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Chapter 1

Introduction

The stellar evolution describes the life cycle of a star from its birth to death, which
represents various phases of evolution, for instance in a chronological sequence, Pre-
Main-Sequence (PMS), Main-Sequence (MS), Red Giant Branch (RGB), Horizontal
Branch (HB), Asymptotic Giant Branch (AGB), Planetary Nebulae (PN), for low- to
intermediate-mass (0.8 8 M ) stars. More details on stellar evolution are described
in the next section 1.1. The MS of a star is the most stable and quiescent phase of evo-
lution, where nuclear burning inside the core converts hydrogen into helium. The Sun
is the best example of a star on the MS phase, and the radiation over all wavelengths
is coming towards the Earth due to thermonuclear burning of hydrogen. The RGB and
AGB are two signi cant post-MS evolutionary phases of low- to intermediate-mass stars,
and the main source of radiation is the burning of hydrogen (H) or/and helium (He) in a
thin shell(s) on the top of the degenerate core, while the inert core begins to shrink. In
the RGB phase, the stellar radius expands to carry out the energy produced mostly by
the H-shell and partly by the gravitationally contracting He-core. As a consequence of
envelope expansion, the stellar luminosity increases, and the star becomes cool and red.
As the star ascends the RGB the fully convective envelope penetrates into the regions
that had been already experienced partial H-burning. This allows the nucleosynthesis
elements to mix with the surface, altering the chemical composition of the surface. The
AGB almost follows the RGB for low-mass stars, however, the outcomes are more drastic
with further expansion of the stellar envelop and increase in luminosity. The convective
envelop deepens as in RGB, mixing the nucleosynthesis elements with the surface and
altering the chemical composition. As the star ascends the AGB it starts experiencing
thermal pulses, and therefore, pulsates radially and becomes unstable. The stellar pulsa-
tion levitates the gas to cool outer parts of the atmosphere facilitating the formation of
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molecules and dust, and then the radiation pressure pushes it away, creating a slow but
strong stellar wind. In this way, the AGB star loses its masses, which increase dramati-
cally with its evolution through AGB. Due to the dust formation and high mass-loss rates,
circumstellar envelopes (CSE) develop surrounding the photosphere, which might become
opaque to visible light and emit in infrared (IR) wavelengths. Ultimately, nucleosynthesis
and mass-loss of the star stop, the CSE is blown away and the post-AGB phase begins.

Since AGB are intrinsically very luminous and numerous while covering a wide range
of age, their astrophysical importance is widely known. They can be used as a probe
of distance indicator, galactic structure and dynamics. In addition, a large mass-loss en-
riches the interstellar medium (ISM), molecular clouds and chemical evolution of galaxies.
Therefore, the study on the understanding and characterizing of the cool red giant is very
fascinating using optical/near-infrared (NIR) photometric or/and spectroscopic observa-
tions and theoretical model atmospheres. Precise estimation of fundamental parameters,
e.g., e ective temperature (Tef), Surface gravity (log g), metallicity ((M/H]), are very im-
portant, as it helps to characterize the stellar populations in the galactic and extragalactic
environments. Furthermore, the AGB stars show time-dependent spectral variation be-
cause of their radial pulsation. Therefore, phase-dependent spectroscopic study of AGB
stars provides a way to understand the atmosphere and formation of molecules in their
atmosphere during the variability phase.

1.1 Stellar evolution Main-Sequence to Asymp-
totic Giant Branch

The stellar evolution of a star mainly depends on its initial mass (progenitor mass).
During its evolution, a star undergoes changes in internal structure, temperature and
luminosity, and follow a speci c evolutionary track that is represented by Hertzsprung-
Russell diagram (HR diagram) developed independently by E. Hertzsprung and H. N.
Russell in early 1900s. HR diagram basically represents the temperature of stars against
their luminosity or/and colour of stars (or spectral type) against their absolute magnitude
as shown in Figure 1.1.

