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Abstract

Context. Stellar models and nucleosynthetic yields of primordial to extremely metal-poor (EMP) stars are crucial to interpret the surface abundances of the most metal-poor stars observed and, ultimately, to better understand the earliest stellar populations. In addition, they are key ingredients of Galactic chemical evolution models.

Aims. We aim to better characterise the evolution and fates, and determine updated nucleosynthetic yields of intermediate-mass stars between primordial and EMP metallicity (Z = 10−10, 10−8, 10−7, 10−6, and 10−5). We also probed uncertainties in the nucleosynthesis of the oldest intermediate-mass stars, namely those related to the treatment of convection and convective boundaries and those related to wind prescriptions during the asymptotic giant branch (AGB) phase.

Methods. We analyse the evolution of models from their main sequence, through the thermally pulsing AGB (TP-AGB), to the latest stages of their evolution, using the Monash-Mount Stromlo stellar evolution code MONSTAR. The results were post-processed with the code MONSOON, which allowed for the determination of the nucleosynthetic yields of 77 species up to 62Ni. By comparing them to similar calculations existing in the literature, we inspected the effects of input physics on the nucleosynthesis of EMP models.

Results. From the evolutionary point of view, as reported in former works, we identified proton ingestion episodes (PIEs) in our lowest-mass lowest-metallicity models. Models of Z = 10−10 and Z = 10−8 in a narrow initial mass range around 5 M⊙ experience the cessation of thermal pulses, and their final fates as type-I1/2 supernovae cannot be discarded. However, the initial mass range of models eventually leading to the formation of type-I1/2 and electron-capture supernovae is considerably reduced compared to former works. All the models of initial mass ≳6–7 M⊙ experience a corrosive second dredge-up and, analogously to those experiencing PIEs, undergo significant metal enrichment in their envelopes. The associated increase in their opacities allows them to develop a solar-like TP-AGB or TP-super-AGB, ultimately becoming white dwarfs. Except for those undergoing the cessation of thermal pulses, all of our models show the nucleosynthetic signatures of both efficient third dredge-up and hot-bottom burning, with the activation of the NeNa cycle and the MgAlSi chains. This leads to the creation of vast amounts of CNO, with typical [N/Fe] > 4), and the characteristic abundance signature [N/Fe] > [C/Fe] > [O/Fe]. Our nucleosynthetic yields present dramatic differences with respect to recent results existing in the literature for intermediate-mass models of similar metallicities. The reason for these discrepancies lay in the poorly known input physics related to stellar winds and, above all, the treatment of convection and convective boundaries.
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1. Introduction
The first generation of stars (Pop III) provided the first elements heavier than lithium in the Universe. Although Pop III star formation theory is still uncertain, it is thought that the Pop III initial mass function (IMF) was biased towards massive stars compared to the current-day IMF (e.g., Abel et al. 2002; Sharda & Krumholz 2022). As the metallicity of the Universe increased due to successive generations of stars, cooling via metal lines in the star formation process allowed for the formation of lower-mass stars, and the proportion of low- and intermediate-mass stars increased (Chon et al. 2021; Sharda & Krumholz 2022). In particular, second stellar generations are expected to have formed from pristine gas mixed with the ejecta from one or a few primordial stars (Umeda & Nomoto 2003; Nomoto et al. 2013; Marassi et al. 2014; Frebel & Norris 2015; Hartwig et al. 2019) – and thus any surviving stars can be excellent tracers of the nucleosynthesis of the first generations, providing a fossil record of the first stars.
The amount of observational data of extremely metal-poor (EMP) stars has increased significantly since the early 1990s due to observing programmes such as the HK survey (Beers et al. 1992), the Hamburg-ESO survey (Christlieb et al. 2002), SkyMapper (Keller et al. 2007), the Sloan Extension for Galactic Understanding and Exploration (SEGUE; Yanny et al. 2009), the Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST; Cui et al. 2012), and the PRISTINE survey (Starkenburg et al. 2014). In the very near future, the James Webb Space Telescope (Zackrisson et al. 2011), which is now in orbit, will further expand our knowledge of the first and early generations of stars.
To understand precisely when low- and intermediate-mass stars started to contribute significantly to the evolution of the baryonic universe, it is essential to have a quantitative understanding of how they evolved and ended their lives, as well as the nature and amounts of the matter they ejected as a function of their initial mass and metallicity, that is, their contribution to the chemical evolution of the Galaxy and other environments.
Compared to higher metallicities, the low-metallicity regime of low- and intermediate-mass stellar modelling has been less well-studied. Work overlapping with the scope of the current study includes the PopIII (Z ∼ 0.0) study by Chieffi et al. (2001; Mini = 4 − 8 M⊙), the metal-poor intermediate-mass star study of Iwamoto (2009; at a single metallicity Z = 10−5), and the range of low-mass (1 − 3 M⊙), low-metallicity models by Campbell & Lattanzio (2008). Gil-Pons et al. (2018) reviewed the literature and presented new computations to explore the uncertainties in EMP asymptotic giant branch (AGB) and super-AGB modelling, the key phase for chemical enrichment in low and intermediate-mass stars. We hereafter use the acronym (S)AGB to refer both to AGB and super-AGB stars.
The current study aims to expand the mass and metallicity range of EMP and lower metallicity modelling, in particular, to provide a self-consistent grid of models. Moreover, we aim to provide an analysis of the evolution, final fates, and nucleosynthetic yields of our models. Our grid ranges from ‘primordial’ ([Fe/H] = −10) to EMP ([Fe/H] = −3) models in the mass range 3.0–8.5 M⊙. Comparison between our theoretical gas yields and surface abundance observations of the most metal-poor stars may help to constrain the properties of the first stellar populations (e.g., Frebel & Norris 2015) and even the evolution of the primitive IMF (Suda et al. 2013; Ishigaki et al. 2018). They may provide insight on the Milky Way formation history (e.g., Gibson et al. 2003; White & Springel 2000; Tumlinson 2010; Sestito et al. 2021), and on (ultra-faint) dwarf galaxies, whose metallicities lay between the very metal-poor and the extremely metal-poor regime (Roederer 2017; Simon 2019; Skúladóttir et al. 2020). Our models are also highly relevant in the context of Galactic Chemical Evolution (e.g., Chiappini et al. 1997; Tsujimoto & Bekki 2012; Brusadin et al. 2013; Spitoni et al. 2017; Prantzos et al. 2018; Millán-Irigoyen et al. 2020; Kobayashi et al. 2020), and could give insight on the pollution history of the intracluster medium. Recently, a new very low metallicity system was discovered – a stellar stream with [Fe/H] ≃ −3.8 (Martin et al. 2022b). Thought to be the remnant of a disrupted globular cluster, this system is also in the metallicity range of our modelling.
This work is organised as follows: Sect. 2 describes the structural evolution and nucleosynthetic postprocessing codes used. Section 3 details the main aspects of the evolution and final fates of our models, highlighting the effects of initial metallicity. Section 4 describes the main nucleosynthetic evolution trends and chemical yields, Sect. 5 summarises our key results, and finally, Sect. 6 presents the main conclusions derived from our work.
2. Description of codes and input physics
2.1. Structure evolution code
We performed our calculations with the Monash-Mount Stromlo code MONSTAR (Frost & Lattanzio 1996; Campbell & Lattanzio 2008), described in GP21. MONSTAR only includes the isotopes relevant for the structural evolution, that is to say those involved in important energy-producing reactions. Nuclear reaction rates are from Harris et al. (1983), Caughlan & Fowler (1988) and NACREAngulo et al. (1999), except for 14N + p which is from REACLIB (Champagne 2005). Hot-CNO cycle reactions and neutron captures, which are important for calculating proton-ingestion episodes (PIEs), are not included in our structure evolution code. We give in Appendix A additional details on the reactions considered in our structure evolution codes and, in Sect. 3.4, a brief discussion on the use of these reactions in the calculation of PIEs.
The treatment of the structure and composition (mixing and burning) equations follows a partially simultaneous approach (Lattanzio et al. 2015), in which solutions are calculated at each iteration until the model is converged. By carefully adapting the time-step based on a range of physical and composition variables, this method is approximately equivalent to a simultaneous solution approach (Stancliffe 2006). Following PIEs is quite time-consuming since the time steps get very small because physical changes occur on very short timescales. In such cases, time steps in our calculations can reach values as small as 10−8 − 10−7 yr.
2.1.1. Treatment of mixing, convection, and convective boundaries
Convection is treated following the Mixing-Length Theory (MLT; Böhm-Vitense 1958) in the specific implementation presented in Cox & Giuli (1968). The MLT is a rather crude approximation for the intrinsically multi-dimensional phenomenon of convection. It relies on a proper calibration of αMLT, the ratio of the mixing length to pressure scale height. After calibration to the solar parameters, a value for αMLT = 1.75 was determined. At present, it is impossible to rely on calibrations with observations at the extremely low metallicities we are considering since there are so few (or zero) well-characterised stars in this regime. Given this unavoidable uncertainty, a full parametric study covering different values of αMLT, as proposed by Chieffi et al. (2001), would be of interest. However, such a study is beyond the scope of the present work.
The Schwarzschild criterion combined with a search for ‘convective neutrality’ was used to locate convective boundaries (Lattanzio 1986). In this method, convective boundaries are located by extrapolating the value of the quotient of the radiative and the adiabatic gradients (∇rad/∇ad) from the two convective mesh points closest to the Schwarzschild boundary to the first adjacent radiative mesh point. Frost & Lattanzio (1996) showed how this implementation enhanced the efficiency of the third dredge-up (TDU) episode.
Mixing is instantaneous and homogeneous, except during proton-ingestion episodes (PIEs). In such cases, evolutionary timesteps become shorter than the convective turnover times, so we use a time-dependent diffusive approach (Campbell & Lattanzio 2008).
2.1.2. Opacities
For the present work, we updated the conductive opacities (Cassisi et al. 2007; Potekhin et al. 2015), and the variable-composition low-temperature molecular opacities, extending the metallicity range considered in Constantino et al. (2014) and GP21, to cover values between Z  =  10−10 and Z  =  10−5. Low-temperature opacity data were from AESOPUS (Lederer & Aringer 2009; Marigo & Aringer 2009). Interior stellar opacities are from Iglesias & Rogers (1996).
2.1.3. Mass-loss rates
Mass-loss rates in our low-metallicity models are insignificant before the end of core-He burning. During the early AGB and the thermally pulsing AGB (TP-AGB) phase, we used the prescription by Bloecker (1995) with η = 0.02, as proposed by Ventura et al. (2001) based on observations of Li-rich giants in the Large Magellanic Cloud. This wind prescription is commonly used by authors computing very low-Z models (e.g., Herwig 2004 and Ritter et al. 2018). GP21 showed that this prescription yielded a better agreement between theory and observations of EMP stars. We note that the wind prescription by Bloecker (1995) accounts for the effects of radiation pressure on dust grains. This might represent a problem because dust formation in our extremely metal-poor stars is uncertain and perhaps inefficient (V21). However, no existing wind prescription for primordial to EMP stars is a reliable option, since there are no direct observational constraints. Generally, the current prescriptions used for mass-loss for extremely metal-poor stars are not based on first principles – they are empirical fits to observations of stars of considerably higher metallicities. However, if the situation arises whereby metal-poor stars undergo strong self-pollution, for example, through third dredge-up or proton-ingestion episodes (see Sect. 4), and reach globular cluster or even near-solar metallicities1, then the mass-loss rates calibrated to more metal-rich populations may be valid.
2.2. Nucleosynthesis code
The stellar evolution results were postprocessed to obtain the gas yields of 77 species. We used the code MONSOON (Cannon 1993; Lugaro et al. 2004), whose most recent updates were described in Doherty et al. (2014a) and GP21. Abundance variations due to nuclear reactions and time-dependent convection are calculated using a ‘donor-cell’ scheme, and space and temporal resolution aim to resolve regions of strong abundance variations. Nuclear reaction rates are from JINA (Cyburt et al. 2010), and additional p- and α−captures are from Iliadis et al. (2001), Hale et al. (2002, 2004), and Karakas et al. (2006). A ‘g’ particle is used as a proxy for s-process elements (Lugaro et al. 2004), and neutron-captures on isotopes not considered in our network are accounted for using the neutron-sink approach (Jorissen & Arnould 1989; Lugaro et al. 2003; Herwig et al. 2003).
i-process nucleosynthesis could occur during proton-ingestion episodes (see, e.g., Campbell et al. 2010; Dardelet et al. 2014; Hampel et al. 2016; Choplin et al. 2021, and references therein). Given the relatively limited number of isotopes and reaction rates we are considering, and the fact that our neutron sink is adapted to the s-process, we do not expect to obtain reliable results for i-process nucleosynthesis. The extension to heavy elements nucleosynthesis will be analysed in a future work. Initial abundances were solar-scaled from Grevesse et al. (1996).
3. Evolution of the models
3.1. Evolution before the TP-AGB
The evolution during core H- and He-burning of intermediate-mass metal-poor stars was thoroughly described in Gil-Pons et al. (2018). The trends detailed for the lowest metallicity cases (Z = 10−10 and 10−8) are similar to those found in Chieffi et al. (2001) and Siess et al. (2002). All the above works reported the onset of H-burning through the pp-chains in primordial models and the gradual increase in the relevance of the CNO-cycle as small amounts of C (yielding abundances XC ∼ 10−8) form in the core by 3-α reactions.
Our model stars do not climb the first giant branch after the end of core H-burning. Instead, they experience their first giant ascent and associated envelope pollution event after the end of core He-burning. This first pollution event is still referred to as a second dredge-up (SDU) in analogy to the equivalent process in higher-metallicity (Z ≳ 10−3) stars, which do undergo the first dredge-up event at the beginning of the RGB. During the SDU, the base of the stellar convective envelope reaches down to regions previously processed by H-burning. Thus, the envelope becomes enhanced in helium and other H-burning products (see Sect. 4.1.1 for details).
Models of masses ≳5–6 M⊙ experience a significant enrichment in C, unlike the typical SDU in which C is depleted through the CN cycle. This occurs through ‘corrosive’ SDU, in which the base of the convective envelope reaches further down than in a standard SDU and not only allows for He and CN-product surface enhancement, but also the mixing of the envelope with matter processed by He-burning (Gil-Pons et al. 2013; Doherty et al. 2014b). This process is favoured at very low metallicity because the higher structural temperatures allow for the occurrence of He-burning very close to the base of the H-burning shell. Due to corrosive SDU, the more massive models also reach very high He surface abundances.
Regarding the trends of core mass with metallicity, we find that H-exhausted core masses after the SDU tend to increase with increasing metallicity (just as core masses do at the end of core-H and core-He burning; e.g., Gil-Pons et al. 2021). The behaviour of the base of the convective envelope (BCE) during the SDU determines the core masses at the beginning of the TP-AGB and, ultimately, the temperatures in nuclearly active regions, the efficiency of the TDU, the wind efficiency, and the duration of the TP-AGB itself (see Tables 1 and 2, and Fig. 1). It also determines whether or not a normal TP-AGB ensues. These differences can drastically affect nucleosynthetic evolution and yields.
	[image: thumbnail]	Fig. 1. Key TP-(S)AGB parameters for our intermediate-mass models of different metallicities. Mcore is the core mass at the end of the TP-(S)AGB calculations, Log LMAX the maximum luminosity, τTPAGB the duration of the TP-(S)AGB phase, tIP the average interpulse period, TBCE the maximum temperature at the base of the convective envelope, and ⟨λ⟩ is the average of the TDU parameter. NTP is the number of thermal pulses. We note that 5 M⊙ models of Z = ×10−8 and Z = 10−10 are not shown because they do not follow a standard TP-AGB evolution (see main text for details). For the sake of comparison, Z = 10−5 models from GP21 with different wind prescriptions (Bloecker 1995, B95, in solid and Vassiliadis & Wood 1993, VW93 in dotted lines), and the models from Ventura et al. (2021) are also included (V21, dashed lines). We note that, for the latter, maximum (instead of average) values of λ are shown. Shaded areas in light indigo represent the approximate mass limits for which the final fates of Z = 10−10 and Z = 10−8 models are unknown (see main text for details).



