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Abstract

:

We explore the potential offered by the incoming launch of the James Webb Space Telescope, to study the stars evolving through the asymptotic giant branch (AGB) phase. To this aim we compare data of AGB stars in the Large Magellanic Cloud, taken with the IRS spectrograph, with the results from modelling of AGB evolution and dust formation in the wind. We find that the best diagrams to study M- and C-stars are, respectively, ([F770W]−[F2500W], [F770W]) and ([F770W]−[F1800W], [F1800W]). ([F770W]−[F2500W], [F770W]) turns out to be the best way of studying the AGB population in its entirely.
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1. Introduction


Despite the fact that the AGB phase lasts much shorter than the core hydrogen and helium burning phases, AGB stars have gained the interest of the astrophysical community in the last decades, because they are not only important “gas polluters” [1] and enrich the interstellar medium with dust [2].



A full comprehension of the dust formation mechanism in the outflow of AGB stars is crucial to interpret the observations, because the dust particles absorb and scatter the radiation coming from the photosphere, thus causing a shift of the spectral energy distribution (SED) to the infrared part (IR) of the spectrum. Some stellar evolution codes have been recently updated to account for the formation of dust in the wind of AGB stars [3,4,5]. However, several uncertainties still affect the robustness of the results, related to the poor knowledge of some physical mechanisms and of the dynamics of stellar winds.



These studies will definitively benefit from the incoming launch of the James Webb Space Telescope (JWST), which will allow an exhaustive census of the evolved stellar populations of the galaxies within the Local Group, and possibly beyond. The transmission curve of some of the filters of the MIRI camera, mounted onboard of the JWST, are overlapped with the spectral features related to the presence of specific dust species, which allow a detailed analysis of the dust mineralogy.



In this contribution we report on an ongoing research project based on the analysis of AGB stars in the Large Magellanic Cloud (LMC), for which data taken with the IRS instrument onboard of the Spitzer Space Telescope are available. The goal of this study is to provide a characterisation of the sources observed, to understand the evolution of the SED of the stars as they evolve through the AGB, with the ultimate aim to select the observational planes, based on the MIRI magnitudes, which allow the best identification of the stars observed.




2. AGB Evolution and Dust Production


In this section we show results based on evolutionary computations of   1 − 8   M ⊙    stars of metallicity   Z = 0.008  , obtained by means of the ATON code for stellar evolution [6]. The afore mentioned metallicity is typical of the stars in the LMC [7]. Dust formation in the wind is described by means of the schematization proposed by the Heidelberg group [2], in which the growth rate of the dust particles is determined based on the stellar parameters found via evolution modelling, i.e., mass, luminosity, effective temperature, mass-loss rate and the surface chemistry. For all the model stars we build a sequence of synthetic spectra, using the DUSTY code [8], assuming as input the results from star + dust formation modelling.



2.1. The Surface Chemistry of AGB Stars


The variation in the surface chemical composition of AGB stars is altered by the occurrence of third dredge-up (TDU) episodes, taking place after each thermal pulse, when the bottom of the convective envelope penetrates down to regions enriched in carbon [9]. Repeated TDU events may cause the number of carbon nuclei in the surface regions to exceed that of oxygen, with the formation of intermediate chemical type S-stars and of carbon stars. Reaching the C-star stage has relevant effects on the evolution of the star: the increase in the surface molecular opacities, favoured by the formation of C-bearing molecules [10], triggers a significant expansion of the surface regions, the decrease in the surface gravities, thus an enhancement in the mass-loss rate [11,12].



In stars with core mass above ∼0.8   M ⊙   (which is reflected in an initial mass ∼  3.5 − 4   M ⊙   ) the most relevant mechanism affecting the surface chemistry is hot bottom burning (HBB), the ignition of p-capture activity at the base of the external mantle, once the temperature exceeds ∼30 MK [13]. The activation of HBB makes the surface chemical composition to reflect the equilibria of CNO nucleosynthesis, with significant depletion of    12  C and increase in the surface    14  N. Strong HBB conditions lead to the destruction of the surface    16  O, a phenomenon occuring mostly in metal-poor AGB stars [14]. Ignition of HBB triggers a significant increase in the luminosity, which, in turn, reflects into higher mass-loss rates. The luminosity of the stars experiencing HBB decreases during the late AGB phases, when the loss of the external mantle eventually turns HBB off.




