNe Ia with prolonged periods of burning with subsonic propagation of the flame front, such as the L18_DDT_M1.39 model with higher central density. The ejected mass of Mn also increases with metallicity, since at higher metallicities 55Fe is more readily produced at temperatures of 3–4 GK (Keegans et al. 2023). This metallicity dependency is more pronounced for sub-MCh progenitor than for near-MCh. In regards to this last, it is worth mentioning that in GCE models that consider only a contribution from near-MCh it has been demonstrated that metallicity-dependent SN Ia yields are necessary to reproduce the [Mn/Fe] trends in dwarf spheroidal galaxies (Cescutti et al. 2008).
The GCE models with LC18 CCSNe have a low-metallicity plateau of [Mn/Fe] ≈ −0.5, which is ∼0.1 dex lower than those with N13. However, after [Fe/H] ≳ −0.5 extrapolation of the solar metallicity yields from the LC18 CCSN models causes a substantial increase in the Mn contribution compared to N13, resulting in a faster evolution to the solar [Mn/Fe] value for the majority of the near-MCh GCE tracks. The disparity between CCSN yields is also noticeable when comparing the sub-MCh GCE tracks between Figures 2 & 3, since the high metallicity contribution from the LC18 CCSNe is significant enough to cause an upward trend in all of the tracks. There are also relevant differences between SN Ia models with the same explosion mechanism. For example, there is a ∼0.3 dex difference in [Mn/Fe] at [Fe/H] = 0 for L20_DD_M11_05(Y) and G21_DD_M10_03, despite the fact these models are both based on a double-detonation explosion of a sub-MCh WD. Likewise, there is a ∼0.3 dex difference between the delayed detonation models of T16_DDT_M1.40 and L18_DDT_M1.39 at solar metallicity. These results confirm that GCE models cannot reliably use the [Mn/Fe] ratio to constrain WD progenitor mass in the Galaxy without considering variations in the sub- and near-MCh SN Ia yields.
Another important consideration is the extent of the contribution towards Galactic Mn from SN Iax. The deflagration models can produce supersolar [Mn/Fe], leading to [Mn/Fe] ∼ 0.2 in Fig. 3. This subclass of SNe Ia could occur with a rate of up to ∼30% of the classical SN Ia rate (Srivastav et al. 2022), which could further reduce the necessary fraction of sub-MCh progenitor. Population synthesis simulations of He-rich accretion in the single-degenerate scenario predict that the majority of SN Iax should explode in the order of ∼107 years (Liu et al. 2015). A prompt enrichment of supersolar [Mn/Fe] from SN Iax could help to account for the higher [Mn/Fe] data at low metallacities when accounting for NLTE corrections (Kobayashi et al. 2015).
4.1.5 Cobalt
The majority of Co in the Galaxy is made by CCSNe, with a contribution of ∼20% from SNe Ia at [Fe/H] = 0. In both Figures 2 & 3 the GCE tracks have [Co/Fe] = −0.2 at [Fe/H] = −1.5, which indicates that there is little difference in Co production from N13 and LC18 CCSNe at lower metallicities.
The NLTE data shows a decreasing trend with metallicity, whereas the LTE data are mostly flat between [Fe/H] > −1 and solar metallicity, beyond which [Co/Fe] increases steadily in the super-solar metallicity regime. The GCE predictions do not quantitatively or indeed even qualitatively agree with the LTE and NLTE observational data.
After [Fe/H] = −1 the [Co/Fe] for N13 CCSNe decreases linearly with metallicity, whereas LC18 CCSNe decreases until [Fe/H] ∼ −1.5, then plateaus until around solar metallicity before decreasing again. Quantitatively, the GCE predictions in Figures 2 and 3 that include contributions from SNe Ia also follow these general trends, respectively.
Similar to Mn, Co also has only one stable isotope, 59Co. This isotope is primarily produced by two radiogenic decay channels, from 59Ni and 59Cu, that each dominate at different temperatures depending on the mass of the progenitor (Keegans et al. 2023). The Co yield has an increasing trend with metallicity in lower mass SN Ia models but remains relatively flat at higher masses. Figures 2 & 3 show that PDf models produce higher [Co/Fe] than all other explosion types. However, although the [Co/Fe] ratio is higher for PDf explosions than others, the absolute yield is low and so they contribute only marginally towards the overall Co inventory when more than one SNe explosion channel is considered. In general, sub-MCh SNe Ia lead to higher [Co/Fe] than near-MCh, at least when PDf models are not considered.
4.1.6 Nickel
Much the same as Mn, the Galactic [Ni/Fe] ratio has also been used as a diagnostic of WD progenitor mass (Kirby et al. 2019; Kobayashi et al. 2020b; Blondin et al. 2022; Eitner et al. 2023). Unlike Mn, however, Ni has five stable isotopes 58,60,61,62,64Ni, with 58Ni constituting the largest fraction of the element in terms of both SN Ia yields and the solar composition (Blondin et al. 2022). 58Ni is mostly synthesised during NSE at temperatures ≳5 GK (Brachwitz et al. 2000; Blondin et al. 2022; Keegans et al. 2023). In terms of SN Ia modelling, the metallicity of the progenitor and, by extension, the resulting electron fraction (Ye) is often fine tuned by adjusting the 22Ne mass fraction in the pre-explosion material. A WD that evolved from a higher metallicity main sequence star will have a higher 22Ne mass fraction and, since 22Ne is neutron rich, subsequently a lower Ye (Hartmann et al. 1985). However, the central density of the WD during the explosive burning of material affects the electron chemical potential (Brachwitz et al. 2000). This means that WD with higher central densities (i.e. near-MCh SNe Ia) have increased Fermi energy and thus enhanced electron-capture rates, which leads to a reduction in Ye and results in a more efficient production of neutron-rich isotopes (Blondin et al. 2022). The speed of propagation of the flame front during deflagration in near-MCh also determines the amount of 58Ni that is synthesised, as a slower flame speed means that the outer layers of the core have more time to expand before being incinerated. Therefore, slower flame speeds lead to a decrease in the electron-capture rate as a function of radius in the central core, and consequently a reduction in the 58Ni yield. In summary, the Ni yield i) increases with the density (mass) of the WD progenitor, ii) increases in deflagration models with a faster flame front (e.g. the I99_PDf_M1.40 model), iii) has a greater metallicity dependency in sub-MCh models, due to the fact that there is no initial deflagration to allow the Ye to decrease.
