Dust around Main-Sequence and Supergiant

Stars

A Thesis submitted for the Degree
of
Doctor of Philosophy of the University of London
by

Roger James Sylvester

UCL
=}

Department of Physics & Astronomy
University College London

University of London

1995



ProQuest Number: 10044337

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10044337
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Abstract

This thesis is a study of the properties of the dust around two rather different types
of star. The first part is concerned with the mid-infrared emission from a sample of
16 M-type supergiants. As well as silicate emission features, seven of the stars showed
the UIR (unidentified infrared) emission bands, associated with carbonaceous material.
According to standard theory, all the carbon in the outflows from these oxygen-rich stars
should be bound up in CO molecules, preventing the formation of carbonaceous dust.
The results were interpreted in terms of a non-equilibrium chemical model, which invoked
chromospheric UV photons to dissociate CQO, allowing carbonaceous material to form, and
to excite the observed UIR-band emission.

The larger part of the thesis considers Vega-excess stars — main sequence stars with
excess infrared emission from circumstellar dust discs.

Photometric and spectroscopic observations were carried out. A number of the stars
displayed excess near-IR emission, indicating the presence of hot material. Mid-infrared
spectroscopy enabled the grain composition to be identified: both silicates and carbona-
ceous species were detected. Millimetre and submillimetre photometry indicated that large
grains are present around many of our sources, implying that significant grain coagulation
has occurred.

Most of the sources were modelled using a radiative transfer code, with disc geome-
try and multiple grain sizes. Two grain materials, astronomical silicate and amorphous
carbon, were considered. Successful fits to the spectral energy distributions at mid-IR
and longer wavelengths were found. The temperatures needed to produce near-IR excess
emission were too high for grains in thermal equilibrium to survive. A model was therefore
developed with very small grains undergoing thermal spiking due to single-photon absorp-
tion, which provided satisfactory fits for the hottest stars; the others had insufficient UV

flux to excite the small grains.
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Chapter 1

Introduction

1.1 Overview

Dust around stars is of great importance, given that the Earth itself is composed of
materials that were once in circumstellar grains, and was formed by the accretion of
circumstellar dust.

This thesis is concerned with circumstellar dust at the beginning and end of its ex-
istence. Dust is formed in the atmospheres of massive, cool stars, and expelled into the
interstellar medium, enriching it with heavy elements. The properties of dust around cool
stars of one particular type, the M supergiants, are the subject of Chapter 2. After a long
sojourn in the interstellar medium, some fraction of the dust ejected by a cool star can be
involved in the condensation of discs around young main-sequence stars, forming larger
grains and, at least in the case of our Solar System, planets. Eventually, solar-type stars
evolve off the main sequence and become red giants. These undergo mass loss, leading to
the formation of new dust, and thus completing the cycle of stellar and dust evolution.
The major part of this thesis deals with observations (Chapter 3) and modelling (Chap-
ters 4-6) of dusty main-sequence stars. Conclusions and possibilities for future work are
presented in the final Chapter.

Observations of the two types of dusty circumstellar environment discussed in this
thesis show that grains of similar chemical composition are present around both cool
supergiants and main-sequence Vega-excess stars.

The discovery, made in the course of this work, of aromatic hydrocarbons in the dust

around both M supergiants and Vega-excess stars provides a further link between the two
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types of object. This discovery was unexpected in the case of the supergiants; for the
Vega-excess systems it is consistent with an interstellar origin for the dust, as well as with

the fact that substantial amounts of carbonaceous material are found in the Solar System.

1.2 Stardust

Astronomical dust was first noticed due to the extinction of starlight. William Herschel
discovered small regions of the sky where the number of stars in a given telescope field-
of-view dropped by around a factor of 10 from the surrounding areas. He interpreted
this phenomenon as being due to an actual absence of stars, an “opening in the heavens”
(Herschel 1785). The detection of structure in the dark regions of various Galactic star-
fields, observed in early photographic surveys (e.g. Barnard 1907), led to the starless
regions being ascribed to obscuration by foreground material.

Trumpler (1930) calculated the distances to a number of open clusters based on two
methods, one geometrical and one based on the luminosities of the stars in the clusters.
The two methods systematically gave different distances, which Trumpler showed to be
evidence for an extinguishing layer in the plane of the Galaxy, indicating that interstellar
extinction was not just confined to the dark nebulae.

The dynamical calculations carried out by Oort (1932) found an upper limit to the

density of interstellar matter of 3 x 10™2! kg m~3.

This strongly suggested that the
extinguishing material was composed of dust grains, since other candidates, such as gas-
phase atoms or free electrons, would have required far more mass to produce the observed
amount of extinction.

Multi-band photometry showed that the amount of extinction was inversely propor-
tional to wavelength in the optical region, implying that the interstellar grains were of size
comparable to the wavelength of visible light (e.g. Hall 1937). This A~! behaviour implies
that blue light will suffer greater extinction than red light, hence the phenomenon of ex-
tinction is also known as reddening. In photometric terms, extinction produces a ‘colour
excess’, where the observed difference in magnitudes between two photometric bands is
greater for a reddened star than would be expected in the absence of extinction.

Observations have shown that the extinction varies with wavelength in a similar fash-

ion for many different lines of sight, and that the colour excess between the B and V
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photometric bands, E(B — V), is proportional to the total extinction in the V band, Ay.
This makes it possible to correct, or ‘deredden’, the observed spectral energy distribution
of a reddened star if its expected (B — V') colour is known, a technique which is exploited
in Chapter 3.

Extinction comprises two components: absorption, where incident light is converted
into internal energy (i.e. heat) within a grain, and scattering, where the light is deviated
from its original path by processes analogous to refraction and diffraction. For grains
substantially larger than the wavelength of interest, geometrical optics and diffraction can
be used to determine the scattering and absorption properties of the grain, but for grains of
size comparable to the wavelength, geometrical optics do not predict the observed results,
and a more sophisticated treatment of the interaction of electromagnetic radiation with
small particles, known as Mie theory, must be used (see e.g. Bohren & Huffman 1983).

