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Abstract

The aim of the thesis was to develop a code and pipeline for generating 3D

photoionisation models of axisymmetric nebulae to better understand their ob-

served structure and composition. This was achieved through a new code that

amalgamated the features of popular (but separate) codes in astronomy; a 3D

morpho-kinematic modelling application called Shape, a well known, large-scale

spectral synthesis code called Cloudy and PyCloudy, a Python library that

handles Cloudy. The resulting code presented in this thesis was called Py-

Cross, an acronym for “PyCloudy Rendering of Shape Software”.

The steep learning curves traditionally experienced when developing and using

new codes overshadows the necessity for a formal software development lifecycle.

As software development and coding is becoming an essential skill for new as-

tronomers, who are often required to create their own codes for specific purposes,

employing and adhering to a software development lifecycle during developing will

help meet milestones while managing complex projects, thus ensuring reliability

and quality. Here, a formal software development lifecycle and test driven devel-

opment approach is described and employed in the development of the PyCross

code. A detailed account of the code development, installation, functionality,

user interface and operational overview is given using both theoretical and actual

stellar objects.

Creating photoionisation models for known planetary nebulae and novae can

only be accomplished when there is sufficient information to determine the most

significant physical parameters of the nebula and the central star. Presented

here are novel approaches for various scientific methods/pipelines that can be

employed with PyCross to generate photoionisation models. Over the course of

this thesis PyCross has been used to develop, for the first time, 3D photoion-

isation models of novae V5668 Sagittarii (2015), V4362 Sagittarii (PTB 42) as

well as planetary nebulae LoTr 1 and MyCn 18.
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4.9e [O iii] (5007Å) . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.9f [O iii] (5007Å) . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.10 NGC 6720 – The Ring Nebula . . . . . . . . . . . . . . . . . . . . 105

4.11 90◦MyCn 18 photoionisation models: [O i], H i, [O iii] and He ii . . 106
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Introduction



1.1 Introduction

1.1 Introduction

Stars spend most of their lives on the main sequence (MS) burning hydrogen

in the core, and over time evolve to the red giant branch (RGB) and asymptotic

giant branch (AGB) to eventually become a white dwarf (WD). Stars approaching

the end of the AGB phase are surrounded by a shell formed from ejected material

as a result of mass loss and thermal pulses. Once mass loss ends, the core expands

as it is no longer restricted by the dense shell of ejected material which has been

carried away by a super wind. There now exists a distinct separation between

the star and the ejected material, the core contracts and envelope expands with

surface temperatures rising to ∼ 3 × 104 K. At this temperature the atoms in

the ejected material become ionised causing the nebula to shine and become a

planetary nebula (PN) (see Figure 1.1).

A binary star system consists of two stars that are gravitationally bound to

each other. Different phenomenon will occur depending on their orbital separa-

tion, for example in binary systems with close orbital separations cataclysmic vari-

ables are observed. A cataclysmic variables occur when a WD accretes hydrogen-

rich material from its companion, typically a giant or low-mass star, resulting in

a thermonuclear runaway explosion that expels material ∼ 2× 10−4 M� at veloc-

ities ∼ 1000 km s−1 and is known as a nova or Type Ia supernova. The fate of

more massive stars (& 8 M�) is in contrast to the more graceful progression to

becoming a PN. In this scenario a high mass star will evolve into a supergiant by

successively consuming its hydrogen, helium, carbon, nitrogen, oxygen and neon.

Once all fuel is gone its central core collapses under its own gravity and explodes,

ejecting a mass ∼ 10 M�, leaving a neutron star or black hole (depending on the

initial mass of the star). Binary systems with wider orbital separation (hundreds

of days) will result in symbiotic stars and symbiotic nebula.

Planetary nebulae (PNe) and novae are an extremely rich source of informa-

tion; determining the chemical composition and structure of their surrounding

nebula allow to understand the internal processes of the parent stars and chemi-

cal evolution of the Galaxy as their ejected material will mix with the interstellar

2



1.2 Planetary nebulae

medium. Novae are unlike PNe, which shed their outer layers gracefully, and are

instead characterised by bright eruptions that create and expel rare elements into

the interstellar medium.

The aim of the research presented in this thesis is to develop a novel code and

pipeline for generating photoionisation models of PNe and novae to enhance our

understanding of their structure and composition. This was achieved through

a new software package that amalgamated selected features of known codes in

astronomy. These include a 3D morpho-kinematic modelling and reconstruction

tool for astrophysical objects called Shape (Steffen & Koning, 2011), a large-scale

spectral synthesis code designed to simulate physical conditions within an astro-

nomical plasma and then predict the emitted spectrum called Cloudy (Ferland

et al., 1998; van Hoof et al., 2000; Ferland et al., 2013, 2017), and PyCloudy,

a Python library that handles Cloudy. The result is PyCross, an acronym for

“PyCloudy Rendering of Shape Software”.

In the following sections of this chapter an overview of the evolving WD is

presented to highlight the effect and influence within PNe, symbiotic nebulae and

the various classifications of novae. This chapter concludes with a breakdown of

the remaining work within this thesis.

1.2 Planetary nebulae

The first observation of a PN took place in 1764 by French astronomer Charles

Messier. Messier, an avid comet hunter, was compiling a catalogue of fixed, diffuse

celestial objects to aid fellow comet hunters in their search for elusive transient

objects, i.e. comets. The object was entered as the 27th object in the Messier

catalogue2 (M27 - Messier 27) which today is also known as the Dumbbell Nebula

or NGC 6538 (Figure 1.2a). Approximately 20 years later, German-born British

astronomer William Herschel designated this object as a ‘Planetary Nebula’3; due

1 c© 2008 Pearson Education, Inc., publishing as Pearson Addison-Weasley
2Detailed Messier catalogue: http://astropixels.com/messier/messiercat.html
3Nebula in Latin refers to cloud or fog

3
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1.2 Planetary nebulae

Figure 1.1: Stellar evolution of a star. HR diagram modified1 to illustrate the path a star takes
to become a PN

to its planet appearance resembling that of the planet Uranus, consisting of a disc

like shape and hue as observed from his telescope.

Huggins and Miller [1864a; 1864b] acquired the first spectral data for NGC

6543 (Cats Eye Nebula, Figure 1.2b). Based on stars they believed to be ob-

serving, Huggins and Miller expected the data to reveal strong continuum and

absorption features, instead the spectrum consisted of a single emission line.

Further investigations disclosed that this line could be further resolved into three

separate lines, the first and strongest being the Balmer line of hydrogen (Hβ),

the second and third however, could not be identified as they were of unknown

wavelengths. This discovery lead Huggins and Miller to believe that they had

discovered a new element which they named ‘neblium’.

Progress was somewhat stifled until the early part of the 20th century at

which point significant discoveries were made in a short time. Hubble (1922)

discovered a correlation between the magnitude of the central star (CS) and the

size of the PN and hypothesised that the emission-line spectrum of PN was a

direct result of the nebula absorbing the continuous radiation from the central

4



1.2 Planetary nebulae

star. Bowen (1928) inferred that the unknown emission lines (nebulium), was

a direct result of transitions only possible in extremely low-density gas. These

transitions dominate the spectra of PNe, (where densities are typically lower than

104 cm−3) are not replicable on Earth and gave rise to the term ‘forbidden lines ’.

The following year Perrine (1929), investigating emission lines in PNe, observed

that they were broad, in some instances split. Perrine correctly interpreted this

to the nebula expanding.

Theoretical understanding of the true origins of PNe began when Shklovsky

(1956a,b, 1957) proposed that the immediate predecessor of a PN was that of a

rapidly evolving red giant (RG) star that had detached and ejected its atmosphere

over several thousands of years to become a white dwarf (WD). The ejected

envelope would then become ionised gas, from the intense radiation field of the

central WD, and form a PN. This was determined by comparing the expansion

velocities of PNe with the escape velocity of red giants. Shklovsky (1956a,b,

1957) also accredited the formation of PNe as the most powerful supplier of gas

to the interstellar medium (ISM) with a mass of ∼0.7 M� per year appearing in

the galaxy due to this mechanism, several hundred times exceeding the amount

ejected by all the novae (see section 1.4).

Abell & Goldreich (1966) reaffirmed Shklovsky theories by using the expan-

sion velocities of PN and the escape velocities of RG stars to argue that PNe are

the result of the ejected atmospheres of RG stars. Using Shklovsky estimate for

the total number of galactic PNe, 6 × 104, and a lifetime of 2 × 104 yr, Abell &

Goldreich (1966) showed that PNe form at a rate of approximately 3 per year:

the same order as the number of stars leaving the main sequence. They suggested

that practically all low-mass stars will go through the PN stage, establishing the

importance of understanding the evolution of PN in the scheme of stellar evo-

lution. While Shklovsky (1956a,b, 1957) successfully drafted a scenario for PN

evolution, the details of the transition from a sun-like star to PN remained un-

known for another 30 years until the discovery of the thermal pulsing Asymptotic

Giant Branch (AGB) star, their mass loss and interstellar winds. The following
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(a) (b)

Figure 1.2: (a) M27 - The first discovered PN. This bi-colour image depicts colours emitted
in hydrogen (blue-magenta-red) and oxygen (green). ( c©Bill Snyder). (b) In 1864 William
Huggins acquired spectra for PN NGC 6543 - Cats Eye Nebula and discovered the spectrum
was dominated by emission lines rather than continuum. 65 years later Charles Perrine correctly
inferred that the nebula was expanding. ( c©NASA).

sections discuss how low to intermediate mass stars evolve to become PNe.

1.2.1 Evolution of planetary nebulae

There is no universal definition for PNe, however, their existence is dependent

on two components: a circumstellar shell of certain mass and density and a hot

central star to ionise it. An expanding shell and expansion velocities (∼ 25 km s−1)

imply a dynamical lifetime of ∼ 104 yr (Kwok, 2000). There exists “mimics” that

are symbiotic systems, however, the PNe community tend to include these objects

in their interests. This section will describe the evolutionary track and mechanics

a star undergoes on its journey to become a PN. A more detailed description of

each phase is presented in Prialnik (2009).

Main Sequence: Low to intermediate mass stars (∼ 0.8 M� − 8 M�) will over

time evolve to become PNe, the evolutionary track for a sun-like star is illustrated

in Figure 1.1. As a star progresses along the MS its inner composition is changing,

fusing hydrogen to helium. The fusion process will be the proton-proton chain

6
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or CNO cycle for stars with masses M∗ . 2M� and M∗ & 2M� respectively. As

the helium core grows the hydrostatic equilibrium within the star is disrupted,

once a critical mass is reached (Schönberg-Chandrasekhar limit) the helium core

is unable to support the overlying layers against gravitational collapse. The star’s

core begins to contract and heat, core temperatures are further accelerated from

hydrogen fusion occurring in the adjacent layer, causing the envelope to expand

while decreasing its effective temperatures and the star ascends to the red giant

branch (RGB).

Red Giant and Horizontal Branch: During this phase the star is still in a

state of flux with a contracting core and expanding envelope. It is important to

note that due to the star’s larger radius the gravitational binding energy of the

outer layers is diminished. As a result, stellar winds accelerate atoms in the pho-

tosphere beyond escape velocity resulting in mass loss, ensuring the remaining

WD core will never reach the Chandrasekhar mass limit4. As the star’s luminos-

ity and opacity rise, a fully convective envelope forms and extends from outside

the hydrogen burning shell to the surface. This convective envelope reaches layers

where nuclear fusion byproducts reside, pulling the ‘ashes’ to the surface, result-

ing is the first occurrence of a process known as ‘dredge-up’. The core contraction

phase is slow, temperatures within the core and surrounding burning shell rise

while the core material becomes degenerate. In low mass stars (M∗ . 2M�)

when the core mass is ∼0.5M�, temperatures reach the helium burning threshold

causing the helium to trigger a thermonuclear runway event known as a ‘helium

flash’. The tremendous rise in temperature removes the degeneracy of electrons

allowing the core to expand. Stars with core masses M∗ & 2M� do not experience

the helium flash as the core temperatures required for helium fusion are reached

before electron degeneracy. During a star’s transition along the horizontal branch

(HB) it fuses helium in its core, producing carbon and subsequently oxygen in a

manor similar to that of the MS. Once the helium reserves are drained the core

4The Chandrasekhar Limit of 1.4 M� solar masses, is the theoretical maximum mass a white
dwarf star can have without collasping into a neutron star or black hole.
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will once again contract and heat while its envelope will expand, cool and become

redder. After the exhaustion of helium, these stars, consisting of a carbon-oxygen

core, represent the beginning of the AGB, the last burning phase and immediate

progenitor of a PN (Herwig, 2005).

Asymptotic Giant Branch: Paczyński (1971a,b) introduced a modern under-

standing of central star evolution of PNe by presenting post evolutionary tracks

of AGB stars with hydrogen envelopes of cores of various masses. As central

stars of PNe have luminosities of ∼ 104 L�, Paczyński (1971a,b) suggested that

the only candidates suitable are that of double shell burning AGB stars (see

Figure 1.3a), due to the similar luminosities as that of the central stars of PN.

Paczyński (1971a,b) showed that the effective temperature of an AGB star will

change very little as long as the star has an extensive hydrogen envelope, also an

AGB star will not evolve to the blue side of the HR diagram (Figure 1.1) until the

hydrogen envelope mass drops to a very small value. These evolutionary models

were improved by Schöenberner (1979, 1981, 1987) by introducing the effects of

thermal pulses generated from the star (see Figure 1.3b). Schöenberner’s mod-

els showed that hydrogen burning central stars evolve approximately three times

faster than helium burning stars in the parts of the HR diagram where PNe are

found.

Prialnik (2009) divides the AGB into two phases: (i) the early-AGB, where

the hydrogen-burning shell extinguishes as a result of envelope expansion, and

the luminosity is provided by helium shell burning; (ii) the thermal pulsing AGB

(TP-AGB) which begins with reigniting hydrogen in a thin shell.

The lifetime of the early AGB phase is ∼ 107 yr, depending on the core mass.

Hydrogen-shell burning is the dominant source of energy for approximately 90%

of the TP-AGB phase. The mass of the helium shell below the hydrogen burning

shell increases, this leads to an increase in the triple-α reaction rate and eventually

thermonuclear runaway known as a ‘thermal pulse’. This lasts until the helium

shell over-expands and cools and the star returns to a steady state of hydrogen-

5Redrawn by Mary Geer Dethero as part of her undergraduate student internship.
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1.2 Planetary nebulae

(a) (b)

Figure 1.3: (a) The internal structure and layers of an AGB star (Persson, 2014). (b) Thermal
pulse cycle of a AGB star (Prialnik, 2009)5, Stages a and d consist of hydrogen shell burning,
while stages b and c consist of helium shell burning. During stage c, the outer convective zone
extends inwards beyond the helium burning shell’s boundary. This process dredges hydrogen
and helium burning products to the surface which are mixed into the envelope. Stage a’ and a
are similar except that the carbon-oxygen core has grown.

shell burning. During this AGB phase, the number of thermal pulses a star

experiences will depend on its mass. Kwok (2000) outlines a number of interesting

events during each thermal pulse: (i) at the helium flash, the temperature inside

a flash driven convective shell is high enough for nitrogen to be converted into

neon; (ii) after the flash, the base of the convective envelope dredges up heavy

elements; (iii) for stars of higher mass, nuclear burning can occur at the bottom

of the convective envelope where carbon is converted to nitrogen and the stellar

luminosity can reach very high values.

Due to the double burning shell, long series of thermal pulses and strong

stellar wind, stars suffer significant mass loss ranging from 10−9 M� to 10−4 M�

per year. Once mass loss ceases the core expands as it is no longer burdened

supporting the massive envelope. As the remaining envelope contracts a void is

created between the star and the ejected material. Temperatures of the newly

exposed CS or ‘planetary nebula nucleus’ (PNN) rise significantly (∼30,000 K)

to ionise the atoms of the ejecta. Nuclear burning continues in the remaining

shell of the carbon-oxygen core until its mass falls below 10−3 M� − 10−4 M�

after which it can no longer maintain the high temperatures required for nuclear
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Figure 1.4: Collage of PN morphologies. c© http://hubblesite.org/images/

burning. Gradually, the luminosity and ionising power of the PNN fades as the

nebula continues to expand, eventually disappearing, the remaining central star

continues its evolution to become a cool WD (Prialnik, 2009).
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Figure 1.5: An example of a bipolar PN viewed from different angles. Viewing the nebula
face on will result in a elongated bipolar nebula similar to Hubble 5. The heat generated by
the fast winds causes each lobe to expand. Viewing along the poles results in a more circu-
lar nebula with a central cavity similar to the Helix nebula. The torus may be as a result
of a close binary or symbiotic star at the centre of the nebula. Credit “Hubble 5”: modifi-
cation of work by Bruce Balick (University of Washington), Vincent Icke (Leiden University,
The Netherlands), Garrelt Mellema (Stockholm University), and NASA/ESA; credit “Helix”:
modification of work by NASA, ESA, C.R. O’Dell (Vanderbilt University), and M. Meixner,
P. McCullough. c© https://pressbooks.online.ucf.edu/astronomybc/chapter/22-4-

further-evolution-of-stars/

1.2.2 Morphology & structure

PNe have an extremely diverse range of morphologies, examples of which can

be seen in Figure 1.4. This variance in morphology may be due to the angle from

which they are being viewed, meaning that the majority of PNe have a similar

geometric shape; a hot central star surrounded by a thick torus of gas with winds

escaping from the poles, see Figure 1.5. While this figure gives examples where

PNe are being viewed from the front and along the poles, it is important to note

that PNe are often viewed at intermediate angles, resulting in more elaborate

11

https://pressbooks.online.ucf.edu/astronomybc/chapter/22-4-further-evolution-of-stars/
https://pressbooks.online.ucf.edu/astronomybc/chapter/22-4-further-evolution-of-stars/
https://pressbooks.online.ucf.edu/astronomybc/chapter/22-4-further-evolution-of-stars/


1.2 Planetary nebulae

and complex structures.

There are many known inherited and evolutionary factors that influence the

morphologies of PNe: initial mass, physical conditions of the interstellar or cir-

cumstellar medium surrounding the post AGB star, stellar wind that produces

the shell, fast winds from the central star and the possible presence of a com-

panion star. One of the greatest challenges in PN research is understanding the

origin and evolution of these varying morphologies (Kwok, 2000). This section

will discuss morphology classification, structural components and possible shap-

ing mechanisms.

Curtis (1918) pioneered the first large scale study of morphologies of 78 PNe

over a three-year period, classifying them, based on their appearance into one

of six classes. Since then, subsequent classification schemes have been proposed

based on better understanding achieved with the onset of digital detectors and

higher angular resolution. A common classification scheme employed by as-

tronomers is that proposed by Stanghellini et al. (1993) who studied 111 galactic

PN to determine if there was a correlation between their morphology and the

evolution of the central star, classifications include: (i) stellar, (ii) elliptical, (iii)

bipolar, (iv) symmetric, and (v) irregular.

A more recent and extremely detailed classification scheme was presented by

Sahai et al. (2011) (Table 1.1) who extended that of Stanghellini et al. (1993)

by reviewing over 119 images taken from surveys carried out with HST/WFPC2.

This comprehensive morphological classification system6 focuses on young PNe

as they best show the influences or symmetries imposed on them by the dominant

physical processes operating at the first and primary stage of the shaping process.

Macro & Micro Structures: Observing and interpreting stellar objects be-

yond our solar system is difficult as 3D volumetric objects are observed as 2D

projections. Detecting and distinguishing detailed macro- and micro-structures

within PNe has improved significantly with higher resolution detectors.

6A continuation of their work (Sahai et al., 2007), commonly referred to as SMSC07. In this
table the italicised text for primary classes and secondary characteristics are new additions to
the older morphological classification system SMSC07.
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Table 1.1: PNe Morphological Classification Codes (Sahai et al., 2011)

PRIMARY CLASSIFICATION: Nebular Shape
B Bipolar
M Multipolar
E Elongated
I Irregular
R Round
L Collimated Lobe Pair
S Spiral Arm

SECONDARY CLASSIFICATION
Lobes
o Lobes open at ends
c Lobes closed at ends
Central Regions
w Central region is (relatively) dark and shows an obscuring waist
t Central region is bright and has a toroidal structure
bct Central region is bright and barrel shaped
bcr(c) Barrel has closed ends
bcr(o) Barrel has open ends
bcr(i) Irregular structure present in barrel interior
Central Star
∗ Central star evident in optical images
∗(nnn) Star is offset from the centre of symmetry and one or more nebular

structures, nnn is maximum offset in miliarcsec
Other Nebular Characteristics
an Ansae
ml Minor lobes
sk A skirt-like structure around the primary lobes
ib An inner bubble structure inside the primary nebular structure
wv A patterned structure, such as a weave or a mottling
rg Rings projected on lobes
rr Radial rays
pr One or more pairs of diametrically opposed protrusions on the pri-

mary geometrical shape
ir Additional unclassified nebular structure lacking symmetry, not cov-

ered by primary or secondary classifications
Point Symmetry
ps(m) Due to the presence of two or more pairs of diametrically opposed

lobes
ps(am) Due to diametrically opposed ansae
ps(s) Overall geometric shape of lobes is point-symmetric
ps(t) Waist has point symmetry structure
ps(bcr) Barrell-shaped central region has point-symmetric structure
ps(ib) Inner bubble has point-symmetric structure
Halo
h Halo is present
h(e) Halo has elongated shape
h(i) Halo has indeterminate shape
h(a) Halo has centro-symmetric arc-like features
h(sb) Halo shows searchlight beams
h(d) Halo has a sharp outer edge, or shows a discontinuity in its interior
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Macro-structures (halos, shells and rims) have been known for some time

(Duncan, 1937). Morphological studies of halos by Chu et al. (1987) led them to

suggest they be classified into two types: Type I halos having faint and filamen-

tary material detached from the primary shell, and Type II halos showing bright

and amorphous structures attached to the main shell. The diameters of Type I

halos range from ∼ 0.5 pc &1 pc and are often nearly static, Type II halos are

expanding at velocities similar to those of the primary shell, furthermore, some

elliptical PNe are found to have spherical halos, suggesting morphology develops

after the AGB phase.