Table 1. 
Relevant structure and composition parameters for our models.

3.2. Main characteristics of the TP-AGB phase
Most of our models experience a normal thermally-pulsing AGB or super-AGB phase (TP-(S)AGB hereafter), efficient third dredge-up (TDU) or hot-TDU, as well as hot-bottom burning. The main characteristics of the TP-(S)AGB phase are shown in Table 2 and Fig. 1. The trends for the most massive cases are quite clear in the metallicity range we are considering. As metallicity decreases, H-exhausted core masses become lower, and TDU efficiency, represented by the λ parameter2, is higher. Highly efficient TDU (as well as SDU) is attributed to the lower entropy barrier characteristic of low-metallicity stellar structures (see, e.g., Fujimoto et al. 2000). Average values of λ range between 0.47 for our 8 M⊙ model of Z = 10−6, and 0.87, for our 3 M⊙ models of the lowest metallicity values (Table 2).
Table 2. 
Main characteristics of the TP-(S)AGB of our models.

Efficient dredge-up does not only affect the surface composition (see Fig. 2) but also hampers core growth and lowers the temperature of active regions. In addition, the interpulse periods and the duration of the TP-(S)AGB are longer for the most metal-poor massive AGB and super-AGB stars. Values of the average TBCE range between 36 MK for the 3 M⊙ model of Z = 10−10 and up to 138 MK for our most massive models of the same metallicity.
	[image: thumbnail]	Fig. 2. Surface C, N, and O molar fractions of our 3 M⊙ models at different metallicities. Zero time marks the beginning of the TP-AGB phases.



On the other hand, GP21 reported increasingly higher core masses, TBCE, and shorter interpulse periods for massive AGB and super-AGB stars with decreasing Z, for metallicities between Z = 10−3 and Z = 10−5. Thus, there is a change in trends in the characteristics of TP-(S)AGB models at Z = 10−5. Siess (2007) also reported a similar tendency variation for core masses of super-AGB models at Z = 10−4. The overall compactness and higher temperature of the lowest metallicity models are probably the main reasons for this trend change.
For models of initial mass ≲5 M⊙ the tendency is altered. Core masses, both at the beginning and end of the TP-AGB, are very mildly affected by initial metallicity (except for the primordial 3 M⊙ case). In these cases, the occurrence or absence of dual shell flashes (e.g., Campbell & Lattanzio 2008), and varying TDU efficiencies drastically affect the stellar structure. Furthermore, as we see in the next section, they determine the occurrence of a ‘normal’ TP-AGB and even the final fate of some models. We note that values for the 5 M⊙ models of Z = 10−8 and 10−10 are not shown in Fig. 1 because their thermal pulses vanish. Models fail to converge shortly afterwards while keeping very massive envelopes at the end of our calculations (see Sect. 3.5).
Once the total stellar mass has reduced to about 1.6–1.7 M⊙ the high TBCE ≳ 30 MK values cannot be sustained, and the HBB ceases. Our calculations end with increasingly lower envelope masses as the metallicity decreases. Values are as low as 10−5 M⊙. This supports the hypothesis that the instability that halts the evolution might be related to an Fe-opacity peak near the base of the convective envelope in advanced stages of the TP-(S)AGB (Lau et al. 2012).
3.3. Comparison to previous models
Our results differ considerably from those from Ventura et al. (2021; V21), who presented yields for low- and intermediate-mass stars of Z = 3 × 10−5 and Z = 3 × 10−7. This is not surprising, given the important differences between the codes and the input physics used. V21 used ATON (see Ventura et al. 2013 and references therein), whereas we used MONSTAR, described in Sect. 2.
Detailed comparisons between the results of the ATON code and similar versions of our code MONSTAR, which we refer to here collectively as MONASH, have been made previously over a range of masses and metallicities (see, e.g., Doherty et al. 2014b; Ventura et al. 2016). Specifically, Ventura et al. (2015) reported that the treatment of convection and its boundaries in the envelopes of AGB stars during the third dredge-up is the main cause of differences between the surface chemistry results of the two codes. Ventura et al. (2018) also used ATON and MONASH to study dust production in solar-metallicity AGB stars, and found a good agreement for surface composition evolution in the case of low-mass AGB stars. However, differences arose for models of initial mass between 3 and 5 M⊙, as MONASH produced higher carbon yields than ATON. Discrepancies became increasingly important for models of initial masses ≳4–5 M⊙, as the variations between the HBB efficiencies of the two codes grew. These authors confirmed the conclusion by Ventura et al. (2015) that the former model discrepancies were mostly due to differences in convection and convective boundary modelling, which affects the luminosity and the duration of AGB models experiencing HBB.
In light of this, the differences between the results of the current study and V21 are also most likely due to the treatment of convection and its boundaries. A further substantial factor is likely the difference in stellar wind mass-loss rates. With respect to convection and its boundaries, V21 used the Full Spectrum of Turbulence model (Canuto & Mazzitelli 1991), together with exponentially decaying overshooting on convective boundaries. Our code implements the mixing-length theory and a search for convective neutrality (see Sect. 2.1.1), respectively. In terms of wind prescriptions, V21 used the one proposed by Vassiliadis & Wood (1993; VW93), which for the considered metallicities, yields lower mass-loss rates than the prescription used in this work (B95 with η = 0.02). These different treatments hardly affect the H-exhausted core masses during the main central burning stages. However, they lead to critical divergences in the TP-(S)AGB structural evolution and nucleosynthesis, which become apparent in Fig. 1.
The main discrepancies between the results from V21 and the present work can be summarised as follows. Firstly, the different treatments of convection and, specially, of convective boundaries produce very different TDU efficiencies. Our models systematically yield a more efficient TDU than those of V21. TDU is negligible for all their models of initial mass ≥5 M⊙. On the other hand, all the average values of λ in our models are above ≃0.5, regardless of their initial metallicity, and all our models of initial mass ≲7 M⊙ have λmax ≥ 0.9 (panel 6 of Fig. 1). We note that the issue of large uncertainties associated with TDU has been frequently addressed in the literature, for instance, in Karakas & Lattanzio (2014), and references therein. As discussed above, differences between our code and ATON have been explored previously.
Secondly, TP-(S)AGB cores in the present work grow more slowly and reach lower final masses than those reported in V21. The FST formalism used by V21 favours higher temperatures and consequently allows for more efficient nuclear burning than the mixing-length recipes. Together with the different treatment of convective boundaries, it is also responsible, as mentioned above, for less efficient TDU and, thus, for a lower degree of core erosion. In addition, the lower wind rates of VW93 also favour longer TP-(S)AGB phases and higher final core masses. Quantitatively, our H-exhausted cores grow ≲0.03 M⊙ when calculated with the wind prescription by B95, or at most 0.11 M⊙ when VW93 was used for the Z = 10−5 models in GP21. The cores in V21 grow up to 0.3 M⊙ for the 4 and 5 M⊙ cases of Z = 3 × 10−7. Besides altering core growth and surface composition, TDU also allows for the cooling of nuclearly active regions. This causes a longer average interpulse period, lower maximum temperatures at the BCE, and surface luminosities in our models compared to those of V21.
Another important difference between the results from V21 and the present work is that the trend of increasing temperature at the BCE with decreasing metallicity reported in V21 and Dell’Agli et al. (2019) is not reproduced in our most massive models (≥6 M⊙). The reason is again the higher TDU efficiency, and thus the cooling of nuclearly active regions, with decreasing metallicity. TIn addition, the use of the MLT for the treatment of convection and the lower core masses in our models also lead to temperatures at the BCE and maximum luminosities that are significantly lower than those in the models by V21. HBB is much more efficient and can potentially lead to more advanced nucleosynthesis.
Even when comparing V21 models with those from GP21 which were computed with the same mass-loss prescription, quite large differences remain. The duration of the TP-AGB is longer in the models by GP21, however the final core masses and maximum luminosities in V21 are higher, as well as the TBCE which reach up to 190 MK for their 5 M⊙ model of Z = 10−7. As we subsequently see in Sect. 4.3, these differences translate into critical divergences in nucleosynthetic yields. The differences identified, even when using the same wind prescription, highlight the relevance of the treatment of convection and convective boundaries and their crucial effects on the overall evolution of model stars.
3.4. Occurrence of AGB proton-ingestion events
A subset of our models start the TP-AGB with proton ingestion episode(s) during the first one or two thermal pulses. These are known as ‘dual shell flashes’ (DSF, see, e.g., Cassisi et al. 1996; Fujimoto et al. 2000; Chieffi et al. 2001; Herwig et al. 2003; Campbell & Lattanzio 2008; Choplin et al. 2021). During a thermal pulse, the He-burning convective zone extends outwards beyond the H-He discontinuity and causes the ingestion of protons into the He-burning region. This region is characterised by temperatures ∼108 K, so the protons burn very rapidly and a H-flash ensues3, with luminosities which can reach 108 L⊙.
Our 3 and 4 M⊙ models of Z = 10−8 and 10−10, as well as our 3 M⊙ model of Z = 10−7 all undergo strong DSFs (Table 2). These stars are at the lowest-mass and lowest-metallicity end of our grid. The first DSF in our Z = 10−10, 3 M⊙ model, which occurs during the first thermal pulse, reaches a H-burning peak luminosity of 5 × 107 L⊙. After the DSF subsides, the base of the convective envelope moves in, mixing up H-shell burning products. In this case the envelope is not able to reach the H-exhausted core, however there is an increase in 14N of 4 orders of magnitude, and an increase in 12C and 16O surface abundances of 3 orders of magnitude (see Fig. 4). Despite these large relative changes, the total envelope metallicity is still low, with Zenv ≃ 10−6. The peak H-burning luminosity of a second DSF, which occurs during the second thermal pulse, is 6 × 106 L⊙. In this case, the base of the convective envelope is able to reach the H-exhausted core, and mixes up He-burning products, finally driving envelope metallicities to Zenv ≃ 10−4. The DSF events drive carbon surface abundances values well above those of nitrogen and oxygen (Fig. 5). With a high C/O ratio this temporarily favours higher surface opacities and radii and, ultimately, stronger stellar winds and a shorter TP-AGB. Later this model reaches temperatures at the base of the convective envelope high enough for the occurrence of hot-bottom burning, which then primarily converts the C to N (Fig. 2). The DSF events have also been suggested as possible sites for s-process and i-process neutron-capture nucleosynthesis (e.g., Fujimoto et al. 2000; Campbell et al. 2010; Herwig et al. 2011; Dardelet et al. 2014; Hampel et al. 2016; Choplin et al. 2021).
	[image: thumbnail]	Fig. 3. Luminosities H-burning, LH, in black and to He-burning, LHe, in red, for some selected models of metallicity Z = 10−10 (upper panel), Z = 10−7 (lower panel), during the TP-(S)AGB phase.