Scattering makes it possible to observe dust directly, in the form of reflection nebulae,
such as the well-known nebulosity around the star Merope in the Pleiades. Reflection
nebulae are typically bluish in colour, as would be expected given that light of shorter
wavelengths is scattered more efficiently than longer-wavelength light. Reflection nebu-
lae and reddened starlight are often found to be polarised, indicating that a substantial
fraction of interstellar grains are elongated, rather than spherical, and are aligned by the
magnetic field of the Galaxy.

The principle of conservation of energy tells us that grains which absorb light will
undergo an increase in temperature. Absorbing grains will therefore emit radiation, with
a spectral energy distribution (SED) which depends on the grain temperature. Solid
materials evaporate at temperatures around 1500 K, so the SED of the emission from dust
grains (treated as blackbodies) must peak at wavelengths longer than about 2 um. Most

of the energy radiated by grains will therefore lie in the infrared spectral region.

1.3 Infrared and Submillimetre Astronomy

Infrared radiation was discovered by W. Herschel in 1800, who found that a thermometer
placed just beyond the red end of a spectrum of the Sun showed an increase in temperature
compared with a reference thermometer located some distance away from the spectrum.

In an elegant series of experiments, he went on to show that the heat-producing rays
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could be reflected and refracted in the same way as visible light, and that the rays from
hot terrestrial objects, such as stoves and hot pokers, were of the same nature as the solar
rays.

A lack of sensitive detectors limited astronomical infrared observations to the Sun,
Moon and some of the brighter stars until the mid-20th century, when devices such as
lead sulphide photo-resistors and germanium-gallium bolometers became available.

The infrared (IR) spectral region is generally taken to extend from approximately
1 um to 400 pm (the region immediately shortwards of 1 ym is sometimes known as
the photographic IR or the ‘far-red’). Based on the techniques used for observing, the
IR can be subdivided into three wavelength regions: the near-, mid- and far-IR, with
approximate wavelength coverages of 1-5, 5-40 and 40-400 um respectively. Near- and
mid-IR observations can be made from ground-based observatories, while atmospheric
absorption leads to the far-IR being only accessible to high-altitude aircraft, balloons or
satellites.

Even within the near- and mid-IR, the atmosphere is opaque at some wavelengths, due
mainly to absorption by CO; and water molecules, giving a set of discrete atmospheric
‘windows’ through which observations are possible. The J, H, K, L, M, photometric bands
were chosen to lie within the near-IR windows, and the wavelengths in Table 3.3 give an
indication of the central wavelengths of the windows. The two main mid-IR windows lie
at approximately 7-13 and 17-25 um, and are known as the 10-um (N) and 20-um (Q)
windows.

The millimetre and sub-millimetre wavelength region, which lies at approximately
0.4-2 mm, is also divided into a number of atmospheric windows, to which the filter
band-passes used for photometry have been matched (see e.g. Matthews 1993).

In the mid-IR and (sub)mm regions, the sky is several orders of magnitude brighter
than typical astronomical sources. To overcome this, the techniques of chopping and
nodding are employed (see e.g. Allen 1975) to cancel the foreground sky emission by
subtracting the flux due to a nearby patch of sky.

As mentioned above, warm dust will radiate in the infrared. If a star surrounded by
dust is observed in the IR, it will therefore be found to emit more radiation than would

be expected from the photosphere alone, i.e. it would display an ‘infrared excess’.
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1.4 Circumstellar Dust

Just as for interstellar dust, circumstellar dust was first detected in absorption. The
hydrogen-poor carbon star R Coronae Borealis was long known to exhibit variations in
brightness of up to 9 magnitudes, with no discernible periodicity. The variations take the
form of transient events where the star becomes fainter, before returning to its usual mag-
nitude. During these events, the optical spectrum of the star does not change, suggesting
that the variation is not caused by changes in the star’s photosphere, but is due to some
obscuring material entering the line of sight to the star. The lack of periodicity ruled
out an Algol-type behaviour, where a fainter binary companion eclipses the brighter star.
Loreta (1934) and O’Keefe (1939) proposed that the events were due to graphitic grains
condensing in the atmosphere of the star.

With the advent of sensitive IR instruments, observers were able to detect excess IR
emission from a number of stars (see e.g. Gillett et al. 1968, Woolf & Ney 1969), including
R CrB (Stein et al. 1969). The stars which showed excess IR emission were cool giants
and supergiants, such as Betelgeuse, Mira and pu Cephei.

Spectroscopy in the 10-um region showed that oxygen-rich stars displayed an emission
feature that resembled that of the silicate mineral olivine ([Mg,Fe]2SiO4), while carbon
stars did not show this feature (e.g. Woolf & Ney 1969). Gilman (1969) showed, on the
basis of molecular equilibrium calculations, that O-rich stars would indeed be expected to
produce silicate dust, while C-rich stars would produce carbon and silicon carbide dust.
This is because the highly stable CO molecule forms in preference to any other molecule,
until all of the less-abundant of carbon and oxygen is bound up into CO, leaving only the
more-abundant species to form dust.

The first exception to the rule that O-rich and C-rich dust cannot form together around
a single star came with the observations of Nova Cen 1986, where silicate emission and
the so-called Unidentified Infrared (UIR) bands, ascribed to carbonaceous media, were
detected contemporaneously in mid-IR spectra (Bode 1989, Smith et al. 1994). Smith et
al. suggested that this could come about if there were inhomogeneities in the outflow, with
abundance gradients in the gaseous outflow leading to C-rich and O-rich dust condensing
in spatially distinct regions, such as shells or clumps. A more widespread occurrence
of this phenomenon is detailed in Chapter 2, where the mid-IR spectra of a number of

oxygen-rich cool supergiants are shown to display both silicate and UIR-band emission.