Recently, Eitner et al. (2023) have computed for the first time [Ni/Fe] abundances for a large sample (>250) of disk stars including a full treatment of NLTE effects (data provided by P. Eitner, private communication). At low metallicities the NLTE data are higher than LTE measurements, with an average upward shift in [Ni/Fe] of +0.15 dex at [Fe/H] = −2 with respect to the LTE data. This increase in [Ni/Fe] is in good agreement with the sub-[Fe/H] & −1.5 plateau for this ratio predicted by the LC18 models, however, the N13 models have a highly subsolar [Ni/Fe] ratio at low metallicities. This difference is due to the parameterisation of mixing and fallback in the two CCSN models. In CCSNe, Ni (as 58Ni) is mostly synthesised during explosive Si inside the innermost regions of the star, and thus the parameterisation of the mixing and fallback determines the amount of Ni that can escape the remnant by being mixed into the ejected material (Limongi & Chieffi 2018). For stars in the mass range 13 & M & 25M⊙ of the set R yields of LC18 the inner border of the mixed region is calibrated such that [Ni/Fe] = 0.2, whereas for N13 the mixing and fallback parameters are chosen to give the largest [Zn/Fe], which requires a shallower mass cut and leads to a lower [Ni/Fe] yield (Nomoto et al. 2006). Such a parameterisation was based on LTE Zn measurements, and therefore presents an additional uncertainty when using the N13 yields to produce GCE models. For metal-poor stars, the available NLTE Zn measurements are typically between −0.3 ≲ [Zn/Fe] ≲ 0.5 with one outlier (TYC 891-750-1) having [Zn/Fe] ∼ 1.1 dex (Caffau et al. 2023), while thin disk stars have abundance ratios in the range −0.2 ≲ [Zn/Fe] ≲ 0.2 (Sitnova et al. 2022; Caffau et al. 2023). The N13 CCSN yields vary in the range −0.8 ≤ [Zn/Fe] ≤ −0.1, overlapping with the lowest observed values at low metallicity.
In Fig. 2, there is a steep increase in [Ni/fe] for all near-MCh models after [Fe/H] ≳ −1.5, with no clear difference in the rate of increase between the PDf models of F14_PDf_M1.40 and K15_PDf_M1.40 and the DDT models. An exception, however, is I99_PDf_M1.40 which increases faster than the others and reaches highly subsolar [Ni/Fe]. The W7 model of I99_PDf_M1.40 has been, and indeed still is, adopted by many GCE models, and as such its tendency to grossly overestimate Galactic Ni has been well documented. For all other near-MCh models there is good agreement with the observational data, with a slight under or overestimation of [Ni/Fe] relative to the solar value for L18_DDT_M1.33 and L18_DDT_M1.39, respectively.
For the sub-MCh models in Fig. 2, the GCE tracks show different behaviours for each of the SN Ia yields: P12_PDt_VM and G21_DD_M10_03 initially increase, though less rapidly than for near-MCh, before reaching a plateau of [Ni/Fe] ∼ −0.1 at [Fe/H] ⋍ 0; S18_DD_M10_00, L20_DD(S), and L20_DD(Y) remain relatively flat until [Fe/H] ∼ −0.5 when they increase; S10_PDt_M1.06 steadily decreases until [Fe/H] ∼ −1.0 and then flattens, following a similar trend as for N13 CCSNe. All sub-MCh models in Fig. 2 produce subsolar [Ni/Fe] at [Fe/H] = 0.
In Fig. 3, since the GCE tracks with LC18 have supersolar [Ni/Fe] for [Fe/H] ≲ −1.5, an increase in [Ni/Fe] is only seen for I99_PDf_M1.40. Due to the decrease in [Ni/Fe] from LC18 CCSNe after [Fe/H] ∼ 1.5, the GCE tracks for S13_DDT_M1.40 and L18_DDT_M1.33 also decrease from [Ni/Fe] ⋍ 0.2 to [Ni/Fe] ⋍ 0.1 at [Fe/H] = 0. The remaining near-MCh models have GCE tracks that remain relatively flat, resulting in [Ni/Fe] ⋍ 0.2 at [Fe/H] = 0.
There is less variation in the chemical evolution patterns of the sub-MCh models in Fig. 3, as Ni production is lower than for near-MCh the GCE is more heavily influenced by the sharp decrease in [Ni/Fe] production from LC18 CCSNe in the [Fe/H] ≳ −1.5 regime. Despite this, all sub-MCh models in this Figure have good agreement with the observational data after [Fe/H] ≳ −1.0 and lie within 0.1 dex of solar at [Fe/H] = 0.
4.2 Parameter study of SN Ia yield combinations
In this section, we test the goodness of fit for GCE models that include contributions from a combination of different SN Ia yields, in order to make predictions about the fraction of sub- and near-MCh SNe Ia in the Galaxy. As in the previous Section, we only compare LTE data to GCE models normalised to LTE solar values and NLTE data to NLTE normalised predictions.
Iterating through all sub- and near-MCh yields (except PDf explosions) in Section 2, we calculate GCE models using all possible sub- and near-MCh SN Ia yield combinations with different fractional contributions of each. For each of the ∼1200 GCE models, we perform a χ2 test in order to quantify the yield combinations and relative fraction of sub/near-MCh that best predict the observational data.
For a given GCE model, the χ2 test is calculated as
[image: equation](5)
where the sum is taken over the number of observational data points N that have [Fe/H] ≥ −1.5 (such that the calculation is only performed from the time of first SN Ia enrichment). For a given observational measurement with N = i, the least-squares is calculated as the difference in [X/Fe] between the observational data Oi and the GCE model prediction Pi, where Oi and Pi have the same [Fe/H]. The denominator σOi is the summation of the uncertainty in [X/Fe] and [Fe/H] that is associated with star Oi. Since the resolution of the GCE calculation is limited by the number of timesteps, some observational data will have [Fe/H] values that do not correspond exactly to the calculated [Fe/H] of the Galaxy at any given timestep. In this instance, Pi is calculated as Fn([Fe/HOn), where On is one such observational data point and the function Fn is derived by fitting a cubic interpolation to the GCE prediction.