	[image: thumbnail]	Fig. 4. Upper panels: luminosities of H-burning LH (black) and He-burning LHe (red), for the 3 M⊙Z = 10−10 model, during the occurrence of the first dual-shell flash. Right hand panels are a zoomed version of the left panels. Middle panels: convective zones (grey) and H-rich region (blue). Lower panels: logarithm of surface abundances of the most abundant metals.



	[image: thumbnail]	Fig. 5. Same as Fig. 4, but during the second dual-shell flash.



We simulated DSF proton-ingestion episodes with our 1D hydrostatic code, which solves in a partially simultaneous way the structure and composition equations (Sect. 2.1.1), and includes a limited set of isotopes and reaction rates. Therefore it is important to highlight a few caveats. Firstly, PIEs are, by nature, multi-dimensional convective-reactive phenomena, where the burning timescales are similar to the mixing timescales. Thus their proper analysis must be done by carefully simulating small enough timescales, in order to mimic the coupling between structure and mixing/burning. Other works more focused on PIEs (e.g., Cristallo et al. 2009, 2011, 2016, 2022) use codes which simultaneously solve the structure and composition equations. Secondly, the nuclear reaction rates in our structural-evolution code should involve the treatment of the hot CNO-cycle and neutron-captures, which can make non-negligible energy contributions. Specifically, Cristallo et al. (2009) showed that the 13C(α,n)16O is the most important reaction in terms of the energetics of PIEs. Thirdly, our current nucleosynthesis code uses a neutron sink which is adapted for the s-process. Thus it is likely to not be accurate given the high neutron density conditions that occur during PIEs. Finally, rather than 1D hydrostatic codes, 3D hydrodynamical models should be used to follow convective-reactive phenomena such as PIEs (e.g., Mocák et al. 2010; Stancliffe et al. 2011; Woodward et al. 2015; Jones et al. 2016).
Despite these caveats, our PIE calculations serve two main purposes: (a) They allow us to identify the metallicity and mass-ranges for which PIEs occur, and (b) they help us to determine whether metal pollution due to these episodes is enough to allow for further evolution as ‘normal’ AGB stars, that is, to experience intense thermal pulses and end their lives as white dwarfs. We also note that, in terms of light element production which we focus on in our study, the details of the PIEs are often not important to the final yields of 3–4 M⊙ models (the only models that experience PIEs in our grid), since subsequent TDU and HBB tend to erase the elemental signature of the PIEs (see e.g., Fig. 3 of Campbell & Lattanzio 2008). In terms of heavy elements, the PIEs will likely be important, and this is the subject of our future work.
Our models of initial masses ≳4–5 M⊙ experience mild proton-ingestion episodes at advanced stages of the TP-(S)AGB phase (see LH spikes in Fig. 3). As the thermal pulses become increasingly intense, the associated expansion and cooling of the regions near the HeBS becomes more significant. The BCE is able to advance further inwards after the pulse, and mix protons into high temperature regions, where He-burning is still active. Peak H-luminosities in this case are ≲105 − 106 L⊙, and are not accompanied by variations in surface abundances of light elements different from those of a normal TP flash and its subsequent TDU episode. We note that the H-luminosity peaks we report are different from the ones described in Jones et al. (2016). In our case, the advance inwards of the BCE occurs when the pulse-driven convective zone has already disappeared, whereas the H-luminosity peaks in Jones et al. (2016) were a proton-ingestion episode in the He-burning convective zone. The H-luminosity spikes in our model stars stop once the TBCE becomes ≲30 MK.
3.5. Final fates
In Fig. 7 we show the expected fates of our stellar model calculations in the initial-mass and metallicity plane. For comparison, the region which might lead to supernovae I1/2 (SNe I1/2), according to Gil-Pons et al. (2018), is also shown in the lower panel of the figure. As can be seen, our current calculations predict smaller mass/metallicity ranges for SNe I1/2 and electron-capture supernovae (EC-SNe).
The models that likely lead to SN I1/2 have metallicities Z = 10−10 and Z = 10−8, and initial masses around 5 M⊙. These models experience a deep SDU which allows for a vast increase in helium surface abundance, reaching a value Xs(He) ≃ 0.37. However, CNO abundances after the SDU remain low (ZCNO ∼ 10−8). In addition, these models are too massive to experience a proton-ingestion enrichment episode (Sect. 3.4). Thus no significant surface CNO increase is achieved during the early thermal pulses. The combination of high helium envelope abundances and low CNO abundances at the H-burning shell determines a peculiar behaviour during the TP-AGB.
Due to the scarcity of CNO elements, H-burning through the CNO-cycle is inefficient. It thus proceeds at considerably higher temperatures, and the conditions for the occurrence of He-flashes are achieved more quickly, giving shorter interpulse periods. High temperatures are also associated with relatively low degeneracy and with weak thermal pulses which, in this case, have luminosities LHe ≲ 105 L⊙ (Fig. 6). This is much lower than the typical LHe ∼ 108 L⊙ of other TP-AGB stars (Fig. 1). Such weak thermal pulses are unable to drive TDU episodes and feed the base of the convective envelope with carbon, which hampers the onset of the HBB. Tashibu et al. (2017) also reported the absence of TDU in their 5 M⊙ models of Z = 0 and Z = 10−5. Gil-Pons et al. (2018) noted the same for models of metallicities up to Z = 10−7. In addition, the dearth of metals in the envelope also drives very weak stellar winds. As the TP-AGB proceeds, thermal pulses become increasingly weaker and finally vanish. This behaviour was described by Lau et al. (2007) and Gil-Pons et al. (2018) for somewhat higher initial mass models. Lau et al. (2007) concluded that the exhaustion of thermal pulses should eventually lead to the growth of the degenerate core prior to the complete ejection of the stellar envelope. Thus these models would become SNe I1/2. However, Gil-Pons et al. (2018) reported the re-onset of thermal instabilities and significant metal pollution of the envelopes, which shed doubt on the inevitability of explosive outcomes in these models.
	[image: thumbnail]	Fig. 6. Details of the evolution of our 5 M⊙ model of Z = ×10−8. Upper panel: temporal evolution of luminosities associated with H-burning (LH, black), and He-burning luminosity (LHe, red). In the case of H-burning, the contributions due to the pp-chains (Lpp) and the CNO-cycle (LCNO) are shown, respectively, in black dotted and dashed lines. Middle panel: evolution of convective regions (grey areas), and the location of the H-burning shell (HBS) and the He-burning shell (HeBS) in black and red lines respectively. Lower panel: evolution of surface abundances of 12C (green), 14N (blue), 16O (green), and Zother (gold), which represents all the species of mass higher than 16O.



The narrower mass/metallicity range for SNe I1/2 we find here, as compared to Gil-Pons et al. (2018; Fig. 7), is due to our updated input physics. Unlike the current study, Gil-Pons et al. (2018) used constant-composition low-temperature opacities (Ferguson et al. 2005) and mas-loss rates by Vassiliadis & Wood (1993), which naturally led to weaker winds and thus to a higher probability of pulse cessation and, eventually, to the occurrence of SNe I1/2. Our present calculations also lead to pulse exhaustion, but in a considerably reduced initial mass range.
	[image: thumbnail]	Fig. 7. Upper panel: expected fates of our model stars at different metallicities, as resulting from the present work (variable composition low-temperature opacities and mass-loss rates from Bloecker 1995). Lower panel: expected fates according to the calculations by Gil-Pons et al. (2018; constant composition low-temperature opacities and mass-loss rates from Vassiliadis & Wood 1993).



The mass limit Mup (minimum value required for the onset of C-burning), Mn (minimum initial mass required for the formation of a neutron star through an electron-capture supernova), and Mmass (minimum initial mass for the formation of a core-collapse supernova) are not noticeably altered in the present work. Mup is determined by the size of the CO core at the end of CHeB, and the role of low-T opacities or specific wind rates only becomes important later in the evolution. Neither of these alter significantly the depth of the second dredge-up and thus, Mn and Mmass remain practically the same as in Gil-Pons et al. (2018).
We emphasise that the initial mass boundaries leading to different final fates are strongly dependent on poorly known input physics (mostly related to convection and the determination of convective boundaries, and stellar wind mass-loss rates). Less efficient TDU and, as mentioned above, mass-loss rates would lead to the occurrence of SNe I1/2 in a wider range than the one obtained here. On the other hand, if reality actually favoured strong winds and fast core growth, or for instance, if very efficient rotation played a crucial role, SNeI 1/2 might not occur at all.
4. Nucleosynthetic evolution and yields
4.1. Main mixing episodes
4.1.1. Second dredge-up episode
All our model stars experience some degree of SDU, although its effects on the surface composition are rather mild for the lowest-Z, lowest-mass models. As a consequence of the SDU, stars increase surface He abundance. For instance, the helium surface abundance increases from XHe = 0.25 to 0.29 in our 3 M⊙ model of Z = 10−6. Considering that the final He abundance (after the TP-(S)AGB) is 0.32, we can see that the a significant He enrichment occurs during the SDU. By comparison, our 3 M⊙ model of Z = 10−10 does not experience an efficient SDU (see Table 1 and left panels of Fig. 8). However, its final He surface abundance reaches 0.36, mostly due to the occurrence of a proton-ingestion episode in the early phases of the TP-AGB (Sect. 3.4). SDU also causes a surface enhancement in CN-cycle products. 14N, 13C, 18O and 23Na increase, whereas 12C, 16O and 22Ne are depleted. For models up to 5 M⊙, the N abundance after the SDU is only ≲10−8 for models of Zini between primordial and Z = 10−7, and it remains ∼10−7 for our 5 M⊙ star of Z = 10−6. A standard SDU only mixes CN-processed matter with the envelope and therefore, it does not allow for a total metallicity variation. As a consequence, unless a PIE or efficient TDU occurs early during the TP-AGB, the lowest metallicty stars (Z ≤ 10−8) are not able to undergo a ‘normal’ evolution and may end their lives as SNe I1/2 (Sect. 3.5).
	[image: thumbnail]	Fig. 8. Evolution of the surface abundances of some selected isotopes for the 3 M⊙, Z = 10−10 model.