Micro-structures are small structures, such as jets, knots and filaments, lo-

cated near the outer edges of the rims of PNe and are formed as a result of

instabilities. Knots contain a large fraction of the entire ejecta of the star, by

which the material is trapped in shielded molecular zones. Cometary knots are

dark objects with luminous tails pointing away from the central star and contain

a higher concentration of matter. It has been suggested that fast winds from the

central star pass through these dense regions, which are slowly being evaporated,

causing the evaporated gas to be swept backwards. (O’Dell & Handron, 1996;

O’Dell et al., 2002).

Spectroscopic analysis by Balick et al. (1994) of NGC 6543, NGC 6826 and

NGC 7009 showed that knots (∼ 0.01 pc) observed in [N ii] and [O i] lines, are in

low ionisation states, have high supersonic velocities (∼50 km s−1) and a shorter

kinematic age than the gas surrounding them. Balick et al. (1994) named these as

‘fast low-ionisation emission regions’ (FLIER), also known as ansae. Gonçalves

et al. (2001) compiled a list of 50 PNe where these microstructures were observed

in [N ii], [S ii], [O ii] and [O i] lines (forbidden lines) and described them as ‘low

ionisation structures’ (LIS). Gonçalves et al. concluded that LIS are present

indistinctly in all morphological classes of PNe , indicating that their formation

is not necessarily connected with the processes responsible for the asphericity of

the main morphological components of PNe. FLIERs are a special subclass of

LIS in which symmetric pairs of low ionisation knots exhibit opposite, supersonic
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Figure 1.6: HST WFPC2 image of NGC 7009 (The Saturn Nebula) showing prominent FLIERs
and jets along the major axis. c©NASA

Doppler shifts.

High resolution imaging may detect shapes, however, better understanding of

the three dimensional structure is achieved when this data is coupled with spa-

tially resolved spectra to determine the kinematics of the gas within the nebula.

Phillips et al. (2010) used narrow-band imaging from HST, mid-IR imaging from

Spitzer, space-based mid-IR spectra (from ISO and Spitzer), and ground-based

IR and optical, long-slit spectra at a variety of positions on NGC 7009 (see Fig-

ure 1.6). This combination of data allowed for the creation of extinction maps;

identify shock fronts, FLIERS and other features to generate a more complete

picture of the nebula.

(Shaw, 2012) demonstrated the importance of obtaining the most favourable

observational conditions possible and also highlighted the utility of combining

multiple, narrow-band images to reveal ionisation stratification and the detection

of jets emanating from the vicinity of the CS of NGC 6543. As can be seen in

Figure 1.7, the centre image clearly shows the effects of AGB wind and how it

interacts with the ISM. The HST image on the bottom left of Figure 1.7, shows

the remnant features of gas ejection on the AGB in the form of concentric rings.
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Figure 1.7: Image taken from Shaw (2012) demonstrating the advantages of deep, multi-band
image of NGC 6543 (credit: R. Corradi/IAC) showing a large halo (centre). Superimposed
are four multi-band images of the nebular core: an amateur ground-based image (upper left),
a multi-band image from HST (upper right; credit: J.P. Harrington and K.J. Borkowski, and
NASA), a deep HST exposure with compressed dynamic range (lower left; credit: NASA, ESA,
HEIC) and an X-ray image from CXC (lower right; credit: Chu et al. and NASA).

In this example, the image on the top left is taken from a ground based telescope,

is of no comparison to that of the multi-band image from HST, top right. With

an improved angular resolution of a factor of 10, this image revealed ionisation

stratification and the detection of jets emanating from the vicinity of the central

star. Finally, the image on the lower right (X-ray) helped understand the role of

pressure from hot gas and the dynamics of this PN.

1.2.3 Chemical composition

Thus far, the evolution of PNe from MS star to WD has been outlined and

the varying morphologies, classification schemes and shaping mechanisms have

been described. In all aspects it is critical to establish the physical evolution of

the parent star, or stars in the case of a binary. Understanding the chemical
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Table 1.2: Nebular and auroral Te & Ne diagnostic line ratios (Tsamis et al., 2003)

Electron Temperature (Te)

[O iii] (4959 Å+5007 Å)/(4363 Å)

[N ii] (6548 Å+6584 Å)/(5754 Å)

[O ii] (3727 Å)/(7320 Å+7330 Å)

[S ii] (4068 Å)/(6731 Å+6716 Å)

Electron Density (Ne)

[Ar iv] (4740 Å)/(4711 Å)

[Cl iii] (5517 Å/(5538 Å)

[S ii] (6731 Å)/(6716 Å)

composition of PNe is equally important as the ejected material mixes with the

ISM, giving rise to chemical enrichment processes.

PNe spectra consist predominately of emission lines, a result of ionisation from

UV radiation emitted from the central WD and interaction of electrons within

the nebula. These lines are categorised as either recombination lines: formed

when an ion and an electron combine, leading to a cascade of the electron down

to the ground state, or collisionally excited lines: formed when electrons collide

with atoms or ions within the gas, and excite them. When these excited atoms

or ions revert to their ground state, they will emit a photon, and are known

as ‘forbidden lines’ (see section 1.2: Planetary nebulae), and denoted by square

brackets, (e.g [N ii], [O iii] etc.).

Emissions lines can be further categorised as being nebular or auroral, and are

identified by their transitions from higher to lower excitation states. Examples

of nebular and auroral lines include doubly ionised oxygen lines [O iii] at 4959 Å

and 5007Å (nebular) and [O iii] 4363Å (auroral) whose ratio is used to determine

electron temperatures (Te) in nebular plasmas (see subsection 3.2.1, Figure 3.2,).

Examples of other nebular and auroral line ratios used to determine electron

densities (Ne) and Te are listed in Table 1.2.

Abundances of elements within a nebula are expressed as a ratio to hydrogen,

spectroscopic analysis can determine chemical composition, density, velocities

and temperatures of regions within a nebula, showing lines from many elements
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from which abundances can be derived. Peimbert (1978) classified PNe based on

their chemical abundances (H, He, C, N, NE and O) into the following four types:

Type I: PNe rich in He and N, resulting from higher mass progenitors & 2.5M�,

Type II: PNe evolving from lower mass stars than that of Type I. PNe like these

have lower abundances, Type III: High velocity PNe (∆v > 60 kms−1) that are

iron-poor and Type IV: PNe that have a slight deficiency of helium relative to

other PNe.

An important and current problem in abundance determinations in PNe and

H II regions (regions of ionised gas surrounding a young massive star) is the exis-

tence of a discrepancy between the abundances determined with forbidden lines

and those determined by recombination lines. The ratio of these derivations is de-

fined by the abundance discrepancy factor (ADF). Gaseous nebula have an ADF

in the range of 2 − 3, in PNe this can be as high as 70 (Torres-Peimbert, 2015).

It has been argued that the ADF in PNe is due to: (i) chemical inhomogeneities

(fluctuations or variations), (ii) temperature inhomogeneities in chemically homo-

geneous objects and (iii) the destruction of solid bodies inside PNe that produce

cool and high-metallicity pockets (see Peimbert et al., 2017, and authors therein).

Corradi et al. (2015) investigated the abundance discrepancy problem in three

PNe (Abell 46, Abell 63 and Ou5) with close binary central stars (orbital periods

of ∼ 10 hrs) and common envelope evolution and showed all to have a large ADF.

Corradi et al. does not solely credit the high ADF to close binaries and debates

that the origins of the metal rich gas present in the nebula may also be influenced

by nova-like outbursts, planetary material and the destruction and engulfment of

circumbinary Jovian planets. The elemental enrichment/depletion expected for

planets destroyed during the evolution of a PN is still uncertain, thus, further

investigation is necessary to determine the planet shaping hypothesis. A deep

spectroscopic study of the microstructures (knots, jets, etc.) and main nebula is

required in order to compare their compositions and determine the ADF.
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Figure 1.8: The fast winds of the central star distribute gas to different regions. As fast winds
collide with denser and slower super wind, a bright rim is formed. Further out, super winds
interact with material shed earlier in the star’s evolution which forms the crown. The wind
created during the AGB phase has travelled further away from the central star, may compress
outlying interstellar matter resulting in a brightened halo. Image adapted and recreated from
(Soker, 1992)

1.2.4 Shaping mechanisms

As previously stated, one of the greatest challenges in PN research is under-

standing the origin, morphologies and mechanisms that shape them. Regarding

shaping mechanisms, PNe can be categorised as being spherical (∼ 20% (Parker

et al., 2006b)) or aspherical (bipolar or elliptical). One of the first models to

investigate the shaping of PNe was presented by Kwok et al. (1978). The ‘inter-

stellar wind model’ (ISW) proposed that a slow, dense, super wind originating

from an AGB central star is later swept up by a faster tenuous wind emanating

from the emerging WD. A compressed, dense thin shell is formed where it is

then ionised; both winds are said to act hydrodynamically, see Figure 1.8. While

this model explaines the shell structure, expansion velocity and density of PNe

formation, it cannot account for the variety of morphologies and microstructures

as discussed in previous sections.
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Table 1.3: Binary System Classification for PNe (Soker, 1997)

Class Likely Outcome
Extremely Wide Binaries*
Torb �TPNF ∼ 105 yrs, a& 5000 au

Progenitors of PN that did not interact with any companion. Pos-
sible formation of small bubble inside the nebula.

Wide Binaries
Torb ∼TPNF

Displacement of the central star
Asymmetrical nebulae
Jets bent in the same direction

Close Binaries
(Avoiding a common envelope)

Bipolar PN (from a disc around the companion.
Expansion velocity: faster for a WD than for a main-sequence companion)

Common Envelope
(Substellar Companions)

Elliptical PNe; halo likely to be elliptical as well.

* Torb: Orbital Period, TPNF: Total formation and life time of the PN ∼ 105 yrs, for orbital separations of & 5000 au

The varied and striking morphologies displayed by PNe cannot be explained

by single star scenarios, to this end researchers have focused on stellar rotation,

magnetic fields and stellar/substellar companions as possible scenarios to explain

the aspherical morphologies found in PNe. Rapid rotation can lead to equatorial

mass-loss and the formation of highly axisymmetric structures like rings and polar

caps. However, it has been demonstrated that rapid rotation cannot reproduce

bipolar axisymmetric structure as the rotation rates required are impossibly high

for single stars. Strong magnetic fields may constrain overflows along the axis and

around the equator forming jet and torus-like features respectively. In isolated

PNe progenitors it has been shown that magnetic fields are not strong or long-

lived enough to produce anything but weak deviations from spherical symmetry.

The binary or substellar companion hypothesis has existed since the early 1970’s

and have become the preferred scenario for formation of aspherical PNe. AGB

stars in a close binary system interact with their companion, overflowing its Roche

lobe7 (see Jones & Boffin, 2017, and authors therein).

Soker (1996) argued that when a star is in the RGB or AGB phase, interac-

tion with a substellar or stellar companion results in the spinning up of the stellar

envelope, causing a wind to blow axisymmetrically, rather than spherically. Soker

describes the interaction of substellar objects as engulfing any Jupiter-like planet

residing closer than ∼ 4 au. Later, Soker (1997) made an assumption, based en-

tirely on observations, that non-spherical PNe cannot be formed by single star

7The Roche lobe (or Roche limit) is the region around a star in a binary system within
which orbiting material is gravitationally bound to that star.
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Table 1.4: Summarisation of PNe population synthesis models (Boyle, 2018)

NPN Planet-Fraction Binary-Fraction Single-Fraction
16,400 1.5%(240 PNe) 20%(3,300 PNe) 78.5% (12,900 PNe)

evolution and proposed that shaping of PNe was as a result of interactions be-

tween (i) stellar rotation, (ii) magnetic fields and (iii) binary stars during the

AGB or post-AGB phase. An adaption of Soker (1997) classification scheme for

binary progenitors of PNe, based on varying degrees of separation and possible

likely shaping outcomes is documented in Table 1.3.

Recently, Boyle (2018) developed a population synthesis model consisting of

16,400 ± 2,300 visible PNe in the present-day galactic population to calculate

the fraction of PN progenitors shaped by engulfed planets. The results of this

study are summarised in Table 1.4 where NPN is the number of PNe used in a

specific model, planet-fraction is the number of PNe evolving from the engulfment

of massive planets on the AGB, binary-fraction is the number of PNe evolving

from binary interactions and single-fraction is the number of PNe evolving from

single stars without planet engulfment on the AGB. In total, 48 population syn-

thesis models were calculated with the planet-fraction for the present-day galaxy

varying between 1%−2%. This result is relatively low as ' 80%8 of the observed

population of PNe are non-spherical, however Boyle (2018) states that if low-mass

single stars are unable to form a visible PNe than the expected planet-fraction

PNe in the present-day galaxy would be ' 7%.

Nordhaus & Blackman (2006) studied the effect of low-mass (< 0.3 M�) com-

panions embedded in the envelope of a ∼ 3M� star during three epochs of its

evolution (RGB, AGB and thermal-pulsing AGB); companions included planets,

brown dwarfs and low-mass MS stars. Findings from this study revealed that

during the RGB phase envelope ejection was unlikely. Scenarios did exist during

the AGB phase whereby massive brown dwarfs ejected the envelope equatorially,

lower mass companions may spiral inwards far enough to induce a differential ro-

8See (Parker et al., 2006a) for details of morphological classifications for all 903 new MASH
PNe
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1.2 Planetary nebulae

Figure 1.9: Binaries & common envelope evolution models (Nordhaus & Blackman, 2006). (a)
the companion provides orbital energy unbinding the envelope (or portion of it) equatorially,
(b) the companion spirals inwards inducing differential rotation unbinding the envelope or (c)
the companion is shredded into a disc around the core, leading to disc driven overflow.

tation ejecting material along polar regions while also forming ansae, furthermore

such companions may be shredded into a disc resulting in a disc-driven overflow.

AGB stars in the thermal pulsing phase where envelopes have significantly ex-

panded, showed an equatorial torus-like appearance. The amount of material

contained within the outflow is determined by the mass and penetration depth

of the companion. Figure 1.9 illustrated the schematic for the three scenarios

presented by Nordhaus & Blackman.

The first PNe confirmed CS binary was Abell 63, discovered by Bond (1976).

Miszalski et al. (2009a,b) discovered ∼ 20 new binary systems based on data

collected from the Optical Gravitational Lensing Experiment (OGLE) survey.

These results revealed that PNe with detectable close binary stars tend to show

bipolar morphologies with equatorial rings and extended jet-like features, as well

as low-ionisation filamentary structures. PNe and binary stellar evolution are

inextricably linked; the evolution and mass loss of low to intermediate mass stars

can be accounted for in PNe evolution while binary evolution, and in particular

close-binary evolution, impacts the mass loss rate, energetics and morphologies.
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Close binaries may have a dramatic effect regarding mass loss through a common

envelope episode (Boffin & Jones, 2019). Known PNe hosting binary central stars

include: Abell 65, NGC 5187, NGC 6326, NGC 1514, The Necklace and MyCn 18,

to name a few. Images depicting the varying array of PNe morphologies hosting

binary CS can be seen in Jones & Boffin (2017).

There is strong evidence to suggest that binary interactions, in the form of

gravitational energy from mass transfer and the spiralling-in process releasing

gravitational orbital energy, shape non-spherical PNe. However, the period dis-

tribution of binary progenitor systems suggest that binary shaping does not ac-

count for the total population of non-spherical PNe, and that a small population

must be as a direct result of planet engulfment by the AGB progenitors. This

hypothesis is becoming more popular due to the discovery of hundreds of massive

planets around PN progenitor stars, furthermore the origin of metal-rich com-

ponents embedded within the nebula may also originate from the remnants of

an exploded planet (see Akashi & Soker, 2017; Akashi et al., 2018, and authors

therein).

1.3 Symbiotic Stars

Understanding PNe can account for the evolutionary path and mass loss his-

tory of low to intermediate mass stars while binary evolution, can further our un-

derstanding of mass-loss rate, energetics and morphology. Boffin & Jones (2019)

lists 50 known post-common-envelope PNe containing binary central stars with

orbital periods ranging from 0.14 to 18.15 days, with another possible 14 candi-

dates derived from simulations. Ongoing research regarding binary central stars

as shaping mechanisms in PNe, symbiotic nebulae and novae is further helped

with advances in technology, both hardware for detection and software for simula-

tions. This section will describe other binary star systems i.e. symbiotic nebulae

and novae.

23



1.3 Symbiotic Stars

Figure 1.10: Schematic, of a SyNe: a hot white dwarf and cooler RG that is losing material in
a wind. In this schematic a partially ionised nebula is represented with the bow-shaped curve
showing the boundary between the portion of the nebula where hydrogen is ionised by radiation
from the WD (H ii), and the region nearer the RG that is primarily neutral hydrogen (H i).
Boundary shapes will vary based on the systems. See Figure 1.11 for example of known SyNe
Hen2-104 “The Southern Crab”.

Symbiotic stars (SySts, SySt singular) are a wide binary system consisting of

a mass accretor, typically a WD, but in some cases a neutron star is observed, the

donor is a RG or Mira star with orbital periods in the order of years (Ilkiewicz, K.

& Mikolajewska, J., 2017). In some instances these systems have resolved nebulae

consisting of ringlike or bipolar shapes and are referred to as symbiotic nebula

(SyNe). This type of system may resemble cataclysmic variables but are less

understood with less violent eruptions. SyNe are distinguishable from PNe in that

the nebula material originates from the cooler donor star which is then ionised

by the hot WD, in comparison to a bona fide PNe whose material originates

from the star during the AGB phase and is then ionised by the star when it

becomes a WD (see De Marco, 2009, and references therein). It is important

to note therefore, that if the RG has not influenced or affected the evolution of

the WD, then the object remains a genuine PN. Relying on observations alone

is insufficient to determine and classify SySts, where PNe typically evolve by H

or He burning shells after most of the H atmosphere is lost during the AGB,

SySt evolve by gravitational or nuclear burning as a result of mass transfer and

accretion (Kwok, 2003).
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Identifying SyNe is often difficult as their spectra are often confused with PNe

and dense H ii regions. SySts optical spectra can contain absorption features from

the cool companion star as well as high ionisation lines (He ii), low to intermediate

ionisation lines ([N ii]), and bright Balmer lines (Hα, Hβ) due to the presence

of a luminous hot WD (Akras et al., 2019a), see Figure 1.10. This problem is

further compounded such that emission lines used to distinguish them from other

objects are not present (Ilkiewicz, K. & Mikolajewska, J., 2017). An example of

such a misidentification was reported by Munari et al. (2013), who at the time

believed that they discovered a PN centred on the SySt DT Ser, a poorly studied

variable reported by the General Catalog of Variable Stars. Frew et al. (2014)

later presented an alternative interpretation of DT Ser by analysing the data

acquired by Munari et al. in addition to multi wavelength and photometry data

from 14 various virtual observatory databases. Frew et al. instead concluded that

there was no association between DT Ser and the PN, but rather that DT Ser was

not a SySr and was instead superposed on the newly discovered but unrelated

background PN.

Belczyński et al. (2000) presented a catalogue of 188 confirmed SySts (17 of

which were classified as extragalactic). and another 30 objects suspected of being

symbiotic (2 of which were classified as extragalactic). This catalogue consisted

of coordinates, V and K magnitudes, UV, IR, X-ray and radio observations.

Since this, the number of confirmed SySts has doubled with many more potential

candidates emerging (Merc et al., 2019). This may be due to advances in hardware

but also in software with may astronomers in recent years adding machine learning

to their arsenal (Akras et al., 2019a,b).

Akras et al. (2019a) presented the most recent census of SySts using data

acquired from 2MASS, WISE, and Gaia surveys. Results generated an updated

list containing 323 known and 87 candidate SySts, 257 of which are galactic and

66 extragalactic. This study focused mainly on spectral energy distributions pro-

files, temperatures and IR types of SySts obtained through various modelling

and machine learning techniques. Akras et al. (2019b) developed a new approach
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for identifying SySts from other Hα emitters in photometric surveys using nu-

merous machine learning algorithms such as cascading classification trees, linear

discriminate analysis, and K-nearest neighbour. Applying their newly developed

classification tree identified 72 new candidate sources of SySts successfully passed

the criteria from data acquired by Akras et al. (2019a). A new online catalogue9

of all known symbiotic systems and candidates, categorised according to their

location in 14 galaxies has been made available by Merc et al. (2019). This

dataset contains information relating to the position, brightness in various spe-

cial regions and any observational properties such as the presence of outbursts,

flickering, symbiotic type, emissions, etc. An advantage of studying SySts in other

galaxies is that their distances are generally well resolved as they correspond to

the distances of their parent galaxy.

