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Abstract

We study dust production by asymptotic giant branch (AGB) stars, by comparing Spitzer
data of Large Magellanic Cloud evolved sources, with results from stellar evolution and dust
formation modelling. This research will support the scientific community, to benefit from the
data which will be provided by the incoming James Webb Space Telescope (JWST), to study
AGB stars in galaxies.

Dust production by oxygen-rich AGBs is provided by low-mass stars, during the phases
prior to becoming carbon stars, and by massive AGBs, experiencing Hot Bottom Burning.

On the other hand, carbon stars define a sharp reddening sequence, with the dust produc-
tion rate connected with the amount of carbon dredged up in the surface regions.

Based on the distribution of AGB stars in the different colour-magnitude planes, we
conclude that the filters of the MIRI camera, mounted onboard of JWST, most recommended
to study AGB stars are F770W, F1000W, F1800W and F2550W.
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Introduction

Towards the �nal phases of the evolutionary history, the stars of mass1 M� < M < 8 M� ,

before the slow agony of the White Dwarf cooling, evolve through the asymptotic giant

branch (hereinafter AGB) phase (see e.g. the reviews by Busso et al., 1999; Herwig, 2005;

Iben & Renzini, 1983; Karakas & Lattanzio, 2014).

Despite being relatively short when compared to the hydrogen and helium core burning

periods, the AGB phase is extremely important to understand the stellar feedback to the

host environment, because it is characterized by large mass-loss rates (up to, or in some

case higher than10� 4 M � =yr), which triggers the loss of the entire external mantle of

the star. This process causes the pollution of the interstellar medium, because the surface

chemical composition of the gas expelled during the AGB phase can be altered signi�cantly

with respect to the initial chemistry, by two physical mechanisms taking place in the stellar

interiors: Third Dredge Up (TDU; Fujimoto et al., 1976; Iben, 1975) and Hot Bottom Burning

(HBB; Renzini & Voli, 1981).

The loss of the external envelope takes place via cold and dense winds, that prove an

extremely favourable environment for the condensation of gas molecules into dust. Indeed,

the effects of radiation pressure on dust grains trigger the acceleration of the stellar wind,

associated to the large mass-loss rates mentioned earlier. For this reasons AGB stars have

been proposed among the main, if not the most important, dust manufacturers. On the

other hand their role as cosmic dust producers has still to be fully understood: contrary to

early investigations, which outlined the dominant role of supernovae (Maiolino et al., 2004),

more recent studies stressed an important contribution from AGB stars, even at high redshift

(Valiante et al., 2017, 2009, 2011).

It is for all these reasons that the interest towards AGB stars has increased considerably

over the past few decades, and their important role in various astrophysical contexts has been

stressed. For instance AGB stars have been recognized as important actors in the formation

and evolution of their host galaxy, given the central role played by these objects in dust

production and in in�uencing the star formation process (Draine, 2003; Gong et al., 2017;
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Hollenbach & Salpeter, 1971; Mathis, 1990). Of extreme interest is also their effect on

the determination of the masses and star formation rates of low-and high-redshift galaxies

(Conroy et al., 2009; Maraston et al., 2006), such as their role in the chemical evolution of

the Milky Way (Ginol� et al., 2018; Kobayashi et al., 2011; Romano et al., 2010), Local

Group galaxies (e.g. Schneider et al., 2014; Vincenzo et al., 2016), the interstellar medium

of galaxies (e.g. Romano et al., 2017; Schneider et al., 2016), up to very high redshifts

(e.g. Mancini et al., 2015). Furthermore, AGB stars have been suggested to be the main

responsible of the formation of the second generation of stars in globular clusters (D'Ercole

et al., 2008; Ventura & D'Antona, 2009, 2010, 2011; Ventura et al., 2001). Furthermore, the

importance of studying the yields of the CNO elements from AGB stars has been recently

outlined by Vincenzo & Kobayashi (2018), who stressed the importance of studying the

yields of the CNO elements from AGB stars, in a paper focused on the reconstruction of the

star formation history (SFH) of galaxies, based on the CNO trends observed in the interstellar

medium. Finally, the determination of the amount of dust produced by AGB stars and the

corresponding size distribution function is needed to determine the extinction properties

associated with dust grains, which is a fundamental information to interpret the optical and

near infrared data of high-redshift quasars and gamma ray burst spectra (Gallerani et al.,

2010; Maiolino et al., 2004).

Assessing the role played by AGB stars in the physical contexts mentioned above requires

an accurate modelling of the AGB phase, able to provide reliable gas and dust yields from

stars of diverse mass and chemical composition. This has been the main motivation behind

the choice of a few research groups to couple self-consistently the modelling of the AGB

phase with the description of dust formation in the circumstellar envelope (Nanni et al.,

2013, 2014; Ventura et al., 2014, 2012), based on the theoretical framework set up by the

Heidelberg group (Ferrarotti & Gail, 2006; Gail & Sedlmayr, 1985, 1999; Zhukovska et al.,

2008).

Despite these admirable efforts, the estimates of dust yields by AGB stars are still affected

by several uncertainties, which can be broadly grouped into 3 distinct categories: a) the

AGB evolution is strongly determined by the ef�ciency of two physical phenomena, still

poorly known from �rst principles, namely convection and mass loss (Doherty et al., 2014;

Karakas & Lattanzio, 2014; Ventura & D'Antona, 2005a,b); b) the dynamics of the wind is

characterized by the formation of shocks, which cause signi�cant deviations with respect

to the isotropic, stationary schematization currently used (Bowen, 1988; Cherchneff, 2006);

c) the dust production mechanism itself is still affected by several uncertainties, related to

the scarce knowledge of the sticking coef�cients of the molecules on the solid particles and
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to the formation enthalpies of some solid compounds (Ferrarotti & Gail, 2006; Gail et al.,

2013).

These uncertainties make the comparison with the observational evidence indispensable.

Considering the dif�culties associated with using the Milky Way stars, for reasons connected

with the unknown distances, the vast majority of these investigations undertaken so far

were based on the Magellanic Clouds (MCs), which have represented important laboratories

to test theoretical predictions from stellar evolution theories, to derive information on the

internal structure of AGB stars and on the ef�ciency of the mechanisms able to alter the

surface chemical composition (Groenewegen & de Jong, 1993; Kamath et al., 2012; Karakas,

2011; Karakas et al., 2002, 2018; Marigo & Girardi, 2007; Marigo et al., 1999, 2008).

Several dedicated large photometric surveys have made available to the community a plethora

of observational data of AGB stars in the MCs. It is worth mentioning the Magellanic

Cloud Photometric Survey (MCPS; Zaritsky et al., 2004), the Two Micron All Sky Survey

(2MASS; Skrutskie et al., 2006) and HERschel Inventory of The Agents of Galaxy Evolution

(HERITAGE; Meixner et al., 2010, 2013). Furthrmore, the "Surveying the Agents of a Galaxy

Evolution Survey" (SAGE-LMC; Meixner et al., 2006) and the Legacy program entitled

"Surveying the Agents of Galaxy Evolution in the tidally stripped low metallicity Small

Magellanic Cloud" (SAGE-SMC; Gordon et al., 2011), with theSpitzerSpace Telescope,

have provided spatially and photometrically complete infrared surveys of the evolved stellar

populations of the MCs.

The data provided bySpitzerwere the most notable for the studies on dust production

by AGB stars. The study of the IR domain proves vital to improve the understanding of

dust production by AGBs, because when dust is formed, a signi�cant fraction of the overall

energy released is at IR wavelengths. Furthermore, the mid-IR spectrum is characterized

by various features, each associated to a speci�c dust species; this is important to infer the

mineralogy of the dust formed. Indeed, the interpretation of IR observations of the MCs

has received a strong push thanks to the great amount of spectroscopic data taken with IRS,

theSpitzer's infrared spectrograph, because the �t of the IR spectra allows a more complete

analysis of the various factors affecting the energy distribution, in comparison to the analysis

based on photometric data (Groenewegen & Sloan, 2018; Jones et al., 2014).

The completeness of theSpitzerdata allowed Dell'Agli et al. (Dell'Agli et al., 2015a,

2014b, 2015b) to characterize the evolved stellar population of the MCs, using the results

from stellar evolution + dust formation modelling, to determine the mass, age and metallicity

distribution of the AGB sources, and the dust mineralogy in their circumstellar envelope.

Recent studies attempted to extend the analysis applied to the MCs to other environments,

characterized by different metallicities and star formation histories. These investigations were
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mostly based on the mid-IR survey of DUST in Nearby Galaxies, withSpitzer(DUSTiNGS;

Boyer et al., 2015a,b), which provided3:6 and4:5 � m Spitzerimaging of 50 dwarf galaxies

within 1.5 Mpc. The availability of these data, complemented withHubble Space Telescope

HST and near-IR observations, was used to constrain the lifetimes of AGB stars in nearby

galaxies (Girardi et al., 2010; Rosen�eld et al., 2014, 2016) and to study dust production

from AGB stars in the galaxies IC1613 (Dell'Agli et al., 2016), IC10 (Dell'Agli et al., 2018a)

and Sextans A (Dell'Agli et al., 2019a).

We are now entering a new era for the studies of the evolution and dust production

from AGB stars, thanks to the incoming launch of theJWST(Gardner et al., 2006). The

JWSTwill allow an unprecedented exploration of the evolved stellar populations in the Local

Universe, thus offering a unique opportunity to improving our understanding of AGB stars.

Of particular interest will be the results obtained by MIRI (Rieke et al., 2015), the mid-IR

camera mounted onboard theJWST, because the transmission curve of some of the 9 �lters of

the MIRI camera are overlapped with the spectral features related to the presence of speci�c

dust species, which allows a detailed analysis of the dust mineralogy. The full exploitation

of theJWSTpotentialities will allow the characterization of the evolved stellar populations

observed in the galaxies of the Local Group, and possibly beyond.

To bene�t from the results produced byJWSTit is crucial to understand how dust

formation works in the out�ow of AGB stars and the path traced by the evolutionary tracks

of AGB stars on the observational planes built with the combination of the magnitudes

corresponding to the various MIRI �lters.

The research presented in this work is aimed at supporting the scienti�c community with

the ingredients required to make the most of the potential offered by theJWST, to follow the

ideal path, which will eventually lead to an exhaustive comprehension of the properties of

these still largely unknown objects and to the identi�cation of their role as dust manufacturers

in galaxies and across the Universe.

The present study, based on the pivotal role of the Large Magellanic Cloud (LMC), which

harbours the most numerous sample of AGB stars, spanning a wide range of luminosities and

infrared emission, has been developed along two main directions. The detailed comparison

of the data-set provided by theSpitzerIRS instrument with the results from stellar evolution

+ dust formation modelling was used to shed further light on the dust formation mechanisms

in the wind of AGB stars, and on the details of dust composition. The information obtained

by the study of the vast sample of the evolved stars in the LMC was used to understand how

AGB stars would populate the observational planes built with the MIRI �lters magnitudes

and, more important, the path traced by the evolutionary sequences of stars of different mass

and metallicity as they evolve through the AGB.
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The outcome of the present investigation was the identi�cation of the MIRI �lters most

suitable to study AGB stars in galaxies, chosen on the basis of the opportunities offered to

separate carbon stars from oxygen-rich objects and to characterize the individual sources

based on the position on the observational planes. The results from this study, applied out

of the LMC environment, will be useful to investigate the galaxies observed withJWST,

in the attempt of characterizing their evolved stellar population, with the ultimate goal of

reconstructing the star formation history and the age-metallicity relation.

The work is structured as follows. In Chapter 1, after a general description of the main

points relative to the AGB evolution and to the dust production mechanism in the wind, we

present and discuss the models calculated on purpose to interpret the observations, with a

particular emphasis to the delicate interface between the evolution of the star and the dust

formed in the circumstellar envelope; the sample of AGB stars used to study the evolved

stellar population of the LMC and the modality with which we built the sequence of synthetic

spectra used to interpret the combination of the spectroscopic and photometric data, are

given in Chapter 2. Chapter 3 is dedicated to the description of peculiar classes of evolved

stars which cannot be framed within the traditional distinction between carbon stars and

oxygen-rich AGBs, for which we propose an alternative interpretation: we refer to the stars

surrounded by iron dust (Marini et al., 2019a) and those with dual-dust chemistry (Marini

et al., 2019b). The characterization of the individual stars investigated, with the indication of

the MIRI �lters most suitable for their study, are discussed in Chapter 4 and 5 for oxygen-

rich (Marini et al., 2020a) and carbon stars (Dell'Agli et al., 2020; Marini et al., 2020b),

respectively; the conclusions are given in Chapter 6.





1 The Asymptotic Giant Branch evolution

AGB stars can be considered as the most interesting laboratory for stellar evolution theories,

as they are made up of different regions, which offer a unique variety of physical conditions,

ranging from the strongly degenerate core to the tenuous envelope, which can be safely

described by ideal gas laws.

The analysis developed and proposed in the present work requires an accurate description

of the evolution of these stars, the variation of the overall energy release and of the surface

chemical composition across the whole AGB phase. The modi�cation of the spectral

energy distribution of these objects, whose description is crucial for the interpretation of the

observations, is extremely sensitive to the quantity, the mineralogy and the radial distribution

of dust particles in their extended circumstellar envelope.

In the following sections we describe the most relevant stages of the evolution of these

complex objects, paying particular attention to the nuclear channels most important for the

determination of the total luminosity and to the ef�ciency of the physical mechanisms able

to alter the surface chemical composition, a key factor to calculate the gas yields from these

stars.

We discuss dust formation in the out�ow of AGB stars, outlining how the variation of

the physical and chemical properties of the star affects the dust mineralogy, the grain size

distribution and the number density of the solid particles formed. These informations will

be related to the infrared emission from the stars, the morphology of the spectral energy

distribution, and the dust budget expected from these objects.

The role of mass and metallicity is discussed, with an accurate description of the results

obtained in the present work, by means of stellar evolution and dust formation modelling,

used to describe the AGB phase of stars characterized by the chemical compositions most

suitable to characterize the stars nowadays evolving in the LMC.
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To describe the chronology of the events occurring after the end of core helium burning

we will follow the traditional approach, based on the separation between the initial, early

AGB evolution and the thermally pulsating AGB phase.

1.1 Early-AGB evolution

The Asymptotic Giant Branch is the evolutionary phase which starts when the helium in

the core is exhausted and the evolutionary tracks of the stars, on the HR diagram, rise up

again along the Red Giant Branch (RGB). Generally speaking, AGB stars are energetically

supported by two nuclear sources: a thin layer close to the CO core, where helium burning

takes place, and a CNO burning shell near the base of the convective envelope (Iben &

Renzini, 1983).

At the very beginning of the AGB evolution helium burning is the sole energy supply

for the star. This is connected with the reaction of the star, as a whole, to the transition from

core- to shell-helium burning. The consequent expansion of the stellar regions above the

He-burning zone causes the general cooling of the outer layers and the temporary extinction

of the H-burning activity. The exhaustion of the CNO shell and the expansion of the external

envelope favour the inward penetration of the convective envelope, down to the regions

enriched in helium. This phenomenon, called Second Dredge Up (SDU), occurs only for

stars withM > 4M� . In lower mass stars the gravitational energy reservoir of the envelope is

not suf�cient to allow the bottom of the envelope to reach the H-He discontinuity and favour

the surface helium enrichment (Iben & Renzini, 1983).

As a reaction to the extinction of the H-burning nuclear activity, the surface regions

contract, releasing gravitational energy, which is used to heat the outer zones of the star.

This provokes the re-ignition of the CNO shell, while the CO core contracts and reach the

condition of electron degeneracy. This point is traditionally assumed as the end of the early-

AGB and the beginning of the thermally pulsating asymptotic giant branch phase (TP-AGB)

(Herwig, 2005; Iben & Renzini, 1983).

1.2 The thermally pulsating AGB phase

The structure of an AGB star can be broadly schematized into �ve regions: a) a degenerate

core, made up of carbon and oxygen1; b) an internal shell, where3� burning occurs; c) an

intershell zone, whose chemistry is determined by past CNO nuclear activity; d) a more

1We will generally refer to the central regions of AGB stars as the carbon and oxygen core, although stars in
the narrow mass range7� 8M� undergo an off-centre carbon ignition, with the development of a convective
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Figure 1.1Left: internal chemical strati�cation of a star of initial mass5M� and metallicityZ = 0 :008,
during an interpulse phase. Right: zoom of the strati�cation shown in the left panel, in the intershell
region.

external shell, where CNO cycling is active; e) the convective envelope. This is shown

in Fig. 1.1, which reports the internal chemical strati�cation of an AGB star of initial

mass5M� and metallicityZ = 0:008. The right panel of the �gure displays a detail of the

internal structure, corresponding to the intershell region, where is more clear how the internal

chemical composition varies due to the progression of the various burning regions.

The core is the true driver of this evolutionary phase, because the degree of electron

degeneracy inside it determines the temperature of the CNO shell and consequently the

ef�ciency of hydrogen burning. The tight connection between core mass and energy release

of the star was outlined in a classic paper by Paczyński (1970), who showed that if a radiative

buffer separates the H-burning region from the convective envelope, the following relation

holds:

L = 5 :925� 104
 

MC

M �
� 0:52

!

(1.1)

The linear behaviour of luminosity with core mass can be explained by the peculiar

structure of AGB stars. Indeed, owing to the presence of a degenerate core, there is a abrupt

drop of the values of the thermodynamical variables at the edge between the core and the

envelope, where the density decreases up to 10 orders of magnitudes. Under these conditions,

�ame, that propagates inwards, causing the formation of a core made up of oxygen and neon (Doherty et al.,
2010; García-Berro et al., 1997; Ritossa et al., 1996; Siess, 2006, 2007)
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being the external envelope weakly bound from the gravitational point of view to the central

regions, the core evolves almost completely independently of the rest of the star and the

energy production within the H-burning zone is determined by the core conditions only.

1.2.1 Thermal Pulses

A distinguished feature of the AGB phase is the occurrence of the thermal pulses. They are

related to the ignition of helium, which takes place under conditions of thermal instability.

Indeed, a signi�cant difference between the H- and He-burning shell is that the latter is much

denser, thus, for mass conservation reasons, it has a much smaller geometrical extension.

Nuclear burning in such a thin shell is thermally unstable (Schwarzschild & Härm, 1965,

1967), thus giving rise to periodic thermal pulses.

During each TP the energy released by the He-burning regions is between10 and104

stellar luminosities. Such a large energy �ux favours a fast expansion of all the regions above

and the consequent turning off of the H-burning activity. The reaction of the star to this

unstable nuclear ignition is twofold: a) the luminosity decreases, as the main nuclear channel

is extinguished; b) the surface regions contract as a reaction to H-burning extinction, until

the CNO activity is restored. A long phase of stable H-shell burning follows, during which

the mass of the intershell region grows, until the next thermal pulse occurs.

Figure 1.2Left: evolution of the total luminosity (black) and of the CNO (blue),3� (red) andpp
(green) contributions as a function of time, during the evolutionary stage after� 5000yr since the
beginning of the TP-AGB phase. Right: same as the left panel, focused on two TPs in a row. Both
panels refer to a5M� star with metallicityZ = 0 :008.
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The effect of TP ignition is shown in Fig. 1.2, which reports the AGB evolution of

the overall stellar luminosity and of the individual contributions due topp chain (Lpp), 3�

reactions (L3� ), and CNO cycle (LCNO ) of a 5M� model star of metallicityZ = 0:008. In

the left panel, which refers to the whole AGB lifetime, we see that CNO burning provides the

whole energy supply to the star for� 90%of the AGB phase, while for the rest of the time

the main contribution to the total luminosity is provided by3� reactions. A non-negligible

support frompp chain is limited to the �rst TPs.

The effect of the occurrence of TPs is more evident in the right panel of Fig. 1.2, which

is focused only on two consecutive TPs: once the TP begins, the3� luminosity increases,

while the energy �ux due to CNO cycling decreases rapidly; at the end of the thermal pulse

LCNO increases again. The overall luminosity is poorly affected by the TP ignition, showing

up only a slight decrease, as a consequence of the extinction of CNO burning.

Figure 1.3Left: Evolution of the total luminosity of the5M� star with metallicityZ = 0 :008shown
in Fig. 1.1 and 1.2. Time is counted starting from the beginning of the TP-AGB phase. Right: variation
of the mass loss rate for the same model shown in left panel. In both panels, the evolution of the mass
of the star is indicated with a black line.

To have a better view of how the increase in the core mass and the gradual loss of the

external mantle affect the overall energy release of the star and the time-scale of this peculiar

evolutionary phase, we show in Fig. 1.3 the evolution of luminosity (left panel) and mass loss

rate (right) of the5M� model star shown in Fig. 1.1 and 1.2, as a function of time, counted

starting from the beginning of the TP-AGB phase. During the �rst part of the AGB phase the

luminosity of the star increases, owing to the rise in the core mass, in turn connected with the

effects of CNO nuclear burning, which increases the mass of the core; the overall luminosity
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obeys to Paczynski's law (eq. 1.1) during these evolutionary phases. The increasing trend

of the luminosity is reversed once a signi�cant fraction of the envelope mass is lost, due to

stellar winds: after each TP the gravitational energy budget stored in the envelope is not

suf�cient to resume the CNO burning rate, by contraction, at the same level as in the previous

TP. The fate of AGB stars is to eventually lose their envelope, and evolve to the white dwarf

stage.

The mass loss rate shown in the right panel of Fig. 1.3 follows the same trend. From the

two panels of Fig. 1.3 it is clear that the general increase in both the luminosity and the mass

loss rate is interrupted by periodical drops, attributable to thermal pulses. It is also noticeable

that the maximum of both variables is reached almost simultaneously.

During the AGB evolution the surface chemical composition of the stars can be altered

signi�cantly, owing to the combination of nuclear activity and mixing processes, able to

connect the surface regions of the star with more internal zones, currently or previously

exposed to nuclear reactions.

These physical processes are extremely important for the spectroscopic identi�cation

of AGB stars and have relevant consequences for the variation of the main evolutionary

properties. We believe therefore important to discuss the two main mechanisms, namely

Third Dredge Up and Hot Bottom Burning, which modi�es the surface chemistry of AGB

stars.

1.2.2 The Third Dredge Up

Third Dredge Up (TDU) occurs shortly after the ignition of TPs, when the CNO shell is

inactive (Herwig, 2005). The TDU consists in the inwards penetration of the outer convective

envelope. In some cases convection can penetrate beyond the inactive H-burning shell, so

that material from the intershell region is mixed in the outer envelope. As a consequence of

TDU, the surface regions are enriched by the products of He burning, in particular12C.

Fig. 1.4 shows the change in the internal structure of a3M� andZ = 0:008model star,

reporting the variation of: a) the CO core mass,Mcore; b) the mass of the hydrogen-free

region,MH; c) the base of the convective envelope,Mbce. During the interpulse phase both

MH andMbce increase, because the CNO region moves outward in mass, whileMcore is

substantially unchanged, due to the inactivity of the3� shell. We recognize the occurrence

of TDU in the drop ofMbce andMH, following each TP.

The most important effect of TDU is the formation of carbon stars (Iben & Renzini,

1983). The discovery of carbon stars raised an outstanding interest of the astrophysical

community, because the stars form with an oxygen content signi�cantly higher than carbon,

and the mixing processes taking place during the RGB phase cause a further depletion of
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Figure 1.4Internal structure of a3M� , Z = 0 :008, model star during two inter pulse phases.Mcore

(green, dashed line) andMH (magenta, dotted-dashed line) indicate, respectively, the mass of the CO
core and of the H-free region.Mbce (blue, solid line) refers to the base of the convective envelope.
Time is counted from the beginning of the TP-AGB phase.

the surface12C, ruling out the possibility of reaching the C/O> 1 condition before the AGB

evolution. On the other hand, repeated TDU events may cause the number of carbon nuclei

in the surface regions to exceed that of oxygen (C/O> 1), thus favouring the formation of

carbon stars.

On the physical side the carbon enrichment at the surface has strong effects on the

evolution of carbon stars: as the surface of the star becomes more enriched in carbon, the
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molecular opacities increase, favouring a more extended con�guration of the star (Marigo,

2002; Ventura & Marigo, 2009, 2010), which evolves towards lowerTe� thus losing mass at

larger rates (Wachter et al., 2008).

Only stars in a certain range of mass reach the carbon star stage, namely the stars with

initial massM < 4M� ; for stars of higher initial mass the formation of carbon star is inhibited

by a different physical mechanism, Hot Bottom Burning, which will be described in the

following section.

1.2.3 Hot Bottom Burning

In stars of massM & 3M� the temperature gradient in the regions between the edge of the

degenerate core and the internal zones of the external mantle is so steep that the bottom of

the convective envelope partly overlaps with the CNO burning shell. In these conditions the

temperature at the base of the envelope exceeds� 30MK, which favours the occurrence of

an advanced proton-capture nucleosynthesis; the rapidity of convective motions makes the

products of this nuclear activity to be transported to the surface, whose chemical composition

will therefore re�ect the effects of the nuclear reactions activated (Sackmann & Boothroyd,

1992, 1999).

The ignition of HBB leads to signi�cant deviations from the Paczynski's law relating core

mass and luminosity (Bloecker & Schoenberner, 1991), because of the partial overlapping

between the envelope and the CNO burning shell, with no radiative buffer in the middle.

Figure 1.5Evolution of the luminosity (left panel) and of the temperature at the base of the convective
envelope (right), as a function of the current mass of the star, for stars with initial mass7M� (magenta),
6M� (blue),5M� (red),4M� (green),3M� (black) and2M� (yellow), and metallicityZ = 0 :008.
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A global view of the evolution of stars experiencing HBB is shown in Fig. 1.5, reporting

the variation of the luminosity (left) and of the temperature at the base of the convective

envelope (right) of some model stars of initial mass� 2M� . In this case we show the results

as a function of the current mass of the star, which allows us to report all the evolutionary

sequences in the same plot. Use of time would prevent this, considering the different

evolutionary time-scales of stars of various mass.

As discussed in Section 1.2.1, the luminosity of the stars �rst increases, owing to the

rise in the core mass, then decreases, due to the gradual loss of the envelope. The core mass

during the AGB phase is higher the larger the initial mass of the star. The stars of higher

mass thus experience conditions of stronger degeneracy, which favour steeper temperature

and density gradients in the region extending from the border of the CO core to the inner

layers of the external envelope. Such extreme conditions cause a higher energy release from

the CNO burning shell, which re�ects into a larger overall luminosity. This is the reason

why the stars of higher mass are generally brighter, as shown in the left panel of Fig. 1.5.

As a further con�rmation that the luminosity is strongly in�uenced by the strength of the

HBB experienced, we see in the right panel of Fig. 1.5 that the temperature at the base of the

convective envelope follows the same trend of luminosity, both as a function of the initial

mass of the star and for what concerns the variation with time during the AGB phase.

The high temperatures reached allow the ignition of the CN cycle in the envelope, which

reprocesses, among the others,12C in 13C and in14N, as clear from Fig. 1.6, which shows

the variation of the surface mass fractions of the CNO elements related to the same model

star shown in Fig. 1.1, 1.2 and 1.3. Therefore, HBB inhibits the formation of carbon stars

because the carbon brought in the envelope is immediately converted into N, thus the C/O

ratio remains below unity (Boothroyd et al., 1993). Two additional effects can be recognized

in Fig. 1.6. First, the temporary, periodic rises in the12C surface mass fraction, due to TDU.

Furthermore, HBB triggers the decrease in the surface16O, too, though at a lower extent than
12C. The different behaviour of12C and16O is connected with the temperature required to

deplete16O, � 80MK, signi�cantly hotter than for12C (� 40MK).

The metallicity of the star plays an important role on the HBB experienced. For a

given initial mass, the lower the metallicity, the higher the temperature at the bottom of

the convective envelope during the AGB phase, thus the degree of the nucleosynthesis

experienced and the consequent modi�cation of the surface chemistry (Dell'Agli et al.,

2018b; Ventura et al., 2013). This re�ects into the threshold mass required to ignite HBB,

which is lower inZ = 0:001stars (� 3M� ), compared to theZ = 0:008metallicity (3:5M� ).

We will return to this point in Section 1.3.
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Figure 1.6Variation of the surface mass fractions of12C, 16O and14N during the AGB phase of a
5M� , Z = 0 :008model star. The results are shown as a function of the current mass of the star.

The relevant effect of metallicity on the strength of HBB is evident in Fig. 1.7, where

we compare the variations of the surface mass fraction of oxygen of the same model stars

shown in Fig. 1.5, with theirZ = 0:001counterparts. We decided to show16O, because its

behaviour is more sensitive to the metallicity of the star with respect to12C. This �gure

clearly shows how the mass of the star affects the relative weight of TDU and HBB; we can

notice a gradual transition from low-mass stars (which only experiment TDU), for which the

surface16O increases during the AGB phase, to the higher mass counterparts, whose surface

chemistry is affected exclusively by HBB, with the partial destruction of the surface16O.
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Figure 1.7Variation during the AGB phase of the surface mass fraction of16O as a function of the
current mass of the star, for the sameZ = 0 :008 model stars shown in Fig. 1.5 and for the lower
metallicity,Z = 0 :001, model star (dashed lines).

