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Abstract

:

Recently, Marigo et al, identified a kink in the initial-final mass relation around initial masses of    M  i n i   ≈ 1.65 − 2.10     M ⊙  , based on Gaia DR2 and EDR3 data for white dwarfs in open clusters aged 1.5–2.5 Gyr. Notably, the white dwarfs associated with this kink, all from NGC 7789, exhibit masses of ∼0.70–0.74 M⊙, usually associated with stars of    M  i n i   ∼   3–4   M ⊙  . This kink in the Mini mass range coincides with the theoretically accepted solar metallicity lowest-mass stars evolving into carbon stars during the AGB phase. According to Marigo et al., these carbon stars likely experienced shallow third dredge-up events, resulting in low photospheric C/O ratios and, consequently, middle stellar winds. Under such conditions, the AGB phase is prolonged, allowing for further core mass growth beyond typical predictions. If this occurs, it might provoke other anomalies, such as a non-standard surface chemical composition. We have conducted a chemical analysis of several carbon stars belonging to open clusters within the above cluster ages. Our chemical analysis reveals that the carbon stars found within the kink exhibit C/O ratios only slightly above the unity and the typical chemical composition expected for carbon stars of near solar metallicity, partially validating the above theoretical predictions. We also show that this kink in the IMFR strongly depends on the method used to derived the distances (luminosity) of these carbon stars.






Keywords:


carbon stars; nucleosynthesis; stellar evolution; white dwarfs












1. Introduction


The final stages of the evolution of low- and intermediate-mass stars (  1 ≲ M /  M ⊙  ≲ 8  ), particularly during the asymptotic giant branch (AGB) phase, remain poorly understood. This phase is challenging to model due to the complexity of physical processes such as the third dredge-up (3DU), hot-bottom burning (HBB), and their dependence on the initial stellar mass, metallicity, and mass loss. These phenomena are very sensitive to the treatment of convection and mixing, to the numerical details and prescription for the mass loss used (e.g., [1,2,3,4,5]).



In this context, observations play a key role, as they can place constraints on the processes mentioned above whose physics are still poorly defined. In the solar-like metallicity regime, a relevant source of information comes from the semi-empirical initial–final mass relation (IFMR), which links the initial mass of low- and intermediate-mass stars with the final mass of white dwarfs left behind on their death (e.g., [6,7,8,9]). The IFMR is very sensitive to the prescriptions used to model the mass loss, 3DU, and hot-bottom burning of the progenitor stars (e.g., [10,11]). Thus, observational studies of the IFMR can put constrains on all these phenomena. However, these studies in the Milky Way have so far been hampered by severe uncertainties on the distances of the stars, and by the fact that the AGB population in star clusters (whose distances are better known than those of field AGB stars) is very small. This situation has now remarkably improved thanks to the advent of the Gaia satellite and its data releases, in particular Gaia DR3 [12]. In fact, with the addition of new white dwarf data belonging to galactic open clusters with ages of 1.5–2.5 Gyr, [11,13] found a kink in the IFMR at Mini   ≈   1.65–2.10 M⊙ that suddenly interrupts the commonly assumed monotonic behaviour. Surprisingly, the white dwarfs at the peak, which are all members of the open cluster NGC 7789, may reach masses of 0.70–0.74 M⊙ according to these authors, which have previously been associated with stars with Mini   ∼   3–4 M⊙. The IFMR kink is interpreted by these authors as a signature of the lowest mass stars in the Milky Way that evolved into carbon stars (C-stars) during the AGB phase. According to [13], these C-stars are expected to have undergone shallow 3DU events, resulting in a low photospheric C/O ratio (very close to unity). This is because the mass-loss prescription for carbon stars used by [13] is dependent on carbon excess ([14,15,16]), and under this condition carbonaceous dust grains cannot condense in sufficient quantities to cause a strong wind, so the AGB lifetime is prolonged and the core mass can grow more than usually predicted.



Apart of a low C/O ratio and mass-loss rate, we wondered if the carbon stars with masses within the possible kink in the IFMR could have also other observational signatures that may characterise them, in particular a different chemical composition with respect to that usually observed in most of the galactic field carbon stars. Thus, we performed a full chemical analysis of several galactic carbon stars belonging to galactic open cluster of near solar metallicity with ages within those where the kink in the IFMR could exist, by using high resolution and signal-to-noise spectra. In the next section we describe the observations and the spectroscopic analysis. Section 3 shows the main results of the chemical analysis and in Section 4 we derive the luminosity of these stars using Gaia DR3 data and construct our own IMFR under different approximations. Section 5 summarises our main findings.




