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Abstract

Since the celebrated outburst of nova DQ Herculis (1936), observations of which suggested
that dust grains were being formed with high efficiency, research into the chemical pro-
cesses leading to dust nucleation has flourished. Observations show that dust formation
is not only highly efficient but a common occurrence in nova outbursts, yet the chemical
pathways leading to dust are poorly understood.

A study of chemical processes within outflowing ejectum material through closely
linked, quasi self-consistent chemical models from just a few days post-outburst until
the formation of dust nucleation sites is presented. Chemical modelling, incorporating
new and updated chemistry within a realistic radiation field, is followed by a study of
dynamics with a new fluid dynamic model incorporating chemistry explicitly within the
conservation equations.

In contrast to previous studies, we find that a rich chemistry of small molecules develops
within a few days after outburst. This leads to the formation of a large abundance of
nucleation sites from many model configurations. We find also that CO does not saturate
within these chemical scenarios; this negates previous assumptions and helps to explain
observations not only in novae, but also in objects such as planetary nebulae. Constraints
are placed on physical conditions within the ejecta.

Two outflow configurations are modelled with a simplified chemistry embedded in a
fluid dynamic code. We suggest an explanation for the time-dependent behaviour of CO
molecular lines observed in nova V705 Cas, and further constrain the physical parameters
for this nova. It is found that, as a result of the dynamics, a rich chemistry may occur
only within localised regions of the principal ejectum and that the results are consistent
with observation. It is suggested that further development of this model, particularly with
respect to the radiation field, will lead to a deeper understanding of both physical and

chemical processes within nova outflows.
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Chapter 1

Novae: Physics, Chemistry and
the Making of Dust

1.1 Introduction

Wherever we look in our own galaxy we find evidence for dust, an integral and vital
component of the interstellar medium. We find its signature imprinted on spectra, the
light having crossed the interstellar medium; in molecular clouds throughout the galaxy
and regulating the collapse of clouds to form stars. Whilst dust is ubiquitous throughout
galaxies and its formation in the winds of certain cool stars and of course novae is a well
established fact, the mechanism by which it is formed is poorly understood. Much work
has been done in understanding the chemistry relating to the growth and evolution of a
wide range of, usually small, molecules in novae and other stellar environments (Rawlings
and Williams (1989); Glassgold et al. (1991); Rawlings and Williams (1990); Evans and
Rawlings (1994); Cherchneff and Barker (1992) amongst others). A much larger body
of work dealing with chemistry within the interstellar medium (ISM), in particular in
rich molecular clouds (see the review by Williams (1994) and references therein for a
discussion of chemistry and molecules in space), describes the formation of molecules in
an astrophysical context, but one that is far removed from the environment with which this
work is concerned. The chemistry of dust formation lies across the boundary between the
chemical kinetics of dust precursor molecules (microscopic processes) and the nucleation,
growth and thermodynamics of dust grains (macroscopic processes). The route to the

former is chemical, but precursors might be imagined to consist of large molecules with
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vast numbers of possible isomers and an equally vast catalogue of pathways through which
they might be synthesised. A thorough understanding of the chemical kinetics behind
such processes would be difficult if not impossible to achieve with current modelling and
computational resources. In this thesis we explore a little of this domain in order to
find routes to the formation of intermediaries between chemical and microscopic worlds
within the laboratory of a nova wind. Although apparently hostile, molecular chemistry
appears to be very efficient within such an environment with the harsh temperatures,
densities and radiation fields both assisting and complicating the chemistry. On the one
hand, the intense UV radiation field inhibits the formation of large molecules in rapidly
dissociating them whilst at the same time this very action reduces the possible routes to
grain nucleation; the chemistry must proceed via small molecule reactions. Above all,
however, novae provide us with a unique opportunity to observe the formation of dusts
in a time-dependent manner, inferring directly from observation information regarding
the development of precursor molecules and the kinetics of grain formation. It is well
known that many cool stars, carbon stars (Cherchneff and Barker (1992); Cherchneff et al.
(1992)), AGB stars (Gail, H. -P. and Sedlmayr (1999)) and Wolf-Rayet winds (Cherchneff
(1997)) all produce dust but they do not do so in the singular manner of a nova; the
identification of discrete stages in the chain of events leading to dust formation is the key
advantage of novae.

Novae are not the only objects to form dust in episodic outbursts however: Wolf-Rayet
(Filippenko et al. (1995)) and R Coronae Borealis (RCrBr) (Feast et al. (1997)) stars
also resemble novae in some ways. For example, CN is commonly detected in the latter
(e.g. Benson et al. (1994)) and this is one of the very few species directly observed
in novae, however the underlying reasons for this are different. Both RCrBr and Wolf-
Rayet stars produce dust with a hydrogen-deficient chemistry and in the latter, formation
usually occurs in the shock-induced condensation of colliding winds. The underlying source
of the former is a cool F or G type supergiant having an effective temperature of 5-
7000 K as opposed to greater than 10,000K for a nova. Moreover, neither class of object
shares the relative simplicity of the nova geometry nor the singular nature of a classical
nova. Although the data suggest that RCrBr stars conform to a random ‘dust-puff’ model
(Feast et al. (1997)), this mechanism is undoubtably far removed from the nova ejection
mechanism!

There are, however, significant drawbacks associated with modelling novae, not least
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of which is the presence of an intense UV radiation field coupled with extremely high
temperatures of the order 10*K and densities of the order 10! cm™3. Within such an
energetic environment not only are the myriad reactions of standard interstellar chemistry
(the kind of chemistry developed for interstellar clouds: refer to Duley and Williams
(1984), and Millar et al. (1991)) inappropriate, many elemental and molecular species
will be in highly excited electronic, vibrational and rotational states for which little or no
chemical kinetic data are available. In such cases rate coefficients have to be extrapolated
or inferred from apparently ‘similar’ reactions. The photophysics of species in excited
states is also very different to those of ground state species so we may be less able to treat
these accurately. Even ground state photoreactions give cause for concern in particular
for photodissociation reactions where the appropriate cross-sections are highly uncertain
even for small species. These are critical uncertainties in an environment dominated by
photochemistry.

Whilst we must accept that research into the chemistry of nova winds is still in its
infancy and fraught with difficulties both observational and theoretical, novae give us a
unique environment in which to develop and test new ideas and theories that might one

day lead us to a better understanding of the process of astrophysical dust formation.

1.2 The Physics of a Nova Eruption

Novae, so named because the spectacular ejection of matter in a nova explosion may cause
a naked-eye star to appear where none had been before, are a class of cataclysmic variable
(hereafter, CV). CVs loosely comprise a diverse group of stars that erupt, irrespective of
the cause of the outburst, and include supernovae, nova-like stars, flare stars, some X-ray

sources and other erupting objects!. A nova may fall into one of three categories:

Dwarf: Dwarf novae are a class of CV known to undergo frequent outbursts with ampli-
tudes of between 2 and 6 (exceptionally 8) magnitudes, with a semi-regular interval
between outbursts. A dwarf nova is characterised by a typical cycle length which
may be anything from ten days to several years. The rise time is short (of the order
one day) with a decline of 2-15 days. The underlying mechanism that triggers an

outburst is quite different to that of the other classes of novae and is probably due

!This is a general definition of a CV: more correctly, CVs are very close binary systems whose outbursts

are caused by interaction between the components
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to instability in the accretion disc.

Classical: The most dramatic and prolific producers of dust, classical novae have, by
definition, not previously been observed to erupt. Whilst also having a rapid rise
time of approximately 1-3 days, the decline is very much longer than for dwarf novae,
usually lasting months or years. The amplitude of such an outburst exceeds nine
magnitudes (by definition) and its spectral development is in stages characteristic of

classical novae. The ejecta velocity is in the range 100-5000 kms~!.

Recurrent: In principle a recurrent nova is the same as a classical nova except that
more than one outburst has been recorded. They accrete at a much faster rate than

classical novae and hence become unstable earlier and with greater frequency.

By virtue of their apparently singular nature, ‘cleaner’ geometry and prolific dust produc-
ing characteristics, it is solely with classical novae that this thesis concerns itself.

As with most CVs, all classical novae (and indeed dwarf and recurrent novae too) are
believed to originate in binary systems. Observational evidence shows that novae are found
in semi-detached systems? in which a white dwarf primary of approximately 1M, accretes
hydrogen enriched material from a late-type (red star) secondary by Roche lobe overflow
through the inner Lagrangian point via an accretion disc. The first direct evidence for an
accretion disc in a cataclysmic variable was provided by Kraft (1959) from observations
of the variability in the He II emission line at 4686A. Direct accretion onto the relatively
small white dwarf is not possible due to the angular momentum of the accreted material;
viscous forces within the disc act to cause matter slowly to spiral in towards the surface
of the white dwarf whilst angular momentum is transferred outwards.

The accretion of hydrogen rich material on to a degenerate object is potentially highly
explosive and as the accreted layer slowly thickens, the bottom gradually increases in tem-
perature. Eventually, when the temperature is sufficient to initiate hydrogen burning by
proton-proton chain reactions, a huge thermonuclear runaway (hereafter TNR) explosion
heralds the start of an eruption. The result is a series of shells ejected at high velocity
into the ISM, the most massive of which is the ‘principal ejectum’. With the luminosity of
the nova so close to, or exceeding, the Eddington luminosity (in particular for fast novae),

this outflow is driven primarily by super-Eddington continuum radiation pressure at this

%Binary systems in which the secondary fills its Roche lobe are said to be ‘semi-detached’; if neither or

both stars fill their their lobes they are said to be ‘detached’ or ‘contact’ binaries respectively.
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stage; only in the case of high CNO enhancements and large envelope mass may a shock
develop also to accelerate the envelope. The principal ejectum carries the bulk of the
material at speeds of 300-1300 kms~!. Radiation pressure may also drive the secondary,
less massive, ‘diffuse enhanced’ wind seen to move at speeds approximately twice those of
the principal ejectum.

TNR models have been successful in predicting both observed expansion velocities
and the light curve produced by the expanding material. It has been shown that a mass
loss rate of just 1071 Mg year~! is sufficient to initiate a TNR; indeed for a 1Mg white
dwarf, the mazimum accretion rate that will still result in mass ejection is of the order
10710 M, year~! with metal abundances enhanced over solar values by a factor of 10-100.
The required conditions for mass ejection are rather stringent: were the accreted shell
not degenerate (as would be the case for large accretion rates) and the white dwarf too
luminous, a runaway but no ejection may occur. It is required that the shell be degenerate
so that the expansion of the envelope does not halt the TNR too early in the evolution.
The specific requirements for mass ejection imposed by the TNR model account, perhaps,
for the general similarities between all classical novae.

The TNR model also neatly explains a key feature, that the bolometric luminosity of
a nova remains remarkably constant as the visual light curve declines and beyond; indeed
this lasts for many tens or hundreds of days. Only 10% to 50% of the accreted material
is ejected in the initial outburst; much material remains on the surface of the white
dwarf whilst the remainder forms a remnant envelope the outer surface of which coincides
approximately with the photosphere. The decline in visual magnitude is attributed to a
shift in the peak energy to the UV as this remnant shrinks and its effective temperature
rises.

TNR models have their failings however; unfortunately models predict very long evo-
lution time-scales for the remnant, longer than observations indicate. The time-scale of a
typical outburst is some 1-2 years, yet the time-scale to burn all of the material remaining

in the envelope, 7,, may be of the order several hundred years as given by

M. L -
Th = (10‘4M@> (2 > 104L@) years (1.1)

(Truran (1982)), where M, is the mass of the envelope and L the luminosity. Some

physical process is being overlooked to strip quickly the remnant of the accreted envelope

thus bringing nuclear burning to a rapid halt and permitting the accretion disc to re-
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establish itself. Once this has been achieved, the nova system begins its long evolution
to another outburst some 104-10° years later (Ford (1978)); this is a statistical figure
derived from observation that reflects the time required for the white dwarf to accrete a
critical mass of material from its companion. Two possible mechanisms to explain the

rapid evolution of the envelope are:

1. Stellar-wind (i.e. radiation driven) type mass loss driving mass loss rates up to 10~
Mg for luminous remnants, or more if there are enhanced CNO abundances in the

remnant.

2. If the radius of the white dwarf plus nuclear burning remnant exceed the radius of
the binary system during the early stages of outburst, dynamical friction caused by
the secondary orbiting within the remnant could then drive mass loss. Once the
remnant radius shrinks to within the Roche lobe of the white dwarf, tidal forces

from the secondary could still act to drive some additional mass loss

The specifics of this phase of evolution will determine the time-scale to the next outburst

since this depends on the amount of material remaining on the white dwarf.

1.3 The Spectral Evolution of a Nova

It is estimated that there are approximately 100 Galactic novae per year (Allen (1954);
Kukarkin (1954)), however this may be considered slightly high when compared with M31
in which the rate is just 21+4 per year (Arp (1956). In any case, only 5-15 Galactic novae
are observed per year, on average, and in the four years of the work leading up to this
thesis, not a single, bright and well positioned classical nova has erupted. This is a cruel
but fine example of one major drawback with using such objects as stellar laboratories:
novae are by their very nature targets of opportunity and this combined with extremely
rapid evolution to maximum light and the short time-scales of early chemical and physical
evolution in the ejectum means that much needed data relating to the first few days of
evolution is somewhat sparse.

Whilst the visual light curves of all novae are similar in profile, with a rapid rise
to maximum light and a slow decline thereafter, the time-scale and nature of the decline
distinguishes between them. Payne-Gaposchkin (1957b) introduces the concept of a ‘speed

class’ as a means of classifying the novae by the rate of decline in visual magnitude. Table
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Speed class ty (days) Speed (magday!)
Very fast <10 >0.20

Fast 11-25 0.18-0.08
Moderately fast  26-80 0.07-0.025
Slow 81-150 0.024-0.013
Very slow 151-250 0.013-0.008

Table 1.1: Classification of nova light curves

1.1 lists these speed classes as a function of ¢3, the time taken for the nova to diminish by
2 magnitudes below visual maximum. The profile of a typical nova light curve is depicted
in figure 1.1 (from Warner (1989)). We now consider each stage in the evolution of the

nova.

1.3.1 The Pre-Nova Stage

By definition, a classical nova is one that has not yet been observed to erupt and since no
previously studied star has yet blossomed into a classical nova we are left with nothing
but the plates of general sky surveys to study. Observations of novae long after outburst
suggest that the accretion disc is re-established some ten years after the outburst. These
novae may be considered to have returned to the quiescent phase. For certain novae, pre-
outburst magnitudes may be obtained but for others the progenitor magnitude is fainter
than the plate limit. None the less it is sometimes possible to gather enough evidence in
this manner to build up an idea of some behaviour prior to outburst.

The precursor object may appear as a low amplitude variable star exhibiting a fea-
tureless blue continuum possibly indicative of accretion. Models of close binary systems
fit the observed light curves and provide one of the very few pieces of evidence to suggest
a binary system. One notable exception is nova VI500 Cyg whose faint precursor could
be indicative of a white dwarf accreting directly from the interstellar medium. Only in
1954 was it discovered that DQ Her (1934) is an eclipsing binary with a period of 4P39™
(Walker (1954)). Subsequently it has been shown that virtually all novae originate in short
period, close binary systems (Kraft (1964)).

Quiescent novae commonly demonstrate rapid, irregular flickering in brightness on

very short time-scales of minutes with amplitudes of 20% (Walker (1957)). The cause is



26 CHAPTER 1. NOVAE: PHYSICS, CHEMISTRY AND THE MAKING OF DUST

thought sometimes to have its origins at the accretion hot-spot, the point on the accretion
disc where material from the companion joins the disc. This is uncertain and it may also
be due to irregular mass-flow into the disc. Instability in the accretion disc may give rise
to further brightness variations occurring on time-scales of approximately one hundred
days.

The old nova DQ Her exhibits a periodic variability of 71 seconds with variable am-
plitude. Observations with the Hubble Space Telescope Faint Object Spectrograph (HST
FOS) made by Margon et al. (1994) detected pulsed continuum and line UV variability
for the first time. The first detection of a 71 second variability in the visual light curve was
by Walker (1956) whilst U, B, V and R band photometry by Zhang et al. (1995) provides
improved ephemerides for the periodicity that are used to calculate, amongst other pa-
rameters, the current mass transfer rate which is deemed to be < 3.4 x 10~° Mg yr~!. DQ
Her has also been found to have a strong magnetic field (see review by Patterson (1994));
Zhang et al. quote the magnetic moment to be 2.7 x 1032 G cm™3. It is proposed that
gas transfers from the accretion disc to the white dwarf along magnetic field lines where it
makes contact at one or both magnetic poles. The sudden release of kinetic energy creates
hot spots at these sites which are highly luminous and irradiate the accretion disc. The
magnetic pole is not aligned with the spin-axis thus beams of radiation form a pattern of
light and dark spokes that sweep around the accretion disc. Zhang et al. believe their
observations show there to be two illuminating spots resulting in a 71 second periodicity

in the light curve due to a 142 second rotation period of the white dwarf.