A popular and well known example of a SyNe is Hen 2–104, also known

as “The Southern Crab”. Located in the southern constellation of Centaurus

(14h 11m 52.06s right ascension, -51◦ 26’ 24.1” declination) at a distance of

3.3± 0.9 kps (Santander-Garćıa et al., 2008). This SyNe was originally being

classified as a PN until Whitelock (1987) discovered its symbiotic nature with

the presence of a long period (400 day) Mira and WD pair by means of near-

IT photometric monitoring. Material ejected from the Mira is captured by the

gravity of its companion, the WD erupts when enough material is pulled onto

its surface creating bipolar structure (see Figure 1.11). As this SyNe spans a

number of light years, its nebulosity on the extremity is extremely thin, and as

such the full extent and shape of the outer hourglass is not resolved, its three

ionised structures; an inner hourglass, open-ended outer hourglass and a pair of

axisymmetric polar jets are clearly visible. Both stars are embedded inside the

the more recently ejected inner hourglass which is enlarged and shown at the

bottom right of Figure 1.11.

Santander-Garćıa et al. (2008) researched Hen 2–104 to determine its kinemat-

ics, morphology, expansion distance, density distribution and ionised mass and

9New Online Database of Symbiotic Variables – Updated regularly and available via the
following web-portal: http://astronomy.science.upjs.sk/symbiotics/
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1.3 Symbiotic Stars

Figure 1.11: SyNe Hen2–104, also known as The Southern Crab is a SyNe located in the
constellation Centaurus. This SyNe has two distinct nested hourglass shaped structures, a
result of the interactions between the RG and WD at its centre. The more recent inner hourglass
is enlarged and shown at the bottom right corner of the image. c©Credits: NASA, ESA, and
A. Feild (STScI)

determined a Te = 10000K for the inner hourglass and base of the outer hour-

glass, with densities ranging from ne = 500 cm−3 – 1000 cm−3 and ne ∼ 300 cm−3

– 500 cm−3 respectively. The ionisation mass of the extended nebula was deter-

mined to be approximately 1
10

M� and attributes this to the Mira being the main

mass contributor with the WD shaping the nebula. Their spatio-kinematic model

showed that overflow speeds were slowest at low latitudes and highest along the

polar direction. Santander-Garćıa et al. concludes by stating that the distinctive

characteristics of SyNe being one or two orders of magnitude less massive than

PNe do not apply to Hen 2–104 and it showed the characteristics its symbiotic

nature, consisting of a high density core, NIR colours unusual for a PN, and an

articulated high-excitation spectrum indicating the presence of a cool giant.

27

https://www.nasa.gov/sites/default/files/thumbnails/image/stsci-h-p1915d-m-1647x2000.png
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(Clyne et al., 2015) also carried out a detailed investigated into the physical

properties, structure and dynamics of Hen 2-104 using archival data was ob-

tained from Corradi et al. (2001). Results indicated a kinematic age of the outer

hourglass to be approximately 2.4 times older than the inner hourglass, and is

consistence with the ratio of width between the structures. A 3D Shape model

of the SyNe showed discontinuity in the opening angle of the lobes of roughly

10◦ indicating a change in thermal and velocity structure in the outer hourglass

which may be due to a unstable shock transition between regions.

SySt offer excellent opportunities to research binary interaction and stellar

evolution as they show instances of jets, accretion/excretion discs, nova outbursts,

ionised nebulae and interacting winds, they are also promising candidates for

progenitors of type Ia supernovae (Ilkiewicz, K. & Mikolajewska, J., 2017) which

will be discussed in the next section.

1.4 Novae

In binary systems, and depending on the orbital period, the companion can

have an effect in shaping PNe (see Figure 1.1) and nebulae surrounding SySts.

In this section the explosive nature of interacting binaries resulting in novae will

be discussed. Novae, an abbreviation from latin stella nova meaning new star,

is defined by the Oxford dictionary as “a star showing a sudden large increase

in brightness and then slowly returning to its original state over a few months.”,

which is what ancient astronomers believed they witnessed before the brightness

faded and eventually disappeared.

Since then, our research and understanding of novae has evolved such that

there are now many categories and definitions when describing novae and their

eruptions. The remainder of this section will focus on distinguishing between

classical, recurrent, dwarf and supernovae, their characteristics, formation and

morphologies. Refer to Bode & Evans (2008) for a comprehensive overview of

classical nova evolution.
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Figure 1.12: A classical nova is a thermonuclear explosion that occurs on the surface of a white
dwarf star that is in a close orbit with a main-sequence star. The strong gravitational attraction
of the white dwarf pulls its nearby companion into an elongated shape, whose outer edge is
designated the Roche lobe. Some of the hydrogen in the outer atmosphere of the main-sequence
star spills over at the inner Lagrangian point, denoted L1, where the gravitational pull of the
two stars is equal. This hydrogen spirals into a rotating accretion disk and down to the white
dwarf, igniting a thermonuclear explosion. Image: c© https: // ase. tufts. edu/ cosmos/

print_ images. asp? id= 52 .

1.4.1 Types of novae

A cataclysmic variable (CV) is a interacting binary system culminating in

sudden bursts in luminosity from an eruption. They are distinguishable from

SySts in that SySts have wider orbital periods such that a) the primary does not

fill its Roche lobe prior to becoming a WD, b) the primary becomes a thermal

pulsing AGB star with a dusty wind and avoids a common envelope or c) the

initial components are of a comparable mass and no orbital shrinkage is observed

as their Roche lobes are not filled. Components of CVs consist of a WD and

companion that is a near, or Roche lobe filling star. CVs encompass classical,

recurrent and dwarf novae, i.e. systems containing a WD and a companion (Bode

& Evans, 2008).

Classical novae

A CV which has only been observed to have erupted once is known as classical

nova. The eruption is the result of accretion of hydrogen-rich material onto the

WD from its companion, typically a giant or low-mass star (see Figure 1.13). As

the layer of H-rich material form, it is both compressed and heated by strong sur-
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1.4 Novae

Figure 1.13: An example of the morphology of a nova light curve . Once eruption occurs, novae
go through a period whey they brighten quickly, shortly after maximum luminosity is reached,
they gradually decline. As can be seen from the diagram, there are some novae whose decline
goes uninterrupted, others go through phases of oscillations or experience a strong prolonged
dip in luminosity. Figure reproduced from (Bode & Evans, 2008)

face gravity, once this material reaches a critical mass a thermonuclear runaway

(TNR) explosion occurs. Eruptions can reach temperatures ∼ 1−4×108 K within

seconds (Starrfield et al., 2016), expelling a mean mass of material ∼ 2×10−4 M�

(Gehrz et al., 1998) at velocities ∼ 1000 km s−1, leading to a rise and fall in bright-

ness (6 – 20 magnitudes) spanning anything from days to months (Bode, 2010).

As each event is unique, so is their expansion and morphology which are also

affected by the companion star and any pre-existing circumstellar material that

might exist in the form of a accretion disc and common envelope (Santamaŕıa

et al., 2020). McLaughlin (1939) discovered that the compressed timescales of

multiple optical light curves resembled each other, an example of this idealised

light curve is illustrated in Figure 1.13.

Recurrent novae

After the eruption of a classical nova, the white dwarf will survive the TNR

event, and over time the process may occur again, this phenomenon is known

30



1.4 Novae

as a recurrent nova. It is believed that all classical novae are recurrent as the

intervals between eruptions are in general greater than our observational baseline

(≥ 104 − 105 years Hernanz & José, 2008). Such systems contain large mass

WD (∼1.4 M�) with a high mass-accretion (∼ 10−7 M�) and steady burning

rate (Darnley et al., 2019, and authors therein). Outbursts from recurrent novae

typically are observed with apparent magnitudes ranging from 4 – 9 with multiple

occurrences at intervals of approximately 1 – 120 years (Warner, 1995). The

mass of the WD is suggested to increase after each outburst making recurrent

novae possible supernova type Ia progenitors (Hernanz & José, 2008; Wang &

Han, 2012; Wang, 2018). Recurrent novae are rare with approximately 10 known

systems in the Milky Way and several others identified in M31 and the large

Magellanic cloud. The most frequently recurring nova is M13N 2008-12a, which

erupts annually and is located in the Andromeda galaxy consists of a WD with

1.38 M� and accretion rate of ∼ 1.6× 10−7 M� yr−1 (Darnley et al., 2016).

Dwarf novae

Another type of CV where outbursts occur regularly is a dwarf novae. In

this scenario, the outburst occurs as a result of thermal instability due to a

disturbance in the magnetic field of the WD, change in viscosity of the accretion

disk, or clumpy accretion, leading to a increase of luminosity in the accretion

disk. Recurring eruptions for dwarf novae range from days to decades (Warner,

1995), where an eruption results in an increase in brightness of 2− 6 magnitudes

(Osaki, 1996) and can accelerate winds to the order of 1− 6× 103 km s−1 (Kafka

& Honeycutt, 2004).

Type I Supernovae

There are more powerful classifications of novae which shine brighter than

entire galaxies for a short period of time, these are known as supernova. Eruptions

from these types of novae are so powerful that approximately half of the star’s

mass is ejected with velocities one hundredth the speed of light, and the sudden
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increase in brightness of supernova eruptions in other galaxies is distinguishable

against its normal unresolvable stellar background (Dyson & Williams, 1997).

Tsebrenko & Soker (2013), and authors therein describe how SNe Ia remnants

may be formed from the following scenarios:

• Single degenerate: WD accretes mass from a non-degenerate stellar com-

panion

• Double degenerate: Merger of two WDs takes place

• Core–degenerate: WD merges with a hot core of a massive AGB star

• Double–detonation: A sub-Chandrasekhar mass WD accumulates on its

surface a layer of helium-rich material, which can detonate and lead to a

second detonation near the center of the CO WD

Supernova are categorised by two types, Type I and Type II where Type I is

further subdivided into Ia, Ib, Ic and Id. Supernovae Type Ia (SNe Ia) are

generally believed to be the result of thermonuclear destruction of a carbon–

oxygen WD exceeding the Chandrasekhar limit by accreting material from a non–

degenerate companion star. Type II supernovae progenitors are massive stars

with & 8 M� whose central core collapses under its own gravity and explodes,

and are characterised by H emission spectra. Out of these two types, SNe Ia

ejects the lower mass, ∼ 1 M� while a Type II ejects ∼ 10 M�. SNe Ia do not

show hydrogen emission lines suggesting that their source are hydrogen–deficient

stars whose subcategories are identifiable by their emission spectrum; Ia display

Si lines, Ib display He but no Si lines, and Ic display no He lines (Osterbrock &

Ferland, 2006).

1.4.2 Nova shells

There are several theories regarding nova shell shaping mechanisms based

on nova type and of stars involved. Two common categories include; shaping

due to ejection of a fast-rotating WD or common envelope evolution where the
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expelled material is shaped by the companion star (see Nordhaus & Blackman,

2006; Scott, 2000, and authors therein). The nebular remnants produced from

nova outbursts are event dependant, producing varying morphologies and offer

important inforamtion regarding morphology, evolution, distance indicators and

interactions with both circumstellar and interstellar media. Typical classical

novae outbursts start with slower wind velocities (500− 2000 km s−1) followed by

a longer phase of faster wind velocities (1000 − 4000 km s−1). The mass ejected

interacts with these winds to form a double shock structure; the secondary faster

wind catching up and subsequently passing through the primary ejected slower

wind, eventually dissipating and cooling as it expands. Structure of the remnant

may be further influenced by angular momentum from the rotation of the WD

and binary companion influenced (O’Brien & Lloyd, 1994; Bode & Evans, 2008;

Santamaŕıa et al., 2020).

The extreme and dynamic nature of novae outbursts are in contrast to the

slower evolution of PNe. Where nebulosity remains for PNe for thousands of years

with little if any visible change in structure, novae remnants occur on timescales

comparable to that of human life. Timescales for shell dispersal is important

to assess durations for the different stages of hibernation between a classic nova

eruption and their parent cataclysmic variables (Santamaŕıa et al., 2020).

Examples of the visible change in nova remnants is illustrated in Figure 1.14

where Santamaŕıa et al. (2020) obtained narrowband images of 5 nova shells;

T Aur, V476 Cyg, DQ Her, V533 Her and FH Ser, over two epochs. Images

from 2016–2019 were acquired using the Alhambra Faint Object Spectrograph

and Camera (ALFOSC) at the 2.5 m Nordic Optical Telescope (NOT) of the

Roque de los Muchachos Observatory in La Palma, Spain. Archival images of

each nova were downloaded from multiple sources; European Space Observatory

(ESO) Science Archive Facility Isaac Newton Group (ING), Mikulski Archive

for Space Telescopes and Hubble Legacy Archive at the Space Telescope Science

Institute.

The collection of novae in Figure 1.14 all have varying elliptical morphologies
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Figure 1.14: Multi-epoch images of nova shells surrounding T Aur, V476 Ctgm DQ Her, V533
Her and FH Ser. Hα images are aligned along the left most and centre column, images in the
right column are RGB composite colour of SDSS 4800Å (blue), Hα 6563Å (green) and [N ii]
6583Å (red) filters, apart from V476 Cyg whose colour images was obtained using an DSDD
6180Å filter for the red. Image ownership and origin (Santamaŕıa et al., 2020).

with both smooth and knotty structures visible. Column 1 and 2 clearly show the

expansion of the nebulae between the epochs, more careful examinations of the

multi-epoch images like these can reveal small scale variations regarding change
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in size and distribution of clumps. Santamaŕıa et al. (2020) investigation focused

on the angular expansion of this sample of nebulae, and determined that the

initial expansion velocity remains and based on the linear increase of size with

time, this speed will continue. Discrepancies were noted with some novae i.e.

T Aur and V476 due to poor quality of data from the earlier epoch.

1.5 Thesis Overview

The aim of the work presented in this thesis is to develop a novel technique and

application for generating photoionisation models of PNe and novae generated by

Cloudy10 (Ferland et al., 1998; van Hoof et al., 2000; Ferland et al., 2013, 2017)

and PyCloudy11 (Morisset, 2013), using 3D models generated using Shape12

modelling software (Steffen & Koning, 2011). Cloudy is a large-scale spectral

synthesis code designed to simulate physical conditions within an astronomical

plasma and then predict the emitted spectrum. PyCloudy is a Python library

that handles Cloudy input and output files while also generating pseudo 3D

renderings from various runs of the 1D Cloudy code. Users can generate emis-

sion line ratio maps, position-velocity (PV) diagrams, line profiles, and channel

maps, once an expansion velocity field is given (See e.g. Gesicki et al., 2016). It is

significantly faster than full 3D photoionisation codes (e.g. MOCASSIN Ercolano

et al., 2003), allowing users to explore a wide space of parameters quickly.

Shape is a morpho-kinematic modelling and reconstruction tool for astro-

physical objects. Users bring any knowledge of the structure and physical char-

acteristics of the source (e.g. symmetries, overall appearance, brightness vari-

ations) to construct an initial model which can be visualised. The model can

be compared to observational data allowing for interactive and iterative refine-

ment of the model. Once all necessary physical information are reflected in the

model, its parameters can be automatically optimised, minimising the difference

10Available under general use (open source licence): http://www.nublado.org
11Available online: https://sites.google.com/site/pycloudy/
12https://wsteffen75.wixsite.com/website for the new release of Shape
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between the model and the observational data. The final model can then be used

to generate various types of graphical output.

Separately, these codes and application have had a huge impact in astron-

omy and astrophysics research since their earliest release, but have never been

combined in such a way as is presented in this research. The resulting code

presented here is PyCross, an acronym for “PyCloudy Rendering of Shape

Software”, that allows users to generate sophisticated photoionisation models of

PNe and novae without the need for any prior coding experience, nor the need to

derive complex mathematical models. The following is an overview of the content

contained within each chapter and its context to the thesis as a whole.

Chapter 2 discusses current photoionisation software modelling codes and

techniques and the need for a formal software development lifecycle being em-

ployed in the development of astronomy/astrophysics applications. The complex-

ity and steep learning curve needed for astronomers to use new codes is reinforced

with current advances in hardware, software and volume of data being generated

and stored. A new novel application for generating pseudo-3D photoionisation

models of PNe and novae is described. Developing PyCross, from conception

to coding, testing and deployment is discussed. Detailed accounts of the installa-

tion, functionality, user interface and operational overview of PyCross is given

using a theoretical model generated in Shape as an example. Results from this

chapter has been published in Fitzgerald et al. (2019, 2020).

Chapter 3 will discuss an operational overview and a scientific pipeline with

scenarios where PyCross has been adopted for novae (V5668 Sagittarii (2015)

& V4362 Sagittarii (1994)) and a PN (LoTr1). Parameter sweeps from published

literature, shape models and three scientific pipelines are described for each tar-

get, outlining the various methods of creating models. In this chapter, PyCross

was used for the first time to generate photoionisation models on PN. Findings

from this chapter have been published in Harvey et al. (2018); Fitzgerald et al.

(2020); Harvey et al. (2020).
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Chapter 4 The first release of PyCross (Fitzgerald et al., 2020) and models

therein, was developed using Python 2.7 for Cloudy 13 (C13) and was only avail-

able for MAC OS. Since then, and based on requests from the greater astronomy

community, it has been updated to Python 3.7 to work with Cloudy 17 (C17,

Ferland et al., 2017) on both MAC and Windows platforms. This chapter outlines

the updated version of PyCross. It also describes the structure and kinematics

of “The Etched Hourglass Nebula”. PyCross models were created from data

acquired from previous research where authors investigated certain aspects con-

cerning evolution, continuum, shaping and kinematics. Extrapolating necessary

information from the literature allowed for the creation of a Shape model and

refining the parameter space as inputs into PyCross to create the models. The

method outlined in this chapter differs slightly from that described in Chapter 3

(Fitzgerald et al., 2020), highlighting its ability to create models in different ways

based on observations and information available. Finally, new nebular diagnos-

tic functionality is demonstrated to show how regions within the nebula can be

analysed to determine densities and temperatures of different ionised states of O,

N, H and He. Results from this chapter have been submitted for publication to

the journal Astronomy & Computing.

Chapter 5: Finally, this chapter marks the conclusion of this thesis, presenting

a summary, conclusions and suggestions for future work and possible paths for

the PyCross code.
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2.1 Introduction

2.1 Introduction

Some of the most iconic images of modern astronomy are of nebulae, made

visible through emission lines in photoionized gas. The study of such photoionised

gas has played a major role in understanding a number of physical processes rang-

ing from atomic physics to stellar evolution theories. Visible light from nebulae

originates directly from photoionised gas at an equilibrium temperature of ap-

proximately 103–104 K (Osterbrock & Ferland, 2006). As PN central stars have

very high temperatures, the gas is excited by ultraviolet radiation from a central

star with a very high surface temperature. For nova and supernova remnants,

shockwaves in the initial explosion flash ionises the gas. In both cases, recombi-

nations into any state other than the ground state (which produce UV photons

that are promptly reabsorbed) lead to escape of photons from the nebula ren-

dering them visible particularly at optical wavelengths. Nebulae whose exterior

boundary occurs at the outer edge of the gas are referred to as “matter-bound”.

In contrast, “radiation-bound” nebulae occur when the hydrogen ionisation front

defines the outer boundary, as seen in visible light, since ionisation fronts can

also be imaged in the UV and IR. In the latter case, more gas will be present

beyond the visible boundary, and may emit in longer wavelengths in a ‘photon

dominated region’. Finally, reflection nebulae are caused by scattered starlight

(e.g. around the Pleiades star cluster) rather than photoionisation.

This chapter fill focus on the software development in astronomy. Various

modelling techniques, codes, programming paradigms and the advantages for

employing a software development lifecycle will be discussed. A detailed descrip-

tion of the development, functionality and an operational overview of the code

created during this research will be given where the focus is restricted to optical

emission from inside photoionised nebulae.
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2.2 Modelling software

Nebulae spectra consist predominately of emission lines, a result of ionisation

from UV radiation emitted from a post asymptotic giant branch (AGB) star and

interaction of electrons within the nebula. These lines are categorised as either

recombination lines: formed when an ion and an electron combine, leading to a

cascade of the electron down to the ground state, or collisionally excited lines:

formed when electrons collide with atoms or ions within the gas, and excite them.

When these excited atoms or ions revert to a lower level, they will emit a photon.

Lines known as ‘forbidden lines’ do not occur under terrestrial conditions, and

are denoted by square brackets, (e.g [N ii], [O iii] etc.). Abundances of elements

within a nebula are generally expressed as a ratio in comparison to the intensity

of the hydrogen beta line (i.e. Hβ 4861Å). Spectroscopic analysis can determine

chemical composition, density, velocities and temperatures of regions within a

nebula.

Research into the processes of photoionised gas plays a huge part in our un-

derstanding of stellar evolution, which is why so much effort has been put into

creating tools to help visualise it. Through the analysis of such lines, accompa-

nied by photoionisation models, the physical condition and chemical abundances

of PNe and novae can be further understood. In order to create a visual repre-

sentation of an ionised nebula, a modelling code to derive temperature, density,

chemical composition, and other physical quantities is required. To aid in defin-

ing the initial values for 3D photoionisation models interactive databases, such

as PyNeb (Luridiana, V. et al., 2015), are available that aid the user in deriving

physical conditions of a nebula based on observed spectral line ratios.

Modelling non-stellar objects beyond our solar system is difficult as 3D volu-

metric objects are observed as 2D projections. Currently there are a number of

codes available that use various analytical or statistical techniques for the trans-

fer of continuum radiation, mainly under the assumption of spherical symmetry.

Increased computing power has further enhanced the development of photoioni-

sation codes, allowing for the construction of more complex models reconstructed
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into 3D. However in some cases, the assumption of spherical symmetry has been

retained (Ercolano, 2005). Two leading contributions to this area include MO-

CASSIN and Cloudy.