In this thesis work, low- to intermediate-mass stars, i.e., the stars of masses (M) ranging
from 0.8 to 8 M are studied. The stars less massive than 2 M will be referred to as low
mass stars, and those of mass in between 2 to 8 M will be de ned as intermediate mass
stars. The range of mass is somewhat arbitrary as the exact range depends on metallicity
distribution.
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Figure 1.1: The Hertzsprung{Russell diagram shows the location of MS, Giants and AGB stars with re-

spect to their absolute magnitude (My, )/luminosity and e ective temperature/colour index. Source of im-
age : Australia Telescope National Facility (http://www.atnf.csiro.au/outreach//education/senior/astrophysics/).

1.1.1 Main-Sequence

The birthplace of stars is collapsing molecular clouds or nebulae that consist mainly of
hydrogen. The condition of clouds for collapse due to self-gravity is to satisfy Jeans’ cri-
terion, which depends on the temperature and density of the cloud. The collapsing clouds
initially form a protostar, where hydrogen fusion is yet to begin. When the temperature
of the core reaches about 10’ K the nuclear fusion of hydrogen turns on, initiating the
main-sequence of the star, like the undergoing phase of our star, Sun. In this phase, hy-
drogen (H) burns inside the core through thermonuclear p-p chain (Figure 1.2a) reaction
for low mass stars (Bethe, 1939), and CNO-cycle (Figure 1.2b) for intermediate mass stars
(von Weizsacker, 1938).

The radiation pressure owing to thermonuclear fusion reactions counteracts against fur-
ther gravitational collapse, and thus hydrostatic equilibrium is established. The main-
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Figure 1.2: Figure shows the p-p chain reaction and CNO cycle. Source of image : Australia Telescope
National Facility (http://www.atnf.csiro.au/outreach/education/senior/astrophysics/).

sequence of a star is the most stable, quiescent phase of evolution, and lifetime depends
fundamentally on the initial mass of the progenitor because the rate of hydrogen burning
and energy production increases with the mass of the star. Hence, the low mass star lives
longer than their heavy brethren (e.g., the main-sequence lifetime of a star of mass 1 M
(Sun) 10 billion years, whereas only a million years for a 40 M star).

1.1.2 Red Giant Branch

When all the hydrogen inside the core is converted to helium (He) through thermonuclear
reaction, the stars terminate from the main-sequence phase of stellar evolution, and post-
main-sequence life begins, which is known as RGB (see Figure 1.1 and Figure 1.4a,b).
In this phase, the thermonuclear reaction of hydrogen begins in a shell surrounding the
inert helium core where fresh hydrogens are still available. As no further reaction occurs
inside the core, only pressure owing to thermal motions is unable to restrain gravitational
collapse, and core contraction follows, which, in turn, warms up the burning hydrogen
shell. Consequently, hydrogen burns at a faster rate and energy generation rate increases,
which makes the star more luminous. At the same time, the envelope of the star expands
that causes the size of the star to increase, and surface temperature to decreases and the
star appears as red in colour. Thus, the star becomes ‘Red Giant’. The opacity of the
star now increases due to lowering of surface temperature, and stellar envelop becomes
convective. As the evolution continues, the hydrogen burning shell moves outwards, and
the convective envelop deeps down into such regions that allow nucleosynthesis elements
(*He, *N) to mix with the convective layer, hence chemical composition and abundance
ratio of the stellar surface alter. This process is referred to as the rst dredge-up. Concur-
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rently, the mass of the core is gradually increasing due to the dumping of helium by the
burning hydrogen shell, and core contraction continues, making the density of the core
gas to enhance. The core contraction continues until the density becomes high enough
to make the core electron-degenerate, and the electron degeneracy pressure inhibits fur-
ther gravitational collapse. At the end of the RGB phase, the temperature ( 10% K)
becomes high enough to lift the electron degeneracy and trigger the helium burning by
the triple-alpha process. Once the triple-alpha process begins, the generated heat quickly
spreads and ignites the rest of the core in a thermonuclear runaway process, and the
enormous amount of energy releases in a very short time. This phenomenon is referred
to as the helium ash. However, ash never observe from outside of the star because
most of the energy is absorbed by the surrounding layers (Iben & Renzini, 1983; Ostlie &
Carroll, 1996; Zeilik, 2001; Habing & Olofsson, 2003; Jimenez-Esteban, 2004; Stancli e,
2005; Wong, 2017).