1.3.2 The Rise to Visual Maximum

Again, being targets of opportunity and with no way of predicting where and when a nova
is about to explode, the initial rise is rarely caught. It is thought, due in part to this
very paucity of data and also based on a unique data set covering most of the initial rise
of V1500 Cyg (Alksne and Samus (1975); Samus (1975); Liller et al. (1975)), that this
phase takes 2-3 days for most novae (McLaughlin (1960)); V1500 Cyg took less than a
day. This initial rapid escalation in brightness is frequently arrested some two magnitudes
below maximum. This ‘pre-maximum halt’ may last anything from a few hours in fast
novae, to a few days in slow novae. There is then a final rise to maximum of a day or two
for fast novae, a few weeks for the very slow, to reach visual maximum.

Following a pause of a few hours for fast novae, and perhaps a few days for slow novae,
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At maximum light the spectrum becomes much more complex and is named the PRIN-
CIPAL SPECTRUM. The absorption line components strengthen and the whole spectrum
becomes characteristic of an A or F supergiant. Again, slower novae resemble later spec-
tral types. The velocity of the principal spectrum is greater than that of the pre-maximum
at typically 500-1000 km s~ for fast novae and 150-300 kms~! for the slower.

Structure within absorption lines shows great complexity with multiple lines at differing
velocities. The absorption lines develop a P Cygni profile characteristic of strong stellar
winds.

The strongest lines are those of H 1, Ca 11, Na I and Fe 11 followed a few days after

maximum by [O 1], [N 11] and [O 111].

1.3.3 Early Decline

Soon after maximum a new, distinctive spectrum develops with very broad absorption
lines blue shifted to approximately twice that of the principal spectrum. Also containing
P Cygni profiles, as this spectrum evolves the broad absorption features fade and split
into multiple sharp sub-components. This spectrum is named the DIFFUSE ENHANCED.

Already a mixture of both the principal and diffuse enhanced spectra, when the nova
has declined some 1-2 magnitudes below maximum a new and complicated spectrum
termed the ORION SPECTRUM? appears. Initially this spectrum exhibits a blue shift at
least as great as the diffuse enhanced system which becomes greater until, as the Orion
spectrum is fading, the velocities may be as much as -4200 kms~! as in V1500 Cyg (Rosino
(1977)), a very fast nova. This spectrum is characterised (i) by the lines remaining diffuse
throughout and (ii) the increase in excitation and ionisation with time.

Whilst initially absorption lines due to He 1, O 11, N 11, N 111 and C 11 are prominent,
often omitting H, certain species become particularly prominent in the late stages of the
Orion spectrum. Payne-Gaposchkin (1957b) made particular note of N 111 and N v ab-
sorption lines for their strength and persistence into later phases of spectral development.
He 1 of exceptional strength may also be seen. Other species may also become prominent
with short-lived flashes: the most common is nitrogen ‘flaring’ and oxygen flashes. Pro-
posed mechanisms include Lyman § trapping (Strittmatter et al. (1977)) and resonance

fluorescence (Gallagher (1978)). The high ratio of O 1 A8446 to other O I lines suggests

3The diffuse absorption lines, often omitting H are characteristic of O or B stars once called ‘Orion-type’

stars
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the former mechanism is responsible in this case.

It is believed that, as with the diffuse enhanced wind, the Orion spectrum is associated
with wind material dispersed after the principal spectrum. Much less dense than the
primary ejected material, they may be ‘absorbed’ by the principal ejectum and their final

disappearance may be linked to the cessation of the wind.

1.3.4 Final Decline

The spectra observed thus far all relate to the ‘pseudo-stellar’ phase of the nova’s spectral
evolution, where features are comparable with those of stars. As the light curve passes
through the period known as TRANSITION (refer to figure 1.1) the visual light curve may
enter into a deep minimum provided large scale dust formation occurs (and assuming
that dust is indeed responsible for the transition phase), prior to recovering as either the
dust shell thins or breaks into clumps. With ever increasing ionisation, the gas that once
formed the principal ejectum now takes on the spectral appearance of a nebular with
many emission lines of H 1, He 1,11, N 11,111 and forbidden lines. These are all of the same
width as lines in the principal spectrum, thus supporting the view that they originate
in the same material, and the spectrum evolves towards that of a planetary nebula as
the ionisation further increases and the gas cools. This is known, unsurprisingly, as the

NEBULAR SPECTRUM.

1.4 The Ejecta: Properties, Structure and Evolution

1.4.1 Physical Properties

Deducing the density and temperature of the ejecta from observation is fraught with
difficulty as observations sample regions of different temperature and density along the
line of sight. Density can be estimated by calculating that required for an optical depth of
2/3 at the photosphere, neglecting variations in density, opacity and making assumptions
about the source of opacity.

In later stages, nebular emission line fluxes may be used: O 111 line ratios give the
effective temperature of the medium whilst n2V may be obtained from the H line flux.
Both of these may be used to estimate the mass of the ejecta. Poor data and non-uniform

shell structure leave this method also prone to error.
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Neither method either accounts for or provides an insight to any possible physical
structure within the wind. This spatial structure not only makes estimating the ejecta
mass and temperature difficult, but it imposes constraints on the ionisation structure of
the ejecta and the chemistry. For example, for a nova to produce a very deep minimum
during transition requires that dust becomes optically thick across the whole nova sky
yet achieving this task with, say, an ejecta configuration that includes a dense equatorial
outflow and a tenuous polar flow will almost certainly involve different chemistry in each
region. From a modelling point of view, this is difficult to understand and make consistent
with observations.

Direct observation of confirmed structure within the expanding shell has so far been
impossible to obtain. It is, however, possible to image old nova remnant shells with modern
detectors and deep exposures. Slavin et al. (1995) present the results of just such a survey
of 13 classical nova shells in which previously unobserved features are revealed. Remark-
ably, the data imply a possible correlation between nova speed class and the ellipticity of
the remnant: faster novae tend to result in randomly distributed clumps superimposed
upon spherically symmetric, diffuse background material whilst slower novae exhibit more
structured, ellipsoidal remnants with one or more rings. The latter may generally be de-
scribed as having ‘polar blobs/equatorial ring morphologies’ according to Slavin et al..
The DQ Her remnant, for example, is composed of a main ellipsoidal shell constricted by
three rings and surrounded by a faint halo; tails of emission extending from bright knots
in the halo suggest the passage of a high velocity wind through the fractured principal
shell. The main shell is far from homogeneous; in each wave-band image, lumpy structure
may be observed.

The morphology of old nova shells must inevitably be related to the underlying phys-
ical processes of the nova outburst. Deducing the events that result in particular shell
morphologies from imaging is a difficult task but survey work with new detectors is pro-
viding a mass of new data. With these new images it is possible to explore hypotheses

involving:
e Rotation of the white dwarf

e Large magnetic fields. White dwarfs often possess an intense fossil magnetic field
which may induce magneto-hydrodynamical effects in both the accretion disc and

ejecta material. However, it is thought that large magnetic fields suppress the TNR
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thus imposing a limit on the strength of the field.
e Interaction with the pre-outburst accretion disc or other circum-binary material

Whilst the most simple ejecta configuration that can be imagined for the purpose of
modelling might be a spherically symmetric one, such a morphology is quite unlikely due
to the presence of circum-binary material close to the white dwarf. The very likelihood
of an encounter between the ejecta and circum-binary material makes it almost surprising
that some novae, such as DN Gem, show no discontinuous spatial structure at all. At the
very least the expanding shell will plough into the interstellar medium. Such interaction
will decelerate the wind and, by virtue of a shock wave sent traveling back into the ejectum,
heat and ionise the ejectum. In cases where a strong magnetic field is present, the shock
will become closely coupled to it thus forming an MHD shock. The réle of magnetic fields
in novae is little understood: whilst it has been said that a magnetic field would alter
and perhaps inhibit the TNR, it is clear from surveys that many CVs including novae do
indeed have strong magnetic fields (Zhang et al. (1995); Patterson (1994)).

The likelihood and inferred existence of spatial and shock structure casts considerable
uncertainty upon any measurements of basic physical parameters for the ejecta which, as
a result, remain as relatively unconstrained parameters within the models presented in

this thesis.

1.4.2 Jonisation Structure

Whilst the temperature and density structure of the ejecta are unclear, general conclusions
can be drawn from the ionisation structure. Hydrodynamic simulations indicate that the
ejectum is extended with a wide range of temperatures and densities along the line of
sight. Observations corroborate this model with evidence for the simultaneous presence
of many ionisation states of individual elements.

Immediately after outburst, the ejectum recombination time-scale is extremely short,
less than a second; the outflow is largely neutral. As the photosphere contracts and the
radiation field hardens with the redistribution of flux from visible to UV wavelengths, a
series of ionisation fronts propagate through the ejecta. Three distinct ionisation zones

are defined by Gallagher (1977):
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I. Hi,C1 Fe1,Mgi,...
I. H,Ci,N1,O1,...
III: H1u, Ci, N1, O 11, Fe i1, Mg 111, . ..

Early simple ionisation models (Mitchell and Evans (1984); Rawlings (1988)) for the ide-
alised case of a uniform, spherically symmetric ejecta distribution illuminated by a black
body having temperature Tpp,¢ suggest that the ejecta may be completely ionised car-
bon within 10 days or less for most novae, with complete hydrogen ionisation (zone III)
taking up to 100 days or more. Model atmospheres for spherically expanding, non-LTE,
line-blanketed nova photospheres have since been developed by Hauschildt et al. (1992).
Whilst still idealised, these models offer considerable improvement over the black body
assumption. Hauschildt et al. find that for cool photospheres consistent with slow novae,
the Fell absorption forest forms a quasi-continuum in the UV, depressing the flux by
several orders of magnitude to much less than the black body model. In subsequent work,
Beck et al. (1990, 1995), developed models of the ionisation and temperature structure
of nova ejecta and find that for slow novae (those most likely to form dust, see section
1.5.2), the ionising radiation is completely absorbed in a thin layer. This permits a neu-
tral carbon region (zone I) to exist almost until the time of dust condensation for many
novae; complete carbon ionisation and conversion to zone II does not occur until at least
50 days post-outburst. Complete hydrogen ionisation is similarly delayed with respect to
simpler models; at 100 days less than 2% of the ejecta may be ionised hydrogen even for
moderately fast novae. The consequences for the chemistry are significant, as is described
in chapter 3.

Observations of CO (see section 1.6.1) complicate the picture with CO excitation
temperatures often considerably larger than models suggests. The rapid decline of these
emission features suggests a possible cooling of the ejectum with CO itself proposed as
a coolant (Evans et al. (1996)). In this mechanism, collisional excitation of CO results
in IR emission that carries away thermal energy from the gas. Scoville et al. (1981)
compute a cooling rate around maximum light of Aco ~ 4.9 x 1075 ergecm =3 s~! if the CO

3

is optically thin in the fundamental, Aco ~ 2.0 x 107 ¥ny ergcm™3s~! otherwise. This

assumes ng ~ 10?2 em ™2 and Tco ~ 4500 K.
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1.5 Chemistry

Whilst bearing little resemblance to molecular clouds and the interstellar medium, our
understanding of the gas phase chemistry in a nova is based upon interstellar chemistry.
This work concerns itself entirely with gas phase chemistry and thus stops short of studying
the chemistry once dust grains have formed. By the time dust grains begin to nucleate,
the chemistry will not necessarily occur solely in the gas phase; as nucleation sites are
formed, the surface of grains provide a new site for reactions providing the temperature
is low enough. Such surface chemistry may take place once grains have formed and play
a réle in determining the properties of the grains in a given region.

The conditions in the nova ejecta differ from a classic interstellar cloud in the following

key ways:
e Ejecta density ~ 107-10® times greater than a cloud
e Temperature several thousand Kelvin as opposed to 10-200 Kelvin
o Intense UV radiation field

The chemistry will thus progress on very different time-scales in a nova as compared with
the interstellar case; certain classes of reaction will assume greater importance, such as
photochemistry, whilst others will only be found to be important in the nova, such as

many three-body reactions. The main reaction types of key relevance to the nova are:

e Photodissociation / lonisation

Collisional dissociation

Direct radiative association

Negative ion reactions

Three-body reactions
e Neutral-Neutral reactions

Ion—molecule reactions

Charge transfer reactions



34 CHAPTER 1. NOVAE: PHYSICS, CHEMISTRY AND THE MAKING OF DUST

The region surrounding a cataclysmic variable is a classic example of an extreme photon
dominated region. The Ultra Violet flux is vast, as much as ~ 10!° times that of the
cold and quiescent environment of a dark cloud for which the UMIST rate files, a major
database of interstellar chemistry (Millar et al. (1991)), were conceived. For this reason
all photoreactions are treated specially as described in section 2.3.

We now consider each of these generic reaction types along with typical examples.

e Collisional Dissociation
CO+H—-C+0+H k~10712 for T = 10*K, ng = 10%cm™3

This particular reaction is further discussed in section 3.2.1. Dissociation in this case
occurs as successive collisions of CO with H atoms progressively excite the molecule
to higher vibrational states. These states will decay via a process of radiative sta-
bilisation unless the inter-collision time is less than the life time of the state thus
permitting further collisions to keep exciting the molecule into progressively higher
vibrational states. If this condition holds, the molecule will be knocked up the vi-
brational energy ladder until it translates from a bound to a repulsive state where
upon it dissociates. For this reason such reactions are extremely sensitive to both
density and temperature (higher kinetic energies will impart more energy on each
collision) as is made clear in figure 3.1. Although presented as a two-body reaction,
this is effectively a many-body reaction involving, as it does, a number of H atoms
in order to complete the dissociation. It follows that this class of reaction is most

likely in the very young, hot and dense outflow.

e Direct Radiative Association
C+H—-CH+hv k=1.0x10""cm3s™!

Simply put, this reaction occurs if the two particles approach along a potential en-
ergy curve that leads to an excited molecular state upon collision. Provided the
system can radiate a photon of sufficient energy, where hv > E..;, and sufficiently
quickly (before the two atoms fly apart), the system will fall into a lower energy
bound state and the two particles will be unable to separate to infinity. The rate
coefficient for this type of reaction with neutrals is generally of the order 1.0x107!7

cm®s~! in the interstellar medium. Clearly the rate of collision will increase with
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density, but when the temperature is high and the individual particles have a high
kinetic energy it becomes progressively more difficult to stabilise the new molecule
by emission of a photon, due to the ever larger energies that must be radiated within
ever shorter periods of time, thus leading to rapid dissociation. Such reactions are
thus less effective in the nova environment, in particular in the early outflow. How-
ever, collisional stabilisation with a third body, as opposed to radiative stabilisation,

results in a similar type of reaction (see below).

e Negative Ion Reactions In a medium having a high density of free electrons,
negative ion reactions become important. Although ISM chemistry is driven by
ion-molecule reactions, the low density of electrons mean the negative ion reactions

don’t feature highly. Negative ions form by the process of radiative attachment:
X+e - X +hv
and are then destroyed by either photodetachment:
X"4+hv > X+e”

or they may take part in a neutral-ion reactions such as associative detachment:
XT4+Y > XY +e™

where the electron carries away the energy that permits the new molecule to stabilise.

Photodetachment is efficient in the nova medium where IR photons are plentiful and
the low interaction energy between the electron and neutral is low thus allowing the
process to occur over a wide wavelength range. Detailed calculations for H™ show
this to be true in the interstellar radiation field so it is bound to be highly efficient
in a nova. Indeed, unsurprisingly, it is found that both photodetachment (Wishart
(1979)) and associative detachment are the main routes by which H™ is destroyed

in our models.
e Three-Body Reactions
H+H+H—-H,+H k=5.0x10"32cmb!

As with all three-body reactions, the rate coefficient appears prohibitively low, but

the rate is proportional to kn% and thus assumes importance when the ejectum is
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extremely dense. Such conditions are found within ejecta during the first few days

of expansion.

e Neutral-Neutral Reactions
N+CN - Ny;+C k=1.0x10"Pcm3s7!

Many neutral-neutral reactions have activation barriers that prevent them assuming
any significance in interstellar chemistry. In the nova environment where much higher
temperatures provide the kinetic energy to overcome such barriers, neutral-neutral

reactions become possible and are highly significant.

e Jon—Molecule Reactions

Ot +H, - OHt +H k=170x10"%cm3s7!

Nt +CO - COt +N k =3.96x 10" %cm3s™!

These reactions form the bulk of standard interstellar chemistry. Many ion—molecule
reactions have been studied in the laboratory and for the majority of, but not all
exothermic reactions the rate coefficient has a value that is independent of the tem-
perature over the measured range, usually of 300-1000K, and is of the order 107°
cm~3s~2. Whilst such experiments remain below the characteristic temperature
range of the early nova wind (a few thousand Kelvin), the apparent uniformity in
the characteristics of these reactions make it relatively easy to estimate unknown
rate coefficients based on closely related reactions. Outside of the laboratory, these

rate coefficients may sometimes be calculated quantum mechanically ab initio.

e Charge Transfer Reactions
Hf +H— H, + HY k=6.4x10""%cm3s™!

