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Abstract

The eruption of a classical nova (CN) is an extremely energetic transient event
that produces a rapid optical brightening of 10-15 magnitudes, followed by a slower
decline in luminosity. A CN is a binary system consisting of a white dwarf (WD)
primary that accretes stellar material from the less-evolved donor star. In the
majority of systems, mass transfer onto the WD takes place via an accretion disk. A
thermonuclear runaway is triggered when sufficient mass has accumulated on the
WD, and the energy thus injected into the WD envelope causes the high velocity
expulsion of the envelope in the nova eruption. Due to the rapid ejection of this shell
of material, the WD photosphere expands and then contracts, which is observable as
the brightening and subsequent fading of the nova light curve.

A dwarf nova (DN) outburst is less luminous than a CN eruption, and occurs when
material in the accretion disk is suddenly deposited onto the WD due to thermal or
tidal instabilities within the disk. The corresponding release of gravitational potential
energy powers the increase in luminosity.

V392 Persei is a known DN that underwent a CN eruption on April 29 2018, with

-ray emission detected from the system the following day. V392 Per provided the
first opportunity to study the -ray emission processes in a previously studied nova
system. Here we report ground-based optical, Swift UV and X-ray, and Fermi-LAT

-ray observations following the eruption for almost three years.

The optical light curve reveals that V392 Per is one of the fastest evolving novae
yet observed, with a t, decline time of 2 days. Early spectra present evidence for
multiple and interacting mass ejections, with the associated shocks driving both the

-ray and early optical luminosity. V392 Per entered Sun-constraint within days of
eruption. Upon exit, the nova had evolved to the nebular phase, and we saw the
tail of the super-soft X-ray phase. Subsequent optical emission captured the fading
ejecta alongside a persistent narrow line emission spectrum from the accretion disk.

Ongoing hard X-ray emission is characteristic of a standing accretion shock in



an intermediate polar. Analysis of the optical data reveals an orbital period of
3:230  0:003 days, but we see no evidence for a WD spin period. The optical and
X-ray data suggest a high mass WD, the pre-nova spectral energy distribution (SED)
indicates an evolved donor, and the post-nova SED points to a high mass accretion
rate.

Following eruption, the system has remained in a nova-like high mass transfer
state, rather than returning to the pre-nova DN low mass transfer configuration. We
suggest that this high state is driven by irradiation of the donor by the nova eruption.
In many ways, V392 Per shows similarity to the well-studied nova and DN GK Persei.

A preliminary photoionization analysis of the early nebular spectra was performed
in an attempt to constrain the ionization conditions within the nova shell. Three
key emission line flux ratios were measured from the spectra. The plasma simulation
and spectral synthesis code cloudy was used to produce an array of models that
varied the effective temperature of the WD (the ionizing source), and the electron
density and metallicity of the nova shell. The measured line ratios were compared
with the predicted ratios for the models. Although the results were inconclusive,
they indicated some constraints on the ionization conditions that were consistent
with what we might expect for a nova shell.

Finally, some suggested developments of the work discussed in this thesis are
presented. The first extension considered is a more complete analysis of the photoion-
ization conditions within the shell of V392 Per, accompanied by morpho-kinematic
modelling to constrain the geometry of the nova shell. Another avenue to progress
this work is to conduct a further monitoring campaign on V392 Per and ascertain
the ongoing mass transfer state of the system. Polarimetric observations may reveal
signals of the WD magnetic field, or of a degree of dust production within the
expanding shell. Perhaps the most exciting possibility would be to apply the same
analytical techniques to observations of a system similar to V392 Per, but which does

not experience Sun constraint at such an early stage of its evolution.
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Chapter 1

Introduction

1.1 History of Novae

The word nova comes from the Latin \stella nova", meaning new star. This name

arose due to the sudden brightening of a star such that it became visible to the naked
eye, originally thought to be the birth of the star. These sudden appearances have
been observed since ancient times, with the earliest known observation of a nova

eruption recorded by Chinese astronomers in the 14th Century BCE (Li, 1988).

A catalogue of novae and supernovae predating 1604, observed before the invention
of telescopes, was published by Bode & Evans (2008). There was no distinction
between the two classes prior to the 20th Century. The fast declining Nova Scorpii
1437, erupting on 11 March 1437, was one of the best located classical novae detected
in the pre-telescopic era. It has been claimed the “Star of Bethlehem' was also a
possible nova observation, coinciding with the Chinese and Korean records from
around 5 BCE (Clark et al., 1977), although this was refuted by Schaefer (2013).

Another interesting pre-telescopic nova observation was that of CK Vul (Shara et al.,



1.2. Classical Novae

1985), which was observed during 1670. However, recent observations suggest this
was not a nova eruption (Evans et al., 2016), but could instead have been a merger

between a white dwarf-brown dwarf binary (Eyres et al., 2018).

At the end of the 19th Century, astronomers began to monitor the sky more
systematically, using photographic plates to record the observations (Bode & Evans,
2008). This marked a surge in the detection of novae, beginning with T Aur in 1892
(Campbell, 1893), which was the rst nova system to be observed spectroscopically.
Only when eclipses were discovered in the light curve of DQ Her was it realised that
novae were binary objects (Walker 1954; Kraft 1964). So far, over 500 Galactic novae

and more than 1000 extragalactic novae have been detected.

1.2 Classical Novae

Classical nova (CN) eruptions are highly energetic explosive transients, with only
supernovae (SNe) and gamma-ray bursts (GRBs) exceeding their energy output. CNe
are binary systems in which a white dwarf (WD) accretes hydrogen-rich material
from a donor star via an accretion disk (Warner, 1995, see Section 1.4). Accretion
proceeds via Roche-lobe over ow for the majority of CNe; those with main sequence
or sub-giant donors. For CNe with giant donors, material is accreted from the
giant's wind (Darnley et al., 2012; Darnley, 2021). The accreted envelope builds in
temperature and pressure until a thermonuclear runaway occurs (Starr eld et al.,
1976, 2016; Starr eld, 1989), blasting material from the WD's surface, leaving the
WD and donor relatively unscathed (as discussed in Section 1.5). The CN is observed
as a rapid increase in optical luminosity of 10{15 magnitudes, followed by a slower

decline.



1.3. Cataclysmic Variables

Within a given volume, the annual rate of CN eruptions is much higher than the
rate of SN explosions or GRB events, and many CNe have erupted within the Milky
Way and nearby galaxies. Therefore CNe can more readily be studied in greater
detail due to their proximity and frequency. This makes them prime sources to
inform our understanding of accretion processes, dust production, nuclosynthesis and

particle acceleration in shocks.

CNe are one of the key sources 6fi (I1zzo et al. 2015; Tajitsu et al. 2015),
13C, N and 70 in the ISM (Gehrz et al. 1998; Jose 2016), rendering them crucial
laboratories to help understand the chemical composition of stars and galaxies.
Signi cantly, as will be discussed in section 1.8, recurrent novae (RNe) are one of the
main single degenerate candidate progenitors for Type la Supernovae (SNela). The
remarkable recurrent nova M31N 2008-12a is the leading candidate SN la progenitor

due to its growing, already near-Chandresekhar mass WD (Darnley et al., 2017).

1.3 Cataclysmic Variables

CNe are a sub-type of cataclysmic variable (CV); a class that includes dwarf novae
(DNe) and nova-like (NL) variables. DN outbursts are less luminous than CN
eruptions and are powered by the release of gravitational potential energy, which can
occur when hydrogen-rich material in the accretion disk is suddenly deposited onto
the WD. The mass transfer rate through the disk of a DN is typically lower than
that of a CN or NL. DN outbursts occur in systems where the accretion rateM) is
lower than the critical rate (Smak, 1983, see their Equation 2), due to thermal or
tidal instabilities within the disk (Osaki, 1996). The instabilities are responsible for
"dumping' large amounts of stellar material onto the surface of the WD, releasing

substantial gravitational potential energy { visible as the DN outburst. For a given
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disk radius, CVs with high M- produce hot, stable disks { the NL systems, that do
not show DN outbursts (Osaki, 1996; Warner & Woudt, 2003).

