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The hostile circumstellar environment of an emerging tanetary nebula (PPN)
and its transformation to a planetary nebula (PN) is an areatve observation and
yet, many uncertainties still exist, not least in explamadi of molecular abundances.
Additionally, the combination of extreme radiation field&rays and high velocity
shocks may also drive interesting and possible novel credmeactions and pathways.
Thorough molecular surveys on PNe are minimal and in-depitieiiing of specific
sources to explain observed molecular abundances, ardiralsed in the literature.
Modelling of species such as,8 within a PN, have yet to be explored in detail at all.
This thesis describes observations of NGC 6302, a youngiytPN with possi-
bly the highest identified central mass of any known RI2-8 M,), which have re-
cently been undertaken at the SMA. Image maps and spectaanfi@mber of molecu-
lar species were obtained in order to provide further insigihto chemical behaviour
within a PN. Observational results have been compared eiihiled modelling to as-
certain the role of various environmental factors on thexikey within NGC 6302.

It was found that an outflow could possibly be responsiblesfdranced emission for
HCO', HCN and SiO. Species such #€S and?°SiC, are also enhanced in the di-
rection of the bi-polar lobes. )" is confined to the dense torus, with CN also dis-
playing little enhancement beyond the CO emission. Modadgest that whilst SO
is abundant in low oxygen abundances but nitrogen-enrideede clouds, D can
be produced féciently in all environments. It was also found that in stancidianod-
els, H,O reactions proceed fierently to HO formation in dense-cloud models and

circumstellar envelopes.
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Figure 1: NGC 6302 - the Butterfly Nebula. Credit: NASA
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| ntroduction

1.1 PN and their Evolution:; A Brief Review

Number 27 is the name assigned to the first recorded planetdmyla (PN) observed
by Charles Messier in 1764, in his catalogue of nebulousctdjeWhilst Herschel
first considered the idea that PN could derive their energmfa nearby star in 1791,
it was over a century later before progress on the analysRNofvas made. With
spectroscopy, the distinction between PNe and other gasgouds became more ap-
parent, as the spectra of PN werdfelientiated from stellar spectra. In the optical
region, spontaneous emissions from the various excitédsstd diferent ions ands
atoms dominate PN spectra. This is in contrast to a stelkatggm which (in the op-
tical) is usually identified as a continuum with absorptimes$. The broadness of the
PN spectral lines were subsequently interpreted by ChBdesne in 1929, to account

for expansion of the nebula rather than rotation of the PNdK®2007).

A link between red giants as the progenitors of PN, was firggjeated by | Shklovsky
in 1956 and expanded upon by G Abell and P Goldreich in 1966#{2007). Shklovsky
proposed that PN are an intermediate phase between reg giahivhite dwarfs and

hence must be rapidly evolving. Using the escape veloaiesd giants and the ex-
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1: INTRODUCTION

pansion velocities of PN, Abell and Goldreich supported thiew, by arguing that
PN are the ejected envelopes of red giants. They furtherestigd that given the total
number of galactic PN of & 10, and with a lifetime of 2x 10* yr, that around 3
PN per year must be forming. As the number of stars leavingri@ sequence is of
a similar rate, Abell and Goldreich proposed that nearlyaaltmass stars should go

through the PN phase (Kwok 2007).

It is now established that PN represent the spectacularaetsif a low-intermediate
mass star as it approaches the final phase of its existeratafth white dwarf. The
preceding asymptotic giant branch (AGB) and proto-playetabula (PPN) phase will
shape and characterise the nebula through mass-loss, amadphoton interaction.
This interaction between radiation and matter is studigtliwia straightforward sys-
tem, as all of the energy of the nebula is derived from a sisglece. This can provide
for intriguing domains in which to observeftéring phenomena, such as photodomi-
nated regions (PDRs); created in the neutral gas via irtterawith ultraviolet (UV)
radiation. Nonetheless, it is the evolution of the star daadransition from AGB to
PN that determines the physical and chemical conditione®@htbula and therefore

whether a rich and varied chemistry is permitted in suchaibje

1.1.1 IntheBeginning

To progress to post main-sequence status, a star will expeia shift in hydrogen
burning, whereby core hydrogen becomes depleted, whildtdggn shell burning
around the core increases. Hydrogen burning in the shallyzes helium which falls
to the core, this continues to heat up and contract as its magsases. The star now
moves to the base of the red giant branch (RGB). The incrg&siargy outflow from
the core of the star through contraction, heats the suriagnaaterial sficiently
to continue thermonuclear reactions. The envelope of thegrant is convectively

unstable, with the extent of the convective envelope reactiom near the hydrogen-
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1.1: PN AND THEIR EVOLUTION; A BRIEF REVIEW

burning shell to the surface (Prialnik 2009). Mixing of thglnogen-burning products
within the envelope are transported to the surface, wharaeddnce variations are ob-
served along the RGB. In low-mass stagsl(8 M,,), the He core is strongly degener-
ate. When temperatures risefstiently to ignite helium, the stars experience a helium
flash due to the thermal instability of nuclear burning in tlegenerate material. In
contrast, He ignition proceeds quietly in intermediatessstars{ 8 M), when the
central temperature reaches ¥0(Prialnik 2009). When core helium is depleted, he-
lium burning within it subsides, quenching convection witthe inner core (Prialnik

2009). Helium burning continues however in a shell at the GeOndary.

For an intermediate-mass star, the asymptotic giant bréAGB) stage of stellar

evolution therefore consists of an electron-degeneratsooaoxygen core which has
undergone successive H and He shell burning. Devoid of gregrces, the C-O

core will follow a similar evolutionary course to that of thelium core; the core will

contract and heat up, resulting in an expanding, coolinglepe. The expanding star
becomes redder and continues to climb up the AGB on the Hetirg-Russell (HR)

diagram towards higher luminosities and lowéeetive temperatures (Prialnik 2009).

During this phase, substantial mass loss events with rate¢e &4 10* M, yr~! oc-
cur due to expansion of the stars envelope, which culminatesveakened surface
gravity (Kwok 2011). The cool outer layers of giant and sgpsent stars allow the
coalescence of atoms into molecules, which subsequemttytioy dust particles and
are accelerated by radiation pressure that drives theusteihds. Typical wind rates
are~10"° M, yr-! (Prialnik 2009). The point at which a star leaves the AGB is de
pendant on the intensity of the stellar wind and the envelopss after core-helium
burning. A further wind, coined the superwind, also marlesehkit of life on the AGB.
The superwind is key in preventing core growth from reachisignaximum potential
for the AGB star, through intensive mass-loss episodesetiaglthe envelope mass

(Prialnik 2009).
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Figure 1.1:. Hertzsprung-Russell diagram showing the eéaiwf a 3 M, star from
zero age main sequence (ZAMS) to its final white dwarf staggurgé from Kwok
(2007).

1.1.2 IntheMiddle

PN are preceded by a protoplanetary nebula (PPN) phase adricdsponds to the first
few hundred years of the nebula’s existence before it ma@sea PN. What constitutes

a PPN is perhaps a matter of debate, however Kwok (2007 sdtaeobservationally,

a PPN should show strong infrared excesses and circunmsBlaemission. Addi-
tional PPN properties include the detachment of the dustlepe from the stellar
photosphere and completion of the large-scale mass-l@ssepsf the AGB. PPN cen-
tral stars are expected to havEeetive temperatures between AGB and the central star
of a planetary nebula (CSPN) and hence are not hot enoughitg@nstantial quanti-

ties of Lyman continuum photons to ionise the remnant AGBeape (Kwok 2007).
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1.1: PN AND THEIR EVOLUTION; A BRIEF REVIEW

When the central stas hot enough, further mass loss produced via radiation pres-
sure on resonance lines is initiated. The terminal velaaitywind formed as a result
is higher, as the radius of the star is much smaller than it iwabke earlier AGB
phase. Interaction of this new high-speed wind and the wesidGB wind, sweeps
up the ejected material into a shell-like structure to fohm PN. The Lyman contin-
uum photon output from the central star will significantlyaclge as the central star
rapidly evolves throughout the short-lived PN stage. Theflu¥ is initially absorbed
by dust in the nebula and re-emitted as infrared (IR) ramiiatiWhen temperatures of
the CSPN reaches 30, 000 K, UV ionised atoms provide a pool of energy for the
collisional excitation of heavy atoms such as carbon, orya® nitrogen via ejected
electrons. Consequently, the rich emission-line spectbserved in the visible is
from spontaneous emission of the various excited statesflerent ions and atoms
(Kwok 2007).

Continued nuclear burning removes what remains of the ihginydrogen envelope.
As such, the high temperatures required for nuclear buroamno longer be main-
tained when the shell decreases below a critical mass${10* M,). With a di-
minishing fuel source, the PNs lifetime is finite {0*~1C° yr) (Prialnik 2009). As
the luminosity of the central star drops and the nebula dsgse the final stage for

nonmassive stars culminates with ‘the cooling track’.

1.1.3 IntheEnd

Devoid of its H'He layers, the CSPN now derives its energy from gravitatiooa-
traction, until hydrostatic equilibrium is maintained Wween gravitational attraction
and an electron-degenerate gas pressure. Whilst a detgepletron gas isfecient
at conducting heat, its heat capacity is negligible, irdtéeermal energy stored by

ions is responsible for the radiation emitted at the surfaldee interior structure of
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1: INTRODUCTION

a white dwarf (WD) is thus of an isothermal, homogenous gét, megligible radia-
tion pressure which cools via electron conduction in theted&-degenerate core. An
outer layer exists due to a decreasing density toward thiecajwhere electrons at the
surface boundary cease to be degenerate (Kwok 2007). Afteslanged period of
producing energy from internal heat alone, the star wilhéwally fade into anonymity

until it becomes a black dwarf and ceases to shine.

PN, therefore, are not simply ejected AGB envelopes expanuiito the surround-
ing interstellar medium (ISM). They are a complex mix of nmatefrom mass loss
events, rearranged over a long period of time due to theadti®g stellar winds. PNe
are identified spectroscopically: a strong emission lireegpim with no (or very little)

continuum and by morphology, which provide for stunningraisobservations.

1.2 PN General Chemistry

From the AGB phase to late PN evolution, millimeter and sulometer-wave obser-
vations have confirmed a rich, complex chemistry with thenidieation of over 60
different chemical compounds, including anionic species (K&@kl). The majority
of these species have been observed in carbon-rich CSE pmdtegypical carbon star
IRC + 10216, however with the advent of surveys utilising instemts such as HIFI
aboard theHerschelSpace Observatotyoxygen-rich and S-star chemistry /(G ~ 1)
are now being examined (Justtanont et al. 2010), (Justtatah 2012).

PPN/PN also harbour a variety of solid-state species, the mesapent being amor-
phous silicates and silicon carbide, with aromatic speftissappearing in PPN. Re-
gardless of the intrinsic O ratio, all PPN and PN exhibit a strong infrared continuum

(between 3 and 20m), often associated with the remnant dust envelope from the

'Herschelis an ESA space observatory with science instruments ped\agt European-led Principal

Investigator consortia and with important participatiooni NASA
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1.2: PN GENERAL CHEMISTRY

AGB phase. Often, however, spectral energy distributi@tss) for a higher tem-
perature dust continuum are required to account for a ‘waimmponent shortward
of 5 um. An excess in emission between-2 um is suggested to be a product of
post-AGB evolution (Kwok 2011). A number of further attribs commonly found in
the infrared spectra of PPNs and PNs are; (i) Aromatic featat 3.3, 6.2, 7.7, 8.6 and
11.3um (ii) aliphatic features at 3.4 and 6.8n and (iii) unidentified broad emission
features at 21 and 3@m.

Between 1lum and 1 cm, planetary nebula are generally optically thimetioeless,
rotational transitions of common molecules such as CO, cadyze optically thick
emission lines superimposed upon the dust continuum (Kvagk’2 The rotational
states of molecules have much smaller energy separationgpéred with electronic
states), thus transitions occur in the millimeter-waveamegFor diatomic molecules,
energy levels of the rotational states can be representatiebyigid body approxi-
mation & = hBJ(J+ 1), where h is the Planck constant, J is the rotational quantu
number and B is the rotational constant, specified ash38n?l (and | is the moment
of inertia). This is discussed in Chapter 4. However, tha@ifitance of molecules

observed in PN implies survival beyond the onset of phoisation.

Differing chemical species observed at each stage from posttdBR, indicate that
molecular synthesis is occurring within relatively shaméscales of several hundred
years. Speculation as to the manner of this formation is wbgest of many reviews.
Hasegawa et al. (2000) who modelled the neutral shell atidrstgnd region of NGC
7027, state that all but Hand CO remain from the AGB phase{End CO both self-
shield from UV dissociation) thus favouring the reformatiaf molecules during the
PN stage. Hasegawa et al. (2000) favour a hot gas chemistttyiai simple molecules
such as CH, CHand OH are abundantly formed at 800K. This is in contrast tmoag
ing number of authors (see for example Huggins et al. (19R&§man et al. (2003);

Ali et al. (2001)) who prefer preservation of molecular dpecvia inhomogeneous
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1: INTRODUCTION

clumps imaged in PN. The clumping hypothesis is also favibime Bachiller et al.
(1997) who advocates their necessity for molecular sukvilviae dilution of molecu-

lar material as a PN evolves is not thought fizet the density of the clumps.

A few studies have been conducted to ascertain if any chémvodutionary trends
from the AGB to PN phase are apparent (for observations seextomple Bachiller

et al. (1997), Josselin and Bachiller (2003), Howe et al92)%nd Ali et al. (2001)
for modelling comparisons). Bachiller et al. (1997) obser7 objects at dierent
stages in development (from PPN to evolved PNe), in ordereterchine molecular
abundances and any molecular evolutiondfgats. All the objects were described as
having several common features including density enhaan&sowards an equato-
rial plane and @O ratios> 1. Bachiller et al. (1997) concluded that clear trends could
be discerned whereby SO, SiO, SIGIC;N and CS decrease dramatically with in-
creasing age, suggesting that these species should notdmedkin PNe. The weak
or non detected emission of gaseous Si-bearing species is &Mibuted to depletion
onto grains. Abundances of species such as CN, HNC, HCN ar@ iGwever, were
seen to increase substantially, enhanced by photoiomisiom the increasing stellar
radiation (UV radiation fieldy ~10° in average interstellar field units). Bachiller et al.
(1997) suggest that the ZNCN abundance ratios can be utilised as a tracer for the
increasing UV radiation field, as photodissociation of H@Nreases the abundances
of CN.

In observations of NGC 7027, a relatively young and densedyi¥hang et al. (2008)
detected a total of 67 spectral lines including 21 moleclitas. Zhang et al. (2008)
found general agreement with these trends, such as an ase®idearing molecules.
CS was also not detected and was suggested to have beerydédtycshocks. Zhang
et al. (2008) also found a low GNCN ratio, which did not correlate with the theoret-
ical expectation of HCN photodissociating into CN in a sgasvV environment. In-

stead it was suggested that the reaction-CiN, — HCN + H is unexpectedlyféicient
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1.3: PN ENVIRONMENTS: PDRS, XDRS AND SHOCK FRONTS

and accounts for the low CN abundances. These purportedterary sequences by
Bachiller et al. (1997) and Zhang et al. (2008) are, howevased on observations

taken from a small subset of PAMN, most of which are extensively studied objects.

The question of trends however, has recently been addrégsedwards and Ziurys
(2013) who have observed a number of species in the molegataRed Spider Neb-
ula (NGC 6537). Molecular species observed by Edwards aodyZi(2013) were
detected in a warm, dense gax (¥60-70 K and n(H) ~1-8 x 1¢° cm™3) and along
with the usual suspects (CO, CN, HCN, HNC and HES0, N,H*, CCH, H,CO, and
CS were also detected in this source. NGC 6537 bears a steeagiblance to NGC
6302; it is young~1600 yr old, hot (T ~1.5- 2.5 x 10 K) has a large-mass progen-
itor star ¢ 6 M), and with a QO ratio of 0.95, it is slightly oxygen-rich. Edwards
and Ziurys (2013) conclude that whilst these conditionscaraparable to previously
studied PN (like NGC 7027), with the detection of speciehiagCS, SO, and }J€O,
molecular abundances do not follow an evolutionary tremd aoe instead controlled

by the physical and chemical properties of the PN and itsqmitgr star.

1.3 PN Environments: PDRs, XDRs and Shock Fronts

Photon-dominated regions (PDRs), which can also be defisgzhato-dissociation
regions, are broadly recognised as neutral regions whetdtfaviolet (FUV; 6— 13.6

eV) radiation dominates the gas heating and thus deterntireeshemical complex-
ity (Tielens and Hollenbach 1985). Whilst initially assateid with regions separating
molecular and ionised gas near hot young O and B stars, P@R®arassociated with
many interstellar environments, including PNe, as FUVatdn from the central star
is the controlling heat source. Within a PDR, dust absonpéiod scattering limit the
FUV photon penetration depth, whilst photoelectric enaisf electrons from grain

surfaces primarily heats the gas.
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Photopumping of Hin the atomic zone is another important heating mechanighinwi

a PDR. Absorption of an FUV photon followed by radiative decan leave H with
excess vibrational energy, which is subsequently emitseal imear-IR photon. Equiv-
alently, collisions with other species can de-excite théemde thus heating the gas.
Cooling occurs predominantly via abundant atomic and ifing-structure lines such
as [Cll] 158um line and [Ol] 63im (Tielens and Hollenbach 1985). The framework
of a PDR is represented by a layered structure ffédng chemical zones and is illus-
trated schematically in Fig 1.2. PDRs are thus primarilyrabterised by a thin Ay

< 0.1) transition zone where the penetrating FUV photonsmhiydrogen to create a
HII /HI interface. Photons with energies less than 13.6 eV willge carbon and dis-
sociate H. At around A, ~ 2, H, self shielding occurs followed by a rapid transition
from H to H, with H, dominating the composition. Deeper within the cloud, iedis
carbon recombines to form CO when the carbon-ionising flapslisidficiently. Re-

combination of Q occurs at greater depths in the cloud.

Photodissociation Region

UV Flux " ,
P_II H/H H Hlu"H:l |_|2
: ) Al
* UV Flux C CYC/CO CO
O 0/0,
: [>T,
AFIL;—? T, =10°-10°K T,..=10-10°K
ke | |
™ ! A itudes 10
AA =01 . {magnitudes)
- |
H . 210
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Figure 1.2: Schematic interpretation of the structure ohatpn dominated region
(PDR). The PDR extends from the JH transition region through to the/@, bound-
ary. Adapted from Tielens (2005).
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X-ray dominated regions (XDRs) on the other hand, are doraihhy keV X-rays
which control the gas heating and chemistry. However in aiRXphotons are atten-
uated less easily and it is photoionisation of heavy elemgther than dust particles
that limit penetration (Sternberg 2005). XDRs are typic@fominent near intense
X-ray sources such as active galactic nuclei (AGN) or PNé Wit central stars. ‘Hot
bubbles’, jets and collimated outflows, phenomena prevaiePNe, are also potential
sources of diuse X-Rays and have been identified in recent PNe X-ray ssivgy
the Chandra X-ray Observatory and XMM-Newton (Kastner 20@Gas in the rim of
these hot bubbles is shocked and superheated as a resudt ajllision between the
remnant ejected AGB gas and the fast wind of the evolvingevbiiwarf and subse-
guently driven out at supersonic speeds forming an ovesprised bubble. A handful
of PNe have also been observed witffase X-rays emanating from collimated out-
flows and jets. Despite the scarcity of these types of PNg, lthge been attributed
with potential molecule-rich, dusty central tori; a possilocation for the confinement

and channelling of X-ray emitting outflows and associatestkh (Kastner 2007).

c,Cct

co

Figure 1.3: Important reactions involving carbon and oxygeshock chemistry. Fig-
ure adapted from Tielens (2005).
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In a series of recent papers by Meijerink and Spaans (208B)dls0 Meijerink et al.
(2006) and Meijerink et al. (2007)) the authors implementimber of models to dif-
ferentiate between PDRs and XDRs and between XDRs and cogyniicadiated gas
and discuss chemicalféerences between these environments. For the first scenario
(PDRs versus XDRs) the code is implemented for a semi-iefsiéb geometry which
is irradiated from one side. An elaborate chemistry is usiiding reaction rates from
the UMIST databage (excluding photo-ionisation rates for XDRs) with treatrhef
H, formation, destruction and excitation and the additioneafctions with PAHS. It
is assumed that ionisation from X-ray photons leads to dasihiised species through
the ejection of an Auger electron, thus species such?asNg*, &, O** and Fé*
are included in the chemistry. For full details of the chengjsheating and cooling

processes, see the appendix in Meijerink and Spaans (2005).

In direct comparison between the PDR and XDR models, Mekaand Spaans (2005)
found a number of dierences between the two. For instance in the PDR models CH
and CH are more abundant than their neutral counterparts CH angl Wiilst con-
versely, the reverse is true for XDR models. Similarly CNheeke orders of magni-
tude more abundant than CNh XDRs, whereas for PDRs both species are equally
abundant. In general, abundances of neutral and ioniseiespeat the cloud edge are
enhanced in XDRs compared with PDRs. It is noted by the asttiat the thermal
structure in XDRs are more gradual compared with a stratdfieccture seen in PDRs.
As a result, the transition from atomic to molecular hydmged of C to C and CO

are smoother compared to PDRs.

At the cloud edge in PDR models all carbon is if, @hilst in XDR models carbon
in this region is largely neutral. Meijerink and Spaans @0€onclude that column
density ratios for select species provide good PRBR discriminators. For example,

XDRs show larger ratios for HOGHCO' ranging from 10* (n ~ 10° cm™3) t0 0.6

httpy/www.udfa.net
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~ 10* cm3) whereas the ratios range fromQo 10° for PDRs. Similarly NGCO
column density ratios in XDRs are 10(n ~ 10° cm3) to 1072 (n ~ 10* cm~3) com-
pared to 16° to 10°° for PDRs. Whilst the models are constructed to be represemta
of conditions in galactic centres, the irradiation coraiig are typical for PDRs like

the Orion Bar and so useful comparisons can be made withcemagnts in PNe.

Shocks are produced when the bulk fluid velocity of a gas elséee local sound
velocity. The resulting supersonic compression producsisogk wave which heats
and compresses the gas. The sound speed in neutral ingergss is only 0.3 km3

atT = 10 Kand risesto 1 km$ atT = 100 K, consequently many interstellar phe-
nomena such as bi-polar outflows from proto-stars and expgridll regions (30 to
200 km st andx 10 km s respectively) surpass this velocity (Kellermann and Ver-
schuur 1988). The wind speeds of CSPN are observed to be mgicérthan the
sound speed, which, if cooling is ndfieient, can produce very high temperature gas

in the postshock region.

Shocks can have an intriguinffect on chemistry, which can proceed rapidly in the hot
shock-heated gas. Water for example is expected to be rafpolydant, as all available
oxygen is expected to form water in post-shock gas above 230 is demonstrated
by Draine et al. (1983) who through modelling shocks in molacclouds, show that
H,O is not especially abundant in pre-shock gas, however,raitiesn, > 10* cm™
and with shock speeds > 10 km s? endothermic reactions with O and OH rapidly

produce HO, which also acts as a major coolant.

Carbon as well as oxygen is of particular importance in sbdajas as the elevated
temperatures allow for reactions to proceed with conshlieractivation barriers (0.1
—1eV). Figure 1.3 summarises the C and O chemistry involvéltese reactions. The
OH produced in Fig. 1.3 can also react with atomic sulphurramipce SO and SO

and with silicon, if present, to form SiO. SiO is frequentlgserved in the Galactic
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centre region (for example see Martin-Pintado et al. (18} its association with
areas of high temperatures and outflows suggest that thendaimnechanism for re-
leasing SiO into the gas phase, is through grain erosion esiauttion (Huettemeister
et al. 1998). Upon cooling of the shocked gas, chemistrycglfyi evolves to that of

dark clouds and is dominated by ion-molecule reactions.

1.4 NGC 6302

NGC 6302 is a relatively young PN showing a strong symmelnittérfly) morphol-
ogy, which harbours a massive expanding torus orientedemdnth-south direction,
the front of which is coincident with a dark absorption laf&is dark equatorial lane
separates two huge bipolar lobes perpendicular to theatedgnse structure, which
has a significant extinction gradient running north to s¢Mhatsuura et al. 2005). The
lobes exhibit high velocity knots(20 km s?1) within a complex but somewhat frag-
mented structure and the system as a whole is inclined atgle ah~45° with respect
to the line of sight. It is surmised to be one of the highestsed known PN, with
a central star temperature 5f200, 000 K (Casassus et al. 2000). Until recently, its
central star had remained hidden behind the dense dust dedutar disk of the PN
(Szyszka et al. 2009).

The kinematics and mass loss and evolution of NGC 6302 has theeoughly dis-
cussed by Peretto et al. (2007), Dinh-V-Trung et al. (2008) Wright et al. (2011).
Through analysis of the CO emission, Peretto et al. (200@ragne an expansion
velocity of the central torus of 8 kntsand further imply that expansion of the neb-
ula was initiated~ 7500 years ago. With an apparent width of the torus at 8000 AU,
the expansion event is surmised to have end@800 years ago and thus lasted for
4600 years. These timescales assume that the apparenedgeof the torus marks
the final ejection event and that the CO emission traces thgplate ejected mate-

rial. Using RADEX to constrain the abundance ratio$?6fO and*CO, Peretto et al.
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(2007) construct a number of models to subsequently infetahtorus mass of 2 M,
+ 1 M. This contrasts somewhat with CO observations by Dinh-dagret al. (2008)
who suggest a total molecular gas mass ofMglwith an overall total gas mass ef

0.5M,. The CO observations of both authors are discussed in mta# ideChapter 5.

Based on the torus mass and the current mass of the centrdbateatto et al. (2007)
infer a lower limit of 3 My, for the progenitor star. This is consistent with the cal-
culations of Casassus et al. (2000) who estimate the primgenass to be 45 M,,.
Following on from these assumptions Peretto et al. (200@3aguently infer average
mass-loss rates of 5 x 10M,, yrt. This complements mass loss rates from other
authors which vary from-1.5 x 10 Mg, yr~! Dinh-V-Trung et al. (2008) te-7 x 104

M, yr~! Matsuura et al. (2005). The distance to NGC 6302 has beenatbbg many
authors and has been estimated to range from 0.15 to 2.4 kpee\ér in recent papers

a distance of 1 kpc has been adopted by Kemper et al. (2002hWe et al. (2005),
Matsuura et al. (2005), and more recently by Dinh-V-Trunglef2008), with studies

of its proper motion and emission-line photometry used twst@in the distance.
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(a) Schematic representation of NGC 6302 (b) HST image of NGC 6302

Figure 1.4: (a) Schematic view of the outer region of NGC 6@02rlaid on the HST
F658N image). (b) HST WFPC2 image before distortion coiwest (in the FE56N
band, 1o = 6564 A, A 1o = 21.5 A ). Allimages from Matsuura et al. (2005).