This is a good example of a class of reactions that are very sensitive to the physical
conditions and whose rate coefficients are, as a result, likely to be very different
to ISM values and, more over, are likely to vary considerably throughout the nova

wind. The region in which charge transfer is likely may be defined as:

a/v~h/|AE| (1.2)
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where a is the distance over which charge transfer is possible, v is the speed of im-
pact AFE is the energy defect (the difference between the ionisation potentials of
the reagents), and h is Planck’s constant. The process is only important for impact
velocities approximately equivalent to that determined by equation (1.2). Unlike
the nova wind case, interstellar velocities are small hence |AFE| too must be small.
Furthermore, the Franck-Condon principle states that during the electronic transi-
tion, the nuclei must not move ‘appreciably’; more precisely, the overlap integral of
the wave functions describing the nuclear motion should be large. Where both these
requirements are met the reaction should occur so that, in the interstellar case where
the range of temperatures is limited, there need be no temperature dependence. For
these reactions to be well modelled in the nova case, however, a considerable amount
of theoretical work is needed to calculate cross-sections across a range of physical
conditions in order that we might parameterise the temperature dependence. Until
such a time as this data are available, ISM rates must be used in the nova context
but, whilst this class of reactions is expected to be important, the rates are likely to

be significantly in error.

Photo reactions assume considerable importance in the highly irradiated environ-
ment of a nova and provide the dominant destruction mechanism. Photo reactions
fall into three categories as listed here along with the approximate rate coefficient

and operational wavelength range for each:

Crsm (s71) A range
photodissociation AB + hv - A +B ~10"'1 —10"12 1000A-2000A
photoionisation A + hv = At + e~ ~107°-10"1° 912A-15004
photodetachment A~ + hv - A+ e~ ~1077 912 A-2 um

where (7sps is the unshielded interstellar rate coefficient. Naturally, in a region
dominated by high energy UV photons, these interstellar rate coeflicients are quite
useless so for this work the photorate coeflicients are calculated specificaly for the

environment as described in section 2.3.

The process of photodissociation is often considered simple, but it can in fact pro-
ceed in many different ways. Figure 1.2 shows the potential energy curves for a
number of dissociation processes (from van Dishoeck (1988)).The process of DIRECT

PHOTODISSOCIATION dominates for small molecules of just two or three atoms, as
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commonly found in astrophysical contexts. An incident photon provides the energy
for a molecule to make the transition from the vibrational level of a bound state to
a repulsive state. This latter has an energy in excess of the separated atom state
and the molecule dissociates. The cross-section for direct photodissociation is a
continuous function of wavelength with a maximum close to the vertical excitation

energy.

Indirect photodissociation is also possible; the incident photon is absorbed into a
bound discrete excited state. This is known as PRE-DISSOCIATION. Subsequent in-
teraction with the continuum of a final dissociation state completes the process. The
cross-section for this proces consists of a series of discrete peaks. The dissociation of
CO occurs in this way. Hz, the most abundant interstellar molecule, dissociates by
SPONTANEOUS RADIATIVE DISSOCIATION in which an excited bound state decays
by spontaneous emission into a lower-level continuum state. For most molecules this

process is of little significance. The cross-section consists of discrete lines.

Photodissociation is thus a combination of both continuum and line processes. The
distinction between the two is important; line dissociation can, for example, result
in self-shielding if the abundance of the dissociating molecule is sufficient to saturate
the line and thus shield the population at greater radii from the irradiating source.
By contrast, photoionisation and photodetachment, are both continuum processes
where the absorption of a photon with an energy greater than the lowest ionisation
threshold may result in either (or even dissociation). The wavelength range over
which ionisation occurs is bounded by the ionisation potential of the species at the
low frequency end and the spectral cut-off at the high end, normally the Lyman
limit at 912 A. In the same way photodetachment is bounded at the high end by
the Lyman limit, but the extremely low detachment potential of the order of 1eV

ensures that the low end reaches far into the infra-red.

To understand the significance of a given reaction, it is helpful to have an idea of the
characteristic time-scale over which a significant proportion of a reagent is destroyed or

formed. Recalling the meaning of the rate coefficient we find that for photoreactions, two
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and three-body reactions, the characteristic time-scale, 7, is obtained by:

gy = —(Ng =>7= % s
n, = —kngny =>7':k17bs
. 1
Ny = —kngnpn, = 7= Ty

1.5.1 Pre-Dust Formation

The chemistry of the nova ejecta is dominated by photoreactions which inhibit the forma-
tion of larger species through photodissociation and photoionisation. The nova radiation
field is not well determined, partly because of inadequate data coverage of novae at rel-
evant wavelengths and partly because radiation transport in novae is both complex and
ill-defined.

In a neutral carbon region, the carbon continuum, which extends up to a wavelength
of A ~ 11004, shields several molecular species against the dissociative UV flux. Within
this zone, both Hy and CO are well shielded against photodissociation. The situation is
complicated by the presence of vibrationally excited states. In this neutral carbon zone,
chemistry may flourish and small molecules may be stable against the radiation field.
As discussed previously, the ejecta are likely to become completely carbon ionised after
approximately 50 days post-outburst thus much of the early chemistry is likely to take
place in a neutral carbon zone whilst the formation of nucleation sites may take place

partially or completely within an ionised carbon region.

1.5.2 Dust and Geometry

When nova research was young, novae could be classified as ‘dusty’, loosely referred to as
DQ Her type novae, and non-dusty novae. This system was adequate until the growing
catalogue of nova observations complicated the issue; with each new outburst a whole new
category or sub-category seemed to be required. Dusty novae are either optically thick (as
in DQ Her, with a pronounced transition phase accompanied by a sharp rise in the IR light
curve) or optically thin. Subsequently novae themselves became split into those spawned
by a TNR on a C-N-O or He-Ne-Mg white dwarf, though it is possible that the former
produce slow novae and the latter fast ones. Further complications arose when silicates
appeared to condense out of the ejecta; in particular nova V1370 Aql (1982) (Gehrz et al.
(1984)), V842 Cen (1986) (Hyland and MacGregor (1989);Gehrz (1993)), QV Vul (1987)
and V705 Cas (1993) (Gehrz et al. (1992);Gehrz et al. (1995);Mason et al. (1998)) have
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all produced dusts composed of two or more of carbon, hydrocarbon and silicate dusts. In
the classical model, an ejecta having an abundance of oxygen enhanced over carbon would
result in all the carbon being locked in the stable molecule CO, leaving the remaining
oxygen free to form silicates. Conversely, where carbon was more abundant than oxygen,
the latter would be completely depleted into CO leaving a surplus of carbon to form dust.
Thus, according to this model, it should not be possible to form both silicate and carbon
based dust in the same wind. The location of the region in which dust is formed now
seemed much more difficult to pin-point. Perhaps the carbon and silicate spectral features
originated in different parts of the wind (possibly with different C:O ratios in each) or
perhaps the silicate emission arose from the material of a previous eruption excited by
the radiation from the current outburst. The first hypothesis accepts also that the ejecta
are not necessarily simple spherically symmetric shells but that they may possibly be bi-
modal, having cone-like polar ejection and a ‘blobby’ equatorial ejection. Such structure is
inferred from observation of old nova shells and could help explain some spectral features
during an outburst. Generally however, it is the faster dust-producing novae that show the
molecular lines of SiC, SiO and other silicate features. (Gehrz et al. (1984)) tentatively
ascribe features in the spectrum of nova Aquilae 1982 to SiC forming in the ejecta. A
review of mid-infrared spectroscopy of galactic novae by Smith et al. (1995) considers
ten novae in six of which dust formed in the ejecta. In all six, silicate features were also
observed leading to their conclusion, admittedly with limited statistics, that the formation
of both silicate and carbon grains within nova ejecta is a common occurrence despite the
nova progenitor being carbon rich in general.

In short, we are left with a very complicated range of scenarios in which to place the
dust formation event. Chemically there are many possible ways in which the dust might
nucleate and equally numerous structures for the grains themselves. It is not possible
to address all of these issues simultaneously so that in this work we must assume that
the dust is homogeneous: it has a uniform composition composed of one monomer type.
Mixed-molecule and core-mantle grain types are not considered although nucleation sites
are likely to form as the result of heterogeneous chemistry.

Dust grains nucleate in a region far from local thermodynamic equilibrium where a
kinetic approach to the chemistry is required. This evolution lies on the boundary between
the molecular level chemistry and macroscopic grain condensation process that, provided

the conditions are right, are rapid and efficient (Clayton and Wickramasinghe (1976)).
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The ‘right’ conditions are an ejecta temperature less than some critical condensation tem-
perature, at which point the partial pressure of gas phase carbon is greater than the vapour
pressure of graphite, and a sufficiency of nucleation sites. Condensation continues until
either the monomer is exhausted or the expansion of the ejecta ‘freezes’ out the grain
population.

Many cool stars are also prolific dust producers, most notably the ageing carbon star
IRC+10216 with a large molecular envelope and important dust component modelled by
Avery et al. (1992). Millimetre observations with the James Clerk Maxwell Telescope
(JCMT) by Sada et al. (1992) have lead to abundance estimates of important molecules
such as CoH in this object where dust is required to explain the long term evolution of
the molecular envelope. In such systems the most abundant carbon bearing molecule after
CO is CoHy, acetylene. The chemistry leading to the formation of nucleation sites is based

upon the conversion of acetylene to dust through reactions such as:
Cn + CaHy = Cpy2 + Ho

C3H; has numerous strong photodissociation channels up to 15504 (Suto and Lee (1984))
that cause it to be very unstable in the nova UV radiation field where intense photons
over a broad range of wavelengths illuminate the ejecta, although if sufficiently abundant
it may self-shield. As such there will be low hydrogenation of all molecular species and
the nucleation chemistry must follow very different channels to those made on the basis
of terrestrial hydrocarbon pyrolysis as applied to carbon star winds by Frenklach and
Feigelson (1989) and extended by Cherchneff et al. (1992). The approach to this problem
is discussed in section 4.2. Any proposed route to dust formation must, in any case, be
highly efficient in order to explain the behaviour of the visual and IR light curves during
transition, assuming that dust is the cause. As such, this chemistry could also suggest
alternative processes that may be involved in the formation of dust in other environments,
including cool, carbon rich stellar atmospheres.

The ultimate composition of the dust is the subject of much debate. Once formed, the
dust shell is moving away from a nova having almost constant bolometric luminosity, L.
As such, the dust temperature, T, would be expected to decline with time as:

1/(a+4)
Ty x (h) (1.3)

at?

where @ is the grain radius, and @ ~ 1 depends on the emissivity law for the grains.
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Moderate speed novae often exhibit an ‘isothermal phase’ during which the dust temper-
ature remains constant or rises. Mitchell and Evans (1984) and Mitchell et al. (1986)
interpret this as being due to grain destruction through chemi-sputtering of carbon grains
by protons. This process is expected to generate emission features at 3.3 and 11.3 pm.
These features, identical to commonly observed PAH features, have now been observed
vet Evans and Rawlings (1994) show that free PAH molecules would not survive in the
UV radiation field that will harden as the dust thins. Suggestions for the carrier of these
features include fulleranes (CgoH, where 1 < n < 60) or hydrogenated amorphous car-
bon (HAC) grains. Evans and Rawlings favour the latter, which may be considered as
PAH units weakly bonded into amorphous grains. Fulleranes are known for being par-
ticularly robust but they have easily identifiable extinction properties that appear not to
be observed in novae. The evidence currently lies in favour of a dust composed of HAC
grains giving rise to PAH features as a consequence of the re-hydrogenation of HAC grains
following de-hydrogenation by the UV radiation field (Evans and Rawlings (1994)). Con-
firmation of the precise nature of the dust grains must await future bright, dusty novae

and simultaneous, multi-band observation.

1.6 Recent Observations

1.6.1 Molecules in Novae

Few molecules have been successfully detected within the nova environment, in particular
the early wind. The first molecular species to be detected in the ejecta of a nova was CN,
as observed in DQ Her by Wilson and Merrill (1935). CN absorption bands were seen
in this case for about 3 days near maximum but have either eluded observers in many
subsequent likely novae, or have not been present. Ha (2.122um) was detected in the DQ
Her remnant (Evans (1991)).

The most commonly detected molecular emission features are broadband photometric
excesses seen in the infrared M and K-bands. Ney and Hatfield (1978) observed an infra-
red excess at 5um in the nova NQ Vulpeculae which was later confirmed with spectral
observations by Ferland et al. (1979). The latter detected a ro-vibrational transition
of CO (v —» v" = v — 2) transition at 2.3um in a 1.6-2.4um spectrum obtained 19
days post-outburst, 20 days before entering transition. From this 2.3um observation it is

estimated that the fundamental transition feature (v’ — v” = v/ — 1) at 4.8um would be
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~40 times greater, easily accounting for the Ney and Hatfield 5um feature. The timing
of this observation with respect to that of Ney and Hatfield implies that the CO emission
persisted for 3 weeks at least.

The story of CO in NQ Vul was to resurface some years later when Albinson and
Evans (1989) presented millimetre observations of the now ‘old’ nova NQ Vul showing a
broad, low-intensity feature identified as being due to the J=2 — 1 rotational transition
of 12CO. It is suggested that this is material accumulated in at least 10* ejections over
> 10° years. Shore and Braine (1992) refute this with observations made with the IRAM
30m millimeter wave telescope of NQ Vul, and the more recent novae QU Vul and Nova
Vul 1987, which do not detect this emission feature.

Recent spectroscopic observations of Nova Cas (V705 Cas) described by Evans et al.
(1996), provide firm data from which column densities have been derived thus providing
for the first time some hard data with which to calibrate modelling efforts. To date theory
tells us something of the conditions in which CO may form whilst modelling efforts have
shown, on this basis, where the CO cannot be forming: the former implies a cool (< 4300
K), relatively dense region, whilst the latter find that the ejecta appears to be both hot
and able to easily dissociate CO. It is thus only by implication that the existence of a thin,
cool, neutral carbon shell lying at the outer edge of the principal ejecta has been deduced.

Nova Cas was discovered by K. Kanatsu on 1993 December 7 prior to maximum light.
UV spectra were obtained by Schmidt (1993) and Hauschildt et al. (1994); IR spectra
by Evans et al. (1996) as shown in figures 1.3 and 1.4. Maximum light is taken by
Evans et al. to have been on 1993 December 14. Early visual observation suggest that
the nova event began on 1993 December 4, thus maximum light occurred on or around
day 10. Hauschildt et al. report terminal velocities for the ionised material of ~ —1600
kms~!. Evans et al. continue to suggest that, based on unpublished data from Delisle and
Beauchamp (1994) and Evans et al., the velocity of the Na 1 D line had a velocity of -500

kms™!

; such velocities are commensurate with those characteristic of the principal ejecta,
the material within which we expect to find dust forming (because it contains the majority
of the mass ejected by the nova and the dust, once formed, appears to be co-moving with
this component)..

Modelling of the CO emission produced a best fit with 2.8(2:0.2) x 10~1°M¢ mass of CO
and a temperature Tco=4300+300 K. This corresponds to a column density of ~2.0x10%7

2

cm™*, a value insensitive to the fraction of ejecta occupied by the CO shell providing that
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it is less than about 30%. Rawlings (1988) calculated columns of approximately 108 to
10'® cm~2 in an inferred carbon-neutral shell to the leading edge of the principal ejecta.
This figure is in agreement with the CO mass generated in NQ Vul whilst the discrepancy
between this figure and the observed column in nova Cas has been dismissed as due to a
lesser efficiency of formation. These results are used in chapter 5 to constrain our models.

In addition to CO, CN and H,, there have been detections of SiO, SiO, SiC and
hydrocarbon stretch/bend features (e.g. Gehrz et al. (1986); Bode et al. (1984); Green-
house et al. (1990)). Three novae in particular have been closely studied and revealed to
be rich in molecular emissions (Evans and Rawlings (1994); Gehrz et al. (1995); Evans
et al. (1996), 1997): QV Vul (1984), V842 Cen (1986) and V705 Cas (1993). However,
other than the UIR hydrocarbon features, there have been no detections of intermediate
to large-sized molecules.

Recent detections of silicate features in novae (Gehrz et al. (1984)) add to the list
of detected molecules but other than the PAH features, there have been no detected
molecules in the intermediate to large size although hydrocarbon nucleation sites may
have been observed in the IR spectrum of nova V842 Cen (1986) by Wichmann et al.
(1991) shortly before the visual light curve entered the transition phase.

Many of these observations, perhaps with the exclusion of CO photometry from just
after maximum luminosity, are of novae post-dust formation. The very nature of a nova
makes it extremely difficult to get good data for the very early outflow, so whilst these
are ideal laboratories for the study of chemical pathways to dust nucleation in all other

respects, actually observing them in detail can be difficult.

1.7 A Brief Catalogue of Recent Novae

Here follows a brief catalogue of some notable and recent novae. A much more complete

database of novae prior to 1989 and their characteristics may be found in Bode et al.

(1989).

Nova Aquilae (1995) Discovered on 1995 February 7.84 UT (Nakano (1995)), this nova
appears to fall between the slow, DQ Her type, dust-forming novae and the fast
novae. Mason et al. (1996) observe an optically thin dust shell in observations
spanning four months, whilst also observing strong near IR coronal line emission,

some 120 days post-outburst, usually associated with fast novae. It is suggested
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that the ejecta were clumpy with both a dust and a hot gas component. This is the
first thoroughly documented case of overlap between dusty novae and novae that
produce strong coronal lines. It has been suggested that Nova Aquilae 1995 may

imply a ‘continuum’ in the evolutionary behaviour of novae.

V705 Cassiopea (1993) A bright, well observed nova, V705 Cass has been the subject
of many papers within the literature and will be discussed in detail in this thesis.
Reports of a bright light echo from the shell of an eruption estimated at just 30-40
years earlier (Boyle et al. (1994)), fortunately for nova theory, proved erroneous.
Observations between day 330 and 418 post-outburst by Gehrz et al. (1995) report
the spectral signature of optically thin astrophysical silicate grains at 10 and 20 pm.
This has been extensively modelled by Hauschildt et al. (1994) and others and firm

estimates of CO column density have been made by Evans et al. (1996).