MOCASSIN (MOnte CArlo SimulationS of Ionised Nebulae), described in Er-

colano et al. (2003), is a code designed to build realistic models of photoionised

nebulae having arbitrary geometry and density distributions, with both the stel-

lar and diffuse radiation fields treated self-consistently. This Monte Carlo ap-

proach was developed to provide a fully 3D modelling tool capable of dealing

with asymmetric and/or inhomogeneous nebulae, as well as, if required, multiple,

non-centrally located exciting stars. The time taken to run/converge simulations

and renderings on a standard desktop ranges from a number of hours to days.

An alternative to this is the pseudo 3D technique of Cloudy (Ferland et al.,

1998; van Hoof et al., 2000; Ferland et al., 2013, 2017). Cloudy is a large-scale

spectral synthesis code designed to simulate physical conditions within an astro-

nomical plasma and then predict the emitted spectrum. Cloudy 3D13 is an IDL

library to compute pseudo 3D photoionisation models by interpolating radial pro-

files between several 1D Cloudy models. Users can generate emission line ratio

maps, position-velocity (PV) diagrams, and channel maps, once an expansion

velocity field is given. It is significantly faster than full 3D photoionisation codes,

allowing users to explore a wide space of parameters quickly. Morisset (2013) de-

veloped PyCloudy, a Python library that handles input and output files of the

Cloudy photoionisation code. PyCloudy can also generate pseudo 3D render-

ings from various runs of the 1D Cloudy code. Refer to Mehdipour et al. (2016)

for a detailed comparison of photoionisation plasma codes with application to

spectroscopic studies.

Typically only 1D velocity information is available from the Doppler shifting

of lines along the lines of sight. In special cases, if velocities are high enough and

the sources are close enough, then proper motions can be observed, where, over

time, the nebula features can be observed to advance on the plane of the sky.

13Cloudy3D is available online https://sites.google.com/site/cloudy3d/
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Regarding novae and nebulae, photographic images provide a 2D integration of

the emission and absorption along the line-of-sight, but the depth information

is flattened. Additional information may be assumed based on the symmetry

and orientation of the object being observed. Depth information may also be

extrapolated from velocity fields, e.g. mapping between velocity and position in

radially expanding nova shells. This requires prior knowledge of the properties of

the object being modelled. Alternative methods of modelling are required when

theoretical or observational constraints are insufficient, one such example of this

is Shape14 (Steffen et al., 2011).

Shape is a morpho-kinematic modelling and reconstruction tool for astro-

physical objects. Users bring any knowledge of the structure and physical char-

acteristics of the source (e.g. symmetries, overall appearance, brightness varia-

tions) to construct an initial model which can be visualised. The model can be

compared to observational data allowing for interactive and iterative refinement

of the model. Once all necessary physical information are reflected in the model,

its parameters can be automatically optimised, minimising the difference between

the model and the observational data. The final model can then be used to gen-

erate various types of graphical output, Figure 2.1 shows a Shape model of PN

M2-9 under an image of M2-9 acquired by NASA (refer to Figure 2.1). Recent ex-

amples where Shape has been employed to model PNe and novae include: Clyne

et al. (2014) created a kinematical model of PN MyCn 18, utilising expansion

velocities of its nebular components by means of position velocity (PV) arrays,

to ascertain the kinematical age of the nebula and its components. Harvey et al.

(2016) modelled the Firework nebula and discovered that the shell was cylindri-

cal and not spherical as previously believed. The lower velocity polar structure

in this model gave the best fit to the spectroscopy and imaging available. Der-

lopa et al. (2019) presented a morpho-kinematical model of PN HB4 using new

Echelle spectroscopic data and high-resolution HST images. Derlopa et al. con-

cluded that HB4 had an absolute mean expansion velocity of 14 km s−1 along

14Shape is available online: http://www.astrosen.unam.mx/shape/index.html
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Figure 2.1: PNe M2-9: top image captured from NASA Hubble telescope and processed by
Judy Schmidt, filters used: [S ii], [O iii] and Hα. Bottom image Shape 3D model. Top image
reproduced from https: // www. nasa. gov/ feature/ goddard/ hubble-sees-the-wings-of-

a-butterfly-the-twin-jet-nebula . Refer to Doyle et al. (2000) for more information
regarding the morphology of M2-9.

the line of sight and proposed that the central part of the nebula consists of a

binary system that has a Wolf–Rayet (WR) type companion evolved through the

common-envelope channel. Refer to the following for more examples of Shape

software used to model PNe and nova: Akras et al. (2016); Sabin et al. (2017);

Santander-Garcia et al. (2017); Fang et al. (2018).

The steep learning curves encountered when installing, understanding and

utilising specialist software are further compounded when astronomers are often

required to develop/code software for specific tasks. A survey carried out by

Momcheva & Tollerud (2015) focused on the use of software and the software

skills of the participants in the worldwide astronomy community, between De-

cember 2014 and February 2015. Participants consisted of 1142 astronomers:

380 graduate students, 340 postdocs, 385 research scientists and faculty, and the

remaining 37 consisted of undergraduate students, observatory scientists, etc. All

survey participants responded “yes” when asked if they used software as part of

their research; 11±1% of responders said they used software developed by oth-

ers; 57±2% used software developed by themselves and others; while 33±2% said

that they used software they developed themselves for specific purposes, as there
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2.3 Software development

was no software readily available. This research also revealed the open source

language, Python, to be the programming language of choice. However, there

was no reference in this research to the software development lifecycle (SDLC)

employed by developers in the astronomy domain.

The findings of Momcheva & Tollerud (2015) suggests that the astronomical

software community is disconnected and scarce. Those that do develop their own

codes in the community are protective of their work and slow to share. If and

when collaborations do occur they are often committee and consensus-driven, and

lead to very feature-rich goals, and often fail to achieve them (Greenfield, 2011).

While it is difficult to ascertain if this situation and coding culture is unique to

astronomy and astrophysics it has in recent years become a concern with efforts

to identify key software development skills and how they can be incorporated into

core graduate curriculums Bauer et al. (2019).

With advances in techniques, hardware and software it is of no surprise the

number of astronomy software applications made available has increased consid-

erably over the last decade which stem from the need to fulfil a specific purpose. A

recent example can be seen where Fitzgerald et al. (2019) developed a standalone

application (written in Python) for plotting photometric Colour Magnitude Dia-

grams (CMDs) using object orientated programming (OOP), a formal Software

Design Lifecycle (SDLC) and Test Driven Development (TDD). This stand alone

application worked “out of the box” required no installation of any additional

software to function and emphasised the importance of quality and standards

when developing software for astronomy.

2.3 Software development

High resolution imaging may detect shapes, however, better understanding of

three dimensional structure is achieved when this data is coupled with spatially

resolved, high resolution spectra to determine the kinematics of the gas within

the nebula. To this end, a new application and pipeline that uses Shape soft-
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ware to create 3D models with density, velocity and temperature properties is

presented. The output of this is a data-cube which is processed by PyCross

to generate Cloudy photoionisation models of nebulae. This is achieved using

an intuitive interactive graphical user interface (GUI) that does not require pro-

gramming experience, execution scripts or the need to install additional compilers

or libraries.

Prior to developing the software for this study, an investigation into which

(if any) SDLCs utilised in the development of astronomy-specific software was

carried out. Examples of promising software publications checked include Collins

et al. (2017), Konstantopoulos (2015), Sybilski et al. (2014), VanderPlas et al.

(2012), Economou et al. (2014), Allen & Schmidt (2015), Bray (2014), Davies

et al. (2013), Kent (2013), Goodman (2012), and McMullin et al. (2007). With

the exception of Fitzgerald et al. (2019), no information was found regarding

the process (programming paradigms) by which the published astronomy-specific

software was written, i.e. the developers do not state whether they employed any

particular SDLC or test driven development (TDD: Beck (2002); Astels (2003))

approach. In order to preclude any selection bias, every paper was checked in the

most recent year’s volume of freely available Astronomical Data Analysis Software

and Systems (ADASS) conference e-proceedings (Taylor & Rosolowsky, 2015) -

choosing ADASS because of its pre-eminence as a forum for communicating best

practice in this field. Not all of these 128 ADASS papers involve writing code

- in fact, over half are concerned with other topics (databases, data standards

and models, metadata and archive management, VO interfacing, creative use of

archival data, collaborative workspaces, cloud computing, source code libraries).

However, this investigation revealed that in nearly all cases where a code or

pipeline was developed (typically using Python, Java, C or C++; sometimes in

conjunction with MPI or Perl), it is described in terms of its algorithms and

functionality, layers and internal architecture, external connectivity, inputs and

outputs; but not in terms of its development approach. The few exceptions to

this rule were Ballester et al. (2015), Vallejo et al. (2015), Surace et al. (2015) and
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Mulumba et al. (2015). The first of these papers outlines a process of iterating

with users on their requirements, but does not explicitly identify this approach

by its name. The other three, in contrast, give comprehensive treatment to their

Agile and User-Centred design methodologies. This investigation indicates that

only the order of 5% of astronomical coding papers provide such information, and

presumably this reflects the proportion of projects which take a SDLC approach.

The advantages of employing and adhering to a SDLC include: clarity in

project objectives, requirements and estimates; more stable systems where miss-

ing functionality can be easily identified; developing a valuable relationship be-

tween users and developers. A lack of awareness of these benefits is an unfortunate

aspect of the astronomical software development culture, and if unchecked can

potentially lead to software/systems being over budget, delivered late, or missing

functionality; and in worst cases, to complete project failure. So in an attempt

to steer this culture, programming paradigms and the SDLC approach, including

the advantages and disadvantages of various SDLCs will be described.

2.3.1 Programming paradigms

A SDLC defines a structured sequence of stages in software engineering to

develop the intended software product. A TDD approach relies on a shorter

development cycle, where requirements become specific test cases that the soft-

ware must pass. Another factor to consider is determining which programming

paradigm to use. In developing PyCross, emphasis was put on determining

an appropriate SDLC approach and programming paradigm, while also setting

out a strict set of requirements beforehand. This section will discuss the options

available and justify the choices made.

Different paradigms allow for alternative approaches when developing soft-

ware applications. However, it is important to note that while programming

languages are usually classified by one paradigm, there are some languages - such

as Python - that can handle multiple paradigms. The two most common program-

ming paradigms are the procedural paradigm and the object-oriented paradigm.
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Procedural programming relies on the premise that the coder utilises procedures

(routines or subroutines) to operate and manipulate data. This type of pro-

gramming is sequential in nature, and so not particularly complicated. Object-

orientated programming (OOP) amalgamates procedures and data into objects,

allowing for more complicated functionality, while minimising the amount of code

required. Objects can either be independent or associated with other objects, and

they interact by passing information to each other. In the instance where an ob-

ject interacts with another object, regardless of their similarity or differences,

then the object contains information about itself (encapsulation) and the objects

it can interact with (inheritance). Inheritance enables new objects to inherit

the properties and methods of existing objects. OOP also utilises classes, which

are user-defined prototypes for an object. They define a set of attributes that

characterise any object of the class. Classes allow for the generation of multiple

objects of the same type that can be used anywhere in the code, allowing for a

significant reduction in coding but also more flexibility and functionality when

dealing with multiple objects of the same type. Inheritance may be exploited

for further coding efficiencies: rather than creating a new object from scratch,

developers can reference a pre-existing object or superclass and create a subclass

based on the previous one, allowing them to reuse code and functionality more

effectively.

Using OOP, developers can manage and break software projects down into

smaller, more manageable modular problems, one object at a time. The modu-

larity of objects makes trouble-shooting easier; encapsulation ensures that objects

are self-contained and functionality contained within methods/functions specific

to that class. When errors do occur, developers know where to look without

having to navigate through large amounts of code. Another advantage of OOP is

in software maintenance; applications may evolve by additional functionality or

improvements to the user experience, and upgrades might be required to allow

software to work on newer computer systems. While an OOP-based application

requires a great deal of planning pre-release, less work is needed to maintain it
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over time.

2.3.2 Agile software development

The Agile Software Development Lifecycle (ASDL) is a set of methodologies

(four values and twelve principles) defined by the Agile Manifesto (Beck et al.,

2001). It values:

1. Individuals and interactions over processes and tools

2. Working software over comprehensive documentation

3. Customer collaboration over contract negotiation

4. Responding to change over following a plan

The twelve principles expand on these values in more detail, giving more em-

phasis to the items highlighted in bold. The ASDL is illustrated in Figure 2.2. It

combines iterative and incremental process models, and focuses on adaptability

and satisfaction by rapid delivery of working software products before the prod-

uct is reviewed. During each development lifecycle, additional functionality is

incorporated and tested. If the product meets the specification and satisfaction

of the project owner, then the product is released to the market or end users;

if not, then another iteration of the development phase begins after all incre-

mental changes have been noted. Each development phase focuses on particular

functionality.

A comparison of the ASDL and traditional software development lifecycles

is presented in Table 2.1 (Leau et al., 2012). This explains the main reasoning

for choosing the ASDL over traditional SDL: the project (1) was relatively low

scale, (2) had high customer involvement, and (3) was characterised by a change-

able development direction and evolving user requirements. Table 2.2 (Sami,

2012) outlines the rubric used in deciding on the ASDL over the alternatives

for this project; ASDL again scores highest or joint-highest in factors such as
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Figure 2.2: The agile software development lifecycle. Image reproduced from https: // i.

pinimg. com/ originals/ ef/ 8e/ b5/ ef8eb517106cfc8574a34d05af000745. jpg .

user requirement and “visibility of stakeholders” (another name for customer in-

volvement), but low cost and short time schedule were also important in a busy,

non-commercial, academic development team. It is important to note that the

“customer” in this case is the end astronomer user and the software application

and source code are open source.

The utilisation of the ASDL to develop the software proved extremely bene-

ficial. User stories - concise, written descriptions of specific functionality that is

valued to the user or owner of the software - were generated prior to the com-

mencement of coding. A description of a user story follows the following template

(Rehkopf, 2017):

As a [user role], I want to [goal], so i can [reason]

For example: As an astronomer, I want to be able to take a 3D model generated

in Shape and create numerous photoionisation models of different emissions, at

different orientations and scales; and add annotation; so I can generate plots that

can be used to demonstrate theoretical work or for publication.
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User stories must be detailed enough to start work; however, further details can

be established and clarified as the project progresses. The scale of this project

benefited the author as the overall goal and functionality of the software prior

to and during development was well known. Regular communication and contin-

uous inputs from customers (end users) left little room for guesswork regarding

functionality. Requirements specified by the customers were developed into 17

user stories (often with some elements in common).

These user stories focused the development cycle for each iteration of the

software and saved time: by allowing the developer to concentrate on breaking

requirements down into functionality, this breaks a large project into smaller,

more manageable tasks (in total 27 iterations were required, with 2-4 weeks allo-

cated for each depending on the complexity of the functionality). For example,

the above user story is accomplished by the following tasks:

1. Read in a data cube (.txt file) created in Shape

2. Set user defined radii

3. Perform necessary post processing on the data cube to make it acceptable

for model generation

4. Creation of the necessary file and directory structure if it does not already

exist

5. Retrieve user specified parameters regarding black body, luminosity, tem-

perature, emissions line selection, abundances, additional Cloudy options

and angles options from the GUI.

6. Automatically save models regardless, this also takes into account if the

name for each model does not change

7. Automatically access archived models

8. Access, extract and plot archived models

9. Generate data for models
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10. Retrieve user specified parameters regarding annotation, emission lines or

cuts selection, orientation and angles used for plot generation.

11. Display models

12. Delete temporary files.

Another benefit of having well defined user stories is the ability to anticipate

the functionality of each software class and how they interact with each other.

Upon completion, the project consisted of 15 classes, illustrated in the Unified

Modelling Language (UML) diagram of Figure 2.3; a description of each class is

given in Table 2.3.
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Agile Traditional
User requirement Iterative acquisition Detailed user requirements are well defined before coding
Development direction Readily changeable Fixed
Testing On every iteration After coding phase completed
Customer involvement High Low
Extra quality required for developers Interpersonal skills & basic business knowledge Nothing in particular
Suitable project scale Low to medium scaled Large-scaled

Table 2.1: Agile SDLC versus Traditional SDLC models (Leau et al., 2012)

Factors Waterfall V-Shaped Evolutionary Prototyping Spiral Iterative &
Incremental

Agile

Unclear User Requirement Poor Poor Good Excellent Good Excellent
Unfamiliar Technology Poor Poor Excellent Excellent Good Poor
Complex System Good Good Excellent Excellent Good Poor
Reliable system Good Good Poor Excellent Good Good
Short Time Schedule Poor Poor Good Poor Excellent Excellent
Strong Project Management Excellent Excellent Excellent Excellent Excellent Excellent
Cost limitation Poor Poor Poor Poor Excellent Excellent
Visibility of Stakeholders Good Good Excellent Excellent Good Excellent
Skills limitation Good Good Poor Poor Good Poor
Documentation Excellent Excellent Good Good Excellent Poor
Component reusability Excellent Excellent Poor Poor Excellent Poor

Table 2.2: Rubric used in deciding on the SDL for this project (Sami, 2012)
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Figure 2.3: UML diagram representing relationships between the classes in the PyCross package. UML, short for Unified Modelling Language, is a
standardised modelling language consisting of an integrated set of diagrams, developed to help system and software developers for specifying, visualising
and constructing software. This diagram shows the classes and functions but not the variables within each class, this is due to size and resolution
constraints.
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2.3.3 Software testing

Software testing is essential in evaluating the quality, performance and accu-

racy of code by detecting differences between actual and expected outputs, for

given inputs. The ASDL (Figure 2.2) recommends that this process be carried

out during each development phase, to ensure verification and validation of the

product. Verification ensures that the product satisfies the conditions imposed at

the start of the development phase, to confirm that the application behaves as it

should. Validation ensures the application satisfies the requirements at the end of

the development phase to certify that it is built as per the customer requirements.

There are numerous types of software testing, which can be categorised as be-

ing either functional, non-functional or maintenance, with each containing many

subcategories for specific purposes. An example of this is black and white box

testing, both of which are a subcategory of functional testing, a testing methodol-

ogy that validates the system against the user stories. Black box testing, named

to signify that the application is like a black box and the tester is unable to see

code inside, involves testing from a customer perspective. White box testing,

assumes that the box is transparent and that the code is visible to the tester,

assertions the quality of the code via statement coverage, branch coverage and

path coverage by checking that each is executed at least once. The manual/non–

automated testing methodologies used in the development of PyCross include:

Unit testing: Unit testing was done during and after the addition of new

functionality by isolating that section of new code and testing it to verity its

accuracy. A unit may refer to a individual function, module or object/class.

This helps identify bugs early in the development lifecycle. Examples of unit

tests carried out involved testing the function that normalises the Shape data

cube to a specific range, another tests that the output from the previous test

is passed to another function that converts the data to the correct coordinates

system.
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Class Name
(.py)

Description

AboutPyCross Window informing users of the application version, its creators
and institution.

AbundancesIndex Window to present users with online references and information
for Cloudy abundances. A web browser will automatically open
and direct users to online resources when this window is opened.

AdditionalOptionsIndex Windows that gives examples of Cloudy options that users can
use. Users are also presented with online resources and examples.

EditAbundances Interactive window that allows users to add, remove and update
any abundances set by the user.

EditEmissionLinesIndex Interactive window that allows users to add, remove and update
emission lines set by the user.

EditOptions Interactive window that allows users to add, remove and update
additional Cloudy options.

EmissionLineIndex Window presenting users with a full list of all emission lines that
can be used with PyCross. Users can copy and paste lines
from this window directly into EditEmissionLineIndex window.
A web browser will automatically open and direct users to online
resources with the most up-to-date list of emission lines.

DoWork Class that takes the output generated from the ShapeCloudy class
and generates models based on user requirements inputted from
TheGUI, EditAbundances, EditEmissionLinesIndex and EditOp-
tions classes. This class works with PyCloudy and Cloudy to
generate all necessary data for generating the plots.

LoadWorkArchive Class which manages the loading and preprocessing of the the
data contained within the data cube before it is passed to the
ShapeCloudy class

Plot Class preforming all the plotting functionality for rotating and
generating emissions and cut plots

PlotFrame Interactive window allowing users to select emission lines and cuts
they wish to plot. Additional options users can select are rota-
tions, colour maps, zoom window and axis titles. All parameters
set by the user are then passed to the Plot class.

PyCROSS A class that starts the application, displays the splash screen and
creates directories in the correct location if they don’t already
exist.

ShapeCloudy This class handles the data cube, transforming the data so that
it can be processed by PyCloudy and Cloudy

SplashScreen Creates and positions a splash screen with a logo in the centre of
the monitor when the application starts.

TheGUI This is the main interactive window allowing users to select a
data cube, set emission lines, abundances, additional Cloudy
options, black body, luminosity and angles. Users can also select
and plot previously created and archived models.

Table 2.3: Characteristics of each class within PyCross. The UML diagram for these classes
can be seen in Figure 2.3, examples of GUI’s described can be seen in Figure 2.5.
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GUI & usability testing: GUI testing also checks to ensure that the layout of

the interface is correct i.e. buttons, textfields, input fields and images are aligned

and positioned correctly. This was done by the developer after new functionality

is added to the GUI. Another type of GUI testing is to ensure that the application

functions correctly based on user actions via mouse clicks, buttons, keyboard

entries. These tests are done by both the developer and end users/customers of

the application as part of their evaluation to provide feedback on its usability.

Customers were asked to provide feedback on consistency, spelling, typography,

behaviour, highlighting bugs or components that was not functioning correctly.

The software was developed and tested using the PyCharm IDE (integrated

development environment) 2018 Community Edition, Python 2.7 with later itera-

tions using Python 3.7 (see Chapter 4). The free community edition of PyCharm

offers usage of both testing frameworks15 and code analysis tools. Code inspec-

tions detect - and suggest corrections for - compiling errors, code inefficiencies in-

cluding unreachable code, unused code, non-localised string, unresolved method,

memory leaks and even spelling mistakes. This code inspection feature is ex-

tremely useful in identifying and eliminating potential errors prior to running

any unit testing.