141 NGC 6302 Chemistry

NGC 6302 has been observed a number of times at a numbeffefedit frequen-
cies, but a comprehensive molecular survey, along with angetting to analyse the
chemistry, has never been published. NGC 6302 has beenvellsey Aller et al.
(1981) @ 1200-3203 andl 3200-4880 A), (Payne et al. 1988) (OH maser emission),
Ashley and Hyland (1988) ([SiVI][SiVII]) Huggins et al. (88) (CO), Beintema and
Pottasch (1999) (2.4 45 um), Molster et al. (2001) (2.4 197 um), Kemper et al.
(2002) (dust and PAHSs), Matsuura et al. (2005 (HNII], Bra and PAHS), Peretto
et al. (2007) (CO) and most recently by Dinh-V-Trung et a@(8) (CO) and Bujarra-
bal et al. (2012) (KO and OH).

Atomic abundances in NGC 6302 have been deduced by numbethaira, with thor-
ough reviews by Aller et al. (1981), Pottasch and Beinten®9) and Casassus et al.
(2000). Although a factor or two in abundances may be dispoétween authors, itis

generally agreed that NGC 6302 is artizh nebula with enhancements in nitrogen
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Figure 1.5: (a) CO velocity structure showing the low, medand high velocity com-
ponents respectively and (b) therthap (grey scale) overlaid with SMA observations
of 3CO J= 2 — 1 medium and high velocity components (blue contours and red
dashed contours respectively) from Peretto et al. (2007).

and helium. Indeed in the data obtained by Aller et al. (1984)the International
Ultraviolet Explorer satellite (IUE) and the Anglo-Ausliem telescope, the nitrogen

enrichment is an order of magnitude greater than in a typidal Aller et al. (1981)
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also suggest that sodium and potassium have average vahitst chlorine is slightly
enhanced and argon is moderately enhanced. Calcium, asiblyasilicon, are sug-
gested to be incorporated in grains and sulphur is repaotbd tlepleted by a factor of
2. Table 4 in Aller et al. (1981) summarises the compositibNGC 6302 compared

to solar and mean planetary values.

Further contributions to atomic abundances are provide€&gsassus et al. (2000)
who, through observations of NGC 6302 coupled with subseigomdelling using
CLOUDY, detail gas-phase depletions of a number of elem&dsassus et al. (2000)
state that aluminium is depleted to one hundredth of the salae, neon is overabun-
dant whilst magnesium is about half solar value and titangsstrongly depleted. Dust
species such as perovskite (Ca3j@nd corundum (AlO3) are attributed to the deple-
tion of Al and Ti. C/O ratios of 0.20 (Aller et al. 1981), © = 0.26 (Pottasch and
Beintema 1999) and © = 0.43 (Wright et al. 2011) have also been suggested, thus
attesting to the ©rich nature of NGC 6302.

The ISCG observations by Molster et al. (2001) comprehensively coaédroad wave-
length range. In the region from 2.4 to i, the continuum-subtracted spectrum is
characterised by C-rich dust features, whilst at longereleangths O-rich dust domi-
nates the spectrum. Interestingly, in Figure 2 of Molsteale2001) broad crystalline
H,O ice is present. Water ice displays a number of distincttspifeatures at infrared
wavelengths, including am (O-H stretch) often seen in absorption (Dijkstra et al.
2006) and strong bands at 481, 62um and a weak shoulder feature a2 These
latter features, namely 43, 52 andu®2 are all present in NGC 6302, thus Molster
et al. (2001) suggest that although these features arg likehded with diopside and
possibly a minor contribution from enstatite, the idenéfion of all these features pro-

vides a robust detection for crystalline water ice in NGC &3Uhe identification of

31S0 is the Infrared Space Observatory utilising the ShonéMdngth (SWS) and Long Wavelength
(LWS) spectrometers (2.4-1@ifm)
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water in gas form has recently been discussed by Bujarralal @012) who present
the latest observations of NGC 6302 ushigrschelHIFI. Confirmed detected species
along with H,O, include'*CO and"*CO, OH and NH.

Spectra obtained by Bujarrabal et al. (2012) of NGC 6302 engirriscent of the de-
tailed analysis of the CO structure observed by Peretta é€2@07), with both authors
consequently presenting spectra characterised by a ciemereore with wide 'wings’.
However, the identification of the central line core, ddsedias emission from the fos-
sil, remnant AGB envelope, and those of the wings, suggéstee emission from the
fast bi-polar outflows, are distinguishedidrently by the respective authors. Peretto
et al. (2007) identify three broad velocity components-&# to —48 km s? for the
low velocity component-48 to—30 km s? for the medium velocity component and
—-30to—15 km s for the high velocity component. Figure 1.5a, displays trexaged
12C0O J= 2 — 1 spectrum obtained by Peretto et al. (2007) with the SMAggrdted
over the full spatial extent of the source. Bujarrabal e(2012) on the other hand,
describe the blue wing componentd3 to—48 km s as the high-velocity molecular
gas, whilst the line core ranges froa25 to-20 km s! and represents the unaccel-
erated remnant of the AGB shell. Comparison of observedispét NGC 6302 is
discussed thoroughly in Chapter 3.

1.5 Overview

PNe have provided fascination to all who have observed theaoe sheir initial dis-
covery. Whilst there is not a standard accepted definitiomhat constitutes a PN, two
features are clear; at the very basic level, PN contain aisedncircumstellar shell,
surrounding a hot compact star as it evolves from the AGB to plWiBse. However,
answers to many aspects of this short evolutionary periothie incomplete; How
does the interaction of binary stars, for exampfté&a PN formation? Even the pro-

cesses which create the many morphologies seen in PN, af@lgatnderstood.
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Without doubt, surveys containing a large representativearces, can help to con-
strain phenomena to a subset of PNe. In the recent X-ray wilnyd&astner et al.

(2012) for instance, the authors found that the presencerafyX within PN, appears
correlated with density structure. Kastner et al. (2012p&st that molecule-poor, el-
liptical nebulae are more likely to display X-ray emissigimn PN with bipolar and

ring-like morphologies which are molecule-rich. Moleaudanission surveys, such as
those by Bujarrabal et al. (2012) utilisingerschefHIFI, are advancing our under-
standing of PNe chemistry, with species such & How being identified in a number
of objects. Nonetheless, the importance of extensive gagens on singular objects

should not be underestimated.

To date, only a few PN (and PPN) have been extensively studi¢ide millimetre
regime and had their molecular content examined thorougKi$C 7027 and most
recently NGC 6537, are two such PN which have been comprafeinsbserved by
Zhang et al. (2008) and Edwards and Ziurys (2013) respégtiidevertheless, there
is still a lack of PN with in-depth, high spatial resolutiohservations. The identifi-
cation of objects with enhanced equatorial regions or eétdrii are ideal candidates
in which to analyse molecular chemistry and to test modelh®finteraction of UV
photons (and X-rays) with molecular gas in extreme enviremts. One such object

harbouring a dense, central torus is NGC 6302.

From the many observations to date, nebular abundancestipindicate that NGC
6302 is typically of the Type 1 classification that has beesigaed to it. Type 1 PN

are thought to evolve from massive progenitors2(4 M), have higher abundances

of nitrogen and helium and are often characterised as ¢isigla bipolar morphology
(Peimbert and Torres-Peimbert 1983). The massive pragdras been discussed by a
number of authors including Casassus et al. (2000) andtBetedl. (2007). Through
gas phase modelling of X0 and GO, Casassus et al. (2000) state that the abundance
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ratios are consistent with a progenitor main-sequence ofas$-5 M.

The nitrogen abundance was also investigated through mmaglef the N/H ratio by
Wright et al. (2011). The authors conclude that their deridg¢H ratio is too large to
account for nitrogen production by secondary conversionitél carbon. Wright et al.
(2011) state that the primary enrichment of nitrogen o@diiia third dredge-up of
carbon, followed by hot-bottom burning (HBB) conversioncafbon to nitrogen (via
the CN cycle). Molster et al. (2001) state that subsequentrthl pulses can change
the surface @O ratios between O-rich and C-rich, thus allowing both typegrains
(PAHs and silicates) to be present in the evolving nebulaaut the need for rigid
O or C-rich boundaries. Such a mixed chemistry has beeniigehin NGC 6302,
nonetheless, stratification of O-rich and C-rich materia¢sl seem apparent. PAH
emission observed by Matsuura et al. (2005) for examplegasprimarily confined
to the lobes (however it is noted by the authors that PAH eonsgquires excitation
by UV and/or optical photons, little of which penetrates the dark Jakaalysis of the
mineral composition by Kemper et al. (2002) on the other handgests that oxygen-
rich material, which makes up the bulk of the mass, is predantly located in the

circumstellar torus.

As thorough investigations into the evolutionary, kineimand atomic features of
NGC 6302 have been conducted, this thesis aims to shed Igtteomolecular char-
acteristics of the central torus of NGC 6302. The analysishence determine if the
environmental properties drive novel chemical reactioms$ pathways and whether
properties such as the nitrogen-rich element of the nebalsa distinguishingfiect
on the molecular chemistry. The observations and detdilety svill consequently add
to the limited number of in-depth analyses currently avdddor PN. The following
analysis is structured as such; Chapter two describegentenetry, with elements of
the Submillimeter Array (SMA) used for observations of NG&08&, whilst Chapter

three presents the images and spectra obtained with the Skifpter four details the
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CN radical and its associated hyperfine structure, used ta@robpacity of the line
for column density calculations. Column densities for tpecses observed are also
described here. Chapter five explains the Meudon PDR coliedtin modelling col-
umn densities in NGC 6302 and details the various modeldoj@®d to mimic certain
environments within NGC 6302. Chapter six summarises alhefwork undertaken

in this thesis and also discusses future work.
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The data in this work was taken using the Submillimeter A@WA)*. This chapter

reviews the key techniques and principles of interferoynatid aperture synthesis.

2.1 Interferometry Basics

Sensitivity and angular resolution are the two basic rements of a radio telescope,
with sensitivity depending on total collecting area andwdagresolution of a radio
telescope defined @&s~ 1/D, whereA is the wavelength of the received radiation, D is
the diameter of the telescope ahis the angular resolution. Put simply, if two sources
are closer together than this angle, then they cannot b&/egsoAs a single-aperture
radio telescope is ill-equipped to provide the resolutieaded for radio observations,

interferometers are required.

The principal features of a simple two dish interferometeparated by a baseline vec-
tor b is illustrated in Figure 2.1. The signals received by thesanas are considered

to be planar waves i.e the source isimiently distant so that the incident wavefront

1The Submillimeter Array is a joint project between the Simithian Astrophysical Observatory
and the Academia Sinica Institute of Astronomy and Astrgids/and is funded by the Smithsonian

Institution and the Academia Sinica. hfmww.cfa.harvard.edsma
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Receiver

Output

Figure 2.1: A schematic of a simple two dish interferomet®ased on Burke and
Graham-Smith (2002).

arriving at the telescopes is considered to be a plane ogelistance b. The wavefront

arrives at the right-hand antenna at a tirgelefined as the geometric time delay,

Ty=Db-s/Cc (2.1)

where c is the velocity of light, before it reaches the ledtiti antenna arglis the vec-
tor in the direction of the source (Burke and Graham-Smi®220The received signals
from the antennas, Nt) and V,(t), are combined and amplified by a voltage multiplier
and time averaging is performed, resulting in an output priopnal to(V(t) Va(t)).
For signals received from a monochromatic source, the Eg@m be represented as
Vi(t) = vy cos Ziv(t — 74) and V, = v, cos 2mvt. These signals which are then input

into a correlator, yielding an output of
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r(tg) = V1V2COS 21 v 74, (2.2)

where v, represents the fringe amplitude and is proportionalftective antenna
area, A(s) and the source flux, S (Perley et al. 1986). Theubugm now be expressed
in terms of source brightnedgs), integrated over the sky in directisnThe correlator
output for the signal power received in solid ange and in bandwidtmy is thus

represented as,

dr = A(s) I1(s) AvdQ cos Zrv 7. (2.3)

Rearranging in terms of source position and baseline vgatesults in,

r= Ava(s) 1(s) cosz%'S dQ becomes = Ava(s) I(s)cos2rb, - s dQ
S S
(2.4)
whereb, = b/A, a simplification entailing the measurement of the baselawtor in

wavelengths (Burke and Graham-Smith 2002).

In order to take an interferometric image of a source, a eefeg directions,, also
called aphase tracking centres utilised. This position vector becomes the centre of
the field to be mapped and the direction to the source in régp#us position is given
ass= g + o, whereo is the vector from the phase tracking centre to the source ele
ment of solid angle @ (Perley et al. 1986). This is shown schematically in Figu& 2

As b, is the baseline measured in wavelengths;igo=b, - s=b, - (5 + o), then,

r=Av f A(o)l (o) cos[Zb, - (59 + 0)]dQ
=Av cos (&b, - %) fA(o-) (o) cos (b, - o) dQ (2.5)

~ Av sin(Zrbﬂ-so)fA(a-) I(o) sin(2tb, - o) dQ
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The fundamental equation for a practical interferometeveher is that of the com-
plex visibility, whereby the amplitude and phase of thehilgty are the primary mea-
surements. With the introduction of a normalised antenoap&on pattern Af) =

A(o)/Ao, the complex visibility of the source is defined as,

V= |V|e?Y = f A(0) I (o) &P dQy (2.6)

where A is the beam centre antenna response (Perley et al. 1986), Gjhseparating

the real and imaginary parts ¥f the following is obtained,

Ag|V| cosgpy = fA(o-) (o) cos(2rb, - o) dQ (2.7)

and

Aq V| singy = — fA(o-) (o) sin(2nb, - o) dQ. (2.8)
Finally, substitution of equations 2.7 and 2.8 into 2.5ggithe output of the correlator

as,

r=AgAv|V| cos(zb, - — ¢v) (2.9)

The output can hence be expressed in terms of a fringe patteresponding tg,, the
phase reference position. The measured visibMtys a Fourier amplitudghase, the

inversion of which is used to obtain the sky brightness ithigtron (Perley et al. 1986).

2.1.1 Theuv-plane

It is practical to apply a coordinate system for the synthe$an interferometric map

(or image) of a source to obtain its position. The baselingoreh is decomposed

into coordinates u, v and w, corresponding to the east-westh-south and up-down

directions respectively. Theffget vectoro can similarly be decomposed into com-
plementary coordinates, |, m andl — [2 — m?, representing u, v and w respectively.
As,
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b/A-o=ul +vm + wV1-I2-nv, (2.10)

the complex visibility becomes,

Vivw = f f A(l, m) 1 (1, m) g i2rutvmewVI-I2-m) g gm (2.11)

Thus, for each point on the sky, the visibility is describgdalphase term defined by
the sky coordinates |, m and'1 — 12 — n? and a function of the baseline u, v and w
(Burke and Graham-Smith 2002).

Figure 2.2: The geometry of a two element interferometenahg the radiation re-
ceived from a small element, subtending a solid an@etlan extended radio source,
in a directions. o defines the vector from the phase tracking cersyeto the source
element. Based on Burke and Graham-Smith (2002).
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u,v-plane/r

Figure 2.3: A schematic showing the geometrical relatignbletween theauv plane
and the source plane (the celestial sphere), with coombngin) that become the
celestial angular coordinates,y) in the small-angle approximation. Based on Burke
and Graham-Smith (2002).

2.1.2 Aperture Synthesis

Aperture synthesis is the simultaneous use of many intarfetric baselines and is
augmented by Earth-rotation synthesis, which providesrgirmaous arc of baselines
through exploitation of the rotation of the Earth. The coexpVisibility in equation

2.6 provides only one Fourier component of the brightnestsidution, hence to obtain
multiple measurements, multiple baselines from an arraglescopes are required. In
a given integration time, an array of N elements can gen®éte- 1)/2 visibilities.

If a source is suitably simple or there are many antennaspi aberaging time may
sufice. Otherwise, Earth-rotation synthesis is utilised iuffisient coverage of the
uv—plane provides inadequate images i.e. there are not enaugleFcomponents to

describe the source (Burke and Graham-Smith 2002).
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2.1.3 Submillimeter Array

The observations undertaken in this work, utilised both dbmpact and compact-
north configurations of the Submillimeter Array (SMA). Thengpact configuration
provides six antennas (15 baselines), ranging in length #6.5 to 32m. The compact-
north configuration on the other hand provides longer nsdiith baselines, for more
circular beams for sources in the southern hemisphere.r~observation at 226GHz
in the lower side band, at -3declination with precipitable water vapour at 2.0mm,
theuv coverage is similar to that presented in Figure 2.4.

W= 1185 m UV, = &6 m

100
T
!

=10

u (m)

Figure 2.4: SMAuv coverage for an observation similar to those undertakehig t
work, taken at 226GHz in the lower side band, at°-8éclination with precipitable
water vapour at 2.0mm, using the compact-north configuratfadhe SMA.
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2.1.4 Dirty Beams

For each sky brightness distributiom i), there is a corresponding visibility function
V(u,V), that is its Fourier Transform (FT). In practice howevesjhilities are not mea-
sured at all points in thav plane, but are sampled at particular points. This measured
set of points is referred to as the sampling function,$( and is equal to zero in the
absence of data. The expression for the image incorpor&(ing can now be written

as,

IVD(I,m):ffvv(u,v)S(u,v)e‘iz”(“'“’m)du dv (2.12)

where P(I,m) is often referred to as theirty imageand is related to the intensity
distribution, I{,m) through utilisation of the convolution theorem for Fourigans-
forms, by P = 1, = B. Here,x denotes the convolution and B is the synthesised beam
or point spread function, which corresponds to the samglingtion, S(u,v) (Perley

et al. 1986). This synthesised beam, the FT of the samplitigrpais also known as
thedirty beam

Subtraction of thelirty beamfrom thedirty imageremoves unwanted artefacts, caused
by the limited sampling of thav-plane. This method of trying to recover the true sky
through successive iterations of the subtraction proeedgetonvolve the dirty beam
is implemented in the CLEAN algorithm (Perley et al. 1986heTCLEAN algorithm
assumes that the image can be represented by a small numpeinbtources and
uses the iterative procedure to locate the highest valueeingsidual image. Thdirty
beam(or point spread function) is subtracted from the highektevan thedirty image
The process is stopped when the maximum value in the resiwajlis smaller than
a predefined threshold or a specified number of iteratioreaished. The image is re-
constructed by returning all of the components removedarttike previous step, in the
form of an idealised point spread functiondl@an beamwith appropriate positions

and amplitudes.
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Deconvolution of the SMA images in this work were performethvCASA? and the
default input parameters for the CLEAN process utilisedGhak Algorithm. In sim-
plistic terms, the Clark algorithm uses only a small patchihef dirty beam to find
approximate positions and strengths of the source andisgeints if the intensity (as
a fraction of the image peak) is greater than the beams higlke=vior sidelobe. For a

more detailed description on this algorithm, see Perley. ¢1886), Lecture 7.

2httpy/casa.nrao.edu
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SM A Observations and Results

3.1 DataReduction

Two tracks (with a total on-source integration time of ab®utrs) were requested
from the SMA to complete the observations required for thislg and were obtained
on 13th June 2010 (track 1) and 26 June 2010 (track 2), witraagobentre positioned
at RA (2000) 1713"44. Dec (2000) -3706 16.0 . A total bandwidth of 4 GHz
per track was observed with track 1 covering a frequencygani@14.065- 217.944
GHz in the lower side band (Isb) and between 225.962 and 22981z for the upper
side band (usb). For track 2, the Isb observed frequenciesba 263.967 267.846
GHz whilst the usb included frequencies between 275:8849463 GHz. The large
bandwidth of the SMA correlator allowed the simultaneougec®f 3CN and!’CN
in the Isb and usb of track 1, respectively. For track 2, H@@s observed in the Isb,

with HCN, 3CS and NH" simultaneously observed in the usb.

For track 1 observations, 7 antennas were used in a comp#gjwation with a max-
imum baseline of 77 m. According to the SMA online sensii@stimator a full track
on NGC6302 will give 5 hours on source, which (with 4mm of asploeric water)

gives a noise level of 0.2 K in 4 kntschannels. This is sficient to resolve the lines
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which have widths 20 km$. Even if the lines are smoothly distributed over the
torus, they will be detected with a signal to noise ratio of t &a full angular resolu-
tion. Weather conditions were good but deteriorated fotabehour of observations.
was just under 0.1 with an average relative humidity of 10% Bys ~ 200K. Nearby
gquasars 1626-298 and 1733-130 were frequently monitoredrtect for phase vari-
ation due to atmospheric variations and bandpass cablbratas done using 3C279
and 3C454.3. The phase and amplitude were calibrated fooxippately 10 mins, for
about every 20 minutes of integration on the target. The falibation was performed

using Neptune and Titan.

Observations obtained in track 2 utilised all 8 antennas @torapact north configu-
ration with a maximum baseline of 62 m. The central frequenag set to 265.886
GHz with a total bandwidth of 4 GHz (2 GHz each for the Isb and) u8Veather con-
ditions were good for the first half of the evening but worskfee the remaining half
of the observations: was just under 0.2 with an average relative humidity of 20%6 fo
the first half of the night and 40% for the remainingsysiwas~ 220 K. The phase
and amplitude were calibrated using the same targets asbfdr 1, for six minutes for
about every 30 minutes of integration on NGC 6302. 3C454d3@atllisto and Mars

were used as bandpass and flux calibrators respectively.

The visibility data were reduced using the SMA version of Migad software pack-
age, with spectra and maps later exported to CA®K further inspection. After
continuum emission subtraction was applied to the vigibdiata using theontsus
task, deconvolution of the dirty images was done usingctlhex task. The resulting
synthesized beam for CN &2-1) channel maps is’6x 3” at P.A= 0.0°. The syn-
thesized beam for HCO(J = 3-2) channel maps is slightly narrower dt $2.5” at
P.A=0.C°. The rms noise level for each channel of 1 krhis ~135 mJy.

httpy/casa.nrao.edu
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3.2 Observations Overview

NGC 6302 has been observed a number of times at a numbeffexiedit frequencies,
but the majority of observations to date have been concesitbdhe high-ionisation

region of the nebula (the bipolar optical lobes). Obseovetithat have included the
central torus are limited to one or two molecular speciesigéquently, a comprehen-
sive molecular survey, along with any modelling to analyse ¢hemistry, has never
been published. In addition, there is also a lack of compreilre molecular surveys
in PNe in the literature in general. As NGC 6302 has been ifiethivith a potentially

large, dense central torus capable of producing a rich ariddvahemistry (Peretto
et al. 2007), it was felt that this object would be an idealdidate in which to map a
broad range of molecular species and hence establish thexut@at characteristics of
the central torus. Further analysis was conducted throhigimcal models§5) to de-

termine if the environmental properties drove novel chanieactions and pathways

or not.

A list of all the species observed with the SMA is detailed able 3.1, followed
by a description of the characteristics of the main speosated. NGC 6302 has a
heliocentric radial velocity of -38.@ 0.8 km s* measured by Minkowski and John-
son (1967) from [NII] measurements of the nebular core. Torselates with the peak
velocities of the majority of species observed in this wdtks also shown by Peretto
et al. (2007) from their detailetfCO observations, that distinct velocity components
exist within the torus of NGC 6302. These are identified atte6448 km s?, -48 to
-30 km st and -30 to -15 km 3 for the low, medium and high velocity components
respectively. Similar velocity components are also idattiby Dinh-V-Trung et al.
(2008) and are reviewed below. Through analysis of the speititained with the
SMA in this work, it is apparent that other species (HOOr example) show the same
velocity structures; accordingly the emission maps for tnebshe species identified

have been separated into the corresponding velocity coememwhere applicable and
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compared with thé?CO J=2-1 SMA maps of Peretto et al. (2007). The central star,
represented by a black star on the emission maps, is locatesbalinates (J200Q)
17:13:44.45 and -37:06:11.1 which is the peak of the 1.3mm continuum, alkerna
from Peretto et al. (2007).

Whilst initially mentioned in section 1.4.1, it is worth mag again at this point that

a number of velocity components have also been identifiedaamnt observations of
NGC 6302 by Bujarrabal et al. (2012), however the authortsngdjgish a diterent line
core range at25 to—20 km s? to represent the unaccelerated remnant of the AGB
shell, compared with that of the medium velocity componestalaished by Peretto
et al. (2007). As seen in the spectra below, the peak inteabgpecies observed in
this work are centred around -38 kmt sind thus clearly fall within the medium veloc-

ity component identified by Peretto et al. (2007).

321 CO

The J= 2 -1 CO transition lies outside the frequencies specified fedidia collected
with the SMA. Additionally, as CO has recently been discdssedetail by Dinh-V-
Trung et al. (2008) and Peretto et al. (2007), it was felt thether analysis was not
necessary here. However, as the CO emission is (genettadylaminating molecular
emission within a PN, the CO emission from Peretto et al. (2@0used as a compar-
ison for the molecular distribution obtained from the SMAalalntegrated intensity
peaks obtained by Peretto et al. (2007) for the three comsmes are follows; 12.5,
27.3 and 15.4 K km$ for the low, medium and high velocity components respec-

tively. An overview of both authors work is discussed below.

The ?CO and*3CO J= 2 -1 emission from Dinh-V-Trung et al. (2008) display high
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Table 3.1: List of species observed in NGC 6302 with the SMiAdicates the central
rest frequency of the multiple hyperfine lines for CN &%@N. The hyperfine frequen-
cies are listed in Table 4.1 and 4.2 for CN ad@N respectively. The peak figure for
both species similarly refers to the central rest frequdarcioth species, which is the
brightest line. The spectrum and integrated intensity naap°siC, is detailed in the
appendix. The tentative detection of%iC is shown on the M* spectrum.

Frequency Species Transition Maximum (peak) RMS Notes

(GHz) (Jy beam?) (Jy beam?)

226.892 CN 2-1 2.01 0.05

217.467 BCN  2-1 0.31 0.07

267.557 HCO 3-2 6.43 0.07

265.886 HCN 3-2 4.93 0.08

277.455 13Ccs 65 1.56 0.09

217.104 SiO 5-4 %0 0.61 0.07

215.596 SiO 5-4¥1 0.46 0.05

279.511 NH* 32 0.39 0.04

229.304 29Si¢ 10-9 0.28 0.06 Tentative detection
279.471  SBCC  12-11 0.35 0.04 Tentative detection

velocity wings (extending up te 40 km s?) with very peculiar and complex shapes
and is suggested by Dinh-V-Trung et al. (2008) to represerdrspherical envelope
which could contain a fast molecular outflow. Their channapsishow the emission
breaking into separate clumps at velocities from -36 to 482K with intensity dom-
inating in the northern clump. This is reflected in the totdakgrated intensity map
which shows a double peaked structure with the main peakndret0 km s* and a
smaller peak around -20 km's Dinh-V-Trung et al. (2008) state that the peaks of
the medium and high velocity components are located onresile of the continuum
peak, albeit shifted northwards by a few arcseconds. Cdupith the low velocity
of these components, Dinh-V-Trung et al. (2008) suggesetifieatures are indicative
of an expanding toroidal structure, which may be weakerr{oomplete) towards the

south, due to the shift in the north. The deconvolved size®fCO emission is 108
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x 2.1” at velocityV, sg = -38 km s, and the emission is strongly elongated in the

north-south direction.

