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Abstract

Context. Binary stars are gravitationally bound stellar systems where the evolution of each component can significantly influence the evolution of its companion and the system as a whole. In certain cases, the evolution of these systems can lead to the formation of a red giant-white dwarf system, which may exhibit symbiotic characteristics.

Aims. The primary goal of this work is to contribute in a statistical way to the estimation of the symbiotic system (SySt) population in the Milky Way and in the dwarf galaxies of the Local Group (LG). Additionally, we aim to infer the maximum contribution of SySts to Type Ia supernova (SN Ia) events.

Methods. Given the significant discrepancies in previous estimates, we propose two distinct approaches to constrain the expected SySt population: one empirical and another theoretical. These approaches are designed to provide a robust estimation of the SySt population.

Results. For the Milky Way, we utilized position and velocity data of known SySts to determine their distribution. Based on these properties, we constrained the lower limit for the Galactic SySt population in the range of 800–4100. Our theoretical approach, which relies on the properties of zero-age main-sequence binaries and known binary evolutionary paths, suggests a SySt population of (53 ± 6)×103 SySt in the Galaxy. The statistical SySt populations for LG dwarf galaxies are one to four orders of magnitude lower and primarily dependent on the galaxies’ bolometric luminosity and, to a lesser extent, their binary fraction and metallicity. In this work, the contribution of the single-degenerate channel of SNe Ia from symbiotic progenitors is estimated to be on the order of 1% for the Galaxy.
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1. Introduction
Binaries evolve in a variety of ways, but the manner in which they evolve is primarily determined by the stars’ zero-age main-sequence (ZAMS) masses, just as in single systems. Other important parameters influencing their evolution are the initial orbital separation and eccentricity, which determine the level of interaction between the two components. This can lead to various binary evolutionary phenomena, such as mass transfer, common envelope phases, or merging. The specific path taken depends on the interplay of these initial conditions and the physical processes involved in binary evolution (Eggleton 2006; Benacquista 2013).
Even a tiny difference in mass between the stars in a binary system can significantly impact their evolutionary timescales. If the primary star evolves to the giant phase or if two main-sequence stars are sufficiently close, the primary can fill its Roche lobe, leading to mass transfer from the donor star to its companion. This process, known as Roche lobe overflow (RLOF), can be stable or unstable depending on the donor’s envelope structure and the system’s mass ratio (Ge et al. 2010). Stable RLOF results in slow changes in mass ratio and separation, while unstable mass transfer can be faster and lead to the disruption of the donor’s envelope and the formation of a common envelope (CE) phase (Paczyński 1976; Ge et al. 2010).
Systems in CE evolution will experience energy dissipation within the envelope. This can lead to two possible outcomes: (i) the stars merge if the dissipated energy is insufficient to exceed the envelope’s binding energy, or (ii) the stars eject the envelope and become an evolved close binary system (Paczyński 1976; Han et al. 2020). Binaries that do not undergo RLOF have a less dramatic evolution, as mass transfer is limited to stellar winds. In such cases, the components evolve similarly to individual stars, namely, the level of interaction is smaller with a larger separation.
One outcome of binary stellar evolution are symbiotic systems (SySts). These systems are composed of evolved low- and/or intermediate-mass stellar objects. Typically, SySts consist of a hot component, usually a white dwarf (WD), and a cool component, either a red giant branch (RGB) or asymptotic giant branch (AGB) star. The hot component accretes mass from the cool companion through stellar winds, RLOF, or wind-driven mass transfer (Allen 1984; Mikołajewska 2003; Mohamed et al. 2007, 2011; Kenyon 2009). In approximately 30% of the SySts with orbital periods shorter than 1000 days, tidally distorted light curves are observed, indicating the occurrence of RLOF or wind-RLOF (Mikołajewska 2012; Gromadzki et al. 2013).
Previous studies have attempted to estimate the galactic population of SySts. Munari & Renzini (1992) used data of the distribution of S-type SySts within 1 kpc of the Sun combined with a completeness factor and the stellar density gradient of the Galaxy, to estimate a population of 3 × 105 SySts. Kenyon et al. (1993) took a different approach, based on the structure of the Galaxy and on two expected binary formation channels for SySts. Using the formation rate of planetary nebulae (PNe) as a proxy of the birth rates of low- and intermediate-mass stars and assuming that half of these stars are in binary systems, they found a population of 39 000 SySts (6000 of them containing Mira cool components) for the Galaxy. Yungelson et al. (1995) approached the problem by applying binary population synthesis with three evolutionary channels, from the ZAMS to SySt formation. They inferred from this approach a Milky Way SySt population in the range of 3000–30 000. Magrini et al. (2003) tackled the matter with an observational approach using K − B colors for a larger fraction of the LG galaxies. Specifically for the Milky Way, these authors derived a population of 4 × 105 SySts. Finally, Lü et al. (2006) also provided an estimation based on binary population syntheses and considered three formation channels for SySts. One channel was for the stable RLOF and another was for the unstable RLOF during the primary’s evolution, and for the third channel, there was no RLOF. By varying different parameters for binary evolution, these authors found that the Galactic SySt population varies from 1200 to 15 000.
Possibly, the explanation for the discrepant Milk Way SySt populations is in the details of the different approaches. Munari & Renzini (1992) considered the observed distribution of S-type SySts close to the Solar System and generalized this to the entire Galaxy, while Magrini et al. (2003) basically derived the SySt population from an estimate of the red giant population. Kenyon et al. (1993), on the other hand, followed the subset of binary systems containing planetary nebula progenitor stars with masses higher than ∼0.6 M⊙, assuming a constant binary fraction of 0.5. In contrast, Yungelson et al. (1995) and Lü et al. (2006) limited the estimations to detached evolved systems consisting of a giant star and a WD. While Kenyon et al. (1993), Yungelson et al. (1995), and Lü et al. (2006) may not have explored identical groups of SySts, their considerations likely have significant overlap. And regarding the work of Munari & Renzini (1992) and Magrini et al. (2003), these authors probably highly overestimated the population due to their chosen of parameters. We discuss previous works in more detail in Section 6.