2.2. AGB Stars as Dust Manufacturers


The evolution of the surface chemical composition is extremely important for the formation of dust in the wind of AGB stars, as the mineralogy of dust depends on the surface abundances of the various chemical species, primarily on the surface C/O ratio [2].



In the outflow of carbon stars the dominant dust species are silicon carbide (SiC), solid carbon and iron [2]. SiC, the most stable compound, forms in a region of the circumstellar envelope ∼2 stellar radii   (  R *  )   away from the stellar surface; carbon grains form at a distance of ∼5   R *   from the surface of the star, whereas the condensation zone of solid iron is more external than the carbon dust formation region. The extinction of stellar radiation and the acceleration of the outflow is mostly determined by solid carbon particles: this is due to the higher availability of carbon when compared to silicon, and to the larger extinction coefficients of carbon with respect to SiC.



In M-stars most of the dust produced is under the form of silicates, aggregates composed by silicon, magnesium and oxygen molecules, which form at distances ∼  5 − 10   R *    away from the stellar surface. Alumina dust particles form in a more internal region, but their effect on the extinction of the radiation is significantly smaller than silicates, owing to the much lower abundance of aluminium with respect to silicon. Iron dust is also formed, in a more external zone.



Figure 1 reports the evolution of dust production during the AGB phase of stars of different initial mass. The quantities shown in Figure 1 are the dust production rate (DPR) and the optical depth, estimated at the wavelength   λ = 10  μ  m. The former quantity is the rate at which dust is produced during a given evolutionary phase, whereas   τ 10   is calculated by integration of the product between the geometrical cross-section of the dust particles in the outflow and the extinction coefficient.



Low-mass stars (  M ≤ 3   M ⊙   ) produce silicates during the initial AGB phase, then carbonaceous dust after becoming C-stars. DPR and   τ 10   increase significantly after the C-star stage is reached, because the number of carbon molecules available to dust condensation is generally higher than the number of silicon molecules present in the circumstellar envelope during the O-rich phases; furthermore, the extinction coefficients of carbon dust are higher than those of the other dust species.



As far as the oxygen-rich phase is concerned, the lower the mass of the progenitor the larger the DPR and   τ 10   reached. We see in Figure 1 that in the   1.25   M ⊙    model star    τ 10  ∼ 0.1   at the end of the O-rich phase, while in the   2 − 3   M ⊙    models we find    τ 10  <  10  − 3    . This is because   1 − 1.5   M ⊙    stars reach the C-star phase after a substantial fraction of the envelope was lost: during the phases just before the beginning of the C-star evolution these stars evolve at low surface gravities, which favour large   M ˙  , dense winds, thus large numbers of gaseous molecules available to condensation into dust. On the contrary, stars of initial mass   2.5 − 3   M ⊙    experience very small mass-loss rates during the oxygen-rich phase, with negligible dust production [16].



The dust production efficiency of low-mass stars increases until the end of the AGB phase, because more and more quantities of carbon dust are formed during the evolution, owing to the effects of reiterated TDU events, which lead to a gradual accumulation of carbon in the surface regions. The stars reaching the largest DPR (∼   10  − 6     M ⊙  /  yr) and   τ 10   (∼5) are those with mass in the   2 − 3   M ⊙    range, because they experience a higher number of TDU events, thus enter the final AGB phases with large carbon mass fractions (X(C  ) ∼ 0.01 )   in the surface regions.