Dinh-V-Trung et al. (2008) also detect knots in their mapd aitribute some to molec-
ular bullets, a type of compact, high velocity outflow seewtimer young PNe. Such
a flow is postulated to form from fast collimated outflows maieting with the ambient
gas of the slowly expanding envelope. The authors reportaibiz the'?CO J= 1-0
and?CO J= 2-1 transition are most likely optically thick, whilst thA%CO emission is
optically thin and conclude that the peak brightness teatpes for the J 2-1 emis-
sion is~ 2 K. From the combined mass components, Dinh-V-Trung eR@D&) find a
total molecular mass (derived from thé#CO data) of~ 0.1 M; a figure higher than
that obtained by Huggins et al. (1996)0.022 M., but somewhat smaller than that
presented by Peretto et al. (2007).4 M. Dinh-V-Trung et al. (2008) find a total gas

estimate (including atomic mass) a9.4-0.5M,.

12CO and®*CO data were obtained by Peretto et al. (2007) using both@MTJ(for
J=3-2) and SMA (32-1). Their emission displays several broad componentgdsst

a velocity range of -15 to -65 knts with narrow components seen only in tH€O
emission at -38, -30 and -10 km's Peretto et al. (2007) suggest that the relative
strengths of these features trace gas which has a*A@®*3CO ratio. Two of these
narrow components (-30 and -10 krt)sare missing however, in their SMA observa-
tions. Peretto et al. (2007) point out that due to the nattithedSMA interferometric
data (higher resolution and insensitivity to very extendeudssion), it is likely that
these components are associated with the extended endgHGC 6302 or are unre-
lated interstellar gas. The component at -38 kfnvehich is evident in their SMA data
is however attributed with the molecular torus. Perettd.€2Q07) define three veloc-
ity components (Fig 1.5) evident in all their spectra but tabsarly defined at?’CO
J=2-1,at-641to0-48 km$, -48 to -30 km s* and -30 to -15 km for the low,
medium and high velocity components respectively. Peedttd. (2007) suggest that
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the velocity components outlined in their observationsiadécative of an expanding
torus, rather than a disk-like structure around NGC 6302 filgh velocity compo-
nent is described as tracing the optically thin warm gastéathehind the star, whilst
the medium velocity component is associated with the olpyitdaick cold gas located
in front of the star. The low velocity component is describsgeaking 7 south-east
of the central source and thus is not part of the torus; thiscity range is found in
only one species of the SMA data and so discussion is limiteithis component. The
velocity range between -75 and -64 kni & discussed by Dinh-V-Trung et al. (2008)

however, who identify discrete molecular knots in this Ishited component.

3.3 SMA Spectraand Maps

331 HCN

The HCN spectra (Fig 3.1) clearly shows emission in the edeit medium and
high velocity components as noted above. The brightestssomsppears in channels
around -38 km s' with blending of a smaller component apparent around -44#®m s
A smaller wingfeature in the spectra is incident with the high velocity pament and
peaks at -25 km$. The feature at25 km s which extends te-45 km s?, is a set

of defective channels and when viewed in the image map glshdws an artefact.

The integrated HCN (3-2) emission for the high velocity camgnt V{sg = -28 to
-16 km s? is shown in Figure 3.3, whilst that for the medium velocityngmonent
Vi sr= -44 to -34 km s! is displayed in Figure 3.2. The HCN emission (from both
components) in the same velocity range, show a clear ctioelavith the peak of
12CO. Figure 3.2 shows that the lower contours of the HCN mediamponent have
a distinct broadening to the southwest not coincident wWitgh'tCO emission, which
has an extended broadened emission to the northeast witiefurarrow extended

emission to the south. Conversely, the inner contours otdneponent in Figure 3.3,
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closely trace thé?CO structure, with emission for both species peakiffgcentre to
the east from the continuum peak (central star locationk diiter contour however
has extended emission (to somewhat of a lesser degree thameitium component)
to the east and to the south, which is not mirrored in*l@0O emission. Compared
with the HCN emission thé&’CO emission is extended to the north. The broadening
of the HCN emission to the southeast could be tracing an eutf@bservations by
Elliott and Meaburn (1977) identified neutral (as well asised) material flowing in
four separate but major streams from the core; two were drgleards the observer
from one side of the core and two tilted away from the obseovethe opposite side.
Similarly, fast CO outflows in the form of molecular knotsykaalso been identified
by Dinh-V-Trung et al. (2008) in NGC 6302. These knots, wiHdsated in the bipolar
lobes, are fiset from the major nebula axis in the east-west directiontarile south

of the central region (marked by the continuum emission).

NGC6302 (JY/BEAM)

L
40 60 80

Radio velocity (km/s)

Figure 3.1: HCN spectrum showing main peak centred aroui&r8s* with a small

wing to the right peaking at -20 knts The gap at-25 km s?* which extends ta-45

km s are bad channels and should be disregarded. The spectrimaisex from the
central pixel located within the brightest region, i.e tleak of emission.
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Figure 3.2: HCN (23-2) medium velocity component integrated intensity mam¢c
tours) with2CO medium velocity component (colours). The integratedrisity map
for HCN is from -44 to -34 km 3 with a peak value of 27.4 (K kntT¥). Contours are
spaced from 10 to 90% in steps of 20% of the peak value. Negatimtours are in
dashed lines and are at 10% of the main peak value.

332 HCO”

HCQO" and CN are the only species observed in this work, which sladvilsree com-
ponents detected by Peretto et al. (2007) distinctly. Tgh hd medium components
can be identified in the HCGspectrum (Figure 3.4) which displays a clear line central
core, peaking at 6.43 Jy beahtoupled with the characteristic redshifted wing to the
right of the main line. The low velocity component howeveblisnded with the main

peak.

The integrated HCO (3-2) emission for the low velocity component igd4 = -50

to -48 km s, for the medium velocity component ¥r = -48 to -34 km s?, whilst
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Figure 3.3: HCN (33-2) high velocity component integrated intensity map (oars)
12CO high velocity component (colours). The integrated isignmap for HCN is
from -28 to -18 km s! with a peak value of 19.2 (K knt¥). Contours are spaced
from 10 to 90% in steps of 20% of the peak value. Negative aostare in dashed
lines and are at 10% of the main peak value.

for the high velocity component g = -28 to -16 km st. In Fig3.5 (and also in
Figure 5c of Peretto et al. (2007)) the superposition of theirdage with the?CO
integrated intensity map for the low velocity componentiewn. On this image it is
clear to see that th#CO low velocity component is a double peaked structure, with
the brighter peak fiset from the continuum peak by7” to the south. The peaks of
the CO straddle the southern end of the torus with the bragimteak coincident with
the bright emission of the eastern lobe, and is located oedige of the south-south-
east outflow, whilst the second peak borders the south-seeshedge of the western
lobe. The low velocity HCO emission (Fig 3.6) however, is centred on the brightest
peak only and is only evident in two channels. It is thus iraégd from -50 to -48

km s* whilst the?CO emission is integrated over a larger velocity range fréte
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-48 km s and is approximately twice as bright (12.5 K knt sompared with a peak
of 5.93 K km s for HCO"). Nonetheless, the positioning of both bright peaks would
suggest someflliation with the outflows of the eastern lobe. The HC@edium ve-
locity component emission (Fig 3.7) is similar to that of HGMth the inner contours
closely aligned to the brightest peak of tH€O emission, nevertheless, the HCO
emission is heavily extended and broadened to the southanstight direction shift

to the southwest. Similarly the extend&€O emission to the northwest is not traced
by the HCO emission. The inner contours of the high velocity comportEig 3.8)
again, are closely associated with tR€0 high velocity component, the outer contour
however is extended in all directions except northward® diktribution is asymmet-

rical and is particularly prominent south and westwards.

It can be seen in the three velocity components (Figures3/and 3.8) that the
peak position (in declination) is14 (at -49 km st), ~12" (at -39 km s%) and~10"
(at -23 km s?t). This is indicative of a velocity gradient in the HC@istribution and
is likely due to the expansion of the torus. An expanding $asualso observed in
CO emission by both Dinh-V-Trung et al. (2008) and Perettal e2007), but is not
seen in any other observed molecular species in this woruré€s?? and ?? show
the HCO velocity channel maps, which details the velocity disttit of the emis-
sion and clearly shows the peak of the low, medium and higbcitgl components

discussed above.

333 1Cs

Emission from'3CS J= 6-5 is limited to a velocity of Ysg = -38 km s only, and
therefore is confined to the medium velocity component. Aihiglocity component
is absent and the characteristic wing feature seen in HCNHE@" is not apparent

in the spectrum (Fig 3.11). The main line peaks at 1.56 Jy beand the FWHM is
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NGCE302 (JY/BEAM)

-80 AB‘O -AD A2ID 0 20 40 60
Radio velocity (km/'s)

Figure 3.4: HCO spectrum showing main peak centred around -38 Knbkended
with the high velocity component. The small wing to the rigktaking at -25 kms

is the low velocity component. The HCGpectrum is obtained from the central pixel
located within the brightest region, i.e the peak of emissio

1200 J=2->1

Vel.: from 64 to —48 km.s~

~37%06'00"

& (2000)

—-37°06'20"

Figure 3.5:12CO low velocity component integrated intensity map (congdwver-
laid on Hx image (colours) showing the position of the peaks in retat@the torus
structure from Peretto et al. (2007).

~4 km s? confirming the narrow line width of this species comparechvather ob-
served species. The brighté3€S emission corresponds with the central peak of the
12CO emission, albeit it is slightly shifted eastwards witmtmurs tightly packed on
the west side of the structure. The outer contours howelmrgate outwards towards

the south-east, in the direction of the eastern outflow lobee geometry of NGC
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Figure 3.6: HCO (J=3-2) low velocity component integrated intensity map (coms)
with 2CO low velocity component (colours). The integrated inign®ap for HCO

is from -50 to -48 km s, with a peak value of 5.93 K knt& Contours are from 10 to
90% in steps of 20% of the peak value. Negative contours adleshed lines and are
at 10% of the main peak value.

6302 (see for example Meaburn et al. (2005), Peretto et@0.AR Dinh-V-Trung et al.
(2008) and Wright et al. (2011)) indicates that the bipotéuels are orientated perpen-
dicular to the expanding torus with the western lobe pogéway from the observer,
whilst the eastern lobe is closer to the observer. In thecapitnages of the VLT and
HST (Kemper et al. (2002) and Matsuura et al. (2005) respalg)i, the eastern lobe
is brighter, hence reinforcing the suggestion that the @vadbbe is obscured by the
intervening dust in the torus. In high-excitation regiasidphur is easily ionised (with
an ionisation potential of 10.36 eV), and B the main precursor to CS (Goicoechea
and Le Bourlot 2007). As CS formation is also known to be faredun UV radiated
regions, it is possible that the enhanced emission is daigher ionised gas in the

eastern lobe.
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It is unfortunate that the two tracks requested from the SNt cover the appro-
priate frequency to observéCS in the same observing run, as comparison between
the two isotopologues would have given further insights itite distribution of the

emission.

334 SO

The identification of SiO in NGC 6302 is as surprising as theeireaof the SiO emis-
sion, which is shown in Figures 3.14 and 3.15. Two trans#ioinSiO (=0 andv=1, J

= 5-4) have been observed and as can be seen in the spectrag ey sia sharp, nar-
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Figure 3.7: HCO (J=3-2) medium velocity component (contours) Wii€ O medium
velocity component (colours). The integrated intensityprfar HCO' is from -44 to
-34 km s, with a peak value of 39.1 (K knt¥). Contours are spaced from 10 to 90%
in steps of 20% of the peak value. Negative contours are ihathBnes and are at
10% of the main peak value.
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Figure 3.8: HCO (J=3-2) high velocity component (integrated intensity mapy-co
tours with'2CO high velocity component (colours). The HC@tegrated intensity
map is from -28 to -18 km$, with a peak value of 19.1 (K knT¥) with contours
from 10 to 90% in steps of 20% of the peak value. Negative aostare in dashed
lines and are at 10% of the main peak value.

row peaked emission, commonly associated with maser emni¢Bigure 3.13). The
integrated intensity maps are thus restricted to one chatree velocity of sgr =

-36 km s for SiOv=0 and V{sgr = -26 km s for SiO v=1, and accordingly can be
assigned to the medium and high velocity components, réspsc The integrated
intensity maps for both transitions show a compact strectuth the emission con-
centrated on the eastern edge of the respett®® velocity components. The peak
of the SiOv=0 emission is~5” northwards of SiOv=1 and neither peak is coinci-
dent with the brightest?CO peak emission. The contours of Si©0 are tilted in a
northwest direction and broaden to the east and south, titews of SiOv=1 on the
other hand, mimic thé>CO high velocity structure, albeit in a compacted form and

are displaced to the southern end of the emission. If indaedst maser emission it is
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unlikely to be associated with the cooler, dense torus,isiead emission would be
offset and located closer to the lobes, where pumping of SiOrrabtan produce the
masers. However, maser emission at the spatial resolutitred(SMA observations
would probably be point-like and the SiO emission is not kesih, hence indicating a
different excitation mechanism. In addition, neither tad30 (43 Ghz) or 3 2=1 (86
GHz) masers have been identified in NGC 6302, both of whicltcansiderably more
common in AGB star sources, thas $—4 masers. The contour maps show emis-
sion on the periphery of th®CO, towards the eastern lobe, hence this region could
be representative of a clumpy medium flowing outwards in thextion of the eastern
lobe. Evidence of the destruction of silicaceous dust has lwbserved by Groves

et al. (2002) and is discussed in Chapter 6.

335 N,H*

The spectrum of hH* (Fig 3.16) shows a broad line wid#9 km s compared with
species such a@$CS. The small wing feature to the right of the main peak cabeot
conclusively identified, as it is not typical of the wing feeds in other species such as
HCO", however, it is unlikely to be fH* and is hence possibly a blend with another
species. Also shown on the spectrum is a tentative deteatiBiA*CC. The low signal
to noise however, limits a clear integration of emissionradpice an integrated inten-
sity map. NH* is similar to*3CS in that only one velocity component is evident, with
emission for NH* (3-2) limited to a velocity range of Mg = -42 to -36 km s! and
hence is restricted to the medium velocity component. Thid*Nmorphology (Fig
3.17) represents a compact structure with the contoursezkon the brightesfCO
emission. The contours are moderately elongated north @unth,sand show no fur-
ther extended emission. Interestingly, the compact strads very similar to that of
the HCO' low velocity component emission, however the central eimissf N,H" is

displaced~5” to the north. The velocity separation between the two spesisot too
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dissimilar with HCO emission ranging from -50 to -48 kms(the lower end of the
low velocity component) and * distributed from -42 to -36 kms (the higher end
of the medium velocity component). Nevertheless, as thdymion and destruction
of HCO" and N,H" are interwoven, with the destruction ofN" a formation route for
HCQO", the similarity of emission features and alignment, alBeinewhat shifted in

location, may be indicative of co-dependency.

336 CN

The complete CN (2-1) spectrum, centred at 226.8735 GHaaljed in Figure 3.18,
showing the many hyperfine components within this bandwidtie hyperfine com-
ponents of the lower frequency group are clearly distingeas however blending in
the higher frequency group hinders identification of thavitiial components. The
hyperfine components are discussed in detail in Chapter i details of the hyper-
fine intensities listed in Table 4.1. The individual hypegficomponents were inte-
grated over the velocity range appropriate to the specifmcity component in order

to provide the integrated intensity maps. For example, olevelocity component
corresponds with hyperfine componentsHiF2—-5/2 and =3/2-3/2, these were inte-
grated over the velocity range, ¥g = -60 to -48 km st. The hyperfine components
F=3/2-1/2 and F=7/2-5/2 are within the confines of the medium velocity component
and the individual components were then integrated overdloeity range Vsr=-48

to -36 km s*. The high velocity component encompasses thg/E2-3/2 component
and was integrated over the velocity rangg ¥= -28 to -18 km s!. As noted above,
CN and HCO are the only species which distinctly show emission in até¢hveloc-

ity components identified by Peretto et al. (2007). The CN l@hlocity component
however is unlike that of the HCOow emission, as the peak CN emission does not
correspond with either of the two peaks of €0 low velocity component. Instead

it lies 6” to the north of the brightesfCO peak and is tilted in a north-north-west

direction (Figure 3.20). The direction of the emission,glbewever lie in a similar di-
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rection to the extended emission'8€O, with the outer contours elongated in a south
easterly orientation. The outer contours also overlay tightest*?CO peak but the
CN emission in general does not correspond with the streatfithe>CO low ve-
locity component. The contours of the CN medium velocity poment are consistent
with the brightest emission dfCO, the outer contour on the other hand, like most
species observed, is elongated to the south, whered&feextends to the northwest
with tenuous emission to the south. Similarly, the high egjocomponent contours
are cospatial with th€CO counterpart and closely match tR€0 structure in shape.

A slight extension to the south and west of the outer con®drgcernible.
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Figure 3.9: Velocity channel maps of HCQJ=3-2) emission including the low veloc-
ity component (-64 to -48 kn1$) and the majority of the medium velocity component
(-48 to -30 km st) which peaks at -38 knts.
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Figure 3.10: Velocity channel maps of HC@J=3-2) emission including the high
velocity component (-30 to -15 knT§ which ends at -18 kms.
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Figure 3.11:13CS spectrum showing a main peak only and is devoid of any wing
features. The spectrum is obtained from the central pixagtkd within the brightest
region, i.e the peak of emission.
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Figure 3.12:13CS medium velocity component integrated intensity map tmans)
with 2CO medium velocity component (colours). THES integrated intensity map

is of one channel only and corresponds to a velocity of -38 knwith a peak value

of 3.76 (K km s?1). Contours are from 10 to 90% in steps of 20% of the peak value.
Negative contours are in dashed lines and are at 10% of thepeak value.
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Figure 3.13: Spectra with both SiO 5-4® and \=1 transitions, showing the maser-
like emission for this species. Transitior@ is centred at velocity -36 knts whilst
that of =1 is centred at -26 knt$ and corresponds to emission in the medium and
high velocity components respectively. The spectrum iaioled from the central pixel
located within the brightest region, i.e the peak of emis$ow both transitions.
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Figure 3.14: SiO ¥ 0 (J=5-4) medium velocity component integrated intensity map
(contours) with*?CO medium velocity component (colours). The SiO integrated
tensity map is of one channel only and corresponds to a wgloti36 km s with a
peak value of 1.23 (K km$). Contours are from 40 to 80% in steps of 20% of the
peak value. Negative contours are in dashed lines and ad®% of the main peak
value.
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Figure 3.15: SiO W1 (J=5-4) high velocity component integrated intensity map (con
tours) with2CO high velocity component (colours). The SiO integratedrisity map

is of one channel only and corresponds to a velocity of -26 kKnwith a peak value

of 0.93 (K km s?1). Contours are from 30 to 90% in steps of 20% of the peak value.
Negative contours are in dashed lines and are at -30% of tireprak value.
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Figure 3.16: NH* spectrum showing main peak centred around -38 KmTEhe small
wing feature to the right of the main peak is a possible blertd another species, as
it is not typical of the wing features presented in other spme (HCN for example).
The spectrum for hH" is obtained from the central pixel located within the briggit
region, i.e the peak of emission. At 6kmtsa tentative detection of SiCC is also
marked.
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Figure 3.17: NH* medium velocity component integrated intensity map (corgp
with 2CO medium velocity component (colours). The integratedrisity map for
N,H" is from -42 to -36 km s' with a peak value of 2.92 (K knT$). Contours are
spaced from 20 to 80% in steps of 20% of the peak value. Negatimtours are in
dashed lines and are at -20% of the main peak value.
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Figure 3.1812CN spectra showing hyperfine structure arfiting using the CLASS software. Two fits offtiérent velocities were
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the GILDAS data reduction software package, CLASS and isrde=d in§4.3.
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Figure 3.19: CN (32-1) low velocity component integrated intensity map (coms)
with *2CO low velocity component (colours). The CN integratedrnsitey map is from
-60 to -48 km st with a peak value of 1.79 (K knt¥). Contours are from 30 to 90%
in steps of 20% of the peak value. Negative contours are ihathBnes and are at
30% of the main peak value.

3.3.7 13CN

As with 12CN, the completé3CN (2-1) spectrum, centred at 217.467 GHz is displayed
in Figure 3.22, showing the many hyperfine components withit bandwidth. The
hyperfine components of the main frequency group are clehsiynguished, how-
ever, in a similar manner t8CN, blending of the components is evident, especially in
the lower frequency groups, thus limiting identificationtbé& hyperfine components.
Identification is also impeded by a low signal to noise fostépecies, so hence only
the main hyperfine lines were included in the integratednisitg map and were in-

tegrated over Vsg = -40 to -38 km st. As per'?CN, the hyperfine components are
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Figure 3.20: CN (32-1) medium velocity component integrated intensity mam¢c
tours) with2CO medium velocity component (colours). The CN integratedrisity
map is from -48 to -34 km3 with a peak value of 11.97 (K knT¥. Contours are
from 10 to 90% in steps of 20% of the peak value. Negative aostare in dashed
lines and are at 10% of the main peak value.

discussed in detail in Chapter 4 with details of the hypeiifitensities listed in Table
4.2. The'3CN emission is similar in size and shape to the central (ieglacting the
outer, elongated emissiot)CO structure, however the contours and the peak intensity
of the3*CN emission are shifted to the west. The elliptic nature ef#CN structure

is elongated north and south but shows no further enhandemen
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Figure 3.21: CN high velocity component integrated intgnsiap (contours) with

12C0O high velocity component (colours). The CN integratedmsity map is from -28

to -18 km s?! with a peak value of 5.19 (K knt%). Contours are from 20 to 80% in
steps of 20% of the peak value. Negative contours are in ddstes and are at -20%
of the main peak value.
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Figure 3.22:13CN spectrum showing hyperfine structure centred at 217.467. @ list of hyperfine frequencies and intensities
are available in Table 4.2. A low signal to noise and blendihthe components is problematic for identification of theéiwdual
hyperfine components.
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Figure 3.233CN (J=2-1) medium velocity component integrated intensity mam¢c
tours) with2CO medium velocity component (colours). THEN integrated intensity
map is from -40 to -38 km3 with a peak value of 1.265 (K knt¥. Contours are
from 30 to 90% in steps of 20% of the peak value. Negative aostare in dashed
lines and are at -30% of the main peak value.
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The Cyanide Radical and M olecular

Column Densities

Millimeter-wave observations of CN have become incredsgifayoured as a method
of probing dense molecular gas and PDR conditions. The samebusly observable
fine and hyperfine components of the rotational transitidrGN allow for measure-
ment of the opacity via the ratio of the line intensity of taeemponents. Furthermore,
the isotopologué®C is generally detectable within the same environment andbea
utilised to calculaté?C/3C ratios, which is an important tracer of Galactic chemical

evolution.

2CN and®*CN have both been observed in NGC 6302 and integrated ityansips
and spectra for the two species are detailed in the previoayster in Section 3.3. The
spectra for both species (Figures 3.18 and 3.22) show théfiee hyperfine structures
which are listed below in Table 4.1 f&fCN and Table 4.2 fof*CN. The spectrum for
12CN show two fits of diferent velocities, used to obtain the optical depgr 1°CN,
which is subsequently used to calculate the column densitthfs species (see below
in §4.3). Two fits of diferent velocities were applied to ensure that the majority of

the hyperfine components were includedvas obtained using a method implemented
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in the GILDAS data reduction software package, CLASEhis method assumes the
same excitation temperature for all the components of thiéptet, and that all lines
have the same width. The fit is completed by supplying an ipptameter file contain-
ing the number of appropriate hyperfine structures, theivelassociated intensities
and the positions in velocity space relative to the main comept. The relative in-
tensities of the hyperfine lines used to calculate the optiepth for!2CN are taken
from Saleck et al. (1994) and are also listed in Table 4.1.r€laive intensities of the
hyperfine lines for3CN are taken from Simon et al. (1997). Energy level diagrams
for the N= 2 — 1 rotational levels for both species showing the observagakbtine
structures, are presented in Figures 4.1 and 4.2@X and*CN respectively.

The 12C/3C ratio from observations in this work has been calculatéidiang the

methods of Savage et al. (2002) and is presented at the eh &hapter ir§ 4.3.3

Table 4.1:*2CN hyperfine frequencies for N 2 - 1 transition.

Frequency Transition F Component Relative Interisity

(GH2)

226.2988 X 3/2-32 1/2-32 0.0049
226.3030 R-12 0.0049
226.3145 R -32 0.0120
226.3325 R-52 0.0053
226.3419 ®-32 0.0053
226.3598 ®-52 0.0280
226.6165 X 3/2-12 1/2-32 0.0620
226.6321 R -32 0.0494
226.6595 ®-32 0.1667
226.6636 12-172 0.0494
226.6793 R-12 0.0617
226.8741 Xx5/2-3-2 §52-32 0.1680
226.8747 72-52 0.2667
226.8758 r-12 0.1000
226.8874 R-32 0.0320
226.8921 ®-52 0.0320

a Saleck et al. (1994)

Ihttpsy/www.iram.fyIRAMFR/GILDAS/doghtml/class-htminodel.html
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Figure 4.1: Energy level diagram &iCN for the N= 2 and 1 rotational levels. Quan-
tum numbers J and F show the nitrogen hyperfine splittinge diiserved hyperfine
components in this work are indicated by solid lines. Congmis not observed within
the N= 2-1 transition are marked with a dashed line. Transitioesoadered by fre-
guency for easier identification.
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Table 4.2: Observet!CN hyperfine frequencies for N 2 - 1 transition

Frequency J F, F I F/ F’ Relative Intensity

(GHz2)

2172646 32 1 0 122 0 1 0.0100
2172776 32 1 1 12 0 1 0.0289
2172868 32 2 2 12 1 2 0.0201
2172908 32 2 1 12 1 1 0.0199
2172965 32 2 1 12 1 0 0.0264
2172989 32 2 2 32 2 2 0.0125
217.3011 32 2 2 12 1 1 0.0594
2173031 32 2 3 12 1 2 0.1115
2173049 32 1 2 12 0 1 0.0441
217.3060 32 2 3 3J2 2 3 0.0219
2174285 32 2 3 3F2 1 2 0.0889
2174363 32 2 2 32 1 1 0.0488
217.4377 32 2 2 3F2 1 2 0.0146
2174433 32 2 1 32 1 1 0.0153
2174439 32 2 1 32 1 0 0.0216
217.4670 32 3 4 3F2 2 3 0.1550
217.4673 %2 3 3 3J2 2 2 0.1068
2174691 32 3 2 3J2 2 1 0.0724
2174805 32 3 2 32 2 2 0.0138
2174836 32 3 3 32 2 3 0.0138

a Simon (1997)
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Figure 4.2: Energy level diagram 5fCN for the N= 2 and 1 rotational levels, showing
both the fine and hyperfine structure. The observed hyperdimponents are indicated
by arrows. Transitions are ordered by frequency for eadantification.
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4.1 Quantum Mechanicsof the CN radical

411 12CN

12CN and*3CN are free radicals with one unpaired electron im arbit and with an
electronic ground state o€2X*. The spin of the unpaired electron £51/2) coupled
with the nuclear spin of'N produces fine and hyperfine splitting of the rotational leve
of CN, respectively. Splitting results from coupling of thigferent angular momenta
and the relative magnitudes of the various coupling termsd$ coupling cases are
idealised cases which approximate the actual states of tmear molecules. Of the
five different coupling cases distinguished by Hund, (a) througlQfd)conforms most
closely to Hund’s coupling case (b), specifically o A comprehensive discussion on

this and associated topics can be found in Gordy and Coold{198

A molecule with orbital electronic angular momentum 0 is strongly coupled to
the molecular axis by electrostatic forces. The electran apgular momentum$
does not couple directly with the electrical forces unlasg 0 (A = | X4; | wherea

is the axial component of orbital angular momentum). In giisation the spin mag-
netic moment interacts with the magnetic field generatedheyptbital motion directed
along the bond axis. In Hund’s case (b) (shown in Figure 48a3 0 but S# 0, the
spin moment hence becomes coupledNidhe axis of rotation, as the absence of an
orbital field prevents coupling of the spin moment to thenméelear axis.S instead
couples toN via a weak magnetic field produced by the end-over-end aotatf the
molecule.N becomes equivalent ® (the rotational angular momentum of the nuclei)
whenA = 0. For each rotational level N 1 two fine structure levels are produced as
a result the spin rotation interaction, 239, when S= %2. The idealised coupling d&
andN formsJ, a total angular momentum. Each fine structure doublet isfspther
into hyperfine levels ag, the nuclear spin of nitrogen addsddo formF (I + J =F,

illustrated in Figure 4.3).
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1 A — ’

(a) Hunds Case B (b) Hunds Case for CN

Figure 4.3: Vector diagram depicting Hund’s case (b) (leftyl for the case of CN,
showing coupling of nuclear spin | with molecular rotatibn@omentum J (right).
Adapted from Gordy and Cook (1984).