In order to place constraints on the relative fraction of sub/near-MCh progenitor, for each element and for each set of massive star yields we consider the GCE models with a χ2 score in the upper 84th percentile. The GCE tracks for models with a combination of sub- and near-MCh yields are shown in Appendix A. Fig. 4 shows the 84th percentile probability density function (PDF) for each element as a function of the sub-MCh fraction fsub in the GCE models. The density of the PDF at fraction fsub indicates the relative number of GCE models in the 84th percentile with fsub sub-MCh yields and 1 − fsub near-MCh yields. The PDF is normalised such that density( fsub)d fsub = 1, where the integral is taken over all fractions fsub. The thin blue and black lines indicate PDFs calculated for GCE models fit to LTE data for N13 or LC18 massive star yields, respectively. The thick blue and grey line are calculated using only NLTE data and NLTE GCE normalisation.
Further to examining the spread of fsub in the best fit GCE models, for each element we investigate the number of GCE models in the 84th percentile based on the specific choice of SN Ia yields. Fig. 5 shows a histogram of the number of GCE models in the 84th percentile based on the choice of sub-MCh (top panel) and near-MCh yields (bottom panel). By examining Figures 4 and 5 in tandem, we can see the sub/near-MCh ratios and SN Ia models that provide the best fit to the observational data and how much the choice of massive star yields can affect the constraining capabilities of such GCE tests.
As discussed in Section 4.1, several of the Fe-peak element data trends cannot be well reproduced by any of the GCE models over the relevant metallicity range in the Galactic disk, mostly due to limitations regarding current stellar nucleosynthesis yields. Therefore, for elements such as Co and Ti, the best-fitting GCE models as described by the PDFs in Fig. 4 cannot be used yet as robust constraints for SN Ia progenitors in the Galaxy. Instead, they serve to strengthen the argument that until further improvements in calculations of massive star explosions are made, GCE models cannot be safely used to constrain SN Ia progenitors. In the following discussion we are careful to highlight such weaknesses in regards to using GCE as a diagnostic tool of progenitor mass.
Oxygen. The difference between the best and worst fitting GCE models in Figures A.1 & A.2 is substantially smaller than the spread in the [O/Fe] data. This is to be expected, since SNe Ia do not produce O so there is very little variation in the O and Fe yields between the different SN Ia models. Interestingly, for both N13 and LC18, the LTE data are best fit by models with a high fsub. However, the fsub is shifted downwards – significantly for the former – when comparing the predictions to NLTE data. Although a good test for the calibration of GCE models to reproduce the chemical behaviour of the Milky Way disks, O clearly cannot be used to probe the distribution of different SN Ia progenitors.
Silicon and calcium. In general, there is a slight preference for lower fsub among the best-fitting GCE models to the Si data. In particular, Fig. 5 shows that the L20_DD(Y) model is commonly used in the best fitting models for both CCSN yields sets when comparing to both LTE and NLTE observations. This SN Ia explosion produces the lowest amount of Si, so can better compensate for the slight overproduction of [Si/Fe] with respect to the data from the massive stars in our GCE models. For Ca, if either NLTE corrections are included or LC18 CCSNe are used, there are a large range of fsub values (between ∼0.1–0.9) that fit the data well. However, the LC18 models do not well fit the LTE or NLTE [Ca/Fe] observational data below solar metallicity, so we advise caution when interpreting the results for these models in Fig. 4. For N13 yields with LTE approximation, there is a high density of fsub ≈ 0.75 models that best fit the data. Recently, Cavichia et al. (2024) calculated 180 chemical evolution models with LC18 CCSN yields and with different DTD and SN Ia yields to compare to α-element observations of the Milky Way’s disk. They find the best fit to the data are obtained using a DTD for a single-degenerate scenario and with SN Ia yields from Leung & Nomoto (2018), with 75% of their best-fitting models including yields from near-MCh. We note, however, that their GCE models do not include different combinations of sub- and near-MCh yields, and that their chosen observational datasets appear to include a mix of LTE and NLTE data. Based on the calculations presented in this work, both of these features could impact their results.
Titanium. In Fig. 4 the PDF for [Ti/Fe] is identical for both N13 and LC18 GCE models, regardless of whether comparisons are made to LTE or NLTE data. Fig. 5 (bottom panel) shows that there is an almost even distribution of the adopted near-MCh yields in the best-fitting GCE models. The PDF shows that nearly all GCE models in the 84th percentile have a greater than 0.5 fraction of sub-MCh yields which, when examining Fig. 5, are exclusively from the L20_DD_M10_05(Y) and G21_DD_M10_03 sub-MCh models. Since all GCE models in this percentile use only one of two sub-MCh yields, the peak of the PDF is relatively flat and extends between 0.6 & fsub & 0.9. We remind that the G21_DD_M10_03 and L20_DD_M11_05(Y) GCE models produce distinct tracks compared to the other PDt or DD explosions. Furthermore, the Y explosion pattern is the only example of a non-spherical explosion geometry used in this analysis, so we must be careful not to extrapolate a conclusion about WD progenitor mass if the geometry could be partly or wholly accountable.