Nova Sco (1992) Discovered by Camilleri (1992), and the brightest nova ever recorded,
by a factor of four, at 10 um, the decline of the visual light curve clasified this as a
slow-very slow nova but large fluctations of one magnitude or more were observed at
least three times prior to the dust formation epoch (Smith et al. (1995) and references
therein). Whilst not apparently related to a dust formation event it is proposed
that these brightenings may represent density layering in the ejecta, subsequent
minor outbursts of the nova itself or eclipsing by the binary companion. No firm
conclusions have been drawn. Twenty eight days after maximum light Harrison
(1992) obtained infrared spectrometry and report a ‘peculiar’ energy distrubution
that suggests significant emission from CO at 4.65um. Harrison also reports a
smooth and rapid increase in K-band flux typical of grain growth in the ejecta.
Smith et al. find evidence for silicate grains later in IR observations on days 235

and 263 post-outburst.

V1974 Cyg (1992) Nova Cyg (1992) erupted on 1992 February 19 UT as reported by
Collins (1992) and was particularly well observed as it was the brightest nova since
V1500 Cygni (1975) and had a slow rate of decay. Whilst this was not a dusty
nova, the volume of observations from a variety of ground and space-based instru-
ments (including the IUE and HST spacecraft) provided ample data with which to
guide a concerted modelling effort. Hayward et al. (1996) present analysis of the

mid-infrarad evolution of this nova and models that suggest an ejecta composed of



1.7. A BRIEF CATALOGUE OF RECENT NOVAE 49

three major components having differing densities, but with masses, geometries and
expansion velocities that are consistent with observation. The three components are
the ‘dense component’ (i.e. the principal ejecta), a ‘diffuse enhanced’ component

and an ‘intermediate component’.

V838 Her (1991) Harrison and Stringfellow (1994) report this as a very fast nova dis-
covered independently by Sugano and Alcock (1991) on 1991 March 24.7 UT. Models
of the near IR spectrum suggest that shortly after maximum, the ejected gas was
dense (N, > 10'° cm™3), and cool (T = 1000 K). During the first week post visual
maximum the gas became hotter and the density decreased. Within two days of
visual maximum a limited ammount of dust was condensing out of the ejecta. Five
days later the major dust formation event occurred on, or near, 1991 March 31.8,
8 days after the initial outburst. This is the earliest time at which a dust shell has
been observed to have been formed by a nova. The dust was hotter, at 2000 K,
than previously observed for a nova. Silicate dust features were reported by Smith
et al. (1995) and Barlow et al. (1991). Graphitic and silicate dusts did not appear
simultaneously, with the latter trailing the former. The speed with which the IR
light curve intensified was initially considered suspicious and possibly unrelated to
a dust formation event; it was possibly a light echo from a pre-existing dust shell.
However, there is a dip in the visual photometry that exactly coincides with the

infra-red rise. This confirms that a real dust formation event occurred.

QV Vul (1987) Discovered independently on November 15 1987 UT by Beckman and
Collins (1987) and classed as being of medium speed, this nova exhibited a deep
minimum during the transition phase some eighty days post-outburst. Gehrz et al.
(1992) made detailed IR photometric observations from 3-672 days post-outburst
including close monitoring of the dust on day 83. They identify four different dust
types: carbon, silicon carbide, hydrocarbons and silicate dust. Smith et al. (1995)
find a largely featureless continuum on day 206 that may be fitted by a 1300K
blackbody or a 600K A~! greybody more indicative of graphitic dust. The quality
of fit is improved if a small silicate contribution is included; this is confirmed by

observation of silicates on day 506 (Gehrz (1989)).

V1370 Aquilae (1982) Studied in detail with observations in the 8-13 um waveband

on four separate occasions by Roche et al. (1984). This is the first nova to exhibit
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silicate features along with a normal featureless dust component at near IR wave-
lengths normally associated with carbon-rich grain material. A C:O ratio <0.17 was
measured with wind velocities of up to 10,000 kms~!. The silicate dust is not typi-
cal of that seen in the circumstellar envelopes of late-type stars; the profile is both
narrower and peaks at a slightly longer wavelengths than in the circumstellar case.
Snijders et al. (1987) cite observations of three main gaseous wind components: high

1

velocity gas with v < 10,000 kms~!; medium-velocity gas with v < 3000 kms™?;

low velocity gas with v € 200 kms™?!.

NQ Vul (1976) This nova exhibited a model isothermal dust phase. CO emission and
2.3pm emission were detected. Albinson and Evans (1989) observed a CO feature,

the magnitude of which was later disputed (Shore and Braine (1992), see page 44).



Chapter 2

Modelling Techniques

2.1 Introduction

We now turn to the problem of choosing an appropriate chemistry for a given task and en-
suring that the data describing each reaction are appropriate to the environment. Whilst
many reaction rate coefficients have been computed theoretically or determined empiri-
cally, these are almost without exception in conditions of temperature and pressure that
are incomparable with those of a nova outflow. At best they may be adequate; at worst
quite misleading. Traditionally, astrochemists have concentrated on interstellar environ-
ments with densities of the order 102-106 cm™ and temperatures in the region 10-200
Kelvin. By contrast, the early nova environment has densities of the order 10!°-103cm—3
(although still <« 1 atmosphere) and temperatures in the thousands of Kelvin.

Further complicating the selection process is the need to choose reactions based upon
an appropriate species set; species chosen to represent the dominant components of the
environment and key components of important chemical pathways. The careless inclusion
of irrelevant species will result in un-necessarily ‘stiff’ differential equations, a significant
increase in run-time, unstable code and difficult numerical ‘noise’ in low abundance species.

Selecting reactions, collating data concerning reaction kinetics and building a model
chemistry is the subject of this chapter. The ways and means of coding chemistry efli-
ciently are also covered including the development of a new utility to simplify the process.
Most importantly, it must be understood that these techniques, as with any modelling ap-
proximation, come with caveats which must be considered when interpreting any results;

these are explained.
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2.1.1 Previous Work

Chemical models of nova outflows are somewhat scarce. A tentative identification of CO
v =1-0 emission by Ferland et al. (1979) and others prompted thoughts of looking at nova
chemistry, but not until almost ten years later were time-dependent chemical models being
developed. Rawlings (1988) studied early time chemistry and considered complexities such
as ionisation structure within a wind. This work concentrated solely on the early, pre-
dust nucleation phase of the ejecta expansion and made several interesting observations:
chemical equilibrium was found to establish itself exceedingly quickly, indeed within ten
seconds, and it was found that the CO identification at 5um seemed to suggest a cool,
thin, dense shell of neutral hydrogen and carbon at the edge of the ejecta. This was
inferred rather than directly observed in the models; no other satisfactory explanation for
observations could be found because the modelled ejecta are ionised carbon by the time
the 5pum emission appeared. Two ejecta configurations were experimented with: a simple
homogeneous spherical expansion and a thin shell. Little difference was found between
the two cases.

Though important results were obtained with which we compare the results of new
modelling efforts, many simplifications were made. The nova radiation field was inade-
quately modelled and, as is described later in this thesis, the assumptions made resulted
in photoreaction rate coefficients far too large. The chemistry lacked important species,
notably nitrogen, low ionisation-potential metals and a full oxygen chemistry.

Whilst work was subsequently done to look at chemistry later on in the evolution of
outflows in hostile circumstellar environments, studies of the very earliest times have been
lacking until now. In this work particular attention is paid to the observation of both CO

and CN, two molecules observed in such environments that must constrain our models.

2.2 Basic Reaction Data

A reaction involves two or more reagents that interact and transform in to one or more
products. In certain cases energy may also be shed from the system in the form of photons.
Any such reaction will proceed at a rate that is proportional to the abundance of the
reagents and to the intrinsic properties of the reaction (the reaction cross-section for

example). Thus for a reaction such as:

A+B—-C+D
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Type Example Reaction k
Three-body H+H+H— Hy; +H | cmbs™!
Two-body H+ CHy; - CH+ Hy | ecm3s™!
Photoreaction | CHy + hv — CH + H g1

Table 2.1: Generic reaction types and units of k.

the rate may be expressed as:

RC/D =knanp cm™3s7!

where nys and np are the number densities of the reagents, R is the rate at which the
products are formed per unit volume, per unit time, and k is known as the RATE COEFFI-

357! in this example (as for all two-body reactions), embodies

CIENT. k, having units cm
all the information concerning the kinetics and energetics of the reaction. Whilst some-
times referred to as a rate ‘constant’, the value of the rate coefficient may depend on both
the ambient kinetic temperature and the density of the medium. It must be assumed that
the temperature is well defined by, for example, a Maxwellian distribution in order to
account for this factor. In the case of photoreactions, the rate coefficient is also strongly
dependent on the intensity and form of the ambient radiation field.

Note that many reactions work in both the forward and reverse directions within the
same conditions. The rates will not be the same for both however so the two reactions
are often considered quite separately in this work; partly this is to simplify coding and
partly this is because often the reverse reaction is negligible in a region where the forward
reaction is favoured.

In order to define the behaviour of a reaction such that it might be encoded in a
model, all that needs to be specified is either the value of k& or a means to calculate it. We
consider three generic types of reaction, as listed in table 2.1. For this work, we consider
only gas-phase reactions; only once dust grains have condensed out of the ejecta does the
possibility of grain surface chemistry arise providing the gas is sufficiently cool. Within
each of these three broad categorisations there are many different types of reaction but,
excluding ‘special cases’, the rate coeflicient is often expressed in both this work and the

literature in a standard form. The rate coefficient for most two and three-body reactions
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is calculated following the well known Arrhenius formulation:

T\’ =
k:a(ﬁ> ceT cm3s7! (2.1)

This expresses the rate coefficient, &, as a function of the gas kinetic temperature temper-
ature, T (rate coefficients measured at room temperature, ~ 300 Kelvin, in the lab), and
constant a. The exponents # and v (not to be confused with y in chapter 5) represent
the temperature dependence of the rate coefficient and an energy barrier respectively. At
very high (or very low) temperatures the coefficients are an extrapolation of this curve and
thus their accuracy is highly uncertain. Provided the coefficients a, § and v are known,
and knowledge of the abundance of the reagents is available, it is possible to compute the
speed at which this reaction will proceed.

Cosmic ray reactions have only one reagent which interacts with a cosmic ray photon,
and have a rate coefficient that is usually expressed as a constant. This is because the
cosmic ray flux is invariant in the kind of environments with which we are concerned.

Thus the rate coefficient is expressed as:
k=a s7! (2.2)

Finally we have photoreactions where the reagent interacts with photons of the ambient
radiation field. The UMIST Rate95 data base (Millar et al. (1991);Millar et al. (1997))
for interstellar chemistry lists photoreactions with Arrhenius parameters with which to
calculate the rate coefficient. This assumes a fixed, ambient interstellar radiation field
that is far removed from the kind of field in the environs of a nova, and a dependence on
Ay, the visual extinction. The way in which rate coefficients are better calculated for the

purpose of is now explored.

2.3 Photorate Coefficients: Realistic Radiation Fields

Photorates require special consideration in the extreme photon-dominated region of a nova
outflow. Two points must be addressed in particular: (1) How to model the radiation field
and (2) how to compute photorates. Addressing the first of these points by assuming a
field equivalent to that of a black body of radius ryp.t and having a temperature as that
of the photosphere is a good first approximation that may be justified in part by infra-

red observations that show a smooth photospheric spectrum in the early post-maximum
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nova. In time however, free-free emission increases and chromospheric, optical and UV
lines appear. In the previous modelling efforts of both early time chemistry (from outburst
through to just before transition)and dust nucleation chemistry of Rawlings (1988) and
Rawlings and Williams (1989), photorates were computed based on a black body radiation
field. Unfortunately, the radiation field has a complex time-dependence that must be
modelled. This is because the photosphere evolves over time as it shrinks towards the
white dwarf; the radiation field hardens as it does so. To do this it is necessary to study
a little more of the physics of the early outflow.

Prior to maximum light the ejecta is extremely dense with such a high opacity such
that the leading edge of the ejecta almost coincides with the photospherel. Subsequently,
as the ejecta further expands and the density decreases, we ‘see’ further in to the nova
and the pseudo-photosphere shrinks.

In the initial expansion, prior to maximum light, the mass-loss rate (7n) is roughly
constant so that the ejecta density is proportional to r=2 between radii r = rpp,t and

r = re;. Thus:

4rrivpdt = mdt (2.3)
hence,
m
= 24
P= (2:4)
The optical depth, 7, is thus:
“epdr= [ ET_g 2.5
T_[npr_[4ﬂr20r (2.5)
However, the radius of the photosphere is usually defined such that at rppet, 7= %, thus:
km | 2
[47rrv] 3 (2.6)
"phot
1 1 8mv
Tphot  Tej 3km

multiplying through by r.; = vt and applying the boundary condition that at ¢ = 0,

rphot = Ro we find:

Te;
rphot = Ro + (1 +Jat) (2.7)

!Many would argue that we should refer to a ‘pseudo-photosphere’ in order to differentiate it from the
static and relatively sharply defined stellar photosphere.
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8my?

where a = 3.

This expression assumes that both the mass loss and opacity? are constant, nejther of
which are valid in particular after maximum light at which point the photosphere recedes
back towards the white dwarf. However, in the period post visual maximum the bolometric
luminosity does remain constant because the energy source is the remnant material on
the white dwarf that burns in a controlled manner for many years post-outburst. The
photosphere shrinks and its temperature increases so energy is redistributed from the
visible to the UV. The condition that the bolometric luminosity remains constant (around
the Eddington limit luminosity) after visual maximum implies that the photosphere is
coolest at the time of visual maximum. To achieve this the luminosity has to rise very
quickly towards maximum and whilst the rate of increase of luminosity is unknown, this
appears to be the case for fast novae at least.

By considering the post-maximum bolometric luminosity to be constant, using the
principles described here and in particular assuming a steady outflow of matter, Bath
and Shaviv (1976) create a simple steady-state model of a nova. In doing so, they relate
the drop in visual luminosity to several basic nova parameters and conclude that “the
physical state of the photosphere is approximately the same at the same magnitude below

the optical maximum in all novae”:

Tohot = 1.528x 10%.104™/75 K 2.8
p
1
M\?2
Fphot = 1.996x 1012 107A™/3750 (—) cm (2.9)
Mg
1
M\ "2
pphot = 1.034 x 10712 104™/3T5o3 (——) gcm™® (2.10)
Mg
1
2
Pgus = 2.126 - 108™v/250~% <M£> dyne cm™2 (2.11)
O]
Prag = 137.4-104m/1875 dyne cm =2 (2.12)

where Am,, is the visual decline in magnitudes and o = L/LEg44ington-

The model assumes the opacity to be due entirely to electron scattering and a visual
cut-off wavelength of 3500 A. It is also assumed that all novae share the same fundamental
parameters. Despite these assumptions, the expression for the photospheric temperature
(equation (2.8)) fits observation well and is used in this work. With this and the nova

luminosity (equation (3.19)), the photospheric radius may be calculated within a model

2The dominant source of opacity is that of electron scattering.
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scenario using the Boltzmann equation:
4
L =4rrl, 0T (2.13)

where ¢ = 5.67 x 107® Wm~2K~* is the Boltzmann constant.

In the models of Rawlings (1988), these parameters are used to compute a blackbody
spectrum having the same temperature as that of the photosphere. In Rawlings (1986), it
is concluded that this provides a sufficient approximation for the purpose of the chemistry
being tested. As has already been discussed, this is at least partly justifiable. Photoreac-
tion rates in the Rate95 database are for interstellar chemistry however, so the approach
chosen was to ratio the interstellar and nova (black body) flux at some characteristic
wavelength at which the reaction is assumed to take place. The concept of characteristic
wavelength is one devised to simplify coding. It assumes that the wavelengths that are
particularly effective at driving a particular reaction span a relatively tightly defined range
and that the entire range can be approximated by choosing one wavelength within it. This
makes the assumption for continuum reactions that the ratio of flux at any wavelength
within the band for which the reaction occurs is constant. Defining v = Fnovay/Fismy,
where A is the nominal characteristic wavelength at which it is assumed the reaction occurs,

the value for the rate constant, ¢, is given by:

¢ ="CrIsm (2.14)

where (rsar is the unshielded interstellar rate coefficient. Over the wavelength range
912 < A < 2480A, where the short-wavelength cut-off is determined by the Lyman cut-off

for hydrogen, the interstellar radiation field may be analytically expressed as:
F(A)=212x 107" [A72 +1.61 x 10°A7% + 6.41 x 10°A~*] Wm™2Hz™! (2.15)

where A is in Angstrom (Draine (1978))

This is of course quite simplistic given that the value of 4 will almost certainly vary
over the wavelength range for a given photolysis reaction (for it to be otherwise both
Frove and Frsps would have to have the same ‘shape’ across the wave-band in question).
In general, however, it provides a convenient working model.