There are three sub-types of DN (Osaki, 1996). U-Geminorum, or SS Cyg, type
DNe experience fairly regular quasi-periodic outbursts. Z-Camelopardis type DNe
experience frequent outbursts, punctuated by standstills where the DN maintains
a brightness intermediate between its quiescent and outburst magnitudes. The SU
Ursa Majoris type DN exhibits two types of outburst. The normal short outburst
typically lasts a few days, whereas the superoutburst has a duration of around 14

days.

1.4 Accretion

For all CVs, if the companion is a main sequence or sub-giant star, the system will be
a close binary with orbital separation of a few R , with a Roche lobe- lling donor.
As the donor's radius grows due to normal evolutionary processes, or as gravitational
radiation very slowly drives down the orbital separation (in the case of novae with
very short orbital period), some Solar composition material in the outer envelope of
the donor experiences a stronger gravitational potential from the WD than from its
own core. In this way, material can be stripped from the star and spill through the
inner Lagrangian point into the WD's Roche lobe (see Figure 1.1). This is referred

to as Roche-lobe over ow.

Alternatively, if the star is a red giant, the binary system will have a larger orbital
separation, so the secondary will not necessarily Il its Roche lobe. However, due to
its extended size and relatively low surface gravity, the giant will experience a strong

stellar wind. A large amount of hydrogen-rich material, typicallyl0 M . M.
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Figure 1.1: Accretion from a donor star onto a non-magnetic WD via an
accretion disk, showing the hot spot. Figure available via Wikimedia commons
https://commons.wikimedia.org/wiki/File\protect\protect\leavevmode @
ifvmode\kern+.2222em\relaxDiagram_of a_Cataclysmic_Variable.png

10 *M (van Loon et al., 2006), will stream out of the Roche lobe of the secondary,
some of which will pass through the inner Lagrangian point and into the lobe of the
WD, and some of the rest will enter the circumbinary regime, orbiting the binary

system without being bound to either star individually.

The stellar material entering the WD's lobe has a high angular momentum
due to the short orbital period of the binary, particularly in the case of a main
sequence secondary, with orbital periods in the rande4 . P,y . 8hours Sub-giant
companions have typical orbital periods of hours to days, whereas symbiotic novae
with red giant companions have orbital periods of hundreds of days (Bode, 2010). As
such, due to conservation of angular momentum, an accretion disc will form around
the WD (Warner, 1995). The hydrogen-rich material in the accretion disk will move
closer to the disk centre due to viscous and turbulent processes, with a typical

accretion rate ofM,c 10 °M yr ! (Bode, 2010; Warner, 2008). Eventually, it
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will fall onto the WD's surface and heat up due to the conversion of gravitational

potential energy into thermal energy.

1.4.1 Stable vs unstable accretion

The disk instability model (DIM) for DNe was rst suggested by Osaki (1974), and

applied to U Gem DN systems. It proposed that mass transfer from the secondary
star proceeds at a constant rate, with mass being stored in the accretion disk until
a critical mass is reached. At this point, a disk instability occurs, allowing mass

transfer to the WD to take place at a rate exceeding the mass transfer from the
secondary, releasing much of the gravitational potential energy that was stored within
the disk. The accretion stream from the donor star onto the disk forms a hot spot.
During the quiescent phase between DN outbursts, the hot spot and the accretion

disk dominate the luminosity of the system.

Meyer & Meyer-Hofmeister (1981) suggested that the thermal limit cycle insta-
bility is responsible for triggering the liberation of mass from the accretion disk in
DIM. In Figure 1.2, the thermal limit cycle for accretion disks is illustrated. In panel
(a), there are two stable regions, indicated by the solid lines. The lower stable region,
increasing in surface density to max, IS cold and convective with a low mass accretion
rate and viscosity. The upper stable region, increasing in surface density frong, ,
is hot and radiative, with a high mass accretion rate and viscosity. The intermediate
(unstable) region is indicated by the dashed line, and decreases in accretion rate as
surface density increases. Within this region, accretion alternates between short,
radiative periods of high mass accretion and long, convective periods of low mass
accretion (Meyer & Meyer-Hofmeister, 1981). When accretion through the disk is

stable, there will not be a DN outburst.
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Figure 1.2: Panel (a): The thermal equilibrium S-shaped curve in the M
phase-space of an accretion disk. Panel (b) illustrates a more complicated form
of the thermal limit cycle, resembling the letter . Figure appeared as Figure 4
in Osaki (1996), [ Dwarf-nova Outbursts', Osaki, PASP, 108, 39, 1996 D@®ittp:
//doi.org/10.1086/133689 © The Astronomical Society of the Paci c. Reproduced
by permission of IOP Publishing. All rights reserved.]

For long orbital period systems, the regions of stability and instability within an
accretion disk are shown in Figure 1.3 by the thermal equilibrium S-curves on the
surface density-e ective temperature phase-space ( T, ) for disks of various radii
from 1 to 10*? cm (Bollimpalli et al., 2018). For each radius, there are two stable
regions, with similar gradient in the phase-space. In the cool region, the gas in the
disk is in neutral atomic or molecular form. In the hot region, the hydrogen in the
accretion disk is fully ionized. The intermediate region, forming the middle part of
the \S", experiences both thermal and viscous instabilities. If the disk occupies this
region of phase space, the CV will exhibit DN outbursts. The stable regions for a
given disk radius are represented by di erent values of the viscosity parameter
For the cold branch, the viscosity parameter is given by, 0:02 0:04, whereas

n 0:1 0:2 for the hot branch.
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Figure 1.3: Stability of accretion within disk, shown by S curves of T, fora
1:35M WD. The blue, green, red and purple lines indicate disk radii of 2010,
10 and 102 cm, respectively. Dashed lines represent = 0:1, dotted lines represent
= 0:01L The solid lines show the path that would be traced by real disks of a
given radius. The disks exhibit high viscosity at high e ective temperatures, and
low viscosity at low e ective temperatures. The shape of the S-curve is similar
to that shown in Figure 1.2, except here the vertical axis showk, instead of M..
Figure taken from Bollimpalli et al. (2018) [ Disc instabilities and nova eruptions in
symbiotic systems: RS Ophiuchi and Z Andromedae’, Bollimpalli et al., Mon. Not.
R. Astron. Soc., 481, 5422, 2018 DQ@ittps://doi.org/10.1093/mnras/sty2555 ]
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1.4.2 Accretion in Magnetic CVs

The mode of accretion described above is typical for a CN. However, there are
(observationally) rare instances when accretion follows a slightly di erent path. In
the case of intermediate polars, such as DQ Herculis and GK Persei, the inner part of
the accretion disk is disrupted by the WD's magnetic eld of intermediate strength
1°. B. 10'G (Bode & Evans, 2008; Bode, 2010; Woudt & Ribeiro, 2014). When
accreted material reaches the truncated inner part of the accretion disk, it streams
along the magnetic eld lines of the WD, forming \accretion curtains” of luminous
material (Warner, 1995). Material in the disk moves through the curtains and then

falls onto the surface of the WD at one (or occasionally both) of its magnetic poles.

In polars, such as Nova Cygni 1975 (V1500 Cyg) and Nova Sagittarii 1998
(V4633 Sgr) (Lipkin & Leibowitz, 2008), the WD has a very strong magnetic eld of
B > 10’ G that funnels the accreted material directly onto the WD surface, with no

accretion disk (Bode, 2010).

1.5 Nuclear Burning and the Thernonuclear Runaway

As the donor material builds up on the degenerate surface of the WD, the base of
that envelope increases in temperature and pressure until hydrogen burning begins,
initially via the proton-proton chain, but as the temperature rapidly increases to
T > 4 10K nuclear fusion proceeds via the CNO cycle (Bode & Evans, 2008).
Finally, when the temperature exceedd > 10°K, the hot CNO cycle begins to

dominate.
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The ignition mass, or critical mass, is given by:
Mcric = 4 RCVD Peit =GMwp (1.1)

whereP.; 10 Pa. Figure 1.4 shows that the ignition mass decreases as the WD

mass increases.

As the material at the WD's surface is degenerate, pressure and temperature
are decoupled, and the accreted material on the surface does not expand as the
temperature soars. As a result, there is a thermonuclear runaway (TNR) (Bode
et al., 2009; Bode, 2010; Starr eld et al., 2016). During TNR, convection can dredge
up some material from the WD interior, such as carbon, oxygen, neon or magnesium.
The TNR generates su cient energy to increase the temperature beyond the Fermi
temperature, thereby breaking the degeneracy and recoupling temperature and

pressure.

