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A b s t r a c t

This thesis is concerned with the chemical modelling of molecular species in a 

selection of interface layers between astrophysically interesting environm ents. The 

aim is to  identify ‘tracers’ for the theoretical scenarios studied, and to  try  to  explain 

observational d a ta  presently available. These tracers can give detailed informa­

tion concerning the physical conditions in the environm ent, and may also help to  

determ ine its evolutionary sta tus. The ordering of the  discussions will reflect the 

increasingly energetic processes present in each of the  different environm ents studied.

Firstly  discussed in Chapter 2 , is the form ation of w ater ice m antles, in relatively 

quiescent regions. Using gas-grain chemical models, w ater ice is studied under a va­

riety of physical conditions. We find th a t a t low A y  w ater ice can be present in 

clouds a t late times or if the cloud is clumpy. C hapters 3 and 4 concentrate on 

interface layers in progressively more energetic regions. These scenarios range from 

the mixing of cold molecular gas with warm ionized gas, coupled with the presence 

of a m odestly enhanced ionization rate to  the turbulen t boundary layers of a diffuse 

cloud, in which high tem peratures and pressures are present. In C hapter 3, we find 

th a t a t tem peratures greater than  100 K, a rich and abundant chemistry can exist. 

In C hap ter 4, we find if an interface layer occupies a few percent of the to ta l column, 

m any polyatomic species in the interface should have detectable abundances. Fi­

nally, in C hapters 5 and 6 consideration is moved to the  most energetic environm ents.



In C hapter 5, we sim ulate x-ray ionization in dark clouds and include the form ation 

of C++, and find th a t the abundance of CH+ is significantly enhanced when C++ is 

included in the  reaction network. In C hapter 6 we study photon dom inated regions 

above disks surrounding main sequence stars and find th a t the  chemical processing 

produces a large number of tracers with significant column densities.



“For those who believe 

no explanation is necessary, 

For those who do not  

no explanation will su ff ice .”

f ro m  “The song o f  B e rn a d e tte ” 

by Franz W erfel
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C h a p t e r  1

Introduction to A strochem istry

“In general it is a good morning exercise for a researcher to  destroy a favourite 

hypothesis every day before breakfast - it keeps him young.”

-  Konrad Lorenz

The first detection of m atte r in the interstellar medium was m ade by H art­

m ann (1904), who observed absorption from Ca II a t 3934 Â. The first interstellar 

molecules observed include CH, CH"^ and CN, which were detected between 1937 

and 1941. These detections have sparked a new and exciting branch of astronomy: 

astrochem istry.

There are now over 100 identified molecular species in our Galaxy, which are 

found to  lie within the interstellar medium. The interstellar medium itself is made 

of a number of distinct regions and contains a  num ber of different interstellar cloud 

types. A list of the properties for regions of interest in this study is given in Table 

1 .1 .

The observed molecules are ‘tracers’ of gas in the  interstellar medium and the 

theoretical astrochemical study of these molecules is im portan t because the informa­

tion on the molecular content of a region can be used as a  diagnosis of the physical

12
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conditions within the region being studied. In this thesis, we concentrate on inves­

tigating the interface layer between two different regions in the  interstellar medium, 

in the hope th a t distinctive tracers of the layer can be identified. Interface layers are 

especially interesting because they can provide information on a num ber of different 

dynam ical processes occurring within them , such as the  extent of the mixing oc­

curring between the two regions. Studying the molecular content may also provide 

clues concerning the physical conditions within the layer. Identified tracers may also 

help us determ ine the evolutionary sta tu s of the layer and its surrounding area.

Such interface layers have been probed in the past, and these studies include 

those made by Charnley et al. (1990); Duley et al. (1992) and Rawlings and H artquist 

(1997). Charnley et al. (1990) looked a t the chemical evolution in molecular clum p- 

stellar wind interfaces, Duley et al. (1992) made a study of a  diffuse cloud-intercloud 

interface to  identify possible mechanisms for the production of CH+, while Rawl­

ings and H artquist (1997) considered a diffusive boundary layer between dark  s ta r -  

forming cores and warm, shocked T -T auri winds, assuming th a t  turbulence-driven 

diffusion is occurring.

In this chapter, we will describe how the modelling of these interface regions is 

accomplished. In §1.1 and 1.2 a more detailed description of diffuse and dark  clouds 

respectively, will be given. These are two cloud types of particular interest in this 

work. §1.3 gives a  brief discussion of dust grains. In §1.4 we describe the processes 

by which different species are formed within diffuse and dark clouds. In §1.5 we give 

a description of the  physical model of the clouds as well a as brief discussion of the 

codes used and finally in §1.6 we discuss the grain surface physical processes.
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Table 1.1: Physical conditions in interstellar diffuse and dark clouds.

M ost of the interstellar space is occupied by very hot ‘coronal’ gas and by 

warm interstellar gas.

Hot ‘coronal’ gas ~  10® K, < 10“  ̂ cm"®,

which is heated by supernovae shocks.

W arm interstellar gas T  ~  10® K, nn < 1 cm"®,

which is heated by x-rays.

Region around massive stars T  ~  10^ K, n n ~  10^ cm"®,

which is heated by the copious UV radiation 

from the star.

However, these regions are not chemically im portan t. Diffuse and dark clouds 

are the regions where molecules are observed. Together, these regions occupy 

only a few percent of the interstellar volume, but contain alm ost all the mass.

Diffuse clouds T  ~  100 K, nn ~  100 cm"®.

Dark clouds T  ~  10 K, nn ~  lO'* cm"®.

Diffuse clouds are readily penetrated by starlight since the dust extinction is

less than  one optical depth in the visual. Radiative processes dom inate 

the chemistry in these regions. Stellar radiation is largely excluded from dark 

clouds. Both regions are freely penetrated  by cosm ic-rays (fast protons 

and electrons). Cosm ic-rays cause ionization which prom otes chemistry in 

the  clouds.

t  r  =  kinetic tem perature; $ ny =  num ber density of H nuclei.
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1.1 Diffuse Clouds

A simple definition of a diffuse cloud is th a t of a  parcel of gas and dust through 

which one can still see background stars (Meyer, 1997). The extinction caused by 

the dust in a diffuse cloud is usually taken to  be A y  <  2 mag, therefore starlight can 

easily pass through these regions. This penetration of starlight means th a t  the UV 

and optical radiation inhibits the form ation of molecular species within the clouds.

A typical example of a diffuse cloud is (  Ophiuchus, which is a bright early 

type s ta r a t a distance of ~  130 pc from the Sun. It is found th a t the light from 

the s ta r  is obscured by a t least two distinct diffuse clouds in the line-of-sight. UV 

and optical absorption lines of molecules have enabled us to  determ ine physical 

conditions including densities, tem peratures and radiation fields.

The molecules which have been detected in diffuse clouds include H2, CO, OH, 

NH, CH, CH+, CN and C 2. Liszt and Lucas (2001) have made a recent study 

of a num ber of diffuse clouds in the line-of-sight towards a sample of com pact 

extragalactic mm-wave continuum sources and detected a num ber of further species 

including HCO+, C2H and C3H2 .

1.2 Dark Clouds

M any of the identified molecular species are observed to  lie within relatively dense 

clouds. Unlike diffuse clouds, these regions are opaque to  visible and UV radiation, 

which is due to  the  high concentrations of dust within them . Such clouds are known 

as dark or molecular clouds. Typical dark  clouds are known as sources of s ta r  and 

planetary system  form ation and within these clouds dense clumps often exist (which 

have T  ~  10 K and nn ~  10^“  ̂ cm “ ^). A giant molecular cloud is an association of 

molecular clouds, which have been swept together by galactic-w ide events.

An example of a dark cloud is TM C-1 (Taurus M olecular Cloud -  1), which is a t 

a distance of ~  140 pc in Taurus. Ohishi and Kaifu (1998) recently made an exten­
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sive spectral line survey towards TM C-1 using the 45 m m m-wave telescope of the 

Nobeyam a Radio Observatory, National Astronomical Observatory of Japan . They 

detected 404 lines from 38 molecules including 11 previously undetected molecules 

(including CeH, CCO, COCO, CCS, CCCS, HNCCC, HCCNC, HCCCNH+, HC- 

CCHO, CH2CN and C3H). In to tal, 40 types of molecules have been detected in 

T M C -1 , including CO, HCN and HCO+.

1.3 D ust Grains

The surfaces of dust grains may provide sites for the  form ation of molecular species. 

A prime example of such a species is molecular hydrogen. Hydrogen is the most 

abundant species in the Universe and it is generally accepted th a t  H2 molecules 

are formed on the surface of dust grains (Hollenbach and Salpeter, 1971, given in 

reaction 1 .1).

H +  H : grain — )■ H2 +  grain (1.1)

The dust grain (with an atomic hydrogen attached to  its surface) acts as a sink 

(third body) for the excess energy th a t m ust be lost by the combining pair. Upon 

form ation, the  H2 molecule is immediately returned to  the  gas-phase. Assuming 

th a t every H atom  sticking to  the  surface of a grain ultim ately leaves as part of a 

H2 molecule, then the rate  of form ation by this process is given by equation 1 .2 .

=  g(MH 7T a ng u(H)P), (1.2)

which is equivalent to the collision rate  of H atom s striking the grain surface, times 

the sticking probability. n\{ is the number density of H atom s, n^ is the num ber 

density of grains, a is the radius of the grain, u(H) is the  velocity of the bom barding 

H atom  and P  is the sticking probability. The ra te  given in equation 1.2 is clearly 

the maximum possible rate for H2 form ation.
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To explain the observed fractional abundance of a num ber of o ther species (in­

cluding w ater ice, NH and CN) also requires the use of surface grain form ation. 

This is because their respective gas-phase chemistries are insufficient to account for 

their observed abundances Molecules trapped in ices on interstellar grains can in 

certain circum stances rapidly desorb (via a num ber of processes including therm al 

desorption, non-therm al desorption and photo-desorption), thereby significantly en­

hancing their gas-phase abundances.

1.4 G as-phase Chemical Network

There are two main m ethods for the form ation of interstellar molecules. The first 

involves grain surface reactions (as discussed in §1.3 and the second is gas-phase 

molecular form ation. Observations of molecules suggest th a t both form ation m eth­

ods are im portan t, the effectiveness of each depending on the  molecule. In this 

section, we will concentrate on gas-phase reactions. A discussion of grain surface 

reactions is given in § 1 .6 .

Chemical networks consisting of gas-phase atom s responsible for the form ation of 

more complex molecules have been widely studied (e.g. Dalgarno and Black (1976); 

Dalgarno (19766); W atson (1978)). Consider the physical processes occurring when 

a molecule is formed. There are three molecular bond processes (i) form ation (ii) 

destruction and (iii) rearrangem ent. Molecular bonds may either be formed in the 

gas-phase by radiative association reactions (X -f Y —)• XY +  hz/), or on grain 

surfaces. The molecular bonds can be destroyed by photodissociation reactions (XY 

-|- hz/ —>• X -t- Y), which are common in diffuse and translucent clouds where UV 

radiation can easily penetrate, or dissociative recombination reactions (XY"*" e~ 

—} X 4- Y), which can be rapid at low tem peratures. The final process involves 

the rearrangem ent of molecular bonds, which can be accomplished via ion-molecule 

exchange reactions (X"*" -f YZ -4- XY"*" -f Z), charge transfer (X"*" -f YZ —f X 4-
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YZ+) and neutral-neutral reactions (X -f- YZ -> XY +  Z).

It has been shown th a t ion-molecule reactions, ra ther than  radiative association 

reactions, are an efficient mechanism for molecular form ation. Both experimental 

and quantum  mechanical calculations have shown th a t ion-molecule reactions have 

very high rate coefficients, often corresponding to  a  reaction occurring on almost 

every collision. Conversely radiative association reactions are inefficient since the 

X -Y  system needs to  lose excess energy while they are in contact, otherwise the 

system would be forced apart. While the atom s are separated they posses kinetic 

energy, when they approach each other this kinetic energy increases due to  a m utual 

attractive force. As they collide they will s ta r t to  repel each other, due to  their 

overlapping charge clouds and unless an energy equivalent to  the bond energy of the 

system is removed the molecule will fall apart (Duley and Williams, 1984). N eu tra l- 

neutral reactions were also thought to  be inefficient a t low tem peratures; however 

radical-radical (e.g. CN +  O 2) and rad ical-unsaturated  molecule (e.g. CN +  C 2H2) 

reactions have recently been studied in the laboratory  and found to  be efficient.

1 .4 .1  C h em ica l N etw o rk s

A brief discussion of the main reaction networks of H, C, O, N and S is given below.

1.4.1.1 H ydrogen Chem ical N etw ork

In the gas-phase, H2 can be ionized and the products are used to  drive the chemistry

in the cloud, thereby producing more complex molecules. H2 is ionized by cosmic-

rays to  form a ion which rapidly reacts with another H2 to  form Hj", in the 

following sequence,

H2 -f- c.r. — y IÏ2^ “h e (1.3)

H2+ +  H2 —  ̂ H + +  H. (1.4)
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H3 then participates in more complex chemical networks involving proton transfer 

(H^ has a small proton affinity, therefore it can easily transfer protons to  most 

atom s and molecules in the interstellar medium), molecular hydrogen abstraction 

and dissociative recombination with electrons. This is seen in the reaction sequence

1.5-1.9.

Pro ton  transfer initiates the form ation of other species,

O +  H+ — ^ 0H +  +  H2 (1.5)

followed by H Abstraction:

O H + + H 2 — > H2O+ +  H (1.6)

H2O+ +  H2 — > H3O+ +  H (1.7)

and Dissociative Recombination:

H3 O ’*" +  electron — > H2O +  H (1.8)

— > OH +  H2 (1.9)

M olecular hydrogen can also be destroyed by photodissociation through a line 

excitation process. Although H2 is self-shielding, therefore while the molecules in the 

outer regions of the cloud are destroyed via direct photodissociation, the molecules 

in the inner region become shielded from the UV and remain unaffected.

1.4 .1 .2  Carbon C hem ical N etw ork

The ionization potential of atom ic carbon is less than  13.6 eV, therefore carbon 

exists mainly as in diffuse clouds. However, in dark  clouds, shielding of atom ic 

carbon from the background radiation means th a t it is present mainly in the form 

of C and CO.
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Dense
Cloud

Diffuse
Cloud

e.v

CHCH;CH

I'.C*

CH;

CgHCH:CH

Com plex
H ydrocarbonsCH

Figure 1.1; Schem atic diagram of the m ain reactions in the carbon chem ical network in 

diffuse and dark clouds. Figure taken from van Dishoeck (1998).

In diffuse clouds the carbon chemistry is initiated by the reaction, 

C+ +  > CH+ +  hi/ (1.10)

Although this reaction proceeds siowiy, once formed the CHj" ion rapidly reacts 

with Hz molecules to  form CH3 . The CH3 ion reacts with electrons to form CH 

and CH 2.

In dark clouds carbon chemistry is initiated when C reacts with H3 forming 

CH+,

C +  H+ — t CH+ 11% CH± H% C H t (1 .11)

In these regions CH3 reacts with species such as O, CO and HCN to form
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H#*

HCO

OH

H;0

HC O *

Figure 1.2: Schem atic diagram  o f the chem istry o f OH and H 2O in dense clouds. Figure

taken from Sternberg et al. (1987).

CO, CH2CO and CH3CN respectively. The carbon chemical network is depicted in 

Fig. 1.1.

1.4 .1 .3  O xygen C hem istry N etw ork

Unlike carbon, oxygen is mainly neutral, even in diffuse clouds. The oxygen chemical 

network is therefore initiated with reactions with H3 (given in equation 1.5). If the 

gas tem peratu re  is sufficiently high (T > 100 K), atomic oxygen may react with H+, 

to  form 0 H+ via the following sequence.

O +  H+ 0 +  +  H 

O+ +  H 2 — >OH+ +  H

(1.12)

(1.13)

The OH"'" ion rapidly produces OH and H2O, via the reaction sequence depicted in 

Fig. 1.2.
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Oxygen bearing molecules are mainly destroyed by photodissociation or reactions 

with C'^; OH may form C 0 + , which can lead to HCO+ and CO being formed.

1.4 .1 .4  N itrogen C hem istry N etw ork

Unlike C and O chemistries, the nitrogen chemical network a t low tem peratures is 

not initiated by reactions with H3 ions because the reaction is endothermie. Instead, 

the nitrogen network is initiated by neu tra l-neu tra l reactions with OH and CH to 

form NO and CN respectively.

N +  O H ^ N O  +  H (1.14)

N +  C H - ^ C N  +  H (1.15)

The nitrogen chemistry may also be initiated with a nitrogen ion reacting with 

molecular hydrogen, which when followed by further hydrogen abstraction and dis­

sociative recombination reactions can produce molecules such as NH, NH2 and NH3 .

N + +  Hj — >■ N H + +  H (1.16)

NH+ +  H2 — )■ NH+ +  H (1.17)

N H + +  e - — )■ NH +  H (1.18)

However, reactions of nitrogen with H3 ions (which have an energy barrier of

only 100 K) can occur to some extent, either therm ally or via the  internal ro tational 

energy of H2.

1.4 .1 .5  Sulphur C hem istry N etw ork

The sulphur chemistry network is similar to  th a t of nitrogen, whereby the chemistry 

network is not initiated by sulphur atom s reacting with a H3 ion. Although this 

reaction is exothermic, the subsequent reaction of S'*" with H2 (similar to  the nitrogen 

sequence given in equations 1.16-1.17) is endothermie. Sulphur bearing molecules
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socs

OH )  CONOCHCN

CO

CH,CH,CO

Figure 1.3: Schem atic diagram  o f the im portant reactions connecting the carbon, oxygen, 

nitrogen and sulphur chem ical networks. Figure taken from van Dishoeck (1998).

are, instead, formed from reactions of atom ic and ionic sulphur with oxygen and 

carbon bearing species to  form molecules such as CS and SO (examples are given 

below),

S +  CH — > CS +  H 

S +  OH — > SO +  H

(1.19)

(1 .20)

The carbon, oxygen, nitrogen and sulphur chem istry networks are also intercon­

nected. The im portant connection reactions between C, O, N, and S are depicted 

in Fig. 1.3.
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1 .4 .2  In itia l C o n d itio n s

In all the models studied, an initial set of elemental fractional abundances of all 

atom s is inputted into the model. The initial fractional abundance of each species 

depends on the physical conditions being studied. For dark clouds, depletion of 

atom s onto dust grains is taken in account when assuming the elemental fractional 

abundances. Both sets of conditions are given in Table 1.2. However, Table 1.2 gives 

representative values for each situation, and the abundances can be set to  represent 

any circumstance.

For instance, in C hapter 4 a warm high pressure interface in a diffuse cloud is 

being studied with varying intensities of the radiation field, therefore all the carbon 

is assumed to be initially in the form of C"  ̂ ra ther than  neutral C. Carbon could also 

be assumed to be partially ionized and partially neutral, or even in the form of CO. 

In some calculations a more complex set of initial conditions are assumed, where the 

cloud is taken to be initially molecular, this is known aa an initially molecular-rich 

“soup” (described in more detail in § 3.2).

1.5 Physical M odels

The chemical modelling of interstellar clouds, circum stellar regions and interface 

layers is accomplished using a set of integrated astrochem ical codes. The main code 

calculates the tim e-dependent fractional abundances of different species, assuming 

a semi-infinite parcel of gas with a plane parallel approxim ation. A program  called 

Deload (written originally by Dr. Lida Nejad) writes the  ordinary differential equa­

tions (ODEs) for all the species and corresponding reactions in the  chemical ratefile. 

The ordinary differential equations are inputted  into the main program  and using 

the in tegrator (GEAR), the tim e-dependent abundances are calculated.

The physical model uses a chemical network containing 337 species (238 gas- 

phase) incorporated into a reaction network of 4192 reactions (3865 gas-phase).
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Table 1.2: Initial elem ental fractional abundances of H, He, C, N, O, S, Mg, N a and Si,

appropriate for dark and diffuse clouds.

Species Dark Cloud 

Fractional Abundances

Diffuse Cloud 

Fractional Abundances

H 0 .0^ 0.4

He 7 .0 (-02 ) 7 .1 (-02 )

C 1 .0(-04) 3 .0 (-0 4 )

N 2 .0 (-05 ) 2 .0 (-05 )

0 2 .0 (-04 ) 6 .0 (-04 )

s 2 .0 (-08 ) 3 .0 (-06 )

Mg 3 .0 (-09 ) 2 .5 (-05 )

Na 2 .0 (-07 ) 1 .0 (-06 )

Si 7 .0 (-09 ) 1 .0 (-06 )

Notation a(b) =  a x 10^. f The initial abundance of H is set to  zero because all 

the hydrogen is assumed to  be initially molecular.

The ratehle contains species using nine elements, H, He, C, N, O, Na, Mg, Si and 

S. The original network was taken from the UMIST database (Millar, Farquhar and 

Willacy, 1997), although it originally only contained gas-phase species, the  freeze- 

out species were added later by Ruffle (1998) (see § 1.5.1).

The ratefile contains reactions of the type:

•N eutral — Neutral: X +  YZ —>■ XY +  Z

•Ion -  Neutral X+ -f YZ -4- XY+ Z 

•Charge — Exchange X+ +  YZ —>■ X +  YZ+

•Ion — Ion Neutralization X “ -T Y"  ̂ - 4  Z 

•Dissociative Recombination XY+ +  e~ —>■ X +  Y 

•Radiative Recombination X"*" 4- e"  ^  X 4- hr/
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•Associative D etachm ents X“ +  Y —> XY +  e“

•R adiative Associations X +  Y —> XY +  hz/

•Photoprocesses e.g. XY +  hz/ -4- X +  Y

XY +  hi/ -> XY+ +  e -  

X +  hz/ ^  X+ +  e - 

•Cosm ic — ray Ionizations X +  cosmic-ray proton —> X"*" +  e“

•Cosm ic — ray Induced Photoreactions XY +  cosm ic-ray photon -4- X +  Y

For each reaction, the rate  coefficient, k, can be calculated using one of the

following equations (1.21-1.24).

k = a  ( exp ( (cm^s“ ^), (1 .21 )
3 0 0 / " \ T

for tw o-body reactions, where T  is the gas kinetic tem peratu re  and o;, /3 and 7  are 

term s given in the  ratefile,

k = a  ( s - i ) ,  (1 .22 )

for direct cosm ic-ray ionization, where o- =  1.3 x 10“ ^  ̂ s~^ is the standard  in ter­

stellar cosm ic-ray ionization rate,

k = a  exp{—j  Av) (s“ ^), (1.23)

for interstellar photoreactions where a  represents the  rate  in the  unshielded inter­

stellar UV radiation held, and 7  is the param eter used to  take into account the

extinction of the UV radiation by dust particles, and

for cosm ic-ray induced photoreactions, where w is the grain albedo in the far UV, 

typically 0.6 a t 150 nm, and 7  is the probability per cosm ic-ray ionization th a t the 

appropriate photoreaction occurs.
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Table 1.3: Param eters required for the sin gle-p oin t code.

Initial density nuo

Final density nRf

Tem perature T

Initial elemental see Table 1.2

fractional abundance

Visual m agnitude

Ionization rate c+
Radiation field in units of G q

Freeze-out rate D

Grain radius r

Collapse param eter B

1 (  == 1.3 X 10  ̂ which is equivalent to  the standard  interstellar cosm ic-ray

ionization rate. 1 Go =  background interstellar radiation field.

In addition to the chemical ratefile and the corresponding species file, the main 

code also requires a number of param eters to  complete the calculation. These pa­

ram eters are given in Table 1.3.

1 .5 .1  F r e e z e -o u t  R ea c tio n s

Freeze-out reactions and simple grain surface hydrogenation reactions were added 

to  the original UMIST ratefile by Ruffle (1998). The freeze-out rate  onto dust grains 

for species X, r % i s  given by equation 1.25 (Rawlings et  a/., 1992).

rx  =  1,1 X i o - ‘V m A  { ^ y ' ^  ( i ^ ) ' ' '  ( r ^ )  . (1-25)

where D  is a param eter which describes the variation in sticking efficiency and the 

grain size distribution, A  is given either by equation 1.26 or 1.27, mx is the  mass of 

one particle of species X  and T  is the tem perature.
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A  = 1 (for neutral species) (1.26)

A  = l-\- (for positive ions) (1.27)

The variation in the A  param eter is due to  the fact th a t grains are assumed to 

be negatively charged. This is because electrons, being lighter than  positive ions, 

move faster and hence will collide more readily with grains. The radius of the grain 

is assumed to  be 0.1 /im and the sticking efficiency assumed in the  models ranges 

from 0 .1- 1 .0 .

1 .5 .2  S ta t ic  v s . C o lla p se  M o d els

The main code can be used to  calculate the tim e-dependent fractional abundances of 

species in an interstellar cloud, which can either be in a sta tic  s ta te  (pseudo tim e- 

dependent) or undergoing collapse (tim e-dependent). If the  cloud is in a sta tic  

sta te , then its density is assumed to be constant. Under these conditions, the visual 

extinction of the cloud. A y ,  is also assumed to be constant (typically these values 

might be A y  ~  0 for a diffuse cloud, 3 for a  translucent cloud and 10 for a  dark 

cloud).

If the interstellar cloud is, on the other hand, in a s ta te  of collapse, the desired 

initial and final cloud densities and respectively) are preset and the interim  

density values increase according to equation 1.28, given by Rawlings et al. (1992).

1 / 2

(L28)
dt  V MHo

where B  is the collapse param eter [B = 1 represents a free-fall collapse and B  < 1 

if m agnetic effects and rotational support are assumed to  be present), G  is the 

gravitational constant, t is tim e (where t = 0 is time from the onset of collapse) and 

mn =  1 atom ic mass units (a.m .u.).

There will also be a corresponding increase in A y  with density, and hence tim e 

for a collapse model. The change in A y  is given by equation 1.29 (Ruffle, 1998).
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Table 1.4: A dditional parameters required in the m u lti-p o in t code.

Number and position of depth points 

Density variation with depth point 

Tem perature variation with depth point 

Length of column of gas

/  \  2/3
A y  =  0.5 + 2 . 5  (1.29)

1 .5 .3  S in g le -p o in t  v s . M u lt i-p o in t  C a lcu la tio n s

There are two versions of the main code. The first, as described above, is a single­

point code calculating the tim e-dependent fractional abundances of each species. 

The second code uses an identical chemical ratefile but is a m ulti-point code. This 

version is used when considering more complicated astronom ical scenarios, such 

as th a t discussed in C hapter 6 . This m ulti-point code is more specifically a tw o- 

dimensional code, which calculates the tim e-dependent fractional abundance of each 

species a t different depth points in a column of gas.

The param eter set required for the the m ulti-point code includes the same as 

th a t for the single-point code (as given in Table 1.3) plus the  addition of a few 

others. These are given in Table 1.4.

1.6 Grain Chemical Network

It has been found th a t a significant fraction of molecular m aterial is present on 

grain surfaces (van Dishoeck and Blake, 1998), the study of which could provide 

information on the tem perature and levels of irradiation in the region. There are 

two main processes by which surface molecules are formed. F irstly  molecules can 

form in the gas-phase via reactions described in § 1.4 and subsequently accrete
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onto grain surfaces, or they can be formed on grain surfaces themselves via surface 

reactions. It should be noted th a t this process will also produce surface molecules 

which are subsequently desorbed into the gas-phase, either by therm al desorption, 

non-therm al desorption, or photo-desorption.