The stars descending from   M ≥ 3.5   M ⊙    progenitors produce silicates, alumina dust and solid iron only, because HBB prevents the formation of C-stars. The largest DPR and optical depths are reached when the HBB is at the maximum efficiency, in conjunction with the largest values of the luminosity and the mass-loss rate. It is clear from Figure 1 that the peak values of DPR and   τ 10   increase with the initial mass of the star, because the higher the mass the stronger the HBB experienced, which makes the stars to evolve at larger luminosities and mass-loss rates, which favours higher densities of the wind [4,5].




2.3. Change in the Spectral Energy Distribution


Figure 2 shows the evolution of the SED of two model stars of initial mass   1.5   M ⊙    and   5   M ⊙   , taken as representative, respectively, of low-mass AGBs, that become C-stars, and massive AGBs. These results are in fair agreement with the dust condensation sequences deduced on the basis of IRAS observations [17].



The stars in the low-mass domain evolve initially as M-stars and exhibit the silicate features at   10  μ  m and   18  μ  m. The features become more and more prominent during the evolution, owing to the increase in the optical depth. After the star becomes a C-star the silicate feature is replaced by the SiC one, centered at   11.3  μ  m. We notice in Figure 2 the   30  μ  m bump, generally attributed to the presence of MgS dust. On this regard, we believe important to warn the reader that there is still no general consensus that MgS is indeed the carrier for the broad   30  μ  m feature, because MgS grains cannot well fit the observed feature without introducing the elliptical-shaped grains. Other possibilities, e.g., graphite, are currently considered. Here we follow the analysis by [18], who presented a number of arguments in favour of the MgS hypothesis. In every case, the rise in the mid-IR fluxes is connected to the increase in   τ 10  , in turn related to the larger and larger amounts of dust formed in the wind.



The   5   M ⊙    star evolves as oxygen rich for all the AGB phase. In this case the progressive increase in   τ 10   reflects into more prominent silicate features. This trend is reversed once   τ 10   exceeds unity, as the   10  μ  m feature turns into absorption, whereas the   18  μ  m feature becomes the dominant one.





3. Studying AGB Stars in the Mid-Infrared with JWST


The analysis of the SED of AGB stars proves the best tool to infer the dust composition of the outflow of these objects. On this regard the most exhaustive observational data-set is the collection of LMC, AGB spectra from the SAGE-Spec database at the NASA/IPAC Infrared Science Archive. This database includes all staring-mode observations with the Spitzer IRS taken in the area of the sky covered by the SAGE survey [19], which covers the LMC in its entirely.



In this section we compare the IRS data with the sequence of synthetic spectra for stars of different mass, calculated by means of the AGB+dust modelling described in the previous section. Both for the IRS and the synthetic SED we calculate the expected MIRI magnitudes, via convolution with the trasmission curves of the various filters, shown at the bottom of Figure 2. This allows us to select the observational planes most appropriate for the study of AGB stars.



On this regard, we believe important to mention the study by [20], who examined the sample of AGB stars in the Small Magellanic Cloud, finding that the best MIRI filters for separating C-stars from O-rich AGBs are F560W, F770W and F2100W. Ref [21] investigated AGB stars in the Local Group, and recommended use of F560W, F770W and F1800W to discriminate O-rich from C-rich stars. Finally, Ref [22] investigated the AGB stars in the LMC and concluded that the ([F1500W]−[F2100W]) colour can be safely used to separate C- and O-rich stars.



3.1. Oxygen-Rich AGB Stars in the LMC


In a recent study [15] analysed the M-star sample of evolved stars in the LMC, providing a reliable characterization of the individual sources, in terms of luminosity, optical depth and of the quantity and mineralogy of the dust formed in the wind. To this aim, [15] did a detailed comparison between the IRS data of each source and the sequence of synthetic spectra for each model star, obtained according to the methods described in the previous section.