As the pressure rises, the accreted envelope expands, and does so with a velocity
higher than the WD's escape velocity. Hydrogen, helium and other products of the
recent nuclear burning, possibly mixed with WD core material, are ejected from the
WD in the nova eruption. Typical masses and velocities of the ejecta respectively are
in the range10 > Mg few 10“4M andfew 10 v few 10°kms!t
(Bode, 2010).

1.6 The nova ejecta and panchromatic emission

The material thrown o the surface of the WD form the nova ejecta and consists
of hot, optically thick gas. This gas forms a shell of increasing radius spreading

out from the WD, emitting blackbody-like continuum radiation. As the ejecta

10
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Figure 1.4: Plot showing the ignition mass for novae in the plane of log (accretion
rate) vs WD mass. Figure appears as Figure 3 in (Kato et al., 2014) [ Shortest
Recurrence Periods of Novae', Kato et al., Astrophys. J., 793, 136, 2014 Di@tps:
//doi.org/10.1088/0004-637X/793/2/136 © AAS. Reproduced with permission.]
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expand, the nova's optical luminosity increases rapidly with the expansion of the
pseudophotosphere (the nal optical depth of the optically thick ejecta), which is the

source of the continuum emission. During this period of rapid expansion, the WD
will reach a state of quasi-hydrostatic equilibrium, regulating the hydrogen burning.
This hydrogen shell burning will proceed at a nearly constant rate until the nuclear

fuel is exhausted (Hachisu & Kato, 2006).

The ejecta density and temperature fall with the increase of the shell's radius, until
the expanding ejecta become optically thin. At this stage, the pseudophotosphere
begins to recede towards the WD's surface, causing a decline in the optical light curve
(Warner, 2008). There is a corresponding increase in luminosity in bluer wavebands.
This occurs because the photosphere becomes ever closer to the surface of the WD,
hence the increase in photospheric temperature and the shift in continuum emission

from optical towards UV wavelengths (Bode, 2010).

As the hydrogen burning phase proceeds, the mass loss rate decreases and ux
is redistributed to higher frequencies. As the UV emission declines, supersoft x-ray

emission begins (Hachisu & Kato, 2006).

1.7 The maximum magnitude-rate of decline (MMRD)

relationship

During early observations of novae in M31, Hubble noted that the brighter a nova
was at its peak, the faster it faded (Hubble, 1929). Observations of novae in the
Milky Way then con rmed that the same relationship also applied to Galactic novae
(Mclaughlin, 1945). As further observations were carried out (de Vaucouleurs, 1978;

Cohen, 1985; della Valle & Livio, 1995; Downes & Duerbeck, 2000), it became

12
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accepted that the rate of decline of a nova was linked to its maximum brightness,
which became known as the maximum magnitude vs rate of decline, or MMRD,
relationship. It appeared to apply in di erent environments, suggesting that novae

could be useful distance indicators.

However, even as the number of observations and the quality of the calibration
increased, the scatter of 0:5mag in the relationship remained. In addition, the
MMRD relationship did not provide a good t for all novae, particularly the recurrent
novae (Schaefer, 2010), which are discussed more in Section 1.8. As such, the MMRD
has some issues in its use to determine the distance to Galactic novae, and CNe are

not the best choice of distance indicator.

The general premise of the MMRD has been called into question by recent studies.
In 2011, Kasliwal et al. (2011) reported the discovery of a previously unseen population
of \faint-fast" novae based on a deep, high cadence optical survey of extragalactic
novae, primarily focussing on M31. These faint-fast novae are less luminous and
decline faster than expected according to the MMRD relationship. Indeed, they
occupy the same phase-space as the Galactic recurrent novae, as discussed by Kasliwal

et al. (2011).

A survey of novae in M87 also revealed the presence of a population of faint-fast
novae (Shara et al., 2016). The presence of a signi cant population in both M31
and M87 suggests that faint and fast novae are ubiquitous, and present a strong
challenge to the MMRD, as stated by (Shara et al., 2017b). Furthermore, following
the release of Gaia DR2 (Gaia Collaboration, 2018) parallaxes and distance estimates,
Schaefer (2018) compared previous distance estimates to novae from various methods,
including applying MMRD relations, and found that the MMRD was a poor method
to determine distances to Galactic novae, in agreement with Shara et al. (2017b).

In contrast, Selvelli & Gilmozzi (2019) used a virtually identical sample of Galactic

13
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novae (only di ering by one or two systems), and found that Gaia DR2 distance

estimates were in good agreement with those found using the MMRD.

Theoretical models of the nova phase-space suggest that the standard MMRD
relationship is populated by systems with high WD mass and low mass accretion
rate for the bright and fast end, and low WD mass and high mass accretion rate
for the faint and slow novae (Yaron et al., 2005). Systems with a high WD mass
and high mass accretion rate would be expected to behave observationally like the
faint-fast novae. Indeed, the photospheric radius of a faint and fast nova at optical
maximum will be smaller than that of a standard CN, with a correspondingly high
e ective temperature. Therefore, UV emission will dominate the energy output at

the time of the optical peak (Darnley et al., 2016).

By contrast, if a nova were bright and slow, it would belong in the currently
unoccupied phase-space of the MMRD diagram. It would be expected to have a low
WD mass and low mass accretion rate. Such a system would accrete a high-mass
envelope before ignition occurred, and the large mass of its ejecta would lead to a
slow evolution, with the peak of its energy output in the infra-red (Darnley & Henze,
2020). The Spitzer Space Telescopsurvey of extragalactic IR transients (Kasliwal
et al., 2017) found 14 systems which were \eSpecially Red Intermediate-luminosity
Transient Events", or SPRITES, which inhabit the IR luminosity gap between CNe
and SNe. The SPRITES had no optical counterparts (to a deep limit), and some
evolved on very slow timescales<(0:1magyr !). Perhaps some of the SPRITES are
bright, slow novae (Darnley & Henze, 2020). Some luminous red variables, sometimes
called luminous red novae, could be very slowly evolving novae, as suggested by
Shara et al. (2010), and supported by their grid of nova models with low mass, cold

WDs and low mass accretion rates.

An updated MMRD relationship, based on novae in M31 and the Large Magellanic
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Cloud (LMC), and calibrated for the Milky Way by Della Valle & 1zzo (2020), is
shown in Figure 1.5. Also shown is their plot showing the relationship between Gaia
and MMRD distances. Della Valle & 1zzo (2020) found that the novae in M31 and
the LMC were best tted with a reverse-S-shaped relation. They applied the same

shape to Galactic novae, but still showed the best-t linear relation.

1.8 Recurrent Novae

Recurrent novae (RNe) have been observed in eruption more than once. This is a
purely observational de nition, subject to strong selection e ects, including the time
since accurate records of observations were kept, and the time since more systematic
surveys began using telescopes with large elds of view. The upper limit on the
recurrence period for a recurrent nova, i.e. the time between subsequent classical nova
eruptions, is just under 100 years (Anupama 2008; Darnley et al. 2012). Observations

are more frequent and cover more of the sky as time increases.

All novae are inherently recurrent as a CN eruption leaves both the WD and
its companion intact, so eventually accretion will resume. The range of recurrence
periods P, is large, with recurrence times of up to a few 1P years theorised, so
only those systems with relatively short recurrence periods meet the criteria to be

classi ed as recurrent novae.

Galactic recurrent novae include the long orbital period systems RS Ophiuchi,
T Coronae Borealis, V3890 Sagittarii and V745 Scorpii, and the short period systems U
Scorpii, V394 Coronae Austrinae, Cl Aquilae, IM Normae, and T Pyxidis (Anupama,
2008), as well as the more recently identi ed V2487 Ophiuchi (Pagnotta & Schaefer,

2014). Many extragalactic recurrent novae have also been discovered, primarily in
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Figure 1.5: Upper panel: the MMRD relationship for the Milky Way. The black,
curved lines represent the S-shape reverse relation, with the solid line showing the
best t. The grey dashed-lines show the linear best t. The dashed lines around the
S-shape and linear best ts indicate their respective 3 strip. Lower panel: The
relationship between Gaia DR2 and MMRD distances. The smaller the distance,
the better the agreement between the two. The red dot represents the outlier,
Cl Aquilae. Plots appeared as Figures 35 and 36 in Della Valle & 1zzo (2020).
[ Observations of galactic and extragalactic novae', Astron. Astrophys. Rev., 28, 3
DOI https://doi.org/10.1007/s00159-020-0124-6 Reproduced with permission
from Springer Nature; permission conveyed through Copyright Clearance Center,
Inc.]
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M31, but also in the Small Magellanic Clouds.