S tarting  initially with the large chemical gas-phase reaction network of Herbst 

and Leung (1989, 1990), Hasegawa, Herbst and Leung (1992) added a significant 

num ber of grain surface reactions involving complex molecules (up to  10 heavy 

atom s). Their chemical reaction network assumes dust grains with a radius of 

1000 Â, a density of 3 gcm“  ̂ and 10® surface sites for adsorption. The code also 

assumes the dust and gas tem perature to  be equal. The sticking probability of all 

neutral molecules and atom s striking the grain is assumed to  be 1, whereas molec­

ular and atomic ions are not assumed to  stick to the grain surfaces. The accretion 

rate  of neutral species is given by equation 1.30 (Hasegawa et a i ,  1992),

Racc{i) =  o’d < %(%) > n{i)nd (1.30)

where n(z) is the concentration of species i, n j  is the density of dust grains, <  u(%) > 

is its therm al velocity and crj is the geometrical dust cross-section.

Once the gaseous species have been adsorbed onto the grain surface, they ‘hop’ 

across the surface, reacting with other species a t one of the  different surface sites. 

The timescale of this therm al hopping is given by,

fhop =  i>~^exp {EkkTd) (1.31)

where i/ is the characteristic vibration frequency for the adsorbed species, is the 

dust tem perature and E\y is the potential energy barrier between adjacent surface 

potential energy wells (i.e. the different surface sites) (Hasegawa et oL, 1992). Al­

though it is found th a t the E^  values for most large species is prohibitively large, 

therefore the m ajority of surface reactions involve light, atom ic and diatom ic species.
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W ith their relatively small Ey values, these species can m igrate across the grain sur­

face a t relatively fast rates.

The tim e-dependent gas-grain chemistry is calculated by solving coupled (accre­

tion and therm al evaporation) differential equations. The ra te  equations for species 

i in the gas phase and on grain surfaces are given by,

=  (1-32)
dn{i) 

dt
t j

— ^ a c c (^ )  +  ^evap(*)

^  ^  (1-33)
I j j

T ^ a c c (* )  ^evap(0 ^ s ( 0 ’

where n{i) and ns{i) are the concentrations of gas-phase and surface species i re­

spectively, and K  and k signify the rates coefficients for the  gas-phase and surface 

reactions respectively.

The gas-grain chemical network of Hasegawa et al. (1992) consisted of 156 sur­

face reactions, involving 118 surface species which have been added to  the reaction 

network of Herbst and Leung (1989), which contained 2575 gas-phase reactions with 

274 gas-phase species. These models assume rate coefficients where surface reac­

tions are occurring a t a relatively fast ra te  compared to  the  gas-phase coun ter-parts. 

Once a species is adsorbed onto the surface, it moves quickly across the  surface and 

reacts with another species shortly afterw ards. A pproxim ate half of the reactions 

are hydrogenation reactions. More complex molecules, such as hydrocarbons and 

cyanopolyynes, can be formed with the addition of atom ic carbon and nitrogen. 

There is no activation energy if a hydrocarbon, which is a radical, reacts with a hy­

drogen atom , whereas a small activation energy exists if the  hydrocarbon contains 

an even number of hydrogen atom s.
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Accretion

Desorption
Evaporation

Migration

=  Mantle phase (immobile, non-reactive, no desorption) 

( 2 ^  =  Surface phase (mobile, reactive, accretion, desorption)

(-----  ̂ =  Gas phase (reactive, accretion, desorption)

=  Gram Core

Figure 1.4; Diagram  of the three-phase model

The gas-grain chemical network described was modified by Hasegawa and Herbst 

(1993n). Firstly, the model was further improved with the addition of gas-phase 

and surface chemistry reactions. The sulphur chemical network of Millar and Herbst 

(1990) was included into the original gas-phase network. The surface reaction net­

work also contained a number of significant additions. These include (i) hydro­

genation of hydrocarbons by H2 reactions, (ii) hydrogenation of other species by 

II2 reactions, (iii) reactions involving light radicals, and (iv) reactions from shock 

chemistry. In all, the modified network now contains 2671 gas-phase reactions, 254 

surface reactions and a number of new species. Another significant modification to 

the model was the addition of a non-therm al desorption term , which was accom­

plished by the inclusion of cosmic-ray heating of the entire grain.

Further modifications to the the gas-grain model were made by Hasegawa and
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Herbst (19936). In the original scenario, a tw o-phase model was assum ed, consist­

ing of the gas and the surface of the grain (a refractory core of the grain is also 

assumed to  exist). All the molecules lie on the grain surface and are available for 

chemical processing via reactions in the chemical network. However, th is tw o-phase 

assum ption is not realistic, in reality the grain surface is thought to  build up to  

approxim ately 100 monolayers. The new grain model consists of a refractory core, 

m antles and the surface layer. The m antle lies below the surface layer and therefore 

is assumed to  be chemically inert. This inert m antle region could now allow a build 

up of species to occur, which would otherwise be destroyed on the grain surface.

In the modified regime, a three-phase model is assumed, consisting of the gas- 

phase, grain surface and inert m antle region (depicted in Fig. 1.4). A chemical 

distinction between the grain surface and m antle is made. The m antle species are 

now totally  unreactive. The rate equations 1.33 and 1.34 were modified to  take 

into account the fraction of m aterial now lying in the inert m antle. The modified 

differential rate equations are now given by.

dn{i)

^ a c c (0 ^ (0  "b [^evap(0 "b ^ c r d (0 ]^ s (0 ’

(1-34)
I j j

-  ^ X O ^ ^ u ^ s ( j )  (1.35)
I j j

T ^ a c c ( 0 ^ ( 0  [^evap(0 "b [^ crd(^ )]^ s(^ );

where n{i) and 7%s(%) are the concentrations of gas-phase and surface species i respec­

tively. A capital K  signifies the rates coefficients for the  gas-phase and k  represents 

th a t for the surface reaction rate. Subscript evap and crd represent the therm al 

evaporation and the cosmic-ray induced desorption term s respectively.
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Additional alterations to the model were made after d a ta  from K atz et al. (1999) 

were released. Katz et al. (1999) made a study of the the activation energy barrier 

against diffusion, Eh for H and the desorption rates, E'd of H and H2 for different 

grain surfaces (olivine and amorphous carbon). They found th a t the energy barriers 

were higher than previously assumed in the original models. The diffusion rates 

of species are dependent on Eh and the desorption rates of species are dependent 

on the desorption rate  E ^ ,  and with the new higher barriers, hydrogen atom s are 

now thought to  diffuse across grain surfaces a t a slower rate. They also found th a t 

the form ation of molecular hydrogen does not occur via the  quantum  tunneling of 

a hydrogen atom  through the energy barrier to the activation site of the second 

hydrogen. Instead they proposed th a t H2 is formed when hydrogen atom s therm ally 

hop over the therm al heightened energy barriers. The coupling of the need for 

therm al hopping and the lower diffusion rates leads to an overall decline in hydrogen 

surface mobility and the slowing down of grain surface chemistry. It should also be 

noted th a t  the desorption energy for H2 on olivine is lower than  originally assumed.

The new da ta  was incorporated into the three-phase model by Ruffle and Herbst 

(2000), who altered the diffusion rate  of hydrogen to  the new, lower values. They 

produced two new models, the first (labelled M l) with the high energy barriers of 

hydrogen diffusion taken from Katz et al. (1999) for an olivine surface. The second 

model (labelled M2) contains the  the modified hydrogen diffusion rate  values and 

also assumes an increase in energy barriers for other reactive species. The original 

and modified Eh and Ejy values for all modified species are given in Table 1.5.

The final modification to  the gas-grain model to date, was made by Ruffle and 

Herbst (2001a). This further modification of the gas-grain model came about be­

cause the models M l and M2 described above, failed to  reproduce the observed 

high abundance of surface CO 2 towards Elias 16 (Gerakines et af., 1999). This dis­

crepancy in CO2 abundance has been explained by the photodissociation of surface
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Table 1.5: Original and m odified activation energy barriers and desorption energy (K) for

all m odified species.

£ ’0 (1) Value £ o (i)  Value

Species Original M l and M2 Original M l M2

H 350 373 100 200 287

H2 450 315 135 135 243

He 100 100 30 30 77

C 800 800 240 240 616

N 800 800 240 240 616

0 800 800 240 240 616

s 1100 1100 330 330 847

CH 654 654 196 196 504

NH 604 604 181 181 465

OH 1260 1260 378 378 970

species which are used in the form ation of CO 2 .

The gas-grain chemical network was therefore expanded to  account for photo­

chemistry. Two sources of photons were included in the model, the background 

interstellar radiation field and the cosm ic-ray induced UV field. The cosm ic-ray 

induced UV field is expected to  penetrate deep into the interiors of dense cores, 

whereas the background interstellar radiation field is not expected to  be effective a t 

visual m agnitudes greater than  ~  7.

The new photochem istry includes photodissociation reactions only, pho to - des­

orption is not modelled. Photoionization is also included but the resultant ion and 

electrons instantly  recombine to form secondary products (the chemistry of which is 

taken from the gas-phase chemical network). The increase gas-grain chemical net­

work now contains 4218 gas-phase reactions involving 455 species and 1202 surface 

reactions, involving 196 surface species.
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1.7 Aim s and Objectives

The aim of this thesis is to identify ‘tracers’ for the theoretical astrophysical in­

terface layers studied, and to  try  to explain observational d a ta  presently available. 

These tracers can give detailed information concerning the physical conditions in 

the environm ent, and may also help to  determine its evolutionary sta tus. Interface 

layers are especially interesting because they can provide information on a num ber of 

different processes and conditions occurring within the interface. This could include 

the extent of the  mixing between the two regions. It may be found th a t extensive 

mixing in interface layers is ubiquitous in the interstellar medium and th a t we should 

not necessarily consider the different interstellar regions and clouds as separate and 

distinct entities when constructing theoretical models.

C hapter 2 gives a  description of the form ation of w ater ice, in relatively quiescent 

regions. We study the efficiency of w ater ice formation under a variety of physical 

conditions. In C hapter 3 we look at the effects of the mixing of hot ionized gas 

into the edge of a cold neutral molecular cloud. C hapter 4 concentrates on the 

turbulent boundary layers of a diffuse cloud, and we consider the  effects of the high 

tem peratures and pressures which may be present. In C hapter 5, we sim ulate x-ray 

ionization in dark  clouds and include the form ation of C"'"+ to  study the effects on 

the abundance of CH"*". Finally in C hapter 6 we consider how, if present, a  photon 

dom inated region above a disk could enhance the column densities of molecular 

species and thereby providing a large number of tracers from which we could observe. 

Conclusions, and future work to  be accomplished are discussed in C hapter 7.



C h a p t e r  2

The Water Ice D istribution in Taurus

Observations show th a t water ice begins to  be deposited on grain surfaces a t a 

certain critical depth within molecular clouds, and th a t its column density beyond 

th a t depth rises nearly linearly with visual extinction into the cloud. Our aim is 

to  in terpret this behaviour in this transition in te r face  where ice is deposited using 

the gas-grain chemical model described in §1 .6 , and to  determ ine w hat constraints 

such an interpretation places on the physical model of such regions. We find th a t  for 

higher values of extinction, our models predict th a t much of the  elemental abundance 

of available oxygen is in the form of ice for evolutionary tim es greater than  about 

10  ̂ yrs., and this leads to the observed near-linear relationship between ice column 

density and ^ y .  For lower extinction, our models show th a t if any significant am ount 

of ice is still present, its existence can be a ttribu ted  to  great cloud age, to  our poor 

understanding of dust grain surfaces, or to  cloud dum piness. The first and third 

explanations pertain only if photo-desorption of ice is inefficient.

37
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2.1 Introduction

W ater ice is the m ajor constituent of grain m antles in dense, cold interstellar clouds 

(W hittet et a/., 1988). It was proposed by Jones and W illiams (1984) th a t ice is 

synthesised on the surfaces of interstellar grains via the hydrogenation of surface 

oxygen atom s when hydrogen atom s land on the grain and rapidly diffuse. The 

detection of water ice via the use of field stars as sources of infra-red  radiation, as 

opposed to internal protostellar sources, has been especially interesting because the 

cool foreground dust is not contam inated by warm regions surrounding protostellar 

m aterial. Given the heterogeneity of molecular cloud complexes, a m ajor focus of ice 

observations has been the determ ination of the relationship between the ice column 

density and the visual extinction along various lines of sight through a cloud complex. 

The two regions studied most closely have been the Taurus and Ophiuchus dark 

clouds. The former is a rather quiescent region of low mass s ta r  form ation while the 

la tte r is more active because of the  presence of nearby hot young stars th a t enhance 

the local UV field. Only the Taurus cloud has been studied using background field 

stars.

S tarting with the observations of Harris, Woolf and Rieke (1978) on the p Ophi­

uchus dark cloud and W hitte t et al. (1983) on the Taurus cloud, a num ber of obser­

vations have indicated a threshold, or critical visual extinction, Avcrit^ for detection 

of water ice of ~  3 in Taurus (e.g. W hitte t et a/., 1988; Sm ith et a i ,  1993; Chiar 

et «7, 1995) and ~  12 in Ophiuchus (Tanaka et a i ,  1990). The m ost recent paper 

on Taurus supporting this point of view is th a t of W hitte t et al. (2001), who derived 

a critical visual extinction of 3.2 ± 0 .1 . A similar critical extinction has been mea­

sured towards the dark cloud R Coronae Australis (W hitte t et oL, 1996). Two recent 

studies (Murakawa, Tam ura and N agata, 2000; Teixeira and Emerson, 1999) show, 

however, less evidence for individual distinct thresholds in Taurus and p Ophiuchus. 

In Taurus, which appears to be the better studied of the two sources, the  d a ta  of
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M urakawa et al. (2000), which are solely concerned with field stars as the sources 

of radiation, show a large scatter in d a ta  points a t v4y < 3, with some lines of sight 

showing detectable ice features. Although these au thors suggest th a t their d a ta  can 

be in terpreted  in term s of a variable critical threshold of 2-5 for ice detection, it 

is perhaps simpler to  conclude from their d a ta  th a t  there is no real threshold a t 

all. Indeed, the da ta  set of M urakawa et al. (2000) appears to  indicate detectable 

am ounts of w ater ice a t extinctions down to  less than  unity, but given the significant 

uncertainty in their relevant d a ta  points (see their Fig. 2), as well as difficulties in 

determ ining extinctions, it is unclear whether they have indeed detected ice a t very 

low extinction.

W hat all studies seem to agree upon is th a t above a certain extinction, there is 

a clear linear dependence between the ice column density and Ay, a t least through 

an extinction of ~  14. At higher visual extinctions, there may be a discontinuity in 

the ice vs. Ay curve if one includes w ater ice observed tow ards young stellar objects 

(YSO’s), as was done by Teixeira and Emerson (1999).

The existence of a critical extinction for the detection of water ice has been 

interpreted in term s of photo-desorption via external or internal u ltra-violet and 

infra-red  photons (Adamson et «A, 1988; Smith et al., 1993; W illiams et al., 1992) in 

an inhomogeneous medium. This in terpretation has been m aintained by M urakawa 

et al. (2000 ) despite their failure to  find a single threshold extinction for ice in 

Taurus. The lack of a single critical Ay has been explained in term s of dum piness 

(M urakawa et a l ,  2000).

Although the destruction of ice doubtlessly plays a role in determ ining the shape 

of the  ice vs Ay curve, little attention has been paid to  the form ation efficiency of 

w ater ice under differing physical conditions. The need to  consider both form ation 

and destruction suggests th a t a detailed study of the  chem istry of w ater ice be 

undertaken under conditions ranging from low density and low visual extinction to
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high density and high visual extinction. It is conceivable th a t when ice form ation is 

taken into account, calculated abundances may show th a t the ice column density- 

A y  plot is not particularly sensitive to  the dum piness of clouds along the lines of 

sight.

In this chapter, we report the use of chemical models to  investigate w ater ice 

abundances over a wide range of physical conditions relevant to  the interstellar 

medium. Our models used, incorporate both gas-phase and diffusive grain surface 

chemistry. The results we obtain are used to produce theoretical plots of ice column 

density vs. A y  which are then compared with observations for the well studied 

Taurus dark cloud. In § 2.2 we describe the models used, in § 2.3 we present the 

results and finally in § 2.4 we discuss the significance of our findings.

2.2 M odel Calculations

The models used contain the gas-grain chemical networks of Ruffle and Herbst 

(2 00 0 , 2 0 0 1a), in which gas-phase and grain surface chemistries are linked through 

accretion and desorption processes. The networks are based on a diffusive surface 

chemistry occurring on an olivine-like m aterial. Developed in response to  simula­

tions of new experimental d a ta  on the surface mobility of hydrogen atom s (Katz 

et aA, 1999), the networks incorporate slower rates of diffusion of species across 

grain surfaces than  assumed previously (e.g. Hasegawa, Herbst and Leung, 1992; 

Willacy and Millar, 1998). A variety of models have been developed from the chem­

ical networks (refer to  § 1.6 for a more detailed physical description of the models). 

Ruffle and Herbst (2000) make a detailed discussion of two distinct models -  M l 

and M2; these differ in the adopted surface diffusion rates. In M l, atom ic H is the 

only species with reduced mobility relative to  th a t  used in previous models, and 

the diffusion of H is not fully slowed to  the extent m easured by Katz et al. (1999). 

In M2, the atom ic hydrogen diffusion rate is indeed slowed to  the  m easured value,
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while the diffusion rates of all other species are slowed proportionally. In both m od­

els, desorption of surface species occurs via therm al evaporation (which returns only 

the most weakly bound species to  the gas-phase a t low grain tem peratures) and 

via heating caused by the passage of cosmic-rays through grains (Léger, Ju ra  and 

Om ont, 1985; Hasegawa and Herbst, 1993a). For dense quiescent sources, the extent 

of surface chem istry th a t occurs in M l is greater than  in M 2 , where only surface 

reactions involving atom ic H are of any im portance.

Ruffle and Herbst (2001a) went on to  extend models M l and M2 to incorporate 

surface photochem istry and were renamed P I  and P2, respectively. Terms were 

included for both the external background radiation field and the cosm ic-ray induced 

field. The surface photochem istry takes the form of photodissociation, with products 

remaining on the surface. Differences with the calculated gas-phase and surface 

abundances of the  earlier M l and M2 models occur only a t very long tim es for dense 

quiescent sources in molecular clouds.

In this work, we introduce new models which incorporate photo-desorption fol­

lowing the photodissociation of water ice. The cross sections for photodissociation 

are such th a t its efficiency per sufficiently energetic photon is approxim ately 0.01 

per monolayer if the monolayer is pure ice. A lthough photo-desorption via visible 

photons appears to  be very inefficient (Bourdon, Prince and Duley, 1982), there is 

some evidence for photo-desorption following photodissociation of w ater ice with UV 

photons. In particular, Westley et al. (1995) found th a t  pure cold ice can undergo 

photo-desorption a t the Lyman a  wavelength (122 nm) a t efficiencies up to  0.01. 

Although the efficiency apparently refers to the to ta l of all monolayers of ice up to 

the penetration depth of 450 Â, Westley et al. (1995) assume th a t  m ost desorption 

takes place in the outer monolayer. In addition, this efficiency is reached only after 

the ice is bom barded by a large number of photons. If, as suggested by the authors, 

the process involves interm ediate form ation of surface OH radicals via photodisso­
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ciation of water followed by photo-desorption of the radicals or their reaction with 

excited water molecules, then it is likely to  be even less efficient in the interstellar 

medium, where H atom s from the gas can recombine with surface OH radicals prior 

to  their desorption.

The models with limited photo-desorption were discussed in Ruffie and Herbst 

(20 0 1 a), for the case where all hydrogen atom s produced via surface photochem istry 

are ejected into the gas-phase. The results of these models for cold quiescent sources 

were found to be identical to  those in which the atomic H is retained on the surface 

because H atom s are sufficiently abundant in dense cores th a t enough atom ic H 

arrives on to the surface to  replace atom s ejected. In this chapter, the  effect of 

allowing both H atom s and OH radicals produced via photodissociation of surface 

water molecules to desorb are investigated. We assume two cases with different 

ejection efficiencies of H and OH, following photodissociation. The first case assumes 

a 100 % efficiency in OH desorption following photodissociation, which implies an 

overall efficiency per energetic photon per monolayer of 0.01. Since the process 

is allowed to occur for up to  100 monolayers of ice, this efficiency is far higher 

than  the maximum efficiency determ ined by Westley et al. (1995) with Lyman a  

photons except when only one monolayer of ice is present. The second case assumes 

only a 30 % efficiency in OH desorption. The versions of the models P I  and P2 

th a t incorporate this photo-desorption mechanism are labelled Z1 and Z2, and the 

corresponding P 2 model with a OH desorption efficiency of 30 % is labelled Z3. In 

Table 2.1 the five models used in this paper, P I , P2, Z l, Z2 and Z3, are compared.

In the models, grains with radii of 0.1 and 10® binding sites are assumed. A 

standard  value of the sticking coefficient of 0.5 is assumed. The standard  value for 

the cosmic-ray ionization rate, ( ,  of 1.3 X 10“ ^  ̂s“  ̂ is used. As in Ruffle and Herbst 

(2 0 0 0 , 200 1a), we use the “low m etal” values for the initial elemental abundances, 

following Lee, Bettens and Herbst (1996), which can be found in Table 2.2. These
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Table 2.1; Comparison of m odels with o liv ine-like grain surfaces.

Model H Diffusion Diffusion of O ther Species^ OH Photo-desorption

P I slow unaltered no

P2 very slow very slow no

Zl slow unaltered yes

Z2 very slow very slow yes

Z3 very slow very slow yes (30% efficiency)

f: all species other than  H and H2.

abundances pertain to the sum of the gas-phase and g rain-m antle  compositions; all 

the m aterial not incorporated in refractory grains is initially in the gas.

The kinetic equations used for surface diffusion are taken from the modified rate  

equation approach of Caselli, Hasegawa and Herbst (1998); Shalabiea, Caselli and 

Herbst (1998); Stantcheva, Caselli and Herbst (2001) although the need for modifica­

tions is greatly reduced due to  the low diffusion rates employed (equations 1.34-1.35). 

Recent work (Green et uA, 2001) on a full m aster equation technique for a small sys­

tem dem onstrates th a t a modified rate  equation approach is reasonably accurate for 

the chosen model conditions.

We have examined the behaviour of w ater ice over varying physical conditions, 

including a wide range of realistic interstellar environm ents from warm, tenuous 

diffuse clouds, through cooler translucent clumps, and on to  dense, cold, dark cores. 

The assorted densities, ny, tem peratures, T , and extinctions A y  used are given 

in Table 2.3. The assumed tem peratures apply to  both  the gas and the grains. 

The initial form of hydrogen is assumed to be either purely atom ic or molecular, 

depending on the density. It should be noted th a t the use of molecular ra ther than  

atom ic hydrogen at low A y  does not significantly affect our results. The chosen sets 

of conditions will be referred to hereafter by the value of A y .
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Table 2.2: Initial elem ental fractional abundances.

Elem ent(Initial Form) Fractional Abundance

H 1.00

He 1 .4 ( - 1 )

N 2 ,1 4 ( - 5 )

0 1 .7 6 ( - 4 )

c+ 7 . 3 ( - 5 )

s+ 8 . 0 ( - 8 )

Si+ 8 .0 (-9 )

Fe+ 3.0(—9)

Na+ 2 .0 (-9 )

Mg+ 7 .0 (-9 )

P + 3.0(—9)

C1+ 4 .0 (-9 )

The notation a(b) implies a X 10^.

Table 2.3: Com parison of selected m odel conditions.

A y MH(cm) T ( K ) L  (cm) Initial Form

O f Hydrogen

0.5 1 .0 (0 2 ) 25 8.0(18) Atomic

1 5.0(02) 20 3.2(18) Atomic

3 1.0(03) 15 4.8(18) Atomic

5 5.0(03) 10 1.6(18) Atomic

10 2.0(04) 10 8.0(17) Molecular

15 5.0(04) 10 4.8(17) Molecular

20 1.0(05) 10 3.2(17) Molecular

The notation a(b) implies a x 10 .
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To simulate the observed ice column density vs A y  curve, the assum ption has 

been made th a t the ice abundance along any given line of sight is determ ined by 

one m ajor component from those in Table 2.3 with a given length L, also listed in 

the table, and determined from the simple relation (van Dishoeck 1998),

,21 /T(cm) — 1.6 X 10 X I —  I , (2.1)
\ ^ i i  /

based originally on diffuse cloud da ta  (Bohlin, Savage and Drake, 1978) but consis­

ten t with other sources. All lesser contributions to  the ice column density along the 

line of sight have been ignored. The column density of w ater ice, A’(H2 0  ice), is 

calculated from the relation

N ( U 2 0  ice) =  x(H 2 0  ice) x riH x L, (2 .2 )

where x denotes the fractional abundance of solid w ater determ ined in our model 

calculations. Substituting L  from equation 2.1 yields

7V(H2 0  ice) =  x(H 2 0  ice) x 1.6 x 10^^ x A y  . (2.3)

Thus, if X  is constant, a plot of the column density of ice vs the visual extinction 

should be a straight line with slope z X 1.6 X 10^^.

In addition to studying the dependence of the w ater ice abundance on A y  we 

also consider the dependence of condensed phase CO on A y  since this has been 

studied observation ally for the Taurus dark cloud, although to  nowhere near the 

extent of the water ice studies.
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2.3 Results

2.3 .1  W a ter  Ice  v s . E x tin c tio n

The calculated column density of water ice vs A y  over the  range 0.5 <  vty <  20 

at assorted times is plotted for models P I  and Z l in Fig. 2.1, for models P2 and Z2 

in Fig. 2.2 and for model Z3 in Fig. 2.3. For P I  and P 2 , values are shown for 10^ 

yrs. (•••), 10® yrs. (-  • - )  and 10^ yrs. ( - • • • - ) ,  whereas for Z l and Z2, results are

given a t only 10® yrs. (— ) and 10  ̂ yrs. (------- ) since the results a t 10® yrs. do

not differ from those of P I  and P2. For the Z3 plot, results are given for all three 

times with 10® yrs. depicted as (- • •) and 10® and 10  ̂ yrs. linestyles are the  same 

as Z l and Z2. In addition to  the calculated results, the  observational results for the 

Taurus dark cloud of M urakawa et al. (2000, denoted by diam onds), W hitte t et al. 

(2001, denoted by stars), and of Teixeira and Emerson (1999, denoted by squares) 

are included in the figures. Uncertainties for selected d a ta  points of M urakawa et al. 

(2000) are also shown. D ata  a t higher visual extinction are not included. Finally, 

the solid line in each figure represents the column density obtained if w ater ice is 

assumed to  have a constant fractional abundance of 1.8 X 10""  ̂ cm"®, the maximum 

allowable given the abundance of oxygen used, a t all values of v4y.

Postponing a detailed discussion of the results a t low v4y (0.5 < < 6 )

until later, we see from the figures th a t the calculated results a t higher A y  show 

(a) a linear to  near-linear relationship between the w ater column density and A y  

for all models and tim es used, with a slope similar to  the observed data , and (b) 

an increasing water abundance with increasing tim e, especially for models P I  and 

P2, in which there is no photo-desorption. Moreover, the observational d a ta  are 

reasonably bracketed by the results of all models a t 10® yrs., which lie slightly below 

almost all of the observational points, and all models a t 10® yrs., which lie either 

slightly above them  (P I and P2) or above most of them  (Z l, Z2 and Z3). These d a ta  

are consistent with a constant fractional abundance of w ater ice equal to  ~  30 — 40%
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of the oxygen elemental abundance once yty exceeds 5. Some d a ta  a t higher visual 

extinction than shown indicate even higher ice abundances (Teixeira and Emerson, 

1999). Since the ordinate is linear, all model results a t all tim es lie within a factor 

of 2-3 of virtually all the observed ice column densities for A y >  5.

If there is evidence for dum piness along the line of sight, it is likely to  occur a t 

low A y  since small high density clumps with large fractional abundances of water 

ice will strongly affect the results. In Fig. 2.4, the low A y  results given in Figs. 2 .1 ,

2.2 and 2.3 are expanded. The da ta  of M urakawa et al. (2000) indicate th a t there 

may be lines-of-sight with A y  as low as 0.5 th a t show a significant column density 

(~  10^^ cm “ ^) of water ice. At these low Ay, the d a ta  of Teixeira and Emerson 

(1999) represent upper limits only. A variety of model results are shown in Fig. 2.4. 

