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ABSTRACT 

The interstellar medium (ISM) is a very significant component of a galaxy that rep- 
resents the material out of which stars are formed. It consists of several elements, 
the most abundant being hydrogen and helium as well as other heavy elements like 
carbon, calcium, sodium etc. in lesser quantities. In addition the ISM contains 
tiny submicron sized particles called dust grains that constitute as little as 1% of 
the total mass of the ISM. In spite of their lower abundance dust grains are impor- 
tant constituents of the ISM. They aid in the process of star formation due to their 
ability to  absorb and radiate away the excess energy in molecular clouds. They also 
scatter a fraction of the incident radiation, the probability of which increases with 
decreasing wavelength. This results in high frequency radiation (e.g. ultraviolet), 
being scattered and absorbed much more than longer wavelength radiation like 
the infrared. Scattering can be observed in the form of the diffuse galactic light 
(DGL), reflection nebulae surrounding hot stars (in the visible and UV) and X-ray 
haloes around some stars, while absorption leads to  subsequent thermal emission 
which can observed a t  longer wavelengths, mainly in the infrared. This work con- 
sists of analysing these phenomena and modelling them in order to extract useful 
information regarding the properties and distribution of the grains in our Galaxy. 

This thesis contains the results of the research work done by me under the 
guidance of Prof. Jayant Murthy (Indian Institute of Astrophysics) and Prof. K. 
Neelakandan a t  the Indian Institute of Astrophysics, Bangalore. 

The thesis has been organised as follows. 
The first chapter consists of a basic introduction to  the topic of interstellar dust 
and it's properties with emphasis on the scattering and absorption by dust grains. 
The technique of modelling the scattering and absorption by dust have been dis- 
cussed in detail in Chapter 2 along with other models like the grain model and the 
ISRF model which have been used. 

The observed FUV emission in the Ophiuchus region has been modelled in 
Chapter 3 and the scattering properties of grains derived, while Chapter 4 deals 
with the analysis of the Coalsack region and the dust properties derived from the 
same. Chapter 5 consists of modelling FUSE observations near the Orion Nebula 
which is a hot reflection nebula heated by the young massive stars of the Trapez- 
ium cluster. Finally Chapter 6 contains the conclusions derived from the analysis 
of all the locations mentioned here and prospects for future work. The contents of 
each chapter have been described in detail below. 

In Chapter 1 the different phases of the ISM have been discussed in terms of 



their temperatures and densities with special emphasis on the properties of dust 
grains. The ISM consists of five phases namely, the Molecular clouds which are the 
densest regions of gas and dust in which stars form, the cold neutral medium, warm 
neutral medium, warm ionized medium and the hot ionized medium. Other than 
these gaseous phases the ISM also contains solid particles known as dust grains. 
They are a major component of the ISM and a knowledge of their properties is 
very important in understanding the way stars form and how radiation is pro- 
cessed in galaxies. Some of the ways in which we can gain information about dust 
grains is through observations of scattering, thermal emission and polarization by 
grains. Scattering consists of a change in the direction of the incident radiation. 
The amount of scattering is a function of the composition, size and shape of the 
grains known as the albedo. The directionality of scattering is another function 
of the grain constitution, shape and size known as the phase function asymmetry 
factor, g. The same parameters give information about the amount of radiation 
absorbed since scattering and absorption are two complementary processes. We 
can therefore derive these parameters by modelling the observed scattered radia- 
tion and the thermal emission of grains due to absorption. Another observational 
property of grains is the extinction which is the sum of scattering and absorption. 
A plot of extinction against the inverse of wavelength is called the extinction curve. 
Modelling the extinction curve has led to  information regarding the composition 
and sizes of grains. Bohlin et al. (1978) has observed a correlation between the 
amount of gas and dust in the Galaxy. Using this correlation, the total amount 
of dust in front of a star can be derived from extinction measurements as well as 
from absorption line studies of elements like hydrogen, calcium, sodium etc. The 
extinction curve is known to vary depending on the environment which is due to 
variations in the size distributions of grains. We have modelled three different re- 
gions in the Galaxy namely, Ophiuchus, Coalsack and Orion in order to derive the 
dust properties in these regions and study variations in the scattering parameters 
with environment. 

Chapter 2 consists of a description of the models used in deriving the dust 
properties. A model of scattering and absorption requires knowledge of the grain 
cross-sections (scattering or absorption) as well as the relative geometry of the 
stars and the dust grains. Weingartner & Draine (2001) has calculated the theo- 
retical scattering cross-sections from the X-ray to the far-infrared regime by fitting 
the observed extinction curve of stars in the Galaxy by using a mixture of graphite 
and silicate grains. These cross-sections have been used for all the regions studied 
here. Another model which has been used is the interstellar radiation field model 
of Sujatha et al. (2004). This model calculates the total radiation field from all the 
stars in the Galaxy a t  any required distance from the Sun. Hipparcos distances 
have been used for the stars in this model. Using this model we have been able 
to  pick out the main contributing stars for each location. Other than these two 
models, we have used a scattering as well as absorption model. A detailed Monte 



Carlo scattering model has been developed as part of this work which is a very 
general model of multiple scattering and independent of the dust geometry. This 
method consists of tracking individual photons from a star as they travel through 
the ISM. This is a very generalized model since it  is geometry independent. A 
model for absorption and subsequent thermal emission has also been developed as 
part of the thesis. As in the case of scattering, depending on the optical depth 
either single scattering can be considered or else multiple scattering has to  be used. 
Models corresponding to both the cases have been developed. 

Chapter 3 consists of deriving the dust properties towards Ophiuchus. We have 
modelled 31 locations observed by Voyager towards the Ophiuchus region. We find 
that eight B-type stars contribute to the observed radiation a t  11008L and that it is 
the dust in the foreground of the molecular clouds that is responsible for scattering. 
An albedo of 0.4f0.1 and a g value of 0.55f 0.25 is obtained a t  1100 8L. These val- 
ues are consistent with the theoretical predictions of Weingartner & Draine (2001) 
for average Milky Way dust with an R, of 3.1. We have also calculated the 100 
pm intensities for the best fit parameters and obtained a good correlation between 
the model and the observed IRAS (100 pm) intensities. We find that most of the 
infrared emission is seen to  come from the foreground sheet itself. 

Chapter 4 consists of deriving the optical constants of grains in the direction of 
the Coalsack molecular cloud. Using just five Voyager observations of the region 
we had constrained the albedo to 0.4f  0.2 but these observations weren't sufficient 
to constrain g. Dust in the foreground sheet of the Coalsack molecular cloud was 
found to  contribute to the observed emission rather than the denser molecular 
cloud. With the availability of additional 27 observations from the FUSE satellite 
we have been able to remove the degeneracy in g and constrain its value to 0.7 
f 0.2. We have also modelled the infrared intensities and obtained a good corre- 
lation between observations and the model for the best fit scattering parameters. 
We find that in this case both the foreground sheet as well as the molecular cloud 
contribute to the infrared emission equally unlike in the case of Ophiuchus where 
the foreground sheet itself was the major contributer. 

Chapter 5 consists of deriving the properties of dust grains near the Orion 
Nebula. FUSE observations of a location which is 12' from the Trapezium stars 
in the Orion Nebula are modelled. The observed intensities are as high as 2.9 
X 105 photons cm-2 S-' sr-' A-' a t  1100A~rom the spectra, we derive a total 
hydrogen column density of 6.4 X 1020 cm-2 which causes the extinction from the 
star to the location and an N(H1) of 4.5 X 10'' cm-2 for the scattering medium 
from VLA 21 cm data. Since the region is known to have large grains with an R, 
of 5.5 we have used the extinction cross-sections of Weingartner & Draine (2001) 
for R, = 5.5. In order to  account for the lower abundance of dust in Orion, we 
have increased the cross-sections by a factor of 1.6. We find that the albedos are 



larger than those derived for other regions in the Galaxy but reasonably consistent 
with the theoretical albedos of Weingartner & Draine (2001). since the anomalous 
grains are found in the foreground sheet of the nebula, we conclude that scattering 
is also produced in this Veil. We obtain an albedo of 0.25 a t  912 A increasing to 
0.4 a t  1040 A. We have restricted our analysis to 1040 A due to the presence of 
fluorescent emission of molecular hydrogen a t  this location. We were unable to  
constrain g due to lack of sufficient data. 

Chapter 6 contains the results derived by studying these different regions in 
the Galaxy and their implications. The results obtained show that the optical 
properties of grains are more or less constant in the FUV at  the different locations 
considered here, except in the case of the Orion nebula which is also known to  show 
a large variation in the extinction curve. This means that in regions of normal ex- 
tinction the dust properties are also similar and agree with theoretical predictions 
for average Milky Way dust, whereas in other regions there are large differences 
in dust composition, size etc. Another important conclusion that we arrive a t  is 
that  the grains need not be of a different composition to explain differences in the 
optical constants but instead variations in the size distribution are sufficient to 
cause these differences. From the analysis of the three regions namely Coalsack, 
Ophiuchus and Orion all of which lie within galactic latitude of 20 degrees we find 
that the diffuse emission in the FUV can be explained by scattering by dust grains 
alone. However for higher latitudes it may be necessary to consider other processes 
to  explain the observed FUV emission. We will be analysing new observations a t  
higher latitudes from the GALEX satellite in order to  study the various processes 
that contribute to  the observed diffuse FUV radiation. 

The importance of these results lies in the fact that dust grains play a key 
role in determining the energy redistribution in galaxies, by absorbing ultraviolet 
radiation emitted by hot stars and re-emitting this energy a t  longer wavelengths. 
This process aids star formation as the excess energy released due to gravitational 
contraction of molecular cloud cores is radiated away paving the way for further 
gravitational collapse and eventual star formation. Therefore a detailed analysis 
of the properties of dust grains can help us understand the various processes in 
the Galaxy including star formation. 
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Chapter 1 

INTRODUCTION 

l. 1 The Interstellar medium 

The interstellar medium (ISM) is a very important component of the Galaxy which 

represents the material that forms the stars by the process of gravitational collapse. 

It  is enriched in heavy elements from time to  time whenever a massive star ex- 

plodes and throws out the heavy elements formed in the hot stellar core into the 

surrounding medium. The ISM consists of a mixture of several elements (mainly 

hydrogen ( ~ 9 0 % )  and helium ( ~ 1 0 % ) )  in gaseous form and a small fraction of 

heavy elements in the form of tiny submicron sized particles known as dust grains. 

Other elements like Ca, K, Na, etc. too exist but in smaller quantities. The ISM 

can be divided into five phases depending on the temperature. The important 

phases are given below. 

(a) Molecular Clouds 

The coldest component is the molecular clouds which are composed mainly of 

molecular hydrogen (H2). This component has a temperature of 10-20 K with den- 

sities ranging from 103 to 106 cm-3 (Scoville & Solomon, 1974). They are the sites 

of star formation, since most of them have dense cores which are gravitationally 

unstable. Even though 30 - 60% of the mass of the ISM is in these clouds, they 

occupy less than 1% of the total volume. The molecular clouds are found mostly 



in the Galactic plane. 

(b) Cold Neutral Medium (CNM) 

This component mainly consists of neutral hydrogen which is also known as 

HI gas. This component is in the form of sheets or filaments that  are present 

almost everywhere in the Galaxy. They have higher temperatures of the order of 

80 K (Spitzer, 1998), and densities ranging from 20 - 60 cm-3 (Jura, 1975). They 

occupy about l - 4% of the total ISM volume. 

(c) Warm Neutral Medium (WNM) 

The warm neutral medium consists mainly of HI gas which is located towards 

the boundaries of HI1 regions (regions of ionized hydrogen surrounding hot stars) 

and molecular clouds. It  occupies 30 - 60% of the ISM volume. The temperature 

is typically 6000 K (Davies & Cummings, 1975) and the density is 0.2 cm-3 

(Baker & Burton, 1975). 

(d) Warm Ionized Medium (WIM) 

It is comprised of diffuse gas with temperatures ranging from 6000 K - 12000 

K (Osterbrock, 1989) and densities of W 0.1 cm-3 (Spitzer, 1998). The medium 

is heated by massive 0 and B stars. Nearly 90% of the ionized hydrogen in the 

Galaxy resides in this phase while the rest lies in HI1 regions. 

(e) Hot Ionized Medium (HIM) 

This phase of the ISM comprises of very hot material (T > 106 K), a t  very 

low densities (n < 0.01 cm-3), heated by supernova explosions. This hot gas emits 
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mainly in X-rays and can be studied using X-ray telescopes like the Chandra Space 

Telescope. The remaining volume of the ISM (W 40%) is considered to  be occupied 

by this medium and it merges with the hot X-ray corona of the Galaxy which is 

the spherical halo of hot gas surrounding the Galaxy. 

Dust Grains - Significance 

The ISM contains another important phase of matter known as dust grains. Dust 

grains are solid particles that are well mixed with the gas in the ISM and are 

known to  exist in all the ISM phases except in the hot ionized medium. Bohlin 

et al. (1978) studied the correlation of dust with gas using ultraviolet absorption 

line spectroscopy and demonstrated that the two are well correlated. Their sizes 

can vary from a few microns to  macromolecular sizes. Their composition is known 

mainly from the depletion of certain refractory elements in the ISM which indicate 

that a large fraction of heavy elements capable of condensing into solids, like car- 

bon, silicates, and compounds of magnesium, iron etc. are present in dust grains. 

These dust grains constitute only 1% of the total mass in the gas phase (the ob- 

served average gas to dust ratio in our Galaxy is 100). In spite of their lower 

abundance, they play a significant role in deciding the radiation field in galaxies. 

They contribute significantly a t  short wavelengths (optical and ultraviolet) by scat- 

tering a fraction of the incident radiation. The remaining fraction is absorbed and 

re-emitted a t  longer wavelengths (infrared, millimeter etc.). A large percentage of 

the total luminosity of the Galaxy in the infrared (IR) comes from dust grains. 

Therefore dust grains determine the energetics of the Galaxy and aid in star for- 

mation by radiating away excess energy in molecular clouds thereby making them 

collapse gravitationally to form stars. Apart from this they are also sites for the 

formation of molecular hydrogen in the ISM. Therefore a study of the properties of 

dust grains is very crucial in understanding the way radiation is processed in our 

Galaxy as well as in other galaxies and also in understanding the physics of star 
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the physics of star formation. The composition and properties of dust grains are 

discussed in detail in the following sections. 

1.2.1 Composition 

Dust grains are thought to be composed of refractory materials like carbon, sili- 

cates etc. Many other elements like nitrogen, oxygen, sodium, magnesium, phos- 

phorous, sulphur, chlorine, potassium and iron, which are stable also seem to  

be present in grains. Rather than being composed of one element, dust grains 

consist of a mixture of several elements and molecules. Silicates are mostly amor- 

phous even though certain circumstellar disks show evidence of crystalline silicates. 

From observations, there are indications that silicate grains might have a Mg-rich 

mantle and an Fe-rich core (Spitzer & Fitzpatrick, 1993). Carbonaceous materi- 

als could be in the form of graphites, diamonds, amorphous carbon or polycyclic 

aromatic hydrocarbons (PAHs) and aliphatic hydrocarbons. S i c  grains are also 

in the ISM but in lesser quantities. Similarly calcite (CaC03) and dolomite 

CaMg(C03)2 are present in dusty disks of planetary nebulae which represent one 

of the final stages of a star like the Sun. 

