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ABSTRACT

Asymptotic Giant Branch (AGB) stars are evolved, low to intermediate mass

(0.8–8M¯) stars. These stars lose a significant fraction of their mass through stellar

pulsation. As a result, they are surrounded by gaseous, dusty circumstellar envelopes.

They are major contributors of material to the interstellar medium (ISM), new stars,

planets and also produce the majority of the dust complement of galaxies. Conse-

quently, understanding the dust around AGB stars is critical to our understanding of

the contribution of dust to many aspects of astrophysics.

This thesis aims to study how the mineralogy and morphology of circumstellar

dust varies with the pulsation cycle of the star and how the variation in spectral dust

features (temporally and spatially) can be explained by different competing dust

formation hypotheses. In the circumstellar envelopes of oxygen-rich (O-rich) AGB

stars, all carbon (C) atoms from the gas are locked into carbon-monoxide (CO),

leaving a surplus of oxygen (O) atoms to dominate the chemistry and form silicate

dust particles (among other dust species). Consequently, AGB stars are divided

into two main categories: oxygen-rich (O-rich) and carbon-rich (C-rich). In this

thesis I consider only O-rich AGB stars where silicate dust is expected to dominate.

The silicate dust may be present in either crystalline or amorphous form, where the

crystalline silicates exhibit sharp and narrow spectral features throughout the infrared

(IR) spectral region, while the amorphous silicates show two broad spectral features

at 10 and 18µm.

Circumstellar dust should vary both temporally as these stars pulsate; and spa-

tially as dust flows away from the star and physical conditions change. My research

on the temporal variation of the spectral dust features with pulsation cycle for single,

O-rich Mira variable, T Cep, suggests that its spectral features cannot be explained

in terms of the “classic” dust formation hypothesis. Instead, it suggests that the dust
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is crystalline in nature and iron-rich silicates, neither of which is expected around low

mass-loss rate O-rich AGB stars. This scenario may be consistent with the so-called

“chaotic solids” hypothesis.

My research on spatial variation of spectral dust features investigates seven O-

rich AGB stars for which I have acquired spatially resolved spectra using Gem-

ini/MICHELLE spectrometer. In most cases, the observational data show that the

spectral features vary significantly but without any spatial trend. These scenarios

may also be consistent with the “chaotic solids” hypothesis. These results also sug-

gest that the turbulent dynamics, pulsation shocks in the dust-forming zones around

O-rich AGB stars lead to inhomogeneous dust formation, producing fine scale struc-

ture in the density of the dust envelope. In this O-rich environment, there are many

potential minerals can be formed but their stability is very sensitive to the precise

local conditions.

In this thesis, I have also explored different parameter space of the IR labora-

tory spectra of crystalline olivine minerals. The spectral feature parameters (peak,

width and amplitude) can be strongly affected by composition, temperature and grain

shape and that can create degeneracy, such that a given spectral feature can have

more than one explanation. In order to disentangle these effects, I have developed

a database, which will allow to study the IR spectral features of crystalline olivine

as a combined function of composition and temperature. For future work, I propose

tools for mapping and breaking this degeneracy, which will help us in order to have

a better understanding on astromineralogy around O-rich AGB stars.

This thesis provides a significant contribution to our understanding of dust for-

mation process around O-rich AGB stars, which is considered to be a complicated

process and not well understood.
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Chapter 1

Introduction

“Where do we come from? What are we? Where are we going?” - Paul Gauguin

1.1 Why do we care about cosmic dust?

The main goal of science is to understand the world around us. From the beginning

of history of mankind, people have always tried to predict and control the future and

thus their lives, based on their current knowledge. One of the fundamental question

in science is: “Where do we come from, and where are we going to?” Astronomy is

no exception to this rule. By looking at many different stars in different evolutionary

phases astronomy tries to answer this fundamental question (at least partly). In this

thesis, I will try to unveil a small part of that answer, by studying cosmic dust.

At the beginning of the Universe, all matter was in the form of hydrogen and

helium, with tiny traces of lithium, beryllium, and boron, carbon, oxygen; all heavier

elements form through nuclear fusion in stars. Newly-formed elements are ejected

from stars either explosively (in the case of supernovae) or more gently over a few
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hundred thousand years for lower mass stars like the Sun. These new elements form

dust grains which play an essential role in many astrophysical environments (e.g.

Videen & Kocifaj 2002, Draine 2003, Krishna Swamy 2005) [146, 34, 82]. It plays

an essential role in star formation processes, and contributes to several aspects of

interstellar processes such as gas heating and molecule formation (Krugel 2008) [83],

as well as mass loss from evolved stars (Woitke 2006) [154]. Furthermore, dust has

been observed at higher redshifts (i.e., earlier in cosmic history) than expected, and

understanding this phenomenon is vital to our understanding of the cosmos at large

and its evolution (e.g. Sloan et al. 2009, Bussmann et al. 2009) [126, 12]. Moreover,

the detection of dust at high redshift raises concerns about the use of standard candles

(e.g. Type 1a Supernovae) as accurate distance indicators (Jain & Ralston 2006) [70].

Thus understanding the dust at high redshift is vital to cosmological models and dark

energy studies (Corasaniti 2006, Jain & Ralston 2006) [25, 70]. Dust needs to be well

understood in its own right, if we are to understand how it contributes to many

aspects of astrophysics.

One of the important sites of dust formation is in the atmosphere of Asymptotic

Giant Branch (AGB) stars. These are intermediate mass (0.8–8M¯) aging stars,

with low effective temperature (Teff≈3000 K), high luminosity (L?≈104 L¯) and large

radius (R?≈1 AU). During the AGB phase, these stars lose mass at a high rate. The

mass loss leads to the formation of a circumstellar shell of (molecular) gas and dust.

The dust is formed from as the gas drifts away from the star and cools. The dust and

gas eventually drift off into the interstellar medium (ISM), from which new stars and

planets can be formed. AGB stars produce the majority of the dust complement in

galaxies and are major contributors to galactic chemical evolution (Kwok et al. 2004)

[84].

The dust grains are heated by absorbing starlight and subsequently reemit photons

at infrared (IR) wavelengths. The composition, lattice structure, size, shape and mass
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fraction of the dust grains all affect the resulting IR spectrum, as do the temperature

and density distribution of the dust within the circumstellar envelope. Using IR

spectroscopy, we study the IR spectral features produced by the dust in order to

identify the physical properties of the dust grains. In particular, this thesis aims to

provide a good understanding of how the mineralogy and morphology of circumstellar

dust varies with the pulsation cycle of the star and how the variation in spectral dust

features (temporally and spatially) can be explained by different competing dust

formation hypotheses.

1.2 Organization of the thesis

In this thesis, I study the dust formation hypotheses and dust properties in the

circumstellar environments of O-rich AGB stars. The work presented in this thesis

is a combination of: 1. analyzing temporal variation of dust spectra of a pulsating

variable O- rich AGB star using Space based telescope (Infrared Space Observatory)

data; 2. observing and analyzing spatial variation of dust spectra of seven O-rich

AGB stars using ground based telescope (Gemini Observatory) data; 3. analyzing the

compositional-temperature effects on the laboratory IR spectra of crystalline olivine

minerals and developing a database for mapping the degeneracy space created by the

compositional-temperature effects.

In Chapter 2, I discuss the stellar evolution of sun like stars, particularly concen-

trating on the internal structure and atmosphere of AGB stars.

In order to determine the precise nature of cosmic dust, we have to know how it

interacts with radiation (i.e. its optical properties). By the term optical properties we

refer to the scattering and absorption properties of a particle at arbitrary wavelengths.

In Chapter 3, I discuss the basic principles of the optical properties of solids.

Chapter 4 gives an introduction of dust mineralogy (composition and lattice struc-
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ture) and morphology (grain shape and size) around O-rich AGB stars and how the

AGB stars are classified based on their spectral dust features.

In Chapter 5, I present a temporal study of O-rich AGB star T Cep, a long-period

Mira variable. The spectral dust features suggest that the dust is crystalline in nature

and iron-rich silicates. These findings contradict the currently favored “classic” dust

formation hypotheses.

In Chapter 6, I present spatially resolved spectra of seven O-rich AGB stars, using

Gemini/MICHELLE spectrometer. These data provide a better understanding of how

the variation in spectral dust features with the different distances from the star, can

be explained by different dust formation hypotheses.

In chapter 7, I develop a database and associated tools by using existing labo-

ratory spectra for crystalline olivine minerals in order to disentangle the effects of

composition and temperature on observable spectral features.

The work in this thesis will help to understand the cosmos at large.
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Chapter 2

Stellar evolution and Asymptotic
Giant Branch (AGB) stars

2.1 Introduction

In this chapter, I will discuss the fate of solar-type stars by addressing the future

evolution of the Sun itself. In order to understand the stellar evolution process, first

we need to learn the Hertzsprung-Russell diagram.

2.2 Hertzsprung-Russell diagram and evolution of

solar type stars

In the early 20-th century Hertzsprung (1905) and Russell (1914) independently dis-

covered that when they compared the absolute magnitudes (or luminosities) with the

surface temperature (or spectral classes) observed from stars, there were many pat-

terns that emerged. In recognition of the originators, the plot of luminosity (L) of

a star against its effective surface temperature (Teff) is called Hertzsprung - Russell

(HR) diagram (see Figure 2.1: left panel).
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The majority of stars lie on a diagonal band that extends from hot stars of high

luminosity in the upper left corner to cool stars of low luminosity in the lower right

corner. This band is called the Main Sequence (MS) where stars spend most of their

lives; during this phase hydrogen (H) is fused into helium (He) in the core of the star.

Our Sun is currently a main sequence star. There are also stars which are abnormally

faint for their white-hot surface temperatures, they lie sparsely scattered on the lower

left corner in the HR diagram and they are called white dwarfs (WD) (see Figure 2.1:

left panel). And the giant stars, which are of great luminosity (L) and size (R), form

a thick, approximately horizontal band that joins the main sequence near the middle

of the diagonal band. Above the giant stars, there is another sparse horizontal band

consisting of the supergiant stars. The stars in the lower right corner of the main

sequence are frequently called red dwarfs, and the stars between the main sequence

and the giant branch are called subgiants (see Figure 2.1: left panel).

The significance of the HR diagram is that stars are concentrated in certain dis-

tinct regions instead of being distributed at random. This regularity is an indication

that definite laws govern stellar structure. Therefore the existence of fundamentally

different types (groups) of stars in the HR diagram is the most important tool in

understanding the stars. The HR diagram suggests that stars should change in lumi-

nosity (L) and temperature (Teff) through out their lives as they evolve. This means

that the stars within the same group share essentially the same characteristics and

as they evolve something must have caused changes in temperature (Teff) and lumi-

nosity (L) for the star to move from one group to another in HR diagram. Thus the

evolution of stars can be tracked through the HR diagram since it represents stars

at different stages of their evolution. The expected evolutionary path of a 1 M¯ is

shown in Figure 2.1: right panel.
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Figure 2.1: Left: Hertzsprung-Russell Diagram. Right: Schematic diagram showing
the post-main-sequence evolutionary track of Sun like stars.

A star with an initial mass of 1 M¯ starts its life on the main sequence (MS),

where it burns hydrogen (H) in its core, and fuses it into helium (He):

4H1
1 → He4

2 + energy (2.1)

This produces tremendous amount of energy, which helps to maintain the state

of hydrostatic equilibrium; the tendency of the star to collapse due to its own grav-

itational pull is exactly balanced by the gas and radiation pressure outwards. Once

the H in the core is exhausted, the star ascends the Red Giant Branch (RGB; see

Figure 2.1: right panel). During this phase, the core of the star begins to collapse be-

cause there is no longer an energy source to provide heat to the gas, and its resistance

to the gravitational pull of the star’s mass dwindles. This heats up the material in

the center of the star, causing a shell of H surrounding the now dormant He core to

begin fusion. The rate of fusion in this shell is much higher than the previous core

H fusion, so more energy is produced. This will make the star increases the lumi-

nosity (L), which expands to many times its original size, and decreases the effective

temperature (Teff).
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The dormant He core of RGB, does not produce energy by nuclear burning. The

evolution of low-to-intermediate mass (LIMS; 0.8–8M¯) red giant stars vary slightly

depending on their mass. The core of these red giant stars of mass below 2.5M¯

cannot continue shrinking forever, because eventually its volume will have decreased

to the point where it becomes degenerate matter (i.e.the pressure due to quantum

mechanical interactions between the electrons in the core dominates the pressure

due to the temperature). Because the core of a red giant becomes degenerate, the

core stops collapsing (the gravitational force due to the core is not strong enough to

overcome the degeneracy pressure). Eventually, the He core will continue to collapse

until it finally gains enough thermal energy to begin fusing He into carbon (C) and

oxygen (O) by triple α process:

3He4
2 → C12

6 + energy (2.2)

This stage is called Horizontal Branch (HB) (see Figure 2.1: right panel), which

is analogous to the MS stage, except that helium is fusing in the core instead of

hydrogen. Eventually, the helium will become exhausted and the core of the star

will once again begin to collapse until it becomes degenerate. LIMS are not massive

enough for C fusion to occur in the core; however, as the collapse continues the

material surrounding the core will start fusion, producing concentric shells of He and

H around the inert core. This is the Asymptotic giant branch (AGB) phase of the

star’s evolution, where again effective temperature (Teff) decreases and luminosity (L)

and radius (R) increases (see Figure 2.1: right panel). During this AGB phase that

stars produce copious quantities of dust, escaping at a few tens of kilometers per

second.

Early in the AGB phase, the internal structure of all stars are qualitatively similar,

irrespective of their initial mass. As a star ascends the AGB phase, it starts losing

significant fraction of its original mass through slow, massive winds at a rate of
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10−8 < Ṁ < 10−4 M¯ yr−1 (vanLoon et al. 2005) [142]. This mass loss occurs as a

result of stellar pulsation (Habing 1996) [51] followed by acceleration of dust grains by

radiation pressure (e.g. Gehrz & Woolf 1971, Hofner et al. 2007) [44, 63]. Mass loss

increases with the pulsation period, and starts to dominate the evolution of the star.

Eventually, it ends up with extremely high mass-loss rate, the so-called superwind

(SW) phase1 in which Ṁ > 10−5M¯ yr−1.

When the SW phase is over, the star starts to collapse in size but at constant

luminosity, getting hotter over time. The star is now in post-AGB phase. Mass loss

still occurs, but at a substantially lower rate. Depending on the rate at which the

central star evolves and the speed at which the envelope moves outwards, the star may

eventually start to photo-ionize the material that was ejected during the AGB phase,

when Teff ≥ 30000K, creating a planetary nebula (PN; see Figure 2.1: right panel).

In this case the phase between the end of the AGB and birth of the PN is called

proto-planetary nebula (proto-PN) phase. Finally, the star starts to decrease rapidly

in luminosity, and eventually becomes a cool white dwarf (WD) (see Figure 2.1: right

panel), while the remains of the circumstellar envelope disperse into the Interstellar

Medium (ISM). Depending on the initial mass of the star, it will experience different

mass-loss rates during the AGB phase, and will evolve through the AGB, post-AGB

and planetary nebula phases on different time scale.

2.3 Asymptotic Giant Branch (AGB) stars

This thesis concentrates on exploring the dust production of the AGB phase of the

stellar evolution. Now it is appropriate to discuss the AGB stars in detail.

1A SW phase is a hypothesis, because the mass loss rate of a 1M¯ star will never exceed
10−7M¯ yr−1 (Blocker 1995) [6]
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2.3.1 Internal structure of an AGB star

Figure 2.2 shows schematically an internal structure of an AGB star. It consists of a

degenerate C and O core surrounded by a He and H-burning shells respectively. Due

to the degeneracy of the core, there is no carbon burning occurs. A large convective

envelope is surrounded by the core and the shells. During most of the time, the H-

shell burns H to He and provides the stellar luminosity. However, when temperature

and density are favorable, He can be fused in the He-shell, causing a thermonuclear

runaway. This phenomenon (a He-flash) is called a thermal pulse (TP). During such

thermal pulses, the convective layers in the mantle may reach the region between the

H and He-burning shells (see Figure 2.2) and transport new materials (mainly C, N

and O) to the surface of the star. This is called a dredge-up. The timescales between

consecutive pulses range from 104 − 105 years, depending on the luminosity of the

AGB star.

Figure 2.2: The internal structure of an AGB star (not to scale).
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2.3.2 Structure of the circumstellar envelope of an AGB star

Figure 2.3 represents a typical structure of a circumstellar envelope of an AGB star.

The envelope is created by mass loss from the central star due to stellar pulsation in

combination with radiation pressure on molecules and dust. During an outward pulse,

gas moves away from the star and gradually cools down. Below ≈ 3000 K, outside

the photosphere of the star molecules start to form within the gas, resulting a warm

molecular layer around the star. At some distance from the central star solids can

exist; dust particles begin to form (≈ 1000 K). The dust grains are driven outwards

by radiation pressure from stellar photon, and drag the gas along with them, creating

a dusty circumstellar envelope.

Figure 2.3: The circumstellar envelope of an AGB star.

2.3.3 Different types of AGB star

The formation of dust depends largely on the availability of atoms and molecules. The

most abundant elements used for the formation of dust are C and O. However, the

carbon monoxide (CO) molecule is very stable and already forms at high temperatures
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in the stellar atmosphere. This leads to a clear separation of the type of dust present

around AGB stars. If more oxygen than carbon is available, i.e. the number density

ratio of carbon-to-oxygen (C/O) is smaller than unity, all the C will be trapped in

CO and only O atoms will dominate the chemistry. In this case oxygen-rich (O-rich,

also known as M-type) dust will form, for instance (simple) oxides and silicates (see

Figure 2.4: left panel). This is the initial situation for all stars. The material in the

ISM from which stars form is O-rich (C/O ≈ 0.4; Asplund et al. 2009) [1].

Figure 2.4: The circumstellar dust envelope of Oxygen-rich (left panel) and Carbon-
rich (right panel) AGB star.

As the AGB stars evolve, newly-formed elements are transported to the surface via

convection current (see Figure 2.2), which changes the C/O of the stellar atmosphere.

If dredge-up of carbon is sufficient it can raise C/O above unity to form carbon-rich

(C-rich) stars (see Figure 2.4: right panel). In these C-rich envelope most of the

oxygen is trapped in CO, so that carbon is left to dominate the chemistry. Carbon-

rich dust species include silicon carbide (SiC) and graphite and polycyclic aromatic

hydrocarbons (PAHs). During the carbon dredge up atmospheric C/O increases, so

that some stars have C/O ≈ 12. Thus, the atomic abundances in the wind strongly

determine what kind of dust is formed. The physical and chemical processes leading

2these stars are referred as S-stars
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to dust formation are still poorly understood. This thesis concentrate on studying

the dust properties around O-rich AGB stars.

2.3.4 Mechanism behind pulsation of AGB stars and their
light curves

From observations, we know that the AGB stars are pulsating variable stars. They

change in brightness in a more or less regular pattern with a period of ∼ 1 year.

They fall into two groups according to the mode of pulsation. The first group con-

tains Long Period Mira variable stars, having regular pulsation with large amplitude

(visual magnitude > 2.5) and periods longer than 60 days. The second group contains

semiregular variable stars, having less regular pulsation and smaller amplitude (visual

magnitude < 2.5). In this thesis, I have analyzed the spectral dust features of both

Mira and semiregular variable AGB stars (see Chapter 5 & 6).

Figure 2.5: A schematic diagram of pulsating AGB stars.

The mechanism behind pulsation is governed by: outward radiation pressure, om-

nidirectional gas pressure and inward gravitational pressure (see Figure 2.5). Opacity

of the gas inside the star traps energy (i.e., radiation is absorbed and converted to

thermal energy). That increases the gas pressure, which in turn overcomes gravity
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and leads to expansion of the star. But this expansion decreases the density of the

gas, which allows radiation to escape and the gas to cool down radiatively. As a

result gas pressure drops and gravity dominates, and the star to shrinks again. This

produces an increase in the density of the gas and thus the opacity increases and the

cycle begins again.

Figure 2.6: A schematic cartoon shows the effect of stellar pulsation.

To study the cycle-to-cycle changes of the pulsating variable stars, astronomers

use a very simple but valuable tool, known as “light curve”. A light curve is a

plot which shows the change in apparent visual magnitude (brightness) of a star

over time. Figure 2.6 shows an example of how the size, surface temperature of the

star and radial velocity of the gas change over the course of time. The observations

are generally taken by amateur astronomers using ground-based telescopes and the

observational data are available from one of the most popular worldwide database

maintained by the American Association of Variable Star Observers (AAVSO). The

light curve observations provide a great opportunity to test the hypotheses that link

pulsation, stellar variability and dust formation.
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2.3.5 Mass loss and dust formation around AGB stars

During the AGB phase, stars lose 40-80% of their original mass. This mass loss is

crucial for LIMS stars evolution since it leads to the formation of stellar remnants be-

low the Chandrasekhar limit, and prevents these stars from exploding as supernovae.

Furthermore, LIMS are the major contributors of newly-formed elements and dust to

the ISM.

As a star loses mass, gas drifts away from the star and cools; at some distance

from the star dust forms leading to a circumstellar shell of gas and dust. The dust

gains momentum by absorbing stellar photons (radiation pressure) and accelerates

away from the star. Momentum is transferred to the gas by collisions with the dust,

and thus the gas is dragged away from the star. This creates a low pressure zone in

the atmosphere into which gas will flow (from the star’s surface). In this way, dust

formation drives mass loss. As the refractory dust and gas moves outwards it cools

further and more dust can form which will also be acted upon by radiation pressure.

Thus mass-loss rate increases.

The efficiency of capture of momentum by the dust grains depends on their ab-

sorption properties, and thus, on the precise nature (composition, lattice structure,

grain size, grain shape, temperature and mass fraction) of the dust grains. This thesis

aims to study these properties of dust grains around oxygen-rich AGB stars.

2.4 Using infrared spectroscopy to study AGB stars

AGB stars are bright and numerous enough to observe and explore a statistically

significant number of stars. There are estimated to be ≈ 105 AGB stars in our galaxy

out of a total population of ≈ 1011 stars, or a frequency of 1 in 1 million (Habing

& Whitelock 2003) [52]. Most of their light is emitted in the IR spectral region.

Infrared spectroscopy of (circumstellar) dust provides a powerful diagnostic tool to
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determine their properties (chemical composition, lattice structure size and shape,

temperature, mass fraction). A significant part of this thesis deals with the analysis

and identification of these dust properties by using IR spectroscopy. The infrared is

particularly suitable for this since dust grains absorb starlight and reemit photons

according to their temperature and optical properties, typically in IR range. In this

regime, dust shows many spectral features, which are sensitive to the above mentioned

dust properties. Early all-sky surveys such as the InfraRed Astronomical Satellite

(Neugebauer et al. 1984) [105] and subsequent satellite IR telescopes along with

ground-based IR spectroscopy have provided us with tens of thousands of spectra

of dusty AGB stars with a wide range of dust properties. While in principle each

spectrum provides a diagnostic view of the dust properties of individual stars, the

spectra of AGB stars are observed to vary substantially from object to object (Speck

et al. 2000, Sloan et al. 2003) [131, 123], as well as temporally (e.g. Guha Niyogi

et al. 2011, Monnier et al. 1998) [49, 102] and spatially (Sloan & Egan 1995, Guha

Niyogi et al. 2011-b) [122, 50] for a given object.

2.4.1 Recent developments in Telescopes era

The availability of space-based observatories have opened a new era in IR astronomy.

For the last two decades, the mostly used observational data are available from the

following Telescopes: InfraRed Astronomical Satelite (IRAS; Neugebauer et al. 1984)

[105], Infrared Space Observatory (ISO; Kessler et al. 1996) [74], Spitzer Space Tele-

scope (Werner et al. 2004) [151], Herschel Space Observatory (Doyle et al. 2009) [33].

Space-borne observations opened way for spectroscopic studies in the IR wavelength

regions which were inaccessible from the ground (only narrow window in the IR are

available from the ground).