Since the four models produce similar results a t 10^ yrs., results for only one model 

(P I) are plotted a t this time. Values are displayed for P I  a t 10^ yrs. (•••), 10® yrs.

(— ) and 10^ yrs. (— A — ), for P2 at 10® yrs. (— ) and 10^ yrs. (------- ), for Z l a t

10® yrs. ( -  • - )  and 10^ yrs. ( -  • • •), and for Z3 a t 10® yrs. (— X— ) and 10^ yrs. 

(— — ). Results for Z2 have not been included in Fig. 2.4 as they are very similar 

to  those for Z l.

It is useful for the purpose of comparison between theory and observation to 

divide the low A y  range into two sub-ranges: 0.5-3 and 3-6. W hether or not water 

ice has been detected in the former range is controversial (W hitte t et al., 2001), while 

the la tte r range is above the standard  extinction threshold. The A y  =  3-6 range is 

fit well by the models, which can be considered to represent translucent sources, as 

long as the time significantly exceeds 10® yrs., a ra ther short dynam ical tim e for all 

but dense clouds. In this range there is a good correlation between models Z3 a t 

10®“  ̂ yrs. and the observations. M ost of the column densities lie between results 

for models Z1/Z2 a t 10®“  ̂ yrs. and models P 1 /P 2  a t 10® yrs. The former models, 

which include a mechanism for photo-desorption of w ater ice, contain results which
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lie somewhat below the d a ta  points, while the la tte r models contain results th a t are 

somewhat above the data . Further fine-tuning of the tim e for P l /2  or the  efficiency 

of photo-desorption for model Z3 could improve the agreem ent even more.

The = 0.5-3 range is represented by diffuse to  weakly translucent cloud 

models. These clouds are likely to be dynamically old, and so it is reasonable to 

consider results a t a tim e in the vicinity of 10^ yrs. A t this time, there is a  strong 

difference between our P I  and P2 model results, on the one hand, and our Z l and Z2 

model results on the other hand. The P I  model results lie near or som ewhat below 

much of the M urakawa et a i  (2000) d a ta  while the  P2 model results lie somewhat 

above most of the data . A somewhat reduced time for P2 and a som ewhat longer 

time for P I  would reproduce the d a ta  better. The Z(l-3) models predict very low 

abundances, because of the photo-desorption mechanism, which is very im portan t 

for low extinction sources. Thus, the Z(l-3) model results are incom patible with 

the M urakawa et al. (2000) d a ta  but strongly support the existence of a critical 

extinction of ~  3 (see Fig. 2.4).

Towards the low end of the 0.5-3 extinction range, we cannot reproduce the 

non-zero M urakawa et al. (2000) d a ta  with any of our single-point calculations. We 

simply cannot produce significant am ounts of w ater ice for A y =  0.5, while for A y =  

1 , most of our models predict very low abundances of w ater a t tim es through 10  ̂

yrs. The lines of sight with supposedly large ice column densities of alm ost 10^^ 

cm~^ imply fractional ice abundances near 5 X 10~^. This value exceeds th a t of 

our most prolific model (P2) for ice production a t A y =  1 by a factor of 5 or so a t a 

time of 10  ̂ yrs.

If the non-zero ice points a t very low extinction are real, it is tem pting to  con­

clude th a t small clumps of high density are the cause although there are other 

explanations. For example, in models w ithout photo-desorption, the w ater ice abun­

dances build up as the  clouds age; a t a tim e of 10® yrs, for example, P2 yields a  very
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Table 2.4: C olum n density (cm of H2O ice for m odel P2 w ith A y

sticking coefficients, 5 , of 0.5 and 1.

=  1, 3, 5 and 10 for

T im e (yrs.) ^ v =  1 Ay =  3 A y =  5 ^ v =  10

5 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0

1(04) 1.5(13) 6.2(13) 7.7(14) 1.5(15) 5.3(15) 1.0(16) 3.7(16) 3.7(16)

3(04) 6 .1(13) 2.7(14) 2.4(15) 4.8(15) 1.7(16) 3.3(16) 1.2(17) 1.2(17)

1(05) 1.9(14) 1.1(15) 7.7(15) 1.5(16) 5.1(16) 1.0(17) 3.4(17) 3.4(17)

3(05) 5.4(14) 3.7(15) 2.4(16) 4.8(16) 1.5(17) 2.8(17) 7.8(17) 7.8(17)

1(06) 1.6(15) 1.0(16) 7.2(16) 1.4(17) 3.8(17) 6.4(17) 1.4(18) 1.4(18)

3(06) 5.1(15) 2.7(16) 2.1(17) 3.7(17) 7.8(17) 9.6(17) 1.9(18) 1.9(18)

1(07) 1.6(16) 6.6(16) 5.3(17) 7.2(17) 1.1(18) 1.2(18) 2.2(18) 2.2(18)

3(07) 4 .8(16) 1.3(17) 8.2(17) 8.6(17) 1.3(18) 1.4(18) 2.7(18) 2.7(18)

1(08) 1.3(17) 1.6(17) 8.6(17) 8.6(17) 1.4(18) 1.4(18) 2.7(18) 2.7(18)

The notation a(b) implies a  x 10^.

large column density of 1.3 x 10^^ cm~^ a t A y  =  1 . The form ation of w ater ice, 

though inefficient, is inexorable in models w ithout photo-desorption, as long as v4y 

is not less than  unity. The age needed for development of a  significant am ount of ice 

can be reduced considerably if we increase the sticking coefficient S  for gaa-phase 

species striking grains from 0.5 to unity. In Table 2.4, calculated column densities 

for ice using model P2 are tabulated for times through 10® yrs and A y =  1, 3, 5, 10 

for S  =  0.5 and 1. In particular, a t a tim e of 10^ yrs, the use of 5  =  1 in model P2 

leads to  a column density of 6.6 X 10̂ ® cm “  ̂ a t A y = l^  in good agreem ent with the 

high-ice, low extinction Murakawa et al. (2000) d a ta . O ther explanations for the 

possibly non-zero ice points at very low extinction are given in §2.4.
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Figure 2.1: Calculated and observed colum n densities of water ice as a function of A \  over the range 0 <  A y  <  20 for Taurus. Results for m odel P i are

given at three times: • • • denotes 10  ̂ yrs., -  • -  depicts 10® yrs. and -  • • ■ -  represents 10' yrs. Results for m odel Z1 are given at two t im e s : -------- depicts

10® yrs. w h i ls t  denotes 10^ yrs. D iam onds represent the observations of Murakawa et al. (2000), stars represent those of W hittet et al. (2001) and

squares those of Teixeira and Emerson (1999).
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Figure 2.2: Calculated and observed colum n densities of water ice as a function of A y  over the range 0 <  A y  <  2Ü for Taurus. Results for m odel P2 are

given at three times: • • • denotes 10  ̂ yrs., -  • -  depicts 10® yrs. and -  • • • -  represents 10' yrs. Results for model Z2 are given at two t im e s : -------- depicts

10® yrs. w hilst —  —  denotes 10' yrs. D iam onds represent the observations of Murakawa et al. (2000), stars represent those of W hittet et al. (2001) and

squares those of Teixeira and Kmerson (1999).
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Figure 2.3: Calculated and observed colum n densities of water ice as a function of A\/ over the range 0 <  / ly  <  20 for Taurus. Results for m odel Z3 are

given at three times: • • • denotes 10® y r s . ,  depicts 10® yrs. w h ils t  denotes 10' yrs.. D iam onds represent the observations o f Murakawa et at.

(2000), stars represent those of W hittet et al. (2001) and squares those of Teixeira and Emerson (1999).
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Figure 2.4: Calculated and observed colum n densities of water ice as a function of .4v over the lim ited range 0 <  .4y <  6 for Taurus. For m odel P I,

• • ■ denotes 10  ̂ yrs., — depicts 10® yrs. and — A —  represents 10" yrs. For P 2 ,  depicts 10® yrs. w h i ls t  denotes 10^ yrs. For Z l, 10® yrs. is

represented b y -  -  and -  • • • represents 10^ yrs. For Z3, 10® yrs. is represented by — x —  and — + —  represents 10^ yrs. The observed values are once 

m ore represented by diam onds (Murakawa et a i ,  2000), stars (W hittet et a i ,  2001) and squares (Teixeira and Emerson, 1999).
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2 .3 .2  C o n d e n s e d  P h a s e  C O  v s . E x t in c t io n

Teixeira and Emerson (1999) have studied the dependence of the condensed phase 

CO column density on Ay in Taurus. Their da ta  (represented by squares) are 

compared with our results for models P I  and Z l in Fig. 2,5. The results for models 

P2, Z2 and Z3 are not significantly different from th a t of P I  and Z l and therefore 

have not been depicted. It can be seen th a t CO ice appears to  become detectable a t 

A y  =  3, and th a t its column density gradually increases with increasing v4y, albeit 

with much scatter. Our model results generally agree with the observational da ta . 

In Fig. 2.5, we use the same symbols for model and tim e as in Fig. 2.1. Since the 

models produce similar results at 10^ yrs., once again only one model is plotted a t 

this time. The 10® yrs. line for model Z l has also been removed cls it is very similar 

to  model P I .

Unlike ice, condensed phase CO cannot be a chronom eter for any models, since 

its abundance does not build up on grains inexorably. It is produced in the gas phase 

and condenses onto grain mantles, where it can react slowly to  produce species such 

as formaldehyde and m ethanol (Ruffle and Herbst, 2000).
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Figure 2.5: Calculated and observed colum n densities of condensed phase CO as a function of A y  over the range U <  A y  <  20 for Taurus. Results for

model PI are given at three times: • • • denotes 10  ̂ yrs, -  ■ -  depicts 10® yrs and -  • • • -  represents 10^ yrs. Results for m odel Z l, denoted b y  , are

given for 10^ yrs. only. The squares represent the data of Teixeira & Emerson (1999).
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2.4 Discussion

W ith our current gas-grain chemical models, we have a ttem pted  to  sim ulate the 

relationship between the water ice column density and visual extinction seen in 

the direction of the Taurus dark cloud. According to  the  most recent observations 

(W hittet et a/,, 2001; M urakawa et al.  ̂ 2000; Teixeira and Emerson, 1999), there is a 

linear relationship between the two quantities which extends down from A y  =  20 to 

rather low extinction, at which point there may be a critical extinction of A y  ~  3, 

below which there is no water ice (W hitte t et a/., 2001), or there may be lines of 

sight with little extinction th a t do show a considerable am ount of ice (M urakawa 

et a i ,  2000).

Assorted models were run for sources with different but fixed conditions, rang­

ing from diffuse to  dense, and characterised by assumed values of gas densities, 

tem peratures, and A y .  The model results are concentrations of gas-phase and 

condensed-phase species cls a function of time, from which column densities can be 

estim ated. The ice column density along any line of sight in Taurus was assumed to 

be determined by one dom inant type of source, as listed in Table 2.3, which means 

th a t the possibility of several im portant clumps along a line of sight was not taken 

into account.

The model results can explain most and possibly all of the  observed relationship 

between ice column density and A y  w ithout additional assum ptions. For the  higher 

values of visual extinction (Ay ^  6), the models predict th a t much of the elemental 

abundance of oxygen is in the form of w ater ice a t times after 10^ yrs. This leads 

to  linear or near-linear relationships between ice column density and A y .  For the 

models w ithout photo-desorption of water, the ice abundance builds up with time, 

while for those models with photo-desorption, the build-up is much less dram atic. 

There is no single time of perfect agreement over the whole range of A y  which is 

expected since the denser objects doubtless have shorter dynamical lifetimes. For
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v4y ^  6, the d a ta  are fit best by assorted models a t tim es between 10^ and 10® yrs., 

while for somewhat lower A y  in the range 3-6, the d a ta  are fit well by models with 

longer lifetimes, depending specifically on whether photo-desorption is included.

For the range A y  =  0.5-3, observational d a ta  differ as to  whether or not water 

ice can be detected. W ithin the constraints of our olivine-based models and single 

source conditions along any given line of sight, the m ajor variable th a t  can lead to  

the production of water ice under conditions of low extinction is the lifetime of the 

source since w ater ice builds up inexorably in models (P I  and P2) w ithout photo­

desorption. Simply put, objects with high ice abundance and low extinction have 

remained cold for very long periods of time. The actual ages needed are sensitive to  

the sticking efficiency employed. This explanation is only useful for models w ithout 

photo-desorption. Models with efficient photo-desorption, on the o ther hand, show 

little w ater ice development a t any time in this range of extinction, and are thus in 

agreement with a critical value for extinction (W hitte t et a i ,  2001).

A second explanation for the possibility of ice a t low extinction is the diversity of 

grain surfaces, because the form ation of water ice can have different rates on surfaces 

other than  olivine. Ruffle and Herbst (20016) have recently developed a model th a t 

includes diffusive chemistry on amorphous carbon. On th is surface, adsorbates bind 

more strongly than  on olivine, and evaporation is less efficient a t diffuse cloud tem ­

peratures. Consequently, the form ation of w ater is also more efficient. For example, 

model results show an appreciable build up of w ater ice for A y =  1 by 3 X 10® yrs. 

As another example, current calculations show th a t surface chem istry on graphite 

may occur up to  much higher tem peratures than  on am orphous carbon via a non- 

diffusive mechanism known as the Eley-Rideal process (Meijer et a/., 2001). It m ust 

also be remembered th a t once a monolayer of ice is formed (corresponding to  a col­

umn density of 1.6 X 10̂ ® cm~^ a t A y = l) ,  the characteristics of the original surface 

will change appreciably and begin to resemble those of am orphous ice. Although a
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recent experimental study of H atom  diffusion on amorphous ice shows th a t molec­

ular hydrogen can be formed on such a surface a t low tem perature  (Manico et aZ., 

2001), detailed param eters for the motion, which would allow us to  model surface 

chemistry on ice, were not determined. From theoretical work on H diffusion on 

amorphous ice (Takahashi and Williams, 2000), it appears th a t the param eters for 

diffusive motion (desorption energy, barrier against diffusion), although likely to  

have a range of values on this complex surface, more closely resemble those used in 

our model for amorphous carbon than  those used for olivine. Thus, if a monolayer 

of ice can be formed under the harsh conditions of diffuse clouds on a surface such as 

amorphous carbon, the initial monolayer may “catalyse” the subsequent form ation 

of further monolayers.

A third explanation, discussed in some detail by M urakawa et al. (2000), is 

th a t any ice a t low A y  is caused by dum piness along the line of sight, which is 

to be expected given the degree of inhomogeneity perpendicular to  this direction. 

To fully explore this explanation requires a much more complex series of model 

calculations than  presented here, with a detailed trea tm ent of radiative transfer. 

Nevertheless, one can use the following argum ent to  gauge this possibility. In our 

current calculations, an extinction of 1 is interpreted in term s of a  diffuse cloud. 

Alternative in terpretations (taken from Table 2.3) could be (a) two clumps a t density 

5 X 10^ cm~^ and length 1.6 X 10^^ cm or 1 clump a t density 2 x 10^ cm~^ and length 

8.0 X 10^^ cm. For model P2, we obtain a to ta l ice column density of 3 X lOd^ cm “  ̂

for both alternative scenarios a t 10^ yrs., far in excess of the value of 1.6 X 10̂ ® cm “  ̂

obtained for the diffuse cloud case. It is perhaps more reasonable to  consider smaller 

ages for the clumps. If we consider an age of 3 X 10^ yrs., the enhancem ent is more 

modest but still noticeable, with to ta l com puted ice column densities of 3 X 10̂ ® 

cm “  ̂ for the two-clum p case and 8 X 10̂ ® cm “  ̂ for the one-clum p case. For the 

model Z2, which contains ice photo-desorption via photodissociation, the clump
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enhancem ent is greater although the initial diffuse cloud value is much smaller. A t 

an age of 1 X 10^ yrs., the computed A \  =1 ice column density in the diffuse cloud 

case is a very low 1 x cm “ ;̂ while the column densities for the  tw o-clum p and 

one-clum p cases are 5 X 10^^ cm “  ̂ and 2 x 10^^ cm “ ^, respectively, a t all times 

after lO'  ̂ yrs. These enhanced values are still well below the high-ice d a ta  points of 

M urakawa et al. (2000) a t very low extinction. It appears then th a t  altered model 

results incorporating cloud dum piness are consistent or inconsistent with the high 

ice, low extinction d a ta  points of M urakawa et al. (2000) depending upon whether 

or not photo-desorption of ice is not or is efficient.

2.5 Conclusions

To understand the dependence of the ice column density on A y  in more detail and 

to  understand what it tells us about the Taurus dark  cloud, we have run gas-grain 

chemical models under a variety of physical conditions. We have included the photo­

desorption of OH from grain surfaces, once it is formed from the photodissociation of 

water. For high extinction, our models predict th a t much of the  elemental abundance 

of available oxygen is in the form of ice for evolutionary times greater than  about 

10  ̂ yrs., and this leads to  the observed near-linear relationship between ice column 

density and A y .  For lower extinction, we find th a t if photo-desorption of w ater via 

photodissociation is inefficient under interstellar conditions, we can possibly account 

for relatively large abundances of water ice a t A y <  3 by great age, possibly by surface 

chemistry on initial surfaces other than  olivine, followed by form ation on ice itself, 

and by small dense clumps of m aterial along the line of sight. If, on the other hand, 

photo-desorption of ice is efficient, the first and third explanations, discussed above, 

do not appear to  help sufficiently, leaving only the second as a possibility. Absent 

this possibility, our results from the Z l, Z2 and Z3 models are in close accord with 

the view th a t  below a critical extinction of ~  3 no ice exists. These models with



2.5. Conclusions 60

efficient photo-desorption are partially supported by the photo-desorption studies 

of Westley et al. (1995) when not too many monolayers of ice are present. It is clear 

though th a t a full understanding of the proper low-extinction ice vs A\/ relation 

in Taurus and other sources will require an improvement in our understanding of 

surface chemistry, especially on amorphous ice, and of photo-desorption on a variety 

of surfaces.



C h a p t e r  3

B istability and Tem perature Effects in 

M ixing Regions

Cool neutral molecular clouds exist as discrete entities. They are embedded in a 

background gas, whose properties are not well understood. Yet, the background gas 

may affect the form ation and evolution of molecular clouds. Here, we assume th a t the 

cloud is embedded in ionized gas, and we consider processes in the  in te r fa ce  between 

the two media. We propose a simple m ethod of assessing the chemical consequences 

of mixing a t interfaces between cool neutral gas with ionized m aterial. It is shown 

th a t the tem peratu re  within the interface has a significant effect; a t low tem peratures 

10 K) the chemistry is significantly suppressed, bu t for tem peratures above 100 K 

the chemistry initiated by p ro ton /O -a tom  charge exchange gives rise to  a rich and 

abundant chemistry. The chemical s ta te  of the  cool neutral gas has an im portan t 

consequence for the interface. A mainly molecular cool gas can give rise to  a  high 

ionization s ta te  in the interface; this high ionization s ta te  appears stable against 

param eter variations. C 2H is one of the most easily observed molecules having a 

high abundance in some interfaces.

61
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3.1 Introduction

An interface layer between cold molecular gas and warm  ionized gas can occur in a 

variety of astronomical situations. Tracers of the conditions in these interface layers 

have been identified in several papers (Charnley et a i ,  1990; Duley et al.., 1992; 

Nejad and H artquist, 1994; Taylor and Raga, 1995; Rawlings and H artquist, 1997). 

Charnley ei al. (1990) studied the mixing of cool clump gas which are embedded in 

s ta r forming regions with stellar wind plasm a and found th a t CH is a good tracer of 

such clump-diffuse medium interfaces. They also sta ted  th a t the abundances of C 

and C"  ̂ increased in models with high mixing rates. Duley et al. (1992) s ta te  th a t 

the large observed column densities of CH'*’ could be due to  its form ation in cloud- 

intercloud interfaces. Nejad and H artquist (1994) extended the work of Charnley 

et al. (1990) by including the effects of magnetic pressure on the interface layer. The 

authors found th a t CH, OH and H2O are enhanced with the presence of heating in 

the boundary layer. They also found th a t the  fractional abundances of C 2 , C2H, 

CN and HCN are also sensitive to  the presence of mixing and heating. Taylor and 

Raga (1995) made a study of the turbulent boundary layer between a high velocity 

atomic wind and a stationary, molecular region and found th a t in this mixing layer, 

the tem perature becomes very hot (T > 10^ K) and therefore the layer becomes 

chemically active. Rawlings and H artquist (1997) examined the boundary layer 

between dark cores and warm, shocked T -T auri winds and found th a t C"*", CH, OH 

and CO are good tracers of this layer. Identification of these species in a particular 

interface should allow an inference of the extent of dynamical mixing or diffusion 

occurring in the region. Tracers th a t have been identified are generally molecular, 

and the chemistry th a t gives rise to  these species is driven by the enhanced ionization 

injected into the interface region.

Chemical models of such mixing regions are in principle rather complex. They 

require a coupling of chemical codes with a m athem atical description of the assumed
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mixing process. Such codes can be time consuming and difficult to  run. In this 

chapter we present a new and simple method of identifying potential chemical tracers 

of mixing zones.

The chemistry in interstellar clouds is largely energized by the cosmic ray ion­

ization of H2 and He,

H+ +  H -b e" 1.60% (3.1)

H^ +  G 88.90% (3.2)

H -b H 9.60% (3.3)

H - +  H+ + e ~ 0.03% (3.4)

where the to ta l ionization rate  in the interstellar medium has the canonical value of 

1.3 X IQ -i? s - i ,  and

He ^  He+ e" (3.5)

Complex reactions are mainly initiated by proton donation from Hj", which is 

formed rapidly in reactions of H with H2, and recombination of these protonated 

molecular ions gives rise to  various neutrals. For example, OH and H2O may be 

formed in the  following sequence of reactions:

O %  0 H +  H2O+ H3O+ OH, H2O (3.6)

Reactions of neutrals with He+ create ions from neutral species, and these ions may 

also feed the chemistry; e.g.

OH 0 + Jiî). 0 H + -------- . (3.7)

By contrast, protons are much less im portant in driving chemistry in a  mainly 

neutral gas. Charge exchange of protons with H2 is endotherm ie by 1.8 eV, and
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this energy barrier is not reached under cold cloud conditions. Accidentally near­

resonance charge exchange between protons and O atom s has an energy deficit of 

232 K and therefore this reaction is suppressed unless the tem perature  rises to  > 

100 K. Charge exchange of protons with other available interstellar species is very 

slow.

In most of the studies of chemistry in interfaces listed above, the injection of 

ions into the mixing layer gives rise to  the interface tracers. However, if the ions 

are mainly protons, then the molecular cloud may suffer a reduction of chemical 

complexity. The effect of an injection of ions into the  mixing layer will be discussed 

in this chapter. The different model calculations are described in § 3.2, the results 

and discussions are given in § 3.3 and conclusions are made in § 3.4.

3.2 M odel Calculations

We have explored the chemical effects of mixing by artificially m anipulating the 

branching ratios of reactions 3.1-3.4. The standard  branching ratio  consists of 88.9 % 

of H2 ionising to  form Hj", while only 1.6 % forming H"^, but if the rate  of the Hj" 

formation channel is reduced while th a t of the channel is increased, then we 

may regard this as representing the chemistry in an interface layer in which ionized 

atomic gas is injected into molecular gas. We illustrate the effects of such changes in 

a few simple single-point calculations in which the molecular gas is taken to  be cool 

(10 K) and dense (ny =  10^ cm “ ^). A m odest tem peratu re  rise may occur as the 

ionized gas is injected, and this rise can be included in the models. As an example 

of the utility of this approach, we run a grid of models to  explore the effects of a 

range of ionization rates of (IC-IOOC, where C =  1.3 X 10~^^ s “  ̂ =  the canonical 

interstellar value).

The chemistry used in this chapter consists of 2950 reactions relating to  238 gas 

phase species taken from the UM IST database (as described in §1.4. The effects of
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Table 3.1: Param eter set for each m odel.

Model T (K) Production Rate of Chemical Composition Ionization

H+ at t = 0 R ate, (  (s“ ^)

A 10 1.63% 88.75 % atom ic 1 , 100

B 10 88.75 % l j # % atom ic 1 , 100

C 10 88.75 % i ^ a % molecular 1 , 100

D 10 8&75 9o 0 % atom ic 1 , 100

E 100 88.75 % 1.63% atom ic 1 , 100

freeze-out on to  grain surfaces have been excluded, so we have implicitly assumed 

th a t desorption is effective. There is some evidence th a t this may be the case 

(Willacy and Williams, 1993; Howe et a/., 1996; Taylor et a/., 1996). The clouds 

are assumed to  be dark therefore the initial chemical conditions set for all models, 

except Model C, are equivalent to  those of a dark cloud (see Table 1.2 for elemental 

abundances). The number density of H nuclei is taken to  be lO'  ̂ cm “  ̂ and the visual 

extinction v4y, is assumed to  be 10. Each model is run using both the standard  

cosmic ray ionization rate  and 100 times the standard  rate.

For Model C a more complex set of initial conditions is adopted. Instead of 

assuming an initial simple set of atomic species consisting of H, He, C, N, O, S, Mg, 

Na and Si, a  molecular rich set of all 238 gas phase species is used. This is the first 

tim e th a t such an extensive chemistry has been used in an investigation of interfaces, 

and its adoption was facilitated by the simple approach employed to  tre a t mixing. 

The molecular set of conditions is generated by making an initial calculation of a 

cloud of same density, tem perature and Ay, and running the model until a s teady - 

sta te  is reached. The steady -sta te  fractional abundances are then inputted  into the 

new models, described above, as the initial cloud composition.

The model types explored in these calculations are listed in Table 3.1 in which
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the assumed production rates of and Hj" for equations 3.1 and 3.3 are given. 

Table 3.1 also gives the values for the cloud tem perature, initial chemical composition 

and assumed ionization rates. In summary, Model A is the  reference standard  model, 

while in the other models the H"*" and branching ratios are modified. Models C 

explore the consequences of an initially molecular rich assum ption. Models D test 

the effect of switching off Hj" production entirely (reaction branch 3.3), and Models 

E examine the effects of a tem perature increase, due to  the injection of hot, ionized 

gas in the mixing zone.

3.3 Results and Discussion

Selected results are shown in Figs. 3.1 and 3.2 for Models A and B for an ionization 

rate  of 1{ and lOOC respectively. It can be seen in Fig. 3.1 th a t, while CO is 

unaffected by the switch in branching ratios, C, C"  ̂ and CH should be good tracers 

of mixing, each being enhanced in Model B by over one order of m agnitude. This 

increase in the abundances of C, C+ and CH has a counter productive effect on the 

abundances of species such as C3H2 and H C O ^. From Models A to  B the abundance 

of C3H2 decreases by over two orders of m agnitude. This is due to  the low abundance 

of H3 , which is a direct consequence of the  low form ation ra te  of H ^. The H3 ion is 

used to initiate more complex chemistry networks, including the carbon chemistry 

in dark clouds via the reactions,

C +  H+ ^  CH+ — } CH+ --------  (3.8)

The initiation of the carbon chemistry is also depicted in Fig. 1 .1 .

A more noticeable decrease can be seen in HCO+ which can be a ttribu ted  to  the 

low production rate  of H3 , which is required for the main form ation path of HCO^", 

given by the reaction,

H+ +  CO ^  HCO+ +  H. (3.9)
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W hen comparing Models A and B a t the higher ionization rate  of 100{ (see 

Fig. 3.2), it can be seen th a t, although there is still an enhancem ent in abundance 

of C, C’*' and CH from the standard  model, there is now little difference between 

Models A and B. This is due to presence of such a high ionization rate. The high 

ionization rate photodissociates species such as CO into C and O, and these atom s 

are then ionized by the increase abundance of He"  ̂ (the abundance of which follows 

the cosm ic-ray rate). The large decrease in abundance of C3H2 and HCO+ is still 

seen.