With their accreting WDs, SySts have been considered potential progenitors of SNe Ia (e.g., Kenyon et al. 1993; Hachisu et al. 1999; Lü et al. 2009; Liu et al. 2019; Iłkiewicz et al. 2019). Many authors have investigated single degenerated paths to SNe Ia in the past by considering mechanisms in which the WD could trigger a thermonuclear explosion, for example, spin-up and spin-down by Di Stefano et al. (2011), recurrent novae by Starrfield et al. (2012) and Hillman et al. (2016), common envelope evolution winds by Meng & Podsiadlowski (2017) and Soker (2019), and others. However, most SySts with measured masses have WD masses of about 0.7 M⊙ and below, with AR Pav (Quiroga et al. 2002), St 2-22 (Gałan et al. 2022), SMC 3 (Orio et al. 2007; Kato et al. 2013), RS Oph (Brandi et al. 2009; Mikołajewska & Shara 2017), T CrB (Belczynski & Mikolajewska 1998; Stanishev et al. 2004; Hinkle et al. 2025), and V3890 Sgr (Mikołajewska et al. 2021) being notable exceptions. This poses a challenge for SySts as SNe Ia progenitors through the single degenerate scenario. Nevertheless, the expected population of SySts and the fraction of them possessing sufficiently massive C+O WDs suggest that they could contribute to at least a small portion of SNe Ia progenitors, as discussed in this work.
This study aims to contribute to the estimate of the SySt population in a sample of galaxies in the LG and the maximum contribution of these SySts to the observed SNe Ia rate. This is done by applying a purely statistical approach to the problem. To achieve this goal, based on binary evolution, we selected the range of ZAMS binary systems with initial masses compatible with the observed SySts to determine their probable evolutionary paths and derived the expected SySt population in the Galaxy and LG dwarf galaxies. We then combined this information with a simple procedure to infer the likely fraction of SySts with WDs massive enough to be considered potential SN Ia progenitors. A similar procedure was used in our previous work (Laversveiler & Gonçalves 2023), but this new study incorporates galactic dynamics and employs more detailed stellar tracks with a higher resolution in mass and metallicity as well as Monte Carlo simulations for the free parameters of the statistical approach and a corrected selection of post primary evolution binary systems containing C+O WDs massive enough to be considered potential SNe Ia progenitors.
This work is structured as follows. Section 2 describes our theoretical approach to the SySt population problem. Section 3 presents a parallel empirical investigation providing a lower limit for the SySt population in the Milky Way and the results from the theoretical approach. Section 4 displays the results for the SySt population in a sample of LG dwarf galaxies based on the theoretical approach. Section 5 presents our investigation on the possible SNe Ia events with symbiotic progenitors. In section 6 we discuss the problem comparing our results with previous papers on the matter, and section 7 concludes the work.
2. Description of the model
In this section, we present the parameters of our theoretical model for pre-symbiotic binary evolution. The methodology implemented in the binary evolution algorithm is discussed in detail.
2.1. ZAMS binary properties
Symbiotic stars are old systems formed from the evolution of low- and intermediate-mass stars. Such stars have initial masses between 0.5 and 8.0 M⊙. However, only stars with initial masses greater than 0.86 M⊙ had enough time to evolve into giants since the reionization era (approximately 13.3 billion years ago; Schneider 2015). This defines the threshold mass (Mthr) in this work, derived from main sequence (MS) evolutionary timescales (Harwit 2006). The exact value of Mthr has a minimal impact on the results as long as it falls within the range of 0.8–0.9 M⊙.
In addition to the initial mass range, the mass ratio of the ZAMS binaries must also be restricted. For a given primary mass M1, we adopt a mass fraction q greater than or equal to the cutoff value qcut(M1) = Mthr/M1. This allows us to exclude ZAMS binaries with a secondary mass (M2) smaller than Mthr, as in SySts the secondary star is a giant. While it is possible for the secondary to accrete mass during the evolution of the primary, this scenario is highly dependent on the level of interaction between the stars. For simplicity, we maintain the previous range for Mthr. Throughout this work, we use the following definition for mass ratio: q ≡ M2 / M1, where M2 ≤ M1.
We also impose a maximum initial orbital separation to exclude very wide binaries that are unlikely to experience significant interactions during their evolution. Kepler’s third law, as a function of M1 and q, gives us the maximum initial orbital separation
[image: thumbnail](1)
where Pmax is the correspondent maximum initial orbital period. Hachisu et al. (1999) suggests that ZAMS binaries with initial separations up to 4 × 104 R⊙ can shrink to about 800 R⊙ during the evolution of the primary due to angular momentum loss from stellar winds. Therefore, we use log(Pmax/[days]) = 6 for adjusting amax to about 4 × 104 R⊙. The exact amax will depend also on M1 and q, as specified in Equation (1).
To calculate the fraction of binary systems with the desired physical characteristics, we make use of the initial mass function (IMF) for the primary star, ξ(M1), over the range 0.86–8.0 M⊙, considering the mass ratio distribution, ζ(q), and the orbital separation distribution, ζ(a). We adopt the IMF from Kroupa (2001) and assume that all binary systems are resolved. The binary fraction of the galaxy, fbin, is also taken into account. The same mass ratio and separation distributions for both the Milky Way (MW) and LG dwarf galaxies. Combining these factors, the fraction of ZAMS binaries with the desired properties is expressed as
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where amin was set to 1 R⊙ (∼0.005 AU), since ζ(a) is already very close to zero at about 0.01 AU (Duchêne & Kraus 2013). The actual computed factor is the derivative of fbin* with respect to M1 and q, since the integrations are evaluated at the end of the computation of all derivative parameters. Note that we consider only circular orbits. Orbital eccentricity is outside the scope of this work.
2.2. Pre-SySt binary evolution channels
Based on the SySt formation channels described in Yungelson et al. (1995) and Lü et al. (2006), and general binary evolution channels from Han et al. (2020), we developed the following pre-SySt evolution channels:

	
The primary fills its Roche lobe during the MS phase;



	
The primary fills its Roche lobe during the giant (RGB or AGB) phase;



	
There is only wind accretion during the evolution of the primary;




as displayed in Fig. 1. Given the initial characteristics, the binary evolution is characterized by the primary filling or not its Roche lobe. The effective Roche lobe radius (RL), with respect to the separation between the stars, is given by the well-known formula from Eggleton (1983)
	[image: thumbnail]	Fig. 1. Sketch of the binary evolution paths used in our work. Yellow represents MS stars, red RGB or AGB stars, white WDs, and blue merged objects.
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To account for the fact that the stellar radii change during stellar evolution, we consider their temporal mean for each major evolutionary phase of the star (i.e. MS, RGB and AGB phases), which are derived from PARSEC stellar tracks (Bressan et al. 2012). These are shown in Fig. 2. The criteria for RLOF is set as Rφ(M1, Z) = RL, giving the maximum separation at which the primary star will still fill its Roche lobe, for an evolutionary phase φ:
[image: thumbnail](4)
	[image: thumbnail]	Fig. 2. Temporal mean of the stellar radius, derived as a function of mass and metallicity. Solution for MS, RGB and AGB stars are shown, respectively, in solid, dashed and dotted lines



where Z stands for metallicity.
The stability of the RLOF in channels I and II depends on the critical mass ratio, qcrit. We reconstruct qcrit following the methods described by Ge et al. (2013) for MS stars and Chen & Han (2008) for RGB and AGB stars. Figure 3 shows the reconstructed qcrit as a function of M1 and metallicity for MS, RGB, and AGB donor stars. Based on our definition of mass ratio, RLOF is stable for q > qcrit and unstable for q < qcrit.
	[image: thumbnail]	Fig. 3. Critical mass ratio as a function of primary mass and metallicity. Solid, dashed and dotted lines represent MS, RGB and AGB, respectively. The black solid curve shows the behavior of qcut(M1). Discontinuities happen because of the changing behavior of the qcrit defining function, and the use of the mean radii.



The fraction of MS-MS ZAMS binaries that will evolve to a SySt – here considered as a WD-RGB/AGB system – through each channel, is computed from the fraction of systems that satisfy the restrictions for Mthr, q, and a described before.
For channel I, we only considered systems that evolve with a stable RLOF (see Fig. 1), so the fraction of binaries that can evolve to SySt through it is computed as:
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where Kq and Ka are re-normalizing functions (that depend on M1 and q) for the ζ(q) and ζ(a) distributions, needed to keep the quantity [image: equation] as a fraction of fbin* (Eq. (2)). The free parameter fℓ(I) ∈ [0, 1] quantifies our ignorance regarding the fraction of the WD+MS systems formed through channel I that will actually become SySt (see Fig. 1).
For channel II, we have two possibilities, systems where the primary fills its Roche lobe during the RGB or the AGB phases. We produce analogous expressions to compute the fraction of binaries that will evolve through these subchannels and become SySts. For the subchannel II, when there is RLOF on the RGB phase, we have
[image: thumbnail](6)
and when RLOF occurs on the AGB phase,
[image: thumbnail](7)
The only difference between Eqs. (6) and (7) is on the integration limits for a, since AGB stars have mean radii larger than RGB stars (Fig. 2). Each expression is divided in two components, one for the stable and the other for the unstable sub-channel. Here fℓ(II) ∈ [0, 1] is analogous to fℓ(I), but for giant unstable mass transfer.
At last, for channel III, the fraction of SySt formed is given by:
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with no free parameter, since we assume that every binary from the initial set – limited by initial amax(M1, q) – will eventually become a SySt through this channel.
The total SySt fraction is then computed considering the sum of all channels, weighted by fbin*. Therefore
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where the index i runs over all channels described before.
2.3. The scaling parameter
The previous description can only calculate the fraction of binary systems that evolve into SySts through channels I, II, and III. To determine the actual SySt population, we apply a specific scaling parameter for each galaxy in the sample.
For the MW, the scaling parameter is based on the production density rate of planetary nebulae (PNe), νPN, the observed scale height of symbiotic stars (SySt), hss, the radius of the Galactic disk, RG, and the expected lifetime of the symbiotic phenomenon. This approach is similar to the one used in Kenyon et al. (1993), which assumes that the rate at which PNe are formed is approximately the rate at which low- and intermediate-mass stars form. Thus, the MW scaling parameter is:
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Due to the lack of information on the production density rate of PNe, the distribution of SySts, and the properties of LG dwarf galaxies, we use the absolute bolometric magnitude of the galaxy as an estimator of its total stellar content. The bolometric magnitude is calculated using a bolometric correction of −0.2 (Reid 2016). The scaling parameter for these galaxies, 𝒩i, is given by NPNτss/τPN, where NPN is the number of PNe, τPN is their lifetime, and τss is the expected lifetime of the symbiotic phenomenon. The term NPN/τPN approximates the PN formation rate, similar to νPN but not considering a density. Following Buzzoni et al. (2006), NPN can be expressed by ℬτPNLbol, i, where ℬ = 1.8 × 10−11 L[image: equation] yr−1 is the specific evolutionary flux. By expressing the luminosity Lbol, i as a function of the absolute magnitude, with the Sun as a reference, the scaling parameter can be written as:
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for each dwarf galaxy.
3. Results: Galactic SySt population
In this section, we estimate the SySt population of the MW using both an empirical approach and the model described in Section 2. The empirical approach provides a lower limit, while the theoretical model yields the expected population of MW SySts.
3.1. Empirical limit
Such a limit is set by the observed distribution of SySts. Positions, distances, proper motions and radial velocities (RVs), mainly from Akras et al. (2019) catalog, and the updated version of the New Online Database of Symbiotic Variables (Merc et al. 2019a,b)1 are used in order to infer the empirical limit.
Roughly, 94% (265 of 283) of the confirmed SySt have estimated distances, mostly from Gaia EDR3 (we use the geometric distances; Gaia Collaboration 2016, 2021; Bailer-Jones et al. 2021). By transforming position and distance into galactocentric coordinates, with Astropy (Astropy Collaboration 2018), we produce a Galactic height distribution for the confirmed SySts. This histogram is presented in Fig. 4. A Laplacian distribution is fitted to the data for the computation of the scale height, hss, as being 0.65 kpc – i.e. the Galactic height (ZG) value at which the distribution has fallen to 1/e from its peak value.
	[image: thumbnail]	Fig. 4. Galactic height distribution for confirmed SySts. Top panel: histogram of the 265 known SySts with distance information, its Gaussian KDE (solid black line), and the fitted Laplacian distribution (dashed orange line). Bottom panel: histograms of galactic heights for the dynamically classified SySts (132 at total).



Among the confirmed SySts with distance information and the three velocity components estimated, only 132 (47%) have proper motion and RV available from the literature or Gaia. Proper motions are retrieved from Gaia DR3 (Gaia Collaboration 2023), and RVs are provided in the literature (Merc et al. 2019a,b; see Table 1), and in Gaia DR3.
Table 1. 
Coordinates, distances, proper motions, and radial velocities of the analyzed stars.