IRAS was the space-based observatory (launched in 1983) to perform a survey of

the entire sky at IR wavelengths (12, 25, 60, and 100 µm). This telescope was a joint
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project of the United States (NASA), the Netherlands (NIVR), and the United King-

dom (SERC). The European Space Agency’s ISO was operational between 1995–1998

(see Figure 2.7: left panel). The two spectrometers (SWS and LWS), a camera (ISO-

CAM) and an imaging photo-polarimeter (ISOPHOT) jointly covered wavelengths

from 2.5 to around 240µm. This made it possible to obtain a continuous flux spec-

trum extending from visual to the far-IR wavelengths for many observations and com-

pare with theoretical models. The Spitzer Space Telescope was launched in 2003 and

operating at IR wavelength region from 3–180 µm and has multiple imaging abilities.

The most recent European Space Agency’s Herschel Space Observatory (launched in

2009) has the largest single mirror ever built for a space telescope. It is the only

space observatory to cover a spectral range from the far infrared to sub-millimeter

(60–670µm).

Figure 2.7: Left: Space borne telescope ISO; Right: Ground based Gemini Observa-
tory at Mauna Kea.

Along with the space based telescopes, the recent advances in ground-based tele-

scopes for visible and infrared wavelength regions, have spurred extraordinary ad-

vances in our understanding in many astronomical areas. The most noted ground

based telescopes operated in IR wavelength region are James Clerk Maxwell Telescope

(JCMT ), United Kingdom Infra-Red Telescope (UKIRT ), Gemini Observatory (see
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Figure 2.7: right panel), European Southern Observatory (ESO), South African As-

tronomical Observatory (SAAO), and Australian Astronomical Observatory (AAT ).

The first three are situated close to the summit of Mauna Kea, Hawaii, at an altitude

around 4100 m, whereas, ESO operates in Chile, SAAO in South Africa and AAT in

Australia . There are some disadvantages of ground based IR observations. As an ex-

ample, both the telescopes and our atmosphere emit infrared radiation which creates

background radiation. Infrared telescopes are designed to limit the amount of this

thermal emission from reaching the detectors. But this problem is generally solved

by taking proper measurement of both the emission from atmosphere and from the

observing object and then by subtracting the atmospheric emission from the infrared

emission of a celestial object.

In this thesis, I have explored the observational data taken by ISO, IRAS and

Gemini observatory.
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Chapter 3

Optical properties of solid dust
grains

3.1 The interaction of radiation with dust grains

In order to determine the precise nature of the cosmic dust, we need to know how

the dust grains interact with the radiation (i.e. their optical properties). When a

dust particle is placed in a beam of light, it absorbs some of the light and scatters

part of them. The light then we receive from the dust particle is attenuated. The

total amount of energy by scattering and absorption is called extinction. Extinction

depends on the precise nature (composition, lattice structure, grain size, grain shape,

temperature and mass fraction) of the dust grains. In this chapter I will give an

outline of how dust particle interacts with light and how it helps us to determine the

optical properties of the light.
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3.2 Thermal emission

Any object with a temperature greater than absolute zero emits thermal radiation.

The spectrum of the emitted radiation is determined by the characteristics of the

emitting body as well as by its temperature. A perfect blackbody, which absorbs

all radiation that is incident on it, will thermally re-emit radiation in a distribution

over wavelength, as given by the Planck function. The maximum of this function

shifts towards shorter wavelengths when the temperature of the body increases (see

Appendix § A).

Dust grains are not perfect blackbodies. The radiation emitted by a non-perfect

blackbody is a Planck curve multiplied by the emission efficiency of the emitting

object (for further discussion see § 4.2). Therefore, to compute the thermal emission

of a dust grain we need to compute its emission efficiency. A particle in thermal

equilibrium emits the same amount of energy as it absorbs. Kirchhoff’s law states

that at any wavelength the emission efficiency is equal to the absorption efficiency.

As discussed in § 2.3.2, below ≈ 3000 K, outside the photosphere of the star

molecules start to form within the gas, resulting a warm molecular layer around the

star. At some distance from the central star, dust particles form in the range from

≈ 1000−1500 K. Above this temperature the grains will evaporate. This corresponds

to an emission spectrum peaking at wavelengths longwards of ≈ 2µm. In most cases,

the bulk of the dust grains will have much lower temperatures, peaking at even longer

wavelengths. Thus the thermal emission by dust grains dominate at IR wavelength

region (see Figure 3.1).

3.3 Extinction

When a parallel beam of light meets a dust particle, then the light is absorbed and

scattered by the particle. The total amount of energy removed from the incident
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Figure 3.1: A schematic presentation of stellar emission and dust emission in IR
region.

light beam by scattering and absorption is referred to as extinction. The wavelength

dependence of the extinction provides precise information about the dust particle.

3.3.1 Scattering and absorption of small particle compare to
their wavelength

In this section, I reproduce the derivation from Speck 1998 [129], in order to explain

the ideas of scattering and absorption of small particle compare to their wavelength.

Let’s consider a small particle placed in a beam of light (see Figure 3.2). The

intensity of the electromagnetic radiation incident on the particle is I0, at a point a

large distance r from the particle and the intensity of the scattered light is I. The

scattered intensity (I) is directly proportional to I0 and given by,

I(θ, φ) =
I0F (θ, φ)

k2r2
(3.1)

where, k = 2π
λ

is the wavenumber, and F (θ, φ) is an orientation dependent, di-

mensionless function of the direction but does not depend on the distance of the

particle.

The total energy scattered by the particle in all directions is defined as being equal
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Figure 3.2: A schematic representation of scattering geometry of a dust grain (taken
from Bohren & Huffman 1983 [8]).

to the energy of the incident light falling on the scattering cross-sectional area (Csca).

If the function F (θ, φ) is divided by k2Csca the phase function is obtained, which

has no dimensions and whose integral overall direction is 1. Therefore,

Csca =
1

k2

∫
F (θ, φ)dω (3.2)

where dω = sin θdθdφ is the element of solid angle and the integral is taken over

all directions.

Similarly, the energy absorbed by the particle is equal to the energy incident on the

area of absorption cross-section (Cabs). So, the total energy depleted from the original

beam can be put equal to the incident energy on the area of extinction cross-section

22



(Cext). The law of conservation of energy requires that,

Cext = Cabs + Csca (3.3)

The efficiency of a particle to absorb, scatter and extinction are given by the Q

factors, where,

Cext = Qext × geometrical− area (3.4)

Cabs = Qabs × geometrical− area (3.5)

Csca = Qsca × geometrical− area (3.6)

(3.7)

3.4 Computing the optical properties of dust grains

To study the optical properties of the dust grains, first we need to discuss about the

optical constants and how they are interrelated. The first set is real and imaginary

parts of the complex refractive index (m) and the second set is real and imaginary

parts of complex dielectric function (ε). They are defined as,

m = n− ik (3.8)

ε = ε1 − iε2 (3.9)

And they are related by,
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ε1 = n2 − k2 (3.10)

ε2 = 2nk (3.11)

The media with which we are concerned, have complex refractive indices that

depend on wavelength. These parameters need to be computed in accurate manner.

The computation of the optical properties of dust grains requires that the Maxwell

equations for the interaction of the incident light with the particle to be solved. This

is in general not a trivial exercise. For this reason, in most cases the shape of the

cosmic dust particles are assumed to be simple and symmetrical.

There are two extreme ways to approach the problem of light scattering and

absorption by small particles. The first approach is to assume that the dust grains

can be approximated by homogeneous spheres. In this way the optical properties can

be obtained from Mie theory. The second approach is to model the dust grains in

the most exact way possible. In both of these approaches have their advantages and

disadvantages and are discussed below:

3.4.1 For spherical particles: Mie theory

In 1908 Gustav Mie published an exact solution for the interaction of light with a

homogeneous sphere of arbitrary composition and radius. Certain assumptions are

made about these particles in order to simplify the situation.

These assumptions are:

1)Only the interactions of a single particle with light of arbitrary wavelength are con-

sidered.

2)The optical properties of the particle are completely described by frequency depen-

dent optical constants (i.e. the complex refractive index or the complex dielectric
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function).

3)Scattering is elastic, i.e. frequency of the scattered light is identical to the incident

light.

4)The medium is considered to be linear, homogeneous and isotropic.

Calculations of scattering and absorption cross sections of homogenous spherical

particle can be done very accurately using Mie theory. In Rayleigh limit, we consider

the limiting case of particles very small compared to the wavelength of radiation

inside and outside the particle (i.e. 2πa/λ ¿ 1).

For a spherical particle of radius a, Cabs and is given by,

Cabs = kV Im(3α), (3.12)

where,

k =
2π

λ
,

V =
4

3
πa3,

m = n− ik,

Im(α) =
m2 − 1

m2 + 2
. (3.13)

Therefore, for spherical particle (SPH)

Cabs =
8π2a3

λ
Im

(
m2 − 1

m2 + 2

)
(3.14)

This approach is fast and easy and also provides useful insights in the physical

processes and general trends (see e.g. van de Hulst 1957) [141]. However, in reality,

cosmic dust grains are not homogeneous spheres, and therefore we need to consider

the alternative approaches.

25



3.4.2 For non-spherical particles

Since solid particles in astrophysical environments are expected to be very irregular

in shape, it is very difficult to characterize the shape of the particles in a simple way.

Traditionally, cosmic dust grains have been assumed to be spherical for simplicity,

however, it is becoming increasingly obvious that the use of spherical grains leads to

unrealistic spectral features (see e.g. Min et al. 2003, DePew et al. 2006, Pitman et

al. 2008, Corman 2010) [95, 31, 115, 26]. There are several possible approaches to

addressing the grain shape effect, which I will compare here.

Fabian et al. (2001) [37] used their optical constants of crystalline olivine minerals

to calculate mass absorption coefficients for IR region for a variety of grain shapes.

These authors primarily chose: spherical grains, ellipsoids elongated along the z-

axis, and distributions of ellipsoids; based on the assumption that mineral forms

crystalline ellipsoids elongated along the z-axis, when condensing from the gas phase

at high temperature. Whether there should be a preferred growth axis for a grain

shape or not, will be discussed below. These authors compared their calculated mass

absorption coefficients data directly with ISO SWS observational data of evolved

stars. They concluded that the spectral features are shifted in wavelength by grain

shape effects and this effect is prominent in mid-IR region, whereas, the spectral

features in far-IR region remain practically unaffected by the particle shape.

Recent experimental studies by Takigawa et al. (2009) [135] on the evaporation of

single crystals of forsterite show that this mineral evaporates anisotropically, which

may lead to distinct grain shape distributions (e.g. disk-shaped dust grain, flattened

along the y or z axes). They showed that forsterite always evaporates anisotropi-

cally, but the details of the anisotropy (i.e. which axis is elongated) depends on the

experimental conditions (total gas pressure and temperature). They concluded that

the precise shape of forsterite grains depends on the formation conditions in space.

Because the peak positions and relative strengths of dust spectral features are ex-
26



pected to depend on grain shape, these spectral parameters may be diagnostic of the

formation and heating conditions for the dust grains.

Another recent study by Koike et al. (2010) [77] investigated how the spectral

features of forsterite are affected by grain shape. They measured the IR mass absorp-

tion coefficients of forsterite grains of a variety of shapes including irregular, plate-like

with no sharp edges, elliptical, cauliflower and spherical. They concluded that spectral

features of forsterite in mid-IR region (at 11, 19, 23, 33 µm) are extremely sensitive

to particle shape, whereas, the features in far-IR region (at 49, 69 µm) remained

unchanged despite the different grain shapes (cf. Fabian et al. 2001) [37].

Min et al. (2003) [95] adopted statistical approach (following Bohren & Huff-

man 1983) [8] in order to understand the effect of grain shape on IR dust features

of forsterite. They considered the limiting case, where the particles are very small

compared to the wavelength of radiation (Rayleigh domain). In this statistical ap-

proach, the scattering and absorption properties of irregularly shaped particles can be

simulated by the average properties of a distribution of simple shapes (such as ellip-

soids, spheroids, and hollow spheres). They calculated the absorption and scattering

cross sections of different grain shapes and concluded that there is a strong similarity

between the absorption spectra of distributions of various non-spherical homogeneous

particles (e.g. ellipsoid, spheroids) and a distribution of hollow spheres in Rayleigh

domain, but that homogenous spherical particles show a markedly different spectrum.

(for further reference see Figure 5.14). In general, the cross section for absorption by

an arbitrary particle in this approximation, averaged over all orientations is given by,

Cabs = kV Im(αave), (3.15)

where, k = 2π
λ

,

V = volume of the particle,

αave = the polarizabilities per unit volume of the shape distribution.
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For Continuous Distribution of Ellipsoids (CDE),

Im(αave) = 2
m2

m2 − 1
ln(m2)− 2, (3.16)

where, m = n - ik.

For Continuous Distribution of Spheroids (CDS),

Im(αave) =
1

3
ln(m2) +

4

3
ln

(
m2 + 1

2

)
(3.17)

For Distribution of Hollow Sphere (DHS),

Im(αave) =
6m2 + 3

2m2 − 2
ln

(
(2m2 + 1)(m2 + 2)

9m2

)
(3.18)

By using the real and imaginary parts of refractive index of the materials, I have

evaluated Cabs for different grain shapes (some examples are shown in § 4.5).

3.5 Introducing different terminologies and rela-

tion among them

In § 3.3.1 & 3.4, we have used different terminologies in order to explain the optical

properties of solid dust grains. Because laboratory optical properties of solids are

produced for a variety of applications, the various laboratory data are published in

several different types of units (e.g. absorbance, mass absorption coefficient, com-

plex refractive index etc.; also see Figure 3.3). In this section I will reproduce the

derivations from Speck et al. 2011 [132], in order to discuss different terminologies

and establish relationship among them.

Transmittance (T ; which is also referred to as transmissivity) is defined as the ratio

of the intensity of transmitted (Itrans) and incident (I0) light, i.e. Itrans/I0. Similarly

reflectivity, R and absorptivity, A are the ratios of absorbed to incident light and
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Figure 3.3: A schematic presentation of various phenomenon while the radiation is
incident on a material.

reflected to incident light, respectively.

I0 = Iabs + Itrans + Irefl

Itrans

I0

= 1− Iabs

I0

− Irefl

I0

T = 1−R− A

For simplicity we will assume the reflectivity is negligible or has been accounted for.

Then,

T = 1− A (3.19)

When light passes through a solid the absorption can be expressed as:

Ix = I0e
−αL (3.20)
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where L is pathlength or thickness of the solid sample and α is usually called the

absorption coefficient, but sometimes it is called as opacity. In addition α = κρ,

where κ is the mass absorption coefficient, and ρ is the mass density.

T = e−αL = e−a (3.21)

Absorbance, (a), is the exponent in the decay of light due to absorption: a = αL =

κρL. Optical depth τλ of an absorbing material is defined by:

Ix = I0e
−τλ (3.22)

From equations 3.20, 3.21 and 3.22 we see that the absorbance (a) is similar

to optical depth (τλ). In order to compare astronomical data in which we have a

wavelength-dependent optical depth we can use absorbance. Now we can relate the

absorbance (a) and absorptivity (A) via equation 3.21:

A = 1− e−a

To compare with some astronomical observations we still need to extract a version of

the laboratory data that is comparable to the absorption efficiency, Q-values. To get

this we need to consider how Q-values are defined. For a non-blackbody dust grain

we define an absorption cross-section Cabs as the effective geometrical cross-section of

the particle once we account for it not being a blackbody:

Cabs = Qabs ×Υ

where Υ is the geometrical cross-sectional area of a dust grain. Now if we consider

how the absorption cross section gives rise to absorption we get:
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Iabs

I0

= A = CabsnL (3.23)

where n is the number density of absorbing particles and L is the pathlength or

thickness of the absorbing zone.

n =
ρ

Mmol ×mH

(3.24)

where Mmol is the molar mass of the solid and mH is the mass of a hydrogen atom.

Combining equations 3.23 and 3.24 we get:

Qabs =
A×Mmol ×mH

ΥρL
(3.25)

It is clear from equation 3.25 that Q-values ∝ absorptivity such that:

Qabs = ζA

where,

ζ =
Mmol ×mH

ΥρL

Consequently, the spectral feature parameters shown in Q-values will be identical to

those for A, the absolute values depend on the pathlength and on the cross-section

areas of a given grain distribution.

3.6 Introducing various laboratory data sets

There are several laboratories that have measured optical properties of various solid

minerals for a variety of applications. In this thesis, I will use the IR spectral data

from three most noted laboratory groups. They are: 1. WashU (e.g. Hofmeister et
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al. 2007, Pitman et al. 2010) [60, 114], 2. Kyoto (e.g. Chihara et al. 2002, Koike et

al. 2003, Koike et al. 2006, Murata et al. 2009, Koike et al. 2010) [23, 76, 78, 104, 77]

and 3. Jena (e.g. Fabian et al. 2001, Jaeger et al. 1998) [37, 69] groups.

The WashU & Kyoto groups provide opacity measurements (absorbance & mass

absorption coefficient respectively) for a good sampling over several composition ratios

of various minerals. But they do not measure the complex indices of refraction or

dielectric constants for all these compositions. On the other hand, Jena group supplies

complex refractive indices of several minerals, but does not measure the over various

composition ratios. The advantages and limitations of both of these measurements

will be further discussed in Chapter 5 & 7. Now, it is important to remember that,

when we use different data sets from different laboratory groups (with different units),

we need to use appropriate conversion factors (as discussed in § 3.5) in order to be

consistent.
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Chapter 4

An introduction of dust
mineralogy and morphology
around O-rich AGB stars

4.1 Introduction

As discussed in § 1.1, dust is very important in many astrophysical environments.

In particular, due to the interplay between dust and stellar photons in driving mass

loss, it is necessary to understand the nature of the dust around O-rich AGB stars.

Dust grains absorb starlight and reemit photons according to their temperature and

optical properties, typically in IR region. Composition, lattice structure, grain size,

and morphology all affect the resulting IR spectrum, as do the temperature and

density distribution in the dust shell (as also discussed in § 2.4). We can compare

laboratory spectra of different dust species to astronomical observations in order

to identify the dust species present in circumstellar envelopes. To understand the

dust spectral features, first we need to understand what contributes to an observed

spectrum.
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4.2 What is a spectrum?

In order to understand the dust spectral features, we need to consider what con-

tributes to the observed spectra. A spectrum, Fλ, can be interpreted as a product

of the underlying continuum and an extinction efficiency factor (Qλ) for the entire

spectrum,

Fλ = C ×Qλ ×Bλ(T ) (4.1)

where Bλ(T ) is the Planck function for a black body of temperature T , Qλ is a

composite value including contributions from all dust grains of various sizes, shapes,

crystallinities and compositions, and C is a scale factor that depends on the number

of dust particles, their geometric cross section and the distance to the star. In reality

the spectrum should be represented by:

Fλ =

n,m∑
i=1,j=1

Cj ×Qλ,j ×Bλ,i(Ti) =

n,m∑
i=1,j=1

Cj ×Qj ×Bi (4.2)

where each Bi represents a single dust (or stellar) temperature black body (of which

there are n in total), each Qj represents the extinction efficiency for a single grain

type as defined by its size, shape, composition and crystal structure, and each Cj

represents the scale factor for a single grain type (of which there are m in total).

An example of a spectral dust features of O-rich AGB star RX Lac is shown in

Figure 4.1. In order to identify the dust composition of RX Lac, the spectral dust

feature parameters (e.g. peak positions, widths and amplitudes) are compared with

the laboratory spectra of two crystalline silicate minerals (fayalite: Fe2SiO4, forsterite:

Mg2SiO4).
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Figure 4.1: Top panel: Comparison of spectral dust features of RX Lac with end
member of crystalline olivine minerals. For further reference see Pitman et al. (2010)
[114]. Bottom panel: Three spectral parameters (position, width and amplitude) of
a well-separated spectral feature of forsterite (Mg2SiO4) are shown.

4.3 Previous observations of dust in space

In the late 1960s, while investigating deviations of stellar energy distributions from

blackbodies, Gillett et al. (1968) [46] discovered a peak near 10 µm in the spectra of

four late-type, evolved, variable stars. Shortly thereafter a 10 µm absorption feature

was discovered in the interstellar medium (ISM; Knacke et al. 1969, Hackwell et al.

1970) [75, 53]. Since then, it has been found to be almost ubiquitous, occurring in

many astrophysical environments including the solar system and extrasolar planetary

systems (e.g., Mann et al. 2006, and references therein) [89], the circumstellar regions

of both young stellar objects, AGB stars, and planetary nebulae (e.g. Speck et al.

2000, Casassus et al. 2001, and references therein) [131, 18]; many lines of sight
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through the interstellar medium in our own galaxy (e.g. Chiar et al. 2007 ) [21]; in

nearby and distant galaxies (e.g. Hao et al. 2005) [54].

Initially this feature was attributed to silicate minerals (Woolf & Ney 1969) [157],

based on spectra of mixtures of crystalline silicate species predicted to form by theo-

retical models (Gaustad 1963, Gilman 1969) [43, 47]. However, laboratory spectra of

crystalline silicate minerals showed more structure within the feature than observed

in the astronomical spectra (see Woolf 1973, Huffman & Stapp 1973) [156, 66]. Sub-

sequent comparison with natural glasses (obsidian and basaltic glasses from, e.g., Pol-

lack et al. 1973) [116] and with artificially disordered silicates (Day 1979, Kraetschmer

& Huffman 1979) [28, 81] showed that “amorphous” silicate was a better candidate

for the 10µm feature than any crystalline silicate mineral.

Following the discovery of the 10 µm silicate feature, the spectra of O-rich AGB

stars have been found to show a diverse range of spectral features, which are inter-

preted in terms of dust condensation hypotheses. In order to understand how IR

spectra are classified and the features are interpreted we now need to discuss the

currently-favored dust formation hypotheses.

4.4 Dust formation hypotheses

While there are many dust formation hypotheses for AGB circumstellar environments,

these can be broken down into three main ideas: (i) thermodynamic equilibrium con-

densation (Lodders & Fegley 1999) [87]; (ii) formation of chaotic solids in a supersat-

urated gas followed by annealing (Stencel et al. 1990) [133]; (iii) formation of seed

nuclei in a supersaturated gas, followed by mantle growth (Gail & Sedlmayr 1999)

[42]. The latter should follow thermodynamic equilibrium as long as density is high

enough for gas-grain reactions to occur. Several observational studies support this

thermodynamic condensation sequence (Dijkstra et al. 2005, Blommaert et al. 2007)
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[32, 7], however, the interpretation of the observational data is, in part, dictated by

the condensation sequence. In (ii), chaotic grains form with the bulk composition of

the gas, and then anneal if the temperature is high enough (Stencel et al. 1990) [133].

Figure 4.2: Predicted dust condensation sequence for O-rich environments from Tie-
lens (1990) [137]; after Grossman (1972) [48].

The thermodynamic condensation sequence for a gas cooling down from a high

temperature is shown in Figure 4.2 (following Tielens 1990, Grossman 1972) [137, 48].

The condensation sequence starts with the formation of refractory oxides (e.g. Al2O3)

which, upon cooling, react with gaseous SiO, Ca and Mg to form spinel (MgAl2O4,

not shown in the figure), then to melilite (ranging from gehlenite [Ca2Al2SiO7] to

åkermanite [Ca2MgSi2O7]) and then to diopside (CaMgSi2O6). The conversion of

diopside to anorthite (CaAl2Si2O8) involves a solid-solid reaction, and is therefore

kinetically unlikely.

In this sequence, the more abundant Mg/Fe-rich silicates form as mantles on

the more refractory grains. Because of the relative abundance of Mg and Fe when

compared to Ca and Al, most of the silicon atoms condense as the Mg-rich end member
37



of the olivine family (forsterite: Mg2SiO4). As the gas cools, the gaseous SiO converts

forsterite into the Mg-rich end member of the pyroxene family (enstatite: MgSiO3).

Consequently, the MgSiO3/Mg2SiO4 ratio increases with the decreasing temperature.

At the pressure relevant for stellar outflows, gaseous Fe, may react with enstatite to

form olivine with some iron ([Mg, Fe]2SiO4). It is also predicted that Fe condense into

metallic iron grains, but it is not predicted that the Fe-rich end members of the olivine

(fayalite: Fe2SiO4) or pyroxene series (ferrosilite: FeSiO3) will form. Regardless of the

precise mineral into which it condenses, iron is expected to be in solid phase because

it is strongly depleted from the gas phase (Okada et al. 2009) [108].

For solar metallicity1, Mg and Fe are approximately equally abundant in O-rich

circumstellar environment (Lodders & Fegley 1999) [87]. In these dust condensa-

tion sequences, the condensation temperatures are dependent on the gas pressure.