However, the degenerate helium core only occurs for low mass stars. The cores of inter-
mediate mass stars are massive and hot enough to ignite helium before stars can actually
acquire su cient density to be degenerate. Hence, helium ash never takes place inside
the core of those stars, gentle triple-alpha reaction produces the energy and move to the
next phase of evolution.

1.1.3 Horizontal Branch

The Triple Alpha Process

(Helium Fusion) (gamma photon)

(alpha particle) ‘He O He

Figure 1.3: Figure represents the triple alpha reaction. Source of image : Australia Telescope National
Facility (http://www.atnf.csiro.au/outreach//education/senior/astrophysics/).

The triple alpha process and helium ash result in an increase in temperature inside the
core, which is followed by an expansion of the core. Subsequently, density, temperature,
and energy production rate decreases, which, in turn, reduces stellar radius and luminosity.
The convective stellar core continues to burn helium at a steady rate and produces carbon
and oxygen through triple alpha reactions as in Figure 1.3. Also, hydrogen is burning
outside the core, converting to helium. This phase of stellar evolution of low mass stars is
referred to as Horizontal Giant Branch (HB). Cool HB stars with solar metallicity tend
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to clump at a similar location (same absolute luminosity) in the H-R diagram, known as
the ‘red clump’ stars (Iben & Renzini, 1983; Ostlie & Carroll, 1996; Zeilik, 2001; Habing
& Olofsson, 2003; Jimenez-Esteban, 2004; Stancli e, 2005; Wong, 2017).

1.1.4 Asymptotic Giant Branch (AGB)
Early AGB (E-AGB)

For low mass stars, the life span in the HB ends with the completion of helium burning
inside the core. The core of the star again begins to contract until it becomes electron
degenerate. Nuclear fusion now continues in two shells: the helium burning shell around
the core and hydrogen burning shell above the helium burning shell as shown in Figure 1.4.
The region in between two shells is called inter-shell region. At the same time, the
envelope of the star becomes almost convective, which expands further, consequently,
surface temperature decreases. Once again the star becomes ‘Red Giant’, and begins to
ascend an evolutionary track, what is referred as the AGB, a stage in the H-R diagram that
asymptotically follows the RGB with greater luminosity (see Figure 1.1 and Figure 1.4a,b).

For the intermediate-mass star, following helium exhaustion, the core of the star again
begins to contract, developing a helium burning shell, which is followed by the expansion
and cooling of overlying layer above the helium burning shell. Consequently, hydrogen
burning shell momentarily turns o its activity, and the convective envelop deeps down as
far as the product of thermonuclear reaction inside the dormant hydrogen burning shell
can mix with the surface, and subsequently, the chemical composition of the stellar surface
alters. This process is referred to as second dredge-up that increases the abundance of
helium and nitrogen in the surface. The second dredge-up only occurs if the mass of the
star, M > 4M , otherwise convective envelop is unable to penetrate the hydrogen shell.
Following the second dredge-up, the star evolves to the AGB phase and dormant hydrogen
burning shell eventually reignites (Iben & Renzini, 1983; Ostlie & Carroll, 1996; Zeilik,
2001; Habing & Olofsson, 2003; Jimenez-Esteban, 2004; Stancli e, 2005; Wong, 2017).