1.2.2 Scattering 

Scattering involves a change in direction of incident electromagnetic radiation, 

which is dependent on the composition, size and shape of the scatterer (dust grain) 

as well as on the wavelength of the radiation. The parameter which decides the 

amount of radiation scattered is known as the albedo (a) which can be represented 

as: 
Qsca a = -. 
Qezt 

Here Q,,, is the scattering efficiency factor and QeZt refers to  the total extinction 

efficiency factor. The albedo can take values from 0 implying no reflection to 1 im- 

plying 100 % reflection of the incident radiation. In order to calculate the amount 



of scattering in any direction, we should have some knowledge of the relative dis- 

tribution of the sources (stars) and the scatterers (dust grains). Assuming that the 

scattering geometry is known, we can calculate the amount of radiation scattered 

into any angle 0 as follows; The energy incident on a volume element of dust dV 

can be written as, 
T 

where, L represents the luminosity of the source a t  the wavelength under consider- 

ation, d is the distance between the star and the grain and n is the number density 

of dust grains. a,,t is the extinction cross-section of the grains, which depends on 

the composition, size and shape of the grain. Out of the total incident radiation, 

the amount scattered in all directions is, 

The amount scattered into unit solid angle about an angle 0 can be written as, 

where, d(0) is known as the scattering phase function, which gives the amount of 

energy scattered into unit solid angle about a direction 0. The basic equation for 

$(Q) is given by, 

Here U,,, is the total scattering cross-section integrated over all directions and 

da/dR is the differential scattering cross-section. The phase function depends on 

the composition, size and shape of the grains as well as on the incident wavelength. 

The intensity observed a t  the detector (Idet) can be written as, 

Here ad is the solid angle of the detector, a, is the solid angle subtended by 

the cloud ( = Ac/d2) and Ad is the area of the detector. 
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Other than the albedo, an important scattering parameter of grains is the phase 

function asymmetry factor g which determines the direction of scattering and is 

given by, 

g can range from -1 through 0 to +l each corresponding to different types of 

scattering. g = 0.0 corresponds to isotropic scattering where the incident radia- 

tion is scattered equally in all directions. g = -1.0 corresponds to  complete back 

scattering where the scattered beam undergoes a reflection of 180" and g = 1.0 

corresponds to strong forward scattering where the scattered radiation continues 

in the same direction as the incident beam. Fig. 1.1 shows the different types of 

scattering corresponding to  different values of g. 

1.2.3 Absorption and infrared emission 

Absorption is the complementary process to  scattering where the incident radia- 

tion that is not scattered is absorbed resulting in an increase in the internal energy 

of the grain. The basic principle behind calculating the temperature of the dust 

grains is the equilibrium between absorption and emission of radiation. This de- 

pends on the optical properties of dust grains, like the cross-section and the albedo 

besides the distance between the stars and the grains. With knowledge of these 

parameters, the temperature of the grain can be derived as follows. 

Let L be the total luminosity of the star and d be the distance between the star 

and the grains. Therefore the amount of radiation incident on volume element dV 

of the medium which has a density n of grains is given by the equation, 



Figure 1.1: Schematic representation of scattering. 



A part of this radiation is absorbed by the volume element, which is dependent 

on the albedo of the grains. If a is the albedo of the dust grains, the energy ab- 

sorbed is given by, 

Eabs = (1 - a) X Einc. 

This energy is radiated a t  longer wavelengths, given by 

where, Td is the equilibrium temperature and 0~ is the Stephan-Boltzman constant. 

By assuming the grains to follow Kirchoff 'S law for a perfect blackbody which states 

that the emissivity of a blackbody is equal to its absorptivity, their equilibrium 

temperature can be obtained by equating the energy absorbed and radiated. 

The equilibrium temperature is given by, 

In the case of more stars heating the grains with luminosities L1, L2, Ls,..etc. a t  

distances of dl,  d2, d3,.. etc. from the grains, the equation becomes, 

Therefore energy radiated at  a wavelength X can be written as, 

Here aabs is the absorption cross-section of dust and Bx(Td)  is the planck func- 

tion which can be written as 



where h is the planck's constant and c is the velocity of light in vacuum. The 

energy reaching the detector of area Ad a t  the earth a t  a distance r from the volume 

element dV is given by, 

Erad (A) X Ad 
Edet(A) = 47ir2 

The flux a t  the detector is therefore, 

From a diffuse source we can detect the radiation per unit solid angle of source or 

the intensity. Therefore the intensity a t  the detector is given by, 

where, R, is the solid angle subtended by area A, of the cloud a t  the detector. The 

final expression for intensity a t  the detector can be written as, 

When represented in units of MJy sr-l the expression becomes, 

ndz X BA (Td)A2 X Crabs X 105 
Idet  = 3.0 

1.2.4 Extinction 

The sum of scattering and absorption is known as extinction since both processes 

remove radiation from our line of sight. Extinction causes the observed magnitudes 

of stars to increase or the flux to  decrease (since higher magnitudes imply lower 

observed fluxes). This can be measured in stars of known spectral type using the 

pair method. Consider two stars of the same spectral type, one without extinction 

and the other which is behind some cloud and hence radiation from it suffers 
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extinction. Let m1 be the magnitude of the star without extinction and m;! be the 

magnitude of the one with extinction. Therefore, 

Here fl and f2 are the observed fluxes of the two stars, and C is a constant for stars 

of similar spectral type. The additional term AA is the extinction in magnitudes 

a t  a particular wavelength X which can be derived using the two equations given 

above and is given by, 

f 2x AA = 2.5 X log- + AmX. 
f lx 

Here AmX is the difference in magnitudes. The difference in extinction a t  two 

wavelengths is known as the colour excess represented by, 

AB - AV = E ( B  - V) = ( B  - V) - ( B  - V),. (1.24) 

Here (B-V) is the observed difference in B and V magnitudes (B corresponds to 

4400 A and V corresponds to  5500 A in the Johnson UBV system), and (B-V), is 

the intrinsic difference in colour. A plot of E(X-V) against wavelength is called the 

extinction curve. The ratio of total to  selective extinction in the optical (A,/E(B- 

V)) is known as R, and is a measure of the slope of the extinction curve. For very 

large grains, RV + oo, and small particles would have an R, x 1.2. The typical 

value of R, for most regions in the Milky Way galaxy is 3.1. 

A sample extinction curve is shown in Fig. 1.2. Some of the important features 

of the curve include, 

(a) linear dependence in the optical and IR, 



(b) 2175 bump, 

(c) far-UV rise and 

(d) diffuse interstellar bands (visible only a t  higher resolution). 

The extinction curve is almost linear in the visible and infrared and such a 

dependence can only be produced by particles having sizes of the order of the 

wavelength. This is clear from Table 1.1 which shows the cross-sections for various 

sizes of the scatterers. Fig. 1.3 shows the variation of the theoretical cross-section 

of a graphite grain of size 0.25pm with wavelength (Draine, 2003a). From the two 

figures it is clear that the linear dependence of the theoretical extinction curve is 

similar t o  the variation in the observed extinction curve. Therefore by comparing 

the observations with the theoretical values, Whittet (2003) concluded that it is 

possible to  explain the linear portion of the extinction curve with graphite grains 

of size 0.2 pm having refractive index m = 1.5 - 0.052. 

The broad bump a t  4.4 pm-' (2175 A), is the strongest feature in the extinction 

curve. Since this feature is common to  almost all sightlines in the Galaxy, the 

carrier has to  be extremely stable. Graphite which is the most stable form of 

carbon having a sheet like structure where the atoms all lie in a plane is considered 

to  be the most suitable candidate to  explain this feature. Apart from being stable, 

Draine (1989) showed that  small graphite grains (0.003 pm) have an extinction 

peak a t  2175 A, and an abundance (b,) of 6.3 X 10-5 atoms per hydrogen which 

agrees with the values derived from the equivalent width of this feature which is, 

b, > 10-5 atoms per hydrogen. An important property of this feature is that even 

though the width of the feature varies from one sightline to  another, the central 

wavelength is a constant. 

Almost all lines of sight show an increase in extinction in the far ultraviolet 

(FUV) which is known as the FUV rise. From the similarity of the shape of the 
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Figure 1.2: The average Galactic extinction curve (Whittet, 2003). 
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Figure 1.3: Theoretical extinction efficiency for graphite grain of size 0.25 pm (Draine, 
2003a). 



FUV rise regardless of environment, Fitzpatrick & Massa (1988) attributed i t  

to an independent grain population rather than changes in the size distribution 

where the variation in the amplitude is caused by variations in abundance of the 

carriers. Small grains, either PAHs (D6sert et al., 1990) or small silicate grains 

(Mathis, 1996; Li & Draine, 2001) are required to explain the FUV rise. Studies of 

reflection nebulae (Gordon, 2004) show that this increase in extinction is mainly 

due to an increase in absorption a t  these wavelengths rather than scattering. 

Another feature of a typical extinction curve is the presence of diffuse inter- 

stellar bands or DIBs. The DIBs are weaker features present in the extinction 

curve. Even though several studies have been devoted to  these features none have 

been able to positively identify the materials responsible for them (Draine, 2003b). 

Apart from these features the extinction curve also contains silicate features a t  9.7 

pm and 18 pm. 

The basic features of the extinction curve are common to  almost any line of 

sight in the Galaxy as well as in most of the neighbouring galaxies like the Large 

Magellanic Cloud (LMC) and M31, which is indicative of the similarity of the 

carriers in space. However another neighbouring galaxy, the Small Magellanic 

Cloud (SMC) lacks the 2175 A feature which is probably due to  the absence of 

carbonaceous grains. 

Depending on the environment, dust grains show different characteristics. For 

example, dust grains inside molecular clouds tend to  be larger than those in the 

diffuse ISM, because they are shielded from the radiation of stars. On the other 

hand, dust grains close to  star-forming regions, are destroyed by the intense ra- 

Table 1.1: Extinction cross-sections 
Ingredient 

Free electrons 
Molecules 

Small (a  << X) particles 
Large (a >> X) particles 

Particles with a W X 

Extinction law 
XO 

X-4 
Xw4 
XO 

X-l  

Cross-section 
QT 

T a2 
<< -/ra2 
T a2 

Q e z t ~  a2 



diation field (photodissociation). They tend to be smaller and hence are better 

isotropic scatterers. Volatile components of dust grains evaporate due to the in- 

cident radiation, resulting in porous grains a t  these locations. These variations 

are reflected in changes in the extinction curve for different parts of the Galaxy. 

For example stars embedded within or behind diffuse clouds tend to  have relatively 

strong bumps with average width while stars associated with HI1 regions have nar- 

row, weak bumps (Whittet, 2003). This shows that the abundance of the carrier 

is affected by the environment. 

1.2.5 Polarization 

In addition to  absorption and scattering, dust grains are also capable of polarizing 

incident radiation. Due to  the observation of this phenomenon, dust grains are 

considered to  be elongated and globally aligned (probably due to  the Galactic 

magnetic filed). Polarization is due to  linear dichroism, resulting from a variation 

in the values of the extinction efficiency factor, QeZt (= r x  a2 /a), perpendicular 

and parallel to the long axis of the grain. For example electromagnetic waves with 

electric vector l?, parallel to  the long axis of the grain will see a higher effective Qext 

(and suffer more extinction), than waves with the electric vector perpendicular to 

the long axis. Therefore these waves will not only suffer extinction but will also 

therefore appear polarized. Polarization (P) can be quantified in terms of the 

extinction efficiency factor as, 

where Q,,, and Qmin correspond to  the maximum and minimum extinction 

efficiencies respectively. The number density of the grains is denoted by nd and 

a is the grain radius. The observed polarization also shows a dependence on 

wavelength and can be described by an empirical relation known as the Serkowski 



law (Serkowski, 1968). This relation can be written as, 

- p ,-K(ln(&N2 PA - max 

where X,,, is the wavelength of maximum polarization Pm,, and K is a constant 

(=1.15). The maximum value of polarization occurs a t  5500 A, which is in the 

visible region and decreases on either side. This is very different from extinction 

and can be attributed to different types of grains contributing to the two processes. 

For starlight scattered by circumstellar dust, the radiation will be linearly polarized 

as a result of orthogonal scattering by spherical grains or elongated grains with no 

net alignment. This is known as scattering polarization. Polarization can also be 

observed in the far-infrared (FIR) when the IR radiation deep within molecular 

clouds is polarized by the time it reaches the outer regions of the cloud. This is 

known as FIR emission polarization. 

1.3 Deriving Dust Properties from Observations 

Observations a t  different wavelengths give information about the different phases 

of the ISM. Of the various difficulties encountered in making the observations, the 

Earth's atmosphere presents the biggest problem. The molecules in the Earth's 

atmosphere absorb certain wavelengths and scatter some of them, and allow cer- 

tain wavelengths to pass through. As a result, a t  wavelengths like the optical and 

the radio, ground based observations can provide some information, whereas for 

the ultraviolet (UV) and the IR, we have to  depend on space based observations. 

However even in the optical, the ground based observations are affected by atmo- 

spheric turbulence and so space based observations using satellites like the Hubble 

Space Telescope (HST) are much more reliable. 

Fig. 1.4 shows the transmission of the Earth's atmosphere with the windows 

where electromagnetic radiation can reach the earth. Therefore using a combina- 

tion of ground-based and space-based observations, it is possible to  understand a 
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Figure 1.4: The transmission of the Earth's atmosphere for different wavelengths. 

great deal about the ISM and particularly about dust grains. The following sec- 

tions deal with the methods used to  derive the different properties of dust grains. 

1.3.1 Column densities - Dust distribution 

The dust distribution is one of the most important requirements in modelling the 

interaction of electromagnetic radiation with grains. Several methods are employed 

in order to get a handle on the dust density and distribution in any given direction. 

Since the dust seems to  follow the gas almost anywhere in the Galaxy, the gas to  

dust ratio is a constant. Therefore it  is sufficient to get the density and distribution 

of the hydrogen (the most abundant), or any other gaseous element in the ISM, in 

order to obtain information about the distribution of dust grains. 

Neutral hydrogen gas radiates line radiation a t  21 cm due to  hyperfine transi- 

tions in the ground electronic state. Since cold HI clouds make up the bulk of the 

mass in the ISM, observations a t  these wavelengths help to  map the ISM not only 

in the Galaxy but also in other galaxies. Another major advantage is that these 

wavelengths suffer negligible extinction compared to  shorter wavelengths. Dickey 

& Lockman (1990) have done an HI survey of the Galaxy revealing the distribu- 

tion of HI clouds in the Milky Way. Molecules like CH, NHS, C180 and CS also 



emit radiation in the radio regime and can similarly be traced with the help of 

observations. 

Molecules like CO, CN and HCN emit a t  millimetre (mm) wavelengths. CO ob- 

servations are very important in the understanding of cold dense molecular clouds. 

