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Abstract

Classical novae are stellar explosions that occur on the surface of white
dwarfs in close binary systems. This thesis presents time-domain spec-
troscopy of four recent eruptions in the Milky Way, carried out by the
Global Jet Watch telescopes. Careful analysis of these observations re-
veals the presence of a circumbinary disc around classical nova V906 Car
following its cataclysmic event in March 2018. Its existence may provide
an answer to the long-standing problem of explaining the white dwarf
mass distribution.

This thesis also presents the discovery of line-emitting jets and an accre-
tion disc in classical nova YZ Reticuli, using sustained follow-up spec-
troscopy commencing soon after the eruption in July 2020 and lasting
several months. A qualitatively similar spectral signature is also observed
for classical nova V6568 Sgr, hinting that jets may be a feature of classical
novae more generally than previously thought.

The same jets and accretion disc model is subsequently applied to the
remaining two classical novae in the Global Jet Watch archive, V5668 Sgr
and V906 Car, which exhibit the same behaviour. In the case of V5668
Sgr, the jets are found to persist for at least 2000 days after the eruption
in March 2015. This thesis then suggests future imaging measurements
that could be obtained using current instrumentation for spatially-resolved
spectroscopy, which would elucidate further properties of nova jets like
those discovered in all four classical novae observed by the Global Jet
Watch.

This thesis also uses Global Jet Watch time-lapse spectroscopy on classical
novae V906 Car and V5668 Sgr to tightly constrain (to within hundreds
of seconds) the duration of certain phases and their transitions that take
place in the immediate aftermath of these recent eruptions.
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Chapter 1

Introduction

For millennia, people have been fascinated by the cosmos. There is a certain magic
that transcends human barriers in the fact that anyone can cast their gaze upwards
and see the same constellations, etched into the sky, seemingly unchanging across
centuries. However, this is not strictly true — everybody who looks up sees it dif-
ferently, according to the weather, the season, the time of night, and their location.
The constellations visible from Australia are different from those seen above Oxford,
while astronauts in space have the ultimate vantage point. Beyond simple changes
in how and where we conduct our observations, there is also a multiplicity of natu-
ral phenomena which can occur that subtly alter how the sky appears. This thesis
explores one category of such events, called classical novae, and this chapter sets out
the broader context of this area of astronomy for the lay audience.

1.1 Telescopes and spectroscopy

While features of the night sky are constantly changing, at first glance it does seem
remarkably similar from one night to the next. To understand and describe the
intricate changes that are happening, it was necessary to improve upon the human
eye. Some light arriving from space is too faint to be seen, but fortunately it is possible
to design machines sensitive enough to detect these signals. A key turning point in
the study of the universe beyond our home planet came in 1610, when Galileo Galilei
pointed a telescope at Jupiter, discovered four of its moons (Io, Europa, Ganymede
and Callisto) and showed that they must be in Jupiter’s orbit. Telescopes typically
use an intricate system of mirrors and lenses to create magnified images of distant
objects, with large collecting areas far bigger than a human pupil.

Modern telescopes do more than just enlarge images to be inspected through an
eyepiece — they also capture the images, recording the data for analysis on a rainy
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day. This is made possible by a separate invention, the camera. Early cameras
recorded telescopic observations on film, but since the advent of Charged Coupled
Device (CCD), and later complementary metal–oxide–semiconductor (CMOS), de-
tectors, it has become possible to save observations directly to a computer. These
detectors are made up of a grid of pixels, each of which can count how much light
lands in them. Control software opens the shutter, and light is directed onto the
detector for a set duration (exposure time), and at the end, a computer records how
many counts were associated with each pixel. This has considerable implications –
whilst the human eye only counts light for less than a second, it is possible to leave
a detector recording light for upwards of an hour in an observatory! The upshot of
this is that the final image is deeper, cleaner and more detailed than the eye could
see without assistance.

The frequencies (colours) of light that we are capable of seeing are restricted
to a rather limited subset of those which occur in nature; imagine a musical note
too high-pitched to be heard. While this range is ample for our everyday needs,
it means the human eye would miss out on a lot of the details surrounding the
extraordinary phenomena found in the depths of the Universe. Why is frequency
useful in astrophysics? To continue the auditory analogy, imagine the sound of an
approaching vehicle. Due to the so-called Doppler shift, while the vehicle approaches
the receiver, the pitch is higher, but when it passes and recedes, the pitch is lower.
Light also exhibits a Doppler shift, and by measuring the precise frequency of detected
photons (light), it is possible to deduce whether a particular source is approaching
the Earth, or moving away, and at what speed.

With modern telescopes, we are now able to examine and interrogate the universe
in a number of ways which were previously unimaginable. Exploration of data from
such instruments has uncovered a wealth of astronomical targets exhibiting a rich
variety of behaviours. To truly understand how the natural world behaves in such
remote systems would be impossible; the best we can do is to piece together evidence
found using different examples, wavelengths, and ways of thinking.

1.1.1 Spectroscopy

A camera’s job is simple — to count how many photons land in each pixel. For a
standard image, the light detected in the leftmost pixels corresponds to what was in
the left of the visual scene, and vice versa for the right. In spectroscopy, however, the
light is split up (diffracted) according to its wavelength before it reaches the detector,
and so the pixels on the left might count the low-wavelength light while the pixels on
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the right capture the high-wavelength light. This can be valuable in an astrophysics
context, where it is useful to know how much light of each particular wavelength
was emitted by the target of interest relative to that at other wavelengths. Atoms
under certain conditions can emit photons of very precisely known ‘rest’ wavelength
and hence frequency, known as emission lines ; measuring the photon counts at wave-
lengths either side of the rest wavelength can therefore reveal how the object that
emitted the line was moving, by considering its Doppler shift. A blue-shifted line, for
example, would manifest itself as a lot of photons very slightly bluer (shorter wave-
length) than the rest wavelength, and we would infer that the source was moving
towards the camera. The remainder of this thesis relies heavily on this principle.

1.2 Classical novae

When looking at the night sky, very occasionally it is possible to see something that
nobody has ever seen before. A nova manifests itself as a bright, apparently ‘new’,
star, hence the name. By close examination, astronomers have deduced that these
events are typically caused by the sudden brightening of existing systems, by several
orders of magnitude. These events are subdivided into several categories depending
on the nature of the brightening, and the potential causes, but the type that this
thesis is primarily concerned with is known as a classical nova. Other types include
supernovae, and hypernovae, but these have distinct underlying mechanisms, occur in
substantially different circumstances, and release vastly disparate amounts of energy.

While our Sun is not accompanied by another star, the majority of stars in the
Milky Way are thought to exist in binary systems, whereby two stars both orbit their
common centre-of-gravity. Classical novae occur exclusively in binary systems where
one star is a white dwarf (a small, compact remnant of a star that has exhausted its
fuel for nuclear burning), and the other is not. When the two stars get close enough,
the strong gravity of the compact white dwarf disrupts the secondary (companion)
star, causing hydrogen gas to flow from the secondary onto the surface of the white
dwarf. This process is known as accretion. The hydrogen at the bottom of the
accreted layer heats up, until it reaches the critical temperature at which hydrogen
atoms can merge together to create helium, similarly to the nuclear fusion reaction
that powers the sun. While the sun is stable, on the surface of such a white dwarf the
material heats up, which accelerates the reaction, leading to even more heat being
produced. This process, known as thermonuclear runaway, causes an eruption, and
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the corresponding increase in brightness is sometimes sufficient for it to be seen with
the naked eye.

The new data analysed in this thesis span four recent classical novae. These are:
V5668 Sgr, which was discovered in March 2015; V906 Car, which was discovered in
March 2018 (they nearly share a birthday!); YZ Reticuli which was discovered in July
2020; and V6568 Sgr, also discovered in July 2020 (not to be confused with V5668
Sgr, despite their similar names).

Through careful and incremental studies over the last few centuries, we have
learned a tremendous amount about classical novae. This thesis uses densely time-
sampled sequences of observations to shed new light on the nature of these eruptions
and the events which immediately follow them.

1.2.1 Circumbinary material

Much like the planets, comets, and various asteroid belts which orbit the Sun in our
solar system, stars contained in binary systems may also have particles orbiting them.
Matter situated in stable orbits around such a pair of stars, beyond the radius of the
inner binary, is known as circumbinary, as opposed to circumstellar, which refers to
matter in orbit around a single star. One of the key findings of this thesis is that
there is evidence that the V906 Car system may have circumbinary material.

1.2.2 Jets and accretion

Accretion is when matter falls in towards a central mass such as a star. In everyday
life, gravity makes things fall down, but this simple picture does not suffice to explain
orbital dynamics. The moon, for instance, does not fall down to the Earth, nor
does the Earth fall towards the Sun. This is because of angular momentum, which
characterises the tendency of objects to keep on spinning (the rotational analogue of
linear momentum, which is the tendency of things to continue to move in a straight
line). In order to fall towards the white dwarf, hydrogen must somehow lose angular
momentum, and it typically does this in a flattened disc, or accretion disc. Here,
hydrogen may fall to progressively lower orbital radii, spiralling inwards down the
accretion disc, as it can lose angular momentum through friction. A remarkable
feature of accretion discs is that they are often associated with the launch of so-called
jets — the high-speed collimated outflow of gas. This thesis lays out the evidence for
the existence of such jets arising following eruptions in all four of the classical novae
studied (V5668 Sgr, V906 Car, YZ Reticuli, V6568 Sgr).
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1.3 Thesis outline

Chapter 2 gives an overview of the literature surrounding the classical nova phe-
nomenon, laying out the existing foundations for the new work presented in this
thesis. The remainder of this thesis can then be thought of as roughly splitting into
two parts — Chapters 3 to 8 discuss the technology that underpins the capturing,
calibration, and correction of data from a computational perspective, while Chapters
9 to 11 present the main science results that came about through the careful analysis
of those data.

1.3.1 Technological development

The technology chapters focus on a suite of new software packages which I designed
and implemented. Chapter 3 provides details on the observatories used to capture
data on the four targets, and introduces the various software packages that have been
written to help with the collection, processing, and visualisation of data. Chapter
4 discusses my development of the main software package responsible for the data
processing step. Chapter 5 describes an investigation I carried out into the variability
of certain elements of the wavelength calibration step, and the resulting upgrade
to the data reduction code. Chapter 6 discusses an enhancement to the extraction
process for very faint observations, which was necessary for processing early spectra
of YZ Reticuli. Chapter 7 discusses an enhancement to the algorithm for calibration
discussed in Chapter 5, dramatically improving the robustness and speed of processing
using machine learning techniques. In July 2020, an additional instrument was added
to capture high resolution spectra; I designed and wrote a new package which extracts
these data, and report on this in Chapter 8.

1.3.2 Science results

Chapter 9 is closely based around a paper, published as McLoughlin et al. [2020],
which presents the discovery of circumbinary iron and oxygen around the classical
nova V906 Car. That paper uses the name Nova Carinae 2018, another name for V906
Car. Chapter 10 is based on a second published paper, McLoughlin et al. [2021a],
which reports the existence of jets emanating from classical nova YZ Reticuli, and
uses data for V6568 Sgr to support the hypothesis of jets in classical novae. Chapter
11 follows as a direct sequel, and applies the jet model to V906 Car and V5668
Sgr, finding evidence that they too show signatures of jets being launched, and that
therefore this may be an ingredient in the phenomenon of classical novae in general. I
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also propose new observations that may elucidate the issue, which could be achieved
using telescopes and instruments that are already available.
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Chapter 2

Literature review: the state of the art

This chapter sets out the observational foundations for the study of classical novae,
describing what is already known and laying out the current paradigm. As with any
active scientific field, the theories are not fixed, instead being continually tested with
new observational data, often resulting in the modification and refinement of existing
ideas. This chapter therefore presents the prevailing understanding, but does not
claim that this is The Truth.

Section 2.1 gives a brief outline of some of the more energetic astrophysical tran-
sients. Section 2.2 describes the different types of novae in the context of cataclysmic
variables. Section 2.3 covers what is known about classical novae through various
avenues, including direct imaging, spectroscopy and physical evidence in the form of
meteorites. Sections 2.4 and 2.5 give the theoretical bases for circumbinary discs and
jets in classical novae respectively.

2.1 Astrophysical transients

The sky is not fixed; there is a veritable zoo of dynamic and evolving astrophysical
phenomena, including, e.g. supernovae and kilonovae. This section briefly explores
the characteristics of these other types of transient events, comparing them with
classical novae.

2.1.1 Supernovae

Supernovae are violent stellar explosions that result in the collapse or total destruction
of the progenitor star, unlike classical nova eruptions, which leave the host white dwarf
reasonably intact. The luminosity of a supernova at its peak can temporarily outshine
the entire host galaxy, despite only emitting a very small fraction of the energy output
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as electromagnetic radiation. There are many different names for the various types of
supernova (Type Ia, Ib, Ic, II, II-L, II-P, IIn, IIn (bright),...), which depend on either
the spectral features or the nature of the progenitor system.

2.1.2 Kilonovae

Kilonovae are a class of astrophysical transients with luminosities around a thousand
times larger than the Eddington luminosity for a solar mass star, first described by
Metzger et al. [2010], who associate them with being the electromagnetic counterpart
of merging compact objects. Observationally, these have far higher luminosities of
electromagnetic radiation than classical novae, which are typically approximately at
the Eddington limit of luminosity but sometimes exceed this temporarily [Bode and
Evans, 2008].

2.2 Cataclysmic Variables

Classical novae belong to the category of flaring binary systems known as cataclysmic
variables, which contain a white dwarf as the primary, and a less evolved star as the
secondary. The stars are often close enough together that the gravity of the primary
can significantly distort the tidally-locked secondary star, causing matter to flow from
the secondary (sometimes referred to as the ‘donor’) to the primary in what is known
as Roche-lobe overflow (RLOF), although not all cataclysmic variables accrete like
this. The closeness of the binary results in very short orbital periods, which typically
range from 80minutes to 8 hours, albeit with a notable absence of periods between
two and three hours, known as the period gap and thought to be caused by enhanced
accretion rates [Howell et al., 2001]. This is explored in greater depth in Chapter
9, which provides a possible explanation for this phenomenon in the case of classical
nova V906 Car.

The mass and mass accretion rate of the white dwarf heavily1 influence the evolu-
tion of the system, leading to qualitatively different behaviour. This section discusses
the most significant subtypes and describes the distinctions between them.

2.2.1 Classical Novae

Classical novae, the main topic of this thesis, have relatively high white dwarf masses
of typically 0.5M� <MWD < 1.1M� and accretion rates of approximately Ṁ = 10−9

1no pun intended
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to 10−10 M� yr−1 [Warner, 1995]. There is a hard upper limit; if the mass of the white
dwarf were ever to exceed the Chandrasekhar limit of MWD = 1.4M�, then it would
collapse and explode as a Type-Ia supernova. As matter accumulates on the degen-
erate surface of the white dwarf, the pressure at the bottom of this layer increases
and it heats up, eventually reaching the critical conditions at which the (catalytic)
CNO cycle initiates. This produces more heat, leading to thermonuclear runaway.
The accreted mass required for thermonuclear runaway is inversely proportional to
the mass of the white dwarf, since the increased surface gravity of a higher mass white
dwarf results in higher pressure at the base of the accreted layer. Since classical novae
eruptions, unlike supernovae, fully disrupt neither the white dwarf nor the secondary,
it is possible for these events to recur. However, a classical nova is defined to be a nova
in a system which has not previously been observed to erupt, and so are presumed to
have longer recurrence times than the few hundred years of scientific observations.

2.2.2 Recurrent Novae

Recurrent novae are cataclysmic variable systems which have been observed to erupt
multiple times. Their rapid recurrence is due to higher white dwarf masses of typi-
callyMWD > 1.3M� and correspondingly high mass transfer rates of up to Ṁ = 10−7

M� yr−1 [Warner, 1995]. Chapter 10 presents new evidence of classical novae exhibit-
ing jets, drawing a link between YZ Reticuli, V6568 Sgr, and the class of recurrent
novae. Jets are discussed further in Section 2.5.

2.2.3 Dwarf Novae

Dwarf novae are ‘eruptive variable stars exhibiting repetitive outbursts with a typ-
ical amplitude of 2 - 5 mag with a typical recurrence time of order of a few weeks
to months’ as defined by Osaki [1997], and have an entirely different mechanism
underpinning their significantly weaker flaring episodes compared to classical novae
or recurrent novae. Instead of being powered by thermonuclear runaway, they are
thought to be caused by accretion disc instabilities [Osaki, 1997]. Sokoloski et al.
[2006] present the first evidence for a ‘combination nova’; an event which displays
characteristics of both a dwarf nova and a classical nova. In that case, it was deemed
that the accretion disc instability initially responsible for the dwarf nova event prob-
ably acted as the trigger for the subsequent classical nova eruption.
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2.2.4 Intermediate polars

These are cataclysmic variables with medium-strength magnetic fields. These sys-
tems, which account for < 1% of cataclysmic variables [Downes et al., 2001], have
an accretion disc which is disrupted at lower radii, with infalling matter redirected
onto magnetic field lines. These typically have spin periods that are faster than their
orbital periods, and example novae that are classified as intermediate polars include
DQ Her and GK Persei.

2.3 Observations of classical novae

This section discusses the broad variety of ways in which classical novae have been
studied, from the electromagnetic radiation they emit to the meteoritic evidence that
ancient novae have conveniently deposited on Earth.

2.3.1 Optical light curves

Careful analysis of the light curves of optical observations can reveal important infor-
mation concerning the eruption. The typical classical nova light curve very rapidly
approaches a maximum, which is many orders of magnitude brighter than the qui-
escent object. It then declines in brightness, taking several years to fade. Strope
et al. [2010] present a large collection of 93 classical nova light curves, categorised
depending on the features they reveal, and with a canonical example for each. The
categories consist of: smooth, plateau, dust, cusp, oscillations, flat-topped, and jitter.
The categories are useful for conveying qualitative information quickly; for instance,
Chapter 10 discusses the survival of the accretion disc in YZ Reticuli in the context
of its plateau-type light curve.

An important observable derived from the light curve is the decline time. The
most commonly referred-to characteristic numbers for light curves of classical novae
are t2 and t3, the times taken for the magnitude to decline from the peak by two
and three magnitudes respectively. A classical nova is then classified on the scale
originally set out by Gaposchkin [1957], which ranges from ‘very slow’ (t2 > 150 d)
to ‘very fast’ (t2 < 10d). While this simple definition works well for classical novae
with a smooth light curve, it proves more challenging for novae with oscillations and
dust dips such as DQ Her or V5668 Sgr.
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2.3.2 Optical spectroscopy

Optical spectroscopy gives key insights into the dynamics of classical novae, as it pro-
vides detailed information on the species, ionisation state, and dynamical behaviour
of distinct emitting or absorbing regions near a classical nova. Many authors over
the years have contributed to our understanding of the progression of the classical
nova phenomenon by describing various schemes of phases derived from optical spec-
troscopic measurements, and a thorough exposition on these phases is given in the
excellent review paper Della Valle and Izzo [2020], which summarises the established
consensus. Here, I present a summary of the main phases as they pertain to this
thesis, leaning extensively on the pioneering works of McLaughlin [1956], Gaposchkin
[1957], Shore [2012].

Before the light curve reaches optical maximum, spectra of classical novae typically
exhibit the ‘pre-maximum’ or ‘fireball’ phase, which is characterised by very blue-
shifted ‘P-Cygni’ [Beals, 1953] absorption with Doppler speeds of around 2000 km s−1

to 3000 km s−1. This is typically associated with the optically thick expanding en-
velope of matter that previously made up the accreted layer on the surface of the
white dwarf. While it was previously difficult to capture classical novae on the rise
to maximum brightness, in recent years, the development of automated transient
surveys which give rapid alerts when a new potential nova erupts has been critical
in allowing observatories to get valuable data on the early evolution of classical no-
vae. Chapter 8 discusses the addition of a new high-resolution instrument to the
Global Jet Watch observatories, and how the software package which I wrote for it
was designed to enable rapid turnover of spectra and to allow early fine-tuning of
observational parameters. This will help guide future Global Jet Watch campaigns
to capture high-quality data of the initial phases of classical novae.

The next phase is the ‘early decline’, during which time the light curve has peaked
and begins to decay. By this point, the effective photosphere recedes as the ejecta
expands. Multiple absorption systems with high blue-shifted velocities are typically
present at this time. Known as ‘diffuse-enhanced’ or ‘high-velocity component’ (HVC)
[Arai et al., 2016], recent high-resolution spectroscopy of the HVC of 7Be in V5668
Sgr revealed that classical novae may be significant contributors to the Galactic stel-
lar 7Li [Molaro et al., 2016], discussed further in Section 2.3.7. Williams et al. [2008]
speculated that transient heavy-element absorption (THEA) lines might have been
formed in circumbinary material, which is concordant with the discovery of circumbi-
nary iron and oxygen presented in Chapter 9. Aydi et al. [2019] proposed that the
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arrival times of new absorption systems in classical nova ASASSN-17pf (LMCN 2017-
11a) were correlated with flares in the light curve. A convincing unified picture of the
HVC absorption has not yet appeared, and this remains an area of active research.
Strong emission lines can appear during this phase, and Chapter 11 presents the most
precise timing data to date for the onset of such lines, for the case of V906 Car.

The next phase is the ‘transition’ phase, during which time the classical nova
ejecta transition from being optically thick to optically thin, and the absorption
systems disappear. During this time, the ‘Orion’ spectrum arises, as the now rarefied
ejecta are irradiated by the hot white dwarf. These lines typically have different radial
velocities from those observed during previous phases.

With continued expansion and the resultant decrease in density, the emitting
regions of late-time classical novae approach the so-called ‘nebular’ phase, during
which the spectra begin to resemble those expected of a planetary nebula. The
spectrum is dominated by forbidden transitions, although Balmer lines of hydrogen
can still be present in emission. Chapter 11 examines the spectra of V5668 Sgr, tracing
various components of the emission for over two thousand days, clearly showing the
onset of the nebular phase.

Williams [1992] prescribes a classification system for novae, depending on which
of two groups of emission lines is more prominent in optical spectra. Under this
scheme, a classical nova may be classified as being of either He /N or Fe ii spectral
type. They further proposed that the Fe ii lines are formed in the wind, while the
He /N lines are formed in the ejected shell, and showed that in rare cases, an object
may be further designated as a ‘hybrid’, exhibiting both systems at different points
in the evolution. Chapter 11 makes the point that the discovery of jets in all four of
the targets (covering all spectral types) examined in this thesis implies that jets are
a ubiquitous feature of novae.

2.3.3 Gamma Rays

The original presentation of four classical novae detected in gamma-rays (hereafter
γ-rays) by Ackermann et al. [2014] established that classical novae were capable of
generating high-energy particles, most likely through some kind of shocks. Li et al.
[2017] found correlations between the optical light curve and γ-ray detections, con-
cluding that reprocessed shocks are the source of most of the optical emission from
classical novae, and not the white dwarf. Martin et al. [2018] showed that these
shocks most likely arise as internal interactions between various parts of the ejecta.
This is important to Chapter 10, based off McLoughlin et al. [2021a], which proposes
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that there are jets emanating from all four of the classical novae analysed for this
thesis; a high-speed jet that starts days after the fireball would pierce it, providing
the location of these internal shocks and potentially explaining the γ-ray evidence.

2.3.4 X-rays

The X-ray emission of classical novae has two distinct modes, hard and soft (defined
by Schwarz et al. [2011] as 1 – 10 keV and 0.3 – 1 keV respectively). While the hard
X-rays are thought to arise from shocks similarly to γ-rays, the soft component arises
from continued nuclear processing of a thin layer of hydrogen on the white dwarf
surface, which did not acquire escape velocity, instead re-establishing hydrodynamic
equilibrium. The turn-off of this ‘super-soft source’ phase is associated with the ex-
hausting of surface fuel, which happens quicker for classical novae with more massive
white dwarfs [Schwarz et al., 2011]. Classical novae are also expected to emit a flash
of X-rays lasting only hours during the fireball phase, before becoming engulfed by
the advent of an optically thick envelope. However, this has not been observed (to
date) due to the observational difficulty of this event preceding the light curve rise to
maximum.

2.3.5 Radio

Radio observations such as the ALMA measurements of V5668 Sgr presented by
Diaz et al. [2018] have confirmed the existence of roughly spherical shell outflows
surrounding classical novae. Sokoloski et al. [2008] presented evidence of highly col-
limated outflows and lobes in radio images of the recurrent nova RS Oph using the
VLBA. However, radio jets have not been seen in classical novae to date. Chapter
11 discusses the practicalities of observing jets in the radio, and why they would not
necessarily be strong emitters at long wavelengths despite spectroscopic evidence for
line-emitting jets.

2.3.6 Remnants

The first examples of classical novae that were originally spectroscopically studied
over a century ago are now observable as mature remnants. While most classical
nova remnants show the relatively slow-moving approximately spherical ejecta [Bode,
2004], bipolar outflows have also been observed [Chesneau et al., 2012]. It is challeng-
ing to observe detailed structure, because most classical novae have faded significantly
by the time they are spatially resolved.
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2.3.7 Stardust and enrichment

Through detailed isotopic analysis of the Murchison meteorite, Amari et al. [2001]
discovered five SiC grains and one graphite grain which were formed in the ejecta of an
ancient classical nova containing a massive ONe white dwarf. This has implications
for the possibility of enrichment of the Milky Way; while supernovae may be more
commonly thought of as the producers of stardust, classical novae do still have a role
to play in the processing and distribution of certain isotopes. V5668 Sgr, one of the
classical novae discussed in this thesis, was found to be a strong producer of dust
[Banerjee et al., 2015]. Significant levels of 7Be were detected in its spectrum, which
decays to 7Li , meaning classical novae might account for all of the Galactic stellar
7Li . The discovery of jets for such a high-yielding system has implications for its
ability to launch grains into interstellar space, discussed in Chapter 11.

2.3.8 Distances

Searches for a relation between maximum magnitude and rate of decline (MMRD)
for classical novae are neither predicted nor observed to give small scatter, meaning
that it is unlikely classical novae can be used as standard candles with as much
success as their more powerful relatives, supernovae [Shara et al., 2017]. Distances to
classical novae were often calculated using colour and Galactic extinction maps, which
historically led to some targets having multiple and mutually inconsistent values for
the distance. Recently this has been somewhat alleviated, as most new classical novae
can be identified with a progenitor star from the GAIA catalogue [Prusti et al., 2016,
Brown et al., 2018] which contains very accurate distances. Another relatively recent
advance in the estimation of classical nova distances has been the discovery of multiple
novae in galaxies other than the Milky Way.

2.4 Circumbinary orbits

The existence of three families of stable circumbinary orbits was shown by Doolin and
Blundell [2011], using n-body simulations. As explained in McLoughlin et al. [2020],
the paper which Chapter 9 is based on, stable means not that the material is confined
to closed orbits whose orbital plane is unchanging through time, but rather orbits that
stably precess about the binary star system indefinitely. Doolin and Blundell [2011]
reported that the rate of precession depends on both eccentricity and mass ratio in
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the sense that the more eccentric a system, or the more skewed the mass ratio is, the
shorter the period of precession of the circumbinary orbital plane.

Given that such orbits are possible and stable, the natural assumption is that they
probably exist somewhere in the vast universe. Blundell et al. [2008] presented the
discovery of the circumbinary disc around the microquasar SS433, and Doolin and
Blundell [2009] reported on its precession. While the ejecta of supernovae are launched
at speeds far in excess of the escape velocity of the system, much lower speeds are
observed in classical nova shells and accordingly not all the material is given enough
energy to become completely unbound. With repeating cycles of classical novae, it is
not unreasonable to imagine that there may be material from previous eruptions still
orbiting the system on circumbinary trajectories. Chapter 9 presents the first direct
evidence of such a pre-existing reservoir of circumbinary matter in emission around a
classical nova, by fitting to an unusual and transient emission profile found in spectra
of the 2018 outburst of V906 Car. As mentioned in Section 2.3, Williams et al. [2008]
previously associated transient heavy element absorption in early spectra of classical
novae with being formed in circumbinary material.

2.5 Jets and accretion

Chapter 10 presents the discovery of spectroscopic jets from the classical nova YZ
Reticuli. Although jets are observed at a huge range of astronomical scales, from
supermassive black holes to young stellar objects (YSOs), microquasars, planetary
nebulae, pulsars and even recurrent novae, there are very few images of classical
novae showing jets. The existence of jets however, as defined by Bridle and Perley
[1984], does not inevitably imply the presence of synchrotron radio jets. For classical
novae, the absence of strong magnetic fields like those measured around SS433 may
provide the key to understanding why jets are not observed emanating from novae in
the radio. A more in-depth discussion of the existing body of evidence surrounding
jets in recurrent (as distinct from classical) novae is provided in Section 10.1.2, which
sets the context for the discoveries in classical novae presented later in that chapter,
and in Chapter 11.

The discovery of jets in classical novae should not come as a surprise — astrophys-
ical jets are intrinsically tied to accretion, which is an essential part of the classical
nova paradigm. Jets were previously thought not to occur following classical no-
vae because computational models such as those presented in Figueira et al. [2018]
suggested that accretion discs are sometimes disrupted in the immediate aftermath
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following an eruption. In fact, Retter [2006] proposed that it is only in the particular
sub-case of intermediate polars, which make up only a small minority of classical
novae systems, that the accretion process is disrupted. Considering the wide variety
of jet-launching systems in astrophysics, and the probable survival of the accretion
disc, jets should be keenly expected to occur in classical novae.
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Chapter 3

Observatories and detectives: from
Aluminium to Silicon

This chapter explains the capture and subsequent processing of the main data used
throughout this thesis.

The Global Jet Watch comprises a set of five observatories, separated around the
world in longitude so that one is always in darkness. These observatories are mostly
located in residential schools, where students use the imaging instruments on the
half-metre diameter telescopes to capture fascinating objects in the early night sky
before local bedtime. For the rest of the night-time, the primary science time-lapse
data are collected, using the ‘Aquila’ spectrographs (pictured in Figure 3.1). I was
not involved in the building of the observatories or their various instruments, but I
describe them briefly in Sections 3.1 and 3.2 respectively, to give context to the nature
of the data they capture.

I have contributed significant development to each of a series of bespoke Python
packages, which collectively operate the telescopes and process the data from them.
Each of the packages in the Global Jet Watch ecosystem is named after a detective,
and the hand-off between these independent packages is carefully managed so that
they operate together smoothly.

Section 3.1 details the different observatories and explains their similarities and
idiosyncrasies. The next sections give an overview of the different pieces of software
that get the data from the sky into reduced form as follows: Section 3.3 describes
gadget, the code responsible for remote operation of the telescopes; Section 3.4
discusses ramotswe, which is responsible for checking the metadata of files coming
from the observatories and ensuring self-consistency; Section 3.5 provides only a brief
first introduction to the main data-reduction code, endeavour, which I contributed
significant development to, explored fully in Chapters 4, 5, 6 and 7; Section 3.6
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Figure 3.1: Inside Aquila spectrographs, showing the Volume Phase Holographic
(VPH) grating on the right, and the collimator of another one on the left. This photo
was taken by Steve Lee, who designed and built the spectrographs.
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Figure 3.2: The GJW-WA observatory during evening twilight, co-starring the moon
and Venus. This photograph was taken by K. M. Blundell.

covers the poirot package, which is responsible for the post-processing and fitting
of one-dimensional spectra, the main data product of astrophysical interest, as well
as providing key visualisations.