Our results for Ti agree with Palla (2021), who reason that a significant contribution from DD SN Ia explosions with aspherical He detonation (i.e. non S-type) are required to match solar Ti. We also find that GCE models using G21_DD_M10_03 lead to similar χ2 values to those of L20_DD_M11_05(Y). The reason for this is unclear, however, in Gronow et al. (2021b) the authors note that increasing the contribution of G21_DD_M10_03 in their GCE calculations so as to match solar Mn, would lead to an overestimation of the Ti yield. Although our statistical test concludes that Ti production favours a dominant fsub in the Galaxy, we remind than none of the GCE models are able to well reproduce the data in the low metallicity regime. A higher production of Ti in CCSNe, or a significant downwards shift in low-metallicity [Ti/Fe] NLTE data, so as to reconcile the current disagreement between theory and observation is therefore required before the constraining potential of this element can be validated.
Chromium. We remind that the PDFs for NLTE Cr are calculated using only three data points. Regardless, the NLTE calculations give consistent results for Cr I and Cr II in this metallicity range and are well fit by the LC18 models. The PDF for [Cr/Fe] has subtle differences depending on the choice of massive star yields. For N13, the PDF is weighted towards lower values of fsub with a small peak at 0.3, although the tail of the distribution extends all the way to fsub = 1. The distribution for LC18 is wider, and there are almost equal numbers of models for all values of fsub. A wide distribution indicates that there are a range of fsub that fit the observational data to an almost equal degree. The LC18 models have subsolar [Cr/Fe] at the onset of GCE thus, by virtue of being the models that produce the highest amount of Cr, the S18_DD_M10_00, G21_DD_M10_03 and T16_DDT_M1.40 yields are the most common among GCE models in the 84th percentile. On the other hand, the N13 models have a supersolar [Cr/Fe] plateau at low metallicities, and as such are best fit by SN Ia models that produce the least amount of Cr, chiefly the low-density near-MCh model of Leung & Nomoto (2018). These results indicate that from a GCE perspective Cr is a relatively weak identifier of the progenitor mass of SNe Ia, since the same general trends are seen in sub- and near-MCh models.
Manganese. We remind that NLTE corrections to Mn data are strictly positive at low metallicities, resulting in the NLTE data having a near-solar plateau at [Fe/H]> −2. At present, the Mn yields from CCSN models are too low to account for the near-solar plateau in the NLTE observations, resulting in the GCE models having a good fit to the data only after ∼ −0.5 [Fe/H]. Since both the LC18 and N13 models have sub-solar [Mn/Fe] prior to SN Ia enrichment, GCE models that include large fractions of SNe Ia with higher Mn yields (i.e. near-MCh) are necessary to fit the NLTE data. However, at least some fraction of sub-MCh SNe Ia are required to prevent the overproduction of [Mn/Fe] at super solar metallicities. For both N13 and LC18 the PDF for LTE and NLTE data are very similar, with peaks at fsub ≈ 0.2 and 0.4, respectively. The higher fsub for LC18 is due to the comparatively higher Mn yields for the CCSN models at and around solar metallicity. For comparison to other LTE studies, the peak fraction of fsub ⋍ 0.2 for N13 GCE models agrees with Kobayashi et al. (2020b), who conclude that sub-MCh must contribute up to ∼25% of SN Ia chemical enrichment when using similar massive star yields to N13. The fsub distribution for LC18 are similar to the results of Seitenzahl et al. (2013a), who find that a 50–50 mix of sub- and near-MCh channels provide a best fit to the data. In regards to the NLTE results, Palla (2021) find that for their GCE model with standard CCSNe from Kobayashi et al. (2006) (similar to the N13 yields) the best-fitting model to the MnII LTE and Mn NLTE data has a 25% contribution from sub-MCh. This is in good agreement with the NLTE N13 results in Fig 4, which has a peak in the distribution at fsub ≈ 0.2. In Eitner et al. (2020), the Mn yields from Woosley & Weaver (1995) CCSNe are increased by 50% to provide a better agreement with the solar plateau of low-metallicity NLTE data for [Mn/Fe], in which case the best fit GCE model has a 75% contribution from sub-MCh SNe Ia. The authors also claim that the same results can be obtained using the standard CCSN yields from Kobayashi & Nakasato (2011), however, these claims are not substantiated by the results in this work using the N13 yields of the same group, which have a sub-solar plateau of [Mn/Fe] = −0.5 at [Fe/H] & −1.5.
Regardless of the CCSN yields used, it is interesting that at least some fraction of sub-MCh are still necessary to better fit the NLTE [Mn/Fe] trend. Furthermore, Fig 5 shows that the best-fitting GCE models contain an almost equal spread of the different sub-MCh SN Ia yields, and three of the five near-MCh yields. Therefore, the PDF was not skewed by one or two good fitting yield sets (as for Ti and Co), and is proof that [Mn/Fe] is a robust ratio to use to probe SN Ia progenitor mass. It is unquestionable that if future Mn yields from CCSNe did increase so as to better fit the low metallicity plateau of [Mn/Fe], then the accompanying GCE models would predict a higher fsub – likely in agreement with the results of Eitner et al. (2020) and Palla (2021). However, until this correction is made, we refrain from applying nonphysical alterations to the yields since Mn is not isolated from the production of other Fe-peak elements during NSE, and it is not yet clear if/how these other elements would also be affected.