This is because, molecular hydrogen (H2), which is the most abundant constituent 

of these clouds, is very difficult to  detect since it doesn't have a permanent electric 

dipole moment and hence no strong transitions that we can observe. Therefore it 

is elusive a t  almost all wavelengths. However the CO molecule acts as a tracer of 

Ha, since the J=1+0 rotational transition of CO is a collisionally excited transi- 

tion and is due to  collisions with the H2 molecule (being the most abundant). The 

CO survey by Dame et al. (2001) has helped to map the molecular clouds in the 

Milky Way. From the N(H2) to  Wco ratio (2.8 X 1020 cmv2) of Bloemen et al. 

(1986), where Wco is the velocity integrated CO intensity, the value of N(H2) can 

be derived. 

It was the emergence of infrared (IR) astronomy that revealed the importance 

of dust grains as a major constituent of the Universe. Dust grains can be directly 

observed in the IR because they emit thermally a t  these wavelengths. The Infrared 

Astronomical Satellite (IRAS) (1983) mapped the sky a t  four wavelengths, i.e. a t  

12, 25, 60 and 100 pm. Other than that,  the I S 0  (1996-1998), KAO, COBE 

and WMAP satellites have mapped the entire sky from near to far-infrared and 

produced excellent images of the ISM. From these observations, it became evident 

that most of the dust lies in the Galactic plane with the density decreasing at 

higher latitudes. Boulanger & Perault (1988) showed that the IR intensities are 

correlated with the total amount of hydrogen in any direction. They calculated 

the ratio of the IR intensities of the 12pm, 25pm, 60pm and 100pm IRAS bands 

to  the total hydrogen column density for different locations. For the IRAS (100 

intensities, the ratio can be written as, 



I"(l00) 

N W )  
= 1.3 f 0.1 M J y  sr-' 

for the Orion region and is as high as 2.4 f 0.5 for the Lupus clouds. 

Apart from this, there is a linear relationship between E(B-V) and the total 

hydrogen column density in any line of sight (Bohlin et al., 1978), which is given 

Here the total hydrogen column density was determined by using the absorption 

lines of hydrogen Lyman - a and the absorption lines of HP. 

If E(B-V) is known, we can use this equation and calculate the dust density 

by assuming the average gas to  dust ratio in the Galaxy. Accurate distances of 

stars from the Hipparcos (Perryman et al., 1997) catalogue, when used in conjunc- 

tion with the extinction measurements can be used to  get the exact distribution 

of dust a t  any location. Corradi et al. (2004) have used the Strijmgren E(b-y) 

measurements in order to derive the dust distribution towards the Coalsack and 

Chameleon-Musca clouds. 

The analysis of interstellar absorption lines in the UV like Lya (1215.67 A), Ly 

,B (1025.72 A) and Ly y (972.54 A) help to  measure the hydrogen column density 

along any line of sight. Probes like HST STIS, ORFEUS-SPAS I & I1 and FUSE 

have observed UV absorption lines in several directions. Even the hot ionized 

medium can be traced due to absorption of light from hot stars by highly ionized 

species (e.g. OIV, NV and CIV) in the FUV. 

1.3.2 Extinction - Grain size, composition 

From the extinction curve, which is a plot of E(X-V) v/s wavelength, it is seen that 

the extinction is inversely proportional t o  the wavelength in the visible part of the 

spectrum, i.e. the absorption and scattering are larger for shorter wavelengths. 

This gives an estimate of the size of the grains, which have to be of the order of 
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the wavelength in order to give this dependence. Therefore the radius (a) of the 

grain is, 

From this observation, and from the presence of various features in the extinc- 

tion curve, like the 2175 A bump and the far-UV rise, (see Fig. 1.2) the grains have 

been estimated to be sub-micron sized and composed mainly of graphite, silicates 

and very small molecules known as PAHs. 

Absorption measurements of elements in space led to  the conclusion that the 

heavy elements are depleted compared to  the solar abundances. From these mea- 

surements, it was possible to  get a handle on the elements which are tied up in 

grains. It was found that heavier elements like C, N, 0, Na, Mg, Si, Cl, K and Fe 

are the major constituents of grains. 

1.3.3 Diffuse radiation - Optical constants 

Diffuse radiation has been observed throughout the spectra ranging from the radio 

to  the y-ray regime. Different processes are responsible for this radiation depending 

on the wavelength. 

In the radio, i t  is due to  synchrotron radiation from cosmic-ray electrons that 

traverse the Galactic magnetic field. At 21cm, neutral hydrogen contributes due 

to  the hyperfine transition between two spin states. The cosmic microwave back- 

ground radiation discovered by Penzias & Wilson (1966) with a temperature of 

2.736 f 0.017 K has a cosmological origin due to  the expansion of the Universe 

after the Big Bang. 

At near and far-infrared (NIR and FIR) wavelengths, the diffuse emission is 

due to thermal radiation of small and large dust grains heated by absorption of 

star-light. There is also a contribution from hot dust in the solar system in addition 

t o  the integrated emission from redshifted galaxies. 



In the visible, the main contribution is from the scattering of solar photons 

by the interplanetary medium known as zodiacal light. In the ultraviolet, X-ray 

and also in the optical, scattering of starlight by interstellar dust grains contribute 

to  the diffuse background. Maximum scattering and absorption occurs a t  shorter 

wavelengths due to the X-' property of extinction. Since this work aims a t  de- 

riving the interstellar dust properties, we shall restrict our studies to  wavelengths 

a t  which the dust grains contribute. However out of the different possible wave- 

lengths, we will consider only the far-ultraviolet (FUV) regime, i.e., from 912 A 
- 1200 A. The main advantage of deriving dust properties in the FUV is that  

there is little contribution from zodiacal emission, which is a major contributor a t  

longer wavelengths. Also there being few sources emitting in the FUV, the sky 

is extremely dark and well suited for the study of faint diffuse sources. Another 

advantage of FUV observations over long wavelength observations is that there is 

negligible contamination due to  atomic continuum. Therefore whatever is observed 

will be purely dust scattered light due to which, there is no need to  model and 

subtract the continuum. 

Diffuse radiation has been observed in the FUV from different regions in the 

Galaxy like the Coalsack molecular cloud, Ophiuchus and Orion. These observa- 

tions are different from observations of extinction, polarization etc. because they 

help to separate the scattering and absorption properties of grains. Satellites like 

FUSE, Coppernicus, GALEX and Voyager have observed a number of sources in 

the FUV, and obtained intensities ranging from a few tens to  more than 3 X 105 

photons cm-2 S-' sr-' A-l. The International Ultraviolet Explorer (IUE) has 

obtained UV spectra in the range 1150 A - 3000 A while FUSE observed the 

wavelength range between 900A and 1200A. 

The two important optical constants of dust grains which have been derived 

from observations of dust scattered radiation are the albedo (a) and the phase 

function asymmetry factor (g). Since these values are related to the composition, 

size and shape of the grains, knowing these quantities is of utmost importance in 
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interstellar dust studies. 

Although a potentially useful test of models of interstellar dust grains, mea- 

surements of these optical constants have been too uncertain to  have been of much 

utility (for a recent review see Draine, 2003b). There are two methods to  investi- 

gate the scattering properties of grains and both of them have been problematic: 

reflection nebulae because an uncertain geometry can heavily influence the derived 

parameters (Mathis et al., 2002); and the diffuse background because of its faint- 

ness and because there is often a tradeoff between a and g which allows neither to  

be tightly constrained (Draine, 2003b). 

From the spectra of the observed FUV radiation Henry (2002) has suggested 

that,  a significant fraction of the background radiation a t  high and moderate lat- 

itudes might be due to red shifted radiation from the hot intergalactic medium. 

However for most of the sources near the galactic plane, the diffuse spectra resem- 

bles spectra of early 0 or B type stars indicating that it is produced as a result of 

scattering of light of these stars. 

This thesis aims to  constrain the optical constants of grains in the FUV by 

modelling FUV observations a t  different locations in the Galaxy. Owing to the 

differences in the environment from one region to the other, each region has been 

modelled separately. Locations near Coalsack, Ophiuchus and Orion have been 

modelled as part of this thesis and the optical constants of dust grains derived. 

It  is of significance that these locations lie within 20" galactic latitude and their 

spectra are characteristic of the stars near them. Since absorption is complemen- 

tary to  scattering, i.e. energy absorbed in the UV is reradiated in the infrared, IR 

modelling also has been done to  further constrain these optical constants. 
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phase function asymmetry factor 
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extinction cross-section of grain 
absorption cross-section of grain 

Thomson cross-section 
Stefan-Boltzman constant 
scattering phase function 

scattering angle 
energy incident on grain 

energy scattered 
energy reaching detector 

flux a t  detector 
intensity a t  detector 

intensity of radiation a t  frequency v 
stellar luminosity 

distance between star and grain 
radius of grain 

number density of grains 
volume element, d Adz 

detector solid angle 
solid angle of cloud 

area of detector 
energy radiated by grain 

temperature of dust grain 
Planck's constant 

velocity of light in vacuum 
distance from Sun to  cloud 

planck function 
extinction in Johnson B filter (4400A) 
extinction in Johnson V filter (5500A) 
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total hydrogen column density 
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Chapter 2 

MODELS 

2.1 Introduction 

In order to  derive the properties of dust grains, several models have to  be incor- 

porated into the main scattering and absorption models. These include models of 

the dust grain composition, sizes etc. and a model of the total stellar radiation 

field a t  the location of the grain. This chapter deals with these different models as 

well as the main models of scattering and absorption by dust. 

2.2 Grain model 

Mathis, Rumpl, & Nordsieck (1977) fitted the observed extinction curve for lines of 

sight passing through diffuse clouds by using a grain model consisting of graphite 

and silicate (MgFeS04) grains. Graphite is the most stable form of carbon and has 

a sheet like structure where the atoms all lie in a plane. They derived a grain-size 

distribution given by, 

dn = ~ n ~ a - ~ . ~ d a ,  amin < a < a,,,, 

where a,i, = 50 A and a,,, = 0.25 pm, n~ is the number density of hydrogen and 

C is the proportionality constant. They assumed spherical grains and computed 

the cross-sections using Mie theory, which was formulated by Mie (1909) and in- 

dependently by Debye (1909). This involves assuming a complex refractive index 
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for the grain material and solving the Maxwell's equations with the appropriate 

boundary conditions a t  the grain surface. 

Draine & Lee (1984) extended the calculations to  the mid and far infrared 

wavelengths and Laor & Draine (1993) calculated the cross-sections for the X-ray 

regime. Due to the variation of extinction from one location to the other, there 

were revisions to the model. Cardelli et al. (1989a) found that this variation can 

be characterized effectively with a parameter R, where, 

takes a value of RV = 3.1 for diffuse dust in the Galaxy increasing with density 

of the cloud. In order to  explain the observed emission in the IR and microwave 

region, Weingartner & Draine (2001) extended the model to  include very small 

carbonaceous grains (including PAHs). For the observed extinction they adopted 

the parametrization of Fitzpatrick (1999) where the normalized extinction curve 

(normalized with respect to  the Cousins I band (0.802 pm) extinction AI) could 

be approximated by a function ( f )  of seven parameters given by, 

Here C l ,  C2 and C4 provide the slope and curvature of the extinction curve in the 

NUV and FUV, C3 provides the strength of the 2175A bump, X, represents the 

central wavelength of the bump and y provides its width. 

The size distribution of Weingartner & Draine (2001) allows for a smooth cutoff 

size for grain radius greater than some value, at and also allows for a change in the 

slope for radius less than at. The form of the size distribution for graphite grains 

is given by, 

1 dn,, - --- c, ;I D(a) + -(-)agJ'(a; P,, at 
1,3.5A C a < at,, 

n~ da a at,, exp{-[(a - at,g)/ac,gI3h a > at,, 
(2.4) 



and for silicate grains by, 

1 dn, C, a -- = -(-)(y"F(a; p,, at,, 1,3.5A < a < at,, 
n ~ d a  a at,, exp{-[(a - at ,~) /ac ,s ]~) ,  a > at,, (2.5) 

Here the term D(a) is the sum of two log-normal size distributions and F(a;P,at) 

is given by 

There are a total of 6 adjustable parameters (b,, C,, at,,, ac,,, a,, p,) for graphite 

and an additional 5 parameters (C,, at,,, a,,,, a,, p,) for silicate. Here b, represents 

the abundance of carbon with respect to hydrogen. 

The theoretical extinction a t  any wavelength X is given by : 

Here N(a) is the column density of the material of radius a and Qext is the extinc- 

tion efficiency factor which is calculated from Mie theory. The basic principle for 

calculating Qext is outlined below. 

The Maxwell's equations are: 

V H = Oand 

where H is the magnetic field strength, E is the electric field, W is the circular 

frequency, c is the velocity of light, p is the charge density and m is the refractive 

index given by, 
4ria r n 2 = E - - .  

W 

Here a represents the conductivity and E is the dielectric constant of the medium. 



For a homogeneous medium, any rectangular component of E or H satisfies the 

scalar wave equation, 

where k is the propagation constant given by 2.rrlX. The solution of the wave 

equation is given by, 

q C,= eikmr+iwt (2.14) 

The wave is damped if m has a negative imaginary part and is undamped if m is 

real. 

In the spherical polar co-ordinate system, the scalar wave equation is separable 

and has solutions of the form: 

Here n and 1 are integers, P" is an associated Legendre polynomial and z, is a 

spherical Bessel function. The linear combination of such elementary solutions will 

give the general solution of the wave equation. 

The vectors E and H satisfy the vector wave equation in a homogeneous 

medium given by, 
2 2 AA+k m A = O .  

The solution of this equation can be written in terms of two vectors M$ and 

N* (that satisfy the vector wave equation) given by, 

Here I) satisfies the scalar wave equation. 

The two vectors are related by the equation, 



If u and v are two solutions of the scalar wave equation the field vectors can 

be written as, 

E = M, +iN,, (2.20) 

H = m(-M, + iN,) (2.21) 

In order to solve the equation of scattering of a plane wave by a homgeneous 

sphere of refractive index m, the method of applying the boundary conditions is 

used. The outside medium is considered to be vacuum (mz =l). The incident field 

(which is assumed to be linearly polarized) is given by, 

The direction of propagation is the z-axis and the x-axis is in the plane of the 

electric vibration of the incident wave. 

The incident wave can be written as, 

Here j, is the spherical Bessel function. The total field outside the sphere contains 

the incident as well as the scattered waves. The scattered wave can be written as, 

W 2n + 1 
U = eiwtcos$ E -an(-i)n P;COS(O) h:) (kr),  (2.26) 

n=l n(n  + 1) 

00 2n + 1 
v = eiwtsin$ E -bn(-i)n P: cos ( B )  h:) (kr)  . 

n=l n(n  + 1) 

a, and b. are the coefficients to be determined. hL2) is a spherical Bessel function 

and has asymptotic behaviour, which when combined with the factor exp(iwt) 

represents the scattered spherical wave. 
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jn+l 
h:) ( k r )  W - e-ikr 

kr 

The field inside the sphere can be described by, 

00 
2n+ 1 

U = eiWtcos4 C men (-i)" P,'cos(O) jn ( m k r ) ,  
n=l n(n + 1) 

00 
2n + 1 

v = eiWtcos4 C mdn (4)" ~ , ' c o s ( O ) j ~  ( m k r ) .  
n=l n(n + 1) 

Now the boundary conditions have to be applied to get the coefficients. The 

only factors which are different for waves inside and outside the sphere are, v and 

L m or in Es and Em and m u  and or in Hs and H,. 