However, for the pressures relevant to the typical AGB outflow, the silicate formation

temperatures are above the assumed glass transition temperature of 1000K, implying

that crystalline dust should form.

4.5 Dust mineralogy and morphology around O-

rich evolved stars

According to the classical dust condensation sequence, Al2O3 is expected to form

closer to the star since it is a high temperature condensate and with increasing dis-

tance from the central star, silicates minerals are expected to form. A schematic

presentation of dust shells around O-rich AGB stars is shown in Figure 4.3.

In this section I will provide a list of all the astrominerals that are predicted to

be present according to the condensation sequence, along with their chemical for-

mulae, lattice structures, spectral features, formation conditions and astronomical

1In astronomy, all elements with atomic number greater than 2 are called metals. The metallicity
is a measure of the amount of these elements present in a star.
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Figure 4.3: A schematic presentation of dust shells around O-rich AGB stars based
on the classical dust condensation sequence (e.g. Tielens (1990) [137]).

evidences. It is also important to understand that the spectral feature parameters

(position, width and amplitude; also shown in Figure 4.1: bottom panel) are signifi-

cantly influenced by three parameters (composition, temperature and grain shape of

the dust grains). By following the method discussed in § 3.4.1 and 3.4.2, I have com-

puted the absorption cross section (Cabs) for four different grain shape distribution:

Spherical (SPH), Continuous distribution of ellipsoid (CDE), Continuous distribution

of spheroid (CDS) and Distribution of hollow spheres (DHS)2 from their optical con-

stants3 for various minerals. The effect of grain shapes on the IR spectral features of

some of the minerals are shown below.

2Hollow spheres are meant to simulate fluffy grains
3optical constants are available at http://www.astro.uni-jena-

de/Laboratory/Database/databases.html
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4.5.1 Silicates

Since silicates are most abundant mineral in O-rich environment, I’ll first discuss

them.

Olivines and pyroxenes

Chemical formula: Different types of silicate species can exist depending on the

number of shared oxygen atoms and the precise cations. For example, olivine miner-

als, which have isolated tetrahedra, and have the general formula: Mg2xFe(2−2x)SiO4.

Endmembers of mineral series are those with x close to 0 or 1. For example, Forsterite

(Mg2SiO4) is the Mg-rich endmember and Fayalite (Fe2SiO4) is the Fe-rich endmem-

ber of olivine minerals. Another example of silicate mineral is Pyroxene. This mineral

consists of chains of tetrahedra and is usually written as MgxFe(1−x)SiO3 but can also

contain Ca2+ (in case of diopside). The endmembers of pyroxene family members are

known as Enstatite (MgSiO3) and Ferrosilite (FeSiO3) respectively.

Lattice structure: Silicates consist of silica tetrahedra (SiO4−
4 ) which can either

be isolated or share oxygen atoms with other tetrahedra (see Figure 4.44). Unless all

oxygen atoms are shared there are also metal cations (e.g. Mg2+, Fe2+, Ca2+). These

tetrahedra can either be arranged in an orderly manner, giving rise to crystalline

lattice structures, or they can be randomly oriented with respect to one another,

in which case the solid is amorphous. Whether dust grains will be amorphous or

crystalline depends on their formation conditions and subsequent processing.

Spectral features: Spectroscopically, all silicates, amorphous and crystalline alike,

show spectral features at ∼10 and ∼20µm in the mid-IR, due to the Si–O stretching

and the O–Si–O bending modes. Alignment of the tetrahedra may cause sharp peaked

resonances, whereas amorphous silicates will show broad features which can be seen

as a blend of such sharp resonances. Furthermore, crystalline silicates exhibit far-

IR lattice modes at λ > 25 µm which are not evident for amorphous silicates (see

4from http://www4.nau.edu/meteorite/Meteorite/Book-GlossaryS.html
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Figure 4.4: Structure of silicate minerals.

Figure 4.5).

Silicate grains show many spectral features whose peak positions, widths and

amplitudes are dependent on the Si/O ratio and Fe/[Mg+Fe] ratio of the silicate

as well as the temperature and the shapes of dust grains (for further discussion see

Chapter 7).
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Figure 4.5: The laboratory IR spectra of amorphous (left) and crystalline (right)
silicates. x-axis is wavelength (in µm), y-axis is absorption in arbitrary units.
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Formation condition: Amorphous silicates can form below the glass transition

temperature. Molecules that stick to the surface of the grain, immediately freeze out

without having sufficient energy to find energetically favorable lattice positions. Thus

an amorphous structure can be formed.

Crystalline silicates can be possibly formed by two mechanisms. If the gas temper-

ature is higher than the glass temperature then the crystalline structure can form by

direct condensation. The second mechanism to form crystalline silicates is by anneal-

ing the amorphous silicates. In this mechanism, all silicates are formed at temperature

below the glass temperature. But if the grains are heated by some mechanisms, that

may allow the atoms to re-arrange in a crystal structure.

Astronomical evidence: Amorphous silicates were found to be almost ubiquitous

being found in observations of evolved stars (e.g. Speck et al. 2000, Casassus et al.

2001) [131, 18]; many lines of sight through the interstellar medium in our own galaxy

(e.g. Chiar et al. 2007) [21]; and in nearby and distant galaxies (e.g. Hao et al. 2005)

[54].

However, after discovery by ISO, evidence for crystalline silicates has been found

in the circumstellar environment of evolved stars and young stars as well (e.g. Waters

et al. 1996, Waelkens et al. 1996, Molster et al. 2002-a, Pitman et al. 2010, Guha

Niyogi et al. 2011 ) [149, 148, 99, 114, 49].

Diopside

Chemical formula: CaMgSi2O6.

Lattice Structure: Monoclinic pyroxene; see Figure 4.6: Left Panel5.

Spectral features: Crystalline diopside shows several strong narrow features around

10 and 20µm region, due to the Si-O stretching and Si-O-Si bending modes. Strong

spectral features are found at 9.3, 10.3, 11.4, 19.5, 20.6, 25.1, 29.6, 33.9 µm (see

Figure 4.6: Right Panel; data taken from Koike et al. (2000) [79].

5from http://www.chem.ox.ac.uk/icl/heyes/structure of solids/Lecture4/Lec4.html
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Figure 4.6: Left: The lattice structure of diopside. Its a chain of tetrahedra, contain-
ing Mg2+, and Ca2+. Right: The IR laboratory spectrum of diopside.

Formation condition: As melilite cools down, diopside can form (Grossman 1972)

[48].

Astronomical evidence: The spectral features of RX Lac has been attributed to

crystalline diopside by Hony et al. (2009) [64], whereas, by crystalline fayalite by

Pitman et al. (2010) [114]. Diopside had identified in some post-AGB stars and

planetary nebulae (e.g. NGC 6302; Koike et al. 2000, Molster et al. 2002-a, Kemper

et al. 2002-b) [79, 99, 73].

Melilite Series

Chemical formula: Ranging from Gehlenite [Ca2Al2SiO7] to Åkermanite [Ca2MgSi2O7].

Lattice Structure: Sorosilicates, isolated, double tetrahedral groups; see Figure 4.7:

Left panel.

Spectral features: The laboratory IR spectral features of two crystalline Melilite

family members (Gehlenite and Åkermanite) are shown in Figure 4.7: right panel;

data taken from WashU lab6. Here we see a variation in the spectral parameters with

variation in chemical composition (also see Chihara et al. 2007) [22]. Gehlenite shows

a strong 10–12µm broad feature with structure, along with week features at 14, 17,

19µm. Åkermanite shows a broad 9–12 µm feature with prominent structure along

with 16, 17.5 and 21 µm.

6http://galena.wustl.edu/ dustspec/idals.html

43



Figure 4.7: Left: The lattice structure of melilite. It has a general formula A2B(T2O7),
where A-position is a large 8-coordinated yellow sites and can be occupied by by Ca
or Na; and B (pale orange) and T-positions are blue tetrahedral. B-position can by
taken by Al, Mg; and T-position by Si or Si and Al. Oxygen atoms (not shown)
are on the corners of the tetrahedra. The resulting Si:O ratio is 2:7. Right: The IR
spectra of crystalline Gehlenite and Åkermanite are shown.

Formation condition: As spinel cools down, melilite can form (Grossman 1972)

[48].

Astronomical evidence: A broad far-IR feature was detected ≈ 63µm in some

O-rich evolved stars; such as AFGL4106, NGC 6302 and HD 161796 (e.g. Molster et

al. 1999, Molster et al. 2001, Molster et al. 2002-b) [101, 97, 98]. Originally, this

far-IR feature has been attributed to various crystalline minerals: water ice (Molster

et al. 1999) [101], diopside: CaMgSi2O6 (Koike et al. 2000, Chihara et al. 2002)

[79, 23]. and dolomite: (Ca,Mg)CO3 (Kemper et al. 2002-a) [72]. After the optical

properties of melilite were measured, it is also included as a potential carrier of this

feature (Chihara et al. 2007) [22].

Silica

Chemical formula SiO2

Lattice Structure: Various lattice structure depending on the pressure and tem-

perature. It consists of SiO4 tetrahedra which share all their oxygen atoms with other

tetrahedra. There are three main polytypes for crystalline SiO2: quartz, tridymite
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and cristobalite; see Figure 4.87.

Figure 4.8: The lattice structure of silica. Three main polytypes of silica (e.g. quartz,
tridymite and cristobalite) are shown.

Spectral features: The IR spectral features of silica for four different grain shape

distribution8: Spherical (SPH), Continuous distribution of ellipsoid (CDE), Continu-

ous distribution of spheroid (CDS), Distribution of hollow spheres (DHS) are shown

in Figure 4.9. Here we see an example of how the spectral features change with the

variation of dust grain shapes. Silica shows spectral features at 9.7, 13 and 21.5 µm.

Formation condition: It has been predicted that quartz can condense directly in

the O-rich outflow (Gail & Sedlmayr 1999) [42]. Experimental evidence showed that

the annealing of silicates lead to the production of silica, in the form of tridymite or

cristobalite (Fabian et al. 2000) [38].

Astronomical evidence: Silica is identified to be the carrier of the 13 µm feature

(Speck et al. 2000, DePew et al. 2006) [131, 31]. Trace of silica has also been found

in Herbig Ae/Be system (Bouwman et al. 2001) [11].

4.5.2 Oxides

In this section I’ll discuss the various predicted refractory oxides in O-rich dusty

envelope.

7taken from http://en.wikipedia.org/wiki/Silicon dioxide
8the absorption cross sections are calculated from optical constants using the statistical approach

as discussed in § 3.4.1 and 3.4.2; optical constants are available at http://www.astro.uni-jena-
de/Laboratory/Database/databases.html.
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Figure 4.9: The IR spectral features of silica for four different grain shape distribution:
Spherical (SPH), Continuous distribution of ellipsoid (CDE), Continuous distribution
of spheroid (CDS), Distribution of hollow spheres (DHS).

Corundum

Chemical formula: Al2O3.

Lattice Structure: Hexagonal; see Figure 4.10: Left panel9.

Spectral features: The IR spectral features of corundum for four different grain

shape distribution10: Spherical (SPH), Continuous distribution of ellipsoid (CDE),

Continuous distribution of spheroid (CDS), Distribution of hollow spheres (DHS) are

shown in Figure 4.10: Right panel. The spherical grain shows a strong feature at

13µm, due to the Al-O vibrational band (e.g. Sloan et al. 2003, DePew et al. 2006)

[123, 31]. For other shape distribution (CDE, CDS, DHS), we see a broader feature

centered at 15µm, accompanied by another IR feature at 21 µm (Begemann et al.

1997) [3].

Formation condition: It is predicted to be the first major condensate closest to

9from http://wapedia.mobi/en/Sapphire
10optical constants are taken from http://www.astro.uni-jena-

de/Laboratory/Database/databases.html
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Figure 4.10: Left: The lattice structure of corundum. The positions of Al+3 and O−2

are shown by grey and red circles; Right: The IR spectral features of corundum for
four different grain shape distribution: Spherical (SPH), Continuous distribution of
ellipsoid (CDE), Continuous distribution of spheroid (CDS), Distribution of hollow
spheres (DHS).

the central star and serves as a condensation core for the subsequent formation of

silicates (Salpeter 1974) [119].

Astronomical evidence: Approximately 50% of O-rich AGB stars exhibit a “13 µm”

feature (for detail discussion see § 4.6) and also this feature is associated with semireg-

ular variable stars (SRs; Sloan et al. 1996, Speck et al 2000) [124, 131]. Spherical

corundum is one of the proposed mineral as carrier of this feature (e.g. Sloan et

al. 2003) [123]; whereas, DePew et al. (2006) [31] proposed silica as a carrier of

the 13µm feature. There are also evidence of refractory oxides (corundum, spinel)

presolar grains11 from meteorites (Nittler et al. 1994, Huss et al. 1995) [106, 67],

which indicate that the most likely stellar source of these grains are AGB stars.

Spinel

Chemical formula: MgAl2O4.

11presolar grains are tiny dust particles that are literally bits of stars we can study in the laboratory.
They condensed from the gas phase in the cooling outflows of stars billions of years ago
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Lattice Structure: Cubic (isometric), octahedral; see Figure 4.11: Left panel12.

Figure 4.11: Left: The lattice structure of spinel. It has a general formula AB2O4,
where A-positions can be occupied by by Mg+2, Fe+2, Zn+2, Mn+2; and the B-
positions by Al+3, Fe+3, Cr+3; Right: The IR spectral features of corundum for
four different grain shape distribution: Spherical (SPH), Continuous distribution of
ellipsoid (CDE), Continuous distribution of spheroid (CDS), Distribution of hollow
spheres (DHS).

Spectral features: Spinel shows strong mid-IR spectral features at 13 and 17 µm

(DePew et al. 2006) [31], both due to Al-O vibrational modes and a weaker feature

at 32µm (Fabian et al. 2001; also see Figure 4.11: Right panel) [37]. These features

shift in peak position, width and amplitude as the grain shape changes.

Formation condition: When corundum cools down, it reacts with gaseous SiO, Al

and Mg to form spinel (Grossman 1972) [48].

Astronomical evidence: Spinel is also one of the proposed carrier of the 13 µm

feature (e.g. Posch et al. 1999, Cami 2002) [118, 13]. However, spinel has been ruled

out as the carrier of the 13 µm feature because it also shows a strong feature at 17 µm

(as also shown in Figure 4.11: Right panel), and this feature does not occur in the

spectra of AGB stars that exhibit the 13 µm (e.g. Sloan et al. 2003, Heras & Hony

2005, DePew et al. 2006) [123, 57, 31].

Magnesium Iron Oxides

12from http://www.tf.uni-kiel.de/matwis/amat/def en/kap 2/basics/b2 1 6.html
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Chemical formula Periclase (MgO), Wustite (FeO).

Lattice Structure: Cubic; see Figure 4.1213.

Figure 4.12: The lattice structure of Periclase and Wustite. The red/green circles
represent the oxygen atoms, whereas the blue/white one are magnesium/iron atoms.

Spectral features: Periclase has a broad feature at 15 µm (e.g. Henning et al. 1995,

Begemann et al. 1995) [56, 4] and Wustite shows a strong feature at 20 µm (Henning

et al. 1995) [56].

Formation condition: Gail & Sedlmayr (1999) [42] have considered periclase as

one of the possible condensates in O-rich outflows and wustite can form when periclase

react with SiO.

Astronomical evidence: MgO has not been identified in evolved stars. But Mg0.1Fe0.9O

is independently identified for the 19.5 µm feature by Posch et al. (2002) [117] and

Cami (2003) [14] in several evolved stars with low mass-loss rate. A recent study on

globular cluster evolved stars also suggested that FeO is a good candidate for this

∼20µm (McDonald et al. 2010-a) [93].

13from http://ruby.colorado.edu/ smyth/min/periclase.html and
http://www.thefullwiki.org/Wustite
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4.5.3 Metallic iron

Chemical formula Fe.

Lattice Structure: Isometric; see Figure 4.1314.

Figure 4.13: The lattice structure of Metallic iron.

Spectral features: Metallic iron produces a smooth continuum. Since its a con-

ducting mineral, it has a high absorptivity in visible and near-IR.

Formation condition: It is predicted that Fe can condense into metallic iron grains

in dust condensation sequence (Grossman 1972) [48].

Astronomical evidence: The evidence of metallic iron has been found in OH/IR

star OH 127.8+0.0 (Kemper et al. 2002-c) [71] and red supergiant VY CMa (Harwit

et al. 2001) [55]. A recent Spitzer Space Telescope study on globular cluster evolved

stars also suggested that metallic iron grains are present around O-rich AGB stars,

where it is observationally manifested as a featureless mid-IR excess (McDonald et

al. 2010-b) [94].

Stellar winds are commonly assumed to be dust-driven in circumstellar environ-

14from http://www.substech.com/dokuwiki/doku.php?id=metals crystal structure
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ments of evolved stars (Ferrarotti & Gail 2006) [41]. Opacity of dusty materials is an

important parameter for the wind-driving mechanism. If iron is absent from dust, a

stellar wind cannot be driven because of the transparency of Mg-rich silicates. Iron

has often been included in dust grains in order to increase the near-IR absorption

efficiency (Tielens et al. 1998) [138]. However, the precise effect of the iron depends

on how it is incorporated, i.e. as an integral part of the silicate (e.g. in amorphous

[Mg,Fe]2SiO4 silicate) or as metallic inclusions. For Mg-rich silicates with metallic

iron inclusions, their absorption efficiency is so high that radiative heating leads to

grain evaporation and only a limited amount of dust can survive (Woitke 2006) [154].

4.6 Spectral classification of O-rich AGB stars based

on dust spectral features

Now it is appropriate to discuss the classification of O-rich AGB stars based on their

spectral dust features. Various attempts have been made to classify the observed

dust features of O-rich evolved stars (Little-Marenin et al. 1990, Sloan & Price 1995,

Speck et al. 2000) [86, 127, 131]. All these authors have classified the observed spectra

into groups according to the shape of the dust feature, which reflects a progression

from a broad feature to the classic narrow 10 µm silicate feature. This progression

of the spectral features is expected to represent the evolution of the dust from the

early forming refractory amorphous oxides (the broad feature) to the dominance of

magnesium-rich amorphous silicates (the narrow 10 µm feature).

The study of dust properties around O-rich AGB stars had been greatly advanced

after using IRAS LRS IR spectra. Onaka et al. (1989) [109] fitted successfully the

IRAS LRS spectra of 109 Mira variables, by assuming the dust shell is spherical and

optically thin, the dust grain consist of aluminium oxide and amorphous magnesium

silicate, and dust temperatures of 200–500 K. They concluded that these low temper-
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atures could not be understood in the framework of homogeneous nucleation theories,

and proposed that mantle growth on pre-existing aluminium grains was the major

process of silicate formation. Sloan & Price (1995) [127], investigated the IRAS/LRS

spectra of 635 oxygen-rich variables and showed a smoothly varying sequence of spec-

tral shapes, from the broad features to the typical silicate feature. They called this

the silicate dust sequence. Their classification was achieved by comparing the flux

ratios at 10, 11 and 12 µm. They divided the sequence into eight segments, labeled

SE1-SE8 (SE = silicate emission). Classes SE1-SE3 are expected to correspond to

low-contrast alumina-rich amorphous dust seen in evolved stars losing mass at low

rates and have optically thinner shells. Moving up the sequence, classes SE3-SE6 show

structured silicate emission, with features at 10 and 11 µm. The upper end of the

silicate dust sequence (SE6-SE8) consists of sources with the classic silicate emission

feature believed to be produced by amorphous silicate grains (see Figure 4.14).

Egan & Sloan (2001) [35] made radiative transfer models of the LRS spectra of

oxygen rich circumstellar shells, and concluded that optically thin shells dominated

by amorphous silicate grains, which reproduce the classic narrow silicate feature at

10µm. Spectra with broad, low-contrast emission features peaking at wavelengths

longer than 11µm, originated from optically thin shells composed of amorphous alu-

mina. Speck et al. (2000) [131] analyzed UKIRT CGS3 spectra of 80 oxygen-rich

AGB stars and concurred with Sloan & Price (1995, 1998) [127, 128] that here is a

smoothly varying sequence of spectral shapes. However, they found that the broad

9–12µm could not be explained using only amorphous alumina grains, but rather that

some amorphous silicate was always needed to explain the blue side of the feature.

In 1995 the Infrared Space Observatory (ISO) was launched which opened the

possibility of studying mass-losing stars at IR wavelengths with unprecedented wave-

length coverage and spectral resolution. It observed over 900 objects with the Short

Wavelength Spectrometer (SWS; de Graauw et al. 1996) [29] in full grating scan
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Figure 4.14: Comparison of dust spectra based on silicate emission (Sloan et al. 2003)
[123].

mode (2.38–45.2µm). The SWS was better suited for the study of dust than previ-

ous instruments because of its higher spectral resolution and its broader wavelength

coverage.

Kraemer et al. (2002) [80] classified the ISO SWS spectra in seven groups. This

classification was well correlated with Sloan & Price (1995) and Sloan & Price (1998)

[127, 128] silicate dust sequence. Cami (2002) [13] studied the ISO SWS spectra

of twenty-four AGB stars with low mass-loss rates, modeled the observed molecular

bands and made a qualitative analysis of the composition of the dust in the shells.

He suggested that low mass-loss rate stars do not produce silicates, but instead pro-

duce large amounts of Al2O3, spinel (MgAl2O4) and MgFeO, a result that obviously
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conflicts with Speck et al. (2000) [131]. As we will see below, spinel has since been dis-

credited as a major contributor to dust spectral features around AGB stars. Based

on these results, Cami (2002) [13] suggested a correlation of the different spectral

appearance of the SWS spectra with the silicate dust condensation sequence. In an-

other study of the SWS spectra of low mass-loss AGB stars that showed the broad

emission plateau between 11–15 µm, Posch et al. (2002) [117] suggested that the dom-

inant components of the dust are oxides instead of silicates. These authors suggested

that aluminium, magnesium and iron oxides represent the first spectroscopically de-

tectable dust species to condense in O-rich circumstellar envelopes. However, these

oxides alone cannot explain the blue side of the broad spectral feature (Speck et al.

2000) [131].

Sloan et al. (2003) [123] revisited and revised the IRAS classification of Sloan

& Price (1995) [127] using ISO SWS spectra. In addition to the SE# classification,

based on the features in the 9–12 µm range, another mid-IR feature at ∼13µm is

sometimes present. Approximately 50% of O-rich AGB stars exhibit this feature and

it is the cause of some controversy. The so-called “13 µm feature” was discovered

in the IRAS LRS spectra (Vardya et al. 1986) [144] and does not lend itself to the

standard IR feature classification system. It is found in all SE classes (Sloan et al.

2003, Speck et al. 2000) [123, 131]. Furthermore, the 13 µm feature is associated with

semiregular variables (SRs) rather than Miras or red supergiants (Sloan et al. 1996,

Speck et al. 2000) [124, 131]. Many minerals have been proposed as the likely carrier

of this feature (as discussed in § 4.5), including corundum (crystalline form of Al2O3),

spinel (MgAl2O4) and silica (SiO2; Speck et al. 2000, Sloan et al. 2003, DePew et al.

2006) [131, 123, 31]. The strongest sources of 13 µm features occur in the SE3-SE6

classes. Furthermore, DePew et al. (2006) [31] showed that only spherical grains of

spinel or corundum give rise to a narrow 13 µm feature; other grainshape distributions

exhibit broader features at longer wavelengths.
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One of the most exciting recent findings in cosmic dust studies was the discovery

of crystalline silicate dust by the ISO SWS. These crystalline silicates were first ob-

served around evolved stars with very high mass-loss rates, leading to the inference

that crystal formation requires such conditions (e.g. Cami et al. 1998) [15]. However,

recent studies on occurrence of crystalline silicates and their distribution with evo-

lution suggest that crystalline silicates preferentially occur around less-evolved, low

mass-loss rate evolved stars (e.g. Sloan et al. 2010, McDonald et al. 2011) [125, 92].

The classical amorphous silicates have broad, smooth spectral features at ∼10

and 18µm, with no diagnostic features at longer wavelengths; that is not true for

crystalline silicates. A crystalline mineralogy would manifest itself more clearly at

long IR wavelengths. Molster et al. 2002-a, Molster et al. 2002-b, Molster et al.