A significant new feature of the early time model presented in chapter 3 is the much
better treatment of photorates: these are calculated ab initio for the nova environment. A

database containing wavelength dependent photo cross-sections of all species taking part
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in photolysis reactions is used to calculate the rate coefficient for each reaction within a
given radiation field. Rawlings and Williams (1989) uses such a technique using a black
body spectrum to represent the nova spectrum, thus improving on the flux ratio methods
of earlier work. Here however, we calculate rate coefficients within realistic radiation fields
as presented in Beck et al. (1995).

The parameterised field is taken along with cross-sectional data by a code which in-
tegrates the molecular interaction cross-section over the spectrum The process computes

for line processes as well as continuum processes and sums the contribution from each:

kcont = /UA'F/\ dA (216)
2
e
kline = ;c—Q'AzfnuX‘tF(A) (217)
ktotal = kcont + Z kline (218)

F) is the incident flux in units of photons cm~2 s™! A~! and o) is the atomic or molecular
cross-section cm? A1 for the type of reaction under consideration. f is the line absorption
oscillator strength, 7,,(0+ 1) - - - the dissociation efficiency of the upper state and X; the
fractional population of the lower level.

The radiation field could be assumed to be a black body as in Rawlings and Williams

(1989), in which case F) would be substituted by:

1.497 x 1028 1
A5 exp (1.439 x 108/AT) - 1

Fy = ergs cm™2s AL (2.19)

The synthetic spectra of Beck et al. clearly show that the black body assumption,
whilst reasonable at high effective temperatures®, fails dramatically at short wavelengths
(<1000A) from Teg = 30,000K and at all but very long wavelengths in the region of
Teg = 10,000 K. Figure 2.1 is taken from Beck et al. (1995) and shows synthetic spectra
calculated for four different values of Teg with a corresponding black body spectrum over-
laid. The more intense black body continuum flux will result in photo reaction rates much
greater than those calculated for a more realistic radiation field. At the cooler end of the
scale, where T =10000K, the mis-match is considerable. Table 2.2 shows a comparison
of rate coefficients computed with both synthetic and black body fields for a selection of
reactions in a system with a photospheric temperature of 10* K (the T.g of the spectrum

that deviates most from the blackbody curve). Rates, calculated at the photosphere, can

8Here the effective temperature refers to the effective temperature of the nova photosphere
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Reaction L9 ksyn

CH+hv—C+H |1.35(5) | 1.83(4)
NH +hv— N+ H | 1.87(4) | 1.90(2)
OH+hv—O+H | 167(4) | 5.70(2)
O3 + hv — 20 3.50(4) | 5.89(2)
Of + hv = Ot + 0 | 4.46(5) | 3.16(4)
H™+hv— H+e | 1.45(7) | 9.72(5)

Table 2.2: Comparison of selected photorate coefficients computed using black body (kss)
and synthetic (ksyn) spectra with a photospheric temperature of 10*K.

be seen to differ typically by up to two orders of magnitude in these examples with con-
siderable implications for the overall chemistry; with much reduced photodissociation and
photoionisation, small molecules may form and survive more easily providing the possi-
bility of precursors to large molecule and dust grains forming earlier in the outflow than
has been possible in previous models. This is one of the most important reasons for the
differences between the results of this work and that which has gone before. To compute
photorate coefficients, the four synthetic spectra have been very simply parameterised with
just a few points (less than 10). Rate coefficients are then calculated for each of these ra-
diation fields using the process described above. With rate coefficients calculated for each
of four photospheric temperatures, a third order polynomial is fitted to for each reaction.
It was found most convenient to fit the polynomial to logk as a function of Teg/10* (see
Appendix C for a complete list of coefficients). This function is used to interpolate a rate
coefficient for any photospheric temperature, the latter being calculated as in equation
(2.8). However, these rates are calculated for reactions occurring at the photosphere; at
greater distances the radiation field is diluted so we multiply the rate coefficient calculated

by the standard dilution factor, W:

W(r) = % 1—4/1- (M)z (2.20)

T’ej

where r¢; and 7,4, are the ejecta and photospheric radii respectively.
We believe this approach to be a considerable advance on previous methods of scal-
ing interstellar rate coefficients. Attempting to go further by, say, solving the radiative

transfer equation would firstly not be practical in a model such as this where there ex-
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given ‘characteristic’ wavelength (chosen either to be that of a dominant absorption line
or a representative wavelength within a continuum dissociation band) to be calculated
for the radiation fields at four separate values of Tphot. A linear interpolation of the flux
to the actual photospheric temperature produces a crude synthetic flux value for use in
calculating a photorate. With expressions (2.15), (2.14) and (2.20) an estimate of the nova
photorate coefficient is derived. Although not as reliable as a rate coefficient derived from
ab initio calculations, this is an improvement on the same method using a black body

approximation to the nova flux and represents the best that we may currently achieve.

Additional Considerations

We note that, as reported throughout the literature, most photodissociation reactions are
from the ground Rydberg state and ground v” = 0 vibrational state. Photodissociation
from higher v” states (for example in OH) have larger cross-sections that generally extend
to longer wavelengths.

This work does not attempt to take into account the velocity of the material undergoing
dissociation. At the high ejection speeds typical of novae, often of the order ~ 2000
kms~!, the dissociating spectrum will be shifted with possible consequences for the rate
coefficients.

Finally, when very close to the photosphere, the radiation field may be sufficiently
intense to raise the probability of two-photon interactions where two photons interact
with a molecule almost simultaneously. In this environment the radiative dissociation

time-scale may exceed the photoionisation time-scale.

2.4 Representing Chemistry in Code

Given the means to calculate the rate coefficient for any reaction, the chemistry within
a parcel of gas may be expressed in terms of differential equations. Consider just one

reaction having rate coefficient k:
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The rate of formation of each species may be expressed as follows:

a—gtg-:-aalf- = kXnoH-nH, (2.21)
31(29(;}1 = —kXnog-nH, (2.22)

8nH2 _ .
5 = 0 (2.23)

where n, represents the number density of species z ( cm™3). Naturally, any one species
may be formed and destroyed by any number of reactions within a network of reactions
thus to calculate %’iti for species z as a result of the chemistry one sums the contributions

from all such reactions:

on;
6_; = Z Ajklm kT Ny, — Z AMtmj (1 + O ) immn
klm#j lym,j#k
+ Z QjkiET — Z a;i(1+ &51)nimy
ky#35 Tl#k
+ Z(ﬂjknk — Bkjn;) cm™3s7! (2.24)
k#j

where Ak, is the rate coefficient for the production of species j due to reactions involving
species k, [ and m (three-body reactions); a;k; is the rate coefficient for the production of
species j due to reactions involving species k and ! (two-body reactions); 3;x is the rate
at which species j is produced from species k£ (photo and cosmic ray reactions). d is the
Kronecker delta and allows for the reagent occurring twice.

A complete description of the chemistry consists of one ordinary differential equation
(ODE) per species. We would however like to use relative number densities within a model
such that changes in relative abundance are due solely to the chemical and not the physical

evolution of the flow. To achieve this, the relative abundance of species i is defined as:

n;
Xi = MHe = NH + 208, (+npg+ +...)
NHio
=n = X;ng,, (2.25)

where np,,, is the total number of hydrogen nucleons summed over all hydrogen bearing
species within the chemistry. This is an invariant parameter assuming the majority of the
gas is composed of H and Hs, thus X; will reflect only the chemical evolution of species ¢
and not the physical change in density.
Differentiating equation (2.25) we obtain:

3ni X, 8nHm BXi

Bt TN T T MHe g

(2.26)
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where, because ng,,, is invariant, the first term is zero. Now we substitute expressions

(2.25) and (2.24) into equation (2.26) to obtain:

0X;
6t.7 = Z /\jklkaXlen?-Iw, — Z ’\klmj(l + 51m)X1Xijn%{m
klm#g I,m,j#k
+ D Xk X — Y aki(L+ &) X Xinm, .
kl#j nl#k
+ ) (BirXk — BriX;) (2.27)
k#j

We may now express all densities as relative densities, with the total density (assuming
nH,,. ~ ng) appearing directly within the differential rate equations. The code has only
to keep track of this density value which embodies all geometric variation. Naturally,
this assumption is only valid if the gas has a single dominant component that remains so
throughout the computation

The data describing each reaction for a particular chemistry is stored within a ‘rate
file’. This lists each reaction in the chemistry along with the relevant Arrhenius parameters

(for all reactions where the Arrhenius formulation is valid):

# R1 R2 R3 P1 P2 P3 P4 o Ié; v

1 CH H2 C H H2 6.00E-09 0.00 40200.0
2 OH H2 0 H H2 6.00E-09 0.00 50900.0
3 OH H2 H20 H 3.60E-11 0.00 02590.0
4 0O- H20 OH- OH 1.00E-09 0.00 00000.0

2.4.1 A Schematic Model

The core of any model code is a function that evaluates %% for all species within the

chemistry. This function will be called by another that will integrate the ODEs in time,
and output a listing of the abundance of all species after each time-step. This output may
then be plotted and the time-dependent evolution of all species clearly visualised.

The integration is handled by a ‘black box’ function chosen from the literature. The
writing of good, reliable and accurate integration routines lies in the domain of numerical
methods specialists and many exist. For this reason, no attempt is made to better the
functions made available by these people. Methods for performing numerical integration
abound; many are tuned towards a particular kind of problem or system. One of the most

difficult characteristics of chemical differential equations is their potential for being ‘stiff’.



64 CHAPTER 2. MODELLING TECHNIQUES

A stiff set of equations is one where the dependent variables (in this case rate of change of
abundance) are changing on two or more very different scales of the independent variable
(in this case, time) (Press et al. (1992)).

A few algorithms are appropriate to this particular stiff, initial value problem. Gen-
erally speaking chemical models have used GEAR integration routines, Gear (1971), with
Jacobian approximation. In writing this new kinetics model it was felt wise to consider
other available implementations of suitable integration engines. Two main competitors
were found with proven code implementations in the well thought of “Numerical Recipes”
text, Press et al. (1992), namely the Runge-Kutta and Bulirsch-Stoer algorithms. For-
tunately these routines, as with most integrators, share common calling conventions and
are thus ‘plug compatible’: one may be substituted for another with no other changes
to the code. In this way different routines may be tested easily and quickly. The key
requirement for any high performance integration engine is the ability to monitor internal
consistency such that numerical errors can be maintained within defined bounds by the
use of adaptive step sizing. The particular problem with which we are concerned involves
smooth, continuous functions for which most algorithms are suitable.

The Runge-Kutta algorithm is considered as a workhorse that can tackle most problems
whilst not being the most efficient in many circumstances. A suitable implementation to
allow it to cope with particularly stiff equations was, unfortunately, not found and the un-
modified variety failed to cope with the chemical ODEs with which it was presented. The
Bulirsch-Stoer algorithm is rather more sophisticated in operation in that it extrapolates
a computed result to that which would have been obtained given a much smaller, ideally
zero, step size. The un-modified algorithm which discretizes the ditferential equation
using the modified midpoint rule does not work for stiff equations. However, there is
a semi-implicit discretization that works well within the same algorithm. This modified
Bulirsch-Stoer algorithm copes comfortably with stiff equations with excellent results and
is widely considered to be a highly stable and reliable algorithm. Press et al. (1992) claim
the routines to be competitive with the best GEAR-type routines for moderate accuracy
but increasingly efficient as accuracy requirements become more exacting. The excellent
text of Press et al. (1992) and references therein, complete with code listings, discuss and
explain this and other integration routines. For the purpose of this work, however, the
integration engine is treated as a ‘black box’ function.

In practice, although no C implementation of a GEAR routine was found, a straight
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test between a new model code using a Bulirsch-Stoer algorithm and an old code with
GEAR with the same chemistry found the new code to be some fifteen times faster on a
190 MHz DEC Alpha processor running DEC OSF. Identical results were produced in each
case. The speed increase is due only in part to the algorithm used; a further refinement
concerning the Jacobian matrix also helped.

The Jacobian matrix of the ODE elements, whether estimated or computed explicitly,
is required in order for the integrator to calculate the maximum possible step size that will
maintain errors to within pre-defined limits. The ¢, j*» element of the Jacobian matrix of
the coupled ordinary differential equations describing the chemistry is as follows:

0*n;

a’njat

J(i ) = (2.28)

The inverse of this matrix leads directly to a solution a short time-step away and it is
this that is used to limit errors within the integration and ensure a stable solution. As
the majority of Jacobian elements evaluate to zero (a given species, ¢, is not necessarily
involved in reactions with many other species, j, hence expression (2.28) will frequently
evaluate to zero), explicitly evaluating the entire Jacobian may require much less than
i X j expressions. If no function is supplied to perform this evaluation, the only alternative
is to approximate a solution by numerically differencing the first order equations with
appropriate small steps At. In evaluating the Jacobian in this way, many calls must be
made to the DIFFUN function resulting in many more mathematical operations than are
involved in the explicit case. In typical examples from this work, the approximation of
the Jacobian requires the evaluation of between seven and thirteen times more expressions
than in the explicit calculation. Until now, chemical kinetics models have approximated

the Jacobian by numerical differencing.

2.4.2 Jo: Generating DIFFUN and JACOBIAN

The function to evaluate the ODEs is called DIFFUN. Originally this function was written
by hand, species by species, term by term. This method does not lend itself to large rate
files containing hundreds of reactions however. Some sort of automation is required.

One solution is to write a function that ‘interprets’ a rate file and computes differential
rate equations on the fly within a series of DO loops and IF statements. Whilst providing
an extremely flexible solution to the problem of handling large and ever changing reac-

tion networks, the disadvantage is that this function will be many times slower than an
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equivalent hard-coded routine; given that the ODEs must be evaluated many thousands
of times and that this procedure is the key bottleneck in the code, such a time penalty is
costly. However, once again, this is an approach that has been used with success in many
models.

The optimum solution to this problem is to write a small code that pre-processes a rate
file and automatically writes a function to evaluate the ODEs that can then be compiled
into a model. This method offers an ideal solution: the user is able to write reactions to
a readable file yet still have the ODEs hard coded into the model for optimum efficiency.
This same file stores the Arrhenius parameters that are read into the code at run-time and
the addition and subtraction of reactions is a trivial matter. To date, the most widely used
program that addresses this task is DELOAD, Nejad (1986), or variants thereof. Though
highly successful, this utility was found to suffer many problems, most notable being the
inability to handle three-body reactions necessitating modification of the generated source
by hand. DELOAD did not produce C source code and was unable to generate a function
to evaluate the Jacobian matrix of the ODEs. As a result of this, chemical models have
always approximated the Jacobian and suffered a considerable speed loss as a result.

Rather than further modify someone else’s code, it was decided to write a utility from
scratch that would produce differential equation source code in the form that is required
including the ability to handle three-body reactions, interpret new rate file formats, pro-
duce output in a choice of C or FORTRAN 77, and cater either for absolute or relative
number densities. Most importantly however, the program would generate source code to
explicitly compute the Jacobian matrix. All of this functionality was to be accessible via
command line switches with no need to recompile the utility for each new rate-file thus
making it easier to use with less room for error.

The result is a utility called Jo that is of use to many people and has been released
to the general community (see Appendix E). One user made use of Jo with a FORTRAN
model using GEAR integration, and noted an increase in speed by a factor of several as a

result solely of explicitly calculating the Jacobian matrix.

The Working of Jo

Given the structured nature of a rate file and the simple nature of the differentiation
required, writing a routine to take such a file as input and write out a DIFFUN function

is relatively simple. All processing is done as a series of string operations iterating over
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Figure 2.2: Forming an ODE with Jo

all reactions for each species, selecting those which either form or destroy the species in
question. In the DIFFUN function, each term of each expression occupies a separate line
to simplify coding and facilitate subsequent checking. Figure 2.2 illustrates the algorithm.
Once the program, Jo, has produced the source code, the option is available for it to
translate from the original C and re-write the output as FORTRAN source. The output
is the complete source code for the DIFFUN procedure. An example of the form of the C

source code is shown:

YDOT[1] = 0.0
-k [3]*Y[8]*Y[1]*D
-k [9]*Y[69]1*Y[1]*D
+k [10]*Y [69]*Y [3]*D
+k[11]*Y[69]*Y[5]*D
+k[12]*Y[69]*Y [6] *D
+k[13]*Y[69]*Y[57]*D

-k[1075]*Y[1]
-k[1076]*Y[1]
-k[1082]*Y[1]
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-k[1083]*Y[1]
-k[1099]*Y[1]*Y[24]D;

Once a decision was made to use a different integration engine and, indeed, write a
new model, it was natural to complete what had already been started and extend Jo such
that it could also write the source code for a function to evaluate the exact Jacobian. Once
again, the task is performed by parsing input (the freshly generated DIFFUN routine) and
using string operations to put together the terms of a new function. This task was slightly
more complicated than that of producing the original ODEs but by carefully parsing each
term and breaking it into its constituent parts, the task is readily accomplished. Figure
2.3 reveals the algorithm. The output is once again in the form of a C function that may,
if desired, be translated into FORTRAN. The following snippet gives an example of the

resulting code:

dfdy[1][1] =
-k[3]*Y[8]*D
-k[9]*Y[69]*D
-k [23]*xY[74]*D
-k[24]*Y[2]*D

-k [1082]

-k[1083]

-k [1099]*Y[24] %D ;
dfdy[11[2] = ...

