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Abstract

The thesis begins by describing the way in which gas phase chemistry of the interstellar 

medium can be modelled, and demonstrating the potential significance of chemical 

reactions on the surfaces of dust grains present in the gas.

The dust also serves as the main shield against the interstellar ultraviolet contin­

uum which influences the chemistry through photoionization and photodissociation 

reactions. The main part of this work involves the development of a method to evaluate 

radiative transfer into clumps in the diffuse interstellar medium and make use of such 

data for theoretical chemical models. The method handles clouds with axisymmetric 

shapes and therefore represents an improvement on previous techniques which model 

only plane-parallel clouds.

The radiation field within diffuse clouds with spheroidal shapes is calculated and 

used to model the gas phase chemistry which would occur in such clouds. These results 

are of interest partly by comparison with previous results for slab-shaped clouds; they 

demonstrate the viability and value of 2D models of the interstellar medium, particu­

larly with regard to examining the dynamical collapse of gas clouds.

Finally, the possible influence of cloud shape on dust surface reaction rates is ex­

amined by calculating the grain charge distribution in the cloud models.
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Introduction

Interstellar molecular clouds appear to be the main sites for star formation. From ob­

servations of CO emission—thought to trace the density of the interstellar medium 

(ISM)—Giant Molecular Clouds, which have masses ranging up to ~  10® M©, appear 

to consist of clumps of mass 10^-10^ M©, and mean gas number density tih «  10^- 

10  ̂cm“ .̂ These clumps contain denser cores with Uh > 10  ̂cm~®, mass ~  10 M© 

and radius ~  0.1 pc. The cores have temperatures around 10 K and can be mapped in 

rotational lines of species such as NHg or HC3 N, H2 CO or CS. They, in turn, are often 

seen to have further density structure, such as even more dense inner cores, and seem 

to be the formation sites of protostars.

For a typical clump, the Jeans Mass is only a few tens of M©. Above this mass, 

thermal pressure alone is insufficient to support the cloud against gravitational col­

lapse. But if the clumps were collapsing on free-fall timescales then a rate of star 

formation much higher than observed would occur. There must therefore be some sup­

port mechanism other than thermal pressure. Turbulence and magnetic support have 

been suggested.

Maps of interstellar polarisation show that the directions of magnetic fields in the 

interstellar medium are well ordered over the size of the clouds. Magnetic fields pro­

vide a possible support mechanism through their influence on the charged components 

of the gas, and the level of order suggests that the support is not isotropic.

One popular view of how stars form is that, initially, the gravitationally unstable 

clouds collapse to form clumps which can be supported by the influence of magnetic 

fields. The clumps then evolve by ambipolar diffusion until they become magnetically 

supercritical and can collapse rapidly again.

14
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Ambipolar diffusion is the process of neutral components slipping past the ions 

(atomic, molecular or charged grains) across the magnetic fields. The motion of ions 

and electrons across the field lines is resisted by the Lorentz force. Along the direction 

of the field lines it has been suggested that Alfvén waves can provide support to the 

gas.

Under these conditions the collapse of the clumps would be expected to occur ax- 

isymmetrically, and, as we will show later, the shape of the cloud as it collapses is 

likely to affect the chemistry within. We are interested in the gas phase chemistry of 

such clouds not only because of its importance in understanding observations, but also 

because it can itself affect the collapse process: both the rate of ambipolar diffusion and 

the level of support provided by Alfvén waves are partly determined by the ionization 

fraction of the gas.

Since the source of energy that maintains the ionization in clouds—at least in the 

early phases of collapse—is the interstellar UV radiation field we need to determine the 

transfer of radiation into such clouds. The spherical case is well known but we require a 

two-dimensional axisymmetric solution. In this study we will assume the general shape 

to be spheroidal, representative of a spherical cloud which collapses predominantly 

along one axis. A radiative transfer method for this purpose is the central tool that is 

developed in this thesis; it is intended to be sufficiently accurate to determine levels of 

ionization and other photochemistry in a complex chemical network, and yet not to be 

too time-consuming to implement alongside a major chemical calculation.

Chapter 1 contains a brief discussion of interstellar chemistry and several appli­

cations of conventional techniques (based on three original publications) that illustrate 

aspects of the chemistry in the interstellar medium; particularly the gas/dust interaction. 

The conventional methods of dealing with photochemistry are described, together with 

a more general technique for use in the new models, and the importance of the cloud 

shape is briefly discussed. The radiative transfer method developed here is described 

in Chapter 2 and the effects of dust and chemistry in spherical and slab clouds are 

described. In Chapter 3 we investigate the chemistry of clouds of spheroidal shape 

using the techniques developed in Chapter 2. Chapter 4 returns to the topic of the in­

terstellar dust grains, briefly analysing the electronic charge of the grains in one and



INTRODUCTION 16

two-dimensional clouds with the radiation transport and chemistry models developed 

here. Finally, the general conclusions of the work are summarized at the end of the 

thesis.

In brief, we will demonstrate: that a more general method of radiative transfer than 

is conventionally used is needed to determine the chemistry and ionization fraction in 

interstellar clouds (even in the case of ID models); that appropriate methods of reason­

able efficiency can be devised for the 2D case; and that the calculations reported here 

demonstrate the viability of comprehensive chemical/dynamical models of axisymmet­

ric cloud collapse, though these are beyond the intended scope of the current work.



Chapter 1

Chemistry

In which the gas phase chemistry is introduced, with an example o f 

how models can be used to test the limits o f the chemistry. The possi­

ble role o f dust grains in the chemistry is described, with a demonstration 

o f the potential significance o f surface reactions. The radiation-driven 

chemistry is discussed, and the shortcomings o f current treatments with 

a description o f a more general approach. Finally the influence o f large 

scale structure is mentioned, highlighting the importance o f a global ap­

proach to cloud modelling.

1.1 Introduction

One of the best ways we have of examining the conditions in the interstellar medium 

is through observations of gas phase species. The chemistry in a collapsing cloud is 

quite dynamic, the abundances of species varying as their environment changes, and 

the better we understand the chemistry which goes on in the cloud, the better we will 

be able to interpret our observations in terms of the actual physical conditions.

However, the chemistry is not just an innocent bystander in the process of star 

formation: molecules in the gas provide one of the major cooling mechanisms for the 

interstellar medium; and the ionization fraction of the gas helps determine its motion 

whenever magnetic fields are present.

17
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In this work we will be concentrating on diffuse and translucent clouds in the in­

terstellar medium. These are optically thin clouds, with at most a few magnitudes of 

visual extinction. The density of the regions is low, not more than a few thousand 

hydrogen-nuclei per cubic centimetre and they have low temperatures, around 10 K.

Mixed in with the gas is a population of dust grains. The dust is the major ex­

tinguisher of light in the medium and also acts as a heat source through ejection of 

electrons released by the photoelectric effect. Much about the dust is uncertain: its 

composition, the size distribution of the grains. Yet it may play a critical role in the 

chemistry of the medium.

1.1.1 Chemical models

The gas phase of clouds in the diffuse interstellar medium is characterized by very low 

densities and temperatures coupled with exposure to quite harsh radiation: ultraviolet 

and cosmic rays. Collisions between gas phase species may lead to chemical reaction, 

as can the absorption of radiation. Because of the low density we can ignore reactions 

involving more than two reactants since they will be extremely rare. Nonetheless, even 

the chemistry possible with only very small molecules requires knowledge of many dif­

ferent reactions before it can be modelled. There are several databases of astrochemical 

reactions in existence, such as the ‘New Standard Model’ and others of Bettens et al. 

(1995). The work here is based on the UMIST Astrochemistry Database (Millar et al. 

1991, 1997) which provides a large set of several thousand one and two-body reactions 

with the parameters necessary to calculate their rates.

1.1.1.1 lypes of reaction

Two-body reactions Most of the reactions in the UMIST database are for collisions 

between two atoms, molecules or ions. The rates of these reactions often have a tem­

perature dependence which may be quite strong; for example, if there is an energy 

barrier for the reaction. Otherwise, the only dependence on the conditions in the cloud 

for these reactions comes through the densities of the reactants.
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Radiation driven reactions There are three kinds of reactions where some kind of 

radiation impinges on an atom or molecule.

Firstly, there is ionization or dissociation by incident ultraviolet radiation from the 

interstellar radiation field. The rate of these reactions depend on the penetration of UV 

through the cloud and the cross-section of the affected species. These reactions are 

discussed in detail in Section 1.3.

Secondly, there is direct cosmic-ray ionization when an atom is struck directly by a 

cosmic ray. Cosmic rays penetrate easily through several magnitudes of visual extinc­

tion in the interstellar medium and so, for the clouds mentioned in the introduction, the 

rate for each reaction can be taken to be constant throughout the cloud. The reaction 

rate therefore depends only on the species cross-section and the external cosmic-ray 

incidence.

Finally, when H or Hg is ionized by cosmic rays, energetic electrons can be re­

leased. These electrons mainly lose their energy by further interaction with hydrogen 

and release ultraviolet photons (800-1800Â) which can induce the same reactions as 

the interstellar UV mentioned above. However, in this case the radiation is generated 

from within the cloud, and because of the high penetration of cosmic rays is approxi­

mately equal throughout.

Interaction with dust grains If an interstellar cloud contains dust then the atoms 

and molecules in the gas will collide with grains.

The rate of collision will depend on the size and density distribution of the dust 

grains, which is unknown in general. However, there are constraints which can be 

used to test any assumed dust model. For example, the dust is supposed to be largely 

responsible for interstellar extinction so any viable dust model should reproduce the 

shape of the interstellar extinction curve (see Section 2.2).

The results of collision with dust are less certain. Most models assume that any 

molecule which collides with a dust grain has a probability of sticking near to unity. 

This means that, at the least, the dust component of the interstellar medium is gradually 

accreting species from the gas phase. Given a suitable dust model the rate of this pro­

cess, known as freeze out, can be calculated. The UMIST97 database does not include
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interactions with dust but it can be easily supplemented with a freeze-out reaction for 

each species (see Section 1.2.1).

But what happens to species that have frozen out onto the surface of dust grains? 

They may be released by some mechanisms, such as perhaps ultraviolet irradiation or 

cosmic-ray impacts. Or they may react with other frozen out species, particularly if 

they have any mobility over the grain surfaces. In particular, this is thought to be the 

main production method for H2 in the interstellar medium (see below).

Unfortunately, very little is yet known about actual processes on the surface of 

interstellar dust grains; and any modelling of this aspect of the chemistry in interstellar 

clouds can only be tentative.

Formation of Hg Gas phase reactions such as those listed in the UMIST rate file fall 

well short of producing the levels of molecular hydrogen observed in the interstellar 

medium. Given the importance of this molecule in any chemical model we include a 

special mechanism in all our models to convert atomic hydrogen into molecular form at 

a rate consistent with observations (Jura 1976). This addition represents the formation 

of H2 by some unspecified mechanism on the surface of dust grains.

1.1.1.2 Computer models

The gas-phase reactions described above all have a rate which can be written in the 

form k • n{A)  or k ■ n{A) ■ n{B)  for one or two body reactions, where n{S)  is the 

number density of species 5, and the coefficient k depends on the reaction and local 

environmental conditions such as temperature.

The reaction rates only depend on each other through the abundances of their reac­

tants, so we can represent the chemistry at a point in the interstellar medium as a set of 

ordinary differential equations in n(5'), which can then be solved numerically.

The computer models used in this work make use of the GEAR ODE-solving code 

developed by Hindmarsh (1972) to evaluate the chemistry at the point. The technique 

used is a time-dependent iterative model which, given the initial conditions (i.e. gas 

phase abundances), calculates the resulting abundances of the species at later times.
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1.1.2 Environmental factors

We can, therefore, easily model the chemistry at a point in the interstellar medium 

provided we have a description of the physical conditions of the cloud at that point.

Let us recap the important local properties of the interstellar medium and how they 

affect reactions.

1.1.2.1 Density and Temperature

The gas density in the medium determines the absolute rate of all reactions. However, 

the density is of most significance for the two-body reactions because number density 

appears twice in the rate equation. The rate of a reaction between species A  and B  is

rate{A + B)  = kAB • n{A) ■ n{B) = kAB[A\[B] • n ^ ,  (1.1)

where [5] is the fractional abundance of species S,  and is the hydrogen nuclei 

number density. The rate coefficient, kAB, for the reaction A + B  depends on the other 

properties of the environment, such as temperature. Thus an increase in density will 

‘speed up’ the collisional chemistry relative to other reactions.

The temperature of the gas only affects the two-body reactions, however, the effect 

can be very strong. At low temperatures (say, ^  100 K) many reactions are irrelevant 

because their energy-barriers cannot be overcome.

1.1.2.2 Cosmic ray rate

The overall rate of cosmic-ray incidence to which the cloud is exposed determines the 

rate of direct atomic ionization by cosmic rays, and the rate of photoreactions caused 

by photons produced within the cloud as a result of cosmic ray absorption. Except 

at high optical depths the internal cosmic ray rate is approximately the same as that 

external to the cloud.

1.1.2.3 Background ultraviolet radiation

At any point within the cloud there will be a continuum UV field present originating 

from distant stars. The strength of this field determines the basic rate of photoreactions
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within the cloud. In normal use of the UMIST database this factor is represented by 

the level of visual extinction {Ay)  at the point.

1.1.2.4 Dust

Optical properties Dust grains within the cloud absorb and scatter ultraviolet light. 

At the local level, they affect the propagation of UV radiation produced within the 

cloud from cosmic-ray events. If there is a great deal of extinguishing dust then the 

generated photons will not affect gas chemistry so much as if dust is rare or has high 

albedo. To reflect this, the UMIST database recommends a scale factor of 1/(1 — w) 

for cosmic-ray induced photoreactions, where uj is the albedo of the dust in the far 

ultraviolet where the induced emission spectrum is dominant.

Size distribution The size distribution of dust grains determines both the average 

cross-sectional area appropriate for calculating the gas-dust collision rate, and the grain 

surface area, which will be a major factor in any reactions between frozen-out species.

In addition, the size of a dust grain (along with its optical properties) determines 

the overall electric charge it is likely to have. This is discussed more fully in Sec­

tion 4.1.3, and Chapter 4 generally. Here we merely note that the charge on the dust 

grain influences the rate of freeze-out for ions.

1.1.3 Water formation in dark interstellar clouds

This section provides a demonstration of how the chemical models may be used to test 

theories about conditions within the interstellar medium. The work reported in this 

section has already been published (O’neill & Williams 1999).

1.1.3.1 Water ice observations

Gas phase H2 O has been detected in a variety of warm circumstellar environments (van 

Dishoeck & Helmich 1996), but identification of gas-phase water in cold, dark inter­

stellar clouds has been achieved only through maser emission, and abundance esti­

mates remain unclear. Alternative observational approaches include studying the re­

lated species H3 O"'" and HDD. But neither method is without difficulty (Helmich et al.
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1996). Observations made by the SWAS satellite indicate that the abundance of gas- 

phase H2 O is generally low. Typical upper limits for the H2 O fractional abundance in 

starless dark clouds are < 10“  ̂ (Bergin et al. 2000).

Therefore, the oxygen budget within dark interstellar clouds is not well understood. 

It seems likely from theoretical studies that the main carriers of oxygen in these regions 

are 0 , O2 , H2 O and CO.

Water in dark interstellar clouds can, however, be directly detected in the form 

of ice: there is an absorption feature at 3 ^m  which can be seen against an infrared 

source (Léger et al. 1979, Willner et al. 1982). On lines of sight through a dark cloud, 

the optical depth at 3 //m increases linearly with visual extinction (Ay)  (Whittet et 

al. 1988, Chen & Graham 1993), and has a critical A y  below which the feature van­

ishes. In the case of the Taurus Molecular Cloud, the critical A y  is about 2.3 magni­

tudes (Smith et al. 1993).

1.1.3.2 Formation and destruction

Jones & Williams (1984) considered the formation of H2 O ice in the Taurus region. 

From the chemical abundances believed to be present in the gas phase, they inferred 

that the water ice was not deposited from water formed in the gas phase; the abundance 

of H2 O in the gas phase was much too low for direct freeze-out to form the observed 

ice within the lifetime of the cloud. They interpreted the existence of interstellar ice as 

evidence for surface chemistry, proposing that the ice must form directly on the surface 

of the dust by the hydrogenation of incident 0-atoms. The hydrogenation process 

is required to have high efficiency, if the ice is to be deposited within a reasonable 

timescale.

Wagenblast & Williams (1996) inferred that below the critical A y  for ice onset this 

reaction may be injecting H2 O molecules into the gas phase where they contribute to 

the general interstellar chemical network.

Neglecting the possibility that the water or ice is produced elsewhere in the cloud 

and somehow transported into the line of sight: a possibility that requires very much 

more knowledge of the cloud to test; these conclusions seem reasonable. However, 

Bergin et al. (1998) have shown that repeated shocks within dark clouds may produce
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enough H2 O in the gas phase to form the water ice mantles observed. This development 

warrants a re-examination of the case.

Cold gas phase production The main production route for Hg 0  at low temperatures 

is thought to be through the ion-molecule chemistry shown below:

H2 ^  H2+ ^  H3+ A  0 H+ A  H2O+ A  H3O+ A  H2O +  H,

or OH 4- H2,

or OH +  2H,

or O -f H -f- H2. (1.2)

However, in recent years there has been some uncertainty over the branching fraction of 

the last step. Jones and Williams assumed that the fraction producing H2 O was 35%, 

the figure used in the 1996 version of the UMIST Astrochemistry Database (Millar 

et al. 1991, 1997). But two experimental studies of the branching ratios found con­

flicting results. Williams et al. (1996), using a flowing afterglow method, found the 

H2 O fraction to be only 0.05, so that the significance of gas-phase H2 O production 

would be much reduced. However, Vejby-Christensen et al. (1997), using a storage 

ring method, determined the H2 O fraction to be 0.33. The most recent version of the 

UMIST database (Le Teuff et al. 2000) now uses the 33% fraction reported by Vejby- 

Christensen et al. (1997). However, it may be worthwhile examining the difference in 

a chemical model.

Destruction of H 2 O occurs mainly through reaction with ions, particularly C+. 

Note that the ionization level and the C'*’ abundance are most affected by the depth of 

the cloud.

Gas phase destruction reactions The limiting factors on the abundance of water in 

the gas phase are destruction in reactions with ions and photodestruction by ultraviolet 

radiation. Both these effects drop with increasing optical depth, so the region where 

H2 O will be most difficult to produce in the gas phase is that close to the critical A y .
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Formation on dust The possibility of formation of H2 O on dust is plausible. The 

efficiency of such a process is unknown, but, given the expected abundance of hydrogen 

on the grain surfaces it can certainly be imagined that an oxygen atom freezing-out 

might have a very high probability of reaction.

Shock enhancement The low-temperature chemistry does not appear to produce 

enough water in the gas phase to form observed ice mantles within the lifetime of the 

clouds. However, there are high temperature reactions which can help. In particular, 

the neutral reactions

O - b H a ^ O H - f H  and OH-b H2  —^ H2 O-h H, (1.3)

have activation energies equivalent to 3160 K and 1660 K respectively. The passage of a 

shock through the gas can raise the temperature high enough to make these significant. 

Bergin et al. (1998) have shown that repeated shocks within dark clouds can maintain 

the H2 O abundance at a high enough level to allow ice deposition to arise from freeze- 

out on a timescale within the age of the clouds; thus the surface reactions invoked by 

Jones and Williams would not be needed.

However, Bergin et al. modelled the effect in a cloud with 20 mag of visual extinc­

tion. Will the shock method be sufficient at lower extinction levels, for example, close 

to the critical A y ^

1.1.3.3 Modelling the chemistry

Chemical models We model the gas chemistry in dark clouds using a single-point, 

chemical simulation. The reactions and rates used were those of the UMIST rate 

file (Millar et al. 1997) except where modified or supplemented. The rate file contains 

over 3800 reactions, for 394 molecular species, all of which were used. The effect 

of self-shielding on the photodissociation rate of CO was accounted for using soft­

ware developed by Wagenblast (1992) according to the specification of van Dishoeck 

& Black (1988).

The models can be divided into classes according to the modifications made to the 

rates to obtain the reaction set used.
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Species Abundance
He 0.07 Mg 3.0(-9)
C 1.0(-4) Si 7.0(-9)
0 2.0(-4) P 1.0(-9)
N 2.0(-5) Cl 2.0(-9)
Na 2.0(-7) Fe 2.0(-9)
S 2 .0 (-8 )

Table 1.1: Elemental abundances for the water-production models. The values are the 
fractional abundances relative to hydrogen nuclei, given in the form a{±b) => ux  1 0 ^^. 
H2 had initial relative abundance of 1 / 2 , and the number density of hydrogen nuclei 
was 1 0 '̂  cm"3 for all models.

GO The simplest case is that of the unmodified rate file. This includes the HsO"*" dis­

sociative recombination reactions roughly corresponding to the values measured 

by Vejby-Christensen et al., that is, the branching fraction producing H2 O is at 

35%.

01  The rate file is then modified to represent the branching fractions measured by 

Williams et al.: the reaction H3 0 + - ^ H 2 0  -I- H has its rate coefficient reduced 

from 3.5 x 10“ ’̂ (T/300)“ ®‘® down to 0.5 x 10~^(T/300) s~^, where T  is 

the temperature in Kelvin. Thus only 5% of the H3 O+ -l-e~ reactions form water 

in this model. The difference is made up by a new branch to 0  -f H -I- H2 .

Both the reaction sets above are purely gas-phase reactions. We want to examine 

whether gas-phase mechanisms are sufficient to produce H2 O so we do not attempt to 

model the effects of interaction with the dust.

Cloud conditions All the models used a constant gas density of 10“̂ hydrogen nu­

clei cm“ .̂ At the start of each simulation the gas phase was taken to consist solely of 

atoms and H2  molecules. The relative abundances of the elements was as described in 

Table 1.1.

First we examine a point at a high optical depth (10 mag) to verify that we can 

reproduce the results of Bergin et al. (who modelled the gas phase with 20 mag of 

visual extinction). We then repeat the simulations for much lower optical depths. The 

critical visual extinction for water ice observation of 2.3 mag in Taurus corresponds to 

a maximum optical depth to a point of just 1.15 mag, which is the lowest we examine.
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A particular model will be represented by the reaction set label with the level of 

A y  as a superscript; e.g.,

Shock effects The normal gas phase temperature of the models was 10 K. A C-type 

shock passing through a cloud produces a large increase in the gas temperature. Fol­

lowing Bergin et al. we simulate the effect of such a shock by raising the temperature 

in the model to 1000 K for a period of 100 years. As a small extension we also raise 

the density by a factor of four, although this does not alter the results for the species 

under consideration here.

1.1.3.4 Model results

Figures 1.1 and 1.2 illustrate the results of the shock for model 0 1  at each optical depth. 

In both cloud cases the H2 O abundance rises to expected levels and then gradually 

returns to the normal level.

The steady-state fractional abundances for each model/cloud are also presented in 

Table 1.2.

High optical depth At the higher optical depth. A y  = 10, a significant amount of 

water is produced in the gas phase. The steady state abundance of H2 O for G0^° is 

around 2.7 x 10“ ® per H-nucleus. Using the revised H3 O+ dissociation reaction rates 

of Williams et al. gives a steady state fractional abundance of 2.5 x 10“  ̂for Gl^°.

Neither of the water abundances computed above is high enough to form suffi­

ciently deep ice mantles within the expected lifetime of the cloud. However, as in 

Bergin et al.’s model the imposition of a shock raises the fractional abundance of H2 O 

in G0^° and GU° to around 10“ ,̂ using up all the available oxygen. The increased 

abundance persists for a time on the order of a few 1 0 ® years after the shock and then 

decays to the low-temperature level over a similar period.

Figure 1.1 shows the abundances for model Gl^° in a three part graph using an 

expanded scale for the central section to show more clearly the effect of the shock. 

Note that the period of raised temperature only occupies a tiny part of the second seg­

ment. The reactions 1.3 drive the abundances to their high temperature levels almost 

immediately.
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If shocks were to occur repeatedly, separated by a few million years the abun­

dance of water in the gas phase would be maintained at the high level and therefore ice 

mantles could be built simply by freezing out this water onto dust grain surfaces, on a 

timescale well within the age of the cloud. This confirms the conclusion of Bergin et al., 

for the high A y  case.

Low optical depth The limit on the abundance of water is set by destruction in re­

actions with ions and photo-destruction by UV radiation. In particular, the ion C"*" is 

highly abundant in our models and is active in two destruction reactions with water:

C + - f  H 2 0 - ^ H 0 C + - b H ,  and (1.4)

C+ -f H2 O HCO+ +  H. (1.5)

At a hydrogen nuclei number density, n n ,  of 10“̂ cm~^ these reactions have a com­

bined rate of 2.7 X 1 0 “ ^[C‘̂ ][H2 0 ] cm”  ̂s~^ for destruction of H2 O, where [A] repre­

sents the fractional abundance of species A.  The dominant photo-destruction reaction 

of H2 O has a rate given by 5.9 x [H2 O] cm“  ̂s“ .̂ When the abundance

of C"*" is high, as it is at very early times or low optical depth, these rates are compara­

ble. In order for the abundance of H2 O to be large both rates need to be kept low. High 

visual extinction not only lowers the photo-destruction rate but also allows most of the 

carbon to form CO, greatly reducing the level of C+. When the shock occurs, the 

used up in the above reactions with the extra H2 O is only replaced slowly.

At low visual extinction photoreactions are very efficient, not only at destroying 

H2 O but also at producing C" .̂ The levels of both H2 O and H3 O+ remain very 

low, with a steady state fractional abundance of H2 O at A y  = 1.15 of only around 

10“ ^°. Immediately after the shock, because much of the C""" is consumed, the photo­

destruction of water is more significant, but with little optical shielding the level of C"*" 

recovers quickly. Because the abundance of H3 O+ is also low the effect of varying the 

H3 O'*" recombination branching fractions, models GÔ  and 0 1 ^̂ ®, is less significant.