W hen the ionization rate  is enhanced in Models A and B, the  general effect is a 

reduction of molecular abundances in the mixing zone. This occurs mainly because 

of the destructive effects of He"^. This can more clearly seen in Figs. 3.3 and 3.4. 

Fig. 3.3 depicts the results for Models A with an ionization rate  of and 100^ and 

Fig. 3.4 depicts the results of varying ionization rates for Models B.

Thus, for Model A (Fig. 3.3), CO is reduced by two orders of m agnitude, CH is, 

however, enhanced by the C"  ̂ released from CO by the reaction,

He+ 4- CO —4 C+ +  O, (3.10)

while other hydrocarbons remain at about the same level. For Model B (Fig. 3.4), 

the decrease in abundance of CO, HCO+ and C3 H2  is further depressed, as the H3  

route is an im portant contributor to their production.
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Table 3.2 presents results for Models A, B and C, after steady sta te  has been 

reached. These tabulated  results illustrate clearly the  points made above, and in 

particular emphasize the im portant prediction th a t there are ra ther few tracers of 

low tem perature  interfaces.

Models C (initially molecular-rich) give results th a t  differ considerably from 

those of Models B. Most notably, the results for Model C, case are a high ion­

ization solution in which C'*' is a very abundant ion and the priority order of the 

fractional abundances of C"*", C and CO is reversed from Model B, l^ . Consequently, 

some of the hydrocarbons, e.g. C 2H, are considerably enhanced in abundance. In­

tuitively, one might expect the chemistry predicted in Models B and C to  differ 

a t interm ediate times but to  converge as one approaches the steady sta te . This is 

apparently not the case. In the astrochem istry literature, the term  “bistability” 

is associated with the existence of two solutions of the chemical rate  equations for 

s tead y -sta te  conditions. The existence of two m athem atical solutions for certain 

regions of param eter space has been known for some tim e and has been investigated 

by Le Bourlot et al. (1993) and Lee et al. (1998). The two stable s tead y -sta te  solu­

tions are labelled the high ionization phase and the low ionization phase. The high 

ionization solution is characterized by a high C /C O  abundance ratio, whereas the 

low ionization solution is characterized by a low C /C O  abundance ratio.

For the m ost part, in Model C the 100( case shows very similar trends to  th a t of 

the 1(  case, with the notable exception of an enhancem ent in the  abundance of OH 

and H2O. As with the CH enhancem ent between Models A and B sta ted  earlier, this 

can be a ttribu ted  to  the increase in ionization rate . It rem ains unclear whether the 

high ionization solutions represent physical reality. Some authors have found the 

solutions to be very sensitive to param eter choices and to  exist over rather narrow 

regions of param eter space (Pineau des Forêts et al.^ 1992; Le Bourlot et a/., 1993, 

1995). It appears th a t bistability is less likely to  appear where the models are made
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Table 3.2: Steady-state fractional abundances for a selection of species for Models A, B,
and C.

Species 1C (s-i) lOOC (s-i)
Model A Model B Model C Model A Model B Model C

H 1.2(-04) 8.8(--05) 4.3(-03) 1.2( - 02) 7.9(-03) 1 .0 ( - 02)
H+ 4.7(-10) 3.2(-06) 1.4(-05) 2.9(-06) 3.3(-05) 1.3(-05)
0 9.1(-05) l.l( -0 4 ) 2.0(-04) 2.0(-04) 2.0(-04) 2.0(-04)

OH 8.1(-08) 1.8( - 10) 4 .0 ( - l l) 2.9(-08) 3.2(-09) 1.2(-09)
H2O 1.9(-06) 4 .5 ( - l l) — 6.2(--09) 5.0(-10) 5 .3 ( - l l)
C2H2 4.1(-09) 6 .1( - 11) 1.6 ( - 10) 8 .1( - 10) 1.3(-11) 6 .3 ( - l l)

C 3.6(-07) 1.5(-05) l.l( -0 5 ) 8.7(-05) 9.3(-05) 1.2(-05)
C+ 3.8(-09) 1.2(-07) 8.9(-05) 1.2(-05) 6.9(-06) 8.8(-05)
CH 2.5(-10) 6.3(-09) 9.6(-08) 9.0(-09) 7.3(-09) 4.9(-08)
CH2 5.1(-11) 1.7(-09) 6.0(-09) 4.6(-10) 4.9(-10) 2.5(-09)
CH3 4 .2 ( - l l) 6 .4 ( - l l) 1.2 ( - 10) 2.9(-10) 3 .4 ( - l l) 8 .8 ( - l l )
C2H 4 .8 ( - l l) 9 .6 ( - l l) 1.2(-08) 3.1(-09) 2 .0( - 10) 4.8(-09)
C3H 4.1(-08) 1.8 ( - 11) 1.4(-10) 6.7(-10) — 3 .8 (- l l)
C3H2 4.2(-09) 1.2( - 11) — 7.3(-10) — —
CO 1.0(-04) 8.5(-05) 8.8(--08) 5.6(-07) l.l( -0 7 ) 3.8(-08)

HCO+ 5.6(-10) — — — — —
H2CO 1.6(-08) 4.1(-11) — I.I(-IO ) — —

s 1.7(-09) 5 .8 ( - l l) 3.1(-10) 5.1(-10) 5.0(-10) 3.3(-10)
s+ 4.1(-11) 1.9(-08) 2.0(-08) 1.9(-08) 1.9(-08) 2.0(-08)
cs 1.6(-08) 3.6(-10) 1.6 ( - 11) 1.3(-10) — —
He 7.0(-02) 7.0(-02) 7.0(-02) 7.0(-02) 7.0(-02) 7.0(-02)

He+ 2.5(-10) 3.2(-10) 7.1(-09) 8.2(-07) 8.8(-07) 7.1(-07)
Mg 1.5(-09) 1.4(-10) 1.3(-10) 1.4(-10) 1.4(-10) 1.3(-10)

Mg+ 1.5(-09) 2.9(-09) 2.9(-09) 2.9(-09) 2.9(-09) 2.9(-09)
N 7.9(-07) 1.8(-05) 2.0(-05) 2.0(-05) 2.0(-05) 2.0(-05)

N+ l . l ( - l l ) — — 2.9(-10) 6 .7 ( - l l) 5 .3 ( - l l)
NH3 1.7(-08) — — 1.4(-11) — —

HC3N 8.7(-10) — — — — —
Na+ 1.4(-07) 2.0(-07) 2.Q(-07) 1.9(-07) 2.0(-07) 2.0(-07)

C4 4.8(-10) — 3.0(-10) 7.8(-10) — 5 .4 ( - l l)
Na 6.4(-08) 4.9(-09) 5-0(-09) 5.2(-09) 4.8(-09) 5.0(-09)
Si 1.5(-10) 3.0(-10) 4 .8 ( - l l) 1.4(-10) 2 .1( - 10) 5 .3 ( - l l)

Si+ l.l( - lO ) 6.7(-09) 7.0(-09) 6.9(-09) 6.8(-09) 6.9(-09)

Notation: a(b) =  a X 10^; A dash (-) indicates th a t the fractional abundance
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more complex, including for example time dependence and freeze-out of species 

onto dust grains. A series of models were made to  test the robustness of the high 

ionization sta te  found. These models were made assuming varying densities and 

tem perature conditions. The models also assumed the same initial molecular rich 

conditions used in Models C. The results from these models, for the same selection 

of species as discussed in Table 3.2 are given in Table 3.3. From a consideration 

of these ex tra  models, it is found th a t the high ionization s ta te  appears stable. If 

Model C results do represent reality, then the solution is very striking, and C+ and 

C emissions should be strong in interfaces where the m aterial is mainly molecular.

Results for Models D (equation 3.3 switched off) are not presented here. They 

show the expected behaviour, w ith only small changes from the results of Models 

B (significantly reduced Hj" form ation). A few results for Model E calculations, in 

which we have assumed a tem perature  increase are presented in Table 3.4. The 

changes in Models E results from those of Models B are generally dependent on the 

specific species being studied. For the !(" case, species such as CO, CH and He+ 

show very little change, whereas a two order of m agnitude change in abundance can 

be seen for some species such as OH, H2O, HCO+ and NH3. The effect of an increase 

in tem perature is even more pronounced in the lOOC case. Even the species which 

showed fairly small changes for !(" show a fairly significant change in abundance in 

the case of high ionization rate. Therefore, the mixing zone tem peratu re  plays a 

critical role in determining its chemistry.
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Table 3.3: Steady-state fractional abundances for a selection of species for extra models to
test validity of bistability.

nil (cm 104 10%

T (K ) 10 100

C (8- 1) 1C lOOC 1C lOOC
H 4.0(-03) 2 .8 ( - 02) 2.4(-03) 3.2(-03)

H+ 4.3(-08) 4.2(-06) 3.9(-10) 4.5(-08)
0 2.0(-04) 2.0(-04) 2.0(-04) 2.0(-04)

OH 3.3(-09) 3.2(-07) 3 .8 ( - l l) 3.6(-10)

H2O 5.7(-10) 5.3(-08) — 4 .7 ( - l l)

C2H2 5 .9 (- l l) l . l ( - l l ) 1.7(-09) 1.3(-09)
C 3.7(-06) 4.7(-06) 4.4(-05) 4.4(-05)

C+ 9.6(-05) 9.3(-05) 5.4(-05) 5.4(-05)
CH 7.6(-08) 1.5(-08) 1.4(-07) l .l( -0 7 )
CH2 5.0(-09) 6.5(-10) 6.9(-09) 5.2(-09)

CH3 4 .9 ( - l l) 3 .5 ( - l l) 1.9(-10) 1.8 ( - 10)
C2H 1.3(-08) 2.4(-09) 2.9(-08) 2.3(-08)
C3H 7 .7 (- l l) 1.3(-11) 5.1(-10) 4.0(-10)
C3H2 1.5(-10) 2 .5 ( - l l) 1.8(-09) 1.4(-09)

CO l.l( -0 7 ) 1.9(-06) 1.5(-06) 1.2(-06)
HCO+ 2 .0 ( - l l ) l .l( -0 9 ) — —

H2CO — — 2 .3 ( - l l) 2 .1( - 11)
s 8 .4 ( - l l) 9 .6 ( - l l) 4.9(-10) 4.7(-10)

s+ 2.0(-08) 2.0(-08) 1.9(-08) 1.9(-08)

c s 1.7(-11) — 6 .6 ( - 10) 5.1(-10)
He 7.0(-02) 7.0(-02) 7.0(-02) 7.0(-02)

He+ 2.6(-09) 2.3(-07) 5.1(-10) 5.6(-08)
Mg 1.8 ( - 11) 1.8 ( - 11) 1.3(-10) 1.3(-10)

Mg+ 3.0(-09) 3.0(-09) 2.9(--09) 2.9(-09)
N 2.0(-05) 2.0(-05) 2.0(-05) 2.0(-05)

Na+ 2.0(-07) 2.0(-07) 2.0(-07) 2.0(-07)

C4 2 .0 ( - 10) 2 .8 ( - l l ) 4.1(-09) 3.1(-09)
Na 1.0(-09) 1.0(-09) 5.0(-09) 5.0(-09)
Si 1.3(-11) 1.6 ( - 11) I.O(-IO) I.O(-IO)

Si+ 7.0(-09) 7.0(-09) (6.9-09) 6.9(-09)

Notation: a(b) =  a X 10^; A dash (-) indicates th a t  the fractional abundance

< 1( - 12).
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Table 3.4: S teady-state fractional abundances for a selection o f species, for M odel B

(T  =  10 K) and M odel E (T  =  100 K).

Species 1C lOOC ( s - i )

T = 1 0  K T = 1 0 0  K T=10 K T = 1 0 0  K

H 8.8(-05) 1 .8 (-0 4 ) 7 .9 ( -0 3 ) x .8 ( - 0 2 )

H+ 3.2(--06) 4 .1 ( -0 8 ) 3 .3 ( -0 5 ) 2 .8 ( -0 6 )

0 l . l ( - 0 4 ) 9 .6 ( -0 5 ) 2 .0 ( -0 4 ) l . l ( - 0 4 )

OH I.S (-IO ) 4 .9 ( -0 8 ) 3 .2 ( -0 9 ) 2 .2 ( -0 6 )

H2 O 4 . 5 ( - l l ) 4 .8 ( -0 7 ) 5 .0 ( -1 0 ) 7 .8 ( -0 7 )

C 2H 2 6 .1 ( - 1 1 ) 6 . 5 ( - l l ) 1 .3 (-1 1 ) 8 .6 ( - l l )

C 1 .5 (-0 5 ) 6 .8 ( -0 7 ) 9 .3 ( -0 5 ) 1 .5 (-0 5 )

c+ 1 .2 (-0 7 ) 1 .0 (-0 7 ) 6 .9 ( -0 6 ) 9 .6 ( -0 7 )

CH 6 .3 (-0 9 ) 2 .7 ( -1 0 ) 7 .3 ( -0 9 ) 4 .2 ( -1 0 )

CH2 1 .7 (-0 9 ) 5 . 7 ( - l l ) 4 .9 ( -1 0 ) 2 .8 ( - l l )

CH3 6 . 4 ( - l l ) — 3 . 4 ( - l l ) 5 . 6 ( - l l )

C2H 9 . 6 ( - l l ) — 2 .0 ( - 1 0 ) 2 .7 ( -1 0 )

C3 H 1 .8 ( - 1 1 ) — — 5 . 6 ( - l l )

C3 H 2 1 .2 ( - 1 1 ) — — 2 .0 ( - l l )

CO 8 .5 (-0 5 ) 9 .9 ( -0 5 ) l . l ( - 0 7 ) 8 .4 ( -0 5 )

HCO+ — 3 .4 ( -1 0 ) — 3 .3 ( -0 9 )

H2 CO 4 .1 (-1 1 ) 3 .3 ( -1 0 ) — 3 . 4 ( - l l )

s 5 . 8 ( - l l ) 1 .0 (-0 8 ) 5 .0 ( -1 0 ) 4 .2 ( -0 9 )

s+ 1 .9 (-0 8 ) 6 .9 ( -0 9 ) 1 .9 (-0 8 ) 1 .5 (-0 8 )

cs 3 .6 (-1 0 ) 2 .3 ( -0 9 ) — 6 .2 ( - 1 0 )

He 7 .0 ( -0 2 ) 7 .0 ( -0 2 ) 7 .0 ( -0 2 ) 7 .0 ( -0 2 )

He+ 3 .2 (-1 0 ) 2 .4 ( -1 0 ) 8 .8 ( -0 7 ) 2.8(-08)
Mg 1 .4 (-1 0 ) 7 . 5 ( - l l ) 1 .4 ( -1 0 ) 2 .1 ( - 1 1 )

Mg+ 2.9(-09) 3 .0 ( -0 9 ) 2 .9 ( -0 9 ) 3 .0 ( -0 9 )

N 1 .8 (-0 5 ) 3 .5 ( -0 6 ) 2 .0 ( -0 5 ) 1 .5 ( -0 5 )

N+ — — 6 . 7 ( - l l ) —

NH3 — 1 .2 (-0 8 ) — 3 .0 ( -0 9 )

HC3 N — — —

Na+ 2.0(07) 2 .0 ( -0 7 ) 2 .0 ( -0 7 ) 2 .0 ( -0 7 )

C4 — — — —

Na 4 .9 ( -0 9 ) 3 .7 ( -0 9 ) 4 .8 ( -0 9 ) 1 .0 ( -0 9 )

Si 3 .0 (-1 0 ) 5 .4 ( -1 0 ) 2 .1 ( - 1 0 ) 1 .2 (-0 9 )

Si+ 6 .7 (-0 9 ) 5 .1 ( -0 9 ) 6.8(-09) 5 .7 ( -0 9 )

Notation: a(b) =  a x 10^; A dash (-) indicates th a t  the fractional abundance

< 1( - 12).
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3.4 Conclusions

The m ethod described here offers a simple approach to  the prediction of the  appear­

ance of im portant tracers in mixing zones between cold molecular gas and warm 

ionized gas. If the tem perature remains low, then C, C'*' and CH are enhanced in 

the mixing zone. The enhancement is dram atic if the high ionization solution is a 

valid representation.

If there is an increase in tem perature after mixing has occurred a different set of 

tracers would be needed to  identify mixing in the gas. For instance CH would now 

not be a very good tracer of mixing, but OH, H2O, HCO+ and NH3 are significantly 

enhanced because the higher tem perature drives the H + /0  charge exchange reaction, 

which feeds the oxygen chemistry. Mixing is most likely accompanied by heating. 

Therefore, we might expect the results for the type E, lOOC to  be most typical for 

mixing layer chemistry. Our calculations indicate th a t  such mixing zones should be 

deficient in species such as CH while the abundance of OH should increase.



C h a p t e r  4

Polyatom ic Species in Diffuse Cloud 

and Clump Interfaces

Dynamical effects may influence the physical conditions in in terfaces^  and hence 

affect the potential tracers of those interfaces, such tracers, therefore, may be useful 

in constraining the dynamical processes. Diffuse clouds embedded in a flowing in­

tercloud medium will develop warm interface layers in which the therm al pressures 

should significantly exceed those within the cloud. We have investigated the gas- 

phase formation of polyatomic molecules within such warm interfaces. We find th a t 

if an interface layer occupies a few percent of the to ta l molecular column density 

along th a t line-of-sight, then many polyatomic species in th a t interface should have 

detectable abundances.

4.1 Introduction

Lucas and Liszt (1993, 1996, 2000a,6) and Liszt and Lucas (1995, 1998, 2000) have 

observed a number of diatomic and polyatomic species in millimeter wavelength 

absorption against background extragalactic sources along lines-of-sight through

78
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diffuse interstellar clouds. Liszt and Lucas (1999) recently presented a short sum ­

m ary of the results, while Lucas and Liszt (1997) gave a more detailed, review of 

their work. The low column densities of CO (in the range of lOd^ cm “  ̂ to  10̂ ® cm~^) 

and its fractionation constrain most of the CO to  lie in cold diffuse m aterial where 

much of the carbon is in the form of C ^. In addition to  CO, the species detected in 

absorption include HCO"^, OH, CN, HCN, HNC, C 2H, H2CO, C3H2 , CS, SO, H2S 

and SiO. Liszt and Lucas (1999) noted th a t the presence of m any of these species 

in the detected abundances is a mystery similar to  th a t of the high abundances 

m easured for CH'*' in diffuse clouds.

The high abundance of CH+ in diffuse clouds is a m ystery because the main 

form ation route of CH+ in these regions (given by equation 4.1) is an endotherm ie 

reaction, and is therefore thought to be very slow. This is coupled with the fact 

th a t CH"*' can be rapidly destroyed via reaction with H, H2 and electrons. S tandard  

gas-phase models predict a CH"*" fractional abundance which is lower than  observed 

values by a t least one-tw o orders of magnitude.

C+ -h H2 CH+ +  H (4.1)

A num ber of explanations, summarized by van Dishoeck (1998), have been offered 

as solutions to  the CH+ problem, van Dishoeck (1998) note th a t  energetic processes 

are needed to  stir up the gas and drive reaction 4.1. Elitzur and W atson (1978) 

propose th a t a shock wave in a diffuse cloud would cause a high tem peratu re  increase, 

thereby driving the endothermie CH+ form ation reaction (4.1). The gas may also 

be heated by the presence of a strong radiation field, although these models do have 

problems.

A more recent shock model was proposed by Flower and Pineau des Forêts (1998), 

who studied the propagation of a C -type  shock through a diffuse cloud, although 

line profile d a ta  (e.g. Liszt and Lucas, 2000) present difficulty for these shock models. 

Liszt and Lucas (2000) provide observational d a ta  of HCO+ and OH which show
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no signatures indicative of shocks. One of the explanations examined by Duley 

et a i  (1992) involves the possibility th a t CH+ is abundant in the interface regions 

between cold clumps and more tenuous, ho tter media flowing around them . Here we 

investigate the possibility th a t the polyatomic species detected by Liszt and L u c c ls  

are formed in such interface regions.

§ 4.2 describes briefly the physical properties likely to  be obtained in the inter­

faces. § 4.3 contains a sum m ary of the assum ptions made in the  construction of the 

chemical models and calculated fractional abundances for the models. § 4.4 presents 

a discussion of our results, and we make a short conclusion in § 4.5.

4.2 Turbulent Boundary Layers

The tenuous intercloud medium surrounding a diffuse cloud is almost certainly in 

motion around the cloud since stellar winds and su per novae drive flows throughout 

the intercloud medium. The flow may be of fairly m oderate to  low Mach num ber (M), 

in which case the cloud can be confined for a tim e substantially  in excess of its fast­

mode m agnetosonic crossing time. However, even if the tenuous m aterial flows a t a 

fairly low Mach num ber relative to  a cloud, the  flow establishes pressure differences 

on the cloud surface as a consequence of the Bernoulli effect. Cloud m aterial will 

move to  the region of the surface where the pressure is lowest a t a speed of order 

where c / is the fast-m ode speed in the cloud (e.g. H artquist and Dyson, 1988) 

for all but very small values of M. Thus, H2 will reach the surface of a diffuse cloud 

(H artquist et a/., 1992). There it is heated due to  the  dissipation of waves generated 

by the Kelvin-Helmholtz instability occurring a t the  cloud-intercloud interface. As 

discussed by Duley et al. (1992), the heating may result in tem peratures of many 

hundreds or even thousands of degrees in H2-rich  gas moving a t speeds well below 

Cf with respect to  the bulk of the cloud. The scenario is depicted in Fig. 4.1.
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(a)

FLOW

f-

(b)

Figure 4.1: The m agnetic field and therm al structures of a diffuse cloud, a) The intercloud  

m edium  is static. The m agnetic field lines are som ew hat bent as the field contributes to  

the support of the cloud against the pressure o f the intercloud m edium , b) A subsonic flow  

engulfs the cloud. M agnetic field lines are bent around the cloud by the flow. The existence 

o f hydrom agnetic waves is indicated by undulations in the field lines and is likely to  be a 

consequence of the flowing intercloud m edium  w ith  the cloud. T he shaded regions are those 

to which H 2 flows m ost rapidly to the surface; the shading is darkest in those interface 

regions containing H 2 where the viscous heating rate is probably greatest.
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Duley et al. (1992) assumed th a t the gas in the interface would be a t a therm al 

pressure comparable to  the therm al pressure of the cloud. In fact, if the motions 

giving rise to the broadening of spectral features in the cloud are very supertherm al, 

the therm al pressure in some parts of the interface region may well substantially 

exceed the therm al pressure in the cloud. In the  vicinity of a steady interface 

structu re  the sum of the wave and therm al pressures m ust be nearly constant along 

a largescale magnetic field line; within the W KB approxim ation (e.g. Barnes, 1992) 

the wave pressure goes up as where p is the density. If the supertherm al motions 

in clouds are due to  waves generated a t their surfaces propagating into them  (e.g. 

Coker et al.., 2000) the therm al pressure in the low density part of the interface 

regions will exceed the therm al pressure in the bulk of the cloud.

The fraction, / ,  of the to ta l pressure acting along a large-scale magnetic field 

line, Ptot) th a t is therm al pressure, Pth, can be calculated from:

f = ^  (4.2)
^ t o t

Feh =  (4,3)

Ptot = Pth-\-U  (4.4)

where ks  is B oltzm ann’s constant, p is the density, T  is the tem perature, p, is the 

mean mass per particle, and U is the tim e-averaged energy density of the  pertu r­

bation m agnetic field (e.g. M artin et a i ,  1997). Substitu ting Ptot from equation 4.2 

into equation 4.4 and dividing through by Ptot gives,

U
Pit o t

=  1 -  /  (4.5)

If the wave is an Alfvén wave and V  is its velocity am plitude, and subscript c 

indicates th a t  the quantity  is equivalent a t the cold side of the  interface.
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Equation 4.6 is correct in the W K B -lim it. Therefore substitu ting  U  and the corre­

sponding Uc value from equation 4,6 into equation 4.5 gives,

(4.7)
1 — / c  \ P c  

M ultiplying through by (1 -  f c ) / f c  gives,

i = i (̂) (4-8)

From the definition of /  from equation 4.2 and the fact th a t Pth depends on p T  

from equation 4.3 we get,

/  P T
f c  P c  T c

Substitu ting this into equation 4.8 and defining X  =  {p IPc)^^^ gives.

(4.9)

Solving this quadratic equation gives the following solution.

p c j  2/, T

1 /2

(4.11)
4/2 T2 /,T J

For Vc =  3 km s“  ̂ and Tc = 100 K, then fc ~  0.13, implying th a t the  therm al 

pressure in warm regions of the interface is about 7 tim es th a t in the cooler regions.

Duley et al. (1992) limited their considerations to  interface gas with therm al 

pressure comparable to  the highest therm al pressures thought to  be associated with 

diffuse molecular clouds observed with Copernicus. However, observations of those 

clouds showed evidence of supertherm al motions. Consequently, we will consider 

here, interface region pressures substantially exceeding the therm al pressures of the 

diffuse molecular clouds, as well as more modest interface region pressures.
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Table 4.1: Parameters set for the grid of models.

Param eter Range of Values

Tem perature, T  (K) 700, 2000, 4000

Pressure, nn T  (cm“  ̂ T) 4(03), 1(04), 4(04), 1(05), 4(05), 1(06)

Radiation Field, % 0.1, 0.3, 1.0

Notation a(b) =  a x 10^.

4.3 M odel Calculations

We argued in the previous section th a t H2-rich gas will move to  the vicinity of a cloud 

surface, where the pressure is lowest, rapidly enough th a t little of the H2 in it will 

be photodissociated. Therefore, we assume th a t all hydrogen entering the interface 

is initially H2 and th a t its photodissociation rate  is negligible. This scenario was 

studied by running a grid of models, assuming a range of values for the param eters, 

density (hh), pressure (hh T) and %, which is the m easure of the incident radiation 

field, set to  be unity for the standard  interstellar background radiation field. The 

param eter range is given in Table 4.1. The num ber density of hydrogen nuclei, nn, 

and r ,  were held constant. The assumed initial elemental abundances relative to  

th a t of hydrogen are those equivalent to  a diffuse cloud (given in Table 1.2). All 

elements whose neutral atom s have ionization potentials less than  th a t of hydrogen 

were assumed to  be in the form of singly charged atom ic ions initially (e.g. C'^ 

and S'*", etc.), while all other elements were taken to  be in neutral atom ic form. 

Integrations of the chemical rate  equations were halted after about 10'* yrs., by 

which tim e the abundances of all species of interest had reached s teady -sta te . The 

model results for the fractional abundances of selected species relative to  nn are 

given in Tables 4.2-4.4.
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4.4 Results and Discussion

W arm interface regions are likely to  contain only a few percent of the column density 

of a cloud (H artquist et al.^ 1992). Therefore for a  species i to  have a column density 

of about 10 ^̂  cm “  ̂ in a warm interface of a diffuse cloud it m ust have a fractional 

abundance, % (z), relative to  «h of about 3 X 10“ ®. A num ber of the  models listed 

in Table 4.2 give fractional abundances of this m agnitude and greater for a variety 

of the species observed by Liszt and Lucas in millimeter wave absorption. However, 

only a few models give abundance ratios of key polyatomic species similar to  those 

measured.

We focus first on the C 2H to HCO+ abundance ratio  which Lucas and Liszt 

(20006) have found to  vary but often to  have a value in the range 10 to  20. Models 

11 and 18 are the only ones with values of th a t ratio  in the observed range, while 

the values for models 12 and 17 are greater. Of these four models, only model 11 

has an OH to HCO+ abundance ratio within rough agreement with the m easured 

values which are almost uniformly between about 20 to  30 (Lucas and Liszt, 1996). 