These expressions need to  be equal a t  the boundary between the sphere and 

the medium i.e. a t  r = a, where a is the radius of the sphere. The equations can 

be further simplified by using the following functions: 

Therefore the equations representing the continuity of the waves can be written 

as : 

[mu] : $n(x) - anCn(x) = mcn$n(Y), (2.34) 

Here X = and y = mka. These equations give the following solutions: 



Similarly c, and dn can also be derived. 

Knowing the co-efficients, and substituting for h?), the scattered wave compo- 

nents can be written as, 

The tangential field components of the scattered wave can be derived by using 

the vector fields M and N and written as, 

i -E# = = - - e - i k ~ + i w t  
kr 

sin$S1 (8) (2.43) 

Here S1 and S2 are known as the amplitude functions given by, 

00 

S, (0) = C 2 n +  1 

n(n + 1) 
{anrn (cose) + b,~,   COS^) ) , 

n=l  

where ~,(cosO) and ~ ~ ( c o s e )  are, 

1 
T~ (cose) = -P,' (cose) , 

sin0 
(2.46) 

d 
7% (cose) = -P;   COS^) . 

de 
(2.47) 

The efficiency factor can be calculated from the amplitude function for 0 = 0. 



The expression for the extinction efficiency factor is, 

The scattering efficiency factor can be written as, 

where, il(8) = llS1(0)112 and i2(8) = llS2(f3)112 are the intensities. 

Knowing Qext and Q,,,, the absorption efficiency factor can be calculated from 

the relation, 

Qabs = Qezt - Qsca (2.51) 

In the grain model of Weingartner & Draine (2001), silicate dielectric functions 

were based on the astronomical silicate functions of Draine & Lee (1984) and Laor 

& Draine (1993) for all wavelengths except in the UV. The dielectric function 

E = €1 + 262 of Draine & Lee (1984) is based on laboratory measurements of 

crystalline silicates in the UV, which contains a feature a t  6.5 pm-' not present 

in the observed interstellar extinction. Therefore in this model, this feature was 

excised from €2 and the oscillator strength redistributed between 8 and 10 pm-'. 

Then cl was recalculated using the Kramers-Kronig relation which is the relation 

between €1 and €2. 

For carbonaceous grains, this model follows Li & Draine (2002) where the 

smallest grains are PAH molecules, the largest grains consist of graphite and in- 

termediate size grains have properties between PAHs and graphite. Carbon grains 

are considered to be 50% neutral and 50% ionized. Graphite dielectric functions 

were taken from Draine & Lee (1984) and Laor & Draine (1993). 

The 1/3 - 2/3 approximation was used according to which the extinction 

efficiency is the sum of the efficiencies due to  the parallel and perpendicular com- 

ponents of the dielectric tensor in the ratio 1:2 given by, 
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Qezt = IQezt(€ll) + 2Qezt(e1)1/3. 

Here € 1 1  and €1 are the components of the dielectric tensor for electric field vector 

parallel and perpendicular to  the c-axis of the crystal which is the axis normal to 

the atomic planes in graphite. This value of QeZt is input into equation 2.7 and 

the theoretical extinction curve is derived by changing the dust distribution to 

get the best fit. The cross-section (= 7r a2 Q) for a mixture of grains consisting 

of different species is calculated by summing over all the grain sizes and species 

(Draine, 2003a). 

2.3 Interstellar radiation field 

The radiation field a t  any location is very important in modelling the scattering 

and absorption of dust grains. Mathis et al. (1983) has developed a model of 

the interstellar radiation field (ISRF), which is a global representation but doesn't 

predict the ISRF a t  any specific location. We have used the ISRF model of Sujatha 

et al. (2004), which can predict the ISRF a t  any point in space within a few 

hundred parsecs of the Sun for the Ophiuchus and Coalsack regions. The major 

contributors to the ISRF in the UV are hot early type stars, which emit mainly in 

the ultraviolet (912 A- 3000 A). The model of Sujatha et al. (2004) has made use 

of the Hipparcos catalogue which has the most accurate stellar distances available. 

It  contains 107,514 stars of spectral type earlier than R, out of which only 10% - 

15% contribute in the UV. The intrinsic luminosity of each star has been computed 

with the help of a Kurucz (Kurucz, 1992) model, which was scaled to  the observed 

visual magnitude of each star using the following equation. 

Let V be the visual magnitude of the star and the distance be d. The observed 

flux F, of the star can be written as, 



Here y is a scaling factor, K is the Kurucz flux a t  5500 A, d is the distance t o  the 

star, T is the optical depth to the star given by, 

The visual magnitude V can be written in terms of the flux as, 

Since the observed flux of Vega is 3.64 X ergs S-' a-' a t  5500A and the visual 

magnitude is zero we can compare the magnitudes of the two stars as follows, 

Therefore we can write F, in terms of the Vega flux as, 

If we expand the equation for F, we get, 

Hence we get the scaling factor between the Kurucz flux and observed flux for 

all the stars which is used to obtain the stellar luminosities in the FUV. The total 

optical depth to the star was calculated by assuming the theoretical cross-sections 

of Weingartner & Draine (2001), together with the observed column densities upto 

the distance of the star. This procedure has been described in detail in the previous 

section. This model of the ISRF has been able to match accurately the observations 

of the Belgian/UK UV sky survey telescope (S2/68) on the ESRO TD-1 satellite 

in the NUV and FUV. 

2.4 Scattering 

Any scattering model depends on the following; 



(a) position, density and properties of scatterers (grains) and 

(b) position and fluxes of sources (stars). 

Once these quantities are known, the scattered radiation can be modelled de- 

pending on the density of the dust grains. In general the photons undergo multiple 

scattering, i.e. the photons get scattered several times before reaching the detec- 

tor. In order to model this process we make use of a method known as the Monte 

Carlo method, since using the equations of radiative transfer is cumbersome and 

geometry dependent. In this method single photons are tracked as they get scat- 

tered and absorbed by grains in the ISM as opposed t o  a bunch of photons used 

in the radiative transfer equations. 

As part of this thesis, a generalized Monte Carlo model has been developed to  

simulate the scattered emission from a star in an arbitrary scattering geometry. 

A schematic of the model is shown in Fig. 2.1. In this model each photon from 

the star is emitted in a random direction and continues in that direction until an 

interaction occurs. In order to  track the photon, it  is essential to  know the distance 

travelled between consecutive scatterings and the scattering angle. Both the quan- 

tities can be obtained by sampling from their respective probability distributions. 

The probability of interaction depends on the local dust density a t  the point of 

interaction, and the cross-section of the grain. If the photon travels an element of 

length dl, the probability that it interacts with a grain is given by, 

Pint = nadl. (2.59) 

Here a is the cross-section of the grain (absorption or scattering), and n is 

the number density of the grains. Therefore, the probability of travelling without 

interaction is 1 - Pint. 



Figure 2.1: In this Monte Carlo model, photons are emitted by the star in a random 
direction and proceed until an interaction occurs. After each interaction, each photon is 
re-emitted in a new direction as determined by the scattering phase function. In order 
to save computational time, at  each interaction, a fraction of the energy of the photon 
depending on its scattering angle is redirected to the observer. 



P 

For a distance L given by, 

L = Ndl 

where N is the number of length elements required to  cover a distance of L, the 

probability of travelling a distance L without interaction can be written as, 

Here v is a number between 0 and 1 and T is the optical depth (T = j'n a dl = n 

a L). A set of random numbers is generated which corresponds to  this probability. 

By reversing Eqn. 2.61, T and the distance L can be calculated. 

The probability distribution for the scattering angle is the phase function. At 

the location of scattering, the angle is sampled from the phase function, (in this 

case the Henyey-Greenstein (Henyey & Greenstein, 1941) function). The Henyey- 

Greenstein phase function is an empirical form of the actual phase function which 

depends only on the parameter g and the scattering angle. 

In Eqn. 2.62, g is the phase function asymmetry factor (defined as (cos(8))) 

and 0 is the angle of scattering. If g is close to zero, the scattering is nearly isotropic 

while a value of g near 1 implies strongly forward scattering grains. 

The concept of weighted photons is used here since the actual number of pho- 

tons from a star can be as high as 1045 s-l and cannot be tracked even with the 

fastest computers. One weighted photon is equivalent to N stellar photons thereby 

reducing the number of photons tracked. At each interaction the photon's weight 

is reduced by a factor a, the grain albedo. To save computational time, a part of 

the energy of every photon is redirected to the observer a t  each interaction. This 

fraction depends on the phase function corresponding to the direction towards the 

observer. The photon is similarly followed through a sequence of interactions until 

it either leaves the area considered or its intensity drops to  a negligible value. The 
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model converges to  a solution in a few million iterations, after which the results 

are scaled t o  the stellar output. 

This model has a 3-dimensional dust density array as the input which can be 

modified according to the location under study, thereby making it a very general 

model for scattering calculations. Similarly it can accommodate many stars and 

calculate the total contribution from all of them. 

However if the density of the grains is considerably low (T < l ) ,  it is sufficient to 

make the approximation of single scattering, where the photon gets scattered only 

once before reaching the detector. In this case we can use the radiative transfer 

equations given in Chapter 1. 

2.5 Absorption 

During the interaction of a grain with the incident radiation, a fraction of the 

energy is absorbed by the grain. The scattering model described in the previous 

section has been modified to include this absorption also. In this model, a t  the 

location of the grain, the effective weight of the photon that  is absorbed is 1 - a 

times the incident photon's weight. The remaining weighted photon gets scattered 

several times, during which a fractional photon gets absorbed a t  each interaction. 

Whenever the next photon is absorbed, its weight is added to  the previous value 

a t  the location. After all the photons have been considered, the total value a t  each 

location is converted to  a flux and stored in an array and the next wavelength is 

considered. This is repeated for all wavelengths and the total energy absorbed in 

each bin of the 3-dimensional density array is computed. 

This value is then equated to a modified planck function as given in Eqn. 1.12 

from which the temperature is obtained. Knowing the temperature and the density, 

the intensity of thermal emission a t  the desired wavelength can be calculated. 

The procedure is repeated for all combinations of a and g before comparing 
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the results with observations. As in the case of scattering there may be several 

bright stars contributing in the region, in which case the total absorbed energy 

has to be calculated for each star separately and then summed up. The additional 

summation over wavelengths is extremely time consuming and therefore we have to  

resort to  parallel processing. This can be done in two ways. The simplest method 

is to do the computation for each star in different computers a t  the same time 

and then add up the intensity arrays. Another program then adds these arrays 

and computes the thermal emission intensities. Otherwise, the program can be 

modified to  use parallelising methods such as MP1 (Message Passing Interface) 

or OpenMP, where in a single program, the wavelengths or photons or both get 

distributed among the different processors of a supercomputer. The Monte Carlo 

program used as part of this work has been modified so as to  do both types of 

processing. If the number of contributing stars in a location is less (< 5), the 

former method is sufficient. Otherwise we have to  go for the latter procedure. 

As in the case of scattering, if the optical depth T is less than 1, we can opt 

for a single scattering model where the photon is assumed to  get scattered only 

once before reaching the detector. Hence we can use equation 1.12 to  calculate the 

temperature of the grains and the corresponding thermal intensities. 
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Table 2.1: Symbols used and their meaning 
meaning 

number density of hydrogen 
extinction in Cousins I band (8020 A) 

grain radius 
central wavelength of 21758Lbump 

extinction curve parameters of Fitzpatrick (1999) 
grain size distribution which is sum of two log-normal distributions 

dust distribution parameters 
abundance of carbon grains relative to hydrogen 

magnetic field strength, 
electric field, 

refractive index 
circular frequency 

velocity of light in vacuum 
charge density 
conductivity 

dielectric constant 
propagation constant 

associated Legendre polynomial 
spherical bessel functions 
spherical polar coordinate 

vector wave function 
spherical bessel function 

amplitude functions of wave 
Kurucz flux 

distance to the star 
optical depth 

interaction probability of a photon with a grain 



Studies of Interstellar Dust 

A thesis 

submitted for the degree of 

Doctor of Philosophy 

In 

The Faculty of Science 

University of Calicut, Calicut 

by 

Shalirna P. 

Indian Institute of Astrophysics 
Bangalore 560 034, INDIA 

August 2005 



Chapter 3 

Dust Properties in the FUV in 

Ophiuchus 

3.1 Introduction 

The Ophiuchus molecular cloud is one of a large complex of clouds a t  a distance of 

about 160 pc from the Sun (Chen et al., 1997). It is believed to  be the remnant of a 

Giant Molecular cloud (GMC), from which the stars of the Scorpio-Centaurus OB 

association were formed. HI studies by Cappa de Nicolau & Poppel (1986) have 

indicated the presence of a loop like structure a t  certain velocities, surrounding 

the early-type stars in the Upper Scorpius. The Ophiuchus complex of clouds lies 

. within this HI loop. Even the high-latitude clouds of Magnani et al. (1985) are 

probably associated with these clouds (de Geus et al., 1990). The region has been 

extensively studied in CO (de Geus et al., 1990; Dame et al., 2001) as well as 

with four-colour photometry (Corradi et al., 2004) allowing us to  determine the 

three-dimensional distribution of the matter in this direction. There is an under 

abundance of CO in this region, most likely due to  the photodissociation of the 

molecular clouds by the bright stars in the nearby OB association. The conversion 

factor between Wco and N(H2) is a factor of five times smaller than that found 

by Bloemen et al. (1986), due to the higher temperatures there (de Geus et al., 

1990). The region has also been observed in the near and far infrared by the IRAS 

satellite. However, Ophiuchus being in the ecliptic plane all the infrared bands 
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have zodiacal contamination. 

Our interest in this region is that one of the first observations of diffuse emission 

in the far ultraviolet (FUV - 912 - 1216 A) was made here by Holberg et al. (1991) 

who identified the emission as starlight from the nearby Scorpius-Centaurus OB 

association scattered by dust in the Ophiuchus molecular cloud. 

Because of the technical difficulties inherent in diffuse observations in the FUV, 

largely due t o  scattering from the intense geocoronal Lya line, there have been very 

few observations of the background radiation in this spectral region (see Bowyer, 

1991; Henry, 1991, for reviews of the diffuse radiation in both the near and far 

ultraviolet). By far the largest and most reliable data set has come from the 

ultraviolet spectrographs (UVS) aboard the two Voyager spacecraft which made 

observations of various astrophysical targets during the interplanetary phase of 

their mission, between their hugely successful planetary encounters. Many of these 

targets were of objects with no intrinsic FUV flux and Murthy et al. (1999) used 

them for a comprehensive study of the diffuse FUV radiation field. Because of 

the sensitivity of the Voyager UVS to diffuse radiation and the distance of the 

spacecraft far from the Earth where emission from interplanetary H I is minimized, 

these remain the definitive observations of the diffuse radiation field in the FUV. 