17



Due to their high dust mass-loss rates, typically 10-1°-10-¢ Mgyr~! (Justtanont &
Tielens 1991), cool evolved stars are important sources of dust and heavy elements for the
interstellar medium (see e.g. Bode 1988). Combined with their high luminosities, large
mass-loss rates from oxygen rich giants and supergiants mean they can have strong silicate
features, which can be observed with high signal-to-noise, and the feature profiles used in
modelling other objects.

At the other end of the stellar evolution process lie the pre-main sequence stars, another
type of dusty star. T Tauri stars, the precursors of solar-mass main sequence stars, and
Herbig Ae/Be stars, their intermediate mass counterparts, display large infrared excesses,
believed to be due to discs or envelopes of circumstellar dust (see e.g. Rydgren 1978,
Hillenbrand et al. 1992). Unlike the cool giants and supergiants, pre-main sequence stars
do not produce dust, but are surrounded by dust from the molecular clouds in which they

form.

1.5 Vega-Excess Stars

1.5.1 The Prototypes

Vega (a Lyrae) is a bright (zero-magnitude) photometric standard star, and so was a
natural choice to be one of the reference stars used in the IRAS mission. At wavelengths
longer than a few microns, this star was expected to emit like the Rayleigh-Jeans portion
of a blackbody spectrum.

Special slow-scan observations were made by IRAS to determine accurate fluxes of Vega
at 12, 25, 60 and 100 um, as part of the effort to calibrate the satellite’s detectors. Much
to their surprise, the IRAS Science Team found that although Vega gave good agreement
with the predicted flux at 12 pum, the observed fluxes at 25, 60, and 100 um were in excess
of the predicted values by factors of 1.3, 7, and 16 respectively (Aumann et al. 1984).

Aumann et al. (1984) found that the diameter of the region emitting at 60 pm was
approximately 20 arcsec, and that an 85-K blackbody gave a reasonable fit to the spectral
energy distribution of the excess emission. They deduced that the best explanation for
the IR excess was emission from a shell or ring of solid particles of radius ~1 mm, located
some 85 AU from the star, and they discussed four alternative explanations for the origin

of the dust: (1) it is continuously produced by mass loss from a Lyr; (2) it was produced
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in the past by mass loss in a process which has subsequently ceased; (3) the dust grains
were captured from the interstellar medium; and (4) the dust is left over from the original
cloud of gas and dust from which the star was formed.

The first possibility could be discounted because there is no observational evidence for
mass loss from Vega, and the upper limit of 1072 Mg yr~! (quoted by Aumann et al.) is
lower than the rate required to produce enough dust to explain the observed excess flux.
The second and third possibilities would imply quite small grain sizes ( < 0.54m), typical
of dust in the interstellar medium (ISM) and in the outflows of mass-losing stars. Such
grains would rapidly be ejected from the environs of a Lyr by radiation pressure (Aumann
et al. 1984). ISM-size grains also emit inefficiently at IR wavelengths, and so would be
hotter than larger grains for a given distance from the star (Chapter 4). Backman &
Paresce (1993) have shown that if ISM grains around Vega were producing the observed
IR excess emission, the apparent diameter of the dust shell would be almost 2000 arcsec.
The remaining possibility is therefore that the dust formed in the cloud from which the
star was formed.

During the IRAS mission, three other bright stars were found to display excess infrared
emission: a PsA (Fomalhaut), ¢ Eri, and g Pic. Additional (pointed) observations were
made with TRAS to obtain accurate photometry of all four stars (Gillett 1986). As well
as Vega, Fomalhaut and § Pic were resolved by IRAS. The four stars are taken as the
prototypes of the class of Vega-excess stars.

The energy distributions of the excess emission from the four stars are qualitatively
similar, with the notable exception that 3 Pic shows significant excess emission at 12 pym,
unlike the other three sources. The 25-100um fluxes of all four stars can be reasonably
well fitted with blackbodies of temperatures ~100 K (e.g. Walker & Wolstencroft 1988),
but the § Pic 12-um flux is greater than that of the combination of stellar flux and cool
blackbody, indicating the presence of dust at higher temperatures.

The fall-off in excess emission towards shorter wavelengths implies the presence of
relatively dust-free regions close to the Vega-excess stars, with (model-dependent) sizes
similar to the orbits of planets in the Solar System (e.g. Gillett 1986).

The fractional excess luminosity, Ligr/L, of the four prototypes are in the range ~
1075-1073, with 3 Pic having the largest value, compared with ~ 10~7 estimated for the

zodiacal dust in the inner solar system (Backman & Gillett 1987, Backman & Paresce
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1993). However, Backman & Paresce show that the Sun could have a dust cloud similar
to that of Vega without it being detected ‘from inside’ by IRAS.

Observations of the prototype Vega-excess stars were soon made at longer wavelengths.
Harper et al. (1984) showed that the flux of Vega at 193 um was significantly lower than
that expected for an 85 K blackbody which fits the IRAS 25-100 um data.

Becklin & Zuckerman (1990, also Zuckerman & Becklin 1993) and Chini et al. (1990,
1991) observed the four prototypes at wavelengths between 0.8 and 1.3 mm, and found
that the mm-wave flux of Vega and § Pic (but possibly not Fomalhaut) were also below
the extrapolated blackbody fluxes. These observations suggest that the dust around Vega
and f Pic is dominated by grains smaller than 1 mm radius, in contrast to the grain size
originally postulated for Vega by Aumann et al. (1984). However, Zuckerman & Becklin
noted that the emission could nevertheless be due to mm-size grains with low emissivity
at long wavelengths.