412 13CN

In a similar manner t&’CN, the spin rotation interaction also generates a finetstreic
doublet in*3CN, however, both nuclei in this isotopologue have a nuctgam; |, =
1> for the 3C nucleus producing hyperfine structure of a similar magiaiftand 4

= 1, which creates a smaller hyperfine structureftx. 3CN is now preferentially
described by a combination of Hund’s casgg described above, angda coupling
scheme appropriate when the hyperfine interaction bet#eamd | is stronger than
the spin-rotation coupling. In the;dcase, thé*C nuclear spin couples first with the
electron spin$ + I; = F;). N adds toF; to form angular momentur,. The total
angular momentunt;, is completed by~, coupling withl,, the second nuclear spin
from the nitrogen atomF is thus formed viaN + F; = F;,, F, + 1, = F. The energy
levels of '3CN are represented by quantum numbers NFrand F, with section rules

AF; =0,+ 1 andAF, = 0, + 1 (Savage et al. 2002).
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4.2 Radiative Transfer

The specific intensity, of radiation, passing through a medium, is modified by absorp
tion, scattering and emission. lIif does not depend explicitly on time, and scattering
is ignored for simplicity, the radiative transfer equation a frequency involving a

line and continuum is,
dl,
ds

where j,, the emission cdécient, or emissivity, is defined as the energy emitted per

=& 1, (4.2)

unit volume per frequency interval per unit time into a uoiid angle. For an isotropic
emitter, the total energy, gEadiated by volume element dV, is equal to the Power,
P,, per unit volume (dV) per unit frequencyydper unit time (dt). To consider the
emission cofficient in terms of Pand hence calculate emission per solid angle, then

Iy = P,/4r. As a formula, the emission cigient is,

- hVo
b= A
wherevy is the central frequency of the transition between an uppergy levelj

N; Aji ¢5i(v) + Jc (4.2)

and lower energy leval This transition has line shape functign(v) and Einstein
A-valueA;. The population, or number density, of the upper levéjsThe contri-
bution . is continuum emission that is taken to be a constant overd#ggéncy range

whereg; (v) is significantly diterent from zero.

The absorption cdicient,, is the reciprocal of the distance required to attenuate

I, to 1/eof its original value. Its functional form is,

_ hV()
- Ax

where we assume the same line shape for emission and absoitd wherds;;, B;

Ky

[Bij Ni — Bji Nj] ¢5i(v) + k¢ (4.3)

are respectively the Einstein-Bodficients for absorption and stimulated emission

(see section 4.2.1). The term is continuum absorption and is treated as constant
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across the width of the line in the same sensg.asFor a continuum dominated
by thermal processes, at temperatufe,the continuum ca@cients are related by

j» = k, B,(T), whereB,(T) is the planck function.

To calculate specific intensity within a medium, the soln$ido the radiative trans-

fer equation (Eq 4.1) when considering emission only, iegilry

1,(9) = 1,0) + fo i\ (9 ds (4.9)

with the addition of the integral accounting for the emiggivarying inside the medium.

In the case of absorption only, the solution for the radeatransfer equation is given

by,

l,(s) = 1,(0) exp

- f SKV (é)dé] (4.5)
0

showing that the specific intensity decreases expongnsalthe ray of light travels a
distance, s, through the medium.«Jfis a constant, then Equation 4.5 can be written

asl (s)=1, (0) expF«,9|.

The optical depthr is a useful quantity in which to describe the transparencyg of
medium and it is the integral of the absorption §m&ent along the ray of light, which

increases as it traverses the medium. It is hence defined as,

7'V(s):f0 Ky (5)ds (4.6)

If a medium is described as optically thin, it has 1. If 7 is > 1, then the medium
is said to be optically thick (opaque) and attenuation ofrdmliation will be large.
Equation 4.5 can also be written as(3) = 1, (0) e™ where |, (s) is diminished by its

initial value exponentially as a function of its optical dep
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Itis convenient to express the radiative transfer equdko.1) in terms of the optical

depth. In this case,

dl,(7)
dr
where S is the source function and is defined as the ratio of the eamgsi the ab-

=S, -1, 4.7)

sorption coéicient, S=j,/k,. Multiplying both sides by gives,

erlv 1 T d(eTlv) _
4 +€el,=€95, — e

After substitution of values, the formal solution to Eqoati4.7 is given as,

€S, (4.8)

l,(r) = 7 1,(0) + f S, (1) e ™ dr. (4.9)
0
which in its simplest form can be interpreted as the sum oftevms; the initial in-
tensity reduced by absorption, plus the radiation emitiethb medium also reduced
by absorption. The optical depth, is zero at the surface of the medium and increases

inwards.

Kirchhoft’s Law states that in thermodynamic equilibrium, emissiod absorption

are equalj, = «,B,(T), whereB,(T) is the Planck function,

2hy3 1
2 kT _ 1’

thus if the emission depends solely on the temperature oéithéing material, the

B,(T) = (4.10)

transfer equation for thermal radiation becomes,

l, = loe™ + B(T)(1 - ™). (4.11)

It is convenient in radio astronomy to specify the speciftemsity, |, in terms of the
equivalent blackbody brightness temperaturg,IT = B,(Tp). At radio wavelengths
Planck’s law is well approximated by the Rayleigh-Jeang@gmation,hv/kT <« 1,
given by
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2
B,(T) = ZCLZka (4.12)

In local thermodynamical equilibrium, the excitation tesngture, T, can be used in
the source function to yiel8, = B,(Tey). Again, if the Rayleigh-Jeans approximation

holds for the relevant frequency, then

Tg=Tex(1-€™) (4.13)

If 7, > 1i.e. the material is optically thick, thefy = Tex and the excitation temper-
ature is given by the observed brightness temperaturetljir€onversely, ifr, < 1

thenTB = TVTex.

421 Einsten Coefficients

Kirchhoff’s Law (section 4.2) relates the emission and absorptiontbéamal emitter
on a macroscopic scale. This equivalent relationship oncaascopic level is defined
by the Einstein ca@cients and describes the emission and absorption of phatahs
the resulting interaction with matter. The Einsteinf@@&nt forspontaneous emission
from an upper leve] to a lower leveli is defined ash;, the transition probability
per unit time (s'). N; A; is the number of spontaneous radiative decays from level
j to leveli per unit volume wherdN; is the number of particles in levglper unit
volume. The probability of a radiative transition from léveo levelj per unit time,
in a radiation field of mean intensity, is defined byB;;, the Einstein cocient for
absorption and equates td,B;;, wherev = Ej;/h and E;; is the energy separation
between the levels. Similarly, the Einstein fio@ent for stimulated emissiqrBj,
from levelj to leveli is defined ag), B;;, where J follows the notation above. Using a

detailed balance of the energy level populations, it carhogva that,

Aj = (2n*/c?)B; and B = (9;/9)B; (4.14)
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where g and g are the statistical weights of the respective upper andri¢evels re-
spectively (Emerson 1996). The Einstein A and Bftiogents can also be expressed in

terms of the absorption and emission fméents, as discussed aboveid.2.

The source function ($is the ratio of the emission to the absorption fteeent, S
= |,/k,, by replacingj, andk, with the definitions above (Eqg. 4.2 and 4.3) and com-
bining with equation 4.14, the line-only source functioduees to Planck’s function
if the energy levels are populated according to the Boltamdistribution,
N; 9

L = 2 g B /KTex with E;; = hy 4.15
N g ij (4.15)

4.3 Column Densities

43.1 2CN and13CN

The column densities fo?*CN and**CN can be directly evaluated from the relative
intensities of the hyperfine components of the rotatioraalditions. If the level popu-
lations of the hyperfine states are in LTE, the states pogdilate proportional to the
statistical weights within a given rotational level. Cdations of column densities
utilising this approach have been presented by Akyilmaz.€2807) (Eq. 4.16) and
Savage et al. (2002) (Eq. 4.17) and has been followed for tr& im this thesis. The

column density N is given by,

In2

_ ArAv ( T )% Q T 1 (4.16)

N =
3 guA(u - l) 1- exp(_EI/kBTex) exp(_EI/kBTex)

In the expression abovey is the full width velocity of the line at half maximum
intensity (of the main hyperfine component),ig the degeneracy (statistical weight)

of the upper level of the 2 - 1 transition, Ay |) is the spontaneous radiative transition
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probability to the lower level, whose energy isdhd Q is the partition function. The
optical depthz, was obtained through fits to the CN spectrum and is detailsdgtion
4. In the case ot*CN, the emission is assumed to be optically thin and a column

density was derived from the following,

ot 8rivUsR, f

where/,q is the rotational partition function,glis the beam-corrected antenna tem-

(4.17)

peraturey is the frequency, 3iis the dipole moment anti V4, is is the velocity at full
width of the line at half maximum in knT$. Ry is the LTE intensity ratio of a given
hf component to the main line. In this instance the B/2 — 3/2 was used. Column

density results for both species are listed in Table 4.4.

432 HCN,HCO", CSand N,H*

Whilst both HCN and BH* have hyperfine structure, the components are subject to
blending and not resolved in the spectra obtained for theseiess. Column densities
for these species, plus HCGnd *3CS, are thus calculated assuming no hyperfine
structure, and with optically thin emission and with leyadgulated in LTE conditions.
The equation (Eq. 4.18) used to derNg; follows the work of Caselli et al. (2002). An
excitation temperature.f= 30 K was used and was taken from Bujarrabal et al. (2012)
who present the latest temperature calculations on NGC.d80&s found however,
that increasing the excitation temperature to 100 K hde kftect on column density
figures. The equation by Caselli et al. (2002) assumes thimed are optically thin

and that all rotational levels are characterised by the sai¢ation temperature

_ 8rW g 1 1 Qrot
° A Qu Jv(Tex) - ‘Jv(Tbg) 1- exp(_hV/kTex) g exp(— EI/kTex)

(4.18)

where 3 = To/[exp(To/T) — 1] and Ty = (E, — E)/k, A is the Einstein cocient
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and g and g are the statistical weight of the upper and lower levelseetyely. Qo

is the partition function, Eis the energy of the lower level ardis the Boltzmann
constant. The integrated intensiti&#é, were derived from Gaussian fitting of the main
line profile and for species with ‘wing’ emissiow, refers to the sum of the integrated
intensities of each velocity component. The parametersvaheks used to determine
Nt for each species, are listed in Table 4.3. Table 4.4 listscdteulated column
densities for the detected species in this work, with coispas of Ny for NGC 7027
(Zhang et al. 2008) and the Red Spider Nebula (NGC 6537) (Ethvand Ziurys
2013). The column densities of CRECN and**CS are similar for all three PN. The
column density of HCO s an order of magnitude greater in NGC 7027 and exactly
one order of magnitude lower in NGC 6537 than in NGC 6302. Alsinpattern can
be observed for HCN, albeit figures for NGC 6537 are a factdrlofver. N,H™ again

is more abundant in NGC 7027 and a factor of 2 lower than NGQ630

Table 4.3: Column density parameters used to determige fdr each molecular
species observed (exceBCN and'*CN) using equation from Caselli et al. (2002).
Integrated intensity includes central line profile emiasand any ‘wing’ emission. An
excitation temperature of 30 K was used for all species.

Molecule Transition @: B Integrated Intensity
(Kkms™)

HCO* 3-2 12.02 44.594 37.73(0.3)

HCN 3-2 12.09 44.315 30.66(0.3)

13cs 6-5 22.86 23.754 4.16(0.1)

N,H* 3-2 11.52 46.587 3.07(0.1)

4.3.3 12C/13C Ratios

While *2C is formed predominantly via the triple alpha procé3g,formation is a sec-
ondary process, arising viathe CNO cycle and occurs priyniarihe red giantsupergiant
phases. These ftiering mechanisms thus provide constraints on interiotastplo-

cesses and are used to trace Galactic chemical evolutigmcalyalues for the abun-
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Table 4.4: Column densities for observed molecular speci®&sC 6302 calculated
in this work, with comparative data dd; in other PNe, specifically The Red Spider
Nebula (NGC 6537) and NGC 7027.

Molecule | Frequency| Transition | Nt NGC 6537 | NGC 7027 | Notes
(GHz) (cm2)2

CN 226874 |2-1 4.40 (13)| 1.6 (13) 1.02 (13)

13CN 217.4671 | 2-1 4.3(12) | 8.3(12)

HCN 265.886 | 3-2 2.3(13) | 5.5(12) 7.05 (14)

HCO* 267.557 |3-2 2.3(13) | 2.3(12) 3.38 (14} | 9 refers to HCO tran-
sitonJ=1-0in¢

3cs 277.455 | 6-5 6.9 (12) | 9.9 (12F © refers to CS transi
tonJ=5-4inP

N,H* 279511 |2-1 1.6 (12) | 6.9 (11 2.43(13) | refers to NH* tran-
sition & 3-2inP

2 All column densities in the form; a(k) a x 1

b Edwards and Ziurys (2013)
¢ Zhang et al. (2008)

dance ratios for the local ISM are 896 and in PDRs such as the Orion Bar, a some-

what lower abundance ratio of 59 18 is derived (Savage et al. 2002). In a study

aimed at determining th&C/*3C ratio in PNe through millimeter wave observations

of 12CO/13CO, Palla et al. (2000) determined a range of values betwaed 23. Palla

et al. (2000) suggest that non-standard mixing procesdég iprogenitors of the PNe

must have occurred during the red giant garchsymptotic giant phase, to significantly

mix 13C and transport it to the surface layers. In recent obsemnatf the Red Spider

Nebula, Edwards and Ziurys (2013) obtainetf@/*3C ratio of ~ 4 and similarly in-

voke hot-bottom burning to account for the low ratio.

The method used in this work to obtaifC/*3C ratios, follows that of Savage et al.

(2002) and is detailed in Equation 4.19,
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]'Z_C _ (3/5)TmainTex (12CN) (4 ]_9)
BC T Tan(CN) |

where T is the line temperature measured from the observed speutra.as the

beam diciency. In this work Ty is the brightest hyperfine line f{d#CN, and corre-
sponds to transition;F3-2. tmain is the optical depth in the main hyperfine line for
12CN and was obtained through fits to tH€N spectrum described above in Section
4. Tex for 2CN is also calculated following the equation of Savage €24102), by

TR _

— = (Tex— Tog)(1 — expmman) (4.20)

C

whereTpg is the cosmic background temperatufigy(= 2.73 K) andRy+ is the LTE

intensity ratio of the given hyperfine component to the maie (F = 52 — 3/2).

The value obtained using equation 4.19 is 18:810). The2C/*3C ratio calcula-
tion assumes that both CN isotopomers undergo the sameedefjexcitation, oc-
cupy the same volume and are not subject to chemical ananaliromalies refer
to processes such as isotope-selective photodissogciatimneby'*C is preferentially
favoured over its isotopomer counterpart due to self simglth regions of high UV

flux (Savage et al. 2002).

This ratio is within the values obtained by Palla et al. (20fa0 other PNe and is
higher than thé?CO J= 2 — 1 and**CO J= 2 — 1 observations by Peretto et al.
(2007) (se€§1.4 and§3.2.1). Peretto et al. (2007) derive a lower limit of 15 foe th

12CO/*3C0 abundance ratio, and hence by associatiof’£3C ratio.
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The Meudon PDR Code

5.1 TheMeudon PDR Code

The Meudon PDR code has been an important tool used for nieglelhd has been
utilised as an aid in the analysis of chemical abundancesdimparison against ob-
servations. The code is primarily aimed at solving chemi&ir photon-dominated
regions (PDR) and is a steady state, one dimensional'cofie¢horough review is

given by Le Petit et al. (2006).

The model considers a stationary plane-parallel slab ofagasdust, irradiated on
one or both sides of the cloud by the interstellar standadchtian field (ISRF), the
intensities of which can be fierent on each side (see Fig 5.1 for a schematic repre-
sentation). The radiation field from a star can also be adeidter via known stellar
spectra recognised by the code or via an external file suppliehe user. The addi-
tion of the stellar radiation has consequential impliaagiéor the chemistry, as due to
the geometry of the code the radiation is viewed unidirectido the surface of the
slab of gas whereas the ISRF is isotropic. The code rungiuielausing the discrete

transitions of H and Kland absorption in the continuum by dust to solve the radiativ

! Available from http//aristote.obspm. fMIS.
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transfer in the UV at each point in the cloud. Specific treatim also given to ki
and HD photodissociation, C and S photoionisation and Cdigseciating lines in
the calculations. Thermal balance is also computed viargeatechanisms such as
photoelectric &ect on dust grains and cosmic rays, which are counteractbccanl-
ing processes of infrared and millimetre emission of thalabke dust, atoms, ions and
molecules. In a similar iterative manner the chemistry impoted, with abundances
of species calculated at each point. On completion of theémaile, a post processor
tool can be used to extract the specific information, inclgdmissivitiegntensities,
cloud temperatures and molecular abundances. The stésdyapproximation of the
Meudon PDR code is its major limitation, nonetheless, teadyj-state nature is com-
pensated for, as photoprocesses in high radiation fieldBqalower extinctions) are
typically shorter than timescales for two-body chemicaktens in a dfuse environ-

ment.

5.1.1 Parameters

Density and temperature are the two most important physjeahtities considered
in the Meudon code, both of which can be user defined and batlbeacomputed
in different ways. Specific temperature and density models inclad#nermal, con-
stant density and isobaric. User defined density and termyerprofiles can also be
added via an input file. Density is defined as the total numlbdrydrogen nuclei
ny = n(H) + 2n(H,) + n(H*) cm™3. The user is similarly able to define a number of

other parameters within the code. The details of which atediin Table 5.1.

The specific photon intensity of the average interstellaWHlgld given by Draine
(1978) is adopted with revisions by Sternberg and Dalgail®9%) to calculate the
UV radiation field

) = 1 (6.300x107 1.023 710 .\ 4.0812)(1013)
A 24 A5 A6

(5.1)
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Table 5.1: Meudon Model Parameters

Parameter Units Description

NH cm3 Total hydrogen density

X Draine FUV radiation strength

Av mag Extinction (total cloud depth)

g 10 st Cosmic-ray ionisation rate

T K Initial Temperature

Star None Additional plane parallel radiation field (op&fn
d. pc Distance from star to cloud surface (if applicable)
P Kcm®  Thermal Pressure

Viurb cmst Turbulent velocity

whered is in A andl in ergs cm? st srt A1 and is used from the Lyman cufap

to A 2000 A given by Draine (1978). For longer wavelengths, thiefang is used:;

1(1) = 1.38243%10°27°2 ergs cm?s 'sr At (5.2)

If the radiation field is isotropic £ J, whereby X) is the derived mean intensity in

ergscm? st A-!andis defined by,

J) = 4—1ﬂ f 1(2)dQ (5.3)

However, the energy density of the radiation fia(d) (in ergs cm® A1) is used to

compute most of the physical quantities which are radidigld dependant,

u(l) = % f 1(2)dQ = 4—: JQ) (5.4)

The radiation field can be scaled by the user, by a scalingrfgctin the parameter
input field. An additional radiation field can also be apphed the Star parameter,
which is calculated as a diluted blackbody and is charasdrby its radiuR,, its

distance to the PDR surface and its éfective temperaturée .

KERRY HEBDEN 103



5: THE MEUDON PDR CODE

s
- (I':-—II
- 8? I+
1 ¥
’ 1/ - 1N
R A,
- ot L
o o 0 GO AV =
S d 8\
3 £}
" e ke
3 = T
. Y 4 =5
o3 C
3

Figure 5.1: Schematic interpretation of the structure aswhgetry conventions of the
Meudon code

5.1.2 Code Structure

All quantities of the PDR code (chemical and physical) argethelant upon one spatial
coordinate, the dust optical depth at visible wavelengths;alculated perpendicular
to the PDR surface. Limitations surrounding the structdréne code impose restric-
tions on the calculation of the physical equations. As thicapdepthry increases,
attenuation of the radiation field reduces the energy demsthe cloud, consequently
conditions at locations closer to the impinging radiationrse require dierent treat-
ment than deeper parts of the cloud. Accordingly, thermdl@remical balance and
radiation transfer are solved through an iterative prqces®reby the whole cloud
structure calculated at stejs used to refine the model at step 1. At each iteration,
the following processes are treated in order; (i) radiatigasfer in the UV, (ii) chem-
istry and (iii) level populations and thermal balance; thpsocesses are described in
more detail below under the appropriate heading. A thorduggiment of radiative
transfer requires an embedded second level of iteratior foelformed, as radiative
transfer is dependant on species population which in tudegendant on temperature.
Steep variations in the optical deptf, at locations such as the/H, transition where
abundances of both species can vary substantially, aremaismbfor by the use of an

adaptable logarithmic spatial grid. This ensures thatehaive variations of the main
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physical quantities do not exceed a predefined thresholdessize of each, step is

calculated.

5.1.3 Grain Properties

Dust grains in astrophysical environments are not only Hgyta for a host of chemi-
cal reactions, including the main formation route gf But they participate in thermal
balancing of a PDR through photoelectric heating and ¢ofis with the gas. In ad-
dition, dust grains determine the cloud extinction cunagureed for the calculation of
UV radiative transfer. In the code, grains are characteiigea mass density of g crh
and a gas to dust ratio @p = N(H) + 2 x N(H»)/E(B - V) (in cm™? and mag?).

A number of additional grain properties are used to detegntieir influence on the
cloud structure and chemistry as follows; the optical dejoit to dust at a wavelength

Ais given by

1 E@1-V) Ay
+ —_—

R/, E(B-V)| 25log()
whereby the parameterization of Fitzpatrick and Massa@LBRused for the standard

.= [1 (5.5)

extinction curve. Specific parameters depending on thetadaggmvironment can be
added to an input file to provide new lines of sight if requir€te grain size distribu-
tion follows Mathis et al. (1977), which is a power-law furoet, dn(a)oc a* da, where
the number of grains per unit of volunei(a) have a radius betweamanda + da
and the index of the distribution law = -3.5. The grain absorption cross sections
are taken from Draine and Lee (1984) and Laor and Draine (19%f spectroscopic
properties of the graphite and silicate particles are detexd experimentally and are
mixed proportionally within the code. Spherical grainshwiadii between 1 nm and 10
um are considered, whilst those with radii smaller than 50 rertreated as polycyclic
aromatic hydrocarbons (PAH) properties. Finally, dusbapson and attenuation are
calculated via the dust albedo, and difusion factor, g, parameters respectively. The

Meudon PDR code treats these parameters as constantshasthgtwavelength range
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912-2000AA these parameters do change significantly. The typical Vialualbedo
is 0.42 (from Mathis (1996)), whilst the fliusion factor, g, is the mean cosine of the
angle of ditusion,d and its typical value is 0.6 (from Weingartner and Drained®)).

Table 5.2 displays the main dust parameters and valuesdqatameters listed above.

Table 5.2: Meudon Dust Grain Parameters

Parameter Units Description Typical Value
amin cm Lower size cutfy 3x107

Amax cm Upper size cutd 3x10°

d cm Mean distance between adsorption sites  2.6% 10

o None Distribution law index -3.5

w None Dust Albedo 0.42

Gy None Myrain/Mgas 0.01

Pgr gcnrs Grain volumetric mass 3

Ry Ayv/Eg_v 3.1

Cp cm?mag! N(H)/Eg.v 5.8 x 161

5.1.4 UV Radiative Transfer

Due to the intensive computational requirements neededilimulate the radiative
transfer equation over a wide wavelength range associatedaWwDR, the code as-
sumes a number of conditions; firstly the impinging UV raidiatis separated from
the outgoing (IR and millimetre) radiation emitted by thestigrains. No internal
UV sources are allowed, instead scattering or pure absorfpilowed by emission
at UV wavelengths is solved. Cooling in the cloud is assunodoktan ‘on-the-spot’
approximation whereby redistribution of radiatiofiexts are neglected and photons
are considered to either escape from the cloud or be reaasdrbm their emitted
location, see Gonzalez Garcia et al. (2008) for furtherrimfation in regards to this
process. Accordingly level populations can only be catealdrom local quantities at

a given point in the cloud. The full transfer equation alorigha of sight can finally
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be solved at the post-processing phase to obtain line maiild integrated intensities,
when temperature, abundances and their level populatarestieen calculated at each

point inside the cloud.

Radiation Field Properties

The external UV radiation field is determined by Draine (1)°4i&] is detailed above in
section 5.1.1. The spherical harmonics method by Robef83{lis used to solve the
radiative transfer equation via application of a varialyid gf wavelengths to maintain
accuracy whilst limiting CPU requirements. The grid is domsted with a number of
either physical values (line positions, ionisation thddl) or imposed wavelengths
from external input files and is applied to a plane-parali@lid with elastic scattering

in order that dependance on wavelength can be ignored. ahsfér equation is given

by

Do — o+ G [ Pl A (5:6)

whereu = cos#, andd is the angle between the direction of propagation of a beam of

radiation and then perpendicular to the slab of gas (sead-gd) ands is the curvi-
linear abscissa in the perpendicular direction to the fasu) is the specific intensity
in ergs s* cm2 srt A~ at positiorr in the directionu, whilsto, is the dust scattering
codficient (cnt!) andk; is the total absorption cdigcient (dust plus gas) also in cf

p(u, &) is the dust angular redistribution function of the radiatfield.