Thermaly Pulsing AGB (TP-AGB)

At the beginning of the AGB phase, the structure of all the stars is qualitatively similar
irrespective of the stellar mass, i.e. all the stars have C-O degenerate core (O-Ne for most
massive), two thermonuclear active zones and a convective envelope as in Figure 1.4c.
As the star ascends the AGB phase, it again cools further, expands and increases in
luminosity, and eventually enters thermally pulsing (TP-AGB) phase (Schwarzschild &
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Figure 1.4: The top panel presents the evolutionary track corresponding to two di erent progenitor
mass stars, 1 M (left) and 5 M (right). The bottom panel shows the increasing size of the stars from
MS to AGB (not in scale) and their internal structures. Source of image (top) : Busso et al. (1999)

Harm, 1965). In this phase, hydrogen and helium shells ignite intermittently. So, the
helium shell becomes thermally unstable because of an increase in mass of the He-layer
by the H-burning shell, and hence the helium shell ashes occur periodically. Following
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the thermal pulses, He-burning shell precipitates an enormous amount of energy that
deposits in surrounding materials. It has two major impacts on the star a ash driven
convection zone develops throughout the inter-shell region in between the He and H-
burning shell, which mixes the He-burning products (mainly *2CO) throughout the inter-
shell region, and the H-burning shell expands and becomes cool. Consequently, the H-
burning shell temporarily turns o , and overall luminosity of the star decreases. Also,
convective envelop deeps down to the inter-shell region and brings the carbon to the stellar
surface. This process is referred to as third dredge-up that increases the C/O ratio at the
surface. Eventually, the He-shell cools down, the star contracts again, H-shell reignites,
pre- ash condition of the star reinstates, and sets for another thermal pulse. The interval
between two successive thermal pulses is of the order of 10° years (depending on mass
and composition of the progenitor).

The thermal instability increases as the stars evolve through AGB and experience many
thermal pulses with progressively increasing amplitude. Consequently, the convective
envelope deepens through the intershell region, and eventually reaches into the layers
where 3 nucleosynthesis produces fresh carbon (Ostlie & Carroll, 1996), makes C/O
in the stellar surface >1, and M-type stars (C/O  <1) become carbon stars (C-stars).
Thermal pulses make those stars to be carbon-rich which have a certain mass ranging from
1.5 to 4M with solar composition. For more massive stars (M 4 8M , exact range
depends on metallicity distribution), proton capture nucleosynthesis occurs at the base of
the outer envelop  known as Hot Bottom Burning (HBB, Sackmann & Boothroyd 1992)
that prevails the formation of C-star, and the stars remain as M-type (Garc a-Hernandez
et al., 2013).

The instability generated during thermal pulses makes the star to pulsate radially. The
atmospheres of AGB stars are strongly a ected by this time-dependent highly dynamical
phenomena, and the surface temperature and luminosity of the stars change signi cantly
over a pulsation cycle. The stars become Large Amplitude Long Period Variables
(LALPV, Jimenez-Esteban 2004). In the nal phases on the AGB, the stars undergo
a heavy mass-loss process (10 & 10 # M yr 1) that determines the AGB lifetime and
its ultimate luminosity. The reason for mass-loss is most likely due to wind acceleration
mechanism and stellar pulsation (see, review of Hofner & Olofsson 2018). The wind
acceleration mechanism drives the loosely bound dust grains outward, which is levitated
due to stellar pulsation. Thus, the CSE of gas and dust develops around the central star.
As the evolution continues, CSE gradually thickens and nally, obscures the photospheric
radiation completely and re-radiated at infrared (IR, Bedijn 1987). The star now becomes
an infrared source, like an OH/IR star. The OH counterpart of the name comes from the
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fact that they often show OH maser emission (at 1612, 1665, and 1667 MHz) originating
in a circumstellar thin shell (Blommaert et al., 2018). A simpli ed schematic depiction
of an AGB star structure, its circumstellar environment and mass-loss process are shown
in Figure 1.5.
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Figure 1.5: A simpli ed schematic depiction of an AGB star structure, its circumstellar environment
and mass-loss process are shown. Source of Images : (a) Wong (2017); (b) Hofner & Olofsson (2018)
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Post-AGB

Ultimately, thermonuclear reaction and mass-loss of the stars stop, a new phase of stellar
evolution begins, called Post-AGB as in Figure 1.4. In this phase, the C-O core of the
start contracts and hence, the temperature of the star increases. At the same time,
the CSE expands and becomes optically thin. Eventually, the temperature of the star
becomes high enough (25000 K) so-that it ionises the surrounding CSE, and stars
become Planetary Nebula. Finally, the CSE disappears, exposes the hot core of the
star that cools to become White Dwarf star and ultimately dies. For a binary system,
white dwarfs accumulate matter from the companion and become type la supernova.