One of the main results of [15] was that the observational plane allowing the most exhaustive characterisation of M-type AGBs is the colour-magnitude ([F770W]−[F2500W], [F770W]) diagram. The left panel of Figure 3 shows with coloured points the distribution of the sample stars in this diagram, and two sequences of low-mass and massive AGB stars, calculated on the basis of synthetic modelling. The solid line refers to the evolution of a   1.5   M ⊙    star (limited to the phases during which the star is oxygen-rich). The reddening sequence is almost horizontal, because: (a) the luminosity of the stars during the oxygen-rich phase is within the   5000 − 7000   L ⊙    range; (b) when   τ 10   increases, the   10  μ  m feature becomes more prominent, while the flux in the   8  μ  m region keeps approximately constant, owing to the presence of a clear minimum of the SED in that region of the spectrum (see the red and green lines in the left panel of Figure 2). The evolutionary sequence of   2 − 3   M ⊙    stars (not shown) extend to [F770W]−[F2500W]  < 1  , because, as discussed in Section 2.2, these stars produce negligible quantities of dust during the O-rich phase. The dashed sequence refers to the evolution of a   5   M ⊙    model, taken as representative of the stars experiencing HBB. The tracks of   M ≥ 3.5   M ⊙    stars would be overlapped to the dashed line in the left panel of Figure 3, because the most relevant physical quantity in this context is the temperature at the base of the envelope, which determines the strength of HBB, thus the luminosity and the rate of dust production [5]. The difference among stars of different mass is that the higher the initial mass of the star the larger the maximum   τ 10   reached during the AGB phase (see Figure 1).



The stars in the lower part of the diagram, indicated with magenta triangles, are interpreted as the progeny of   1 − 3   M ⊙    stars, evolving through the AGB phases earlier than the achievement of the C-star stage. The higher   τ 10  , the redder ([F770W]−[F2500W]), as can be understood by looking at the synthetic SEDs shown in the left panel of Figure 2, where we note a gradual increase in the F2500W flux with respect to F770W. According to the previous discussion, the stars populating the region at [F770W]−[F2500W]  > 1   descend from progenitors with initial mass in the   1 − 1.5   M ⊙    range.



The diagonal sequence of stars, indicated with green squares, are interpreted as massive AGB stars, characterized by different   τ 10  . We find for M-stars a maximum   τ 10   of ∼1, a result at odds with the observations, which indicate that the most obscured M stars evolve at    τ 10  ∼ 2  .



The analysis of the position of the stars in the diagram discussed here allows to identify: (a) metal-poor, massive AGBs, whose main dust component is solid iron [23]; (b) dual chemistry AGB stars, surrounded by an internal dust layer, composed of carbonaceous dust, and a more external region, harbouring silicates [24].



Other observational diagrams are less useful for the characterization of M-type AGB stars. This is due to the non linear response of the silicate features to the increase in the optical depth, as shown in the right panel of Figure 2: the evolutionary sequences in the diagrams with [F1000W] or [F1800W] show changes in the slope, which makes hard their use to characterise the individual sources. As an example, we show in the right panel of Figure 3 the distribution of the LMC M-type AGB stars in the ([F1000W]−[F1500W], [F1000W]) diagram. The sequence of low-mass stars defines a diagonal line, with the most obscured stars having bluer colours. This is because the larger the amount of silicates in the circumstellar envelope the higher the F1000W flux. Higher mass models define a similar trend in the first part of their sequence: they evolve towards the blue because the appearance of the main silicate feature increases the F1000W flux and diminishes the emission in the wavelength region around [F1500W]. However, when   τ 10   exceeds 0.1, the sequence turns towards the red because the whole mid-IR flux is raised, together with the F1500W flux, which makes ([F1000W]−[F1500W]) redder. The most obscured stars follow an approximately horizontal trend on this diagram because for   τ 10   > 1 the silicate feature gradually turns into absorption, thus no further increase in the F1000W flux occurs. Note that in this diagram the stars are spread within a narrower region than in the ([F770W]−[F2500W], [F770W]) diagram, with a ([F1000W]−[F1500W]) spread of ∼2 mag, to be compared to the ([F770W]−[F2500W]) spread, which is ∼3 mag. Additionally, the stars surrounded by iron dust and those with dual chemistry dust are not clearly separated from the main AGB population.