2. Observations and Analysis


The observations were made in June and August 2023 at the 3.5 m telescope in the CAHA observatory using the CARMENES spectrograph, and at the Observatory of the Roque de los Muchachos with the 3.6 m TNG facility using the GIANO-B and HARPS-N spectrographs working together in the GIARPS mode. The CARMENES spectrograph provides high spectral resolution (R = 80,000–100,000) in the 0.52–0.96  μ m and 0.96–1.71  μ m spectral ranges, while the TNG observing in GIARPS mode covers the 0.97–2.45  μ m (R = 50,000) and 0.38–0.69  μ m (R = 115,000) spectral ranges. These two instrumental set-ups allowed us to access to most of the spectral ranges suited for abundance analysis of cool C-stars, namely: the carbon and oxygen abundances and the corresponding C/O and   O     16  /  O     17   ratios from the 2.2  μ m region; the   C     12  /  C     13   ratio from the ∼8000 Å region; s-element (Zr, Ba and Ce mainly) abundances from the ∼4800 Å, ∼8100 Å and 1.5–1.7  μ m spectral regions; the fluorine abundance from several HF lines at ∼2.3  μ m, and finally the Li abundance from the typical 6708 Å line. The average metallicity of the star ([M/H])1 was derived from several Fe, Ti, Ni and Ca placed in these spectral ranges. For details about the specific molecular and atomic lines used, as well as a full discussion on the uncertainty in the chemical features derived in the abundance analysis we refer to [17,18,19,20,21], and references therein. The S/N ratio of the spectra achieved typically ranged from >50 in the 4800 Å region to S/N   > 300   at near infrared wavelengths. Our previous abundance studies in C-stars (see references above) showed that these values are high enough to perform an accurate abundance analysis in all the spectral ranges studied.



Table 1 shows the C-stars observed together with the name of the open cluster they belong to, age of the cluster derived by [22] based on Gaia EDR3 astrometry, and the probability of membership to the corresponding open cluster according to the analysis of [13]. All the stars were included in the study by [13], and have excellent Gaia DR3 astrometric solutions: uncertainty in the parallax   < 10 %  , fidelity flag ∼ 1, RUWE values   < 1.4   (i.e., no-binary) and available 2MASS photometry with JHK magnitude uncertainties   < 10 %  .



Note that the stars IRAS 19582+2907 and Case 121 belong to open clusters with ages (according to [22]) corresponding to turn-off masses larger than ∼4 M⊙. Thus, theoretically, these stars would not be C-stars but O-rich AGBs and probable candidates to HBB stars. However, their spectra indeed look like a normal C-star, and we will show below that their chemical composition is similar to the other C-stars analysed. The conclusion is then that whether these stars do not belong to the quoted open cluster or the age of Berkeley 72 and FSR 0172 was largely underestimated by [22]. In particular, the carbon star MSB 75 belongs to the cluster NGC 7789 where three white dwarfs exhibit masses in excess of ∼0.7 M⊙ according to [8]. Furthermore, according to [13] the stars Case 63 and Case 588 have Mini inside the mass range where the kink is proposed to exists. The rest of the stars belong to clusters with ages close to that of NGC 7789, where the kink in the IFMR was identified.



For each star we computed synthetic LTE spectra in the mentioned spectral ranges using the Turbospectrum v.20 code ([23]) and atmosphere models for C-stars (unpublished) built following the approximations and method in [24]. Because the young ages of the clusters, initially we assumed a solar metallicity for all the stars. The final metallicity was obtained as the average of the metallicity derived from theoretical fits to the metallic lines mentioned above. This resulted in a good approximation (see below), except in the case of Case 588 (Dias 2) for which, we derived [M/H] ∼−1. As an initial estimate of the effective temperature, the values derived by [13] using SED fits were adopted, the final value however was determined from an iterative method changing the Teff value until a reasonable fit to the observed spectrum was obtained in all the spectral ranges studied. We adopted a log g value of 0.0 for all the stars because we do not have other gravity value in the grid of C-stars models. However, this is an acceptable value for stars in the AGB phase. Next step was to derive the C/O ratio by iterative fits to some CO lines in the 2.3  μ m region, and CN lines in the ∼8000–8600 Å spectral region, respectively, until convergence was achieved. Finally, with values of the effective temperature, gravity, average metallicity and C/O ratio, we proceeded with the full chemical analysis of the stars. To do that we computed theroretical spectra in LTE with the Turbospectrum code using the adequate model atmosphere for the spectral ranges analysed (see above) and changed the abundance of a given chemical specie until a god fit was found between the observed (atomic or molecular) and theoretical spectral line. Typical examples of these theoretical fits for similar carbon stars belonging to the galactic field can be seen in references [17,18,19,20].