In Section 4, it was found that GCE models with PDf SN Ia yields lead to supersolar [Mn/Fe]. However, these explosions eject too little 56Ni to be considered ‘normal’ SNe Ia, and are instead the leading candidate to explain the subluminous SN Iax subclass (cf. Karambelkar et al. 2022). Binary population synthesis models have shown that SNe Iax can have delay times much shorter than typical SNe Ia, leading to a prompt enhancement of [Mn/Fe] in the Galaxy. To test whether a prompt contribution from .Iax can help correct for the [Mn/Fe] deficit predicted by GCE models when compared to NLTE observations, we run additional GCE models that take into account also a contribution from SNe Iax. In these models we assume that SNe Iax explode at a rate of 20% of normal SNe Ia, such that the total SNe Ia rate is 1.56 × 10−3 M−1, and their delay time distribution peaks sharply at ∼100 Myr (see, e.g. Liu et al. 2015). Since low-luminosity SNe Iax make up the bulk of the total SNe Iax rate (Srivastav et al. 2022), we use the yields from the K15_PDf_M1.40 model, which is shown to have good agreement to the subluminous SN 2008ha. Our statistical test confirms that the fsub is identical for GCE models with and without a contribution from SNe Iax. Therefore, we claim that SN Iax events are both too rare and eject too little Mn to affect the evolution of [Mn/Fe], even at earlier Galactic times.
Cobalt. For [Co/Fe], the distribution is again near identical for N13 and LC18, with a strong correlation between the goodness of fit of the GCE model and a higher fsub. Fig. 5 shows that the majority of sub-MCh yields in the 84th percentile are G21_DD_M10_03 and S10_PDt_M1.06, with a more varied distribution for near-MCh yields. However, none of the GCE models provide a good fit to the data across the entire metallicity range, thus effectively ruling out at present the use of Co as a strong constraint of the SN Ia population.
Nickel. The largest difference in fsub between N13 and LC18 GCE models is for [Ni/Fe]. Since [Ni/Fe] is supersolar for LC18 at [Fe/H] & −1.5 (we remind this is due to the choice of mixing and fallback which determines the position of the mass cut), a higher fsub is favoured in the GCE models since sub-MCh SNe Ia have lower [Ni/Fe] than near-MCh. Conversely, the [Ni/Fe] plateau before SN Ia enrichment in the N13 GCE models is sub-solar, meaning the GCE predictions fail to align well with both LTE and NLTE observational data below approximately −0.25 [Fe/H]. Therefore, a greater fraction of near-MCh SNe Ia are required to compensate for the reduced Ni production from the N13 CCSNe. In Fig. 4, the N13 probability density distributions for LTE and NLTE have well-defined peaks at fsub ⋍ 0.1 and fsub ⋍ 0.2, respectively. For LC18, the LTE distribution has two peaks at fsub ⋍ 0.2 and 0.65; the first peak is comprised mostly of GCE models using the near-Msub yields from the L18_DDT_M1.33 model, whereas the models that form the second peak contain the other near-Msub yields in combination with different sub-Msub yields. Regarding the NLTE distribution, the LC18 distribution has a peak at fsub ⋍ 0.85, and contains a very small density of models with fsub & 0.5. We remind that when NLTE corrections are taken into account, the average [Ni/Fe] value increases across all metallicities, especially in the [Fe/H] & −1 regime. The flatness of the [Ni/Fe] versus metallicity trend for the NLTE data are best fit by models including a high number of sub-Msub SNe Ia, otherwise the near-Msub SN Ia contribution leads to overestimates of [Ni/Fe] in the supersolar regime. The well defined peak for the NLTE PDFs in Fig. 4 indicates that fsub is more important for reproducing the observational data than the specific SN Ia yields. This is confirmed in Fig. 5, since no one sub- or near-MCh yield dominates in the best-fitting GCE models.
The results of Eitner et al. (2023) provide an interesting comparison with our work, since Eitner et al. (2023) also focused their analysis on the impact of SN Ia yields on GCE using the OMEGA+ code. There are indeed important differences. In this work we make the simplification that all SNe Ia explode according to a power law delay-time-distribution (DTD), as expected for double degenerate systems of WD-WD mergers. In Eitner et al. (2023), the chemical evolution of the [Ni/Fe] abundance ratio in the Galactic disk is modelled for four different SN Ia progenitor systems, each with unique DTDs derived using a population synthesis code. As in this work, in Eitner et al. (2023) a statistical test is used to determine the goodness of fit of the models to NLTE observational data, wherein it is found that models with fsub ∼ 80% provide the best fit. This value is in excellent agreement with the fsub values found in this work for the NLTE [Ni/Fe] distribution for GCE models with CCSNe from LC18. Eitner et al. (2023), however, only use the [Ni/Fe] ratio in their calculation of fsub. In this work we instead consider most of the Fe-peak elements in the analysis, and the α-elements O, Si and Ca. These elements are produced in a similar physical environment and ejected together by both CCSNe and SNe Ia. Their stellar production cannot be disentangled, and provides more additional constraints when GCE models are compared with observations. In the LC18 CCSN models (used as a reference by Eitner et al. 2023, in their conclusions) the position of the inner border of the mixing and fallback prescription that determines the [Ni/Fe] ejected during the explosion is fixed such that [Ni/Fe] = 0.2. Furthermore, the Fe yield is ejected predominantly as 56Ni made during complete Si burning, where the ejecta contains a fixed amount of this radioisotope in order to reproduce the main properties of the observed CCSN light curve. This indeed may affect the results to constrain fsub using only the [Ni/Fe] ratio obtained from GCE models, since the yield of both of these elements in the ejected material of CCSNe are chosen ‘ad hoc’ rather than through purely physical means. Therefore, for GCE models using CCSN yields by LC18 we advise that the values of fsub derived using the [Ni/Fe] ratio should be interpreted with caution.
	[image: thumbnail]	Fig. 4 Probability density function of GCE models with a χ2 score in the 84th percentile, as a function of the fractional contribution from sub-MCh SNe Ia in those GCE models (see text for details). The thin dashed blue and dotted black lines include only LTE observational data for each of the GCE models with N13 and LC18 massive star yields, respectively. The thick solid blue and grey lines are calculated using only NLTE data. The results should be interpreted in the context that, for some elements, the absence of well-fitting GCE models may compromise the reliability of the observed patterns.