3.1 Observatories

The five observatories each have a short code of two letters based on location, and
a full code which is simply “GJW-” followed by the short code. The locations, and
their short codes are as follows: South Africa (SA), Chile (CL), east Australia (OZ),
Western Australia (WA) and India (IN). Throughout this thesis, these may be referred
to by either their name, their full code, or their short code. The GJW-WA observatory
is pictured in Figure 3.2. Figure 3.3 shows an example of the GJW-CL telescope
within its observatory, and Figure 3.4 shows the view of the inside of the dome at
GJW-IN.

The observatories, like all physical experiments, have their own peculiarities —
the windiest observatory is GJW-SA, while GJW-WA has a relatively weak internet
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Figure 3.3: GJW-CL top end; the skyward view from within the observatory. This
photograph was taken by K. M. Blundell.
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Figure 3.4: View of the inside of the GJW-IN dome. The red light (switched off
during observations!) helps to maintain dark adaption in the operator’s eyes. This
photo was taken by Steve Lee.
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Figure 3.5: The solar array on the school roof next to the GJW-IN telescope. This
photograph was taken by K. M. Blundell.

connection. The GJW-IN observatory is the only one situated in the northern hemi-
sphere, and so is better placed for certain targets. Due to issues with electrical grid
reliability in India during 2016 and 2017, a solar farm was built and commissioned,
depicted in Figure 3.5, along with battery storage. The GJW-CL observatory is the
most prone to earthquakes, and has the highest temperature swings, in part because
it is so dry.

The geographical location of the telescopes is intrinsically linked to the main
observational pattern; being spread around the world by longitude means that it
is possible to achieve continuous and sometimes overlapping observations of rapidly
varying astrophysical targets. This was particularly the case for classical nova V906
Car, which is the main subject of Chapter 9. The main data products from the
Aquila spectrographs are densely time-sampled spectroscopic sequences of a selection
of Galactic targets, some of which (e.g. V5668 Sgr, SS433, etc) have been observed for
over five years so far. Sustained coverage of classical novae over different timescales
unlocks an understanding of each target as it evolves through particular phase changes
(the main topic of Chapter 11).
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3.2 Instruments

There are several instruments in place at the Global Jet Watch observatories, with new
capabilities being added. For this thesis, the two most important sets of observations
come from the Aquila and LHires instruments.

3.2.1 Aquila

The Aquila spectra have a spectral resolution of R ∼ 4000 according to the standard
definition of λ/∆λ, and span the wavelength range from approximately 5000Å to
8300Å, although this differs slightly from one observatory to another and across time,
with the advent of new, larger detectors. The camera in each Aquila spectrograph
is either a FLI ML16200 (4500 × 3600pixels, 6.0 µm pixel size) or a FLI ML8300
(3326×2504pixels, 5.4 µm pixel size), and each is cooled to −30 ◦C by a Peltier cooler.
In common with many modern spectrographs, the Aquila spectrograph is fibre-fed
because it would be prohibitive to mount such a heavy instrument on the back of
a 0.5-metre telescope. The area of the fibre projected on the sky is 3.3 arcseconds.
Further details of the instrument will be presented in a forthcoming paper (Lee et al,
in prep). The main purpose of the Aquila data is to provide sustained and densely
time-sampled medium resolution spectroscopy.

3.2.2 LHires

As explained in more detail in Sections 8.1 and 8.2.1, the LHires instrument is a
relatively new addition, on my recommendation. Due to global circumstances, it has
been difficult to travel to the Global Jet Watch observatories and so it is currently
housed at the Rainbow observatory, but will be permanently mounted at GJW-OZ.
The main purpose of the LHires data is to supplement Aquila with detailed high-
resolution (R ∼ 20, 000) observations, confirming the time-series analysis. In the
fullness of time, it will also have robotic remote control of the central wavelength,
enabling detailed checks of specific spectral complexes as these evolve in targets of
interest.

3.3 Gadget

The automation and robotisation of the Global Jet Watch observatories represents a
significant step, and replaces what was previously manual work. I built gadget as a
modular Python package when the Global Jet Watch observatories acquired Digital
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Loggers IP Controlled High Power DC switches, allowing remote control even in the
event of a catastrophic failure of the observatory PC (important in case of e.g. an
electrical storm, during which the observatory must close). It handles a wide variety
of set sequences of events, from setting up the observatory for the schoolchildren to
conduct their imaging observations, to closing up the observatory at the end of each
night, or setting up the spectrographs to record calibration lamps.

3.4 Ramotswe

I designed and wrote the Python package ramotswe, which checks the metadata as-
sociated with each frame for self-consistency. Features of ramotswe include check-
ing that the observatory in the file path matches the name of the machine it was
captured on, or using the coordinates of the observatory and the coordinates of the
target to calculate the airmass of the observation and comparing with airmass cal-
culated from telescope altitude and azimuth, or checking the CCD temperature for
matching with darks.

3.5 Endeavour

endeavour is the main Python processing pipeline for the reduction of the Aquila
data stream, and implements the algorithm mapping two-dimensional CCD detector
data to the final data product, a one-dimensional map from wavelength to intensity,
known as a spectrum. endeavour performs all the standard major corrections and
calibrations, but some of these are implemented differently due to specific require-
ments of the observations.

An example of this is that the Aquila dispersion axes are specifically oriented to
span the diagonal of the CCD detector, allowing a longer baseline and increasing
the wavelength range, rather than horizontally, since precise parallel alignment is
rarely achieved in practice anyway. This means that many of the steps of the various
algorithms rely on first accurately detecting where the dispersion axis is, rather than
just binning vertically down the columns for example.

3.5.1 My contribution to Endeavour

While two other people have contributed to the pipeline previously, I was initially
responsible for the wavelength calibration and extraction originally, which I more
recently modernised (Chapter 7). I also overhauled the main sequencing of events,
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making the pipeline modular to improve readability and enable quicker diagnostic
reports of the middle stages (Chapter 4). I discovered a systematic error in some
spectra, which was caused by poor selection of calibration arcs, and developed a
new selection technique which minimises the discrepancy between calibration and
science frames (Chapter 5). Finally, there was an error causing faint targets to show
a beating effect, which I determined to be caused by a discretisation artefact during
the flat-fielding step, and hence proposed a new method to counteract this (Chapter
6). endeavour is designed to run in a scalable fashion on either a local desktop
or a remote server. Since the Global Jet Watch Aquila data stream alone contains
over 3TB of observations to date, the heavy-duty running is nearly always done on
the remote server, and desktop usage is now reserved for testing and development
purposes only.

3.5.2 Types of frame

The starting point of endeavour is two-dimensional raw data from the telescopes,
including science frames for astrophysically interesting targets; LEDs and tungsten
lamps used for flat-fielding; Thorium-Krypton (hereafter ThKr) bulbs for wavelength
calibration; dark frames and bias frames for subtraction. Hot pixels are removed, and
cosmic rays are excised.

3.5.3 Gradient method

The flat-fielding and extraction steps are somewhat involved. Instead of simply divid-
ing out the flat-field, a straight-line regression is performed within each wavelength
bin between the science counts and the flat-field values for exactly corresponding pix-
els. The gradient of this line is then more robust to the effects of outliers (such as
cosmic rays or detector defects), although there are few of these, since pixels with
counts beyond their linearity limit are excluded from the calculation. The gradient,
representing the relative intensity of the science pixels compared to the flat-field, is
the value extracted to the one-dimensional spectrum for that wavelength bin. This
technique is improved upon for observations of faint targets in Chapter 6.

3.6 Poirot

poirot has two main functions; fitting processed one-dimensional data, and visu-
alising the results in various ways. It also performs the heliocentric correction to
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Figure 3.6: The poirot desktop application for spectroscopic analysis. The first card
allows various inspection and fitting tools for the selected target, here NovaCar2018
(also known as V906 Car). The target may be selected using the fifth card (Targets),
out of those with data available on the system (see Figure 3.7). The second card (Pa-
pers) gathers together plots by publication, enabling automatical regeneration with
new data. The third card (Data) gives a dashboard of various data diagnostics, and
allows retrieval of data from the remote repository server, and conversions between
Julian Day and days since discovery of each target. The fourth card (Many) contains
plots which use data from many targets simultaneously for comparisons, rather than
just the target currently selected.

the one-dimensional data, which is intentionally left out of endeavour so that the
telluric features are at their correct wavelengths for poirot, which can use this as
an additional check.

3.6.1 Poirot: fitting data

poirot picks up exactly where endeavour leaves off. It reads in the one-dimensional
spectra, and compresses the observations for each target into a binary format, which
is then very quick to read in subsequent runs. poirot provides a set of Python
objects to be used with spectroscopic data, such as the Spectrum(), Sequence(),
and Fit() classes. These together enable rapid prototyping of templates to fit to
the data, and rapid application of the templates to the full time-series data set for a
given target. It is these objects which are serialised using pandas [Mckinney, 2010],
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a Python data analysis tool, with each spectrum uniquely indexed by its fractional
Julian Day (JD).

As part of the computational side, poirot allows for a rich variety of operations
to be performed on the spectra as a set, including principal component analysis,
computation of eigenspectra, composing nightly median spectra, or filtering spectra
based on any of the FITS header metadata channels.

3.6.2 Poirot: displaying data

The second powerful aspect of poirot is as a visualisation application. poirot runs
as a graphical user interface, providing an easy-to-use experience which carefully
organises the user’s plots, which automatically update and regenerate to incorporate
new data as they are processed by endeavour. poirot is designed to be run on a
local desktop environment. The home screen of the user interface is shown in Figure
3.6. The first card takes the user to the central page for the particular target (which in
Figure 3.6 is set to V906 Car), where it is possible to view all the reduced Global Jet
Watch spectra of a given target sequentially, and perform fits to spectral complexes
for that target.

The target can be changed in the Targets interface, shown in Figure 3.7. The Data
section manages the downloading of reduced data from the remote servers where
endeavour is run. The Many page contains plots which use data from multiple
targets. All of the science plots from the publications used in this thesis are managed
by poirot, collected under Papers. I designed and wrote all of poirot.
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Figure 3.7: Example of poirot change target page. V906 Car (here named No-
vaCar2018) is the currently selected target; V5668 Sgr (here named NovaSgr) and β
Centauri, (here BetaCen) have also been loaded into memory.
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Chapter 4

Endeavour: refactoring the pipeline

This Chapter details my refactoring of the main software pipeline responsible for re-
ducing spectra captured at the Global Jet Watch observatories, namely endeavour.

The complete re-writing of this package resulted in a revision known as Anoth-
erOne. AnotherOne is partly a functional re-write to incorporate the upgraded tech-
niques to be discussed in the following few Chapters, but also was an overhaul to
allow the algorithm to be more robust, easier to maintain, and easier to use.

endeavour was commissioned, although data reduction software is available on-
line, because the Global Jet Watch needs its own bespoke system for the flexibility
to fine-tune the reduction process to suit the specific needs of our unique and rich
data sets, as well as to satisfy other operational constraints. This is explained further
in Section 4.1, where I detail the role of the reduction pipeline, endeavour. In
Section 4.2, I outline the scope of the changes needing to be made as part of An-
otherOne. In Section 4.3, I go through each individual step of the pipeline in more
detail, explaining precisely what its function is, and how it achieves it. I also discuss
the limitations and compromises that were made. In Section 4.4, I investigate the
computational performance of the endeavour algorithm, and detail how it runs in
practice on different machines, both server and desktop.

4.1 Scope of Endeavour

This Section explores the scope of endeavour. There are many constraints and
quirks associated with the Global Jet Watch dataset, which the pipeline has to resolve
robustly. The primary focus of the Aquila instruments at the Global Jet Watch obser-
vatories is to produce well time-sampled data, and as such, backwards-compatibility is
particularly important so as to ensure we have the longest possible run of consistently
processed data.
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The endeavour pipeline must be able to reduce all spectra taken at the 5 Global
Jet Watch observatories. At the time of writing, there were over 180,000 FITS1 files
in the data repository, including all science observations, calibration frames, darks
and biases, dating back to 2012-04-25. These files are all two-dimensional, and are
the direct outputs of CCD detectors in the observatories. The job of endeavour is
to perform all necessary checks, calibrations and corrections, and to produce high-
quality one-dimensional extracted spectra, ready to be used to perform science. It
is important that it produces high-quality spectra regularly, so that the group has
up-to-date observations of our targets of interest, while acknowledging that future
iterations may bring enhanced signal-to-noise and other refinements.

The top priority for endeavour is that it reduces data with the highest integrity,
while also maximising the signal-to-noise. We want to faithfully reproduce the spec-
tral distribution of light as it landed on the telescope, so correcting for the aberrations
and other optical effects of the observing system is within the scope of endeavour.
An important part of this process is to optimise the choice of calibration arcs to be
used in the reduction of a given science frame, which is the main topic of Chapter 5.

Running endeavour can take some time, so there is also a need to optimise and
economise which files are processed during this development process. In future, this
will be run on a distributed cluster, allowing much faster processing of historical data.
The Global Jet Watch telescopes are used to observe many varied targets, but with
particular focus on certain objects which are the subject of current research provided
of the group. For example, this thesis focuses on classical novae such as V906 Car
and V5668 Sgr, whereas other members of the group work on SS433, Eta Carina, GG
Carina and other targets. Thus it is pragmatic to have a mode of operation of the
pipeline which can prioritise the observations pertaining to one of these targets for
when rapid reduction is needed for a particular campaign. In steady-state operation,
all of the data from every target will be reduced together in one data release, but
currently it is adequate to reduce by target for speed of access and to help with testing
new iterations of the evolving endeavour pipeline.

Another constraint on endeavour is that it requires the agility to handle different
pixel dimensions of input data. Over time, due to failure of hardware components,
the instruments used at Global Jet Watch observatories have changed. A result of
this is that different CCD pixel dimensions are used over the history of the project.

1.fits, standing for Flexible Image Transport System, is the standard astronomical data file
format representing an observation, and consists of the data itself, and a header containing metadata
pertinent to the observation [Calabretta and Greisen, 2002]
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One reason for having a bespoke pipeline is to robustly reduce the entire dataset, so
that the resultant spectra are as well time-sampled and self-consistent as possible.
endeavour has to be able to reduce all spectra.

It is outside of the scope of endeavour to decide whether a science spectrum is of
high quality. The role of endeavour is to reduce all science frames indiscriminately,
and simply output the complete set of extracted one-dimensional data. The analysis
codes (e.g. poirot), together with visual inspection, are responsible for deciding
what constitutes useful data for a particular experiment.

To ensure the long-term robustness of the Global Jet Watch data reduction soft-
ware, it was important to make sure that it was easy to understand and update as
novel techniques for data reduction were developed. To ensure readability and ease of
access, it was decided that it should be written in the Python programming language.

4.2 Scope of AnotherOne

The major revision known as AnotherOne is required to address three major areas
which would allow the pipeline to be more easily extended, parallelised and run,
described in this section.

4.2.1 Readability and PEP8

Readability is of paramount importance for maintaining a large and complex pipeline
like endeavour. AnotherOne is designed to be as simple as possible (but no simpler).
Central to Python’s published style guidelines is a manual called PEP 82, a guide
which outlines a defined set of style conventions so that future developers find it
easier to contribute. AnotherOne follows this protocol where possible.

4.2.2 Modularisation

Modularisation is the principle that code should be made up of distinct blocks which
perform an operation with a well-designed interface. Instead of having one long
monolithic script, the processing should be split up into chunks which correspond to
the thematically different operations being conducted. This makes it easier to identify
where a problem occurs if something goes wrong. It also makes it easier to extend
and improve the pipeline; changing the internal operation of one of the blocks, as
long as you maintain the external interface, will not affect the other blocks.

2https://www.python.org/dev/peps/pep-0008/
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4.2.3 Batch to continuous processing

The previous version of endeavour relied heavily on the concept of the “observatory-
night”. This was a distinct directory containing observations and calibration frames
from a 24-hour period at a given observatory. The original intention was that pro-
cessing would happen within an observatory-night. However, in practice there are not
always sufficient high-quality calibration frames for each data-night, so the pipeline
was adjusted to copy calibration frames from another night into the same directory.
One of the goals of AnotherOne was to eliminate this practice, by choosing the best
calibration frames for each particular science frame instead of just the ones that were
taken on the same day. Chapter 5 goes into more detail justifying why this was a
necessary step to improve the overall integrity of the final data product, but essen-
tially an investigation into the drift observed in calibration frames revealed it was
due to diurnal temperature variations, superimposed on broader weather trends and
seasonality, at the observatories.

4.2.4 Parallel code

A large obstacle facing the previous edition of endeavour was that it ran in series.
There are many steps to this process that are highly computational, and are limited
by CPU speed. The parallelisation of endeavour was a necessary improvement in
order for the reduction time for the entire time sequence data for a given astrophysical
target to complete in a practical amount of time. However, this needed to be done in
a way that was accurate. Many steps of the previous version of endeavour worked
by writing interim data to a temporary file, which was then read later on in the
pipeline. While this reduced the memory footprint of the program, it presented a risk
that separate processes might attempt to read and write to the same temporary file.
This will be especially important going forwards when attempting to run the pipeline
on a distributed server.

4.3 AnotherOne: phases of Endeavour

The major revision AnotherOne splits the operation of endeavour into five key
phases, which handle the different parts of the reduction process. These are: Scan,
Prepare, CAM, Identify, and Extract. This section explains the role of each of these
phases, and their implementation in the new pipeline.
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4.3.1 Scan

The first phase of endeavour is called Scan. Scan iterates over all available FITS
files in the input directory, reads them, and stores the header metadata. For ThKr
frames, it also calculates and stores (to disk) the pixel coordinates of peaks in the
frame, which are later used in a regression to determine a low-order polynomial fit to
the dispersion axis. This saves time later, as Scan performs this operation once per
frame. As new frames are added to the input directory, the pipeline may be re-run
and it will skip frames which have already been processed by a previous run (although
this may be overridden in the case of improved algorithms). This step is fully parallel,
and results are hereafter known as the scan data. The scanning algorithm for ThKr
frames was upgraded significantly, and the method is discussed fully in Chapter 7.

4.3.2 Prepare

The next phase is called Prepare. The role of Prepare is to perform sanity-checks and
produce median correction frames. The dark and bias frames vary on a timescale of
several months, so it is sufficient to have monthly medians. Prepare takes the Scan
output as an input, and from this deduces which dark frames to median for each
month. It also manages the flats, and biases in a similar way. If there are science
frames which have an exposure time for which there isn’t a corresponding dark that
month, Prepare defaults to a master dark, which are maintained for each operational
exposure time and are detector-specific.

4.3.3 Calibration Arc Matching

The calibration arc matching phase (CAM) uses a novel algorithm to optimally choose
the best calibration frames for each science frame within the context of the unique set-
up at Global Jet Watch observatories. As mentioned above, an investigation revealed
that thermal variations at the observatories cause significant changes to the CCD
illumination. Discussed thoroughly in Chapter 5, the conclusion of that work was
that the best ThKr frame to use for a given science frame is not necessarily the one
that is taken closest in time, but instead is the one for which the illuminated pixels
in the two frames coincide most closely. endeavour implements the CAM phase by
evaluating the line integral of science pixel values that lie along the dispersion axis of
the ThKr frame, using cubic interpolation to achieve sub-pixel accuracy. The score
of a given science-calibration pairing is the line integral, normalised by the exposure
time of the ThKr. The CAM phase takes the Scan output as its input, and returns a
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table of matching scores, which later phases can use to determine the best ThKr to
choose for a particular science frame.

One outstanding issue with CAM is that under this implementation, to achieve
the best possible matching, it is necessary to compare every science frame with every
possible calibration frame taken with the same detector. The resultant algorithmic
time complexity is therefore O(mn), where m and n are the number of science and
calibration frames respectively. This is an issue, because calculating the integral of
many thousands of interpolated frames, comprising well over a million pixels each, is
currently fairly computationally expensive. Although this can be mitigated against
by only comparing files from the same observatory, or the same year, this would be
more robust to future increases in data repository size if it scaled more favourably. A
potential improvement to this algorithm I have considered is to find a parameterisation
which captures the location of the dispersion axis for each calibration frame and
each science frame. Then sort the calibration frames, at a worst-case run-time of
O(n log n). Then, for each science frame, search the calibration frame parameters
for the closest match, at O(n). The difficulty with this operation relates to subtle
differences between the profile of light landing on the CCD during a faint observation
(some science targets) and a bright observation (the ThKr calibration lamps).

4.3.4 Identify

The next phase is Identify, which takes the ThKr frames needed to process the current
run’s science frames, and produces corresponding two-dimensional wavelength maps.
This phase previously required a human to manually identify a single ThKr frame
for each observatory, which was done many years ago as a one-off task, and did not
need to be renewed, although this became a problem when new instrumentation was
added to the observatories. Chapter 7 supercedes this approach, which serves as a
record of how this was done before.

The old Identify used a search-and-destroy algorithm. First, it scanned an off-
axis region of the frame to determine the background mean and standard deviation
noise pixel counts, filtering on this, as well as masking pixels which went above the
saturation threshold of the CCD. Then, it iterated over the frame, picking out the
island with highest pixel count and masking it. Next, it calculated and stored the
pixel coordinates of the centre-of-mass of each island. It also attempted to fit a two-
dimensional Gaussian profile to the pixel counts, not recording the peak if it failed
to fit. In the intial manual run, these Gaussians were then assigned a wavelength by
inspection, and then in subsequent automatic runs, Identify would compare the list
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of Gaussians with the manually identified set, matching the relative spacing ratios of
Gaussians to form a best guess identification. Once the code matched these Gaussians,
it fitted them with a polynomial, and used the manually identified list to predict where
to search for subsequent Gaussians in the ThKr frame. This technique more than
doubled the number of correctly identified Gaussians because the smaller peaks were
previously often not found as they are comparable in size with the halo surrounding
larger peaks, and knowing where to check gave the algorithm a greater chance of a
successful fit.

Once Identify had a list of test peaks matched up to manually identified peaks, it
used them to calculate two polynomials, the first describing the dispersion axis in x
and y pixel coordinates, and the second mapping the x-coordinate of a pixel on the
dispersion axis to the wavelength, λ. Next, Identify selected a stripe of pixels within a
fixed distance on the chip from the dispersion axis, and determined the wavelength of
each pixel. This involved solving a high order polynomial for around 100,000 pixels,
and as such was one of the slower steps in the whole procedure. The end result of
Identify was a two-dimensional map relating pixels to the corresponding wavelength,
ready to be used in the next stage.

4.3.5 Extract

The final step is Extract, whereby each science frame is reduced from two-dimensional
CCD data to a one-dimensional spectrum. The previous steps all record their output,
making it available to Extract. Extract checks the CAM data to see which ThKr
wavelength map to use. It uses the Prepare data to get the darks and flats. It then
uses the gradient method to extract a 1D spectrum. This method entails iterating over
bins cut perpendicular to the dispersion axis corresponding to a particular wavelength,
and performing a regression between the science pixel value and the flat-field pixel
value. It then uses the gradient of this relationship, considering only the pixels with
enough signal but not too much to be saturated, as the intensity value for that
wavelength bin. This was not my original idea, but it is essential to understanding
how the data are reduced. Chapter 6 discusses an enhancement to the gradient
method used during the extraction of observations of faint targets. Extract does not
make any adjustments depending on the observing conditions (e.g. cloud cover or
lunar phase); instead, the plotting and fitting package, poirot, allows the user to
mark spectra that are not high quality.
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My contribution to the Extract step has been primarily to speed it up significantly,
which is discussed in greater depth in Section 4.4. I have managed to reduce the pro-
cessing time for a single science frame from 5 minutes down to 11 seconds, in optimal
conditions. During a large run, the worst-case scenario time taken per science frame
was 21.3 seconds. This improvement was especially necessary for planned observa-
tions, which have since quadrupled the total number of science frames in the Global
Jet Watch data repository. Further extension of the observatories to incorporate a
blue arm to the spectrographs will further increase the load on endeavour. The
key areas where this improvement happened were optimisations in the logical order
of performing operations, moving some of the slower Python functions into efficient
C code, and making it run in parallel. I also improved the technique for processing
the flat-field frames, which Chapter 6 covers in more detail.

Parallelisation introduced a lot of space complexity, which is addressed in Section
4.4. Memory is not an issue for the serial version of Extract, since there is only ever
one set of two-dimensional frames loaded in memory. It is worth noting that due to
the excellent operation of NumPy [Harris et al., 2020] and SciPy [Virtanen et al.,
2020], it is possible to get the best of both worlds, by running one science frame at a
time to limit memory usage, while using vectorised operations optimised to efficiently
spread load across several CPUs.

4.4 Performance

I discovered that the run-time performance of endeavour showed marked differences
between operating systems. This section explains the experiments I conducted to
quantify the different behaviours of endeavour.

For the remainder of this section, work was predominantly conducted on two
machines - an Apple iMac Pro, and a Linux virtual machine called GJW-DM. While
the development of the pipeline was conducted on the desktop iMac workstation, the
pipeline is typically run on GJW-DM.. Most of the experiments run constituted full
passes of the endeavour pipeline. Sections 4.4.2 and 4.4.3 describe the workstations
used to conduct the tests. The first and second set of experiments carried out are
detailed in Sections 4.4.4 and 4.4.5. Sections 4.4.4.1 and 4.4.5.1 explain the results of
the two sets of experiments. Discussion is provided in Sections 4.4.4.2 and 4.4.5.2.
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4.4.1 Python

The two workstations were set up with identical versions of the same Python distri-
bution (3.7.7 GCC 7.3.0 by Anaconda Inc), which was used for all of the experiments
carried out in this Section.

4.4.2 iMac Pro

The iMac is a Apple iMac Pro (2017), running macOS Catalina, version 10.15.4. The
processor is a 3.2 GHz 8-core Intel Xeon W. The machine has 32 GB RAM, comprised
of four 2666 MHz DDR4 units, manufactured by Hynix. The graphics card is an 8 GB

Radeon Pro Vega 56. Hyper-threading technology is enabled. The hard drive is an
Apple SSD AP1024M with 1TB capacity.

4.4.3 GJW-DM

GJW-DM is a Linux machine, which at the time of the experiments was running
Ubuntu 16.04.6 LTS. The machine hardware architecture is x86_64. The operating
system is GNU/Linux, with Linux kernel release 4.15.0-96-generic. There are 8 CPUs
with 2500 MHz, of specification Intel(R) Xeon(R) CPU E5-2680 v3. The machine has
108 GB RAM and 115 GB swap space.

4.4.4 Performance experiments E1

The first set of endeavour experiments are called the E1 experiments. These con-
sisted of five standard runs of the endeavour pipeline across increasingly large data
sets, recording both timing information and system information (such as the mem-
ory/core usage). These represent a way to quantify how robustly the pipeline scales
in practice, and what computational resources would be needed to perform a full
retrospective reduction of the entire Global Jet Watch archive of Aquila data.

Each experiment was run on both the iMac and GJW-DM, as detailed in Sections
4.4.2 and 4.4.3 respectively.

4.4.4.1 Results E1

Figure 4.1 shows the time taken per science frame to complete each of the steps in the
pipeline, on the iMac and on GJW-DM. It is clear that the iMac runs faster for the
smaller datasets, but slows down drastically when more science frames are input. This
slowdown is predominantly affecting the Extract stage, but is also noticeable for the
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Figure 4.1: Timing information for the four most time-consuming phases of endeav-
our, during the E1 experiments, on GJW-DM (upper panel), and the iMac (lower
panel). For each run, I varied the number of science frames to be reduced, from
tens of spectra in the smallest run, up to beyond 5000 in the largest. Each phase is
shown in a different colour. On both machines, Extract takes the longest time, but
on the iMac the duration per-frame increases with number of science frames, while
GJW-DM does not show this behaviour.

CAM stage. On GJW-DM, every step of the pipeline except for CAM benefits from
economy of scale. This is probably to do with the overhead associated with splitting
up work into chunks which can be run in parallel. On smaller runs, the initial cost of
forking into more threads costs a non-negligible amount of time, whereas for longer
runs lasting several days, this is less important.

4.4.4.2 Discussion E1

The E1 experiments show that the algorithm efficiently scales up to at least 5,000
science frames (chosen as a typical number of observations for a given target) on
GJW-DM, but that both CAM and Extract phases scale poorly on the iMac. This
difference is because of the way that the two operating systems handle memory. The
macOS system keeps the memory used at approximately 16GB, and swaps memory
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out of RAM onto disk. The longer science runs use more RAM, and this results in a
slower operation on the iMac as the swap memory is slower to access compared with
RAM. On GJW-DM, the Linux operating system simply allocates more RAM, and
the whole operation remains fast. This may hit a hard maximum at some scale, when
it may be necessary to break the data up, for example, into separate runs spanning a
year of data each, separate observatories already being the case.

4.4.5 Performance experiments E2

The second set of endeavour experiments are called E2. For the E2 experiments, I
took the output of the largest data set E1 experiment (Run 5), and simply recalculated
using smaller subsets of the science frames. This test aimed to determine which of the
following two factors was causing the pipeline to run slower when extracting larger
numbers of science frames:

1. Memory footprint of loading all the scan data

2. Number of Unix processes created via fork

To distinguish between these, every run in E2 was performed with the largest
scan data set (E1 run 5) loaded in memory, but was set up to only process a variable
number of science frames. This was to determine whether the limit on the memory
is the size of the scan data being held in memory, or the cumulative effect of setting
off many parallel jobs computing extraction.

4.4.5.1 Results E2

The average time taken to process a single science frame was measured, and I calcu-
lated the relative decrement when compared to the time it took under E1 conditions.
The results are shown in Figure 4.2. The general trend is that it took far longer
under E2 than E1 to process a given frame when there were fewer frames needing
to be processed. As expected, when the full set of science frames were computed,
the decrement is zero, as the only difference between E1 and E2 is the size of the
dataframes.

4.4.5.2 Discussion E2

The downward trend shown in Figure 4.2 is concrete evidence that the size of scan
data dictates the amount of time taken to process each frame. When processing only
48 frames, it takes 30 seconds longer per frame with the larger memory footprint
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Figure 4.2: Time decrement when running with maximal sized scan data, compared
to running with dataframes only the required size for that many science frames.
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scan data compared to a fresh run. It is interesting to note that this is a problem
which does not affect the Linux runs on GJW-DM. I therefore recommend that the
endeavour pipeline is run on GJW-DM going forward, rather than on local macOS
workstations, unless the number of science frames is below 2000. Future work is also
recommended on the endeavour pipeline to ensure that the scan data (see Section
4.3.1) is kept to a minimum, and is only accessed as needed, to help limit the memory
footprint when run on an iMac system.