The difficulties of submillimetre astronomy manifest themselves in the apparent in-
consistencies between the sub-mm fluxes measured by the Zuckerman and Chini groups
(acknowledged by both authors), and in the spurious detection of an extended disc-like
structure around Fomalhaut (Stern et al. 1994a), which was subsequently retracted (Stern

et al. 1994b).

1.5.2 3 Pictoris

An extended disc-like structure unquestionably has been detected about the A5V star
0 Pictoris. Soon after the discovery of the 8 Pic IR excess was announced, Smith & Terrile
(1984) observed g Pic at 0.89 um with a coronagraph designed to observe satellites around
bright planets. They found an edge-on disc visible in scattered light, which extended out
to at least 400 AU from the star. Further observations with coronagraphs (Paresce &
Burrows 1987, Golimowski et al. 1992) and with an anti-blooming CCD (Lecavelier des
Etangs et al. 1992) were able to observe the disc down to approximately 30 AU from the
star, and detected a change in the surface brightness gradient at about 80 AU. This change
is in agreement with the predictions of models by Backman et al. (1992).

The 3 Pic disc has also been spatially resolved in the mid-infrared. Telesco et al. (1988)
used a 20-element bolometer array to observe 3 Pic at 10.8 and 19.2 um, with a resolution

of approximately 5 arcsec. The emission from the star was centred on one pixel, and it was
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found that for 3 Pic, a greater amount of the total flux was observed by the surrounding
pixels than in the case of the point-source calibrator star. The emission was not distributed
evenly among these pixels, but was located in an elongated structure, oriented with a
position angle in good agreement with that of the optically imaged scattering disc. This
demonstrated that the material responsible for the excess emission detected by IRAS is
related to the material visible in scattered light.

Lagage & Pantin (1994a) used a more sophisticated 64x64 pixel mid-IR camera, with
sub-arcsecond resolution, and a broad-band 10.5-13 um filter. Their image clearly shows
the edge-on disc, which extended to at least 4 arcsec from the star and was found to be
asymmetric. The asymmetry appears to be a real feature of the disc, not an artifact of the
data reduction. From their data, Lagage & Pantin inferred a partially-cleared zone in the
innermost 30 AU of the disc, and discussed an explanation in terms of the gravitational
effects of a planet orbiting the star.

The mid-infrared emission from S Pic has also been studied spectroscopically. Spec-
trophotometry at four wavelengths by Telesco & Knacke (1991) showed evidence for a
10-pm silicate feature in the # Pic emission, which was confirmed in medium-resolution
spectra obtained by Aitken et al. (1993) and Knacke et al. (1993). Both groups found that
the silicate feature was rather broad, and clearly different from those of massive cool stars
such as u Cep, but that the silicate features found in the spectra of some comets did give
a good fit to the 3 Pic spectrum. Knacke et al. (1993) inferred from this that the § Pic
dust is not composed of unaltered interstellar grains, but that the grains have undergone
substantial processing in the § Pic system, and were possibly formed in the disc from the
fragmentation of larger bodies, such as comets or asteroids.

As well as the dust seen in scattering and emission, substantial quantities of gas have
been detected in absorption around 3 Pic, whereas for Vega, Fomalhaut and ¢ Eri, no gas
has yet been detected (see e.g. Lagrange-Henri 1995). In fact, circumstellar gas had been
detected in IUE ultraviolet spectra of § Pic, causing it to be classified as a shell star, before
it was known to have an infrared excess (Slettebak & Carpenter 1983). Several different
elements have been detected in the CS lines, in neutral and ionised states: iron, carbon,
magnesium, calcium and aluminium (see Lagrange-Henri 1995 for a recent review).

There are two types of component contributing to the circumstellar lines: a stable

component, centred on the heliocentric velocity of the star, and variable components,
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with time-scales sometimes as short as a few hours, and velocities of up to several hundred
km s71.
the CS lines lies mainly within 1 AU of the star (Hobbs et al. 1988) and so may not be
related to the dust disc, which has an inner radius that is probably of the order of 10 AU

(Backman & Paresce 1993).

Observations of the stable component have shown that the gas giving rise to

The strong variable components are always red-shifted with respect to the stable com-
ponent, implying that the absorbing gas is falling in towards the star; some blue-shifted
features have been observed, but they are always much weaker than the red-shifted features
(Beust et al. 1994). The variable features have been attributed to material evaporating
from comets falling in towards the star (Lagrange et al. 1987).

In along series of papers, Beust et al. (1994 and references therein) have developed the
cometary hypothesis further with detailed modelling of the dynamics of ionised material
released from a comet nucleus. The comets are modelled as moving towards the star on
near-parabolic orbits, a few tens of stellar radii from the star. As a mass of such material
passes into the line of sight, it produces a transient, red-shifted absorption feature, which

closely matches the observed spectral features.

1.5.3 Other sources

After the discovery of the prototype Vega-excess stars, a number of searches were made of
the IRAS data for stars with infrared excesses. Aumann (1985) searched the IRAS Point
Source Catalog (PSC) for sources positionally associated with main-sequence stars within
25 pc and situated at least 10° from the Galactic plane. He found 12 stars that fitted
these criteria and had a 60-um excess such that [12]—[60]> 1.0 (square brackets indicate
magnitude at a given wavelength). This set of twelve stars, which included the four
prototypes, contained six A-type stars, and no double or multiple stars. The seemingly
high proportion of A stars was recognised as a luminosity selection effect.

Sadakane & Nishida (1986) took the Bright Star Catalogue (Hoffleit 1982) as their
starting point, and found a further 12 IRAS PSC stars which satisfied Aumann’s criteria
for 60-pum excess and Galactic latitude. Again, the sample was dominated by A-type stars,
but Sadakane & Nishida found several binary stars with IR excess, demonstrating that
binarity is not an obstacle to the existence of a Vega-excess dust cloud.