Models of masses ≳6 M⊙ experience the corrosive SDU (CSDU). During this process the base of the convective envelope reaches further down than in a standard SDU, and does not only allow for He and CN-product surface enhancement, but also causes the mixing of the envelope with matter processed by He-burning (Gil-Pons et al. 2013; Doherty et al. 2014b). This process is favoured at very low metallicity because the higher structural temperatures allow for the occurrence of He-burning very close to the base of the H-burning shell. Due to corrosive SDU, the more massive models also reach very high He surface abundances.
In terms of surface He-enrichment, for instance, the 7.5 M⊙ model of Z = 10−6 reaches XHe = 0.35, and the 8.5 M⊙ of Z = 10−10 reaches a XHe = 0.38. Helium surface abundances variations during the TP-SAGB, on the other hand, are smaller than δXHe ≃ 0.05, because the characteristic duration of the TP-(S)AGB of the relatively massive stars which experience the CSDU are very short (τTP-(S)AGB ≲ 0.1 − 0.2 Myr; Table 1). The left panels of Fig. 9 show the occurrence of the CSDU on the surface abundances of a 7.5 M⊙ star of Z = 10−10. We first see the effects of the BCE reaching CN-processed matter, that is, the same as a standard SDU described above. However, as the BCE reaches matter processed by He-burning, surface abundances of 12C and 16O increase. It is important to realise the crucial effect of the CSDU on the yields of elements up to oxygen in the models considered. The bulk of envelope enhancement of C, N, and O occurs during this episode, rather than during the TP-(S)AGB phase.
	[image: thumbnail]	Fig. 9. Evolution of the surface abundances of some selected isotopes for the 7.5 M⊙, Z = 10−10 model.



4.1.2. Effects of dual-shell flashes
As detailed in Sect. 3.4, our 3 and 4 M⊙ models of Z = 10−8 and 10−10, as well as our 3 M⊙ model of Z = 10−7, experience DSF proton-ingestion episodes early during the TP-AGB phase. As an example of the nucleosynthetic effects of these events, Figs. 4 and 5 show the evolution of convection and surface abundances during the occurrence of the two DSFs of the primordial model of 3 M⊙. The first H-flash causes an enhancement of all the most abundant isotopes (except H) by several orders of magnitude. This DSF leads to a post-DSF dredge-up of the He+H-burning region, causing an increase in surface abundances of isotopes formed in the pulse-driven zone (e.g., 12C, 16O, 20, 21, 22Ne), but also of those H-burning (e.g., 13C, 14N, 20Ne, 23Na). The (light element) metallicities of these models reach very high values. For example, in the 3 M⊙ model of Z = 10−10 the metallicity reaches Z ∼ 10−4. Such high metallcities allow for the occurrence of a normal TP-AGB phase.
4.1.3. Third dredge-up
The efficiency of the TDU is crucial in determining the characteristics of the yields of our model stars. Except for the Z = 10−8 and Z = 10−10 cases of initial masses ≃5 M⊙, whose final fates are uncertain, all our models experience both efficient TDU and HBB, and end their lives as white dwarfs (see Fig. 7). TDU mixes He-burning products from the pulse-driven convective zone into the envelope, and thus causes surface enrichment in 4He, 12C and, to a lesser extent, in 16O. Enrichment in 20, 21, 22Ne is produced via the n- and α-capture reactions as described in Doherty et al. (2014b) and GP21. The α-captures on 22Ne allow for the formation of heavy magnesium isotopes during He-burning.
In the low-Z models we are considering, H-burning also is partially active during the thermal pulses. Thus 4He, 13C, 14N and 15N are synthesised above the He-flash driven convective zone. These isotopes are eventually transported to the surface during subsequent TDU episodes (GP21).
4.1.4. Hot bottom burning, NeNa cycle and MgAlSi chains
In all our 3 M⊙ models, temperatures at the base of the convective envelope reach values of approximately 30 MK halfway through the TP-AGB, and then HBB ensues. The same happens in our 4 M⊙ stars of Z = 10−10 and Z = 10−8. In the higher metallicity models of the same mass HBB develops from the beginning of their TP-(S)AGB phase. The 12C transported to the envelope by the TDU is partially processed by the CN burning at the base of the convective envelope. 4He forms, together with 14N, 13C and 15N, and the surface 12C/13C ratio remains nearly constant around 4, its equilibrium value, during most of the TP-(S)AGB evolution. In Fig. 8 we show the evolution of surface abundances of the 3 M⊙ primordial model throughout the SDU and the TP-AGB phase. We note that this star becomes a carbon star after the second DSF (C/O > 1.0; t ∼ 224.35 Myr). As mentioned above, efficient TDU during the entire TP-AGB phase replenishes the stellar envelope with Ne, Na, Mg, Al and Si isotopes. This figure also shows the onset of HBB halfway through the TP-AGB, reflected in a sudden increase in 14N together with some 13C. On the other hand, the 7.5 M⊙ model of Z = 10−10 shown in Fig. 9 undergoes both TDU and HBB from the beginning of the TP-SAGB phase. During its last 4 thermal pulses, when the envelope is relatively thin (≲2 M⊙) and the temperature at the BCE decreases below 30 MK, the HBB stops operating.
The NeNa cycle is activated in all our models, except for part of the TP-AGB of the 3 M⊙ cases, and in those near 5 M⊙ of metallicities Z = 10−10 and Z = 10−8. The 22Ne transported by the TDU feeds the NeNa cycle, which transforms this isotope into 20Ne. The MgAlSi chain is active at temperatures ≳50 MK, and thus it is present in all the models of initial mass ≳4 M⊙ which follow a normal TP-(S)AGB evolution. Proton captures and β-decays on Mg lead to the formation of Al and Si isotopes.
4.2. Production factors & comparison with V21
Figure 10 shows the production factors of selected isotopes for some of our models. As a comparison we also show the production factors from the V21 models. The production factor for each species, i, is defined as
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	[image: thumbnail]	Fig. 10. Production factor of selected isotopes for the low metallicity models of 4, and 6 M⊙. The Z = 10−5 results (black) from GP21 are compared with the Z = 10−6 (red), the Z = 10−7 (green), the Z = 10−8 (blue), and the Z = 10−10 calculations (purple) of the current work. Dashed lines, corresponding to the results from V21, follow the same color code as above.



where [image: equation] with tstar = ∑Δtj is the age of the star, Δtj is the duration of time step j, and Xij(t) is the mass fraction i at that time. A large disparity between our results and theirs can be seen, particularly with regards to their lowest Z models (Z = 10−7) and for elements heavier than oxygen. Recall that V21 used a different prescription for convection and for the determination of convective boundaries, which prevented the occurrence of TDU in models of initial mass ≳4 M⊙ (Sect. 3.3). The presence or absence of TDU is crucial and has a direct effect on the production factors, not only because He-burning products such as 12C, 16O, 20, 22Ne, 24, 26Mg and 28Si are not enhanced, but also because 22Ne and Mg isotopes fuel the activation of the NeNa cycle and the MgAlSi chains. The lack of these species therefore hampers the formation of Mg, Al and Si isotopes in the V21 models.
From the structural point of view, the absence of C-enhancement in the V21 models of masses ≳4 M⊙ leads to lower surface opacities, smaller stellar radii and ultimately, less efficient wind rates. Inefficient or even absent TDU also favours more effective core growth. Together with their convection treatment, this leads to higher temperatures at the nuclearly active regions. In turn, this results in the net destruction of all isotopes up to 28Si, except 4He, 12, 13C, 14, 15N, and 16, 17O. It can also be seen in Fig. 10 that the higher temperatures at the BCE of the V21 models force very efficient destruction of 7Li, which is produced or only mildly depleted in our models. On the other hand, the search for neutrality prescription for the determination of convective boundaries allows for a highly efficient TDU in our models. Moreover, V21 used the wind prescription by Vassiliadis & Wood (1993), which yields considerably slower mass-loss rates than those of Bloecker (1995) with η = 0.02, used in the present work.
The vast discrepancies between the production factors presented here and those from V21 reach 10-15 orders of magnitude for isotopes more massive than 17O. V21 models strongly deplete all these isotopes whereas ours show considerable enhancements. Differences are naturally more modest (although still significant) when considering our lower mass cases of Z = 10−5 (GP21) calculated with the mass-loss prescription of Vassiliadis & Wood (1993). Indeed, equivalent mass-loss rate prescriptions and less efficient HBB (due to lower initial masses) favour similarities between the two studies. This can be seen when comparing the production factors from the 4 M⊙ cases shown in Fig. 10 (GP21: VW93 case vs. V21).
4.3. Nucleosynthetic yields
The ejected mass of isotope i is expressed in M⊙ and calculated as follows:
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where tend is the time at the end of our calculations, Yi(t) the number abundance at an arbitrary time t of isotope i, Ai is its mass number, and Ṁ(t) is the mass-loss rate at t.
The associated abundance in terms of the ejecta of species Xi, [Xi/Fe] is calculated as:
[image: thumbnail](3)
Figure 11 shows the abundance patterns in terms of the ejecta for our model stars.
	[image: thumbnail]	Fig. 11. Abundance pattern in terms of the ejecta of selected species for intermediate-mass stars of metallicities Z = 10−6, Z = 10−7, Z = 10−8 and Z = 10−10. For clarity, the vertical scales in the upper and lower panels are different.