4.4.6 Galactic supernova

A supernova has not been observed in the Milky Way since October 1604, although
supernova 1987A erupting in the Large Magellanic Cloud was an important local ex-
ample. If such an event were to happen again, it would be ideal to have a pipeline
which can react promptly. While it is not essential to plan for a once-in-a-century
event, preparedness for stochastic transient events as a principle is of particular im-
portance for the Global Jet Watch observatories and the associated data processing
infrastructure. The ability to quickly generate and visualise spectra is particularly
important for objects with unusual and varying brightness, as it can be difficult to
decide upon a plan of exposure times, and it would be a shame to lose precious min-
utes on-sky to saturation. Turnaround time is therefore important for endeavour,
and as such it is good to know which machine can give us the fastest answers.
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Chapter 5

Characterising thermal breathing on
CCD detectors

The changes outlined for the data processing pipeline (endeavour) in the previ-
ous chapter pave the way for a re-assessment of each individual step of the process.
This chapter is based around a sequence of Thorium-Krypton arcs (hereafter ThKr,
used for wavelength calibration) taken back-to-back and spanning the course of five
days, which I show to be caused by diurnal variations, weather patterns and gradual
seasonal changes in the ambient temperature. Since I carried out this investigation
two years ago, some of the techniques used have since been improved upon and su-
perseded, and some of the physical hardware used for these tests has had thermal
insulation added; these details will be mentioned as they come up.

Section 5.1 explains the original motivation for capturing this ThKr data set.
Section 5.2 describes how I conducted this analysis. Section 5.3 presents some of
the unique issues associated with frames in the data set. Section 5.5 covers the
changes that I made to the endeavour pipeline to compensate for the thermal
breathing effect discovered. Chapter 5.6 concludes by offering a proposal for a follow-
up investigation that would help to characterise the extent to which the new apparatus
solves the problems identified here.

5.1 Motivation

Fitted centroids of emission lines can show large amounts of drift in a single direction
within a single observing night, on the order of 1Å or 50 km s−1. This change is
far greater than the wavelength resolution, which was 0.3Å, determined by fitting
residuals on a ThKr bulb calibration arc. Earth’s annual and daily rotation velocities
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have already been corrected for, and are stable with respect to the barycentre of the
Solar System.

I decided to investigate what caused this nightly drift, and whether it could be
calibrated for, or otherwise mitigated. The Global Jet Watch telescopes were equipped
with an in situ thermometer to measure the temperature of the spectrograph, in order
to test the hypothesis that diurnal thermal variation (thermal breathing) is responsible
for changing where exactly light lands on the CCD detector, known as the dispersion
axis, as it is possible that changes in temperature cause differential deformation of
the various components of the optical set-up, which may subtly alter where photons
of a specific wavelength land on the detector. With this temperature gauge in place,
in December 2018 a five-day continuous run of ThKr arcs were taken specifically for
this investigation, during a stint of bad weather at the GJW-CL observatory. This
data set comprises a set of arcs with exposure times: 0.3 s, 1 s, 3 s, 10 s, 20 s, each
repeated every 30 minutes for 5 days.

A reason why thermal breathing would be particularly problematic for the Global
Jet Watch project is its emphasis on time-domain astrophysics. A 0.2Å effect in a
single spectrum may not be catastrophic for line identification, as this would probably
be mistaken for a systemic Doppler shift, and would not affect the relative spacing
between lines, nor their widths. However, the Global Jet Watch is searching for signals
in the time domain with sustained spectroscopic monitoring. Such signals might
closely resemble those that thermal breathing would produce — small movements in
wavelength, over astronomically short amounts of time (hours, days, months).

An additional motivation for this investigation was to establish an algorithm that
detected the xy-coordinate relationship defining the dispersion axis in ThKr frames,
which is then used multiple times throughout the extraction process to exclude sig-
nificantly off-axis pixels from calculations. The algorithm discussed in the Chapter is
mostly superseded by a new method, detailed in Chapter 7.

5.2 Method

This section describes how I quantified the locus of points where light landed on the
detector, during the five-day sequence of GJW-CL ThKr frames. Within this dataset,
I decided to fit the locations of emission line peaks with a quadratic, and compare the
evolution of the polynomial coefficients. The process naturally splits into two steps;
determining the location of peaks, and selecting good peaks to fit.
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The method needed to exclude anomalous bright patches found vastly off-axis,
such as cosmic rays. This can be achieved by either of the two steps, and must at
least be achieved by the combination of them. During the first step, filtering and
signal processing algorithms may reduce the off-axis noise enough that they are not
detected as a peak in the first place. Bad peaks may also be rejected after detection,
by imposing a tolerance distance from the fitted dispersion axis.

5.2.1 Finding the peaks

I describe three iterations of improvements to the method for finding peaks in two-
dimensional ThKr spectra. While computational speed is important, accuracy is more
so.

5.2.1.1 Top peaks

The first-iteration fitting technique for finding the peaks simply detected the 30
brightest peaks in each of the raw spectra, storing their pixel coordinates along with
the rest of the information in the header, in a pandas McKinney [2010] DataFrame.
This data set enabled plotting various attributes of the observation metadata against
each other for easy visualisations of a cross-section of ThKr arcs in the Global Jet
Watch. However, using this alone resulted in many off-axis identifications, partly
because the halo surrounding some of the brightest emission lines in the spectrum
contained pixels with a substantially higher count than the weaker peaks. The halo
effect, along with other complications, is discussed in Section 5.3. This technique is
very fast, and is dominated by the file read time.

5.2.1.2 Top Peaks Fit 2

To improve the accuracy of the fast peak-finding method, I changed the algorithm so
it would split the arc into four subsections by x-coordinate, find the top 100 peaks
in each subsection, then fit a quadratic to the total collection of peaks. Then, reject
any peaks found which lie more than 0.3 times the standard deviation of the residuals
from the fitted curve. This was far more effective at finding true (on-axis) peaks than
the original algorithm, with limited speed penalty. However, in certain cases it would
fail; if not enough of the original points were true peaks, the standard deviation would
be large enough to still incorporate many off-axis peaks.
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5.2.1.3 Threshold Filtering

This technique uses a modified version of the original peak-finding algorithm used by
endeavour, optimised to quickly find the peaks in a frame. The original method had
a lower success rate on a particular frame and was much slower than the Top peaks
method, but outperformed it in terms of finding the correct dispersion axis. It worked
by going through eight levels of threshold value, finding connected islands of pixels
all above that threshold, and fitting the centre of mass of these islands to use as the
coordinates of peaks on the dispersion axis. I tweaked this algorithm initially to only
threshold at the first level. This saved a considerable amount of time, taking only
a few hours to run through the whole pipeline rather than three days. The method
achieved a success on 8043 of the 9482 frames, an 85% success rate. I improved this
method further by initially using a median filter to remove noise. This increased the
pass rate to 9309/9482, or 98% on the ThKr arcs, and the selected peaks all lay on
the dispersion axis by visual inspection.

5.2.2 Fitting the peaks

The result of finding the peaks was a set of metadata from 9300 ThKr frames, includ-
ing all header information, along with the pixel coordinates of the centres of peaks.
I then applied a second-order polynomial fit to the pixel coordinates of peaks in the
five-day sequence of GJW-CL ThKr arcs, to find the three coefficients ai for each
frame, according to Equation 5.1. These three additional parameters were then used
to characterise the frames, and are referred to as the curvature coefficient, the linear
coefficient, and the constant offset. The largest variation was seen in the offset pa-
rameter, so I subsequently fixed the curvature and linear coefficients to the mean for
that data set to avoid overfitting in those degrees of freedom, allowing only the offset
to vary.

λ = a0 + a1x+ a2x
2 (5.1)

5.3 Problems

There are some significant real-world challenges that complicate this process. This
Section outlines particular difficulties associated with some of the frames in the data
set, and how endeavour addresses these.
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Figure 5.1: The brighter emission lines in the arcs are surrounded by large, bright
halos which can be far from the dispersion axis. The final fitting algorithm must
exclude peaks off axis, or they may bias the axis determination.

5.3.1 Halo effect

There are large halos around the brightest peaks on the longer exposure time arcs,
as per Figure 5.1, arising from the Canon lenses (85mm, F1.2) . These halos cause
problems with peak finding, because they grow in brightness away from the dispersion
axis, and have higher pixel counts than some of the weaker lines, which together lead
to false positives. While it may be possible at some stage to deal with this problem
in vitro at the telescope, at present the algorithm must be capable of handling this.
The threshold filtering technique described in Section 5.2.1.3 solves this issue using
“connected islands”.

5.3.2 Undispersed light

Figure 5.2 shows an example of a ThKr arc that was difficult to process, taking the
threshold method 35 minutes to process alone! There is a bright light illuminating the
detector away from the dispersion axis, and the brighter bins have comparable photon
counts to the peaks used to find the dispersion axis. Potentially we could solve this
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problem using a high-pass filter, but since a very small fraction of frames are affected
by this, it is simpler to just ignore them. This effect was caused by undispersed light
entering the CCD and has since been fixed the old-fashioned way: with black tape.
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Figure 5.2: An example of a difficult to process ThKr arc because of a light leak.
This 10 s exposure was captured at GJW-IN on 2018-12-02.

5.3.3 Left side illumination

In a small minority of frames there is a higher count in pixels on the left hand side of
the detector. This could be to do with the way the CCD is read, or additional light
leaking into the camera, or a heating effect increasing the dark electron count at one
edge. Since this issue has now been resolved with the upgraded detectors, I simply
exclude these historical frames.

5.3.4 Median filter offsets

One of the issues I encountered was that the fitted peaks were systematically offset
on the order of half a pixel in both x- and y-coordinates from the true location of the
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Simulated line Median filter c=0 Simulated line Median filter c=-0.5

Figure 5.3: Panels one and three show a simulated line in a two-dimensional frame.
This mock line has a value of zero around the edge (purple) and a value of one in the
central square (pink). Panel two shows the result of passing a standard median filter
with centre set to zero over the simulated line, in blue. Panel four shows the same
as panel two, but with the centre set to -0.5 — the mean of two medians taken with
centre equal to zero and one. The gold dots in panels one and two show the calculated
centroid of the pixels in the simulated line which coincide with the median filter, and
there is a visible offset from the actual centre. The gold dots in panels three and four
show the correct centre, because the improved median function preserves the centre
of mass, i.e. true centre of light distribution.

peak by visual inspection. I tested this, and found the cause was the scipy [Virtanen
et al., 2020] median filter. Passing an even-sized kernel over the data in the Python
package resulted in a constant shift of half a pixel. The index 1 refers to the start
of the cell, whereas the coordinate 1 refers to the centre of a cell, which is where the
data is taken to have been measured. When the centre is set to zero, the median
filter effectively acts forwards. By taking the mean of a centre=0 and centre=-1, I
was able to create a median filter with no bias, effectively centre -0.5, as shown in
Figure 5.3. The plotted centre point is calculated as being the centre of mass, using
the median filtered image as a mask on the original data. So in this case, having the
median filtered image in advance of the original data means that the right and lower
sides of the mask lie on zero-valued pixels (shown in purple). This has the net effect
of biasing the centroid calculation towards the upper left. However, the corrected
symmetric version of the median filter does not suffer from this problem, and so the
centroid was in the correct location for masked files.

5.3.5 Defining the dispersion axis

There are at least two distinct and potentially valid definitions of a dispersion axis:

1. The best-fit line through the pixels with the highest counts.
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2. The line such that half the photons incident on the optics are recorded as landing
on one side, and half on the other.

While all previous efforts had been centred around the first definition, I decided to
try to quantify to what extent the second definition agrees. I decided to measure
the asymmetry across the fitted dispersion axis, and define the balance metric as the
ratio of counts above/below the dispersion axis. However, this took a long time to
calculate, and developments at the telescopes mean that it does not make sense for
the most recent observations, so I did not continue with this line of thought. It does,
however, make explicit the question of what the dispersion axis actually is.

5.4 Results

This section details the results of the thermal breathing experiments.

5.4.1 Variation of curvature coefficient

When fitting the dispersion axis with Equation 5.1, I explored the time variability of
the coefficients ai (introduced in Section 5.2.2) across historic data from several of
the Global Jet Watch observatories to see if this was a useful way to characterise the
axis. Within each observatory there are long-time drifts of the curvature coefficient
a2, but these are on a smaller scale than the variation within any given observing
night. There was no correlation between time and curvature within the five day
sequence at GJW-CL. The resolution of this issue was to assume that the curvature
was not varying in a tractable way, and was in fact simply correcting for variation in
the constant offset term. The resolution was to fix the linear and curvature terms to
their respective means, allowing only the constant offset to vary.

5.4.2 Number of peaks

This algorithm found the coordinates of a large number of peaks, shown in Figure 5.5.
The number of peaks found by this algorithm was typically higher than the number
that the original endeavour used in the Identify step, because for that stage it is
also important to have an accurate estimate of the wavelength of the line, rather than
simply the pixel coordinates of a peak known to be located on the dispersion axis.
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Figure 5.4: Long-term relative variations in the a2 coefficient, normalised by dividing
each observatory series by its mean.

5.4.3 Daily temperature profile

Figure 5.6 shows how the offset parameter varied with time over the five day sequence
in GJW-CL. It shows clear diurnal variations — presumably a thermal breathing
effect whereby the constant offset parameter of the dispersion axis quadratic fit pulses
with time, on a daily cycle. This would seem to imply that there is a stretching of
some component in the telescope due to something that varies on a daily cycle, most
probably a thermal expansion (we haven’t yet ruled out tidal effects!).

Figure 5.7 shows the effects of various physical parameters (determined from the
metadata for each observation) on the variations in the offset parameter. While the
offset seems to vary with changing atmospheric pressure, it is far more tightly coupled
to the temperature profile during the day, and so pressure is most likely a confounding
variable. There are several rings in the tracks of temperature with offset, confirming
the presence of hysteresis. The implication is that it is not only temperature, but the
history of temperature over the day which is significant. Otherwise, the loops would
be flattened. This could be due to the different rates of cooling or heating of different
parts of the apparatus causing differential stretching and tensions. The lower left
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Figure 5.5: The number of peaks found in the dispersion axis of each ThKr frame
in the Global Jet Watch. No observatory has consistently fewer than 20 peaks in a
ThKr frame, easily sufficient for quadratic regression.
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Figure 5.6: Diurnal variations in the offset parameter (with a minor drift over the
days imposed by changing weather), plotted as a function of time of observation. The
colour of each point represents the exposure time for that observation. While there is
little discrepancy between the different exposure times, we see that lower exposures
typically have marginally lower values for the offset parameter.
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panel, which plots offset against time of day in hours, shows that the parameter rises
and fades every day. It was informative to colour-code this also with exposure, shown
in the lower right panel. Taken together, this figure shows that ambient temperature
is indeed the most important factor in determining the offset, and that exposure time
does not greatly influence the determination of dispersion axis.

Note that for all of these observations, the temperature of the CCD detector itself
was measured to be −30.0 °C, kept constant by a triple-stage Peltier cooler; it is the
ambient temperature, not the CCD temperature that is the source of the thermal
breathing effect.

A key consequence of this is that arcs taken in the morning (between 9am and
noon, local time) are clearly unsuitable to be used to calibrate the science frames
taken that night. There is a fluctuation of 1.5 pixels between different times of day,
meaning a different set of pixels are illuminated in the science frame compared to the
calibration arc. It is not therefore unreasonable to assume that throughout the entire
collection of arcs, there exists a better ThKr for calibrating a given science frame
than one which was captured on the same day.

5.4.4 Exposure time

While clearly a secondary effect, close inspection of the upper right panel of Figure
5.7 shows that points making up the rings are still spread vertically in groups of
five. This clearly corresponds to scatter between the five different exposures, which
were captured back-to-back every half hour. It would be useful to know whether
there is a dependence of offset parameter on exposure time. To assess this properly,
I have requested more data, in which a new series of Thorium-Krypton arcs, taken
consecutively to reduce impact of typically slower thermal changes, with a set of 30
different exposure times from 1 s to 30 s. This would enable a direct comparison
between exposure time and how the light lands on the detector. This data set would
also clearly show what the saturation limit was for different lines in the ThKr lamp,
enabling accurate determination of the optimal balance between over-exposure and
signal-to-noise.

5.5 Pipeline upgrade

In Chapter 4, I introduced AnotherOne, a rework of the endeavour package to allow
for individual components of the pipeline to be rewritten. The effects of thermal
breathing mean that the best arcs to reduce a given science observation are not
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Figure 5.7: The upper left panel shows how the offset parameter depends on ambient
pressure, colour-coded by the day of the observation. It clearly traces variations
during each day, although each day has a different profile. The upper right panel
shows the corresponding dependence on temperature, this time tracing clear rings,
which change shape each day. The third panel shows how the offset parameter varies
with time of day, showing a hump pattern which is different between days. The lower
right panel shows the same data but coloured by exposure time instead, confirming
that the exposure time is not a factor in determining the offset.
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necessarily always those that are closest in time. This section explores the changes
that I made to the calibration arc matching phase, hereafter CAM.

5.5.1 Current technique for CAM

CAM is the process of selecting which calibration frames to use to reduce a given
science frame. The CAM method previously in use for the Global Jet Watch was to
take a series of ThKr arcs during the daytime, and then use a median of these to reduce
each science frame captured by that observatory during that night. In cases where
there were no calibration arcs taken that day, the data reduction algorithm would
select the arc closest in time to the observation set, and use that to calibrate the
data. A significant problem with this approach was that the telescopes are located
in schools, where they are used for imaging by the pupils, and can be physically
knocked, disturbing the alignment. Also, as alluded to in Section 5.4.3, thermal
breathing means that there is no guarantee that the light illuminates the same pixels
for arcs taken during local morning as the ones illuminated in a science observation
taken at night. Together, these represent a serious issue for the method of selecting
arcs based on time proximity alone.

5.5.2 Novel technique for CAM

I proposed a novel technique of CAM for a given science target; select the arc whose
measured dispersion axis most closely matches that of the particular science frame.
This represents a significant shift in mindset; instead of choosing calibration arcs
that were taken close in time to the science target, we choose ones which were taken
close in conditions. While this may sound unusual, it means that the actual pixels
illuminated in the calibration arc are more likely to be the same as those illuminated
during the science exposure. A successful CAM system must take a science frame
and the set of ThKr frames, and determine which ThKr is best.

I have considered three main approaches to optimising the CAM for a particular
science observation. The first is minimising the chi-squared between fits to the dis-
persion axes of the two frames. The second is to measure the offset parameter and
compare that number between frames. The third approach is to sample the science
frame along the dispersion axis as calculated using each Thorium Krypton frame, and
maximising the total pixel count. The third approach is immune to the fact that we
may not have a good fit for the dispersion axis of a science frame if it has failed for
some reason. While the first is more robust, the second may be more time-efficient,
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which is important given this process will happen on the order of 104 times for every
single observation in the pipeline. However, the third approach is the most robust as
it will work for any science frame conceivable, so this is the one that was selected,
and is now used in the reduction of Global Jet Watch data.

5.5.2.1 Sampling dispersion axis

To test the best ThKr arc to be used given a particular science frame, the new
algorithm takes the predetermined fitted peaks of each ThKr arc, and fits them to
a polynomial. It then evaluates the polynomial at 2× 103 points, producing a set
of estimated y-coordinates for each x, and estimates the value of the integral of
science frame pixels which lie under these points, using linear interpolation for speed.
The ThKr arc which maximises the value of this integral is then selected as the one
which has peaks that lie closest to the true dispersion axis of the science frame, and
is selected as the calibration arc to be used. This uses the first definition of the
dispersion axis as set out in Section 5.3.5. I tested this method using the V5668 Sgr
dataset, which consists of 2791 raw frames at the time of writing, and spanning 335
distinct observatory nights. I found that 306 unique ThKr arcs were selected by this
method. It took approximately two seconds to process each frame using this method.

5.6 Moving forwards

The thermal breathing described in this chapter was an issue for early Global Jet
Watch data. However, it has since been successfully mitigated by a series of distinct
factors. The novel CAM technique described here means that ThKr frames are now
implicitly tested for their alignment with science frames, rather than hoping that
same-day observations are ideal. Second, the addition of several layers of insulation
around the spectrograph should have helped to palliate the thermal breathing. Fi-
nally, when developing the new technique for processing ThKr arcs, which forms the
basis of Chapter 7, it was found for the new FLI ML16200 detectors that the disper-
sion axis by a straight line, rather than a quadratic, although it is unclear whether
this is down to the new algorithm or the new physical hardware.

I therefore propose a further set of ThKr observations is carried out, using the
recently-installed upgraded detectors and with proper thermal insulation of the spec-
trographs. I conjecture that a five-day series, similar to that captured in December
2018 at GJW-CL, would under the new conditions reveal a greatly reduced diurnal
thermal breathing pattern. I further suggest that a suitable acceptance threshold
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would be variations at or below the quarter-pixel level, at which level it is unlikely
that the discrepancy between ThKr and science would be impactful.
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Chapter 6

Refinement of the gradient method in
the low signal-to-noise regime

In July 2020, classical nova YZ Reticuli erupted, and the Global Jet Watch Aquila
instruments set about recording data. During the first few hours of observing this
exciting new target, a range of different exposure times were used, since it is a priori
unclear how many seconds it will take for Hα to saturate. The result of this was that
several spectra were taken with a short exposure time, and are thus relatively faint,
with lower signal-to-noise. Keen not to squander these valuable early data, I used the
existing endeavour pipeline to reduce them anyway. However, as demonstrated in
Figure 6.1, I discovered a strange artefact in the output spectra. This brief chapter
describes the investigation into this phenomenon, and its remedy. Since the existing
endeavour algorithm is described in greater detail in Augustus Porter’s DPhil thesis
in the Chapter on endeavour, here I only describe how it previously operated so that
the changes I have made to it are clear.

Section 6.1 highlights the problem that was encountered when studying low signal-
to-noise observations of classical nova YZ Reticuli. Section 6.2 explains the role of
pixel gain maps in endeavour, and how flat frames are smoothed in the parallel
and perpendicular directions with respect to the dispersion axis. Sections 6.3 and 6.4
detail the existing methods to calculate the dependence of intensity on the parallel and
perpendicular directions respectively. Section 6.5 presents a new method I developed
which improves the calculation of the pixel gain map, and Section 6.6 shows the
improvement in spectral quality from the new method.
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Figure 6.1: Spectrum showing repeating blocky pattern. This spectrum is of YZ Reti-
culi taken on 2020-07-16 at the GJW-CL observatory. It is a three-second exposure.
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6.1 Understanding the problem

6.1.1 Periodic blockiness in faint spectra

In some of the spectra produced via the old algorithm, I observed a periodic signal.
As demonstrated in Figure 6.1, approximately every 85 pixels there is a bulge in the
spectrum, although the gap between bulges increases with wavelength.

6.1.2 Interference?

I suspected this was caused by a beat frequency interference pattern, an interaction
between the discrete pixels and wavelength bins, perhaps related to the diagonal
nature of the dispersion axis (which may also be slightly curved). In Figure 6.2, I
plot the residuals when subtracting the Y-coordinate along the dispersion axis from
the polynomial fit to the Y-coordinate along the dispersion axis, giving the fractional
height of each pixel where the fitted polynomial intercepts it. I observe intervals
which closely match those observed in the example spectrum (Figure 6.1), which
constitutes strong evidence that this is what causes the problem in the final spectra. I
therefore decided to check the existing pipeline algorithm for any steps which compute
a value directly from discrete pixel values and replace these references with sub-pixel
coordinates fitted through interpolation.

6.2 The role of the pixel gain map

Not all pixels are created equal. When photons land on a pixel, they trigger a variable
response, with some pixels recording more counts per photon than others. To correct
for this effect, endeavour calculates a pixel gain map, which describes the relative
intensity each pixel would show if they were all subjected to an identical number
of photons — a flat-field. A standard approximation to a flat-field involves using a
continuum source; at the Global Jet Watch observatories, the Aquila instruments are
pointed at a combination of tungsten lamps and LEDs. These observations are sub-
sequently summed together, creating a frame which effectively has been illuminated
across the full wavelength range, shown in the upper panel of Figure 6.3 as calibration.

While the lamps do partially illuminate each pixel, they do not illuminate each
one equally. There are three major factors which contribute to the pixel value within
the flat-field: the wavelength dependence of incident light (parallel to dispersion axis);
variations in intensity perpendicular to the dispersion axis known as the illumination
profile, and the pixel gains themselves. To recover the gain map, it is necessary to
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Figure 6.2: Polynomial fit X-Y minus the actual y-coordinate of pixels on the disper-
sion axis. Colour is mapped to the residual error induced by discretisation of pixels.
There is an interference effect apparent in the colours, with a steadily increasing
length scale along the dispersion axis from the top left to the bottom right. This is
strikingly similar to the relative spacing between successive bulges in Figure 6.1.
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Figure 6.3: The upper panel shows the flat-field light, traced along the dispersion
axis, and binned by wavelength. The flat-field light at 5500Å to 7000Å is from the
tungsten lamp, while the relatively narrower peaks at 7600Å and 8200Å are caused
by the LEDs. The smoothed flat data is computed using a cubic spline, and is used
to divide out the overall wavelength dependence (variations parallel to the dispersion
axis) from the flat data. The middle panel shows a close-up view of a subsection of
the curves shown in the upper panel. The lower panel shows the same subsection,
but of the resultant flat field, in gold.
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divide out the other two effects, the parallel and perpendicular dependence. The pixel
gain map is a useful diagnostic tool for understanding the behaviour of the detectors,
and future enhancements to endeavour will include alerts triggered upon detection
of hot pixels (pixels which give a high count independently of their illumination).

6.3 Old method to correct parallel dependence

To correct for the large-scale wavelength dependence of the calibration lamps, these
values are binned parallel to the dispersion axis, and smoothed using the Savitsky-
Golay filter [Press and Teukolsky, 1990]. The algorithm then interpolates this smooth
function, assigning an estimate of the light intensity at each pixel using its exact
wavelength. This is then divided out of the flat field pixels, shown in the lower panel
of Figure 6.3, eliminating the wavelength dependence of the flat. Next, the cross-axis,
or perpendicular, variations need to be accounted for.

6.4 Old method to correct perpendicular dependence

In the absence of a flat-field frame, it would be possible to extract a science spectrum
by simply binning the number of counts at each wavelength. However, this would
weight the near-dispersion-axis pixels far more heavily than is necessary. The en-

deavour pipeline employs a particular method of extracting information from the
relationship between flat data (calibration) and science data, known as the gradient
method. It iterates along the dispersion axis, considering each bin of approximately
2Å parallel to it and several pixels wide in the perpendicular sense. Within each
bin, it fits a linear regression model between the set of corresponding calibration and
science values, one pair for each pixel.

The gradient of this straight-line fit is a value that represents the relative illumi-
nation of the pixels in a given bin in the science exposure compared to the flat field.
In other words, the gradient is proportional to the intensity of light arriving from the
science target at this wavelength.

A further complication is that the dispersion axis may have shifted slightly due
to temperature fluctuations (Chapter 5) between the observations of flat-field and
science frames, so for calibration frames, endeavour re-weights values in the science
frame compared to the calibration frame, to account for any misalignment. The
existing algorithm computed a histogram measuring counts as a function of distance
from the dispersion axis in bins containing 2-3 pixels. It would then smooth these
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values using the Savitsky-Golay algorithm, and divide through by the smooth values,
in much the same way as the overall spectrum shape. This is the part which caused
interference.

A limitation of the Savitsky-Golay algorithm is that it requires its input array
to be evenly-spaced. In any given wavelength bin, the distances from the pixels to
the dispersion axis are not integers, because the dispersion axis is diagonal. The
previous algorithm binned pixels according to their distances from the dispersion
axis, and used these regularised bins as the input to the Savitsky-Golay filter for
smoothing. Calculating the cross-axis illumination profile by binning meant that
the algorithm was determining the smoothed cross-axis illumination shape without
taking into account the actual distance of each pixel. There is no need to discretise the
distances, destroying this information, and I describe in the next section my method
to overcome this.

6.5 New pixel gain map algorithm

Instead of histogramming the illumination profile, it is preferable to use a zeroth-order
spline interpolation to obtain the pixel illuminations as a function of distance. My new
algorithm calculates the illumination values on a finely-sampled and equally-spaced
set of points, and smooths these using a Savitsky-Golay filter. It then calculates
another zeroth-order spline interpolation, which maps these smoothed illuminations
back to the original points. For each pixel we now have a smoothed value for illu-
mination, which represents the amount of light that originally landed on that pixel.
Dividing through the illumination by its smoothed version for each pixel gives the
complete pixel gain map, without the errors incurred by unnecessarily binning into a
histogram. This process is shown in Figure 6.4.

Ideally, the pixel gains should be randomly scattered around the neutral gain
line, which is the pixel gain for an ideal pixel, with the value unity. The plots
in Figure 6.5 show these steps. The left plot of Figure 6.5 also demonstrates that
the illumination profile perpendicular to the dispersion axis has its own wavelength
dependence, demonstrating the need to correct for this separately in each wavelength
bin.

64



10 5 0 5 10
Distance from dispersion (pixels)

5000

10000

15000

20000

25000

30000

35000

C
ou

nt
s

1610 1620

2480

2490

Y
 p

ix
el

1610 1620
X pixel

2480

2490

Y
 p

ix
el

10000

20000

30000

C
ou

nt
s

10

5

0

5

10

D
is

ta
nc

e 
fro

m
 d

is
pe

rs
io

n 
(p

ix
el

s)

Figure 6.4: Illumination and distance from dispersion axis for pixels within a 2Å bin.
Left shows binned illumination as a function of distance from dispersion axis, top
right shows distance of each raw pixel from the dispersion axis by colour, and bottom
right shows illumination of each pixel by colour. As expected, the pixels with the
lowest distance from dispersion axis have higher illumination, and vice versa — the
light is focused predominantly on-axis.
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Figure 6.5: In these plots, each 2Å wavelength bin is given a different colour, from
red at the redder wavelength to blue at the bluer wavelengths. The left plot shows the
cross-axis shape, which has a clear wavelength dependence due to optical distortions.
The centre plot shows the illumination against smoothed values, which are distributed
around the neutral gain line. The right plot is the resultant gain for each pixel as
a function of distance from dispersion. The peak (zero distance from dispersion) is
better sampled, which explains why there is a tightening around the neutral gain line
at small (perpendicular) distances.
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6.6 Improvement in spectral quality

This novel technique enhances the usability of output spectra by eliminating the
source of interference previously produced in low signal-to-noise bins. Figure 6.6
shows the same observation as that in Figure 6.1, but using the new algorithm.
There are striking improvements to the spectrum, while it remains unchanged near
Hα. This is key to understanding the regime in which the problem was manifesting
itself — low signal-to-noise bins. This subtle point had previously gone unnoticed in
the endeavour pipeline because it is very rare that the Aquila spectrographs observe
a relatively faint target for such a short amount of time as this present example. This
was in fact the very first spectrum of YZ Reticuli, and was used to gauge the exposure
time needed to faithfully recover Hα, and that needed for the other, fainter lines in the
spectrum. The very slight issue caused by discretisation of the cross-axis correction
of the pixel gain map could only manifest itself in the absence of significant flux.