2002-c [99, 98, 100] in their series of three papers studied dust mineralogy of several

oxygen-rich (post-)AGB stars using ISO SWS data. By comparing the observational

spectra with laboratory data, these authors concluded presence of Mg-rich crystalline

silicates (both olivines and pyroxenes).

Various authors (e.g. Begemann et al. 1996, and references therein) [2] pointed to

some connection between iron-rich (and possibly Mg-rich) oxide and an excess emis-

sion in the 19–20µm range. Shortly thereafter, the 19.5 µm feature was attributed to

Mg0.1Fe0.9O independently by Posch et al. (2002) [117] and Cami (2003) [14]. Fol-

lowing this study, Lebzelter et al. (2006) [85] also attributed the same mineral for

20µm feature, while studying the mid-IR dust features of AGB stars in the globular

clusters 47 Tuc. However, the occurrence of circumstellar Mg0.1Fe0.9O is not expected

from thermodynamic models (e.g. Lodders & Fegley 1999) [87] and the low stability

temperature of Mg-Fe oxides suggests that these minerals should not form directly

from the gas phase. Consequently a large abundance of Mg0.1Fe0.9O is unlikely. Con-

firmation of this attribution is further hampered by the fact that Mg-Fe oxides exhibit

only one resonance vibrational band in the IR region, which precludes verification of
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this composition by matching further features.

A recent Spitzer Space Telescope Infrared Spectrograph (IRS; Houck et al. 2004)

[65] study on globular cluster evolved stars also suggested that FeO is a good candidate

for this ∼20µm feature (McDonald et al. 2010-a) [93]. In addition their modeling

suggests that metallic iron grains are present around O-rich AGB stars, where it is

observationally manifested as a featureless mid-IR excess. Another interesting far-IR

feature at ∼32µm was studied by Molster (2000) [96], and tentatively attributed to

crystalline diopside (CaMgSi2O6, a pyroxene).

Furthermore, recent re-analysis of ISO SWS spectra have also suggested iron-

rich crystalline silicates provides better fits to observed spectra than that previous

mentioned attributions. For example, two recent independent studies of the spectra

of the AGB star RX Lac attribute the same spectral feature to two different minerals:

diopside (Hony et al. 2009) [64] and fayalite (Pitman et al. 2010) [114]. The diopside

does not give as good a match as fayalite. Pitman et al. (2010) [114] studied the

dust features of 4 oxygen-rich AGB stars from SE1 class (RX Lac, T Cep, T Cet,

R Hya) and Guha Niyogi et al. (2011) [49] studied T Cep, using ISO SWS data.

They claimed not to see any evidence of Mg-rich silicate (Mg2SiO4), rather these

authors found that the peak positions and width of the spectral features of these

4 stars match better with non-endmember iron-rich silicate (Mg0.18Fe1.82SiO4). The

authors concluded that this result is unexpected, but not entirely out of the question,

since it has been long assumed that silicates in space include iron in order to account

for their opacities. Moreover, Tielens et al. (1998) [138] found iron-bearing dust to

be more refractory than typical silicates, and therefore more likely to survive, which

may explain the Pitman et al. (2010) [114] result. In addition to these spectroscopic

studies, recent work on presolar silicate grains from meteorites also suggests that

there is more iron in AGB star silicate grains that our current models allow (e.g.

Stroud et al. 2008, Bose et al. 2010) [134, 10].

56



Chapter 5

Investigating the dust properties of
O-rich AGB star: T Cep

5.1 Introduction

We have learned in § 2.3.2 that pulsation is believed to be the leading cause of dusty

mass loss from AGB stars. Now, in this chapter I present a temporal study of T Cep,

a long-period Mira variable1, using seven ISO SWS spectra, covering a 16-month

period over a single pulsation cycle. The observed spectral dust features change over

the pulsation cycle of this Mira. In general, the overall apparent changes in spectral

features can be attributed to changes in the dust temperature, resulting from the

intrinsic pulsation cycle of the central star. However, not all feature changes are

so easily explained. Based on direct comparison with laboratory spectra of several

potential minerals, the dust is best explained by crystalline iron-rich silicates. These

findings contradict the currently favored classic dust condensation hypotheses.

1Mira variables are defined in § 2.3.4
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5.2 Observations of T Cep

The O-rich AGB star T Cep was discovered by Ceraski in 1878, has been classified as

spectral type M7IIIe (SIMBAD Astronomical Database)2 or M5.5e - M8.8e (Onaka

et al. 1999) [111] and infrared spectral class of SE1 (i.e. low-contrast broad dust fea-

ture/low mass-loss rate) with a 13 µm feature (Sloan et al. 2003) [123]. Its estimated

distance is 210 pc from the HIPPARCOS catalogue (Perryman et al. 1997) [113].
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Figure 5.1: ISO SWS spectra of T Cep together with both stellar and dust continua.
x-axis is wavelength (in µm) y-axis is flux (λ4Fλ) (in Wm−2µm−3) in log-scale. solid
lines are the observed spectra; dashed lines are fitted stellar blackbody continua;
dotted lines are dust blackbody continua (see text for details). The estimated tem-
peratures of the stellar blackbodies (Teff) and the fitted temperatures for the dust
blackbodies (Tdust) are listed in Table 5.1.

2http://simbad.u-strasbg.fr/simbad/
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Table 5.1: Information regarding observational data and blackbody curves.
Observation TDT Observation Visual Teff Tdust

Number Number Date magnitude (K) (K)
T Cep1 26300141 08/05/1996 9.7 2703 575
T Cep2 34601646 10/27/1996 9.8 2683 550
T Cep3 42602251 01/15/1997 8.0 3035 600
T Cep4 51401256 04/13/1997 6.4 3347 650
T Cep5 57501031 06/16/1997 7.7 3093 600
T Cep6 66101436 09/07/1997 10.0 2644 550
T Cep7 74602101 12/01/1997 10.4 2566 500

T Cep was observed using ISO SWS seven times in a 16-month period (from

August 1996 to December 1997) covering one full stellar variability period. The fully

processed post-pipeline spectral data were acquired from an online atlas associated

with Sloan et al. (2003) [123]. Detailed data reduction information is available

from the atlas webpages3. Dates of the observations and TDT numbers are listed

in Table 5.1, and all seven flux-calibrated spectra are shown in Figure 5.1 (seven

observations are designated by sequential numbers).

In addition to the IR spectral data, we have also acquired light curve data for

T Cep from American Association of Variable Star Observers (AAVSO) database4,

which is shown in Figure 5.2. The positions in the lightcurve at which ISO SWS data

was taken, are indicated by dashed straight lines. The apparent visual magnitudes

at each ISO SWS observation are listed in Table 5.1. According to these light curve

data from AAVSO, the estimated pulsation period of T Cep is 388 days, but the

period shows evidence of variation. Castelaz et al. (2000) [19] reported the pulsation

period is of 398 days, whereas, Weigelt et al. (2003) [150] showed the period is of

382 days. These variation of mean pulsation period of T Cep is confirmed to be

real by Isles & Saw (1989) [68] and these authors also reported that T Cep varies

slowly in amplitude over the time. Also, an unusual secondary variation in T Cep

3http://isc.astro.cornell.edu/ sloan/library/swsatlas/atlas.html
4http://www.aavso.org/
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Figure 5.2: Light curve of T Cep over a 16 month period. x-axis is the date in Julian
Days; y-axis is apparent visual magnitude. The seven ISO SWS observations are
indicated by dashed straight lines.

had been reported by Marsakova & Andronov (2000) [90], using the observation from

AFOEV5 and VSOLJ6 databases (Schweitzer 1990, Nogami 1998) [120, 107], obtained

over 75-years. These authors also reported significant variation of amplitude and

asymmetry over the pulsation cycle, and they indicated the possibility of interference

of pulsations with two periods to explain this unusual variation. Similar findings for

other several long period Mira variables are also reported by several authors (e.g.

Wood & Zarro 1981, Zijlstra & Bedding 2002, Benitez & Vargas 2002, Zijlstra et al.

2004) [155, 160, 5, 161].

5.3 Analysing the dust spectral features of T Cep

In order to investigate the potential effects of the pulsation cycle on dust formation,

we need to consider what contributes to the observed spectra. As discussed in § 4.2,

5ftp://cdsarc.u-strasbg.fr/pub/afoev
6http://www.kusastro.kyoto-u.ac.jp

60



the spectrum Fλ can be interpreted as a product of the underlying continuum and an

extinction efficiency factor (Qλ) for the entire spectrum.

For T Cep, which is a low mass-loss rate AGB star and exhibits low-contrast

spectral features, the spectrum is dominated by stellar photons. Furthermore, since

T Cep has an optically thin dust shell (see e.g. Onaka et al. 1999, Sloan et al. 2003)

[111, 123], its dust spectrum should be dominated by the hottest and densest part of

the dust shell, which is essentially the inner dust radius. Therefore we can simplify

Eq. 4.2 (for reference see § 4.2) as:

Fλ = Bstellar(λ, T ) + BdustQdust (5.1)

where Bdust is the Planck curve for the inner dust temperature (Tdust), and Qdust is

the emission efficiency for the innermost dust grains. This assumption is an approx-

imation to the dust continuum, but the exact continuum does not significantly alter

the subsequent analysis.

Following Eq. 5.1 we can subtract the stellar contribution as approximated by

an appropriate blackbody, leaving only the contribution from the dust shell. The

stellar spectral energy distribution (SED) is assumed to be reasonably well simulated

by a blackbody in the 2500–3500K range. The precise temperature used in our

analysis, was estimated from the spectral type and its variability over time. For

the spectral observation closest to maximum light (T Cep4; hereafter T Cepmax), we

use a temperature of 3347K, determined from the spectral type of M5.5 (Perrin et

al. 1998) [112]; similarly at minimum light (T Cep7; hereafter T Cepmin) we used a

temperature of 2566K, determined from the spectral type of M8.8, by extrapolating

the data from Perrin et al. (1998) [112]. For the intermediate observations we linearly

interpolated between these minimum and maximum temperatures, relating to their

apparent changes in visual magnitude. Table 5.1 lists the estimated stellar blackbody

temperatures (Teff) for all the seven observations. Figure 5.1 includes the original
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ISO spectra (in solid lines) together with the assumed stellar blackbodies (in dashed

lines) in logarithmic scale (normalized at 3.0 µm, averaging over the range from 2.98–

3.02µm)7.

In reality, these spectra contain contributions of the stellar photosphere, the ex-

tended atmosphere, and the circumstellar dust shell. In particular, stellar atmospheric

water (H2O) molecules are major absorbers in the near-and-mid-IR range. If the stel-

lar emission is dominated by the (cooler) water layer (∼2000 K), the temperatures

estimated from spectral type are too high. However, we have repeated our analy-

sis using stellar temperatures in range 2000–3500K (including ignoring the variation

with pulsation phases) and found that the effect on spectral feature position, strength

ratios and fitted dust temperature is negligible.

Having subtracted the starlight from our spectra, we are left with the emission

from dust (i.e. BdustQdust; Eq. 5.1), which still contains a temperature factor. There-

fore, we have fitted each starlight-subtracted spectrum with a blackbody representa-

tive of the inner dust temperature (Tdust). The estimated dust blackbody tempera-

tures (Tdust) are listed in Table 5.1 and dust blackbodies are shown in Figure 5.1 (in

dotted lines), together with the observed spectra and stellar continua.

Dividing each starlight-subtracted spectrum by the best-fitted dust blackbody

curve (normalized at 10.0µm, averaging over the range from 9.98–10.02 µm) leaves

only the intrinsic absorption/emission properties of the dust “Qdust” (shown in Fig-

ure 5.3), by assuming all dust species have the same blackbody temperature. In

this case, we effectively construct a composite emission efficiency spectrum which

can be compared directly with absorptivity or mass absorption coefficient measure-

ments of minerals in the laboratory (as discussed in § 3.5). Hereafter, we refer to the

7while there may be molecular spectral features due to water within this range, visual inspection
of the spectra shows these to be negligible, and the averaging over a range of wavelengths mitigates
any potential problem. Furthermore since we are simply scaling a blackbody whose temperature is
determined independent of the spectrum, small errors in scaling factor do not effect our results.
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Figure 5.3: Starlight subtracted, dust-continuum-divided spectra (continuum-
eliminated spectra). x-axis is wavelength (in µm) y-axis is effective Q values.

starlight-subtracted, dust-continuum-divided spectra as continuum-eliminated spec-

tra for simplicity.

Since, T Cep has an optically thin dust shell and its dust spectrum is dominated

by the innermost dust, we can apply this simple modeling method, rather than the

more complex radiative transfer modeling method. Radiative transfer modeling is

known to be degenerate because it actually models optical depth (τ), which con-

volves geometrical shell thickness, opacity and density. Furthermore, most radiative

transfer models use optical constants (n & k) from laboratory experiments (or, worse,

artificially derived optical constants), which are then applied usually using Mie the-

ory to calculate the opacities/absorption cross sections of spherical grains. Recent

studies (see e.g. Min et al. 2003, DePew et al. 2006, Pitman et al. 2008, Corman
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2010) [95, 31, 115, 26] show that the use of spherical grains leads to unrealistic spec-

tral features (as also discussed in § 3.4.2). In addition, mineral data in the form of

optical constants (complex refractive index, n & k) only exist for a limited set of

compositions. Available complex refractive indices are limited to the end-members

of the olivine series (forsterite, fayalite), and for pyroxenes the situation is worse

(only enstatite is available). Consequently, using radiative transfer modeling we can-

not explore the mineralogical parameter space so thoroughly. Although, our simple

modeling approach does not account for different sizes, shapes and/or temperatures

within the dust grain population (see Thompson et al. 2006 for more discussion)

[136], it does allow us to explore the mineralogical parameter space comprehensively.

5.4 Results from analysis of T Cep’s spectrum

Table 5.1 shows that our modeled inner dust temperature (Tdust) changes with pul-

sation cycle of the star. This result is not dependent on the precise temperature of

the subtracted stellar black body. It is unexpected because it is usually assumed that

dust forms at minimum light and the dust formation temperature is rather constant.

However, the temperature at which dust can be formed depends on the mass-loss

rate, which should vary through the stellar pulsation cycle. Thus the changing inner

dust temperature may reflect the stability temperature at that moment in the pul-

sation cycle. Consequently, our simple model suggests that dust may not be formed

constantly; rather it is sporadic. This finding is similar to that for another M-type

variable star Z Cyg (Onaka et al. 2002) [110].

We have calculated the linear correlation coefficients between the estimated stellar

temperature (Teff , which is derived from the visual magnitude and is thus a measure of

the phase of pulsation) and the fitted dust temperature (Tdust). There is a strong cor-
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Figure 5.4: Correlation between assumed stellar temperature (Teff) and fitted inner
dust temperature (Tdust), along with the linear correlation coefficient.

relation8 between them as shown in Figure 5.4, suggesting that the apparent change in

dust temperature is dictated by the stellar variations, rather than the dust formation.

This variation in inner dust temperature will be discussed further in § 5.5.2.

In order to study the dust properties (e.g. grain mineralogy, morphology) of T Cep,

we concentrate on the continuum-eliminated spectra for the entire 8–45 µm, all seven

of which are shown in Figure 5.5: top panel. Since, the effect of dust temperature has

been removed in our analysis (as discussed in § 5.3), there is no apparent change in

overall underlying slope over the course of the pulsation period. However, in all cases

there are clear spectral features that peak at 9.7, 11.3, 13.1, 20 and 32 µm, indicated

by dashed straight lines (see Figure 5.5: top panel). The sub-peak features within the

broad 8–14µm complex emission features (at 9.7, 11.3, 13.1 µm) are explicitly shown

in Figure 5.5: bottom panel. These sub-peak features are subtle, but we are confident

that they are real because they do not occur at any known artifact wavelength of the

SWS according to the SWS handbook9.

Previous studies of the ISO SWS spectra of T Cep discovered sharp molecular

bands at 2.5, 7.3, 16.2µm, which are attributed to molecular H2O, SO2 and CO2

8The linear regression coefficient is R, but using the determination coefficient, R2 > 0.5 is a
better criterion for whether a correlation exists (Thompson et al. 2006) [136]

9http://iso.esac.esa.int/manuals/HANDBOOK/sws hb/
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Figure 5.5: Continuum-eliminated spectra of T Cep in mid-IR region. x-axis is
wavelength (in µm); y-axis is Effective Q values. The position of the spectral features
(at 9.7, 11.3, 13.1, 20, 32 µm) are indicated by dashed straight lines in the top panel.
The sub-peak features within the broad 8–14 µm emission (at 9.7, 11.3, 13.1µm) are
explicitly shown in the bottom panel.

gas respectively (e.g. Yamamura et al. 1999, Cami et al. 1999, Matsuura et al.

2002, Van Malderen 2003) [158, 17, 91, 143]. The attribution of the 7.3 µm feature

has been further refined to be a combination of H2O emission and SiO absorption

(Verhoelst et al. 2006) [145]. Figure 5.1 shows that these molecular emission features

change substantially with the pulsation cycle of T Cep, whereas the dust production

shows only slight change. Molecular emission is affected more strongly than the dust

emission by the stellar temperature, which changes with the pulsation cycle. The

SpectraFactory database (Cami et al. 2010) [16] shows that molecular H2O and OH

exhibit several spectral bands at λ > 20 µm. However, the molecular features are

beyond the scope of the thesis.
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several amorphous minerals suggested by Van Malderen (2003). The dotted straight
lines indicate the positions of dust spectral features at 9.7, 11.3, 13.1, 20, 32 µm.
x-axis is wavelength (in µm); y-axis is Effective Q values/Absorption Cross Section.

In addition to studying the molecular features, Van Malderen (2003) [143] also

studied the dust features of T Cep, using the same ISO SWS spectra presented here.

He concurred that the dust spectra of T Cep are characterized by 9.7, 11.0, 13.0 and

19.5µm features, but his interpretation of the carriers of these features is different

from our present analysis; he used amorphous silicate (MgSiO3), amorphous alumina

(Al2O3), spinel (MgAl2O4) and amorphous magnesium-iron oxides (Mg0.1Fe0.9O) re-

spectively. However, as discussed in § 4.5, spinel is no longer considered the likely

carrier of the 13µm feature, while Mg0.1Fe0.9O as the carrier of the 19.5µm feature

also has some difficulties. Furthermore, using the same optical constants (see Ta-

ble 5.3) used by Van Malderen, it is not possible to produce sharp enough features to

explain those observed in the spectrum of T Cep (see Figure 5.6).

In order to understand the lattice structure and the composition of the dust around

T Cep, we have sought linear correlations amongst five prominent spectral features

at 9.7, 11.3, 13.1, 20 and 32 µm. To ensure that the measure of relative strength of
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Table 5.2: Correlations between flux ratios for the observed spectral features.
Continuum measured at → 8.2µm 40µm
Peak Position R2

F9.7 F11.3 0.913 0.958
F9.7 F13.1 0.489 0.899
F9.7 F20.0 0.576 0.863
F9.7 F32.0 0.439 0.579

F11.3 F13.1 0.334 0.797
F11.3 F20.0 0.633 0.826
F11.3 F32.0 0.504 0.537
F13.1 F20.0 0.545 0.869
F13.1 F32.0 0.567 0.530
F20.0 F32.0 0.215 0.323

Coefficients of determination (R2) > 0.5 constitutes a correlation;
bold designates to which there are strong/significant correlation.

the features is independent of the choice of continuum fitting technique, we define the

relative intensity as the ratio of the flux measured at a peak position (Fpeak(λ1)) to

that measured at a continuum point (Fcont.(λ2)). In particular the relative intensity

(Fpeak(λ1)/Fcont.(λ2)) is less likely to be affected by overlapping molecular absorption

bands than any fitted continuum (especially from SiO absorption; Tsuji et al. 1997,

Speck et al. 2000) [139, 131]. The peak flux intensities are measured at λ1 = 9.7,

11.3, 13.1, 20, 32µm from each original flux-calibrated spectra. We used two separate

continuum points (at λ2 = 8.2 and 40µm) to verify our results. Towards the long

wavelength end of the spectra the signal-to-noise deteriorates. The increased noise

could affect our correlations. Consequently, we take the average flux in a wavelength

bin covering the range of 39.9–40.1 µm which contains 20 points.

Table 5.2 lists the determination coefficients (R2) for the flux ratios at peak posi-

tions (λ1 = 9.7, 11.3, 13.1, 20, 32 µm) with respect to the continuum points at (λ2 =

8.2µm and 40µm). This table shows that not all the features have strengths which

are strongly/significantly correlated if the continuum reference is at 8.2 µm. How-

ever, if the reference continuum point of 40 µm is used, almost all of the features have

strongly/significantly correlated strengths. The discrepancy between these results for
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the different continuum points can be explained by the effect of SiO molecular ab-

sorption band, which may overlap with the 8.2 µm region and make this wavelength

point not truly continuum. If the SiO absorption is very strong, then the FWHM of

the feature will be affected, but not necessarily the peak positions.

The strong correlations amongst all the peak features with respect to the 40 µm

continuum point (see Table 5.2) demonstrate that the 32 µm is a real feature, rather

than an artifact in these spectra, as suggested by Sloan et al. (2003) [123]. The strong

correlation between 9.7 and 11.3 µm features strongly suggests that the carrier is a

crystalline olivine, rather than a combination of two separate minerals (i.e. amor-

phous silicate and amorphous alumina, as suggested by Van Malderen (2003) [143]).

Furthermore the strong correlations between the 9–12 µm complex features and the

far-IR features at (20 and 32 µm) provide evidence that these far-IR features probably

arise from the same carrier (i.e. crystalline olivine). Moreover, some previous studies

suggest the 13µm feature is carried by a different dust species from the rest of the

“broad” feature (as discussed in § 4.6), the correlation of the 13 µm feature with the

numerous other features supports the hypothesis that this feature is due to some form

of silicate (see Begemann et al. 1997, Speck et al. 2000) [3, 131]. This will be further

discussed in § 5.5.1. The positions of the spectral features and correlations amongst

all these features together, suggests a crystalline silicate origin.

Having determined that the apparent broad spectral feature appears to be com-

posed of overlapping features at 9.7, 11.3, 13.1, 20, 32 µm, we must now consider the

implications for the mineralogy of the dust around T Cep.
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5.5 Mineralogy and morphology of dust grains around

T Cep

5.5.1 Comparing T Cep spectrum with laboratory data of
crystalline silicates

As discussed above, the ISO SWS spectra of T Cep, a low mass-loss rate O-rich AGB

star, provide the evidence of crystalline silicates in its circumstellar environment,

which call the current dust condensation sequences into question. From the strong

correlations among the spectral features (as discussed in § 5.4) the features at 9.7, 11.3,

20 and 32 µm may be indicative of crystalline silicate minerals (as also mentioned by

the following authors: Waters et al. 1996, Molster et al. 2002-a, Pitman et al. 2010)

[149, 99, 114]. While the correlations discussed in § 5.4 suggest that the carrier of the

13µm feature is a silicate, we do not have an exhaustive database of silicate mineral

spectra to investigate this idea. In fact, silica-rich minerals can show a 13 µm feature

and future work to find spectra of silica-rich minerals may be fruitful. Meanwhile,

whereas the 20µm feature has been attributed to Mg0.1Fe0.9O (e.g. Posch et al. 2002,

Cami 2003) [117, 14], our analysis suggests a silicate origin because of the correlations

amongst the features.

In order to match and identify the dust species present in the circumstellar enve-

lope of T Cep, we compare the spectral features of the laboratory data from Pitman

et al. (2010) [114] and Hofmeister et al. (2007) [60] (from WashU Group) of different

crystalline dust species to the ISO spectra of T Cep. In Figure 5.7, we compare

the continuum-eliminated spectra of T Cepmax and T Cepmin with the laboratory

absorptivity data for a selection of crystalline olivine samples of varying composition

(data taken from Pitman et al. (2010) [114]). Likewise, Figure 5.8 compares the

same two T Cep spectra together with laboratory absorptivity data for a selection of

crystalline pyroxene samples of varying composition (data taken from Hofmeister et
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Figure 5.7: Comparison of continuum-eliminated spectra at maximum (T Cepmax) and
minimum (T Cepmin) light with the laboratory absorptivity data for the olivine solid
solution with varying Fe/(Mg+Fe) ratios. FoX (X=9, 31, 50, 67, 80, 91, 100) defines
the composition such that each olivine has the composition Mg2X/100Fe2−2(X/100)SiO4.
x-axis is wavelength (in µm); y-axis is Effective Q values/ Absorptivity. The dotted
straight lines indicate the positions of dust spectral features at 9.7, 11.3, 13.1, 20,
32µm.

al. in prep.)10

For the olivine data, FoX is an indication of the composition such that each

olivine has the composition Mg2X/100Fe2−2(X/100)SiO4 (dataset ranging from Fo9 to

Fo100 are shown in Figure 5.7); for the pyroxene data, EnX gives the composition via

MgX/100Fe1−(X/100)SiO3 (dataset ranging from En1 to En99 are shown in Figure 5.8).