Figure 1.2 is the equivalent of Figure 1.1 for model In this model, as at

A y  = 10, the temperature increase causes the abundance of H2 O to rise to a level 

where most of the available oxygen is used up in water. But this level is not nearly
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A y  = 10 A y  =  1.15 
GO 01 GO G1

C+ 204) 509) 206) 206)
H 2 O 306) 207) 209) 3010)
H 3 O+ 2 0 1 0 ) 2010) 8012) 7012)
OH 107) l(-7) 809) 609)
O 705) 905) 104) 104)

Table 1.2: Steady State Abundances. The abundances given are the values reached 
after 10® years. Values are written a ( - 6 ), meaning a x 10“ .̂

as long lived as at high optical depth. The low temperature chemistry takes less than 

4500 years to reassert itself. This is not nearly long enough for H2 O to accumulate on 

the dust grains. Ai  A y  =  1.15 mag the shocks would need to be unreasonably frequent 

to maintain the high abundance.

1.1.3.5 Conclusion

The low temperature model most favourable for producing gas-phase water—G0^°— 

predicts a fractional abundance of 2.7 x 10~®. This is approximately the value Jones 

and Williams took as their estimate for gas of density 10^ cm"®. Consequently their 

conclusion applies here. At these abundances the time for ice mantles of the observed 

amount to form by freeze-out is % 1 0 ® years: longer than the expected lifetime of 

the cloud. The ice mantles could not therefore have formed simply by accreting H2 O 

molecules from the gas. Jones and Williams’ suggestion was that the ice is formed by 

capturing 0  and OH molecules on the dust and reacting them on the surface with H 

to form H2 0  ice in situ. Unless the gas-phase water abundance is significantly higher 

this conclusion will hold.

Bergin et al. have shown that increasing the temperature intermittently by the im­

position of C-type shocks can raise the level of water abundance in the gas phase. 

However, their models assumed a visual extinction of twenty magnitudes, under which 

conditions the abundances take 1 0 ®-1 0 ® years to return to the low temperature level. 

The A y  = 10 models used here give similar results for the effect of a shock. In G0^° 

the relative abundance of H2 O is increased by around three orders of magnitude to a 

peak value of 1 0 “  ̂after the shock, and this level is sustained for the order of 1 0 ® years. 

If the cloud were to be subjected to repeated shocks at a frequency roughly matching
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the duration of their effects then the high gas-phase abundance of H2 O could be main­

tained. Bergin et al. also present estimates of shock distributions which indicate that 

this mechanism is plausible and thus could account for ice mantle formation in dark 

regions of clouds.

But there are two difficulties facing this as a general solution to the problem of wa­

ter ice formation in molecular clouds. The first question is whether high optical depth 

regions with such as 20 mag of visual extinction are at all common. The interstellar 

medium appears to have density structure at all resolutions that have been observed. 

Clouds seem to be quite fragmented and have clumpy or filamentary structure. It has 

been suggested that molecular clouds may even have fractal structures (Dickman et al. 

1990, Falgarone et al. 1991) and thus be highly irregular. It could be that regions with 

20, or even 10 mag, of optical shielding are small or rare (Heyer et al. 1996, Alves et 

al. 1999) and the significance of their contribution to the chemistry of the interstellar 

medium needs to be carefully examined.

In any case water ice has been observed on lines of sight with low optical depth as 

well as high, and in this kind of environment shocks do not appear to be as effective 

in maintaining a high level of H2 O. Our models for A y  =  1.15 show that although a 

shock can convert most of the oxygen in the cloud to water the high ionization fraction 

in the gas returns the H2 O abundance to the low level in just a few thousand years. 

An A y  of 1.15 is supposed to correspond to a line of sight to a star with total optical 

depth 2.3 mag—the lowest level at which we might expect to detect the 3 /im  water 

ice feature in Taurus. This is perhaps an extreme case but a model with A y  = 2—  

equivalent to the centre of a cloud with visual extinction 4 mag, well above the level 

at which water ice is observed—requires % 1 0 “̂ years for the post-shock abundances 

to return to the low temperature level. In fact, our models seem to indicate that an 

A y  of at least 6  is necessary before the high, post-shock, water abundance will last 

10® years. That would imply a line of sight to a background source with 12 mag of 

visual extinction.

These results show that no reasonable frequency of shocks will maintain a high 

enough abundance of H2 O to form observed ice mantles at low visual extinctions. 

The conclusions of Jones and Williams still hold, therefore, for these regions at least:
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the water ice on grain surfaces cannot be formed within the lifetime of clouds of A y  

up to about 6  mag to an embedded object, or 1 2  mag to a background source, by the 

accretion of H2 O formed in the gas phase, either at low or high temperatures.

Circulation of material from high density cloud to lower density and lower extinc­

tion regions may, of course, provide a contribution to ice in such regions. This kind of 

dynamical model of interstellar clouds is outside the scope of the present work both in 

terms of modelling such chemistry, and in deducing what density structure and trans­

port mechanisms would be appropriate.
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1.2 Chemical effects of dust grains

1.2.1 Freeze-out rates

When particles in the gas phase collide with dust grains they can stick to the surface 

and be removed from the gas phase. The sticking efficiency is thought to be high 

(Leitch-Devlin & Williams (1985) suggest 0.1-1.0) for typical grain materials.

The rate of collision with a dust grain for a particle moving with velocity v is avug, 

where a is the dust cross-section and Ug the dust grain number density. To find the 

overall rate of freeze-out for a species we should integrate over the range of velocities.

poo
n = —nug / Savp{v)dv,  (1.6)

Jo

where n  is the number density of the species under consideration, p{v) is the velocity 

distribution, and S  is the sticking efficiency. In general, 5  and a  can both depend on 

the velocity though S  can generally be approximated to a constant.

We can estimate the rate more simply by replacing the integration with an ex­

pression in terms of the average particle velocity and average cross-section: n =  

—nUgSWv. If p{v) is the Maxwell distribution then v = lyS^Tÿÿrm, where m  is 

the mass of the particle, k and T  are the Boltzmann constant and gas temperature re­

spectively.

From Spitzer (1978), and using again the approximation of considering an inci­

dent particle of average energy, we can take a = na^(l — ZeUg/kT)  as the average 

cross-section for spherical grains with radius a and potential Ug = Zgefa. That ex­

pression holds when the unit charges of the ion and grain, Z  and Zg, have opposite 

sign. If the ion and grain charges have the same sign then the collision rate is very 

greatly reduced. We should then use, as Umebayashi & Nakano (1980), the expres­

sion: 7ra^ exp{—ZeUg/kT),  which accounts for the proportion of ions with enough 

energy to overcome the electrostatic repulsion.

Evaluating constants in the appropriate units we obtain the equation quoted in
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Rawlings et al. (1992). The rate per unit volume of freeze out of species x  is:

n(x) =  4.57 X 10^ra^T^/^(75a;m“ ^/^nn(rr) (1.7)

where rux is now the mass in atomic mass units. The factor (7, which represents 

electrostatic interaction between the species and the grain, is 1 for neutral species or 

grains. To summarize for ions with charge +1:

1  -  =  1  -  Z . (16.71 X 1 0 - y a T )  i fZ ,  < 0,
( 1.8)

exp ( - | | ÿ )  =  exp(-16.71 x IQ-^Zp/aT) if Z^ > 0.

Dust grains in a cloud are expected to have a distribution of charges with some 

grains positive and others neutral or negatively charged. However, we can simplify 

again and use the most common grain charge to determine the freeze-out rate. In cold, 

dark clouds the average grain charge is thought to be about — 1 (Umebayashi & Nakano 

1980) so C  can be taken to be 1 -f 16.71 x /aT ,  resulting in a higher freeze- 

out rate for ions than for neutral species. In our models we assume a classical grain 

size of 1 0 " 5  cYn and add freeze-out reactions for all species to our chemical models 

using the above prescription. Aside from the assumptions about the dust population 

the only environmental influences on the freeze-out rate for a species are the density 

and temperature.

The representation of the grain charge with a single average value seems a reason­

able simplification; modelling freeze out would be very complex otherwise. But how 

generally valid is the choice of a charge of —1 , and should it be constant throughout the 

model? In Chapter 4 we will test this assumption by examining the grain charge distri­

bution in various cloud conditions. The efficiency of freeze out may prove to be very 

important in determining the gas phase chemistry, as we shall illustrate in the following 

sections.

1.2.2 Surface reactions

What happens to a molecule after it has frozen out onto the surface of a dust grain will 

depend on factors such as the nature of the dust material and the presence and mobility
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of other molecules on the surface.

One molecule can come into contact with another on the surface of a dust grain 

either by direct collision on impact, where a molecule arrives on the surface at a 

point where another is situated, or by collision following sticking, where one or both 

molecules move over the surface until they come into contact with each other. Follow­

ing a collision the molecules may react and one or more products may be ejected from 

the grain surface, or possibly be released later by some other mechanism. The surface 

reactions can thereby affect the gas phase chemistry to an extent determined by the 

efficiency of surface reactions and the likelihood of ejection.

Currently, the nature and efficiency of surface processes on interstellar dust is 

highly uncertain, as is the rate of release of frozen-out species. So proper modelling of 

chemistry on the dust is difficult. There are alternative grain models which extrapolate 

the traditional grain size distribution to include large numbers of very small grains. In 

such a case the small grains will dominate surface processes because they represent 

most of the available surface area. The effects could be quite different from the grain 

models used in this work, firstly because the smaller grains will tend to have a signifi­

cantly different charge distribution (Weingartner & Draine 1999), altering not only the 

freeze-out rates but also possibly affecting the ionization balance between atoms and 

their corresponding ions (Lepp et al. 1988). And secondly, because the distribution of 

frozen-out species is less likely to be constant across all grains it may not be possible 

to model surface processes in a classical manner.

In the next section we present an example of how possible effects of surface chem­

istry may influence the gas phase. We examine the hypothesis that certain species 

colliding with grains undergo hydrogenation and are injected back into the gas phase. 

Thus the dust grains provide efficient hydrogenation channels for these species, which 

complement the gas phase chemistry. This is perhaps the simplest way in which gas 

phase chemical models can be expanded to incorporate surface chemistry. It illustrates 

how one can use models to explore the chemical reactivity of the dust.
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1.2.3 Hydrogenation reactions on the surface of dust grains: a sim­

ple illustration

Diffuse and translucent clouds are the longest-studied of interstellar clouds, but their 

role in the evolution of matter in space is still unclear. Their relatively simple chemistry 

has led them to be identified as test-beds of chemical networks. This may be inappro­

priate, as they present difficulties (for example, the pathological case of ; and the 

high observed abundance of CO) that have not currently been resolved. It seems evi­

dent that both the dynamics and the detailed pressure-density structure may be affecting 

the chemistry. In addition, uncertainties in some gas phase reactions remain, and the 

contribution of grain-surface reactions—indicated by both H2  and NH—cannot yet be 

regarded as definitive, owing to limited experimental and theoretical support. However, 

this last point is being addressed in several studies (Vidali et al. 1999, Pirronello et al. 

1999, Williams et al. 1999).

Recently, there has been a resurgence of interest in observations of diffuse and 

translucent clouds, and the list of identified molecular species has been significantly 

extended. Comprehensive lists of identified interstellar molecules are given in van 

Dishoeck (1998), Turner (2000) and Lucas & Liszt (1997). Even more recently, two 

new important species have been observed in the interstellar medium: CH3 (Feucht- 

gruber et al. 2000) and C3 (Maier et al. 2001, Haffner & Meyer 1995). Most of these 

new discoveries cannot be adequately accounted for on the basis of simple chemical 

models, and either more complex cloud structures (Nguyen et al. 2001) or additional 

chemical routes have been proposed.

In a paper already published (Viti et al. 2000) we explored the potential contribution 

of grain surface reactions to hydrocarbon formation in diffuse and translucent clouds 

as a supplement to the well-established gas phase networks. Hydrocarbons form in the 

gas phase via the following network (van Dishoeck 1998):

C+ CH+ CH+ CH+

4, 6 " 4, 6 “ 4, 6 “ (1.9)

CH CH, CH2 CH3
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These routes involve two slow radiative associations of ions with H2 . The fractional 

abundance of carbon has been accurately determined (Snow & Witt 1996) to be 2 x 

10^4 and for the network to reproduce the observed abundance of CH, nearly all of the 

carbon must be present in the gas as ions. Recent detailed models of the diffuse clouds 

towards (  Oph and ^ Per (Wagenblast & Williams 1996) have been able to reproduce 

successfully many of the observed species on those lines of sight. But they require that 

the recombination coefficient of C"̂  be lowered by at least a third from the canonical 

high temperature value. Nor do they include freeze out of carbon onto grains.

There may, however, be alternative routes for hydrocarbons to form, such as surface 

reactions. There is some evidence that surface reactions are important in producing the 

observed amount of NH; its observed abundance on several diffuse lines of sight can 

only be explained by assuming that some of the nitrogen that depletes onto grains is 

hydrogenated and released into the gas (Wagenblast et al. 1993, Crawford & Williams

1997). Models including oxygen hydrogenation on grain surfaces, forming OH or 

H2 O, have also been explored and shown to be viable (Wagenblast & Williams 1993, 

1996). The question of the interaction of carbon with dust has not yet been addressed 

in this context. In diffuse clouds nearly all the available carbon at low visual extinction 

is photoionized, and chemical models of diffuse clouds have therefore generally as­

sumed that carbon is not depleted on the dust. But there is also a class of grain models 

which assume that carbon is depleted in the form of hydrogenated amorphous carbon 

(HAC) mantles on silicate cores (Jones et al. 1990). In these models it is assumed that 

significant loss of carbon from the gas into HAC mantles occurs in diffuse clouds on a 

timescale of around 10 My. Thus extinction in these models becomes a time dependent 

property (Cecchi-Pestellini & Williams 1998). Diffuse cloud chemistry would also be, 

in this case, time-dependent on a similar timescale. On the other hand, it may be that 

carbon is fully hydrogenated on the surfaces of dust grains, and returned to the gas 

phase, as is implied by the NH observations. It is unclear, at present, which of these 

processes, if either, is occurring.

In Viti et al. (2000) we investigated the viability of diffuse and translucent cloud 

models in which carbon is either incorporated into HAC mantles or is returned to the 

gas phase as CH4 . The full discussion is not presented here but we include the corre­
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sponding model results for comparison.

Another significant problem in diffuse cloud chemistry is the failure of models to 

account adequately for the abundant molecule CO (Wagenblast & Williams 1993). Gas 

phase formation routes to CO include C and C+ with OH, O with CH, and HCO+ 

with e“ . The formation route through the CH and O gas phase reaction is enhanced 

by the adoption of CH4  injection from grains (Viti et al. 2000) but even in this case 

there still appears to be a shortfall in the computed CO abundance. Wagenblast & 

Williams (1996) suggested that an additional contribution from dust-formed OH and 

H2 O reacting with C+ might resolve the difficulty. Hence it seems reasonable to extend 

the chemistry of Viti et al. (2000) to include the surface hydrogenation of other species 

on dust grains, and to explore the contribution of the product molecules to the gas phase 

network of reactions.

We have, therefore, included hydrogenation of O, N, S" ,̂ CO to various products 

which then enter the gas phase network. These gas -I- grain chemistry models are 

explored for a variety of environments, ranging from rather low number density, low 

extinction clouds, to moderate density, moderate extinction clouds.

In the next section we describe the details of the models, including the adopted 

hydrogenation efficiency. The effects of the hydrogenation reactions are described in 

Section 1.2.3.2. The main results are given in the form of column densities integrated 

through the clouds in Sections 1.2.3.3 and 1.2.3.4 where we compare our models with 

some of the available observations. In Section 1.2.3.5 we briefly present our conclu­

sions.

1.2.3.1 The Models

The basic chemical model which we use is the UMIST rate file (Millar et al. 1997). 

The initial elemental abundances by number density relative to hydrogen were taken 

to be as shown in Table 1.3. The values were taken from Snow & Witt (1996) though 

more recent estimates differ^. The adopted value of the cosmic ray ionization rate (, 

is 1.3x For static slab model clouds with densities of each of 100, 300

'For example, Savage & Sembach (1996) gives abundances for M g and Si more than two orders of 
magnitude different, although those changes in particular would not affect our results.
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Species Abundance
He 0.07 S 1.3(-5)
C l.K-4) Mg 3.0(-9)
N 6.0(-5) Na 2.0(-7)
0 4.6(-4) Si 7.0(-9)

Table 1.3: Elemental abundances relative to hydrogen nuclei for the chemical models 
including grain surface hydrogenation. Values are given in the form a{±b) for a x 10^^.

and 1000 H-nuclei cm“  ̂ we run time-dependent chemical multipoint calculations to 

find the gas phase abundances up to 1 0  ̂years over a range of visual extinction from 

0 to 4 mag. CO self-shielding is accounted for using codes developed by Wagenblast 

(1992).

We include freeze-out reactions for all species as described in Section 1.2.1 using 

a reduced grain surface area per unit volume such that about a third of heavy elements 

are depleted on to grains in a period of 10 My.

We compare results from eleven different chemistries: Models A and B are as 

mentioned in the previous section: Model A has no recovery of species from grains, 

and in Model B all positive carbon ions that meet the grain surfaces are re-injected into 

the gas phase as CH4  molecules. The other chemical models that we used add extra 

hydrogenation reactions to Model B as described below. In all cases, the products of 

these surface reactions are assumed to be returned promptly to the gas phase.

Model C extends Model B by including the hydrogenation of oxygen and nitrogen: 

0  forms H2 O on collision with a dust grain, and N forms NH3 .

Model D adds to Model C the hydrogenation of sulphur: S+ is hydrogenated to 

H2 S on grains.

We also tested three models to examine consequences of the hydrogenation of CO. 

In Models E l to E3 hydrogenation of CO into different species is added to the chem­

istry of Model C, that is, with O'*", 0  and N hydrogenation. In Model E l, CO forms 

H2 CO on grains, and in Model E2 the product is CH3 OH. Model E3 is a hybrid of 

El and E2 in which H2 CO and CH3 OH are formed equally. Models FI to F3 are the 

same as E l to E3 but with the hydrogenation of S"̂  added as in Model D.

Finally, in addition to the above we have included results from a model using a 

chemistry identical to that of Model A (without any hydrogenation on grains) but in
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Model Surface Hydrogenation reactions
A None (freeze-out of all species)
B C + 4 —> C H 4t
C As Model B but with O i  — > H2  O t ,  and N I  — > NH3 1 also
D As C, with S+ i
El As C, with C O 4 . -^ H g C O T
E2 As C, with C O ) — > CH aO H t
E3 As C, with 50% C O ; ^  H g C O t 50% C O ; —  ̂ CH3 OHT 
FI As D, with C O 4̂ — ^HgCOT
F2 As D, with C O ; ^  CH3 OHT
F3 As D, with 50% CO I  - ^ H g C O t ,  50% C O i — > C H sG H t
Z Purely gas-phase chemistry (as A) with no grain interaction

Table 1.4: Summary of hydrogenation reactions on grain surfaces included in each 
chemical model.

which species do not freeze out on to dust grains. We call this Model Z and it is pro­

vided as a reference to show the situation where dust grains do not interact chemically 

with the gas phase. The hydrogenation reactions added in each model are summarized 

in Table 1.4.

1.2.3.2 Effects of the hydrogenation reactions

The changes in computed abundances with the addition of new grain-surface reactions 

are essentially as expected. Release of molecules from grains to the gas phase will 

necessarily cause an increase in abundance for all species based on the elements re­

leased. This is simply because an element that was being removed from the gas phase 

in Model A is still present. If there is an ejection mechanism for one hydrogenated 

species (as in Model B), then it seems logical to expect ejection of some kind for 

other hydrogenated species; the real question is the form of the ejection reactions and 

their relative efficiencies. Unfortunately, not enough is yet known about activity on the 

grains to set accurate a priori rates; and current observational data are probably not 

extensive enough to make detailed studies of such complex systems. Hence, we intro­

duce ejection reactions for only a few species at a time, each with 1 0 0 % efficiency: 

this efficiency may be unrealistic, but at this stage we are only interested in study­

ing the qualitative effects of surface grain chemistry on the evolution of diffuse and 

translucent clouds in order to answer the following question: would the abundances of 

hydrogenated species vary enough to produce a detectable difference? By introducing
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a 1 0 0 % efficiency of ejection, we are, of course, allowing for the largest possible effect.

We have calculated the abundances for visual extinctions from 0 to 4 mags for 

clouds of density 100, 300 and 1000cm“ ^. This enables us to consider the chemistry 

in several regimes including diffuse clouds with density < 300 cm“  ̂and A y  ~  1 mag, 

and translucent clouds with higher density and A y  % 3 mag. Tables 1.5, 1 . 6  and 1.7 

summarize our results; they contain column densities for the clouds after a time of 

10^ years—there is no steady state for models with freeze-out. The last column shows 

the observed column densities of (  Per (in Table 1.5) and (  Oph (in Table 1.6 ) taken 

from the literature; for some species these were not available in which cases we have 

listed the column densities derived along different lines of sight (more details can be 

found in the captions). Even when available, we have not included error bars in list­

ing the observed values, as comparisons between observations and our model results 

should only be done in qualitative terms. Note that the column densities of Models A 

and B may differ from the ones listed in Viti et al. (2000) because we have incorporated 

a better treatment of CO self-shielding and a more accurate estimation of the integrated 

column densities.

Here we review in qualitative terms the consequences of introducing surface hydro­

genation. Adding hydrogenation reactions for C+ increases the abundances of many 

small hydrocarbons. The effect is most pronounced in the diffuse cloud case where 

most of the carbon is ionized and so most susceptible to freeze-out. In Model C, where 

we have added hydrogenation for oxygen and nitrogen, there is an equivalent set of 

changes for species containing these elements. Of particular interest are the H2 O and 

CO abundances which are related because H2 O and OH are thought to be part of a ma­

jor formation route for CO. The introduction of surface hydrogenation for C+ (Model 

B) increases the amount of CH2 present, which reacts with oxygen to produce CO. 

The column density of CO is thereby greatly increased (compared to Model A), but 

the column densities of H2 O and OH in Model B fall compared to Model A: this is a 

consequence of the increase in carbon-bearing species in the gas. With the addition of 

surface hydrogenation of oxygen directly into H2 O the former C :0  ratio is maintained 

and the column densities of H2 O and OH are recovered to approximately the levels of 

Model A.
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The addition of surface hydrogenation of nitrogen to NH3  in Model C affects di­

rectly the abundance of NHg, increasing it well above the level of Models A and B.

With the inclusion of sulphur hydrogenation to H2 S in Model D, the column densi­

ties of S and are increased for all cloud densities. For the diffuse clouds these are the 

only significant effects. However, at the translucent cloud density of 1000 cm"^ sev­

eral species, including CS, SO and H2 S, have column densities increased by several 

orders of magnitude.

The differences between Models E l, E2 and E3 are negligible. The only species 

whose column density changes significantly between them is CH3 OH. It seems that 

H2 CO can be adequately produced from CH3 OH in the gas phase so there is no real 

need to consider these models (or F1-F3) separately. In the tables of results therefore 

we have only included Models E3 and F3 which both produce CH3 OH and H2 CO 

in equal amounts from CO. Probably the most interesting thing to observe with these 

models is that they do not decrease the column density of CO; indeed, in the translucent 

cloud case it is increased even further beyond that of Model C, probably a consequence 

of the increase of the carbon budget in the gas due to the ejection and dissociation 

of CH 3 OH and H2 CO. Also in the translucent cloud models the amount of CO 2  is 

increased and we can see an increase in the column densities of H2 CO and CH3 OH 

themselves. The hydrogenation of CO makes no appreciable difference in the diffuse 

cloud regime.

Model Z, without freeze-out, naturally differs most from Model A in which all 

species suffer freeze-out with no ejection. One of the main effects of the postulated 

hydrogenation and ejection mechanism is simply avoiding depletion of elements from 

the gas phase. This restores to models other than A more of the characteristics of 

Model Z. However, it is thought that ions and molecules which meet the surface of a 

dust grain will stick to it, making Model Z seem unphysical. We hope that the dif­

ferences between this model and others due to hydrogenation rather than the simple 

release of frozen species (notably CH3  and NH at low densities and H2 S and NHg at 

1 0 0 0 cm“ ^) may offer some support for ejection from grains as a result of chemical 

reactions on the surface.
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1.2.3.3 Comparisons with observations: diffuse clouds

We choose to compare results of selected species from models of number densities of 

100 cmT^ (Table 1.5, close to the (  Per number density) and 300 cm“  ̂(Table 1.6 , close 

to the (  Oph number density) with observations of diffuse clouds. Many of the species 

in the tables have been selected because they have been observed towards the lines of 

sight of (  Per, (  Oph and other diffuse clouds. We have taken into consideration as 

many relevant observational studies as possible, although for a more comprehensive 

summary we refer the reader to several recent reviews: van Dishoeck (1998) where 

recent results on both diffuse and translucent clouds are presented; and Lucas & Liszt 

(1997) who present comprehensive observations of diffuse clouds. The relation of our 

results to observations is discussed below.

Hydrocarbons A full discussion of hydrocarbon chemistry and the effects of C"*" 

hydrogenation on grains was given in Viti et al. (2000). The main observation-related 

result is for CH. Wagenblast & Williams (1993) give the column density for diffuse 

clouds as 2.5 x 10^  ̂cm~^, which all our models except Model A match well. Without 

release of carbon from dust mantles the column density of CH falls short by at least 

two orders of magnitude. The introduction of hydrogenation reactions for oxygen and 

CO may also affect the abundances of hydrocarbons.