Except for a small extragalactic component a t  high latitudes (Henry, 1991), 

the diffuse UV radiation is largely due to starlight scattered by interstellar dust 

and as such can be used to  derive the scattering properties of the interstellar dust 

grains. Unfortunately there has been considerable controversy about both the level 

of the diffuse radiation and the modeling used to  extract the optical constants (see 

Draine, 2003b; Mathis et al., 2002, for a discussion of the difficulties) and there 

have been only loose observational constraints on the albedo (a) and phase function 

asymmetry factor (g) of the dust grains. 

As mentioned above, Holberg et al. (1991) discovered intense diffuse emission 

from Ophiuchus using the Voyager UVS and interpreted this emission as starlight 

back-scattered by the Ophiuchus molecular cloud. We have re-examined these 
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observations along with others from the Voyager archives (Murthy et al., 1999) in 

the light of a more sophisticated model and an improved understanding of the dust 

distribution in the direction of Ophiuchus (Corradi et al., 2004) and have found 

that the emission is actually due to the forward scattering of the light from a much 

lower density sheet of material in front of the Ophiuchus molecular cloud. There 

were many observations spread throughout the entire region and so we have been 

able, for the first time, to remove the degeneracy between the albedo (a) and the 

phase function asymmetry parameter (g) which have plagued studies of the diffuse 

radiation (Draine, 2003b). We have constrained a to  0.40 f 0.10 and g to  0.55 f 

0.25, in good agreement with the theoretical prediction of Weingartner & Draine 

(2001) for a mixture of graphite and silicate grains. 

3.2 Observations 

The two Voyager spacecraft include identical Wadsworth-mounted objective grat- 

ing ultraviolet spectrographs (UVS) covering the wavelength region between 500 

and 1700 A, with their greatest sensitivity a t  wavelengths below 1200 A. The field 

of view of the spectrographs is 0.1" X 0.87" with a spectral resolution of 38 A for 

diffuse sources. The spacecraft were launched within two weeks of each other - 

Voyager 2 in 1977'August and Voyager 1 in 1977 September - and obtained a 

wealth of information on all four of the giant planets. The two spacecraft are still 

continuing operation a t  the edge of the solar system with more than 10,000 days of 

operation each. A full description of the UVS spectrographs and further informa- 

tion about the interstellar mission of the Voyager spacecraft is given by Holberg 

& Watkins (1992). 

While the spacecraft were between planetary encounters, they observed many 

astronomical targets. Amongst these targets were a series of scans in the vicinity of 

Ophiuchus with the Voyager 2 spacecraft in 1982 (Holberg et al., 1991). We have 

supplemented these with further observations from the Voyager archives taken a t  



various times between 1982 and 1994 (Murthy et al., 1999). There were a total 

of 31 such locations and these are plotted on an IRAS 100 pm map in Fig. 3.1 

and tabulated in Table 3.1 with the total hydrogen column density (Schlegel et al., 

1998) and the IRAS 100 p m  flux (Wheelock et al., 1994). There was a limit cycle 

motion of a few tenths of a degree in the Voyager pointing and the position reported 

in the table is an average of the actual pointing of the instrument. 

The data reduction is described in detail in Murthy et al. (1999) and Holberg 

(1986) and consists of fitting three components to  the observed signal: dark noise 

from the spacecraft's radioisotope thermoelectric generator (RTG); emission lines 

from interplanetary H I; and emission from cosmic sources. The dark noise was 

subtracted using the continuum below the Lyman limit (912 A) and the astronom- 

ical and heliospheric emission were then simultaneously fit using templates for the 

emission. This reduction procedure was shown to  be consistent and reproducible 

over observations separated widely in time and between the two spacecraft and 

yielded 10 limits as low as 30 photons cm-2 S-l sr-l A-' over a large part of the 

sky. For the bright sources reported on here, the diffuse emission dominated the 

raw data and there was little uncertainty in the derived levels. 

The diffuse emission in Ophiuchus is the result of light from the nearby stars 

scattering from interstellar dust in the line of sight and were modeled in a simi- 

lar manner to Shalima & Murthy (2004) in the Coalsack. The stellar radiation 

field was calculated a t  the location of the scattering dust using the model of 

Sujatha et al. (2004), in which the distance and spectral type of each star was 

taken from Hipparcos data (Perryman et al., 1997) and the flux calculated using 

Kurucz models (Kurucz, 1992) with the latest modifications from his web page 

(http://kurucz.harvard.edu). Eight stars (see Fig. 3.1) contribute -90% of the 

total ISRF in this region. The properties of the stars are given in Table 3.2. 
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Figure 3.1: IRAS 100 pm map of the region is shown with contours labelled in units 
of MJy sr-l. The filled squares show the locations of the Voyager observations and the 
asterisks show the positions of the brightest UV stars in the region. 



The amount of radiation scattered to  the observer is dependent on the scat- 

tering function of the grains and we have used the Henyey-Greenstein scattering 

phase function, d(8) (Henyey & Greenstein, 1941). 

Here a is the albedo - which can range from 0 for dark grains to 1 for fully reflect- 

ing grains - and g is the phase function asymmetry factor with g = 0 indicating 

isotropic scattering and higher values indicating forward scattering grains. 

Draine (2003a) has suggested that the Henyey-Greenstein function underesti- 

mates the scattered radiation for highly forward scattering grains (g > 0.7) in 

the FUV. We have found, empirically, that using the theoretical scattering func- 

tion of Weingartner & Draine (2001) for a mixture of graphite and silicate grains 

makes no more than a 10% difference in the derivation of the optical constants for 

g = 0.65 and so, for consistency with the literature, we only cite the results using 

the Henyey-Greenstein function. The primary uncertainty in our procedure is in 

the location of the scattering dust and we discuss this below. 

The interstellar medium in the direction of Ophiuchus is dominated by the huge 

molecular complexes in Ophiuchus (Fig. 3.1) a t  a distance of - 160 pc (Chen et al., 

1997). Because of the thickness of the cloud, only foreground stars will contribute 

to  the diffuse radiation observed a t  the Earth. Back-scattering from the molecular 

cloud is an order of magnitude too small to  account for the observed UV intensity 

and hence we conclude that the scattering must be from two extended sheet-like 

structures which Corradi et al. (2004) have shown to cover the entire region between 

the galactic longitudes of 290" - 10" and latitudes of -25" - +25". The nearer 

of the two sheets is a t  a distance of d 5 60 pc from the Sun and the other, from 

which most of our observed scattering comes, lies between 100 and 150 pc from the 

Sun, depending on the direction. The latter sheet is likely part of the neutral ring 

surrounding the complex of molecular clouds in Ophiuchus discovered by Egger & 

Aschenbach (1995) in the ROSAT all-sky survey. Corradi et al. (2004) has found 
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a column density of 3.2 X 10'' cm-2 in the nearer cloud and a much larger column 

density of 3.7 - 27 X 1020 cmw2 in the further cloud. Other than these two clouds 

and the Ophiuchus molecular cloud, there is very little material out to  a distance 

of a t  least 200 pc from the Sun (Frisch, 2002a). 

In our model, we have divided the total H I from Dickey & Lockman (1990) 

in any line of sight into the two foreground clouds, with a constant value of 3.2 X 

101' cm-2 in the nearer cloud and the rest in the further cloud. For the Ophiuchus 

molecular clouds, we have subtracted the H I column density from the total hydro- 

gen column density of Schlegel et al. (1998) and distributed this excess material 

a t  the location of the molecular cloud. We converted the H I column density to  a 

dust scattering cross-section using the theoretical values of Weingartner & Draine 

(2001), implicit in which is the dust to gas ratio of Bohlin et al. (1978). In prac- 

tice, the observed UV emission is almost entirely from the more distant of the two 

sheets and so is most sensitive to the exact distance of that sheet, or rather to the 

distance between the sheet and the stars dominating the ISRF in this region, and 

the amount of dust in that cloud. Because this distance is uncertain, we have used 

a 3 parameter model in which we allow the distance to  the dust to vary but fix 

a and g to  a common value over all 31 positions. We then use a single scattering 

model to calculate the scattered flux in the UV and independently calculate the 

thermal emission a t  100 pm for the best fit parameters. The best fit distances are 

plotted in Fig. 3.2 and show a variation of 100 - 125 pc in this region, consistent 

with the values found by Corradi et al. (2004). 

3.4 Results and Discussion 

It is interesting to note that the level of the diffuse emission is not a t  all correlated 

with the amount of material in the line of sight (Fig. 3.3). Instead there is a tight 

correlation between the level of the ISRF and the scattered radiation (Fig. 3.4). 

This has important implications for the study of the diffuse radiation field. 
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Figure 3.2: Best fit distances to the scattering layer for each of the locations as a 
function of galactic longitude in degrees. 



Figure 3.3: Observed UV intensity at each location is plotted against the corresponding 
values of the total, N(H) (dotted line) and neutral, N(H I) (solid line) hydrogen column 
densities. There is clearly no correlation between the FUV intensity and either N(H) or 
N(H I). 



ISRF (x106 ergs cm2 S-' A-') 

Figure 3.4: Observed UV intensity at  each location is plotted against the ISRF. The 
non-zero intercept is due to the absorption of the diffuse radiation in the intervening 
ISM. 



It  is often claimed that the diffuse radiation is correlated with the H I column 

density (e.g. Bowyer, 1991; Schiminovich et al., 2001); however, it is becoming 

increasingly evident that  the diffuse radiation is dominated by local effects, par- 

ticularly near bright stars (c.f. Murthy & Sahnow, 2004). 

Our model predictions match the observations extremely well both in UV scat- 

tering (Fig. 3.5) and in 100 pm infrared emission (Fig. 3.6). We have derived a 

90% confidence contour (as per Lampton, Margon, & S.Bowyer, 1976) for a and g 

and this is shown in Fig. 3.7. Our 90% confidence limits on a and g are 0.40 f 

0.10 and 0.55 f 0.25 respectively and are consistent with the theoretical predic- 

tions of Weingartner & Draine (2001) for average Milky Way dust with Rv=3.1 

(a = 0.365, g = 0.6). 

There are very few determinations of the optical parameters of interstellar 

grains a t  wavelengths shorter than 1200 A (Draine, 2003b; Gordon, 2004) and most 

of these have come from observations of reflection nebulae. Witt  et al. (1993) found 

an albedo of 0.42 f 0.04 from Voyager 2 observations of NGC 7023 and Burgh 

et al. (2002) found an albedo of 0.30 f 0.10 from rocket observations of NGC 2023. 

Both groups claimed that the grains were highly forward scattering with g 0.8. 

Shalima & Murthy (2004) found a similar value of 0.40 f 0.20 through Voyager 

observations of the Coalsack Nebula but were not able to  constrain g. 

Although our derived albedo (0.40 f 0.10) is consistent with the earlier de- 

termination~, we find a slightly lower value for g (0.55 f 0.25). It  is possible 

that conditions are different in reflection nebulae as opposed to the diffuse ISM 

we observe or it may be that,  as Draine (2003a) suggests, the scattering function 

is poorly represented by the Henyey-Greenstein function in the FUV leading to 

differences between determinations in different geometries, particularly for highly 

forward scattering grains. 
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Figure 3.5: Modeled FUV (1 100 A) intensities corresponding to a = 0.40 and g = 0.6 
have been plotted against the observed values for each location. 
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Figure 3.6: Modeled IR intensities corresponding to an albedo of 0.40 and g = 0.6 have 
been plotted against the observed IRAS (100 pm) values for each location. 
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Figure 3.7: 90% confidence contour for all 31 locations (solid contour) is shown. The 
contour corresponds to a limit of 0.40 f 0.10 and 0.55 f 0.25 on the albedo and g 
respectively. Also plotted is the intersection of the individual 90% confidence contours 
for each of the locations (dashed line). 



3.5 Conclusions 

We have used Voyager observations of the diffuse FUV radiation in the region 

of Ophiuchus to  investigate the optical constants of the interstellar dust grains. 

We have found that the intense emission in this region arises not in the dense 

molecular cloud which contains most of the matter in this direction but rather in 

a much thinner neutral sheet in front of the cloud. In fact, there is no correlation 

between either the 100 p m  IRAS emission or N(H) and the scattered FUV light. 

Instead the FUV emission is tightly correlated with the strength of the local ISRF. 

Thus unlike thermal dust emission in the IR, where the dust is optically thin and 

the material along the entire line of sight contributes to the total, scattering in the 

FUV requires much thinner clouds and nearby bright stars. 

In general, one should not expect correlations on global scales between the UV 

and IR or UV and N(H). This is borne out by Murthy & Sahnow (2004) who find 

only a mild dependence on the 100 p m  for the FUV flux but not by Schiminovich 

et al. (2001) who claim a correlation between the UV (at 1500 A) and N(H) using 

data from the NUVIEWS rocket flight. We are pursuing further investigations with 

data from the Galaxy Evolution Explorer (GALEX) to test these correlations. 

We find that the interstellar dust grains are highly forward scattering with a g 

(= (cos@)) of 0.55 f 0.25 and an albedo of 0.40 f 0.10. These results are in general 

agreement both with the theoretical predictions of Weingartner & Draine (2001) 

and previous observations of reflection nebulae. As a test of our model, we have 

independently calculated the 100 p m  intensities for each of the locations for our 

best fit a and g values and found them to  match the IRAS (100 pm) observations. 



Location 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
2 2 
23 
24 
2 5 
2 6 
2 7 
28 
29 
30 
3 1 

V h e e l o c  

0.2 
7.9 
7.8 
0.6 
1.4 
0.4 
1.8 

355.5 
5.8 
2.4 

348.1 
2.4 
4.1 

355.5 
2.4 
3.6 
3.2 
5.9 

350.4 
348.5 
359.2 
357.5 
356.4 
358.1 
357 
10.2 
9.1 
9.7 

354.3 
350.5 
et al. 

Details of observed locations in Ophiuchus 
Observed Fluxf  Error IRAS(100 pm)" 

(ph S-' sr-I .&-l) (MJv sr-l) 

Column densities from Schlegel et al. (1998). 