Since we have compiled laboratory mineral spectral data from a number of sources,

these sources, along with other relevant sample/experimental information are listed

in Table 5.3.

10We have a longstanding collaboration with Anne Hofmeister at WashU and can access new
laboratory data through: http://galena.wustl.edu/∼dustspec/info.html, even before publication.
These crystalline olivine and pyroxene series spectra agree well with the laboratory data from Kyoto
group (e.g. Koike et al. 2003, Chihara et al. 2002) [76, 23] but provide fine grid spacing in
composition space. Comparison among the data from several laboratory groups will be further
discussed in Chapter 7.
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Figure 5.8: Comparison of continuum-eliminated spectra at maximum (T Cepmax) and
minimum (T Cepmin) light with the laboratory absorptivity data for a pyroxene solid
solution with varying Fe/(Mg+Fe) ratios. EnX (X=1, 12, 40, 55, 99) defines the com-
position such that that each pyroxene has the composition MgX/100Fe1−(X/100)SiO3.
x-axis is wavelength (in µm); y-axis is Effective Q values/ Absorptivity. The dotted
straight lines indicate the positions of dust spectra features at 9.7, 11.3, 13.1, 20,
32µm.

The WashU laboratory spectra are in the form of absorbance (a), which is propor-

tional to the optical depth, whereas we need to compare to the absorption efficiency

(Qabs). In order to convert the laboratory data to an appropriate form we use ab-

sorbance (a) is proportional to the log of the absorptivity (A), i.e. a ∝ ln(A).

In general, we compare the spectral features of the laboratory spectra of different

dust species to the astronomical observational data in order to match and identify

the dust species present in circumstellar envelopes. However, the spectral feature

parameters (positions, strengths and widths) are significantly influenced by three pa-

rameters (composition, temperature and grain shape of the dust grains; as mentioned

in § 4.5). The effect of these three parameters are discussed below.

It is clear from both Figures 5.7 (for the olivine family members) and 5.8 (for the

pyroxene family members) that positions and strengths of the spectral features change
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Table 5.3: Sources of laboratory mineral data.
Sample Chemical Designated Original form References

Composition by of lab data
Amorp. enstatite MgSiO3 - optical constants (n, k) Jäger et al. (1994)
Amorp. alumina Al2O3 - optical constants (n, k) Begemann et al. (1997)
Cryst. spinel MgAl2O4 - optical constants (n, k) Fabian et al. (2001)
Amorp. Mg-Fe oxides Mg0.1Fe0.9O - optical constants (n, k) Henning et al. (1995)
Cryst. Olivine (Mg, Fe)2SiO4 FoX absorbance (a) Pitman et al. (2010)
Cryst. Pyroxene (Mg, Fe)SiO3 EnX absorbance (a) Hofmeister et al. in prep.
Cryst. alumina Al2O3 Cor optical constants (n, k) Gervais (1991)
Cryst. Forsterite Mg2SiO4 Fo100 optical constants (n, k) Mukai & Koike (1990)
Cryst. Mg-rich Olivine Mg1.9Fe0.1SiO4 Fo90 optical constants (n, k) Fabian et al. (2001)
Cryst. Fayalite Fe2SiO4 Fo0 optical constants (n, k) Fabian et al. (2001)

with varying Fe/[Mg+Fe] ratio. The positions of peak features shift towards longer

wavelength as the Fe/[Mg+Fe] ratio increases. For T Cep, the spectral features are

more closely matched to Fe-rich silicate dust (Fo9 and En1), rather than expected Mg-

rich silicate dust (Fo100 or En99; see Figure 5.7 and 5.8), which calls the conventional

wisdom regarding the dust condensation sequence into question. These laboratory

data compared to the observational spectra of T Cep, preclude the possibility of large

abundances of the conventional Mg-rich silicates (Fo100, En99) to explain the dust

features, unless grain shape or temperature effects can be invoked.

Koike et al. (2006) [78] performed laboratory experiments to determine the effect

of temperature on crystalline olivines (for further discussion see § 7.3.2). In general

increasing temperature moves spectral features redwards as well as broadening and

diminishing the heights of the features. This effect is most marked for far-IR features

(at 49 and 69µm for forsterite), and is much less effective in the mid-IR (8-45 µm)

region (for further discussion see § 7.3.2). The experiments covered a wide range

of sub-room temperatures (8–292K), and even this large change in temperature has

little effect on the mid-IR features. Consequently, extrapolation of the effects to higher

temperature still suggests that temperature is an insignificant factor in determining

the positions of the spectral features with which we are concerned.

The third parameter often invoked to shift spectral features is grain shape (see
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e.g. Fabian et al. 2001, DePew et al. 2006, Sloan et al. 2006) [37, 31, 121]. This will

be discussed further in § 7.3.3.

5.5.2 Investigation of mineralogy of dust around T Cep: Com-
positional mixtures

It is clear from the qualitative comparisons in Figures 5.7 and 5.8 that Fe-rich crys-

talline silicates (Fo9, En1) are promising constituents for the dust around T Cep.
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Figure 5.9: Comparisons of continuum-eliminated spectra at maximum (T Cepmax)
and minimum (T Cepmin) light (solid lines) along with the best fit model (dashed
lines) of mixtures of different potential crystalline minerals with different ratios. The
laboratory data of individual crystalline minerals (Fo9, En1, Cor) are also included.
x-axis is wavelength (in µm); y-axis is Effective Q values/ Absorptivity. The dotted
straight lines indicate the positions of dust spectra features as shown in Figure 5.5.

Figure 5.9 shows comparison of continuum-eliminated spectra of T Cepmax and

T Cepmin with mixture of these potential Fe-rich crystalline silicates minerals in dif-

ferent ratios. To account for the 13 µm feature, we have also included spherical

corundum (Al2O3) grains. We use this mineral simply to give a feature, and not be-

cause we necessarily believe the carrier to be corundum. The source of the laboratory
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data of corundum (Cor) and its chemical composition are listed in Table 5.3.

The best fit models from our calculations are mixtures of crystalline fayalite (Fo9;

not-quite-endmember of olivine family), ferrosilite (En1) and corundum (Cor) in vary-

ing proportion (with the error-bars of 10% for each constituent). Although the models

are not a perfect fit, there appears to be a variation from T Cepmax to T Cepmin. This

variation is best explained by changing the ratio of Fo9 to En1. This is demonstrated

in Figure 5.9, which shows the best fit models with T Cepmax and T Cepmin along

with the laboratory data of each constituent separately.

As discussed in § 3.5, the laboratory optical properties of solids are produced for a

variety of applications, the various laboratory data are published in several different

types of units (e.g. absorbance, mass absorption coefficient, complex refractive index

etc.) Using the appropriate conversion factors, all are converted to absorptivity (A)

before attempting to make mixtures for spectral fitting.

For Fo9 and En1 the original spectra were in absorbance (a) units (e.g., A. M.

Hofmeister et al. 2011, in preparation; Pitman et al. 2010), [59, 114], which were

converted to absorptivity (A), using A ∝ ea. And for Cor, we used the Min et

al. (2003) [95] method to calculate the absorption cross section (Cabs) for spherical

grains of size 0.1 µm using its optical constants (data taken from Gervais 1991) [45].

Absorptivity (A) is directly proportional to the absorption efficiency Qabs of a grain,

which, in turn, is directly proportional to the absorption cross section (Cabs).

We use the following linear conversion equation to convert Cabs to A for corundum:

A = Cabs × n× d (5.2)

where n is the number of particle per unit volume of the material used, and d is the

path length. For thin film, d is taken as 1 µm. And to calculate n, we use
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n =
ρ

Mmol ×mH2

(5.3)

where ρ is the density of corundum (4.02 gm/cm3), mH2 is 1.672×10−24 gm. And

Mmol for Al2O3 is (27×2+16×3=102). Using these values in Eq 5.3, we get n =

2.35×1022 cm−3. Knowing Cabs, n and d, we calculated A for Al2O3 by using Eq 5.2.

Figure 5.9 demonstrates that these mixtures produce a reasonably good match to

the detailed shape and as well as overall shape of the spectrum for both T Cepmax

and T Cepmin. Consequently, we can conclude that the compositions of the individual

dust constituents remain the same in both spectra, while the relative amounts of these

constituents may change, but are consistent with no variations at all. The spectra

are consistent with a variation in the ratio of Fo9/En1 such that it is doubled at

maximum light (T Cepmax) and the ratio is halved at minimum light (T Cepmin),

while the relative abundance of Cor remains unchanged. This suggests that the

olivine grains are slightly favored at maximum light.

The apparent subtle changes in mineralogy with pulsation cycle may be entirely

due to statistical effects. However, in the classic condensation sequence (shown in

Figure 4.2), Mg-rich olivine exists at higher temperatures than Mg-rich pyroxene.

Furthermore the Mg-rich olivine reacts with SiO gas to form Mg-rich pyroxene. If a

similar reactive process exists for the iron-rich endmembers, the occurrence of higher

olivine/pyroxene compositions at maximum light, may be a temperature effect. In this

case, the Fe-rich pyroxene (En1) is more easily destroyed than the Fe-rich olivine (Fo9)

at maximum light; while at minimum light the reaction with SiO gas is promoted.

Essentially, the change in stellar radiation field causes selective destruction/processing

of the inner most grains.

From our analysis, the most striking result is that we need Fe-rich crystalline

silicates in order to explain the spectral features. This result is unexpected, but

supported by recent studies of silicate presolar grains from meteorites which show
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that silicate grains from AGB stars have nano-crystalline structures and some are

very iron-rich, indicative of non-equilibrium formation processes (e.g. Stroud et al.

2008, Vollmer et al. 2008, Bose et al. 2010) [134, 147, 10].

5.5.3 Investigation of morphology of dust around T Cep:
Grain shape effects

Our analysis on dust compositions around T Cep strongly suggest that the crystalline

silicates are almost completely Fe-rich, with little evidence of Mg-rich silicates. This

result conflicts with both current dust formation hypotheses, and studies of cosmic

crystalline silicates to date. However, as mentioned in § 5.5.1, it is possible that

grain shape effects may allow Mg-rich silicates to match the positions and strengths

of the observed dust features of T Cep. Previous studies show that the position of

spectral features of dust grains depend on their grain shapes (as discussed in § 3.4.2;

and for reference see Bohren & Huffman 1983, Bohren et al. 1983, Fabian et al.

2001, Min et al. 2003, Sloan et al. 2006, DePew et al. 2006, Koike et al. 2010)

[8, 9, 37, 95, 121, 31, 77]. Here we investigate the grain shape effects of crystalline

silicates.

The spectral features of crystalline silicate grains exhibit wide variety in the po-

sitions, widths and strengths of their peaks. For a given series, these are dependent

on the composition (Fe/[Mg+Fe] ratio) of the silicates, as well as the temperatures

(as discussed in § 5.5.1) and shapes of dust grains. Disentangling these competing

effects is difficult because we do not have the data to test both grain shape and com-

positional effects simultaneously. There are several laboratories that have produced

spectral data for crystalline silicates in the olivine and pyroxene series. As introduced

in § 3.6, here we will only consider the laboratory data from WashU (e.g. Hofmeis-

ter et al. 2007, Pitman et al. 2010) [60, 114], Kyoto (e.g. Chihara et al. 2002,

Koike et al. 2003, Koike et al. 2006, Murata et al. 2009, Koike et al. 2010) and
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[23, 76, 78, 104, 77] and Jena (e.g. Fabian et al. 2001, Jaeger et al. 1998) [37, 69]

group.

A series of opacity (mass absorption coefficients) measurements for the olivine

series, covering several Fe/[Mg+Fe] ratios from forsterite (Fo100) to fayalite (Fo0)

has been published by the Kyoto group (Koike et al. 2003) [76]. A finer grid of

compositions across the olivine series was published by the WashU group (Hofmeister

et al. 2007, Pitman et al. 2010) [60, 114], which agree with the Kyoto data. Here we

use the finer grid of Pitman et al. (2010) [114]. A similar series of measurements for

pyroxene from enstatite (En100) to ferrosilite (En1) has been also published by the

Kyoto group (Chihara et al. 2002) [23]. Here, we use currently unpublished pyroxene

data from the WashU group (Hofmeister et al. in prep.), which also agree with the

Kyoto data.

While the data from WashU and Kyoto groups provide a good sampling over

several Fe/[Mg+Fe] ratios for both olivines and pyroxenes, they do not measure the

complex indices of refraction or dielectric constants for all these compositions. As a

consequence we cannot use them to analyze the effect of grain shape on dust spectra.

Thus we cannot fit both the compositional effect (Fe/[Mg+Fe] ratio) and the shape

distribution simultaneously. For this reason, extensive studies of grain shape effects

have generally been limited to a single composition: forsterite (Fo100), supplied by

the Jena group.

The complex refractive indices for the end-member compositions of olivine (Mg-

rich olivine: Fo9011, fayalite: Fo0) and Mg-rich pyroxene (enstatite: En100) are

provided by the Jena group12 (e.g. Fabian et al. 2001, Jaeger et al. 1998) [37, 69].

The refractive indices are provided for the vibrational directions parallel to the three

crystallographic axes x, y, z. Meanwhile, Mukai et al. (1990) [103] provided optical

constants for forsterite (Fo100), but this data was for unoriented samples and therefore

11Technically Fo90 is still called forsterite and most natural samples are closer to Fo90 than Fo100
12optical constants available at http://www.astro.uni-jena-de/Laboratory/Database/databases.html
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represents an average of the three axial directions. A list of all the sources of these

laboratory data used, can be found in Table 5.3.

We have already discussed in § 3.4.2, there are several possible approaches to

addressing the grain shape effect (e.g. Fabian et al. 2001, Min et al. 2003, Takigawa

et al. 2009, Koike et al. 2010) [37, 95, 135, 77]. Here we adopt the statistical

approach by Min et al. (2003) [95] and assume that there is no tendency for a certain

axis to be elongated. We have calculated the absorption cross-sections (Cabs) for three

compositions of olivine (Fo100, Fo90 and Fo0; see Table 5.3 for sources of complex

refractive indices). For each composition, we calculate Cabs for four grain shape

distributions: Spherical particle (SPH), Continuous distribution of ellipsoids (CDE),

Continuous distribution of spheroids (CDS), and Distribution of hollow spheres (DHS)

as described in § 3.4.1 and § 3.4.2. The grain size is defined by the grain volume being

equivalent to a sphere of radius 0.1 µm (for further justification see Speck et al. 1997)

[130]. When data is available for the individual crystallographic axes, we calculate the

Cabs separately and then average the three axial absorption cross sections (〈Cabs〉).
The final 〈Cabs〉 spectra are shown in Figures 5.10–5.14.

For all three compositions (Fo100, Fo90 and Fo0), the spectral feature parameters

(e.g. peak positions and strengths) are similar for both ellipsoids (CDE) and spheroids

(CDS). For the hollow spheres (DHS) the peak positions are similar to both CDE and

CDS, but the spectral features are stronger. The spectral features of spherical (SPH)

particles are significantly different in both position and strength from those of CDE,

CDS and DHS.

Figure 5.14 compares the positions of the spectral features in the derived ab-

sorption cross-sections with those observed for T Cep. It is clear that fayalite (Fo0)

provides a better match with the observed peak positions (at 20, 32 µm) of T Cep,

than does forsterite (Fo100). Following the work of Takigawa et al. (2009) [135], it
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Figure 5.10: Absorption cross section of very Mg-rich Olivine (Mg1.9Fe0.1SiO4) for
spheroid (CDS: left panel) and ellipsoid (CDE: right panel). The upper three plots
correspond to calculated Cabs parallel to the x, y and z axes. The bottom plots
correspond to average (〈Cabs〉). x-axis is wavelength (in µm) y-axis is absorption
cross-section in arbitrary units. Vertical dashed lines show positions of observed
spectral features of T Cep at long wavelength (20 and 32 µm).

is possible that a single growth axis is elongated. However, Figure 5.14 shows that

even using only a single crystallographic axis does not produce an Mg-rich olivine

with features that match T Cep.

5.6 Discussion

Our analysis of the spectra of T Cep strongly suggest that the dust forming around

this Mira is both highly crystalline and iron-rich. This has implications for not only

for other stars exhibiting these crystalline features, but also for conventionally Mg-rich

condensation sequence observed for amorphous circumstellar silicates.

Woitke (2006) [154] showed that while carbon dust around an AGB star could

drive a radiation-pressured wind, oxygen-rich dust (silicate) was too transparent.
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Figure 5.11: Absorption cross section of very Mg-rich Olivine (Mg1.9Fe0.1SiO4) for
spherical (SPH: left panel) and hollow sphere (DHS: right panel). The upper three
plots correspond to calculated Cabs parallel to the x, y and z axes. The bottom plots
correspond to average (〈Cabs〉). x-axis is wavelength (in µm) y-axis is absorption
cross-section in arbitrary units. Vertical dashed lines show positions of observed
spectral features of T Cep at long wavelength (20 and 32 µm).

However, this result assumes the silicates are Mg-rich. Iron-rich silicate grains tend

to have higher optical/near-IR opacities which facilitate the capture of momentum

from the star through radiation pressure. The inclusion of iron-rich silicate grains

may solve this problem.

Woitke (2006) [154] also showed that the dynamics in the dust-forming zones

around carbon-rich AGB stars lead to inhomogeneous dust formation, producing fine

scale structure in the density of the dust envelope. In these models the only conden-

sate considered is amorphous carbon. In an oxygen-rich environment, there are many

potential minerals that can be formed and their stability is sensitive to the precise

conditions.

In addition to the turbulent/hydrodynamic density inhomogeneities predicted by

Woitke (2006) [154], pulsation shocks are expected to have a strong effects on local
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Figure 5.12: Plot of Absorption cross section of fayalite (Fe2SiO4) for spheroid (CDS:
left panel) and ellipsoid (CDE: right panel). The upper three plots correspond to
calculated Cabs parallel to the x, y and z axes. The bottom plots correspond to
average (〈Cabs〉) of them. x-axis is wavelength (in µm) y-axis is absorption cross-
section in arbitrary units. Vertical dashed lines show positions of observed spectral
features of T Cep at long wavelength (20 and 32 µm).

conditions (e.g. Cherchneff 2006) [20]. This combination of physical effects should

lead to non-equilibrium dust formation and may lead to unexpected dust-forming

conditions. Therefore we suggest that even at low mass-loss rates the density structure

in the outflows of AGB stars is such that crystalline silicates may form, though it

is not clear why iron-rich silicates are apparently favored. This scenario may be

consistent with the chaotic grain formation hypothesis (ii), as suggested by Stencel

et al. (1990; for reference see § 4.4) [133]. In terms of chaotic grains, in low-mass

loss rate objects dust only forms close to the star where the density is high; higher

temperature allow the chaotic grains to be annealed.
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Figure 5.13: Plot of Absorption cross section of fayalite (Fe2SiO4) for spherical (SPH:
left panel) and hollow sphere (DHS: right panel). The upper three plots correspond
to calculated Cabs parallel to the x, y and z axes. The bottom plots correspond to
average (〈Cabs〉). x-axis is wavelength (in µm) y-axis is absorption cross-section in
arbitrary units. Vertical dashed lines show positions of observed spectral features of
T Cep at long wavelength (20 and 32 µm).
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Figure 5.14: Calculated absorption cross section (Cabs) for four shape distributions
(SPH, CDE, CDS, DHS) of 0.1 µm-sized grains of three different members of olivine
family along with the directly-measured laboratory absorption spectrum. Right panel:
forsterite (Fo100), center panel: very Mg-rich olivine (Fo91: closest compositionally
in the lab spectra), left panel: fayalite (Fo0). x-axis is wavelength (in µm) y-axis is
absorption cross-section/absorptivity in arbitrary units. Vertical dashed lines show
positions of observed spectral features of T Cep at long wavelength (20 and 32 µm).
The solid lines are the calculated absorption cross-sections while dashed lines (at the
top) show the laboratory absorption spectra (data taken from Pitman et al. 2010)
[114].
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5.7 Summary & Conclusion

We have presented an analysis of the time variations of the IR dust spectrum of

optically thin O-rich AGB star, T Cep.

We found that:

1. The inner dust temperature of T Cep is variable.

2. Dust formation is likely to be sporadic, not continuous, and has approximately

the same composition all the time.

3. While the observations are consistent with a constant olivine-to-pyroxene ra-

tio, they can accommodate small variations with stellar pulsation. This vari-

ation in composition is very subtle and can be explained by selective destruc-

tion/processing of the inner most grains with the change in stellar radiation

field.

4. The strong correlations between the observed spectral features suggest that they

all have same crystalline mineral as a carrier.

5. The structure within the broad 8–14 µm feature with overlapping sub-features

at 9.7, 11.3, 13.1 µm is explained by mixtures of crystalline silicates. This

confirms the presence of crystalline minerals around low-mass-loss rate O-rich

AGB stars.

6. The peak wavelength of the features at 20 and 32 µm suggest the presence of

Fe-rich, rather than the expected Mg-rich silicates. This can be explained as

occurrence of non-equilibrium condensation mechanism in the outflow of the

central star.

The analysis presented here shows that our understanding of the formation of

crystalline silicates and the inclusion of iron in those silicates is in its infancy and

needs to be revised according to the present findings.
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Chapter 6

Investigating the spectral dust
features of O-rich AGB stars using
spatially resolved spectroscopy

6.1 Introduction

In Chapter 5 we studied the temporal variation of spectral dust features with pulsation

cycle for O-rich Mira variable T Cep. We analyzed how the dust formation is related

to the pulsation cycle and dust mineralogy. Now in this chapter we will use long slit

spectroscopy to investigate the dust shells around seven nearby O-rich AGB stars,

in order to see how the spatial structure of the shell changes at different distances

from the central star. We will also explore how the spatial variations in spectral dust

features can be explained by different competing dust formation hypotheses.

6.2 Purpose of this work

As discussed in § 4.6, the spectra of O-rich AGB stars exhibit a diverse range of IR

dust spectral features. In order to understand the IR dust spectra, we need to refer to
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the three main dust formation hypotheses (as discussed in § 4.4). Different formation

hypotheses predict different sequences of solids will form; different solids give rise to

different spectral features. Figure 6.1 is a schematic presentation of progression of the

spectral feature parameters (peak position, width) as seen observationally in e.g. SE

classes (see § 4.6 and Figure 4.14). The observed progression from broad to classic

narrow 10µm silicate features with increasing mass-loss rate is usually interpreted

as a progression from dust dominated by oxides to dust dominated by amorphous

silicates (Dijkstra et al. 2005, Blommaert et al. 2007) [32, 7].

Figure 6.1: Schematic presentation of progression of peak positions and widths as
seen in SE classes (Sloan et al. 2003) [123].

There are several hypothetical dust formation models that have been developed to

explain the trends. These models effectively fall into three competing categories: (i)

thermodynamic equilibrium condensation (Lodders & Fegley 1999) [87]; (ii) formation

of chaotic solids in a supersaturated gas followed by annealing (Stencel et al. 1990)

[133]; (iii) formation of seed nuclei in a supersaturated gas, followed by mantle growth

(Gail & Sedlmayr 1999) [42]. The latter should follow thermodynamic equilibrium as
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long as density is high enough for gas-grain reactions to occur. Both (i) & (iii) are

consistent with the oxide to silicate trend as described above and shown schematically

in Figure 6.2.

Figure 6.2: Schematic structure of dusts shells. Left panel: Classic dust condensation
sequence (Tielens 1990) [137]; Right panel: Dust shell structure suggested by ISO
SWS observations of O-rich AGB star T Cep (Guha Niyogi et al. 2011) [49] and for
similar type of AGB stars.