3.2. Carbon Stars in the LMC


We extend to the C-stars sample in the LMC the analysis proposed for M-type AGB stars. Based on the discussion of the previous section, the stars to be considered are low-mass stars, evolving through the final part of the AGB phase. Metal-poor, higher mass AGBs can also be taken into account, because they may turn to carbon stars during the very final AGB phases, after HBB is turned off, and a few TDU events can easily rise the surface C/O above unity.



In the previous section we discussed the gradual increase in the surface carbon taking place during the AGB phase, owing to the effects of reiterated TDU events. This reflects into a higher rate of (carbonaceous) dust formation and larger optical depths, as shown in Figure 1.



For carbon stars, use of the ([F770W]−[F2500W], [F770W]) diagram is less straightforward compared to the M-star population, because the F2500W flux is affected by the   30  μ  m bump, which is observed only in some of the C-rich sources in the LMC. The diagrams allowing the most exhaustive characterisation of carbon stars are ([F770W]−[F1800W], [F1800W]) and ([F1000W]−[F1800W], [F1800W]). The spectral region around   18  μ  m is free of features associated to carbon-bearing molecules, which makes the F1800W flux a valuable indicator of the luminosity of C-stars.



The distribution of carbon stars in the ([F770W]−[F1800W], [F1800W]) diagram is reported in the left panel of Figure 4, where we also show the evolutionary sequences of low-mass stars of different initial mass, restricted to the C-star phase. The tracks evolve to the red as the optical depth increases and the peak of the SED is shifted to longer wavelengths, as shown in the left panel of Figure 2. The ([F770W]−[F1800W]) colour, which spans an interval of ∼4 mag, proves a reliable indicator of the optical depth, which changes from    τ 10  ∼ 0  , for the dust-free stars in the bottom, left side of the plane, to    τ 10  ∼ 5  , for the reddest sources.



For a given ([F770W]−[F1800W]) the observed points define a ∼1 mag spread in F1800W, connected to a luminosity spread, related to the presence of stars of different mass. Indeed the luminosity of carbon stars is sensitive to the mass of the progenitors, ranging from ∼  5000   L ⊙   , for ∼  1.1   M ⊙    stars, to ∼  15000   L ⊙   , for   3.3   M ⊙   . The sequence of stars in the upper region of the plane exhibits a larger redwards excursion than their fainter counterparts; this is consistent with the results of Figure 1, showing that the higher the mass of the progenitor, the larger the optical depth attained during the final AGB phases.



The evolutionary tracks provide a nice fit of the observations, with the exception of the stars indicated with blue diamonds in Figure 4, which are in a region of the plane beyond the reddest point reached by the tracks. The analysis of the SED of these objects demands optical depths   3 <  τ 10  < 8  , only partly overlapped with the   τ 10   range derived from AGB+dust modelling. The mismatch between modelling and observations is particularly important for the stars with   4 <   F1800W   < 4.5  , interpreted as low-mass stars, which are not expected to reach optical depths above unity (see Figure 1). Binarity might be a possible explanation for these red colours [25].



Regarding the stars indicated with magenta crosses, the luminosities derived by SED fitting are in the   20000   L ⊙  − 30000   L ⊙    range, significantly higher than those reached by low-mass AGBs. For these stars we suggest that either a) they descend from   3.5 − 4   M ⊙    progenitors and are currently evolving through an evolutionary phase when they have reached the C-star phase, owing to the effects of TDU events, whereas HBB has not yet been activated, or b) they descend from metal-poor, massive (∼  5   M ⊙   ) progenitors, currently evolving through the very final AGB phases, after HBB was turned off.



Green asterisks in Figure 4 refer to stars with luminosities below   5000   L ⊙   ; this creates some tension with the results from AGB modelling, according to which the C-star phase begins at   L ∼ 5000   L ⊙   . We suggest that these objects are C-stars which have recently undergone a thermal pulse, such that the CNO burning shell has not been fully re-activated, thus the luminosity is lower than during the inter-pulse phase.