2.5 The Chemistry

The success of any model depends crucially on an appropriate choice of chemistry. Whilst
it might be considered desirable to include every possible reaction that could occur between
the members of a set of species, it is highly inefficient to do so. Many potential reactions
would work so slowly in the regime of interest that their impact could be considered
inconsequential. More importantly, the inclusion of inconsequential and slow reactions

will result in the ordinary differential equations describing the chemistry to become ‘stiff’.
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Figure 2.3: Differentiating to form the Jacobian matrix with Jo

In order to generate a stable solution with numerical integration, the step size used must be
small enough to maintain a stable solution even though this may be considerably smaller
than the step size required for the accuracy desired. Whilst choosing a suitable integration
method to deal with stiff sets of equations helps, it is stiu quite possible to choose an
inappropriate set of reactions such that the ODEs become too stiff to integrate successfully.
Incorrect specification of the physics may also cause stiffness as can careless definition of
rate coefficients: a parameterisation is unusually valid only within certain ranges of the
independent variable and working outside of this range may result in undesirable and
unphysical behaviour. Fortunately this occurrence is almost always indicative either of an
error in the input data or an inappropriate reaction.

Reactions and the species involved must therefore be chosen with extreme care. First,
a basic species list must be drawn up that comprehensively describes the composition of
the greater proportion of the gas. Negligible or trace abundances of many more species
may be present in the real case whilst not taking any part in the overall evolution of the
outflow material; these should be omitted. Sometimes however, species not included have
an indirect input on the chemistry as with low ionisation potential metals in the nova

ejecta: though not themselves taking part in chemistry of direct relevance to the problem
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under study, the electron abundance due to their presence is important. In this case,
whilst the low IP metals are not included, an abundance of electrons is added to make
up for their absence. All reactions that can reasonably be expected to occur in a given
environment must be drawn from available sources. In the work presented here, reaction
data are drawn from the literature and private communication. Where no data specific to
the environment is available for a given reaction, recourse is made to the UMIST Rate95

rate file, the latest version of which is always publicly available online.

2.6 The Model

We present a time dependent, chemical model code that integrates the ordinary differential
equations describing a given chemistry over time. The physical scenario is one of a simple
parcel of gas within an outflow modelled within a co-moving frame of reference. Reac-
tion rates are computed for each time-step with photorates parameterised as a function of
photospheric temperature and computed using realistic fields in advance. Nova parame-
ters such as the nova speed (7n,), initial number density, kinetic temperature and initial
chemical abundances may all be supplied to the code by means of a separate description
file.

Two key physical parameters, temperature and density, are calculated at each time-
step by means of simple power laws. The geometry of the shell and the shape of the cooling
function is defined by the density and temperature power law index supplied as input to
the model. The meaning of these indices is described in this section. This choice is one
that works fast and allows the behaviour of a chemistry under changing conditions to be
observed. This may not model the environment as closely as a fluid dynamic approach,
but neither does it artificially impose constraints on the chemistry. Our interest is in the
chemistry and its behaviour in a changing environment.

In order to explore different shell scenarios let us start by considering a shell of constant

thickness, ér, radius r, mass M and volume V.

V ~ A4dnrér
p = M/V

po_ T
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where p,, rs and t, are the density, radius and time respectively at the point the model
starts. r, is the nova radius at the time of outburst.
Now consider a homologous spherical expansion where the shell of outer radius r, mass

M and thickness ér = r(1 — n) where n is a constant.

V = éﬂ‘ [r3 ~ (r—6r)%]

3
= 4rr’(1 —n) (2.30)
_ M
P 4arr3(1 - n)
rs13
=2
_ ro + vts ®
p = ps [ ot ot ] (2.31)
Thus we have a general expression:
_[ro+ ]
p=ps [ o ot ] (2.32)

where y=2 describes a shell of constant thickness and y=3 a spherical, homologous expan-
sion. The density calculated in this way then appears in the ordinary differential equations
describing the chemistry which tracks abundance values as relative abundances; in this
way the integrator does not “see” the abundance changes due to the physics that would
force it to reduce its step size considerably and increase the run-time correspondingly.
Note that the use of relative abundance in this context assumes that the medium is com-
posed predominantly of one key species, say H or Hy; this probably holds true in the case
of nova ejecta.

The temperature of the ejecta is a highly uncertain parameter, although Beck et al.
(1990) and others have attempted to model the temperature structure of a shell. We use
a simple approach in this work, starting with the notion that at early times, prior to
visual maximum, the leading edge of the ejecta and the photosphere almost coincide. In
this way, given the boundary condition that at r = rg, T = Tphot,0, the temperature falls
monotonically as:

L = 4nrfeT*=c (2.33)
To 1

2
=T = Tphot,O I:_:I

Tej

At later times however, after visual maximum, the photosphere shrinks whilst the shell

continues to expand. The bolometric luminosity is roughly constant however and we find
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that, in considering the ejecta to be a thin black shell at a radius r¢; in thermal equilibrium,

the effective ejecta temperature is obtained by:

0.5
Tpho
Tepf~Tohot ( ph t) (2.34)
T'ej

so in general it holds that Teg o t* where —0.5 > a > —1.0. In leaving a as a free
parameter we concede that the ejecta is, in fact, optically thin so to know the exact
temperature one would have to solve the radiative transfer equations for all heating and
cooling processes within the ejecta. The models of Ferland et al. (1979) suggest the
electron temperature does not fall as rapidly as would be described by @ = 0.5. As such,
this remains a free parameter.

It is found that this model is very easy to prepare and to use; Jo makes much of the
work involved in adding and deleting reactions quite painless and the use of data files to
describe the model make it possible to run grids of models with shell scripts. The function
charged with calculating rate coefficients after each step of the integrator takes care of
all reactions including special cases. Where data concerning particular reactions has been
found in the literature, this is encoded separately rather than trying to fit the Arrhenius
formula to the rate coefficient curve. Provided that the rate file is closed (i.e. all species
have both formation and destruction channels) and well defined with good rate coefficients,
the model rarely crashes. Should something be wrong in the chemistry it is usually made
clear when either the model crashes or the integrator is forced to keep using a miniscule
step size?. In practice it is found that very small initial time-steps are required with the
integrator often falling back to steps of the order 10~° seconds. This is indicative of the
extremely rapid time-scale over which chemistry occurs in the early nova and represents
the period when abundances in the model are ‘relaxing’ to equilibrium values. This is
graphically illustrated in figure 3.2 where equilibrium appears to be established after 14
hours (left hand side of the plot). In fact, this equilibrium is established well before, just
seconds of modelled time after the start.

Computation takes a matter of a few minutes even on a low end PC system although
most were performed on DEC Alpha machines with 500 MHz processors producing results

in under a minute for most model runs.

*A typical model will step forward with steps of the order a second prior to progressing with steps of
the order of days once the chemistry has relaxed to an equilibrium. If the step size remains < 1 second

continuously it is indicative of a problem.
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2.7 Limitations

Whilst able closely to follow the evolution of a chemistry, kinetics models as presented
in this work do so only within an artificially imposed physical environment. Fortunately
the physics is only loosely coupled to the chemistry in most situations, as is found within
fluid dynamic models, so the chemistry itself will not induce changes in the environment
whilst in a region of approzimate equilibrium. Of course, the generation of dust will cause
changes in the local physical parameters, but that occurs right at the end of the time
frame with which this work is concerned.

Chemical codes cannot model interaction between discrete packets of material either;
the dynamical situation of collisions between ejecta shells and with either other compo-
nents of the wind or pre-outburst material must be of interest but a more sophisticated

approach is required. This is explored in chapter 5.






Chapter 3

Early Chemical Evolution

3.1 Introduction

In chapter 2 we presented details of the techniques that have produced an entirely new
model with which to study the ejecta of novae; we use more accurate numerical methods
and for the first time make use of photorate coefficients as computed with realistic radiation
fields. This work provides the most relevant model environment to date in which to study
a nova chemistry. We include new chemistry complete with nitrogen, essential for the
formation of CN, one of the few molecules observed in a nova; sodium, a representative low
ionisation potential metal; three-body reactions and a careful treatment of key reactions
in critical pathways. Many such key reactions have been studied either theoretically or
in laboratory experiments and this data are used. Where Rawlings (1988) modelled a
chemistry with just 56 species composed of H, C and O, this work models 75 species
composed of H, C, O, N, He and Na. The collation and computation of new data for
this new model has required considerable background research; data have been located
from a wide variety of publications and new methods and code have been devised and
programmed. The product of this work is a new model whose results differ considerably
from those of its predecessors (Rawlings (1988)) and show a much richer chemistry to be
at work.

In this chapter we show that a surprisingly large variety of small molecules may be
formed within the harsh environs of a nova wind. Key, observable species are formed with
abundances that agree favourably with observation. On the basis of these results we offer

predictions that might be verified through future observational work.
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3.2 Chemistry

Whilst many of the reaction networks have been taken from the UMIST Rate95 database
for this work, and the rate coefficients found therein are used as a fall-back in cases where
no more appropriate value is available, many reactions and rate coefficients have been
collated from new work and other networks compiled for non-interstellar environments. In
cases where the data has been computed for conditions not directly comparable with the
nova wind we must assume that the rate coefficients may be extrapolated to the (likely
higher) temperatures and densities associated with a cataclysmic outflow. Rate95 has
been compiled for regions with temperatures in the range 10-2000 Kelvin! whilst ejecta
temperatures may be of the order 8000 K. A brief study of the associative ionisation re-
action of electronically excited hydrogen (n = 2) is made in this thesis but, unfortunately,
data concerning reactions involving other species in high vibrational, rotational and elec-
tronic states is scarce. Whilst acknowledging that such excited state species are bound to
be common, the consequences for the chemistry cannot even be estimated with the cur-
rent state of knowledge on the subject and as such, we are unable to invoke them in the
discussion presented here. Reactions are chosen on the basis of the species they contain,
the species list having been decided in advance (see section 3.2.1). Here follows a closer
examination of a few of the reactions that required modification or whose rate coefficients
need special treatment. Many other reactions required small changes to their rate coeffi-
cients as these were updated in the master rate file. In most cases these did not produce
a large change in the overall chemistry unless the reaction was of particular significance.
The rate file itself is by no means an exhaustive list of all reactions that could possibly
occur and this is very deliberately so: data concerning many reactions in such conditions
are often highly uncertain but it is also true that we are not concerned to model very
closely many of the less significant species (such as CH;’) and all the reactions between
low abundance species. ‘Less significant’ species include those that are not thought to
be present in any more than trace abundances; those that play no part in the network
of reactions involving key species, in particular observed species; and those that play no
significant role at later times, for example during the dust nucleation epoch. In order

to satisfy this last requirement of maintaining continuity in the major chemistry between

'Rate95 is compiled for use in interstellar cloud chemistry where these temperatures are appropriate.
It is also compiled largely from lab data, the work for which is usually carried out at or around room

temperature.
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models of consecutive epochs, species such as Cy;Hj are included despite their failing to
qualify on the basis of size (molecules of 4 atoms and larger are not expected to be stable
against the ambient radiation) or likely abundance.

The chemistry of this model contains numerous photoreactions that are of crucial im-
portance in an environment bathed in an intense radiation field. Being so significant,
we must ensure that photorate coefficients are computed specifically for the nova envi-
ronment; synthetic spectra are thus used in calculating photorate coefficients rather than
using a demonstrably inadequate black body approximation. The nova radiation field so
completely dominates the region that the contribution of cosmic rays (through cosmic ray
ionisation and cosmic ray induced photoreactions) and the ambient interstellar radiation
field to the chemistry is negligible. Cosmic rays are significant in the interior of dark clouds
where external UV photons are unable to penetrate; cosmic ray excitation of the absorbing
gas can result in the subsequent emission of a significant flux of secondary secondary UV
photons (Prasad and Tarafdar (1983)).

Of course it is not only the photochemistry that is fundamentally different in the
ejecta environment as compared with an interstellar cloud: with such high temperatures
and densities different reactions dominate and new classes of reaction become possible. For
example, three-body reactions (see page 3.2.1) assume a notable significance in the first few
days post-outburst when the density is high. The considerable temperatures (thousands
of Kelvin) work not only to enhance certain reactions but also to depress certain rate
coefficients: radiative and dissociative recombination reactions often have rate coefficients
proportional to 779 thus will have a lesser importance in the hot nova than in the cool
ISM. In a hotter medium, the reagents in such reactions have a greater kinetic energy
which results in a reduced interaction cross-section.

A balance is maintained between the need for completeness (which must be satisfied by
having complete formation and destruction pathways for all species), accuracy (by taking
care to make realistic use of uncertain data) and computational efficiency (by maintaining
a sparse set of well chosen reactions). This has been achieved over time as it has become
clear which reactions take part in the chemistry and which clearly do not. It is important
not to become divorced from physical plausibility and consider species with negligible
abundances in the ejectum shell to be of significance; understanding the real physical
contribution of any species or reaction to the chemistry results in more streamlined rate

files and better models.
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3.2.1 Additions and modifications to Rate95

As has already been emphasised, the chemistry of a hot wind differs considerably from that
of the ISM and molecular clouds for which the primary database of reactions (the UMIST
Rate File, Rate95) has been collated. For example the nova environment will contain many
atomic and molecular species in highly excited rotational, vibrational and electronic states
(Rawlings et al. (1993)) for which no reliable reaction and data exist. The effect of these
may be to increase certain rate coefficients by up to an order of magnitude. According to
Glassgold et al. (1991), the rate for the photoionisation of carbon may vary by up to four
magnitudes depending on electronic excitation; typical rates in a proto-stellar wind at a
distance 1.05R, from the central object and a black body radiation field with temperature
T, = 5000 K (from Glassgold et al.) are quoted as:

Reaction Typical Rate (cm™3s71)
C(n=1)+hv — Ct+e~ 4.89x 107*

C(n =2)+hv — Ct+e~ 7.90 x 1073

C(n=3)+hv — Ct+e~ 1.88x 1072

Cln=4)+hv — Ct+e~ 4.6

at which point the gas density and temperature are approximately ng,s ~ 2 x 1012 cm™3

and Tg,5 ~ 2000 K.

The recombination of atomic carbon into numerous excited electronic levels is possible
and the photodissociation cross-section of HJ is highly dependent on excitation, be it
rotational, vibrational or electronic. In an environment such as we are considering, it
is possible that a large fraction of the chemical species are not in their ground state.
To bring these myriad possible reactions into consideration is not currently a realistic
proposition, yet many less exotic reactions (mainly ground-state) have been studied to a
greater degree and for key reactions to the chemistry the rate coefficients are calculated
separately in accordance with the new empirical or theoretical findings. Certain reactions
specific to the environment and not present in the Rate95 database are also added to the

scheme. Here we consider the most important of these special cases.

Carbon Monoxide

One of few molecules observed in novae, CO, must clearly play a key réle in the chemistry

of the young ejectum (prior to the dust nucleation epoch) and as such several reactions
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specific to the molecule have been added.

C +

C +

O — CO + hv Dalgarnoet al. (1990) compute a theoretical rate coefficient for this
radiative association reaction by modelling the approach of C and O along various
potentials; the authors conclude this to be the major source of CO in supernova
SN1987a (see also Rawlings and Williams (1990)). The rate coefficient may be fitted
by:

o T\ a0 4,
k=115x10 300 e T cm°s (3.1)

A repulsive hump in the potential energy curve at an energy equivalent to (or possibly
greater than) 900 K provides a barrier to close approach thus the rate coefficient
drops markedly at low temperatures. However, the early wind environment is far
hotter than 1000 K and so this reaction can be expected to be important throughout
the pre-dust wind. The less significant but equivalent reaction for CO* formation

is also included:
Ct+0—-CO* +hw

for which £ ~ 2.0 x 10718 cm3s™!, along with other direct radiative association

reactions which assume significance in supernovae, such as:

O+0—-02+hv

O + He — CO + He
k=214x10"%° cm®s™! for T > 1000K (3.2)

One of a number of three-body reactions included in this new chemistry (see page
83), it becomes important only at high densities and so can be expected to work
within the first few hours and days of the outflow. Model chemistry tends to reach
a steady state after only a small number of seconds so it is important that the
specialised chemistry of this region be carefully considered otherwise the chemical
balance of the entire model may be changed. The inclusion of so many three-body

reactions is a new and important development.

CO + H —» H + C + O Collisional dissociation reactions such as this provide a sensi-

tive probe for density within an outflow and, in regions shielded from the radiation,
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the authors, so analytic fits to the published curves of figure 3.1 were using data
points measured by hand for the 10'? and 10'° cm~2 lines. To estimate the rate
coefficients we use a logarithmic interpolation between the curves which are fitted
by cubic polynomials. The two polynomial fits and the expression for interpolating

between them are as follows:

n = logT
log ko = 841.737n— 180.73592 4 12.97097° — 1316.55 (3.3)
log kyg = 421.4n— 90.64117% + 6.548947° — 664.407 (3.4)
logk = [(logp— 10.0) X (log k1o — log k12)]/2.0 + log k12 (3.5)

where T is the kinetic temperature of the gas. At densities much lower than 10!°

—3 efficient radiative stabilisation occurs and the temperatures at which the re-

cm
action occurs become very high. Thus, this reaction may be considered important
in shock regions such as at the leading edge of the ejecta and other shock waves
propagating through the medium, but not in low density regions of the outflow.
This reaction will not be particularly significant except at very early times when the
flow is extremely hot and dense. In a wind with dynamic complexity, for example
where shells enter into collision with each other, or in a very inhomogeneous medium
where there are significant density enhancements, this reaction may once again be-
come important. These are highly efficient reactions, in particular for homo-nuclear

molecules for which the radiative relaxation time-scale for the excited vibrational

states is long. Thus, other important collisional dissociation reactions include:

C;+Ho C+C+H  k=4.67x10"7 (L) ™" exp (~55000/T) cm3s~?
Ny+Ho N4 N+H k=4.67x10"7 (L) ™" exp (—55000/T) cm3s~?
0;+H—-0+0+H k=6.00x10"%exp (—52300/T) cm®s~!