2.3.4 Code freezing

Installation of astronomical software packages can be non-trivial, and a source

of frustration. It is often the case that the end-user installs programming inter-

preters to execute code, only then to be informed that the software package

requires the presence of another to work correctly, and that system paths must

be set for referencing additional libraries. Other issues can arise when there are

multiple versions of a particular programming language on a system (e.g. Python

2 and Python 3 ).

Freezing of code allows for the creation of a single executable file that can

15PyCharm Testing Frameworks: https://www.jetbrains.com/help/pycharm/testing-

frameworks.html
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Tool Apple OSX Linux Microsoft Windows
py2app Yes No No
py2exe No No Yes
pyInstaller Yes Yes Yes
cx Freeze Yes Yes Yes

Table 2.4: Python freezing tools and the platforms they support. As this software was initially
developed on OSX, py2app was used to freeze the code into a single file. Further single-file
applications/executables were recently created (section 4.1) for Windows OS using pyInstaller.

be distributed to users. This application/executable contains all the code and

any additional resources required to run the application, and includes the Python

interpreter that it was developed on. The major advantage for distributing ap-

plications in this manner is that it will work immediately, without the need for

the user to have the required version of Python (or any additional necessary li-

braries) installed on their system. A disadvantage of generating a single file is

that it will be larger (approximately 183 MB), as all necessary libraries are incor-

porated. The increase in file size is acceptable when considering other issues, for

example ease of installation, running, and portability to other platforms. Python

freezing tools and platforms supported are listed in Table 2.4.

2.4 PyCloudy Rendering of Shape Software

Over the course of this research, and for the first time, a new software tool

has been developed called PyCross: PyCloudy Rendering of Shape Software

(see Figure 2.4). This functional software package allows users to model 3D

PNe and novae from interpreted spectra and imaging (using Shape), and will

accurately predict and reproduce spectra for shells of different ages and types

using functionality from PyCloudy.

Photoionisation models are generated by creating a 3D Shape model with

appropriate structure, densities and velocities, a quadrant of the overall model is

then sliced to produce a data cube, in the format of a text file (subsection 2.4.2),

This is then inputted into PyCross which handles Cloudy options/parameters
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2.4 PyCloudy Rendering of Shape Software

Figure 2.4: PyCross allows for the generation of 3D axisymmetric photoionisation emission
maps generated using models generated in Shape. This is done via a novel code that utilises
Shape Cloudy and PyCloudy. 3D model are first created in Shape. The output from
Shape is a data cube text file which is passed to PyCross. A detailed graphical overview of
this process is illustrated in Figure 2.5, an operational flowchart is illustrated in Figure 2.6.

specified by the user. A high level operational overview following the path for

creating a new model outlined in Figure 2.5 and an operational flowchart is

outlined in Figure 2.6.

PyCross was developed and tested on OSX using the PyCharm IDE (in-

tegrated development environment) 2018 Community Edition, Python 2.7 with

later iterations using Python 3.7 (Chapter 4). The free community edition of

PyCharm offers usage of both testing frameworks and code analysis tools. There

were 27 iterations of this application before the code was frozen, for release, al-

lowing for the creation of a single executable file that can be distributed to users.

The Agile SDLC approache employed in Fitzgerald et al. (2019) was adapted

in the development of this software. The remainder of this section will outline

installation, features and operational overview of the functionality when using

PyCross.
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Figure 2.5: An operational flowchart outlining PyCross functionality is outlined in Figure 2.6. A new 3D Shape model is created with appropriate
structure, densities and velocities. A quadrant of the overall model is then sliced to produce a data cube, in the format of a text file (subsection 2.4.2),
which is inputted into PyCross. Cloudy options/parameters are then specified and the model is run. PyCross’s console will update informing the
user of the progress. Once completed the user opens the plotting interface to plot the photoionisation and cut models (see bottom right of diagram)
at different angles and inclinations. Colour map used for emission is gist earth r, one of 71 available to users. The model used here was designed as
a theoretical nova with cosmic ray background and an approximate age of 8114 days, blackbody effective temperature of 50 × 103 K, luminosity of
3.6 L� and equatorial expansion velocity of 500 km s−1 and position angle of 45◦. A scientific approach for determining optimum Cloudy parameters
is outlined in Figure 3.3
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2.4 PyCloudy Rendering of Shape Software

Figure 2.6: PyCross operational flowchart. Steps for generating new models, updating
archived models by modifying Cloudy parameters and visualising current and archived models.
A high-level overview of the path to generate a new model is illustrated in Figure 2.5.

2.4.1 PyCross functionality

Functionality was identified during the gathering of user stories, however it is

important to note that not all user stories were implemented. While the expertise

of those providing user stories was of tremendous benefit, it was not possible to

cater for each individual request for specific functionality, as some were deemed

unnecessary or beyond the scope of the project for that iteration of development,

and as such were discarded. Example of discarded user stories include:

• ”As a user I want to be able to plot line profiles for emissions within Py-

Cross.”

• ”As a user I want to be able to use PyCross as a nebular modeller in order

to explore parameter space, such as a range of stellar Te, radial density laws,

distances or abundances.”

The first user story was rejected during the session as it became clear that

this functionality is already part of Shape, and recreating it within PyCross

would be of no benefit. The second user story was suggested by a member of the
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group with a specific desire to realise this functionality for their own purposes.

After some discussion this user story was removed from the list to be discussed

at a later date. All participants of the group agreed that priority be given to the

following:

• As an astronomer, I want to be able to take a 3D model generated in Shape

and create numerous photoionisation models of different emissions, at dif-

ferent orientations and scales; and add annotation; so I can generate plots

that can be used to demonstrate theoretical work or for publication.

• As a user of PyCross, I want to be able to have an efficient way of man-

aging models generated.

• As a user I want be able to use PyCross via a user interface and not by

command/terminal

• As a user I want be able to magnify the plot to look at the inner regions of

nebulae

• As a user I don’t want to have to installing any new versions of python or

additional coding liberties

These user stories provided the foundation that PyCross was built upon,

resulting in a comprehensively designed code to allow for intuitive usability while

also providing automated features allowing the user to be more productive. Fig-

ure 2.5 follows the path for generating PyCross photoionisation rendering of

a 3D Shape model utilising the application’s two main GUIs, for creating and

plotting models. Smaller windows are used to manage any Cloudy preferences.

A high-level operational overview of PyCross functionality is outlined in the

operational flowchart in Figure 2.6. As previously discussed, this application is

“frozen” allowing for the creation of a single executable which contains all code

and any additional python libraries to run. The only requirement is that Cloudy

is pre-installed on the user’s system prior to running this programme.
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2.4 PyCloudy Rendering of Shape Software

A new directory structure is created in the root folder of the user com-

puter when PyCross is loaded for the first time. This folder is named “Py-

CrossArchive” and is the root/destination for all work generated by the appli-

cation: the following folders and files are generated upon startup and modified

during the execution of a model:

• Model-Name-Timestamp.zip: PyCross models are automatically saved

using the name assigned followed by a time-stamp of when they are created.

The purpose of this is as follows: 1) To archive all models, this allows users

the opportunity to review any change in parameters and resulting mod-

els generated. 2) A basic model can generate in excess of 100 files, each

approximately 14.4 MB in size. While maintained within a well structured

directory this can quickly consume disk space when generating a lot of mod-

els. Automatically zipping outputs to a single file significantly reduces file

sizes (to approximately 3 MB zipped for a 14.4 MB un-zipped file) while also

making it easier to process data at a later stage. For example, when han-

dling these archived models, PyCross automatically extracts the contents

of the selected zipped file into a temporary folder, and when finished the

contents of the temporary folder are deleted. A time-stamp incorporated

into the file name allows users to distinguish between models, if the model

name does not change.

– LogFile.txt : A text file that records the parameters used by the user

and information relating to the progress of a model as it is being run.

This information is also displayed on the main GUI. This file can be

used at a later stage to compare models based on their parameters but

also to recreate models if needed.

– MakeData : This folder contains the output files generated by Cloudy

based on the Shape model.

– TempData : This folder contains data generated by PyCross that

allows Cloudy to run the selected Shape model. It is also used
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to extract archive model data when modifying or plotting archived

models.

• Plots : This folder contains the following sub-folders which store the gen-

erated plots of a model based on their type. Each time plots are generated

the contents of this folder are deleted and replaced with new plots.

– Cuts : This folder contains plots of the cuts generated. Cuts will

be plotted based on their element and ionisation state. An additional

N+/O+/N/O weight Nii cut, adapted from PyCloudy, is also plotted

and saved here.

– Emissions : Folder containing plots of the generated emission simu-

lations.

– PlotArchiveInformation.txt : This text file is updated automati-

cally each time new plots are generated and contains information relat-

ing to the parameters entered by the user in the plotting options GUI,

Plot GUI (see Figure 2.5), this feature is useful for tracking differences

in plots based on their parameters.

• PlotArchive : All data generated and stored in the Plots folder can be

exported here and automatically saved as zip files. This reduces time recre-

ating plots at a later stage while also keeping track of parameters changed

and carried out on Plot GUI:

– Auto Archive : If this option is selected in the Plotting Options GUI

then all current & subsequent data generated will automatically be

exported to the PlotArchive folder as a zip file. If the user does not

change the model name then the naming convention is updated to

include the time generated, this ensures that no work is overwritten

or lost.

– Archive Plot : There is an archive current data option that can be

accessed by clicking this button in the Plotting Options GUI.
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2.4 PyCloudy Rendering of Shape Software

Figure 2.7: Three colour map examples from a choice of 71. The emission model of [Oiii] 5007Å
is derived from an example model (see Figure 2.5) with a position angle of 45◦. Colour-bars
correspond to the effective temperature of the ionising source, flux units in ergs s−1. Scaled
units of physical size are on x and y axes.
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2.4.2 Shape data cube text file

The creation of the Shape file is essential to the generation of photoionisation

models and as such is the first step in the pipeline (refer to Figure 2.5). A Shape

model is based on observational data and can be informed by a combination of

narrow-band imaging, medium-high resolution spectroscopy and polarimetry. If

these data types are not all at hand, then they can be used individually with the

application of some theory or in certain combinations, given data of good quality.

Integral field unit spectroscopy can be a particularly powerful observational tool

to aid in the derivation of nebular morpho-kinematics16. In this section the

process on how to construct the output data cube from Shape for input into

PyCross which is used in the MakeData and TempData files will be explained.

First users must derived the morphology of the nebular structure under study

and assign a fixed or variable density structure. Next users must create a ‘cut’

of the nebula so it can be represented by a 2D array. To do this the user must

place the nebula with its long axis pointing along the x-axis. Then a slice of

a quarter of the major-axis of axisymmetric shape is taken, see Figure 2.5 (2D

Slice), Chapter 3, Figure 3.3 panel 2(a) and Figure 3.4 (c). This is done in the

Shape 3D module. Users must first go to the object primitive, then take a slice

of the nebula by setting φmin = 90
◦
, φmax = 180

◦
, θmin = −91

◦
and θmin = −89

◦
.

Once users have made an appropriate 2D slice of their nebula they move to

the Shape render tab. In this tab the renderer must be set to be Physical. The

slit and image geometries are set to be square such that they overlap and cover

the entirety of the 2D slice, again refer to Figure 2.5 (2D Slice), Figure 3.3, panel

2(a) and Figure 3.4 (c) for how the structure should appear in the image render

window. Finally users set up a text file to output the position and velocities

along the x, y and z axes (Px, Py, Pz, Vx, Vy Vz) along with the corresponding

density and temperature. This is done under “Render” in the Parameters section

of Shape. When users click the Render button a text file will be generated

16To download and for a full description of the Shape software please visit: http:

//bufadora.astrosen.unam.mx/shape/
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in a folder designated by the user. This text file is then imported directly into

PyCross via its GUI. Currently only Px, Py, Pz and density arguments are used

as input to the PyCross simulations. Temperature and velocity information will

be utilised in the next iteration of PyCross.

2.4.3 User interface & operational overview

The Graphical user interface (GUI) is designed to be as intuitive as possible

and consists of two main GUI windows. The first allows the user to set pa-

rameters and run models while the second controls the plotting, these interfaces

pass information to each other to enhance efficiency. Other GUIs allow users

to set additional Cloudy options, emission lines and abundances. The opera-

tional flowchart of this application is illustrated in Figure 2.6 and a high level

overview of the GUIs taking the path of a new model is illustrated in Figure 2.5.

A scientific approach to determine optimum Cloudy parameters is discussed in

Chapter 3 (see Figure 3.3). Once a Shape model, with a suitable morphology,

density and velocity has been created it is then placed at an inclination of 90◦.

This 3D model must be represented two dimensionally, by taking a 2D slice of

one quarter of the model. A data cube is created that describes the velocity and

density at each position in the shell, this is processed by PyCross. A series of

1D Cloudy simulations are computed along the 2D Shape model slice. Lastly,

the 2D photoionisation map is wrapped and flipped in order to create the full

pseudo 3D photoionisation model. Currently this technique is constrained to ax-

isymmetric nebulae, but as discussed later this allows for the modelling of a large

majority of PNe and novae.

The main GUI allows users to set the name of the current model, blackbody

temperature, total luminosity, angle range (start-finish) and the number of angles

in the range. Cloudy preferences for the model general input, i.e. options,

abundances and emissions are entered into smaller windows and when saved, will

remain when the programme is started again. There is no limit to the number

of parameters entered into these windows provided that they conform to valid
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Cloudy commands. This removes any learning curve, complex commands and

the need to run shell scripts, thus increasing productivity. Once a model is

successfully created the emissions list, set in the main GUI will be available and

visible for selection in the plotting option GUI. Button functionality on the main

GUI is as follows:

• Select Shape File: Allows the user to select the .txt data cube output

from Shape (see subsection 2.4.2).

• Cloudy Options: Opens up a new window allowing the user to type/paste

Cloudy options, visible at the top left of Figure 2.5. For example when

creating a model for a nova, options might include:

“cosmic ray background

element limit off -8

age 8114 days”

• Abundances: Opens a new window allowing the user to type/paste abun-

dances to be used as input to the model. Examples of abundances can be

found by clicking Reference | Abundance Examples in the menu bar.

• Emissions: Opens a new window allowing the user to type/paste emis-

sions to be used as input to the model. Emissions must be added in a

particular format of no more than 10 characters. To ensure that emissions

are entered correctly, PyCross has an extensive library of emission lines

that is available by clicking Reference | Emission Line Index on the

menu bar.

• Open Archive Folder: Opens a new Finder/Explorer window where all

PyCross data is stored.

• Run PyCross - New Shape Model: This button is clicked to run a

new model; the user must first have selected a Shape data cube and entered
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all necessary Cloudy options.

• Run PyCross - Archive Shape Model: If users create a model and

are not satisfied with the outcome or feel that certain parameters need to

be changed then they can modify specific Cloudy options outlined above.

By clicking this button and selecting an archived model, users can run the

model again with updated parameters. This feature saves a lot of time as

it does not require the user to start anew.

• Plot Current Model: Open the plotting GUI to plot the current Py-

Cross model. Any emissions entered will automatically be loaded into the

plotting options window.

• Plot Archive Model: Select a zipped archived model then open the

plotting GUI and proceed to plot. This again saves time not having to

create a model from the start, while also offering the user the choice of

building a database of models to plot from.

An ‘emission’ as discussed here is a simulated narrow-band image at the wave-

length of a specific spectral emission line. Users can plot from one to a maximum

of six emissions (plotted in flux units ergs s−1) in a single plot at a time, by high-

lighting desired emission, and adding them to the “Selected Emissions” list. This

is to ensure that the quality of models are not diminished and structures within

the models are resolvable. Once selected, a plotting grid can be adapted to fit the

required number of emissions. The number of angles, inclination and labels for

x-axis and y-axis are set prior to plotting. Corresponding emission lines will also

be displayed at the top of each plot regardless of the number of plots/subplots,

the effective temperature of the ionising source is located in the colour-bar to

the right of each model. Users can view a plot ‘cut’ of N+/O+/N/O, which is

automatically generated. These weighted plots are adapted from the tutorial

for PyCloudy (Morisset, 2013), and show the ionised fraction versus neutral

fraction for the two most commonly studied astrophysical metals, i.e. O and N.

Selection of the cuts is performed by first selecting an element, then its ionising
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Figure 2.8: Photoionisation models of [N ii] 6584Å (a, b) and [O iii] 5007Å (c, d) derived
from the theoretical model in Figure 2.5. Each emission plot initially plotted at an inclination
angle of 90◦(a, c) then at 50◦(b, d). Colour-bars correspond to the effective temperature of the
ionising source, flux units in ergs s−1. Plots are zoomed to better visualise features like the
torus across different emissions and angles. The colour map used was hot r.

state; a maximum of three cuts is allowed per plot. Users may open the plotting

folder directly from this GUI and automatically archive all plots generated in

that session. This is achieved by selecting the Auto Archive checkbox; archive

plots are saved using the name and time-stamp of creation similar to saving of

newly generated models discussed earlier.

The latest version of PyCross includes the functionality that gives users

the ability to plot in 71 different colour maps and magnify the centre regions of

nebulae, allowing to better visualise regions and/or possible hidden features, see

Figure 2.7 and Figure 2.8. On analysis of Figure 2.7, the outer regions of the lobes

are more clearly defined in (a) than (b) or (c) where the following colour maps
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were applied: (a) nipy spectral r, (b) gist stern r and (c) gist heat r17. Colour

maps may be misleading, for example differences of regions within the outer lobes

of (a) and (b) in Figure 2.7 are greatly exaggerated as compared to that in (c)

which is more realistic. Offering this feature allows users to find a trade off for

investigating features of nebulae.

The axes on all plots are normalised distance units (0–100), the colour-bar cor-

responds to the effective temperature of the ionising source, flux units in ergs s−1.

Users can add additional text to the axis labels via the Plotting Options GUI,

see Figure 2.5. Mathematical notation can also be written for the plot axis labels

when using a subset TeX18 markup by placing text inside a pair of dollar signs

($).

2.5 Summary and conclusion

In this chapter various modelling techniques, codes and steep learning curves

encountered when installing, understanding and utilising specialist photoionisa-

tion codes and modelling software were discussed. The need for astronomers to

develop/code software for specific tasks is becoming a necessity especially with

current advances in hardware, software and volume of data acquisition. As such

it is important to employ and adhere to a SDLC when developing software ap-

plications for astronomy to help guarantee milestones, have greater control over

complex projects and most importantly to ensure reliability and quality in use.

Advantages of identifying a suitable SDLC approach has been discussed and em-

ployed in the development of PyCross (Fitzgerald et al., 2019, 2020).

The Agile SDLC approach used to develop and test PyCross is described in

detail. User stories are used to break more complicated coding tasks into smaller

more manageable ones; the complexity of the code is also represented with de-

scriptions of functionality within each class (Table 2.3) and their relationships to

17The r signifies that this particular colour map has been revised in matplotlib:
https://matplotlib.org/3.1.1/gallery/color/colormap_reference.html

18Refer to: https://matplotlib.org/3.1.1/tutorials/text/mathtext.html
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each other (Figure 2.3). A detailed account of PyCross installation, function-

ality, user interface and operational overview is given using a theoretical model

generated in Shape. The directory structure and layout of PyCross has been

designed to allow for intuitive usability while also providing automated features

allowing the user to be more productive and reduce the steep learning curves

traditionally associated with new astronomical/astrophysics software. A scien-

tific overview and demonstrations of numerous PyCross models generated from

various targets will be discussed in the next chapter.

71



Chapter 3

PyCross pipeline for novae &

planetary nebulae



3.1 Introduction

3.1 Introduction

In the last chapter various astronomy modelling software packages were dis-

cussed, programming paradigms, SDLC and their importance in developing soft-

ware was outlined. The development, installation , functionality and operational

overview of PyCross were discussed in detail. This chapter demonstrates var-

ious scientific methods/pipelines that can be used with PyCross to generate

photoionisation models of novae V5668 Sagittarii (2015), V4362 Sagittarii (PTB

42) and PN LoTr 1.

As the development of PyCross is iterative, feedback from testers, users

and reviewers during the preparation and publication of these pieces of research

were noted and where possible incorporated into the next iteration of the code

which will be discussed in the next chapter. Feedback consisted of comments and

recommendations regarding the application’s usability, functionality and errors

encountered. Results from this chapter have been published in Harvey et al.

(2018); Harvey et al. (2020); Fitzgerald et al. (2020), refer to Table 3.1 for a

summary of each case study.

Target
(Model published in)

Software development & findings

Nova V5668 Sagittarii
(Harvey et al., 2018)

Model developed by Dr Eamonn Harvey who utilised a command
line prototype version of the code. Using acquired spectroscopy a
Shape model was constructed to realise multiple emission models
even though the target itself was not full resolvable.

PN LoTr 1
(Fitzgerald et al., 2020)

Model developed by postgraduate student Nicola Keaveney. Miss
Keaveney also assessed the interface for usability, providing feed-
back on any issues encountered. Miss Keaveneys models was the
first PN to be modelled by PyCross.

Nova V4362 Sagittarii
(Harvey et al., 2020)

Model developed by Dr Eamonn Harvey. Dr Harvey has adapted
PyCross to all of his most recent publications and is the longest
user of the code. In this instance, photoionisation models were
used to support findings that this particular nova was oxygen
flaring and not nitrogen flaring as previously thought.