	[image: thumbnail]	Fig. 5 Counts of sub-MCh (top panel) and near-MCh (bottom panel) SN Ia yields that are used by N13 and LC18 GCE models with a χ2 score in the 84th percentile. The bar colours indicate the explosion mechanism, as in Figures 2 and 3. Shaded and unshaded panels are for calculations using NLTE and LTE observational datasets, respectively.



5 Discussion and conclusion
In this work, we investigated the GCE of α-(O, Si, and Ca) and Fe-peak elements (Ti, Cr, Mn, Co, and Ni) in the Milk Way’s disk using yields from four different SN Ia explosion mechanisms and two sets of massive star yields: N13 (non-rotating) and LC18 (rotating). We compare our GCE predictions to LTE and NLTE spectroscopic measurements in stars and describe the results by analysing the nucleosynthesis conditions that are required to produce each element during the explosion. In particular, we consider how the predicted evolution depends on the mass of the WD progenitor and the choice of massive star yields. We calculate GCE models that include contributions from both sub- and near-MCh SNe Ia, including a suite of GCE models that take into account a 20% contribution from the faint Iax subclass. For each element, a statistical test is used to score the models based on the goodness of fit to the stellar data, and a probability density estimation is made over the fraction of sub-MCh SNe Ia ( fsub) for N13 and LC18 GCE models with a χ2 score in the 84th percentile. These are cross-compared with the distribution of SN Ia yields that are used in the best-fitting GCE models to help constrain the relative fraction of sub- and near-MCh SNe Ia in the Galaxy.
Our results show that the present uncertainties and large variations affecting the yields of the Fe-peak elements in CCSN yields do not allow the use of GCE simulations alone to constrain the populations of SN Ia progenitors in the Milky Way disk. Our main results are summarised below:

	The O and Si data (LTE and NLTE) are well fit by both the N13 and LC18 GCE models, whereas the [Ca/Fe] data can only be fit across the entire metallicity range using N13 yields. Although Si and Ca are made in small amounts by SNe Ia, the variation between yields of different progenitor mass are not significant enough to constrain contribution to GCE from different types of SNe Ia;


	Of the Fe-peak elements, we confirm that Ti and Co data are not well fit by any combination of CCSN and SN Ia yields, and therefore their capability to constrain the nature of SN Ia progenitor is limited. On the other hand, a combination of sub- and near-MCh yields can reproduce the majority of Cr and Mn data after [Fe/H] > −1. However, at lower metallicities, the choice of massive star yields is significant for the GCE of Cr. At [Fe/H] ≲ −1.5 the non-rotating massive star yields of N13 are ∼0.4 dex higher for [Cr/Fe] than for the rotating massive star yields of LC18;


	The GCE of [Mn/Fe] and [Ni/Fe] after [Fe/H] ≈ −1.5 are sensitive to the relative fraction of SNe Ia in the Galaxy from the sub- and near-MCh WD progenitor channels. However, the inter-channel explosion mechanisms (i.e. whether DDT or PDF yields are used for near-MCh, or DD or PDt for sub- MCh) do not significantly change the GCE of either element;