For models 12 and 17, as well as for models 11 and 18, % =  0.1, and the fact th a t % 

must be somewhat lower than usually assumed is probably not a serious constraint. 

As the observations are made over a long line-of-sight, the locations of many of 

the absorbing diffuse clouds are most likely uncertain. In fact, the use of such 

background sources may well introduce selection effects favouring the detection of 

clouds in regions with low values of %. Clouds in regions with large values of % may 

well contain less than the lowest detectable column density of CO. It is likely th a t a 

number of the diffuse clumps may reside in or around G iant M olecular Clouds and 

th a t the m aterial in such complexes a t least partially shields the detected diffuse 

clouds from the general interstellar radiation field.

The values of n u T  for the models having C 2H to  HCO+ and OH to  HCO+ abun­

dance ratios in rough agreement with the measured ratios are one to  one and a half
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orders of m agnitude higher than the value of n\{T  th a t  Duley et al. (1992) suggested 

is compatible with a  warm interface being the site of CH+ and a component of CH 

observed by Lam bert et al. (1990) towards the (  Oph cloud. However, as CH+ d a ta  

do not exist for the lines-of-sight studied by Liszt and Lucas (since these do not 

have a background UV source), considerations of its production should not be used 

as too stringent a constrain t in the discussion of the models for the polyatomic data . 

Optical and ultraviolet absorption studies, like those in which CH"*" is detected, are 

normally aimed a t the  investigation of somewhat isolated or “held” diffuse clouds. 

As mentioned above, along the line-of-sight to  an extragalactic source, a fair frac­

tion of the diffuse structu res (for which the to ta l visual extinction optical depths are 

unity or less) intercepted may be clumps associated with G iant M olecular Clouds 

(GM Cs). M any of these GMCs have MHD wave “pressures” (e.g. W illiams et al., 

1995) comparable to  the therm al pressures required for the  interface models to  have 

C 2H /H C 0 ^ and O H /H C O ’*’ abundance ratios similar to  those measured by Lucas 

and Liszt (1996, 20006).

We now compare several other measured abundance ratios reviewed by Lucas 

and Liszt (1997) to those given by the models, with particular emphasis given to 

model 11. Lucas and Liszt (20006) give a value of around 30 as the  typical measured 

abundance ratio of C 2H to  ortho-CgH , a value close to  th a t for model 18 but almost 

a factor of 5 lower than  th a t of model 11 . Of course, it should be noted th a t 

the  reliability of the  underlying chemical network becomes more uncertain as the 

num ber of atom s, particularly those o ther than  hydrogen, contained in the  species 

under consideration increases. C3H in this sense is a  ra ther complicated species, 

and a factor of 5 should not be considered a serious discrepancy. The values of 

the  CN to HCN abundance ratio  for models 11, 12, 17 and 18 are all much less 

than  the m easured values, as would be expected if CN is a molecule produced in 

abundance by cold gas-phase reactions. Therefore, much of the  CN is contained
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in the cold m aterial. Likewise, interface model CO to  HCO+ abundance ratios are 

much smaller than measured values, a fact consistent with the great m ajority of the 

CO being in cold regions, as demanded by the observations of its extinction. The CS 

to  HCO+ abundance ratio for model 11 is somewhat lower than  typically measured 

ratios. Better agreement would follow if elemental sulphur were undepleted, as 

X(CS) scales with the fractional abundance of sulphur (the sulphur abundance for 

diffuse clouds given in Table 1.2 and adopted here implies a  depletion by a factor of 

5 relative to solar).

The explanation of the millimeter absorption d a ta  in term s of the interface m od­

els faces some difficulties. Perhaps, the most severe one arises from the d a ta  for 

% (H2C 0 ) /% (H C 0 +). Although H2CO has not been detected along all lines-of- 

sight on which HCO+ is found, it commonly has an abundance ratio  relative to  

HCO+ th a t is over one order of m agnitude larger than  th a t of model 11 (Liszt and 

Lucas, 1995). However, it should be recalled th a t no gas-phase chemical model is 

able to  account satisfactorily for diffuse cloud formaldehyde. Consequently, some 

authors (e.g. Viti and Williams, 1999a) have invoked surface reactions on dust to  

account for its form ation. The values of A (H C N )/A (H CO "^) for models giving rea­

sonable values of the ratios X  (C2H) / X  (HCO"^) and X  (OH) / X  (HCG"*") are over one 

order of m agnitude higher than  usually measured. Model values of the HNC to  HCN 

abundance ratio are much lower than  observed, a fact th a t may reflect an underlying 

incompleteness in the trea tm ent of the HNC chemistry rather than  a problem with 

the basic concept behind the models. For example, the reaction network adopted 

here allows the form ation of HCN, but not HNC, from the reactan ts CH3 and N.

We find th a t A (C 2) > 10“  ̂ for many models. Though it is not detectable in 

millimeter wave absorption due to  its symmetry, C2 is detectable in absorption in the 

red against bright enough background stars, and observations of it have been used to 

constrain tem peratures of diffuse molecular clouds to  low values (van Dishoeck and
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Black, 1986). Previously measured column densities have been several to  many times 

10^^ cm~^. W ithout more detailed analysis it is difficult to  say how stringent the 

constraints C 2 d a ta  place on the properties of warm regions of diffuse clouds towards 

which it has been observed. % is most likely greater than  0.3 for m ost nearby clouds 

through which C 2 absorption has been detected; th a t  % (C2) falls with increasing % 

in the interface models probably ensures th a t interface contributions to  C 2 features 

already detected are not dom inant.

The high NH abundances in some models are of great interest. The reaction 

N +  H2 -> NH +  H has a barrier of about 16,000 K (Millar et a/., 1997), and 

NH is not formed efficiently by low tem perature gas phase chemistry. Its detection 

in some lines-of-sight through diffuse clouds has been interpreted as evidence of 

the im portance of grain surface reactions (W agenblast et oL, 1993; Crawford and 

Williams, 1997). Evidently, large am ounts of NH may arise in warm interfaces. It 

is possible th a t the elevated tem perature may prom ote the surface reaction.

4.5 Conclusions

Interface regions around a diffuse cloud embedded in a flowing intercloud medium 

should have therm al pressures th a t are significantly larger than  those within the 

cloud. In this chapter we have explored the gas-phase chemistry arising in such 

warm interfaces. We have compared the results of interface models with observa­

tional d a ta  on polyatomic species obtained by Liszt and Lucas. Our results show 

th a t observable abundances of various polyatomic species can be produced if the 

warm interface layer occupies a few percent of the to ta l molecular column density 

along th a t line-of-sight. Some models give results th a t are in harm ony with mea­

sured ratios of several species including C2H, HCO+ and OH; these models have 

background radiation field intensities th a t are lower than  the standard  by an order 

of m agnitude. The number densities of molecular hydrogen are of the order of 10^
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cm “  ̂ in regions with tem peratures of several thousand degrees. Such conditions 

in an interface do not conflict with the lower pressures inferred from CO data , as 

most of the CO is expected to  be in the cold bulk of the m aterial ra ther than  in 

interfaces. The constancy of the sum of MHD wave “pressure” and therm al pressure 

implies higher therm al pressures in interfaces than  in the cold cloud and cold clump 

m aterial. For models in which the radiation field intensity is about one ten th  of 

the mean interstellar radiation field intensity, then the agreement with observations 

of Liszt and Lucas is reasonable. Such conditions may be more likely in interfaces 

around diffuse clumps within G iant Molecular Clouds than  those around the isolated 

“field” diffuse clouds observed in ultraviolet absorption. Some m easured abundance 

ratios, the most notable of which is th a t of the abundances of H2CO and HCO'*", 

are not well matched by model results, though on the basis of the  models the rele­

vant species would be expected to  be observable in some cases. However, in some 

cases the results suggest th a t the gas-phase chemical network used may be too lim­

ited. Surface reactions may also contribute to  molecular abundances in both warm 

interfaces and in the cold cloud gas.
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Table 4.2: Results for selected species for m odels 1-54  at tim e 10^ yrs.

M odel T  (K) "H "T (cm  ^ K) X X (C H ) X (C H  +  ) X (C N ) X (O H ) X (H 2 0 )
1 7(02) 4(03) 0.1 9 .9 2 ( -0 7 ) 6 .9 5 ( -0 8 ) 1 .2 0 (-1 0 ) 1 .6 9 (-0 6 ) 4 .3 7 ( -0 8 )
2 7(02) 1(04) 0.1 2 .4 1 ( -0 6 ) 5 .9 1 ( -0 8 ) 6 .3 3 ( - 1 0 ) 3 .9 3 ( -0 6 ) 2 .2 3 ( -0 7 )
3 7(02) 4(04) 0.1 6 .1 2 ( -0 6 ) 4 .0 2 ( -0 8 ) 1 .0 2 ( -0 8 ) 1 .1 5 ( -0 5 ) 1 .9 4 ( -0 6 )
4 7(02) 1(05) 0.1 6 .7 3 ( -0 6 ) 2 .3 7 ( - 0 8 ) 3 .5 9 ( -0 8 ) 1 .9 1 (-0 5 ) 6 .3 7 ( -0 6 )
5 7(02) 4(05) 0.1 3 .2 5 ( -0 6 ) 7 .2 6 ( -0 9 ) 8 .2 3 ( -0 8 ) 2 .9 4 ( -0 5 ) 3 .2 7 ( -0 5 )
6 7(02) 1(06) 0.1 1 .0 7 (-0 6 ) 2 .4 7 ( -0 9 ) 1 .3 1 (-0 7 ) 3 .5 1 ( -0 5 ) 1 .2 8 ( -0 4 )

7 2(03) 4(03) 0.1 1 .2 2 (-0 5 ) 6 .4 1 ( -0 6 ) 2 .9 2 ( - 0 9 ) 1 .3 2 (-0 4 ) 2 .9 8 ( -0 5 )
8 2(03) 1(04) 0.1 2 .0 6 ( -0 5 ) 3 .1 5 ( -0 6 ) 9 .7 4 ( - 0 9 ) 2 .0 0 ( -0 4 ) 1 .1 0 ( -0 4 )
9 2(03) 4(04) 0.1 2 .4 2 ( -0 5 ) 6 .9 8 ( -0 7 ) 5 .6 9 ( -0 8 ) 1 .6 5 (-0 4 ) 3 .5 2 ( -0 4 )
10 2(03) 1(05) 0.1 2 .0 6 ( -0 5 ) 2 .0 3 ( -0 7 ) 1 .0 9 ( -0 7 ) 9 .2 1 ( -0 5 ) 4 .7 9 ( -0 4 )
11 2(03) 4(05) 0.1 1 .1 3 (-0 5 ) 2 .3 0 ( -0 8 ) 7 .8 1 ( -0 8 ) 3 .0 0 ( -0 5 ) 5 .6 3 ( -0 4 )
12 2(03) 1(06) 0.1 6 .6 2 ( -0 6 ) 4 .8 6 ( -0 9 ) 4 .0 9 ( -0 8 ) 1 .4 9 ( -0 5 ) 5 .8 2 ( - 0 4 )

13 4(03) 4(03) 0.1 1 .1 8 (-0 5 ) 2 .2 1 ( -0 5 ) 8 .7 0 ( -0 9 ) 2 .8 8 ( -0 4 ) 1 .4 6 (-0 4 )
14 4(03) 1(04) 0.1 2 .5 3 ( -0 5 ) 1 .0 8 (-0 5 ) 2 .6 0 ( -0 8 ) 2 .3 7 ( -0 4 ) 2 .8 3 ( -0 4 )
15 4(03) 4(04) 0.1 2 .8 3 ( -0 5 ) 2 .0 8 ( -0 6 ) 4 .6 l ( - 0 8 ) 1 .2 2 (-0 4 ) 4 .5 6 ( -0 4 )
16 4(03) 1(05) 0.1 1 .9 1 (-0 5 ) 4 .9 8 ( - 0 7 ) 3 .6 9 ( -0 8 ) 7 .8 1 ( -0 5 ) 5 .1 1 ( -0 4 )
17 4(03) 4(05) 0.1 1 .3 7 (-0 5 ) 6 .2 9 ( -0 8 ) 2 .9 9 ( -0 8 ) 7 .1 3 ( -0 5 ) 5 .1 9 ( -0 4 )
18 4(03) 1(06) 0.1 4 .3 3 ( -0 5 ) 8 .4 9 ( -0 8 ) 9 .5 9 ( -0 8 ) 1 .5 9 (-0 4 ) 3 .8 8 ( -0 4 )

19 7(02) 4(03) 0.3 2.91 ( - 0 7 ) 9 .3 2 ( -0 8 ) 2 . 6 0 ( - l l ) 5 .8 2 ( -0 7 ) 5 .9 0 ( -0 9 )
20 7(02) 1(04) 0.3 8 .1 8 ( -0 7 ) 7 .2 1 ( -0 8 ) 8 . 9 5 ( - l l ) 1 .4 2 (-0 6 ) 3 .0 8 ( - 0 8 )
21 7(02) 4(04) 0.3 3 .0 1 ( -0 6 ) 5 .5 2 ( -0 8 ) 1 .0 7 ( -0 9 ) 5 .0 2 ( -0 6 ) 3 .5 9 ( -0 7 )
22 7(02) 1(05) 0.3 5 .2 6 ( -0 6 ) 4 .2 2 ( -0 8 ) 5 .5 3 ( - 0 9 ) 1 .0 0 ( -0 5 ) 1 .4 5 (-0 6 )
23 7(02) 4(05) 0.3 5 .1 1 ( -0 6 ) 1 .9 9 ( -0 8 ) 2 .3 7 ( - 0 8 ) 2 .0 0 ( -0 5 ) 7 .6 6 ( -0 6 )
24 7(02) 1(06) 0.3 2 .4 9 ( -0 6 ) 8 .6 1 ( - 0 9 ) 3 .3 0 ( - 0 8 ) 2 .6 2 ( -0 5 ) 2 .2 8 ( -0 5 )

25 2(03) 4(03) 0.3 3 .0 0 ( -0 6 ) 1 .0 3 (-0 5 ) 7 .0 1 ( -1 0 ) 5 .5 6 ( -0 5 ) 4 .2 3 ( -0 6 )
26 2(03) 1(04) 0.3 9 .6 7 ( - 0 6 ) 6 .8 1 ( -0 6 ) 2 .1 5 ( - 0 9 ) 1 .1 4 (-0 4 ) 2 .1 0 ( -0 5 )
27 2(03) 4(04) 0.3 2 .1 4 ( -0 5 ) 2 .2 6 ( -0 6 ) 1 .1 3 ( -0 8 ) 2 .0 3 ( -0 4 ) 1 .3 9 (-0 4 )
28 2(03) 1(05) 0.3 2 .4 0 ( -0 5 ) 8 .7 7 ( -0 7 ) 3 .3 8 ( - 0 8 ) 1 .7 8 (-0 4 ) 2 .8 7 ( -0 4 )
29 2(03) 4(05) 0.3 2 .0 2 ( -0 5 ) 1 .7 1 ( -0 7 ) 1 .0 8 ( -0 7 ) 8 .1 5 ( -0 5 ) 4 .6 8 ( -0 4 )
30 2(03) 1(06) 0.3 1 .5 9 ( -0 5 ) 5 .1 1 ( -0 8 ) 7 .2 8 ( - 0 8 ) 4 .3 1 ( -0 5 ) 5 .2 7 ( -0 4 )

31 4(03) 4(03) 0.3 1 .6 5 ( -0 6 ) 2 .7 5 ( -0 5 ) 1 .5 6 ( -0 9 ) 2 .2 3 ( -0 4 ) 3 .7 8 ( -0 5 )
32 4(03) 1(04) 0.3 8 .1 9 ( -0 6 ) 2 .2 3 ( -0 5 ) 6 .2 0 ( -0 9 ) 2 .7 7 ( -0 4 ) 1 .0 9 (-0 4 )
33 4(03) 4(04) 0.3 2 .9 3 ( -0 5 ) 8 .3 6 ( -0 6 ) 3 .7 1 ( -0 8 ) 2 .2 9 ( -0 4 ) 2 .7 8 ( -0 4 )
34 4(03) 1(05) 0.3 4 .0 4 ( -0 5 ) 3 .2 6 ( -0 6 ) 6 .9 9 ( -0 8 ) 1 .7 8 ( -0 4 ) 3 .6 2 ( -0 4 )
35 4(03) 4(05) 0.3 4 .7 6 ( -0 5 ) 7 .4 1 ( -0 7 ) 8 .1 6 ( -0 8 ) 1 .6 5 (-0 4 ) 3 .7 6 ( -0 4 )
36 4(03) 1(06) 0.3 4 .2 7 ( -0 5 ) 6 .7 2 ( -0 7 ) 2 .0 1 ( -0 7 ) 2 .1 4 ( -0 4 ) 1 .8 1 (-0 4 )

37 7(02) 4(03) 1.0 4 .8 2 ( -0 8 ) 1 .3 1 ( -0 7 ) - 1 .7 7 ( -0 7 ) 8 .2 5 ( -1 0 )
38 7(02) 1(04) 1.0 2 .0 1 ( -0 7 ) 1 .0 2 ( -0 7 ) 1 .8 5 ( -1 1 ) 4 .3 7 ( -0 7 ) 3 .3 8 ( -0 9 )
39 7(02) 4(04) 1.0 9 .7 4 ( -0 7 ) 6 .8 6 ( -0 8 ) 1 .1 7 ( -1 0 ) 1 .6 8 ( -0 6 ) 4 .2 4 ( -0 8 )
40 7(02) 1(05) 1.0 2 .2 5 ( -0 6 ) 5 .6 6 ( - 0 8 ) 5 .4 9 ( -1 0 ) 3 .8 9 ( -0 6 ) 2 .1 8 ( -0 7 )
41 7(02) 4(05) 1.0 4 .1 8 ( -0 6 ) 3 .5 5 ( - 0 8 ) 3 .9 2 ( -0 9 ) 1 .0 9 ( -0 5 ) 1 .7 5 ( -0 6 )
42 7(02) 1(06) 1.0 3 .2 5 ( -0 6 ) 2 .1 4 ( -0 8 ) 7 .8 6 ( -0 9 ) 1 .6 9 ( -0 5 ) 5 .0 9 ( -0 6 )

43 2(03) 4(03) 1.0 1 .9 1 ( -0 7 ) 8 .1 9 ( - 0 6 ) 9 . 6 6 ( - l l ) 1 .8 2 ( -0 5 ) 4 .3 2 ( -0 7 )
44 2(03) 1(04) 1.0 1 .5 9 ( -0 6 ) 9 .9 3 ( -0 6 ) 4 .2 9 ( -1 0 ) 4 .1 9 ( -0 5 ) 2 .3 4 ( -0 6 )
45 2(03) 4(04) 1.0 9 .2 3 ( -0 6 ) 5 .2 2 ( -0 6 ) 2 .1 2 ( -0 9 ) 1 .1 9 ( -0 4 ) 2 .3 7 ( -0 5 )
46 2(03) 1(05) 1.0 1 .4 7 (-0 5 ) 2 .5 4 ( -0 6 ) 5 .3 9 ( -0 9 ) 1 .7 4 ( -0 4 ) 7 .8 0 ( - 0 5 )
47 2(03) 4(05) 1.0 1 .3 0 ( -0 5 ) 6 .5 9 ( -0 7 ) 1 .8 1 ( -0 8 ) 1 .5 9 ( -0 4 ) 2 .3 2 ( - 0 4 )
48 2(03) 1(06) 1.0 9 .7 9 ( -0 6 ) 2 .4 7 ( -0 7 ) 4 .2 7 ( - 0 8 ) 1 .0 9 ( -0 4 ) 3 .3 1 ( -0 4 )

49 4(03) 4(03) 1.0 6 .1 0 ( -0 8 ) 1 .4 8 (-0 5 ) 1 .6 6 ( -1 0 ) 1 .0 3 ( -0 4 ) 5 .3 8 ( -0 6 )
50 4(03) 1(04) 1.0 6 .7 6 ( -0 7 ) 2 .2 7 ( -0 5 ) 8 .4 8 ( -1 0 ) 1 .8 3 ( -0 4 ) 2 .1 9 ( -0 5 )
51 4(03) 4(04) 1.0 6 .9 8 ( -0 6 ) 1 .6 9 (-0 5 ) 6 .5 1 ( -0 9 ) 2 .5 8 ( -0 4 ) 9 .1 3 ( - 0 5 )
52 4(03) 1(05) 1.0 1 .6 3 (-0 5 ) 9 .7 6 ( -0 6 ) 2 .0 0 ( - 0 8 ) 2 .4 8 ( -0 4 ) 1 .4 0 ( -0 4 )
53 4(03) 4(05) 1.0 2 .3 9 ( -0 5 ) 3 .8 5 ( -0 6 ) 7 .2 3 ( -0 8 ) 2 .1 3 ( -0 4 ) 1 .1 7 ( -0 4 )
54 4(03) 1(06) 1.0 8 .2 5 ( -0 6 ) 2 .3 7 ( -0 6 ) 7 .2 9 ( - 0 8 ) 1 .2 7 ( -0 4 ) 2 .5 3 ( - 0 5 )

Notation: a(b) =  a x 10^; A dash (-) indicates th a t the fractional abundance
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Table 4.3: Results for selected species for m odels 1 -54  at tim e 10"̂  yrs.

M odel T  (K) T  (cm  ^ K) X X ( C O ) X (N H ) X (C 2 ) X (H C O  +  ) X (H 2 C 0 )
1 7(02) 4(03) 0.1 2 .0 7 ( -0 8 ) - 2 .2 8 ( -0 8 ) 4 .2 6 ( -0 8 ) -
2 7(02) 1(04) 0.1 1 .2 2 (-0 7 ) - 1 .9 1 ( -0 7 ) 9 .2 1 ( -0 8 ) 5 . 0 3 ( - l l )
3 7(02) 4(04) 0.1 1 .6 6 (-0 6 ) - 2 .8 6 ( -0 6 ) 3 .1 8 ( -0 7 ) 2 .0 6 ( - 0 9 )
4 7(02) 1(05) 0.1 5 .9 6 ( -0 6 ) 1 .0 3 (-1 1 ) 6 .2 5 ( - 0 6 ) 6 .7 0 ( -0 7 ) 9 .2 5 ( - 0 9 )
5 7(02) 4(05) 0.1 2 .3 5 ( -0 5 ) 1 .1 4 (-1 1 ) 4 .3 6 ( - 0 6 ) 1 .9 0 ( -0 6 ) 2 .3 8 ( - 0 8 )
6 7(02) 1(06) 0.1 4 .1 5 ( -0 5 ) l . l O ( - l l ) 2 .1 4 ( -0 6 ) 2 .7 6 ( -0 6 ) 2 .2 4 ( - 0 8 )

7 2(03) 4(03) 0.1 4 .6 8 ( -0 7 ) 1 .1 4 (-0 7 ) 2 .7 3 ( -0 7 ) 9 .1 7 ( -0 6 ) 1 .6 2 ( -0 9 )
8 2(03) 1(04) 0.1 1 .6 1 (-0 6 ) 2 .7 0 ( -0 7 ) 1 .3 7 ( -0 6 ) 1 .3 9 (-0 5 ) 1 .2 8 ( -0 8 )
9 2(03) 4(04) 0.1 3 .5 8 ( -0 6 ) 8 .2 5 ( -0 7 ) 6 .2 9 ( -0 6 ) 9 .2 1 ( -0 6 ) 6 .2 1 ( -0 8 )
10 2(03) 1(05) 0.1 3 .3 8 ( -0 6 ) 1 .2 2 (-0 6 ) 1 .0 3 ( -0 5 ) 3 .9 8 ( -0 6 ) 6 .6 2 ( - 0 8 )
11 2(03) 4(05) 0.1 1 .8 4 (-0 6 ) 7 .7 8 ( -0 7 ) 1 .3 l ( - 0 5 ) 6 .3 7 ( -0 7 ) 2 .7 3 ( - 0 8 )
12 2(03) 1(06) 0.1 1 .1 3 (-0 6 ) 3 .2 8 ( -0 7 ) 1 .3 7 ( -0 5 ) 1 .5 9 (-0 7 ) 1 .1 3 ( -0 8 )

13 4(03) 4(03) 0.1 4 .0 6 ( -0 7 ) 3 .8 6 ( -0 6 ) 1 .5 1 ( -0 7 ) 1 .8 7 ( -0 5 ) 7 .1 5 ( -0 9 )
14 4(03) 1(04) 0.1 9 .8 4 ( -0 7 ) 6 .4 9 ( -0 6 ) 8 .7 1 ( -0 7 ) 1 .7 9 (-0 5 ) 2 .2 2 ( -0 8 )
15 4(03) 4(04) 0.1 1 .0 3 (-0 6 ) 7 .2 0 ( -0 6 ) 4 .0 3 ( -0 6 ) 4 .2 2 ( -0 6 ) 3 .7 1 ( -0 8 )
16 4(03) 1(05) 0.1 7 .9 0 ( -0 7 ) 5 .3 6 ( -0 6 ) 7 .1 5 ( -0 6 ) 1 .1 5 (-0 6 ) 2 .6 7 ( -0 8 )
17 4(03) 4(05) 0.1 9 .5 4 ( -0 7 ) 4 .0 5 ( -0 6 ) 1 .4 6 (-0 5 ) 2 .3 5 ( -0 7 ) 1 .4 1 ( -0 8 )
18 4(03) 1(06) 0.1 8 .1 3 ( -0 6 ) 3 .3 2 ( -0 6 ) 1 .0 5 (-0 5 ) 8 .0 6 ( -0 7 ) 1 .4 4 ( -0 8 )

19 7(02) 4(03) 0.3 9 .3 9 ( -0 9 ) - 1 .8 6 (-0 9 ) 2 .0 6 ( -0 8 ) -

20 7(02) 1(04) 0.3 4 .4 4 ( -0 8 ) - 1 .5 2 (-0 8 ) 3 .6 9 ( -0 8 ) -
21 7(02) 4(04) 0.3 6 .2 7 ( -0 7 ) - 3 .3 5 ( -0 7 ) 1 .1 8 ( -0 7 ) 1 .0 5 ( -1 0 )
22 7(02) 1(05) 0.3 3 .2 3 ( -0 6 ) - 1 .6 0 ( -0 6 ) 2 .6 0 ( -0 7 ) 9 .2 1 ( -1 0 )
23 7(02) 4(05) 0.3 2 .0 4 ( -0 5 ) - 3 .3 5 ( -0 6 ) 7.34 ( - 0 7 ) 4 .4 0 ( -0 9 )
24 7(02) 1(06) 0.3 5 .0 3 ( -0 5 ) - 1 .9 8 (-0 6 ) 1 .4 8 ( -0 6 ) 5 .8 5 ( -0 9 )

25 2(03) 4(03) 0.3 2 .4 0 ( -0 7 ) 3 .8 4 ( -0 8 ) 1 .8 9 (-0 8 ) 4 .5 9 ( -0 6 ) 6 . 5 2 ( - l l )
26 2(03) 1(04) 0.3 1 .1 0 (-0 6 ) 9 .2 4 ( -0 8 ) 1 .6 8 (-0 7 ) 8 .5 9 ( -0 6 ) 8 .6 6 ( -1 0 )
27 2(03) 4(04) 0.3 6 .6 1 ( -0 6 ) 3 .0 8 ( -0 7 ) 1 .5 6 (-0 6 ) 1 .5 2 ( -0 5 ) 1 .3 2 ( -0 8 )
28 2(03) 1(05) 0.3 1 .3 3 (-0 5 ) 5 .5 7 ( -0 7 ) 3 .7 8 ( -0 6 ) 1 .4 5 ( -0 5 ) 2 .6 2 ( -0 8 )
29 2(03) 4(05) 0.3 1 .8 8 (-0 5 ) 6 .2 1 ( -0 7 ) 8 .8 2 ( - 0 6 ) 6 .5 5 ( -0 6 ) 2 .1 9 ( -0 8 )
30 2(03) 1(06) 0.3 1 .7 2 (-0 5 ) 2 .0 4 ( -0 7 ) 1 .2 0 ( -0 5 ) 2 .6 3 ( -0 6 ) 1 .3 1 ( -0 8 )