In the comparison between the behaviour ofZ = 0:001andZ = 0:008model stars, it is

clear that in the former the HBB is generally stronger and the depletion of the surface16O

higher. The results shown in Fig. 1.7 outline that the relationship between the initial mass of

the star and the overall extent of the16O destruction presents a turning point, withM > 6M�

stars experiencing a softer nucleosynthesis with respect to their5� 6M� counterparts, despite

the higher temperatures reached at the bottom of the envelope (see right panel of Fig. 1.5).

This is due to the very large mass-loss rate experienced, above10� 4M � =yr which makes the
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star to lose the external mantle before a very advanced p-capture nucleosynthesis takes place;

in other words, the time-scale of the envelope ejection becomes comparable with that of16O

depletion in theM > 6M� domain.

1.3 AGB and post-AGB stars in the LMC: results from evo-

lution modelling

As mentioned in the Introduction and addressed at the beginning of Chapter 2, one of

the goals of this work is to characterize the population of AGB stars in the LMC, so far

deeply explored with theSpitzerSpace Telescope, with a view to theJWST. We base our

analysis on models of mass in the1M� � M < 8M� range and metallicityZ = 0:008, as it

is the one shared by the majority of the stars in the LMC, now evolving through the AGB

phase (Harris & Zaritsky, 2009). Furthermore, because the studies on the SFH and the

age-metallicity relationship of the LMC indicate that metal-poor star formation took place,

we also consideredZ = 0:001model stars.

Figure 1.8Variation during the TP-AGB phase of the luminosity as a function of the current stellar
mass, of model stars with initial mass7M� (magenta),6M� (blue),5M� (red),4M� (green),3M�

(black),2M� (yellow) and1:25M� (cyan), for the metallicitiesZ = 0 :008(left panel) andZ = 0 :001
(right panel).

For theZ = 0:008chemistry we preferred to replace previous models (Dell'Agli et al.,

2016), used to provide an estimate of the gas yields and of the largest degree of obscuration

reached by stars of different mass, with new evolutionary sequences, calculated with an
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Figure 1.9Variation during the TP-AGB phase of the temperature at the bottom of the convective
envelope, as a function of the current stellar mass, of the same models shown in Fig. 1.8.

improved and more stable, on the numerical side, treatment of the TDU. This step, despite

time consuming, was necessary for a detailed comparison between the theoretical evolutionary

sequences and the distribution of the stars on the observational planes. A further reason

to update the evolutionary models is the need to extend the computations to the post-AGB

phase, considering that a few stars studied in the present work are evolving off the AGB.

In the following we discuss the main properties of the stellar models of the two above

metallicities, which were calculated by means of the ATON code for stellar evolution (Ventura

& D'Antona, 2009; Ventura et al., 1998). The numerical structure of the code and the physical

and chemical ingredients used are presented in the Appendix. The main properties of the

AGB models used in the present work are reported in Table 1.1.

Fig. 1.8 shows the variation of the luminosity during the AGB phase, for some of the

model stars reported in Table 1.1, for the two metallicities considered. This �gure con�rms

the increasing trend of the luminosity with the initial mass of the stars,M init , discussed in

Section 1.2.3. The luminosities of AGB stars cover a range of approximately one order of

magnitude, extending fromL � 5� 103L� (M init � 1M� ), toL � 105L� (M init � 7� 8M� ).

The tight relation between core mass and luminosity re�ects into a difference in the duration

of the whole AGB phase, according to the stellar mass (see Table 1.1). The present results

indicate that the AGB phase of low–mass AGB stars lasts� 1Myr, whereas their counterparts

of higher mass have an AGB lifetime of a few tens of kyr. Inspection of both panels of
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Figure 1.10The evolution of the surface12C/16O ratio, as a function of the current stellar mass, of
model stars of3M� (blue),2:5M� (red),2M� (green),1:5M� (black) and1:25M� (yellow), with
metallicityZ = 0 :008(left panel) andZ = 0 :001(right panel).

Fig. 1.8 shows that also the metallicity has an important effect on the luminosity: lower

metallicity models reach larger luminosities.

In the previous sections we discussed the strong in�uence that TDU and the ignition

of HBB have on the surface chemical evolution of AGB stars and how this re�ects into a

dichotomy between low- and high-mass AGB stars. We discuss this more in detail here.

Massive AGB stars, with initial massM > 3� 4M� , remain oxygen-rich for the whole

AGB phase, due to the effects of HBB. Fig. 1.9 shows the variation ofTbce during the AGB

phase, for some of the model stars reported in Table 1.1, forZ = 0:008 (left panel) and

Z = 0:001(right panel). Inspection of Fig. 1.9 con�rms the discussion in Section 1.2.3: the

temperatures of the bottom of the convective envelope increase with the initial mass of the

star. Moreover, a clear gap in temperature separates high-mass model stars from their lower

mass counterpart (M < 3M� ), which do not experience HBB. On the other hand, the ignition

of HBB in massive AGB stars favours a rapid increase in the luminosity (see Section 1.2.3).

Low-mass AGB stars, with initial massM < 3� 4M� , evolve as carbon stars. These

stars do not experience HBB, thus their surface chemistry re�ects only the effects of TDU.

The higher the number of TDU episodes experienced, the larger the surface enrichment

in carbon, which consequently depends on the initial mass: model stars with initial mass

M � 2� 3M� achieve the largest surface abundances of carbon, as it is clear from Fig. 1.10,

which shows the variation of the C/O surface ratio for model stars of different initial mass
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Figure 1.11The evolution of the surface mass fraction of12C, as a function of the current stellar mass,
of models with initial mass7M� (magenta),6M� (blue),5M� (yellow), 4M� (green),3M� (black),
2:5M� (cyan) and2M� (red), for the metallicitiesZ = 0 :008(left panel) andZ = 0 :001(right panel).

and for both metallicities. Inspection of this �gure shows that the stars of mass below2M�

and metallicityZ = 0:008experience a last TP, after which they become C-stars, then start

the post-AGB evolution, without experiencing further TPs. This is because after the C/O> 1

condition is reached a signi�cant increase in the rate of mass loss speeds up the loss of the

envelope (Lagadec & Zijlstra, 2008), thus preventing additional TPs.

To discuss how the surface chemistry of AGB stars is modi�ed by the ignition of HBB and

by the occurrence of TDU, and to investigate how the balance between these two mechanisms

alters the mass fractions of the various chemical species, we show in Fig. 1.11 the variation

of the surface12C for model stars of different initial mass and metallicity. We chose12C

for this discussion, as it is the element most sensitive to the action of HBB and TDU, and

because the effects of these two physical mechanisms on the surface abundance of12C are

opposite. Therefore, the analysis of the variation of the surface12C proves the best indicator

of the relative ef�ciency of HBB and TDU.

In the higher-mass regime (M > 3� 4M� ), the activation of HBB favours the destruction

of the surface carbon, exposed to proton fusion at the base of the envelope; this effect

can be seen in the steep drop (by a factor� 20) in the surface12C during the initial AGB

phases. For all the stars experiencing HBB it is evident the depletion of the surface carbon,

independently of the chemical composition. The depletion of oxygen (see Fig. 1.7) takes

place in more advanced phases, for the reasons discussed in Section 1.2.3. Other nuclear
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reactions, e.g. proton captures by oxygen nuclei and the activation of the Ne-Na and Mg-

Al-Si nucleosynthesis, demand temperatures close to 100 MK, that are reached only by low

metallicity AGB stars (Z � 5� 10� 3, Dell'Agli et al. 2018a).

Turning to the low-mass domain, these stars experience TDU, which provokes a gradual

increase in the surface carbon, evident in Fig. 1.11. As discussed in Section 1.2.2, repeated

TDU events lead to the formation of carbon stars, with a surface C/O ratio above unity. Also

in Fig. 1.11 is evident the mass threshold separating the model stars which become carbon

stars from those which remain oxygen-rich, with HBB strongly depleting the surface carbon.

The largest values of the surface carbon mass fraction, slightly above� 1%, are reached by

the stars of initial mass� 2:5� 3M� , that are exposed to a higher number of TDU episodes

before they loose the external envelope, compared to their lower mass counterparts (Karakas,

2010; Karakas et al., 2018; Ventura et al., 2016b).

Before describing the �nal AGB phases that precede the beginning of the white dwarf

(WD) cooling, we believe important to discuss the robustness of the results regarding the

variation of the surface chemistry presented so far; this issue is particularly relevant for the

present research, because the IR emission of evolved stars depends on the dust formed in the

out�ow, which, in turn, is extremely sensitive to the surface chemical composition of the star.

The surface carbon enrichment depends on the treatment of convective borders, partic-

ularly on the extension of the extra–mixed region: this zone is radiatively stable, based on

the Schwarzschild criterium, yet it is reached by convective eddies, that cross the convec-

tive/radiative interface, pushed by inertia (Canuto & Mazzitelli, 1991; Chiosi, 2009; Mowlavi,

1999; Renzini & Voli, 1981; Ventura et al., 1998). The presence of extra–mixing favours

the increase in the surface carbon, for two reasons: a) overshoot from the bottom of the

convective envelope during the inwards penetration that follows the thermal pulse makes

more carbon–rich matter to be mixed with the surface layers; b) extra–mixing from the

borders of the convective shell that forms during each TP increases the strength of the pulse,

in turn increasing the extent of the inwards penetration of the convective envelope (Herwig &

Austin, 2004).

Previous investigations �xed the conditions for TDU to occur either by imposing the

temperature of the innermost layer reached by the penetration of the convective mantle

(Marigo et al., 1999), or by assuming a relation between the core mass at which TDU begins

as a function of mass and metallicity (Izzard et al., 2004; Karakas et al., 2002; Marigo &

Girardi, 2007). As it will be seen in Section 1.4.3, the quantity of dust that carbon stars

form depends on the amount of12C transported by TDU from the internal regions to the

convective envelope. In particular, the dust formed is sensitive to the time when the carbon

star stage is reached and to the changes in the surface C/O. These quantities are extremely
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Table 1.1Main properties of theZ = 0 :008andZ = 0 :001models of various initial mass. Only the
mass range of the stars which become carbon stars is reported in this table. The various columns
report the following quantities: 1 - initial mass; 2 - formation epoch; 3 -duration of the TP-AGB
phase; 4 - luminosity range of the inter-pulse phases; 5 - �nal surface C/O; 6/7 - largest_M (6) and
optical depth (7) reached.

M=M � � ev [Myr] � AGB [103 yr] L=L� C/O _M[M � /yr] � 10

Z=0.008
1.10 6530 1350 5000-5500 1.5 4.8� 10� 8 0.60
1.25 4320 1310 6000-6300 1.3 2.9� 10� 8 0.45
1.50 2234 1132 6000-6700 1.4 1.7� 10� 7 1.89
2.00 1106 2400 6500-7300 2.0 5.1� 10� 7 2.7
2.50 609 2520 8000-9200 3.0 1.5� 10� 6 4.0
3.00 412 816 10500-12500 2.6 2.1� 10� 6 4.9
3.30 313 450 15000-17000 2.3 1.1� 10� 6 3.0
4.00 190 263 23100-33800 0.5 1.8� 10� 8 0.45
5.00 111 135 30400-49800 0.08 4.8� 10� 9 0.71
6.00 74 49 44200-75000 0.06 1.5� 10� 7 1.22
7.00 53 16 61300-99100 0.05 4.6� 10� 7 2.3

Z=0.001
1.10 5400 1600 5400-6600 5.0 8.2� 10� 9 0.10
1.25 2500 1550 6000-6500 8.8 9.8� 10� 9 0.10
1.50 1480 1570 6000-8000 8.7 5.9� 10� 8 0.30
2.00 700 2000 8000-9800 13.4 2.3� 10� 7 0.54
2.50 410 868 13900-14800 5.4 2.5� 10� 7 0.55
3.00 279 402 19300-21600 2.0 6.2� 10� 9 0.07
3.50 196 307 23000-30900 0.5 4.5� 10� 9 0.37
4.00 146 241 24200-39000 0.9 9.8� 10� 9 0.64
5.00 92 84 45000-56800 0.4 9.5� 10� 9 0.53
6.00 63 22 75000-87900 - 8.6� 10� 8 1.84
7.00 47 14 73400-120000 - 1.9� 10� 7 2.09

sensitive to the treatment of the convective borders, because a larger overshoot from the

bottom of the convective mantle might favour the carbon enrichment, thus predicting an

earlier achievement of the C-star stage and higher C/O ratios (Herwig, 2005). It is the

high sensitivity to the modelling of convection close to the boundaries of both the external

envelope and the pulse-driven convective shell which renders the predictions regarding the

surface carbon enrichment particularly uncertain (Karakas & Lattanzio, 2014). However, the

present context is an exception to the general picture, because the carbon stars population

of the LMC has been traditionally used as a living laboratory to test the ef�ciency of TDU.

Among others, we mention the works by Groenewegen & de Jong (1993); Kamath et al.



24 The Asymptotic Giant Branch evolution

(2012); Karakas et al. (2002); Marigo et al. (1999), who provided robust calibrations of the

extent of TDU, for stars of different mass, by looking for consistency with the observed

luminosity function of carbon stars in the LMC and of the observations of AGB stars in LMC

clusters. The treatment used in the models adopted here (see Appendix) is based on the same

methods used in the afore mentioned investigations. For these reasons, the results given here

can be considered as suf�ciently robust.

On the other hand, regarding the high-mass domain, the ef�ciency of HBB was shown to

be strongly dependent on the details of the convection modelling (Boothroyd & Sackmann,

1988; Renzini & Voli, 1981; Ventura & D'Antona, 2005a), in terms of the physical behaviour

of the models and of the nucleosynthesis at the base of the external envelope. This discussion

outlined that the treatment of the convective instability is the major uncertainty in the

description of the evolutionary properties of AGB stars, which re�ects on the gas and dust

pollution from this class of objects.

1.3.1 Post-AGB evolution modelling

A few sources belonging to the sample analysed in the present work, that will be discussed in

detail in Chapter 3, show the presence of cool dust in the circumstellar envelope, suggesting

that dust production has stopped and that the dust currently observed was produced during

earlier evolutionary phases. As it will be shown in Chapter 3, the SEDs of these stars present

a peak in the optical that rules out the possibility that they are AGB stars. Based on these

factors, we suggest that these stars have left the AGB and are evolving through the post-AGB

phase.

The presence of these peculiar objects was the main motivation to extend the evolutionary

sequences to include the post-AGB phase. This choice required a further numerical re�nement

of the architecture of the stellar evolution code used, considering the dif�culties encountered

when modelling AGB stars with the envelope mass reduced to below� 0:01M� , the typical

mass at which the excursion to the blue of the evolutionary tracks begins (Miller Bertolami,

2016).

For the stars not reaching the C-star stage (M > 3M� ) we modeled mass loss according

to eq. 6 in Miller Bertolami (2016). For C-stars we chose, somewhat arbitrarily, to keep the

description by Wachter et al. (2002, 2008). This choice will likely affect the timescale of

the post- AGB evolution, but is not relevant for the determination of the excursion of the

evolutionary track on the HR diagram.

The main properties of the post-AGB models are reported in Table 1.2. We only show

model stars withM � 2M� andZ = 0:008, because the luminosities of the sources likely
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Figure 1.12The path traced in the HR diagram by stars of initial mass1M� (magenta line),1:1M�

(black),1:25M� (red),1:4M� (black),1:6M� (blue),1:75M� (green), during the latest AGB phases
and the post-AGB phase.

evolving through the post-AGB phase are below� 104L� , which rules outM > 2M�

progenitors.

As discussed by Miller Bertolami (2016), the de�nition of the start of the post-AGB

phase is not rigorous, considering that the behaviour of the stars, particularly the beginning

of the excursion of the evolutionary track to the blue, is dependent on the core mass. We

assume that the AGB evolution ends when the mass of the envelope drops below1%of the

mass of the star and chose the point when the effective temperature is logTe� = 3:85as the
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Table 1.2Main physical and chemical properties of the post-AGB models discussed in the text. Cols.
1� 3 indicate the initial mass of the star, the mass at the beginning of the AGB phase and the �nal
mass. The time scales reported in col. 4 and 5 indicate, respectively, the age of the star and the
crossing time, de�ned as the time interval from the point when the mass of the envelope drops below
1% of the stellar mass and the time when the effective temperature becomes logTe� = 3 :85. The last
four cols. report the surface chemical composition, in terms of the mass fractions of helium, carbon,
nitrogen and oxygen.

M=M � MAGB =M � M f =M � � ev (Gyr) � tr (Kyr) X(He) X(C) X(N) X(O)
1.00 0.75 0.552 9.23 3.8 0.281 8.86e-4 4.72e-4 4.16e-3
1.10 0.90 0.575 6.52 8.8 0.281 9.74e-4 3.08e-4 4.24e-3
1.25 1.10 0.596 4.22 3.3 0.290 8.59e-4 3.24e-4 4.66e-3
1.40 1.25 0.590 2.91 4.2 0.284 3.91e-3 3.02e-4 4.39e-3
1.60 1.50 0.602 1.89 3.4 0.284 3.86e-3 2.99e-4 4.40e-3
1.75 1.75 0.622 1.42 2.9 0.285 4.84e-3 3.14e-4 4.62e-3
2.00 2.00 0.617 0.97 3.0 0.286 6.21e-3 2.97e-4 4.68e-3

intermediate stage between the post-AGB phase and the Planetary Nebula (PN) evolution.

The time interval between these two evolutionary stages, proposed by Miller Bertolami

(2016) as indicator of the transition time scale from the AGB to the post-AGB phase, is

reported on column 5 of Table 1.2.

The path traced by the evolutionary tracks in the HR diagram of the models reported in

Table 1.2 is shown in Fig. 1.12. Since the sources that will be discussed in Section 3.2 have

Te� < 104 K, we restrict our attention to effective temperatures below1:2� 104 K. For each

mass we show a few points regarding the very �nal AGB phases and the whole post-AGB

evolution.

These results will be used in Chapter 3 to discuss the aforementioned few stars in the

sample that are most likely evolving through the post-AGB phase.

1.4 Formation of dust in the winds of AGB stars

AGB stars experience high rates of mass loss, up to a few10� 4M � =yr, and they gradually

lose their external envelope in the form of cold and dense winds, suitable for condensation

of gas molecules into dust. AGB stars evolve with typical effective temperature around

3000� 4000K, which are not cool enough to allow the condensation of even the most

refractory dust species in the photospheric layers of the stars. Therefore, a key role in the

dust formation process is played by dynamical processes: shock waves generated by stellar

pulsations propagate outwards through the atmosphere and lift the gas above the stellar

surface, creating dense, cool layers, where solid particles may form. As the dust forms,
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the radiation pressure accelerates the grains away from the star, which �nally transfer the

momentum acquired from the photons to the gas through collisions (Höfner, 2009), and

therefore triggers the acceleration of the wind, favouring the mass loss in these structures

(Fleischer et al., 1992).

The numerical treatment of physical phenomena of such complexity is beyond the current

computation capabilities, particularly when these results must be interfaced with those from

stellar evolution modelling, as in the present case. As of today, the most widely used model for

dust formation in the out�ow of AGB stars assumes that the wind expands isotropically from

the surface of the star. The out�ow of the wind is assumed to be stationary and spherically

symmetric and the thermodynamical structure is determined following the schematization

proposed by the Heidelberg group (Gail & Sedlmayr 1985, 1999; Ferrarotti & Gail 2002,

2003, 2006, hereinafter FG06; Zhukovska et al. 2008).

Dust grains grow by vapour deposition on some kind of seed nuclei, that are formed

prior to the point where the different dust components start to condense, which then grow by

accreting material to macroscopic grains. One of the most relevant open points connected

with the dust formation in the wind of AGB stars is the nature and the density of the seed

nuclei. In the formalism used by the Heidelberg group this quantity is expressed bynd, the

number densities of the seeds (Ferrarotti & Gail, 2001).nd proves crucial to determine the

density of the dust grains and the fractionf of the gas condensed into dust, de�ned as

f i =
4� (a3

i � a3
0;i )

3V0;i

nd

� knH
(1.2)

In the equation above,ai anda0;i are the current and initial grain sizes,V0 is the volume

of the nominal molecule in the solid,nH is the number density of hydrogen atoms in the gas.

For each condensed species, it is de�ned a key element, whose abundance is the minimum

among all the elements necessary to form the corresponding dust aggregate. For instance,

silicon is the key element for silicates and silicon carbide, whereas carbon is the key elements

for solid carbon. All the species considered in the present work, with the corresponding key

elements, are listed in Table 1.3. In eq. 1.2� k is the number density of free particles of the

key element normalized to hydrogen.

The overall scattering coef�cient, which is proportional tof , also depends onnd (Fer-

rarotti & Gail, 2001). In the present computations we followed the suggestion by FG06, to

adopt a constant valuend = 10� 13nH for all the dust species considered, as determined ob-

servationally for oxygen-rich stars by Knapp & Morris (1985). However, alternative choices

are possible, since the situation for carbon-rich and oxygen-rich stars of different metallicity

could be different (see the discussion in Nanni et al., 2013). Because of the arbitrariness
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Table 1.3Dust species considered in the present work, their formation reaction and the corresponding
key element (see the text).

Dust species Reaction Key element
Olivine 2xMg+2(1-x)Fe+SiO+3H2O ! Mg2xFe2(1� x)SiO4+3H2 Si
Pyroxene xMg+(1-x)Fe+SiO+2H2O ! MgxFe(1� x)SiO3+2H2 Si
Quartz SiO+H2O ! SiO2(s)+H2 Si
Corundum Al2O+H2O ! Al2O3+H2 Al
Silicon Carbide 2Si+C2H2 ! 2SiC+H2 Si
Carbon C! C(s) C
Iron Fe! Fe(s) Fe

of this choice, thend=nH ratio is kept as a free parameter. As a further initial condition,

in agreement with FG06, we assume that the seed grains have an initial sizea0 = 10� 7cm.

Results from dust formation modelling in the wind show that the latter choice is less critical

than the assumed value fornd (Ventura et al., 2014).

The growth rate of each dust species depends on the competition between the formation

and destruction rates (Ferrarotti & Gail, 2001, 2002; Gail & Sedlmayr, 1999). The latter is

calculated via the difference between the formation enthalpy of the dust species and of the

individual molecules concurring to the formation process, whereas the former is evaluated

on the basis of the thermal velocity of the corresponding molecule and the number density of

the key element.

The regions close to the central star are generally too hot to allow dust condensation, the

destruction rate exceeding by far the production rate. At a distance of from the photosphere

of the star that depends on the species which forms (typically1� 10 R?, see Sections 1.4.1

and 1.4.2), the temperature is low enough to allow the condensation of dust grains. The

consequent increase in the opacity accelerates the wind via the strong radiation pressure and

halts dust formation. We therefore expect the sizes of the different grain species and the

terminal velocity of the wind to reach an asymptotic behaviour.

The mineralogy of the dust formed in the out�ow is determined by the surface chemistry

of the star, particularly the C/O ratio. This is because the CO molecule is extremely stable,

then the less abundant between carbon and oxygen is entirely locked into CO, and is therefore

unavailable to form dust. In O-rich (C/O< 1) environments the most stable dust species are

silicates, alumina dust (Al2O3) and solid iron (Ferrarotti & Gail, 2001, 2002, 2006; Gail &

Sedlmayr, 1999). Conversely, in the winds of carbon stars the most relevant dust species are

silicon carbide (SiC), solid carbon and solid iron (Ferrarotti & Gail, 2002, 2006).

In summary, in oxygen-rich winds we consider the formation of silicates, under the

form of olivine, pyroxene and quartz, of alumina dust and solid iron; in C-rich stars we
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take into account the formation of SiC, solid carbon and solid iron. No further species are

considered, because they form in small quantities, thus they are not expected to contribute to

the acceleration of the wind and to the IR emission from the star.

The description of the equations of the wind structure and the thermodynamic quantities

is demanded to the Appendix.

After having outlined which types of dust form in the wind of M and C stars, we will

describe in more detail for each of the two classes of AGB stars the formation process of the

solid grains of diverse species and at which distance from the star they form.

1.4.1 Oxygen-rich AGB stars

To explain the dust formation process in the winds of M-stars, we show in Fig. 1.13 the

structure of the out�ow of a6M� star, during an intermediate stage of the AGB evolution,

when HBB is active. The quantities shown in the �gure are the size of the olivine (the

dominant silicate dust species) and Al2O3 grains along the circumstellar envelope. Iron

grains are not shown, for clarity reasons. It is evident that alumina dust is by far the most

stable compound, the formation of Al2O3 grains taking place at temperature as high as�

1500 K, at a distance from the photosphere of the star of� 1� 2 R?. The formation of

silicates occurs in a more external region, at a distance of� 10 R? from the surface of the

star, where the temperature is� 1100K (Dell'Agli, 2012). Among the silicates, olivine is the

most stable species, forming in larger quantities, followed by pyroxene and quartz. We note

from Fig. 1.13 that the size reached by Al2O3 grains are smaller compared to that of olivine,

despite forming in a more internal region: this difference is due to the higher availability of

silicon with respect to aluminium in the stars.

The exact location of the condensation zone is mainly determined by the effective

temperature of the star (see eq. 6.6 in the Appendix). Therefore, the trend with metallicity

is straightforward: in higher metallicity models, owing to their lowerTe� , the growth of

Al2O3 particles begins at� 2 R? from the centre of the star, while atZ = 0:001the Al2O3

condensation zone is in more external circumstellar regions, at� 4 R?. On the other hand, a

change in the initial mass of the star does not strongly affect these results, because models

with the sameZ and different masses evolve at approximately the sameTe� (see Fig. 1 in

Ventura et al., 2012).

The condensation of Al2O3 does not affect the formation of silicates, owing to its large

transparency: the acceleration of the wind via radiation pressure starts further the formation

of the alumina dust, where silicates begin to grow (Dell'Agli, 2012; Dell'Agli et al., 2014a).

The variation of the alumina dust grain size during the AGB evolution is different

compared to silicates: alumina dust particles form in larger and larger dimensions as the
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Figure 1.13Size of the Al2O3 and olivine dust grains (orange and black lines, scale on the left axis)
and the gas temperature (green line, right axis) as a function of the distance from the centre of the star,
for a model star of initial mass6M� and metallicitiesZ = 0 :008(solid lines) andZ = 0 :001(dashed
lines), during an intermediate stage of the AGB evolution, when HBB is active.

evolution proceeds, whereas the size of silicates follows the path traced by luminosity. This

is an effect of HBB, which, via activation of the Mg–Al nucleosynthesis, favours a gradual

aluminium enrichment of the surface layers (Ventura et al., 2013).
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Figure 1.14Size of the carbon and SiC dust grains (magenta and blue lines, scale on the left axis)
and the temperature of the gas (green line, right axis) as a function of the distance from the centre of
the star, for a star with initial mass2:5M� . The �gure refers to a late phase of the AGB evolution,
before the beginning of the WD cooling.

1.4.2 Carbon stars

Stars withM � 3M� start their evolution on the AGB phase as oxygen–rich stars. They

produce silicates in negligible quantities at the beginning of the AGB evolution, whereas

in more advanced phases, after repeated TDU episodes, that lead to surface C/O> 1 (see

Fig. 1.10), carbon dust is formed.
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The structure of the wind of carbon stars shows us some similarities with the out�ow of

M-stars, with the formation of a more stable transparent dust species (SiC) in the internal

regions, while the compound mostly responsible for the acceleration of the wind by action of

radiation pressure (solid carbon) forms in a more external and cool zone of the circumstellar

envelope. This is shown in Fig. 1.14, which represents the size of the carbon and SiC dust

grains and the temperature of the gas as a function of the distance from the centre of the star.

The �gure refers to stars with initial mass2:5M� and metallicityZ = 0:001andZ = 0:008,

during a late phase of the AGB evolution, after large amount of12C (X (12C)� 1:1� 10� 2

for Z = 0:008and� 1:6� 10� 2 for Z = 0:001) have been transported to the surface by TDU

events.

SiC, the most stable compound, forms at� 4 R? from the central star, in a region where

the temperatures are� 1300K (Ferrarotti & Gail, 2002). Carbon, less stable, forms in

regions with temperatures� 1100K, at a distance from the photosphere of� 8 R?. Similarly

to Al2O3, SiC is extremely transparent to radiation, therefore the acceleration of the wind

is determined essentially by carbon grains (Dell'Agli, 2012). On general grounds, the

production of solid carbon is higher than SiC, because in the external region of carbon stars

the availability of silicon is smaller with respect to the excess of carbon in relation to the

oxygen2.