Lucas & Liszt (2000) have detected absorption lines of C2 H and C3 H2 along many 

lines of sight. From Table 1.6 it is obvious that purely gas phase low temperature 

models cannot account for the detection of these species. Viti et al. (2000) concluded 

that surface hydrogenation and ejection of hydrogenated species from the grains may 

be necessary to account for hydrocarbon abundances. In fact. Model B fails to meet the 

Lucas & Liszt column densities by less than one order of magnitude in the case of C2 H 

and about one order of magnitude for C3 H2 . These discrepancies could easily be due 

to the low gas density adopted for models in Table 1.6. At a gas density of 1000 cm“  ̂

our column density matches extremely well with the abundances measured by Lucas 

& Liszt (2000) (Table 1.7). Model A, where no hydrogenation and ejection occurs is 

clearly inadequate, regardless of the cloud density; note that van Dishoeck & Black 

(1986) have succeeded in reproducing the lower limit of the observed column densities



Species Model Observation
A B C D E3 F3 Z (  Per

H 1.7(20) 1.7(20) 1.7(20) 1.7(20) 1.7(20) 1.7(20) 1.7(20) 8.9(20)-1.4(21)* -
H2 7.2(20) 7.2(20) 7.2(20) 7.2(20) 7.2(20) 7.2(20) 7.2(20) 3.2(20)-7.1(20)f -
S 6.4(11) 5.0(12) 5.0(12) 6.0(13) 5.0(12) 6.0(13) 5.9(13) 1.8(13)* -
S+ 2.0(15) 2.0(15) 2.0(15) 2.1(16) 2.0(15) 2.1(16) 2.1(16) 1.6(16)b -
CS 8.0( 7) 5.3(9) 5.3(9) 6.7(10) 5.3(9) 6.7(10) 2.4(10) - 1 (1 2 )
s o 1.5(7) 1.5(7) 1.9( 7) 1.7( 9) 1.9( 7) 1.7(9) 2 .0 ( 8 ) - 1 ( 1 2 )
CO 8.5(11) 1.5(13) 3.1(13) 3.0(13) 3.1(13) 3.0(13) 1.1(13) 6.1(14)* 2(14)
C 2 H 1.4( 8 ) 8.3(11) 8.3(11) 8 .0 ( 1 1 ) 8.3(11) 8 .0 ( 1 1 ) 1 .0 ( 1 1 ) - -
C 3 H2 5.2(4) 2.0( 9) 2.0(9) 1.7( 9) 2.0( 9) 1.7(9) 1 .8 ( 8 ) - -
C2 H2 3.2(6) 3.2(10) 3.2(10) 3.2(10) 3.2(10) 3.2(10) - -
CH 2.3(11) 1.3(13) 1.2(13) 1.2(13) 1.2(13) 1.2(13) 9.3(12) - -
CHs 4.2(9) 1.4(12) 1.4(12) 1.4(12) 1.4(12) 1.4(12) 1.9(10) - -
CH4 3.8(3) 5.3(12) 5.3(12) 5.3(12) 5.3(12) 5.3(12) 7.7(4) - -
H2 CO 5.2( 7) 1.3(10) 1 .6 ( 1 0 ) 1 .6 (1 0 ) 1 .6 ( 1 0 ) 1 .6 ( 1 0 ) 2.4( 8 ) — -
NH 1.4(10) 9.2( 9) 3.1(11) 3.1(11) 3.1(11) 3.1(11) 1 .1 (1 0 ) l ( 1 2 )d -
CN 3H(8) 7.7(9) 6 .8 ( 1 0 ) 6.7(10) 6 .8 ( 1 0 ) 6.7(10) i% 9 ) 3.0(12)2 -
OH 1.0(13) 9.9(11) 3.9(12) 3.8(12) 3.9(12) 3.8(12) 1 .1 ( 1 2 ) 4.0(13)2 -

3.8(13) 4.5(12) 4.5(12) 4.1(12) 4.5(12) 4.1(12) 4.0(12) - -
C 3 2.5(4) 2.9(9) 2.9( 9) 2.7( 9) 2.9( 9) 2.7(9) 2.9( 8 ) - -

Co

 ̂Snow (1977)
^ Snow et al. (1987)
 ̂Lucas & Liszt (1997)

^ Meyer & Roth (1991)
® Felenbok & Roueff (1996)
 ̂Savage et al. (1977)

Table 1.5: Results of chemical models for 1 mag of visual extinction for clouds with number density of 100 cm“  ̂ after 10^ years. The computed 
column densities (in cm“ ^) of each species from seven models are compared to the observed column densities for (  Per taken from the literature; ^
when observations of this cloud were not available, we have taken the values for other clouds of similar densities (along various lines of sight). (Note, 
numbers in the form a{b) above represent a x 1 0 .̂)



Species Model
A B C D E3 F3 Z

Observation
C Oph Extragalactic Sag A* Cyg 0B 2

H 5.5(19) 6.0(19) 6.1(19) 6.0(19) 6.1(19) 6.0(19) 5.9(19) 5.2(20)" - - -
H2 7.7(20) 7.7(20) 7.7(20) 7.7(20) 7.7(20) 7.7(20) 7.7(20) 2.9(20)" - 6 (2 2 )f -
S 6.8(9) 1 .0 ( 1 1 ) 1 .0 ( 1 1 ) 1.3(14) 1 .0 ( 1 1 ) 1.3(14) 1.3(14) 8.5(13)* - - -
8 + 1.7(13) 1.8(13) 1.8(13) 2.1(16) 1.8(13) 2.1(16) 2.1(16) 1.2(16)* - - -
CS 3.1(3) 5.1(8) 5.0( 8 ) 6 .1 (1 1 ) 5.0( 8 ) 6 .1 ( 1 1 ) 2 .0 ( 1 1 ) 7(ll)-5(12)b - - -
SO 7.1(5) 7.3( 5) 1.3(6) 1 .2 ( 1 0 ) 1.3(6) 1 .2 ( 1 0 ) 1.4( 9) - l(12)-l(13)c - -
CO 1.9(9) 6.0(13) 2.2(14) 2.1(14) 2.2(14) 2.1(14) 6.9(13) 1.72(15)4 - - 3(16)'
C2 H 4.6( 2) 5.0(12) 4.9(12) 4.6(12) 4.9(12) 4.6(12) 5.9(11) - 7(12)* - -
C3 H2 3.5(-4) 3.3(10) 3.2(10) 2 .6 (1 0 ) 3.2(10) 2 .6 ( 1 0 ) 2.7(9) - 4.8(12)* - -
C2 H2 1 .8 ( 1 ) 2.3(11) 2.3(11) 2 .2 ( 1 1 ) 2.3(11) 2 .2 ( 1 1 ) 2.1(9) - - 5.5(14)f -
CH 3.3( 8) 3.1(13) 3.1(13) 3.0(13) 3.1(13) 3.0(13) 2.4(13) - — - -
CHs 1.6(7) 2.9(12) 2 .8 ( 1 2 ) 2 .8 ( 1 2 ) 2 .8 ( 1 2 ) 2 .8 ( 1 2 ) 4.6(10) - - 8(14)f -
CH4 4.3( 1) 1.4(13) 1.4(13) 1.4(13) 1.4(13) 1.4(13) 6.0( 5) - - - -
H2 CO 4.0(5) 4.7(10) 8 .0 ( 1 0 ) 7.9(10) 8 .1 ( 1 0 ) 8 .0 (1 0 ) 1.4( 9) - - - -
NH 9.7(9) 5.3(9) 6.5(11) 6.5(11) 6.5(11) 6.5(11) 8.8(9) 8.8(11)8 - - -
CN 7.4(5) 3.9(10) 4.2(11) 4.0(11) 4.2(11) 4.0(11) 2 .8 ( 1 0 ) 3(12)h - - -
OH 1.7(13) 6 .8 ( 1 1 ) 6.9(12) 6.7(12) 6.9(12) 6.7(12) 1 .0 ( 1 2 ) 4.8(13)' - - -

3.3(13) 1 .8 ( 1 2 ) 1 .8 ( 1 2 ) 1 .6 ( 1 2 ) 1 .8 ( 1 2 ) 1 .6 (1 2 ) 1.5(12) - - - 3.8(14)'
Cs 1.5(-4) 4.9(10) 4.8(10) 4.2(10) 4.8(10) 4.3(10) 4.5(9) 1.6(12)'" - - -

 ̂Morton (1975)
 ̂Drdia etal. (1989)
 ̂Lucas & Liszt (1997)

^ Lambert et al. (1994)
® Lucas & Liszt (2000)
 ̂Feuchtgruber et al. (2000)

® Crawford & Williams (1997) 
^ Lambert et al. (1990)
* Chaffee & Lutz (1977)
 ̂Geballe et al. (1999)

Maier et al. (2001)
" Savage et al. (1977)

Table 1.6: Results of chemical models for 1 mag of visual extinction for clouds with density of 300 cm"^ after 10^ years. The computed column 
densities (in cm“ ^) of each species from seven models are compared to the observed column density for (  Oph taken from the literature. When 
observations of this cloud were not available, we have taken the values for other clouds of similar densities (lines of sight towards various extragalactic 
sources, Cygnus 0B2 and the galactic centre—Sagittarius A*).
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of C2 H and C3 H (and other hydrocarbons in general) without invoking grain surface 

reactions: however their models do not include depletion of gas phase species on to the 

grain, a process which is now believed to occur in some degree (Williams 1998).

CH4  itself is not observable, but we could test the hypothesis that CH4  is made 

and released on grains by detecting its products formed in the gas phase. CH3  is the 

most direct product and, recently, Feuchtgruber et al. (2000) detected CH3 towards the 

Galactic Centre and deduced a column density of (8.0±2.4)x 10^“̂ cm“ .̂ Our models 

fail to match the observed value by at least one order of magnitude (see Tables 1.5, 

1.6 and 1.7). However, we note firstly that the gas density along the line of sight 

observed by Feuchtgruber et al. (2000) is believed to be > 1000 cm“ :̂ comparisons of 

Tables 1.5,1 . 6  and 1.7 indicate that CH3 column density increases proportionally to the 

gas density. Secondly, if no hydrogenation and ejection is included (i.e. Model A), the 

basic ion-molecule gas-phase chemistry networks cannot account for the formation of 

any of the CH3 detected. Even without any freeze-out (Model Z) the predicted column 

density is nearly two orders of magnitude below those of models with hydrogenation 

of oxygen.

Carbon Mlonoxide Surface hydrogenation of C"'' in Model B indirectly yields an 

increase in CO over Model A of more than 30% but the computed column density is 

still more than one order of magnitude less than that observed for (  Oph (note, however, 

that this line of sight has an unusually high CO column density, and may not be typical).

Table 1.6 shows a clear increase in column density from Model B to Model C, 

where oxygen and nitrogen can hydrogenate on grains. Although CO is still under- 

abundant by at least half an order of magnitude with respect to the CO observed in 

that line of sight, the results suggest that if freeze-out occurs some release from the 

surface must occur. A somewhat higher diffuse cloud density would improve the match 

between Model C values and that of (  Oph.

Sulphur-bearing species Atomic and ionized sulphur have been observed along the 

line to sight of (  Per (Snow 1977, Snow et al. 1987) and ^ Per (Smith et al. 1991). The 

column density of neutral sulphur is estimated to be approximately 1 . 8  x 1 0 ^̂  cm“  ̂by 

Snow (1977) and slightly lower (7.24-9.55 x 10^  ̂cm“ ^) by Smith et al. (1991). More
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significant is the ratio of N(C)/N(S), given by the latter as ~  80, significantly larger 

than previous work (Gomez-Gonzalez & Lequeux 1975). As the number densities of 

(  Per and ^ Per are close to 100 cm"^(Wagenblast et al. 1993, Smith et al. 1991), we 

compare these observations with Table 1.5. Models B and C are close to the lower limit 

while Model D is above the upper limit by a factor of ~  4. However if we compare the 

N(C)/N(S) ratio. Models D and Z both give a ratio of 30, underestimating the observed 

value (Smith et al. 1991), though close to the older value ~  32 found by Gomez- 

Gonzalez & Lequeux (1975). By contrast, in models where ionized sulphur is frozen 

out the ratio is ~  340, much larger than observed, suggesting that sulphur is not being 

retained on the grains in these clouds.

Ionized sulphur is observed to be % 1.6 x 10^®cm~^ (Snow 1977, Snow et al. 

1987), three orders of magnitude larger than neutral sulphur. This ratio is roughly con­

sistent with our Models B, C and D. As expected, the S+/S ratio does not vary among 

models, since grain hydrogenation and ejection of ionized sulphur would increase the 

total sulphur budget in the gas phase. However, the observed ionized sulphur column 

density is well matched by Model D as well as Model Z.

Drdlaetal. (1989) have searched the CS J=2-l emission line in 10 diffuse molecular 

clouds and successfully detected it in four of the clouds, including (  Oph. They derive 

the total CS column densities from one line by means of statistical equilibrium calcu­

lations and they found that the CS column density varied from ~  2x 10^  ̂ to 3x 10^  ̂

cm“ .̂ Turner (2000) reports an observed fractional abundance of 3.8x10“ ® which 

corresponds to a column density of ~  10^  ̂ cm“  ̂ (for A y  ~  1 mag). Lucas & Liszt 

(1997) also detected molecular absorption of CS and SO, among other species, in front 

of extragalactic millimetre wavelength radio sources and find column densities for both 

species between 10^  ̂ and 10^  ̂ cm“ .̂ From Tables 1.5 and 1.6 one can see that CS 

is only formed in significant amounts when sulphur depletion occurs. In Model D for 

densities of at least of 300 cm“ ,̂ CS reaches the lower limit of the observed abun­

dances. In general we find that our models underestimate the abundance of CS in the 

diffuse medium although Model D is very close to the observed lower limit. A slightly 

higher density than that used for Table 1. 6  would improve the agreement.

We conclude from the analysis of sulphur-bearing species that models with grain
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surface reactions involving the hydrogenation of sulphur are favoured over those mod­

els with freeze-out. However, in the diffuse cloud case, there is little to distinguish 

them over a model without freeze-out.

Nitrogen-bearing species Among the nitrogen-bearing species, we discuss NH and 

CN. NH was first detected by Meyer & Roth (1991) towards (  Per and HD 27778 and 

found to have a column density of ~  10^  ̂cm“ ^. More recently, Crawford & Williams 

(1997) estimated its column density towards (  Oph from much higher resolution data to 

be ~  8 .8  X 10^  ̂c m “ ^. Lambert et al. (1990) reported a column density of CN towards 

(  Oph o f ~ 3 x l 0 ^ ^  cm“ .̂ NH is very well reproduced by models where nitrogen 

hydrogenation and ejection occur. CN, on the other hand, is under produced by almost 

one order of magnitude, although, again, in the models where no hydrogenation occurs 

CN cannot be formed in the gas phase in detectable quantities. Note that previous 

models, such as the ones by Wagenblast & Williams (1993), produce much higher CN 

abundance than we do in Model A: this is because their models do not include depletion 

of the gas phase on to the grains. Our equivalent model without depletion (Model Z), 

though better than Model A, is still worse than models with hydrogenation at predicting 

NH and CN abundances in diffuse clouds.

OH and Chaffee & Lutz (1977) detected OH towards Ç Oph and report a column 

density o f ~  4.8 x 10^^cm“ .̂ Geballe et al. (1999) detected H^ for the first time in 

diffuse interstellar clouds (towards Cygnus 0B2) and they found a high column density 

of ~  3.8 X 10 '̂  ̂cm“ .̂ Computed abundances for both species are greater (and closer 

to observations) in models where freeze-out without ejection of hydrogenated species 

occurs, i.e. in Model A, although in the case of OH from Table 1.5 (where the density 

is supposed to be representative of (  Oph), there is less than half an order of magnitude 

difference between Model A (very close to observations) and Model C or E3. The fact 

that OH and H^ are more abundant when freeze-out occurs without hydrogenation and 

ejection is not surprising as ions are extremely reactive and they are readily removed 

when hydrogenated species such as water are abundant in the gas. In fact, we note 

that in Model A more than 50% of the OH is produced via dissociative recombination 

of HgO"  ̂ while in the other models this route only accounts for ~  10% of the OH
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present. This may be the cause for the difference between a model where only freeze- 

out occurs and one where freeze-out plus hydrogenation and ejection occurs. H3 O+ is 

easily destroyed by species such as HCN and HNC: these are more than two orders of 

magnitude larger in models where hydrogenation occurs than in Model A.

Compared to the observed value, is under-abundant in all our models. Note 

however that the Geballe et al. (1999) detection of was towards Cygnus 0B2, 

at a visual extinction of ~  10 mag: comparing Tables 1.6 and 1.7, we note that 

increases by over one order of magnitude when going from Ay of 1 to 3 mags: this 

should not be due to a density increase because comparison of Tables 1.5 and 1. 6  (same 

Ay but different density) show that decreases with density (in fact Geballe et al. 

(1999) note that column density is not proportional to the column densities of other 

species). We infer that a model where the density is kept to ~  300 cmT^ and Ay = 10 

mags may give the observed column density even for models where hydrogenation and 

ejection occurs.

Another factor which may explain the discrepancy between the computed OH and

abundances and the observed values is the cosmic ray ionization rate, (. The abun­

dances of both these species are directly related to (  through their dependence on 

which is formed by ionization of H2  by cosmic rays. Hj" reacts with H2  to form di­

rectly, and OH is formed by dissociative recombination of H3 O+ which is the product 

of H^ and H2 O. In our models (  is taken to be 1.3 x 10“ ^̂  s“  ̂ but in diffuse clouds 

a value of (  between 10“ ^̂  and 10~^® is plausible (van Dishoeck 1998). If (  

were increased by half an order of magnitude in our models the computed abundances 

could be brought close to those observed.

C3  Haffner & Meyer (1995) reported a tentative detection of C3 towards HD147889. 

More recently Maier et al. (2001) observed C3 in diffuse interstellar clouds along the 

lines of sight towards three stars, including (  Oph, and inferred a column density for 

C3  of 1.0-2.0 X 1 0 4 2  cm“ .̂ C3 is one of only two bare carbon species detected in 

diffuse clouds and it is a potential carrier for the Diffuse Interstellar Bands (Maier et al. 

2001). Our diffuse clouds models (see Tables 1.5 and 1.6) do not reproduce the high 

column density observed. However, hydrogenation of O'*" (Models B-F) does offer
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some improvement over models with no freeze-out or no ejection.

1.2.3.4 Comparisons with observations: translucent clouds

Many species have been observed in translucent clouds (Turner 2000, van Dishoeck

1998). Here, we select some observational results in order to compare with our mod­

els. The discussion on hydrocarbons below is brief because the main differences for 

such molecules are between Models A and B, and they were the subject of our earlier 

paper (Viti et al. 2000). For a more comprehensive summary of observations we refer 

the reader once again to the review of van Dishoeck (1998), and to Turner (2000), who 

summarizes the results of a large observational study of translucent clouds;

Hydrocarbons As in the diffuse cloud case. Model A cannot account for the col­

umn densities of CH, C3 H2  or C2 H. Jannuzi et al. (1988) reported a column density 

of 4.6 X10^  ̂cm“  ̂for CH through a translucent cloud. All the models with hydrogena­

tion produce columns slightly higher than this value. For C3 H2  and C2 H, as shown 

in Table 1.7, the hydrogenation reactions raise column densities by over an order of 

magnitude (nearly two orders for C2 H) but there is still a significant shortfall for Mod­

els C-F which include hydrogenation reactions other than just C'*'. A more detailed 

discussion for these species is given in Viti et al. (2000).

None of our Models A-D, nor Model Z, produce methanol in the quantities that are 

observed. Turner (1998) has suggested that methanol may form by energetic process­

ing of CO ice (by UY and cosmic-rays) on grains, followed by photo-desorption. In 

addition there is some experimental work examining the conversion of CO to CH3 OH 

(Hudson & Moore 1999).

Models E2, E3, F2 and F3 include, at either 50 or 100% efficiency, a surface reac­

tion producing methanol from CO sticking on grains. There is, of course, an increase 

in column density over other models. In fact, even Models E3 and F3, where only 50% 

of hydrogenated CO produces methanol, produce a column density which is an order 

of magnitude higher than observed. Thus if CO is indeed hydrogenated on grains the 

efficiency required would be only a few percent in order to reproduce observations.



Species Model
A B C D E3 F3 Z

Observation

H 7.7(18) 1.8(19) 1.9(19) 1.8(19) 1.9(19) 1.8(19) 1.6(19) -
H2 2.4(21) 2.4(21) 2.4(21) 2.4(21) 2.4(21) 2.4(21) 2.4(21) -  3(21)
OS 1.4(5) 4.9(5) 2.1(7) 1.8(13) 2.7(7) 2.2(13) 2.7(13) 3.3(13)*
SO 2.7(5) 5.8(4) 3.1(8) 1.6(13) 1 .8 ( 8 ) 1.7(13) 2 .0 ( 1 2 ) 9.6(13)*
H2 S 1.0(3) 2 .2 ( 2 ) 1.6( 5) 3.2(13) 1.1(5) 3.2(13) 4.7(9) 7.5(13)*
NH 3 5.3(11) 2 .2 ( 1 1 ) 2.3(13) 1.9(13) 2.1(13) 1.8(13) 9.8( 9) 3-6(13)*' b
N2 H+ 5.9(10) 2 .8 ( 1 0 ) 4.1(11) 7.2(9) 2.3(11) 5.3(9) 8.7( 8 ) 3(12)*
HCN 7.3(10) 1 .0 ( 1 1 ) 3.5(11) 3.3(11) 5.1(11) 5.2(11) 5.3(10) 1.1(14)*
HNC 1 .0 ( 1 1 ) 9.7(10) 1.5(12) 1.4(12) 1.5(12) 1.5(12) 3.5(10) 7.5(12)*
CH3 OH 4.4( 9) 2.7(9) 1 .1 ( 1 0 ) 1.3(9) 3.2(13) 2.5(13) 1 .6 ( 8 ) 1.8(13):
CO 8.3(15) 3.4(16) 8.0(16) 6.6(16) 2.9(17) 2.5(17) 2.2(17) l(16)-l(17)d
H3+ 1.6(14) 3.0(13) 3.4(13) 1.1(13) 2.8(13) 9.9(12) 5.7(12) -
C2 H 4.1(11) 9.1(13) 2.8(13) 2.1(13) 3.0(13) 2.4(13) 6 .2 ( 1 2 ) 1.98(14)*
C 3 H2 9.3(9) 4.4(12) 6 .0 ( 1 1 ) 3.5(11) 6.3(11) 4.3(11) 1 .1 ( 1 1 ) 3(12)f
CH 2 .2 ( 1 2 ) 1.6(14) 9.5(13) 8.8(13) 9.7(13) 9.5(13) 1.3(14) -
CH3 1 .6 ( 1 2 ) 1.4(13) 6 .6 ( 1 2 ) 5.8(12) 1.1(13) 9.6(12) 3.4(11) -
CH4 8 .2 ( 1 0 ) 1.2(14) 5.6(13) 5.0(13) 5.7(13) 5.5(13) 2.8( 9) -
H2 CO 8 .8 ( 1 1 ) 1 .8 ( 1 2 ) 1.7(12) 9.5(11) 4.3(13) 2.8(13) 1.9(11) -
C3 4.1(9) 3.3(12) 6.4(11) 4.6(11) 7.4(11) 5.8(11) 1 .8 ( 1 1 ) -

 ̂Turner (2000)
 ̂Turner (1995a)
 ̂Turner (1998)

^ van Dishoeck et al. (1991) 
® Turner et al. (1999)
 ̂Cox et al. (1988)

C/3

Table 1.7: Results of chemical models for 3 mag of visual extinction for clouds with density of 1000 cm"^ after 10^ years. The computed column 
densities (in cm“ ^) of each species from seven models are compared to column densities for translucent clouds taken from the literature. With the 
exception of the column densities from van Dishoeck et al. (1991) the observational values presented are determined from fractional abundances 
averaged over a variety of translucent clouds, and assuming a gas column density around 3 x 10^^.

LAto
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Sulphur-bearing species At densities of the order of 1000 cm“ ^, the column density 

of many sulphur-bearing species increases when ionized sulphur is hydrogenated on 

the grains (Models D and F). The most significant feature of the results is that these 

species should not be detectable if sulphur freezes out as in Models A to C. But sulphur- 

bearing species have been observed extensively in translucent clouds. For example, 

Turner (19956, I996b,a) conducted a survey in a standard sample of 11 Cirrus cores 

and 27 Clement-Barvainis translucent objects. Table 6  in Turner (1996a) summarizes 

his sulphur studies by listing the ratios of sulphur-bearing species abundances in all the 

observed sources. He divides his objects between Cirrus and Clemens-Barvainis (CB) 

cores and finds CS/SO = 0.056-0.196, and H2 S/SO = 0.21-0.982 for the Cirrus cores; 

whereas CS/SO = 0.047-0.478, and H2 S/SO = 0.263-3.4 for the CB objects (note that 

the observed column densities listed in Table 1.7 for CS, SO and H2 S are taken from 

Table 1 in Turner (2000)). The H2 S/CS ratios vary between 1.10 and 34.5. From 

Model D we have: CS/SO =  0.3, H2 S/SO =  0.65 and H2 S/CS =  2 .1 . Our CS/SO 

ratio is within the observational values for the CB objects and H2 S/SO and H2 S/CS 

are between the (somewhat loose) limits given by the observations. Our conclusion for 

sulphur is that since these species are widely detected in translucent clouds, surface 

hydrogenation (or ejection of some kind) is occurring. Note that grain surface has 

been invoked by Turner (1996a) in order to explain observed sulphur bearing species 

(e.g H2 S). The improved match of Model D to observations of SO and especially H2 S 

over Model Z suggests that hydrogenation and ejection may be preferable to ejection 

without surface reaction.