RS Oph is the most-studied long period RN. The suspected missing eruption of
RS Oph in 1945, which occurred primarily during the seasonal observing gap, was
con rmed by Adamakis et al. (2011) by examination of the long term light curve.
The system contains a red giant donor star (hence the long orbital period), and

-rays were detected during the early stages of its 2021 eruption by Fermi-LAT (Page
et al., 2022). For the rst time, Very High Energy (VHE) -emission (with energy in
the range 60GeV to 250GeV) was detected from a nova by the Major Atmospheric
Gamma Imaging Cherenkov (MAGIC) Telescopes (Acciari et al., 2022) and the High
Energy Stereoscopic System (HESS) (H. E. S. S. Collaboration et al., 2022), which

both use Cherenkov radiation to detect particle showers released byrays.

The remarkable nova M31N 2008-12a has a very short recurrence period of only
a year (Darnley et al., 2016), making it the most rapidly recurring nova known to
date. Recurrent novae with a recurrence period #,.. 10yearsare known as rapid
recurrent novae, or RRNe (Darnley & Henze, 2020). Models have even suggested
RNe could have a recurrence period as low as 2 months (Kato et al., 2014; Hillman
et al.,, 2016). Examples of RRNe, listed in Darnley & Henze (2020), include the
Galactic nova U Scorpii, with its recurrence period of 10 years, a single nova in
the Large Magellanic Cloud, LMCN 1968-12a, and eight novae in the Andromeda
Galaxy, M31. The M31 RRNe are M31N 1963-09c, M31N 1984-07a, M31N 1990-10a,
M31N 1997-11k, M31N 2006-11c, M31N 2007-11f (and of course, the prototypical
M31N 2008-12a).

The mass of the WD and its mass accretion rate are the key factors which
determine P for a nova. The higherMyp and M., the shorter the recurrence
period. The rapid recurrent novae have WD masses close to the Chandrasekhar limit

in addition to high mass accretion rates. The prototypical rapid recurrent nova is
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M31N 2008-12a, which has erupted every year since its discovery in 2008. With its
near-Chandrasekhar mass i¥l,,p 1:38M (Kato et al., 2015) and an accretion
rate of M 10 ®M yr ! (Darnley et al., 2017), M31N 2008-12a is growing its WD
mass. It is the most promising pre-explosion SNla candidate: with its predicted
mass accumulation e ciency of 0:63 (Kato et al., 2015), it would grow to the
Chandrasekhar mass withir20; 000years (Darnley et al., 2017). At this point, its
fate would depend on the WD composition. If it's a CO WD, it would undergo a

SNIla eruption; an ONe WD would undergo accretion induced collapse.

1.8.1 Type la Supernovae

Recurrent novae are one of the best candidate progenitors for Type la Supernovae
(SNela; Pagnotta & Schaefer 2014) due to their highl and M\yp . There are thought

to be two routes towards SNelas (Hillebrandt & Niemeyer, 2000), via the single
degenerate channel (Whelan & Iben, 1973) or the double degenerate channel (i.e.
the binary systems comprising either one or two bodies consisting of degenerate
material, such as a WD). The double degenerate channel requires the merger of two
degenerate objects (Webbink, 1984), whereas the single degenerate channel involves
the mass growth of the degenerate object until it reaches the Chandrasekhar mass.
Since rapid RNe involve a WD growing in mass (Hillman et al., 2016), they are a

prime candidate for SNela progenitors.

A promising candidate for the the double degenerate progenitor route to SNla
production are the AM Canum Venaticorum (AM CVn) systems, which are ultra-
compact binaries consisting of a WD accreting hydrogen-de cient material from a
companion, which is itself at least somewhat degenerate. Photometric analysis of ES
Ceti, the AM CVn with the shortest-known orbital period, revealed a low mass donor

star that is nearly fully degenerate, suggesting this will evolve to a double degenerate
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system (Copperwheat et al., 2011). Therefore gravitational radiation could reduce
the angular momentum of ES Cet until the components merge, potentially initiating

a SNla eruption in the future.

Population studies of RNe could yield invaluable insights into the contribution of
RNe to the population of SNela. This is important as SNela are widely used distance
indicators throughout astrophysics, being of particular use in Cosmology due to their
high luminosity enabling their detection at high redshift. However, recent studies
indicate a diversity in the shape of SNela light curves, suggesting they may not be the
easily standardisable, homogeneous sample once assumed. This suggests that at least
two di erent populations of SNela may arise from di erent progenitors, with di erent
metallicity and redshift (Dominguez et al., 2001; Brandt et al., 2010). Therefore it is
important to calculate the rate of SNe attributed to each channel. Similarly, it is
important to determine the maximum rate of SNela produced by RNe. In this way,
the potential contribution of RNe to the single degenerate and the overall SNela rate
could be evaluated. However, we should bear in mind that in order for recurrent
novae with highM and My to evolve into SNela, they would need to have a net
mass gain over the course of their ongoing eruptions. Furthermore, the composition
of the WD is important, as ONe WDs undergo accretion induced collapse rather

than a thermonuclear explosion (Pagnotta & Schaefer, 2014).

1.9 X-ray and UV emission from novae

1.9.1 X-ray ash

In the very early stages of the nova eruption, the energy released during the onset

of the thermonuclear runaway reaches the surface of the WD, and the e ective
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temperature rises rapidly to in excess df(® K. The WD emits thermal radiation,
emitting a strong X-ray signal with a soft spectrum. This emission had long been
theorised (Bode & Evans, 2008, see chapter by Krautter), but was detected for the
rst time in 2020 (K enig et al., 2022). When the nova shell is ejected and expands,
cooling adiabatically in the process, the shell rapidly becomes optically thick to
X-rays. This means that the X-ray ux outside the pseudo-photosphere decreases
very quickly, and X-rays would only be detectable for a few hours - hence the use of

the term\X-ray ash".

The eRosita all-sky survey detected a short, soft X-ray ash from the nova YZ
Reticuli in July 2020 (Kenig et al., 2022). The survey took observations of the eld
around YZ Ret every four hours, and no X-ray signal was detected in the observations
preceding or following the X-ray ash detection, putting an upper limit of 8 hours
on the duration of the ash. ASAS-SN detected the optical rise of the nova 11 hours

after the X-ray ash (Sokolovsky et al., 2022).

1.9.2 Super-soft source phase

Days to months after the eruption onset, on a time-scale dependent on the ejecta
mass and velocity (which are themselves driven by the WD mass ail), the ejecta
will expand until the plasma density is reduced su ciently to allow the pseudo-
photosphere to recede back to the surface of the WD. Once this happens, the ejecta
become optically thin to X-rays again. If the nuclear burning on the WD surface has
not yet exhausted the accreted hydrogen fuel, then the ongoing hydrogen burning will
emit soft X-rays that can be detected externally to the system (Bode & Evans, 2008,
see chapter by Krautter). The nuclear burning will continue with approximately
constant luminosity, L Ledd, Where Lggq is the Eddington luminosity. As the

burning proceeds, the photosphere, which expands to the size of a red giant during
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the reball phase (Starr eld, 1989), will shrink, so the surface temperature of the
WD photosphere will increase. When the fuel is exhausted, the WD will cool at
constant radius. X-rays from a nova outburst were rst detected from GQ Muscae
(around 460 days after the eruption began) by the Channel Multiplier Array detector
on board the European X-ray Observatory Satellite, EXOSAT, in 1984Cgelman
et al., 1984).

The super-soft source (SSS) phase is the name given to the period when these soft
X-rays are detected. The start of the soft X-ray detection is referred to as the turn-on
time, tssson, and the end of the detection as the turn-o time,tssg, . The turn-on
time is purely observational as the nuclear burning is thought to continue from the
start of the TNR, but only becomes visible when the ejecta become optically thin. In
contrast, the turn-o time corresponds to the end of the nuclear burning. However,
the WD will continue to emit soft thermal X-rays during the initial cooling stages, so
observationallytsss, only measures the time when the soft X-ray luminosity drops
below the detection limit of the X-ray observatory. Therefore, an extragalactic nova
will be observed to have a latetssson and an earliertssg, than would the same

nova located in the Galaxy.