One of the stars in Sadakane & Nishida’s list was A Boo, which is known to be metal-
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deficient. This, together with the discovery that Vega itself is slightly metal-deficient, led
Venn & Lambert (1990) to suggest that such metal deficiency was due to the accretion of
(metal-depleted) circumstellar gas, while the metal elements, in the form of dust grains,
remain in orbit around the star.

Walker & Wolstencroft (1988) and Stencel & Backman (1991) both produced useful
lists of stars with infrared excesses; these lists formed the basis of the sample of Vega-excess
stars studied in this thesis, and are discussed in some detail below. Backman & Paresce
(1993), as part of their extensive review of the “Vega Phenomenon”, compiled a ‘master
list’ from the published lists of known Vega-excess stars. None of these more recently-
discovered Vega-excess stars have received as much attention as 3 Pic, but observations
have been made of a number of them after they were recognised as Vega-excess stars.

51 Oph, optically classified as a Be star, has a large infrared excess, which extends
to wavelengths as short as 2.2 um (Waters et al. 1988), implying the presence of hotter
dust than that around S Pic. Narrow-band (6A =1 um) photometry in the 10-um spectral
region (Fajardo-Acosta et al. 1993) showed a prominent silicate emission feature, similar
to that of 8 Pic.

Ultraviolet spectra (Grady et al. 1991) of 51 Oph showed variable absorption features,
interpreted as due to infalling material. This suggests that the 51 Oph disc, like that of
B Pic, is seen edge-on. Observations with the same infrared camera used to image the
B Pic disc (Lagage & Pantin 1994b) found that the 10-um emission from 51 Oph was
unresolved (FWHM 1 arcsec), implying that the dust seen at 10 pum lies within roughly
70 pc of the star, a result consistent with the observed size of the (less distant) 8 Pic disc
at 10 um (Lagage & Pantin 1994a).

SAO 179815 (HD 98800) was observed by Skinner et al. (1992) with the mid-IR spec-
trometer CGS3, and was found to have a broad silicate feature, the first such feature in
a Vega-excess spectrum to be fully resolved, rather than just detected by narrow-band
photometry. Using radiative-transfer modelling, Skinner et al. determined some of the
physical parameters of the disc, and showed that SAO 179815 could be detected at mm
wavelengths. These observations aroused considerable interest in this star, and new op-
tical observations were made of it. Fekel & Bopp (1993) demonstrated the youth of the
star from the presence of strong lithium lines, rotational broadening and Ha emission.

Fekel and Bopp attributed the Ha profile to a high level of chromospheric activity, and
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predicted that SAO 179815 is variable with an amplitude of at least 1 magnitude at visible
wavelengths, due to emission from star-spots, modulated by the rotational period of the
star. Time-series photometry by Henry & Hall (1994) showed that SAO 179815 is indeed
variable, with a period of 14.740.2 days, and an amplitude of 0.07 mag. SAO 179815 was
also imaged at 10 um (Lagage & Pantin 1994b), and was found to be unresolved compared
to the 1 arcsec point-spread function.

A large number of Vega-excess candidates (approximately 100) were observed by Smith
et al. (1992), using a coronagraph. The result of this survey was that no discs were detected
in scattered light — S Pic is still unique in this regard. The possible explanations and
implications of this result are discussed in the review by Lagrange-Henri (1995).

Another survey was undertaken by Zuckerman et al. (1995), who observed 30 candi-
date Vega-excess stars to search for CO emission, in order to determine the amounts of
circumstellar gas around these stars. A number of the stars observed by Zuckerman et al.
are members of the sample selected for this thesis, observations and models of which are
described in Chapters 3-6. From their estimates of the gas masses and ages of the stars,
Zuckerman et al. claimed that the gas dissipates rapidly enough to inhibit the formation of
Jupiter-like planets, unless they form with a shorter time-scale than predicted by present

theories.

1.6 Evolutionary Status of Vega-excess Systems

As soon as the dust around Vega was discovered, it was discussed in terms of planetary
systems. Aumann et al. (1984) pointed out that the age of Vega (3 x 10® years) is less
than that of the Solar System (4.5 x 10° yr), and is bracketed by the time scale of active
planetary formation (107-10° yr). They suggested that the disc around Vega is in an
intermediate stage between the final phases of star formation and the present state of the
solar system.

T Tauri stars, the precursors of main-sequence solar-like stars, have massive circum-
stellar discs, as can be inferred from their SEDs (e.g. Strom et al. 1989). Some T Tauri
discs have been directly imaged at mm wavelengths (e.g. Sargent & Beckwith 1987) and
display evidence for Keplerian rotation (e.g. Skrutskie et al. 1993). Herbig Ae/Be stars,

the intermediate-mass counterparts of T Tauris, show large infrared excesses, similar to
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those of T Tauris. The spectral energy distributions of some Herbig Ae/Be stars are in-
terpreted as implying that the excess emission arises from a combination of a disc and a
surrounding envelope (e.g. Hillenbrand et al. 1992). There is evidence for evolution oc-
curring in the circumstellar environments of T Tauri stars, with the disc mass and optical
depth decreasing with time; this progression can be traced backwards in time to include
optically invisible protostellar objects (André & Montmerle 1994), which form from the
collapse of molecular cloud cores. Extrapolating the disc-dissipation process forwards in
time should lead to main-sequence stars with smaller amounts of circumstellar dust, and
most of the solid material either accreted on to the star, expelled from the system, or
bound up into planets.

Among the Vega-excess sources, § Pic is younger than Vega (100 and 400 Myr re-
spectively; Backman & Paresce 1993. Heap et al. 1995 suggest that 8 Pic may be even
younger), and has a larger infrared excess. It is tempting to ascribe this to disc clearing
with time, but the possibility cannot be excluded that 8 Pic’s circumstellar environment
had a higher initial dust mass. SAO 179815 has an infrared excess larger than that of 3 Pic,
and is considerably younger (<10 Myr; Fekel & Bopp 1993), lending weight to the suppo-
sition that younger Vega-excess stars have more substantial discs, however, SAO 179815
is a K star, and so has no evolutionary link with Vega or 8 Pic, which are both A-type
stars.