Nitrogen-bearing species For translucent clouds, we find that all nitrogen-bearing 

species in Model C increase by 1-2 orders of magnitude compared to Model B. For ex­

ample, the fractional abundance of NH3 at =  3 mag is 7.65 x 10"^° for Model B 

and 1 X 10~® for Model C, and it slightly decreases in Model D. Turner (1995a) has 

found a fractional abundance of ~  1-2x10“ ® which, assuming Ay = 3 mag, corre­

sponds to a column density ~  3-6x 10̂ ® cm“ .̂ Model C results are in agreement with 

this measurement. Turner (2000) reports a fractional abundance for N2 H'*" of ~  1 0 “ S 

which, assuming Ay = 3 mags, corresponds to a column density of ~  3x 10^  ̂ cm“ ^.
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The model which predicts the closest match to the observations is Model C: in this 

model gas phase NH3 , and therefore most of the nitrogen-bearing species in the gas, 

are enhanced with respect to Models A and B; however Model D (where gas phase NH3 

is enhanced as well) predicts a much lower N2 H+ column density than even Model A 

and B (where N freezes and remains on the grains); this is probably due to the fact 

that in Model D gas phase H2 S, and eventually neutral sulphur are enhanced and the 

reaction with sulphur is the main route of destruction for N2 H+.

HCN column density is reported to be at least ~  6  x 10 cm~^ by Liszt & Lucas 

(1994). Models E3 and F3 are in very good agreement with this lower limit. These 

models have a rich chemistry due to the hydrogenation of nitrogen, carbon, oxygen 

and CO on grains. A puzzling result is, however, the variation of HNC/HCN ratio 

among models. In fact, the increase of this ratio may be misleading: HCN appears 

not to increase when nitrogen is hydrogenated on the grains and as a consequence, 

HCN/HNC in models where hydrogenation of nitrogen occurs is much less than unity, 

a result which is not supported by observations. Indeed, Turner et al. (1997) find the 

ratio HCN/HNC to be “significantly above unity in translucent clouds”. Both HCN 

and HNC fractional abundances do indeed increase when nitrogen is hydrogenated and 

released from grains but while HCN is efficiently destroyed, HNC remains constant. 

The observational result of Turner et al. (1997) therefore suggests that the UMIST95 

rate file, which we have used, may not contain all the possible destruction routes for 

HNC. Indeed the new UMIST99 database (Le Teuff et al. 2000) does add new reactions 

for HNC.

1.2.3.5 Conclusions

Models such as our Model A which include depletion of species onto grains but no 

ejection fall well short of reproducing observed column densities for several molecules. 

It is clear, for instance, that the incorporation of much of the C+ arriving on grains into 

HAC mantles is not viable since insufficient amounts of CH can then be produced. 

If the C""" is hydrogenated and released in some form then the effect may be tested 

through observations of species such as C3 H2 , C 2 H and CH3 .

If C"*" can be hydrogenated and ejected from the surface of grains, then a similar
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process may well exist for other elements such as nitrogen, oxygen and sulphur. In a 

hydrogen rich environment it seems likely that such elements, when frozen out, will 

become hydrogenated (Jones & Williams 1984).

Here we have explored the possible consequences of introducing dust-based hy­

drogenation mechanisms into our gas-phase chemical models. We have taken the view 

that atoms, atomic ions and CO may either be retained at the surface, or be hydro­

genated and ejected into the gas phase. We have also briefly compared with results 

obtained assuming freeze-out does not occur (equivalent to immediate ejection without 

any surface reactions).

The results for both low density diffuse and translucent clouds show that hydro­

genation and ejection from the surface of grains does improve the reproduction of ob­

served values for some species. In particular, the re-release of oxygen into the gas 

phase does help bring the predicted CO column density of our models closer to the 

observed values in diffuse clouds. Models B-F can not predict high column den­

sity observed in diffuse clouds, although we believe that this is due to the low visual 

extinction adopted in the models.

For translucent clouds differences among models appear to be even more signifi­

cant. Observations of sulphur-bearing species seem to suggest that this element must 

avoid depletion in some way, and ejection following a hydrogenation reaction matches 

observation better than simply avoiding freeze-out. Our models including hydrogena­

tion of CO suggest that this may be a good formation route for methanol and a suitable 

choice of efficiency could easily match observation. These models (and indeed all oth­

ers) still maintain the CO column density within observed limits. One contradictory 

result is the inversion of the HCN/HNC ratio when nitrogen is hydrogenated. This 

may have arisen because the UMIST95 rate file may not include all possible destruc­

tion routes for HNC.

Overall the outlook for these kinds of mechanisms is favourable. Given correct 

knowledge of rates and products they may help to explain some observed trends or fea­

tures. Theoretical and experimental studies of surface processes and interactions are 

clearly needed in order to understand more fully the chemistry of diffuse and translu­

cent clouds.
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1.3 Chemical effects of radiation

If a molecule or atom absorbs an ultraviolet photon it enters an excited state and may 

then become ionized or dissociate. The probability that a species in a particular state 

will absorb a photon of a given energy is represented by the species cross-section which 

can be determined through a variety of laboratory techniques. However, values deter­

mined in the laboratory then need to be extrapolated to the very low temperatures and 

densities found in the interstellar medium. The number of photons of a given energy 

that will be incident is represented by the intensity of the UV field at that wavelength.

Thus the total rate, k, for a photoreaction (in s“ ^) from absorption of continuum 

ultraviolet is given by:

k = ^ ^ X i  f  ai{X)I{X)dX. (1.10)
i

Where cr (̂A) is the effective cross-section at wavelength A for state i to result in the 

reaction, and Xi is the fractional abundance of the species which is currently in state i. 

/(A) is the mean (angle-averaged) intensity incident. If we measure cross-sections in 

cm^ then intensity. I,  is in photons cm“  ̂steradians~^

We will simplify considerations by assuming that the cross-sections cr* represent 

the sum over end states (from i) which lead to the reaction. Furthermore, in future 

discussions we will assume that the population distribution Xi can be combined with 

the cross-sections for each state to give the total cross-section, cr =  Thus

we will consider that photoreactions in the regions of the interstellar medium under 

consideration follow the simplified rate equation:

k = J  a{X)I{X)dX.  ( 1 .1 1 )

1.3.1 Calculating photoreaction rates

As described above, the rate of photoreactions depends on the cross-sections of the 

species and the incident ultraviolet intensity. The cross-sections of many species can 

be measured or derived theoretically, but the ultraviolet intensity present within the 

interstellar medium is not precisely known.
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1.3.1.1 Background radiation field

Near to a star, of course the overall field will be dominated by the output of that source. 

However, we consider the general case of a field immersed in an isotropic background 

field due to all stars. This field has a cut-off at 912Â because of absorption by atomic 

hydrogen, which puts a hard lower limit on the integral in Equation 1.11.

Several attempts have been made to estimate the background field, including Gond- 

halekar et al. (1980) and Draine (1978). These are based on observations made in 

various directions from the solar neighbourhood.

Using such an estimate the rate of a photoreaction can be calculated in the un­

shielded interstellar medium. But to know the rates within a gas cloud in the interstel­

lar medium requires knowledge of how the background field propagates through the 

cloud.

1.3.1.2 Radiation field within a gas cloud

Line radiation Of the species in the UMIST database only CO and H2  are dissoci­

ated through the absorption of line radiation. This means that they ought to be treated 

differently from all the other species whose photoreactions depend on the continuum 

UV field because a CO molecule near the surface of a cloud which absorbs a photon 

is protecting CO molecules deeper in the cloud. This ability of these species to ‘self­

shield’ means they cannot accurately be modelled just using a single point in the cloud. 

We will discuss this problem more in Section 2.3.

Continuum radiation Although atoms and molecules may absorb particular lines, 

the attenuation of the continuum radiation field is performed by the dust which is 

present in the gas.

Dust grains in the interstellar medium absorb and scatter light as it passes through. 

The amount of attenuation on a line of sight depends on the size distribution of the 

dust grains, their composition (and shape) and the density. Since these may vary on 

different lines of sight, the calculation of the radiation field at even a single point in 

a cloud is, in general, a three-dimensional radiative-transfer problem involving many 

assumptions about the dust and the density structure of the cloud.
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1.3.2 Photoreaction rates in the UMIST rate file

The UMIST rate file would not be nearly such a useful tool as it has been if the im­

portant photoreactions could only be handled by specifying and solving the general 

radiation problem every time.

Instead, the rates provided in the UMIST database are provided in the accessible 

form below, for rate coefficient, k:

k = ae~' -̂^  ̂ (s~^), (1.12)

where a  is the rate in the unshielded interstellar UV field. A y  is the visual optical 

depth to the point under consideration, and 7  represents the attenuation with depth. The 

coefficients a  and 7  are provided in the database and details of the radiative transfer 

are simplified to just the exponential factor. This is possible because the rates are 

precalculated using a fixed set of assumptions about the problem.

Firstly, the Draine estimate for the background radiation field is used. This is 

needed just to calculate the unshielded rate, a. If a different estimate is desired then 

the rate could be scaled; however, a simple scale factor would be inappropriate if the 

wavelength dependence varies from the Draine field.

Secondly, the problem is reduced to that for a plane-parallel slab-shaped cloud. 

Any point in such a cloud can be described by a single value: the optical depth to the 

surface; which greatly simplifies the modelling. However, the total optical depth of the 

cloud is also significant, since there is a difference of intensity between a point 1 mag 

into a cloud of 10 mag thickness and a point 1 mag into a cloud 100 mag thick. To 

perform the radiative transfer calculation for the cloud, a particular dust model also 

needs to be assumed (Roberge et al. 1991, for example).

For a slab-shaped cloud the radiative transfer problem can be solved analytically at 

any single wavelength, and so the photoreaction rate at depths through the cloud can 

be calculated. The exponential decay then provides a reasonable fit to the change of 

rate through the cloud, (van Dishoeck (1988) states that this fit is accurate to factors of 

a few for any slab thicker than about 5 mag in total.)
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1.3.3 Photoreaction rates from radiative transfer

The main disadvantage of the approach described above is that it is linked to many 

assumptions about the medium. Firstly, it might be desirable to try other dust models 

and other estimates for the background UV field, both of which are imprecisely deter­

mined. And, perhaps more significantly, clouds with shapes other than the simple slab 

can only be roughly approximated.

If a radiative transfer method is used to calculate the penetration of UY into the 

cloud, then the photoreaction rates could be deduced from the cross-sections and sub­

stituted into the chemical model without affecting other reactions. In a single point 

model the only related consideration is for the cosmic ray induced photoreactions. 

These can be handled in the same manner as before since the rates only depend on 

local conditions at the point. However, for consistency the value used for the dust 

albedo (Section 1.1.2.4) should be related to the dust model used in the main radiative 

transfer. (There is another consideration for multi-point models which we will discuss 

in Section 2.3.)

1.3.3.1 Comparison between methods

Figures 1.3 to 1.6 show a comparison between the photoreaction rate coefficient (k) 

calculated using the UMIST database approximation and from the cross-sections and 

radiation field in a slab-shaped cloud. (The total reaction rate could be given by kNs,  

where Ns is the number density of the species absorbing UV.)

Note that the UMIST-style rate coefficients have all been calculated using k = 

(o:/2)e“ '^'^'^, where a  is the unshielded rate quoted in the database. In this way the 

rate approaches half the unshielded value at the edge of the cloud; although, for clouds 

of finite total depth, the rate at the edge will actually be between 0.5 and 1.0 times the 

unshielded value.

The field intensity used to produce the cross-section based graphs was obtained us­

ing the radiative transfer model to be described in Chapter 2. We expect some variation 

in the rates due to differences in the cross-sections and dust/cloud models used, but 

it is also clear that the rate coefficient does not follow a simple exponential even in a 

plane-parallel slab, and that the differences between the simple exponential approxi-
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Figure 1.3: Rate coefficient for the reaction: C +  Photon — > C+ + e~ showing 
variation with depth inside a semi-infinite slab-shaped cloud with total optical depth of 
10.0 mag. The two lines shown are for the UMIST-style value 1.5 x °
and the value obtained from the cross-section (Cantu et al. 1981) and UV-field directly.

mation and a more accurate treatment are likely to be significant in the determination 

of chemical abundances.

1.3.3.2 Obtaining cross-section information

One of the major problems associated with modelling photoreactions using the radia­

tion field directly is obtaining cross-section information for the many photoionization 

and photodissociation reactions present in the UMIST database. Although many of 

the reactions are based on approximations or partial experimental or theoretical results, 

there is still an imposing number of actual cross-section data to accumulate.

The solution we propose is to obtain the cross-section data only for the reactions 

which are ‘important’ for the species under study in the particular case. It would not 

make sense to use the exponential approximation still for the others, but it is possible 

to construct a substitute cross-section based on the two parameters in the UMIST rate 

file.

Such a cross-section can be defined to reproduce the unshielded rate exactly, and 

to have an appropriate dependence on extinction. The actual rates obtained in a gen­

eral radiation field will not be accurate, but they will, at least, reflect the shape of the 

radiation field within a cloud and therefore be more appropriate for non slab-shaped
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Figure 1.5: Rate coefficient for the reaction: C 4 - Photon — > C"*" e“ showing 
variation with depth inside a semi-infinite slab-shaped cloud with total optical depth of 
1.0 mag. The two lines shown are for the UMIST-style value 1.5 x ° and
the value obtained from the cross-section (Cantu et al. 1981) and UV-field directly.
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variation with depth inside a semi-infinite slab-shaped cloud with total optical depth of
1.0 mag. The two lines shown are for the UMIST database value 1.75 x 10“ e 
and the value obtained from the cross-section (van Dishoeck & Dalgamo 1984) and 
UV-field directly.

models.

There are two possible approaches to constructing artificial cross-sections. (Bear­

ing in mind that we only have two parameters: a, the rate coefficient for the unshielded 

reaction; and 7 , which describes the exponential decay.)

Best fit to UMIST rate We could model the cross-section as a weighted sum of or­

thogonal pieces, o*, such that: cr(A) =  Z)r=i wiz^i(A), where J  aiaj d \  =  0 , Vi ^  j .  

Then we can calculate the weights Wi to reproduce the exponential rate coefficient 

Q,g-7 vAv at n  depths into a slab-shaped cloud. This technique will give us a cross- 

section that should reproduce the UMIST rates well in similar circumstances. But the 

behaviour of such rates in models with different background UY fields or wavelength 

dependence in the dust optical properties may be more influenced by the particular 

choice of ai{\)  than anything else. That is, the rate coefficient from such a cross- 

section may behave in an inappropriate way if the wavelength-dependence of the inci­

dent field is different from that assumed in the exponential approximation (rather than 

just the overall field strength).
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Figure 1.7: Rate coefficient for the reaction: H2 S +  Photon — > H2 S^ +  e~ showing 
variation with depth inside a semi-infinite slab-shaped cloud with total optical depth 
of 10.0mag. The lines shown are: ‘exponential’, for the UMIST database value 
3.15 X ‘cross-section’, for the values obtained from the measured
cross-section (Watanabe & Jursa 1964); ‘approximate’, for an artificial cross section 
constant between 912Â and a cut-off determined from the UMIST 7  coefficient. Finally 
we have added points corresponding to the rate calculated by Roberge et al. (1991) for 
this cloud.

Approximation from extinction curve For the general case we prefer the much 

cruder solution of cross-referencing the value of 7  on the interstellar extinction curve 

to find a wavelength value which is associated with the depth dependence of the rate. 

We can use this wavelength as the peak position, or the low cut-off for a cross-section 

of fixed geometry. The size of the cross-section would be calculated to reproduce the 

unshielded reaction rate.

Figure 1.7 shows a comparison between the exponential approximation and the rate 

coefficients obtained from the actual and artificial cross-section for photoionization of 

H2 S. The artificial cross-section used has constant value between 912Â and a cut-off 

wavelength determined from the 7  coefficient in the UMIST rate file.

The dust parameters used to calculate the radiation field for Figure 1.7 are the 

same as those used by Roberge et al. (1991). The rates calculated for the measured 

cross-section are the best match to Roberge et al.’s values; the discrepancy is probably 

mainly due to differences in the cross-sections used. The approximate cross-section 

is not everywhere closer to the proper rate value than the exponential approximation
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but it does mimic the form of the real cross-section rate better, flattening off towards 

the cloud’s centre. This gives us hope that the approximate cross-sections will behave 

more appropriately than an exponential in clouds of different shape.

1.3.3.3 Summary

In this section we have shown that the actual rates of photoreactions can differ sub­

stantially from the exponential approximation used in the UMIST rate file even in the 

plane-parallel slab-shaped cloud case. If different dust or radiation parameters are 

desired, or a differently shaped cloud is to be modelled, then the rates should be cal­

culated from experimentally measured reaction cross-sections and the actual radiation 

field within the cloud.

To overcome the requirement for very large amounts of detailed cross-section infor­

mation we have proposed a simple cross-section model based on the parameters used 

for the exponential approximation. Such approximate cross-sections will give rates of 

limited accuracy at any individual point, so are insufficient for accurate modelling of 

their associated species. However, the rates will change in proportion to the change in 

the radiation field throughout the cloud.

The combination of the approximate cross-sections with actual cross-section data 

for important reactions, when coupled with a suitable radiative transfer model, enables 

the modelling of chemistry under conditions other than those assumed for the UMIST 

database.
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1.4 Chemical effects of cloud structure

In Section 1.1.2 the main physical properties which determine reaction rates inside a 

gas cloud were discussed. Some of those properties are closely related to the overall 

structure of the cloud, so the large-scale nature of the medium can help determine the 

chemistry within both directly and indirectly.

1.4.1 Gas density

It seems unlikely that a cloud in the interstellar medium would have constant gas den­

sity throughout. Because two-body reactions are more efficient at higher densities, 

there will be a direct dependence on the density structure through those reactions. The 

gas chemistry may well run at different speeds in different regions of the cloud. How­

ever, the relation between reaction rates and density is linear so a large difference in 

density is required to give any large increases in the rates.

As was mentioned in Section 1.1.3, if there is transport of material between dif­

ferent regions then the higher density regions may ‘feed’ the chemistry in the lower 

density regions. This produces an indirect effect on the chemistry. Modelling such an 

effect is complex and well beyond the scope of this work, even if appropriate density 

structures and dynamics were well known.

1.4.2 Optical depth

The concept of optical depth is defined with reference to a single line of sight. Un­

like the case of gas density above, a small change in optical depth greatly affects the 

intensity of radiation received: the relation of received intensity to optical depth is 

exponential (received/incident intensity I / I q = e~^, for optical depth r). Moreover, 

insofar as the optical depth affects conditions at a point, the optical depths along all 

lines of sight are important.

The shape and density structure of a cloud will therefore have a strong effect in 

determining rates of reactions which depend on external radiation, namely: cosmic 

rays and interstellar UV. We might consider the ‘average optical depth’ as indicative 

of the overall level of shielding from external radiation, and the point below applies to
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both cosmic rays and UV. However, the levels of optical depth at which cloud shape 

will make a difference for cosmic rays are substantially higher than for UV photons.

Overall levels of shielding The semi-infinite slab used to calculate rates for inclusion 

in the UMIST database offers more shielding than any other shape of cloud, though, 

for certain shapes/thicknesses, the difference may be negligible. The assumption is 

that the cloud is significantly larger along two axes than along a third. But there are 

many interesting shapes for which that is not true, including the other one-dimensional 

shapes: the sphere and the filament. In general, a point r  mag inside the surface of a 

cloud will have less overall shielding (lower average optical depth) than a point r  mag 

inside a slab.

In addition, scattering from dust grains can have a significant effect on the received 

ultraviolet flux. This means that the strength of the UV field at a point within the cloud 

can depend on more than just the average optical depth.

Scattering from high density regions The contribution of scattering to the radiation 

field inside a cloud is quite significant at low optical depths. An inhomogeneous density 

structure might therefore lead to interesting variations in the radiation field: not only 

will higher density regions be more shielded, but incident UV may reflect off these 

regions and add to the field in nearby regions elsewhere. However, any effect of this 

nature seems likely to be significant mainly in clouds subjected to a non-isotropic UV 

field.

Directional scattering from grains Even in a isotropic field, the scattering proper­

ties of the dust grains may lead to results peculiar to the shape of the cloud. If the 

grains are aligned in some way, perhaps by a strong magnetic field, then they may have 

different optical properties along different directions. In such a case the resulting field 

will certainly depend on the overall shape of the cloud.

But even with randomly oriented grains the cloud shape can be significant. Because 

grains may preferentially scatter forwards (or backwards) then incident light may ef­

fectively be ‘focused’ by a cloud of suitable shape. For example, Sandell & Mattila 

(1975) showed that a spherical cloud with forward scattering grains will have a central
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intensity higher than the optical depth would suggest.

1.4.3 Modelling the effects of cloud shape

We have suggested above that the most interesting, and most important, effect of cloud 

shape may be on the ultraviolet field (and hence photoreaction rates). Certainly it seems 

this is one aspect where simple variations may lead to quite significant changes in the 

overall outcome.

In the next chapter we will describe a simple radiative transfer method designed to 

let us change one or more of the assumptions used in the UMIST photoreaction model.
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Chapter 2

Radiation

In which a method for calculating radiative transfer is presented. The 

influence o f dust grain parameters on the radiation held is examined. A  

chemical representation o f the cloud is described, and how abundances 

throughout the cloud can affect the chemistry through line radiation. Fi­

nally, a comparison is made between slab and sphere-shaped clouds: in 

radiation, and chemistry.

2.1 Introduction

As described in the last chapter, we wish to know the ultraviolet radiation field inside 

axisymmetric dust clouds illuminated only by a diffuse external field. This is a some­

what unusual problem, firstly because we need to evaluate the angle-averaged intensity 

received over a large region of space rather than at a particular point or in a particular 

direction. Secondly, we do not have a particular source for the radiation: the UV is 

incident from everywhere outside the cloud and in every direction. In addition we do 

not wish to develop a method tied to any particular geometry other than the axisymme- 

try we expect. This criterion is important because, as already mentioned, the nature of 

the cloud collapse—and hence cloud structure—depends on the chemistry which we 

desire to model.

Finally we want to be able to choose a dust model (albedo, scattering angle dis­
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tribution, etc.) freely; and, because of the possibility that the dust properties may be 

affected by the environment, it would be helpful if the dust model can also be varied 

with position.

Monte Carlo techniques are, in principle, ideal for examining situations with very 

complex structure. However, such methods are usually only really efficient when either 

the radiation source or the output data can be restricted in position or direction. Thus we 

have developed a non-randomized iterative method, described in the following sections, 

which takes advantage of the symmetries assumed for the clouds but remains general 

with regard to all the dust parameters. Although the method can be specialized to some 

degree for particular problems, high accuracy is always liable to be computationally 

expensive for the code developed. But, as we will illustrate later in this chapter, the 

accuracy achievable by this method in reasonable time is enough to enable chemical 

models to reflect the global properties of the cloud.

2.1.1 How the radiative transfer model works

The radiative transfer code that has been developed has been called RTc, and is loosely 

based on a method developed by Efstathiou & Rowan-Robinson (1990). Because the 

dust grains in these clouds are cold there is no thermal emission in the ultraviolet from 

the dust which means that the radiative transfer model does not need to take the thermal 

balance into account. Furthermore, because most photoreaction rates are determined 

by the ultraviolet continuum we shall not be modelling line transfer, with the exception 

described in Section 2.3. Thus the problem of obtaining a suitable UV field can be 

reduced to a set of independent radiative transfer calculations at different wavelengths. 

In the description below we mainly refer to a single wavelength calculation and all the 

dust properties mentioned are wavelength dependent. To evaluate photoreaction rates 

we require several wavelengths spanning the region of interest.

RTc is an iterative process in which each iteration takes account of an additional 

scattering by dust. We begin with the “unscattered” radiation field which is deter­

mined at any point only by the extinction to the edge of the cloud, and include as many 

scatterings (iterations) as needed before convergence is obtained to within the level of 

accuracy required. The rate of convergence depends on the dust’s optical properties.
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Figure 2.1; We model dust clouds which are axisymmetric about the z-axis and sym­
metric by reflection in the xy-plane.

For the dust model we use in the next chapter (§3.2.1.1), which has albedo 0.3-0.6, in 

clouds with low optical depth (< 5 mag) only a few iterations are necessary to converge 

within the level of accuracy of the method.

The specific intensity, I \  (x, 6, p )  d \  d A  dVt d t  is the number of photons with wave­

length A —̂ A 4- dA passing through area d A  in time d t  at position x, within solid angle 

dTl of the direction {6, p).

The radiation field (at each wavelength) in the cloud is represented by a set of 

specific intensity values over a grid of angles and positions throughout the cloud. We 

will call the set of values representing the field after the iteration where T q 

measures the light which penetrates the cloud without being scattered. Each value in 

T q is calculated exactly in the “zeroth iteration” by calculating the extinction to the 

edge of the cloud for each grid point.

Iteration i -f 1 calculates a set of values representing the radiation resulting 

from a single scattering by dust of field and the new field estimate after this itéra-
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tion is given by Ti+i =  JFq +  Si+\. Thus Si represents light which has been scattered 

exactly once and !Fi represents light scattered zero or one times. ^ 2  is then light scat­

tered exactly one or two times, and 7^ contains zero to two scatterings. So the field J î 

after i iterations contains 0  • • • i scatterings by dust.

The dust clouds which we want to model are axisymmetric (we call this the z-axis) 

and symmetric by reflection in the xy-plane through their centre. (See Figure 2.1.) 