The evolution of high mass (M > 8M ) stars are somewhat di erent from the low to
intermediate mass stars. Their core never becomes electron-degenerate and thermonuclear
reaction produces heavier and heavier elements until iron. Heavier elements than iron form
by slow neutron capturing process (s-process). The details discussion on the evolution of
a high mass star is out of the scope of this thesis.

1.2 Stellar Pulsation

During the stellar pulsation, the star expands and contracts, accordingly, luminosity and
surface temperature vary with time. For any mode of oscillation, the core of the star is
considered as a node, where the gases do not move. Eddington compared the pulsating
stars with thermodynamic heat engines. The work done of a star is the di erence between
the heat owing into the gas and heat leaving from the gas by each layer during each
cycle. The oscillation is possible only when the total work done (l-| P dV) by all the layers
of the star is positive for a cycle, i.e., the heat owing into the gas must be greater
than the heat leaving from the gas that demands absorption of heat by the driving layer
of the oscillation during the compression of the star (Ostlie & Carroll, 1996). The -
mechanism that operates in the core can full Il the requirement of oscillation, but
near the node (i.e., at centre) the small pulsation amplitude is unable to drive the star’s
pulsation. Alternatively, Eddington suggested the valve mechanism that apprises the
enhancement of opacity during compression. It can be simply explained following Kramers
law ( / =T35 where , ,and T the opacity, density and temperature, respectively)
that opacity decreases with compression in most of the stellar region. However, the
opacity does increase with the compression in a stellar region, where the gases are partially
ionised. This special regions, identi ed by S. A. Zhevakin in the 1950, are named as partial
ionization zones or Zhevakins zones. In these regions, during compression, part of the
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energy absorbs for further ionisation of the gasses and the density of ions increases, and
during expansion, energy releases because of recombination of ions with electrons and
subsequently, the density decreases. But, temperature does not alter as much as expected
for both the cases. Consequently, the density term dominates in Kramers law and satis es
the requirement of Eddington’s valve mechanism. This opacity mechanism is referred to
as -mechanism. Two main partial ionisation zones the hydrogen partial ionisation
zone, and the helium 11 ionisation zone are believed to exist in most of the stars. The
characteristic temperature of rst ionisation zoneis1 1.5 10* K, where the ionisation
of neutral hydrogen (H ¥ H* + e ) and rst ionisation of helium (He ¥ He™ +
e ) occurs. The helium Il partial ionisation zone with a characteristic temperature of
4 10* K involves the second ionisation of helium (He* ¥ He** +e ). The e ective
temperature of the stars de nes the location of the ionisation zones that control the
pulsation properties. Details numerical simulation shows that the rst ionisation zone is
responsible for observed phase lag between the stars maximum luminosity and minimum
radius, and the second is for driving the pulsation on the instability strip (Ostlie & Carroll,
1996).

Due to the pulsation, the star attains maximum radius at about minimum light and then
starts to fall back for the next light cycle. The outer layers are falling back at an accelera-
tion while the inner layers move comparatively slowly and become almost stationary after
a certain time interval (phase 0.8). Now, the motion of infalling photospheric gas retarded
by the underlying inner gas and Mach number is high enough to produce a shock in that
region. The static pressure, density and temperature in that region increases instanta-
neously. For the next cycle, underlying gas layers are moving upwardly and lag behind
the shock wave. As the light cycle moves further, photospheric gas from the previous light
cycle decreases above the shock. So, shock becomes optically thin (Hinkle, 1978).