There is something truly remarkable about the improved spectrum shown in gold
in Figure 6.6. Inspection of the upper panel reveals that while the main peaks and
troughs of the purple spectrum have been eliminated, there is still a dip around the
7600Å mark. Initially, I thought this was a further error, but then recognised it
as a very strained detection of the telluric absorption band which stretched from
approximately 7590Å to 7680Å. It serves as a strong validation of the new method,
that this is visible in a three-second exposure of a distant target.
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Figure 6.6: Corrected spectrum using the technique I developed in this chapter (gold)
and using the existing method (purple). The upper panel shows the entire spectrum,
while the lower panel shows a close-up on the blocky pattern as well as the improved
and smoother version. The spectrum is of YZ Reticuli taken on 2020-07-16 at the
GJW-CL observatory, is a 3 s exposure, and is the same for both methods of reduction.
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Chapter 7

Machine learning for enhanced
wavelength calibration

Wavelength calibration is the process through which endeavour learns the wave-
length of each pixel. It works by analysing a two-dimensional spectrum of a calibra-
tion lamp with a well-known emission line spectrum. In the case of the Global Jet
Watch, this is a Thorium-Krypton bulb, hereafter ThKr. The end result is known as a
wavelength map, which is a two-dimensional virtual frame with the same dimensions
as the science frame, where the value stored at each pixel describes the wavelength
of photons which contribute counts to that bin. It is important that the error on
this is minimised where possible; under the Doppler shift 1Å roughly corresponds
to 45 km s−1 at the rest wavelength of Hα. It is also important that this process is
automated, since the Global Jet Watch data repository contains over 25,000 ThKr
calibration frames.

When moisture got into the CCD chamber of the ML8300 cameras, they were
replaced with ML16200 ones, with many more pixels. Under the old paradigm for
processing ThKr frames, the new chips needed to be calibrated manually so that the
pipeline could be run again, because there were lines of ThKr in the chip beyond
the wavelength range of the original calibration arcs. At this point, I suggested an
improvement on the dated identification algorithm, so that it would become indepen-
dent of chip size and geometry, instead using properties of the emission line spectra
of Thorium and Krypton, since this is more future-proof. It is worth noting here
that, as mentioned in Chapter 3, the Global Jet Watch Aquila spectroscopy frames
are observed such that the dispersion axis lies roughly diagonally across the CCD
detector, rather than parallel to the edges. This gives a larger wavelength range, and
roughly ensures that the pixels are well-sampled.
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Section 7.2 details the pre-existing algorithm for wavelength calibration, and Sec-
tion 7.3 describes the limitations associated with that. Section 7.4 introduces my
new algorithm to perform wavelength calibration using modern machine learning and
image-processing techniques. Section 7.5 covers how the algorithm resolves the is-
sues it was intended to solve, while Section 7.6 describes the limitations of the new
method.

7.1 Scope of algorithm: understanding the problem

In Figure 7.1, I reproduce one of the calibration frames, which is the well-defined
input to the algorithm. The frame is very sparse in terms of significant ThKr lines,
which only appear on a tight band tracking from the lower-left to upper-right corner of
the image, which is known as the dispersion axis. Close-up boxes show the structure
of some emission lines as they appear in the raw image. The light is very sharply
peaked at the centre of the lines, the pertinent quality which makes such frames
ideal for calibration purposes. There are however some issues that need to be treated
by any algorithm aiming to determine the wavelength calibration from these data.
The left box in Figure 7.1 shows one of the lines from the longer wavelength end
of the dispersion axis with a significant halo effect; there is a ring surrounding the
peak. While it is clear where the centre of this peak is, consider the very faint peaks
also enclosed in the box that also lie on the dispersion axis; these are of comparable
brightness to features contained within the halo of the bright peak. For this reason,
selecting the brightest points in the two-dimensional frame does not successfully find
the maximum number of true peaks.

The right box shows a close-up of a pair of doublet lines, which can be used as
an anchor, since they are the brightest peaks in most frames, and the ratio of the
distances between peaks within a doublet to the distance between the two pairs is
well-known, and physically constant. The emission line contained within the left box
is also bright, and provides a long baseline across which to evaluate the wavelengths.
However, the different observatories have had different detectors since being commis-
sioned, and some of the detectors were set up not to include this wavelength range.
This is a design feature of the Global Jet Watch network, to enable a slightly wider
baseline of wavelengths, by having them offset relative to each other, while over-
lapping for the most part to enable cross-validation. Also, for very short exposure
times, some weaker peaks become undetectable. The impact of these issues is that
the algorithm cannot rely on always having particular lines present.
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Figure 7.1: A raw ThKr frame, taken at GJW-CL with the Aquila instrument with
an exposure time of 3 s. The left box (gold) shows a close-up of a very strong emission
line with a particularly large halo. The right box (pink) shows a close-up of a pair of
doublets, which are useful for locking onto as they have a very well defined wavelength
spacing ratio.
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There is also the issue of saturation. The CCDs used in the Aquila spectrographs
are set to saturate at around 65,000 counts, just below the limit of 65,535 imposed by
the analogue-to-digital converters, such that the number of counts in a pixel no longer
increases no matter how many further photons arrive prior to the next readout. This
leaves entire regions on the two-dimensional image where pixel counts are around
65,000 and information is lost about where the exact centre of a peak was.

The final piece of information available is the standard list of laboratory wave-
lengths available from the NIST database [Kramida et al., 2014]. This contains
wavelengths and relative intensities, although some of the relative intensities are ap-
parently derived from inconsistent sets, and as such they are not always reliable.
The wavelength spacing between peaks correspond very precisely with those in the
two-dimensional Global Jet Watch ThKr frames, and so those are deemed always
trustworthy.

While the endpoint of the wavelength calibration phase is a full frame populated
with wavelength values for each pixel, due to the sharp peaking in flux near the
dispersion axis, in practice the wavelengths are only calculated for pixels within a
predefined distance above or below the dispersion axis. For this chapter, I will refer
to two polynomial mappings, one from x-coordinate to y-coordinate, and one from
x-coordinate to wavelength (often abbreviated as λ), hereafter Pxy(x) and Pxλ(x)

respectively, for points on the dispersion axis. Any off-axis pixel (i.e. all real pixels)
has the same wavelength as the point on the dispersion axis from which a normal to
the curve intercepts it. The modification I made to the algorithm only concerns the
methodology up to the point of determining these polynomials, and so this chapter
skips the final step which goes from the two polynomials to the full wavelength map.
The general method of both the old and new algorithms is to find peaks in the
two-dimensional frame, determine the coordinates of the centre of that peak and its
wavelength, then fit for the polynomials.

7.2 Old algorithm

This section details the wavelength calibration which I wrote originally.

7.2.1 Search-and-Destroy

The previous algorithm used a recursive search-and-destroy algorithm on the two-
dimensional ThKr data. This would search for the brightest point in the spectrum,
which is most likely the brightest emission line, and define an island around it, large
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enough to contain the whole halo. Then, it would fit a two-dimensional Gaussian to
the counts in the selected pixels, and record the coordinates of the centre. Next, it
sets the pixels in the island to zero, thus destroying that peak. It would then iterate
recursively until a peak either did not fall within a certain tolerance of a straight line,
or a Gaussian could not be well fit to the island.

7.2.2 Identification

In order to find the true wavelength for each peak, the old algorithm used the assump-
tion that while the pixel distances between peaks are unknown, the relative spacing
between them should be reliable. It would produce a set of triplets of peaks, and com-
pare the ratio of the distances between the points, r = xab/xbc where xab is the pixel
distance between the first two peaks in the trio and xbc is the pixel distance between
the second two. Then, it compares the r values between all the trios in a reference
identified frame to determine which peaks map to which wavelengths. This step relies
on a human to manually populate the reference frame with known identifications of
all the lines in the reference frame ahead of time.

7.2.3 Feedback search

The next step would take the identified set of ∼ 10 peaks, and fit a low-order poly-
nomial to them, between their x- and y-pixel centres, and between the x-pixel centre
and the wavelength. This resulted in first iterations of the two mapping polynomials,
Pxy(x) and Pxλ(x). The algorithm then searches the reference list of wavelengths,
and solves for the xy-coordinates that each emission line should have, and checks
the spectrum at that location. Each time it finds one, it repeats the process, thus
refining the polynomial mappings. It concluded upon failure to add a peak. This
typically allowed the algorithm to find at least double the number of peaks found in
the original spectrum.

7.3 Limitations of the old algorithm

While the old algorithm represented a significant step forward compared to manually
identifying each spectrum, there were still a host of reasons to update it. This section
identifies some of those.
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7.3.1 Time complexity

Computing ratios between locations within each set of three Gaussians scales with
O(n!) where n is the number of peaks found. As the peak-finding algorithm improved
over time and more peaks became available, this became very slow.

7.3.2 Slow operations

This algorithm used for-loops and repeated inefficient Gaussian fitting, which made
it very slow. It would iterate over the whole frame and individually select pixels to be
considered in the process, by determining its distance from the dispersion axis, rather
than using filters to do things in a vectorised fashion. Since the pipeline is written in
Python, where possible it is recommended to use standard image-processing tools, as
these hook into low-level C code which is significantly faster.

7.3.3 Unnecessary repetition

The algorithm performed every operation twice as many times as necessary - once on
the current ThKr and once on the master copy (manually identified) ThKr, and it
did this every time there was a new frame to process.

7.3.4 Failure rate

This algorithm was also frequently unsuccessful, because it relied on fitting a Gaussian
to the brightest peaks first to find a good initial fit to the dispersion axis. If the
brightest peaks were saturated, the algorithm would break, and fail the arc frame in
its entirety.

7.3.5 Accuracy

In order to compensate for saturation, the code had many arbitrary rejection criteria
which would consider all the peaks and discard ones which did not fit well. While
this has some merit, it meant that often too many peaks were discarded, which only
weakly constrained the polynomial fit to the dispersion axis.

7.3.6 Manual identification

The old algorithm required a user to run it in a special mode as a one-off. This was
difficult for two reasons - it required maintaining a piece of code that has two jobs,
and it also was difficult to remember how to use because it only needed to be run

74



again when a new detector was added to an observatory. The manual record was
stored as a serialised Python object, which meant that it could not be easily read or
edited, instead requiring the script to be run.

7.4 New algorithm

In this section, I explain the algorithm I developed to perform automated and fast
wavelength calibration. I refer to pixel coordinates as X, Y and wavelength as W,
to maximise clarity. The steps as stated are independent of any specific implemen-
tation; in the endeavour pipeline, they are implemented in Python using standard
packages including NumPy [Harris et al., 2020], SciPy [Virtanen et al., 2020], Pandas
[Mckinney, 2010], scikit-learn [Pedregosa et al., 2011] and Astropy [Robitaille et al.,
2013, Price-Whelan et al., 2018].

The general outline is to find all possible peaks (based on a prominence criterion),
then use a clustering algorithm to select peaks which are grouped together; this selects
those which are on the dispersion axis. At this stage, it is only necessary to have ten
peaks in order to get a good determination of the determination axis, but off-axis
noise is problematic. The algorithm then checks the brightest ten peaks to see if the
spacings satisfy those expected of the brightest known peaks. If a match is found,
it adds more peaks from the reference. A crucial difference here is that the new
algorithm does not make any comparison to a manually identified master ThKr, but
instead uses only the ASCII reference files (stored in .csv format). It also uses pixel-
count weighted centre of mass to determine accurate centroids for each peak rather
than fitting a Gaussian, which is not a good description of the halos, and is slow to
compute.

Sections 7.4.1 to 7.4.4 detail the algorithm:

7.4.1 Find peaks

The first step is to find peaks caused by emission lines in the given two-dimensional
ThKr spectrum. This is performed by first flattening the spectrum to one dimension,
then removing background.

1. Calculate the mean and the trimmed mean (mean after discarding the highest
15% and lowest 15% of values) vertically

2. Divide the mean by the trimmed mean. The difference is due to the brightest
pixels. (These first two steps are shown in Figure 7.2.)
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Figure 7.2: The background subtraction process. The upper panel shows a ThKr
spectrum projected onto x-coordinate by mean and trimmed mean. The trimmed
mean does not capture the peaks, and thus serves as an accurate estimate of the
background. The lower panel shows the flattened one-dimensional ThKr spectrum,
as the mean spectrum divided by the trimmed mean.

3. Locate the peaks in 1D, using a prominence test, record X for each.

4. Compute the associated Y for each peak, as the index of the maximum in the
X column in the original 2D frame. (These two steps are shown in Figure 7.3).

7.4.2 Screen peaks

This step removes peaks using a clustering algorithm to ensure those selected lie on
the dispersion axis.

1. Cluster the data (I use the DBSCAN algorithm provided by scikit-learn

[Ester et al., 1996]) with high acceptance criteria.

2. Remove any peaks marked as noise. These can happen if there is a bright
off-axis pixel in the same column as a low peak value, or if a peak is isolated
from other peaks. Record the removed peaks, as the isolated peaks lie on the
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Figure 7.3: Automatically determined peaks, shown as gold markers, for the ThKr
background-subtracted one-dimensional spectrum. The upper panel shows the entire
dispersion axis, projected onto x-coordinate, while the lower panel shows an enlarged
scale for some lower signal-to-noise peaks.
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dispersion axis and therefore represent usable information. These first two steps
are shown in Figure 7.4.

3. Apply Random Sample Consensus (RANSAC [Fischler and Bolles, 1987]) algo-
rithm on remaining peaks to ensure any peaks that are not strictly near the
dispersion axis do not affect the fit.

7.4.3 Refine

This step calculates the peak coordinates to sub-pixel accuracy. Figure 7.5 shows how,
during this step, boxes are formed around peaks and specific pixels with values above
the defined threshold are used to determine an improved estimate of the location of
the peak centroid.

1. Select a box around each peak

2. Regrid the box to higher density by smooth interpolation (a numerical scale
factor of 11 was used here)

3. Select pixels within the box which exceed a threshold level of 0.9 relative to the
peak

4. Calculate weighted centroid (“centre of mass”) of these pixels and return sub-
pixel coordinates

7.4.4 Determine polynomial mappings

This step calculates fitted polynomials Pxy(x) and Pxλ(x) that describe the dispersion
axis and the wavelength dependence respectively.

1. Assign W to the 5 brightest peaks using their X separations to form five pairs
of X-W

2. Use first-order linear regression to determine an initial estimate for Pxλ(x) from
the five pairs

3. Find the next not-yet-found brightest peak in the reference data, solve Pxλ(x)

= W to compute its predicted X

4. Find the brightest peak in the 1D spectrum within approximately 50 pixels of
this prediction, and assign it the wavelength W
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Figure 7.4: Clustered peaks are shown in bright colours, with rejected points (any-
thing remotely noise-like) shown in grey. The present implementation uses the DB-
SCAN algorithm with the epsilon radius parameter set to 50 pixels and the minimum
number of samples set to 3. This means for two points to be considered neighbours,
they must be no further than 50 pixels apart. A point must have at least 3 neighbours
to qualify as a core point. If this does not successfully identify the dispersion axis,
the run is re-tried with different values for these parameters.
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Figure 7.5: Centre of mass of local islands to refine the central coordinates for each
peak. Central x-coordinate (X) is marked inside each box, which measure seven pixels
by seven pixels each and are interpolated by a factor of three to increase resolution.
Note that a lower threshold value was used to generate this figure compared with
that actually used in the pipeline, to better demonstrate the principle.
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5. Repeat the previous 3 steps until there are 15 peaks with known wavelengths
(output shown in Figure 7.6)

6. Fit a linear regression model from the set of X to the set of W, to improve
estimate of Pxλ(x)

7. For each of the remaining X coordinates of peaks in our spectrum, predict a
value for their wavelength W

8. For each peak, select the line in the reference with the nearest wavelength, and
(tentatively) assign that wavelength to the peak

9. Exclude peaks which are above a threshold wavelength (as these are known to
be out-of-focus)

10. Fit for Pxλ(x) and Pxy(x) and reject outliers, then fit again for the final versions.

11. Return final Pxy(x) and Pxλ(x) as output

7.5 Advantages

Overall, the new algorithm outperforms the old one in all of the areas outlined earlier,
and I discuss the improvements in this section.

7.5.1 Accuracy

From an astrophysical perspective, the most important property of the wavelength
calibration algorithm is the accuracy. In this case, it is measured as the standard
deviation of the discrepancy between the wavelength value assigned to each peak and
the wavelength value predicted by the algorithm for that peak. We reject any frame
below a certain tolerance accuracy level.

7.5.2 Time complexity

Every step of the new algorithm scales at worst O(n) where n is the number of peaks,
which is physically capped by the number of emission lines of ThKr in the wavelength
range of the detector.

7.5.3 Automatic

The algorithm requires no manual identification.
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Figure 7.6: This is the two-dimensional ThKr data, with the x-coordinate of each of
the 15 peaks added from the ThKr line reference file indicated by a vertical line.
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7.5.4 Speed

As the project grows, the number of spectra needing to be processed will increase,
and the number of calibration frames with it. The current requirement is that the
average time taken for a single spectrum should be on the order of a few seconds. A
typical observing month might contain around 103 ThKr frames, and a few hours is
reasonable. This algorithm takes on average 0.68 s to process a single frame, which is
inconsequential compared to the overall running time of endeavour.

7.5.5 Reliability

To pass, the algorithm must find at least 10 identified peaks, while the standard
deviation of residuals between identified wavelengths and the Pxλ(x) prediction for
that peak should be below 0.5Å. It also must successfully reject frames which are
not ThKr frames. For example, a dark frame should fail. This standard is achieved,
and exceeded for > 99 % of ThKr frames of sufficient exposure time. It is, by design,
detector independent, which should increase reliability in the future also.

7.5.6 Robust fitting

Before fitting, the algorithm excludes peaks in regions of the chip where the optical
focus is known to be poor. Using either robust least squares fitting or the RANSAC
[Fischler and Bolles, 1987] algorithm, which separates points into ‘inliers’ and ‘outliers’
and then rejects outliers, offers little to no improvement over the base algorithm
(detailed in Section 7.7), which implies it already successfully treats outliers.

7.6 Limitations of the new algorithm

If two peaks are near each other, the extra flux from the second peak in the box can
lie above the threshold in step (see above). This is not too problematic, since the
centres of mass of these pixels will still lie on the dispersion axis, and thus Pxy(x) is
not affected. However, the Pxλ(x) would be (minimally) affected if the wavelength
difference between the doublet centre of mass and the actual assigned wavelength was
below the threshold for error (if it was above the error threshold, then it would not
count). Given there are usually many more isolated peaks than paired peaks, this is
not a problem in practice.
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7.7 Results of a run

The key outputs to be understood are the two polynomial mappings, Pxy(x) and
Pxλ(x) to y-coordinate (measured in pixels) and wavelength (λ, measured in Å). As
is apparent upon examination of Figure 7.1, the dispersion axis is well-fit by a straight
line. However, the same is not necessarily true for the wavelength mapping, since the
optical set-up may incur wavelength-dependent aberrations. In this section, I provide
quantified analysis of these mappings.

7.7.1 Shape of dispersion axis

The shape of the dispersion axis on the detector is described by the Pxy(x) mapping,
relating the x-coordinate of a pixel on the dispersion axis to its corresponding y-
coordinate. Given the set of {x, y} pairs, there are many techniques for retrieving the
‘best’ estimate for the underlying relationship. ‘Best’ here is subjective, as it depends
on how the outliers are treated. Figure 7.7 details an experiment to determine the
most reliable fitting routine to use for this context. The first panel simply shows
the {x, y} pairs, and a rough estimate of a straight-line fit. The subsequent panels
in turn consider three different algorithms for this low-order polynomial fitting. The
second panel of Figure 7.7 uses a standard least-squares approach to fit first- and
second-order polynomials to the data, achieving a standard deviation of 0.31 pixels
and 0.30 pixels respectively. Since the residuals show no trend or structures in either
order, I conclude that a straight-line fit is sufficient to describe the dispersion axis.

To see if there was any improvement by treating outliers differently, I then con-
fronted the data with two further techniques of low-order polynomial fitting. The
third panel uses soft l1 loss (which measures the mean absolute difference between
the data and prediction, rather than standard least-squares), which shows no devia-
tion from the second panel, while the RANSAC algorithm here performs worse than
the second panel. This is most likely because all the outliers have been successfully
removed already by the iterations within the new calibration algorithm presented in
this chapter. I therefore selected the technique shown in the second panel to be used
to compute Pxy(x).

7.7.2 Wavelength dependence on x

The results of a typical run are shown in Figure 7.8. The top panel shows the refined
peaks, showing excellent coverage of the detector; beyond x values of around 3000,
the focus is somewhat blurry so these peaks are excluded to maximise accuracy. The
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Figure 7.7: Results of several different methods of polynomial fit to the xy-mapping.
The upper panel shows the locations of peaks used, along with a first-pass estimate
of the mapping. The second panel shows standard least-squares fitting using linear
loss. The third panel shows standard least-squares fitting with soft l1 loss, described
in the text. The third panel shows the result of using the RANSAC [Fischler and
Bolles, 1987] algorithm.
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second panel shows the first-pass linear fit to Pxλ(x), with the peaks marked. Despite
this appearing like a good fit at first glance, the standard deviation of residuals (the
discrepancy between reference wavelength and predicted wavelength (=Pxλ(x)) was
very large, at 6.3Å. I use sequentially increasing orders of this polynomial to fit the
wavelength distribution, and the results are presented in the lower panel of Figure 7.8.
The systematic error in residuals is corrected for by using a third-order (cubic) fit,
and so this is the final functional form that the new algorithm returns. This method
achieves an accuracy of below 0.15Å, as measured by the discrepancy between the
known wavelengths of ThKr emission lines and their values determined through this
approach.
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Figure 7.8: The upper panel shows the flattened spectrum with the final accepted
peaks marked. The middle panel shows a linear first-order approximation to Pxλ(x),
with matched peaks marked. Note that even with a first-order fit, the discrepancy
is minimal. The third panel shows the reduction in residuals (difference between
actual wavelength and fitted wavelength for each peak) attained by using a higher-
order polynomial to fit Pxλ(x). The standard deviations of these sets of residuals
are 6.3Å, 1.6Å and 0.12Å when using a first-, second- and third-order polynomial
respectively. There are no significant improvements beyond a cubic, so this is selected
as the final calibration polynomial, with an accuracy of 0.12Å in this case. Generally,
the algorithm achieves an accuracy of 0.15Å.
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Chapter 8

High Resolution

The Global Jet Watch observatories were originally designed to perform highly time-
resolved spectroscopy at moderate resolution. In this Chapter, I discuss the instal-
lation of a new high-resolution instrument, which is used for targeted one-off obser-
vations to supplement the main time-series data. For testing, it was installed at the
Rainbow observatory during July 2020, and will presently be permanently housed at
one of the Global Jet Watch observatories. In Section 8.1, I discuss the science case
for the new instrument, focusing on three main use-cases. Section 8.2 covers the in-
stallation of the physical apparatus, and explains how such an addition is possible. In
Section 8.3, I discuss the design of a new Python package within endeavour, which
controls the reduction of high-resolution observations, and in Section 8.4, I describe
the algorithm I developed.

8.1 The science case for high resolution

The modus operandi of the Global Jet Watch observatories and the Aquila spectro-
graphs is to produce successive sequences of time-resolved spectral data, so the bene-
fit of performing relatively sparsely time-sampled spectroscopy is the extra resolution
provided by the new instrument. The typical resolution of the spectra the Aquila
instruments at Global Jet Watch observatories were designed to have is R ∼ 4000 (in
order to give the required wavelength coverage), while the Shelyak LHires instrument
has R ∼ 20, 000. A particular requirement was to be able to significantly increase the
spectral resolution of the Hα complexes seen in the targets. This could be achieved
with this off-the-shelf spectrograph used together with a moderately priced camera
having a large enough detector to give a wavelength range of around 130Å, which
equates to nearly 6000 km s−1 at Hα. A specific wish was to be able to measure
this complex at higher spectral resolution to confirm the fidelity of the fits to the
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moderate-resolution Aquila data. This section discusses the ways that the new data
stream can benefit the Global Jet Watch ecosystem.

8.1.1 Confidence

Detailed high-resolution snapshots are useful to complement densely time-sampled
data at moderate resolution. A spectral feature of particular interest in the study
of classical novae is the Hα line, and as such it is highly instructive to consider its
evolution throughout the post-eruption development of a new system. In Chapters 10
and 11, I demonstrate how Gaussian fitting of the Hα line over time provides insights
into the dynamics of classical nova systems.

8.1.2 Curiosity / digging deeper

It is helpful to have the ability to explore different regions of the spectrum as they
emerge and develop following the eruption of a classical nova. The early absorption
line systems of classical novae around their optical maximum are complex, blended,
and varied. The addition of the LHires instrument will enable Global Jet Watch ob-
servatories to facilitate the study of such absorption systems, which can help provide
insights to the nature of classical nova ejecta.

8.1.3 Galactic Supernova

In the eventuality of a highly anticipated Galactic supernova eruption, agility and
responsiveness are key. The ability to quickly process (within minutes) and plot
high-resolution spectroscopy would enable faster adjustments to the rapidly-varying
observational parameters, and allow close inspection of specific spectral regions of
interest. A future objective for the LHires when installed at Global Jet Watch obser-
vatories is to have fully remote-controlled wavelength agility.

8.1.4 Slit-spectroscopy advantage

The Global Jet Watch has traditionally focused on Galactic targets situated out-
side the Solar System. However, the agile network of telescopes are also used for a
multitude of other purposes - education, outreach, exploration (discussed further in
Section 8.2). The new LHires instrument is a long-slit spectrograph, which means
that for certain spatially resolved targets it is possible to extract multiple spectra for
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the different physical regions of the target. Many modern spectrographs are fibre-
fed (including the Global Jet Watch Aquila ones); a single optical fibre cannot give
spatially resolved information.

8.2 Implementation

This section describes the physical deployment of the instrument, and the plan for
its imminent installation at the Global Jet Watch observatory GJW-OZ in eastern
Australia.

8.2.1 Mechanical details

The Shelyak LHires instrument is a slit spectrograph, which uses a neon lamp for
wavelength calibration arcs. It uses a ZWO ASI camera (model ASI294MM) cooled
to −15◦ C. While the slit width is selectable between several preset widths, it was set
to 23 µm for the observations presented in Chapters 10 and 11. The central wavelength
for an observation with it is tunable, and is recorded in the FITS header under the
keyword CENTWAVE.

8.2.2 Empty slot

A fundamental principle of the Global Jet Watch observatories is that they are mostly
housed in residential schools, where the pupils can use them for imaging before local
bedtime. This is made possible using an Optec Perseus 4-slot Instrument Selector
(shown in Figure 8.1) and IP switches that control the supply of DC power to all the
various devices. Section 3.3 describes how the code I wrote, gadget, is used to enable
remote control of which port the light from the telescope is directed to. The LHires
instrument will fit on the available port three of the instrument selector as shown in
Figure 8.2. And so, given the strong science case for LHires in the study of classical
novae, I suggested the addition of such an instrument to an empty slot of the 4-slot
selector. After observing a target throughout the night, and without adjusting the
telescope acquisition, it will be possible to remotely switch to the LHires instrument
to capture a detailed snapshot.

8.3 Software design

In this section, I discuss the key design principles which guided the development of a
new pipeline to reduce LHires data from Global Jet Watch observations.
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Figure 8.1: Perseus instrument selector, which can be rotated to direct the light path
from the telescope to one of four ports, upon each of which is mounted a different
instrument. This is controlled remotely, with imaging and spectroscopy configurations
available.
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Figure 8.2: LHires is a much smaller and more lightweight instrument than Aquila,
and it is manufactured to be mounted on the telescope. While flexure is more of a
problem at higher resolving power, Global Jet Watch LHires science frames are always
calibrated with an adjacent-in-time arc in order to match the flexure.
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8.3.1 PEP8

The entire LHires data pipeline is compliant with the PEP 8 guidelines for Python.
This is the style guide which, if adhered to, ensures internal consistency within a
codebase and external consistency between projects.

8.3.2 Dependency injection

Dependency injection is a programming pattern, whereby code exposes an interface
which allows dependencies to be passed into it wherever it is called from rather than
creating them. This allows for code which does not create its dependencies within
itself, but instead assumes that it will be given a dependency with a certain predefined
interface. This is particularly useful for implementing the strategy pattern, explained
below.

8.3.3 Strategy Pattern

Astronomical observations, and the accompanying calibration frames, vary consider-
ably. While a simple algorithm can often perform well over large subsets of the entire
data set, there are often idiosyncrasies of particular observations that require some
tweaking of parameters involved in the reduction process. As alluded to in the pre-
vious subsection, to allow for this eventuality, I use dependency injection so that the
main calling script can create a different algorithm controller to pass into the pipeline
for different observations. For example, Chapter 6 describes an alternative treat-
ment necessitated by science frames in the particularly faint (i.e. low signal-to-noise)
regime for the Aquila data stream. The various algorithm controllers must expose a
common interface, in this case so that the pipeline can call an extract method on
each. Crucially, the pipeline does not need to know which particular controller it is
operating on. This allows for a flexible and clearly structured approach which greatly
simplifies the pipeline.

8.3.4 Interface directly to Poirot

poirot, introduced in Section 3.6, is the code package responsible for plotting the
outputs of the data pipelines. The LHires pipeline was designed with this in mind, and
writes to a definable directory which poirot can read from. As soon as the pipeline
has completed, poirot can instantly display the high-resolution 1D output spectra.
The class representing a spectrum in poirot has a method which describes which
data stream it originated from, and the class representing a sequence of such spectra
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can instantly filter them based on this property. This agility is extremely useful,
allowing insights on sequence composition, such as the relative number of spectra from
each observatory, and instrument, as well as facilitating simple checks on wavelength
calibration, and comparison of spectra. It also makes it straightforward to apply the
same template models found to work for one data stream to others, satisfying the goal
of Section 8.1.1. The fact that the same template used for the time-sequence Aquila
data also closely fits the LHires observations represents an important orthogonal
sanity-check. A future useful test could be to compare Hα with Hβ, to separate the
hydrogen behaviour from [N ii] 6584Å emission, which is often blended with broad
Hα emission during the nebular phase of classical novae.

8.4 High-resolution algorithm

This section details the technique used to reduce data from the LHires instrument.
It detects new two-dimensional raw frames in the user-defined input repository and
writes calibrated one-dimensional spectra to the user-defined output repository. The
procedure is broken up into three main sections, which bear some resemblance (albeit
with differences in implementation) to those in the main endeavour pipeline, dis-
cussed in Chapter 4. These are: ‘identify’, to determine the wavelength calibration
using lamp arcs; ‘dispersion’, to estimate the location of the main dispersion axis;
and ‘extract’ to estimate the relative detected intensity in wavelength bins along the
spectrum.