31 4(03) 4(03) 0.3 2 .5 7 ( -0 7 ) 1 .5 3 (-0 6 ) 7 .8 9 ( -0 9 ) 1 .5 3 ( -0 5 ) 4 .6 8 ( -1 0 )
32 4(03) 1(04) 0.3 1 .2 4 ( -0 6 ) 3 .1 8 ( -0 6 ) 9 .7 4 ( -0 8 ) 2 .6 6 ( -0 5 ) 3 .9 5 ( -0 9 )
33 4(03) 4(04) 0.3 3 .9 0 ( -0 6 ) 6 .3 7 ( -0 6 ) 1 .1 2 ( -0 6 ) 1 .9 6 ( -0 5 ) 1 .9 1 ( -0 8 )
34 4(03) 1(05) 0.3 5 .2 6 ( -0 6 ) 6 .3 9 ( -0 6 ) 2 .9 3 ( -0 6 ) 1 .0 7 ( -0 5 ) 2 .4 1 ( -0 8 )
35 4(03) 4(05) 0.3 9 .1 4 ( -0 6 ) 3 .5 2 ( -0 6 ) 6 .3 1 ( -0 6 ) 4 .4 1 ( -0 6 ) 1 .7 8 ( -0 8 )
36 4(03) 1(06) 0.3 3 .0 9 ( -0 5 ) 1 .7 2 (-0 6 ) 4 .7 2 ( -0 6 ) 6 .8 2 ( -0 6 ) 4 .3 1 ( -0 9 )

37 7(02) 4(03) 1.0 4 .7 4 ( -0 9 ) - 8 . 2 8 ( - l l ) 1 .1 0 ( -0 8 ) -
38 7(02) 1(04) 1.0 1 .9 8 (-0 8 ) - 9 .3 2 ( -1 0 ) 1 .7 7 ( -0 8 ) -
39 7(02) 4(04) 1.0 2 .0 4 ( -0 7 ) - 2 .2 4 ( -0 8 ) 4 .2 0 ( -0 8 ) -
40 7(02) 1(05) 1.0 1 .1 3 (-0 6 ) - 1 .5 8 (-0 7 ) 8 .8 8 ( -0 8 ) 4 . 0 4 ( - l l )
41 7(02) 4(05) 1.0 1 .1 6 (-0 5 ) - 1 .0 0 (-0 6 ) 2 .8 0 ( -0 7 ) 5 .3 3 ( -1 0 )
42 7(02) 1(06) 1.0 3 .9 1 ( -0 5 ) - 1 .2 4 ( -0 6 ) 5 .4 2 ( -0 7 ) 1 .0 3 ( -0 9 )

43 2(03) 4(03) 1.0 8 .1 0 ( -0 8 ) 1 .1 6 (-0 8 ) 2 .7 3 ( -1 0 ) 1 .5 7 ( -0 6 ) -

44 2(03) 1(04) 1.0 4 .7 5 ( -0 7 ) 2 .8 1 ( -0 8 ) 6 .7 1 ( -0 9 ) 3 .6 0 ( -0 6 ) 2 .1 8 ( -1 1 )
45 2(03) 4(04) 1.0 4 .3 9 ( -0 6 ) 9 .6 5 ( -0 8 ) 1 .6 3 ( -0 7 ) 8 .3 7 ( -0 6 ) 8 .3 9 ( -1 0 )
46 2(03) 1(05) 1.0 1 .5 4 (-0 5 ) 1 .8 8 (-0 7 ) 6 .0 3 ( -0 7 ) 1 .3 3 (-0 5 ) 3 .6 1 ( - 0 9 )
47 2(03) 4(05) 1.0 5 .2 1 ( -0 5 ) 3 .3 6 ( -0 7 ) 1 .8 1 ( -0 6 ) 1 .6 1 ( -0 5 ) 5 .6 2 ( -0 9 )
48 2(03) 1(06) 1.0 7 .5 4 ( -0 5 ) 3 .7 9 ( -0 7 ) 3 .1 2 ( -0 6 ) 1 .1 5 ( -0 5 ) 3 .8 7 ( -0 9 )

49 4(03) 4(03) 1.0 9 .2 8 ( -0 8 ) 4 .9 3 ( -0 7 ) 7 . 3 3 ( - l l ) 6 .5 1 ( - 0 6 ) -

50 4(03) 1(04) 1.0 7 .1 6 ( -0 7 ) l . l l ( - 0 6 ) 2 .2 5 ( -0 9 ) 1 .8 2 ( -0 5 ) 1 .3 4 ( -1 0 )
51 4(03) 4(04) 1.0 5 .0 0 ( -0 6 ) 2 .9 0 ( -0 6 ) 7 .6 7 ( -0 8 ) 2 .7 4 ( -0 5 ) 2 .5 2 ( -0 9 )
52 4(03) 1(05) 1.0 1 .2 1 (-0 5 ) 4 .0 9 ( -0 6 ) 3 .5 0 ( -0 7 ) 2 .7 1 ( -0 5 ) 4 .9 9 ( - 0 9 )
53 4(03) 4(05) 1.0 3 .0 9 ( -0 5 ) 3 .6 0 ( -0 6 ) 1 .1 4 (-0 6 ) 2 .0 1 ( -0 5 ) 2 .7 5 ( - 0 9 )
54 4(03) 1(06) 1.0 4 .0 7 ( -0 5 ) 1 .6 2 (-0 6 ) 4 .5 7 ( -0 7 ) 7 .9 5 ( -0 6 ) 1 .6 2 ( -1 0 )

Notation: a(b) =  a X 10^; A dash (-) indicates tha t the fractional abundance
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Table 4.4: Results for selected species for m odels 1-54 at tim e 10^ yrs.

M odel T  (K) "H T  ( c m - 3  K) X X (H C N ) X (H N C ) X (C 2 H ) X (C 3 H 2 ) X (C S )
1 7(02) 4(03) 0.1 2 . 5 5 ( - l l ) 2 . 8 8 ( - l l ) 1 .1 7 (-0 8 ) - 9 . 3 7 ( - l l )
2 7(02) 1(04) 0.1 2 .3 6 ( -1 0 ) 8 . 3 3 ( - l l ) 9 .6 0 ( - 0 8 ) 2 .1 6 ( -1 1 ) 6 .3 6 ( -1 0 )
3 7(02) 4(04) 0.1 6 .6 4 ( -0 9 ) 3 .6 8 ( -1 0 ) 1 .3 9 (-0 6 ) 1 .1 8 ( -0 9 ) 1 .0 6 ( -0 8 )
4 7(02) 1(05) 0.1 3 .4 5 ( -0 8 ) 6 .5 5 ( -1 0 ) 3 .1 0 ( -0 6 ) 6 .0 1 ( - 0 9 ) 4 .0 7 ( - 0 8 )
5 7(02) 4(05) 0.1 2 .1 8 ( -0 7 ) 1 .9 8 (-0 9 ) 2 .8 9 ( -0 6 ) 1 .8 0 ( -0 8 ) 8 .5 3 ( -0 8 )
6 7(02) 1(06) 0.1 9 .8 3 ( -0 7 ) 1 .8 2 (-0 8 ) 1 .9 7 (-0 6 ) 2 .3 5 ( -0 8 ) 7 .6 5 ( - 0 8 )

7 2(03) 4(03) 0.1 3 .3 0 ( -0 9 ) 9 .3 2 ( -1 0 ) 1 .5 4 (-0 7 ) 1 .2 4 (-1 0 ) 3 .6 6 ( -1 0 )
8 2(03) 1(04) 0.1 2 .5 7 ( -0 8 ) 2 .5 5 ( -0 9 ) 8 .2 2 ( -0 7 ) 2 .0 6 ( -0 9 ) 2 .3 7 ( -0 9 )
9 2(03) 4(04) 0.1 5 .4 7 ( -0 7 ) 8 .6 6 ( -0 9 ) 4 .1 5 ( -0 6 ) 2 .8 7 ( - 0 8 ) 1 .6 9 ( -0 8 )
10 2(03) 1(05) 0.1 2 .4 9 ( -0 6 ) 1 .6 1 (-0 8 ) 7 .1 9 ( -0 6 ) 7 .8 4 ( - 0 8 ) 4 .3 5 ( -0 8 )
11 2(03) 4(05) 0.1 6 .5 6 ( -0 6 ) 2 .6 0 ( -0 8 ) 9 .9 0 ( -0 6 ) 1 .9 0 ( -0 7 ) 1 .1 2 ( -0 7 )
12 2(03) 1(06) 0.1 7 .6 4 ( -0 6 ) 3 .4 7 ( -0 8 ) 1 .0 7 (-0 5 ) 2 .7 8 ( -0 7 ) 1 .6 6 ( -0 7 )

13 4(03) 4(03) 0.1 5 .1 4 ( -0 8 ) 1 .7 5 (-0 9 ) 8 .7 4 ( -0 8 ) 4 . 3 6 ( - l l ) i . e i ( - i o )
14 4(03) 1(04) 0.1 3 .6 5 ( -0 7 ) 5 .0 7 ( -0 9 ) 5 .5 0 ( -0 7 ) 1 .2 6 ( -0 9 ) 1 .6 5 ( -0 9 )
15 4(03) 4(04) 0.1 2 .3 0 ( -0 6 ) 1 .2 1 (-0 8 ) 3 .0 2 (-0 C ) 2 .0 6 ( - 0 8 ) 1 .3 6 ( -0 8 )
16 4(03) 1(05) 0.1 3 .8 6 ( -0 6 ) 1 .3 8 (-0 8 ) 5 .7 4 ( -0 6 ) 5 .9 5 ( -0 8 ) 2 .5 8 ( - 0 8 )
17 4(03) 4(05) 0.1 5 .3 9 ( -0 6 ) 2 .1 4 ( -0 8 ) 1 .3 6 ( -0 5 ) 2 .0 7 ( -0 7 ) 4 .3 7 ( -0 8 )
18 4(03) 1(06) 0.1 7 .1 0 ( -0 6 ) 5 .0 9 ( -0 8 ) 1 .5 2 ( -0 5 ) 3 .5 7 ( -0 7 ) 9 .6 9 ( - 0 8 )

19 7(02) 4(03) 0.3 - - 9 .6 1 ( -1 0 ) - -

20 7(02) 1(04) 0.3 1 .7 2 ( -1 1 ) 2 . 3 3 ( - l l ) 7 .8 0 ( -0 9 ) - 6 . 3 7 ( - l l )
21 7(02) 4(04) 0.3 4 .5 1 ( -1 0 ) l . l l ( - l O ) 1 .6 7 ( -0 7 ) 4 . 8 9 ( - l l ) 1 .1 2 ( -0 9 )
22 7(02) 1(05) 0.3 3 .1 8 ( -0 9 ) 2 .4 8 ( -1 0 ) 7 .7 4 ( -0 7 ) 5 .2 6 ( - 1 0 ) 6 .3 1 ( -0 9 )
23 7(02) 4(05) 0.3 2 .4 1 ( -0 8 ) 4 .6 1 ( -1 0 ) 1 .5 9 ( -0 6 ) 3 .4 1 ( -0 9 ) 3 .2 6 ( - 0 8 )
24 7(02) 1(06) 0.3 6 .8 5 ( -0 8 ) 9 .2 0 ( -1 0 ) 1 .1 2 ( -0 6 ) 5 .5 7 ( -0 9 ) 4 .1 1 ( -0 8 )

25 2(03) 4(03) 0.3 3 .3 6 ( -1 0 ) 1 .9 7 (-1 0 ) 1 .0 1 ( -0 8 ) - 2 . 9 0 ( - l l )
26 2(03) 1(04) 0.3 2 .0 3 ( -0 9 ) 6 .7 9 ( -1 0 ) 9 .3 1 ( -0 8 ) 7 . 2 7 ( - l l ) 3 .2 2 ( - 1 0 )
27 2(03) 4(04) 0.3 3 .6 3 ( -0 8 ) 2 .7 5 ( -0 9 ) 9 .1 5 ( -0 7 ) 2 .5 4 ( -0 9 ) 3 .5 4 ( -0 9 )
28 2(03) 1(05) 0.3 2 .5 0 ( -0 7 ) 5 .5 8 ( -0 9 ) 2 .2 7 ( -0 6 ) 1 .1 3 ( -0 8 ) 1 .1 3 ( -0 8 )
29 2(03) 4(05) 0.3 2 .8 5 ( -0 6 ) 1 .6 3 (-0 8 ) 5 .4 7 ( - 0 6 ) 5 .5 5 ( -0 8 ) 4 .4 1 ( - 0 8 )
30 2(03) 1(06) 0.3 4 .2 7 ( -0 6 ) 2 .0 0 ( -0 8 ) 7 .7 3 ( -0 6 ) 1 .1 4 ( -0 7 ) 8 .1 7 ( -0 8 )

31 4(03) 4(03) 0.3 3 .2 6 ( -0 9 ) 3 .0 5 ( -1 0 ) 4 .2 3 ( -0 9 ) - -

32 4(03) 1(04) 0.3 2 .9 2 ( -0 8 ) 1 .2 2 (-0 9 ) 5 .3 8 ( - 0 8 ) 4 . 4 7 ( - l l ) 1 .8 5 ( -1 0 )
33 4(03) 4(04) 0.3 5 .9 1 ( -0 7 ) 6 .1 2 ( -0 9 ) 6 .8 9 ( -0 7 ) 2 .5 6 ( - 0 9 ) 3 .5 0 ( -0 9 )
34 4(03) 1(05) 0.3 2 .2 5 ( -0 6 ) 1 .1 4 (-0 8 ) 1 .9 7 ( -0 6 ) 1 .3 4 ( -0 8 ) 1 .1 2 ( -0 8 )
35 4(03) 4(05) 0.3 4 .5 0 ( -0 6 ) 1 .7 4 (-0 8 ) 4 .7 9 ( -0 6 ) 6 .4 6 ( -0 8 ) 3 .0 l ( - 0 8 )
36 4(03) 1(06) 0.3 5 .0 4 ( -0 6 ) 3 .0 4 ( -0 8 ) 4 .2 8 ( -0 6 ) 6 .6 0 ( -0 8 ) 5 .6 1 ( - 0 8 )

37 7(02) 4(03) 1.0 - - 4 . 2 9 ( - l l ) - -

38 7(02) 1(04) 1.0 - - 4 .8 2 ( -1 0 ) - -
39 7(02) 4(04) 1.0 2 . 4 7 ( - l l ) 2 .8 1 ( -1 1 ) 1 .1 5 ( -0 8 ) - 9 .2 1 ( -1 1 )
40 7(02) 1(05) 1.0 1 .9 1 (-1 0 ) 7 . 4 3 ( - l l ) 7 .9 5 ( - 0 8 ) 1 .7 4 ( -1 1 ) 5 .8 3 ( -1 0 )
41 7(02) 4(05) 1.0 2 .0 8 ( -0 9 ) 1 .8 5 (-1 0 ) 4 .7 4 ( -0 7 ) 3 .4 5 ( -1 0 ) 5 .4 8 ( - 0 9 )
42 7(02) 1(06) 1.0 6 .1 8 ( -0 9 ) 2 .7 5 ( -1 0 ) 5 .6 8 ( -0 7 ) 8 .8 6 ( -1 0 ) 1 .2 3 ( -0 8 )

43 2(03) 4(03) 1.0 2 . 7 4 ( - l l ) 2 .0 1 ( -1 1 ) 1 .4 5 ( -1 0 ) - -

44 2(03) 1(04) 1.0 1 .7 2 (-1 0 ) I .IO ( - IO ) 3 .5 8 ( -0 9 ) - 1 .3 1 ( -1 1 )
45 2(03) 4(04) 1.0 2 .1 5 ( -0 9 ) 6 .4 3 ( -1 0 ) 8 .9 4 ( - 0 8 ) 6 . 3 5 ( - l l ) 3 .6 1 ( - 1 0 )
46 2(03) 1(05) 1.0 1 .1 5 (-0 8 ) 1 .4 3 (-0 9 ) 3 .3 3 ( -0 7 ) 4 .9 6 ( - 1 0 ) 1 .5 7 ( -0 9 )
47 2(03) 4(05) 1.0 1 .2 3 (-0 7 ) 3 .5 4 ( -0 9 ) 1 .0 0 ( -0 6 ) 3 .1 9 ( - 0 9 ) 6 .8 3 ( -0 9 )
48 2(03) 1(06) 1.0 6 .3 3 ( -0 7 ) 7 .3 8 ( -0 9 ) 1 .7 4 ( -0 6 ) 9 .1 7 ( - 0 9 ) 1 .5 7 ( -0 8 )

49 4(03) 4(03) 1.0 1 .2 9 (-1 0 ) 2 . 9 7 ( - l l ) 3 . 9 0 ( - l l ) - -

50 4(03) 1(04) 1.0 1 .3 1 (-0 9 ) 1 .5 7 (-1 0 ) 1 .2 0 ( -0 9 ) - -
51 4(03) 4(04) 1.0 2 .9 3 ( -0 8 ) 1 .1 6 (-0 9 ) 4 .1 8 ( -0 8 ) 3 .1 7 ( - 1 1 ) 2 .4 1 ( - 1 0 )
52 4(03) 1(05) 1.0 1 .6 7 (-0 7 ) 3 .1 2 ( -0 9 ) 1 .9 5 ( -0 7 ) 3 .5 0 ( -1 0 ) 1 .2 1 ( -0 9 )
53 4(03) 4(05) 1.0 8 .9 7 ( -0 7 ) 7 .8 8 ( -0 9 ) 6 .6 3 ( -0 7 ) 2 .3 5 ( - 0 9 ) 6 .1 4 ( - 0 9 )
54 4(03) 1(06) 1.0 4 .0 5 ( -0 7 ) 6 .0 9 ( -0 9 ) 2 .9 0 ( -0 7 ) 3 .4 1 ( -1 0 ) 5 .6 8 ( -0 9 )

Notation: a(b) =  a x 10^; A dash (-) indicates th a t the fractional abundance



C h a p t e r  5

X—ray Ionization and the Formation of 

Doubly Ionized A tom s

X -rays have a rather localized influence, but may affect the chemistry in interfaces 

occurring near stars and other radiation sources, which necessarily, have a relatively 

small spatial extent. It would be valuable to  identify a specific tracer indicating th a t 

X -rays were present in a particular in te r fa ce  region. Therefore, in th is chapter we 

sim ulate the effects of a nearby or embedded x -ray  source on a cloud by modelling a 

dark cloud, assuming an enhanced tem perature  and an ionization rate  greater than  

th a t a ttribu ted  to cosmic-rays alone. We also include the production of in 

the chemistry network. We find th a t the detection of large enhancem ents in the 

abundances of species such as CH, CN, OH and NO would provide evidence for 

the presence of a x-ray  source not directly detectable. We also predict th a t  the 

form ation of C' '̂*' would significantly enhance the production ra te  of CH'*’.

5.1 Introduction

There are a number of x -ray  sources in the galaxy, and these sources have been 

observed to lie within or adjacent to  interstellar molecular clouds. Examples of

93
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observed sources include the Orion Nebula (Long and W hite, 1980) and E ta  Carinae 

(Seward and Chlebowski, 1982). X -rays are also produced within clouds from shocks 

with velocities greater than  100 kms“ ^, stellar winds, a supernova explosion or from 

the degradation of gam m a rays em itted from radioactive decaying m aterial. The 

presence of x -rays can have a number of effects on the am bient gas, including heating 

and ionizing, which can lead to the detection of x -ray  signatures in the cloud.

Dalgarno (1976a) was the first to  suggest th a t the presence of x -rays near or in

a cloud could have an effect on its chemistry. He proposed an alternative m ethod to

the production of CH'*', thereby enhancing the fractional abundance of the molecule 

and providing a possible solution to  the CH"*" problem (as discussed in C hapter 4). 

D algarno (1976a) noted th a t in the vicinity of a x -ray  source, doubly charged ions 

could be formed.

The doubly charged ion is formed when a high energy x -ray  ionizes an atom  

by removing one of the inner shell electrons. The ionized atom , now in an excited 

sta te , would rapidly decay when an electron moves into the ground sta te , while a t 

the same tim e emit one or more electrons (Lepp and Tine, 1998). This process is 

known as the Auger Process.

Once the C"'"^ forms, it would readily react with H2 and form CH+ via the 

reaction sequence,

C'*’ T  cosmic — ray — > C"̂ "̂  +  e“ (5.1)

c++ +  H2 — > CH+ +  H+ (5.2)

In many of the  studies made to date, the presence of x -rays is sim ulated by a rti­

ficially and sim ultaneously enhancing the ionization rate  and gas tem peratu re  above 

the standard  values. Krolik and Kallman (1983) made a study of the dependence of 

the  fractional abundance of different molecules on the ionization rate. They found 

th a t an enhanced ionization rate a ttribu ted  to  the presence of x -rays could cause
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high abundances, not seen in standard  models, in species such as CN, CgH and 

HC3N. They argue th a t their abundances are so sensitive on the ionization rate  th a t 

their presence could be due largely on the presence of x -rays, although an enhanced 

ionization rate  does not have a positive effect on the abundance of all species. For 

example, the abundance of molecules such as CO and HCO+ are seen to  decline as 

ionization rate  increases.

A more recent study of the effects of x -ray  ionization on the cloud chemistry was 

made by Lepp and Dalgarno (1996), who made steady s ta te  chemical calculations 

over a wide range of ionization rates. They predict high fractional abundances of 

CN and NO and a sharp decline in the abundance of H C O ^. O ther molecules which 

are enhanced by x-rays include OH, CH and HCN. Lepp and Dalgarno (1996) found 

a correlation of the species abundances with the ^ ^ /^ (H ) ratio. The steady -sta te  

abundances of the enhanced species are seen to  fall off rapidly after the value of C /nn 

(( is the ionization rate  where 1C =  1.3 X 10“ ^  ̂s"^ is the standard  interstellar value) 

reaches a value of approxim ately 2 x 10“ ®̂ cm^s“ L It is around this point th a t the 

nu/n{H.) ratio  falls through unity.

In molecular clouds, H3 drives the chemistry and is formed from the ionization of 

H2, producing H2'*' which reacts with another H2 molecule to  form Hj" (see in equa­

tions 1.3 and 1.4). Therefore as the chemistry proceeds there is a constant removal of 

H2 from the gas. This effect is accentuated by x -rays due to  the increased ionization 

rate, producing a gas which is mainly atom ic ra ther than  molecular. This situation 

favours the production of simple molecules. As the abundance of H2 decreases, the 

formation reactions requiring H2 becomes less efficient. The dissociative effect of 

x-rays also causes the enhancem ent in abundance seen in some of the molecules 

(e.g. OH and CH). CO and N2 become dissociated more rapidly under these condi­

tions, producing free atom s which are used in the form ation of these simple diatomic 

molecules.
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Table 5.1: Param eter set for grid o f m odels.

Param eter Range of Values

c ( s - ‘ ) 1 , 10 , 100 , 10^, 10\  10^  10®

T (K) 250, 500

The predicted decline in HCO+ abundance has been inferred from observations 

made by Phillips and Lazio (1995). Using the Owens Valley m m -wave interferome­

ter, they made observations of the x -ray  source 1E1740.7-2942, which showed th a t 

the HCG'*' (1-0) line intensity was lower than expected. The au thors suggested th a t 

the  observed enhanced destruction or suppressed form ation of H C O ^ was due to  its 

proximity to  the ionizing flux produced from the x -ray  source.

It is hoped th a t from the modelling, tracers of x -ray  ionization may be identified 

and used as a signal of stellar x -ray  emission, which would otherwise be too faint or 

too deeply buried in clouds to be detected using x -ray  telescopes. In this chapter, 

we describe the modelling of x-ray  ionization and include the form ation of doubly 

ionized carbon. In §5.2 we describe the different model conditions studied. The 

results are given in §5.3 and conclusions are made in §5.5.

5.2 M odel Calculations

In order to study the effects of x -ray  ionization on the gas chemistry, we made a 

grid of 21 calculations assuming varying physical conditions. The calculations were 

halted once the fractional abundances of the species reached a s tead y -sta te  value. 

We assumed initial elemental abundances appropriate to  dark  clouds (taken from 

Table 1.2), the number density of H nuclei, nn, is assumed to  be lO'  ̂ cm “  ̂ and the 

visual m agnitude is assumed to  be 10. The varying param eter set for the grid of 

models is given in Table 5.1.
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5.3 Results and Discussion

To ease the comparison of results obtained with those from previous studies, the 

results from the seven different models (for a given tem perature) were compiled 

together and put in the form of of log(Xj) vs. log(C/nH) plots. (N.B. when consid­

ering the effects of x-rays, plots of molecular abundance are generally of the form 

log(Xi) vs. log((/nH ). This is because the main reactions are either x -ray  ioniza­

tion reactions, with rates proportional to  nnC or are two particle reactions with rates 

proportional to  Division of nnC by leaves C/^H as the only free param eter 

(Lepp and Tine, 1998)). S teady-sta te  fractional abundances of the models for a 

selection of species are given in Fig. 5.1 and 5.2 for T  =  250 K and Fig. 5.3 and 5.4 

for a gas tem perature of 500 K.

Firstly consider the results for models a t T  =  250 K. The results seem to  follow 

previous predictions. The abundances of a num ber of different species are seen to  

be significantly enhanced by the increased ionization rate. There is a  large ‘bum p’ 

in the fractional abundance plots for species including C, CH, C H ^, CN, OH, C 2H, 

NH and NH2 . The abundances are predicted to  be enhanced by a t least two orders 

of m agnitude. X -rays are seen to  also enhance the abundances of NO, HCN, HC3N 

and C 2H2, although not to  the same extent.

However, the presence of x -rays has a counterproductive effect on the abundances 

of species including CO and N2 , which are readily dissociated due to  the higher 

ionization rates. The free atom s C, O and N are used to  produce simple molecules, 

thereby causing the enhancem ent in abundances seen in species such as CN and NO.

As noted by Lepp and Dalgarno (1996), the  abundances of all species are seen 

to rapidly decrease once the nn /n (H ) ratio  falls below unity. This occurs a t a C /nn 

value of ~  fewx 10“ ^̂  cm^s“ .̂ This is due to  the dram atic reduction in the  ion, 

H3 , which is normally used to  drive the chemistry in dark clouds (as described in 

§1.4.1.1). As expected, the abundance of Hg drops dram atically in correlation with
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the reduction in the ny[/n{H.) ratio.

For the T  =  500 K case, the tracers of x-ray  ionization identified for the 250 K 

case are no longer appropriate. For tem peratures of 500 K, CH does not show the 

predicted pronounced bump in the abundance profile seen in the 250 K case. The 

enhancem ent in abundance of CN has also fallen slightly. We now find th a t suitable 

tracers are NO, OH and CH+. NO is enhanced by alm ost four orders of m agnitude 

and OH is increased by almost three orders. There is also a large enhancem ent in 

the abundance of HCN+, but this species would not be a valuable tracer as the 

enhanced abundance is not great enough to make it easily observable. A t higher 

tem peratures, very few species show the bump in abundance profile th a t indicates 

an enhancem ent due to  the increased ionization rate , but many species do show 

an overall increase in abundance a t low ionization rates compared to  the models 

a t 250 K. Such species include C2H, HCN and HNC, which all show significantly 

larger fractional abundances a t low ^ values. This is due to  the  higher tem peratures 

driving endothermie reactions, which are inefficient a t low tem peratures. A nother 

effect of the increased tem perature is th a t the n n /n l j i )  ratios falls below unity a t a 

lower value of C/nn  than for the 250 K models, therefore the fractional abundances 

of all species, regardless of their robustness, will also fall off a t a lower value o f^ /a n -

One surprising result from the models, is the fact th a t  HCO+ is seen to  be 

significantly enhanced a t high ionization rates. In all previous models, x -rays are 

predicted to have a destructive effect on the abundance of HCO"*". However, it should 

be noted th a t previous models assumed lower gas tem peratures, and the 500 K case 

has not been modelled before. The heating produced from the x -rays may not in 

fact increase the tem perature of the gas to  such high levels.
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I

Figure 5.5: Variation in fractional abundance o f CoH with Q/n\\  (crn^ s )̂ and tim e for

models with T  =  250 K

i
5

Figure 5.6: Variation in fractional abundance o f CH with Q/ri\\ (cm^ s  ̂) and tim e for

m odels with T  =  250 K
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5 .3 .1  T im e —d e p e n d e n t  E f fe c ts

We also studied the tim e-dependent effects of x -rays on the abundances of species. 