Table 3.1: PyCross case studies: development and findings. Models were chosen based on the
research users were carrying out at that time. Development of the code was ongoing prior to,
during and post release of these publications. Users listed developed models while also acting
as interface testes, providing feedback regarding issues they encountered during the creation
of their models. This information was used to resolve any issues and/or adding to new user
stories for the next iteration.
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3.2 Modelling nova remnants

Novae are the result of an eruption on the surface of a white dwarf in a

close binary system. The white dwarf’s counterpart is normally a red dwarf or

sub-giant, which has overfilled its Roche lobe and thus loses mass through an

accretion stream onto the white dwarf surface. Pressure at the white dwarf-

accreted envelope interface increases due to a buildup of hydrogen-rich material,

eventually resulting in thermonuclear runaway. This subsequent eruption reaches

luminosities & 104 L�, and ejects a mixture of material. A combination of that

processed in the thermonuclear runaway, material dredged up from the white

dwarf and the previously accreted outer layers of its companion. The ejected

material reaches velocities of order 103–105 km s−1. Emission line profiles indicate

considerable spatial density and velocity structure. Immediately after a nova

eruption the ejected material is dense, bright and optically thick. This soon fades

after revealing H i and He i emission lines. Over time [O iii], [N ii] and [Ne iii]

become stronger relative to the fading continuum (Williams, 2012). Over a few

years the ejecta will be observed as a fading, constant-velocity expanding nebulous

shell surrounding the post-nova star. These eruptions are not destructive enough

to change either star and generally they return to their quiescent state, on decadal

timescales. Classical novae repeat the process every ∼ 104 –105 yr (Osterbrock &

Ferland, 2006). Although, a recurrent nova population also exists, with observed

recurrence periods on human timescales. Shorter rates of recurrence are related

to heightened accretion rates onto higher mass white dwarfs (Prialnik & Kovetz,

1995; Yaron et al., 2005; Shara et al., 2010). The material ejected from the white

dwarf surface generally forms an axisymmetric shell of gas and dust around the

system. These 3D shell structures are difficult to untangle as viewed on the plane

of the sky without additional velocity information.

While spectroscopic data can be used to yield approximate values for temper-

ature, velocity, and density along the line of sight of the object, a photoionisation

model is required to determine the chemical structure of a nebula (Bohigas, 2008).

As discussed in Harvey et al. (2018), photoionisation modelling of ejected nova
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Figure 3.1: Shape model for V5668 Sgr. Figure adapted from Harvey et al. (2018)

shells during their nebular stage of evolution can contribute to estimates of the

total mass and abundances of heavy elements ejected during nova events (Helton

et al., 2011). Examples of the ability to realise photoionisation models of novae,

more specifically V5668 Sgr and V4362 Sgr, created by the PyCross pipelines,

are outlined in subsection 3.2.1 and subsection 3.2.2.

3.2.1 V5668 Sagittarii (2015)

Harvey et al. (2018) investigated V5668 Sgr (2015), a slow-evolving extremely

bright nova on the surface of a CO white dwarf. The nova event produced dust

(Gehrz et al., 2018), and was classified to be of the DQ Her-type19. The V5668

Sgr nova event holds the record for longest sustained gamma ray emission from

such an event (Siegert et al., 2018).

19Archetype for rich dust-forming slow novae, and historically significant following a major
observed eruption in 1934, one of the first novae to be analysed with high-cadence spectroscopy
observations where results were later used to classify nova spectra into 10/11 subclasses by
McLaughlin (1942)
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Figure 3.2: (a) Spectral line profile simulations of [O iii] nebular and auroral lines of V5668
Sgr on day 822 post discovery. The blue-solid lines represent observed line profiles and were
used in the fitting of a morpho-kinematical model with the Shape software, represented by
overlaid black dots. The auroral line is fitted with an equatorial disk whereas the nebular lines
fit an equatorial waist and polar cones morphology with a Hubble outflow velocity law. (b)
PyCross emission models of V5668 Sgr, using nova abundances with the inclination angle
set at 85◦. Clumpiness was simulated using a Perlin noise modifier in Shape. The geometry
used for this model is illustrated in Figure 3.1. Figure adapted from Harvey et al. (2018),
O II 4341Å was shown to demonstrate that the line emission is expected to arise from the
same geometrical location and so to deblend it with 4340Å the same line profile shape would
be assumed. With regards the two nebular [O iii] lines they were shown in Harvey et al.
(2018) to show the consistency in the line shape as would be expected from 4959Å and 5007Å
[O iii] and how different the auroral [O iii] line shape was. Colour-bars corresponds to the
effective temperature of the ionising source, flux units in ergs s−1. PyCross scientific pipeline
is illustrated in Figure 3.3

A goal of the research carried out by Harvey et al. (2018), was to better under-

stand the early evolution of classical nova shells in the context of the relationship

between polarisation, photometry, and spectroscopy in the optical regime. Ob-

servations over five nights with the Dipol-2 instrument mounted on the William

Herschel telescope (WHT) and the Royal Swedish Academy of Sciences (KVA)

stellar telescope La Palma, yielded polarimetric data directly following the nova’s

dust formation episode. In this study PyCross was used to model and visualise

the ionisation structure of V5568 Sgr even though this nova shell was not yet

resolvable with medium sized ground-based telescopes. The polarimetric and
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3.2 Modelling nova remnants

spectroscopic data revealed conditions present in the expanding nova shell allow-

ing for the creation of a Shape model. The proposed geometry consisted of an

equatorial waist and polar cones, see Figure 3.1.

Initial models consisted of broad parameter sweeps that were refined using

PyCloudy (Morisset, 2013). This allowed examination of emission line ratios

for the hot–dense–thick nova shell under study. A cylindrical primitive was used

to construct the equatorial waist, where a density, thickness and Hubble velocity

law were applied. The polar features were constructed using cone primitives. In

this instance densities applied were estimations from Cloudy simulations and

velocity components were derived from measuring Doppler broadened character-

istics of observed emission lines. Emission lines in fast outflows of unresolved

structures are governed by their velocity field and orientation towards the ob-

server. Analysis techniques available in Shape allow users to disentangle pro-

jection effects. The line shapes modelled in Figure 3.2 (a) are displayed at an

inclination of 85◦, a polar velocity of 940 km s−1 and an equatorial velocity of

640 km s−1 at their maximum extensions.

PyCross emission models of V5668 Sgr, were created using optimum values

derived from Cloudy/PyCloudy parameter sweeps. The average number den-

sity was found to be ∼ 1.0×109 cm−3, luminosity and effective temperature were

set to log(L�) = 4.36 and 1.8×105K respectively. To recreate the nova conditions

on day 141 post discovery an inner and an outer radius were set to 3.2× 1014 cm

and 6.4× 1014 cm, respectively. Figure 3.2 (b) illustrates the PyCross emission

models for V5568 Sgr, where a comparison of the locality of emission through

the shell of the same species is presented in each column of three panels. These

models show the ionic cuts for C, N and O, respectively. An ionic cut is a slice

of the ionised structure for a specific ionisation state of a species. Figure 3.2

presents the first state of ionisation for C, N and O. The colour-bar shows the

ionised fraction for different geometrical locations of the appropriate ionisation

state.

Harvey et al. (2018) revealed variability in polarisation suggesting internal
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shocks in the nova outflow, supported by the presence of gamma-ray emission

(Siegert et al., 2018). The position angle of this nova was determined using

the polarimetry observations. Spectroscopy allowed for derivation of the physical

conditions, including outflow velocity and structure, nebular density, temperature

and ionisation conditions. Photoionisation models generated from PyCross gave

further insight into the nova system as a whole. Harvey et al. (2018) concluded

that slow novae are regularly referred to “nitrogen flaring”, however based on

their findings suggest that they are in fact more likely “oxygen flaring”.

3.2.2 V4362 Sagittarii (PTB 42)

More recently (Harvey et al., 2020), utilised the current version of PyCross

to aid in uncovering a previously undiscovered classical nova shell surrounding

the nova system PTB 42 of the DQ Her type. Imaging was acquired from the

Aristarchos telescope in Greece and consisted of two narrow-band filters; Hα +

[N ii] (6578Å/40Å)20 and [O iii] (5011Å/30Å) with exposures of 30 - 40 minutes in

each filter. High-resolution spectroscopic data was obtained using the Manchester

Echelle Spectrograph (MES) instrument mounted on the 2.1 m telescope at the

San Pedro Mártir (SPM) observatory, Mexico. The PTB 42 nova shell, was

detected using the low-resolution, high-throughput SPRAT spectrograph on the

Liverpool Telescope during August of 2016.

The PyCross pipeline (see Figure 3.3) was then used to generate emission

models based on imaging and spectroscopic observations. Figure 3.3 is split into

three main sections (1-3), 1 represents observational data used to derive the spa-

tial structure of an emission nebula, 1(a) is narrow-band imaging used to inform

the extent and axial ratio of the nebula. 1(b) is low-resolution spectroscopy, used

to derive density, abundances and ionisation conditions. 1(c) is high-resolution

spectroscopy used to derive the velocity information for individual spectral lines.

2(a) is a suitable Shape geometry, seen in full in panels A and B, but arranged in

20The first number represents the centre wavelength and second number represents the filter
width in Angstroms
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Figure 3.3: PyCross Scientific Pipeline for V4362 Sgr / PTB 42(1994).
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panel D in a position to be output to a text file readable by PyCross, see section

2.4.2 and Harvey et al. (2020). 2(b) is a diagnostic diagram generated to interpret

the emission line ratios measured from broadband low-resolution spectra. 3 is the

final output PyCross model generated from applying the geometry and density

at each geometrical point (i.e. from the shape output text file). Other parame-

ters such as the stellar luminosity, stellar effective temperature, and abundances

are input to PyCross’s GUI. A set of 1D Cloudy simulations are run through

the 2D parameter space which are then wrapped in azimuth around the complete

shell creating a pseudo 3D model for any observable emission line, here we show

the [Nii] 6584Å at a position angle of 60◦. Colour-bars in 3 correspond to the

effective temperature of the ionising source, flux units in ergs s−1, the colour-bar

in the PyCloudy diagnostic diagram, 2(b), is the effective temperature of the

ionisation source, figure adapted from (Harvey et al., 2020). Based on these ob-

servations, and PyCloudy simulations, the nova shell was reproduced in Shape

and then passed to PyCross.

The P.A. for this target was chosen based on polarimetric observations pre-

sented in Evans et al. (2002), in addition to close examination of the major and

minor axes in the narrow-band imaging (top left of Figure 3.3). High-resolution

spectroscopy from MES was used to find the radial velocity of individual com-

ponents within the nova shell. Difficult to derive parameters are the system

inclination, covering and filling factors of the nova shell, as well as the opening

angle of the polar cones.

In this study a number of morpho-kinematic Shape models were created to

determine the best-fit relationship between image, PV array and 1D line spectrum

to commonly proposed nova shells morphologies. While spatial information could

not be resolved, structures within the nova could be resolved via line-of-sight

velocities. The observed equatorial velocity is 350 km s−1, as measured from the

MES spectra. An axial ratio of 1.4 and polar velocity of 490 km s−1 was initially

chosen based on the inclination corrected axial ratio for similar novae DQ Her and

T Aur (Bode & Evans, 2008). Adjusting for inclination when fitting to the line
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profile gives an equatorial velocity of 390 km s−1 and polar velocity of 550 km s−1.

This allowed for the remaining velocities to be set to 550× r/r0 (km s−1). The

observed [N ii] line profile, taken from the 2012 observation (seen encircled in red

at the top left of Figure 3.3, was chosen for modelling the nova shell structure as

it had the highest S/N.

The luminosity of the system was estimated based on that of the class archetype,

namely DQ Her, during quiescence Ferland et al. (1984). The inner and outer

radii of the shell are estimated based on the observed expansion velocity distribu-

tion and narrow-band imaging and shell age, although the actual shell thickness

is difficult to know without resolving it spatially. Abundances used were for that

of the archetypical slow nova, DQ Her (Ferland et al., 1984).

In this work PyCross was employed to better understand observed ionised

nebula structure by using broadband spectra from which line ratios are measured.

A grid of models was generated to determine the best fitting model parameters

which were then applied through the derived geometry. This geometry is de-

termined from matching line profiles in high-resolution spectra and narrow-band

imaging in Shape. Polarimetry and imaging was used to determine the position

angle of the shell. Using abundances adapted from the DQ Her nova shell model

of Ferland et al. (1984) PyCross generated a pseudo 3D simulation of the ion-

isation structure of PTB 42 as seen in top centre of Figure 3.3. Results show

the difference in emission regions for the strongest nebular lines, i.e. [N ii] and

[O iii]. The PyCross model presented in Harvey et al. (2020) detailed observed

components i.e. equatorial ring, higher latitude rings and polar features of the

nova, allowing their individual behaviour to be examined.

3.3 Modelling PNe

Post-main sequence low to intermediate mass stars (∼ 0.8 M� − 8 M�) will

over time evolve to become PNe as the outer layers of the star are ejected through

thermal pulses after the AGB phase. This exposes hotter layers that can ionise
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the previous ejected material. A detailed description of the evolutionary track

and mechanics a star undergoes on its journey to become a PN at each phase is

presented in Prialnik (2009) and see also (Herwig, 2005).

There are complications to this simple picture, particularly in the role of bi-

narity and the possibility of ‘mimics’ such as symbiotic systems (Boffin & Jones,

2019). As a result, there is no universal observational definition for PNe, but

their existence is usually dependent on two components: a circumstellar shell

of sufficient mass and density to be detectable, and a hot central star to ionise

it. PNe candidates are usually discovered by objective-prism surveys or by di-

rect imaging in a narrow spectral region around a strong emission line or line

such as [O iii] 4959Å , 5007Å or Hα and [N ii] 6548Å , 6583Å (Osterbrock &

Ferland, 2006). Their expanding shell sizes (∼ 0.2 pc) and expansion velocities

(∼ 25 km s−1) imply a dynamical lifetime of ∼ 104 yr (Kwok, 2000).

As intermediate mass stars make up a large portion of the stellar mass in

our galaxy, studying how their nuclear-processed interiors are ejected into intri-

cate nebulae and eventually into the interstellar medium, can lead to a deeper

understanding of the galaxy’s chemical evolution. PNe spectra are rich in emis-

sion lines, including the interesting forbidden lines, and serve as a laboratory

for the physics and chemistry of photoionisation. Modelling the 3D spatiokine-

matic structure, along with the 3D photoionisation of PNe and their mimics can

contribute to understanding how these spectacular nebulae are formed.

3.3.1 Planetary nebula LoTr 1

The previous section described PyCross and its use in modelling and inves-

tigating novae emissions. In this subsection, and for the first time, PyCross

will be used in modelling emissions for LoTr 1, a PN believed to contain a bi-

nary central star system consisting of a KL-type III giant and white dwarf, first

discovered by Longmore & Tritton (1980).

Tyndall et al. (2013) published imaging and spectroscopy from long-slit Echelle

spectroscopy acquired using the Anglo-Australian Telescope/University College
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Figure 3.4: (a) Deep, narrowband images of PN LoTr 1, in [O iii] 5007Å . North is to the top
of the image, East is to the left. Image acquired using European Southern Observatory (ESO)
Multi-Mode Instrument (EMMI), mounted on the 3.6m New Technology Telescope (NTT) of
La Silla Observatory. The outer shell appears brighter in both the northeast and southeast
directions of the image, which could suggest the possibility of an inclined, elongated structure
due to the projection effect. Image credit and c© Tyndall et al. (2013). (b) 3D Shape model
of LoTr1 from different views. The view in the bottom right quadrant of (b) represents the
nebula as in (a). (c) Shape quadrant slit of LoTr 1 where shells have being aligned. The
resulting data cube is then passed to PyCross.
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Radius (cm)
Expansion Velocity

(km/s)
Morphology

Kinematical Age
(yrs)

Outer Shell 2.84× 1016 25 ± 4 Elliptical 35,000 ±7,000

Inner Shell 9.14× 1015 17 ± 4 Elliptical 17,000 ± 5,500

Table 3.2: Table of parameters for both inner and outer shells of LoTr 1 from Tyndall et al.
(2013).

London Echelle Spectrograph (AATUCLES) and the New Technology Telescope-

ESO Multi-Mode Instrument (NTT-EMMI) focused on the [O iii] 5007Å emis-

sions over eight different slit positions. Analysis revealed a double-shelled struc-

ture with evidence of an elliptical and slightly inclined outer shell, with an inner

shell consisting of a similar morphology at a different orientation. Careful mea-

suring of axes and relative sizes yielded a model constructed of two elongated

shells with inner and outer shell radii of 5′′ and 12′′ respectively. Each shell is

at different inclinations, with an angle of 50◦ difference in position angle, and

a difference of 57◦ inclination (see Figure 3.4 (a)). A new Shape model was

created based on this data. Both inner and outer shells were create using sphere

primitives with modifiers applied to elongate the inner and outer shells along the

z-axis by a factor of 1.3 and 1.5 respectively.

A comparison of the first slit acquired by Tyndall et al. (2013) compared to

that recreated in Shape can be seen in Figure 3.5. The observed slit position is

in the left hand panel and the right panel shows the theoretical PV array. The

systemic velocity, Vsys of the central shell was determined to be 14 ± 4 km/s

(Tyndall et al., 2013), for the observations, which result from the velocity axis of

this data being relative to the Vsys. An important similarity correspond to the

major axis in that it has the same length as the diameter of the inner shell. This

contributes to the assumption that it is a closed, isolated structure rather than

a bipolar nebula. A bipolar nebular structure viewed from above would not give

this regular shape. These ellipses seen along the velocity axis appear symmetric

in both images, in agreement with a spherical shell or elongated ovoids.

Minor modifications were made to align the shells of LoTr1 prior to creating

a data cube slice in order to create a photoionisation model using PyCross
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Figure 3.5: Left: Recreation of slit position 1 acquired by Tyndall et al. (2013). Right: Theo-
retical PV diagram created in Shape. West is up.

(Figure 3.4 (b)). This is done to ensure that the model is completely axisymmetric

in order for it to work with PyCross; PyCross does not currently have the

capacity to generate fully 3D photoionisation models. Default PN abundances

were used from Aller & Czyzak (1983) and Khromov (1989), with high depletions

for elements not listed. Emission models generated from PyCross for LoTr 1 can

be seen in Figure 3.7. These models are set at an inclination angle of 40◦, with

a blackbody effective temperature of ∼100,000 K (Gruendl et al., 2001) and a

luminosity of 100 L� (Henry et al., 1999). These parameters were chosen as

they were ascertained from the Helix nebula (NGC 7293), one of the closest and
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Figure 3.6: LoTr 1 PyCross photoionisation cuts of He+ and O++, using PN abundances with
the inclination angle set at 40◦. Colour-bars correspond to the effective temperature of the
ionising source, flux units in ergs s−1.

brightest PN (Hora et al., 2006). While a hot black body spectrum is used for the

modelling here, it is possible to use more complex central star spectra such as,

for example, WR-type spectra, as applicable to HB4 (Derlopa et al., 2019) and

generally found in around 10% of PNe (DePew et al., 2011). Figure 3.6 shows

ionic cuts of He+ and O++, top and bottom respectively, at an inclination angle

of 90◦ for the top figure, and 40◦ for the bottom figure. It is worth noting that the

object appears entirely spherical at 90◦ because this angle shows a cut through

the object head on. Similar observations were made by Tyndall et al. (2013) who

reported clear asymmetry in the nebular structure, additionally but it is close to

a head on view.

In this scenario and for simplicity, attention is limited to two elements: oxygen

and helium. While diffuse nebulae contain vast quantities of material, they have

relatively low densities (approximately 103 particles cm−3). They are rich with

emission lines such as Balmer lines of hydrogen, as well as those which arise from
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Figure 3.7: LoTr 1 PyCross photoionisation model using PN abundances with the inclination
angle set at 40◦. The input Shape model is seen in Figure 3.4 with changes made to the incli-
nation angles of the two shells to make the entire object symmetrical. Colour-bars correspond
to the effective temperature of the ionising source, flux units in ergs s−1.

the transitions between energy levels which result in ions such as O+, O++, N+,

etc. As the lifetime of ionised hydrogen is very short (fractions of a microsecond

due to the fast nature of electric dipole transitions), the probability of excited

hydrogen is negligible, so any hydrogen can be assumed to be in its ground state

for the purpose of ionisation rate calculations.

Figure 3.6 compares O++ and He+ in this model for LoTr 1 showing predicted

emissions maps of this PN in spectral lines other than those observed, to be

compared with future observations. The stellar spectrum and nebular analysis

could be developed further from this starting point based on more information

regarding the central star. This would require a more extensive data-set for

further investigation into the morphology of LoTr 1 in order to confirm its true

structure and inclination. A data-set with a higher signal-to-noise ratio would be

necessary to resolve the very faint outer shell.

Oxygen is a particularly useful ion in analysing the physical structure of a

nebula. The well known [O iii] 5007Å optical line strongly contributes to nebula

cooling, while more highly ionised O vi lines can radiate in at higher energies in

hotter parts of the nebula. Where ionised hydrogen is found, we expect to find

ionised oxygen as the first ionisation potential of oxygen is almost identical to

that of hydrogen. The difference between the two however, is that oxygen can be

ionised more than once (Dyson & Williams, 1997).
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3.4 Summary and conclusion

To summarise, this chapter has described how early versions, and the first

release of PyCross were employed in researching and modelling novae V5668

Sagittarii (2015) (Harvey et al., 2018), V4362 Sagitarii (PTB 42) (Harvey et al.,

2020) and PN LoTr 1 (Fitzgerald et al., 2020). In each scenario new photoioni-

sation models (created using PyCross) for various emissions have been created,

an operational overview and scientific pipelines were discussed.