8.4.1 Identify

The first step of the algorithm is to identify which calibration arcs should be used
for which science frame. In the case of endeavour, this represents a challenge,
because the Aquila instruments prioritise high time-sampling during the night, and
takes calibration frames during the day described in Chapter 5. However, for targeted
and sparsely time-sampled LHires spectra, the observing plan includes taking specific
calibration frames before and after each observation, rendering this issue trivial. This
is important for the LHires instrument, because there is significant flexing according
to the altitude and azimuth angles of the telescope.

Figure 8.3 shows the CCD pixel values of a typical neon lamp arc used for wave-
length calibration. The wavelengths of these strong emission lines are known from
lab measurements available from NIST [Kramida et al., 2014]. The dispersion axis
is horizontal, and variation in the vertical is a slit-spectroscopy effect giving spatial
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Figure 8.3: Spectrum of light taken from a neon arc captured with the LHires instru-
ment, with an exposure time of 10 s on 2020-07-15.

information. Section 8.5 discusses manipulating this fact to extract several spectra
from one observation.

To determine the wavelength calibration, the algorithm first selects the brightest
points in the frame, and then clusters them using the scikit-learn [Pedregosa et al.,
2011] implementation of the dbscan algorithm [Ester et al., 1996]. As depicted in
Figure 8.4, this results in a set of groups of pixel coordinates, which are separated
by wavelength. There are multiple controllers with different configurations, and the
main algorithm iterates through controllers until it finds one which gives the expected
number (and wavelength separation ratio) of clusters. The target wavelength of the
set-up is predetermined to match a science goal, in this case Hα with a wavelength of
6563Å, and this target wavelength is recorded in the metadata associated with the
observation. The algorithm knows, given the target wavelength, which neon lines to
expect given the grating and the detector information in the original FITS header,
and this is what it uses to assign a label to each of the clusters. Figure 8.4 presents
this successful identification in the legend.
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Figure 8.4: Neon data with arc emission lines identified, showing wavelengths ordered
by the number of points included in the relevant cluster.
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Figure 8.5: LHires two-dimensional spectrum of spatially unresolved science target,
classical nova YZ Reticuli. Taken on 2020-07-17 with an exposure time of 1000 s.

8.4.2 Dispersion

The algorithm now proceeds to process the science frame needing to be reduced.
Figure 8.5 represents an observation of YZ Reticuli taken using the LHires instrument
on 2020-07-17, and shown in a different colour map from the arc to avoid confusion.
This target is not spatially resolved, and as such has only limited scatter in the vertical
direction, caused by the point-spread function of the optics.

To determine the dispersion axis in an automated fashion, the algorithm simply
histograms the entire frame horizontally, shown as blue circles in Figure 8.6. There
is a sharp, narrow peak in this histogram, which the algorithm fits a Gaussian to,
shown in gold in the figure, and then passes the fitted parameters of this on to the
extraction step.

97



0 200 400 600 800 1000 1200
X pixel

0

200

400

600

800

1000

Y
 p

ix
el

Figure 8.6: Science dispersion histogram. The blue circles represent a histogram
of the data horizontally, with a sharp peak at the location of the science spectrum
needing to be extracted. A Gaussian fit to this peak is plotted in gold, showing the
automated estimation of the location of the dispersion axis.
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Figure 8.7: Science frame, with two horizontal gold markers enclosing the pixels which
are to be used by this extraction.

8.4.3 Extraction strategy

The mean and standard deviation of the Gaussian returned by the dispersion step
describe the vertical location and extent of the dispersion axis respectively. The two
gold horizontal lines in Figure 8.7 mark the set of pixels to be used for the extraction
of this particular frame. They are centred on the mean of the Gaussian depicted in
Figure 8.6, and are separated by a (configurable) multiple of standard deviations.
There are three main extraction methods currently in place for handling different
science observations, but a benefit of the strategy pattern (Section 8.3) is that it is
trivial to write a new controller with a different extraction strategy. All the strategies
start by binning along the wavelength axis, and only differ in the method of extracting
an intensity value for each bin.
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8.4.3.1 Summation method

This method is simple - sum all pixels in the bin, and use this value for the intensity
at that wavelength.

8.4.3.2 Trimmed mean method

Slightly more sophisticated than the summation method but still fast, the trimmed
mean method first divides out the flat-field from the science data for the pixels in a
bin. Then, it computes the mean of these ratios, after trimming the extremes. This
limits the weighting given to saturated pixels and low-illumination (off-axis) pixels,
as these will both increase the noise. The trimmed mean is then used as the intensity
for the bin.

8.4.3.3 Gradient method

The gradient method (repurposed from the main endeavour pipeline) takes the
pair of science and de-trended flat-field values for each pixel in each bin, and performs
robust linear regression between these two sets. The gradient of this linear relationship
then represents the best estimate of the factor by which the science frame was brighter
(or dimmer) than the flat frame. The gradient for each bin is then a measure of the
relative brightness of that bin compared to others, and as such is used as the final
value for intensity. While it is important to check that the pixel counts are in the
linear regime of pixel response, this is less likely to be an issue for most targets
compared with the main endeavour pipeline processing of Aquila data, because the
relatively higher resolution of this instrument ensures that the light is spread over
many pixels.

8.4.4 Final output

The final extracted spectrum for the example used in this Chapter is presented in
Figure 8.8, with tiny absorption lines due to the Earth’s atmosphere clearly visi-
ble. Chapter 10 contains an example of this data stream being used in practice to
supplement the Aquila campaign for YZ Reticuli.

8.5 Slit spectroscopy - a bonus

As a demonstration of the versatility of the new toy, I extracted a spectrum from
various positions along the slit from a spatially-resolved spectrum of Jupiter, aligned
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Figure 8.8: One-dimensional LHires extracted spectrum of classical nova YZ Reticuli,
showing broad structure in Hα, but also very finely structured (telluric) absorption
lines from the atmosphere of the Earth.

across its equator. The two-dimensional input image, shown in the upper panel of
Figure 8.9, shows a deviation in wavelength from top to bottom of the slit for some
lines of Jupiter, due to the differential speed caused by its rotation. It also has
some lines which do not exhibit this slope, because they arise due to the Earth’s
atmosphere, rather than at Jupiter.

The lower panel of Figure 8.9 shows the set of spectra extracted from the bottom
to the top of the slit, with those from the blue-shifted side of Jupiter (rotating towards
Earth) shown in blue, and the red-shifted side of Jupiter (rotating away from Earth)
shown in red. The telluric lines are easily identifiable as they show far less variation
in wavelength for different heights along the slit axis, although they still show drift
due to slight misalignment of the axis.

This instantaneous evidence for the rotation of Jupiter is, while not novel, quite
fun; and totally orthogonal to the usual research operation of the Global Jet Watch
observatories, but is also a useful educational tool for the host schools.
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Figure 8.9: Spectrum of Jupiter from the LHires instrument of exposure time 30 s,
showing sloped absorption lines since the relative Doppler shift of Jupiter’s absorption
lines at the top of the slit differ compared to those at the bottom. The same slope
is not apparent for the Earth’s telluric absorption lines, which remain fairly constant
over the whole slit.
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Chapter 9

Classical Nova V906 Car: Discovery
of circumbinary iron and oxygen

The work presented in this Chapter has been published as McLoughlin et al. [2020].

103



Abstract

This chapter presents time-lapse spectroscopy of a classical nova explosion
which commenced nine days after discovery. The data reveal the appear-
ance of a transient feature in Fe ii and [O i]. Different models are explored
for this feature, which is best explained by a pre-existing circumbinary disc
shock-heated following the classical nova event. This is significant because
circumbinary discs may play an important role in novae in accounting for
the transient heavy element absorption (THEA) systems, the transfer of
angular momentum, and the possible triggering of the nova event itself.



9.1 Introduction

A classical nova is an explosion on the surface of a white dwarf which is in orbit
in a close binary with a less-evolved companion. The companion is usually a main
sequence star, or a red giant. Hydrogen gas accretes from the companion onto the
surface of the white dwarf via an accretion disc (in the absence of strong magnetic
fields), until the high temperatures and pressures at the bottom of the accreted layer
on the white dwarf’s surface pass a critical threshold and nuclear fusion commences
in the hydrogen gas. This powers a very rapid thermonuclear runaway reaction, and
the resultant explosion is thought to eject a shell of hot matter, on average of mass
2× 10−4M� [Gehrz et al., 1998].

Classical nova explosions are therefore rare opportunities to study what happens
when a binary star system, consisting of a white dwarf and a donor star, undergo such
a perturbation — dynamically, thermally and chemically. Spectroscopic study of the
immediate post-explosive behaviour following a nova is a powerful tool to reveal, via
the Doppler effect, dynamical changes, and via the appearance and subsequent dis-
appearance of various emission lines, the changes that arise following nucleosynthesis
and shock heating.

In March 2018, a classical nova detonated in Carina, a circumpolar location in the
Southern Hemisphere sky very convenient for continual observation. It was discovered
by the All Sky Automated Survey for SuperNovae1 (hereafter ASASSN) and is named
V906 Car, as well as Nova Carinae 2018, and ASASSN-18fv. The Global Jet Watch
observatories followed this up spectroscopically with dense coverage (an average of
13.8 hr per nychthemeron) from days 9-20, with sparse coverage after that. Much rich
behaviour was observed giving insights into different aspects of nova evolution in the
first few weeks after explosion. This chapter focuses on remarkable transient spectral
features associated with Fe ii and [O i] lines.

As detailed in Arai et al. [2016], and described in Section 2.3, there has been
much debate surrounding the origin of multiple absorption systems in classical no-
vae. These systems were initially identified by McLaughlin [1950] as the ‘principal’
and ‘diffuse-enhanced’ absorption systems. Since then, Williams et al. [2008] has
suggested another type of absorption component, the transient heavy element ab-
sorption (THEA). They suggested that a reservoir of circumbinary gas is the origin of
the low radial velocity THEA system. Circumbinary discs around cataclysmic vari-
ables were theoretically investigated by Spruit and Taam [2001], who believe such

1http://www.astronomy.ohio-state.edu/∼assassin/



discs could be important in explaining angular momentum transfer in classical novae.
However, this chapter presents a direct observation of a circumbinary disc surround-
ing a classical nova, which in McLoughlin et al. [2020] was the first in the literature to
date, although Monnier et al. [2006] does hypothesise the existence of a circumbinary
reservoir around the recurrent nova RS Ophiuchi.

Section 9.2 describes the round-the-clock spectroscopic coverage of the nova V906
Car. In Section 9.3, I confront these data with a circumbinary disc model. In Section
9.4, I describe the context and theoretical background for interpreting our observa-
tions. Section 9.5 discusses alternative possible models including a pinwheel geometry
as reported by Tuthill et al. [2007]. Section 9.6 provides the conclusions.

9.2 Observations

The earliest detection of the nova V906 Car was at JD 2458193.8194 by the Evryscope-
South observatory, according to Corbett et al. [2018], which I subsequently refer to
as the discovery date for the system. It was independently discovered after this by
Stanek et al. [2018] using AS-ASSN2. As published in McLoughlin et al. [2020], times
are referenced as days since commencement of brightening (JD 2458193.8194). This
will be important for the timing data, which is given in this format unless indicated
otherwise. I make use of the unit mAU, for milli-Astronomical Units, as this is a
convenient length scale to discuss the orbital separations and circumbinary radii of
such a classical nova system.

9.2.1 Global Jet Watch observatories

Spectra of V906 Car spanning a wavelength range of approximately 5800Å to 8400Å
and with a spectral resolution of R∼ 4000 were observed starting from +9.514d.
These were carried out with the multi-longitude Global Jet Watch telescopes, each
of which is equipped with an Aquila spectrograph; the design and testing of these
high-throughput spectrographs are described by S. Lee et al. (in preparation).

A range of exposure times were taken throughout the observations of V906 Car
since while unsaturated Balmer Hα had high signal-to-noise in the shorter exposure
times, weaker signals in other parts of the wavelength range could be detected using
the longer exposure times. The exposure times varied as the light curve changed, as

2The paper [McLoughlin et al., 2020] refers to this nova as ASASSN-18fv, its name from the
AS-ASSN designation. In this thesis, names of the classical novae are standardised to use their
variable star designation.
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Figure 9.1: Stacked histogram showing the number of spectra taken each day per
observatory during the early days of observation. CL — Chile, OZ — east Australia,
SA — South Africa, WA — Western Australia.
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Table 9.1: List of exposure times for observations of V906 Car, in decreasing order of
number of observations, as of 2020-02-04. The exposure times were chosen to suit the
instantaneous brightness of the target, for example some exposure times are short to
avoid saturating the H-α line, while other exposure times allowed this line to saturate
while getting good signal-to-noise on the other emission lines.

Exposure time (s) Number of spectra
100 1370
300 1194
200 217
150 140
10 110
60 64
250 52
60 64
3 29

3000 6
1000 3

classical novae change luminosity by several orders of magnitude. A detailed break-
down of exposure times is provided in Table 9.1.

9.2.2 Epochs of observations

Figure 9.1 is a histogram of the number of spectroscopic observations captured, binned
daily for the first eleven days of observations. The different colours represent the
different observatories. What is notable about this data set is that it contains an
unbroken run of over 100 spectra per night during the fastest evolving part of the
light curve (made available by the American Association of Variable Star Observers,
or AAVSO3 and shown in Figure 9.3). Furthermore, the first three days have over
300 spectra each. There is a cumulative exposure time of 22.5 h for the first 24 h

of the observation set. This is made possible because the telescopes are separated
in longitude around the Earth. In total 3256 spectra were taken up to 2018 Sep 30,
extending over a time span of six months since the detonation. Investigations of other
spectral features and their evolution are presented in Chapter 11.

3aavso.org
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Figure 9.2: A single spectrum of exposure time 150 s observed at the GJW-CL ob-
servatory at +17.905 d, showing the characteristic signatures of the disc feature, at a
number of different wavelengths (identified as four different Fe ii transitions at 5991Å,
6432Å, 6456Å, 6516Å, and the forbidden [O i] 6300Å transition) indicated in Fig 9.3.

9.2.3 Spectral features

Figure 9.3 presents a spectral feature, somewhat in the shape of the silhouette of a
capital letter ‘M’ with sloping outer edges, noticed in several of the spectra while
investigating other aspects of the evolving nova. The feature is most prominent from
+13.5 d to +20 d, shown by the central column in Figure 9.3. Its origins can be
traced as early as +13.1 d (top left panel), while hints of this structure remain until
+50d (bottom right panel), but it does not constitute a detection at these extremes
of times, as the signal-to-noise is too low. Each of five different colours represents
an overlaid spectral feature corresponding to a different rest wavelength of an Fe ii

or [O i] line. There is no evidence for any spectral shape resembling this feature in
either Hα or He. It is remarkable that the sloping outer boundaries of this feature
overlay one another with such good agreement for each of the five lines. The modal
velocities4 correspond to the velocities of the outermost particles in a disc, per Elitzur
et al. [2012]. This signal is consistent with the nova having very low (< 50 km s−1)
systemic velocity. This is corroborated by the pre-maximum spectra, which show

4The modal velocity is the Doppler-shifted velocity at which the spectrum has the most counts.
This is used in preference over e.g. ‘peak’ velocity, because that would instead imply the highest
speed.
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Figure 9.3: The central column shows a clear sloping M-shaped spectral feature in
four lines of Fe ii and one line of [O i]. Spectra taken at nine different epochs, shown
in velocity space taking the rest wavelength of each line as zero radial velocity. The
rightmost panel shows the AAVSO light curve, with time increasing up the page, and
magnitude, hence faintness, increasing to the right. The observation times are shown
superimposed on the light curve as horizontal green, peach and lilac lines. There is
at best a marginal detection at +13.1 d — the Fe ii and [O i] signatures emerge from
+13.9 d, and last until +19.8 d. At each epoch, seven spectra taken within minutes
of each other are superimposed to demonstrate that these are a persistent signal with
common outer boundaries in velocity space, not just spectral noise.

narrow absorption lines with Doppler shifts roughly ∆λ < 1Å relative to the rest
wavelengths, within the spectral resolution.

There is no significant change in the velocity width of the spectral features shown
in Figure 9.3. I discuss the implications of this observation in Section 9.3.1 below.

9.2.4 Iron and Oxygen disc detection

Transient disc-like emission profiles appear at five different central wavelengths across
our spectra, highlighted in bold in Figures 9.2 and 9.4. It is clear from Figure 9.3 that
aligning the profiles on rest wavelengths of known Fe ii emission lines (5991Å, 6432Å,
6456Å, 6516Å) and the 6300Å [O I] line gives remarkable concordance in the velocity
profiles at +17.8 d. The modal Doppler shift velocity, most naturally interpreted as
the rotational velocity at the outer edge of a disc, is measured at −266 km s−1 for the

110



blue wing, and 254 km s−1 for the red wing. The M-shaped profile is unambiguously
present from +13.9 d to +19.8 d, with marginal hints outside this time range.

9.2.5 Profile variations

For each epoch shown in Figure 9.3, six spectra taken within minutes of each other
are superimposed, to demonstrate that this is a persistent signal, not simply spectral
noise. While all these lines show the overall M-shaped profile, there is some varia-
tion between the profiles of different spectral lines within each epoch. I investigated
whether telluric absorption lines had affected some of the Fe ii and [O i] profiles, and
established that while there is some overlap with such lines, they were too narrow
and weak to significantly alter the profiles in our spectra.

There is a notable deviation from the clear M-shape seen in Figure 9.3 at early
times in the 6432Å line (yellow, left column), and at later times the 6456Å line
(green, middle column). For each of these two cases, the reduced emission relative
to the other lines is limited to the blue-shifted peak. The discrepancy itself evolves
with time, disappearing for some of the spectra and returning later in others, which
suggests that a real physical evolution is unfolding.

9.3 Interpretation

9.3.1 Spectral shape

The double-peaked spectral features (showing such structure for many Fe ii lines and
for the forbidden [O i] line (very different transitions) with such similar boundaries
in velocity) are naturally interpreted as rotating gas, as evinced by Fig 9.5. I fit this
model to the Global Jet Watch data in Section 9.3.2. Other possible interpretations
are discussed in detail in Section 9.5, although rotating gas best fits the data.

9.3.2 Disc model and fitting

Following Elitzur et al. [2012], I model the nova as having a kinematically double-
peaked Keplerian ring. This simple model considers a flat disc viewed edge-on, with
all particles on Keplerian orbits. Constant density is assumed throughout the ring for
simplicity. The double-peaks arise naturally from the geometry; considering contours
of constant line-of-sight velocity, the longest such contours correspond to the modal
velocities; the peaks of the spectral signature. The contour of zero radial velocity
is caused by material moving perpendicular to the line-of-sight. This (straight-line)
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Figure 9.4: Three example spectra taken at +13.123 d (dark blue), +14.963 d (red),
+17.962 d (light blue). The three panels clockwise from top left show the full spectra,
a close-up of the Hα complex, and the full spectra cropped to show the spectral
features other than Hα. The bold segments of these spectra are the same sections as
those shown in bold in Figure 9.3.
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Table 9.2: Fitting constraints for the uniform disc model using integration over disc
area. Note that the mass and outer radius parameters are combined into one free
parameter for the fit, since M/r is degenerate in this Keplerian model.

Lower bound Upper bound
Kepler Mass 0.5M� 3 M�
Outer Radius. 0.1mAU 104AU
Radius ratio 0 1
vrot/vthermal 0 20

Table 9.3: Fitted parameters for the uniform disc model using integration over disc
area. Since total enclosed mass and radius are degenerate in this model, the values
are presented assuming the mass is Mtot = 1M�

Parameter Fitted value
Inner Radius [0.017± 0.001]mAU
Outer Radius [14.7± 0.1]mAU
vrot/vthermal 5.1± 0.1
Outer Velocity [244± 5] km s−1

contour is shorter than those for higher absolute Doppler shifts (curved), explaining
the dip between the peaks.

I fitted this model to the Global Jet Watch data as shown in Figure 9.5, using
three free parameters: (i) total Keplerian central mass / radius of emissive mate-
rial (Mtot/rdisc) (ii) radius ratio of disc (rin/rout) (iii) characteristic velocity ratio
(vrot/vthermal). Table 9.2 details the upper and lower bounds used. The mass bounds
were designed to incorporate the full range of what could be expected for this sys-
tem. Considering that the likely mass range for the white dwarf in a classical nova
system is at least restricted within 0.6M� to MCH = 1.4M� (the Chandrasekhar
limit)[Shara et al., 2018], the combined mass of the two stars is most likely contained
within the interval 0.5M� < Mtot < 3M�. The ratio of inner/outer radius of the
orbiting material was allowed to vary from zero (a disc), to unity (a vanishingly thin
ring). The relative velocity scale was allowed to range from 0 to 20, as per Elitzur
et al. [2012].

The results of the fitting are in Table 9.3. I utilised an MCMC fitting procedure
based on the emcee python package [Foreman-Mackey et al., 2013]. Since the mass
and outer radius are degenerate, the system parameters derived from the combined
mass/outer radius free parameter are listed for the case of the inner binary having
Mtot = M�.
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Figure 9.5: The bins are 0.3Å wide, or 14 km s−1 at this wavelength. The left panel
shows the best fit profile for a rotating Keplerian disc with uniform surface density,
viewed edge-on, as a function of line-of-sight velocity. Data are taken from the 6516Å
Fe ii line signal, taken at +13.928 d at the GJW-CL observatory in Chile, indicated
on the light curve with a horizontal line. The vertical lines indicate the velocity of
the fit at the outer edge of the disc.

114



9.4 Circumbinary discs

9.4.1 Theoretical predictions

Covered in greater detail in Section 2.4, the n-body, test particle, 3D simulations of
Doolin and Blundell [2011] showed that there are three families of remarkably stable
circumbinary orbits around binary star systems throughout eccentricity/mass ratio
parameter space.

The distance from the binary centre of mass to the innermost stable radius for
test particle orbits has been studied numerically and analytically [Szebehely, 1980,
Holman and Wiegert, 1999]. It is given as rc ≈ f(q)aB = f(q)r(1 + q) where aB is
the binary separation, q is the mass ratio of the two stars m/M , and r is the orbital
radius of the less massive component. f(0.1) = 2 and f(0.3) ≈ 2.3.

9.4.2 Significance of timing

As shown in Figure 9.3, the M-shaped signal becomes clear by +13.9 d. The signal
then fades into noise after a week, with very little trace of the detailed shape remaining
after +19.8 d. Taking the speed of sound in the intervening medium between the
explosion and a hypothetical circumbinary disc to be 1 km s−1, and the circumbinary
radius to be two times bigger than the semimajor axis and approximately 10mAU,
the time for a shockwave to reach a circumbinary disc would be around 17 d. This is
the same ballpark time that it takes for the signal in these observations to appear.

What might determine the switch-off time? The signal appears to melt away
∼10 days after appearing, which could be due to cooling of the shock-heated circumbi-
nary disc. Under this interpretation, a shockwave travels radially outwards from the
initial event for 14 days covering the distance to the inner edge of the circumbi-
nary disc (estimated to be at ∼ 10mAU), then arrives at the disc and shock-heats it,
rapidly causing emission in a profile that informs us of the underlying pre-existing
circumbinary disc geometry at +13.9 d. This recently heated disc is visible clearly for
a week, but loses energy through radiation, and cools, which we observe as the disc
signal growing fainter and fainter over the following week (from +19.8 d to +27 d).
Crucially, in any alternative model involving a sustained wind or ejection, it isn’t
trivial to conjure up a reason for the ejection to turn off in a week-long decay.

There is also an observed change in dynamics over the week of strong signal. Close
inspection of the spectrum at +17.8 d in Figure 9.3 reveals that the left peak is in
fact dynamically split at this epoch. The 6516Å and 6456Å lines at +13.9 d show no
sign of such splitting, but this develops in the next four days. Under the shock-heated
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circumbinary rotating disc interpretation, it is reasonable that the shock disrupts the
equilibrium and introduces dynamical changes as it spreads outwards through the
gas.

9.4.3 Significance of chemistry

The observations of the disc signature are identified as being Fe ii and [O i] ions, and
this structure is not observed in H or He . Whatever the mechanism for establishing
a circumbinary body of gas, if the gas were formed of recent ejecta then we would
expect to see the M-shaped profile in hydrogen and helium spectral lines (Hα 6563Å,
He 7065Å, He 5876Å). I therefore speculate that the signal is dominated by relatively
heavy species because lighter particles do not remain in these orbits for long times. It
is possible that, much like the Jeans escape mechanism for the atmospheres of planets,
the lighter elements pick up enough kinetic energy given the temperature (via the
equipartition theorem) to cease to be bound in the circumbinary disc. On the other
hand, for the heavier elements, particles have less speed for the same temperature,
and do not reach the required escape velocity. The notable absence of M-shaped
profiles in our spectra from hydrogen or helium lines corroborates the conjecture that
this circumbinary system pre-existed the recent explosion.

9.4.4 Circumbinary discs in classical novae

A longstanding problem in this field is the so-called “white dwarf mass problem",
detailed in Zorotovic and Schreiber [2019]. The fundamental issue is a discrepancy
whereby the theoretical model predictions of white dwarf masses consistently un-
derestimate the mean observed value in well-determined spectroscopic binaries of
MWD = 0.83M�. Consequential angular momentum loss, or angular momentum loss
additional to gravitational radiation and magnetic braking, is necessary to resolve
the discrepancy [Schreiber et al., 2016, Liu and Li, 2018]. One such mode of angular
momentum transfer from the inner binary could be provided by a circumbinary disc.

Spruit and Taam [2001] sets out the theory behind circumbinary discs surrounding
cataclysmic variables. They argue that cataclysmic variables have a high variance
in the mass-transfer rate Ṁ given the small variation in white dwarf masses. A
circumbinary disc applies a tidal torque to the secondary star undergoing Roche
lobe overflow, increasing both angular momentum transfer and Ṁ . They show that
if only a small fraction from 10−4 to 10−3 of the total Ṁ lost from the secondary
is trapped in a circumbinary disc, this disc will become massive enough on short
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enough timescales to influence the mass transfer. Furthermore, as this is a positive
feedback mechanism, it can continue to accelerate mass transfer, which could act as
the “trigger” for a cataclysmic event such as a classical nova. It is interesting in this
regard that a circumbinary disc whose existence is posited on the basis of Fig 9.5
could explain the mass problem and could act as a trigger for the nova eruption.

9.4.5 Kepler argument for disc being circumbinary

This section aims to compare the detected rotation speed of the disc signal with an
estimate of the rotational speed of the secondary star. If the disc signal is orbiting at
a slower speed than the secondary then we can conclude that the disc is orbiting at
a larger radius and is therefore external to the inner binary, given the total central
mass for these (assumed Keplerian) orbits is the same in both cases.

Consider the two-body problem in a circularised Keplerian system with a white
dwarf, MWD, and a lower mass companion, M2 < MWD. Defining the mass-ratio by
q = M2/MWD, the speed of the secondary is bounded by
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·
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4π2
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) 1
3
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·
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) 1
3

. (9.2)

The total binary mass then satifies M� < Mtot < 2MCh, since the companion
cannot in this paradigm be more massive than the WD, and the WD itself cannot be
more massive than the Chandrasekhar limit MCh. I take the orbital period 81 min <

P < 6 h, where the limits come from population studies of novae [Kolb and Baraffe,
1999, Fuentes-Morales et al., 2021]. Setting the mass ratio lower limit at q ≥ 0.1 gives
v2,min = 343 km s−1, which is comfortably larger than the observed 260 km s−1 rotation
speed of the disc in V906 Car, for inclination angles θ < 60◦. The upper bound is
given by v2,max = 783 km s−1, which is significantly larger than the detected signal.
Assuming moderately low inclination angles, this is evidence that the detected disc
is at a larger orbital radius from the inner binary centre of mass than the secondary
is — in other words, it is a circumbinary disc.

The profile of the first strong detection of this feature in the 6516Å Fe ii line
gave the outer radius as rout = 14.7mAU. Assuming a Keplerian inner binary, with
canonical total mass M = 1.5M�, and a typical orbital period from Townsley and
Bildsten [2005] for a classical nova of P = 4 hr, gives a semi-major axis a = 5.9mAU
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for the inner binary, in the absence of any certain evidence of eccentricity. This puts
the outer radius of rout = 14.7mAU outside the binary. Crucially, rout > 2×a, which
puts it in the regime of stable circumbinary orbits [Doolin and Blundell, 2011].

9.4.6 Low-density hot gas

The same disc spectral signature detected in the Fe ii lines is detected in the 6300Å
[O I] line. This is evidence that its origin is in a low-density region. It is also hot (with
a temperature in excess of 105K), as evinced by the appearance of ionised Fe ii which
has an ionisation potential of 16.2 eV. This is naturally explained in a model in which
it is a diffuse and expansive circumbinary disc which has just been shock-heated by
a blastwave emanating from the recent explosion, causing it to emit.

9.5 Possible alternative models

There are a priori four mechanisms for rotation in a binary system: (i) the underlying
binary orbit, (ii) spin of one of the stellar components, (iii) rotation of gas within the
accretion disc and (iv) rotation of gas in a family of circumbinary orbits far outside
of the binary. The observed spectral system appears too late after the brightening to
be readily explained by any of (i) to (iii). If the spectral signature were evidence of
an accretion disc, it should have been seen within the first day after the first flaring
episode, and the same argument applies to (ii) and (iii). The speeds are also lower
than what would be expected if they derived from inner binary activity — as detailed
in Section 9.4.5.

9.5.1 Bipolar outflow model

If this were a bipolar outflow, it should be apparent in Hα. It would also be expected
to be on the order of ∼ 1000 km s−1 (not a few hundred) as per Harvey et al. [2018] and
McLoughlin et al. [2021a]. Also, if it were a bipolar outflow into a decreasing density
profile, you would expect it to widen in velocity space. This is an oddly transient
feature, appearing at +13.9 d and lasting only until +19.8 d — although long-lasting
bipolar phenomena such as those described in Chapters 10 and 11 are common in
classical novae, transient bipolar outflows have not been observed previously and
there is no reason to invoke them here.
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9.5.2 Pinwheel model

I now consider the merits of a pinwheel model compared to the circumbinary disc
model. In this model, instead of a reservoir of orbiting circumbinary material, some
of the secondary star’s wind escapes in a powerful stream of gas launched radially
outward from the primary, funneled through the unstable L2 Lagrange point. As the
inner binary rotates, so does this outward beam, resulting in a spiral/pinwheel shape
[Tuthill et al., 2007]. I present a toy model in which the system launches blobs of
matter in a pinwheel, and the intensity contribution of each expanding blob decreases.
Simulated spectra generated via this model show the characteristic double peaks that
we observe in V906 Car.

Let us first consider the timing data, per Section 9.4.2. The M-shaped signal
in these observations commences abruptly at +13.9 d, lasting with clear signal for
approximately one week before fading into the low signal-to-noise regime. This is
naturally explained by the pre-existing circumbinary disc model, as explained in Sec-
tion 9.4.2. In the pinwheel model however, there is no natural geometric reason why
the gas blown off the secondary would only light up two weeks after the initial peak
of luminosity. Moreover, it is not clear why, having been established, the pinwheel
would turn off after seven days.