The solid carbon grains formed grow bigger and bigger as the star evolve along the

AGB, owing to the gradual accumulation of12C in the surface regions (see Fig. 1.10), which

favours the increase of the density of carbon molecules in the wind. The present computation

(but see also Dell'Agli 2012) shows that the size of carbon particles span the0:07� 0:2 � m

range. The largest grains form in the wind of2� 3M� stars, characterized by the largest12C

mass fractions in the external regions (see discussion in Section 1.3).

While it is generally recognized that carbon dust is the primary source of extinction

in the envelope of carbon stars, the debate is still open regarding the possibility that the

dominant species is under the form of amorphous carbon or graphite. The discovery of

pre-solar graphite grains from meteorites (Xu et al., 2016; Zinner, 2008) indicates that the

graphite contribution is not negligible. Speck et al. (2009), based on results from radiative

transfer modelling, suggested that graphite is the dominant dust species instead of amorphous

carbon. On the other hand, Andersen et al. (2003) argued that the absence of the narrow

band at11:52 � m in most observed spectra, and the fact that the slope of infrared graphite

spectra follows� � 2, imply that graphite formation in AGB winds is unlikely. On general

grounds, the physical conditions in AGB atmospheres seem to favour amorphous carbon dust,

2The only exception to this is when the transition from O-rich to carbon star occurs. In this case the
production of SiC can exceed solid carbon.
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since graphite formation requires temperatures that signi�cantly limit the growth interval

in a typical C-star. The stationary wind model adopted here allows the determination of

the growth rate of carbon dust and the calculation of the extinction related to carbon grains;

however, we cannot derive any indication on whether the carbon particles formed are under

the form of amorphous carbon or graphite. The method we follow in order to derive the

relative contribution from amorphous carbon and graphite is by looking for the best �t of

the SED of carbon stars in the sample: �rst we derive the other parameters (e.g. luminosity,

optical depth, percentage of SiC) and then we assume a variable percentage of graphite with

respect to carbon, in order to reach the better agreement with the observation (see Chapter 5).

Unlike carbon, the amount of SiC produced is not tightly related to the mass of the star.

SiC grains grow during the evolution until a threshold size in the range0:05� 0:09 � m is

reached, after which no further growth occurs; the results are sensitive to the metallicity

(Dell'Agli, 2012). This behaviour is connected with a saturation condition, in turn due to the

lack of silicon particles in the wind. Owing to the stability of SiS molecule, in carbon–rich

environments the number density of silicon molecules is given bynSi = [(1 � f SiC )� Si �

� S]nH (FG06), wheref SiC is the fraction of silicon condensed into SiC. This expression

poses an upper limit on the amount of SiC that can form, corresponding to the value off SiC

at whichnSi vanishes:

f SiC = 1 �
� S

� Si
(1.3)

Because in solar or� –enhanced mixtures� S
� Si

� 0:4 (Grevesse & Sauval, 1998),f SiC

cannot exceed� 60%.

While we may safely assume that SiC grains are the only solid particles formed in the

internal part of the out�ow, in the more external regions of the circumstellar envelope the

presence of SiC could be associated with the formation of MgS (Zhukovska et al., 2008).

Indeed, as it will be discussed in the following section, SiC is suited as a substrate for MgS

precipitation, due to the obvious similarities of structure and bonding properties of SiC and

MgS.

MgS

The spectrum of several carbon stars is characterized by a wide bump in the spectral region

around the25� 30 � m region (see, e.g., bottom panels of Fig. 5.1). The presence of such a

band was detected in the observations of carbon stars in the Milky Way (Hony et al., 2002;

Volk et al., 2002) and in the Magellanic Clouds (Zijlstra et al., 2006). Goebel & Moseley

(1985) �rst proposed that this feature can be associated to MgS, because the latter compound
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has a feature in the same spectral region. The various possibilities proposed so far to explain

the30� m bump were discussed in the recent review by Volk et al. (2020). Here we base on

the analysis done by Sloan et al. (2014), who concluded that MgS is the best candidate to

account for this spectroscopic evidence.

A signi�cant step forward in the modelling of MgS production in the circumstellar

envelope of carbon stars was done by Zhukovska et al. (2008), who included the growth of

MgS grains in the description of the stellar wind. In the paper by Zhukovska et al. (2008) it is

shown that the formation of pure MgS dust cannot account for the observed feature, because

the formation of MgS is expected to take place at temperatures� 900K, after the wind has

been accelerated by the formation of carbon dust, and the density has dropped to values too

small to allow a signi�cant growth of MgS particles. We did some tests after including the

formation of MgS in the set of equations used here and con�rmed the results by Zhukovska

et al. (2008); the largest size reached by MgS grains is below0:01 � m, which corresponds to

cross-sections far too small to account for the observed feature.

To model the MgS feature we considered the idea proposed by Zhukovska et al. (2008),

that the growth of MgS occurs via precipitation on SiC grains. This choice opens the

possibility of forming bigger size grains, because the SiC particles formed in the internal

regions enter the MgS condensation zone with size in the0:03� 0:07 � m range (Nanni et al.,

2013; Ventura et al., 2014). We �nd that precipitation of MgS on these already formed SiC

grains would further increase the dimension of these particles by� 0:02 � m, if we assume

that the deposition begins from the point where the pure MgS dust would start to form; this

result is consistent with the analysis by Zhukovska et al. (2008).

1.4.3 The overall dust production by AGB stars

The methodology described earlier in this section allows the computation of the fraction of

gaseous molecules condensed into dust. The knowledge of the latter quantity, combined

with the estimate of the mass-loss rate of the star and of the surface chemical composition,

allows the computation of the rate with which each individual dust species is produced during

the various phases of the AGB evolution. All these rates concur to the determination of

the global dust production rate,_Md, which describes the ef�ciency with which AGB stars

produce dust. The knowledge of this quantity proves crucial to evaluate the dust injection

rate from evolved stars in the galaxies, an argument currently at the centre of a lively debate

within the international astrophysical community (Schneider et al., 2016, 2014).

Integration over the whole AGB lifetime of the dust production rate allows the compu-

tation of the dust mass produced by AGB stars during their evolution. A summary of the
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results obtained for the model stars used in the present work is shown in Fig. 1.15. For clarity

sake we show the total dust mass of silicates, instead of the individual compounds.

Figure 1.15Dust mass produced during the AGB phase by the various species of dust considered in
the present work, as a function of the current mass of the star. Left and right panels refer to stars of
metallicityZ = 0 :008andZ = 0 :001, respectively.

Fig. 1.15 con�rms the dichotomy in mass previously discussed. Stars with initial mass

below3M� produce mainly carbon dust and SiC. In these stars the production of silicates

and Al2O3 takes place only in the phases prior to the formation of carbon star.M < 1:5M�

stars (especially in theZ = 0:008case) are characterized by a not negligible production of

silicates and aluminia dust with respect to the other low-mass stars which become carbon

stars (Ventura et al., 2012). The reason is related to the fact that these stars evolve as M

stars for most of their AGB life, reaching the C-star phase only in the very �nal AGB stages,

when a signi�cant fraction of the envelope is lost. During the end of the O-rich phase,

before turning to C-stars, they evolve at cool effective temperatures, with mass loss rates

� 10� 6M � =yr.

The behaviour of the carbon dust produced with metallicity is more tricky, and changes

according to the mass range considered. InM < 2M� stars production of carbon dust is

favoured inZ = 0:001objects with respect to their counterparts of metallicityZ = 0:008,

because the former reach more easily the C-star stage, owing to the smaller quantity of16O

in the star. In2� 3M� stars this effect is not relevant, as the number of TP experienced is

suf�ciently high to favour the accumulation of large quantities of12C in the envelope. For

stars within this mass range the most important factor is the lower effective temperatures
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attained byZ = 0:008stars, which thus produce larger quantities of carbon dust, than in the

Z = 0:001case (see discussion in Section 1.2.2). Indeed, the mass of solid carbon produced

in the latter case ranges from10� 4M � to � 5� 10� 3M � , whereas forZ = 0:008stars it

reaches the values of10� 2M � for the two massesM = 2 :5� 3M� .

Inspection of Fig. 1.15 shows that the mass of SiC produced increases with the stellar

mass, because the mass returned to the interstellar medium is higher the higher the initial

mass of the star. Higher-metallicity models produce more SiC, owing to the larger amount of

silicon present in the stars. The mass of SiC produced is in the10� 4M � � 10� 3M � range

for Z = 0:008, whereas for stars with metallicityZ = 0:001it varies from10� 5M � to almost

10� 4M � (Ventura et al., 2014).

For what concerns the high-mass domain, it is evident from Fig. 1.15 that the production

of silicates increases with the stellar mass (Ventura et al., 2014, 2012). In theZ = 0:008

case the mass of silicates is in the range10� 3 < MSil < 10� 2, whereas theZ = 0:001models

produce a smaller quantity of dust, owing to the scarcity of silicon available, but also because

of the strong depletion of the surface oxygen: this is the reason for the dip around� 5M� ,

that can be seen in theZ = 0:001line in Fig. 1.15. The mass of alumina dust produced is

also increasing with the stellar mass and varies from a few10� 6M � for M = 3 :5M� , to

� 10� 6M � for M = 7 :5M� . TheZ = 0:001models produce a smaller amount of alumina

dust, owing to the low surface mass fraction of aluminium (Dell'Agli et al., 2014b).

It is also evident from Fig. 1.15 that forZ = 0:001models the signi�cant formation of

silicates begins at� 3M� , whereas in theZ = 0:008case at� 3:5M� (Ventura et al., 2014,

2012): this is because, as already mentioned in Section 1.2.3, lower-metallicity stars reach

more easily HBB conditions.

1.4.4 Change in the optical depth of AGB stars

As discussed in Section 1.4, the rate of dust production in the winds of AGB stars generally

increases during the AGB phase, thus the stars are characterized by a higher and higher IR

emission as the AGB evolution proceeds. This re�ects into a signi�cant enhancement of the

continuum emission and the spectrum gradually moves to IR wavelengths.

In the present work we quantify the degree of obscuration of the central star by the optical

depth, at the wavelength� = 10 � m, � 10, which is determined by integrating along the radial

direction the product of the number density of dust particle and the extinction cross section,

based on the knowledge of the optical constants and the grain size,a. For thei -th species we

have:
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� (10� m;i) =
Z

ndQext (10� m; i) � a3
i dr (1.4)

whereQext (10� m; i) is the extinction coef�cient at10� m related to thei -th dust species.

Fig. 1.16 shows the variation during the AGB phase of the luminosity (left panel) and

of the effective temperature (right panel) of stars of diverse initial mass andZ = 0:008as a

function of� 10. Inspection of Fig 1.16 shows that carbon stars evolve at higher optical depths

as the external layers cool (see discussion in Section 1.3 related to Fig. 1.11); carbon stars

with the sameTe� have the same� 10, independently of their previous history. From the left

panel of Fig. 1.16 it is clear that the luminosity has only a minor effect on the optical depth

variation of stars with initial massM < 4M� .

Figure 1.16The evolution of carbon stars of diverse initial mass as a function of the optical depth
� 10. The left and right panels show the variation of the luminosity and of the effective temperature,
respectively.

On the other hand, the evolution of stars with higher initial mass is driven by the

temperature at the bottom of the envelope, which determines the luminosity, the mass-loss

rate and consequently the quantity of dust formed. As shown in the left panel of Fig. 1.16,

the luminosity undergoes signi�cant variations during the AGB evolution: after the initial

increase, due to the growth of the core mass,L decreases, owing to the gradual loss of

the external mantle, as already described in Section 1.2.1. The phase of maximum dust

production (with the highest� 10) is in correspondence with the maximumL, when the

mass–loss rate also reaches its largest values. Unlike the lower-mass counterpart, in the
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high-mass domain theTe� has a minor effect on� 10, in agreement with the fact that dust

production is mostly determined by the extent of the HBB experienced.

Figure 1.17The variation of the optical depth at10� m as a function of the current mass of the star,
for model stars of different initial mass and metallicityZ = 0 :008(left panel) andZ = 0 :001(right).
For M � 3M� stars the coloured part of the track corresponds to the C-star phase, while the M-type
phase is indicated in light, grey.

Fig. 1.17 shows the evolution of� 10 for diverse initial masses, in theZ = 0:008(left panel)

andZ = 0:001(right panel) cases. Low-mass stars evolve initially as oxygen–rich; the optical

depth is extremely small during this phase, because of the small amount of silicate–dust in

the envelope. After the carbon star stage is reached,� 10 increases because more and more

carbon is accumulated at the surface of the star, owing to the effects of TDU, as previously

mentioned. For stars of metallicityZ = 0:008andZ = 0:001the stars reaching the largest

� 10 are those of initial mass� 2:5� 3M� and2� 2:5M� respectively. In both cases they

reach the highest optical depth in the �nal evolutionary phases. The largest values of the

optical depth,� 10 � 5, are reached by theZ = 0:008models, whereas low-mass AGB stars

of Z = 0:001evolve at optical depths below unity. As explained previously, higher-Z models

evolve at lower effective temperatures, which favours dust formation, because the region

where gas molecules condense into dust is closer to the surface of the star, in a region of

higher density.

The stars with higher initial mass behave differently because they experience HBB. While

in their counterparts of lower mass the optical depth depends strongly on the amount of

carbon in the convective envelope, in massive AGB stars the dust formation process is mainly

determined by the strength of HBB (Ventura et al., 2012). The phase with the highest infrared
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emission and optical depth occurs during the phase of strongest HBB, when both luminosity

and mass loss rate reach their maximum values. The luminosity in these stars peaks in an

intermediate evolutionary stage (see left panel of Fig. 1.3), when� 10 is the highest shown.

From Fig. 1.17 it is evident that oxygen–rich models of higher mass have a stronger infrared

emission, because the strength of HBB increases with the initial mass of the star; this holds

independently of the metallicity. For high-mass stars with metallicityZ = 0:008, the highest

optical depth reached,� 10 � 1, is smaller than in their lower-mass counterparts� 10 � 5; this

is due for two reasons: a) the content of carbon in low–mass AGB stars is larger compared to

the silicon in the external regions of more massive AGB stars; b) the extinction coef�cient of

solid carbon dust is higher than the corresponding coef�cients of silicates.





2 TheJWST: a new perspective of the study
of AGB stars in the Local Group galaxies

In this chapter we describe the state of the art of the studies focused on the characterization of

the AGB populations in the Local Group, of their dust production, and the new perspectives

that will be opened in the near future by the advent of theJWST. With the aim of maximizing

the potentialities of this telescope for the study of these sources, we present our strategy to

identify the MIRI �lters most suitable for the characterization of the AGB stars and of the

dust present in their circumstellar envelope. We introduce the two ingredients required to

accomplish this goal, namely the sample of LMC stars used and the sequences of synthetic

spectra representing the evolution of the stars across the AGB phase. Finally, we describe the

methodology applied to the sample for the analysis of the individual sources.

2.1 Past, present and future of the AGB investigations in

the Local Group galaxies

AGB stars are generally regarded as important dust manufacturers (Boyer et al., 2012;

Gehrz, 1989; Riebel et al., 2012; Schneider et al., 2014; Srinivasan et al., 2009). It is now

generally recognized that the contribution from AGB stars to dust production in the Universe

cannot be neglected, even in early epochs (Valiante et al., 2017, 2009, 2011). A thorough

comprehension of the dust formation process in their wind is crucial to assess the rate with

which these stars eject dust into the interstellar medium of their host galaxy and, on more

general grounds, their contribution to the overall dust budget of the Universe.

Theoretical modelling of dust formation in the out�ow of evolved stars has made impres-

sive steps forward in the last decade, during which some research groups have implemented

a chemo-dynamical description of the stellar wind, self-consistently coupled with the mod-

elling of the evolution of the star (Dell'Agli et al., 2019a; Nanni et al., 2013, 2014; Ventura



42 TheJWST: a new perspective of the study of AGB stars in the Local Group galaxies

et al., 2014, 2013, 2012). However, considering the several uncertainties still affecting AGB

evolution and dust formation modelling, it is mandatory to compare these predictions with

the observations of evolved stars. Indeed, the IR emission of these sources, as also the shape

of the spectral energy distribution, is entirely determined by the mineralogy and the amount

of dust present in the circumstellar envelope. The synergy between IR observations and

results from stellar evolution + dust formation modelling will prove decisive to characterize

the evolved stars observed and to shed new light on the dust formation process in their wind.

The analysis of dusty AGBs in the Galaxy is not straightforward, owing to light absorption

and scattering from its own interstellar medium and the unknown distances, which render

uncertain the luminosity of the sources observed. This problem will be partially overcome for

the less embedded objects by theGAIA data releases (Gaia Collaboration et al., 2016, 2018),

while the extremely dusty ones will be too faint in the optical wavelengths to be detected.

The dif�culties encountered during the studies of Galactic AGB stars has been the main

reason why the most used laboratories for investigating the life-cycle of dust in the interstellar

medium (ISM), thus providing a fundamental benchmark to theoretical models, have been

the Magellanic Clouds (Boyer et al., 2012; Groenewegen & Sloan, 2018; Groenewegen et al.,

2009, 2007; Matsuura et al., 2009, 2013; Nanni et al., 2018; Riebel et al., 2012; Srinivasan

et al., 2009; van Loon, 2006; van Loon et al., 2005, 1999).

This kind of studies have been possible thanks to several dedicated large photometric

surveys, which made available a growing body of observational data. Among the others,

the Magellanic Clouds Photometric Survey (MCPS; Zaritsky et al., 2004), the Two Micron

All Sky Survey (2MASS; Skrutskie et al., 2006) and HERschel Inventory of The Agents of

Galaxy Evolution (HERITAGE; Meixner et al., 2010, 2013) have provided catalogues of

point sources as well as high-resolution maps of the emission by the warm and cold dust

components in ISM.

TheSpitzerSpace Telescope provided the most complete exploration of the MCs. The

Surveying the Agents of Galaxy evolution (SAGE-LMC; Meixner et al., 2006) (SAGE-SMC;

Gordon et al., 2011) provided IR data of� 6:5 million sources,� 17000out of which were

classi�ed as AGB stars by Riebel et al. (2010), taken with the InfraRed Array Camera (IRAC;

3:6, 4:5, 5:8, and8 � m) and the Multiband Imaging Photometer (MIPS;24, 70and160� m)

onboard theSpitzerSpace Telescope.

Moreover, a plethora of complementary data has allowed to reconstruct the recent and

past SFHs of these galaxies (see, among others, Bolatto et al., 2011; Cignoni et al., 2013;

Harris & Zaritsky, 2004, 2009; Skibba et al., 2012; Weisz et al., 2013), such as their metal

enrichment histories (see e.g. Carrera et al., 2008a,b; Piatti, 2012; Piatti & Geisler, 2013),
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and their present-day global gas, stellar and dust content (see Meixner et al., 2013; Schneider

et al., 2014).

The availability of this robust body of observational data has allowed the study of the

dust enrichment from stellar sources in MCs from two different perspectives. Several authors

used synthetic spectra, obtained by radiative transfer code available (DUSTY, Nenkova et al.,

1999; 2DUST, Ueta and Meixner, 2003), to �nd the parameter combination giving the best �t

of the various photometric data, to reproduce the position of the individual sources in the

observation planes built with the IRAC and MIPS magnitudes (Riebel et al., 2012; Srinivasan

et al., 2009, 2010, 2011). The results from these investigations were the determination of the

luminosity, the dust mineralogy and the optical depth of the different stars; side results were

the derivation of the mass loss rates.

A different and complementary approach was followed by Dell'Agli et al. (2015a, 2014b,

2015b), who studied evolved stars in the MCs, based on the comparison between results

from mid-IR photometry and synthetic magnitudes, obtained by radiative transfer modelling.

However, unlike the studies previously mentioned, the parameters of the stars allowing the

best �t of the observations were not chosen based on a plain �tting procedure, rather they were

selected based on results from AGB + dust formation modelling of stars of different mass and

metallicity. The advantage of such an approach is that not only it allows the determination of

the current evolutionary status of the stars and the description of the dust properties, but also

their characterization in terms of mass, chemical composition and formation epoch of the

progenitors.

An approach similar to Dell'Agli et al. (2015a, 2014b, 2015b) was followed by Nanni

et al. (2019), who estimated the overall dust production rate by evolved stars in the MCs, by

considering different observations in the infrared and optical data fromGAIA, and derived

important trends connecting mass loss rate, dust production rate, dust-to-gas ratio of the stars

with the infrared colours, properly taken as indicators of the degree of obscuration.

While the combination of near-IR and mid-IR data to study the evolved stellar population

has been so far successfully applied mainly to the MCs, recent investigations used IR data to

derive information on the evolved population of environments beyond the MCs, e.g., M33

(Javadi et al., 2017), NGC 147 and NGC 185 (Hamedani Golshan et al., 2017).

The widest, systematic and most complete survey of AGB stars in the Local Group so far

available in the literature is the DUSTiNGs survey (Boyer et al., 2015a,b, 2017; Goldman

et al., 2019; McQuinn et al., 2017), a3:6 and4:5 � m imaging survey (with a follow-up that

includes the �lters F127M, F139M, and F153M on the HST) of 50 nearby dwarf galaxies,

which searched for dusty evolved stars, spanning a large range in metal content (from about

0:2%to 8%of solar). By analysing the results from the DUSTiNGS survey, AGB stars in
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the Local Group galaxies IC1613 (Dell'Agli et al., 2016), IC10 (Dell'Agli et al., 2018a) and

Sextans A (Dell'Agli et al., 2019a) were studied, providing a characterization of the sources

observed, in terms of mass, chemical composition and formation epoch of the progenitors;

however, these studies, based on photometry results limited to wavelengths below� 5 � m,

could not bene�t of the information of the long-wavelength domain of the mid-IR �ux.

While the availability of IR photometric data allows the derivation of the extent of the

reprocessing of the radiation from the central star by dust particles, understanding the details

of the dust mineralogy and the grain size distribution of the solid particles formed in the

circumstellar envelope of the stars is possible only via the analysis of the spectral energy

distribution. In the context of AGB stars in the MCs this kind of studies can bene�t from

the data collected with theSpitzer's Infrared Spectrograph (IRS), which provided detailed

mid-IR spectral distribution of more than1000point sources in the LMC. The �t of the IR

spectra allows a wider and deeper exploration of the various factors affecting the spectral

energy distribution, in comparison to the analysis based on the different magnitudes. Early

attempts in this direction were presented by Jones et al. (2014) and Groenewegen & Sloan

(2018).

The investigation of the evolved population in the galaxies of the Local Group, and

possibly beyond, will receive a strong boost from the launch of theJWST(Gardner et al.,

2006). It will provide extensive IR data for the AGB population in a variety of environments,

different for SFH and age metallicity relation, thus revolutionizing our understanding of

the evolved stellar population in the Local Universe. The large aperture (6.5 m) and the

subarsecond spatial resolution will allow the study of resolved dusty stellar populations at

moderate and large distances, up to� 4 Mpc (Jones et al., 2017). MIRI (Rieke et al., 2015),

mounted onboard theJWST, will provide spectroscopy in the5� 28:5 � m range (Bouchet

et al., 2015), thus providing a unique opportunity to study the evolution of AGB stars and the

dust formation process in their expanding wind, in a large variety of environments.

Compared to theSpitzer's instruments IRAC and MIPS, MIRI will be more sensitive of a

factor50with an improvement in the resolution of a factor7 (from 5:8" at24� m with Spitzer

to 0:7" at21� m with MIRI, Rieke et al., 2015), as shown in Fig. 2.1. MIRI will be equipped

with 9 �lters, with central wavelengths from5:6 � m to 25:5 � m, whose transmission curves

are reported in Fig. 2.2. Some of these transmission curves are overlapped with the spectral

features related to the presence of speci�c dust species, which allows a detailed analysis

of the dust mineralogy. Therefore, it is essential to project the future works in aJWST

perspective, exploring how theJWSTspace mission will allow the characterization of the

evolved stellar populations of galaxies.
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A �rst step in this direction was achieved by Jones et al. (2017), who provided the

magnitudes of obscured M-stars in the LMC, that would be found if they were observed with

theJWST, by convolving the IRS spectra with the corresponding transmission curves of the

different �lters.

Compared to previous works, which were based on an ad hoc �tting procedure (e.g. Jones

et al., 2014), we are in the position of developing a deeper analysis here. Indeed, similarly to

the afore mentioned studies by Dell'Agli et al. (2015a, 2014b, 2015b), we will use results

from stellar evolution modelling, which will drive us through the determination of the stellar

parameters. This will allow us to characterize the various sources considered and to derive

the properties of their progenitors.

The main differences with respect to Dell'Agli et al. (2015a, 2014b, 2015b) are that we

will focus on detailed SED �tting, not only on mid-IR photometry, and, more important, the

analysis will be based on the expected magnitudes of the MIRI �lters, complemented by

IRAC and MIPS photometry.

In the following we present the sample of LMC AGB stars considered to compute this

study, the synthetic spectra constructed for this analysis and we summarize the methodology

applied in order to reach a complete characterization of the sources.

Figure 2.1 Left: faintest �ux for a point source that can be detected at SNR= 10 in a 10;000s
integration withJWST. Fluxes are given in Jy (scale on the left axis) and AB mag (right axis). Right:
detail of the left panel, in the wavelength range� � 30 � m (https://jwst.stsci.edu)

2.2 Selection of the sample

In order to explore how theJWSTspace mission will allow the characterization of the evolved

stellar populations of galaxies, we base the present work on the LMC sample of� 70 O-
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Figure 2.2Transmission curves of the MIRI �lters (Glasse et al., 2015)

rich and� 150C-rich spectra from the SAGE-Spec database at the NASA/IPAC Infrared

Science Archive, reduced by Jones et al. (2017), using the method discussed in Kemper et al.

(2010). This database includes all staring-mode observations with theSpitzerIRS taken in

the area of the sky covered by the SAGE survey (Meixner et al., 2006), which covers the

LMC in its entirety. The sample includes point sources from the SAGE-Spec legacy survey

of the LMC (Kemper et al., 2010), a spectroscopic follow-up to the SAGE-LMC project

(Meixner et al., 2006) and has been supplemented from archivalSpitzerIRS observation

within the SAGE LMC footprint (Woods et al., 2011). The detailed description of the original

target selection, the observing strategy and the techniques used in the data reduction for the

SAGE-Spec legacy programme are discussed in Kemper et al. (2010). This sample satis�es



2.2 Selection of the sample 47

all the requirements needed for the present analysis: a) a large number of evolved stars

(which allows to consider any other type of sources in the observational IR planes, e.g. PNe,

RSG, post-AGB); b) a wavelength coverage in accordance with MIRI �lters and the most

interesting dust features; c) a well-known distance.

Jones et al. (2017) classi�ed the sources of the sample by using the decision-tree classi�-

cation method by Woods et al. (2011): the primary criterion for the classi�cation was the

Spitzerspectrum itself, but it also relied on the additional information provided by the SED,

on the estimate of the bolometric luminosity and supplementary information from the litera-

ture. C-rich AGB stars are identi�ed by molecular absorption features, particularly C2H2

(acetylene) at7:5 and13:7 � m, and by the dust features at11:3 � m and30 � m, whereas

as long as the C/O ratio remains below unity, silicates are the dominant dust component in

the spectra of AGB stars, with features at10 and18 � m, either in emission or absorption

(silicate self-absorption at10 � m indicates an extreme or optically thick O-rich AGB star).

A molecular absorption at8 � m, due to the fundamental vibrational mode of SiO, is used as

a further indicator of oxygen-rich chemistry.

To study the expected distribution of the stars in the observational planes built with the

magnitudes corresponding to the MIRI �lters, we used the mid-IR magnitudes (F770W,

F1000W, F1130W, F1280W, F1500W, F1800W, F2100W, F2550W) calculated by Jones

et al. (2017), who integrated the IRS spectra of each source over the MIRI spectral response,

shown in Fig. 2.2.

For all the sources the associated broadband photometry, including optical UBVI photom-

etry from the Magellanic Clouds Photometric Survey (Zaritsky et al., 2004), 2MASS JHKS

photometry (Skrutskie et al., 2006), mid-IR photometry from IRAC (3:6, 4:5, 5:8, 8:0 � m)

and MIPS (24� m), was compiled from the SAGE catalogue (Meixner et al., 2006).