In order to model a PDR regiortfectively, the precise treatment of thgH transition
zone is required, which is primarily governed by the caltafaof H, self shielding.

In the code, this is performed in one of two ways; an approxthanethod based on
Federman et al. (1979) to calculate the self-shieldfiigoes for H, and CO. If explicit
information on H and His not required then an exact method by Goicoechea and Le

Bourlot (2007) can be selected. This latter method allowsigmrous calculation of
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overlapping &ects and radiative transfer is solved explicitly at eaclciigel wave-
length. The former method utilises contribution by dusiretion but approximates
the calculation of absorption in Hines and does not take into account overlapping
of lines of any chemical species. Assuming a one-sided miodsimplification, the
energy density at wavelengih at any point in the cloud is calculated as (Federman
etal. 1979);

uy(7) = W Dy ) Li(N(X)) (5.7)
X

whereu§ is the energy density at the edge of the cldDgljs dust absorption at position
att,, X is the chemical species in question dndN(X)) is the absorption of species
X with a column density N(X) from the cloud edge to positign Upon evaluation of

the absorption variables, the radiative transfer equdtemomes,

ol(z,
B o) - S (5.8)
T
with S, the source function;
w(r) , ,
St =252 [ Pl (r ) 59

The escape probability of secondary UV photons within tloei@d) is computed using
the method of Flannery et al. (1980), an "on-the-spot apgpraton” whereby photons
are assumed to be absorbed from their emitted locatioreyfdid not escape the cloud.
The shortcoming of this approximation is an underestinmatibthe energy loss, thus

slightly changing the level population of species at thahpo

5.1.5 Thermal Balance
Heating Processes

The temperature and hence the chemical structure of a PDéhisotled by the inci-

dent FUV photons which drive the chemistry through two magating processes,,H
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formation on grains and photoelectric heating via ejectibelectrons of small dust
grains and PAHs. The models by Bakes and Tielens (1994) cfideedistribution of
interstellar grains and their contribution to the heatihghe gas by the photoelectric
effect are followed by the Meudon code, with some adaptatiomdyding the grain
absorption coicients which are taken from Laor and Draine (1993), and tlaegeh
distribution which is calculated for each grain size, fdrms by the association of
hydrogen atoms on the surface of dust grains via: H + gr. — H, + gr., and whilst
some fraction of the formation energy4.5 eV) is retained in vibrational excitation of
the H, molecule, the energy distribution between internal eneggpin excitation and
the kinetic energy of the molecule is unknown. As such, tipamgtion energy of H
formation in the code is split evenly between these prosesa&kthough a number of
options are available to determine how the internal enesgpread within the levels
via theiforh2 parameter, only one is recommended and is calculated as,

n E
2y En On eXp(‘WiX
=N

Y On exXplis
whereE, is the energy of level ng, is its statistical weight andfax is the highest

Eint =

(5.10)

H, ro-vibrational level. The photodissociation of, Ht a PDR surface is an important
factor in gas heating and is assumed by the code to yield a kieatic energy of
~ 1 eV (Abgrall et al. 2000) along with HD, CO and its isotopess @issociation
is not always expected, the photodissociation probabditg abundance of species
involved (at that point) are multiplied with the mean kimeéinergy to calculate the
actual energy input. A mean photon energy of 13 eV is assuwredtiier chemical
species. Further heating is provided by: kinetic energynvidecular formation and
atomic ionisation. 4 eV by cosmic rays are also assumed. drteepgroduced in highly
exothermic dissociative recombination reactions andneutral reactions via cosmic
rays provide the primary source of heating in the code atlag The rest is provided
for by the dtference in enthalpies of the products and reactants in claéne@ctions,

which becomes important in cold, dark regions where thegrhfitix is diminished.
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Cooling Processes

Discrete radiative transitions in lines of C, O, S, Si;,, ®I*, Si*, HCO", CO, CS,
H, and HD provide the cooling in the code. Calculations areqreréd on a de-
tailed balance of the energy level populations produceddmgmical formation and
destruction, radiative decay, collisional transitiond ansmic microwave background
interactions. The cooling properties of @ccounts for the majority of the cooling at
lower magnitudesg 3 Ay ), whilst photons crossing through thé/C transition zone
are essentially able to escape to the edge of the cloud ticipate in cooling at larger
Ay. H, is important in both heating and cooling processes withi& PCollisional
de-excitation of the vibrational levels after FUV pumpirfg-b, heats the gas, whilst
radiative quadrupole decay following collisional vibatal excitation cools the gas.
Additional consideration when calculating the balance jiddels is also given to col-

lisional transitions with H, H, He, H and H;, and level specific formation on grains.

5.1.6 Chemistry

The penetrating FUV photons near the edge of a PDR keep hgdragd oxygen
atomic and carbon ionised. Molecular hydrogen, once formealcts quickly with
species such as*CO and OH which have small activation energies and thus chemi
cal reactions can proliferate at an appreciable rate in #ar@nwdense gas of a PDR.
Chemical aspects including abundances and column dexsitia all be analysed af-
ter convergence has been reached for radiative transéeméh balance and chemical
equilibrium. These can all be determined at each point inctbed with the post-
processor tool. Chemical species and reactions are readdroinput file supplied
with the code. The file lists 134 species including neutral eationic species. As
standard, no anion species are included. Two variationeethemistry file can be
downloaded, one including deuterated species and the wittesut. The species are
involved in 2652 reactions and specific reaction are desdfielow. Chemical balance

is obtained for each species X via

110 THE INTRIGUING CHEMISTRY OF NGC 6302



5.1: THE MEUDON PDR CODE

dn(X)
dt

whereFy is the formation rate anQy is the destruction rate. The majority of reactions

=Fyx-Dx=0 (5.11)

follow an Arrhenius law and for each reaction chemical ratescalculated from three

parametersy, 8 andy,

k= y(%:) expB/Tk) cm® st (5.12)
with k the chemical rate at a specific point in the cloud at tempezdiy. Gas phase
reactions are only considered in the Meudon PDR code, ast@tpes are considered
to high in a PDR for species to freeze out onto grainsistthe notable exception as gas
phase reactions are notoriously too slow, so formation amgris generally assumed

to be the dominant pathway. Thefféirent categories of reactions are listed in Table
5.3.

Table 5.3: Generic gas phase reactions important in PDRgygmchl rates. Table
adapted from Tielens (2005)

Name Reaction Rate Cfirients Unit Note
Photodissociation ABhy—>A+B 10° st (@)
Neutral-neutral ArB->C+D  4x101 crst  (b)
lon-molecule A+B—->C"+D 2x10° cr’st  (c)
Charge-transfer A+B—->A+B* 10° cr’st  (c)
Radiative association AB— AB + hy (d)
Dissociative recombination A+e—C+D 107 cm st

(a) Rate in the unshielded radiation field

(b) Rate in the exothermic direction and assuming no adivdiarrier
(c) Rate in the exothermic direction

(d) Rate highly reaction specific
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5.2 Discussion of Chemical M odels of PNe

The first chemical models of PN environments were presengdBldck (1978) who
predicted the existence of a number of diatomic moleculels as H, H3, HeH", CH"
and OH through modelling ionised gas in th&/H° transition zone. A number of other
authors including Howe et al. (1994), Yan et al. (1999), Alattd Hollenbach (1998),
Hasegawa et al. (2000), Ali et al. (2001) and most recentipuga et al. (2012) have
all used models in order to investigate the varying phen@wéthin PNe. Howe et al.
(1994) model molecule formation in dense globules (indreadf evolved PN) and

predict appreciable quantities ofld and CN if the gas is carbon-rich.

The neutral envelope of NGC 7027 is investigated by both Yaal.e(1999) and
Hasegawa et al. (2000) who utilised chemical steady-staideta of a semi-infinite

slab approximation and spherical symmetric model, respygtof a thin, dense shell

and an outer stellar wind region. Yan et al. (1999), who pressba thermal-chemical
model, concluded that CH OH, CH and high3 CO lines originate from a high-
temperature~ 1000 K), dense PDR. Similarly Hasegawa et al. (2000), alsclode

that high temperatures (for the same species) and a conaningth photo-chemistry

(for HCO' and CQO) can explain the observed abundances in NGC 7027. Hasegawa
et al. (2000) also state that molecular formation is ocogrwithin timescales of less

than 100 yrs due to photodissociation in the neutral eneelop

Natta and Hollenbach (1998) examine tHeéeets of FUV (6 eV< hy < 13.6 eV),
soft X rays (50 eVs hv < 1 keV) and shocks on predominantly neutral gas. They
determine that whilst FUV photons influence early PN evolutsoft X-rays are dom-
inant in latter stage PN formation. Ali et al. (2001) constrpseudo-time-dependant
models of cool, dense, C-rich clumps in neutral envelopascbdbmparison against
observations of three evolved PN: NGC 6781, M4-9 and NGC 7ZB3eir results

suggest that an enhanced ionisation rate from X-ray enmssieequired to match ob-
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servations of species such as HCN, HNC, ;NGand SiG. Additionally a number
of molecular species including CH, GHCH"2, OH and HO should be prevalent in
the PNe. Kimura et al. (2012) probe chemical formation irdaegions beyond the
ionised zone, using a self-consistent photoionisationearigal code. In conjunction
with previous authors, their models also required X-rayssimon to account for the

molecular composition of their modelled gas.

5.3 Meudon Models

For modelling a PNe, the Meudon code has the advantage af bbéie to add an ex-
ternal stellar spectrum to the parameter input file, thuslatimg the conditions within
a planetary nebula. The stellar spectrum is limited howavéhne range of values ac-
cepted for the radius and temperature of the added sourc€. 8882 is described as
being one of the highest ionized known PN, with a central teimperature ot 150,
000 (Groves et al. 2002) to 430, 000 K (Ashley and Hyland 198&iditionally, as a
PN evolving to a white dwarf, its previous estimated prog@nnass (4-5 M) would
therefore be no longer applicable and a reduced-mass staimnitially selected. A
central star mass of 0.#8.82 was found by Wright et al. (2011) who compared the
properties of NGC 6302 from their models, with those frone{titermal pulse (LTP)
models to ascertain its evolution. A series of models weea tin to establish which

parameters accepted by the code would best fit the PN at rsntuavolution status.

Starting with the lowest calculated temperature (150, Q0@ke star temperature pa-
rameter was increased incrementally in steps of 10, 000K @00, 000 K) and mass
increased in steps of 0.1 (from 0.8 M It was found, that a star of 1 solar mass and
temperature of 150, 000 K provided the best fit to the obsecoddmn densities for
the majority of species within the standard models (ModAthvthe temperature and
radius set for the star input file, models were then constduchanging a parameter at

a time, to establish itsfiect on the chemistry. Parameters that remain unchanged in-
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clude the hydrogen density{h set at 5.5 x 18cm3 and the starting gas temperature,
which is set at 20 K for all models. Varying the initial tematre up to 100 K had no

overall gfect on the final column density figure.

The chemistry file utilised in the following models was dowenied with the Meudon
PDR code. The chemistry file consists of 134 chemical spemes2652 reactions
compiled from UDf2, the OSU database and from the literature. The vast majority
of the reactions, however, are from the UDfA. A few selectratances and some re-
action rates have been altered to probe varying conditabetsjls of which are listed
below and in Table 5.4. The chemistry was allowed to evolve teaximum A = 20

to highlight any peculiarities or anomalies with incre@sextinction. A few authors
have already calculated the extinction videliing methods, notably Matsuura et al.
(2005) and Szyszka et al. (2009) and both have reported kityicBon towards the
torus of NGC 6302. Matsuura et al. (2005) derivg A 6-8 from the ratio map of
Ha to radio flux. This is echoed by Szyszka et al. (2009) who finaralar value of
Ay = 6.6 by comparing the (469®766 A) colour of the two photometric points with
that of a star of a given blackbody temperature subjecteth&adf-sight extinction.
As such, the comparison of modelled column densities figwi#s those calculated
from observations in this work are presented at=A7—8. Column density figures are
presented for both magnitudes, as abundances for someutaslepecies is seen to

increase around an2of 7-8 (see below).

A grid of models with varying parameters were constructedrder to model column
densities comparable to the calculated column densitiés38® 6302 and thus ascer-
tain the likely conditions of the nebula. Conditions aredatly divided into four areas;
standard, X-ray, dense-cloud and dense-cloud with X-rageatso Standard model con-

ditions have standal(cosmic-ray ionisation rate) values¥510-*" s 1) and standard

httpy/www.udfa.net
3httpy/www.physics.ohio-state.eglerigresearch.html
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Ry (the total to selective extinction ratio) value (3.1). Xrmraodels have increased

(5 x 10716 s1), to simulate X-ray emission (s§6&.3.2), otherwise values are the same
as standard models. These models are labelled as ModA and2odspectively.
Models ModB and ModB2 represent dense-cloud environmerdsianse-cloud with

a simulated X-ray emission, respectively. Dense-cloudet®lblave standarglvalues
and an increased\Rvalue. The dfuse ISM has a typical Rof 3.1 and is the default
value in the Meudon code (and hence for ModA and ModA2 moddlkg value of
Ry, in general rises from 3.1 to 4 and 5 for star formation regiand dark clouds
(Moore et al. 2005). A larger value ofyRs suggested to indicate larger grains in a
dense environment (Cardelli and Clayton 1991). As the massipanding torus of
NGC 6302 is suggested to have a total torus mass »fM, + 1 M, (Peretto et al.
2007), and as the presence of a population of large and caidsyjnas been suggested
by Molster et al. (2001), ModB models have an increasgdaF.5 to reflect a dense-
cloud environment populated with large grains. Densedlwith X-ray models have

a R, of 5.5 and increaseglthe same as X-ray models.

Within these model sets, a number offdrent chemistry files have been constructed
with varying NO abundances as NGC 6302 is an O-rich PN with a high nitrogen
abundance (Wright et al. 2011). In addition, enhance@ Ireactions have also been
included to establish if increased reaction rates déecaithe production of HCO
(85.3.5). The @N/O abundances (relative to H) specific to NGC 6302 have been dis
cussed by Casassus et al. (2000) (referenced from Barlo83)L&nd Wright et al.
(2011). General Type 1 PNe abundances are also discussaddmsbkirgh and Barlow
(1994). Values discussed in Casassus et al. (2000)/ate-@.4 x 104, O/H = 5.0 x
104 and NH = 9.2 x 104, whilst those of Wright et al. (2011) arg€ = 2.2 x 104,
O/H=5.1+1.3x10%and NH = 3.9 x 10. Those of Kingsburgh and Barlow (1994)
are QH = 4.28+ 5.35 x 10%, O/H = 4.93+ 2.22 x 10% and NH = 5.2+ 0.88 x 10*.
Values used in the models are given in Table 5.4 and the chmgrfiles are identified

by a K number. The chemistry is therefore presented from énggective of an O-rich
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nebula.

The modelled column density figures at A 7-8 are presented in Table 5.5, whilst the
observed column densities from this work used for directganson, are available in
Table 4.4. This table also includes comparisons with othaatetied PN environments
obtained from the literature. WhiféCS is presented in the observations for this work
(Chapter 3), isotopic species are not present in the Meudemrstry files and thus
are not included in the models. Its isotopologue, CS, iesiused in the following
analysis and comparison for this thesis and hence repseaenapper limit for this
species. Also, species such as SiO &iR8IC, are also not present in the chemistry

network and hence are not included in the models.
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Table 5.4: Details of the chemistry file parameters for altels.

Chem QH N/H O/H HCO"/NoH* Notes

File reaction rates

KO 3.6 (-04) 3.9(-04) 5.01(-04) standard UMIST (C, O) averafvalues in refs 1, 2 and 3. (N) from ref 2

K1 3.6 (-04) 9.2(-04) 5.01(-04) standard UMIST (C, O) averafvalues inrefs 1, 2 and 3. (N) from ref 1

K2 3.6(-04) 3.9(-04) 7.15(-04) standard UMIST (C) averagkigs of refs 1, 2 and 3. (N) from ref 2. (O) upper limits frorh3e
K3 3.6 (-04) 9.2(-04) 7.15(-04) standard UMIST (C) averagkigs of refs 1, 2 and 3. (N) from ref 1. (O) upper limits frorh3e
K4AIl 3.6 (-04) 3.9(-04) 7.15(-04) enhanced@reactions (C, N, O) values as above but with increasediosacttes for HO

K5AIl 3.6 (-04) 9.2(-04) 5.01(-04) enhanced@reactions (C, N, O) values as per K1 but with increased imacates for HO

All rates/abundances in the form; a(b)a x 1

References. (1) Casassus et al. (2000), (2) Wright et al. (2011), (3) Kmggh and Barlow (1994) (Type 1 PN)
(4) Huntress and Anicich (1976), (5) Huntress et al. (1980)
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5.3.1 Standard Models(ModA)

In the standard models, the column density figure of CN is amesrder of magnitude
greater than HCN, and over two orders of magnitude greatatrimgen enriched mod-
els compared with O-rich chemistry. This could be attriduteHCN having a larger
effective photo-dissociation rate than CN by a factor &-3. Nonetheless, in the ob-
served column densities, CN and HCN are of the same orderghitoae. The higher
dissociation energy of CN requires photons of shorter vemgths, and such photons
are absorbed by dust mor#ieiently. CN is primarily formed viaCH N — H + CN
across all the chemistry files and then viaGIH followed by C+ NO for the KO and
K1 chemistry files and vice-versa for K2 and K3 chemistry filekotodissociation by
HCN accounts for just5% of the production total over all chemistry files. Simijarl
the formation route for HCN diers little between O-rich and N-rich chemistry, and is
formed via CH + N - H + HCN (~55%), followed by HCNH + e — H + HCN.
Production via H + CN — H + HCN accounts for~4-8%. The destruction of CN is
via collisions with N and O across KO to K3 chemistry files, IshHCN on the other

hand, is destroyed predominately by photons in all models.

Interestingly, the main formation path of HNC across all misdis the same as that
of HCN, namely CH + N — H + HCN. The [HNGQHCN] abundance ratio across
the range of astronomical environments ranges frdl00 and the formation route
(within molecular clouds) is thought to be HCNH e — H + HNC (Sarrasin et al.
2010). This dissociative recombination however, is a séapnroute in these models,
accounting for just10-15% of HNC formation. HNC is destroyed in the same man-
ner as HCN, through interactions with photons or throughrasiecule reactions with
C'.
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Chem file=K0, Rv=3.1, Zeta=10(-17)

20 T T T

10
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Chem file=K1, Rv=3.1, Zeta=10(-17)
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10

Column Density (cm_2) (log)
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Figure 5.2: Standard models (ModA). Chemistry file KO (upeerd K1 (lower).
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Chem file=K2, Rv=3.1, Zeta=10(-17)

20 T T T

10

Column Density (cm'z) (log)
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Column Density (cm_2) (log)
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Figure 5.3: Standard models (ModA). Chemistry file K2 (uperd K3 (lower).
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Table 5.5: Column Densities for all Models ay A 7 / 8

Model Name

Species

Cco
HCO*
H,O
CN
HCN
HNC
CS
NoH*
SG

ModA KO 2031

7.08(17)1.29(18)
1.77(12)y2.41(12)
5.02(12)2.08(13)
7.90(13)8.17(13)
2.76(11)9.43(11)
1.90(11)8.21(11)
2.81(11)7.12(11)
4.59(10y2.64(11)
2.39(04Y4.19(06)

ModA K1 2031

6.91(17)L.27(18)
1.76(12)2.34(12)
4.80(12)L.78(13)
1.20(14)1.22(14)
5.72(11/)L.52(12)
3.92(11/)1.36(12)
2.48(11)6.29(11)
9.48(105.15(11)
1.52(04)2.08(06)

ModA K2 2031

7.90(17)1.39(18)
1.92(12).47(12)
5.41(12)8.16(13)
5.97(13)6.09(13)
1.97(11)4.95(11)
1.58(11).71(11)
1.93(11)4.00(11)
3.81(1QR.07(11)
5.25(04)6.41(06)

ModA K3 2031

7.79(17)L.38(18)
1.91(12)2.44(12)
5.06(122.67(13)
9.35(13)9.47(13)
4.10(11/8.65(11)
3.24(11/8.19(11)
1.72(11)8.57(11)
8.63(1Q1.40(11)
3.66(043.76(06)

ModA K4AIl Z1

7.10(17)L.30(18)
1.80(12)2.44(12)
4.66(12)1.91(13)
7.90(138.16(13)
2.76(11/9.42(11)
1.90(11)8.21(11)
2.80(11/7.05(11)
4.61(10R.65(11)
2.31(04).11(06)

ModA K5AII 2031

7.82(17)1.38(18)
1.93(12)2.48(12)
4.66(122.48(13)
9.34(139.46(13)
4.08(11/8.59(11)
3.22(11/8.13(11)
1.71(11)8.52(11)
8.69(1Q%.42(11)
3.57(043.17(06)

Cco
HCO*

ModA2 KO 2031

6.11(17)1.17(18)
2.22(12)5.82(12)

Continued on next page. . .

ModA2 K1 2031

6.04(17)L.15(18)
2.15(12)5.36(12)

ModA2 K2 2031

7.02(17)1.29(18)
2.42(12)5.99(12)

ModA2 K3 2031

7.0(17)1.28(18)
2.37(12)5.72(12)

ModA2 K# 2031

6.18(17)1.18(18)
2.28(12)6.10(12)

ModA2 K5AIl 2031

7.09(17)1.29(18)
2.44(12)6.07(12)
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H.O
CN
HCN
HNC
CS
NoH*
SO

1.75(13)1.24(14)
9.34(13)1.15(14)
5.94(11)4.91(12)
5.39(11)4.72(12)
5.50(11)3.61(12)
2.58(11)1.65(12)
7.08(05)1.58(08)

Table 5.5: Column Densities for all Models ay A 7 / 8

1.60(13)1.08(14)
1.33(14)1.53(14)
1.13(12)8.07(12)
1.02(12)8.24(12)
4.50(118.07(12)
5.79(11/8.35(12)
3.47(05)6.27(07)

2.54(13R.10(14)
6.85(13)7.86(13)
4.37(11/P.69(12)
4.26(11R.77(12)
3.54(11/)1.82(12)
2.08(11/)1.31(12)
1.28(06)2.50(08)

2.31(13)L.84(14)
1.02(14)1.12(14)
8.48(11%.79(12)
8.16(11/5.09(12)
2.97(111.51(12)
5.24(11/R.94(12)
6.70(05)L.40(08)

1.41(139.57(13)
9.31(13)1.14(14)
5.93(11)5.00(12)
5.37(11)4.81(12)
5.41(11)8.55(12)
2.63(11)1.68(12)
6.79(05)1.54(08)

1.89(13)1.50(14)
1.02(14)1.11(14)
8.39(11/%.81(12)
8.07(11/5.13(12)
2.89(11/)L.54(12)
5.37(11/8.03(12)
6.49(05)L.13(08)

CO
HCO*
H>O
CN
HCN
HNC
CS
NoH™*

ModB KO 2055

8.91(13)3.86(14)
1.87(12y4.60(12)
4.50(12)1.15(13)
6.86(11)2.64(12)
1.95(12)5.36(12)
1.20(12)3.42(12)
1.57(12)2.41(13)
2.52(10y2.97(10)

Continued on next page. ..

ModB K1 2055

8.90(1313.86(14)
1.87(12)4.60(12)
4.50(12)1.15(13)
9.95(11/8.43(12)
2.71(12)7.04(12)
1.69(12)4.50(12)
1.56(12)2.40(13)
8.51(10/9.61(10)

ModB K2 2055

1.21(14)4.52(14)
2.51(1205.57(12)
5.69(12)L.23(13)
6.32(11/2.38(12)
1.79(12)4.62(12)
1.09(12)8.03(12)
1.21(12)1.51(13)
3.15(10/8.61(10)

ModB K3 2055

1.20(14)4.55(14)
2.51(1205.56(12)
5.69(12)L.23(13)
9.32(11/8.12(12)
2.54(1206.17(12)
1.56(12)4.04(12)
1.12(12)1.51(13)
1.04(11)1.16(11)

ModB K4All 26

8.98(1313.90(14)
1.91(12)4.70(12)
4.43(12)1.12(13)
6.87(11R.64(12)
1.95(12)5.37(12)
1.20(12)8.42(12)
1.57(12).41(13)
2.52(1Q12.97(10)

ModB K5AIl 2055

1.21(14)4.58(14)
2.56(1205.67(12)
5.59(12)L.20(13)
9.32(11/8.12(12)
2.54(1206.17(12)
1.56(12)4.04(12)
1.12(12)1.52(13)
1.04(11)1.16(11)
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SG;

9.41(03)3.51(04)

Table 5.5: Column Densities for all Models ay A 7 / 8

9.43(03)3.58(04)

1.68(04)5.12(04)

1.68(04)5.13(04)

9.40(03)3.57(04)

1.68(04)5.13(04)

Cco
HCO*
H,O
CN
HCN
HNC
CS
NoH*
SG

ModB2 KO 2055

8.85(13)3.83(14)
1.85(12y4.57(12)
4.48(12)1.14(13)
1.41(12)6.61(12)
4.25(12)6.61(12)
2.58(12)8.40(12)
1.54(12)2.35(13)
9.73(09y1.76(10)
9.36(03)3.54(04)

ModB2 K1 2055

8.85(133.84(14)
1.85(12)4.56(12)
4.48(12)1.14(13)
1.66(12)7.79(12)
4.82(12)1.51(13)
2.94(1209.72(12)
1.53(12)2.34(13)
6.47(10/8.08(10)
9.37(038.54(04)

ModB2 K2 2055

1.20(14)4.50(14)
2.49(125.51(12)
5.64(12)1.21(13)
1.24(12)5.83(12)
3.72(12)1.10(13)
2.24(12)7.25(12)
1.11(12)1.49(13)
1.32(1Q)2.09(10)
1.66(04)5.03(04)

ModB2 K3 2055

1.20(14)4.50(14)
2.49(12/5.51(12)
5.64(12)1.22(13)
1.48(12)6.97(12)
4.28(12)1.28(13)
2.59(12/8.50(12)
1.11(12)1.49(13)
8.18(10/9.77(10)
1.66(04)5.04(04)

ModB2AK2055

8.92(133.87(14)
1.89(12)4.66(12)
4.04(12)1.11(13)
1.41(12)6.61(12)
4.25(12)1.32(13)
2.58(12/8.40(12)
1.54(12)2.35(13)
9.73(09)L.75(10)
9.35(0318.53(04)

ModB2 K5AIl 2055

1.21(14)4.54(14)
2.54(125.61(12)
5.54(12)1.18(13)
1.48(12)6.97(12)
4.28(12)1.28(13)
2.59(12)8.50(12)
1.11(12)1.49(13)
8.17(10/9.77(10)
1.66(04)5.04(04)

All rates/abundances in the form; a(b)ax 10°
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In the confines of the CO molecular zone, CO is predominaoti;méd via HCO +
e — H + CO regardless of any O or N enhancement. At-A7, the same reaction
dominates. In all models, the primary destruction route@@r is combination with
H3 to form H, + HCO". Preferential modes for destruction also include comimnat
with N,H" and secondary photon interaction, with destruction b Nfavoured more
in N-rich chemistry. The reaction paths of CO and HCae closely linked, with the
main destruction routes of CO being the favoured formatoorie for HCO in ModA
and ModA2 models. The reaction CQ H, is favoured by Kimura et al. (2012) for
the production of HCOin the H and H, zones, where strong UV radiation prevails
(seeS 5.3.6). The chemical abundances of carbon and oxygen usbd models by
Kimura et al. (2012) however are equal. In an oxygen or nérogch environment,
HCO" formation proceeds via @ CH; and O+ CHj in the same zone. At A= 7,

the reaction,

CO+Hj - H, + HCO" (5.13)

dominates. Hl is expected to be very short-lived due to its rapid recomntimnawith
electrons, thus reaction 5.13 requires a high survivalokt}. The production of B
can be increased by ionisation of Hy an impinging soft X-ray flux or cosmic rays
and is discussed in the next section (5.3.2). In a similarmegrthe production and
destruction of HCO and the dense gas dust traceiHN are also interwoven. Whilst
reaction 5.13 is the primary formation route for HGQ is also produced by the minor
reaction CO+ N,H" — N, + HCO", which is a secondary destruction path giN.