A number of authors have suggested that planets are present in Vega-excess systems.
Smith & Terrile (1984) proposed that the 8 Pic disc is associated with planet formation.
Given the youth of the star, any planetary formation would either be still occurring, or
recently-completed. Weissman (1984) noted that the lack of dust hotter than approxi-
mately 85 K in the Vega system could indicate that the inner part of the disc had been
swept clear of dust by an orbiting planet. Backman et al. (1992) tentatively suggested
that a “large object” orbiting B Pic could be responsible for the clearing particles from
the innermost part of the disc, while Lagage & Pantin (1994a) interpreted their mid-IR
image of 3 Pic (mentioned above) as indicating the possible presence of at least one planet
in orbit around the star. Beust et al. (1991) suggested that perturbations due to a planet
on an eccentric orbit around # Pic are responsible for the star-grazing comets suggested
to be causing the variable absorption features seen in 3 Pic’s spectrum.

As well as the evolutionary status of the Vega-excess discs themselves, one can also
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consider the status of the individual dust grains. As mentioned above, spatially-resolved
observations show that the grains are not products of mass-loss from the Vega-excess stars,
nor are they unaltered interstellar grains. The two remaining possibilities are that the
grains are remnants of the star-formation process, i.e. that they formed (by agglomeration
of interstellar grains) in the molecular cloud in which the star formed; or that they are
fragments of larger bodies, such as asteroids or comets, and are liberated from these parent
bodies in collisions. The two scenarios are similar in that they both involve accretion from
small ISM grains, but the second scenario requires the accretion process to go further,
with the formation of large objects.

Unless they are very numerous, asteroid- or comet-sized bodies would be very difficult
to detect compared with grains, since grains have a much higher surface area per unit
mass, so the two scenarios would probably appear identical to the observer. However,
time-dependent processes, as discussed by Backman & Paresce 1993 and Zuckerman &
Becklin (1993), allow the two possibilities to be distinguished in principle. Detection
of the silicate emission feature from the 8 Pic dust (Telesco & Knacke 1991, Aitken et
al. 1993) and spatially-resolved IRAS observations (e.g. Gillett 1986) show that micron-
sized grains are present in the discs of Vega-excess stars. Such particles would rapidly be
removed by radiation pressure ‘blowout’ and Poynting-Robertson drag. They could also
be eroded by dust grains in the ISM (Lissauer & Griffith 1989) on time scales shorter
than main-sequence stellar lifetimes. It therefore seems clear that the grains observed in
Vega-excess discs are short-lived, and therefore not merely remnants of the star-formation
process, but must be replenished during the stellar lifetimes, unless the stars are very
young.

In view of the importance of Vega-excess stars as possible sites of planetary formation,
and as an important stage in the postulated stellar evolutionary sequence that begins with
collapsing molecular cloud cores and progresses via the T Tauri and Herbig Ae/Be phases
towards main-sequence stars, it was decided to undertake a major study of Vega-excess
stars. This programme, comprising multi-waveband observations and modelling, forms
the major part of this thesis.

The overall aims of the project were to confirm the circumstellar nature of the excess
emission, and determine the physical parameters of the discs, such as their dimensions

and density distributions and the composition and sizes of the dust grains.
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1.6.1 Target Selection

In selecting candidate Vega-excess systems to observe, the overall aim was to define a set
of objects for which the nature and physical parameters of the discs could be observa-
tionally determined. In practice, this required selection of those sources with the greatest
amounts of excess emission, in order that they could be detected over a wide range of
wavelengths, especially the submillimetre region, to look for evidence of large grains, and
so that reasonable signal-to-noise infrared spectra could be obtained.

We excluded the four ‘prototype’ Vega-excess stars, a Lyr (Vega), B Pic, a PsA (Foma-
lhaut) and ¢ Eri, because they had already been observed in the sub-mm region (Becklin
& Zuckerman 1990, Chini et al. 1990, 1991). 8 Pic, the only prototype with an excess at
12 pm, is too far south to be observed from UKIRT.

Several authors have published lists of Vega-excess candidates, e.g. Aumann et al
(1984), Aumann (1985), Gillett (1986), Sadakane & Nishida (1986) Stencel & Backman
(1990). One of the most useful was found to be that of Walker & Wolstencroft (1988),

who selected objects from the IRAS Point Source Catalog using the following criteria:
1. They must be associated by the IRAS processing with the SAO catalogue

2. They must have ratios of 60um/100um flux densities (in Janskys) similar to those of
the prototypes, i.e. between 0.8 and 2.0 (corresponding to a blackbody temperature
range of 60K to 150K).

3. There must be evidence that the objects are extended in one or more IRAS bands

(determined from the IRAS Working Survey Database).

Objects were relegated to a secondary list (‘Section B’) if their spectral classification
contained an “e”, denoting the presence of emission lines, if they had a binary companion,
or if they had spectral classes indicating they were late-type giants or supergiants.

We selected all nine of the primary (‘Section A’) candidates (SAO 26804, 77144, 112630,
147886, 183956, 184124, 186777, 206462, 226057), and three (SAO 179815, 140789 and
183986) from the secondary list. The remaining sources were rejected either because
they were M stars or cool giants/supergiants, and so were likely to be losing mass and
producing dust of their own, or they were too far south to be observable from Mauna Kea.

SAO 87856, another Section B star, was also initially in our source list, but a literature
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search showed that it had an M-type companion (see e.g. Lee 1970, Bidelman 1988).
Optical and near-infrared photometry in the literature (Lee 1970) showed that the M star
dominates the infrared spectral energy distribution of the system, so this source too was
rejected.