In addition to mechanisms (i) and (iii) in Figure 6.1, mechanism (ii) forms chaotic

solid grains which have the bulk composition of the gas. In this scenario the grains

can anneal if the temperature is high enough. This mechanism predicts that at low

C/O ratios, the dust grains would comprise a mixture of olivine, pyroxene, SiO2, MgO

and FeO rather than be dominated by olivine alone. At higher C/O ratios (but still

C/O < 1), Al-O bonds are predicted to form preferentially; leading to dust dominated

by oxides rather than silicates. Several observational studies (Dijkstra et al. 2005,

Blommaert et al. 2007) [32, 7] support (i) and (iii), not (ii). However, since chaotic

grains can be annealed we may expect to see a spatial trend for the spectral features.

Recent studies (see e.g. Guha Niyogi et al. 2011, Pitman et al. 2010; also see Chapter
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5) [49, 114] imply that low mass-loss rate objects show crystalline silicates features

whereas, higher mass-loss rate objects exhibit amorphous features. This is consistent

with the spectral classifications into SE classes with SE1 dominated by crystalline

material and SE8 dominated by amorphous material. In terms of chaotic grains, in

low-mass loss rate objects dust only forms close to the star where the density is high;

higher temperature allow the chaotic grains to be annealed. For higher mass-loss rate

objects dust can form further out radially and thus at lower temperatures and so could

be dominated by amorphous silicates. The spectral features of T Cep, RX Lac, T Cet

and R Hya (see e.g. Guha Niyogi et al. 2011, Pitman et al. 2010) [49, 114], cannot

be explained in terms of the classic dust condensation sequence (mechanisms [i] &

[iii]). Instead, it suggests that the dust can be best explained by iron-rich crystalline

silicate minerals, which may be consistent with the chaotic grain scenario (followed

by hypothesis [ii]). This scenario is depicted in Figure 6.2: Right panel.

Spatially resolved spectroscopic data will help us to distinguish between these

various dust-formation scenarios as well as other controversial dust grain hypotheses.

For example we discuss the 13.0 µm feature in § 4.6. If this feature is due to corundum

it should be located close to the central star under mechanisms (i) and (iii), whereas,

silica should be co-located with a 9.0 µm feature throughout the shell. For chaotic

grains, variation in C/O is expected to dominate the variation in spectral feature

shapes and positions. Consequently, in a single object at a single epoch, we should

not see these variations.

6.3 Target selection

In order to obtain spatially resolved spectroscopic data, we chose seven targets, which

are bright, relatively close by (≈ 200 pc), optically thin and low mass-loss rate O-

rich AGB stars. The targets were selected from SE2 and SE3 spectral classes (for
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Table 6.1: Target list of nearby O-rich AGB stars observed by Gemini/MICHELLE.
Target IRAS Right Ascension Declination Brightness at Obs.

Name (RA) (Dec) 12µm (Jy) date
R Aur 05132+5331 05:17:17.69 +53:35:10.04 460 28 JAN 2011
R Leo 09448+1139 09:47:33.49 +11:25:43.65 2161 27 JAN 2011
RT Vir 13001+0527 13:02:37.98 +05:11:08.38 462 28 JAN 2011
SW Vir 13114-0232 13:14:04.38 -02:48:25.15 681 28 JAN 2011
R Hya 13269-2301 13:29:42.78 -23:16:52.79 1591 27 JAN 2011
W Hya 13462-2807 13:49:01.49 +28:22:03.49 4200 27 JAN 2011
RX Boo 14219+2555 14:24:11.63 +25:42:13.40 847 28 JAN 2011
Note: The RA and Dec of the targets are used from SIMBAD (FK5 coord. [ep=J2000 eq=2000]);
the brightness of the targets at 12µm are taken from IRAS measurements.

Table 6.2: Classification and physical parameters the targets.
Target Spectral Spectral Variability Pulsation Expansion Distance Mass

Type Class Type Periods Velocity (pc) loss rate
(days) (km/sec) (Ṁyr−1)

R Aur M6.5–9.5 SE2 M 458 10.0 413 9.8×10−7

R Leo M6–8 SE2 M 310 8.5 101 1.0×10−7

RT Vir M8 SE3 SR 155 9.3 138 7.4×10−7

SW Vir M7 SE3 SR 150 8.9 143 5.7×10−7

R Hya M6–9 SE2 M 389 8.0 617 1.4×10−7

W Hya∗ M7.5–9 SE8 SR 361 8.2 115 8.1×10−8

RX Boo M6.5–8 SE3 SR 340 10.2 156 8.1×10−7

Note: Spectral types, Spectral classes, pulsation periods (P) are taken from Sloan & Price (1998)
[128]; the distances (D) were calculated by using the Parallaxes (from SIMBAD); expansion veloc-
ities (vexp), mass-loss rates (Ṁ) are taken from Loup et al. 1993 [88].
∗ W Hya was misclassified as SE8 and has been subsequently re classified as SE2.

reference see § 4.6: Figure 4.14). Some information about our selected targets are

given in Table 6.1 and 6.2.

All objects were previously observed with IRAS LRS1. In addition three objects

(R Hya, W Hya, RX Boo) were observed by ISO SWS2. We also acquired the vi-

sual light curve for each object from the AAVSO database3. The positions in the

lightcurves at which Gemini data were taken, are indicated by dashed straight lines

(see Figure 6.3 through Figure 6.9).

1http://www.iras.ucalgary.ca/ volk/getlrs plot.html
2http://isc.astro.cornell.edu/ sloan/library/swsatlas/atlas.html
3http://www.aavso.org/
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Figure 6.3: Left: IRAS LRS observational data of R Aur, Right: Light curve of R Aur
for last seven years. The Gemini observation date is indicated by dashed straight line.
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Figure 6.4: Left: IRAS LRS observational data of R Leo, Right: Light curve of R Leo
for last seven years. The Gemini observation date is indicated by dashed straight
line.
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Figure 6.5: Left: IRAS LRS observational data of RT Vir, Right: Light curve of
RT Vir for last seven years. The Gemini observation date is indicated by dashed
straight line.
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Figure 6.6: Left: IRAS LRS observational data of SW Vir, Right: Light curve of
SW Vir for last seven years. The Gemini observation date is indicated by dashed
straight line.

Figure 6.7: Left: IRAS LRS and ISO SWS (TDT # 08200502) observational data of
R Hya, Right: Light curve of R Hya for last seven years. The Gemini observation
date is indicated by dashed straight line.
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Figure 6.8: Left: IRAS LRS and ISO SWS (TDT # 08902004, 41800303) observa-
tional data of W Hya, Right: Light curve of W Hya for last seven years. The Gemini
observation date is indicated by dashed straight line.

Figure 6.9: Left: IRAS LRS and ISO SWS (TDT # 08201905) observational data of
RX Boo, Right: Light curve of RX Boo for last seven years.The Gemini observation
date is indicated by dashed straight line.

6.4 Observation

Using the MICHELLE mid-infrared imager/spectrometer attached to the Gemini Ob-

servatory’s 8.1 m northern telescope at Mauna Kea, Hawaii, we successfully acquired

spatially resolved spectra for seven O-rich AGB stars (program ID GN-2010B-C-3).
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6.4.1 Long slit spectroscopy

Figure 6.10: A schematic diagram illustrating the technique of long slit spectroscopy.
Left: the entrance slit to the spectrometer is placed over the extended source. Right:
the resulting spectra on the observing device containing both spatial and spectral
information. For an extended source, a long slit spectral image contain several spectra,
each correspond to a different part of the source along the slit.

Our observations were acquired using the long slit spectroscopy method, with the

MICHELLE spectrometer to resolve the dust shell spatially. It is a technique used to

obtain both spatial and spectral information simultaneously (see Figure 6.10). This

is not a conventional use of a spectrometer, but very powerful method to analyze the

spectral dust features at different distances from the central star at a single epoch.

Each individual 1-D spectrum samples the dust shell at different positions along

the slit, and we offset the slit perpendicular to its length to sample the full two-

dimensional structure of the object as seen on the sky. The star was first acquired by

peaking up the signal on the slit, and then a series of spectra were taken at generally

10 offset positions with respect to the initial peak-up position (which is assumed to

be centered on the star). A slit width of 0.36′′ was used for the observations, and

the slit offsets were at intervals of 0.3′′ so there is a small amount of overlap between

adjacent slit spectra. Figure 6.11 is a schematic representation of how the dust shell

has been spatially resolved around the central star (only offset positions 3, 5, and 7

are shown in Figure 6.11).
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Figure 6.11: A schematic presentation of how the dust shells are spatially resolved.
Three different offset positions (3, 5, 7) of the slit are demonstrated; along with how
the slit has been sliced. The slit is oriented east-west on the sky for all the observations
so the long axis of the sampled region is along the right ascension direction and the
offsets are in the declination direction.

At each slit position the spectrum has been extracted in 10 slices along the slit

centered on the peak position which is assumed to be the position of the star even

for slit positions significantly offset from the star itself. The actual physical size of

an individual slice is illustrated in Figure 6.11. Thus we have a set of 100 spectra for

all the targets at a 10×10 grid of positions (see Figure 6.12). The total set of spectra

samples a roughly 3.6′′×5.4′′ region of the sky. The slit is oriented east-west on the

sky for all the observations so the long axis of the sampled region is along the right

ascension direction and the offsets are in the declination direction. For one of the

target (R Aur), we only acquired 6×10 grid of positions because of the limitation of

observation time.
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Figure 6.12: A schematic presentation of 10×10 grid of positions, also shown that
there is a small amount of overlap between adjacent slits. The total set of spectra
samples a roughly 3.6′′×5.4′′ region of the sky.

6.5 Data reduction process

The data reduction was done in the standard manner using the Gemini Image Reduc-

tion and Analysis Facility IRAF package4. For imaging the raw frames were stacked

and the images were calibrated using the observation of the photometric standard

star to convert from ADU to Jansky or from ADU to Jansky per square arc-second

as appropriate. The expected fluxes of the standard star were taken from Cohen et

al. (1999) [24]. For spectroscopy the telluric correction and absolute calibration were

carried out by taking the ratio of the object spectrum to the standard star spec-

trum, with a small wavelength shift and scaling for airmass as required to remove

the atmospheric bands, and then multiplying through by the expected spectrum of

the standard star, again taken from the spectrophotometric templates of Cohen et al.

4http://iraf.noao.edu/
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(1999) [24]. The slicing of the spectra was carried out using a custom IRAF script

extension to the Gemini midir package. The best shifting and scaling for the over-

all extracted science spectrum was determined first and these values were generally

applied to the individual spectral slices during a second reduction, since the spectral

slices at larger radii from the star have a much lower signal and signal-to-noise ratio

which makes the determination of the best telluric correction parameters difficult.

Then, the 2-D spectrum was sliced (that is, the 2-D data was reduced to a series of

1-d spectra corresponding to positions in the shell). Ten slices were produced per slit

position with a 30 pixel total spectral extraction region along the slit, so each slice

samples a sky region [0.36′′] across the slit and [0.54′′] in height along the slit (see

Figure 6.11).

6.6 Analysis

Having done the data reduction, now we have a set of 10×10 grid positions of spectra

for 6 targets and for R Aur, we have 6×10 grid positions of spectra. These data

require further analysis in order to understand how the spectral features change with

location with respect to the central star, and which dust formation hypotheses can

be supported. For each object we have an area covering 3.6′′×5.4′′ of the sky. Using

the distance of the targets from Table 6.2, we can convert this angular extent to a

physical size. Furthermore, using the expansion velocity (vexp) from Table 6.2, we

provide time scale associated with our observations. The physical size of the dust

shell we mapped on the sky and the time scales for each individual target will be

provided in § 6.7: Table 6.3. The analysis for all the targets are structured in the

following order:

In order to understand how the spatial flux distributions change with distance

from the central star, we measured the flux intensities at six wavelengths (8.2, 9.0,
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10.0, 11.0, 12.0 13.0 µm). In order to maximize the signal to noise ratio, we took

the average flux in a wavelength bin covering the range of 8.05–8.35, 8.85–9.15, 9.85–

10.15, 10.85–11.15, 11.85–12.15 and 12.85–13.15 µm (each of which contains 11 points)

respectively. The spatial flux intensity distributions are presented as 2-D maps (flux

intensities as function of X [offset-positions] and Y [slice-positions]) for all the targets.

To extract detailed information about spectral changes, we have to determine the

contribution to the continuum for each grid point. Since continuum depends on the

grain properties as well as on the temperature distribution (as shown in Eq. 4.2),

a ‘real’ continuum is very difficult to define. Observational constraints (i.e. the

atmosphere) mean we have a severely restricted wavelength range (8–14 µm); much

narrower than space-based observations. Thus we cannot apply the same method to

determine the continuum as applied for T Cep (for reference see § 5.3). Instead we

chose two pseudo-continuum points (at 8.2 and 12.0 µm), which will be used as proxy

for the underlying continuum at all wavelength. We use two continuum points in

order to minimize the effect of a known molecular absorption band ≈ 8.0µm (SiO;

Tsuji et al. 1997, Speck et al. 2000) [139, 131]. We then take the ratio of the flux

intensities [Fcont.(λ1)/Fcont.(λ2), where λ1 = 8.2 and λ2 = 12.0µm] as proxies for

continuum and plotted as a 2-D map (an example for an object, SW Vir is shown in

Figure 6.13: Left panel).

We can also map the dust continuum by fitting a power-law to the slope of the

observed spectrum. Dust temperatures are expected to be ∼1000K (see § 3.2) such

that the peak of the Planck curve are always shortward of our data in wavelength

space, and thus on the Rayleigh-Jeans regime and the continuum can be approximated

as a power-law (Fλ ∝ λ−5−β; where β is called emissivity). The modification by the

emissivity law still yields a power law. Furthermore, in the case of distribution of

temperatures the sum of the blackbodies will still give a power-law, but it will now be

shallower compare to the Planck-curve alone. We fit a power-law continuum to the
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Figure 6.13: Left: 2-D map of the F8.2/F12.0, which is used as a proxy for the underly-
ing dust temperature. Right: 2-D map of “β” by fitting power law continua through
8.2 and 12.0 µm.

observed spectra passing through both of the continuum points (at 8.2 and 12.0 µm)

and determine the power for each of the hundred spectra. The spatial distribution of

β are also plotted as a 2-D map in Figure 6.13: Right panel.

In order to test the validity of using 8.2 and 12.0 µm points as proxies for the

continuum, we compare the F8.2/F12.0 with the best fit power law for a single object

(SW Vir). We then determine the correlation coefficients between the F8.2/F12.0

and β. The correlation between the F8.2/F12.0 and β is strong (R2 = 0.913, see

Figure 6.14), which justifies the use of 8.2 and 12.0 µm continuum points as a proxies

for the underlying dust continuum to the other 6 targets. While the two measures

of the continuum are well correlated there is no discernable pattern to the spatial

distribution of the continuum as seen in Figure 6.13.

Having determined a continuum level we follow an approach similar to that in

§ 5.4, to determine the temperature independent flux distribution at 9.0, 10.0, 11.0

and 13.0µm. We calculated the relative flux intensities with respect to continuum

points as Fpeak(λ1)/Fcont.(λ2) (where, λ1 = 9.0, 10.0, 11.0, 13.0 µm and λ2 = 8.2µm

and 12.0µm). These spatial distribution are plotted as 2-D maps.
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Figure 6.14: Strong correlation between the two measures of the continuum; F8.2/F12.0

and power-law.

Since different minerals contribute to the spectra at different wavelengths, we also

want to see how much light is emitted at one wavelength relative to another. In this

way, we can determine whether these spectral features (at 9.0, 10.0, 11.0, 13.0 µm) can

be explained by only one dust component or whether there are mixture of different

dust minerals responsible for these features. We calculated the flux intensity ratios as

Fλ1/Fλ2 (when λ1 = 9.0µm, then λ2 = 10.0, 11.0, 13.0 µm and so on). These spatial

distributions of Fλ1/Fλ2 are also plotted as 2-D maps.

As shown in § 6.2 there is a continuous distribution of spectral feature shapes,

ranging from the ≈ 9–12µm “broad” feature to the classic 10 µm amorphous sili-

cate feature. Within a single object the spatial changes in the overall shapes and

positions of the observed spectral features are subtle, we have also measured the

peak positions and Full Width Half Maxima (FWHM) of the “broad” features (≈
9–12µm) by the best fitting Gaussian profile for each of the hundred spectra for each

target. We determine the spectral feature parameters (i.e peak position, FWHM) by

using the NOAO “onedspec” package in IRAF. The spatial distribution of the peak
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Table 6.3: A summary of results of all seven targets.
Target Physical size Time scale Observed Best fitted

of 1 grid (A.U.) along 1 grid (years) pattern dust formation hypotheses
(N-S)×(E-W) (N-S)×(E-W)

R Aur 148×223 70×105 unusual none
R Leo 39×59 22×33 axisymmetric none
RT Vir 50×74 25×38 axisymmetric (ii) & (iii)
SW Vir 51×77 27×41 axisymmetric (ii) & (iii)
R Hya 222×333 131×197 bow-shock (ii) & (iii)
W Hya 41×62 24×36 two dust shells (i), (ii) & (iii)
RX Boo 56×84 26×39 asymmetry none
Note: 1 A.U. = 1.49×1011m.

positions and FWHM are plotted as 2-D maps. To capitalize on the observed and

hypothetical correlation between the peak positions and FWHM described in § 6.2

and illustrated in Figure 6.1, we also determined the correlation coefficients between

these parameters.

6.7 Results

We discuss the results of our analysis by object. A summary of the results appears

in Table 6.3, where the physical size and time scale associated with the pixels are

calculated using the distance and expansion velocity (taken from Table 6.2).

6.7.1 R Aur

The O-rich Mira variable R Aur, has been classified as infrared spectral class of SE2

by Sloan & Price (1995, 1998) [127, 128], and as “broad” AGB by Speck et al. (2000)

[131]. The calculated physical scales and time scales of R Aur are given in Table 6.3.

Figure 6.16 shows 6×10 grid of the spatially resolved spectra of R Aur. This figure

shows weird dust features at grid positions (3,5), (3,6); and (4,5), (4,6). Figure 6.17

shows the 2-D spatial distribution of the monochromatic flux intensities at 8.2, 9.0,

10.0, 11.0, 12.0 13.0 µm. Note that the central star is located at (2,6) coordinate
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position. In all six cases the overall intensity drops off with distance from the central

star, as expected. The 2-D map of the spatial distribution of F8.2/F12.0 continuum

of R Aur is shown in Figure 6.18. And the 2-D monochromatic maps of spatial

distributions of continuum-divided fluxes of R Aur are shown in Figure 6.19 and 6.20.

These maps do not show any pattern suggesting that there are not any simple trends

with specific spectral features. Finally, we show 2-D maps of the spatial distribution

of flux ratios of R Aur to determine how the fluxes at 9.0, 10.0, 11.0 and 13.0 µm vary

with respect to one another. These maps are shown in Figure 6.21. These maps show

that close to the central star, the amount of light emitted at 9.0 µm is less compare

to 10.0 and 11.0µm along the vertical direction (E-W). And further away from the

central star, the light emitted at 10 and 11 µm are week compared to 13.0 µm along

the vertical direction.

As can clearly be seen in grid positions (3,5), (3,6); and (4,5), (4,6) this object

displays some unusual spectral features. Consequently, framing the analysis in terms

of correlation between peak position and FWHM does not make sense. Furthermore,

the noisy and apparently featureless spectra in outer slices do not led themselves to the

Gaussian fitting. Consequently, we did not measure the spectral feature parameters

for R Aur.

Our analysis of the continuum, continuum-divided monochromatic and flux ratios

yielded no discernable patterns (see Figure 6.18 through Figure 6.21). The features

vary significantly but without the spatial patterns expected from any of the dust

formation mechanisms as discussed in § 6.2. This suggests the dust formation may

be more turbulent as suggested by the model (Woitke 2006) [154].

Furthermore, while this is the highest resolution spatial observation of dust around

this object to date, a single pixel represents 70–105 yrs of mass loss, and thus contains

contribution from 56 pulsations. This is shown schematically in Figure 6.15 which

is a schematic presentation of how much finer structure could be present inside one
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Figure 6.15: A schematic structure of dusts shells showing the finer structure could
be present inside one slice. If that is the case, then it would be necessary to obtain
spectra of much higher spatial/angular resolution.

slice/offset. This would tend to average out and lose any spatial dependence that the

different dust components may have on the structure of the dust shell. Our spatial-

resolution is much too low to see variations occurring on the timescale of pulsations

(as discussed in § 6.2).
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Figure 6.16: Spatially resolved dust spectra of R Aur (Note the telluric ozone may
not be completely subtracted out and thus there is an artifact at ∼ 9.7µm).
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Figure 6.17: 2-D maps of the spatial distribution of the monochromatic flux intensities
at 8.2, 9.0, 10.0, 11.0, 12.0 and 13.0 µm of R Aur. The flux intensities are plotted in
logarithmic scale. Note the central star is located at (2,6) coordinate position.

Figure 6.18: 2-D map of the F8.2/F12.0 which is used as a proxy for the underlying
dust continuum of R Aur. The flux ratios are plotted in linear scale. Note that the
central star is located at (2,6) coordinate position.
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Figure 6.19: 2-D maps of the monochromatic continuum-divided observations at 9.0
and 10.0µm for R Aur. The flux ratios are plotted in linear scale. Note that the
central star is located at (2,6) coordinate position.
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Figure 6.20: 2-D maps of the monochromatic continuum-divided observations at 11.0
and 13.0µm for R Aur. The flux ratios are plotted in linear scale. Note that the
central star is located at (2,6) coordinate position.
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Figure 6.21: 2-D maps of the spatial distribution of the flux ratios at 9.0, 10.0, 11.0
and 13.0µm with respect to each other of R Aur. The flux ratios are plotted in linear
scale. Note that the central star is located at (2,6) coordinate position.
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6.7.2 R Leo

The O-rich Mira variable R Leo was discovered by J. A. Koch in 1782. It has been

classified as infrared spectral class of SE2 by Sloan & Price (1995, 1998) [127, 128],

and as “broad” AGB by Speck et al. (2000) [131]. From previous observation of

R Leo, SiO masers (at 43.1 and 42.8 Ghz) have been detected, showing evidence of

asymmetric structure (Cotton et al. 2009) [27]. .

Figure 6.22 shows the 10×10 grid of the spatially-resolved spectra of R Leo, which

appear to be distributed with an axisymmetric structure. Figure 6.23 shows the 2-

D spatial distribution of the monochromatic flux intensities at 8.2, 9.0, 10.0, 11.0,

12.0 13.0µm. Note that the central star is located at (5,5) coordinate position. In

all six cases the overall intensity drops off with distance from the central star, as

expected. The 2-D map of the spatial distribution of F8.2/F12.0 continuum of R Leo is

shown in Figure 6.24 and does not show any trend, suggesting that the temperature

distribution is not radially decreasing from the central star. The spatial distributions

of continuum-divided fluxes of R Leo are shown in Figure 6.25 and 6.26. Again these

maps do not show any pattern, suggesting that there are not any simple trends with

specific spectral features. Finally, we show 2-D maps of the spatial distribution of

flux ratios of R Leo to determine how the fluxes at 9.0, 10.0, 11.0 and 13.0 µm vary

with respect to one another. These maps are shown in Figure 6.27.

As described in § 6.6, we also determine peak positions and FWHMa for best

fitting Gaussian to the 9–12 µm broad feature. The spatial distribution of these pa-

rameters are shown in Figure 6.28: Top panel. There appears to be a somewhat

axisymmetric pattern in the distribution of FWHM, in the offset direction, in slices 4

and 5; no such pattern is seen for the peak position. As discussed in § 6.2, both obser-

vations and dust formation hypotheses suggest these parameters should be correlated

(see Figure 6.1). Consequently, we sought such correlations shown in Figure 6.28:

Bottom panel. We dot not see a strong correlation between these parameters.
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Our analysis has not found any discernable patterns in any of the 2-D maps except

for the FWHM for the broad feature. As with R Aur the features vary significantly

but without the spatial patterns expected from any of the dust formation mechanisms

as discussed in § 6.2. This again suggests the dust formation may be more turbulent

as suggested by the model (Woitke 2006) [154]. Again the spatial scale is large

compared to the time scale for pulsation (see Table 6.3), which would tend to average

out and lose any spatial dependence that the different dust components may have on

the structure of the dust shell.