	We have shown that the fsub that best fit the [Mn/Fe] spectroscopic data depends on the choice of massive star yields and, additionally for [Ni/Fe], whether NLTE corrections are included. Therefore, we argue that future GCE studies must include a complete NLTE treatment (i.e. both data and GCE normalisation) in order to draw relevant conclusions about the relative GCE contribution from the different types of SNe Ia. Furthermore, the constraining potential of GCE studies is severely limited by the current disagreement regarding the Mn and Ni yields from different CCSN yield sets;


	For [Mn/Fe], the best fitting GCE models to the NLTE data have fsub ≈ 0.2 (N13) and fsub ≈ 0.4 (LC18), however, even with these fractions the corresponding GCE models do not well fit the data. For NLTE [Ni/Fe], the models that scored the highest in the goodness of fit test had predominantly fsub ≈ 0.2 (N13) and fsub ≈ 0.85 (LC18), though only the latter can fit the data across the entire metallicity range. We advise that in particular the fsub values calculated using the [Mn/Fe] ratio are likely to increase if future CCSN yields are able to better reproduce the flat trend of [Mn/Fe] NLTE data at low metallicities;


	Despite the fact they produce supersolar [Mn/Fe], an additional prompt enrichment of SNe Iax results in a negligible increase in [Mn/Fe] at low metallicities. This is because their absolute yields are too low and they are too few in number to counterbalance the [Mn/Fe] deficit from massive stars compared to NLTE abundance measurements in the [Fe/H] ≲ −1.5 regime;


	For [Ti/Fe], despite the systematic underproduction of this ratio for the GCE models at lower metallicities, both the L20_DD_M11_05(Y) model with ring He detonation and G21_DD_M10_03 model lead to predicted values within 0.1 dex at solar-like metallicities. In comparison, the L20_DD_M10_05 model with spherical He detonation leads to [Ti/Fe] ⋍ −0.3 at [Fe/H] = 0. In terms of the other Fe-peak elements, the L20_DD_M11_05(Y) model is unremarkable from other DD and PDt models, which could suggest that at least some fraction of sub-MCh SNe Ia have an aspherical He detonation pattern; this notion was also proposed by Palla (2021).
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Appendix A  Galactic chemical evolution models with SN Ia yield combinations
Fig. A.1 & A.2 show the predicted chemical evolution of intermediate mass α-elements and Fe-peak elements for each of the 1140 GCE models calculated using a combination of the sub- and near-MCh yields investigated in this work (except for PDf explosions). Each GCE track is colour coded based on the goodness of fit to the observational data according to the χ2 test described by Equation 5.
	[image: thumbnail]	Fig. A.1 GCE tracks for N13 CCSN yields with different SN Ia yield combinations (see Section 4.2 for details) with no contribution from SNe Iax. The GCE tracks with black lines indicate the models that have a χ2 score in 84th percentile. Observational data are the same as in Fig. 2 & 3.



	[image: thumbnail]	Fig. A.2 Same as Fig. A.1, but for LC18 CCSN yields.
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2 We remind that the yields for S18_DD_M10_00 are updated in Keegans et al. (2023) by post-processing the model with a more extensive network.
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	Element
	LTE
	NLTE





	O
	Bensby et al. (2005), Bertran de Lis et al. (2015), Zhao et al. (2016)
	Zhao et al. (2016)



	Si, Ca, Ti
	Bensby et al. (2005), Adibekyan et al. (2012), Zhao et al. (2016)
	Zhao et al. (2016)



	Cr
	Bensby et al. (2005), Adibekyan et al. (2012), Bergemann & Cescutti (2010), Lomaeva et al. (2019)
	Bergemann & Cescutti (2010)



	Mn
	Adibekyan et al. (2012)
	Battistini & Bensby (2015), Eitner et al. (2020)



	Co
	Bergemann & Cescutti (2010), Adibekyan et al. (2012)
	Bergemann & Cescutti (2010), Battistini & Bensby (2015),



	Ni
	Bensby et al. (2005), Adibekyan et al. (2012), Lomaeva et al. (2019)
	Eitner et al. (2023)
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        Probability density function of GCE models with a χ2 score in the 84th percentile, as a function of the fractional contribution from sub-MCh SNe Ia in those GCE models (see text for details). The thin dashed blue and dotted black lines include only LTE observational data for each of the GCE models with N13 and LC18 massive star yields, respectively. The thick solid blue and grey lines are calculated using only NLTE data. The results should be interpreted in the context that, for some elements, the absence of well-fitting GCE models may compromise the reliability of the observed patterns.
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        Counts of sub-MCh (top panel) and near-MCh (bottom panel) SN Ia yields that are used by N13 and LC18 GCE models with a χ2 score in the 84th percentile. The bar colours indicate the explosion mechanism, as in Figures 2 and 3. Shaded and unshaded panels are for calculations using NLTE and LTE observational datasets, respectively.
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        GCE tracks for N13 CCSN yields with different SN Ia yield combinations (see Section 4.2 for details) with no contribution from SNe Iax. The GCE tracks with black lines indicate the models that have a χ2 score in 84th percentile. Observational data are the same as in Fig. 2 & 3.
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        Same as Fig. A.1, but for LC18 CCSN yields.
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