Star 

c O P ~  
X O P ~  
U Sco A 

W Sco 
6 Sco 
ll Sco 
7 sco 
A Lib 

Table 3.2: Properties 
b I Spectral Type 

B2Vne 
B2IV 
B1V 

B0.2IV 
B1V 
BOV 
B3V 

f contributing stars 
Temperature I log (g) I log (z) 
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Chapter 4 

Modelling of dust properties in 

the FUV toward the Coalsack 

4.1 Introduction 

The Southern Coalsack extends over 5Ox6" in the sky and is located in the galactic 

plane (b = 0.0") at  a longitude of 303". It is highly irregular and inhomogeneous 

and made up of several large and small clouds. It  is one of the few massive clouds 

(3500 M,), where there is no star formation. The extinction here is as high as 2.4 

magnitudes a t  4400 A. CO observations (Nyman et al., 1989) have shown that it 

has a very complex structure with clumps and filaments and several velocity com- 

ponents. At least 27 globules have been found to be associated with the Coalsack 

(Bok et al., 1977) with no evidence for star-formation. Andersson et al. (2004) 

have observed X-ray emission a t  the perimeter of the Coalsack molecular cloud 

using the Roentgen satellite (ROSAT) which they attributed to  the interaction 

zone between the Sco-Cen superbubble and the molecular cloud. This has been 

observed in the high energy bands but not in the lower energy bands due t o  fore- 

ground extinction. In addition the authors also observed OVI absorption in the 

FUV for stars behind the Coalsack molecular cloud due to  which they established 

that the emission was associated with the molecular cloud. It represents an ex- 

cellent direction for the determination of the scattering properties of dust grains 

particularly in the UV and was found to be one of the brightest sources of diffuse 
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UV emission in the sky by Murthy et al. (1994). Without detailed modeling, they 

were unable to provide useful constraints on the optical constants of the grains 

but suggested that most of the observed emission was due to  forward scattering of 

photons from three of the brightest UV stars in the sky by foreground dust, rather 

than back-scattering from dust in the molecular cloud. Mattila (1970) has also 

observed scattering in the visible from this region which was however considered 

t o  be scattering from the Coalsack. In view of our results, we suggest that scatter- 

ing by the foreground medium may be the major source of the visible emission also. 

In Shalima & Murthy (2004) (here after referred to as paper I), we have con- 

strained the far ultraviolet (FUV) dust properties of the region using five Voyager 

observations of four locations in the Coalsack and a detailed Monte Carlo scatter- 

ing model. We found that the FUV albedo in the region is 0 .4 f  0.2 a t  1100 A but 

couldn't constrain the phase function asymmetry factor g because of the lack of 

sufficient data. Now with additional data from the Far Ultraviolet Spectroscopic 

Explorer (FUSE) we have observations a t  28 locations in this region for five differ- 

ent wavelengths in the FUV (Fig. 4.1) using which we can constrain both a and 

9. 

4.2 Observations 

There are a total of 118 observations in the region from Voyager and FUSE space- 

craft covering five different wavelengths in the FUV (Table 4.1). These have been 

described in detail in Murthy et al. (1999) and Murthy & Sahnow (2004) respec- 

tively. Five of the observations were taken by the spectrographs aboard the two 

Voyager spacecrafts (Voyager 1 & 2). The FUSE observations are part of the 

S405/505 program where regions of nominally blank sky were observed for several 

thousand seconds. Out of these observations Murthy & Sahnow (2004) found dif- 

fuse signal in several locations including the Coalsack. The intensities toward the 
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Figure 4.1: The IRAS 100 pm (in units of MJy sr-l) map of the region is plotted with 
the 34 observed locations superimposed on it. Filled squares represent FUSE locations 
while filled triangles represent the Voyager targets. The brightest UV stars in the region 
are also marked as asterisks. 



Table 4.1: Details of observed locations in the Coalsack 

a photons cm-2 S-' sr-l A-'. 
Murthy & Sahnow (2004) 
Murthy et al. (1999) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

l 
(deg) 
290.9 
290.9 
292.3 
295.6 
297.5 
297.5 
297.5 
295.6 
297.0 
303.5 
297.6 
297.6 
299.9 
300.1 
300.2 
301.7 
302.7 
302.7 
302.7 
302.9 

302.98 
302.7 
303.0 
303.0 
303.7 
303.7 

304.36 
304.5 
304.6 
304.6 
305.2 
307.0 
308.0 
304.6 

b 
(deg) 
-0.5 
-0.5 
-4.8 
-0.24 
0.3 
0.3 
0.3 
-0.3 
-3.6 
-1.3 
0.34 
0.34 
-2.8 
-2.5 
-5.7 
-1.7 
-2.8 
-4.5 
-4.5 
0.8 

-4.05 
-2.78 
-4.0 
-4.1 
0.6 
0.6 

-2.68 
-2.3 
-2.4 
-0.4 
-5.7 
-1.0 
-5.0 
-2.4 

Ref. 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
1 
1 
1 
2 
2 
1 
1 
1 

999 A 
7505750 

4510f1950 

13130% 2360 
22840f 6850 
18360f 3480 
3700f 1810 
6920f 2010 
10295f 3200 

9620f 5400 
15850f 3520 
1170f1170 

4010f 3200 
8190f 2890 
8240f 4290 

4430f3660 
6810f 6290 

1635f 1635 
7840f 5530 

4340f 3300 
3360f 2740 
2060f 2060 

1056 8, 
1360f780 

4630f970 

15830f 1500 
10040f 1810 
12450f 1000 
5150f 600 

5120f 1220 
12320f 1600 

12150f 3590 
17040f 1860 
3280f 870 

7560f 2970 
10160f2060 
6870f2480 

5460f 2040 
5580% 3270 

1330f 1330 
6090f 3410 

4140f 2180 
2850f 1770 
4480f 3140 

Observed UV Intensitya 
l100 A 

3360f940 
5980f800 
7500f1410 
6690f1180 
13440f 890 
9965f 1020 
14600f1860 
3350f 1050 
6650f 1340 
9520f 3450 
12420f1300 
12450f1300 
10160f3730 
14400f2070 
3030% 770 
18860% 380 
8190% 2890 
9040f 1870 
53709~3590 

29000f 15000 
14000f 7000 
16000f5000 
8270 k3670 
5590f 5020 
13800k2400 
14000f 2300 
14000f7000 
3740f3740 
3980f 3010 
11900f 2400 
8000f2000 
4630f 2300 
4830f 1640 
3230f3230 

1157 8, 
370f370 

12730f 1400 
9330f 1040 
15960f 2800 
3150f 1500 
7370f 2200 
14140f 2870 

4670f 4670 
17120f 2290 

4603~460 

6930f 1700 
8580f2620 
5470f 3570 

5020f 3500 
3460f 3460 

3360f3360 
5150f 4510 

3120f 3120 
4780f 2230 
4170f 4170 

1159 A 
3090% 950 

4340f 1180 

17600f 2680 
10570f1160 
16090f 2380 
5070f1260 
4630f 1790 
10750f 2390 

15720f2570 
3200f 1020 

10920k5400 
11030f 2360 
3520f 2400 

4600f 4600 

63803~5900 
7060f 3220 

3791f 3570 
4380f 1340 
15240f9730 

IRAS (100pm) 
(MJy sr-l) 

270 
270 
50 
270 
260 
260 
260 
240 
60 
235 
270 
2 70 
70 
70 
25 
120 
80 
60 
60 
290 
50 
80 
50 
50 

340 
340 
90 
120 
110 
400 
30 

200 
40 
110 



Coalsack range from 3000 - 29000 photons S-' sr-l A-' a t  1100 A. 

4.3 Model 

We have made use of a generalized Monte Carlo model to  predict the scattered 

radiation a t  each of the locations. Here individual weighted photons from the star 

get scattered several times before reaching the detector. A detailed description of 

this method is given in chapter 2. Here we make use of the Henyey-Greenstein 

(Henyey & Greenstein, 1941) scattering phase function and the dust cross-sections 

from Weingartner & Draine (2001) which correspond to a mixture of graphite and 

silicate grains with R, = 3.1. The dust distribution, as usual, is more difficult to 

characterize and is the main source of uncertainty in our model. One of the major 

advantages of this direction is that the density and distribution of the medium in 

this region has been well studied. The molecular cloud comprising the Coalsack is 

clearly delimited by the CO contours of Dame et al. (2001) which we have converted 

into a total hydrogen column density using the NH,/Wco ratio of 2.8 X 1020 m01 

cm-2 K-' km-' S (Bloemen et al., 1986). The dark nebula is a t  a distance of 190 

f 10 pc from the Sun (Franco, 1989), behind the hot stars listed in Table 4.2. As 

will be shown below, the contribution from the Coalsack is negligible compared to 

that from the foreground diffuse medium. 

There is virtually no interstellar matter in this direction up to  a distance of 

about 40 pc from the Sun, except for the Local Cloud, which has a column density 

of only about 5 X 1018 cmp2 (see Frisch, 2002b). The medium beyond 40 pc has 

been found to  be in two extended sheet-like features (Corradi et al., 1997, 2004)) 

one a t  a distance of about 60 pc and the other a t  120 - 150 pc from the Sun. Using 

the Na I column densities obtained by Corradi et al. and the NNaI/NHI ratio of 

Ferlet et al. (1985), we have obtained a neutral hydrogen column density of about 

3 X 1019 cmp2 for the 60 pc feature and 3.7 X 1020 - 2.6 X 1021 cm-2 for the 120 

- 150 pc feature. We have used a column density of 1021 cm-2 and a distance of 



Table 4.2: Details of stars used in our model 
Name l l 1 b 1 Sp. Type ( distance I Luminosity a t  1100 A 1 

,8 Cen 
a Cru 
/3 Cru 
6 Cru 

HD 116087 
A Cru 

HD 110956 
HD 103079 

(photons S-' .&-l) 

2 . 1 0 ~  1 0 4 ~  

7.35 X 1 0 ~ ~  
6 . 0 3 ~  1 0 ~ ~  
1.36 X 

8 . 6 9 ~  
6.49 X 

6.11 X 

4 . 8 7 ~  

130 pc for the denser sheet. 

The current model differs from Paper I in the addition of more number of stars 

that  contribute nearly 40% of the radiation field a t  the distance of the foreground 

sheet (130 pc) for the central locations and as much as 70% towards the edges. 

The radiation field was calculated using the model of Sujatha et al. (2004). 

We have used data from the Hipparcos catalogue (Perryman et al., 1997) to  

specify the stellar spectral types, locations, and distances. The flux from each 

star was calculated using a Kurucz (1992) model. Owing to the large fraction of 

stars (> 500) contributing to  the observed radiation, we have done the detailed 

Monte Carlo modelling only for the brightest stars given in Table 4.2. These stars 

contribute 60% of the total radiation towards the center of the Coalsack. In 

order to include the contribution from other stars we ran a single scattering model 

by considering all the remaining stars in the Hipparcos catalogue. This method 

will result in an error of only 10% in the derived optical constants compared to a 

Monte Carlo model using all the stars. 

Fig. 4.1 shows the IRAS 100 pm map of the region (in units of MJy sr-l) with 

the brightest stars (asterisks) and the observed locations (filled squares, triangles) 

over plotted. The figure also contains the 100 pm contours a t  40, 100 and 200 MJy 

sr-l. We have run our model for various combinations of a and g at five different 

wavelengths and obtained the intensity over the entire 28" X 28" field for each 



combination. By comparing the model intensities with the observations, we were 

able to constrain the values of both the optical parameters a t  these wavelengths. 

4.4 Results and Discussion 

We have modelled the Voyager and FUSE observations in the direction of the 

Coalsack and constrained a and g in the FUV. The individual 90% confidence 

levels for both the parameters for different wavelengths are shown in Figs. 4.2 - 

4.5. It  is significant that with the inclusion of more number of observations and 

stars we have been able to remove the degeneracy in g. Figs. 4.6 and 4.7 show 

the variation of these parameters as a function of wavelength. The theoretical 

predictions of Weingartner & Draine (2001) for R, = 3.1 are also overplotted 

(dotted line). We find that there is only a slight increase in the albedo from 0.3 

t o  0.35 while g remains constant a t  0.7 f 0.15 for the assumed dust distribution. 

This is consistent with the predictions of Weingartner & Draine (2001) for average 

Milky Way dust. 

We find that the dust grains in the foreground HI sheet produce the observed 

scattered radiation. This can be understood from Fig. 4.8 where we can see that for 

g = 0.0, the Coalsack as well as the foreground medium contribute equally, whereas 

in the case of forward scattering all the contribution is made by the medium in front 

of the Coalsack. Since in this case the scattering is forward we can consider the 

latter to be true. Further evidence for this foreground material being responsible 

for scattering in the FUV comes from the absence of OVI emission in the spectra 

which is characteristic of the stars behind the Coalsack molecular cloud (Andersson 

et al., 2004). This shows that the scattering dust in the neutral sheet has the same 

properties as the general diffuse interstellar medium. There is a decrease of 0.1 

in the albedo a t  1100 W compared t o  Paper I (0.4 f 0.2) due to  the contribution 

from the additional stars in the model. In Fig. 4.9, we have plotted the observed 

UV intensities against the corresponding model values for an albedo of 0.3 and a 



Figure 4.2: 90% and 68% confidence contours (a versus g) are plotted for 999A. 
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Figure 4.3: 90% and 68% confidence contours (a versus g) are plotted for 1056A. 
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Figure 4.4: 90% and 68% confidence contours (a versus g) are plotted for 1117A. 
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Figure 4.5: 90% and 68% confidence contours (a versus g) are plotted for 1159A. 



Figure 4.6: The variation of albedo with wavelength is plotted. The albedo, a varies 
from 0.3 to 0.35 with wavelength. 
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Figure 4.7: The variation of g as a function of wavelength is plotted. g remains a 
constant at 0.7 f 0.15 with wavelength. 
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Figure 4.8: Relative contributions from two parts of the medium for the 4 Voyager 
locations. The solid line represents the contribution from the foreground medium for g 
= 0.9 and the dashed line denotes its contribution for g = 0.0. The contribution from the 
Coalsack for g =0.0 and g = 0.9 is represented by the asterisks and the filled diamonds, 
respectively. The albedo used is 0.4 for all the four locations. 



g value of 0.7 which are the best fit values for these parameters a t  1100 A. There 

is good correlation between the two implying the constancy of grain properties in 

the foreground cloud in the FUV. 

We have also calculated the infrared (IR) 100 pm intensities for all the locations 

using the condition of thermal equilibrium for the best fit parameters and compared 

with the IRAS 100 pm data (given in Table 4.1). The difference in intensities 

between the IRAS data and the modified values of Schlegel et al. (1998) are plotted 

as error bars in Fig. 4.10. There is a reasonably good correlation between the 

observed and model values. Note that for locations with lower intensities (< 100 

MJy sr-l), the correlation is much better than for the high intensity values. This 

is because in the former case the same HI sheet that contributes in the UV is 

the major contributor in the IR also. On the other hand, the locations with lower 

correlation correspond to high density regions within the Coalsack molecular cloud 

and regions of hot x-ray emitting plasma surrounding the molecular cloud observed 

by Andersson et al. (2004). For these locations, since the contribution from the 

molecular cloud is higher than from the HI sheet, the distance of the cloud is very 

crucial in determining the IR intensities. But here we have only considered an 

average distance of 180 pc for the entire cloud. In addition, the dust a t  these 

locations is heated by the hot plasma that results in higher dust temperatures 

than would be produced by the stellar radiation field alone. This has resulted in 

the relatively bad correlation a t  high intensities. In any case the presence of a 

correlation indicates the uniformity of the dust properties not only in the neutral 

sheet but also to  some extent in the molecular cloud. 

Conclusions 

Our model predicts the intensities over the entire 28" X 28" region towards 

the Coalsack. In agreement with Murthy et al. (1994) we find that the foreground 

sheet is responsible for scattering rather than the background molecular cloud. 

7 2 



Figure 4.9: The modelled FUV (1100 A) intensities corresponding to an albedo of 0.3 
and a g value of 0.7 have been plotted against the observed values for each location. 
There is a very good correlation between the two, implying the uniformity of the optical 
properties of grains in the region. 
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Figure 4.10: The model IR intensities corresponding to an albedo of 0.3 have been 
plotted against the observed IRAS (100 pm) values for each location. 