The majority of the objects in the sample covers the5� 37� m range of the low-resolution

modules of the IRS, so the �uxes for the F560W �lter are not available. For27out of the

C-rich objects and23out of the O-rich sources the spectral coverage by theSpitzer-IRS is

limited to the5� 14 � m range, therefore the mid-IR photometry beyond this wavelength

is not available. While this limited spectral coverage does not represent an issue for the

oxygen-rich stars, it does not allow the correct interpretation of the majority of C-rich spectra,

which can reach such high values of optical depth that the peak of the SED shifts up to

� 13� m (see Section 2.3). This led us to exclude the aforementioned27C-rich objects from

our analysis. In addition, there are a paucity of C-rich sources, whose SED shows a steep

rise starting from� 20� m and no decline up to the end of the spectra. We believe that these

peculiar SEDs are affected by nearby background emission, as also suggested by G�adkowski
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et al. (2019), and for this reason are not considered in the analysed sample. Therefore, the

sample of analysed C-rich sources is actually made up of 110 stars.

In some cases the IRS data deviate signi�cantly from the IRAC and MIPS photometry,

which could be an effect of variability, considering that IRS, IRAC and MIPS data were

collected in different epochs. On this regard, we share the criterion followed by Groenewegen

& Sloan (2018), that variability can account for up to a20%difference between the �uxes

derived from the analysis of the IRS SED and those found via the IRAC and MIPS magnitudes.

Otherwise, when this difference is above� 20%, we can assume that the mismatch may be

due to some issues in the data reduction. However, compared to the present work, which is

mostly focused on the analysis of the IRS spectra, the study by Groenewegen & Sloan (2018)

takes into account a more complete collection of photometric data, in terms of epochs and

wavelengths considered. For this reason, we believe more accurate relying on Groenewegen

& Sloan (2018) and scaling the IRS spectra to match the corresponding IRAC and MIPS

photometry according to their interpretation. In the cases where the IRS spectrum was not

scaled we left the MIRI magnitudes found by Jones et al. (2017) unchanged, otherwise we

recalculated the corresponding MIRI magnitudes via convolution over the MIRI transmission

curves.

The list of the stars analysed in this work is reported in Tables 4.1 and 5.1

2.3 Synthetic spectral energy distribution

For a correct understanding of the dust composition in the circumstellar envelope a detailed

analysis of the spectral energy distribution is needed, considering that the morphology of

the different spectral features is extremely sensitive to the type and the quantity of the dust

formed in stellar winds.

As anticipated in the previous section, in order to characterize the individual AGB sources

and derive the mass and formation epoch of the progenitor stars, it is crucial to interpret the

IRS data via the comparison with the sequences of synthetic spectra obtained for each model

star, corresponding to the evolutionary stages of AGB stars and to the dust formed in the

circumstellar envelope. To build these sequences, we �rst select a few points along the AGB

evolutionary sequences presented in Chapter 1, distributed among the various interpulse

phases. Typically, we pick one evolutionary stage corresponding to the largest luminosity

during the inter-pulse, before the ignition of the following TP. Towards the �nal evolutionary

phases, when the mass-loss rate rises and a signi�cant fraction of the envelope is lost during

a single inter-pulse, we select one or two points more, in order to follow in more details the

variation of the stellar properties as mass is lost from the envelope. For completeness, we
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also considered a couple of stages following the extinction of each TP, when the contribution

of the CNO burning shell accounts to 10% and 30% of the overall energy release of the star.

Based on the physical parameters attained by the star during these phases, particularly

luminosity, effective temperature, current mass, mass loss rate and surface chemical composi-

tion, we model dust formation, which allows the determination of the amount of dust formed,

the dust mineralogy, the size of the dust particles and� 10 (see Section 1.4 and the Appendix).

The last step consists in the calculation of the synthetic SED, which is done by means of

the code DUSTY (Nenkova et al., 1999), which models the radiation from a source (a star,

in this case) viewed after processing by a dusty region. The radiation from the sources is

scattered, absorbed and reemitted by the dust, and the emerging processed spectrum often

provides the only available information about the embedded objects. The code can handle

both spherical and planar geometries and offers many options for input radiation, dust types

and density distributions.

This allows us to determine the magnitudes in the various MIRI bands, via convolution

with the corresponding transmission curves, shown in Fig. 2.2.

The synthetic spectra are calculated in two steps:

1. For carbon stars, we �rst consider the region from the photosphere to the beginning of

the solid carbon formation zone. The only dust species considered in this region of

the circumstellar envelope is SiC, based on the discussion in Section 1.4.2. As input

radiation, we used the spectral energy distribution found by interpolation in surface

gravity, effective temperature and C/O ratios among COMARCS atmospheres (Aringer

et al., 2009) of the appropriate metallicity. An analogous procedure is followed

for oxygen-rich stars (see Section 1.4.1), with the difference that the only species

considered is alumina dust and the input spectrum is obtained by interpolating among

NEXTGEN atmospheres (Hauschildt et al., 1999) of the same metallicity; in this case

the computations are extended until the formation of silicates begins.

2. The spectral energy distribution obtained in step 1, emerging from the SiC or alumina

dust layer for C stars or oxygen-rich stars respectively, is used as input for the second

layer, where we consider the reprocessing of radiation by SiC and solid carbon for C

stars or alumina and silicates for oxygen-rich stars. Solid iron is considered in both

cases.

The inputs necessary to steps 1 and 2 are not assumed a priori; they are found via the descrip-

tion of dust formation in the wind, discussed in Section 1.4, which allows the determination

of the dust grain size and composition, the temperature of the region where the various dust

species form and the radial distribution of the gas density. The optical depth� 10 is determined
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by the method discussed in Section 1.4.4. To compare the �uxes observed with those found

via our spectral analysis, a distance to the LMC of 50 kpc (Feast, 1999) has been adopted.

The extinction coef�cients were found by using the optical constants from Zubko et al. (1996)

(amorphous carbon), Pegourie (1988) (SiC), Draine & Lee (1984) (graphite) and Ordal et al.

(1988) for solid iron.

While we postpone to the following sections the discussion on the evolutionary sequences

of the stars in the observational planes, according to the initial mass and metallicity, we

believe important to describe here the expected evolution of the IR emission of AGB stars,

paying particular attention to the different shapes of the SED of M-type AGBs and carbon

stars.

2.3.1 C stars

In the left panel of Fig. 2.3 we show the synthetic SEDs of a2M� star, corresponding to

three evolutionary stages, from the initial AGB phases, when dust has just begun to form and

� 10 = 0:03, to the �nal phases, shortly before the post-AGB evolution, with� 10 = 2:7.

Figure 2.3Variation of the expected SED during 4 different stages of the AGB evolution of a star
of 2M� , when considering only solid carbon and SiC (left) and when also graphite and MgS are
considered (right). The 4 phases are characterized by different optical depths, indicated in the three
panels. In these examples the number density of the seeds of amorphous carbon dust relative to
hydrogen is assumed10� 13, whereas the density of the seeds of the other dust species are scaled with
respect to amorphous carbon according to the percentages given in the two panels. Panels b1 and b2
show the transmission curves of MIRI �lters in el. sec-1.
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We observe the gradual shift of the peak of the SED, from� 3 � m to � 13 � m, as a

consequence of the rise in� 10, in turn related to the accumulation of12C in the surface

regions of the star (see Chapter 1). A further effect of the increase in the optical depth is the

very large IR emission during the �nal AGB phases (note that the luminosity is not playing a

role here, as it keeps approximately constant during the whole C-star lifetime).

The feature at11:3 � m due to the reprocessing of radiation by SiC particles can be

clearly seen, particularly in the lowest� 10 models. The SiC feature initially becomes more

prominent as� 10 increases, because of the rise in the density of SiC grains in the out�ow;

in the� 10 = 2:7 SED, shown in Fig. 2.3, the SiC feature is in absorption and can be hardly

detected. The non-linear behaviour of the morphology of the SiC feature with� 10 prevents

a straight use of the F1130W �ux as a� 10 indicator, as will be discussed in the following

chapters.

The right panel of Fig. 2.3 shows how the results shown in the left panel change when

small quantities of graphite and MgS are introduced in the dust mixture. While a detailed

discussion on the formation of these species in the wind of carbon stars is postponed to

the following chapters, we note the signi�cant bump in the� 25� 30 � m spectral region,

connected with the presence of MgS.

2.3.2 M stars

From the discussion in Section 1.4 we know that in the context of M stars signi�cant dust

quantities are produced byM � 2M� stars, in the phases previous to the achievement of the

C-star stage, and by massive AGB stars, after the beginning of HBB. We discuss these two

cases separately.

Low-mass stars evolve as M-type for most of their AGB life, until they become carbon

stars. _Md becomes higher and higher during the AGB phase, because the gradual loss

of the envelope and the general cooling of the external regions favour the increase in the

mass loss rate (see Section 1.2.2). The infrared emission in the SED of these objects thus

increases during the M-stage. This is shown in panel a1 of Fig. 2.4, that shows the expected

evolution of the SED of a star of initial mass1:5M� during the M-phase; the different lines

correspond to four evolutionary stages, from the initial AGB phases, when dust formation

is inef�cient, to the phases immediately before the achievement of the C-star phase, when

the optical depth is� 10 � 0:1. The increase in the amount of dust formed makes the SED

of the star to exhibit two prominent features, at9:7 � m and18:7 � m, associated to the

presence of silicates. Furthermore, the SED in the whole mid-IR region of the spectrum

is lifted. Panel a2 of Fig. 2.4 shows a sequence of SEDs of the same1:5M� model star,

taken during the phases after the carbon star stage is reached. As already seen for the
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Figure 2.4The expected variation of the SED during 4 evolutionary phases of the AGB evolution of
a star of initial mass1:5M� (a1 and a2) and5M� (a3). For clarity's sake, a1 shows only the M-star
stage of the1:5M� model star, whereas the phases after the carbon star stage is reached are shown on
a2. The 4 phases are characterized by different optical depths in the three panels. Panels b1 b2 and b3
show the transmission curves of MIRI �lters in el. sec-1.

stars represented in Fig. 2.3, we can notice that: a) the peak of the SED gradually shifts to

longer wavelengths, with a signi�cant enhancement of the continuum emission owing to the

increasing production of carbon dust; b) the silicates features disappear, giving way to those

associated to carbonaceous dust1.

The stars that reach the highest_Md during the M-stage are those that experience HBB

(see Fig. 1.15), the progeny ofM > 4M� stars. As shown in the right panel of Fig. 1.3,_Md of

this class of objects increases during the �rst part of the AGB evolution, until the maximum

luminosity and mass loss rate is reached, then decreases when the ef�ciency of HBB starts to

diminish. According to our modelling the largest optical depths attained are of the order of

� 10 � 1 (Dell'Agli et al., 2015b). Panel a3 of Fig. 2.4 shows the expected evolution of the

SED of a5M� star, from the beginning of the AGB phase (red line), until the point of the

highest obscuration, reached in conjunction with the largest luminosity (orange).

It is clear from bottom panels of Fig. 2.3 and 2.4 that mid-IRJWST�lters cover spectral

regions partly or fully overlapped with the afore mentioned features.

As it will be discussed in detail in Chapters 3-5, the changes in the SED of these

three classes of objects, namely carbon stars, massive and low mass M-stars, allow the

determination of the general obscuration patterns traced by these sources in the different

observational planes, that are useful to characterize the evolved stars in the LMC and in other

galaxies.

1Note that in this case we took into account both MgS and graphite
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2.4 Characterizing the sample: a methodology to deter-

mine the AGB stars progenitors and their dust produc-

tion in the JWSTdiagrams

To determine theJWSTobservational diagrams most suitable for the analysis of the AGB

populations we need to characterize the individual sources distributed in these planes. To

this aim we adopt a two steps methodology, based on the AGB + dust modelling and on a

detailed analysis of SED morphology.

We �rst characterize the individual sources based on the comparison between their

position in the observational planes and the path traced by the evolutionary tracks, calculated

by convolving the synthetic SEDs, presented in the previous section, with the transmission

curves of the MIRI �lters. The identi�cation of the synthetic SED that best reproduces the

IRS spectrum leads to a robust derivation of the luminosity and of the optical depth of each

source, which are essential ingredients to deduce the mass of the progenitors and the current

AGB phase they are evolving through. The availability of the photometric data, in particular

for the near-IR wavelengths, co-operates in the determination process, further constraining

the slope of the SED and its reddening. Moreover, the comparison with the periods, when

available, with the theoretical estimates based on the expected variation of the mass and

luminosity of the model stars, provides a further check to make the characterization of the

single source more robust.

The second step consists in a re�nement of the details of the dust mineralogy by the tight

comparison between the IRS spectra and the synthetic SEDs, corresponding to the individual

points along the tracks. From the analysis of the slope of the SED and the shape of the

spectral features, we derive crucial information on the dust composition in the out�ow, which,

in turn, allows a better understanding of the dynamics of the wind and of the dust formation

process. Moreover, the interpretation of the observations fromJWSTrequires the knowledge

of the dust species in the circumstellar envelope, since most of the mid-IRJWST�lters cover

spectral regions partly or fully overlapped with the afore mentioned features (see Fig. 2.3

and 2.4).

The search for the parameters allowing the best �t of the SED of the individual sources

was done by eye for each star. We did not use any automatic procedure, despite being less

time-consuming, because in the present context the priority is the correct reproduction of the

whole SED.

Applying this methodology to the entire sample, we provide a full characterization of the

individual sources and their dust production with an unprecedented accuracy. The results
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obtained from the detailed inspection computed with this procedure are presented in the

following chapters, starting from two groups of peculiar objects identi�ed in this study for

the �rst time



3 Peculiar sources in the LMC: form their
SEDs to their origins

The launch of theJWSTwill undoubtedly open new exciting opportunities to the research

focused on AGB stars, on their evolutionary properties, on the gas and dust yields, on the

role which they play in the evolution of their host system.

Taking bene�t of this important opportunity demands the capability of interpreting the

JWSTobservations, being able to characterize the evolved stars detected on the basis of

their colours and magnitudes, in order to reconstruct their past history, primarily mass and

formation epoch of the progenitors, and to derive relevant information, such as the current

dust production rate.

As described in Chapter 2, such a study is made possible by the combination of the

results from stellar evolution and dust formation modelling and of the huge dataset of spectra

of AGB stars collected in the last decades, which leads to the setting of a decision-tree,

presented by Woods et al. (2011), commonly adopted to disentangle C- from M-stars and,

more generally, to identify AGB stars with different properties in relation to the mineralogy

of the dust in their circumstellar envelope.

Before entering the general discussion on the expected distribution of stars of different

mass and evolutionary status on the observational planes built with the mid-IR magnitudes of

the MIRI �lters, we believe important to discuss the properties of some stars in the sample

described in Section 2.2 characterized by a spectral energy distribution that cannot be framed

in the scheme proposed by Woods et al. (2011).

These peculiar objects, identi�ed in the present work, can be broadly classi�ed into two

distinct groups: AGB sources surrounded by iron dust and stars with dual-dust chemistry

composition.

In the following we will discuss their origin, the properties of their progenitors, the

possible criterion for their identi�cation and the information we can draw from their presence

about the SFH of the host system.
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3.1 Stars surrounded by iron dust in the LMC

A few M-stars in the LMC exhibit a peculiar SED, which cannot be explained within the

commonly assumed framework, discussed in Section 1.4, that silicates are the dominant dust

species formed in the wind of M stars.

Our analysis of these objects is driven by the changes in the surface chemical composition

of AGB stars, particularly the evolution of the surface abundance of the chemical species

involved in the formation of the main dust compounds produced in the wind of M stars. Based

on the behaviour of silicon, magnesium and oxygen, we offer an innovative interpretation,

suggesting that the dust in the circumstellar envelope of these objects corresponds to a rather

unusual mineralogy, where solid iron is the dominant dust species.

The formation of dust mainly composed by solid iron particles in the winds of metal-poor,

evolved stars �nds support from independent observational evidences: McDonald et al. (2010,

2011) studied 14 metal-poor ([Fe/H]= � 1:91dex to� 0:98dex) giant stars (including AGB

stars) in the Galactic globular cluster! Centauri and found that metallic iron dominates dust

production in metal-poor, oxygen-rich stars; Kemper et al. (2002) found that metallic Fe is

supposedly dominating the near-infrared �ux of the M star OH 127.8+0.0. Taken together,

theory and observations seem to create a picture where metallic Fe is a natural constituent of

AGB winds. The results presented in this chapter reinforce this picture.

We �nd that the conditions required to produce such a peculiar dust composition are

achieved only by stars within a narrow range of ages and metallicities; therefore, the results

presented here, if con�rmed, can be used as an independent identi�er of chemical composition

and formation epoch of the sources observed. These �ndings will be important for the

analysis of the soon-to-be results from theJWSTmission, particularly when studying galaxies

dominated by a metal poor stellar component.

3.1.1 Iron dusty AGB stars in the LMC

Fig. 3.1 shows the distribution of the M stars in the sample described in Section 2.2 in the

colour-magnitude (F770W-F2550W, F770W) plane (hereafter in this chapter CMD). We will

see that the position of the stars in this plane allows the best discrimination of the mineralogy

of the dust present in the circumstellar envelope, as the relative distribution of the various

dust species mostly affects the details of the shape of the SED in the region covered by the

MIRI �lter centred at7:7 � m. In this plane we show the evolutionary AGB sequences of

stars of initial masses4M� and6M� , with Z = 0:008, the metallicity shared by the majority

of the stars in the LMC younger than 200 Myr (Harris & Zaritsky, 2009). The evolutionary
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Figure 3.1The distribution of the M-stars sample described in Section 2.2, indicated by grey squares,
in the colour-magnitude (F770W-F2550W, F770W) plane. Blue squares refer to the group of stars
discussed in the present chapter. Green points and orange triangles indicate the synthetic colours
assumed by stars of metallicityZ = 0 :008and mass, respectively,4M� and6M� , during the AGB
evolution. Magenta diamonds refer to the evolution of a5M� star of metallicityZ = 0 :001before the
achievement of the C-star stage.
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Figure 3.2The comparison between the observed IRS spectra (in black) and the synthetic SED (in
red), obtained by assuming different luminosities and percentages of the various dust species, for
three stars in the LMC, interpreted as low-metallicity massive AGBs (see text for discussion). Blue
diamonds refer to IRAC [3.6], [4.5], [5.8], [8.0] photometry. The green, dashed line in the middle
panel refers to a synthetic SED, calculated assuming iron-free dust around the star.

paths in the �gure can be explained by the signi�cant production of silicates which starts

after the beginning of HBB (Dell'Agli et al., 2015b; Ventura et al., 2012). The tracks �rst

move to the red, almost horizontally, owing to the gradual rise of the mid-IR �ux as the

circumstellar envelope becomes more and more opaque. The progressive increase in the rate

of dust production eventually favours the formation of a prominent silicate emission feature

at9:7 � m, which lifts the �ux in the7:7 � m region, thus provoking a vertical upturn in the

tracks (see Fig. 2.4)

Here we focus on the group of stars populating the left region of the CMD, located at

F770W-F2550W� 1:4, F770W� 7:5� 8, not covered by the tracks ofZ = 0:008stars. These

objects, indicated with blue squares in Fig. 3.1, exhibit a very peculiar SED; Fig. 3.2 displays

three illustrative examples. The9:7 � m feature in the SED indicates the presence of silicate

type dust. On the other hand, the steep rise of the SED for wavelengths shorter than8 � m

cannot be reproduced if we assume that most of the dust is composed of silicates. This is

shown in the middle panel of Fig. 3.2, where we report the SED obtained assuming the same

luminosity of the best-�t model, an optical depth chosen to reproduce the morphology of

the silicate feature, and iron-free dust: the comparison with the observed SED clearly shows

that the overall SED, both in the spectral region� < 8 � m and at the mid-IR wavelengths

� > 12� m; does not match the observations.

Before presenting our interpretation on the evolutionary status of these objects, we deem

appropriate to brie�y recall the most relevant physical and chemical properties of stars with

metallicity Z = 0:001evolving through the AGB phase, already discussed in Section 1.3,

with a speci�c look at the analysis presented in this chapter.
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3.1.2 Evolution and dust production of metal-poor, massive AGB stars

Considering stars of initial massM > 3M� , which experiment HBB, we showed in Section

1.2.3 that, on general grounds: a) the higher the mass the stronger the HBB activated; b) the

strength of HBB is extremely sensitive to the metallicity, with lowerZ stars experiencing a

more advanced nucleosynthesis at the base of the envelope (Dell'Agli et al., 2018b; Ventura

et al., 2013).

Figure 3.3The variation of the main physical and chemical properties of stars of metallicityZ = 0 :001
and initial mass4M� (black lines),5M� (red) and6M� (blue), during the AGB phase. Times on
the abscissa are counted since the beginning of the thermally pulsating phase. The left and middle
panels show, respectively, the variation of the luminosity and of the surface mass fractions of16O
(solid) and24Mg (dashed). The right panel, which refers to the5M� model, shows the AGB variation
of the main quantities relevant to dust production, namely the number densities of silicon (red),
magnesium (black), iron (blue, dashed) and water molecules (green), the latter being given by the
oxygen excess with respect to carbon and silicon; all the four quantities are normalized to the number
density of hydrogen. We mark the three AGB phases during which dust in the circumstellar envelope
has the following composition: a) mainly silicates; b) a dominant solid iron contribution with traces
of silicates and alumina dust; c) no silicates formation is possible, due to lack of water molecules.
Grey shading in the left and right panels indicate the AGB phases of the5M� star corresponding to
phase (b).

Fig. 3.3 shows the evolution of the luminosity (left panel) and of the surface mass

fractions of16O and24Mg (middle panel) of AGB stars of mass4, 5 and6M� and metallicity

Z = 0:001. The ignition of HBB is witnessed by the drop in the surface abundances of

oxygen and magnesium, a signature of the activation of full CNO cycling and of the Mg-Al-

Si nucleosynthesis. As showed in Section 1.2.3, the strength of HBB is sensitive to the mass

of the star. Indeed, the4M� star experiences only a soft HBB, with the depletion of oxygen

being limited to a factor of� 2, occurring only during the very late AGB phases; conversely,

in 5� 6M� stars, a signi�cant depletion of both oxygen and magnesium takes place since

the early AGB phases.
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The ignition of HBB provokes the destruction of the surface carbon, leaving no space for

the formation of carbonaceous particles. This was discussed in Section 1.4.1, where we also

showed that under these conditions the most stable dust species are alumina dust and silicates.

We showed in Section 1.4.1 that in the wind of M stars, in addition to the more stable species,

alumina dust and silicates, also solid iron particles can form in modest quantities, in more

external and less dense environments (FG06).

Among silicates, we only take into account olivine, whose formation occurs via a reaction

involving SiO and water molecules and magnesium atoms (see Table 1.3); consequently, the

amount of Mg2SiO4 which can be formed is constrained by the number densities of silicon

and magnesium, and by the excess of oxygen with respect to carbon and silicon (FG06). As

far as there are magnesium and oxygen available, silicates are the most abundant dust species,

because the surface content of silicon and magnesium are higher than aluminium and iron.

The right panel of Fig. 3.3 shows the variation of the three aforementioned number

densities and iron during the AGB evolution of the5M� star. All the quantities are normalized

to the hydrogen density. We can distinguish 4 phases.

1. In the initial AGB phases the surface magnesium is in excess of silicon, thus the rate of

formation of silicates is constrained by the silicon abundance; in this regime the least

abundant among the species involved in the formation reaction of olivine are the SiO

molecules.

2. The ignition of HBB provokes the depletion of the surface Mg, thus the key species for

the formation of silicates is magnesium; the dust formed is still dominated by silicates.

3. The action of HBB eventually makes the Mg/Fe ratio to drop below unity; in these

conditions the formation of silicates is severely reduced, thus leaving room for the

formation of solid iron dust.

4. During the �nal AGB phases the surface oxygen mass fraction becomes so small that

the star becomes a C-star. The surface C is so low that iron dust is expected to be the

dominant species anyway.

These results show that dust production in low-Z, massive AGB stars can deviate from the

common assumption that silicates is the dominant species, rather indicating that during the

advanced AGB phases, after the effects of HBB have severely modi�ed the surface chemical

composition, there is wide room to the formation of iron grains.

Formation of metallic Fe in AGB atmospheres seems plausible from the expected con-

densation temperature (similar to that of silicates) at gas pressures typical of circumstellar

environments (Gail & Sedlmayr, 1999, FG06).
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Laboratory experiments have shown that metallic Fe condenses almost ideally under

high supersaturation conditions, and evaporates nearly ideally in vacuum (Tachibana et al.,

2011). However, metallic Fe does not necessarily nucleate homogeneously in circumstellar

environments, but likely through heterogeneous nucleation on pre-existing dust, e,g., the

highly stable Al2O3. For a supersaturation ratioS > 1, the condensation and evaporation

ef�ciencies are almost equal (Tachibana et al., 2011), which means thatS > 1 is in principle

suf�cient to grow metallic Fe. Thus, if silicate formation is suppressed due to low Mg

abundance, metallic Fe can form and grow since ef�cient evaporation is essentially prevented

in the presence of metallic iron vapour.

3.1.3 Understanding iron-dusty stars

Fig. 3.1 shows that the position of most M stars in the sample is reproduced by the evolu-

tionary AGB tracks of stars of initial masses4M� and6M� , with metallicity Z = 0:008:

therefore, they can be explained within the traditional understanding, that dust formation

around O-rich AGB stars is mainly composed by silicates, with little traces of alumina dust.

On the other hand, the colours and magnitudes of the peculiar stars, indicated with blue

squares in Fig. 3.1, are not reproduced by theZ = 0:008tracks. As discussed previously, and

shown in Fig. 3.2, their SED cannot be reproduced if we assume that silicates are the main

dust species.

We propose that the dust formed in the wind of these peculiar objects is mainly composed

by iron grains. Indeed, Fig. 3.2 shows that a highly satisfactory �t of the observed SED

is obtained by assuming� 70� 80%of solid iron, with smaller percentages of silicates

(� 15� 20%) and alumina dust (� 5%). We suggest that these stars descend from metal-poor

progenitors with initial masses� 5� 6M� , formed� 100Myr ago. We already pointed out

in Section 1.3 that the presence of a recent low-Z star formation activity is compatible with

the SFH and the age-metallicity evolution of the LMC computed by Harris & Zaritsky (2009).

The particular mineralogy of the dust in the envelope of these objects is determined by the

action of HBB, which, as described in the previous section, partly inhibits the production of

silicates.

The evolutionary track of the5M� star discussed in Fig. 3.3 is shown in Fig. 3.1. During

the �rst part of the evolution, corresponding to the phases 1 and 2 above, the path followed is

similar to the higher-Z, massive AGBs: the track moves to the red, owing to the formation of

silicates in the circumstellar envelope. However, when iron takes over as the dominant dust

species (point 3 above, grey-shaded region in Fig. 3.3) the track moves to the left, entering

the region populated by the stars analysed in the present investigation. According to these



62 Peculiar sources in the LMC: form their SEDs to their origins

results, all the stars in the regions of the CMD at F770W< 7 are massive AGBs of metallicity

Z � 0:004.

Only low-Z stars of massM > 4M� evolve through a phase dominated by iron dust,

because the HBB experienced by lower mass objects is not suf�ciently strong to trigger a

signi�cant decrease in the surface Mg and O (see middle panel of Fig. 3.3). The constraint

on the initial mass is fully consistent with the luminosities required to reproduce the overall

SED, of the order of50000L� (see grey-shaded areas in the left and right panels of Fig. 3.3).

This interpretation is con�rmed by the observed periods of the sources discussed, which

are in the range600� 640d (Fraser et al., 2008; Groenewegen & Sloan, 2018): these are the

same periods expected for the5M� star when evolving through the phase dominated by iron

dust (grey-shaded regions in Fig. 3.3), calculated by applying eq. 4 in Vassiliadis & Wood

(1993).

We rule out that the metallicity of the sources considered here is aboveZ > 0:002because

the HBB experienced is not suf�ciently strong to allow a signi�cant O and Mg depletion in

the surface regions (Ventura et al., 2014).Z � 0:001represents the lowest metallicity that

dust around M stars is currently observed to be forming at (Boyer et al., 2017).

The stars discussed here populate a speci�c region in the CMD; this opens the way to

the de�nition of a criterion to identify metal-poor stars exposed to HBB in samples of AGB

sources, which will be extremely important to interpret the data from theJWSTspace mission.

The inhibition of silicate production, which is related to the lack of magnesium, con�rms that

very low-Z, massive AGB stars experience strong HBB at the base of their envelope, thus

suggesting that convection is extremely ef�cient in those physical conditions, far in excess of

what is required to reproduce the evolution of the Sun.

3.2 Dual-dust evolved stars in the LMC

The sample of LMC stars analysed in the present work encompasses a further group of

sources that, similarly to the stars surrounded by iron dust, are characterized by a peculiar

spectral energy distribution that shows up the presence of a featureless dust species, in

addition to silicates. Unlike the objects discussed in the previous section, we will rule out

that they are surrounded by iron dust.

Indeed, while the9:7 � m feature arises from silicate particles, the whole infrared data

suggest they are characterized by a dual-dust chemistry, surrounded by an internal dust layer

and an external shell, populated, respectively, by carbonaceous particles and silicate grains.