The RTc code takes advantage of this symmetry by only calculating values for the 

radiation field on a cross-section in the xz-plane. Any values needed for y 7  ̂ 0 can 

be obtained by rotation into this plane. Furthermore, we only need to consider one 

quadrant of this plane; x > 0, z > 0. We divide this quadrant using grids in x  (really 

radius in xy-plane) and z, each of which can be varied to be most appropriate for 

the cloud structure (see Figure 2.2 for example). The intersection points of the grid 

specify the points in the cloud at which RTc will calculate field values. At each point 

the specific intensity is calculated for a number of fixed directions (see Figure 2.3 for 

example). Thus the radiation field !Fi is a set of values: Ii{x,z]6,'il}), the specific

intensity received at (x,z)  from direction {9,il)). 9 is the angle measured from the

positive-z direction and i/» is the angle between the z-axis and the projection of the ray 

in the zy-plane.

The equation of radiative transfer along a ray is (Rybicki & Lightman 1979):

^  = - a x h + j \ ,  (2 .1)

where a \  is the absorption coefficient (cm "^) representing the loss of intensity from 

a beam over distance ds, thus d l \  = -a x l\d s - ,  and jx  is the emission coefficient: in­

tensity emitted per unit time per solid angle per unit volume. In general, the absorption 

and emission coefficients will be functions of position.

The optical depth from sq to s along a ray is defined as

TA (a) =  f  axis' )  ds'. (2.2)
7  So

The medium we are modelling scatters but does not emit so we use the solution
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Figure 2.2: An example of the grids used in x  and z. This set would be used for a spher­
ical cloud with radius £  5000. (The x  (radius) and z (height) distances are in arbitrary 
units.) The complete cloud is shown, although only one quarter is calculated: the oth­
ers are obtained by reflection. Points marked by triangles have calculated scattered 
intensities, other points have their scattered contributions interpolated at each iteration.
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Figure 2.3: An example of the set of angular directions {9, ili) at which specific inten­
sities are calculated by the RTc code. Each point plotted above corresponds to one of 
these directions, plotted on the graph as {x = 9 ,y  = ‘ip sin 6). The surrounding curve is 
y = ±7T sin 9 so the enclosed area depicts the region containing all possible directions.

below:

rOO

I{x ,z]9 ,ps i )  = e~'^^°°'^I{oo]9,'ip) + /  • 7®(s) ds, (2.
J  s — O

3)

where s is the distance along the ray to (x ,z )  from direction {9,ip), and r(s )  the 

corresponding optical depth. In practice, oo is the edge of the cloud, so /(oo) is the 

incident intensity on the cloud (constant) and r(oo) the optical depth from the point 

to the cloud edge. The first term above is the “unscattered” intensity received at the 

point, and the second term represents the contribution from scattered light: P  (s) is the 

specific intensity of light scattered into the ray direction between s and s -I- ds.

rlT r2n

P { s - ^ s  + ds) = c, p{Q)- I{s;9','iP')diP'd9', (2.4)
Je '= o  Jiii'=o

where I{s]9,ip) is the specific intensity from direction (9,ip) at distance s along the
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ray, and 0  =  Q(9,ip,d',ip') is the angle between (O', ip') and the ray direction. The 

properties of the dust determine the phase function p (0 ), which specifies the scattering 

angle distribution for light reflected from a dust grain, and the scattering coefficient Cg. 

The scattering coefficient specifies how much intensity passing through a unit distance 

will be scattered by the dust. This parameter is related to the albedo and the average 

dust cross-section per unit volume. For the models described in this work we take Cg =  

cjCe, where u> is the albedo, and Cg is the dust extinction per distance: r(s) = f  Ce ds. 

These parameters (Cg, Cg, p) represent the complete description of the dust cloud as 

required by the RTc model; they can all vary with position and wavelength.

Looking at Equation 2.3, we can see that the first term depends only on the geo­

metrical position of the point and direction of the ray, the properties of the cloud, and 

the strength of the external field. That term can be calculated as precisely as desired 

just by evaluating the optical depth. So these only need to be computed once for each 

wavelength. The complete set of specific intensities given by only the non-scattering 

term constitute the !Fo of the method.

The second term in Equation 2.3, however, depends on the specific intensities else­

where in the cloud. In each iteration of the method we calculate for each point/direction 

(x, z; 9, I p )  an improved estimate of the scattering term in which we use the radiation 

field calculated in the previous iteration to provide /(s ; O' , i p ' ) .  The integration along 

the ray is performed numerically using intersections of the ray with the spatial grid as 

integration points. Thus,

Ii(x,  z; 0, I p )  =  Io(x, z; 0, i p )  -I- Si, (2.5)

where Si is a numerical integral using intensities interpolated from the l i - i  (x, z; 0, i p )  

already calculated.

These integrals are expensive computationally, therefore a compromise is used in 

the code. The number of grid intersections for a ray needs to be reasonably high in order 

to maintain accuracy and to sufficiently sample potentially changing cloud conditions. 

We can achieve this by only calculating the scattered intensities Si for some of the 

points on the grid. The appropriate values for the other points are then interpolated
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(along rays in the appropriate directions) from the calculated values at the end of each 

iteration. Figure 2.2 shows an example of a grid with shells having calculated values 

interspersed with shells whose values are interpolated. Constraints on the grid design 

and efficiency issues are discussed in slightly more detail in the appendix.

The next section describes a few tests of the method to demonstrate that it generates 

an acceptably accurate radiation field.

2.1.2 Validating RTc model

It is necessary to test the RTc code to ensure that it appears to give correct results and 

to gauge the accuracy of the method. The accuracy will be significantly affected by 

the size of the spatial and angular grids used to represent the radiation field. The size 

of the grids used will be a trade-off between desired accuracy and computation time 

available.

2.1.2.1 Non-scattering case

The simplest case to test for the RTc code is the case of non-scattering dust. The initial 

step for the code is to calculate the radiation field within the cloud neglecting scattered 

light: the JFq values. For the conditions we consider, this is the dominant element in the 

final result and therefore needs to be correct. There is an exact analytical solution for 

the one-dimensional spherical case (Bell & Williams 1983). We can therefore attempt 

to model a spherical cloud using RTc.

Because the code is two-dimensional, the field we obtain is two-dimensional and 

we need to “collapse” the results to give a ID plot of mean intensity against radius. 

This collapse of points from different regions in the 2D grid to similar radii gives a 

scatter of results indicative of the basic numerical errors in the code. The distribution 

of these points around the analytical solution is determined by the inaccuracies in the 

optical depth calculation (insignificant for homogeneous clouds) and the numerical 

integration of specific intensities to find the mean intensity. The latter is dependent on 

the set of directions used. The errors in these results do not depend on the spatial grid 

used because the values for each point are calculated independently of the others. 

Figure 2.4 shows a comparison between the analytical solution for penetration into



CHAPTER 2. RADIATION  84
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Figure 2.4: Model of a spherical cloud with optical depth to the centre of 12 mag and 
no scattering. The solid line is the analytical solution for the mean angle-integrated 
intensity relative to the incident intensity, and the dots represent values calculated by 
the RTc code. The standard deviation of the RTc results from the analytical solution is 
0.005.

a non-scattering spherical cloud with values from an RTc model. The cloud has optical 

depth to the centre of 12 mag and radius 4800 (arbitrary units). This roughly corre­

sponds to the intensity at 1000Â inside a cloud with visual extinction of 3 mag to the 

centre. The agreement is good, with the worst variation occurring outside the cloud 

(radius> 4800).

2.1.2.2 Purely forward scattering

The case of dust grains that scatter always directly forward is equivalent to a case 

of non-scattering grains but with a reduced extinction factor: = Ce — Cs =

(1 — uj)ce. We could therefore also compare the theoretical non-scattering solution 

with results from the RTc code using scattering, but with purely forward scattering 

grains.

Unfortunately it is implicit in the method used that the RTc results will deteriorate 

with highly forward or backward scattering phase functions. This is because the 2D
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9
Std. Dev.

0.8 0.9 0.95 0.97 0.99
0.0601 0.0557 0.0535 0.0531 0.0529

Table 2.1 : Standard deviation of RTc model results using forward scattering in a cloud 
of optical depth 5 mag, with dust albedo 0.7, from the analytical solution for the non­
scattering cloud with depth 1.5 mag. Various values are taken for the mean scattering 
cosine, g.

continuum of possible ray directions is approximated by a finite number of rays; when 

the important range of directions is confined to a small angular region the approxima­

tion used by the code becomes worse because only a few rays will lie in the important 

region. In fact, the method breaks down completely for strictly forward or backward 

scattering. However, we can examine cases of very high forward scattering and see 

how well they fit the theoretical curve, and test several different albedo values.

In these cloud models we use the Henyey-Greenstein phase function for the scatter­

ing (Equation 3.3). The wavelength-dependence appears in that function via the single 

parameter, g, the mean scattering angle cosine. Isotropic scattering occurs when g = 0, 

and g = I implies purely forward scattering.

Table 2.1 shows that the RTc model does converge slowly towards the purely for­

ward scattering case, but the performance is not good. Even atg = 0.99, for example: 

this RTc model estimates the intensity in the centre of the cloud as 0.166 (relative to 

incident), whereas analytically the value should be 0.233.

To obtain good performance in the case of highly non-isotropic scattering would 

require a model with a very large set of angles, which would be prohibitively expensive 

computationally.

2.1.2.3 Reflectivity and central intensity

Another simple test is to measure the values of Reflectivity and the mean intensity at 

the centre of spherical clouds. Tine et al. (1992) give values for a number of spherical 

cloud models, both homogeneous and inhomogeneous. We compare the results of RTc 

models for the homogeneous cases in Tables 2.2 and 2.3.

The reflectivity, K , is the ratio of mean intensity of light leaving the cloud to the
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Tc Scattering Tiné et al. (1992) RTc

1 mag isotropic 0.542 0.574 ±  0.024
Im ag  HG: 5  =  0.5 0.535 0.569 ±0.024
10 mag isotropic 0.170 0.215 ±0.053
10 mag HO: 5  =  0.5 0.109 0.198 ±0.055

Table 2.2: Reflectivity values from models of homogeneous spherical clouds with op­
tical depth to the centre Tc. The dust albedo in all models is 0.5, and the scattering 
phase function used is the Henyey-Greenstein function with 5  =  0, corresponding to 
isotropic scattering.

Tc Scattering Tiné et al. (1992) RTc

1 mag isotropic 5.61 x 10~^ 5.83 x 10“ ^
1 mag HG: g =  0.5 5.86 x 10"^ 5.98 x 10"^
10 mag isotropic 3.64 x 10“ ^̂ 1.12 x 10~^
10 mag HG: 5  =  0.5 1.24 x 10 '^  2 .4 3 x 1 0 “ ^

Table 2.3: Central mean intensity values (relative to incident) for homogeneous spher­
ical clouds with a dust albedo of 0.5 and optical depth to the centre Tc. The scattering 
phase function used in the models is the Henyey-Greenstein function with 5  =  0 cor­
responding to isotropic scattering.

incident intensity, Iq .

1 Z = { 2 / I o )  [  (2.6)
Jo

where R  is the radius of the cloud and /z is the sine of the angle to the surface normal.

Because RTc is a 2D method we can calculate multiple values for the reflectivity in 

our model at various points on the cloud edge. The scatter in these values is due to the 

inaccuracy in the method and we show the average and the standard error in Table 2.2. 

The RTc results do lie within these error bounds of the values quoted from Tiné et al. 

(1992) but the errors are quite large and so this measure can not distinguish between 

similar cloud cases.

2.1.2.4 Other published cases

Sandell & Mattila (1975) present results from Monte-Carlo models of homogeneous 

spherical clouds which we can also compare with to some extent. They test models 

with central optical depths up to 40 mag, which is well beyond the depths for which 

RTc is appropriate.
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Albedo Sandell & Mattila (1975) RTc

0.2 -1.88 -1.84
0.4 -1.50 -1.47
0.6 -1.10 -1.06
0.8 -0.60 -0.43

Table 2.4: Log mean intensities relative to incident (log J /  Jo) at the centre of spherical 
dust clouds with various grain albedo values. The optical depth to the centre is 5 mag. 
The values from Sandell & Mattila (1975) are read from their graph with estimated 
accuracy around ±0.06.

In Table 2.4 we show central intensities for clouds with optical depth 10 mag for a 

range of dust albedo. This is at the limit of the range RTc is intended for, nevertheless, 

the agreement is reasonable, at least for low albedo dust. This suggests that the main 

inaccuracy in our model is in the scattering.

Flannery et al. (1980) developed an analytical solution for plane-parallel and ho­

mogeneous spherical clouds using spherical harmonics. Their method is the technique 

used to calculate the radiation field for many of the photoreactions included in the 

UMIST database. Unfortunately, we have not managed to make comparisons with that 

method.

2.1.2.5 General accuracy

In Figure 2.5 we show RTc results for a homogeneous sphere with full scattering. That 

data corresponds to the cloud of Figure 2.4 but in this case six scatterings have been 

included. We have fitted a cubic spline through the model results and evaluated the 

standard deviation of the results from this line as 0.011. This gives an estimate of the 

overall inaccuracy in the method (which largely results from the scattering part of the 

calculation). The size of the scatter in the results depends very strongly on the size of 

the grids used to divide the cloud and how well they sample the optical depth. For these 

size grids the inaccuracy in the method appears larger than any discrepancy from the 

expected results.

In Figure 2.5 and, more clearly, in Figure 2.10 later it is possible to detect linear 

patterns in the scatter of values from RTc. These patterns arise mainly from the in­

teraction of the spherical cloud and the rectangular spatial grids which do not sample 

the edge region well. The problem is exacerbated by the use of homogeneous clouds
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Figure 2.5: Mean intensity relative to incident intensity: data points from an RTc model 
of a homogeneous spherical cloud with optical depth to the centre of 12 mag. A best fit 
cubic spline (solid line) has been fitted to the data with standard deviation 0.011. The 
dust at this wavelength had albedo 0.7 and scattered isotropically.
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whose density changes radially as a step function. The edge region of the cloud is very 

important for the scattered light intensity and we would expect better results for clouds 

with a gradual density decrease.

2.1.2.6 Summary

We hope to have shown that the method developed can produce radiative transfer results 

correct to within its level of accuracy.

This method is unsuited to very precise calculations since they would require a 

great deal of computation. However, the strength of the model is its generality: it can 

be used to model any axisymmetric cloud provided the grid spacings can practically be 

made small enough to sample whatever inhomogeneity is present.
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2.2 Influence of dust grains

2.2.1 Dust optical properties

Let us briefly examine the effect of the dust properties on the radiation field inside the 

cloud. For simplicity we use the one-dimensional slab for this section. Figures 2.6 

and 2.7 show how the mean intensity changes into various slab-shaped clouds with 

6 mag of extinction in total. Radiation is incident isotropically on both sides of the 

cloud, and we consider a single wavelength with dust of constant density, albedo, w, 

and scattering phase function throughout the cloud.

Albedo Figure 2.6 shows the effect of varying the dust albedo, keeping the phase 

function isotropic. The difference between the intensity for albedo 0.2 and 0.8 is around 

a factor of two or more within the cloud, and the change between different albedos does 

not appear to be linear. The dust model used by Roberge et al. (1991) to calculate many 

of the photo-rates in the UMIST database has an albedo that varies between 0.36 and 

0.57 (see Figure 3.2). The effect of such a variation is relatively small compared to the 

potential variation; for example, with much higher albedo.

Phase function Figure 2.7 shows the effect of varying the preferred scattering di­

rection. The albedo is fixed at 0.8 (high to emphasise effects), and the phase function 

asymmetry parameter is varied. The phase function used is the Henyey-Greenstein 

(Equation 3.3, which has asymmetry described by a single parameter, g. The scattering 

is isotropic for ^ =  0 and purely forward or backward scattering for g =  1 or ^ —1

respectively. This parameter seems less significant than the dust albedo, but there is 

nonetheless a pronounced increase in the intensity within the cloud for the forward 

scattering case over the isotropic or backward scattering. The dust model of Roberge 

et al. (1991) has asymmetry varying from 0.46 to 0.64 (see Figure 3.3). The effect of 

this variation over wavelengths is likely to be small, but the fact that the dust scatters 

preferentially forward for all the wavelengths we consider is probably significant.

Convergence The radiative transfer method used is iterative, including an extra scat­

tering at each iteration. The number of iterations required to converge the calculated
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Figure 2.6; Mean, angle integrated intensity relative to incident intensity inside a slab­
shaped cloud of half-width 4800 (arbitrary units). Optical depth 0-4800 is 3 mag, the 
dust scatters isotropically.

g = -Ô.5 
g = 0.0 
g = 0.5

0.8

0.6

0.4

0.2

500 1000 1500 2000 2500 3000 3500 4000 45000
Distance from centre

Figure 2.7: Mean, angle integrated intensity relative to incident intensity inside a slab­
shaped cloud of half-width 4800 (arbitrary units). Optical depth 0-4800 is 3 mag, the 
dust has albedo 0.8.
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(jj
0.2 0.5 0.8

-0 .5  2 4 9
0.0 2 4 9
0.5 2 4 9

Table 2.5: Number of iterations required before the specific intensities calculated for a 
plane parallel cloud of 3 mag of extinction to the centre converge such that the 2-norm 
of the change is less than 1.0 x 10"" .̂ Variation with changing dust properties is shown.

radiation field to within desired accuracy therefore depends on the dust properties. Ta­

ble 2.5 shows the number of scatterings required before the 2-norm of the difference 

in calculated specific intensities drops below 1.0 x 10~^ for each of the models repre­

sented in the figures of this section.

As can be seen the number of scatterings required depends mainly on the albedo. 

(In fact, there is a slight dependence on the phase function parameter but it is insignifi­

cant in comparison.) Over the ranges in the Roberge et al. (1991) dust model it seems 

that 3 or 4 scatterings are likely to be sufficient.

2.2.2 Cosmic-ray induced photons

As was mentioned in Section 1.1.2, the optical properties of the dust also influence 

the effectiveness of photoreactions from UV emitted by H2  following excitation by a 

cosmic ray. Because the radiation is generated evenly throughout the cloud—to the 

depths we are interested in—these reactions are not significantly influenced by the 

overall shape of the cloud and so the traditional UMIST approach will still suffice. In 

this approach, from Gredel et al. (1989), the rate coefficient for such reactions is given 

by

(2.7)

where ^ is the rate of cosmic ray incidence, 7  is the efficiency of the reaction pro­

vided in the UMIST database, and w is the albedo of the dust grains in the appropriate 

wavelength range (approximately 800-1800Â).

We merely note that the value chosen for the albedo needs to correspond to the dust 

model used for the continuum radiative transfer calculation. If the dust albedo varies
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through the cloud then these reactions may have some positional dependence.
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2.3 Influence of chemistry

As was mentioned in Chapter 1 the gas in the interstellar medium does not have a large 

effect on the passage of UV radiation (at least in comparison to the dust). One notable 

exception is the CO molecule.

The photodissociation of CO is dominated by line absorption rather than the con­

tinuum. Thus CO molecules in the outer region of an interstellar cloud can absorb 

radiation and protect molecules further inside the cloud: a process known as ‘self­

shielding’.

The rate of photodissociation of CO at a point within a cloud depends, therefore, 

on the column density of CO to the UV source. And hence, on the abundance of CO in 

the rest of the cloud. This means that we cannot represent the chemistry of this species 

properly without modelling its abundance throughout the cloud.

In addition, H2  dissociation has some dependence on line radiation, including some 

overlap with the CO dissociation lines. So we also need to know the H2  column density 

to evaluate the level of shielding for CO. The molecular hydrogen can be dealt with in 

the same manner as CO described below.

2.3.1 A multipoint chemical model

The chemical model we use in the rest of this work mirrors the previously described 

radiative transfer model. The symmetries of the clouds under consideration mean that 

we only need to model the chemistry in a two-dimensional fashion: considering only a 

single quadrant of a cross-section through the cloud along the axis of symmetry.

As before, we neglect any dynamical mixing of gas within the cloud, so that the 

chemistry at any point only depends on other points through the CO shielding. In par­

ticular, we run independent single-point chemical models over a grid of points within 

the cloud, complemented by a small number of points around the edge of the cloud. 

(Figure 2.8 shows the simple arrangement of points used for spherical clouds in the 

next chapter. The spheroidal clouds use an appropriately ‘flattened’ version.) Abun­

dances at any point within the cloud can be interpolated trivially within the grid. The 

points around the edge of the cloud can be used separately to interpolate abundances
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Figure 2.8: Positions of points within a spherical cloud of radius 4800 at which the 
gas-phase chemistry is modelled. The units of distance are arbitrary.

along the cloud’s edge: thus enabling interpolation between the grid and the edge of the 

cloud. By rotating the cross-section about the axis we can estimate column densities 

through the cloud arbitrarily.

2.3.2 Modelling CO self-shielding

The self-shielding efficiency is complicated by the different behaviour of the differ­

ent isotopes of CO and by the fact that H2  can also affect the penetration of some 

of the appropriate lines. The UV spectrum which produces the photodissociation is 

now fairly well understood (van Dishoeck & Black 1988), and Mamon et al. (1988) 

have shown that it can be simplified to a limited number of bands, each with different 

behaviour and importance. However, a line transfer technique is needed to calculate 

the photodissociation rate correctly, and the method described earlier in this chapter is 

insufficient.

There is a fast approximation available for the plane-parallel, slab-shaped cloud 

case (van Dishoeck & Black 1988). That method involves comparing the shielding 

column-density of CO to a table of values precomputed for slabs of various CO and 

H2 densities. As a first step towards modelling of the CO photodissociation we will
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adopt this method, but attempt to adjust for the non-planar shape of our clouds. We

will do this by using the average column density of CO to the edge of the cloud, N co- 

Using the average shielding as a parameter means that the photodissociation rate will 

depend on the shape of the cloud and position of the point within it.

However, we cannot simply equate N co  with the column density into a slab-shaped 

cloud as that would substantially overestimate the level of shielding. Instead we attempt 

to match against the average column density in the slab case. If we, arbitrarily, assume 

that most of the dissociating radiation at a point inside a slab is received from lines of 

sight with column densities not more than an order of magnitude more than the min­

imum (perpendicular) column density to the surface, N qq , then the effective average 

column density within a semi-infinite slab is 10- We assume, for simplicity, that

all lines of sight to a point in the non-planar cloud contribute to the dissociating field 

(reasonable for low optical depth clouds). And so we approximate the CO dissociation 

rate by the corresponding rate at a depth N qq =  N co  /  In 10 into a plane-parallel slab. 

We calculate the rate using software developed by Wagenblast (1992).

For efficiency we do not perform the column depth calculations in parallel with 

the chemical models for the points. Rather, we take an iterative approach whereby the 

abundances are initially calculated without self-shielding and then at each subsequent

iteration the value of N co  is calculated from the abundances of the previous iteration.

This use of the total average column density of CO leads to a significant over­

estimation of the self-shielding near the edge of the cloud. Close to the cloud edge 

the minimum column of CO is more representative of the level of shielding provided. 

If CO self-shielding is to be calculated by reference to the slab-case in future work 

then this approximation should be replaced, perhaps by an average of column densities 

within an order of magnitude of the minimum column.
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2.4 Effect of cloud shape

The main use for the radiative transfer method described in this chapter is examining 

the conditions inside interstellar clouds with shapes other than the plane-parallel slab. 

In this section we will briefly illustrate why this is useful by comparing slab-shaped 

clouds with spherical clouds of the same visual extinction.

Both the slab and the sphere are one-dimensional shapes and neither requires a 

two-dimensional radiative transfer code to evaluate the ultraviolet field strength within. 

However, the sphere is probably the next simplest cloud model to use, and illustrates 

the fact that all shapes other than the slab offer less UV shielding for a given optical 

depth.

In the next chapter a dust model (albedo and mean scattering angle) is described 

which is then used to calculate the radiation field suitable for use in chemical models of 

spheroidal clouds with radial optical depths ranging from 0.5 to 5 mag. In the following 

we will examine the UV intensity inside clouds which are modelled using that dust 

model (Section 3.2.1.1). We will also use the chemical model from the next chapter to 

briefly examine the size of the resulting effect on the chemistry.

2.4.1 Radiation field in planar and spherical clouds

Figures 2.9 and 2.10 compare the radiation fields inside plane parallel clouds and spher­

ical clouds at a wavelength of 1040Â. In the dust model of Section 3.2.1.1 this wave­

length corresponds to a dust albedo of about 0.38 and a mean scattering angle cosine 

of 0.54: somewhat forward scattering. The ratio of extinction at this wavelength to the 

visual extinction. A y ,  is about 4.4.

When calculating the radiation field inside the spheres, we use a 2D approach and 

the inaccuracies of the method produce the spread of data points for the spherical case 

in the figures. For the high level of visual extinction in Figure 2.9, the cloud shapes 

have distinct intensity levels: the intensity is higher inside the sphere; but the difference 

is comparable to the spread in results from RTc, so we cannot distinguish very well 

between the two.

For the low extinction clouds of Figure 2.10, however, the difference in the radiation
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Figure 2.9: Mean intensity relative to incident at 1040Â inside slab shaped and spheri­
cal clouds with radius 4800 (arbitrary units) and optical depth to the centre of 5 mag.

fields is more pronounced. For clouds with this level of A y  the use of the RTc model 

as an alternative to the plane-parallel case appears justified despite the large scatter in 

results. This is reinforced below when we examine the resulting effect on chemical 

abundance.

2.4.2 Chemistry in planar and spherical clouds

In Figures 2.11 and 2.12 we display the fractional abundance of C"*" inside slab-shaped 

and spherical clouds. C"*" is a good tracer of the effect of radiation on the chemistry 

because at these levels of extinction it is produced primarily from photoionization of 

neutral carbon by interstellar UV. The relevant cross-section of C is narrow, 912 ~  

1100Â. The chemistry of the sphere is modelled as described in the next chapter; the 

slab chemistry uses the same reaction set but the CO self-shielding is calculated using 

the method for plane parallel clouds mentioned in Section 2.3.2 directly.