3. Results


Table 2 shows the main chemical features derived in the stars. From left to right the columns show: name of the star, the average metallicity, the carbon to oxygen ratio (by number), the carbon isotopic ratio, the nitrogen isotopic ratio, the oxygen-16 to oxygen-17 isotopic ratio, the Li abundance in the usual scale of log N(H) ≡ 12, the fluorine abundance ratio and the average s-element abundance ratio derived from some Zr, Ba, Ce lines, respectively. We note that most of the stars have near solar metallicity, except Case 588, which is clearly a metal-poor star as mentioned above. Furthermore, the C/O ratios are all only slightly larger than unity; the larger value is found also for Case 588 (1.41), which agrees with the theoretical expectation that the 3DU is more efficient in metal-poor stars, so larger C/O ratios are expected in the surface of these C-stars. The low C/O ratios found almost in all the stars studied agrees with the theoretical expectation by [13,25] in case that shallow 3DUs occur in the particular Mini range where the kink in the IFMR is observed. However this characteristic is found in the overwhelming majority of the galactic field AGB C-stars so far analysed (see [17]). In fact other plausible explanations have been proposed to explain this observational fact. For instance, [26] suggested that as the carbon is transported to the surface by the action of the 3DU episodes and the star progressively cools-down in its ascent into the AGB phase, the carbon atoms would condense into amorphous graphite, TiC and SiC grains in the cool surface of the star. Then the gas phase in the surface is continuously depleted in carbon because the condensation into grains. This may provoke that in the gas phase (what we actually see in the visual and near-infrared spectrum) the C/O ratio will never exceed unity significantly. This process, however, is highly dependent on the metallicity of the star: in metal-poor carbon stars C/O ratios exceeding largely unity can be found as is the case of our only metal-poor star in the sample, Case 588 (see Table 2).



Considering the typical uncertainties in the features of Table 2: ±0.25 dex for the [M/H], [F/M] ratios;   ± 0.3   dex for [<s>/M];   ± 0.03   for C/O;   ± 10   for   C     12  /  C     13  ; a factor of two for   N     14  /  N     15  ;   ± 300   for   O     16  /  O     17   and   ± 0.2   dex for Li abundance (a full discussion of the derivation of these uncertainties can be found in references [17,18,19,20,21]), the carbon, nitrogen and oxygen isotopic ratios derived are also quite similar to those found in normal field C-stars (see references above) (by passing, indicating no evidence of the operation of the HBB). On the other hand, Li is heavily depleted as expected (see, e.g., [27]) except in DH Mon (see below), and the fluorine and s-element ratios respect to the average metallicity are also those typically found in normal C-stars: i.e., low or middle enhancements. Thus, globally the chemical abundances and abundance ratios derived in these C-stars are similar to those found in field galactic C-stars. Only the star DH Mon shows a chemical pattern rather different. This star has low   C     12  /  C     13   and   N     15  /  N     14   ratios, some Li enhancement and no s-element enhancements at all. These are typically the chemical features defining the J-type AGB stars; we conclude that DH Mon probably is an AGB star of this type. This is quite interesting because considering the age of its host cluster (∼2.3 Gyr, Ruprecht 37), this may put constrains to the scenarios proposed for the formation of these kind of carbon stars whose origin is still unknown (e.g., [28,29]). Note also that the fact of a low   N     14  /  N     15   ratio in this star reinforces the idea suggested by [19] that J-type stars might be a source of the AB-type grains ([30]). On the other hand, among the carbon stars that [13] place just in the kink of the IFMR (Case 63, Case 588 and MSB 75), we do not find significant differences in their chemical features considering the typical uncertainties mentioned above. Only, as already mentioned, Case 588 shows a larger C/O value and [<s>/M] ratio than the others two objects due to its considerably lower metallicity, which agrees with theoretical expectations (see, e.g., [25]). In brief, all the stars analysed show similar chemical properties among them (except the possible J-type star DH Mon), and similar to those so far derived in carbon stars of the galactic field with similar metallicities.