The idea that AGB stars with dual-chemistry exist was proposed independently by

Willems & de Jong (1986) and Little-Marenin (1986), after the detection of objects that
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showed clear absorption bands from carbon-rich molecules in their optical and near-IR

spectra while showing silicate emission in the mid-IR. The possible presence of such systems

is challenged by the expansion of the outer silicate-rich layer, to the point where the silicate

feature is no longer detectable (Chan & Kwok, 1988). On the other hand, the formation

of a disc, possibly related to the presence of a companion, might prevent the escape of the

external silicate shell (Lloyd Evans, 1990). Here we try to identify the physical conditions

and the evolutionary phases allowing the formation of this class of objects.

These �ndings will be also important to identify dual dust chemistry stars in samples of

evolved stars in galaxies.

Figure 3.4 Distribution of the sample of M-stars in the LMC described in Section 2.2, indicated
by grey points, in the colour-colour (left panel) and in the colour-magnitude diagrams (middle
panel). Blue open diamonds and red full triangles indicate the two groups of stars discussed in the
present paper. The black lines indicate a theoretical reddening sequence of M-stars, assuming a dust
composition made up of silicates, alumina dust and solid iron. Typical values of the optical depth
at 1 � m and the position of the sources SSID 8 and SSID 4595 are indicated. In the right panel is
shown a diagram with a colours combination able to clearly separate the stars among the two groups
described in Sections 3.3 and 3.4. Magnitudes come from (Zaritsky et al., 2004).

The left panel of Fig. 3.4 shows the distribution of the stars in the sample considered

in this work in the colour-colour (F770W-F2550W,K S-F770W) plane. The stars trace a

reddening sequence, up to colours F770W-F2550W� 3 andK S-F770W� 6. A reddening

path is also present in the colour-magnitude (K S-F770W, F770W) diagram (see middle panel

of Fig. 3.4).

The stars highlighted with coloured symbols fall off the reddening sequences. This is

particularly evident in the middle panel, where these sources de�ne a vertical sequence below

the main reddening pattern, atK S-F770W� 2:5� 3:5.

As for the stars discussed in Section 3.1, the peculiar position of these objects in the

observational planes is due to their SED: while the9:7 � m feature indicates the presence
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of silicates, the continuum in the� < 8 � m region suggests the presence of a featureless

dust species. The two most plausible options are solid iron and amorphous carbon, given the

low stability and the small abundances of other species. A dominant contribution from solid

iron to the overall extinction was explored in Section 3.1 in the context of low-Z, massive

AGB stars, in which strong HBB inhibits the formation of silicates, via the destruction of the

surface oxygen and magnesium. This possibility can be ruled out in the present case, because

the luminosities of the stars analysed here, below104L� , are much smaller than those typical

of the stars undergoing HBB, above2� 104L� (see left panel of Fig. 3.3). Therefore, we will

base our analysis on the hypothesis of the presence of a dust layer composed by amorphous

carbon. In the following we divide these stars into two groups, according to the morphology

of their SED, derived from IRS and photometric data. This classi�cation can be appreciated

in the colour-colour diagram (I � K S,K S-F770W) shown in the right panel of Fig. 3.4, in

which these two groups clearly separate from each other.

3.3 A class of post-AGB stars

The sources plotted with blue open diamonds in Fig. 3.4 exhibit a short-wavelength peak, at

� 0:4� 0:6 � m, and two features, at9:7 � m and18� m, that reveal the presence of silicates.

An example is shown in the right panel of Fig. 3.5. The SED indicates a post-AGB nature,

because the effective temperatures deduce from SED �tting are above� 5000K.

We propose that these post-AGB stars descend from1:2 � M=M � < 2 progenitors. A

nice �t of the observed SED (see right panel of Fig. 3.5) is obtained by assuming the presence

of two dusty layers: the more internal is composed by carbon dust, whereas the more external

hosts mainly silicate particles. A similar explanation was invoked by Bunzel et al. (2009) to

interpret the SEDs of Galactic O-rich post-AGB stars (heavily obscured and showing strong

silicate absorption) although their peculiar SEDs could be �tted with pure silicate dust when

including very large and cold grains (R. Szczerba 2019, priv. comm.); a possibility that we

rule out for the signi�cantly less obscured stars discussed here.

Based on the discussion in Section 1.3, we believe that the two dust layers formed just

before and after the last TP, when the transition from M-star to C-star occurred. Indeed, these

stars produce oxygen-rich dust for most of their life on the AGB, but the phases following the

last TP, when they produce carbonaceous dust. The change in the dust mineralogy associated

with the occurrence of the TP set the conditions for the presence of two dusty shells, with

amorphous carbon and silicate dust. These results indicate that the hypothesis that a late TP

converts an M-star into a C-star, proposed by Perea-Calderón et al. (2009) to explain the dual
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Figure 3.5The comparison between the observed IRS spectra (in black) and the synthetic SED (in
red) of the stars in the LMC sample described in 2.2: SSID 8 (left panel, see Fig. 3.4) and SSID
4595 (right). Blue diamonds showSpitzerphotometry from Meixner et al. (2006) and optical + near
IR data, available in the literature. The grey line in the right panel refers to SSID 111, classi�ed as
a post-AGB stars from Woods et al. (2011). In both panels we report the luminosity and effective
temperature of the star, and the following parameters for the internal and outer dust shells: optical
depth (at10 � m), dust temperature, dust composition and distance from the central star. For SSID 8
we modelled the emission from the central star with a COMARCS atmosphere corresponding to the
best-�t effective temperature, while for SSID 4595 we used a black body spectrum.

chemistry phenomenon in Galactic bulge planetary nebulae, is indeed a common behaviour

of all the stars formed between 1 and 4 Gyr ago.

This interpretation is supported by the luminosities required to reproduce the SED, in the

range5� 10� 103L� , in agreement with the post-AGB luminosities reported in Fig. 1.12.

This understanding is in agreement with the fact that only one source shows a 90-day period,

and the other 7 show no signs of variability (Jones et al., 2017). A further probe for this

interpretation comes from the presence of a weak PAH-like emission feature at6:3 � m in a

post-AGB star in our sample (SSID 4547), con�rming the presence of C-rich material and

the classi�cation as post- AGB stars1.

The presence of these stars in the AGB sample is due to the criterion followed to

distinguish AGB from post-AGB stars, discussed by Woods et al. (2011) (see their Fig. 3).

Post-AGB stars are commonly identi�ed by the presence of two distinct peaks in the SED,

1A few PNe with a similar dual-dust chemistry (i.e., PAHs + amorphous silicates) have been observed in
our Galaxy (e.g. Perea-Calderón et al., 2009). Curiously, their6:3 � m feature is always the strongest one, as
seen in our star SSID 4547
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located in the� < 1 � m portion of the spectrum and at9:7 � m, separated by a clear minimum

in the SED at� 2 � m. The presence of carbon dust affects signi�cantly the shape of the

SED in the1� 8 � m region, preventing the appearance of a minimum, making the SED very

similar to a M-type AGB.

The Milky Way is known to host dual chemistry PNe (García-Hernández & Górny, 2014;

Gutenkunst et al., 2008; Guzman-Ramirez et al., 2011) and post-AGB stars (Cerrigone et al.,

2009; Molster et al., 2001; Waelkens et al., 1996); however, no dual chemistry PNe or post-

AGB stars have been previously detected in the MCs (Bernard-Salas et al., 2009; Stanghellini

et al., 2007), which could pose a problem to the present suggestion of the existence of dual

chemistry post-AGBs. However, this might be just a consequence of small-number statistics

given the low number of PNe that has been observed in the MCs in the infrared compared

with the number of AGBs stars.

3.4 Faint, dusty AGB stars

The SED of the stars indicated with red full triangles in Fig. 3.4 show evidence of cool dust,

with a peak at9:7 � m, revealing the presence of silicate grains. The left panel of Fig. 3.5

shows an example of these spectra. The luminosities deduced from SED �tting fall in the

range2� 4� 103L� .

Obscured M stars are produced either fromM > 3M� stars experiencing HBB or to

low mass stars (initial masses below� 1:5M� ) evolving through advanced AGB phases,

before becoming carbon stars. Both explanations are not plausible in this case, because the

luminosities would be much in excess of those observed. Furthermore, we have not found a

way of reproducing the SED in the4� 8 � m region, without assuming signi�cant amounts

of carbon dust.

As it is noticeable in Fig. 3.6, which shows the evolution of the luminosity of the1:2M� ,

1:5M� and2M� stars during the AGB evolution, the luminosities given above are compatible

with the post-TP phases of low-mass stars. During these phases dust formation stops, because

the drop in the mass loss rate provokes a signi�cant decrease in the density of gaseous

particles available to condensation.

We propose that these stars have reached the C-star stage via a TDU episode that

followed the previous TP, and are currently evolving through a post-TP, low-luminosity phase.

Similarly to the post-AGB stars discussed earlier in this section, we reproduce their SED by

two dusty layers, with a more internal zone, populated by carbonaceous particles, and an

outer region, with silicate grains. As shown in the left panel of Fig. 3.5, the synthetic SED

obtained with these assumptions reproduces the IRS and photometric data well. Both dusty
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layers are cool, in agreement with the expectation that dust formation is halted during these

low-luminosity phases.

Figure 3.6The evolution of the luminosity during the AGB evolution of stars of initial masses1:2M�

(black line),1:5M� (blue) and2M� (orange).

The source shown in the left panel of Fig. 3.5 was studied by Groenewegen & Sloan

(2018), who tried to �t its SED by adopting a single silicate dust shell. As shown in the

two bottom left panels on page 77 of that paper, some signi�cant differences between the

observed SED and the best �t exist. The dual-dust chemistry model, compared to the single

silicate dust shell, agrees better, particularly in the location of the primary peak and in the

�ux in the � > 15� m domain.

According to our interpretation the two groups of stars discussed in Section 3.3 and 3.4

have a common origin, as all of them descend from progenitors of mass1M� < M < 2M� ,
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consistent with the episode of star formation that the LMC experienced3� 5Gyr ago (Bertelli

et al., 1992). They are characterized by a dual dust chemistry, being surrounded by a dust

layer composed of carbonaceous particles, and a more external zone, harbouring silicates,

alumina dust and solid iron.

The presence of amorphous carbon, a featureless species, renders the SED of these

objects signi�cantly different from stars of similar optical depth and luminosity surrounded

by O-bearing dust species only.

We believe that the dual-dust chemistry originates from the transition to a C-rich photo-

sphere during the �nal phase of life on the AGB. If this understanding is correct, we would

expect these stars are C-rich, with a surface C/O not far in excess of unity.

Optical and/or NIR high-resolution spectroscopy would be valuable to con�rm or disre-

gard the present interpretation. If con�rmed, the results presented in this paper suggest that

evolved stars with dual chemistry are expected to be found in galaxies where signi�cant star

formation in the epochs1� 4 Gyr ago occurred. Their identi�cation will be possible in the

context of theJWSTmission, considering that they occupy speci�c regions in the various

observational planes.

With this results we completed the revision of the sample of AGB stars in the LMC,

giving a new classi�cation of the stars showing some peculiarities in their spectrum. After

the two main groups of AGB stars, M-stars and carbon stars, have been rede�ned, it is now

possible to carry out the overall characterization of the sample of AGB stars in the LMC,

which will be discussed in the following chapters, the �rst dedicated to the oxygen-rich

sources, while the �nal one is focused on the interpretation of the carbon-rich stars.
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The discussion presented earlier in the present work outlined that stars begin the AGB phase

as M-type stars, then, in a way that depends on the initial mass and chemical composition,

they can become carbon stars.

The differences between these two classes of AGB stars concerns not only the molecular

species formed in the surface regions, which affect the spectral energy distribution in the

optical and near-IR wavelengths, but, more important, the mineralogy of the dust formed

in the out�ow, which re�ects into the IR emission in the mid-IR, and the dust features

characterizing the SED.

Important differences also distinguish the evolutionary properties of M- and C-stars,

considering the reaction of the external regions of the stars to the achievement of the C-stage,

discussed in Chapter 1, and the consequences for the evolution of the star in the following

phase.

Based on these arguments, we decided to discuss separately the characterization of the

stars and the choice of the observational planes most suitable to their study for either groups.

In this chapter we focus on the oxygen-rich AGB sources in the sample presented in Section

2.2, listed in Table 4.1.

A detailed care is devoted to understand the planes where the different classes of the

sources observed can be easily distinguished and where the obscuration trends for oxygen-

rich stars are most clearly de�ned. This step is crucial to set up a methodology that will be

extended to the galaxies in the Local Group, once theJWSTdata will become available. The

discussion presented here are based on the AGB evolution models described in Chapter 1,

which include the description of dust formation in the circumstellar envelope.

As a starting point we consider three observational planes proposed by Jones et al. (2017),

obtained by combination of the MIRI F770W, F1000W, F1500W and F2100W magnitudes.

To explore the potentialities offered by the combination of near-IR and mid-IR photometry,
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Figure 4.1 The distribution of the LMC stars belonging to the sample described in Section 2.2 in
various observational planes, built with different combinations of the �lters of the MIRI camera and
2MASSK S �lter. The values of the magnitudes have been obtained by convolvingSpitzerIRS data
with the transmission curves of the various �lters. For the stars indicated with open points, the IRS
data were truncated to� 14:2 � m; in these cases we used the MIPS [24] magnitude, when available,
as a rough estimate of F2550W, as the difference between them is only a few hundredth of magnitudes.
The different symbols refer to the various classes of objects, according to the legend reported in the
top, left panel. Among these, grey triangles indicate sources for which we could not provide a reliable
interpretation on the basis of their SED. The solid and dashed lines indicate the reddening sequence of
low-mass, oxygen-rich AGB stars and of massive AGBs experiencing HBB, respectively (see Section
4.2 and 4.3 for details). The black points along the two sequences refer to typical values of the optical
depth� 10, which are indicated in the top, left panel.
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we also consider the (K S-F770W, F770W) plane (see Dell'Agli et al., 2016, 2019a, 2018a,

for a discussion on the advantages of using near- and mid-IR photometry).

The distribution of M-type AGBs in the 4 planes is shown in Fig. 4.1.

We follow the approach described in Section 2.4 to characterize the individual sources

and the details of the dust present in their surroundings. To make our conclusions more robust,

we will compare the OGLE periods of the stars (Soszyński et al., 2009), when available, with

the theoretical estimates, based on the expected variation of the mass and luminosity of the

model stars. The distribution of the AGB sources in the OGLE period vs luminosity plane is

shown in Fig. 4.2.

In the following sections we present our interpretation of the M-type AGB sample, with

the different sources grouped into various sub-samples, each characterized by a speci�c

combination of evolutionary and dust properties and by the quantity and mineralogy of the

dust particles in the circumstellar envelope.

4.1 Scarcely obscured, dust-free stars

The stars indicated with orange pentagons in Fig. 4.1 show no trace of dust in their surround-

ings. The SED of these objects can be safely reproduced by assuming optical depths close

to zero, indicating a negligible degree of obscuration. Based on the luminosities obtained

by SED �tting, we deduce that this group of sources is mainly composed by low-mass stars,

that have not reached the C-star stage. In the (F770W-F2550W, F770W) plane they populate

the region within0 < F770W-F2550W< 0:7, separated from the other sources.

In the (F1000W-F1500W, F1000W) and (F1000W-F2100W, F1000W) planes these stars

can be identi�ed by means of the low F1000W �uxes, consistent with the scarce presence

of silicates in the circumstellar envelope, that prevents the formation of the9:7 � m feature.

In the (K S-F770W, F770W) plane their identi�cation is more tricky, because they mix with

obscured stars with optical depths0:005< � 10 < 0:1. This is because when0:005< � 10 < 0:1:

a) the formation of silicates increases the �ux in the spectral region around10� m, provoking

at the same time a dip around� 8 � m, that decreases the F770W �ux (see e.g. the blue line

in the right panel of Fig. 2.4); b) there is no signi�cant shift of the SED towards mid-IR

wavelengths, thus theK S �ux is only scarcely affected by dust reprocessing. Therefore, the

stars with low optical depths are characterized byK S-F770W colours and F770W magnitudes

not signi�cantly different from those exhibited by the unobscured stars discussed here.

In the planes shown in the top panels of Fig. 4.1 the stars with no dust span a F770W

range of approximately 2 mag. This re�ects the different luminosities, which we �nd (by

SED �tting) to be in the range5� 103 � 3� 104L� , consistent with the heterogeneity in the
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Figure 4.2Period - Luminosity diagram of the LMC M-type stars in the sample presented in Section
2.2, for which OGLE periods are available. Luminosities are those reported in Table 4.1. Symbols are
the same used in Fig. 4.1.

mass and formation epoch of the progenitors of these sources. This same analysis cannot

be done in the planes shown in the bottom of the �gure, because the lack of theSpitzer

IRS data at wavelengths� > 14:2 � m prevents the determination of F1000W-F1500W and

F1000W-F2100W for the majority of these objects (those indicated with open pentagons in

the top panels).
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4.2 Low-mass dusty M-type AGB stars

The magenta triangles in Fig. 4.1 indicate stars that we interpret as low-mass dusty stars. The

evolutionary tracks of these objects (discussed in Chapter 2) in the different observational

planes overlap substantially, mainly because of the similar luminosities, favoured by the

occurrence of core electron degeneracy forM � 2M� progenitors. The redwards extension

of the tracks depends on both the initial mass and the metallicity. Stars of initial massM .

1:5M� reach higher optical depths during the phases preceding the C-star stage, compared

to their2� 3M� counterparts (see discussion in Section 1.4.4). The lower the metallicity

the shorter the redwards extension of the evolutionary tracks, owing to the lower amounts

of silicon present in the envelope of low-Z stars. This behaviour with mass and chemical

composition is discussed in detail in Dell'Agli et al. (2015b, Fig. 8).

Figure 4.3 TheSpitzerIRS spectra (black line) of two stars, selected among those interpreted as
low-mass AGBs, taken along the obscuration sequence of low-mass stars shown in Fig. 4.1. The
photometry is indicated with blue diamonds. The best �t, indicated with the red line, is obtained by
assuming the luminosity, dust composition and optical depth indicated in the two panels.

The position of this class of objects in the various planes in mainly determined by the

optical depth, which allows us to draw theoretical reddening sequences (see Chapter 2),

indicated with solid lines in Fig. 4.1. The SED of the stars indicated with magenta triangles

con�rms the theoretical expectations, as it is reproduced by assuming a majority (70� 90%)

of silicate grains, with lower percentages of alumina dust and solid iron and luminosities in

the range5� 103 � 104L� (see Table 4.1 for details).
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We report in Fig. 4.3 two examples of these objects, for which we show theSpitzerIRS

data, the photometry available in the literature and the best �t model obtained in the present

analysis. These two cases exhibit signi�cantly different degrees of infrared emission that

cover almost the whole range of the optical depths derived.

The range covered by the luminosities and the position of the magenta triangles in the PL

plane shown in Fig. 4.2 suggests that these sources form a homogeneous group, made up by

objects that descend from low-mass progenitors (in agreement with Trabucchi et al., 2018),

the progeny ofM � 1:5M� stars, older than� 2 Gyr. Indeed, stars of mass2M� � M � 3M�

form negligible quantities of dust during the M-stage (see discussion in Chapter 2).

In summary, we base the characterization of the stars in this sub-sample on the following

points: i) the luminosities are below� 104L� ; ii) dust is mainly composed of silicates; iii)

the optical depths are in the range0:005< � 10 < 0:1.

The range of optical depths and dust composition required to reproduce the SED are

in agreement with the low-mass model stars discussed in Dell'Agli et al. (2015b). The

fraction of silicates is found to increase across the reddening sequence, ranging from� 70%

to � 90%. This trend is connected with the fact that alumina dust, as discussed in Chapter

1, is more stable than silicates, thus it forms at larger rates, in a more internal region of the

circumstellar envelope, whereas silicates form in a more external zone. The increase in wind

density triggers a higher formation rate of both species; however, this has a larger effect on

the amount of silicates formed, as alumina dust is so stable that it forms in quantities close to

saturation, thus being less sensitive to variations in the thermodynamics of the wind.

The reddest objects of this group along the sequence in the (F770W-F2550W, F770W)

plane, with F770W-F2550W> 2 and� 10 � 0:1, are evolving through the �nal phases as

M stars, before becoming carbon stars. This hypothesis was proposed by Dell'Agli et al.

(2015b) to explain the O-rich stars studied by Blum et al. (2006), that de�ne a prominent

�nger in the colour-magnitude ([8.0]-[24],[24]) diagram. The present interpretation might

be tested by measuring the surface C/O ratio in these stars (e.g. via near-IR spectroscopy),

that is expected to increase across the sequence, until becoming slightly below unity for the

sources exhibiting the largest infrared emission.

In this context, the sources SSID 22 and SSID 130, indicated with yellow open diamonds,

represent an ideal prosecution of this evolutionary path, because we interpret them as stars

that have only recently reached the C-star stage, with the circumstellar envelope hosting a

more internal, hot, dusty layer, populated by solid carbon particles, and a cooler zone, where

silicate dust formed during previous evolutionary phases is expanding away from the star.

The details of the best �t obtained for SSID 22 are shown in Fig. 4.4.
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Figure 4.4Best-�t model for the source SSID 22 (same symbols and colours as in Fig. 4.3 are used),
interpreted as a low-mass star that has just reached the C-star stage (see text for details). The values
of the overall luminosity and of the parameters of the internal and external dust layers are indicated.

The track in the (F770W-F2550W, F770W) plane is approximately horizontal; this

behaviour is connected with the evolution of the shape of the SED of low-mass stars with� 10,

shown in the left panel of Fig. 2.4. With increasing optical depth the height of the silicate

feature and the overall spectrum in the� > 10� m region increase, whereas the F770W �ux

keeps approximately constant, owing to the reasons explained in the previous section, related

to the shape of the silicate feature.

Inspection of Fig. 4.1 shows that (F770W-F2550W, F770W) is the only plane where

the evolutionary sequence of these objects has a signi�cant extension and does not overlap

with different kind of stars. In the (K S-F770W, F770W) plane they lay very close to the

dust-free sources, for the reasons given in Section 4.1. In the (F1000W-F1500W, F1000W)

plane these sources populate a diagonal band, reported in the bottom, left panel of Fig. 4.1,
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with the most obscured stars located in the bluer and brighter region. This is due to the

increasing prominence of the10� m feature, that rises the F1000W �ux. The colour range,

� (F1000W-F1500W)� 0:5 mag, is less extended than in the previous cases, because the

increase in the �ux in the10� m spectral region is accompanied by the rise of the �ux in the

whole region at wavelengths� > 10� m (see the left panel of Fig. 2.4).

In the (F1000W-F2100W, F1000W) diagram the identi�cation of these stars is even

harder, because the percentage increase in the �ux as the optical depth increases are very

similar in the spectral regions where the two �lters are centred, i.e.10and21� m.

4.3 Stars undergoing hot bottom burning

We turn the attention to the stars indicated with green squares in Fig. 4.1. A few examples of

the SED of these objects are shown in Fig. 4.5, where we present the observations and the

corresponding theoretical SED. Unlike low-mass stars, massive AGBs span a wide range

of luminosities, extending by a factor� 5 (see discussion in Chapter 1 and Fig. 1.5). The

position of each model in the various planes is determined by the values of the luminosity

and optical depth. Therefore the tracks of stars of different mass are practically overlapped,

the only difference being that the higher the mass of the progenitor the larger the maximum

luminosity and the optical depth reached (see Chapter 1), and the wider the excursion of

the evolutionary track in the planes. The dashed lines shown in Fig. 4.1, connecting points

characterized by different optical depths and luminosities, can be considered as a reddening

sequence of massive AGBs.

The extension of the theoretical sequences is at �rst order independent of metallicity.

On the other hand, on the statistical side, we must consider that for lower metallicities the

range of masses that reach the largest� 10 values is narrower and, more important, the largest

optical depths are experienced only during a small fraction of the AGB life (see Fig. 2 in

Dell'Agli et al., 2015a, for the metallicity effects on the obscuration of massive AGBs).

The luminosities deduced from the analysis of the SED of the stars in this sub-sample

are in the2� 8� 104L� range and the optical depths span the interval� 10 � 0:005� 3. The

SED of these sources can be nicely interpreted by assuming a "standard" dust mineralogy

for obscured M stars: a dominant contribution from silicates, with percentages in the range

60� 100%, completed by smaller fractions of alumina dust and solid iron. As for the

low-mass counterparts, the higher the required fraction of silicates the larger the optical

depth.

These results, compared with the theoretical models discussed in Chapter 1 (see left panel

of Fig. 1.5) and the sequence of SEDs in the right panel of Fig. 2.4, indicate that these stars
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Figure 4.5 The SpitzerIRS spectrum (black line) of 4 stars, selected among those interpreted as
massive AGBs, currently experiencing HBB, taken along the obscuration sequence indicated with
a dashed line in Fig. 4.1. The photometry and the best-�t (red line) are shown, with the parameters
adopted.

descend from progenitors of mass above3M� , formed not earlier than� 250� 300Myr

ago. This interpretation is also con�rmed by their position in Fig. 4.2: their PL relation is in

agreement with Trabucchi et al. (2018) models for massive AGB stars (> 3M� ).

The signi�cant amount of dust present in the circumstellar envelope rules out the possi-

bility that these stars are metal poor and suggests that their metallicity isZ = 4 � 8� 103;

this hypothesis is supported by the mass-metallicity relation of the LMC, according to which



78 M-type stars: aJWSTperspective

star formation in the last 1 Gyr is dominated by aZ = 0:008stellar population (Harris &

Zaritsky, 2009).

4.3.1 Massive AGB stars in the colour-magnitude planes

The reddening sequence de�ned by massive AGB stars, discussed in the previous section,

can be used to attempt their characterization.

Indeed, on general grounds, we �nd that the optical depths increase across the sequences

in the different planes: the sources indicated with open and full green squares are charac-

terized by5� 10� 3 < � 10 < 0:1, whereas dotted and crossed green squares correspond to

� 10 > 0:5.

In the (F770W-F2550W, F770W) plane (see top, left panel of Fig. 4.1) the region

populated by these objects extends over� 2 mag in F770W-F2550W and almost4 mag

in F770W. Unlike the lower mass counterparts, discussed in Section 4.2, the luminosity is

generally correlated with� 10, the brighter stars being on the average more obscured (see

Chapter 1). The stars indicated with green, dotted squares are an exception to this rule,

as they are fainter than their counterparts with similar optical depth, indicated with green,

crossed squares. We will discuss these sources later in this section.

Both the F770W and F2550W �uxes rise with increasing� 10, as shown in the right panel

of Fig. 2.4 and in the examples in Fig. 4.5. On the other hand, it is clear from Fig. 2.4 that

the increase of the �ux in the spectral region around25:5 � m is percentually larger when

compared to the� � 7:7 � m domain, thus making F770W-F2550W to increase with� 10,

provoking a rightwards trend of the theoretical sequence.

The stars discussed here trace a diagonal pattern in the (K S-F770W, F770W) plane.

With the excursion in the F770W magnitude discussed before,K S-F770W spans a range of

almost6 mag, due to the gradual shift of the whole SED towards mid-IR wavelengths and

the decrease in the near-IR �ux, particularly relevant for� 10 > 0:1. This allows for a higher

sensitivity to� 10, although the measurement of the near-IR �ux could be critical for the most

obscured stars. Indeed, one out of the 3 brightest stars are not reported in this plane, owing

to the lack of theK S �ux.

Regarding the (F1000W-F1500W, F1000W) diagram, shown in the bottom, left panel of

Fig. 4.1, the path traced by the reddening pattern presents a turning point: the initial trend

towards the blue, down to F1000W-F1500W� � 0:2, is followed by a redwards excursion.

The �rst part is due to the appearance of the feature at9:7 � m, that rises the10 � m �ux

and diminishes the emission in the wavelength region around15� m (see Fig. 2.4). When

� 10 exceeds� 0:1 this trend is reversed, because the whole mid-IR �ux is lifted. The most

obscured stars distribute approximately horizontally on this plane, because for� 10 > 2 the
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silicate feature turns into absorption, thus no further increase in the10� m �ux occurs. The

stars with the highest optical depths that correspond to the brightest and youngest objects

discussed previously, are located in the right, upper region of the plane.

In the (F1000W-F2100W, F1000W) diagram the sequence of the stars discussed here

follows a slightly different behaviour compared to the (F1000W-F1500W, F1000W) plane.

The reddening pattern extends towards higher F1000W �uxes; however, no clear turning

point is found, because the rise of the SED in the10and21� m spectral regions occurs with

similar percentages. The stars with� 10 > 0:5 populate the brightest region of this plane, at

F1000W-F2100W> 1.