The second piece of evidence is the chemistry, detailed in Section 9.4.3. These
observations show M-shaped profiles clearly for Fe ii and [O i], but not for either
Hα or He. For the circumbinary disc model, since we are seeing a stable orbiting
structure, formed prior to the most recent outburst event, there has been sufficient
time for the lighter elements to have escaped. This is similar to the Jeans escape
mechanism whereby the kinetic energy of lighter gases causes them to be unbound,
and they leave a planet’s atmosphere. The pinwheel model allows no time (or reason)
to lose the inevitable H and He, in disagreement with our observations.

The third piece of evidence is the spectral shape itself. In Figure 9.5, the drop-off
edge at speeds higher than the peak intensity is slanting, rather than being a vertical
immediate drop-off. The disc model predicts this naturally, since there is matter
closer to the centre which orbits faster than the modal velocity. Under the pinwheel
model, fluid parcels are launched with a sinusoidally varying line-of-sight velocity,
such that any bolus launched parallel to our line of sight has the maximum perceived
speed. To fit the observations at higher speeds than the peak speed, one would need
to invoke that the pinwheel engine is launching matter at a variety of speeds. This
assumption is not required by the circumbinary disc model.
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There is spectral profile asymmetry in some of the spectral shapes shown in Figure
9.3 which is not explained by a purely axisymmetric circumbinary disc. However,
the simulations of Doolin and Blundell [2011] contend that the stability of many
circumbinary orbits comes at the expense of those orbits precessing (this is especially
the case for inner binaries having mass ratios that differ from unity or that have
significant eccentricity). Precession would act to tilt parts of the circumbinary disc in
and out of the direct line-of-sight, readily explaining the asymmetric spectral profiles.

Occam’s razor favours the circumbinary disc. Circumbinary orbits have been
shown to be very stable (under certain conditions, satisfied by V906 Car) by Doolin
and Blundell [2011], and what is stable and possible must be expected to occur in
nature. There are many examples of circumbinary orbits, including Be star HR 2142
[Peters et al., 2016], SS433 [Blundell et al., 2008, Perez and Blundell, 2010], and 99
Herculis [Kennedy et al., 2012]. While there exist elegant manifestations of pinwheel
features in nature, for example in a few Wolf-Rayet stars [Tuthill et al., 2007], a
pinwheel model is neither warranted by our data, nor consistent with it.

9.5.3 Outflowing disc model

Could the M-shaped profiles be caused by an outflowing disc as opposed to a rotating
disc? I argue that the fundamental spectral shape, as discussed for the pinwheel
model in Section 9.5.2, cannot match the observations. Demonstrated in Section
9.5.4, the edge ascent is vertical for an outflowing disc model, while only the rotating
disc model can account for the steady decrease in flux at higher radial speeds than
the modal speed. Despite this, it is possible that the rotating disc is also expanding
radially outwards with a similar speed to the rotation. The shock arriving at the
circumbinary disc heats it up, and it is possible that it also accelerates it. Any
expanding disc is nonetheless likely to be circumbinary pre-existing material because
of the timing reasons detailed in Section 9.4.2.

9.5.4 Spectral comparison of models

I have presented four models to explain this spectral feature. The bipolar outflow
model is ruled out because it predicts much greater speeds than observed, together
with its manifestation in H and He. Figure 9.6 shows a comparison between the spec-
tral shape determined through the remaining three models — rotating disc, pinwheel
and expanding disc. Due to geometric considerations, only the rotating disc model
predicts a sloping drop-off beyond the peaks. Conversely, the pinwheel and expanding
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Figure 9.6: Data, left, compared to three models - rotating disc, pinwheel, and ex-
panding disc. Spectral feature from the 6516Å Fe ii line signal, taken at +13.928d at
the GJW-CL observatory.

disc models are characterised by a sharp cut-off at higher velocities. Convolving even
with 45 km s−1 is insufficient to obtain qualitative agreement. Even if only lower-
resolution observations were available, the pinwheel and expanding disc models could
not satisfactorily explain the observed switch-on and switch-off timescales. In addi-
tion, the rotating disc best reproduces the width of the peaks and is therefore the
favoured model.

9.6 Conclusions

I have presented observations of Fe ii and [O i] emission features in time-resolved spec-
troscopy of V906 Car. Its consistency with being a circumbinary disc was demon-
strated through fitting a model to the spectral shape. The possibility that the signa-
ture is in fact related to two jets was rejected due to the non-detection of this feature
in Hα and He . The rotating circumbinary disc model fits the data better than a
pinwheel scenario and two other models. I have presented three separate strands of
evidence — timing data, chemistry, and spectral shape. I provided a simple orbital
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mechanics argument which gives a strong indication that this disc is in fact circumbi-
nary. The theoretical reasons why circumbinary discs may have a large role to play
in explaining the white dwarf mass problem in close binary evolution for the classical
nova scenario were noted. Hence I conclude that the M-shaped profile signal rotation
most likely arises from circumbinary gas.

To establish the prevalence of circumbinary discs in novae is challenging, because
the signal is even shorter-lived than the nova event itself. Both nova evolution stud-
ies in general, and investigations of their putative circumbinary discs in particular,
necessitate sustained highly time-resolved spectroscopic observations.
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Chapter 10

The precessing jets of classical nova
YZ Reticuli

The work presented in this Chapter has been published as McLoughlin et al. [2021a].
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Abstract

The classical nova YZ Reticuli was discovered in July 2020. Shortly
after this the Global Jet Watch observatories commenced a sustained,
highly time-sampled coverage of its subsequent rapid evolution with time-
resolved spectroscopy. Its H-alpha complex exhibited qualitatively differ-
ent spectral signatures in the following weeks and months. These H-alpha
complexes are found to be well described by the same five Gaussian emis-
sion components throughout the six months following eruption. These
five components appear to constitute two pairs of lines, from jet outflows
and an accretion disc, together with an additional central component.
The correlated, symmetric patterns that these jet/accretion disc pairs ex-
hibit suggest precession, probably in response to the large perturbation
caused by the nova eruption. The jet and accretion disc signatures persist
from the first ten days after brightening – evidence that the accretion disc
survived the disruption. I compare another classical nova (V6568 Sgr)
that erupted in July 2020 whose H-alpha complex can be described anal-
ogously, but with faster line-of-sight jet speeds exceeding 4000 km/s, and
suggest that classical novae with higher mass white dwarfs bridge the gap
between recurrent novae and classical novae such as YZ Reticuli.



10.1 Introduction

When classical novae erupt, their optical luminosities increase dramatically and rapid
spectral changes are observed which are exemplified in their evolving Balmer Hα com-
plexes. Changes occur on rapid and varied timescales ranging from hours to weeks.
One such classical nova, YZ Reticuli, underwent an outburst in July 2020 and the
Global Jet Watch observatories implemented a sustained, time-resolved, spectroscopic
follow-up programme, monitoring it extensively throughout the first few months after
it was discovered. This revealed properties of key dynamical components that drive
its observed evolution. YZ Reticuli constitutes a particularly convenient example of
a very energetic classical nova, having broad emission lines (FWHM ∼ 3000 km s−1).
The high speeds in this classical nova make it possible to discern distinctly resolved
components: I reduce the dimensionality of the data by fitting composite models of
multiple Gaussians to the Hα profile. This reveals that much of the dramatic spectral
behaviour can be explained by simple changes to these underlying components giving
insights into the underlying dynamical story.

Section 10.2 briefly recaps the instrumentation and describes the observations
this chapter is based upon. The methodology is presented in Section 10.3, and the
results of the fits in Section 10.4. Section 10.5 suggests a physical interpretation for
YZ Reticuli comprising a prominent and precessing accretion disc, and jets, in the
aftermath of the nova event. Section 10.6 then confronts this model for YZ Reticuli
with data from another classical nova, V6568 Sgr, which also erupted in July 2020.
The conclusions are presented in Section 10.7.

10.1.1 Ejecta of classical novae

It is widely agreed that many classical nova eruptions eject roughly spherical shells,
which move at slow speeds of up to (∼ 1000 km s−1). The evidence for this includes
remnant shells of past novae [Krautter et al., 2002, Santamaría et al., 2020], and
the near-universally observed absorption lines in the early spectra around maximum
and immediately following it. These absorption lines often show slow and fast com-
ponents, known as the principal and diffuse systems respectively [McLaughlin, 1942,
Williams, 1992], and are linked to a slow, equatorial outflow and a faster polar outflow
respectively. In some novae, these flows are thought to collide [Williams and Mason,
2010], causing shocks. Recent multi-wavelength studies have shown correlations be-
tween gamma-ray detections interpreted as shocks between the various ejecta, and
changes in the light curve [Aydi et al., 2020a]. Slavin et al. [1995] present evidence



that in addition to ellipsoidal shells, long tails of emission can appear. A popular idea
is that in addition to an initially approximately spherical slowly-ejected shell, there
is a significantly faster outflow along the polar axes which can disrupt the shell; this
picture is clearly supported in the case of DQ Her in figure 3 of Toalá et al. [2020].

10.1.2 Jets and accretion discs in novae

The launch of jets in astrophysical systems undergoing accretion is widely accepted.
However, typical cataclysmic variable systems have been thought to be accreting at
too low a rate to launch jets according to established disc theory. Classical novae
could therefore present an important window on the emergence and survival of the
jet phenomenon, because they have recently undergone disruptive eruption and as-
sociated enhanced accretion, which under favourable circumstances may put these
systems over the threshold for the jet-launching mechanism to be triggered [Lasota
and Soker, 2005].

There have been theoretical predictions and suggested observations of jets in clas-
sical novae: Retter [2004] discusses the theoretical viability of jets, using the V1494
Aql eruption in 1999 [Iijima and Esenoglu, 2003] as an example. Csák et al. [2005]
find that there is evidence in favour of a link between the transition phase in novae
and the establishing of an accretion disc. Kawabata et al. [2006] show jet-like winds in
V475 Scuti, a moderately fast but otherwise unremarkable classical nova that erupted
in 2003. They used Okayama Astrophysical Observatory spectropolarimetry to show
that the nova had blue- and red-shifted winds with a constant position angle of linear
polarisation in their polarised flux spectrum.

In V5668 Sgr, Harvey et al. [2018] presents a jet-like biconical outflow as an
explanation for the profiles of [O iii], although their model-dependent fits do not
capture the asymmetry fully (see their figures 7 & 8). Ribeiro et al. [2013] present
modelling of a fast bipolar outflow based on their fits to emission line structures.
Chapter 11 contains results from the following paper in this series (McLoughlin et
al, submitted), which presents V5668 Sgr in the context of the model set out in this
chapter.

There is also evidence of jets in recurrent novae. Sokoloski et al. [2008] present
direct evidence of highly collimated outflows and lobes in radio images of recurrent
nova RS Oph during its 2006 eruption, captured by the VLBA with milli-arcsecond
resolution. These lobes were found to be moving across the sky with proper motions
implying underlying jet launch speeds of a few thousand km s−1. Figure 5 of Taylor
et al. [1989] shows a radio map of the object, with clearly aspherical lobes apparent
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within the first few months of the 1985 outburst. Rupen et al. [2008] observed syn-
chrotron jets with the VLBA, noting that this implies emission is occurring far from
the central source. This has important consequences, as it implies that fast jets may
extend beyond the inner system long before the photosphere fully recedes. Skopal
[2015] presents spectra of the Hα complex of recurrent nova RS Oph, and their figure
3 shows these are qualitatively similar to what is seen here in the classical nova YZ
Reticuli, although they do not present any fitting analysis or decomposition of the
complex.

Darnley et al. [2017] discuss the jets in the recurrent nova M31N 2008-12a, which
contains a white dwarf near the Chandrasekhar limit, and thus accretes at a high
rate, hence enabling the very rapidly (yearly or more frequently) recurring eruptions.
They found broad shoulders around Hα (offset from line centre by about 4800 km s−1

and about 5900 km s−1) and attributed these to fast bipolar outflow — intriguingly
faster than the jets that might be expected from a lower mass white dwarf such as
those in classical nova systems.

V1721 Aquilae, a very fast classical nova (according the the Payne-Gaposchkin
scheme set out in Section 2.3), within three days of discovery was found to host an
accretion disc that was either re-established fast, or was indeed never fully disrupted
[Hounsell et al., 2011]. It seems probable then, that there exist generalised jet-like
outflows in erupting nova systems, with faster and more collimated jets occurring in
recurrent systems containing white dwarfs that are more massive, through very fast
novae such as V1721 Aquilae with moderate jets, to more typical classical novae, such
as the one for which evidence is presented in this chapter.

10.1.3 Classical nova YZ Reticuli

YZ Reticuli was discovered by Robert H. McNaught (Coonabarabran, NSW, Aus-
tralia) at magnitude 5.3 on 2020 July 15.590 UT (CBET 4811). It is also identified
as Nova Reticuli 2020, and MGAB-V207, with Right Ascension of 03 58 29.55 and
Declination −54 46 41.2 (J2000). There is a light curve from the All Sky Automated
Survey for SuperNovae (hereafter ASAS-SN) for this object which first shows evidence
of brightening at 2020-07-08.17081, or JD 2459038.67081, and this is the epoch taken
as the zero point. For the rest of this chapter, I use the convention that +10 d should
be interpreted as 10 days after this zero point. There is a four-day gap in the ASAS-
SN observations (magnitude 15 at 2020-07-04.18, magnitude 6 at 2020-07-08.17), so it
cannot be precluded that it could have started brightening as early as 2020-07-04.18
[Aydi, 2020a].
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Figure 10.1 shows the AAVSO1 light curve of YZ Reticuli for the 125 days following
eruption. The decline time of this classical nova is t2 = 15days. YZ Reticuli exhibits
a plateau-type light curve [Strope et al., 2010] between approximately +30 d and
+60 d, which may relate to the plateau in the light curve of classical nova V407 Cyg,
interpreted by Hachisu and Kato [2012] as a surviving accretion disc emerging out of
the receding photosphere.

YZ Reticuli was detected in gamma-rays between 2020-07-10 and 2020-07-15 by
Fermi-LAT [Kwan-Lok, 2020]. [Sokolovsky, 2020] detected it in X-rays using NuS-
TAR, and found evidence for non-solar abundances of N , O and/or Fe , in 67 ks of
total exposure commencing 2020-07-17.98. A light curve is available from ASAS-SN2

for the 2000 days preceding eruption. The quiescent brightness was around 16 magni-
tudes. I did not detect periodicities in the nova’s quiescent luminosity in that data set
despite using the CLEAN algorithm together with deconvolution following Roberts
et al. [1987].

Songpeng [2020a] notes that the X-ray luminosity of YZ Reticuli is significantly
lower than expected, which hints at the existence of a spatially extended accretion
disc which may be obscuring a significant portion of the hot surface of the white
dwarf. Coronal line emission is reported by Songpeng [2020b], who also comment
on the absence of dust and on the appearance of double-peaked profiles with deep
troughs at the centre that are explored in Section 10.5.3. This X-ray phase, deemed by
Sokolovsky et al. [2020a] to be the super-soft phase, commenced at +58 d, indicating
the epoch by which the photosphere has receded enough to see hydrogen burning on
the surface of the white dwarf.

This classical nova is in the GAIA DR2 catalogue [Prusti et al., 2016, Brown
et al., 2018] (source identification number: #4731746232846281344), with a recorded
parallax of [0.3781 ± 0.038]mas, giving a distance of 2.7 +0.4

−0.3 kpc [Bailer-Jones et al.,
2018]. As it was not previously classified as a variable star, it does not have a GAIA
light curve.

10.1.4 Classical nova V6568 Sgr

Classical nova V6568 Sgr, also known as Nova Sagittarii 2020 #3, or PNV J17580848-
300537, was discovered at magnitude 9.9 by Shigehisa Fujikawa on 2020 July 16.51939
UT (JD 2459047.01939). V6568 Sgr has Right Ascension 17 58 08.48 and Declination

1aavso.org
2https://asas-sn.osu.edu/light_curves/ee130388-139d-4f3a-ab8a-7427a7545e21
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Figure 10.1: The AAVSO light curve of YZ Reticuli ranging from magnitude 4.5 to
10.1 in the visible band over the first 125 days since discovery.

−30 05 37.6 (J2000). It was classified as a classical nova by Aydi [2020b] using high-
resolution optical spectroscopy from the Southern African Large Telescope (SALT).

10.2 Observations

This chapter focuses on a sequence of observations of YZ Reticuli from +8.29 d to
+160 d predominantly from the Aquila spectrographs in the Global Jet Watch obser-
vatories but supplemented by some LHires spectra at the Rainbow Observatory (IAU
#430) (reduced using the methodology presented in Chapter 8). A discussion of the
comparison between the data from the different instruments is provided in Section
10.3.3. The cumulative exposure time on this target at the time of publication was
3.1weeks, across a range of different exposure times which lengthened as the classical
nova declined in brightness. Some spectra were intentionally saturated in Hα so as
to enhance the signal-to-noise in the less intense parts of the spectrum, and these
spectra are used in the analysis of weaker lines.

10.2.1 Global Jet Watch observatories

The Global Jet Watch3 observatories are a network of five telescopes distributed
in longitude (South Africa [GJW-SA], Chile [GJW- CL], east Australia [GJW-OZ],
Western Australia [GJW-WA], India [GJW-IN]), described in Blundell et al (in prep),

3www.GlobalJetWatch.net
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and in Chapter 3. This configuration allows for sustained observations of an astro-
physical target while the Earth rotates. Each observatory contains a Ritchey-Cretien
carbon fibre telescope having a 0.5m-diameter primary mirror, and a fibre-fed spec-
trograph known as Aquila (Lee et al, in prep).

10.2.2 Aquila spectroscopy

The predominant data product used in this chapter is a set of 5129 optical spectra
captured by the Aquila spectrographs, introduced in Chapter 3. The Aquila obser-
vations start soon after discovery and, although this chapter focuses on the spectra
captured prior to the submission of the paper, continue until the present day.

10.2.3 LHires spectroscopy

As mentioned in Chapter 8, this instrument was commissioned to support the Aquila
spectrographs, complementing them with high-resolution (R ∼ 20, 000) auxiliary
spectra. These spectra confer a high level of confidence in these fits that decon-
struct the highly time-sampled Aquila spectra presented in Sections 10.3 and 10.4.
It has been a fruitful strategy to obtain a high temporal density sustained data set
using Aquila, with occasional supplementation from LHires.

10.2.4 Epochs of observations

Figure 10.2 presents the epochs at which these observations were captured, marked
against the AAVSO light curve on the back wall. The colour of the light curve at
the back is mapped to Julian Day using the same colour map as that of the Aquila
observations themselves, shown as spectra in the foreground; this light curve is shown
in Figure 1. The LHires spectra are also shown, interspersed in gold. This gives a
general impression of the data set, as a continuous follow-up programme with highly
regular observations and indicates how such an extended yet thorough campaign is
made possible by the network of Global Jet Watch observatories.

10.2.5 Data reduction

The spectra were reduced with the bespoke data reduction pipeline endeavour, in-
troduced in Chapter 3, a full end-to-end image-processing solution which takes data
captured at the telescopes, performs the reduction, and delivers one-dimensional spec-
tra as a product to the fitting applications. It is a bespoke pipeline suited to the
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Figure 10.2: This plot indicates the epochs for which there are Global Jet Watch
spectra of YZ Reticuli. The LHires spectra are depicted in gold, while the light
curve and the Aquila epochs are coloured according to their Julian Date. The rest
wavelength of Hα is projected to the floor (in gold) as a fiducial marker. The AAVSO
light curve of YZ Reticuli is reproduced for context against the back wall, coloured as
in Figure 10.1. The emission complexes shown are normalised continuum-subtracted
H-alpha profiles.
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specific instrumentation at Global Jet Watch observatories, but is built on widely-
used open-source scientific libraries available for the Python programming language.
The packages used include NumPy [Harris et al., 2020], SciPy [Virtanen et al., 2020],
Pandas [Mckinney, 2010], scikit-learn [Pedregosa et al., 2011] and Astropy [Robitaille
et al., 2013, Price-Whelan et al., 2018]. The pipeline ensures every spectrum is dark
corrected, and calibrates wavelengths against Thorium-Krypton bulb arcs. The one-
dimensional spectra are heliocentrically corrected to the barycentre of the solar sys-
tem.

10.2.6 Post-processing application

Post-processing analysis is performed by poirot, which takes as an input the reduced
1D spectra from endeavour. This chapter focuses on the Hα complex, and so data
are typically normalised to the peak of Hα. In the fits presented here, the background
has been fitted with a simple constant offset, valid since the background does not vary
strongly over the Hα region. This is performed at the point of fitting the physical
model, and is allowed to freely vary. The background is consistently responsible for
< 1 % of the signal in our region of interest, and so is subtracted.

During the data-cleansing step of poirot, it removes any spectra with either
saturation on the feature of interest or adverse weather effects (determined by manual
inspection). In the later stages of the eruption when changes are happening on longer
timescales, the spectra taken at a given observatory on a given night are summed.
When necessary, as the nova became fainter, to further improve signal-to-noise, any
spectra which were not the longest exposure taken on a particular night are rejected
as saturation of the Hα complex ceased to be a problem.

10.3 Fitting methods

Deducing the underlying physical model from spectral complexes is notoriously dif-
ficult in astronomy, in part because of the intrinsic richness of the phenomena, and
in part because of the trade-off between spectral resolution and signal-to-noise. The
Global Jet Watch Hα spectra of classical novae are no exception, with several dynam-
ical components evolving rapidly. There are different strategies for deconstructing the
underlying components that comprise emission lines profiles e.g. Schmidt et al. [2019],
but the following results use a simple set of Gaussians. The merits of this approach
are demonstrated elsewhere e.g. Blundell et al. [2008], Grant et al. [2020].
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Figure 10.3: Fitted model showing two pairs of emission lines, and a central compo-
nent. The spectrum (shown as pink points) was taken at the GJW-OZ observatory,
at +129.56 d since discovery, with an exposure time of 1000 s.

10.3.1 Composite fits

Multiple one-dimensional Gaussian models (and a subsequently subtracted constant
offset background, discussed in Section 10.2.6) were utilised in a composite fit to
these data, using the Levenberg-Marquardt algorithm with a least squares statistic
[Price-Whelan et al., 2018] to minimise the difference between observation and model.
Residuals were analysed, and inspected to ensure that there only remained variation
on velocity scales smaller than or comparable to the limit from spectral resolution.
Section 10.3.3 discusses the robustness of the fits. Figure 10.3 demonstrates typical
results of this fitting template, with residuals plotted in the panel below. Figure
10.4 illustrates how the qualitatively changing profile of YZ Reticuli is nonetheless
well-modelled by these five Gaussian components.
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Figure 10.4: The left panel shows a sequence of H-alpha profiles. An example LHires
spectrum (fourth from the bottom) covers a shorter wavelength range than Aquila.
These profiles can be deconstructed into a similar set of five emission Gaussian com-
ponents, shown in the right panel. Section 10.4 discusses these components in more
detail.
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10.3.2 Importance of coverage

The extended coverage spanning 180 days together with the consistency of the succes-
sion of fits were key to our confidence in these fits. While there are multiple possible
fits which might reasonably approximate any one individual spectrum, most a priori
possible fits may be rejected by comparing across time ranges within this data set,
shown in Figure 10.2 alongside the light curve.

Section 10.4.2 discusses various changes which occur in the evolution of the fits to
YZ Reticuli Hα profiles. The data set contains features with variation timescales that
are significantly sub-night, which would have been missed with sparser sampling.

10.3.3 Robustness

This section considers different signals that might give a minor influence to our de-
terminations of the underlying Hα emission components. Figure 10.5 shows Earth’s
own atmospheric lines (bottom panel), which consist of many narrow absorption lines.
These lines do not have a significant impact on the fits, as the second panel shows
clearly. Many of these lines are in doublets, although these are rarely fully resolved,
even by the LHires instrument.

Another feature usually observed in the early spectra of classical novae is blue-
shifted absorption (see Section 2.3). Denoted the low- and high-velocity components
respectively, these hundreds of km s−1 and thousands of km s−1 absorption systems
are thought to be due to the complex ejecta [Arai et al., 2016]. While these are often
significant and usually need to be fitted for early spectra, in the particular case of
these Global Jet Watch observations, by the time of the first spectrum of this nova
and thereafter only emission components dominate; any such blue-shifted absorption
components had already disappeared.

Let us also carefully consider the possible presence of forbidden [N ii] lines at
6548Å and 6584Å. These lines could in principle be very problematic for fitting the
broad Hα complexes in classical novae such as YZ Reticuli or V6568 Sgr as a full
width at half maximum of ∼ 3000 km s−1 at late times is easily enough to encompass
these wavelengths. However, the nitrogen lines would correspond to Hα speeds of
−685 km s−1 and 959 km s−1, and should exhibit similar dynamics to Hα. Indeed,
Figure 10.5 shows that the profiles of two forbidden [O iii] lines (4959Å, 5007Å) in
the spectrum are strikingly similar to Hα (the [O iii] emission at 5007Å is a factor of
three less strong than Hα at late times for our spectra). If the nitrogen 6548Å and
6584Å lines were strong, evidence of a similarly spaced pattern of emission might be
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expected — but there is no such evidence, and nor is there any emission component
at the rest wavelengths either in YZ Reticuli, although this is not the case for V5668
Sgr, as detailed in Chapter 11.

10.4 Results

When experimenting with fits to the YZ Reticuli Hα spectra with multiple Gaussians,
there was one solution set which persisted throughout the entire time series. While
individual parameters changed over time as the nova progressed, two pairs of lines
behaved in a correlated fashion, leading to the recognition that these fits do indeed
reflect an underlying physical reality rather than a mathematical degeneracy. The
qualitative shape of the overall spectra seems to change dramatically over the course
of the observations (see Figure 10.4 for examples), but this section shows that only
small changes to the Gaussian components reasonably explain these variations in an
intuitive way. While of course it is possible to model classical nova emission line
profiles with elaborate spatial models of the ejecta, the results emerging here show
that a much simpler physical picture can explain a lot of the spectral behaviour
without presuming any geometry in advance.

10.4.1 Best-fitting model

The template which best fits the Global Jet Watch Hα spectra consists of five Gaus-
sian components in emission. In Figure 10.6, the left plot is a convenient representa-
tion of the evolving characteristics of each fit because it represents the Doppler-shifting
movements in the centroids of each of the five emission components, and reveals any
time-varying patterns where these are present. The colour code for the five com-
ponents is persistent throughout this chapter (and also Chapter 11): red and blue
denoting the red- and blue-shifted double peaks of an inner pair of emission lines,
and pink and turquoise correspondingly for an outer (higher-speed) pair. Orange is
consistently the colour of the component roughly stationary with respect to the sys-
tem, which was called the central or the additional component in the paper. There
seems to be a natural pairing of the two outermost emission components, since the
movement of their centroids is associated throughout time. The same is true for the
inner pair (coloured red and blue). This leaves the single central component, close to
the Hα rest wavelength, which seems to vary only slightly in wavelength, though in-
dependently of the other four emission components. This is a persistent characteristic
of the spectra throughout our spectroscopic monitoring.
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Figure 10.5: The first three panels have vertical lines marking peaks at radial velocity
−1200 km s−1, −680 km s−1 and 760 km s−1 for the relevant component. Top panel:
Hα complex taken on an Aquila instrument over the course of several nights (+120 d
to +160 d) plotted in purple, with the mean of these overlaid in gold. Second panel:
[O iii] (4959Å and 5007Å) complex in the same spectra, with corresponding sets of
markers at the same radial velocities for each of these transitions. Third panel: an
example Hα spectrum from LHires at roughly the same time but significantly higher
resolution shown in purple, with the sum of five fitted Gaussian emission components
overlaid in teal. The vertical markers match the centroids of three of these peaks.
Fourth panel: a close-up of the top of the previous panel’s Hα complex, with known
telluric absorption features denoted with vertical lines given by Curcio et al. [1964].
Several of these have only slightly weaker doublet partners whose wavelengths are
not known as accurately as the ones depicted, hence some of these lines appearing
wider than others. The close matching of the fit despite the telluric features confirms
the appropriateness of the template model presented in this chapter to explore the
dynamics of this classical nova. The wavelength alignment required no additional
correction beyond the calibration as part of the endeavour pipeline. Each spectrum
is normalised to the peak of the complex being plotted, but the oxygen 5007Å peak
is a factor of three weaker than that of Hα.
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Figure 10.6: The left plot shows the centroid velocity of each of the five emission
components relative to the centroid of the inner pair over time, ensuring that no subtle
wavelength calibration trends are at play. The widths of the lines are proportional
to the full width at half maximum of that component. The right plot shows how
the area of each component develops with time, and the identified pairs of lines are
plotted back-to-back to more easily see correlations. The width of each bar in this
figure is proportional to the FWHM of the line, with an overall scaling that avoids
horizontal overlap. The area scaling is performed after normalisation, and so these
bars represent the fraction of flux contained in each component.

What is truly remarkable about this five emission component model is that it fits
the data well over a large range of dates, and for a variety of seemingly qualitatively
different spectral complexes. The overall shape of the Hα complex at early times
displays broad emission, then from about +15 d to +95 d a generally flat peak is
observed, with a surplus of red emission at about 1000 km s−1. After +95 d, there
is a sudden transition to a doubly-peaked profile with emission at −1000 km s−1 and
1000 km s−1. This set of five peaks fits all of these rich data across the whole time
series, with only minimal changes to the model parameters, thus preserving the rela-
tionships between the pairs.

10.4.2 Observed trends in derived parameters

In the context of Figure 10.6 (left panel), let us now consider not just how each
emission component is behaving, but the relationships between them. Figure 10.7
presents the calculated relative metrics from the fitted parameters for each spectrum,
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Figure 10.7: The two left panels show how the separations in velocity between each
of the inner components and each of the outer components respectively vary over the
full time range. Each observation is the median of the highest-quality spectra we
have for that observatory on each night, and these are smoothed using a mean filter
with a moving window size of three nights. The right two plots represent the same
underlying data as the left two plots, but over limited date ranges, and with the linear
trend removed from each to show the oscillations more clearly. The date ranges used
for the right-hand plots are represented by fiducial horizontal lines on their respective
left-hand analogues.
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plotted over time. This technique is essential for reducing the dimensionality of
the highly complex data set, and gives insights as to the underlying physics. The
pertinent derived parameters include the differences between velocity centroids of the
inner (blue, red) and outer (turquoise, pink) pairs of components, and the integrated
area under each Gaussian component. The right panel of Figure 10.6 shows how the
area of each Gaussian component varies with time. The areas of the inner (blue, red)
pair of components are remarkably steady relative to one another at every epoch.
The central component, depicted in orange, shows a step-change decrease in area just
before +100 d. The red-shifted outer component, depicted in pink, initially fluctuates
to larger and then steadily smaller areas by +50 d, after which it gradually increases
in area.