The primary formation route for M* is

N, +H; — H, + N,H" (5.14)

which accounts for85% of the NH™ formation across all ModA (standard models)
at Ay = 7-8. Unlike HCO however, NH" has but one alternative formation route,

the ion-neutral reaction
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H, + N3 —» H+ N,H". (5.15)

This alternative reaction is the controlling formationtpédr N,H* at A, = 3—4, with
minor contributions from Nr NH; — H + N,H".

The primary formation route for CS across all models is v dissociative recom-
bination of HCS + & — H + CS with CH+ S — H + CS the secondary favoured
route. In an O-rich environment with low nitrogen abundan@€2 chemistry files),

the reaction,

C+SO— 0+CS (5.16)

accounts for15% of reactions and is preferred over CHS — H, + CS and GS'

+ e — C+ CSin N-enhanced (K3) chemistry. It can be seen in the mo&asifes
5.2 and 5.3) that at A= 5, CS abundances are the same across all models, however
at the second development phasg A7-8), CS does not rise as steeply lowering the
overall column density. As noted above, Ses steeply in abundance frony A

6, and begins to plateau aroung A 15. Between A& = 7 and A, = 8 a diference

of two magnitudes is seen. N-rich chemistry appears to hitideeproduction of S©

as column densities are a factor of four higher in chemiskeg fivith lower nitrogen
abundances (KO and K2). Similarities are seen above for @84diion with SO, in re-
action 5.16, where this reaction is 10% less productivetiogen enriched chemistry.
The dominant formation path for S@s the same across all models and is limited to

two reactions,

OH+SO— H+ S0, and (5.17)

O+ SO — SQ, + photon (5.18)

The neutral reaction of OH4 SO accounts for55-65% of the formation process,

whilst O + SO~35-45%, through chemistry files KOK2. For K3 chemistry however,
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Gas Temperature Gas Temperature
10000 F T ] 10000 F T
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100 = = 100

(a) Thermal profile of standard models (b) Thermal profile of dense-cloud models

Figure 5.4: (a) Gas temperature witky A& standard models (ModA). (b) Gas temper-

ature with A, in dense-cloud models (ModB)

the reverse is true, with reaction preferred above reacti®egardless of enrichment,

SO, is preferentially destroyed by photon interaction acrdlssiadels.

532 X-ray Models (M odA2)

To explain the abundances of some species within PN, X-raye been introduced
into chemical models to ascertain theffeet on the chemistry. This has been under-
taken by Ali et al. (2001) and Kimura et al. (2012) for exampldo suggest that
modelled abundances can realistically approximate obsenal result®nly with the
inclusion on an X-ray flux. An X-ray flux has been simulated dyei al. (2001) via
enhancement to the cosmic ray ionisation rate within theidehs. This simplified ap-
proach was adopted because although X-ray ionisation caupe multiply charged
ions such as C, ions produced in this manner undergo rapid charge exchanye
resulting species, such as lnd H produced quickly by charge-transfer reactions
are also the dominant ions produced by cosmic rays. Enhardeimthe cosmic ray
ionisation rate can be implementefiietively in the Meudon code and therefore the

method by Ali et al. (2001) was adopted in this work to simeian X-ray flux.
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In models (ModA2) with enhanced X-ray emission (Figures &8 5.6), changes
to column densities can be loosely grouped into two categpsipecies whose column
densities increase by a factor of2 and species which increase by a factozo4.

CN belongs to the former group, along with HC@t A, = 7. At Ay = 8 however,
the diferences with standard models is a factor of three higher. HD&; NH™ and
H,O all belong in the latter group, along with $@aving the biggest increase. For
this molecule a dierence of one order of magnitude ay A 7 and two orders of
magnitude at & = 8 is seen, compared to the non X-ray enhanced counterpdn¢s. T
one exception to the two groups is CO, which has slightly los®indances across all

chemistry files within the X-ray models.

In the standard models, the formation process for CN is langevarying across all
chemistry files and this remains the case with the additi@mof-ray flux. Photodisso-
ciation of HCN to form CN remains a minor process, accounfiimg-4% of reactions
with CN preferentially destroyed by separate reactionk Wiand O. It would appear,
therefore, that CN is relatively uffacted by X-ray emission in this modelled envi-
ronment. Similarly, the primary and secondary formatiothpdor HCN and HNC
remain unaltered with X-ray interaction. The favoured teacof CH, + N accounts
for ~55-63% of reactions for the formation of HCN and HNC respetyi, whilst the
dissociative recombination reaction of HCNH e~ produces-30-35%. This is con-
trary to the models of Kimura et al. (2012) and Ali et al. (2pQthere HCNH + € is
the main formation route for both HCN and HNC. Furthermane,destruction routes
in ModA2 models, of both species remain comparable withddeshmodels (ModA),

with photodissociation and collisions by @e favoured methods.
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The remaining species, B, CS, NH" and SQ all have increased column density
figures compared with standard models and are enhanced loyoa & five or more
across all chemistry files (KO to K3). Reaction pathways fbsgecies do not deviate
from standard conditions and neither do destructions soutgerestingly, the column
density for NH™ with inclusion of psuedo X-ray emission is very closely nnestd
to its observed column density, except for chemistry mo#ddlsand K3, which are
a factor of two higher. Detections of ,N* are limited within PNe, with detections
generally being constrained to younger objects. Cox efl8PZ) did not detect MH*

in two evolved PNe, and accordingly used the negative raswdtconstraint to identify
the evolution of PNe. High column densities ofHN' were recorded by Zhang et al.
(2008) in NGC 7027, a PN of similar evolutionary status to N&3D2, with column
densities 7- 8 orders of magnitude higher than predicted by their mod&lifough
the models of Zhang et al. (2008) did not include the additiban X-ray flux, the au-
thors suggest a high formation rate of ia either cosmic-ray or soft X-ray emission
from the central star to account for the high formation rdtBgH™. As NGC 7027 is
reported to emit strong X-ray emission it was thus deducatitiore evolved PN with

weaker X-ray emission would have little or ngHI".

In the X-ray models (Figures 5.5 and 5.6), S®produced at lower extinctions which
accounts for the large increase in column densities, oiserfermation and destruc-
tion paths remain unchanged in regards to standard modelsfferg and Dalgarno
1995). X-ray photons have a significantly lower photoabonpcross-section than
UV photons and can hence penetrate greater distances Withimebula. Soft X-rays
with an energy roughly in the range of 0.1 - 2 keV would béisient to fragment
CO, if allowed to traverse the nebula unimpeded. In a maielytral gas, ionisation
of H atoms by X-rays can produce secondary ionisation anidagions, thus inducing
further reactions. X-ray (and cosmic ray) ionisation gfptoduces H, which reacts

rapidly to form,
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H; +H, > H;+H and H +e — 3H or H,+H (5.19)

In low temperature environments, oxygen atoms do not reglctwdrogen molecules,
however, in the presence of the ions above, despite low texyres, oxygen will react

with H} to form O+ Hf — OH" + H,. OH" and H, can then produce,

+ Ha + Ha +
OH" — OH; — OH; (5.20)

OH;j is then further modified through dissociative recombinatidth electrons to form
OH + H, and H,O + H (Sternberg and Dalgarno 1995). HC@nd CO are both prod-
ucts of further ion-molecule reactions with® and OH and the reactions are discussed

§5.3.5.

To summarise, the modelled column density of CS agH™Ncompare most closely
with observed column densities, when X-rays are introduodggerwise, the inclu-
sion of X-rays generally serves to increase column desgifienost modelled species
compared with standard models. The exceptions to this argdBland HCO. X-ray
emission does not significantly alter the formation or degton pathways for these
modelled species and no other overwhelming trend resuitorg the inclusion of X-

rays can be identified from these models.

5.3.3 Dense-Cloud M odels (ModB)

In the wavelength range 3:6n > 1 > 0.125um, the opticglJV extinction curve can
be approximated by an analytical formula derived by Cardaglial. (1989), which
depends on only one parametey; Re total-to-selective extinction cfieient (R
A(V)/E(B - V)]. Dust grains along diierent lines of sight are composed offdrent
size distributions and possibly, varying compositions.e Malue of R, depends on
the environment, with a smaller,Round in lower-density regions, with the extinc-

tion having a steep far-UV rise and is associated with pdjmura of small dust grains.
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Larger R, values on the other hand, are found in dense regions, witxtirection hav-
ing a flatter far-UV rise due to larger grains. The standardefare constructed with
a standard Rof 3.1, however NGC 6302 has a high mass-loss rate5 x 10 M.,
resulting in a dense (average gas densitydk 10* cm™3) and massive torus (Dinh-V-
Trung et al. 2008) and is also suggested to contain a popuolatilarge grains (Molster
et al. 2001). It is possible therefore that the standayd/&ue of 3.1 does not reflect
conditions in the torus of NGC 6302. A number of Ralues are available for selec-
tion within the Meudon code and a value of 5.5 was chosen tdama dense-cloud
environment populated with large grains. This is the sanhgevas the Orion Nebula,

a PDR known for its anomalous dust emission (Le Petit et &1620

The increased Rvalue changes one significant aspect of the models, the tampe
ture profile of the cloud, which in turn has a widespreéféc on the chemistry. As
can be seen in Figure 5.4, a largey Borresponds to lower extinction, consequently
UV radiation penetrates deeper into the cloud. This resultsgher temperatures at
larger A, in dense-cloud models compared to standard models. FormeanA, =

7 in dense-cloud models, the temperaturedd0— 770 K compared with-150- 170

K for standard models. This change has a cascadiiegteon the molecular structure
of the cloud, where a steep increase in column densities at 3.in standard models
(see Figure 5.2 for example), marks the boundary of the mtdedormation zone.
This zone is now apparent at,/A- 5.5 for dense-cloud models, where column densi-
ties increase rapidly depending on the species, within & ghprange. The second
phase enhancement seen in standard modelg at A now occurs around A= 12

for some species (CO and CS), where a modest incline is séeremaining species,
with the exception of CN and SQOplateau out and start to rise again arourRd-Al5.
The abundances of CN remains approximately constant ansl rimeise as per the
standard models. The abundances of 8@the other hand is markedlyftérent. The
production of SQ does not occur until around\A~ 12 in O-rich chemistry model. In

the nitrogen enriched chemistry, and chemistry files witbveer initial oxygen abun-
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dance, however, formation occurs around-AG6. In these models (KO and K1) SO
rises sharply over a few orders of magnitude, remains léveh rises sharply again at
Ay =14,

The dfects of an increased temperature gt-A7 also extends to reaction pathways.
Carbon, which would be preferentially locked up in CO, is remailable for reactions,
which were not viable at the corresponding & standard models. CS for exam-
ple, was primarily formed via HCS+ e in the standard models. In the dense-cloud
models however, the dominant route is througlsC+ e whereby the former reac-
tion now only accounts for16-18%. The destruction paths similarlyfidr; in the
standard models CS was destroyed via photon interactiovever in the dense-cloud
models it is destroyed through the addition of atomic oxyd&smoval through photon
interaction is now limited t6-16% instead 0~95% as in the standard models. The
column density for CS is also particularly modified by extiao. CS is noted to be a
dense gas tracer (Simon et al. 1997), and in the limit of thesgels, CS is nearly an
order of magnitude more abundant at A 7 and over a factor of 15 greater a} A 8,

compared with standard models.

The production of CS is akin to that of S@ the standard models; it is not produced
until Ay =5, then rises sharply to surpass all other species excepAT&; = 12, the
column density of CS and CO are comparable, however at thig B® continues to
rise, whereas CS plateaus. The development of CO is the sathe atandard mod-
els, except its formation is repressed urt, ~ 6 and hence the column densities
are greatly reduced. Whilst the main formation route for @@ains unchanged, the

secondary production route now changes from OH or O+ CN to H+ CO".
The column densities in general for all species are reduged few factors at A&

=7, compared with standard models. At A 8 however, most models see a moderate

increase, except for ", SO, and CN. CN is lower by nearly two orders of mag-
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nitude at A, = 7 compared with the standard models and is similarly undepred

at Ay = 8. The evolution of CN mirrors that of standard models, withsecond en-
hancement phase. Production of CN, starts at an eani@ofpared to other species
and once the formation zong,/A- 6 is reached, a steady increase is observed. As with
other species, the formation and destruction routes acedifferent. The formation
route CH+ N — H + CN is still preferred for oxygen-rich chemistry, howeveiaomw
oxygen angbr high nitrogen chemistry files, the primary pathway is naaw@NC" +

e . CN was removed through addition of either O or N atoms inddath models, in
dense-cloud models CN is now destroyed predominantly girgahoton interaction,

with a minor percentage via the neutral-neutral reactich W,

The column densities of HCN and HNC on the other hand, aree@sad overall at
both A, = 7 and 8, except for K2 chemistry files at/A 8. K2 is oxygen-rich and
HCN column densities in this chemistry file remain the lovtksbughout its evolution
to Ay = 20. HCN is now formed via HCNH+ e~ across all chemistry files, with H-
CN a secondary preferred route. The HNC primary formatidghyay follows that of
HCN, however, its secondary route favours the previous gmyrproduction pathway,
that of CH, + N.
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Chem file=K0, Rv=3.1, Zeta=10(-16)
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Figure 5.5: X-ray enhanced models, standaydfRodA2). Chemistry files KO (upper)
and K1 (lower).
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Chem file=K2, Rv=3.1, Zeta=10(-16)
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Figure 5.6: X-ray enhanced models, standaydfRodA2). Chemistry files K2 (upper)
and K3 (lower).
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Chem file=K0, Rv=>5.5, Zeta=10(-17)
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Figure 5.7: Dense-cloud models (ModB). Chemistry file KOp@) and K1 (lower).
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Chem file=K2, Rv=>5.5, Zeta=10(-17)
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Chem file=K3, Rv=>5.5, Zeta=10(-17)
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Figure 5.8: Dense-cloud models (ModB). Chemistry file K2 and K3 (lower).
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The primary formation route for M* in the standard models, does not even appear
in dense-cloud models and the primary pathway is now via MOC", followed by
N, + OH*. N,H" is destroyed in the same manner through dissociative reic@tidn
but to a much larger degree when R increased. Although ™ forms eficiently in

dense-cloud models, column density figures remain lower ithéhe standard models.

The column densities of HCGand H,O are not significantly dierent from the equiv-
alent standard models, however, like most other speciesptmation and destruction
routes are. As CO is dissociated at a largeridthe dense-cloud models compared
with standard models, HCOnho longer forms via CG- H3, but is predominantly pro-
duced by O+ CH; and O+ CHj. Nonetheless, HCOis still destroyed in the same
manner as in the standard models,.C-had only one formation route in the standard
models, that of HO* + e". As this region in the dense-cloud models marks the zone
where photons are able to dissociate the molecular hyd@agamostly absorbed, Hs
available for reactions. O is now predominantly formed through the neutral-neutral

reaction of H + OH with the former reaction accounting fefl5% of production.

Overall, it would appear that dense-cloud conditions eittegatively influences the
column density of species (CN,N", SG, and by quite a large margin, CO) or species
flourish, namely CS, HCN and HNC. Others are fiwlient, showing slight increases
and decreases depending on the chemistry file used (H@@ H,0). Little distinc-
tion between formation and destruction pathways betweewadhious chemistry files

is seen, however, the pathways themselves are greBghted compared with standard
models. This is due to the temperaturetience between the two models at the same
Ay. The higher temperature allows, itb facilitate the hydrogenation or formation of
some molecules, whilst CO is dissociated, thus permittiogna O and C reactions to

proceed at a much larger,A
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5.34 Dense-Cloud with X-ray Models (M odB2)

The column density for the dense-cloud models with X-rayhijl@t minor differences
compared with dense-cloud models alone. Indeffdmdinces are negligible, with some
species, CO, CS, HCO H,0 and SQ, showing less than 2% filerence between
models at both A = 7 and A, = 8. CN, HCN and HNC on the other hand have
increased column densities by a factor of 2 or 3. Contrarhésé results MH* has

a reduced column density by a factor of 2 in KO chemistry filesypared with KO
chemistry files in dense-cloud models. It is notable, thallstiX-ray emission in
standard models increasedHN column densities, in a dense-cloud environment, X-
rays have the opposindfect. Reaction routes also deviate from dense-cloud models
for N,H*, whilst other species are uffiacted. In dense-cloud modelsi" is formed

via,

N, + HOC' - CO+ N,H* and (5.21)

N, + OH* = O+ N,H* (5.22)

with the latter reaction being the secondary favoured roii¢h the addition of X-ray
emission into an dense-cloud environment, in high nitrogeemistry (K1 and K3),
reaction 5.21 remains the primary reaction, with HNJ now being the secondary
favoured reaction. In low nitrogen chemistry (KO and K2g<h reactions are reversed.
Reaction 5.22 slips to third choice for all chemistry filebeTunique’ formation route

in standard models (s€gb.15) is not apparent in dense-cloud models and accounts
for less than 4% of BH* production in dense-cloud with X-ray models. Conversely,
reaction routes 5.21 and 5.22 do not feature giHNproduction in standard models
(modA) and X-ray models (modAZ2). Itis worth stating agaithés point however, that
temperatures at\A= 7 in ModB and ModB2 models are approximately 600 K higher
than standard and X-ray models. These large variationsnpeeature undoubtably

account for the dference in reaction routes.
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SO, also shows a disparity in formation routes, though not toakient of NH".
In the standard models, S@Wvas formed via OH+ SO (~58%) or O+ SO (~42%),
while in the dense-cloud models, the former reaction is rf@anly reaction for SO

formation.

5.35 HCO* models

The significant increase of HCQGit the onset of PN formation, is commonly discussed
in molecular studies of PPN and PN. However, the mechanisporesible for the pro-
duction of HCO is still unclear. A number of authors (see discussion alf&ug)
have suggested that X-ray emission from the central staramatyibute to large abun-
dances of H, thus forming HCO by reaction 5.13. Whilst an enhancement of X-ray
emission in chemical models can increase abundances, ltmartdensities of HCO

are still below those observed. In the X-ray enhanced madéd et al. (2001), their
calculated fractional abundances of HC@re a factor of 5 less abundant compared
with observations. In the models by Kimura et al. (2012) ti{elGIO")/N(CO) ratios
could be explained by the presence of a hot star alone witmpdgature o~1.5 x

1C° K. In this work, HCO column densities are increased by a factor-e3 2 X-ray
models over standard models. However in comparison witkereked column densi-
ties, HCO is a factor of 12 lower across standard models and an ordeaghitude
lower in X-ray models (at & = 7). Similarly, a dense-cloud environment does not
serve to increase HCQzolumn densities, instead, the observed column densitg mor

closely resembles that of the standard models.

Accordingly, from the contribution of models to date, it Wdsuggest that an increase
in X-ray emission is not required to produce large abundaméeHCO". To ascer-
tain if a specific chemical enhancement rather than an iseck®nisation flux could
contribute to the high column densities of HCG number of select reaction rates

involving H,O have been increased. These particular reactions haverepulated
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Table 5.6: Modified HO Reactions in K4All and K5AIl chemistry files.

Reaction Standard Value New Value
C* + H,0 - HCO" + H 7.00 (-10) 2.70 (-09)
H,0 + CN* - HCO* + NH 1.60 (-10) 2.70 (-09)
H,O" + CO— HCO' + OH 9.00 (-10) 0.31 (-09)
H,O + CO* — HCO* + OH 8.84 (-10) 0.90 (-09)
H,0 + C,N* — HCO" + HCN  7.00 (-10) 2.70 (-09)
H,O" + HCO — HCO' + H,O 2.80 (-10) 2.70 (-09)
H20 + C;H" - HCO" + CoH,  2.48 (-10) 2.70 (-09)
H>0 + N} — HCO* + OH 5.00 (-10) 0.50 (-09)

as the presence of water-ice in NGC 6302 is well documentéddister et al. (2001),

in addition, gas-phase @ has also recently been detected by Bujarrabal et al. (2012)
The exploration of gas phase@ in these models is twofold; firstly, does® influ-
ence the production of HCQ Secondly, gas-phase models involvingCHn PN is
infrequently documented, whilst water vapour in circurigteenvelopes (CSES) on
the other hand, has recently witnessed a surge in interestadiine recent detection
of gas phase water in the well studied carbon star4R@216. It is hoped therefore,
that these models will contribute to the ongoing analysigasf phase kO in extreme

environments.

140 THE INTRIGUING CHEMISTRY OF NGC 6302



5.3: MEUDON MODELS

Chem file=K0, Rv=>5.5, Zeta=10(-16)

2 T T T

10

-2

Column Density (cm ) (log)

Av (log)

Chem file=K1, Rv=>5.5, Zeta=10(-16)

2 T T T

10

-2

Column Density (cm ) (log)

Av (log)

Figure 5.9: Dense-cloud with X-ray models (ModB2). Chemyiste KO (upper) and
K1 (lower).
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Figure 5.10: Dense-cloud with X-ray models (ModB2). Chdrgile K2 (upper) and
K3 (lower).
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The formation of HO in the gas phase through neutral-neutral reactions isadow
temperatures, however in a moderately ionised medium, gom can occur more
rapidly through ion-molecule reactions. In recent modgidvieijerink et al. (2012),
the authors explore the possibility of enhancing-abundance in the gas phase in an
X-ray exposed environment, using Monte Carlo and rate éguaimulations to de-
termine the #iciency at which oxygen is converted into OH angdHon dust grains.
Interstellar carbonaceous dust grains were used as thgstatad formation rates of
both species were determined for temperaturgs; ¥ 10-60 K. The authors found
that the fraction of HO released back to the gas phase after formation is 9% and the
formation is dominated by the reaction GH{ — H,O. However in the presence of a
strong UV radiation field, water on the grain can be photaigged and subsequently
reformed in the gas phase, increasing tffective fraction of HO by a factor of 5.
The dficiency of converting oxygen atoms arriving on the dust ateased into the
gas phase asJ® is near 60% for §,s:= 15-40 K, with formation dependant on abun-
dances of O and H (on the grain), and in the gas phase on, @néiOH. Whilst the
work was undertaken assuming bare carbon grains and no/exes)dhe investigations
assumed an O-rich environment with O and H abundances apf#ito those in NGC
6302. Similarly the temperature range at which the grainstreticiently form H,0O

in the gas phase are within the limits suggested for the teraperature of NGC 6302.

With this in mind, a search of the literature was conducte@hernative HCO forma-
tion rates through reactions with,8. It was found that experiments by Huntress and
Anicich (1976) and Huntress et al. (1980) produced hightesréhan those presented
in the UMIST database for the same reactions, namely: €,0 - HCO" + H (en-
hanced to 2.% 1¢° cm® s'!) and CQCO" + H,0"/H,0 — HCO' + OH (enhanced
t0 0.31/0.9x 10° cm?® s1). In addition to possibly enhancing HC@bundances, O
reactions to produce JM* were also updated. As noted above, the formation N
occurs predominantly via one reaction path (discuss&®if.1) and as hH* is also

associated with low temperature, dense environmentsettation N + H,O — N,H"
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+ OH was enhanced to ascertain ifseat on the chemistry. These increased reac-
tion rates are included in the K4All and K5AIl chemistry filda addition, the K5AII
chemistry has enhanced oxygen abundances, whilst K4Alstaaxlard abundances
as per the KO chemistry files. Initially, only the three afoentioned reactions were
updated in the chemistry files, however, little discrimioatwas seen between the col-
umn densities with the enhanced rates and those with sthneaction rates. It was
then decided that all reactions which includeglHas a reactant in the formation of
HCO" should be updated. If updated reaction rates could not besdun the liter-
ature, a value of 2.78 10™° was adopted. Whilst this is a somewhat of an arbitrary
value, it is the updated figure from Huntress and Anicich @)9@r the reaction C

+ H,0 —» HCO" + H, which is the most common reaction for HC@roduction with

H,O. A full list of reactions and rates is presented in Table 5.6

Comparison with column densities from other chemistry fitle®ughout the range

of environments modelled above (Table 5.5), show that evim tve full range of
increased rates for J@, no significant iect on HCO or N,H" chemistry is seen. Lit-

tle distinction between M* column density figures is seen between K4All chemistry
files and corresponding chemistry files with the same initiltbgen abundances, KO
and K2, across all models. Similarly, K5AIl chemistry filehiah have the same initial
nitrogen abundance as K1 and K3, also have approximatelgaime column density.
The column density for HCOon the other hand, remains roughly the same, regardless
of any enhancement (N, O or increasegdHates). This pattern, for both HC@nd

N,H™ column densities, is seen throughout all of the modelledrenmnents.