4. Luminosity and the IFMR


In previous sections we have shown that the C-stars analysed do not present any chemical anomaly compared with other C-stars. Now, we compare the chemical patterns found for individual stars with theoretical nucleosynthesis predictions during the AGB phase. To do that, we have first to estimate the luminosity of the stars; then we will built our own IFMR. For this we adopt two approximations:




	
Case 1: We adopted the individual Gaia DR3 geometrical distances according to [31] without any zero-point correction. The extinction for each star   A v   is derived from the galactic model by [32] and bolometric corrections in the K-band were taken from [33].



	
Case 2: We adopted the distances and extinctions of the open cluster to which each star belongs to according to [22], and the same bolometric corrections as in Case 1.








The total uncertainty in the luminosity derived in both Cases is   ± 0.25   mag (see [34]. The luminosity obtained in these two approximations must be compared with those derived by [13] using Gaia EDR3 purely parallax-based distances; extinctions from [35] or [36] based on Gaia DR2 astrometry, and theoretical fits to individual SEDs.



We found that Cases 1 and 2 result in very similar luminosity values, although in Case 2 the average bolometric and K magnitudes show a smaller dispersion: mean values MK   = − 8.17 ± 0.30   mag, and Mbol   = − 5.06 ± 0.30   mag. These magnitude values agree very well with the average absolute K-magnitude found in C-stars of the Magellanic Cloud ([37]) and with the average bolometric magnitude found recently in galactic field C-stars by [34]. Thus, in the following we adopted the luminosities obtained in Case 2. We have to emphasise that the differences in the luminosity between the different methods are due mainly to differences in the distance; extinction only plays a minor role. In general, the method used by [13] result in larger distances thus, higher luminosities, which implies larger core masses. For instance, the mean difference in the distances between [13] and Case 2 is 120 ± 633 pc. Note the large dispersion, which means that for some stars the discrepancy in the distance is severe (mainly for stars at distances   > 3   kpc).



Then, assuming the luminosities derived in Case 2, we compare with theoretical nucleosynthesis predictions for AGB stars from the FRUITY database ([38]), just at the luminosity and metallicity (within the observational uncertainties, see Table 2) derived for each star. In general, we found that FRUITY predictions for the 1.5–2.0 M⊙ AGB models can account for all the chemical features (within the uncertainties) found in the stars. This excludes the probable J-type star DH Mon and the Mira variable V493 Mon, which shows very broad spectral lines probably due to stellar pulsations. However, FRUITY fails to fit the C/O ratios derived, which are predicted to be larger than observed. Nevertheless, this is a long-standing problem (see discussion, e.g., in [3]). The 2.5 M⊙ models can account partially for the observed abundance patterns, while the 3.0 M⊙ models can not fit any of the chemical features derived. Thus, our objects should have masses not much larger that ∼2 M⊙, which agrees with the common idea that C-stars are low mass objects.



Then, we constructed our IFMR with the stars analysed. To do that we estimate the core mass (i.e., Mfinal), according to the FRUITY database, as just that which the star has during the AGB phase in which it best adjusts its derived luminosity in Case 2. Note that this core mass would be only slightly smaller than the final core mass after the star ends the AGB phase. In our case they range typically between 0.55 and 0.64 M⊙ (see Figure 1). On the other hand, the Mini value was estimated from the corresponding turn-off mass of the open cluster adopting the ages from [22]. Obviously, this mass would be only slightly smaller than the real mass of the star. Note that the age that best fit the position of the stars in the HR-diagram (according to the FRUITY database) are fully compatible (within the uncertainties) with the age of the cluster from [22]. The result of all of this (blue points) can be seen in the IMFR of Figure 1, where it is superimposed with the IMFR derived by [8] (grey points, note that these points are white dwarfs, not carbon stars)2. Because the ages of the clusters in Table 1 is still rather controversial, we have added a blue horizontal line in Figure 1 to each star to indicate the possible range in Mini of the corresponding star according to the different ages (turn-off masses) existing in the literature for the specific open cluster the star belongs to ([22,35,36,39]), all based on Gaia DR2 or DR3 data). It is clear that from Figure 1 that no kink in the IMFR is seen around M ∼ 1.65–2.10 M⊙. Our analysis is compatible with a linear behaviour in this mass range.