We have benefited by the increased number of observations from the FUSE 

spacecraft in this region as they have helped us in removing the degeneracy in 

g and uniquely determining its value. Using our model we have found that the 

albedo of the grains is 0.3 f 0.1 a t  999 A increasing to 0.35 f 0.1 a t  1159 a , 
and g is nearly constant a t  0 .7f  0.15. These results are in good agreement with 

the recent predictions of Sujatha et al. (2005) in the Ophiuchus molecular cloud. 

Our values are also consistent with the earlier results of Witt et al. (1993), Burgh 

et al. (2002) and Murthy et al. (1994). The derived parameters being in good 

agreement with the theoretical predictions of Weingartner & Draine (2001) for R, 

= 3.1 indicates that the grains have the same properties as the average Milky Way 

dust. This might be because the radiation field here is not as strong as in locations 

like M42. 

Our model has been able to  consistently explain both the observed FUV as 

well as IR 100 pm intensities using the same set of dust parameters. These results 

indicate that diffuse emission in the FUV in the direction of the Coalsack is mainly 

due to the scattering by dust grains in the foreground of the cloud, while the IR 

emission is due to  grains within the Coalsack as well and so there wouldn't be any 

correlation between the observed FUV and IR intensities. This also leads to  lack 

of correlation between the dust column density and the observed FUV intensity, 

unlike Schiminovich et al. (2001) who claim to  obtain a strong correlation between 

the two using the NUVIEWS instrument. This is because the dust column density 

obtained from IR observations correspond to the total integrated density along the 

line of sight whereas the FUV intensities are from the foreground material alone 

for the locations studied. 
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Chapter 5 

FUV Scattering by Dust in Orion 

5.1 Introduction 

The Orion Nebula (M42) is part of a molecular ridge of material extending N-S 

through the sword of the Orion constellation. Due to  its proximity to the Sun and 

its association with a young stellar cluster containing many bright and massive 

stars, this nebula has been studied extensively a t  several wavelengths (reviewed by 

O'Dell et al., 2001). The standard model for M42 (Wen & O'Dell, 1995) is that it 

is a thin blister of ionized gas in front of the Orion molecular cloud (OMC-l), for 

which the ionization energy comes from the Trapezium stars (mainly 8 Ori C). 

This star is a peculiar 0 6  star (Walborn & Panek, 1984) with a strong stellar wind 

and a 15.4 day periodicity in spectra (Walborn, 1981; Walborn & Nichols, 1994; 

Stahl et al., 1993). These stars are the youngest among the stars in the Orion 

Nebula Cluster (ONC), which contains around 3500 stars with a cluster mass of 

1800 M@. The main ionization front (MIF) of the nebula is a wall that is destroying 

the surface of the parent molecular cloud (OMC-1) by photoevaporation. Wen & 

O'Dell(1995) has modelled the MIF by using the relationship between the thickness 

of the emitting layer and the surface brightness of the nebula. They showed that  

the emitting layer is thin (0.1 pc) as compared with the lateral dimension (1 pc). 

In addition, there is a sheet of neutral hydrogen known as the Veil (O'Dell et al., 

1992) in front of the nebula which consists of three velocity components known as 

A(24 km S-l), B(21 km S-l) and C(16 km S-'). 
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The extinction in the nebula has been derived by comparing the Ha surface 

brightness with the 21 cm radio emission (O'Dell, 2000). From the correlation 

of neutral hydrogen column densities (obtained from HI 21 cm absorption) with 

extinction (O'Dell et al., 1992), dust in the foreground Veil is considered to  cause 

the observed extinction. Stars in the ONC are known t o  have deviant extinction 

curves (Bohlin et al., 1983; Cardelli & Clayton, 1988) indicating differences in the 

grain sizes, abundances etc. compared to the diffuse ISM grains. The observed 

extinction of these stars (A, = 1.55 mag) is in agreement with the extinction 

derived from surface brightness measurements of the nebula (AHg = 1.5) and 

shows that this anomalous extinction is produced by an excess of large grains (R, 

= 5.0) in the Veil (Abel et al., 2004). 

Continuum emission was observed from the nebula by O'Dell & Hubbard (1965) 

who found it  to be much stronger than that from pure atomic processes. It  was 

therefore attributed to scattering by dust grains in the nebula. There have been 

several observations of dust scattering near the Orion Nebula in the near UV (1300 

- ~ o o o A ) ,  all with the International Ultraviolet Explorer (IUE) (Mathis et al., 

1981; Perinotto & Patriarchi, 1980; Patriarchi & Perinotto, 1985). These authors 

assumed a spherically symmetric dust distribution and obtained an albedo of 0.44 

& 0.11 between 1300 and 3000 A (see Fig. 5.4) with highly forward scattering 

grains. However these studies were limited by the need to  subtract the atomic 

continuum present in the observed radiation. In the far-ultraviolet (FUV), on the 

other hand there is negligible contribution from the atomic continuum and the 

uncertainties are minimized to a large extent. We have used serendipitous Far 

Ultraviolet Spectroscopic Explorer (FUSE) observations of scattered radiation a t  

an angular separation of 12' from O1 Ori C (Murthy et al., 2005) to  derive the 

scattering properties of the dust grains in the far ultraviolet (FUV). We find that 

this emission is due to scattering of the light from the Trapezium stars by a layer 

of dust in front of M42 which is part of the Veil. We derive an albedo of 0.25 a t  

912 A which increases to 0.4 a t  1040 A. 
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We have recently used FUSE and Voyager data to  study the optical properties 

of dust grains in the directions of the Coalsack (Shalima & Murthy, 2004) and 

Ophiuchus (Sujatha et al., 2005). In both regions, the dust was found to actually 

be in foreground clouds of relatively low density in front of the dense molecular 

clouds and illuminated by the bright stars in the two regions, respectively. This 

work, represents the first determination of the optical properties of the dust grains 

in the FUV for Orion, where the dust is known to be much different from the 

general interstellar medium. 

5.2 0 bservat ions 

The FUSE satellite was launched in 1999 into a low earth orbit. It  consists of four 

CO-aligned optical channels out of which two are coated with lithium fluoride (LiF) 

and the other two with silicon carbide (Sic). Together these channels cover the 

spectral range between 905 A and 1187 A. It has three apertures, LWRS, MDRS 

and HIRS. The LWRS is a 30" X 30" square aperture while the MDRS is a 4" X 

20" rectangular aperture. The HIRS is a 1.25" X 20" aperture. Out of these only 

the LWRS gives useful spectra for diffuse sources. As part of the FUSE S4051505 

program, regions of nominally blank sky were observed to  allow the instrument to 

thermalize before realignment of the spectrograph mirrors. 

Murthy & Sahnow (2004) found diffuse radiation in many of these locations 

with intensities ranging from 1.6 X 103 - 2.9 X 105 photons cm-2 sr-' S-' A-'. 
They used only the "NIGHT" part of the observations to  exclude airglow emission 

and the Lyman lines of atmospheric hydrogen. They used an empirically deter- 

mined background for subtraction, since standard procedures overestimated the 

instrumental background. The sensitivity limit of the observations is 2000 pho- 

tons cmp2 sr-' S-' A-1 which corresponds to  an unreddened B type star of visual 

magnitude 16. Here we have modelled the brightest of these observations near B- 

type star HD36981 in Orion (S40546/01) (Table 5.1) which is described in detail 
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Table 5.1: FUSE observations 
Data set I 1 I b I Time I 1ntensit~(1100A) / 

in Murthy et al. (2005). They attributed the diffuse radiation to scattering from 

dust in front of the nebula rather than from within the nebula. 

5.3 Model 

Fig. 5.1 shows the DSS map of the region with the brightest stars and the FUSE 

location over plotted. This location (1 = 208.81") b = -19.31") lies within the ridge 

of molecular material observed in Cl80,  13C0 and CS emission by Chini et al. 

(1997). Although only 1.5' from HD 36981, Murthy, Sahnow, & Henry (2005) 

showed that the observed emission could not be scattered radiation from that star 

because the broad photospheric LyP absorption line in the stellar spectrum is not 

reflected in the diffuse spectrum. We find that despite its proximity to  HD 36981, 

65% of the radiation a t  the distance of the dust is provided by 19' Ori C alone 

and 99% by the stars in Table 5.2. The spectra also shows possible blueshifted 

photospheric OVI absorption (France & McCandliss, 2005), characteristic of hot 

0 type stars which is absent in relatively colder stars like HD 36981. However, the 

spectra doesn't show as much extinction as Q1 Ori C,  probably due to  scattering 

through a comparitively low density region (Murthy et al., 2005). 

The amount of light scattered by the dust depends on the number density of 

the interstellar dust grains, scattering properties of the grains and the relative 

geometry of the stars and dust. We have used the Henyey-Greenstein function 

(Henyey & Greenstein, 1941) for the scattering phase function. Although this is a 
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Figure 5.1: DSS map of the region with the stars (asterisks) and the FUSE location 
(filled square) overplotted. 
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Table 5.2: Properties of stars near target 

purely empirical function which may not represent the true scattering, particularly 

for strongly forward scattering grains (Weingartner & Draine, 2001), it is the most 

prevalent in the literature and is accurate to within 10% for g < 0.8. We have 

used dust cross-sections from Weingartner & Draine (2001) assuming two differ- 

ent values for R, (= A, / E (B-V)): R, = 3.1, characteristic of "standard" Milky 

Way dust; and R, = 5.5, characteristic of the interstellar dust in Orion (Cardelli 

et al., 198913; Fitzpatrick, 1999). These authors have used a mixture of spherical 

Name 

0' Ori C 
O2 Ori A 
0' Ori A 
B' Ori D 

carbonaceous and silicate grains with the smallest carbonaceous grains being PAH 

(polycyclic aromatic hydrocarbon) molecules and the largest grains consisting of 

graphite. We note that Weingartner & Draine (2001) have used the ratio of visual 

extinction t o  the hydrogen column density (A,/N(H)) of Bohlin et al. (1978) which 

is N 2.5 times higher than the value observed for Orion (Shuping & Snow, 1997). 

Since the ratio A,/N(H) is a measure of the extinction cross-section per hydrogen 

(Draine, 2003b), we have used the ratio of the measured values of A,/N(H) for 

the Milky Way and the LMC and the corresponding ratios between their extinc- 

tion cross-sections in order to  derive extinction cross-sections for Orion. We find 

that the dust cross-sections in Orion (for A,/N(H) = 3.6 X 10-22 mag cm2) are 

approximately 1.6 times higher than those of Weingartner & Draine (2001) for R, 

= 5.5. Therefore we have calculated the FUV intensities corresponding to  these 

modified cross-sections apart from cross-sections for R, = 3.1. 

a 2000 epoch 

l 

(deg) 
209.01 
209.05 
209.01 
209.01 

b 
(deg) 

-19.38 
-19.37 
-19.39 
-19.38 

R.A." 
(deg) 
83.82 
83.84 
83.81 
83.82 

Deca 
(deg) 
-5.39 
-5.41 
-5.39 
-5.39 

Sp. ~~~e~ 

06pe  
09.5V 
B0.5V 

B0.5Vp 

dC 
(pc) 
450 
450 
450 
450 

Flux (1100 A) 
a t  449pc (Cud) 

1500x 105 
370x 105 
150x 105 
250x 105 



The observed FUSE spectrum (Fig. 5.2) shows a strong interstellar LyP ab- 

sorption feature corresponding to a column density (N[HI]) of 6.3 X 1020 cm-2 using 

a x2 fit. When combined with the H2 column density of 4.7 X 1018 (France 

& McCandliss, 2005), we find that the total hydrogen column density is N(H) = 

6.4 X l o 2 0  cm-2. However, HI 21 cm observations (Condon et al., 1998) show that 

the HI column density of the foreground cloud is only 4.5 X 10'' cm-2 indicating 

that the bulk of the absorbing medium must be between the contributing stars 

(primarily the Trapezium stars) and the point of scattering. We have derived the 

HI column density a t  the location from the NRAO VLA Sky Survey (NVSS) data 

of Condon et al. (1998) by using the 121,m/N(HI) ratio of van der Werf & Goss 

(1989) where IZlcm is the intensity of the HI 21cm emission. It is interesting to 

note that the column density along the direct line of sight to  the Trapezium stars 

is much higher with N(H) = 3.9 X 1o2' cm-2 (Shuping & Snow, 1997). Thus we are 

actually observing light from the Trapezium stars reflected around the foreground 

clouds. 

A schematic of our scattering geometry is shown in Fig. 5.3. The observed 

emission is due to  scattering of the light of the Trapezium stars from dust a t  a 

distance of 1 pc (point A) from O1 Ori C, corresponding to the distance of Orion's 

Veil (Abel et al., 2004). The column density between the stars and the point of 

scattering is 6.4 X 1020 cmw2 with the thickness of the scattering layer being 4.5 

X 10'' cm-2. We have used a single scattering model, since the optical depth a t  the 

location, TFUV is less than 1. We have included both dust extinction as well as gas 

(HI and H2) absorption. The Hp and HI absorption cross-sections have been taken 

from McCandliss (2003). The continuum was derived by taking the median of 50 

data points for each wavelength after eliminating the regions corresponding to the 

strongest spectral lines of molecular and neutral hydrogen (see Fig. 5.2). The 

continuum beyond 1040 A is affected by the presence of H2 fluorescence (France & 

McCandliss, 2005) and therefore we have modelled the radiation only upto 1040A. 

France & McCandliss (2005) has modelled the fluorescent emission in Orion and 
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Figure 5.2: Observed diffuse spectrum from Murthy et al. (2005). The modelled con- 
tinuum which is assumed to be the scattered intensity is plotted as the dark line. 



observer 

Figure 5.3: Schematic representation of the distribution of dust at  the location showing 
the path (arrow) taken by the observed photons from the Trapezium stars towards the 
observer. 



find that their model can account for the observed intensities a t  all wavelengths 

except between 1040 A and 1050 A and for the 1161 A band of molecular hydrogen, 

where the model values are a factor of two less compared to  the observed intensities. 

Finally we put all of these together to calculate the diffuse background a t  the FUSE 

location as a function of the optical parameters a and g. The optical constants 

were derived by comparing the model values with the observed continuum. 