The distribution of the stars in the ([F1000W]−[F1800W], [F1800W]) diagram is shown in the right panel of Figure 4, where we also report the evolutionary tracks of the same model stars shown in the left panel. The pattern traced by the stars on the two diagrams are substantially similar, with the difference that ([F1000W]−[F1800W]) is less sensitive to   τ 10   than ([F770W]−[F1800W]): the former spans a magnitude interval of ∼3 mag, against ∼4 mag, for ([F770W]−[F1800W]). On the other hand, the F1000W flux is sensitive to the metallicity of the star, because the transmission curve of F1000W overlaps with the   11.3  μ  m feature, which is affected by the amount of silicon in the external regions of the star. This allows use of ([F1000W]−F1800W) as a metallicity indicator: the distribution of stars in the right panel of Figure 4 outlines that the tracks of metal-poor stars better reproduce the position of the stars in the bottom, left region of the diagram, which we expect to be mainly populated by low-mass stars: this suggests that a significant fraction of these objects formed in a metal-poor environment, consistently with the star formation history of the LMC [7].




3.3. Drawing the Origin of AGB Stars through a JWST CMD


We have discussed separately the diagrams most suitable to characterise carbon stars and oxygen-rich sources. On the other hand it is important to consider observations aimed at investigating the whole AGB population, to be applied to other galaxies in the Local Group. On this regard, we suggest the ([F770W]−[F2500W], [F770W]) diagram as the best diagram to study dusty AGB sources. As shown in Figure 5, carbon stars and M-type AGBs define two distinct sequences, which can be used to distinguish stars belonging to either groups.



The reddening sequence traced by carbon stars exhibits a rising trend up to ([F770W]−[F2500W]  ) ∼ 2   and [F770W  ] ∼ 6  , then the F770W flux decreases for redder colours, because for    τ 10  > 1   the peak of the SED gets close to ∼  10  μ  m (see left panel of Figure 2). The C-star sequence extends to redder colours than M stars, because the largest   τ 10   attained by C-stars are significantly higher than the peak   τ 10   reached by M-type AGBs (see Figure 1). A further reason for the higher extension of the C-star sequence in this diagram is the presence of the   30  μ  m bump in the SED of carbon stars, which rises the F2500W flux (see Figure 2).



Unlike C-stars, the path traced by oxygen-rich AGB is very steep, with a positive slope, extending to ([F770W]−[F2500W]  ) ∼ 3   and [F770W]   ∼ 5  . The reason for this difference is that M-type AGBs never evolve to    τ 10  > 2   and their luminosity increases as HBB becomes more and more vigorous, and larger quantities of dust is formed in their wind.



The sequences of C- and M-type AGB stars are separated also in the low   τ 10   domain, in the ([F770W]−[F2500W]  ) < 2   region of the diagram. Carbon stars are on the average brighter here, because the C-star stage is reached only after the luminosity exceeds ∼  5000   L ⊙   . Furthermore, as discussed earlier in this section, the reddening pattern traced by low-mass, M-type AGBs is substantially horizontal.



In the diagram examined here the only ambiguity is related to the M-stars interpreted as surrounded mainly by iron dust, which overlaps with carbon stars. This is because solid iron, similarly to carbon dust, is a featureless species, which renders the reddening patterns extremely similar.





4. Conclusions


We investigated the expected distribution of AGB stars in the observational planes obtained with the magnitudes in the MIRI filters. This study was based on the detailed comparison between the IRS spectra of evolved stars in the LMC with results from synthetic modelling, based on the description of the structure and evolution of AGB stars and of dust formation in the wind.