1.3 Classi cation of Red Giants

In 1905 Hertzsprung introduced the term ‘Giant’ and ‘Dwarf’ for stars of di erent
luminosity despite having the same spectral classi cation (Harvard classi cation). A few
years later Russell independently drew the same conclusion as Hertzsprung and used the
term ‘Giant’ for the more luminous star and ‘Dwarf’ for the relatively less luminous star.
According to MK classi cation on the basis of the luminosity, the ‘Giant’ corresponds
to luminosity class 111 and lie above the MS or ‘Dwarf’ (luminosity class V). The red
giants are the cool giants with spectral type K, M, S and C representing stars of RGB,
red clump and AGB evolutionary phases (see Figure 1.6). In the TP-AGB phase, due to
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stellar oscillation stars become Long Period Variable (LPV). They are classi ed into
three subclasses; Irregular variables variable star with irregular periodicity, Semi-
regular (SR) amplitude variation (V) less than 2.5 magnitudes with a well de ned
period (‘SRa’) or a poorly de ned period (‘SRb’) and Mira Variable a well de ned
period with large variation in amplitude ( V > 2.5) (General Catalog of Variable Stars,
Kholopov 1987). However, the existence of an irregular variable in this classi cation is
arguable (Kerschbaum et al., 2001; Lebzelter & Obbrugger, 2009).

On the basis of carbon to oxygen (C/0) ratio in the atmosphere and so as to spectral
features, Mira variables can be classi ed as M-type or oxygen-rich (O-rich, C/0O <1),
S-type (C/O = 1) and C-type or carbon-rich (C/O >1). Scalo & Ross (1976) have
demonstrated that oxygen-rich atmosphere become carbon-rich because of third dredge-
up following the sequence :

M (strong TIOand VO) ¥ MS ¥ S (strongZrO) ® SC ¥ C (C, and CN bands).
As soon as C/0O ratio becomes >1, the di erence in chemical composition leads to a
signi cant decrease in the e ective temperature.

Red Giants

[Red Clump Stars ] AGB Stars

RGB Stars

v
[ Long Period Variables ]

A\

Y
NEras ] [ Semiregular Variables ] [In‘egular Variables]

]

| SRa | [ SRb |

—{ O-rich/M-type(C/O< 1) | | Mstar (12Mg)  Je
[
[

CStar (-4 Mg) <
OH/IR Star (4-8 Mg) |«

5 Saype(Cio-1) |

Classification According to Progenitor Mass

5| Crich/ C-type(C/O> 1) |

Figure 1.6: The AGB classi cation on the basis of progenitor mass and variability are shown. For
details, see the text.

Depending on mass the progenitors AGB stars can also be classi ed as M-stars (M <
2M ),C-stars(2M <M <4 M )and OH/IR stars (M > 4M ). The mass range is
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arbitrary and actual range depends on the metallicity distribution. However, Mira vari-
ables and OH/IR stars share many common characteristics implying a close relationship
between them. It is not well-de ned whether OH/IR stars di er from Mira variables on
the basis of di erent evolutionary phase or di erent progenitor mass or combination of
both (Blommaert et al., 1998). The above classi cation signi es di erent progenitor mass
is the main di erence between Mira variables and OH/IR stars (e.g., Ortiz & Maciel 1994;
Lepine et al. 1995). Furthermore, the M-stars never undergo the third dredge-up process,
so C/0 always remains >1. C-star begins AGB phase as C/O < 1 and then third dredge
up makes C/O > 1 (Marigo & Girardi, 2007). However, HBB makes C/O > 1 for OH/IR
stars (Jimenez-Esteban & Engels, 2015). Thus, OH/IR stars and their low-mass cousins,
both are O-rich.

On the other hand, IRAS colour-colour diagram as shown in Figure 1.12 shows OH/IR
stars following a well-de ned sequence with its blue end connected with Mira variables
(Olnon et al., 1984), that suggests OH/IR stars being the evolved phase of Mira variables
with increasing mass-loss rate (e.g., van der Veen 1988). Many believe that the sequence
of a star along AGB phase is SR ¥ Mira variable ¥ OH/IR with increasing period,
luminosity and mass-loss rate (Bedijn, 1987).