Results and discussion 

Figs. 5.4 and 5.5 show the best fit albedo values (asterisks) as a function of 

wavelength corresponding to  an RV of 5.5 and 3.1 respectively. The dotted line 

corresponds to the theoretical predictions from Weingartner & Draine (2001) for 

the two corresponding grain models. Note that for the model with the modified 

cross-sections, we have plotted the original albedos of the R, = 5.5 model since 

the required albedos weren't available. The main difference between the two grain 

models is that the abundance of small carbonaceous grains relative to hydrogen 

decreases from 6 X 10-5 for R, = 3.1 to 3 X 1 O P 5  for R, = 5.5. From the figures it is 

evident that our values are in better agreement with the R, = 5.5 model compared 

to  R, = 3.1. We have obtained an albedo of 0.25 a t  912A which increases to 

0.4 a t  1040A. We find that increasing the cross-sections of the R, = 5.5 model 

has led to  an increase in the derived albedos (Fig. 5.4). This result is consistent 

with large values for R, observed for Orion's Veil from extinction measurements 

of Cardelli & Clayton (1988) indicating the presence of large grains. Patriarchi & 

Perinotto (1985) derived large g values in the NUV for locations very close to the 

Trapezium cluster (< 2.5') and hence concluded that the grains in Orion are larger 

than those in the general ISM. Cardelli & Clayton (1988) suggested that the large 

optical extinction was because of the formation of large grains due to coagulation 

and accretion and the destruction and selective acceleration of small grains by the 

radiation pressure of the Trapezium stars. Our results correspond to  the only 
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Figure 5.4: Allowed values of a as a function of wavelength for dust cross-sections 
enhanced 1.6 times compared to the R, = 5.5 model. The dotted line represents the 
theoretical values of Weingartner & Draine (2001) and the filled squares represent the 
values obtained by Mathis et al. (1981). 
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Figure 5.5: Modelled albedos for R, = 3.1 with the corresponding theoretical values. 
Also plotted are the theoretical values of Weingartner & Draine (2001) (dotted line) and 
the derived values of Mathis et al. (1981) (filled squares). 



derivation of the scattering parameters of dust grains in the FUV for a region with 

totally different dust properties. 

The albedos derived here are higher than those obtained for Ophiuchus (Sujatha 

et al., 2005) and the Coalsack (Shalima & Murthy, 2004) where both regions 

correspond t o  scattering from foreground material since they have an average dust 

t o  gas ratio and an R, of 3.1. Our values are also larger than those for reflection 

nebulae NGC 7023 (Witt et al., 1993) and NGC 2023 (Burgh et al., 2002). This 

may be because both reflection nebulae have small values of b. Apart from this, 

we have used larger extinction cross-sections to account for the low dust to gas ratio 

in the region which has resulted in the high albedo values. The dust abundance 

in Orion is similar to  the LMC and SMC which have 24% and 13% respectively of 

the dust to gas ratio of the average Milky Way. However these galaxies have low 

extinction cross-sections (Draine, 2003b) due to low values of R,. 

There is a reduction in albedo with wavelength as in the case of NGC 2023 

which indicates an increase in absorption a t  smaller wavelengths. This underlying 

similarity between the dust properties which is also seen in the theoretical models 

of Weingartner & Draine (2001) shows that the basic composition of the grains are 

the same a t  almost all locations. It is only the differences in the size distribution 

that results in variations in the absolute values of the parameters. 

5.5 Summary 

We have constrained the albedo of the grains near the Orion Nebula from 912 A 
to 1040 A using a dust distribution which is consistent with current models of 

the region. We have restricted our analysis to 1040 A due to the presence of HZ 

fluorescent emission that contaminates the spectra beyond 1040 A and leads to 

high values of the observed intensities. The low HI column densities derived from 

the diffuse spectra makes the foreground neutral Veil the most likely location for 

the scattering grains. Therefore we have distributed the dust a t  the distance of the 
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Veil. This is different from previous models that assumed that grains within the 

nebula cause the scattering. We have used theoretical cross-sections corresponding 

to an R, of 5.5 but increased it  by a factor of 1.6 t o  include the effects of the low 

dust abundance in Orion. 

The derived albedos are higher than those for other regions like the Ophiuchus 

and Coalsack, but reasonably consistent with the theoretical values of Weingartner 

& Draine (2001) for R, = 5.5. This indicates that the scattering is produced by a 

grain population with an excess of large grains. Moreover, since the Veil is known 

to contain larger than normal grains, due to the observed anomalous extinction 

in stars in the region, this result indicates that the diffuse FUV radiation in the 

outer regions of M42 is also from the Veil. 

Unfortunately there is a degeneracy in g which can be removed only by mod- 

elling more number of observations. We hope to  constrain g by modelling IUE 

observations of the region which are available along with new FUSE observations 

for which we will be submitting a proposal shortly. 
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Chapter 6 

Conclusions 

The main aim of this work is to derive the properties of dust grains in the FUV for 

different regions in the Galaxy and find out their variation with the environment. 

In order to  achieve this, diffuse far ultraviolet observations from three different re- 

gions of the Galaxy, each with different dust distribution~ and properties has been 

studied. They included 113 FUV observations towards the Coalsack dark cloud, 

31 towards Ophiuchus and 2 towards the Orion Nebula. Both Voyager and FUSE 

data were used for the purpose. The main contributing stars for each region were 

obtained from the ISRF model of Sujatha et al. (2004) and Hipparcos distances 

were used for all of them. The stellar fluxes were derived using Kurucz models 

which were scaled to  the observed fluxes a t  15008L. For relatively low density re- 

gions like the Ophiuchus and M42, single scattering models were used. However 

since the Coalsack region has a larger density with the optical depth greater than 

unity, we have used a complete Monte Carlo multiple scattering model. 

The Ophiuchus molecular cloud is surrounded by a loop of neutral Hydrogen 

which has been observed in HI 21cm studies as well as a t  X-ray wavelengths. This 

material lies between the Sun and the molecular clouds in the Ophiuchus complex. 

This loop is probably the interface of the Local and Loop I bubbles. We have 

modelled 31 observations of the region obtained using the spectrometers aboard 

the Voyager spacecrafts with intensities ranging from 2000 - 33000 photons cmp2 

S-' sr-l A-'. We find that it is the dust in the foreground sheet of HI that  is 



responsible for the observed scattered radiation in the FUV and not the molecular 

cloud itself. We have obtained an albedo of 0 .4f  0.1 and a g of 0.55 f 0.25 a t  

l l OOA which is reasonably consistent with the theoretical predictions of Weingart- 

ner & Draine (2001) for R, = 3.1 and shows that the grains in the sheet have 

properties similar to  the diffuse ISM grains. Since the total column density a t  

any location includes the foreground sheet as well as the background molecular 

clouds, we do not find any correlation between the observed FUV intensities and 

the total column density. However the emission is well correlated with the inter- 

stellar radiation field a t  the the distance of the dust for all locations. We have 

also modelled the observed IRAS 100pm emission for all the locations and found 

that the molecular cloud also contributes to  the observed 100pm intensities. We 

do not find any correlation between the FUV intensities and the IR intensities. 

We therefore conclude that  this is because the diffuse FUV emission is due t o  thin 

clouds in front of the stars while the infrared emission is the sum of the intensities 

from the background as well as foreground medium. 

We have modelled the FUSE observations towards the Orion Nebula of a lo- 

cation that is approximately 12' from the central Trapezium stars. The location 

is very bright in the FUV with intensities as high as 3 X 105 photons cm-2 S-' 

sr-' A-'. The current model for the nebula is that it consists of an HI1 region 

surrounding the Trapezium stars, with the molecular cloud OMC-1 behind i t  and 

a thin sheet of neutral hydrogen known as the "Veil" in front of it. The dust 

in the Veil has been known to  be responsible for the extinction of starlight in the 

region. The FUSE spectra was fitted with a theoretical profile which includes both 

HI and H2 lines and the total hydrogen column density that causes the extinction 

was found to  be 6.4 X 1020 cmp2. The column density of the scattering layer was 

obtained from HI observations to  be 4.5 X 10'' cm-2. We assumed the dust to be 

at the distance of the Veil and modelled the observed spectra from 912 - 1040 A 
for two grain models corresponding to R, = 3.1 and R, = 5.5. The former value is 
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typical of dust in the general ISM while the latter value corresponds to grains in 

the Veil. Since dust is known to  be depleted in Orion, we have also used a model 

with reduced extinction cross-sections compared to the R, = 5.5 model We found 

the derived albedo to be consistent with the R, = 5.5 model which is in agreement 

with the value for the Veil (R, = 5.0). We therefore concluded that the foreground 

Veil is responsible for the observed scattered emission as well. We couldn't model 

the intensities beyond 1040 A due to  the contamination by an unknown amount 

of molecular hydrogen fluorescence. We couldn't derive the other optical constant 

g for this region since we did not have sufficient data. 

The Coalsack is a conglomerate of several molecular clouds with some neutral 

material in front of it. The dust distribution in the region is very similar to  the 

Ophiuchus locations, as the neutral hydrogen sheet that surrounds the cloud is 

part of the sheet that surrounds the Ophiuchus complex (Corradi et al., 2004). We 

have therefore used a similar model for the dust distribution towards the Coalsack 

and constrained a and g for five wavelengths in the FUV. We find that the albedo 

increases from 0.2 to 0.35 when the wavelength increases from 999 to 1160 A 
and the value of g is almost constant a t  0.7 f 0.2. In Shalima & Murthy (2004) 

we were unable to  fix the value of g since we had only five Voyager observations. 

But with the availability of additional FUSE data we have been able to  remove 

the degeneracy in g. We find that the eight brightest stars in the region contribute 

only 60% of the radiation field while the remaining 40% comes from 500 other 

stars in the region. Since we cannot run a detailed multiple scattering model for 

all the five hundred stars, we used the Monte Carlo method for only the brightest 

stars and single scattering for the remaining stars. We have also been able to 

match the IRAS 100 pm observations using the best fit parameters from the scat- 

tering model. We find that the FUV scattering comes only from the foreground 

sheet as in the case of the Ophiuchus region while a t  least half of the observed IR 

radiation comes from the Coalsack molecular cloud. This region is different from 
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the Ophiuchus in that other than the larger densities observed here, there is a very 

hot X-ray emitting plasma surrounding the molecular cloud. This could lead to  

higher dust temperatures which is probably one of the reasons for the higher IR 

intensities observed here. A consequence of this hot material is the presence of OVI 

which is characteristic of the interaction zone of hot plasma and cold molecular 

clouds. This has been detected in absorption for stars behind the Coalsack. OVI 

emission seems to be absent in our diffuse spectra and supports the result that the 

scattering is indeed from the foreground sheet. 

Thus by modelling these three different regions in the Galaxy we find that the 

observed FUV intensities depend on the environment. For regions like the Ophi- 

uchus and the Coalsack we derive similar values for the optical constants of dust 

grains. But in the case of Orion, we find that the observed intensities and the 

albedos are much higher than those derived for the other two regions indicative of 

different dust size distributions. This may be due to the intense radiation field in 

Orion which is produced by the hot 0-type stars of the Trapezium while for Ophi- 

uchus and Coalsack the radiation field intensity is much lower. However what is 

common in all the locations studied here is that it is the relatively thin foreground 

sheet that causes the observed diffuse radiation in the FUV. The greater the ISRF 

a t  the location of the dust, the larger is the observed FUV intensity. This is in 

agreement with Murthy & Sahnow (2004) who attributed the variations in FUV in- 

tensities t o  local effects rather than the total column density along the line of sight. 

The significance of these results is that  they represent the first determination 

of both a and g uniquely using DGL observations in the FUV. Previous authors 

(Murthy et al., 1994; Murthy & Henry, 1995; Shalima & Murthy, 2004) have mod- 

elled observations of the DGL and constrained the albedo but not g. Although 

for reflection nebulae (Witt et al., 1992, 1993; Burgh et al., 2002) both a and g 

have been uniquely determined they have uncertainties due to clumping and high 
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densities that can heavily influence the derived parameters. Even though the DGL 

is dependent on the dust geometry to some extent, for the Ophiuchus and Coalsack 

the dust distributions are well known and therefore the uncertainties are kept to 

a minimum. In addition, it is the careful selection of targets that has helped in 

the removal of the degeneracy in the case of Coalsack. There were several loca- 

tions where the model intensities were strongly dependent on the value of g. We 

obtained observations of these locations using FUSE and by combining them with 

other FUSE and Voyager observations of the region we were able to remove the 

degeneracy in g. In the case of Ophiuchus it was the large number of observations 

that helped in constraining both a and g. 

The significance of constraining the albedo in Orion is that this is the only 

determination of the FUV albedo for the region. Even though reflection nebulae 

have the drawback of having large R, values, for the Orion nebula we have been 

able to constrain the albedo by using a grain model which corresponds to  regions 

of large values of R,. The major advantage in this case is once again the knowledge 

of the dust distribution in the region. The reason for not being able to derive g is 

that there aren't enough observations of the region. 

In all the regions considered here, the spectra of the diffuse radiation is char- 

acteristic of the stars nearby. Therefore we have been able to explain the FUV 

intensities using dust scattering of light from nearby stars and the derived optical 

constants are consistent with grain models of Milky Way dust. These results indi- 

cate that a t  least for regions close to the galactic plane the observed diffuse FUV 

radiation can be interpreted as being due to scattering by dust grains as suggested 

by Bowyer (1991). However that may be due to the presence of a large number of 

bright stars and plenty of gas and dust in the galactic plane which absorbs most 

of the extragalactic component which Henry (1991) attributes to the diffuse FUV 

radiation. 
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Future directions 

During the course of this work we have come across some major challenges and 

problems. It  is of utmost importance to  minimize the problems and simplify the 

methods used in order to  study more complicated regions in the future. One such 

problem is creating the dust distribution a t  any location. As mentioned earlier 

the Monte Carlo method is a very general method which is independent of the 

dust geometry. However the 3 dimensional dust density distribution has to  repre- 

sent the actual distribution a t  the region being modelled. Regions studied so far 

were not problematic as they had fairly simple sheet-like geometries with constant 

densities. However most of the regions in the Galaxy have complex dust distribu- 

tions with varying densities and geometries. We will be devising a new method 

of creating these dust distributions for spherical, cylindrical and other complex 

dust geometries with the help of better computer programs so that  depending on 

the geometry required, the program will create the 3 dimensional array with the 

required dust densities. 

Another important aspect that we wish to study further is the effect of gas 

heating on the equilibrium temperature of grains. We have seen in the case of 

the Coalsack that there is a hot X-ray emitting plasma (W 106 K) surrounding 

the molecular cloud that can heat up the grains within the cloud much more than 

the stellar radiation field. The presence of hot plasma is a characteristic signature 

of supernova induced shocks that interact with the diffuse ISM as well as regions 

of star formation like the Orion Nebula. We will therefore be including the gas 

heating of grains in our absorption model in order to minimize the uncertainties 

introduced by this process. 



Another problem that we encountered was the degeneracy in the parameter g 

for the Coalsack (Shalima & Murthy, 2004) and Orion. In the case of the Coal- 

sack we found that this could be removed by the careful selection of locations of 

observation. We will therefore be observing specific locations in Orion and in any 

region of interest in order to constrain the value of g uniquely. 

A major part of the work which will be carried out in the near future will make 

use of recently obtained GALEX images in order to probe the origin of the diffuse 

FUV radiation at  high latitudes. These regions are mostly devoid of dust and 

gas but the observations show a substantial amount of FUV intensity. Detailed 

modelling of these locations will be done in order to differentiate between dust 

scattering and the extragalactic contribution suggested by Henry (1991). This will 

not only help us solve the controversy of the origin of this radiation but the extra- 

galactic component which is considered to be due to red-shifted Lya radiation from 

the intergalactic medium (Henry, 1991) can provide a lot of information about the 

evolution of this intergalactic medium. 
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