Figure 10.7 depicts the time-variation of the difference in velocity between the red-
and blue-shifted component centroids within each pair. This quantity (henceforth
the separation) is smoothed for each pair over time using a mean filter, revealing
pronounced quasi-periodic oscillations in both the inner and outer pairs. Note that
this is a separation in velocities rather than pure distances. These pairs behave in a
similar fashion to each other, with large velocity separations at early times (<+50 d)
which reach a minimum separation within the first few weeks. They then both recover
slightly, but continue to oscillate. The oscillations happen at different times for each
pair, and the timescale of recurrence decreases over time, which is discussed further
in Section 10.4.3.

At around +100 d there is an abrupt change in behaviour, whereby the oscillation
of the inner pair decreases in amplitude (moving to lower radial speeds) but the outer
pair maintains its steady progression to higher-magnitude radial speeds. After this
date, the predominant general trend is of a much more steady increase in velocity by
∼ 2.5 km s−1 per day, but superimposed on this is the distinct but much more subtle
oscillation of ∼ 10 km s−1 with a characteristic timescale of ∼ 10 days.

On removing the overall trends in the two leftmost panels of Figure 10.7 by sub-
tracting a straight-line fit from each, the underlying oscillations are recovered more
clearly and these are plotted in the two rightmost panels for a restricted time range
(marked in the left plots with horizontal lines). This representation shows the oscil-
lations in the clearest manner. Upon folding by the strongest peaks in the Fourier
transform, it became apparent that the period of both these pairs was in fact changing
by several days each cycle, so this is in fact a quasi-periodic oscillation in the velocity
separation. There were no statistically significant persistent periodicities, most likely
because the duration of each cycle was quite different from that of the preceding cycle.
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However, the pattern of irregular oscillations with similar velocity amplitude is clear,
and we take this to mean that these pairings of lines reflect pairings in the underlying
physical reality. In the two rightmost panels of Figure 10.7, there also appear to be
hints of smaller-scale nutations superimposed on the large oscillations, but even finer
time resolution would be needed to quantify these accurately and fully separate the
various perturbations.

The inner pair velocity separation decreases by 120 km s−1 between +100 d and
+150 d, while the outer pair separation steadily increases from 2200 km s−1 to
2600 km s−1 between +60 d and +150 d, which is discussed in more detail in Section
10.5.1.

10.4.3 Dynamical changes

What is fascinating about the oscillatory behaviour of the inner and outer pair seen in
both Figure 10.6 and Figure 10.7 is that it is not fixed in either amplitude or period,
but instead these quantities both decline over the course of the first six months.
The implication here is that this reflects some property of the underlying system
which is returning to an equilibrium. Furthermore, these timescales are substantially
longer than both the canonical classical nova binary orbit timescale (∼ 4 hr) and the
canonical white dwarf spin period in classical novae (∼ 76 s), meaning this effect takes
tens to hundreds of orbital periods to perform a cycle.

10.5 Physical interpretation

The data clearly fit well with a template of 5 Gaussian emission components: a central
component, an inner pair of components with radial velocity relative to the centre of
∼ 600 km s−1, and an outer pair of ∼ 1200 km s−1. There are several possible models
which may initially appear to explain this clear signal. The key components in the
system are thought to be the accretion disc, the hot white dwarf, the secondary star,
and various forms of ejecta. We disregard the Hα flux as arising from the secondary
itself, since the magnitude of the whole system was >= 15 during quiescence (ASAS-
SN data in Section 10.1.3).

10.5.1 Jets and accretion disc

The natural interpretation of the outermost widely-separated and broad emission lines
is as oppositely-directed collimated outflows, which may reasonably be described as
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jets [Iijima and Esenoglu, 2003]. Given the prevalence of accretion discs within jet-
ejecting systems, it is possible that the inner pair of lines could arise from the accreting
material either because of its rotation or via winds off the accretion disc.

I propose that the five Gaussian emission components within the Hα complex
are best explained by a model involving jets, an accretion disc and an additional
component henceforth the ‘jets’ model. This model therefore posits that all five
observed Gaussians have some connection with an accretion disc. The outer pair of
lines (turquoise, pink) is caused by bipolar anti-parallel jets launched as a consequence
of an accretion process, while the inner pair of lines (blue, red in Figure 10.6) may
be a manifestation of the standard double-peaked rotating disc signature or the wind
off this rotating matter. This is a simple suggestion, and is exactly what is seen
arising from the accretion disc in the microquasar SS433 [Blundell et al., 2008]. As
noted by Long and Knigge [2002], the evidence for winds off the discs in cataclysmic
variable systems is compelling. The fifth, central component has a significantly lower
line-of-sight Doppler shift and may be a shell arising from local matter that is not
dynamically important.

This model is supported by the fact that there seem to be distinctive epochs where
characteristics change in a related way in each of the components, sometimes after
a short delay; these changes occur most notably around +100 d. This is explained
naturally under the jets model, because the lines all have a common origin in the
accretion disc. Furthermore, the evolution of the pairs of lines and their oscillatory
behaviour makes most sense when considering them as being derived from a precessing
(perhaps unbalanced) disc.

After about +100 d, the inner pair is observed to move to steadily lower speeds,
while the outer pair increases its velocity separation. Classical nova events differ from
normal cataclysmic variable systems by their enhanced mass-transfer rates. The in-
creased accretion rate may lead to their exceeding the threshold necessary for launch-
ing jets [Lasota and Soker, 2005], a situation that can persist for at least a few months
following eruption. Since not all the ejecta receive enough energy to be fully ejected,
some gas can be trapped and forms an envelope surrounding the inner system. As
this gas steadily rejoins the accretion disc, it is expected that there exists a region of
temporary overdensity, which could then feed the jet. As proposed in the paper, it
is reasonable to suggest that the trends in pair speeds are caused by such an effect.
The inner pair decreases in speed, as the accretion disc is depleted at its inner radius
(where it is fastest). The outer pair increases in speed, as the accretion disc processes
this extra material and launches increasingly powerful jets. This assumes the outer
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pair of lines are produced near the base of the jet, which is expected since at high
rates of adiabatic expansion into relative vacuum, the plasma becomes optically thin.

Simulations conducted by Figueira et al. [2018] under particular conditions result
in the accretion disc being fully disrupted by the shell ejecta within the first forty
minutes after outburst. This occurs when the mass of the ejecta is assumed to be
high compared with the mass of the accretion disc. A typical timescale for reforming
a disrupted accretion disc has been estimated at around hundreds of years. However,
as Figueira et al. [2018] mention, accretion discs have been observed in novae within
months of eruption, implying that they either are re-established more rapidly than
theoretical predictions or indeed are never fully disrupted. Moreover, it is possible
that accretion can be efficacious even when the disc has not yet attained a state of per-
fect equilibrium. Hernanz and Sala [2002] show the resumption of accretion after only
a brief period of disruption. Also, the best-fitting model to the progenitor spectral
energy distribution in V906 Car includes an accretion disc, shown comprehensively in
Wee et al. [2020] and used to explain changes in the colour evolution of that classical
nova around 50 days after outburst. The spectral signature of the accretion disc, or
potentially the wind off its surface, is visible beyond the photosphere. The very early
time-series data on YZ Reticuli shows a rapidly-evolving regime which may be caused
by an accelerated resumption of accretion processes.

A succession of over-pressured jet ejecta could plausibly expand into each other,
causing shocks and hence particle acceleration giving rise to the X-ray shocks observed
by NuSTAR reported in Sokolovsky [2020]. This is exactly analogous to the behaviour
exhibited in the microquasar SS433 as its Hα-emitting jet bolides expand then collide
into one another, causing non-thermal, polarised synchrotron emission after shock
acceleration [Blundell et al., 2018].

10.5.2 Precession of the accretion disc and its jets

The leftmost teal panel in Figure 10.7, which plots the velocity separation of the
inner pair with time, shows oscillations on two different characteristic timescales, one
being about 40 days prior to about +100 d, and thereafter about 10 days (zoom-in
in the third panel). These oscillations show a general tendency to decrease in both
amplitude and period for the entire duration. The first phase of oscillations might
be a response of the accretion disc to the rapid influx of material in the immediate
aftermath of the eruption. The existence of the inner lines only a few days after the
initial classical nova event indicates a pre-existing (albeit perturbed) accretion disc
in the YZ Reticuli system. After about +100 d, the amplitude of the oscillations is
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significantly smaller, suggesting damping and equilibration have happened to some
extent.

The parameter space occupied by cataclysmic variables, and a discussion of the
precessing accretion discs in these systems, is outlined in Patterson [2001]. Charles
et al. [2008] give a summary of the observational properties of accretion discs in X-ray
binaries, many of whose time-varying/periodic characteristics have been interpreted
as precession on a wide variety of different timescales.

It is plausible that the oscillations seen in the leftmost teal panel in Figure 10.7
may arise from reactive precession in a (likely asymmetrically) perturbed accretion
disc. It is therefore interesting to consider that the oscillations seen in the gold panels
(2 and 4) of Figure 10.7 arise from a change in axis of the jet ejecta given the ongoing
re-orientation of its launch platform i.e. accretion disc. In the microquasar SS433, its
accretion disc has been shown to exhibit a persistent periodic pattern of precession
and nutation tightly coupled to that exhibited by its famous precessing jets (figure
2 of Blundell et al. [2008]). In contrast to the quasi-persistent periodic precession
of SS433, YZ Reticuli’s accretion disc appears to precess on shortening timescales
as a response to the disruption following the classical nova outburst, perhaps due to
mass-loss through the jets themselves, so a tight link between this and consequent jet
precession might not be expected. Regardless of the duration of the precession period,
the accretion disc and jets are expected to exhibit a quarter-phase lag because of their
perpendicularity from one another. It is therefore interesting to note in the leftmost
two panels of Figure 10.7 that there are distinct hints of such a phase difference
between jet oscillations and accretion disc oscillations that are consistent with such
a picture.

10.5.3 The behaviour of the central component

One phenomenon observed in the succession of YZ Reticuli spectra is that several
emission species appear to transition from a profile with a central peak to one char-
acterised by wider double-peaks. The first such transition event occurs suddenly at
+63.21 d in Hα. It then recurs multiple times, most dramatically at +93.93 d (lasting
until +95.92 d). At +96 d, the transition repeats, steadily deepening across the next
few hours and drastically deepening again at +101.9 d. Eventually, the Hα complex
remains in a split state. This unsteady approach to eventual stability could be due
to the temperature of the emitting body of gas dropping below a relatively sharp
cutoff, with some fluctuations in temperature causing it to temporarily return above
the threshold before settling below.
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Figure 10.8: Average spectra of different emission species taken at +94 d of YZ Reti-
culi. The left panel shows certain species which display the splitting phenomenon,
the right panel shows the lines which do not exhibit this splitting. The central panel
shows the excitation energy of the upper level of the identified transitions responsible
for each line, plotted against the velocity difference of the two peaks in the case of
the split lines. Note that this is not to be confused with the quantum effect of line
splitting, it is purely dynamical.

Figure 10.8 shows the velocity profiles of the most prominent lines in our spectra.
Some of the lines (shown in the left panel) display this split feature, and others do
not (shown in the right panel). The central panel shows the split velocity (difference
between the two peaks, zero if only one peak) against the upper energy level of the
atomic transition responsible, giving a strong positive correlation. The transitions
that do not appear to split show no qualitative sign of significant changes before and
after +95 d.

It is apparent, upon close examination of the fits to the Hα complex in a time
series around this epoch, that in fact this splitting is caused by the central dynamical
component growing weaker relative to the inner and outer pair. While the other
lines are fainter and as such have lower signal-to-noise than Hα they correspond very
closely in velocity space, so it is likely that they are also appearing to split because a
corresponding central component is growing dimmer.

Since the splitting seems to only occur in the higher upper energy level transitions,
this is evidence that the origin of the central component has cooled to below 10 eV
by +100 d.
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10.5.4 Why are radio jets not observed in classical novae?

While radio jets are indeed observed in recurrent novae such as RS Oph [Sokoloski
et al., 2008], as detailed fully in Section 10.1.2, they have not yet been found in
classical novae. However, the existence of a jet whose radiant gas gives rise to Hα
emission does not necessarily imply the existence of a radio-emitting synchrotron jet.
In the case of the jets from the microquasar SS433, the former leads to the latter
only because of the expansion of the jet bolides into one another causing shocks and
consequent particle acceleration [Blundell et al., 2018] evinced by particular signatures
in the synchrotron polarisation coinciding with where the expansion and collision
happens. In the case of a binary whose Hα emitting jet ejecta either (i) did not expand
sufficiently so as to collide into one another causing a shock-accelerated synchrotron
emitting population or (ii) were not propagating through a magnetised region of space,
no synchrotron radio jet would be observed.

It is interesting to note that Toalá et al. [2020] require a non-thermal component
to fit the spectral shape of elongated X-ray emission of DQ Her shown in their figure
3; in McLoughlin et al. [2021a], we conjecture that this X-ray emission arises from
inverse Compton emission of spent synchrotron electrons with the radiation field from
the hot post-eruption white dwarf surface.

10.5.5 Why is the inner pair not just a spherical shell?

Given the resolved images of approximately spherical shells around many classical no-
vae it might be tempting to associate the inner pair of emission lines with a spherically
ejected shell as discussed in Section 10.1.1. However, a ballistically-ejected outflow
would not continue to modulate in an apparently symmetric way nor change speed
several months after the eruption (Figure 10.7, panel 3). Moreover, this could not
explain the sometimes correlated changes in the characteristics of the inner pair and
the outer pair of emission components. As described in Section 10.4.3, the magni-
tude of oscillations in the relative velocity of the inner pair components consistently
decreases over time. While this is expected behaviour for a precessing accretion disc
re-establishing equilibrium, there is no clear explanation for why this would happen
to opposite sides of a spatially-extended ejected shell.

In addition, a spherical shell would be too hot within the first few weeks of the
eruption (∼ 108K) to emit Hα, which requires a more modest temperature regime
(a few 104K). Indeed, the reason why the jets manifest themselves in Hα spectra is
because they are far cooler, which is consistent with their having been launched further
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out in radius by the accretion disc rather than being the products of thermonuclear
runaway on the surface of the white dwarf.

10.5.6 Alternative models

Several models were carefully considered before settling on the jets model. The pri-
mary such alternative model is that the inner pair is a slow-moving outflow, considered
in Section 10.5.5.

Another is that one of the pairs could be formed in a circumbinary disc. While
there is preliminary evidence pointing towards circumbinary discs in other novae
such as V906 Car (as presented in Chapter 9, following McLoughlin et al. [2020]),
the speeds involved here are significantly faster, implying either rotation within the
binary system or high-speed outflow.

Another alternative model is that one pair of lines is formed in an accretion disc
while the other pair are the fast bipolar ballistic ejecta. The difference between
this and our primary model is that in this case, the ejecta are not launched by the
accretion, but are direct ejecta from the surface of the white dwarf. This model
acknowledges that there has been a recent explosion and as such matter should be
flying outwards, but it fails to explain why the inner pair and the outer pair should
continue (i) at all and (ii) to oscillate, sometimes in related ways, to late times. Under
this scenario, it would be difficult to explain why the bipolar outflow would be visible
in Hα, as it would be far too hot.

10.6 Similar characteristics in V6568 Sgr

Given the theoretical basis for jets in classical novae set out in Kato and Hachisu
[2003], it is tempting to consider whether this model applies to other systems in
a prevalent manner, or if YZ Reticuli was an unusual event. In the same month,
July 2020, there was another classical nova eruption, V6568 Sgr, of the very fast
variety. Confronting this with the same model revealed that it was largely similar,
albeit with a non-detection of the central component. The speeds of the outermost
pair were −4100 km s−1 and 4500 km s−1, while the speeds of the inner pair were
−1000 km s−1 and 1900 km s−1. Although V6568 Sgr was substantially faster to fade
than YZ Reticuli, it nonetheless displays strikingly similar pairings. Figure 10.9 shows
that the model presented in this chapter for YZ Reticuli fits to this other classical
nova well, despite the vast difference in speed class. Note that the spectrum appears
to be noisier than those of YZ Reticuli — this is expected, because it is so much
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Figure 10.9: V6568 Sgr spectrum taken at +1.03d after discovery. This fits the same
model as YZ Reticuli, apart from the notable absence of a central component.

fainter, but also because the jet speeds were higher, and this was taken with the
LHires instrument which has a much smaller angstrom-to-pixel ratio. As such, there
are fewer photons per wavelength bin, and the telluric absorption lines play a bigger
role. Notwithstanding this, the same model fits, with the exception of a greatly
diminished central component, which may be interpreted as any optically thick shell
having disappeared. The two pairs of lines are very symmetric, and it was not possible
to achieve a sensible fit without an outer pair; despite their relatively lower amplitude
in comparison to the inner pair, they are nonetheless crucial. I therefore conjecture
that V6568 Sgr bridges the gap in parameter space, specifically that of white dwarf
mass, between YZ Reticuli and the recurrent novae.

10.7 Conclusions

In this section, I have investigated the rapidly evolving spectral characteristics of the
classical nova YZ Reticuli, especially its Hα complex, since shortly after its discovery
in July 2020 with time-resolved spectroscopy from the Global Jet Watch. Remarkably,
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a model for the Hα complex comprising the same family of Gaussians throughout the
first six months fits the data well across a variety of qualitatively different spectral
shapes. These five components appear to be naturally categorised as two pairs of
lines, representing an accretion disc and jet outflows, together with a small central
component.

Correlated and symmetric changes in these two pairs of lines suggest that the
accretion disc and jets appear to be precessing, probably in response to the recent
large perturbation caused by the nova eruption.

The jet and accretion disc signatures are followed from the first spectra at around
+10 d until the present day, which we take as evidence that the accretion disc survived
the blast, albeit in a non-equilibrium state for the first ∼ 100 days.

Confirmation of this interpretation for YZ Reticuli could be possible from future
VLBI observations giving milli-arcsecond-scale resolution radio imaging akin to the
images of the radio jets in recurrent nova RS Oph observed by Sokoloski et al. [2008]
but only if the Hα jets give rise to particle acceleration and if there is a sufficiently
strong magnetic field present. However, it would undoubtedly be fruitful to consider
time-resolved spectroscopy from other classical novae to establish the generality of
Hα jets, and I present the results of such an analysis in the following chapter.
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Chapter 11

The jets phase of classical novae

The work presented in this Chapter has been published as McLoughlin et al. [2021b].
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Abstract

This chapter presents two further classical novae, V906 Car and V5668
Sgr, that show jets and accretion disc spectral signatures in their H-alpha
complexes throughout the first 1000 days following their eruptions. From
extensive densely time-sampled spectroscopy, the appearance of the first
high velocity absorption component is measured in V906 Car, along with
the duration of the commencement of the main H-alpha emission. The
time taken for V5668 Sgr to transition to the nebular phase is constrained
using [N II] 6584Å. These timings are found to be consistent with the jets
and accretion disc model for explaining optical spectral line profile changes
in classical novae, and the implications of this model for understanding of
the enrichment of the interstellar medium are discussed.



11.1 Introduction

Classical novae are explosive events which occur on the surface of white dwarfs found
in close binaries. Hydrogen accretes onto the degenerate surface presumed to be
via a disc mechanism, and heats up until it reaches temperatures of around 107 K,
when it ignites and thermonuclear runaway occurs. This ejects a shell of the accreted
hydrogen, whose mass is dependent on that of the underlying white dwarf. The
exact nature of the outflows from such an eruption are not well known, and there are
competing theories about interactions between the potentially complex ejecta and the
immediate surroundings.

One particular topic about which not much is known is the survival of the accretion
disc in the immediate aftermath of the eruption. Theoretically, it is thought that
such a disc should be destroyed by the eruption, yet there is a growing body of
observational evidence that discs may indeed survive in some form. Chapter 10
(published as McLoughlin et al. [2021a]) presented, from an analysis time-resolved
spectroscopy, evidence for the persistence of both jets and an accretion disc in the
weeks and months that followed the eruption of classical nova YZ Reticuli. This
chapter add two new examples, V5668 Sgr and V906 Car, which also seem to display
the spectral signature of accretion discs and jets from early times after the eruption,
timing the onset of their becoming spectrally significant in Hα observations.

Objects classified as classical novae display a rich variety of behaviours, yet there
are many phases which most novae appear to share. Further to the discovery of jets,
this chapter also presents densely time-sampled observations of V906 Car and V5668
Sgr to tightly constrain the durations of certain transitions between phases for these
particular objects. Section 11.2 explains the data collected for each target. Section
11.3 quantifies the duration of certain phase changes for V906 Car. Section 11.4
contains a similar set of analyses for V5668 Sgr, which reveal the spectral signature
of jets and an accretion disc. Section 11.5 discusses the jets and disc of V906 Car and
the overall picture of classical nova evolution in light of this new model, and considers
the impact nova jets may have on enrichment of the interstellar medium. Section 11.6
concludes by recommending new observations to target direct observations of such
jets.

11.1.1 Classification schemes for classical novae

Over the years, there have been several efforts to categorise different aspects of the
hugely varied range of behaviours exhibited by classical novae in spectroscopic, photo-



metric and polarimetric data. Also discussed in Section 2.3 of this thesis, a thorough
account of our modern understanding of the phases typically exhibited by classical
novae is given in section 4 of Della Valle and Izzo [2020], and so here just a brief recap
of a relevant subset of this material is provided.

Williams et al. [1991], Williams [1992, 1994] performed a deep analysis of optical
spectra for a set of 13 novae, and found that they separate into two spectral classes
- Fe ii and He /N . They also found that some classical novae exhibit a “hybrid"
evolution, changing between the two types.

Light curves of classical novae can be organised into several broad types, such as
“dust dip”, “jitter” or “plateau”, based on features they exhibit [Strope et al., 2010].
They also have speed classes, with typical designations based on the time to decline
by two optical magnitudes (t2) from maximum, although this can be difficult to assign
in cases when the maximum is not well-sampled or the decline is not smooth. It is
thought that the faster a classical nova is, the more massive the white dwarf is, and
the more rapidly it will recur [Kato, 2002, Shara et al., 2018]. Speed class therefore
may relate to the propensity of a system to launch jets along the axis of spin of the
white dwarf.

The study of classical novae in the X-ray has revealed a clear distinction between
hard and soft X-ray radiation, with the former being associated with shocks in out-
flows and the latter with the surface burning. Schwarz et al. [2011] performed a
population study of the X-ray behaviour of classical novae, and determined that sys-
tems with a faster speed class show early hard X-rays, which are not present for slow
novae.

11.1.2 Jets and shell ejecta in novae

Chapter 10, which followed the previous paper in this series [McLoughlin et al., 2021a],
studied the Hα complex of classical novae YZ Reticuli, and found it to be well-fit
by the same five Gaussian emission components throughout many months. Those
components naturally divided into two pairs, with each consisting of a red-shifted
and blue-shifted component which exhibited anti-correlated quasi-oscillatory velocity
evolution, as well as an additional component which was not dynamically significant.
The pairs were found to be precessing, with the higher-speed pair of lines lagging
the lower-speed pair, implying that the former pair of lines should be interpreted as
having been formed in jets and in accreting material related to the disc.

McLoughlin et al. [2021a] further found that a similar model accounted for the
emission in V6568 Sgr, a classical nova which rapidly faded and so did not warrant
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Figure 11.1: AAVSO light curves for the three classical novae studied in this chapter
in chronological order. V5668 Sgr shows a deep dust-dip phase between +80 d and
+200 d, with some oscillations immediately following the maximum lasting until at
least the start of the dust-dip. V906 Car has initial flares, shown to be correlated with
X-ray emission [Aydi et al., 2020b]. YZ Reticuli exhibits a plateau between +31 d
and +62 d. The gaps in the V5668 Sgr light curve (commencing at roughly +250 d
and +620 d) correspond to when it was a daytime object, as this classical nova lies
in the zodiacal plane.

a major observing campaign. Given how clearly this signal persisted for YZ Reticuli,
this chapter extends earlier work by examining historical data captured in two major
campaigns by the Global Jet Watch on two previous classical novae, V906 Car and
V5668 Sgr, in light of the jets and disc model found to describe the behaviour of YZ
Reticuli.

11.1.3 Classical nova V5668 Sgr

Classical nova V5668 Sgr was discovered by John Seach on 2015 March 15.634 UT
(= JD 2457097.134), which is taken as +0 d for this paper. It is also known as Nova
Sgr 2015b, and PNV J18365700−2855420. It has (J2000) Right Ascension 18 37
39.9 and Declination −29 04 03, and Galactic coordinates of 005.3211, −10.0678.
It was classified as being of type Fe ii by Banerjee et al. [2015] using near-infrared
observations. This classical nova showed a prominent dust-dip in the AAVSO1 light
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curve (shown in the first panel of Figure 11.1) from approximately +80 d to +200 d
[Banerjee et al., 2015]. It was found to have a white dwarf mass of 0.85M� by Hachisu
and Kato [2019], using their scaled light curve method.

Gehrz et al. [2018] describes in detail the X-ray story according to Swift obser-
vations of V5668 Sgr. Their first detection in X-ray was at JD 2457191.5, which
corresponds to +94 d. They derive supersoft source switch-on and switch-off times as
ton =+168 d and toff =+240 d to +340 d. They find the mass of the underlying CO
white dwarf to be 1.1M�.

Molaro et al. [2016] found V5668 Sgr to be a significant producer of 7Be ii, and
used this to suggest that classical novae may be the source of all the 7Li in the
Milky Way. Diaz et al. [2018] discovered structures in ALMA imaging of the ejecta of
V5668 Sgr which were the smallest scale of those found in the remnants of any stellar
explosion to date, although the veracity of the details depends on UV-plane coverage
of the interferometric ALMA observations.

Jack et al. [2017] performed a detailed identification of four optical spectra of
V5668 Sgr and compared their spectroscopy with the light curve to show that certain
blue-shifted absorption features moved to slower radial velocities during the multiple
rises to maximum (present until ∼+80 d in the light curve of V5668 Sgr in the upper
panel of Figure 11.1), and to faster radial velocities during the decline. Section 11.4.4
briefly expands on this work.

11.1.4 Classical nova V906 Car

The earliest detection of classical nova V906 Car was at JD 2458193.819444 by the
Evryscope-South observatory, according to Corbett et al. [2018], which is taken as
the discovery date for this system. It was independently discovered after this by
Stanek et al. [2018] using the All Sky Automated Survey for SuperNovae (hereafter
ASAS-SN). This chapter references times as days since commencement of brighten-
ing (JD 2458193.819444). V906 Car has (J2000) Right Ascension 10:36:15.426 and
Declination −59:35:53.731, and its Galactic coordinates are 286.580, −01.088.

The mass of the white dwarf in V906 Car was estimated at 0.71+0.23
−0.19M� through

an analysis of the progenitor system by Wee et al. [2020] using an accretion disc model
to understand the light curve. Their decline times of t2,v = 26.2 d and t3,v = 33.0 d
point to V906 Car’s being a moderately fast classical nova, although Aydi et al. [2020a]
suggest a value of t2 = 44 d. Sokolovsky et al. [2020b] determined that this classical
nova occured on a CO white dwarf, and further that the mass must have been low as
there was no distinct supersoft phase detected in the X-ray. Their thorough analysis
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of the NuSTAR, Fermi/LAT, XMM–Newton and Swift/XRT X-ray data revealed that
the nova shell was expelled by +24 d. The white dwarf was found to be of CO-type
by Sokolovsky et al. [2020b].

The optical AAVSO light curve shows some initial flares up to around +30 d,
and exhibited weak cusp-like behaviour between +100 d and +150 d. Aydi et al.
[2020b] used correlated flares in the optical and gamma-ray light curves of V906 Car
to show that the emission in both bands is probably powered by the same underlying
mechanism, which they took to be fast outflow colliding with slower outflows, and
shock-heating it. Observations by Pavana et al. [2020] show V906 Car to be of the
hybrid class of classical novae. Wee et al. [2020] associate V906 Car with the Carina
Nebula, and thus assume a distance to the classical nova of d = 2.3± 0.5 kpc.

11.1.5 Classical nova YZ Reticuli

YZ Reticuli was discovered by Robert H. McNaught (Coonabarabran, NSW, Aus-
tralia) at magnitude 5.3 on 2020 July 15.590 UT (CBET 4811). It is also identified as
Nova Reticuli 2020, and MGAB-V207, with (J2000) Right Ascension of 03 58 29.55
and Declination −54 46 41.2 (J2000), its Galactic coordinates 265.397, −46.395. Fol-
lowing Chapter 10 and McLoughlin et al. [2021a], this chapter takes the date of
discovery as 2020-07-08.1708, or JD 2459038.6708.

The lower panel of Figure 11.1 shows the AAVSO light curve of YZ Reticuli for the
125 days following eruption. YZ Reticuli exhibits a plateau-type light curve [Strope
et al., 2010] between ∼+30 d and ∼+60 d, which may relate to the plateau in the
light curve of classical nova V407 Cyg, interpreted by Hachisu and Kato [2012] as a
surviving accretion disc emerging out of the receding photosphere. The decline time
of this classical nova is t2 = 15 days during the initial decline (although this changes
during the plateau event) [Sokolovsky et al., 2020a]. A summary of the behaviour in
X-rays and in gamma rays is given in McLoughlin et al. [2021a]. As discussed in that
paper, the GAIA distance is 2.7 +0.4

−0.3 kpc [Bailer-Jones et al., 2018]. It was classified
as a He /N classical nova [A. Carr et al., 2020], while [L. Izzo et al., 2020] suggest
that this is an ONe white dwarf.

11.1.6 A heterogenous sample

The set of novae examined includes one of each kind of the Tololo scheme for classical
nova spectra; one Fe ii, one He /N , and one hybrid as detailed in Table 11.1. The light
curves (shown in Figure 11.1) are thoroughly distinct, through their classifications,
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Table 11.1: A comparison of properties for the three classical novae.

[a] Banerjee et al. [2015]; [b] Pavana et al. [2020]; [c] A. Carr et al. [2020]; [d]

Aydi et al. [2020a]; [e] McLoughlin et al. [2021a]; [f] Sokolovsky et al. [2020a]; [g] Gehrz
et al. [2018]; [h] Sokolovsky et al. [2020b]; [i] L. Izzo et al. [2020]; [j] Wee et al. [2020];

Target V5668 Sgr V906 Car YZ Ret
Tololo class Fe ii[a] Hybrid[b] He /N []c
Light curve Dust-dip[a] Jitter/Cusp[d] Plateau[e]

Decline time t2 +44 d[d] +15 d[f]

SSS on +168 d[g]

SSS off +240 d to +340 d[g]

White dwarf type CO[g] CO[h] ONe [i]

White dwarf mass 1.1M�
[g] 0.71M�

[j]

peculiar idiosyncrasies and timescales. Table 11.1, summarises the key details of three
classical novae.