The duration of the SSS phase depends on the WD mass, with higher mass WDs
having shorter SSS phases and reaching higher black-body temperatures. This was
shown by Henze et al. (2011, 2014) in their studies of M31 novae. Given the distance
to M31, the di erence between distances to individual systems within the galaxy is
negligible, so all nova systems can be considered to be at the same distance. This
assumption eliminates the impact of the sometimes signi cant distance uncertainties
for Galactic novae. Figure 1.6 shows that the turn-o time increases with the turn-on
time, but decreases with blackbody temperature. The turn-on time increases with
the R-bandt, decline time, and decreases with faster ejecta velocities. Higher mass

WDs need to accrete less hydrogen to trigger the TNR, as indicated by the ignition
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mass contours in Figure 1.4. The ejected mass is lower than for a less massive WD,
and the ejecta velocity is faster, so the ejecta become optically thin to X-rays at an

earlier stage. There is less fuel available for nuclear burning, and it burns faster.

It is also possible for the SSS phase to be extended if accretion resumes while
nuclear burning is ongoing as this would replenish the hydrogen available. This was
suggested as a possible explanation for the long super-soft source phase of V723 Cas
(Ness et al., 2008), as well as the longer than expected SSS phase of V407 Lup (Aydi
et al., 2018b). In contrast, the peculiar 2016 eruption of the RRN M31N 2008-12a
had a shorter than usual SSS phase, thought to be due to the slower reformation of
its accretion disk, that could not e ectively refuel the nuclear burning (Henze et al.,
2018). This was suggested to be caused by a lower than usual quiescent accretion
rate, which contributed to the formation of a less massive accretion disk, which was
more easily disrupted by the nova eruption. Consequently, there was not su cient

accretion onto the WD to prolong the SSS phase as much as typically observed.

1.9.3 Hard X-ray emission

During the nova eruption, hard X-rays can be produced by shocks within the gas,
generating a thermal bremsstrahlung spectrum. These shocks can occur internally
within the nova ejecta, or between the nova ejecta and a pre-existing circumstellar
material, either from a red-giant wind in a symbiotic system, or perhaps from a
previous nova eruption. An alternative source of hard X-rays is accretion, taking
place via a disk or magnetic accretion directly onto the WD (Bode & Evans, 2008,

see chapter by Krautter).
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Figure 1.6: Super-soft source turn-on time and turn-o time relations for novae in M31. Each panel shows a smooth t to the
data points in orange and a power-law t in red. The95% con dence regions around the power-law t are shaded in dark grey.
Di erent correlations are shown in the panels: (a) turn-on time against turn-o time, (b) blackbody temperature against turn-o

time, (c) R-band t, time vs turn-on time, and (d) expansion velocity vs turn-on time. Figure taken from Henze et al. (2014)
[ X-ray monitoring of classical novae in the central region of M 31 IIl. Autumn and winter 2009/10, 2010/11, and 2011/12", DOI
https://doi.org/10.1051/0004-6361/201322426 Credit: Henze M., et al.,, A&A, 563, A2, 2014, reproduced with permission

© ESO.]

9BAOU WOJ} UoISSiwa AN pue Ael-X 6T



1.9. X-ray and UV emission from novae

V2487 Ophiuchi was the rst nova where hard X-ray emission covering the energy
range 03to 8:0keV was detected in 2001, :Z yearsafter the eruption, signalling the
resumption of accretion (Bode & Evans, 2008, see chapter by Krautter). The X-ray
detection was positionally coincident with a detection §earsbefore the eruption of
V2487 Oph. The spectrum was similar to that of a typical CV. Since then, evidence
of accretion resuming in the period shortly after the nova eruption has been detected
in multiple systems (Osborne, 2015), such as in U Sco within @&ys of the eruption
(Ness et al., 2012), in HV Ceti 68lays after outburst (Beardmore et al., 2012), and
in the -ray detected V959 Mon within 15@ays of eruption. As discussed by (Ness
et al., 2013), the nova outburst might heat the secondary su ciently to elevate the

Roche-lobe over ow, allowing the accretion disk to reform sooner.

In a nova system, the primary source of luminosity other than nuclear burning
is accretion, with a signi cant proportion of the energy emitted in X-rays (Mukai,
2017) and UV. In a polar CV, X-rays are produced in shocks within the accretion

column onto the WD, as discussed in (Beardmore et al., 2012).

1.9.4 UV emission

As discussed in Section 1.6, while nuclear burning proceeds on the WD surface, the
bolometric luminosity of the nova is expected to be constant. When the optical
luminosity decreases during the very early stages of the eruption, the UV luminosity
experiences a corresponding increase (Warner, 2008, and references therein). The UV
luminosity was found to persist for months in early satellite UV observations of FH
Serpentis (Gallagher & Code, 1974, as discussed by Chomiuk et al. (2021a)). This
e ect is the result of a shift in the peak of the spectral energy distribution of the
nova emission towards bluer wavelengths as the ejecta expand. The optical depth of

the ejecta falls as the density decreases, and the pseudo-photosphere shrinks towards
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1.9. X-ray and UV emission from novae

the size of the WD, experiencing higher e ective temperatures in the process.

However, Swift observations of novae with the X-ray Telescope (XRT) paint a
con icting picture of the theorized constant bolometric phase (Page et al., 2020).
Observations of V2491 Cygni found an absence of evidence for this constant bolometric
luminosity phase (Page et al., 2010). In the case of V745 Scorpii, assuming a constant
bolometric luminosity would require the photosphere to shrink by a factor of 30 in
2days (Page et al., 2015). In contrast, Nova SMC 2016 and V407 Lup appear to
exhibit nearly constant bolometric luminosity for over100days (Aydi et al., 2018a,b),

and RS Oph for around 15 days (Page et al., 2020, and references therein).

Both V2491 Cyg and V745 Sco appear to show no correlation between the X-ray
and UV luminosity, and the UV emission of V5668 Sgr exhibited a dust dip while
the X-ray emission was una ected during this epoch. This suggests the X-rays and
the UV emission arises in di erent locations in these nova systems (Page et al.,
2020). UV, optical and X-ray emission from HV Cet are in phase and vary with a
timescale ofl:77days This modulation is proposed to arise due to occultation of
the bright inner part of the accretion disk by its disk rim in time with the orbital
period, whereby X-rays emitted by the WD are scattered and reprocessed into UV

and optical emission (Beardmore et al., 2012).

Shock-heated gas behind shock fronts within the ejecta of novae cools rapidly
by the emission of UV photons (Chomiuk et al., 2021a). Most of the luminosity of
the WD is emitted in the ultraviolet energy range (Chomiuk et al., 2021a), and UV

emission is observed from the accretion disk (Godon et al., 2017).
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Table 1.1: The key isotopes involved in the production of gamma-rays due to
radioactive decay. This table appears as Table 1 in Hernanz (2014).

Isotope Lifetime  Type of emission Main Nova type
disintegration
process
BN 862s 511keV line & continuum *- decay CO & ONe
18 158 min  511keV line & continuum *- decay CO & ONe
Be 77 days 478 keV line e capture CcO

22Na 375years 1275keV & 511keV lines *- decay ONe
26 10°years 1809keV & 511keV lines *- decay ONe

1.10 Gamma-ray emission from novae

1.10.1 Radioactive emission

Nearly fty years ago, it was realized that classical novae could be sources of
rays (Clayton & Hoyle, 1974; Clayton, 1981). Radioactive nuclei produced in nova
eruptions emit -rays when they decay (Bode & Evans, 2008, see chapter by Hernanz).
Table 1.1 shows the principal isotopes expected to decay and produceays. The
-ray emission, predicted to be in the MeV energy range, would act as a direct tracer
for the nucleosynthesis occurring on the surface of the WD during the TNR (Hernanz,

2014).

The isotopes®®N and *®F are synthesised during the TNR via the CNO cycle and
hot-CNO cycle respectively. Both isotopes have short lifetimes, and are produced
by both CO and ONe WDs, whereas the other isotopes in Table 1.1 are produced
primarily on one or the other. Positrons produced in the *-decay of'3N and
18F annihilate with electrons in the WD envelope or expanding ejecta, producing

-rays: an emission line abllkeV, and a continuum arising from the Compton

down-scattering of the annihilation photons.