5. Summary


We performed a detailed chemical analysis of several AGB C-stars belonging to Galactic open clusters with ages corresponding to initial masses of around 1.65–2.15 M⊙. These stars are located within the possible kink (discontinuity) in the semi-empirical IFMR suggested by [11,13]. Our analysis shows that these stars exhibit chemical features identical to other field AGB C-stars of comparable metallicities. Interestingly enough, most of these stars display C/O ratios slightly above unity, aligning with theoretical predictions ([13,25]) for stars that might populate this kink. However, this characteristic has been found in the overwhelming majority of Galactic C-stars analysed so far. We showed that the luminosities—and consequently the core mass (Mfinal)—of these stars are highly sensitive to the method used for determining their distance, despite all methods being based on Gaia DR3 astrometry. We find that purely parallax-based distances, as adopted in [13], tend to result in larger distances (luminosity) than those derived from the methods used in this study, particularly for stars beyond ∼3000 pc. Indeed, some of the stars placed within the supposed kink in the IFMR have distances larger than the above value. Thus, the luminosity derived and, therefore, their estimated Mini and Mfinal would be significantly larger if purely parallax distances are used compared to other methods. Extinction only plays a minor role in this. Clearly, more accurate distance measurements and stellar statistic in open clusters (in both white dwarfs and AGB stars) are needed to resolve the question of whether the discontinuity in the IMFR truly exists.







Author Contributions


All the authors in this research have equally participated in the elaboration of the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research has been partially founded by the project PID2021-123110NB-I00 financed by MICIU/AEI/10.13039/501100011033 and by FEDER, Una manera de hacer Europa, UE.




Data Availability Statement


The datasets presented in this article are not readily available because the data are part of an ongoing study. Requests to access the datasets should be directed to Carlos Abia.




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	AGB
	Asymptotic giant branch



	2MASS
	Two micron sky survey



	IFMR
	Initial final mass relation



	SED
	Spectrum energy distribution



	FRUITY
	FRANEC repository of updated isotopic tables & yields










Notes


	
1

	

We adopt here the usual notation [X/H] = log (X/H)★ − log (X/H)⊙, where (X/H)★ is the abundance by number of the element X in the corresponding star.






	
2

	

We remark again that the discussion by [11,13] on the possibility of the existence of a kink in the IFMR, is mainly based on the three white dwarfs in Figure 1 located around Mini   ∼ 1.9   M⊙ with a Mfinal   ≥ 0.7   M⊙, all belonging to NGC 7789 (see [8]).
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Figure 1. The IFMR derived in this work (blue dots) for the stars studied (see text). Grey dots show the IFMR by [8] derived on the basis of white dwarfs analysis. It is marked (red) the location of the star MSB 75, which belongs to the cluster NGC 7789 where some white dwarfs exceeding 0.7 M⊙ have been found and suggest the existence of the kink ([11,13]). The virtual location of the C-stars IRAS 19582+2907 and Case 121 are also indicated (red); both stars apparently should have an initial mass Mini   > 4   M⊙ (see text). 
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Table 1. C-stars observed, open cluster name, age of the cluster and probability membership.
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	Name
	Open Cluster
	Log (Age)
	p





	V493 Mon
	Trumpler 5
	9.63
	0.68



	C* 908
	Ruprecht 37
	9.37
	0.99



	MSB 75
	NGC 7789
	9.20
	0.99



	Case 63
	Berkeley 9
	9.14
	0.99



	Case 473
	Berkeley 53
	8.99
	0.68



	IRAS 19582+2907
	FSR 0172
	8.20
	0.99



	Case 121
	Berkeley 72
	7.73
	0.99



	Case 588
	Dias 2
	9.24
	0.99



	DH Mon
	Ruprecht 37
	9.37
	0.68







* Ages are taken from Cavallo et al. (2024), [22].













 





Table 2. Abundance ratios derived in the stars.






Table 2. Abundance ratios derived in the stars.





	Star
	[M/H]
	C/O
	   C     12   /   C     13   
	   N     14   /   N     15   
	   O     16   /   O     17   
	A(Li)
	[F/M]
	[<s>/M]





	V493 Mon
	−0.4
	<1.5
	<25
	-
	-
	-
	-
	-



	C* 908
	−0.3
	1.07
	50
	1000
	-
	0.0
	-
	0.25



	MSB 75
	−0.25
	1.05
	35
	>700
	650
	−0.6
	−0.1
	0.4



	Case 63
	−0.1
	1.05
	52
	1250
	580
	−2.0
	0.15
	0.32



	Case 473
	0.0
	1.07
	58
	-
	670
	−1.0
	0.3
	<0.5



	IRAS19582+2907
	0.0
	1.04
	50
	-
	-
	-0.5
	-
	0.6



	Case 121
	−0.2
	1.07
	55
	>1000
	1000
	-1.0
	−0.1
	0.2



	Case 588
	−1.0
	1.41
	70
	800
	-
	−0.6
	-
	1.0



	DH Mon
	−0.3
	1.06
	10
	200–500
	-
	+0.6
	-
	No
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