Radial velocities obtained from large-scale surveys do not necessarily represent the γRV (i.e., the RV of the barycenter), in particular if data are obtained only at a single epoch at the unknown orbital phase of the binary. Gaia DR3 produces RVs from observations spanning approximately 1000 days; thus, the measured value probably averages out, at least for the major fraction of SySts, which have orbital periods smaller than 1000 days. Nevertheless, if the binary is unresolved – which is the case of the majority of the SySts –, the measured RV is generally obtained from the cool component. These can be considered in two distinct cases. For S-type SySts, the binary motion significantly impacts the measured RV due to the closer proximity of the components, resulting in higher projected orbital velocities. By analyzing the RVs of the cool components in 47 SySts from our sample, we find that 50% of them exhibit RVs smaller than 7 km/s, and 90% smaller than 10 km/s. If we compare RVs from Gaia DR3 with γRV we note that 50% of them show |RVGaia − γRV| smaller than 2 δRVGaia, being δRVGaia the RV uncertainty in Gaia (see Fig. 5). Thus, accounting for this systematic uncertainty, we raise the RV uncertainties of S-type SySts with RVs from Gaia by a factor of 2. On the other hand, in systems with Mira pulsators (mostly D-type SySts), the cool component pulsations can imply additional variability in RVs of ∼10 km/s (e.g. Hinkle et al. 1989), or even more in some cases. For these systems, where no γRV is measured, we raise their RV uncertainties by ±10 km/s.
	[image: thumbnail]	Fig. 5. Radial velocity differences for S-type SySt as measured in Gaia DR3 and the literature, normalized by Gaia’s uncertainty (21 SySt).



Distance estimates from Gaia also warrant careful consideration, given that the astrometric solutions were inferred using single star models. Merc & Boffin (2025) studied the impact of the binary motion on the parallaxes of 500 000 systems, simulated to resemble the known population of SySt and adopting the real Gaia DR3 scanning law. Their results indicate that the ratio of fitted to input parallaxes (ϖfit/ϖ) clusters near unity (see their Figures A.4 and A.5), with no particular dependence on the distance of the system. The vast majority of simulated SySts exhibit ϖfit/ϖ < 1.5. To account for the possible inaccuracies in the parallaxes introduced by the orbital motion, we increased the reported uncertainties of distance estimates from Bailer-Jones et al. (2021) by a factor of 2. Note, that the distance estimates in Bailer-Jones et al. (2021) are not solely based on the parallaxes from Gaia DR3, but use a model of the Galaxy as a prior for the positions of the stars. Also note that increasing the uncertainties does not change the results, since the dynamical classification is based on the velocity components’ median values. Nevertheless, the derived velocity uncertainties are indirectly increased by this approach.
Galactic orbits of the sample stars are integrated over 10 Gyr using galpy (Bovy 2015), to recover the cylindrical velocity components (vr,vφ,vz). These are the equivalent of the (U, V, W) components, but generalized to the global structure of the Milky Way. Thus, vr is the radial velocity (radially on the Galactic plane), vφ is the azimuthal tangent velocity component in the direction of the disk’s rotation, and vz is the velocity component perpendicular to the Galactic plane. These are valid for any position within the Galaxy, not only in the Solar neighborhood, which could be appropriately represented by the UVW velocity system. All of them are given in kilometers per second. To simulate Milky Way’s composed gravitational potential, we superimposed a power spherical potential for the bulge; the Miyamoto–Nagai potential (Miyamoto & Nagai 1975) for the disk; and the Navarro–Frenk–White potential (Navarro et al. 1996) for the halo – included in galpy as MWPotential2014.
With the integrated velocity information, it is then possible to compute the ratio of probabilities of a given SySt to be a part of any major galactic component (i.e. thin disk, thick disk or halo). These probability ratios are expressed as: TD/D, probability of being a part of the thick disk over the probability for the thin disk; and TD/H, probability of being of the thick disk over the probability for the halo (Bensby et al. 2003, 2014; Carrillo et al. 2020; Perottoni et al. 2021). The classification criteria are defined as follows:

	
(a) 
TD/D < 0.5 and TD/H > 1 → thin disk;



	
(b) 
TD/D > 2 and TD/H > 1 → thick disk;



	
(c) 
TD/H < 1 → halo.




From this classification scheme, it is possible to see that objects displaying, at the same time, TD/H > 1 and 0.5 < TD/D < 2, are not classified. These are understood as ‘in between’ the thin and thick disks (Bensby et al. 2014). Applying the criteria above to the SySts with integrated orbits, we retrieve 48 SySts classified as thin disk population (34%), 42 as thick disk (32%), and 32 (24%) as halo population. The remaining 10 SySts have ‘in-between’ dynamics. Figs. 6 and 7 show 1 Gyr of the integrated orbits and the current position of the SySts. Fig. 8, on the other hand, shows the Toomre diagram constructed with the dynamically classified SySt. The high proportion of halo SySts is probably a selection bias, since halo objects have high relative velocities, which are more easily measured.
	[image: thumbnail]	Fig. 6. Integrated orbits and current positions of thin (green lines) and thick (pink lines) disk SySts over 1 Gyr. The markers indicate the SySts current position. The interception of the black dashed lines represents the approximate position of the Solar System, for comparison.



	[image: thumbnail]	Fig. 7. Integrated orbits and current positions of halo and “in-between” (i.e. thin or thick disk dubious objects) SySts. The solid lines show the orbits over 1 Gyr. Markers indicate their current position. The interception of the black dashed lines represents the approximate position of the Solar System, for comparison.



	[image: thumbnail]	Fig. 8. Galactocentric Toomre diagram for confirmed galactic SySts with velocity information. On the horizontal axis we have the circular (azimuthal) velocity component, vφ, and on the vertical axis the squared root of the sum of the squares of the (galactocentric) radial velocity, vr, and vertical velocity, vz. The dashed lines mark constant total velocities (vr2 + vφ2 + vz2)1/2 of 70 and 180 km s−1, centered at the Local Standard of Rest (vφ ≈ 238 km s−1; Reid et al. 2014) for easier visualization. Thus marking the classical boundaries between thin and thick disks. Uncertainties are defined as the standard error, inferred applying a bootstrap analysis (104 drawings for each system). Inferred velocities are displayed in Table 2.