When "Be captures an electron, it transforms to an excited state diLi, which
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1.10. Gamma-ray emission from novae

emits a -ray photon of 478&eV when it subsequently de-excites. Production diLi
was thought to occur primarily during nova eruptions on CO WDs, wherea&Na
and %Al are primarily synthesised on ONe WDs. However, recent observations of
V6595 Sagittarii suggest that’Li can be produced in ONe WDs at similar levels to
CO WDs (Molaro et al., 2022).

The synthesis of??Na from ?°Ne proceeds via two proton captures and * -decay.
Then ??Na undergoes a further *-decay to reach an excited state 6¥Ne, which
moves to a lower energy state dFNe by emitting a -ray photon of energyl:274MeV.

The positron emission contributes to the 511 keV annihilation line.

When the isotope?*Mg captures a proton, it forms spin isomers of°Al, denoted
by 26Al19 for the ground state and?6Al™ for the isomeric state. The ground state
26A19 undergoes either *-decay or electron capture to transform to an excited
state of Mg, which subsequently de-excites by emitting a:2809MeV -ray photon.
The isomeric state’’Al™ undergoes -decay directly to the ground state of®Mg,

without the emission of a 1809 MeV -ray photon.

Annihilation radiation would only be emitted at high levels for a day, around a
week before the peak optical peak, and would be dominated by positron emission from
the short-lived isotopes*®N and *8F. Positron emission from?’Na can contribute
to the annihilation emission line at a lower level, but only for around the rst week
of the eruption, as after this time the expanding envelope no longer has su cient

optical depth to stop the 2Na from escaping (Hernanz, 2014).

Line emission at478keV and 1:274MeV, from 'Be and ?’Na respectively, is
long-lasting due to the corresponding isotope lifetimes @f7daysand 3:75years The
478keV emission reaches its maximum around 5 to Hays after eruption, whereas

the 1:274MeV emission takes around 10 to 2@aysto rise to its peak, then slowly
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1.10. Gamma-ray emission from novae

declines. In contrast, the lifetime of®Al is so long (P years- longer than the typical
recurrence period of a classical nova) that emission at energ809MeV, will not be
detected from an individual event. However, di use emission fromBe, ??Na and
26Al, built up from isotopes ejected from CN eruptions on multiple systems, could in

principle be detected (Bode & Evans, 2008, see chapter by Hernanz).

Over the years, theoretical developments in nucleosynthetic yields, nuclear rates
of reaction and radiation transport have changed the maximum ux and light curve
shape expected at each energy, and hence the distance at which theys are
expected to be observable (see e.g., discussion in Siegert et al. (2018)). To date,
prompt -ray emission from nucleosysnthesis has still not been detected, either from
observations of individual classical novae , or in di use form from many CN eruptions
(Siegert et al., 2021, see their analysis of INTEGRAL data). Indeed, a recent analysis
of an array of models of nova eruptions on CO or ONe WDs found that the expected
ux in the 511 keV emission line from nova eruptions had been vastly overestimated
in earlier models, as the envelope remains opaque to softays for longer than

previously theorised (Leung & Siegert, 2022).

1.10.2 Shock emission

The predicted soft -ray emission from radioactive nuclei has not been detected,
but an unexpected source of more energeticrays from CNe was discovered in
2010. Abdo et al. (2010) rst reported detection of -ray emission from a nova; the
ejecta of the symbiotic nova V407 Cygni shocked its surrounding circumstellar wind,
accelerating charged particles to relativistic velocities and emitting-ray photons of
energy> 100 MeV (see Section 1.10.3 for further information on the hadronic and
leptonic emission processes). Since that initial discoveryray signatures have been

exhibited in increasing numbers of classical novae (see Aydi et al., 2020b; Chomiuk
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et al., 2021a, for recent reviews). Severalray detected novae occurred in systems
with red giant donors: V407 Cyg, V1535 Sco (Franckowiak et al., 2018), and the
recurrent novae V745 Sco (Cheung et al., 2014; Banerjee et al., 2014), V3890 Sgr
(Buson, Jean & Cheung, 2019) and RS Oph (Cheung, Ciprini & Johnson, 2021). In
these systems, the shocks generating therays are likely to originate in collisions

between the nova ejecta and the dense red-giant winds and circumbinary material.

In contrast, the other -ray emitting novae have main sequence companions and
are unlikely to be surrounded by dense winds. Such systems include V959 Mon,
V1324 Sco, V339 Del (Ackermann et al., 2014), V407 Lup, V5856 Sgr (Li et al., 2017),
V1369 Cen, V5668 Sgr (Cheung et al. (2016); Franckowiak et al. (2018)), V906 Car
(Stanek et al., 2018), V357 Mus (Li et al., 2018a), V5855 Sgr (Nelson et al., 2019), YZ
Ret (Li et al., 2020b) - the system where the rst X-ray ash was detected (lénig
et al., 2022), V549 Vel (Li et al., 2020a), and V1674 Herculis (Li, 2021).

As mentioned in Section 1.8, in recent observations of RS Oph, Very High Energy
(VHE) -emission (with energy in the range 6GeV to 250GeV) was detected from
a nova for the rst time by the Major Atmospheric Gamma Imaging Cherenkov
(MAGIC) Telescopes (Acciari et al., 2022) and the High Energy Stereoscopic System
(HESS) (H. E. S. S. Collaboration et al., 2022), which both use Cherenkov radiation

to detect particle showers released by-rays.

In -ray emitting systems, the shocks are proposed to be due to interaction
between multiple ejection components (Aydi et al., 2020b). The initial ejection
contains the bulk of the ejected mass, with subsequent ejection events containing
shells of lower and lower mass, hence travelling with higher and higher velocities.
When the faster shells catch up and collide with the earlier shells, forward and reverse
internal shocks are produced, which in turn interact with the other shells. These

shocks will accelerate charged particles, electrons or protons, to relativistic velocities,

29



1.10. Gamma-ray emission from novae

hence the emission of gamma-rays.

In Figure 1.7, which appears as Figure 13 in Chomiuk et al. (2021a), we see a
schematic diagram of intra-ejecta, or internal, shocks. We view the binary system
side-on, with the orbital plane projecting vertically into and out of the page. The WD
and donor star are shown as white and red circles respectively. The shell from the
initial ejection event is shown in blue, travelling at the slow velocitws equatorially
(at a small solid angle around the orbital plane). The shell from the next ejection
event, shown in red, is travelling spherically at the fast velocity; . When the fast
ejection component collides with the slow ejection component, forward and reverse
shocks propagate through the ejected shells, heating the gas behind the shock fronts
to 10° to 10’ K. lons and electrons in the gas can reach relativistic velocities by
undergoing di usive shock acceleration (DSA). This is the process whereby charged
particles are highly accelerated by means of repeated re ection by magnetic eld

inhomogeneities at shock fronts in the plasma, gaining energy with each re ection.

The shock-heated gas behind the shock fronts rapidly cools by emitting UV
and X-rays in a cooling layer, and forms a cool, thin central shell where thin-shell
instabilities lead to corrugation on a length scale similar to the thickness of the shell.
Since the central shell is cooler than the ionization temperature of hydrogen, it is
neutral. The central shell and the partially neutral, slow ejected shell are both able
to absorb the UV and X-ray emission, which is reprocessed into UV, optical and
infra-red emission. The orange circles in Figure 1.7 represent the relativistic ions
and electrons, which move by advection into the central shell, and emit gamma rays
as they cool. As the delay between the optical and gamma-ray emission is minimal,

the respective light curves are correlated.
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Figure 1.7: Schematic diagram of intra-ejecta, or internal, shocks between nova shells leading to emissionraf/s. The initial, slower
(equatorial) ejection of matter, shown in blue, is caught up to and shocked by the later, faster (spherical) ejection of matter, shown in
red. As a result of the collision, forward and reverse shocks propagate through the shells, heating the gas behind the shocks. The io
and electrons, accelerated by di usive shock acceleration to relativistic velocities and shown as orange circles, move by advection in@
the cool central shell, emitting -rays as they cool. By emitting UV and X-rays, the gas rapidly cools, and the cooler, neutral gas | =
in the cool central shell and the partially neutral shell absorbs the UV and X-ray emission, re-processing it into UV, optical and g
infra-red emission. Figure appears in Chomiuk et al. (2021a, Figure 13) [ New Insights into Classical Novae', Chomiuk et al., Ann.s
Rev. A&A, 59, 2021 DOl https://doi.org/10.1146/annurev-astro-112420-114502 Used with permission of Annual Reviews,
Inc., permission conveyed through Copyright Clearance Center, Inc.]
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1.10. Gamma-ray emission from novae

Early studies suggested that the -ray and optical emission could show correlated
peaks, with the shocks driving the optical emission (Ackermann et al., 2014; Metzger
et al.,, 2015). As more -ray novae were studied, the evidence to support the link
between the -ray and optical emission grew. Aydi et al. (2020a) demonstrated that
shock-powered emission was responsible for the bulk of the luminosity of V906 Car,

with multiple simultaneous -ray and optical ares.