4.3.2 Stars undergoing soft HBB

The stars indicated with green, open squares in Fig. 4.1 harbour little amounts of dust in their

circumstellar envelope. The optical depths are a few10� 3. According to our interpretation,

they have just started the HBB activity. We expect that only a modest depletion of the overall

surface carbon has occurred and that the12C/13C ratio has dropped to values close to the

equilibrium abundances, of the order of� 4. No meaningful depletion of the surface oxygen

is expected.

Following the theoretical reddening pattern, we analyze the sources indicated with green,

full squares in Fig. 4.1, that have0:01< � 10 < 0:1 and luminosities covering the interval

2� 4:5� 104L� . The sources SSID 61 and SSID 165, reported in the top panels of Fig. 4.5,

belong to this group. The luminosities and� 10s given above suggest that these objects are

the progeny of4� 5M� stars formed100� 300Myr ago, currently experiencing HBB. As

shown in Chapter 1, the surface carbon should be� 10� 20times smaller than in their less

obscured counterparts, the surface nitrogen enhanced by one order of magnitude and the

surface12C/13C ratio should be very close to the equilibrium value, i.e.3� 4. Furthermore,

these stars are expected to be experiencing the Cameron & Fowler (1971) mechanism, thus

they should be enriched in lithium.

4.3.3 Highly obscured O-rich AGBs

The objects indicated with crossed and dotted green squares in Fig. 4.1 are producing dust at

a high rate, as con�rmed by the large optical depths,� 10 > 0:5.

In the (F770W-F2550W, F770W) and (K S-F770W, F770W) planes the obscuration

patterns are most easily distinguished. The stars with F770W> 5:5 (all the crossed and

dotted, green squares, but the 3 brightest objects) have luminosities below� 5� 104L� ; an

example is the source SSID 4480, reported in the bottom, left panel of Fig. 4.5. Based on the
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results regardingZ = 0:008metallicity shown in Chapter 1 (see Fig. 1.5), we deduce that

they descend from progenitors of mass in the range3:5� 5M� , formed between100Myr

and300Myr ago. The optical depths,0:5 < � 10 < 1:5, are consistent with this conclusion.

The 3 brightest sources, with F770W< 5:5, are characterized by a very large mid-IR

emission, with� 10 � 2� 3, and luminosities above5� 104L� , that, based on the results

shown in Chapter 1, indicate progenitors of mass above� 5M� , younger than� 100Myr.

A word of caution regarding dust formation modelling in the winds of these peculiar

objects is needed here. While AGB models reproduce both the luminosities and the periods of

these sources, the optical depths required, in the range2 < � 10 < 3 are higher than the largest

theoretical values predicted, shown in Chapter 1, of the order of� 10 � 11. This outlines some

tension between models and observations. Recent radiation-hydrodynamic (RHD) models of

winds of M-type AGB stars (see, e.g., Höfner et al., 2016; Höfner & Olofsson, 2018) indicate

that dust formation will indeed start deeper inside the atmosphere (at smaller condensation

radius), but this result was obtained at solar metallicity (not typical LMC metallicity).

However, the difference in condensation radii in the simple stationary out�ows of the stellar

evolution models and the more sophisticated RHD models, is likely a result of the different

levels of detail of the two types of models. First, the RHD models are known to produce

different results due to the dynamics (pulsation) and time dependence. Second, frequency-

dependent radiative transfer (RT) changes the energy balance and temperature structure

compared to the atmospheric structures obtained in the stellar evolution models. That is, the

simplistic atmosphere models we employ probably do not predict correct condensation radii.

4.3.4 A class of massive AGBs in the very late AGB phases?

A second issue of the present understanding is the interpretation of the stars indicated with

dotted, green squares in Fig. 4.1. These sources have luminosities of the order of2� 104L� ,

signi�cantly smaller than those of their brighter counterparts, indicated with crossed, green

squares. These luminosities are compatible both with those of stars evolving through the

initial TPs, or at the end of their AGB life, after HBB was turned-off. Their periods (we

refer to the OGLE period for SSID 4007 and those from Groenewegen & Sloan 2018 for the

other sources in this group) are close or above1000d. Because in the �rst case we should

expect periods below� 500d (see Fig. 4.2), we believe more plausible that these stars are

experiencing the latest AGB phases.

The main drawback of this interpretation is that their degree of obscuration is also

expected to be low (see the bottom, left panel of Fig. 4.1), whereas their optical depths are

1We do not consider here the SAGB models (6M� < M � 8M� ), which reach higher values of� 10, because
the extreme short duration of their AGB life, of the order of� 10kyr.
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� 10 > 1. A possible solution is that during the very �nal AGB phases the formation of a disc

favours the accumulation of the dust produced during earlier phases, such that the overall

dust density is signi�cantly higher than predicted by the simpli�ed description of the wind

used in the present analysis. We leave this problem open.

The surface chemical composition of the stars indicated with crossed and dotted, green

squares is expected to show the imprinting of proton-capture processing, in analogy with

the less obscured counterparts, indicated with open and full, green squares. These stars are

also expected to have started the Ne-Na nucleosynthesis, with a sodium enrichment by a

factor of� 5 (Ventura et al., 2013). If this small sample includes stars of lower metallicity,

of the order ofZ = 0:004then we would observe the results of oxygen burning and of Mg-Al

nucleosynthesis, with a surface Al enhancement by a factor5� 10and oxygen depletion by

a factor� 2 (Ventura et al., 2016a).

4.4 Iron-dust stars

4.4.1 Massive AGB stars with iron dust

The sample studied in the present work includes a paucity of bright objects, showing peculiar

SEDs, indicated with blue crosses in Fig. 4.1. We have discussed this group of stars in

Chapter 3, interpreting them as the progeny of metal-poor (Z � 103), M > 4M� stars,

formed� 100Myr ago. Moreover, we showed that the mineralogy of the dust around these

objects is dominated by solid iron, which accounts for� 80%of the total dust, with smaller

percentages of silicates (� 15%) and alumina dust� 5%. Unlike the bright stars undergoing

HBB, discussed earlier in Section 4.3.3, the optical depths are not particularly large, being

� 10 < 0:01.

As shown in Fig. 4.1, in the (F770W-F2550W, F770W) plane these objects populate

the region at 1 < F770W-F2550W< 1.5 and F770W� 82. The colours of these sources are

not extremely red, consistently with the low optical depths. The F770W �uxes are higher

than those exhibited by the more metal rich counterparts of similar colours. This is due to

the peculiar shape of their SED (see Fig. 3.2 in Chapter 3), because the low percentage of

silicates prevents the depression of the �ux in the spectral region around8 � m, thus lifting

the F770W emission (see Chapter 3 for the detailed discussion).

2The only exception is the source SSID 4098, with F770W-F2550W� 2:4, which is evolving through a less
advanced evolutionary phase, when oxygen in the envelope has not been completely burnt, so that� 40%of
dust is made up of silicates.
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In the (K S-F770W, F770W) and (F1000W-F1500W, F1000W) planes (see Fig. 4.1) the

iron dust stars cannot be easily identi�ed, as they lie along the reddening sequence of their

counterparts of higher metallicity, close to those indicated with full, green squares.

In the (F1000W-F2100W, F1000W) plane these sources populate a zone� 0:2 mag bluer

than the stars with similar optical depths and higher metallicity: this is because the higher

fraction of iron dust affects the SED by decreasing the relative height of the secondary silicate

feature, at� 20 � m, which diminishes the F2100W �ux, rendering the F1000W-F2100W

colours bluer (see Fig. 3.2 in Chapter 3).

4.4.2 Post-AGB stars with iron dust

In the family of stars surrounded by iron dust we also consider the sources SSID 4267 and

SSID 6, indicated in Fig. 4.1 with open, blue squares �lled with crosses. TheSpitzerIRS and

photometric data and the best-�t model for SSID 4267 are shown in Fig. 4.6.

We �nd that these two objects have effective temperatures in the rangeTe� � 7000� 8000

K, luminosities� 2� 2:5� 104L� and are surrounded by dust, mainly composed by solid

iron. These parameters point to an evolutionary nature that is more evolved than that of stars

in the AGB phase, suggesting that they are post-AGBs; this is also consistent with the large IR

excess observed (Kamath et al., 2014, 2015; van Aarle et al., 2011; van Winckel, 2003) and

with the predicted post-AGB luminosities of metal-poor massive AGBs (Miller Bertolami,

2016). SSID 4267 is classi�ed as a post-AGB candidate in the photometric study to search

for post-AGB stars in the LMC by van Aarle et al. (2011). Additionally, in theSpitzerand

TIMMI2 study by Gielen et al. (2011) of post-AGB disc sources, SSID 6 is classi�ed as

a post-AGB star with atypical dust chemistry, because it shows no strong evidence for the

expected crystalline features in their spectra. A combination of amorphous silicate dust and

alumina was required to �t the spectral features in the5 � m < � < 40� m region. Since we

�nd that SSID 4267 and SSID 6 are surrounded by iron dust, we classify these two objects as

iron-dust post-AGB stars.

Iron dust post-AGB stars are characterized by optical depths� 10 � 1� 5� 10� 3, smaller

than their counterparts evolving through the AGB phase. This is because dust formation

stops when the stars leave the AGB and the dust layer currently observed is expanding

away from the central star, in a lower density region. The dust temperatures required, of

the order of700� 900K, support this interpretation. In the study by Woods et al. (2011)

these objects have been classi�ed as M-type AGB stars. This is because Woods et al. (2011)

identify post-AGB stars based on the presence of a distinguished double peak in the SED,

separated by a clear minimum at� � 2 � m; the SEDs of SSID 4267 and SSID 6 do not

show such an expected minimum. Our interpretation for the lack of the minimum is that
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Figure 4.6IRS, photometry results and best-�t models for SSID 4267, interpreted as a post-AGB star
surrounded by dust, whose composition is dominated by iron grains, evolving through the AGB and
the post-AGB phase, respectively. We report the �ux in the log(�F � ) scale, to better understand why
this object was misclassi�ed as an AGB star (see text for a discussion on this point).

the presence of iron dust makes the minimum in the SED to vanish almost completely, thus

rendering the spectrum similar to a scarcely obscured M-type AGB star. As discussed in

Chapter 3 for the dual-dust post-AGB stars, such a modi�cation of the SED is the typical

effect of the presence of signi�cant quantities of a featureless dust species (like solid iron

is). Furthermore, a meaningful difference between the SED of AGB and post-AGB stars

surrounded by iron dust is the peak in the spectral emission, located at shorter wavelengths

in the latter case (see Fig. 4.6). As a consequence, AGB stars have lower F770W magnitudes

than their post-AGB counterparts, and their (F770W-F2550W) colours are bluer. This can be
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seen in the relative position of the two groups of stars in the (F770W-F2550W, F770W) plane.

(K S-F770W, F770W) is the plane where iron dust AGB and post-AGB stars can be separated

more easily. This is because the SED of AGB stars generally peaks at wavelengths around

� 2 � m, that renders theirK S-F770W colours signi�cantly bluer than in the post-AGB case.

In the (F1000W-F1500W, F1000W) and (F1000W-F2100W, F1000W) planes iron dust stars

populate the same regions.

4.5 Dual dust chemistry AGB stars

We discussed in Chapter 3 the stars indicated with yellow diamonds in Fig. 4.1, proposing

for them a dual-dust chemical composition. Despite according to our interpretation yellow

crossed diamonds and full diamonds indicate two groups of stars that are evolving through

different evolutionary phases, we discuss them in the same context, owing to the similarities

in the mass and formation epoch of the progenitors and in the mineralogy of the dust in their

circumstellar envelope.

The yellow, crossed diamonds (see Fig. 4.1) indicate the sources SSID 4054, SSID 4245,

SSID 4547, SSID 4595, that we interpreted in Chapter 3 as post-AGB stars descending from

low-mass (below2M� ) progenitors, with a dual-dust composition. They are characterized

by effective temperatures above 5000 K and luminosities in the range5� 103 � 104L� .

Full, yellow diamonds in Fig. 4.1 point refer to faint stars with luminosities in the

range2� 4:5� 103L� , which we previously interpreted as dual-dust chemistry stars that are

evolving through a post-TP phase, during which the CNO nuclear activity is temporarily

extinguished (which accounts for the low luminosities found), and no dust is being formed

(see Chapter 3 for the detailed discussion).

4.5.1 Dual-dust stars in the colour-magnitude planes

Among the different observational planes shown in Fig. 4.1, the diagram where dual-dust

chemistry objects can be identi�ed most easily is the (K S-F770W, F770W) plane. Indeed,

we discussed these sources relating to this colour-magnitude diagram in Chapter 3. Here we

recall that the presence of carbon dust makes the F770W �ux higher and theK S-F770W

colour bluer than in stars of similar optical depth. Therefore, the colours of these stars in this

plane are comparable with those of the largely obscured stars discussed in Section 4.3, that

are much brighter. In the sameK S-F770W colour range is located also SSID 130, that, on

the other hand, is characterized by a dual dust chemistry as well (see Section 4.2).
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In the (F770W-F2550W, F770W) plane they lie slightly above the stars with similar

optical depth, again for the peculiar shape of the SED in the� � 8 � m spectral region;

however, their identi�cation is more tricky than in the (K S-F770W, F770W) plane.

In the (F1000W-F1500W, F1000W) and (F1000W-F2100W, F1000W) planes the dual

chemistry stars populate the same region where we �nd the sources with low� 10.

4.6 M-type evolved stars in the colour-colour diagrams

The distribution of the various classes of M-type evolved stars, in the colour-colour diagrams

can be used to identify the different reddening sequences and to select those planes where

the various groups can be distinguished more clearly. In this case we lack the information

on the luminosity of the individual sources, but we obtain a more reliable indication on the

optical depth of the circumstellar envelopes. We show here the population of the stars in the

sample considered in the present chapter on the (F770W-F2550W,K S-F770W), (K S-F770W,

F1500W-F1800W), (F1000W-F1280W, F1500W-F1800W), (F770W-F1000W, F1500W-

F2550W) planes. We base the discussion on the results commented in the previous section.

As shown in the top, left panel of Fig. 4.7, in the (F770W-F2550W,K S-F770W) plane,

low-mass stars (magenta triangles, Section 4.2), and massive AGBs (green squares, Section

4.3), follow similar reddening patterns, the latter extending to redder colours, because they

reach higher optical depths. The two locii overlap in this case, because the main factor

affecting the position of the stars is the optical depth itself; this allows us to draw a unique

reddening line. The trend is approximately horizontal up to� 10 � 0:1, F770W-F2550W� 2;

this behaviour is consistent with the arguments presented in Section 4.2, related to the

modi�cation of the shape of the SED, when the main silicate feature appears. For higher� 10,

as shown in the bottom panel of Fig. 2.4, the SED is shifted to the mid-IR, which diminishes

the �ux in the near-IR, thus triggering a signi�cant reddening of theK S-F770W colours: the

sequences turn upwards in the diagram.

The stars with iron dust, both AGB and post-AGB, and those with dual-dust chemistry

(see Sections 4.4 and 4.5 and Chapter 3), are located in a diagonal sequence above the two

afore mentioned reddening sequences. This is once more due to the particular morphology of

their SED, which does not exhibit a clear minimum in the8 � m region. The link between the

position of the individual sources and the degree of obscuration of the circumstellar envelope

is clear also in the (K S-F770W, F1500W-F1800W) plane, shown in the top, right panel of

Fig. 4.7. Low-mass and massive AGB stars describe oscuration sequences that extend to

the red, withK S-F770W and F1500W-F1800W spanning a range of� 6 mag and� 1 mag,

respectively.
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Figure 4.7The evolved, M-type stars in the sample considered in this study in the various colour-
colour planes, obtained by using MIRI �lters.

Among the colours considered so far, F1500W-F1800W is the least sensitive to� 10,

because, as shown in Fig. 2.4, the presence of the secondary silicate feature at18 � m is

accompanied by a general increase in the stellar �ux in all the spectral region between10

and25:5 � m: both the F1500W and F1800W �uxes increase when a prominent secondary

silicate feature is present in the spectrum. This is the reason why F1500W-F1800W never

exceeds the maximum value, F1500W-F1800W� 0:8, reached forK S-F770W� 2.
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The peculiar shape of the SED in the8 � m region makes iron dust and dual dust chemistry

stars populate regions of the plane below the main obscuration pattern. In particular, AGB

stars surrounded by iron dust are clearly separated from post-AGB stars and low-luminosity

objects, withK S-F770W� 1, F1500W-F1800W� 0:3. This is due to the steep rise of the

SED at� � 8 � m of the iron dust AGB sources respect to their post-AGB counterparts

and stars with dual-dust chemistry. An additional colour where iron post-AGB stars are

clearly isolated is the F1280W-F2550W. This is due to the absence of the silicates secondary

feature. This colour in combination withK S-F770W, separates this group of sources from

the obscuration sequence traced by the rest of the sample.

The bottom panels of Fig. 4.7 show the distribution of the stars in the sample considered

here in two additional planes proposed by Jones et al. (2017) to discriminate AGB stars from

other sources, e.g. young stellar objects and planetary nebulae. (F1000W-F1280W, F1500W-

F1800W) is also useful to separate O-rich from C-rich AGB stars, while (F770W-F1000W,

F1500W-F2550W) is ef�cient in distinguishing between galactic and non-galactic sources.

Nevertheless, unlike the upper panels diagrams, the trend of the colours of the O-rich stars

with the optical depth in this plane is not straightforward, since it presents turning points and

deviations, which prevent a straight understanding of the results. This is because the F1000W

and F1280W �ux depend on the particular way with which the shape of the main silicate

feature changes with� 10, thus making these �lters to be of little help in the interpretation of

the observations.

In the (F1000W-F1280W, F1500W-F1800W) plane the position of the individual stars

does not allow a clear identi�cation of the reddening properties, but the peculiar groups

of stars discussed in Chapter 3 can be distinguished more clearly here with respect to the

other colour-colour diagrams: indeed their F1500W-F1800W colours are bluer for a given

F1000W-F1280W, because the depression of the �ux at15 � m is lower in comparison to the

stars whose main dust component is made up of silicates (see Chapter 3).

In the (F770W-F1000W, F1500W-F2550W) plane the different classes of stars presented

in the previous sections partly overlap and the separation among the various groups is not

straightforward.

4.7 Studying oxygen-rich AGB stars withJWST

A summary of the interpretation of the sources analysed in this chapter is reported in Table

4.1. For each source we report the luminosity, coordinates, periods (when available) obtained

by the OGLE collaboration (Soszyński et al., 2009),� 10, dust mineralogy and evolutionary

characterization. In the case of stars with dual-dust chemistry, we also report the optical
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depth and the percentages of solid carbon and SiC of the inner layer. The details of the SED

�tting of the IRS spectra are shown in the Appendix.

A clear results from this study is that the use of the F1000W and F1800W �lters, whose

transmission curves largely overlap with the two silicate features, are extremely useful to

deduce the presence of silicates and to con�rm that the stars are oxygen-rich, but their use in

a global characterization of the individual sources is not straightforward. The same holds

for the F1500W and F2100W �lters, which are also partly affected by the presence of the

silicates features in the spectrum. The dif�culties encountered when using observational

planes built with the combination of these �lters are connected with the non-linear behaviour

of the shape of the silicate features with the optical depth.

On general grounds, we �nd that the best planes to study M-type AGB stars are the

colour-magnitude (F770W-F2550W, F770W) and (K S-F770W, F770W) planes, and the

colour-colour (K S-F770W, F770W-F2550W) diagram.

These planes are the only ones in which the excursion of the reddening sequences follows

a monotonic trend with the optical depth, thus providing a direct information on the dust

reprocessing of the radiation from the central star. The peculiar stars discussed in Chapter 3

and in the present chapter can be also easily distinguished, based on their position in these

diagrams. Furthermore, the two colour-magnitude planes involving theK S, F770W and

F2550W �lters allow disentangling low-mass, oxygen-rich AGBs from their higher mass

counterparts, experiencing HBB.

Table 4.1The interpretation of the sample of M-type stars analysed in the present work. The different
columns report the SSID of the star (1), OGLE period (2), estimated luminosity (3), dust mineralogy
(4), optical depth� 10 (5), evolutionary characterization (6). In the case of stars with dual-dust
chemistry, we also report the optical depth and the percentages of solid carbon and SiC of the inner
layer.

SSID Period [d] L/L� %(Sil,Al2O3,Fe) � 10 Type

1 - 7000 (60,40,0) 4:5� 10� 3 Low-mass M

6 - 18000 (15,0,85) 2� 10� 3 Iron-dust PAGB

8 883.7 2100 (60,10,30) 3:2� 10� 2 Dual-Dust AGB

C 95, SiC 5 1:5� 10� 2

13 916.3 5500 - - No dust

22 - 4700 (60,5,35) 1:5� 10� 2 Dual-dust AGB

C 95, SiC 5 8� 10� 3

38 577.2 34000 (65,5,30) 6:7� 10� 2 HBB
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54 - 4300 (55,30,15) 1:8� 10� 2 Dual-dust AGB

C 100 6� 10� 3

58 - 10000 - - No dust

61 - 24000 (65,5,30) 1:2� 10� 2 HBB

63 - 7000 (85,15,0) 3� 10� 2 Low-mass M

67 741.8 6500 (80,20,0) 1:2� 10� 2 Low-mass M

68 - 13000 - - No dust

72 794.9 5000 (85,15,0) 1:5� 10� 2 Low-mass M

77 767.7 6500 (75,20,5) 1� 10� 2 Low-mass M

82 - 34000 (60,10,30) 8� 10� 3 HBB

89 685.9 6200 (60,40,0) 6� 10� 3 Low-mass M

91 779 7000 (100,0,0) 2� 10� 2 Low-mass M

93 - 7300 (100,0,0) 0:1 Low-mass M

96 - 5600 (90,10,0,) 0:1 Low-mass M

121 - 55000 (90,0,10) 2:5 HBB

124 213.5 10000 - - No dust

130 - 6500 (65,0,35) 6:2� 10� 2 Dual-dust AGB

C 75; SiC 25 2:2� 10� 2

142 - 20000 (30,70,0) 2� 10� 3 HBB

143 147.9 13000 (60,40,0) 6� 10� 3 HBB

148 953.3 7000 (80,20,0) 1:7� 10� 2 Low-mass M

152 747.6 5400 (90,10,0) 2:8� 10� 2 Low-mass M

159 - 7000 (100,0,0) 3:8� 10� 2 Low-mass M

165 - 47000 (65,5,30) 6:5� 10� 2 HBB

166 392.6 2300 (65,5,30) 2:6� 10� 2 Dual-dust AGB

C 95; SiC 5 1� 10� 2

173 - 27000 - - No dust

176 278.4 13000 (80,20,0) 9� 10� 3 HBB

178 - 19000 - - No dust

180 238.7 34000 (50,15,35) 6� 10� 3 HBB

197 - 10000 (80,20,0) 7� 10� 3 HBB

4007 1179 15000 (75,5,20) 1:3 HBB

4038 1080 43000 (80,5,15) 0:7 HBB

4054 - 2100 (60,5,35) 1:4� 10� 2 Dual-dust PAGB

C 95; SiC 5 8� 10� 3

4075 - 40000 (100,0,0) 3 HBB
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4081 693.9 30000 (60,10,30) 7� 10� 2 HBB

4098 561.8 60000 (40,10,50) 2� 10� 2 Iron-dust AGB

4149 - 16000 (90,0,10) 1.2 HBB

4159 - 2400 (55,10,35) 1� 10� 2 Dual-dust AGB

C 90; SiC 10 7� 10� 3

4205 597.8 42000 (20,10,70) 3� 10� 3 Iron-dust AGB

4245 - 10000 (65,10,25) 1:6� 10� 2 Dual-dust PAGB

C 95; SiC 5 6� 10� 3

4254 - 18000 (80,5;15) 1 HBB

4267 - 24000 (15,5,80) 2� 10� 3 Iron-dust PAGB

4326 - 55000 (20,5,75) 4� 10� 3 Iron-dust AGB

4368 - 5000 (90,10,0) 4:5� 10� 2 Low-mass M

4449 512.2 46000 (20,10,70) 2� 10� 3 Iron-dust AGB

4462 212.1 6500 - - No dust

4467 - 8500 - - No dust

4468 604.9 45000 (25,5,70) 9� 10� 3 Iron-dust AGB

4480 1137 41000 (85,5,10) 0:7 HBB

4483 - 20000 - � No dust

4486 650.1 50000 (25,5,70) 9� 10� 3 Iron-dust AGB

4530 - 25000 (85,0,15) 2:2 HBB

4535 - 55000 (90,0,10) 3 HBB

4547 - 16000 (60,15,25) 3:8� 10� 2 Dual-dust PAGB

C 95, SiC 5 7� 10� 3

4595 - 5500 (70,0,30) 1� 10� 2 Dual-dust PAGB

C 85; SiC 15 1� 10� 2

4670 1352 60000 (85,5,10) 2:2 HBB

4777 - 46000 (20,5,75) 5� 10� 3 Iron-dust AGB

4784 - 56000 (10,5,85) 3� 10� 3 Iron-dust AGB

4791 1133 40000 (95,5,0) 1:2 HBB
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In order to complete the characterization of the AGB stars in the LMC we extend the analysis

done in Chapters 3 and 4 to the C-rich stars sample. This step is important in the general

context of dust production by stars in galaxies, because the overall dust production rate from

AGB sources is dominated by carbonaceous species in the Magellanic Clouds (Nanni et al.,

2019, 2018; Schneider et al., 2014), particularly in metal poor environments (Boyer et al.,

2013; Cioni & Habing, 2003). Furthermore, while in solar-metallicity environments the

dust return to the ISM is dominated by O-rich stars (Javadi et al., 2013), recent studies have

shown that in lower-metallicity environments the dust production rate (DPR) is dominated

by carbon dust (e.g. Boyer et al., 2012; Dell'Agli et al., 2016, 2019a; Schneider et al., 2014),

with a relevant contribution from the most obscured stars.

Similarly to M-stars, to understand the distribution of carbon stars and the evolutionary

sequences in the observational planes (colour-colour and colour-magnitude diagrams obtained

with theJWST�lters) we need to characterize the individual sources. To this aim, we follow

the same procedure used in the previous analysis, discussed in Section 2.4.

5.1 An overall view of carbon stars in the LMC

The stars analysed in this chapter are reported in Table 5.1.

A few examples of this analysis are shown in Fig. 5.1, reporting the interpretation of

the SED of stars of variousL and� 10. The main deviations of the synthetic SED from

the observed spectrum are in correspondence of the C2H2 molecular bands in the regions

6:6� 8:5 � m (centred at� 7:5 � m) and13:5� 13:9 � m (Matsuura et al., 2006) and the

CO+C3 band in the region5:0� 6:2 � m (Jørgensen et al., 2000). The properties of these

features have been widely analysed in the past (e.g. Sloan et al., 2016) and references

therein) but, unfortunately, they are poorly or not reproduced by model atmospheres available
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in the literature, owing to the scarce knowledge of the opacities of such molecules. The

� 7:5 � m feature affects the �ux in the6� 9 � m spectral region, the effect becoming

smaller and smaller as� 10 increases, eventually vanishing for� 10 > 1. On the other hand the

C2H2 � 13:7 � m feature, which affects the emission in the12� 16 � m domain, is present

in the spectra of carbon stars characterized by different� 10, even in those with very large

infrared emission. The CO+C3 band is the most tricky to handle in the present analysis,

because it is spread across a spectral region only partially covered by IRS, which poses some

problems in the extrapolation of the �ux in the optical and near-IR domains. For the stars

where this ambiguity is most relevant, we will consider the combination of the IRS data with

results from photometry, following an approach similar to Groenewegen & Sloan (2018).

Fortunately the analysis of the most obscured stars is not affected by the CO+C3 band, as the

SED of these sources peaks at longer wavelengths.

The result of the interpretation of the observations of the carbon stars analysed here is

shown in Fig. 5.2, where we report the distribution of the individual sources on the� 10 versus

luminosity plane. Overimposed to the points indicating the stars are the tracks, corresponding

to the evolution of the AGB stars discussed in Chapter 1. Green squares in Fig. 5.2 indicate

stars with luminosities below7500L� : these are the oldest objects in the sample, descending

from stars of initial mass below2M� , formed in epochs earlier than one Gyr ago. Red

triangles indicate objects younger than1 Gyr, descending from stars of initial mass above

2M� . In particular, those with luminosities above104L� are interpreted as the progeny of

stars of initial mass2:5� 3:3M� , formed during the peak in the SFH of the LMC, between

300and600Myr ago (Harris & Zaritsky, 2009). Magenta crosses refer to bright stars, with

luminosities above20000L� .

The distribution of the stars in Fig. 5.2 is determined by the mass distribution of the

progenitors (luminosity) and the amount of carbon accumulated in the surface regions, which

affects the dust formation in the out�ow, thus the optical depth (see discussion in Chapter 1).