As a first approximation, we use the distribution of SySts of the thin disk to compute the central SySt number density (n0, the number density at ZG = 0). With the 1σ dispersion ellipsis for thin disk SySts given as
[image: thumbnail](12)
and the thin disk scale height [image: equation] pc (López-Corredoira & Molgó 2014) we obtained the number density as
[image: thumbnail](13)
where Nin is the number of SySt within the 1σ dispersion region and V1σ is the volume of this region, the σ’s are the standard deviations in x and y directions, [image: equation] and [image: equation] are the mean XG and YG of the dispersion, and α is a non-dimensional parameter used to fit the dispersion ellipsis to the data. The computed value of n0 was 2.5[image: equation] kpc−3. Thus, by integrating the Laplace distribution in ZG and considering the radial and azimuthal SySt distributions as homogeneous, we obtain the number of SySt: 2πRG2hssn0.
Following the fact the dispersion of systems in the thin disk is used to compute n0, the inferred value of n0 can remain roughly the same or increase with the confirmation of new SySt in the disk.
Table 2. 
Inferred velocities of the analyzed star, together with the dynamical classification.

Two values are adopted to represent the Galactic disk radius. One of them is the truncation radius, 16.1 kpc (Amôres et al. 2017), which will give the largest possible SySt population, since the stellar density falls with the distance to the galactic center. The other one is 10 kpc, which is five times the scale length of the thin disk and four times the scale length of the thick disk (López-Corredoira & Molgó 2014). This value was chosen due to the fact that it enclosures the Solar System (which is about half the way to the truncation radius), and also because the stellar density has already fallen to a few percent (∼1–2%) of the central value.
From the mentioned parameters, the approximated lower limit for the SySt population in the MW is [image: equation] for RG = 10 kpc, and [image: equation] for RG = 16.1 kpc. Therefore, roughly, we can assume the lower limit is 800–4100 SySt. This value is compatible with the one found by Lü et al. (2006), based on stellar population synthesis, which ranges from 1200 to 15 100 SySt.
3.2. Theoretical expected population
The theoretical results were obtained using the methodology outlined in Section 2. The separation cut, acut(M1, q), determines which evolutionary channels (I, II, or III) are followed by the ZAMS binary systems. We adopt the following values for the scaling parameter terms: (2.4 ± 0.3)×10−12 pc−3 yr−1 for νPN (from Phillips 1989), 5 × 106 yr for τss (from Webbink et al. 1988; Munari & Renzini 1992), 0.65 kpc for hss (see Section 3.1), and {10.0, 16.1} kpc for RG.
The galactic SySt population is computed for a maximum orbital period of log(Pmax) = 6, with Pmax in units of days (Hachisu et al. 1999). For the binary fraction fbin, we use the multiplicity frequency (Duchêne & Kraus 2013), which is a function of M1. Monte Carlo simulations are run considering uniform distributions for fℓ(I), fℓ(II) ∈ [0, 1].
Based on the metallicity distribution in the thin and thick disks of the MW (Yan et al. 2019), we selected two metallicity values for our stellar tracks: Z = 0.006 and Z = 0.014. While there is a significant difference between these values, the impact on our results is negligible (less than 1%). The most noticeable effects are observed only for the stellar models with the lowest metallicities, as in the case of dwarf galaxies. We chose to keep a fix metallicity of 0.014 for the MW.
The SySt population estimate is the median value of all simulations, with uncertainties calculated using a 2σ confidence interval (about 95%). For a Galactic radius of 10 kpc, we obtain an expected SySt population of (53 ± 6)×103, while for a radius of 16.1 kpc (truncation radius), we obtain the upper limit of (138 ± 16)×103. Note that this upper limit should be regarded as an overestimation, since it considers the disk SySt population to be homogeneous up to the galactic truncation radius, which is far from the truth for any stellar population.
4. Results: Local group dwarf galaxies
Due to the limited data availability, we were only able to apply our model in a small number of LG dwarf galaxies. The abundances used, [Fe/H], are given by McConnachie (2012), which, with Z⊙ ≈ 0.02, are converted to metal mass fraction via:
[image: thumbnail](14)
About half of our dwarf galaxies’ sample has binary fractions estimated from observations. In the instances where more than one binary fraction is available, we use the range given by the maximum and minimum binary fractions as a third free parameter. For the cases where no information is available, we adopted the range 0.25–0.75 for fbin as a free parameter.
As before, results and uncertainties are obtained from Monte Carlo simulations of the two free parameters described in Section 2 (fℓ(I),fℓ(II)), plus the fbin range when applicable. The expected SySt populations, as a function of MV, are displayed in Table 3 and in Fig. 9.
	[image: thumbnail]	Fig. 9. Local Group SySt population as a function of the galaxy’s visual magnitude. Our results, per galaxy, are shown as green triangles, and their uncertainties are not shown because they are about size of the scatter triangles. The red population range, at MV of about −21, is the lower limit range derived from the empirical approach. Data from Munari & Renzini (1992), Kenyon et al. (1993), Yungelson et al. (1995), Magrini et al. (2003), Lü et al. (2006) are plotted for comparison; the dotted lines connect the same galaxies in different works. The red dashed line marks the unity.