Harvey et al. (2018) used PyCross in conjunction with other codes and

techniques to better understand the early evolution of classical nova shells by

modelling and visualising the ionisation structure of nova V5668. PyCloudy

was used to examine emission line ratios by refining parameters acquired from

a pool derived from a broad parameter of literature and data acquired from

observations. The resulting new PyCross photoionisation models gave further

insight into the nova system as a whole, and using the acquired spectroscopy, the

authors were able to visualise multiple emission models even though the target

itself was not full resolvable.

Harvey et al. (2020) acquired high-resolution spectroscopy from MES to find

the radial velocity of individual components within the shell and created a number

of morpho-kinematic Shape models to determine best-fit relationships between

image, PV arrays and 1D line spectrum. PyCross models generated in this

study detailed observed components such as the equatorial and higher latitude

rings, as well as polar features. The PyCross photoionisation models were used

to support findings that this particular nova was oxygen flaring and not nitrogen

flaring as previously thought.

In Fitzgerald et al. (2020), and for the first time, PyCross was applied to

a PN, namely LoTr 1. Long–slit Echelle spectroscopy over eight different slit

positions focusing on the [O iii] 5007Å emission line was used to create a 3D

morpho-kinematic Shape model. Densities, velocities and inner and outer shell

radaii measurements were incorporated into the model which was then compared

against the PV arrays acquired from previous published observational data. A
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sweep of published literature yielded luminosity, black body temperatures and

abundances were use as Cloudy inputs into PyCross.

Feedback from testers, users and reviewers regarding the applications usabil-

ity, functionality and errors encountered during the preparation and publication

of these pieces of research were noted and where possible incorporated into the

next iteration of the SDL. Examples included:

• Modifications to the interface to improve usability.

• Automatically saving new models

• Creation of a log file to track parameters entered/changed during a Py-

Cross session

• Limiting the amount of models to be plotted at a single time to improve

resolution.

• Providing automated feedback if a user entered data in error.

• Having online references available for checking emission lines.

• Being able to plot an archived/previously generated model.

In all cases, spectroscopic and observational data was used to create a 3D

Shape model. Additional Cloudy parameters were derived from acquired spec-

tra or extrapolated from published literature as inputs into PyCross facilitating

researchers with a tool to better understand observed ionised nebula structures.
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4.1 Introduction

4.1 Introduction

The first release of PyCross, (Fitzgerald et al., 2020), and models therein,

was developed using Python 2.7 for Cloudy 13 (C13) and was only available for

MAC OS. Since then, and based on requests from the wider astronomy commu-

nity, it has been updated to Python 3.7 to work with Cloudy 17 (C17).

One of the operational differences between C13 and C17 is the format the

emission lines take as inputs. The newer version, C17, offers 290 emission lines

(Morisset et al., 2015) which are accessible directly from PyCross toolbar by

selecting References — Emission Line Index. The structure of the emission

lines from C13 and C17 are slightly different (see Table 4.1) and only function

with their respective version of PyCross and PyCloudy21. All photoionisation

models and data generated in this chapter was created using the latest version of

PyCross using C17.

This chapter will describe the structure and kinematics of “The Etched Hour-

glass Nebula”, to show PyCross models were created from data acquired from

previous research where authors investigated certain aspects concerning evolu-

tion, continuum, shaping and kinematics. Extrapolating necessary information

from the literature allowed for the creation of a Shape model and yielded the

necessary parameters (luminosity, blackbody temperature, abundances, etc.) as

inputs into PyCross to create the models. The method outlined here differs

slightly from that described in Fitzgerald et al. (2020), highlighting its ability to

create models in different ways based on observations and information available.

4.2 The Etched Hourglass Nebula – MyCn 18

The Etched Hourglass Nebula, also known as MyCn 18, was the 18th of 39

objects detected by Mayall & Cannon (1940). It is a young PN (≈ 2500 yrs,

Dayal et al. (2000)) located in the southern constellation of Musca (13h 39m

21They are distinguishable in that C17 includes a more detailed emission line correct to two
decimal places postfixed with an A
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Cloudy Versions
C13 C17

O 3 5007
PyCross V24

O 3 5006.84A
PyCross V26C

Table 4.1: C13 and C17 example emission line input comparison with corresponding PyCross
versions. Emission lines used in C13 for PyCross V24 (Fitzgerald et al., 2020) cannot be used
with the new version of PyCross and vice versa. Emission line formats are restricted to be
8 characters for C13 and 12 characters for C17. Emission parameters are listed as they are
inputted in C17 such that, for example, O 3 corresponds to [O iii]

35.12s right ascension, -67◦ 22’ 51.5” declination) at a distance of 3092 ± 507 pc

(Miszalski et al., 2018). Its symmetric hourglass structure and striking etchings

were captured using narrowband filters on the Hubble Space Telescope’s (HST)

WFPC2 camera, Figure 4.1, and published in Sahai et al. (1999). This image

has intrigued astronomers, authors, and artists across the globe making it one

of the most famous PN; since its publication, it has featured on album covers,

in movies/video games, and on the cover of Kwok (2000) – “The Origin and

Evolution of Planetary Nebulae”.

Previous research on this nebula may be categorised as MyCn 18 specific or

part of a collection of targets where authors are investigating certain aspects

concerning evolution, continuum, shaping, knots and kinematics. Over the last

three decades astronomers have investigated MyCn 18 to determine the spatio-

kinematics of its distinctive extreme bipolar morphology, of an open-ended hour-

glass with a narrow waist. Two of the most extensive studies were carried out

by Sahai et al. (1999) and Dayal et al. (2000), who obtained emission-line and

continuum images of MyCn 18. Observations were acquired using the HST Wide

Field Planetary Camera 2 (WFPC2)22, in four narrowband filters: Hα (green),

[N ii] (red), [O iii] (blue) and [O i], and one continuum image using the medium

band filter F547M which covers a section of the spectrum that has no discernible

emission lines, (Sahai et al., 1999).

Sahai et al. (1999) presented the images acquired from the observations and

described in detail the structure, discussing their observational results. They cat-

22The WFPC2 has a field of view of 34”× 30” and a scale of 0”.0456 pixels−1
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Figure 4.1: HST WFPC2 composite Hα (green), [Nii] (red) and [Oiii] (blue) emission image.
This famous image, originally created by Sahai et al. (1999), covers an area 24”.59 × 23”.32
(540 pixels × 512 pixels), and required additional post processing to enhance and emphasise
sharp structures such that the overlapping [Nii] and Hα regions appear bright reddish–orange.
Image reproduced from https: // www. spacetelescope. org/ images/ opo9607a/ .

egorised MyCn 18 into several distinct regions as a function of observed distances

from the geometric centre of the nebula; hourglass walls, smooth and filamentary

components, bright rims, mottled emissions and elongated knots that are approx-

imately 220–250 AU wide and 550–1100 AU long see, Figure 4.2 (a). Sahai et al.

(1999) concluded that the distinctive hourglass walls adhere to the interacting-

winds hypothesis for PN formation, but the inner region, i.e. hourglass, ring and

offset central star, require further study. Multiple mechanisms are discussed that

may produce offsets within the central region, suggesting a preferred scenario be-

ing that of a wide binary companion, which has recently been found in Miszalski

et al. (2018). Photometry of the central star inferred a Teff = 51, 000 K and

Lbol ≈ 990L�

Dayal et al. (2000) presented a 3D spatio-kinematic model using the Hα (F656N)

filter image, Figure 4.2 (b), and additional ground–based spectra. This model
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Figure 4.2: HST WFPC2 narrowband filters: (a) F658N ([Nii] 6586Å), (b) F656N (Hα), (c)
F502N ([Oiii]), and (d) continuum filter, F547M. Images are covering an area 22”.8 × 22”.8
(500× 500 pixels). A logarithmic scale was used with maximum (black) and minimum (white)
intensity values on a reverse grey scale being 8.43 × 10−12 and 2.93 × 10−13 ergs s−1 cm−2

arcsec−2. Figure adapted from Sahai et al. (1999).

was used to determine the shape of the nebula walls as well as the density and

kinematics of the emitting gas. A distance of 2.4 kpc to MyCn18 was adopted

to model the outer hourglass as a pair of truncated paraboloids, however, the

model did not attempt to describe the more complex inner hourglass and rings.

Dayal et al. (2000) stated a reasonable fit to the data and assumed the nebula ex-
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pands radially outwards following the radial power law, setting the radial velocity

Vr = 24 km s−1, with a wall thickness of (1.6± 0.8)× 1016 cm, again assuming a

constant wall thickness throughout the nebula. An expansion timescale for the

thin shell nebula, was estimated to be between 1000 − 2500 years. The spatial

and kinematical constraints inferred an inclination of θ ≈ 35◦ − 38◦ with respect

to the line of sight, with an outer hourglass diameter of ∼ 4 × 1016 cm at the

waist and, a height of ∼ 2.9 × 1017 cm from the centre of the nebula23. Dayal

et al. (2000), reiterates the generalised interacting stellar winds (GISW) model

hypothesis for shaping outlined in Sahai et al. (1999), and approximates the total

mass of ionised gas in the hourglass walls to be 0.013 M� with an upper limit

of 0.006 M� of material inside the walls. Dayal et al. (2000) conclude that the

walls of the nebula are density bound at higher latitudes and ionisation bound

near the waist of the hourglass, potentially resulting from the mass-loss rate of

the progenitor asymptotic giant branch (AGB) star during a thermal pulse or

complex interaction between stellar winds.

A detailed optical and infrared study of MyCn 18 was carried out by Clyne

et al. (2014) using the VLT Infrared Spectrometer And Array Camera (ISAAC)

infrared spectra and long-slit optical Echelle spectra. This study not only yielded

a geometric dimensional analysis of the nebula’s inner regions (Figure 4.3), but

also its distant hyper-sonic knotty overflow. Clyne et al. (2014) surmise that

the structure and shape of the inner hourglass are similar to that of the main

hourglass inferring the same mechanism created both, and in theory, should follow

a similar expansion velocity law (Vexp αR0.6±0.4) described by Dayal et al. (2000).

Clyne et al. (2014) discuss the statistical method used by Schwarz et al. (1992)

to determine the distance to MyCn 1824 and emphasises that distances calculated

using this method are underestimated for nebulae of this type. A revised distance

of 3.2kpc, based on the re-analysis by Stanghellini et al. (2008) of the statistical

methods previously mentioned, was established.

23These values are estimated with uncertainties of about ±5%.
242.4kpc – Corradi & Schwarz (1993), 3.2kpc –Clyne et al. (2014); Miszalski et al. (2018). It

is important to note that no confirmed value for distance to MyCn 18 has yet been accepted.
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4.2 The Etched Hourglass Nebula – MyCn18

Figure 4.3: HST [Nii] 6584 Å image of MyCn 18 with an overlaying geometric dimensional
analysis showing the asymmetry and offset of the outer and inner hourglass respectively. Clyne
et al. (2014) ascertained an offset and slightly tilted (≈ 5◦) inner hourglass, with respect to
the main hourglass shell. Also observable is the offset central star with respect to the nebula
centre. Figure adapted from Clyne et al. (2014).

A 3D morpho-kinematic Shape model of MyCn 18 was created using three

main structures; the outer hourglass, the inner hourglass and central eye re-

gions that were represented using a cylinder, sphere and torus. Velocity, density,

thickness, squeeze and size modifiers were applied to achieve the desired shape

and synthetic position–velicity (P–V) arrays; which were used to determine the

kinematics of the nebula. Velocities within the nebula ranged from 0 km s−1 at

the centre to 70 km s−1 at the poles (outer hourglass), 0 km s−1 at the centre to

30 km s−1 at the poles (inner hourglass), and 0 km s−1 at the centre to 10 km s−1

edge (inner ring). An arbitrary density scaling factor was used across the neb-

ula with the outer hourglass set to 1, the etchings varying from 2 to 5, and the

inner regions varied from 10 – 20. Assuming a distance of 3.2 kpc, Clyne et al.

(2014) inferred from the model that the kinematical age of the fastest knots was

∼ 1650 yr, with an inner hourglass expansion velocity of 30 ± 5 km s−1, corre-

sponding to a timescale of 1750± 250 yr, and a kinematical age of the nebula of
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4.2 The Etched Hourglass Nebula – MyCn18

∼ 2700 yr. Clyne et al. (2014) hypothesise that the displacement of the central

star, misalignment of the inner region and hypersonic knotty overflow may be due

to the accretion of the material of a hot Jovian exoplanet after being engulfed

during the AGB phase, leading to a nova-type explosion.

Regarding MyCn 18’s complex inner offset structure, it has long been hypoth-

esised that this might be the result of the engulfment of a Jovian planet during the

AGB phase (Bear & Soker, 2015; Soker, 1997; Clyne et al., 2014) or a companion

to the offset central star (Sahai et al., 1999; Dayal et al., 2000; O’Connor et al.,

2000; Miszalski et al., 2018). Existence of a binary companion was confirmed

by Miszalski et al. (2018) who presented South Africa Large Telescope (SALT)

High-Resolution Spectrograph (HRS) observations of MyCn 18’s nucleus. Radial

velocity measurements from 26 spectra proved the presence of a post-common

envelope binary nucleus; Miszalski et al. (2018) state that the formation scenario

for MyCn 18 may be due to material from the common envelope ejection forming

the main nebula and that this material, still bound to the binary, falls back to

envelop the binary. This may then lead to the formation of the inner hourglass

and jets. However, they note that the exact process in which this occurs remains

uncertain and requires detailed simulations but is similar to that described by

Soker (2017). Miszalski et al. (2018) also ruled out a previous hypothesis that

MyCn 18 formed as a classical nova explosion (O’Connor et al., 2000) as the or-

bital separation of 0.124 AU or 26.6 R� is too large to allow for mass transfer

via Roche-lobe overflow. Furthermore, an M5V secondary cannot provide the

average accretion rate of Macc ∼ 10−8 − 10−7 M� yr−1 required to accrete the

Menv ∼ 10−5 − 10−4 M� mass required to form a classical nova in the ∼1500 yr

time-frame between the main nebula ejection when the jets are launched (Clyne

et al., 2014). While a classical nova origin may be ruled out, it does not however

rule out a symbiotic one (Clyne et al., 2015).
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4.3 Shape morpho-kinematic Model

A new Shape morpho-kinematic model was created whose morphology re-

flects the findings in the previously discussed literature. This model consisted of

three parts; an outer hourglass and inner hourglass and ring. In this instance, the

model was not created in the manner discussed in Harvey et al. (2018); Fitzgerald

et al. (2020); Harvey et al. (2020) but instead focused on re-creating the mor-

phology of MyCn 18 from Figure 4.1; offering users of PyCross the ability to

model nova and nebula based on other observables. Once the model was created

it is then scaled to the dimensions of the nebula and input into PyCross.

This Shape model originally consisted of a outer hourglass, inner hourglass

and ring in Figure 4.4, are coloured as blue, green and black respectively. The

nebula is modelled from its centre to the extremity of the outer hourglass wall,

the fast knots are excluded from this model as a code required that the model be

axisymmetric. The model was then scaled and rotated to align the HST image

of MyCn 18 in Figure 4.1. A good geometrical fit and alignment were achieved

resulting in a derived nebular inclination of 34◦ (in agreement with 38◦ ± 5◦,

determined by Miszalski et al. (2018) for the binary). Further modifications were

required to enhance the etchings in the outer hourglass, this was achieved by

replacing the single outer hourglass with six rings. Each ring is positioned at

intervals along the outer hourglass, which are symmetrical around the nebula

centre. These rings represented the denser region (etching) along the hourglass

walls, see Figure 4.5. This technique was recommended from a user of PyCross

who used a similar approach to show denser regions of nebula (see Figure 3.1 and

Figure 3.3 2(a))

All components in the model are constructed from spheres, each having den-

sity, size, squeeze, and velocity modifiers applied. The Shape density modifier

allows users to set the spatial distribution of density within a primitive and can

be a constant or vary across the primitive. A number of constant and varying

density models were tested, the model presented here consists of a fixed density

across the nebula. Velocity modifiers were applied using the same radial Hubble,
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4.3 Shape morpho-kinematic Model

Figure 4.4: 3D Mesh Model of MyCn 18 at random orientations. The model is colour coded as
follows: outer hourglass – blue, inner hourglass – green and ring – black.

and power laws outlined in Clyne et al. (2014); while all primitives have velocity

modifiers, they are not required to construct a PyCross model but instead were

used to ensure an accurate model in Shape. The finished structure shown in Fig-

ure 4.5 shows the ring formation in frontal view, this model was then rendered

and superimposed on the original image in Figure 4.6.

Once a good morphological fit was achieved, the model was then orientated

such that the long axis was pointing along the x-axis, as shown in Figure 4.5.

The Image and Camera parameters, within the Shape render module, were

then adjusted to show a quadrant of the model, Figure 4.7 (a). Finally, each

primitive was reduced to create the “slice”, Figure 4.7 (b), which was rendered

to produce the data cube file required by PyCross. To create a data cube

users must specify the name of the file (.txt) in the “Renderer” section. This file
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4.3 Shape morpho-kinematic Model

Figure 4.5: Frontal view of MyCn 18 3D Shape model. In this model 6 concentric rings (purple,
light green and dark blue), represent the denser regions of the etchings in the outer hourglass.

Figure 4.6: Left: 3D Shape mesh model. Centre: rendered view. Right: rendered image
superimposed on HST image (Sahai et al., 1999) to ascertain good geometrical fit. All have a
position angle of 8◦ and inclination of 38◦ matching that of HST image in Figure 4.1

contains information relating to the name of the primitive, the (x,y,z) coordinates

and corresponding velocity, density and temperature25. An example of this is

illustrated in Figure 4.8.

25Not all parameters recorded are used in this release of PyCross
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Figure 4.7: (a) Quadrant of MyCn 18 Shape model model (Figure 4.5) viewed from the side
at an angle of 0◦. (b) Each primitive is then reduced by taking a slice which is then rendered
to produce a data cube for input into PyCross. Slices of primitives are achieved by setting
φmin = 90

◦
, φmax = 180

◦
, θmin = −91

◦
and θmin = −89

◦
. An example of the data cube

generation is illustrated in Figure 4.8

4.4 PyCross photoionisation modelling

A blackbody temperature of 51000 K (Sahai et al., 1999) and a range of log

L/L� = 3 − 3.7 were tested. The model follows Cloudy recommendations of

having a closed geometry with a small central object relative to the nebula; this

is set via the “sphere” parameter. Setting the sphere parameter also sets another

parameter to indicate that the nebula is expanding. Abundance sets are avail-

able and stored within Cloudy for PNe, and selected by inputting “abundances

planetary no grains” in the “Cloudy Options” window in PyCross. These abun-

dances are derived from Aller & Czyzak (1983), and Khromov (1989) with high

depletions assumed for elements they do not list. Finally, thirty angles were sam-
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4.4 PyCross photoionisation modelling

Figure 4.8: Example of the data cube generation in Shape. The image on the left shows render
window and the orientation and centring required. the dialog window on the right of this shows
how the data cube is generated with location of file, x,y,z spatial positions, velocity, density
and temperature parameters exported. This data cube is then inputed into PyCross.

pled between 0◦ – 90◦. Table 4.2 lists all parameters and emissions used in the

generation of this model.

Two important emission lines in PNe include [O iii] 5007Å and [N ii] 6584Å,

as they reflect the thermal and ionising structure due to their cooling effect on the

nebula (Bohigas, 2008). When ionised hydrogen is present, likely, ionised oxygen

will also be present as the first ionisation potential of oxygen is almost identical

to that of hydrogen; oxygen, however can be ionised more than once (Dyson &

Williams, 1997). It is of no surprise that the images and spatio-kinematic model

created by Sahai et al. (1999) and Dayal et al. (2000) focus on these two emissions.

Photoionisation models generated for [N ii], Hα, and [O iii] are displayed in

Figure 4.9 where the model is viewed at 0◦ on the left column and orientated on

the right column to match a view similar to that shown in Figure 4.2. Visual

inspections of the models suggest that the [N ii] emission (see Figure 4.9a and

Figure 4.9b) represents both the inner regions and its detailed etchings within the

hourglass walls; structurally, this is consistent with the HST [N ii] image shown

in Figure 4.2 (a). Good detail is shown in the inner regions of the Hα and [O iii]
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4.4 PyCross photoionisation modelling

(a) [N ii] (6583Å) (b) [N ii] (6583Å)

(c) Hα (6562Å)
(d) Hα (6562Å)

(e) [O iii] (5007Å) (f) [O iii] (5007Å)

Figure 4.9: MyCn 18 photoionisation model views of [Nii], Hα, and [Oiii]. Images on the left
column show a frontal view of the model, and images on the right column are orientated to
match a similar view as that shown in Figure 4.2. Colour Map: gist heat r.
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Parameter Value

Black Body 51000 K
Luminosity Sol 3.0
Start Angle 0◦

Finish Angle 90◦

Number of angles 30

Cloudy Options
abundances planetary no grains
sphere

Emissions

H 1 6562.81A
O 3 5006.84A
N 2 6583.45A
Fe 3 4658.01A
O 1 6300.30A
H 1 4861.33A
He 2 4685.64A

Table 4.2: Cloudy (C17) parameters used in PyCross. Emission parameters are listed as
they are inputted in C17 such that, for example, O 3 corresponds to [O iii]

models, however, the structure becomes faint towards the poles, similar to the

images shown in Figure 4.9c and Figure 4.9e respectively. The Hα structure is

fainter towards the poles in the outer hourglass than that in Figure 4.2 (b). This

might be due to the contamination this image experienced from [N ii] as described

by Sahai et al. (1999). Regarding the [Oiii] region, while faint towards the poles

in the outer hourglass, it can be seen that it forms near the Hα region and is

more centrally confined than [N ii]. [Oiii] forming near the Hα ionising region

may be due to rapid charge transfer between H and O.