4.3.1. CNO and F
The main characteristics of the abundance pattern in terms of the ejecta from our models clearly reflects the above-mentioned efficiency of TDU+HBB: very high abundances [C/Fe], [N/Fe] and [O/Fe] – with [N/Fe] dominating (Fig. 11). This pattern is seen in a subset of metal-poor stars, known as N-rich EMP stars (NEMP; e.g., Izzard et al. 2009; Pols et al. 2012, with [N/Fe] > 1 and [N/C] > 0.5), which includes one of the most metal-poor stars, HE1327-2326 ([Fe/H] ≲ −5.4; Frebel et al. 2008).
NEMP stars appear to be more abundant at low metallicities ([Fe/H] ≲ −3), which was attributed to a primitive IMF biased towards high masses (Abia et al. 2001; Lucatello et al. 2005; Komiya et al. 2007). In order to test this hypothesis, Pols et al. (2012) used a binary population synthesis code, and showed that such top-heavy IMF would imply a frequency of NEMP stars much higher than what is actually observed. Their calculations did not consider evolutionary models below [Fe/H] = −2.8. However, the general patterns in relation to the abundances of C, N, and O of the lowest metallicity intermediate-mass stars are not peculiar enough to expect a significantly different conclusion from Pols et al. (2012). Indeed, the distinctive signature of combined TDU and HBB, which are reproduced regardless of the initial metallicity, are responsible for the [N/Fe] > [C/Fe] > [O/Fe] pattern. This points to different possibilities – either intermediate-mass stars did not play a significant role as polluters of the early universe until [Fe/H] ≃ −3, or the number of observed stars below [Fe/H] ≲ −4 is still too small to allow a proper assessment of the contribution of these stars.
In our model stars, envelope enhancements in He-burning products such as 12C and 16O are a consequence of PIEs (in stars of Mini ≲ 4 M⊙ and metallicities ≲10−8), CSDU (in stars of Mini ≳ 6 M⊙), and TDU. 16O is formed via 12C(α, γ)16O, 13C(α,n)16O and 13N(α,p)16O. In addition, the occurrence of H-burning during the onset of thermal pulses, characteristic of very low metallicty models, gives rise to the efficient formation of CN-cycle products which are transported to the surface in subsequent thermal pulses. As a consequence, the TDU is not only responsible for surface enhancements of He-burning, but also of H-burning products similar to those produced during HBB such as 4He, 13C, 14, 15N.
As happens for higher metallicity models (Karakas 2010), fluorine abundance is particularly high in our 3 and 4 M⊙ models. It is formed during He-burning via 14N(α,γ)18F(β+)18O(p,α)15N(α,γ)19F (e.g., Forestini et al. 1992; Abia et al. 2015; Vescovi et al. 2022). Protons are provided by 14N(n,p)14C and neutrons via 13C(α,n)16O. 19F is easily destroyed by 19F(p,α)16O and 19F(α,p)22Ne. Fluorine was analysed in two CEMP stars (Mura-Guzmán et al. 2020). Observations of HE1429-0551 ([Fe/H] = −2.53) yielded [F/Fe] = + 1.90, and an upper limit of [Fe/F] < +1.00 was determined for HE1305+0007 ([Fe/H] = −2.28). These authors showed that HE1429-0551 can be reasonably well explained by considering accretion from a primary TP-AGB companion. Z = 10−5 models between 4 and 6 M⊙ from GP21 also provide similar F abundances.
4.3.2. NeNa elements
The abundances relative to iron of the elements shown in Fig. 11 tend to increase with decreasing initial mass, regardless the metallicity. As seen in Table 2, lower mass models have longer TP-AGB phases, tend to experience more efficient TDU and, overall, dredge-up more matter than higher massive models. Also, even our lowest mass cases experience some degree of HBB.
The isotopes 20, 21, 22Ne are created during thermal pulses by neutron and α-captures, and efficiently transported by the TDU. They form via 16O(n,γ)17O(α,n)20Ne, 16O(n,γ)17O(α, γ)21Ne, 18F(α,p)21Ne, 18O(α,n)21Ne, 20Ne(n,γ)21Ne and 14N(α,γ)18F(β+,ν)18O(α,γ)22Ne. The latter fuels the NeNa cycle, which partially converts this isotope into 20Ne via 22Ne(p,γ)23Na(p,α)20Ne. 21Ne is destroyed by p-captures to form 22Na, which β-decays on 22Ne, and is later converted into 20Ne, by the process described above. However, the high efficiency of the TDU in our models allows for an increase in surface 21, 22Ne along the TP-(S)AGB. In addition, the temperatures in our models reach values high enough for the occurrence of 20Ne(p,γ)21Na(β+)21Ne(p,γ)22Na(β+)22Ne. Therefore some 22Ne is recycled during the process.
Surface 23Na is also enhanced during the TP-(S)AGB of our model stars. As 21, 22Ne, it is mostly created during thermal pulses, in this case via 22Ne(n,γ)23Ne(β−)23Na, and then transported to the envelope by TDU. The rates of destruction (23Na(p,α)20Ne) and formation (22Ne(p,γ)23Na) at the BCE during the interpulses are very similar, and thus, unlike what happens at higher metallicity models, in which p-captures on 23Na clearly dominate (see, e.g., Doherty et al. 2014b), it is only mildly depleted during each interpulse. In our most massive models (Mini ≳ 7 M⊙) all the isotopes involved in the NeNa cycle increase, and reach equilibrium abundances practically from the beginning of the TP-SAGB.
It is also important to recall that the reactions involved in the NeNa cycle (and also in the MgAlSi chains) are affected by significant uncertainties (Arnould et al. 1999; Izzard et al. 2006), especially those leading to 22Ne, 23Na, and 26Al. This may compromise the validity of nucleosynthetic calculations and affect comparisons with observations.
4.3.3. MgAlSi and higher mass elements
At the characteristic BCE temperatures of our model stars, the reaction rate 23Na(p,γ)24Mg is much lower than that of 23Na(p,α)20Ne. Thus there is practically no leakage from the NeNa cycle to feed the MgAlSi chain. However, significant amounts of 24Mg form in the convective shells associated with TPs via alpha-captures on 20Ne in our more massive models of Z ≠ 10−10, and mostly via 22Ne(n,γ)23Ne(β−)23Na(n,γ)24Na(β−)24Mg in the rest of our models. TPs also lead to the formation of 25, 26Mg, via 22Ne(α,n)25Mg, 24Mg(n,γ)25Mg, 22Ne(α,γ)26Mg and 25Mg(n,γ)26Mg. 27Al forms through 26Mg(n,γ)27Mg(β−)27Al. Si isotopes are synthesised via 27Al(n,γ)28Al(β−)28Si and 28Si(n,γ)29Si(n,γ)30Si. After another n-capture and a β decay some 30Si is transformed into 31P which, after the same processes, is partially converted into 32S.
All the above isotopes are very efficiently transported to the convective envelope during the TDU. At the temperatures characteristic of the BCE of our models Mg and Al isotopes are partially depleted during the interpulse via MgAlSi chains. 24Mg is destroyed very quickly (especially in our most massive models), as the fastest reaction in the MgAlSi chain is 24Mg(p,γ)25Al, which is quickly followed by the β-decay of 25Al to form 25Mg. In our 3 M⊙ models, the MgAlSi chains are rather inefficient. The second and third fastest reactions are p-captures on 25Mg and 26Mg, which lead, respectively, to 26Al and 27Si. 26Al is quickly processed via 26Al(p,γ)27Si, and this isotope β-decays to form 27Al. In models of Mini ≳ 6 M⊙ of Z ≤ 10−8, and models of Mini ≳ 4 M⊙ of our higher metallicity cases the formation of 28Si is favoured by the fast occurrence of p-captures on 26Al followed by 27Si(β+)27Al(p,γ)28Si. Yet, the main source of this isotope remains the TDU of He-burning processed matter during thermal pulses.
Because the rate of the reaction 27Al(p,α)24Mg is very low at the BCE temperatures of our models, the recycling of 24Mg remains negligible. As mentioned above, 30Si, 31P and 32S are He-burning products which are dredged-up (TDU), but remain unaffected by the MgAlSi chain. Finally, regardless of the efficiency of the MgAlSi chain, most of the envelope enhancement in the isotopes mentioned above is caused by very efficient TDU in our model stars.
The abundance data of out models for the most abundant elements are shown in the Tables B.1–B.44.
4.4. Isotopic ratios
Observed isotopic ratios help us probe the formation sites of different species. 12C/13C gives information on the relative importance of massive and intermediate-mass stars, as 12C is formed due to He burning, both in massive and non-massive objects, whereas 13C is mostly formed in AGB stars due to CNO processing. Figure 12 shows 12C/13C for different metallicities. Our models give a good agreement with the scarce observations available at the metallicity ranges we are considering. Spite et al. (2021) recently reported surface 12C/13C together with [C/Fe], [N/Fe] and [O/Fe] for HD140283, an EMP turnoff star ([Fe/H] = −2.57). Their 12C/13C is 31, somewhat higher than our values for Z = 10−5 stars, which are ≲20, but well within the limits set by the Z = 10−5 and the Z = 10−4 AGB and super-AGB models by Karakas (2010) and Doherty et al. (2014b). However, given the efficiency of our second dredge-up episode and, especially, of hot bottom burning, we cannot reproduce the observed [O/Fe] value in Spite et al. (2021), which is higher than their observed [N/H].
	[image: thumbnail]	Fig. 12. Carbon isotopic ratios in model yields (large circles and colour bar) and observations (small grey points) versus metallicity. The [Fe/H] ≃ −1 models are from Fishlock et al. (2014) for initial masses ≤6 M⊙, and from Doherty et al. (2014b) for initial masses ≥7 M⊙. [Fe/H] ≃ −2 models are from Karakas (2010) for initial ≤6 M⊙, and from Doherty et al. (2014b) for initial masses ≥7 M⊙. [Fe/H] ≃ −3, −4, −5, −6 and −8 models are from Campbell & Lattanzio (2008) for initial masses ≤3 M⊙, and from GP21 for initial masses ≥3 M⊙. The observed ratios are from the SAGA database (Suda et al. 2008).



The isotopic ratios 25, 26Mg/24Mg are also very useful to explore the origin of elements in stars (e.g., Kobayashi et al. 2011; Romano et al. 2017), to examine star formation rates (Vangioni & Olive 2019), and to probe Galactic chemical evolution (Fenner et al. 2003; Meléndez & Cohen 2007). Most 24Mg is formed during C- and Ne-burning in massive stars, whereas AGB stars mostly contribute 25, 26Mg. The former isotopes can be created (and destroyed) at the H-burning shell or at the base of the convective envelope, during HBB, through the MgAl chain (provided that the temperatures are ≳90 MK). In our models, these isotopes are mostly formed during the thermal pulses in the He-burning shell. Successive α−captures on 14N lead to the formation of 22Ne. Additional α−captures on the latter lead to 25, 26Mg. Vangioni & Olive (2019) showed that observations of Mg isotopic ratios between solar and down to [Fe/H] = −2.5 could be better explained by a combination of massive and intermediate-star models. To our knowledge, there are no determinations of observed 25, 26Mg/24Mg for metallicities [Fe/H] ≲ −3 at the moment. However, we note that the trend to a decrease in 26Mg/24Mg values with decreasing metallicities is clearly not reproduced by our intermediate-mass models. Perhaps, as happens for higher metallicities, the inclusion of intermediate-mass stellar yields might help to improve the agreement between future observations and theoretical results of Mg isotopic ratios. The low-mass models (Mini = 0.85, 1 M⊙) from Campbell & Lattanzio (2008), which experience very efficient proton ingestion episodes, help to reproduce the carbon isotopic ratios shown in Fig. 12. They also help to reproduce Mg-isotopic ratios. In particular, the absence of HBB and of the activation of the Mg-Al chain are responsible for the low 26Mg/24Mg values compared to those of intermediate-mass stars of the same metallicities.
5. Summary and discussion
We have computed the structural and nucleosynthetic evolution, as well as the gas yields, of intermediate-mass stars between primordial and extremely metal-poor metallicities. Our results significantly differ from analogous calculations existing in the literature (Sect. 3.3; Figs. 1 and 10). This highlights the crucial effects of poorly known input physics on the evolution and nucleosynthetic yields of the most metal-poor intermediate-mass stars.
The most relevant input physics responsible for discrepancies are convection and the determination of convective boundaries, mixing and stellar winds. Our calculations were computed with the Mixing-Length theory (αMLT = 1.75), and convection limits were determined by the search for convective neutrality approach. Stellar winds followed the prescription by Bloecker (1995), B95, (with η = 0.02).
In their review article Gil-Pons et al. (2018) computed the (structural) evolution of stars in a similar mass and metallicity range to the ones considered in the present work. They used a previous version of the MONSTAR code, which included constant composition low-temperature opacities (Ferguson et al. 2005). Their calculations used the mass-loss prescription from VW93 (Vassiliadis & Wood 1993), that, in the considered metallicity range, gives mass-loss rates significantly lower than those from B95 (even with η = 0.02). As a consequence, these authors inferred that SNe I1/2 could form up to a metallicity Z = 10−7, whereas the maximum Z for the occurrence of SNe I1/2 in the current study is 10−8. The initial mass range to form SNe I1/2 in Gil-Pons et al. (2018) was also wider (≲2 M⊙) than we found here (≤1 M⊙), around a central initial mass of 5 M⊙. In addition, in Gil-Pons et al. (2018) EC-SNe were expected to form well below the initial mass required for a core-collapse supernova (CC-SN). Specifically, they reported an initial mass range between 7 and 8 M⊙, and metallicities between primordial and Z = 10−7 for EC-SN formation. In the current study we do not expect EC-SNe to form in this lower-mass region. Instead we only find EC-SNe forming in a very narrow mass range (≃0.2 M⊙) just below the initial mass required to form CC-SNe (see Fig. 7).
Schneider et al. (2012) reported a critical metallicity for the formation of low-mass stars of Zcrit = 10−8, provided some pollution with the ejecta from a massive star. Therefore, although considerably reduced when calculations are performed with higher wind rates, the possibility of forming SNe I1/2 cannot be discarded. Such objects could eject considerable amounts of Fe to the interstellar medium in time scales ≤100 Myr, that is, well below the typical 1 Gyr required for the formation of SNe Ia. Local Fe injection in such short timescales could eventually lead to the birth of stars whose metallicity would be relatively high, considering their primitive origin. Perhaps they might be detected as relatively metal-rich objects belonging to a kinematic group of stars of much lower metallicities. Recent studies of stellar streams are providing a wealth of information related to the formation history of the Milky Way (Martin et al. 2022a), and even changing our current knowledge of globular clusters (GCs). The recent finding of C-9 (Martin et al. 2022b), a stellar stream of surprisingly homogeneous low metallicity ([Fe/H] = −3.38]) and characteristic chemical composition, points to its origins as the remnant of a disrupted GC.
We compared our results with V21 (Ventura et al. 2021), a recent study reporting on the evolution and nucleosynthesis in low-and intermediate-mass stars of Z ∼ 10−5 and Z ∼ 10−7. This allowed us to further explore the critical effects of uncertain input physics. V21 used the Full Spectrum of Turbulence (FST) model, together with exponentially decaying overshooting, to determine convective boundaries. They applied the VW93 prescription for stellar winds, and as in the current work, used composition-dependent low-temperature opacities.
A key difference in V21 and in this work is the efficiency of TDU (mostly the method of determination of convective boundaries). The models of initial mass ≥4 M⊙ in V21 do not experience TDU, which naturally hampers surface C-enhancement. This has consequences on the envelope opacities, which remain relatively low, and thus favour relatively small radii and weaker stellar winds in the models from V21. In addition, the absence of TDU, together with the destruction of carbon by very efficient HBB, prevents the possibility of forming carbonaceous grains, which could also induce dust-driven stellar winds. Thus it is not only the choice of mass-loss prescription, but also the treatment of convection and its boundaries and, of course, the effect of variable-composition low-temperature opacities, which ultimately affect wind efficiency in these model stars.
The final core masses in V21 reach higher values than those of our models and the temperatures at the base of their convective envelopes are considerably higher as well. The main reasons are the treatment of convection using the FST, the different determination of convective boundaries and, the former, the absence of TDU in V21 models. Not only are their cores not reduced after each thermal pulse, but also the cooling effect of the TDU is avoided. By comparing the results for the Z = 10−5 from V21 and those from GP21 computed with the same mass-loss rates, we have been able to determine that the treatment of convection and its boundaries lead to wider discrepancies than the treatment of mass-loss rates (for the given prescriptions). These discrepancies affect the overall evolution and the nucleosynthesis of the considered models (see Sect. 3.3; Figs. 1 and 10).
The most metal-poor stars known at present seem to be the offspring of massive primordial stars (see, e.g., Iwamoto et al. 2005; Umeda & Nomoto 2003). However, the set of observed stars of metallicity below [Fe/H] = −5 includes less than ten objects (Nordlander et al. 2019; Aguado et al. 2018a,b; Bonifacio et al. 2015; Keller et al. 2014; Frebel et al. 2005; Christlieb et al. 2004). Thus it is as yet premature to discard the contribution of primitive low- and intermediate-mass stars to the metal enrichment of the early universe. As reported by Osorio et al. (2022), recent improvements in the calculations of H+Ca+ collisional data (Belyaev et al. 2018) allow better determinations of non-LTE effects on the Ca II IR triplet lines. These lines can be used as a proxy for metallicity and, unlike the Ca J and K lines they are not affected by interstellar absorption. Because missions such as Gaia (e.g., Kim & Lépine 2022), WEAVE (Dalton et al. 2012) and PFS (Tamura et al. 2016) will cover the CaII IR triplet, millions of spectra will be available. Thus, the new detections of extremely metal-poor stars are expected to proliferate in the near future. This will help to better constrain the relevance of primitive non-massive stars.
6. Conclusions
Computational results of the evolution and nucleosynthesis of the most metal-poor intermediate-mass stars show vast variations when calculated with different codes and different input physics. Discrepancies appear dramatic when considering the chemical production factors of model stars. They reach several orders of magnitude, and are particularly high for isotopes beyond 19F. On the other hand, the characteristic pattern of very high C and N, and relatively low O (compared to current observations of EMP stars), is reproduced in Iwamoto (2009), PG21, V21, and in the present work.
The fact that both the treatment of convection and its boundaries, and mass-loss rates are still so poorly constrained, added to the entanglement of both phenomena, and to the difficulties in comparing with observations, considerably limits the robustness of results in this area of stellar physics. However, as recently shown for the case of nitrogen (Johnson et al. 2022), Galactic chemical evolution models combined with observations might help to impose constraints on the nucleosynthesis of specific elements. In particular, new detections (e.g., Osorio et al. 2022), and detailed observations of extremely metal-poor stars using the James Webb telescope (Zackrisson et al. 2011) will considerably improve our knowledge of these elusive objects in the near future.