For many galaxies, the derived number of SySts is smaller than one. However, given our assumptions and statistical treatment, these results only imply that we do not expect to find many SySt in these galaxies. An example is the dwarf spheroidal galaxy Draco, for which we derived a null value, but has one SySt confirmed (Akras et al. 2019; Merc et al. 2019a,b).
Another important result is the fraction of ZAMS binaries that evolve through each channel, shown in Table 4. It is clear that channel III is the dominant one and that the difference between channels II RGB and II AGB is considerable. These are direct consequences of the integration limits, which depend on the stellar radii. As shown in Fig. 2, the difference between the mean stellar radii from MS to RGB is much larger than from RGB to AGB. Also, the range from the AGB radii to the equivalent limits in separation for log(P) = 6 is extremely large, which then makes channel III dominate.
5. SNe Ia rate from SySt progenitors
A few hot components in SySt have estimated masses equal or higher than 1 M⊙ (e.g. RS Oph and T CrB; Mikołajewska 2003). Due to the accretion of material from the cool companion, it is reasonable to consider that these objects could approach the Chandrasekhar mass limit (MCh ≈ 1.4 M⊙) in a timescale compatible with the symbiotic phenomenon. By approaching this limit, it is generally accepted that such hot components, if WDs composed mainly by C+O, would experience nuclear instability and, possibly, trigger a thermonuclear explosion disrupting itself, according to the single degenerate scenario (Hillebrandt & Niemeyer 2000). It is expected that this event would be observed as a SN Ia.
The WD composition can be inferred from the simulations, based on the definitions of the channels and an initial-final mass relation (IFMR; Cummings et al. 2018). As a general result, we obtain that about 81% of the WDs in SySt should have a C+O composition, which is explained primarily by the dominance of channel III and also by the IMF (Kroupa 2001) – less massive stars are more abundant. Following the results, a small fraction, 17%, of the SySt WDs would have He dominated composition, represented by channels I and II RGB. And about 2% would be O+Ne WDs.
Restricting ourselves to C+O WDs, we need to know the progenitor masses of such objects, so that it is possible to restrict the parameter space for ZAMS binaries. Following the IFMR from Cummings et al. (2018), we find that such progenitor masses range from ∼0.8 to 6.1 M⊙, while the correspondent WD masses will be within ∼0.55–1.1 M⊙. White dwarfs with masses higher than 1.1 M⊙ would have a O+Ne composition, rather than C+O. However, this is not applicable to all evolutionary channels, since for channels I and II RGB, the primary loses its envelope with a core still completely, or at least mainly, composed by He. Therefore, we also restrict ourselves to channels II AGB and III.
Starrfield et al. (2012) and Hillman et al. (2016) show with detail that RLOF accreting WDs can grow in mass even tough they pass through a series of novae events, ejecting a part of the accreted envelope. More specifically, Hillman et al. (2016) demonstrates that WDs accreting at rates of a few 10−7 M⊙ yr−1 can grow in mass to MCh within a few million years if MWD ≳ 0.8 M⊙, which is compatible with the timescale of the symbiotic phenomenon we are considering in this work. Nevertheless, we note that the lifetime of τss ≈ 5 × 106 yr could be potentially overestimated for a fraction of the SySt population, and we discuss this issue in more detail in Section 6.
According to the IFMR of Cummings et al. (2018) WDs of 0.8 M⊙ are produced by ZAMS stars of 3.3 M⊙, which sets our lower mass limit. From the work of Hachisu et al. (1999) we can also expect that binaries with initial separations in the range of 1500 R⊙ to 40 000 R⊙ shrink to separations of about 800 R⊙, or less, after the evolution of the primary. This means that, when the secondary evolves into a RGB or AGB star, the system can reach considerably high Roche lobe filling factors, producing a RLOF or wind-RLOF evolved binary. Stable mass transfer is needed to allow for WD growing in mass with time. This roughly tells us that the mass of the donor, which is approximately the initial mass of the secondary (Md ∼ M2 = qM1), needs to be smaller than the mass of the WD (Hillman et al. 2016), given by IFMR(M1). Therefore, since the mass ratio has already a lower limit set by qcut(M1), we get the following restriction for mass ratio in the ZAMS
[image: thumbnail](15)
Figure 10 displays such parameter space.
	[image: thumbnail]	Fig. 10. Parameter space for ZAMS systems progenitors of SySt and possible SNe Ia (green filled region). The solid blue line shows the behavior of qcut(M1), and the solid red line that of the upper limit IFMR(M1) / M1 – their interception happens at M1 ∼ 3.6 M⊙. The solid vertical line marks the upper mass limit for C+O WDs of 6.1 M⊙, and the dashed vertical line the lower limit of 3.3 M⊙ for ZAMS stars progenitors of 0.8 M⊙ WDs.



To derive the expected rate of SNe Ia from SySts we first assume that the rate at which SySts form is very close to the rate they cease to exist – either by triggering a supernova, or by completing their evolution turning into a double WD system or developing a CE phase. From this, it follows that the SySt population in a given galaxy is approximately constant. The rate of SNe Ia from SySt progenitors is thus computed from their expected population, Nss, by limiting the fraction parameter, fss, with the conditions given by expression (15), and thus dividing it by the timescale τss:
[image: thumbnail](16)
Here 𝒩 is the scaling parameter of the corresponding galaxy, and the index ‘i’ runs for channels II AGB and III. It is important to note that we do not take into account possible SNe Ia formed from CE evolution – the core degenerate scenario – or the possible delay times involved in the process (e.g. Soker 2019).
Our results are displayed in the last column of Table 3. The MW has many SNe Ia rates previously published (e.g. 3 × 10−3 yr−1, Kenyon et al. 1993 and references therein; (5.4 ± 1.2)×10−3 yr−1, Li et al. 2011; [image: equation] yr−1, Adams et al. 2013). From the comparison of these works with our result, we suggest that SySts could be progenitors of up to about 1% of the SNe Ia events in the Galaxy. Lü et al. (2009) also estimated a birthrate of symbiotic SNe Ia. They derived a rate between 2.27 × 10−5 and 1.03 × 10−3 yr−1. Our result of (2.8 ± 0.1)×10−5 yr−1 (Table 3) falls close to the lower limit of this range.
Table 3. 
Population of SySts and SNe Ia rate from symbiotic progenitors for galaxies in the LG.

Regarding the LG dwarf galaxies in our analysis, the results show that a little more than half of them have symbiotic SNe Ia rate greater than 10−8 yr−1. We would then at least expect hundreds of SNe Ia events in their entire evolution. For the rest of the target dwarfs, timescales for symbiotic SNe Ia (1/rSN) approach the age of the Universe – and add to this fact their null expected population of SySt. Therefore, from our expected values, these galaxies experienced no SNe Ia event, from SySts, in their entire evolution.
6. Discussion
The expected SySt population we derived significantly diverges from the inferences drawn in Munari & Renzini (1992) and Magrini et al. (2003). While the upper limit presented in this work exhibits a similar order of magnitude for the SySt population as in theirs, the mentioned works appear to have substantially overestimated the population. The reason for this comparison with our work, is simply because our upper limit is obtained considering that the disk is homogeneous up to its truncation radius; extremely overestimated. Therefore, we expect the actual population to be much smaller than this limit.
The work of Kenyon et al. (1993) provides a compelling explanation for the overestimation of values in Munari & Renzini (1992). Munari & Renzini (1992) assumes that all binaries with orbital periods between 1 and 10 yr (up to a ∼ 3 AU) evolve into WD–red giant systems. This assumption is overly optimistic, as a significant portion of these binaries is likely to evolve into cataclysmic binary systems. In the present work, binaries within this orbital period range fall into channels I and II. Despite constituting a large fraction of binary systems (Duchêne & Kraus 2013), their contribution to the total SySt population is significantly smaller than that of channel III (Table 4), which comprises the widest binaries. Furthermore, Munari & Renzini (1992) consider all binaries within this orbital period range, including systems with secondary stars that are not massive enough to evolve into giant dimensions within the age of the Universe (Kenyon et al. 1993). Our approach excludes these systems by imposing a threshold mass.
Table 4. 
Fraction of SySt formed through each of the defined channels in this work.