The stars on the right side of the diagram are those producing dust at higher rates. We �nd

that the gas-to-dust ratio,	 , decreases when moving to higher� 10, ranging from	 � 700,

for the stars with little dust, to	 � 100, for the most obscured sources. These results are

fully consistent with those obtained by Nanni et al. (2019), who correctly warned against the

choice of assuming a constant	 when �tting the observed SED. The gas and dust mass loss

rates also increase with� 10, until reaching_M � 1:5� 10� 4M � =yr and DPR� 10� 6M � =yr.

In the� 10 < 1 domain the_M and DPR values derived here are consistent with Nanni et al.

(2019), whereas for the stars with the largest degree of obscuration the present results are

similar to Gullieuszik et al. (2012).
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Figure 5.1Comparison between the IRS (black lines) and the synthetic (red) spectra of a few sources
in the LMC sample of carbon stars, with various luminosities and degrees of obscuration. The values
of luminosities and� 10 reported in each panel are those allowing the best �t, corresponding to the red
lines.

The tracks reported in Fig. 5.2 nicely reproduce the distribution of the sources on the

plane, with the exception of a few groups of stars, for which the derivation of the main

physical and evolutionary properties is not straightforward. In particular, we refer to: a)

the stars with luminosities below5000L� , indicated with orange asterisks, which are too

faint when compared to the evolutionary tracks; b) the stars on the right part of the �gure, at

� 10 > 3, indicated with blue diamonds, whose optical depth is in excess of the theoretical
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Figure 5.2Luminosities and optical depths derived for the stars in the sample analysed in the present
work. Green squares and red triangles indicate the progeny ofM < 2M� stars and the higher mass
counterpart, respectively; orange asterisks refer to stars with luminosities below5000L� ; magenta
crosses indicate stars brighter than20000L� ; blue diamonds indicate extremely obscured objects,
taken from Gruendl et al. (2008), plus the source SSID 9; the stars indicated with open diamonds are
SSID 125 and SSID 190. The black lines and points in the �gure refer to the evolution of models
discussed in Chapter 1; the initial masses are indicated next to the corresponding track. Magenta stars
indicate the results obtained by arti�cially increasing the mass loss rate of the stars of initial mass
1:1M� , 2:5M� , 3M� , after reaching the C-star stage.
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expectations (see the largest� 10 values expected for stars of different mass and luminosity,

reported in Table 1.1).

In the following, before the general discussion on the wind structure and the distribution

and the distribution of carbon stars in the observational planes, we discuss separately the stars

outlined in point (a) and (b) and the bright stars, indicated with magenta crosses in Fig. 5.2.

5.2 Stars in the thermal pulse phase

The sources SSID 3, SSID 66, SSID 103 and SSID 141 are characterized by luminosities

below5000L� . The IRS spectrum of the latter star, with our best-�t interpretation, is shown

in the left panel of Fig. 5.3. These energy �uxes are at odds with the results shown in Fig. 5.2,

which reports the luminosities of the stars during the sequence of interpulse phases, when

the CNO burning activity is fully recovered, after the temporary extinction owing to the

ignition of the thermal pulse. On the other hand the re-ignition of the CNO shell after the

TP is extinguished is not immediate, thus the luminosity undergoes a series of periodic

variations, with temporary dips in conjunction with the ignition of TPs. The right panel

of Fig. 5.3 shows the variation with time of the luminosity of stars of initial mass1:5; 2;

2:5M� , during the C-star phase. We see that at the ignition of each TP the luminosity drops

below3000L� , then increases as CNO burning is gradually re-activated. The rise of the

luminosity following each TP is suf�ciently slow that the possibility of observing stars in such

low-luminosity phases is statistically not negligible. This holds particularly for the lowest

mass stars considered. Therefore, we propose that the low-luminosity stars identi�ed in the

IRS sample are carbon stars that have recently experienced a TP, and are evolving through a

phase when the H-burning shell has not fully recovered its ef�ciency. This interpretation is

consistent with the small optical depths which we derived for these stars (� 10 � 0:1� 0:3),

because during these evolutionary phases the stars assume a compact con�guration, which

prevents the formation of large quantities of dust. While a robust estimate of the mass of the

progenitor is not possible in this case, arguments related the mass distribution of the stars,

based on realistic mass functions, lead us to consider more likely that these sources descend

from 1:2� 1:5M� stars, formed2� 4 Gyr ago.

5.3 A signature of hot bottom burning?

The sources indicated with magenta crosses in Fig. 5.2 (SSID 4109, 4451, 4540, 4776) are

characterized by luminosities above20000L� , signi�cantly higher than the other stars in the

sample and above the upper limit expected for carbon stars (� 17000L� ), given in Table
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Figure 5.3 Left: IRS SED of the source SSID 141, compared with our interpretation, based on
synthetic modelling. Right: AGB evolution with time of the luminosity of1:5;2;2:5 M� stars; the
O-rich phase was omitted for readability. The sequence of the2:5 M� was arti�cially shifted by 1
Myr for readability. The grey shaded region indicates the luminosity range of the low-luminosity stars
SSID 3, SSID 66, SSID 103 and SSID 141.

1.1 and shown in Fig. 1.5. These luminosities indicate that the cores of these stars are more

massive than their counterparts discussed in Section 1.2.2, which translates into higher mass

progenitors. The mass threshold given in Section 1.2.2 was based on the fact that higher

mass stars experience HBB, which destroys the surface carbon, thus preventing the stars

from becoming carbon stars. Indeed, stars within a narrow mass range, clustering around

3:5M� , experience a series of TDU events before HBB is activated. These stars reach the

C-star stage and evolve as carbon stars for a few TPs, until the beginning of HBB.

An example of this behaviour is shown in the right panel of Fig. 5.4, reporting the

evolution of a3:5M� star, in terms of the surface C/O and of the luminosity. The effects

of TDU can be seen in the rise of C/O after each TP, whereas HBB causes a drop in C/O

after each TDU event. In this speci�c case HBB starts after12TPs and the star evolves as

C-star during4 inter-pulse phases, before the surface C/O drops below unity. The ignition

of HBB is accompanied by the fast rise in the luminosity of the star, which increases from

� 17000L� to above20000L� . During the C-star phase we �ndL � 25000L� , in agreement

with the luminosities derived for SSID 4109 and 4451 (see the comparison of the IRS spectra

with the synthetic models in the left and middle panel of Fig. 5.4).

We propose that the latter two sources descend from3:5� 4M� progenitors, formed

� 250Myr ago, that have reached the C-star phase and that are currently experiencing HBB
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Figure 5.4IRS and best-�tting SED for the sources SSID 4451 (left panel) and SSID 4109 (middle).
Right: evolution with time (counted since the beginning of the TP-AGB phase) of luminosity (black)
and surface C/O (red track, scale on the right) of a3:5M� star. The grey-shaded area indicates the
phase during which the star is carbon-rich.

at the base of the envelope. According to this interpretation, they are evolving through the

C-star phase, before becoming again oxygen-rich. If this understanding is correct, these stars

are characterized by a surface C/O slightly above unity and they are enriched in lithium,

because the time elapsed since the start of HBB is not suf�cient to destroy the surface
3He, which allows the Cameron & Fowler (1971) mechanism to operate. These sources

would be examples of the lithium-rich, carbon stars, which Ventura et al. (1999) proposed as

independent distance indicators, based on the robust estimate of the luminosities at which we

expect this mechanism to occur. We rule out the possibility that the progenitors are higher

mass stars formed more recently, because stars of initial mass above4M� experience HBB

since the early AGB phases, thus the formation of C-stars is inhibited.

The scenario invoked to explain the IRS spectrum of SSID 4109 and 4451 could poten-

tially work also for SSID 4776. However, the SED of the latter star is peculiar, since we �nd

no evidence of the11:3 � m SiC feature and of the30� m bump: this suggests that the dust is

composed exclusively of solid carbon.

The situation regarding SSID 4540, whose SED is shown in the left panel of Fig. 5.5,

is even more tricky, because the estimated luminosity,32000L� , is higher than the largest

luminosity attained by the3:5M� model, shown in the right panel of Fig. 5.4. The large

luminosity and the SiC- and MgS-free dust mineralogy lead us to consider the alternative

possibility that the progenitors of SSID 4540 and SSID 4776 are metal-poor, massive AGB

stars. These stars experience for most of the AGB lifetime vigorous HBB at the base of the

external mantle, which causes the depletion of the surface carbon and, unlike their higher

metallicity counterparts, a strong reduction of the surface oxygen. During the �nal AGB

phases, when HBB is turned off by the loss of the external envelope, the very low amount of
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Figure 5.5 Left: IRS SED of the source SSID 4540, compared with our interpretation, based on
synthetic modelling. Right: AGB evolution with time of the luminosity (black line, scale on the left)
and of the surface C/O ratio (red line, scale on the right) of a5M� model with metallicityZ = 0 :001.
The grey-shaded area indicates the evolutionary phase during which the star evolves as a carbon star.

oxygen residual in the external regions allows a few TDU episodes to turn the stars into a

C-star. This is shown in the right panel of Fig. 5.5, reporting the evolution of the luminosity

and of the surface C/O of a5M� , Z = 0:001model star. The luminosities at which this

transition occurs are in the25000� 35000L� range, consistent with the estimate done for

SSID 4540 and SSID 4776.

If this is interpretation is correct, these stars share the same origin with the O-rich objects

in the LMC which we discussed in Chapter 3, identi�ed as metal-poor stars, in which

the signi�cant destruction of the surface oxygen, caused by HBB, makes the dust in their

surroundings to be dominated by solid iron grains.

According to this hypothesis SSID 4540 and SSID 4776 are currently evolving through

the stages immediately following those of the stars considered in Chapter 3, after becoming

a C-star. They would be the youngest object in the carbon stars sample considered in this

chapter, with an age of� 100 Myr. An important difference with respect to the origin

invoked for SSID 4109 and 4451 is the surface chemical composition, which should exhibit

an extremely poor oxygen content and no evidence of lithium.

These stars are not expected to produce great quantities of dust, because the carbon

excess with respect to oxygen is low, given the effects of HBB experienced during the earlier

evolution. This is consistent with the small optical depths,� 10 = 0:06� 0:08, deduced from
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the analysis of the SED, and with the shape of the IRS spectrum (see left panel of Fig. 5.5),

which shows no signi�cant IR emission.

5.4 Extreme carbon stars

The existence of LMC stars with extremely red mid-IR colours was �rst discussed by Gruendl

et al. (2008), who used IRAC and MIPS photometry and IRS follow-up to identify7objects as

extreme carbon stars. The authors introduced the terminology ERO ("extremely red object")

to refer to these peculiar stars. Gruendl et al. (2008) underlined the peculiarities of the EROs,

especially the derived mass loss rates, which span the (5� 10� 5 � 2� 10� 4) M � =yr range,

signi�cantly higher than those deduced for carbon stars, when radiative transfer modelling is

used to reproduce their photometric properties (van Loon et al., 1999).

In Fig. 5.2 the EROs, on the right side of the� 10 � L plane, are indicated with blue

diamonds. We use the same symbol to identify SSID 9, which we also consider extreme, as

it lies on the same region of the diagram populated by the Gruendl et al. (2008) sources.

Fig. 5.6 shows the IRS spectra of 4 out of these stars, with the parameters required to

reproduce the details of the observed SED. In all cases, with the only exception of SSID

4299, a clear SiC absorption feature is visible, indicating an extremely thick dusty region.

Note that the interpretation of the spectra of the EROs is not affected by the presence of the

molecular bands discussed in the �rst part of this chapter. The sources SSID 125 and SSID

190, belonging to the Gruendl et al. (2008) sample, are indicated in Fig. 5.2 with open, blue

diamonds; these stars are extremely red and show up a peculiar SED, peaking at wavelengths

� > 20� m. An example is shown in Fig. 5.7.

The possible nature of the EROs was discussed by Sloan et al. (2016) and Groenewegen

& Sloan (2018), who stressed the dif�culty in �tting the data of these stars, particularly in the

context of modelling dust formation in radial out�ows, departing from the surface of single

carbon stars. An interesting overview of the critical issues to face when modelling stars with

a very large infrared excess is found in Nanni et al. (2019), who explored the role of the mass

loss rate, carbon excess, optical constants of solid carbon dust.

We con�rm here that the interpretation of these objects, based on the standard modelling

so far used to describe the other stars analysed, is extremely hard. The results presented

in Fig. 5.2 and 5.6 outline that the optical depths required to reproduce the observations,

which span the3 < � 10 < 7 range, are signi�cantly higher than the majority of the largest� 10

expected on the basis of theoretical modelling, reported in Table 1.1. Indeed the synthetic

SEDs shown in the 4 panels of Fig. 5.6 and the parameters corresponding to these stars

reported in Table 5.1 were obtained by arti�cially increasing the optical depth of the most



100 Understanding carbon stars in the LMC with a look at theJWST

Figure 5.6SED �tting of 4 out of the extremely red objects studied by Gruendl et al. (2008)

obscured model, taken among the points of the evolutionary sequences used to characterize

all the other stars in the sample. The left panel of Fig. 1.17 shows that optical depths� 10 � 5

are reached during the latest AGB phases of2� 3M� stars.

These largely obscured models might partly explain, as far as the degree of obscuration

is concerned, the SSID 4299 and SSID 4781 data (see bottom-right panel of Fig. 5.6),

the brightest sources in this group, for which we estimate a luminosity around10000L� .

However, there is no way to account for the observations of the fainter objects, particularly

those with estimated luminosities in theL < 6000L� range: these energy �uxes indicate
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Figure 5.7The IRS (black) and synthetic (red) spectra of the source SSID 190.

M � 1:1� 1:5M� progenitors, which are not expected to evolve to such extreme� 10, owing

to the relatively low carbon excess reached (see Fig. 1.11 in Chapter 1).

Regarding the possible reasons for such a signi�cant difference between the theory and

the observations, we cannot rule out that the stationary wind model used in the present

investigation to model dust formation might underestimate the amount of dust formed in

the wind of AGB stars. As discussed in Section 1.4, the present model neglects the effects

of pulsations and the pulsation-induced shocks, which might drive dense gas clouds into

external regions of the out�ow, where dust condensation would be favoured by the cool

temperatures. Furthermore, here we do not account for gas-to-dust drift, which might affect

the structure of the wind and cause higher dust yields. Sandin & Mattsson (2020) have
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recently performed unique state-of-the-art simulations of C-star wind formation, con�rming

that drift is signi�cant at low mass loss rates and becomes less and less important as the rate

goes up. This means we cannot �rmly conclude that the dust yields should be signi�cantly

higher unless we redo the stellar evolution modeling including a correction for drift. The

effect on the integrated DPR depends on the evolution of the mass loss rate, which in turn

depends on how the stellar parameters and carbon excess evolve.

Despite the above uncertainties, we believe that there is no room to obtain� 10 values sig-

ni�cantly higher than those reported in Table 1.1 and shown in Fig. 1.16. This is de�nitively

impossible in case ofM < 2M� stars, for the reasons given above. For what attains the stars

of mass above2M� , the large values of� 10 reached are mainly caused by the high mass loss

rates experienced during the latest AGB phases, which are slightly below� 2� 10� 4M � =yr.

We consider these rates as upper limits, because their calculation is based on the description

by Wachter et al. (2002, 2008), which might overestimate the true mass loss rates (Bladh

et al., 2019).

A possible reason for the discrepancy between the� 10 obtained by modelling and the

optical depth derived from the analysis of the spectra is that the winds are signi�cantly denser

than predicted by the theoretical modelling, suggesting that dust is formed at higher rates

than predicted by stellar evolution calculations. To test this hypothesis we reconsidered

the C-star phase of the models presented in Chapter 1, and arti�cially increased the mass

loss rate to be used in the modelling of dust formation, until obtaining the values of� 10

required to �t the IRS spectra. We found consistency with mass loss rates of the order of

� _M � 5� 10� 4M � =yr.

Based on these �ndings, we suggest that the EROs are part of binary systems composed

of a carbon star and a low-mass companion, with the primary star that �lled the Roche lobe,

giving origin to a common envelope phase (Dell'Agli et al., 2020).

The large mass-loss rates required to increase the gas density of the out�ow, and to

produce the amounts of dust compatible with the optical depths deduced from the SED, are

connected with the instability of the mass-loss phenomenon when the carbon star �lls the

Roche lobe.

Fig. 5.8 shows the AGB variation with time of the radius and the surface C/O of stars of

different initial mass. We see that in all cases the stars undergo a phase of rapid expansion,

soon after they become carbon stars. The fast increase in the stellar radius enhances the

probability that the Roche lobe is over�lled, giving the start to a phase of strong mass loss,

which we arti�cially impose starting from the corresponding evolutionary points, indicated

with green arrows in Fig. 5.8. As previously discussed, use of_M = 5 � 10� 4M � =yr leads to
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Figure 5.8Evolution of the radius (black lines, scale on the left) and surface C/O ratio (red, scale
on the right) during the AGB phase of stars of initial mass1:1M� (left panel),2:5M� (middle) and
3M� (right). The thin, blue horizontal lines indicate the C= O condition, whereas the green arrows
indicate the phase of rapid expansion of the star, as a consequence of the surface carbon enrichment.

ef�cient formation of dust, in quantities suf�ciently large to reconcile the optical depth of the

envelope with the degree of obscuration indicated by the observations.

As shown in Fig. 5.2, the results obtained, indicated with magenta stars, are in substantial

agreement with the� 10 and luminosity values of the extreme stars derived from the analysis

of the IRS spectra.

For SSID 125 and SSID 190, we propose a slightly different interpretation, based on the

cool dust temperature required to �t the IRS spectra, of the order of� 350K, which might

indicate that the dust layer is moving away from the system; this is also consistent with the

derived optical depths,� 10 � 2� 3, among the lowest in the extreme stars sub-sample, which

might be due to the decrease in the gas densities, caused by the expansion. These �ndings

suggest that these systems have recently moved away from the AGB and have started the

post-AGB phase (Dell'Agli et al., 2020); this understanding would be consistent with the

interpretation proposed by Groenewegen & Sloan (2018).

In all cases, the interpretation based on the fact that these stars are evolving through, or

have recently crossed a common envelope phase is consistent with the relative small fraction

of solid carbon dust, deduced from the analysis of the SED, in most cases below80%,

because the fast loss of the external envelope prevents the accumulation of large quantities of

carbon in the surface regions.
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5.5 The winds of carbon stars: what we learn from IRS

spectra?

We discussed in Chapter 2 that the luminosity and the optical depth of the individual sources

can be safely derived by comparing the observed spectrum with the synthetic SED, calculated

on the basis of a basic wind model, which assumes that the dust is composed only of carbon

and SiC.

On the other hand we know that other dust species form in the winds of carbon stars;

furthermore, it is possible that not all the solid carbon forms in the amorphous state, but that

a fraction of it might be in other aggregates, such as graphite. As discussed in Section2.4, the

comprehension of the details of the dust formation process demands the knowledge of the

mineralogy of the dust formed, which consists into the determination of the percentages of

the different species considered, or, equivalently, the individual contributions to the overall

cross-section. This ambitious task requires the interpretation of the whole SED, including the

details of the features and the slopes of the stellar spectra, in the whole wavelength interval

covered by IRS.

We now discuss in detail the dust species other than solid carbon, and how their presence

re�ects onto the SED.

5.5.1 Silicon carbide

SiC is by far the second most abundant species beyond carbon. The presence of SiC

dust was used by several authors (Groenewegen & Sloan, 2018; Groenewegen et al., 2009,

2007; Srinivasan et al., 2009, 2010) to reproduce the spectra of carbon stars, based on the

observation of the well distinguished SiC feature, centred at11:3 � m. This can be seen in

the synthetic SEDs reported in Chapter 2 and in the IRS spectra shown in Fig. 5.1. While we

may safely assume that SiC grains are the only solid particles formed in the internal part of

the out�ow, in the more external regions of the circumstellar envelope the presence of SiC

could be associated with the formation of MgS (Zhukovska et al., 2008). Indeed, as it has

been discussed in Chapter 1, SiC is suited as a substrate for MgS precipitation, due to the

obvious similarities of structure and bonding properties of SiC and MgS.

5.5.2 MgS

We discussed in Chapter 1 that we interpret the wide bump in the25� 30 � m spectral

region, which characterize the spectrum of several carbon stars, with the presence of MgS,
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Figure 5.9IRS spectrum of SSID 18 (black line) compared with synthetic SEDs, corresponding to the
same luminosity and� 10, and different percentages of SiC+MgS and of the relative width of the MgS
mantle (aman ) on top of SiC core. The various lines correspond to the following: red - our best-�t
model, with SiC+MgS= 9% andaman = 0 :05 � m; green - SiC+MgS= 35% andaman = 0 :02 � m;
blue - SiC+MgS= 9% andaman = 0 :02 � m; orange - SiC+MgS= 6% andaman = 0 :05 � m.

in the form of mantle covering SiC grains cores. To better understand how the presence of

SiC+MgS dust affects the SED of carbon stars, we calculated a series of synthetic SEDs,

where the condensation point and the percentage contribution of this compound were allowed

to vary within reasonable ranges. The detailed �t of the MgS feature in the SED allows

the determination of the percentage of the SiC+MgS particles with respect to the total dust

formed, and of the fractional width of the MgS mantle with respect to the total dimension

of the SiC+MgS grains. The latter quantity is related to the condensation point, as a larger

mantle is formed when the condensation zone is more internal. An example of this kind of

analysis is shown in Fig. 5.9, where the effects of changing the percentage of SiC+MgS dust

and of the size of the MgS mantle are indicated.
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Figure 5.10IRS spectra of the sources SSID 4197 (top-left panel), SSID 4783 (top-right), SSID 4002
(bottom-left) and SSID 4692 (bottom-right), with the best �t models, obtained with the luminosities,
optical depths and dust mineralogy indicated in the individual panels

We �nd that in the majority of the sources analysed the fraction of MgS+SiC particles is

around5%, of the same order of pure SiC grains. The detailed �t of the morphology of the

25� 30 � m feature demands that the width of the MgS mantle accounts for30� 40%of the

overall size of the SiC+MgS grains, which is consistent with assuming that precipitation of

MgS onto SiC cores begins in a more internal region of the out�ow than found for pure MgS

dust. A few examples of stars with SED characterized by SiC and MgS features are shown in

Fig. 5.10.
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The conclusions we draw for the present analysis are the following:

1. A fraction around50% of the SiC particles formed in the internal regions of the

circumstellar envelope act as seeds for the deposition of MgS. This is consistent with

the study of the30� m feature in carbon stars published in Messenger et al. (2013), who

found a tight correlation between the11:3 � m and the30� m features in the spectra of

Galactic carbon stars, concluding that the carriers of these features are strongly related

to each other. SiC and SiC+MgS dust make up around10%of the total dust, this result

being substantially independent of the degree of obscuration of the star

2. Formation of SiC+MgS particles takes place in the same region of the circumstellar

envelope where solid carbon condensation occurs.

5.5.3 Graphite

As anticipated in Section 1.4.2, the presence of carbon dust in the form of graphite is taken

into account in the present work. Our choice is to derive the relative contribution from

amorphous carbon and graphite by looking for the best �t of the SED of carbon stars in

the sample examined here. The approach we followed is the following: we �rst derived

the luminosity, optical depth and percentages of SiC and MgS according to the method so

far discussed, then assumed a variable percentage of graphite with respect to carbon, until

reaching full consistency with the observed SED.

An example of the analysis done is shown in Fig. 5.11, where we show the interpretation

of the SED of the source SSID 4722, whose spectrum exhibits a fairly large level of infrared

emission, with� 10 slightly below unity. Changing the fraction of graphite with respect to

the total of carbon dust (hence amorphous carbon + graphite) does not sensitively alter the

morphology of the SED in the wavelength region close to the emission peak (in the example

shown in Fig. 5.11), but has a strong effect on the� > 20� m domain, which is lifted by the

presence of graphite.

Other results, where a not negligible fraction of graphite is required to reproduce the

observed SED of the stars in the� > 20 � m spectral region, can be seen in Fig. 5.12,

which shows the comparison between the IRS and the synthetic spectra, for stars of various

luminosities and� 10.

From the analysis of the sources examined, we deduce that amorphous carbon is the

dominant dust component in the winds of carbon stars. Graphite is formed in the circumstellar

envelope of� 10 > 0:1 stars, in percentages growing with� 10, ranging from a few percents to

� 20%.
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Figure 5.11IRS spectrum of SSID 4722 compared with synthetic SED, differing for the percentage
of graphite. The different lines refer to percentages of0%(orange),15%(red),30%(blue).

5.6 Carbon stars in theJWSTobservational planes

As well as for the M-type stars, whose characterization is discussed in the previous chapter,

it is extremely important to understand how carbon stars are expected to distribute on the

observational planes that will be built with the mid-IR �lters of the MIRI camera. This will

be crucial to interpret the data collected byJWSTand to select the combination of �lters

allowing the best determination of the degree of obscuration and of the mineralogy of the

stars, and the identi�cation of the progenitors, in terms of formation epoch and chemical

composition.
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Figure 5.12IRS spectra of the sources SSID 4794 (top-left panel), SSID 4238 (top-right), SSID 4589
(bottom-left) and SSID 4150 (bottom-right), with the best �t models, obtained with the luminosities,
optical depths and dust mineralogy indicated in the individual panels.

We discussed in Chapter 2 the spectral features in the SED of carbon stars, the most

important being the11:3 � m feature and the bump at� 30 � m. These spectral features can

also be seen in the synthetic spectra shown in Fig. 2.3 in that chapter (the30� m feature is

not present in the left panel, because in that simulations only amorphous carbon and SiC

were considered), to which we will refer in the following analysis. We outlined that the

dust species responsible for the presence of these features do not provide any signi�cant

contribution to the overall optical depth of the circumstellar envelope of the star, which is
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mainly given by absorption by solid carbon grains. On the other hand, reprocessing of the

radiation by SiC and MgS particles affects the morphology of the SED in regions of the

spectrum which fall inside the transmission curves of the majority of the MIRI �lters. As

clear in Fig. 2.3 and 5.1, the MIRI �lters covered by the IRS spectral range and falling in a

wavelength interval substantially clear of features associated to dust are F770W, F1000W

and F1800W.

F770W is affected by the molecular band centred at7:5 � m, which becomes less and less

deep as the degree of obscuration increases, and has no relevance in the spectra of the stars

with the largest IR emission. This behaviour can be seen, e.g., in the sequence of spectra

in Fig. 5.1, where we note the little incidence of this feature in the interpretation of the

spectrum of the most obscured source SSID 18, shown in the bottom-right panel. According

to the present analysis, we �nd that in the� 10 > 1 domain the acetylene7:5 � m feature is not

relevant in the determination of the main properties of the stars, whereas the impact on the

analysis of the poorly obscured objects can be safely managed by introducing a correction

factor to account for the depression of the �ux in that spectral region. We will return to this

point shortly.

The wavelength interval covered by F1000W is only partially overlapped on the SiC

feature, provided that the latter is very prominent. We will see that this does not affect the

general colour-� 10 trend while, on the other hand, use of this �lter allows drawing information

on the metallicity of the stars.

The spectral region covered by the transmission curve of F1800W (see Fig. 2.3) is

not affected by molecular or dust features. This suggests using the F1800W �ux in the

interpretation of the SED of carbon stars. The only caution to take into account is that

the reprocessing of the radiation by MgS and graphite particles makes the SED �atter in

the12� 20 � m region, which re�ects into a higher F1800W �ux. This is clear from the

comparison between the synthetic SED shown in Fig. 2.3. The F1800W �uxes based on

synthetic models where the presence of MgS and graphite dust is neglected are slightly

underestimated.

Based on these arguments, we consider the colour-magnitude (F770W-F1800W, F1800W)

and (F1000W-F1800W, F1800W) planes as the most suitable to study the reddening se-

quences of carbon stars, where the characterization of the individual objects is fairly in-

dependent of the details of the dust mineralogy and scarcely affected by the details of the

morphology of the most relevant spectral features.