L
300
i
300

H; + H— 3H The most important collisional dissociation reaction of all, the rate coeffi-

cient for this reaction is bounded by a cut-off at low density. Below n = 1.0x10% cm™3

k falls off dramatically and thus the reaction is ‘switched off’; above this critical den-

sity the rate coefficient is:
k=4.5x10"8T"% exp (-52530/T) cm3s~! (3.6)

Roberge and Dalgarno (1982).
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2H, — 2H + H, Below a critical density » = 1.0 x 107 cm™2 this reaction is switched

off; above this density, the rate coefficient is:
k = 3.67 x 1072T%%3 exp (~54040/T) cm®s~! (3.7)

Roberge and Dalgarno (1982).

Other Reactions

H 4+ e~ — H™ + hv This radiative attachment reaction has been revised and corrected
based on the detailed balancing arguments of Wishart (1979) for the photodetach-
ment of H™, and is quoted here from a private communication between Abel and

Rawlings (1996).

kT(GOOOI\f = 10"'17-845T0-7620 X TO.ISZBlogT
- -2 2 _
) TTETET ems (33)
krseopox = 10~16:4270199825l0gT
—5]og® —3 1,04
% 10(4-04151x107%log® T—5.4467x1072log* T) ;|13 o~1 (3.9)

At a temperature of 8000 Kelvin we find k = 3.2 x 107® ecm3s~! whilst at 5000

Kelvin & = 2.5 x 1015 ¢m3s~1,

H™+4e™ — 2e7+H Although, due to the high detachment threshold of 0.754 eV, colli-
sional detachment of the H™ ion is not usually considered, it may be significant in
regions of high excitation. Massey et al. (1969) and Janev et al. (1987) calculate the

cross-section from which Rawlings et al. (1993) deduce the following rate coefficient:
k =3.02 x 107137167 exp (—2087/T) cm3s~1 (3.10)
which is accurate to within 11% over the temperature range 3200 < 7' < 18800 K.

Het 4+ H — H* + He This reaction has a temperature dependence such that the rate

coefficient is calculated as:

- { 4.84 x 10715 (
3.28 x 1071 (

)% em3s=1 T < 1000K

(3.11)
)®® em3s~! T > 1000K

i
300
I
300

Calculated from the data of Zygelman et al. (1989).
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Ht + H - H'{ + hv The rate coeflicient for this radiative association reaction has been

calculated by Ramaker and Peek (1976) and others using classical, semi-classical
and quantum techniques. Note that the values provided by this fit (from Rawlings
et al. (1993)) are lower, particularly at lower temperatures, than those that have
sometimes been quoted in the literature; this is simply because these values are a
result of a careful calculation not previously performed, and the difference could
have important implications. The rate coefficient is obtained by the following fit

(Rawlings et al. (1993)):

1.38 x 10~23T1845 ¢3! 200 < T < 4000K
k=14 —6.157 x 10717 4+ 3.225 x 10720 (3.12)
—4.152 x 10~257? cm3s™1! 4000 < T < 3200K

O + O — O, + hrv Above 2000 K the rate coefficient for this reaction levels off at 9.8 x

1071 cm?s™! (based on data from Wraight (1977)).

Three-Body Reactions The following three-body reactions are also included in this

model:
k (cm®s~1)
H+H+H—-Hy+H 1.83 x 10731 (L)1
H4+H+Hy - Hy + Hy 8.72 x 10733 (L) 7%°
C+O0% +He —» CO* + He 2.14 x 10727 (L) ™% exp (-2114/T)
(l)—SOB

Ct+0+He—= COt +He 2.14x10°%
H* +H; +H, - Hf +H, 3.0x10°%°

350 exp (—2114/T)

These reactions have been chosen because they operate on species that are both
important and likely to exist in the hot and dense very early regime where three-
body reactions take place, i.e. small molecules. This chemistry may also become

important in shocked regions.

The first two neutral 3-body reactions have rate coefficients drawn from Willacy
et al. (1998) who catalogue 88 neutral species three-body and collisional dissociation
reactions with rate coefficients drawn from references therein. Where published data

was not available the collisional dissociation rate coefficients were estimated as;

keg = 10" exp (= Ebond/T) ecm3s7! (3.13)
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where FEjp,nq is the energy of the bond which is to be broken. Where three-body
association reaction rate coefficients are not available from the literature they may
be calculated from the thermodynamics of the reaction using:

A - F,
—GR } em®s7!

o (3.14)

ks = AT"C?Y exp {

where A, n and E, are the Arrhenius parameters for the forward (collisional dis-
sociation) reaction; C = N x 10%/RT is the conversion factor from atmosphere to
cm~3 units; Av is the stoichiometric change during the reaction; N is the Avogadro
number; R is the ideal gas constant; AGp is the Gibbs free energy of the forward
reaction at a gas pressure of 1 atmosphere. A similar calculation is used to compute

reverse reaction rate coefficients in chapter 4.

Nitrogen Chemistry Included for the first time in models of nova chemistry, nitrogen

is crucial to the modelling of novae because CN, like CO, has also been observed in
outflows. Four hundred and seventy five reactions from UMIST Rate95 containing
nitrogen bearing species are included. The species chosen are listed in table 3.1.
Nitrogen itself is important in CO chemistry, providing a major loss channel for the

latter:
CO+ Nt 5 COt +N k=3.96x 1071 cm3s~!

whilst the rest of the nitrogen chemistry is dominated by neutral-neutral reactions
early in the outflow (the first 10-20 days post visual maximum) and negative ion
and radiative association reactions subsequently. CN forms predominantly via the

following pathways:

C+NO—5CN+0O k=109x 10720 (;L)*" cm3s~!
C+NH - CN+H k=1.0x10"10(L)°

N+CH—-CN+H k=21x10""(ZL)" cm3s~!
C~+N = CN+e~ k=50x10"1°(5)"" cm3s!

o

w
[
(=]

whilst destruction is by means of:

CN4+N—=Ny+C k=1.0x10"10cm3s1
CN+O—-CO+N k=50x10"19cm3s~!
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N Nt N, N}  NH,
NHt NH, NHp+ NH3 NHI
NHf NO NO+ NO, NOF
C3Nt CN CNt CN- HCN
HCN* HNC HNCt HNO HNO*

Table 3.1: Nitrogen bearing species selected for nova modelling.

Sodium Chemistry Assuming that sodium itself is ionised, the ejecta will have a large
fraction of low ionisation potential metals that will act to supply the chemistry with
both a source of electrons and ions. In order to account for this contribution we
take two steps: firstly the model is initialised with a non-zero surplus of electrons
and secondly, sodium is included as a representative low IP element with a limited
chemistry. Only the species Na and Na%t are present and become involved in a

number of charge transfer reactions, e.g.

CHf + Na— CHz + Nat £k =32x10"% cm3s™!
H,0%* + Na —» H,O + Nat £k =2.7x10"% cm3s~1

The sodium ions quickly neutralise in ion-ion reactions, e.g.

Nat+C~ =9 Na+C k=23x10""7( )_0'5 cm3s~1
-0

T
300
Nat + H- > Na+H k=23x10"7 (&)™ cm®s?

Sodium is also rapidly photoionised via:
Na+hv = Nat4e~ k=15x10"11s7!

The Complete Rate File

The complete rate file used throughout the early time modelling presented in this work
consists of 1109 reactions between 75 species composed of the 6 key elements: C, N,
O, H, He and Na, as listed in table 3.2. Species were chosen not only on the basis of
their component elements, but on their size: molecules larger than about three atoms are
assumed to be unlikely to form in the early days of an outburst; a few exceptions have been
permitted in particular molecules such as C;H, whose importance in the later growth of

large hydrocarbons merits their inclusion at this point. With the intention of extending
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C H N 0] He Na Nat  Ct
C- G Cy CH CH* CH, CHf Cs
Ci CsHt C3N* CH CH* CH, CHf CH;
CHf CHy CH} CN CNt CN- CO  COt
CO, COF H* H- H, Hf H,CO H,CO*
H,0 H,0t Hf  H30* HCN HCNt HCO HCO?*
Het HeHt HNC HNCt HNO HNO* N* N,
Nf NH NH* NH, NHf NHs; NHf NH
NO NOt NO, NOf Ot O- 0, of
OH OH* OH-

Table 3.2: Complete species list for early-time chemistry.

this model in a semi self-consistent manner through to the dust formation epoch, it is
desirable to have continuity between different reaction networks through the inclusion of

as many common species as may be considered reasonable.

3.2.2 Excited Hydrogen: H,_,

Molecular hydrogen is a molecule observed in wide range of environments including par-
ticularly hostile places such as, for example, the material ejected in a nova outburst. It is
often difficult, however, to imagine how such a molecule can form with sufficient efficiency
to become so abundant; in particular, it is difficult to identify a formation route for H that
is sufficiently rapid to be efficient against dissociation due to the UV flux and collisional
dissociation. In a neutral region, three-body formation and/or formation via the negative
ion channel is the most likely alternative but there is another possibility that may explain
the high abundance of H; in numerous hostile environments. We now explore the possible
role of electronically excited atomic hydrogen.

In order to address the problem of how H; may be more easily formed in hostile
environs, Rawlings et al. (1993) computed rate coefficients for the associative ionisation

reaction:
Hn=2 + H— H;+e_

using a recently available cross section for hydrogen excited to the n=2 level, H,=2 (Urbain

et al. (1991)). This reaction is found to contribute more to the Hy formation rate than
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direct radiative association in many regions of astrophysical interest such as the winds from
massive young stellar objects (YSO), T Tauri winds and cool neutral flows associated with
low mass YSOs (Rawlings et al. (1993)). In order to test the importance of excited state
associative ionisation in nova outflows, the rate of this reaction is compared with the

normal radiative association reaction:
H+H* - Hf + hv

Using a model with initial conditions of T=6000 K and density 1.0x 10'® cm~2 we compare
the two reactions at 4, 10 and 50 days evolution in table 3.3. The model starts 3 days
post-outburst. From the computed abundance data of these runs, a likely upper limit to
the abundance of excited hydrogen, H,—2, may be calculated with the Boltzmann-Saha

equation:

3
Np=2 = n, h - T_%g—28.’12p(X2+/kT)
ny 2(2mmek)? Uy

= n,-2.07x 1071675 . %ea;p(xz+/kT)

= n.-1.656 x 107137~ 3 egp(x2+/¥T) (3.15)

where n. is the electron number density, m. the electronic mass, T the gas kinetic tem-
perature in Kelvin, g, the statistical weight of the excited state, Uy the partition function
for the ionised state, 24 the ionisation potential from n = 2, and k£ the Boltzmann con-
stant. Note that this implies LTE conditions and Lyman « trapping, thus estimates for
the significance of this reaction that are obtained are strictly upper limits.

Rawlings et al. find the rate coeflicient for the associative ionisation by integrating
< ov > over a Maxwellian speed distribution. This coefficient was computed for several

temperatures and a fit to them obtained:

—1782
kasp = 2.41 X 10-9T-°-35ezp( ;,8 9) cm®s™! (3.16)

This is accurate to within 10% over the temperature range 3000 < T < 22000 Kelvin.
The rate coefficient for normal radiative association is:

For T< 4000 K  ky, = 1.38 x 10~2371-845 c3 1

For T> 4000 K k., = —6.157 x 10717 4 3.255 x 107207 — 4.152 x 10~25T% cm3s~!

Table 3.3 collates the results of this test. In the upper half are tabulated abundances

as obtained from three models run to different finishing times and the temperature and
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Modelled Parameters

T (Days) n cm™3 T Kelvin ne cm™3 nHt cm™3 nH cm™3
4 4.2(14) 5.20(3) 4.8(12) 1.3(11) 4.2(14)
10 2.7(13) 3.29(3) 3.5(7) 3.1(10) 2.7(13)
50 2.2(11) 1.47(3) 4.3(9) 1.8(9) 2.1(11)
Calculated Parameters
T (Days) | nHp=2 cm™2 | kqg; ,cm®s™! | kem3s™ | Ry cm™3s7! | Rpmp cm 3571
4 5.17(6) 9.65(-17) | 3.91(-12) 5.3(9) 8.5(9)
10 1.31(7) 4.26(-17) | 6.27(-13) 3.5(7) 2.2(8)
50 8.43(10) 9.63(-18) | 1.01(-15) 3.8(3) 1.8(7)

Table 3.3: Calculating the efficiency of H,~2 associative ionisation. Figures in parentheses

are the exponential quotient.

density at that time. The lower half tabulates the calculated abundance of H,—3, the
rate coefficients for the two pathways and the rate of formation of H'{ via each pathway.
k2sp and kg, are the rate coefficients for the excited hydrogen associative ionisation and
‘normal’ radiative association reaction respectively; Ry, , and R,, the rate of formation
of H} via each of these pathways. The excited hydrogen pathway is clearly significant
according to this calculation, and becomes more so as the medium cools and becomes
less dense. Note that, at 50 days, the temperature is much cooler than the lower limit in

temperature for which equation (3.16) is valid and is unreliable as a result. The reaction:
H™ +H — Hy+e™

is not significant; at these times the abundance of H™ is too low (~ 1078 cm™3) to drive this
reaction. Furthermore, at lower densities Ly « trapping (where the downward transitions
for H 1 Ly a are highly optically thick resulting in well populated higher states) will not
occur, hence the actual density of H,—5 will be less than in the LTE case and the rates
correspondingly lower. These rates are therefore to be considered extreme upper limits
with the only truly significant result being the approximate parity between the rates of
associative ionisation and radiative association at early times (4 days).

As a result of this work, the H,—o associative ionisation reaction was inserted into
the chemistry. Into the function charged with calculating all the rate coefficients after

each step of the integrator were added lines that set the abundance of H,—; according to
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reaction (3.15). The result is dramatic: the Hy abundance rises, apparently uninhibited,
continuing to do so before the model crashes — this is generally a sure sign of some
problem with either the chemistry or the physics. It is not possible just to include this
one reaction without others in its ‘family’. For example, this calculation does not take
into consideration the rate at which the vibrationally excited H;’ is dissociated. When in
higher excited states the excited molecule will dissociate more rapidly than the ground-
state molecule thus reducing the efficacy of this pathway dramatically. The characteristic
time-scale for photodissociation of ground-state H; in these models is found to be of the
order 1073 seconds, already very fast compared to the characteristic formation time-scale
via the H,—, path of some 5 x 10* seconds. Note also that we cannot quantify the efficiency
of Ly « trapping thus adding to uncertainty over the abundance of Hy,=2. We must deduce,
therefore, that the associative ionisation of H,—; is an important reaction to study further
but that until a full and balanced catalogue of reactions is developed, it cannot be included
on its own. The assumption the HI produced is in the ground vibrational state is invalid;
it is possible that the dissociation of this latter molecule may be such as to reduce the
pathway to one of secondary importance.

A ‘quick-and-dirty’ check on what occurs when Hj is enhanced within the medium by
a one or two orders of magnitude showed that Hy abundance would indeed be enhanced
slightly. Future improvements in the modelling of the chemistry in this environment
will concentrate on the numerous reactions of species in higher vibrational and electronic
states, not only for hydrogen but for carbon (see Glassgold et al. (1991) for a discussion

on excited carbon).

3.3 A Complete Model

With a complete chemistry prepared it remains to define some initial parameters and
run models. Choosing chemical abundances with which to initialise a model is a delicate
matter: observationally derived abundances for a range of species at early times within a
single target are hard to come by therefore it is necessary sometimes to extrapolate the
chemical make-up of the initial outburst from observations of nova remnants. Whilst the
only available option, extrapolating abundances back to early times is not particularly
satisfactory; in doing so we assume a homogeneous ejecta throughout its evolution and

further assume that species have not been depleted into dust and other large molecular
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X;cm™3 X;cm™3
C|11x107%2| O |53x102
H 1.0 Na | 1.0 x 107¢
N |[4.7x1072 || He | 7.1 x 1072

Table 3.4: Estimated elemental abundances within the DQ Her outflow 3 days post-

outburst with X; the fractional abundance cm™=3.

Start time (t;) 3.0 days post visual maximum
Gas temperature 4000-8000 K

X (e) 1.0 x 1072

Nova Speed (772,) 0.02(slow)-0.06(fast) mag day~!
Initial photospheric radius (rg) 1.44-2.49x 10'? cm

Luminosity 2.07-6.22x10% Lg

Ejecta velocity 3.2-5.6x10'% cm day~—!