Etchings in the outer hourglass wall are seen in greater contrast in [N ii],

Figure 4.9a than in Hα, and [O iii], and disappear at smaller radii where the

walls become smoother. Figure 4.9b, which is rotated and aligned to match that

in Figure 4.2 (a) also displays the open-ended hourglass geometry, inner regions

are best resolved in Hα, and [O iii]. Sahai et al. (1999) note that the inner

regions is almost invisible in [O i], indicating that this region consists of more

highly excited gas due to its proximity to the central star. Neither Sahai et al.

(1999) or Dayal et al. (2000) present an image for [O i], however, the PyCross

generated [O i] 6300Å photoionisation model shown in Figure 4.11a supports the
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4.4 PyCross photoionisation modelling

Figure 4.10: NGC 6720 – The Ring Nebula in [O i] 6300Å, H i 4861Å, [O iii] 5007Å and He ii
4686Å, emissions. The [O iii] central hole may be as a result of a stellar wind of high–speed gas
flowing out from the outer layers of the central star that evacuates the central region Figure
adapted from https://noirlab.edu/public/images/noao-02178/.

observation by Sahai et al. (1999).

The ability to model emissions in this manner is a valuable tool in an as-

tronomer’s arsenal, for example, Osterbrock & Ferland (2006) describes how the

centre of many PN observed in the [O iii] line has a central “hole” where the

emission line is seen. This hole may be as a result of a stellar wind of high–speed

gas flowing out from the outer layers of the central star that evacuates the central

region, which can shock–heat temperature to ≥ 106 K. There are cases where gas

is present but is photoionised to high stages of ionisation that it emits little [O iii]

or other forbidden lines, such examples include He ii and [Ne V].

Osterbrock & Ferland (2006) demonstrated this using four images of NGC 6720

(The Ring Nebula) in the following emissions: [O i] 6300Å, H i 4861Å, [O iii]
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4.4 PyCross photoionisation modelling

(a) [O i] – 6300Å – 90◦ (b) H i – 4861Å – 90◦

(c) [O iii] – 5007Å – 90◦ (d) He ii – 4686Å – 90◦

Figure 4.11: MyCn 18 photoionisation model views of [O i], H i, [O iii] and He ii. Models are
arranged by emission to match that of Figure 4.10. Plots are viewed along the nebula poles
(90◦). Colour Map: gist heat r.

5007Å and He ii 4686Å , see Figure 4.10. In this example a He ii ionisation front

occurs inside the [O i] region, accounting for the ring-like appearance in the [O iii]

image. Furthermore, the [O i] image marks the outer edge of the H i zone; [O i]

regions forms near the H i ionisation front due to rapid charge transfer between

H and O.

Using the photoionisation emission models generated here, it is possible to

generate the same emissions, and rotate the model to determine if MyCn 18

shares the same characteristics. Proposed photoionisation models in [O i] 6300Å,

H i 4861Å, [O iii] 5007Å and He ii 4686Å were created. These figures follow a
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(a) [O i] – 6300Å – 0◦ (b) H i – 4861Å – 0◦

(c) [O iii] – 5007Å – 0◦ (d) He ii – 4686Å – 0◦

Figure 4.12: MyCn 18 photoionisation model views of [O i], H i, [O iii] and He ii. Models are
arranged by emission to match that of Figure 4.10. Plots show a frontal view of the nebula.
Colour Map: gist heat r.

similar layout to that presented by Osterbrock & Ferland (2006) in Figure 4.10;

a view along the pole (90◦) is shown in Figure 4.11, and an equatorial view

(0◦) is shown in Figure 4.12, for each emission model. While the [O i] region is

extremely faint it can be seen that similar characteristics are observed where the

He ii ionisation front occurs inside this region in addition to this region forming

near the H i ionisation front. The presence of gas in the central region suggests

that the gas has been photoionised to such high stages of ionisation that it emits

little [O iii] or other low-ionisation forbidden lines, and is not evacuated due to

the momentum of winds.
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4.5 PyCross Cloudy nebular diagnostics

PNe research often deals with the object as a point source while others work

on spatially resolved structure, furthermore, photoionised nebulae are frequently

assumed to have a uniform temperature, yet, photoionisation codes demonstrate

the existance of temperature veriations across each nebula. The existence of

other physical processes suggests the existence of larger variations (Peimbert

et al., 2017).

Cloudy generated data relating to the model is available to users and can

be accessed by navigating to the PyCloudy Archive folder, located in the home

or C:\ drive. Data for each model is contained within a .zip file with the name,

set by the user, and a timestamp for when that model was created. Users must

extract the contents of the .zip file and navigate to the MakeData directory. This

directory contains multiple files for each angle, with each file containing hundreds

of lines of information relating to databases that play a role in the calculations,

emissions over multiple iterations during Cloudy calculations; the name of the

line, species wavelength, flux and ratio relative to Hβ, electron temperature (te),

electron density (ne) and ionic abundances for the different regions. Experienced

users of Cloudy understand the structure and layout of this information and

can navigate it with confidence. New users to Cloudy and PyCloudy face a

steep learning curve and this is something PyCross strives to eliminate.

The following information has been extrapolated from the Cloudy files lo-

cated in the MakeData directory for this MyCn 18 model. The latest version of

PyCloudy was modified to examine the files to determine te, ne, oxygen tem-

peratures and ratios relative to H within the nebula. This feature offers users the

opportunity to investigate different regions of the nebula, for example, Figure 4.13

shows the Shape model slice of the nebula broken down into 5 parts. Each part

has an associated angle from the nebula centre. Cloudy files with angles that

pass through these regions allow users to investigate specific parts of the nebula.

In this scenario, the 9◦ angle passes through the equatorial region of the inner

hourglass and ring, while the 43◦, 53◦ and 65◦ angles pass thought the denser
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Figure 4.13: Shape model angle components; 9◦ picks up the inner ring and hourglass, for
the outer hourglass, the first, second and third etchings are picked up by 43◦, 53◦, and 65◦ a
breakdown of their components are listed in Table 4.3

Region: Inner hourglass and ring Region – 9◦

H+/H = 0.92 He+/He = 0.89
O++/O = 0.19 O+/O = 0.72
N++/N = 0.27 N+/N = 0.69
T(O+++) = 9849 T(O++) = 10032 T(O+) = 10240
Region: Outer hourglass ring/etching 1 – 43◦

H+/H = 0.90 He+/He = 0.86
O++/O = 0.14 O+/O = 0.74
N++/N = 0.21 N+/N = 0.73
T(O+++) = 9507 T(O++) = 9589 T(O+) = 9823
Region: Outer hourglass ring/etching 2 – 53◦

H+/H = 0.89 He+/He = 0.85
O++/O = 0.13 O+/O = 0.75
N++/N = 0.19 N+/N = 0.74
T(O+++) = 9428 T(O++) = 9485 T(O+) = 9692
Region: Outer hourglass ring/etching 3 – 65◦

H+/H = 0.88 He+/He = 0.84
O++/O = 0.12 O+/O = 0.75
N++/N = 0.17 N+/N = 0.75
T(O+++) = 9344 T(O++) = 9358 T(O+) = 9536

Table 4.3: MyCn 18 model temperature diagnostics with temperatures in Kelvin. The nebula
is dominated by neutral and first ionisation states of the species under study i.e. oxygen and
nitrogen.

etchings on the outer hourglass. Oxygen temperatures and ionic abundances for

four different regions are presented in Table 4.3.

Given the whole ensemble of the integrated flux from the shell would imply,
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for this model and geometry, temperatures across the different ionised states of

oxygen decreases further from the ionisation source. The inner region at 9◦ is

composed of approximately 19% O++/O and 72% O+/O with a temperature of

10032 K. The ionisation states in the detailed etchings of the outer hourglass walls

also decreases the further from the ionising source with the outermost etching

composing of approximately 12% O++/O and 75% O+/O with a temperature of

9358 K.

A study carried out by Tsamis et al. (2003) presented deep optical spectropho-

tometry of twelve Galactic PNe and three PNe, nine of which were observed by

scanning a slit of the spectrograph across each nebula. In this study, MyCn 18 was

a candidate with data acquired via ESO optical observations. The data was ac-

quired from a fixed slit positioned through the nebular centre and passed through

the brightest parts of the nebula using the central star as a guide. Tsamis et al.

(2003) calculated electron densities and temperatures derived from several colli-

sionally excited line diagnostic ratios using a software package called equib. The

slit position described by Tsamis et al. (2003) through the centre and brightest

parts of the nebula, would also encompass the etchings and poles can be com-

pared to the data generated via this model’s 65◦ angle (Table 4.3), which also

encompasses both the inner region, etchings of the nebula. However, there will

be some discrepancy as Tsamis et al. (2003) focused on a fixed slit while this

technique calculated the whole ensemble of the integrated flux from the shell.

4.6 Summary and conclusion

In this chapter, an updated version of PyCross is presented. The PN

MyCn 18 was chosen as a target to demonstrate its compatibility with C17 and

highlight its new functionality. Previous research into the structure and kine-

matics of MyCn 18 was discussed and a new morpho-kinematic Shape model

was presented. The 3D Shape model and parameters from the literature gen-

erated multiple new PyCross photoionisation models of MyCn 18 that details
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both its complex inner region and outer hourglass etchings in multiple emissions.

Models generated were then used to show how users could infer the presence

of species and distinguish between species boundaries (ionisation stratification).

The determination of the ionisation structure of nebulae will offer astronomers

greater insight into its kinematics and morphology and the ability to determine

the presence of weaker lines which often go undetected if observations are not

deep enough. (Peimbert et al., 2017). Finally, new features were demonstrated

to show how regions within the nebula can be analysed to determine densities

and temperatures of different ionised states of O, N, H and He.

The blobs, knots and mottled structure described in Sahai et al. (1999); Clyne

et al. (2014) does not exist in this model as this technique is limited to symmet-

rical, non-clumpy objects. Additionally, the inner regions are also symmetrical

and not offset as described in the literature. The nebular diagnostic functionality

described in the last section is not currently integrated or available in the versions

of PyCross that are available online and will be included in the next release

PyCross Version 27.
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5.1 Summary

5.1 Summary

To summarise, research into the processes of photoionised gas plays a huge

part in our understanding of stellar evolution, modelling non-stellar objects be-

yond our solar system however, is difficult as 3D volumetric objects are observed

as 2D projections. As such, much effort has been invested into creating tools to

model and visualise photoionised species within PNe and nova. These codes use

various analytical or statistical techniques for the transfer of continuum radiation,

mainly under the assumption of spherical symmetry. Increased computing power

over the last 4 decades has further enhanced the development of photoionisation

codes, allowing for the construction of more complex models reconstructed into

3D. The assumption of spherical symmetry has been retained in some, to help

reduce computational overhead, in all cases however, the quality of data used to

create the model, as well as a competent acquaintance with the assumptions that

are made, are as important to improving our knowledge of a particular physical

object or situation. Interactive databases (PyNeb, Luridiana, V. et al., 2015)

are now available to assist in determining temperature, density chemical compo-

sition, and other physical quantities to aid in defining the initial values for 3D

photoionisation models.

Spectroscopic data of emission nebula, analysed with the tools of atomic

physics and interstellar extinction models, yield little more than average values

for the velocity, density, and temperature of a few regions along the line of sight.

Photoionisation modelling is essential to researchers who wish to investigate the

physical structure of their targets. It is important to note that while models are

not a direct and exact depiction of reality, they can help extend or reconstruct

our understanding of it (Bohigas, 2008).

The goal of this research was to develop a new pipeline and application for

generating photoionisation models, created in Shape using Cloudy and Py-

Cloudy, the resulting code was named PyCross (Fitzgerald et al., 2020). This

was achieved over the course of this thesis where various modelling techniques

were described, outlining the importance to adhere to a specific SDLC that best
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suited the project (Fitzgerald et al., 2019). Employing and adhering to a SDLC

when developing software applications for astronomy is essential to guarantee

milestones are met while also giving greater control over complex projects and

most importantly to ensure reliability and quality in use. PyCross was also

developed to reduce the steep learning curves traditionally encountered when us-

ing specialist astronomy photoionisation codes. In Chapter 2, a detailed account

of the installation, functionality, user interface and an operational overview was

given using a theoretical model generated in Shape.

Utilising a SDLC proved instrumental in realising the objectives of this re-

search. Over each iteration it was necessary to swap between many roles i.e.

user-stories/requirements collection, developer/coder, tester and overall project

manager. Adhering to the process allowed for consistency, clarity in project ob-

jectives, requirements and estimates while also building a rapport with experts

in the field. Having a well-defined structure also helped with returning to re-

search during occasions when work had to be halted, due to family and/or work

commitments.

Numerous scientific applications were discussed in Chapter 3, where PyCross

was employed in researching and modelling novae V5668 Sagittarii (2015) (Har-

vey et al., 2018), V4362 Sagitarii (PTB 42) (Harvey et al., 2020) and PN LoTr 1

(Fitzgerald et al., 2020). Harvey et al. (2018) used PyCross in conjunction with

other codes and techniques to better understand the early evolution of classical

nova shells by modelling and visualising the ionisation structure of nova V5668.

PyCloudy was used to examine emission line ratios by refining parameters ac-

quired from a pool derived from a broad parameter of literature and data acquired

from observations. The resulting PyCross photoionisation models gave further

insight into the nova system as a whole. In Harvey et al. (2020) high-resolution

spectroscopy was acquired from MES to find the radial velocity of individual

components within the shell and created a number of morpho-kinematic Shape

models to determine best-fit relationships between image, PV arrays and 1D line

spectrum. PyCross models generated in this study detailed observed compo-
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nents such as the equatorial and higher latitude rings, as well as polar features.

PyCross was also applied to a PN, namely LoTr 1. Long–slit Echelle spec-

troscopy over eight different slit positions focusing on the [O iii] 5007Å emission

line was used to create a 3D morpho-kinematic Shape model. Densities, veloc-

ities and inner and outer shell radaii measurements were incorporated into the

model which was then compared against the PV arrays acquired from previous

published observational data. A parameter sweep from literature who had previ-

ously determined luminosity, black body temperatures and abundances were use

as Cloudy inputs into PyCross.

Feedback from testers, users and reviewers regarding the applications usabil-

ity, functionality and errors encountered during the preparation and publication

of these pieces of research were noted and where possible incorporated into the

next iteration of SDL. In all cases, spectroscopic and observational data was

used to create a 3D Shape model. Additional Cloudy parameters were derived

from acquired spectra or extrapolated from published literature as inputs into

PyCross, this has facilitated researchers with a tool to better understand and

visualise the observed ionised nebula structures.

An updated version of PyCross was discussed in Chapter 4 with a demon-

stration given on the “The Etched Hourglass Nebula” (MyCn 18). This nebula

was chosen to demonstrate its compatibility with C17 and highlight new function-

ality. Here the structure and kinematics of MyCn 18 are described with PyCross

photoionisation models created on data acquired from previous research where

authors investigated certain aspects concerning evolution, continuum, shaping

and kinematics. The 3D Shape model and Cloudy parameters needed were

acquired from the literature, generated multiple new PyCross photoionisation

models that details both its complex inner region and outer hourglass etchings

in multiple emissions. Models generated were then used to show how it possi-

ble to infer the presence of species where a central cavity might be present in

observations, while also allowing to distinguish between species boundaries (ion-

isation stratification). The determination of the ionisation structure of nebulae
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will offer astronomers greater insight into its kinematics and morphology and the

ability to determine the presence of weaker lines which often go undetected if

observations are not deep enough (Peimbert et al., 2017). Finally, new features

were demonstrated to show how regions within the nebula can be analysed to

determine densities and temperatures of different ionised states of O, N, H and

He. The PyNeb nebular diagnostic functionality described in this chapter are

not currently integrated or available in the versions of PyCross that are online.

these will be included in the next release PyCross.

5.2 Future work

In 2017, PyCross was first presented to an international panel of Nova re-

searchers and was positively received. During this seminar a sample of theoretical

models were presented to demonstrate its capability at the time. The attendees

did not see any user interfaces as this functionality was not part of the devel-

opment during that iteration of the code. All contributed to the discussion and

gave constructive feedback and recommendations for additional features that they

deem essential or would like to see included, these formed additional user stories

for the next iteration. All acknowledged its potential in their respective fields.

Since then the code has gone through many iterations of the SDLC but it must

be acknowledged that their contributions lead to the concept becoming a reality.

Furthermore their use and promotion of PyCross will help drive its development

into the future. As such, the scope and future potential for PyCross is extremely

positive, feedback and requests from collaborators, users and reviewers is reassur-

ing. In one known instance a user is attempting to apply the technique and code

for research other than what is was designed for; to model and investigate the

information about the composition and prospective atmospheric absorption pre-

dicted in exponents through investigating the small fraction of deflected source

star light around the night-time side of the exoplanet.

However, with any new application there are always improvements to be made
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and new features to be incorporated. To date, additional features and improve-

ments have been requested by users and reviewers while others were discovered

as a result of the iterative SDLC used in the development of PyCross. Listed

below are some of the improvements and possible avenues that PyCross can take.

To date these avenues are open ended and are listed in terms of their priority,

with timescales in square brackets for the expected duration to take for comple-

tion. These estimates are based upon a single developer working part-time. It is

hoped that some of this work would be expanded upon and developed as part of

a research group.

Tutorial/Learning supports [4 months]: One of the most common requests

from new users of PyCross is support material in the form of example Shape

models, data cubes and parameter sets to generate models. Requests for accom-

panying screencasts to show the process in generating photoionisation models is

also high, this includes creating a basic Shape model to loading the resulting

data cube into PyCross, navigating the archive directory and plotting models.

It is the hope to develop a set of tutorial screen-casts that will be freely avail-

able online. It is hoped that in the near future a set of short screencasts will be

created to describe the above processes and will be similar and in keeping with

that offered by ShapeScience YouTube26 channel which offers screen-casts for the

Shape software.

Open-source Software [6 - 8 months]: Currently PyCross is a bundled

application developed using Python, this means that all code, necessary libraries

and any additional packages are contained within a single application. This was

to overcome any issues user may encounter with downloading and installing pack-

ages, which may prove problematic for both new and experienced astronomers

alike. These Python libraries and packages are constantly being updated to either

remove bugs, become more efficient or add additional features. To keep updating

26ShapeScience YouTube channel offering screencasts for Shape Software:
https://www.youtube.com/channel/UCqsrlnBFPtPZfS1OlgkUHRA
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the application based on new libraries etc. would be extremely time-consuming

and over time, may be off-putting to users with multiple releases over a short

period. A solution to this is to make the source code available to the general

public, this is referred to as open-source software.

Open-source software is source code that has been released under a license

in which the copyright holder grants users the rights to use, study, change, and

distribute the software to anyone and for any purpose. Making the source code

available to the general public has multiple benefits. It removes the need to

constantly bundle and release new updates as users can download the necessary

libraries and packages depending the their own requirements. Having the source

code open-source allows for future development in a collaborative public manner,

this brings greater insights and experience into the fold with future development.

Finally, making open-source code will allow future and existing astronomers the

ability to develop their coding skills with working examples.

Grids of models [> 1 year]: Currently there is no facility in PyCross to

generate and run a grid of models, users must run a single model at a time. The

general consensus from users and reviewers is to include the facility in future

releases that will allow for this. This feature could be developed using external

files containing the requirements and parameters which is automated to run via

a terminal between specific ranges. This feature may be better suited for an

open-source release.

Line Intensity Diagrams [> 1 year]: Recent discussions and correspondence

with Christophe Morisset, developer of PyCloudy (Morisset, 2013), have al-

ready proved fruitful with current and future collaborations regarding PyCross.

During recent discussions a new feature was identified where users will be able

to define slits using their courser on a model to produce the line intensities (nor-

malised to Hβ) through this slit. This feature is planned for the next release.
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Shape photoionisation module [> 2 years]: It is without doubt that Shape

has proven its value in astrophysics research since its release over a decade ago.

One feature missing from Shape is a module that can generate photoionisation

models. Both Nico Koning and Wolfgang Steffen, (creators of Shape) have

shown their support of PyCross and more recently have supported this idea.

A possible evolution from PyCross could be developed to be integrated into

Shape as an extension/module. Incorporating a module in this manner would

also allow for the automated rotation, positioning and generation of slice that

users must currently do manually.

Incorporating light curve fitting functionality [6 months]: The Galway

Ultra-Fast Imager (GUFI) located on the 1.8m Vatican Advanced Technology

Telescope (VATT) was tasked to monitor tight brown dwarf binaries. However,

due to the close separation between the components in these binaries, the GUFI

photometer could not image each component of binary systems as a point source.

Therefore, a novel application was developed called the ‘ ‘Light Curve Fitter”.

This application was developed using the same SDLC as PyCross (also writ-

ten in Python), and is capable of distinguishing two superimposed sinusoidal

waves. Integrating this code into PyCross would allow users to, in a scenario

where they were developing photoionisation models of systems with close bina-

ries, investigate the photometric data where fluxes are combined to distinguish

two superimposed sinusoidal waves revealing the variability signature from the

more dominant primary variability.

To conclude, PyCross has proven its use not only in astrophysics research

but also as a educational tool as it is currently being used by undergraduate and

masters students to develop models. The examples of future works above, while

summarised, show considerable scope both for research opportunities and future

collaborations.
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