As expected, in Figure 2.11, although the abundances of in the sphere all lie 

above the values for the slab the difference is small for the high optical depth clouds.
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Figure 2.10: Mean intensity relative to incident at 1040Â inside slab shaped and spher­
ical clouds with radius 4800 (arbitrary units) and optical depth to the centre of 1 mag.
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Figure 2.11: Fractional abundance of C""" in slab and sphere shaped clouds with optical 
depth to the centre of 5 mag. The radius of the clouds is 4800 in arbitrary units. The 
y-axis of the plot uses a log-scale to exaggerate features of the graph.
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Figure 2.12: Fractional abundance of C"*" in slab and sphere shaped clouds with optical 
depth to the centre of 1 mag. The radius of the clouds is 4800 in arbitrary units.

For the low optical depth (0-1 mag) case, shown in Figure 2.12 the difference is 

marked. Though small in absolute terms the fractional abundances of C"̂  are notice­

ably higher in the spherical cloud: well above the scatter in the results. Whether these 

changes will lead to any observable differences will depend on other details, but this 

example demonstrates that the shape of the cloud can be significant for the chemistry 

at a level detectable by the RTc code, even for simple one-dimensional clouds.
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Chapter 3

Cloud shape

In which some mechanisms by which interstellar clouds may collapse 

or be prevented from collapsing are discussed, and a simple 2D model 

for exploring changes through the collapse process is introduced. The 

radiation held inside these 2D spheroidal models is examined, and the 

results o f chemical models o f the clouds are presented. The effect o f  

collapse, represented by flattening o f the spheroids, on the chemistry is 

discussed, with some tentative suggestions o f implications for the collapse 

process.

3.1 Introduction

One major application of a 2-dimensional model of interstellar clouds is to examine 

how the chemistry might change in a collapsing cloud.

There are several competing theories describing how an interstellar cloud can col­

lapse, from the ‘inside-out’ spherical model of Shu (1977) to fully hydrodynamic nu­

merical simulations suggesting that protostars do not form independently (Bhattal et 

al. 1998), and that clouds may collapse primarily because of the influence of shocks.

Simulations of the hydrodynamic collapse of interstellar gas are beyond the scope 

of this work, but we hope to show that the radiative transfer code described in the 

previous chapter, combined with currently existing chemical models can be used to

103
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explore some of the questions regarding collapse mechanisms.

3.1.1 Dynamics of collapse

The basic difficulty in understanding how clumps in the interstellar medium collapse is 

to do with the rate. There are many regions in the interstellar medium with masses well 

above their Jeans mass, where thermal pressure cannot support the gas against its own 

gravity. The free-fall collapse of such a region would proceed quite quickly. Indeed 

the rate of collapse of such clouds is too high to be consistent with the levels of star 

formation that have been observed (Zuckerman & Palmer 1974).

There has, therefore, to be some mechanism providing support against gravity to 

slow collapse of self-gravitating regions of a cloud; possibly coupled with some other 

factor, such as shock waves, which assist or trigger collapse. This mechanism needs to 

be sufficient to slow down collapse but not sufficient to prevent the eventual formation 

of protostars.

For the sake of simplicity we will only consider homogeneous clouds of gas, which, 

left to their own devices would collapse in a smooth, spherical manner. Clouds with 

pronounced (asymmetric) density structure would have to be modelled numerically.

3.1.1.1 Support mechanisms

There are three popular candidates to offer support within an interstellar gas cloud. 

Both the first and last described below would result in a homogeneous region of gas 

collapsing in a two-dimensional, axisymmetric fashion. The chemistry of such regions 

could be examined using the methods described in this work.

Rotation If material in the cloud has a net rotation then centrifugal force will clearly 

offer some support perpendicular to the axis of rotation. However, observations of 

the interstellar medium have not revealed significant levels of rotation (Goldsmith & 

Arquilla 1985).

l\irbulence If the gas is dynamically turbulent then support against gravity can be 

provided isotropically. But if turbulence were the main support mechanism in a cloud
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we would expect the magnetic fields within the cloud to be quite tangled.

Magnetic fields with long-range order There is some evidence from polarization 

observations that fields in interstellar clouds can be ordered over very large distances 

(Vrba et al. 1976). The field may be approximately co-linear over the whole of the 

collapsing region. Such regions are, presumably, not being supported by turbulence.

The magnetic field can itself provide support through its effect on the charged com­

ponents of the medium. Ions and electrons (and charged dust grains) are resisted in 

their motion across the field lines, and support can be provided along the field lines by 

Alfvén waves (see next section).

The field specifies a preferred axis through the cloud and the rate of collapse will 

differ perpendicular and parallel to this axis because the support mechanisms are dif­

ferent.

3.1.1.2 Magnetic support

The Lorentz force provides resistance to ions moving across the magnetic field lines. 

Neutral components do not experience this force, but nonetheless will be given some 

support through collisions with ions. The process of neutral molecules drifting past 

the ions is known as Ambipolar diffusion and its rate is determined by the ionization 

fraction.

Under the Lorentz force, thermal pressure and gravity alone, however, clumps in 

the interstellar medium would be expected to become very highly flattened. This degree 

of flattening is not observed.

Alfvén waves are transverse waves of charged particles travelling along the field 

lines. Mouschovias (1987) has shown that these can provide support in the field direc­

tion. With this mechanism it has been suggested that the degree of flattening obtained 

would be more in line with observations.

The rate of dissipation of the Alfvén waves also depends on the ionization fraction. 

Thus magnetic support by these mechanisms will not only lead to an axisymmetric 

collapse, but one in which the ongoing rate of collapse depends on the chemistry within 

the cloud, which we have already demonstrated may depend on the cloud’s overall
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shape. We hope to demonstrate that the axisymmetric radiation and chemistry models 

outlined in Chapter 2 are well suited to examining this kind of situation.

3.1.2 Flattened homogeneous sphere models

To examine the qualitative effect of axisymmetric collapse on the chemistry of a gas 

cloud we need a simple model of how the cloud might change. For this purpose we 

will introduce the ‘flattened-sphere’ model, which we will analyse for clouds of varying 

optical thickness.

Cloud shape We will consider clouds with spheroidal shape at several stages of ‘flat­

tening’. More precisely, the cross-section (parallel to the axis) of the clouds will be an 

ellipse; equation: + y ‘̂ + [z/QŸ  =  in normal Cartesian coordinates.

We will consider clouds of fixed xy-radius, R, but with three different ‘shape pa­

rameters’ (  =  1.0,0.5,0.25 corresponding to a spherical cloud flattened to half and 

then a quarter of its initial height.

This is an arbitrary model for the change of shape. The collapse, while intrinsically 

axisymmetric, need not maintain a spheroidal shape. Furthermore, some contraction in 

the xy-plane is likely. However, we are interested in the general nature of the effect of 

changing shape so we use clouds from a common family.

Density For simplicity, we consider clouds which are all of uniform density through­

out. However, to fit in with the idea of flattening the cloud, the density is varied with 

the shape parameter so that density, for shape (, is given by po.s =  2pi.o, and 

Po. 2 5  =  4pi,o. This corresponds to maintaining constant colunrn density through the 

cloud in the z-direction, and hence also constant total mass, appropriate to a collapsing 

cloud.

The value of pi.o will be chosen in concert with the optical depth through the cloud.

Optical depth Part of the complication of dealing with a non-slab shaped cloud is 

that it is no longer so meaningful to speak of the optical depth to the surface. Nonethe­

less, we will parameterize our cloud models using the optical depth to the centre in the 

spherical case, Tc- For (  1.0 this is still the optical depth to the surface along the
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2 -axis, but in all other directions the visual extinction changes. We will consider clouds 

with central optical depths: Tc = 0.5,1.0,3.0,5.0 mag.

3.1.2.1 Density as the link between RT and chemistry models

Finally, we should note that the number density which is important for the purposes of 

radiative transfer is the number density of the interstellar dust grains; the gas density 

(for the environments we consider) being largely irrelevant regarding UV continuum 

transfer. However, in our models of the chemistry it is the gas density which is most 

important.

Except for the ratio of gas to dust the chemical and UY radiation models are inde­

pendent. In fact, since the RTc method uses arbitrary distance units, the dust density is 

also arbitrary and the radiation results could be applied to any cloud with that shape and 

central optical depth. The ratio of gas column density to optical depth, F =  N n /A y ,  

should be chosen to be consistent with any assumptions made about the dust in the 

chemical model and this will then fix the physical size of the clouds as below:

radius =  F • Tc/nif, (3.1)

where n n  is the number density of hydrogen nuclei.

Throughout the rest of this chapter we will use the dimensionless units of distance 

for spatial coordinates within the cloud. The radiative transfer is performed for the 

region 0 < a: < 5000, 0 < z < 5000(, and the xy-radius of the clouds, R, is 4800.

In order to transform to physical distance, for example, to calculate column densi­

ties, a value for the gas:extinction ratio, F, is required. Estimates for this value can be 

obtained from measurements o i B —V  colour excess given a model of the dust’s proper­

ties and values for the column density on the line of sight, as shown in Jenkins & Savage 

(1974) and earlier papers. In this work we use the ratio F =  1.6 x 10^  ̂cm“ ^ / mag.
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3.2 Radiation field inside spheroidal clouds

3.2.1 Radiative 11‘ansfer model

The radiative transfer model depends on the properties of the dust and the incident UV 

field. In this work we attempt to be as consistent as possible, data-wise, with previ­

ous work conducted with the UMIST rate file: varying only the calculation method 

wherever possible.

3.2.1.1 Dust properties

Many of the photo-rate coefficients in the UMIST rate file are taken from Roberge et 

al. (1991) and other works which use similar assumptions about the dust. Therefore, 

we have used the same optical dust model as that paper, which is credited to (Draine & 

Lee 1984). Because the clouds modelled are homogeneous there is no variation of the 

dust properties in space, the only dependence is in the wavelength.

Extinction coefficient The overall extinction of the dust is described relative to the 

extinction in the visible. Thus the dust model specifies X \ ,  such that r(A) =  X \ A v ,  

where r(A) is the optical depth at wavelength A, and A y  is the visual extinction.

We have defined the size of the flattened-sphere clouds by Tc, the A y  along the x- 

axis to their centre. Since the density is constant, the extinction coefficient, Cg = d r /d x  

mentioned in Section 2.1.1 is given by the following relation:

Cg(A) =  X \  ■ Tc/CR, (3.2)

where R  is the geometric radius of the cloud in the æi/-plane, and (  is the shape param­

eter (as in Section 3.1.2).

The extinction ratio, X \ ,  is probably the most important dust property regarding 

variation of intensity with wavelength because it determines the optical depth which 

is related to the specific intensity by an inverse exponential. Figure 3.1 shows the 

interstellar extinction curve used by Roberge et al. (1991) and in this work.
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Figure 3.1: The ultraviolet extinction relative to the visible. This graph is based on that 
given in Roberge et al. (1991).

Albedo As described in Section 2.1.1, the albedo, u>, of the dust describes the ratio 

of scattered intensity to the total intensity intercepted by the dust. The scattering co­

efficient is: Ca = u) • Cg. The wavelength dependence of the albedo used is shown in 

Figure 3.2.

Phase function The scattering angle distribution for light reflecting from dust grains 

is described in this model by the Henyey-Greenstein phase function:

p(cos6) =
(l  +  p 2 -  2gcos9)^^^

(3.3)

where the parameter g = g{\)  is the mean scattering angle cosine. It describes the 

asymmetry of the distribution: g = Ois isotropic scattering, g = —1 is purely backward 

scattering, and g = l  is purely forward scattering.

The variation of g\ depends on the nature of the dust grains: the values for the 

Draine & Lee model are shown in Figure 3.3.

3.2.1.2 Incident interstellar UV radiation field

The incident background UV field used is that described in van Dishoeck (1988). The 

field is an analytical fit to observations due to Draine (1978) below 2000Â, with an
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Figure 3.2: The albedo of the dust grains used in the RT model in this chapter; this 
describes the ratio of light which is scattered to the total light intercepted by the grains. 
This graph is based on that given in Roberge et al. (1991).
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given in Roberge et al. (1991), appropriate for the Henyey-Greenstein phase function. 
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Figure 3.4: The mean, angle-averaged intensity of the interstellar radiation field, as 
described in van Dishoeck (1988).

extension (van Dishoeck & Black 1982) above.

3.2028 X 1Q15 . A-3 -  5.1542 x IQi* • +  2.0546 x lO^i • A~^

-fo(A) =   ̂ when A < 2000Â,

7.32 X 10  ̂ • A° '̂  when A > 2000Â.

(3.4)

The expression for Iq above is in photons s~^ cm“ ^Â“  ̂steradians"^, and the wave­

length dependence is illustrated in Figure 3.4.

3.2.2 Effect of collapse on the field

For the purposes of modelling the photochemistry within the clouds the change in the 

UV intensity over a range of intensities is important. To simplify examining the effect 

of the cloud shape on the radiation field we will plot just two wavelengths: 1040 and 

2980Â. The latter is beyond the range of wavelengths that significantly affect most 

photoreactions but these two exemplify the extremes of the dust model: at 1040Â the 

extinction is high and the albedo low, while at 2980Â the reverse is the case.
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3.2.2.1 Change in optical depths

Extinction levels in the z-direction do not change with the shape of the cloud, although 

a given optical depth will occupy less physical distance. Because the density increases 

inversely proportional to the shape parameter, (, optical depths in other directions do 

increase. For directions in the æy-plane, the extinction increases inversely proportional 

to (. So the quarter-height clouds have four times the optical depth along the x-axis as 

the equivalent spherical clouds.

3.2.2.2 Change in field shape

Figures 3.5 and 3.6 show contour maps of the mean, angle-averaged intensity within 

two families of clouds. (Measuring intensity relative to the incident intensity that would 

exist if there were no cloud at all). Only one quadrant needs to be shown because the 

cloud is symmetric in the x  and z axes.

The obvious change in the shape of the field is the collapse in the z-direction. This 

is a trivial feature since the field is only attenuated within the cloud. However, because 

of the disproportionate increase in extinction on lines of sight off the z-direction, the 

mean intensity received at points within the cloud also decreases. The flattening causes 

the darkest region in the centre to grow: particularly along the xy-plane, which is 

illustrated by the contours meeting the x-axis at greater radii for more flattened clouds.

Figure 3.5 shows how the field drops within clouds of A y  = 1 along z-axis for 

wavelengths 1040 and 2980Â. The outer contour (for both wavelengths) is at 0.8 (rel­

ative to incident intensity) and, as expected, with the lower extinction at 2980Â, the 

intensity is much higher within the cloud than for 1040Â. For 1040Â the intensity in 

the centre is < 0.3, dropping below 0.2 as (  > 1; whereas for 2980Â the central 

intensity is < 0.7, dropping below 0.5 at (  =  0.25.

Figure 3.6 shows the change in mean intensity for clouds with A y  = 6 mag along 

the z-axis, for 1040 and 2980Â. Again, the cloud is darker inside at 1040Â than at 

2980Â; because of the greater optical depth, the relative intensity drops by over three 

orders of magnitude to the centre at 1040Â. The greater optical depth is also responsible 

for the increased unevenness in the contours compared with the A y  = 1 mag clouds. 

A finer grid would need to be used in the radiative transfer model to maintain accuracy.
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Figure 3.5; Contour maps of the mean intensity relative to incident intensity (J /Jo ) 
inside clouds with total A y  (along z-axis) of 1.0 mag. The shape parameter of the 
clouds is C =  1.0,0.5,0.25, by row from the top, and the two columns show intensities 
at wavelengths 1040Â on the left and 2980Â on the right. Contour levels are (from the 
outside, X = 5000) at: 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2; though not all the lower (inner) 
levels are reached in all cases, particularly at 2980Â.
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Figure 3.6: Contour maps of the mean intensity relative to incident intensity (J /Jo) 
inside clouds with total A y  (along z-axis) of 6.0 mag. The shape parameter of the 
clouds is (  =  1.0,0.5,0.25, by row from the top, and the left and right columns show 
the intensities at wavelengths 1040Â and 2980Â respectively. Contours are (from the 
outside) at: 0.7, 0.5, 0.2, 0.05, 0.02, 0.005, 0.002, 0.0005, 0.0002; but many of the 
inner contours are not reached for 2980Â.
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Figure 3.7: Mean intensity relative to incident intensity (J /Jo ) along the z-axis in a 
cloud with total A y  (along z-axis) of 1.0 mag. The upper plot is for 1040Â, and the 
lower for 2980Â.

3.2.2.3 Magnitude of effect

The amount of darkening can be more clearly estimated if we examine the mean inten­

sities along the z-axis, as shown in Figures 3.7 and 3.8.

Figure 3.7 shows the mean intensities in the 1.0 mag clouds for 1040 and 2980Â 

respectively. The intensities are, of course, higher for 2980Â than for 1040Â. They 

both show, however, that as the cloud collapses ((  decreases) the field is significantly 

darkened over most of the central plane.

Figure 3.8 shows the relative intensity in the central plane for the thicker clouds 

(Ay =  6 mag). The effect is similar to that of the thin clouds, but because the intensity 

falls so low towards the centre of the clouds, the darkening due to collapse is most 

noticeable in the outer regions.

On many of these graphs the intensity just outside the cloud (4800-5000) can be 

seen to increase as the cloud collapses. This is simply because, with a smaller cloud, a 

point outside has a larger unobstructed view of the UV background.
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Figure 3.8: Mean intensity relative to incident intensity (J /Jo ) along the z-axis in a 
cloud with total A y  (along z-axis) of 6.0 mag. The upper plot is for 1040Â, and the 
lower for 2980Â.
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3.3 Chemistry inside spheroidal clouds

We model the gas phase chemistry inside the clouds using the multipoint model de­

scribed in Section 2.3. The position of points at which we obtain chemical abundances 

are shown in Figure 2.8 for the spherical case. The positions for the clouds with C 7̂  1 

are equivalent but with the z coordinates scaled by

The chemistry at each point is based on the UMIST database (Millar et al. 1997) 

using a reduced species set of 212 species. In particular, we have omitted all molecules 

containing P, Si, Cl, Fe, Mg or with more than four carbon atoms. The reactions 

are all as presented in the UMIST rate file with the exception of the interstellar UV 

photoreactions which are calculated using the radiation field previously obtained. Most 

of the photoreactions are modelled with approximate cross-sections as described in 

Section 1.3.3.2: using a flat cross-section with a cut-off determined from the interstellar 

extinction curve. We have also obtained genuine cross-section data for a small number 

of reactions. Most important is probably the photoionization of C atoms since C+ 

dominates the ionization fraction.

The initial abundances used are the same as for the models described in Sec­

tion 1.2.3.1, although in these models we do not have any freeze-out reactions. The 

cosmic-ray ionization rate is the same also, at 1.3 x 10“ ^̂  s~^. The temperature is 

taken to be 10 K throughout, and, for reference, we summarize the densities used in 

Table 3.1.

3.3.1 How chemistry changes with collapse

We use the ‘flattened sphere’ models as an example of some of the effects of an axial 

collapse. In this section we will examine the chemistry by reference to the steady-state

C Tz
0.5 1.0 3.0 5.0

1.0 100 100 300 1000
0.5 200 200 600 2000
0.25 400 400 1200 4000

Table 3.1: Gas number densities (in cm for cloud models with mag of visual 
extinction along the z-axis to the centre, and shape parameter (.
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abundances of C"*" and CS.

3.3.1.1 Explanation of the graphs and tables

Vertical-column graphs These graphs show the column density of species through 

the cloud. The columns are parallel to the z-axis at increasing xy-radius. Note that 

since the total gas columns parallel to the z-axis do not change with (, any difference 

between clouds in these graphs is caused by the differing chemistries.

Central-plane abundance graphs These graphs plot the fractional abundance (rela­

tive to H-nuclei) along the x-axis of the cloud. That is, in the central plane, increasing 

with radius. These values contribute to the vertical columns above.

Perpendicular-column tables In the tables that appear later we present the column 

densities through the clouds along both the z-axis (N^: the ‘vertical column’ from 

above) and the x-axis (N^). The overall gas column on any line through the cloud 

centre is equal to that along the z-axis for (  =  1, but all except increase as (  

decreases. The increase is most pronounced in the xy-plane, where the column is 

increased by 1/^. The and columns represent therefore the minimum and 

maximum columns through the centre of the cloud.

3.3.1.2 C+ ions

In Figure 3.9 we present the fractional abundance in the central plane of the A y  (z) =  1, 

6 clouds. At the edge of all the clouds the abundance is very high, falling off towards 

the centre. In the A y  = 6 clouds, of course, the abundance falls to much lower levels 

than in the A y  = 1 clouds, which conceals the change which occurs as a result of 

flattening.

In the more flattened clouds, as shown earlier, the UV radiation field is less intense 

and hence the carbon ionization level is lower. This is most pronounced in the low 

optical depth clouds, but is also easily seen in the outer regions of the thicker clouds. 

In both cases the fractional abundance drops by a factor of around two between the 

spherical and quarter-height (( =  0.25) clouds.
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Figure 3.9: The fractional abundance of C+ in the central plane of the flattened sphere 
models. The upper graph shows the abundances in the family of clouds with total A y  
(along z-axis) 1.0 mag while the lower has A y  = 6.0 mag. Each family consists of 
the three spheroids with (  =  1, 0.5, 0.25 corresponding to increasing flattening.
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Figure 3.10: The vertical column density of C"*" through the flattened sphere models. 
The upper graph shows the family of clouds with total A y  (along z-axis) of 1.0 mag; 
the lower: 6.0 mag.

In Figure 3.10 we show the vertical column densities for corresponding to the 

abundances in Figure 3.9. As expected the columns in both families decrease as the 

clouds are flattened. In this case the effect is most pronounced in the high optical depth 

case. The column density of C+ in those clouds is probably largely due to the outer 

regions of the clouds, the abundance being very low in the centre.

The peculiar radial dependence of the C+ column in the A y  = 6 case—peaking in 

the outer regions and dipping off-centre—can be explained by the combination of total 

gas column density increasing towards the centre, and abundance of the ion falling off 

and then remaining low in the region around the centre.

3.3.1.3 The CS molecule

In Figure 3.11 we present the fractional abundance of CS in the central plane of the 

Ay{z)  = 1, 6 clouds. Unlike O'*", CS is destroyed by ultraviolet radiation (and in 

reactions with ions), so its behaviour is largely the opposite. CS needs shielding from
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Figure 3.11 ; The fractional abundance of CS in the central plane of the flattened sphere 
models. The upper graph shows the abundances in the family of clouds with total A y  
(along 2 -axis) 1.0 mag while the lower has A y  = 6.0 mag. Each family consists of 
the three spheroids with (  =  1, 0.5, 0.25 corresponding to increasing flattening.

the incident interstellar ultraviolet to be produced in any quantity. The abundances are 

low for all the low optical depth clouds, and even in the 6 mag case the spherical cloud 

also produces only low abundance.

However, the effect of flattening is quite pronounced, raising the abundance by at 

least an order of magnitude between the spherical and most flattened case. For the high 

optical depth clouds the abundance rises dramatically in the central region, suggesting 

that a minimum level of shielding is required before CS can become plentiful.

In Figure 3.12 we show the vertical column densities for CS corresponding to the 

abundances in Figure 3.11. The column density increases with flattening in a pre­

dictable manner. For both thickness of clouds the column density through the centre 

increases by about an order of magnitude between C =  1 and Ç = 0.25. In the case 

of the thin clouds this could potentially make the difference between an unobservable 

and observable level. (However, we cannot consider comparison with actual observa­

tions because these models do not include freeze-out onto dust grains. It was shown
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Figure 3.12: The vertical column density of CS through the flattened sphere models. 
The upper graph shows the family of clouds with total A y  (along z-axis) of 1.0 mag; 
the lower: 6.0 mag.

in Section 1.2.3 that interactions with the dust may dominate the abundance of this 

species.)

3.3.1.4 Overall effect

For neither nor CS shown above is the effect of flattening especially large in ab­

solute terms. However, they do demonstrate the flavour of an axisymmetric collapse: 

the effect on the chemistry due to darkening as a result of changing shape occurs over 

a region around the central plane of the cloud, extending through much of the cloud’s 

xy-radius.

To illustrate the general effect on the chemistry, in Tables 3.2 to 3.4 we show the 

column densities along both the x  and z-axes for a variety of species.