In regards to the formation of HCOvia H,O, the increased reaction rates do not
produce substantially increased abundances of H@@ any of the reactions listed
in Table 5.6. The reaction J®" + CO —» HCO" + OH, for example, is endothermic
and has an activation barrier 800 K (Cherchnff 2011). Temperatures at/A= 7 in

standard and X-ray models is 160K (see Figure 5.4) and hence is the likely reason
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this specific reaction is not significant in HC@roduction. Similarly, the precursors
to H,O formation are slow at low temperatures. The neutral-¢ugactions OH+
H, - H,0 + Hand O+ H, — OH + H only contribute at temperatures>T250-300

K due to activation barriers. }O is effectively produced in the Meudon models in
all modelled environments and is primarily produced byOH + e~ at temperatures
~200 K. H,0 column densities are one of the highest of all modelledispeand are

at maximum in X-ray models, so to, are column densities foHC

Throughout all of the chemistry files, the production of HO@a H,O is generated by
only one reaction, that of }© + C* - H + HCO". In chemistry files KO- K3 (non-
enhanced KD reaction files), this reaction is only found in K1 (N-rich)esnistry files
for standard models (ModA), and in KO through K3 chemistrgdifor X-ray models
(ModA2) . This reaction is absent in KO K3 chemistry files throughout dense-cloud
models (ModB) or in dense-cloud with X-ray models (ModB2)islincluded how-
ever, in all K4All and K5AIl chemistry files regardless of theodelled environment.
Production of HCO via H,O accounts fo~3% in KO — K3 files and around 6% in
K4All and K5AIl chemistry files. Whilst formation of HCOis doubled via HO +
C*, the main production route of HCQdoes not dier from that described above; for
standard and X-ray models, HC@roceeds via CG- H;, with CO + N,H" as the
secondary pathway. In the dense-cloud models HiS@rmed primarily by reactions
O + CH} —» H + HCO" which competes with reaction ® CH; — H, + HCO" to
dominate production. To summarise, within the frameworthese models, enhanced

H,O reactions do not influence HC@hemistry to any significant degree.

5.3.6 Comparison with Other Models

Whilst a growing portfolio of atomic, ionic and molecularesies are observed within
PN, a few core species are regularly observed and investigaamely CO, HCQ

CN, HCN and HNC. Perhaps unsurprisingly Kimura et al. (20kgit their analysis
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to these select molecules in order to compare their resitlisolsservational data. In-
deed, as seen in Chapter 3, these species are most readityediein NGC 6302 and
form the core of our analysis. The work undertaken by Kimural.2012) is similar
to the models produced in this study and thus provides caatigardata in which to

assess the results here.

The numerical code (Aangaba) utilised by Kimura et al. (3@d8escribed by Aleman
and Gruenwald (2011) (and references therein) and is tHysammarised here. The
Aangaba code is similar to the Meudon Code whereby the intideliation at a par-
ticular position in the nebula determines the thermal arahgbal structure of the gas.
The physical conditions of the gas (temperatures and des)séire hence calculated in
an iterative manner as the simulation proceeds from the imoreler of the nebula, and
extends outwards. The chemical network consists of 95 ratde@nd 1693 reactions
based on the UDFA 2006 catalog (Woodall et al. 2007). Rat#icomnts are also taken
from UDFA 2006, except for those of photo-processes and thedtivork reactions.
The energy source for the nebula is represented by a cetdradigh additional radi-
ation supplied by X-ray emission (0.3 - 2 keV) to simulate &lindble environment.
The nebula is assumed to be spherical symmetric with an henoag chemical com-
position throughout. Kimura et al. (2012) identify four maihemical regions in their
PN structure; H, H°, H, and CO, where CO is fully associated and locks up the lesser
abundant C or O atoms. This region can be defined by the follpeharacteristics; a
low CO dissociation rate, oxygen preferentially in CO fomitrogen is predominantly
molecular (N) and heating of the nebula is primarily via cosmic rays. Kieet al.
(2012) note that the extent of the transition zones betwegiomns depend upon the
stellar and nebula characteristics and that such regiogsmpeede or enhance molec-
ular production due to the presence of one or more forms ofengtlement. The CO
transition zone is apparent in the Meudon models aroupd-/A. As noted above,
the models of Kimura et al. (2012) include an X-ray flux, whadrrespond to X-ray

models (ModA2) in this work. A comparison of the column déiesiof HCO', CN,
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HCN and HNC against CO is displayed in Figures 5.15.

As can be seen, the formation paths of HCN and HNC are tiglthpled in both
models, however HCOand CN follow somewhat éierent evolution routes in the two
models. HCN and HNC column densities are roughly an orderagnitude greater
and nearly an order of magnitude lower respectively, in tleai¥bn models compared
with column densities of Kimura et al. (2012). HC@s the only species which is
comparatively similar for both sets of models, albeit it ligistly under produced in

this work.

Kimura et al. (2012) discuss that for the HQTD ratio, the &ects of X-rays on
the models are comparatively negligible and results canxpamed solely with the
inclusion of a very hot central star. The @GO ratio on the other hand cannot be
reproduced without the addition of a hot bubble X-ray enoissiThe Meudon code

is adapted tesimulateX-ray emission for this work, whereas the Aangaba code of
Aleman and Gruenwald (2011), treats X-ray emission in a gehlmgmsive manner by
introducing a specific X-ray luminosity at 5 x ¥0ergs s'. This most certainly ac-

counts for the dterences in column density figures between the two sets of lsiode

In addition to X-rays, Kimura et al. (2012) state that thessaduent parameter to which
molecular chemistry is most sensitive, is the dust to gasma® (My/My. This pa-
rameter is varied throughout their grid of models betweert 40d 10° but is fixed
at 5 x 10?3 for their standard model. Kimura et al. (2012) suggest thatdfect on
molecular chemistry through interaction with dust is vig@iption of radiation, as a
catalyst for H production and finally, through heating of the gas throughghoto-
electric @fect. A higher dust to gas ratio corresponds to a smalferegion and an
increased Kiregion, which consequently produces a higher density ofeshspecies
and increased production of ion-molecule reactions. Thmsekeloud models in this

work, are perhaps the most comparable to the findings of Karnetial. (2012) in re-
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spect to this aspect. Results from ModB models show, thatigethe O-rich nature

of the gas, alternative C and, leactions which are not apparent in O-enhanced chem-
istry in standard models. These reactions proliferate dirgher gas temperatures at
larger A, (see§5.3.4). The larger Rin the dense-cloud models produces reactions

which are otherwise absent from standardrRodels.

Overall, whilst the addition of hot bubble X-ray emissionyee required by Kimura
et al. (2012) to reproduce the observed/CX ratio (obtained from the observational
data of Bachiller et al. (1997) and Josselin and Bachill®é0®)), equivalent X-ray en-
hanced column densities for CN in the Meudon models, areiggiuo IStandard models
in this work provide consistently lower CN column densiti@sd hence are more com-
parable to the observed column density figure for CIN;(N4.40 x 13 cm2). This
leads to the conclusion, that chemistry within NGC 6302 hatsyet been fiected
by X-ray emission. This conclusion is agreeable with then¢€handra X-Ray Ob-
servatorysurvey (CHANPLANS) by Kastner et al. (2012) who found no X-saurce
within NGC 6302. The survey by Kastner et al. (2012) suggésiisthe presence of X-
ray sources (either point-like orftlise) within PN appears correlated with PN density
structure, whereby molecule-rich, bipolar or ring-likbnka are less likely to display
X-ray emission, compared with molecule-poor, ellipticabnla, which generally have
detectable X-ray sources. The X-ray emission is categb@aseeither dfuse X-ray
or point-like X-ray, with point-like sources further sulbbegiped as soft X-ray sources
(hot, ~ 100-200 kK, photospheric components) and hard X-ray ssuf@eminated
by photons in the range0.6-1.0 keV). Of the 35 sampled objects (including archival
data), Kastner et al. (2012) find an overalffdse andor point-like X-ray detection
rate of~70%. Diffuse X-ray sources are suggested to arise from strong shaek®d
wind interaction (‘*hot bubbles’) and are spatially confingthin sharp-rimmed shells.
Point-like soft X-ray sources are described as having aomarange in PN radius
(around~0.1-0.4 pc) corresponding to a well-defined but short dyeahtimespan.

The epoch of detectable soft X-ray emission equates to andigahPN age of~10*
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yr. Conversely, hard X-ray sources span a wide range of eadli suggest either a
combination of short-lived and longer-timescale procgssgrinsic to the central star
of the planetary nebulae (CSPN). Kastner et al. (2012) geoai description of these
processes, however potential explanations involve CSRNIate-type companions or
dynamical old PNe with binaries. NGC 6302 is suggested thhae¢ a binary compan-
ion (Szyszka et al. 2009) and has a torus dynamical ag&500 yr (with the optical
lobes possibly formed at a later stage) (Peretto et al. 2B85ed on the observations
of Kastner et al. (2012), it is possible that the CSPN of NGGZ3as not yet reached
the timespan required to produce point-like X-rays. If NGZDB does have an X-ray

source, it is too faint to be detected by (CHANPLANS).

5.3.7 Comparison with Observed Column Densities

The column densities calculated in this work are approxetyahe same order of mag-
nitude as the model predictions, depending on the modelltandgecies in question.
The CN observed column density figure, for example, corslatost closely to stan-
dard model column densities. The chemistry file within Modiet provide the most

comparable figures is K2 (high initial oxygen and low initratrogen abundances),
however, N enriched chemistry modelsfdr by only 2 to 3 factors. Similarly the K2
chemistry file in ModA2 models also provide comparative fegjwhereas the rest of
the chemistry files within ModA2 are a factor o£3 too high. On the other hand, col-
umn densities for HCN are nearly two orders of magnitude tawestandard models
than the observed column densities and @A7 are an order of magnitude too low in
X-ray models for N-rich chemistry. The observed column dgrier HCN correlates

most closely with ModB2 models (dense-cloud with X-raysithvD-enhanced chem-

istry.

Whilst 13CS is detected and calculated in this work, CS is the specosehed due
to limitations in the Meudon chemistry file. The observeg for 13CS is 6.9x 102
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cm2. By adopting &2C/*3C ratio of 19 (se€4.3.3) and comparing with the modelled
column density figures in Table 5.5, it can be seen that delosel models at an A=

8 provide the closest comparison. Chemistry files of lowgialhO abundances (KO,
K1 and K4All) produce the highest figures-a2.41 x 10* cm2, however, these are
still a factor of 5 too low. Column density figures for CS inrsdard models to not
change significantly between,A= 7 and A, = 8 and are the most discrepant with
observed N; for all modelled environments. The column densities for @BuMeen
Ay = 7 and A, = 8 in X-ray models increase by a factor of seven, whilst thase f
dense-cloud models (and dense-cloud with X-rays) incregseer an order of mag-
nitude. It would appear therefore, that to obtain high colutansities for CS, either an
increase in flux or increased gas temperatures in a dengd-eftvironment is required

to increase the abundances for this species.

Although this large dference in column densities for CS is seen betwegsA and
Ay = 8, for some species little deviation is seen over this rarge.instance, hH"
has a typical dference of less than a factor of 2 betweepA7 and A, = 8 over
dense-cloud and dense-cloud with X-ray models. For thedatanand X-ray models
however, a factor of 56 increase is seen across all chemistry files. H@&s a smaller
increase of a factor of-23 difference at A& = 8 across all models, except for standard
models, which produces little variation across thg rAnge. Nonetheless, HCQOs
still under produced in standard models compared with eesecolumn densities by
a factor of 12 at A = 7 and a factor of 10 at A= 8. This decreases in ModA2 models
by a factor of 10 at A& = 7 and a factor of 5 at A= 8.

Minimal variations in the column densities are seen betw@eith and N-rich chem-
istry files between all species. CS appears particularlyfecizd by difering N and

O abundances in ModB and ModB2 models. For HCN, a factor ot&gmse is seen
in column densities for N-rich files compared with O-rich otistry in standard mod-

els. When X-rays are introduced, N-rich column densitiss slightly by a factor of
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3. A similar trend is observed in the column density figuresNgH™ in dense-cloud
models (and the dense-cloud with X-ray models), and to ateteyree in the standard
models. CN also displays a larger column density (by a fauft@®) for N-rich chem-
istry files in standard conditions. This trend decrease®irsd-cloud models at,A=

7 by a factor less than 2 and in dense-cloud with X-ray modefs,a= 7, CN column

densities across all chemistry models are approximatelgame.

Table 5.7: Comparison of Observed Column Densities with-BaésModel Results

Species Observed Column Modelled Column  Model Nar@memistry file
Density (cnt?)2  Density (cnT?)

HCO" 2.13(13) 5.99(12) (A =8) X-ray enhanced (ModA2) K2

CN 4.40 (13) 5.97(13) (A =7) Standard (ModA) K2

HCN 2.13 (13) 1.51 (13) (% =8) Dense-cloud with X-rays (ModB2)K1
13cs 1.38 (14 2.41(13) (Ay =8) Dense-cloud (ModB) KO

NoH* 1.6 (12) 1.65(12) (& =8) X-ray enhanced (ModA2) KO

a All rates/abundances in the form; a(b)a x 1
b Taking into account 42C/13C ratio of 19 asCS is observed but CS is modelled

In summary, the observed column density figures are notsepted comprehensively
by one particular set of models, but rather a selection ofetled environments pro-
vides a reasonable comparison with observed column deséstee table 5.7 for a com-
parison of modelled results with observed column dengitiégay models provide the
closest comparison with observed column densities for Haa N,H*, whilst CN
corresponds with standard model conditions. Dense-cloaditions are preferred by

HCN and CS, which shows a preference for all conditions exitepstandard ones.
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Figure 5.11: Standard models (ModA). Chemistry file K4Alpgper) and K5AIl
(lower). Both models include increased reaction rates fofQN/CO with H,O to

form HCO'.
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Figure 5.12: Excitation enhanced models (ModB). ChemifsteyK4All (upper) and
K5AII (lower). Both models have increased reaction rated\p/C* /CO with H,O.
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Figure 5.13: Dense-cloud models (ModB). Chemistry file ukdall (upper) and
K5AII (lower). Both models have increased reaction rated\fp/C* /CO with H,O.
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Figure 5.14: Dense-cloud with excitation models (ModB2)e@istry file used K4All
(upper) and K5All (lower). Both models have increased rieaatates for N/C*/CO
with H,0.
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chemistry file).
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It would appear that the basic structure of NGC 6302 is qué# delineated and can
be crudely separated into two components; a cold, densetapl torus and warm,
extensive bipolar lobes. This model is supported by nunseotnservations but in par-
ticular by Kemper et al. (2002) and via Peretto et al. (20@aftheir CO observations
which trace the torus. Through analysis of the full ISO spentKemper et al. (2002)
derived the mineralogical composition of the dust and uiggtished a warm compo-
nent at 100 K containing C-rich dust and a cool componentainimy the bulk of the
material at 50 K, dominated by oxygen-rich material. Thtgelafeature shows strong
emission from crystalline silicates, water ice and carbb@emand is argued to originate
from a central torus. The former describes material predantly in the bipolar op-
tical lobes. Confirmation of a cool dust component is alss@néed by Molster et al.
(2001) who identify features at 9dn and infer the existence of a stable disk, promot-
ing the growth of large, and therefore, cold grains. Recebtrsllimeter observations
by Bujarrabal et al. (2012) of CO, OH, NHand HO also suggest a temperature of
~40 K.

Confirmation that a rich molecular chemistry is thriving lwit the torus of NGC 6302

is presented in the observations themselves. The imagdktbEabserved species

discussed in chapter 3 are all within the confines of '3@0, thus confirming their
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association with the torus. Emission for all the speciesvsstoong correlation with
the brightest peaks dfCO, with the exception of SiO, however, the spatial distribu
tion of individual species is markedlyftierent, thus giving some indication as to the
mechanisms involved in producing the emission. It can be Heat the majority of
species are extended in the less-dense southern sectioa toftis, with most species
also showing extended emission towards the east, in thetidineof the eastern bipolar
lobe. The HCN medium velocity component is elongated to thetsvest whereas the
high velocity component is enhanced to the eB&S similarly extends to the east, as
do thev = 0 andv = 1 transitions of SiO, whose maser-like emission is conetedr
on the eastern edge of the respective medium and high welommponents. HCO

is prominent in the south, along with CN which also extendtheoeast. The peak
of 13CN is shifted to the west, whilst " is centred completely on the inner CO
emission. This perhaps is to be expected aldNs typically associated with dense
gas (Johnstone et al. 2010) and observations of this specmanetary nebulae are

limited.

The column densities for species observed in this work wateutated with an ex-
citation temperature, ¢, of 25 K, however as previously note§4(3) it was found
that increasing the excitation temperature to 100 K hale ktect on column density
figures. Nonetheless, comparison with the various modeistoacted utilising the
Meudon code show an agreeable fit to these calculationgatwlg that a rich and var-
ied chemistry is flourishing in NGC 6302, despite the extrenpeit parameters used
to model the chemistry§b.3).

6.1 Methods of Excitation

The HST and VLT images of Matsuura et al. (2005) provide pesttae most coher-

ent images of the whole of the compacted structure of NGC §i3@2neglecting the
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extended emission of the northwestern lobe, which at ttiedat extent reaches’8.
from the central star). In Figure 14 of Matsuura et al. (20@v)dence for multiple
orientated axes are presented, whilst their Figure 8 shawsder of filaments, edges
of the south-south-east and northeast outflows and a ceairdy on the eastern edge
of the central dark lane (also shown as Figure 1.4ain thi&wdfatsuura et al. (2005)
state that the central region shows evidence for intenadtteéiween the dense gas and
the fast stellar wind, resulting in thin shock fronts, whillse bi-polar outflows are
constrained by equatorial density enhancements. Matsiwat (2005) also identify
a significant north-south extinction gradient within thelkdne, where the highest
values are found to the north of the ionised inner shell. Tlbagated emission of
both the HCO and HCN medium velocity components in this work (Figuresahd
3.2 respectively) are possibly an indication of the dergiidient of the nebula. Both
species show broadened emission in the south comparedstange with NH* emis-
sion, which is a compact structure centred on the brighf€® emission. NH* is
considered a dense gas tracer (Johnstone et al. 2010) assi@min NGC 6302 does
not extend beyond the inner contours'é€O emission, thus suggesting a region of
dense gas. On the other hand, HCN and HG@ high-dipole moment species and
require an excitation mechanism (Sahai et al. 1994), if dhastdoes have an extinc-
tion gradient, UV photons will be less attenuated in regioihdecreased dust and gas
i.e. the south region of the torus. Consequently the inegkamisation will heat the

gas and drive the photo-chemistry required for the H@®d HCN emission.

Further evidence of HCOenhancement by excitation, can be seen in the low velocity
component emission (Figure 3.6) when compared with the klacity component of
Peretto et al. (2007). THECO low velocity component of Peretto et al. (2007) (Figure
3.5), is a double peaked structure, with the brighter peffdebfrom the continuum
peak by~7” to the south. When overlaid on thexHimage of Matsuura et al. (2005)
(Fig 3.5 in this work and Figure 5ain Peretto et al. (200TPan be seen that brightest

CO peak is coincident with the bright emission of the easlaloe, and is located on
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the edge of the south-south-east outflow. The peak of H&@ission in the HCO
low velocity component traces the brightest peak’GfO only and is elongated north-
wards, in the direction of increasedviemission. The positioning of both bright peaks
(CO and HCO) would hence suggest somgikation with the outflows of the eastern
lobe and H emission. The positioning of the lower, less-bright peakhef>?CO low
velocity component, also correlates witfCO emission observed by Dinh-V-Trung
et al. (2008). Observations by Dinh-V-Trung et al. (2008N&C 6302, detect?CO
emission at more extreme velocitiesl6 km s?) at redshifted {18 to—10 km s?)
and blueshifted velocities-75 to —48 km s?). Within these ranges, Dinh-V-Trung
et al. (2008) advise that the emission appears as discrets kntheir maps, and at-
tribute some to molecular bullets, a type of compact, higlocity outflow seen in
other young PNe. Examples of such knots are detectecb4tkm s* and at-16
km s (see Figure 1 in Dinh-V-Trung et al. (2008)). After examioatof the knots
by the authors, Dinh-V-Trung et al. (2008) argue that thet&imothe blueshifted high-
velocity part of the envelope show a linear velocity gratlierhese knots flow in an
east-west direction and ardéfget from the major nebula axis. The authors also note
that these components are located within the optical kardobes of the nebula. The
knot at—64km s! is located close to the lower, less-bright peak of O low ve-
locity component and at60 km s, the*?CO emission of Dinh-V-Trung et al. (2008)
resembles the double peaked structure identified by Pexedb (2007). If this is an
outflow, the low velocity HCO component could be associated with this phenomena

and the two could have a common underlying excitation mashan

It would appear in this instance that photoionisation frorshack or UV radiation

or from outflow rather than a chemical enhancement is resiplenor HCO" emis-
sion. The case for enhanced HC@olumn densities via chemical enhancement of

H,O is discussed below, but is not favoured.

Multiple bipolar outflows in NGC 7027, responsible for HC@nd HCN emission
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have recently been presented by Huang et al. (2010). H®@ HCN show a very sim-
ilar structure to those presented here, with fast redgshétel blueshifted components
tracing an expanding equatorial torus. These fast compgsnielentified by wings in
the spectra, are similar in location and velocity to presigwbserved high-velocity
CO emission (Huang et al. (2010) and references thereing. H®O™ and HCN fast
components are identified by the authors as likely produdisemkinematically difer-
ent bipolar outflows, which possibly originate from accated molecular material (by
unseen collimated jets) impinging into the molecular eopelof the nebula. Huang
et al. (2010) also state that the flow axes of HCN and H@ not aligned with the
major axis of the central HIl region and the envelope of NG77&nd hence could
represent a single (or multiple) jets that changes its tiomec The HCO emission
from the rim-brightened torus of NGC 7027 on the hand, iskatted to photochem-
istry in a PDR. Huang et al. (2010) suggest that either a otenreinhancement (by
PDR or shock chemistry) or high densities or temperaturnesiésly arising from a
shock or UV heating) causing localised, favourable exaitatonditions could ex-
plain the enhancement of strong HC@®mission in NGC 7027. Alternatively all of
these scenarios could be contributory factors. H@mission arising from shocks
was discarded as a possible cause due to previous obsesvatidFGL 2688, a PPN
with shocked molecular regions but no ionised region and 8®@Hemission (Huang
et al. 2010). Evidence of shock ionisation from strong wiadd energetic outflows
have already been presented for NGC 6302 (see for example hathFerland (1991)
and Meaburn and Walsh (1980)), nonetheless, observatioiese phenomena are
confined to the high-ionisation region of the nebula and dappear associated with

the central torus.

It is possible therefore, that while the HC@nd HCN medium velocity component
emission in NGC 6302 is most likely attributed to enhancentgnUV photons, the
excitation mechanism for the HC@ow velocity component is unclear. The compact

nature of its emission, coincident with one bright peak obaldle peaked?CO com-
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ponent, could be indicative of excitation by an outflow assted with the edge of the

main bipolar lobes or a as yet unseen, smaller more collnatéiow.

Emission of a number of species is either located on themesitie of the torus, edging
towards the eastern bipolar lobe, or elongated in that tinecThe HCN high velocity
component, CS emission and tentative detectioli®ilC, are elongated, whilst SiO is
on the eastern side of the torus. SiO emission from PPN or Bkareé, so much so
that observations by Bachiller et al. (1997) concluded thest species disappears in
the PPN phase and should not be detected in PN. It is integet$ten, that not only
have two transitions of SiO £b-4 V=0 and \=1) been observed in this work, but also,
the emission displays a sharp, narrow peaked emissiomiseant of maser emission
(Figure 3.13). SiO maser detections in PN are even more rat@ecordingly are not
present in the literature. Detections of SiO masers are roedhfprimarily to O-rich
AGB stars (with OH and KO masers), and a few PPN (see for example Nyman et al.
(1998)). All three types of masers are usually found arodas presently losing mass
and are located in the circumstellar envelopes, with Si@gely located closest to the
star. When mass-loss ceases, SiO ap® khasers disappear first, whilst OH masers

can remain active throughout the post-AGB (Kwok 2011).

SiO, however, is also a species associated with warm gasanltbe produced by
shocks and can be significantly enhanced at the heads of |@amgl the axes of, out-
flows (Bachiller 1996). At the high temperatures in postgh@gions, the hydroxyl
radical (OH) is formed in large concentrations and throudditgoon with Si, forms
SiO via the reaction St OH — SiO + H (Hartquist et al. 1980). Depending on the
formation route, however, the reactions producing OH, Hakge activation barriers,
~4480 K for O+ H, and~9300 for Q + H,. OH can also be formed via 3 + O

— HS + OH at~915 K, however HS can be removed through the rapid reactigbH
+ H (Hartquist et al. 1980). SiO production via grain destiwthas been addressed

by Ziurys et al. (1989), who undertook observations of Si@goertain its formation
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in a number of cold and dark clouds. Si released through glrastruction in a hot
gas allows SiO to form when silicon would otherwise be degaleFormation via this
route was however, dismissed as the main production patbwayurys et al. (1989),
as the velocities required to destroy silicate-type gré&iné0km s?1) were not present
in their objects. Nonetheless, evidence of silicaceous lokisg destroyed in the in-
ner nebula of NGC 6302 was discussed by Groves et al. (200@) feund unusually
strong recombination lines of Si ([SIl13862.60 A,15041.0 A, and [Si 1l1]1 3956.64
A). Coupled with the extraordinary strength of the 1,86 [Si VI] and 2.486um [Si
VII] lines in the infrared, Groves et al. (2002) concludedttthe smaller grains found
in their observations were probably formed as a result ahgigrain collisions which
led to grain shattering. Is SiO in NGC 6302 the result of s@inally pumped material
in an outflow, giving rise to maser emission, or is SiO excdad to shock chemistry?
The compact nature of the emission in both the high and medalotity components
would suggest localised enhancement indicative of an autfidher than a shock. If
a shock is responsible, then the large volumes of OH expétieastshock gas would
be available for additional reactions such as, ®H, —» H,0 + H, CS+ OH — OCS
+H, S+ OH - SO+ Hand SO+ OH — SQ, + H. SO, observations were undertaken

in this work, however, the line was not clearly detected.

CN (along with HCN and SiO) is another species which can barecdd by shocks,
UV photons and X-rays. The medium and high velocity comptseh CN in this
work, however do no intuitively suggest one mechanism ovetteer, as extended
emission beyond th&CO emission is roughly symmetrical in all directions, excep
northwards. No broad emission in the south is seen and nadedieemission towards
the eastern lobe is evident either. The higher dissociai@ngy of CN requires pho-
tons of shorter wavelengths, and such photons are absoybédsb more #iciently.
Although X-ray photons have a significant lower photoabBonpcross-section than
UV photons and can hence travel greater distances withimebela, excitation by

X-ray for CN emission was not selected based on the obsenlatha density. As the
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CN column density is calculated from its hyperfine composgihiese column density
figures are considered accurate. Whilst other authorsnetjug addition of hot bub-
ble X-ray emission to reproduce the observed/CRN ratio (see Kimura et al. (2012)
for models based on observations by Bachiller et al. (198d@)J@sselin and Bachiller
(2003)), compared with standard excitation models in thaskywcolumn densities in
X-ray enhanced models are higher than the observed colunsitiés. It is therefore
suggested that X-rays have not yet modified the chemistiyinvtl GC 6302, as the
CSPN has not yet evolved to the timescale required for X-raisgion (see section
5.3.6).