1 In terms of metallicity Z – the stars will still be Fe-poor.


2 [image: equation], where ΔMdredge is the H-exhausted core mass dredged up by the convective envelope after a thermal pulse, and ΔMcore is the amount by which the core has grown during the previous interpulse period.


3 This occurs while the He-flash is still ongoing, hence the term ‘dual flash’.


4 Detailed yields in electronic form can be found at http://dfa.upc.es/personals/pilar/research.php and at the Strasbourg Astronomical Data Centre (CDS) https://cdsweb.u-strasbg.fr/
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Appendix A:  List of species and nuclear reactions used in the stellar evolution code MONSTAR
The species included in the structure evolution code MONSTAR are: 1H, 3He, 4He, 12C, 14N, 16O and Zother (all the species of mass higher than 16O). The nucleosynthesis code MONSOON considers the following 77 species: g (the gallino particle, used as a proxy for light s-process isotopes), n, 1 − 2H, 3 − 4He, 7Li, 7Be. 8B, 12 − 14C, 13 − 15N, 14 − 19O, 17 − 20F, 19 − 23Ne, 21 − 24Na, 23 − 27Mg, 25 − 28Al, 26−Al and 26*Al (in the ground and metastable state, respectively), 27 − 33Si, 29 − 34P, 32 − 35S, 54 − 61Fe, 59 − 61Co, 58 − 62Ni.
The detailed list of nuclear reactions used in MONSTAR are shown in Table A.1.
Table A.1. 
Nuclear reactions considered in our stellar structure evolution code, MONSTAR.


Appendix B:  Abundances patterns in terms of [X/Fe]
Table B.1. 
Abundances pattern of selected elements in terms of [X/Fe].

Table B.2. 
Abundances pattern of selected elements in terms of [X/Fe] as in Figure 11Z = 10−7 star.

Table B.3. 
Abundances pattern of selected elements in terms of [X/Fe] as in Figure 11Z = 210−8 star.

Table B.4. 
Abundances pattern of selected elements in terms of [X/Fe] as in Figure 11Z = 10−10 star.
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	[image: thumbnail]	Fig. 1. Key TP-(S)AGB parameters for our intermediate-mass models of different metallicities. Mcore is the core mass at the end of the TP-(S)AGB calculations, Log LMAX the maximum luminosity, τTPAGB the duration of the TP-(S)AGB phase, tIP the average interpulse period, TBCE the maximum temperature at the base of the convective envelope, and ⟨λ⟩ is the average of the TDU parameter. NTP is the number of thermal pulses. We note that 5 M⊙ models of Z = ×10−8 and Z = 10−10 are not shown because they do not follow a standard TP-AGB evolution (see main text for details). For the sake of comparison, Z = 10−5 models from GP21 with different wind prescriptions (Bloecker 1995, B95, in solid and Vassiliadis & Wood 1993, VW93 in dotted lines), and the models from Ventura et al. (2021) are also included (V21, dashed lines). We note that, for the latter, maximum (instead of average) values of λ are shown. Shaded areas in light indigo represent the approximate mass limits for which the final fates of Z = 10−10 and Z = 10−8 models are unknown (see main text for details).
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	[image: thumbnail]	Fig. 6. Details of the evolution of our 5 M⊙ model of Z = ×10−8. Upper panel: temporal evolution of luminosities associated with H-burning (LH, black), and He-burning luminosity (LHe, red). In the case of H-burning, the contributions due to the pp-chains (Lpp) and the CNO-cycle (LCNO) are shown, respectively, in black dotted and dashed lines. Middle panel: evolution of convective regions (grey areas), and the location of the H-burning shell (HBS) and the He-burning shell (HeBS) in black and red lines respectively. Lower panel: evolution of surface abundances of 12C (green), 14N (blue), 16O (green), and Zother (gold), which represents all the species of mass higher than 16O.
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	[image: thumbnail]	Fig. 7. Upper panel: expected fates of our model stars at different metallicities, as resulting from the present work (variable composition low-temperature opacities and mass-loss rates from Bloecker 1995). Lower panel: expected fates according to the calculations by Gil-Pons et al. (2018; constant composition low-temperature opacities and mass-loss rates from Vassiliadis & Wood 1993).
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	[image: thumbnail]	Fig. 8. Evolution of the surface abundances of some selected isotopes for the 3 M⊙, Z = 10−10 model.
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	[image: thumbnail]	Fig. 10. Production factor of selected isotopes for the low metallicity models of 4, and 6 M⊙. The Z = 10−5 results (black) from GP21 are compared with the Z = 10−6 (red), the Z = 10−7 (green), the Z = 10−8 (blue), and the Z = 10−10 calculations (purple) of the current work. Dashed lines, corresponding to the results from V21, follow the same color code as above.
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	[image: thumbnail]	Fig. 11. Abundance pattern in terms of the ejecta of selected species for intermediate-mass stars of metallicities Z = 10−6, Z = 10−7, Z = 10−8 and Z = 10−10. For clarity, the vertical scales in the upper and lower panels are different.
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	[image: thumbnail]	Fig. 12. Carbon isotopic ratios in model yields (large circles and colour bar) and observations (small grey points) versus metallicity. The [Fe/H] ≃ −1 models are from Fishlock et al. (2014) for initial masses ≤6 M⊙, and from Doherty et al. (2014b) for initial masses ≥7 M⊙. [Fe/H] ≃ −2 models are from Karakas (2010) for initial ≤6 M⊙, and from Doherty et al. (2014b) for initial masses ≥7 M⊙. [Fe/H] ≃ −3, −4, −5, −6 and −8 models are from Campbell & Lattanzio (2008) for initial masses ≤3 M⊙, and from GP21 for initial masses ≥3 M⊙. The observed ratios are from the SAGA database (Suda et al. 2008).
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        Key TP-(S)AGB parameters for our intermediate-mass models of different metallicities. Mcore is the core mass at the end of the TP-(S)AGB calculations, Log LMAX the maximum luminosity, τTPAGB the duration of the TP-(S)AGB phase, tIP the average interpulse period, TBCE the maximum temperature at the base of the convective envelope, and ⟨λ⟩ is the average of the TDU parameter. NTP is the number of thermal pulses. We note that 5 M⊙ models of Z = ×10−8 and Z = 10−10 are not shown because they do not follow a standard TP-AGB evolution (see main text for details). For the sake of comparison, Z = 10−5 models from GP21 with different wind prescriptions (Bloecker 1995, B95, in solid and Vassiliadis & Wood 1993, VW93 in dotted lines), and the models from Ventura et al. (2021) are also included (V21, dashed lines). We note that, for the latter, maximum (instead of average) values of λ are shown. Shaded areas in light indigo represent the approximate mass limits for which the final fates of Z = 10−10 and Z = 10−8 models are unknown (see main text for details).

      

    

  
    
      Table 1. 

      Relevant structure and composition parameters for our models.

      
        


	
	
	
	CHB
	CHeBbegin
	CHeBend
	CCBbegin
	pre-SDU
	post-SDU
	



	MZAMS
	τCHB
	τCHeB
	Mcc
	MHexC
	MHexC
	MC-ign
	MHexC
	MHexC
	XSDU(C)
	XSDU(N)
	XSDU(O)



	(M⊙)
	(Myr)
	(Myr)
	(M⊙)
	(M⊙)
	(M⊙)
	(M⊙)
	(M⊙)
	(M⊙)
	
	
	





	Z = 10−10



	




	3.0
	197.0
	13.6
	0.23
	0.44
	0.60
	–
	0.67
	0.77
	5.4 × 10−12
	5.2 × 10−11
	3.1 × 10−11



	4.0
	95.6
	8.0
	0.38
	0.54
	0.77
	–
	0.86
	0.85
	3.8 × 10−12
	6.3 × 10−11
	2.4 × 10−11



	5.0
	57.5
	6.0
	0.55
	0.64
	0.94
	–
	0.98
	0.90
	5.7 × 10−9
	5.5 × 10−10
	2.3 × 10−11



	6.0
	38.7
	4.9
	0.77
	0.74
	1.12
	–
	1.16
	0.95
	3.4 × 10−7
	8.4 × 10−10
	1.5 × 10−10



	7.0
	28.5
	3.7
	0.92
	0.83
	1.30
	0.53
	1.33
	1.00
	5.7 × 10−6
	1.3 × 10−9
	1.1 × 10−8



	7.5
	25.2
	3.2
	1.00
	0.87
	1.40
	0.41
	1.04
	1.04
	1.8 × 10−5
	3.0 × 10−8
	7.3×10−8



	8.0
	22.6
	2.8
	1.25
	0.93
	1.52
	0.31
	1.15
	1.11
	2.2 × 10−5
	7.9 × 10−8
	9.5 × 10−8



	8.5
	20.5
	2.5
	1.34
	0.96
	1.64
	0.21
	1.50
	1.16
	1.4 × 10−4
	1.5 × 10−5
	3.5×10−6



	Z = 10−8



	




	3.0
	190.2
	21.4
	0.23
	0.37
	0.69
	–
	0.81
	0.81
	5.9 × 10−10
	4.7 × 10−9
	3.5 × 10−9



	4.0
	89.8
	13.6
	0.37
	0.42
	0.86
	–
	0.89
	0.87
	4.5 × 10−10
	5.4 × 10−9
	2.9 × 10−9



	5.0
	53.5
	9.9
	0.61
	0.47
	1.02
	–
	1.04
	0.91
	7.0 × 10−9
	5.9 × 10−9
	2.4 × 10−9



	6.0
	36.9
	8.1
	0.96
	0.51
	1.18
	–
	1.20
	0.96
	5.1 × 10−7
	6.3 × 10−9
	2.4 × 10−9



	7.0
	28.3
	6.0
	1.31
	1.15
	1.68
	–
	1.68
	1.02
	9.8 × 10−6
	6.5 × 10−9
	2.9 × 10−8



	7.5
	25.5
	5.1
	1.57
	0.61
	1.39
	0.42
	1.30
	1.06
	3.7 × 10−5
	4.5 × 10−8
	2.4 × 10−7



	8.0
	23.2
	4.3
	1.84
	0.66
	1.50
	0.31
	1.39
	1.12
	4.9 × 10−5
	6.1 × 10−7
	3.6 × 10−7



	8.5
	21.3
	3.7
	2.11
	0.75
	1.56
	0.21
	1.17
	1.17
	2.0 × 10−4
	2.6 × 10−5
	7.1 × 10−6