However, few studies (e.g., Likkel 1989; Garc a-Lario 1992) consider both progenitor mass
and evolutionary phase to di erentiate the Mira variables from OH/IR stars. They suggest
that AGB stars would start their evolution as Mira variables, and solely the massive one
becomes OH/IR star and reaches to the high mass-loss rate regime. Furthermore, OH/IR
stars can also be classi ed into two types  type | that shows strong 1665 and 1667 MHz
OH masers, and type 11 that show double-peak 1612 OH maser.

1.4 Observational Characteristics of Red Giants

In this thesis work, we focus only on O-rich stars, and thus our description biases to-
wards the observational characteristics of those stars. However, we do scarcely mention
observational properties of S-stars or C-stars merely to compare with O-rich stars.

1.4.1 Light Curve and Period

The period of the Mira variable can be determined from the long-term photometric mon-
itoring program (light curve). Period plays a crucial role to understand the luminosity,
age, initial metallicity, and evolution. However, Mira variable light curve does not consis-
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Figure 1.7: The light curve of the rst discovered Mira variable ~ Omicron Ceti (O Ceti).
Source of image : AAVSO(https://www._aavso.org/vsots_mira/)

tently show strict periodic behaviour, and period, ranging from 100 to 2000 days, might
vary from cycle-to-cycle from average period (Mattei, 1997). Furthermore, maximum and
minimum brightness vary from one cycle to another in a very complex manner. Barthes
et al. (1996) suggested that the circumstellar dust shells are responsible for this complex
behaviour. Moreover, it is found that the shape of the light curve somewhat correlated
with the period (Campbell, 1955). Mira variables with a period less than 200 days show
the symmetrical light curve, and those with a period greater than 200 days have character-
istic greater fall time (maximum to minimum) than the rise time (minimum to maximum,
Mattei 1997). Mira variables with a period greater than 300 days show large amplitude
having small and irregular bumps on their rising or falling part of the light curve (e.g.
Lockwood & Wing 1971). Some Mira variables also show systematic modulation of their
period, either towards shorter or longer periods. Wood & Zarro (1981) suggested that this
is because of recent He-shell ash. A typical light curve of a Mira variable is presented in
Figure 1.7.

The mode of pulsation in the Mira variable is arguable. It is thought that Mira variable
is a radial fundamental mode pulsator (Wood & Sebo, 1996; Wood et al., 1999; Wood,
2000). Recent studies have presented evidence for Mira variables to be the fundamental
mode pulsators (e.g., Perrin et al. 2004; Woodru et al. 2004; Fedele et al. 2005; Mondal &
Chandrasekhar 2005). However, some studies preclude the fundamental mode pulsation
and support the rst-overtone or higher overtone mode of pulsation (e.g., Robertson &
Feast 1981; Tuthill et al. 1994; Hani et al. 1995; Tej et al. 1999). van Belle et al. (1996)
found that Mira variables are both the fundamental as well as the rst-overtone mode
pulsators, depending on the period, mass and radius of the individual star.



1.4. OBSERVATIONAL CHARACTERISTICS OF RED GIANTS 15

1.4.2 Variability

Figure 1.8: Figure at the top shows the observed light curves in the visilte (green crosses) and NIR
(red crosses) for the Mira variable Cygni. Note the phase lag and amplitude di erence between tvo
light curves. The solid lines and dashed lines are for blackésady models. Figure at the bottom shows
a simpli ed schematic view in the visual appearance of a Miravariable, and how the opacity of metal
oxides, such as TiO (green), change at maximum (left) and mimmum (right) light. At maximum light, the
temperature increases, the opacity of metal oxides decreasthe extended atmosphere becomes partially
transparent (yellow), and the stellar surface (arrows) areseen in visible light, whereas near minimum
light, the temperature decreases, hence opacity increasemd the star becomes opaque to visible light.
Source of image : Reid & Goldston (2002)

An important property of Red giants in the TP-AGB evolutionary phase is the signif-
icant variation of their ux owing to long-period radial pulsation. Mira variables show
magnitude variation ranging from 2.5 to 8 mag in the visible avelength, whereas NIR

































































































































































































































































































































































































































































































