1.10.3 Hadronic and leptonic emission models

In the hadronic scenario for -ray emission, relativistic ions collide with ambient ions
such as protons, and produce pions, either neutral as in Equation 1.2, or charged
as in Equation 1.3. The pions then decay into -rays (Chomiuk et al., 2021a).
Approximately 1=3 of the proton-proton interactions result in the production of a
neutral pion, with the remainder producing a charged pion. The charged pions then

decay to leptons, which can in turn emit -rays via the leptonic scenatrio.

p+p! %1 + (1.2)

p+tp! ! + I e + o+ (1.3)

In the leptonic scenario, -ray emission occurs due to the interaction of relativistic
electrons with ambient protons (see Equation 1.4) or electrons (see Equation 1.5),

causing bremsstrahlung emission (Ackermann et al., 2014; Chomiuk et al., 2021a).

e +p! e +p+ (1.4)
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e +tel e +e + (1.5)

Leptonic -rays are also produced when optical photons undergo inverse Compton

scattering, as in Equation 1.6:

Ackermann et al. (2014) modelled the -ray spectrum measured by Fermi-LAT

for the four novae V407 Cyg, V1324 Sco, V959 Mon and V339 Del with both hadronic

and leptonic models.

For the hadronic model, Ackermann et al. (2014) assumed an exponentially cut-o

power law distribution of protons in the form

Np (Pp) = Npo(Ppc) e "»=5»  protons GeV * (2.7)
p p p

wherep, and W, are the momentum and kinetic energy of protons respectivelj .o
the normalization, S, the slope andE, the cuto energy. They tted E., and s,

with the LAT spectra to obtain the best-t  ° models.

The leptonic model used by Ackermann et al. (2014) had a similar form to the

hadronic model:

Ne(We) = NeoW, See We=Fe  electrons GeV ! (1.8)

where the normalizationNe.,, slopeS,, and cuto energy E.. were tted to the LAT
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data for each nova, andV, was the kinetic energy of electrons.

For the classical novae, the hadronic and leptonic models could not be distin-

guished between (Ackermann et al., 2014).

Later studies found that the X-ray to -ray luminosity ratio, Lx =L is a good
diagnostic of whether leptonic or hadronic processes dominate in the accelerated
particles (Vurm & Metzger, 2018). Lower limits ofLx =L & 10 3andLyx=L & 10 4
apply respectively in the leptonic and hadronic scenarios. In the leptonic scenario,
there are far fewer electron-positron pairs with energies signi cantly below the pion

rest mass 100 MeV, therefore the X-ray luminosity is lower.

Hadronic processes are now favoured for the production ofrays in novae. The
hadronic model predicts a turnover at the low-energy end of the spectrum because the
neutral pion rest mass energy provides a lower bound on the energy of proton-proton
interactions (Chomiuk et al., 2021a). We would expect both processes to take place

simultaneously, as in a plasma the electrons and ions would both be accelerated.

1.11 Photoionization

Since hydrogen is the most abundant element in both the WD envelope and the
donor star, in the absence of shocks, the main mechanism by which energy is
input into the post-ejection gas in the nova ejecta is by the photoionization of
hydrogen (Osterbrock & Ferland, 2006, Chapter 1). Photoionization occurs when
ultraviolet - or more energetic - photons are emitted from a hot star, with surface
temperature T & 10°K. Hydrogen atoms are ionized by absorbing photons carrying
more energy than the ground-state ionization potential of hydrogen, eV, with

the release of a further photoelectron with kinetic energy equal to the surplus of
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energy over the ionization potential. This energy is redistributed throughout the
gas due to collisions between electrons, or between ions and electrons, leading to a
Maxwellian distribution of particle energies, corresponding to a temperature in the

range 5000K< T < 20000K in many nebulae.

Collisional rates have a large in uence on the ionization conditions at electron
densities higher tham, 10 cm 2, which are commonly found in nova shells at early
times. At lower densities, the low energy levels of the thermal ions are collisionally
excited by thermal electrons, and almost all excitations lead to the emission of
a photon. This is because in the low density environment of many nebulae, the
probability of collisional de-excitation is even lower than that of the transition to a
lower energy level with the emision of a photon. This is the reason for the presence
of many forbidden line transitions in the spectra of nebulae, including nova shells at

later times.

Electron capture takes place in the gas alongside the photoionization, so the
equilibrium between these two processes at any point in the nebula determines the
lonization state of the gas. In the presence of a particularly hot ionizing source,
many high energy photons will be emitted, so high ionization lines such dsgv] or
[Fevii ] will be present. This does not automatically imply a high temperature of
the nebula, corresponding to free electrons with high kinetic energy (Osterbrock &
Ferland, 2006, Chapter 1). When electrons are captured via recombination, the free
electrons are initially bound at excited energy levels. The atoms then emit photons
as the electrons decay to lower and lower energy levels, until they reach the ground
state (Osterbrock & Ferland, 2006, Chapter 1). Recombination is responsible for
Balmer and Paschen line emission, which is observed from all nebulae. In the same
way, recombination leads toHei and Heii emission from neutral and singly ionized

helium.
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The ionizing source will photoexcite atoms in the nova shell, leading to the
appearance of di erent emission and absorption lines in spectra. The species present
will depend on the elemental abundance of the gas in the ejecta. According to the gas
temperature and density, there will be a certain equilibrium between photoexcitation,
photoionization and recombination. However, the balance of this equilibrium will
evolve with time, causing di erent spectral lines to appear, strengthen, weaken and

disappear as the eruption proceeds.

After a nova eruption, the photoionization of the nova ejecta can be modelled
using a central ionizing source and a gas shell of a given initial density and radius.
The ionizing source will change depending on whether nuclear burning is still ongoing
on the surface of the WD, as this will a ect the black-body e ective temperature of
the WD. The shell parameters will evolve as the nova ejecta expands. As the radius
of the shell increases, the density of the shell will decrease accordingly (although the
ejection of multiple shells could initially o set the decreasing density, somewhat). As
the size of the shell increases, we would expect its temperature to decrease due to

adiabatic cooling.

Shocks in the ejecta heat and ionize the gas, as well as compressing it, thereby
increasing its density (Osterbrock & Ferland, 2006, Chapter 12) - perhaps to densities
higher than those typically found within nebulae. As discussed in Section 1.10.2, the
shocked gas is radiative, so cools rapidly by emitting UV and X-rays. The UV and

X-ray photons can then photoionize the gas in the vicinity of the shock.

The lling factor is a parameter that accounts for the presence of clumps in
the gas. The shell is considered to consist of clumps of high density gas (electron
density ng) surrounded by either vacuum or much lower density gas. The lling
factor f < 1 denotes the fraction of the total volume of the shell that is lled by

clumps (Osterbrock & Ferland, 2006, Chapter 5). The covering factor is the fraction
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of the surface area of a sphere centred on the ionizing source that contains gas, i.e.,

itis =4 ,where0 =4 1 (Osterbrock & Ferland, 2006, Chapter 5).