The left panel of Fig. 5.13 shows the distribution of the sample of carbon stars described

in Chapter 2 on the (F770W-F1800W, F1800W) plane. The sources within the subsample

that we analysed in detail in the present investigation are shown with different symbols. In



5.6 Carbon stars in theJWSTobservational planes 111

Figure 5.13Left: Stars in the sample described in Section 2.2 are shown in the colour-magnitude
(F770W-F1800W, F1800W) plane. Same symbols of Fig. 5.2 were adopted. Black squares and
triangles indicate the expected evolution of stars of metallicityZ = 0 :008and initial mass1:5M� and
3M� , respectively. Dashed lines refer to the expected evolution of1:5M� and3M� stars, when the
presence of Sic+MgS and graphite grains are considered in the computation of the synthetic SED.
Blue squares and red triangles, connected with dotted tracks, refer to the evolution ofZ = 0 :002stars
of initial mass1:5M� and2:5M� , respectively. Magenta pentagons indicate the tracks of1:1M� ,
2:5M� and3M� (from fainter to brighter) models, obtained by arti�cially increasing the mass loss
rate after the jump in the stellar radius caused by the increase in the surface carbon, according to the
discussion in Section 5.4. Right: distribution of stars in the colour-magnitude (F1000W-F1800W,
F1800W) plane.

the �gure we show as solid lines the tracks corresponding to the sequences of synthetic SED

of Z = 0:008stars of initial mass1:5M� and3M� , which were calculated by assuming a

dust composition made up only of solid carbon and SiC. The dashed lines indicate the tracks

of the same stars, recalculated to account for the presence of SiC+MgS and graphite grains,

in quantities consistent with the discussion in Section 5.5. The dashed lines connecting the

blue squares and red triangles refer to the evolution of1:5M� and2:5M� stars of metallicity

Z = 0:002(Dell'Agli et al., 2016, 2019b), taken as a representative of a metal-poor population.

In this case we do not show the corresponding tracks which consider SiC and MgS, because

little formation of these species is expected in the wind of metal-poor stars.

The evolutionary tracks provide a nice �t of the observations, except for the stars discussed

in Section 5.4. For the latter objects we followed the indications given in Section 5.4, i.e. we

modelled dust production by assuming a higher mass loss rate since the phase during which

the stars experience a fast expansion, owing to the carbon enrichment of the surface regions.
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The results obtained, shown with magenta stars on the plane, are in fair agreement with the

colour and magnitudes of the extreme stars.

The� 0:2 mag colour shift between the synthetic and the observed colours of the bluest

stars in the sample, characterized by little dust in the circumstellar envelope, is connected

with the absorption C2H2 feature at7:5 � m, discussed earlier in this section. This is the

correction to be applied to the synthetic (F770W-F1800W) colour of carbon stars with little

dust in the circumstellar envelope.

The stars on this colour-magnitude plane de�ne a well distinguished obscuration sequence,

spanning the colour range0 < F770W-F1800W< 4:5 and the magnitude interval3:5 <

F1800W< 8:5. (F770W-F1800W) is a reliable indicator of the degree of obscuration of the

stars: we �nd a tight correlation between this colour and the optical depth, which extends

from F770W-F1800W� 0:5, � 10 � 0:1, to the objects with the largest infrared emission,

with F770W-F1800W� 4:5 and� 10 � 7.

Roughly, we have

log� 10 � � 0:1 � (F 770W � F 1800W)2 + 0:9 � (F 770W � F 1800W) � 1:2 (5.1)

For a given (F770W-F1800W) the observed distribution exhibits a� 1 mag spread

in F1800W, which is due to differences in the luminosity of the stars, which cover the

5000� 17000L� range (see Fig. 5.2). The position on the plane is connected with the

formation epoch of the sources, the stars formed more recently being in the upper part of the

diagram.

The bright sources discussed in Section 5.3, which we associate either to stars currently

experiencing HBB or to metal-poor, massive AGB stars during the late AGB phases, make a

sort of upper envelope of the distribution of the stars on this plane.

The tracks based on models that consider SiC+MgS and graphite are slightly redder than

those which take into account only solid carbon and SiC. This difference, which is visible

only for the most obscured stars, is related to the increase in the F1800W �ux, consistently

with the discussion done at the beginning of the present section.

The tracks corresponding to metal-poor stars are bluer than theZ = 0:008tracks. This

difference is visible only for the stars characterized by optical depths� 10 > 0:1, whereas they

are substantially overlapped in the low� 10 domain. This is explained by the lower rate of

dust formation in metal-poor stars, related to the absence of SiC and to the higher effective

temperatures, which inhibits the formation of great quantities of dust (Ventura et al., 2014).

The scarcity of stars in the region of the plane covered by the track of the metal-poor,2:5M�
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Figure 5.14Left: position of the stars in the sample presented in Section 2.2 in the colour-colour
(F770W-F1800W, F770W-F1130W) plane. The symbols for the stars and the evolutionary tracks
are the same as in Fig. 5.13. Right: zoom of the same plane shown in the right panel, to outline the
bifurcation between stars of different metallicity.

indicates the poor star formation of metal-poor stars occurred in the LMC in the last 1 Gyr,

in agreement with the studies on the star formation in the LMC (Harris & Zaritsky, 2009).

The distribution of the sample stars in the colour-magnitude (F1000W-F1800W, F1800W)

plane is shown in the right panel of Fig. 5.13, with the same evolutionary tracks reported in the

left panel. The trend traced by the observations is similar to the one in the (F770W-F1800W,

F1800W) diagram, with the difference that the colour range is in this case� 2:5 mag wide:

as expected, (F770W-F1800W) is more sensitive to� 10 in comparison to (F1000W-F1800W).

The relationship between (F1000W-F1800W) and� 10 can be approximated by

log� 10 � � 0:2� (F 1000W � F 1800W)2 +1:13� (F 1000W � F 1800W) � 0:75 (5.2)

In the lower-left side of the plane, populated by stars with little dust, the low-metallicity

tracks are bluer than theirZ = 0:008counterparts: this is connected with the SiC feature,

present in the SED ofZ = 0:008objects and absent in that of metal-poor stars, which causes

a slight lift of the F1000W �ux. We note that the metal-poor tracks are overlapped on

the observations, suggesting that a signi�cant fraction of stars with little or no dust in the

circumstellar envelope belong to a low-metallicity population. We will return to this point

later in this section.
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Fig. 5.14 shows the distribution of the stars in the colour-colour (F770W-F1800W,

F770W-F1130W) plane. The same tracks as in Fig. 5.13 are shown.

Figure 5.15 Position of the stars in the sample presented in Chapter 2 in the colour-magnitude
(F1800W-F2550W, F1800W) plane. The symbols for the stars and the evolutionary tracks are the
same as in Fig. 5.13.

The obscuration pattern traced by the sample stars is clear in this plane, and can be roughly

approximated by a straight line, with slope0:5. Generally speaking, (F770W-F1130W) gets

redder and redder as� 10 increases. For� 10 < 1 this trend is mostly due to the presence of

the SiC feature in the SED, which increases the �ux in the11:3 � m region (see the blue and

red lines in of Fig. 2.3). For higher� 10 the increase in (F770W-F1130W) is related to the

shift of the SED towards the mid-IR part of the spectral range, the peak being at wavelengths

� > 10� m (see green line in Fig. 2.3).



5.6 Carbon stars in theJWSTobservational planes 115

The tracks of metal-poor models are below those of the more metal-rich stars, because

the F1300W �ux is smaller, owing to the little (or no) quantity of SiC in the circumstellar

envelope. The difference between theZ = 0:002andZ = 0:008tracks are negligible at large

� 10, because under those conditions the SiC feature becomes less prominent and the SED

shifts to longer wavelengths.

The evolutionary tracks in this plane reproduce the extension of the trend traced by

the stars in the sample. The EROs are once more an exception on this side, their colours

being reproduced only by invoking higher mass loss rates, according to the discussion in

Section 5.4. In the region of the plane at F770W-F1130W< 0:8 there is an offset between

the Z = 0:008 tracks and the observations, even when the correction for the presence of

MgS+SiC and graphite is considered. TheZ = 0:002tracks are in much better agreement

with the observational evidence in this region of the colour-colour plane, which is populated

by stars with little dust in their surroundings, with� 10 < 0:5. Most of these stars descend

from low-mass progenitors, with initial mass below� 1:5M� , formed in epochs older than 2

Gyr. In the spectrum of the majority of these stars there is no evidence for the SiC feature,

which is the reason why their position is better reproduced byZ = 0:002models. While we

cannot rule out that some unknown mechanisms inhibits the formation of SiC particles under

particular circumstances, the most plausible explanation for this result is that the low-mass

stars with little dust in the out�ow are mostly metal-poor stars; this is consistent with the

age-metallicity relationship of the LMC, studied in Harris & Zaritsky (2009), and with the

study by Dell'Agli et al. (2015b), who claimed the presence of a signi�cant fraction of

low-metallicity objects in the LMC stars descending fromM < 2M� progenitors. The right

panel of Fig. 5.14 shows a zoom of the colour-colour plane in the0 < F770W-F1800W< 2

region. Here we note a clear dichotomy in the distribution of the stars, which we interpret

as a metallicity spread: the stars painted in pink, with no SiC, correspond to the metal-poor

population, whereas the green counterparts represent the more metal-rich stellar component.

These spread vanishes for0 < F770W-F1800W< 1:5, because metal-poor stars are not

expected to evolve to such red colours.

We now turn our attention to the colour-magnitude (F1800W-F2550W, F1800W) diagram,

shown in Fig. 5.15, with the same symbols used in Fig. 5.13 and Fig. 5.14.

In this plane, as expected, use of the tracks that consider the formation of SiC+MgS is

mandatory, because the transmission curve of the F2550W �lter is entirely overlapped to

the30� m bump. The signi�cant discrepancy between the tracks calculated with or without

SiC+MgS can be understood by confronting the synthetic SEDs shown in Fig.2.3: especially

in the higher� 10 cases the SEDs are noticeably different, particularly in the F2550W �ux.

This despite the assumed MgS percentage is only5%of the total dust. We see in Fig.5.15
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that the tracks which consider MgS are in much better agreement with the observations and

are overlapped with most of the stars withF 1800W < 6.

The colour range of the sample stars in the (F1800W-F2550W, F1800W) plane is� 1 mag.

This is signi�cantly smaller than in the (F770W-F1800W, F1800W) plane (see Fig.5.13),

where the colour difference between the stars with no dust and the most obscured ones is

� 4 mag. This difference is explained by the saturation of (F1800W-F2550W) for� 10 > 3,

because the SED becomes approximately horizontal in the� > 20� m domain.

The low-metallicity tracks shown in Fig.5.15 de�ne an approximately vertical trend,

which is because there is no30 � m bump in the spectra of these stars and the slope in the

15� 30 � m spectral region is practically unchanged. The latter point is linked to the fact that

low-metallicity carbon stars are not expected to evolve at� 10 > 1, as shown forZ = 0:001in

Chapter 1 (see Fig. 1.17). We note that theZ = 0:002tracks nicely reproduce the position

of the stars with F1800W-F2550W� 0:1� 0:2 and4 < F1800W< 6. These sources are

the same located in the F770W-F1130W< 0:8 region in the colour-colour plane shown in

Fig.5.14, which we identi�ed as low-metallicity stars. This conclusion is further reinforced

by the present analysis, suggesting a criterion to disentangle stars of different chemical

composition in the (F1800W-F2550W, F1800W) diagram.

The summary of the interpretation of the C-rich stars in the LMC is shown in Table 5.1,

which gives the derived values ofL, � 10 and dust mineralogy for each source investigated,

whereas all results of the SED �tting of the IRS spectra are shown in the Appendix.

Table 5.1The interpretation of the sample carbon stars analysed in the present work. The different
columns report the SSID of the star (1) estimated luminosity (2), dust mineralogy (3) and optical
depth� 10 (4).

SSID L/L� %(C,SiC,MgS) � 10

3 4100 (87,13,0) 0.1

7 7900 (99,1,0) 0.05

9 5200 (81,14,5) 3.4

18 7500 (83,8,9) 1.7

51 13000 (100,0,0) 0.04

55 7700 (97,2,1) 0.1

60 3300 (93,4,3) 0.54

65 6200 (78,21,1) 7.1

66 4300 (100,0,0) 0.32

80 5400 (90,10,0) 0.024
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98 5400 (97,2,1) 0.33

103 4000 (89,11,0) 0.075

125 8800 (86,12,2) 2.3

126 12200 (100,0,0) 0.06

140 8500 (87,6,7) 1.2

141 3000 (100,0,0) 0.29

145 6100 (100,0,0) 0.19

156 5200 (90,10,0) 0.13

167 10200 (74,19,7) 2.0

181 5200 (95,3,2) 0.19

190 12000 (96,2,2) 3.4

4000 7500 (90,9,1) 0.79

4001 7900 (78,15,7) 1.25

4002 5300 (89,8,3) 0.45

4003 5500 (92,4,4) 1.0

4004 9900 (91,7,2) 0.67

4012 7100 (99,0,1) 0.38

4016 11500 (95,4,1) 0.7

4021 15500 (100,0,0) 0.6

4034 11500 (100,0,0) 0.23

4037 18200 (99,1,0) 0.18

4052 6900 (87,7,6) 0.65

4062 11500 (92,5,3) 1.05

4067 10500 (94,5,1) 0.27

4093 5600 (92,5,3) 0.58

4100 13200 (87,7,6) 1.1

4109 27800 (96,3,1) 0.37

4150 7300 (86,9,5) 0.7

4154 14700 (93,4,3) 0.54

4155 10800 (89,9,2) 0.85

4171 8200 (78,19,3) 6.3

4185 5200 (74,25,1) 6.2

4197 11600 (85,9,6) 1.45

4206 8900 (81,16,3) 1.06

4211 8900 (96,4,0) 0.41

4225 14900 (95,3,2) 0.23
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4228 9500 (97,2,1) 0.65

4238 13800 (97,0,3) 1.15

4240 8300 (97,1,2) 1.0

4241 10800 (92,4,4) 0.94

4244 9700 (95,5,0) 0.51

4246 13900 (85,7,8) 1.7

4251 10400 (100,0,0) 0.62

4252 8000 (95,3,2) 1.0

4256 12600 (87,11,2) 0.41

4293 7200 (83,10,7) 0.95

4299 9800 (100,0,0) 5.3

4308 7000 (77,23,0) 5.6

4309 11500 (96,0,4) 1.2

4334 6500 (97,2,1) 0.38

4339 5500 (84,9,7) 0.9

4385 5500 (89,10,1) 0.22

4391 10800 (93,4,3) 0.56

4401 6700 (87,7,6) 1.14

4402 7200 (91,5,4) 1.05

4408 9300 (88,7,5) 0.6

4411 15800 (97,2,1) 0.19

4415 4700 (80,20,0) 6.6

4421 10800 (94,5,1) 0.68

4432 5700 (100,0,0) 0.005

4435 6700 (94,3,3) 0.86

4442 7300 (95,5,0) 0.26

4447 7600 (97,2,1) 0.51

4448 5800 (100,0,0) 0.03

4451 28600 (89,6,5) 0.91

4463 6400 (92,7,1) 0.21

4469 6700 (97,3,0) 0.23

4476 14000 (100,0,0) 0.1

4478 7100 (93,4,3) 0.79

4479 5500 (82,16,2) 0.61

4481 6700 (89,5,6) 0.7

4488 11600 (90,10,0) 0.035
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4489 5100 (57,40,3) 4.3

4491 8000 (97,0,3) 0.98

4510 10300 (96,4,0) 0.28

4513 16100 (94,5,1) 0.62

4519 6800 (88,6,6) 0.52

4540 32000 (100,0,0) 0.06

4556 12200 (82,16,2) 1.0

4562 8400 (89,6,5) 0.97

4565 5000 (96,2,2) 0.75

4575 12100 (99,1,0) 0.33

4589 8800 (96,0,4) 0.3

4593 5700 (83,10,7) 0.95

4600 5800 (93,4,3) 0.85

4604 11400 (94,5,1) 0.23

4692 5500 (91,4,5) 1.2

4717 10300 (91,5,4) 1.0

4722 12300 (90,8,2) 0.9

4736 8800 (97,2,1) 0.28

4758 7500 (88,11,1) 0.85

4759 7200 (87,6,7) 1.1

4776 22200 (100,0,0) 0.09

4779 16500 (79,17,4) 1.2

4780 10500 (93,6,1) 0.52

4781 10200 (70,27,3) 5.2

4783 10000 (84,13,3) 1.05

4794 17700 (80,15,5) 2.0

4811 16200 (87,6,7) 1.13

4812 12300 (96,0,4) 1.1





Conclusions

We studied the evolved stellar population of the Large Magellanic Cloud, with the double

aim of shedding new light on the dust formation mechanism in the circumstellar envelope

of AGB stars and to support the astrophysical community to bene�t from the opportunities

which will soon offered by the incoming launch of theJames WebbSpace Telescope, in the

study of the evolved stars in Local Group galaxies. We focused in particular on the results

which will be obtained by the MIRI camera (Rieke et al., 2015), mounted onboard theJWST,

with 9 �lters covering the mid-IR spectral region, whose transmission curves are largely

overlapped with the spectral features which characterize the spectra of stars surrounded by

dust particles.

The analysis developed in the present investigation is mainly based on the data obtained

by the IRS instrument onboard theSpitzerSpace Telescope, because the determination of the

dust mineralogy of the stars with a large infrared emission demands the detailed analysis of

the morphology of the spectral energy distribution. This is an important step forward with

respect to previous explorations of evolved stars in the Magellanic Clouds, based on near-

and mid-IR photometric data.

To this aim, we calculated ad hoc AGB evolutionary sequences of metallicityZ = 0:008,

suitable to study LMC stars, complemented withZ = 0:001 models, to account for the

presence of a metal poor stellar component currently evolving in the LMC (Harris & Zaritsky,

2009). With respect to previous calculations, the new models are based on an improved

numerical treatment of the convective borders and are extended until the post-AGB phase.

An important effort was devoted to the modelling of dust formation in the wind, which was

used to calculate a library of synthetic SED, allowing to describe the variation of the infrared

emission of stars of various mass and metallicity as they evolve across the AGB. This is the

tool which we used to interpret the IRS data.

The detailed analysis of the SED of evolved stars in the LMC classi�ed as AGB sources

led to the identi�cation of a group of stars, whose current main dust component is solid iron,

and of a few sources, which we propose to be surrounded by two dusty layers. We suggest
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that the former are the progeny of metal-poor, massive AGB stars, formed� 100Myr ago

(Marini et al., 2019a), in which the formation of silicates is partly inhibited by the effects

of strong HBB, which caused a signi�cant depletion of the surface oxygen and magnesium,

leaving room to the formation of dust dominated by solid iron grains. The second group

of stars are older (3� 5 Gyr) objects, descending from low mass (� 1� 2M� ) progenitors,

which have recently become carbon stars (Marini et al., 2019b). They are surrounded by a

more internal, recently formed dusty layer, composed by carbonaceous particles, and a more

external silicate dust shell, formed just before the occurrence of the last thermal pulse.

Other than these two peculiar groups of stars, the use of the synthetic library of SED

allowed an extensive characterization of the AGB stars in the LMC, an analysis which was

divided among M-type AGBs and carbon stars.

For what concerns the oxygen-rich sample, we could separate the progeny of low-mass

stars from massive AGBs, currently experiencing HBB. In the former group, the formation

of silicates and alumina dust increases during the AGB phase, until they become carbon

stars, thus starting the production of carbonaceous dust. Massive AGBs were identi�ed

by means of their large luminosities and the large optical thickness of their circumstellar

envelope, which according to our modelling is strictly connected with the strength of the

HBB experienced.

The MIRI �lters whose transmission curves overlap with the two silicate features centred

at � 10 � m and� 18 � m, i.e. F1000W, F1800W and F2100W, can be hardly used for the

characterization of oxygen-rich AGB stars, owing to the non linear behaviour of the two

features with the optical depth. The plane allowing the best study of M-type AGB stars, with

the identi�cation of the evolutionary status and of the dust quantity and mineralogy formed

in the out�ow, is the (F770W-F2550W, F770W) diagram. Indeed the F770W �ux proves

extremely effective in the study of these stars, because it is not sensitive to the modi�cation of

the SED with the optical depth; on the other hand it is affected by the presence of featureless

dust species, such as solid iron, thus it can be ef�ciently used to identify such peculiar objects.

The study of carbon stars con�rmed earlier investigations, that the dust mineralogy is

largely dominated by amorphous carbon and silicon carbide grains. However, the present

study demonstrates that for optical depths� 10 > 0:1 part of the carbon dust forms as graphite,

in percentages up to20%. The study of the clear bump present in the SED of carbon stars in

the25� 30 � m spectral region indicated that a possible origin of this feature emission is the

growth of MgS grains via precipitation of SiC particles formed in more internal regions of

the out�ow. As for the SiC case, the prominence of this bump is sensitive to the metallicity

of the star.
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The observational planes allowing the best analysis of the carbon star population are the

colour-magnitude (F770W-F1800W, F1800W) and (F1000W-F1800W, F1800W) diagrams.

The former allows a better evaluation of the optical depth of the envelope, thus the amount of

dust formed in the out�ow; the distribution of the stars in the latter diagram is more sensitive

to the metallicity of the stars, owing to partial overlapping of the transmission curve of the

F1000W �lter with the SiC feature, which, in turn, is sensitive to the silicon content. In both

cases the F1800W �ux turns out a reliable luminosity indicator, because it is not overlapped

with any important feature characterizing the spectra of carbon stars. For this class of stars

the use of the F1800W �ux is preferable to F2550W, because the latter is in�uenced by the

bump in the25� 30 � m associated to MgS, which is different from star to star.

We conclude this study with a recommendation for the future observations aimed at

characterizing the AGB population in the Local Universe withJWST. Other than the F770W

�lter, we notice that the MIRI �lter combinations allowing the best investigation of oxygen-

rich AGBs and carbon stars differ, thus not allowing the identi�cation of an optimal solution,

of general validity. Despite these dif�culties, the combination of the F770W, F1000W,

F1800W and F2550W magnitudes will de�nitively allow an exhaustive analysis of the AGB

population of galaxies.
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6.1 ATON

The AGB evolutionary sequences presented here were computed by means of the ATON

code for stellar evolution (Ventura & D'Antona, 2009; Ventura et al., 1998). We recall here

the main physical inputs, most relevant for the topic of the present investigation.

The arguments presented in this work outline how relevant the description of convection

is for the AGB phase, in terms of the evolution of the main physical quantities, number of

thermal pulses experienced, change in the surface chemical composition due to HBB and

TDU. In agreement with other investigations by our group, the temperature gradient within

convective regions is found by the FST model, developed by Canuto & Mazzitelli (1991).

Mixing of chemicals and nuclear burning were coupled with a diffusive approach, according

to the scheme suggested by Cloutman & Eoll (1976). The overshoot of convective eddies

into radiatively stable regions is described by an exponential decay of velocities beyond the

formal border found via the Schwarzschild criterium. The relation used is

v = vb � expP=�Pb (6.1)

wherevb andPb are the values of velocity and pressure at the formal boundary. The

extent of the overshoot is given by the free parameter� . For the convective cores that form

during the hydrogen and helium burning phases, and generally for the phases previous the

AGB evolution, we followed the calibration given in Ventura et al. (1998), and assumed

� = 0:02. For what concerns the AGB phase, we calibrated the extent of the extra–mixing

from the base of the convective envelope and from the borders of the shell that forms at the

ignition of each thermal pulse based on the luminosity function (LF) of carbon stars in the

Large Magellanic Cloud (Groenewegen 2004). We �nd that adopting� = 0:002leads to a
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satisfactory agreement between the observed and the predicted LFs. With this assumption we

recover the relation between initial mass and luminosity of the transition from oxygen–rich

to carbon–rich surface chemical composition given in Marigo & Girardi (2007).

In agreement with previous explorations focused on the AGB evolution, mass loss was

modeled according to the formulation by Bloecker (1995). The Blocker formula is suitable to

describe the steep increase with luminosity that characterizes massive AGB stars; the Blocker

description is based on a steep dependence of_M on luminosity, _M � L4:7, in agreement with

dynamical models of AGB envelopes by Bowen (1988). For M stars, with massesM > 4M � ,

evolving at large luminosities, the mass-loss rates used here are substantially larger than

other treatments in the literature, such as the classic recipe by Vassiliadis & Wood (1993),

or the empirical relation by van Loon et al. (2005); this difference will result in a smaller

number of TPs. For models of smaller mass, the comparison between the Blocker formula

and the treatment for C-star winds by Wachter et al. (2002, 2008) is mainly determined by

the strong sensitivity to the effective temperature (� T6:81
ef f ) of this latter. In this mass interval

the mass-loss rates used here are smaller, although a comparison with other investigations in

the literature is not trivial, because the effects of the mass-loss treatment are strongly related

to the way convection is modelled, which is relevant for the effective temperature of the

models.

The radiative opacities for temperatures above104 K were calculated using the OPAL on

line tool (Iglesias & Rogers, 1996); for smaller temperatures we used the AESOPUS tool

described in Marigo & Aringer (2009). This choice allows accounting for the increase in

the opacity associated with the change in the surface chemistry determined by TDU. The

pioneering study by Marigo (2002) shows how the modelling of AGB stars experiencing TDU

is sensitive to the set of opacities adopted; detailed discussions on this argument can be found

in Ventura & Marigo (2009, 2010). The nucleosynthesis computation follows the evolution

of 30 elements, from hydrogen to alluminum, with the most relevant isotopes entering

thepp and3� chains, and the CNO cycle. The nuclear cross sections are taken from the

NACRE compilation (Angulo et al., 1999), with a few exceptions, the most relevant for this

study being the rate of the proton capture reaction by nitrogen nuclei, taken from Formicola

et al. (2004). The metallicities investigated are:Z = 0:008andZ = 0:001. The mixtures

follow the relative abundances of the elements according to Grevesse & Sauval (1998), with

� � enhancement [� /Fe] = +0.2 (forZ = 0:008) and [� /Fe] = +0.4 (forZ = 0:001). This

corresponds to an iron content [Fe/H]=-0.5 and [Fe/H]=-2.
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6.2 The equations of the wind structure and dust forma-

tion

In the models used in the present work we determine the structure of the wind following the

schematization by Ferrarotti & Gail (2006, hereinafter FG06).

The wind is assumed to expand isotropically from the surface of the star, characterized

by massM , luminosityL, radiusR, and effective temperatureTef f . The out�ow is assumed

to be stationary and spherically symmetric.The velocity of the wind is determined from the

equation for momentum conservation in which the pressure forces are neglected1:

v
dv
dr

= �
GM?

r 2 (1 � �) (6.2)

WhereM? is the current mass of the star. The quantity

� =
kL

4�cGM ?
: (6.3)

is the ratio between the radiative pressure on the dust and the gravitational pull of the

star, wherek is the �ux-averaged mass extinction coef�cient of the gas-dust mixture, which

is dominated by the dust formed in the out�ow, which we approximate by (as FG06):

k = kgas+
X

i
f i ki (6.4)

wherekgas = 10� 8� 2=3T3 (Bell & Lin, 1994). The sum in eq. 6.4 is extended to all the

dust species considered: thef i terms give the degree of condensation of the key element for

each dust species, whereaski is their corresponding extinction coef�cients.

The density structure in the wind is calculated from the equation of mass conservation

_M = 4�r 2�v (6.5)

and the temperature pro�le is calculated according the approximation of Lucy (1976) for

a spherically symmetric grey circumstellar dust shell from

T4 =
1
2

T4
ef f

2

41�

s

1�
R2

?

r 2 +
3
2

�

3

5 ; (6.6)

where the optical depth is de�ned by

1Since in this model the shock structure of the out�ow is neglected, it would make no sense to retain the
pressure forces in this equation
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d�
dr

= � �k
R2

?

r 2 (6.7)

with the limiting condition that� ! 0 for r ! 1 (for numerical reasons, this condition

is reached at a distance of104R from the centre, where the asymptotic behaviour of all the

quantities is de�nitively reached).

The equations of the wind structure are solved from the point where the �rst dust species

becomes stable, commonly located3� 4 stellar radii away from the centre of the star. This is

expected to coincide with the region where� > 1 and the wind is accelerated to supersonic

velocities. Similarly to FG06, we keep the velocity of the gas constant from the surface of

the star to the region where dust forms. The equations presented above are integrated out to a

radial distance of104R? (R? is the stellar radius), far beyond the point where all the relevant

quantities reach their asymptotic behaviour.

The temporal variation of the dust grain size for thei th dust species,ai , depends on the

competition between the growth rate,J gr , and the destruction rate,J dec, that is:

dai

dt
= V0;i

 

J gr
i � J dec

!

(6.8)

whereV0;i is the volume of the nominal molecule in the solid.

The growth rate is evaluated on the basis of the number density of the key element,n,

and the thermal velocity of the corresponding molecule,vth :

J gr
i = � i ni vth;i (6.9)

where� i is the sticking coef�cient of the speciesi .

Whereas the destruction rate is calculated via the difference between the formation

enthalpy of the dust species and of the individual molecules concurring to the formation

process:

J dec
i = � i vth;i

pv;i

kT
(6.10)

wherepv;i is the vapour pressure of the key species over the solid state.

For carbon, based on the discussion in FG06, it is assumed that condensation begins at a

temperature of 1100 K and that the destruction term is negligible. An exhaustive description

of the methodology followed to estimate the individual vapour pressures can be found, for

example, in Ferrarotti & Gail (2001).
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