11.2 Observations

Since this chapter applies the results of Chapter 10 to data captured before the
commissioning of the Global Jet Watch LHires instrument, it is predominantly based
off Aquila data, detailed extenstively in previous chapters. The observational set-up
and reduction pipeline for the data used in this paper are largely identical to the
procedures described in Chapter 10 and McLoughlin et al. [2021a], so only a brief
summary is provided here.

11.2.1 Observatories

The data in this chapter is based on three major observational campaigns carried
out by the Global Jet Watch telescopes, a system of five terrestrial observatories
separated around the world by longitude to enable continuous monitoring of rapidly
evolving astrophysical targets. The observatories house 0.5m telescopes, with most
of the observations taken using the Aquila spectrographs which cover the wavelength
range of approximately 5800Å to 8400Å with a resolution of R∼ 4000.

11.2.2 Major campaigns

The exact time-sampling for the three major campaigns discussed in this chapter
differ qualitatively, and as such the insights gained from each varies accordingly. The
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Table 11.2: Data set summary for the three major observational campaigns.

V5668 Sgr V906 Car YZ Ret
First spectrum 2015-03-20 2018-03-25 2020-07-15
Last spectrum 2020-10-01 2020-12-28 2021-01-28
Discovery JD 2457097.134 2458193.819 2459038.670
Aquila spectra 2792 3166 5226
LHires spectra 1 5 36
Total exposures (h) 304 172 593

campaigns are summarised in Table 11.2.
V5668 Sgr erupted 6 years ago, and the Global Jet Watch has data spanning most

of the intervening time. This makes it possible to trace different spectral components
over broad changes, and allows quantitative comparisons between early spectra and
later analogues. It was particularly fortunate that this classical nova erupted just after
the system emerged from behind the sun, allowing for several months of consistent
follow-up observations.

For V906 Car, the observational campaign was focused on dense time-sampling for
the first three weeks, with somewhat sparser observations beyond this. The strength
of this campaign is that it enables precise timing (to within hundreds of seconds) of
certain early changes to the line profiles.

The coverage of YZ Reticuli was a hybrid of these two extremes, with a virtually
uninterrupted sequence of nightly spectra captured across the four months between
+50 d and +175 d. This effectively ‘cracked the code’, and revealed that a particu-
lar set of five Gaussian components (two pairs and an additional component) could
satisfactorily explain the entire progression of spectral changes over several months
[McLoughlin et al., 2021a]. This model was then used as a template to aid under-
standing of V5668 Sgr and V906 Car, and this chapter discusses the similarities and
differences between these three examples of the varied field of objects that is classical
novae.

11.2.3 Data reduction

The data reduction pipeline used is called endeavour, and it performs the necessary
dark subtraction, flat-fielding, wavelength calibration and heliocentric correction to
produce one-dimensional output spectra from the input two-dimensional CCD data,
as discussed at length in earlier chapters. The bespoke spectroscopic analysis tool
called poirot was then utilised to carry out fitting, following the same protocols as
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those detailed in section 2.6 of McLoughlin et al. [2021a]. The data are not pho-
tometrically calibrated, and so for visual consistency all the plots in this paper are
normalised to unity.

11.3 Timing phase transitions for V906 Car

The existence of distinct phases in classical novae has been known for some time,
as mentioned in Section 2.3. This section uses the intensive follow-up campaign for
the first three weeks after V906 Car erupted to quantify the duration of transitions
between these phases, shedding light on the underlying physical mechanisms driving
the changes to the optical spectroscopy.

11.3.1 Timing the high-velocity absorption in V906 Car

Figure 11.2 shows the early evolution of the [O i] 7774Å complex alongside the telluric-
A band (included to show stability of the wavelength calibration). Time runs from
bottom to top, and the whole series last only half a day. During this time, the
principal absorption component at 7766Å (300 km s−1) stays relatively steady, whilst
a new and higher-velocity absorption complex appears at 7743Å (1200 km s−1), shown
with a fiducial vertical line. The last non-detection of the secondary absorption is at
+12.21 d, and by +12.4 d there is a clear detection. The duration of this rapid phase
transition can therefore be constrained to < 5 hours; Aydi et al. [2020a] had noticed
such a transition for Hα and Hβ to have occurred in their spectra taken a day apart.

11.3.2 Timing the jets phase onset in V906 Car

While it has been well-understood for many years that classical novae can quickly
transition from single to multiple absorption, these observations constitute the finest
time-resolution yet for timing the transition.

Figure 11.3 shows the sudden onset of significantly increased emission in V906
Car. The left panel shows the spectra stacked with time increasing upwards, nor-
malised from zero to one, while the right panel shows (with the corresponding colour
for each spectrum) the depth of absorption and height of emission relative to that
normalisation. Each vertical line in the right panel represents a single observation.
The lower end of each vertical line represents the depth of the low-velocity absorption
component, while the upper end is set to the height of the emission peak. This then
shows that over the course of only half a day between +10.6 d and +11.3 d, there is
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Figure 11.2: This series of spectra, with time increasing up the page, shows the
development of a new high-velocity O7774Å absorption line in V906 Car, with
highly time-resolved sampling. The telluric-A band shown to the blue is included
as an indicator of the robust wavelength calibration. The significant dates marked in
the legend are the date of the last spectrum in the series, the date of the last spectrum
with a non-detection of the high-velocity absorption component, and the date of the
first spectrum in the series respectively.
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Figure 11.3: The left panel shows a stacked series of the Hα complex of V906 Car,
ranging from +10.6 d to +11.3 d, with the earlier spectra shown at the bottom in pink
and the later observations at the top in blue. Each vertical line in the right panel
represents one of these observations; the lower end of each vertical line represents
the depth of the low-velocity absorption component, while the upper end is set to
the height of the emission peak, with the continuum subtracted and accordingly set
to zero. The latest observation has the absorption dot above the background level,
because by this time the emission is so strong and broad that even the deep low-
velocity absorption trough does not descend below the continuum.

a transition from predominantly absorption to predominantly emission. At the end
of this sequence, the low-velocity absorption component is still present, but the min-
imum is now above the continuum level, due to the immense emission at that same
wavelength.

The emission is hard to fit well while P-Cygni absorption is present. With the
diminishing of the absorption system by +30 d, an uncontaminated view of the emis-
sion profile is obtained, which can be fit by a clear jets and accretion disc pattern, as
presented in Section 11.5.1.

There are two plausible explanations for this sudden onset of emission in the
context of jets. One is that it takes a certain amount of time for the recently ejected
material in the immediate vicinity of the eruption to be processed down the accretion
disc and then launched as jets. In this scenario, one would expect to see the accretion
disc emerging prior to the jets being formed; in the right-hand panel of Figure 11.3
there is a distinct change in the gradient of growth of emission occurring at +10.8 d
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Figure 11.4: This figure compares the profiles of the nitrogen triplet (7423.641Å,
7442.298Å, and 7468.312Å) and O7774Å between the two classical novae, V5668
Sgr, and V906 Car. The left two panels show the nitrogen complex in the two novae,
while the right two panels show the oxygen progression. For V5668 Sgr, two separate
spectra taken hours apart at +59 d are plotted, which between them capture the
disappearance of the nitrogen triplet — an event with no analogue in oxygen. The
emission complex shown at the lower end of the wavelength range of V906 Car is not
part of the oxygen complex, but a circumbinary disc signature, which was the subject
of a previous paper [McLoughlin et al., 2020], and chapter 9.

which may mark the onset of jets.
The second possible conjecture is that the disc, fuelled by the recently ejected

material, immediately forms jets, and that the signal presented here is the first time
that these jets penetrate the shell-like ejecta and become spectrally significant.

11.3.3 Evolution of nitrogen and oxygen in V906 Car

The second panel in Figure 11.4 displays the evolution of the nitrogen triplet
(7423.641Å, 7442.298Å, and 7468.312Å) as it moves from absorption through to
emission. From +13 d and beyond, hints of splitting in the peaks of some of these lines
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become apparent. Although this probes the limit of sensitivity given the signal-to-
noise in this faint complex, separations of ∼ 200 km s−1 are suggested. These spectra
also serve as a reference for the discussion of sudden changes in V5668 Sgr in Section
11.4.4.

The right panel of Figure 11.4 shows the progression of the O7774Å complex.
Perhaps more clearly than in the equivalent nitrogen panel, the oxygen low-velocity
absorption line moves to increasingly blue-shifted wavelengths over time. The com-
mencement of emission occurs between +10 d and +13 d, which mimics the behaviour
detailed for the Hα complex in Section 11.3.2.

11.4 Timing phase transitions for V5668 Sgr

Figure 11.5 shows the progression of the Hα complex of V5668 Sgr through the several
phases discussed in this chapter. The three distinct phases presently focused on each
approximately span a year; in the following sections, each is considered in turn. This
section comments on the rapidly evolving nitrogen triplet, contrasting it with that
observed in V906 Car in Section 11.3.3.

11.4.1 V5668 Sgr: Initial jets and accretion disc

The fits in the first column of Figure 11.5 show a remarkably similar set of Gaussian
components to those observed in YZ Reticuli in McLoughlin et al. [2021a]. These spec-
tra of V5668 Sgr therefore also represent bipolar anti-parallel jets (shown in turquoise
and pink), and an accretion disc (blue and red), with an additional component (or-
ange) perhaps formed in a shell-like outflow. Initially, the additional component does
not account for a significant proportion of the flux relative to the far stronger jets
and disc signatures. However, by +113 d, the disc has begun to weaken in emission,
and the jets decline slightly too.

By +154 d, two additional Gaussian components (other than the jets and disc) are
required to fit the profiles well. Figure 11.5 shows +154 d twice: once with and once
without an extra component to show its inclusion is necessary to obtain a close fit.
Following the assumption that this extra flux most likely originates in the shell-like
ejecta, this change is concordant with the time taken for it to become visible from
behind the explosion, as the ejected material thins out and becomes transparent at
this wavelength.
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Figure 11.5: This figure shows an extensive sequence of Gaussian fits to the H-alpha
complex of V5668 Sgr, from +99 d to +2027 d, by which time the spectrum is dom-
inated by nebular nitrogen emission. The first column shows roughly the first year,
when a simple jets and accretion disc model suffices to explain the profiles — the
blue-shifted and red-shifted jet components are shown in turquoise and pink respec-
tively, while the double-peaked signature of the accretion disc is represented by red
and blue Gaussians. Following McLoughlin et al. [2021a], there is an additional or-
ange component which may be associated with an ejected shell. Two separate models
are presented for +154 d, since at this epoch it becomes necessary to include a second
additional component to explain the data. The second column shows the classical
nova during its transition to the nebular phase. Here, the same jets and accretion
disc model remains valid, but requires two additional components (shown in pur-
ple) which are consistent with being due to [N ii] 6584Å. The third column shows a
continuation of this pattern during the final years, with [N ii] 6584Å becoming the
dominant emitter in this region. For the panel at +1237 d, two vertical lines (purple)
to the plot to represent the radial velocities of the two nitrogen Gaussian components
shown in purple, thus showing that these nebular lines are consistent with being from
a dynamically similar parcel of gas as the shell (orange components) of H-alpha.
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11.4.2 V5668 Sgr: Transition to nebular phase

The middle column of Figure 11.5 approximately spans the second year after eruption.
During this time, additional lines appear to the red. The more recent spectra are used
to get an accurate initial guess for the central wavelength of the extra components,
revealing that they are consistent with being a double-peaked [N ii] 6584Å line. These
spectra are well fit by the same set of six Gaussian components as those fitting the
spectrum at +154 d, but with the addition of two nitrogen lines ([N ii] 6584Å). With
the goal of using the Hα complex alone to determine the phase of a classical nova,
this would provide a straightforward marker for the onset of the nebular phase. At
this point, there is still comparable flux coming from Hα, and so the nebular phase
does not have a sharp start time when the nebular lines dominate.

11.4.3 V5668 Sgr: Nebular phase dominant

The third column of Figure 11.5 shows the nebular phase beginning to dominate. By
+750 d the nitrogen profile gives the strongest emission in this wavelength range, and
by +1100 d nitrogen is totally dominant. Gehrz et al. [2018] identify the presence of
the high-excitation forbidden coronal line of [Fevii] 6085Å. Figure 11.6 demonstrates
the arrival and departure times of the [Fevii] 6085Å line; the [O i] 6300Å appears
throughout the existence and demise of the [Fevii] 6085Å line. The [Fevii] 6085Å
emission is contemporaneous with the nitrogen lines shown in Figure 11.5 (in purple),
which begin to emit strongly after approximately one year since detonation. Unlike
these nitrogen lines, which establish themselves as the strongest line in the Global Jet
Watch optical spectra after +800 d, the [Fevii] 6085Å line dwindles in comparison
to Hα at late times.

11.4.4 V5668 Sgr: evolution of nitrogen and oxygen

The left panel of Figure 11.4 shows the progression of the nitrogen triplet (7423.641Å,
7442.298Å, and 7468.312Å) in V5668 Sgr. What is fascinating about this is the
suddenness of the disappearance of absorption lines between two spectra both taken
on +59 d. Using time-resolved spectroscopy, an upper bound on the duration of this
phase transition is set at t <= 17 h. The absorption was not present in any of the
subsequent spectra.

There is a trend in the radial velocity of nitrogen absorption lines, which moves to
higher speeds as time progresses from +7 d (−480 km s−1) to +59 d (−1440 km s−1).
In the very early spectra taken before +7 d though, it decreases in radial speed, which
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Figure 11.6: The left panel shows a double-peaked profile of the high-excitation coro-
nal line of [Fevii] 6085Å in V5668 Sgr, from when it first appears in Global Jet
Watch spectra around one year after eruption, to the last detection at +899 d. The
right plot shows the [O i] 6300Å line, which is present throughout this spectroscopic
monitoring campaign of V5668 Sgr.
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is discussed in more detail below. The spectrum taken at +11 d shows at least two
distinct features, a narrow low-velocity component at 540 km s−1 and a broader high-
velocity complex between 802 km s−1 and 1000 km s−1. It is therefore likely that the
dominant line in later spectra is related to the high-velocity component, rather than
a drastically shifted low-velocity component.

The third panel of Figure 11.4 follows the O7774Å line through a series of changes.
It starts off at +5 d and +6 d with a single low-velocity P-Cygni absorption feature
with a speed of 580 km s−1 along the line-of-sight. This then slows, reaching a min-
imum speed of 420 km s−1 on +7 d, before progressively increasing in blueshift up
to a maximum of 730 km s−1 on +45 d. The pattern of slowing before continuing to
advance to the blue, which is also present in the nitrogen complex, has previously
been recorded in V906 Car by Aydi et al. [2020b], and is only apparent when spectral
data are captured close to or before optical maximum. V5668 Sgr has many large-
scale jitters in the early light curve (Figure 11.1), which is probably why this early
‘retrograde’ pattern is apparent.

From +11 d, the low-velocity component is joined by a high-velocity system, with
a diffuse range of absorption velocities. The diffuse high-velocity absorption system
of V5668 Sgr was the subject of a thorough study with high-resolution data [Tajitsu
et al., 2016], which studied a snapshot of the Balmer lines of hydrogen and other metal
lines, and measured the precise wavelengths of various narrow components within the
complex.

11.5 Overview: A dynamical model for nova phases

Figure 11.7 shows the striking similarity between three seemingly very different erup-
tions. For each of these systems, the putative jet components are coloured in turquoise
and pink, with the accretion disc in blue and red. The jet speeds differ substantially,
although these observations cannot separate the effects of inclination angle from the
actual rest frame jet-launch speed.

11.5.1 Onset of jets and accretion disc in V906 Car

The observational campaign for V906 Car focused keenly on the first three weeks,
which made it possible to capture several key early transitions in the spectroscopic
development of this classical nova. However, as shown in panels two and four of Figure
11.4, the emerging emission spectrum is interspersed with several highly variable
absorption systems during the first month following eruption. Figure 11.8 therefore
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Figure 11.7: The five-component Gaussian model fits to the H-alpha complex of three
separate and quite different classical novae. The top panel shows a spectrum of YZ
Reticuli at +61 d, the middle is of V906 Car at +30 d, and the lower is of V5668
Sgr at +99 d. These classical novae had very different light curves (shown in Figure
11.1), yet all are well fit by two pairs of Gaussians and an additional component. The
colour scheme and interpretation of lines follows Figure 11.5. There are two vertical
fiducial lines, at ±1000 km s−1.
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begins fitting the emission complex for V906 Car (middle column) from +30 d, by
which time the complex is well-approximated by the standard five emission Gaussians
model previously identified as jets and accretion disc for YZ Reticuli and V6568
Sgr in McLoughlin et al. [2021a]. This fit remains accurate at least until +198 d,
beyond which there is a two-year gap in observations and it becomes impossible to
contiguously trace the evolution. Following Section 11.3.2 which discusses the onset
of substantial emission in V906 Car, it is reasonable to assume that the emission
complex that emerges suddenly around +10 d would also, in the absence of complex
absorption systems, be well-fit by the same model as the one which remains in place
from +30 d to +200 d. V906 Car therefore joins the growing sample of classical novae
which display jets and an accretion disc in their Hα profiles, and it is most likely
that such jets and an accretion disc are the source of the emission responsible for the
initial rise in Hα flux from +10.6 d to +11.3 d.

11.5.2 An updated prescription for classical nova optical evo-
lution

There is a small but growing sample of classical novae which show jets and an accretion
disc in their Hα spectra, which are the two examples presented in this chapter (V906
Car, V5668 Sgr), together with the two in Chapter 10 [McLoughlin et al., 2021a] (YZ
Reticuli and V6568 Sgr, in their figures 3 & 8 respectively). It is sensible to propose
an update to the traditional physical model underpinned by optical observations. At
first, there is a P-Cygni spectrum, with a relatively low velocity absorption component
on the order of hundreds of km s−1 (the LVC), most likely associated with a slowly-
ejected shell. This is promptly followed by the arrival of secondary absorption, with
far higher radial velocities on the order of thousands of km s−1 (the HVC), which
often consists of multiple separate shells. Very shortly after this, emission features
originating from material at the base of jets and from the accretion disc emerge,
taking only a few hours to push the minimum of the LVC absorption trough above
the continuum level. The jets and the accretion disc appear to be precessing in YZ
Reticuli, and similarly systematic follow-up of other classical novae may well yield
similar results. At late times, nebular lines of forbidden transitions become strong,
a process through which [N ii] 6584Å took approximately a year to compete with
Hα in V5668 Sgr, and approximately another year to become the dominant source of
emission in our optical spectra.
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Figure 11.8: The jets and accretion disc model used to successfully describe the H-
alpha evolution of classical nova YZ Reticuli [McLoughlin et al., 2021a] is extended to
two additional examples — V5668 Sgr in the left column, and V906 Car in the central
column. V5668 Sgr shows two additional Gaussian components (purple) which are
due to [N ii] 6584Å. Since the campaign for V906 Car was primarily focused on the
first three weeks after eruption during the multiple absorption component phase, the
data set for this target has a substantial break before the final spectrum. Despite not
being able to fully track the components through a time series, the +845 d spectrum
of V906 Car shows hints of splitting occurring in the jet lines, coloured turquoise and
pink. The right column shows fits for YZ Reticuli, as a comparison.

170



11.5.3 Jets, not clumps, responsible for H-alpha complexes

What is most remarkable about the fits shown in Figure 11.8 is how well this model
accounts for variability in the line profiles. It is not warranted to claim that mere
“clumpiness" can account for all this complexity. While the ejecta most likely does
form clumps of some description, as evinced by imaging of classical nova remnants
(such as the ALMA imaging of V5668 Sgr by Diaz et al. [2018], although this may
arise in part because of sparse UV-plane sampling), this data set shows that it is
not necessary to invoke clumps in order to explain the complex Hα profiles. Instead,
a dynamical model consisting of jets, an accretion disc and a simple shell outflow
is sufficient to explain the spectra from the early fading of absorption systems until
the late nebular phase. Of course, the [N ii] lines must be considered also, but they
appear at late times, following the same dynamical prescription as the Hα shell, and
as such are easily understood.

11.5.4 Implications for interstellar enrichment

Another interesting consequence of the developments to the jets model for nova out-
flow is the implication for the interstellar enrichment capabilities of classical novae.
Considering the ejection to take place from near the surface of the white dwarf,
where the escape velocity is approximately given by V 2

esc ∼ GM�/RWD, yields a value
of around 4500 km s−1, which is in excess of the ejection speeds observed in the ma-
jority of systems and thus implies that classical novae do not contribute significantly
to the enrichment of the interstellar medium (ISM). However, if instead the launch
radius is at the inner edge of an accretion disc, a quite different picture emerges. The
standard prescription for a stellar accretion disc inner radius is that it terminates
at the surface of the star. However, the jets of classical novae in this sample are
launched while the white dwarf is still very hot and irradiance remains very high. It
is conceivable that the disc inner edge is disrupted, and so the real radius of launch
and therefore effective radius of the bottom of the gravitational potential well, may
be significantly higher. It may then be quite feasible for jets of ∼ 2000 km s−1 such
as those seen in YZ Reticuli or V6568 Sgr to propogate much further and hence play
a role in enrichment of the ISM. In the case of V5668 Sgr, the jets appear to last in
excess of 5 years; in this time, the initial ejecta will have reached a distance of at
least 1000AU, increasing the enthalpy and temperature of the ISM out to these radii
as they do so. With ∼ 100 classical novae per year in the Milky Way, the cumulative
effect of classical novae on the ISM is likely to be non-negligible.
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11.5.5 Prediction for spatially resolved spectroscopy

The sprouting of the lines of [N ii] 6584Å (shown in purple in Figure 11.5) around
at the anniversary of the explosion, and their resemblance to the central lines of Hα,
is a reminder that detailed spectrally-resolved imaging of classical novae would likely
reveal structures that could confirm or refute the jets model. In the case of the B[e]
star MWC 137 studied in Mehner et al. [2016], an 8m class telescope (VLT) together
with a modern IFU (MUSE) revealed a slender jet in the [N ii] 6584Å line (their figure
8). With sensitive, high-angular resolution observations, it would be very instructive
to see nitrogen-free Hα imaging, and to see which shells and which elongated outflows
appear in lines other than hydrogen. There is however, a trade-off between angular
size and brightness, which might be well balanced by a couple of months to years
after a classical nova eruption.

11.6 Conclusions

The landscape of phases for the optical spectroscopic progression of classical novae has
typically focused on relatively early-time absorption lines, as these elucidate what is
happening specifically along the line-of-sight to the eruption, but a full understanding
of the nature and evolution of the classical novae phenomena necessitates sustained
time-resolved studies beyond this regime. Traditionally, the Hα emission complex
has been deemed too contaminated to be straightforwardly fit and understood. The
chapter extends the two jet-and-disc classical novae in McLoughlin et al. [2021a] to
two further classical novae, showing that a jets and accretion disc model for under-
standing the Hα emission is perhaps more widely applicable to classical novae than
was previously imagined. With the sample size growing, I propose this observation
should be added to the standard sequence of events and phases in optical spectra
and our way of understanding them. The variety of the classical novae now in the
sample is encouraging, since it suggests that the jets and accretion disc model may
be a feature of classical novae in general, rather than just restricted to one type.

Tight constraints on the timing of transitions between these classic phases were
provided, lending support to the conjecture that jets and an accretion disc are key to
understanding the optical emission of classical novae in the first thousand days.

I also suggested that thinking of the emission in terms of jets launched by an
accretion disc rather than from the white dwarf surface could alter the relevant escape
velocity, and may therefore allow for enhanced enrichment of the interstellar medium
compared to what was previously thought possible from classical novae.
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Beyond the spectroscopic evidence presented for these novae, independent support
for this conjecture would come from a spatially-resolved spectroscopic image of these
targets in a few years time, when the angular sizes would have grown sufficiently large
to be well-matched to modern IFUs.
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Chapter 12

Discussion

It is remarkable that the simple act of counting light reveals so much about nature.
Of course, the light and resulting counts must be treated with the utmost care,
but robotic instruments and automated computation together lend their assistance.
This thesis respects the fact that the final fidelity and therefore value of scientific
results rests upon the community’s collective confidence in the processes involved in
their creation, and takes pride in carefully detailing the meticulous measures that
guarantee the integrity of Global Jet Watch spectra.

Careful inspection of the one-dimensional spectra resulted in the hitherto unob-
served discovery of jets in the immediate aftermath of a classical nova eruption, and
subsequent realisation that these are manifestly widely prevalent. Another key result
was the first observation of a circumbinary disc, detected in emission after its shock-
heating by the 2018 explosion of V906 Car. This final chapter sets out the findings
of Chapters 9, 10 and 11 in the wider context of the field.

12.1 Circumbinary discs around classical novae

Chapter 9 presents the first direct observation of emission from pre-existing circumbi-
nary material surrounding a classical nova (published as McLoughlin et al. [2020]). Its
existence should come as no surprise, because of the well-established theoretical basis
for the existence of families of stable circumbinary orbits. The circumbinary discs of
classical novae have previously been postulated to exist but also to be inobservable
due to their low luminosity [Spruit and Taam, 2001, Dubus et al., 2002]. However,
these studies only considered systems in quiescence, not taking into account the en-
ergetic outbursts of classical novae. Careful fitting to the sustained time-resolved
optical spectroscopy of classical nova V906 Car throughout the three weeks imme-
diately following its 2018 eruption revealed that the disc had been shock-heated by
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the recent explosion, causing it to radiate line emission at detectable levels. This
discovery of emission from a circumbinary disc lends strong support to the theory
proposed by Williams et al. [2008] that such a disc may explain their observations of
absorption systems in other classical novae.

This discovery ties together various other strands of other research. One is the
theoretical possibility of circumbinary material, which has already been observed
in a number of other systems, with several circumbinary exoplanets now known.
Another is the white dwarf mass problem in classical novae; namely that in order to
explain the observed mass distribution, systems must be losing angular momentum
through a mechanism other than gravitational radiation, magnetic braking, mass
loss and friction. The discovery of a circumbinary disc resolves this issue for V906
Car, perhaps suggesting that properly accounting for circumbinary discs might yield
further advances in our understanding of the orbital mechanics of classical novae.
Perhaps the most exciting idea is the possibility proposed by Dubus et al. [2002]
and discussed by Williams [2011], that the presence of a circumbinary disc would
drastically enhance the mass transfer rate, essentially acting as the trigger for classical
nova eruptions.

It is not a coincidence that V906 Car revealed evidence of a circumbinary disc. As
mentioned in Chapter 11, the observing campaigns of the different targets analysed
during this thesis were substantially different (to some extent determined by Right
Ascension and Declination, and the time of year of the eruption) despite all falling
into the category of time-resolved spectroscopy. The Global Jet Watch spectra of
V906 Car were front-loaded into the first three weeks after eruption, with the disc
signature persisting for only seven days before vanishing. I conjecture that further
similarly intensive and early observational campaigns for other classical novae would
expose their circumbinary discs, which should now be strongly expected to exist.
Indeed, the Global Jet Watch data set for V5668 Sgr, despite having a primary focus
on capturing long-term trends, also contains some early spectra with hints of the
same signatures.

A deep high-resolution observation of the circumbinary signal from various emis-
sion complexes in the spectrum of a classical nova would allow for more detailed mod-
elling of the properties of the disc. In Chapter 9, there were hints of minor variations
between different species emitting lines, and it would be interesting to analyse these
in high-resolution spectra. A difficulty might lie in the rapid identification of these
lines, as these may differ substantially based on the composition of the pre-existing
circumbinary material, and perhaps therefore the nature of the white dwarf. Since the
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circumbinary signal is so transient, disappearing a week after first appearing, spectra
would have to be observed, then processed to determine which lines are present, and
then observed again with a high resolution instrument. The Global Jet Watch obser-
vatories, now equipped with LHires and Aquila spectrographs, is well-placed to carry
out such additional high-resolution observations.

12.2 Classical nova jets

Chapter 10 presents spectroscopic evidence of jets and an accretion disc in the classical
nova YZ Reticuli, and shows the same model also fits V6568 Sgr data. Astrophysical
jets arising at a broad range of scales in the universe, although crucially only in the
presence of ongoing accretion. While it had been posited that a recent classical nova
eruption might totally disrupt the accretion disc, Retter [2006] found that this was
only the case in magnetic systems or intermediate polars, which make up < 15% of
the classical nova population. Indeed, Hachisu and Kato [2012] show that irradiation
of the accretion disc by the hot white dwarf is a plausible explanation for the plateau
phase in some novae. Given the probable survival of an accretion disc, and the recent
ejection of a large quantity of hydrogen by the eruption, enhanced mass-transfer
through the accretion disc is likely to occur, creating circumstances favourable for
the launching of jets. Since this set of conditions commonly exists for classical novae,
jets may be found in the spectra signature of many classical novae.

Chapter 11 takes over where Chapter 10 leaves off, bringing the sample of classical
novae which show jets and an accretion disc to a total of four. The fact that all four
of the classical novae observed thus far by the Global Jet Watch had an Hα complex
that was well-fit by this model (after the disappearance of absorption systems) em-
phatically supports the consensus reached in 11, that this phenomenon is likely a very
common feature of classical novae. Indeed, model-dependent fitting conducted using
the shape algorithm has hinted that classical novae might have bipolar morphologies
(e.g. Ribeiro et al. [2013]).

Milli-arcsecond radio jets [Sokoloski et al., 2008], and collimated Hα jets [Skopal,
2015], have been observed in recurrent novae and this has been posited to be because
of the higher white dwarf masses in these systems. However, it is also perhaps due
to the relative ease with which they can be observed — repeated eruptions enable
the preparation of detailed observational plans. It would be very interesting to con-
firm the relationship between white dwarf mass and jet speed, and to do this would
require knowledge of one additional observable: the inclination angle. Polarimetric

176



observations such as those performed by Harvey et al. [2018] may provide a useful
way of unlocking this third variable, which would allow calculation of the jet speed
in the rest frame of the eruption.

It would be fruitful indeed to capture spatially resolved spectroscopy of a classical
nova showing jets over a wavelength range centred about Hα and sufficiently wide
to capture the fast jets, as this would reveal the opening angle, presence or absence
of knots along the jet axis (taking Mehner et al. [2016] as an example of this in
a non-nova system), and potentially an imprint of precession. To optimally plan
such an observation would be a challenge since classical nova systems fade as they
expand to spatially resolvable scales, in ways that depend on the particular nature
and orientation of the target. However, the results shown in Chapter 11 for V5668
Sgr indicate that a good time might be between roughly +100 d and +1000 d; late
enough that it has had time to become spatially resolved, but early enough that
Hα jet emission is still bright. A modern IFU would easily be capable of resolving
some interesting dynamics. Since there were hints of this also in [O iii] lines (4959Å,
5007Å) for YZ Reticuli, that spectral range may also yield interesting results.

12.3 Closing remarks

With an estimated ∼ 50 Galactic nova eruptions per year [Shafter, 2017], and ever-
improving observational data sets, it is unsurprising that the field of classical novae
continues to yield exciting new results. This thesis has presented novel insights derived
from densely time-sampled optical spectroscopy, and I am confident that there are
many more and varied qualities of classical novae waiting to be discovered through
this and similar methods.
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