Plots comparing observed and theoretical line ratios of various species have
regularly been used as diagnostic tools to identify or constrain nebular temperatures
and densities in nova shells (see e.g., Ferland & Shields (1978), Morisset & Pequignot
(1996), Shore (2013), Takeda et al. (2018), Harvey et al. (2018), Mason et al. (2018),
and Mondal et al. (2019), among others). In addition to nova shells, this tool has
been applied to diverse astrophysical systems, suchlds regions in interstellar gas
(Morisset et al., 2016), planetary nebulae (Boumis et al., 2006), supernova remnants
(Osterbrock et al., 1992), and active galactic nuclei (Vogt et al., 2014). Di erent
elements respond to given gas temperature and density conditions in di erent ways.
Their ionization state occupation, and the relative likelihood of transitions between
those states (by means of ionization, excitation and radiative emission), will depend
on temperature and density. The equilibrium between these processes - and hence
the intensity of emission lines - will respond to changes in temperature and density,
and this will happen at a di erent rate for di erent elements. Hence the utility of

line ratio plots as a diagnostic tool.

1.12 Systems known to exhibit both DN and CN out-

bursts

A number of CVs have been observed to undergo both CN eruptions and DN
outbursts. GK Per (Bianchini et al., 1986; Zemko et al., 2017), V446 Her (Honeycultt,
Robertson & Kafka, 2011), RR Pic, V1047 Cen, and V606 Aqgl (Kato & Kojiguchi,
2021) are CNe that subsequently underwent DN outbursts. ZCam, AT Cnc, and
2MASS J17012815-4306123 (Nova Sco 1437) are known DNe surrounded by proposed

37



1.13. V392 Persei

ancient CN shells (Shara et al., 2007, 2012, 2017a). V1213 Cen and V1017 Sgr
exhibited DN outbursts six and eighteen years, respectively, before a CN; V1017 Sgr
also showed post-nova DN outbursts (Moz et al., 2016). The nebula Te 11, with a
DN at its centre, was proposed to be the shell of an ancient nova eruption, rather

than a planetary nebula (Miszalski et al., 2016).

1.13 V392 Persei

V392 Persei was a known CV with a few observed DN outbursts, with quiescent
magnitudes of 150 < m 4 < 17:0 (Downes & Shara, 1993) an¥/ > 17 (Zwitter &
Munari, 1994). Its CN eruption was discovered on 2018 Apr 29 (UT) by Y. Nakamura,
with an un Itered brightness of 6.2 mag (Wagner et al., 2018). The following day,
-ray emission was detected from V392 Per (6 ; Li, Chomiuk & Strader, 2018b),
with detections continuing for 11 days (Gordon et al., 2021; Albert et al., 2022).
Non-thermal synchrotron emission during early radio observations (Chomiuk et al.,
2021b) provided further support for the presence of shocks during the eruption.
The system is proposed to host an evolved donor similar to the sub-giant donors of
U Sco and GK Per, or the low-luminosity giant donor of M31N 2008-12a (Darnley &
Starr eld, 2018). Potential orbital periods of 3.4118 days (Munari, Moretti & Maitan,

2020a) and 3.21997 days (Schaefer, 2021) are consistent with an evolved donor.

On 29th April 2018, a CN eruption of magnitude 6.2 was discovered at the
location of the DN V392 Per (Wagner et al., 2018). A post-discovery image of
V392 Per is shown in Figure 1.8. V392 Per joins the growing number of novae that
have experienced both CN and DN eruptions, supporting the nova-cycle (see, e.g.,
Warner, 1995; Moz et al., 2016). The following day, Fermi-LAT detected -rays
coincident with the position of V392 Per, nding a photon ux of F(0:1 300GeV) =
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89 29 10 "phcm 2s ! with a photon index of 19 0:2 (Li et al., 2018b).

Spectra taken within 1 day of discovery (see Figures 1.9 and 1.10) show P Cygni
type line pro les, broadened H lines with FWHM  5200kms ! and overlapping
Feii lines, resembling pre-maximume-light spectra of CNe (Wagner et al., 2018). The

nova was already declining B days after discovery (Konyves-Toth et al., 2018).

A low resolution Liverpool Telescope FRODOSpec spectrum taken on May 2nd
2018 showed broad Balmer emission, Paschen lines 10{#¢j, Oi, Feii (multiplet
42) and Siii (multiplet 2). Balmer lines and Oi lines showed signi cant structure,
with a minimum of 3 individual peaks. H and H had FWHMs of 4700 100kms 1!
and 4200 100kms ! respectively (Darnley et al., 2018a).

Gaia (Data Release 2) parallax measurements estimate a distance 52 kpc
(Gaia Collaboration, 2018). Archival AAVSO observations of V392 Per from 2004
{ 2018 reveal a quiescent magnitude of 16 17mag, as well as 4 dwarf nova
eruptions, most recently in 2016 where a peak  1357mag was reached. With
a published quiescent magnitude of 16 m,y; 17.0 (Downes & Shara, 1993) and
V > 17 (Zwitter & Munari, 1994), the eruption amplitude is 12mag. This is
rather small for a CN eruption, hinting at a possible evolved donor. The eruption
had an absolute magnitude oMy = 9:5,08magor My = 10:1,§"3 mag, assuming
a peak magnitude of6:2mag or 5:6 mag respectively (Darnley & Starr eld, 2018).
The initial high ejecta velocities, low eruption amplitude and prompt detection of

-rays suggest that V392 Per could be a recurrent nova, possibly with a symbiotic

donor (Darnley & Starr eld, 2018).

39






	List of Figures
	List of Tables
	Introduction
	History of Novae
	Classical Novae
	Cataclysmic Variables
	Accretion
	Stable vs unstable accretion
	Accretion in Magnetic CVs

	Nuclear Burning and the Thernonuclear Runaway
	The nova ejecta and panchromatic emission
	The maximum magnitude-rate of decline (MMRD) relationship
	Recurrent Novae
	Type Ia Supernovae

	X-ray and UV emission from novae
	X-ray flash
	Super-soft source phase
	Hard X-ray emission
	UV emission

	Gamma-ray emission from novae
	Radioactive emission
	Shock emission
	Hadronic and leptonic emission models

	Photoionization
	Known systems
	V392 Persei
	This thesis

	Facilities and Data Reduction
	Liverpool Telescope
	LT Photometry
	LT Spectroscopy

	American Association of Variable Star Observers
	Las Cumbres Observatory
	Michigan-Dartmouth-MIT Observatory
	Large Binocular Telescope
	Neil Gehrels Swift Observatory
	Fermi Large Area Telescope
	Photometric Data Reduction
	Spectroscopic Data Reduction
	UV and X-ray data collection and reduction

	Photometric Evolution
	Alignment and stacking of images
	Standard stars for photometric calibration
	Initial photometry
	Ongoing photometry
	u' photometry
	Stability of reference stars

	Light Curves
	Sun constraints
	Time of eruption
	Assuming maximum light at time of discovery
	Assuming plateau coincides with t3

	Distance, Extinction, and Astrometry
	Photometry and light curve fitting
	Spectral Energy Distribution
	Orbital Period
	Prior Published Orbital Periods
	Orbital Period from LT and LCOGT data


	Spectroscopic Evolution and Swift Observations
	Absolute flux calibration of spectra
	Optical spectra
	Model used to measure fluxes
	Balmer lines
	Multiple ejections?
	HeI 6678 Å and 7065 Å 
	HeII 4686Å
	Nebular [OIII] 4959+5007Å
	Auroral [OIII] 4363 Å
	Other P-class neon novae
	Swift X-ray and UV observations
	X-ray spectral modelling

	Summary

	Photoionization
	Nova Shells
	Imaging and spectroscopy of nova shells
	Shaping of ejecta

	Photoionization modelling of nova shells
	Grid of nova shell models
	Emission lines evaluated
	Diagnostic plots 82 days after eruption
	Temperature dependence of rO3 and O3Hb ratios
	Density dependence of rO3 and O3Hb ratios
	Temperature dependence of rO3 and HaHb ratios
	Density dependence of rO3 and HaHb ratios
	Comparison between ratios
	Summary of comparison between ratios at 82 days

	Comparison between 82 days and 89 days after eruption
	Comments regarding overall comparison
	Oxygen line ratio contours in the temperature-density plane
	Summary

	Discussion
	A shock-powered light curve?
	X-ray emission and accretion
	Pre-nova versus post-nova
	The underlying system
	Preliminary photoionization analysis
	Summary

	Conclusions and Future Work
	Summary and Conclusions
	Future Work
	Continuing photoionization analysis of V392 Per
	Ongoing observations of V392 Per
	Similar system not constrained by Sun early in eruption


	Appendix
	Bibliography