Three-dim ensional plots of the variation of fractional abundances of C 2H and CH, 

with log(C/nH) and tim e are given in Fig. 5.5 and 5.6 respectively. From the figures, 

it can be seen th a t there is an early time peak in abundances a t a tim e of about 

10,000  years.

We discuss only the case of C 2H and CH, as an example of the kind of results 

obtained. In these two cases, the predicted early tim e peak can be explained by con­

sidering the destruction routes of the species. The main destruction route involves 

reactions with H'*', Hj", H3 and C'*', but at early tim es hydrogen is molecular and 

carbon is mainly neutral. The destruction routes of C 2H and CH are suppressed until 

the abundances of the destructive ions reaches a sufficient level th a t the  destruction 

processes become efficient.

For C 2H, the early tim e fractional abundance is ~  4 x 10~^, whereas the steady - 

sta te  value is 2 X 10“ ^. For CH, the early time fractional abundance is ~  2 x 10“ ,̂ 

and the steady -sta te  value is 5.5 X 10“ ®. This early tim e peak is not seen in many 

species, although an enhancem ent is also predicted to  occur for CH+, with an early 

time abundance ~  3 X 10“ ®̂, and s teady -sta te  value being 2.5 X 10“ ^^. If detections 

of these very high fractional abundances are made, the  results could be used as a 

chronom eter for the age of the region.

5.4 Formation of Doubly Ionized Carbon

As previously discussed, x-rays are predicted to  produce doubly ionized atom s. In 

this section, we have included five new form ation and destruction routes for C'*'"'" 

into the chemical reaction ratefile. The new reactions are given in equations 5.4-5.7. 

The same grid of models as before (given in Table 5.1) were calculated. We will 

concentrate our discussion of the effect which the presence of X -rays and C++ has
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on the fractional abundance of CH+.

C*" +  cosmic — ray —>■ C++ + e “ a  =  2 .3 (-16 );/3  =  0.00 (5.3)

C++ +  H2 —> CH+ +  H+ a  =  1.0(—09); /3 =  0.00 (5.4)

C++ +  e" - 4  C+ +  h F a  =  1 .0 {—11) ; / ? =  —0.61 (5.5)

C++ +  H; - ^ C +  +  H+ a  =  2 .0 (-09 );/3  =  0.00 (5.6)

C++ +  H; C+ +  H+ +  H a  =  2 .0 (-09 );/3  =  0.00 (5.7)

The notation a(b) =  a X 10^.

We find th a t a t low values, there is no change in the abundance of CH"*" 

because the ionization level is insufficient to produce a large enough abundance of 

C"*""*" to  significantly alter the production of CH"*", whereas a t higher ^ values the 

effects become quite noticeable. The fractional abundance values of CH"*", using the 

original chemistry ratefile (at 250 and 500 K), and the corresponding values for the 

modified chemistry ratefile are given in Table 5.2. From the results it can be seen 

th a t a t very high ionization rates, the fractional abundance of CH"*" is enhanced by 

at least two orders of m agnitude. Although the CH"*" abundances are low in this 

scenario, there will be few other species with significant abundances.

However, it should be noted th a t the reaction network involving C "*""*" included 

into the ratefile is far from complete and a more thorough exam ination of the network 

could provide more realistic results. Even from this crude model, it is found th a t 

the form ation of doubly charged atom s can have a significant effect on the cloud 

chemistry and therefore m ust be more carefully studied and included into future 

models of regions with high ionization levels. As was proposed by Dalgarno (1976a), 

the presence of C"*""*" does enhance the production rate  of CH"*", and a more detailed 

study of x -ray  ionization in diffuse regions might provide a solution to  the CH+ 

problem described in C hapter 4.
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Table 5.2: Variation in the fractional abundance of CH^" due to the form ation o f C"*"*"

S teady-sta te  fractional abundance values of CH"*"

C (s" i) r  =  250 K T  =  500 K

Standard  Model C I n c l u d e d  S tandard  Model C'*"'*' Included

3 .1 (-1 2 ) 6 .7 (-12 ) 7 .9 ( - l l ) 8 .4 ( - l l )

10(5) 1 .6 ( - 12) 2 .6 ( - l l ) 8 .3 (-1 2 ) 3 .8 ( - l l )

1 0 (6 ) 6 .1 (-1 3 ) 1 .6 ( - 10) 1 .5 (-12 ) 1 .8 ( - 10)

The notation a (—b) =  a x 10

5.5 Conclusions

From the models, it has been determined th a t certain molecules including CH, CN, 

OH, NO, NH and NH2 could be used as signatures for the presence of a nearby or 

embedded x -ray  source in the cloud. The large enhancem ent in their abundances 

caused by x -rays would make them easily observable. A few species such as HCN+ 

also show significant abundance increases with values, bu t even a t their enhanced 

values, the predicted fractional abundances would make their detection still difficult.

We also find th a t  the abundances are very sensitive to  the tem pera tu re  of the  

gas. At higher tem peratures, the tracers for x -ray  emissions are different from those 

for the 250 K case. A t these higher tem peratures, there is a  smaller selection of 

molecules which show large enough abundances and a sufficient enhancem ent to  

make them  suitable tracers, but these do include NO, OH and CH+.

For a small selection of molecules (e.g. CH, CH'*’ and C2H) the variation of 

their fractional abundance with time could provide a useful chronological tool in 

determ ining the age of the region being studied. We find a large increase in the 

abundance values of these molecules a t a time of approxim ately 10  ̂ yrs., com pared 

to  their s tead y -sta te  values. The enhancem ent can be up to  two orders of m agnitude.

Finally, when we include the form ation and destruction of C"*"̂  into the  reaction
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network, we find th a t there is a significant effect on the CH'*' abundance a t high C 

values. The abundance of CH'*' can be enhanced by over two orders of m agnitude, 

although from a very low level. Further work into this area would need to  consist of 

a more comprehensive network of form ation and destruction routes of doubly ionized 

atom s and a more detailed study of the tem perature effects would also produce a 

more accurate model of x -ray  ionization.



C h a p t e r  6

Photodissociation Region in the  

V icinity of a Circum stellar Disk

Circum stellar disks around newly-formed stars are well defined regions of cold and 

very dense gas. The chemistry of such disks has been well studied in theoretical 

models. However, the in te r face  of such disks with the high radiation environm ent 

in which they are embedded creates an interesting region which could potentially 

provide information about the lifetime of the disk. M aterial evaporating from the 

disk can be gravitationally trapped so th a t a kind of photon-dom inated region (a 

FD R, also known as a photodissociation region) can arise. In this chapter we explore 

the chemistry in a FD R /disk  system to examine the contribution th a t a  FD R  may 

make to  the molecular species th a t may be observed. We com pute the column 

densities of species through the FD R /disk  system, averaged over the disk. For the  

case where the central s ta r has a high stellar mass, our results are in good agreement 

with the observations which are available, and we predict th a t detectable species 

should include CO, C2H2, CH4 , HCN, NH3 and CS. We find th a t  potential tracers 

of disks around low mass stars irradiated by nearby massive s ta rs  include OH, CH3 

and C 2H. We note th a t the detection in a disk of F D R -type  chem istry would be a
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clear signature th a t the disk is undergoing erosion. Its duration would therefore be 

limited, with consequences for planet form ation.

6.1 Introduction

Circum stellar disks around young stars, the new m aterial of fu ture planetary sys­

tem s, have been the subject of much research in recent years. However, observations 

of these disks are not easy due to  confusion with foreground and background gas 

and their complex geometry. Nevertheless, the Hubble Space Telescope (HST) has 

provided strong dynamical evidence of the existence of extended circum stellar disks 

around many low mass young stars (e.g. Bally et al.., 1998), and there is also evidence 

th a t disks are present in OB associations (O ’Dell, 1998, and references therein) as 

well as around massive stars (Mitchell et a i ,  1989; C arr et a i ,  1995).

Radio and IR observations of molecular abundances in circum stellar disks can 

reveal the chemical connection between planetary and interstellar m atter. Further­

more, the sizes of disks are still not well determined: the  knowledge of the molecular 

abundances a t different radii of a disk may be helpful in determ ining its geometry. 

D utrey et al. (1997) reported molecular emissions from disks around the low mass 

T -T auri stars DM Tau and GG Tau and inferred th a t  the disk may extend to ~  

800-1000 AU. They also find diversity in the  chemistry: some of the detected species 

are under abundant with respect to  dark cloud abundances by factors of 5 to  30, 

indicating th a t depletion on to  grains is occurring, while large ratios of C 2H/HCO"*' 

and C N /H C N  are indicative of photo-dom inated chemistry.

It is likely th a t  disks are flared, allowing them  to  absorb more of the radiation 

from the central star a t large radii than  possible for a  flat disk. This would result 

in the form ation of a layer of warm gas and dust a t the  surface of the  disk (Chiang 

and Goldreich, 1997). Goldsmith et al. (1999) also noted th a t some emission must 

occur from the surface layers of flared disks: from observations of m ethanol, they
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infer th a t gas species are desorbed from the grains in these layers while retained on 

the icy mantles in the mid plane region of the disk. Such observations indicate th a t 

substantial chemical processing, desorption and depletion, occurs in the  evolution 

of disks surrounding low mass stars.

Extended radio emission has been observed in the  Trapezium region of the  Orion 

OB association. This emission is thought to  be produced by photo-evaporation of 

the surface of disks surrounding low mass stars (Johnstone et a/., 1998). P h o to -  

evaporation via ultraviolet photons could be a very efficient mechanism for the 

removal of disks and an im portant factor in any subsequent planetary form ation. 

Given a strong enough UV field, the disk surface can be heated to  tem pera tu res in 

excess of 1000 K, and over most of the disk the gas m aterial becomes gravitationally 

unbound. Even if the central star is of low mass a disk may be exposed to  a strong 

UV radiation field from an external nearby massive sta r. External radiation from 

an OB association in the vicinity of the disk would evaporate circum stellar disks 

much faster than  the radiation field of the central low mass star, consistent w ith the 

timescales required for solar-type systems (Johnstone, 2000). However, disk ma­

terial sufficiently close to  the central s ta r in either case will remain gravitationally 

bound to the system. The radius at which the heated m aterial is no longer bound 

by gravity is called the critical gravitational radius, Cg. W ithin this radius the  evap­

orated but gravitationally bound m aterial creates an extended photon-dom inated 

zone, i.e. a FD R. The potential chemical role of this FD R  is the subject of this 

chapter.

Although disks surrounding low mass stars are more common, there is evidence 

th a t disks can also survive around young massive stars. Mitchell et al. (1989) re­

ported detection of circumstellar CO from the infrared source GL 2591, a  10M@ 

young stellar object (YSO) (van der Tak et a/., 1999). This object is thought to  

have an optically thick dust shell. The CO detected by Mitchell et al. (1989) shows a
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variety of structures and gas properties, and in particular they deduce the presence 

of a hot gas (T ~  lOOOK) a t the surface of the disk, C arr et al. (1995) extended 

the study of GL 2591 to  include other species. Their analysis indicates th a t  most of 

the emission arises in gas at ~  200 and 1000 K, corresponding to  the  components 

observed by Mitchell et al. (1989). They propose a scenario where grains play a 

passive role. During the s ta r formation process, molecules freeze on to  grains, which 

are then released after the star is formed, by direct heating of the dust by the star, 

by photo-desorption or other mechanism.

From this limited, yet convincing, set of observations, it is clear th a t  disks may 

extend up to  ~  1000 AU, still moving in Keplerian motion around the central s ta r 

and th a t molecular emission may arise from different com ponents of the  disk.

Detailed chemical models are required to  help in terp ret these results. Although 

the m ajority of the early models dealt only with the midplane region (Aikawa et a/., 

1997, 1998), recent models by Aikawa and Herbst (1999) and Willacy and Langer 

(2000 ) have taken into consideration the chemical d istribution in all layers of the 

disk from the midplane to  the surface layers. Willacy and Langer (2000) find th a t 

the UV radiation from the  central source is im portan t in driving the chemistry. They 

also infer th a t the observed emission comes from a layer below the surface where UV 

photons can still penetrate  sufficiently to  drive desorption bu t molecules are shielded 

to  a certain extent from photodissociation. However, their models do not incorporate 

an extended PD R  within the critical gravitational radius created from evaporated yet 

gravitationally bound gas. Two-dimensional models of a low stellar mass system 

have also been made by van Zadelhoff et al. (2001). The authors modelled their 

molecular line emissions in order to  derive the density and tem peratu re  structures 

of the disk.

In this chapter we investigate a model in which a circum stellar disk is being 

heated by a strong radiation field from a massive s ta r  th a t may be the central object
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in the disk, or nearby. W ithin the critical radius, Cg, the heated gas is trapped  a t 

the surface of the disk (Johnstone, 2000), in effect creating a photon dom inated 

region (a PD R), while outside this region the disk is being photo-evaporated . PD R s 

have a characteristic chemistry caused by the influence of the radiation field on the 

dense and warm molecular gas. We shall explore the chem istry in a  PD R  associated 

with a  circumstellar disk undergoing photo-evaporation. O ur intention is to  identify 

molecular tracers of disks in this destructive phase of their evolution, from the  gas 

th a t is trapped in the PDR. The model predictions will be com pared with the ra ther 

limited observational d a ta  for GL 2591, a candidate high mass object for a p ho to - 

evaporating object th a t should include a PDR. Predictions of potentially observable 

species, as yet undetected, arising in the eroding P D R /d isk  system  are also made.

Disks around low mass stars are much more numerous than  those associated 

with high mass stars. Such disks will incorporate a PD R  when irradiated  by a 

nearby massive star. In such a case, the PD R  may provide molecular signatures of 

the late evolutionary stage of a disk around a low mass object. Therefore, we shall 

also consider PD Rs arising in disks around a low mass sta r, where the  radiation 

source is assumed to  be a nearby massive star. Such system s have been proposed by 

Johnstone et a i  (1998), and in this study we show th a t  potential molecular tracers 

can be identified.

A brief discussion of m ethods for disk dispersal is given in §6.2. The model is 

described in § 6.3. A comparison with observational results for GL 2591 is given in 

§ 6.4, and some predictions of other potentially detectable species in disks around 

massive sta rs  are given in § 6.5. Predictions of molecular tracers of eroding disks 

around low mass stars are given in § 6 .6 . A brief conclusion is presented in § 6.7.



6.2. Disk Dispersal 113

6.2 Disk Dispersal

Strom (1995) deduced th a t the dust in the inner disks around low mass s ta rs  is 

dispersed in about 10  ̂ yrs., whereas for interm ediate mass stars, this timescale is 

somewhat shorter. In this section we will concentrate on the possible m ethods for 

the dispersal of such disks.

Four different m ethods for disk dispersal have been proposed, (i) accretion of 

material onto the central source (ii) stripping of m aterial due to  close encounters 

(iii) removal of m aterial from stellar or disk winds and (iv) photoevaporation of disks 

from a UV radiation source (Hollenbach et a/., 1994; Johnstone et nA, 1998; Storzer 

and Hollenbach, 1999; Hollenbach et a/., 2000).

6 .2 .1  D isk  A ccretio n

The transport of angular momentum radially outw ards allows disk m aterial to  flow 

inwards, onto the central object. The angular m omentum  transport can be tran s­

ported by, for example, turbulence or magnetic fields. Considering viscous disks, 

the viscosity timescale is given by, 

r 2
C =  — (6.1)

2/

where u is the viscosity param eter (Shakura and Sunyaev, 1973). It is found th a t  

as the viscosity spreads radially outwards (by the conservation of angular m om en­

tum ), the accretion rate  onto the central object decreases and accretion becomes an 

inefficient mechanism for disk dispersal (Johnstone, 2000).

6 .2 .2  C lose  E n co u n ters  by  N ea rb y  S tars

Extensive studies have been made to  determine the effect th a t a close encounter of a 

star would have on a disk (Clarke and Pringle, 1993; Heller, 1995; Hall and Clarke, 

1996). It was found th a t only very large disks would be significantly dispersed on 

the timescales being considered.
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6 .2 .3  S te lla r  and D isk  W in d s

During and after the collapse phase of a cloud, which builds up the disk mass, 

the disk accretes m aterial onto the central object and creates a strong wind. This 

strong wind is produced by the interaction of the ro tating  m agnetic field w ith the 

inner disk (Shu et a/., 1988; Konigl, 1995). This m ethod of disk dispersal was 

proposed by Cameron (1973) and Horedt (1978, 1980). Johnstone (2000) calculated 

the effectiveness of this m ethod and found th a t it was only efficient for very thin 

disks.

6 .2 .4  P h o to e v a p o r a tio n

The surface of a disk can be efficiently evaporated if it is heated to  tem peratures 

such th a t  the average therm al speeds of atom s or ions are com parable to  the escape 

speed of the gravitational potential. Present theories predict th a t  the UV radiation 

from a massive central object in a d isk /sta r system or from a nearby massive s ta r 

would be sufficient to evaporate the disk m aterial.

6.2.4.1 Photoevaporation by a C entral Star

The UV flux from the central s ta r of a massive s ta r/d isk  system  would be able to  

heat the  disk surface to  tem peratures of the order 100-3000 K depending on the 

m agnitude of the flux and the density of the gas. Two main scenarios have been 

described for such a system: (i) a weak stellar wind case and (ii) a strong stellar 

wind case (Johnstone, 2000).

For the weak stellar wind case, the UV radiation would create a bound envelope 

above the disk surface for r  < Cg, where the height of the envelope is equivalent to  

the scale height. In the strong wind case, the ram pressure from the stellar wind 

would be too high for the envelope to achieve a full scale height above the disk. The 

stellar wind suppresses the height of the PD R  envelope.
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In both cases, for r  > fg the m aterial becomes unbound and the m aterial evapo­

rates off the disk surface as a disk wind, which gives the required photoevaporative 

mass loss.

6.2.4.2 P hotoevaporation  by an E xternal Source

Low mass stars have insufficient UV flux to  cause a photoevaporative flow. Instead, 

the low mass sta r must fie near massive stars, which would illuminate the disk surface 

with the required intense radiation. In contrast to  photoevaporative flows caused 

by a central star, where the mass loss is concentrated in the inner regions (r ~  rg, 

i.e. the region closest to  the UV radiation source), the photoevaporative flow for an 

externally illuminated disk is concentrated in the outer region (r ~  r j ,  where r j  is 

the disk radius), where most of the surface area lies.

The overall effectiveness of each dispersal m ethod depends on the region of the 

disk. The viscous timescale is seen to  be dom inant in the inner region, whereas 

the stellar encounter lifetime is clearly only im portan t in the outer regions. The 

photoevaporation timescale is dom inant in the interm ediate regions and stellar wind 

stripping is found to be not effective a t all (Hollenbach et a/., 2000).

6.3 M odel Calculations

Our model follows the tim e-dependent chemical evolution of the envelope of a disk a t 

different radii (r) from the central object out to  a critical radius, rg. Beyond rg, the 

envelope is no longer gravitationally bound, and we do not consider the chemistry in 

th a t zone. Our model is two-dim ensional in th a t we com pute the tim e-dependent 

chemical evolution as a function of r  and of z, the distance from the central plane 

of the disk. The driving source of the PD R  envelope is either from the central star, 

in the case of a massive YSO, or from an external massive s ta r  or stars, as in the
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case of disks surrounding low mass stars in OB association, such as the Trapezium 

in Orion.

The radiation field from a central massive s ta r is taken to  be 4x10^ Go a t r  =  

20 AU (where Go represents the mean interstellar radiation field intensity), ranging 

down to lO'  ̂ Go a t rg (where Cg is given by equation 6 .2 )

r, =  G M . ^  (6.2)

The interstellar radiation held is taken to  be am bient and is therefore negligible.

This strong UV held will determine the tem peratu re  of the  gas a t each point in 

the envelope. The gas in the upper layer of the PD R  is assumed to  be heated to  a 

tem perature of 1000 K (e.g. C arr et af., 1995), while subsequent lower layers, due to 

shielding and cooling effects, are assumed to be a t a tem peratu re  corresponding to 

the midplane disk tem perature at th a t given radii. The tem peratu re  of the  midplane 

of the disk is calculated using equation 6.3 (Aikawa et ah, 1997),

where T* (GL 2591) =  9 x 10'̂  T© (Lada et al., 1984), and the scale height, H(r) is 

calculated from equation 6.4 (Hollenbach et al., 1994)

/ r
H(r) =  r,  ( - j  (6.4)

The values for the physical and chemical param eter set employed for the grid 

models is summarized in Table 6.2 and the dependence of num ber density on z is 

assumed to  be given by equation 6.5,

,{r,z) =  7%(r,z =  0)ezp  (6 5)
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Table 6.1; Param eters for each radial point studied for a lOM© star.

Radius (AU) n (r, 2 =  0 ) (cm ^) T(r)  a t mid plane (K) 77(r) (AU)

40 2.59(10) 767 6.86

60 8.51(09) 626 12.60

80 3.86(09) 542 19.40

100 2.09(09) 485 27.12

200 3.10(08) 343 76.70

300 1.02(08) 280 140.90

400 4.61(07) 242 216.93

600 1.51(07) 198 398.53

800 6.85(06) 171 613.57

1000 3.71(06) 153 857.49

1200 2.24(06) 140 1127.20

1360 1.59(06) 132 1360.00

The notation a(b) implies a  x 10“.

where n (r, z =  0) and p (r, z = 0) are given by equations 6.6  and 6.7 respectively.

^ ( , , ,  =  0) =  ^ ^  (6.6) 
il mH

p ( r ,  z  =  0) =  1.4 X 10“ ® (6.7)

YSOs are considered to  be strong sources of x -rays which may significantly affect 

the chemistry of the disk. Igea and Glassgold (1999) predict th a t stellar x -rays can 

penetrate  the entire disk. In some models therefore, we sim ulate the  presence of 

x -ray  ionization (as in C hapter 5) by enhancing the ionization rate, (̂ , above the 

standard  cosm ic-ray rate  of 1{ up to  10^{ (standard  cosm ic-ray rate  =  1( =  1.3 X 

1 0 - 1 "  s - i ) .

Our model is a tw o-phase calculation. In the first Phase, we consider a single­

point collapse for a cloud forming a s ta r-d isk  system . This calculation is required
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in order to  derive the initial atom ic and molecular abundances in the disk. The 

collapsing model takes into account freeze-out and surface hydrogenation (as in 

Viti and W illiams, 1999a). The initial elemental fractional abundances are those 

appropriate for a dark cloud (as given in Table 1.2). The chemistry includes 337 

species in a network of 2950 chemical reactions taken from the UM IST database 

(Millar et a/., 1997). The initial and final number densities adopted in this phase 

are lO'  ̂ and 10  ̂ cm “  ̂ and the collapse is assumed to  be free-fall.

We also made an alternative calculation of initial molecular abundances for the 

second phase. In the first phase of our calculations, instead of assuming th a t  a t 

late times the gas-phase species accreted onto grain surfaces, which subsequently 

underwent hydrogenation reactions, we suppressed freeze-out so th a t  all species 

remained in the gas-phase. This purely gas-phase description was then used as the 

initial composition of the disk a t the s ta r t  of Phase 2.

The UV radiation field from the central object (or from an external OB source) 

is assumed to  be switched on a t the s ta r t  of Phase 2, and irradiates the tw o- 

dimensional disk. W hen the UV field is switched on, the icy m antles are assumed 

to  be instantaneously evaporated. The chemical evolution of the  envelope of the 

disk is followed a t 12 different radii (as specified in Table 6.1) and a t each radius 

the envelope, trea ted  as a PD R, is represented by a slab subdivided into 5 shells 

represented by 5 depth points of increasing visual extinction, density and decreasing 

tem perature from the edge of the disk (where the tem pera tu re  is 1000 K) towards 

the midplane.

For each radius, we have com puted a grid of models (see Table 6.2) in which we 

vary the ionization rate  and tem peratu re  within the envelope. This is done in order 

to investigate the effect of the x -ray  ionization on the disk. The column densities 

for each species in the PD R  was then calculated for each model.



6-4. Results and Discussion 119

Table 6.2: Param eter set for grid o f m odels.

Model Scenario Tem perature of 

Lower Layers (K)

Mass of 

C entral S tar

A PD R E with 1C mid plane value IOMq

B PD RE with 1(03)C midplane value IOMq

C PD RE with 1(05)C midplane value IOMq

D PD RE with 1C 1000 K IOMq

E PD RE with 1(03)C 1000 K IOMq

F PD R E with 1(05)C 1000 K IOMq

G No PD RE present and 1C midplane value IOMq

H PD R E with 1C midplane value IM q

I PD R E with 1C 100 K IM©

J No PD RE present and 1C mid plane value IM q

The notation a(b) implies a x 10^ and abbreviation PD RE - Photon D om inated

Region Envelope

6.4 Results and Discussion

The results for Models A -G  are given in Table 6.3. The table contains the  averaged 

weighted column densities over the entire area of the PD R  above the disk for r <  r^. 

Table 6.3 also compares the model results with all known molecular observations of 

GL 2591, the best candidate for the  high stellar mass scenario being studied here. 

As stated  in § 6.1, GL 2591 has been observed by C arr et al. (1995) to  have hot 

gas a t the surface of the disk. Five separate observations have been made to  date  

by Mitchell et al. (1989); C arr et al. (1995); Helmich et al. (1996); Lahuis and van 

Dishoeck (2000) and Boonman et al. (2000).

We found the models using purely gaseous initial abundances produced column 

densities in the PD R of the disk lower than  observed. This mainly affected species
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such as NH3 , CH4, HCN and H2O which are further produced in the collapse phase 

via hydrogenation reactions of the grain surfaces. Therefore, we chose to  use the 

models in which freeze-out occurs in Phase 1 , followed by evaporation in the sec­

ond phase. This scenario has also been predicted by C arr et a i  (1995) who show 

th a t their observations can be explained by models in which gas-phase species are 

preserved on grain mantles and later released a t high tem peratures.

We discuss first the sensitivity of the model to  the  param eter changes repre­

senting the ionization rate  and the assumed tem perature  of the inner layers of the 

PDR. Models A, B and C represent the effect of changing the ionization ra te  by 

factors of 1, 10^, and 10^ respectively for a given tem peratu re  structu re . It has pre­

viously been shown (Lepp and Dalgarno, 1996) th a t the presence of x -rays causes 

an enhancem ent in certain species, including NO, CN, HCN and CH, although this 

enhancem ent in abundance is not seen in all species (for a more detailed discussion 

see C hapter 5). Molecules such as CO and N2 are more readily dissociated due to 

the enhanced ionization rate, and this dissociation produces free atom s, which are 

then used in the form ation of simple molecules such as HCN and NH3 . For models 

A, B and C, changes in our computed column densities arising from changes in the 

ionization rate  are always by less than  a factor of five, and often less th an  a factor of 

two. Evidently, as the ionization rate changes, a t the high num ber densities of the 

gas considered here the form ation and destruction processes are more or less equally 

affected. This conclusion is also evident in the results from models D, E and F, 

which also show the effect of changing the ionization ra te  in a PD R  with a different 

tem perature structure.