Density power law v 3.0

Temperature power law « 0.5

Table 3.5: Initial parameters for early-time nova models

structures. Neither of these assumptions may be thought of as valid. Good data are to be
found in Andred and Drechsel (1989) and Andred et al. (1994). DQ Herculis is an example
for which we have abundance estimates. Table 3.4 lists these values obtained from Andred
and Drechsel (1989). The inclusion of nitrogen is key to the model with the hope of
building CN in the quantities observed. Whilst no abundance measurements are available
for nitrogen in DQ Her, Andrei et al. (1994) cite nitrogen abundance in several novae. It is
found that, generally speaking, nitrogen has an abundance up to ten times that of oxygen.
Appendix A catalogues the results from a series of models run at several points across
parameter space (as summarised in table 3.5) with initial abundances approximating the
DQ Her outburst of 1935 (listed in table 3.4). The introduction to Appendix A explains
how each of the plots were made.
X(e™) is an electron number density added to the chemistry as part of the initial condi-
tions in order to make up for electrons contributed by low ionisation potential metals not

explicitly included within the model. Initially the choice of value for X (e~) was somewhat
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arbitrary but we shall shortly demonstrate that X (e~) = 1.0 x 1072 is an appropriate
value.

Most of the physical parameters are derived in some way from the nova speed (1n,).
The speed of a nova, the rate at which the visual luminosity declines in magnitudes per
day, is a defining quantity, sometimes represented by the value t3, the time taken for the
visual luminosity to decline by three magnitudes from visual maximum. This is related
to the nova magnitude at maximum light by the important empirical nova relationship of

Payne-Gaposchkin (1957a):
Mymas = —11.5+ 2.5logts (3.17)

Thus, the faster the nova, the brighter it will be at maximum light. This strong statis-
tical relationship indicates the strong physical similarity between novae and hints at the
uniformity of the underlying TNR. As more is understood of the underlying explosion,
it becomes clear that this relation is likely to hold true, although deviation might be ex-
pected as a result of TNR outbursts on white dwarfs of differing composition. As has
already been discussed, it is the slow novae that predominantly form dust and 7, = 0.02

! is appropriate for a slow nova such as DQ Her 1935.

magday~
Given a value for 7, other physical parameters of the nova may be derived with the
expressions of Bath and Shaviv (1976) (equation (3.18) and McLaughlin (1960) (equations

(3.19) and (3.20)):

Vej = 26304/mh, km 57! (3.18)
Lnova = 1.036 x 10%70, Lg (0.01 < 72, < 0.1) (3.19)

Rp ~ 9.97 x 10%/ Lpopa cm (3.20)

3.4 Model Results

3.4.1 An Overview

Figure 3.2 shows the evolution in time of the abundance of a selection of key species within

amodel. In this figure, in contrast to the plots of Appendix A, time is plotted as log (t — t5)
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(where t; is the start time) in order to expand and display the very earliest stages in the
model where abundances rise rapidly to a steady state. The initial parameters for this
model are:

T=6000 K n =10 cm™3 1, = 0.02 mag day !

z(C)=11x10"2 z(0)=5.3x10"%2 n(e”)=1.0 x 1072
This same model is featured in Appendix A with the time plotted linearly, as it is for all the
Appendix plots. The behaviour of the curves up until approximately log (t — t,) = 1 largely
represent the model relaxing away from the initial conditions and reaching steady state
abundances. The log plots are deceptive, hilighting the initialisation of the model rather
than the longer time-scale behaviour that is made clear in the linear plots of Appendix
A. We may at once note that, in stark contrast to the models of Rawlings (1988) and
Rawlings (1986), where molecular abundances were extremely low as a result of the more
intense radiation field dissociating the newly formed molecules many times faster than
here, we are able to generate basic molecules. Notable are viable quantities of CO and
H, with, initially at least, significant abundances of CH and CN. The latter shows some

sensitivity to the C:O ratio primarily as a result of being destroyed through:

CN+0O—-CO+N k=3.81x10""" (3—%)0'5 exp (—14545/T) cm3s™!
Hence, the lower the oxygen fraction, the higher the CN abundance. Even more notable
is the fact that CO is far from saturated at all times, thus leaving still large abundances
of both carbon and oxygen. To this we shall come later. In this model we observe the
behaviour of a model starting very soon after outburst, just 3 days, but a number density
that may seem high when compared with ‘usual’ estimates of 10'1-1013 cm™3. Such esti-
mates are highly uncertain however (see section 1.4.1) and these models suggest that, if
not the entire ejecta, some portion of it must be this dense. The nova speed is, however,
appropriate for a prolific dust-producing nova; although fast novae have on occasion been
observed to form a limited quantity of dust (see page 49), perhaps of a different composi-
tion, it is unclear whether the process is directly comparable to that of dust formation in
slower novae. None the less, Appendix A also includes model runs with a speed 7, = 0.06
that is characteristic of a fast nova in order to more fully explore parameter space. Figure
3.3 charts the evolution of a model with identical starting conditions except for the initial

abundances of carbon and oxygen which are:

¢(C)=5.3x%x10"2 z(0)=1.1x10"?
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This model, where 2(C) > n(O) should be more representative of a system likely to form
carbon-based dusts according to conventional theory. This idea is based on the assumption
that the stable CO will saturate in either environment, thus completely locking up all of
either the carbon or oxygen, whichever is least abundant.

It is immediately apparent, when considering the results of models cataloged in Ap-
pendix A, that, in general, the chemistry demonstrates eztremely strong sensitivity to the
density; variations due to temperature are almost negligible in comparison. This is an im-
portant result that suggests molecular abundances may be used as a density probe given
sufficient knowledge of the geometry. Conversely, if one has sufficient confidence in the
models, they can help define the geometry: if the method for measuring the density of a
shell samples the entire shell then an average will be obtained. Should this be much lower
than that required for chemical models we may hypothesise structure within the ejecta
with thin dense regions as has already been inferred as a requirement for CO production
in previous work.

Continuing this theme, it is clear that to get large abundances of most molecules,
including CO, very large densities are required. Such densities are not too unrealistic
however; as will be seen in chapter 5, the fluid dynamics of the flow ensure that the outside
edge of the ejecta will be more dense than the bulk. That said, relative abundances of both
CO and CN of ~10~% are achievable at the lower density of 10}! cm~3. So how may these
results be interpreted in terms of observation? A quick and rough calculation helps puts
these results in perspective: consider two extremes, the model with a relative abundance
of 1078 and total density approximately 10'° cm~3 and one with Xco=10"2 and total
density 10'. Assuming that all the CO along our line of sight is contained within the CO
forming shell, to obtain a column density Noo=10'® cm~? as in V705 Cas (Evans et al.
(1996)) in the first case the shell thickness, Ar, must be of the order 10!® cm whilst in the
second we find Ar ~ 10% cm! The first case is not feasible given that Ar calculated is larger
than the ejecta radius! Given an ejecta radius of some 103 cm at this time, the second
case implies that the CO forming region must occupy a very thin shell which would most
likely be a dense component of the principal ejecta as has been hypothesised in the past.
Such a thin shell is likely too thin which would seem to imply densities somewhat less than
10'® cm™3. Thin shells are also unstable on time-scales equivalent to the sound-crossing
time-scale unless subject to pressure confinement, and the fluid dynamic models of chapter

5 would seem to suggest this is an unlikely scenario. There also remains the possibility
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Ejecta density (cm™3)

Temp (K) | 3.2(11) | 3.2(9) | 3.2(7) | 3.2(5)
980 1.63) |87(10) | 37 |2.2(1)
<8.6(2) | 1.7(1) | 1.1¢1) | 1.8(:2)

1470 | 1.4(3) | L.0(2) | 44 |3.2(1)
5.2(2) | 1.8(1) | 1.2(-1) | 2.0(-2)

1960 | 1.4(3) | 1.1(2)| 4.6 |4.6(1)
44(2) | 1.9(1) | 1.2¢-1) | 3.3(-2)

Table 3.6: n(CO)/n(CN) ratio at ~ 50 days for a grid of models. In each temperature

band, the top row is an oxygen rich nova and the bottom a carbon rich nova.

3 we obtain N¢gn ~ 1017 ¢cm~2? for a shell of thickness

for the ejecta of the order 10!® cm™
10! cm but if confined to an ultra-thin shell as constrained by CO observations we find
Ncn ~ 10 ecm~2. Unlike CO however, the CN abundance is found to be less sensitive
to density leaving the possibility that the ratio of the measured columns of CO and CN
may provide a useful density probe that does not require the geometry of the shell to be
known a priori. Table 3.6 explores this idea: the CO:CN ratio is calculated across two
model grids (those in Appendix A with a speed rh, = 0.02 magday~!) for both carbon
rich (n(C) > n(O)) and oxygen rich models. The temperature and density values are
those after 50 days evolution from the starting conditions as specified in Appendix A and
represent the conditions at the point where the ratio is calculated. In both grids, the ratio
varies little with temperature but shows a clear density dependence. This gives no detail
of the density structure but could give a good guide as to the density in the CO forming
region. As an observational technique this must rely on the assumption that the CO and
CN are co-located throughout the ejecta and that this rule also applies throughout as any
observational estimates of abundance are in the form of column densities. If this is to
provide a probe for a localised region in the ejecta it is also assumed that CO and CN
only form in significant abundances at this one location. The result is relatively sensitive
to the oxygen fraction however. As table 3.6 shows, changing the C:O ratio from 0.2 to 4.8
reduces the CO:CN ratio by approximately one order of magnitude throughout the grid.
Of course, if either the density or C:O ratio could be constrained by another diagnostic,

the free parameter could itself be measured.



3.4. MODEL RESULTS 97

TNR models predict a very similar abundance for both carbon and oxygen and those
abundance estimates that do exist suggest that this indeed is the case; the models presented
here are based on DQ Her abundances (Andred and Drechsel (1989)) where n(O) > n(C)
and the case where these abundances are switched. If CO did saturate, completely locking
away all free O or C, whichever was least abundant, very different results could be expected
from oxygen and carbon rich models. In these examples however, CO does not saturate
(as a result of efficient destruction through reactions with N*, see page 101) and so we
find the two cases to be very similar which suggests that telling the difference between the
two types of novae from indirect observations may not be easy. In particular these models
allow the possibility for both silicate and carbon based dusts to form in the same nova
without even evoking ideas of the two types of dust forming in separate regions.

The effect of nova speed is also interesting: comparing models having identical starting
conditions except for the speed and, of course, all the parameters that are related to it,
shows that in the hot and dense models many molecular abundances reach a minimum
prior to further growth. By 50 days, the abundances of a number of molecules such as
CN, CH and OH are increasing partly as a result of much decreased photo and collisional
dissociation. This is due to the very fast moving shell having become very distant from
the photosphere, and less dense. The CO abundance curve is however, once again, closely
related to that of N*; the recovery in the CO abundance curve coincides with a dramatic
fall in Nt abundance which itself is largely due to reactions with H,O, H, and HCN. Where
n(0) > n(C) it is water and HCN that are primarily responsible; water maintains a low
relative abundance of ~ 10711-1071° in the 72, = 0.02 models but is generated with great
efficiency from approximately 40 days in the 7h, = 0.06 models where photodissociation
becomes less efficient. Where n(O) < n(C), H,0O forms less rapidly and the loss of Nt is
due more to reactions with HCN and Hj. Figure 3.5 plots the evolution of these species in
a model started 3 days post-outburst with a temperature of 6000 K, density 10'® cm~3and
m, = 0.06 mag day~!. It is the increase in availability of OH and OH~ from about 40

days post-outburst that entrains the formation of water through reactions:

H2+OH—)H20+H

H+ OH™ — HyO+e™

This result should be treated with caution: the limit of 50 days has been chosen because



)J + &,

6(<
5(%
5-8
C - =A #2 Hj
N \' N
* 4
/
i.
7
B 6 S =<
/
3
B @
/
9
B @

I 8
(< -8
%
1
B
- < 6
5 4

#8 18

> ?

# <$ <%
\ ,H.

$8



((5-

# <]

- %A

#21

#+ M # 2

88 M +]j

3

#2/1 #H

#2

i

#H

#2

#2

#

Hj

j

#2 M

#2 M

6 M

#

i

#< |

J

2 +

]

I/

# 2

G<

))

# 2

# 2



100 CHAPTER 3. EARLY CHEMICAL EVOLUTION

formation route for CO is similar to that of hot circumstellar environments; Formation is

governed primarily by just two routes:

C+NO—+CN+O

followed by:

CN+0O0—=CO+N

CH+0—-CO+H kE=19x%x10"1cm3s7!
Also significant is
CH*+0 - CO*+H

This latter is generally the last of three steps in the classic route to rapid CO formation

starting with:

Ct4+H; - CHt+H k=1.0x10"1%exp (—4640/T) cm3s~!

CHt*+0 - COt+H k=35x%x10"10cm3s7!

This route is highly sensitive to the abundance of Hy required to synthesis CHt. However,
in the 6000 K, n=10'° ¢cm™3 model it is found that two other reactions assume this réle

with greater efficiency:

H*+CH— CH*+H k=1.9x10"% cm3®s™!

OH*+C— CHt+0 k=1.2x10"% cm®s™!

This is quite possibly due to a relatively low abundance of Hy. At early times, when the
ejecta is still hot and dense we find the characteristic time-scale for formation of the CH*
ion by these two routes to be of the order 185 and 3 days respectively.

At later times we find OH and CO are also formed by the reactions of O~ and C~
with H atoms. In the absence of H, there is also a very slow route to OH and CH via the

direct radiative association of O and C with H atoms.
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Early on in the chemistry, the primary loss routes for CO are:

0.5
H+CO - C+OH k=1.0x 10 <3Tm) exp (77700/T) cm®s~}

0.5
CO+0T 5 COt+0  k=4.9x 0" (3%)) exp (4580/T) cm3s~!

In an unshielded (C 11) environment neither CO nor H; may form efficiently. Once formed,
CO is relatively stable against the major destruction mechanisms when shielded from the
UV radiation field. In the relatively low densities and temperature of the ejecta it is not
susceptible to collisional dissociation; should the temperature increase much above 104
K, or the density become larger than ~ 101° cm™3, collisional dissociation will quickly
dominate and destroy most of the CO as is discovered in chapter 5. At other times,

particularly late in the chemistry, the primary loss channels are reactions with N¥:

Nt+CO = COt+N k=3.96x10"19 cm3s~!

Nt 4+CO - NOt +C k=5.40x%x 10" cm3s™?

The nitrogen chemistry is similarly dominated by simple neutral exchanges at early

times:
N+ Hy,=NH+H
and

NO4+C—-CN+O
N+CH-—-CN+H
CN+0O—-CO+N

CN+N—=>N;+C

Later in the outflow, simple radicals, such as NH and CH, are mainly formed by negative

ion reactions or by direct radiative associations:

N+H; = NH+H
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The chemistry of C; is simple indeed; formation early on is by:

C+CO—-Cy+0

C+CH—-C;+H
At later times two reactions dominate including direct radiative association:

C+C—-Cy+hv

C'+C—)C2+e"

The Chemistry of H,

In a purely gas-phase medium a variety of Hy formation pathways are possible. In the

first few days when the ejecta is dense (> 10'! cm™3) an important formation channel is

via the three-body reaction:
H+H+H—->Hy+H

Being effectively shielded from photodissociation in the C I region, Hy may be destroyed

at similarly early times by:
H,+H—-H+H+H

although it is found that reactions with atomic oxygen and nitrogen to form OH and NH

are much more dominant:

Ot +H, - OHT +H k=17x10"%cm®s7!

T
O+H,—-OH+H k=09.12x 10712 (-30—0) exp (—4682/T) cm3s~!

0.5
N+ Hy - NH+H k=772x%x10"1 (gig—0> exp (—10675/T) cm®s~!

Again, a graphical summary of the effectiveness of these reactions is presented in figure 3.8.
In the hot and dense medium within the first ten days after the outburst, the characteristic

time-scale for the Hy+H reaction is of the order 3 seconds whilst for the O*, O and N
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At later times, the main loss channels for H; are reactions with O and O* (or N and

N*). Other H, formation channels are possible, such as the route involving HJ :
H+H* — HI +ho
or
H(n=z)+H — H + hw
followed by
Hf +H - Hy +H'

The efficiency of the electronically excited hydrogen (H,=;) pathway has already been
explored (see page 3.2.2). These results come out of a model seeded with both relatively
high temperature and density which appears to be the most favourable environment in
which to generate molecules: sufficiently dense to speed growth reactions that after 10-20
days start to win over destructive collisional and photo dissociation. In particular, as the
plots of Appendix A clearly demonstrate, the chemistry is acutely sensitive to density
but relatively insensitive to temperature. In order to confirm this result we produce grids
of models covering a large region of temperature-density space so that the behaviour of
this chemistry across the range of likely physical scenarios may be verified. We find this
complements individual runs where the temperature and density power laws allow the
behaviour of the chemistry to be seen over a certain region of this space; this is more the
point than to accurately model the flow physics.

Appendix A catalogues a grid of such early models through 100 days of evolution.
We see for all of these models that the chemistry is critically sensitive to the density of
the medium whilst showing only a low sensitivity to temperature. In experiments where
parameter space has been explored well beyond the physically realistic this has been
found to hold true. This is confirmed in figures 3.9 to 3.11 which give a two-dimensional
representation of the abundance of a species as a function of density and temperature at
a fixed point in time. To generate these grids, a number of models are executed each
with initial conditions chosen such that the temperature and density at the specified time
(e.g. 50 days) falls within the grid. Also confirmed is the region in which abundances are
highest, namely in the denser regions. This continues to suggest that a region made denser
through fluid dynamics (as shown in chapter 5) is capable of sustaining a rich chemistry,

and may in fact be necessary for the subsequent formation of dust.




















































































































































































































































