Magrini et al. (2003) use K − B colors, distances, and near-IR contributions from young stars in LG galaxies to infer their red giant populations. They assume that 0.5% of red giants are in symbiotic stars. As shown in Figure 9, our derived values and those of Magrini et al. (2003) exhibit a similar slope but a significantly different linear coefficient. The only exception is IC 10, represented by the purple circle close to MV = −17 with an expected SySt population ∼102. In order of magnitude, both works agree for IC 10 SySt population, likely due to its unique status as the only starburst galaxy in the sample (Kim et al. 2009). This starburst activity leads to a higher contribution from young stars, reducing the relative contribution of old stars and consequently diminishing the otherwise inferred SySt number in IC 10.
The expected SySt population we derived closely aligns with that estimated by Kenyon et al. (1993), which is 39 000 SySts. They employ the following expression: 0.5πR2HνPNf1f2f3τss, where R is the Galactic radius, H is the scale height of the disk, νPN is the formation rate of PNe per unit of volume, τss is the timescale of the SySt, and f1, f2, and f3 are fractions regarding binary evolution. While our work is based on a similar expression, there are fundamental differences between these studies. First, it is important to clarify that the evolutionary channels I, II, and III we used differ from the parameters f1 (fraction of binaries with orbital periods within a given range; 1–10 yr and 10–1000 yr), f2 (fraction of binaries that survive the first tidal mass-loss phase as long period systems), and f3 (fraction of binaries with secondaries massive enough to evolve into giant dimensions given the age of the Galaxy), adopted by Kenyon et al. (1993). These authors use τss = 5 × 106 yr for red giant+WD binaries with Porb between 1 and 10 yr, and τss = 1 × 105 yr for Porb between 10 and 1000 yr. In comparison with our ZAMS binaries’ parameters, their approach is equivalent to our channels II RGB/AGB stable and a fraction of the binaries evolving through channel III, accounting for about (2 − 3)×104 SySt, approximately, in our work. Another significant distinction lies in the binary fraction. Kenyon et al. (1993) adopts a fixed binary fraction of 0.5 for stars with masses greater than 0.6 M⊙. In contrast, we employ a variable binary fraction, fbin*, which is derived from the Galactic multiplicity frequency (Duchêne & Kraus 2013) in conjunction with the IMF and mass ratio restrictions (qcut).
Yungelson et al. (1995) considered three channels for the binary population synthesis and derived a Milky Way SySt population range of 3000–30 000, which aligns with our lower limit and expected values. Their channels encompass our channels II (RGB-AGB stable and unstable) and III. However, among the notable differences, is their consideration of primary stars of up to 10 M⊙. Similarly, Lü et al. (2006) tackle the problem by considering the same three channels as Yungelson et al. (1995) with a very similar computational approach. Deriving the range of 1200–15 100 SySt in the Galaxy. An important comparison between our work and Lü et al. (2006), is that all their considered cases agree with the present work that the majority (≳80%) of WDs in SySt is C+O dominated. With their case 4 being the closest, by producing, respectively, 14%, 79%, and 7%, He, C+O, and O+Ne SySt WDs, while ours are 17%, 81%, and 2%, respectively. Nonetheless, our results are consistent with Yungelson et al. (1995) in total number, given that channel I contributes only about 1% to the total population in our work (see Table 4), and with Lü et al. (2006) in WD composition fraction, while not in total number.
It is plausible to argue that not all SySts share the same lifetime. A recent study by Belloni et al. (2024) suggests that SySt such as FN Sgr, with a high Roche lobe filling factor of 0.9, may have a lifetime of approximately 1 × 105 yr. However, in their work the donor in the SySt is more massive than the WD, and the symbiotic evolution culminates in a CE phase. These indicate that the RLOF or wind-RLOF promotes unstable mass transfer between the components in this system. The situation varies from system to system, since stable or unstable mass-transfer depends mainly on the mass ratio and the donor’s envelope structure (Chen & Han 2008). Thus, this timescale does not necessarily apply for stable RLOF/wind-RLOF SySts, which could potentially endure for longer periods, persisting for timescales comparable to the giant’s lifetime. Similarly, Mira D-type SySts, characterized by high mass loss rates, can also be thought to have lifetimes one order of magnitude shorter than the adopted value of τss = 5 × 106 yr (Gromadzki & Mikołajewska 2009). While it is challenging to explicitly account in our work for these two specific SySts types mentioned, we can estimate their maximum impact by making a few simplifying assumptions. If we assume that all SySts with the highest probability of displaying high Roche lobe filling factors (those formed from channels I and II) and all D-type SySt in channel III, ∼17% (based on observational proportions; Akras et al. 2019; Merc et al. 2019a,b), have a lifetime of τss = 1 × 105 yr, while the rest maintain the previous adopted value of τss = 5 × 106, the expected Galactic SySt population becomes 35 × 103. This suggests that, according to the assumptions of this work, the majority of Galactic SySt likely involve less dramatic interactions between components, such as small Roche lobe filling factors, stable RLOF mass transfer, or lower mass loss rates. This is consistent with observations, at least for systems with orbital periods smaller than 1000 days (Mikołajewska 2012), and agrees with Kenyon et al. (1993).
Regarding the dwarf galaxies of the LG, though the limited empirical information does not allow deeper discussions, it is appropriated mentioning the obvious caveats of our model. They are related to the fact we adopted the same mass ratio and orbital period distributions, as well as IMF, as for the Galaxy. Therefore, the results we obtained for their SySt populations should be considered with caution. For instance, if we apply the same scaling parameter used for LG dwarf galaxies (Equation (11)) to the Milky Way, we obtain an estimate of 16 000 SySts. While this value is still within the same order of magnitude as the expected value discussed earlier, it highlights the fundamental differences between the scaling parameters. The parameter for dwarf galaxies is likely to be more uncertain. Comparison with the previous result for the expected SySt population in the Milky Way, shows us that the dwarfs galaxies’ scaling parameter could be underestimated by a factor of 2 or 3.