The effects of tem perature are more pronounced. We may com pare the pairs 

A and D, B and E, and C and F, each pair having the same ionization rate, but 

a different tem perature structure . In models D, E and F  (which are probably less 

realistic than  models A, B and C), the higher tem peratu re  layers are assumed to



6.4- Results and Discussion 121

penetrate deeper than in models A, B and C. A part from the case of CO, the models 

with higher tem peratures a t greater depths show greater column densities, in several 

cases - notably NH3 - by more than  one order of m agnitude. This result simply 

reflects the effect of tem perature increases on mildly endotherm ie reactions included 

in the chemical network. The increased abundances of HCN, CH4 and NH3 can be 

explained by considering their main form ation routes: H2 +  CN, Hg +  CH3 and 

H2 +  NH2 for the formation of HCN, CH4 and NH3 respectively. These reactions 

have energy barriers, therefore m aking them  more significant in the high tem peratu re  

regimes studied here. C 2H2 also shows a sharp  increase in abundance which is also 

due to the increased tem peratures. A t high tem peratures, oxygen atom s become 

locked into H2O and it is this increase in water abundance which produces the 

increase in C2H2 column densities via the reaction C 2H3 +  H2O. No significant 

increase in abundance is seen for either CS or SiO. This is because neither their 

main formation or destruction mechanisms have energy barriers and therefore remain 

unaffected by the increase in tem perature.

The chemical effect of including the PD R  may be estim ated by comparing results 

of Model G with those of Models A -F . Model G conditions consisted of only a 

cold, dense disk, without the corresponding PD R  envelope above the surface of the 

inner disk. For consistency, in th is case (G) we have assumed only an am bient 

interstellar radiation field, and therefore the  tem peratures of the entire disk remain 

relatively low. The results are given in Table 6.3. The PD R  clearly contributes very 

significantly to the predicted column densities of all the species listed, most notably 

so in the case of C 2H2 which is increased in the case of models A-G  by about two 

orders of magnitude and for models D -F  by over three orders.

It is of interest to  compare the model results with the column densities inferred 

from observations. It should, however be noted th a t the  models have not been 

designed to “fit” any particular object, ra ther to  illustrate the  contribution of a
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PD R  and to explore its sensitivity to ionization rate  and tem peratu re  structure . We 

do not, therefore, expect to find a perfect match. Nevertheless, the results shown in 

Table 6.3 are very encouraging for the small list of molecules for which detections 

or upper limits are available. In general, model A provides reasonable agreement, 

apart from the case of C 2H2 . As we have seen, the tem pera tu re  sensitivity of this 

species is much greater than th a t of other species, so a m odest increase in a PD R  

tem perature distribution in the envelope should provide enough C 2H 2 to  give a 

reasonable match. This is in contrast to the results of M illar et al. (1991) and 

Charnley and Tielens (1992) who argued th a t a hot gas-phase chemistry was unable 

to produce observed quantities of C2H2 . It has since been proposed th a t  if sufficient 

abundances of C 2H2 are to  be produced, the molecule m ust be present in ice mantles 

on grain surfaces, and an abundance of 0.1-0.5 % of w ater ice is needed (Lahuis and 

van Dishoeck, 2000). The subsequent sublimation of the ice is predicted to  produce 

the high abundances observed. Although there are no grain surface reactions in 

the ra te  file used in this work, a number of reactions to  generate C2H2 are known, 

including reactions 6.8-6.11 which have been taken from the Ohio ratefile (Ruffle 

and Herbst, 2000).

GH2 +  G C 2H GG2H2 (6 .8 )

G CH 2CO — > GG2H2 +  GO (6.9)

GG2H4 GG2H2 +  GH2 (6 .10)

GH 2G3N GG2H2 +  GGN (6.11)

where G X i  represents species X i  on a grain surface. The surface form ation of G2H2 

may be especially efficient for reactions 6.8  and 6.9 due to  the fact th a t  the grain 

surface fractional abundances of G2H and GH2GO are sufficiently high (~  10“  ̂ and 

10~® respectively).



Table 6.3; Com parison o f observed colum n densities o f species towards GL 2591 with weighted averaged colum n densities over the entire disk, for m odels

3 taken from; i - M itchell et al. (1989); j  - Carr et  

Boonm an et al. (2000); n - Helmich et al. (1996).

pi
T..

A -G  for the sam e selection of species. Observations taken from; i - M itchell et al. (1989); j  - Carr et al. (1995); k - Lahuis and van D ishoeck (2000); m  - ^

Column Densities (err1 ^) for Models

Species Observed (10^®) A B C D E F G

CO' 560 ±  110 4.14(18) 4.10(18) 3.03(18) 6.54(17) 4.80(17) 4.77(17) 2.21(17)

HCN; 1.6 ±  0.5

HCN^ 4.0 ±  0.6 6.64(16) 7.13(16) 7.18(16) 2.18(17) 2.81(17) 4.79(17) 1.86(16)

HCN"" 6.6

C 2H2; 1.05 ±  0.16 2.74(14) 3.44(14) 2.91(14) 1.17(16) 0.51(16) 0.48(16) 4.29(12)

CH^ < 130 1.44(17) 2.88(16) 8.51(16) 2.57(18) 1.43(18) 1.25(18) 6.40(16)

NHi < 0.7 3.91(16) 1.66(16) 1.66(16) 1.59(17) 3.97(17) 1.18(17) 6.93(14)

c s ; < (L 9 1.1(14) 2.78(14) 2.16(14) 2.67(14) 7.40(14) 7.84(14) 2.36(13)

S io ; < 2 .5 4.56(14) 4.30(14) 1.73(14) 3.16(14) 7.25(12) 2.36(12) 2.43(13)

H2O" 200 2.22(18) 1.90(18) 1.55(18) 8.50(18) 8.67(18) 8.62(18) 3.20(17)

Notation a(b) =  a x 10 .
N2
CO
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6.5 Other Potentially D etectable M olecules in Disks Around  

Massive Stars

So far, only four molecules (see Table 6.3) have been detected in disks around isolated 

massive stars, while upper limits have been estim ated for a  further four species. In 

this section we investigate the chemistry of some other species previously observed in 

other regions, also predicted by our models to  be abundant in disks around massive 

stars. Table 6.4 lists these species for models A, B and C. We list only those 

species th a t are sufficiently abundant to  be detectable and which have been observed 

elsewhere in the interstellar medium an d /o r in comets.

Comparing the predicted abundances shown in Table 6.4 with those found in 

dark clouds (e.g. in the particularly molecular rich object, T M C -1), we find th a t, 

in general, many species, including H2CS, NH3 , CH2CN, and HC3CN, should be 

enhanced in disks around massive stars. We also notice th a t some species vary in 

fractional abundance with the ionization rate; examples are CH, C 2H, and HCO"^.

By investigating and understanding the above behaviours, we can divide species 

into ‘classes’ which may allow us to  use different molecules as tracers of different 

properties of the disks. Enhanced abundances with respect to  dark  clouds for some of 

the species, such as NH3 and H2CS, may be easily explained: our initial abundances 

(as derived from Phase 1 of our calculations) are the result of the collapse of a 

cloud with subsequent freeze-out and hydrogenation on to  grains. Once the UV 

radiation field is ‘switched on’ (Phase 2), the m antle evaporates, injecting in the  gas 

a high abundance of hydrogenated species such as NH3 and H2CS. By detecting these 

species it may be possible to  determine the degree of depletion and hydrogenation 

in disk environments.

The abundance of HCO^ increases by about two orders of m agnitude when the 

ionization rate  is increased by a factor of 10^. The main route of form ation of HCO"'"
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Table 6.4: Predicted colum n densities o f a selection o f observable species for high stellar

m ass case.

Column Densities (cm“ ^)

Species Model A Model B Model C TMC-l"*^

OH 5.92 16) 6.19 16) 9.89 16) 3.00(15)

CH 1.27 12) 2.04 13) 1.57 15) 2.00(14)

CHs 1.06 14) 2.82 14) 4#5 15) —

C2 4.04 14) &25 15) 7.01 15) —

CgH 1.19 12) 2.39 14) 9.04 14) 5-10(14)

HCO 1.37 12) 5.57 12) 2.10 12) —

HCO+ 2.79 13) 2.70 14) 3.34 15) 8.00(13)
H2CO 2.65 14) 1.35 14) 1.54 14) 2.00(14)

H2S 7.72 13) 1.64 13) 5.99 12) < 5.00(12)

o c s 1.96 14) 3.47 13) 2.00(13)

c s 1.10 14) 2J 8 14) 2.16 14) 1.00(14)

HCS 3.80 13) 5.83 13) 4.60 13) —

H2CS 1.68 14) 2.54 13) 2.03 13) 3.00(13)

SO 3.61 14) 44# 14) &22 13) 5.00(13)

S0 2 6.83 14) 2.17 14) 1.82 13) < 1.00(13)
NH 1.97 13) 3#5 13) 1.23 14) —

NH2 1.06 13) 4.22 13) 2.27 14) —

NH3 6.49 15) 3.91 16) 1.66 16) 2.00(14)

CN 1.24 12) &25 13) 7.47 14) 3.00(14)

H2CN 1.53 12) 1.05 12) —

CH2CN 2.30 16) 1.81 16) 2.12 16) 5.00(13)

HC3N 5.66 15) 1.29 16) 3.03 15) 6.00(13)

C2H3 1.21 12) 1.52 12) —

C2H4 1.57 14) 1.15 13) 5.14 13) —

C3 1.13 14) 2.09 14) 1.22 15) —

HNC 3.12 16) 2#7 16) 2.16 16) 2.00(14)
HC5N 2.01 15) 5#3 14) 2.97 14) 3.00(13)

C3H4 3.69 12) 2.91 12) 5#2 12) —

CH3CN 2.23 14) 1.34 14) 1.45 14) 1.00(13)
CH3OH 1.08 13) 2.95 12) 2.79 12) 2.00(13)
CH3CO 5.73 12) 1.32 12) —

Notation a(b) =  a x 10^. j  - TM C -1 column densities were taken from Ohioshi 

et al. (1992). A dash (— ) indicates th a t the  column density < 10^^ cm “ ^.
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is:

+  CO ^  H C O + +  H2 (6.12)

Moreover, its abundance is in any case enhanced with respect to  the observed abun­

dances in dark or dense clouds (Liszt and Lucas, 2000; Scappini et al., 2000). This 

situation resembles the one found in Herbig-H aro (HH) objects (e.g. G irart et a i ,  

1994) where an enhancem ent of HCO+ is indirectly due to the high UV radiation 

field generated in the shock (Viti and Williams, 19996). This enhancem ent arises 

from the rapid creation of by photo-processing of CO and the reaction of C"  ̂

with abundant H2O released from grains. A similar process may be occurring in 

circumstellar disks. The UV radiation field is much higher than  the one assum ed to  

be present in the HH clumps; this is consistent with the larger abundance of HCO'*'. 

In fact, HCO+ is potentially a ‘m ultiple’ tracer. Firstly, it may trace high radiation 

field environments where depletion, hydrogenation and subsequent evaporation have 

occurred. Secondly, it can be used to  determ ine the level of x -ray  ionization coming 

from the central star; and, thirdly, it can be a tracer of the disk evolution: the  col­

umn densities in Table 5 are derived a t steady -sta te , which is reached ~  lO'* years 

after the disk envelope is formed. However, HCO+ abundance is much higher at 

earlier stages of the disk evolution, due to  the higher abundance of H3 . An accurate 

determ ination of HCO'*' abundance could, therefore provide useful clues to  the  disk 

evolutionary stage.

6.6 Disks Around Low Mass Stars

So far, we have only considered an isolated system of a disk around a massive 

star. A PD R  envelope above a disk around a low mass s ta r  may also form by 

the illumination from a nearby OB association. In this scenario we have assumed 

a geometry with a OB association illuminating the disk surface with a uniform
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Table 6.5: Predicted colum n densities o f a selection o f observable species in the P D R  around

a solar m ass stellar system .

Column Densities (cm

Species Model H Model I Model J

CO 1.54(20) 1.73(20) 1.39(19)

HCN 5.67(16) 5.45(16) 2.03(15)

3.59(14) 2.21(15) 4.46(11)

CH4 1.32(18) 1.34(18) 4.07(14)

NH3 1.49(16) 2.10(16) 8.20(13)

CS 1.67(13) 7.47(14) 4.05(14)

SiO 2.94(16) 2.86(16) 2.05(15)

H2O 3.36(19) 3.34(19) 1.17(16)

Notation a(b) =  a x 10 .

enhanced UV held of ID'* Go- The physical properties of a disk around a low mass 

s ta r are very different, and the critical gravitational radius, Tg, for an assumed 1M@ 

sta r will be signihcantly smaller than th a t previously considered for a disk around a 

lOM© object. The predicted column densities for M odels H -J  are given in Table 6.5 

for those species previously listed in Table 6.3, for which detections or observational 

upper limits exist.

Models H and I include a PDR, while model J  excludes it. In model I, the 

region inside the PD R is warmer than in model H. None of these models includes an 

enhanced ionization rate. The general conclusions for Table 6.3 also apply here. It is 

remarkable th a t the averaged molecular column densities predicted for these species 

in this system are generally comparable to  those in the  disk around a massive sta r. 

The implication of Table 6.5 is, therefore, th a t the  detections made for GL 2591, 

might be repeated for disks around low mass stars illum inated by an OB association,
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for example in Orion.

We complete this discussion by showing in Table 6.6  a list of species predicted to  

be abundant, and potentially detectable in disks around low mass stars illum inated 

by a nearby OB association (Models H and I). In general, as indicated in Table 6.4, 

the averaged weighted column densities predicted for models H and I are com parable 

to those for models A, B and C. However, there are several exceptions; for example 

HCO+ is much less abundant, while CH3 , CH2CN, SO2 and HCS are much more 

abundant in the low mass case. The carbon chain H C 5N and the radical H2CN are 

probably undetectable in the low mass case. Nevertheless, it is clear th a t  there is a 

wide range of molecules with potentially detectable abundances in disks around low 

mass stars, assuming th a t the disks fill a reasonable fraction of the telescope beam.

At present there are no known observational d a ta  for gas of a suitably high 

tem perature to  make an accurate comparison with our model results. It should 

be noted th a t there is a significant difference in the results between the 1M@ and 

IOMq case for molecules CO and CS. This is due to  the very different lower layer 

tem peratures in the PD R  envelope between the high mass and low mass regions. 

The cooler tem peratures of the IM© disk greatly enhances the form ation of CO and 

vice versa for CS.

As with the high mass case, a stellar-d isk  region w ithout an enhanced UV pro­

duces vastly differing model results. This can be seen when com paring the Model J 

results with the other two models (see Table 6.5).

6.7 Conclusions

Disks around massive young stellar objects, and disks around low mass stars irradi­

ated by nearby OB associations, are eroded by photo-evaporation. In the la tte r case, 

this erosion may be an im portan t factor in planet form ation. As Johnstone et al. 

(1998) have shown, photo-evaporating m aterial is gravitationally retained within
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Table 6.6: Predicted colum n densities of a selection o f observable species, for the low m ass

case.

Column Densities (cm

Species Model H Model I

OH 4.14 16) 4.14 16)

CH 5.26 13) 5 j # 13)

CHa 7.52 16) 7.52 16)

C2 5.18 15) 5.18 15)

CzH 1.82 15) 1.82 15)

HCO 3.61 12) 1.70 13)

HCO+ 1.04 12)

H2CO 6.53 14) 5.13 14)

H2S 1.12 13) 1.11 13)

OCS 6.24 12)

c s 7.47 14) 1.69 13)

HCS 1.13 16) 1.13 16)

H2CS 9.63 12) 7.68 12)

SO 7.43 13) 5.52 14)

SO2 8.67 16) 8.89 16)

NH 4.81 12) 4.87 12)

NH2 7.74 12) 7.84 12)

NH3 2.10 16) 1.49 16)

CN 1.01 13) 1.01 13)

CH2CN 4.56 18) 4.56 18)

HC3N 1.48 13) 2 .10 12)

C 2H3 7.68 12) 7.68 12)

C 2H4 7.29 13) 7.24 13)

C3 7.15 12) 7.15 12)

HNC 2.02 16) 2.11 16)

C3H4 3.13 12) 2.26 12)

CH3CN 3.37 13) 3.00 13)

CH3OH 1.70 13) 5.36 12)

CH3CO 2.71 13) 2.90 12)

Notation a(b) =  a x 10 A dash (—) indicates th a t  the column density 

<  1Q12 c m ~ ^ .
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a critical radius from the star, and constitutes an envelope similar to  a P h o to n - 

Dom inated Region (PDR) th a t normally arises a t the edge of a molecular cloud 

irradiated by a massive star. We have explored the chemistry in a d isk /P D R  system  

and have compared it to  a similar system without a PD R.

This was accomplished by calculating a two phase model; firstly, a collapse from 

low density to a high density appropriate for a disk; and, secondly, a two-dim ensional 

calculation of the irradiation of disk m aterial by the radiation field of the central m as­

sive s ta r or nearby OB association. The model follows the chem istry self-consistently 

through both phases.

For the case of a massive central star, we predict th a t the d isk /P D R  system  

generates many abundant molecular tracers. These are generally insensitive to  the  

adopted ionization rate, but do depend on the tem perature  s truc tu re  th a t  is adopted 

within the d isk /PD R . Results of models are compared with the ra ther limited ob­

servational da ta  for one disk around a massive star, GL 2591. Although the models 

are not intended as a “fit” to  the data , the agreement is reasonably satisfactory. 

The contribution of the PD R  to the chemistry is clearly significant, and we predict 

several as yet unobserved molecules to  be detectable in disks with a central massive 

star.

Disks around low mass stars are much more common, and our models show th a t  

if irradiated by nearby OB associations, molecular tracers would also be generated 

in the d isk /P D R  system th a t are distinct from the system w ithout a  PD R. There 

have been no reported detections, to date, of any of the species predicted; however 

their averaged column densities are generally similar to  those predicted (and, in four 

cases, observed) for a disk around a massive star. D etection of these species in a  disk 

around a low mass s ta r would identify th a t disk erosion was occurring and therefore 

th a t the disk has a limited life. This conclusion would have consequences for planet 

form ation in the disk.



C h a p t e r  7

Conclusions and Future Work

“One never notices w hat has been done; one can only see w hat remains to  be

done...”

-  M arie Curie

During the course of this thesis, we have shown th a t  interface layers are hosts to  

a rich variety of molecular species, which may be used to  trace a diverse selection of 

regions in the interstellar medium. In C hapter 2 we modelled the transition  interface 

in which water ice is deposited onto dust grains, using a gas-grain chemical model. 

We also included the effects of the photo-desorption of OH from grain surfaces, 

once it is formed from the photodissociation of w ater. We dem onstrated  th a t  a t 

high extinctions, our results showed the observed near-linear relationship between 

ice column density and yly, whereas for lower extinction values, we have shown th a t 

relatively large abundances of w ater ice can be formed a t A y < 3 if photo-desorption 

of w ater via photodissociation is inefficient. However, if photo-desorption is found to 

be efficient, water ice can be retained on grain surfaces if it is initially formed on grain 

surfaces other than olivine (e.g. amorphous carbon), where the adsorbates bind more 

strongly, and hence the evaporation would be less efficient. It is clear th a t further 

work into the full understanding of the m easured low -extinction ice vs A y  relation

131
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in Taurus and other sources will require an improvement in our understanding of 

surface chemistry, especially on amorphous ice, and of photo-desorption on a variety 

of surfaces.

In C hapter 3 we considered the effects of mixing hot ionized gas into the edge of a 

cold neutral molecular cloud. We used a simple process to  predict im portan t tracers 

in the mixing zone. We predict th a t if the tem perature  rem ains low after mixing, 

species such as C, C'*' and CH are enhanced in the mixing layer. Alternatively, 

if there is an increase in tem perature after mixing has occurred, a different set of 

species are predicted to  be enhanced in the interface layer. The molecular tracers 

in a heated layer include OH, H2O, HCO+ and NH3 . This enhancem ent is caused 

by the higher tem peratures driving the H + /0  charge exchange reaction, which feeds 

the oxygen chemistry. It is presumed th a t mixing is m ost likely accompanied by 

heating and therefore the models with an enhanced tem peratu re  are predicted to  be 

the most typical for this type of mixing layer chemistry.

In C hapter 4 we examined the interface layer around a diffuse cloud, which is 

embedded in a flowing intercloud medium. Our results have shown th a t  observable 

abundances of various polyatomic species can be produced if the warm interface 

regions occupy a few percent of the to tal molecular column density along th a t  line- 

of-sight. We made a comparison of our results with the observational d a ta  of Liszt 

and Lucas and found th a t some models give results th a t  are in harm ony with mea­

sured ratios of several species including C2H, HCO+ and OH, although these models 

specified a radiation field intensity of about one ten th  of the mean interstellar ra­

diation field intensity. Such conditions may be more likely to  occur in interfaces 

around diffuse clumps within G iant Molecular Clouds than  those around the  iso­

lated “field” diffuse clouds. However, in some cases the  results suggest th a t  the 

gas-phase chemical network used may be too limited. Surface reactions may also 

contribute to molecular abundances in both warm interfaces and in the  cold cloud
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gas. Therefore, future work into this area will require fu rther development in the 

understanding of gas-phase chemical reactions and their corresponding rates. This 

could allow a more thorough study of such interface layers to  be made. The in­

clusion of a comprehensive gas-grain chemical network should also be included in 

future studies.

In C hapter 5 we studied the effect th a t a nearby or embedded x-ray  source could 

have on the abundances within the cloud. In a  simple case where we sim ulated x - 

ray ionization and the corresponding tem perature  increase in a cloud of gas, we 

found th a t the abundance of molecules such as CH, CN, OH, NO were significantly 

enhanced, although this effect was very sensitive to  the  increased tem peratu re  as­

sumed. W hen considering tim e-dependent effects, we found a significant early time 

peak in the abundances for a small selection of species including CH, CH'*' and C 2H. 

This early time peak could provide a vital tool to  determ ine the chronological evo­

lution for the region. We also added the form ation and destruction of C"*"̂  into the 

reaction network and found th a t a t very high ionization values, the abundance of 

CH+ could be significantly enhanced. Further work in this area is required because 

the chemical network for doubly ionized atom s is far from complete. We need to 

include a more complex reaction network for C++, incorporating more accurate re­

action rates, as well as considering the inclusion of o ther doubly ionized species. A 

more detailed study of the tem perature effects could also produce a more accurate 

model of x -ray  ionization and gauge for the age of the  cloud.

Finally, in C hapter 6 we have explored the chem istry in a d isk /P D R  system 

around a young s ta r and have compared it to  a sim ilar system  w ithout a PD R. For 

the case of a disk orbiting a massive central s ta r, we predict th a t the  d isk /P D R  

system generates many abundant molecular tracers. These are generally insensitive 

to  the adopted ionization rate, but do depend on the tem pera tu re  s truc tu re  th a t 

is adopted within the d isk/PD R . It is found th a t  the  contribution of the PD R  to
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the chemistry is significant, and we predict several as yet unobserved molecules to  

be detectable in disks with a central massive star. Disks around low mass s ta rs  are 

much more common, and our models have shown th a t if such a disk is irradiated  by 

nearby OB associations, molecular tracers would also be generated in the d isk /P D R  

system th a t are distinct from the system w ithout a PD R. Detection of these species 

in a disk around a low mass s ta r would confirm th a t  disk erosion was occurring and 

therefore th a t the disk has a limited life. A further study into such a d isk /P D R  

system could include the effects of mixing of the  hot PD R  region into the  cold 

central layer of the disk to  see how the column densities are affected. For the  low 

mass stellar case, variations in the orientation of the  OB association could produce 

an asym m etry in the PD R  around the disk, which could produce interesting effects 

on the column densities of the tracers. We should also include a more complex set 

of grain surface reactions into the Phase 1 calculations, to  more accurately predict 

the initial abundances for Phase 2.

7.1 Future Work

In recent years there has been a growing body of evidence suggesting th a t the in­

terstellar medium contains significant structures over scales as small as a few AU. 

Small scale structure has been observed via two different techniques; (i) the detec­

tion of variations in absorption occurring over extended objects and (ii) tem poral 

variability in interstellar absorption lines.

VLBI observations of the 21-cm  line towards extended extragalactic sources have 

been made by a number of au thors (e.g. D ieter et al.., 1976; D iam ond et al., 1989; 

Davis et al., 1996). They found large variations in the neutral hydrogen column 

densities over the sources. Furtherm ore, optical observations of binary s ta r system s 

have shown significant differences in the  absorption occurring in these closely spaced 

sight-lines (e.g. W atson and Meyer, 1996; Meyer and Blades, 1996; Price et al., 2001).
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Frail et al. (1994) observed tem poral variations in the neutral hydrogen absorp­

tion towards high proper motion pulsars. Temporal variations in optical absorption 

lines (largely from neutral Na) have also been detected by a num ber of authors 

including Hobbs et al. (1982); Blades et al. (997); Price et al. (2000).

Assuming the absorption occurs within roughly spherical clouds, the implied 

spatial densities required to  produce the variations in the the observed column den­

sities are very large (up to 10® cm"®). In the case of the Na absorption, and using 

the empirical relationship between the Na and hydrogen column densities derived 

by Ferlet and Gry (1985), the calculated cloud density is approxim ately 10^ cm"®. 

However, such high spatial densities are inconsistent with the observed C a depletion 

(Price et a i ,  2000).

One of the favoured explanations invoked to  explain the presence of small scale 

structures is based on non-spherical cloud geometry (Heiles, 1997). Heiles sta tes th a t 

clouds within the cold neutral medium are composed of cold dense sheets/filam ents of 

gas, separated by warmer, less dense m aterial. W hen these sheets and filaments are 

aligned along the line-of-sight, they allow for large changes in column densities over 

small transverse scales w ithout requiring such high spatial densities. The densities 

of these filaments can be assumed to  be > 10® cm"®.

We have recently embarked on a study of these filam entary structures to  de­

termine if molecules could exist in such regions. Using the standard  single-point 

chemical models assumed throughout this thesis, we calculated a grid of models 

assuming a filament with a tem perature of 100 K and a variety of densities (from 

10 cm"® to 10"* cm"®), and A y  (from 0.01 to  1.0). We predict th a t a number of 

molecules would have observable column densities. Results of the column densities 

for a selection of models and species are given in Table 7.1.

Using the predicted column densities, an observing proposal was w ritten  by Dr. 

Ian A. Crawford, which has recently been accepted. The proposed observations
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will allow a study of the line-of-sight tow ards n Vel to  be made. We intend to 

re-observe Na I, Ca l i  and K I, as well as making new observations of Ca I and CH. 

The detections, if made, will provide useful information in constraining the densities 

and tem peratures of the  filament structures.



Table 7.1: Predicted colum n densities for a selection of species. ^

Predicted Column Densities (cm -^)

UH (cm

100 500 1000

A y

Species 0.01 0.60 1.00 0.01 0.60 1.00 0.01 0.60 0.01

CO 4.97(10) 9.16(13) 1.19(16) 4.97(10) 9.16(13) 1.19(16) 6.29(10) 3.34(14) 5.99(16)

OH 1.27(11) 2.31(12) 4.42(12) 1.27(11) 2.31(12) 4.42(12) 6 .2 1 (10) 1.65(12) 2.62(12)

CH — 1.92(13) 4.19(13) — 1.92(13) 4.19(13) 3.06(10) 2.98(13) 4.50(13)

CN — 2.25(10) 1.80(11) — 2.25(10) 1.80(11) — 7.24(10) 3.33(11)

Notation a(b) =  a X 10^; A dash (—) indicates th a t the column densities < 10(10) cm ^

I
g

CO
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