Figure 6.22: Spatially resolved IR spectra of R Leo (Note that the telluric ozone may
not be completely subtracted out and thus there is an artifact at ∼ 9.7µm).
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Figure 6.23: 2-D maps of the spatial distribution of the monochromatic flux intensities
at 8.2, 9.0, 10.0, 11.0, 12.0 and 13.0 µm of R Leo. The flux intensities are plotted in
logarithmic scale. Note that the central star is located at (5,5) coordinate position.

Figure 6.24: 2-D map of the F8.2/F12.0 which is used as a proxy for the underlying
dust continuum of R Leo. The flux ratios are plotted in linear scale. Note that the
central star is located at (5,5) coordinate position.
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Figure 6.25: 2-D maps of the monochromatic continuum-divided observations at 9.0
and 10.0µm for R Leo. The flux ratios are plotted in linear scale. Note that the
central star is located at (5,5) coordinate position.
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Figure 6.26: 2-D maps of the monochromatic continuum-divided observations at 11.0
and 13.0µm for R Leo. The flux ratios are plotted in linear scale. Note that the
central star is located at (5,5) coordinate position.
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Figure 6.27: 2-D maps of the spatial distribution of the flux ratios at 9.0, 10.0, 11.0
and 13.0µm with respect to each other of R Leo. The flux ratios are plotted in linear
scale. Note that the central star is located at (5,5) coordinate position.
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Figure 6.28: Top: 2-D maps of peak position (left) and FWHM (right) of the broad
feature of R Leo. Bottom: Correlation between the peak positions and FWHM of
the broad features of R Leo.
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6.7.3 RT Vir

The O-rich semiregular variable RT Vir, has been classified as infrared spectral class

of SE3 by Sloan & Price (1995, 1998) [127, 128]. Active OH (at 1612 MHz) and water

(at 22 GHz) masers had been detected around RT Vir (Etoka et al. 2003, Yates et al.

2000) [36, 159]. The latter authors also suggested that RT Vir is a strong candidate

for a bipolar or rotating outflow, based on the distribution of water vapor emission.

They suspect that a dense cloud around RT Vir is accelerated by radiation pressure

without impediment.

Figure 6.29 shows the 10×10 grid of the spatially-resolved spectra of RT Vir,

which again appear to be somewhat axisymmetrically distributed. As with the pre-

vious objects, we have analyzed these spectra according to the description in § 6.6

to produced several 2-D maps showing how the emission varies across the spatial

extent observed. These spatial analyses include monochromatic, continuum-divided,

flux-ratio-ed and Gaussian-parameterized maps and are shown in Figures 6.30, 6.31,

6.32, 6.33, 6.34, and 6.35: Top Panels. Note that the central star is located at (6,5)

coordinate position in all maps. We also sought correlations between the peak posi-

tion and FWHM for the “broad” (9–12 µm), which is shown in Figure 6.35: Bottom

panel. The only discernable pattern in any of the maps is an apparent N-S band of

narrower 9–12µm features at slices 4 and 5, however, this does not correlate with

peak position, as might be expected from Figure 6.1. This could also be described

as the 9–12µm feature is broadening further away from the star along the vertical

direction; the feature is narrower close to the central star and in a band along the

horizontal direction. This spatial distribution pattern is subtle. One possible expla-

nation is that there is a dense equatorial zone dominated by classic amorphous silicate

emission; whereas away from this equatorial density enhancement, chaotic mixtures of

oxides and silicates prevail due to lower densities in regions away from the star. This

supports hypothesis ([ii] & [iii], as discussed in § 6.2) - i.e. chaotic grain nucleation
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occurs throughout the shell, but formation of silicate-dominated mantles only occurs

where higher densities allow. If the change from narrow classic amorphous silicate

feature to “broad” feature is actually due to crystallinity as suggested in Figure 6.2

we would expect to see patterns in the other maps, especially the continuum map,

which essentially traces temperature, and there should be a pattern in F10.0/F11.0 and

correlation between FWHM and peak position; none of these patterns are seen.

Figure 6.29: Spatially resolved dust spectra of RT Vir. (Note that the telluric ozone
may not be completely subtracted out and thus there is an artifact at ∼ 9.7µm).
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Figure 6.30: 2-D maps of the spatial distribution of the monochromatic flux intensities
at 8.2, 9.0, 10.0, 11.0, 12.0 and 13.0 µm of RT Vir. The flux intensities are plotted in
logarithmic scale. Note that the central star is located at (6,5) coordinate position.

Figure 6.31: 2-D map of the F8.2/F12.0 which is used as a proxy for the underlying
dust continuum of RT Vir. The flux ratios are plotted in linear scale. Note that the
central star is located at (6,5) coordinate position.
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Figure 6.32: 2-D maps of the monochromatic continuum-divided observations at 9.0
and 10.0µm for RT Vir. The flux ratios are plotted in linear scale. Note that the
central star is located at (6,5) coordinate position.
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Figure 6.33: 2-D maps of the monochromatic continuum-divided observations at 11.0
and 13.0µm for RT Vir. The flux ratios are plotted in linear scale. Note that the
central star is located at (6,5) coordinate position.
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Figure 6.34: 2-D maps of the spatial distribution of the flux ratios at 9.0, 10.0, 11.0
and 13.0µm with respect to each other of RT Vir. The flux ratios are plotted in
linear scale. Note that the central star is located at (6,5) coordinate position.
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Figure 6.35: Top: 2-D maps of peak position (left) and FWHM (right) of the broad
feature of RT Vir. Bottom: Correlation between the peak positions and FWHM of
the broad features of RT Vir.
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6.7.4 SW Vir

The O-rich semiregular variable SW Vir, has been classified as infrared spectral class

of SE3 by Sloan & Price (1995, 1998) [127, 128]. SW Vir is also reported as a suspected

binary with a significant radial velocity of 8.5 km/sec by Famaey et al. (2009) [39],

while investigating radial velocity data for M-giants belonging to the HIPPARCOS

survey.

As with the three previous objects, the data and analysis are represented in several

10×10 grids shown in Figures 6.36, 6.37, 6.38, 6.39, 6.40, 6.41, and 6.42: Top panel.

In addition, the correlation between the Gaussian parameters for the 9–12 µm feature

are shown in Figure 6.42: Bottom panel. While most of the 2-D maps do not show any

discernable patterns, those for the Gaussian parameters show a subtle axisymmetric

structure such that the 9–12 µm feature is apparently narrower and bluer in slices 4

through 6. The classic 10.0 µm feature is clear in this horizontal band in spatially-

resolved spectra shown in Figure 6.36. These variations in broad feature parameters

are consistent with having classic amorphous silicate dominate in a dense torus, and

chaotic mixtures of oxides and silicates prevailing in the less-dense regions away from

the torus similar to that as RT Vir. This supports hypothesis ([ii] & [iii], as discussed

in § 6.2) in that chaotic silicate forms throughout the dust shell but classic silicate

dominates in an equatorial density enhancement (Guha Niyogi et al. 2011-b) [50].
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Figure 6.36: Spatially resolved dust spectra of SW Vir. (Note that the telluric ozone
may not be completely subtracted out and thus there is an artifact at ∼ 9.7µm).
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Figure 6.37: 2-D maps of the spatial distribution of the monochromatic flux intensities
at 8.2, 9.0, 10.0, 11.0, 12.0 and 13.0 µm of SW Vir. The flux intensities are plotted in
logarithmic scale. Note that the central star is located at (5,5) coordinate position.

Figure 6.38: 2-D map of the F8.2/F12.0 which is used as a proxy for the underlying
dust continuum of SW Vir. The flux ratios are plotted in linear scale. Note that the
central star is located at (5,5) coordinate position.
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Figure 6.39: 2-D maps of the monochromatic continuum-divided observations at 9.0
and 10.0µm for SW Vir. The flux ratios are plotted in linear scale. Note that the
central star is located at (5,5) coordinate position.
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Figure 6.40: 2-D maps of the monochromatic continuum-divided observations at 11.0
and 13.0µm for SW Vir. The flux ratios are plotted in linear scale. Note that the
central star is located at (5,5) coordinate position.
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Figure 6.41: 2-D maps of the spatial distribution of the flux ratios at 9.0, 10.0, 11.0
and 13.0µm with respect to each other of SW Vir. The flux ratios are plotted in
linear scale. Note that the central star is located at (5,5) coordinate position.
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Figure 6.42: Top: 2-D maps of peak position (left) and FWHM (right) of the broad
feature of SW Vir. Bottom: Correlation between the peak positions and FWHM of
the broad features of SW Vir.
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6.7.5 R Hya

The O-rich Mira variable R Hya was discovered by Giacomo Maraldi in 1704, has been

classified as infrared spectral class of SE2 by Sloan & Price (1995, 1998) [127, 128],

and “featureless” AGB by Speck et al. (2000) [131]. Furthermore, after the ISO SWS

sky survey, the infrared spectral classification of R Hya had been modified to SE3

by Sloan et al. (2003) [123]. R Hya is known as an “unusual Mira variable” for its

declining period between CE 1770 and 1950 (Zijlstra et al. 2002) [162], which has

been attributed to a recent possible thermal pulse (Wood & Zarro 1981) [155]. Decin

et al. 2008 [30] presented observational data that suggested that the present day

mass-loss rate of R Hya is a factor of ≈ 20 lower compare to CE 1770. Moreover, the

detection of an AGB-ISM “bow shock” around R Hya at ≈ 400 ′′ to the west by Ueta

et al. (2006) [140] shows that the detached shell can be explained by a slowing-down

of the stellar wind by surrounding matter.

Following the same structure as used previously in this chapter, the data and

analysis are represented in several 10×10 grids shown in Figures 6.43, 6.44, 6.45, 6.46,

6.47, 6.48, and 6.49: Top panel. In addition, the correlation between the Gaussian

parameters for the 9–12 µm feature are shown in Figure 6.49: Bottom panel. Note

that the central star is located at (6,5) coordinate position. In all six cases the overall

intensity drops off with distance from the central star.

Most of these maps show subtle trends in a SE–NW directions. This is especially

apparent in the F8.2/F12.0 continuum map, where the continuum ratio tends to be low

in the SE (top left) corner, and high in the NW (bottom right) corner. This same

patterns occurs for F9.0/F12.0, F10.0/F8.2, F11.0/F8.2, F13.0/F8.2, F9.0/F10.0. Other maps

do not show clear trend, but show subtle hints of the same structure. For the maps

of the Gaussian parameters we do not see these trends at all, but rather we see the

narrowest features closest to the central star, with a possible slight N-S (horizontal)

extension. The FWHM may also show this same horizontal structure such that the
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feature is narrower in offsets 4 through 6. The SE–NW trend is consistent with a

temperature effect such that the dust to the S-E is cooler than that in the N-W.

It is possible that is structure is attributable to the bow-shock structure discussed

above. However, the consistent pattern across all the monochromatic and flux-ratio-

ed maps together with the very different distributions for the Gaussian parameters

argue against a mineralogical change in the SE–NW direction. Rather, the Gaussian

peak position variations suggest a more classic radial trend in the features with narrow

classic silicates close to the central star and more chaotic mixtures of silicates and

oxides further out. Again this is consistent with support the chaotic grain hypothesis

(ii) together with mantle formation at high densities (iii), as discussed in § 6.2.

Figure 6.43: Spatially resolved dust spectra of R Hya. (Note that the telluric ozone
may not be completely subtracted out and thus there is an artifact at ∼ 9.7µm).
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Figure 6.44: 2-D maps of the spatial distribution of the monochromatic flux intensities
at 8.2, 9.0, 10.0, 11.0, 12.0 and 13.0 µm of R Hya. The flux intensities are plotted in
logarithmic scale. Note that the central star is located at (6,5) coordinate position.

Figure 6.45: 2-D map of the F8.2/F12.0 which is used as a proxy for the underlying
dust continuum of R Hya. The flux ratios are plotted in linear scale. Note that the
central star is located at (6,5) coordinate position.
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Figure 6.46: 2-D maps of the monochromatic continuum-divided observations at 9.0
and 10.0µm for R Hya. The flux ratios are plotted in linear scale. Note that the
central star is located at (6,5) coordinate position.
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Figure 6.47: 2-D maps of the monochromatic continuum-divided observations at 11.0
and 13.0µm for R Hya. The flux ratios are plotted in linear scale. Note that the
central star is located at (6,5) coordinate position.
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Figure 6.48: 2-D maps of the spatial distribution of the flux ratios at 9.0, 10.0, 11.0
and 13.0µm with respect to each other of R Hya. The flux ratios are plotted in linear
scale. Note that the central star is located at (6,5) coordinate position.
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Figure 6.49: Top: 2-D maps of peak position (left) and FWHM (right) of the broad
feature of R Hya. Bottom: Correlation between the peak positions and FWHM of
the broad features of R Hya.
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6.7.6 W Hya

The O-rich semiregular variable W Hya, was classified as infrared spectral class of SE8

by Sloan & Price (1995, 1998) [127, 128], however, this was an automated classification

scheme that clearly misclassified this object. Speck et al. (2000) [131] classified W Hya

in their “broad” AGB group. Following the re-observation of W Hya with ISO SWS,

the infrared spectral classification of W Hya was modified to SE3 by Sloan et al.

(2003) [123] following the same criteria laid down by Sloan & Price (1995) [127].

W Hya has been known for some time to be surrounded by rather dense gas, dust,

and active OH masers (1612 MHz; Etoka et al. 2003) [36]. Wishnow et al. 2010 [153]

even reported presence of two dust shells around W Hya.

Following the same structure as used previously in this chapter, the data and

analysis are represented in several 6×10 grids. Because of the ozone artifact effect

and other obvious artifacts seen in the 10×10 observed grid of spectra in Figure 6.50,

we only consider slice position 4, 5, 6 and 7 for the 10 offset positions for further

analysis. The remaining 6×10 grid maps are shown in Figures 6.51, 6.52, 6.53, 6.54,

6.55, and 6.56: Top panel. Note that the central star is located at (6,5) coordinate

position.

Several of spatial maps shown a SE–NW trend in brightness and flux ratios. This

is particularly apparent in the F8.2/F12.0 continuum map (Figure 6.52) but also shows

up clearly in most of the continuum-divided images, when the continuum is measured

at 12.0µm but not at 8.2µm (see Figures 6.53 and 6.54). For those continuum-divided

images using F8.2 the spatial distribution seems to be more radial from the central

star. This may be related to contamination of the 8.2 µm flux measurements by the

SiO absorption. The SE–NW trend is also seen in the flux-ratio-ed maps especially

for F9.0/F10.0 and F9.0/F11.0. This trend is consistent with a temperature variation

such that the dust in the SE corner is coolest and dust in the NW corner is warmest.

The 2-D map of spatial distribution of the peak positions for the “broad” (9–
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12µm) seems to follow that of the 8.2 µm flux, so that it is radially dependent, with

a longer wavelength peak measured closest to the central star, and the peak position

shifts blue-ward with distance from the central star. This trend is not mimicked in the

spatial distribution of FWHMa. The radial trend in peak position can be interpreted

in two possible scenarios. Following § 6.2 we have suggested that chaotic silicates form,

but those close to the central star get annealed into crystalline grains which would give

rise to redder 9–12 µm features (see Figure 6.2: Right panel). The chaotic silicates

further away do not anneal and therefore look more like classic amorphous silicate

features, following dust formation hypotheses (ii). Alternatively, dust dominated

by amorphous alumina (aluminium oxide) would also have redder 9–12 µm features

than the classic amorphous silicate dust. In this case the data supports the classic

condensation sequence (see Figure 6.2: Left panel). Consequently our maps of W Hya

do not distinguish between the competing dust formation hypotheses (i) and (ii).

Plotting the relationship between the two Gaussian parameters we see two appar-

ent groups (see Figure 6.56: Bottom panel). Previous observations of W Hya have

suggested that it is surrounded by two separate, discrete shells (Wishnow et al. 2010)

[153]. We may be seeing evidence for those separate shells in the separation of the

“broad” feature into two groups. In both cases there is a strong trend of features

becoming narrower when then are bluer (or broader when they are redder). However,

group 1 has an average peak position around 10.5 µm and a wide spread of widths,

whereas group 2 is redder, peaking closer to 11.3 µm but with a narrower range of

widths. The mostly likely scenario to explain the grouping are that the group 2 fea-

tures are due to amorphous alumina alone, whereas the group 1 features represent

mixtures of amorphous alumina and amorphous silicates (see “broad” group model in

Speck et al. 2000) [131]. In this case group 2 represents naked alumina grains close

to the central star, while group 1 are grains where silicates has started to form on

the alumina seeds. However, formation of silicates is never sufficient to completely
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hide the spectral contributions from the underlying alumina. Consequently we sug-

gest that our observations of W Hya support dust formation mechanism (iii), forming

alumina seeds and silicates mantles - but always at low enough temperatures to be

amorphous.

Figure 6.50: Spatially resolved dust spectra of W Hya. (Note that the telluric ozone
may not be completely subtracted out and thus there is an artifact at ∼ 9.7µm).
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Figure 6.51: 2-D maps of the spatial distribution of the monochromatic flux intensities
at 8.2, 9.0, 10.0, 11.0, 12.0 and 13.0 µm of W Hya. The flux intensities are plotted in
logarithmic scale. Note that the central star is located at (6,5) coordinate position.

Figure 6.52: 2-D map of the F8.2/F12.0 which is used as a proxy for the underlying
dust continuum of W Hya. The flux ratios are plotted in linear scale. Note that the
central star is located at (6,5) coordinate position.
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Figure 6.53: 2-D maps of the monochromatic continuum-divided observations at 9.0
and 10.0 µm for W Hya. The flux ratios are plotted in linear scale. Note that the the
central star is located at (6,5) coordinate position.
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Figure 6.54: 2-D maps of the monochromatic continuum-divided observations at 11.0
and 13.0µm for W Hya. The flux ratios are plotted in linear scale. Note that the
central star is located at (6,5) coordinate position.
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Figure 6.55: 2-D maps of the spatial distribution of the flux ratios at 9.0, 10.0, 11.0
and 13.0 µm with respect to each other of W Hya. The flux ratios are plotted in linear
scale. Note that the central star is located at (6,5) coordinate position.
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Figure 6.56: Top: 2-D maps of peak position (left) and FWHM (right) of the broad
feature of W Hya. Bottom: Correlation between the peak positions and FWHM of
the broad features of W Hya.
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6.7.7 RX Boo

The O-rich semiregular variable RX Boo, has been classified as infrared spectral class

of SE3 by Sloan & Price (1995, 1998) [127, 128], and “broad+sil” AGB by Speck et

al. (2000) [131]. RX Boo has been detected to surrounded by water vapor masers

by Winnberg et al. (2008) [152]. They also found an evidence of an incomplete ring

around RX Boo with an inner radius of 91 milliarcseconds (see Figure 6.57), which

may cause spatial asymmetry structure.

Figure 6.57: The central star is surrounded by incomplete ring with maser compo-
nents. Figure taken from Winnberg et al. (2008) [152].

Following the same structure as used previously in this chapter, the data and

analysis are represented in several 10×10 grids shown in Figures 6.58, 6.59, 6.60,

6.61, 6.62, 6.63, and 6.64: Top panel. Note that the central star is located at (8,5)

coordinate position.

Most of the spatial maps do not show any particular patterns. The F8.2/F12.0
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continuum map shows a hint of a SW–NE trend, but it is not very clear. This same

pattern may be present in the flux-ratio-ed map F9.0/F10.0, but otherwise the spatial

distributions of the monochromatic continuum-divided, flux-ratio-ed and gaussian

parameterized data do not show any patterns. Furthermore, their is no correlation

between the peak positions and FWHMa for the “broad” (9–12 µm) as shown in

Figure 6.64: Bottom panel. The apparent SW–NE trend may be related to the shape

of the maser emission ring shown in Figure 6.57. There is a gap on the ring of maser

emission to the SW, which may imply a lower density zone, which would, in turn, lead

to a difference in the radiation field in that direction. However, the lack of similar

structures in most of our maps suggest this is not very important in determining the

spatial distribution of mineralogy of the dust.

Our analysis on RX Boo has not found any discernable patterns in any of the 2-D

maps. Similar with R Aur and R Leo, the features vary significantly but without the

spatial patterns expected from any of the dust formation mechanisms as discussed in

§ 6.2. This again suggests the dust formation may be more turbulent as suggested

by the model (Woitke 2006) [154]. Again the spatial scale is large compared to the

time scale for pulsation (see Table 6.3), which would tend to average out and lose any

spatial dependence that the different dust components may have on the structure of

the dust shell.
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Figure 6.58: Spatially resolved dust spectra of RX Boo. (Note that the telluric ozone
may not be completely subtracted out and thus there is an artifact at ∼ 9.7µm).
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Figure 6.59: 2-D maps of the spatial distribution of the monochromatic flux intensities
at 8.2, 9.0, 10.0, 11.0, 12.0 and 13.0 µm of RX Boo. The flux intensities are plotted in
logarithmic scale. Note that the central star is located at (8,5) coordinate position.

Figure 6.60: 2-D map of the F8.2/F12.0 which is used as a proxy for the underlying
dust continuum of RX Boo. The flux ratios are plotted in linear scale. Note that the
central star is located at (8,5) coordinate position.
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Figure 6.61: 2-D maps of the monochromatic continuum-divided observations at 9.0
and 10.0µm for RX Boo. The flux ratios are plotted in linear scale. Note that the
central star is located at (8,5) coordinate position.
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Figure 6.62: 2-D maps of the monochromatic continuum-divided observations at 11.0
and 13.0µm for RX Boo. The flux ratios are plotted in linear scale. Note that the
central star is located at (8,5) coordinate position.
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Figure 6.63: 2-D maps of the spatial distribution of the flux ratios at 9.0, 10.0, 11.0
and 13.0µm with respect to each other of RX Boo. The flux ratios are plotted in
linear scale. Note that the central star is located at (8,5) coordinate position.
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Figure 6.64: Top: 2-D maps of peak position (left) and FWHM (right) of the broad
feature of RX Boo. Bottom: Correlation between the peak positions and FWHM of
the broad features of RX Boo.
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6.8 Summary & Conclusion

From the spatially resolved data of seven O-rich AGB stars, we see that 3 of them

(RT Vir, SW Vir and R Hya) support both the “chaotic” grain formation hypothesis

(ii) and formation of seed nuclei, followed by mantle growth hypothesis (iii). The

spatial distribution of W Hya do not distinguish between the competing dust for-

mation hypotheses ([i], [ii] & [iii]); it supports all three hypotheses. For the other

3 targets (R Aur, R Leo and RX Boo), their spectral features vary significantly but

without any spatial trend. These results support none of the hypotheses; similar to

what we had predicted for T Cep (see § 5.6). These results suggest that the turbulent

dynamics, pulsation shocks in the dust-forming zones around O-rich AGB stars lead

to inhomogeneous dust formation, producing fine scale structure in the density of the

dust envelope. In this O-rich environment, there are many potential minerals can be

formed but their stability is very sensitive to the precise local conditions (as suggested

by Woitke 2006) [154].

As discussed in § 6.7 and Figure 6.15, one of the limitation of our observation is

that our spatial-resolution is much too low. For future observation purposes, it would

be necessary to obtain spectra of much higher spatial resolution in order to resolve

the finer structure of the dust shell.
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Chapter 7

Effect of composition-temperature-
grainshape on the IR laboratory
spectra of crystalline silicate
minerals

7.1 Introduction

As discussed in § 4.6 that one of the most exciting recent findings in cosmic dust

studies was the discovery of crystalline silicate dust by the ISO SWS. In order to

identify the physical properties (composition, lattice structure, grain size, and shape)

of the dust grains around O-rich AGB stars, we use spectroscopy. We compare spec-

tral feature parameters (i.e. peak positions, widths and amplitudes) of the laboratory

spectra of different dust species to astronomical observations in order to match and

identify the dust species present in space. However, these parameters are signifi-

cantly influenced by three competing factors (composition, temperature and shape of

the dust grains). A change in composition (X) may change the parameters (position,

width or amplitude) of a spectral feature (as also shown in Figure 4.1); a simultaneous

154



change in temperature (T ) and/or grain-shape (ς) could compensate for a composi-

tional change. Consequently there is a degeneracy such that a given spectral feature

may have more than one explanation. This degeneracy problem is exacerbated by

a lack of laboratory data covering all possible physical parameters of the dust. In

this chapter we investigate the degeneracy space created by two competing factors X

and T of dust grains for the simplest predicted crystalline silicate mineral olivine and

propose tools for mapping and breaking this degeneracy.