Table 3.2 shows the two column densities for the spherical models. In principle, 

for the spherical case, both columns should be equal. The discrepancy between them, 

as seen in this table, is a result of the inaccuracy in the radiative transfer. The resulting
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Species Tz = 1.0 Tz - 6.0 Tz = 10.0

H2 7.8(20) 7.8(20) 4.8(21) 4.8(21) 8.0(21) 8.0(21)
CO 3.8(13) 4.1(13) 1.8(16) 2.1(16) 6.4(17) 6.9(17)
c + 1.6(17) 1.6(17) 2.8(17) 2.5(17) 1.7(17) 1.5(17)
e“ 1.9(17) 1.9(17) 4.0(17) 3.7(17) 2.9(17) 2.6(17)
CH 5.3(13) 5.5(13) 3.4(14) 3.2(14) 3.7(14) 3.4(14)
CHs 9.2(10) 9.4(10) 1.2(12) 1.2(12) 1.2(12) 1.2(12)
CH3 OH 3.2(5) 3.5( 5) 1.0(10) 1.2(10) 5.0(12) 4.8(12)
C2 H 2.5(12) 2.6(12) 2.6(13) 2.5(13) 2.8(13) 2.5(13)
C 2 H2 1.3(10) 1.4(10) 1.1(12) 1.2(12) 1.9(12) 1.9(12)
C3 H2 2.0(10) 2.2(10) 1.2(12) 1.3(12) 1.8(12) 1.7(12)
H2 CO 5.1(9) 5.5(9) 1.8(12) 2.0(12) 2.0(13) 2.1(13)
CS 9.0(11) 9.9(11) 3.3(14) 3.8(14) 2.3(16) 2.6(16)
S 2.1(14) 2.2(14) 8.2(15) 9.1(15) 6.7(16) 6.8(16)
s+ 2.1(16) 2.1(16) 1.2(17) 1.2(17) 1.1(17) 1.0(17)
s o 6.1(9) 6.6( 9) 5.7(12) 6.5(12) 5.5(15) 7.0(15)
H2 S 8.8(7) 9.4(7) 1.9(10) 2.1(10) 1.3(12) 1.6(12)
H 2 S+ 9.9( 8) 1.0(9) 2.7(10) 2.9(10) 6.0(10) 5.9(10)
NH 4.9(10) 5.1(10) 6.7(12) 7.6(12) 4.6(12) 4.5(12)
NH3 3.3(7) 3.5(7) 6.4(11) 7.5(11) 4.6(13) 5.7(13)
HCO 4.6( 8 ) 4.7( 8) 7.7(9) 7.8( 9) 1.6(10) 1.7(10)
HCN 2.6(9) 2.8( 9) 9.2(11) 1.1(12) 5.6(12) 5.5(12)
HNC 2.4(9) 2.6(9) 1.5(12) 1.8(12) 8.8(12) 9.1(12)
ON 6.8(10) 7.6(10) 6.8(13) 7.8(13) 1.7(14) 1.6(14)
H2 O 8.3(11) 8.6(11) 5.1(14) 5.9(14) 4.4(16) 4.9(16)
OH 6 .2 ( 1 2 ) 6.4(12) 4.1(14) 4.5(14) 2.5(15) 2.7(15)

4.8(12) 4.8(12) 4.1(13) 4.4(13) 6.9(13) 7.3(13)
H3 O+ 2.0( 9) 2.0( 9) 1.6(11) 1.8(11) 4.6(12) 5.6(12)

Table 3.2: Column densities along the x  and z axes for the spherical cloud models with 
Tz mag of visual extinction along the z-axis.
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Species = 1.0 c == 0.5 c = 0.25
AT*

H2 7.8(20) 7.8(20) 7.9(20) 1.6(21) 7.9(20) 3.2(21)
CO 3.8(13) 4.1(13) 1.3(14) 3.1(14) 3.9(14) 1.8(15)
C+ 1.6(17) 1.6(17) 1.5(17) 2.9(17) 1.2(17) 4.8(17)
e“ 1.9(17) 1.9(17) 1.7(17) 3.3(17) 1.5(17) 5.6(17)
CH 5.3(13) 5.5(13) 8.6(13) 1.8(14) 1.1(14) 4.7(14)
CHs 9.2(10) 9.4(10) 1.3(11) 2.7(11) 1.5(11) 6.4(11)
CHsOH 3.2(5) 3.5(5) 5.2( 5) 1.2(6) 7.3(5) 3.4(6)
C2 H 2.5(12) 2.6(12) 6.1(12) 1.3(13) 9.7(12) 4.3(13)
C2 H2 1.3(10) 1.4(10) 5.2(10) 1.2(11) 1.4(11) 6.6(11)
C 3 H2 2.0(10) 2.2(10) 8.9(10) 2.1(11) 2.3(11) 1.1(12)
H2 CO 5.1(9) 5.5(9) 1.3(10) 2.8(10) 2.4(10) 1.0(11)
CS 9.0(11) 9.9(11) 4.6(12) 1.1(13) 1.7(13) 8.2(13)
S 2.1(14) 2.2(14) 3.2(14) 6.8(14) 4.1(14) 1.7(15)
s+ 2.1(16) 2.1(16) 2.0(16) 4.1(16) 2.0(16) 8.1(16)
s o 6.1(9) 6.6( 9) 2.5(10) 5.7(10) 7.3(10) 3.4(11)
H2 S 8.8( 7) 9.4(7) 2.0( 8) 4.4( 8) 3.8( 8 ) 1.7(9)
H2 S+ 9.9( 8) 1.0(9) 1.1(9) 2.3(9) 1.3(9) 5.5(9)
NH 4.9(10) 5.1(10) 3.8(10) 8.0(10) 2.6(10) 1.1(11)
NHs 3.3(7) 3.5(7) 3.8(7) 8.4(7) 4.2(7) 1.9(8)
HCO 4.6(8) 4.7( 8) 7.5( 8 ) 1.6(9) 1.1(9) 4.7(9)
HCN 2.6(9) 2.8( 9) 4.6( 9) 1.0(10) 6.8(9) 3.0(10)
HNC 2.4(9) 2.6(9) 3.8(9) 8.3(9) 5.0(9) 2.2(10)
CN 6.8(10) 7.6(10) 2.9(11) 6.8(11) 8.6(11) 3.9(12)
H2 O 8.3(11) 8.6(11) 7.5(11) 1.6(12) 6.6(11) 2.9(12)
OH 6.2(12) 6.4(12) 5.3(12) 1.1(13) 4.3(12) 1.8(13)

4.8(12) 4.8(12) 2.7(12) 5.6(12) 1.6(12) 6.7(12)
H3 O+ 2.0( 9) 2.0( 9) 1.3(9) 2.7(9) 9.5( 8 ) 4.1(9)

Table 3.3: Column densities along the x and z axes for the spheroidal c
with 1 mag of visual extinction along the z-axis.

error for these models seems to be in the second significant digit. If more exact values 

were needed then the radiative transfer model used would need to have finer grids, and 

be tailored more closely to the different cloud conditions.

Tables 3.3 and 3.4 show the column densities for the 1 mag and 6  magcloud fami­

lies. It must be remembered when examining these tables that the overall column 

density increases with decreasing (. To examine the effect of collapse on the chem­

istry it is best to compare the columns. Such effects generally seem to be fairly 

small. For the low optical depth cloud (Table 3.3), by comparing N^{<  ̂ = 1) with 

= 0.25), CS seems to show more sensitivity to the flattening than the other 

species presented. In the higher optical depth case CS seems less special: other species.
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Species 1.0 0.5 0.25

H2 4.8(21) 4.8(21) 4.8(21) 9.6(21) 4.8(21) 1.9(22)
CO 1.8(16) 2.1(16) 8.9(16) 1.5(17) 1.6(17) 5.0(17)
C+ 2.8(17) 2.5(17) 1.3(17) 3.4(17) 7.4(16) 4.9(17)
e“ 4.0(17) 3.7(17) 2.3(17) 5.5(17) 1.5(17) 8.6(17)
CH 3.4(14) 3.2(14) 2.5(14) 6.2(14) 1.9(14) 1.2(15)
CHs 1.2(12) 1.2(12) 1.0(12) 2.1(12) 7.8(11) 3.5(12)
CH3 OH 1.0(10) 1.2(10) 3.1(11) 4.8(11) 7.3(11) 2.1(12)
C2 H 2.6(13) 2.5(13) 1.7(13) 4.8(13) 1.1(13) 9.0(13)
C 2 H 2 1.1(12) 1.2(12) 1.0(12) 2.8(12) 8.6(11) 6.1(12)
C 3 H 2 1.2(12) 1.3(12) 1.0(12) 2.9(12) 7.5(11) 6.2(12)
H2 CO 1.8(12) 2.0(12) 5.4(12) 8.6(12) 6.5(12) 1.9(13)
CS 3.3(14) 3.8(14) 1.5(15) 2.9(15) 3.0(15) 1.0(16)
S 8.2(15) 9.1(15) 2.9(16) 4.5(16) 4.5(16) 1.3(17)
s+ 1.2(17) 1.2(17) 9.5(16) 2.0(17) 7.7(16) 3.6(17)
s o 5.7(12) 6.5(12) 1.9(13) 3.2(13) 2.6(13) 7.9(13)
H2 S 1.9(10) 2.1(10) 6.1(10) 9.9(10) 1.0(11) 3.0(11)
H2 S+ 2.7(10) 2.9(10) 4.1(10) 7.1(10) 4.6(10) 1.6(11)
NH 6.7(12) 7.6(12) 7.0(12) 9.9(12) 3.7(12) 9.5(12)
NH3 6.4(11) 7.5(11) 1.9(12) 2.6(12) 1.8(12) 4.3(12)
HCO 7.7(9) 7.8( 9) 8.5(9) 1.9(10) 9.4( 9) 4.4(10)
HCN 9.2(11) 1.1(12) 1.9(12) 3.0(12) 2.6(12) 7.3(12)
HNC 1.5(12) 1.8(12) 4.0(12) 5.9(12) 3.9(12) 1.0(13)
ON 6.8(13) 7.8(13) 1.4(14) 2.1(14) 1.2(14) 3.3(14)
H2 O 5.1(14) 5.9(14) 3.3(15) 4.9(15) 5.3(15) 1.4(16)
OH 4.1(14) 4.5(14) 5.6(14) 8.7(14) 4.3(14) 1.2(15)

4.1(13) 4.4(13) 3.6(13) 6.1(13) 2.4(13) 7.6(13)
H 3 O+ 1.6(11) 1.8(11) 2.5(11) 4.0(11) 2.3(11) 6.5(11)

Table 3.4; Column densities along the x  and z axes for the spheroidal clouds with 
5 mag of visual extinction to the centre along the z-axis.
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such as H2 O show comparable changes.

More realistic models? In a realistic collapse model the effects might well be larger. 

Some compaction in the xy  direction would increase the density further, and we do 

not expect, in general, that clouds will collapse in a smooth manner, maintaining con­

stant density throughout. Most likely, different regions will behave differently during 

collapse and more complicated structures will emerge than presented here. Such struc­

tures may well have a more variable chemistry than the simple, static models tested 

here.

Furthermore, we have presented steady-state results for each of these clouds be­

cause to associate clouds of each family otherwise requires a full collapse model, in­

cluding the time taken to transition from one to the next. It may be that the ‘early-time’ 

chemistry would be more susceptible to changes in the cloud shape.
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3.4 Effects of chemistry on cloud shape

If a region of the interstellar medium has well ordered magnetic fields providing sup­

port against gravitational collapse then the evolution of its shape will depend on the 

chemistry through the ionization fraction

As already mentioned, the ions provide general support across the direction of the 

field lines by collision with other species in the gas. The efficiency with which they 

can do this depends directly on the relative abundance of ions to neutral species.

Gammie & Ostriker (1996) showed that non-linear hydrodynamic waves can pro­

vide support in the other direction, along the field lines. However, the damping rate of 

these waves is inversely proportional to the number density of ions. When the ioniza­

tion is too high the waves will be damped too quickly for support to continue.

Thus the chemistry in the cloud influences the rate of collapse in two directions sep­

arately, determining how the density structure will evolve. Through the effect of density 

structure on the chemistry this provides a feedback mechanism whereby a change of 

shape might ‘regulate’ itself: A cloud without support from Alfvén waves could col­

lapse along the field lines to a point where the ionization fraction drops far enough for 

the Alfvén waves to become important and for the collapse to continue across the field 

lines by ambipolar diffusion. We could use our flattened sphere models for a simple 

examination of the first stage of such a collapse.

Ruffle et al. (1998) considered the fractional ionization in a ID case with regard 

to the apparent association found by Williams et al. (1995) of star-forming clumps 

with a critical column density of CO They showed that the fractional ionization, and 

hence magnetic support, of a ID clump would diminish significantly when the radial 

visual extinction was about 2.5 mag. (The ionization fraction drops steeply—about an 

order of magnitude—between A y  2-3.) We will attempt to relate this critical level of 

extinction (A y )  to our models, bearing in mind that the effective level of shielding is 

less than for the same optical depth inside a slab.

Figure 3.13 shows the ionization fraction in the central plane of our models. The 

magnitude of the effect flattening has on the ionization fraction is generally small for 

these models. How might the results be interpreted?

Considering the extreme cases first: much of the interior of the thickest cloud
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Figure 3.13: The fractional abundance of ions in the central plane of clouds with total 
A y  (along z-axis) of 1.0, 2.0, 6.0 and 10.0 mag from top plot down.
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(5 mag radially) is already well above the level of shielding present at 2.5 mag into 

a slab-shaped cloud. The decrease in ionization fraction that occurs as a result of the 

flattening is small compared to the decrease with depth into the cloud. So it appears 

that the collapse rate of such a cloud will not be very sensitive to changes in its shape.

For the thinnest cloud (0.5 mag radially) the decrease in ionization fraction with 

flattening is small. However, at (  =  0.25 the extinction along the x-axis to the centre 

is still only 2 mag, so we would not expect a large drop in the ionization. This cloud 

would also keep collapsing in the same manner.

The 2 mag diameter sphere collapses to give a radial extinction of 4 mag in the xy- 

plane. The level of extinction in the central region of the cloud changes from well below 

A y  when spherical to become comparable for C = 0.25. We can see the ionization 

fraction drop by half an order of magnitude for the central region; so perhaps a slightly 

larger sphere undergoing this degree of flattening would pass through the critical point 

and reach a level of ionization where Alfvén waves can provide support, halting the 

flattening.

Indeed, these results could be taken as tentatively suggesting a relation between 

the initial optical thickness and the degree of flattening whereby the thinner the initial 

sphere, the more flattening will be undergone before Alfvén waves can provide support.

The case of the 6 mag diameter sphere is significantly more complicated. With 

3 mag of extinction to the centre the centre of this cloud has a level of shielding close 

to that at A y . The ionization fraction drops by an order of magnitude over the radius of 

the sphere. So clouds of this size may have Alfvén wave support in their centre but not 

elsewhere. A hand-waving argument could be made to suggest that flattening may help 

the Alfvén wave supported region to grow, but what seems clear is that this depth cloud 

does not fall cleanly into either the sub-critical or super-critical categories and that 

modelling its collapse will require a proper, two-dimensional, magneto-hydrodynamic 

(MHD) model.

3.4.1 Conclusion

Overall, we suggest that the modelling techniques used in this chapter do provide an 

important alternative to approximating complex clouds with plane-parallel models.
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Although the model results presented here do not show very large effects on the 

chemistry due to flattening, they suggest that other cases with low optical depths (tc < 

3) warrant further investigation with regard to possible effects on the dynamical support 

mechanisms. Furthermore, the use of more realistic models, in particular with inho- 

mogeneous density structures, may well exaggerate the chemical changes such that 

species such as CS can be used to interpret observational data.
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Chapter 4

Dust grains

In which the dust properties are discussed and a method for evaluating 

the electric charge is described. The basic behaviour o f  the grain charge 

in simple cloud shapes is evaluated. The charge in the spheroidal clouds 

is also calculated, and the implications for grain surface chemistry are dis­

cussed.

4.1 Introduction

The importance of dust grains in the interstellar medium has already been illustrated 

with regard to the radiation field and gas phase chemistry. Let us recap the ways in 

which dust interacts with the gas.

4.1.1 Optical properties

The optical properties of the dust determine how well ultraviolet radiation can penetrate 

clouds in the interstellar medium. In Section 2.2 we saw that although small changes 

in the dust’s optical properties are of low significance the overall character (highly 

reflective or absorbing, forward or backward scattering) can make quite a difference to 

the radiation field inside a cloud.

Unfortunately calculating the way in which a dust grain interacts with radiation 

is intrinsically complicated, depending on the size, shape and composition of the dust

133



CHAPTER 4. DUST GRAINS 134

grain. Typically dust grains are modelled as spheres, often of two materials arranged as 

an inner kernel and an outer mantle with different refractive indices. The behaviour of 

such a grain can be evaluated relatively easily. However, the exact nature of the grains 

in the interstellar medium is still uncertain and the effect of the grain population as a 

whole depends strongly on the size distribution.

Modelling the optical properties of the dust grain population from first principles 

remains difficult and there are more free parameters than observational constraints.

Changing the properties Another complication is the idea that the dust may evolve 

through time (Cecchi-Pestellini & Williams 1998). The ultraviolet field incident on the 

dust grains may, over time, help to alter the nature of the dust material, changing the 

refractive index and hence the overall optical properties. Depending on the time-scale 

for this process this may add an additional time-dependence to the collapsing cloud 

problem of Chapter 3, wherein the changing shape alters the radiation field which in 

turn may alter the propagation of radiation.

4.1.2 Surface properties

Gas phase species collide with the dust grains and thereby alter the nature of the gas 

phase chemistry. Even if atoms and molecules merely stick to the grains and remain 

inert then this ‘freeze out’ process dramatically alters the gas phase over time, as we 

saw in Section 1.1.3.

In Section 1.2 we discussed the possibility of surface reactions on the dust grains. If 

such reactions are followed by ejection of species from the surface then the dust grains 

can contribute to the gas phase chemistry directly, and the simple models explored in 

Section 1.2.3 showed that these contributions may be significant.

The composition of the dust grains will be important in these processes, for exam­

ple, in determining how tightly bound incident species will become. Again, however, 

the size distribution is critical. The grain size not only determines the cross-section and 

hence likelihood of impact for species, but also the surface area of the grains. The sur­

face area determines how many molecules may be available on each dust grain which 

will be important for any reactions where one or both reactants are mobile. In fact, for
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small grains, the number of molecules available on the surface of an individual grain 

can be so low that it seems there may be no analytical way to model these processes 

and stochastic techniques may be necessary (Caselli et al. 1998, Green et al. 2001).

Changing the properties The accumulation of gas phase species on the surface of 

dust grains will affect their properties. For large grains the change in optical properties 

may well not be significant, but the incident species do significantly affect the electric 

charge of the dust grains. The electric charge of each grain influences the rate of 

accretion of ions from the gas as described in Section 1.2, and it is also very sensitive 

to the size of the grain.

However, in addition to the assumptions about the dust needed to model the radia­

tion and chemistry in the interstellar medium, the results of both models are needed to 

evaluate the grain charge. In the next section we will describe one method for calculat­

ing the charge distribution of dust grains.

4.1.3 Grain charge

The electric charge on a dust grain in the interstellar medium is influenced by both the 

gas phase chemistry, through collisions with ions and electrons, and by the ultraviolet 

radiation field through the photoelectric effect. Taylor et al. (1991) calculated the grain 

charge distribution for two basic kinds of dust, using a simple chemistry in a plane- 

parallel cloud, approximating the decline in photoelectric charging with depth by a 

decaying exponential. Using the chemical and radiation models presented in earlier 

chapters we can re-evaluate the charge distributions and examine non-planar clouds. In 

the rest of this section we present the method of calculation.

4.1.3.1 CoIIisional contribution

The collisional charging rate, Zg of a dust grain is the sum of the charging rates due to 

all the gas phase species, X  :

Z ‘ = ^ Z x A ' j i S x ,  (4.1)
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where Z x  is the electric charge of species X ,  here measured in units of positive elec­

tron charges. is the rate of collision of species X  with the dust grain and S x  is the 

sticking probability. If there is any factor in S x  which depends on the impact velocity 

or any variable other than the species identity then it can be subsumed by the grain’s 

effective cross-section to species X : a x ,  used to calculate the collision rate.

The number of particles of species X  hitting a grain per second is:

f oo
^ x =  (^x v x n x p {v x )d v , (4.2)

Jo

where n x  is the number density of species X , and the velocities, v x ,  are distributed 

according top{v).

The effective cross-section, a x ,  depends on the average geometric cross-section 

and the interaction potential between the grain and the incident ion. Thus the current 

grain charge and the velocity of the ion both influence the cross-section. To evaluate 

further we need to make some assumptions.

Velocity distribution Dropping the subscript X ,  we shall take the gas velocities to 

follow a Maxwell distribution:

p{v) dv = 4ttv̂  ( ^ S t )  dv (4.3)

where m  is the mass of the species, k is the Boltzmann constant, and T  the gas tem­

perature (which may also vary with species X ). Then, in terms of

the collision rate can be written as:

J ^ n  r
V nm  Jq
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Grain cross-section For spherical dust grains, Spitzer (1978) gives the expression 

below for the effective cross-section:

O’X — (^geometric ( 1 ô I ’ (4-6)V rnxvj^ J

where the geometric cross-section is, of course, tto^ for spherical grains with radius a. 

The other factor accounts for the reduction or increase due to the grain potential, Ug = 

Zgeja, (in e.s.u.). This factor is only appropriate when mv^ > 2ZxeUg", otherwise 

the incident ion does not have sufficient energy to overcome the Coulomb repulsion 

and the effective cross-section is zero. The cut-off can be represented with a non-zero 

lower bound on the integral in Equation 4.5 corresponding to the minimum energy. 

In addition, for perfectly conducting grains, there will be a contribution from ‘image 

charges’ (Draine & Sutin 1987) but we will not consider that here.

Sticking coefficients To evaluate the collisional charging rate the only remaining 

assumption required is for the sticking probabilities, S x  •

As with the freeze-out rate we will make the assumption that the sticking proba­

bility is 1 for all ions. However, in this case we also need a sticking probability for 

electrons which is more uncertain. Following Taylor et al. (1991) we will assume a 

value of Se = 0.5.

4.1.3.2 Photoelectric charging

Taylor et al. (1991) specify the charging rate due to the photoelectric effect (the photo­

electric current) as below, for spherical grains of radius a:

=  Trâ  /  QabsF{hv)Y{hv) dE  (4.7)

where Emin is equal to Epe when the grain is negatively charged, or Epe -f eUg when 

the grain is positively charged with potential Ug. Epe is the energy below which pho­

toemission from the grain is negligible. Like the yield, Y  {hi'), and the absorption 

efficiency, Qabsy the value of Epe is an intrinsic property of the dust. The F{hu) term 

in the expression above is the mean, angle-averaged ultraviolet intensity. The ultravi-
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Yoo = 0.5, E p e = 8 e V  for polymeric or diamond-like carbon,
Yoo — 0.05, Epe = 7 e V  for graphitic carbon.

Table 4.1: Grain properties for two kinds of possible dust material. Yoo is the photo­
electron yield for high photon energies, and Epe is the cut-off energy for photoelectric 
emission to begin.

olet radiation field determines the value of E^ax, which in the interstellar medium we 

take to be 13.6 eV, the result of Hq absorption below 912Â.

Incident radiation Taylor et al. (1991) used the standard interstellar background UV 

field due to Draine (1978) and scaled the overall rate by a factor account

for attenuation with depth into a cloud. In the following sections we will retain the 

assumption of the Draine radiation field, but we will use values of F{hu) calculated 

using the radiative transfer code of Chapter 2.

Yield function The yield, Y {hu), is the average number of electrons ejected for each 

photon of energy hi/ absorbed by the dust. The expression used by Taylor et al. (1991) 

was that of Draine (1978):

Y{hu) = Yoo(l -  Epe/hu). (4.8)

The values of Yqo and Epe characterize the dust material. Taylor et al. (1991) adopted 

the values given in Table 4.1, which we too will use.

Absorption efficiency We will also make the assumption that Qabs = 1. This is only 

valid for large grains (a > 100Â); for small grains more detailed knowledge of their 

composition is necessary.

4.1.3.3 Charge distribution

If we assume a single dust population (in size and composition), or at least that the pop­

ulation is separable into non-interacting parts, then, using the above, we can evaluate 

the steady-state charge distribution on grains of a given size and material.

The rate of positive charging for dust grains with electric charge i is given by U
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below, while Di is the corresponding rate of negative charging:

l i  =  A f‘ {i)+  Z xA % (i)S x ,
X  : Z x  >0

£>i =  Y .  ( ~ Z x ) A \ { i ) S x -  (4.9)
X : Zx <0

If the proportion of the dust grains with electric charge i is then the steady state 

obeys:

li - Pi = Di+i • Pi+i (4.10)

So the charge distribution for grains of a given size and composition can be calculated 

using the formulae above and the chemical abundances and UV intensities within the 

cloud.

4.1.3.4 Approximating the charge distribution

Since the grain charge affects the freeze-out rate of ions in the gas we need to know 

the charge in order to represent freeze-out in chemical models. However, keeping 

track of the actual proportions of grains with each charge level may be unnecessary. 

In Section 1.2.3 we used the assumption that all grains have charge —1 in order to 

calculate freeze-out rates. This assumption is appropriate when the majority of dust 

grains have this charge because the rest of the distribution can alter the freeze-out rates 

for ions by at most a factor of two.

In the rest of this chapter we will examine the charge distribution in a variety of 

interstellar clouds. Of particular interest is the question of how widely valid the uniform 

grain charge assumption is, and what alternative assumptions may be preferable?
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4.2 Grain charge in one-dimensional clouds

Taylor et al. (1991) calculated the grain charge distribution within a plane-parallel, 

slab-shaped cloud with 5 mag of visual extinction (Ay)  to the centre. Most models of 

interstellar dust material include a significant fraction in the form of solid carbon; the 

graphitic and diamond-like dust types mentioned in the previous section were used by 

Taylor et al. because they represent the two forms of amorphous carbon present in the 

grain model of Duley et al. (1989). The grain charge was calculated for grains of both 

types with 0.1 fim  radius. The general behaviour of the charge distribution was similar 

for each, although the graphitic grains are much less positively charged due to their 

lower photoelectric yield. The underlying trend for the average (mean) grain charge 

was found to be positive at very low A y  with a slow drop towards a value close to — 1 

at A y  = 5. The proportion of grains with negative charge was greater than half below 

about 2.5 mag. Taylor et al. also found a sharp positive peak in the average charge— 

dominating the results for diamond—around A y  = 1. They accredited this to the peak 

in H+ abundance at that A y  in their chemical model.

We will use the method of the previous section to re-examine the charge distribution 

of dust grains in the interstellar medium. Unlike Taylor et al. (1991) we can use the 

results of a radiative transfer calculation to estimate the photoelectric charging rates. 

We begin, therefore, by re-examining the conditions outlined above.

4.2.1 Comparison with Taylor et al. (1991)

We attempt to reproduce the conditions of Taylor et al. using a plane-parallel, slab­

shaped cloud with the dust properties described in Section 3.2.1.1. The optical depth 

to the centre is 5 mag and the gas number density is 1000 cm“  ̂ throughout. We model 

the chemistry with the reduced version of the UMIST database described in Section 3.3 

and calculate the grain charge for the steady-state abundances.