Our result associated to SNe Ia is based on the channels considered in this work. We selected a subset that would inevitably produce WD-giant systems containing a C+O WD. We also chose the minimum possible WD mass compatible with the potential to reach near-Chandrasekhar mass within the symbiotic lifetime of 5 × 106 yr. For using this lifetime, we restricted the subset to WD-giant systems where the mass-transfer through RLOF/wind-RLOF is expected to be stable. This approach was adopted to calculate the maximum expected contribution of SySt to SNe Ia. The computed rates can be compared with the stellar evolution history of these galaxies to access their compatibility with the [Fe/H] enrichment expected from SNe Ia throughout the galaxy’s chemical evolution. While this is beyond the scope of the current work, it represents an important avenue for future research.
For the Milky Way, several previous studies have estimated the contribution of SySts to SNe Ia. The rates derived are as follows: 10−6 yr−1 (Yungelson et al. 1995); 2 × 10−3 yr−1 (Hachisu et al. 1996; Li & van den Heuvel 1997); 2.27 × 10−5 to 1.03 × 10−3 yr−1 (Lü et al. 2009); 6.9 × 10−3 yr−1 (Chen et al. 2011); 0.5–1.3 × 10−3 yr−1 (Liu et al. 2019). When we compare our SN Ia rate with estimates from these works, and consider the expected number of SySt we derived, we find that up to 1% of SySts could be progenitors of such supernovae through the single-degenerated channel with the conditions specified in this work. If, on the other hand, we are less conservative and consider the upper limit for the SySt population, of ∼1.4 × 105 to compute the rate of SNe Ia, we get 4.5 × 10−5 yr−1, which still translates into a low contribution of 1.5% to the SNe Ia rate in the Galaxy.
If we consider SySt where mass-transfer can be unstable, thus the considered lifetime should be smaller, τss ∼ 105 yr. In this situation, we cannot make use of the results from Hillman et al. (2016), since they explicit consider stable RLOF mass-transfer for computing the timescales. Following the SySt evolution in Belloni et al. (2024), an analysis regarding CE core-degenerate scenarios for forming SNe Ia (Soker 2019) could be adopted, but it is beyond the scope of this work.
7. Conclusions
From the use of observational data for position, distance, and velocity components of Galactic SySts, we integrated SySt’s orbits and dynamically classified them as thin disk, thick disk, or halo populations. The SySts classified as thin disk objects were used to compute the galactic plane number density as [image: equation] kpc−3. This value, combined with the derived estimations for the Milky Way’s SySt scale height (0.65 kpc) and disk radius, implied a minimum population of SySts in the MW between 800 and 4100. The, more robust, theoretical procedure, based on binary evolution synthesis, resulted in the expected SySt population of (53 ± 6)×103.
According to the method we adopted in this work, for the Galaxy and the dwarf galaxies in the Local Group (binary evolution synthesis), the SySt population depends on the galaxies bolometric magnitude. The computed populations ranged from a few thousand for the most luminous dwarf galaxies to zero for the fainter ones (Table 3). In any case, as seen in Figure 9, the number of SySts as a function of luminosity (Mv) derived for the MW follows approximately the same trend as for the dwarf galaxies, even though it was computed with a very different scaling parameter. This fact demonstrates the coherence between the methods adopted – empirical and theoretical –, despite their distinct natures.
Regarding SNe Ia progenitors from sigle-degenerate channel, our general conclusion is that SySts cannot be the primary progenitors. This result stems from our analysis of mass growth and the IFMR, which indicates that the vast majority of SySts fall outside the parameter space derived from Hachisu et al. (1999) and Hillman et al. (2016). Nevertheless, we find that a small fraction of SySts could potentially serve as progenitors of SNe Ia (Figure 10). By calculating the formation rate of SNe Ia, we demonstrate that, at most, ∼1% of SNe Ia events in the Galaxy could be originated from SySts. Furthermore, while a few of the considered dwarf galaxies might host symbiotic supernovae, their contribution rates would be so low that we do not expect they could be recorded.
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	[image: thumbnail]	Fig. 7. Integrated orbits and current positions of halo and “in-between” (i.e. thin or thick disk dubious objects) SySts. The solid lines show the orbits over 1 Gyr. Markers indicate their current position. The interception of the black dashed lines represents the approximate position of the Solar System, for comparison.
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	[image: thumbnail]	Fig. 8. Galactocentric Toomre diagram for confirmed galactic SySts with velocity information. On the horizontal axis we have the circular (azimuthal) velocity component, vφ, and on the vertical axis the squared root of the sum of the squares of the (galactocentric) radial velocity, vr, and vertical velocity, vz. The dashed lines mark constant total velocities (vr2 + vφ2 + vz2)1/2 of 70 and 180 km s−1, centered at the Local Standard of Rest (vφ ≈ 238 km s−1; Reid et al. 2014) for easier visualization. Thus marking the classical boundaries between thin and thick disks. Uncertainties are defined as the standard error, inferred applying a bootstrap analysis (104 drawings for each system). Inferred velocities are displayed in Table 2.
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	[image: thumbnail]	Fig. 9. Local Group SySt population as a function of the galaxy’s visual magnitude. Our results, per galaxy, are shown as green triangles, and their uncertainties are not shown because they are about size of the scatter triangles. The red population range, at MV of about −21, is the lower limit range derived from the empirical approach. Data from Munari & Renzini (1992), Kenyon et al. (1993), Yungelson et al. (1995), Magrini et al. (2003), Lü et al. (2006) are plotted for comparison; the dotted lines connect the same galaxies in different works. The red dashed line marks the unity.
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	[image: thumbnail]	Fig. 10. Parameter space for ZAMS systems progenitors of SySt and possible SNe Ia (green filled region). The solid blue line shows the behavior of qcut(M1), and the solid red line that of the upper limit IFMR(M1) / M1 – their interception happens at M1 ∼ 3.6 M⊙. The solid vertical line marks the upper mass limit for C+O WDs of 6.1 M⊙, and the dashed vertical line the lower limit of 3.3 M⊙ for ZAMS stars progenitors of 0.8 M⊙ WDs.
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        Integrated orbits and current positions of halo and “in-between” (i.e. thin or thick disk dubious objects) SySts. The solid lines show the orbits over 1 Gyr. Markers indicate their current position. The interception of the black dashed lines represents the approximate position of the Solar System, for comparison.
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