Observations of pH™ in PN are scarce, however, a recent detection gfiNin the
Red Spider Nebula (Edwards and Ziurys 2013) adds to the sbatdimited obser-
vations of this species within PN. It is also observed in N®277where abundances
are described as abnormally high%210'® cm2) (Zhang et al. 2008), whilst in the
Red Spider nebula, " is the least abundant species observegl (N7 x 10t cm™2)
(Edwards and Ziurys 2013). Observed abundances for NGC B30@2s work sit in
between these figures af,N~ 1.6 x 10'? cm? (see Table 4.4). Previous models have
been problematic in attaining column densities similartisesved values. Models by
Hasegawa et al. (2000) for,N* column densities in NGC 7027 for example, were
several orders of magnitude too low§N~3 x 10° cm2) compared with the obser-
vations of Zhang et al. (2008). To account for these lardgiedinces Zhang et al.
(2008) invoke an X-ray flux to produce large abundancespfwhich subsequently
result in enhanced ™ production through the ‘unique’ reactiorjH N, — N,H*

+ H,. Interestingly, the observed column density gHN correlates most closely with
X-ray enhanced models in this work (at, A 8), and indeed the primary contributor
for N,H" production in these models is via the aforementioned r@actHowever,
N,H" in the confines of NGC 6302, is a compact structure locateskdo the con-
tinuum peak, with outer contours that extend into regionkigher density (Figure

3.17). This suggestdidiation with a region of dense gas uiected by X-rays. If X-

164 THE INTRIGUING CHEMISTRY OF NGC 6302



6.2: ‘MODEL’ CHEMISTRY

rays had penetrated the densest regions of the torus, calansities for other species
would be also be modified. Also,,N" is not enhanced towards the lower density
regions of the eastern optical lobe, like other specieschab®ve, where shocks and
outflows could possibly modify column densities as well. Tascription of NH*

as being associated with dense gas does not fit with modeladha densities how-
ever. NH" in dense-cloud models (ModB models) is over an order of ntadailower
compared with standard models and X-ray models. Nonethedé&rences in the re-
action pathways for fBH™ are considerably modified in dense-cloud models and the
‘unique’ reaction as discussed by Zhang et al. (2008) is ngdo significant. The
primary formation route now proceeds vig M HOC", followed by N, + OH*. In
dense-cloud with X-ray models (ModB2), production occutignarily with H, + N3
and then via N+ HOC". Production via N + H} in ModB2 models accounts for just
~4%. If N,H" is associated with a dense gas environment, modelled caliemsities
suggest this region should have a high nitrogen abundarttpraduction is likely to
occur via reactions produced in ModB models, with a contidsufrom H, + N3. If

H3 does contribute to MH* production via N + H3, it is anticipated to form through

interaction with cosmic rays rather than X-rays within NGED8.

6.2 ‘Modéd’ Chemistry

The chemistry files (K6 K3) used within the various models constructed in this work,
reflect the nitrogen and oxygen-rich nature of NGC 6302, wittial abundances of
these two species varied in thetdring files; KO and K2 are essentially O-rich, whilst
K1 and K3 are N-rich. Within a single modelled environmerawiver, the column
density for most speciesftiers by < a factor of two (at the same\A between the
different chemistry files. For example, in standard models, GGOHH,O, CS, and
SO, have approximately the same column density, regardlessaf® enrichment.
This is also seen in X-ray models. In dense-cloud models endeicloud with X-ray

models, variations between column densities in thiedént chemistry files becomes
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more apparent. Generally, oxygen enhanced chemistry Ki2@(d K3) have larger
column densities for species such as CO and, $0mpared with nitrogen enriched
chemistry files (KO and K1). Conversely KO and K1 chemistgdihave larger column
densities for species such agHN. Nevertheless, column densities for some species
in ModB and ModB2 models, such as HC(H,O, and CS, remain similar between
all chemistry files. For species such as CN, HCN (and HNC inesoradels), the re-
verse is true. CN and HCN have higher column densities in itlead chemistry files
compared with O-enriched chemistry files in standard anéy<models. However

in dense-cloud models and dense-cloud with X-ray modelspoo densities become

approximately the same.

Whilst a number of factors can influence the chemistry of Fidecks and X-rays for
example, the one undoubted mechanism which will impact ieenstry, is the strong
UV flux from the central star. The density gradient of the napas noted above,
also coincides with diminishing CO emission in the southemd of the torus. The
incident FUV radiation field will be less attenuated in ttogver density region, thus
maintaining rapid molecular photoionisation and photsdéation. Consequently, a
large electron density is available for dissociative reboration with species such as
H*, C* and S. As carbon is easily photoionised, it is expected that aeldirgction
of gaseous carbon is in the form of @hen not locked up in CO (Cox et al. 1992).
Indeed, at A = 1, the reaction G- photon— C* + e accounts fo~89% of C' for-
mation. This drops significantly te20% at A, = 3, whereby reaction H CH"* —
H, + C* is the dominant reaction forming*C C* is thus available to react with H
to form CH" + H, initiating a sequence of carbon-hydrogen reactions. r§g@CH
density with NH densities can lead to thi@eetive production of species such as'CN
HCN", CN and HCN. Oxygen is primarily in atomic form in the hot Il interface
and molecular hydrogen transition layer and similarly teadth H, to form OH+ H,
again activating an oxygen orientated chemistry. A larged@Hisity in turn éiciently

produces H, H,0, HCO" and SiO.
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A large OH density is responsible for the synthesis of 8Qhis work. SQ was ten-
tatively detected in NGC 6302 in the SMA observations, hav@oor signal to noise
prevented the spectrum from being included in the final aglySQ was however
incorporated into the Meudon models to ascertain its likefynation in a PNe. It can
be seen in Section 5.2, that in standard models (ModA and NpdAe evolutionary
path for SQ does not deviate significantly between O-rich and N-ricmulsery files.

In dense-cloud and dense-cloud with X-ray models howeved®/and ModB2), S©
shows considerable fiierences. In these latter models, production of, 8@es not
occur until around A = 12 in O-enhanced chemistry, whilst in nitrogen enriched
chemistry, and chemistry files with a lower initial oxygeruatdance, formation oc-
curs around A& = 6. Whilst the dffering chemical abundances determine the onset of
formation for SQ, reaction pathways are comparable throughout all modelsladdA
and ModA2 (standard extinction) models, S®formed via OH+ SO (~58%) or O+

SO (~42%), whereas in ModB and ModB2 models, the former reacioow the only
reaction for SQ formation. Temperatures in the dense-cloud models aredré00 K
higher at the same \Ain standard models. Chemistry thus starts to emulate thhteof
hot HIl/HI interface and molecular hydrogen transition layer whgrany free oxygen

in dense-cloud environments preferentially reacts witthrbgen to form OH and +O.

Further examples of modified chemistry can be seen in othetion pathways. HCO

for example is primarily produced via COH3 in standard models, but changes ta-O
CHj; and O+ CHj in dense-cloud models. J@ had but one formation route in standard
models, that of O™ + e”. H,O is predominantly formed through the neutral-neutral
reaction of H + OH in dense-cloud models due to the availability gf Which is not
accessible in the equivalent,An standard models. CN and HCN reactions are also
transformed. The primary formation route for CN, GHN — H + CN is still preferred

for oxygen-rich chemistry, however in low oxygen @mchigh nitrogen chemistry files,

the primary pathway is now via CNG+ e". HCN is now formed via the dissociative
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recombination reaction HCNH+ e~ across all chemistry files, instead of via CHN.

As discussed above, initial N and O abundances do not no#dtdy the chemistry
within the various models constructed. For some species)(HGr example), little
difference between column density figures can be seen acrossréae ©f models.
The inclusion of X-rays on the other hand, can enhance coldemsities for some
species by a factor 0f5-8, (CS, and NH" for example) nonetheless, reaction path-
ways between UV and X-ray enhanced models remain largelffestad. Dense-cloud
models however, have a profountiieet on reactions for nearly all species. A higher R
produces greater temperatures at largecémpared with standard models, which thus
changes the dynamics of the chemistry. A large electronitydrescomes available for
dissociative recombinations in dense-cloud models\aEA and atomic oxygen that
would be locked up in CO, is free to react with hydro-carboeacsgs or hydrogen to
form hydroxyl. This initiates a sequence of reactions ndiyriaund in standard mod-
els at a lower A (~ 3). Similarly, column densities are significantlffected for a
few species. Compared with standard models, CO is reduceddayfour orders of
magnitude, with values for SGand CN also reduced, but by a much smaller margin.
HCN, HNC, and CS on the other hand, have increased columiitigsris dense-cloud

environments compared with standard and X-ray models.

Comparison of the observed column densities with the medelbalues shows that

a selection of modelled environments provides a reasomaiiparison with observed
column densities and that molecular species are not regegseomprehensively by
one particular set of models. This is perhaps to be expeateBN environments are
not homogenous throughout, but instead are comprised afirapyl medium, with
varying excitation mechanisms to excitétdrent species. Some species are enhanced
with the addition of X-rays (HCOand N,H"), whilst CN favours standard model con-
ditions. Dense-cloud conditions are preferred by HCN, wheIrCS is quite versatile

and has high column densities in all conditions except stahdnes.
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6.3 Water, Water Iceand HCO*

The rapid increase of HCGOrom the PPN to PN phase by around two orders of mag-
nitude, has led to many discussions on its formation rowge far example Bachiller
etal. (1997) and Cox et al. (1992)). X-ray emission from thetral star may contribute

to large abundances ofjHthus forming HCO by reaction 5.13 (se§5.2). Whilst an
enhancement of X-ray emission in chemical models can iserabundances, column
densities for HCO still appear under produced. To ascertain if a specific cbainen-
hancement rather than an increased ionisation flux coutéase HCO column den-
sities, a number of select reaction rates involvin@Hhave been increased to ascertain
its influence on the production of HC(see§5.3.5). These particular reactions were
manipulated as gas-phasg®has recently been detected by Bujarrabal et al. (2012)
in NGC 6302. Water-ice in also present and is discussed bgtelogt al. (2001).

The detection of gaseous,@ in PN is otherwise infrequently documented. Aside
from the recent detections by Bujarrabal et al. (2012), thgonity of observations of
gaseous KO are centred around,® masers. Gas-phase models gfCHwithin PN

is similarly uncommon in the literature. The recent Her$¢Hhi€&l observations how-
ever have starting to address this issue, with Bujarrabal. €2012) presenting }D
detections in a number of objects. Nonetheless, gas phag3eHPN has yet to attract
the attention applied to water vapour in circumstellar épes (CSEs), which has re-
cently witnessed a surge in interest due to its detectiohamtell studied carbon star
IRC+10216. This detection challenged the knowledge of curre&S Chemistry, as
H,O was predicted to be almost absent in these environmenlig¢wand Cherchrfé
1998). Consequently the formation process gbHn a C-rich CSE has been highly
debated, with a number offtierent mechanisms postulated to account for the observed
abundances. Decin et al. (2010) suggest that warm wateuvapald be formed via
photochemistry with UV photons deeply penetrating a clur@3E. This method is

also favoured by Agundez et al. (2010), however they regoioderately low mass-

KERRY HEBDEN 169



6: DISCUSSION

loss rates (10 M, yr?) for their modelled abundances. Photochemistry models are
dismissed by Cherchfig2011) as this approach suggests that the dust formatien pro
cess is hampered by deeply penetrating interstellar UVautsppenetrating as deep as
2 R, through the clumpy winds. Instead shock-induced chemisttige inner wind is
invoked as the preferred method. All authors use reactidhad 6.2 (below) as the
likely chemical reactions to form JO. However for those who favour photochemistry
as the dominant process, atomic oxygen is liberated viahbeoplissociation ot*CO

and SiO, whilst shock methods invoke collisional dissaciabf 12CO. The formation
process of HO in an O-rich CSE is not discussed in the literature to thessaxtent as
H,O in C-rich envelopes. It is noted however that the sameim@ac({6.1 and 6.2) are
proposed as the reaction routes for the formation g0 kh O-rich CSEs as well (for

example see Mamon et al. (1987)).

The models by Cherchfie(2011) propose that 0 forms in high abundances with
respect to H (between 1 x 1 and 1 x 10%) close to the star. At a radius ofx

5 R, abundances chemically freeze out gradually to 1.4 X.10'he dficiency of
the non-equilibrium chemistry is due to periodic shocks in the inwards and inner
envelopes of stars ensuring the formation of O-bearingispaa carbon stars and C-
bearing species in O-rich Miras. The chemistry is initiabgdCO and H which are
both destroyed in the post-shock gas (at radius 1.2 Rtomic oxygen then reacts

with H, to form hydroxyl,

O+H, > OH+H (6.1)

The high post-shock gas temperatures close to the staremhat reaction 6.1, with
an energy barrier 0£3200 K, proceedsficiently. Hydroxyl subsequently reacts with

H, to form;

OH+H, - H,O0+H (6.2)
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which allows for the formation of kD at lower temperatures, due to the faster rate and
lower energy barrier of reaction 6.2. In the models by Cheeft{{2011) the formation

of H,O is coupled to that of SiO as both consume OH in their fornmaf&iO via Si+

OH — SiO + H).

Water ice growth around O-rich evolved stars has been axtdnsnodelled by Di-
jkstra et al. (2003) and Dijkstra et al. (2006), revealingttivater ice is an important
component in CSEs, and is expected to exist even in the PNepHagkstra et al.
(2003) focus on growth methods and sputtering, whilst igkst al. (2006) study the
formation and spectral appearance of water ice as a functistellar evolution (from
AGB to PN phase) whereby the initial mass of the star M5 Water ice is produced
via gas phase condensation on pre-existing silicate graibsth models. To sum-
marise, Dijkstra et al. (2003) argue that for a given grane smass-loss rates govern
the ice formation process. Significant ice formation is expe with small dust grain
sizes (0.0lum), favoured due to the reduction of sputtering, coupledh\miass-loss
rates of 10° to 10 My, / yr. In models run by Dijkstra et al. (2006), an increase in
mass-loss rate is again highly favoured, together with g@ghdensities and low tem-
peratures. Indeed the model which best suits water ice fitmmes that described by
Dijkstra et al. (2006) as a typical AGB setting (i.e=10* Lo, M = 10* Mg, / I, vexp

= 15 km s?) and is used as their default model. This model predicts18&a of the
water vapour will be removed from the gas phase at the outikusaf the envelope.
However the depletion can be as high as 60% and 70% for modtelextremely high
mass loss rate (1®M,, /yr) and low gas outflow velocities-6 km s?), respectively.
Axisymmetric mass loss is also favoured to increase abwsdaas the formation of
an equatorial density enhancement provides suitable tonslifor the creation and
preservation of water ice growth. It is suggested that tieatlon of observed water
ice in the post-AGB star M 1-92, is within a dusty torus, whigre outer regions of the

torus are found to be free of ice (Dijkstra et al. 2006).

KERRY HEBDEN 171



6: DISCUSSION

Water ice displays a number of distinct spectral featur@sfedred wavelengths, in-
cluding 3um (O-H stretch) often seen in absorption (Dijkstra et al.&06trong bands
at 43um and 62um and a weak shoulder feature at/gfd. The latter features, namely
43, 52 and 62:m are all present in NGC 6302 and according to Molster et 8012,
these features cannot be explained by enstatitgoanbpside emission alone. Cou-
pled with a cold environment as suggested above (Hoare &98PR), the presence
of water ice thus becomes a robust identification (Molsteale2001). In addition
gas-phase kD has also recently been detected by Bujarrabal et al. (2018 H,O
spectra in Bujarrabal et al. (2012) show the distinct mamkpend wing feature seen
in HCN and HCO and are representative of the medium and high velocity cempo
nents identified in this work. Unfortunately however, inagd intensity maps are not
present in Bujarrabal et al. (2012) for,@, to thus establish if the spatial distribution
is coincident with these or other species and hence givedacation as to the mecha-

nism involved in producing the emission.

If H,O and HCO are coexistent in the same nebula in large quantities, d@asres-
ence of one species influence the formation of the other,idensg H,O can form
HCO" through a number of reactions? To date, the significant asae®f HCO at
the onset of PN formation is discussed mainly in terms of at&on enhancement
by UV photons or X-rays. Cox et al. (1992), who observe H@®two evolved PNe,
suggest a possible formation route for HC@a reaction H + CO - HCO" + H,.
However, as dissociative recombination destroysfore it can react with CO, this
process is not thought to bdfieient. H; is predominantly produced by cosmic rays
whereas photons produce @s the major ion, accordingly a high ionisation rate by
cosmic rays an@r X-rays is also attributed to HCQproduction. In gas-phase models
of evolved planetary nebulae, Ali et al. (2001) suggestaHagh ionisation rate, most
likely due to X-ray emission from the hot central star canlaxpthe high abundances
of HCO". Nonetheless, in models by Kimura et al. (2012) the N(HPQ(CO) ratios

could be explained by the presence of a hot star alone witlnpeteature of-1.5 x 1¢
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K. In the models constructed in this work, HC@® efficiently formed in all models,
regardless of chemistry. However it was also found that icessed reaction rates
listed in Table 5.6 provide no significant increase in thedpiaion of HCO by en-
hanced HO rates (se€5.3.5). The observed column density of HCid NGC 6302,
correlates most closely with those of X-ray models, altttoagly by a narrow margin
compared with the remaining models. Observations of HEGCNGC 6302 point to
possible excitation by an outflow gfod an increased UV flux (see abo$@.1) and not
enhancement by J©. Whilst H,O may not increase the abundances of HCDis
also dtectively produced in the Meudon models in all modelled emvwinents and is
only produced in standard models and X-ray models (ModA andAR respectively)
by H;O" + e at temperatures155-170 K. Reaction 6.2 is only apparent in dense-
cloud models (ModB and ModB2) at temperaturé®b0 K, and becomes the primary

production pathway accounting fe85% of H,O formation.

6.4 Conclusions

It is apparent from the models produced in this work, andfoeced by the literature
related directly to NGC 6302, that the central torus of trebula harbours a dense
and dusty environment capable of producing a rich and vatednistry. This is sup-
ported by the SMA observations in this work and by the modetielecular species
using the Meudon PDR code, which provide comparable coluamsities to those
observed. The observed column densities of CN and its isatep*CN have been
examined using the inherent hyperfine structures withsxdpecies, providing a robust
method in which to quantify the results. Of the models caredd using the Meudon
code, standard models (ModA) correlate most favourabliy eaiculated column den-
sities for CN. CN abundance typically increases with inshegstellar radiation, as the
central star of a planetary nebula evolves from its AGB ptiagbe developing PN.
Models thus predict that CN column densities should be aarafimagnitude higher

than HCN, as the increasing UV radiation photodissociatell kb form CN Cox et al.

KERRY HEBDEN 173



6: DISCUSSION

(1992). CN and HCN observed column densities in this workcdréne same order
of magnitude however, and it thus suggested that the UV flimgkly attenuated by

the dusty environment. Accordingly HCN is not fully photssibciated producing the
excess CN seen in other PN. Whilst regions of the torus arglg$eavily obscured

by dust, the torus is observed to have a north-south dersitirgnt in the nebula (Mat-
suura et al. 2005). The integrated intensity maps of obdespecies such as HCO

correlate with the density gradient, which display extehemission in this region due
to an increase in photoionisation to the south. Contrilmstipom outflows and shocks
could also influence the chemistry and are potentially ifiedtby molecular markers
such as3CS and possibly, SiO.

In theoretical models produced by Natta and Hollenbach §L9® H, evolution in
the neutral gas of PN, it is suggested that central stars tdreefary nebula (CSPN)
with high mass (upper limit of their modets 0.86 M,), temperatures- 100, 000 K
are reached quickly and soft X-rays will heat and partiadlyise the neutral gas. For
PN with stars at the upper mass limit, this phase can be praten only 1000 yrs.
NGC 6302 conforms to both aspects i.e. high mass and highetetype and is ap-
proximately~1700 yrs old, but the models indicate that X-rays have noinfletenced
the chemistry. This is supported by recent findings by Kasthal. (2012), who have
performed an X-Ray survey on a number of PN including NGC 680&as concluded

by the authors however, that no X-ray emission was detentdds source.

To summarise, the main points identified in this work are;

¢ A number of molecular species has been observed in NGC 680ling HCN,
HCO', CN and*®CN, along with a number of species not typically observed in
PN, such as®CS, SiO and NH*. Tentative detections dfSiC, and St°CC

have also been observed.

¢ An indication of outflows within NGC 6302 is highlighted bydadened HCN
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and HCO emission.

e SiO emission could be the product of maser emission, howfevtdrer obser-
vations are required to confirm this suggestion. Analysithefemission with
better angular resolution or with increased frequencylutiem (to determine
the time variation of the spectrum) are two possible methodsscertain the

emission mechanism.

e Observed column densities for most molecular species laterelosely with
modelled column densities constructed using the Meudoe.c@d the various
environments modelled, standard models and dense-cloddlexcompare most
favourably with the majority of observed column densitiBgsviations between
standard models and X-ray enhanced modelled column dehaité not signifi-

cantly diferent.

¢ Reaction pathways in dense-cloud modefedisignificantly than those of stan-

dard models due to greater temperatures at larger A

e The identification of water ice and gas-phase water in NGCQG89 Molster
et al. (2001) and Bujarrabal et al. (2012) respectivelygpsdnot contribute to

increased HCOabundances through enhancegDHeactions.

e The'?C/3C ratio obtained from th&CN/*3CN column density calculations in
thiswork, is 18.9 £ 10). This figure is four higher than that calculated by Perett
et al. (2007) for NGC 6302 and over four times higher than the Red Spider
Nebula recently measured by Edwards and Ziurys (2013).

e Gas phase kO in circumstellar envelopes (CSEs) is produced by readdibin
+ H; - H,O + H. However in PN, HO is primarily formed via HO" + € in
standard models. In dense-cloud modelgOHb primarily formed via the same

reaction found in CSEs.

e SQ, could be a potential tracer of nitrogen rich, dense-clogébres at a low Ay.
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e The models predict that whilst X-rays do enhance columnitieagor certain
species (HCOand NH" for example), X-rays have yet to influence the chem-

istry in the torus of NGC 6302.

6.5 FutureWork

The integrated intensity maps presented in this work, haslelgd significant infor-
mation as to the excitation mechanisms involved in prodyeixtended emission for a
number of species. Equally, spatial distributions of coatpanission for other species,
has provided an insight as to the nature of the moleculaiespetquestion. Itis clear
that whilst an optically thick torus fosters the growth oé tmolecules observed here,
some species thrive in regions of extreme excitation. Hewevhilst species observed
in this work have contributed to existing knowledge on malacbehaviour in PN, full
molecular surveys of planetary nebula are rare and hendiertited “trends” identified
in previous papers have remained trends, due to the laclgbihensive observations
to contradict otherwise. This is slowly being addresseth wetent observations such
as The Red Spider Nebula by Edwards and Ziurys (2013), whgestighat molecu-
lar species not observed previously are not dependant agviietionary stage of the
object, but prosper due to inherent properties of the phaysiecd chemical conditions
in the nebula. Further high resolution observations araired to continue our under-
standing of molecular survival and formation within PN whitarbour a central torii.
Physical conditions in the neutral gas within PN changediguring formation, the
increased resolution at millimeter wavelengths obtaingtd WLMA, however, will
not only transform our view of molecular formation and sualiin objects such as
these, but will also provide direct imaging of the dust corsdgion zone for AGB
stars. Consequently, the detailed study of photochemiistilyese environments per-
mitted with ALMA, will revolutionise our view of objects sincas OH231.84.2, an
early-type PPN recently observed to contain OH masers {Eeakira et al. 2012), as

it evolves to the nascent stages of a PN.
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The Meudon models constructed in this work show that X-ray&emot yet influenced
the molecular chemistry within the torus of NGC 6302. XDR raltidg in PN envi-
ronments is still in its infancy, with the majority of modétusing on a few common
molecular species and a select subset of PN. However, théfidation of a number
of suitable objects for further analysis has been improwed tecent study conducted
by Kastner et al. (2012). In théhandraPlanetary Nebula Survey (GxPLANS) of
35 PN, the authors established that molecule-poor, elaptiebulae are more likely to
display X-ray emission (either filuse or point-like) than molecule-rich, ring-like or bi-
polar nebulae. One or two PN (NGC 6445 for example) who haee bbserved with
X-ray emission, have also been identified with a bright @ning or torus. Molecu-
lar surveys on a number of these objects both with and witKeraty emission could

increase our understanding of th&egts of an X-ray flux on the chemistry within PN.

PAH emission is destroyed by strong UV radiation but PAH aiois has been identi-
fied in NGC 6302 within the bipolar lobes, however a local (BAldak is present near
the northern spur (Matsuura et al. 2005). It is possiblett@aprecursors to PAHs are
present in or close to the torus of NGC 6302 and have yet to berebd. Benzene
(CgHg), the smallest aromatic hydrocarbon and perhaps a fourgieomponent in
PAH formation has been observed in the dense torus of CRL\WWb8ds and Willacy
2007). The formation of gas phase benzene is dependantfienirty physical and
chemical environments; in the highly ionised region of CRI86or example, reac-
tions with acetylene (¢H,) and various ions, HCQ C,H; and GHj; are stipulated
as the probable formation route (Woods and Willacy 2007).PA8I’'s have already
been detected in NGC 6032 and so now has HQOwould help ascertain whether
production of benzene in PN'’s is a common occurrence or Bpégicertain PN’s. If
detected the extent of other aromatic species could beifdehand specific PAH’s

could be inferred in NGC 6302’s expanding torus.
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Appendix A

First Appendix

A.1 Observations Continued

Displayed below (Fig A.1) is the spectrum of a tentative diéd@ of 2°SiC, (J = 10

— 9). Despite the low signal to noise, an integrated intensip was produced by
integrating just two channels over a velocity range @ V= -44 to -42 km s* and

is displayed in Figure A.2. It can be seen that the peak of ionisfor 2°SiC, is not
coincident with'2CO medium velocity component but lies to the east, in thectiva

of the eastern bipolar lobe. The extended emission is etedgaestwards towards
the brightest?’CO, however, thé’SiC, emission in general does not correlate with the
structure of thé2CO medium velocity component and appears to originate fiwen t

eastern bipolar lobe.

KERRY HEBDEN 181



A: FIRST APPENDIX

NGC6302 (JY/BEAM)

" L 1 | L L L
-80 -60 -40 -20 0 20 40 60 80
Radio velocity (km/s)

29sic;

Figure A.1: ?°SiC, (J = 10 — 9) spectrum showing the low signal to noise of this
species. As with all other species, the spectrunt¥8iC, is obtained from the central
pixel located within the brightest region, i.e the peak oission. The main peak is
centred around -42 knts
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Figure A.2:2°SiC, (J = 10 - 9) medium velocity component integrated intensity map
(contours) overlaid o?CO medium velocity component integrated intensity map
(colours). The?®SiC, integrated intensity map spans just two channels in a \gloci
range of -44 to -42 km3 with a peak value of 0.714 (K knt¥. Contours are from
40 to 80% in steps of 20% of the peak value. Negative contaermalashed lines and
are at -40% of the main peak value.
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