	Z = 10−7



	




	3.0
	178.0
	17.8
	0.23
	0.57
	0.77
	–
	0.79
	0.83
	6.4 × 10−9
	4.2 × 10−8
	4.0 × 10−8



	4.0
	86.5
	14.2
	0.44
	0.62
	0.95
	–
	0.97
	0.85
	4.8 × 10−9
	5.0 × 10−8
	3.3 × 10−8



	5.0
	55.5
	13.8
	0.84
	0.50
	1.12
	–
	1.13
	0.91
	7.4 × 10−9
	5.5 × 10−8
	2.9 × 10−8



	6.0
	39.7
	9.3
	1.35
	0.58
	1.29
	–
	1.30
	0.96
	2.1 × 10−7
	5.8 × 10−8
	2.6 × 10−8



	7.0
	30.8
	6.3
	1.80
	0.66
	1.49
	0.43
	1.50
	1.04
	1.6 × 10−5
	7.6 × 10−8
	8.3 × 10−8



	7.5
	27.7
	5.4
	2.05
	0.72
	1.62
	0.30
	1.36
	1.11
	5.0 × 10−5
	6.4 × 10−7
	4.0 × 10−7



	8.0
	25.2
	4.7
	2.30
	0.76
	1.74
	0.22
	1.75
	1.18
	5.8 × 10−4
	8.5 × 10−5
	4.3 × 10−5



	8.5
	23.0
	4.0
	2.55
	0.79
	1.85
	0.12
	1.30
	1.24
	1.4 × 10−3
	2.7 × 10−4
	5.7 × 10−4



	Z = 10−6



	




	3.0
	170.8
	19.3
	0.28
	0.62
	0.81
	–
	0.81
	0.83
	7.4 × 10−8
	3.7 × 10−7
	4.5 × 10−7



	4.0
	91.3
	16.8
	0.72
	0.66
	0.99
	–
	0.87
	0.87
	5.8 × 10−8
	4.5 × 10−7
	3.8 × 10−7



	5.0
	59.2
	14.7
	1.18
	0.55
	1.19
	–
	0.92
	0.91
	5.3 × 10−8
	4.9 × 10−7
	3.4 × 10−7



	6.0
	42.6
	9.7
	2.23
	0.65
	1.42
	–
	1.03
	0.99
	1.9 × 10−6
	5.2 × 10−7
	3.2 × 10−7



	7.0
	33.0
	6.6
	2.03
	0.75
	1.66
	0.31
	1.15
	1.11
	4.1 × 10−5
	7.1 × 10−7
	5.7 × 10−7



	7.5
	29.3
	5.7
	2.21
	0.80
	1.79
	0.22
	1.81
	1.17
	4.8 × 10−4
	6.7 × 10−5
	2.7 × 10−5



	8.0
	26.4
	4.9
	2.42
	1.59
	2.13
	0.18
	2.14
	1.25
	1.9 × 10−3
	1.2 × 10−4
	7.5 × 10−4





      

      
Notes. MZAMS represents the initial mass of our models. τCHB and τCHeB represent, respectively, the duration of the core H-burning and the core He-burning phases. Mcc represents the maximum size of the convective core during core H-burning (CHB). MHexC in columns 5, 6, 8 and 9 refer to the size of the H-exhausted core at the beginning, at the end of core He-burning (CHeB), and just before and after the second dredge-up. MC − ign gives the internal mass point of C ignition. XSDU(C), XSDU(N) and XSDU(O) are surface abundances at the end of the second dredge-up. All masses are given in solar units. The end of CHB was taken when central H-abundance Xc(H) < 10−8. The beginning of CHeB was taken when LHe = 100 L⊙ and the end of CHeB was taken when central the He-abundance Xc(He) < 10−8.



    

  
    
      Table 2. 

      Main characteristics of the TP-(S)AGB of our models.

      
        


	Mini
	NTP
	τTP-(S)AGB
	ΔtIP
	Mc, ini
	Mc, f
	Menv, f
	⟨THeBS⟩
	⟨THBS⟩
	⟨TBCE⟩
	
[image: equation]
	⟨λ⟩
	⟨Ṁwind⟩



	(M⊙)
	
	(Myr)
	(yr)
	(M⊙)
	(M⊙)
	(M⊙)
	(MK)
	(MK)
	(MK)
	(M⊙)
	
	(M⊙ yr−1)





	Z = 10−10



	




	3★
	35(2)
	0.78
	17990
	0.77
	0.79
	< 0.1
	313
	82
	36
	0.14
	0.87
	2.8 × 10−6



	4★
	41(1)
	0.33
	7712
	0.85
	0.87
	< 0.1
	312
	99
	58
	0.12
	0.76
	9.5 × 10−6



	5♣
	482
	0.59
	1471
	0.89
	1.14
	3.08
	223
	157
	26
	–
	–
	1.3 × 10−6



	6
	77
	0.99
	2927
	0.95
	0.97
	< 0.1
	331
	111
	86
	0.19
	0.80
	2.9 × 10−5



	7
	69
	0.13
	1658
	1.00
	1.02
	< 0.1
	329
	116
	103
	0.05
	0.71
	4.7 × 10−5



	7.5
	82
	0.09
	1053
	1.04
	1.06
	0.18
	327
	123
	118
	0.04
	0.70
	6.6 × 10−5



	8.0
	103
	0.05
	488
	1.11
	1.12
	0.10
	323
	135
	130
	0.02
	0.62
	1.3 × 10−4



	8.5
	102
	0.03
	285
	1.16
	1.17
	0.21
	328
	136
	132
	0.01
	0.57
	2.3 × 10−4



	Z = 10−8



	




	3★
	27(2)
	0.34
	15206
	0.81
	0.83
	< 0.1
	316
	85
	47
	0.11
	0.87
	6.1 × 10−6



	4★
	36(1)
	0.30
	6719
	0.87
	0.88
	< 0.1
	318
	104
	61
	0.11
	0.77
	1.0 × 10−5



	5♣
	402
	0.54
	1418
	0.91
	1.14
	3.11
	230
	154
	24
	–
	–
	1.8 × 10−6



	6
	58
	0.17
	2693
	0.96
	0.97
	0.12
	322
	114
	81
	0.29
	0.70
	2.9 × 10−5



	7
	69
	0.11
	1442
	1.02
	1.03
	< 0.1
	323
	120
	107
	0.07
	0.57
	5.3 × 10−5



	7.5
	82
	0.10
	983
	1.06
	1.07
	0.17
	329
	123
	118
	0.03
	0.70
	6.4 × 10−5



	8.0
	95
	0.05
	492
	1.12
	1.13
	0.18
	330
	138
	133
	0.02
	0.63
	1.3 × 10−4



	8.5
	97
	0.04
	296
	1.17
	1.18
	0.23
	331
	134
	130
	0.01
	0.60
	2.0 × 10−4



	Z = 10−7



	




	3★
	24
	0.38
	12700
	0.82
	0.84
	< 0.1
	310
	94
	46
	0.10
	0.75
	5.6 × 10−6



	4
	38
	0.28
	78590
	0.87
	0.88
	< 0.1
	317
	105
	58
	0.19
	0.69
	1.1 × 10−5



	5
	60
	0.07
	3929
	0.91
	0.94
	< 0.1
	311
	109
	76
	0.06
	0.57
	1.6 × 10−5



	6
	58
	0.05
	2688
	0.97
	0.98
	< 0.1
	327
	114
	86
	0.06
	0.73
	1.1 × 10−5



	7
	72
	0.01
	1082
	1.05
	1.07
	< 0.1
	326
	122
	116
	0.04
	0.70
	5.6 × 10−5



	7.5
	85
	0.06
	534
	1.11
	1.12
	0.09
	324
	131
	126
	0.05
	0.64
	1.0 × 10−4



	8.0
	72
	0.02
	285
	1.18
	1.19
	0.25
	336
	130
	125
	0.007
	0.61
	3.2 × 10−4



	8.5
	87
	0.002
	153
	1.23
	1.24
	0.24
	347
	131
	126
	0.009
	0.50
	4.5 × 10−4



	Z = 10−6



	




	3
	26
	0.42
	14140
	0.82
	0.84
	< 0.1
	317
	89
	42
	0.08
	0.80
	2.3 × 10−6



	4
	36
	0.30
	8424
	0.87
	0.88
	0.22
	325
	96
	65
	0.15
	0.86
	9.7 × 10−6



	5
	45
	0.27
	5070
	0.89
	0.92
	< 0.1
	326
	104
	75
	0.06
	0.82
	1.5 × 10−5



	6
	54
	0.13
	2128
	0.99
	1.01
	0.16
	327
	114
	93
	0.05
	0.77
	3.7 × 10−5



	7
	65
	0.06
	668
	1.11
	1.12
	0.27
	350
	127
	121
	0.02
	0.81
	9.4 × 10−5



	7.5
	75
	0.02
	260
	1.17
	1.18
	0.27
	353
	132
	129
	0.006
	0.47
	2.7 × 10−4



	8.0
	92
	0.01
	139
	1.24
	1.25
	0.34
	349
	131
	125
	0.005
	0.47
	4.0 × 10−4





      

      
Notes. Models marked with a star (★) experience proton-ingestion episodes. Thermal pulses gradually decrease in intensity and vanish in the models marked with a club symbol (♣). In these cases models fail to converge while their convective envelopes have very high masses (≳3 M⊙), and thus their fates are unknown (see text for details). Mini corresponds to the initial mass. NTP is the number of thermal pulses and, in parenthesis, the number of proton-ingestion episodes. τTP-(S)AGB, and ΔtIP are, respectively, the duration of the TP-(S)AGB (given from the first thermal pulse until the end of our computations), and the interpulse period. Mc, ini, Mc, f and Menv, f are the masses of the H-exhausted cores prior to the TP-(S)AGB, the masses of the H-exhausted cores, and the remnant envelopes at the end of the TP-(S)AGB. ⟨THeBS⟩, ⟨THBS⟩, ⟨TBCE⟩ are the temperatures at the times of maximum luminosity for each pulse, given at the centre of the He-burning shell, at the centre of the H-burning shell, and at the base of the convective envelope, and averaged over the number of thermal pulses in each sequence. [image: equation] is the total mass dredged-up ⟨λ⟩ is averaged over the number of thermal pulses in each case, and ⟨Ṁwind⟩ is the average mass-loss rates due to winds, that is, the envelope mass lost over the duration of the (S)AGB phase.
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        Surface C, N, and O molar fractions of our 3 M⊙ models at different metallicities. Zero time marks the beginning of the TP-AGB phases.

      

    

  
    
      Fig. 3. 
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        Luminosities H-burning, LH, in black and to He-burning, LHe, in red, for some selected models of metallicity Z = 10−10 (upper panel), Z = 10−7 (lower panel), during the TP-(S)AGB phase.

      

    

  
    
      Fig. 5. 
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        Same as Fig. 4, but during the second dual-shell flash.

      

    

  
    
      Fig. 6. 
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        Details of the evolution of our 5 M⊙ model of Z = ×10−8. Upper panel: temporal evolution of luminosities associated with H-burning (LH, black), and He-burning luminosity (LHe, red). In the case of H-burning, the contributions due to the pp-chains (Lpp) and the CNO-cycle (LCNO) are shown, respectively, in black dotted and dashed lines. Middle panel: evolution of convective regions (grey areas), and the location of the H-burning shell (HBS) and the He-burning shell (HeBS) in black and red lines respectively. Lower panel: evolution of surface abundances of 12C (green), 14N (blue), 16O (green), and Zother (gold), which represents all the species of mass higher than 16O.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Upper panel: expected fates of our model stars at different metallicities, as resulting from the present work (variable composition low-temperature opacities and mass-loss rates from Bloecker 1995). Lower panel: expected fates according to the calculations by Gil-Pons et al. (2018; constant composition low-temperature opacities and mass-loss rates from Vassiliadis & Wood 1993).

      

    

  
    
      Fig. 8. 
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        Evolution of the surface abundances of some selected isotopes for the 3 M⊙, Z = 10−10 model.

      

    

  
    
      Fig. 10. 
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        Production factor of selected isotopes for the low metallicity models of 4, and 6 M⊙. The Z = 10−5 results (black) from GP21 are compared with the Z = 10−6 (red), the Z = 10−7 (green), the Z = 10−8 (blue), and the Z = 10−10 calculations (purple) of the current work. Dashed lines, corresponding to the results from V21, follow the same color code as above.