For future follow up, a proposal had been submitted to University of Missouri

Research Board, in order to extend this 2-D degeneracy study to include the third

dimension (grain shape, ς) and extend it to cover other mineral series (i.e. pyroxenes)

and higher temperatures as well. The summary of the proposed plan will be discussed

in § 7.4.

7.2 Purpose of this work

In order to identify the true dust carrier in the circumstellar environment of O-rich

AGB stars, we need to map the degeneracy space and to determine at what extent

the degeneracy can be broken observationally. One of the advantages of looking at

crystalline, rather than amorphous dust is that the parameters (position, width and

amplitude) of the spectral features are more sensitive to X, T and ς. This allows us

to diagnose such quantities in space.

There are several competing hypotheses related to dust grain formation mecha-

nisms, which predict a variety of dust grain structures and compositions (as discussed

in § 6.2). Observationally, some spectral features have multiple identifications. A

notorious example is the so-called “13µm” feature whose carrier is still not well-

constrained (e.g. Sloan et al. 2003 and reference therein) [123]. Another example

is RX Lac, whose far-IR features have been attributed to two different crystalline
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silicates: diopside (CaMgSi2O6) by Hony et al. (2009) [64] and fayalite (Fe2SiO4) by

Pitman et al. (2010) [114]; as also shown in Figure 4.1, even though both groups used

the same spectroscopic data from ISO. Yet another example is T Cep whose ISO spec-

tral features have been attributed to Fe-rich crystalline silicate by Guha Niyogi et al.

2011 [49], whereas, Van Malderen (2003) [143] interpreted the dust around T Cep as

amorphous and Mg-rich in nature. A more evolved example comes from a planetary

nebula. Analysis of the complete ISO spectrum of NGC 6302 indicates the presence of

the crystalline minerals forsterite (Mg2SiO4) and enstatite (MgSiO3) by Molster et al.

(2001) [97]. But Kemper et al. (2002) [73] found evidence of diopside [CaMg(SiO3)2]

and also suggested that calcite (CaCO3) and dolomite [CaMg(CO3)2] are present.

However, not all of the sharp peaks observed in the astronomical spectrum have

been identified, and carbonates are not expected to form in such environments (e.g.

Ferrarotti & Gail 2005) [40]. Hofmeister et al. (2004) [62] compared the spectral fea-

tures from NGC 6302 to the calcium aluminate minerals, hibonite (CaAl12O19) and

grossite (CaAl4O7), and demonstrated excellent peak correlations up to the spectral

limits of the ISO data. In addition Hofmeister & Bowey (2006) [58] suggested that

hydrous silicates may be present (i.e. lizardite [Mg2.95Fe0.05Si2O5(OH)4] and saponite

[(Na,Ca/2)0.3(Mg,Fe)3(Al,Si)4O10(OH)2.4H2O]).

The discrepancies between the published attributions arise from limiting the pa-

rameter space for the astromineralogical data used in interpretations. That is, spectral

feature parameters depend on physical parameters of the dust (X, T and ς), but it

is difficult to incorporate all these parameters simultaneously. And thus researchers

tend to limit the parameter space considered in any given investigation. In this chap-

ter I’ll present the effect of two parameter space (X, T ) of crystalline olivine minerals

on their IR spectra.
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7.3 Laboratory studies of crystalline silicate spec-

tra

As the various laboratory data sets had been already introduced in § 3.6, now it is

appropriate to discuss their implications. There have been several laboratory stud-

ies on crystalline silicate mineral spectra most of which concentrate on olivines and

pyroxenes. These simple minerals are expected to form in space, based on various

dust condensation models/hypotheses (e.g. Gaustad 1963, Lodders & Fegley 1999)

[43, 87]. In this Chapter, I will mainly use the laboratory data from three groups: 1.

WashU (e.g. Hofmeister et al. 2007, Pitman et al. 2010) [60, 114], 2. Kyoto (e.g.

Chihara et al. 2002, Koike et al. 2003, Koike et al. 2006, Murata et al. 2009, Koike

et al. 2010) [23, 76, 78, 104, 77] and 3. Jena (e.g. Fabian et al. 2001, Jaeger et al.

1998) [37, 69] group.

Furthermore, several groups have investigated the effect of grain shape (ς) on

spectral properties (see Bohren & Huffman 1983, Fabian et al. 2001, Min et al. 2003,

Takigawa et al. 2009) [8, 37, 95, 135].

7.3.1 The effect of composition (X)

The effect of composition (X) on olivine minerals at room temperature have been pub-

lished by all three research groups and provide a large database of spectroscopic in-

formation. Koike et al. (2003) [76] has published a series of opacity (mass absorption

coefficients) measurements at 300K for the olivine series, covering several Fe/[Mg+Fe]

ratios from forsterite (Mg2SiO4, designated as Fo100) to fayalite (Fe2SiO4, designated

as Fo0). A finer grid of compositions across the olivine series at 300K was published

by Pitman et al. (2010) [114] as absorbance (a), which agree well with the Kyoto

data (see Figure 7.1).
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Figure 7.1: Compositional effect on IR spectral features of olivine series members.
Left panel: lab data taken from Koike et al. (2003) [76], Right panel: lab data
taken from Pitman et al. 2010 [114]. The prominent spectral features of the Mg-
endmember are indicated by dashed straight lines. x-axis is wavelength (in µm);
y-axis is absorption in arbitrary units.

The Kyoto group Chihara et al. (2002) [23] has also studied the Fe–Mg pyroxene

sequence at 300 K from enstatite (MgSiO3, designated as En100) to ferrosilite (FeSiO3,

designated as En0); while the WashU group has provided complementary unpublished

data on the same series of minerals1 (see Figure 7.2).

For both olivine and pyroxene minerals, the spectral feature positions shift towards

longer wavelengths as the Fe/[Mg+Fe] ratio increases. However, the trends are not

simply linear and change for the different types of silicates.

1We have a longstanding collaboration with Anne Hofmeister at WashU and can access new
laboratory data through: http://galena.wustl.edu/∼dustspec/info.html

158



5 10 15 20 25 30 35 40 45

En100

En90

En80

En70

En60

En50

En0

m
as

s 
ab

so
rp

tio
n 

co
ef

fic
ie

nt
 in

 a
rb

itr
ar

y 
un

its

wavelength in µm
5 10 15 20 25 30 35 40 45

wavelength in µm

ab
so

rp
tiv

ity
 in

 a
rb

itr
ar

y 
un

its

En1

En12

En40

En55

En99

Figure 7.2: Compositional effect on IR spectral features of pyroxene series. Left
panel: lab data taken from Chihara et al. (2002) [23], Right panel: lab data taken
from Hofmeister et al in prep. [59]. The prominent peak features of En100/En99 are
indicated by dashed straight lines. x-axis is wavelength (in µm); y-axis is absorption
in arbitrary units.
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7.3.2 The effect of temperature (T)

The Kyoto group (Koike et al. 2006) [78] also studied the effect of T (from 8K to

300K) on three family members of the olivine series (Mg2SiO4, Mg1.8Fe0.2SiO4 and

Fe2SiO4), but did not study the T effect for intermediate compositions. They are

shown in Figure 7.3), 7.4 and 7.5 respectively.
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Figure 7.3: Effect of temperature on IR spectral features of the Mg-rich endmember
(Mg2SiO4). The peak positions for 8K-spectrum are indicated by dashed straight
lines. x-axis is wavelength (in µm); y-axis is absorption in arbitrary units.

In case of all three compositions, it is clear that as the T increases, the spec-

tral features shift towards longer wavelength, the width increases and the amplitude

decreases. This effect is very prominent for far-IR (50–100 µm) features.

For the pyroxene series there is less data on the effect of T . Kyoto group (Murata

et al. 2009) [104] published T -effect data only for the Mg-rich endmember pyroxene

(enstatite: MgSiO3, see Figure 7.6).
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Figure 7.4: Effect of temperature on IR spectral features of the Fe-rich endmem-
ber (Mg1.8Fe0.2SiO4). The peak positions for 8K-spectrum are indicated by dashed
straight lines. x-axis is wavelength (in µm); y-axis is absorption in arbitrary units.
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Figure 7.5: Effect of temperature on IR spectral features of the Fe-rich endmember
(Fe2SiO4). The peak positions for 8K-spectrum are indicated by dashed straight
lines. x-axis is wavelength (in µm); y-axis is absorption in arbitrary units.
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Figure 7.6: Effect of temperature on IR spectral features of the Mg-rich endmember
of pyroxene (MgSiO3). The peak positions for 9K-spectrum are indicated by dashed
straight lines. x-axis is wavelength (in µm); y-axis is absorption in arbitrary units.
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7.3.3 The effect of grain shape (ς)

A further complication is the effect of grain shape (ς), Since solid particles in astro-

physical environments are expected to be very irregular in shape, they are difficult to

characterize (as also discussed in § 3.4.2). Traditionally, cosmic dust grains have been

assumed to be spherical for simplicity, however, it is becoming increasingly obvious

that the use of spherical grains leads to unrealistic spectral features (see e.g. Min et

al. 2003, DePew et al. 2006, Hofmeister et al. 2009) [95, 31, 61]. These recent studies

suggest that approximating cosmic dust by continuous distributions of simple shapes

(e.g. ellipsoids [CDE], spheroids [CDS] and hollow spheres [DHS]) may be sufficient.

Consequently we have followed Min et al. 2003 [95] in order to investigate the effect

of ς (for e.g. see Figure 5.14), considering the limiting case of particles very small

compared to the wavelength of radiation (in Rayleigh domain).

However, these investigations require the complex refractive indices for the miner-

als. While the data from the WashU and Kyoto groups provide a good sampling for

compositional effects, as well as adequate sampling for temperature effects, neither

group provides the complex refractive indices or dielectric constants for all composi-

tions or temperatures. As a consequence we cannot use them to analyze the effect of

grain shape on dust spectra. However, complex refractive indices have been produced

by the Jena group (e.g. Jaeger et al. 1998, Fabian et al. 2001) [69, 37] but again,

only for some of the endmember (x= 0 or 1) compositions (e.g. Mg2SiO4, Fe2SiO4,

MgSiO3) and with a limited selection of temperatures.

In addition to these simple grain shape distributions it has been suggested that ς

may depend on the formation conditions (Takigawa et al. 2009) [135]. In this case,

simple shape distributions centered around spherical grains may not be representative.
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7.3.4 Results

In order to investigate the X-T space for the olivine series, we use available/accessible

laboratory spectral data (e.g. Pitman et al. 2010, Koike et al. 2003, Koike et al.

2006) [114, 76, 78]. As an example, we have selected 13 prominent spectral features of

forsterite (Mg2SiO4) mineral in order to study the effect of X-T space simultaneously.

The effect of X and T on two well separated spectral features at mid-IR (at 16 µm)

and far-IR (at 49µm) are shown in Figure 7.7 and Figure 7.8.
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Figure 7.7: Effect of temperature (left panel) & composition (right panel) on 16 µm
feature. x-axis is wavelength (in µm); y-axis is absorption in arbitrary units.

It is clear that the X effect is much stronger for the mid-IR feature (16 µm) and on

the other hand the T effect is much stronger for the far-IR feature (49 µm). However,

49µm feature is absent for some of the intermediate compositions in X space.

After selecting the spectral features for different compositions and at 8 different

temperatures (ranging from 8K to 300K), we determine the three parameters (peak

position, width and amplitude) for each spectral feature by fitting Gaussian function.

We have developed a code based on the principle of nonlinear least squares fitting

in order to fit the Gaussian function not only to the smooth well separated spectral
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Figure 7.8: Effect of temperature (left panel) & composition (right panel) on 49 µm
feature. x-axis is wavelength (in µm); y-axis is absorption in arbitrary units.

features, but also to the noisy spectral features. The code has also been modified for

the double peak feature (e.g. the 10 µm feature of forsterite), in order to measure the

three parameters.

All these extracted parameters are gathered in a database. This database allows

us to study the IR spectral features of crystalline silicate minerals as a combined

function of X, T . The database created by all these spectral features are shown in

Appendix § B (from Table B.1 through B.16).

Figure 7.9 and 7.10 show how each spectral feature parameter (i.e. peak position,

width and amplitude) varies with T and X simultaneously for the 16 & 49 µm features

respectively.

It is clear that different combinations of composition and temperature can lead

to identical spectral feature parameters (see bold faced numbers in Table B.3 and

B.19, note that here we only demonstrating the degeneracy effect of 16 and 49 µm

features), which could be misleading when determining the dust composition and

temperature simultaneously. For the 16 µm (see Table B.3) feature same spectral
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feature parameters (peak position, width) are produced by Mg2SiO4 at 8, 20 and

50K; and for Mg1.8Fe0.2SiO4 the same peak position and width are even produced by

at higher temperatures at 100 and 200 K; and for Fe2SiO4 also same spectral features

parameters are produced at 8 and 20K. For Mg1.11Fe0.89SiO4 at 300K, we see that

the peak is at 17.63µm; whereas, for Fe2SiO4 at 8 and 20K, the peak is at 17.64 µm.

Now if we’re able to extrapolate the data for Mg1.11Fe0.89SiO4 at higher temperature

(≈ 400K), that may coincide with the peak positions of Fe2SiO4 at low temperature.

Thus we see that the degeneracy could be produced by either temperature effect or

compositional effect.

7.4 Proposed work

7.4.1 Development of the tool

We propose to extend our 2-D degeneracy study, to include the third dimension (grain

shape, ς) and extend it to cover other mineral series (i.e. pyroxenes) and higher tem-

peratures. Laboratory spectra are limited to experimental temperatures <300K. This

is due to radiative transfer considerations. Above ∼300K emission from the sample

will become significant and thus the observed transmission spectrum is a superposi-

tion of emission and absorptions. However, in some astrophysical environments we

expect dust to be much hotter than 300 K. And to form crystalline grains we expect

temperatures above 1000K (Tielens 1990, Grossman 1972) [137, 48]. Therefore, we

also propose to extrapolate the T data for olivine series to higher temperatures. In

the case of the olivine series, the T -dependence of the peak positions varies with

wavelength and thus the extrapolation will be applied independently for each feature.

The extrapolation of T space has not been explored before, but it is a necessary step

to consider in order to compare the laboratory data with observational data (further
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discussed in § 7.4.2).

In addition, we also propose to investigate the pyroxene series by applying the

approach developed for the effect of T and X on the olivine series. In this way we

will provide a similar 2-D grid of data for pyroxene variations with X and T . This

will provide a code that will produce synthetic spectra for any Fe–Mg pyroxene X

or T up to 300 K based on data from Kyoto and WashU, which can again be tested

against the data from Jena. For pyroxenes the data available is sparser with cruder

coverage of the X parameter.

We also propose to extend the degeneracy study to include the effect of ς for both

the olivine and pyroxene series based on the approach described in § 3.4 to cover simple

shape distributions. Furthermore, recent experimental studies on the evaporation of

single crystal of forsterite show that this mineral evaporates anisotropically (Takigawa

et al. 2009) [135], which may lead to distinct grain shape distributions which are not

centered around spheres. Therefore we will also include weighted distributions of

spheroids where the weight is centered at prolate and at oblate spheroids to account

for these experimental results.

The final product will be a code which will allow us to specify composition, temper-

ature and grain shape distribution and generate synthetic spectra for olivines and/or

Fe–Mg pyroxenes. Furthermore for each spectral feature we will generate contour

plots of peak positions, widths and amplitude as a function of X, T and ς in order to

allow interpretation of individual observed spectral features.

7.4.2 Application to the astronomical observations

In order to demonstrate the efficacy of this tool, it can be applied to a subset of dusty

astrophysical environments, i.e. O-rich AGB stars. The spectral features of SE1

through SE3 classes (for reference see § 4.6: Figure 4.14) objects can be reanalyzed

(total of 33 objects; SE1: 4, SE2: 17 and SE3: 12).
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To all these objects, we can explore the three physical parameter space (X, T and

ς) to find the best fit spectral parameters (peak position, width, amplitude) with the

observational data. By using our tool, we can generate synthetic spectra of olivine

and/or pyroxene silicates for any value of X or T , and for a range of ς and will be

able to determine how well it works. By comparing the degeneracy spaces generated

for each spectral feature, the X − T − ς space can be reduced and limits can be

placed on the dust grain parameters. This will provide a better understanding of

astromineralogy.

7.5 Conclusion & Future work

The varying combinations of composition, temperature and grain shape of crystalline

silicate minerals can lead to identical spectral feature parameters, which could be

misleading to our understanding of astromineralogy. To break this degeneracy, we

developed a database of composition, temperature on observable spectral features.

We propose to extend this 2-D degeneracy study to include the third dimension

(grain shape) and extend it to cover other mineral series (i.e. pyroxenes) and higher

temperatures as well. This tool can be applied to a subset of dusty astrophysical

environments (i.e. O-rich stars), in order to improve our understanding on astromin-

eralogy.
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Figure 7.9: 3D plots of peak position, width and amplitude as combined function of
composition and temperature of 16 µm feature.
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Figure 7.10: 3D plots of peak position, width and amplitude as combined function of
composition and temperature of 49 µm feature.
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Appendix A

Planck function of blackbody
radiation

A blackbody is an ideal object that absorbs all electromagnetic radiation that falls

on it. No electromagnetic radiation can pass through it or reflect from it. However,

a blackbody emits radiation depending on its temperature (see Figure A.1).

Figure A.1: This plot represents thermal radiation of different objects at different
temperature and how the peak wavelength shifts towards short wavelength as the
temperature of the object increases.

For an ideal blackbody, Planck’s law of blackbody radiation is given by,
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Bλ(T ) =
2hc2

λ5

1

e
hc

λkT − 1
, (A.1)

where, Bλ(T) is energy per unit area per unit wavelength

h is Planck constant (6.626 × 10−34 Js)

k is Boltzmann constant (1.38× 10 −23 JK−1)

c is speed of light (2.997 × 10 8 ms −1)

T is temperature of the blackbody

λ is the wavelength.
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Appendix B

Database of crystalline olivine
minerals

B.1 Database created by crystalline olivine miner-

als as a function of composition and temper-

ature
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Table B.1: Database of crystalline olivine minerals for 10 µm spectral feature.
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Table B.2: Database of crystalline olivine minerals for 11 µm spectral feature.
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Table B.3: Database of crystalline olivine minerals for 16 µm spectral feature.
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Table B.4: Database of crystalline olivine minerals for 19 µm spectral feature.
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Table B.5: Database of crystalline olivine minerals for 21 µm spectral feature.
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Table B.6: Database of crystalline olivine minerals for 23 µm spectral feature.
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Table B.7: Database of crystalline olivine minerals for 26 µm spectral feature.
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Table B.8: Database of crystalline olivine minerals for 27 µm spectral feature.
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Table B.9: Database of crystalline olivine minerals for 31 µm spectral feature.
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Table B.10: Database of crystalline olivine minerals for 33 µm spectral feature.
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Table B.11: Database of crystalline olivine minerals for 35 µm spectral feature.
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Table B.12: Database of crystalline olivine minerals for 38 µm spectral feature.
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Table B.13: Database of crystalline olivine minerals for 49 µm spectral feature.
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Table B.14: Database of crystalline olivine minerals for 53 µm spectral feature.
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Table B.15: Database of crystalline olivine minerals for 69 µm spectral feature.
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Table B.16: Database of crystalline olivine minerals for 72 µm spectral feature.
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K., Schertl, D., Brewer, M. K., Schloerb, F., Efimov, Y. N.,

Shenavrin, V., Yudin, B., Berger, J., Lacasse, M., Millan-

Gabet, R., Monnier, J., Morel, S., Pedretti, E., Traub, W.,

Malanushenko, V., Mennesson, B., and Scholz, M. Spectro-

interferometry of the Mira Star T Cep with the IOTA Interferometer and Com-

parison with Models. Astronomische Nachrichten Supplement 324 (July 2003),

71–+.

[151] Werner, M. W., Roellig, T. L., Low, F. J., Rieke, G. H., Rieke, M.,

Hoffmann, W. F., Young, E., Houck, J. R., Brandl, B., Fazio, G. G.,

Hora, J. L., Gehrz, R. D., Helou, G., Soifer, B. T., Stauffer, J.,

Keene, J., Eisenhardt, P., Gallagher, D., Gautier, T. N., Irace,

W., Lawrence, C. R., Simmons, L., Van Cleve, J. E., Jura, M.,

Wright, E. L., and Cruikshank, D. P. The Spitzer Space Telescope

Mission. The Astrophysical Journal Supplement Series 154 (Sept. 2004), 1–9.

211



[152] Winnberg, A., Engels, D., Brand, J., Baldacci, L., and Walmsley,

C. M. Water vapour masers in long-period variable stars. I. RX Bootis and SV

Pegasi. Astronomy and Astrophysics 482 (May 2008), 831–848.

[153] Wishnow, E. H., Townes, C. H., Walp, B., and Lockwood, S. The

Dust Surrounding W Hydrae. The Astrophysical Journal Letters 712 (Apr.

2010), L135–L138.

[154] Woitke, P. Too little radiation pressure on dust in the winds of oxygen-rich

AGB stars. Astronomy and Astrophysics 460 (Dec. 2006), L9–L12.

[155] Wood, P. R., and Zarro, D. M. Helium-shell flashing in low-mass stars

and period changes in mira variables. Astrophysical Journal 247 (July 1981),

247–256.

[156] Woolf, N. J. Circumstellar Infrared Emission. I the Circumstellar Origin

of Interstellar Dust (review). In Interstellar Dust and Related Topics (1973),

J. M. Greenberg & H. C. van de Hulst, Ed., vol. 52 of IAU Symposium, pp. 485–

+.

[157] Woolf, N. J., and Ney, E. P. Circumstellar Infrared Emission from Cool

Stars. Astrophysical Journal, Letters to the Editor 155 (Mar. 1969), L181+.

[158] Yamamura, I., de Jong, T., Onaka, T., Cami, J., and Waters,

L. B. F. M. Detection of warm SO 2 gas in oxygen-rich AGB stars. As-

tronomy and Astrophysics 341 (Jan. 1999), L9–L12.

[159] Yates, J. A., Richards, A. M. S., Gledhill, T. M., and Bains, I. Is

the Outflow from RT Vir Bipolar or Rotating? In Asymmetrical Planetary

Nebulae II: From Origins to Microstructures (2000), J. H. Kastner, N. Soker, &

S. Rappaport, Ed., vol. 199 of Astronomical Society of the Pacific Conference

Series, pp. 79–+.
212



[160] Zijlstra, A. A., and Bedding, T. R. Period Evolution in Mira Variables.

Journal of the American Association of Variable Star Observers (JAAVSO) 31

(2002), 2–10.

[161] Zijlstra, A. A., Bedding, T. R., Markwick, A. J., Loidl-Gautschy,

R., Tabur, V., Alexander, K. D., Jacob, A. P., Kiss, L. L., Price,

A., Matsuura, M., and Mattei, J. A. Period and chemical evolution of

SC stars. Monthly Notices of the Royal Astronomical Society 352 (July 2004),

325–337.

[162] Zijlstra, A. A., Bedding, T. R., and Mattei, J. A. The evolution of

the Mira variable R Hydrae. Monthly Notices of the Royal Astronomical Society

334 (Aug. 2002), 498–510.

213



VITA

Suklima Guha Niyogi was born on December 10, 1979 in Calcutta, India. Her

parents are Debabrata and Sukriti Guha Niyogi. She attended Calcutta University

and graduated with Bachelor degree in Physics with honors in 2002. She earned

her Masters Degree in Physics (with a specialization in Astronomy) in 2004 from

University of Pune, India. After completing her Masters degree, she joined University

of Missouri to pursue her Ph.D. degree in 2006. She decided to work in Astronomy

with Prof. Angela Speck, and started working in her group from June, 2008. She

received her Ph.D. degree in Physics from University of Missouri in December, 2011.

She is engaged with Rien Dijkstra, who is currently a postdoctoral research fellow

in the Netherlands. Her future plan is to move there with her fiance in early 2012. She

currently accepted a job at an IT company, PW Consulting B.V. in the Netherlands.

214