We also selected one star, SAO 208591, from the Walker & Wolstencroft list of asso-
ciations with the Gliese (1969) catalogue which met the first two criteria, but were not
required to show extension. SAO 208591 is the only star in that list which showed a large
excess in the IRAS bands.

Stencel & Backman (1991) published the results of a survey for infrared excess emission
in a flux-limited sample of stars, which was not limited to main-sequence stars, but also

included evolved stars. They required that stars meet the following criteria:

1. They must have a measured flux density at 12 um, and in one or more of the longer-

wavelength bands.
2. They must have a high galactic latitude, |b] > 25°

3. The IRAS source must be positionally associated with an SAO star of spectral type
B-M.

4. they must show excess emission in at least one of the IRAS 25, 60 or 100 pm bands,
compared with the 12um band flux. The 12um flux was (conservatively) assumed

to be photospheric in origin.

This produced 379 stars with excess emission, out of a total of 5706 stars which satisfied
criteria 1-3 above.

Seven of these stars, with spectral types B-K and luminosity class V (if known) were
selected for ground-based observation (SAO 75532, 91022, 93601, 111388, 131926, 140845,
158350). They were chosen to have sufficient 100xm flux to be good candidates for suc-
cessful JCMT observations.

Three stars not listed by Walker & Wolstencroft or Stencel & Backman were also
included. HR 890 (SAO 23763) and HR 2522 (SAO 151962) are included in Backman &
Paresce’s (1993) list of main-sequence Bright Star Catalog stars having infrared excesses,
while 51 Oph had been suggested to be a Vega-excess star by Waters, Coté & Geballe
(1988).
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Chapter 2

Dust Emission from M-type

Supergiants

2.1 Introduction

M supergiants are bright (L ~ 10°Lg), cool (Teg ~ 3000K) stars. They deserve the
supergiant appellation, having radii typically ~ 103Rg, equivalent to approximately 5 AU.
Their masses lie in range 10-60 Mg(Allen 1973, Maeder 1981, Jura & Kleinmann 1990).
Such large radii imply very low surface gravities, log g = 0.2, which give rise to highly
extended stellar atmospheres, that are susceptible to instabilities and mass loss. It is
therefore no surprise that M supergiants are generally variable — in fact, of the sixteen
stars studied in this chapter, fifteen have variable-star designations. They are typically
semi-regular variables with periods of 100-1000 days.

Red supergiants are a post-main-sequence stage in the evolution of massive stars. A
main-sequence O star, of initial mass roughly 15-60 Mg, after exhaustion of its core
hydrogen, expands rapidly at nearly constant luminosity, crossing the ‘Hertzsprung Gap’
in the HR diagram and becoming a cool supergiant. After exhaustion of the core helium,
the star heats up, and may pass through the Wolf-Rayet stage before ending its life as a
Type II supernova (see Chiosi and Maeder 1986 for a detailed discussion of the evolution
of massive stars).

They undergo significant mass loss, as demonstrated by such phenomena as blue-shifted
optical absorption lines, sub-millimetre lines due to CO gas, and excess infrared emission

due to circumstellar dust. Many also show maser emission from molecules such as OH
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H;0. Some, such as a Ori, are also known to have chromospheres, as evidenced by the
presence of ultraviolet emission lines, e.g. the Mg 11 h and k doublet at A ~2800 A (e.g.
Kondo et al 1972).

According to the standard scenario for dust grain formation around cool stars (e.g.
Gilman 1969), the great stability of gaseous CO should lead to the less abundant of the
elements carbon and oxygen being locked up by that molecule, so that only oxygen-rich
grains should form in environments where C/0O<1, by number, while only carbon-rich
grains should condense when C/O>1. Observations have largely confirmed this scenario,
although a number of apparent exceptions have been found. Carbon stars have been
found whose TRAS Low Resolution Spectrometer (LRS) spectra exhibit silicate emission
features (Willems & de Jong 1986; Skinner et al. 1990; Lloyd-Evans 1990) — all these
objects have been found to be J-type carbon stars, whose optical spectra exhibit high
13C/12C ratios. Skinner & Whitmore (1988b) and Skinner et al. (1990) discussed two
oxygen-rich M supergiants, AD Per and MZ Cas, whose LRS spectra appeared to show
the 11.5-um silicon carbide emission feature, in addition to the silicate emission feature.
As part of a survey of the mid-infrared spectral characteristics of circumstellar dust around
cool evolved stars, higher resolution 10-um spectra of these two stars, and of 14 further
M supergiants in the h and x Per association were obtained. These spectra reveal that
emission features arising from carbon-rich material are indeed present in the 10-xm spectra
of a number of M supergiants, although the new spectra indicate that the carbon-rich
material is not silicon carbide but is instead composed of hydrocarbons of the polycyclic

aromatic hydrocarbon or hydrogenated amorphous carbon type.

2.2 Spectroscopy with CGS3

All the stars were observed on the nights of 1992 October 4-7 using the United Kingdom
Infrared Telescope (UKIRT) with the common-user spectrometer CGS3, a 10- and 20-
pm grating spectrometer built at University College London. CGS3 contains an array
of 32 discrete As:Si photoconductive detectors, and three interchangeable, permanently
mounted gratings covering the 7.5-13.5 and 16.0-24.5 um wavebands. Two grating settings
give a fully sampled 64-point spectrum of the chosen waveband. 7.7-13.3 pm spectra

were obtained with a 5.5-arcsec circular beam, yielding a spectral resolution of 0.17 um.
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Wavelength calibration was with respect to observations of a Kr arc-lamp. The telescope
secondary was chopped east-west at 5 Hz using a 30-arcsec throw. Further details of
CGS3 observing techniques may be found in Chapter 3.