The chemical model used by Taylor et al. (1991) used the exponential approxima­

tion for the photoreaction rates as well as for the photoelectric current from grains. The 

chemical abundances they obtained are, therefore, different to the abundances found for 

our model. Figure 4.1 shows the abundances in our model of the species used by Tay-
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Figure 4.1: Fractional abundances in a slab-shaped cloud 10 mag thick. We measure 
A y  increasing into the cloud.
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Figure 4.2: Average grain charge within a slab-shaped cloud 10 mag thick. We measure 
A y  increasing into the cloud.

lor et al., using Na'*' to represent their ‘generic metal ion’. By comparison with the 

abundances of Taylor et al., the level of ions and electrons remains high slightly further 

into our cloud model than theirs. This is probably due to our use of a finite-depth cloud 

for the radiative transfer, rather than the semi-infinite slab to which the exponential 

approximation is suited.

More significantly, in our model C'^ remains the dominant ion throughout; H+ is 

an order of magnitude less abundant than in the model of Taylor et al.. Hence we do 

not reproduce the sharp peak in the average grain charge at A y  = 1 which they obtain, 

and our charge is less positive overall. The variation of average grain charge with depth 

is shown in Figure 4.2.
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Figure 4.3: Proportion of time graphite grains spend negatively charged and the pro­
portion of time diamond grains spend positively charged, within a plane-parallel cloud 
10 mag thick. We measure A y  increasing into the cloud.

Just as in Taylor et al.’s model the two grains converge to a value close to —1 at 

high optical depth. (The two grains will always converge towards each other because 

the main difference between them is their photoelectric response which becomes less 

important with increasing depth.)

The proportion of time which grains spend with negative or positive charge is 

shown in Figure 4.3. The equivalent results from Taylor et al. were dominated by 

their positive peak at A y  = 1-2 which temporarily reversed the trends shown. In our 

models, however, the distributions progress more or less smoothly towards increasing 

proportion of negative charges with increasing depth.

Summary We do not reproduce the large positive peak of Taylor et al. (1991) but 

otherwise our results, obtained with the use of a radiative transfer calculation, largely 

follow theirs. More than half of the grains have negative charge below about A y  = 2 

for either grain model.

4.2.2 Mean charge in spherical clouds

High optical depth Figure 4.4 shows the average grain charge at the chemical model 

points within the 10 mag diameter spherical cloud from the last chapter compared with 

the grain charge in the 10 mag thickness slab. The average grain charges for the points 

in the sphere do generally lie slightly above (more positive) the mean charge in the slab
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Figure 4.6: Average grain charge within a spherical cloud with 2 mag optical depth 
along the diameter. We measure A y  increasing into the cloud.

cloud. As seen in Figure 4.5, the diamond-like/graphitic grains also spend slightly more 

time positively/negatively charged in the sphere than in the slab. But the difference is 

small and the assumption of uniform charge ( -1 )  appears valid over much the same 

region of the sphere as for the slab.

Low optical depth Since the grains at the edge of the 10 mag depth clouds tend to be 

positively charged, we expect to find only a low proportion of negative grains anywhere 

within clouds with low optical depth. Figure 4.6 displays the mean grain charge for a 

spherical cloud with 2 mag of visual extinction along the diameter. Both kinds of grain 

are highly positive throughout the cloud.

Even in the centre of this cloud (A y  =  1) the graphitic grain model still has less 

than 5% of grains with negative charge so we do not expect to be able to approximate 

the grain charge to - 1  in such models. Figure 4.7 shows the proportion of dust grains 

with charge —1, 0 or +1 inside a 2 mag thick slab. The diamond-like grains, even at 

maximum depth, are largely positively charged. For such grains, at low temperatures, 

the best assumption we could make would be that positive ions do not freeze out. The 

neutral species will freeze out, of course, at their normal rate. The graphitic grains 

also have only a very small proportion with negative charge, but do have a significant 

fraction of neutral grains. Ions will freeze out onto the neutral grains at the same rate as 

other species, so in the graphitic case we might make the approximation that ions freeze 

out at a lower rate than neutral species according to the proportion of grains which are
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Figure 4.7: The proportion of dust grains with charges —1, 0 and 4-1 inside a slab­
shaped cloud with total optical depth 2 mag. The upper plot is for diamond-like grains 
and the lower for graphitic.

neutral (50% at A y  = 1). Certainly, chemical models with freeze-out should not have 

an enhanced freeze-out rate for ions in low optical depth clouds.
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4.3 Spheroidal clouds

From above, traditional dust grains inside low optical depth cloud models tend to have 

positive charges. However, in Chapter 3 we demonstrated a simple collapsing-cloud 

model in which the visual extinction in the central region was increased as a result of 

the cloud becoming flattened. We shall now consider the flattened sphere models of 

that chapter to see whether the collapse can have any significant effect on the grain 

charge.

For simplicity, we will not examine the two-dimensional variation in grain charge 

through the cloud, but concentrate on the variation with radius in the xy-plane of the 

clouds. The clouds collapse along the z-axis, their shape determined by +

z^/(^  =  with (  changing from 1 to 1/2 to 1/4. The density of the clouds increases 

in proportion, changing the visual extinction in non-z-directions, so we cannot plot 

the variations against A y  for these clouds. The following graphs, therefore, use the 

dimensionless units of radius in which the edge of the cloud lies at jR =  4800. In the 

spherical cases the visual extinction 0-4800 along the z-axis is equal to half the total 

optical depth along the z-axis, r^, which characterizes the families of flattened clouds 

that we use. We evaluate models with of 1, 2, 6 and 10 mag.

4.3.1 High optical depth

Figure 4.8 shows the average grain charge in the zt/-plane of the high optical depth 

(10 mag along z-axis) flattened sphere models. The flattening, which increases the 

level of UV shielding within the cloud, does not greatly affect the average grain charge 

for this family of clouds. Indeed they seem to largely follow the behaviour of the slab 

and spherical clouds regarding the grain charges.

As shown in Figure 4.9, the majority of grains become negative around radius 2000 

for diamond-like grains or 3300 for graphitic. In the spherical case these radii cor­

respond to optical depths around 3 and 1.5 mag respectively. So the high extinction 

clouds of all shapes—slab, sphere and spheroid—can be treated equally well with the 

same grain-charge approximation.
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Figure 4.8: Average grain charge at points along the z-axis of spheroidal cloud models 
with total optical depth along z-axis of 10 mag. The upper plot is for diamond-like 
grain material, and the lower plot is for graphitic grain material. The clouds have shape 

480Q2.
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Figure 4.9: Proportion of diamond-like grains (upper) and proportion of graphitic 
grains (lower) which have charge —1. The values plotted are for the xy-plane inside 
a family of spheroidal clouds with 10 mag of extinction along the z-axis. The clouds 
have shape /C^ — 4800^.
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Figure 4.10: Average grain charge at points along the z-axis of spheroidal cloud models 
with total optical depth along z-axis of 2 mag. The upper plot is for diamond-like grain 
material, and the lower plot is for graphitic grain material. The zy-radius of the clouds 
is 4800.

4.3.2 Low optical depth

Figure 4.10 shows how the average grain charge in the central plane of a cloud with 

total optical depth along the z-axis of 2 mag changes with flattening. The effect on 

the mean charge is quite pronounced; from spherical to quarter-height (( =  0.25) the 

mean charge drops by around a factor of three. However, the average grain charge is 

still always positive within these clouds. (Note that the mean is skewed in the outermost 

part of the clouds because we have arbitrarily truncated the charge distribution at -1-15.)

Figure 4.11 shows the mean charge inside thicker clouds with 6 mag of visual ex­

tinction along the z-axis. In this case, for the sphere the average charge drops to just 

below zero at the very centre of the cloud. The progressive flattening of the cloud then 

increases the size of the region within which the mean charge is less than zero.
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Figure 4.11: Average grain charge at points along the æ-axis of spheroidal cloud models 
with total optical depth along z-axis of 6 mag. The upper plot is for diamond-like grain 
material, and the lower plot is for graphitic grain material. The xy-radius of the clouds 
is 4800.
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For the purposes of approximating the grains with a single charge the proportion of 

grains with negative charge is more important than the average charge. It is also worth 

noting that grains with charge —1 make up the majority of all grains with negative 

charge. This is because the only means of negative charging for a grain is by collisions 

with electrons (negative ions are rare), and the probability of collision is greatly reduced 

for a negatively charged grain. In the terms of Section 4.1.3, D - i  is extremely small. 

Hence, in all our models the proportion of grains with charge —2 is at least six orders 

of magnitude less than the proportion with —1.

The proportion of grains that have charge —1 for the 6 mag cloud family is shown 

in Figure 4.12. For the diamond-like grains the proportion is generally small except in 

the very centre of the clouds. Even in the most highly flattened case, the negative grains 

only become dominant in the centre. However, due to the large enhancement in freeze- 

out rate for ions on negative grains, even 10% can be significant, and the flattening 

increases the size of the central region where negative grains need to be considered. 

For graphitic grains, the flattening produces a central region (to radius ~  2000) within 

which negatively charged grains are dominant.

Summary For the lowest optical depth clouds the degree of flattening we have exam­

ined is insufficient to significantly change the grain charge distribution for the purposes 

of our chemical models. However, when the initial depth to the centre is 3 mag, the 

flattening did make a difference. In the centre of our flattened sphere models, the ap­

proximation of grain charge by a uniform —1 becomes valid for graphitic grains. For 

diamond-like grains the proportion of negative grains becomes large enough to give 

ions some enhancement in freeze-out over the neutral species.
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Figure 4.12: Proportion of diamond-like grains (upper) and proportion of graphitic 
grains (lower) which have charge -1 .  The values plotted are for the xy-plane inside a 
family of spheroidal clouds with 6 mag of extinction along the z-axis. The clouds have 
shape 4- — 4800^.
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4.4 Conclusion

We have evaluated the charge distribution for dust grains inside the spheroidal cloud 

models of Chapter 3 with particular reference to the appropriate calculation of freeze- 

out rates. We used the full chemistry to evaluate collisional charging rates, and the ra­

diation field obtained from a radiative transfer calculation to evaluate the photoelectric 

charging. The dust grains were modelled as large (0.1 fim) spheres of either graphitic or 

polymeric (diamond-like) carbon. These two grain types represent components present 

in many interstellar dust models.

The charge distributions we obtain for the high optical depth cloud models, A y  =  

0-5 mag, indicate that, regardless of cloud shape, above optical depths around 2 mag 

the grain charge can be represented by a uniform value of — 1 in Equations 1.7 and 1.8 

used to evaluate freeze-out rate. This approximation breaks down above A y  «  2 as 

the proportion of grains with negative charge falls. However, for these thick clouds 

there remains a significant fraction of negative graphite grains even at A y = 0.25, 

so ions may well still have slightly enhanced freeze-out rates. For the calculations of 

Section 1.2.3 the freeze-out of ions onto negative grains was enhanced by a factor of 

17.71 over the neutrals so the proportion of negative grains would have to drop to less 

than five percent before ions achieved equality with neutral species.

For very low optical depth clouds. A y = 0-1 mag, by contrast, the proportion 

of grains with negative charge is low throughout. We expect a very large degree of 

flattening would be required in order to change this. In such clouds the grains would 

be better represented as positive with some fraction of neutral grains in the graphitic 

case. Ions will therefore freeze out at a rate reduced from that of neutral species.

Intermediate depth clouds. A y  = 0-3 mag, represent the most complicated case. 

The outer regions of these clouds follow the behaviour of the thin clouds above, but the 

inner regions contain a significant fraction of negatively charged grains. Furthermore, 

a degree of compression of these clouds can radically affect the charge distribution in 

the central region, potentially equating them with the high optical depth clouds.

We conclude that the grain charge and hence freeze-out rate of ions in diffuse and 

translucent clouds is quite sensitive to the overall geometry of the cloud. If freeze out 

and surface reactions such as those examined in Section 1.2.3 are to be included in
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non-slab shaped models then the grain charge distribution will need to be evaluated 

with regard to the particulars of the model.* The simple approximations for dark and 

bright clouds—all negative or all positive—may give freeze-out rates over an order of 

magnitude wrong for ions.

The situation, however, may be quite different for grains of significantly different 

size.

'We suggest that a simple, three-component (positive, negative & neutral) dust model introduced along­
side the gas phase chemistry may suffice; though this will almost treble the number of freeze-out reactions 
required.
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Summary

In the first chapter we discussed the basic chemistry of the interstellar medium and its 

dependence on interstellar dust in particular.

With two simple models of processes in the interstellar medium we illustrated 

firstly by omission that processes on the surface of dust grains may be necessary to 

produce the levels of some species observed in the interstellar medium. Secondly we 

modelled the effects of some simple surface processes and showed that the results 

could improve matches with observational data. The efficiency of these processes is 

influenced by the electric charge present on dust grains because it affects the rate of 

freeze-out of ions.

The dust also affects the transfer of interstellar ultraviolet raditiation within the in­

terstellar medium. At low visual extinctions this radiation is the major ionizing force, 

and provides a powerful mechanism for destruction of other molecules. Traditional 

chemical models, however, do not evaluate the intensity within the medium in an ac­

curate manner. The lack of full treatment leads not only to inflexibility regarding new 

estimates of the interstellar background UV flux and the dust’s optical properties, but 

also prevents the rate of photoreactions from varying in the correct manner.

In Chapter 2 we described a method for evaluating the UV intensity within two- 

dimensional models of the interstellar medium. The axisymmetric clouds which this 

method allows us to model are of interest because we expect the collapsing interstel­

lar medium to have a favoured direction resulting from the presence of large-scale 

magnetic fields. We illustrated the difference between the simplest models of the inter­

stellar medium: the slab and sphere; the sphere providing much less shielding from the 

interstellar UV.

156
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We then demonstrated the potential of such a combined model of radiation and 

chemistry in the interstellar medium for exploring the dependence of gas phase abun­

dances on the global properties of the medium. We used a set of spheroidal cloud 

models to represent clouds of various sizes at different stages of collapse.

The results of these simple models suggest that for thin clouds a very high degree 

of flattening may need to occur before it would affect the conditions inside the cloud 

enough to change the nature of the collapse. For thicker clouds the flattening mainly 

affects conditions in the outer regions, and the initial collapse would probably be quite 

different from the form modelled here.

There is a range of intermediate thickness clouds which show the potential for very 

complex behaviour even in these simple models. We suggest that slightly more realistic 

models may well provide an interesting means of placing limits on the interaction of 

parameters such as degree of collapse and ionization level within clouds.

The results also suggest that some species, such as CS can be very sensitive to the 

changing shape of interstellar clouds.

Finally, we examine the electric charge on the dust in the non-slab shaped clouds 

which this method enables modelling of. We re-evaluate the charge on the large, clas­

sical grains which we previously assumed may be responsible for chemical reactions 

supplementing the gas phase. There is a clear difference between the high optical depth 

cases and low optical depth, each of which can be modelled relatively easily. In be­

tween, our models indicated that the grain charge can also be sensitive to the shape of 

the cloud. Thus if surface reactions are to be included in chemical models of collaps­

ing clouds they too will have an additional dependence on the stage of collapse, which 

surely increases the likelihood that chemical models may one day provide good tracers 

for collapse in the interstellar medium.



Appendix A

Using the RTc code

This is a brief guide to using the RTc code for calculating the UV radiation field inside 

an axisymmetric cloud. The intention of this guide is not to give a detailed technical 

description: the best way to utilize the software is to develop one of the existing im­

plementations. Rather, this provides some additional information and guidelines which 

are not obvious from either the description of the method from Chapter 2 or the code 

itself.

A .l Overview

The basic requirements for using the RTc code are as follows:

1. A description of the cloud (§ A.2) such that the dust properties can be determined 

at any wavelength and position.

2. Grids of shells and angles (§A.3) detailed enough to sample the structure of the 

cloud.

3. Sufficient disk space to store the temporary ‘list’ files (§A.4.1 ) created during the 

calculation. One of these may be reused from a previous run if available.
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A.1.1 Units of measurement

The code works in arbitrary units of both intensity and distance. The code appears to 

behave better numerically if the incident intensity value is less than one. The intensity 

can be scaled to the correct values after the calculation is complete.

Some idea of the relation of RTc-distance to physical distance may be helpful when 

setting up the calculation: particularly the requirements of Sections A.2 and A.3.2 (See 

also Section 3.1.2.1).

A.2 The cloud module

The first step is to create a description of the cloud for the purposes of radiative transfer 

in the r t . c l o u d  module. This requires specification of the extinction and scattering 

coefficients and the phase function parameter for any point in the cloud. The incident 

intensity from outside the cloud is also specified in this module.

The cloud is described mainly by means of the c l o u d . p r o p e r t i e s  function 

which returns the value of the parameters at a specified point and wavelength. In ad­

dition to the physical parameters, the code also needs a ‘scale length’ value which 

describes the size of the region around the specified point within which the dust pa­

rameters are approximately constant.

The position inside the cloud is described in general three-dimensional terms by 

Cartesian coordinates x, y and z. The symmetry of the cloud assumed by the code 

requires that the cloud properties depend on the cylindrical radius, y/x^ + rather 

than on the particular values of x  or y, and that the properties are the same for z =  a 

and z = —a.

Any initialization code required should be placed in i n  i t  .c lo u d , with clean-up 

in d o n e .c lo u d .

A.2.1 Density

Both the extinction coefficient and scattering coefficient depend on the density of the 

dust. The easiest way to represent this may be by calculating the cloud density based 

on the position requested. The density is then multiplied by the dust cross-section
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to find the extinction coefficient or by the cross-section and albedo for the scattering 

coefficient.

A.2.2 Dust cross-section and albedo

The dust cross-section and albedo are the density-independent parameters of the dust. 

Unless a different dust model is used in different regions of the cloud these values will 

depend only on wavelength and not position.

The cross-section describes the likelihood of interception of a photon by a dust 

grain. However, the cross-section should be an average value representing the whole 

grain population. Furthermore it is wavelength dependent and may be defined relative 

to the visual by means of the interstellar extinction curve.

The dust albedo (0-1) is the proportion of intercepted photons which are re-emitted 

(i.e., ratio of scattered to absorbed). This is also wavelength dependent.

A.2.3 Scale length

The scale length describes the minimum distance in the cloud over which the extinction 

parameter is approximately unchanged. It can therefore be defined by reference to the 

first derivative of the density or the mean path length for photons. However, this is a 

very time-critical routine for the method so a complicated calculation is inappropriate: 

a small constant value would probably be more useful. The two features that the scale 

length must have are: (1) Be smaller than the distance to the edge of the cloud or,

perhaps, another region in which a different dust model applies—except under the next 

condition. (2) Not become arbitrarily small; there must be some minimum value for 

the scale length, otherwise the optical depth calculation may not terminate.

For homogeneous clouds the scale length can be defined entirely by reference to 

the cloud edge, with a minimum cut-off.

A.2.4 Phase function and parameter

The code is currently set up to use the Henyey-Greenstein phase function to determine 

the likelihood of photons being scattered by a particular angle. The phase function
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is modified by a single parameter, g, describing the preferred direction of scattering 

(forward or backwards).

The value of g, the mean scattering angle cosine, is an intrinsic property of the dust 

and varies with wavelength. If a different phase function is required then the p h a s e  

function in the r t . p h a s e  . f  90 module should be replaced. However, if the phase 

function needs to vary with position, or have more than one parameter, then they will 

need to be encoded into the value of g somehow or require the code to be rewritten.

A 3 Shell and Angle grids

The positions within the cloud at which the radiation intensity is evaluated, and the 

directions of specific intensities and integration points along lines of sight are defined 

in the shell and angle grids. These grid specifications should each be identified by 

unique two-character identifiers.

A.3.1 Angle grids

The angle grid defines the directions in which the specific intensity is calculated at each 

point. The directions are listed as a number of psi-values (0-2) at each theta value (0-

0.5). The specified values are multiplied by tf to obtain the angles in radians. The 

theta values represent the angle down from the positive z-direction, and angles less 

than 7r/2 (horizontal) are duplicated between ?r/2 and tt. The psi-values represent the 

angles from the x-axis in the 0 =  7t/ 2 plane

The set of {6, ip) directions should be distributed evenly around the sphere (0- 

7r,0-27r). The total number of directions determines the accuracy of the mean angle- 

averaged intensity received from unscattered light. For this purpose the directions only 

need to be numerous enough such that the resulting lines of sight from each point 

explore any major features of the density structure. However, for highly forward or 

backward scattering dust the density of directions over the sphere will also affect the 

accuracy of the scattering calculation. The runtime required for a calculation is ap­

proximately linear in the total number of directions used.
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A.3.2 Shell grids

The shell grid used by the code defines the x  and ^-coordinates which are used to 

determine either points at which the intensity is calculated —the essential shells—or 

integration points along lines of sight—inessential shells. Shell lists are specified sep­

arately for cylindrical radii (i?-shells) and height (Z-shells). The general intention in 

deciding the spacing for the shells should be to have a higher density of shells in regions 

of the cloud where the dust properties change most rapidly. For homogeneous clouds, 

or other clouds whose density does not decrease gradually, the edge region needs par­

ticular attention. Indeed, better accuracy would be expected for more smoothly varying 

clouds.

In addition, the following rules should be observed:

1. For both Z  and i?-shells the innermost shell must be at z =  0 or 4 - =  0 

and must be essential.

2. The outermost Z-shell must be essential and lie beyond the edge of the cloud, 

where there is no dust.

3. The previous rule also applies for the outermost R-shell, except that if there 

is only a single i?-shell at =  0 then a one-dimensional calculation is 

performed as for a slab-shaped cloud. (In which case the cloud module should 

return properties depending only on the z-coordinate.)

4. Because the innermost i?-shell is merely the z-axis it will be intersected by only 

a few lines of sight. The gap between the central i î - shell and the next smallest 

essential i2-shell should therefore be smaller than between other essential R- 

shells. (All other things being equal, the first off-centre E-shell should have 

radius less than a third of the radius of the next.)

The run-time required for a calculation varies approximately in proportion to

(N ^ N z  + N ^ N r ) X m a x {N R ,N z) ,  (A.l)

where is the number of essential R/Z-shells and N r / z  is the total number of 

E/Z-shells. To simplify, if the R  and Z-shells are specified identical and there are N
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essential shells of each kind, with n  inessential shells between each pair of essential 

shells then the run-time is 0{n^N ^).

A 4 Files generated at run-time 

A.4.1 Calculation data: Q and T-lists

The RTc code generates two large files during a calculation. These files, called the 

‘Q’ and T-list’ contain the geometric and dust information for the lines of sight used 

in the calculation.

The contents of the Q-list depend only on the shell and angle grids used so this file 

can be retained between calculations. The code attempts to re-use a Q-list file which 

is based on the grids currently in use. If the Q-list was only partly generated due to an 

incomplete previous run, or if either the angle or the shell grid has changed but kept 

the same identifier then this use will fail or be incorrect.

The contents of the T-list, however, depend on the particular cloud model in use 

and are wavelength specific so this file is regenerated during the initialization of each 

calculation.

The disk space available for these files provides the main limitation—other than 

run-time—on the size of shell and angle grids that can be used. If the code is to be used 

on a machine with a large quantity of RAM then the code could easily be modified 

to store these lists in memory. A significant speed increase might be achieved from 

holding the T-list in memory. At the least, the T-list should be stored on the disk with 

fastest access time possible for the machine making the calculation.

A.4.2 Status information: the log file

In addition, the code also writes a stream of information describing the progress of the 

calculation to the ‘log-file’. The file should be attached to the unit of log .U  from the 

r t_ b a s e  module before any other part of the code is used. However, standard output 

can usually be safely used.

Error messages are written to the log-file prefixed with an exclamation mark or 

asterisk. Messages indicating a possible error in the code are prefixed with a question
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mark.

A.5 Making a calculation

The radiation field within the cloud is calculated using the c a l c u l a t e . f  i e l d  rou­

tine from the r t . c a l c  module, specifying the maximum number of scatters (>  0) 

to include and the name of the file to use for the T-list. That routine also requires a 

w ronk_i i n t e n s i t i e s  type structure in which to store the field; the structure must be 

allocated beforehand with the a l l o c a t e . f  i e l d  routine from the r t - f i e l d  mod­

ule and have the desired wavelength specified. The r t - f i e l d  module provides the 

routines s t o r e _ i n t e n s i t i e s  and l o a d - i n t e n s i t i e s  to write or read these 

structures to or from files for use following calculation.

Before anything from the r t - f i e l d  module can be used it must be initialized 

with the names of the shell and angle grid files using the i n i t - f  i e l d  routine. Once 

that module is initialized the r t - c a l c  module must similarly be initialized using 

i n i t - c a l c .

The code will calculate the field after the specified number of scatterings have oc­

curred unless the difference between consecutive iterations falls below a certain limit. 

This limit is defined in the r t - f i e l d  module by the m in_f i e l d _ d i f  f  variable, set 

to 10"^° by default. When the infinity norm of the difference between sets of specific 

intensities for consecutive iterations (i.e., the biggest difference in specific intensity 

from one scattering) is less than the value of m in -f  i e l d - d i f  f  the calculation termi­

nates. The cut-off may be set to another value after i n i t - f  i e l d  has been called.

Finally, before a calculation can be carried out the r t_ c lo u d  module must be 

initialized with in i t_ c lo u d .  The parameters required for this initialization depend 

on the particulars of the cloud model that has been defined. In the case of the spheroidal 

models, for example, the cloud is parameterized by the optical depth to the centre and 

the ellipticity of the cross-section. When the calculation is complete for the cloud the 

module should be terminated by calling the d o n e -c lo u d  routine. A new cloud can 

then be analysed.

Similarly the r t - c a l c  and r t - f i e l d  modules should be terminated by calling
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the d o n e .c a lc  and d o n e .f  i e l d  routines when no longer required.

Some other program can then be used to transform the calculation results into the 

format required by the chemical model in use.
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