We find that the plane most suitable for the description of oxygen-rich AGB stars is the ([F770W]−[F2500W], [F770W]) diagram. Use of this diagram allows disentangling the reddening sequences of low-mass stars (limited to the evolution preceding the C-star phase) and massive AGBs, experiencing HBB. Regarding carbon stars, the diagram allowing the most exhaustive characterisation of the individual sources is the ([F770W]−[F1800W], [F1800W]) diagram. This is because the spectral region covered by the F1800W transmission curve is substantially free of molecular features, which makes [F1800W] a valuable indicator of luminosity. Furthermore, [F770W]−[F1800W] can be used as a reliable estimator of the optical depth.



([F770W]−[F2500W], [F770W]) proves the best diagram to study the overall AGB population of galaxies, since the sequences of carbon stars and M-type AGBs are fairly well separated, which allows a solid characterisation of the sources observed.



This study can be used as a benchmark to future investigations of galaxies with JWST in the mid-IR spectral regions. A parallel analysis focused on the near-IR spectral regions is required for a full exploration of the JWST potentialities in this field.
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Figure 1. Evolution of the dust production rate (left) and optical depth at   10  μ  m (right) during the AGB phase of stars of initial mass   1.25   M ⊙    (cyan),   2   M ⊙    (black),   3   M ⊙    (red),   4   M ⊙    (green),   5   M ⊙    (blue),   6   M ⊙    (magenta). In the abscissa we show the current mass of the star. The dashed parts of the tracks refer to the phases during which the star is carbon rich. The evolutionary sequences shown are the same used by [15]. 
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Figure 2. (a1,b1): Evolution of the spectral energy distribution of a   1.5   M ⊙    model star, in 4 stages chosen during the AGB phase. Green and red lines refer to the initial oxygen-rich phase, whereas the blue and magenta tracks are chosen within the C-rich evolution. (a2,b2): Solid lines refer to 4 evolutionary phases, taken during the AGB evolution of a   5   M ⊙    model. The dashed line shows the SED of the star in case that    τ 10  = 2  ; this value of the optical depth is not expected on the basis of the dust modelling used here, but is demanded by the observations. 
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Figure 3. Distribution of M-type AGB stars in the LMC in the colour-magnitude ([F770W]−[F2550W], [F770W]) (left panel) and ([F1000W]−[F1500W], [F1000W]) (right) diagrams. Empty symbols indicate stars with the IRS spectrum limited to   λ < 14.2  μ  m, for which [F2550W] was taken as the MIPS   24  μ  m magnitude. Grey triangles indicate points whose SED could not be reproduced by sinthetic modelling; orange pentagons indicate dust-free M stars. Green squares refer to   M > 3.5   M ⊙    stars, which experience HBB during the AGB phase. Blue squares filled with crosses and some of the yellow diamonds are interpreted as stars that left the AGB and are currently evolving through the post-AGB phase. Solid and dashed tracks indicate the evolution of models stars of   1.5   M ⊙    and   5   M ⊙   , respectively. The numbers along the sequences in the left panel indicate the corresponding values of   τ 10  . 
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Figure 4. Distribution of carbon stars (red triangles) in the LMC in the colour-magnitude ([F770W]−[F1800W], F1800W) (left panel) and ([F1000W]−F1800W, F1800W) (right) diagrams. The meaning of the symbols is the following: blue diamonds: stars characterised by large infrared excess, not reproduced by single star modelling; magenta crosses: bright carbon stars; green asterisks: carbon stars with   L < 5000   L ⊙   . Solid lines indicate the evolutionary tracks of   1.5   M ⊙    (squares) and   3   M ⊙    stars (triangles) of metallicity   Z = 0.008  , dotted tracks refer to the evolution of   1.5   M ⊙    (squares) and   2.5   M ⊙    (triangles) stars, of metallicity   Z = 0.002  . 
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Figure 5. Distribution of AGB stars classified as C-stars (red circles) and oxygen-rich stars (blue squares) on the colour-magnitude ([F770W]−[F2500W], [F770W]) diagram. Yellow triangles indicate the oxygen-rich stars identified by [23] as the progeny of ∼  5   M ⊙   , metal-poor stars. 
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