The observed sample comprised 15 M-type supergiants in the h and x Per association,
14 of them chosen from the list of Cohen & Gaustad (1973), plus XX Per, an M3.6Ib
supergiant listed by Humphreys (1978) as being in the same association. In addition, the
M1.3Iab supergiant MZ Cas was observed since, as noted above, its IRAS LRS spectrum
had been found by Skinner & Whitmore (1988b) to be similar to that of AD Per in
appearing to show an 11.5-um silicon carbide feature. Three of the Cohen & Gaustad stars
were referred to in that paper, and also by Sylvester et al (1994a), by catalogue number,
but have since been pointed out to have variable-star designations (W.P. Bidelman, 1994,
private communication). They are HD 14826 = V441 Per; HD 14404 = PR Per; HD 14242
= V605 Cas; and BD+56°595 = V439 Per.

Five stars, a Tau, a Cet, B Peg, ¢ Cyg and a Aur, were used as standards, and sky
spectra obtained using a rotating sector chopper were used for flat-fielding all spectra.
The spectra of sources taken using a Tau as the standard star were flux-calibrated using
the absolutely calibrated spectrum of a Tau constructed by Cohen, Walker & Witteborn
(1992), whilst some sources were calibrated using a similarly constructed 8 Peg spectrum
provided by M. Cohen (1992, private communication). The other spectra were calibrated
with respect to a Cet, ¢ Cyg and a Aur, which were assumed to emit as blackbodies in the
10-pum region, with effective temperatures of 3730, 4790 and 4880 K and 10.0-um fluxes
of 226.7, 40.5 and 228.8 Jy, respectively.

The blackbody assumption is likely to be reasonable for the 10-um region of the G5III
standard o Aur, but the possible presence of SiO absorption bands between 8 and 9 pm
in the spectra of the standards a Cet (spectral type M2III) and ¢ Cyg (spectral type
KOIIT) was cause for concern. The validity of the blackbody assumption was tested by
normalizing the Cohen spectrum of § Peg, which has a similar spectral type (M2.51I-1II),
to the 10.0-um flux of a Cet, and then calibrated the target spectra with this synthetic
‘standard’. The discrepancy between the spectra reduced in this fashion and those reduced
by treating the standard as a blackbody was found to have a peak value of approximately
8 per cent, occurring at 8 pm.

Two stars, RS Per and BD+56°595, were observed through broken cloud. This meant
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Table 2.1: The programme stars.

Source Spectral K Fi, Date of
Type (Jy) Observation
S Per M4.51ab 1.45 329.5 1992 Oct 4
SU Per M3.31b 1.39  45.1 1992 Oct 4
RS Per M4.4Ib 1.63 68.3 1992 Oct 6
XX Per M3.61Ib 1.83 57.1 1992 Oct 6
HD 14826 Ma3.1Ib 1.94 18.1 1992 Oct 7
YZ Per M1.9]a 2.03 329 1992 Oct 7
AD Per M2.4Iab~ 2.06 20.3 1992 Oct 4
KK Per M1.9Ib 213 17.6 1992 Oct 7
BU Per M3.7Ib 224 39.8 1992 Oct 4
HD 14404 MO0.7Iab 234 12.0 1992 Oct 7
FZ Per M0.3Iab- 2.53 10.7 1992 Oct 7
HD 14242 M5.71ab  2.56 11.8 1992 Oct 7
T Per M2.1Iab  2.58 9.7 1992 Oct 4
BD+56°595 M5.8Iab  2.80 7.5 1992 Oct 7
HD 13658  Mb.4lab  3.21 3.3 1992 Oct 7
MZ Cas M13lab 2.65 20.6 Oct 7
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that some of the 10-s integration cycles were obtained whilst the source was obscured by
cloud. However, by monitoring the integrated flux level for each cycle, it was possible
to determine which were the most badly affected cycles, and then to discard them. It is
possible that the 7.5-13 um slopes of the spectra obtained for these two objects could
differ from the true slopes, if there were some residual thin cloud present with non-grey
extinction.

Table 2.1 lists the stars observed. Spectral types are taken from White & Wing (1978).
Table 2.1 also lists K (2.18 um) magnitudes for the stars, from Johnson (1966), along with
their colour-corrected IRAS 12-um fluxes. The colour-correction factors were obtained in
the same way as those for the Vega-excess stars, by convolving the CGS3 spectra with the
IRAS 12-pm band spectral response curve (IRAS Explanatory Supplement) to give the
12-pum in-band flux. This in-band flux was then used to derive a nominal 12.0-um flux,
making the normal A~! spectral assumption used for the IRAS Point Source Catalog.
Comparison of this flux with the actual 12.0-um flux in the CGS3 spectrum gives the
colour-correction factor for each star, which was then used to correct the published IRAS

12-um flux. The derived colour-correction factors all lie in the range 1.03-1.24.

2.3 The Observed Spectra

The calibrated CGS3 spectra are displayed in Figures 2.1(a)-(p) along with the colour-
corrected IRAS 12-pm fluxes (filled circles). Due to imperfect cancellation of the time-
varying atmospheric ozone band, the error bars of the CGS3 spectra are larger at approx-
imately 9.6-um, whilst the larger error bars associated with the first few points in each
spectrum are due to the high opacity at the short-wavelength edge of the 10-yum atmo-
spheric window. The two shortest-wavelength points of each spectrum were discarded due
to the high noise levels, and hence the spectra presented in Figures 2.1 and 2.2 contain
only 62 points. There is very good agreement between the 12.0-um flux levels of the cal-
ibrated CGS3 spectra and the IRAS 12-um photometry, with the only sources for which
there is substantial disagreement being RS Per and BD+56°595, the two sources that were
observed through broken cloud. The dashed lines in Figure 2.1, which are normalized to
the 8-um region of each spectrum, are blackbody functions corresponding to the effective

temperatures listed as a function of spectral type by Schmidt-Kaler (1982; these were
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