      

    

  
    
      Fig. 11. 
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        Abundance pattern in terms of the ejecta of selected species for intermediate-mass stars of metallicities Z = 10−6, Z = 10−7, Z = 10−8 and Z = 10−10. For clarity, the vertical scales in the upper and lower panels are different.

      

    

  
    
      Fig. 12. 
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        Carbon isotopic ratios in model yields (large circles and colour bar) and observations (small grey points) versus metallicity. The [Fe/H] ≃ −1 models are from Fishlock et al. (2014) for initial masses ≤6 M⊙, and from Doherty et al. (2014b) for initial masses ≥7 M⊙. [Fe/H] ≃ −2 models are from Karakas (2010) for initial ≤6 M⊙, and from Doherty et al. (2014b) for initial masses ≥7 M⊙. [Fe/H] ≃ −3, −4, −5, −6 and −8 models are from Campbell & Lattanzio (2008) for initial masses ≤3 M⊙, and from GP21 for initial masses ≥3 M⊙. The observed ratios are from the SAGA database (Suda et al. 2008).

      

    

  
    
      Table B.1. 

      Abundances pattern of selected elements in terms of [X/Fe].

      
        


	Mini/M⊙
	< log10(7Li)>
	C
	N
	O
	F
	Ne
	Na
	Mg
	Al
	Si
	P
	S





	3.0
	2.50
	4.30
	4.97
	2.55
	4.30
	3.50
	3.29
	3.22
	2.40
	1.36
	1.69
	4.0×10−2



	3.0-dil
	1.47
	3.27
	3.93
	1.52
	3.27
	2.46
	2.26
	2.18
	1.38
	0.48
	0.73
	3.8×10−3



	4.0
	1.43
	3.55
	5.03
	2.31
	3.34
	3.22
	3.19
	3.00
	2.48
	1.22
	1.72
	4.2×10−2



	4.0-dil
	0.65
	2.68
	4.16
	1.44
	2.47
	2.34
	2.31
	2.13
	1.62
	0.49
	0.89
	5.9×10−3



	5.0
	0.89
	3.44
	4.98
	2.29
	2.90
	2.94
	2.92
	2.93
	2.57
	1.13
	1.71
	5.7×10−2



	5.0-dil
	0.33
	2.66
	4.20
	1.53
	2.13
	2.17
	2.15
	2.16
	1.81
	0.49
	0.98
	1.0×10−2



	6.0
	0.29
	3.37
	4.63
	2.03
	2.34
	2.37
	2.37
	2.62
	2.33
	0.94
	1.60
	4.2×10−2



	6-0-dil
	0.08
	2.67
	3.93
	1.35
	1.65
	1.68
	1.68
	1.92
	1.64
	0.41
	0.94
	8.8×10−3



	7.0
	0.12
	2.79
	4.14
	1.50
	1.80
	1.46
	1.23
	1.60
	1.52
	0.58
	0.51
	6.9×10−3



	7.0-dil
	0.03
	2.15
	3.50
	0.90
	1.18
	0.86
	0.67
	0.99
	0.92
	0.21
	0.18
	1.6×10−3



	7.5
	1.67
	2.74
	4.16
	1.63
	1.47
	1.34
	0.95
	1.52
	1.34
	0.40
	0.53
	4.2×10−3



	7.5-dil
	1.08
	2.13
	3.54
	1.04
	0.89
	0.78
	0.46
	0.94
	0.78
	0.13
	0.19
	1.0×10−3





      

      
Notes. Data are either given by the ejecta, or under the assumption that 1% of this matter was homogeneously diluted in the surface 0.2 M⊙ of an unevolved Z = 10−6 star. Lithium abundance is shown as < log10(7Li) > = Log10(N(Li)/N(H)) + 12. Stellar winds for these results are from Bloecker (1995), with parameter η = 0.02.



    

  
    
      Table B.2. 

      Abundances pattern of selected elements in terms of [X/Fe] as in Figure 11Z = 10−7 star.

      
        


	Mini/M⊙
	< log10(7Li)>
	C
	N
	O
	F
	Ne
	Na
	Mg
	Al
	Si
	P
	S





	3.0
	2.11
	5.29
	6.23
	3.86
	5.80
	4.58
	4.37
	4.23
	3.44
	2.16
	2.32
	2.1E-01



	3.0-dil
	1.12
	4.28
	5.21
	2.84
	4.78
	3.56
	3.35
	3.21
	2.42
	1.17
	1.32
	2.5E-02



	4.0
	1.11
	4.52
	5.93
	3.29
	4.18
	4.08
	4.07
	3.98
	3.46
	2.15
	2.70
	3.1E-01



	4.0-dil
	0.48
	3.75
	5.16
	2.52
	3.41
	3.31
	3.30
	3.21
	2.69
	1.39
	1.93
	7.1E-02



	5.0
	0.73
	4.17
	5.80
	3.13
	3.58
	3.64
	3.63
	3.66
	3.47
	1.86
	2.52
	2.7E-01



	5.0-dil
	0.24
	3.40
	5.03
	2.35
	2.80
	2.87
	2.85
	2.89
	2.69
	1.12
	1.76
	5.9E-02



	6.0
	0.03
	4.31
	5.83
	3.18
	3.36
	3.55
	3.48
	3.66
	3.56
	1.87
	2.44
	2.5E-01



	6.0-dil
	0.01
	3.61
	5.13
	2.48
	2.66
	2.85
	2.78
	2.96
	2.86
	1.20
	1.75
	6.1E-02



	7.0
	-0.20
	4.09
	5.47
	2.81
	3.58
	2.95
	2.77
	3.02
	2.96
	1.47
	1.57
	7.6E-02



	7-0-dil
	-0.04
	3.45
	4.83
	2.17
	2.94
	2.31
	2.13
	2.38
	2.33
	0.87
	0.96
	1.9E-02



	7.5
	-0.13
	3.71
	5.07
	2.39
	2.34
	2.32
	2.13
	2.54
	2.46
	1.20
	1.37
	7.5E-02



	7.5-dil
	-0.03
	3.09
	4.46
	1.78
	1.73
	1.71
	1.53
	1.92
	1.85
	0.67
	0.81
	1.9E-02



	8.0
	1.62
	3.64
	5.18
	2.59
	1.96
	2.16
	1.93
	2.36
	2.24
	0.89
	1.18
	7.1E-02



	8.0-dil
	1.05
	3.04
	4.59
	1.99
	1.37
	1.58
	1.35
	1.77
	1.66
	0.43
	0.66
	1.9E-02





      

      
Notes. Information is provided as in Table B.1.



    

  
    
      Table B.3. 

      Abundances pattern of selected elements in terms of [X/Fe] as in Figure 11Z = 210−8 star.

      
        


	Mini/M⊙
	< log10(7Li)>
	C
	N
	O
	F
	Ne
	Na
	Mg
	Al
	Si
	P
	S





	3.0
	2.09
	5.94
	7.13
	4.81
	6.08
	5.56
	5.36
	5.10
	4.36
	3.26
	3.68
	1.4E+00



	3.0-dil
	1.11
	4.93
	6.12
	3.80
	5.06
	4.55
	4.35
	4.09
	3.35
	2.25
	2.67
	5.1E-01



	4.0
	1.23
	5.58
	7.05
	4.47
	5.44
	5.10
	5.02
	4.90
	4.37
	3.00
	3.47
	9.8E-01



	4.0-dil
	0.49
	4.71
	6.18
	3.60
	4.57
	4.23
	4.14
	4.03
	3.50
	2.13
	2.60
	3.3E-01



	6.0
	-0.00
	5.21
	6.70
	4.01
	4.22
	4.43
	4.38
	4.53
	4.41
	2.77
	3.44
	9.6E-01



	6.0-dil
	-0.00
	4.51
	6.01
	3.31
	3.52
	3.73
	3.68
	3.83
	3.71
	2.07
	2.74
	4.2E-01



	7.0
	-0.37
	5.04
	6.50
	3.81
	3.78
	4.03
	3.93
	4.20
	4.19
	2.62
	3.12
	7.5E-01



	7.0-dil
	-0.06
	4.40
	5.86
	3.17
	3.14
	3.39
	3.28
	3.56
	3.55
	1.98
	2.48
	3.1E-01



	7.5
	-0.50
	4.70
	6.36
	3.77
	3.26
	3.85
	3.58
	3.96
	4.08
	2.74
	2.87
	6.2E-01



	7.5-dil
	-0.08
	4.08
	5.74
	3.15
	2.63
	3.22
	2.96
	3.34
	3.46
	2.11
	2.25
	2.4E-01



	8.0
	-1.10
	4.72
	6.07
	3.43
	3.10
	3.31
	3.10
	3.53
	3.43
	2.30
	2.42
	4.5E-01



	8.0-dil
	-0.12
	4.13
	5.47
	2.84
	2.51
	2.72
	2.51
	2.93
	2.84
	1.71
	1.83
	1.6E-01



	8.5
	0.41
	4.64
	5.98
	3.31
	3.23
	3.11
	2.83
	3.27
	3.16
	1.90
	2.05
	3.7E-01



	8.5-dil
	0.15
	4.07
	5.40
	2.74
	2.66
	2.54
	2.25
	2.70
	2.59
	1.35
	1.49
	1.3E-01





      

      
Notes. Information is provided as in Table B.1.



    

  
    
      Table B.4. 

      Abundances pattern of selected elements in terms of [X/Fe] as in Figure 11Z = 10−10 star.

      
        


	Mini/M⊙
	< log10(7Li)>
	C
	N
	O
	F
	Ne
	Na
	Mg
	Al
	Si
	P
	S





	3.0
	2.21
	8.28
	9.26
	6.76
	8.54
	7.90
	7.68
	7.23
	6.53
	5.25
	5.32
	2.6E+00



	3.0-dil
	1.23
	7.27
	8.25
	5.75
	7.53
	6.89
	6.67
	6.22
	5.52
	4.24
	4.31
	1.6E+00



	3.5
	3.06
	8.01
	8.29
	6.14
	7.43
	6.45
	6.05
	5.71
	4.71
	4.09
	5.47
	3.9E+00



	3.5-dil
	2.14
	7.08
	7.36
	5.21
	6.50
	5.53
	5.12
	4.78
	3.78
	3.16
	4.54
	2.9E+00



	3.75
	1.81
	7.34
	8.74
	6.94
	7.06
	7.19
	6.91
	6.56
	6.63
	6.31
	8.21
	6.8E+00



	3.75-dil
	0.95
	6.44
	7.84
	6.04
	6.16
	6.29
	6.01
	5.66
	5.73
	5.41
	7.31
	5.9E+00



	4.0
	1.28
	7.54
	9.07
	6.45
	7.47
	7.27
	7.21
	7.00
	6.48
	5.18
	5.65
	3.0E+00



	4.0-dil
	0.54
	6.67
	8.19
	5.57
	6.60
	6.40
	6.34
	6.13
	5.61
	4.31
	4.78
	2.1E+00



	6.0
	-0.28
	7.16
	8.73
	5.98
	6.27
	6.49
	6.44
	6.55
	6.43
	4.75
	5.38
	2.8E+00



	6.0-dil
	-0.04
	6.46
	8.03
	5.28
	5.56
	5.78
	5.74
	5.85
	5.72
	4.05
	4.68
	2.1E+00



	7.0
	-0.54
	6.84
	8.58
	5.78
	5.69
	6.13
	5.99
	6.12
	6.17
	4.48
	4.80
	2.2E+00



	7.0-dil
	-0.08
	6.20
	7.94
	5.13
	5.04
	5.49
	5.34
	5.47
	5.52
	3.84
	4.15
	1.5E+00



	7.5
	-0.69
	6.97
	8.47
	5.83
	6.18
	5.91
	5.70
	6.06
	6.02
	4.50
	4.68
	2.1E+00



	7.5-dil
	-0.09
	6.35
	7.85
	5.21
	5.56
	5.29
	5.08
	5.44
	5.40
	3.88
	4.06
	1.5E+00



	8.0
	-2.30
	5.00
	6.46
	3.15
	-0.17
	0.65
	-0.05
	-0.32
	0.07
	0.52
	0.72
	4.0E-01



	8.0-dil
	-0.13
	4.41
	5.86
	2.56
	-0.04
	0.28
	-0.01
	-0.06
	0.02
	0.20
	0.32
	1.4E-01



	8.5
	0.05
	5.85
	7.43
	4.24
	1.59
	3.67
	3.23
	2.79
	3.22
	2.14
	1.20
	4.1E-01



	8.5-dil
	0.01
	5.27
	6.85
	3.66
	1.04
	3.10
	2.65
	2.22
	2.64
	1.57
	0.69
	1.5E-01





      

      
Notes. Information is provided as in Table B.1.
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